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DSC and wax solubility curves were measured for two diesel fuel samples. Compositional profiles were also
measured for the solubility curve points. The paraffin distributions of the samples were determined and the non-
paraffinic components were lumped into pseudocomponents. The liquid phase was modeled using the Peng-
Robinson equation of state with the classical van der Waals mixing rule. For the solid phase, the modified
UNIQUAC model was employed. The models were fitted to the DSC data by tuning only four multipliers acting
on the molecular weights, boiling and critical temperatures of the pseudocomponents as well as on the paraffins’

pair interaction energies from the UNIQUAC model. Then the model is used to predict wax appearance tem-
perature, amount and composition of solid deposit as a function of temperature during cooling. Excellent results
were obtained for the two samples analyzed. This way, the methodology developed is able to predict adequately
the formation of solid paraffin from diesel fuels.

1. Introduction

Diesel fuels are widely used on road, marine and air transports.
These fuels are composed in great part by paraffins, which crystallize
and form gels when submitted to low temperatures. Consequently, it
reduces the fuel flow by plugging the fuel filters [1] and, as the fuel
fluid composition is altered by the precipitation, jeopardizes the engine
efficiency [2,3]. To avoid these issues, paraffin precipitation is usually
controlled by using additives in the fuels [2,3].

Simulation of the diesel phase behavior may help determining how
much additive should be used to avoid paraffin solidification in a de-
sired temperature range. Different models have been used to model
solid paraffin solubility curves from diesel fuels, as these curves are
extremely laborious to measure experimentally. Coutinho et al. [4] and
Sansot et al. [5] used an equation of state for the liquid phase and the
modified Wilson model for the solid phase. Coutinho et al. [6] and
Coutinho [1] employed the combination of the UNIFAC model and the
Flory free volume equation for the liquid phase and the modified UN-
IQUAC model for the solid phase. To tune these models, the wax ap-
pearance temperature (WAT) was majorly employed. Nevertheless, all

current experimental techniques available to measure the WAT have
shortcomings that limits an effective measurement of the thermo-
dynamic equilibrium temperature [7]. The supersaturation unavoidable
in WAT measurements due to kinetic effects also imposes limitations to
its use in model tuning.

To avoid such interferences, a different approach has been recently
proposed [8,9]. In this new approach, the single WAT point commonly
used to tune the thermodynamic model is substituted by an entire DSC
thermogram, that provides phase equilibria information over a large
temperature range. Using an appropriate cooling rate in the DSC ex-
periments, solid-liquid equilibrium data is indirectly provided via the
enthalpy variation of the system and can thus be directly calculated
through an appropriate thermodynamic model. Nevertheless, this ap-
proach has only been applied so far to synthetic systems where the
composition was controlled and well known. The aim of the present
work is to extend the method do Diesel fuels and improve the reliability
of paraffin solubility curves obtained from thermodynamic models.

For that purpose, experimental DSC and experimental solubility
data were measured for two different Diesel fuel samples. These sam-
ples compositions were then analyzed and characterized by their full
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Nomenclature

h molar enthalpy

T temperature

P pressure

N, number of components
N, number of phases
Nparaf  number of paraffins
Npseudo ~ NUmMber of pseudocomponents
Niot number of moles

Gy heat capacity

x mole fraction

f fugacity

m EoS parameter

Kw Watson factor

rq structural parameters
Z coordination number
R universal gas constant
Q heat

t time

Superscripts and Subscripts

fus fusion

tr crystalline transition
sub sublimation

vap vaporization

ig ideal gas

c critical

b boiling

L liquid

S solid

R residual

E excess

exp experimental

ij index

1 pseudocomponents index

Greek letters

A variation

Y activity coefficient

7,6,¢ modified UNIQUAC parameters
A pair interaction energy

@ fugacity coefficient

P density

@ acentric factor

B phase fraction

13 estimated parameter

Accent

M average property M (M is a dummy variable)
M vector M

M property M in the mixture
Abbreviations

PR-EoS  Peng-Robinson equation of state
SLE solid-liquid equilibrium

CN carbon number

MW molecular weight

SG specific gravity at 15.5°C

WAT wax appearance temperature

paraffin distributions whereas non-paraffinic components were lumped
into pseudocomponents. The Peng-Robinson equation of state (PR-EoS)
was used to model the liquid phase, as it can be readily applied to high
pressures systems and complex fluids like crude oil. For the solid phase,
the modified UNIQUAC model was used. The models were tuned using
the calorimetric data and the predictions obtained for the solubility and
compositional data were analyzed.

