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especially in view of the existing procedures to simultaneously synthesize the HEN and
obtain the basic design of heat exchangers. Existing basic design procedures for fired-
heaters are either too simple, or difficult to solve when based on MINLP procedures. In
addition, CFD approaches can hardly be used in design optimization and metaheuristics

do not guarantee global optimality. We present two novel advances: a reformulation of
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approach does neither needs initial solutions, nor does it have convergence problems and
it also guarantees global optimality. The Set Trimming variant, namely Proxy Set
Trimming, which was not part of the original Set Trimming version of Set Trimming is
also used.
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include the design of fired heaters or steam-based heaters.
We intend to fill this gap with our model and solution pro-
cedure.

A fired heater consists of three main sections: radiant and
convection sections, and a stack. Heat transfer only occurs in
the radiant and convection section, whereas the stack is re-
sponsible to exhaust the flue gas to the atmosphere and also
provides the draft in fired heaters not associated with me-
chanical draft.

Wimpress (1978) discussed the computing of the perfor-
mance of the radiation and the convection section of the
direct-fired heaters and determined the set of equations
needed for it. Ibrahim and Al-Qassimi (2010) used a simpli-
fied model to simulate the heat transfer in the convection
section in process fired heaters. Later they studied the flame

1. Introduction

Most of the energy consumption in oil refining, and petro-
chemical industries attending high-temperature heating oc-
curs fired heaters. Efficiency improvement through the
optimal design of fired heaters decreases energy consump-
tion and cost.

Aside from the need for a robust stand-alone basic design
of fired heaters, an automatic design model that can guar-
antee global optimality is also needed for the simultaneous
synthesis of heat exchanger network (HEN) and the basic
design of heat exchangers (Ponce-Ortega et al.,2007; Xiao
et al., 2019; Silva et al., 2008; Mizutani et al.,2003; Ravagnani
and Caballero, 2007; Jin et al., 2008; Short et al. (2016); Kazi
et al, 2021). All the aforementioned approaches do not
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and firebox temperature effects on heat transfer (Ibrahim, Al-
Qassim, 2013). They used the procedure presented by Couper
et al. (2012) for the cabin-type fired heater. In these two
studies, there is no attempt to use the model to perform a
design. Masoumi and Izakmehri (2011) developed a simpli-
fied mathematical model to be used for simulation. They also
claim that they developed a design optimization procedure.
This design optimization method is only based on studying
the variations of excess air, air temperature, and the addition
of area to an existing furnace. Also, using simulations for a
given fired heater, they quantified the effect of excess air and
air temperature on its efficiency. Varghese and
Bandyopadhyay (2012) proposed the methodology for the
area-energy targeting of a single-zoned fired heater in a heat
exchanger network. The targeting is based on the logarithmic
mean temperature difference (LMTD) method for the con-
vection section.

Mussati et al. (2009) published the first mathematical
programming-based article on the design of a fired heater
using a mixed-integer nonlinear model. They minimized two
objectives: area and total annualized cost. The model cannot
be solved using mixed-integer nonlinear programming
without initial values and even when initial values are pro-
vided, its optimum is local, not guaranteed to be global. In
addition, the model used relies on certain heuristics-based
correlations that are not based on first principles. Later,
Jethva and Bhagchandani (2013) proposed a model and im-
plemented it in Microsoft Excel. The article claims that it
designs the heater, but it is unclear what procedure is used.
We assume that Excel’s “solver” has been used so initial
values must have been used and a local solution is expected
at best. A particular solution, presumably obtained in a de-
sign mode, was obtained using the HTRI heat exchanger suite
6.0. While the authors claim the results are satisfactory, the
results differ significantly. Karimi et al. (2019), also presented
a model in Microsoft Excel solving similar equations and
focusing on steam generation.

Jegla et al. (2016) discuss the proper design of combustion
and radiant chambers with inbuilt heat transfer surfaces, a
valuable contribution, but no optimization mathematical
model is presented. Haratian et al. (2019) developed a de-
tailed model and optimized the design using a Genetic Al-
gorithm (GA). The number of geometric variables considered
is limited and the model is simplified. The results are not
guaranteed optimal, much less globally optimal.

This paper addresses the optimal basic design of fired
heaters. The goal is to identify the design alternative that can
fulfill the desired thermal duty, associated with the lowest
total annualized cost (TAC). Our approach to solving this
problem consists of Set Trimming followed by Smart
Enumeration (Costa and Bagajewicz, 2019). We start with
listing all discrete geometric variables that are independent,
that is, we pick the minimum set of variables that, once fixed,
renders a complete heater geometry and allows the calcu-
lation of its performance. Such a design may or may not be
viable because it violates some inequality constraints. Thus,
the list of solution candidates is first screened to eliminate
those alternatives that are infeasible under inequality con-
straints. For this, we use constraints that are explicit in the
model and also proxy constraints, which consist of model

constraints or a subset of constraints that are evaluated
using limiting values, or new constraints that have the same
conceptual origin as the existing ones (mostly energy bal-
ances). After Set Trimming, Smart Enumeration follows.
Smart Enumeration consists of ordering all candidates by
their lower bound of the objective function first. Next, the
candidates are evaluated rigorously one by one, keeping the
incumbent best solution, and stopping when the value of the
lower bound is larger than the incumbent.

The article is organized as follows: We first present the
model. Next, we illustrate the particulars of the Set
Trimming and Smart Enumeration procedures as they apply
to this problem. We finish presenting results and a dis-
cussion.

2. Fired heater model

We base our design on the general structure shown in Fig. 1.
We reproduce here the most relevant equations used to
model the fired heater. Most of them are similar to those
used by Mussatti et al. (2009), but with many additions and
modifications to adjust the model better to practical geo-
metries and to replace some heuristics-based equations with
ones based on first principles. We assume that oil is the
process stream that is heated, but the model can be adapted
to the use of any other stream type (gaseous or two-phase
streams).

We point out that, in our case, in the convection section,
the tubes are finned, except the shield tubes. Additionally,
without loss of generality, we assume there is only one row
of shield tubes. The independent geometric variables are:

1. Length of the radiation and convection sections (L),

2. Number of passes (Npgsses),

3. Number of tubes per pass per row in the convection
section (Nt2%s),

4. Number of rows of finned tubes in the convection section
(NTeony) (these do not include the row of shield tubes; al-
though the shield tubes belong to the convection section,
thus affecting the calculation of the height of the con-
vection section, from the point of view of heat transfer
they are bare tubes subject to radiation).

