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Abstract
Objectives. A quick cold start of emergency and auxiliary power units based on diesel engines should be possible at any time without 
problems and in the shortest possible time. The condition of the engine oil is one of the most important factors influencing the smooth 
start-up of  power plants. During diesel engine operation, engine oil accumulates soot in  its composition, negatively affecting its 
rheological properties. The aim of  this research is  to develop a  mathematical model to  describe changes in  the dynamic viscosity 
of motor oils as a function of temperature. This model will account for the concentration of soot and its morphology, based on the results 
of experimental studies.
Methods. Standardly used motor oils for diesel engines M-14D2SE and M-5z/14D2SE were used as oil samples in the preparation of model 
mixtures. The dispersed phase of  the suspensions comprised carbon black of  the N110, N220, N330, and N220 grades, characterized 
by a dusty (nongranular) texture. The rheological properties of the samples were determined using a TA Instruments DHR-2 rotational 
rheometer. The experimental data was subjected to mathematical statistical processing, in order to obtain approximating dependencies.
Results. The paper presents an analysis of  the various approaches to  the description of  the rheology of  suspensions and the results 
of experimental studies of the viscosity-temperature characteristics (VTCs) of model samples of oils containing soot. The extant models 
of the dependence of the dynamic viscosity of suspensions on temperature, volume concentration of the dispersed phase, particle size 
and shape are demonstrated to be inadequate for the description of the VTCs of motor oils containing soot. A model of the rheological 
properties of soot-oil suspensions is proposed in the form of a mathematical dependence of their dynamic viscosity on temperature, mass 
concentration of soot, material density and size of soot particles, characteristics of the shape and structure of primary aggregates and the 
ratio of the sizes of aggregates and molecules of the dispersion medium.
Conclusions. It  was demonstrated that a  comprehensive description of  the VTCs of  engine oils containing soot necessitates the 
consideration of the structural characteristics of the primary aggregates of soot particles. A mathematical model of the VTCs of oils was 
developed. This model is based on the dependence of the dynamic viscosity of oils on temperature, mass concentration of soot, density 
of the particle material, degree of non-sphericity of aggregates, the ratio of the particle sizes of the dispersed phase (either aggregates 
or single particles of non-aggregated soot) and oil molecules, and on the structure of soot, characterized by adsorption of dibutyl phthalate.
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Аннотация
Цели. Быстрый холодный пуск аварийных и  вспомогательных энергетических установок на  базе дизельных двигателей 
в любое время должен осуществляться без особых проблем и в кратчайшие сроки. Одним из основных факторов, влияющих 
на безаварийный пуск энергетических установок, является состояние моторного масла. В процессе работы дизельного двига-
теля моторное масло накапливает в своем составе сажу, что негативно влияет на его реологические свойства. Цель работы — 
разработка математической модели изменения динамической вязкости моторных масел в зависимости от температуры с учетом 
концентрации сажи и ее морфологии на основе результатов экспериментальных исследований.
Методы. В качестве образцов масел для приготовления модельных смесей использовались штатно применяемые моторные 
масла для дизельных двигателей М-14Д2СЕ и М-5з/14Д2СЕ. В качестве дисперсной фазы суспензий использовался техниче-
ский углерод марок N110, N220, N330 и N220 пылящий (негранулированный). Реологические свойства образцов определялись 
на ротационном реометре TA Instruments DHR-2. Полученные экспериментальные данные обрабатывались методами математи-
ческой статистики с получением аппроксимирующих зависимостей.
Результаты. В работе представлены анализ различных подходов к описанию реологии суспензий и результаты эксперимен-
тальных исследований вязкостно-температурных характеристик (ВТХ) модельных образцов масел, содержащих сажу. Пока-
зано, что существующие модели зависимости динамической вязкости суспензий от  температуры, объемной концентрации 
дисперсной фазы, размеров и формы ее частиц не позволяют адекватно описать ВТХ моторных масел, содержащих сажу. Пред-
ложена модель реологических свойств саже-масляных суспензий в виде математической зависимости их динамической вязко-
сти от температуры, массовой концентрации сажи, плотности материала и размеров сажевых частиц, от характеристик формы 
и структуры первичных агрегатов, а также от соотношения размеров агрегатов и молекул дисперсионной среды.
Выводы. Показано, что для адекватного описания ВТХ моторных масел, содержащих сажу, необходимо учитывать характе-
ристики структуры первичных агрегатов сажевых частиц. Разработана математическая модель ВТХ масел в виде зависимости 
их динамической вязкости от температуры, массовой концентрации сажи, плотности материала частиц, степени несферичности 
агрегатов, соотношения размеров частиц дисперсной фазы (агрегатов или одиночных частиц неагрегированной сажи) и моле-
кул масла, а также структурности сажи, характеризуемой стандартным показателем — адсорбцией дибутилфталата.

