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ABSTRACT

In tﬁis study, a mathematical model for the multiple fuel fired,
Born type refinery furnace is derived in order to find temperature
distribution in the furnace and vapor fraction of the charge. The model
is solved by the numerical methods using computer programs written by
the author. ‘

The model is available fof steady-state. The necessary parameters
such as air flowrate, molecular weight of flue gas, flue gas flowrate and
adiabatic flame temperature which are not present in the data are calcu-
lated by material and energy ba]ances.

The furnace is analyzed in two sections with the assumption of
one-dimensional heat transfer for gas and charge. The sections are
defined according to the dominating heat transfer mechanism from the
heat source, which are radiation and convection sectibns. Radiation
section is further divided into three parts according to type of flow’
of charge and location of tubes in which charge flows that are:

(1) single phase flow in tubes on the walls, (2) two phase flow in
tubes on the walls, (3) two phase flow in tubes at the ceiling of
the radiation section. Both sections are divided into stages corres-

ponding to each row of tubes.
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Temperature distribution in the furnace is found by making
energy balances in each stage of each section.

Vapor fraction of change at each stage is evaluated also by
energy Balances in two phase region.

On the basis of modelling equations a computer program is
developed for the furnace which uses an iterative procedure.

Besides obtaining the'numerica1 solutions of the modé], the
effect of change in input parameters on output conditions are also

evaluated.
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OZET

Bu calismada, rafinerilerde kullanilan, sivi ve gaz yakitla
atés]enen Born tipi firinlar ic¢in sicaklik dagilimi ve 1s1tilan madde-
nin buharlasma miktarini bulmak amaciyla matematiksel model gelisti-
rilmis ve bu model yazilan bilgisayar programi1 kullanilarak sayisal
metodlarla ¢ozllmistur.

Model siirekli sartlar icindir. Veriler arasinda bulunmayan
hava miktari, baca gazinin molekiil agirlig1 ve debisi ile alev sicak-
1131 genel kiutle ve enerji denklikleri ile bulunur.

Firin, hakim olan 1s1 transfer mekanizmasina gore radyasyon ve
konveksiyon bolgeleri olmak iizere iki bolim halinde incelenmistir.
Radyasyon bolgesi daha sonra 1sitilan maddenin akis tiiriine ve iginde
ge¢tigi borularin yerlerine gore lic boliime ayr11m1st1r. Bun]arﬁ
(1) duvardaki borulardan tek fazli akis, (2) duvardaki borulardan
¢ift fazlir akis, (3) tavandaki borulardan ¢ift fazli akistir. Her
iki bolgede her boru sirasina denk gelen kisimlar ayrilmistir.

Is1 transferinin bacé gazlari ve 1sinan madde ig¢in tek yonli
oldudu varsayilmistir. Sicaklik dagilimi her kisimda yapilan enerji
Vdenk]ik]eri ile bulunmustur.

Isinan maddenin buharlasma miktar1 ise yalnizca ¢ift fazli
ak1s bolgesindeki kisimlarda yaﬁ11an enerji denklikleriyle bulunur.

Modelin sayisal ¢ozimin yanisira, girdi dgeismelerinin ¢ikis

ozelliklerine etkisi de ince]enmistir;
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I. INTRODUCTION

I.A  SCOPE OF THE THESIS

In this study, a mathematical model for the muitiple fuel fired,
Born type refinery furnace is derived. The model is solved by nume-
rical methods using computer programs written by the author.

Thesis is composed of six chapters. In the first chapter
introduction is given énd it is divided into two parts. The first
part gives the scope of the thesis and the second part review of the
literature.

The second chapter contains the information about the furnace
with design and operation conditions.

The third chapter is the mathematical modelling which explains
how the modelling equations are derived from the theoretical equations.
It is composed of two parts; first gives the material and energy
balances in the combustion chamber and the second gives the derivatfoh
of modelling equations for radiation and convection sections.

In‘the fourth chapter the computer programming is explained

in two parts. Algorithm of the programs is given in the first part




ot
-~ and explanation of main program, subroutines and functions,i§'in the

second part.

The fifth chapter gives the results that contains temperature
distributions of charge and flue (combustion) gas, vapor fraction of
charge at each stage, and effect of change in ihpui parameters and
heat transfer coefficients on output conditions with evaluation and
discussion. Conclusion is given in the sixth chapter.

Derivation of curve fitted equations, integration of radiation
shape factor are explained in appendices A and B respectively.

Appendices C, D, E and F contains computer program 1isting,

definition of variables used in programs, data set and sample output.

'I.B HEAT TRANSFER IN FURNACES

The optimal design and operation of a furnace requires detailed
analysis of components and thekma] process taking p]aée [1,2].
If there is sufficient knowledge on the factors which control

the flow pattern, the progress of combustion, the transfer of heat by

radiation and convection at every point in the system, the problem of

modelling an industrial furnace of specified shape and size, fed with

fuel and air at specified rates and in a speCified pattern may be
so]vedAwhen temperature pattern in the gas space and along the walls
can be predicted [1,3,4]. Becaﬁse the governing heat-transfer mecha-
nism is different in the radiation and;convection‘sectfon, the two

are analyzed by different methods.

E




The convection section recovers additional heat from flue gas at
a lower temperature than in radiation section [5]. If the flue gas
temperature is greater than 780°K gas rad}ation must be taken into
account [6]. Here, since the primary heat transfef mechanism is eonQ
vection, the tubes are arranged to create high mass velocities and
turbulence in the gas [5]. Tubes having fins and other types of
extended surfaces are frequently installed to improve convective heat
transfer by increasing surface area [2,5,6]. In the case of narrow
tube banks where the reradiation from the refractory walls becomes
significent,_an appropriate correction is applied to thé radiation
component of heat transfer coefficient [6].

Since the convectiqh section is nominally an unfired heat ex-
changer the amount of heat recovery is dictated by the temperature
gradient between the temperature levels of flue gas and process fluid.
The higher the operating temperature in the process fluid, the exit
flue gas temperathfe must correspondingly be higher. To further reduce
flue gas temperature, other forms of secondary heat recovery must be
employed; typically these can be steam generation and air preheater [7,
8,9]. |

The stack system collects and disposes of the flue gas. In

natural draft furnaces the stack height provides adequate draft to draw |

the gas through the radiation and convection sections [5].
The radiation section is defined as the section in which the
heat is liberated from combustion of fuel [10] and which the heat

transfer is primarily by radiation from hot gases and f]ameﬁ the'walls



of the heater aTso radiate to the tubes but do so only as intermediate
reradiating surfaces which, theoretically do not absorb heat by them-
selves but transmit to tubes all heat received from the products of
combustion [11]. The rates of radiant absorption by tube banks from

combustion products are affected by four main factors:

1. quantity of heat liberated
2. flame temperature
3. amount of heat absorbing surface

4, effectiveness of the surface.

The radiation from flames and gases of conventional fuel is due-
to C0,, HZO'(g), soot and CO but CO is ignored because it is present
at a small extent. Radjation from these depends on number of molecules
in the path and temperature'and because 6f pressure broadéning on the
partial pressure of C0, + H,0 [4]. 0i1 fuel tends to give more lumi-
nious flame than refinery gas at usual percentage of excess air because
of cracking of the oil particles to so of during the combustion period
- [10].

Radiant heat absorption characteristics of different types of
heaters are determined by the geometry of the heater which affects thé
direct radiation from gases and particularly the reradiation from the
bare refractories of the heater envelope. Also characteristics of the -
different banks in a particu]ar-heater may vary considerably with their
1ocatioﬁ in the heater and the angle through which the banks see ref- .

4

ractories [12].




Heat transfer by convection to the tubes in the radiant section
of petroleum heaters account for'only a small amount of heat transferred,
especially in high radiant rate furnaces. This convection transfer is
more important in low rate furnaces because heat transfer by convection
\is proportional to AT between gas and cold surface, whereas the radiant
heat transfer is proportional to (T; - T;) [10].

When higher accuracy is not required, the furnace can be modelled
by the equation derived by Lobo and Evans [10] which is the basis for
almost all models published [5]. They have used uniform temperature
assumption in their equation, but to obtain uniform radiating gas tem-
perature either the circulation rate of the gases in the ffrebox must
approach to infinity or the burner arrangement must be such that the
heat added to the gas envelope is supplied with complete uniformity
throughout the radiation section [6].

There are various models [3,4,11,13,14,15,16] developed in the

last 30 years to approach a more realistic and detailed model with a

smaller number of assumptions and higher accuracy.




IT. DESCRIPTION OF THE FURNACE

The furnace is a buijding of isolation bricks surrounded by a
metal construction. It consists of a combustion chamber fpr heat
release and the latter is surrounded by metal tubes. The charge flows
inside the tubes absorbing heat both by radiation and convection. Major

heat absorption by charge takes place in the radiation section where thev

tubes are exposed to the radiant effect of flame, hot gases and hot ref-

factory walls [17 ].

The upper portion of the furnace is the convection section that is
placed between the radiation section and the stack. The charge flowing
in the tubes, which are staggered along the path of the flowing gas, is
heated by the sensible heat of flue gas.

The charge is the bottom distillate of the crude oil distillation’
tower which is further distilled in the vacuum distillation tower after
being heated up. It enters 0 the furnace around 300°C in 1iquid phase
and leaves around 360°C both in liquid and gas phases. Approximately

half of the chargeevaporizes.
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Figure 2.1 Front View of the Furnace N7l

Becadse the furnace has symmetrical two coil arfangement, thé
'charge enters>in two streams which mix after 1eaving the furnace. The
charge enters to the convection section first from tob and leaves the -
bottom part of it, flows down the furnace at the outside:from the sides
and it enters to the radiation section from the floor level and finally
leaves the furnace from the cei]ing of radiation section as seen in
Figure 2.2. |

The necessary energy is suppliéd by both fuel oil and refinery
gas which is mixture of 1ight hydrocarbons, carbon monoxide, carbon di-

oxide, hydrogen sulfide, hydrogen, oxygén and nitrogen.
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Fuel gas is burned directly, but fuel oil is vaporized prior to
combustion. In order to increase Fate and area of vaporization, therefore
efficiency of fuel oil combustion, it is heated up then atomized.

Fuel, atomizing steam and air are mixed at 14 burners placed

on the centerline of the furnace floor which have equal Toading of fuel

and air in order to obtain uniform temperature distribution in the furnace.

" Design conditions are given in Tables 2.1, 2.2 and 2.3 [20].

i - ‘

to vocuum column

Flame

Y

1

Charge . Fuel An Atomizing Fuet
From Crude Gas - Steom Ol
Column

Figure 2 3 Flow Diagram Around the Furnace {19]
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TABLE 2.1 - Process Design Conditions

Fluid
Total heat duty, max case
Number of sections

Temp. of flue gas to convection sec.

Temp. of flue gas from convection sec.

Calculated total pressure drop
Charge flow rate (all liquid)
Charge inlet pressure
Charge outlet pressure
Charge inlet temperature
Charge outlet temperature

" Charge outlet vapor fraction (mass)

Charge API

Atm. crude tower boftoms
2168 MM kcal/hr
) v

1088°K

694°K

3.47 atm

218665 kg/hr
3.74 atm

0.27 atm

594°K

694°K

0.533

16.3

TABLE 2.2 - Combustion Design Condition

>Ca1cu1ated efficiency (LHV)

Radiation loss

Flue gas temp. leaving convection sec.
Type of fuel

Excess air

Ambient air temperature

Heating value

Specific gravity

- 77.5%

2.5%

694°K

fuel oil vfue] gas
30% 20%
255 to 316°K 302°K

10290 kcal/kg 8050 kcal/m’

0.98 0655
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TABLE 2.3 - Mechanical Design Conditions

Radiation section Convection section

Length 20m . 20 m

Height 8.4m 3.2m
Width ~3.5m S 1.5m
Number of coils 2 2

Length of tubes : 20 m 20 m
Equiv. length of U-bends 25 pipe dia. , 25 pipe dia.r
Inside diameter ' 0.212 m < .0.162 m
Outside diameter 0.219 m V' 0.168 m
Total effective tube surface area 636 m2 792 m2k
Extended surface B - studs

Tube spacing 0.3048 m | 0.3048 m
Tube position horizontal horizontal
Return bends 180° short rad.  180° sﬁort rad.
Number of tube rows 24 6 (staggered)

Number of tubes 52 24




ITI. MATHEMATICAL MODELLING

This chapter contains the explanation of the derivation of
model1ling equations at steady-state which are the basis for the
computerized analysis of the furnace and it is composed of.two parts.
‘In the first part general analysis; material and energy balances are

made and in the second part detailed analysis for radiation and con-

vection sections is given.

ITI.A GENERAL MODELLING

The necessary parameters such as air flowrate, molecular weight
of flue gas, flue gas f]oWrate, adiabatic flame temperature and total
heat input which are not present in data are modelled in this section

by material and energy balances With the assumption of steady-stafe.

i
|
]v
{

1. Material Balance in the Combustion Chamber

Material balance is needed in order to find air flowrate,

flue gas composition, flowrate and molecular weight. The basis for
i

calculations is on hourly rates. The input streams are fue1 gas, fuel
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0il, atomizing steam and air, the output stream is the flue gas.

Flue Gas | 002, 02, H20 ‘ Nz, 502)

¢———Fuel Gas
H,S €1

Ho C?
N9 C3
0y Cé

Co,
co

Fuel Oil (C,H,S) l

Figure 3.1 Schematic Diagram of Input and Output Streamsin
Combustion Chamber

To find air flowrate amount of oxygen must be calculated.

Assuming complete combustion the reactions are:

for‘ fuel oil Hy + (1/2)02 - H20

C+02+CO2

S + 0, ~ 30,

for fuel gas HZS + (3/2)02 -+ SO2 + H20

H2 + (1/2)02 > H20

C0 + (1/2)0, + CO,. | j

+ 2H,0

CH, + 20 -~ CO 2

4 2 2
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CH. + (7/2)02 + 2€0, + 3H,0

2"6 27
Cofly +30, > 200, + 2H,0
Cotlg *+ 50, =  3C0, + 4H,0
CHg + (9/2)0, + 3C0, + 3H,0
CaHyo * (13/2)0, + 4C0, + 5H,0
Cjflg + 60, =  4C0, + 4H,0

In order to know the amount of reactants weight fraction of

hydrogen [21] is calculated from equation (3.1),
%H2 = 26 - 15(SG) | (3\])
“where specific gravity, SG, is calculated from Eq. (3.2)
SG = 141.5/(131.5 + API) ' (3.2)
aﬁa weight fraction of carbon isyca]cu]ated from Eq. (3.3)

%C =100 - %S - %H (3.3)

2

Molar flow of fuel oil combustion products, M', are found from

Eqs. (3.4), (3.5) and (3.6).

W, %C
Mo, = fo " (3.4)
2 12(100)
W %H
MA 0= fo "2 (3.5)
2 2(100)
We %S
. . fo f
MSO (3.6)

2 32.06(100)

where wfo is mass flow of fuel oil.

T Rpoteend s E O
Nivenstiteel g Rrlemanesi

e

LA R
LYACR Y
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Theoretical oxygen for fuel oil is calculated from Eq. (3.7).

My =ML+ M

+ (1/2)M! (3.7
2 Hy0 )

Molar flow of fuel gas combusfion products, M", by assuming
50 percent of alkane and 50 percent of alkene in hydrocarbons having

twd, three, four carbons are given by Egs. (3.8) to (3.10).

M
"o, = T00 (4C0, + 4C0 + %CH, + 24C, + 3%C4 + 43C,) (3.8)
Mg
h o= Tl (WS + B, + 240H, + 2.5%C, + 3.54C, +4.5%C,)
2”100 ‘
(3.9)
YBZL ) - '
s0, = T (A3 (3.10)
50 00 2 |

Theoretical oxygen for fuel gas is calculated from Eq. (3.11).

M62.= Mgoz + (1/2)Mﬁ o* [ME02 - (Mf_.gllOO)(%CO.2 + (1/2)%C0) 1]

2 A
(3.11)
Total theoretical oxygen, ME , from air is found from Eq. (3.12)
2 , '
t _ ue wooo_ 9
M02 = M02 + M02 (Mfg/100)/=02 | (3.12)

Then air flowrate, M_, is found from Eq. (3.13).

_ % Excess,y,t
Ma = (1 + ~—Tﬁﬁ———)M02/0.21 (3.13)

Molar flow of flue gas, MG’ is found by adding molar flow of
each product’ahd inerts.

Carbon dioxide flow is found. by adding equations (3.4) and

(3.8).

- .:-‘“
AL S

man
ALY,

sivneeitee] uNTOpmANRS

-
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Mo =M. +M (3.14)
CO2 C02 CO2
Sulfur dioxide flow is found by adding equations (3.6) and (3.10).

= Min + M (3.15)

M
502 502 S0,

Water vapor flow is found by adding equations (3.5), (3.9) and steam
flow

M =M, qF ML (W, /18) (3.16)
H20 H20 H20 a.s

where wa ¢ = wfo 0.3056 (3:]7)

Nitrogen flow is found from flue gas and air T

| i

- o B ﬂ;

MN2 = 0.79M, + (M /100)2, (3.18) ¢

=

Oxygen flow is found from excess air. ;

_ % Excess nt : .2

Mo, = =00 Mo - (3.19) £

2 2 i

s

( %

M. =M +M + M +M, +M 3.20) :
G CO2 802 H20 N2 O2

Dividing each equation from (3.14) to (3.18) by equation (3.20)
results in the mole fraction of each component in flue gas which are

respectively mCOZ’ mSOZ’ mHZO’ mNZ, m02. The molecular weight of

flue gas, MWG, is

+ 64 Mg, + 18 my o +28my +32m (3.21)

2 2 2

MW, = 44 m

G co N, 02
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2.  Energy Balance in the Combustion Chamber

Energy balance is needed to calculate the heat input to the

furnace and the adiabatic flame temperature. Heat input is defined as
‘the sum of the sensible heat of inputs and heat of combustion of fuel.
Sensible heat of inputs, Qsh’ can be written as sum of inlet

enthalpy, H, of each input.

He + Mo He + W H o+ MH | (3.21)

Qsh B wfo fo * fg fg ¥ as as aa

where the inlet enthalpy, Hfo’ for fuel o0il is found from Eq. (3.22)

{4

T, 2

H - i,fo , ;{.
fo " S Cpo dT (3.22) B
298 0 &)

el

Specific heat, Cpfo’ in equation‘(3.22) can be evaluated by substi-

RN

x,
A

tuting the values of fuel o0il into the equation (3.23) which gives &
specific heat of petroleum fractions [22] as function of specific 5%§
gravity, SG, and characterization factor, K. f:?
| A
Cpp £ [0.6811 - 0.3085G + T(0.000815 - 0.000306SG)][0.055K + 0.35]
| (3.23)
where |
K= Yule0l5 4 7 , (3.24)
Y = -91.90768API + 9.14945AP1% - 0.39620API3 + 0.00632API *

+ 347.56742

N
It

100.73420AP1 - 10.04215API% + 0.43579API® - 0.00697API"

#

- 369.64072
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Equation (3.24) is found by curve fitting as explained in Appendix A.Z2.
The inlet enthalpy, Has’ for steam is calculated from Eq. (3.25).

H. = [(0.00048P + 0.46003T) - 0.35437P + 1059.7634710.5559
| (3.25)

Equation (3.25) is also found by curve fitting as exb]ained in Appendix
A.1. Here temperature is in °F and pressure is in psi, the result is
converted from Btu/1b to kcal/kg by multiplying with 0.55519.

- The inlet enthalpy, H_, for air is calculated from Eq. (3.26)
[23] as;

T, o |
o= £12% (0.6173 + 4.697x107"T + 0.1147x107°T2 = 4.696x1071°T*)dT
28 (3.26)

The inlet enthalpy, Hf.g’ for fuel gas is found from Eq. (3.27)

1T e '
He g = n21 s m,Cp, AT \ (3.27)
298

where n in Eq. (3.27) réfer§ to eéch compound in fuel gas as given in
Section 3.A.1 and Cp value for each is found from literature [23].
‘Heat of combustion, Qch’ for fuel is the sum of heat of com-
bustion of fuel oil [21] and fuel gas [24]. .
11

z

m,_AH (3.28)

= - 2
Qch Nf0(12400 2]OOSGfO) + 8.905Vfg .

where AHrn is the heat of combustion reaction for each compound in

fuel gas. Then total heat input to the system, Qtt’ is sum of Egs.

(3.21) and (3.27). ‘ P
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Qtt - Qsh * Qch (3’29)

When Qtt is known, adiabatic flame temperature can be found by
assuming that all entering energy is available to raise the tempera-

ture of the products and the products leave at the temperature of

reactions.

III.B MODELLING OF THE SECTIONS

The explanation of how the modelling equations used in computer
progrém are derived for each section is given in this part.

Each section is divided into stagés which correspond to one
tube row that is assumed to have uniform gas temperature distribution
which varies only along the height of the furngce at the outside of
_the tubes. The tubes are assumed to have constant wall temperatures
and negligible wall resistances. The fluid in the tubes flows hori-
zontally, which is assumed to have uniform temperature distribution
that varies only along the length of the tube, and because of symmetry
only one stream is ana]yzed}

The radiant heat transfer is assumed to be between flame and

tube banks and that gas radiation is negligible in radiation section.

1. Convection Section

There are six rows, each row containing four tubes, two for

each stream. The flue gas flow is perpendicular to the staggered

4

tube bank.




20

n=0
Charge — Charge
Tie 'Pic ne e Pic
n=2
n=3
! nes ‘.
nzb
Toe =& - l’m: ! Pot:
n= 6
Flue Gas
1,6
Figure 3.2 Schematic Diagram of Convection Section
a.  Temperature Distribution ,

Although convective heat transfer is the primary modé of heat
transmission in this section, radiative effects also contribute
because of radiation from the hot flue gases and reradiation from the
walls of the convection section.

In order to ingrease transfer rates per unit length of tubing,

tubes have fins, extended-surface, in the form of studs. With all

of the extended-surface types, radiant transfer to the comvection tubes

is so small that can be neglected [1].
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Energy balance at steady-state is applied to flue gas'and charge
in each stage in order to find temperatures of charge outlet and flue
gas inlet [25].

Energy balance on flue gas gives:

Tn
QG = MG .fG CpG dT = Change in heat content of flue gas (3.30a)
n-1 : '
TG |
Q5 = 4Ath0(Té - Ts) = heat absorbed by tubes ‘ (3.30b)

where CpG’ the specific heat of flue gas, is fouhd from Eq. (3.31).

CpG = .§ ijpG,j (3.31)
j=1
CpG,j values are for C02, H20, SOZ’ N2 and 02 [23].which have the
. form-as given in Eq. (3.32).
C = A + BT + CT2 + DT® ‘ 3.32
pG,j | T (3.32)

And average gas temperature, Té, is found from Eq. (3.33).

2 n n-1
e=72 Ug-Tg ) (3.33)
Energy balance applied on the tube wall gives heat absorbed by

convection from gas is equal to the heat removed by convection to

charge.

A.h (‘T-‘G-T) = DL h.(T. - T.) (3.34)

t S T7tiYs c

where average charge temperature is given by Eq. (3.35). I

oot nd e P apreer

R, =i 3 2 8,
T § TTr Vg FRIEY
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_ 1 |
TC =5 (Ti,c + To,c) (3.35)

The charge outlet temperature T0 is evaluated from Eq. (3.36).

»C

Q
T =T &

.t (3.36)
0,C .1,c chcpc,g -

And specific heat of charge Cpc’z is calculated from Eq. (3.23).

Heat transfer coefficients hi and ho are found using empirical
~equations giveh in 11teratufe since no experimental work was possible.
The heat transfer coefficient for fully developed turbu]ent flow

inside tubes with 1.0 < pr < 20 [20] is given as;

). ' (3.37)

= 0,5Rp0,83
hi 0.0155Pr?.5Re (kc,z/Di

The properties of charge used for the calculation of hi are
és follows: Therma] conductivity [27] kcg’is obtained by using
Eq. (3.38)

_ 0.06775[1 ~ 0.0003(1.8(T - 273)
sG

ke, 11(1.488) (3.38)

3

Density [27], P,y is calculated from Eq. (3.39).

Pe,g ~ 56 (w/w,) (3.39)

where expansion factor, w, is given as;

) (3.40)

w = 0.1745 - 0'0838(T/Tcritica1

and. [28]

_ [180 + 1.75a - 0.0008a2] - 32

Teritical T8 + 273 (3.41)
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where N
a = [(K+ SG)® + 100]SG . (3.42)

Specific heat is evaluated from Eq. (3.23). Kinematic viscosity [29]

is evaluated from the following set of equations.

1091010910Z = A + B T10g;,T : (3.43)
where v |

Z=v+0.7+C-D+E-F+G-H (3.44a)
C = exp(-1.4883 - 2.65868v) (3.44b)
D = exp(-0.00381308 - 12.5645v) < (3.44c¢)
E ='exp(5.46491 - 37.62898v) (3.44d)
F = exp(13.0458 - 74.6851v) (3.44e)
G = exp(37.4619 - 192.643v) (3.44f)
H = exp(80.4945 - 400.468v) (3.44q)

A and B are constants and evaluated from kinematic vfscosities at
two known points.
log 1ogZ] - log 10922

B = (3.45)
Tog T2 - log T]

>
fl

B.log T] + log 1ogZ1 (3.46)

Knowing A and B, Z can be evaluated at given temperature then using Z

“kinematic viscosity v is obtained.

The heat transfer coefficient on the outside is estimated from
the equations developed by Monrad [30] for flue gas flowing perpendicular

to a bank of tubes, which is given as;
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hy = (T +n)(h +h.)4.88 | (3.47)
Pure convection coefficient hC is given by Eq. (3.48).

1.663-5°77°-3 |
h = (3.48)

C
0,33
DO

Here T is in 5F, D0 is in inches, and GG‘is in 1b/ft2-sec.

STWé2.2046/3600
G. = ‘ (3.49)

&[5y - D I[Ay, ,~4D L]

Base

ST is staggering distance and units of length and area are ?t and ft?
kespective]y.
Coefficient of heat transfer from the gas by radiation is given

by Eq. (3.50).

| hrG = 0.0025 T - 0.5 . (3.50)

T is average gas temperafure in °F.

Reradiation from walls of the convection section usually ranges
from 0.06 to 0.15 of the sum of the pure convection and the radiation
coefficients [1]

h « A ‘
rb wall (3.51)

(hc * hrG * hrb)(At,tt +Awaﬂ)

n =

where heat transfer coefficient due fo reflection from wa11s,éhrb; is

given as;

hr

, = 0.006(T/100)° o (3.52)

I I T & pryney

e
&

A
E

P
o2
£t
2
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Here temperature is given in degrees Rankine. The overall coefficient

is given by Eq. (3.47).

