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Refractive Index of Water and Its Dependence on Wavelength, Temperature,
and Density

. Thormihlen, J. Straub, and U. Grigull

Lehrstuhl A fir Thermodynamik, Technische Universitat Miinchen, Arcisstr. 21, D-8000 Miinchen 2, Federal Republic of Germany

A survey of the available experimental data and the existing equations for the refrac-
tive index of water is given. The dependence of the molar refraction on wavelength, tem-
perature, and density is shown over an extended range. Based upon the electromagnetic
theory of light an equation for the refractive index of water with wavelength, temperature,
and density as independent variables is constructed. Its coefficients are directly deduced
from all available experimental data by least-squares fit. The range of validity of wave-
length is restricted by the theory for normal dispersion to 182 nm<4 <2770 nm. The range
of temperature and density is given by the available experimental data. Interpolations
between the single measured points are possible and the following range of validity can be
recommended: for temperature — 10°C<T<500°C and for density 0:0028 kg/m’
<p< 1045 kg/m>. Good agreement exists between the new relation, the available experi-

mental data, and several existing equations.

Key words: data collection; equation of state; molar refraction; refractive index; steam; water.

‘1. Introduction

The importance of optical measurement methods in
various technologies is increasing. The advantage of these
methods is that physical quantities can be measured without
disturbing the system. The dependence of the refractive in-
dex of liquids on the influencing parameters is an old prob-
lem which has received much attention because experimen-
tal results vary significantly from the values inferred from
the usual Lorentz-Lorenz formula. For this reason it is felt
that the dependence of the refractive index of water on the
influential parameters should be investigated further.

This work was initiated by Working Group III of the
International Association for the Properties of Steam
(IAPS), whose significant task is to formulate and standard-
ize data on the thermophysical properties of water and steam
for scientific and industrial use. The object of this work was
to review the experimental data and existing equations and
to formulate a representative equation for the refractive in-
dex of water and steam.

2. Available Data Sources

The refractive index of liquid water under atmospheric
pressure has been measured repeatedly since the middle of
the last century. All available data on the refractive index of
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water have been collected and presented to Working Group
I1I of the IAPS at a meeting in Kyoto, Japan (1976).>* This
so-called “‘available input of data” is updated in the present
work by adding all new measurements available (see Table
1). _
This updated data collection includes about 3100 mea-
sured points by 55 different authors, where the new measure-
ments by Scheffler’’ for pressures up to 700 bar and on the
saturation line, as well as the measurements of Achtermann’
for vapor, should be mentioned. As can be seen in Fig. 1 most
of the measurements were made at atmospheric pressure.
Very few measurements have been done at wavelengths be-
yond the wavelengths of visible light (see Table 1). Measure-
ments for the refractive index of subcooled water are avail-
able from four different authors. The temperature scale
employed in this work is the 1968 International Practical
Temperature Scale.”! All temperatures measured before
1968 are transformed to this scale. For those authors who
have not measured densities, the “1967 IFC Formulation for
Industrial Use” (IFC67)7% and for pressures above 1000 bar
the equation of state by Juza®* were used to calculate the
specific volume.

A precise indication of the quality of the experimental
data is not possible, because the measurements had been tak-
en at various wavelengths in various regions of the thermo-
dynamic surface. Therefore the scatter An of the refractive
index in the different experimental data may give an estima-
tion of the quality. This scatter An at one grid point is for
liquid water from 0.0001 up to 0.001 at atmospheric pres-
sure, up to 0.01 in the region near the critical point, and in
the high pressure region. For vapor the tolerance of the ex-
perimental data is about 0.000 05 connected with a dimin-
ishing accuracy for pressures lower than 2 bar.
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Table 1. Experimental data sources (compare Fig.1)

