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Viscosity and Surface Tension of Saturated n-Pentane'

A. P. Froba,>? L. Penedo Pellegrino,* and A. Leipertz?

Light scattering by thermally excited capillary waves on liquid surfaces or
interfaces can be used for the investigation of viscoelastic properties of fluids.
In this work, the simultaneous determination of surface tension and lig-
uid kinematic viscosity of n-pentane by surface light scattering (SLS) on
a gas-liquid interface was carried out. The experiments are based on a
heterodyne detection scheme and signal analysis by photon correlation spec-
troscopy (PCS). Measurements were performed under saturation conditions
over a wide temperature range from about 233 to 363 K. For the whole
temperature range the total uncertainty of the liquid kinematic viscosity and
surface tension is estimated to be better than 1.0 and 1.2%, respectively. The
results obtained corroborate the reliability of the SLS technique for the deter-
mination of thermophysical properties.

KEY WORDS: dynamic light scattering; n-pentane; surface light scattering;
surface tension; viscosity.

1. INTRODUCTION

In the present work we carried out the simultaneous determination of the
liquid kinematic viscosity and surface tension of n-pentane by surface light
scattering (SLS), a technique which is closely related to dynamic light scat-
tering (DLS) in its classical form. The difference is that this technique
probes, as the name indicates, fluctuations on the surface of a liquid or,
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in a more general formulation, at phase boundaries. The present investiga-
tions for n-pentane were initiated by recent research activities of the Inter-
national Association for Transport Properties (IATP). Here, the aim was
to get a comprehensive and reliable database for the viscosity of n-pen-
tane which has been proposed as a possible standard for the low-viscosity
region. Especially, because of the lack of reference data for the liquid vis-
cosity of n-pentane under true saturation conditions, the need for further
experimental investigations was established.

In the following, at first the methodological principles of SLS for the
determination of viscosity and surface tension are briefly reviewed. For a
more detailed and comprehensive description of the underlying theory, the
reader is referred to the specialized literature [1-4]. After a description of
our SLS apparatus, which allows in the case of transparent fluids, as is of
interest to this work, the analysis of scattered light in the forward direc-
tion, the experimental results for surface tension and liquid kinematic vis-
cosity of saturated n-pentane are presented and discussed in comparison
with literature results.

2. METHOD

Liquid—vapor interfaces in macroscopic thermal equilibrium exhibit
surface waves which are caused by the thermal movement of molecules
and which are quantized in so-called “ripplons” [5]. In general, for the
temporal decay of surface fluctuations two cases may be distinguished [6].
In the case of large viscosity and/or small surface tension, the amplitude
of surface waves is damped exponentially. For small viscosities, as is rel-
evant in the experiments described here, the amplitude of surface waves
decays in the form of a damped oscillation. SLS analyzes the light scat-
tered by surface waves. Each of these fluctuations behaves optically as a
weak phase grating and scatters a small fraction of the incident light in
equally spaced directions around both the reflected and refracted beams.

With the light scattering geometry used in this work, scattered light is
observed in the forward direction near refraction; see Fig. 1. This arrange-
ment has been chosen due to signal and stability considerations [7] and
differs from the more commonly employed scattering geometry where the
scattered light is observed close to the direction of the reflected beam.
By the choice of the angle of incidence &, resulting in a specific angle §
of the refracted light, and the scattering angle ©s, the scattering vector
qg= k’ k’S is determined, and from this, the wave vector and frequency
of the observed surface vibration mode. Here, k/ and k/ denote the pro-
jections of the wave vectors of the refracted (lq) and scattered light (ks)
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Fig. 1. Scattering geometry: light scattering by surface waves.

in the surface plane, respectively. For the observation of scattered light
within the irradiation plane and assuming elastic scattering (i.e., k1 = kg),
the modulus of the scattering vector is expressed by

7T
ky — kg

g = = 2kg sin(Og/2) cos(s — BOg/2)

= tﬂ sin(Og/2) cos(8 — Og/2), 1)
0

where n is the fluid refractive index and Ag is the laser wavelength in
vacuo.

