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Abstract

The ASTM D-5236 method was proven to be the closest to true boiling point (TBP) of heavy oil distillation
data. That is why 60 heavy oils have been characterized for their distillation charactersistics by ASTM
D-5236 and ASTM D-1160 in the Research laboratory of LUKOIL Neftochim Burgas and an attempt was
made to find an accurate method to convert ASTM D-1160 to ASTM D-5236. Six approaches were
investigated to convert the heavy oil distillation data from ASTM D-1160 to ASTM D-5236, such as the
simple comparison of ASTM D-1160 and ASTM D-5236, the method of Edmister-Okamoto with original
coefficients, as well as the one with modified coefficients, Daubert, artificial neural networks and LNB
methods. It was found that the LNB method converts the heavy oil distillation data ASTM D-1160 to
ASTM D-5236 with the least error. The methods of Edmister-Okamoto with modified coefficients and of
Daubert convert the heavy oil distillation data ASTM D-1160 to ASTM D-5236 with slightly higher AAD
and SD than the LNB method. Other methods such as Edmister-Okamoto with original coefficients,
ANN and simple comparison of D1160 and D5236 were proven to be the least accurate methods and
thereby the least appropriate ways for petroleum fraction distillation interconversion. The use of the
three methods: LNB, Daubert’s, and Edmister-Okamoto with modified coefficients improve the conversion of
heavy oil distillation data ASTM D-1160 to ASTM D-5236 and can be applied in the refinery practice for
quick characterization of heavy oil distillation data which are closest to the TBP method.
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1. Introduction

Qil characterization is an essential step in the design, simulation, and optimization of refining
facilities. Crude oils, heavy oils and their fractions are undefined mixtures with compositions
that are not well known (volume, weight, and molar fractions of all the present components).
For that reason in refinery applications, the oil is typically characterized based on a distillation
assay. This procedure is reasonably well-defined and is based on the representation of the
mixture of actual components that boil within a boiling point interval by hypothetical components
that boil at the average boiling temperature of the interval [*"21, The crude oil assay typically
includes TBP distillation according to ASTM D-2892, which can characterize this part of oil
that boils up to 400°C atmospheric equivalent boiling point 3], and vacuum distillation according
to ASTM D-5236 1 which characterizes the heavy oil obtained as a residue from the ASTM
D-2892 distillation [571, ASTM D-1160 vacuum distillation is also used to characterize the
distillation curve of high boiling materials [8**1, However, it was determined that the ASTM
D1160 vacuum distillation did not provide well established saturated bubble temperatures.
On the other hand the ASTM D5236 methodology was found to provide well-defined saturated
bubble temperatures that correspond to actual thermodynamic state points [*2), The developed
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by Satyro and Yarranton methodology allows the use of ASTM D-5236 distillation data to
convert them into TBP and estimate the entire distillation curves for heavy hydrocarbons.
Unfortunately the performance of high boiling oil fraction ASTM D-5236 vacuum distillation
analysis requires more time than the faster ASTM D-1160. For example the ASTM D-5236
can characterize one sample of heavy oil per working day, while the ASTM D-1160 can perform
three analyses of heavy oils for the same time. This was an incentive for the LUKOIL Neftochim
Burgas process department to develop procedure for conversion of heavy oil ASTM D-1160
distillation data into ASTM D-5236 for the purposes of technological analysis of the heavy oil
processing refinery units. The aim of this study is to test capabilities of several mathematical
approaches to accurately convert of ASTM D-1160 distillation data into ASTM D-5236 by ana-
lyzing 60 heavy oils.