——

First Author Year Experimental Range Density Reference
T(°C) p (bar) A (nm) Measurement
Achtermann (1981) 100.0 - 225.0 0.0737 - 25.21 632.99 - 1
Baxter (1911) 20.0 - 30.0 1.0133 589.32 - 3
Bender (1899) 9.0 - 42.5 1.0133 410.1 - 653.3 - 4
Born (1959) 15.0 1.0133 589.3 yes 6
_ Briihl (1891) 19.9 - 27.0 1.0133 410.1 - 770.0 - 7
Centeno (1941) 20.0 1.0133 182.0 - 18000 - 8
Cohen (1965) 25.0 1.0133 436.0 - 546.0 - 9
Conroy (1895) 0.0 -9.0 1.0133 589.32 - 10
Dale (1858) 0.0 - 80.0 1.0133 396.85 - 760.82 - 11
Damien (1881) -8.0 - 8.0 1.0133 317.0 - 656.3 - 12
Duclaux (1921) 20.0 1.0133 182.9 - 568.0 - 15
Dufet (1885) 16.52 - 21.06 1.0133 410.1 - 718.5 - 17
Flatow (1903) 0.0 - 80.0 1.0133 214.45 - 589,31 - 19
Fouqué {1867) 0.4 - 93.0 1.0133 434.0 - 656.3. - 21
Fraunhofer (1817) 18.75 1.0133 396.8 - 686.7 - 22
Gifford (1907) 15.0 1.0133 193.35 - 795.0 - 23
Gladstone (1870) 20.0 1.0133 317.0 - 397.0 - 24
Gregg-Wilson (1931) -5.0 - 10.0 1.0133 589.32 - 25
Hale (1973) 25.0 1.0133 200 - 200000 - 26
Hall (1922) 16.0 - 98.4 1.0133 589.32 - 27
Ingersoll (1922) 23.0 1.0133 600.0 - 1250.0 - 28
Int. Critical Tables (1926) -10.0 - 90.0 1.0133 182.9 - 81100 - 29
Jasse (1934) 0.03 - 93.53 1.0133 436.0 - 579.0 - 31
Kanonnikoff (1885) 20.0 1.0133 486.14 - 656.29 - 33
Ketteler (1888) 20.9 - 94.2 1.0133 535.05 - 670.82 - 34
Landolt (1862) 15.0 - 30.0 1.0133 433.9 - 653.3 - 36
L_orenz (1875) 7.62 - 16.55 1.0133 486.1 - 671.26 - 37
Lorenz (1880) 10.0 - 100.0 1.0133 589.37 - 671.26 - 38
Mittrich (1864) 0.9 - 65.0 1.0133 258.7 - 589.32 - 40
Osborn (1913) 2.59 - 37.5 1.0133 546.1 - 41
Pinkley (1977) 1.0 - 50.0 1.0133 ~ 406.0 - 25000 - 42
Poindexter (1934) 25,0 1.0133 - 1823.9 406.0 - 579.0 - 43
Pulfrich (1888) -10.0 - 10.0 1.0133 589.32 - 44
Quincke (1883) 17.5 - 20.42 1.0133 430.7 - 656.2 - 45
Raman (1939) 23.1 . 1.0133 589.3 - 46
Roberts (1930) 20.0 1.0133 237.8 - 706.5 - 47
Réntgen (1891) 19.4 0.9933 589.32 - 48
Rosen (1947) 25.0 1.0133 - 1519.9 406.0 - 579.0 yes 49
Rouss (1893) 22.9 1.0133 589.32 - S0
Rubens (1892) 12.0 1.0133 434.0 - 1250.0 - 51
Rubens (1909) 18.0 1.0133 1000 - 18000 - 52
Ruhlmann (1867) 0.0 -77.3 1.0133 535.05 - 670.82 - 53
Scheffler (1981) 16.07 - 374.04 1.0133 - 698.0 546.1 - 57
Schiitt (1890) 18.0 1.0133 434,07 - 768.24 - 58
Simon (1894) 21.7 1.0133 223.9 - 768.0 - 59
Tilton (1938) 0.0 - 60.0 1.0133 404.66 - 706.52 - 61
Verschaffelt (1894) 18.0 - 30.0 1.0133 589.32 - 62
Walter (1892) 0.0 - 30.0 1.0133 589.32 - 63
Waxler (1964) 1.56 - 54.34 1.0133 - 1127.7 467.82 - 667.92 yes 64
Wiedemann (1876) 13.0 - 25.0 1.0133 535.05 - 670.82 - 65
Van der Willigen (1864) 16.58 - 22.37 1.0133 396.8 - 759.3 - 66
Van der Willigen (1869) 17.15 - 32.0 1.0133 396.8 ~ 759.3 - 67
Wiillner (1868) 11.7 - 36.5 1.0133 434.07 - 656.29 - 68
Yadev (1973) 25.0 180.0 - 8200.0 589.32 yes 69
Zeldovich (1961) 185.0 - 875.0 39520 - 145900 589.32 yes 70
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Fi1G. 1. Available experimental data of the refractive index of water in p-T'space (authors are marked by
their reference, C.P. means “critical point™).