Since nearly half of the charge vaporizes in the furnace the

pressure drop needs to be calculated in order to estimate where

the two phase flow starts. The following relationship [31] gives the -

pressure drop in the tubes. -

2LeGéf
AP = X 7.61x10713 ‘ < (3.53)
Dipc

where 7.61x107'3 is the conversion factor from kg/m.hr2? to atmospheres

and f is the fanning friction factor. An equation for the fanning fric-

tion factor in terms of Reynolds number is
1//8F = 0.87 In Re/4f - 0.8 ~ (3.54)

for 30 000 < Re < 1 000 000.
In this‘cokrelation, Le is the total hydraulic length and is based on
the sum of the actual tube length plus the equivalent length of return

fittings, bends, etc.

2. Radiation Section

There are 23 stages (rows) with 2 tubes, one for each stream

on the two sides, plus one row at the ceiling with six tubes three
4

- for each stream.

P TR TITE & TP T o [y vy

R T

M =%
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ne2)

n=l
n=l

Chaorge S

Charge

- Figure 3.3 Schematic Diagram of Radiation Section

There are 14 burners placed at the centerline of the f]oor with

equal spacing in between therefore the flame is assumed to be planar

parallel to the walls, and have the same length, and height approximately -

0;24'times the wall height. The radiation from flame is assumed to be
diffuse and surfaces are gray. |

It is also assumed that there is no heat loss in charge during
'transpoftétibn from convection section to radiation section.

Since, there are two differént flow for charge which are single
phase and two phase flows and two differentvradiation angle factors

for tubes which are placed on side walls and ceiTing of radiation

- BOGAZICI iimveRs)ys] KUTUPHANES;’ |
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section, the analysis is carried in three parts all at steady-state

conditions.

Although radiative transfer is predicted to be the primary mode
of heat transmission in this section, convective heat transfer also
contributes because of flowing gas [6,10,30,32].

Adiabatic flame temperature needed in radiation heat transfer
is found as explained in Section ITI.A.2. Then energy balance and
pressure drop calculations are made for each stage.

Heat released by combustion gas is found from Eq. (3.30a) by
changing integration limits from Tg -+ Tg_] to Tg'] > TE because
Tg'] > Tg. The specific heat of combustion gas has same formulation
as in convection'sectiqn, given by Eq. (3.31). The heat given by

combustion gas is equal to the two times the heat absorbed by charge

flowing in each tube that is given as;

QG/2 = We CPC;éTo,c - Ti,c) (3.55)

Specific heat of charge is calculated from Eq. (3.23).
Energy balance applied at the tube surface gives energy absorbed

by radiation and convection.

Qg/2 = olAy /2)0(T} - Te) + AL h(Te - T)) (3.56)

equals to heat removed by convection to éharge

0g/2 = hendy Lo(Tg =T | | (3.57)
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~ The inside heat transfer coefficient h; in Eq. (3.57) is evaluated
" from Eqs. (3.37) to (3.46) by using conditions of this section.

The outside heat transfer coefficient ho in Eq. (3.56) which in-

~ cludes pure convectibn, radiation ffom gas and reradiation from walls

is evaluated from Egs. (3.47) to (3.52) by using conditions of this
section. Since the configuration of tubes is different in this section

Eq. (3.49) cannot be used to evaluate Gg instead of Eg. (3.58) is used.

G = WG/A (3.58)

G,r Base,r

Radiation exchange factor ¢ in Eq. (3.56) is given as;

= efpcp (3.59)

where emissivity of flame €¢ is the ratio of the heat actually trans-
mitted from flame to the co]der.surface to the heat which would have
been transmitted had the flame and colder surface been perfect radi-

ators [10,30].

f(PL,te,t) | | (3.60)

o+
n

tube surface temperature, °F

t. = gas temperature at bridge wall, °F

-
—
I

= (P co, + P, o)L 5 atm-ft

mean 1ength of radjant beam in combustion chamber [10,30];
for this case it is equal to 14.7999 ft

—
]

Since possible changes that can happen in the furnace in PL and

te does not affect e5 much, Equation (3.60) can be approximated to

OpTANES - .

‘._A_vi._
vedairoel vt
ALTeayy § ek RS

Tuay

A Es,
&1
2RIV N
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.

Equation (3.61) which is obtained by the author by curve fitting

€ = f(tg) = -9.7é222x10"5(tg,- 2000) + 0.458 (3.61)

Fa-A in Eq. (3.59) is the radiation angle factor for diffuse
fs
interchange between flame and stage. Assuming radiosity is uniform

over A, it can be written [33] as

cosBi cosBj dAj dAi

L
Fa._p. = I I (3.62)
A-R; Ay 4. A, 2
i"j
TXATEE
{o,c,0)

wiynositenl s0rlpaanes

Figure 3.4 Configuration for Intercharge Between Flame and Stage

&

'
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In order to use Eq. (3.62) in computation it is

30

necessary to

evaluate cosBi, cosBj, r, dAj and dAi in terms of coordinates. They

are [33]
no= 10+ Gm + kn (3.63)
2= - 2 - - 2
re= (x; xj) * (yy yj)2 *+ (z; zj) (3.64)
COSB-i = ﬁ-i * ?13 = _JY.—[21(XJ"X1) + m'i(‘yJ-y1) + n.i(zj'z-i)]
(3.65)
.= N. . .. 0= AXe=X.) T maly.-vy. Az.-Z.
COSB; = Ny » Ty TMJ(X1 xJ) mJ(y] yJ) + nJ(z1 ;J)]
’ (3.66)

“the surfaces.

For this configuration where Aj moves along the

‘where r is the unit vector that lies along the connection line of

z-axis as the

stage number increases F, _, can be obtained as follows:
i ’

n can be evaluated from the cosine of angles between the unit

vectors and coordinate axises

21 =0 mi = -1 "i = ( - ni
. =0 m, = 1 n.=0 LN,
zJ ; ; , nJ

Since yj = 0 the square of the distance between

)2

2 - - 2 4 2 -
r (xi X:)2% + yi+ (Zi Z

J

Directional cosines are

S
cosBj = Y cosBj

e

-3 (3.67)

e

J  (3.68)

two surfaces is

(3.69)

(3.70)

whrionaned

Slvopatbrnnl
3% 4 L5

¢ wd
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il
o
-

Areas are Ai

f
b L
! dAi =7 dxi f dzi (3.71)
A. 0 0
i _
b Sa ’ ;
i dAj = f dxj { . dzi s =1,....,23 (3.72)
. 0 s-1)a
J

Substituting Egs. (3.69), (3.70), (3.71) and (3.72) into
Eq. (3.62) angle factor is found to be
: b Lf b sa y} dzdxsdz;dx,

Fo_p = ;oros (3.73)
As-A ™Le 5 0 o (s 1)a [(X XJ) +y1+(21‘2j)2]2 :

The evaluation of integral (3.73) is shown in Appendix B, the result

is given by Eq. (3.74).
Faop = TrbLf{—"—[( Sa)tan'k(Lf-sayc) - sa tan~'(sa/c)

+ (s-1)a tan~'((s-1)a/c) - (Lf—(s-l)a)tan‘l«Lfé$-])aYC)]

- (/b2+c2/c2)[(Lf-sa)tan"((Lf—sa)//Bz+c2) - satan-'(sa/vb2+c?)
+ (s-1)a tan~'((s-1)a/vb2+c2?) - (Lf-(s-1)a)tan'l«Lf-(s-l)éY¢bz+c2ﬂ

- (b?/c?)[Ve2+(Lc-sa)? tan™' (b//c2+(Lc-sa)?)

Yc2+s232 tan"l(b/922+52a2) + ¢E2+(s-1)zaztan‘l(b//éz+(s-1)2a2)

Ve2+(Le-(s-1)a)2tan? (b/Ve2+(Le-(s-1)a)?)]

+

‘%*{]"((C2+(Lf-sa)2+b2)/@2+(Lf-sa)2))— In((c?+s?a2+b?)/(c2+s%a?) "

+ In((c®+(s-1)%a%+b?)/(c*+(s-1)%a?))

1n((C2+(Lf-(5-1)a)2+b2)/(cz+(Lf-(S-1)a)2))]} (3.74)
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After finding AP from Eq. (3.53) and (3.54) for tube flow, boiling
point at outlet pressure is found from Eq. (3.75) which is derived by

curve fitting as explained in Appendix A.5.

TB at Po,c = [(TB - b)/ a-321/1.8 +273 (3.75)

o3}
]

0.12906 ]oglo('l/P0 c) + 0.99316

o
"

106.46313 1og(1/PO c) + 4.29520

b. Liquid-Gas Phase Flow_in_Tubes _on the_Walls

When the charge outlet temperature from tube is approximately
equal to the charge boiling temperature at charge outlet pressure
from tube, two phase flow is assumed to start.
| The modelling eeuations on the gas side are the same as in
part a which are}Eqs. (3.30a), (3.31), (3.56), (3.58), (3.59), (3.61)
and (3.74).
Energy balance on the charge gives the fraction that is vaporized

since charge temperature is assumed to be constant during vaporization.
QG/Z = Hv,c X wc (3.76)

where heat of vaporization for petroleum fractions [34] is given by

Eq. (3.77).

Hv = (TB/MW)(8.75 + 4.571 10910TB) (3.77)
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and ;
MW = bedK ~ (3.78)
a = 33.14991 cos(API/120) + 0.00107APIZ - 32.37044
b = 0.20814 + 1x10~5API(-2391.69992 + 150.66076API

- 4.37442AP12 + 0.05865API® - 2.9x10"*API*)

Eduation for molecular weight, MW, is derived by curve fitting as
described in Apbendix A.3. » |

Energy ba]ancé applied on the tube surface, Eq. (3.56), gives
heat absorbed by radiation and convection equals to heat‘femoved by

charge.

QG/Z = htp—ﬂDi’rLt(TS - TC) (3.79)

: Two phase flow convective heat transfer coefficient htp can be
evaluated at the end of a series of steps as to be explained in the
following paragraphs [35]. Since it depends on the flow pattern of
the f]uid,'after finding vojd fraction a and superficial velocities

the flow pattern is determined.

o = ' ! ' (3.80)
T+ ((-x)/x))p o/Pc o) (Ug o/uc o) |

Here the slip ratio uc’g/uc’z is assumed to be unity, and pc,g is
- found from Eq. (3.81).
. ) |
p. = wmoe ' | (3.81)

A1

]
o]

ANE

RO
A1 NS

......
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> 2 [22] is given as;

where for P/Peritical

Z=1.0 - (0.24 - 0.18(T/T_ .\ N8 (P /P

critical’)

(3.82)
for Pc/Pcritica]-i 2 [32] is given as;

Z=1.0-[0.73(T /T

¢’ ‘critical (3.83)

-3 _
) 0']8](Pc/pcritical)

Tcritica] is found from Eqs. (3.41) and (3.42) and Pcritica] is

found from Eqs. (3.84)derived by curve fitting as described in

Appendix A.5 which is

_ a
Peritical = P Teritical/ 14-696 (3.84)
a-= 0.37036x10'5T§ + 4.09629
b = exp(—3x]0'5T§ - 20.13179)

The superficial velocities are calculated from Egs. (3.85) and

(3.86).
X W '
Ve = < - (3.85)
Pe.g “(01,r/2) 3600 ,
Veog = Ve gl(1 - a)/a) | | ~ (3.86)

The parameters F and Y are also needed to be calculated and

these are given by Eq. (3.87).

F=(pg,g/Pg) =72 (o o/0, ) (v /Y D)2 (0 o/uy)®+2  (3.87)

4
0,25 -

Y = (uc,z/uw)°-2((pc’g/pw)(Yw/yc,g))

Iy o

314

patreni wfitilon

ALY Ir T
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subscript a, w refer to air and water at atmospheric pressure and

ambient temperature.

< 0.1Y the

Now the flow pattern can be determined. For Veou
. [ Eediae

> 15F otherwise strafied or wave f]ow. -

> 0.1Y the flow is annular if Veog > F[0.001 + (v

flow is annular mist if vC

For 4Y 3_vc’ c.2

> 4Y the

L

-0.4)0.057457] otherwise bubble or slug flow. For Ve oy
. [

flow is dispersed bubble or annular as shown by lines in Figure 3.5.

Fig(sre 3.5 Flow Pattern Map for Horizontal Fiow [35)

This map is prepared by Mandhane et al for air-water system

shown by dashed lines in Figure 3.5. For fluids other than air-water

transition lines giveh by v = f( ) or v
C,Q/ ! C

Ye,g .9

¢

modified to

= ha
f(Vc,g) must be

v 10
cl dispersed bubble i
(m/s) - (5
4
/ =
v / 4 b~
10—  bubble ' : slug 4 a&“:
\ onnular E
\ b
\ y L
0.} ___"'——""'""_-\ l, .‘E‘:z
' TN 2
\ L a:‘.
\wave “‘ 3
stratified N annular =7
0.01— \\ ! mist
\ 1
\
\
0.001 | ' l |
0.01 X 10 10 100 1000 '
ch
{m/s)
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'.VC,Q

= X]f(vc ) or v = X f(vc’2

where X is a parameter represented either by F or Y of Eq. (3.87).
If the top part of the tube wall is wet as in our case that

means the flow pattern is dispersed bubble, annular br annular mist,

then Chen correlation is used to find two phase flow convective heat

transfer coefficient.
In Chen correlation first the Martinelli parameter is found

that is given as;

Keg = (1 - X)/x)o’g(pc,g/pc,a)045(“c,2/“c,9)0'1 + 3.88)

convective heat transfer correction factor, Fc’ is derived by curve

fitting as described in Appendix A.7.

Fc = 0.862888 + 1.426638 + 0.074524 . 0.011958

X - ] (3.89)
tt Xit Xit
1,25 GC(] - XD 1,25
Re = Fl. + Re = e Fle 4
tp c '3 » uc’l c

" Based on Dittus—Boe]ter relationship for liquid flowing alone

in a heated conduit Chen proposed for a convective component of htp

. . 3 . .
which is hmac nd given as;

= 0,8 0,k
hnac = 0-023 Reg®(Pr )®"(k /D

mac ) (3.90)

i,r

By knowing Retp nucleate boiling suppression factor, Sc’ can

be found from equation derived by curve fitting as explained in Appen-

dix A.8. | | E
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: SC = -0.4669855 + ]7.6252375[ReES.265] - (3.91)
A saturation values are evaluated by Eqs. (3.92) and (3.93).

ATsat = Tw - TB at P B (3.92)

- Pat TB (3.93)

AP =P

sat at Tw

Based on Forster and Zuber relationship for nucleate pool boiling

Chen proposed for microconvective heat transfer, hmic’ and it is given

as;

- 0,79 o,ks o .49 229140 ,24 0, 247AT0,24%,Ap0,75
hnic 0‘00]22[kc,2 Cp /Yc 2 c g Ve Peig ]ATsat APsat Se

(3.94)

Since units of hmic is w/m?K it is multiplied by 0.859845227 to
convert to kca]/mz—K;hr. The units of physical properties are
ke, o (W/mK)s Cp. o (37kg-K), p(kg/m3), y(N/m), u(kg/m-s) and Hy_ (J/kg).

Two phase coefficient is calculated by adding hmac and hmic’

htp - hmac ¥ hmic (3.95)

If the top part of the tube wall is dry or periodically wet
that means flow pattern is bubble, slug, stratified or wave, ht

found by Eq. (3.96).

D T L }(3.96)

| htp T g L n T

Here hg and hR can be calculated by assuming that phases flowing

alone in tubes whose diameters are appropriate hydraulic mean diameters}

L]

vt

rel v Tlpmaneg
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h, is found from Eqs. (3.37) to (3.42) by using Dh 1y instead of Di

2
which is calculated from Eq. (3.97)

Dh,2= 2 /ﬁ(Di’r/Z)z(]-x)/w . (3.97)
and hg is calculated by using Eq. (3.98)

) (3.98)

- 0,8pn0, b
hg 0.023.Reg Prg (kc,g/Dh,g
where
Dh,g = Z/h(Di’r/Z)zx/ﬂ (3.99)

Thermal conductivity of gas phase of petroleum fractions is
derived by curve fitting as explained in Appendix A.4, the result is

gﬁven by Eq. (3.100).

kc;g = {a[(T - 273)1.8 + 32] + b}1.4888 (3.100)

where

3.79x10°7 MW, + 2.6x10'“MWE°-3’3“2 - 6x10°% - 1x10‘9mw§

el
]

“and

o
"

0.]126MWE°~”7367 - 0.00574 sin ng-a - 0.01902

In order to calculate SC from Eq. (3.91) Retp is needed and

it is found by using from Eq. (3.101).

- pc,zuc,zD

p uc’2

Re, h,% (3.101)

) Then using Egs. (3.92) to (3.94)‘hn is evaluated.
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Only unknown variable Teft in Eq. (3.96) is 6 which is the angle

between tube diameter and liquid surface,

g = & 180 ' _ (3.102)

Substituting the values obtained from Eqs. (3.37), (3.94), (3.98)
and (3.102) info Eq. (3.96) gives the numerical value of htp"

c. Liquid-Gas_Flow in Tubes on_the Ceiling

The modelling equations of this section is same as in previous
‘section with few differences. Since the fluid is separated into three
tubes and pass through once mass flow of charge is one third of wc and
heat transfer to each tube (= QG/6) is one third of heat transfer used
in preceeding seétion.

Angle factor in Eq. (3.59) is also different for this section.

Here the plane of tubes is perpendicular to the plane-of flame. . Angle

factor is found by first calculating it between flame and each tube
and then taking the average of three because heat absorption by each

tube is assumed to be the same.

Figure 3.6 Configuration for Interchange BetweenFlame
and Ceiling Tube.




40

Angle factor between plane 1, which is the tube, and plane 2
or plane 2+3 (Fig. 3.6) have the same form as they have same confi-

_guration. It is found in literature [33] which is given in Eq. (3.103)

with:
= - = - =
FdA]..A2 or FdA] (A+A,) ~ —ﬂ‘_{tan (1Y) - Y/VZ tan"i(1//Z)

23
(v/2)in(XZ 2 1)1y (3.103)

(Y2 + 1)Z
The angle factor between tube and flame (plane 1 and plane 2) is

calculated by Eq. (3.104).

Fan,-ag ™ Faa-(ayray) ~ F (3.104)

dA otA3

1A dA].-A2

Using reciprocity rule the angle factor between flame and tube which

is given by Eq. (3.106) is evaluated

Fo oy = (dA‘/A )F ; (3.105)
Ay-dA, 17737 dA, -A,
o€ g (@etha - LT+ e)
Fr-an, = Toq 75 Inl
375 £ ((a-lLig)2 + c2 + b2) (a2 + c?)
+ L tan~! b
- 2 2 - 2. 2
/(a ,uf) + C /(a Lf) 4 C
P . (3.106)
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IV, COMPUTER PROGRAMMING

On the basis of equations of Chapter III a computer program
is developed for predicting the heat transfer in the furnace. The
~aim is to stqdy the effect of input parameters on the outbut con-
ditions such as temperature and vapor fraction.

This chapter is composed of two parts, in the first the algo-
rithm_for each section of the fﬁrnace is given and in the.éecond'the

main and the subprograms are explained.

IV.A ALGORITHM OF THE PROGRAM

The procedure used in programming is iterative, trial and
error calculation.

Each section is divided into the stages equaling to the
number of rows present. Because of symmetry only one stream is

ana]yzed.
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1. Convection Section

The flue.gas temperature at the stack entrance; the charge
inlet temperature and pressure are the knowns for this section.
Therefore calculation of the temperature distribution and the
pressure drop starts from the last row of tubes where the charge
enters the furnace as shown in Figure 2.2.

This -section is divided into six stages composed of four tubes,

as seen in Figure 3.2, all having the same procedure in calculations.

Flue Gas
n

Figure 4.1 Schematic Diagram of a Stage in Convection
Section .

>‘F1ue gas temperature at the stage inlet is assumed to be delta
amount greater than outlet temperature which is known. Delta is
specified initially and increases at each stage by an increasing
amount. Then heat given by gas is calculated by Eq.. (3.30a).
Since heat taken by charge in each tube is one forth of heat

given by gas charge outlet temperature is found from
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Q
T, =T G

N,
Co Cq 4Mccpc,2

(4.7)

After evaluating inside heat transfer coefficient from Eq. (3.37),

tube surface temperature is calculated

] 0g

—5 (4.2)
4ﬂDiLthi

Pressure drop in each tube is found by Eq. (3.53). Outside
heat transfer coefficient is found from Eq. (3.47) and a new gas

temperature is calculated from

_ Q
T.=21 -7Vl 4+ 6 | (4.3)
s G 2A.h
‘ to

This new gas temperature is compared with the assumed gas temperature.

If their difference is less than or equal to a specified amount, for
example one degree K, the variables at the stage outlet is found.
These pressure and'temperature values are the inlet conditions of

the next stage.

The iteration is completed at the end of sixth stage.

2. Radiation Section

The charge inlet conditions to,ﬁhe radiation section are the
outlet temperature and pressure from convection section. The com-
bustion gas inlet temperature is not known; therefore it is assumed
equal to the adiabatic flame temperafure because it is the highest

4

possible temperature that combustion gas attain.




44

This section is divided into 23 single and/or two phase stages
plus a ceiling stage as shown in F%gure 3.3.

First single phase temperature distribution and pressure drop
- for tube flow is calculated using Egs. (3.30a); (4.1), (3.37), (4.2),
(3.53), (3.47) and a new gas temperature is found from Eq. (4.4).

bo_oTs
roegr o1, e oTE T

- (4.4)
G S G Atho h

0

This new gas temperature is compared with the assumed gas tem-
pefature. If their difference is less than or equal to a specified
~amount for example one degree K, iteration on that stage is completed.
Then boiling temperature at that pressure is checked with Eq. (4.5).

Tg - [106.46313 1og(1/P, o) + 0.99316]
c . B

Té = (4°5)
c 0.12906 log(]/Quc) + 4.2952

If the difference of'charge bulk temperature and the boiling
temperature is less than or equal to a value which is set according
to the pressure‘drop and boiling temperature relation two phase cal-
culations start. If not calculations on next stage is made for
" single phase.

Second, temperature distribution and charge vapor fraction is
| calculated for two phase region. Inlet conditions afe the output
conditions of single phase.

A gas temperature is assumed for stage outlet and heat given

by gas is found by Eq. (3.30a). Sﬁnce the charge is at consfant
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temperature the heat given by flue gas‘vaporizes the charge.. Vapor
fraction is given by Eq. (4.6).
Qg

- (4.6)
2M Hy .

X

Two phase heat transfer coefficient is calculated by subroutine

TPHTC. Then, by substituting h__ instead of hi in Eq. (4.2), TS is

tp
found.

By using Egs. (3.47), (4.4) a new gas temperature is found and
compared with the assumed value. If their difference islless than or
equal to a specified amount, for example, one degrees K cafcu]ations
on that stage is completed. The program preceeds in the same manner
~until the 24th stage which is ceiling is reached.

_ Last part is the ceiling region which has the same algorithm
as the two phase section the only difference in the equations is 1/3
factor of QG and the angle factor in ¢. '

At thé end of the calculations in the ceiling regioﬁ a combustion
gas temperature is found fbr the outlet of the radiation section. This
value is compared with the temperature found in convection section. If
their difference is less than or equal to a specified amount, for example '
10 degree K, the program is terminated, otherwiée the assumption made

for the combustion gas inlet temperature at the entrance of radiation

section is changed'according to Eq. (4.7) and the same algorithm is

repeated.
1' _ 41 Ny+1 N~+] '
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where vy equals, 2.5 gives result in least number of iterations for

this case.

IV.B DESCRIPTION OF THE PROGRAMS

The furnace program is written in FORTRAN language and is
cgmposed of one main program, 11 subroutines, and 18 functions.
The flow diagram is given 1n_Figure 4.2. -The information is trans-
ferred by common blocks between main and subprograms. Digital-Vax
computer is used. in executing.

In this section the computer program is explained wiéh flow-
charts. It is composed of three parts; main program, subroutines

~and the functions.

1. Main Program

Main program calls subroutine DATA to obtain the input values
and subroutine PRINT1 to write the input values. Using equations of
Chapter III it ca]cu]ates specific gravity, mass flowrate, boiling
temperature at one atmospheric pressure, critfca] temperature and
inlet density of charge and puts these into common blocks in order to
transfer to the subprograhs. Then the main program calls subroutines
FGFLOR, CONVEC‘and RADYAS to find the temperature distribution, pressure
drbp and vapor fraction; and ADIAFT to calculate the percentage error
between the heat input to the furnacg and heat given by flue gés. It

also finds percentage error between heat taken by charge and heat given




DATA

PRINTI

FGFLOR

i I ' '

CONVEC .

MAIN

4 CPGIT

RADYAS

—p| RTWOPH
- —————>

)

ADIAFT

- )

Pt PRINTD

RSINPH

Y.

90000

A 4

Tk

ROCL.

CPCL

HVPF -

" RCEILY

PFKYAL

jit
é

it

CPCL

b

i

) ¢

ROCL

crcL” )

TCcL

ROCL

Figure 4.2 Flow Diagram for Pro'gromsf

L7



48

by flue gas. At the end it calls PRINTO in order to write the output

values. Flowchart is given in Figure 4.3.

2. Subroutines

a) DATA

This subroutine contains input values in nine groups which

are data of Fuel oil:

Fuel gas:

~ Steam

Air

Charge

F]ﬁe gas:

Convection Sect.:

Radiation Sect. :

Reference Condition :

flowrate, %sulfur, API gravity, viscosity and

temperature
flowrate, temperature, pressure and .composition
temperature, pressure

%excess air, %Zhumidity, temperature
K-factor, temperature, pressure, API, flowrate,

two viscosities with corresponding temperatures

Temperature at the stack entrance, total pressure,

flame length, average length of radiant beam

Inside diameter, outside diameter, length,

-staggering distance, outside area of tubes; number

of tube rows, number of tubes per row, length,

height, width of the section

Length, height, width of the section, number of

tube rows, outside area, inside and outside dia-
. X
meters and length of tubes. ‘

Temperature, pressure.
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Figure 4.3 Flowchart for Main Program
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b.  PRINTI

Subroutine PRINTI contains the necessary write statements

with formats in order to print the input values in same groups as read.

c. FGFLOR

This subroutine makes the mass balance in the combuétion
chamber of the furnace. It calculates oxygen needed for complete
combustion, adds to this excess oxygen and finds air inlet flow. Then
finds the molar flow of combustion products and mole fractions with
total molar flow of flue gas based on the equation given in.Chapter

II1.A.1. The flowchart is given in Figure 4.4.

d. CONVEC

According to algorithm given in Section IV.A.1 charge outlet
temperatures and pressures for each tube and flue gas temperature at the
jnlet of each stage is calculated with this subroutine. Before starting
the iterations wall area, total tube area, base area, and flue gas flow-
rate per unit area are found,Cpﬂr Cpc,l’ ”c,z’ hi’ f, pc,R and h0 are

variables used in each stage which are calculated by external functions.

