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Nine vacuum residual oils were characterized and eight blends of themwere processed in the LUKOIL Neftohim
Burgas commercial visbreaker unit. Itwas found that at constant content of about 8 vol.% of the fraction boiling up
to 360 °C (diesel cut) in the visbroken residue the visbroken residue viscosity correlated with the vacuum
residual oil visbreaker feed viscosity with a squared correlation coefficient R2 N 0.98. By application of correlation
analysis and intercriteria analysis the vacuum residual oil feedstock parameters which have statistically
meaningful impact on conversion to product boiling below 360 °C were found to be vacuum residual oil sulfur
and hydrogen content, and solubility power of maltenes. The results obtained in this work are consistent with
those obtained from other groups, even for other types of vacuum residue processing like ebullated bed
hydrocracking. The vacuum residual oils which contained more resinous-asphaltenic materials formed more
asphaltenes in the process of thermal conversion. The vacuum residual oil viscosity increment with increasing
of asphaltene content for the straight run vacuum residual oils can be described by a second order polynomial.
The secondary vacuum residual oils — the visbroken vacuum residual oils exhibited a lower than straight run
residual oil dependence of the residue viscosity increment on increasing of the asphaltene content.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Diversifying crude slate creates opportunity to improve profitability
of oil refining [1]. Refinery LP models are typically used to evaluate
which crude could be beneficial for processing in a refinery. The best
way for selection of a crude after evaluating the risk of processing of
high corrosion and fouling propensity feedstock, which can cause un-
planned shut-down and reduced safety of operation, is to have rigorous
models of the refinery units that will create yields and properties of oil
products which are to be inputted for the LP model. However, this is
rarely the case and then only refinery LP model is used to evaluate the
profitability of processing of certain crude. The factors that have the
alted oil; HCO, heavy cycle oil;
cking; LNB, LUKOIL Neftohim
ce velocity; RPMS, refining and
lend crude oil; SARA, saturates,
umgas oil; VRO, vacuumresid-
um residual oil (N540 °C); VB,

ev).
biggest impact on refinery profitability are conversion level, yield struc-
ture and product properties of conversion units like FCC and residue
thermal cracking (visbreaking). Among them visbroken residue viscos-
ity turns out to have a significant effect on refinery margin. Then the
question about the value of viscosity of the unconverted visbroken res-
idue obtained from different feedstocks deserves a special attention. An
earlier study has shown that visbroken residue viscosity can fluctuate
even during processing of the same feed (vacuum residue) which illus-
trates the complexity of this subject [2]. Brauch et al. investigating cor-
relations between some characteristics (density, viscosity, asphaltene
and sulfur contents, stability) of the vacuum residues and products of
their visbreaking have shown a relatively high dispersion of the data
resulting in low correlation coefficients of the developed correlations
[3]. In order to further illustrate the complication of this matter data of
viscosity of the unconverted residue obtained in the LNB VBU during
processing of the crudes REBCO, and blends of REBCO with Basrah
(Iraq crude), Kirkuk (Iraq crude), HICO, Varandey (Russian crude),
Tomsk atmospheric residue (Russian AR), and RAYG atmospheric resi-
due (RussianAR) are presented in Fig. 1. It should be noted here that ex-
cept REBCO no other crude has been processed at 100% in LNB refinery.
The typical blend of REBCO plus other crude from which the vacuum
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Fig. 1. Variation of visbroken residue viscosity during processing different crudes in the LNB VBU.
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residue feeding the LNB VBUwas formed consisted of about 75% REBCO
and about 25% other crudes. It can be seen from the data in Fig. 1 that
viscosity of the visbroken residue, obtained from 100% REBCO vacuum
residue has varied between 14.9 and 27.9 °E (specific viscosity in
degrees Engler measured at 100 °C). The aim of this work is to evaluate
the effect of processing of different feeds (blends of REBCO and other
crudes) on conversion level and on the value of the unconverted residue
viscosity in the commercial LNB VBU.

2. Experimental

Nine vacuumresidual oilswere used in this study. Theywere obtain-
ed by atmospheric and vacuum distillation of the crude oils REBCO,
Basrah, Kirkuk, Varandey, El Bouri (Libian crude), Kazakh (Kazakhstan
crude), and RasGharib (Egypt crude) and vacuum distillation of the
Table 1
Distillation characteristics and characteristic Kw-factor of the residual oils under study.

AR REBCO Basrah Kirkuk Tomsk RAYG Varandey

d4
20 0.9425 0.9794 0.9854 0.9758 0.955 0.9225

T50 523 537 535 557 519 488
Kw 11.96 11.58 11.50 11.72 11.79 12.04

Riazi boiling point distribution model parameters
IBP, °C
AT 0.316 0.293 0.268 1.589 0.429 0.216
BT 1.163 1.328 1.439 2.665 1.704 1.147
R2 0.9998 0.999 0.997 0.998 0.999 0.999

VR distillation characteristics
IBP, °C 540 540 541 538 541 540
10% 553 558 558 561 557 552
30% 578 599 576 603 595 585
50% 605 645 637 650 641 628
70% 657 716 702 703 704 692
90% 751 855 812 811 826 798
95% 781 961 900 847 888 876
FBP 1150 1037 963 916 946 952
Kw 11.64 11.39 11.28 11.13 11.55 12.01
imported atmospheric residual oils Tomsk and RAYG. The atmospheric
distillationwas performed in TBP Euro Dist System from ROFADeutsch-
land GmbH, designed to perform according to АSTM D2892 require-
ments. Its fractionation column is equipped inside with packing,
equivalent to 15 theoretical plates and the condenser provides the
standard's mandatory reflux ratio of 5:1. The vacuum distillation of
the atmospheric residual oilswas carried out in Potstill Euro Dist System
according to АSTM D5236 requirements. Density, characteristic factor
Kwand distillation characteristics of the vacuum residual oils and atmo-
spheric residual oils are presented in Table 1. The vacuum residual oil
distillation characteristicswere obtained by extrapolation of thedistilla-
tion data of the atmospheric residual oils employing Riazi's boiling point
distribution model [4]. Table 1 presents data of Riazi's boiling point
distribution model parameters AT, BT, and also data of squared correla-
tion coefficient R2 (higher than 0.99 for all atmospheric residual oils)
El Bouri Kazakh RasGharib VBR
REBCO

