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S1: Protocol to find the bounds for U,,,,, and LMTD

[1] Compute the bounds of the enthalpy of the radiation section entrance:

hfy = hfiame + Cpgas(Tlel;B ~ Triame) (S1-1)
R = Rjme + Cp, (THE =T S1-2
b = Nflame T Pgas( fb flame) ( )

Here, R, and Ttiame are the enthalpy and temperature of the flame in the burner,

respectively. They are parameters because the excess air is fixed. In turn, Tfl{,B and Tfl{,B

are calculated during the proxy set trimming of the radiant section.

[2] Compute the bounds of the enthalpy of the stack entrance:
th = h}lf]l? - (1 - pLOSSConv)Qégnv Mgtﬁs (S1-3)
héB = h/l;llf - (1 - pLOSSConv)Q(I:"anv Mégs (81'4)

[3] Calculate the inlet stack temperature bounds:

TUB = (—"y B"‘g) +THE (S1-5)
s g1 fb

18 _ (MF-hg) | 1B
TLE — ( — )+ T4 (S1-6)

[4] Obtain the bounds on LMTD:

(15 -118)-(148 1)

LMTDYB = L6 UF (S1-7)

()

TyB—Ti
T -1Y8 ) (1VB -1,

Lurpis = (T CTU;_(T%SB d (S1-8)

ln( ;%B—Ti )

[5] Obtain the heat transfer coefficient inside the tubes using the Sieder-Tate
correlation
RHT = 0,023 —Le { Moi }0'8 pr)33 (S1-9)
¢t ' [diconv]l-g Npasses T Hoil otl



[6] Obtain the bounds on the j factor for a triangular layout:

-0.25
dc nv GLB)

Hgas

Cip = 0091(

0.25
dconv GUB)

#gas

Ciyg = 0.091 (
. de 105
Jie = C1,.5C3C5 (Tofnv)

_ dar \0S
Jus = C1,upCsCs (_dgonv)

(S1-10)

(S1-11)

(S1-12)

(S1-13)

[7] Obtain the convective heat transfer coefficient for the flue gas flow around the finned

surface:

HTLB _ : 7= -0.67
h =JLB Cpgas Grp Prygs

HT,UB _ . — -0.67
h =Jus Cpgas Gyp Pryas

[8] Calculate the bounds on fin efficiency:

1 1 —
=gt ngas

hig  heo
1 —
hyg  hp

Lo =1 ( ) [1+0351n (3]

mfip = (%)

HT UB + ngas

kfints
2hyp )
m = P
fus (kfin ty
f __tanh(mfplfe)
Mie mfyp lre
tanh(mfypg Lfe)
Nug=—17"-7>—

mfrgLfe

[9] Obtain the overall efficiency of the finned surface:
Aot—Aof Aof
ntLB ( Aot ) fLB (Aot)

ton = (%) + nfum (55;)

(S1-14)

(S1-15)

(S1-16)

(S1-17)

(S1-18)

(S1-19)

(S1-20)

(S1-21)

(S1-22)

(S1-23)

(S1-24)



[10] Obtain the upper and lower limit of Uconv:

1

d_o> _
. Aotln(di . 1 Rfgas

1 == Aot
) ) ), .
hHT md; 2mks  mepgh@l g LB

(S1-25)

Uc onv,LB =

1
do

1 +RFt (Aot) letln( di) ,
hIC.‘ILT max \md;)" 2mks

Uconv,up = — (S1-26)
1 Rfgas

ntyp hlgg,‘UB ntyp

S2: Lower Bound on friction losses in the stack
equation

[1] Compute the upper gas density (we use ideal gas law with molecular weight
corresponding to burning natural gas with fixed excess air):

P
p}]l? = —15 MWy (S2-1)

RTfy
[2] Compute the density of the gas at the convection section outlet:

P
psf = RTJB MWayg (52-2)

[3]Compute the mean density of the gas in the convection section:

P
P = g5 uey MWang (52-3)
s fb
(==7)
P
pal = 7ty MWavg (S52-4)

=

[4]Calculate the friction factor bounds:

deonv -0.3
Cy.5 = 0.075 + 1.85 (A—"B) (S2-5)

Ugas

d
fus = Co15CaCe (720) (52-6)

