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Abstract
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Biodiesel represents a promising alternative to regular fossil diesel. Fuel viscosity markedly infl uences 
injection, spraying and combustion, viscosity is thus critical factor to be evaluated and monitored. 
This work is focused on quantifying the diff erences in temperature dependent kinematic viscosity 
regular diesel fuel and B30 biodiesel fuel. The samples were assumed to be Newtonian fl uids. Vis co-
si ty was measured on a digital rotary viscometer in a range of 0 to 80 °C. More signifi cant diff erence 
between minimum and maximum values was found in case of diesel fuel in comparison with biodie-
sel fuel. Temperature dependence of both fuels was modeled using several mathematical models – 
polynomial, power and Gaussian equation. The Gaussian fi t off ers the best match between experi-
mental and computed data. Description of viscosity behavior of fuels is critically important, e.g. when 
considering or calculating running effi  ciency and performance of combustion engines. The models 
proposed in this work may be used as a tool for precise prediction of rheological behavior of diesel-
type fuels.

diesel fuel, biodiesel, kinematic viscosity, modeling

Diesel fuel viscosity has a signifi cant impact on 
how well fuel (either regular or biodiesel) burns. As 
viscosity increases, fuel molecules cluster together. 
The molecules on the outside of the cluster mix 
well with oxygen during combustion and burn well. 
The molecules on the inside of the cluster do not 
mix as well and do not burn completely. Knowledge 
of fuel viscosity is important for several reasons, as 
it determines the temperature for handling, the size 
of the centrifuges and the temperature at which 
the fuel is injected into the engine. It is well known 
that as the temperature of the fuel is increased, 
the viscosity is reduced, but diff erences between in-
dividual blends or e.g. regular and biodiesel can be 
expected. Some fuel suppliers publish tempera-
ture/viscosity charts which are based on the average 
data of a large number of samples. However, estima-
tions from the charts cannot be regarded as precise 
since the exact relationship depends on the source 
and composition of the fuel. The viscosity usually 
quoted is the kinematic viscosity expressed in cen-
tiStokes (cSt) at some reference temperature. Al-
though ISO 8217 has a reference temperature of 

100 °C, it is anticipated that this will be changed to 
50 °C at the next revision. This is a value widely used 
throughout the industry. A few extra degrees of pre-
heating can o� en make a fuel suitable for injec-
tion equipment. Because of the viscosity/tempera-
ture relationship, a few degrees change could make 
a big diff erence to the injection viscosity. In practi-
cal terms, this means that if the actual fuel viscosity 
is greater than that ordered, it is likely that the fuel 
heater can accommodate this. 

Biodiesel refers to a vegetable oil or animal fat-
based diesel fuel consisting of long-chain alkyl (me-
thyl, propyl or ethyl) esters. Biodiesel is typically 
made by chemically reacting lipids (e.g., vegetable 
oil, animal fat (tallow)) with an alcohol. Biodiesel is 
meant to be used in standard diesel engines and is 
thus distinct from the vegetable and waste oils used 
to fuel converted diesel engines. Biodiesel can be 
used alone, or blended with petrodiesel. 

Historically, transesterifi cation of a vegetable 
oil was conducted as early as 1853 by scientists E. 
Duff y and J. Patrick, many years before the fi rst die-
sel engine became functional. Rudolf Diesel’s prime 
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model, a single 3 m iron cylinder with a fl ywheel at 
its base, ran on its own power for the fi rst time in 
Augsburg, Germany, on August 10, 1893 running on 
nothing but peanut oil. 

Despite the widespread use of fossil petroleum-
derived diesel fuels, interest in vegetable oils as  fuels 
for internal combustion engines was reported in 
several countries during the 1920s and 1930s and 
later during World War II. Belgium, France, Ita ly, 
the United Kingdom, Portugal, Germany, Brazil, 
Argentina, Japan and China were reported to have 
tested and used vegetable oils as diesel fuels dur-
ing this time. Throughout the 1990s, plants were 
opened in many European countries, including 
the Czech Republic, Germany and Sweden. France 
launched local production of biodiesel fuel (re-
ferred to as diester) from rapeseed oil, which is mixed 
into regular diesel fuel at a level of 5%, and into 
the diesel fuel used by some captive fl eets (e.g. pub-
lic transportation) at a level of 30%. In 2009, ASTM 
published new Biodiesel Blend Specifi cations 
Standards (ASTM D6751). 