VBR 35% RasGharib/10% Kirkuk/
10% Kazakh/45% REBCO

0.9645 0.9128 1.0063 1.0109 1.0242
517 532 577 572 640
11.66 12.40 11.45 11.38 11.52

0.326 0.384 0.427 6.054 2.596
0.940 1.066 1.222 3.575 2.215
0.9993 0.9996 0.9997 0.991 0.998

542 542 540 539 539
562 567 567 566 577
616 621 628 616 652
689 690 706 664 733
798 803 814 719 832
1016 1001 1020 815 991
1184 1148 1128 861 1066
1240 1203 1383 940 1229
11.60 11.97 11.40 11.40 11.50
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confirming the excellent fit with the measured distillation characteris-
tics. Specific viscosity of vacuum residual oils was measured according
to ASTM D1665 (Engler specific viscosity of tar products) at 120 °C,
and the viscosity of unconverted visbroken residue was measured at
100 °C. Due to the fact that the specific viscosity of most investigated
VROs was outside of the maximum limit of 45 °E according to ASTM
D1665 a higher than 120 °C temperature was required. Because of
technical inability to increase temperature of the VROs above 120 °C a
dilution of the VROs with FCC HCO in a ratio 70% VRO/30% FCC HCO
was applied. The effect of dilution of high viscous residual oils with a
low boiling hydrocarbon fraction on viscosity is similar to that of the
increase of the temperature [5]. Dynamic viscosity of the blends VRO-
FCC HCO was measured at 80 °C in accordance with ASTM D396-15a.

SARA analysis was performed following the procedure described in
[6]. Analysis of residual oil colloidal stability expressed by S-value
(intrinsic stability), Sa (peptizability or ability of the asphaltenes to
remain in colloidal dispersion), and So (peptizing power of oil is the
“aromatic” equivalent of the oil) was performed in accordance with a
modification to ASTMD 7157-05 as described in [7]. Table 2 summarizes
the physical and chemical properties of the residual oils under study.

The element composition of the investigated residual oils was
measured in accordance with ASTM D-5291 for carbon, hydrogen, and
nitrogen content, and ASTM D-1552 for sulfur content.

The REBCO vacuum residual oil and its blends with the other inves-
tigated VROs (75% REBCO/25% other VROs; 30% REBCO/30% Basrah/40%
El Bouri; 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO) were
processed in the LNB VBU. It is a soaker visbreaker with a capacity of
1.5 million t/a. It consists of three furnaces and three soakers. Two of
Table 2
Physical and chemical properties of the vacuum residual oils under study.

Properties of vacuum residual oils VRO VRO VRO VRO VRO

REBCO Kirkuk Basrah Tomsk RAYG

Density at 20 °С, g/cm3 1.0007 1.0447 1.0377 1.0641 1.0
Conradson carbon, % 18.3 22.3 23.2 23.5 21.4
Specific viscosity at 120 °С, °Е 47.5 120.8 127.5 209 82.5
Kinematic viscosity, mm2/s 352 894 944 1547 611
Dynamic viscosity of blends
(70% VR/30% HCO) at 80 °С, сР

196 308 289 405 247

S-value 3.749 2.495 2.967 2.874 2.9
Sa — asphaltene factor 0.749 0.689 0.743 0.68 0.7
So — oil factor 0.939 0.776 0.762 0.92 0.8
Carbon, wt.% 86.4 83.6 84.6 85.9 86.2
Hydrogen, wt.% 11.0 10.2 10.2 10.3 10.6
Nitrogen, wt.% 0.56 0.3 0.36 0.61 0.5
Sulfur, wt.% 2.6 6.3 6.1 3.4 3.3
Saturates, wt.% 29.8 26.3 26.3 19.3 25.9
Aromatics, wt.% 52.9 49.7 54.2 53.7 49.5
Resins, wt.% 9.3 11.3 7.2 12.7 11.8
Asphaltenes, wt.% (C7 insolubles) 8 12.8 12.3 14.4 12.7
Asphaltenes, wt.% (C5 insolubles) 17.6 22.9 20.5 24.4 21.1
Vanadium, mg/kg 227 143 165 336 355
Nickel, mg/kg 76 54 43 81 71
Dynamic viscosity of blends
(70% VR DAO/30% HCO) at 80 °С, сР

75 102 141 171 126

Properties of FCC HCO (diluent)
Density at 20 °С, g/cm3 0.9942
Kinematic viscosity at 80 °C, mm2/s 2.75
Kinematic viscosity at 100 °C, mm2/s 1.97
Distillation, ASTM D-86, vol.% °C
IBP 267
10 295
50 316
90 338
FBP 361

a Specific viscosity of VRO RasGharib and of VBVRO 35% RasGharib/10 %Kirkuk/10% Kazakh/4
Eq. 6.
the furnaces and soakers are in operation and one furnace and one
soaker are on stand-by. Details about LNB VBU are given in [8].

