31

(Temperature  difference)
(Conduction heat transfer)

(Convection heat transfer) (Radiation heat transfer)

311 (Conduction heat transfer)

(Collision)
(Diffusion)
(Vibrations of molecules) (Lattice)
(Free electrons)
(Geometry)
(Thickness),
(Steady State) AX
Ar=T2-T, 31

31



T
1
Temperature Profile
AT A /_
T,

o

<y

AX [10]

ocond = - A A .

(Thermal conductivity of material)
Ax—0 31)

(od = e
( @d ()
k (W/m 0C)
A (m2
dT/dx

(°c/m)

31 ) (Fourier's law of heat conduction)

1822  Joseph Fourier
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3.1.2 (Convection heat transfer)

(Forced convection)

(Buoyancy force)

(Free
convection or natural convection)

3.2

(Newton’s law of cooling)

N —hA(T 'TJ 32 )

v ¢ ) B2 )
v ()

h " (W/m2°C)

A (m2

-B (°C)

) ¢C)

() @

32 ()Ts>ToA ) Ts< Too[11]
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( )
(
)
3.1.3 (Radiation Heat Transfer)
(Electromagnetic waves or Photons)
(Thermal
Radiation)
(Gaining)
(Losing)
Saudrg
/' Ufamesa J
Qincident c.Zemitted
5/- &, A,T,
33 [10]
Ts Stefan-Boltzmann’s  Law
oI (3.3)

Qimex 0 ()



3.3

Ts

Stefan-Boltzmann Constant
5.6696 X106 /(m2K4)
5.729X108 /(m2K4)

(K)

au = ECAtf-TI)

g > " g

0<£<1

()
(Emissivity)
Stefan-Boltzmann Constant (W/m2K4)
(m2
(K)
(K)
~ (Blackbody)
(1 =eal*

rar 34 (

-Tl)

14

B4 )

34 )



15

Net heat exchange

T _,h gas T_,h gas

L4

Qconv de

34 [11]
34

Uni=hrA(Ts-Ts (35
hr

Ir
hr=ecr(Ts+ TI(TL+ T | (36)

34
2

= &av+ QA= hA(Ts-TJ + AT - TJ 37
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3.14 (Gas Radiation)

(Luminous flame) (Nonluminous
flame)

1) (Radiation from
luminous flames)

(Soot concentration)

2
2) (Radiation from
non-luminous flames)
(Molecular radiation)
<2 N2 2, C02 HD, S02 CO, NH3 02 N2
H2 (Symmetrical molecule)

C02 HD, S02 CO, NH3,

NG
Co02 h 2o



Hottel (

3.5

(Le)

Holman [L2))

35

Hottel

pw Pc

31

"7 046

e R -‘- yﬁz“‘f SR BRI B 025
500 1000 lb()() 2000 2500 3000 3500 4000 4bUU bUOO
Ao MUpraLK- “R
[ R pree—— !

500 1000 1500 3000 500 Rl

C02 latm[L2]

17



0.7
0.6
0.5
0.4
0.3
63 %] 617.6 kN/m
0.15 ! 154.4
0.12 =J 926
), 3
of Mg —=4 61.8
0.08 463
0.07 1 37.1
£ 006 1309
0.05 1247
8 oo o
0.03 2 124
- 93
0.02 2 7.7
0.015
0.012 A
0010 s
0.009
0.008
0.007

500 5000

Absolute Temperature, ‘R
I 1 I 1 i i 1
500 1000 1500 2000 2500 3000
‘K

36 1 atim[17]

18



31

Gasvolume

Volume between two infinite plates

Circular cylinder with the height =
diameter, radiation to center of base

Hemisphere, radiation to element in
center of base

Sphere, radiation to entire surface

Infinite circular cylinder, radiation to
convex bounding surface

Circular cylinder with height =
diameter, radiation to entire surface

Circular cylinder, semi-infinite height,
radiation fo entire hase

Cube, radiation to any face
Volume surroundm? infinite tube bundle,
Irradiation to a single tube

Equilateral-triangle arrangement:
522D
5=3

Square arrangement

[12]
Characteristic dimension
Separation distance L
Diameter D

Radius R

Diameter D
Diameter D
Diameter D
Diameter D
Edge L

Tube diameter D, distance
hetween tube centers 5

19

18L

0.71D



35

20

(Pa) (9

36

31

4= 36° 59

35 36

(Correction factor)

37 38

2
30 -1 4= ¥
1
U '
s - \“
4%
= P T R 5
04 =D AN
4 aPp=al a4 3 E
03 L2 PR N I R 3
D0s 0080l 02 03 05 0%10 20 30 50
Total Pressure £, atm

0 : 04 0.6 0.8 1.0 1.2
%(P + /). atm

3.8 HD [12]



Wstfanmn tftm V

O

jp; fwiiHruttwrm 8 ,

' 21~ ~

qrCoft O, -af (39

_] 129°C | 53°C || [ 927°C and'above
0.06 +—t—d—a— |p.L+p,L=5am-ft
0.05 prL+p L S atm- Pe L+p‘l iulm-ﬂ //;}_\\
0.04 N, A ‘ //”L:QQ\\\
0.03 15 3.0:3‘ /.ET—\\ ///,\: \\\\“
1R Lgsasn ] N
0 A/// // Lol /8 -“’”/%—i& § Po"Q :\\\

