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A 3-D computational fluid-dynamics model containing equations for mass, heat and
momentum transfer and using a k- € closure model, was used to calculate the 3-D
flue-gas flow pattern and the corresponding 3-D temperature field for a pyrolysis fur-
nace. The computational fluid dynamics model is combined with a reactor model for
the cracking tubes and a radiation model for the radiative heat transfer in the furnace
box. Detailed reaction kinetics for the naphtha cracking reactions in the tubes and a
five-step reaction mechanism for the combustion of methane in the flames were used.
This complete model reveals asymmetric flow patterns in a naphtha-cracking furnace
with 4/2/1 split-coil reactors and fired with long-flame burners.

Introduction

Thermal cracking of hydrocarbons is an endothermal pro-
cess that takes place in tubular reactor coils suspended in
large gas-fired pyrolysis furnaces. Heat transfer to the reactor
tubes is due to radiation from the furnace refractory walls,
with temperatures up to 1,500 K, and to radiation from the
flue gas with temperatures up to 2,100 K. Temperature pro-
files in the furnace, and therefore the type of burner that is
used, influences radiation profiles to the reactor tubes. The
furnaces are generally fired by radiation burners in the side-
walls of the furnace and/or by long-flame burners in the bot-
tom of the furnace. The use of radiation burners in the side-
walls prevents the impact of flames on the reactor tubes, and
reduces the presence of hot spots on the tube walls. These
hot spots are detrimental for the lifetime of the tubes and
result in higher coking rates, lowering the run length of the
furnace between two decoking operations. The radiation
burners are distributed over the total height of the furnace
wall, thus assuring the injection of hot flue gas throughout
the furnace. As a result, the heating of the reactor tubes
throughout the furnace is more even. With long-flame burn-
ers, the height along which heat is generated in the furnace
depends on the length of the flame. The flame length in turn
is determined by, among other things, the degree of mixing
from fuel gas and combustion air.
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The heat-release profile in the furnace has a large influ-
ence on the heat fluxes to the reactor tubes determining the
process gas temperature profiles and therefore the conver-
sion of the process gas and the selectivity toward the differ-
ent products.

The simulation of cracking furnaces with radiation burners
is based on a furnace mode! using the zone method of Hottel
and Sarofim (1967) for calculating the radiative heat transfer
in the furnace (Plehiers and Froment, 1989), and on a reactor
model with a detailed radical reaction scheme (Willems and
Froment, 1988a,b; Ranzi et al., 1983; Dente and Ranzi, 1983).
It is possible to predict the run length of such a furnace to
within two to three days (Plehiers et al., 1990).

The simulation of long-flame fired furnaces with the same
accuracy requires a model for the calculation of the flue-gas
flow pattern (Sundaram and Albano, 1997) in the furnace and
reaction kinetics for the combustion of the fuel gas in the
flame. Determining accurate flow patterns in the furnace re-
quires that the three-dimensional Navier-Stokes equations be
solved (De Saegher et al., 1996; Detemmerman and Froment,
1998).

In the present article, a three-dimensional CFD model is
used to calculate flow patterns and heat release in a
naphtha-cracking furnace fired with long-flame burners. The
calculation of the flow profiles is coupled to the calculation
of the radiative heat exchange in the furnace and to calcula-
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tion of the thermal cracking reactions in the reactor tube.
Only a coupled simulation is capable of providing correct
profiles.

Model Equations
Reactor model

A set of continuity equations for the different process gas
species j is solved simultaneously with the energy and the
pressure-drop equation.
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A detailed radical reaction scheme for the thermal crack-
ing of hydrocarbons, containing over 1,000 reactions between
128 species, is used to simulate the cracking reactions (Wil-
lems and Froment, 1988a,b).

The use of a one-dimensional plug-flow model in reactor
tubes with smooth internal surfaces has a high degree of ac-
curacy, since all radial profiles are wiped out due to the high
turbulence corresponding to Reynolds numbers of 250,000.

Coke formation in the reactor tubes (Plehiers et al., 1990)
is calculated from the corresponding continuity equation:

aCq

——=R¢. (7)

at

Rate expressions for the coke formation in the thermal
cracking of naphtha have been derived (Reyniers et al., 1994).
The calculation of the heat fluxes Q(z) to the reactor tubes
is based on the zone method of Hottel and Sarofim (1967).
The furnace is divided into a number of surface and volume
zones that are considered to be isothermal. For these zones
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the energy balances, containing radiative, convective, and
conductive contributions, are constructed. The radiative con-
tributions are obtained through Monte Carlo simulations,
calculating the view factors between the different zones in
the furnace. From these view factors, the total exchange
arcas Z;Z; between the zones are calculated. The total
exchange area Z,Z; is the amount of radiative power emit-
ted by zone Z; in the direction of zone Z;, divided by the
black-body emissive power of the emitting zone. The black-
body emissive power of zone i with temperature 7; is calcu-
lated from

E,=oT/ (8)

The set of energy balances for the furnace can be written
as
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Furnace wall, process gas, and tube-skin temperature profiles
in the furnace are obtained by solving the energy balances for
the surface and volume zones of the furnace. Use of the ac-
curate Hottel and Sarofim zone method resuits in an excel-
lent prediction of the heat fluxes from the furnace to the
reactor tubes.

