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In this study, the determination of weighing liquid by using automatic alignment system and the reference
density standard to realize the calibration of scale division by hydrostatic weighing method introduced by Cuckow
in computer controll is planned. This system serves all projects of Volume, Density and Viscosity Laboratory for
the calibration process of hydrometers and makes it fully automatic, fast, more precise and efficient in comparison
with manual calibration system. A new method refers automatically specific scale-marks for the calibration of
hydrometers. A hydrometer calibration system adopting the new method consists of a vision system, positioning
frame by servo motor and software to control the system. The vision system is composed of a camera to acquire
images of meniscus level conflicted with scale level of hydrometer. The position of temperature controlled bath is
provided by the positioning frame controlled with PLC. The stepping motor moves the camera, which is attached
to the vessel containing a reference liquid, along the hydrometer. The aim of this study is to represent and
validate the automated hydrometer calibration system of TUBITAK UME realizing the hydrometer comparison
(1000–1020 kg/m3) between automated and manual hydrometer calibration system.
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1. Introduction

Hydrometers, also known as gravimeters, areome-
ters or densimeters, are the most ancient, simple and
highly effective instruments, widely used at different le-
vels of accuracy, to measure the density of liquids from
0.5 g/cm3 to 2.0 g/cm3 [1, 2].

Hydrometers can be used to measure any liquid pro-
perty that is a function of density simply by putting an
appropriate scale in the hydrometer stem (Fig. 1).

Fig. 1. Density hydrometer.

There are two primary methods for calibrating hyd-
rometers. First one requires floating the hydrometer in
several liquids of different densities, which are determined
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Fig. 2. Hydrostatic reading in liquids.

by applying the Archimedes principle to a sinker of
known mass and volume (Fig. 2). The second method
(the Cuckow method) requires hydrostatic weighing, i.e.
using a balance to measure the mass of the hydrometer
while it is immersed to several levels in an unique liquid
of known density.

The Cuckow method has many advantages. It elimi-
nates the inconvenience of storing a collection of liquids.
It provides the calibration of a hydrometer at specified
scale marks without the inconvenience of preparing li-
quid mixtures to specified densities. This method can be
automated more easily.

Volume, Density and Viscosity laboratory of UME is
willing to automate the calibration of hydrometers in or-
der to reduce uncertainties and provide more accurate
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measurements. It was built an automated and primary
standard system for the calibration of hydrometers using
the Cuckow method [3].

The primary level hydrometer calibration system of vo-
lume, density and viscosity laboratory immerses the hyd-
rometer chosen for test far enough into tridecane liquid
so that the hydrometer mark to be calibrated is aligned
with the free surface.

2. Method and theoretical equations

The method is based on weighing of the hydrometer
when it has been floating at the scale mark, which is sup-
posed to be calibrated. Density of the liquid must be pre-
viously measured. Hydrometer experiences an upthrust
equal to its weight when it is immersed up to the scale
mark and order of upthrust is proportional to the amount
of immersion. If we weigh the body immersed to reque-
sted extent in two liquids of known density it would be
possible to determine the density corresponding to re-
quested extent which is supposed to be a scale mark.
Application of this procedure requires special apparatus
and special designs for sensitive immersion [3, 4].

Theory of the method is based on the fact that, if we
weigh a solid body at a point in between two media whose
densities are known, we may find the density of the me-
dium in which the upthrust on the immersed portion
would be equal to the weight of the body. Hydrometers
are firstly weighed in air and then in a reference liquid of
known density, which is used as reference. The weighing
value is measured while the hydrometers were immersed
up to different levels.

The density corresponds related scale line can be de-
termined with the equation by using the measurement
results according to the Cuckow method at reference tem-
perature (20 ◦C or 15 ◦C).

