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Abstract—A pilot plant was designed and set up to study the thermal cracking of atmospheric gasoil. Based on the
CCD (central composite design) method, a set of systematic experiments were designed and carried out. The designed
variables were COT (coil outlet temperature), steam ratio and feed flow rate. The ranges of these variables were, respec-
tively, equal to 716-884 °C, 0.46-1.136 and 0.977-6.02 g/min. The obtained minimum and maximum yield of ethylene
was, respectively, equal to 1.7% and 30.9%, as well as the maximum yield of propylene was 12.2%. To predict the
yield distribution of products and the coke formation in the range of operating conditions, a mechanistic model was
developed based on experimental results. To analyze and characterize the atmospheric gasoil, a novel algorithm was
applied. This algorithm utilized density, ASTM distillation curve, H/C ratio and the total aromatic fraction and generates
the detail analysis of feedstock including paraffinic, naphthenic, aromatics and poly aromatic compounds.

Key words: Thermal Cracking, Atmospheric Gasoil, Feed Characterization, Modeling, Experimental Design

INTRODUCTION

Thermal cracking of hydrocarbons with steam is the main pro-
cess for production of ethylene, propylene and other light olefins
[1,2]. In this process, and in order to increase the olefin selectivity
and decrease coke formation rate, feed is mixed with dilution water
and introduced to a tubular reactor with high temperature and short
residence time. The steam ratio value is varied and depends on con-
sumed feedstock. While the range for ethane and propane is be-
tween 0.3 and 0.4, the range for naphtha would be 0.6 to 0.7. The
diluted feed is preheated close to the cracking temperature depend-
ing on the hydrocarbon feed type.

Coke formation is always accompanied with pyrolysis of hydro-
carbons. The coke deposits on the inner side of the reactor tube. The
deposition not only affects the heat transfer but also increases the
pressure drop of the fluid. It increases hot spot formation and would
decrease the operating cycle and the capacity of the plant as well [3].

The homogeneous cracking reactions are endothermic; conse-
quently, energy is required to elevate the gas temperature about 700-
875 °C at the outlet of the reactor coils [4,5].

Common feedstocks for this unit are paraffinic hydrocarbons in
the ranges between ethane to naphtha. The rise in naphtha prices
and a growing demand for lighter hydrocarbons have caused the
propensity of the higher boiling petroleum fractions as feedstock for
olefin production. For this purpose, gasoils are the main choices.

Different aspects of thermal cracking of gasoils have been stud-
ied by different authors [6-12]. Zdonik et al. [6] introduced BMCI,
molecular weight and hydrogen content as the vital parameters in
characterizations of different gasoils as feed stocks of thermal crack-
ing. Kaiser et al. [7] reported the yield distribution of thermal crack-
ing of several feedstocks including ethane, propane, butanes, full range
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naphtha cuts and atmospheric gasoil. According to the research,
the yield of ethylene production goes from 80 percent for ethane to
25 percent for gasoil. Hirato et al. [8] were the pioneers of propos-
ing a model for thermal cracking of atmospheric gasoil. Some ex-
periments were carried out and a molecular-based model was de-
veloped. Later, the proposed model was modified for modeling of
thermal cracking of naphtha and kerosene [9]. Depeyre et al. [10]
have performed some experiments and developed a model based
on radical mechanism to predict the yield distribution of products.
Conducted experiments had some limitations such as the steam ratio,
as an operating parameter, has not been sufficiently varied in the de-
signed experiments. Clymans et al. [11] collected extensive data on
the thermal cracking of various fractions resulting from hydrotreat-
ment of virgin vaccum gasoil. The fractions were hydrotreated naph-
tha, kerosene, atmospheric gasoil and vacuum gasoil. The potential
of these fractions was evaluated as a feedstock for olefin produc-
tion. Ranzi et al. [12,13] and Gwyn [14] have developed two dif-
ferent kinds of model to predict the thermal cracking of a wide variety
of feed stocks including gasoils.

In addition, Shubo et al. [15] have studied the effects of coke in-
hibitors on coke formation rate and the yield of different products
in thermal cracking of atmospheric gasoil. A kinetic mechanism
for coke formation was introduced as well.

The scope of this paper is to study the product yield distribution
of thermal cracking of atmospheric gasoil. Several experiments were
carried out to study the effects of variation of different variables on
the product yield distribution.

In order to generate systematic experimental data for covering a
wide range of operating conditions, CCD as a systematic experi-
mental design method was utilized. And based on the results, a semi
mechanistic model was developed. In addition to the previous mod-
els, the new developed model determines the effects of all of the
coke precursors as acetylene, olefins, aromatics and poly aromatics
in coke formation.
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EXPERIMENTAL SECTIONS

1. Feed Characteristics

The selected atmospheric gasoil had boiling range of 218 °C to
387 °C with a density of 0.845 g/cnr’. The main properties of this
hydrocarbon feed are listed in Table 1. The BMCI and coking inhibi-

Table 1. The main properties of the atmospheric gasoil

Specification Gas-oil
Sulfur, Total wt% 0.75
Nitrogen, Total wt% <0.5
Hydrogen, Total wt% 13.8
Carbon, Total wt% 85.6
Aromatic Content, vol% 14
Olefin content, vol% Trace<0.3
Saturate Content, vol% 86
Distillation: °C
IBP at 760 mm Hg 218
5%Vol. Recovery 257
10%Vol. Recovery 266
30%Vol. Recovery 285
50%Vol. Recovery 303
70%Vol. Recovery 324
90%Vol. Recovery 362
FBP at 760 mm Hg 387

balance
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tion index of the selected atmospheric gasoil are, respectively, 28.26
and 36.75 [16], showing low enough coking intensity for the selected
atmospheric gasoils [10,15].

