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The refractive index of water is precisely determined in the visible light range as a function of the
pressure until 250 MPa by means of a new measurement device that uses a special pipe tee included
in an interferometer set. This technique allows revisiting the Bradley-Tait and Sellmeier equations to
make them dependent on the wavelength and the pressure, respectively. The Bradley-Tait equation for
the pressure dependence of the water refractive index is completed by a wavelength-dependent factor.
Also, in the considered pressure and wavelength ranges, it is shown that the Sellmeier coefficients
can be straightforwardly linked to the pressure, allowing the determination of the refractive index
of water for either any wavelength or pressure. A new simple model allows the determination of
the density of water as a function of the measured refractive index. Finally, the polarizability of
water as function of pressure and wavelength is calculated by means of the Lorentz-Lorenz equation.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698481]

Il. INTRODUCTION

Refractive index of water has been carefully measured
with many researchers for over a century.'~'® Water is the
most prevalent liquid on earth. The description of the prop-
agation, reflection, and absorption of light in water requires
the knowledge of the dependence of its refractive index as
a function of the wavelength under different physical (but
also chemical) conditions such as pressure or temperature.
Mainly, optical experiments carried out in water are often
used as references for other liquids. It is also worth notic-
ing that the refractive index itself can be used as an in situ
probe of other physical parameters of the liquid such as its
density or pressure. Despite the interest of scientists in the
optical properties of water, traditionally the refractive index is
given separately as a function of wavelength at a given pres-
sure and temperature or as a function of pressure in the visible
range.

Many studies attempt to describe the dependence of the
refractive index properties of water on physical parameters
such as pressure and wavelength. However, the available
physical models give only a partial description of these prop-
erties. While some studies focus on the influence of pressure
at specific visible wavelengths near ambient temperature,'~
others emphasize the pressure dependence of the water re-
fractive index for a given wavelength of the beam. The pres-
sure range used in such experiments is moderate from atmo-
spheric pressure up to a few hundred bars (<1000 bar, i.e.,
100MPa).*% Moreover, since the relationship between the
density and pressure of a liquid is well known, the value of
the density is generally obtained experimentally from pres-
sure measurements. The three principal techniques are based
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on the Archimedes cylinder, the metal bellows, and the oscil-
lating U-tube.”-®

However, in many industrial processes, for example, in
the case of a liquid flow as well as in water transportation,
it is often necessary to determine in sifu either the pressure
or the density of the liquid. Among various methods mainly
based on mechanical or electrical sensors, optical methods
are considered as good candidates for the implementation
of such sensors. This is due to the fact that optical mea-
surements are seen to be strongly advantageous because of
both non-intrusive and non-disturbing large-scale (in sifu)
methods.

The famous Lorentz-Lorenz (LL) equation9 links the
density and the refractive index of a liquid using the
polarizability.'® Thus, the LL formula describes the physical
properties of water for a given polarizability.

Other simple methods based on mathematical or physi-
cal approaches exist in the literature to determine the expres-
sion linking both the water (medium) refractive index and the
wavelength of the crossing beam to the liquid pressure. The
physical translation of the obtained experimental results is
usually made by using in one hand the Sellmeier equations
to obtain the wavelength dispersion of the refractive index.
On the other hand, this mathematical translation is made us-
ing the Bradley-Tait equation to give the dependence of the
refractive index on the pressure.

To our knowledge, no previous work has shown the wave-
length dependence of the water refractive index in a range of
pressure exceeding 100 MPa. A number of applications, such
as waterjet techniques for cutting hard and/or thick materials,
require higher working pressures as high as 250 MPa.

© 2012 American Institute of Physics
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Our paper proposes a new measurement method and pro-
vides results beyond the present state of the art. Our new ex-
perimental setup includes a cell placed within one arm of a
Michelson interferometer and allows determining the water
refractive index as a function of both wavelength in the visi-
ble range and pressure from 1 to 250 MPa (2500 bars).

