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Temperatures between (0 and 100jC and at Pressures to 1 GPa

Kenneth R. Harris*

School of Physical, Environmental and Mathematical Sciences, University College, University of New South Wales, Australian
Defence Force Academy, Canberra, ACT 2600, Australia

Scott Bair

Center for High-Pressure Rheology, George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
Atlanta, Georgia 30332-0405

There is an industrial requirement for a suitable reference material for viscosity measurements in the moderate to
high viscosity region. Diisodecyl phthalate (DIDP) has been put forward as a candidate for this purpose. The
field of elastohydrodynamics has a similar need for a reference lubricant that would allow the comparison of
calculated contact behavior with experimental measurements. We report measurements of the viscosity of DIDP
at atmospheric pressure between (0 and 2@0and at high pressures to 1 GPa between (20 and “IDOsing

three different falling body viscometers and samples from two different manufacturers. Densities obtained with
a vibrating-tube densimeter are reported between (0 and®@}t atmospheric pressure.

Introduction Experimental Section

There is an industrial requirement for a suitable reference  Two DIDP samples were both obtained from Merck Australia.
material for viscosity measurements in the moderate to high One (sample A) was DIDP “for synthesis” grade, Lot No.
viscosity region [(10 to 1000) mPs. Diisodecyl phthalate = S14886; the second (sample B) was DIDP “GR for analysis”
(DIDP) has been put forward as a candidate for this pufpdse  grade, Lot No. K22132622. The manufacturer gives purities of
as it is chemically stable over a wide temperature range, has a99 % by acidimetry and 99.8 % by gas chromatographic analysis
low vapor pressure, and is a relatively inexpensive material. It for these two lots, respectively. Both samples were dried for
is also useful to have high-pressure measurements for such aeveral weeks wit3 A molecular sieves and filtered through a
reference material to allow the calibration of instruments used (40 to 60)um filter prior to use in the Canberra instrument.
under pressure in the oil extraction indu8try and in the Figure 1 showsC NMR spectra obtained at 100.571 MHz
lubricants industr§® and in addition to have high-pressure with a Varian “Unity plus” 400 MHz spectrometer. For a pure
properties for a reference liquid with presstxéscosity substance, the resonances should be sharp distinguishable peaks
behavior similar to those of liquid lubricants used in high- (see, for example, Figure-2-ethylhexyl benzoateand ref 10).
pressure contacts. The measurements reported here are #he spectra obtained show sharp peaks for the phthalate carbons
contribution to a project of the International Association for but a broad distribution for the alkyl carbons, indicating that
Transport Propertiesmembers of which are making determina- the diisodecanol used in the manufacture of the ester was
tions of the viscosity of DIDP using viscometers of different actually a mixture of isomers. This conclusion is reinforced by
types and operating principles. GC—MS analysis (using a Shimadzu GC17A gas chromatograph

Analysis of DIDP samples by GEMS and3C NMR in our fitted with a J. W. Scientific DB5-MS 30 nx 0.25 mm column
laboratory (see Figures 1 and 2) showed that they were actuallyand employing a Shimadzu QP5000 mass spectroscopic detec-

mixtures of phthalate esters of a wide range of isomers of tor), where a broad peak was obtained, which the detector

isodecyl alcohol. Correspondence with a number of manufactur- partially resolved as a mixture of phthalate esters of C-10
ers revealed that it is very likely that all commercial sources of alcohols.

DIDP available in bulk quantities are such isomeric mixtures. ~ The third sample (sample C) was obtained from ABCR
This may limit the applicability of DIDP as a reference material GmbH, Karlsruhe, Germany. This sample had a density at 20
for viscometry as material from different sources, though °C of 0.9676 gcm 3, a refractive indexr(p?°) of 1.4849, and
nominally of high purity as a phthalate ester, will have different an acid value of 0.06. The manufacturer confirmed that this
isomeric distributions, and the effect on the physical properties Was also an isomeric mixtuté and the NMR spectrum (Figure

is unknown. We have examined three different grades of DIDP 1¢) is very similar to that of the Merck samples.

in three different high-pressure falling body viscometers in an  Sample B was used in both the Canberra and Atlanta

attempt to answer this question, if only partially. viscometers; samples A and C were used in the Canberra and
Atlanta instruments, respectively. The molar mass was taken
* Corresponding author. Email: k.harris@adfa.edu.au. to be 446.662 gnol™! .
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b Figure 2. Same as in Figure 1, but for the ester 2-ethylhexyl benzoate.