3. Results and discussion

3.1. Relation between visbreaker feedstock viscosity and visbroken residue
viscosity

In an earlier study it was concluded that the variation of visbroken
residue viscosity during processing of REBCO vacuum residue in the
LNB VBU was due to different content of the fractions: diesel (boiling
up to 360 °C); vacuum gas oil (360–540 °C) and vacuum residue
(N540 °C) in the unconverted visbroken residue [2]. In a later study a
quantitative relation between the content of the fraction boiling up to
360 °C in the visbroken residue and the visbroken residue viscosity
was developed [8]. This relation has the form:

REBCO VBR VIS ¼ 41:027e−0:108 VBR DC R2 ¼ 0:998
� �

ð1Þ

where,REBCO VBR VIS = specific viscosity of the visbroken residue ob-
tained from REBCO vacuum residue, measured at 100 °C, °EVBR DC =
content of diesel cut (fraction boiling up to 360 °C) in the visbroken
residue, vol.% measured by ASTM D-1160 distillation

The results of these studies were proven in this work too showing
that a viscosity of the visbroken residue obtained from thermal conver-
sion of REBCO vacuum residue of 27.9 °E was related to content of
VRO VRO VRO VRO VBVRO N

540 °C
VBVRO N540 °C

Varandey El Bouri Kazakh RasGharib REBCO 35% RasGharib/10%
Kirkuk/10% Kazakh/
45% REBCO

221 0.9785 1.0356 1.004 1.06 1.0443 1.058
15.1 25.5 13.6 25.1 26.7 33.0
24.8 139.2 12.8 436a 840 186a

183 1030 94 3226 6216 1376
103 314 111 610 302 385

27 2.724 2.797 2.934 2.995 1.501 1.486
0.707 0.693 0.779 0.668 0.526 0.499

79 0.799 0.859 0.649 0.993 0.753 0.745
87.03 86.44 87.67 84.52 83.04 87.5

2 11.67 10.43 11.66 10.17 9.92 9.46
6 0.36 0.45 0.4 0.94 0.7 1.02

1.7 3.3 0.57 5.6 2.4 4.1
33.5 26.7 50.0 19.7 21 17.4
47.6 43.2 36.6 44.7 48.5 37.3
11.3 12.6 8.3 9.6 9.6 7.2
7.6 17.5 5.12 26.0 20.9 38.3

13.5 27.3 12.05 No data 38.1 No data
43 80 22 248 209 190
37 74 23 178 66 122
85 90 No data 105 68 45

5% REBCOwas not measured at 120 °C because of low fluidity and calculated by the use of



Table 3
Viscosity of the VRO blends estimated by the use of data from Table 2 and Eqs. 2, 3, and 4.

Blended VROs Specific viscosity
(120 °C), °E

Dynamic viscosity of
the blend 70% VRO/30%
FCC HCO (80 °C), cP

100% REBCO 47.5 196
75% REBCO/25% Kirkuk 58.9 219
75% REBCO/25% Basrah 59.6 215
75% REBCO/25% Tomsk 66.0 233
75% REBCO/25% RAYG 54.2 208
75% REBCO/25% Varanday 39.9 166
30% REBCO/30% Basrah/40% El Bouri 95.8 268
35% RasGharib/10% Kirkuk/
10% Kazakh/45% REBCO

88.7 280
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3.6 vol.% fraction boiling up to 360 °C, and that of 18.1 °E was related to
7.6 vol.% diesel cut content.

The viscosity of the visbroken residues, obtained by processing of
REBCO VRO and of seven blends of it with the VROs whose properties
are given in Table 2 were compared at content of diesel cut in the
visbroken residue of about 8 vol.%. In order to obtain the viscosity of
the blends of VROs the viscosity of the individual VROs and the correla-
tion applied in Honeywell's RPMS software for estimation of viscosity of
blends was employed. This correlation was proven to provide a very
good prediction of the viscosity of blends which contain residual oils
[9]. It has the form [10]:

Oil blend viscosity ¼ 1010
41:10743−VBI blend

49:08258ð Þ
−0:8 ð2Þ

VBI blend ¼
Xn

i

xiVBIi ð3Þ

where,

Oil blend viscosity ¼ kinematic viscosity of the oil blend at 50BС; mm2=s;
VBI blend ¼ viscosity blending index of the oil blend;
xi ¼ volume part of individual oil in the blend;
n ¼ number of individual oils in the blend in our case n ¼ 9ð Þ
VBIi = viscosity blending index of individual oil. It is calculated by the
expression:
VBIi ¼ 41:10743−49:08258� log log CSTi þ 0:8ð Þ ð4Þ

CSTi = kinematic viscosity of individual oil at 50 °С, mm2/s.
Eqs. 2, 3, and 4 were applied for estimation of kinematic viscosity of

residue containing blendsmeasured at 100 and 120 °C and demonstrat-
ed a very good accuracy of prediction [9]. Based on this finding we
decided to employ Eqs. 2, 3, and 4 for prediction of viscosity of the
blends of VROs using the data for specific viscosity of the individual
VROs measured at 120 °C, and those of dynamic viscosity of the VROs
blended with FCC HCO in a ratio of 70:30. Conversion of specific
viscosity and in kinematic viscosity has been done as follows:

ν ¼ 7:41� E 5½ � ð5Þ

where:

ν ¼ kinematic viscosity; mm2=s
E ¼ Engler specific viscosity; BE:

Table 3 summarizes data of viscosities of the VRO blends using both
specific viscosity at 120 °C and dynamic viscosity of the blends 70%VRO/
30% FCC HCO at 80 °C. These data were contrasted with the specific vis-
cosity of the visbroken residue at 100 °C, containing about 8 vol.% diesel
cut, obtained during processing of the VRO blends in the LNB VBU. The
relation between LNB VBU feedstock viscosity, determined by both
approaches, and the visbroken residue specific viscosity at 100 °C is
depicted in Figs. 2 and 3. It is evident from the data in Fig. 2 that
visbroken residue specific viscosity correlates well with the viscosity
of the visbreaker feedstock. The squared correlation coefficient R2 =
0.9849 between specific viscosity of the visbreaker feedstock measured
at 120 °C and the specific viscosity of the visbroken residuemeasured at
100 °C is an indicator of a very strong relation between viscosity of the
feedstock and the viscosity of the visbroken residue.