3. Existing Equations

~ The available input of data by Scheffler** was followed

by a bibliography of several existing equations and a com-

parison of these equations between each other and with the
experimental data 556

R A survey of the existing equations is given in Table 2.

egarding this tabulation, it is significant that none of these

formulations considers the influence of wavelength, tem-

perature, density, or pressure on the refractive index of water
at the same time. The share of each influencing quantity is
shown in Figs. 2-4. In addition, the equations are restricted
in range of temperature and only valid for the liquid phase.
Therefore, it becomes obvious that a new formulation is nec-
essary.

In 1979 the following equation for the refractive index
of liquid water as a function of wavelength, temperature, and
pressure was presented at the 9th International Conference

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985
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Table 2. Existing Equations for the Refractive Index of Water

First Author Year Type Range of Validity Reference
Anm) T(°C) p (bar)

Andreasson (1971) n(T) 632.8 16.0 - 24.0 1.0133

Bender (1899) n(T) N,2,3 = const 9.0 - 43.0 - 4
Beysens (1977) n(s) 638.0 23.0 1,0133

Dale (1858)  n(g) Nl,2,3 =const 0.0 - 80.0 - 11
Dobbins (1973) n(T) 632.9 20.0 - 35.0 - 13
Dorsey (1957) n(N) 182.9 - 589.3 20.0 - 14
Duclaux (1924) n(x) 182.9 - 589.3 20.0 - 16
Dufet 1 (1885) (™) 410.1 - 718.5 20.0 - 17
Dufet 2 (1885) n(T) 589.3 0.0 - 50.0 - 17
Eisenberg  (1965) n(g,T) N,2,3,4,5=const 0.0 - 60.0 - 18
Flatow 1 (1903) n(N) 214.5 - 589.3 T1,2,3,4,5 = const - 19
Flatow 2 (1923) n(D 589.3 0.0 - 80.0 - 20
Hale (1973) n(A) 200 - 200000 25.0 1.0133 26
Hall (1922) n(T) 589.3 15.0 - 100.0 - 27
Jamin (1856) n(T) 589.3 0.0 - 30.0 - ' 30
Ketteler 1 (1888) (A, T) M,2,3 = const 20.0 - 95.0 - 34
Ketteler 2 (1887) n(%) 589.3 0.0 - 80.0 - 35
Lorenz (1875) n(8) - - - 37
torenz (1880) n(T) N1,2 = const 0.0 - 34.0 - 38
Martens (1901) n(™N) 224.0 - 1256,0 21.7 - 39
Mittrich (1864) n(T) 589.3 15.0 - 65.0 - 40
Osbarn (1913) n(T) 564.1 1.0 -38.0 - 41
Poindexter  (1934) n(p) M,2,3,4 = const  25.0 1.0133 - 1823.9 43
Pulfrich (1888) n(T) 589.3 -10.0 - 10.0 - . 44
Riihimann 1 (1867) (N, T) 535.0 - 670.8 0.0 - 80.0 1.00658 53
Rihlmann 2 (1867) n(T) A,2,3 = const 0.0 - 80.0 1.00658 53
Tilton (1938) ol A, T 404.66 - 706,52 0.0 - 60.0 1.0133 61
Walter (1892)  n(T) 589.3 0.0 - 30.0 - 63
Wiillner (1868) n(T) N,2,3 = const 11.0 - 37.0 - 68
Yadev (1973 n(&) - - less 10000 69

