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INTRODUCTION

1.1. Summary
The aim of this document is to present the first preliminary results on CFD simulations of
cracking furnaces of Dow Chemical Ibérica S.L. (DCI) facilities in Tarragona. An analysis of
hydrodynamics and combustion in the industrial furnaces has been carried out with the aim
of characterize the best placement of oxygen sensors. A comprehensive model of complete
furnace (including radiant and convective zones) has been developed and partially validated
with plant data. Additionally six different operational scenarios have been studied in order to
evaluate the effect of combustion in thermal steam cracking process for two different feedstocks.
1.2. Structure of document
The objective of this document is to provide detailed information about the fluid dynamics of
combustion process and to lay the foundations to the further optimization of combustion. All
the work has been done with the help of a commercial CFD software and it has been partially
validated with real plant data.
In section 2, a general overview of state of art of CFD simulations focused on cracking furnaces and self-aspirating wall burners is presented. The methodology of simulation that has
been applied in this work is based in this literature survey. In section 3 a description of the
facilities, feedstocks and operation conditions are presented. In section 4, the CFD model is
presented. A complete description of mesh, models applied and boundary conditions is presented. Additionally the cases studied are detailed in this section.
The presentation and discussion of results is presented in section 5. Six scenarios have
been studied and validated (with some derivations in heat duties) from plant data. Additionally a brief analysis of the effect of radiation and combustion models in simulation are presented. Finally an analysis of actual measurements points and possible new placements are presented.
Section 6 presents the general review and of the work and the further work for combustion
optimization that will be presented in D.8.3.
1.3.

Methodology

A comprehensive CFD model of DCI cracking furnaces is presented. An exhaustive work on
data gathering and discussion of results has been done in close collaboration between CIRCE and DCI. These preliminary results are the basis for novel sensoring placement and for a
subsequent combustion optimization.
1.4. Partners involved
Partners and Contribution
Short Name

Contribution

CIRCE

Review of state-of-art and development of CFD model

DCI

Data gathering, discussion of results and review of validation
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STATE-OF-ART CFD SIMULATIONS ON CRACKING FURNACES

Cracking furnaces are the heart of ethylene plants. They play a crucial role in the manufacture of base products (building blocks) for the polyolefins industry, including ethylene, propylene and butadiene and other high value co-products. They also define the yield, efficiency
and profitability of olefin plants. Due to its importance a vast quantity of works have been
developed since 1950’s in order to improve the thermal steam cracking of hydrocarbons [1]–
[4].
The main topics covered related with cracking are cracking kinetics [5]–[9], coking formation
[10]–[12], control of the systems [13]–[15] and combustion [16]–[19]. Turbulent combustion
is a very complex phenomena where there are involved such as heat and mass transfer,
turbulence and chemistry [20]. Thus in order to solve accurately all these process simultaneously CFD has been demonstrated to be a powerful tool in combustion simulation [21].
Albeit of its industrial interest, the literature about CFD simulations on steam cracking furnaces is not very extensive. The pioneer group on this kind of simulations is the Laboratory
for Petrochemical Engineering of Ghent University. Its works cover most of the topics related
with combustion in this kind of reactors: heat transfer [22], detailed kinetic models [23], reduce order kinetics [24], NOX formation [25], radiative heat transfer [26], coupling with process side [27] and evaporation in convective zone [28]. The limitations of these studies, for
our case study are the scale and flame structure. On the one hand, simulations are validated
at semi-industrial scale (1:4). On the other hand, modern cracking furnaces are equipped
with long-flame burners. These burners present several differences compared to old radiant
wall burners (studied in this case). Hence, these works have been considered as basis for
this work, but with the necessary cautions. Additionally, in the last years some advances
have been done for other independent groups in order to improve heat transfer and chemical
models [29], [30], to include coking rate in the simulations [31], and to simulate all combined
phenomena in convective zone at industrial scale [32].
The majority of the information about CFD simulations applied to cracking furnaces is centered in the behavior of furnaces. Thus, it is very difficult to obtain information about burners
operations. Most of the information is centered in the long diffusion flames, meanwhile the
information about partially premixed wall-burners at this scales is very scarce [33], [34]
Thus, as far as our knowledge arrives, there are not public previous simulations of full scale
cracking furnaces as studied in this work. Thus some challenges as different scales in mesh
generation from burner to furnace, and the correct selection of boundary conditions, as well
as the intrinsic difficulties associated to combustion process must be solved.
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DCI FURNACES