Additionally, we used the Bradley-Tait!!"'* and
Sellmeier'® equations to link the water refractive index to
the pressure and wavelength, respectively. We introduce
pressure-dependant coefficients in the Sellmeier equation
and wavelength-dependant coefficient in the Bradley-Tait
equation. Finally, the density of the tested liquid (here water)
is derived from the pressure measurements.

Our work addresses industrial applications by suggesting
interferometry as a flexible method for in sifu measurements
of the refractive index of a liquid using a simple experimen-
tal setup. This may lead to a sensor for fast, non-intrusive,
non-destructive, and accurate measurements of pressure and
density of a static or flowing liquid.

Il. EXPERIMENTAL PROCEDURE

We have designed and constructed a suitable high-
pressure liquid-cell which is introduced in a Michelson in-
terferometer. The setup allows measuring the refractive index
of liquids in the visible range as a function of the pressure
which can be as high as 250 MPa. The setup is composed by
two relatively independent parts. The first corresponds to the
circuit of the liquid (here water) under test, the second to the
optical interferometric arrangement, both parts are coupled in
the liquid-cell. The setup is represented in Fig. 1. In the liquid
circuit, water from the source at low pressure passes through

Softener Pump

Water m—— ‘_

Mirror

Pressure transducer

Laser
N : Beam splitter Pine tee
i [} ]
.......... i I I
.
H

Lens x10

»

Mirror

Sapphire
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FIG. 1. The experimental setup used in these experiments. Upper part: the
water circuit. Lower part: the Michelson optical setup and the computer
control.
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a Permo 6000 softener before being put under pressure by a
pump (KMT Streamline SL-IV 100D). The clean and filtered
water under pressure is then channelled to the measurement
system by a 1/4 in. tube, interrupted by two manual security
gates. After the second gate, a transducer permits the mea-
surement of the liquid pressure in real time with an accuracy
of 2%.

The special liquid-cell consists of a stainless-steel body
having a pipe-tee shape closed on the two opposite sides by
two sapphire plano-plano windows, while the third entry is
connected to the liquid circuit to complete the high-pressure
flow part.

To measure the refractive index, the pipe tee is situated in
the principal arm of a Michelson interferometer, with the sap-
phire windows perpendicular to the laser beam (Fig. 1). We
have performed experiments with six different wavelengths;
one emitted by a Nd:YVO, diode pump solid state laser at
A = 532 nm and the other by an adjustable He-Ne laser at
A = 543, 594, 604, 612, and 633 nm. Other optical com-
ponents of the interferometer consist in a non-polarizing
beam splitter, two metallic mirrors, and a plano-convex lens
(f = 7 mm) to enlarge the fringes of the interference pattern
on a screen at the output of the setup. The interferometer is
properly aligned so that the output fringes have a clear regu-
lar shape.

Upon variation of the liquid pressure, the interference
pattern moves on the screen. The output photodiode which is
located at a fixed observation point allows counting the num-
ber of scrolled fringes.

The two main experimental parameters, i.e., the pres-
sure and the number of scrolled fringes as well as the over-
all control of the procedure are recorded and monitored
by a computer with a LabView® homemade virtual instru-
ment. During all the experiment, the temperature is fixed at
T=123.0+£0.2°C.

At the beginning of the experimental process, the gates
are open and the water pressure is increased until 250 MPa.
Then, one of the two gates is closed and the pump is powered
down so that only the water after the gate in the liquid cell
remains under pressure, whereas the rest of the liquid circuit
empties. This procedure (pump off) prevents additional per-
turbations, such as mechanical vibrations in the optical part
during the measurement time. At this stage, the gate is opened
to let a micro water discharge allowing a slow controlled de-
crease in water pressure inside the cell. The optical and con-
trol measurement system is switched on and the LabView®
program records the number of fringes as a function of the
pressure. The setup allows getting linear pressure variation
from 250 MPa down to atmospheric pressure.

The change in the refractive index of the liquid is evalu-
ated through the formula presented below in Eq. (1). This em-
piric equation is applicable to interferometric measurements
only if the influence of the cell is negligible, i.e., if the shape
of the cell remains quite constant when the pressure increases
to 250 MPa.