2. Experimental
2.1. Diesel samples

The two samples used in this study were supplied by PETROBRAS
and used without any further treatment. Density, Flash Point and Sulfur
content of the two samples are presented in Table 1.

2.2. DSC measurements

The calorimetric experiments were carried out using a SETARAM
Micro DSC 7 evo calorimeter. All experiments were performed using a
temperature rate of 0.2K.min~' in, at least, triplicates. Samples of
around 450 mg were weighted with a precision of 0.01 mg. The ex-
periments were conducted at temperatures from 248.15K to 303.15K.
The equipment was calibrated using Gallium. This reference compound
was acquired from Fluka as an ultrapure sample (purity of 99.999%).

2.3. Analysis of the paraffin distributions

The paraffin distribution within the samples were analyzed using
gas chromatography. An Agilent 6890 chromatograph equipped with a

split/splitless injector, a flame ionization detector (FID) and HP-1 50 m
capillary column with an internal diameter of 0.20 mm and a film width
of 0.11 um was used. The carrier gas used was hydrogen at a constant
pressure of 25 psi. The injector temperature was kept constant at
573.15K and a split ratio of 128:1 was used. The detector was kept at a
constant temperature of 573.15K with constant flow of air
(450 mL.min " ). The column temperature was raised from 313.15K to
573.15K at 2 K.min " ! and from there raised to 653 K at 4 K.min~'. The
sample was diluted in CS, and 1 pL of the solution was injected using an
automatic injection system. The retention time of the different n-al-
kanes were calibrated using a standard mixture Polywax 655 from
Supelco. Each sample was injected in at least triplicates. The un-
certainties calculated from two standard deviations of the results were
smaller than 2% for all cases. n-alkanes up to C35 were identified.

2.4. Analysis of fluid composition and fluid representation

The total composition of the sample was represented by discretizing
the original samples into pseudocomponents characterized by their
average carbon number and subtracting from each of them the corre-
sponding concentration of paraffin analyzed.

The method used is based on the ASTM standard 7169. An Agilent
6890 N chromatograph equipped with an on-column injector, a FID

Table 1
Density, Flash Point and Sulfur content of the two samples studied.

Sample Density (kg.m ™) Flash Point (°C) Sulfur content (ppm)
1 828.2 68.0 1.6
2 824.5 69.0 0.9
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detector and 5m steel capillary column with an internal diameter of
0.53mm and a film width of 0.09 um was used. The carrier gas used
was helium at 25 mL.min~'. The injector temperature was raised from
373.15K to 703.15K at 15K.min~' and is then kept constant for
26 min. The detector was kept at a constant temperature of 703.15K
with constant flows of hydrogen (35mLmin~') and air
(350 mL.min " 1). The column temperature was raised from 308.15K to
703.15K at 10 K.min " ! and is then kept constant for 5 min. The sample
was diluted in CS, and 0.5 uL. were injected using an automatic injec-
tion system. The retention time of the different n-alkanes were cali-
brated using a standard mixture Polywax 655 from Supelco. Each
sample was injected in at least triplicates. The uncertainties calculated
from two standard deviations of the results were smaller than 3% for all
cases. n-alkanes up to C35 were identified.