Detailed information on coupled simulation of furnace and
reactor is given by Rao et al. (1988) and Plehiers and Fro-
ment (1989).

Furnace

The model used to calculate the flue-gas flow pattern in
the furnace is based on the Reynolds-averaged Navier-Stokes
equations, containing a total continuity equation, a momen-
tum equation, and an energy equation. Steady state is consid-
ered.

The total continuity equation is written as

3
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The momentum equation in the i-direction,
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states that the convective transport of the i-component of the

momentum equals the sum of forces working in that direc-
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tion, namely the pressure forces and the viscous forces due to
velocity gradients. Other external force fields are negligible.
For example, the impact of the gravitational force in the gas
phase is limited due to the limited height differences in the
furnace.

Because variations in temperature have an impact on gas
densities, and thus on flow patterns, an energy equation is

required:
3 .
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The first term on the lefthand side of the energy equation
expresses the convective transport of enthalpy, turbulent en-
ergy, and kinetic energy; the second term determines the dif-
fusional enthalpy transport; the third term accounts for tur-
bulent heat conduction. On the righthand side of the equa-
tion, we find the amount of radiative heat transfer per unit of
volume.
The energy equation can be transformed into
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in which the heat of combustion is found explicitly on the
righthand side of the equation.

The Navier-Stokes equations are to be solved in an inte-
gration grid with small volumes compared to the total fur-
nace volume. With the current computer capacities, use of
the Hottel and Sarofim zone method for radiative heat trans-
fer, with Monte-Carlo-based calculation of the view factors,
is nearly impossible due to the large amount of CPU time
needed. Therefore, the six-flux De Marco and Lockwood
(1975) model is used for calculating the radiation intensity
between the grid volumes. This model performs well for
short-distance radiative heat transfer as encountered in the
integration grid with small volumes (Detemmerman and Fro-
ment, 1998).

The total diffusivity, D,, the total conductivity, A, and the
total viscosity, u,, are calculated as the sum of the corre-
sponding molecular and turbulent properties:

thDm+Dturb (15)
)‘t = Am + Aturb (16)
oy = Moy, + Hturb - (17)
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The turbulent properties are calculated from the turbulence
model or closure model. Use is made of the k-e model (Jones
and Launder, 1972), in which k represents the turbulent ki-
netic energy and e represents the dissipation of k.

The k-e model consists of two conservation equations:
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The turbulent viscosity u,., can be calculated from the
turbulent energy and the dissipation of turbulent energy ac-
cording to the Prandtl-Kolmogorov expression:

k2
=0.09p,— . (22)
€
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Next, the other turbulent properties are obtained through the
analogies between transport of energy, mass, and momen-
tum:

- Dturb - Hturp (23)
m D
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A

Combustion

The combustion of fuel gas in long-flame burners is consid-
ered to be a noninstantaneous reaction, resulting in concen-
tration profiles for fuel-gas and flue-gas components in flame
and furnace. These profiles are calculated from the Reynolds
averaged continuity equations for the different components:

3 3
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The first term on the righthand side of the equation repre-
sents the diffusion of the components. This term is included
for the sake of generality. The integration grid for solving the
equations is too coarse to adequately incorporate diffusion.
Excessive computer memory and calculation time require-
ments prohibit adapting the grid size.

Calculation of the net production rate (second term on the
righthand side of the equation) of the flue-gas components
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Table 1. Furnace Dimensions and Operating Conditions

Furnace
Height (m) 8
Length (m) 12
Width (m) 3
Thickness of refractory (m) 0.16
Thickness of insulation (m) 0.075
Number of burners 20
Reactor coils
Number of reactors 4

Reactor type 4/2/1 split coil

Number of passes 2/1/3
External tube diameter (102 m) 8/12/16
Internal tube diameter (10~ m) 710715
Firing conditions
Fuel gas (ton/h) 1.5
Oxygen excess (%) 1.5
Fuel-gas composition (wt. %)
Hydrogen 55
Methane 853
Ethane 2.2
Propane 1.2
CO+CO, 13
Total heat input, MW 22,5
Reactor operating conditions
Feedstock Naphtha
Feedstock composition (wt. %)
Paraffins (8 components) 39.2