Ключевые слова
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структура агрегатов, реологические свойства
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INTRODUCTION

Among the numerous attributes of motor oil  (MO), 
its viscosity-temperature characteristic  (VTC) is of 
particular significance. The viscosity of the oil is a critical 
factor in determining the operational characteristics of 
diesel engines, including the starting properties, time to 
reach full load acceptance, operational fuel consumption, 
and energy costs associated with driving its units. 
The viscosity of the oil affects these characteristics 
by influencing the friction operation of the engine and 
the energy required to drive its units. The viscosity of 
the oil also exerts an influence on the total emissions 
of toxic substances with exhaust gases, given that the 
mass of emissions is proportional to fuel consumption, 
which increases in proportion to the viscosity of the oil, 
provided that the external load remains constant.

The VTC of MO provides a  comprehensive 
characterization of the rheological properties in question. 
The VTC of MO is primarily determined by the nature of 
the base oil. Viscosity-enhancing additives are frequently 
employed to augment viscosity and viscosity index. The 
utilization of these compounds facilitates the attainment 
of oils with a mild VTC. The combination of thickening 
additives with additives which enhance lubricating 
properties enables the production of energy-efficient 
oils [1].

The analysis demonstrates that the viscosity of MO is 
not a constant during operation and varies in accordance 
with the accumulation of various contaminants within 
it. The introduction of engine fuel into the oil results in 
a reduction in viscosity, while the flash point in the open 
crucible is also diminished. This is a useful diagnostic 
parameter for identifying engine malfunctions which 
may lead to oil liquefaction by engine fuel.

It is typical for a  small quantity of wear products 
to be present in the operational MO. This is due to the 
formation and removal of such products from the friction 
zones by the MO. Additionally, the effective removal of 
these products from the oil stream by cleaning filters, as 
well as the settling of heavy particles of wear products in 
the crankcase contribute to the overall reduction in their 
concentration.

The greatest number of contaminants present 
within the operational  MO, which are perpetually 
present within the circulating stream, are minute soot 
particles not retained by the filters. These particles often 
contain adsorbed products of degradation and chemical 
transformation of oil components during operation.

The bulletin1 indicates that the presence of soot in the 
oil is not problematic until the active components of the 

1	  Cummins service Bulletin 4960819-07. 2002. 15 p.

additives reach a point of diminishing effectiveness. The 
accumulation of soot in the crankcase over time leads to 
the removal of additive components from the surface of 
the soot. This in turn results in the accelerated wear of 
the rubbing parts, namely the cylinder piston group and 
the valve mechanism.

As the concentration of soot in  MO increases, its 
viscosity also increases. This gradual increase reaches 
a  point at which the operation of the diesel engine 
becomes impossible. At this point, the oil is replaced with 
fresh oil. Concurrently, augmentation in the viscosity of 
the oil due to accumulation of soot may be obscured by 
a reduction in viscosity resulting from the introduction 
of fuel into the oil.

Given the labor-intensive and economically 
unprofitable nature of constant monitoring of the 
condition of the working oil, there is a  clear interest 
in developing a  mathematical model for changing 
the dynamic viscosity of MO in accordance with the 
increasing concentration of soot during engine operation.

MATERIALS AND METHODS

Materials

To study the rheological properties of suspensions, 
M-14D2SE and M-5z/D2SE  oils, routinely used in 
medium-speed diesel engines (Shahumyan Production 
Plant, Russia), were selected.