The data in Fig. 3 also indicate that there is a strong relation between
dynamic viscosity of visbreaker feedstock diluted with 30% FCC HCO
measured at 80 °C and the specific viscosity of the visbroken residue
measured at 100 °C (R2 = 0.9807). However this data set exhibits
some deviation for the vacuum residual oil blend 30% REBCO/30%
Basrah/40% El Bouri. It should be noted here that our first results
showed a dynamic viscosity of El Bouri VRO blended with 30% FCC
HCO of 226 cP and the estimated dynamic viscosity of the blend 30%
REBCO/30% Basrah/40% El Bouri mixed with 30% FCC HCO was 232 cP
which gave a bigger deviation from the regression line as illustrated in
Fig. 4. The reason for the bigger initial deviation we may attribute to
the way for preparation of the blend of 70% El Bouri VRO and 30% FCC
HCO. The El Bouri VRO seemed to require more time to better homoge-
nize with the FCC HCO in the process of preparation of the blend. While
the other VROs needed 3 mixingwith theHCO at temperature of 120 °C
to obtain stable values of themeasured dynamic viscosity at 80 °C, the El
Bouri VRO turned out to require 6 h. Based on this finding a conclusion
could be made that special care is needed in the process of preparation
of the blend VRO-FCC HCO to guarantee attaining stable results in the
measurement of dynamic viscosity of the blends vacuum residual
oil–FCC HCO.

The specific viscosities of all studied vacuum residual oils, except
those of Varandey and Kazakh vacuum residual oils (visbreaker feed-
stocks) were beyond the specified in ASTM D1665 maximum limit of
45°E. Another limitation of ASTM D1665 is the temperature of the
specific viscosity measurement — maximum 100 °C [11]. That was the
reason for us to look for amore reliable approach formeasuring the vac-
uum residual oil viscosity. Diluting with a hydrocarbon material with a
lower viscosity and measuring the viscosity of the blend VRO–diluent
within the limits of the standard for viscosity measurement seemed to
be the right solution for obtaining of more reliable relative values for
VRO viscosity. In order to verify this approach a visbroken residue sam-
ple obtained from the LNB VBUduring processing 100%REBCOVROwas
fractionated in ROFAPotstill Euro Dist System according toАSTMD5236
requirements in diesel cut — 8 wt.%, vacuum gas oil (360–540 °C) —
29wt.%, and vacuum residual oil (N540 °C)— 63wt.%. Kinematic viscos-
ity of the diesel cut and the vacuum gas oil cut was measured at 100 °C
and the values were 2.0 mm2/s for the diesel cut and 7.8 mm2/s for the
vacuum gas oil. As can be seen from the data in Table 2 the specific vis-
cosity of the visbroken vacuum residual oil (N540 °C; VBVRO)measured
at 120 °C was 840 °E. The dynamic viscosity of the blend 70% VBVRO/
30% FCC HCO measured at 80 °C was 302 cP. According to the data of
the specific viscosity the visbroken vacuum residual oil can be classified
as the most viscous vacuum residual oil studied in this work. On the
other hand the dynamic viscosity data show that the VBVRO is not the
most viscous VRO. The use of Eqs. 2, 3, and 4, and the kinematic viscosity
data for visbroken diesel cut and visbroken vacuum gas oil VGO cut
along with the kinematic viscosity of the VBVRO estimated by the use
of the same equations and data of density and viscosity of FCC HCO
(Table 2) and the procedure for conversion of dynamic viscosity from
80 °C to 100 °C, described in [12] allowed to compute the visbroken res-
idue kinematic viscosity, whichwas 144mm2/s. This value is equivalent
to 19.5 °E specific viscosity [5]. The measured specific viscosity of the
studied sample of REBCO visbroken residue was 18.1 °E. By employing
the same way of estimation replacing the VBVRO viscosity obtained
from the dynamic viscosity of the blend 70% VBVRO/30% FCC HCO



Fig. 2. Relationship between specific viscosity of the LNB VBU feedstock (VRO) and the visbroken residue specific viscosity at about 8 vol.% content of diesel cut in the visbroken residue.
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with the specific viscosity of VBRO converted to kinematic viscosity at
100 °C, applying the procedures described in refs. [11] and [12] gave a
visbroken residue kinematic viscosity of 254.2 mm2/s, which is equiva-
lent to 34.4 °E specific viscosity. These data clearly show that the use of
dynamic viscosity data of the blend 70% VBVRO/30% FCC HCO leads to a
relative error in the viscosity of the visbroken residue of 7.7%, while that
using the data of the specific viscosity of the VBVRO leads to a relative
error of 90%. Therefore a conclusion could be made that the method of
diluting of the VRO with the FCC HCO provides more reliable data of
relative viscosity of high viscous VROs thanmeasurement of the specific
viscosity which is beyond the maximum limit of 45 °E according to
ASTM D1665.
Fig. 3. Relationship between dynamic viscosity of the LNB VBU feedstock (70% VRO blended w
diesel cut in the visbroken residue.
It should be noted here that the specific viscosities of the vacuum re-
sidual oil RasGharib and of the visbroken vacuum residual oil 35%
RasGharib/10% Kirkuk/10% Kazakh/45% REBCO were not possible to
measure at 120 °C for of lack of fluidity of these vacuum residual oils
at this temperature. Based on the data of specific viscosity at 120 °C of
the VROs: REBCO, Kirkuk, Basrah, Varandey, Kazakh, El Bouri, Tomsk,
and RAYG and the dynamic viscosity of their blends with 30% FCC
HCO an equation was developed in the following form (Fig. 5):

SVIS ¼ 0:003� DV1:8535 R2 ¼ 0:981
� �

ð6Þ
ith 30% FCC HCO) and the visbroken residue specific viscosity at about 8 vol.% content of