2. Pilot Plant Setup

The experiments were performed in a pilot setup that was de-
signed and assembled for thermal cracking of the hydrocarbon feed
stocks in the range from ethane to gasoils. This pilot can be fed either
by liquid or gas hydrocarbons. Liquid hydrocarbons and dilution
water were fed through dosing pumps. However, gas hydrocarbons
were fed to the pilot through a regulator and a mass flow meter. The
feed flow rates and steam ratio respectively varied from 1 to 15 g/
min and 0.3 to 1.0 (Fig. 1).

The hydrocarbon and dilution water were heated up to the crack-
ing temperature (550 °C) by two separated furnaces. The transfer
lines from dosing pumps to preheaters were isolated and heated to
200 °C by a heater-isolator. The reactor furnace has been divided
into three zones, which can be heated independently to control the
temperature profile. The reactor has 1 m length, 12 mm internal di-
ameter and it is made of Inconel 600. There are twelve thermocou-
ples along the reactor: six inside the furnace, four on the tube skin
and two additional thermocouples for measuring of the XOT (cross-
over temperature) and COT.

The reactor effluent is immediately quenched by cooling water
in a double pipe heat exchanger. In order to separate the conden-
sate from gaseous product stream, the exchanger outlet stream is
sent to a flash drum then the gas phase passes through a series of
condensers and is entered in a filter in the final stage.

;
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Fig. 1. Schematic diagram of the thermal cracking pilot plant setup.
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Table 2. Calculated analysis (molar fraction) of atmospheric gasoil

Paraffins Naphthenes Aromatics Total
Normal Iso Mono di Alkyl Poly o
Cc9 0.002608 0 0.0059928 0 0.006322 0 0.014923
C10 0.031167 0.0010865 1.33E-05 0.04317 0.02015 0 0.095587
Cll 0 0.052248 0.011487 0 0.026889 0 0.090624
C12 0.00073 0.012663 0.0038285 0.005584 0.006807 0 0.029612
C13 0.031805 0 0.067761 0.012622 0 0 0.112188
Cl4 0.051306 0 0 0 0.002663 0 0.053969
Cl15 0 0.065233 0.047358 0 0.003703 0 0.116294
Cle 0 0.018596 0 0 0.008816 0 0.027412
C17 0.041701 0.014984 3.43E-02 0 0 0 0.091024
C18 0.044747 0.021968 0.034659 0 0 0 0.101374
C19 0 0.017358 0.0090544 0 0.022495 0.005446 0.054353
C20 0.024946 0.014035 0.00095784 0 0.019009 0.0229 0.081848
C21 0.054244 0 0.018697 0 0 0 0.072941
C22 0.007445 0 0.012488 0 0 0 0.019933
C23 0.023865 0.0090854 0 0 0 0 0.03295
C24 0.004978 0 0 0 0 0 0.004978
C25 0 0 0 0 0 0 0
0.319542 0.2272569 0.24663585 0.061376 0.116854 0.028346 1.00001

After each run, a fraction of product gas is withdrawn for analy-
sis by a Varian Chrompack CP3800 gas chromatograph.

MATHEMATICAL MODELING

1. Feed Characterization Model

The characterization of feedstock is a vital step in modeling and
kinetic analysis of refineries and petrochemical processes. In fact,
the interaction effects of different feed species on product yield dis-
tributions are concerned as the main reasons. The problem becomes
more crucial when the heavy feedstocks, containing hydrocarbons
with more than 10 carbons, are used. In this case, the existence of
several hydrocarbons with almost the same physical properties makes
the detail analysis complicated and even unattainable. In order to
tackle the problem, several researches have been carried out [14,17]
to improve analysis methods or to produce some useful library data.
However, in some cases, the available data is limited; thus detailed
analysis is more convincing with the help of some correlations. In
fact, these correlations were derived to estimate properties of dif-
ferent cuts in a complex hydrocarbon feeds.

Gwyn [14] applied these correlations and used RI (Refractive
Index), density and TBP (True Boiling Points) curve to identify the
PNA (Paraffins, Naphthenes and Aromatics) analysis of thermal
cracking feed stock. Taskar et al. [18] developed an algorithm and
used ASTM distillation curve and density to estimate heavy naphtha
detail analysis. Zahedi et al. [19] used the algorithm and estimate
the naphtha analysis with 26 pseudo components as a feedstock for
catalytic reformers.

In this work the density, ASTM distillation curve, H/C ratio and
total aromatic fraction were used to determine the detailed analysis
of atmospheric gasoil. The major steps in the feed characterization
algorithm are listed below [18]:

1. ASTM distillation curve is converted to TBP by defined rela-

tions.

2. Englar slope, mean average boiling point and Watson K-factor
are calculated by empirical relations.

3. The specific gravity of each volume fraction is calculated con-
cerning the specific gravity of the mixture and Watson K-factor.