Iso-Paraffins (29 components) 36.9
Naphthenes (21 components) 18.5

Aromatics (5 components) 5.4
Feedstock feed rate, (kg/h), (4 coils) 11,800
Steam dilution (kg/kg) 0.5
Coil inlet temperature (K) 823
Coil outlet pressure (atm) 1.75

Material properties
Emissivity of furnace wall 0.5
Emissivity of tube skin 0.9

Thermal conductivity of
refractory (W/m-K)
Thermal conductivity of
insulation (W/m-K)
Thermal conductivity of
tube skin (W/m-K)

0.0193+118.0x 1075 T(K)
0.0452+111.1x 1075 T(K)

—1.257+4.327%x1072 T(K)

(Table 1) requires combustion kinetics to be proposed for
methane, ethane, propane, and hydrogen. Use is made of a
five-step mechanism:

3
CH, +50, % CO+2H,0 (25)
5 2
C,H, + 50, > 200+3H,0 (26)
7 3
C3Hy + 30, = 3C0 +4H,0 @7
1 4
CO+50, €O, (28)
1 5
H, + 0, > H,0. (29)

The Westbrook and Dryer (1981) kinetics were applied:
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The hydrogen combustion is assumed to be instantaneous.

The eddy breakup model of Spalding (1972), which de-
scribes the turbulent mixing, is used. In this model, the reac-
tion mixture of fuel gas and combustion air is assumed to
consist of eddies containing the reaction components. The
eddies break down to a level at which reaction is possible.
Slow eddy breakup determines the rate of reaction and thus
the consumption of fuel gas and the length of the flame. A
mixing time scale is calculated from the k-e model, based on
an analogy between eddy breakup and the decay of turbulent
energy (Hinze, 1959):

Sl=d—, 34
Tml=dy (34)

Since mixing and reaction occur sequentially, mixing time and
reaction time can be added, resulting in the following expres-
sion for the overall rate:

. M.
r,’k=( +—fﬂ) (35)

Tk r

for reactions 1 to 4, and
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The mixing rates r,, are calculated from
Py . b
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which shows that the breakup of the limiting reacting compo-
nent is rate determining.

Calculation of the Flue-Gas Flow Pattern

Integration of the CFD model equations in the furnace is
based on a finite-volume technique. A three-dimensional in-
tegration grid is constructed, starting from a representative
cross section of the furnace. This cross section is filled with a
number of nonstructured surface cells. Nonstructured grids
are chosen in order to be able to accurately account for the
presence of the reactor tubes and burner inlets in the fur-
nace. By connecting consecutive two-dimensional grids, a
three-dimensional grid of irregular prisms is constructed.
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The basic Navier-Stokes equations and turbulence model
equations can be written in matrix formulation:

oF oG oH JF oG oH’
— At —+— +
ox dy az dx ay

The lefthand side of the matrix formulation contains the con-
vective terms of the basic equations; the righthand side con-
tains the viscous terms and a production or source term P.

The first step in discretizing the basic equations is to inte-
grate the matrix formulation over a volume cell of the three-
dimensional grid:
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[ —t—+ — dv
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+ fViPdV. (39)

The convective terms of the equations are treated using a
first-order flux difference-splitting method (Lombard et al.,
1982). For the viscous parts of the equations a central differ-
ence scheme is used. The source terms contain three types of
contributions: the diffusional enthalpy transport is neglected;
the contribution of radiative heat transfer is calculated ac-
cording to the De Marco-Lockwood six-flux model (De Marco
and Lockwood, 1975); the contribution of reaction heat is
treated following the flux difference-splitting concept. De-
tailed information is found in De Saegher et al. (1996) and
Detemmerman and Froment (1998).

The resulting set of equations is solved using a Gauss elim-
ination method. Convergence is reached when the residual
sum of squares calculated from the normalized differences
between the right- and lefthand sides of the preceding equa-
tion has dropped under a given value.

Calculation of the Concentration Profiles in the
Furnace

The concentration profiles of methane, ethane, propane,
oxygen, and carbon monoxide determine the rate of combus-
tion and thus the combustion heat release in the different
volume elements in the integration grid. They are caiculated
by solving the continuity equations for all species j in each
integration volume ¥} in the furnace. Again, a first order
splitting concept followed by a Gauss elimination method is
used to solve the equation.

Boundary Conditions

All variables, except the pressure, are prescribed at the in-
let of the furnace. The pressure is prescribed at the outlet of
the furnace.