Note the sharp resonances.
Table 2. Densityp of Samples A and B from@ = (0 to 90) °C
0/°C plgem=3 0/°C plgecm=3
Sample A (Merck, 99 %)
0.00 0.98073 40.00 0.95220
10.00 0.97348 50.00 0.94512
20.00 0.96637 60.00 0.93805
25.00 0.96283 70.00 0.93099
30.00 0.95931 80.00 0.92395
30.00 0.95931 90.00 0.91691
i 30.00 0.95929
J | *u Sample B (Merck, 99.8 %)
L UL W 0.00 0.98075 40.00 0.95221
R 500 097712 £0.00 0.94513
C 10.00 0.97349 60.00 0.93807
15.00 0.96989 70.00 0.93101
20.00 0.96638 80.00 0.92398
20.00 0.96637 80.00 0.92397
25.00 0.96284 90.00 0.91694
30.00 0.95930

K. The primary pressure gauge (400 MPa Heise CM) was
calibrated against a deadweight tester, and pressures have an
overall uncertainty oft 0.2 MPa. The expanded uncertainty in

‘ the viscosity is estimated at 2 %.

Calculation of the viscosity; from fall timest requires
knowledge of the density as a function of temperaflirand
pressure. The working equation for the Canberra viscom€ter

I

- A !
Figure 1. 13C NMR spectra obtained at 100.571 MHz: (a) sample A, Merck (T = @ - p/ps) 1)
99 %; (b) sample B, Merck 99.8 %; (c) sample C, from ABCR GmbH. A1+ 20(T — T, )I[1 — 26(p — Prep)/3]
The resonances at 30 and 206 ppm are those from the solvent and deuterium-
lock compound, (CB)2CO. where A is the calibration constanty is the coefficient of

thermal expansion, artlis the bulk compressibility of the sinker

Table 1. Parameters for Hayward Equation of State . .
and tube material, so there is a buoyancy factor dependent on

DIDP EHB the ratio of the density of the fluig to that of the sinkeps.
aoo/MPa . —423.823 —659.430 This varies slightly with temperature and pressure. For 316
Gor x 107/(MPaK) 602.491 649.426 stainless steel sinkers and DIDIg/dy) lies between 0.125 and
oo 0.283486 2.03369 o ; .
oK 1506.47 495.237 0.155, so an error oft (12 to 15) % inp lies within the
/%2 0.05 0.14 reproducibility of our instrumentt 1 %.
' ' ' Recently Marsh measurgaVT data for DIDP between (25
# Standard uncertainty of fit to the density. and 150)°C at pressures between (10 and 70) MP#hese

) . can be represented by the Hayward-type equa-
The Canberra falling body viscometer employed has been tjgn:14

described previousl# 15 This work employed sinkers of

nominal diameters of (6.3 and 6.0) mm with calibrations K = (0ggt+ a,¢fT) + (0 + 0i4/T) p 2)
covering the viscosity range (0.3 to 2875) né¥& 15 Platinum

resistance thermometers calibrated betweesb(and 100yC whereK is the secant bulk modulu&[= Vy(p - po)/(Vo — V),

on ITS-90 to a tolerance o 8 mK were employed. The  whereV is the specific volume at pressupeand the subscript
viscometer oil-bath temperature was controlled to withi.01 0 denotes the value at atmospheric pressure or on the saturation
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Table 3. Viscositynp of Samples A and B from@ = (0 to 80) °C and
at p = 0.1 MPa (Canberra Viscometer)

