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Abstract: We report an experimental investigation of rheatay properties of turbine oil-zinc oxide
nanoparticle dispersion with different nanopartickeeight fractions ranging from 0.1 to 4%.
Rheological experiments were performed within tleenperature range of 0 to 60°C. The results
showed that nanolubricants and the base fluid beHdse Bingham fluid. Nanolubricant viscosity
enhancement as a function of nanoparticle voluraetfon is well predicted by Bachelor equation with
modified volume fraction. Thereby, rheological datvealed that nanoparticles make aggregates in
the turbine oil with diameter about 3.6 of diamebtdra single nanoparticle. Moreover, temperature

effect on viscosity and yield stress of nanolubnisais shown and discussed.
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1. Introduction

It is well understood that adding nanoadditiveg liketal dichalcogenides to common
lubricants can enhance their tribological propertj@]. In fact, the nanolubricant
approach is used to overcome the disadvantagesnetantional anti-wear and friction
reduction additives related to their need of chamieactions with substrates and the
resulting induction period to produce the tribofiim sliding surfaces [2]. These nano-
engineered lubricants can also be classified aswakind of fluid, namely nanofluid
[3]. Nanofluids are stable suspensions of partigléh less than 100 nm in diameter
dispersed in base fluids (BFs) which are commoiiyand heat transfer mediums like
water and ethylene glycol. The most beneficial abtaristics of nanofluids are their
enhanced thermal properties in comparison to the aBFreviewed recently by
Kleinstreuer et al. [4]. Because one of the maspoasibilities of lubricants is heat
transfer from heat loaded components, utilizing n@noparticles as additives in

lubricants becomes even more interesting.

One of the most crucial characteristics of lubrisais their rheological properties
which are tuned to work in specific conditions. Amglnanoparticles can change these
properties like increasing the viscosity of therloant that should not be compromised
[5]. Regarding the fact that heat transfer charaties of nanofluid and the
tribological properties of nanolubricants have beeder focus by researchers more
than their rheological properties, addressing thessperties in the intersection of
nanofluid and lubrication has been discussed pusWo[6-14]. However, when it
comes to mineral based lubricants there are feaarekes in this field [6, 8-10, 13]. In
this work a ZnO nanoparticle based lubricant waspared and its rheological
properties measured and analysed. To the bestrdfnmwledge, there is no published
research that investigated rheological properties mineral based lubricant with ZnO

nanoparticles as additive.



Nanolubricants are mainly prepared dispersing ®sified nanoparticles in common
non-polar solvents and mineral oils to provide abkt and transparent solution [15].
Most of the nanolubricants has been made from syictlibased lubricants and have
been characterized for their anti-wear and antitrn properties. For example,
Hernandezbattez et al. [16] Iinvestigated the tdbwlal behaviour of ZnO

nanoparticles as an additive to PAO6 without adsdngsrheological phenomena.

From a rheological point of view, nanofluids can deided into Newtonian [17-19]

and non-Newtonian materials [20-22]. Adding nantplkes to a BF can also change
its rheological properties. Determining whether anofluid behaves is not

straightforward. Some researchers reported thadthath behaviour can change from
non-Newtonian to Newtonian following test condit$ori6,14,23,24]. The main

parameters which govern the rheological properteéshanofluids are temperature
[7,25], nanoparticle loading [11,12], (3) shearerd6,14,26,27], aggregation of
nanoparticles [8,27,28,29] and morphology of namingdas [5,21,30,31].

One of the challenges in producing nanofluids s #ygregation of nanoparticles.
There are some theoretical frameworks which detd this issue in aqueous solutions
like extended DLVO theory [32] which describes thimbility of nanofluids. The
stability of nanofluid becomes more challenging wimanoparticles are dispersed in a
non-aqueous BF [33]. The effects of aggregationttmn rheological properties of
nanofluids were addressed in a lot of research8s 27, 34-37]. As explained in
[14,18], the presence of aggregates contributemtmNewtonian behaviour. However,
in the case of mineral based nanolubricants, feponte addressed the effects of

aggregation on the rheological properties of nandfl8,11].