Impermeability for the mass flows is imposed at the walls.
The flow is considered to be parallel to the wall. In the vicin-
ity of the wall, the k-e¢ model equations are no longer valid.
They are replaced by so-called wall functions to determine
values for £ and e:
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where U, represents the friction velocity:

Tm
U=4/—> (42)
Pe
determined by the wall shear stress:
oU
Tw = Murb 3_}7, (43)
in which the turbulent viscosity is calculated from:
k2
Mryrb = C[L —E_. Pg- (44)

The distance to the wall is given by y,.

Overview of the Calculations

A global flow chart of the calculations is given in Figure 1,
and an extended outline of the calculation is given by Detem-
merman and Froment (1998).

Two integration grids are constructed in the furnace. The
first integration grid consists of rather large surface and vol-
ume zones. This grid is used for the coupled simulation of
furnace and reactor. The view factors between these zones
are calculated and initial temperature and heat-flux esti-
mates are made. The second integration grid, the nonstruc-
tured grid, is used to calculate the flue-gas flow pattern and
flue-gas concentration profiles. Based on initial temperature
estimates for furnace wall and reactor tube skin, the concen-
tration profiles in the flue gas and the net radiative heat ex-
changes are calculated. This allows us to make an initial cal-
culation of the flue-gas flow pattern. A coupled simulation of
furnace and reactor tubes is performed with this flow pat-
tern, resulting in improved zone temperature and heat-flux
profiles. Next, the concentration profiles and flow patterns in
the furnace can be updated. This cycle is repeated until con-
vergence is reached. When the residual sum of squares calcu-
lated from the normalized differences between the right- and
lefthand sides of the Navier-Stokes equations, the turbulence
model equations and the continuity equations for the flue-gas
components have dropped below a given value, the calcula-
tions are stopped. Calculations were performed on an
IBM/RS6000 workstation, requiring several hundred hours
of CPU-time.

Furnace Geometry and Operating Conditions

The main dimensions and the operating conditions of the
naphtha-cracking furnace are summarized in Table 1, as are
the reactor coil dimensions. Four reactor coils of the 4/2/1
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calculations calculation of the

view factors

y v

[ Initial estimates 1 r Initial estimates l

Calculation of the flue
gas flow pattern and
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Convergence ?

flue gas reactor simulation
Concentration profiles
in the flue gas
Heat release by
combustion

Flow pattern of the ; Coupled furnace and

Convergence ?

Improved external
tube skin and furnace
wall temperature
estimates

Convergence ?

Figure 1. Calculations (Detemmerman and Froment,
1998).

split type (4 inlets and 1 outlet for each reactor coil) are sus-
pended in the center of the furnace. The process gas makes
six passes through the furnace. A front view and a top view of
half a furnace are shown in Figure 2. The different tubes of
the reactor coil have different diameters due to the split-coil
concept. The composition of the naphtha cracked in these
coils is also summarized in Table 1. For the reactor-coil cal-
culations, a feed of 8 different paraffins, 29 iso-paraffins, 21
naphthenes, and 5 aromatics is taken into account.

The furnace is heated by means of 20 long-flame burners
in the furnace floor. The position of these burners is indi-
cated in Figure 2. The fuel-gas composition is given in Table
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Figure 2. Naphtha cracking furnace: front and top views.

1. The flue gas leaves the furnace through an opening that
extends the entire length of the long furnace wall (Figure 3).

For the coupled simulation of the coupled furnace and re-
actor coils, the furnace is divided into 27 isothermal zones by
means of 8 planes parallel to the furnace bottom and 2 planes
parallel to the long furnace walls, as shown in Figure 3. For
reasons of symmetry, only half the furnace has to be calcu-
lated, resulting in a total number of 312 zones: 234 tube skin
zones, 51 furnace wall zones, and 27 gas volume zones. For
the calculation of the flue-gas flow pattern, the bottom of the
furnace is divided into 927 surface elements, as shown in Fig-
ure 3. Reactor tubes and burner openings can easily be lo-
cated in the constructed grid. The furnace is divided by means
of 51 planes parallel to the furnace bottom, resulting in an
integration grid with a total of 48,204 finite integration vol-
umes.

Results and Discussion

The simulation results are given in Table 2 and shown in
Figures 4 to 13.
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Figure 3. Hottel zones and flow calculation grid (hori-
zontal cross section).