Table 4. Viscositynp of Sample B (Merck, 99.8 %) from @ = (20 to
75) °C and at p = (0.5 to 400) MPa (Canberra Viscometer)

sinker sinker
diameter 0 t \Y 02 i ReP diameter 60 p t \Y 0 n Re
mm °C s cnmolt  g-cm3 mPas mm °C  MPa s crd*mol~t g-cm2 mPas
Sample A (Merck~99 %) 6.0 20.00 19.4 578.1 457.06 0.97725 202.4 0.06
6.0 0.00 1792.6  455.46 0.98068 627.6  0.006 6.0 20.00 39.7 9585 45227 0.98760 335.0 0.02
6.0 500 11235  457.13 0.97711 3935 0.015 6.0 2000 59.5 1531.5  448.14 0.99671 534.5 0.008
6.0 10.00 728.3 458.80  0.97354 2552  0.036 6.0 20.00 103.6 41249  440.38 1.01426 1435.6 0.001
6.0 15.00 487.6 460.49 0.96997 170.9 0.081 6.0 20.00 118.2 5697.6  438.17 1.01939 1981.5 0.001
6.0 20.00 349.6 462.19 0.96641 122.6 0.16 6.0 2000 118.9 58485  438.07 1.01962 2033.8 0.00
6.0 25.00 250.1 463.90  0.96285 87.7  0.30 6.0 20.00 159.6 13597.0 432.66 1.03235 4719.2 0.0001
6.3 25.00 27835  463.90 096285 84.1  0.071 6.0 25.00 254 4728 457.12 0.97712 1655 0.09
6.0 30.00 184.1 465.62 0.95929 646  0.56 6.0 25.00 50.7 859.5 451.32 0.98967 300.2 0.03
6.3 30.00 21119  465.62 0.95929 638  0.12 6.0 2500 755 1505.6  446.40 1.00058 525.0 0.01
6.0 35.00 139.4 467.35  0.95574 489  0.97 6.0 2500 100.6 2598.4  442.05 1.01042 904.7 0.00
6.3 35.00 15743  467.35 0.95574 47.6  0.22 6.0 40.00 0.7 109.0 468.90 0.95257 383 1.6
6.3 40.00 1208.3  469.09 0.95219 36.6  0.37 6.0 40.00 258 188.3 461.71 0.96740 66.0 0.54
6.3 50.00 761.1 47260  0.94511 23.0 0.93 6.0 40.00 50.6 315.4 455.62 0.98035 110.3 0.20
6.3 60.00 511.3 476.17 0.93804 155 2.0 6.0 40.00 755 518.7 450.33  0.99186 181.0 0.07
6.3 70.00 361.2 479.77 0.93099 11.0 4.0 6.0 40.00 100.3 836.9 44572  1.00211 291.6 0.03
6.3 80.00 267.6 483.43 0.92395 812 7.3 6.0 40.00 125.1 1331.3  441.66 1.01132 463.2 0.01
0 6.0 40.00 150.4 2108.4  437.97 1.01984 732.6 0.00
60 0.00 l%g?g'eB(Z"Sesrﬂ‘égg'Bo/f’g)SOESS 6645 0005 60 4000 1758 32951 43469 102754 11436 0.00
60 000 18978 45546 098068 6645 0.005 6.0 40.00 197.6 48450  432.13 1.03363 1680.0 0.00
60 500 11729 45713 097710 410.8 0014 6.0 40.00 227.9 77142 42893 1.04133 2671.7 0.0003
60 500 11720 45713 097710 4105 0014 6.0 40.00 252.0 11364 426.64  1.04693 3932.3 0.0002
60 1000 7614 45881 097353 266.8 0.033 2-8 22-88 (3)655 213 222'33 8-32‘;;8 ég:’?’ }1258
6.0 10.00 761.6 458.81 0.97353 266.8 0.033 : : : : : ; : :
60 1500 5095 46050 096996 1786 0074 6.0 6500 60.7 108.2 460.36 0.97025 37.8 1.6
60 1500 5095 46050 096996 1786 0074 6.0 65.00 90.6 174.6 45376  0.98437 60.9  0.64
60 2000 3525 46219 096640 1236 0.15 6.3 6500 99.5 23589  451.99 0.98821 70.90 0.10