2. Experimental

60 heavy oils were analyzed for their distillation characteristics in the LUKOIL Neftochim
Burgas (LNB) Research laboratory in accordance with the methods ASTM D-5236 and ASTM
D-1160. The analyses were carried out in Potstill Euro Dist System from ROFA Deutschland
GmbH according to ASTM D-5236 requirements and in Euro Dist MPS (ROFA) according to
ASTM D-1160 requirements. The pressure profile in the ASTM D-5236 Potstill apparatus was
following: the fraction boiling up to 430°C was separated from the atmospheric residue at
pressure 1 mm Hg, and the other narrow cuts (up to 540°C) - at pressure of 0.2 mm Hg.
The pressure in the Euro Dist MPS ASTM D-1160 apparatus during the whole analysis was
0.5 mm Hg. Densities of some of the heavy oils were measured at 20°C according to ASTM
D-4052. The heavy oil atmospheric equivalent boiling point (AEBP) distillation data of ASTM
D-5236 and ASTM D-1160 are summarized in Tables 1 and 2. Having in mind that the disti-
Ilations finished at 560°C for ASTM D-5236 and at 550°C for ASTM D-1160 and the per cent
of evaporate was between 46 and 95 % to obtain the full distillation curve Riazi’s distribution
model was applied [*3!, In an earlier study it was found out that this distribution model best
extrapolates boiling points of heavy oils [*3], The values in red in Tables 1 and 2 indicate extra-
polated by Riazi’s distribution model AEBP. The last right hand columns in Tables 1 and 2
show the squared correlation coefficient (R?) of applied Riazi’s distribution model. The average
R? for ASTM D-5236 was 0.9969, while for ASTM D-1160 it was 0.9975.

3. Results and Discussions

3.1 Application of Edmister-Okamoto method to convert ASTM D-1160 to ASTM D-
5236

The only method widely used under subatmospheric pressure condition for conversion of
distillation curves is the one developed by Edmister-Okamoto [**1, which is used to convert
ASTM D 1160 to TBP, both at 10 mmHg. This method is graphical and it is also recommended
by the API-DTB [*51, In this method it is assumed that at 50% and higher points ASTM D
1160 and TBP temperatures are equal. Table 3 presents data of differences between ASTM
D-1160 and ASTM D-5236 at 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 95 %.

AAD = average absolute deviation; AAD = %Z|AT,| , where n= number of observation
i=1

It is evident from these data the average temperature difference is not equal to zero at
any per cent. The average absolute deviation varies between 5 and 8°C for the evaporate
between 5 and 60%. With increasing of evaporate per cent the difference in temperatures
between ASTM D-1160 and ASTM D-5236 becomes higher (from 11 to 38°C for evaporates
between 70 and 95%). It should be noted here that the difference between initial boiling
points of both methods is also high (average absolute difference = 23°C). The direct application
of the method of Edmister-Okamoto gave average absolute deviation (AAD) of 7.5°C between
measured and converted boiling points (Figure 1) for the data presented in Tables 1 and 2.
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In order to improve the accuracy of conversion of ASTM D-1160 into ASTM D-5236 we
modified the method of Edmister-Okamoto in the following form:

D5236(100%) = ASTM D1160(80%) + Fy,

D5236(90%) = ASTM D1160(70%) + F,
D5236(80%) = ASTM D1160(60%) + Fg
D5236(70%) = ASTM D1160(50%) + F,
D5236(60%) = ASTM D1160(40%) + F,
D5236(40%) = ASTM D1160(60%) — F,
D5236(30%) = ASTM D1160(50%) — F;
D5236(20%) = ASTM D1160(40%) — F,
D5236(10%) = ASTM D1160(30%) — F,
D5236(0%) = ASTM D1160(10%) — F,
D5236(50%) = ASTM D1160(50%),

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

where functions F are given in terms of temperature difference in the ASTM D 1160

F 50065500 =A+B (ATi)'C(ATi)Z +D (AT1)3
Foy,=A(AT;)-B(AT,)*+C(AT,)?

