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Refractometric fiber-optical detectors of liquids: effect of residual liquid film
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V. Garćıa-Gardũno and S.N. Khotiaintsev
Facultad de Ingenierı́a, Universidad Nacional Autónoma de Ḿexico,
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We analyze the response of the optical refractometric detection element of a hemispherical shape in the presence of a contamination in the
form of a film of liquid on its surface. We show that the liquid film distorts the detector’s response to the refractive index of the surrounding
medium. This distortion is more pronounced in the case of small-size detection elements, such as those employed in the fiber-optical
refractometric sensors.
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En el presente trabajo, analizamos la respuesta de un transductoróptico refractoḿetrico de una forma semiesférica, cuando su superficie
esta contaminada por una pelı́cula de ĺıquido. Demostramos que la pelı́cula de ĺıquido distorsiona la respuesta del transductor alı́ndice
de refraccíon del medio externo. Esta distorsión es ḿas pronunciada en el caso de los transductores miniatura, como los utilizados en los
sensores refractometritos de fibraóptica.

Descriptores:́Indice de refraccíon; refractometŕıa; sensores de fibráoptica.

PACS: 42.81 Pa; 42.81Wg

1. Introduction

In recent years, fiber-optical refractometric sensors have
proven their utility in laboratory experiments and in indus-
trial conditions [1-3] because of their small size, immunity
to electromagnetic interference, ability to work in hazardous
media, etc. The fiber-optical refractometric sensors are used:

1) for the refractive index measurement of fluids, and
2) for liquid level measurement [4].

However, any contamination of the optical detection ele-
ment’s surface can distort the sensor’s response to the refrac-
tive index of the surrounding medium. Among all possible
types of contamination, the presence of a residual film of li-
quid on the sensor’s surface is the most common case. There
is a large variety of liquid substances that can contaminate
the optical detection element’s surface during the exploitation
of the sensor. Also, the quantity of liquid on the element’s
surface may be different and it can form different geometri-
cal shapes. Because of this, the analysis of the effect of the
contaminating liquid film on the sensor’s response presents a
complex non-trivial problem.

In this work, we analyze the effect of the residual liquid
film, of different shapes and thicknesses covering the optical
detection element’s surface, on the performance of the refrac-
tometric sensor. The present study is restricted to the case of
the hemispherical fiber-optical refractometric detection ele-
ments described in our previous works [4,5]. The refracto-
metric sensors of this type have already found a variety of
important applications in scientific research and industry.

2. Sensor description

We considered a refractometric transducer composed of a
hemispherical solid transparent dielectric detection element
and a pair of step-index multimode optical fibers (Fig. 1) that
connect the detection element with the remote light source
and the photometer (not shown in Fig. 1) [4,5]. The two op-
tical fibers are coupled due to the internal reflection of light
at the element’s hemispherical surface when the element is
in the air. The optical transmission of the element depends
on the refractive index of the surrounding mediumn and thus
serves to access this quantity. In order to exclude the intrinsic



REFRACTOMETRIC FIBER-OPTICAL DETECTORS OF LIQUIDS: EFFECT OF RESIDUAL LIQUID FILM 65

optical loss in the detection element, the transducer’s relative
transmissionT ∗(n) is employed:

T ∗(n) =
T (n)
Tair

=
I2(n)
I2air

, (1)

Tair, I2air are the transducer’s transmission and the out-
put light intensity respectively when the surrounding medium
is the air [5]. For the case of a clean transducer surface (no
contaminating liquid film on it), the behavior ofTair and
T ∗(n) under different combinations of the transducer param-
eters is studied in detail in Ref. 5.

The liquid film that remains on the detection element sur-
face after it has been in contact with a liquid has the shape
of a drop, which may have a different volume and form. The
refractive index of the liquidnf may be rather close to that
of the optical detection elementne. In this case, the internal
reflection may take place mainly on the liquid film surface
and not on the glass surface. This leads to the distortion of
the transducer’s transmission in the airTair, which is impor-
tant for the transducer calibration and derivation ofT ∗(n) in
accordance with (1).

The particular parameters of the liquid film depend on the
liquid viscosity, wetting, and detection element orientation in
space. In this work, we have considered three principal cases
of the detection element position as shown in Fig. 2. We
assumed that the spatial form of the liquid film was an ellip-
soid in the cases (d) and (f), and a symmetrical paraboloid in
case (b). The parameter that we changed was the liquid drop’s
dimensionless heightH in the case of the vertical “down”
position of the detection element (Fig. 2b), the liquid drop’s
dimensionless radiusR in the case of the vertical “up” posi-
tion of the detection element (Fig. 2d), and the liquid drop’s
dimensionless radiusR and heightH in the case of the hori-
zontal sideways position of the detection element (Fig. 2f).

3. Results

We calculatedTair andT ∗(n) by means of numerical ray-
tracing, employing a specially developed computer program.
The data were obtained under the following parameters: a

symmetric position of the two identical step-index multimode
optical fibers at a dimensionless distanceΛ=0.707R with
respect to the transducer axis, the detection element radius
R = 1; the fiber core radiusr = 0.05; the optical fiber numer-
ical aperture in the airNA = 0.2; the refractive index of the
fiber core is equal to that of the detection elementne = 1.55.
We employed these parameters because they were used in
Ref. 5. In the present work, we assumed the refractive index
of a liquid nf equal to that of the optical detection element
ne: nf = ne = 1.55.