The trademarks of carbon black N110, N220, N220p 
(dusty, selected from the bag filter of the installation 
before granulation), and N330  of production by 
Nizhnekamsktehuglerod (Russia) were used as the 
dispersed phase in the research.

In the interests of reducing the volume of the article, 
the results of experiments for MO of M-14D2SE and 
N220p  grades, as a  dispersed phase, will be further 
considered.

The approximation for the dependence of pure oil is 
given by the following equation:

( )( )4 2( ) exp exp 1.T a T b T c− −m = ⋅ + ⋅ + − � (1)

The values of the coefficients in Eq.  (1) are: 
a = −1.29 · 1010; b = 1.03 · 106; c = −1.13.

Methods

The rheological properties of the model samples were 
investigated utilizing a  rotational rheometer (DHR-2, 
TA Instruments, USA) with a cone-plane measuring unit 



488� Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):485–496

A mathematical model of the dynamic viscosity dependence of motor oils  
on temperature, soot concentration, and its morphology

Anatoly V. Lesin,  
et al.

(plane diameter 40 mm, cone angle 2°). The temperature 
dependencies of viscosity were obtained at a  constant 
shear rate of 100 c−1 and a  temperature change rate of 
2°C/min with an increase in temperature from  20  to 
120°C and with a  decrease in temperature from room 
temperature to −60°С.

Analysis of analytical approaches 
to the description of VTC soot-oil 
suspensions

The majority of the dependencies proposed in scientific 
and technical literature with regard to the dynamic 
viscosity of dispersed systems can be reduced to the 
following form:

0( , ) ( ) ( ),T T Fm j = m ⋅ j � (2)

wherein m0(T) is the dynamic viscosity of the dispersion 
medium as a  function of absolute temperature; F(j)  is 
a function of the volume concentration of the dispersed 
phase.

One of the first known formulas for calculating the 
viscosity of suspensions was proposed by A. Einstein [2]:

0 0( ) ( ) (1 ),Fm j = m ⋅ j = m ⋅ + e ⋅ j � (3)

wherein e is the coefficient for particles of the dispersed 
phase of an ellipsoid shape (in particular, for spherical 
particles in the formula theoretically derived by Einstein, 
with the assumptions he made when calculating energy 
dissipation when a viscous liquid flows around a solitary 
sphere, the value e is 2.5, and the experimentally obtained 
value ɛ for spherical particles is 2.9); m0 is viscosity at 
a fixed temperature.

It can be observed that Eq.  (3) represents a  special 
case of Eq.  (2). Consequently, the viscosity of the 
suspension is dependent on temperature solely in relation 
to the viscosity of the dispersion medium. It should 
be noted that the dependence of the form (3) produces 
correct results only at j < 0.04, when the hydrodynamic 
interaction between the particles of the dispersed phase 
can be neglected.

At elevated concentrations of dispersed phase 
particles in suspensions, the interaction of the flow fields 
of the dispersion medium around neighboring particles 
becomes discernible. The viscosity exhibits a nonlinear 
increase as the concentration of the dispersed phase 
rises. In this instance, a more comprehensive equation is 
more appropriate [2]:

( )2 3
0 1 2 3( ) 1 ,m j = m ⋅ + e ⋅ j + e ⋅ j + e ⋅ j � (4)

wherein the values of the coefficients e1, e2, e3  are 
different for different authors. In [3], numerous variants 
of the values of these coefficients for different ranges 

of values are given, while in almost all literary sources 
e1  =  2.5, and the remaining coefficients may differ 
significantly. For example, in  [4] the Wand formula 
with the coefficients  e1 = 2.5, e2 = 6.25, e3 = 15.6  is 
given. They allow a  sufficiently high accuracy of 
calculation of viscosity of suspensions to be obtained 
with a low content of dispersed phase (φ < 0.3), when 
collisions of particles and overlapping of solvate layers 
formed by a part of the dispersion medium are so rare 
that their influence on the flow of suspensions is very 
insignificant.