[5]Obtain the pressure drop across the finned horizontal tubes in the convection section:

1+32 1 1
aip = 4 P (W - psﬁ> (S2-7)

4 Nreony )



G2
Ap/éB = (fig + L) NTony ﬁ (52-8)

[6] Obtain the pressure drop across the shield tubes:

G?
Apshleld =02 2 l;ljl} (82'9)

[7] Obtain the pressure drop in the convection section:
Apconv Apéf?ield + AP}B (82'10)

[8] Compute the lower bound on the stack mass flux:

LB Mgés
Gstack = D2 (S2-11)
[9] Compute the pressure drop along the stack:

(GLB T_lg‘B+Ta
stack 2
H

ApkB . =2.76-107° - s (S2-12)
[10] Compute the minor losses associated with the flow along the stack:
G ac
Apipy = 3 ) (52-13)
[11] Obtain the friction losses:
[Z FLB]LB = ApCOTLU + Apéfack + Aprl;ﬁnor (82-14)

S3: Full Fired Heater Model

All geometry variables are fixed. They correspond to the candidates that survived
the Set Trimming procedure. The values of the variables needed to obtain the total cost

for a fixed geometry are obtained by solving the following system of equations:

Qraa(1 — percLosspaq) = a Agp F 6(TF, — Tut) + herApga(Tp, — Toy) (S3-1)



F =t logten (1 4 [Lms stz stra] )

aAcp

A R 2 Wrad Hraa+2 E} Wyrqq+Hrad) 5 (S3-1)
+Cr 4 exp(er) + Crsier — _1 Fone
cp
er = ConTpp + CoaPL + CoaPL? + Gy (83-2)

QRad(l - PeTCLOSSRad) = Motz(ﬁgil - Ebh,1(Tc)2 - Ebh,zTc - 55}1,3) (S3-3)

— 1

Qrad(l - perCLOSSRad) = . d;r)ad ln(dgad/dlmd) . dr‘;ad 1 dzad Arad (TW -
ngas+T+thmax<d{ad>+m<d{ad>
(7"0+Tc))

(P ) (S3-4)

Qrad (1—percLosspaq)
M, . =—— S3-5
gas cP91(T fiame=Tjb) ( )

Qcony(1—percLosscony)
T, =T —< — ) S3-6
S fb Mgas Cpgas ( )

Qconv(l - pecmossconv) = Qi — de(l - perciossconv) (S3-7)
Qconv(1 - peT'CLOSSme) = UconvAconvLMTD (S3‘8)

LMTD = [(Typ = To) = (Ts = T/ {(Tyo = T/ (T = T} (S3-9)

1

Uconv = - (S3-10)
onv ;+Rf’t_\ ><&)+A°“ng%)+ 1 +Rﬁ7zs
thT max \rd; 2wk It hlcfg" nt
Ko {_ 4Mon )" 5033
hgiT = 0023 dif'18 {Npasses;ﬁoil} pr= (83-11)
hés =J CPgas G Prgay® (S3-12)
G = = (S3-13)
As
__ (Aot—-Aof Aof )
ne= () +f (5) (S3-14)
_ tanh(mf lfe) )
W=, (83-15)
2h!
mf = <7{ﬂn tf) (S3-16)
_ o 4 _
lre = Iy (1 + uf) [1 +0.35In (d)] (S3-17)



1 1 A
7 = mr t Rfgas
Co

j= 06t (2

-0.25
C, = 0.091Re~%25 = 0.091 (d°G)

~

Ugas

C3 = 0.35 + 0.65exp [— )]

dgonv,v
40 nv,h

Cs=07+[07-08 e-°-15<'Wcmw>2]e_< ¢

1
S_N_f_tf

(S3-18)

(S3-19)

(S3-20)

(S3-21)

(S3-22)

($3-23)



S4: Smart Enumeration Flowchart

Arrange all candidates according to an
ascending order of their objective

functions’ lower bounds

\ 4

Calculate the total cost of the first
lower bound candidate using its
geometry

If the solution is feasible,
this is the Incumbent
Upper Bound (IUB)

No

Is the value of the
LB of the next candidate
smaller than the IUB?

Calculate the total cost of this
next lower bound candidate
from its geometry

Is the solution
feasible and higher than
the IUB?