Dow Chemical Ibérica S.L. (DCI) ethylene cracker in Tarragona is formed by a series of
naphtha/LPG cracking furnaces: some of them of identical design, originally installed in the
plant when was constructed and started-up, with a common stack and waste heat recovery
boiler, plus last technology jumbo cracking furnaces with their own steam generation system
integrated in the convective zone. This work has been centered in the original cracking furnaces (initially F-1001 as reference). They have been selected because their higher retrofitting potential. Moreover, being a series of essentially identical units, possibilities to modify
equipment or instruments without compromising operational schedules are logically much
convenient than for any of the larger single units with a better and improved design. Moreover improvements/calculations demonstrated in one of them are directly replicable in the other original and identical cracking furnaces. Radiant sections of furnaces are schematically
presented in Fig. 1.

Figure 1: Layout of radiant zone of original DCI furnaces
DISIRE_D8.2_v1.2
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Radiant zone is formed by 208 self-inspirating radiant-wall burners, disposed symmetrically
in two walls with dozens of burners by row. The flame in these cases is radially generated
oriented to the refractory walls. Thus, heat is transported to the coils from the radiant walls
instead of by the flame directly. The fuel gas is formed by methane and hydrogen produced
in cracker in a ratio 3:1 approximately. The nominal power of each burner is 250 kWth and
typically it operates with an excess of oxygen of 7.5%.

Figure 2: Sections of a self-inspirating radiant-wall burner [34]

Naphtha or LPG is feed in the furnace by the convective zone where is preheated and mixed
with steam in three steps previously to the injection in the radiant zone. The convective zone
is formed by four blocks: FPH, HTC1, DSSH and HTC2. FPH is the feed preheater, where
the hydrocarbons are preheated and partially vaporized in the case of naphtha. HTC are the
high temperature coils. In HTC-1 the preheated hydrocarbon is mixed with dilution steam. In
HTC-2 a higher heating is promoted previous to enter in the radiant zone (~600ºC). Dilution
steam passes through a superheater (DSSH) previously to be mixed with HC in HC-1. In
radiant zone, HC is distributed in 8 blocks of coils, with a total of 96 passes.
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Figure 3: Layout of cracking furnace with convective sections

One of the most critical phenomena that affect the cracking process is the production of
coke. During the cracking process a part of coke is generated and deposited along the inside
wall of the radiant coils. The coke deposits of a few millimeters to centimeters in thickness
lead to poor heat transfer. In order to retain the same process temperature and hence the
same conversion, operations have to adjust (increase) the heat transfer in the radiant sections, leading to a continuous increase of the skin temperature of the coils (TMT – Tube Metal Temperature). Thus each 45 days approximately the furnace must be put out of operation
in order to burn and remove these coke deposits. Decoking process is usually done by
means of steam and air injection in the coils instead of HC’s.
Depending on the HC feed and the state of the run (Start-of-run SOR corresponds to clean
coils, after decoking; and End-of-run EOR is previously to decoking) the load of the furnace
and the duties in the furnace changes noticeably. Thus six scenarios have been tested from
plant data with different feedstocks (liquid-naphtha, gaseous-LPG) and in different lifetime
between decokings (SOR, MOR, EOR). More details about the case studies are described in
section 5.
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CFD SIMULATIONS

A commercial software (ANSYS Fluent 17.0) in a single 2x20 core Intel Xeon E5-2690v2
3GHz CPU server with 64GB RAM has been used to carry out the simulations. A 3D hybrid
structured-polyhedral mesh formed by 4.9 million cells has been made up to obtain accurate
results. Radiant zone presents strong differences in the cell size due to de different scales
between burners (tip diameter is 115 mm) and combustion chamber (1.7x7.3x12.7m), thus in
this zone a polyhedral approach has been adopted, using 3.8 million cells. In the convective
zone a 1.1 million cells hexahedral mesh have been generated. Due to a more homogenous
distribution of scales this scheme has been adopted, being more stable numerically than
polyhedral approach.