At this stage, we have verified under high pressure the
resistance of the components and the influence of the cell
shape variation on the optical measurements. The first pre-
caution consists in oversizing the thicknesses of both the cell
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walls and the sapphire discs. The second precaution consists
in choosing the sapphire windows diameter as small as possi-
ble just letting the beam pass through the cell.

Another checks consisted in determining the optical in-
fluence of the cell on the measurements due to a possible
dilatation, expansion of the cell chamber, or sapphire defor-
mations when the pressure increases up to 250 MPa. For this
purpose, a mirror is put in contact to the left sapphire disc
in Fig. 1. The fringe displacement is observed during pres-
sure increase with the beam reflected by the additional mir-
ror, thus sensing only the left window displacement. Since no
movement of the fringes was observed, we can conclude that
the geometry of the cell chamber remains constant and does
not affect our measurements in the considered pressure range.

Considering the value of the refractive index of water at
ambient temperature and pressure, 7p,,, known for all wave-
lengths from the UV up to the infrared,' the experimental
relation between the refractive index n and the number Z of
fringes passing at a fixed point is given as'®

Z(P)
2e

where A is the vacuum wavelength of the beam traversing the
liquid through a thickness e. Equation (1) allows the calcu-
lation of the refractive index for any pressure. Note that the
factor 1/2 in the second term of Eq. (1) is due to the spe-
cial Michelson interferometer configuration where the beam
crosses the cell twice.

n(P, 1) = npamp(A) +

(1)

lll. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the pressure dependence of the water
refractive index for six wavelengths in the green/red spec-
tral range. These data are obtained using the setup of Fig. 1,
Eq. (1), and the single reference values of the refractive index
at atmospheric pressure.” !©

It can be seen from Fig. 2 that the refractive index of wa-
ter nonlinearly increases as a function of pressure, particularly
at high pressures. This property of water, obtained from our
measurements for various wavelengths, confirms the results
of Vedam and Limsuwan ! obtained at a fixed single wave-
length of 583 nm. To fit our curves, and to benefit from previ-
ous published results, we consider the standard relationship
k = n between the dielectric constant k and the refractive

1,36

1,355

1,35

1,345 |

Refractive index

1,34

1,335 127

1,330 0

50 100 150 200 250
Pressure (MPa)

FIG. 2. Evolution of the refractive index as a function of pressure for various
wavelengths in the visible range.
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index n in a lossless medium.!” Bradley and Pitzer!' have
proposed a simple but effective description of the pressure
dependence of the dielectric constant based on the equation
suggested by Tait in 1880 for volumetric data.'* The Bradley-
Pitzer equation takes the following form:

a,+ P
k(P) = kip=p,;) + aoln (a1 n P,»ni> : 2
where k(p=pin) is the dielectric constant at a given reference
pressure P;,;, P is the measured pressure in MPa and a( and
a; are two constant parameters that can be deduced by the
experimental data. This equation was previously used to fit the
dielectric data available from the International Association for
the Properties of Water and Steam with accuracy better than
0.1% from atmospheric pressure up to some hundred MPa.’
Equation (2) leads directly to the relation

P
= [n20) + agin [ L), 3
n \/”o( )+aon<al+100 3)

where P and a; are expressed in MPa. Note that the wave-
length dependence of the refractive index appears in Eq. (3)
only within the term ng and all other parameters are consid-
ered independent from the wavelength. The best fitting pa-
rameters for Eq. (3) are

n% = n%;mb +3.0516 x 1073 £ 1077,
ap = 0.1057 £+ 1074,
a; = 341.5902 4+ 10~* MPa,

where the term n2(A, Py | mpa) is the refractive index value at
atmospheric pressure at given wavelength.

On the other hand, using the least-square method, we can
fit the experimental data obtained for the refractive index at
various pressures using Sellmeier dispersion formula of the
form

N

n(P)=1+Y Bi(P)r
i=1

L —Ci(P) @
with B; and C; being Sellmeier dispersion coefficients consid-
ered as pressure dependent.

