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A coupled system simulating both firebox and reactor is established to study the naphtha pyrolysis in an indus-
trial tubular furnace. The firebox model is based on zone method including combustion, radiation, and convection
to simulate heat transfer in the furnace. A two-dimensional recirculation model is proposed to estimate the flow
field in furnace. The reactor model integrates the feedstock reconstruction model, an auto-generator of detail ki-
netic schemes, and the reactor simulation model to simulate the reaction process in the tubular coil. The coupled
simulation result is compared with industrial process and shows agreement within short computation time.
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1. Introduction

Tubular furnaces have been widely applied in the petrochemical in-
dustry, especially in pyrolysis of hydrocarbons for production of olefins.
In cracking process, the combustion of fuel gas in furnace transfers heat
to support cracking reactions inside the tubular coil. Considering the
complexity of the cracking process, accurate predictive simulation
models of both firebox and reactor are required to obtain better furnace
designs and industrial online operation optimization. Heynderickx et al.
[1] and Detemmerman and Froment [2] were first to combine the zone
method for radiation model and Computational Fluid Dynamics (CFD)
method for firebox heat transfer simulation in the furnace. Hu et al. [3]
and Lan et al. [4] implemented a CFD numerical method to perform
coupled simulation studies on the flow, combustion, radiative heat trans-
fer, and thermal cracking reaction processes in the furnace. Niaei et al. [5]
performed simulations combining the zone method and the detailed py-
rolysis reactions in an industrial plant. These coupled pyrolysis simulation
models are based on both firebox simulation and tubular-coil simulation
which guarantees the accuracy of ethylene cracking simulation.

To model the fireboxes and their combustors, the CFD approach has
been widely researched, including Stefanidis et al. [6,7], Habibi et al. [8],
and Hu et al. [9]. Because of continual improvements in CFD software
and rapid increases in computational power, the CFD model has become
more accurate and can provide a quantitative understanding of turbu-
lent flow and heat transfer in such processes. However, there are further
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obstacles in the real industrial application, which arise from the geo-
metrical complexity, such as multi-burner furnaces and uncertainties
in boundary conditions [10]. Another traditional limitation of CFD in in-
dustrial applications is that the calculation scale makes CFD simulations
computationally intensive. In industrial simulation, especially coupled
models, zone partitioning in the CFD model is too complicated for indus-
trial process and not appropriate for application in a one-dimensional
plug-flow model of tubular reactor.

To overcome the disadvantages of the CFD method, Niaei et al. [5]
and Batu and Selcuk [11] established a three-dimensional model simu-
lating firebox heat transfer based on the zone method. This method
originally introduced by Hottel and Cohen [12] has become widely
used over the past decades in modeling radiative heat transfer in fire-
box. Because the calculation of the directional exchange areas (DEAs)
with multi-dimensional integrals [13-15] is the most time consuming
part of the zone method, most developments of such methods focus
on the calculation of the DEAs [16] and the matrix inversion which is
needed in calculation of the total exchange areas (TEAs). Although
some suitable zone methods have been constructed and used in
industry-related simulations, there are several computational chal-
lenges in the zone method: a larger number of zones need to be gener-
ated to increase the accuracy of the zone method [17], an extra
interpolation is required for turning the discrete results that the zone
method produces into continuous results. In addition, obtaining correct
flow field is another challenge in the radiation model (both the CFD
model and the zone method). Hence if the zone method is applied to
simulate heat transfer in the firebox, constructing an economical and re-
liable flow field estimation method is important especially in industrial
online simulation.
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The simulation of tubular reactor plays a very important role in the
coupled model as well. The priority in a reactor model is the reaction
schemes and kinetics because of the complexity of the reaction mecha-
nism, which influences the accuracy of product estimation. Over the
past decades, three types of models: empirical [18], global [19], and de-
tailed kinetic model [20] have been implemented in pyrolysis reaction
simulations of tubular reactor coils. Both empirical and global models
do not consider the detailed reaction interaction during cracking in
the reactor coils and hence cannot meet the industrial demands for de-
tailed analysis. The detailed kinetic model used in this study constructs a
detailed radical reaction network with over 140 molecules which meets
requirement for the detailed composition information management
[21].

