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Abstract

In this study, response surface methodology (RSM) based on central
composite design (CCD) was applied for investigation of the effects of
ultrasonic waves, temperature and solvent concentration on viscosity
reduction of residue fuel oil (RFO). Ultrasonic irradiation was employed at
low frequency of 24 kHz and power of 280 W. The results showed that the
combination of ultrasonic waves and solvent injection caused viscosity to
further reduce. To obtain optimum conditions and significant parameters, the
results were analyzed by CCD method. In this method, maximum viscosity
reduction (133 cSt) was attained in ultrasonic irradiation for 5 min,
temperature of 50°C and acetonitrile volumetric concentration of 5% by
means of experimental and three dimensional response surface plots. The
kinematic viscosity decreased from 494 cSt to 133 cSt at the optimum
conditions. In addition, a multiple variables model was developed by RSM,
wherebythe second-order effect of ultrasonic irradiation time was significant
on viscosity reduction of FRO. Finally, a comparison between the RSM and
artificial neural network (ANN) was applied. The results demonstrated that
both models, RSM and ANN, with R2 more than 0.99 were powerful in
prediction of kinematic viscosity of RFO.
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An optimization study by response surface methodology (RSM) on viscosity reduction of residue fuel oil
exposed ultrasonic waves and solvent injection

1. Introduction

Residue fuel oil (RFO) was exited in the
bottom of an atmospheric distillation column
as the highest concentration of crude oil
fraction. The composition of RFO is based
on crude oil type and the unit operations in
refineries. Residue fractions are made of
SARA (saturate, asphaltene, resin, aromatic)
compositions. Therefore, the RFOs can be
complex compositions. In some countries, to
save gas the RFO was used in boilers and
furnaces for heat production. It is important
to find an appropriate method for reducing
viscosity and handling RFO. Reversibility,
time-consumption and low quality are the
main disadvantages of viscosity reduction of
RFOs. The kinematic viscosity is one of the
important characteristics that RFOs are
classified on [1-4]. Transportation and
quality promotion of heavy fuel oils have
become a major technical operation. The
obstruction often occurs in pipelines by high
viscous fluids that require high quality and
economical methods to transfer these fluids
[5]. Corrosion, equipment failures and
downtime of process units are operational
problems of RFOs [6]. Many methods have
been applied to viscosity reduction and
treatment of RFOs which are usually
dangerous and costly. These methods are
divided into some categories such as Thermal
cracking  [7-9], Chemical [3,10,11],
Electromagnetic heating [4], Acoustical
method [12,13] and so on.

Among the above methods, for easy
transportation and promotion of quality of
RFO, Ultrasonic waves have been introduced
as a novel method. Recently, it has been
found that the effects of ultrasonic waves in

decreasing viscosity are significant. The
cavitation bubbles generated by ultrasonic
waves play an important role in treatment of
RFOs.  Ultrasonic  irradiation  causes
temperature and pressure variation which
gives birth to microscopic bubbles. The
bubbles expand considerably, creating
millions of shock waves. The temperature
and pressure increase are due to bubble
collapse. Cavitation phenomenon enhances
the heat and mass transfer and is effective on
flow rheology [14-18]. Ultrasonic wave
technique was applied for treatment of
asphaltene deposition by Shedid [19]. The
author  studied effects of ultrasonic
irradiation, solvent and temperature on
asphaltene behavior in the United Arab
Emirates (UAE) crude oil. Their results
showed that ultrasonic irradiation decreases
the size of asphaltene clusters of UAE crude
oil. Some authors investigated the influences
of ultrasonic waves on oil processes [20-25].

On the other hand, other researches were
also undertaken to wuse modeling and
optimization of processes in oil industries
[26,27]. Junior et al. [28] used factorial
design methodology for optimization of
diesel fuel fraction from waste high density
polyethylene and heavy gas oil pyrolysis.
Optimization studies was carried out on coal-
oil agglomeration using Taguchi (L16)
experimental design by Kumar et al. [29]
Process parameters were analyzed by means
of Analysis of Mean (ANOM) and Analysis
of Variance (ANOVA) statistical approach.
In this research, organic matter recovery
(OMR) of 91.38% was found at optimum
conditions. Bendebane et al. [30] optimized
extraction of naphthalene in an industrial

4 Iranian Journal of Chemical Engineering, Vol. 13, No. 1



Mohammadi Doust, Rahimi, Feyzi

rejected fuel oil. They used the mixture of
methanol-phenol as extractant. Response
surface methodology (RSM) and Box-
Behnken design (BBD) were employed to
investigate and optimize the extraction yield.