4. The molecular weight of each fraction is composed of the mole-
cular weights of the components constituting that fraction [20]. In
order to determine the quantity of chemical species in a fraction
and mixture, a nonlinear optimization search is applied. Neverthe-
less, adding more equations is useful to increase the accuracy of
the optimization procedure. H/C ratio and total volume fraction is
valuable information in this case.

The defined optimization problem is accompanied with some
constraints. First, the molar fraction of each composition must be
between 0 and 1. Then the summation of molar fractions is also
equal to 1.

Table 2 shows the calculated analysis for atmospheric gasoil. The
analysis contains n-paraffins, iso-paraffins, mono and di-cyclic naph-
thenes, alkyl aromatics and poly aromatics species.

2. Reactor Model

The one-dimensional plug flow reactor hypothesis is applied to
modeling and simulating of the reactor of thermal cracking pilot
plant. This is a non isothermal and non adiabatic reactor.

The modeling and simulating requires the integration of a set of
continuity equations for the process gas species, together with the
energy and momentum balance equations as follows:

Mass balance:
Energy balance:
FC = 0@ymi+ By - am) @
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Momentum balance:

Q(L) + L(l.d_T
dp_dz M,/ M,\T dz

dz 1 P
M,P  aRTG’

+ Fr)

G

Fr is the friction factor and calculated by the following equation:
)

3. Kinetic Modeling

Free radical chain mechanism is widely accepted for thermal crack-
ing reactions [10,12,13,15,21]. For thermal cracking of atmospheric
gasoil a kinetic model, based on the literature, was developed [10,
22,23]. The developed model predicts all light products including
acetylene, olefins and light paraffins. It also determines the yield of
alkyl aromatics as benzene, toluene, ethylbenzene and xylenes. Fur-
thermore, to describe the contribution of olefins [15], acetylene and
aromatics in coke formation, the kinetic model utilizes some reac-
tions. In the proposed reaction network, the alkyl aromatics and poly
aromatics species of feedstock were only contributed in coke for-
mation. The reaction network is listed in Table 6.

To avoid complexity in reaction network, the detected species of
atmospheric gasoil (Table 2) were lumped to five pseudo compo-
nents as n-C,;H,, and i-C,H;, for normal paraffins and iso paraffins,
C,;H, for naphthenes, C,sH,, for alkyl-aromatics and C,,H, for poly
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let temperature in the range of 716-884 °C. The dilution steam ratio
was in the range of 0.46-1.14 and feed flow rate was varied from
0.977 g/min to 6.02 g/min.

CCD method [24] was applied with three design factors, namely,
the hydrocarbon feed flow rate (X1), the steam ratio (X2) and coil
outlet temperature (X3). The coded levels and the natural values of
the factors are shown in Table 3.

Eleven response variables have been concerned including prod-
uct yield of the main primary products and the rate of coke forma-
tion. The number of trials was based on the number of the design
factors and was equal to 19 experiments (15 combinations with four
replications). Results of the experiments and the design matrix are
shown in Table 4. Production yields of light olefins as ethylene, pro-
pylene, butadiene and butenes and production yield of light paraf-
fins as methane, ethane, propane and rate of coke formation were
taken as response variables.

The governing mass, energy, and momentum balance equations
for the reactor tube constitute a boundary value problem which is
highly stiff in numerical simulation due to the large differences in
concentration gradient between radicals and molecules. This prob-
lem can be resolved with modified Euler or Gear method [25].

In order to determine the kinetic parameters, the residual sum of

Table 5. Yield of BTEX during thermal cracking of atmospheric
gasoil at different operating conditions

aromatics. The reaction network was designed based on these pseudo Test1 Test2 Test3 Testd Test5
components. COT (°C) 7548 853 7945 802 825
The experiments conducted for the determination of kinetic pa- Feed flow rate (g/min) ~ 491 498 603 326 492
rameters were carried out at atmospheric pressure with the coil out- Steam ratio 0.613 097 0.755 0904 0.955
Residence time (sec) 0296 0237 023 0376 0.247
Table 3. Coded and natural levels of the design factors Yield of BTEX
Design factors -1.6818 -1 0 1 1.6818 Benzene (mass %) 0.859 1444 0.636 0816 0.877
X1:feed flow rate 0.977 2 35 5 6.02 Toluene (mass %) 0.76 1404 0.609 0.958 0.800
X2:Steam ratio 046364 0.6 0.8 1.0 1.13636 Ethylbenzene (mass %) 0.35 0237 0.214 0381 0.330
X3:Coil outlet temperature 716 750 800 850 884 Xylenes (mass %) 022 0.755 0.187 0323 0423
Table 4. Design matrix and results of the central composite design
NO 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19
X1 -1 -1 -1 -1 1 1 1 1 -1.68 1.68 0 0 0 0 0 0 0o -1 -1
X2 -1 -1 1 1 -1 -1 1 1 0 0 -1.68 1.68 0 0 0 0 0 1 1
X3 -1 1 -1t 1 -1 1 -1 1 0 0 0 0 -1.68 1.68 0 0 0 1 1
Y1 (CH,) 11.6 265 102 269 79 26.7 2.1 208 17.8 9.58 214 151 1.7 30.8 184 17.7 17.2 26.6 26.5
Y2 (C,Hy) 79 11.6 6.63 122 339 122 1.37 102 10.02 7.3 9.8 956 026 10.7 9.59 8.79 9.74 11.3 10.66
Y3 (CH,) 37 9.8 3.1 899 139 883 0.58 555 7.5 46 9 379 224 107 513 5 474 9.02 8.96
Y4 (C,Hy) 036 04 6.63 04 0.18 044 0.08 037 04 033 048 043 035 0.35 0.39 035 038 0.38 0.34
Y5 (C,Hy) 1.7 23 134 2.04 1.04 25 027 1.52 211 156 254 133 131 2 185 1.71 1.66 2.07 2
Y6 (C,H,) 1.02 0.86 1.21 1.21 043 127 021 0.63 0.74 1.04 088 198 041 1.15 1.98 1.36 1.32 0.96 0.98
Y7 (C,Hy) 1.62 565 1.68 48 1.05 3.6 052 305 251 033 361 24 137 7.1 211 224 21 493 5.03
Y8 (C,Hy) 1.85 2.5 207 2.8 1.6 231 024 0.17 181 0.6 3.82 2.73 135 2.67 2.05 1.77 1.61 242 3.16
Y9 (H,) 06 14 1.6 072 027 092 0.11 06 39 05 46 158 023 1.3 054 045 048 1.04 0.81
Y10 (C5+) 69.4 364 65.5 383 81.2 41.1 942 533 532 65.7 4344 58.6 88.32 322 579 60.4 60.3 32.1 334
Rate of coke 1.67 34.1 0.66 209 0.16 18.2 0.03 3.9 123 0.51 11.53 0.65 0.06 324 1.6 235 24 246 256

