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Abstract

Vegetable oil and its derivatives as an alternative diesel fuel have become more attractive recently because of its envi-
ronmental benefits and the fact that they are made from renewable resources. Viscosity is the most significant property
to affect the utilization of vegetable oil and its derivatives in the compression ignition engines. This paper presents the
existing correlations for predicting the viscosity of vegetable oil and its derivatives for compression ignition engines.
According to the parameter considered in the correlations, the empirical correlations can be divided into six groups: cor-
relations as a function of temperature, of proportion, of composition, of temperature and composition, of temperature and
proportion, and of fuel properties. Out of physical properties of fuel, there exist in the literature several parameters for
giving the influence on kinematic viscosity such as density, specific gravity, the ratio of iodine value over the saponifi-
cation value, higher heating value, flash point and pressure. The study for the verification of applicability of existing cor-

relations to non-edible vegetable oil and its derivatives is required.

1. Introduction

Due to the shortage of petroleum diesel fuel and its
increasing cost, an alternative source of fuel for die-
sel is very much required. Several vegetable oils and
its derivatives are known to have the potential for use
as the alternative diesel fuel. Vegetable oils and its
derivatives in this study mean four different kinds of
fuel such as neat vegetable oil, vegetable oil and die-
sel blends, neat biodiesel, and biodiesel and diesel
blends.

Biodiesel is an alternative diesel fuel derived from
vegetable oils or animal fats. The transesterification
of a vegetable oil or animal fat with a monohydric
alcohol, in most cases methanol, yields the corre-
sponding mono-alkyl esters, which are defined as
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biodiesel®.

Vegetable oils can be grouped as edible and non-
edible oils. The use of edible vegetable oils or
biodiesels from them as a substitute for diesel fuel
may lead to a problem of self-sufficiency in vegeta-
ble production. Therefore, non-edible oils instead of
edible vegetable oils as a substitute for diesel fuel are
getting a renewed attention because of global reduc-
tion of green house gases and concerns for long-term
food and energy security®.

In addition, the European Union has issued Direc-
tive 2003/30EC, which mandates the use of biofuels
in a percentage ranging from 2% in 2005 to 5.75% in
2010, and 20% in 2020 for all transportation fuels
marketed within the member country, and it is
expected that a significant portion of this amount will
be biodiesel®®. The cost of producing biodiesel is,
however, greater than that of normal diesel fuel and
biodiesel is often only competitive because it is tax-
favoured.

One of the main concerns in direct injection com-



pression ignition engine research is the fuel-air mix-
ture process which is strongly influenced by the
spray characteristics of fuel. It is well known that
viscosity, density and surface tension are the main
physical properties of a liquid fuel that affect its
atomization in a compression ignition engines. Out
of three physical properties of vegetable oils and its
derivatives, viscosity is one of the most important
properties to affect the spray characteristics.

Because of relatively low cetane number and high
viscosity of the vegetable oil, particularly non-edible
vegetable oil compared to diesel, several difficulties
in diesel engines such as engine chocking, cease of
fuel injector, gum formation and piston sticking
under long term use are noted®.

The most widely known and accepted models for
viscosity prediction of hydrocarbon and their mix-
tures were reviewed by Mehrotra et al.®. They found
that there is no widely accepted simple theoretical
method for liquid viscosity so that the methods were
categorized as semi-theoretical or empirical one.
Allen et al.” introduced the several models for pre-
dicting the viscosity of fatty acids. They pointed out
that those methods were applicable to individual fatty
acid components but not to acyl esters or mixtures.
Krisnangkura et al.®) explained the various methods
for estimation of viscosity of liquid. However, they
discussed the methods applicable for fatty acids and
for fatty acyl esters as well as the methods for pure
hydrocarbon systems. Recently, Ejim et al.” intro-
duced the prediction methods of viscosity in per-
forming an analytical comparison of atomization
characteristics of 7 biodiesels and 17 binary and ter-
nary blends with diesel fuel. However, they tested the
limited number of methods to evaluate the viscosity
of mixtures.