With models of firebox and tubular reactor, the product yield of
naphtha pyrolysis and process data of the furnace can be calculated. Be-
cause the reactor model is a one-dimensional simulation process, this
paper employs a two-dimensional data-based recirculation zonal
modeling to decrease the firebox calculation scale which raises the cal-
culation speed of coupled steam cracking simulation. The traditional
zone method with adjusted Monte-Carlo integration [22] is used to
model and simulate radiation aspects of an industrial furnace. Consider-
ing the recirculation phenomenon in the flow field, a data-based recir-
culation zone model is implemented to enhance the accuracy of the
flow field simulation. The recirculation zone model estimates the flow
field using the industrial data (manufacturer's design data and the
plant-measured data). On the one hand, the coupled model enables
temperatures and flow field data in the firebox to be obtained. On the
other hand, the calculated heat flux to the reactor enables product
yield to be determined. The increase in these process data acquisitions
contributes to fast industrial simulations and optimizations. The simula-
tion model is coded in C++ and the program is running on a personal
computer with Intel core i7 which shows not only the computation time
of the whole process is less enough but also the accuracy is acceptable
for the industrial simulation.

2. Firebox Mathematical Model and Numerical Method

To simulate the heat transfer of the firebox, a two-dimensional recir-
culation system has been constructed based on the zone method [23]
which integrates combustion, radiation, convection, and flow models.
The whole space of the firebox is split into zones and the enclosure
walls are divided into finite surface zones. The temperature and proper-
ties within the volume and surface zones are uniform. By stipulating en-
ergy balance equations for all surface and volume zones, we can solve a
system of nonlinear equations for the temperature field in all zones and
the heat flux on the side walls of the enclosures. The heat flux profile
along the tube length is estimated by the cubic spline interpolation
and gives the flux transferred to the tubular reactor.

2.1. Combustion model
In this study, the combustion inside the firebox is assumed to be a

premixed gas complete without CO production. It can be modeled
using the Roesler combustion model [24] expressed as:

(o) () ov

The flame height in the firebox can be measured by the infrared
thermometer or based on the export experience.

The combustion heat released between adjacent cross-sections of
the firebox is calculated from

Qb = [fc(h + Ah fc )] Z imiq; (2)

2.2. Convection model

The convection heat transfer occurs between volume zones and ad-
jacent surface zones and calculated using

Qc = heAc(Tg—Ts) 3)
2.3. Radiation model

As the temperature of the flue gas in the firebox is high, radiation
plays the dominant role in heat transfer. To estimate this transfer, the
zone method including the weighted-sum-of-gray-gases model
(WSGGM) [25,26] is implemented. The DEAs are calculated using
AMCI [22]; the TEAs are evaluated from matrix relations. The directed
flux areas (DFAs) with WSGGM are then assessed using TEAs and ac-
count for the effects of surface emissivity and the non-gray behavior
of radiant interchange. Based on these DFAs, the radiation heat transfer
condition between zones can be calculated. The surface with the tubular
reactor adopts a simplification to avoid the integral of the periphery. The
tube wall is presented by the tube surface in gray body model and virtu-
al surface in white body model shown in Fig. 1.

The equations basing on the zone method [23] are listed below:

Direct exchange area:

K exp(—kr;)
gg, = // — K exp(—kry) dv;dv;
ij
k cosf; exp(—kr;
8isj = // mry? U)dAidvj o
/ / cosb; cost); E;XP( kri) dAdA;
nr,—,-

Total exchange area:
The result of radiation heat flux between the two zones is fixed and
given by:

Qs;s, = SiS;0Ts 5)
Qrss, = SiRs,As,0Ts (6)

As a specific relation holds between Qsgs, and Qgss, the ratio of
Egs. (5) and (6) can be simplified:

55, =Mt
~) —

%)

- SiRs; (7)

Sj

Given the definitions and the above equations, if S; is the only radia-
tion source, the radiation balance can be expressed as:

[S1S/SiRs, +525;SiRs, + -+SiSj(SiRs, + &s,) + - + 5u5;5iRs, | - ps,
= A, SiRs, ®)

By substituting S;Rs, into Eq. (7), the TEA between surfaces SS;canbe
obtained, as can G;S; and G;G;.

