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ABSTRACT needs to be understood and described. The interaction is
This work discusses fouling in the vapor-steam mixture governed by forces (inertia, surface tension, viscous forces
overheater in the convection section of an industrial steamand adhesion) that depend in turn on droplet properties
cracker due to the thermal degradation of heavy (density, diameter, velocity, surface tension, viscosity,
hydrocarbon droplets deposited on the tube wafipray of boiling point) and wall properties (temperature, roughness,
heavy hydrocarbon multi-component droplets is injected in contact angle). Balancing the forces allows determining the
a tube of the vapor-steam mixture overheater and the path oimpact behavior as function of the wall temperature and the
the droplets through the tube is followed by an Eulerian- (normal impact) Weber number (Mahulkar et al., 2015).
Lagrangian CFD simulation. To study tube fouling the The impingement behavior is presented in so-called regime
droplet impingement behavior on the wall, the evaporation maps, predicting the impact behavior as a function of Weber
of the deposited liquid and a coking model describing number and wall temperature.
thermal coke formation due to degradation of heavy
hydrocarbons are required. To describe the droplet N S
impingement behavior a regime map for single component Flue gas out
millimeter-sized droplets is taken from literature. Two ~ 700K
simulations are performed to study fouling problems in a
vapor-mixture overheater tube. Simulation results are found
to be grid sensitive. By analyzing and comparing simulation
results it is concluded that reliable fouling data require a
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INTRODUETION . . . 0000000 " i over.
roplet impingement is extremely important in many L sloococooo N

applications, e.g. in internal combustion engines (Ogawa et BOOOOOD heater-1

al., 1997), spray coating (Werner et al., 2007), spray drying

and cooling (Horacek et al., 2005), etc. Depending on the OOODOOY .

application droplets are preferred to stick, rebound or OODOOOD . Mixture over-

splash. heater-2

Research on droplet impingement in heat exchanger 000000

tubes in the convection section of a steam cracker (Fig. 1) [ & .

has recently gained attention (Mahulkar et al., 2012, 2014, section 5 .

2015). Fouling of heat exchanger tubes in the steam cracker < 0C g2 i

convection section is found to increase due to the use of
heavier hydrocarbon feedstocks. Incomplete evaporation of

the feed results in a spray of heavy hydrocarbon micron- Fig. 1: Steam cracker convection section (Mahulkar et al.,

sized droplets entering the tubes of the vapor-steam mixture2014)

overheater tubes in the steam cracker convection section,
resulting in coke formation on the tube walls. A discussion

Regime maps have been constructed, based on

- 100K

of the different heat exchangers in a steam cracker experimental data, by Bai and Gosman (1995); Grover and
convection section is found in De Schepper et al. (2009b). Assanis (2001) and Lee and Ryu (2006), presented in Fig.
To accurately describe tube fouling in the vapor-steam 2a,b. For a detailed discussion reference is made to
mixture overheater tube in the convection section of a steamMahulkar et al. (2015). These regime maps were

cracker, the droplet-wall interaction upon impingement constructed for single components with droplet sizes of the
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order of millimeters. Regime maps as found in literature
(Fig. 2a,b) are constructed accounting for the normal impact @)