60 5000 3527 46219 096640 1237 0.15 6.0 6500 120.5 276.3 448.13 0.99672 96.3 0.26
60 5000 3523 46219 096640 1235 0.15 6.0 6500 150.1 430.0 44332 1.00755 149.6 0.11
60 5000 349.2 46219 096640 1225  0.16 6.0 6500 180.4 660.1 439.01 1.01742 229.2 0.05
60 2500 2520 46390 096284 884 030 6.0 6500 200.6 887.1 436.44  1.02342 307.8 0.03
60 5500 2521 46390 096284 884 030 6.0 6500 250.7 17759 43091 1.03655 614.9 0.01
60 3000 1856 465 62 095928 651 055 6.0 6500 275.6 24758 42853 1.04231 856.5 0.003
60 3000 1851 465,62 095928 650 055 6.0 6500 301.0 3482.0 42631 1.04774 1203.7 0.002
60 3500 1398 46735 095573 491  0.96 6.0 6500 321.8 4547.5  424.62 1.05191 1571.0 0.001
60 3500 1384 46735 095573 486 098 6.0 6500 352.7 6898.3  422.33 1.05763 2381.0 0.0004
60 2000 1072 46909 095219 376 16 6.0 6500 370.5 8691.8  421.10 1.06070 2998.7 0.0003
60 4000 106.7 46909 095219 375 16 6.0 6500 394.4 11617.0 419.56 1.06461 4005.5 0.0002
60 4000 1065 46909 095219 374 17 6.3 75.00 11.1 386.7 47767 093509 11.7 3.7
60 5000 67.3 47260 094511 237 41 6.3 75.00 265 500.3 47267 094497 151 2.2
60 5000 67.4 47260 094511 237 41 6.3 75.00 52.6 758.4 465.26  0.96002 229  0.98
63 5000 7841 47260 094511 237  0.90 6.0 7500 78.9 96.6 458.86 0.97341 33.7 2.07
60 6000 451 47616 093805 159  9.06 6.3 75.00 81.0 1163.9 45840 0.97439 350 0.42
60 6000 450 47616 093805 158 912 6.0 75.00 105.7 142.4 453.24 0.98549 49.67 0.96
60 6000  45.0 47616 093805 158  9.14 6.3 75.00 124.2 2171.0  449.78 0.99306 65.18 0.12
63 6000 526.9 47616 093805 160 108 6.0 75.00 125.7 189.4 44951 0.99367 66.0 0.55
63 6000 5266 47616 093805 160 198 6.0 75.00 149.8 264.3 44548 1.00265 92.0 0.29
60 6500 37.7 47796 093452 133  13.0 6.0 7500 175.7 375.0 441.64 1.01138 130.3 0.14
60 6500 37.6 47796 093452 132  13.0 6.3 75.00 202.3 6238.2  438.10 1.01954 186.52 0.02
60 6500 37.6 47796 093452 132 130 6.0 75.00 2254 721.0 435.33  1.02603 250.0 0.04
60 6500 371 47796 093452 130 134 6.0 75.00 274.7 13505  430.18 1.03830 467.3 0.01
63 6500 440.3 47796 093452 133 28 6.0 7500 2757 1364.8  430.10 1.03852 472.3 0.01
63 6500 4398 47796 093452 133 28 6.0 75.00 324.9 2508.8 42581 1.04896 866.8 0.003
60 7000 316 47977 093100 111 184 6.0 75.00 3725 4467.8  422.28 1.05774 1541.5 0.001
gg ;888 3%175 j;g;; 832}_83 ﬁ% ]3;892 aReynolds number for annular flowRe = 2r12ov/((r2 — r1)5) wherev
6.3 75.00 317.5 481.58 0.92749 9.63 54 is the terminal veI(_Jcity of the sinker amglandr; are the radii of the sinker
63 7500 3182 48158 092749 965 54 and tube, respectively.
6.3 80.00 275.2 483.41 0.92398 835 7.1
6.3 80.00 2753 48341 092398 835 7.1 approximation for estimation of the densities required for the