Yes

No

Update the IUB

Global
Optimum




SS: Proof of the Uniqueness of the Solution of the Full
Model

Physical considerations:

The system of nonlinear equations for the evaluation of a design candidate with a given
geometry corresponds to the identification of the fuel flow rate that provides the desired
heat load for heating the oil from the inlet temperature to the outlet temperature.

An increase of the fuel flow rate always yields an increase of the heat load,
because it implies in higher flue gas temperature and flow rate, i.e. higher heat transfer
driving force and heat transfer coefficient.

Then, considering that the variation of the heat load with fuel flow rate is always
positive, as explained above (a monotonic behavior), there is only one value of fuel flow
rate that attains the desired heat load (lower values of fuel flow rate would imply in lower
heat loads than the desired value and higher values of fuel flow rates would imply higher
heat loads than the desired value). This behavior can be illustrated by the existent control
loops in fired heaters, where the outlet temperature of the oil stream is controlled by a
valve that manipulates the fuel flow rate.

Mathematical proof by contradiction:

Consider two different solutions (A and B). Consider the temperature of the oil
entering the radiation section (7).

Assume T, 4 > T p. Because the r.h.s of equation (30) in the main article is
monotone decreasing, we have Q,q54 < Qrgap-

In addition, from of equation (32) in the main article, we get

Qraa(1 — pL0SSyqq) = a Agy F 6(T7, — Tit) + herAvga(Tpp — To) (S5-
24)
F =épiIn(e,) + (6ra + Crze, )Q + pgexple,) + Cpsle, Q5+ 6pg
(S5-25)
er = ConTrp +¥ (S5-26)
where

Q= 2Wrad Hrad"'f E| Wyad+Hrad) -1 (85-27)

QAcp
l.IJ = 66,2PL + ée,3PL2 + 66,4 (85-28)

Replacing, we get

Qraa(1 = PLOSSraa) = & Acp {Epa (e s Try + W) + (G2 + CrallenTro + W) +
era exp(ConTrp +¥) + Crs{[ConTry + W] O} + trg} 6(T7, — Tid) +
herApga(Try — Ty)  (S5-29)



From of equation (30) and (32) in the main article

Mo ~oi — — (To+Te)
Ty = —Umd,::;md (hg” — €0y 1(T,)? — COp T, — TOy, 3) + (—" . ) 0, — 0,(T,)?* —
05T, (S5-30)
where
0, = —%L_(hoil —p, ;) + 2 (S5-31)
1 Urad,lv Arad 0 h.3 2
0, = %Eﬁm (S5-32)
— 1‘710iz. =~ _1 )
0; = Uradw Arad “Onz 2 (85-33)
Substituting

Qrad(l - pmsrad) =a ACp {61:"1 ln(ée,leb + l.IJ) + (61:',2 + éF,3 [ée’leb + lp])ﬂ +

éFA- exp(é\e,leb + l.IJ) + CAF 5{[66 1be + l.IJ] Q}l.s + 61:' 6} A(T;b - [@1 - ez(TC)Z -
03T.]*) + herApga(Typ — 0,(T,)? — 05T.])  (S5-34)

aAcp
61:"4 eXp(CAe'leb + IP) + éF'S{[ée,leb + ‘P] Q}l.s + éF,G} (Tf4b — [@1 — GZ(TC)Z —
05T.]*) + % (8T + 20,T, 8T, + 0;38T,)  (S5-35)

8Qraq SEEred) — o In(CerTyp + W) + (Grp + Erpa[ConTp + W)+

8Qraa “Zif’—“‘” 8 {epaIn(CerTyy +¥) + (Grz + CralCeaTys + PO+

éF,4 eXp(CAe'leb + IIJ) + 6F,5{[6€,1be + llj] Q}lls + 6F,6} (T;Lb - [(':')1 - GZ(TC)Z -
05T]*) + {Cra In(Cen Ty + W) + (€r2 + CralCenTrp + W] + g exp(ée,a Ty +
lp) + éF,S{[ée,leb + lp] Q}ls + 6F,6} (4Tf3b5be + 4’ [@1 - GZ(TC)Z -

h/ETATad

T.13)(20,T, 8T, + 056T,) + — (8Trp + 20,T, 8T, + ©38T,)  (S5-36)
po

6Qraa (-pLossrad) _ 1 Ce10Trp + Cp3Ce1Q8Tsp + Cpy 68,1exp(be +
a Ay (CeaTrp+¥)