2.5. Solubility curve and solid deposit composition

In addition to the calorimetric measurements used for tuning the
model, solid liquid phase behavior was studied below the onset of wax
crystallization by measuring both the solubility curve and the compo-
sition of the waxy solid deposit as a function of temperature. These
measurements which are not needed for the implementation of the
method were used in the present work only to test the predictive ca-
pacity of the proposed method. The solubility curve of both Diesel fuels
were measured using a centrifugation method similar to the one pro-
posed by Han et al. [10]. The method consists of cooling the sample to a
controlled temperature of interest and proceed a centrifugation at that
temperature. The centrifuged sample is then separated in two fractions.
The first fraction contains only liquid without the presence of any solids
whatsoever. The second fraction contains all of the precipitated solid
paraffin and some of the liquid. If one ignores the effect of the cen-
trifugation field on the phase equilibrium of the system, one may as-
sume that the fractions are in equilibria, and consequently the liquid in
the first fraction has the same composition of the liquid that remained
in the second fraction. Each of these fractions were only analyzed for
their paraffin distributions following the method detailed above.

Assuming that the solids are only composed by paraffins, one can
use the paraffin distribution of the first fraction and subtract the par-
affins that are present on the second fraction due to the presence of the
liquid phase and calculate the paraffin composition of the solid wax and
consequently its mass. The calculations were carried out as described by
Han et al. [10] and Coutinho et al. [6].

The centrifugations were performed in a THERMO Heraeus
Megafuge 40R centrifuge. The samples were disposed in small flasks
containing 1 g of sample each. For each temperature and each Diesel
sample, three flasks were centrifuged. Together with the samples flasks,
an extra flask holding kerosene was added and before the samples were
fractionated the temperature of the kerosene flask was measured with a
0.1K precision thermometer and reported as the equilibrium tem-
perature.

Mass losses at the fractionation step were always smaller than 0.1%
of the total mass of the sample. Combined with the uncertainties from
the chromatographic analyzes, the expanded uncertainties of each so-
lubility curve point measured are estimated as 5% of the mass of the
solid paraffin.

3. Methodology
3.1. Thermodynamic model

The solid-liquid equilibrium was calculated by means of the fol-
lowing equation

LAaLp _ ,.S,,SeS
X QP =X S

(€8]

which represents, for each component i, the equality between its
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fugacity in the liquid phase, f,.L, and in the solid phase, fl.s. In Eq. (1), x,
f, @ and y are the composition, the fugacity of pure component, the
fugacity coefficient in a mixture and the activity coefficient. It was
considered that only the paraffins can precipitate, that is, the pseudo-
components are present only in the liquid phase.

The fugacity coefficients in the liquid phase were calculated using
the Peng-Robinson equation of state with the classical van der Waals
combining rules, in which all the binary interaction parameters, k;,
were set to zero. The critical temperature, T, critical pressure, ., and
acentric factor, w, were obtained for each paraffin i through the cor-
relations proposed by Marano and Holder [11], presented in Egs. (2),
(3) and 4, respectively.

T.i(K) = 1020.71—(1020.71—127.89)exp(—0.1981(CN;—0.896021)-629752)

(2)
P;(bar) = 1336.74exp(—2.111827(CN; + 3.625581)025843%) 3
w; = —6.5597 + 3.383261(CN; + 23.608415)0-20877 (&)

For each pseudocomponent [, T;, P. and w were calculated using the
correlations proposed by Pedersen and Christensen [12], presented in
Egs. 5, 6, 7 and 8 respectively. The densities of the pseudocomponents,
p, and their molecular weights MW, were obtained from Katz and
Firoozabadi [13].

—2059.32

T (K) = 73.4043p, + 97.3562InMW, + 0.618744MW, + —2059.32
MW, (5)

163.91 —4043.2

InR(bar) = 0.0728462p, + 2.18811p,"> + 163.910 Lf

MW, MW; (6)
my = 0.373765 + 0.00549269MW; + 0.017934p, + 0.00000493049M W7

)
m; = 0.37464 + 1.542260,—0.26992w} (8)

The activity coefficients of the components in the solid phase were
calculated using the modified UNIQUAC model, proposed by Coutinho
et al. [4], as shown in Eq. (9), in which @, 6 and 7 are obtained through
Egs. 10, 11 and 12, respectively.