The flow chart is given in Figure 4.5.

e.  RADYAS

Charge outlet temperatures, pressures, Vapor fractions for

each tube and flue gas temperatures at the outlet of each stage is
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Figure 4.4 Flowchart for

Subroutine FGFLOR
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found with this subroutine by calling RSINPH, RTWOPH and RCEILI.

The variables used as constants in the section which are wall, base,
total tube and total exchange areas, partial pressure of COé + H20,
flue gas flowrate ber unit area are found. Adiabatic flame temperature
is calculated by subroutine ADIAF written by Heperkan, H [36]. Flow-

chart is given in Figure 4.6.

f.  RSINPH

According to the algorithm given in Section IV.A.2 charge
outlet temperatures, pressures for each.tube and flue gas temperature
at the outlet of each stage is calculated with this subroutine. If
the fwo phase has not started at the end of 23rd stége, a single phase
ceiling calculation is also made. The external functions used in each
stage is as the same as in convection section with the addition of 3

and Ff-s‘ The flow diagram is given in Figure 4.7.

g.  RTWOPH

This subroutine is the continuation of RSINPH that gives
two phase calculations, instead of pressure drop it finds vapor frac-
tion in eaéh tube. Algorithm is given in Section IV.A.2. The external

functions used are the external functions of RSINPH plus CpC g’ pc g’
] ]

Hy.s MW _, k Two phase heat transfer coefficient is calculated by

¢’ ¢ Tc,g°

subroutine TPHTC. The flow diagram is given in Figure 4.8.
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h. RCEILI

Charge outlet temperature, vapor fraction and flue gas out-
let temperature is found by this subroutine which is the last part of
RADYAS. Algorithm and variables used are similar to the RTWOPH. The

flowchart is given in Figure 4.9.

i.  TPHTC (CTBR, CMW, XJC, TSRJ1, HVC, CM, GC, CPIR)

Two phase heat transfer coefficient is evaluated with this
subroutine. Void fraction; densities, viscosities, specific heats,
and thermal conductivities for both phases are calculated 'using the
equations of Chapter III. In order to determine the flow pattern
superficial velocities are found. According to the flow pattern one
of the correlations explained in Section III.B.2 is used to determine

the heat transfer coefficient. The f1owchakt‘is given in Figure 4.10.

j. ADIAFT

This subroutine is used to make the energy balance in the
furnace as explained in Section III.A.2. It calculates the total heat

input to the system. The flowchart is given in Figure 4.11.

k.  PRINTO

The results of the furnace program is written with this sub-
routine in five sections which are input variables of charge, results
of mass and energy balances, results of convection and radiatjon

section for each stage.
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3. Functions

a. CPGIT (T)

Calculates the specific heat for flue gas from Eq. (3.31).

b.  CPGI (T1,T2)

Calculates the heat capacity of flue gas by integrating

the equation used in CPGIT.

c. FFC (vcC,DI)

Finds friction factor for tube flow by Newton-Raphson

method from Eq. (3.54).

d. HI (vC,T,DI)

Finds single phase heat transfer coefficient for tube flow

~using Eq. (3.37).

e. HO (TG,TS.GG,DO,AW,AT)

Calculates overall heat transfer coefficient from flue gas

to the tubes from Monrad equations.

- f.  ROCL (T)

- Calculates the Tiquid phase density of petroleum fractions

from Eq. (3.39). K
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g. ROCG (P,T)

Calculates the gas phase density of petroleum fractions

after finding the compressibility factor.

h. TCL (T)

Calculates the liquid phase thermal Conductivity of petro-

~ leum fractions from Eq. (3.38).

i, TCG (T,CMW)

“Calculates the gas phase therma] conductivity of petroleum

fractions from Eq. (3.100).

j. CPCL (T)

Calculates the liquid phase specific heat of petroleum

fractions from Eq. (3;23).

k. Ccpea (T)

Calculates the gas phase specific heat of petroleum frac-

tions from Eq. (3.81).

1. VCC (T)

Calculates the liquid phase viscosity of petroleum fractions

as explained in Section III.B.1.a by using Newton-Raphson method. Flow-

chart is given in Figure 4.12.
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Calculates the molecular weight of petroleum fractions from

Eq. (3.78).

0. HVPF (CMW,TB)

Calculates the heat of vaporization of petroleum fractions

from Eq. (3.77).

Calculates enthalpy of steam frem Eq. (3.25).

q.  SFFS (S)

Finds the angle factor between flame and tubes on the wall

‘of radiation section using Eq. (3.74).

r. SFCFS (C)

Finds the angle factor between flame and tubes on the

ceiling of radiation section using Eq. (3.106).
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V. RESULTS anp EVALUATION

The results of computerized analysis of the furnace is given
in this chapter with éva]uation and discussion in two parts. In
the first part, the numerical results of the model and effeét of
change in input parameters on output conditions will be given; in

the second part these results will be evaluated.

V.A  NUMERICAL RESULTS

The results of cbmputerized ana]ysis of heat transfer in the
furnace that has the characteristics given in Tables 2.1, 2.2 and
2.3 for the data set given in Appendix E will be shown graphically;
the computef output is in Appendix F.

The necessary input variables of charge are calculated to be:

~Mass flow in each coil 1.358x10 kg/hr

Specific gravity = 0.932
Critical temperature = 863.5°K
Boiling temperature at
1 atm. = 715.2°K K
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Mass and energy balances on the combustion side are used to

find these variables:

Mass flow of steam | = 586.5 kg/hr

Molar flow of air = 1592 kmole/hr
Molar flow of flue gas = 1720 kmole/hr
Molecular weight of flue gas = 28.6 kg/kmole
Mole fraction of components of flue gas = CO2 = 0.103
| H,0 = 0.126
SO2 = 0.002
0, = 0.036
N, = 0.733
Adiabatic flame temperature = 1995°K

Flue gas mass-f]qw rate in convection section is 5784 kg/mz-hr
and in radiation is 654.4 kg/mzhr.

The charge out]et’temperature from each stage is shown in
Figure 5.1 that has temperature (°K) at vertical axis and number of
~ stage at horizontal axis. The numbers from 1 to 6 corresponds to
convection section stages and from 7 to 30 corresponds to radiation
section stages.

Figure 5.2 is the graph of the charge outlet vapor fraction from
each stage with mass fraction at the vertical axis and number of stage,

as described above, at the horizontal axis.
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Temperaturé distribution of the combustion (flue) gas in the
furnace is plotted in Figure 5.3 which has temperature at vertical
axis and numbef of stage at horizontal axis the:number from 1 to 24
at horizontal axis corresponds to radiation section stages and from
25 to 30 to convection stages from 6 to 1.

In the convection, the validity of the model is checked with
- the temperature of the flue gas entering the section by comparing
the measured value which is 989°K and calculated value which is
988.5°K. The difference of 0.5°K gives 0.05% érror. The assumption
of no heat loss to the surroundings‘resu]ted charge temperature of
604.7°K. Since there is no measured value corresponding to charge
outlet temperature from the section, the error in calculation cannot
be found. This also true for charge outlet pressure which is calculated
to be 1.71 atm that corresponds to pressure drop of 2.16 atm.

The change in charge temperature flowing down the furnace ét
the sides from outside during transportatﬁon from convection section
to radiation section is neglected. The measured charge outlet tempera-
ture is 638°K but the calculated value is 654°K. This gives error of
-2.5%. The vaporization of charge starts at 10th stage of radiation
section and 53.7% of charge vaporizes at constant temperature, this
has deviation from design value of -0.75%. The pressure drop is not
calculated in two phase flow because it is needed to predict the
starting stage of vaporization. Combustion gas temperature at the
outlet of radiation section is 988.98°K which deviates from the measured

value of 988°K by 0.002%.
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After seeing the va1id1fy of the furnace model with the results

given above the effect of change in input parameters and heat transfer

coefficients on output conditions such as temperatures and vaporiza-

tion is determined and they are given in Tables 5.1 and 5.2.

"TABLE 5.1 - Changes in Heat Transfer Coefficients

Changes in charge

- Changes in flue gas

Changes ‘
inh outlet T Press.(atm) st. # at Vapor Tf inlet T inlet T (°K)
when vap. which vap. frac- to conv.
(°K) starts starts tion | (°K) (°K) sec.

no charge| 654.1 0.356 10 0u54 1 1995 1923 988
1.3 h; 655.0 1 0.35 10 0.54 11995 1932 ° 992
0.7 hi 652.7 0.35 10 0.53 11995 1906 982
1.05h | 662.4 0.34 10 0.59 { 1995 2020 1011
0.95 ho 650.3 0.20 11 0.45 | 1995 1832 ‘ 967
1.3 htp 654.2 0.35 10 0.54 11995 1924 988
0.7 htp 654.0 0.34 10 0.53 11995 1920 988

As shown in Table 5.1 charge outlet temperature and vapor frac-

tion is not very sensitive to heat transfer coefficients on the inside.

30 percent increase or decrease of single and two phase coefficients

changed output conditions less than 0.2 percent.

When the heat transfer

coefficient on the outside is changed by 5 percent both flue gas tem-

perature and charge outlet conditions are affected which are summarized

in Table 5.3.




TABLE 5.2 - Changes in Input Parameters

Changes in charge

Changes in flue gas

Changes in
input parameters 'l , i1et T Press (atm) st # at Vapor Te inlet T inlet T
' when vap. which frac- X) to

(°K) starts vap. tion.{ (°K) (°K) conv.

starts sec.

no change 654.1 0.35 10 0.54 {1995.2 1923 988

- charge: 1.1K 685 - - - 1995.2 1912 2990

0.9K 613 1.36 2 >1 1995.2 1894 988

1.1T4 679 0.47 8 0.48 11995.2 1594 874

0.9T7; 640 0.21 12 0.57 11995.2 2249 1098

1.1P4 661 0.42 12 0.44 11995.2 1915 988

0.9P; 646 0.27 8 0.65 [1995.2 1932 988

].ZSAPI - 637 0.99 6 0.80 }1995.2 1934 988

0.75API § 690 - - - 1995.2 1904 989

1.25V 673 - - - 1995.2 1937 994

0.75V 704 1.06 19 0.21 1995.2 1854 980

-Flue | 1.03T 665 0.48 9 0.69 }1995.2 2135 1074

gas® 0.97Tg 643 0.21 11 0.42 11995.2 1724 905

1.25P¢ | 654 0.35 10 0.54 11995.2 1923 988

0.75Ptt | 654 0.35 10 0.54 [1995.2 1923 988

1.5 Lf 664 0.35 " 10 0.64 11995.2 2079 988

0.5 Lt 649 0.20 11 0.42 }1995.2 1800 986

. Air 1.43 Ex.| 647 0.20 11 0.42 |1899.4 1733 971

: 0.57 Ex.{ 667 0.34 10 0.63 12097.3 2167 1010

1.03 T 655 0.35 10 0.54 }1996.9 1994 992

0.97 Ty | 653 0.35 10 0.53 11993.5 1901 986

Fuel . 1.15V 649 0.20 11 0.45 11995.0 1724 958

oil” 0.85YV 666 0.34 10 0.59 11995.3 2196 1027

1.12 API| 654 0.35 10 0.54 11991.2 1929 990

0.88 API| 654 0.35 10 0.54 12006.9 1923 988

1.14 v 654 0.35 10 0.54 11995.2 1923 988

0.86 v 654 0.35 10 0.54 11995.2 1923 988

Fuel, . 1.5V 647 0.21 11 0.44 11995.7 1667 948

gas’ 0.5V 667 0.49 9 0.69 [1994.6 2310 1042

1.03' T4 655 0.35 10 0.54 |[1995.2 1943 991

0.97 T; 653 0.35 10 0.53 11995.2 1902 986

comp 1 646 0.21 1 0.44 11996.4 1653 947

comp 2 655 0.35 10 0.55 ]1995.4 1955 994

Changes in compositions of fuel gas in Table 5.2 are:
Comp 1 = 0.007 HZS’ 0.001 H2, 0.144 NZ’ 0.1 02, 0.004'C02, 0

0.014 Cy> 0.443 Cos 0.220 C3; 0.047 I-:C4 4
Comp.2 = 0.003 HZS’ 0.001 HZ’ 0.39 N2, 0.127 02, 0.004 C02,'0.009 co,

0.011 Cy, 0.313 Cp, 0.115 C5, 0.010 I-C4; 0.001 N-—C4

.009 €O,
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TABLE 5.3 - Percent Changes in h0 and Outputs

ho Charge outlet - Flue gas
T (°K) X | inlet T (°K) inlet T to
conv. Sec.
5 -1.22 | -9.26 -5.04 -2.22
-5 ) 0.61 16.67 4.73 2.22

Chahées in flue gas total pressure, fuel oil inlet viscosity
and fuel gas inlet temperature does not effect output conditions
much as seen from Table 5.2. The effect of percentage change in
input variables other than those are given in Table 5.4. ‘

Holding change outlet temperature in a narrow range is important
because it éffects the operation of vacuum column for example charge
outlet temperature of 668°K changes the operation of the vacuum column
[32] this corresponds to error of -1.7 percent. Therefore fuel flow-
rates, percent excess air, flue gas temperature, f1amé length and
inlet conditions of charge must be controlled in order not to change

charge outlet conditions severely.

V.B  EVALUATION OF RESULTS

The assumptions made and the empirical correlations used are
affected the results of the computerized analysis of the furnace.

Oné dimensional heat transfer is assumed in the model. It is
in vertical direction for the flue gas. This assumption for convec-

tion section'is better than for radiation because the mass flowrate

exasraeaa e
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TABLE 5.4 - Percent Changes of Inputs and Qutputs

Charge outputs Flue gaé
Input Parameters
T (°K) X Te (°K) T, inlet T(%K)to
conv. secC.

charge K : 10 -4.7 100 0.0 0.6 -0.2
-10 6.3 >100 0.0 1.5 0.0
T : 10 -3.8 1.1 0.0  17.1 1.5
-10 2.1 -5.6 { 0.0 -17.0 -11.1
P, :10 -1.1 18.5 | 0.0 0.4 0.0
-10 1.2 -20.4 | 0.0 -0.5 0.0
API  : 25 2.5 -48.1 | 0.0 -0.5 0.0
-25 -5.5 100 0.0 1.0 -0.1
v : 25 -2.9 100 0.0 -0.7 -0.6
-25 7.6 61.1 { 0.0 3.6 0.8
Flue gas T, : 3 1.7 27.8 | 0.0 -11.0 -8.7
-3 1.7 22.2 | 0.0 10.3 8.4
L : 50 -1.5 -18.5 { 0.0 -8.1 0.0
-50 0.8 22.2 | 0.0 6.4 -0.2
Air excess : 43 1.1 22.2 4.8 9.9 1.7
-43 -2.0 -18.4 | -5.1  -12.7 -2.2
T. 3 -0.2 0.0 | -0.09  -1.1 -0.6
-3 0.2 1.9 { 0.09 1.1 0.2
Fuel oil V. : 15 0.8 16.7 { 0.01  10.3 3.0
-15 -2.0 -9.3 |-0.01 -14.2 -3.9
APT ;12 0.0 0.0 | 0. -0.3 -0.2
=12 0.0 0.0 | -0. 0.0 0.0

Fuel gas V. : 50 1.1 18.5 | -0.03  13.3 4.0 !
1 -50 -2.0 -27.8 | 0.03 -20.1 -5.4
comp 1 1.1 18.5 | -0.06 14.0 4.1
comp 2 -0.2 -1.9 | -0.01  -1.7 0.6
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is approximately nine timés greater in convection section which means
more turbulance. Since 14 burners are placed evenly on the centerline
temperature along the length of the furnace in the radiation section
can assumed to be cohstantkbut there is a fempérature'gradient towards
the side walls where the tubes are placed. This gradient is neglected
therefore combustion gas temperature at the inlet of the section is
resulted to bé higher. The heat tfansfer is assumed to be only in
axiai, flow direction. Because the Reynolds number has magnitude of 10°
this can be valid. |

The tube surface temperature is assumed to be constant but in
Area]ity it changes both in the axial and angular direction. This assump-
- tion is made stronger with the assumption of negligible resistance of
‘tube wall to conduction. It can be valid because of high thermal
conductivity of metals.

It is assumed that there is no heat loss to the. surroundings
in the furnace and during trahsportation from convection section
to radiation section. This resulted higher charge outlet temperature
and vapor fraction.

The assumption of complete combustion, therefore higher flame f
and gas temperature also resulted in higher charge outlet conditions;

The vaporization is assumed to take place at constant temperature
and pressure. This means the pressure drop due}to fraction is compen-
sated with the vapor pressure of the fluid, but in reaiity since these
two pressure changes are not equal the vaporization temperature is not

constant. b
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The flame is assumed td be planar due to the setting of the
burners with constant temperature. The combusticn gas is assumed
. to be non-participating that is radiant transfer is between flame
and tube banks. These two assumption also resulted in higher charge
outlet conditfons.

The second factor besides the assumptions made that affect the
charge outlet conditions is the empirical correlations that are used.
These are mostly for properties of charge, all of which found in
literature some in equational form others in graphical form.’ For the
ones in graphical forms equations are curve fitted by the author.
Error in curve fitting is added up to the experimental errors made
during obtaining the graphs. Since no experimental work was possible
those equations are used without knowing the error that they carry.

This is also true for the heat transfer coefficients that are used.




76

VI. CONCLUSION

In this study, a mathematical mode] for the multiple fué] fired,
Born type refinery furnace is derived and solved by numerical methods
using compﬁter programs developed. ‘

The validity of the model is checked with one éet of data
because there is no any other complete set for the furnace analyzed.
When the results are compared with the corresponding‘measured values
the errors are less than 2.5 percent.

First part of the model which is for convection'section is
more realistic than the second part which is for the radiation sec-
tion because the fluid flow and heat fransfer have mechanisms in
radiation section are more complex to model.

Although two phase flow pattern shows continuous wetting on
tube walls which means use of Chen correlation in predicting h

tp

for the studied case, the correlation used to prediét ht when top

p
wall of the tube is dry is also included in the model to give

generality.
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The model has some restrictions which are:

1. It is for steady-state therefore transition solutions

cannot be obtained with it.
2. Furnace must have symmetrical two coil arrangement.

3. In the analyzed furnace boiling takes place in radiation
section. If it is to be used for furnaces which have
boiling in convection section, that section must be

modified by adding two phase flow.

The computer program is written in the form of series of sub-
programs in order to give flexibility to the user. And it can be used
for furnaces that have different number of tubes with only changing
the data.

As observed from sensitivity analysis the charge inlet conditions,
fuel flowrate and percentage of excess air need careful controlling.

The development model can be adapted to the control algorithm
and it can also be used in calculations of optimal operation conditions
in the furnace. |

Instead of using empirical correlations and graphs found in
Titerature for properties of flowing streams and heat transfer coeffi-
cients, correlations for this furnace can be determined experimentally
if one can make a number of test-runs and collect data on characteris-
tics of flowing streams, temperature distributions and pressure drop

in tubes. Then as a result a improved model can be developed.

4
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APPENDIX A
DERIVATION OF CURVE FITTED EQUATIONS

This chapter explains how the equations for enthalpy of water;
K factor, molecular weight, gas phase thermal conductivit&, critical
~ pressure and boiling temperature below atmospheric pressure for petro-
leum fracfions; and convective heat transfer correction and nucleate
boiling suppression factors in Chen correlation are determined.

The equations for Chen correlation are obtained by the computer
program which uses Least Squares Method.

The others aré obtained by the computer program which uses
statistical package for multiple regression in two steps because they
have the form of y = f(x,z). First z is held constant and relation
between x and y is fbund, then the relation between z and constants
in first part is calculated. The accuracy of the equation is checked
with two parameters of the method [37] which are R2 coefficient of
determination and F (F test). As R2
values accuracy increases.

The final form of the fitted equation is determined after the

trial of different forms which are polynomials of x and x~1 with

tends to unity and F‘goes to higher
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degrees up to five and logarithmic and exponential forms.

A.l ENTHALPY OF STEAM

Fitted equation for enthalpy (Btu/1b) of steam as function of
temperature (°F) and pressure (psia) is found using 171 points which

are read from the steam tables [38].

First pressure is held constant and relation between enthalpy -

and temperature is found.

H=a+ bT . (A.T1.1)
SEQNUM TEMPERATURE (°F)
1 250
2 300
3 340
4 350
5 360
6 380
7 400
8 420
9 440
10 450
11 460
12 480
13 500
14 520
15 540
16 550
17 560
18 580
19 600
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For P = 14.696 psia

R% = 0.99932

b = 0.47239..

a = 1050.84991

F = 25160.024

RESIDUAL

PREDICTED
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20 psia

For P

0.99967

RZ =

0.47559

b =

1048.24230

a:

51328.89311

F:

OBSERVEN

RESIDUAL

PREDICTED
HO2

Hoz

SEQINUM
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= 50 psia

For P

0.99944

R2

b = 0.48996

a = 1038.49799

F = 28667.69685

i ot
] o
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SEQNUM
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= 100 psia

For P

b = 0.51418. R2 = (.99822

a = 1021.70281

F = 8404.08424

RESIDUAL
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= 150 psia

For P

R® = 11579.24469

0.52587

b

a = 1009.90063

11579.24469

F =

RESIDUAL

PPEDICTED
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SEQNUM -
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For P

b = 0.54237 RZ = 0.99842

996.95477

av=

F = 6955.2625]1

RESIDUAL
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250 psia

For P

b = 0.56367 RZ = 0.99786

980.53536

a =

4670.01312

F =

oBsCRVEN

RESIDUAL

PRODICTED
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= 300 psia

For P

b = 0.59837 RZ = (.99684

957.01353

a:

F = 3154.87961

RESIDUAL

PREDICTED
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350 psia

For P

RZ = 0.99710

b =0.61678

942.15142

a:

F = 3091.46246

RESIDUAL
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For P = 400 psia

b = 0.66861 RZ = 0.9943]
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a:

F = 1398.75874
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= 450 psia

For P

0.99481

R2

0.68510

b

895.53893

a:

1340. 50940

F =

PrEDICTED
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RESIDUAL
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‘e LN ) s o o 9 LN
QT QNN D
= CIILIIINSC O
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i et ede (v e ved

‘o
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-
o<
g
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<
c
~
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'
.
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o
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-
»
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=
<
o]
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s
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N F O~
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500 psia

For P

RZ = 0.99680

0.70157

1]

b

880.77386

a:

F = 1867.77644

RESIDUAL

oBRSERVEN
M1

SE@NUM

!
|
i

Mg Mg
D44 TNOO
OM 0 il
DV~ DL O~
NOOM~-DF e
NSOt
*ed o » o o) s
O svdrietet o\

e —d e —
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MIFT S ome
* s 2 2 2 8 3 0
et D NN
LR EiteRVe} BesToy
(S GV a¥{ o tY VT o s W oV}
et el =l i ]

NI D IO
rdeded v rf i

-

= 550 psia

For P

RZ = 0.99813

b = 0.72296

a = 863.46214

3206.29259

F:

ROSIDUAL
-.4 81:5024

-1.

PREDICTED
H13

OBSERVEN
Hl ~5

SEQNUM

NS N NN
OSSN MO
MM O AN
M ONCNO
O o
OF N
QO e o
* s e o\

3
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'
o
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T O
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e 8 o o o L
O T OVMSHIC OIS
— CIMILNDD SO

OIAIAICICI QIO

= e et et et et

3D O O
lllllll
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Second the relation between pressure and a and b values of

Eq. (A.1.1) is found.

87

= 1059.76347 - 0.35437P (A.1.2)
with R% = 0.99289 and F = 1535.31428
SEQiNUM OBSERVFN PREDICTED RESIDUAL
1 1050.&50 1654.556 —,.7UJ699
28 042,005 -3,
r 1021.7n3 1026328 -3 2535318
5 1009,9n1 1006,607 0.393 89
O 99¢, , 9477 988.:3888 3, 058033
7 986, L3354 071.1701 2,365272
B 957.0135 953,451 3.,562123
9 G, 1514 az35,7327 6 418687
10 909,4905 918.5140 ~B. 423510
11 895,539 (g .2954 ~4, 756445
12 880,7739 R82.5,707 -1.802835
13 863 .,4621 964 5580 -1.395879
b = 0.46003 + 0.00048P (A.1.3)
with R% =0.98794  and = 901.38206
SEQNUM OBSERVED . PREDICTED RESIDUAL
1 ATD5000 uo?ubh° W 53258332=-02.
> 4755900 469,065 .5983481-02
3 SHE306,00 T8 39750 . 5984087-02
4 51y1an8 .5079225 . 6257491-02
5 «5253700 .b}lu?OO -.6000004-02
S TRyl 5555175 -, 1344749-01
7 DO 30700 5797650 -,1609499-01
8 «593:700 .6037125 -.5342u87-02
9 +6157800 6270600 -.1087998~-01
10 6636100 + 6510075 .1700253-01
11 «6351900 0755550 .9635039-02
12 « 7015790 »699:,025 . 2067543-02
13 ¢ 72290600 « 7234499 -, 48909522-03

As a result fitted equation for enthalpy is found by substituting

Eqs. (A.1.2) and (A.1.3) into Eq. (A.1.1) which is

+

H = 1059.76347 - 0.35437P + 0.46003T + 0.00048 PT kA.].4)
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Equation for enthalpy of steam came out to be lTinear therefore
Tinear fitting is applied to the same data set in order to check the

equation fitted and Eq. (A.1.5) is found.

H = 1046.2097 + 0.1950P + 0.4440T - 0.0005 PT (A.1.5)

2 .0.8570 and  F = 131.813.

with R
Differences in coefficients of Eqs. (A.1.4) and (A.1.5) are

calculated to be

COEFFICIENT DIFFERENCE
constant ' 13.55377
P - 0.54937
T | 0.01603

PT 0.00098

A.2 CHARACTERIZATION FACTOR OF PETROLEUM FRACTIONS ‘

Fitted equation for characterization factor, K as function of
API-Gravity and kinematic viscosity (cst) at 122°F is found by using
44 points which are read from graph [27].