In light scattering experiments the surface fluctuations result in a
temporal modulation of the scattered light intensity. Information about
the dynamics of surface waves, i.e., their frequency and damping, can be
derived through a temporal analysis of the scattered light intensity by
using photon correlation spectroscopy (PCS). In the case of large hetero-
dyning where the scattered light is superimposed with stronger coherent
reference light, the time-dependent intensity correlation function for the
analysis of surface fluctuations is described by [8]

G? (t)= A+ Bcos(wr |t| — ) exp(— |t|/7c), 2)
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assuming the decay of the amplitude of surface waves is oscillatory. The
experimental constants 4 and B are essentially determined by the total
number of counts registered, the ratio of scattered light to reference light,
and the coherence properties of the optical system. The phase term ¢,
¢ =atan(I'/wg), largely accounts for the deviations of the power spectrum
of the surface fluctuations from the Lorentzian form, and the correlation
time tc and the frequency wpg are identical with the mean lifetime or the
reciprocal of the damping constant I' (=1/t¢) of “ripplons” and the fre-
quency of propagation, respectively. The latter relate to the fluid properties
of the liquid—vapor interface through the surface wave dispersion equation
[9, 10],

{[ia(n/m/ +n'qg+n"m"+1"q)] [6 g +ia'm' +n'q+n"m"+n"q)
! 1 a2 / 1 . / ! ! 1 14 1 2
+g(0' —p )—;(p +0") | = [iat'qg—n'm" +0"m" —q"q)]" } =0,
(3)
where

a=wr+il, 4)

o / o "
m/= [qz—i—ln—/i, m”: [qz—i-l rl;j/ s (5)

g is the acceleration of gravity, o the surface tension, o’ and p” are the
densities of the liquid and vapor phases, respectively, and n’ and n” are
the dynamic viscosities of the liquid and vapor phases, respectively. This
complex relation is the result of the solution of the linearized Navier—
Stokes equation whereby the fluid flow must satisfy boundary conditions
that express the continuity of normal and tangential stresses at the liquid—
vapor interface [2].

To a first-order approximation, the ratio of the sum of the dynamic
viscosities of the liquid and vapor phase relative to the sum of the densi-
ties of the liquid and vapor phase may be obtained from the decay time
7c of the correlation function Eq. (2) by

n/_"_n// N 1
p'+p" 2tcq®

(6)

Furthermore, the correlation function Eq. (2) can simultaneously be eval-
uated for the ratio of the surface tension to the sum of the densities of the
vapor and liquid phases,
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which, to a first-order approximation, follows directly from the beat fre-
quency wr and the modulus of the wave vector g.

For a reliable determination of viscosity and surface tension, a more
detailed and rigorous consideration of the SLS method than given by Egs.
(6) and (7) must be applied. In the present work, however, data for the liquid
kinematic viscosity and surface tension were obtained by an exact numeri-
cal solution of the dispersion equation for surface waves at a liquid—vapor
interface, Eq. (3), where the measured frequency wgr, the damping I', and
the modulus of the wave vector ¢ are used as input values.

3. EXPERIMENTAL

The experimental setup used for the investigation of a liquid-vapor
interface of n-pentane under saturation conditions is shown in Fig. 2. A
frequency-doubled continuous-wave Nd:YVOgy-laser operated in a single
mode with a wavelength of Xy =532 nm serves as a light source. The
laser power was about 200mW when working at temperatures 7 < 300 K
and somewhat lower for higher temperatures. For the observation of light
scattered by surface waves, the optical path has to be aligned in such a
way that the laser beam and the direction of detection intersect on the
liquid—vapor interface in the measurement cell. For large scattering inten-
sities from the vapor-liquid interface, scattered reference light from the
cell windows is not sufficient to realize heterodyne conditions. Here, an
additional reference beam is added. To this end, part of the incident laser
light is split by a glass plate and superimposed with the scattered light
behind the sample cell. The time-dependent intensity of the scattered light
is detected by two photomultiplier tubes (PMTs) operated in cross-cor-
relation in order to suppress after-pulsing effects. The signals are ampli-
fied, discriminated, and fed to a digital correlator with 256 linearly spaced
channels operated with a sample time down to 40 ns.

The main feature of the optical arrangement, however, is based on the
analysis of scattered light at variable and relatively high wave numbers of
capillary waves, whereby instrumental broadening effects are negligible [3].
Light scattered on the liquid—vapor interface of n-pentane is detected per-
pendicular to the surface plane, which means ®g =24, see Fig. 1. For this
arrangement, with the help of Snell’s refraction law and simple trigono-
metric identities, the modulus of the scattering vector g can be deduced
as a function of the easily accessible angle of incidence,
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Fig. 2. Experimental setup: optical and electronic arrangement.
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For measurement of the angle of incidence ®g, the laser beam is first
adjusted through the detection system consisting of two apertures
(J1-2 mm) at a distance of about 4 m. Then the laser beam is set to the
desired angle which for the experiment was between 3.0° and 4.0° and was
measured with a high precision rotation table. The error in the angle mea-
surement has been determined to be approximately +0.005°, which results
in a maximum uncertainty of less than 1% for the desired thermophysical
properties.