W) 8Tpp, + 1.5 8rse, [ Trp + V] Q}°'55be} (TH, — [0; — 0,(T.)? — ©5T,]*) +
{épll In(Ce Ty + W) + (Erz + Crs[CerTrp + P])Q + ép 4 exp(Ee1 Tpp + ¥) +
érsi[CenTrn + W] Q)" + 6F_6} (4T3,6Tfp + 4 [01 — 0,(T,)? — 05T, ]%)(20,T, 6T, +

h/ET'ATad

036T.) + — - (8Tsp + 20,T, 8T, + 056T,)  (S5-37)

(1- pLOSSrad) Cra A N ~ ~
6Qraa o (ConT o +®) Ceq +Cr3CenQ + Cpy Ce,1eXp(be +¥) +

1.5 8¢, ([T + V] a}” } (TA, — [01 — 0,(T.)? — 05T, ]*)6Tyy + {ép,l In(8,1Tsp +
W) + (6py + Crz|CerTrp + P+ ér g exp(CerTrp + W) + Ers{[CenTrp +

10



w] a}" +cF6} (4T3, 8Ty, + 4 [0; — ©,(T.)2 — ©3T.]*)(20,T, 6T, + ©36T,) +

hcrAyg
aAmd (8Tsp + 20,T, 8T, + ©38T,)  (S5-38)
8Qraq S = £ 6Ty, + AT, (55-39)

a AcpG
where

¢
Al {mce 1 + CF 3Ce 1Q + CF4- Ce 1exp(be + l.IJ) + 1. 5¢ CF 56, 1{[be +

I{J] ‘Q} } (be - [61 - GZ(T(:)Z - ®3Tc]4) +{6F,1 ln(CAe,leb + l{-’) + (ép,z +
CraCenTrn + W)+ Gy exp(ConTpy +¥) + Cosf{[CoaTys + W] Q) + 26} 4TF, +
£ Araa (S5-40)

(XACpa-

A, = {ém In(Ce 1 Trp + W) + (Grz + Cr3[CerTrp + P])Q + ép 4 exp(Ee1 Tpp + ¥) +
Crs{[CenTro + 9] O} + Er} (401 — 05(T0)? — O:T13)(20,T, +03) +

h”:‘md (20,T. + 05) (S5-41)
cpo
Or
_ (1-pLoSSraq) A

We conclude that Ty, 4 < Tfp, g, which is also intuitive. We now continue with
equation (35) from the main article, which renders

(1-pLoSsyaq)
Qconv,A - Qconv,B = (Qrad,B - Qrad,A) # (85'43)

(1-pLosscony)
Then Qconv,A > Qconv,B-

We turn our attention to G.,y,,,- Using (39) and (44) from the main article, using
the inequalities obtained for Q;.q4 and Tfp, we get

Qrad,A(1-pLOSSyqq) Qrad,B(l—pfo\SSrad) Qrad,B(1-DLOSSrqq)
As C/‘E{qas(’fﬂame_be,A) Ag @gas(’f'flame_be,A) Ag C/‘?’gas(Tflame_be,B)
Gconv,B (85'44)

Gconv,A -

Thena Gconv,A < Gconv,B-

We now look into equation (41) in the main article, we have

1

UConv =——71 (85'45)
®+—nth£’0T
where
Aotln( %) =
_ Aot d; Rfgas
0= (hgf +R ftmax) <n d;ad) $ oy T (S5-46)

11



In turn equations (43), (54) and (55) from the main article, give

his =Y Gy (S5-47)
where
—-0.25 0.5
_ ngnU df o —_— .
Y = 0.091 ( — ) C5Cs (d—n) CPgas PTacl® (S5-48)

Thus, hdy 4 < h@l 5, and using equation (22) from the main article, we get

UConv,A < UConv,B

Now, we concentrate on equation (40) from the main article, to write
Ts — be _ Qconv(1—PLOSScony) (85-49)

GCOTLUAS

Then, because, be,A < be,B: Qconv,A > Qconv,B and Gconv,A < Gconv,B

Qconv,A'(l_pLossconv) Qconv,A'(l_pLossconv)

T., =T, — <T. — <T, —
sa= lfpa AzGooman b8 ywI— tb.B
Q B,(1-pLoss ) Q g, (1—pLoss, )
conv, conv) - be 5 — conv, conv) _ - (85-50)
AsGeonv,A ! AsGconv,B !