Ne
451- 431' Z ¢i qbi
Iny® = ln(;) + I_F_Eqi(ln(a) + 1_5) + ql'_‘L'ln[E ejfji]

i Jj=1

. -
T B Gy ©
Sy
&= 13:1 rls
Zj:lxj Fj (10)
6 = xiS‘Ii
1= Ne S
2% an
[ Aji_/lii]
T = exp| —
q;RT (12)

The parameters 7, g; and 4; (pair interaction energy) are calculated
according to Egs. 13, 14 and 15.

1 = 0.6744CN; + 0.4534 13)
g, = 0.540CN; + 0.616 14)
Ai = —E(Ah-s“b—RT)

i Z L (15)

The parameter 1; assumes the value of pair interaction energy of the
paraffin with the lower Carbon Number (CN) in the pair ij. In Eq. (15),
AR is the molar enthalpy of sublimation of paraffin
i
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, calculated via Eq. (16), in which AR, Ak and Ah,"*? are the molar
enthalpies of crystalline transition, fusion and vaporization of paraffini.
The latter is obtained according to the correlation proposed by Morgan
and Kobayashi [14] and Ah" and Ak are obtained as suggested by
Coutinho et al. [4].

AR = AR + AR + AR (16)

The fugacity of the pure paraffin i in the solid phase, f*, is calcu-
lated using Eq. (17), in which fiL is the fugacity of pure paraffin i in the
liquid phase, obtained via the PR-EoS. T{"* and T} are the temperatures
of fusion and solid-solid (ordered-disordered) transition of paraffin i,
calculated through the correlations suggested by Coutinho et al. [4].
ACpiLS is the difference between the heat capacities of paraffin i in the
liquid and solid phases, calculated using the correlation proposed by
Pedersen et al. [15].

T.fus
i

Ah‘fus A T 1 T
S L i i i LS
> = frex 1 + 11— |-—— ACp,~>dT
f1 f; p RTifus[ T ) RTitr( T RT }/lfus b
i
T LS
PLp Aoty
R fus
T a7

The Poynting factor was neglected in the calculation of fS, as can be
observed in Eq. (17), since the pressure was held equal to 1 bar during
all experiments.

3.2. DSC thermogram simulation from the thermodynamic model proposed

The DSC thermograms were calculated according to the metho-
dology proposed by Silva et al. [9]. The liquid phase molar enthalpy, h",
was obtained through Eq. (18), that describes a thermodynamic path
starting at an ideal gas (

ig
) reference system at T and P, changing its temperature using the ideal
gas heat capacities and adding the residual enthalpy at the desired T

and P. The enthalpy of the ideal gas system at the reference conditions
Ty and By, h'8(T;,R,), is considered equal to zero.

Ne T
R(T,PxY) =Y xt [ CpedT + kR (T,Px")

i=1 T

18)

The ideal gas heat capacities of the paraffins were obtained through
the correlation of Passut and Danner [16] modified by Silva et al. [9],

and the residual enthalpy is calculated from the PR-EoS.
Cp¢ = 251.996[B; + 2C;T + 3D;T? + 4E,T® + 5ET*], (19)

in which the coefficients B, C, D, E and F are calculated using Egs.
20-24.

B; = —7.100555 X 10~*CN;—1.201093 x 10~* (20)
C; = 1.416221 x 107°CN; + 2.669830 x 10~ 21)
D; = —3.149971 x 107°CN; + 4.003664 x 10710 (22)
E; = 3.489865 x 10713CN;—1.321624 x 10713 23)
F = —1.105366 x 10~'7CN; + 8.714208 x 10718 24)

The ideal gas heat capacities of the pseudocomponents were cal-
culated using Eq. (25), proposed by Kesler and Lee [17]
CpiE = MW[Aol + AT + AIT?*—B3l(Byl + BT + B,IT?)]

P 4.19002 ’

(25)
in which the coefficients Aq, A;, Ay, By, By, B, and C are obtained by
means of Egs. 26-32.