Flue-gas velocity field

Figure 4 shows the calculated three-dimensional flue-gas
velocity vectors in a horizontal cross section of the furnace at
a height of 1.33 m. Right above the burner inlet openings, the
velocity vectors have only a vertical component as a conse-
quence of the high vertical velocity of the fuel gas entering
the furnace through the small burner openings. Surrounding
these vertical velocity vectors is a region with velocity vectors,
each with a smaller vertical and a limited horizontal compo-
nent. The flue-gas velocity vectors near the furnace walls and
in the center of the furnace are very small. Although recircu-
lation of the flue gas might be expected because of the high
inlet velocities, no such phenomena are calculated in the con-
structed grid.

In order to have an even clearer view of the flow field a
two-dimensional presentation of the three-dimensional re-
sults is necessary. To this end, Figures 5 and 6 have to be
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Table 2. Simulation Results

Coupled furnace reactor simulation

Flue gas outlet temperature (K) 1,400
Furnace efficiency (%) 44
Maximum heat flux (kW/m?) 133
Average heat flux (KW/m?) 74
Coil outlet temperature (K) 1,100
Maximum tube-skin temperature (K) 1,333
Coil pressure drop (atm) 0.45
Naphtha conversion (%) 90.3
Ethylene yield (wt. %) 26.2
Propylene yield (wt. %) 16.5
Cracking severities
C,H,/CH, 1.95
C,H,/CH, 1.23
C,H,/C,H, 0.63
C,-/C H, 3.70
Coil residence time (s) 045
Maximum coking rate (kg/m?-s) L18x10-°
Flow pattern calculation
Maximum flue-gas velocity (m/s) 16
Flue-gas outlet velocity (m/s) 7
Maximum flame temperature (K) 2,100

considered simultaneously. Figure 5 shows flue-gas velocity
vectors projected on a vertical cross section of the furnace,
while Figure 6 shows flue-gas velocity vectors projected on a
horizontal cross section of the furnace. The vertical plane in
Figure 5 is situated 0.78 m from the short furnace wall, as is
indicated in Figure 6. At this position there are two burner
openings in the furnace floor, one at each side of the reactor
tube row. The horizontal plane in Figure 6 is situated at a
furnace height of 1.25 m, as indicated in Figure 5. It will be
seen later that this location corresponds to the position at
which the highest flame temperatures are obtained.

In Figure 5, the burner positions are easily located by the
high velocity of the fuel gas and the combustion air entering
the furnace through the smail burner openings. Velocities on
the order of 10 m/s are calculated just above the burner
openings. It is also seen in Figure 5 that the highest flue gas
velocities in the flame are calculated about 1 m above the
furnace floor. Acceleration of the flue gas is due to the flue-
gas expansion caused by both the burning of the fuel gas (re-

10 m/s

Figure 4. 3-D flue-gas velocity vectors in a horizontal
cross section of the furnace at a height of 1.33
m.
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Figure 5. Flue-gas velocity vectors projected on a verti-
cal furnace cross section, parallel to the short
wall of the furnace at a distance of 0.78 m.

The cross section is viewed from the short-wall side of the
furnace.

action stoichiometry), but mainly by the rise of the tempera-
ture. It will be seen later that between the furnace floor,
where the cold fuel-gas and combustion air enter, and the
hot flame center, a flue-gas temperature increase of nearly
2000 K is calculated. Maximum velocities on the order of 15
m/s are calculated at a height of about 1 m. The influence of
the flames is felt over the entire furnace height because flue-
gas velocities above the burner openings remain at a higher
level than the flue-gas velocities in the center of the furnace.

The flue gas leaves the furnace through an opening in the
long sidewall at the righthand side of the furnace, as seen in
Figure 5. As a consequence, the flue-gas flow pattern in the
furnace is not identical on both sides of the reactor tubes.
Over the furnace height, flue gas flows from the lefthand side
to the righthand side of the furnace. This can be concluded
from Figure 5, as the flue-gas velocities on the lefthand side
of the reactor-tube row steadily fall with furnace height, while
the flue-gas velocities on the righthand side of the reactor-
tube row steadily rise with furnace height. At a furnace height
of 4 m, two-thirds of the total amount of flue-gas already
flows through the righthand side of the furnace where the
flue-gas outlet opening is situated. At the top of the furnace,
near the flue gas outlet, this flue-gas distribution has changed
to 85% on the righthand side and 15% on the lefthand side.
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Figure 6. Flue-gas velocity vectors projected on a hori-
zontal furnace cross section at a height of 1.52
m.

The cross section is viewed from the top of the furnace.