Weber number on the one hand and the wall temperajure T Wem“
onthe other hand. The Weber number is calculated as:
dv2, . n
VVenorm,in ZM (1) Oo O
g ot/ Splash
Mahulkar et al. (2012) applied a regime map, combined _ e S—
with an evaporation model (De Schepper et al., 2009a) andwW gtrm
a coking model (Wiehe, 1993) to determine fouling of
vapor-steam mixture overheater tubes in the convection
section of a steam cracker using a coarse simulation grid. (®) O O
The use of a more refined simulation grid was found to v Eé
considerably alter the simulation results (Mahulkar et al., —
2014). Stick Rebound
In the presented work these simulation results are >
analyzed and compared. Based on this study it is concluded L wall
that regime maps as available in literature are insufficient to (b) Temperature
make a reliable simulation of fouling in a convection 4 O
section steam-hydrocarbon mixture overheater tube. Regime }
maps for multi component heavy hydrocarbon micron-sized e
droplets need to be developed. Splash
o
MODELING JO l Breakup
Fouling is due to a spray of heavy hydrocarbon droplets -
entering the vapor-steam mixture overheater tubes. In the Spread | we—=
present work CFD simulations are performed with ANSYS O O Breakup oo O
FLUENT 13.0 using the Finite Volume approach to solve E : ot/
the basic set of continuity equations (mass, momentum, Robound o R—bﬁ—d
energy, species conservation) combined with the k- evoun '4 ewﬁﬁn
turbulence model (Launder and Spalding, 1974) (Table 1). /Q E— Breakup
The spray behavior is simulated with an Eulerian- Q Break
Lagrangian approach. A Lagrangian approach implies that Stiok reakup | Rebound
the path of each spray droplet is followed in the tube (Table . — >
1). Evaporation of the droplet in the vapor phase is TeTos TowTor Tir Wall
accounted for. During droplet impingement, liquid can be () Temperature
deposited on the wall resulting in thermal degradation of the e t
deposited heavy hydrocarbons liquid into coke. n O
Mahulkar et al. (2012, 2014) applied a regime map v
(Fig. 2c) based on the regime map developed by Lee and m
Ryu (Fig. 2b) to study the fouling of the mixture over- P
heater-1 tubes (Fig. 1). The transfer to the splash behavior is o Q
observed at a critical value of the normal impact Weber ot/
Number We™'  (Fig. 2a). Bai et al. (2002) developed a /O —
correlation to calculate this critical normal impact Weber Q with
number: Stick | Breakuo
i ad ,
Vvenom«(]:;g: 1322(10/12 ) 0183 (2) Rebound
Grover and Assanis (2001) presented a splash model T, "
where the mother droplet partially sticks to the wall and Wall
three daughter droplets rebound from the wall, the Rebound Temperature

with breakup region in Figure 2c. Bai et al. (2002) presenta i ) )
model where more than three daughter droplets are formed,F19- 2: Regime maps for droplet wall interaction from (a)
the Splash region in Fig. 2c. The number of splashed Grover and Assanis (2001), (b) Lee and Ryu (2006) based
droplets is calculated from: on a modified regime map of Bai and Gosman (1995) and
We (c) Applied in Mahulkar et al. (2014).
Ng =5(—>"" —1) 3)
\/Vecrlt
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Table 1: Mass, Species, momentum, energy balance equation and turbulence model equations

Mass balance
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Force balance over the particle
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Momentum source term for the continuous phase due to the presence of the dispersed phase
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The normal velocity at which the daughter droplets are Eulerian-Lagrangian simulation forspray of droplets. This
rebounded in the tube is calculated using the correlation ofspray of heavy hydrocarbon multi-component droplets with
Mundo et al. (1995) for the normal outgoing We number: a diameter of 100 micron is injected in the bended inlet of a

vapor-steam mixture overheater-1 tube (Fig. 4). The tubes

Wi = 06785\ _ exb- 004415M ) of the vapor-steam mixture overheater-1 in an industrial
Chormut Chormn (3_ enorm"”) steam cracker (De Schepper et al., 2010) have a diameter of
(4) 0.077 m, make 3 passes through the convection section (Fig.

The tangential velocity of the droplet remains unchanged. 1) and each pass is 11 m long. Mahulkar et al. (2012)

A detailed discussion of these splashing models was givenconsirycted a 3-dimensional coarse grid in the tube with a
by Mahulkar et al. (2014). , . total of 0.83 million grid cells over the complete tube
The heavy hydrocarbon liquid deposited on the wall is |gngih  To present the simulation results, the tube was
partially evaporated. An evaporation model will allow 10 iiged in a number of zones, as presented in Fig. 4a. A grid
determine the fraction of liquid that is evaporated. gengitivity analysis was performed by Mahulkar et al.
Evaporation/condensation of the liquid on the wall is (5014) refining the grid to a total of 1.7 million grid cells.
calculated using the model applied by De Schepper et al.Gyig refinement was mainly limited to those zones in the
(2009a). i tube that were found to be sensitive to coke formation. To
Evaporation rate: present the results, the tube was divided into a number of

T-Tg zones (Fig. 4b). More zones were chosen in the tube zones
m, =ya, o T (M) Te) () sensitive to fouling.
sat
Condensation rate:
T -T 850
m, =ya, p,—7— ((Ta) (6) eo | —Actualfeed
sat . .
This model was explained in great detail by De Schepper et £ ¢, | A Representative species

al. (2009a).