Ag; = —1.41779 + 0.11828Kw, (26)
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Table 2

Feed compositions of both Diesel fuel samples divided into paraffins and other
components lumped into pseudocomponents in mass fractions (%) and average
MW (g.mol’l). The relative extended uncertainty of the composition is under
2% for the paraffin components and under 3% for the pseudocomponents of the
reported value. The relative extended uncertainty of the average molecular
mass is 3%.

Carbon Number 1 2
Paraffin Pseudocomp. Paraffin Pseudocomp.

7 0.0425 0.1648 0.0381 -
8 0.2675 0.3501 0.2739 0.6361
9 0.6065 1.8255 0.6904 2.0678
10 0.8774 3.6571 1.0023 4.2041
11 1.1587 5.5495 1.4262 5.9890
12 1.4446 6.5777 1.8173 7.3054
13 1.7070 8.2085 2.0958 9.0891
14 2.1668 7.9017 2.4777 8.9089
15 2.4542 7.8873 2.7530 7.6142
16 2.0144 5.9382 2.2158 5.7477
17 1.8993 6.5838 2.0610 6.5043
18 1.4592 5.2393 1.4776 4.7995
19 1.2696 3.9245 1.2305 3.4036
20 0.9988 2.9136 0.9250 2.3690
21 0.8265 2.2486 0.7235 1.7022
22 0.6255 1.9275 0.5303 1.4064
23 0.4629 1.5370 0.3918 1.0958
24 0.3227 1.1219 0.2712 0.7386
25 0.2451 0.8569 0.2176 0.5743
26 0.1707 0.7733 0.1600 0.4999
27 0.1368 0.6165 0.1296 0.4275
28 0.0937 0.6079 0.0980 0.3745
29 0.0625 0.4312 0.0658 0.3048
30 0.0428 0.4356 0.0461 0.2410
31 0.0253 0.3958 0.0310 0.2329
32 0.0159 0.3053 0.0182 0.1759
33 0.0085 0.2830 0.0106 0.1595
34 0.0070 0.3259 0.0054 0.1325
35 0.0425 0.1648 0.0033 0.1384
MW 202.9 201.3

Table 3

Amount of solid paraffin for samples 1 and 2 for each temperature measured
(mass %). The relative expanded uncertainty is 5% of the presented value.

Temperature (K) Sample 1 Sample 2

273.75 0.29 0.26

268.15 0.68 0.52

263.15 1.37 1.14
Ay = —(6.99724—8.69326Kw; + 0.27715Kw}?) x 10~ 27)
Ay = —2.2582 x 1076 (28)
Bo; = 1.09223—2.48245¢; (29)
By = —(3.434—7.14w;) X 1073 (30)
By = —(7.2661—9.2561c;) X 1077 31D
o [ (12.8—Kw;)(10—Kw)) ]2

[ R VA e A

10w, (32)

Kw is the Watson factor [17], defined by Eq. (33), in which the boiling
temperatures of the pseudocomponents, T;,, were obtained from the
work of Katz and Firoozabadi [13]. The specific gravity at 15.5 °C, SG,
is approximately equal to the density, p, of the component, which is
also obtained from Katz and Firoozabadi [13].

18T,

KWI =
SG;

(33)
For the solid phases, the thermodynamic path used to calculate the
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Table 4

Compositions of solid paraffins of sample 1 in mass fractions for each tem-
perature evaluated. The relative expanded uncertainty is 5% of the presented
value.

Fuel 230 (2018) 266-273

Table 6

Parameters obtained that multiply the pseudocomponent molecular weights,
&uw boiling, &, and critical, &, temperatures and the paraffins’ pair interac-
tion energies, ;.

Carbon Number Temperature (K)

273.75 268.15 263.15
19 - 0.009 0.018
20 - 0.011 0.050
21 - 0.034 0.087
22 0.017 0.061 0.128
23 0.043 0.108 0.154
24 0.077 0.131 0.137
25 0.118 0.147 0.120
26 0.140 0.132 0.092
27 0.151 0.115 0.072
28 0.132 0.084 0.049
29 0.116 0.068 0.038
30 0.073 0.038 0.021
31 0.054 0.027 0.015
32 0.031 0.014 0.008
33 0.020 0.009 0.005
34 0.012 0.006 0.003
35 0.016 0.006 0.003

Table 5

Compositions of solid paraffins of sample 2 in mass fractions for each tem-
perature evaluated. The relative expanded uncertainty is 5% of the presented
value.