First API is held constant and relation between K and kinematic

viscosity is found.

K=a v0e015 4 p ‘ » (A.2.1)



SEQNUM

(Ya) [ o] ~ (= (52} L= w NN

For API = 12.5

with

© SEQNUM

-

FPC UG NC UFEN e

RZ = 0.97758

OBSERVED

K

li.0¢000
ll.DUOQO
11.1¢0000
11.1u000
11,20000
1i,25000
11.25000
l1.,27000
11.30000
l1.32000
11.406000

and

100
200
300

400

500
600
700
800

900

1000
2000

K = 8.86721v°- 215+ 1.46868

F = 392.42538

PPEDICTED

K2

10.97607
1 l - Ut)937
1112794
11.16971
11.2u22n
11,22890
11,2%149
11,27119
11,2584y
11,30397
11,40676

89

(A.2.1a)

RESIDUAL

.2992992-01
~-.1937346-01
~.2794248-01
-.1971454-01
~-.2239734~02

«2110435-01
~.1489914-02
-,1104228-02

.1156204-01

.1603047-01
-.6762426=02

#




For API = 15

with R

SEQNUM

HFOLCCENOOE W -

[y

2

= 0.95045

ORSERVED

3

li.20000
11.25000C
11.3¢000
11035000
11.40000
1i.48000
11.5G000
11.5190¢
11.5%000
11.60000
11.6%000

For API = 17.5

with R%

- SEQNUM

O LCOENOUFEFWNE

-

= 0.96453

OBSERVED

Ky

11.4¢n000
1i1.50000
l1.40600C
11.67000
11.750Nn0
11.75000
11.75G00
11.,77000
11.800Nn0
11.8%00¢0
11.900n0

K = 10.51012 v°-%!5 - 0.10857
F = 172.63262

PrCODICTED

Ko

11.15323
11.27093
11.34035
11.36986
11.42841
11.“()001
11.48679
11,51004
11.55058

11.54899

11,67083

K = 10.85509 v°.°15 - 0,21929
F = 244.70131

PREDICTED

K

11,4121y

11.55371
11.65541
11,65655
11.69636
11,72899
11.745665
11.,78006
11.80188
11,82090
11.94674

(A.2.1b)

RESIDUAL

90

J677421-01
-.2092787-01
-, 4034849-01
-.3986015-01
-,2841145-01

.1999369~01

.1321329-01"
-.3513220~04

.1941956-01

.5101029-~01
-.,2082794-01

(A.2.1c)

RESIDUAL

-.1214400~-01
-.3370945=01
-.5408705-02
L 1345461-01
«5363791-~-01
-.6653421-02
~.1066493-01
-,1884586~02
.2910190-01
-~ 4673542-01

4




For API = 20

K =11.28989 v°.°15 - (.47232

2

with R™ = 0.97624

0BSLVEN
SEQNUM KS

11.6e2000
11.7500¢0
11.,5,0000
11.8000¢C
li.95000
1z.00000
l?.()(/f‘;’:’)
12.01¢00
12.05000
12.15000

POV IENOUFsEONLE

-

Second, the relation between API and a and b values of Eq. (A.2.1)

is found

F = 369.848

PprCICTED

KD

11.02501
1.745145
11.826062
11.87920
11.92062
- 11,95u456
11,05332
12.00830
12,05037
12.0501n
12.16102

91

(A.2.1d)

RESIDUAL

-.5013825-02
-, 1448489-02
-.2601960~01
-.2920466-01
.2938376=01
45LU495-01
. 1667754-01
L1704257-02
-.3653389-03
-.1404121-03
-.3101819-01

a = -91.90768API + 9.14945AP12 - 0.39620API? + Q.OC&BZAPI“

with R?

0BSCRYEN

SEGNUM P
8.067210
10.51012
10, 85509
11,240909

U F O

= 1.00000 and

+ 347.56742

F=2.71x10%!

PREDICTED
A .
f.867210
10,1012
1¢.8,500
11.24980

(A.2.2)

RESTDUAL
.2080229-11
-.2924p37-11
L 1833550-11
~.4293423~12
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b = 100.73420API - 10.04215API? + 0.43579API® - 0.00697API*

- 369.64072 (A.2.3)
with R% =1.00000 and  F = 1.7x10'!
: 0lSERVED PpLDICTEL
SEQHUM o i RESIDUAL
2 1.4oo6H80 14648600 ~-,2284337=11
5 -, 108L7NC —e21084,70n0 .3211480-11
4 L =e2190006 —e2192900 -.,2013177-11
5 - 4725000 - 47235200 72774212

As a result fitted equation for K-factor is found by substituting

Eqs. (A.2.3) and (A.2.2) into Eq. (A.2.1) which is

K = v0+%15(-97.90768API + 9.14945API% - 0.39620API® + 0.00632API"
+ 347.56742) + 100.73420API - 10.04215AP1% + 0.43579API3
- 0.00697API* - 369.64072 (A.2.4)

A.3 MOLECULAR WEIGHT OF PETROLEUM FRACTIONS

Fitted equation for molecular weight as function of API and
K-factor is found by using 24 points which are read from graph [27].
First API is held constant and relation between molecular weight

and K is found.

ak

MW =be (A.3.1)

Ln/Mw = in b + aK (A.3.1a)
| For API = 10

Ln M4 = -2.50757 + 0.77146 K f(k.s.lb)
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F = 4586.247

and

with

R = 0.99956

RESIDUAL

SEQNUM

N N
ooco
Ih. 15 TH
o~ ~m
NN - -
Co oo
ey
-~ 0o
o™ 30
[l e - o o
slsl ale

(o Ye J o iTs )
L=l o]
O~ o6
N~
Qo0
N OV N
L B O BN
N LNDO

Nolpw RVeT. o)
Moo
O~ 200
TN
~ -y
OO OO
as a0
LN N0

~ONMT

For API = 20

(A.3.7¢)

Ln MW = -2.70190 + 0.74984 K

F = 995.873

and

RZ = 0.99800

with

D
L RESIDUAL

PREDICTED
NY

ERVED
NY

i

SEQNUM

—trd N~
coao
REIRNY
NN @
T~
Mooz
- D
OO MG
MW
Nzt >N

sGel we

an

U =40
Vo TN
SR 1o |
OO Ov
RIF O
UM
as &aw
TUNOO

0N OND
[se[FaR¥ol o]
AN O
Ot i D
NDIONON
wL M
salee
N OO

For API = 30

(A.3.1d)

Ln MW = -2.65563 + 0.71041 K

RZ = 0.99709 and F = 684.417

with

RESIDUAL

RVED
Y

SEQNUM

OO0

nom-o
DL OO
TN O00
Ivi M
-9 ¢9
ILOUND

Do MDD
MO0 MMM
Neloclo Yo
s =0
[sele RTp]e,]
FO oM
as 8e
FN WO

-t

For API = 40

(A.3.1e)

Ln MW = -2.69444 + 0.67681 K

F = 1831.978

and

0.99891

R2

with

RESIDUAL

SEQNUM

b e B i
ooco
&Y 1% H
TOr~-0
[Tglw - Juu)
O~ NO
Q= N0
~oN O
QFmir~
et M N
oiaj sle

or:

oM
M N0
O3 ND
MO~
~ O
O~ et
ae e &
TITNO

N OO
aTon NN
M— 0N
aVel gl
oM oM
O~ Mot
s e e
g TalVs]
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For API = 60
Ln MW = -2.31104 + 0.58297 K (A.3.1F)
with R2 = 0.99998 and = 101520.894
OBSERVtD PREDICT
SEQNUM LNY LNS €0 "RESIDUAL
. 4,394449 4,393 -
} 45682431 45684583 ~12438343583
3 44976734 44976035 991982503
4 54267858 5.267517 $3408584%03
For API = 80
Ln MW = -2.52526 + 0.55088 K (A.3.19)
with R% =0.99497  and F = 395.440
ORSERVED PREDICT
SEQANUM LNY LN$ =D RESIDUAL
44248495 4,2k oy :
) 4:352789 q,@éﬂ?%% ?25839§85R8§
3 44543295 44526000 e1729497%0]
4 4o524973 4.636.76 ~e1120292%01
Second, the relation between API and a and b values of
Eq. (A.3.1) is found
= 33.14991 cos(API/120) + 0.00107 API2? - 32.37074 (A.3.2)
| with R2 = 0.99882 ‘and F = 1268.83780
NRSERVED PREN G RN
Sh’\_N‘UM . v Y RESTINAL
; WAL ; e 710824 cAUNLERR—,
: . 74080 7,01 43 .
# S7100100 A= -lnignadiTh3
g '2323%?8 P 17754 L5033 2615
¢ o H! ) el AN ~- o -
; Bomedd TiigepTarove
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b = 0.20814 - 107°API(-2391.699992 + 150.66076 API - 4.37442 API?

with R%
St.aNUM
1
2
"5
i
9
6

+ 0.05865 API® - 0.00029 API*)

= 1.00000 and

ORSERVEN
Y

«816600-01
«H707800-01
e 70955030-01
«h758000-01
2 9915700-01
HORU200-01

F = 8.96x10'°

PREDTCTREN
Y

*3186AM0=01
«H2NTRNV-01
«ASRNNU=01
«3n1570U=01
«2A8U200-N1

(A.3.3)

RESINUAL

«3277014-13
=e135074/=-12
2027725=12

~.118A157=12

20h1R2R=13
-.?544122-14

As a result fitted equation for molecular weight is found by

substituting Eqs. (A.3.3) and (A.3.2) into Eq. (A.3.1) which. is

MW = [0.20814 - 107°API(-2391.69992 + 150.66076 API2

- 4.37442 API® + 0.05865 API* - 0.00029 API )] *

exp[[33.14991 cos(AP1/120) + 0.00107 API2

- 32.37074]K]

(A.3.4)

A.4 GAS PHASE THERMAL CONDUCTIVITY OF PETROLEUM FRACTIONS

Fitted equation for thermal conductivity (Btu/hr-ft-°F) as

function-of molecular weight and temperature (°F) 1is found by using

27 points which are read from graph [27].

First molecular weight is held constant and relation between

thermal conductivity and temperature is found.

Because the relatijon

obServed from graph is linear the slope and intercept is found by

usihg Least Square Method.

k

g

aT + b

(A.4.1)
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Temperature values used in fitting are 300, 500 and 700.

MW ax10’
15 5.35

20 4.75

25 4.1

30 3.6

44 3.225
50 3.05
75 2.825
100 2.675
150 2.675

bx10?
1.1625
1.17
1.06
1.057
.744

o

.688
.684
.626
.186

o o o o

Second, the relations between temperature and a and b values

of Eq. (A.4.1) are found.

with

SEANUM

LN NE NN =

a = 0.0379x107°MW + 0.00026 MW™0313%2 - 1x70~°MW2 - 6x107°

R

2

=0.99343  and

OHSERVED
Y

«5350000~04
J4750000-04
,4100000-04

L+ 3600000

-0y
< 3225000-04
«3050000-04
«PB25000-04
«2675000-04
«2675000-04

F = 252.13069

PREDyCTED
Y

¢5H29Un03-n4
U4,17886=04
L41N6240=04
. 3’1”8”0_1-(“4
«3975U473=04
e 323907804
e 279219y
e 292304 3-04
. ?365079—0“

(A.4.2)

RESIDUAL
- 84093 6-06

«1321136-05

-.h2U0295=07
-.14RNQQ9~05

JU952R77-06
«1092523~06
«U457R13A-06

- 489434 ~06

«9021109-07
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b = 0.11260 MW™°+*7367 _ (.00574 sin(M®+®) - 0.01092 (A.4.3)

Stanum

HAN -

—
-~

NN

ORSERVED

Y

L 1A2%110N=01
«117000N=01
«10a0UH00-01
105700001
L7TUHHOUN0D=02
«PRANNN0=U2
 ORENUN0-02
«A26N000-02
JURAONN0-02

PRENLCTEN

Y

e 10ART7RE=NY
T 1LAT6EN20=01
cGNARNDU=N2
. 75‘6190‘4—”2
o« 178 T3RA=NZ
AL BUNG1=02
shAhAU3DU=(2
<57 77891=02

RESIDUAL

JH0TSu89=03
~-+4876341~U3

= 1601062~03

+1071579-02
-.2212040=03
-.377%3058«~()3
«384a5n95~03
«1956761-03
-.317800R~-03

As a result fitted equation for thermal conductivity is found

by substituting Eqs. (A.4.2) and (A.4.3) into Eq. (A.4.1) which is

kg = T(3.79x1077MW + 2.6x10""MW=0.313%2 _ 71079MW2 - 6x107°)

+ 0.11260 MW=°-47367 _ 0.00574 sin(MW°-?)
- 0.01092 (A.4.4)

A5 CRITICAL PRESSURE OF PETROLEUM FRACTIONS

Fitted equation for critical pressure (psi) as function of
boiling temperature (°F) and critical temperature (°F) is found by
using 35 points which are read from graph [30].

First boi]ihg temperature is held constant and relation

between critical pressure and critical temperature is found.
P =b T2 _ ' - (A.5.1)

Ln P, = Inb+aln TC (A.5.1a)




Ty Ln b a R F

300 -22.52840 4.41385  0.99843  1903.508
400 -25.39992 4.72134  0.99906  3180.025
500 -29.40876 5.19750  0.99879  2486.337
600 -30.96287 5.31485 99853  2032.965
700 -34.27820 5.69150 0.99891 2759.281
800 -40.98465 6.54862 0.99793 1447 .452
900  -45.91711 0.99895

7.15464

2843.044

98

Second the relations between boiling temperature and a.and

In b values of Eq. (A.5.1a) are found.

a = 4.09625 + 0.37036x10°°T

with R%
Ln
with R®

0

It

B
. 98195 and

-20.13179 - 3x]0'5TB
.98881 and

F = 272.065

F = 441.97195

(A.5.2)

(A.5.3)

As a result fitted equation for critical pressure is found by

substituting Eds. (A.5.3) and (A.5.2) into Eq. (A.5.1) which is

P. = [exp(-20.13179 - 3x]0‘5TB)]T

(“.09629+3.7036x10‘6TBZ)

(A.5.4)
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A.6  BOILING POINT OF PETROLEUM FRACTIONS BELOW ATMOSPHERIC
PRESSURE ~

Fitted equation for boiling témperature (°F) below atmospheric
pressure as function of boiling temperature (°F) at atmospheric
pressure and pressure (mm Hg) is found by using 21 points which are
read from graph [39].

First, pressure is held constant and relation between boiling
temperatures at atmospheric pressure (TB) and at that fixed pressure
Té is found.

Because the relation seen from the graph is linear, fhe slope

and intercept is found by using Least square method.

Tg = aTg + b (A.6.7)
TB values used are 400, 600 and 800.
P a_ b
100 1.1111 94.4444
200 1.0667 69.1568
300 1.0390 49,6982
400 1.0256 35.8974
500' 1.023 21.3144
- 600 1.0000 18.0000
760 1.0000 0.0000

Second, the relation between pressure and a and b values of

¢

Eq. (A.6.1) are found.
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a = 0.99316 + 0.12906 10g(760/P) (A.6.2)
with R = 0.97880 and F. = 230.898

b = 106.46313 1og(760/P) + 4.29520 (A.6.3)
with R% = 0.98989 and F = 489.477

As a result fitted equation for boiling temperature below
atmospheric pressure is found by substituting Eqs. (A.6.2) and

(A.6.3) into Eq. (A.6.1) and rearranging for Té which is

TB - [106.46313 109(760/P) + 4.29520]

T =
B 0.99316 + 0.12906 Tog(760/P)

A.7 CONVECTIVE HEAT TRANSFER CORRECTION FACTOR IN
CHEN CORRELATION

Fitted equation for convective heat transfer correction factor
in Chen correlation as function of Lockhart-Martinelli parameter is
found by using 6 points which are read from graph [35].

‘The relation is reached by a computer program which uses

Least square method.

1.426638 . 0.074524 _ 0.011958

2 3
Xet Xit At

FC = 0.862888 +



1/Xtt

Observed FC

Predicted Fc
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% Error

1000000000
2000000000
5000000000
1.000000000
4.000000000
6.300000000

1..000000000
1.100000000
12700000000
2.3000000600
TL0000000060
10.00000000

1.005552207519536
1.148216045802229
L.576207560650310
2.289526752063779
6.369441900544589
10.13603785761193

~0.85532207519535557
~4.383276891111749
7.281908197040570
0.4553586059226622
5.150829992220151
-1.360378576119317

A.8 NUCLEATE-BOILING SUPPRESSION FACTOR IN CHEN CORRELATION

Fitted equation fbr nucléate—boi]ing suppression factor in
Chen correlation as function of two phase Reynolds number is found
by using 5 points which are read from graph [35],

‘The relation is reached by a computer program which uses

Least square method.

Sc = -0.4669855 + 17.62527375 Re%;-zes

Re 0.265

tp Observed SC

0.7940000000000000
0.57100000600000000
0.3660000000000000
0.20006000000000000
8.6000000000000000E~04

7.2481479754125736E-02
G.06855560964712932E~-02
4.7315125896148049E-02
3.9375587903490892E-02
3.0886802341268546E~-02

Calculated SC % Error

~2.080321495041405
6.2859530348293711
-0.2608715784851936
~13.50927377580398
9.998039198528911

0.8105177526706288
0.5351072235112429
0.3669547899772558
0.22701854753516080
7.7401686289265137E~02
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APPENDIX B
INTEGRATION OF THE RADIATION ANGLE FACTOR

Integration of radiation angle factor (Equation (3.73)) from flame

to each tube is shown in this chapter.

b Lf p sa y%dzjdxjdzidxi
Fap "o /1 1 1 - 0 (81
ARy L 50 o (s-1)a Lximx3)*Hyi+(z4-25)%]
Equation (B.1) is first integrated with respect to zj>
sa y2dz.
----- s — — (B.1a)
(s-1)a [(xi-xj) +yi+(zi—zj) ]
: = y2 - - 2 2
setting ¢ =y , and K (xi Xj) ty;
sa -c?dz,
_____ -f L (B.1b)
(s-1)a [K + (z;-2;)%]°
Letting z = 24725 then dz = —dzj
z
2
_____ -sz dz
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from 1ntegrat16n table [40] the integral is found to be

2 |%2: .
------ -S| Rt 2 (8.2)
zp K+ 22 VK VK
sa - -
2 Z. .- 2. 2.-2.
SR~ ({ 13 v 1 et J 0y (B.2a)
2K [(s-1)a K + (zi—zj)2 vK vK

Substituting and rearranging gives

L -
2 b *f b »dxjdzidxi Z. - Sa

_ =C
Faoa, ©

I L
i 21rbLf 0 0

z; - (s-1)a

f(xi-xj)2 +c? + (zi—(s-l)a)2

' Z: - Sa
]

[tan™! !
((Xi_xj)zfcz)l/z

+ 1/
2 2. 2
((xi-xj) +c?)

z; - (s-1)a

((Xi_xj)z + Cz)l/z

- tan™! 13 (B.2b)

Then Eq. (B.Zb) is integrated with respect to X5 Setting

L c? + (z].—sa)2 R L4 = c? + [zj - (s-T)a ]2,

3

L5 = Z. - SAa , and L6 z. - (s-1)a

o= %2 4+ 2 =%.)2 + ¢c2 + - 2
0 (x1 xJ) c (x1 xJ) +c (z1 sq)

vl
‘;
|



b dx L L
B 2402 : i -
- - - 2
0 (Xi X.)2+cC (x Xj) + L3 (x:-x:)2 + Ly
b dx. L L
+ f J 37 [tan™?! 5 7" tan™! 6
o ((x;-x;)2+ c2) 772 ((x;-x.)2+ c2) /2 ((x;=x;)2+c?
(B.2¢c)
Letting x = xi-xj then dx = -dxj
X
______ -f 2 dx [ L5 _ L6 ]
Xy x2 +¢c? x2+1L X% + Ly
X2 L L
- f dx 7 [tan™ 5 77" tan” 6 Ve
X4 (x24c2)°/2 (x2 + c2)!/2 (x2 + c2)'/2

(B.2d)

The first integral of Eq. (B.2d) is evaluated with the aid of partial

fréctidn expansion and it is found to be
~%—-[tan'1((xi-b)/c) - tan™H(x,/c) g/ (Ly-c?)) - (Lg/(L3-c?))]
+ [tan'((x;-b)//L3) - tan™(x;/vL3)I[Lg/ (AL5(Ly-c?)]
- [tan“((xi-b)//T_Z) - tan—l(X].//:;)][LG/(/T_;(LZ]_-CZ))] (B3)

The second integral of Eq. (B.2d) is evaluated in two steps. First

3
by the method of integration by parts. Letting du = dx/(x2+c?). /2

4

1 .
and v = tan~!(L/(x2%+c2) /2). Then from integral table [40] -
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X
c2(x2 + Cz)‘/z

dv = x? +¢?  -x L dx
X2 +c?+ L2 (x2+ cz)a/2

The integral is equa] to uv - fudv.

Then the resulting integral after first evaluation after rearranging is

) |
2 {(X/(cz(x2+c2)1/2))[tan-l(LG/(x2+cz)1/z) ) tan'l(Ls/(x2+C2)1/2)]}

X1
X2 | X2
- (PLgdx)/(c?(x74c?) (x2+c24LE)) + 5 (x7Lgdx)/ (c2(x2+c?) (x2+c2+L2))

X . X
] L (B.4)

The second step is the evaluation of two integrals of Eq. (B.4) by the

aid of partial fraction expansion then the result of Eq. (B.4) is
. 1/ - 1/
((x;=b)/(c2((x;-b)2+c?) "2))[tan~t(Lg/((x;-b) 2+c?) 2)
- 1/ | 1/ ~ 1/
- tan 1(L5/((Xi-b)2+c2) 2)] - (Xi/(cz(x%+cz) 2))[ tan I(L6/(X%+C2) 2

tan'l(LS/(X%+c2)1/2)] - (1/e?)(Lg-Le)e /(Lglg)) (tan™!{(x;-b)/c)

tan"(x;/c)) + ((c2+12) /2/Lg) (tan=3(x;-b)/(c2+L3) /2)

tan1(x /(c2+L2) /2))- ((c2+L2)/2/Lg) (tan1 ((x4-b)/ ((c2+LE) /2))
- tan=}(x;/(c*L2) /2))] (8.5)

Addition of Egs. (B.3) and (B.5) gives the result of integration of

Eq. (B.2b) with respect to Xg- After back substitution and rearranging

it is found to be




- (s-1)a

[tan~1(

. = S
Z] G

(c2+(z1.-(s-])a)2)1/2

(c2+(z,-sa)?)

- tan™!{

) - tan™!

(2 + (z;-(s-1)a)2) "2

X5

(Cz‘f(zi"(s-])a)z)1/2:|

(c2+(z,-sa)?)

vell

Then Eq. (B.6) is integrated with respect to dzi setting

A = sa . A]
M = X_i"b Y M'I
M s (tan'l((zi-A)/M])

0

L

- -1 -

X 0f (tan™!((z;-A)/M,)

L

(s-1)a

((xi-b)2+c2)l/2

tan'l((zi-A])/M])) (dzi/M])

- tan™!((z;-A)/M,)) (dz;/M,)

S+ T (2= (e (z-0)2) 2 [tan (W ((c2+(24-A)2) /2))

0

L

- tan™ (x;/((c2H(zy-M)2) /2)1dzg - £ ((24-A)/((c24(24-A))?)

0

Yoy

[tan=! (W ((c?+(z;-A ) %) /2)) - tan™ (x;/((c2+(2,-0)%) /2)) 1z,

(B.6a)
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First two integrals of Eq. (B.6a) are evaluated by substitution
method. ‘

z; - A' dzi
Letting X = dx = W

Then the integral is from tables [40]
Stan™! x dx = x tan"!x - (1/72)In(1 + x2?)
The result after evaluation is
(M/M])[(Lf-A)tan'l((Lf-A)/M]) + tan'l(—A/M]) - (Lf-A])tan'l((Lf-Ai)/M])
- A]tan"l(-A]/MT)] - (xi/Mz)[(Lf-A)tan'l((Lf-A)/MZ)

+ A tan‘l(—A/Mz) - (Lf—A])tan'l((Lf—A])/Mz) - Altan"l(-A]/Mz)]

+(4/2) In(((M2-+A2) / (M+(Lo-R)2) ) ((ME+(L A, )2)/ (ME+AZ) )

+(x;/2)In((M3+(Lg-RP)/ (M3+A2)) ((MB+AZ)/ (MB+(Lo-A1)2))) (B.7)

- The third and fourth integrals of Eq. (B.6a) are evaluated by substi-
tution method in two steps.

