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Abstract—Response surface methodology coupled with central composite design (CCD) was used to investigate the
effects of operating variables, namely, coil outlet temperature (COT), flow rate and steam ratio, on the yield of light
olefins (ethylene and propylene) in thermal cracking of heavy liquid hydrocarbon. From the CCD studies the effects
of COT and flow rate were concluded to be the key factors influencing the yield of light olefins. Based on this experi-
mental design, two empirical models, representing the dependence of ethylene and propylene yields on operating con-
ditions, were developed. The single maximum response of ethylene and propylene yields and simultaneous maximiza-
tion of both responses have also been obtained at the corresponding optimal independent variables. The results of the
multi-response optimization could be used to find the suitable operating conditions.
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INTRODUCTION

Light olefins, ethylene and propylene, are produced commercially
through steam cracking of various hydrocarbons. These low molec-
ular weight olefins are basic feedstocks for the petrochemical in-
dustry [1]. The worldwide demand and production of olefins are
relatively higher than for any other chemicals. The mixed hydro-
carbon stream and steam are heated to incipient cracking tempera-
ture (500-650 °C). Then, it is cracked in fired tubular reactors where
the reactions take place at higher temperatures. Upon leaving the
reactor, the gases are cooled in a transfer line exchanger (TLE) to
prevent secondary reactions and then the gases are separated. Feed-
stock selection is an important factor in product yields. For exam-
ple, propylene is produced in amounts depending upon conditions
and the alkyl branching in the feed and the feeds containing aro-
matic nuclei will yield a wide range of aromatic products [2]. The
higher prices for lighter hydrocarbons have caused a tendency to
the higher boiling petroleum fractions such as gasoil and residue as
feedstocks for olefin production. Kaiser et al. [3] reported the yield
distribution of thermal cracking of several feedstocks such as ethane,
propane, butanes, full range naphtha cuts and atmospheric gasoil.
They reported that the yield of ethylene production for ethane feed
is 80 percent and for gasoil is 25 percent. The influence of feed
composition, total pressure and inlet partial pressure on the product
distribution of the kerosene thermal cracking was investigated by
Van Camp et al. [4]. They also investigated the kinetics of cracking
of individual components and developed an empirical model. It was
found that maximum obtained yields for ethylene and propylene
were about 29% and 15% in mass, respectively. Zahedi et al. [5]
studied the thermal cracking of atmospheric gas oil. The obtained
maximum yield of ethylene was equal to 30.9 wt% as well as the
maximum yield of propylene was 12.2 wt%. Depeyre et al. [6] stud-
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ied the effects of temperature, steam to gas oil ratio and residence
time on major products in gas oil thermal cracking, which was per-
formed in a laboratory-scale tubular quartz or inconel reactor. The
best yield of ethylene, 27% in mass, was obtained in the quartz reactor
at 770 °C, residence time of 0.6 s, and mass ratio of steam to gas
oil equal to 1. Thermal cracking of kerosene for producing ethyl-
ene and propylene has been studied in an experimental setup by
Ghassabzadeh et al. [7]. Box-Behnken design was used to generate
the experimental data. A semi-mechanistic kinetic model was also
developed to predict yield distribution of products. Pyrolysis of LPG
and its mechanistic reaction model was developed by Towfighi et
al. [8]. Recently, Keyvanloo et al. [9] investigated the effect of tem-
perature, residence time and steam ration on the steam cracking of
naphtha by design of experiments coupled with response surface
methodology. They have also studied the quadratic and cubic inter-
actions of key parameters affecting the yield of products. They have
found that the higher interactions are important and should be con-
sidered in their modeling. A multi-objective optimization was also
carried out for maximization of ethylene and propylene simulta-
neously. Other authors [10-12] have also studied the thermal crack-
ing of high boiling point petroleum fractions.

