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ABSTRACT:To assess the ect of applying a high emissivityCFD-based study of a high emissivity coil coating
coating to the reactor coils in a steam cracking furnace, a complej il T 1 100
energy balance was made for two cases based on simulatioris.of i\ e ‘ |
radiant section, reactors, convection section, and transfer li :ﬁ | il ‘ l 80 -

I 60 - I
40

exchanger. A base case with a typical emissivity spectrum fo
generic high-alloy steel was compared to a case withciallwrti =
increased emissivity corresponding to a high emissivity coating. Al “ ,
the same cracking severity, coating the radiant coils increages {fg: | L dw)
radiant section eciency by 0.70% absolute, reduces the req '“\\Q W ""i
furnace ring rate by 1.73%, and reduces the gas bridge wa vul W
temperature by 14 K. Minor changes to the convection sdction

layout are required to compensate for the shift in duty to the radiant
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section: the reactor feed is still fully preheated to the targeted crossover temperature, but the production of high pressure ste:

is reduced.

1. INTRODUCTION cooling to a _surface temperature below amb!ent air temper-
In many high temperature applications, radiation is th@turé by multilayered coatings could have acsighimpact

dominant heat transfer mechanism. Heat transfer via radiatigf) g{lobal energ_ytcc()jngumptlon. In trf\e work of Féar?ﬁm etal, ;he
between two surfaces mainly depends on the view fac al power radiated by a maail surface exceeds the sum o
between the two surfaces and the temperatures of bo e absorbed solar irradiance, the thermal radiation, and the

surfaces. However, the radiative properties of the surfacest{Rductive and convective heat transfer contribliboresto
S net negative energy balance, a surface can be cooled to a

particular their emissivity, also determine the total amount : t below th bient air t ¢ der direct
heat transferred between the surfaces. Therefore, for dedicggsnalﬁ)gr:? ure below the ambient air temperature under direc

applications, coatings modifying the surface radiative prop@ . . .
ties are used when two radiative sources are eaéndi The emissivity of a surface is determined by a number of
ors, including but not limited to wavelength, surface

temperatures. These spectrally selective coatings allow turlfd ; . . o
of the radiative properties in specivavelength bands, roughness, surface chemical composition, surface impurities,

depending on whether egtion or absorption is desifetl. ~ and surface temperatréy particular strategy in_high-
well-known example improves theiency of solar-thermal (€Mperature applications to change the radiative properties of

conversion via a coating that increases the absorptivity of fie>Urface is applying high emissivity coatings. Whereas solid
highly energetic solar radiance and reduces the emittanceSH{faces typically absorb and emit radiation at all frequencies,
the lower infrared regirin contrast, radiative cooling by 9ases absorb and emit radiation at certain discrete wavelengths
reducing the absorptivity of electromagnetic radiation in th@"ly, which depend on the rotational and vibrational energy
visible spectrum and increasing the emittance in the lowl§VelS of the optically active molecules in the gas. High
infrared spectrum increases the lifetime of materials used§ISSIVity coatings imed heaters aim at minimizing the
aerospace applicatidnsnalogously, the electrical resistance2mount of radiation absorbed by the gas while maximizing

of above-ground power lines is decreased by lowering thE}f @mount of radiation emitted by the surface over the full
temperature via radiative cooling. The spectrally selectip@velength spectrum. This is done by sending proportionally
surface coating prevents the conductor from absorbing sofgPre radiation through the wavelength bands in the gas phase
radiation and emits radiation at wavelengths with high
intensities at typical power line operating temperatureReceived: August 23, 2018
Preventing a temperature rise due to solar radiation allowsvised: November 9, 2018
for keeping the electrical conductivity of the power line as higkccepted: November 14, 2018
as possible and hence minimizing the losses. Passive radi&tikgished: November 14, 2018
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Figure 1.Schematic drawing of a steam cracking unit.

that are transparent for infrared radiation, i.e., the wavelengtbw dynamics and Hot®lzone method to model the
bands for which the molecules in the gas are optically radiative heat transfer were combih&tith the increase in
inactive. In the glass industry and the iron and steel industggmputational power over the years, radiative heat transfer can
high emissivity coatings are already applied on the refractdmy calculated on the CFD grid as WelHabibi et al.

walls of red heaters in order to improve radiative heat transfénvestigated the impact of radiation models in CFD
and hence reduce energy consumbpfion. simulations of steam cracking furnac&iefanidis et al.

This work aims to assess theect of applying high determined that nongray gas models are required to accurately
emissivity coatings to the radiant coils of a steam cracking unibdel the radiative heat transfer in steam cracking furnaces
on the energy balance of an entire steam cracking unit undg#nce gray gas models tend to overpredict the furnace thermal
start-of-run conditions. Steam cracking is the leading ciency by 5% This corresponds to thgray gas mythas
technology to produce light als, including ethene and stated by Edwards and Balakrishnan, claiming that treating the
propene, starting from a wide range of hydrocarbon feedstockse gas as a gray gas in combustion applications can lead to
A steam cracker consists of a number of sections that ammperature underpredictions of 100 K and Mdre.
closely coupled in terms of energy and mass balances: tRecently, in the work of Zhang et al., coupled CFD-based
radiant section or furnace including the tubular reactors, tHarnace-reactor simulations of an industrial steam cracker were
convection section, the transfer line exchanger (TLE), and tiperformed, evaluating the impact o gas radiative
steam drum, all of which are representedigmre 1 A properties, burner geometry, and feedstock distribution over
hydrocarbon feedstock is evaporated, mixed with dilutiahe reactor coif$. *® The computational framework based on
steam, and further preheated in the convection section. Partoofupled furnace-reactor simulations was even used for run
the residual thermal energy in the gas of the radiant length predictiors. Several authors also investigated the
section is used for this feed preheat. The remainder is usedetects of high emissivity coatings on the energy balance of a
evaporate boiler feedwater and to superheat high presstuwenace. Heynderickx and NoZdwaused the furnace model
steam. The preheated mixture of hydrocarbons and stedrased on Hottasl zone method to investigate thece of
passes through one of multiple tubular reactors suspendedcoating both the furnace wall and the reactor tubes, with
the radiant section, whereor and/or wall burners provide particular attention for how the gas-phase and surface radiative
the necessary heat for the chemical reactions. The reacpwoperties were implemented. The coating increased the
e uent passes through the TLE, where it is cooled down ageighted average of the spectral emissivity values by 180%
fast as possible to stop the reactions. The quenched crackedthe refractory and by 60% for the tube outer walls.
gas then goes to the cold section for separation. The heat fromin case of applying the coating only to the reactors, the
cooling the reactor elent in the TLE is used to evaporate simulated furnace eiency increased from 39.14% to 42.66%.
boiler feedwater (BFW) at high pressure. The generaté/hen applying the same coating to both the refractory and the
saturated steam is further superheated in the aforementioredctor tubes, the simulated furnacdesmcy even increased
heat exchanger in the convection section. to 44.26%. Stefanidis et’“alised a computationalid