First z = z; - A' then dz = dzi
3
second u = (c2+z2)" V2 then du = -zdz/(c?+z?) /2

Resulting integral has the form

UZ )
- J  (du/u?)tan~tu M'
ol
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From tab]es.[40] the solution is

u
2
u [(1/u)tan=M'u - (M'/2)TIn(u /(1+M'2u2)]]
1
Accordingly the result of third integral is

X
M 7" tan™! L Y ]
(c2+(L-A)2)' /2 (c2+(Lg-h)2)' /2

(c2+(L1,-A)2)1/2[tan‘1

. 1 ..
- (c?+A?) 42[tan'1————£L-—~— - tan"l——T1
(C2+A2)1/2 (c2+A2) /2
M c? + A% + M2 X; c? + A2 + x2
- — In — + In- L (B.8)
c2+(Le-A)2 + M2 2 c24(Le-A)+x3

The result of the fourth integral is

M Xy

l/ -
-(c2+(Lo-Ay)2) "2[tan™? - tan™!
fo (C2+(Lf_A])2)1/2

1/ M Xs
+ (c2+A%) 2[tan’l——-———-——T]——-— tan~! 7
(c2+A3) 72 (c2+A7) 72
c2+AZ+M2 Xs c2+AZ+x2
¥ "2“ n ! — - n L L (B.9)
2 - 2 - 2
C +(Lf A]) +M c +(Lf A]) %3

Addition of Eqs. (B.7), (B.8) and (B.9) gives the result of integ-
ration of Eq. (B.6) with respect to Zs- After back substitution

and rearranging it is found to be

(c2+(L;-A])2>‘/2]
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b X.-b Lf-sa

Iodx.d ! [(Le-sa)tan™!
i 2mblco ! ((x1.—b)2+c2)1/2 f «Xi—b)2+C2)l/2

-
i}

|
+ sa tan~! abl: - (Le~(s-1)a) tan™! Lf—(s-l)a '
1/ f 1/
((x;-b)2+c?) 12 ((x;-b)2+c?)" "2
X | L.-sa
- (s-1)a tan™! ~(s-1)a 1 - ! r(Lf—sa)tan'1 f

((Xi-b)2+c2)l/2 (x§+c2)1/2L z;%:;é)l/z

L.~(s-1)a
+ sa tan'l————ifﬁ%jr*- - (Lf-(s-l)a)tan'l——li~———:7~
(x%+c2) 2 (x2+c2) /2,
i j
‘ X.-b
+ (s-1)a tan"—:i§512$7——-] + (c2+(Lf-sa)2)1/2[tan"1 7
' (x3+c2) 72 (c?+(Lc-sa)?) 72
X]- 1/ _ X_i"b
- tan™! ] - (c2+s%a?) "2[tan™! :
(C2+(Lf-5a)2)1/2 (c2+s2a?) /2
_ X; ' 1/ _ Xi-b
- tan™! 7 ] - (cz+(Lf-(s—1)a2» 2[tan™! 77
(c2+s2a2) /2 (c2+(Le-(s-1)a)?) 72
X
- tan™! ! 7
(c2+(Lg-(s-1)a)2) /2
X.-b X
+ (<:2+(s-1)2a2)1/2[tan“1 L 7" tan! ! v,
(C2+(S_])2a2) 2 (C2+(S_'|)2a2) 2

(B.10)

The equation (B.10) is integrated with respect to X; setting
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A = sa Ay = (s-1)a
Ay= Le-sa Ay= Lf-(é—l)a
1
A4= (c2+52a2) /2 A5= (c2+(s_])2a2)1/2
l/ 1/
= 2 - 2 2 = 2 - - 2 2
A6 (c +(Lf sa)?) A7 (c +(Lf (s-1)a)?)
1 b Xi'b A2
FA AL / dxi{ v, [Aztam'1 7
i f2nbLf 0 (xi-b)2+c2) 2 ((xi—b)2+c2) 2
A
+ A tan™! -A 7 - A3tan'1 3 7
((x;-b)2+cz) 72 ((x;-b)2+c?) "2
-A X . A
- A]tan'1 1 7" ! 7 [Aztan‘1-———jlﬁjr—
((x;-b)2+c2) 72 (x3+c?) 2 (x3+c2) 72
: A -A
+ A tan”! A 17 - A3tan'1 3 7 A]tan‘l—————l—T——
(x3+c2) "2 (x3+c2)" 72 (x3+c?) /2
X = b X; X5 = b X;
+ A6[tan‘¥———————-— tan"!——] - A4[tan'f - tan~l——
Ag Ag Ay Ay
X5 - b Xs X5 = b X;
- A7[tan'1 - tan™! ]+ A5[tan'1 - tan’! 1}
Ay Ay Ag Ag
(B.10a)
For the last four terms of Eq. (B.10a)
Let x = (xi—b)/A' or Xi/Al dx = XT/A'
Stan™ixdx = x tan"!'x - (1/2)1n(1+x?)

evaluation gives




1

b X s A2 + (x.-b)? X X-
{Aé[ ! tan™! - _ n -2 ! T tan™?! —]
2 2
0 A6 A6 2 A6 + x2 AG A6
X: - b X, - b A2 + (x.-b)? . .
- ARl tan™1— S P ! 1 tan"1—1]
2 2
A4 A4 2 A4 + X3 4 A4
X: = b X, - b AZ + (x.-b)? X X
- A%[—l———— tan~1— oA 1n / ! 1 tan"1—]
2 2
A7 A7 2 A7 + X3 A7 A7
X: = b X: - b AZ + (x.-b)2 X
+ Ag[——l——————-’can"1 LI L2 1 L tan~1—1-]}
2 2
A5 A5 2 A5 + X3 A5 A5
(B.11)

For the first two terms of Eq. (B.10a)
Let x = Xi_b dx = dxi-
~Xp o xA'dx A

) f -——'——-T]"' [tan"l
Xp o (x24c?) 12

(X2+C2)1/2
Applying substitution method

-1
u = (x2+c?) /2 du = -x(x2+c2)~*/2dx

which .has the same form of third and fourth integralé of Eq. (B.6a).

Similarly the result of first term is found to be
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b A

1 i
{((x;-b)?+c?) /Z[Aztan‘1 2 Tt A tan 1 ——— A 7
0 ((x;-b)2+c2) 72 ((x;-b)2+c2) 12
A A3
- A tan™! - A tan™!? i
1 ((xi-b)2+c2)l/2 3 ((xi—b)2+cz)1/2
1 2 1 2 1
+ —E—{—A21n + A%1n
(xi—b)2+c2+A% (x1.—b)2+c2+A2
- A2 ! + A2In L 1y (B.12)
(x,=b)2+c2+A2 (x.-b)2+c2+A2
i 1 i 3
The result of the second term is
b Y A, -A
= {-(x§+C2) Z[Aztan'1 77t A tan™! 7
0 (x3+c2) 72 (x3+c?) 72
-A] A3 '
- A-l tan"l—-—————~l—/— - A3tah“1~—e—~—1—/—— ]
(x%+c2) 2 (x%+c2) 2
- LA —L— 4 pegg — - A3ln —
x2+c2+A2 x2+c2+A2 X2+c2+A2
1 2 1 1 1
+ A3l ———] (8.13)
x%+c2+A§

Addition of Eqs. (B.11), (B.12) and (B.13) gives the result of
integration of Eq. (B.10) with respect to Xse After back substitution

and rearranging it is found to be
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L.-sa

c? sa

- sa tan™!

-n
it

1 -
{—I(L.~-sa)tan™!
. b Lf C f C

Le.~(s-1)a
i,

C

<+

(§—])a tan"‘iééllg-— (Lf—(s-])a)’can'1

1/ Le-sa
2 2 2
- ﬂ)__ic_l.—-[(Lf..sa)tan_l_..i__—.l-—.— - Sa tan'l._......_s.é._.-—_

c2? (b2+c2) /2 (b2+c2)1/2
: ' L.~(s-1)a
+ (s-1)a tan'l——i§:llg——-— (Le-(s-1)a)tan™!? f 1
(b2+c2)1/2 f (b2+cz)172
- b [(c2+(Lf—sa)2)1/2tan'1 b 7 ‘
c? (c?+(Lc-sa)?) 2
- (c2+52a-’*)1/"—‘can"1 b
(c2+52a2)1/2
+ (c2+(s-1)2a2) /2tan-! b 7
(c2+(s-1)%a2) "2
- (c2+(L -(s-])a)z)l/z’can‘1 b ]
f 1/
(c2+(Le-(s-1)a)?) '2
1. c2+(Lf-sa)2+b2 c2+s2a?+b? c?+(s-1)2%a2+b?
+ L1n - In + 1In
2 c?+(Lc-sa)? c2+s23? c?+(s-1)2a?

c2+(Lf-(s-1)a)2+b2
- In 11} (B.14)
c2+(Lf-(s-1)a)2

Which is the angle factor, Eq. (3.74).



For two equal planes sa = Lf

rearranging becomes

(c?+b?) (c?+LZ)
fy 2,

2
Fa =% {In(

e N S R

-+

1 .
—[b(c?+L2
2 f 241 211/ 2
C (C +Lf)

2.2\ V/2g -1 b
£(b*+c?) " 2tan (c2+L§)1/2 1}

4

L

1
) /ztan‘l—————g——————

1
c

-1
[Lf tan

and (s-1)a = 0, Eq. (B.14) after

L
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-1.b
+ b tan z ]

(B.15)

Equation (B.15) is the same as the equation found in Titerature [33].




AFFENIITY © @ YARIABLES LSED T COMPUTER FROGRAMS

AL
ABR

ST ERE CFt Rl

alrraa of radiation section (FL#x2)

Subiroutine which makes ensrgy balance in the furnace
A = Eroess aile A

AFN = Theoretical air flow (mole/hr)

AFR = Total air flow (Emole/hr) .

ALEV. = Tptal radiation heat transter (koeal/ )

ALFA = Yoid fraction

ALRE = Length of average radiant beam (m)

AT = Tube arsa (ftxel)

ATE = Tube ares in convecotion section (Fisx2)

ATES = Tube ares in convection section (m*%2)

ATER = Total edchange area in radiation section(ft*%x2)
ATI = Qi inlest tempsrature (KD

ATR = Tube area in radilation section (Fh#xxZ)

ATRS = Tube area in radiation section (m®%2)

AT = Total tube of convection section area  (FL**2)
ATTR = Total tube of radiation section area (Fhex?

Al = Wall area of convection section (FL#E3)

AWR = Wall area of radiation section (FLxE2)

EC = Length of the convection section (Fb)

RINC = Conversion factor for iteration in temperature
BK = Length of the radiation section (F1)

CaFl o = ARI gravity of charge :

CET = Charge boiling temp. at 1 atm. (F)

CBTF = Charge boiling temp. at CFD OED

CF o o= Volumetric flow of chargs (m¥x3/day)

CE = K factor of charge -

CH = Mags flow rate of charge (ka/hy)

CiMu = Molecoul ar weighlt of charge

CMWPF = Molecul ar weight of petroleuan fractions

oM = Carbon dioxgide flow in fluse gas (kmole/hr)

COME = Carban diodide flow in flue gas from fuel gas (kmole/hr)
COMO = Carbon diodide flow in flue gas from fuel oil (kmole/hr)
CON = Carbon dioxide mole fraction in flue gas




CROG
CRCL
CRET
CFI
CRIE
CPIR

CHRIRT

Cro0
CROC
CFOR
CRRIC
CSE
CTA
CTE
CTER
CTI
CTIC
CTIR
CTIRT
CTo
CTOR
CTOR
CTRIC
DATA
DEL
DHE
DHL.
D1
DIC
DICS
DIR
DIRS
DINMA
DNMEG
DNN
Do
noc
DOMA
DOR
DRD
EF
EFS
ERROR
FAY
FCC

Gas phase specitic heal of charge  {(kecal/Zkg-'C)
Liguid phase specific heat of charge (kcal/kg-'0C)
Integrated specific heat of flue gas (kcal/kmole-'K)
Inlet presswe of charge {stm) :

Charge inlet pres. in conv. sect. (atm)’

= Charge inlet preas. in orad. sect. (atm)

Chairge inleit pressurs at the inlet of two phase region (atm)

Charge outlelt pressure  (abtm)

Charge outlelt pres. in conv. sect. {(atm)

Charge outlet pres. in rad. sect. (atm)

Charge inlelt pressure al the inlet of ceiling (atm)
Specific gravity of charge ,

Average charge temperatwe in the furnace (k)
Charge bulk temp. in conv. sect. (°R) .
Charge bulk temp. in rad. sect. ('KE)
Imlet temperatuwe of charge ()
Charge inlet tamp. in conve sect. (R
Charge inlet temp. in rad. sect. (K
Charge inlet tamperature at the inlet of two phase region
Charge outlet temp. (7E)

Charge outlet tamp. in conv. sect. (F)

Charge outlet temp. in-rad. sect. (KE)

Charge inlelt tenperatwe at the inlet of ceiling (K)
Subroutine which cortains input

Constants of accwracy

Gas phase hydrovwlic radius (£

= Liguid phase hydroulic radius (ft)

Inside tube diameter (1)

Inside tube diamelter in convection section (Ft)
Inside tube diameter in convection section (m)
Inside tube diameter in radiation section (FL)
Inside tube dismeter in radiation section (m)
Mitrogen flow in fuel gas from air (kmole/he)
Nitrogen flow in flue gas from fuel gas (Emole/hr)
Nitrogen mole fraction in flue gas

Outside tube oiameter (£ »
Outside tube diameter in convection section (£4)

s Orygen flow in fuel gas from ailr (kmole/hr)

Outside tube diameter in radiation section (ft)
Difference in densities of liguid % gas phases of charge
Emissivity of flame

Constant of accuracy

Error of the program

= Radiation exchange factor

i

Convective heat transfer correction factor in Chen correlatic

s

.

(R




FFE
F&F

FOFLOR=

- FiBM
FGMOC
FGMF1

[t

FGBMF 1O=
FEGMF11=

FEMF2
FGMFS
FEMF 4
FGMFS
FGMF 6
FGMF7

FGMFS -

FEMFS =

FGPI
FGSE
FeTI
FL
FLAME
FOAR I
FOC
FOCHM
FOF
FOH
FOHM
FOk
FORO
FOS
FOSGE
FOSH
FOTY
FOv
Fow
BC

GG
GGR
HE

HC
HCS
MG
I
HIG
HIL

+
!

o i

i i

oo B

Friction factor +for charge

Fuel gas flow rate (m%%3/hr) :

Subroutine which makes mass balance in the furnace

Fuel gas molar flow (m¥*3Z/hr) '
Fuel gas molar composition ' '
Malar flow of hydrogen sulfide in fuel gas (kmole/hr)

Molar flow of HC having 4(iso) caroon in fuel gas (Emole/hr)
Molar flow of HC having 4 (normald carbon in fuel gas(kmole/hr)
Molar flow of hydrogen in fuel gas{kmoles/hr)

Molar flow of nitrogen in fuel gas(kmole/hr)

Molar flow of oxvygen in fuel gas(kmoleshr)

Molar flow of carbon dioxide in fuel gas{(kmole/hir)

Molar +low of carbon monoxide in fuel gas(kmole/br)

Molar flow of methane in fusl gas (kmole/hr)

Molar flow of HC having 2 carbon in fuel gas(kmole/hr)

o

Molar +low of HC having 3 carbon in fuel gas(kmple/hr) {

= Fuel gas inlet pressure (atm)

Fuel gas specific gravity

Fuel gas inlet temperature ()

Flame length (f)

Radiation heat transfer at each stage (kcal/hr)
Fuel oil ART gravity '

Fuel oil carbon fraction

Molar +low of carbon in fuel oil (kmole/Rr)
Flow rate of fuel oil) (t/min)

Fuel oil hydrogen fraction )
Molar flow of hydrogen in fusl oil. (kenole/hr)
Fuel oil K value '

Fuel oil density (kg/lt)

Sulfur fraction of fuel oil

Fuel oil specific gravity

Sulfuwr molar flow in fuel oil {(kmale/hr)

=Fuel il inlet temperatuwe (K

Fuel oil viscosilty at 122°F (centistoke)

Fuel il mass flow  (kg/hr)

Mass flow ralte of charge (1b/hr-—-fos%2)

Flug gas mass flow rate in conv. sec. {(lb/hr—ft*x2)

Flue gas mass flow rate in rad. sec. (lb/hr-ftxsl)

Heat transfer cofficient from walls by radiation(Btu/thr- mqw K
Heat transfer cofficisnt from gas by convectiaon (Btu/hr-mZ-"K)
Heigth of the convection section (£4)

Enthalpy of flue gas (kcal/he)

Feat trans., coeff. in the inside of tuwbes (kcal /FE-m2-hr)

Inside heat trans. coeff. of charge (gas phase) (kcal/H—mE—hr)i
Inside heat trans. ceeff. of charge (lig.phase) (kcal/E-m2-hr)
"

o
a
“



HITF =
HMAC
S HMIC
HNUC
HO =
HOM ==
HOM&
HOMG
HEOMO
HOMS
HON
HR
HRS
HS1
HSTEAM=
HVE =
HVFF
34 am
KONVEER =
M
N g
NC
NR
8]y
OnN =
ONF
ONFE =
ONFQO
FO
FFKVAL=
F
FR
FRG
PRINTI=
FRINTO=
FRL =
Fe
FT
RO
QCFG
QCFo
RCHARG:
85
QGEAS
QGR

¥ o0 oo

it

]

+
]

o B

P

LT

Two phase inside bhealt transfer coeff. of charge (kcal/hr-E-

Macroscopic heat transfer coeff. of charge (kcal /K-m2-hr)
Microscopic heat transfer coeff. of charge (kecal /H-m2-hr)

Mucleate boiling heat trans. coeff. of charge (kcal/K-mZ-hr)
Heat transfer coefsf. on the outside of tubes (kcal/ K-mex2-}
Water vapor flow in flue gas (kmole/hr)

Water vapor flow in fuel gas from air (kEmole/hr)

Water vapor flow in flue gas from fuel gas {(kmole/hr)

Water vapor flow in flue gas from fuel oil (Emole/hr)

Water vapor flow in flue gas from steam  (kmole/he)

Water vapor mole frachtion in flue gas

Heat transfer coefficient from gas by radiation(kcal /htr—mi-"
Heigth of the radiation section (ft) '
Enthalpy of steam at inlet condition
Enthalpy of steam (kcal/kg)

Latent heat of vaporization of charge (kcal/kg)

(koal/hr)

Latent healt of vaporization of petroleum fractions (kcal/Zkg)
JOFP-~k factor '
Subroutine which finds temp. distribution in conv. sec.

Number aof tubes in each shtage

Number of stages

Mumber of stages in convaction sechion
Number of stages in radiation section
Ouygen flow in flue gas (kmole/hr)
Duygen mole fraction in flue gas

Onyaen needed for total fuel (kmole/hr)
Meygen needed for fusl gas (kmole/hr)
Ouygen needed for fuel oil (kmole/hr)
Referance presswe (atm)

Characterization factor of petroleum fractions

Fartial press.of carbon diodide + water vap.in flue gas
Frandhl number :

Gas phase Prandtl number

Subroutine which writes inpul

Subroutine which writes output

Liguid phase Frandtl number

Saturation pressure{atm)

Fressuwre of radiation section (atm)

Heat of combustion of fuel (kcal/hr)

Heat of combustion of fuel gas (kcal/hr)

Heat of combustion of fuel oil (kocal/hr)

Heat absorbed by charge in the furnace (kcal/hr)

Heat given by flue gas in each stage of conv. sec. (kcal/hr)
Heat given by gas in the furnace (kcal/hr) ,
Heat given by flue gas in each stage of rad. sec. (kcal/Zbr)

rFa
K
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STI
STW
SW
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TO
TOC
TOF
TAG
l-l.C
TCB
TCL
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Sensible heat of inputs  (kcal/kr)

Sensible heat of air (kcal/he

Sensible heat of fuel gas (kcal/he)

Sensible heat of fuel oil (kealshe)

Sensible heat of steam (kcal /he)

Total heat of input (kcal/hr)

Universal gas constant {(atm—-1lt/kmole-'K) .
Subroutine which finds temp. distribution in rad. sec.
Reynalds number

FGas phase reynolds number

Liguid phase reynolds number

Two phase Reynolds number

Liquid phase density of charge at &O'F (lh/fh*x3)
Density of air (kg/m¥%3)

Gas phase density of charge (kmole/m%x3)

Liguid phase density of charge (1b/+t®%3) .
Gas phase density of charge (kg/mx%3)

Density of water (lb/Fftxx3)

Subroutine which ftinds temp.distr.in rad.sec. for single phase
Subroutine which finds temp.distr.in rad. sec. for two phase

Fraction of radiation reflected from walls

Nucleats boiling suppression factor in Chen correlation
Radiation angle factor {(flame to ceiling strip)
Radiation angle factor (fFlame to strip)

Specific gravity

Stephan-Boltzman constant (koal /mexZ-hr—"Fx%4)
Staggering distance (+L}

Sulfuwr diovide flow in flue gas (Emole/hr)

Sulfur dioxide flow in flue gas from fuel gas (kmole/hr)
Sulfur dioxide flow in flue gas from fuel oll (kmole/hr)
Sulfur dioxide mole fraction in flue gas :
Atomizing steam inlet pressure (atm)

Staggering distance of tubes in convection (m)

Surface tension of charge (M/m)

Atomizing steam inlat temperature ('F)

Surface tension of water (N/m)

CAtomizing steam mass Flow  (kg/Zhe)

Temperature ('K)
Reference temperature (F)
Refterenceé temperature ('C)

Reference temperature ('F)

Average gas temperature in the furnace (k)

Jemperature (°80)

Gas phase thermal conductivity charge (Btw/hr-ft-"K)
Ligquid phase thermal conductivity charge (Btu/her—ft-"K)
' *

v



TF
TFC
16
TEA
TBAR
TGCO
TGMW
TGO
THR
TGR1
TERC
TGRN
TERT
TLEC
TLR
TFHTC
TR
TRIC
- TRC
T8
TSA
- TSAC
T8C
TSR
TSRC
TSRT
Vi
V2
vC
VCA
VECG
VCW .
VEL.3
VELL.
W1
WC
WG
WGEM
WR
X
XC
XJe
X51
XTT
Z
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Adiabatic flame temp. - (R

Critical temperature of charge ('F)

Flue gas temperatwe ()

Avaerage gas temperature in conveocktion ssction('K)
Average gas temperature in radiation section ('K

Flue gas temperature alt the inlet of conv. sec. (KD
Caloulated gas temperatuwre in convection section(’FE)
Gas temperaturs at the outlet to the stack (k)

835 temperature in radiation section (k)

Gas temparatuwre abt the hottom of radiation section( k)
Flue gas temperature at the inlet of ceiling region (K)
Calculated gas temperature in radiation section(K)
Flue gas temperature at the inlet of two phase region (K)
Tube length in convection section (m)

Tube length in radiation section {(m)

Subroutine which finds two phase heat trans. coeff.
Reduced tempersture

Reduced temperature of charge at &0°F

Reduced temperatuwe of charge ' :

Saturation temperature () ;

Average surface temp. ('FK)

Average swface Ltemperabuwe of tube in convection section (&

Surface temp. in conv. sect. (°K)
Surface temperature of bube in radiation section ()
Tube surface temperature at the inlet of ceiling region (K)

rl
0]

Tube swrface temperatuwe at the inlet of twe phase region (k)

Viscosity (ocs) of charge at temp. TCL (KD
Viscosity (cs) of charge at temp. TC2 (D
Viscosity of charge (lb/hr-—ft)

Viscosity of air (cp)

Gas phase viscosity of charge (cp)
Vigscosity of water (lb/hr-Ft)

Gas phase superficial velocity (m/s)
Liguid phase superficial velocity (m/s) -

"Expansion coefticient of charge at &60°F

Width of the convection section (ft)

Molar Flow of flue gas (kmole/hr)
Molecular weight of flue gas (kg/kmole)
Width of the radiation section (ft)
Fraction of charge vaporized at sach stage
Fraction of charge vaporized at wall tubes
Vapor mass fraction of charge

Constant of accuracy

Martinelli parameter

Temp. increment at each stage

)




APFENDIX I : LISTING OF THE COMPUTER PROGRAM
MM A T N N
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THIS PROGRAM FINIS THE TEMFERATURE DISTRIBRUTION IN RORN TYPE
MULTIFUEL FURNACE PLUS THE TEMFERATURE & FPRESSURE OF CHARGE

AT THE' INLET OF EACH TURE. THE FURNACE IS ANALYZED IN MAINLY

TWO SECTIONS,EACH I8 DIVIDED INTO NUMEER OF STAGES EQUALING

TO NUMBER OF TUBES ALONG THE HEIGHT AND SYMMETRY IS ASSUMED.

THE CHARGE,WHICH I& THE BROTTOM PRODUCT OF ATMOSPHERIC DISTIL-
LATION TOWER, EMTERS THE CONVECTION SECTION IN THE LIQUID

PHASE AND LEAVES THE CEILING OF THE RADIATION SECTION IN TWO

FHAGE,HALF LIQUID HALF VAPOK. IN THE CONVECTION SECTION HOT

FLUE GAS FLOWS ACROSS THE TURE BANKS.IN THE KRADIATION SECTION
TUEES ARE ON THE SIDE WALLS AND LAST ONES ON THE CEILING.

THEREFQORE THE FLOW OF FLUE GAS IS PERPENDICULAE AND TANGEN

TIAL.ALL THE TURES OF RARIATION SECTION SEE THE FLAME. THIS

SECTION IS ANALYZED IN THREE SUBSECTIONG:

1_LIQUID PHASE : THE CHARGE FLOW IS INSIDE THE TURES ON THE

WALL.
2_TWO FPHASE : THE CHARGE FLOW IS IMSIDE THE TURES ON THE
: WALL. '
3_TWO FHASE : THE CHARGE FLOW IS INSIDE THE TURES ON THE

CEILING.
hAhARAAKRAAAAAAAARAMATINAAAAAAARARAARARAKAKKA

COMMON /A01/ ROL1,W1,TEC,CET

COMMON /BO1/ Wi WGM,AER

COMMON /E02/ CON,HON,SON,ON, NN

COMMON /A02/ CH,GE \
COMMON /CI/ TG0,CTI,BIC,TLC,CPI,ST,ATC,DO0C,WC,EC,HCS,NC,H
COMMON /C05/ CTIC(7,2),CTO0C(7,2),CPIC(7,2),CPOC(7,2),

g TGC(7,.2),TSAC(T) , TRL(7)

COMMON /RI/ EOF,F0S,E0AFI,EGE,EGTI,EGPI,EGMC(11),AE,AH,EGSA
COMMON /EI/ FEOY,EOTI,STI,SPI,ATI,TO,FO

COMMON /EO/ TF

COMMON /G1/ DIR,ATR,ALRE,TLK,IOK

COMMON /G02/ CTIR(25),CTOR(25).CPIR(25),CPORC25),TSR(25) , TGR(25)
COMMON /AD3/ CSG -
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COMMON /AI1/ PT

COMMON /AI2/ HKS,BR,WKR,EL,NK
COMMON /AI3/ LT,CK,CAPI,CE
COMMON /E01/ SW .
COMMON /C03/ SL,GG,AW,ATE

COMMON /G08/ XJIC(25),HVC |
COMMON /H/  V1,V2,TC1,IC2 | |
COMMON /E0D2/ QT

COMMON /ERR/ QGAS,QCHARGE,ERROR,ERROK]

CALL DATA

CALL PRINTI

C8G = 141.5 / ( 131.5 + CAFI )

CM =( CSG A CF 4 1000./ 24.)/2.

G0 = CM & 2.2046226 % 4./ ( 4 % ATAN(1.)A DI % DI )

CBT = ( CK % CSG ) 4% 3.-460.