If the temperature which the viscosity of vegetable
oil or vegetable oil and diesel blends becomes close
to the viscosity of diesel fuel can be predicted, the
preheating temperature of vegetable oil before inject-
ing it into the engine can be selected in advance. In
addition, when the blended fuel are applied to the
diesel engine, blending ratio based on the prediction
of viscosity can be selected
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The purpose of this work is to classify the existing
empirical correlations for the prediction of viscosity
for vegetable oils and its derivatives and to suggest
the future studies on the prediction of viscosities of
non-edible vegetable oils and its derivatives.

2. Correlations for viscosity prediction

There exist in the literature several empirical corre-
lations for predicting the viscosity of vegetable oil
and its derivatives. Based on the parameters consid-
ered in the correlations, the existing correlations can
be classified into six groups as a function: of temper-
ature, of proportion, of composition, of temperature
and composition, of temperature and proportion, and
of fuel properties.

2.1 Correlations with temperature

The simplest empirical correlation for the variation
of liquid dynamic viscosity with temperature is the
following correlation known as the Andrade equa-
tion.

Inp=A+B/T (1)

where A and B are constants, p is the dynamic vis-
cosity in mPa s, T is absolute temperature in K. This
correlation was developed for pure hydrocarbons and
further utilized for their mixtures.

Recently, the application of empirical cotrelation
Eq. (1) for the prediction of temperature dependent
viscosities of biodiesel in the range of 258-303 K
was reported by Kerschbaum and Rinke!'”. For four
different biodiesels selected in their study, A= -6.1
and B=2359 were obtained. Initially, exponential
equations for the dynamic viscosity derived from
experiment were derived for four biodiesel fuels sep-
arately. They obtained the exponential equation by
computing the mean values for slope and offset of
the exponents. It should be pointed out that this cor-
relation describes as a first approximation the
dynamic viscosities of the four different biodiesel
fuels for temperatures above 273 K. Even though
they also suggest the dynamic viscosities of biodiesel



124 /JOURNAL OF ILASS-KOREA VOL. 14 NO. 3 (2009)

fuels for temperature below 273 K, they failed to
generate an empirical correlation like the above one
valid for all four biodiesel fuels.

Even though Eq. (1) has been successful from the
freezing to boiling points for many liquids, it does
not, however, include the effect of pressure, which
has resulted in several modifications, mostly in the
form of density dependence. A third parameter C
was, therefore added to Eq. (1) so that the following
correlation known as the Vogel equation was
obtained.

Inp=A+B/(T+C) )

Values of constants A,B and C in Eq. (2) have
published for seven vegetable oils and eight fatty
acids by Noureddini et al.’", for four biodiesel fuels
and twelve its blends with diesel fuel by Yuan et
al."?, and four triglycerides by Goodrum and Eite-
man" selected in their study, respectively. It should
be noted that in Eq. (2), Yuan et al."® had used the
kinematic viscosity in mm?/s instead of dynamic vis-
cosity.

Based on Eq. (2), Dutt and Prasad"® suggested the
generalized correlation for the prediction of dynamic
viscosity of fatty oil with the variation of tempera-
ture. The generalized values of A, B and C were
-0.6298, 273.66 and 88.81, respectively. In Eq. (2), u
was the dynamic viscosity in centipoises and T was
the temperature in °C. They state that the result of the
above correlation predict viscosity of vegetable oils
with an average absolute deviation of 14.5%.

The correlation for the predicting the viscosities of
both soybean oil biodiesel and diesel fuel, and for
their blends were proposed by Tat and Van Gerpen®
as follows.

Inv=A+B/T+CT 3)

where A, B and C are constants for the fluid, T is the
temperature in K, and v is the kinematic viscosity in
¢St (mm?/s). The coefficients for neat soybean oil
biodiesel, 75, 50 and 20% biodiesels with No. 2 die-
sel fuel, and 75, 50 and 20% biodiesel with No. 1
diesel fuel were given as well as standard deviation.
It is noted that coefficient table includes the lowest

temperature at which repeatable viscosity data could
be collected before the onset of crystallization. The
correlations are valid from this temperature to 100°C.