_/ZM Zissn\ (/4038 §ka

U"0ZU4Uo UKLV U UZ U4 Uo UX LU U GZ U4 o6 US 10

[, +IV >+

39 C02 HD 1]

(hgn) 3.10

DP — — (diameur.| I)(p HO;DCO) o\ fjr h,J.
& b muipied by the eiaawity 6

3.10 113]
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310 DP ©)

DPl0* D cxP0+ DwxPw (3.10)

(Zave) (7 ) (Tg) hgr

..

v.total = hg,c+hg,w (3.11)

hgr total

~grrcal = £tube’grlotal (3.12)

(Btu/ft2 hr)

Qnd = Agrrcal x ('g—e be) (3.13)

(3.13)

Regenerator Recuperator



3.2

(Homogeneous)

radicals)

321

)

(Combustion)

1 s-10 ms

I (Chain

(Chain propagation)

reaction)

( 1000 °c

(Active

(Chain initiation)

(Intermediate radicals)

(Chain termination)

IERETINY

(Ignition source)

X a
Y RINIRN

)

(Ignition source))

311

27NA

[14]

23

free
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energy)

3.2

Combustible

Sulfur

Charcoal

Fixed carbon (Bituminous coal)
Fixed carbon (Semibituminous coal)
Fixed carbon (Anthracite)
Acetylene

Ethane

Ethylene

Flydrogen

Methane

Carbon monoxide

Kerosene

Gasoline

(Spontaneous reaction)

(lgnition temperature)

Formula

C2H2

C2H6

C2H4

h2

ch4

CO

Temperature

°F

470

650

765

870

840- 1115

580 - 825

880- 1165

900 - 1020

1065- 1095

1170- 1380

1130- 1215

490 - 560

500 - 800

°c
245
345
405
465
450 - 600
305 - 440
470 - 630
480 - 550
575 - 590
630 - 765
610-665
255 - 295

260 - 425

24

(Ignition

3.2



323 (Flames)

(Lean mixture)

(Lower limit of flammability)

3.3

(Detonations)

(Deflagrations)

(Combustion zone)

(

)

(Propagate)

(Rich mixture)

(Upper limit of flammability)

(Limits of flammability)

(Supersonic  reactions)

(Subsonic

reactions)

(Flames)

25



3.3

[14]

Rl

Acetone
Acetylene
Ammonia
Benzene
Butane
Butyl
Butylene
Carbon monoxide
Ethane
Ethyl
Ethylene
Heptane
Hexane
Hydrogen
Methane
Methyl
Octane
Pentane
Propane
Propyl
Propylene
Propylene oxide

Toluene

c3nbo
czn?2
nh3
cbh6
cd 0
CHI®
c4n8
CO
C2H6
c2h 6o
czh4
C7™H16
cbh 4
h2
ch4
chdo
% 8
CHR
C3H6
c3h8
C3H6
c3nbo

c’h8

Leanest
%
3.10
2.50
16.10
1.41
1.86
1.45
1.98
12.50
3.22
4.25
3.05
1.00
1.27
4.00
5.00
7.10
0.95
1.42
2.37
2.15
2.40
2.10

1.45

Rionest
%
11.15
80.00
26.60
7.10
8.41
11.25
9.65
74.20
12.45
18.95
28.60
6.70
6.90
74.20
14.00

36.50

7.80
9.50
13.50
10.30

21.50

6.75

26
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324 ' (Adiabatic flame temperature)

(Flue gas)

(Flame temperature)

(Maximum adiabatic flame temperature)

c02~CO+0.502

H20 "H 2+0.502

H20 ~0.5H 2+0OH

0.5H2

0.502

(Dissociation equilibrium
constant)
(Corrected adiabatic flame

temperature) 34



3.4

Carbon monoxide
Hydrogen
Parafins:
Methane
Ethane
Propane
n-Butane
Isobutane
n-Pentane
Isopentane
Neopentane
n-Hexane
Olefins
Ethylene
Propylene
Butylene
Isobutene
Amylene
Aromatics:
Benzene
Toluene

Xylene

Miscellaneous gases

Naphthalene
Methyl alcohol
Ethyl alcohol
Ammonia

Hydrogen sulfide

CO

h2

ch4
c2n6
C3H8
C4HD
C4HD
ch
cbh,2
chh®2

cth 4

CH4
C3H6
c4n8
C4H6

ch D

c5h6
cbhxh3

CeHD

clh8

CH30OH

C2H5H
nh3

h2

T 60°F, P 30 in.Hg
vV MY

316

319

994
1742
2479
3215
3305
3949
3939
3924

4680

1576
2299
3036
3015

3770

3687
4409

5139

5753
853
1573
434

636

(Btu/ft3)