The aim of this work is to optimize the
combination of ultrasonic waves with solvent
which was studied in our previous work [31]
to find an appropriate kinematic viscosity in
the optimum conditions. It is applied for easy
transportation and quality enhancement by
aid of response surface methodology (RSM).
The effects of ultrasonic irradiation,
temperature and acetonitrile concentration on
fuel oil viscosity have been reported. The
important point in an oil process is modeling
and optimization to improve a system and
increase the efficiency of the process without
increasing experiments, cost and time.
Furthermore,  optimal  conditions  for
producing the maximum viscosity reduction
and introduction of a powerful quadratic
model were determined using response
surface methodology (RSM) based on central
composite design (CCD).

Cooling Water

2. Experimental

2-1. Experimental setup

Fig.1. depicts experimental setup [31]. In this
research, a sample from high kinematic
viscosity RFO of Kermanshah Oil Refinery,
Iran was provided. The cylindrical beaker
with a volume of 300 mL, which contains
100 mL of RFO was used as a container. The
top of the beaker was closed and cooling
water as a cold bath surrounded it at 16 +
1°C.

In experiments [31], an ultrasonic
apparatus (UP400s, Hielscher Co., Germany)
with constant frequency of 24 kHz with
power varied in the range of 0-400 W was
used. In addition, cycle and amplitude was
set and a probe with a diameter of 20 mm
and a height of 30 cm was employed in
experiments. Based on laboratory results
and optimization method, a power of 280
W, cycle of 0.5 and amplitude of 70 percent,
were selected. Finally, in order to improve
the RFO viscosity reduction, various
concentrations of solvent were injected into
beaker.

—— Titanium Hom

— Q Wateroutput

Fuel od sutpue

Figure 1. Schematic view of experimental setup [31].
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2-2. Materials preparation
The characteristics of RFO sample are shown
in Table 1. Acetonitrile (ACT-N) as an

appropriate solvent was used in all
experiments. The solvent was supplied from
Merck Inc. with a high purity of 99%.

Table 1

The characteristics of RFO sample.
Test Results ASTM Ref.
Kinematic viscosity at 50°C (cSt) 494 D 445 [32]
d?°C (g/lcm?) 1.03 D 1298 [33]
Pour point (°C) 0 D 97 [34]
Ash 9%0.03 D 482 [35]
Flash point (°C) 140 D 92 [36]

2-3. Procedures

In the first step, in order to study the effects
of ultrasonic irradiation and solvent on FRO
viscosity reduction, 100 ml of RFO
according to Table 1 was placed in a 300 mL
beaker and heated. The kinematic viscosity
without ultrasonic irradiation and solvent was
measured at temperatures of 30, 40 and 50°C,
respectively. In the second part, a new
sample of RFO was radiated with ultrasonic
waves without solvent for different times of 5
and 10 min. Once more, the kinematic
viscosities of samples were measured at
temperatures of 30, 40 and 50°C,
respectively. In order to investigate the effect
of solvent, three different acetonitrile
concentrations of 1, 3 and 5 (VW%
acetonitrile/RFO) were prepared using the
same RFO. Solutions were heated and their
kinematic viscosities were measured without
ultrasonic irradiation at different
temperatures. Consequently, other solutions
with  the same concentrations were
ultrasonically irradiated for different times.
Finally, the kinematic viscosities of samples
with solvent and ultrasonic irradiation were
measured at different temperatures. The

Cannon-Fenske Routine viscometer (Cole-
Parmer Co., US) in a glycerin bath fixed at
specified temperature £ 1°C was used. The
kinematic viscosity variation of RFO samples
was measured by this viscometer according
to ASTM D445 [32] test method. All
analyses were employed after one day
(Relaxation time=24 h).