Directed flux areas:

The radiative properties of CO, and H,0 strongly vary with wave-
length. Because the effect of all absorption lines in the calculation is
too computationally expensive, the WSGGM method is applied in calcu-
lation. In the WSGGM, the emissivity of the real gas is expressed as the
weighted sum of several gray gases and a transparent gas:

6= L1 asi(T) (1—e7P%) Y
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Fig. 1. Diagram of tube surface.

If i=0, the absorption coefficient is assigned a value of zero
representing a transparent gas. The weighting factor for i=0 is
evaluated:

ro = 1—21 0., (10)
J .
Qg = 21 be; T’ (11)
j:

The direct flux areas can be easily found:

e
GGj =3 e (G,—G]>kn
GSj = X e (G,s,

5),
: 12)
)

The difference between a. , and a/ , is the temperature of the heat
source, which causes different weight-of-gray gases and transparent
gas from Eq. (11).

In conclusion, the net radiation heat transfer into the volume zone
and surface zone can be calculated from

{ Qg = 5(CiGisTe, + S;GisTs, ) = (GiGysTg, + GiSysT, ) 13

—— — — —
Qus, = X 5(GySisTg, + SiSisTs, ) = X25(SiGisTs, + SiSysTs)

2.4. Flow and recirculation model

The firebox can be regarded as a two-dimensional stable system,
partition into a volume zone and its decomposition of surrounding sur-
face zones. Considering the mass conservation, no mass accumulation
occurs in these zones. Hence the flue gas inflow rate is equal to the out-
flow rate. Therefore, the inert zone or any other recirculation of flue gas
flow is equivalent to a closed-loop recirculation so that mass conserva-
tion holds.

For the volume zone, the net enthalpy at the inlet can be evaluated
using

AH = Z Hi.in_ Z Hj,out (14)
J

1

In modifying this calculation to include recirculation, we regard the
firebox flow field as a superposition of the plug flow and recirculation
loops. There are various configurations related to a single recirculation
loop: (1) if the loop (loop 1 in Fig. 2) lies in a single flue gas zone, it
has no effect on flue gas enthalpy; (2) if the loop (loop 2 in Fig. 2)
crosses two adjacent flue gas zones, the flue gas enthalpy net inlet of a
single zone is offset by the sum of inflow and outflow; (3) if the recircu-
lation loop crosses four zones (loop 3 in Fig. 2), one defines the recircu-
lation flow rate as a recirculation coefficient with clockwise circulation
as positive to be consistent with subsequent calculations; and (4) if
the loop has a more complex path, then it can be split easily into funda-
mental elements (three types of loop mentioned above). All these types
of recirculation loops appear within the fundamental flow field in the
firebox. Indeed, the quantity of each recirculation loop could be set as
a parameter for different types of firebox subjects, which could be ob-
tained by regression based on the industrial data or simulation data.

There are several methods such as the cold model method, the trace
method, and the CFD method, to determine the recirculation flow field.
In our model, we estimate the quantities of recirculation loops through
industrial data regression. In the regression process, the interior point
method is used to regress the quantity of each recirculation loop with
the design data (heat flux distribution of the reactor). The objective
function is selected by minimizing the differences between the model
calculation values and the industrial data. The optimization variables
are the quantities of the recirculation loops. The regression method
can estimate a two-dimensional flow field in height and width direction
of the firebox.