Formulas are proposed for calculating the viscosity of 
suspensions in which the volume concentration function 
of the dispersed phase F(j) has a different form. Thus, in 
the fundamental monograph by S. Bretschneider [3], the 
Kunitz formula is given:

4
0( ) (1 0.5 ) (1 ) ,m j = m ⋅ + ⋅ j ⋅ − j � (5)

However, calculations based on these formulas 
produce absolutely incorrect and contradictory results to 
experimental data. This is obviously due to an error in 
the “−” sign in the second bracket. It is regrettable that 
this error has been identified in numerous other reviews 
and reference publications.

Upon replacing the “−” sign with “+”, the outcomes 
of the calculations conducted in accordance with Eq. (5) 
are observed to be relatively proximate to those derived 
from other validated approximations.

Kurgaev’s formula is also given in  [3], which, 
according to the author  [3], gives the best agreement 
with the results of experimental determination of the 
dynamic viscosity of suspensions in the range of values 
j  < 0.25:

2
3

0 2
2( ) 1 .

1 1.2

 
 

⋅ j m j = m ⋅ +   − ⋅ j    

� (6)

The formula for concentrated suspensions exhibiting 
non-Newtonian properties, as proposed by Barney and 
Mirzakhi, is presented in reference [4].

1
0

2
( ) exp ,

1
k

k
 ⋅ j

m j = m ⋅   − ⋅ j 
� (7)

wherein k1 = 2.5; k2 = 0.75 ... 1.5 for different authors.
The approximations (3)–(7) discussed above do not 

take into account the size and shape of the particles, 
despite the necessity of such considerations for certain 
ratios of concentration and particle sizes of the dispersed 
phase. In this regard, the following approximation 
is proposed in reference to suspensions comprising 
spherical particles, as documented in [4].
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( )0 2
max

3( ) 1 2.5 exp ,
4

m  ⋅ j  m j = m ⋅ + ⋅ j + ⋅ j ⋅   j − j  

� (8)

wherein m  =  2.2  +  0.033a; a  is the particle size in 
microns; jmax  =  0.74  is the concentration of particles 
with the densest packaging.

G.I. Kelbaliev [4] notes that the results of calculating 
the viscosity of suspensions by Eq. (8) agree well with the 
experimental data. However, like the authors of several 
other works (e.g., M.A. Morozova2 and P.I. Pilov  [5]), 
he makes an erroneous conclusion that viscosity also 
increases with increasing particle size of the dispersed 
phase.

In the work of P.I. Pilov [5], a theoretically justified 
formula was proposed for calculating the dynamic 
viscosity coefficient of suspensions. His formula takes 
into account not only the volume concentration of the 
dispersed phase j and the radius of its particles  r, but 
also the properties of their surface by introducing into 
the formula the thickness of the boundary layer of the 
dispersion medium on the surface of the particles of the 
dispersed phase l:

0
3

1( , , ) ,
1 1

v

r

r k

m j l = m ⋅
l j − + ⋅ 

 

� (9)

wherein kv  is the packing coefficient of particles of the 
dispersed phase, equal to  π/6  for cubic packaging and 
0.625 for arbitrary packaging.

As illustrated by Eq. (9), a reduction in the particle 
size of the dispersed phase is associated with an increase 
in suspension viscosity. It should be noted that the 
work  [5] is primarily concerned with the gravitational 
separation of minerals, and therefore pertains mainly to 
coarse-dispersed suspensions. Therefore, the adequacy 
of this formula in relation to soot suspensions in MO 
requires verification.

The work of V.Ya. Rudyak [6], devoted to the study of 
the viscosity of nanofluids (that is to say, dispersed systems 
consisting of liquid and nanoparticles, which include 
non-aggregated carbon black in MO), demonstrated that 
the dependence of the viscosity of the suspension on the 
concentration of nanoparticles, regardless of the particle 
material, can be described by the formula:

( )2
0 1 2( ) 1 ,m j = m ⋅ + e ⋅ j + e ⋅ j � (10)

in which the coefficients e1 and e2 significantly exceed in 
magnitude the similar coefficients in Eq. (4).