2-4. Response surface methodology (RSM)
The mechanism of heavy fuel oils treatment
is very difficult. This is due to the existence
of many hydrocarbons with complex
characteristics. In addition, the interaction
and non-linear behavior of variables play
important  roles in  these  processes.
Determination of optimum experimental
conditions is quite significant and valuable in
attaining maximum efficiency. In the
conventional ~ method, one  variable
optimization method IS neither
comprehensive nor complete. Moreover, it
does not reveal the complete effects and
interactions among physicochemical
variables. This method also led to high error
in prediction of results. To solve this
problem, some statistical methods have been
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recommended. Recently, response surface
methodology (RSM) as a combination of
mathematical and statistical methods is
appropriate for analyzing the effects of
independent variables. The RSM is a basic
branch of experimental design. It evaluates
the relationship between the response(s) and
the independent variables, determines the
effect of the independent variables, alone or
in combination, in the processes [37]. This
technique has many advantages such as: cost
and time reduction, decreasing the number of
tests, studying interaction among variables
on response, forecasting of the response(s),
determining significance level [37,38].

Central composite design (CCD) and
Box-Behnken design (BBD) are important
approaches in the RSM which have been
reported in literature for many processes
[39-51].

In summary, the RSM includes three steps,
design of experiment, response surface

modeling and optimization [37]. In the present
study, the central composite design (CCD)
was employed to determine the effect of each
variable and their interactions on the viscosity
reduction of RFO. In addition, using this
method, an attempt was made to find optimum
conditions and the maximum viscosity
reduction. The selected variables for this
optimization were temperature, solvent
concentration and ultrasonic irradiation time.
The highest selected temperature for
determining kinematic viscosity of RFO is
based on ASTM D445. In this standard test
method, test should be carried out at 50°C. In
addition, temperature of 30°C was selected as
the lowest temperature due to high kinematic
viscosity at this temperature. Finally, the
Kinematic viscosity was analyzed at three
levels, low (30°C), Medium (40°C) and high
(50°C) level. Their range and levels are
reported in Table 2.

Table 2
Independent variables, their range and levels.
. Level
Variable Symbol Coded factor
0 +1
Temperature (°C) T X1 30 40 50
Solvent concentration (vol%) ACT-N X 1 3 5
Ultrasonic irradiation time (min) UST X3 0 5 10
Analysis of variance (ANOVA) is a > > 2
. . Y= (0 0] + Z aiXi + Z OtiiXiz + Z Z ainin + ¢ (1)
credible technique to analyze and L L =i

determine the degree of importance of
variables [37]. The response variable
(kinematic viscosity) was modeled with a
full quadratic model in order to relate the
kinematic viscosity to these variables. The
form of the mathematical model is as
follows [52,53]:

Where Y is the predicted response
(predicted kinematic viscosity), X; and X; are
the independent variables in coded levels,q;,

a;i and ay; are the coefficient for linear,
quadratic and interaction effects,
respectively. a, is the model coefficient or
offset term and € is model error.
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2-5. Performance index

Performance of the developed models in all
of the cases was measured statistically by the
absolute average deviation (AAD), the
average relative deviation (ARD) and
coefficient ~ of  correlation  (R-square)
according to the following equations:

N 2
AAD = l z <Yexpl Ymodell> (2)
N i=1 YexpL
N
ARD = lz <|yexpl ymodell|> (3)
N =1 yexpL
R — square

2 2
?]—1(yexp,i - ymodel,mean) - Ziv 1(yexp,i - ymodel,i)

_ L = @

Ziv=1(ym0del,mean - yexp,i)z

The best results are as follows:

AAD -0 (5)
ARD -0 6)

R-square —* 1 (7
Table 3

Experimental design and results, CCD base.

3. Results and discussion

3-1. Design of experiments (DOE)

In this research, the most important variables;
temperature, acetonitrile concentration and
ultrasonic irradiation time were selected that
could reduce viscosity of RFO. Kinematic
viscosity of RFO was chosen as response of
experiments. These independent variables
were classified into three levels (Table 2).
Experimental  design was  conducted
according to CCD method. The coded levels
of variables (low, medium and high),
experimental design and results are presented
in Table 3. All of the experiments were done
in triplicate and their averages were
considered as a final measurement. Based on
Table 3, central composite design (CCD)
determined total experimental runs of 18 and
number of center points of 3.