Blends of biodiesel and conventional hydrocar-
bon-based diesel are products most commonly dis-
tributed for use in the retail diesel fuel marketplace. 
Much of the world uses a system known as the “B” 
factor to state the amount of biodiesel in any fuel 
mix: fuel containing (100% biodiesel is referred to as 
B100, while 30% biodiesel is labeled B30, 20% bio-
die sel is labeled B20, 5% biodiesel is labeled B5, 2% 
biodiesel is labeled B2).

Blends of 20 percent biodiesel with 80 percent pe-
troleum diesel (B20) can generally be used in un-
modifi ed diesel engines. Biodiesel can also be used 
in its pure form (B100), but may require certain en-
gine modifi cations to avoid maintenance and per-
formance problems. New ways and strategies of 
blending are broadly discussed e.g. in Joshi et al. 
(2010). But the biodiesel’s viscosity depends also 
on the other factors such as storing conditions (Ta-
syürek et al., 2010) 

Although fuel can be ordered to one of the grades 
in ISO 8217, frequently on delivery, only the vis co-
si ty grade is stated. For example IF 180 – this means 
that the viscosity is a maximum of 180 cSt at 50 °C. 
The majority of engine installations are fi tted with 
fuel viscosity controllers so it is not normally neces-
sary to estimate the injection temperature. Typically, 
a fuel with a viscosity up to 15–20% above that or-
dered can still be successfully used in the fuel treat-
ment plant and engines. If the centrifuge is only 
marginally-sized, the slight increase in viscosity will 
reduce its performance. This may be overcome, if 
the piping confi guration permits, by operating two 
purifi ers in parallel with a clarifi er in series. 

There are several diff erent methods for measuring 
fuel’s viscosity. Except traditional methods (such us 
capillary, falling ball, rotary etc) – in detail described 
in Spearot (1989), Dawson (2000), or Troyer (2002), 
there are new approaches described eg. in Albert-
son et al. (2008). Biodiesel’s kinematic viscosity and 
its infl uence on diff erent operational characteristics 

are discussed and analyzed in Rahimi et al (2009) or 
Bhale et al. (2009). Fuel quality and its cha ra cte ris tics 
consequently aff ect the whole traction system and 
its performance (Chalupa, 2005; Chalupa et al. 2007). 

This study is focused on analyzing the problem 
of temperature dependent kinematic viscosity of 
regular diesel fuel and biodiesel and quantifi cation 
of diff erences in their behavior. This knowledge, as 
well as created mathematical models could improve 
understanding and description of processes run-
ning in the combustion engines. 

MATERIAL AND METHODS

Fuel samples
Two diff erent fuel samples were analyzed:

• regular diesel fuel (4,5% RME – requested by law) 
• B30 biodiesel fuel (30% RME + 70% diesel fuel). 

Prior to viscosity measurement, the samples were 
cooled to below zero temperatures. According to 
general assumption, the fuels were supposed to be 
Newtonian liquids (Li et al., 2006), thus no pre–treat-
ment or pre–shear was performed. All tested sam-
ples were new (fresh) fuels. 

Viscosity measurement
A typical sampling procedure was applied for 

sample preparation. The adequate volume (200 ml) 
of fl uid fuel was put into the apparatus cuvette with-
out previous heavy mixing or any other kind of 
preparation. 

There are several methods to measure kinematic 
viscosity of fl uid or semi fl uid materials and diff er-
ent geometries may be utilized: concentric cylin-
ders, cone and plate, and parallel plates. Later dis-
cussed data were obtained from measurements 
performed on laboratory digital viscometer Anton 
Paar DV–3 P (Austria), which is designed to measure 
dynamic or kinematic viscosity (, ), shear stress (), 
and shear rate (). The DV–3 P is a rotational vis co me-
ter, based on measuring the torque of a spindle rotat-
ing in the sample at a given speed. Shear stress is ex-
pressed in [g/(cm.s2)], shear rate in [1/s], kinematic 
viscosity in [mm2/s], and speed of spindle in revolu-
tions per minute [rpm]. The experiments have been 
performed with use of R3 spindle. Due to the pa-
ral lel cylinder geometry shear stress, except other 
values, can be determined. Kinematic Viscosity is 
the ratio of absolute or dynamic viscosity to density 
– a quantity in which no force is involved. Kinematic 
viscosity can be obtained by dividing the absolute 
viscosity of a fl uid with it’s mass density 

