4088 J. Chem. Eng. Data 2010, 55, 40884094

How Pressure Affects the Dynamic Viscosities of Two Poly(propylene glycol)

Dimethyl Ether Lubricants
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The dynamic viscosity of two poly(propylene oxide) dimethyl ethers with average molecular weights higher
than 1.3 kg-mol ~* are the object of study in this work. The experimental measurements have been performed
with a rotational automated viscometer and a high-pressure rolling-ball viscometer up to 60 MPa at five
temperatures ranging from (303.15 to 373.15) K. We present other physical properties that affect the
[ubrication, such as the viscosity index, the pressure—viscosity coefficient, and the temperature—viscosity
coefficient. Several Vogel—Fulcher—Tammann (VFT) type equations were used to fit the viscosity
experimental values to the pressure and temperature. The viscosity data have also been fitted as a function
of temperature and volume to the thermodynamic scaling model of Roland et a.

Introduction

Polyakylene glycol ethers (PAGs) are the largest single class
of synthetic lubricant bases. They can be used as automotive
antifreeze, brake fluid, water-based hydraulic fluids, hydrocarbon
gas compressors, textile lubes, metalworking fluid, food grade
lubricants, and high-temperature bearing and gear lubricants.*?
Besides, different studies pointed out that PAG oils could be
primary lubricant candidate for refrigeration systems working
with hydrofluorocarbons (HFCs) and CO,.>* PAGs are prepared
by the reaction of epoxides, usualy ethylene and propylene
oxide (EO and PO), with compounds that contain active
hydrogen in the presence of a basic catalyst. Variation of the
ratio of the epoxides and the end groups leads to different
products. The molecular weight and viscosity of PAGs can be
significantly influenced during production and can be adjusted
within narrow limits.® The possibility of engineering products
in this way distinguishes them from many other lubricants.
Polyalkylene ethers are also known plasticizers for low melting
polyesters such as poly(butylene terephthalate) and poly(ethylene
terephthal ate).

One of the main advantages™? of PAGsis that these lubricants
decompose completely into volatile compounds under high-
temperature oxidizing conditions. This results in low sludge
build up under moderate-to-high operating temperatures or
complete decomposition without leaving deposits in certain
extremely hot applications. PAG miscibility with water increases
with the number of EO units. The hygroscopic character of the
PAGs is dependent on their hydroxyl group content; it decreases
with increasing molecular weight and the number of ether bonds.
The solubility in water decreases in the same way. Even if the
PAG fluid does not initially contain any water, it has the
tendency to absorb moisture from the atmosphere.

Lubricants are materials used to facilitate the relative motion
of solid bodies by minimizing friction and wear between
interacting surfaces. The viscous behavior of a lubricant as a
function of temperature, pressure, and shear rate is crucia in
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determining its ability to form a layer of oil between rolling
surfaces to reduce friction and wear. The pressure—viscosity
coefficient, o, quantifies the film-generating capability of a
lubricant in tribological contacts, at isothermal conditions.®” This
coefficient is very dependent on the chemical structure of the
base 0il®®° and could be modified using small quantities of
additives. The viscosity index (VI) is another important
parameter in lubrication design because it quantifies the tem-
perature dependence of the lubricant viscosity.

Kinematic viscosities for PAG lubricants at atmospheric
pressure usually range from (8 to 100 000) mm?-s ™t at 313.15
K, and the VI of PAGs can reach values around 200 for low-
molecular-weight PAGs and 4302° for high-molecular-weight
PAGs. The viscosity dependence on pressure under isothermal
conditions for PAGs shows a lack of experimental values.
Following our current research projects on environmentally
adapted oils, two double end-capped PO PAGs with average
molecular weights higher than 1.3 kg-mol~! are the object of
study in this work. New dynamic viscosity measurements up
to 60 MPaat five temperatures ranging from (303.15 to 373.15)
K are reported together with other physical propertiesthat affect
the lubrication, such as the VI value, the o value, and the
temperature—viscosity coefficient, .