Level of code

Kinematic viscosity

Run X1 X Xa v (cSt)
1 0 0 0 304
2 +1 +1 0 133
3 +1 +1 +1 190
4 0 0 -1 389
5 -1 +1 -1 640
6 -1 -1 -1 1045
7 +1 +1 -1 171
8 +1 0 0 193
9 0 0 +1 418
10 0 -1 0 494
11 0 +1 0 209
12 -1 -1 +1 1063
13 +1 -1 -1 361
14 +1 -1 +1 380
15 -1 +1 +1 513
16 0 0 0 301
17 0 0 0 303
18 -1 0 0 551
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3-1-1. Polynomial regression model and
analysis of variance (ANOVA)

The experimental results based on CCD model,
were developed by polynomial regression
model. Eg. (8) shows relation between
kinematic viscosity (v) and independent
variables  (temperature  (X4), solvent
concentration (X2), ultrasonic irradiation time
(X3)). A full quadratic equation was
determined as the best model as follows:

v = +299.05 — 249.35 X, — 159.65 X, — 4.2 X,
+ 7482 X,X, + 18.38 X, X,
— 18.13 X,X; + 82.54 X2
+ 62.04 X2

+102.28 X2 (8)

It covers the important items of interactions
between variables which play significant roles
in decreasing of error. Based on statistical
analysis, the determination coefficient (R?),
0.9886, the adjusted coefficient (R? adj.),
0.9743, the absolute average deviation
(AAD), 0.01398, and the average relative
deviation (ARD), 0.08065, were attained. The

Rahimi, Feyzi

target and output data are compared in Fig. 2.
A good agreement can be seen between actual
and predicted values. In addition, it will be
credible for prediction of kinematic viscosity
of RFO in different conditions and values as a
general model. As shown in Fig. 3, central,
axial and factorial points of the model are
depicted in cubic dimension. These points
were estimated by the model at three levels.
To examine the model, analysis of variance
was employed. Degree of importance for
main, interaction and quadratic effects of
variables was found based on P-value. Each
variable with the P-value less than 0.01 is
considered as highly significant and between
0.01 and 0.05 is significant. Moreover,
variable with P-value more than 0.05 is
usually introduced as non-significant in
statistical analyses. In this methodology, as
revealed in Table 4, the very low probability
(P-value < 0.0001) with F-value (56.77)
indicates that the model is high significant and
reliable at 95% confidence level.

1200 —

7
1000 —] /"
/'-///
B00 —|
e 3
B F
2 — 3/5
=
o o=
o
00 —] ,;U
200 —) ‘/m
if-
o /
T T T T T T T
] 200 400 000 800 1000 1200
Actual

Figure 2. Comparison between actual and predicted kinematic viscosity of RFO.
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Figure 3. Architecture of model outputs in three-dimensional space.

The linear, interaction and quadratic
variables (coded), their coefficients and

Table 4

statistical parameters are shown in Table
5.

Analysis of variance (ANOVA\) for response surface quadratic model.

Source SS DF MS F P
Model 1.204E+006 9 1.338E+005 56.77 < 0.0001
Residue 18853.72 8 2356.72

Total 1.223E+006 17 71941.176

As mentioned above, it can be
recognized that linear effects of Xy and X>
are high significant degree and Xz effect is
not  significant.  Furthermore,  the
interaction effect between temperature and
solvent concentration (X1Xz) reveals a
high significant degree on viscosity
reduction of RFO and other interactions do

not have significant effect. The second-
order variable of UST (X3?) has the most
importance among the other second-order
effects, while X1? and X»? were found as
significant and non-significant effects on
viscosity reduction of RFO, respectively.
Although linear effect of ultrasonic waves
shows non-significant effect based on
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CCD method, it attained a quadratic effect
as listed in the last row of Table 5. This

illustrates the importance of employing
ultrasound wave for this process.

