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Abstract We measured the velocity of sound in olive oil

under pressure with the Brillouin light scattering technique.

Using the values for the density and the thermal conduc-

tivity that have only recently been reported, we calculated

the adiabatic compressibility and the isobaric specific heat

up to 356 MPa and the thermal diffusivity up to 200 MPa.

The specific heat displays a maximum at 124 MPa, sug-

gesting a possible phase transition around this pressure.

Apart from the theoretical and practical importance of

these results for the food industry and beyond, this work

shows that Brillouin light scattering and macroscopic

methods are complementary and can be employed to

measure thermophysical parameters of food liquids under

pressure.
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Introduction

Due to its advantages with respect to the traditional

thermal approach, high-pressure technology has become

an attractive option for food processing [1]. Computer

simulations are, like in many other fields, useful

complementary investigative tools but they require

physical parameters for food under pressure, information

that is still scarce. For example, until recently, the

density of some natural oils was known only up to

145 MPa [2], while the isobaric specific heat, thermal

diffusivity, and thermal conductivity only up to 49 MPa

[3]. These values are too low when compared to the

pressures used in the food industry and offer only a

limited insight into the properties of these materials, as

demonstrated by later studies in which higher pressures

were reached.

During the last 2 years, the density [4, 5] and the ther-

mal conductivity [4] of some edible oils have been reported

at several temperatures and pressures exceeding 400 MPa.

This breakthrough allows one to derive the dependence

of other physical parameters, such as the isothermal com-

pressibility and the thermal expansion coefficient, on

temperature and pressure [5]. However, the isobaric spe-

cific heat at higher pressures—a necessary parameter for

feeding the models used to predict the heat transfer under

pressure and microorganism inactivation [1, 5]—remains

elusive.

Here, we apply the Brillouin light scattering (BLS)

technique to measure the velocity of sound in olive oil at

ambient temperature and high pressures and, using the

values for the density [5] and the thermal conductivity [4]

available in the literature, we calculate the adiabatic

compressibility and the isobaric specific heat up to

350 MPa and the thermal diffusivity up to 200 MPa.

B. M. Leu (&) � H. Yavaş � I. Kantor
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Experimental Procedure

Sample

We used commercially available olive oil (Mythology,

Greece). According to the nutritional information provided,

the ratio between monounsaturated fat, polyunsaturated fat,

and saturated fat was 71/11/14%, which is typical for olive

oil. The sample was loaded in a hole with a diameter of

100 lm laser-drilled in the center of a 250-lm-thick

stainless steel gasket and was placed in a diamond anvil

cell. The diamond culets were 800 lm in diameter.

Brillouin Light Scattering

The BLS spectrum of a liquid consists of a central (Ray-

leigh) band at the frequency of the incident light (f0) and a

doublet shifted to frequencies f0 ± fs. Using the linearized

Navier–Stokes equation, one can extract various properties

of the liquid, including the adiabatic sound velocity [6]:

vL ¼
fs

Q
ð1Þ

in which Q ¼ 2K�1sin h�=2ð Þ is the size of the momentum

transfer vector in the ‘‘platelet’’ symmetrical geometry

(K is the wavelength of the incident light and h* the pre-

defined external scattering angle). The experiment was

carried out at the GSECARS 13 BM-D beamline at the

Advanced Photon Source, Argonne National Laboratory

K ¼ 532 nm; h� ¼ 50�;Q ¼ 1:6� 106 m�1
� �

: Detailed

information about the experimental setup can be found

elsewhere [7]. The pressure was determined from the ruby

characteristic R1 luminescent line.

Results and Discussion

Select BLS spectra for olive oil are shown in Fig. 1, top

panel. For convenience in the data analysis, we chose the

sound velocity for the abscissa, rather than the frequency.

The sound velocity as a function of pressure is shown in

Fig. 1, lower panel. Although we reached pressures as high

as 1,167 MPa, we included only the points up to 356 MPa

in the present analysis (Fig. 2a) because the density of

olive oil at ambient temperature has been measured only up

to 350 MPa [5]. The error bars for the sound velocity are

smaller than the size of the markers. We fitted the sound

velocity with a second degree polynomial [8]:

vLðpÞ ¼ c0p2 þ c1pþ c2 ð2Þ

with c0 = 2.9 9 10-4 ms-1 MPa-2, c1 = 2.4 ms-1 MPa-1,

c2 = 1,522 ms-1. Knowing the dependence of the specific

volume on pressure and temperature [5]:

mðp; TÞ ¼ m0ðTÞ 1� Dp

B0 þ cT þ dT2 þ eDpþ f ðDpÞ2

 !