Then, T 4 < Tsp . In addition, as previously discussed, Tfp 4 < Tfp 5 and
T, 4 > T,p. From the following diagram,

we conclude that LMTD, < LMTDjp.

Now, returning to equation (36) in the main article, we have

Qconv,A(1 - pLOSSconv) = Uconv,AAconvLMTDA < Uconv,BAconvLMTDB = Qconv,B(l -

pLosscom,) (S5-51)

Thus, Qconv,a < Qconv,p-> contradicts the result obtained from (S5-20). Therefore, both
solutions cannot have different temperature of the oil entering the radiation section (T,). for the
same objective function. In addition, one can also argue by looking into the equations that if T,
is the same for both solutions, then all the other variables are also the same.

Thus, we conclude that the solution is unique.

12



S6: MINLM with discrete variables

For the MINLM model with discrete variables, the following design variables

are needed to be expressed using binary variables : yL;, ydo;, yHs;, yDs;,

yr ;clzd,y convh andy convv'
e Tube length :
1=YyL; (S6-2)

e Tube outside diameter and wall thickness:
do = X doiydo; ,tg = X tg,ydo; (S6-3)
1 =) ydo; (S6-4)
e Stack height:
Hs = Y HyyHs; (S6-5)
1 =Y yHs; (S56-6)
e Stack diameter and wall thickness:
Ds =Y, Ds;yDs; ,ts = Xt yDs; (S6-7)
1= yDs; (56-8)

e Pitch ratio:

rad =¥ rad rad (S6-9)
ronwh = y rpc?n\v.h yrpc,cl?nvfh (S6-10)
convv Z convv pccl)nv,v (S6-11)
| = 3y (S6-12)

13



1= S yrcomh (S6-13)

1= 3 yreome (S6-14)

To build this model, the equations of the continuous model (S3) are used. In
addition, the following equations are also added:

Geometry equations.

d;=d, —2t, (S6-15)

dred = d, ryad (S6-17)

dgonv,h — do rpconv,h (S6-18)

ngnU,U — do T_pCOnV,U (S6-19)

Ntshield = Ntf(?;szasses (S6'20)

Nt:fﬁiewau = Ntf;;szasses - Ntﬁgfil (S6'21)
dgonv,h

_ pass h
VVconv - (Ntconv Npasses - 1)dgonv +

— + d + 2 AWy (S6-22)

Wyaq = 2| (2252) 2o + d, + AWy | + Woons (56-23)
Ntsidewall

Hygy = (%) A +d, + 2 AH, 44 (S6-24)

Heony = (NTeony + 1) dE™ + 22450 4 A, (S6-25)

H = Hyqq + Heony + H (S6-26)

E=L—F (S6-27)

14



1< Hypq/Wyaq < 1.5

1.8 < L/W,gq <3

Nt qq = NtPESN

rad ‘‘'passes + Ntshield

_ pass
Ntcony = NtconvaassesNrconv

(LXWyragXHrad)
(mdoENtTad)

3.5< <45

d d o
dred> qrad 4 &

dgonv,hZ 2 lf + d(c)onv

2

conv,vyo agonvh conv
(d, )%+ > >2 1 +dg

DS < I/l'/COTlV

Lot = Ef(NEME (N1on, + 1) + Ntfht + NegG )

A,qq = Nt"E, nid,

_ pass
As - El {VVconv - Ntconvaasses

A5 + Ny (dy — dgmyy |

Equations of oil velocity, pressure drop and mass flux of gas.

tube _ 7
Foil - MOil/Npasses

15

(S6-28)

(S6-29)

(S6-30)

(S6-31)

(S6-32)

(S6-33)

(S6-34)

(S6-35)

(S6-36)

(S6-37)

(S6-38)

(S6-39)

(S6-40)



tube,rad Moy tube
| /Atrandd = < yh
oil ~ 2 —= YoillMAX
Npassespoil[”(dirad) /4]

tube,conv Moil tube
| VAtrand = < ph
oil ~ 2 —= Yoil,MAX
Npassespoil[”(diconv) /4']