Experimental Section

Materials. The two double end-capped poly(propylene gly-
cols), CH3;O[CH,CH(CH3)O],CHs, were provided by Croda
The samples are aiquots of those used by Fandifio et al.*° The
molecular masses of the PAGs were determined with matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry.™ PAG1 has a weight average molecular
mass, My, of 1.385 kg-mol~%, and that of PAG2 is 1.717
kg-mol 2, the estimated uncertainties being lower than 1-102
kg-mol L. The polydispersity indexes were respectively 1.017
and 1.022, so both PAGs can be considered as monodisperse.
The number of PO units, [CH,CH(CH3)O], ism = 23 for PAGL
and m = 29 for PAG2.%° The samples were degassed and dried
by keeping them under vacuum (approximately 1 Pa) for (8 to
15) h, at a temperature above 303 K.
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Measurement Techniques. The viscosity at atmospheric
pressure was measured with a rotational automated viscometer
Anton Paar Stabinger SYM3000. This apparatus alows, ac-
cording to the manufacturer, density, dynamic viscosity, and
kinematic viscosity measurements over the range (253.15 to
373.15) K of fluids with dynamic viscosities from 0.2 mPa-s
to 20 Pars. The VI was determined using the SVM3000
viscometer according to the ASTM D2270 from the kinematic
viscosity at (313.15 and 373.15) K. The reproducibility of the
dynamic viscosity and density measurements with this technique
is 0.35 % and 0.5 kg-m™3, respectively. We have verified the
viscosity uncertainty with two reference fluids from Cannon
Instrument Comp., S60 and N100, finding that the deviations
are lower than 1 %.

The high-pressure viscosity measurements were performed
in arolling-ball viscometer'?~1® (Ruska 1602-830) from (303.15
to 373.15) K and up to 60 MPa. The measurements can be
conducted with the unit inclined at different angles with the
horizontal. The angle and the sphere diameter would vary to
take the viscosity range into account. Thus, the higher the
viscosity, the quicker the setting (higher angle and sphere of
smaller diameter) should be used. Several elements of the
apparatus were recently modified by Paredes et a.'® from the
original device.™* The temperature inside the cellblock was
measured with an uncertainty of + 0.02 K. The pressure was
mesasured with two transducers, both calibrated with an uncer-
tainty of + 0.02 MPa, aHBM PE300 differential pressure gauge
and a Druck PMP 4070 absol ute pressure gauge that can operate
up to (45 and 70) MPa, respectively. The procedure used to
perform the measurements has been explained in previous
articles.*®*’

Working Equation. For the rolling-ball viscometer geometry,
the dynamic viscosity » is a function of At, the time required
for the ball to roll from one end of a fluid-filled tube to the
other at a fixed angle, of the density difference between the
ball and the fluid and of the apparatus parameter K, according
to the following equation:**’

n(T,p) = K(T)(opar — Prii) At 1)

The determination of the caibration function K(T) was
explained in detail in previous articles.*®” To optimize the
rolling times, two balls and different tilt angles were used.
Considering the calibration procedure, temperature, pressure,
and falling-time accuracies and the density and viscosity
uncertainties of the reference fluid (Cannon certified reference
standard N100), we have estimated™®'’ a final expanded
uncertainty of lessthan + 4 % in the present dynamic viscosity
measurements.’® The instrument performance was tested® by
comparing the experimental dynamic viscosity measured for
diisodecyl phthalate (DIDP) and sgualane. For DIDP, the
maximum average absolute deviation (AAD) between our %
values and those found in the literature was 3.7 %, and for
sgualane the maximum AAD between our viscosity data at high
pressures and those found in the literature was 3.2 %. More
details of the comparisons are given in a previous article.*® All
of these deviations are in agreement with our estimated
uncertainty for our viscosity measurements (4 %).

Results and Discussion

The rolling times for the two PAG base lubricants have been
measured with the Ruska rolling ball device up to 60 MPa at
five temperatures ranging from (303.15 to 373.15) K. Therolling
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Table 1. Experimental Viscosity, n (mPa-s), of PAG1 and PAG2 at
Different Temperatures and Atmospheric Pressure Measured with
the SYM 3000 Viscometer

T 1PAGL PAG2

K mPa-s mPa-s
278.15 243.1 351.6
283.15 1771 253.0
288.15 133.0 188.2
293.15 102.3 143.6
298.15 80.28 111.8
303.15 64.24 88.89
308.15 52.28 71.86
313.15 43.19 58.99
318.15 36.17 49.10
323.15 30.65 41.39
328.15 26.26 35.29
333.15 22.71 30.39
338.15 19.82 26.41
343.15 17.43 23.14
348.15 15.44 20.42
353.15 13.76 18.14
358.15 12.34 16.23
363.15 11.13 14.59
368.15 10.09 13.19
373.15 9.185 11.98

Table 2. Experimental Viscosity, n (mPa-s), of PAG1 and PAG2 at
Different Temperatures and Pressures Measured with the
High-Pressure Rolling-Ball Viscometer