(gr/cm?-sec)*10’
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Table 6. Reaction scheme for Thermal Cracking of Atmospheric gasoil

Parameters adopted

Number Reaction A =
1. Paraffin=>Radical+Radical
1 CyHyy— CH,+CHY, 1.44x10" 250.92
2 Cy6Hy— CH ,+C,H 1.44x 10" 250.92
3 CI6H344)C1()H21+C6H0I3 1.44x10" 250.92
4 C|<)H344)C1|H23+C5H(|)| 1.44%10" 250.92
5 C16H34_)C12H25+C4Hg 1.44x10" 250.92
6 CHyy— C 3 Hy,+1-CH; 1.44x10" 250.92
7 CHyy— C, Hay+C,H; 1.44x10" 250.92
8 C16H34_)C15H21+CH(3) 1.44x 1014 250.92
9 C16H34—)C16H23+H0 1.44x10" 334.56
10 i—C,H,,—CHy,+2-CH) 1.44x10" 250.92
11 i—C,H,,— C,;H3,+CH] 1.44x10" 234.192
12 Cy3Ho— 1= CH +CH, 1.4x10" 255.102
2. Radical=>Olefin+Radical
13 C\(H3, = CH,+C H, 4x10" 104.55
14 C|0H23HC3H6+C13H27 1.2x10" 108.732
15 C,6H3, — CH+C o H, 0.6x10" 108.732
16 C16H23_)C5H10+C11H23 0.6x10" 125.46
17 C15H(3)1 _)C2H4+C13H(2)7 4x10" 104.55
18 CysH3,— CH+C s 1.2x10" 108.732
19 CysHy, — CHy+C Hys 0.6x10" 108.732
20 CISH(S)I _)C5H10+C10H(2)1 0.6x10" 125.46
21 C14H29_)C2H4+C12H(2)5 4x10" 104.55
22 CHyy—>CyH+C Hys 1.2x10" 112.0776
23 C14H29*>C4H8+C10H21 0.6x10" 112.0776
24 C14H29*>C4H8+C9H(1)9 0.6x10" 125.46
25 C|3H27HC2H4+C11H23 4x10" 104.55
26 C|3Hg7ﬁ)C3Hs+C10H2| 1.2x10™ 108.732
27 C.;H%ﬁC;HﬁCgH?g 0.85x10" 108.732
28 CyH,— CH, +CH 0.85x10" 125.46
29 C12H25HC2H4+C10H21 4x10" 104.55
30 Clegs_)C3H5+C9H?9 1.2x10" 108.732
31 CIZHZS_)C4H8+C8H(1)7 0.6x10" 108.732
32 Clegs_)C5H10+C7H(1)5 0.6x10" 125.46
33 C11H23HC2H4+C9H(1)9 4x10" 104.55
34 C, H3, — CH+CH, 1.2x10" 108.732
35 C, Hy%—CH+CH)s 0.6x10" 108.732
36 C, Hy, —CH o+ CHY, 0.6x10" 125.46
37 CIOHgl HC2H4+C3H?7 4x10" 104.55
38 CIOHgl *)C3H5+C7H(1)5 1.2x10™ 108.732
39 CyoH — CHy+CH, 0.6x10" 108.732
40 CyoH3, — CsH, +CSH, 0.6x10" 125.46
41 CQH?9_>C2H4+C7H?5 1x10" 104.55
42 CQH?9_)C3H6+C6H?3 3.2x10" 108.732
43 C,H),— C,H+CH), 0.5x10" 108.732
44 C,H),— CH,,+C H; 1.01x10" 138.006
45 CgH),— CH,+CH, 1%10° 121.278
46 CyH};,— CH+CHY, 3.2x10" 117.096
47 CyH ;= CHy+C H, 5.66x10" 121.278
48 CSH(]J7*>CSH]0+1_C3H: 1.01x10" 117.096