Zeldovich  (1961) n(8,T) -

185.0 - 875.0 39516.8 - 158590.8 70

on the Properties of Steam, 1979, held in Munich.%®
n(A,T, p)

= z—z—a;‘—/l—:+a2+a3./12+a4-,14+a5-/16
+(b1+b2'/12+b3'/14)'(T_ Tb)
+(ba+bs-A%+bg-AY (T — T,)?
+(b7+bs'/12+b9'/14)‘(T"‘ Tb)3
+ [cl+C2‘/12+(C3+c4'/1,2)' T} -(p—py)
+les+ecs A% - (p—pb),

with the range of validity of

0.182 um<A<2.770 um,

—10°CgT < 100°C,

1 bar<p< 1200 bar.

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985

(1)

The numerical values of the coefficients in Eq. (1) deter-
mined with a least-squares method are listed in Table 3. As
reference temperature 7T,,; = 20 °C was chosen, which ac-
cording to the 1968 International Practical Temperature
Scale corresponds to a temperature of 7, = 19.993°Cand a
reference pressure of p, = 1 atm = 1.013 25 bar, since most
measurements were carried out under these conditions. Us-
ing Eq. (1), the wavelength A, the temperature 7T, and the

pressure p must be expressed in um, °C, and bar, respective-

ly.

Compared with the other equations, this equation for
the refractive index of water, depending on wavelength, tem-
perature, and pressure, has the advantage of being more ex-
act with a wider range of validity. But in comparison with
the new measurements by Achtermann' and Scheffler,”’ it
must be remarked that this equation is applicable for liquid
water only and the range of validity as a function of tempera-
ture cannot be enlarged.
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TABLE 3. Numerical values of the coefficients of Eq. (1)

A= 0018085 b,

= —8.454823x10°° ;= 8.419632x10°¢
a,= 5743534x107? b,= —2.787742x10"° ¢ 1.941 681 x 103
a,= 1769238 by= 2.608 176x10~° ;= —17.762 524 x 10~ #
ay= —2797222X107* by= —2.050671x10"¢ 4.371257x107®

a,= 8.715348x1073 bs= 1.019989x10°¢
as= — 14139421073 bg= —2.611919x10~° c
b,=  8.194989x10~°
by = —8.107 707 x 10~°
by=  4877274x1078

7.089 664 X 107°
—2.240384x 1078

]
w

D
O I T |

=)

4. New Formulation

For setting up the new equation we begin by examining
the Lorentz-Lorenz formulation. This equation for the re-
fractive index is based on the principle that for an infinitely
lIong wavelength the right-hand side of the Eq. (2) is constant,
called the molar refraction R,;:

2
nz—l 'anRm- 2)
n+2 p

Since in reality only finite wavelengths exist, the following
restriction is valid here: this equation can only be used for
substances where the refractive index shows little depen-
dency on the wavelength. For the substance water the refrac-
tive index is a quantity which depends on the wavelength, as
can be seen in Fig. 2.

The properties of light, the interactions of the waves
penetrating the body, and the matter present were taken into
account. Based on the electromagnetic theory of light the
following relation is valid for the refractive index n (see
Born®):

2

1M1y, o)

n+2 p 3.€
where M, = molecular weight, p = density, € = dielectric
constant, o = polarizability, and N, = number of mole-
cules per mole {Avogadro constant). If one considers the di-
pole moment arising from the oscillation of the negative
planetary electrons against the positive nucleus and neglect-
ing the damping forces, Eq. (3) can be simplified after some
transformations to

n—-1 M, a,-A? .