This change has a considerable influence on the flue-gas ve-
locities on both sides of the furnace. When the average flue-
gas velocity over a line parallel to the short furnace wall and
at the position of two facing burners is calculated, a value of
3.21 m/s is obtained on the lefthand side of the furnace, while
a value of 3.44 m/s is obtained on the righthand side, for a
furnace height of 1.5 m. Halfway through the furnace, at a
height of 4 m, these values have changed to 1.36 m/s and
222 m/s, respectively. At a height of 7.5 m, where the flue-gas
outlet is situated, average values of 0.41 m/s and 1.88 m/s,
respectively, are calculated. It must be remarked that these
line-averaged flue-gas velocities are considerably higher than
the values obtained when the flue-gas velocities are averaged
over a horizontal plane in the furnace. For example, at a fur-
nace height of 4 m, surface-averaged values of 0.58 m/s and
1.30 m/s are calculated on the lefthand and the righthand
sides of the furnace, respectively. At the flue-gas outlet, these
values have changed to 0.26 m/s and 1.49 m/s, respectively.

This uneven distribution of flue gas in the furnace can have
an influence on the circumferential tube-skin temperature
profiles, which might be nonsymmetrical (Heynderickx et al.,
1992). This, in turn, will influence the circumferential coke
formation and the run length of the furnace (Heynderickx
and Froment, 1996).

Figure 6, which shows the flue-gas velocity vectors pro-
jected on a horizontal cross section at a furnace height of
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Figure 7. Flue-gas temperature field in a horizontal fur-
nace cross section at a height of 0.61 m.
The cross section is viewed from the top of the furnace.

1.25 m, shows how this flue-gas flow from the lefthand side to
the righthand side takes place. Although it is seen that some
of the flue gas flows in between the tubes, the flue gas has a
clear tendency to move “around” the reactor tubes, and pass
from one furnace half to the other by flowing in between the
short furnace wall and the first reactor tube. This can be ex-
plained by the fact than the distance between the wall and
first reactor tube (285 mm) is considerably higher than the
distance between two tubes (124 mm). The same flue-gas flow
patterns are calculated higher up in the furnace.

This specific flow pattern has an influence on the flames
near the short furnace wall, on both the left- and righthand
sides. Due to the high horizontal velocity component (up to 1
m/s) of the flue gas flowing in between the short furnace wall
and the outer reactor tube from the left- to the righthand
side of the furnace, the flames on the lefthand side have a
tendency to “bend” toward the short furnace wall, while the
flames on the righthand side have a tendency to “bend” away
from the short furnace wall. This means that they are asym-
metrical compared to the center line through the burner
opening parallel to the short wall of the furnace. This is illus-
trated in Figure 7, which presents the temperature field in a
horizontal cross section of the furnace taken at a furnace
height of 0.61 m. At the lefthand side of the furnace, the
flame zone with the highest flame temperatures has a larger
surface at the flame side facing the short furnace wall than at
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the flame side facing the interior of the furnace; the opposite
effect is found at the righthand side. This “bending” effect
has not yet fully disappeared for the burners positioned near
the furnace center line. Finally, it must be remarked that the
horizontal components of the flue-gas velocity vectors at any
position in the flames are not higher than 0.5 m/s, compared
to vertical flue-gas velocity vector components, which rise to
15 m/s.

Flue-gas temperature field and concentration profiles

Figure 7 shows how the temperature in the furnace drops,
moving from the flames toward the tube row. Another inter-
esting aspect is the temperature differences of the flue gas
along the tube row. In between two facing burners, one on
each side of the furnace, a zone of high flue-gas tempera-
tures is calculated around the tube row. In between a group
of four burners, two on each side of the furnace, a zone of
lower flue-gas temperatures is calculated around the tube
row. This effect shows that the amount of radiative heat
transfer is indeed, among other things, determined by the
distance between the source (flame) and the receptor (tube).