We have evaluated the residual deviation between the val-
ues calculated by this dispersion formula and the measure-
ment values with various fitting orders s in the Sellmeier re-
lationship. These standard residuals deviations are found to
be smaller than 5.4 x 10~ in our pressure range when con-
sidering a three-oscillator Sellmeier dispersion formula. This
accuracy makes it possible to approximate the experimental
results to the fourth decimal digit. The accuracy obtained in
the present work is about the one obtained by the Bradley-
Pitzer model to fit the refractive index of water. The evolution
of the six dispersion coefficients of the three-oscillator Sell-
meier equation with s = 3 is given in Fig. 3.

The pressure dependence of the coefficients B; and C;
in Eq. (4) can be reasonably described by a second-order
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FIG. 3. Sellmeier dispersion coefficients for the refractive index of water as a function of pressure at 23 °C.

polynomial so that Eq. (4) can be rewritten as

3
(a; P? + Bi P + §;))?
n?=1+ Z 2 ©)
i—1

—(AiP2+B; P+ A)

where «;, B;, and §; on the one hand and the same capital
Greek letters A;, B;, and A; on the other hand are the coeffi-
cients of the polynomials describing the B; and C; Sellmeier
coefficients of Eq. (4), respectively. The coefficients of Eq. (5)
are given in Table I.

IV. DISCUSSION

We can now compare the two models described above by
Bradley-Pitzer and Sellmeier. In Fig. 4, the fits of the Bradley-
Pitzer and the Sellmeier models are shown for the two wave-
lengths 532 nm and 633 nm. A reasonable agreement between
both models and the measurements can be observed.

As the fringes in the interference pattern present a good
contrast, the error in the counting process is very small. How-
ever, we estimate the maximum level of counting error during
all the experimental process equal to 10 fringes lost over a
total amount of around 1500 fringes passing in front of the
photodiode. These experimental uncertainties can induce a
change in the refractive index equal to 6.7 x 10~ and 7.9
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TABLE 1. Polynomial coefficients for the generalized Sellmeier relationship (Eq. (5)) for the refractive index of water at the temperature of 23 °C (see

Eq. (5)).

o B ) A B A
Order (MPa~2) (MPa~1) (m?® MPa—2) (m?® MPa~!) (m?)
1 —2.08621659 x 10~!1 2.56337533 x 107 5.69053109 x 10! —3.05408679 x 10~°  3.56454006 x 10~* 5.11031710 x 103
2 —1.90689751 x 10712 243746527 x 1077 1.71949519 x 10~} —1.13105732 x 1078 1.47164417 x 1073 1.82515802 x 10*
3 —2.83966194 x 10~14  3.59587056 x 10~°  2.06248215 x 1072 —2.96996177 x 10~  3.84125453 x 10~*  2.62415393 x 10*

x 1073 for 532 nm and 633 nm, respectively. The experimen-
tal accuracy expected in the determination of the refractive
index of water by our interferometric setup is thus better than
0.006%. The modelling of the refractive index versus pres-
sure through Eq. (3) or Eq. (4) induces new errors. These
errors can be estimated by determining the discrepancy be-
tween experimental and fitted curves found equal to 0.02%
for the Bradley-Pitzer approach and 0.04% for the Sellmeier
one. Therefore, experimental uncertainties are about 10 times
smaller than the errors induced by the fitting models. Finally,
the overall uncertainties in the determination of the refrac-
tive index of water equal 0.05% by using the Sellmeier for-
mula (Eq. (5)) and 0.03% by using the Bradley-Pitzer formula
(Eq. (3).

Thus, we can conclude that the two models are well
adapted for the description of the room temperature refrac-
tive index of water as a function of the pressure in the light
visible range. It would have been interesting to compare these
two models also outside the visible spectrum. However, the
extrapolated accuracy of our relationships in the ultraviolet
(UV) and infrared (IR) ranges as are expected to be less good.
On one hand, our measurements were done only in the visi-
ble range. On the other hand, earlier works on the water re-
fractive index outside the visible range show generally an in-
creased discrepancy between the fits and the refractive index
measurements. However, the precise description of the water
refractive index in the UV or IR ranges is outside the scope of
the present work.