Figure 4: Section and details of the furnace mesh

In Figure 5 is shown an overview of the furnace including all coils in radiant and convective
zone. Additionally a detail of burners is presented in order to understand the gradient in cell
size between zones. It is important to note that, instead of the volume mesh in radiant zone
is polyhedral; in the boundary faces mesh are structured and with milimetric size.
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Figure 5: Geometry of the furnace (left) and detail of burners (right)

All momentum, mass and heat transfer conservation equations were modeled by solving the
steady-state Reynolds Averaged Navier–Stokes equations (RANS) along the computational
domain and making use of the standard κ–ε model to close the turbulence problem. It is reasonable to assume that turbulent diffusion will slightly modify the fluid dynamics in the near
burner region, but not enough to alter markedly the local temperature and oxygen partial
pressure in cells, and thus the combustion process.
Combustion of the volatile products was modeled using the mixed-is-reacted model. This
assumption is adequate for reacting flows with high Damköhler numbers (Da >> 1). Mass
fractions of fuels, oxidant and products were obtained by means of Eddy Break-Up model
(EBU). EBU model is based on the assumption that the reaction rate is controlled by turbulent mixing because of the dependence of reaction rate on the mixing of the turbulent eddies.
Three reactions take place in the combustion process, with common mixing rate coefficients
(A=4; B=0.5):
CH

1.5 O → CO

2H O

(1)

CO

0.5O → CO

(2)

H

0.5O → H O

(3)

Finally the radiative heat transfer was modeled using the Discrete Ordinates (DO) method.
DO radiation model solves the radiative transfer equation for a finite number of discrete solid
angles, each associated with a vector direction fixed in the global Cartesian system, according to the finite-volume scheme and its extension to unstructured meshes. The equations for
DISIRE_D8.2_v1.2
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the energy and radiation intensities are solved one by one, assuming prevailing values for
other variables. The absorption coefficient was estimated by applying a weighted-sum-ofgray-gases model (WSGGM). In this way, this absorption coefficient is determined as a function of the concentration of main participative gases (H2O, CO2) and the product of their partial pressure and a characteristic length. Scattering is assumed to be negligible. Radiation
related properties at the walls were defined considering a wall temperature and coil temperature according to skin temperature from plant and assuming diffuse refection with an emissivity value of 0.75 for refractory and 0.9 for coils.
The pressure-velocity coupling is resolved by means of the phase-coupled SIMPLE algorithm. The second order upwind scheme was used to evaluate the convective terms because
it presents less numerical diffusion than first order schemes. The residual tolerances were
set of 10-3 for each scaled residual (except to energy and radiation intensity: 10-6). Simulation
wall-clock time typical to convergence in these simulations was 50-70 h.
Six scenarios have been evaluated, two feedstocks and three states of run. During run, if
load is constant, the fuel consumption increases due to the increase of heat transfer by coking. Thus, as higher temperatures are required, fuel consumption is higher. On the other
hand there are not details of skin temperature of main of these points, so these boundary
conditions (BC) values must be considered preliminaries. Convection temperatures also
changes with load, feedstock and state of run, however we fixed the temperature values in
order to evaluate the effect of combustion in heat duties distribution and gas temperature, in
line with the aim of control and monitoring of DISIRE project. The main BC’s are summarized
in Table 1.
Table 1.- Operation conditions of furnace – Case study main BC
Feedstock

NAPTHA

State of run

SOR

MOR

GPL
EOR

SOR

MOR

EOR

Fuel composition

% vol.