42 p Zzzﬁag’ @
where A = wavelength and A, = wavelength at the eigenfre-
quency. This relation is valid only in the region of normal
dispersion. The normal dispersion comprises those ranges in

-

which the refractive index increases with increasing frequen-
cy; the anomalous dispersion comprises those ranges in
which the refractive index decreases with increasing fre-
quency (see Fig. 2).

Examining the data (see Figs. 3 and 4} it can be seen that
the molar refraction R, not only depends on the wavelength
but also on temperature and density. The influence of the
temperature and density has been taken into account by em-
pirical terms.

By combining the theoretical term incorporating the
wavelength with empirical terms for the influence of tem-
perature and density, the following dimensionless equation
for the refractive index of water is obtained:

2
n—l 1l __ & L,
n*+1 p* A* —a,
+(ast+as-A*+ag-A*+a; A% +ay-1*

: 1
'/1*2+09p_* +@p+an-At+a,-A*)

-ﬂ*2~T*+(a13+a14-/l*)'/i*'T*2 (5)
in a range of validity of
182 nm<A <2770 nm,
where
p*=p/p, po = 1000 kg/m’,
A*=A/y, An, = 589.0 nm,
T*=T/T, T,=273.15K.

The numerical values of the coefficients g, in Eq. {5} are de-
termined with a least-squares method and are listed in Table
4.

This equation has been proved wherever measurements
are available (see Fig. 1). Since the dependence of this equa-
tion on the wavelength is well-founded on the theory of light,
interpolations between the single measured points are physi-

TABLE 4. Numerical values of the coefficients and constants of Eq. (5)

a;= 3.036167x107° "ag= — 1.918429x 1072 a,, = — 4.008 2641072
a,= 0.052421 a,= 2582351x10~* a,= 8.339681x1073
a;= 2117579 107! ag = —2.352054x10~* a3 = — 1.054 7411072
a,= —5.195756x 1072 ay= 3.964628x10°° a,,= 9.491575%x1073
as= ' 5.922248x 1077 a,= 3336153x107?

J. Phys. Chem. Ref. Data, Vol. 14, No. 4, 1985
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TABLE 5. Numerical values of the coefficients of Eq. (6) for 4 = 546.07 nm.

b, =2.054 998107} by=  2.895491x10°
b, =3.964 628 x107° b,= —1.620261x103

cally possible and the following range of validity can be rec-
ommended:

— 10°C<T<500°C,
0.0028 kg/m><p< 1045 kg/m>.

For a constant wavelength the number of coefficients is
reduced and Egq. (5) simplifies to

-1 ._1.=b 1b ._1.+b .T* 4+ b, T*. (6)

n2 + 1 p* 1 2 p* 3 4 .
For instance the coefficients b, for the wavelength A,
= 546.07 nm can be determined from Eq. (5) to the values as
listed in Table 5.

For computing the refractive index n, Egs. (5) or (6) can
be placed in the following form, where R is the abbreviation
for the right-hand side of Eqs. (5) or {6):

R -p*
ne |1+2-R-p* (7)
1—R.p*

In a p,T-diagram, curves of constant refractive index com-
puted by Eq. (6) are shown for the wavelength A = 546.07
nm in Fig. 5. Tables 6-8 contain values of the refractive
index of water and steam at selected grid points of tempera-
ture and pressure for the following common wavelengths
calculated with Eq. (5):

Table no. . Wavelength Element
6 404.66 nm Hg
7 589.32 nm Na
8 706.52 nm He

The effect of computing the density by another interna-
tionally accepted equation of state, such as the IFC67, was
examined. The “1968 IFC Formulation for Scientific