1,36
@ 532 nm Bradley
B 633 nm Bradley
1,355 532 nm Sellmeier

A 633 nm Sellmeier
—— 532 nm Experimental
—— 633 nm Experimental

. 135
Q
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£
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1,335

1,33||||||||||||||||||||||||||
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FIG. 4. Comparison between our experimental data of the refractive index of
water and data provided by the Bradley-Pitzer and the Sellmeier dispersion
formula.

To define the relationship between the density and the re-
fractive index of water at different wavelengths, we first link
the density to the pressure using the Tait equation in its mod-
ified form (Eq. (6)). It is worth noting that the original Tait
equation in its inverted form gives an excellent representation
of density data for liquids at pressures up to only 15 MPa.!?
For density measurements of liquids at higher pressures, it is
better to use the modified Tait equation that greatly improves
the fits.'® The modified Tait equation for the density p of wa-
ter is’

ay+ P
0 = P(P=pini) + a2ln <—a3 n Pmi) (6)

In Ref. 7, Floriano and Nascimento determined precisely
the coefficient values a, and az. The density values calcu-
lated using the proposed method matches well those given
in standard tables.'”?° Using Eq. (6) to relate density and
pressure, and Eq. (5) or Eq. (3) to relate pressure and refrac-
tive index, one can determine the liquid density by a refrac-
tive index measurement. Therefore, the density of a static or
flowing liquid can be determined with the help of a laser and
an interferometric setup. This is done in Fig. 5, where we
have calculated the water density from the values of its refrac-
tive index for various wavelengths using Eqs. (3) and (6). We
can observe that for a given density, the refractive index de-
creases with the wavelength of the probe laser beam. It is clear
that the interferometric setup and the experimental method

1.10 -

i O 532 nm 3
1.08 543 nm 59
J 594 nm o ST
O 604 nm o357
1.06 &®a 0
> +  612nm o 0
@ | & 633nm o327 57
S *a 0
o 1.04 ea o
*a <0
. 3757
Tﬂ‘ *a a
T 1.02 P B
o ea o
J ea o
ea o
- 25 Bilval
1.00 *a o
0.98 v 1 v 1 v 1 v 1 v 1 v 1
1.330 1.335 1.340 1.345 1.350 1.355 1.360

Refractive index

FIG. 5. Relative density of water as a function of refractive index for differ-
ent wavelengths at 23 °C.
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constitute a non-intrusive, non-destructive sensor for both
pressure and density measurements.

We have modelled the relationship between the density
and the refractive index of water at room temperature. For
that purpose, we have fitted the curves of Fig. 5 with various
polynomials and other nonlinear equations. The best fits of
our experimental data of the relative density for all curves are
obtained with an exponential function of the refractive index
n. The basic formula used is

d(x, n) = a(r)e’™" (7

with a and b defined for each wavelength.

By fitting our data through Eq. (7) for each wavelength,
we obtain the two coefficients a and b. Their behaviour as a
function of the wavelength is plotted in Fig. 6. The graphs
show that the evolution of these two coefficients follows a
nonlinear dependence with the wavelength and this depen-
dence can be described by a second-degree polynomial equa-
tion. As a consequence, the generalisation of Eq. (7) for the
visible spectra range used in this study gives the density as
follows:

d(h,n) = (a2h* + ajh + ao)e(bz’\2+b"\+b°)”. (8)

The coefficients of Eq. (8) are given in Table II.

With these coefficients, the maximal discrepancy among
the model of Eq. (8), the experimental values of the refrac-
tive index, and the values of the relative density is equal
t0 0.19%.

Thanks to Egs. (8), (3), and (5), and thanks to the co-
efficients of Table II, it becomes easy to determine the den-
sity of static or flowing water using interferometry measure-
ments. We want to underline some specific advantages of this
method. The first advantage is that the density of the water can
be obtained without the knowledge of the water pressure, as

usually the case in industrial process. The second advantage is
the high accuracy in the determination of the density changes
expected with the proposed method. As we have further no-
ticed, from a fix position of the fringe pattern at the output of
the interferometric setup and at a given pressure (density), a
change in the pattern observed by the photodiode is directly
associated with a pressure (density) change. According to in-
trinsic characteristics of our experimental device, the differ-
ence between two bright (or two dark) fringes corresponds to
a change of the relative density value, Ad equal to 6 x 107>,
Finally, another advantage is that the proposed method can
be applied to determine in sifu the pressure and the density
of various liquids, such as mediums in petrochemistry, chem-
istry, and others liquids.