aCalculated from eq 3a for sample A and from eq 3b for sample B.

b Reynolds number for annular flowRe = 2r12p0/((r> — r1)n) wherev is
the terminal velocity of the sinker and andr, are the radii of the sinker
and tube, respectively.

that thepVT data for the ester 2-ethylhexyl benzdétean be

adequately represented fromZ0 to 100)°C at pressures to
450 MPa by the same linear form. This suggests that a linear MPal®29The pressure for eq 2 is unbounded for pg(ao1 +
dependence oK on pressure is likely to be a sufficient

viscometer buoyancy term for DIDP to similar pressures. This
has been done by combination of eq 2 with our own atmospheric
pressure densities. However, it should be noted that data for
the diester bis(2-ethylhexyl)phthalate from the ASME Pressure
Viscosity Repor indicates that this form is overly stiff at
line]. The parameters are given in Table 1. We have also found pressures above 400 MPa. Faoralkanes and substituted
benzenes, for example, higher terms to the fourth order are
required in eq 2 for pressures of the order of (200 to 400)

a11/T/(a01 + a1/T — 1), an experimentally accessible density
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Table 5. Viscosityn of Samples B and C from@ = (40 to 100)°C 1.0
and at p = (0.1 to 1000) MPa (Atlanta Viscometers) .
Sample B (Merck, 99.8 %) | I
205 Y
o 1 0 L 7 £ o8 7 g eg
°C MPa Pas °C MPa Pas 2 o ° ..
Alpha Viscometer ‘*j 00— .-. ‘-‘—.
40.0 0.1 0.0376 65.0 200 0.291 % : . °
40.0 25 0.0654 65.0 300 1.103 °5 [ J
40.0 50 0.1094 100.0 0.1 0.00467 =] 05F PY °
40.0 100 0.290 100.0 25 0.00673 [ J
40.0 200 1.665 100.0 50 0.00966
65.0 0.1 0.0132 100.0 100 0.0180
65.0 25 0.0202 100.0 200 0.0566 1.0+ L L L L L
65.0 50 0.0307 100.0 300 0.163 0 20 40 60 80 100
65.0 100 0.0677 100.0 400 0.442 T°C
MHP Viscometer Figure 3. Residuals for the fit of sample B viscosity results at atmospheric
40.0 200 1.58 65.0 600 45.5 pressure to the BarlowlLamb equation (eq 4)®, 6.0 mm sinkerf, 6.3
40.0 252 3.75 65.0 700 160 mm sinker.
40.0 300 8.11 65.0 800 517
40.0 400 36.3 65.0 900 1720 5
40.0 500 168 65.0 1000 7420
40.0 600 782 100.0 400 0.463 -
40.0 700 3820 100.0 500 118 3 0 —.-’-'-.-.-l
40.0 800 23600 100.0 600 2.97 > o
65.0 300 117 1000 700 719 =Y 0d o ® ° 4
65.0 394 3.89 100.0 800 17.5 S | eo0@
65.0 400 4.28 100.0 900 41.9 '§ STe ®
65.0 500 14.2 100.0 1000 107 o
=3
Sample C (ABCR) < oF ﬁ
0 L il 0 L "
°C MPa Pas °C MPa Pas , , \ \ , ,
Alpha Viscometer 0 20 40 60 80 100
40.0 0.1 0.0368 65.0 300 1.07 TI°C
388 gg 828?9 iggg 251 88(?256 Figure 4. Comparison between the viscosities of different grades of DIDP
40'0 100 0'273 100'0 50 0'00977 with that of sample B (eq 4), all at atmospheric pressieref 2, sample
65.0 01 0.01308 100’ 0 100 O. 0185 B; A, this work, Atlanta alpha viscometer, Sample@;this work, Canberra
65‘O 56 0'0311 100 '0 200 0.0578 viscometer, sample Aa, this work, Atlanta alpha viscometer, sample C.
65.0 100 0.0694 100.0 300 0.166
65.0 200 0.286 100.0 400 0.437
MHP Viscometer 15.0[
40.0 100 0.271 65.0 600 435
40.0 200 1.53 65.0 700 146
40.0 300 7.27 65.0 800 452 n
40.0 400 33.7 65.0 900 1556 F10.0
40.0 500 158 65.0 1000 6141 £
40.0 600 694 100.0 300 0.165 §
40.0 700 3410 100.0 400 0.453 -
40.0 800 19800 100.0 500 1.152 5.0
65.0 200 0.299 100.0 600 2.83
65.0 300 1.131 100.0 700 6.91
65.0 400 4.09 100.0 800 16.7 . . . . . .
65.0 500 13.1 100.0 900 40.9 0.0
0 200 400 600 800 1000
100.0 1000 101.9 pIMPa