*__[n -1
n+1

“/ ==

f /l ]I )
lll i
P 500 /

bar n=1,33[132/ 1,30/ 121/ 121./ 1,2(/ /m /
ST A
/,os

T A
/,03

200 / / / % /Toz/

100 | —24

JE S

/ L — ] 1001
0 100 200 300 400 500

T °C

FIG. 5. Curves of constant refractive index for the wavelength A = 546.07

Use,””? the equation of state by Haar, Gallagher, and Kell
(HGK),”* and the equation of state by Pollak’> were selected.
The values obtained for the refractive index had been com-
pared with those values from the IFC67 and the experimen-
tal data, with the conclusion that the deviation from com-
puting the density with another internationally accepted
equation of state is so small that it can be neglected.

The new relation for the refractive index, Eq. (5), is ad-
vantageous because it can be solved for the density explicitly.
This makes it possible to calculate the density from a given
refractive index, wavelength, and temperature:

+a3+(a4+a5 A* 4ag-A* 4 a, A% 4 ag A% A *?

+@o+a,-A*+a,-A¥) . A*%.T* + (@3 +ay,-A*)-1*. T*Z] ’ (8)

in the range of validity of
182 nm<4 <2770 nm,
—10°C<T<500°C,
1.000 06<n<1.494,

and with the same values of the constants as listed in Table 4.
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5. Comparison of the New Equation with
Experimental Data and Other Equations

The new equation was deduced directly from the ex-
perimental data. On account of the small number of mea-
surements a selection for a first data set was not possible and
unreasonable. For the adaption of the coefficients all data
were examined and some experimental data'l1221:24:40.53
which obviously differ from the others were excluded. When
the refractive index n of water is computed with this equa-
tion and compared with the measured data, good agreement
is obtained in the definition range. The equation fits the data
within their anticipated errors. For demonstration, the de-
viations of all data available for the refractive index from the
calculated values are shown in Figs. 6-8. A possible uncer-
tainty of the equation cannot be assigned because of the
small number and the variation in wavelength, temperature,
and pressure of the experimental data. The mean scatter of
0.001 is indicated in Figs. 6-8 by dashed lines.

Figure 6 shows that the new equation for the refractive
index of water reflects the influence of the wavelength well.
Most of the data deviate less than 0.1% from the computed
values. A small number of measurements lie outside the
range of the scatter of the measurements. Only for wave-
lengths greater than 2500 nm do the deviations rise signifi-
cantly; however, very few measurements have been done at
wavelengths beyond the wavelength of visible light. The in-
crease of the deviation at a wavelength of 546.1 nm is reduc-
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FIG. 6. Deviation of all data from Eq. (5) as a function of wavelength.
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F1G. 7. Deviation of all data from Eq. (5) as a function of temperature.
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F1G. 8. Deviation of all data from Eq. (5) as a function of pressure.
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TABLE 9. Standard deviation of the densities calculated by Eq. (8), IFC67,
and equation of state by Haar, Gallagher, and Kell (HGK)

IFC67
( p < 1000 bar) HGK Eq. (8)
0.010 0.010 0.039

ible to measurements near the critical point {compare Table
1). The discrepancy near the temperature of 374.15 °C re-
flects the difficulty of measuring the refractive index of water
near the critical point.

Considering Fig. 7, the equation coincides with the data
of both liquid water and water vapor. The deviations at 20 °C
correspond to the measurements done for greater wave-
lengths, These deviations at greater wavelengths as well as
the deviation at the critical point are demonstrated in Fig. 8.
This diagram shows that the new equation for the reflective
index of water approximates well the whole pressure region.

As aresult of the comparison of Eq. (5) with all available
measurements, as made in Figs. 6-8, it can be concluded that
good agreement in the definition range of the new equation is
obtained. About 97% of all available experimental data de-
viate from the computed values by an amount less than the
mean scatter of the measurements of 0.001. For liquid water
at atmospheric pressure and wavelengths smaller than 1500
nm the scatter of the data from the new equation is less than
0.0004. For vapor the scatter between the experimental data
and the computed values is smaller than the tolerance of the
measurements.