Based on a quite simple mathematical approach, the pre-
vious formulas of our model directly provide the link among
refractive index, relative density, pressure, and wavelength.
Nevertheless and as previously mentioned in the Introduction,
the physical Lorentz-Lorenz formula introduces the concept
of polarizability noted . The normal form of the LL formula
can be written as

=1 4wdN,
n2+2 3M

o ©))

with n the refractive index, d the density, N4 the Avogadro
constant, and M the molar mass.

Thanks to our refractive index measures and the density
values, we can plot (see Fig. 7) the polarizability of water as
function of pressure for various wavelengths.

From the characteristics plotted in Fig. 7, one can directly
obtain the porizability values of water under pressure up to
250 MPa. The polarizability values as a function of density
and pressure at every 10 MPa are reported in Table III.

The LL formula is mainly valid for pure organic liquid.”!
To improve the LL formula by another function of n,

TABLE II. Coefficients of the Eq. (8) related to the relative density behaviour as a function of the refractive index of water at 23 °C in the visible spectra range.

a ap ao
(m™?) (m™")

by by bo
(m™2) (m™")

1.45781289 x 10~° —2.35046033 x 10~°

5.32669029 x 103

—4.85379246 x 1077 7.59564314 x 10—+ 3.77629295
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TABLE III. Polarizability calculated with Lorentz-Lorenz formula as function of density and pressure from 1
to 250 MPa for various wavelengths in the visible range at 23 °C.

Polarizability (1073 m?)

Relative density (Ref. 19)  Pressure Mpa) 532nm  543nm  594nm 604nm 612nm 633 nm
0.9975 1 1.4864 1.4849 1.4789 1.4779 1.4772 1.4753
1.0014 10 1.4849 1.4834 1.4774 1.4764 1.4757 1.4738
1.0058 20 1.4827 1.4811 1.4752 1.4742 1.4734 1.4716
1.0100 30 1.4805 1.4790 1.4730 1.4720 1.4713 1.4694
1.0142 40 1.4783 1.4768 1.4709 1.4699 1.4692 1.4673
1.0183 50 1.4763 1.4748 1.4689 1.4679 1.4671 1.4653
1.0223 60 1.4743 1.4728 1.4669 1.4659 1.4651 1.4633
1.0263 70 1.4723 1.4708 1.4649 1.4640 1.4632 1.4614
1.0302 80 1.4704 1.4689 1.4630 1.4621 1.4613 1.4595
1.0340 90 1.4685 1.4670 1.4612 1.4602 1.4595 1.4577
1.0377 100 1.4667 1.4652 1.4594 1.4584 1.4577 1.4559
1.0414 110 1.4649 1.4634 1.4576 1.4566 1.4559 1.4541
1.0450 120 1.4631 1.4616 1.4558 1.4549 1.4541 1.4523
1.0486 130 1.4613 1.4599 1.4541 1.4531 1.4524 1.4506
1.0521 140 1.4596 1.4581 1.4524 1.4514 1.4507 1.4489
1.0555 150 1.4579 1.4564 1.4507 1.4497 1.4490 1.4472
1.0589 160 1.4562 1.4548 1.4490 1.4481 1.4473 1.4456
1.0622 170 1.4546 1.4531 1.4474 1.4464 1.4457 1.4439
1.0655 180 1.4529 1.4514 1.4457 1.4448 1.4441 1.4423
1.0687 190 1.4513 1.4498 1.4441 1.4432 1.4424 1.4407
1.0719 200 1.4496 1.4482 1.4425 1.4415 1.4408 1.4391
1.0751 210 1.4480 1.4465 1.4409 1.4399 1.4392 1.4374
1.0782 220 1.4464 1.4449 1.4392 1.4383 1.4376 1.4358
1.0812 230 1.4447 1.4433 1.4376 1.4367 1.4360 1.4342
1.0842 240 1.4431 1.4417 1.4360 1.4351 1.4344 1.4326
1.0872 250 1.4415 1.4401 1.4344 1.4335 1.4328 1.4310
Looyenga (LO) suggests an alternate equation®? Egs. (9)and (10) in n — 1. In our case, the calculated
polarizability is 2.7-3% higher with LO than with LL.
n??—1= m—NAa. (10)
imM
The difference between the LL and LO formulas exists V. CONCLUSION
only in the third term of the expansion of the Using a special pipe tee within a Michelson interferom-
eter, we have developed a simple and original device and a
method for the in sifru measurement of physical properties
1/49e-30 _-. of static or flowing liquids under low-to-high pressure. We
"2, have applied the implemented method for the determination
14830 5 " g ° of the room temperature refractive index and the density of
a S o pure water from 250 MPa (2500 bars) to the atmospheric pres-
< 147e30 | : 2 . 2. sure at room temperature. From the interferometric measure-
é LT , "8, ments, the refractive index of the liquid under test can be di-
;‘E 146-30 L by "2 e, rectly calculated. We have determined the dispersion of the
2 ] N , "8 refractive index of water in the visible range for pressure up
"Eu vaseso ] 5320m ! 11, " s ) . Fo 250 MPa. Tl}e pressure is then deduceq either by a mod-
;o ’ 1 = 543nm A1 & s, ified Bradley-Pitzer or a modified Sellmeier equation, both
i1 :gz :: a7, "2 . giving satisfactory accuracy in the pressure range we have
1,44e-30 612 nm i ¢ u studied. Using the modified Tait equation linking density to
1 » 633nm N ts the pressure, we have established a simple relationship be-
1,43¢-30 T4 tween the density and the refractive index. We have shown
[} 50 100 150 200 250