75% CH4 / 25% H2

Excess of air

%

6

Fuel mass flow

kg/h

3500

3615

3725

2500

2580

2660

Air mass flow

kg/h

65835

67998

70067

47025

48530

50035

Radiant coil skin temperature

K

1100

1160

1215

1120

1175

1235

Radiant wall temperature
Crossover refractory
temperature

K

930

K

850

Convection wall temperature

K

830

FPH skin temperature

K

500

HTC-1 skin temperature

K

700

DSSH skin temperature

K

725

HTC-2 skin temperature

K

750
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© DISIRE Consortium

Page 12 of 27

H2020-SPIRE-2014

5

DISIRE

RESULTS AND DISCUSSION

5.1. Naphtha/LPG – SOR/MOR/EOR scenarios
Six scenarios have been simulated and partially validated with plant data. Partially validated
because of some data of operation are necessary to understand in detail the operation of the
furnace and are confidential. For example, each HC feed (load) and composition of HC affect
strongly to the duties in the furnace. Moreover, simulations are 6 moments in steady state,
meanwhile the cracking furnace are stable but unsteady systems. Finally, some refinements
in the coils and wall boundary conditions are necessary to improve the quality of the simulation. These improvements will be presented in D8.3. In the combustion section the data
available are 5 temperatures, 2 oxygen sensors and fuel gas information. In this work we
monitored temperatures and O2 concentrations in the same points that in the plant in order to
replicate numerically all the plant measurements.

Figure 6: Details of sensor placement in furnace (left) and equivalence in CFD model (right). Thermocouples in crossover (middle) and oxygen sensor and thermocouples at convective outlet (bottom)
DISIRE_D8.2_v1.2
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Main results for six scenarios are summarized in table 2
Table 2.- Oxygen concentration, temperatures and duties in simulation and plant
NAPHTHA
SOR
CFD

LPG

MOR

PLANT

CFD

EOR

PLANT

2298

CFD

SOR

PLANT

2290

CFD

T flame (ºC)

2306

T cross 1 (ºC)

1025

1194

1082

1187

1073

1185

950

T cross 2 (ºC)

1086

1190

1095

1177

1079

1161

963

T cross 3 (ºC)

995

1217

1018

1206

1060

1195

906

T Conv Out 1 (ºC)

742

637

786

641

793

631

T Conv Out 2 (ºC)

764

667

749

652

751

Q gas out (kg/s)

18,3

18,3

18,9

18,9

O2 Conv out 1 (%)

1,06

1,08

1,06

O2 Conv out 1 (%)

1,06

0,41

1,06

Radiant

17524

18096

14319

DSSH

714

1942

FPH

1320

HTC1

MOR

PLANT

2206

CFD
2230

1124

PLANT

EOR
CFD

PLANT

2240

943

965

1014

1006

1134

1129

920

960

1130

695

595

701

702

558

641

670

594

674

683

583

19,5

19,5

13,16

13,16

13,58

14,1

14,1

0,63

1,06

0,82

1,06

2,51

1,06

1,06

2,11

0,66

1,06

0,95

1,06

2,14

1,06

1,06

1,48

17538

11290

13851

7266

13456

887

2005

308

1286

418

1330

1684

1433

1735

1004

1317

1075

1351

1479

3408

1655

3491

1017

2395

1127

2460

HTC2

2488

7423

2841

7660

1739

5623

1963

5821

TOTAL

23525

32553

21134

32429

15358

24472

11850

24418

DUTY (kW)

In general the error between simulations and plant data is a 10-20% in temperature measurements. CFD simulations overestimate temperature at the outlet of the convection zone
and underestimate the temperature at the outlet of the convective zone. In the case of naphtha there are not strong differences during the cycle (with a slight reduction in the temperatures). However this effect can be associated to a reduction on the load. If load will be constant, temperature should be higher (to avoid the coking heat resistance), as CFD simulation
predicts. Thus it is necessary to study in detail in further steps the effect of load in furnace
operation. In the case of LPG, cracking temperature is lower than in naphtha case, thus fuel
gas consumption and temperatures are lower, as observed in the simulations
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1400

T cross 1 (ºC)
T Conv Out 1 (ºC)

TEMPERATURE (ºC)

1200

T cross 2 (ºC)
T Conv Out 2 (ºC)

T cross 3 (ºC)

1000
800
600
400
200
0
CFD

PLANT

CFD

SOR

PLANT

CFD

MOR

PLANT

CFD

EOR

PLANT

CFD

SOR

PLANT

MOR

NAPHTHA

CFD

PLANT
EOR

LPG

Figure 7: Temperature from CFD simulation and plant data

Duty (kW)

The differences in the estimation of temperatures in radiant zone of CFD simulations can be
attributed to different factors. On the one hand BC for radiant walls overestimate heat losses.
For this reason in case of SOR-naphtha the radiant duty is practically the same in simulations and in plant data, but gas temperature is lower. On the other hand the duty of HTC-1
and HTC-2 in convective zone are severely underestimated. For this reason outlet temperature is higher in the simulations than in the plant. Thus a further study must be carried out in
the convective banks.