In all the above cases the thermal cracking of higher boiling point
petroleum fractions is conducted and kinetic models are developed,;
however, empirical modeling using RSM combined with multi-
responses optimization is useful for optimizing the thermal crack-
ing of heavy liquid hydrocarbon in certain ranges of independent
variables before kinetic studies are implemented. RSM is a set of
techniques designed to find the optimum value of response and the
influencing factors. It has been successfully applied in the field of
experimental work [13-15].

The main objective of this paper is to develop a numerical ap-
proach for simultaneous multi-responses optimization in thermal
cracking of heavy liquid hydrocarbon. Several experiments were
carried out to study the effects of different variables: COT, flow rate
and steam ratio, on the yield distribution of major products. To gen-
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Fig. 1. Schematic diagram of the thermal cracking setup.

erate systematic experimental data for covering a wide range of oper-
ating conditions and to predict the maximum product yields, response
surface design (central composite design) was used as a systematic
experimental design method. Then, RSM involving central com-
posite design and regression of analysis was used to develop two
empirical models for ethylene and propylene yields. Based on these
models, two single-responses optimization (ethylene and propylene
maximization, separately) and a multi-responses optimization (maxi-
mization of ethylene and propylene, simultaneously) were carried out.

EXPERIMENTAL SET-UP

The experimental setup was designed and assembled for ther-
mal cracking of the hydrocarbon feedstocks in the range from ethane

Table 1. Physicochemical characteristics and composition of heavy

liquid hydrocarbon
Physical properties
Specific gravity, gr/cc 0.769
Initial boiling point, °C 32
Final boiling point, °C 324

Chemical composition (wt%)

n-paraffin I-paraffin Naphthene Aromatics Olefins C;
26.25 28.29 17.84 19.3 017 775

VATER

MEC
COMDENBATE CONDENAATE

to heavy hydrocarbons. The setup is a computer-controlled pilot
plant unit as shown in Fig. 1. The feed was injected into the reactor at
the required flow rate by using a dosing pump. The reactor (1 cm
1.d.-x1.27 cm 0.d.x120 cm long) was made of stainless steel 316
and heated in a three-zone furnace. Physiochemical properties and
composition of the feed are demonstrated in Table 1. The tempera-
ture of each zone was controlled by separate proportional control-
lers. Wall temperature profile was measured in five points through
the wall, using a type K thermocouple. The hydrocarbon and dilu-
tion water were heated to the cracking temperature (550 °C) by two
separated furnaces as a preheater.

The reactor effluent was quenched by passing through a double
pipe heat exchanger. The condensed liquid hydrocarbon products
and any unconverted reactant were collected in separating flash drum
attached to exchanger; then the gas phase passed through a series
of condensers and was entered in a filter in the final stage. During
the course of a run, the condensed liquid as well as the composi-
tion of the liquid and gaseous products was measured at regular in-
tervals. After each run, a fraction of product gas was withdrawn
for analysis by a Varian Chrompack CP3800 gas chromatograph.

RESULTS AND DISCUSSION

1. Central Composite Design
A central composite rotatable design (CCRD) for three factors
was employed for experimental design. Three independent variables,
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namely coil outlet temperature (COT) (x,), flow rate (x,), steam-to-
hydrocarbon ratio (x;), were selected as control variables. The design
consists of two-level full factorial design (2°=8), six star points and
one center point. Note that for CCD study, five replicates at the cen-
tral point were performed to evaluate the pure error between each
experiment.

The sequence of experiments was randomized to minimize the
effects of uncontrolled factors. A quadratic polynomial equation was
developed to represent the responses as a function of independent
variables involving their quadratic interactions and squared terms.

The variables X; were coded as x; according to Eq. (1).