ρ(tB) = [ρF (t)− ρLL]
WL + (π/g)dγ(tB)

WL −WF + (π/g)dγF (t)

× [1 + αV (t− tB)] + ρLL. (1)
In Eq. (1): ρ(tB) — density of calibrated scale line,
WL — weighing value of hydrometer in air, WF — weig-
hing value of hydrometer in liquid, tB — reference tempe-
rature, t — temperature during measurement, d — stem
diameter of hydrometer at meniscus level, ρF (t) — den-
sity of liquid during measurement, ρLL — density of air
during weighing in air, γ(tB) — surface tension of refe-
rence liquid, γF (t) — surface tension of tridecane, αV —
hydrometer’s volumetric expansion coefficient, g — local
gravitational acceleration.

The air density can be determined by Eq. (2):

ρa =
0.34844P − h (0.00252t− 0.020582)

273.15 + t
. (2)

The liquid density (ρF (t)) shall be determined by sin-
ker (reference density standard) using substitute method
with the same system in air and liquid media [4, 5].
In Eq. (2): ρa — air density [kg/m3], t — environ-
mental temperature [ ◦C], P — atmospheric pressure
[mbar/hPa], h — environmental humidity [%rh].

3. Automated hydrometer calibration system

A manual hydrometer calibration system had been
used in Volume, Density and Viscosity Laboratory shown
in Fig. 3. The hydrometer shall be immersed into the
calibration liquid up to the calibration scale mark by
the hydrostatic weighing method for calibration process.
The hydrometer is bounded up with balance by holder
and hook assembly. The calibration liquid takes place in
the glass tube positioned into the temperature controlled
bath [6].

Fig. 3. A manual hydrometer calibration system.

The hydrometer calibration system described here con-
sists of an electronic balance, a frame, a glass vessel con-
taining a reference liquid, a thermometer, a hygrome-
ter, a barometer, and an automatic alignment system.
A cross section view of automated hydrometer system
can be seen in Fig. 4.

Fig. 4. Automated hydrometer calibration system.

The software comprises a camera image to search for
a meniscus and target scale-marks, and a program to
control the stepping motor that aligns the temperature
controlled bath on frame grabber (Fig. 5). It can be
seen the position of meniscus before and after adjustment
using alignment system by hand control unit (Fig. 6).
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Fig. 5. A camera image (calibration point 1019 kg/m3)
of immersed part of the hydrometer under test.

Fig. 6. A camera image before and after meniscus ad-
justment.

Figure 7 shows the configuration of the automated hyd-
rometer calibration system. The automatic alignment
system consists of a camera, a frame grabber, a light,
a stepping motor, and software to control the system.
The distance between the hydrometer and the camera
is 150 mm. The glass vessel is cylindrical with a height
of 495 mm and diameter of 160 mm [7–9].

4. Experimental setup

Firstly measurements are carried out in air medium
with a balance having 0.1 mg readability.

Calibrated weights are used in substitution method
and air density is calculated by using ambient conditi-
ons so that air buoyancy correction would be concerned
in weighing value. Right after weighing hydrometers in
air, it is important to measure stem diameters at required
scale marks of hydrometer, and reference surface tensi-
ons of the liquid, where the hydrometer is supposed to be
used, are determined from related tables. Surface tension
of the calibration liquid (tridecane) is already known. Se-
cond stage is to perform hydrostatic “Cuckow” weighing.
In this process the balance is located at the top of the
system and it has the ability to perform measurements
inside the liquid via an apparatus, which connects the
balance into the liquid. Temperature controlled bath is
used for temperature stabilization. Actually, tempera-
ture is the major effect for the density of liquid in which
the weighing takes place. Ambient conditions are moni-
tored and recorded by PC during the weighing in liquid.

The calibration process of hydrometer is defined as fol-
lows. Heated controlled bath should be adjusted before
the calibration process. A system should reach a ther-
mal equilibrium with using heated controlled bath and

cooler. Next an adjusted hydrometer holder hanging on
balance in air ambient is tared and environmental condi-
tions (temperature, atmospheric pressure, and humidity)
are recorded. The hydrometer is tightened into the hol-
der and then it is immersed in a liquid until a scale line
overlaps with a liquid level. The liquid level can be dis-
placed with the immersion of displacement object and the
overlapping (reading can be realized with magnificence)
of scale line and liquid level are provided (if the calibra-
tion of scale line of lower density hydrometer is realized,
known mass of stainless steel is used as an additional
weight) (Fig. 8). After that weight value and tempera-
ture of liquid can be measured. The measurements are
realized in 5 different scale lines (the scale lines can be ad-
justed by holder). The determination of density value of
hydrometer scale lines are realized by using the measure-
ment results as part of the Cuckow method. The density
values of calibrated hydrometer are given in calibration
certificate at reference temperature (15 ◦C, 20 ◦C or a re-
quest of customer).