(12)
(13)

where AT; is calculated for each per cent as follows

ATyy, =ASTM D1160(10%) — ASTM D1160(0%)
AT;go,= ASTM D1160(30%) — ASTM D1160(10%)
AT,00,= ASTM D1160(40%) — ASTM D1160(20%)
ATs3g0,= ASTM D1160(50%) — ASTM D1160(30%)
AT,g0,= ASTM D1160(60%) — ASTM D1160(40%)
ATgg0,= ASTM D1160(60%) — ASTM D1160(40%)
AT;g0,= ASTM D1160(70%) — ASTM D1160(50%)
ATgoo, = ASTM D1160(80%) — ASTM D1160(60%)

(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)

After regression following values for the coefficients A, B, C, and D of equations 12 and

13 were obtained (Table 4)

Table 4 New coefficients of the equations 12 and 13 for the Edmister-Okamoto method

Coefficients in eqs 12 and 13 >50% <50% 0%
A 0.290277 0.562367 2.898921
B 1.108612 1.476152 0.049172
C 0.000000 0.013280 0.000267
D 0.000006 0.000093
:2 R2 = 0.9889 R2 = 0.9896 °
AAD = 6°C

AAD = 7.5°C

Predicted ASTM D-5236 by Edmister-Okamoto

320 370 420 470 520 570 620 670 720 770 820

[xpmn‘m*nlal ASTM D-5236, °C

Figure 1 Comparison of experimental (ASTM-
D5236) and predicted by Edmister-Okamoto
method (with original coefficients) boiling point

distribution using ASTM D-1160 data

5236 by Edmister-Okamoto
d, °C

methc

Predicted ASTM D

Figure 2 Comparison of experimental (ASTM-
D5236) and predicted by Edmister-Okamoto
method (with new coefficients) boiling point
distribution distribution using ASTM D-1160 data
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Figure 2 presents the agreement between measured and converted by the modified method
of Edmister-Okamoto. The average absolute deviation (AAD) of this method is 6°C, which is
better than the AAD of the original method of Edmister-Okamoto.

3.2 Application of Daubert methodology to convert ASTM D-1160 to ASTM D-5236

Methodology of Daubert [*57181 js widely known scheme for distillation interconversions.
What is more, his methodology was proven to be the second most precise method to convert
ASTM D-86 into TBP for oil fractions [*71, That is why we applied Daubert’s methodology to
convert ASTM D-1160 heavy oil distillation data to ASTM D-5236 using the following calculations:
D5236(50%) = Aso,(D1160(50%))B50% (24)

where D5236 (50%) - distillation temperature at 50 wt% distilled,°C; D1160 (50%) - observed

distillation temperature at 50 vol%,°C.
(AD5236); = A;(AD1160)5! (25)
(AD5236), - difference in D5236 distillation temperatures between two cut points, °C

(AD1160); - observed difference in ASTM D1160 distillation temperatures between two cut

points, °C.

For the data set in Tables 1 and 2 following coefficients of equations 24 and 25 were

obtained (Table 5).
Table 5 A and B coefficients of equations 24 and 25 for the Daubert method

Ne cut-point range A B

1 95%-90% 1.59568 0.93285

2 90%-80% 1.64044 0.92373

3 80%-70% 1.63540 0.91102

4 70%-60% 1.65568 0.89681

5 60%-50% 1.70185 0.87931

6 50%-40% 1.78677 0.85608

7 40%-30% 1.94537 0.82255

8 30%-20% 2.29439 0.76730

9 20%-10% 3.30692 0.65983

10 10%-00% 21.82135 0.25643

11 50% 0.92607 1.01308

D-5236 temperatures were calculated using following equations:

D5236(0%) = D5236(50%) — (AD5236) — (AD5236), — (AD5236)g — (AD5236)¢ — (AD5236) 1, (26)
D5236(10%) = D5236(50%) — (AD5236) — (AD5236), — (AD5236)5 — (AD5236), (27)
D5236(20%) = D5236(50%) — (AD5236)s — (AD5236), — (AD5236), (28)
D5236(30%) = D5236(50%) — (AD5236)s — (AD5236), (29)
D5236(40%) = D5236(50%) — (AD5236), (30)
D5236(60%) = D5236(50%)+(AD5236)< (31)
D5236(70%) = D5236(50%)+(AD5236)<+(AD5236), (32)
D5236(80%) = D5236(50%)+(AD5236)5+(AD5236),+(AD5236), (33)
D5236(90%) = D5236(50%)+(AD5236)<+(AD5236),+(AD5236)3+(AD5236), (34)
D5236(95%) = D5236(50%)+(AD5236)<+(AD5236),+(AD5236)54+(AD5236),+(AD5236), (35)

Agreement between estimated and experimental data is depicted in Figure 3.
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Experimental ASTM D-5236,°C

Figure 3 Comparison of experimental and predicted (by Daubert method) temperatures for
ASTM D-5236 using ASTM D-1160 data

The average absolute deviation of this method is 6.2°C, which is better than the original
method of Edmister-Okamoto and slightly worse than the AAD of the modified method of
Edmister-Okamoto.