Over the past decade, sigant progress has been made in dynamics simulation of the radiant section to assesscdhe e
modeling the radiant section of steam cracking® uflits. of a coating on the energy balance and the reactor performance
Initially, computationaluid dynamics (CFD) to account for of a naphtha steam cracking unit. Increasing the weighted
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Table 1. Simplied Combustion Mechanism and Associated Reaction Rate Expré%sions

reaction reaction rate [mofs]
CH,+ 150, C® 2HO fon, = 1.5% 10 ex;Rl 12:$80§g:§3fcé§
_ 1255804 .50.1 ~1.65
CH,+ 20, 2C® 2H,0 T, = 7:58% 10 exﬁ = HGS
_ 16743 2505
CO+05Q CQ fo= 1.25% 18 exn et
H,+ 050, HQ fy, = 10'C,, 32

spectral emissivity of the refractory by 180% via a coatimgtegration of this set of nonlineasst order dierential
increased the simulated furnaceiency from 40.0% to equations results in ptes for product yields, pressure, and
40.9%. Although the radiative properties of the consideréemperature as a function of the axial coordinate along the
furnace and coating were the same for Heynderickx ameénterline. The local heaix to the reactors, is obtained
Nozawa and Stefanidis et al., the simulated increase in furnfroen 3D furnace simulations describezkation 2.2

e ciency of Stefanidis et al. is less than that of Heynderickx2.2. Radiant Section.2.2.1. Governing Equations and

and Nozawa. Stefanidis et al. used a CFD-based approacfTtwbulence ModelThe three-dimensional steady-state global
model the furnace while Heynderickx and Nozawa relied onnaass, momentum, energy, and species conservation equations
Monte Carlo-based simulation framework with a coarsier a compressible, reactimgd have to be solved.

computational grid. The inconsistency in the simulated _

increase in furnace @ency results in some uncertainty on (=0 )
the e ect of the coating. Additionally, neither considered the _ g

e ect of the changed eiency of the radiant section on the (uy = P (3 ‘%’ ®)
other units of the hot section of a steam cracker, in particular

H H H nSEC
the transfer line exchanger and the convection section. _ . P _
In the present work, two furnace-reactor simulations are (uC B+ p) = - %ﬁ B . o+ ( -)u1+ >
performed, one with an industrially relevant reactor coil =1
emissivity and one with a higher reactor coil emissivity, (6)

corresponding to that of radiant coils coated with a high Yy

emissivity coating. To assess the impact of coated radiant coils . M/J l: S . J+R
on the complete energy balance of a steam cracking unit, not @)
only the radiant section is modeled using coupled furnace o _

reactor simulations but also the transfer line exchanger and gere gravity is the only source term in the momentum
convection section. The goal is to assess the potentRfluation,S,, and the energy source ter, is the net
operational bents of applying a high emissivity coating to volumetric heat duty due to radiation and reactions. For

the reactor outer wall in a steam cracking furnace. reasons of computational cost, the conservation equations are
Favre-averaged to the Reynolds-averaged Naolers
2. MATHEMATICAL MODELS (RANS) equations. The Boussinesq hypothesis relates the

The governing equations and closure models are onfy brieresultmg Reynolds stresses to the mean velocity gradients in

described. For a more detailed discussion on the furnacOrder to close the unclosed tefinghe renormalization
reactor sirﬁulations the reader is referred to Zhart§ Eoal %roup (RNG)- model is employed to calculate the turbulent
’ ", viscosity as it provides acceptable results for the particular

further details on the convection section simulations, th - . . .
reader is referred to Verhees &1 al. gppllcanon. The governing equations are solved using the

2.1. Tubular Reactors.Given the nonisothermal, non- commercial software package ANSYS Fluent 15.0.7.

adiabatic. and nonisobaric nature of the steam cracki The temperature of the outer wall of the reactors is obtained
' : . ; . m COILSIM1D. The heatix through the wall is calculated
process, the one-dimensional conservation equations for

- cording t@q 8 Section 2.2.provides more details on the
species, momentum, and energy have to be solved.

corresponding set of ordinarvedential equations reads: Kculation of the radiation tegy, Convective heat transfer
P 9 y a : to the wall is proportional to the dience in temperature

df d? between the wall and the adjaceit cell with the convective
dz = TRj (1) heat transfer coeienth; as the proportionality coeient,
calculated using the analogy between heat and momentum
dp du transfef® The enhanced wall treatment option of ANSYS
S = &+ — iu2+ U— Fluent is used, separating the boundary layer in a viscosity-
dz I dz ) a ected region and a fully turbulent region and providing
appropriate blending function to ensure a smooth transition
Tpec 4T RN between the two layers.
Reig, = da+t - WS H) } §
j=1 z =1 3) q= TS B+ q ®)