Tate et al."® verified the prediction models pro-
posed by Tat and Van Gerpen'?, Eq. (3) and Yuan et
al.’™® Eq. (2) over the temperature range of 20 to
300°C for three biodiesels selected in their study
which is a temperature just below the boiling point of
the lightest oil fraction. They found that the predicted
results by Eq. (3) show good agreement with the
experimental results. However, Eq. (2) overestimated
the kinematic viscosity when T< 80°C and underesti-
mated it when T > 80°C.

2.2 Correlations with proportion

The empirical correlation for the prediction of
kinematic viscosities of vegetable oil-diesel blends,
i.e. five soybean oil-diesel blends, five sunflower oil-
diesel blends and neat No. 2 diesel fuel based on the
data measured at 85°C, the typical temperature of
fuel in a diesel injection nozzle, was suggested by
Msipa et al.0”

In v=0.2488+0.019477y @)

where y is percentage of vegetable oil and v is the
kinematic viscosity in mm?s.

They found that the viscosities for the sunflower
oil/diesel blends were almost identical to those for
soybean oil/diese] blends. In addition, the neat vege-
table oils were nearly 900% more viscous that the
diesel fuel at 85°C.

In addition, Tat and Van Gerpen® applied the
mixing equation similar in form to one originally
proposed by Arrhenius and described by Grunberg
and Nissan® to the measured biodiesel and the No.
2 and No. 1 diesel fuel data to correlate the kinematic
viscosities of the 75, 50, and 20% biodiesel blends
with No. 2 and No.l diesel fuels. As a result, a
blending equation that allows the kinematic viscosity
to be calculated as a function of the biodiesel fraction
was suggested as

log vy =m, log v, + m,log v, &)

where vy is the kinematic viscosity of the blend, m,



and v, are the mass fraction and the viscosity of
component 1, and m, and v, are the mass fraction
and viscosity of component 2. Mass fraction instead
of mole fraction in the original Arrhenius equation
was used here because there are usually more readily
available. Allen et al.” and Allen and Watts'? intro-
duced the mass fraction for the comparative analysis
of the atomization characteristics of fifteen biodiesel
fuel types selected in their study and for the predic-
tion of viscosity of biodiesel fuels from their fatty
acid ester composition. Recently, even though the
kinematic viscosities predicted from Eq. (5) using the
mass fraction were always underpredicted, Yuan et
al."? also used the mass fraction to calculate the
biodiesel mixture viscosity.

Recently, the empirical correlation as a function of
biodiesel fraction was suggested by Alptekin and
Canakci® as follows.

v=Ay¥+By+C (6)

where v is the kinematic viscosity in mm%s, A, B
and C are coefficients and y is biodiesel fraction. The
calculated viscosity values from Eq. (6) was vali-
dated by using the measured viscosity values for all
the blends. The maximum absolute error between the
measured and calculated values comes from Eq. (6)
for biodiesel-diesel fuel blends was 1.58%.

In addition, they suggested the general form of the
equation as a function of biodiesel and diesel fuel
concentration as follows.

log vy = v, log v, + v, log v, 7

where v, is the kinematic viscosity of the blend in
mm?/s, v, and v, are the kinematic viscosity of com-
ponent 1 and its volume fraction, and v, and v, are
the kinematic viscosity of component 2 and its vol-
ume fraction. It should be noted that volume fraction
instead of mass fraction used by Allen et al.”’ and
Tat and Van Gerpen”® was used because the esti-
mated values were closer to the measured values by
using volume fraction than using the mass fraction.
This is related to the mole fraction used in the origi-
nal equation.

However, Yuan et al."® had compared the pre-
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dicted kinematic viscosities from Eq. (5) and Eq. (7)
for the calculation of biodiesel mixture viscosity.
They found that the kinematic viscosities predicted
from Eq. (5) using the mass fraction were always
underpredicted. If the volume fraction or mole frac-
tion is used, the viscosities is even more underpre-
dicted since pure biodiesel fuels have higher viscosities
with higher densities and larger molecular weight.
Therefore, they also used the mass fraction to calcu-
late the kinematic viscosity of biodiesel mixture.