. . . - . Figure 5. High-pressure isotherms for sample B (Merck, 99.8 %). The
for many materials. Our adoption of the linear form in this (25 and 75)°C isotherms have been omitted for clarity. Filled symbols,

particular case is entirely pragmatic, given the short pressure canperra viscometer; open symbols, Atlanta viscomesendz, 20°C;
range of the availabl@VT data and the small effect of the @ ando, 40°C; m and0O, 65 °C; <, 100°C.

u_ncertamty in the density on the buoyancy term for the that has the strongest influence on the friction in a concentrated
viscometer. contact.

The Atlanta instruments have also been described else- The alpha viscometer utilizes a guided “solid” steel sinker
where?:22Two falling body viscometers were employed here. with density of 7.8 ecm™3. The estimated uncertainties ate
The “alpha” viscometét has a pressure capability of 450 MPa, 1 MPa for pressuret 1 K for temperature, and- 3 % for
which is appropriate for the measurement of the pressure viscosity. The MPH viscometer employs a guided hollow sinker
viscosity coefficienf, a*, that is useful for the calculation of  fabricated from a tantalum tube surrounded by a thin steel shell
the thickness of the lubricant films in operating machine for inductive magnetic detection. The average density of this
components. The “MHP” viscomet@has a pressure capability  sinker is 13.3 gem3. The estimated uncertainties are2 MPa
of 1.0 GPa, which is appropriate for the measurement of the for pressures 1 K for temperature, anet 4 % for viscosity.
viscosity that exists in the load supporting region of lubricated The increase in density of the sample liquid at high pressure
contacts. The viscosity at these high pressures is the propertywas estimated from a universal equation of state. There is no
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Table 6. Coefficients of Best Fit for Equations 4 and 5

sample A, Canberra data sample B, Canberra data sample B, all data
Barlow—Lamb, eq 4
In (A/mPas) —0.31500 + 0.0015 —0.31669 + 0.0027 —0.32959 + 0.0072
B x 10710/K4 3.7687 + 0.012 3.7925 + 0.0024 + 3.8026 4+ 0.0065
standard uncertainty of fit 1.5% 0.5% 0.6 %
VFT,eq5
In (A'//mPas) —3.0871 +0.12 — 2.8720 +0.041 —2.9351 +0.042
B'/K 902.05 + 30 848.47 +10 863.28 +11
To/K 178.578 +2.0 182.717 +0.73 181.729 +0.77
D2 5.05 4.64 4.75
standard uncertainty of fit 1.5% 0.8% 0.8%

a Angell strength factorg'/ To).

provision for refrigeration so that only temperatures above Table 7. Fit of In(3(T.p)) to Polynomials in the Pressure p:
ambient can be controlled. In(y/mPas) = a + awp + ap* + ap
Densities at atmospheric pressure for samples A and Bwere ¢ Pmax 10 & 10 & 108
determined with an Anton-Paar DMA5000 vibrating-tube den- °c  GPa ao MPal MPa2 MPa3 &
, . . 3
simeter ywth an expanqed uncertainty of 0.000 &&ng 3. The Sample B, Atlanta Viscometers
in-built viscosity correction for this instrument has been checked 40 0.8 3.65693 2.10740 —14.0244 10.6121 2.3

using reference materials with a viscosity as high as 16:2 Pa 65 1 432532  1.70594 —8.60191  4.74399 3.0
gl14.15 100 1 5.32911  1.34145 —6.27885 2.86558 2.1