Fig. 4. Initial relationship determined between dynamic viscosity of the LNB VBU feedstock (70% VRO blended with 30% FCC HCO) and the visbroken residue specific viscosity at about
8 vol.% content of diesel cut in the visbroken residue.
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where,

SVIS ¼ specific viscosity of vacuum residual oil at 120 BC; BE
DV ¼ dynamic viscosity of the blend 70% vacuum residual oil

= 30% FCC HCO at 80B; cP:

The data for the specific viscosities of the vacuum residual oils
RasGharib and the visbroken vacuum residual oil 35% RasGharib/10%
Kirkuk/10% Kazakh/45% REBCO indicated in Table 2 were obtained by
the use of Eq. (6).
Fig. 5. Relation between dynamic viscosity of blends 70% VRO/30% F
The data generated in this work suggest that the visbroken residue
that contains the same level of fraction boiling up to 360 °C (about
8%) correlates with the viscosity of the vacuum residual oil that feeds
the commercial visbreaker unit. The viscosity of the visbreaker feed is
estimated fromviscosity data of the vacuum residual oils that constitute
the visbreaker feed by the use of the correlation applied in Honeywell's
RPMS software for estimation of viscosity of blends. The measurement
of viscosity of vacuum residual oils seems to be a demanding job
especially for those vacuum residual oils which have higher pour
point and consequently lower fluidity at temperatures typically applied
for measuring residual oil viscosity. The application of dilution with a
CC HCO and the specific viscosity of eight of the studied VROs.
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lower boiling high aromatic material like FCC HCO of the vacuum resid-
ual oils may offer a way to obtain more reliable data about the relative
viscosity of the residues. However, the vacuum residual oil dilution
has also shown to be a demanding job requiring achievement of repro-
ducible homogenizing. The high dispersion in the data of the correlation
between visbreaker feed viscosity and visbroken residue observed in
the earlier studies [2,3] could be attributed to unequal distillation
characteristics of the visbroken residue and also to the procedures
used to measure viscosity of high viscous materials like the vacuum
residual oils.

3.2. Relation between visbreaker feedstock properties and vacuum residue
conversion to product boiling below 360 °C in the LUKOIL Neftohim Burgas
visbreaker unit

Conversion in the LNB VBU is controlled by colloidal stability and
related with it sediment level in the visbroken residue to guarantee
production of residual fuel oil with sediment content not higher than
0.1%. Higher visbroken residue stability allows increasing the VBU
severity and consequently increasing the conversion. The process of
monitoring of visbroken residue stability and the ways to improve it is
described in [8]. The conversion achieved with the investigated seven
VRO feeds in the LNB VBU during production of stable residual fuel oil
is summarized in Table 4. It should be noted here that these conversions
were obtained at the same level of colloidal stability of the visbroken
residue and not at the same severity of operation in the visbreaker
unit. These data indicate that the conversion varied between 15.0 and
18.6%. In order to reveal which VRO feedstock properties affect conver-
sion a correlationmatrixwasmade and it is presented in Table 5. It is ev-
ident from these data that among all investigated visbreaker feedstock
properties a meaningful effect on thermal residue conversion has two
vacuum residual oil properties: the sulfur content and the hydrogen
content. The correlation coefficient of conversionwith the residue sulfur
content is R =−0.85 while that of conversion with the residue hydro-
gen content is R = −0.72. The other visbreaker feedstock properties
have relatively low correlation coefficients with conversion and
therefore they could be considered to have insignificant impact on the
residue conversion. These data suggest that the higher the residue hy-
drogen content the higher the conversion may be obtained. The higher
VRO hydrogen content means a lower content of poly-nuclear aromatic
structures (lower content of resinous-asphaltenic components),
which are known to be the source of residue colloidal stability problems
[13,14]. Reducing their quantity may have a positive impact on the
unconverted residual oil colloidal stability and therefore on VRO con-
version at constant unconverted residual oil colloidal stability.

Rahmani at al. [15] reported thatmore than half of the sulfur in heavy
petroleum fractions is present in the form of thiophene derivatives.
The remainder consists primarily of thermally reactive sulfides (cyclic
thiolanes and acyclic thioethers) which can serve as an initiator of free
radical reactions. They showed that the addition of n-dodecylsulfide to
Athabasca asphaltenes increased the conversion of asphaltenes to coke.
This may suggest that the thermally reactive sulfur species present in
the vacuum residual oil might increase the rate of polycondensation
and polymerization reactions deteriorating in this way the slope of
Table 4
Conversion of the investigated LNB VBU VRO feedstocks at constant collidal stability of the visb

LNB VBU VRO feedstocks under study Conversion to products boiling bel

100% REBCO 17.2
75% REBCO/25% Kirkuk 15.4
75% REBCO/25% Basrah 15.0
75% REBCO/25% Tomsk 18.1
75% REBCO/25% RAYG 16.5
75% REBCO/25% Varanday 18.6
30% REBCO/30% Basrah/40% El Bouri 15.5
35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO 15.8
decreasing the unconverted residual oil colloidal stability with an in-
crease of vacuum residue conversion. Considering that the severity in
the commercial visbreaker unit is controlled by the unconverted
visbroken residue colloidal stability, measured by S-value, a lower
visbroken residue S-value would result in a lower severity and conse-
quently in a lower conversion. The detrimental effect of higher VRO
sulfur content on colloidal stability and consequently on sedimentation
and process equipment fouling during VRO thermal conversion has
been already reported in [16].