2	 Morozova M.A. Thermal conductivity and viscosity of nanofluids. Diss. Cand. Sci. (Phys.-Math.). Novosibirsk: Institute of Thermophysics 
SB RAS; 2019. 103 p. (in Russ.).

Thus, in the dependencies for suspensions with 
TiO2 nanoparticles, they are 5.45 and 108.2, respectively, 
in contrast to 2.5  and 6.25  in Wand’s formula  [4]. For 
suspensions of aluminum oxide(III) particles, e1  and 
e2  are equal to  7.3  and  123, and for copper particles, 
they are 3.645 and 468.72, respectively. From this, the 
author  [6] concludes that the viscosity coefficient of 
nanofluids increases significantly faster with increasing 
particle concentration than the viscosity coefficient 
of a  conventional dispersed liquid. The values of the 
coefficients e1  and e2  may depend on the size of the 
nanoparticles and their material.

As a  result of molecular dynamic modeling  [6], 
a dependence was obtained:

( )2
0 B( ) 5.25 40.94

exp 0.208 ,

r

D
d


m j = m ⋅ m + ⋅ j + ⋅ j ×


 × − ⋅  

� (11)

wherein mrB = 1 + 2.5 · j + 6.2 · j2 is the relative viscosity 
of the suspension in the Batchelor’s formula [7], D is the 
effective diameter of the nanoparticles, d is the effective 
diameter of the molecules of the dispersion medium. 
Additionally, as demonstrated in reference  [6], the 
rheological characteristics of non-Newtonian nanofluids 
can be effectively represented by a model of the following 
form:

1( ) ,nK −m j = ⋅ g � (12)

wherein g  is the shear rate; n = 1 – 36.3  · j + 5  · j2;  
K = 0.001 + j − 230 · j2 + 3700 · j3.

The author [6] proposes that the Newtonian behavior 
of nanofluids can be discussed only when the base liquid 
is Newtonian and the concentration of nanoparticles 
is not particularly high. The volume concentrations of 
nanoparticles in this instance does not appear to exceed 
10–15%. The coefficient of dynamic viscosity at such 
concentrations can be represented by the Eq.  (10). 
Nevertheless, the coefficients in this ratio must be 
functions of the size of the nanoparticles.

( )2
0 1 2( ) 1 ( ) ( ) .D Dm j = m ⋅ + e ⋅ j + e ⋅ j � (13)

In order to evaluate the suitability of the 
aforementioned approximations, calculations were 
conducted to determine the kinematic viscosity of 
M‑14D2SE oil and soot suspensions based on this oil and 
carbon black grade N220  (dusty) within a  temperature 
range of 250  to 350 K. The resulting data is presented 
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in Fig.  1. The N220  brand was chosen since, of the 
available carbon black trademarks, it is morphologically 
closest to the soot samples described in publications on 
the problems of soot formation in diesels [8–14].
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Fig. 1. Approximations for the VTCs of M-14D2SE oil (1) 
and its suspensions with soot (5 vol %) according to the Eqs.: 
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As can be seen from Fig.  1, all the methods 
considered for calculating VTCs give a  similar nature 
of dependencies. The majority of formulas which solely 
consider the volume concentration of the dispersed 
phase yield highly comparable results for viscosity 
calculations. Concurrently, the Einstein formula yielded 
slightly lower viscosity values than the formulas of 
Kurgaev, Wand, Barney, and Mirzakhi (the latter three 
yielded almost indistinguishable results).

The VTCs of soot-oil suspensions are also adequately 
described using the Kunitz model, although it does not 
account for the particle sizes of the dispersed phase 
(curve 6 in Fig. 1).

In the context of this study, the model (11) described 
in the work of V.Ya. Rudyak [6] is the most appropriate 
when calculating the viscosity of suspensions. This is due 
to its suitability for a wide range of volume concentrations 
of the dispersed phase and its consideration of the ratio 
of particle sizes and molecules of the dispersion medium.