2.5. Energy balance equation

With the equations constructed above, the energy conservation
equations of the zones are:

(1) For the volume zones G;,
Q,+Q;+Q.+AH=0 (15)

where Q, and Q . are respectively the energies that are absorbed
from gas combustion and are transferred to/from the neighbor
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Fig. 2. Types of recirculation loop in the flue gas zone.

surface zone by a convection mechanism, Q. the total radiative
energy that is retained in volume G; from radiation heat transfer,
and AH the net enthalpy at the inlet in volume G;. By substituting
Egs. (2), (3), and (13) into Eq. (15), we have

fi- Zimig; + 2 (GGi0Tg, +S,GoTs, ) = (GiGjoTg,

= (16)
+GiSjO'Tg(.) + hcAc (Ts_Tg) + (ZiHi,in_ZjHj,out) =0

(2) For surface zones, S,
Qr_Qc_ n = 0 (]7)

where Q. is the convective energy that is transferred from/to the
surface zone(s) to/from the neighboring volume zones, Q . the
total radiative energy that is retained in surface S; from radiative
transfer, and Q,, the energy loss that flows out of the surface,
which concludes the tube inside.

By substituting Eqs. (3) and (13) into Eq. (17), we have

Z;‘(GTS;UT& + S—SiUTsj) —Z;‘(TG;UT& + 5570%)

(18)
—hAc(Ts—Tg) +Q, =0

3. Mathematical Model for the Tubular Reactor and
Numerical Method

To establish the simulation model of the pyrolysis process coupling
the firebox and the reactor, we combine the feedstock reconstruction
model, a detailed kinetic scheme generator with both reaction networks
and corresponding kinetic parameters, and the reactor simulation
model [27]. A flow chart of the whole simulation model is shown in
Fig. 3.

3.1. Feedstock reconstruction model

The feedstock reconstruction approach uses the probability distribu-
tion function [28] to model the composition of the complex oil fractions.

The molecular composition of the petroleum fractions is calculated
using Shannon entropy optimization with the bulk property of the feed-
stock such as average molecular weight, H/C ratio, density, true boiling
point distillation curve, and PINA (paraffins, iso-paraffins, naphthenes,
and aromatics) group number.

3.2. Detailed kinetic scheme generation

The radical reaction mechanism plays the most important role in the
thermal cracking of the hydrocarbon. For pyrolysis process, radical
chain propagation mechanism can be classified as 5 types of reaction:
Initiation, H-Abstraction, Isomerization, Beta-scission, and Termination
reactions. Therefore, the reaction kinetic parameters used in this paper
are referenced from literatures [29,30]. As the manual generation of
the whole set of reactions becomes intractable, especially when the hy-
drocarbon molecular weight is increased, an automatic generator of the
reaction scheme is introduced in structuring the radical reaction net-
works with the estimated kinetic parameters. The elementary reaction
model for steam cracking can be separated into two parts: light hydro-
carbon reaction model and heavy hydrocarbon (carbon number greater
than 5) reaction model. The light hydrocarbon reaction model is
established using RMG software. The heavy hydrocarbon reaction
model is generated using the radical mechanism. Finally, a kinetic
scheme with 93 molecules, 49 radicals and 4694 reactions is established
for the full reaction model shown in Fig. 4 [21].

3.3. Reactor simulation model

Regarding the geometry of a tubular cracking furnace, a one-
dimensional reactor model is developed to simulate transfer and reac-
tion processes. To solve the ordinary differential equations, we use
Gear's methods; the heat fluxes (Q quantities) obtained from furnace
simulations are substituted into these equations as well. This set of ordi-
nary differential equations is given by

dN S

TLm = VZiVimri = fn(Tr,Pr,Nm) (19)
dN,

ar, g,

fm dL
_ = P N 20
dL chpmNm CpHZONHZO fT(Qf, T m) ( )
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Fig. 3. Flow chart of the tubular reactor simulation.
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4. Coupled System and an Industrial Application