Korean J. Chem. Eng.(Vol. 25, No. 4)
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Table 6. Continued
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Parameters adopted

Number Reaction A =
49 CH},—C,H,+CH), 1.18x10" 121.278
50 CH};—CH,+C,H; 3.2x10" 117.096
51 CH};—CH+1-C,H) 5.66x10" 121.278
52 CH};—CH,,+C,H! 1.01x10" 117.096
53 CH),—C,H,+C,H, 2.5%x10" 121.278
54 CH),—CH,+1-CH, 1.5%10" 118.3506
55 CH},—CH+C,H; 5.66x10" 121.278
56 CH},—CH,,+CH; 8.21x10" 138.006
57 1-CH},—2-CH), 0.72x10" 0
58 2-CH),—1-CH), 1.0x10" 125.46
59 1-C,H},— C,H,+C,H, 1.056x 10" 125.46
60 CH|,—CH,+1-C,H} 3.95x10" 121.278
61 C.H},— C;H +C,H. 5.0%10" 121.278
62 C.H},— C,H,+CH; 3.2x10" 131.733
63 CH|,—CH,+H’ 5.0x10" 153.0612
64 C.H;—C,H,+C,H; 1.62x10" 117.096
65 C,H;— C,H,+CH; 2.5%x10" 133.824
66 C.H,—C,H,+H’ 2.0x10" 167.28
67 2-C,H,—CH+H’ 2.0%10" 163.098
68 1-C,H,—C,H,+CH, 4.0x10" 138.006
69 1-C,H,—CH,+H’ 2.0x10" 158.916
70 CH!—C,H,+H’ 3.2x10° 167.28
71 CH;,—CH+H’ 1.32x10" 204918

3. Paraffin+Radical=>Paraffin+Radical
72 C16H34+H0*>C16H23+H2 0.56x10" 41.82
73 C,H,,+H—C, H3,+H, 4.6x10" 34.7106
74 C,Hy,+C,H— C,H%+C,H, 4.6x10" 29.274
75 C,H,+1-C,H)— C, Ha+C,H, 0.56x10" 33.456
76 1-C, Hy,+H'— 1-C,H3+H, 0.56x10" 25.092
77 1-C,H;,+CH"—1-C,H,+CH, 4.6%10" 17.982
78 1-C,Hy+C,HI— 1-C,H%,+C,H, 4.6%10" 12.546
79 1-C,H,4+C,H)— 1 - C, H3, +C,H 0.56x10" 16.728
80 C.Hg+H'— 1-C,H)+H, 0.85%10° 35.128
81 C,H,+CH;— 1-C,H+CH, 0.582x10°* 34.29
82 C.Hs+1-C,H— 1-C;H+C,H, 0.621x10° 41.82
83 C,H,+H'— C,Hi+H, 1x10" 40.5654
84 C,H,+CH)— C,H:+CH, 3.8x10" 69.003
85 C,H,+1-C,H)— C,Hi+C;H, 0.3x10 50.184
86 CH,+H’'—CH+H, 0.62%10* 50.184
87 CH,+C,H!— CH+C,H, 0.32 x107 75.276
88 CH,+1-C,H;— CH3+C Hj 0.78% 10’ 79.458
89 H,+CH,—H’+CH, 0.14x10" 50.184
90 H,+C,H:—H'+C,H, 0.80 x10" 58.548
91 H,+1-C,H;—H"+C,Hj 0.32x10" 50.184
4. Radical+Radical=>Paraffin
92 1-C,H)+H'—C,H, 0.62x10" 0
93 C,H:+H'—C,H, 4x10* 0
94 C,H:+CH;—C,H 0.3x10" 0
95 CH+CH’—C,H, 1.30 x10" 0
96 CH3+H’—CH, 1x10% 0
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Parameters adopted