Chou et al. [6] dispersed nanodiamond particlesammercial oil and investigated
tribological and rheological properties of nandfluiThey showed that nanofluid
behaviour is consistent with Bingham plastic fluAimong the most recent studies,
Kole et al. [8] investigated the effect of aggregaton the viscosity of copper oxide-
gear oil nanofluids. They reported presence of egagped CuO nanoparticles in the

fluid, with average cluster size ~7 times the pryndiameter of CuO nanoparticles.



The rheological properties of the nanofluid follavBlewtonian and shear thinning

model at low and high volume fraction of nanopdeBaespectively.

Aggregation of nanoparticles in nanofluids can afstuce yield stress, which is the
required shear stress for a fluid to start to floatvwwas shown that the yield stress
increased significantly under conditions that wéaeourable for the formation of
complex net-like aggregate structures, such as $agld volume fractions, pH values
near the iso-electric point, and high ionic strésg{38]. In addition, all of the
researchers showed that with an increasing nanojeartvolume fraction, the yield

stress increases [6, 37, 39-41].

In this work, nanolubricant was prepared dispergn® nanoparticles in commercial
mineral based turbine oil. A full characterizatioh rheological properties of the
resulting nanolubricant is performed. The effedtz¥y@ume fraction of nanoparticles
and temperature are discussed. Appropriate rhaxabgiodels based on contemporary

theories are proposed to correlate and prediatxperimental data.

2. Materials and methods

2.1 Nanolubricant

Rod-like zinc oxide nanoparticles used in this gtwdere supplied by TECNAN
Navarrean Nanoproduction Technology. The ZnO nantigpes are quite spherical but
not necessarily uniform in morphology and can béhm form of aggregates. Behran
Turbine SP-1 32 turbine oil was supplied by Beh@h Company. It is a mineral
based oil lubricant and was used as BF for pregamemofluids. The overwhelming
majority of compressors are best served by premijmade turbine oils with 1SO
viscosities 32 or 46 [42]. According to manufactigepecifications, the nanoparticles
are mainly elongated with an average particle sfZ25nm, with a purity of 99.98%, a
density of 5.6 g/crhand a specific surface area of 35 to 3@mnThe density of the
Behran Turbine SP-1 32 oil at 15.6°C is 0.87 dlchs viscosity is 35cSt at 40°C,
5.5¢St at 100°C, and its viscosity index is 104.



Nanolubricants using ZnO nanoparticles with 0.5, .0, 2.0, 3.0, and 4.0% by
weight were formulated, which correspond nearl9.tl, 0.07, 0.1, 0.3, 0.4, and 0.6%
by volume at ambient temperature. Sample preparatias carried out at ambient
temperature using a very sensitive mass baland¢eamitaccuracy of 0.1 mg. Intensive
ultrasonication (Misonix Incorporated, Model XL20Q2@as performed continuously
for 2 h after mixing with BF to possibly de-agglomte the nanoparticles. Finally, the
suspension was homogenized for 1h by magnetic fagi¢ation. The prepared
nanofluids do not display any visual sedimentatddrznO nanoparticles even after

keeping the fluids stationary for one day.

2.2 Rheological measurements

Rheological behaviour of the nanolubricants andviZis measured with Brookfield
programmable viscometer (LVDV-III Ultra) connecténl a PC to record the data.
WiseCircu temperature controlled bath which caryhe fluid temperature between -
20 and 100°C and control to £0.1 °C was used tfoils&ta the sample temperature. The
viscometer drives a spindle immersed in nanoflladchgle. Due to rotation of the
spindle, a viscous drag of the fluid against thedlp is developed, which is measured
by the deflection of the calibrated spring. ModafV-IIl Ultra viscometer has a
viscosity measurement range between 1.3 and 3@P0&pindle SC-18 was used in
this study and was calibrated by using Brookfieidcuosity standard fluids. The
maximum uncertainty was found to be 1.9%. The wviseter contains a sample
chamber where the fluid is tested. The temperaimsae the sample chamber is
carefully monitored using an RTD temperature sendaring the rheological
measurements. The spindle type and speed combisgbhimduce satisfactory results
when the applied torque is between 10% and 100&tetbre spindle types and speeds
are selected in such a way that the imposed torglues lie in this prescribed range. A
wide range of spindle speeds is available in thiscdmeter (0-250 RPM). All the
measurements were performed under steady statetioasd Tests were done at four

different temperatures 0, 20, 40, and 60.