5. Number of tubes per pass in the ceiling and side walls of

the radiation section (Nt?%*),

6. Number of tubes in the ceiling (NtZ)),

7. Height of the stack above the convection section (Hs),

8. Diameter of the stack (Ds) and its thickness (t5), without
loss of generality, we assume that these options are
available in pairs (Ds, ts),

9. Outer tube diameters of the convection and radiation
sections (d/*¢ and d°™) and its associated wall thickness
(t1*¢ and t$™), available in pairs (d%, t{*)and (d, t$™);
the choices are made using standard options),

10. Tube pitch ratio of the radiation section (r;,“d) (i.e. the
ratio between the distance of the centers of adjacent
tubes and the outlet tube diameter). (Fig. 2),

11. Transverse tube pitch ratio (horizontal direction) of the
convection section (rf,""“'h) (i.e. the ratio between the
distance of the centers of adjacent tubes of the same row
and the outlet tube diameter) (Fig. 2),
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12. Longitudinal pitch ratio (vertical direction) of the con-
vection section (r;"™") (i.e. the ratio between the distance
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Fig. 2 - Front view of (a) finned tubes and (b) ceiling tubes and wall side tubes.

convection section (see Figs. 3, 4, and 5), these alter-
natives are available in triplets (t;, Iy, Nf), associated with
a given pair of outer tube diameter and thickness
(d™, t§°™), as usually presented by the manufacturers.
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The values that are known beforehand or correlation
parameters are shown in the model below with the symbol
“A” on top.
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Fig. 4 - Front view of a finned tube.
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of the center planes of adjacent tube rows and the outlet
tube diameter) (Fig. 2),

Finned surface alternatives of the convection section,
that is, the set of values of fin thickness (t;), fin height (If),
and the number of fins per unit length (N;) in the
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Fig. 5 - Perspective view of the finned tube bundle.
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The dependent geometric variables are: the internal dia-
meter of each tube (d/*¢ and df°™), the diameter of the fin (ds),
the number of tubes in the convection section (Nteny), the
number of tubes in the assumed single row of shield tubes
(Ntshieta) (the number of tubes in each row of the convection
section as well as in the shield tubes row is equal), the
number of tubes on the side walls (Nt54%¥®") the total number
of tubes in the radiation section (Nt,q) (also including the
shield tubes), the distance between the centers of adjacent
tubes in the radiation section (d[*%), the height and width of
the radiation section (Hyqg and W;qg), the distance between the
centers of adjacent tubes of the same row (d°™"), the dis-
tance between the center planes of adjacent tube rows
(de™Y), the height and width of the convection section (Heony
and W), and the exposed length of the tubes (E).

The dependent variables are obtained as follows:

dred = gred _ pprad (1)
deom = deom _ ppsom )
dpm = dgm + 2lf 3)
Ntcony = N8y Nyasses Nlcony (4)
Ntspield = Ntc%ﬁ)szasses (5)
NG = NtEG Npasses — Ntied 6)
Ntrag = Nt 22 Npasses + Ntshield 7)
dred = gredrad ()

N tf‘i]%ewall rad
Hyag = # dc + do + 2 AHygg

Ntceil

Wiag = 2 de dgad + dgad + AWiag | + Weonv

(10)
dgonu,h — dgonurgonu,h (11)
d((:_‘OnU,U = dgonu.rconu,u (12)

dconv df
Heonw = (Nrconv + 1)d§°"v’v + OT + E + AHcony (13)
dconu,h

Woonw = (Nt2%5 Npgsses — 1)dC™" + CT + di + 2 AWony

(14)
E=L-k (15)

where & is the unexposed portion of the tubes (a parameter
independent of the tube length used), AH,,q and AW, are the
clearances between the tubes and the ceiling and the side
wall respectively, which are given by:

AHyqq = SH,ad,l + SHmd,Z dred (16)

AWaq = Swgq1 + Sy g2 A (17)

and AHgy is the clearance between the fin tip of the upper
row of tubes in the convection section and the end of the
convection section and AW,y is the clearance between the
fin tip of the tubes in the convection section and the con-
vection section walls, which can be estimated by:

AHCOHU = S\chrmyl + S‘Hcom}vz df (18)

A\MOHV = chonv,l + éVch'u),z df (19)

Shield tubes belong to the convection section, but because
they are exposed to radiation from the combustion chamber,
they are assumed to belong to the radiation section for the
sake of heat transfer calculations, i.e. Nr,,, does not include
the shield tubes. Without loss of generality, we show the flow
path of oil through the tubes in Fig. 6 for a specific set of
passes and rows. Other furnace geometries have different
geometries aimed at reducing the length of the path of the oil
through the tubes.

Finally, the total height of the fired heater is given by:

H = Hyqq + Heony + Hs (20)

Several additional geometric calculations related to the
calculation of the heat transfer coefficient in the finned tubes
of the convection section are shown later.

2.1. Radiant section

The radiation heat is related to the equivalent plane effi-
ciency («), the area of cold planes (Ay), and the exchange
factor (F) as follows.

Qrad (1 = PLOSS o) = & Ay F & (Th, — Tit) + herAsaa (Tp, — To)
(21)

where we consider that Quq(1 — pLE)ssmd) is the heat trans-
ferred through radiation and convection to the external wall
of the tubes. In turn, pLoss,,, is an assumed percentage loss
through the walls of the furnace (usually 2%). The equivalent
plane efficiency (), the exchange factor (F), the area of the
cold plane (Ay) and the external area of the tubes in the ra-
diation section (including shield tubes) (A;q) are given by
(Mussati et al., 2009):

drad 2 drad
- (S A He a
a= C“’l(d;ad) + Ca’Q(d;ad) + Cq,3 22)
F=éeiln(e) + (@ + EF,3eY){(|:2Wmd Hrad +6jfc[p(Wmd+ Hmd)] _ 1)}

1.5
~ PN 2W, H, 2E] (W, H, S
+&aexple) + cp,s{e, ([ vad_Hyad + 2E1 (Wraa + md)] _ 1)} +

dAcp
(23)

(aAcp) — Aa};ield +a Ag;jalhceil (24)

Arad = Ntraq ﬂdgad E (25)

where:

A = Ei Ntgrieg 4™ (26)

Aé}]}alhceil - EI (Ntmd _ Ntshield)dgad (27)

In turn, the flue gas emissivity is given by
e = Ce1Tpp + Ce2PL + Co3PL? + G4 (28)

where PL is the product of the mean beam length and partial
pressure of the CO, and H,0.

2 " o o ~ o
PL = (g)(EI Wiad Hrad)1/3 [CPL,l(exair)3 + CPL,Q(eXair)2 + CpL3

Xqir + Cpral (29)



438

CHEMICAL ENGINEERING RESEARCH AND DESIGN 197 (2023) 434—448

Pass #1 Pass#2 Pass#3 Pass#4

QOBGVWROOW
cloleloleo]eYo

@@@@@@@@
clolels

O)
©
O A
&

] I’

e W YW W W Al gl
- - A _ A S-f= 0O L0
,'(:.a"‘ wvyvw \..Svf w W
’ ’ b

’ ‘\
. /] A
’ \

7 A
; O convection tube "\
’
/ ( 3 shield tube %
’ \
/ O ceiling tube Y
’ AY
/ - \
. O wallside tube \
’

QO OCOCOOOCOOOV,

FHO00OO0000

<-1-- ’ N F--»
’ \
<«q-- /" |Npasses | NTeconv |NtZony |Ntheq | Ntich \ -4--»
’ A
K 4 8 2 7 4 \
’ \
’ \
I, pass \\
4 Ntconv = NtconvaassesNrconv = 64 *
’ \
— NtPass -
,’I Ntshiela = Ntconvaasses =8 \“
’ Ay
/ s . \
i NEZi™ ™ = NtTaq Npasses — Ntfaq = 24 \
\
ass
Ntygaq = Ntfad Npasses + Ntspieta = 36
Fig. 6 - Distribution of the tubes inside a fired heater.
: ~ oil N s N - N
Note that the expressions for F and PL make use of the g = Copa(Ty)? + Cona To + Cons (31)

exposed length () rather than the full-fired heater length (L).