These one-dimensional reactor model equations are solve®.2.2. Combustion ModeA simplied two-step combus-
using the commercial software package COILSIMFDH 3.8.tion model proposed by Westbrook and Bhyierused to
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obtain the reaction rates for the fuel combustion. The reactiofable 2. Division of the Wavelength Spectrum Based on the
and the associated kinetic parameters are taken from the wilike Band EWBM
of Stefanidis et &.and Zhang et &f.and are given ifiable

1. The turbulencechemistry interaction is accounted for via radiant C[?]” emissivity
the nite-rate/eddy-dissipation motiel’ By assuming that ower limi i bsoroti —
the chemical reactions are fast compared to mixing, the rate ;4 °"[Verrn]'m't ”p'[oer;]'m't con Csigrr]‘t’tifnnl] emissivity emissivity

reaction can be related to the eddy mixing time scale, i.e., .

g - _ 2.54 8472 9472
rate of mixing on the smallest turbulent scales. The original 0.00 > 0 08 0.9

LoD : 254 2.75 EWBM 0.8314  0.9314

eddy dissipation model was extended to consider the cas
. ; L 2.75 4.15 0 0.8223  0.9223

when the combustion reactions are slower than mixing, for
. . . 4,15 4.47 EWBM 0.8120  0.9120

example, in zones with a low temperature. The Arrhenius
X . : L Y 4.47 5.31 0 0.8046  0.9046

reaction rate is added as a switch to indicate the kinetically
: . : 5.31 7.60 EWBM 0.7903  0.8903
governed ame region. The net reaction rate is calculated as, 7 60 1255 0 07517  0.8517
giusasim;r;;(r;r;}ugé\z;(t)ﬂe@grhenlus reaction rate and the eddy 8 12.55 18.68 EWBM 06870  0.7870
P y 9 18.68 150.00 0 0.6389  0.7389

2.2.3. Radiation ModelThe discrete ordinates (DO)
radiation model is the preferred model to solve the radiative
transfer equation in full-scale industrial furnace simula-When solving the radiative transfer equation, reactor coils
tions'>'® The nongray implementation of the DO model isare treated as dise and opaque. In what follows, the
used to solve the radiative transfer equation for the specteddsorptivity is set to be equal to the emissivity of a surface,
intensityl; in a selected number of wavelength bands for according to the Kirchholaw of thermal radiation. The
nite number of discrete solid angles. Due to the low tenden@ycident radiative heatix on a boundary surface in ithe
for the fuel to form soot, scattering of radiation can bevavelength barg},; corresponds to
neglected, resulting in the following radiative transfer equation

for theith band at positionin directions®* G, = (S ) lin;S nd
ni ’ sm0 (12)
((ro9s+ il rp= il ©) The net radiativeux leaving the boundary surface itthe

where ; is the absorption coeient andy, is the blackbody wavelength is given by
intensity for théth band given by the Planck law. Oy = 1s wi) O+ Wl Ny 7S € n i a1

_ - T (13)

i =[f(n NS (N ———=— o -
n(uwS p (10) where the wall emissivity,;, within the wavelength band

... dened by ,; and ;, is introduced. The nongray behavior of
where ,; and ; are the upper and the lower wavelength limitshe poundary surfaces in general, and the reactor coils in

of theith wavelength band, respectivelynasdhe refractive  paricylar, can be considered via the band-dependent surface
index. The fraction of radiant enefyy,T), emitted in the emissivity ;.2

wavelength interval from 0 toan be described by theriite 2.3. Transfer Line Exchanger.The quenching of the

series reactor e uent in the transfer line exchanger is calculated via
15 Sm ) the commercial software package COILSIM1D 3.8. Free
f(nT) == — 16+ 6(m )+ 3(m)+ ( m)f thermosiphon operation is assumed for the TLE, implying that
m=1 M the mass ow on the water/steam sides is determined by
_ he buoyancy and natural convection. The same one-dimensional
T nkg T (11) steady-state conservation equations for species, momentum,

and energy as previously describeddtion 2./are used to
whereh is the Planck constaitjs the speed of light in a simulate the process side of the TLE, implying that additional
vacuum, andg is the Boltzmann constant. The spectralreaction is considered. The boundary condition on the water/
absorption coecient of the gas in th#h band ; is obtained  steam side is set to @ed temperature, corresponding to the
from the exponential wide band model (EWBM) proposed bgaturation temperature of water at the considered pressure.
Edwards and Balakrishitaand later adopted by Stefanidis et 2.4. Convection Section. A dedicated 1D model
al?> Zhang et d° determined that ve nontransparent CONVEC-1D developed by Verhees et &. used to
absorption bands soe to model the gas-phase absorptivitydetermine the heat and mass balances over the convection
under steam cracking operating conditions. The absorpti@ection. The tool allows the speaiion of a number of
bands originate from rotational and translational modes of tlterconnected banks with @lient functions to recover the
optically active molecules carbon dioxide and water. Since aeenaining heat from thee gas. For a detailed description of
of the absorption bands of carbon dioxide overlaps with one thfe implemented models, the reader is referred to the work of
the absorption bands of water, these two bands are combin¥@rhees et & only a summary will be given here.
resulting in four nontransparent windows in the infrared On the process gas side, two situations occur: in the majority
wavelength spectruiable 2provides an overview of the four of the tubes, single-phase forced convection takes place, for
nontransparent windows and tlie transparent windows for which the Nusselt number can be calculated based on the
the ue gas of a steam cracking furnace. This nine-barittus Boelter, Siedeffate, or Gnielinsky correlations. In
EWBM is a compromise between the computationally mote case of a liquid feed, two-phaseboiling also takes place
expensive narrow band models on the one hand and gray gas nhumber of banks. Flow pattern maps, givingothe
models on the other hand. regime (slug, intermittent, annular, mist, dry-out, stfati
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Figure 2.Solution strategy for coupled simulation of the radiant section, the reactors, the transfer line exchanger, and the convection sectic