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0

Radiant
DSSH
FPH
HTC1
HTC2

CFD

PLANT

CFD

SOR

PLANT
EOR

CFD

PLANT
SOR

NAPHTHA

CFD

PLANT
EOR

LPG

Figure 8: Heat duties from CFD simulation and plant data
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The differences between different scenarios in temperature and velocity can be observed in
Figures 9 and 10. Form a general point of view is possible to observe as all the profiles are
very similar. If fuel gas consumption increases, increases flame temperature and penetration
in the furnace. Moreover it is possible to observe similar patterns in hydrodynamics. The recirculation zones are very similar, but the turbulent intensity increases with fuel consumptions. A detailed analysis of fluid dynamics is presented in section 5.3 due to its relation with
oxygen measurements.

Figure 9: Temperature (K) profiles in central plane for six operation scenarios
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Figure 10: Velocity profiles (m/s) in central plane for six operation scenarios
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5.2. Radiation and combustion models
The most applied radiation and combustion models in these applications are the EBU and
DOM. However, some authors studied the effect of other models without clear conclusions.
On the one hand P-1 model simulate radiative heat transfer expanding the radiation intensity
over an orthogonal series of spherical harmonics. This model is less computational expensive, but usually it overestimate heat losses in walls at high temperature and it underestimates at low temperature. Thus if radiation of the media is higher than walls (as in coal combustion for example) is more computational efficient than DOM.
On the other hand Eddy Dissipation Concept (EDC) model is an extension of the EBU model
to include detailed chemical mechanism in turbulent flows. The EDC model attempts to incorporate the significance of fine structures in turbulent combustion, including the Arrhenius
kinetics of reactions in a simplified way. EDC has been proven efficient without the need for
changing the constants for a great variety of premixed and diffusion controlled combustion
problems. The kinetics has been included and exists a competition between mixing and kinetics as limiting step. This model drives to obtain higher flame temperatures than EBU
model. These conclusions are verified in the simulations as showed in Table 3 and Figure
11.
Table 3.- Oxygen concentration, temperatures and duties in CFD simulations for different combustion
and radiation models
NAPTHA /SOR
Radiation Model
DOM
Combustion Model
EBU
T flame (ºC)
2306
T cross 1 (ºC)
1025
T cross 2 (ºC)
1086
T cross 3 (ºC)
995
T Conv Out 1 (ºC)
742
T Conv Out 2 (ºC)
764
Q gas out (kg/s)
18,3
O2 Conv out 1 (%)
1,06
O2 Conv out 1 (%)
1,06

DISIRE_D8.2_v1.2

NAPTHA /SOR
P-1
DOM Radiation Model
DOM
EBU EDC Combustion Model
EBU
2268 2308
Duty (kW)
1024 1053 RADIANT
17524
1064 1113 DSSH
714
982 1015 FPH
1320
747
771 HTC1
1479
721
741 HTC2
2488
18,3 18,3 TOT (MW)
23525
1,06 0,77
1,06 0,77

© DISIRE Consortium

P-1
EBU

DOM
EDC

20931 17978
383
727
1759 1326
1865 1489
3079 2532
28017 24052
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Figure 11: Temperature and velocity profiles for different combustion and radiation models

5.3. Oxygen sensor placement
The central aim of this deliverable is to evaluate the placement of O2 sensors (see D.8.1).
For this reason we carried out a detailed analysis of fluid dynamics on the furnace for combustion characterization. First of we consider as base case the SOR-NAPHTHA case. Observing the oxygen profiles obtained in the simulations, there are no quantitative information
in this simulations due to the consumptions of oxygen are very close to the burners. Additionally air infiltrations in the convective zone due to the existing opening in the crossover
section (transition from radiant to convection sections) for refrigeration purposes in the furnace (by design) cannot be simulated adequately with CFD tools.
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Figure 12: Oxygen profiles in furnace (left) and detail in burners (right)

Currently oxygen sensors are placed in the top of convective zone. This is a very good place
for two reasons. On the one hand, the convective bank reduces turbulence and velocities
producing a more homogenous and isotropic turbulence. Thus measurements are more stable. Thus a minimum of intensity if turbulence is observe di this point (see Fig.13). On the
other hand the temperature is reasonably low (600-700ºC) that is a very sensitive range of
zirconia sensors.