[14]

v

2342

2217

2012
2065
2356

2084

2087

2250
2150

2158

2204

2211

2187

1918

1949

1967

1973

2072

2050

2033

28

O
25°c

1885
1900
1930

1905

1980
1940

1935
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29

(Exothermic

reactions) (Thermo-chemistry)
(Standard heat of reaction, Mi°r)

25 °C ( ) (Standard
heat o f formation, A//°) (Standard
heat of combustion, AH°c) 1 ! 1"

326 (Heating value or Calorific valug)

(Heating value or Calorific value)

1) (Total heating value, THY)

25 °c

(Bomb calorimeter)

(W ater flow calorimeter)

(Higher healing value, HHV) (Gross heating value, GHV)

(Total heating value, THV)

) (Net heating value, NHV)



(Net heating value,NHV)

HHV= NHV+
35
3.5 (
n2
0.7809
0.7552

3.6

0.20950

0.23150

(Lower heating value, LHV)

30

25 °c
(3.14)
3.6
) [15]

Ar co02 Ne h2
0.0093 0.00030 0.000018 0.0000052
0.0128 0.00046 0.000012 0.00000072

[15]
2 n2
0.21 0.79
0.232 0.768



331 (Ao)

(Excess air coefficient)

=T

(m-1) m

02
02

3.7

kil

(Air ratio)

(3.15)
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3.7 [15]

INm3

02 N2

(CO2Nm3) (20 Nm3 (02 Nm3) (N2 Nm3)

ho H2+1202= 2 - 1 05 1.88

CO CO+1202=C02 1 - 05 1.88
methane ch4 CH4+202=C02+ 2 H2 1 2 2 7.52
ethane chb C2H6+7/202=2C02+ 3 HX 2 3 3.5 13.17
ethylene chd CH4+302=2C02+2HD 2 2 3 11.29
acetylene C2H2 C2H2+5/202=2C02+ HX 2 1 2.5 94
propane C3H9 CHs+502=3C02+ 4 H 3 4 5 18.81
propylene c3h6 C3H6+9/202=3C02+3 HX 3 3 4.5 16.93
butane cth,0 CAHO+ 13/202=4C02+ 5 HD 4 5 6.5 24.45
butylene C4H8 C4HB+602=4C02+4 H2 4 4 6 22.57

CrH, CmHIL+ (m+n)02=mC02+ /2 HD m 12 m+n/d  0.79/0.21 (m+n/4)

3.3.2
co02
HD cCo2 n2 N2 02
©)
(Go) (m-1) AO
G = Go +(m-I)Ao (3.16)

(Ao) (Go)



3.8

[16])

(LHV :kcall/kg

)

(LHV :kcallkg

)

LHV > 3,500 kcal3

34

341

(Steady state)

Boie ( [16])

3.8 (

LHV, AO

Y

1.01 (LHV + 550) Nm3

1,000 kg

12.38 (LHV-1,100) Nm3
10,000 kg

11.05LHV Nm3

10,000 1 -2Nm3

(Heat Balance)

AQ Go

33

LHV)

Go ( Boie:

®

0.905 (LHV + 550) Nm 3
1,000 1 m kg

15.75 (LHV - 1,100) Nm 3
10,000 2- kg

“®LHV+0.50N
10,000 Nm3

(Law of Energy Conservation)



HAEl = Ah- o (1)

£

System

342

343

0°c

( 30 °C)
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(Higher calorific value)

(Lower calorific value)

100 °c
(
(21)
- mix LHV
(MJ/hr)
(Nm 3hr)
(MJ/Nm 3
(Qs/)
x@fx(ﬁ ~a)
(MJ/hr)
(Nm 3hr)

(kJ/Nm3°C)
(°C)

(°C)

Y1l A

3

(3.18)



U= <xCra(Ta Tt 32)
% (MIh)
(NmVhr)
C (KINT3°C)
R ()
T ()
345

] @
QF  XCAw(inoey) - myH 32)
Qn (MJhy)
m (kghn)
%2 (kIkg®C)

Nl @ (°
e {
LH (kikg)



3

g MG QAR 4187 (me—F)

df (MJh)

ﬂhn (Nm3hr)

G (NmANm3

(n (keallNm3K)

The ©

T ()

3 Qy

(y\]: < )Q)qq’x/\,oj- n) (3.23)

0] (MJhr)

< (m3hr)

Ay (kg/m3

%ﬂ (kg °C)
L (0

Ty (0
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4 ? Oa

E zxwrab’/‘”‘l%@(@ml&g?ﬁ)“ 273 ¢

100 X Ix 4186 324
Vg (MJ/hr)
vl (°’C)
ran (C)
A (2
J \ (o)
= nnxg)@m(la.mx-e (3.25)
o (MJ/hr)
nh (NniVhr)
p{ (kg/Nm 3)
(Nm3Nm3
Cco (ppm)
0 (1)

o0t 1 Ry (M Cr 4 34 00) (326)
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! (MJhr)
(MJfhr)

39

oyj
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