wavy, wavy, and strati ow) as a function of the vapor simulation, the convection section is considered tube row by
quality and the massix, are required to determine the heat tube row from top to bottom, resulting in heatpro les and
transfer rate. On theue gas side, the analytical model temperature prées along the axial coordinate for a generic
developed by Khan et®alis used to describe natural tube at that height in the convection section on the one hand

convection through a tube bundle. and the resultingue gas mixing cup temperature on the other
_ 2 By hand. As the tool is one-dimensional, thelggdor the
Ny, = G RY (14) process gas side only depend on the axial coordinate in the

where the coecient C, takes the arrangement of the tube tube at that height in the furnace while for treegas side, the
bank into account deed by the longitudinal,, and pro le only depends on the height in the furnace. This

transverse pitchy, of the tube bank: however is sicient to determine the full heat and mass
balance over the convection section.
0.25+ ex 0.55]) forinline arrangement 2.5 Steam Drum.As the main function of the steam drum
0.212 0.285 is phase separation of saturated steam and saturated boiler
- LT feedwater, it is seient to solve the steady-state conservation
0.61 091 003 equation only for mass and energy. The vessel is assumed to

for staggered arrangement operate adiabatically. It riuces a two-fold coupling
between the transfer line exchanger and the convection
(15) section: on the one hand, the amount of boiler feedwater
For a circularnned geometry, then e ciency using the preheated in the economizer of the convection section is equal
relations described by Shah wasdigidcrete ordinate CEFD  to the amount of saturated steam generated in the TLE, and on
calculations using the previously described EWBM approam other hand, the amount of saturated steam generated in the
were used to dae an empirical correlation between radiativelTLE is equal to the amount of steam superheated in the high
heat ux and localue gas temperature. This correlation waspressure steam superheater banks of the convection section.
consequently used in the 1D simulations of the convectiofhese couplings are considered implicitly in the solution
section to reduce computational time. The obtainedtrategy, sesection 2.6s0 the mass and energy balances over
correlation is geometry dependent so foremedit convection  the steam drum are not explicitly calculated.
section geometry, an analogous hybrid1BDmodeling 2.6. Solution Strategy. Figure 2illustrates the solution
approach is suggestéd. strategy for the coupled units in a steam cracker. The four units
The convection section model is solved tube row by tubdescribed in the previous paragraphs, i.e., radiant section,
row from top to bottom, in the logical sequence for the procegsbular reactors, transfer line exchanger, and convection
uid. This implies that the stack temperature, the temperatugection, are shown, including the feedback loops within each
of the ue gas leaving the convection section through the stagkjit and between units. The simulation strategy starts by
is to be estimated in thast iteration of the solution. In specifying the geometry and the operating conditions for the
subsequent iterations, the estimate is updated in order tadiant section, completed with initial estimates for the tube
match the bridge wall temperature (BWT), the inletmetal temperature (TMT) prtes of the reactor coils
temperature of theue gas in the convection section, to the suspended in the radiant section. The computatioital
results from the radiant section simulation. During thalynamics simulation is run to convergence, and the net heat

S 2expf 1.09 )
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ux to each of the reactor coils as a function of the reactor coil
axial coordinate is extracted to be used as a boundary
condition for the reactor simulation. Indeed, based on the heat
ux prole from the radiant section, the reactor simulations
provide axial prées for all relevant process variables, in
particular TMT proles. This update for the TMT ptes is
specied as the new boundary condition in the radiant section
simulation. This feedback loop, indicated in gdtdhire 2
continues until for each coil the efence between the
maximum TMT predicted in two subsequent simulations is
smaller than 1 K.
Once the coupled furnageactor simulation has been
completed, the TLE is calculated to obtain tia¢ product
composition after quenching and to obtain the amount of
steam generated. The amount of saturated steam generated is
important since it determines tlogv rates of the processd
through the energy recovery banks in the convection section.
The convection section is calculated last. As the coil inlet
temperature isxed in the reactor simulations, the coupling
between the convection section and the radiant section is not
considered via an iterative procedure as was done for the
coupling between the radiant section and the reactors. Instead,
the process conditions in the convection section are set such
that it provides results that are consistent with what waSigure 3.Schematic representation of the simulated segment of the
previously calculated for the reactors and the TLE. In othéfitra Selective Conversion furhéte(Adapted with permission
words, on the ue gas side, the stack gas temperature i&om Zhang et &f. Copyright 2015 John Wiley and Sons).
adjusted iteratively until the BWT matches the outlet

temperature of theue gas in the furnace calculations. On L L .

the process gas side, the crossover temperature (XOT) (‘Lgse, the emissivity of the reactor coils in each band is set to

forced to match the coil inlet temperature of the reactof'at of a generic high-alloy steel. In the high emissivity case,
he emissivity of the reactor coils is set to that of a coated

simulations. Any heat loss from the process gas that mi o i .
occur between the convection section and the furnace fe€tal. The emissivity values of the reactor coils in the nine

disregarded. For the reference low emissivity case, this impHggds considered by the EWBM model for both cases are
that the following quantities areed for reasons of given inTable 2 The emissivity of the refractory wall is setto a

consistency: boiler feedwater outlet temperature (ECOfPnstant value of 0.75. .
hydrocarbon feed outlet temperature (HTC-III), boiler To allow a fair comparison between the reference case with

feedwater ow rate (ECO), and high pressure steam the low tube wall emissivity and the improved case with the

rate (HPSSH-I). For the high emissivity case, the boilefigher tbe wall emissivity, the cracking seventgds
feedwaterow rate and the size of thes on the convection __1N€ Propene-to-ethene mass ratio at %‘e outlet of(Edil
section tubes can be adjusted in order taisntly preheat  E)i IS used as the cracking severity ifidéke averaged