TIK
p/MPa 303.15 313.15 333.15 353.15 373.15
PAG1
0.1 65.0 43.8 222 13.3 9.11
1 66.1 445 22.6 135 9.22
5 71.2 47.6 24.0 14.2 9.76
10 78.0 51.8 259 153 10.5
20 934 61.1 30.1 17.5 11.9
30 112 72.0 34.8 20.0 13.6
40 133 84.5 40.1 227 15.3
50 158 99.0 46.1 25.7 17.1
60 187 116 52.7 289 19.1
PAG2

0.1 89.2 59.8 30.6 18.1 12.0
1 90.7 60.7 31.0 18.3 12.1
5 97.8 65.2 33.0 19.4 12.8
10 108 71.1 35.7 20.9 13.7
20 129 84.5 41.6 24.1 15.6
30 155 99.9 483 27.6 17.8
40 186 118 55.9 315 20.1
50 222 139 64.4 35.7 22.5
60 264 162 74.0 40.3 252

time value, At, was taken as the average of six measurements
performed at thermal and mechanical equilibrium, its standard
uncertainty being lower than 0.2 %. The densities of the
analyzed fluids needed in eq 1 for the dynamic viscosity
determination have been taken from a recent work of Fandifio
et al.'® We have also measured the viscosities of the two PAGs
in the temperature range from (278.15 to 373.15) K, at
atmospheric pressure with a rotational Anton Paar SVM3000
viscometer. These values are presented in Table 1, whereas in
Table 2, the values obtained with the rolling-ball viscometer
are given. The experimental values measured with the high-
pressure device agree with those measured with the SVM3000
viscometer at atmospheric pressure with AADs of 1.8 % and
0.6 % for PAGL and PAG2, respectively. The trends of the
viscosity with temperature and pressure can be observed in
Figure 1. The viscosity increases with the average molecular
mass of the PAG. The same trend was found™® for the density
and internal pressure, whereas for the compressibility and the
isobaric thermal expansivity the opposite tendency is found.
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Figure 1. Dynamic viscosity as a function of temperature and pressure for (a) PAGL, (b) PAG2: B, 303.15K; O, 313.15K; @, 333.15 K; O, 353.15K; A,
373.15 K. (c) Dynamic viscosity as a function of the pressure at 303.15 K: W, PAG1; O, PAG2.

Table 3. Parameters of Equations 2 to 6 and AADs

PAG1 PAG2

eq 2
A/mPa-s 0.32506 0.25111
B/K 623.47896 788.13434
CIK 185.64455 169.00719
F 6.53648 6.42802
Eo/MPa —2248.5847 —1485.95806
E/MPa-K™* 13.79361 9.10318
E,/MPa:K 2 —0.01729 —0.01028
AAD/% 0.96 0.35
o/mPa-s 0.66 0.46

eq 4
a’ —0.91163 —1.18128
b’ 0.00396 0.00218
¢ 564.45999 725.58595
d 1.63735 2.19267
e —0.00234 —0.00303
To 192.30742 175.25588
AAD/% 0.97 0.39
o/mPa-s 0.56 0.50

eq 5
a’ —0.99178 —1.29122
b” 0.00783 0.00656
D’ 3.10164 4.44186
X 189.49552 171.43500
y 0.15003 0.16376
z —0.0004248 —0.0004293
AAD/% 0.93 0.32
o/mPa-s 0.32 0.12

We have used a modification of the V ogel —Fulcher—Tammann

(VFT) equation proposed by Comufias et a.*° to correlate the
experimental viscosity data obtained with the high-pressure
device for each fluid as a function of temperature and pressure:

D=2 ers g @

where

E=E,+ ET+E,T? ©)

We have selected as the reference pressure pye = 0.1 MPa. The
parameters A, B, and C have been determined in a preliminary
fit of the viscosity as a function of the temperature at the
reference pressure, and coefficients F, Eo, E;, and E, have been
fitted to the viscosity measurements at pressures different from
the reference pressure using the Levenberg—Marquardt® algo-
rithm. The values of the parameters of eqs 2 and 3 are given in
Table 3. The experimental points for each fluid fall within a
narrow range well-centered with respect to the corresponding
equation, yielding an AAD of at worse 1 % which is ameasure
of the dispersion of the data. In eq 2, the three parameters C =
To, B = TyD, and the Angell strength parameter D are pressure-
independent, whereas the pre-exponentia factor is pressure- and
temperature-dependent. Nevertheless, in the case of the structura
relaxation times with VFT, it has been observed at moderate
pressures (P < 400 MPa) that the Vogel temperature Ty always
increases with pressure,?* 2% whereas the strength parameter D
seems to be pressure-independent for some authors, 2”22 but it
is considered pressure-dependent for others.?®*° Considering
these previous literature results, in the present work we correlate
the viscosities at high pressures with other two modifications
of the VFT equation:3"3?

n=exp@ +bp+(c+dp+ e’pz)/(T = Ty)
(4)

n = exp@” + b”p + DTy(p)/(T — To(p))) ®)
where

To(p) = X + yp + zp? (6)
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Figure 2. Pressure dependence of the Angell parameter of eq 4, D = (¢’ +
d’p + e’p?)ITo, for M, PAGL; O, PAG2.
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Figure 3. Pressure dependence of T, of eq 6 for B, PAG1; O, PAG2.