Carbon Number Temperature (K)

273.75 268.15 263.15

19 - - 0.013
20 - - 0.051
21 - 0.011 0.073
22 0.010 0.024 0.097
23 0.022 0.079 0.134
24 0.040 0.093 0.125
25 0.081 0.128 0.123
26 0.117 0.143 0.099
27 0.151 0.141 0.086
28 0.148 0.117 0.063
29 0.144 0.100 0.053
30 0.097 0.059 0.030
31 0.076 0.044 0.022
32 0.045 0.024 0.013
33 0.029 0.016 0.008
34 0.018 0.010 0.005
35 0.022 0.011 0.005

v T T T T ¥ T T T
0.20} (a) - -273.75 K -

----268.15K

—263.15K

0.15

Concentration (mass%o)

18 24 27 30

Carbon Number

33

36

Diesel Suw &y & &
1 0.9932 1.126 0.7372 0.9935
2 1.026 1.139 0.8011 0.9906

molar enthalpy goes through the liquid phase, for which the description
above holds. It then proceeds by taking into consideration the effect of
the heat capacities of the liquid, the solidification of the liquid, the
solid-solid phase transition, the effect of the heat capacities of the solid
and, finally, the excess enthalpy, hf, so that a solid phase mixture is
considered. As such, neglecting the effects of pressure changes, Eq. (34)
is used to calculate the molar enthalpies of solid phases, h°.

N T

hS(T,P,x5) = Z xS f

i=1 Ty

T
CptdT— [ ACPISdT—Ahf—Ah

fus
TS

+ hR(T,P.x5) + hE(T x5) (34)

The total molar enthalpy of the system is calculated by summing
over the number of phases, N,, the product between the molar enthalpy
of the phase and its respective molar phase fraction, 3, as presented in
Eq. (35).

Np

h= Z Bihi

=1 (35)

The heat flow, 6Q/8t, is obtained using Eq. (36), in which the
number of moles of the sample, N, and the variation of T with time,
0T/dt, are similar to the experimental ones. The variation of the total
molar enthalpy of the system with the temperature, 6h/dT, is calculated
numerically.

8Q _ shor
St 9T ot

mol

(36)

3.3. Thermogram fitting

To adjust the model to the experimental DSC thermograms, the
pseudocomponents properties, ideal gas heat capacities and molecular
weights were tuned, as well as the pair interaction energy parameter,
Ay, from the solid model. The initial guesses of all pseudocomponent
properties were obtained from Katz and Firoozabadi [13].

To limit the number of tuning parameters, instead of adjusting each
property of each pseudocomponent, a single multiplier was used to

v T N T ) T s T B T N
0.20} (b) —-=273.75K |
====268.15K
—_ —263.15 K
s 63
2 045} .
g
=
2
= 010 J
=
=
@
<
g
3 o.05f i
0.00 T ’-/I 1 1 1
18 21 24 27 30 33 36

Carbon Number

Fig. 1. (a) Concentration of the paraffins in the solid for different temperatures from sample 1. (b) Concentration of the paraffins in the solid for different tem-