ð3Þ

allows one to calculate the isothermal compressibility (bT)

and the thermal expansion coefficient (a) from their

respective definitions:

bT ¼ �
1

m
om
op

� �

T

; a ¼ 1

m
om
oT

� �

p

ð4Þ
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Fig. 2 a Sound velocity (including the fit with Eq. 2), b isothermal

(Eq. 4; [5]) and adiabatic (Eq. 5) compressibility, c isobaric specific

heat (Eq. 6), d thermal diffusivity (Eq. 8) as a function of pressure
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Fig. 1 Top panel select Brillouin light scattering spectra. The

ordinate is not drawn on the same scale for the three data sets. The

Rayleigh line was scaled down with respect to the corresponding

Brillouin lines. Lower panel the sound velocity over the whole

pressure range investigated

1518 J Am Oil Chem Soc (2010) 87:1517–1520

123



In Eq. 3, m0(T) is the specific volume at a reference tem-

perature, Dp ¼ p� p0 ðp0 ¼ 0:1 MPaÞ; and B0, c, d, e, and

f are known constants [5]. We obtained the adiabatic

compressibility at T = 298 K (Fig. 2b) from:

bSðpÞ ¼
m

v2
L

ð5Þ

and the isobaric specific heat from:

cpðpÞ ¼
Ta2m

bT � bS

ð6Þ

in which vL, m, bT, a, and bS are given by Eqs. 2, 3, 4,

and 5. The presence of a maximum in cp (Fig. 2c) is a

characteristic of a phase transition from isotropic liquid

to liquid crystal. X-ray diffraction studies on oleic acid

showed that this fatty acid experiences a phase transition

to a highly ordered smectic phase at 210 MPa [9]. This

result confirmed previous light scattering studies which

revealed an increase in the molecular order at that

pressure [10]. We suggest that for olive oil the maximum

in cp may be a reflection of a similar phase transition

occurring at approximately 124 MPa. With the help of a

built-in camera, we noticed a change in the sample

appearance around this pressure. This phase transition is

not manifested in the density [5] or in the longitudinal

sound velocity (Fig. 2a). This behavior contrasts with

that of a semifluorinated alkane, a material for which

several techniques, including pressure–volume–tempera-

ture and BLS measurements, revealed two different first-

order phase transitions [11]. One way to describe the

pressure dependence of cp is through the following

polynomials: -0.045p2 ? 11.2p ? 1,738 (p \ 210 MPa)

and 0.016p2 - 16p ? 4,805 (210 \ p \ 356 MPa). BLS

has been previously used for investigations on liquids

under pressure, such as relaxation processes in polymers

[12], structural transformations in water [13], and phys-

ical properties of ammonia [14].

The thermal conductivity (k) at ambient temperature has

been measured with the transient hot wire method up to

200 MPa [4]. Because k has a rather weak temperature

dependence, very little error is introduced by using its

value at 20 �C (rather than 25 �C) in our analysis.

According to Ref. [4], 1/k(qk/qp)T is approximately pro-

portional to bT, which leads to:

kðpÞ ¼ k0

m
m0

� �a

ð7Þ

where a = -2.88 is a proportionality factor, k0 =

0.166 Wm-1K-1 is the thermal conductivity at ambient

pressure, and the ratio m/m0 is given by Eq. 3.

The thermal diffusivity:

DTðpÞ ¼
km
cp
; ð8Þ

is shown in Fig. 2d (108DT = 1.64 9 10-4p2 - 0.035p ?

10.2). According to the theory [6], the width of the

Rayleigh peak ðC0Þ is equal to the product between the

thermal diffusivity (DT) and the square of the momentum

transfer (Q2). In practice, however, the central line is

dominated by the laser width, often preventing one from

measuring the actual C0:

The olive oils used in different studies are not com-

pletely identical. There are hundreds of types of olive trees,

whose fruits vary in size, chemical composition, etc. Fur-

thermore, the fruit maturity and processing technique affect

the characteristics of the final product. However, despite

this variety, the same fatty acids account for 98% of the oil

content making the oils remarkably similar, as demon-

strated by Raman spectroscopy [15].

The significance of the results presented in this study is,

in our opinion, two-fold: sample and technique-related.

Regarding the liquid investigated, the importance of olive

oil, and edible oils, in general, reaches beyond their tra-

ditional use (as food and cosmetic products). They are

industrial fluids [16], fuel alternatives [17], substitutes for

mineral oils [18], and low-viscosity magma mimics in

models for the Earth’s brittle crust [19]. For all practical

and theoretical purposes, the quantities measured and cal-

culated in this paper are important parameters for charac-

terizing the dynamic and thermal properties of these

materials under pressure, and for simulating their behavior.

Perhaps more importantly, this study demonstrates that

Brillouin light scattering and macroscopic (e.g. densimet-

ric, transient hot wire) methods are complementary. Once

the pressure-dependence of the sound velocity and the

density is measured, several thermophysical parameters

can be calculated. This relatively straightforward experi-

mental approach has the potential of being employed for

investigating other liquid foods.
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