The non-evaporated liquid hydrocarbons on the tube wall
will foul the tube due to thermal degradation resulting in
coke formation. The coking rate is calculated using the
kinetic model of Wiehe (1993). Basically this model
accounts for evaporation of the volatile components in the 350
deposited liquid. The non-volatile components are split into
toluene-soluble components, heptane-soluble components, 230 ' ' ' '
and asphalthenes. Asphalthenes are the main precursors of 0 0.2 0.4 0.6 0.8 1

coke in the coking model of Wiehe (1993). A more detailed Cumm. wt. fraction of feed

description of the coking model and its application to

calculate the fouling of the vapor-steam mixture overheater- gig  3: Boiling point curve of gas condensate feed
1 tubes by thermal degradation of deposited heavy (vanulkar et al., 2014)

hydrocarbon droplets was given by Mahulkar et al. (2014).

Boiling point (K)
u
(O
o

Statistically relevant droplet trajectories are obtained by
SIMULATION _ _ . injecting a spray of 6,000 droplets, and by repeating each
A gas chromatographic analysis (GC*GC) of a gas gimylation 10 times. Simulations are performed for wall
condensate feed is performed. Out of the 120 componentsemperatures of 650 K, 700 K and 750 K. The latter
11 reference components are selected to represent theemperatures are representative for a mixture-overheater-1

boiling point curve (Fig. 3). . tube as presented by De Schepper et al. (2009b).
In a study by De Schepper et al. (2009a) it was

determined that 70 wt% of the heavy hydrocarbon feed is REsyL TS AND DISCUSSION

evaporated in the feed evaporator (Fig. 1) of the steam

cracker convection section. Mahulkar et al. (2012, 2014) ypon impingement on the wall of the bended tube inlet, the
calculated that another 16 wt% is evaporated in the mixing normal impact We numbers (~1000) (Eq. 1) are
nozzle (Fig. 1) by contacting the partially evaporated feed consjderably larger than the critical We number (~500) (Eq.
vv_ith overheated steam (coming fr(_)m_the steam superheaterQ)_ Splashing with wall stick (Fig. 2c) and the formation of
Fig. 1). The non-evaporated liquid, the most heavy muypiple droplets (Eq. 3) is observed. Part of the injected
components from the feed (Fig. 3), leaves the mixing nozzle |iquid is deposited on the non-heated (adiabatic) wall of the
as a spray flow. The inlet conditions for the spray in the penged inlet. Daughter droplets are rebounded in the tube.
tubes of vapor-steam mixture overheater-1 (Fig. 1) are thusThe trajectory of these daughter droplets through the tube is
determined. A mean droplet diameter of ~100 micron is followed in the simulation. It should be mentioned that the
calculated based on the correlation proposed by Andreussigiameter of these daughter droplets is considerably smaller
and Azzopardi (1983). than 100 micron. Thus, for each daughter droplet, the

The fouling of heat exchangers tubes in the convection jmpingement model equations needs to be re-evaluated. For
section of a steam cracker is studied, by performing an

www.heatexchanger-fouling.com 60
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Fig. 4. Vapor-steam mixture overheater-1 tube geometry
with (a) coarse grid and zoning (Mahulkar et al. (2012) and
(b) fine grid and zoning Mahulkar et al. (2014)

each droplet, (partial) evaporation while flowitigrough

the tube is accounted for. Droplet trajectories and the
reduction of the droplet diameters in the inlet bend of the
mixture overheater are presented in Fig. 5. The amount of
liquid hydrocarbons deposited on the wall is then used to
determine the amount of coke formed on the different zones
in the tube, considering partial evaporation of the deposited
liquid (Eq. 5 and Eq. 6) (De Schepper et al., 2009a), and
using the coking model of Wiehe (1993).
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Fig.5: Droplet trajectories for 100 micron droplet (Mahulkar
et al, 2014)