=f—=——""" = fo(T;,P:,N 21
dL 19.62 x Dip, Je(Tr, Pr, Nom) 1)
To obtain product-yield data, the coupled model outlined in the flow
chart (Fig. 5) is executed. Some iterations between the firebox simula-
Qr = kwTDo(Tw(L)=Tr) x dL (22 tion and the reactor simulation are needed to obtain convergence to
5" radical——>{ Cs' radical reaction
molecular reaction
Feedstock Initiation reaction P ———— Isomerization reaction Olefin molecules ‘
: ; > adical molecules .
Molecule H-Abstractions reaction . Decomposition Radical molecules ‘
composition addition reaction light hydrocarbon T
Retro-ene reaction molecules Cora dical—+ C.* radical
C, radical reaction |[¢—————c; radical—
dy of C-C bonds
CH,-Csec Csec-Csec Csec-Cter Csec-Cquat
5X 10%*exp(-83500/RT) 5 X 10*%exp(-81000/RT) 5X 10'%exp(-80000/RT) 5 X 10*%exp(-78000/RT)
| H-abstraction reactions of alkyl radicals
b Primary H-atom Secondary H-atom Tertiary H-atom
NS Primary radical 10%exp(-13500/RT) 10%xp(-11200/RT) 10%xp(-9000/RT)
Raw Reaction network Kinetic parameters Secondary radical 10%exp(-14500/RT) 10%exp(-12200/RT) 10%exp(-10000/RT)
| AN Tertiary radical 10%exp(-15000/RT) 10%exp(-12700/RT) 10%exp(-10500/RT)

93 molecules
49 radicals
4694 reactions

isomerization reactions (Transfer of a primary H-atom*)

1-4 H-transfer 1-5 H-transfer

Primary radical 10%exp(-20600/RT) 1.58 X 10%xp(-14500/RT)
Secondary radical 10"exp(-21600/RT) 1.58 X 10Y%xp(-15500/RT)
Tertiary radical 10*exp(-22100/RT) 1.58 X 10*%exp(-16000/RT)
Ikyl radical (to f ri radicals)
Primary radical Secondary radical

10exp(-30000/RT)
Corrections of decomposition rates to form

10*exp(-31000/RT)

1-6 H-transfer

3.16 X 10%xp(-19500/RT)
3.16 X 10%xp(-20500/RT)
3.16 X 10%xp(-21000/RT)

Tertiary radical
10*exp(-31500/RT)

Methyl radical
exp(-2500/RT)

Secondary radical
exp(1500/RT)

Tertiary radical
exp(2500/RT)

Allyl radical
0.316 X exp(8000/RT)

Fig. 4. Establishment steps for full reaction model.
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Fig. 5. Flow chart of coupled firebox/reactor simulation.

balance the interactive variables (tube skin temperature distribution
and heat flux distribution). The firebox calculations enable the determi-
nation of the flow, combustion, and radiative heat transfer in the fire-
box. From the calculation of the heat flue flow field, the heat transfer
input data for the reactor simulation are obtained by solving the energy
balances (Eqs. (16) and (18)) with the Levenberg-Marquardt method
[31]. For the reactor, the skin temperatures of the coils are obtained
with cracking reactions in the coils considered as fixed boundary condi-
tions for the firebox model. When the difference of tube skin tempera-
ture distribution between two iterations is less than margin of error,
the model comes to the convergence. With these coupled iterations,
product yield values are obtained which can be applied in the optimiza-
tion of industrial operations.

4.1. Industrial cracking furnace

If the coupled simulation converges, both firebox and reactor are in
steady states. The temperature field, the flow field in the firebox, the
heat flux distribution, and the temperature distribution in the tubular
coil are all obtained and therefore a real-time operation simulation par-
ticularly for industrial purposes can be attained. The industrial cracking
furnace that we studied is one type of industrial millisecond furnace,
which has eight channels (Fig. 6). In the full furnace, there are 48 floor
burners arrayed into four rows on the floor and no side-wall burners;
28 x 8 straight-line reaction tubes are arranged tightly in 8 channels.
Details of the furnace dimensions and operating conditions are listed
in Table 1 which are collected from real industrial process.

The tubular reactor is configured as a system with a feedstock recon-
struction model, detailed kinetic scheme generator, and the reactor sim-
ulation model. The naphtha feedstock is reconstructed with details of
the molecules given by their bulk properties (Table 1). These feedstock
molecules are cracked into smaller molecules, the products of pyrolysis
under the current operating conditions (Table 1). The geometrical di-
mensions of the straight-line tubular reactor are listed in Table 1.