XX
i AX, s

i=1,2,3,...,k )
The basis of forming a polynomial equation is given in Eq. (2):

Y=4+YBX+ 26X+ XX, ()]

i<j

Multiple regression analysis techniques included in the RSM were
used to estimate the coefficients of the models.
The low and high levels for the independent variables were based

Table 2. Factors and levels for CCD study

Level COT (°C), X, Flow rate (gr/min), X, Steam ratio, X

- 750 3 0.5
-1 780.4 3.8 0.68
0 825 5 0.95
+1 869.6 6.2 1.22
+a 900 7 1.4

Table 3. Design matrix and experimental data of the main prod-
ucts for CCD study

Factors Yield (wt%)
X, X X GH, GCHy CH, GCH; CH; CH;
7804 3.8 0.68 20.74 1331 935 341 1.18 344
7804 62 0.68 1853 14.03 834 25 149 351
7804 3.8 122 21.73 1338 9.67 345 1.14 34
7804 62 122 191 1417 86 251 14 352
869.6 3.8 0.68 30.09 104 1577 22 084 1.74
869.6 62 0.68 278 11.85 1493 2 0.94 2.07
869.6 3.8 122 3011 10.54 15.78 2.16 0.89 0.82
869.6 62 122 2834 12.05 15 1.93 093 1.95
750 095 19.75 1321 872 3.72 175 3.71
900 095 299 945 1635 1.82 0.67 147
825 095 284 1349 1532 2.69 0.84 2.15
825 095 2345 1537 107 197 1.63 293
825 05 2474 1371 1276 2.61 142 249
825 14 2612 1512 148 217 12 21
825 095 258 1431 1325 227 122 226
825 095 253 1441 1327 223 125 226
825 095 2507 1455 1328 2.19 126 224
825 095 2552 1437 1297 231 126 2.18
825 095 25.12 1408 1336 2.19 1.14 220

=
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Table 4. ANOVA for the ethylene yield model

Sum of Degree of Mean

2
Source squares  freedom  square Fane R
S.S. regression  236.28 9 26.25 21.86 0.96
S.S. error 10.45 7 1.20
S.S. total 247.09 16
Table 5. ANOVA for the propylene yield model
Source Sum of Degree of Mean F,. R
squares  freedom  square
S.S. regression  45.81 9 5.09 15.76 0.94
S.S. error 291 7 0.32
S.S. total 48.72 16

on industrial practice. The design factors and levels for both CCD
studies are shown in Table 2; meanwhile, the design matrix with
their corresponding results is listed in Table 3.
The resultant second-order models for the yields of ethylene and
propylene are generated as shown in Egs. (3) and (4):
C,H,=-169.64+0.38X,—2.21X,+11.92X;+1.22x107°X,X,~7.75
x107X,X,—-0.06X,X;—1.82x 107*X{+0.02x107°X3-2.06X; (3)

C,H,=383.48+0.99X,~1.13X,+3.09X,+3.22x 107X, X,+2.19
x107X,X,—0.02X,X,—6.27x 10X?—0.10X2—2.20X2 @)

The analysis of variance (ANOVA) for Egs. (3) and (4) is shown
in Tables 4 and 5. The F value is a ratio of the mean square due to
regression to the mean square due to error. If the calculated value
of F is greater than the value in the F table at a specified probability
level (e.g., Fy1(9,7)=5.62), a statistically significant factor or inter-
action is obtained. From ANOVA table, the value of F for yield of
ethylene and propylene are 21.86 and 15.76, respectively. These F
values are much higher than the F table, which is 5.67.

The value of R? is a measure of total variation of observed values
about the mean explained by the fitted model. Therefore, R* equal
to 0.96 for Eq. (3) indicates a very good fitting for the experimen-
tal data and predicted values. The R* value of Eq. (4) is 0.94, also
indicating that this regression model is a good representation for
dependence of propylene yield on factors X, X, and X;.

The observed versus predicted values are illustrated in Figs. 2(a)
and (b). From both figures, it can be seen that most of the points of
experimental values lie close to the straight line, which is the pre-
dicted values.

2. Effect of Operating Conditions on the Yield of Main Products

To investigate the effect of residence time on the main products,
we need to convert the total flow rate to residence time with fol-
lowing equations:

=Y
Q.