2.3 Correlations with composition

Various studies have shown that the viscosity of
vegetable oils or biodiesels depends on the fatty acid
composition“. The kinematic viscosity of biodiesel
is intrinsically related to its ester content®. Since the
transesterification reaction of an oil or fat leads to a
biodiesel fuel corresponding in its fatty acid profiles
with that of the parent oil or fat, biodiesel is a mix-
ture of fatty esters with each ester component con-
tributing to the properties of the fuel®.

The empirical correlation for predicting the
dynamic viscosities of biodiesel fuels from the
knowledge of their fatty acid composition was devel-
oped by Allen et al.”

For methyl ester

o, = 105 x 107*M? — 0.0242M + 2.15  (8)
For ethyl ester

= 1.16 x 10* M* — 0.0264 M + 2.15 (9)

A logarithmic mixture equation is

Inp,=>ylny (10)
i=1

where i, and p,, are the dynamic viscosities for
methyl ester and ethyl ester, respectively (mPas), M
the molecular weight (g/mol), m viscosity of pure ith
component (mPa - s), y, mass fraction of the ith
component and p_. mean viscosity of mixture(mPa
s). The viscosity of individual ester components can
be calculated by Egs. (8) and (9) and then viscosity
of biodiesel and its blends can be obtained from Eq.
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(10) by introducing the results from Egs. (8) and (9).

This mixture equation was based on the Grunberg-
Nissan method, one method among three methods
presented by Poling et al.’® They introduced two
assumptions that the interaction parameter can be
neglected and the mass fraction was used instead of
mol fraction.

Vegetable oils have a different chemical structure
and the fatty acids commonly found in vegetable oils
vary in their carbon chain length and in number of
double bonds. Based on this background, Goering et
al.*? proposed the correlation with two independent
variables able to account for most of the differences
in viscosity among the eleven vegetable oils selected
in their study.

v = ~73.14 + 6.409 WACL~3.028WADB?(11)

where v is the kinematic viscosity in mm?%s at 38°C,
WACL the weighted average number of carbon atoms
in the fatty acid chains, WADB? the square of the
weighted average number of double bonds in the fatty
acid.

2.4 Correlations with temperature and com-
position

A thermodynamic parameter model is proposed by
Krisnangkura et al® for the determination of kine-
matic viscosities of saturated fatty acid methyl esters
(FAMEs) of various chain lengths at different tem-
peratures.

For short chain FAME,
In v=—0.158 Z+(492.12/T) + (108.35Z/T) - 2.915
(12)
For long chain FAME,
In v=-0.202 Z+(403.66/T) + {109.772/T) — 2.177
(13)
For free fatty acid
Inv=-0.326 Z+(657.12/T) + {173.31Z/T) — 2.496
(14)
Inv,= Yy lny (15)

i=1

where Z is the number of carbon atom of the homol-
ogous series, T the absolute temperature in K, v the
kinematic viscosity of each component in cSt, v, the
mean kinematic viscosity of biodiesel in ¢St.

In the study on the mixture properties of low molec-
ular weight triglycerides, Goodrum and Eiteman™
introduced the following empirical model for the pre-
diction of dynamic viscosities of triglyceride mixture.

n
b= X% gy (16)

=1
where p is the dynamic viscosity in cP, T is the
temperature in °C, A, B and C are fitted parameters,
I, 1s the dynamic viscosity of mixture in cP, x is the
mole fraction of ith component. In this study, viscos-
ity of individual triglycerides was calculated by Eq.
(2) in the above section. It should be pointed out that
the powers of dynamic viscosities for pure triglycer-

ide and its mixture are different with Eq. {10).