Pressure (MPa)

FIG. 7. Polarizability of water as a function of pressure for various wave-
lengths at 23 °C.

that a simple exponential law can easily fit this relationship.
In order to propose an overall method for the visible spec-
trum, the correlation coefficients are given as function of the
wavelength. Thanks to the Lorentz-Lorenz equation and from
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experimental results, we have determined the polarizability
of water at room temperature and pressure up to 250 MPa. In
this paper, we have shown that the three formulas, Bradley-
Pitzer-Tait, Sellmeier, and Lorentz-Lorenz can be considered
as equivalent formulas for the determination of the refractive
index of water in the considered pressure range. Neverthe-
less, we have shown that only the pressure is needed to obtain
the refractive index with Tait or Sellmeier equations with the
same accuracy and without the necessary knowledge of other
physical parameters such as either the polarizability or density
that are currently needed in the LL equation. Finally, the inter-
ferometric method associated with the specific proposed setup
presented in this paper can be considered as an accurate non-
intrusive and non-perturbing pressure—density optical sensor
for static or flowing liquid measurements.

ACKNOWLEDGMENTS

The authors wish to express their great gratitude to Pro-
fessor Germano Montemezzani for the fruitful scientific dis-
cussion and careful revision of the manuscript and Nicolas
Delpuech and Yves Godefert for their active participation in
the experiments.

K. Vedam and P. Limsuwan, “Piezo-optic behavior of water and carbon
tetrachloride under high pressure,” Phys. Rev. Lett. 35(15), 1014-1016
(1975).

2R. M. Waxler and C. E. Weir, “Effect of pressure and temperature on the
refractive indices of benzene, carbon tetrachloride, and water,” J. Res. Natl.
Bur. Stand. Sec. A 67A(2), 163-171 (1963).

3A.H. Harvey, J. S. Gallagher, and J. M. H. Levelt Sengers, “Revised for-
mulation for the refractive index of water and steam as a function of wave-
length, temperature and density,” J. Phys. Chem. Ref. Data 27(4), 761-774
(1998).

4D. K. Lynch and W. Livingston, Colour and Light in Nature, see Table 4.3,
(Cambridge University Press, 1995) (Ist ed.) and 2001 (2nd ed.), ISBN
052177504 3.