3. Results and discussion

3.1 Rheological behaviour of turbine oil

The shear flow behaviour of the turbine oil meaduas a function of shear rate

between 0 and 60°C is shown in Fig. 1. It can bens#at over the measured

temperatures and shear rate ranges, the sheas ktwesrly increases with shear rate.
The shear rate range is increased when the ternpernacrease. Regression of shear

flow data can be well fitted by the Bingham fluiddel as:
T=Tg+0y (1)

where 7 is the shear stress ang is yield stress both in dyn/é&mn is the plastic
viscosity in Poise (P) angdis the shear rate ints

Fitting rheological parameters are presented inerablt is clear that the viscosity of
turbine oil increased with decreasing temperatarehemwn in both Table 1 and Fig. 1.
A similar trend is obviously reported for the yiedttess of turbine oil.. One of the
basic equations that can describe viscosity-tenwperarelation of mineral based
lubricants is Walther-Function which is defineddxyuation (2).

W =log(logl +&)) =b—n logT (2)

in which,v is the dynamic viscosity (nfifs), ¢ is equal to 0.7 for the dynamic viscosity
higher than 2mfits, T is the temperature in K, and b and n are temhsoefficients
which are determined based on the oil type. Baseth® experimental data presented
in Table 1, equation (2) leads to the following &kion with a regression coefficient of
0.99:

W =log(log@ + 0.7)) =(9.29+ 0.07)-(3.64+£0.03)ogT  (3)

3.2 Rheological behaviour of nanolubricants

Shear stress was measured at different shearfoatals the nanolubricant samples. As
for the mineral oil, the shear flow curves of thenalubricants were linear in form.
Then, the Bingham model is also used to descrilee sirear flow behaviour of

nanolubricants. Regression results based on thghBm model are presented in Table



2. This table shows that the plastic viscosity ah@lubricants mainly increases with
volume fraction and decreases when the temperetunereased.
To study the effects of nanoparticles on the plaggcosity of nanolubricants, relative

viscosityn; is introduced, and writes as follows:

n="T" (4)
To

wheren is the plastic viscosity of nanolubricant amglis the plastic viscosity of the
mineral oil.

The relative viscosity versus volume fraction ipideed for 20°C in Fig. 2. A second
degree polynomial is used to fit the data. Regoessoefficient (R) is almost equal to
unity. A same trend was followed by all nanolubnicaamples. The results of fittimg
versus volume fraction with a polynomial of the et degree are presented in Table
3. It is observed in particular that the coeffi¢genf the polynomial are quite identical
for all temperatures, indicating that the viscositynanolubricants seems to be slightly
influenced by temperature change, in particulaloat volume fraction as discussed
later.

More rigorously, a semi-empirical relationship tbe relative shear viscosity covering

a broad range of particle volume fraction was otadiby Krieger and Dougherty [43]:

o (1_%))_[”]% (5)
¢, is the critical particle packing fraction, and approximately 0.605.n] is the
intrinsic viscosity and equals 2.5 for quite spbali particles. Assuming that
hydrodynamic forces are not powerful enough to lotba particle aggregation down
to individual particles, but increase the volumacfion into an effective volume
fraction ¢,, equation (4) can be modified as follows to tak iaccount aggregates
influence [17,18,27].

