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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-14D,SE and M-5z/14D,SE 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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AHHOTaUUuS

Heﬂﬂ. BLICTpI)Iﬁ XOJIOTHBIA IIyCK aBapHﬁHbIX 1 BCIIOMOT'aTCIIbHBIX SHEPIreTUYCCKNUX YCTAHOBOK Ha Oaze IHU3CIbHBIX JIBUTATEIICH
B J11000€ BpPEMsI JOJKECH OCYUICCTBIIATHC 0e3 0co0BIX Hp06HCM nB KpaT‘{aﬁHlHe CpOKH. O,HHI/IM U3 OCHOBHBIX q)aKTOpOB, BJIMAIOIIUX
Ha 6633BapPII>iHLIﬁ ITYCK SHEPIreTUYCCKUX YCTAHOBOK, SIBJIACTCSA COCTOAHUE MOTOPHOI'O Macia. B mponecce pa60n,1 JAU3CJIIBbHOI'O0 ABUTIa-
TCJISI MOTOPHOC MACJIO HAKAIUIMBAET B CBOEM COCTABE CaXKy, YTO HEraTUBHO BJIMACT HAa €0 PpEOJIOrH4CCKUe CBOMCTBA. ]_[C.IIL paGOTLI —
pa3pa60TKa MaTeMaTH4ICCKON MOJICITH U3MCHCHHS THHAMUYCCKOHN BI3KOCTH MOTOPHBIX MacC€JI B 3aBUCUMOCTHU OT TEMIIEPATYPhI C YUETOM
KOHICHTpAIlK CaXXU U €€ MOpq)OJIOl"I/II/I Ha OCHOBE PE3YJIbTATOB OKCIICPUMEHTAJIbHBIX HCCIICIOBAHH.

Mertoabl. B kauectBe 00pa3oB Maces AJIs NPUTOTOBICHUS MOJEIBHBIX CMECEil MCIONIBb30BAINCH ITATHO NPUMEHSEMbIC MOTOPHBIC
macna 11 ausenbHbIx gpurareneid M-14J1,CE u M-53/14]1,CE. B kadecTBe nuCEpCHOM (asbl CYCIEH3MI HCIIONB30BANICA TEXHUYE-
ckuit yrepon mapok N110, N220, N330 u N220 npuramumii (HerpaHyIupoBaHHBIH). Peonornyeckue cBOHCTBa 00pa3oB ONpeNessuINCh
Ha potaunoHHOM peoMetpe TA Instruments DHR-2. [Tonmy4deHHbIe SKCTIEepUMEHTANIBHBIE JaHHBIE 00pa0daThIBAINCh METOAAMH MaTeMaTH-
YECKOH CTATUCTHKH C MOJyYCHHUEM ANPOKCHMHPYIOIINX 3aBUCUMOCTEH.

PesyabTarel. B pabore mpencTaBieHsl aHAIN3 PA3IMYHBIX TTOJXO0B K OMHCAHUIO PEOJIOTUH CYCIIEH3UIl U Pe3y/bTaThl KCIIEPUMEH-
TaJbHBIX MCCJIEAOBAHUI BA3KOCTHO-TEMIepaTypHbIX XapakTepucTHK (BTX) monmenpHbIX 00pasiioB Macen, coaepskamux caxy. [loka-
3aHO, YTO CYIIECTBYIOIINE MOJETH 3aBUCHMOCTH JUHAMUYECKOH BS3KOCTH CYCHEH3UH OT TeMIepaTypbl, 00bEMHON KOHIEHTPALUH
JCIIEPCHO#T (ha3bl, pa3MepoB U (OPMBI € YaCTHII He MO3BOJISIOT ajekBaTHO onncaTh BTX MoTOpHBIX Maces, copepxaiux caxy. [Ipen-
JIO’KEHA MOJIENb PEONIOTHYECKUX CBOWCTB Cayke-MacCIIsTHBIX CYCIIEH3HI B BUI€ MaTeMaTU4eCKOH 3aBUCUMOCTH UX AWHAMHYECKOH BS3KO-
CTHU OT TeMIEpaTypbl, MACCOBON KOHLIEHTPALIMH Ca)kKM, INIOTHOCTH MaTepuaja U pa3MepoB Ca)KeBbIX YACTHIL, OT XapaKTEPUCTHK (HOPMBI
U CTPYKTYPBI IEPBUYHBIX arperaTos, a TakKe OT COOTHOLIEHHs Pa3MEpOB arperaroB U MOJIEKyI AUCTIEPCHOHHOM CpeJibl.