peratures from sample 2.
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3.8 v T v T T T T T v T v T 3.8 v T v T v T v T T v T v T v T
(a) Exp. Data L (b) Exp. Data
36k ====Calculated ] 3.6k ====Calculated ]
o~ o~
2 34 z
£ g
A A
E s z
=9 =
g E
o 3.0 =
2.8
2.6 '} 1 'l 1 'l '} Il 1 2.6 Il 'l '} 'l 1 '} i '}
-30 -25 -20 -15 -10 -5 0 5 10 15 -30  -25 -20 -15 -10 -5 0 5 10 15
Temperature (°C) Temperature (°C)
Fig. 2. Experimental and fitted DSC curves for Diesel 1 (a) and Diesel 2 (b).
2.0 T v T v T v T v T v T v T v T v 1.6 T T v 1 vt -ttt rrr7T
1sL @ o Exp. Data ” (b) o Exp. Data
Calculated “T Calculated |
P ] F oo, 1-2 T
picy ] - 10 —
= =
50 50
) - v 0.8 e
= S
= 1 = o .
) S
1} 1 @
0.4 ]
] 0.2 .
o_o L L L Il 'l L 1 L 1
6 -10 -8 -6 -4 -2 0 2 4 6 8
Temperature (°C) Temperature (°C)

Fig. 3. Experimental and predicted solubility curves for Diesel 1 (a) and Diesel 2 (b).

adjust simultaneously each of the properties for all pseudocomponents.
In this way, only four multipliers were tuned to fit the calculated
thermogram to the experimental thermogram.

The molecular weights of the pseudocomponents were the first
parameters adjusted using the multiplier . The molecular mass of
the sample was tuned to its measured average molecular weight, pre-
sented in Table 2.

The other pseudocomponent properties were adjusted by fitting the
simulated thermogram to the experimental DSC thermogram in three
steps. The first step was to estimate the parameter &, that multiplies the
pseudocomponents boiling temperatures. These boiling temperatures
are used to calculate their ideal gas heat capacities by Eqs. 25-27, 32
and 33. As the thermogram recorded at temperatures higher than the
WAT are only a function of the heat capacity of the sample and thus a
direct function of the ideal gas heat capacities of the samples compo-
nents, this region was used to tune & .

The second step was to estimate the parameter &;, that multiplies the
pseudocomponents critical temperatures. This parameter was estimated
using the thermogram region ranging from 5 °C below the WAT to the
lowest temperature measured.

A final adjustment to the solid-liquid equilibrium curve, the third
step, was performed by estimating a parameter &; that modifies the
paraffin pair interaction energies, as proposed by Silva et al. [9]. In this
work, &, is equal to (1 + A1) from Silva et al. [9]. This estimation was
carried out using the same region used in step 2. Tests showed that
iteration of this sequential parameter estimation is not necessary, since
its computational cost is very high and a minor accuracy gain is
achieved.

In all three steps described, the objective function was the RMSD

between the simulated and the experimental thermograms for each of

the regions of interest.

3.4. Solid-liquid equilibrium prediction

From the model with the tuned parameters, the so-called wax ap-
pearance temperature that correspond in fact to the wax disappearance
temperature can be predicted by calculating the solid-liquid phase
transition temperature at fixed pressure. This temperature cannot be
determined by calorimetric measurements due to subcooling effects. In
addition, the model allows calculating of solid-liquid phase equilibrium
condition below the wax appearance temperature by solving Eq. (1).
This phase equilibrium calculation provides the amount of solid deposit
as well as its composition as a function of temperature.

4. Results and discussion

The feed compositions of both samples 1 and 2 in terms of paraffins
and pseudocomponents are presented in Table 2.

The amounts of solids measured at various temperatures below the
wax appearance temperature in order to build the solubility curve are
presented in Table 3. The compositions of the solid paraffin at each
temperature for sample 1 are presented in Table 4 and those for sample
2, Table 5.

The compositions of the solid phases in respect to the original
sample mass for both samples are shown in Fig. 1. As can be seen, at
higher temperatures, the solids are composed majorly by the heavy
paraffins. As temperature decreases, the lighter paraffins start to in-
corporate into the solid. Nevertheless, even at the highest temperature,
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Fig. 4. Experimental and predicted compositions of liquid and solid phases at
273.75K (a), 268.15K (b) and 263.15K (c) for Diesel 1.

the composition spreads over a big number of paraffins, suggesting that
the solid consists of a solid solution of paraffins rather than a simple
mixture of pure single paraffin solids.