3.3 Application of artificial neural networks (ANN) to convert ASTM D-1160 to
ASTM D-5236

Taking into account our earlier positive results achieved by application of artificial neural
networks (ANN) to simulate and model oil properties [*8!, we decided to apply ANN for conversion
of ASTM D-1160 to ASTM D-5236. The way of processing data by the ANN method is descri-
bed in '8, Agreement between predicted by ANN method and measured ASTM D-5236
distillation data is given in Figure 4. These data indicate a relatively high dispersion of the
predicted values and this method turned out to be the least accurate (the lowest R?) among
all studied in this work procedures for conversions of heavy oil distillation data from ASTM
D-1160 into ASTM D-5236.

e5%  e10% 0% ©30% 20% 50%  @60%  @70%  @80%

820

.
Y 770 o
}:’“ R2 =0.9676
£ 720 AAD = 7.5°C
] .
E 670 . e
= e @ L]
£ Pty
< 620 .
=]
@ 570 ° ¢
°

& oo
2 520 0 q®
= .

470 °
L
= °
U
£ 420 o g
T o
1] L ]
SV R 4

320

320 370 420 470 520 570 620 670 720 770 820

Experimental ASTM D-5236,°C

Figure 4 Comparison of experimental and predicted (by ANN) temperatures for ASTM D-
5236 using ASTM D-1160 data.
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3.4 Application of a method developed at Lukoil Neftochim Bourgas to convert
ASTM D-1160 to ASTM D-5236

Based on the data in Tables 1 and 2 and application of linear regression in the LNB Research
laboratory, following equations were established:

D5236(5%) = 123,819 + 0,6472 * (D1160(5%)) (36)
D5236(10%) = 76,292 + 0,7834 * (D1160(10%)) (37)
D5236(20%) = 14,751 4 0,9507 * (D1160(20%)) (38)
D5236(30%) = —0,2459 + 0,9966 * (D1160(30%)) (39)
D5236(40%) = 35,959 + 0,9272 * (D1160(40%)) (40)
D5236(50%) = —0,2302 + 1,0059 * (D1160(50%)) (41)
D5236(60%) = —5,17605 + 1,01565 = (D1160(60%)) (42)
D5236(70%) = —11,0791 + 1,03811 * (D1160(70%)) (43)
D5236(80%) = —13,9023 + 1,05086 = (D1160(80%)) (44)

Agreement between measured and estimated by equations 36-44 is depicted in Figure 5.
It is evident from these data that the LNB method achieves the lowest AAD (5.9°C) and almost
the highest squared correlation coefficient (R’ = 0.9893) among all studied in this work methods.

®5% ®10% 20% ®30% 40% 50% ®60% *70% ®380%

770

R2 =0.9893 °
AAD = 5.9°C

Predicted ASTM D-5236 by LNB method, °C

320 370 420 470 520 570 620 670 720 770
Experimental ASTM D-5236, °C

Figure 5 Comparison of experimental and predicted (by LNB) temperatures for ASTM D-5236
using ASTM D-1160 data.

3.5 Evaluation of the precision of the methods for conversion of ASTM D-1160 to
ASTM D-5236

The predictive capabilities of the studied in this research methods to convert heavy oil
ASTM D-1160 to ASTM D-5236 distillation data were classified as proposed by Sanchez et al. [1°!
according to their statistical indicators and the results are shown in Table 6. Standard deviation
(SD) values, which are calculated by eq. 45 and AAD (eq. 47) both are considered the main
criteria for establishing the ranking. The correlation coefficient (R?), slope and intercept were
also considered.