BriBoabl. [Tokazano, uto mist anexBaTHOro omucanus BTX MOTOpHBIX Maces, CoAepiKalluX Caxy, HeOOXOAUMO yUHMTHIBATH XapaKTe-
PHUCTHKH CTPYKTYpPBI HEPBUYHBIX arperaroB Ca)keBbIX 4acTull. Paspaborana maremaruyeckas Mozaens BTX macen B BHJe 3aBHCUMOCTH
HX JMHAMUYECKOU BSI3KOCTHU OT TEMIIEPaTyphl, MACCOBOI KOHI[EHTPALIMH Ca)XKH, INIOTHOCTH MaTepHalla 4aCTHIl, CTEIIeHH HeC(epUIHOCTH
arperaTroB, COOTHOIICHHSI Pa3MEpOB YaCTHI[ TUCIIEPCHOHN (ha3bl (arperartoB WM OAMHOYHBIX YaCTHIl HEarpernpoBaHHOW Ca)XH) M MoJie-
KyJI MacJia, a TakKe CTPYKTYPHOCTHU CaKH, XapaKTepu3yeMOoi CTaHIapTHBIM IoKa3aTesieM — ajicopouueit nubytundranara.

KnioueBble cnoBa MocTtynuna: 20.08.2024
MaremMariyeckasi MOJICITb, THHAMHYECKas BI3KOCTh, MOTOPHOE MAcIlo, Caxa, AopaboTaHa: 16.09.2024
CTPYKTypa arperatoB, PEOJOTHUECKHE CBONCTBA MpuHsTa B neyats: 21.10.2024
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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 Ilubricating
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 bulletin! indicates that the presence of soot in the
oil is not problematic until the active components of the

I 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-14D,SE and M-5z/D,SE 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-14D,SE 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:

u(T):eXp(exp(a-T‘4+b-T_2+c))—1. (1)
The values of the coefficients in Eq. (1) are:

a=-129-10'% h=1.03-10% 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
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(plane diameter 40 mm, cone angle 2°). The temperature
dependencies of viscosity were obtained at a constant
shear rate of 100 ¢! 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°C.

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:

W(T,9) =1y (7) - F(o), 2

wherein p(7) is the dynamic viscosity of the dispersion
medium as a function of absolute temperature; F(@) 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]:

W) =po - F(@)=p,-(+e-9), (3)

wherein ¢ 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 € is 2.5, and the experimentally obtained
value ¢ for spherical particles is 2.9); p,, 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 ¢ < 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]:

@) =pg - (1+8-0+8, -9 +55-0%), @)
wherein the values of the coefficients €, ¢,, &, 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
g, = 2.5, and the remaining coefficients may differ
significantly. For example, in [4] the Wand formula
with the coefficients ¢, = 2.5, &, = 6.25, ¢, = 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 (¢ < 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(¢) has a different form. Thus, in
the fundamental monograph by S. Bretschneider [3], the
Kunitz formula is given:

HP) =py - (1+0.5-9)-(1-¢)*, )

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
¢ <0.25:

2.0

232 |
(1—1.2-@]

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

ki-o
— |, 7
1—k2-(pj ™)

weo)=pg | 1+ (6)

m(e) =g - exr{

wherein k; = 2.5; k, = 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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, (8)
((P ~ Pmax )2

3
H(P) =pyg - 1+2-5'(P+Z'(P'CXP

wherein m = 2.2 + 0.033a; a is the particle size in
microns; ¢, = 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. Morozova? 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 ¢ and the radius of its particles 7, 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 A:

1

1—[1+x)-3(p
r k,

wherein k, is the packing coefficient of particles of the
dispersed phase, equal to n/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:

u(e,7,A)=pg - ©)

M) =to - (1+8 - 0+8, - 0?), (10)

in which the coefficients ¢, and ¢, significantly exceed in
magnitude the similar coefficients in Eq. (4).

2
SB RAS; 2019. 103 p. (in Russ.).

Thus, in the dependencies for suspensions with
TiO, 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(Ill) particles, ¢, and
g, 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 ¢, and ¢, may depend on the size of the
nanoparticles and their material.

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

w(e) =ng -{u,B +(5.25-¢+40.94-¢2) x

x exp(—0.208 %ﬂ,

whereinp p=1+2.5-¢+6.2- @2 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:

o) =K-y" 1, (12)

wherein v is the shear rate; n = 1 —36.3 - ¢ + 5 - ¢%
K =0.001+¢ —230 - 9>+ 3700 - ¢>.

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.

1) =pg - (1+&/(D)- 9+, (D)-9?). (13)

(11)

In order to evaluate the suitability of the
aforementioned approximations, calculations were
conducted to determine the kinematic viscosity of
M-14D,SE 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

Morozova M.A. Thermal conductivity and viscosity of nanofluids. Diss. Cand. Sci. (Phys.-Math.). Novosibirsk: Institute of Thermophysics
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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].