AC = ( CBT + 100. ) % CSAG

TEC = 180. + 1.75 % AC - 0.0008 X AC % AC |
TR1C = 60. / TEC . '
Wl = 0.1745 ~ 0.0838 % TR1C .

kOl = CSfi & 62.37364867

CALL FGFLOR

CALL RADYAS

CTA=(CTOR(25)+CTI)/2.
TAG=(TGR(1)+725.)/2.
QCHARGE=CHA2.A((CTOR(25)~ CTI)kCPCL(CTA)+XJC(°5)kHUC)

QGAS =WGA(TGR(1)-733..)ACPHIT(TAG)
ERROR=( (QCHAKRGE~- QPAS)/QCHARPE)*IOO.
CALL ADIAET _

ERROR1=((QT~QG AS)/GT)*IOO.

CALL KONVEK |
i
|

CALL PRINTO

STOF |

ENII
]
|
i
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SUEROUT INE DIATA

THIS SUBROUTINE CONTAINS THE NECCESSARY DATA TO RUN THE FURNACE
PROGRAM

DIMENSION EGMC(11)

COMMON /AI1/ PT

COMMON /AI2/ HRS,BR,WR,FL,NR

COMMON /A13/ DI,CK,CAFPI,CF

COMMON /B1/ FOF,F0S,FOAFI,FGF,EGTI,EGPI,EGMC(11),AE,AH,EGSE
COMMON /CI/ TGO,CTI,DIC,TLC,CFI,ST,ATC,DOC,WC,EC,HCS,NC,H
COMMON /EI/ FEOV,FOTI,STI,SPI,ATI,TO,FO

COMMON /GI/ DIKR,ATR,ALRE,TLK,DOKR

COMMON /H/  V1,V2,TC1,TC2

DATA OF FUEL OIL:

DATA

IATA OF FUEL GAS: EGF

- DATA

[ATA

- &

EQE,F0S,FOAFI,EOV,FOTI / 32.3,0.0394,11.4,2320.,407.

FGMC(4)

EOF
EFOS
FOAFI
EQV
FOTI

AP I

N LI N [ B | A 1]

EGTI
EGPI
EGSG
FGMC (1)
EGMC (2)
EGMC(3)

uoonou

]

EGMC(5)
EGMC(6)
FGMC(7)
EGMC(8)
EGMC(9)
EGMC(10)
EGMC(11l)=

oo o oH oo onn

EGE,EGTI,EGFI,EGSG /
( EGMC(I),I=1,11 ) /0.009,0.46,

0.064,0.004,0.003,0.012,0.193,0.12,0.102,0.0165,0.0165

DATA OF STEAM:

DATA

8T1
SPI

STI,SFI / 588.,37.425

DATA OF AIK:

DATA

AE
ATI

Hou

AE,ATI / 23.,293. /

gravity

Viscosity at 122 F
Inlet tempersture (K)

Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric
Volumetric

316.9,293.,3.552

/

Flow rate (1t/mir)
Sulfur mass fraction

Flow rate (cu.m/hr)
Inlet temperature (K)
Inlet pressure (atm)
Specific gravity

fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction
fraction

Inlet temperature (K)
‘Inlet pressure (atm)

Fercentage of excess air
Inlet temperature (K)

(cs),

of
of
of
of
of
of
of
of
of
of
of

y 547/

<+

H28
H2
N2
o2

coz

co
cl
c2
C3
IC4
NC4

/
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DATA OF CHARGE: CK Characterization factor

|
Inlet temperature (K)

Cry =

CPFI = Inlet pressure (atm) |
CAPI = API qravity

CE = Flow rate (cu.m/day) ?
LI = Tube inside diameter at charge inlet (ft)
V1 = Vigecosity (cs) at temperature TCl (K) |
y2 = Viscosity (cs) at temperature TC2 (K)

DATA  CK,CTI,CFI1,CAPI,CE,DI / 11.68,583.,3.8713,20.4,7000., |
& 0.5521 / ;
DATA  V1,V2,TC1,1C2 / 7.3,63.,371.9,323. / |
i
\
:

nATA OF FLUE GAS: IGO0 Flue gas temperature at stack inlet (K)

PT = Total gas side pressure of the furnace (3
FL = Flame length (ft)
ALRE = §

Average length of radiant beam (fi)
IATA IG0,PT,FL,ALRE / 725.,1.,6.9617,14.7999/ |

IATA OF CONVECTION SECTION:

F
DIC = Tube inside diameter (ft) |
TLC = Tube length (m) |
8T = Stagqering distance (ft) |
ATC = Total tube area (sq.ft)
NC = Number of tube rouws |
M = Number of tubes per row
DOC = Tube outside diameter (ft)
Wwe = Width (ft)
BC = Length (ft)
HCS = Heigth (ft)

nATA  DLIC,TLC,ST,ATC,NC,M,DOC,WC,EC,HCS / 0.5306,19.964,
2 1.,268.9583,6,4,0.5521,5.0033,72.8018,10.561 /

" DATA OF KRADIATION SECTION:

HRS = Heigqth (ft)

ER = Length (ft)

WR = Width (£1)

NR = Number of. tube rows

NI = Tube inside diameter (ft)
ATR = Total tube area (sq.ft)
DOR = Tube owutside diameter (ft)
TLR = Tube length (m)

DATA  HRS,BR,WR,NR,DIK,ATR,DOK,TLK / 27.5066,
&  70.8018,11.3845,23.,0.6973,126.8519,0.7188,19.964 /

DATA OF REFERENCE CONDITION:
TO = Imlet temperature (H)
FO = Inlet pressure (atm)

DATA TO,FO0 / 298.,1. /

KRETURN
ENIi
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SUBKOUTINE PRINTI
THIS SURROUTINE PRINTS THE INPUT DATA OF FURNACE PROGRAN
DIMENSION EGCC(11)

COMMON /AI1/ PT

COMMON /AI2/ HRS,ER,WK,FL,NR

COMMON /A13/ DI,CK,CAPI,CE

COMMON /BI1/ EOF,F0S,FO0AFI,EGE,EGTI,EGPI,EGHC(11),AE, AH
COMMON /CI/ TRO,CTI,D0IC,TLC,CPI,ST,ATC,DOC,WC, BC_HCS NC, M
COMHON /EI/ EOY,EOTI,STI,SPI,ATI,TO,FO

COMMON /GI/ DIR,ATR,ALKE,TLK,DOR

COMMON /H/  V1,V2,TC1,IC2

WRITE(3,1) TO,FO
1 FORMAT(IH ///// 10X, ‘IATA OF THE FURNACE PROGRAM‘,
210X,30(¢7 _ ’) //7,10X, REFERENCE CONDITIONS:’,3X, ’TEMPERATURE
&FS.I,’h o/ 34X,’PRESSURE*’,EJ.I,’ATM )

WRITE(3,2)AE,AH,ATI
2 FORMAT(//,10X, DATA OF AIR:‘,12X, EXCESS AIR=‘,E7.3,‘%Z’,
£/,34X, ‘HUMIDITY=',E7.3, %’ ,/,34X,  INLET TEMF.=‘,ES.1,’K’)

WRITE(3,3)EOE,F0S,FO0API,FOV,EOTI
3 FORMAT(//,10X,’DATA OF FUEL OIL:’,5X, FLOW RATE=’

&,E10.5, 'LT/MIN’,/,34X,

£’SULEUK MASS FRACTION=‘,F6.5,/,34X, AFI GRAVITY=’,E5.2,/,34

Xy
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4

$/VISCOSITY AT 122F=’,F10.5,’CS’,/,34X, INLET TEMP.=’,EF6.2,'K’)

WRITE(3,4)STI,SP1
4 FORMAT(//,10X, DATA OF STEAM:‘,10X,’INLET TEMP.=‘,E6.2, K’,
£34X, INLET PRESS.=',E6.2, ATH’)

WRITE(3,5)EGE,EGTI,EGFI,(EGMC(I),I=1,11)
5 FORMAT(//,10X,’DATA OF FUEL GAS:’,7X, FLOW RATE=’,F10.5, Mk

%/HR’,/,34X,’ INLET TEMP.=',F6.2,’K’,/,34X, INLET FRESS.=',F6.2
&, 'ATH’,/,34X, "MOLE ERACTIDNS OF H28=',F6.%,/,53X, H2=',F6.5,/

£,53%X, N2=,F6.5,/,53X,‘02=' ,E6.5,/,53X, ‘C02=" ,F6.5,/

%,53X,/C0=',F6.5,/,53X,'Cl=’ ,F6.5,/,53X,’C2=",F6.5;/,53X, 'C3=

%,F6.5,/,53X,/I1C4=' ,F6.5,/,53X, 'NCA=' ,E6.5)

7/

A3

4

’
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WRITE(3,6)IG0,PT,FL,ALRE

6 EORMAT(// 10X, ’BATA OF FLUE GAS:’,7X,’TEMP. AT THE OUTLET TO

&ESTACK=" FG.B,’K’,/,34X,’TOTAL PRESSURE=',E6.2, ATH’,/, 34X,
% ‘ELAME LENGTH=',E7.3,’ET.’,/)34X ‘AVERAGE LENGIH OF RADIANT
&BEAMN=’ ,F7.3, FT.")

WKITE(3,7)CK,CTI,CPI,CAPI,CF,DI,V1,TL1,V2,TC2

7 EORMAT(//,10X, DATA DF CHARGE:’,9X,'UOF-K=‘,ES.2,/,34X,  INLET
TEMF .=’ ,E6.2, 'K’ ,/,34X, ’ INLET PRESS.=/,EG.2, ATH’ ,/,34X, API
GRAVITY=',E5.2,/,34X, ELOM RATE=',Ei0.3, 'MkA3/D,/,34X, ’ INLET
PARAMETER=’ ,E6.4, /ET.’,/,34X, VISCOSITY= ,EiC.5, CST’,4X, ‘AT
TEMPERATURE=’,EG.2, K’/ 34X, VISCOSITY=' E10.5, CST’,4X, AT

a0 RS o A¢ po

TEMPERATURE=’,F6.2,’K’)

NRITE(S,B)TLC,UIC,DUC,ST,NC,M,ATC,UC,BC,HCS

8 FORMAT(//,10X, DATA OF CONVECTION SECTION:’,3X, TUBE LENGIH=’

%,F6.3,'H’,/,36X,’ INSILE DIAMETER=',E6.3,’FT',/ "36X, OUTS IDE

% DIAMETEK=',F6.3,’FT’,/,36X, STAGGERING DISTANCE=’,F6.3, ET’,

%/,36X,‘%+ OF ROWS=‘,12,/,36X,’# OF TURES / ROW=‘,12,/,36X,’

RTOTAL AKEA=',F10.3, ETAk2‘,/,36X, DINENSIONS OF THE SECTION=
81X, ‘WIDTH=’,F10.3, 'ET',/,J?X,’LEN TH=’,E6.3, ‘EL’,/,57X, 'HIGHT=

%,E6.3,/FT.’)

WRITE(3,9)WK,ER,HRS,NR,DIR,DOR, TLR, ATR

9 FORMAT(//,10X,’DATA OF KADIATION SECTION:’,4X, DIMENSIONS OF
&THE SECTION=‘,5X, WIDTH=',F6.3, FT.’,/,57X, ' LENGIH=’,E6.3, FT"

2,/,57X, HEIGHT=',F6.3,‘ET’,/,30X, TURE NUMBER=‘,I2,/,36X,

%/ INSIDE DIAMETER=‘,F6.3,/ET.’,/,36X,’0UTSIDE DIAMETER=’,F6.3,
£‘FT.’,/,36X, LENGTH=',F6.3,’M’,/,36X, TOTAL AREA=,F10.3, FT

&kA27)

RETURN

END
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'SUBROUTINE EGELOR

CALCULATES THE FLUE GAS FLOW RATE & COMPOSITION & MOLECULAR WEIG HT

ON THE BASIS OF KMOLE/HR

INPUT EOF,F0S,FOAPI,FGF,FGTI,FGPI,FGMC(11),AE,AH +
OUTPUT:WG,AFR,CON, SON HON DNN ON, UPM :

COMMON /EI/ EOE,F0S,EO0API,FGE,EGTI,EGPI,FGHC(11),AE,AH,EGSH
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CALCULATIONS ON FUEL OIL

FOSM = FOW & FOS / 32.
- FOHM = FOW % FOH 7/ 2.
FOCHM = FOW % FOC 7/ 12.

M0

COMMON /RO1/ WG,WHM,AER
COMMON /RO2/ CON,HON,SON,ON, NN
COMMON /ED1/ SW

DIMENSION FGME(11)

FUEL OIL COMPOSITION (MASS ERACTION)

FOSG = 141.5 / (131.5 + FOAPI)
FORO = 1. % FOSG

FOW = FOF % 60. 4 FORO

FOH = (26. - 15. % F0S6G) / 100.
FOC = 1. - FOH - FO8

MOLAkKk FLOW OF EACH COMPONENT (KMOLE/HRK)

OXYGEN NEEDED FOR COMBUSTION (KMOLE/HR)

ONFO = FOCM + FOSM + 0.5 % FOHM
' |

MOLAR FLOW OF FPROLOUCTS (KMOLE/HK) i
|

FOCHM

COMO =

S0MO = FOSHM

HOMO = FOHM

LAK FLOW OF STEAM (KMOLE/HK)
SW = FOWA 0.3056

HOMS = SW / 18.

CALCULATIONS ON FUEL GAS

&
%

MOLAR FLOW OF FUEL GAS (KMOLE/HR)

EGPI &% EGE / (EGTI % 0.0820567)
EGRSG 4 FGF 4 .0808 % 16.018

EGHM
FGW

iou

MOLAR FLOW OF COMPONENIS (KMOLE/HK)

0o 1 I=1,11
EGME(I) = FGM % EGMC(I)
CONT INUE

OXYGEN NEEDED' FOR COMBUSTION (KMOLE/HR)
ONFG = 0.5 % (FGMF(2) + FGMF(6) + 3. * EGMEF(1) + 4. ., EGME(7) +

6.5 % EGNE(8) + 9.5 x EGME(9) + 12.5 % (EGME(10)+FGME(11))
- EGME(4) | | |
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MOLAR FLOW OF PRODUCTS (KMOLE/HR)

DNMG = FGME(3)

CoOMG = EPMF(q) + EGME(6) + EGME(7) + 2. 4% EGMF(B) + 3. A& FG ME(9}
% + 4., & (FGME(C10) + EFGMECLL))

SOMG = FGMF(1) , : |
HOMG = EGME(2) + FGME(1l) + 2. & EGMF(?7) + 2.5 % FGMF(8) + 3.5 % !

& EGMF(9) + 4.5 & (FGMF(10) + FGMF(11))

TOTAL OXYGEN NEEDEDIN FOKR COMBUSTIO“ OF FUEL (KMOLE/HR)
ONE = ONFO + ONEG

CALCULATIONS ON AIR (KMOLE/HER)

MOLAR FLOW RATE

AEN = ONF % 100. / 21.
AFR = AFN & (100 + AE) / 100.
AlW = AFR & 28.84

MOLAR FLOW RATE OF AIR PRODUCTIS (KMOLE/HEK)

AFR %0.79
AFK % 0.21 - ONF

IINMA
DOMA

#on

CALCULATIONS ON FLUE GAS

MOLAK FLOW RATE OF COMPONENTS (KMOLE/HEK)

COM = COMD + COMG

S0M = SOMD + SOMG

HOM = HOMO + HOMG + HOMS
DNM = DONMG + DNMA

oM = [IOMA

TOTAL MOLAR FLOW KATE OF ELUE GAS (KMOLE/HR)
WG = COM + S50M + HOM +DINM + OM

MOLE ERACTION OF COMFONENTS

CON = COM / WA
50N = S0M / Wi
HON = HOM / WG
DNN = [ONM / Wi
ON = 0OM / WG

MOLECULAR WEIGHT OF FLUE GAS (KMOLE/HK)

WGHM 44.% CON + 18.4% HON + 64.% SON + 28.% DINN + 32
WiEGW WGM AWG

MASSIN =FOW+FGU+SW+AY

ERRORK = MASSIN-WGYW

RETURN “

END

U

ok

oN
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SURROUT INE KONVEK

COOOoOo0o0oOn

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

COMMON
COMMON
COMMON
COMMON

WG, WEN

TSAC(

/A01/
/BRO1/
/BO2/
/A02/
/C1/
/C0S/
TSAC
/C02/
/7A03/
/AT3/
/C03/

FINDS TEMPERATURE DISTRIRUTION IN CONVECTION SECTION
INFUT:TGO,CTI,RIC,LC,CPI,ST,ATC,NC,H,D0C,EPSC,DELC,WC,EC,HC,CH,GC

OUTPUT:CTIC(NC,M),CTOC(NC,M),CFIC(NC,M),CPOC(NC,H),TSC(NC,M)

NC) ,TGCC(NC) , TGC(NC-1)

KO1,Wl,TEC,CHT
Wi, WEM, AER

CON,HON,SON,ON, DNN

CM, GC A
T60,CTI,0IC,TLC,CFI,ST,ATC,D0C,WC,BC,HCS,NC,H
cTIC(7,2),CT0C(7,2),CPIC(7,2),CPOC(7,2),TSC(7,2),
(7),TGC(7)

THCO,CPRIC,CTRIC

CSA

DI,CK,CAPI,CE

SL,GGE,AW,ATE

DIMENSION Z(15),TGNW(1S) ,T85(7,2)
LDELC =3.
EFSC =1.

CALCUL

far I o M uo

DICS
ATCS
SL
AW
ATT
ATE
AR

' ARF
GG
Z¢1)
TGC(1)
CTIC(2
CPIC(2

ATION

[E00 1IN TN £ 1T £ N L | N O SO O 1

OF VARIABRLES USED AS CONSTANIS
pIC % 0.3048

ATC % 0.0929

(SQRT(3.) /7 2.) & ST

2. % HCS % (BC + WC)

ATC % NC * M

ATT + AW

BC % WC

AB-4.ADOCARC

ST & WG k& WGM A& 2.2046226 / ¢

18.5

60 p
CT1I -
CPI

(ST - DOC) % ABE)
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CALCULATION OF TEMFERATURE & PRESSUKRE FOR EACH STAGE
00 2 J = 2, NC+1
ZCI) = 2(I-1) + ] :
TRC(I) = TGC(I-1) + Z(I)
3 THA = ( TGC(I) + TGC(I-1) ) / 2.
QG = WG A CPGI(TGC(I-1),TGC(I))
TAS= 0.
D01 1 =1, M/2
CTIF = (CTIC(I,I) - 273.) % 1.8 + 32.
CTOC(J,I) = CTICCI,I) + BG /(MACMACPCL(CTIC(J,1)))
CTE = ( CTICCI,I) + CTOC(I,I) ) / 2.
VC = VCC(CTR)
CTSC(I,I) = CTE + QG / (4 % 4 % ATAN(1.) % DICS % TLC *-
3 HI(VC,CTR,DIC))
TAS = TSC(J,I) + TAS
CPOC(J, I)= CPIC(I, I)-(2.A(TLC+25A0ICS) x (GCAGC) % 0.015
% / (DICS % KOCL{ CIR ))) % 1.133233SE-12
CTIC(J,I+1) = CTOC(J,I)
CPIC(I, I+1) = CPOC(I, )
1 CONT INUE
TSAC(I) = TAS / (M % 0.5)
TANW(I) = 2. & TSAC(J) - TGHC(I-1) +2.% QG/( ATCS A M 4
% HO( TGA,TSAC(J),66,00C,AN,ATE ) )
IF ( AES ( TBNW(JI) - TRC(JI) ) .LE. EPSC ) GO TO 4
BINC=.1
TRC(I)=THC(I)-BINCAC TBNW(I) - TRCCI) )
GO TO 3 |
4 CTIC(I+1,1) = CTOC(JI,M/2)
CPIC(I+1,1) = CPOC(JI,N/2)
2 CONTINUE
© TBCO = TBC(NC+1)
CTRIC = CTOC(NC+1,M/2)
CPRIC = CPOC(NC+1,M/2)
KRETURN
END
RRRKK A DOOOD Y Y A 55559
K K AA I I Y Y AA S
RRRRK AAAAA DI DI YYYYY AAAAA SS8SS
K KK A A I I Y A A 55888
SUEK

FINDS THE TEﬁPERATURE DISTRIBUTION IN THE RADIATION SECTION

OUTINE RADYAS

4

INPUT :DIR,HRS,BR,WR,ATR,NKR,LRE,TGO,EFSK,HELR, , WS, WGH



C OUTPUT :CTIR(NK),CTORC(NR),CPIR(NE),CPOR(NK),TSR(NK),TGR(NK) , TAR(NR-1
C o -
£ CALCULATION OF VARIAELES USED AS CONSTANTS
COMMON /A0Q1/ RO1,Wl,TEC,CRT
COMMON /BI/ FOF,F0S,E0API,FGE,FGTI,EGPI,EGMC(11),AE,AH
COMMON /ED1/ WG,WGHM,AER
COMMON /EO2/ CON,HON,SON,ON, NN ’
COMMON /A02/ CM, 50 » '
COMMON /EI/ FOV,FOTI,STI,SFI,ATI,TO,FO
COMMON /ED/ TE _
COMMON /GI/  DIR,ATR,ALRE,TLK,DOR ,
COMMON /G02/ CTIR(25),CTOR(25),CPIR(25),CPOR(2S), TSR(25), TGR(25)
COMMON /A03/ CSG . |
COMMON /AIY1/ PT :
COMMON /AI2/ HRS,ER,WR,FL,NR \
COMMON /CD2/ TGCO,CPRIC,CTRIC
COMMON /GO1/ GGK,AWK,ATER,TGK1,DIKS,ATRS
COMMON /E01/ SUW
COMMON /EIl/ PL
COMMON /G06/ JR
COMMON /GT6/ QT
COMMON /G087 XJIC(25),HVC

C
EPSK =10.
AWR = 2.4 HKSx (BR + WR)- NR % ATR
ATTR= ATR 4A( NR + 3 ) & 2.
ATER = ATTR + AUWR i
ARR = BR & WK : 1
GGR = WG & WGM A 2.20462326 / ABRR '
PP = PT & ( CON + HON?
FL = ALRB % PF
DIRS = DIR & 0.3048
ATRS = ATR A 0.0929

c

‘ CALL ADIIAF
C

C - TEMPERATURE DISTRIRUTION IN THE RADIATION SECTION

-
L9

TGR1= 1800.

1 CALL RSINPH
IF ( JR .EQ . NR+1 ) GO I0 8

CALL RTWOFPH
CALL RCEILI
TGRNR=TGHGR(NK+1)

8 IF ( ABS(TGR(NR+1)-TGCO) .LE. EPSR ) GO TO 5 ;
TGR1= THR1 —-(TGR(NR+1)-TGCO) A2.5 -
GO TO 1 :

RETURN
END

)]
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FUNCTION CPGIT(T) |

CALCULATES THE HEAT CAFPACITY FOR FLUE GAS (KCAL/KMOLE-K) 3

INPUT:CON, HON, SON, ON, INN

COMMON /RBOZ/ CON,HON,SO0N,ON,IINN

A= 6.393 &4 CON + 6.529 & INN + 6.732 4 ON + 6.970 & HON + 9.29945(

C= 3.4085 4 CON + 0.237 & DNN + 0.179 4 ON + 0.483 % HON

TC = T
CPRIT=
.
RETURN
END

~-3273.
At

= 10,10 & CON + 1.488 A INN + 1.505 A& ON + 3.464 % HON 1
|
|

B & T /7 1000.+ € & (TAA2.)/1E+6+

SON 4 (9.33E-3 & TC -7.4187E-6 & TCR2AAR.+2.037E-94TCA%3.)

non
o
o I
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SUBRROUT INE ADIAFT

FINDS THE ADRIABATIC FLAME TEMPRATURE OF COMEBUSTION

INPUT: FOAFI,EOV,FOTI,SW,STI,SFPI,FGF,EGTI,EGFI,EGNC,ATI,TO,F0,EPSA,
IELA,WG,AER, FOE _

OUTPUT: TF

COMMON

COMMON

COMMON
COMMON

/RI/
/EOL/
/EB02/
JEL/

COMMON /EQ/
COMMON /EO01/

EOF,F0S,FOAFI,EGE,EGTI,FGPI,FGMC(11),AE,AH,FGSG
Wi, WEM, AER

CON,HON,SON,ON, NN p
FOV,EOTI,STI,SFI,ATI,TO,FO

TE

SW
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COMMON /ED2/ QT

FOSH
FOu

141.5/7 (131.5 + FOAFPI)
EOF & 60. % FOS5G

[{

HEAT OFCOMERUSTION OF FUEL (KCAL/HK)

QCFO = FOW A& (12400.~ 2100.% FOSG x FOSG)

QCEG = FGE A& (59%.4 FGMCC(1) + 278,k FGMC(2) + 321.
b 911.4% FGMC(7) + 0.5 & ((1622.+ 1503.
% (2322.+2188.) & FGMC(10) + (2009, +
% Y)Yy & 252.16 / 28.316

SENSIRLE HEAT OF INFUTS (KCAL/HR)

SENSIELE HEAT ‘OF AIK (KCAL/HR)

QSA = AFR 4% (6.173 & (ATI - TO)+ 0.04697 % (ATI x ATI ~TO % TO)

% / 200.+ 041147 k& (ATIAA3. ~ TOAX3.)
b4 A (ATIA%k4. - TOAk4.) / 4E+9 )

SENSIBLE HEAT OF STEAM (KCAL/HR)

HS 1

HSTEAHM (STI,S5PID
ass W

A HSI

#oH

5

SENSIRLE HEAT OF FUEL OIL (KCAL/HK)

FOK = = PEKVAL(FOV,FO0API)

TOEF = (T0 - 273.) % 1.8 + 32.

TIF = (FOTI - 273.) % 1.8 + 32.

QSFO = FOW A 2.2046226 4 0.28216 4

% (TIF -TOE) + (0.815 -~

% TOATO) / 2000.)% (0.03% % FOK + 0.35)

SENSIEKLE HEAT OF FUEL GAS
TO0C
TIC

EGH
QSER

TO0 ~ 273.
FGTY - 273.
FGFI kK EGE / (FGTI 4 0.0820%567)

N

it

i

6.396 & FGMC(11)) + (TICAA3. - TOCA4%3.)