4.2. Case results and discussion

The objective for using the coupled system is to predict product
yields in the cracking process given the feedstock data and operating
conditions such as the feedstock bulk properties, the furnace segment

structure, fuel gas flow rate, and coil temperature. To obtain industrial
operation simulations and optimizations, each part of the coupled sys-
tem (firebox and reactor) needs to attain industry standards in

oo ¢ XX
00 00
000000 000 000
Q\Q 10.. o006 000

Fig. 6. Schematic diagram of the cracking furnace.
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Table 1
Furnace dimensions (one channel), operating conditions and bulk properties of naphtha
feedstock

Furnace segment

Length/m 15
Width/m 8
Height/m 13
Number of floor burners 6

Firing condition

Fuel gas flow rate/kg-s~' 1.67
Air and flue gas inlet temperature/K 294.15
Outlet gage pressure/kPa —22
Oxygen excess/vol% 10
Fire height/m 59
Fuel composition/wt%
CHy 97.5
H, 2.5
Material properties
Emissivity of side wall 0.75
Emissivity of tube skin 0.85
Convective heat transfer coefficient/W - (K-m?)~! 11.63

Reactor coils
Number of reactor tubes 28

Inlet tube diameter/m 0.0439
Outlet tube diameter/m 0.0566
Hydrocarbon flow rate/t-h~! 6.3686
Steam dilution/kg-kg ! 0.5
Coil inlet temperature/K 912.75
Coil outlet pressure/kPa 144
Feedstock properties

Specific density 0.7050
ASTM D86 boiling points/K

IBP 308.9

0.1 331.1

03 354.2

0.5 371.0

0.7 390.0

0.9 416.2

FBP 4389
PIONA/wt%

P 30.74

I 33.02

N 28.68

0] 0.71

A 6.72
H/C/mol-mol " 2.11
Average molecular weight (amu) 95.02

computational accuracy. However, because of the demand for online
operation simulations, the zone model construction has to be simplified
for speedy computations, one that balances accuracy and timeliness.
Hence our furnace simulations focused on a simplified area in half one
channel with three burners and has 36 zones including 6 x 3 x 1
(height x width x length) volume zones and 18 corresponding surface
zones for the firebox wall and the tube row surface.

For the recirculation model, the flow field is fixed along the direction
between the volume zones and the regression process determines
the flow rates for the recirculation loops, which are superimposed
over the original flow field in the furnace (Fig. 2). However, with high
temperatures inside the cracking furnace and lack of measurement
methods, industrial data for temperature and heat flux in the furnace
are difficult to obtain. The quantities of recirculation loops are obtained
by regression from the industrial measurement data.

With the regression method mentioned in Section 2.4, the industrial
design data of the average heat flux profile along the tube length, which
is the design data corresponding to the furnace, is used as the objective
function in the regression, because these data are closest to the reaction
process of the tubular reactor design. The regression results are shown
in Figs. 7 and 8 in about 173 s of computation time using a 3.3-GHz

CPU. The number of the flow in Fig. 8 is flow field mixed by recirculation
loops and the original flow field.

Fig. 9 shows the simulation result and industrial data of the side-wall
temperature distribution along the height of the furnace. Here, the side-
wall temperature first rises from 1295 K to its maximum value 1349 K,
where the corresponding height is about 5.5 m, and then falls to 1310 K
in about 9 m along the furnace height direction. The industrial data from
an ethylene plant were measured by infrared thermometry and have a
+ 15 K error range. The simulation results show good accordance with
data over a broad range, especially the measured range.

In Fig. 7, the peak in the heat flux is approximately the furnace height
of 5 m. The simulated heat flux below the peak agrees roughly with in-
dustrial data. Above 5 m, the simulation result is below the design data
curve. This error may arise from the flow field in the upper compart-
ment of the furnace. Nevertheless, from the temperature field (second
panel of Fig. 10), we can see the temperature gradient between 7.9 m
and 9.7 m is very small. The increase in the heat flux in the upper com-
partment must lead to an increase in temperature creating another peak
in temperature within the furnace. A double peak in temperature is un-
suitable for furnace without side wall burners.