The Angell strength parameter in eq 4 is pressure-dependent
obeying the relation D = (¢’ + d’p + ¢’p?)/To, whereasin eq 5,
D is constant. The values of the parameters of eqs 4, 5, and 6
aregivenin Table 3. The AADs are similar for eqs 4 and 5 and
slightly higher to those obtained with eq 2. Figures 2 and 3
show respectively how both D and Ty (from eq 5) increase with
the pressure. It is possible to observe similar behavior for
dipentaerythritol esters'” and for ionic liquids.3° 3

We have used the original VFT equation to estimate the glass
transition temperatures Ty at atmospheric pressure of the two
compounds, obtaining (194.2 and 196.3) K for PAG1 and PAG2,
respectively. Mattson et al.>* have determined the glass transition
temperatures using dielectric spectroscopy of the series
CH30[CH2CH(CH3)O]mCH3 with m = 1,2 3,7 17, and 34.

According to Figure 3 of this article®* the glass transition
temperatures corresponding to the weight average molecular
mass of the two PAGs studied in this work are around (192
and 195) K for PAG1 (m = 23) and PAG2 (m = 29),
respectively, in good agreement with our estimated T, values.

When the moving parts of a mechanical device are working
in the elastohydrodynamic regime of lubrication (EHL), the main
parameters characterizing the film thickness of the fluid in the
contact points protecting them from high friction and premature
wear are the shear viscosity and the pressure—viscosity coef-
ficient, o, of the fluid. According to several authors,”*® fluids
of higher o value produce thicker lubricant films, providing then
a better protection at high pressures for rolling-element bearings,
gears, and rotors. Errichello” has indicated that an increase of
16 % in the film thickness increases the bearing life more than
four times. Nevertheless, lubricants with low a coefficients are
better at decreasing friction and the subsurface stresses.5¢"

The a coefficient can be determined either directly by
measuring viscosity as a function of pressure using a high-
pressure viscometer or indirectly by experimentally determining
film thickness with an optical interferometer. However, there
is controversy over the validity of these relations that relate the
pressure—viscosity coefficient and the film thickness and the
appropriate definition of the o. parameter.®®~“° For these reasons
among others, a values obtained using the direct and indirect
approaches can show large discrepancies. Among the several
definitions to obtain the pressure—viscosity coefficient from
experimental viscosity values, we have chosen that given by
Dowson and Higginson:**

w0

This definition takes into account the local variation of the slope
of thelog 7 versus pressure curves. The a. coefficient obtained
from eq 7 has been plotted against pressure at different
temperatures for both PAGs in Figure 4. The local pressure—
viscosity coefficients for both polyethers decrease when the
pressure or the temperature increases. Taking into account the
temperature decreasing trend of the a. values (see also Table 4)
and the o data reported by Lawford® at 295 K and measured
by Aderin et al.,** we could conclude that the pressure—viscosity
coefficients of both PAGs are dightly higher that several
monoend-capped and uncapped PO PAGs and quite higher than
those of EO PAGs. Besides, the o values for the PAG lubricants
studied here are lower that those of dipentaerythritol esters'’
and pentaerythritol esters™>*35 with linear side chains, com-
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Figure 4. Local pressure—viscosity coefficient as a function of temperature and pressure for (a) PAG1 and (b) PAG2: B, 313.15 K; O, 323.15 K; @, 333.15

K; O, 34315 K; A, 353.15 K; and A, 363.15 K.
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Table 4. Pressure—Viscosity Coefficient, a, and Temperature-
Viscosity Coefficient, 8, at Selected Pressures and Temperatures

PAG1 PAG2
p/MPa TIK a (GPa?})
10 313.15 16.98 17.54
50 313.15 15.38 15.82
10 333.15 14.95 15.47
50 333.15 13.70 1411
10 353.15 13.74 14.08
50 353.15 12.68 12.95
10° 6 (K%

10 313.15 39.47 39.02
50 313.15 41.03 40.47
10 333.15 29.33 29.98
50 333.15 30.42 3111
10 353.15 22.62 23.74
50 353.15 23.32 24.59

pounds also widely used as base oils for lubricants for
refrigeration systems.