RESULTS AND DISCUSSION

In order to confirm the applicability of the model (11), 
selected following an analysis of the models available in 
the scientific and technical literature and a discussion of 
the same in the previous section, a series of experiments 
was conducted with the preparation of model mixtures 
of MO of M-14D2SE  grade with different soot 
contents (N220p  dusty, nongranular), followed by the 
determination of dynamic viscosity. In order to prepare 
the model samples, soot mass concentrations of 1, 2, 3, 4, 

5, and 7 wt % were selected. The 1% step was selected in 
order to facilitate the observation of the change in viscosity 
which occurs with an increase in soot concentration. 
A contamination level of 5 wt % in used oil is typically 
deemed inadequate, necessitating the replacement of the 
oil in accordance with the specifications provided by the 
manufacturers of the associated equipment. The 7 wt % 
soot content was selected to substantiate the hypothesis 
that an excess of soot content above the established 
norm (5 wt %) has a deleterious effect on the rheological 
characteristics of the oil.

Based on experimental data, approximate dependencies 
of change of dynamic viscosity of M-14D2SE  oil with 
N220  dusty soot at concentrations of 1, 2, 3, 4, 5, and 
7  wt  % at absolute temperature were obtained, graphs 
of which are presented in Fig. 2. The analytical form of 
the approximating dependencies and the values of the 
coefficients a, b, and c are presented in Table 1 for reference.

A common feature of the VTCs of M-14D2SE oil 
samples with soot is the expected steady trend towards 
an increasingly noticeable shift in viscosity-temperature 
curves upward relative to the VTC of pure oil as the 
concentration of soot increases. The highest values of 
dynamic viscosity can be observed in oil samples with 
the highest soot content, which in our case corresponds 
to a concentration of 7 wt %.

Dependence (11) is a suitable method for calculating 
the dynamic viscosity of suspensions across a wide range 
of volume concentrations of the dispersed phase and 
temperatures. In addition to these parameters, it allows 
for the consideration of only the ratio of the sizes of soot 
particles and molecules of the dispersion medium (oil). 
Nevertheless, the outcomes of the calculations indicate 
that these parameters are inadequate for accurately 
predicting the VTCs of the oil flow contaminated with 
soot (Fig. 3).

It is evident that the Eq.  (11) does not account for 
two key factors: firstly, the presence of soot in oil is 
predominantly in the form of primary aggregates, formed 
in the gas phase and subsequently captured by oil; and 
secondly, soot aggregates contain absorbed oil. Given 
these considerations, the viscosity of soot suspensions 
in MO must be calculated with a  focus on particles of 
a sufficiently large size, corresponding to the dimensions 
of soot aggregates. Furthermore, when determining 
the volume concentration of the dispersed phase, it 
is essential to take into account the proportion of the 
dispersion medium which becomes part of the dispersed 
phase, comparable in volume to the volume of soot.

The average value of the effective particle diameter 
of the model carbon black (nongranulated carbon black 
of the N220  brand), designated N220p, considered in 
this study, is 32  nm, and their primary aggregates are 
103 nm [15].
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Table 1. Parameters of approximating dependencies of the dynamic viscosity of M-14D2SE oil and suspensions based on it