A comparison of the new Eq. (5) with several existing
equations has also been carried out. For this task, besides Eq.
(1), the formula of Eisenberg’® and the relation of Tilton and
Taylor®! are of special interest, since in the comparison of
equations,*>*¢ these equations turned out to be the ones
which most accurately reflect the refractive index. In the
range of validity of the Eisenberg equation all equations
show the same standard deviation. In the area covered by the
Tilton and Taylor equation the same improvement as with
Eq. (1) is reached with the new Eq. (5). The formulations for
the refractive index of water presented here are as good as
the others in their range of validity. The improvement must
be seen in the fact that both equations cover a wider range of
validity. Compared with Eq. (1) the new Eq. (5) has a smaller
number of constants and at the same time an enlarged range
of validity, especially in the dependence on temperature.
Moreover, the advantage is that the refractive index of liquid
water, as well as of steam can be computed by the formula-
tion presented here.

An uncertainty of the new equation should be men-
tioned. The temperatures have been surveyed only up to the
critical point and measurements of wavelengths greater than
those of visible light are available only at atmospheric pres-
sure. The range of validity for the wavelength dependence is
limited by the theory for normal dispersion, but there is no
theoretical restriction for the validity of the temperature and
density dependence of the new Eq. (5). As far as measure-
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ments are available the equation has been tested and good
agreement is achieved. Extrapolations out of the recom-
mended range of validity seem to be possible, because th
measurements for the refractive index of water of Yadev®
up to 8200 bar can be reproduced by this equation within an
accuracy of 0.3% and the measurements of Zeldovich™ up
to 145 900 bar (not included in Fig. 1} within an accuracy of
3%.

A comparison of the densities calculated by Eq. (8) from
measured wavelength, temperature, and refractive index
with the experimental data and values of densities computed
with the IFC677 and the equation of state by Haar, Gal-
lagher, and Kell” from the measured temperature and pres-
sure has been carried out. As can be seen in Table 1 density
measurements were executed only by Born,® Rosen,*
Waxler,* Yadev,® and Zeldovich.”™ The standard deviation
of the densities computed by Eq. (8} is somewhat higher than
those calculated by the equations of state as indicated in
Table 9. Therefore the simple Eq. (8) can be recommended
for computing the density whenever only measurements of
temperature, wavelength, and refractive index are available.

o

&<

6. Summary

For the refractive index of water a survey of the avaii-
able experimental data sources is given followed by a sum-
mary of the existing equations. Since none of these formula-
tions considered the influence of wavelength, temperature,
density, or pressure on the refractive index at the same time,
a new equation for the refractive index of water was estab-
lished. Considering the electromagnetic theory of light an
equation with variable wavelength, temperature, and den
sity was adapted. The range of validity of wavelength is re-
stricted by the theory for normal dispersion; the range of
temperature and density is given by the available experimen-
tal data, where interpolations between the single measured
points are physically possible. This new equation for the re-
fractive index of water, whose coefficients have been directly
deduced from the experimental data by least-squares fit, de-
scribes with great accuracy the dependence of the refractive
index on the wavelength, temperature, and density for liguid
water as well as for steam in the range of its validity. Good
agreement with all available experimental data is obtained.
The deviation from computing the density with another in-
ternational accepted equation of state, such as the IFC67, is
so small compared with the scatter of the experimentai data
that it can be neglected. Compared with other existing equa-
tions the new formulation presented here is as good as the
others in their range of validity. The improvement must be
seen in the fact that this formulation covers.a wider range of
validity in the liquid and vapor state. In addition, the equa-
tion presented here has the advantage that it can be solved
for the density as an explicit parameter. In the opinion of the
authors new measurements are still desirable to improve the
formulation.
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