~ 4 o+ N

RO J0 a0 A ¢ RC Q20 RO Q0 4C 0 RC 26

X EGMC(6) +
) & FGMC(8) +
2868.) k& FGMC(

/3E+3 -0.4696

(¢(0.6811 - 0.308 % FOSH) %
0.306 & FOSG) & (TIFATIF ~
5

EiGMA ( FPGMC(S) & (1.0l x (FGTIAEGTI - TOATO) / 200, -
0.1134E-% A (FGTIAA3. -TOkA3.)) + (TIC-TOC)
EGMCCL)Y + 6.7032 & EGMC(2) + 6.919 %k EGMC(3) + 7.129
FGMC(4) + 6.393 & FGMC(5) + 6.890 &% FGMC(6) + 8.200
EGMC(7) + 11.77 & FGMC(B) + 13.25 k& FGMC(9) +20.596
FGMC(10)+20.98% & EGMC(11))+0.005 A(TICATIC-TOCATOLC)
(0.370 & EGMC(1) + 0.099 % EGMC(2) + 0.136 % EGHC(3)
0.141 % FGMC(4) + 0.144 k& EGMC(G) + 1.307 % EGMC(7)
3.034 k& FGMC(B) + 4.815 x EGMC(9) + 6.665 & EGMC(10).

A (B.010

/ 3E+7 &k

7.200 x EGMCC(L)Y - 0.780 & FGMC(2) -  2.271 % EGMC(3)

- 1.791 & FGMC(4) - 2.387 % EGMC(G6) + B.730 4 FGMC(7)
- 156.9 & EGMC(B) - 278.2 k& EGMC(9) - 432.3 & EGMC(10)
= 391.2 % EGMC(11)) + (TICAk4. - TOCA%4.) / 4E+9 &
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% (= 0.787 & EGMCC(L) ~ 2,630 & FGMC(7) + 2.980 x EGMC(8)
& + 6.730 & FGMC(9) + 11.995 k& FGMC(10)+ 10.215 & FGMC(11)))

TOTAL HEAT INFPUT (KCAL/HR)
Qac = QCFO + QC¥G
@8 = QSA+ QSS + QBF0 + QSER
QT = @€ + A8
ITARATIVE CALCULATION OF ADIABATIC FLAME TEMPERATURE TF('K)
EFSA =1000.
DELA =.001
INITIAL GUESS FOR TF
TE = 1610.72
CALCULATION OF TF¥
1 HG = WG & CPGICTO,TE)
IF ( ABS(QT-HG) .LE. EPSA ) (G0 TO 3
IF ( HG .GT. QT ) GO TO 2
TF = TF + DELA
60 TO 1
2 TF = TEF - DELA
G0 TO 1
3 HEATOUT= WG A CPGI(TO,TE)
ERROK = HEATOUT-QT
RETURN
ENI

F F R R
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SUBROUTINE PRINTO

THIS SUBROUTINE FRINTS THE OUTFUTI OF THE FURNACE FPROGRAM

COMMON /A01/
COMMON /A02/
COMMON /A03/
COMMON /ED1/
COMMON /R02/
COMMON /CO05/
%

COMMON /EO/

kK01,W1,TEC,CET
CHM,GC

CSh

Wii, WGM, AEK

CON, HON, SON, ON, IINN
CTIC(7,2),CTOC(7,2),CPIC(7,2),CPOC(7,2),
TSC(7,2),TSAC(7) , TGC(7)

TE :

0
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COMMON /E01/ SW

COMMON /C03/ SL,GG,AW,ATE

COMMON /G01/ GHR,AWR,ATER, TGRI [ IRS,ATRS

COMMON /G02/ TIR(Z >, CTOR(25) ,CPIR(25) ,CPOR(25) ,
% TSR( 25 TPR(Bu)

COMMON /508/ XJC(BS)

COMMON /E02/ QT

COMMON /ERR/ QRAS,QCHARGE,ERROR,ERROR]

WRITE (9,1) CM,GC,08G,R0L,TEC,CRT
1 FORMAT (H,/////,10X, /0UTFUT OF THE FUKNACE PROGRAM’,

% /4 10X,29¢’ _*Y,///,10%X, INPUT VARIARLES OF CHAKGE:
% L/ 228X, MASS FLOW = 7 ,E15.7, Ka/hr’,/,28X, MASS ELOW
SRATE = *,F15.7, Lb/hr~ftk42’,/,28X, SPECIFIC GRAVITY = -
% ,E6.5,/,28X, 'DENSITY AT 60F = /,F10.5, Lb/ftkA3’,
8 /,28X, ‘CRITICAL TEMPERATUKE = ‘,F8.3,‘F’,/,28X,

% ‘ROILING TEMPERATURE AT 1 Atm = /,F8.3,’F’)

WRITE (9,2) SW,AFR,W5,WEM,C0N,HON,SON,ON, DNN,TE

2 FORMAT (///,10X,’RESULTS OF MASS BALANCE: ‘,3X,/MASS FLOW OF

%STEAM = ’,F10.5,’Kq/hr’,/,36X, M0LAR ELOW OF AIR = ‘,F12.5,

) (mole/hr’,/,36X, MOLAR FLOW OF FLUE GAS = ‘,F12.95,

% ‘Kmole/hr’,/,36X, MOLECULAR WEIGHT OF FLUE GAS = -/,

% F10.6,/,36X, MOLE FKACTION OF COMPONENTS OF ELUE GAS:
& C02 = /,F6.5,/,78X, H20 = ’,F6.5,/,78X,/802 = ’,E6.5,/,78X,
3 ‘02 = ' ,E6.5,/,78X,'N2 = /,F6.5,/,78X,///,10X%,

% *RESULT OF ENERGY BALANCE @ /,3X, ADIABATIC ELAME
$TEMPERATURE = ’,F7.2,/K’ )

WRITE (9,3) AW,ATE,G( .
3 FORMAT (///,10X, RESULTS OF CONVECTION SECTION : /,/,39X,
'WALL AREA = /,F10.%5,/Ftx42’,/,39X, TOTAL EXCHANGE

AKEA = ’,F10.5, 'Ftk42’,/,39X, FLUE GAS MASS FLOW RATE = /,
F10.5, Lb/hr-ftxA2,//,39X,  TEMPERATURE(K) DISTRIEBUTION’
,/,10%X,’4% OF STAGE’,9X,’CHARGE INLET TEMP’,11X,
'CHARGE OUTLET TEMP‘,9X, CHARGE OUTLET FRES.’,8X,
‘FLUE GAS TEMF’,/,31X, 'M=1’,8X, ‘H=2/,14X, M=1",8X,
"M=27,14X, ‘M=1‘,8X, H=2")

C A0 20 20 NG RO 20

Do 9 J=1,7 _
WRITE (9,4)¢(J,(CTICCI,I),I=1,2),(CTOCCI,I),I=1,2),
% ~ (CPOCCT,I),I=1,2), THCCIND
4 FOKMAT(/,14X,I2,12X,2F10.5,8X,2F10.5,8X,2F10.7,8X,E10.5,/)
9 CONTINUE

WRITE (9,5) AWK,ATER,GGR
5 FORMAT (///,10X, RESULTS OF RADIATION SECTION : ‘,/,39X,

& ‘WALL AREA = ‘,F10.5, EFt#42’,/,39X, TOTAL EXCHANGE

$AKEA = /,F10.5,/Fti42’,/,39X, FLUE GAS MASS FLOW RATE = /,

% F10.5, Lb/hr-fth2’,//,39X, ' TEMPERATURE(K) DISTRIBUTION'

% ,/,1%, % OF STAGE’,2X, ’CHAR E INLET TEME’,3X,

% ‘CHARGE OUTLET TEMP’,3X, TUBE SUREACE TEME‘,SX,

% ‘FLUE BAS TEMP’,BX,’CHARBE OUTLET PRES’,2X,’VAPOR

& ERACTION’)

i
5
i
i
i
1
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D0 8 I=1,25
WRITE (9,6) I,CTIK(I),CTOK(I),TSKR(I),TGR¢I),CFORCI),XICCI)

6 FORMAT(/,5X,12,6(10X,F10.5),/)

8 CONTINUE

WRITE (9,7) Q1,Q6AS,QCHARGE,ERROK,EKRROK]
7 FORMAT (/// IOX ’RESULT 0OF OVERALL ENERPY BALANCE:’ /y

& 39X,’HEAT INPUT (kcal/hry = /,F20.10,/,

b3 39X, "HEAT GIVEN RY (GAS (kcal/hr) = ,F20.10,/,

% 39X, ‘HEAT TAKEN BRY CHARGE (kcal/hr) = ‘,F20.10,/,
& 39X, ‘ZERRORK BETWEEN QGAS % QCHARGE = ‘,F6.3,/,

& 39X, "ZERROKR BETWEEN HEAT INPUT & QGAS = ‘,F6.3,/)
RETURN

END
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FUNCTION CPGIC(T1,T2)
CALCULATES THE INTEGRATED HEAT CAFACITY FOR FLUE GAS (KCAL/HR)
INPUT :CON,HON, SON, ON, IINN

COMMON /E02/ CON,HON,SON,ON,DINN

A= 6.393 & CON + 6.529 & INN + 6.732 & ON + 6.970 % HON + 9.299%8C
“B= 10.10 & CON + 1.488 % DNN + 1.503 * ON + 3.464 % HON
+ 0.227 & DNN + 0.179 4 ON + 0.483 % HON

C= 3.405 A& CON
TCl = T1 -273. -
Ic2 = 12 -273.

CPRI= A & (T2~ T1) + B 4 (T24AT2 - T14AT1) / 2000.+ C & (T2AA3.~

& TlA%x3.) / 3E+6 + SON & (4.665E-3 x (TCRATC2 - TCL1ATCL)
g ~2.47267E-6 & (TC24A3.- TClik3.)
% +35.1425E-10 % (TC24%k4.- TClix4.))
RETUKRN

END

_________________________________________________________ g s e e
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FUNCTION CFCL ¢ T )

INFUT : SG,K

COMMON /A03/ CSG
COMMON /AI3/ DI,CK,CAPI,CF

FINDS THE LIQUID PHASE SFECIFIC HEAT PETROLEUM FRACTIONS(ETIU/LB-E=

KCAL/KG-ﬂ

(0.055 & CK + 0.3%)

TF = (T - 273.) % 1.8 + 32. ‘
CPCL = ((0.6811 - 0.308 % CSG) +TF 4A1.E~-4 4(8.15 - 3.06 % CSG) A"
& '

RETURN

END

Y Yy cececcc  coeooe
v Vv C C
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v Cccce  cccece

FUNCTION VCC (T)

FINDS THE LIQGUID PHASE VISCOSITY OF PETROLEUM ERACTIONS

INPUT : V1,V2,TC1,TIC2

COMMON /H/ V1,V2,TC1,TIC2

DIMENSION Z(2),V(2),C(2),0(2),E(2),E(2),06(

2),H(2)

CN(VV) = EXP ( -1.14883 - 2.65868 & VU )

ON(VY) = EXP ( ~0.00381308 - 12.5645 % VV

EN(VV) = EXP ( 5.46491 - 37.62898 % VWV )

EN(VUV) = EXP ( 13.0458 - 74.6851 x VU )

GN(VY) = EXP ( 37.4619 - 192.643 % VU )

HN(VVY) = EXF ( 80.4949 - 400.468 % VYV )

FE(VUY) = VY — ZN + 0.7 + CN(VV) —~ DN(UV) + EN(UV) = EN(VU) +

% ' GN(VUV) ~ HN(VUVY)

OD(UYI=1.~- 2.65B68 & CN(VUV)+12.5645 & DN(VV) -37.62898 % EN(VV)
% + 74,6851 & FN(VUV) - 192.643 % GN(VV) + 400.468 % HN(VV
Uil = Vi 4

V(ay =Vu2 '



CeI)
DI
EC(I)
F(I
GOID
HCD
4@y,
1 CONT

B
%

A
EFSV
ZN
VR
vY
IE «
VR
650 T
Vcc

b

]

RETU
END

OO oo

= EXP ( -1.14883 - 2.63868 4 V(I) )

= EXP ( -0.00381308 - 12.5643 Xk V(I) )
= EXP ( §.46491 - 37.62898 & V() )

= EXP ( 13.0438 — 74.6851 & V(I) )

= EXP ( 37.4619 - 192.643 % V(1) )

= EXP ( 80.4945 - 400,468 £ V(1) )

= MCI) + 0.7 + C(I) - D(I) + ECI) - ECI) + G(I) - H(I)
INUE

(ALOG1O ¢ ALOGLO (Z(1) )) - ALOGLO (ALOGLO ¢ Z(2))))/
¢ ALOGLO ¢ TC2 )y - ALOG1IO ¢ TCL1 ) )

E & ALOG1O (TCl) + ALOGL1O { ALOGLO ¢ Z(1) ) )

.02 '

100 %% ¢ 10. %4 ( A - B & ALOG1O ¢ T ) ) )

ZIN + 0.7

VE - FF{(VR) / DD(VR)

A I

ARS ( VB - VY ) .LE. EPSV ) G0 TI0 5
= VY
02
= VY &% 36 % 0.0010764 & KROCL(T)
RN
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H O H I
H H I
HHHHH T
H H I

B e e e e T R R

FEUNCTION HI ¢ VC,T,DI )

EINDS TH

INPUT :

cooOo0Om

COoMM

3

PR
KE
HI

RETU
END

lor B ]

E CONVECTIVE HEAT TRANSFER COEFE. FOK THE TURE SIDE (KCAL/

TCL,DI,VC,CFCL,BE

ON /A02/ CM,GC
YCk CPCL (T) / TCL (T)
DI & GC / VC
0.075681377% TCL(T) % ( PRA%0.5 ) &% ( REA%0.83 ) / DI

RN

HR—-K-MAA
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FUNCTION TCLCT)

. FINDS LIQUIDI FHASE THERMAL CONDUCTIVITY OF FETROLEUM FRACTIONS (BTU/

HR-FT~
INFUT : 8 ‘
COMMON 7A03/70C80G

TE = (T-273.) x1.8 + 32.

TCL = 0.06775% % (l.- 0.0003 & (TE - 22)) /CSG

RETURN ‘
END

FEEEF FEFEFF CCCCC

F F C
FEF EEE C |
F F cceee

- o = . e sy oo e e Gt S S Bm S0 S bt St e bet G Bee S MY S S e G S W= e b Ges S A e Mt S G G Sh4e G s SE b G e FS Gea e G Abie e e bse e S Serm om e s fmes emr

FUNCTION FECC VC,DIC )
EINDS ERICTION.EACTOR FOR LIQUIDS WITH VERY HIGH REYNOLDS NUMEER
INPUT :DIC,GC,VC,EPSE,DELE

COMMON /A02/ CM,GC

EX (E) = 0.87 % LOG ( RE %k 2.% ( FA%0.5) ) - 0.5 / ( F A% .5 )- 0.
T (E) = 0.87 / (2. % E ) + 0.25 / F xk 1.5 | |
RE = DIC % GC / VC
EF = 0.0046 / (REAXX0.2)

EFSE = EE 4 0.02
9 EY = FE - FX (EE)/ T(EF)

IE ( AES(FF - EY ) .LE. EPSF ) GO TO 8

FE = EY

G0 TO 9 | 0
8 FFC= FY -

RETUKRN
ENIt
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FUNCTI

FINDS THE

INFUT : R

COMMON
TFE
TR

W
KROCL

L O I

RETURN
END

FUNCTI
FINDS THE
INPUT 1636,

IGE
ISE
HC
HE
HE
RUW
HO

(EI T I A | 1

KETURN
ENII

SRt e oeie o9 Bt e SS we Bvas oo Sete e sees s s Sem S b Gt Swet S G 4 (S Geee e Fm S ferd Shis BN o e Seim AME e T S M st e e om bme e e seet

RRR 00000 CGCCCC I

K 0 0 © L
RKRE 0O 0 ¢ L

Kk 00000 CCCCC  LLLLL
ON ROCL(T)

LIQUID FHASE DENSITY OF FETROLEUM EFRACTIONS (LB/ETA%3)
01,Wl,TEC

/A01/ KO1,Wl,TEC,CET

(T - 273.) % 1.8 + 32,

TE / TEC

0.1745 - 0.0838 4 TR

RO1 A ¥ / Wl

H H 00000

H H o0 0

HHHHH 0 0.

H H 00000
ON HO ¢ TG,TS,GG,00,AW,AT )

HEAT TKANSEER COEEE. EROM FLUE GAS TO TUEE WALLS (KCAL/

HR=K-MAX:

00, AW, AT

(IG - 273.) % 1.8 + 32.

(IS - 273.) 4 1.8 + 32.+460. ‘
1.6AC(GGE/36000AAC2. 730V A(TGEFAA0L3) /7 ((DOX1I2.)AK(1./3.))
0.0035 & TGF - 0.9 \

0.006536 4 ((TSE/100.)4%3.)

AW & HE / ((HR + HC + HR) & AT)

(l1.+ RW) & (HC + HR) % 4.88856
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SUBROUTINE RSIMPH

866886

S

55655
566868

I N N FPPFFF H H 1
I NN N F P H H - |
I N NN FPPFP  HHHHH w
I N N P H H

FINDS THE TEMPERATURE DISTRIRUTION IN THE RADIATION SECTION WHERE

THE CHARGE FLOWS ONLY IN THE LIQUID

INPUT

:TGR(1),CM,GC, TE,WG,CTIR(1) ,CPIR(1) ,KSIRS,EFSKRS, DELRS,ATR, d,
DIR,LK,EPS2

PHASE i
|
i
|

OUTPUT:CTIR(NR),CTDR(NR),CPIR(NR),CPOR(NR),TSR(NR?,TGR(NR),TGR(NR—I

DIMENSION Z(25),TGRN(25),TG(25),C(6),ALEV(25) ,FLAME(2E)

COMMON
COMMON
COMMON
COMMON
COMMON

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

XS IRG =

EPS2 =1

/8017
/B0O1/
/RO2/
/8027
/EQ/

/G1/

/6037
/A03/
/ATZ/
/CQ3/
/EIl/
/G017
/G037

/G047

/G06/
/AI3/
/GT6/

1.

=
o

KO1,Wl,TFC,CET
WiE, WEM, AFR |
CON,HON,SON, ON,INN |
CM, GC . :
TE | 4
DIK,ATK,ALKE,TLK,DOK , :
CTIR(25),CTOR(ZS),CPIRC(RS),CPORCES) ,TOSR(2S),I6GR(2S)
CSh i
HRS, B, WK, EL, NK ]
|

TGCO,CPRIC,CTRIC
Pl

GGK,AWR,ATEK, TGK1,DIRS,ATKS
CTIKRT,CPIRT,TGRT,JT,ZT,CBTP,TSRT,ALEVT
XSIRS,EPSKRS,EFS2

IK

II,CK,CAPI,CE

QT

EPSRS =1.

2(1) = 40.
J = 2
CTIR (J)
CPIR (I
IGR (1) =
ALEV(1)=0.

CIRIC
CPRIC
TGR1

Hon

CALCULATION OF TEMPFERATUKRE & PRESSURE



1 2<(1)

2
A

33

o

%

&

Z(1-1) —~ XSIRS

TGR(I) = THROI-1) - Z2(1)

TGAR = (TGR(J) + TGR(I-1)) 7/ 2.

QGER = WGk CPGICTIGR(I),THGR(I-1))

CTIRF = (CTIRC(I) - 273.) % 1.8 + 32. ,

CIORCI) = CTIRCI) + QGR/(2.4 CM & CPCLC(CTIRCI)))

CTER = (CTOR(I)+ CTIRCID) / 2.

ve .= VCC(CTEBR)

ITSKR(I) = CTRR + QGR/(2.4 DIRSATLRA4.A ATANC(1.) 4
: HI ¢ VC,CTEBR,DIR ))

CPOR(I) = CPIRCI) -(2.A(TLR+25.ADIRS) AGCAGCA0.015/

(DIKS &% ROCLC(CTER))) % 1.1332338E-12

TEG=(TGAR-273.)41.8+32.

EF = -9,73222E-5k(TFG~-2000.)+.458

SEESR = 8FF8 (1)

EAY = EF & SFFSR

S IGMA=5.6696E-843600./4186.8

RAl= SIGMAXC(TEAA4. -TSR(I)Ak4.) x EFAY

THRN(I)=2.ATSR(J)-TARR(I-1)+(RGR/ATRS—-RAL) /
HO(TGAR,TSR(J),GGR,00R, AWK, ATER)

ELAME(J)=RADXATRS

ALEV (1)=ALEV(J-1)+FLAKE(I)

EINC=.01

IF ( ABS(TGRN(J)-TGR(JI)) .LE. EFSRS ) GO TO 3

TBR(I) = THR(II+RINCA(THRN(I)=TBR(I))

G0 TO 2

IE (CPOR(I).LE. 0.)G0O IO 33

F = 0.12906 & ALOG10(1./CPORCI)) + 0.99316
Y = 106.46313 XALOG1OC(1./CPORCI)) + 4.2932
CRTF = ((CBT - Y) / F -32.) 7/ 1.8 + 273

IF ( ARS(CTOR(J) -~ CRTP) .LE. EPFS2 ) GO TO 6
J =] + 1

CTIR(I)=CTORCI-1)

CPIR(I)=CPOR(I-1)

IF (J .GT. NK ) GO TO 5

G0 TO 1

CTIRT = CTORCI)

CPIRT = CPORCD)

TSRT = TSRI)

TGRT = TGRID)

ALEVT=ALEV(I)

JT=1

ZT = 2¢(1)

JE = ]

G0 TO 10

AR, = Z(J~-1) -~ XSIKS

TGR¢(I) = TGR(OI-1) -5.% ZCD)

TGAR = (TGR¢(J) + TGRCI-1)) / 2.

QLK = WEk CPGICTGR(I),TGR(I-1))

CTIKRE = (CTIR(I) - 273.) % 1.8 + 33. ¢
CTORCI) = CTIRCI)+QGR/(6.% CMA CPCL(CTIRCI)))
CTEK = (CTORCI)+ CTIRCI)) / 2.

VC VCC(CTRR)




TSR(J) = CTER+QGR/ (6.4 DIRS & TLR & 4.k ATAN(1l.) &

& | HI ¢ VC,CTER,DIR ))
TEG=(TGAR-273.)41.8+32.

EF = -9.72222E-5A(TEG-2000.)+.458

S UM = 0. .

C(1) = 0.

7 I = 2,4

CCI) = C{I~1) + WR / 6.

SUM = SUM + SECES(C(IN

CONT INUE

FAY = EF & SUM / 15.

RAll= SIGMAA(TEAx4. ~TSR(IDAA4.) % FAY
TRRN(I)=2. ATSK(JI) ~TGR(I-1)+(QGK/(3.4ATKS)~KAD) /
% HO(TGAR,TSR(J) ,GGR, DOK, AWR, ATER)
FLAME(JI)=KADAATKS

ALEV(J1)=ALEV(J-1)+ELAME(J)

IF ( ABS(TGRN{(J) - TBR(I)) .LE. EPSKS ) GO TO 9
TER(I) = TBR(I)+EINCACTGRN(I)~THR(I))

GO TO 4
IR =
TGR{J+1)
RETURN
ENIS

]

IGRCI)

58888 FFFFF FFFEF 58886

5 F F G
55558 FEF FEE 58556
S5855 F F SS558
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FUNCTION SEEFS(S)

FINDS THE SHAFE FACTOR BETWEEN FLAME & TUEES ON THE WALLS

INPUT:C=WR/2,E=RR,EL,A=HRS/NK

COMMON /AT2/HKS,RR,WR,FL,NK

C = WR/2.

B= RE

A=HRS/NK

T =C & C / (4.4ATANCL.) % B & FL)

Al = 5 4 A

A2 = FL - 'S % A

A3 = (8 - 1.) & A

A4 = FL - (8 - 1.) % &

AS = ( C A C + (8 & A)k (S & A)) k. 0.5

AG = ( C & C + (FL - 8 & A) % (FL = § % A)) %4 0.5



QOO0

Lop)

[3p 20 o IS uw

AY RO A 00 A0 RO RO RS

((AS 4xk2.+ B & B) & (AB A% 2.+ B % E))))))

(S5-1.2 & A)) K&

Al
A4
Al
A4

AS

Ag

S 3 Ok D 3 O

ATANCAL/DC)
ATANC(A4/C)
ATANCAL/ID
ATANCA4/TD)
ATANCR/AS)
ATANC(R/AB)

A A7) Ak 2.) %
((AG Ak 2.+ B & B) %k (A7 k% 2.+ R

A7 = C C & C + ((8-1.) k% A) 4 ((S-1.) % A)) 4%k 0.5
AB = ( C &4 C + (FL - (5-1.) % A) & (FL -
b= ((B & B)Y + (C % C)) %% 0.5
E = ((B % B)Y + (C & C)) %% 0.5/ (C % C)
SEFES = T & ( 1./ C % ¢ A2 %X ATANCAZ/C) -
A3 & ATAN(A3/C) -
- E & ¢ A2 & ATAN(AZ/D)Y ~
A3 * ATANC(A3/I) -
- B /7 (CAC) & (AG *x ATAN(RB/AL) -
A7 & ATAN(R/47) -
+ 0.3 k (ALOGC((AY A AB / (AG
RETUKN
END

56888 FFFEF (CCCCC FFFFF  6858%

S E C E S
568588 FEF C EEFE 868858
86685 F gccece  F 855886

FUNCTION SFECES (L)

FINDS SHAFE FACTOK BETWEEN FLAME & TUBES ON THE CEILING

0.5

L s i .

x B)/

INPUT: A=HRS,B=BR,FL,C=HORIZONTAL DISTANCE ETW. FLAME & STAGE

RO @0

COMMON /AIZ2/HRS,BR,WR,FL,NK

A = HRS

E = ER

HOR=.7188

T = Ckx DOR/ (FLA4.% ATAN(1.))

= (A ~FL) k& 2.

U= 1./ (2. % R

E = (D + C & C) %% 0.3

E = (A %5 A+ C % C) Ak 0.3

SFECFS = T & ( U & ALOG((A #

(CA k& A

ATANC(E / F

RETURN

ENI

A+ R & B+ C AC ) A (Db+C & C) /
+ C AC )Y X (D +C &5C+ B % RE))) ~
) / F + ATAN(E / E) / ED

|
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C __________________________________________________________________
C

C

C

SUBROUTINE RTWOFH

o0

C FINDS THE TEMPERATURE DISTRIRUTION IN THE RADIATION SECTION WHERE

C THE CHARGE EFLOWS IN TWO PHASE ,LIQUID AND GAS

C .

¢ INPUT :

C

€ OUTPUT:CTIR¢JI),CTOR(I),CPIR(I),CPOR(I),TSR(I),TGRCI),TER(I-1)

C
DIMENSION Z(25),TBRN(25),TH(25),X(25),ALEV(25),ELAME(25)

C » .