In turn, the natural convection coefficient (hEr) on the
outer surface of the tubes is not modeled and is assumed to
be a constant parameter. The literature on fired heaters is
void of attempts to model it and suggests using a constant
value (Cao, 2009). The argument used is that it is a small part
of the total heat transferred in the radiation section.

In addition, the heat transfer rate in the radiation section
is equal to the heat absorbed by the oil, from its inlet tem-
perature, T, to the outlet temperature, as follows:

~ oil

Qrad (1 — PLOSSp,g) = Mo (N, — 01 (Te)2 — Con,o Te — Coy, 3)

(30)

~oil | . .
where hom is the enthalpy of the oil at the desired outlet
temperature and cop1, Cop 2, and con 3  are the coefficients for
the enthalpy of the oil as a function of temperature. Indeed,

Note that T is the temperature of the oil entering the
shield tubes, which are located in the convection section,
but are considered part of the radiation section in the
equations.

To complete the model, one needs to consider the heat
transfer from the outside tube wall to the bulk of the oil. The
corresponding (simplified) equation is:

Qraa [1 - pLassrad) = Urad,w Arad (Tw - (M)]
? (32)

where T, is the temperature of the tube surface, and Uyqq,,, is
the overall heat transfer coefficient from the outside wall to
the bulk of the fluid (flue gas fouling layer + wall conduction
+ oil fouling layer + inside convection). The temperature of
the bulk is not local. Rather, we use an average between the
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inlet and outlet temperature of the oil. The expression for
evaluation of the overall heat transfer coefficient Uyqq,y, is:

1
- AP (ped/drady o dred 1 [ dpd
R 0 1 R 0 __ — | =
fgas + 2ks + ftmax di’ad + het di'“d (33)

where k; is the thermal conductivity of the tube wall, Rf,

gas

Urad,w =

the fouling factor of the flue gas, Rft; is the fouling factor for
the oil, hct is the inner side heat transfer coefficient, which
we obtain using the Sieder-Tate correlation (without the

correction  associated with the  viscosity varia-
tion) (Nu = 0.023 Re t08Fr>>):
het = 0.023 k‘ﬁ‘g AMoi | g0

(dlmd) ' Npasses7r Moil (34)

where Pr,; and ko are the Prandtl number and the thermal
conductivity of the oil stream.

We note that in the case of the model developed by
Mussati et al. (2009), T,, is obtained by adding At = 100 °F to
the bulk inside tube average temperature, that is
Ty = (To + T.)/2 + Af, an assumption we removed.

All the above equations for the radiation section contain
non-geometry-related variables. When the geometry is fixed,
the system of equations of the radiation section has one
degree of freedom. This is of importance for the enumeration
step that we will describe below.

2.2. Convection section

The heat transferred (Qcny) in this section is related to the
difference between the total heat absorbed by the oil, and is
also related to heat transfer:

Qeony (1 — pLOS Sconv)

~ oil

= MOll (h - Cbh,l('flj)z - CAOh,Z'fl: - CAOhﬁ) = Qrad (1 - pLBSSmd)
(35)
Qconv (1 - pLaSSconu) = UconvAconyLMTD (36)

where Ay is the heat transfer area of the convection sec-
tion, that is,

Aconv = Nteony Ey Aot (37)

where Aot is the finned surface area per unit length. In turn,
LMTD is given by:

LMTD = [(Tp, — T.) — (T — B)/In[(Tp — T)/(Ts — T)] (39)

where T; is the temperature of the flue gas leaving the con-
vection section (i.e. the stack temperature) and Ty, is the
temperature of the gas entering the convection section (after
the shield tubes). These temperatures are related to the en-
thalpy variation of the flue gas in the radiation and convec-
tion sections:

Mgasé\pgas ('fﬂame - Tﬂz) = Qrad (1 - pLE’SSmd) (39)
Mgasépgas (Ti — Ty) = Qeonv (1 — PLOSS ) (40)

where Myqs and Cpgas are the mass flow rate and heat capacity
of the flue gas. The heat capacity of the flue gas depends on
the nature of the fuel and the excess air.

Finally, Ue,ny is obtained from the following set of equa-
tions (Cao (2009)):

1
Uconv =
Aotln[ ) -
N conu Rf,
1 Aot 1 gas
(hg‘T +thmax)(n dlyad) + 2 k[ + nt hgg + nt
(41)
where hiT and hll are the convective heat transfer coeffi-

cients inside and outside the tubes, respectively, kt is the
thermal conductivity of the tube wall, and 5t is the overall
efficiency of the finned surface. In turn, the evaluation of the
convective heat transfer coefficient inside the tubes also
employs the Sieder-Tate correlation:

Roil 4Moq 5033
(dimnu)l'g Npasses T oy . (42)
Next, the convective heat transfer coefficient for the flue

gas flow around the finned surface is given by Cao (2009).
Without loss of generality, we use a triangular layout:

hET = 0.023

~ —0.67
- ) Cpgas GCOVW PrgﬂS (43)

where 15rgﬂs is the Prandtl number of the flue gas and Gy is
the mass flux given by:

Mgas
As (44)

Geonv =

where A is the area of free flow across a center plane of a
tube row, in turn, given by:

As=E {\Nconu - Ntc%?'lsuszasses dgonu + Nf (df - dgonv)tf:|}
(45)

Next, Aot is given by:
Aot = Ab + Aof (46)

where Ab is the exposed area of the root tube and Aof is the
area of the fins, given by:

Ab = 7dS™ (1 — t;Nf) (47)

Aof = 2% (dfz - (dgfmvy] +mdsty [N

(48)

The overall efficiency of the finned surface, nt, depends on
the fin efficiency (1f):

(%) ()

(49)
The fin efficiency can be calculated by:
tanh (mf Ir)

mf-ly (50)

( R ty ] (51)
I = [ )[1 +0. 351n(df{m)] -

1 1 5
—=——+R
n hé{o’r fgas (53)

nf =

where Efm is the thermal conductivity of the fin.

Finally, the factor j for a triangular layout (ignoring the
correction factor of the viscosity variation with temperature)
is given by:
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df 0.5
j = C1C3Gs (W)

(54)
-0.25
dCDYlU Gcoy“]
Ci = 0.091Re™025 = 0.091| - o
Hgas (55)
0.125(d; — dS™)
C3=0.35 + 0.65exp| —————~3 "° /
S (56)
_[dgom/,u]
Cs = 0.7 + [0.7 — 0.8e 015NV’ {dgm" (57)
where s is the clearance between fins, given by:
1
S=— — f
Ny (58)

We note that Eq. (54) is adapted from Cao (2009), which is
presented with a temperature correction term based on the
temperature of the gas divided by the temperature of the fin.
This ratio is later assumed to be one in the example this
author presented.