2.5 Correlations with temperature and pro-
portion

Recently, an empirical correlation was proposed in
order to interpolate viscosity to any kind of diesel oil/
neat vegetable oil blend by Abolle et al®® The
dependence of kinematic viscosity on composition of
neat vegetable oil/ diesel fuel blend at each tempera-
ture can be expressed as

Inv=aPVO+Iny, amn

where v is the kinematic viscosity of vegetable oil
and diesel mixtures in m%s, v, the kinematic viscos-
ity of the petroleum diesel fuel at temperature T in K,
PVO the percentage of vegetable oil in the mixtures
in %, o depends on temperature and the nature of the
oil to be involved in the fuel.

Parameter o can be modeled as
Ty =al +« (18)

where the mean value of a = (-1.18+0.07)x10* (K™),
T the absolute temperature in K. The mean value of
o can be obtained from

K(S) = 1.78x1074S + 2.53x102  (19)



where S is the saturates sum: palmitic + stearic +
arachidic + behenic.

The viscosity of petroleum diesel fuel v, (107 m%s )
in Eq. (17) was modeled versus temperature from

Inv,=-1.84 x 102 T + 6.764 (20)

They predicted the kinematic viscosity for the six
vegetable oils-diesel fuel blend by Egs. (17)-(20) and
compared with the experimental results. It should be
noted that this predictive method is valid for any neat
vegetable oil-diesel fuel blend for temperatures
above the cloud point.

2.6 Correlations with fuel properties

Fuel properties for the spray and combustion anal-
ysis of vegetable oils and biodiesels can be grouped
conveniently into physical, chemical and thermal
properties. Physical properties include viscosity, den-
sity, specific gravity, cloud point, pour point, flash
point, boiling point, freezing point and refractive
index etc. It is known that there are the strong rela-
tionships between physical properties of fuel.

There exist in the literature several parameters for
giving the influence on kinematic viscosity such as
density, specific gravity, the ratio of iodine value
over the saponification value, higher heating value,
flash point and pressure.

Rodenbush et al.* developed the correlation related
viscosity of vegetable oils to density as follows.

108 = 2405/(p-513) Q1)

where i is the dynamic viscosity in centipoises and p
the density in kg/m®.

An advantage of this correlation is that viscosity
can be calculated from density data, which are some-
what easier to obtain experimentally than viscosity
data, particularly for highly viscous oils. They state
that in the absence of this viscosity data, the above
correlation can predict the viscosity of a vegetable oil
from its density with reasonable accuracy.

The kinematic viscosities of vegetable oils and
biodiesels decrease with increase in density. The cor-
relations between viscosity and density was, there-
fore, suggested by Demirbas®®.
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For vegetable oils:

v =-0.7328 p + 938.57 (22)
For biodiesels:

v=-16.155 p + 930.78 (23)

where v is the kinematic viscosity in ¢St and p the
density in g/1.

These correlations showed the coefficient of
regression values of 0.9398 and 0.9902, respectively.
The comparative study on viscosities of vegetable
oils obtained from Egs. (21) and (22) are required.

For the application of Eq. (21) to biodiesel and its
blends, Yuan et al."? suggested the following empir-
ical correlation.

v’ = [B(SG-A)] (24)

where SG and v represent the specific gravity and
kinematic viscosity in mm?s, respectively of pure
biodiesel or diesel fuel. A and B are correlation param-
eters that are dependent on different biodiesel fuels.

In addition, they suggested the empirical correla-
tions for the evaluation of mixture of biodiesel and
diesel as follows.

UO'SmiX: [Bm]x/ (SGmix_Amix)] (25)
A = Apx Fyp t+ A, x Fy (26)
B, = B, x F, + B, x F, 27)

where A and B are correlation parameters for mix-
tures with subscripts mix, pb and d representing the
mixture, pure biodiesel, and diesel fuel, respectively.
The fraction F in this method was mass based frac-
tion for simplicity.

Dutt and Prasad’® presented the correlation for the
prediction of the dynamic viscosity in relation to the
ratio of iodine value over the saponification value
(IV/SV) as follows.

log p=(~1.4+1.25IS) + (500-375IS)
/[(t+140) — 851S] (28)

where p is the dynamic viscosity in centipoises, t is
the temperature in °C and IS is the IV/SV. They state
that the result of the above correlation predict viscos-
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ity of vegetable oils with an average absolute devia-
tion of 13.0%.