Mye | M}R_T

MW,c MWy P

®)
Qf[ ©6)

As shown in these equations, the residence time is a function of naph-
tha and water flow rate, temperature and pressure, and changing
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Fig. 2. Actual versus predicted values for (a) ethylene and (b) propylene.
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Fig. 3. Effect of (a) COT (b) residence time (c) steam ratio on methane, ethylene, propylene and C: yields.

the naphtha flow rate (my.) and steam ratio (m.,../my) leads to
changing of residence time. Due to experimental set up limitation
and also lower effects of pressure on the product yields compared
to the three other variables, the reactor pressure is maintained at
1 atm.

The variation of main products of heavy liquid hydrocarbon py-

rolysis with temperature, residence time and steam ratio is shown
in Fig. 3. The influence of COT on the yields of CH,, C,H,, C,H,
and C; is shown in Fig. 3(a). For these sets of runs, the residence
time and steam ratio were kept fixed at 0.17 s and 1.24 gr/gr, re-
spectively. The yields of methane and ethylene increased with tem-
perature, whereas the yield of propylene passed through maxima

Korean J. Chem. Eng.(Vol. 27, No. 4)
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with increasing temperature; on the other hand, C; showed a de-
crease. The effect of residence time was studied in the range of 0.16-
0.27 s, as shown in Fig. 3(b), keeping the COT and steam ratio fixed
at 842.6°C and 1.24 gr/gr, respectively. The yields of various prod-
ucts have different manner with increasing the residence time. It
depends on the stability of hydrocarbon products and relative reac-
tions. Thus, methane yield increased monotonically with residence
time, whereas propylene slightly decreased with increasing the resi-
dence time. Ethylene yield also gradually increased in this range.
Yield of C decreased by increasing the residence time but tended
to level off at higher residence time. Fig. 3(c) demonstrates the effect
of steam ratio on the distribution of major products. The steam ratio
was varied from 0.7 to 1.4 gr/gr at a temperature of 842.6 °C. The
flow rates of water and hydrocarbon were adjusted such that the
residence time was maintained at 0.17 s. Apparently, the decrease
in the partial pressure of the reacting components does not have an
appreciable effect on the yield of propylene. However, the yields
of ethylene and methane slightly increased with increasing the steam
ratio and C; tended to level off at higher steam ratio.
3. Single-response Optimization

The Nelder-Mead Simplex method was used to look for the opti-
mal conditions in which each response variable achieved a maxi-
mum value. The variables that affect the cracking reactor perfor-
mance and were discussed in our experimental design were chosen
as the decision variables. The ranges of decision variables used are
as follows:

780.4 °C<T<869.6 °C
3.89 gr/min<flow rate<6.2 gr/min
0.68<steam ratio<1.22

The yield of ethylene reaches to its maximum at 30.32 wt% when
COT, flow rate and steam ratio are 869.6 °C, 3.81 gr/min and 1.20,
respectively. So it has an optimum at high COT and steam ratio
but low flow rate. The optimum point for propylene yield is 15.11
wt% when COT, flow rate and steam ratio are 807.04 °C, 6.19 gr/
min and 1.13. This optimum value is at intermediate COT, high flow
rate and steam ratio. Therefore, the maximum yield of propylene

77 )
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occurs at significantly different operating conditions.
4. Multi-responses Optimization

For the optimization study of the heavy liquid hydrocarbon steam
cracker the objectives are to maximize the ethylene production and
maximize the propylene production simultaneously. As we have
shown, the COT and flow rate have a significant effect on the yield
of light olefins. The two optimization goals are competitive. There-
fore, we can achieve the best compromise between ethylene and
propylene.

We define the composite desirability function (D) that ranges from
zero outside of the limits to one at the goal. The numerical optimi-
zation finds a point that maximizes the desirability function. For
multiobjective, the goals get combined into one desirability function.

1

D.pmp=(d;xd,X...xd,)" (@)

where d, are individual desirability functions for each response and
n is the number of responses in the measure.