Number Reaction
A E
97 C,H+H —C,H, 1.0x10" 0
98 CH+H —C,H, 2.00 x10" 0
99 C,H}+C,H,— C,H, 1.00x10" 0
100 2-C,H)+H'—C,H, 0.13x10" 0
5. Secondary Reaction I: Olefin+Radical<=>Paraffin+Olefin Radical
101 C.H,+H'— C,Hi+H, 2.5%10° 4.6
102 C,H,+CH;— C,H.+CH, 2.0x10° 51.02
103 C,H,+C,H,— C,H3+C,H, 1.0x10° 60.64
104 CH:+C,H,—C,H,+1-C,H) 5.0x10° 66.91
105 CHy+H—CH)+H, 1.2x10" 16.31
106 C.Hy+CH;— C,H)+CH, 1.03x10" 30.53
107 C,H+C,H:— C,H+C,H, 1.0x10" 34.71
108 C,H3+C,H;— C,Hy+1-C,H? 5.0x10* 66.91
109 C.H,,+H —CH;+H, 5.0x10° 16.728
110 CH,,+CH;— C;H,+CH, 1.0x10" 33.456
111 CH,,+C,H!— C,Hy+C,H, 5.0x10" 33.456
112 CHy+C,H,—CH,,+1-C.H, 5.0x10° 66.91
6. Secondary Reaction II:
113 C,H,+H'— C,H)+H, 0.8x10’ 16.728
114 C,H,+CH— C,H3+CH, 0.1x10° 54.366
115 C,H,+C,H.— C,H3+C,H, 3.0x107 79.46
116 C,H,+H"— C,H! 0.1x10° 6.273
117 C,H,+CH,—1-C,H} 0.2x10 33.038
118 C,H,+C,H:—C,H, 0.15%10° 31.78
119 C,H,+C,H,—C,H,+H’ 0.12x10" 204.92
120 C,H,+C,H,—C,H’ 6.078x10’ 29.274
121 CH+H'—1-CH, 1.015% 10 6.273
122 C.H+CH;—1-C,H, 0.32x10° 30.94
123 CH+H—C,H, 0.48x10° 31.36
124 CH+CH;—C,H), 0.112x10" 30.11
7. Molecular Reaction I:
125 C.H,— C,H,+CH, 3.794x10" 59.38
126 C,H,+C,H,—C,H, 1.026x 10 41.26
127 C.H,— C,H,+H, 8.385x10° 200.99
128 CH,+C,H,—CH,+2H, 9.74%10° 146.37
129 C.H,+C,H,— C,Hy+2H, 6.4x10" 150.552
130 CH,+C,H,—CH,,+2H, 1.51%10° 245.7
131 CH,+C,H,— CH,+2H, 7.76%10" 117.096
8. Molecular Reaction 1I:
132 4CH,— 3(C,H),+9H, 6.8%10° 197.87
133 4C,H,— 7(C,H),+12.5H, 6.8x10° 203.16
134 4C,H,,— 2(C,H),+4H, 6.8x10° 212.05
135 4C,H,—2(C,H),+2H, 8.5%10° 212.05
136 2C,H,—CH,+CH, 1.2x10" 233.32
137 CH,+C,H,—C,H+CH, 1.18x10" 259.19
138 C.H,— C,H,+CH, 4.69x10" 178.28
139 CH,— C,H,+H, 5.89x10" 223.41
140 2C,H,—3C,H, 1.2x10" 263.98
141 4C,H,—2(C,H),+7H, 3.42x10° 242.79
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Table 6. Continued

Parameters adopted

Number Reaction
A E
142 8C,H,— 3(C,H),+21H, 3.42x107 235.5
143 C,H;— (C,H),+3H, 6.139x10° 223.95
144 C,H,— (C,H),+2H, 6.1408x10° 242.3
145 2C,H,—(C,H),+H, 6.1408x10° 242.3
147 4CsH;,— 15(C,H),+60.5H, 1.0298x10° 236.64
148 CyoHy— 5(C,H),+11.5H, 6.139%10° 205.04
¢ Bthylene Yield (@) 25 -
» Propylene Yield 30 . *+ Ettyylene
) 20 = Propylene
A Meth Yield =
ane e 25 3‘; ; A hlethane
< 20 @ 151 * Butadiene
g :
g 15 5 107
- 2 4
© > -
> 10 5 r—’l_'_-‘—*__‘
5 D T T T 1
0 680 730 780 830 880
0 05 1 15 COT(©)
: . (b)
Residence time(sec) 25 +
+ Ethylene
Fig. 2. Yield of ethylene, propylene and methane vs. residence time T 20 A = Prooviene
at steam ratio=1&COT=830°C. @ .
® 15 | A hethane
E x Butadiene
E 1 U -
squares between the calculated concentration of the products and ;_j
experimental values was used. It is used as an objective function 5 |
and should be minimized.
In order to determine the rate constants of alkyl aromatic pro- 0 3 T - "
duction reactions and the yield of these products, some analyses 685 735 785 835

were carried out. Some experimental data on the yield of Benzene,
Toluene, Ethylbenzene and Xylenes (BTEX) are shown in Table 5.

(C,H), which is a complex formula for coke represents the poly-
meric nature of the coke in Table 6.

RESULTS AND DISCUSSION

In addition to Table 4, several experiments were conducted in
order to find out more about the dependency of the product yield
distribution on operating parameters. Fig. 2 to Fig. 5 demonstrate
the trends of yield of significant products vs. the variation of the
operating variables. In fact, Fig. 2 demonstrates the dependency of
yield of ethylene, propylene as the two main products and methane
as by product, on the residence time.

This figure presents that increasing the residence time would in-
crease the yield of ethylene and propylene, and these yields would
have a downward trend after reaching the maximum point. How-
ever, the yield of methane increased without any changes in the trend.

The effects of the temperature on the yield of propylene, ethyl-
ene, butadiene and methane are demonstrated in Fig. 3.

Two different series of results reveal that increasing the temper-
ature, at a constant residence time and steam ratio, would increase

July, 2008

COT(C)

Fig. 3. Yield of products vs. temperature. (a) At residence time=
0.4 sec, steam ratio=0.57. (b) At residence time=0.25 sec,
steam ratio=0.888.

the yield of products.