Figures 8a and 8b are studied at the same time. Figure 8a
shows the percentage of residual methane in a vertical cross
section of the furnace, taken at the same position as the ver-
tical cross section in Figure 5. Methane is chosen for repre-
sentation, as it is the principal fuel-gas component. Figure 8b
shows the corresponding temperature profiles. Only half the
furnace height is shown. The mass fraction of methane in the
fuel-gas and combustion-air mixture that is fed to the burners
is no more than about 4 wt. %. The residual methane curve
of 4 wt. % in Figure 8a therefore corresponds to unburned
fuel gas. In the zone enclosed by this curve, the fuel-
gas/combustion-air mixture is heated from 300 K to about
500 K, as seen in Figure 8b. This zone is about 0.7 m high
and 0.2 m wide. The heating of the mixture in this zone is
due to radiation and heat conduction in the flame. Ignition
occurs next, and flame temperatures rise very quickly due to
the release of combustion heat. Temperatures up to 1,750 K
are calculated around the 4 wt. % residual methane curve.
The residual methane curves of 2 wt. % and 0.1 wt. % corre-
spond to 50% and 97.5% of the total amount of methane
burnt in the flame. In between these two curves, the highest
flame temperatures are obtained above the burner outlet
opening. This zone with high flame temperatures is a long (1
m), small (0.3 m) zone, indicating that the vertical component
of the flue-gas velocity vectors is much larger than the hori-
zontal one, as was already found when studying Figures 5
and 6. A maximum flame temperature of 2,050 K is calcu-
lated. Figure 8b shows that at a furnace height of 3 m there
are still considerable temperature differences (200 to 300 K)
when moving from the furnace wall toward the reactor tubes.
At a furnace height of 4 m these differences are almost com-
pletely flattened out. Furthermore, it is also clear that the
flame is “confined” by the furnace wall at one side, while it
can freely expand at the side facing the reactor-tube row,
resulting in asymmetrical flames compared to the center line
through the burner opening parallel to the long furnace wall.
This can also be observed in Figure 7, which shows the tem-
perature field in a horizontal cross section of the furnace.
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Figure 8. (a) Methane concentration profiles in a verti-
cal cross section, paraliel to the short wall of
the furnace at a distance of 0.78 m; (b) tem-
perature field in a vertical cross-section, par-
allel to the short wall of the furnace at a dis-
tance of 0.78 m.

All the discussed phenomena are summarized in Figure 9,
which presents a complete three-dimensional view of the
temperature field in the furnace.

Reactor-tube profiles

Figure 10 shows the heat-flux profile from the furnace to
the external reactor-tube skin, for the coil closest to the short
furnace wall, with tube passes numbered 1 to 13, as shown in
Figure 2. It is clearly seen that the reactor coil makes six
passes through the furnace. Three heat-flux maxima on the
order of 130 kW/m?,,, are calculated when the reactor coil
passes the bottom of the furnace where radiative heat trans-
fer from the hot flue gas and the hot furnace walls is high. At
the top of the furnace, where temperatures and therefore ra-
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diative transfers are lower, the {lux profiles go through min-
ima on the order of 50 kW/m?2,,. With the 4/2/1 split-coil
concept, the process gas is split up into four reactor tubes for
both the first (tubes 1 to 4) and second passes (tubes 5 to 8)
of the process gas through the furnace. Heat-flux differences
of up to 10 kW/m?_ (10%) between the four inlet reactor
tubes are calculated for one coil. These differences are due
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Figure 10. Heat-flux profiles along the coil.
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Figure 11. Process gas and external tube skin tempera-
ture profiles along the coil.

to the different geometrical positions of these four tubes in
the furnace with respect to the furnace walls and to the burner
positions. The distance between the short furnace wall and
the reactor tubes increases from tube 1 to tube 4. This results
in smaller radiative heat transfer, as radiative heat transfer is
also determined by the distance between the emitter and re-
ceptor.

Nevertheless, fluxes to tube 3 are higher than fluxes to tube
2 in the bottom of the furnace. This is due to the position of
the first burner, located closest to reactor tube 3. This effect
was discussed already in Figure 7. The heat-flux values for
the coil positioned in the center of the furnace (which are not
shown here) differ slightly from the heat-flux values for the
outer coil. Again, this difference is caused by the position of
reactor tubes compared to furnace wall and burners. How-
ever, the global form of the heat-flux profiles remains un-
changed. The differences in heat fluxes to the parallel reac-
tor tubes result in differences in tube-skin temperature pro-
files and process-gas temperature profiles, as shown in Fig-
ure 11. The form of the tube-skin temperature profile follows
that of the heat-flux profile, with maxima in the furnace bot-
tom and valleys in the furnace top. However, although the
highest heat fluxes are calculated at the beginning of the re-
actor coil, the highest tube-skin temperatures are calculated
at the end of the coil. This is off course due to the rising
process gas temperatures changing from 823 K to 1,100 K in
the reactor coil. A maximum tube-skin temperature of 1,330
K is calculated in the last bottom bend of the coil.

Figure 12 shows the corresponding conversion profile of
the naphtha feed and the yield profiles for ethylene, pro-
pylene, and methane throughout the reactor tube. Naphtha
conversions up to 90% are achieved, with corresponding eth-
ylene yields of 26 wt. % and propylene yields of 15.5 wt. %.
Cracking severities are given in Table 2.