he h f hile keepi h kiggacking severity overcoils, referred to as the mixing—cup
tse?/eri%/;rocarbon eed, while keeping the same crac Ia eraged propene-to-ethene mass ratio,({PisEdhe mixing-

cup average of the propene to ethene mass ratios of each

3. CASE-SPECIFIC GEOMETRIC AND OPERATING individual coil:
CONDITIONS ¥ (PIE)m

Two cases are considered in this work thar din the (P/BE)mix = n m
radiative properties of the reactor coils to investigateetie e =1 (16)
of a high emissivity coating on the heat and mass balance of ahe fuel ow rate in the high emissivity case is adjusted in
complete steam cracking unit. In what follows, the base caseler to match the mixing-cup averaged P/E ratio obtained
with uncoated reactors is referred to as the low emissivity cdsam the reference case with the low tube wall emissivity. Due
while the case with the coated reactors is referred to as the htgithe nonlinearity of the problem, adjusting the fwekate
emissivity case. in the high emissivity case is done iteratively, indicated by the
3.1. Radiant Section and Reactors.The geometric  green feedback loop kgure 2 Convergence is achieved
details and operating conditions for the naphtha steamvhen the relative dirence between the (P/g)values of the
cracking unit are identical to those previously modeled Hyigh emissivity case and the low emissivity case is smaller than
Zhang et al° Only one-fourth of the ultra selective conversion0.01%. The total fuebw rate to the eight burners for the low
(USC) furnace is simulated to reduce the computational cosgtmissivity case is 0.2777 kg/s.
Figure Jllustrates the furnace geometry: two sets of 11 U-coil 3.2. Transfer Line ExchangerThe process gas eent
reactors are suspended in middle of the simulated part of them two adjacent reactor coils is mixed in an adiabatic
furnace. At either side of the tubes, famar burners are  manifold and subsequently cooled rapidly in the transfer line
equidistantly positioned next to the refractory wall. A detailegixchanger. The geometry is based on the ultraselective
overview of the geometry and operating conditions is given éxchanger quench cooler, a straight jacketed tube with process
the Supporting Informationable S1In the low emissivity —gas owing in the inner tube and boiler feedwatsving
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inside the jackét.The length of the TLE is adjusted to obtain
process gas outlet temperatures between 770 and 780 K. At
this temperature, all cracking reactions are stopped so further
changes in the @ient composition are avoided. However, the
process gas is to be cooled further before it can be further
processed in the separation section, so the primary TLE is
followed by a secondary shell-and-tube type TLE that further
cools the process gas. Typical temperatures for the cracked gas
leaving the secondary TLE depend on the feedstock type,
varying from 570 K for a gaseous feedstock to 690 K for
naphtha feedstocks, to even higher temperatures for atmos-
pheric gas oifS.Higher temperatures are required for heavier
feeds to avoid excessive fouling due to condensation coke
formation. In this work, only the primary TLE is simulated, as
the secondary TLE will be identical in the low emissivity case
and high emissivity case and hence has menite on the
conclusions. The geometric details and operating conditions of
the adiabatic section and the TLE are summarized in the
Supporting Informatio,able S2 The simulation provides
information about the axial pies for the process gas in the
TLE tubes and the amount of steam generated.

3.3. Convection Section. The number of tube banks in
the convection section is identical to that in the convection
section simulated by Verhees &t @he order of the eight
banks, their interconnection, and the input and output streams
are shown ifrigure 4 Details on the tube cayuration and
layout of each tube bank are summarizédhbie S3n the
Supporting Information. The properties of the feed streams
labeled'S’ can be found iffable 3

The hydrocarbon feedstock (S1) is fed to the feed preheater
(FPH) and subsequently mixed with part of the dilution steam
(S3) to ensure full evaporation. The hydrocarsteam
mixture then passes through thrst and second high
temperature conyectiqn ban_ks (HTC-I and HTC-:_”)' The section. Arrows label&sl represent feed streams. Arrows latiled
out ow of HTC-Il is mixed with the 05‘1"" of the dllutlop .represent product strearFr)ls. The labé&ls represent ue gas
steam superheater (I_DSSH) before being sent to the third hig perature measurement points.
temperature convection bank (HTC-III) where the process gas
is heated to the crossover temperature. In this work, the cqibple 3. Operating Conditions of the Convection Section:
inlet temperature is assumed to be equal to the crossovgfet Streams
temperature, i.e., any heat loss that the process gas might su
between the convection section and the furnace is disregarc
The economizer bank (ECO) is used to preheat boile

Figure 4.Schematic representation of the simulated convection

mass ow rate [kg/s]

temperature pressure  low high

feedwater to 10 K below the saturation temperature at tk stream name [K] [bar]  emissivity emissivity
considered pressure. It is assumed that this water is completelyi  hydrocarbon 333 6.1 8.044
evaporated in the transfer line exchangers to close the mass feed
and energy balance over the steam drum. Saturated hig$2  boiler 418 121.0 6.211 6.197
- . feedwater

pressure steam generated by the TLE is superheated in thg dilution 458 g 0.670
high pressure steam superheaters (HPSSH-I and HPSSH-II). steam 1 ‘ '

For the high emissivity case, additional criteria are imposedss  high pressure 597 118.7 6.211 6.197
on the simulation to allow fair comparison with the low steam 1
emissivity case. In particular, the following quantitiesedre S6  high pressure 418 117.9 0.229 0.000
to the value obtained from the low emissivity casegas steam 2
stack temperature and high pressure steam outlet temperaturg’ ~ diution 458 52 3.352

(HPSSH-II). The ow rate of inlet stream S6, $eéle 3and

the layout of thens on the steam superheating bank HPSSH-

Il are adjusted to shift power between banks.