 
 = ,
 

 (1)

where
 .... kinematic viscosity (mm2/s)
 .... absolute or dynamic viscosity (mPa.s.)
 .... density (kg/m3).
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In the SI–system the theoretical unit is m2.s or 
commonly used Stoke (St). Schematic of the mea su-
ring geometry is shown in Fig. 1.

The viscosity data were obtained for temperature 
ranging from 0 °C to 80 °C. 

Density measurement
Fuel’s density was determined using laboratory 

Mohr’s balance (with calibrated accuracy 0.5 kg/m3). 
The measurements were performed in the tempera-
ture ranging from 20 °C to 80 °C. The accuracy of se-
lected measuring method is suffi  cient for given type 
of experiment.

Mathematical models
So� ware MATLAB® v. 7.1.0.246(R14) Service 

Pack 3, Curve fi tting application (The MathWorks, 
Inc., USA) was used for creating of mathemati-
cal models. The suitability of the fi tted models was 
evaluated by the determination coeffi  cient (R2) and 
the signifi cance level (p < 0.05).

RESULTS AND DISCUSSION
High fuel viscosity can eff ect fuel atomisation 

upon injection into the cylinder and ultimately re-
sult in the formation of engine deposits. The vis co-
si ty of biodiesel is roughly one order of magnitude 
lower than the parent oil (Knothe et al., 2004). Bio-
die sel has a higher viscosity than petroleum diesel 
as refl ected in the relevant standards, which are 3.5–
5.0 mm2 / s according to EN 14214 and 1.9–4.1 mm2 / s 
according to EN 590, respectively (Smith et al., 2010).

Temperature dependent rheological behavior of 
two diff erent fuels, diesel and biodiesel, was con si-
de red. Table I lists the values of diesel’s kinematic 
viscosity at reference temperatures ranging from 
0 °C to 80 °C, Table II the values of biodiesel’s vis-
co si ty, Table III the values of fuel’s density, and Ta-
ble IV the values of biodiesel’s density.

Increasing temperature infl uenced both, vis co-
si ty and density, as it was expected according to pre-
vious ly published works. E.g. Aksoy et al. (2010) com-
ments this phenomenon with relation to diff erent 

 

1: Schematic of the measuring geometry (reworked version of the figure published in Severa and Los (2008)

I: Kinematic viscosity of diesel fuel at selected temperatures

Temperature (°C) 0 10 20 30 40 50 60 70 80

 (mm2/s) 3.45 3.16 2.88 2.70 2.68 2.67 2.66 2.66 2.66

II: Kinematic viscosity of biodiesel fuel at selected temperatures

Temperature (°C) 0 10 20 30 40 50 60 70 80

 (mm2/s) 3.37 2.79 2.56 2.40 2.24 2.12 2.11 2.11 2.11

III: Density of diesel fuel at selected temperatures

Temperature (°C) 22.6 29.7 36 42.2 48.2 54.7 62.1 69.1

Density (kg/m3) 836 832 828 823 821 816 810 806
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IV: Density of biodiesel fuel at selected temperatures

Temperature (°C) 27.1 35.6 44.5 54.6 57.5 63.7 68.5 74.4 76.9

Density (kg/m3) 847 841 835 828 825 822 818 813 812

2: Temperature dependent kinematic viscosity of diesel fuel

3: Temperature dependent kinematic viscosity of biodiesel fuel



 Diff erences in rheological profi le of diesel and biodiesel fuel 71

composition of biodiesel. The examples of viscos-
ity-temperature dependences of diesel and biodie-
sel fuel are given in Fig. 2 and Fig. 3. The exam ples 
of density-temperature dependences are given in 
Fig. 4.