Product

Dependence coefficients

( )( )4 2( ) exp exp 1T a T b T c− −m = ⋅ + ⋅ + − Correlation coefficient

( ) ( )( )4 2corr ,ln ln 1T T− −+ m +
a b c

M-14D2SE −7.31 ∙ 109 8.60 ∙ 105 −9.84 0.999

M-14D2SE + 1 wt % N220p −3.98 ∙ 109 7.38 ∙ 105 −8.75 0.999

M-14D2SE + 2 wt % N220p −3.62 ∙ 108 6.08 ∙ 105 −7.62 0.999

M-14D2SE + 3 wt % N220p 2.01 ∙ 109 5.26 ∙ 105 −6.91 0.999

M-14D2SE + 4 wt % N220p 5.93 ∙ 109 3.71 ∙ 105 −5.49 0.999

M-14D2SE + 5 wt % N220p 9.57 ∙ 109 2.10 ∙ 105 −3.92 0.998

M-14D2SE + 7 wt % N220p −7.31 ∙ 109 8.60 ∙ 105 −9.84 0.999
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Fig. 2. Approximating dependencies of the dynamic viscosity 
of M-14D2SE (1) oil on temperature at different concentrations 
of N220 dusty soot:  
(2) M-14D2SE oil + 1% soot; (3) M-14D2SE oil + 2% soot;  
(4) M-14D2SE oil + 3% soot; (5) M-14D2SE oil + 4% soot;  
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Fig. 3. Results of calculating the dynamic viscosity 
of 3- and 7-percent suspensions of N220p soot 
in M-14D2SE engine oil according to Eq. (11) in comparison 
with the approximation of experimental data:  
(1) calculation results using Eq. (11) with 3% soot; 
(2) calculation results using Eq. (11) with 7% soot; 
(3) M-14D2SE oil + 3% soot; (4) M-14D2SE oil + 7% soot

In the absence of consideration of oil absorption 
by soot aggregates, the dynamic viscosity of soot 
suspensions in oil, as derived from Eq. (11), exhibits the 
following dependence:

( ) ( ) ( )

( ) ( )

( )

9 0 ns DP

2 22 2
ns DP ns DP

44
ns DP

, 1 2.5 ,

6.2 , 5.25 ,

40.94 , exp 0.208 ,

s g T T f c g T

f c g T f c g T

Df c g T
d

m = m + +
 + + +  

 + −    

� (14)

wherein g  is the mass concentration of soot in the 
suspension in fractions of one; T  is the absolute 
temperature,  K; m0(T)  is the dynamic viscosity of 
pure oil, Pa ∙ c (general view of the dependence m(T) 
and the values of the coefficients a, b, c are shown in 
Figs. 1 and 2 and in Table 1, respectively); fns  is the 
coefficient of non-sphericity of primary aggregates of 
soot particles, taking into account the ratio of the large 
and small axes of the space area occupied by the average 
aggregate; D  is the average value of the effective 
diameter of the aggregates,  nm (for  N220p  soot 
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according to data  [15,  16,  3] D  =  103  nm); d  is the 
characteristic value the linear size of the molecules of 
the dispersion medium (DM), assumed to be 1.5 nm; 
cDP(g,T)  is the volume concentration of soot in the 
suspension, calculated by the formula:

( ) ( )
( ) ( )

DM
DP

DM DP
, ,

1
g T

c g T
g T g

⋅ r
=

⋅r + − r
 � (15)

wherein rDP  is the density of the dispersed phase 
material (soot), assumed to be equal to 1850  kg/m3; 
rDM(T) is the dependence of the density of the DM on 
temperature:

( )DM 1019 0.661 .T Tr = − ⋅ 			   (16)

The calculations, performed according to Eq. (14) and 
presented in Fig.  4, show an unsatisfactory agreement 
of their results with experimental data obtained using 
a rotational viscometer.
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Fig. 4. Results of the calculation of the dynamic viscosity 
of a 5-percent suspension of N220p soot in M-14D2SE engine 
oil according to Eq. (14) in comparison with the approximation 
of experimental data:  
(1) M-14D2SE oil;  
(2) calculated value according to Eq. (14); 
(3) M-14D2SE oil + 5% soot

One of the reasons for this result, clearly, is that 
Eq.  (14) does not take into account the structure of 
soot, usually characterized by such an indicator as the 
absorption of dibutyl phthalate kDBP , cm3/100 g of soot. 
The value of this indicator is approximately equivalent to 
the volume of oil absorbed by the primary soot aggregates 
and subsequently removed from the dispersion medium. 
This results in an increase in the volume concentration of 
the dispersed phase in the suspension, with a higher kDBP 
value leading to a greater degree of separation.

3	 Razdiakonova G.I. Dispersed carbon. An educational electronic publication of local distribution. Omsk: OmSTU, 2013. 231 p.