Figure 13: Velocity profile (m/s, left) and turbulent intensity (%, right)
DISIRE_D8.2_v1.2
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Thus in case to introduce a punctual sensor a low turbulent zone must be selected. The other bank of tubes presented in the furnace is located in the radiant zone, where turbulence is
less intense in the center of the furnace by symmetry and due to the coils effect (see Fig.14).
In any case, temperatures in this zone are too high to select a punctual oxygen sensor.

Figure 14: Temperature profiles (K) at wall (top), one quarter (middle) and middle (bottom) of radiant
section of furnace
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In the case of TDLAS for chemical sensoring, oxygen and other species are measured in a
plane inside the furnace. Hence, turbulence and gas velocity not affects to the measurements, and it is not necessary to obtain measurements in homogenous zone. Thus measurements can be done in the most interesting point from an operation point of view. In the
furnace are three main recirculation zones. First one is located in the inlet to the convection
zone. Second one is in the upper part of the radiant zone. Third one is placed in the lower
part of crossover. It is important to note that contrarily to expected in the bottom of the furnace there are not recirculation zones due to the availability of the development of the flux
due to the draft (as observed in Fig. 15).

Figure 15: Velocity profile (m/s, left) with recirculation zones, and pressure profile (Pa, right)

These three recirculation zones will be studied in the D8.3 to improve the performance of the
furnace. However, the vortex generated in the crossover is particularly interesting due to the
low velocities and gravity can produce a deposit of hydrocarbons in this zone. This effect can
lead to a potential process safety issue. Hence, in case of monitoring gas concentration in
one section, we propose to install a TDLAS in this zone according to Fig.16.
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Figure 16: Planes suggested to measurements of oxygen in crossover by means of TDLAS (in red).
Profiles of velocity (m/s)
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CONCLUSIONS AND FURTHER WORK

CFD tools are very powerful to characterize the industrial processes with an economic investment lower than experiments and with high accuracy. However, models and results must
be selected and evaluated with attention to be affordable. In this work it is presented a preliminary evaluation of six combustion operation points, related to different process conditions.
A complete characterization of the hydrodynamics, kinetics and heat transfer mechanisms
involved have been studied with a reasonable accuracy compared to plant data.
Moreover a new disposition of punctual sensors has been proposed in radiant section. However this placement presents a lower potential than actual position (correctly in terms of stability of flow and temperatures).
Additionally the installation of a TDLAS with HC sensor and oxygen is proposed in the crossover in order to increase the quality of the measurements of O2 (avoiding infiltrations in convective zone) and increasing process safety (reducing the possibility of undesirable deposits
of combustible species in this zone of the furnace during maintenance).
The objectives of the deliverable have been satisfactory accomplished, but several issues for
further research are still open and they will be treated in D8.3:







Closure of duty balances in the furnace by adjusting BC conditions in coils and walls.
Evaluation of more complex kinetic schemes in order to increase resolution of oxygen
measurements
A study of NOX generation will be carried out.
A grid-independence study in the convective zone will be done in order to ensure independence of results from numerical methods
An optimization of combustion must be proposed
Modifications in the furnace geometry (i.e. installation of deflectors to avoid recirculation zones) should be evaluated.

DISIRE_D8.2_v1.2

© DISIRE Consortium

Page 24 of 27

H2020-SPIRE-2014

7

DISIRE

REFERENCES

[1]

S. B. Zdonik, E. J. Green, and L. P. Hallee, Manufacturing Ethylene: By S.B. Zdonik,
E.J. Green and L.P. Hallee. Petroleum Publishing Company, 1966.

[2]

S. M. Sadrameli, “Thermal/catalytic cracking of hydrocarbons for the production of
olefins: A state-of-the-art review I: Thermal cracking review,” Fuel, vol. 140, pp. 102–
115, Jan. 2015.