It can be seen in both cases, that the dependence 
is highly non-linear. This eff ect can be accounted to 
chemical processes proceeding in the fl uid and con-
sequential microstructure changes. For detailed ex-
planation see e.g. Torres-Jimenes et al. (2010). 

Unlike viscosity, the density temperature de pen-
den ce is almost linear. This result is in accordance 
with fi ndings reported by Baroutian et al (2010). De-
tailed description of microstructure phenomena 
and molecular thermodynamics can be found e.g. in 
Perdomo and Gil-Villegas (2010). 

Fuel fl ow behavior and dependence of kinematic 
viscosity on temperature can be modeled with use 
of simple mathematical models. Modeling provides 
a means of representing a certain quantity of rheo-
logical data in terms of a simple mathematical ex-
pression. Many forms of the equations are possible 
and one master model, suitable for all situations, 
does not exist (Steff e, 1996). 

One of the most popular equations used for de-
scription of temperature dependent viscosity of 
Newtonian fl uids (including fuels) is an Arrhenius 
equation (Severa and Los, 2008). This equation in-
volves the absolute temperature (T), the universal 
gas constant (R), and the energy of activation for vis-
cosity (Ea): 

  Ea  = f(T) = A exp  .
  RT 

 (2)

It is necessary to perform the experiments to get 
the values of Ea and A. More intensive changes of vis-
cosity (as a function of temperature) are connected 
with higher Ea values (Friso and Bolcato, 2004). 

Another approach is possible when considering 
an unknown viscosity () at any temperature (T) and 
a reference viscosity (r) at a reference temperature 
(Tr), the constant (A) may be eliminated and the re-
sulting equation written in logarithmic form:

     Ea   1 1  ln= −  −.
  r   R  T Tr 

 (3)

This type of equation was successfully used for 
description of temperature dependent viscosity of 
diff erent Newtonian fl uids by many authors (Friso 
and Bolcato, 2004; Hlaváč, 2008; Hlaváč 2009). In 
case of presented research, use of this equation led 
to satisfying correlation between experimental and 
computed data R2 = 0.93 and R2 = 0.94 for diesel and 
biodiesel fuel, respectively. 

Another eff ort was focused on fi tting the ex-
perimental data with simple mathematical mod-
els, used and verifi ed by other authors (Severa and 
Los, 2008; Severa et al, 2010b). Satisfying match be-
tween experimental and computed values was ob-
tained using Gaussian, power or polynomial model. 
The exam ples of fi ts are displayed in Fig. 2 and Fig. 3, 

4: Temperature dependent density of tested fuels
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and Fig 4. Figure 4 (with power model fi t for diesel 
fuel) contains also prediction boundaries. The cor-
relation coeffi  cients for all tested models and equa-
tions are listed in Table V.

Above mentioned type of mathematical models is 
rather popular and it was successfully used for de-
scription of rheological behavior of diff erent fl uids, 
even those of biological nature (Severa et al., 2008; 
Severa et al, 2010a; Severa et al., 2010b, Vítěz and Se-
vera, 2010). 

Concerning both, diesel and biodiesel fuel, 
the best match and highest correlation coeffi  -
cient was received for Gaussian model 0.99 and 
0.98 respectively and the least satisfying result was 
achieved in case of Arrhenius model 0.93 and 0.94, 
respectively. In partial contradiction to this result, 

Baroutian et al. (2010) report the polynomial regres-
sion as the best-fi t tool. But the diff erences in coef-
fi cient values are rather small indeed. It is worthy 
of noting that Arrhenius model is an equation with 
general use for diff erent fl uids while the other mo-
dels (Gaussian, polynomial, power) and their coeffi  -
cients are more specifi c to evaluated samples. 

Knowledge of fuel’s viscosity characteristics is of 
a great importance, especially when considering 
running effi  ciency and performance of combus-
tion engines. Although there are rather complicated 
mathematical methods of modeling fuel viscosity 
behavior (described e.g. in Anand et al., 2010), pro-
posed simple mathematical models are accurate 
enough for precise description of diesel and biodie-
sel temperature-fl ow characteristics. 