T = q-aytoe (6)

1lo %,



with @ given by

3
p= ad n, =¢m(a—;j )

where ¢,,, is the critical packing fraction of aggregates, is the radius of the

aggregate, anadr, is the number of particles contained in an aggeegBecause

aggregates are not growing in a simple order, @assumed that density of packing

decrease with moving along the radius of aggredite. number of particles in an

aggregate also takes the following form [17,18]:

n,=\— (8)
a

Inserting equation (8) into (7) gives as follows:

o =22y )

a

Combining equations (9) and (6) leads to

a nle,
o ]__ﬁ (_3)3"3 (10)
,70 ¢p a

In the previous equations, D is a measure of havdbnsity of the packing varies
along the radius. For nanofluid containing quitbeesjcal particles, D is about 1.8. By

substituting[n] as 2.5 and D as 1.8, equation (10) reduces to

12 —-15125
iz[l_ v (=) J a1
o 0605\ a

From equations (3) and (11), the relative viscositynanolubricants versus volume
fraction ¢ is plotted in Fig. 3 forla,/a) equals to 1, 3, 3.6, and 4. The case of
(a,/a) = 3.6 is obtained from fitting the experimental reswitish the model. In this

way, an approximation of aggregation size is olatdifrtom analysing rheological data.



This aggregate size is about 90 nm. On the othmed,Har particle volume fraction less
than 4% which is the case here, the Krieger andgberty model reduces to the
Batchelor equation [44]:

1 =1+ 250+ 62¢7 (12)
0
So, replacingp by ¢, and replacing equation (9) into (12), one obtain:

L/ 2.5¢(%)3‘D +62 ((0(%)3'[’) (13)

Mo

After substituting the value of parameters, thatreé¢ viscosity finally becomes:

n :”i—lz 11628p+134127¢7 (14)
If one compares equation (14) with the results #matshown in Table 3, it reveals that
Bachelor equation can well predict the rheologibahaviour of nanolubricants if
volume fraction is well replaced by the modifiedwue fraction.
As stated above, rheological properties of nanadabt and turbine oil were affected
by temperature. Fig. 4 shows that all the nanobamts follow Walther function with
no detectable change in the parameters. This ntbahshe temperature effect seems
to be mainly governed by the mineral oil charasters. To investigate the effect of
temperature more precisely, versus temperature is plotted in Fig. 5. For lmlume
fraction of nanoparticley; is almost constant but as the volume fraction gtow
starts to fall gradually with increasing temperaturhis behaviour can be possibly
attributed to the changes (a,/a) and D with temperature. With regard to equation
(11) decreasinga,/a) will decreasep;. One of the factors which may play a role in
the size of the aggregates is Brownian movemerd.Hihstein-Stokes equation can be

used to relate Brownian movement [45]:

\' 37 an




in which a is the diameter of particles, k is the Boltzmannstant,n is the viscosity,

T is the temperature, t is the time, and the distance.

Considering equation (15), it is clear that witlereasing the temperature, Brownian
movement increases. Consequently, increasing Beoswmovement increases inter
molecular interaction between aggregates especatllyhigh nanoparticle volume

fraction which can decrease,/a). Finally, the relative yield stress of nanolubritsa

is introduced as follows,

r, - {Mj (16)

T s

where 7,4, is the yield stress of BF at the correspondingpeemature. Variationz,

versus volume fraction at different temperaturegeigicted in Fig. 6. First of all, Fig. 6
shows that the relative yield stress of nanolulnti€aslowly increases for volume
fraction lower than 0.3%. For this volume fractioange, the relative yield stress is
quite constant for the tested temperature under dRkperimental and fitting
uncertainties. This indicates the slight influemégemperature for this concentration
range. For higher volume fraction up to 0.6%, thHative yield stress strongly depends
on both volume fraction and temperature. So, d@lhiserved that the higher the volume
fraction and temperature, the higher the relatiledystress of nanolubricants. As
mentioned above, increasing the temperature inesett® Brownian motion of the
particles. Particularly, at high concentrationsnahoparticles the preventing role of
nanoparticles on clotting will be diminished andritthe yield stress increases.