[3]

P. J. Clymans and G. F. Froment, “Computer-generation of reaction paths and rate
equations in the thermal cracking of normal and branched paraffins,” Computers &
Chemical Engineering, vol. 8, no. 2, pp. 137–142, Jan. 1984.

[4]

T. Ren, M. Patel, and K. Blok, “Olefins from conventional and heavy feedstocks:
Energy use in steam cracking and alternative processes,” Energy, vol. 31, no. 4, pp.
425–451, 2006.

[5]

K. Van Geem M., M. Reyniers F., and G. Marin B., “Les défis de la modélisation du
vapocraquage des hydrocarbures lourds,” Oil & Gas Science and Technology - Rev.
IFP, vol. 63, no. 1, pp. 79–94, Jan. 2008.

[6]

G. F. Froment, “Kinetics and reactor design in the thermal cracking for olefins
production,” Chemical Engineering Science, vol. 47, no. 9–11, pp. 2163–2177, Jun.
1992.

[7]

T. C. Ho, “Kinetic Modeling of Large‐Scale Reaction Systems,” Catalysis Reviews, vol.
50, no. 3, pp. 287–378, Aug. 2008.

[8]

M. Dente, E. Ranzi, and A. G. Goossens, “Detailed prediction of olefin yields from
hydrocarbon pyrolysis through a fundamental simulation model (SPYRO),” Computers
& Chemical Engineering, vol. 3, no. 1–4, pp. 61–75, Jan. 1979.

[9]

M. W. M. van Goethem, F. I. Kleinendorst, C. van Leeuwen, and N. van Velzen,
“Equation-based SPYRO® model and solver for the simulation of the steam cracking
process,” Computers & Chemical Engineering, vol. 25, no. 4–6, pp. 905–911, May
2001.

[10]

G. C. Reyniers, G. F. Froment, F. D. Kopinke, and G. Zimmermann, “Coke formation
in the thermal cracking of hydrocarbons. 4. Modeling of coke formation in naphtha
cracking,” Industrial and Engineering Chemistry Research, vol. 33, no. 11, pp. 2584–
2590, 1994.

[11]

H. Cai, A. Krzywicki, and M. C. Oballa, “Coke formation in steam crackers for ethylene
production,” Chemical Engineering and Processing: Process Intensification, vol. 41,
no. 3, pp. 199–214, 2002.

[12]

S. Wauters and G. B. Marin, “Kinetic Modeling of Coke Formation during Steam
Cracking,” Industrial & Engineering Chemistry Research, vol. 41, no. 10, pp. 2379–
2391, May 2002.

[13]

A. Chaibakhsh, N. Ensansefat, A. Jamali, R. Kouhikamali, and H. Najafi, “Crude oil
direct fired furnace model,” Applied Thermal Engineering, vol. 83, pp. 57–70, May
2015.

DISIRE_D8.2_v1.2

© DISIRE Consortium

Page 25 of 27

H2020-SPIRE-2014

DISIRE

[14]

H. M. Woerde, S. Barendregt, F. Humblot, and C. Brun, “Mitigate coke formation,”
Hydrocarbon Processing, vol. 81, no. 3, pp. 45–50, 2002.

[15]

M. Berreni and M. Wang, “Modelling and dynamic optimization of thermal cracking of
propane for ethylene manufacturing,” Computers and Chemical Engineering, vol. 35,
no. 12, pp. 2876–2885, 2011.

[16]

C. E. Baukal, The John Zink Combustion Handbook. CRC Press, 2001.

[17]

E. Platvoet, D. Brown, and R. Patel, “Process Heaters,” in The John Zink Hamworthy
Combustion Handbook, Second Edition, CRC Press, 2013, pp. 129–148.

[18]

D. Venizelos, R. R. Hayes, and W. Bussman, “Radiant Wall Burners,” in Industrial
Burners Handbook, CRC Press, 2003.

[19]

R. Poe, A. Patel, C. E. Baukal, and D. Wright, “Advanced combustion system for
cracking furnaces,” Petroleum Technology Quarterly, vol. 12, no. 3, pp. 113–117,
2007.