In this work we have also applied a new mathematical approach to
study the impact of visbreaker feedstock properties on conversion. It
is the intercriteria analysis (see, e.g., [17,18]), in which data arrays
obtained by the measurement or evaluation of multiple objects against
multiple criteria are processed until correlations are calculated for each
pair of criteria in the form of intuitionistic fuzzy pairs of values from the
[0;1]-interval (see, e.g., [19]). The approach has already demonstrated
first evidences of its potential, when applied to datasets and
multicriteria problems from the areas of economic competitiveness,
river ecology, biotechnological processes, and others. The application
of the intercriteria analysis approach to the present data has yielded re-
sults, which are similar to those of the correlation analysis exemplified
by the correlation matrix in Table 5. However the intercriteria analysis
revealed that besides VRO sulfur and hydrogen content the VRO conver-
sion was also meaningfully dependent on solubility power of VRO
maltenes (So). The VRO hydrogen content and the solubility power of
VRO maltenes (So) was found to have 75% weak positive consonance
with the conversion, while VRO sulfur content was found to have 25%
weak negative consonance. According to the scale developed for the
intercriteria analysis there is a statistical dependence between the
investigated parameters when pairs of parameters have positive
consonance in the range 75–100% and negative consonance between
0 and 25% [18]. In our case for the eight vacuum residual oil visbreaker
feedstocks their conversion in the commercial visbreaker unit is statisti-
cally dependent on the three VRO properties: hydrogen and sulfur
content, and the solubility power of maltenes (So). However this statis-
tically meaningful dependence is weak. In a next paper, the intercriteria
analysis will be used for searching of interdependence betweenphysical
and chemical properties of more than 30 vacuum residual oils. It should
be noted here that the number of visbreaker feedstocks investigated in
this work is relatively small to make general conclusions about the ef-
fect of feedstock on thermal conversion. However some trends could
be outlined. For example the effect of the solubility power of maltenes
(So) on conversion could explain the positive impact on conversion
of the chemical treatment program, which improves solubility of
asphaltenes and reduces in this way their propensity to form aggregates
and consequently sediments by the addition of specially designed
chemicals [13]. The application of such a program allowed the LNB
VBU to increase vacuum residue conversion by 1.4% [8]. The revealed
relation between residue conversion and maltene solubility power in
this work is consistent with the results reported by Marques et al.
showing that maltenes dictate the stability and therefore have an
important contribution to the maximum achievable conversion, even
for other types of vacuum residue processing like ebullated bed
hydrocracking [20].
roken residue (S-value between 1.43 and 1.48).

ow 360 °C, wt.% Throughput, t/h LHSV, h−1 Furnace outlet temperature, °C

172 1.79 454
173 1.80 450
157 1.64 448
183 1.91 453
188 1.96 455
157 1.64 451
195 2.03 453
203 2.11 453



Table 5
Correlation matrix of vacuum residue conversion to products boiling below 360 °C and visbreaker feedstock properties.

d4
20 CCR VIS, °E VIS, cP S-value Sa So Sul., % Sat., % Aro, % Res., % C7-asph.,

%
C5-asph.,
%

V,
ppm

Ni,
ppm

H N Conversion,
%

d4
20 1

CCR 0.91 1
VIS, °E 0.96 0.94 1
VIS, cP 0.92 0.69 0.81 1
S-value −0.77 −0.82 −0.78 −0.55 1
Sa −0.80 −0.66 −0.73 −0.75 0.85 1
So −0.43 −0.67 −0.52 −0.10 0.78 0.34 1
Sulfur, % 0.85 0.85 0.77 0.72 −0.77 −0.59 −0.68 1
Saturates, % −0.89 −0.80 −0.91 −0.86 0.53 0.64 0.19 −0.60 1
Aromatics, % −0.65 −0.62 −0.55 −0.55 0.83 0.85 0.46 −0.61 0.32 1
Resins, % 0.47 0.34 0.45 0.48 −0.56 −0.85 −0.01 0.13 −0.46 −0.61 1
C7-asph., % 0.92 0.87 0.86 0.82 −0.86 −0.87 −0.49 0.81 −0.70 −0.88 0.54 1
C5-asph., % 0.87 0.72 0.73 0.88 −0.72 −0.85 −0.27 0.75 −0.64 −0.87 0.54 0.95 1
V, ppm −0.24 −0.44 −0.32 0.05 0.67 0.30 0.85 −0.48 −0.09 0.56 −0.03 −0.41 −0.26 1
Ni, ppm 0.46 0.14 0.24 0.70 −0.16 −0.56 0.39 0.26 −0.33 −0.55 0.45 0.54 0.76 0.26 1
H −0.94 −0.96 −0.92 −0.78 0.74 0.62 0.58 −0.92 0.84 0.53 −0.26 −0.84 −0.73 0.31 −0.21 1
N 0.17 −0.15 −0.02 0.49 0.18 −0.29 0.69 −0.10 −0.18 −0.25 0.33 0.23 0.48 0.55 0.92 0.09 1
Conversion, % −0.54 −0.60 −0.42 −0.43 0.42 0.17 0.55 −0.85 0.33 0.29 0.26 −0.48 −0.43 0.27 −0.07 0.72 0.20 1
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In order to evaluate the conversion of the hydrocarbon groups
(SARA groups), which constitute the vacuum residual oils, in the
commercial visbreaker unit a comparison was made between the
content of SARA groups as per cent of fresh feed in two VROs: 100%
REBCO and 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO and
the obtained from them vacuum visbroken residual oils (VVBROs).

The content of SARA groups as per cent of fresh feed in the 100%
REBCO VBVRO was calculated based on the SARA data for 100% REBCO
VBVRO in Table 2 and the fact that 100% REBCO VBVRO presents
63 wt.% of the unconverted visbroken residue, and the yield of the un-
converted visbroken residue is 89% of the fresh 100% REBCO VRO
visbreaker feedstock. These data are presented in Table 6.