The above equations contain additional non-geometric
variables to those already listed above for the radiation sec-
tion. There are no degrees of freedom.

2.3. Stack

The fired heater analyzed in the current paper involves a
natural draft. When designing, one needs to make sure that
the draft provided by the stack and the firebox is larger than
the sum of pressure drops, that is:

g(laair - pgas,aug)H 2 (1 + E) (A,\Pb + ZF) (59)

where ¢ is a design margin for the draft evaluation, AP, is the
pressure drop across the burner, a manufacturer value as-
sumed here as a parameter, g, is the density of the ambient
air and pye qv4 is the average density of the flue gas along the
fired heater, evaluated considering the flue gas density at the
firebox temperature (Tp,) and the flue gas density leaving the
stack (T,), which can be evaluated considering a temperature
decrease of 40 °C in the stack, as suggested by Cao (2009) (i.e.
the temperature for the density evaluation at the heater
outlet is Ty — 40 °C).
The friction losses are given by:

Z F= Apmd + Apconu + Apstack + Apminor (60)

where Ap, 4, AD.ony> Abstack» @3N AP, are the pressure drop in
the radiation section, convection section, stack, and minor
losses (stack entrance, stack outlet, and damper), respec-
tively. The pressure drop across the firebox section is as-
sumed negligible, that is, 4p, ; ~ 0. The pressure drop across
the convection section is the pressure drop across the shield
tubes plus the pressure drop across the finned tubes:

Apconu = Apshield + Apf (61)

The pressure drop across the shield tubes is given by
(according to Fig. 1, it is assumed a single row of shield
tubes):

4 —02 Glhield
Pshield = Y- Y

o (62)
where pg, is the density of the gas at the temperature of the
firebox (T). Gshiewd is given by:

Mgas

Gshield = 7————
ST A hield (63)

where Ag shield is the area of free flow across a tube row of the
shield tubes, given by:

As,shield =g {vvconu - Ntcrz;;lsszpasses dgonv}

(64)

The pressure drop across the finned horizontal tubes in
the convection section is given by (Cao, 2009):

— GCQOYIU
Ap; = (f + a)Nrony

Pm (65)
1+p2 1 1
a= B Om| — — =
4 NTeony P Ps (66)
=t
“/com;El (67)

where p, is the density of the gas at the convection section
outlet (T), and p,, is the mean density of the flue gas in the
convection section. Without loss of generality, we calculate
this mean density by using the average temperature, instead
of taking the average of densities. The friction factor in Eq.
(67) is evaluated by:

d
f=CyC4Cs (dc_‘{’“’)

(68)
where the different coefficients are given by:
domw G -
C, = 0.075 + 1.85Re™%3 = 0.075 + 1.85 >——
Hgas (69)
dcoru],h m
Cs = 0.11{0.05—=5—
: ( ag ) (70)
1,102
m= —0.7(1)
s (71)
72((1?0"”"))
Co= 1.11 + [1.8 — 2.1 01N ]e \&™") — [0.7 — 0.8e-0.15N]
7046((1507111,0)
e dE”""’h (72)

In these equations, the correction for fin temperature is
not included although Cao (2009) uses that but later ignores it
in his examples. Finally, the pressure drop in the stack is:

S

Apstack — 2.76.1075(G§tackTstack)Hs

D (73)
where Ds is the stack diameter, Ggyqq is the mass flux of the
flue gas in the stack (kg/(s'm?), and Ty is the mean tem-
perature of the flue gas throughout the stack. This mean
temperature is recommended to be based on assuming a
temperature variation of 40°C throughout the stack (Cao,
2009). The stack mass flux is given by:

Mgas

7rDs2

4 (74)

Gstack =

The minor losses associated with the flow along the stack
are given by:

Ap . =3 Gsztack
minor 2 Ostack (75)
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where pg,, is the mean density of the gas throughout the
stack.

2.4. Inequality constraints

The following geometric constraints (heuristics from prac-
tice) for the radiant box are (Mussati et al., 2009):

Hrad

1<——<15
“’md (76)

1.8 < L <3
Wrad (77)

Now, a rough guide to the radiant box size (E; Wyaq Hyaq) is @
ratio of volume over the radiant transfer area (7 d, E; Nt") to
have enough space to avoid flame impingement on the tubes.
The following constraint reflects the accepted range.

35<_ Waabhaa 45
7d!* Ntygq (78)

The geometric constraints for the whole fired heater are:
H< HMaX (79)
Ds < “/com) (80)

The geometric constraints for the radiation tubes are:
ded > dred 4 g, (81)

where & is a mandatory minimum separation between tubes.
The geometric constraints for the finned tubes are:

dgonu,h > Zlf + dgonu (82)

| conv,h \2
\j(dgo'w’V)er(dc J > 2l; + AP
2 (83)

Limits on velocities and pressure drop inside the tubes:

M.
Vtgbe,md - oil < th_Abe
1 ~ I,MAX
o Npassesfoil [~ (dlmd )2/4] i (84)
M.
Vtybe,conu - _ oil < Vtulbe
o Npassesfon [ (/4] ~ A% (85)

tube,rad tube,conv __
AP + APy =
tube,conuvy\2
Seomy (V. )

Loitfoit fvad (Vélﬁbe,md)z 4 oil
2 d_yad diCOYlU
1

< AP ax

(86)
where the velocity limit is to prevent erosion, while the limit
on pressure drop is related to maximum assumed pumping
costs. One can easily add these pumping costs to the total
annualized cost and eliminate the pressure drop constraint
(unless there are some other additional limitations stem-
ming from other issues than pumping cost). In the above
equations, the friction factors are obtained as follows (Asker
et al., 2014):

1/3
3 6
f.q=55x10"3 1+[2><104( ! )+ 10 )

rad rad
d! Ref (87)
1/3
i 108
Sy =55 %1071+ |2 x 104 o | + — 5
df Ref (88)

where ? is the roughness of the tubes, while Re[* and Re{"™
are the Reynolds numbers in the tubes, given by:

Re{ad = %
= 3 —
dl!rﬂ Npassesﬂ Hoil (89)
Regonv — 41\7[01’1
dl_conv Npassesn' /’A‘oil (90)

Limits on the firebox temperature:
be,min STj‘b < ij,rnax (91)

The maximum value is related to material issues and the
minimum value is extracted from industrial practice.
The limits on the flux in the firebox:

Fluxpysin < Flux < FluXpax (92)

where the flux is defined by:

de
Araq (93)

The above minimum value for flux is connected to heur-
istics that come from industrial practices, and the maximum
value is related to tube wall material issues.

Limits established for the mass flux of gases across the
shield tubes in the convection section (Couper et al., 2012):

Flux =

Gshietd,Min < Gshield < Gshield, Max (94)

which are rooted in heuristics used in industry; the higher
limit is likely associated with erosion velocities, and the
lower one is a way to avoid low heat transfer.