Another essential property to characterize a lubricant is the
temperature—viscosity coefficient, which is defined by the
following expression:

-3

In Figure 5 the S coefficients for the PAG lubricants are plotted.
The temperature—viscosity coefficients decrease with increasing
temperature, whereas their pressure dependence is quite smooth.
The temperature—viscosity coefficients are quite similar for both
PAGs. The j coefficient changes very slightly with the increase
of the molecular weight for these double end-capped PAGs
(Table 4).

Furthermore, the VI characterizes the temperature dependence
of the kinematic viscosity of the lubricant. A higher VI implies
a smoother temperature viscosity dependence. The VI values
obtained for both polyethers are quite high: 218 for PAG1 and
220 for PAG2, in agreement with the fact that V1 increases with
the molecular weight of the PAG.? Double-end-capped PAGs
have a'so higher VI than monoend-capped or uncapped PAGs.

Roland and co-workers,**~® among other researchers,* 5!
have shown that, when expressed as a function of the product
TV?, the viscosity for various glass-forming liquids, [ubricants,
ionic liquids, and polymers overlaps, that is, # is the only
function of TV”

n(T,V) = 5(T,p) = f(TV") 9)

With this scaling we can not only interpolate and extrapolate
experimental data but also know the value of the exponent y
for agiven liquid.**2 This value reflects the magnitude of the
intermolecular and intramolecular forces and also the contribu-
tion from internal molecular modes, such as vibrations and
torsions. In addition, the exponent y links the thermodynamic
and the transport behavior.**

For each PAG, the viscosity data collapsed onto a single
master curve when plotted as a function of TV” (Figure 6). We
determine the y values by fitting the experimental data to the
following equation:*°

n(T,V) = g exp[(ﬁ)“’] (10)

where 1, A, ¢, and y are constants. This equation satisfies the
scaling property (eq 9) and aso gives a good description of
experimental data over a broad dynamic range, extending to T
for which the behavior becomes Arrhenius. Casalini and
Roland®® observed that applying an analogous relation of eq
10 to relaxation times, the parameters ¢ and y appear to be
inversely correlated, that is, materials having a larger v have a
smaller value of the parameter ¢. The same behavior is observed
when eq 10 is applied to viscosity values as a function of the
pressure.> From the fits of the experimental viscosity data to
eq 10, one obtains y of 4.15 for PAG1 and 4.25 for PAG2. In
a previous work, we obtained for three double methyl-end-
capped oligomers CH3;0O(CH,CH,0),CH3 with 2 to 4 EO units,
that increasing the number of n provokes an important decrease
in the values of the scaling parameter, as a result likely of the
increasing of the dipole moment and of the number of bonds.*
For PAGL1 and PAG2, the values of y are very close; this may
indicate that the effect of increasing the number of ether groups
has not an important effect when we change the number of PO
units from 23 to 29.

This study complements those performed in previous works
for pure pentaerythritol esters*® for two dipentaerythritol
esters,)” and for a number of molecular and ionic liquids
elsewhere.*® For all of these compounds the y values are lower
than 5.5 being the lowest y values for dipentaerythritol
pentanoate, DIPECS5, and dipentaerythritol heptanoate, DiPEC7
(Figure 6). Thisisin agreement with the size of their molecules
and the intensity of their molecular forces, whereas for smaller
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Figure 5. Temperature—viscosity coefficient as a function of temperature and pressure for (a) PAGL1 and (b) PAG2: B, 313.15 K; O, 323.15 K; @, 333.15

K; O, 34315 K; A, 353.15 K; and A, 363.15 K.
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Figure 6. Superpositioned viscosities for B, PAGL; O, PAG2, a, DiPECS5,
v, DIPECTY. The pressure ranges from ambient to 60 MPa.

molecules such as hexane with weaker molecular forces the y
vaue is 13.%°

Conclusions

New viscosity data are reported for two PAG base lubricants.
The viscosity measurements have been performed at high
pressures with a rolling-ball technique and with a rotational
viscometer at atmospheric pressure. The viscosity, the o and 3
coefficients, and the VI have been analyzed for the tested fluids.
Empirical correlations are provided for the viscosities in terms
of temperature and pressure. Moreover it has been verified that
the viscosity is a unique function of TV” where the exponent y
is related to the steepness of the intermolecular repulsive
potential, yielding scaling parameters of 4.15 and 4.25 for PAG1
and PAG2, respectively.
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