By comparison between Fig. 3(a) and Fig. 3(b) the effect of the
residence time is confirmed and the effect of steam ratio is shown
as well. Concerning Table 6, ethylene and propylene are primary
products, which are also contributed in the formation of the sec-
ondary products. By increasing the residence time and decreasing
the steam ratio, more chances can be taken in order to progress the
secondary reactions. This is due to assigning more time to the reac-
tions and raising the concentration of reactants. This process would
also lead to some differences in trends. In Fig. 3(b) the residence
time is low and the steam ratio is high; therefore, the trends are stead-
ily increasing. However, in Fig. 3(a) where the residence time is
high and the steam ratio is low, the yields of ethylene and propy-
lene are accordingly increasing. After reaching to a maximum point,
propylene would have a sliding trend and the upward trend of eth-
ylene yield becomes slow.
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25 1

20 A
s ¢ Ethylene
g 151 u Propylene
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5 4 Kﬂ

x
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Steam ratio

Fig. 4. Yield of products vs. steam ratio at residence time=0.4, COT
=800 °C.

Fig. 4 illustrates the results of experiments to study the effects of
steam ratio on yield distribution of thermal cracking products.

As shown in this figure, the yield of ethylene and methane is con-
tinuously decreased by an increase in the steam ratio. However, in
the range of experimental conditions, the trend of the yield of pro-
pylene has been changed.

Fig. 5 applies severity to describe the productivity of thermal crack-
ing of atmospheric gasoil. The product yield distribution of ther-
mal cracking of specific feedstock, in different reactors with differ-
ent scales, is the same at a specific severity [16]. The severity used
in this figure, is defined as follow:

S=COT*(Re sidence time)""”’ 5)

As shown below, an increase in severity will increase the yield
of different products. The maximum yield of products in the con-
ducted experiments is obtained at the severity equal to 861.

The experimental results (Table 4) contain valuable concepts about
thermal cracking of atmospheric gasoil. The maximum yield of ob-
tained ethylene is 30.77% at COT; moreover, residence time and

Table 7. Comparison of the simulation and the experiment results

35 « Ethylene
30 = Propylene %
25
3
4 20
£
T 15
2
-
10 "
5
t *
0 |
700 750 800 850 900
Severity
12
+ Methane
» Butadiene

10

Yield(mass%)
-2

700 750 800 850 900
Severity

Fig. 5. Yields of products vs. severity.

steam ratio are equal to 885 °C, 0.362 sec and 0.88, respectively.
Nevertheless, the minimum is obtained at COT, residence time and
steam ratio equal to 716 °C, 0.36 sec and 0.8. The maximum yield
of propylene is 12.2% and it is obtained at residence time, steam

Test 1 Test 2 Test 3 Test 4
Parameter Experiment ~ Model Experiment ~ Model Experiment ~ Model Experiment ~ Model
COT (°C) 850 850 852 852 885 885 852.5 852.5
Feed flow rate (g/min) 2.334 2.334 4.958 4.958 3.253 3.253 2.052 2.052
Steam ratio 0.83 0.83 0.52 0.52 0.89 0.89 0.59 0.59
Yield (mass %)
H, 0.72 1.48 0.92 0.92 1.3 1.35 1.39 1.82
CH, 9 8 8.83 7.51 10.72 8.77 9.81 9.12
C.H, 1.21 1.6 1.27 0.8 1.15 1.71 0.86 1.95
CH, 26.94 25.69 26.66 24.72 30.77 28.96 26.52 273
C,H, 2.04 1.41 2.5 2.16 2.01 1.36 2.29 1.3
C,H, 12.22 10.7 12.21 11.65 10.72 10.57 11.62 10.36
C,H; 0.4 0.262 0.44 0.29 0.35 0.23 0.4 0.26
CH, 5.56 6.19 3.18 4.75 7.28 9.46 5.65 7.26
CHy 2.74 1.7 2.31 1.51 2.67 1.85 2.5 1.6
C5+ 39.17 42.968 41.68 45.69 33.03 35.74 38.96 39.03
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ratio and COT equal to 0.523 sec, 1.0 and 850 °C. The minimum
is obtained at the same point at which the minimum yield of eth-
ylene is obtained. The differences between the operating conditions
of the maximum yields of ethylene and propylene are due to the
contribution of these two main products in the secondary reactions.
Maximum yield of propylene is obtained at a lower temperature in
comparison with the temperature of the maximum yield of ethyl-
ene. In fact, this is due to the greater contribution of propylene in
secondary reactions.

The ability to determine of the interactions of the different oper-
ating conditions effects on product yields is one of the advantages
of conducting experiments based on the experimental design meth-
ods. An example of the interaction effects is illustrated by the re-
sults (No. 4 and 6 in Table 4). While the COT remained constant in
these two experiments, the feed flow rate was varied from 2 g/min
(code —1) for experiment no. 4 to 5 g/min (code 1) for experiment
no. 6. In fact, the steam ratio changed from 1 (code 1) to 0.6 (code
—1). Comparing between the yields of thermal cracking products
for these two experiments proves almost the same results. How-
ever, the rate of coke formation has different trends. Experiment
no. 6 shows lower rates of coke formation than experiment no. 4.
This is due to the greater effects of residence time than the effects
of steam ratio on rate of coke formation.