4. RESULTS AND DISCUSSION

4.1. Radiant Section and ReactorAn overview of the
most important results of the coupled furneesctor

4 reports the values for the complete radiant section. The

results related to the reactors are very similar in both cases, as
was the intention since the cracking severity expressed via the
mixing-cup averaged P/E is the same. Total absorbed heat and
average Yyields of propene and ethene are nearly identical in the

simulations for both the low emissivity and high emissivitiow emissivity and the high emissivity cases, pointing to equal

cases is found inable 4 Although only one-fourth of the
radiant section and the reactors was simulated exphoitty,

G

reactor performance in each case. Smaledces can be
related to the thresholds set as convergence criteria for the
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Table 4. Results of the Coupled Furnace-Reactor burner, the total heat inpUtigure &) and net radiative heat
Simulations for Both the Low Emissivity Case and the High input (Figure 8) can uctuate about 3.5% around the mean
Emissivity Case value, leading to a drent performance, a éient coking

rate, and hence a drence between individual coils in the on-

stream time before one of the two decoking criteria is reached.

Ultimately, the run length of the furnace is determined by the
rst coil that reaches its maximum on-stream time. The

low high
emissivity emissivity

radiant section

total fuel ow rate [kg/s] 1.1108 1.0916 . . .

total air ow rate [kg/s] 21184 20.816 poterjtlal extra on-stream time of the other coils cannot be
air to fuel ratio [] 19.07 1907 valpnzed since the decoking procedL_Jre hag to be §tarted for the
Ue gas massw rate [kg/s] 22 206 21.908 entire furnch. Therefore, largeewinces in coking rate

Ue gas bridge wall temperature [K] 1370 1356 betwegen coils in the same furnace decreases the overall furnace
average maximum TMT [K] 1235.36 123521 capacity. . . .

total radiative heaux to all reactors [kW] 20144 20484 .The. 3[.) Slmu!atlon of the radiant 'SeCtIOI’l' also allows
percent of total heatix via radiation [%] 77 88 79.33 V|.suaI|zat|on of important process variables in the furnace.
reactor Figure 6shows on the one hand the reactors colored by tube
mixing-cup average COT [K] 1146.1 1145.3 metal temperatures and on the other hanq the |sosprface of 1.5
average propene yield [wt %] 1525 15.25 wt % Q colored by process gas_velocny magnlyude. The
average ethene yield [wt %) 28.89 28.88 |s_osurface of the oxygen content in e gas provides a
MiXing-Cup averageE 05284 0.5284 V|sual_ representation of theme shape. The velocity

total heat ux to all reactors [KW] 25868 25820 magnitude colors show that thee gas close to the \_Nall
transfer line exchanger ows the fastest and that it slows down toward the middle of
total water ow rate [kg/s] 67514 67.300 the furnace. The staged burners in the USC furnace are
total steam produced [kg/s] 6.440 6.426 designed to have the combustion region as close as possible to
total exchanged power [KW] 12936 12900 the furnace wall to minimize the risk afne rollover and
average TLE outlet temperature [K] 775.6 775.2 hence impingement of theme on the reactor coils, which
average ethene yield [wt %] 279 27.88 can cause considerable harm to the reactors. Their adequacy is
average propene yield [wt %] 14.85 14.85 con rmed as the major combustion regions are indeed located
mixing-cup averageE 0.5333 0.5338 close to the furnace wall.

convection section 4.2, Transfer Line ExchangerAs seen from the reactor

total heat exchanged [KW] 20935 20028 simulations, the mixing-cup averaged coil outlet temperature of
power feed preheat [kKW] 19620 19593 the low emissivity case, 1146.1 K, is only slightly higher than
power energy recovery [KW] 10316 9435 that of the high emissivity case, 1145.3 K. The hot reactor
percentage feed preheat [%] 65.54 67.50 e uent is cooled down in the transfer line exchanger to 775.6
percentage energy recovery [%] 34.46 32,50 and 775.2 K respectively, able 4 The small dierences in

stack temperature [K] 120.1 119.3 TLE inlet temperature and outlet temperature between the

high and the low emissivity case explain the sreadirdies in
total exchanged duty (12.94 MW in the low emissivity case
various iterative loops indicatedFigure 2 There is no  versus 12.90 MW in the high emissivity case), resulting in a
signi cant shift in heatux to each individual reactor when decrease in steam production of 0.014 kg/s, which is negligible
comparing both cases as showfigare a. This results in a  since it is smaller than the convergence tolerance for the
similar maximum TMT, coil outlet temperature, and propeneterative optimization routines.
to-ethene, (P/E) ratio as shown ifigure B, ¢, and d, 4.3. Convection Section.Table 4also gives the lumped
respectively. values for the convection section. Asubegas ow rate and

Due to the coating on the reactor tubes in the highbridge wall temperature are lower in the high emissivity case
emissivity case, the heat input via radiation is 1.69% highercioimpared to the low emissivity case, the total power available
the high emissivity case compared to the low emissivity casefan heat exchange with the process gases in the convection
absolute terms, 77.88% of the thermal power is delivered to tection is also lower. The total power in the low emissivity case
reactor coils via radiation in the low emissivity case, but this 29.96 MW versus 29.03 MW in the high emissivity case, a
increases to 79.33% in the high emissivity case. Due to tiieerence of 3.10%. However, as the hydrocarbon feed and the
more e cient heat transfer via radiation, less energy igilution steam are to be heated to the same temperature in
transferred via convection from the gas to the reactor both the low emissivity and high emissivity cases, the power for
coils so the temperature of thue gas decreases; in particular, feed preheat is nearly identical, with a negligiblenice that
the bridge wall temperature decreases from 1370 K in the l@an be attributed to the convergence tolerance. This implies
emissivity case to 1356 K in the high emissivity case. Not orihat the dierence is almost entirely situated in the energy
the temperature of theie gas decreases but alsodherate: recovery, i.e., the preheating of the boiler feedwater and the
1.73% less fuel is required to maintain the cracking severitysimperheating of the high pressure steam. Indeed, as seen in
the high emissivity case compared to the low emissivity caseble 3 the injection of additional boiler feedwater in the
As the air ow rate decreases accordingly to maintain the sansecond high pressure steam superheater bank (HPSSH-II) to
air-to-fuel ratio, this implies aatence between 22.29 kg/s control the temperature of the superheated steam is omitted in