Rerad — 4Moj1
t - drady ~
i passesT Hoil
Reconv — 4Moj
t

- jconv o~
d; NpassesT Hoil

fraq = 5.5 % 1073 l1+(2><104( r )+ 10°

rad rad
d; Re;

7

feony = 5.5 X 1073 [1 + (2 x 10* (d—n) +-

et

s tube;rad)?
APtube,rad — f Loi1 poil(VOZ'; era )
(

oil drad) 2
13
~ tube,conv 2
A ptubeconv _ f Loil poil(Voil )
oil - (diconv 2

tube,rad tube,conv tube
APoil + APoil =< APoil,Max

M __ Qrga(1—percLossrad)
gas — = __ [~ -
Cpgl(Tflame_be)

G _ Mgas
conv Ag

0.3 < Gonp < 0.4

Stack equations

P
pfb - E MWavg

16

10°
conv

|

(S6-41)

(S6-42)

(S6-43)

(S6-44)

(S6-45)

(S6-46)

(S6-47)

(S6-48)

(S6-49)

(S6-50)

(S6-51)

(S6-52)

(S6-53)



P

Pm = m *MWayg (S6-54)

g|—

P
Pstack = I Tstack ) MWavg (S6-55)

d, G -03
C, = 0.075 + 1.85Re 3 = 0.075 + 1.85 (ﬁ—") (S6-56)
gas
dconv,h
C, = 0.11 (0.05 — )m (S6-57)
0
o 102

m=—0.7 (S) (S6-58)

dCOTLU.U

conv,v
—2(5(;7) —0-6<EOT>
Co =111+ [18— 21701V e "\ — [0.7 — 0.8e701N/"| e~ \E™"

(S6-59)
d
f = C,C4C (d—z) (S6-60)
_ _4s
ﬁ B Weonw Ey (S6'61)
_ 1 m(i_i) (S6-62)
4 NTcony Pfb Ps
Apr = (f + A)N1zony ij’"” (S6-63)
Asshieta = Ei {Wconv - Ntfgrszpasses dcc)mw} (56-64)
M as
Gshieta = As,siield (S6-65)
(onieta)
Dpghiera = 0-2°"-— (S6-66)
Prp

17



APconv = APshiera + Apf (S6-67)

M as
Gotack = < prs ) (S6-68)
T4
(6stact) ™
ADstack = 2.76 10‘5( e Stac") H, (S6-69)
2
(Gstack)
Ap... =73 6-70
Pminor 2Detack (S6-70)
LF = APconv + ADstack + APminor (S6-71)
~ P
Pgo = —— MWy, (S6-72)
9 Tflame
g(pa - pgas,avg)H = (1 + 8)(@b +XF ) (S6-73)

S7. Nomenclature
In this work, all parameters show with

A

on top. The rest are variables.

a : gas absorptivity

5 H1» 5 H2 : coefficient for the clearances at the end of the height

SW,l' Sw,z : coefficient for the clearances at the end of the ceiling

Coi : coefficients for calculating the gas absorptivity (i=1~3)

Cri : coefficients for calculating the exchange factor (i=1~6)

Co i : coefficients for calculating the emissivity (i=1~4)

Cpri : coefficients for calculating the PL factor with the fixed excess air (i=1~4)
Cop,; : coefficients for the enthalpy as a function of temperature (i=1~3)
Acp : area of cold planes

Aconv : convection heat transfer area

Aﬁ{;ield : area of cold planes for Shield

Axt : area of cold planes for wall

AL 4 : tube radiation area

A : flow area in the central place of a tube row

18



Ab : exposed area of the root tube

Aof : area of the fins

Aot : heat transfer area per unit length of the finned tubes

Ceost : unitary cost of convection section

cpgi : heat capacity

Ceost : cost of the convection coil

CRF : capital recovery cost

d; : tube inside diameter

ds : fin diameter

dsenvh : horizontal distance between finned tube centers in the convection section
dagem’ : vertical distance between finned tube centers in the convection section
dred : distance between tube centers in the radiant section