The developed model is used to determine the product yields dis-

—a— Ethylene(model)
25 , X Propylene(exp)

= Ethylene(exp)
—x— Butadiene({model)

—a— Propylene(model)
e« Butadiene{exp)

%]
[=]

-
w

Yield(mass%)
=)
[ ]
)

[

700 720 740 760 780 800 820 840 860
COoT(C)

(a)

Eit dall P I (model) " i (model)

30 ¥ \! 4 PY

% Propylene{exp)

x Bthylene({exp) * Butadiene(exp)
X

[
(=]

Yield(mass%)
o

10
5
0
740 760 780 800 820 840 860 880
caTic)
(b)

Fig. 6. Yields of products generated by the model vs. COT (°C).
(a) At Residence time=0.538 sec and steam ratio=0.647 (b)
at residence time=0.257 sec and Steam ratio=0.522.
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tribution in the entire range of operating conditions. Table 7 demon-
strates the results of experiments and the model at the same con-
ditions. In fact, the results confirm the consistency of the developed
model.

Fig. 6 and Fig. 7 present the product yields and the rate of coke
formation which were generated by the model.

Fig. 6 shows the trends of the product yields and their conver-
gence with experiments.

As Fig. 6 shows, the effects of steam ratio, temperature and res-
idence time can be determined by the model as well as the experi-
mental results. The trends of the yield of propylene and ethylene,
(Fig. 3) are also provided in Fig. 6.

Fig. 7 demonstrates the trends of coke formation rate vs. COT.
This figure shows that the coke formation rate has a steady upward
trend vs. COT. In fact, it is slow at the lower COT and rises faster
when the COT increases. This trend is dependent on the reactions,
which form the coke. These secondary reactions start to proceed
after the primary products begin to form. Comparing Fig. 7(a) and
7(b), it shows that low residence time and high steam ratio decrease
the rate of coke formation.

The main product yields vs. the length of the reactor are shown
in Fig. 8. In general, the yields of thermally stable products such as
methane and aromatic components increase continuously along the

« 6.00
@
2 —e— Model
. 500 °
b " EBExp
2 400
£
L 300 "
2
2 200
b
« 1.00
@
E 0.00
780 800 820 840 80 880 900
COoT(C)
(a)

45

4
5 —e— Model |
r 35
) " Be
$ 3
E 25
% 2
3 1.5
— |
o 1
2
& 05

0 % %

740 760 780 800 820 840 860

COT(C)
(b)

Fig. 7. Coke formation rates predicted by developed model vs. COT
(°C). (a) residence time=0.362 sec steam ratio=0.88 (b) res-
idence time=0.24 sec, steam ratio=1.0523.
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Fig. 8. Profile of yields of main products along the reactor at res-
idence time=0.6 sec, COT=845 °C, steam ratio=0.5.
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Fig. 9. Scatter diagram of ethylene, methane and propylene yield.

reactor. The yield of butadiene increases and reaches the maximum
value and then decreases.

The residual deviation between measured and calculated yields
of ethylene, methane and propylene are presented in Fig. 9. The
scatter diagram shows the overall favorable agreement between the
predicted and the experimental data.

CONCLUSIONS

Thermal cracking of atmospheric gasoil was studied by conduct-
ing several experiments. First, in order to characterize the atmo-
spheric gasoil, some experiments and calculations were carried out.
The results show that this is a paraffinic feedstock with 32% nor-
mal paraffins, 22% iso paraffins, 30% naphthenes, 11.7% alkyl aro-
matics and 2.8% poly aromatics. In addition, the experiment shows
that atmospheric gasoil has coking inhibition index equal to 36.75.
The results prove the suitability of this atmospheric gasoil for be-
ing a feed stock of thermal cracking. Next, several thermal crack-
ing experiments were conducted in a pilot plant. The results dem-
onstrate that increasing temperature and residence time would con-
sequently increase the rates of primary and secondary reactions.
However, an increase in steam ratio would decrease the yield of
secondary products. Furthermore, the specific trends of ethylene and
propylene revealed their contributions in the formation of second-
ary products.

In order to apply the experimental results to other reactors with

different scales, the severity is utilized. It is confirmed that the yields
of different products have decreasing trends with increasing the se-
verity. The maximum yields of products were at severity equal to
861.

Nineteen tests of the total conducted experiments were designed
by CCD method. Regarding the results, the yield of ethylene and
propylene can respectively reach to 30% and 12.2%.

Based on these experiments a kinetic model has been modified.
In addition to the previous model for thermal cracking of atmo-
spheric gasoil, both the production of acetylene and the contribu-
tion of all olefins, acetylene, aromatics and poly aromatics in coke
formation have been concerned in this model. The trends of main
products and rate of coke formation are studied by the modified
model. The modeling results reveal that increasing the COT and
residence time would increase the rate of coke formation as a sec-
ondary product. However, raising the steam ratio decreases it.
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NOMENCLATURE
a : conversion factor
A :frequency factor [1/sec] or [L mol 'sec™']

COT : coil outlet temperature [°C]

C,  :specific heat capacity of jth component [Joul/mol K]

: diameter of reactor tube [m]

: activation energy [kJoul/mol]

: molar flow rate of jth component [mol/sec]

: friction factor [--]

: total mass flux of the process gas [kg/m*-sec]

: molecular weight of mixture [g/mol]

: pressure [kPa]

: heat flux [kW/m’]

: rate of reactions [mol/m’-sec]

: universal gas constant [kPa*m*/mol*K]

e :Reynolds number [--]

: severity [°C*sec”’]

: stoichiometric factor

: temperature [K]

: experimental design factor, hydrocarbon feed flow rate [g/
min]

X, :experimental design factor, steam ratio [--]

X,  :experimental design factor, coil outlet temperature [°C]
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