4. Conclusion

The rheological behaviour of turbine oil with Zn@noparticles were investigated
experimentally as a function of volume fraction aechperature. It was shown that this
kind of dispersion behaves like Bingham fluid. Tody the effect of the nanoparticle
volume fraction and temperature on the viscosity n@holubricant, Krieger and
Dougherty equation was used with modified effectsgdume fraction. The results

showed that nanoparticles are packed within the Hagl in aggregates with diameter

10



about 3.6 times of a single particle. Replacing iadified volume fraction with the
correct aggregation size into the Bachelor equatieh fitted the experimental results
within the volume fraction range investigated. Thdan be helpful to predict
nanolubricant viscosity for other concentrationsd acommercial oils under the
presence of nanoparticles aggregates.

Temperature had direct effect on the viscosity adebfluid and nanofluid but nearly
the same pattern followed by both of them. Intengst, at high volume fraction of
nanoparticles and high temperatures, the effetdroperature was intensified in such a
way that increasing the temperature would weaketogity magnifying effect of
nanoparticles on nanolubricants. Inversely, theldyistress of nanolubricants is

increased with both temperature and volume fraction
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Figure Captions

Figure 1. Shear flow curves for turbine oil

Figure 2. Regression @fi as a function of volume fractiopat 20°C

Figure 3.ni versus volume fraction — Comparison of experimkedata and equation (11)
Figure 4. Viscosity versus temperature for nanotamnts

Figure 5.ni versus temperature for nanolubricants

Figure 6. Relative yield stress of nanolubricar@ssus volume fraction

Table Captions
Table 1. Regression results for turbine oil base@mgham fluid model
Table 2. Regression results for nanolubricantsdaseBingham fluid model

Table 3. Regression af; as a function of
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Table 1. Regression results for turbine oil base@mgham fluid model

o Ty 2
0.0 | 316.6:0.9 0.640.07 0.9998
20.0 | 79.68:0.06 0.50+0.02 0.9999
40.0 [ 29.140.04 0.42:0.03 0.9997
60.0 [ 13.75:0.03 0.2A0.02 0.9999
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Table 2. Regression results for nanolubricantsdaseBingham fluid model

Weight
T(°C) Percent 0.1% 0.5% 1.0% 2.0% 3.0% 4.0%
Parameter
n (cP) 317.20.4 319.5:0.4 322.5:0.9 328.6t0.8 335+2 34243
00 Tﬁ (dyn/cn?) 0.7+0.03 0.81+.03 0.88t0.06 0.95+0.04 2.1+0.1 3.9£0.2
R2 0.9999 0.9997 0.9999 0.9999 0.9999 0.9999
n (cP) 79.8:0.2 80.4:0.1 81.1+0.11 82.7+0.2 84.4:0.6 86+2
T. (dvn/cn? 0.45+0.07 0.570.03 0.6+0.03 1.28+0.06 3.0£0.1 5.5+0.3
20.0 p (dynicnT)
R2 0.9999 0.9999 0.9996 0.9999 0.9995 0.9999
n (cP) 29.22:0.08 29.4:0.1 29.740.1 30.2:0.1 30.8:0.2 31.40.4
. (dyn/cn? 0.32£0.06 0.34+0.08 0.4+0.1 0.62£0.06 2.37+0.09 4.2+0.1
40.0 p (dyn/cnT)
R2 0.9999 0.9999 0.9997 0.9999 0.9999 0.9999
n (cP) 13.8+0.02 13.86:0.03 13.98:0.02 14.22:0.02 14.5+0.04 14.7+0.1
60.0 T 7 0.38:0.04 0.43t0.05 0.41+0.03 0.5+0.3 2.41+0.05 4.43:0.1
B (dyn/cnr)
R2 0.9999 0.9999 0.9999 0.9999 0.9997 0.9999
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Table 3. Regression af; as a function of

n =Ad? + B¢

T(°C
(C) A B R2

0.0 |130.5 11.65 0.98
20.0 | 135.7 11.62 0.99
40.0 | 133.0 11.64 0.98
60.0 | 137.2 11.61 0.99
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