Table 5
Quadratic regression and importance of variables.
Coded factor Coefficient SS (= MS, DF=1) F P Degree of importance
X1 -249.35 6.601E+005 280.11 < 0.0001 High significant
X2 -159.65 2.706E+005 114.82 <0.0001 High significant
X3 -4.2 176.4 0.075 0.7913 Non-significant
X1 X2 +74.82 48291.41 20.49 0.0019 High significant
X1 X3 +18.38 2701.13 1.15 0.3156 Non-significant
X2 X3 -18.13 2628.13 1.12 0.3218 Non-significant
Xi? +82.54 19181.98 8.14 0.0214 Significant
X2 +62.04 10837.41 4.6 0.0643 Non-significant
Xa? +102.28 33505.62 14.22 0.0055 High significant

Finally, as discussed above significant
effects were determined based on P-value,
four terms can be removed and the model
was summarized as the equation below with
a low error:

v = 4299.05 — 249.35 X, — 159.65 X, + 74.82 X;X,
+ 82.54 X% + 102.28 X2 9

1200

1000

800 —

600

400

v (cSt)

200

3-1-2. The optimization of kinematic
viscosity reduction of RFO

The three dimensional response surface plots
were depicted for better understanding of
kinematic viscosity reduction of RFO. Three
plots were analyzed. Each plot investigates the
effect of two variables on viscosity reduction of
RFO at medium value of another variable. Fig.
4 shows the simultaneous effect of temperature
and solvent concentration on the kinematic
viscosity of RFO.

05
AT (C)

Figure 4. The effect of temperature and acetonitrile concentration on the kinematic viscosity of RFO

(UST=5 min (medium)).
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This figure reveals that with increases of
temperature and acetonitrile concentration at
three levels, kinematic viscosity decreases.
The maximum reduction occurs at high level
of temperature and solvent concentration.
Generally, this figure demonstrates that with
increase in solvent concentration the fuel oil
viscosity decreases. This could be because of
increase in solubility of some hydrocarbons
(saturates, asphaltenes, resins, aromatics) by
increasing solvent concentrations [19].

1200

Therefore, the influences of temperature and
solvent can be significant on viscosity
reduction of RFO. Moreover, in this section,
temperature of 50°C and solvent volumetric
concentration of 5% are determined as
optimum values. As shown in Fig. 5, it is
clear that with increasing temperature,
Kinematic  viscosity  decreases,  while
ultrasonic irradiation time has a minimum
point at medium level.

1000

800

600

400

v (cSt)

200

-0.5 ;
C: UST (min)

11

- -0.5
05 A T(C)

Figure 5. The effect of temperature and ultrasonic irradiation time on the kinematic viscosity of RFO

(ACT-N%=3 (medium)).

In the constant concentration, the
increase of ultrasonic irradiation time leads
to the increment of viscosity reduction to 5
min and then value gradually increases.
Boiling effect may be one reason due to
cavitation phenomenon and generated heat,
which aid the -evaporation of light
components [4,19]. The boiling effect was
started after 5 min and clearly seen at 10
min. Hence, this leads to the result that
ultrasonic irradiation time of 5 min was
attained in experimental conditions as an
optimum time in viscosity reduction of

RFO. The reduction of fuel oil viscosity
before 5 min may be explained by
generation of ultrasonic energy, which may
cause  degradation of  hydrocarbons
intermolecular bonds and their separation
from other particles. On the other hand,
growth of RFO viscosity after 5 min can
lead to a breakdown of large molecular
hydrocarbons such as asphaltene and resin
to more tiny cracked particles in the RFO
samples [4,19,54,55].

Moreover, Fig. 6 illustrates the effects of
ultrasonic irradiation time and acetonitrile
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concentration. The fuel oil samples were
radiated by ultrasonic irradiation for 0, 5
and 10 min at constant frequency of 24 kHz
and power of 280 W. As shown in this
figure, increase of solvent concentration
reduces the RFO viscosity without
ultrasonic irradiation. In addition, decreased
viscosity is considerable at UST=5 min than
nonirrradiated one. The results reveal that
viscosity of fuel oil increased with increase
in ultrasonic time by 5 min. Generally, the

1200
1000
200
600

400

v (cSh)

200

0
C: UST (min)

figure demonstrates that with increase in
solvent concentration, the fuel oil viscosity
decreases for all ultrasonic irradiation times
based on the above mentioned reasons. As a
result, increase in temperature and solvent
concentration lead to fuel oil viscosity
reduction. However, the ultrasonic waves
have positive effect on kinematic viscosity
reduction up to 5 min and after that, they
have undesirable effect on RFO kinematic
VISCosity.