According to the specification of the manufacturer (Merck GmbH,
Darmstadt), the n-pentane sample was of spectroscopic grade (Uvasol®)
with a minimum purity of 99.5% and was used without further purification.
For the present measurements, the sample was filled from the liquid phase
into an evacuated cylindrical pressure vessel (diameter, 70 mm; volume,
150 cm?) equipped with two quartz windows (Herasil I; diameter, 30 mm;
thickness, 30 mm). The temperature regulation of the cell surrounded by an
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insulating housing was realized with electrical heating. For temperatures
below room temperature, the insulating housing was cooled to about 10 K
below the desired temperature in the sample cell using a lab thermostat.
The temperature of the cell was measured with two calibrated Pt-100 Q
resistance probes, integrated into the main body of the vessel, with a
resolution of 0.25 mK using an ac bridge (Paar, MKT 100). The uncertainty
of the absolute temperature measurement was better than +0.015 K. The
temperature stability during an experimental run was better than £0.001 K.
For each temperature, at least eight measurements at different angles of
incidence were performed, where the laser was irradiated from either side
with respect to the axis of observation in order to check for possible
misalignment. The measurement times for a single run were typically of the
order of 10 min down to 5 min for the highest temperatures in this study.

4. RESULTS AND DISCUSSION

4.1. Measurement Data and Uncertainty

The results for the liquid kinematic viscosity and surface tension of
n-pentane under saturation conditions from surface light scattering are
summarized in Table I. The listed data are average values of at least eight
independent measurements with different angles of incidence ®g. Also
listed in Table I are the values from the literature used for data evaluation
as described below.

Data obtained from surface light scattering for the dynamics of sur-
face waves, i.e., frequency wr and damping I' (=1/7¢) at a defined wave
vector ¢, have been combined with reference data for the dynamic viscosity
of the vapor phase n” and density data for both phases p’ and p” to get
information about the liquid kinematic viscosity v" and surface tension o,
see Section 2, Eq. (3). Both liquid and vapor densities have been adopted
from a multiparameter equation of state of Span and Wagner [11]. Data
for the dynamic viscosity of the vapor phase have been calculated accord-
ing to a method given in Refs. 12 and 13.

Taking into account the uncertainties of the individual quantities
entering into the calculation, the uncertainty of our liquid kinematic vis-
cosity data is estimated to be better than 1% for the whole temperature
range investigated in the course of this work. It should be noted that even
approximate values for the dynamic viscosity of the vapor phase are suffi-
cient to achieve such an accuracy. For the existing surface tension data,
the uncertainty is estimated to be better than 1.2%. A more detailed dis-
cussion regarding the accuracy achievable for liquid kinematic viscosity
and surface tension from SLS can be found in Refs. 3 and 4.
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Table I. Liquid Kinematic Viscosity v' and Surface Tension o of n-Pentane Under
Saturation Conditions”

T(K) n'(uPas) p'(kgm™) p'(kgm™) v(mm’s™' ) omNm)

233.15 5.38 681.54 0.10 0.6423 22.61
243.15 5.60 672.57 0.18 0.5790 21.39
253.15 5.83 663.47 0.31 0.5263 20.28
263.15 6.08 654.23 0.51 0.4796 19.16
273.15 6.33 644.86 0.79 0.4413 18.16
283.15 6.59 635.35 1.19 0.4102 17.03
293.15 6.86 625.67 1.73 0.3782 15.82
303.15 7.13 615.80 2.44 0.3516 14.73
313.15 7.40 605.69 3.37 0.3252 13.66
323.15 7.67 595.32 4.55 0.3047 12.53
333.15 7.95 584.62 6.04 0.2818 11.53
343.15 8.22 573.55 7.89 0.2625 10.52
353.15 8.49 562.03 10.15 0.2449 9.41
363.15 8.77 550.00 12.91 0.2283 8.44

“Directly measured values for frequency wr and damping I' at a defined wave
vector ¢ of surface waves were combined with theoretically calculated values for
n” and data for p’ and p” from Ref. 11 to derive v’ and o by an exact numer-
ical solution of the dispersion relation Eq. (3).