The content of SARA groups as per cent of the fresh feed in the 35%
RasGharib/10% Kirkuk/10% Kazakh/45% REBCO VBVRO was calculated
based on the SARA data for 35% RasGharib/10% Kirkuk/10% Kazakh/
45% REBCO VBVRO in Table 2 and the fact that 35% RasGharib/10%
Kirkuk/10% Kazakh/45% REBCO VBVRO presents 68 wt.% of the uncon-
verted visbroken residue, and the yield of the unconverted visbroken
residue is 90.2% of the fresh 35% RasGharib/10% Kirkuk/10% Kazakh/
45% REBCO VRO visbreaker feedstock. These data are presented in
Table 7.

Conversion of SARA groups was calculated by the equation:

SARA conversion ¼
SARA feed 540 BCþ

� �
−SARA product 540 BCþ

� �

SARA feed 540 BCþ
� �

� 100; %
ð7Þ

where,SARA = saturates, aromatics, resins, asphaltene content in the
VRO, wt.%SARA feed (540 °C+) = saturates, aromatics, resins,
asphaltene content in the VRO fraction boiling above 540 °C, wt.% of
fresh feed;SARA product (540 °C+) = saturates, aromatics, resins,
asphaltene content in the visbroken vacuum residual oil fraction boiling
above 540 °C, wt.% of fresh feed.
Table 6
Content of hydrocarbon groups, % of the fresh visbreaker feed in REBCO VRO and REBCO VBVR

SARA analysis data REBCO VRO, visbreaker feed
stock, % of the fresh feed

REBCO VBVRO, unc
VRO, % of the fresh

Saturates, % 29.8 11.8
Aromatics, % 52.9 27.2
Resins, % 9.3 5.4
Asphaltenes, % (C7 insolubles) 8.0 11.7
Asphaltenes, % (C5 insolubles) 17.6 21.4
It is evident from the data in Tables 6 and 7 that the conversion of
saturates is the highest in both vacuum residual oils: 60.5% in 100%
REBCO, and 61.9% in 35% RasGharib/10% Kirkuk/10% Kazakh/45%
REBCO. The aromatic conversion (48.6%) is higher than resin conversion
(41.9%) in 100% REBCO, while in the 35% RasGharib/10% Kirkuk/10%
Kazakh/45% REBCO the aromatic conversion (52.4%) is lower than the
resin conversion (53.7%). The conversion of all three maltene groups
(saturates, aromatics, and resins) from the 35% RasGharib/10% Kirkuk/
10% Kazakh/45% REBCO VRO is higher than that from 100% REBCO
VRO. Considering that the conversion to product boiling below 360 °C
of the 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO VRO (15.8%)
is lower than of the 100% REBCO VRO (17.2%) one may suggest that
the higher conversion of maltene fraction of the 35% RasGharib/10%
Kirkuk/10% Kazakh/45% REBCO VRO contributes to a higher extent to
formation of asphaltenes in the 35% RasGharib/10% Kirkuk/10%
Kazakh/45% REBCO VRO (61.9% relative to 46.3% in 100% REBCO VRO).

According to the reaction scheme proposed by Wiehe [21] the
asphaltenes are formed by the consecutive reaction:

Oils→ Resins→ Asphaltenes→ Carbenes→ Coke:

This reaction scheme is in line with conclusions made by Lee et al.
that resins are the primary precursors of secondary asphaltenes in ther-
mal conversion of residues [22]. Indeed the quantity of the converted
resins (3.9%) from the 100% REBCO VRO (Table 6) almost coincides
with the quantity of the generated asphaltenes (3.7%) and based on
this observation one may conclude that resins are converted only to
asphaltenes. However the quantity of the converted resins (5.9%) from
the 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO VRO (Table 7)
is much lower than the quantity of the generated asphaltenes (9.7%),
which indicates that the two oil groups (saturates and aromatics)
should also contribute to the formation of asphaltenes. It is difficult
from these data to understand the separate contribution of the saturate
and the aromatic groups to the formation of asphaltenes, since it is not
clear in the saturate group what is the proportion between paraffins
O and conversion of these hydrocarbon groups in the LNB VBU.

onverted
feed

Delta REBCO VBRO–REBCO
VRO, % of fresh feed

Conversion of
SARA groups, %

Increment of
asphaltenes, %

−18.0 60.5
−25.7 48.6
−3.9 41.9

3.7 46.3
3.8 21.7



Table 7
Content of hydrocarbon groups, % of the fresh visbreaker feed in 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO VRO and 35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO VBVRO
and conversion of these hydrocarbon groups in the LNB VBU.

VRO 35% RasGharib/10%
Kirkuk/10% Kazakh/45%
REBCO, % of fresh feed

VBRO 35% RasGharib/10% Kirkuk/
10% Kazakh/45% REBCO,
540 °C+, % of fresh feed

Delta VBRO 35% RasGharib/10% Kirkuk/
10% Kazakh/45% REBCO–VRO 35% RasGharib/
10% Kirkuk/10% Kazakh/45% REBCO,
% of fresh feed

Conversion of SARA
groups, %

Increment of
asphaltenes, %

27.9 10.6 −17.3 61.9
48.1 22.9 −25.2 52.4
9.5 4.4 −5.1 53.7
14.5 23.5 9.0 61.9
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and naphthenes. Naphthenes, for example, are easier to transform in
aromatics by hydrogen disproportionation than paraffins. As a whole
the data generated in this work confirm the participation of oils in the
formation of asphaltenes. They may also suggest that the VROs which
contain more resinous-asphaltenic materials are more prone to form
asphaltenes. This finding is consistent with the results reported by Lee
et al. [22] who showed that the VRO feedstocks which have higher
resins + asphaltenes content contribute to a higher extent to thermal
condensation conversion leading to the formation of asphaltenes and
toluene insoluble carbenes in the process of residual thermal cracking.