Fig. 7. A cross-section view of automated hydrometer
system.

5. Measurement and results

Experiments were performed to show the accuracy and
sensitivity of automated calibration system. A hydrome-
ter with a range of 1000 kg/m3 to 1020 kg/m3 was used
in the measurements.

The standard hydrometer was selected to compare the
results of both automated and manual calibration system
with the comparison range cover different densities of
hydrometer.

The obtained results are given in Table I. All the ca-
libration points, error, expanded uncertainty and En va-
lues between automated and manual calibration system.
The automated calibration system was taken as a refe-
rence in all measurements.

The formula seen below for the normalized error
(En-value) was used.
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En =

∣∣∣∣∣Errormanual − Errorautomated√
U2

manual +U2
automated

∣∣∣∣∣ ≤ 1.

Errormanual = Measured valuemanual −
Nominal valuemanual, Errorautomated =
Measured valueautomated − Nominal valueautomated,
Errormanual is the value reported by the manual hydro-
meter calibration system, Errorautomated is the reference
value by the automated calibration system, Umanual is
the uncertainty of the manual hydrometer calibration
system, Uautomated is the uncertainty of the automated
hydrometer calibration system.

TABLE I

The results of measurements.

Range of hydrometer [kg/m3] 1000–1020
automated hydrometer manual hydrometer

nominal calibration system calibration system En

value error
expanded
uncertainty

error
expanded
uncertainty

value

[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]
1001 –0.657 0.025 –0.641 0.139 0.11
1004 –0.624 0.025 –0.654 0.144 0.21
1015 –0.632 0.025 –0.626 0.141 0.04
1019 –0.585 0.025 –0.649 0.141 0.44

Measurement results are evaluated as the definition
below.

The result in the range −1 ≤ En ≤ 1 is satisfactory
and the result En > 1 or En < −1 is unsatisfactory.

In measurement processes, the hydrometer used in
the experiment was calibrated while the reference li-
quid (tridecane) was kept at 20 ◦C during measurements.
It was provided to keep the density of tridecane constant.
In both the manual and automatic calibrations, the same
scale-marks were used. The comparison results of two sy-
stems can be seen in Fig. 8.

Fig. 8. The comparison results of automated and ma-
nual calibration system.

6. Conclusion

In this paper, there was described an automatic system
for calibrating a hydrometer. The new system reduces er-
rors caused by operator skills or attention when process

is performed manually. The new calibration system au-
tomatically aligns specific hydrometer scale-marks with
the horizontal plane of the reference liquid. A camera,
a frame grabber, a step motor, and a software program
are used to realize this process. A linear-motion control-
ler is added to the hydrometer calibration equipment,
and approaches the desired position slowly in order not
to disturb the horizontal plane of the reference liquid.

In this study the meniscus is matched with reference
liquid line to focus on accurate calibration point.

A new procedure is realized to offer calibration servi-
ces of reference standard hydrometers to their customers
more accurate and with less uncertainty of measurement
by Volume, Density and Viscosity Laboratory of TUBI-
TAK UME.

The automated hydrometer calibration system was de-
signed, constructed and validated for using the system in
hydrometer calibrations in the range between 600 kg/m3

to 2000 kg/m3.
The evaluation of expanded uncertainty of both system

is mainly affected by the individual contributions of the
density of the reference liquid, the temperature of cali-
bration liquid and the reading of the meniscus. The un-
certainty value of hydrometer calibration with manual
system is decreased with the ratio of 1/4 compared with
automated system due to the improved parameters.
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