In this case, the volume concentration of the dispersed 
phase is equal to

( ) ( )
( ) ( )
DP DBP DM

DP DBP
DM DP

1
, , ,

1
g K T

c g T K
g T g
⋅ + r r  =
⋅r + − ⋅r

 � (17)

wherin KDBP = kDBP · 10−5, m3/kg.
Taking into account (17), Eq. (14) takes on a different 

form:

( ) ( )

( )

( )

( )

( )

10 DBP 0

ns DP DBP

22
ns DP DBP

22
ns DP DBP

44
ns DP DBP

, ,

1 2.5 , ,

6.2 , ,

5.25 , ,

40.94 , , exp 0.208 .

s g T K T

f c g T K

f c g T K

f c g T K

Df c g T K
d

m = m ×

× + +
+ +

+ +
 + −    

 � (18)

It should be noted that with a mass concentration of 
soot in a suspension g = 0.05, the volume concentration 
calculated by Eq. (15) at a temperature of 293 K is 0.023, 
and according to Eq. (17) in the case of M-14D2SE oil 
(KDBP  =  115  cm3/100  g) it is  0.072, which causes 
the larger, than according to Eq.  (14), proximity 
of the obtained viscosity values to those measured 
experimentally (Fig. 5).
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Fig. 5. Results of calculating the dynamic viscosity 
of a 5-percent suspension of N220p soot in M-14D2SE engine 
oil according to Eqs. (14) and (18) in comparison  
with the approximation of experimental data:  
(1) M-14D2SE oil;  
(2) calculated value according to Eq. (14);  
(3) calculated value according to Eq. (18);  
(4) M-14D2SE oil + 5% soot
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Nevertheless, the calculated values of the dynamic 
viscosity of the oil obtained by Eq.  (18) remain 
significantly disparate from the experimental data. 
Similar discrepancies were observed for other values of 
the mass concentration of soot in the suspension, ranging 
from 0.01 to 0.07.

In light of the aforementioned considerations, 
an effort was made to incorporate the impact of the 
shape of primary soot aggregates on the viscosity 
of suspensions. In the case of N220p, the electron 
microscopy data presented in  [15,  17] indicate that 
the shape deviates significantly from a  spheroidal or 
ellipsoidal form, exhibiting a branched structure with 
an average number of soot particles in aggregates 
equal to 33.

Given that the primary aggregates of N220p soot in 
size can be classified as Brownian particles, which, due 
to their branched shape, exhibit a  higher resistance to 
shear motion of the dispersion medium than spherical 
particles, Eq.  (18) was transformed by introducing an 
additional complex parameter K(T) into it.

( )
0.6

DBP
DBP

cr
0.83

,
30

273exp ,

K TK T K
T

T

  
= ⋅ ×       

    × −   
     

 � (19)

where Tcr  is the pour point of the oil (for M-14D2SE, 
Tcr = 261 K).

In this instance, the formula for calculating the 
dynamic viscosity is given by the following expression:

( ) ( )

( )( ) ( )( )
( )

( )

( )

( )

11 DBP 0

2 0.3
DBP DP DBP

ns DP DBP
22

ns DP DBP

22
ns DP DBP

44
ns DP DBP

, ,

, , ,

2.5 , ,

6.2 , ,

5.25 , ,

40.94 , , exp 0.208 .

s g T K T

K T K c g T K

f c g T K

f c g T K

f c g T K

Df c g T K
d

m = m ×

× ⋅ +
+

+ +
+ +

 + −    

 � (20)

The results of the calculation of the dynamic viscosity 
of oils in accordance with Eq. (20) are shown in Fig. 6.

The relative position of the VTCs of soot suspensions 
obtained by calculation according to Eq.  (20) and 
the approximate dependencies obtained as a  result of 
processing the experimental data by regression analysis 
methods indicate a  sufficiently high reliability of 
predicting the viscosity of oils contaminated with soot 
using Eq. (20).

CONCLUSIONS

The results obtained indicate that, in order to adequately 
describe the VTCs of MOs containing soot, the 
characteristics of the structure of the primary aggregates 
of soot particles need to be taken into account. The 
developed mathematical model of VTCs of oils in 
the form of dependence of their dynamic viscosity on 
temperature, soot mass concentration, density of particles 
material, degree of aggregates non-sphericity, ratio of 
particle sizes of dispersed phase (aggregates or single 
particles of non-aggregated soot) and oil molecules, as 
well as soot structure characterized by adsorption of 
dibutyl phthalate, allows the VTCs of oils contaminated 
with soot formed in the course of diesel operation to be 
sufficiently reliably predicted.
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