Limits on the stack temperature:

Toomin <% (95)

The lower limit may be imposed to avoid the acid dew
point temperature, thus protecting the fired heater from the
formation of acid condensation.

Finally, the draft inequality in Eq. (61) holds.

2.5. Cost equations

We use the following equations, adapted from Mussati et al.
(2009) for the total annualized cost (TAC) that encompasses
the costs of the radiant coil (Reost), convection coil (Ceost),
firebox (FBeest), stack (Stest) and operating costs (Ocost), as ex-
pressed below:

TAC = Reost + Ceost + FBeost + Steost + Ocost (96)
where:

Reost = TrostArad CRF (97)
Ceost = CeostAcony CRF (98)
FBeost = [R1 + K2(Arad + Acony)|CRF (99)
Steost = Scost Hs 7 Dg ts CRF (100)

Ocost = ﬁ;elcost Mer oT (101)

where t; is the stack wall thickness and My, is the fuel
flowrate given by:

Mfuel = QYI/LHV (102)

In turn, Q, is the total heat released by the fuel burnt,
which is equivalent to the heat transfer in the radiation
section, the convection section, and the stack losses:

Qn = Qrad + Qconu + Qs (103)

where:
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Qs = Myqs Cpgas (L - To) (104)
In the above equations fost, Ceost, Scost, and fuiel,,, —are

the unitary radiation tube cost, the unitary convection tube
cost, the stack material cost per unit weight, and the fuel
cost, respectively. In turn, CRF is the annualization factor and
OT is the number of hours per year of operation. Finally
kland k2 are cost parameters that depend on the type of
refractory, coil materials, insulation width, etc.

3. Basic design problem

The basic design of the fired heater can be defined as follows:
given the flow rate and composition of the fluid to be heated,
the type of fuel to be used, the excess air (without loss o
generality, this is fixed here, and it determines the flame
temperature and the flue gas flowrate; it can be optimized),
the type of fired heater, and corresponding limits on key di-
mensions and operating values of key variables (flows, tem-
peratures, heat fluxes, etc.) determine the dimensions such
that the heating task is achieved and the cost is minimum.
In this article, we limit the search to:

Box-type fired heater.

Natural draft.

Natural gas as fuel.

Only one circular stack is located above the convection
section.

Thus, the following outcomes are expected at the end of
the design (related to the independent variables listed in
Section 2 of the current paper):

® Radiation section dimensions (length, width, and height)

® Convection section dimensions (length, width, and height)

® Number of tubes in the ceiling and sidewalls of the ra-
diation section

® Number of shield tubes

® Number of tube rows in the convection section and
number of tubes in each row

® Stack diameter and height.

® Number of passes

® Tube diameter and thickness in the radiation and con-
vection sections

® Feature of the finned surface in the convection section (fin
height, fin thickness and number of fins per unit length)

® Fuel flowrate

In addition, several other property values that stem from
the use of the above variables are determined: temperatures,
flows, pressure drops, heat flux, etc., that is, all values of
interest.

The model has certain degrees of freedom, so the design
can be approached by selecting different sets of independent
variables and optimizing varying them.

Many geometric variables are naturally discrete, such as
the number of tubes in each section of the furnace. Some
other geometric variables are discrete because of fabrication
issues, such as tube diameters, tube wall thickness, etc.
Finally, other variables, such as the length of tubes, which
can be thought of as continuous, need to be expressed in
discrete ways (to a fraction of inches, for example), amenable
for blueprints in detailed engineering.

Despite the discrete nature of the geometric variables, it
has been the practice of several design methods to treat
certain geometric variables as continuous variables to later
round up to the next discrete value available commercially.
Presumably, this approach was popularized by the idea that
binary variables ought to be avoided and nonlinear problems
are easier to handle. We choose the former approach of using
discrete values because it is more accurate and does not in-
troduce any computational issues.

4. Set Trimming

This procedure consists of generating a set of candidates, de-
scribed by a combination of all the independent discrete vari-
ables of the system, followed by a trimming routine to reduce
the candidate pool using the problem inequality constraints
(Costa and Bagajewicz, 2019). We also use proxy constraints,
which are based on using limiting values of variables. Thus, if a
candidate does not satisfy the bound, it is eliminated.

We now present the Set Trimming steps, some using the
inequalities of the problem directly and some others using
proxy constraints.

@ Set Trimming for Geometry:
Test and eliminate the candidates that violate the set of
constraints associated with the fired heater geometry. These
tests are applied according to the established order (only
feasible candidates filtered by previous constraints are tested,
so there is a reduction of the computational effort). Equations
(76-83) are used for the geometric set trimming.

@ Set Trimming for Oil Velocity and Pressure Drop:

The set of trimming related to the velocity and pressure
drop bounds are: Egs. (84-86).

@ Proxy Set Trimming for Mass Flux of Gas:

Because it is not possible to obtain G without solving the
whole model, which is expensive computationally, we resort
to using extreme values of it, which can be tested on all
surviving candidates through a low computational effort. To
do that, it is required to obtain the upper/lower bounds of the
radiation section heat transfer rate. They are obtained from
the maximum/minimum heat flux:

QY% (1 — pLOsS, 4g) = FluxuaxAraa (105)

Q2 (1 — PLOSS,4q) = Fluxum Arad (106)

The upper/lower bounds of the gas mass flowrate and
mass flux are as follows:

ifd (1 - pLassmd)

Mégs =
- - ~MIN
Cpgas (Tﬂame - be ) (107)
MUB — rad (1 = PLOSS 4q)
gas = - - ~MAX
Cpgas (Tame — T ) (108)
Guo = Mgzs
A (109)
MUB
G = 90
VT A (110)
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Based on these bounds,
Trimmings can be applied:

the following Proxy Set

® Testing G < Gyax through a Proxy relation. If G > Guax,
eliminate these candidates.

® TestingG > Guiy  through a Proxy relation. If Gyp < Gumin,
eliminate these candidates.

@ Proxy Set Trimming for the Radiation Section:

We now use extreme values of the heat flux and obtain
limits for the inlet oil temperature of the shield tubes (T;) and
the firebox temperature (Tp). The upper/lower bounds of T,
are obtained using the upper/lower bound of the radiation
section heat rate.

oil
0

UB (1 — pLoss, ;) = Moq (hy — Con1(TEB)2 — oy o TEE — Cop,3)

(111)

oil
0

QLB (1 — pLOSS o) = Moi (s — Cop, 1 (TPB)? — 02 TP — oy, 3)

(112)

® Testing T. < T max — ATnin. Here ATy,  is the minimum
temperature approach, (we use 5 °C, but the literature re-
commends higher values; in such a case, set trimming
with eliminate more candidates). If T-® > T, max - ATin, the
candidate is eliminated.

® Testing T. > T, a natural constraint that is implicit in the
model. If TY® < T, the candidate is eliminated.
In turn, the upper/lower bounds of the firebox tempera-
ture are calculated using the upper/lower bound of the gas
mass flowrate and heat transfer rate.