J. Chem. Phys. 136, 124201 (2012)

SD. Segelstein, “The complex refractive index of water,” M. S. thesis,
University of Missouri—Kansas City, 1981 (data can be downloaded as
“Segelstein.txt” when downloading the MiePlot program).

®International Association for the Properties of Water and Steam, Release on
Refractive Index of Ordinary Water Substance as a Function of Wavelength,
Temperature and Pressure (1997).

7W. B. Floriano and M. A. C. Nascimento, “Dielectric constant and density
of water as a function of pressure at constant temperature,” Braz. J. Phys.
34(1), 38-41 (2004).

8P, W. Bridgman, “The pressure-volume-temperature relations of the liquid,
and phase diagram of heavy water,” J. Chem. Phys. 3(10), 597-605 (1935).

H. Eisenberg, “Equation for the refractive index of water,” J. Chem. Phys.
43(11), 3887-3892 (1965).

10p Schiebener et al., “Refractive index of water and steam as function of
wavelength temperature and density,” J. Phys. Chem. Ref. Data 19(3), 677—
717 (1990).

1'D. J. Bradley and K. S. Pitzer, “Thermodynamics of electrolytes. Dielectric
properties of water and Debye-Hiickel parameters to 350 °C and 1 kbar,”
J. Phys. Chem. 83, 12 (1979).

12J. H. Dymond and R. Malhotra, “The Tait equation: 100 years on,” Int. J.
Thermophys. 9(6), 941-951 (1988).

13G. A. Neece and D. R. Squire, “On the Tait and relate empirical equation
of state,” J. Phys. Chem. 78(1), 128-136 (1968).

4P G. Tait, Physics and Chemistry of the Voyage of H.M.S. Challenger
(HMSO, London, 1888), Vol. 2, Part 4.

I5M. Daimon and A. Masumura, “Measurement of the refractive index of dis-
tilled water from the near-infrared region to the ultraviolet region,” Appl.
Opt. 46(18), 3811-3820 (2007).

16M. Born and E. Wolf, Principles of Optics, Tth ed. (Cambridge University
Press, 1999), p. 302.

175, D. Tilley, Understanding Solids: The Science of Materials (Wiley, 2004),
p. 446.

8 Handbook of Chemistry and Physics, 47th ed. (Chemical Rubber, Cleve-
land, OH, 1966), p. F9.

9 Handbook of Chemistry and Physics, 79th ed. (CRC-Press, 1999), Chap. 6.

20M. Tanaka et al., “Recommended table for the density of water between
0 °C and 40 °C based on recent experimental reports,” Metrologia 38,
301-309 (2001).

2IE. Croccolo et al., “Concentration dependent refractive index of a binary
mixture at high pressure,” J. Chem. Phys. 135, 034901 (2011).

22H. Looyenga, “Dielectric constants of homogeneous mixture,” Mol. Phys.
9, 501 (1965).

23W. B. Li et al., “Determination of the temperature and concentration de-
pendence of the refractive index of a liquid mixture,” J. Chem. Phys. 101,
5058 (1994).

Downloaded 02 Apr 2012 to 194.57.150.232. Redistribution subject to AIP license or copyright; see http://icp.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevLett.35.1014
http://dx.doi.org/10.1063/1.556029
http://dx.doi.org/10.1590/S0103-97332004000100006
http://dx.doi.org/10.1063/1.1749561
http://dx.doi.org/10.1063/1.1696616
http://dx.doi.org/10.1063/1.555859
http://dx.doi.org/10.1021/j100475a009
http://dx.doi.org/10.1007/BF01133262
http://dx.doi.org/10.1007/BF01133262
http://dx.doi.org/10.1021/j100847a024
http://dx.doi.org/10.1364/AO.46.003811
http://dx.doi.org/10.1364/AO.46.003811
http://dx.doi.org/10.1088/0026-1394/38/4/3
http://dx.doi.org/10.1063/1.3610368
http://dx.doi.org/10.1080/00268976500100671
http://dx.doi.org/10.1063/1.467428