ue gas in the low emissivity case and 21.91uaéms inthe  the high emissivity case. Additionally, the size ofstom the
high emissivity casegure 8 and f show the net radiative heat HPSSH-II bank is reduced from 0.0127 m in the low emissivity
input per coil and the radiative contribution to the hegper case to 0.0030 m in the high emissivity case to take up less heat
coil. Depending on the position of the coil relative to then this bankirigure 7llustrates the temperatures of the gas

H DOI:10.1021/acs.iecr.8b04068
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Figure 5.(a) Total heat ux, (b) maximum tube metal temperature, (c) coil outlet temperature, (d) propene-to-ethene ratio, (€) net radiative heat
input, and (f) contribution from radiation to the total heatfor every reactor coil.

and the process gases in the convection section for both ttiansfer line exchanger, and the convection section is shown in
low emissivity case and the high emissivity case. The majable 5and graphically representedrigure 8
di erence is situated in the high pressure steam superheatefhe total red duty is 1.73% lower in the high emissivity
banks 5 and 6. Especially in bank 6, in the low emissivity casese compared to the low emissivity case since it was adapted
due to the injection of additional boiler feedwater, theo maintain the same cracking severity in both cases. Since the
temperature of steam entering bank 6 decreases. As taimount of heat absorbed by the reactors and the thermal losses
injection is not done in the high emissivity case, the inldrom the radiant section to the environment are very similar in
temperature of bank 6 is higher. However, as the height of theth cases, applying the high emissivity coating to the reactor
ns in bank 6 is reduced, less heat is absorbed in this bankader wall increases theagency of the radiant section from
the nal temperature of the superheated steam is slightly low#5.68% in the low emissivity case to 46.40% in the high
in the high emissivity case compared to the low emissivity casmissivity case. The TLE recovers in both cases 50.0% of the
This di erence in performance of bank 5 and bank 6 ienergy absorbed by the reactors by cooling the process gas
necessary to ensure that the stack temperature is the same iment to an average TLE outlet temperature of 775 K. When
the high emissivity case and the low emissivity case. compared to the totated duty, the TLE uses 22.84% in the
4.4, Overall Energy BalanceThe overall energy balance low emissivity case and 23.18% in the high emissivity case to
of the simulated steam cracking process obtained Mmmenerate saturated high pressure steam, which is relatively low
combining the results of the radiant section and reactors, tabempared to the typical value for industry of around®29%.
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Figure 8.0verall energy balance over the entire steam cracking unit.

Figure 6.Reactors colored by outer wall temperature (left legend)

and isosurface of 1.5 wt % ®lored by velocity magnitude (right section via feed preheating on one hand and energy recovery
legend); high emissivity case. on the other hand. Feed preheating amounts to 34.65% of the
total red duty in the low emissivity case compared to 35.21%
in the high emissivity case. The largestatice between the

two cases is in the energy recovery part of the convection
section: 18.22% of the totatéd duty is used to generate high
pressure steam in the low emissivity case versus 16.95% in the
high emissivity case. Losses in both cases amount to 1.45% of
the total red duty, which is relatively low but acceptable for a
modern furnace.

To answer the question whether applying a high emissivity
coating to the reactor tubes in a steam cracking furnace is
benecial from an operational point of view, the totality of the
plant is to be considered. Indeed, the mass and energy balances
over the entire steam cracking unit indicate that for the same
production rates, lower fuedw rates are required, which
lowers production costs and reduces harmful emissions. The
e ciency of the radiant section is increased, but the overall
e ciency of the complete steam cracking unit remains the
same as indicated ifable 5 The heat losses to the
Figure 7.Temperature prdes in the convection section for process €nvironment and the amount of heat lost in the stack remain
gas andue gas in the low emissivity and high emissivity cases. PoWB€ same, so does the overatiency calculated to be 98.55%
[MW] per bank in the low emissivity case (blue dashed box) and thi# this case. Applying the high emissivity coating shifts some of
high emissivity case (red full box). the heat from the convection section to the radiant section so
less power is available in the convection section for steam
Table 5. Overall Energy Balance over the Entire Steam  generation. As this steam is used in other parts of the plant, for

Cracking Unit example to drive the steam turbine of the cracked gas
_ compressor and the compressors of the ethene and propene
low high . . . .
emissivity  emissivity refrigeration cycles, the duty spent for generating this steam

cannot be considered as losses. When the high pressure steam

total red duty [K 56628 55652 . . . .

ty (kW] production from the convection section decreases, it has to be
total reactor duty [kW] 25868 25820 d d in dedicated st boil ith )
total preheating duty convection section [kKW] 19620 19593 p;o uced Ig5o/e I.Ca eths ?atml (t)l ers (\;VI anda_VthﬁlgBT%/ td
total energy recovery duty convection section10316 9435 il 0 Smce. e .0 . e.am emand In the plant does

not change. High emissivity coatings are hence relevant for an

total losses from radiant section [KW] 566 566 industrial steam cracking unit as a way of debottlenecking the
total losses through stack [KW] 259 238 ole n production process: the improved heat transfer to the
furnace eciency [%] 45.68 46.40 coils increases the aleproduction at the sameing rate.