With the regression recirculation model, the gas temperature field
in the furnace can be calculated and a comparison made between
the recirculation zone model and the basic model in Fig. 10. The gas
temperature field is more uniform with recirculation, the highest tem-
perature being strongly influenced by recirculation. Furthermore, the
highest temperature with recirculation is about 1830 K whereas that
for the basic model is about 2110 K. The regression recirculation
model gives a more realistic gas temperature field.

To verify the recirculation model, three dimensional flow, combus-
tion and radiation in the firebox of cracking furnace are simulated by
CFD software Fluent. Standard k — € turbulence model, finite rate/eddy
dissipation model, discrete ordinate model and weighted sum of gray-
gas model are chosen to describe the processes in cracking furnace.
With result of the CFD simulation in Fluent software, the flow field is
transformed into our recirculation loops. In Fig. 10, the temperature
field of the recirculation model estimated by the CFD flow field and
the temperature field from Fluent are shown as well (third and fourth
panels). The similarity of these two fields represents the recirculation
model estimated by the CFD is correct in the furnace simulation.

Finally, the reactor model can be coupled into the system to give ac-
curate heat flux distributions; product yields obtained by the tubular re-
actor model are listed in Table 2. The regression model shows strong
agreement with industrial data. The result of the recirculation with
CFD is similar with the regression and better than the basic model. Ac-
cording to our analysis, results of the recirculation model provide uni-
form heat flux and temperature distribution are a fit better to the
industrial data. In Fig. 11, the temperatures for the tubular reactor
core and outside wall show a similar trend as that given by the regres-
sion circulation zone model, the reason being a higher accuracy in
predicting product yields. The situation means the designed heat flux
for the tubular reactor is the core of the coupled system. The heat flux
distribution influences the reactions most and the best designed fur-
naces need to have reaction temperatures within the tubular reactor
within design specifications. However, there is an inevitable deviation
with respect to the industrial operational process. In Fig. 7, the tail of
the simulation curve is lower for the designed curve which reduces
the difference between the reaction temperature and tubular wall tem-
perature (Fig. 11). Fortunately, the result for recirculation zone is suffi-
ciently accurate for industrial demand.

The computation time for the model needs to be concerned most in
this paper. With the same CPU, the zone method expends only 5 s
whereas the CFD method in Fluent needs almost seven days because
of differences in the number of partitions. Computation times for indus-
trial naphtha cracking furnaces are crucial for fast real-time operating
optimizations. The advantage of our model is obvious. No matter what
kind of data is applied to estimate the circulation loops, the accuracy
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heat flux distribution
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Fig. 7. Comparison of the average heat flux profiles along the tube length between the simulation result and industrial design data.

of the prediction is depending on the accuracy of the data you can have.
When you obtain the accurate industrial measure data such as the heat
flux profiles in our work, the recirculation model can estimate the flow
field more accurately. In this way, the recirculation model shows its ad-
vantages not only in calculating time but also the accuracy. In addition,
the CFD simulation result can help to verify the result the data regres-
sion if the CFD model can be accessible.
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Fig. 8. Recirculation-loop field along the furnace height and length.

5. Conclusions

A coupled simulation system including both the firebox and the re-
actor is established to simulate the naphtha pyrolysis tubular-furnace.
The two-dimensional data-based recirculation zonal model is well
invented in flow field estimation which decreases the calculating scale
of firebox. The flow field is estimated with industrial data. The temper-
ature field obtained using the recirculation zone method is more uni-
form than that obtained by the basic flow field model and the results
of the recirculation zone method show good agreement with industrial
data. In particular, the tube wall temperature distribution of reactor
using the zone method shows good trends with reaction temperature,
and product yields are very accurate satisfying the industrial application
requirements. In addition, a CFD simulation is constructed to verify
the recirculation model and temperature field with this flow field
shows similar with the Fluent software. The calculating time of the