Mngs (épgas (?ﬂame - T)L‘f)) = Q% (1- pLassmd) (113)
ML (Cp, .. (Trame — TYE)) = QIE; (1 — pLoss, ;)
gas \CPgqs UUflame — 1 rad PLOSS 44 (114)

® Testing Tp < T}b,max. If T}{f > Tﬂ,,max, eliminate these can-
didates.

® Testing Tp > Tﬂ,,mm. If T}’f < ’f‘ﬂ,,mm, eliminate these can-
didates. It has an exit temperature too high, even under
minimum flux conditions.

o If T < T¢%, eliminate these candidates.

@ Proxy Set Trimming for the Convection Section:

We first obtain two types of lower and upper bounds of
the convection section heat transfer rate (Q2L, QUBL) as
well as (QLB2, QUB2). The first set is obtained from heat
transfer considerations and the second set is obtained
using the upper and lower bounds of the radiation

section, as follows:

ggnlu (1 - pLE’SSconu) = UrgAconyLMTDyp (115)
com (1 = pLE)SSmm]) = UuAconvLMTDyg (116)

%(?YIQU (1 - pLBssconu)
~ ~ oil N N N S ~
= Moi(h, — cona(T)? — cono T — cons) — Qg (117)

g)?’l% (1 - pLBSSconu)
~ ~ oil N A N S "
= Moii(h, — Con1(T)? — con 2T — cons) — Qi (118)

The expressions for the upper and lower bounds used in
Egs. (115 and 116) are shown in Supplemental Material S1.

® Testing T, > T+ ATpin. If T < T+ AT, (ie. the gas
temperature is smaller than the inlet temperature plus a
minimum approach A"f“min), then the candidate is elimi-
nated. Supplemental Material S1 shows the bounds on T;.

® Testing Ty < TpIf TE > T}{?, that is, if the lower bound on
the temperature of the gas leaving the convection section
is higher than the upper bound on the firebox tempera-
ture, then eliminate this candidate.

o If min(QE!, QUB2) < max(QEL, Q!B2), the candidate for
the upper bound on the heat transfer rate in the convec-
tion section based on transport equations does not reach
the convection section heat load calculated using the
upper bound of the radiation section heat load, then
eliminate the candidate.

@ Set Trimming for the Stack Section:

The Proxy Set Trimming used here is based on using
bounds on the different terms of the friction losses (¥ Fi5) in
the draft inequality constraint. The corresponding bounds
are described in Supplemental Material S2.

® Testing g(o, — Ppasavg VH = (1 + &) (AP, + IF). If
9l — Py JH< (L +5¢) (KPb + Y FB), eliminate the candi-
date. Here g, , is the density of the flue gas at its minimum
value, which corresponds to the flame temperature in the
burner.

It is important to observe that the tests and eliminations
presented above that compose the Set Trimming procedure
are not applied for individual candidates, using computa-
tional loops (e.g. “for” loops). Set Trimming is based on the
use of specialized computational routines associated with
the handling of sets of data.

5. Smart Enumeration

As stated above, in Smart Enumeration, all candidates re-
maining after the Set Trimming steps are first organized in
increasing order of the lower bound of their objective func-
tion. Next, they are evaluated rigorously one by one, starting
with the candidate with the lowest value of the lower bound.
If a candidate is feasible and its cost is smaller than the in-
cumbent candidate’s cost, it becomes the new incumbent.
The enumeration stops when the candidate’s objective
function lower bound is larger than the incumbent’s cost.
The detailed evaluation of the lower bound of the objective
function and the feasibility test steps are shown below. The
enumeration steps are the following:

® Calculate the cost of the first candidate from its geometry.
This requires solving the set of equations that are
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summarized in Supplemental Material S3. The solution of
this system of equations is unique (Supplemental
Material S5).
® [f the first candidate is feasible, this is the first incumbent.
® Go to the next candidate according to the ascending order
of the objective function lower bound.
If the candidate is feasible and its objective function is
lower than the incumbent objective function, then this
is the new incumbent, otherwise, the first incumbent
stays.
If the next candidate has an objective function lower
bound higher than the objective function of the incum-
bent, stop. The solution has been found.
Go to Step [3].

The Smart Enumeration algorithm is presented in a

flowchart form in the Supplemental Material S4.

6.

Lower bounds for Smart Enumeration

Calculate the lower bound of the amount of heat lost in
the stack (QLB).

PL=ME g (F-T) (121)
® Calculate the lower bound of the total heat transferred to
the oil plus the stack loss (QLF).
= Quaa + Qoo + Qs® = Qraa + (Qoit — Qraa) + Qs°  (122)
® Calculate the lower bound of the amount of fuel (M?).
M{® = QiF/LHV (123)
® Calculate the lower bound of the operating cost using the
minimum amount of fuel
OLE, = fuel M[POT (124)
® Obtain the lower bound of the total cost
TEE . = Reost + Ceost + FBeost + Scost + OLE, (125)
7. Feasibility test

Once the model is solved rigorously for any fixed geometry,
its viability is checked using the Egs. (59), (92), and (94).

8.

Results

The Set Trimming and Smart Enumeration method was im-
plemented in GAMS to obtain the globally optimal solutions
for the design of fired heater examples. Instead of using the
“LOOP” or “FOR” features in GAMS to inspect one candidate

at
th

a time, we use “Dynamic Sets”, which trims the set using
e corresponding condition inspecting all candidates si-

multaneously. Three different flowrates of oil were con-
sidered, with the same initial and final temperatures (see
Table 1). The model parameters are shown in Table 2. The
discrete options of the independent design variables are

shown in Table 3.

Note that the tube diameters

(4 and d®"™) are considered to be equal and, together with

Table 1 - Example data used in the case studies.

Parameter values
0il mass flow rate Example 1 99.16 — 44.98
(Ib/s) (kg/s) Example 2 71.39 - 32.38
Example 3 126.94 - 57.58
0Oil inlet temperature (°F) (K) 380 - 466
Oil outlet temperature (°F) (K) 675 - 357

Parameters

Table 2 - Model parameters.