If the objective or target T for the response y is a maximum value,
then the individual desirability function is defined as follows in Eq.
8):

0 y<L
d=1 (X=E) Ley<t ®
1 y>T

When the weight r=1, the desirability function is linear. Choosing
r>1 places more emphasis on being close to the target value, and
choosing 0<r<1 makes this less important. In this work we choose
r=1. The detailed description of optimization procedure is explained
by D.C. Montgomery [15].

The fitted model from Egs. (3) and (4) can be used to map em-
pirically the response function over the experimental region. They
combined with each other with the help of Egs. (7) and (8). A con-
tour plot helps in assessing the effect of any two variables in com-
bination on the desired product.
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Fig. 4. Contour plots describing the response surface of composite desirability as a function of (a) temperature and flow rate, and (b)

temperature and steam ratio.
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Table 6. Result validations of the final optimal point in the multi-responses optimization

C,H, yield (wt%) C,H; yield (wt%)
Y sudiobjective Y euperimental %Relative error Y svdiobyective Y experimental %Relative error
26.93 27.63 2.53 13.87 14.33 3.21
26.93 27.51 2.10 13.87 14.56 473
% Average relative error 231 % Average relative error 3.97
The contour plots for the composite desirability function against X :uncoded independent variable
the temperature (X,), flow rate (X,) and steam ratio (X;) are shown X, :uncoded independent variable at center point
in Fig, 4. From Fig. 4(a), the yield of light olefins (ethylene and propy- AX :step change
lene) is increased up to an approximately intermediate COT and Y  :predicted response
flow rate. It is in consistent with the fact that ethylene reaches to its
maximum at higher COT and lower naphtha flow rate. From Fig. Indices
4(b), the yield of light olefins gradually increased with an increase 0 : intercept
in steam ratio up to approximately 1.1 gr/gr. i : independent variables
In this case the optimum was found at COT=837.41 °C, flow ] : independent variables
rate=4.71 gr/min, steam ratio=1.17 gr/gr. This set gave the highest g : gas
D at 0.728 and predicted ethylene yield=26.93 wt% and propylene HC : hydrocarbon
yield=13.87 wt% for optimized responses. n : number of responses

To verify the multiobjective optimization of ethylene and propy-
lene yields, two more runs were performed and the final optimal
points were compared with those from experimental data at similar
conditions. As shown in Table 6 the average relative error for ethyl-
ene and propylene yields is 2.31% and 3.97%, respectively.

CONCLUSION

The response surface methodology involving central composite
design and regression of analysis is used in finding the optimum
point of the operating variables, namely, COT, flow rate and steam
ratio, and in assessing their effects on the two responses consid-
ered. The second order polynomial equation model whose validity is
agreed upon is estimated using ANOVA statistical testing and yields
99% degree of confidence of response behaviors to variables. The
COT had a significant effect on the yields of light olefins, probably
because the reaction is endothermic. Furthermore, the high temper-
ature favors the yield of ethylene, but it has an opposite effect on
the yield of propylene. In other words, the propylene yield reaches
its maximum at intermediate temperature.

The operating conditions from multi-response optimization of
ethylene and propylene yields were obtained as a recommendation
for the heavy liquid hydrocarbon thermal cracking. The maximum
values of 26.93 and 13.87 wt% for ethylene and propylene yield,
respectively, were achieved with respect to the optimal operating
variables: COT=837.41 °C, flow rate=4.71 gr/min and steam ratio=

1.17 gr/gr.
NOMENCLATURE

: composit desirability function
: individual desirability value
: volume flow rate
: mass flow rate
W : molecular weight
: coded independent variable

25000

Greek Symbols

£ :coefficients of quadratic model
£ :linear term
B :squared term
% :interaction term
7 :residence time
Abbreviations

CCD : central composite design

CCRD : central composite rotable design
COT : coil outlet temperature (°C)

RSM : response surface methodology
TLE : transfer line exchanger
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