Finally, Figure 13 shows the calculated coke formation rates
in the reactor tubes. The highest values are obtained at the
coil positions where the tube skin temperatures are highest,
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Figure 12. Naphtha conversion and ethylene/propylene
yields along the coil.

that is, in the last bottom bend of the reactor coil. A maxi-
mum coking rate of 1.8 X 10™°® kg/m?s is calculated. The cok-
ing-rate values allow calculation of the thickness of the coke
layer that is formed on the inner tube surface during opera-
tion. This coke layer forms an additional resistance to heat
transfer from furnace to reactor. As a result, if the naphtha
conversion is to be kept at a constant value, the total heat
input in the furnace, and thus the total flue-gas flow, has to
rise with time. Furthermore, the growing coke layer reduces
the tube cross section. When the process-gas feed rate is kept
constant, the pressure drop over the coil will rise. As the re-
actor coil outlet pressure is imposed, the coil inlet pressure
has to rise during operation.
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Figure 13. Coking-rate profiles along the coil.
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A so-called run-length simulation of the furnace (Plehiers
et al., 1990} can also be performed with the software used to
obtain the simulation results presented earlier. In a run-length
simulation, the presence of the gradually growing coke layer
in the tubes is taken into account. The heat input in the fur-
nace and the process-gas inlet pressure are gradually in-
creased. Convergence of the calculation cycle presented in
Figure 1 has to be reached for each time step, taking into
account the changing operating conditions. The calculations
are stopped when the tube-skin temperature or the process-
gas inlet pressure reaches too high a value.

Conclusions

Simulation packages for the coupled simulation of cracking
furnaces and cracking reactors were combined with a simula-
tion package for the calculation of three-dimensional flue-gas
flow patterns in cracking furnaces, to simulate a naphtha
cracking furnace with 4/2/1 split-coil reactors and fired with
long-flame burners. Typical flue-gas circulation profiles in the
furnace are calculated. However, no large vertical recircula-
tion profiles of the flue gas in the furnace are obtained. An
extremely uneven distribution of the flue gas over the two
furnace halves is obtained because of the asymmetric posi-
tion of the flue-gas outlet. Furthermore, the flow profiles re-
veal a flue-gas “shortcut” flow between the outer reactor tubes
of the reactor tube row and the short furnace walls. Another
point of interest is the influence of the uneven flue-gas distri-
bution over the furnace halves on the circumferential tube-
skin temperatures.
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Notation

a = stoichiometric reaction coefficient
A, =surface area of zone i, m?
b =stoichiometric reaction coefficient
C. =coke concentration, mol/m’
C,H, = hydrocarbon component
C, =specific heat of total gas flow, J/kg-K
", =wall function constant
¢,; =specific heat of component j, J/mol-K
D,, =molecular diffusivity, m?/s
D,y = turbulent diffusivity, m>/s
D, =total diffusivity (D,, + D), m*/s
d, =reactor tube diameter, m
E, =black-body emissive power of zone i, W/m?
e, =specific kinetic energy, J/kg
F; =molar flow rate of species j, mol/s
fJ =friction factor, 1/m
G = total mass flux of process gas, kg/m2-s
H =enthalpy, J/kg
H; = enthalpy of formation for component j, J/kg
A H, =heat of reaction for reaction k, J/mol
k =turbulent kinetic energy, J/kg
M; =molecular weight of component j, kg/mol
M, =average molecular weight of hydrocarbon mixture, kg/mol
n, ; = stoichiometric coefficient for component j in reaction &
P, =production of turbulent energy, W/m?
P. =dissipation of turbulent energy equation source term, J/m>-s2
p, =total pressure, Pa

Fooi e
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Q =heat flux, W/m?*
Q,; =heat flux for zone i, W/m?
Q.4 =net radiative heat exchange, W/m?>
R =universal gas constant, J/mol K
R, =reactor-tube bend radius, m
R, =rate of coke formation, mol/m’
R; =rate of formation of component j, mol/m*:s
Re =Reynolds number
7., =mixing rate of reaction k, kg/m? s
r, =total rate of reaction k, kg/m’ s
r,, =reaction rate of reaction k, mol/m? s
T =temperature, K
T, =temperature of zone i, K
U; =velocity component in i-direction, m/s
U_ =friction velocity, m/s
x; =coordinate in i-direction, m
y; =weight fraction of component j
y =distance to the wall, m
Z,Z; =total exchange area between zones i and j, m
z =axial reactor tube coordinate, m

Greek letters

a =unit conversion factor
o =Stefan-Boltzmann constant, 5.7X107% W/m?-K*
p, = gas density, kg/m’
A,, =molecular conductivity, W/m-K
A =turbulent conductivity, W/m-K
A, =total conductivity, (A, + A,,,,), W/m-K
i, =molecular viscosity, Pa-s
M = turbulent viscosity, Pa-s
i, =total viscosity (u,, + ), Pa-s
e =dissipation of turbulent kinetic energy, m%/’
« =wall function constant
7,, =mixing time scale, s
7, =wall shear stress, kg/m-s’
A =angle, °
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