The results obtained for the tuning multipliers are depicted in
Table 6. The molecular weight multiplier, &, corrects the pseudo-
components molecular weight by just 2.6% at most. This correction is
within the experimental uncertainty of the measured molecular weight.
Moreover, the parameters &, modify the pair interaction energies in less
than 1%, what is in agreement with results presented by Silva et al. [9].

The results for the calculated thermogram for both samples after the
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Fig. 5. Experimental and predicted compositions of liquid and solid phases at
273.75K (a), 268.15K (b) and 263.15K (c) for Diesel 2.

tuning are presented in Fig. 2. As can be seen, tuning the model to the
rest of the thermogram instead of just to the WAT leads to a difference
between the experimental DSC WAT and the solid-liquid equilibrium
temperature calculated. The experimental limitations lead to an ex-
perimental WAT lower than the crystallization temperature predict by
the model, as shown in Fig. 2. Actually, due to subcooling of paraffins
and kinetic effects during experiments carried out by cooling, scanning
calorimetry experiment does not give access to the real WAT. The
proposed methodology based on fitting the full thermogram provides a
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more realistic WAT value by correcting this drawback.

The experimental solubility curves for both samples as well as the
calculated curves are presented in Fig. 3. As can be seen, the differences
are smaller than the experimental uncertainties. To further compare
experimental results and the model, the solid and liquid phases com-
positions for each sample at each temperature are shown in Figs. 4 and
5. Again, the simulated results are in very good agreement with the
experimental data for all cases analyzed.

It seems natural that the solubility curves were well represented by
the proposed methodology based on fitting DSC measurements as the
area of the thermogram peaks are directly related to the amount of
waxy solid formed. In contrast, no composition information of the li-
quid and solid phases measured were used to fit the model and yet the
comparison between them and their predictions agree to within ex-
perimental uncertainties. This last result, above all, indicates the
soundness of the model and clearly shows the predictive capacity of the
developed fitting procedure.

The proposed methodology presents itself as a robust alternative to
tune thermodynamic solid-liquid equilibria models. The final un-
certainty is smaller when compared to the alternative of tuning the
model to one temperature alone, the WAT. It also allows the tuning of
models to more complex fluids, like crude oil, as long as DSC thermo-
gram at a slow enough rate is available.

5. Conclusion

Solid precipitation in Diesel fluids driven by low temperatures is at
the heart of many problems regarding systems that run on this fuel. To
assess the risks of a given sample, thermodynamic solid-liquid equili-
bria models are employed. These thermodynamic models are tuned
using the wax appearance temperature, WAT, the highest temperature
at which a first crystal of paraffin is spotted in a cooling experiment.

A new strategy to tune thermodynamic solid-liquid equilibria
models has been recently proposed [8,9]. It consists of using DSC
thermograms instead of the WAT to adjust the model to experimental
data. The strategy has been tested for standard mixtures with well
known composition and in this work it is tested against real mixtures
where the whole composition is not available. Two different Diesel fuel
samples supplied by PETROBRAS are analyzed and their phase behavior
assessed by a thermodynamic model.

Calorimetric data ranging from 248.15K to 303.15 K and solubility
data at 273.75K, 268.15K and 263.15K were measured for the two
samples. The solid-liquid phase equilibria behavior of these samples
were modeled using the PR-EoS for the liquid phase and the modified
UNIQUAC model for the solid phase. The models were fitted to the DSC
data aiming to correctly reproduce the solubility data and, to do that,
the simulated heat flows were calculated according to the methodology
proposed by Silva et al. [9]. A parameter estimation was employed, in
which the pseudocomponents molecular weights are tuned to the
average molecular weight of the samples, followed by the fitting of the
simulated thermograms to the DSC experimental results by tuning the

Fuel 230 (2018) 266-273

pseudocomponents boiling and critical temperatures and the paraffin
pair interaction energies, in this order.

The results were in agreement to both the DSC and solubility ex-
perimental data for both samples. The solid phase simulated and ex-
perimental compositions were in very good agreement for the two
samples. The same holds for liquid phases. This way, the developed
methodology proves to perform very well for real complex samples.
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