SD:‘/R—SS Eq. 45
n-2

where n is the number of observations and RSS is the residual sum of squares, defined in eq. 46
540

RSS = (D5236measured, — D5236calculated , )’ Eq. 46
i=1
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where D5236 measured; is the boiling point determined according to ASTM D-5236 and D5236
calculated; is the boiling point, calculated by one of the studied five models. Direct comparison
of boiling point of evaporate at the same per cent between ASTM D-1160 and ASTM D-5236
is also given in Table 6. Standard deviation values for all models range from 8.5 to 15.1

AAD = 1Z|D5236measuredi — D5236calculated ;| Eq. 47
N

where n= number of observation.

Table 6 Comparison of the accuracy of the investigated methods to convert ASTM D-1160

distillation data to ASTM D-5236

AAD SD Obser-
Model R? Slope Intercept AAD based SD 2SD based )
- . vations
ranking ranking
D1160—-D5236 0.9869 1.090 -42.0 8.14 6 11.7 234 5 540
Edmister-Okamoto with 5 gg59 9190  34.8  7.51 5 11.0 22 4 540
original coefficients
Edmister-Okamoto with 5 gg95 9600  18.3  5.97 2 8.8 17.6 3 540
modified coefficients
Daubert method 0.9892 0.9970 1.9 6.18 3 8.6 17.2 2 540
ANN 0.9676 0.9999 -0.7 7.49 4 15.1 30.2 6 540
LNB 0.9893 0.9893 5.0 586 1 8.5 17.0 1 540
Repeatability of D-5236
5.14
method
Reproducibility of D- 11.69

5236 method

As can be seen from Table 6, the LNB method converts the heavy oil distillation data
ASTM D-1160 to ASTM D-5236 with the least error exemplified by the lowest absolute
average deviation (AAD) and the lowest standard deviation (SD). The methods of Edmister-
Okamoto with modified coefficients and of Daubert convert the heavy oil distillation data
ASTM D-1160 to ASTM D-5236 with slightly higher AAD and SD and comparatively lower
coefficients of correlation (0.9896 and 0.9892 respectively) than the LNB method. Other
methods such as Edmister-Okamoto with original coefficients, ANN and simple comparison of
D1160 and D5236 were proven to be the least accurate methods and thereby the least
appropriate ways for petroleum fraction distillation interconversion. Assuming that the error
of prediction of distillation data of ASTMD-1160 to ASTM D-5236 is equivalent to 2 times the
standard deviation [19] one can see that all methods of conversion of the heavy oil
distillation data are less accurate than the measurement according to ASTM D-5236 (2SD is
bigger than reproducibility of ASTM D-5236 method). Nevertheless the use of the three
methods: LNB, Daubert’s, and Edmister-Okamoto with modified coefficients improve the
conversion of heavy oil distillation data ASTM D-1160 to ASTM D-5236 and are better from
the direct comparison of D-1160 with D-5236 distillation data. Therefore they can be
employed in the refinery practice for quick characterization of heavy oil distillation data
which are the closest to the TBP method.

4. Conclusions

60 heavy oils have been characterized for their distillation charactersistics by ASTM D-5236
and ASTM D-1160 methods for 80 working days in the Research laboratory of LUKOIL Neftochim
Burgas. Six approaches were investigated to convert the heavy oil distillation data from
ASTM D-1160 to ASTM D-5236, such as the simple comparison of ASTM D-1160 and ASTM
D-5236, the method of Edmister-Okamoto with original coefficients, as well as the one with
modified coefficients, Daubert, artificial neural networks and LNB methods. All of them may
be classified according to standard deviation in the following order: the most precise method
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of conversion is the LNB method. It provides the lowest SD and the highest correlation coefficient,
followed by the Daubert method. The method of Edmister-Okamoto with modified coefficients
and the one with original coefficients were found to be on the third and the forth places
respectively in relation to their reliability. Simple comparison of ASTM D-1160 and ASTM D-
5236 and the ANN method were proved to have the highest standard deviations and the lowest
correlation coefficients.
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