Value

Poil (Ib/ft°) (kg/m’)
fo (Ib/£t%) (kg/m?)
cpg, (Btu/lb-°F) (//kgK)

44.3594 - 710.57
0.0765 - 1.2254
0.340- 1423.512

percLossgy, 0.02
percLosScon 0.02

Cona 0.0004208148
Gona 0.2679048
Cons 110.4305
&1 0.325

Bon 0.215

Boe -0.073

G4 0.07

Boe -0.049

Gre 0.594

& (Btu/s-ft*R*) (W/m?K?
her (Btu/hr-ft°F) (W/m?K)
Ao (Btu/lb) (/kg)

Mfame (Btu/Ib) (/kg)

ks (Btu/ft-s-F) (W/m-K)

kont (Btu/ft-sF) (W/m-K)

kin  (Btw/ft-s-F) (W/mK)

ke (Btw/ft-s-F) (W/m-K)

flgqs (Ib/fts) (kg/m:s)

fon (Ib/fts) (kg/m:s)

Rft ey (5-Ft2F/Btu) (m*K/W)
Rfgas (s-ft>°F/Btu) (m2K/W)

47611102 - 5.67-1078
7 -39.75

483 - 1.1234-10°
1075.0673 - 2.5006-10°
0.0025694 - 15.9983
0.0000193 - 0.1202
0.0073075 - 45.4999
0.0073075 - 45.4999
3.25233-10° - 4.8400-10°
0.00552 - 0.00821

20.44 - 9.9991-10~*

18.00 - 8.8055-10~*

Excess air (%) 15

APy, (in H,0) (mm H,0) 0.5-12.70

€ 0.05

LHV (Btu/Ib) (J/kg) 21500 - 5.0009-10”
feost ($/£t%) ($/m?) 170 - 1829.86
Ceost ($/ft7) ($/m?) 100 - 1076.39
Scost($/£8%) ($/m3) 111 - 1194.79
fuel,, ($/1b) ($/kg) 0.043 — 0.0948
k1 ($) 5000

k2 ($/ft?) ($/m?) 50 - 538.195
CRF 0.18

OT (hr/yr) 8000 - 0.9132

the wall thickness (t4), which are also equal, come in pairs
using Schedule 40.

The optimal fired heater obtained in each example is
shown in Tables 4 and 5. Some optimal values of the vari-

ables are located at a search space bound (e.g. Ntcny). Some
of these bounds were based on Mussati et al. (2019), but they
are a designer decision and any set of discrete values can be
selected for building the search space.
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Table 3 - Discrete options of independent design variables.

Design variables Discrete options

L (ft) (m)
(do, ta) (ft) (m)

—_———

30, 35, 40, 45, 50} — { 9.14, 10.67, 12.19, 13.72, 15.24}
(0.2917, 0.0183), (0.3333, 0.0192), (0.3750, 0.0200),

(0.4636, 0.0217), (0.5521, 0.0233)} - {(0.0889,0.0056), (0.1016,0.0058), (0.1143,0.0061), (0.1413,0.0066), (0.1683,0.0071)}

Npasses 8, 10, 12, 14, 16

Nteel 10, 12, 14, 16, 18

Nrcony 8,9, 10, 11, 12

NtYP"]‘;SS 8,9, 10, 11, 12

Wi 1,2,3,4

H, (ft) (m) 50, 60, 70, 80 — 15.24, 18.29, 21.34, 24.38
(Ds, ts) (ft) (m)

r;ad 1.80, 1.85, 1.90, 1.95

TIcJonv,h 1.55, 1.60, 1.65

r;anu,u 1.45

(do, 7, Iy, Ny) (ft) (m)

{(3, 0.1667), (6, 0.250), (9, 0.333)}- {(0.9144,0.0508), (1.8288,0.0762), (2.7432,0.1015)}

{(0.2917, 0.00905, 0.0833, 48), (0.3333, 0.00905, 0.0833, 48), (0.3750, 0.00905, 0.0833, 48), (0.4636, 0.00905, 0.0833, 48),

(0.5521, 0.00905, 0.0833, 48)}- {(0.0889,0.0027,0.0254,48), 0.1016,0.0027,0.0254,48), 0.1143,0.0027,0.0254,48),
0.1413,0.0027,0.0254,48), 0.1683,0.0027,0.0254,48)}

Table 4 - Optimal Heater.

Example 1 Example 2 Example 3
Total cost ($) 2,719,482.3 2,082,403.3 3,473,901.8
Qy (Btu/s) (MW) 14,055.8 — 14.83 9,585.1 - 10.12 17,069.7 - 18.01
Qraa (Btu/s) (MW) 7,194.2 - 7.59 5,712.6 - 6.03 10,132.7 - 10.69
Qconv (Btu/s) (MW) 7,245.9 - 7.64 7,238.7 - 7.64 10,340.3 - 10.91

Qs (Btu/s) (MW) 28,495.9 — 30.06

Tpp (°F) (K) 1,766.6 — 1236.8
Ty (°F) (K) 1,395.0 — 1030.4
T (°F) (K) 492.0 - 528.7
T (°F) (K) 933.4 - 773.9

Mgas (Ib/s) (kg/s) 24.9125 - 11.3001
Ml (Ib/s) (kg/s) 1.3254 - 0.6012
Geonv (Ib/ft*5) (kg/m>:s) 0.3867 — 1.8880

er 0.5357

LMTD (°F) (K) 864.4 - 735.6

hé (Btu/ft*s<F) (W/m?K) 0.0010 - 20.4417

F 0.6411
nt 0.9192

nf 0.9148

mf 5.3814

' (Btu/ft?s°F) (W/m?>K) 0.0010 - 20.4417
j 0.0061

Ocost (3) 1,641,363.9

Uconv (Btw/fts°F) (W/m?K) 0.0002 - 4.0883

22,536.4 — 23.78
1,992.7 - 1362.4
1,681.8 - 1189.7
502.7 - 534.7
1,157.3 - 898.3
19.7291 - 8.9490
1.0482 - 0.4755
0.3773 — 1.8421

37,542.7 - 39.61
1,894.6 — 1307.9
1,505.4 — 1091.7
502.4 - 534.5
1,004.2 - 813.3
32.8357 — 14.8940
1.7462 - 0.7921
0.3930 - 1.9188

0.4754 0.5254
1,095.2 — 863.8 957.4 - 787.3
0.0010 - 20.4417 0.0010 — 20.4417
0.6156 0.6337

0.9200 0.9178

0.9156 0.9133

5.3540 5.4352

0.0009 - 18.3976 0.0010 — 20.4417
0.0062 0.0061
1,298,093.8 2,162,459.0

0.0002 - 4.0883 0.0003 - 6.1325

The progression of the Set Trimming, the number of si-
mulations employed during the Smart Enumeration and the
computational times of the complete procedure are shown in
Table 6. The optimization runs were executed in a computer
with 3.2 GHz 8 Core Intel Xeon W CPU and 32 GB RAM.

The results depicted in Table 6 indicate that the Set
Trimming procedure was very effective in the reduction of
the number of candidates. At the end of this procedure the
remaining candidates are only a small fraction of the search

space. The number of candidates after the Set Triming pro-
cedure in each example corresponds to only 0.086%, 0.054%
and 0.025% of the initial search space.

It should be observed that the Smart Enumeration also con-
tributed to the computational performance of the algorithm.
After the Set Trimming, the global optimum is identified
through the solution of the complete model of only a small
number of solution candidates: 5.77%, 5.33% and 9.82% of the
number of remaining candidates after Set Trimming.
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Table 5 - Optimal Heater Geometry.