4.2. Data Correlation

For the complete temperature range studied in the present investiga-
tion, a modified Andrade-type equation which in its simple form is com-
monly chosen to represent the dynamic viscosity at least over a limited
temperature range was used in the form,

v =) exp[v| T~ v, T + 773 ©)

in order to represent our experimental kinematic viscosity data for n-pen-
tane, where T is the temperature in K and the coefficients are given in
Table II. Here, also the standard deviation (rms) of our data relative to
those calculated by Eq. (9) is reported. It should be noted that the resid-
uals of the experimental data from the fit are smaller than the standard
deviations of the individual measurements which were in all cases smaller
than +1.0%.

The experimental data for the surface tension can well be represented
by a modified van der Waals-type surface tension equation of the form
[14],

o =00 (1 —Tg)!* [1 +01(1=Tg)*> 402 (1 - TR)] : (10)
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Table II. Coefficients of Eq. (9)

v (mm?-s~1) 340.58
v (K) —1608.14
vy (K71 —0.0117528
vl (K?) 182897
rms (%) 0.23

T-range (K) 233-363

where the fit parameters oy, o1, and o, are given in Table III. In Eq. (10)
Tr = T/Tc represents the reduced temperature, where 7 is the absolute
temperature and T¢ is the critical temperature. For the latter a value of
469.70 K was adopted from the corresponding reference [11] used to get
information about the vapor and liquid densities under saturation con-
ditions. The present correlation represents the experimental values of the
surface tension with a root-mean-square deviation of about 0.3%.

4.3. Comparisons with Literature Data
4.3.1. Kinematic Viscosity

In Fig. 3 the kinematic viscosity of n-pentane under saturation con-
ditions has been plotted in comparison with literature data in the upper
part. In the lower part of Fig. 3 the deviations between the correlation
Eq. (9) obtained with our experimental results and the data of other
research groups are shown. Liquid viscosity values at true saturation con-
ditions obtained with a capillary viscometer by Golubev [15] and Golubev
and Agaev [16] have been included in Fig. 3. Since most experimental
data available in the literature are concerned with high pressure condi-
tions in the compressed liquid state, see, e.g., Refs. 17-21, we made for
these data sets an extrapolation or interpolation of viscosity isotherms to
be able to perform a data comparison for saturation conditions. For the

Table III. Coefficients of Eq. (10)

oo (mN-m™!) 45.32
o1 0.779
Iop) -0.737
rms (%) 0.29

T-range (K) 253-363
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measurements by Oliveira and Wakekam [17] which were performed along
two isotherms at 303.15 and 323.15 K for pressures up to about 250 MPa
with a vibrating-wire viscometer, an uncertainty of £0.5% is stated. In
the same paper for the pressure dependence of the viscosity of n-pentane,
correlations in the form of polynomials were presented which have been
extrapolated to the vapor pressure in the course of this work to obtain val-
ues at saturation conditions. Kiran and Sen [18] measured the viscosity of
n-pentane with a specially designed falling-cylinder viscometer in a pres-
sure range from 10 to 70 MPa at temperatures from 310 to 450 K. In Ref.
18 an exponential relationship was used to describe the density depen-
dence of the viscosity which has been extrapolated to the saturated lig-
uid density for data comparisons. Measurements of Reamer et al. [19] were
performed with a rotating-cylinder viscometer, at pressures up to about
35 MPa and at temperatures of 310.9, 344.3, 377.6, and 410.9 K. Reamer
et al. [19] have reported for their experimental values relative to those cal-
culated by their own correlations a standard error of 0.75%. Also shown
in Fig. 3 are measurements by Hubbard and Brown [20], Sage and Lacey
[21], and Estrada-Baltazar et al. [22] which were performed by a rolling-
ball viscometer. While the data of Hubbard and Brown [20] and Sage and
Lacey [21] were extrapolated to saturation conditions as given in Ref. 19,
the single data point from the work of Estrada-Baltazar et al. [22] was
taken at atmospheric pressure. Additionally included in Fig. 3 are data
from a prediction method by Assael et al. [23] which is based on the hard-
sphere theory whereby experimental data obtained by the same authors
with a vibrating wire viscometer for pressures up to 70 MPa for some
n-alkanes have been used for an improved correlation scheme. Finally, for
the liquid kinematic viscosity of saturated n-pentane, calculated data from
the NIST reference database [24] and the work of Lee et al. [25] have
been included in Fig. 3. For the latter the viscosity behavior of n-pentane
is described by a nine-parameter equation by simply inserting its molecu-
lar weight and density values and without any knowledge of experimental
n-pentane viscosity data [26].