The correlation have been developed to calculate
the viscosity of various vegetable oils from their
higher heating value by Demirbas®® as follows.

v = HHV/0.0491 - 772.81 29)

where v is the kinematic viscosity of vegetable oil
in mm*s, HHV the higher heating value of vege-
table oil in kJ/g. This correlation was originally
developed for the prediction of higher heating
value from the viscosity data. The correlation
coefficient of the above equation was 0.998 for the
vegetable oils.

Recently, correlations for predicting the viscos-
ity from the higher heating values for vegetable
oils and biodiesel, respectively were reported by
Demirbas'®.

For vegetable oils:
v = HHV/0.0317 ~ 1200.41 (30)
For biodiesels:

v =HHV/0.4625 — 85.297 (31)

where v is the kinematic viscosity of vegetable oil or
biodiesel in ¢St, and HHV the higher heating value
of vegetable oil or biodiesel in MI/kg. It should be
noted that this correlation is also developed for the
calculation of higher heating value from the viscos-
ity data of vegetable oil or biodiesel.

It should be pointed out that Eqs. (29) and (30) are
proposed by same author in 2000 based on the data
for ten vegetable oils and in 2008 based on twenty
two vegetable oils selected in their study, respec-
tively. In addition, the slightly different data for den-
sity and higher heating values for same vegetable oil
were introduced for the calculation.

Viscosity of biodiesel is closely correlated with
one of physical properties, flash point. The correla-
tion between viscosity and flash point for biodiesels

was proposed as®

v = 22.981 FP + 346.79 (32)

where v is the kinematic viscosity in ¢St, and FP the

flash point in K.

The flash point of a liquid is the lowest temperature
at which enough vapors are given off to form a mixture
that will ignite when exposed to an ignition source. The
flash point is an important property for indication of
volatility and for storage requirements””.

It is well known that the viscosity of liquids increases
considerably with increase in pressure. A rather gen-
eral rule is that the more complex the molecular
structure of the liquid, the larger is the effect of pres-
sure. Two empirical correlations have been proposed
relating viscosity of olive oil to pressure by Sch-
aschke et al.?®
The exponential curve fit was given by

U= 89.648 e1F (34)
while the best-fit quadratic curve is
u=0.0162 P? + 0.8658P + 89.474  (35)

where y is the dynamic viscosity of liquid in mPa s
and P the pressure in MPa

Both correlations provide a good fit with experi-
mental data with the quadratic relationship providing
the best fit. The exponential relationship has a stan-
dard deviation of 3.32% and R? of 0.9972, while the
quadratic relationship has a standard deviation of
1.93% and R? of 0.9994. However, the applicability
of both correlations should be verified for the other
vegetable oils or biodiesels than olive oil.

3. Discussion

The existing correlations for estimating viscosity
of vegetable oil and its derivatives are reviewed and
classified. The predictive methods discussed in the
previous section are by no means a complete list of
available methods. They are all predictive, but lim-
ited in the types of compounds to which it can be
applied and also limited to temperatures of the com-
ponents comprising the mixture. The study for the
verification of applicability of predictive correlations
discussed here to non-edible vegetable oil and its
derivatives is required.



4. Nomenclature

A, B, and C constants

FP flash point (K)
HHV higher heating value (MJ/kg, kl/g)
M molecular weight( g/mol)
m mass fraction
P pressure (MPa)
PVO percentage of vegetable o0il(%)
T temperature (°C, K)
Tr reduced temperature (T/Tc)
Tc critical temperature (K)
S saturates sum
v volume fraction
X mole fraction
y mass fraction
Z number of carbon atom
Greek
o parameter
K parameter
p dynamic viscosity (mPa - s, ¢P)
v kinematic viscosity (mm?/s)
% biodiesel fraction
) density (kg/m®)
Subscripts
B blend
d diesel
i component i
m mixture
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