COMMON /A01/ RO1,W1,TEC,CET

COMMON /RO1/ WG,WGM,AER

COMMON /BO2/ CON,HON,SON,ON,INN

COMMON /AD2/ CN,GC

COMMON /EO/ TE

COMMON /GI/ DIR,ATK,ALRB,TLK,DOK

COMMON /602/ CTIR(25),CTOR(25),CPIR(25),CPOR(25),TSK(25),TBRR(2S)

COMMON /A03/ CSG . |

COMMON /AI2/HRS,ER,WK,FL,NK

COMMON /FILl/ PL :

COMMON /GOL/ GGR,AWR,ATER,THR1,DIKS,ATKS

COMMON /G03/ CTIRT,CPIRT,TGRT,JT,ZT,CETP,TSRT,ALEVT

COMMON /GD4/ XSIRS,EPSKRS,EFS2

COMMON /AI3/ DI,CK,CAPI,CE

COMMON /G0S/ CTIRC,CPIRC,2ZC,TGRC,XC,TSKC,ALEVC

COMMON /G087 XJC(25),HVC

COMMON /GH/ HITP

COMMON /GT6/ QT

SGC =ROCL(CTIRT)/62.37364867
APIC=(141.5/56GC)-131.5

CERTFE = (CBTF - 273.) 4 1.8 + 33..
CKC ={((CBITPF+460.)A%x(1./3.3)/8GC
CHW =ABRS(CHMWFE(APIC,CKC))

CMWI =ARS(CMWPE(CAPI,CK))

HVC1 = HVPE (CMWI,CET)
, HVC2 = HUPE . (CMW,CTIKRT)
HUC =60.21
J = JT + 1
Z¢(J-1) = ZT : P
CTIR ¢JI) = CTIRT ,
TSK (J-1) = TSKT

TGk (J-1) = TGRT




C

X(I-1)Y=0.
XJIC(I-1) =0.
ALEV(J~1)=ALEVT

CALCULATION OF TEMPERATUKE & FRESSURE

1 Z(H = Z(J-1) - XSIKS
THR(I) = THR(I-1) - Z(I) ;
2 TGAK = (TBR(I) + TGR(I-1)) / 2.
QGR = Wik CPGICIGRCI),TBR(I-1))
TYPE %, QGK’,QGKR
CTIRF = (CTIR(I) - 273.) % 1.8 + 32.
HIC = (CTIR(I)-298.)A(CPCB(CTIR(II A XIC(I-1) +
% CPCL(CTIR(IIIA (1.-XJC(I-1))M)

PRy
L=

6

b4
%

X{I)={ QBR/C2.ACM)I/HVC

XJC(JI)=XJC(I-1) +X(TI)

XXJI=XJC{.I)

CTORCI)= CTIR(I) +(( QGR 7 (2.4 CM) - X{(J) % HVC) /
((L.~XJCCI)ACPCLCCTIRCIY)

+XIJCCIYACPCG(CTIRCIN ) )

CTEER = (CTORCI)+ CTIRCI)) / 2. .

VCL = YCC(CTRK)

TSRI1=TSR(I-1)

CALL TPHTC(CTRK,CHMW,XxXJ,TSKI1,HVC,CM,GC,CPIRT)

TSR(JI) = CTEBR +QGR/(2.ADIRKS ATLR A 4.% ATAN(1.) % HITF)

TER=(TGHAR-273.)41.8+32.

EF = -9,722232E-54(TFG~2000.)+.4058
SEESR = SFFS (1)
FAY = EEF & SFESR

SIGMA=5.6696E-843600./4186.8

RAD= SIGMAX(TFAXx4. ~TSR(I)Ak4.) & FAY

TGRN(I)=2.4ATI8R(I)-TGR(JI-1)+(QGR/ATRS-KAD) /
HO(TGAR,TSR(J),GGR, 0K, AWK ,ATER)

ELAME(JI)=KRAIAATRS

ALEV(1)=ALEV(J-1)+FLANME(I)

BINC=.01

IF ( ABS(TGRN(JI)-TGR(J)) .LE. EPSRS ) GO TO 3

TGR(JI) = TGRCOIV+BRINCACTGBRNCI)~TGR(I))

GO TO 2

J = I+

IF (3 .GT. NR) GO TO 6

CTIRCII=CTORCI-1)

a0 T0 1

ZC = Z(J-1)

CTIRC CTIRCI-1)

TSRC TSROI-1)

TGRC TGRCI~1)

XC = XJCCI-1)

ALEVC=ALEV(JI-1)

LI

RETURN o +
END
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FUNCTION CMWPECAFI,CK)
FINDS THE MOLECULAK WEIGHT OF PETROLEUM FRACTIONS
INPUT:CAFI,CK
A
E = 0.20814 + 1.E-5 & API 4(-2391.69992 + 150.66076 % API -

3 4.37442 & API & AFPI + 0.05865 A API A% 3. - 2.9E-4
& X API xk 4.)

i

CHWPF = B & EXF(A % CK)

RETURN
ENIt
H H Vv V  PPPPP FEFFFF
H H Vv vy P P F
" HHHHH vy PFPPP FFF
H H v P ' F

FUNCTION HVUFE(CHMW,TR)

FINDS THE LATENT HEAT OF VAPORIZATION OF PETROLEUM FRACTIONS AT
BOILING TEMFERATURE (KCAL/KG)
INFUT:CMW, TH
HVPE = ( TB % (8.75 + 4.571 4% ALOGLIO(TR))/CMW)
RETURN
END
cccec PPPPP CCCCC  GGGGG-
C. P F C (i :
c PEFPP C G 660G
cccce  F CCCEC GRGLG

33.14991 & COSC API/Z120 ) + 0.00107 & API % API - 32.37044

5IV]
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FUNCTION CPCG(T)

FINDS THE GGAS PHASE SFECIFIC HEAT OF PETROLEUM EFRACTIONS

(BTU/LB-F=KCAL/KG-K) |

INFUT: SG,K

COMMON /A03/ CSG
COMMON /AI3/ DI,CK,CAPI,CE

TF = (T - 273.) & 1.8 + 32.
CPCG = (4.0 —- CSG ) & ( TE + 670.) % (0.12 % CK - 0.41) / 6450.
RETURN
END
ITITT PPPPP H H TTITT CCCCO

T F | S H T G :

T PEPFP  HHHHH T C

T P H H T coececo

SURKOUT INE TPHTIC(CTEK,CMW,XJC,TSKJ1,HVC,CH,GC,CPIRT)
FINDS TWO PHASE HEAT TKANSFER COEFFICIENT FOR THE TURE SIDE
(KCAL/HR-K-MA42)
INPUT:CFIKT,CTEK,CMW,X(J),CH,IRS,VYCL,DIR, TSR(I) ,HVC,&C
COMMON /A01/ KO1,W1,TFC,CET

COMMON /GI/ DIK,ATR,ALKE,TLK,DOK
COMMON /GH/ HITP

CALCULATION OF VOIDI! FRACTION ALEA
ALFA=1./(¢1 . +((1.~XJC)/XICIA(ROCG(CPIRT,CTRR)ACHUAQ.062428/
% ‘ ROCLCCTER)))
CALCULATION OF THE FPROFERTIES
DIKRS=DIRA.3048 / ‘
ROG = ROCG(CPIRY,CTRR)ACMUY
ROL = ROCL(CTRR)
VUCL = VCC(CTER)
VCG = 3.3E-3




0RO ROL-ROGA.062428

STC = 9.

CPL = CPCLC(CTREK)

CPG = CPCG(CTERER)

ICCL= TCL(CTER) :
TCCG= ABS(TCG(CTER,CMW))
ROA = 1.2¢

ROW = .997462.37364867
VChA = .018

UCW = 1.142.4223

STW = 73.6

C
C CALCULATION OF SUPERFICIAL VELOCITIES (M/%)
C
VELG=4 . A (CMAXIC)/(3600.AR0OGADIRSAIIRSA4.AATANCL.))
VELL=VELGA(1.-ALFA)/ALFA
C
(. DETERMINATION OF THE FLOW PATTERN
C
EX =((ROG/ROAYAA.333VA(((ROL/ROWIACSTW/STCIIA4.25)
b4 A((VCG/VCAYAA LD
EY = =((VYCL/VCWIAA.2)AC((ROL/ROW) A(STW/STC) YAk 25)
FVELL1=.1AFY
FVELL2=4.4FY
FVELGI=15.4AFX
FVELG2=FXA(.001+(VELL-.4)4.057457)
IF ( VELL .GT.EVELL1) GO TO 1
IF ( VELG .GT.FVELGl) GO TO 3
G0 TO 2
1 IF ( VELG .GT.FVELG2) GO TO 3
IF ( VELL .GT.FVELL2) GO0 TO 3
e : .
C THE TOF WALL OF THE TURE IS DRY

t-J

THETA=ALEFAX180./ (4. AATANC]1 . ))

AREA =((DIR/2.)Ak2.)A4.KATANCL.)

DHG . =2 .k (AREAAXIC/ (4. 4ATANCL L) ) ) AA..G

DHL . =2.A(AREAX(1.-XJC)/ (4. AATAN(L1.) ) D AX.D
REL =GCA(1.-XJC)ADHL/VCL '

PRL =VCLACPL/TCCL

HIL =0.07372618ATCCLA(PRLAX.OG)A(RELA%.83)/0HL
REG =GCAXJCADHG/ (VCGA2.42)

PRG =VCGA2.42ACPG/TCCH

HIG =0.11236788ATCCGA(PRGAA.4)A(REGAA.8)/DHG
RETP =(ROLAVELGA3600.ADHL/(.3048AALEFA))/VCL
IF ( RETP .GT.S5.ES) GO0 TI0 5

S =-.4669855+17.6252375A(RETPALX(-.26%))

50 TO 9
5 8 =0.075 |
9 DTSAT=TSRIL-CTER .
TSE =(TSKI1-273.)41.8+32.
FS  =1./(l0.Ak((((CBT-4.2952)/TSF)~0.99316)/
% (.12906 + (106.43313/TSE))))
CEFR  =1./(10.Ak((((CET-4.2952)/CTER)~0.99316)/

% (.12906 + (106.43313/CTER))))



DPSAT=(FS~ (BPR)klOl?S”.
HNUC =.00122%.895 984””27#(DTSAT**.E4)*S*(DPSAT** 75)

% A(CICCLAL.731)AA. 794K ((418B6.8BkCPL)YAX.45) 4 1
% ((ROLA16.018)A4.49)/(((8TC/1000.)4A%x.5)4% i
¥ ((VCLA4.14E-4)A%x.29)A(ROGAX.24)A((HVCA4186.8) :
% Ak.24)) ‘
HITF= THETAAHIG/(4.AATANC1.))+(HIL+HNUC)A(1l.~(THETA/ |
- (4. AATANCL DD )
GO TO 7
C
C TOP OF THE WALL IS WET.......CHEN CORRELATION
C
3 XITI=1. /((((1.—XJC)/XJC)** 9)A( (ROG/ROLA16.018) A%.5)
& AC(VCL/VCGAR.4223)044.1))
FCC=.862888+1.426638*XTTI+.074524kXTTI*k2.*
& L01193538AXTTIAAS.
REL =GCA(1.-XJC)ADIR/VCL
FPRL =VCLAXCPL/TCCL
HMAC =0.02344. BS*TCCLk(PRka 4)A(RELAX.B)AFCC/DIKR
RETP =RELA(FCCAX1.25)
IF ( RETP .GT.S5.ES) GO TO 15
S =-.4669855+17.6252375A(RETPAA(~.265))
G0 TI0 19
15 § =0.075
19 DTSAT=TSRJIL1-CTER
TSF =(IS5RJ1-273.)k1.8+32.
PSS =1./¢10.kA((((CRT-4.2952)/TSF)-0.99316)/
% (.12906 + (106.43313/T8F)»)))
CEPER =1./(10.Ak(({((CRT~-4.2952)/CTER)-0.99316)/
b3 (.12906 + (106.43313/CTERI)))
DFSAT=(PS~CEPR)AL101325.
HMIC =.001224.859845227A(DISATAA.24)ASA(DIIPSATAX.75)
% AC(TCCLAL.731)A%.79)A((4186.8ACPL)AX.48)4
% ((ROLA16.018)%%.49)/(((STC/1000.)4%.5)%
% ((VCLA4.14E-4)4%x.29)A(ROGAA.24)4((HVCX4186.8)
b4 Ak.24))
HITF =HMIC+HMAC
(M
7 RETURN
END
C
G
C
C __________________________________________________________________
C TITIT CCCCC GGRGG
G T C G
C T c G GGG
¥ T CCCCC GGGGAH
C ______________________________________________________ e e
0 A
G
C

EUNCTION TCG(T,CHW)
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EINDS THE GAS PHASE THERMAL CONDUCTIVITY OF PETROLEUM ERACTIONS

INPUT :CMW, TF

TE
A
% 6.E-3 ~1.E~9% CHWkAZ.
R
ICG

(IT-273.) 4 1.8 + 32.

it H

A k TF + R

RETURN
END

RRRREK 00000 CCCCC GGGEGE

K K O 0 C i
RKRKK O 0 C 6 GGG
K KR 00000 CCCCC GRAGH
FUNCT ION ROCG(F,T)
FINDS THE GAS FHASE DENSITY OF FETROLEUNM FRACTIONS
INPUT: F,T,K,TEC,CRT,R
COMMON /AOLl/ KOL,W1,TEC,CET
CALCULATION OF REDUCED PRESSURE
A = 0.37036E-5 % CKT # CET + 4.09629
K = EXP(-3E-5 % CET % CET - 20.13179)
FPC = E % TEC *k A
FR = F % 14.696/FFC

CALCULATION OF KEDUCEL TEMPERATURE

TE =(T-273.)41.8 + 32.
TRk =TF/TEC

CALCULATION OF COMPRESSIEBILITY FACTOR

IF ( PR .LE.2) GO TO 1
1.0 - (0.24 -~ 0.14 & TR ) % (8-FR)

1.0 - (0.73% TR 44 (-3.)-0.18)4 FK
CALCULATION OF DENSITY

2 ROCG = P / (Z &% 0.08203 4 T)

(BTU/HR-ET-}

0.0379QE~S & CHW + 0.00026 ACMW Xk (-0.31342) -

0011260 & CHW A% (-0.47367)-0.00574 ASIN(CMWAX.3)-0.01902
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RETURN

END

RKRKER CCCCC EEEEE I L T
R K C E I L T
RRRRE C EEE I L i
R EKk (CCCCC EEEEE I LLLLL I
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SUBROUTINE RCEILT

FINDS THE TEMPERATURE DISTRIBUTION IN THE RADIATION SECTION WHERE
THE CHARGE FLOWS IN TWO PHASE ,LIQUID AND (GAS, INSIDE THE CEILING TUBE

INFUT =
QUTPUT:CTIR(I),CTOR¢T),CPIRCI),CPORCT) ,ISRCT) ,TGR(I),TGR(I-1)
DIMENSION Z(25),TGRN(23),TG(25),C0(6)

COMMON /A01/ RO1,Wl,TEC,CBT

COMMON /RO1/ WG ,WGM,AER

COMMON /E02/ CON,HON,SON,ON,DNN

COMMON /7A02/ CH,GC

COMMON /EO/ TF

COMMON /GI/ DIR,ATR,ALRE,TLR,DOK

COMMON /G02/ CTIR(25),CTOR(25),CPIR(25),CPOR(25),TSR(25),TRR(25)
COMMON /A03/ CSG |

COMMON /AI2/HRS,BR,WR,EFL,NK

COMMON /EIl/ PL

COMMON /G0O1/ GGR,AWR,ATEK,TGRL,DIRS,ATRS
COMMON /G06/ IR

COMMON /G03/ CTIRT,CPIRT,TGRT,JT,ZT,CBTF,TSRT
COMMON /G047 XSIRS,EFSRS,EPS?2

COMMON /AI3/ DI,CK,CAPI,CE

COMMON /f305/ CTIRC,CPIRC,ZC,IGRC,XC,TSRC,ALEVC
COMMON /GOB/ XJC(25),HVUC

COMMON /GH/ HITE

COMMON /BT&/ QT

CMC=CM/3.

GCC=GC/3. . J
SGC =ROCL(CTIRT)/62.37364867 .
APIC=(141.5/8GC)-131.3 :

CKC =((CEBT+460.)A4x(1./3.))/SGC.

CMW = ABS(CMWFE(APIC,CKEC))

1



C

CBIPE = (CRIF - 273.) 4% 1.8 + 32,
CMWI = ARS(CMWFRE(CAFPI,CK))

HVUC1 = HYPF (CMWI,CRT)
HVC2 = HVUPFE (CMW, CIIRT)
HVC=60.21

CALCULATION OF TEMPERATURE & PRESSURE

2%

Z0 = ZC - XSBIKS

THRRO = TGRC -35.k Z0

TGAK = (TGKO + TGRC) / 2.

QGE = Wik CPGI(TGRO,TGRC)Y

CTIRE = (LTIKRC -~ 273. ) X 1.8 + 32.

HIC = (CTIRC-298.)A(CPCHBICTIRCII)A XC+CPCLC(CTIRC)IA(1.~XC)H>
X0 = ( QGR/ZC6.ACMC)) /7HVC

XCO=X0+XC

CTORC= CTIRC +(( QGR / (6.4 CHMC) - XD & HVC) /
({1.-XC)YACPCL(CTIRC)
+XCAkCFCG(CTIRL)Y) )
CTER = (CTORC+ CTIRC) / 2.
VCL =  YCC(CTER)
CALL TFHTC(CTER,CMW,XCO,TSKC,HVC,CHC,B3CC, CRPIRT)
TSR(25) = CTER +QGR/(6G.% DIRS ATLR & 4.4 ATAN(1l.) % HITE)
TSRCO=TSR(25)
TER=(TGAR-273.)41.8+32.
EF = -9.72222E~-54(TFG~2000.)+.458
SUM=0.
C(1)=0.
0o 7 I=2,4
C(I)=C(I-1)+WR/6.
SUM=8UM+SECES(C(I))
CONT INUE :
FAY = EF % SUM/15.
S IGMA=5.6696E-843600./4186.8
GGCR = WG 4 WGM A& 2.2046226 / (ERAWR-6.ADORAER)
RAD= SIGMAA(TFAx4. -TSRCOAXx4.) % FAY
TGRNC=2.4TSKCO-TGRC+(QGR/ (3.AATKS) ~KAD) /
MO(TGAK, TSRCO,GGR, 00K, AWK, ATER)
FLAMEJ=KADAATKS
ALEVO=ALEVC+FLANE]
XCO=0.
ALEVC=0. ,
IF ( ABS(TGRNC - TGKRO) .LE. EPSKS ) GO TO 3
EINC=.01
TGRO = TGRO+EINCACTGRNC-TGRO)
GO TO 2
TGR(25)=THERO
TSR(25)=TSRCO
CTIR(25)=CTIRC
CTOR(25)=CTORC .
XJC(25) =X0+XIC(24) '

RETURN
ENI
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EUNCTION PFKVAL{V,AFI)
FINDS THE K FACTOR OF PETROLEUM FRACTION

INFUT: V(AT 122 F IN CENTISTOKES) , APIL |
A -91.90768 % AFI + 9.14945 % AFI A& API - 0.39620 % API 44 3. +
% 0.00632 & API xx 4. + 347.36742 .

R 100.73420 % AFI -10.04215 A API % AFI + 0.43579 % API %% 3.-
& 0.00697 & AFI Ak 4. -369.64072

FPEKVAL = A & V 4% 0.010 + K

H

RETURN
ENII

EEEEE ] M M
H H S ’ T E A A MM MM
HHHHH 58558% T EEEEE AAAAA M M M
H H 58886 T EEEEE A A M M
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431
[47]
i
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3
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FUNCTION HSTEAM (T,¥)
INPUT: T , P
FINDS THE ENTHALFY OF STEAM ( KCAL/KG )

T - 273. ) & 1.8 + 32.

F A 14.696

0.00048 % PS + (0.46003

-0.35437 k PS + 1059.76347

( & % TSF + R ) 4 2.2046226 % 0.25216

TSE

FS

A

2
HSTEAM

oo i H

KETURN , .
END



AFPENDIX E ¢ DATA SET WHICH IS5 USED IN THE FROGRAM

S S S e s e e e e e e e N O NN N T T T N s S e

DATA OF THE FUKNACE PROGRAM

REFERENCE CONDITIONS: TEMPEKATURE = 298.0 K
PRESSURE = 1.0 ATM

DATA OF AIK: EXCESS AIR = 23.0 %
INLET TEMP. = 293.0 K

DATA OF FUEL OIL: ELOW KATE= 32.3 LI/MIN
. SULFUR MASS FRACTION = .0394
APT GRAVITY = 11.40
VISCOSITY AT 122F = 2330. CS
INLET TEMP. = 407. K

DATA OF STEAM: INLET TEMP. = 588.0 K
INLET FPRESS.= 37.42 ATM

[IATA OF FUEL GAS: ELOW RATE = 316.%9 MAA3/HE
’ INLET TEMF .= 293.0 K
INLET PRESS.= 3.355 ATHM

MOLE FRACTIONS OF H28 =.009
H2  =.460
N2 =.064
02 =.004
£02 =.003
CO =.012
£l =.193
€2 =.120

€3 =.102
IC4 =.016%5
NC4 =.0165



NATA OF

DATA OF

IATA OF

ATA OF

ELUE GAS:
TOTAL PREGSURE = 1.0 ATM
FLAME LENGTH = 06.562 FT.

AVERAGE LENGITH OF KADIANT REAM

CHARMGE: Ugp-K . =

INLET

11.68
TEMP. =
INLET PRESS. = 3.87
ART  GRAVITY = 20.40
FLOW RATE = 7000. MA43/D
INLET TUERE

VISCOSITY =
VISCOSITY =

a83.0 K
ATHM

7.3 €S

CONVECTION SECTION:
TUBRE LENGTH = 19.96 M
INSIDE DIAMETER = 0.33 FT
OUTSIDE DIAMETER = 0.55 FT
STAGGERING [DISTANCE = 1.0 FT
¥ OF ROWS = 6
# OF TUBRES 7/ ROW = 4
TOTAL AREA = 3268.96 FTAAQ
DIMENSIONS OF THE SECTION

RADIATION SECTION:
ODIMENSIONS OF THE SECTION

TURBE NUMRBER = 24
INSIDE DIAMETER =
OUTSIDE DIAMETER =
LENGIH = 19.96 M
TOTAL AREA = 126.8 FTAAZ

0.69 FT.
0.72 FT.

TEMP. AT THE QUTLET TO STQCK =

7

DIAMETER = 0.5321 FT.
AT TEMPERATURE
63.0 CS5 AT TEMPERATURE

WIDTH = ©
LENGTH =
HEIGHT =

WIDTH =
LENGTH
HEIGHT

25.0 K

14.8 FT.

11.4 FT.
70.8 FT
27.5 ET

i



YWWPENDIX F : _\NPIL UUIPHI NE‘THE FDMPWTHR FRL?R%H

JUTPUT OF THE FURNACE PROGRANM

CALCULATED INPUT VARIARLES OF CHARGE:

nassh FLOW = 1.388EY Kg/hr

MASS FLOW RATE = 1.251EGLEL/hr-fLtA42
SPECIEIC GRAVITY = L9323
CRITICAL TEMPERATURE = 1095 F
BOTLING TEMPERATURE aT 1 Atm = 838 r

(ESULTS OF MASS BALANCE:

Mass FLOW OF STEAN = 586.9 Rashr
MOLAR FLOW OF AIR = 1592 Kmole/hr
MOLAR FLOW OF FLUE GAS = 1720.5 Hpole/hr
MOLECULAR WEIGHT 0OF FLUE GAS = 28.6
MOLE ERACTION OF COMPONENTS OF FLUE GAS:
Ca2 = .1023
H20 = .126
502 = .002
02 = .036
N2 = ,733

ESULT OF ENERGY BALANCE @ ADIABATIC CLAME TEMFERATURE = 1995 K

'ESULTS OF CONVECTION SECTION =
' WALL AREA = 1642.4 FLA42Q
TOTAL EXCHANGE AREA = 8098.4 FLAALZ
FLUE GAS MASS FLOW RATE = 1190 Lb/hr-ftik2

TEMPERATURE (K) DISTRIBUTION

OF STAGE CHARGE TEMPERATURE CHARGE OQUTLET PRES.{ATM) FLUE GAS TEMPERATU

INLET OUTLET INLET  OUTLET

1 583 SRE.1 : 2.514 735, 750.8
2 588.1 587.5 3.1qq ' 750.8 781.7
3 987.5 JG90.6 2.796 781,.7 819.0
4 390.6 594.3 ' 2.435 819.0 864.3
o 594.3 S998.9 2.073 864.3 919.8
B

598, 9 604.7 1.708 919.8  988.5



RESULTS OF RADIATION SECTION
WALL AREA
TOTAL EXCHANGE AREA
ELUE GAS MASS FLOW RATE

1477 EtAA2
8327 EtAAR
134.5 Lb/hr-ftA2

U

TEMPERATURE(K) DISTRIEUTION

# OF STAGE CHARGE INLET  CHARGE OUILEi- TUBE SUREACE  ELUE GAS CHARGE OUTLET PRES VAPOR FRACTION
TENP TEWE TEHP TEHP

1 604.7 612.0 632.3 1860.5 1.6 0.000
2 612.0 618.7 637.7 1802.6 1.4 0.000
3 618.7 624.9 642.3 1747.4 1.3 0.000
4 624.9 630.7 646.7 1694.8 LT 0.000
5 630.7 £36.0 750.3 1644,7 1.0 0.000
6 636.0 641.0 654.7 1596.8 0.8 0.000
7 641.0 645.7 658.4 1551.2 0.7 0.000
8 643.7 650.0 661.8 1307.6 0.9 0.000
9 650.0 094.1 665.1 1465.8 0.4 0.000

10 634.1 634.1 669.2 : 1425.9 0.056

1 654.1 654.1 654.1 1387.5 ' 0.095

12 654.1 654.1 666.9 1350.5 0.139

13 654.1 654.1 1 66l 1315.0 0.180

14 654.1 654.1 665.3 1280.6 0.220

15 654.1 654.1 664.7 1247.5 0,257

16 654.1 654.1 664.1 1215.5 0.293

17 654.1 654.1 663.5 1184.6 0.328

18 654.1 654.1 663.0 1154.6 0.361

19 654.1 654.1 £62.5 1125.6 0.392

20 654.1 654.1 662.1 1097.4 ' 0.422

21 654.1 654.1 661.7 1070.08 0.451

2 654.1 654.1 661.4 1043.4 0.479

23 654.1 654.1 661.0 1017.6 0.506

24 654.1 6540 560.0 988.4 : 0.536
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