In Fig. 6 the liquid deposited in the different zones
(Fig. 4a) of the tube is presented for the 3 wall temperatures
(650 K, 700 K, 750 K) and a droplet diameter of 100
micron, as simulated by Mahulkar et al. (2012). The highest
fraction of the injected liquid is deposited in the bended
inlet tube (+/-1 wt%). The 100 micron mother droplets do
not follow the vapor flow lines and impinge on the tube
wall. The smaller daughter droplets will follow the straight
vapor lines in tube pass-1 more easily, and deposition is

www.heatexchanger-fouling.com

low. In the U-bend, following the vapor steam lines is less
obvious, even for smaller droplets, and deposition slightly
rises. At the highest wall temperature no liquid is deposited
in the U-bend or tube pass-2. The latter is easily explained
by the fact that (partial) droplet evaporation in the tube is
accounted for in the modeling. This evaporation increases
with increasing wall and thus vapor temperature. Remark
that, for all temperatures, the sum of deposited liquid is far
from 100% of the injected liquid, due to this droplet
evaporation in the vapor tube flow.
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Fig.6: Mass fraction of incoming liquid deposited on tube
wall (Mahulkar et al., 2012)
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Fig. 7: Coke layer thickness following 30 days of operation
(Mahulkar et al., 2012)

If a constant coking rate over 30 days is considered the coke
layer thickness corresponding to Fig. 6 is presenté&igin
7.

Some remarkable observations are made. The deposited
liquid in the (non-heated) inlet bend is*1® 10 times
higher than the liquid deposited in tube pass-1. The
difference in coke layer height however is considerably
smaller. The latter is due to the fact that the liquid deposited
in the inlet bend contains volatiles that will evaporate, even
on the adiabatic wall. The liquid deposited in tube pass-1
(Fig. 4) however is rich in non-volatiles. The evaporation of
these liquid deposits is limited. Furthermore, there is no
coke layer on the wall of tube pass-1 if the tube wall
temperature is 750 K (Fig. 7), although liquid is deposited
(Fig. 6). The latter is due to the fact that all hydrocarbons
have a boiling temperature below 750 K (Fig. 3) and will
thus evaporate on the tube wall.
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Following the thick coke layer in the bended tube inlet If a constant coking rate over 30 days is considered the
and the first U-bend of the tube, Mahulkar et al. (2014) coke layer thickness corresponding to the liquid deposit in
decided to perform a tube simulation with considerable grid Fig. 8 is presented in Fig. 9. Higher liquid deposits in the
refinement in the bended tube inlet and the first U-bend of bended tube inlet results is a coke layer thickness of 0.01m.
the tube. These results do not correspond with data provided by an

Simulation results for liquid deposition on the tube wall industrial partner in this project (data not available for
when injecting 100 micron droplets in tubes with wall publication).
temperatures of 650 K, 700 K and 750 K are presented in The evaporation model of De Schepper et al. (2009a)
Fig. 8 (Mahulkar et al., 2014). When comparing Fig. 6 was proven to be reliable (De Schepper et al., 2009a). The
(coarse grid and zoning) and Fig. 8 (finer grid and zoning), thick coke layer in the bended tube inlet is thus due to the
remarkable differences are observed. The fraction of liquid high liquid deposits in the bended tube inlet. The liquid

deposits are determined based on the regime map (Fig. 2c)

1,008+00 ; and the models applied to determine splashing, deposit and
1,006-01 (g . formation of daughter droplets (Bai and Gosman, 1995,
e e g o e Grover and Assanis, 2001, Bai et al., 2005) as explained
s B wall temp above and discussed in more detail by Mahulkar et al.
[ ®
@ 1,00E-05 | % be (2014).
§1,00E-06 1 NN ' ;“ ° 650K Mahulkar et al. (2015) constructed regime maps based
§ 10007 | L9 0 % ° 700K on CFD simulations of droplet impingement behavior on a
' 1LOOE-08 | ne ° 4 750K hot wall. The CFD-constructed regime map for 100 micron
s 12222 | droplet impingement is shown in Fig. 10. Snapshots of the
1 00E11 | droplet impingement behavior upon Splashing with ring
L00E-12 formation (Splash-R) are presented in Fig. 11 (Mahulkar et
et Tube-d  Bend:1 Tube2  Bend2 Tube3 al., 2015). The correlation of Bai et al. (2002) to calculate