Side wall temperature distribution
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1360 O

industrial data [

1340

1320

1280

Side wall temperature/K

1260

1240

1220

1200 L L L L L L
0
Height/m

Fig. 9. Comparison between the simulation result and industrial data of the side-wall
temperature distribution along the furnace height.
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Fig. 10. Flue gas temperature fields with furnace height and width.
Table 2
Product yields of simulation and industrial data
Product yields/wt% Product yields/wt%

Product name

Industrial data

Simulation result

Relative error

Simulation result

Relative error

(regression flow field) (CFD flow field)
H, 1.07 1.03 3.85% 0.98 8.32%
CHy 16.55 16.52 0.19% 16.42 0.81%
CoHy 30.65 30.52 0.44% 30.09 1.81%
CoHg 3.79 3.75 1.02% 4.12 8.63%
CsHe 16.13 16.75 3.74% 16.40 1.67%
C3Hg 0.9 0.62 44.73% 0.85 5.10%
C4Hg 6.02 6.11 1.34% 5.89 2.23%
NC4Hg 1.41 1.11 27.44% 1.12 20.91%
IC4Hg 2.66 2.71 2.13% 2.74 2.90%
NC4Hq0 0.61 0.65 6.43% 0.72 18.54%
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Fig. 11. Temperature distribution along the length of tubular reactor.
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recirculation model can well satisfy the industrial simulation. In general,
the coupled simulations using the recirculation model give both precise
prediction and less computation time which are fundamental in
achieving real-time simulation of industrial naphtha-cracking furnace
operations.

Nomenclature

Ac the area of the convective heat, m?

Qg i the emissivity weighting factor for the ith fictitious gray gas,
the bracketed quantity is the ith fictitious gray gas emissivity

Com the heat capacity at constant pressure, J-K~!

D; the inner diameter of reaction tube, m

D, the outer diameter of reaction tube, m

f the frictional factor

fe the total fuel consumption ratio

G the mass flow rate of the gas in reaction tube, kg-s~!

TG},TS},?S} the directed flux areas for volume-volume, volume-
surface, surface-surface, m?

88;,8:5),5i; the direct exchange areas for volume-volume, volume-
surface, surface-surface, m?

h the flue gas height in the furnace, m

he the convective heat transfer coefficient, W- (K-m?)~!

k the absorption coefficient of the gray gas, m™!

Ky the total heat transfer coefficient, W- (K-m?)~!

L the length of the reaction tube, m

L¢ the flame height in the furnace, m

ls the path length, m

m; the mass flux of components i of the fuel, kg-s™!

Ny, the concentration of substance m in reaction tube

P; the pressure in reaction tube, Pa

p the sum of the partial pressures of all absorbing gases

Qyp the combustion heat, W

Q. the convection heat transfer, W

Qs heat transfer by the furnaces, W-m™!

Q. the energy loss that flows out of the system, W

Qrss, the heat flux from reflection

Q, the total radiative energy, W

qi the heat of combustion of the components i of the fuel, W

Ti the reaction rate of reaction i

Tij the size of the vector that connects the center of the two ele-
ments to each other, m

S the flow area of reaction tube, m?

TSJ, GiS;,GiG; the total exchange area for volume-volume, volume-
surface, surface—surface, m?

SiRs, the reflective heat flux rate

T, the flue gas temperature of the volume zone, K

Ts the temperature of the surface zone, K

Ts, the temperature of the surface zone S;, K

T: the temperature in the reaction tube, K

1% the volume flow rate of the gas in reaction tube, m>-s~!

Vim the stoichiometric coefficient of substance m in reaction i

Wy the equivalent length of reaction tube, m

AH the net enthalpy, J- (kg-K) ™!

AH%,,  the standard enthalpy of formation of substance m,
J-(kg-K)~!

Ah the height of the vertical interval, m

& the surface absorptivity (the surface blackness)

0;,0; the angle between the normal vector of surface elements and
the above-mentioned vector

K; the absorption coefficient of the ith gray gas

Pr the density of the gas in reaction tube, kg-m—3

Ps, the surface reflectivity
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