d, : tube outside diameter

d, : distance between rows in the convection section

Dy : stack diameter

e, : emissivity

Ei : tube exposed length

EXqur : percent excess air

f : Dracy friction factor

Su : correction factor

F : friction loss

Flube : flowrate of oil in each tube

Flux : flux

FB_.ost : cost of the firebox

G : gas mass velocity at cross-section length

Gstack : mass flux of the flue gas in the stack

AH : clearance at the end of the height

H : total height

H.onw : height of convection section

Hy 4 : height of radiant section

H; : height of stack section

AHony : vertical clearance at the end of the ceiling in the convection section
AH,qq : vertical clearance at the end of the ceiling in the radiation section
het : inner side heat transfer coefficient

h]‘cg; s : enthalpy of gas

ﬁ]:qufm : enthalpy of flame

h?% : enthalpy of the gas leaving the convection section

h : enthalpy of stack

hAT : convective heat transfer coefficient inside the tube

hAT : convective heat transfer coefficient outside the tube

hot : enthalpy of the oil at the desired outlet temperature

j : factor for triangular layout of tubes in the convection section
k, : unexposed length of the tube

lzﬂn : Thermal conductivity of the fin

kg : Thermal conductivity of the pipe wall

k, : Thermal conductivity of the tube material

ki : Thermal conductivity of oil

L : length
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Ly : fin height

Loi : length of oil tube

LMTD : logarithm means temperature difference from flue gas to fluid
M,; : oil mass flowrate

Mgqs : gas mass flowrate

M0 : flowrate of fuel

Ntpass : number of total passes

Ny : number of fins per meter

Neeed : number of ceiling tubes

Ntshicla : number of shield tubes

Nt qa : number of tubes in the radiation section

Nt onv : number of tubes in the convection section

Npasses : number of passes

N tff;s : number of tubes per pass in the ceiling and wall side
NtE> : number of tubes per pass in the convection section
N7ony : number of rows of tubes in the convection section
nf : fin efficiency

nt : overall efficiency of the finned surface

Ocost : unitary cost of fuel

Ocost : Operating cost

oT : plant operating time

pL0SS, 44 : percentage lost through the walls of the furnace
PLOSScomy : percentage lost through the convection section
APLiibe : pressure drop in the tube

AP, : pressure drop across the burner

APconw : pressure drop in the convection section

Aps : pressure drop across the finned horizontal tubes
ADminor : minor loss of pressure

APraa : pressure drop in the radiant section

ADshield : pressure drop across the shield tubes

ADstack : pressure drop in the stack section

Qraa : radiation heat

Qconv : convection heat

Qoit : heat of oil

Qs : heat of gas leaving the convection section

Q. : net heat

Teost : unitary cost of radiant section

R ost : cost of the radiant coil

Rftmax : maximum value of the fouling factor for process stream
Rfgas : fouling factor of the flue gas

Ret : Reynolds number

Ty onvh : horizontal pitch ratio of the convection section
Y : vertical pitch ration of the convection section

Ty ad : pitch ratio of the radiation section

s : clearance between fins

T, : ambient temperature

T; : oil inlet temperature
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At
temperature
Teost

tq

ts

UCO”V

Urad,w
Vtube

.oil

Vg

Vs
M/conv
Wrad
AI/Vconv
AVl/rad
ﬁoil
Prb
ﬁg,o
Pm

Ps
Pstack
ﬁgas
.aoil

: fin thickness

: oil outlet temperature

: flame temperature

: cross-over oil temperature

: firebox temperature

: temperature of the gas entering the convection section
: temperature of gas leaving the convection section

: mean temperature of the flue gas along the stack

: outside tube wall temperature
: temperature difference between the firebox temperature and oil inlet

: Total cost

: tube wall thickness

: stack wall thickness

: overall heat transfer coefficient for the convection section

: overall heat transfer coefficient for the radiation section

: o1l velocity in the tube

: volumetric flow of gas

: stack velocity

: width of convection section

: width of radiant section

: horizontal clearance at the end of the ceiling in the convection section
: horizontal clearance at the end of the ceiling in the radiation section
: o1l density

: density of the gas at the temperature of the firebox

: density of the gas outside of the burner

: mean density of the flue gas in the convection section

: density of the gas at the convection section

: mean density of the gas along the stack

: gas viscosity

: oil viscosity
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