The detection element oriented vertical down.

The paraboloidal detection elements of Figs. 3b and 3c are
represented by the equationsz = 0.714x2 + 0.714y2 − 1.5
andz = 0.714x2 + 0.714y2 − 2 respectively. The results
of the numerical ray-tracing are shown in Fig. 3, a-c. One
can see in Fig. 3 that, in spite of the change in form and size
of the element’s surface due to the formation of the drop of
liquid on it (from a to b and then c), there exists a sufficiently
good coupling between the transmitting and receiving optical

FIGURE 1. Generic refractometric transducer with hemispherical
optical detection element (a); the refractometric transducer in the
protective tubular housing (b).

FIGURE 2. Different positions of the refractometric transducer and the resulting shape of the residual liquid film on its surface: vertical down
position (a,b); vertical up position (c,d); horizontal sideways position (e,f).
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FIGURE 3. Light propagation in the refractometric transducer in
the case of vertical down position, in the air: clean transducer sur-
face (a); relatively small drop of liquid stuck to the surface (b);
large drop of liquid stuck to the surface (c).

FIGURE 4. Transducer transmission in the airTair versus detection
element’s dimensionless effective height H.

FIGURE 5. Light propagation in the refractometric transducer in
the case of the vertical up position, in the air: clean transducer sur-
face (a); small amount of liquid stuck to the surface (b); relatively
large amount of liquid stuck to the transducer surface (c)

fibers. This is due to the fact that with the increase in the
liquid drop volume, it extends mainly downwards (the height
of the paraboloidH increases). The element’s resulting sur-
face curvature and local radius do not experience a drastic
change in the regions where the optical beam is reflected in-
ternally. In addition, the incidence angle increases at some
reflection points. Altogether, this contributes to an increase in
the optical beam diameter, which in turn makes the coupling
between the two optical fibers less critical to the deviations
of the detection element surface from its ideal hemispherical
shape. The quantitative data on the effect of the heightH
on Tair are plotted in Fig. 4. One can see that for the in-

terval 1< H <1.3. the absolute transmissionT increases,
due to a better coupling of the optical fibers. ForH < 1.3,
T decreases monotonically with the increase inH reaching
T ≈ 0.12 atH = 2.

The detection element oriented vertical up.

The equations that describe the ellipsoids of Figs. 5b, c are:

1
2.25

x2 + 1y2 + 1z2 = 1 (2)

and

1
4
x2 + 1y2 + 1z2 = 1 (3)

respectively. Unlike from the previous case, as shown in
Fig. 5, the increase in the liquid drop size and volume results
primarily in the increase in the drop’s widthW = 2(R+∆R)
and not its heightH. The detection element surface becomes
flatter, the incidence angle is reduced (Figs. 5b,c) with re-
spect to the clean surface case (Fig. 5a), the optical beam
becomes less divergent than in the case of the clean surface,
and the number of serial internal reflections reduces to just
one. These changes contribute to an abrupt decrease and then
complete vanishing of the optical coupling of the transmitting
and receiving fibers.

The detection element oriented horizontally sideways

The equations that describe the ellipsoid of Fig. 6b is:

1
4
x2 + 1y2 +

1
2.25

z2 = 1. (4)

One can see in Fig. 6, that the effective surface of the de-
tection element becomes flatter than the surface of the clean
glass element. In addition, the whole effective surface is dis-
placed downwards with respect to the element’s axis. The
combination of these two factors leads to an even more rapid
decrease and the vanishing of the optical coupling in the
transducer than the previous case of the vertical upwards ori-
entation of the detection element. Quantitative analyses show

FIGURE 6. Light propagation in the refractometric transducer in
the case of the horizontal sideways position, in the air: clean trans-
ducer surface (a); a drop of liquid stuck to the transducer sur-
face (b).
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that under the liquid drop’s dimensionless radiusR as small
asR=1.06 and dimensionless heightH=1.5, the optical cou-
pling vanishes completely in the transducer.

The approach developed in this work permits one to de-
termine the effect of the residual liquid film on the perfor-
mance of various refractometric transducers and different ge-
ometrical parameters of optical detection elements, liquid
films and material constants.

4. Conclusions

A residual liquid film on the surface of the hemispherical
optical detection element of the fiber-optical refractometric

transducer can significantly alter the transducer response (its
optical transmission) in the air, which is used for transducer
calibration. The amount of the effect depends on the thick-
ness of the liquid film, its shape, and on the spatial orientation
of the transducer. The vertical downward orientation of the
transducer secures the minimum effect of the residual liquid
film. The horizontal sideways position is the worst one, be-
cause the distortions of the optical detection element surface
are the most severe in this case. The effect of the residual
liquid is more significant in the case of small-size detection
elements, such as those employed in the fiber-optical refrac-
tometric sensors.
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