Lateral zones the critical We number (Eq. 2) was found to be adequate for
the heavy hydrocarbon droplets of micron size. The
Fig. 8: Mass fraction of incoming liquid deposited on tube correlation of Bai et al. (2002) to determine the number of

wall (Mahulkar et al., 2014) splashed daughter droplets (Eg. 3) was found to seriously
under-estimate the number of splashed droplets (Mahulkar
1,00E-01 ; 5 3 et al., 2015). More splashed droplets upon the first impact
1,006-02 (hamg of a 100 micron droplet result in considerably smaller
Eiooe0z | | '"'Z{dmp daughter droplets. In turn, these droplets will have low(er)
Py mo'a' We numbers upon their impact and will most probably
$1,00E-04 i i ‘ um .
g’ 3 - walltemp rebound from the hot tube wall (Fig. 2c). Furthermore,
2L00E05 | ~ ®650K smaller droplets will evaporate more in the vapor flow,
EI,OOE—OG 1 ! 0 700K again resulting in less liquid deposits on the tube wall.
81 00e07 | S | A 750K Based on these considerations, tube fouling simulations are
%1 00505 | currently performed Wlth the model develop_ed by Mahulkar
,;-’ % et al. (2015), replacing the model of Bai et al. (2002).
100809 % ., Simulation results will be reported soon.
<1,00€-10 |n|et: Tube-1 Bend—l Tu.be—2 Bend—é Tube-3
Bend 1000
Lateral zones -~ Splash;R . §p|ash-R + Breakup
()
Fig. 9: Coke layer thickness following 30 days of operation %800 _(SﬂaRs)h' Splash-(L+R) + Breakup
(Mahulkar et al., 2014) 2 ° ° :
EGOO -{Splash-L Splash-L + Breakup
deposited in the inlet bend is more than 10 times higher £ T % *° ¢ ¢ ¢
when using a finer grid. Furthermore, liquid deposit is no %400 1° Stick + Breaku
longer constant over the complete tube inlet bend, but = gtﬂk« * e Breakup
= ic
reduces with increasing length. A comparable decrease is g 200 - - > s
observed in tube pass-1. However, in the first U-bend, there & 10 ¢ ¢ . . .
is a strong rise in liquid deposit while moving through the % o $=—¢4-4—% 3 §—rebgund

bend, while the calculated deposits in the U-bend are found 500 600 700 800
to be constant with the coarse grid (Fig. 6). All these Wall Temperature (K)
observations are explained by the fact that in the finer grid,

the droplet trajectories (Fig. 5) are reconstructed in more

detail, resulting in variations in liquid deposition. Indeed, Fig. 10: Regime maps obtained from CFD simulations for
while flowing through the U-bend droplets will have pheayy hydrocarbon multi-component droplet impingement
increasing difficulty to follow the vapor flow. for droplet diameter of 100 micron (Mahulkar et al, 2015)
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: Gravitational acceleration (rf)s

: Heat of evaporation of species (J/kg)

: Unit tensor

: Diffusion flux (kg/nd.s)

: Thermal conductivity (J/m.K.s)

: Turbulent kinetic energy (%)
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: Pressure (Pa)
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°

Fig. 11: Timed snapshots of Splash-R
(We,=900; T,=500 K; time interval in each frame 3us)
(Mahulkar et al., 2015)

Subscript

CONCLUSIONS BP : Boiling point

Due to heavy hydrocarbon droplet impingement on d : Droplet
heated tube walls liquid is deposited in the convection E : Energy
section heat exchangers when cracking heavy petroleumj i, coordinate
fractions. The deposited liquid hydrocarbons partially in : Impinging
evaporate and partially undergo thermal degradationj : Species index in droplet
resulting in the formation of a coke layer on the tube wall. | : Liquid
A Eulerian-Lagrangian simulation of goray of heavy m : Species index in continuous phase
hydrocarbon multi-component droplets entering the tube of Mass  : Mass
a vapor-steam mixture overheater tube in an industrial pA : Pure adhesion
steam cracking convection section is performed accountingsat : Saturation
for a droplet impingement regime map and model (Baietal. t - Turbulent
(2002), an evaporation model (De Schepper et al., 2009a)y : Vapor
and a kinetic model for coke formation by thermal w :wall
degradation of deposited heavy hydrocarbons (Wiehe, 0 :initial (at time O s)
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