[20]

D. Veynante and L. Vervisch, “Turbulent combustion modeling,” Progress in Energy
and Combustion Science, vol. 28, no. 3, pp. 193–266, Mar. 2002.

[21]

C. E. Baukal, V. Gershtein, and X. J. Li, Computational Fluid Dynamics in Industrial
Combustion. Taylor & Francis, 2000.

[22]

G. J. Heynderickx, A. J. M. Oprins, G. B. Marin, and E. Dick, “Three-dimensional flow
patterns in cracking furnaces with long-flame burners,” AIChE Journal, vol. 47, no. 2,
pp. 388–400, Feb. 2001.

[23]

G. D. Stefanidis, B. Merci, G. J. Heynderickx, and G. B. Marin, “CFD simulations of
steam cracking furnaces using detailed combustion mechanisms,” Computers &
Chemical Engineering, vol. 30, no. 4, pp. 635–649, Feb. 2006.

[24]

G. D. Stefanidis, G. J. Heynderickx, and G. B. Marin, “Development of reduced
combustion mechanisms for premixed flame modeling in steam cracking furnaces with
emphasis on NO emission,” vol. 20, no. 1, pp. 103–113, 2006.

[25]

A. Habibi, B. Merci, and G. J. Heynderickx, “Multiscale modeling of turbulent
combustion and NOx emission in steam crackers,” AIChE Journal, vol. 53, no. 9, pp.
2384–2398, Sep. 2007.

[26]

A. Habibi, B. Merci, and G. J. Heynderickx, “Impact of radiation models in CFD
simulations of steam cracking furnaces,” Computers & Chemical Engineering, vol. 31,
no. 11, pp. 1389–1406, Nov. 2007.

[27]

S. C. K. De Schepper, G. J. Heynderickx, and G. B. Marin, “Coupled simulation of the
flue gas and process gas side of a steam cracker convection section,” AIChE Journal,
vol. 55, no. 11, pp. 2773–2787, Nov. 2009.

[28]

S. C. K. De Schepper, G. J. Heynderickx, and G. B. Marin, “Modeling the evaporation
of a hydrocarbon feedstock in the convection section of a steam cracker,” vol. 33, no.
1, pp. 122–132, 2009.

DISIRE_D8.2_v1.2

© DISIRE Consortium

Page 26 of 27

H2020-SPIRE-2014

DISIRE

[29]

S. Zheng, X. Zhang, C. Qi, and H. Zhou, “Modeling of heat transfer and pyrolysis
reactions in ethylene cracking furnace based on 3-D combustion monitoring,”
International Journal of Thermal Sciences, vol. 94, pp. 28–36, Aug. 2015.

[30]

H. Guihua, W. Honggang, and Q. Feng, “Numerical simulation on flow, combustion
and heat transfer of ethylene cracking furnaces,” Chemical Engineering Science, vol.
66, no. 8, pp. 1600–1611, Apr. 2011.

[31]

G. Hu, H. Wang, F. Qian, Y. Zhang, J. Li, K. M. Van Geem, and G. B. Marin,
“Comprehensive CFD Simulation of Product Yields and Coking Rates for a Floor- and
Wall-Fired Naphtha Cracking Furnace,” Industrial & Engineering Chemistry Research,
vol. 50, no. 24, pp. 13672–13685, Dec. 2011.

[32]

G. Hu, B. Yuan, L. Zhang, J. Li, W. Du, and F. Qian, “Coupled simulation of
convection section with dual stage steam feed mixing of an industrial ethylene
cracking furnace,” Chemical Engineering Journal, vol. 286, pp. 436–446, Feb. 2016.

[33]

M. Schietroma, “Modelli di combustione premiscelata turbolenta ed applicazione su
codici di calcolo industriali,” UNIVERSITA’ DEGLI STUDI DI ROMA “LA SAPIENZA,”
2000.

[34]

W. Bussman, R. Poe, B. Hayes, J. McAdams, and J. Karan, “Low NOx burner
technology for ethylene cracking furnaces,” Environmental Progress, vol. 21, no. 1, pp.
1–9, Apr. 2002.

DISIRE_D8.2_v1.2

© DISIRE Consortium

Page 27 of 27