Sample B, Canberra Viscometer
Results and Discussion 20 0.15 4.81382 256738 —17.9286 0.7
) , 25 0.1  4.48007 251640 —20.2039 0.2
The density ) results at atmospheric pressure are presented 49 025 3.62567 2.19755 —15.5139 6.09086 0.7
in Table 2 and can be represented by the polynomials: 65 0.4 258265  1.79995 —14.0857 13.3546 0.8
75 0.38 227196 1.67896 —13.5469 13.5252 0.7

p(sample A, 0< 6/°C < 80)/grcm > = 0.980683— 7.15300x Sample C, Atlanta Viscometers
_ _ 40 0.8 3.26447 2.06649 —13.0288 9.69785 2.5

4 o 8 °o)2

10" (6/°C) + 7.64592x 10 “(0/°C)” (3a) 65 1 431194  1.69257 —8.56353  4.65659 2.8
100 1 5.31373  1.34631 —6.68304 3.17109 2.2

p(sample B, 0= 6/°C < 90)/ggcm > = 0.980677— 7.15697x
107 (0/°C) + 8.65649x 1078 (6/°C)2 (3b) a Standard percentage uncertainty of the fitjto

from the fit of eq 4 to the Canberra sample B results. For sample
B, the results of Caetano et%are in excellent agreement with
the Canberra data: the Atlanta results agree very well at (40
and 65)°C but are low at 100C (the VFT equation gives a
smaller residual for this point, at the expense of thé@@lata).
Sample A (Merck synthesis grade, 99 %) is generally of lower
viscosity (average—<2.7 + 1.7) %), with greatest differences
appearing at lower temperatures. Sample C (ABCR GmbH) also
gives lower viscosities.

Figure 5 shows the high pressure isotherms fox.liThose
at lower temperature show the inflection typical of many
aliquids,25 and all except the two shortest [(20 and 26) are
best represented as cubic polynomials in the pressure (Table
7). The pressure derivative functiom, = 1/[+/(d In 5/ap)r], 28
has maxima at approximately (450, 600, and 750) MPa at (40,

_ 65, and 100¥C respectively.
n=Aexp@/T) (4) To fit the data sets as a whole as a function of temperature
(found to be superior, in this particular case, to the Litovitz 2nd pressure, we have used a high-pressure form of the VFT
equation previously employed with ionic liquidd and the equationt* modified to accommodate the inflection in 4n
Vogel-Fulcher-Tammann (VFT) equatio?f

both with a standard uncertainty of fit & 0.000 03 gcm3.

The densities of the two samples were essentially identical
within experimental error, despite differences apparent in the
isomeric distribution (Figure 1). For sample B, there is excellent
agreement with the results of Caetano €t (@verage deviation
0.003 %, maximum deviation 0.009 %, our results being the
lower), who examined a sample from the same manufacturer
and batch between (10 and 43).

The viscosities are presented in Tables 3 and 4 (Canberra)
and in Table 5 (Atlanta). Very good agreement was obtained
between the results for the two sinkers employed in the Canberr:
viscometer (Figure 3).

The atmospheric pressure results (Table 3) were fitted to the
Barlow—Lamb equatiort®

7 =exp@-+ bp+cp’+dp’+ (e+ fp+gp*+ hp)/(T —
n=AexpB/(T—Ty) %) To) (6)

with coefficients being given in Table 6. The Angell strength (the coefficients are given in Table 8 and the residuals for the
parameteD (= B'/Ty) is small for “fragile” liquids, which lose high pressure isotherms are shown in Figure 6a,b) and the
short-range order above the glass transition with increasing Roelands equatioff,often used in lubricant rheology:
temperature, and large for “strong” liquids, which retain short-
range order under these circumstances, with the viscosity tending — o ex In% 14 [1-PY Tr—To)° )
toward Andrade (or Arrhenius) temperature dependence. TR o P/ \T— T,