5: Experimental data and power model 

SUMMARY
The objective of this study was to measure and quantify, what are the diff erences in kinematic vis-
cosity and generally in rheological profi le of regular diesel fuel and biodiesel fuel. The study com-
pares two commercially available samples: regular diesel fuel and B30 biodiesel fuel. The samples 

V: Correlation coeffi  cients between experimental and computed data received for diff erent mathematical models 

Diesel fuel

Model Arrhenius Gaussian Polynomial (5th degree) Power

R2 0.93 0.99 0.97 0.97

Biodiesel fuel

Model Arrhenius Gaussian Polynomial (5th degree) Power

R2 0.94 0.98 0.97 0.98
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were assumed to act as Newtonian fl uids, the fl ow curves were thus not constructed. The measure-
ment was performed in the range of 0 to 80 °C. Kinematic viscosity (mm2/s) was measured by the di-
gi tal rotary viscometer with concentric cylinders geometry. As expected, kinematic viscosity of both 
materials was decreasing with increasing temperature. The bigger diff erence between minimum and 
maximum values (ranging from 2.2 to 3.4 mm2/s) was found in case of diesel fuel in comparison with 
biodiesel fuel (ranging from 2.6 to 3.3 mm2/s). Temperature dependence of both fuels was modeled 
using several mathematical models – Arrhenius, polynomial, power and Gaussian equation. The cor-
relation coeffi  cients ranged from 0.93 to 0.99 for Arrhenius equation and Gaussian fi t of diesel fuel 
respectively. Generally, the Gaussian fi t off ers the best match between experimental and computed 
data. Temperature dependent density measurements were performed as an additional experiment 
for completing the information on fuel behavior. In accordance with literature data, this dependence 
can be characterized as linear. It can be said that precise description of viscosity behavior of fuels (es-
pecially in case of biodiesel since its short history of usage) as a function of temperature is critically 
important, e.g. when considering or calculating running effi  ciency and performance of combustion 
engines. The models proposed in this work can serve as a powerful tool for precise prediction of rheo-
logical behavior of diesel-type fuels. 

SOUHRN
Rozdíly v reologickém profi lu motorové na� y a biona� y B30

Práce je zaměřena na kvantifi kaci a hodnocení rozdílů v reologickém chování a teplotní závislosti ki-
nematické viskozity běžné motorové na� y a B30 biona� y. Na� a i biona� a byly považovány (na zá-
kladě vlastních měření i údajů v literatuře) za newtonowskou kapalinu, tokové křivky tedy nebyly 
sestavovány. Kinematická viskozita byla sledována v rozmezí teplot 0–80 °C. Měření byla realizo-
vána na rotačním digitálním viskozimetru vybaveném adaptérem na měření kapalin s nízkou vis-
kozitou. U obou testovaných kapalin došlo dle očekávání k poklesu viskozity s narůstající teplotou. 
Průběh poklesu byl výrazně nelineární. Větší rozdíl mezi maximálními a minimálními hodnotami 
viskozity byl zjištěn v případě na� y, kde se hodnoty pohybovaly v rozmezí 2,2 do 3,4 mm2/s. U bio-
na� y byl tento rozdíl nižší a viskozita klesla z původní hodnoty 3,3 mm2/s na 2,6 mm2/s. Teplotní zá-
vislost obou paliv byla modelována pomocí několika vztahů – Arrhéniovy rovnice, polynomu pá-
tého stupně, mocninné a Gaussovy rovnice. Korelační koefi cienty mezi experimentálními a vypoč-
tenými daty se pohybovaly v rozmezí 0,93 (Arrhéniova rovnice) až 0,99 (Gaussova rovnice). Obecně 
platí, že nejlepších výsledků bylo dosaženo použitím Gaussovy rovnice. Jako doplňková informace 
byla zjišťována teplotně závislá měrná hmotnost obou paliv. V souladu s výsledky uváděnými v lite-
ratuře byla tato závislost shledána lineární. Přesný popis teplotně závislého tokového chování paliv 
(zvláště v případě biona� y) je kriticky důležitý, a to zvláště pro návrh a optimalizaci systému vstřiko-
vání. Modely navržené v této práci mohou být využity jako nástroje pro relativně přesné predikce to-
kového chování na� y a biona� y.

motorová na� a, biona� a, kinematická viskozita, modelování
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