Base case Smaller case Larger case
L (ft) (m) 40 -12.19 30-9.14 40 -12.19
d;ad (ft) (m) 0.3750 - 0.1143 0.3750 - 0.1143 0.3750 - 0.1143
ta (ft) (m) 0.0200 - 0.0061 0.0200 - 0.0061 0.0200 - 0.0061
Npasses 8 8 10
Ntgel 18 14 18
Nreony 8 8 8
NiPas 12 10 10
Nt&n 1 1 1
H (ft) (m) 50 - 15.24 50 - 15.24 80 - 24.38
Ds(ft) (m) 3-0.9144 3-0.9144 3-0.9144
ts (ft) (m) 2/12 - 0.0508 2/12 - 0.0508 2/12 - 0.0508
ygad 1.90 1.95 1.80
réonv,h 1.60 1.65 1.65
r;"“"v" 1.45 1.45 1.45

ds™ (ft) (m)

Hiotal (ft) (m)
Wrag (ft) (m)
Weonu (ft) (m)
Ntghielq
Nt
Ntyaq

Ntcony

Ej(ft) (m)
Loj (ft) (m)
Araa (f)) (m?)
Acony (ft?) (m?)
As (ft?) (m?)
Ap (ft?) (m?)
A (ft?) (m?)
Aqt (ft?) (m?)

0.3750 - 0.1143
0.00905 - 0.0027
0.0833 - 0.0254

48

0.675 - 0.206
0.600 - 0.183
0.544 - 0.166
26.867 - 8.189
5.435 - 1.657
82.302 - 20.086
18.275 - 5.570
5.208 - 1.587
8

78

104

64

39.543 - 12.053
6,643.190 - 2024.844
4,844.879 - 450.104
32,694.292 - 3,037.398
64.427 — 5.985

0.666 — 0.062

12.253 - 1.138

12.919 - 1.200

0.3750 - 0.1143
0.00905 - 0.0027
0.0833 - 0.0254

48

0.731 -0.223
0.619 - 0.189
0.544 - 0.166
24.673 - 7.520
5.435 - 1.657
80.108 — 24.417
16.503 - 5.030
5.349 - 1.630
8

66

88

64

29.543 - 9.005

4,490.506 - 1368.706
3,062.785 — 284.542
24,426.215 - 2,269.269
52.288 - 4.858

0.666 — 0.062

12.253 - 1.138

12.919 - 1.200

0.3750 - 0.1143
0.00905 - 0.0027
0.0833 - 0.0254

48

0.675 - 0.206
0.619 - 0.189
0.544 - 0.166
28.217 - 8.601
5.435 - 1.657
113.652 - 34.641
19.653 - 5.990
6.586 — 2.007
10

82

110

80

39.543 -12.053
7,513.132 - 2,290.003
5,124.391 - 476.071
40,867.864 — 3,796.747
83.541 -7.761

0.666 — 0.062

12.253 - 1.138

12.919 - 1.200

We attempted to solve the design optimization problem
using BARON and ANTIGONE, both global solvers, as well as
DICOPT and SBB, which are local solvers. the addition of
several binary variables and the corresponding equations to
choose the discrete values of the independent design vari-
ables were needed for the mathematical programming
model. These additional equations are presented in
Supplemental Material S6.

To test the correctness of the equations implemented, we
fixed the geometrical values and run without the initial va-
lues of the other dependent variables using BARON. The

model run and found feasible solutions but it failed to satisfy
the 2% tolerance gap after 2 h and found a solution featuring
a 2.8% gap. This proved that the model is correct and sug-
gested that mathematical programming is not a good tool for
this design optimization. Without any initial value, BARON,
ANTIGONE, DICOPT, and SBB are unable to find a feasible
solution. ANTIGONE cannot find a feasible solution with in-
itial values or fixing the independent geometry variables.
When BARON is given the solution as initial values, it did not
converge. We did the same experiments with the other sol-
vers, but they all failed to converge.
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Table 6 - Set Trimming Progression, Smart Enumeration Simulations and Computational time.

Example 1 Example 2 Example 3

Initial number of candidates 9,000,000 9,000,000 9,000,000

. H H 6,660,600 6,660,600 6,660,600
STEP[1]: 3 W_Min

. H H 3,619,800 3,619,800 3,619,800
STEP[1]: 3 < wviae

L L 731,160 731,160 731,160
STEP[2]: 3 > w75

L L 663,900 663,900 663,900
STEP[2]: W < WMax
STEP[3]: LXWXH_ poysize min 573,720 573,720 573,720

" aboENtad -
STEP[3]' LXWxH < BoxSize max 297,000 297,000 297,000

: nﬁoEINt"“d -
STEP[4]: d/* > d, + & 297,000 297,000 297,000
STEP[S]: ™" > 2l + d, 254,760 254,760 254,760

oy 254,760 254,760 254,760
STEP[6]: \“e(d5°""’“)2+( L ) > 2l; + do
STEP[7]: Ds > W — 2W; 151,320 151,320 151,320
STEP[8]: Velyjipe < 6 [ft/sec] 151,320 151,320 128,580
STEP[9]: ABjnpe < 5760 [Ibg/ft?] = (40 psi) 21,396 50,508 9,104
STEP[10]: G5 < Guax (=0.4 [Ib/ft* sec]) 21,396 50,508 9,104
STEP[11]: Gup > G (=0.3 [Ib/ft? sec]) 13,264 19,828 4,784
STEP[12]: Tz < fﬂ),Max _ A’f‘min 13,264 19,828 4,784
STEP[13]: T, > 'fl‘ 13,264 16,628 4,784
STEP[14]: Tpy < Ty max 13,264 16,628 4,784
STEP[15]: Tpy > Tipmin 13,264 16,628 4,784
STEP[16]: T} < T¢? 13,264 16,628 4,784
STEP[17]: T > 'f; + ATA'min 11,224 16,580 2,320
STEP[18]: Ty < T, — AT 11,224 16,580 2,320
STEP[19]: min(@¥5%, Q¥ER) < max(QHEh, Qon) 7778 4844 2260
STEP[20]: g(o, — f,,0)H = (1 + €) (AP, + 3 Fip) 7,776 4,844 2,260
Number of simulations in the Smart Enumeration step 449 258 222
Computational time (s) 77.8 152.5 211.1
9. Conclusions Nomenclature

In this work, we solved the design optimization problem of
fired heaters using Set Trimming followed by Smart
Enumeration. Set trimming uses the inequality constraints of
the problem to reduce quickly and considerably the number
of solution candidates by eliminating a large fraction of in-
feasible candidates, as illustrated in three different ex-
amples. Finally, the Smart Enumeration procedure allows the
identification of the global optimum through the simulation
of a small number of candidates, compared with the initial
search space. The procedure stops when it is impossible to
reduce the objective function, therefore it always identifies
the global optimum. Because of the high nonlinearity of the
problem, different local and global optimization solvers
failed to converge.

Additionally, our procedure is robust, simple initial esti-
mates (we use averages of the variables bounds) are only
necessary to solve the fired heater model for different solu-
tion candidates during the Smart Enumeration. Solving the
fired heater model for each candidate, is similar to a simu-
lation problem (the geometry is fixed for each candidate and
the fuel consumption is determined after setting the outlet
oil temperature) and corresponds to the solution of a system
of nonlinear equations. Our numerical experiments did not
show convergence issues related to these candidates’ simu-
lations.

The nomenclature is available in Supplemental Material S7.
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Supplementary data associated with this article can be found
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