The increased amount of asphaltenes obtained in theprocess of ther-
mal conversion of the VROs is concentrated in the VBVRO. The quantity
of asphaltenes in the VBVRO is higher than that of the asphaltenes in the
visbreaker feedstock which results in a higher visbroken vacuum resi-
due viscosity. For example the dynamic viscosity of the 100% REBCO
VRO with 30% FCC HCO is 196 cP (Table 2) while that of the 100%
REBCO VBVRO is 302 cP. The dynamic viscosity of the blended VRO
35% RasGharib/10% Kirkuk/10% Kazakh/45% REBCO with 30% FCC HCO
estimated by Eqs. 2, 3, and 4 is 280 cP while that of the VBVRO 35%
RasGharib/10% Kirkuk/10% Kazakh/45% REBCO is 385 cP. The generated
during VRO thermal conversion the lower boiling fractions VGO and
diesel cut dilute the VBVRO and lower the viscosity of the final
visbroken residue product. In order to evaluate the effect of asphaltene
content on VRO viscosity the investigated VROs were deasphalted with
Fig. 6. Relationship between asphaltene content and the reduction of viscosity during removal o
uum residual oils (VBVRVROs).
a n-heptane and dynamic viscosity of the blends 70% DAO/30% FCC HCO
was measured at 80 °C. Then the difference between dynamic viscosity
of the blends 70% VRO/30% FCC HCO and the blends 70% DAO/30% FCC
HCO was contrasted with the VRO asphaltene content, to eliminate
the effect of maltene fraction viscosity on the whole VRO viscosity.
The influence of asphaltene quantity on the VRO viscosity is presented
in Fig. 6. These data indicate that the VRO viscosity increment with
increasing of asphaltene content for the straight run VROs can be
described by a second order polynomial. This finding is linewith the re-
sults reported by Luo and Gu [23] showing that quantity of asphaltenes
in heavy oils is the main factor that affects the heavy oil viscosity. How-
ever, as evident from the data in Fig. 6 the secondary VROs– theVBVROs
deviate from the regression line developed for approximation of the
asphaltene content – VRO viscosity relationship, showing a lower de-
pendence of the VBVRO viscosity increment from increasing of the
asphaltene content. This lower dependence of the VBVRO viscosity
increment from increasing of the asphaltene content could be a result
from a lower molecular weight of the converted asphaltenes, or a result
from a different chemical structure in comparison with the virgin
asphaltenes. Bozzano et al. reported that the average molecular weight
of a residual oil is strictly connected to the kinematic viscosity [24].
Singh et al. [25] and Lababidi et al. [26] reported that during thermal
conversion asphaltenes reduce their molecular weight. The results
reported by these researchers support the hypothesis that the lower
f the asphaltenes from the straight run vacuum residual oils (SRVROs) and visbroken vac-



604 D. Stratiev et al. / Fuel Processing Technology 138 (2015) 595–604
dependence of the VBVRO viscosity increment from increasing of the
asphaltene content might be because of the lower molecular weight of
the converted asphaltenes.

Marques et al. [27] reported that the distribution of the high molec-
ular and low molecular weight asphaltene species is different in a VRO.
During thermal conversion this distribution might be changed and as a
result a lower influence of asphaltenes on VRO viscosity is to be obtain-
ed. Further studies are needed to give a more definite answer of the
question about the lower dependence of VRO viscosity on asphaltene
content in the secondary VROs.

The maltene fraction of the different VROs also shows a wide
variation in viscosity (Table 2). The highest viscosity of the VROmaltene
fraction diluted with 30% FCC HCO was that of Tomsk VRO = 171 cP,
while the lowest viscosity of the VRO maltene fraction diluted with
30% FCC HCO was that of the VBVRO 35% RasGharib/10% Kirkuk/10%
Kazakh/45% REBCO = 45 cP. These data suggest that viscosity of the
vacuum residual oils depends not only on asphaltene quantity and
asphaltene properties but also on maltene fraction viscosity.

4. Conclusions

By the investigation of eight vacuum residual oil visbreaker
feedstocks and the produced from them visbroken residual oils in the
LUKOIL Neftohim visbreaker unit the following conclusions could be
made:

1. Visbroken residue viscosity correlates very well with the visbreaker
feedstock viscosity in case that the content of diesel cut in the
visbreaker residue is kept constant during processing of different
vacuum residual oils.

2. The measurement of viscosity of vacuum residual oils seems to be a
demanding job especially for those vacuum residual oils which
have higher pour point and consequently lower fluidity at tempera-
tures typically applied for measuring residual oil viscosity (up to
120 °C). The application of dilutionwith a lower boiling high aromat-
ic material like FCC HCO of the vacuum residual oils may offer a way
to obtain more reliable data about the relative viscosity of the
residues.

3. The application of correlation analysis and intercriteria analysis for
the eight vacuum residual oil visbreaker feedstocks revealed that
their conversion in the commercial visbreaker unit is statistically de-
pendent on only three VRO properties: hydrogen and sulfur content,
and the solubility power of maltenes (So). However this statistically
meaningful dependence is weak. The VRO hydrogen content, and
solubility power of maltenes have positive effect on conversion,
while the VRO sulfur content has a negative impact on conversion.
The positive effect of solubility power of maltenes on conversion
established in this work is consistent with the results obtained
from other groups, even for other types of vacuum residue process-
ing like ebullated bed hydrocracking.

4. The vacuum residual oils which contain more resinous-asphaltenic
materials seem to be prone to form more asphaltenes in the process
of thermal conversion.

5. The VRO viscosity increment with increasing of asphaltene content
for the straight run VROs can be described by a second order polyno-
mial. The secondaryVROs— theVBVROs exhibit a lower than straight
runVROdependence of the VBVRO viscosity increment on increasing
of the asphaltene content. This lower dependence of the VBVRO
viscosity increment from increasing of the asphaltene content could
be a result from a lower molecular weight of the converted
asphaltenes, or a result from a different chemical structure in com-
parison with the virgin asphaltenes. Further studies are needed to
give a more definite answer of the question about the lower depen-
dence of VRO viscosity on asphaltene content in the secondary VROs.
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