This is under the assumption that there are no other
bottlenecks in the furnace, such as the maximum bridge wall
Further lowering the TLE outlet temperature by addingemperature.

additional heat transfer surface area could increase the enerdgicreasing the furnace aency is also advantageous from
recovery from the process gagemt. The convection section an environmental point of view. Emissions of greenhouse
recovers the remaining heat from thegas from the radiant gases, in particular NQ@omponents, correlate to the
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prevailing temperatures in the furriace.Indeed, an  size on the second high pressure steam superheater bank, the

improved furnace eiency implies lower maximuoe gas  available duty in the convection section of the high emissivity

temperatures and hence also lower thermalféd@ation. case was correctly balanced between feed preheating and steam

Contrary to fuel NQor prompt NQ, thermal NQformed via  superheating. A total of 18.22% of tleel duty was used to

the Zeldovich mechanism increases rapidly with increasiggnerate high pressure steam in the base case versus 16.95% in

temperaturd? Therefore, the decrease in averagegas the high emissivity case. Overall, the bere terms of

temperature in the radiant section of 12fiém 1450 K in energy of applying a high emissivity coating to the reactor

the low emissivity case to 1438 K in the high emissivity caseouter walls are limited, in particular because the emissivity of

is expected to have a bamal e ect on the NQ emissions. the uncoated reactor material is already high. A more
Even though applying high emissivity coatireys @ way  signi cant impact is expected when the high emissivity coating

to improve the thermal eiency of an industrial steam is also applied to the refractory walls. Even thougletit®n

cracking unit® their use on reactor coils in industrial steamthe energy balance is low, a beiaéside eect of the lower

cracker units is far from widespread for several réagins. averageue gas temperature in the radiant section is reduced

little information is available on the lifetime of the highformation of thermal NOand hence lower greenhouse gas

emissivity coating. Possible hot spot formation due temissions.

spallation has not been studied $etondsoot deposition

on the coating has to be prevented because when it covers the ASSOCIATED CONTENT

surface, the bermal eect of the coating is negatetird *  Supporting Information

generally the spectral emissivity of the uncoated surfaceTefe Supporting Information is available free of charge on the

steam cracking reactors is already high, reducing the potentials Publications websieDOI: 10.1021/acs.iecr.8b04068

?r:ea rg?ehnﬁglisssglilt}r/u;ﬂztmrﬂ tﬁém‘g:ot\r/]i trlirggtrg?rﬁjﬁﬁegs (Table S1) Geometry details gnd operating conditions

the epmissivity of t%le con%mognly used materials s)ijch as silica of the ultra selectlve conversion furnace; (Table 8-2)

bricks or ber insulation is inherently low. Coating these geometry details of'the ad|ab'a.t|c section and transferllme

surfaces would increase the furnaaﬁeacy.considerably exchanger, ‘operating conditions of the tr_ansfer line

; TR exchanger; (Table S3) geometry details of the

Fourththe e ect of the selected coating on the material itself is convection sectiodOCX)

yet to be determined. Dision from the coating material into

the surface on which it is applied, in the process changing the

material properties, has to be avoided or the consequences atAUTHOR INFORMATION

least have to be studi&dfth an important concern is whether Corresponding Author

the decrease in operating cost originating from a lower fuglE-mail:Kevin.VanGeem@UGent.be

consumption outweighs the investment cost. ORCID
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5. CONCLUSIONS Guy B. Marin000-0002-6733-1213

High emissivity coatings have the potential to increase théevin M. Van Geemno0-0003-4191-4960
e ciency of high temperature industrial applications by iag
enhancing the heat transfer via radiation. Applications ?ﬁe authors declare no competingncial interest
such coatings are already found in several industries, but others '
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stream to the desired coil inlet temperature, less heat was to be

used in the convection section for high pressure steaRoman Symbols

superheating in the high emissivity case. By eliminatingc = light velocity in vacuum, m/s
secondary boiler feedwater injection and decreasing the ¢, = molar heat capacity of spegigémol/K
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d = internal diameter, m

E = specic total energy, J/kg

f = Fanning friction factor, -

F = molar ow rate of speci¢smol/s

h = Planck constant, J/s

h = specic enthalpy of specigsl/kg

h = heat transfer coeient, W/nt/K

| = radiation intensity, W/n

I, = blackbody radiation intensity, V¥/m
J = di usional ux of specigs kg/méls

ks = Boltzmann constant, J/K

ke = € ective thermal conductivity, W/m/K
n = refractive index, -

n = normal pointing out of the domain, -
Ngr = number of reactions, -

Nypec= NUMber of species, -

p = total pressure, Pa

P/E = propene-to-ethene mass ratio, -
q = specic heat ux, W/nt

r = position vector, -

r; = molar rate of reactioanmol/m’/s

r, = radius of a bend, m

R = net rate of formation of spediesiol/m¥s
S= unit direction vector, -

S, = energy source term, 3/m

Sv = momentum source term, kg/et

T = temperature, K

u = velocity magnitude, m/s

u = velocity vector

V,, = molar volume #fmol

Y; = mass fraction of spedies

z = axial position, m

Greek symbols

H;, = molar enthalpy of reactiprkJ/mol
w = emissivity of the wall, -

Nekrasov factor for bends, -
absorption coecient, 1/m
wavelength,m

= density, kg/m3

= StefanBoltzmann constant, Wi 4
= stress tensor, Pa

Subscripts and Superscripts

f= uid

in = incident
out = outward
w = wall

rad = radiation

Abbreviations

BFW = boiler feedwater

BWT = bridge wall temperature

CFD = computationaluid dynamics

DO = discrete ordinates

DSSH = dilution steam superheater
ECO = economizer convection bank
EDR = exchanger design and rating
EWBM = exponential wide band model
FPH = feed preheater

HP = high pressure

HPPSH = high pressure steam superheater
HTC = high temperature convection
RANS = Reynolds-averaged Nadtokes
RNG = renormalization group

TLE = transfer line exchanger
TMT = tube metal temperature
USC = ultra selective conversion
XOT = crossover temperature
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