B: ACT-N

Figure 6. The effect of acetonitrile concentration and ultrasonic irradiation time on the kinematic

viscosity of RFO (T=40°C (medium)).

The optimum viscosity of RFO (133 cSt)
was found at temperature of 50°C,
acetonitrile  concentration of 5% and
ultrasonic irradiation time of 5 min by using
the response surface methodology (RSM)
and optimization.

3-2. Comparison of RSM with ANN
methodology

The performance of the proposed artificial
neural network (ANN) for Kkinematic
viscosity prediction of FRO were statistically
measured by the absolute average deviation

(AAD), the average relative deviation (ARD)
and coefficient of correlation (R?) in our
previous work [31]. In this research, the
experimental design and optimization of the
viscosity reduction process of FRO was
investigated by RSM based on CCD method.
The performance of the RSM and ANN
approaches are shown in Table 6. Generally,
both developed models indicate the good
performance in forecasting the kinematic
viscosity of RFO. Therefore, the models can
be appropriate with the lowest error. The
results show small variations among the
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models. The ANN model has the best
performance compared with the RSM.
However, although the ANN model reveals
more precision the RSM training duration is
very transient. In addition, there is no
vagueness in the RSM model compared with
the ANN approach, because the RSM model
presents all of the relationships between
linear, interaction and quadratic effects.

Table 6
The performance of RSM and ANN models.
Performance indicator

The results demonstrated that the RSM
model has a higher error than the ANN.
Furthermore, the RSM plays an important
role in decreasing experiments, cost and
time. It optimized conditions and developed a
full quadratic model at optimum conditions.
Experimental design of process and
determination of important degree of linear,
quadratic and interaction effects are also
valuable in viscosity reduction of RFO and
same processes. Fig. 7 depicts above
mentioned fact. This figure illustrates that the
models are able to model of measured data.

Model
AAD ARD R?
RSM 0.01398  0.08065 0.99
ANN [31] 0.01070 0.0516 0.99
1200
O ANN

[EEN
(=]
o
o

800 -

600

400 -

200 H

Predicted kinematic viscosity (cSt)

0 200 400

600 800 1000 1200

Experimental kinematic viscosity (cSt)

Figure 7. The RSM and ANN models versus experimental kinematic viscosity of RFO.

4. Conclusions

In this research, influence of ultrasonic
irradiation is investigated on RFO kinematic
viscosity reduction considering the solvent
concentration and temperature by RSM. The
results demonstrated that with increasing

temperature and solvent concentration, the
kinematic viscosity reduced. In addition, in
the range employed optional condition, the
optimum ultrasonic irradiation time of 5 min
was attained. The results showed that from
zero to 5 min ultrasonic irradiation,
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kinematic viscosity decreased, while it
enhanced after this time. The optimum
conditions were determined with the aid of
the RSM based on central composite design
(CCD). The FRO with the best kinematic
viscosity, 133 c¢St, was found at 50°C,
solvent volumetric concentration 5%, and
the ultrasonic irradiation time of 5 min
which was confirmed by three dimensional
response surface plots. Hence, an optimum
model of RSM was developed for prediction
of kinematic viscosity. In this model, four

terms have been removed because of non-
significant effects on viscosity reduction of
RFO. The results revealed precision and
accuracy of predicted outputs of the RSM
(R?=0.99331) and ANN (R?=0.99384)
models. As a result, combining ultrasonic
waves and solvent in addition to employing
the RSM can be useful in decreasing
kinematic viscosity and finding optimum
parameters to reach goals with respect to
cost, energy, time and safety in oil
industries.

Nomenclature

ACT-N Acetonitrile volumetric concentration (vol%)
ASTM American Society for Testing Materials
d® density at 20°C (g/cmd)
DF Degree of freedom
F F- value
MS Mean of square
P P- value, probability
RFO residue fuel oil
SS Sum of square
T temperature (°C)
UAE United Arab Emirates
USsT ultrasonic irradiation time (min)

Greek letter

v kinematic viscosity (cSt or mm?/s)
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