For the conversion of data from dynamic to kinematic viscosity, den-
sity data from the multiparameter equation of state by Span and Wagner
[11] have been used. Furthermore, density data from the same work were
used for the calculation of the correlation or prediction schemes given in
Refs. 18, 23, and 25. Good agreement can be found between the data
of Sage and Lacey [21] and our results, the maximum deviation is 1.9%.
Within the temperature ranges from 263 to 303 K and 333 to 373 K,
our viscosity data for n-pentane agree with the experimental data sets of
Golubev [15] and Golubev and Aagaev [16], respectively. Other references
based on experimental data show systematic deviations up to +7.5%, see
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Ref. 20, and even larger ones for the extrapolated data set of Kiran and
Sen [18]. An explanation for this behavior could be the use of extrapolated
values instead of values obtained under the same experimental conditions.
While for the whole temperature range the agreement between our data
correlation and the predictions given by Lee et al. [25] can be regarded
to be satisfactory, with deviations smaller than 3%, large differences of
up to —10.6% can be found for the prediction scheme by Assael et al.
[23] which is based on the hard-sphere theory. The literature data show,
however, significant differences between themselves as can be seen in the
deviation plot.

4.3.2. Surface Tension

Surface tension data and deviations from our correlation function Eq.
(10) are displayed in Fig. 4. Comparisons with literature data are also per-
formed for n-pentane under saturation conditions between 225 and 375 K.
The measurements by Jasper and Kring [27] were performed under iso-
baric conditions at 0.1 MPa in a temperature range between 273.15 and
303.15 K in an atmosphere containing dry nitrogen and the vapor phase
of the hydrocarbon. Jasper and Kring [27] used a specially designed cap-
illary meter to measure the surface tension at a relatively small volume of
liquid. Grigoryev et al. [28] have obtained the surface tension of n-pentane
under saturation conditions with the differential capillary-rise method for
temperatures between the triple point and the critical point. In addition
to the measured values, the correlation from Ref. 28 is shown based on
a two-term modified van der Waals-type surface-tension equation. Here, a
standard deviation of the fit to surface tension data of 0.18 mN-m~! is
stated. For data comparisons, Fig. 4 also includes a three-parameter gener-
alized equation as proposed by Somayajulu [29] for data correlation of the
surface tension from the triple point to the critical point. With this type
of regression surface tension data available for n-pentane in the literature
are represented with an average deviation of 0.025 mN-m~!. Furthermore,
an extended scaled equation for the temperature dependence of the surface
tension as proposed by Miqueu et al. [14] for several pure fluids is com-
pared in Fig. 4. This prediction yields values of the surface tension within
an average of 3.5% of the measured values for all compounds studied in
Ref. 14. A correlation scheme given by Romero-Martinez and Trejo [30]
for the surface tension of homologous series of pure liquid hydrocarbons,
as a function of molecular weight and temperature, based on the work of
Grigoryev et al. [28] is also presented in Fig. 4. The standard deviation
obtained in the work of Romero-Martinez and Trejo [30] from the corre-
lation of 94 experimental points was 0.16 mN-m~!. Finally, values from
the data compilation of Vargaftik [31] are included in Fig. 4.
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As can be seen in the deviation plot of Fig. 4, the maximum differ-
ence between our correlation and the literature data is less than +4%. A
maximum deviation between +3 and +4% is found for comparisons of
our data with the extended scaled equation of Miqueu et al. [14]. The
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maximum deviations of the experimental data from Ref. 28 and 27 are
slightly below 3% and above 1%, respectively. Correlations from Grigoryev
[28] and Romero-Martinez and Trejo [30] show very good agreement with
our fit. In this case the deviation has about the same magnitude as the
uncertainty of our experimental data, which is about 1%.

5. CONCLUSIONS

Experimental values of the liquid kinematic viscosity and surface ten-
sion of n-pentane from SLS have been presented. Measurements have been
performed under true saturation conditions over a temperature range from
233 to 363 K. For data evaluation a correct theoretical treatment of the
capillary-wave problem for a liquid—vapor interface has been applied. With
the help of reference data for the liquid and vapor densities and calcu-
lated data for the dynamic viscosity of the vapor phase — yet without
any calibration procedure — an overall uncertainty of 1% and 1.2% could
be achieved for the liquid kinematic viscosity and surface tension, respec-
tively. For the surface tension agreement with literature data can be con-
sidered to be satisfactory. For the viscosity of n-pentane comparisons with
reference data covering the past century result in large differences of up to
8%. An improvement of the situation for the viscosity of saturated n-pen-
tane requires more accurate measurements under well defined conditions.
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