For the atmospheric pressure data, Figure 4 shows the
deviations of our results for samples A and C, the Atlanta sample whereng, z, ands are coefficients of best fiflr is chosen as a
B, and those of ref 2 (which replace the original set of ref 1) reference isotherm within the data set (4). The pole viscosity
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Table 8. Coefficients of Best Fit for Equation 6

sample B, sample B, sample C,
Canberra sample B, Atlanta Atlanta
viscometer all data viscometers viscometers
a —2.9758+ 0.054 —2.9225+ 0.083 —2.7175+ 0.24 —9.6364+ 0.23
b x 10¥MPa ! —1.0997+ 0.32 —2.0531+ 0.38 0.4356+ 1.44 1.8975+ 0.87
¢ x 10f/MPa 2 —0.6203+ 1.5 3.9406+ 1.4 —0.1150+ 3.6 —5.2288+ 0.71
d x 10°/MPa3 —7.1921+ 1.3 —4.1266+ 2.6
elK 875.319+ 13.7 863.82+ 21.2 778.0% 64.1 789.2+ 65.2
fl(K-MPa?) 3.0406+ 0.052 3.0615: 0.070 2.3920: 0.25 2.1719£ 0.20
g x 103/(K-MPa?) —2.3411+£ 0.21 —2.2078+ 0.22 —1.1817+0.52 —0.3969+ 0.12
h x 10°/(K-MPa3) 2.4454+ 0.20 2.0690t 0.21 1.2896+ 0.37 0.6529+ 0.061
To/K 180.76+ 0.97 181.54+ 1.5 191.70+ 5.6 190.17+ 5.9
standard uncertainty of fit/% 1.3 4.7 3.2 3.2
5 a increasing pressure is apparently not unusual among isafers.
3k Conclusions
5’" We have compared the viscosity of DIDP of several grades
’% 1 o ® from different sources using three falling body viscometers. At

'7; —@ L .—.-. atmospheric pressure, our results agree well with those of
] L () Se s ‘ao Caetano et a.for Merck “GR for analysis” grade (99.8 %),

g [ ) L4 but we find significant differences between this grade and Merck
h al ° “for synthesis” grade (99 %) and the ABCR product. We find

essentially no difference between the densities of the two Merck
. , , , , [m grades, so the viscosity appears to be the property more sensitive
5 20 40 60 80 100 to differenc_es in purity_ and/or c_:ompogition. The quest_ion of the
T°C effect of differences in the distribution of isomers in DIDP
20 © b samples remains open, although it appears from the results of
this work that it is more likely that changes to the isomeric
distribution do change the viscosity. Nevertheless, DIDP may
§1° i still be a potential moderate to high-viscosity calibrant for
§° 8 o o 9 industrial viscometers, provided that one grade from one source

Fs o O e is agreed on for this purpose.

g > © = The viscosity of DIDP has a pressure dependence similar to
s ‘so o those of mineral oils that are used for the blending of lubricants
° 0F a ¢ such as gear oils, making this material a useful reference for

o g O laboratories comparing calculations with experimental measure-
ments of lubricant performance. However we note that a number
20U L L L L L of highly viscous fluids (e.g., squalaffas well as other esters
200 400 P 600 800 1000 such as 2-ethylhexyl benzoate and bis(2-ethylhexyl) phthalate,
P that are available as single isomers) may also be suitable

Figure 6. (a) Residuals for the fit of atmospheric pressure sample B .5 gigate materials for use as high-viscosity calibrants. Some

viscosity results to the modified VFT equation (eq o, Canberra measurements, includim@vT data, are already in the literature

viscometer;ll, Atlanta alpha viscometer. (b) Residuals for the fit of the
high-pressure sample B viscosity results to the modified VFT equation (eq (2-€thylhexyl benzoatéand 2-ethylhexyl cyclohexanecarboxy-

6). Canberra viscometeta, 20 °C; v, 25°C; @, 40°C; W, 65°C; ®, 75 late’9). We intend further high-pressure measurements on a

°C. Atlanta viscometersO, 40 °C; O, 65 °C; <, 75 °C. number of these substances.
Table 9. Coefficients of Best Fit for the Roelands Equation (eq 7)
for Sample B2 Acknowledgment
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