6-10°
8
. 7
g 4.103
=410 2,3.4.5
g 1
g
2
g 2103
Q
=
N
0
240 260 280 300 320 340

Temperature, K

Fig. 1. Approximations for the VTCs of M-14D,SE oil (/)
and its suspensions with soot (5 vol %) according to the Eqgs.:

curve (2) — Eq. (3); (3) — (6); (4) — (4); (5) — (7);
(6) —(5); (1) — (11D; () — (9)

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-14D,SE 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
orderto facilitate the observation ofthe 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-14D,SE 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-14D,SE 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-14D,SE oil and suspensions based on it

Dependence coefficients
S W(T) = exp(exp(a T4+ T2+ c)) —1 Cor’ielatioil coefficient
corr((T 44T 2),lnln(u+ 1))
a b G
M-14D,SE -7.31-10° 8.60 - 10° —9.84 0.999
M-14D,SE + 1 wt % N220p -3.98 - 10° 7.38-10° —8.75 0.999
M-14D,SE + 2 wt % N220p -3.62 - 108 6.08 - 10° —7.62 0.999
M-14D,SE + 3 wt % N220p 2.01-10° 5.26 10 —6.91 0.999
M-14D,SE + 4 wt % N220p 5.93-10° 3.71-10° —-5.49 0.999
M-14D,SE + 5 wt % N220p 9.57 - 107 2.10-10° -3.92 0.998
M-14D?SE + 7 wt % N220p ~7.31-10° 8.60 - 10° —9.84 0.999

N
~

0.2

Dynamic viscosity, Pa-s

280 300 320

Temperature, K

340 360

Fig. 2. Approximating dependencies of the dynamic viscosity
of M-14D,SE (/) oil on temperature at different concentrations
of N220 dusty soot:

(2) M-14D,SE oil + 1% soot; (3) M-14D,SE oil + 2% soot;
(4) M-14D,SE oil + 3% soot; (5) M-14D,SE oil + 4% soot;
(6) M-14D,SE oil + 5% soot; (7) M-14D,SE 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:

Moo (&:T) = ko (T ){[l+2~5fnsch (g:7)+

2

+6.2f2cpp (g,T)z} +[5.25fIfScDP (g.T) + (14)

+40.94 4 cpp ( g,T)“Jexp(—o.zosgj},

0.8

Dynamic viscosity, Pa-s

0.2

280 320 360

Temperature, K

400

Fig. 3. Results of calculating the dynamic viscosity

of 3- and 7-percent suspensions of N220p soot

in M-14D,SE 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-14D,SE oil + 3% soot; (4) M-14D,SE oil + 7% soot

wherein g is the mass concentration of soot in the
suspension in fractions of one; 7 is the absolute
temperature, K; p,(7) is the dynamic viscosity of
pure oil, Pa - ¢ (general view of the dependence W(7)
and the values of the coefficients a, b, ¢ are shown in
Figs. 1 and 2 and in Table 1, respectively); f, 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;
cpp(g.T) is the volume concentration of soot in the
suspension, calculated by the formula:

g ppm(7)
g ppm (T)+(1-g)Ppp
wherein p, is the density of the dispersed phase
material (soot), assumed to be equal to 1850 kg/m?;
ppm(7T) is the dependence of the density of the DM on
temperature:

ooyt (T)=1019-0.661-T. (16)

cpp(&.T)= (15)

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.

N g I
e [=)} [oe]

Dynamic viscosity, Pa- s

S
o

300 350 400
Temperature, K

Fig. 4. Results of the calculation of the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Eq. (14) in comparison with the approximation
of experimental data:

(1) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) M-14D,SE 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 kjy5p, 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 k5,
value leading to a greater degree of separation.

3

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

g-[1+pppKppp |Ppm (7)
g Ppm(T)+(1-g) Ppp
wherin Kpypp = kpgp ' 1075, m3/kg.

Taking into account (17), Eq. (14) takes on a different
form:

Koo (& T Kppp ) =g (T)*

x {[1 +2.5f,epp (8T Kpgp )+

cpp (&7, Kppp ) = , (17)

2
+6.2f2cpp (g,T,KDBP) }L (18)
2
+[5.25 flepp ( g,T,KDBP) +

+40.94 14 cpp (8.7, Kppp )4}6"1’(_0‘2083}'

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-14D,SE oil
(Kpgp = 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).

0.6
o
(=9
=
Z 04 4
3
2
g
S 1
>
A 0.2

0

300 350 400

Temperature, K

Fig. 5. Results of calculating the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Egs. (14) and (18) in comparison

with the approximation of experimental data:

(/) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) calculated value according to Eq. (18);

(4) M-14D,SE oil + 5% soot

Razdiakonova G.I. Dispersed carbon. An educational electronic publication of local distribution. Omsk: OmSTU, 2013. 231 p.
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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(7) into it.

0.6
K T
K(T,KDBP)=( ?SPJ.[T_J x

cr

3708 (19)
ool (22)
T b

where T is the pour point of the oil (for M-14D,SE,
T, =261K).

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

“sll(g’T’KDBP)ZHO(T)X

2 0.3
x {[(K(T’KDBP)) '(CDP(gvT»KDBP)) +
2.5 fosCpp (g’T’KDBP)+

2 2
+6.2f2cpp ( g,T,KDBP) }r

(20)

2
+[5.25fnzscDP (g,T,KDBP) +
4 4 D
+40.94 fcpnp (8.7, Kpgp ) |exp ~0.208— 1.

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).

0.8

0.6

0.4

Dynamic viscosity, Pa-s

0.2

300 350 400
Temperature, K

Fig. 6. Results of calculating the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Egs. (14), (18), and (20) in comparison

with the approximation of experimental data:

(1) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) calculated value according to Eq. (18);

(4) M-14D,SE oil + 5% soot;

(5) calculated value according to 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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