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Abstract— In the classic displacer-type liquid level measur-
ing method, liquid level is calculated via the buoyancy force
exerted by the liquid on a displacer. This technology has high
linearity, precision, accuracy, ease of installation and low cost.
Nonetheless, displacer level sensors have significant sensitiv-
ity to variations in liquid density, which hinder its use in in-
dustrial applications that such quantity is not held constant.
In this paper a novel displacer-type liquid level sensor is pre-
sented and analyzed. The innovation of the new sensor consists
of adding another displacer and thus calculating the new mea-
sured value by the quotient of the buoyancy forces of both dis-
placers. Therefore, the new measurement is ideally insensitive
to the variations in liquid density. A prototype was built and
prototype results presented high linearity, being able to miti-
gate the sensitivity to the liquid density, increasing accuracy in
the measurements.

Index Terms— Displacer level sensor, liquid level measure-
ment, density invariant, load cell.

I. INTRODUCTION

Liquid level measurement plays an important role in var-
ious industrial processes [1]. It implies the need to measure
level under different situations such as environmental condi-
tions, vessels forms, liquid density, corrosiveness, tempera-
ture and viscosity [2, 3]. Thus, there are several kinds of level
sensors available whereby capacitive, optical fiber, radar, ul-
trasound, time-domain reflectometry, hydrostatic, supercon-
ducting, displacer, laser, among others [4, 5, 6]. Level sen-
sors can be classified according to the measurement princi-
ple, being divided into three categories: measurements using
the effects of density, time-of-flight measurements and mea-
surements by detecting physical properties [7]. Each mea-
suring principle has its advantages, limitations, the most ap-
propriate applications, and for some situations, involving the
environment and people safety, more than one measurement
principle is used to increase the system robustness. In order
to expand these applications and qualities of sensors, works
in this field are still developed.

Bera et al. [8] presented a novel capacitance-type liquid
level sensor which eliminates the effect of self-inductance of
the metallic rods improving the sensor linearity. Xu et al. [9]
implemented a level sensor based on acoustic resonance by
detecting a frequency range instead of the single fundamen-
tal frequency and increasing the measuring accuracy. Li et
al. [10] proposed an alternative method to improve the mea-
suring accuracy of ultrasonic level sensors. They developed
a liquid level detection based on the multiple-input multiple-
output ultrasonic transducer array. The experimental results

showed the method proposed by Li et al. is superior to the
conventional approach.

Some industrial processes such as oil, food and pharma-
ceutical industries suffer significant variations in liquid den-
sity [2, 6]. Also, several level sensors are sensitive to liq-
uid density variations hindering such applications. Thus,
the most appropriated level sensors for these activities are
the time-of-flight measurement sensors, because they are in-
sensitive to variations in liquid density [7]. However, those
sensors are usually expensive (e.g., laser sensor) or they are
strongly sensitive to the wave propagation medium (e.g., ul-
trasonic sensor) [4, 7]. Such applications require a level sen-
sor insensitive to variations in liquid density, low cost and
insensitive to the wave propagation medium.

A specific low cost level sensor is the displacer-type sen-
sor. In addition, it has high linearity, accuracy and ease of
installation [11, 12]. Nonetheless, this sensor has significant
sensitivity to variations in liquid density [7, 11], because the
level measurement is performed indirectly through the buoy-
ancy force, also dependent of the liquid density. In this arti-
cle we present the analysis and the results of a new displacer-
type liquid level sensor [6, 13]. The innovation of the new
sensor consists of doing measurements ideally insensitive to
the liquid density by adding another displacer and thus cal-
culating the new measured value by the quotient of the buoy-
ancy forces of both displacers. This new approach was pro-
posed in [6] and [13] validated only by simulation, in this
paper we have built a prototype and validated the system
through actual experiments. Several tests were performed
in order to measure the sensor characteristics, such as lin-
earity, hysteresis and liquid density dependence. The results
showed a high linearity sensor that significantly mitigated
the sensitivity to variations in liquid density.

The sequence of this paper is structured as follows: Sec-
tion II. briefly describes the classic displacer-type level sen-
sor. Section III. presents the novel method. The sensor pro-
totype is described in Section IV. Section V. details the pro-
totype calibration. Results and discussion are presented in
Section VI. Finally, Section VII. draws conclusions and fu-
ture works.

II. CLASSIC DISPLACER-TYPE LEVEL MEASURING
METHOD

The classic sensor proposed by Kulkarni, Karekar and
Aiyer [11] is like the one illustrated in Fig. 1 only with-
out the displacer D2 and the load cell C2. It is composed of
the displacer D1, which is a solid cylinder with weight W1

connected to the load cell C1. The liquid level is computed
through the buoyancy force over the displacer D1 measured
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by the load cell C1. The buoyancy force over D1, denoted by
B1, is given by

B1(ρL, LS) = ρL · g ·A1 · LS , (1)

where ρL is the liquid density, g is the gravitational acceler-
ation, A1 is the area of the cross-section of D1 and LS is the
length of the submersed part of D1. Since ρL, g and A1 are
known, and the buoyancy force B1 is measured by the sen-
sor, the actual level can be calculated through LS , described
as

LS(B1) =
B1

ρL · g ·A1
. (2)

Analyzing (2) it is easy to infer the classic displacer-type
level measuring method is sensitive to variations in liquid
density ρL, because LS is inversely proportional to ρL, hin-
dering the application of this method in industrial activities
under variations in liquid density. Kulkarni, Karekar and
Aiyer [11] have implemented this classic method and results
have shown sensitivity to variations in liquid density in spite
of high linearity, precision, accuracy, low cost and easy im-
plementation.

The sensitivity to variation in liquid density of the method
is analyzed in [6] and in order to solve this problem we have
proposed a novel approach described in the next section.

III. NOVEL DISPLACER-TYPE LEVEL MEASURING
METHOD

The proposed method consists in adding a second dis-
placer,D2, connected to a second load cell, C2, as illustrated
in Fig. 1. The buoyancy force, B2, applied in D2 is given by

B2 = g · ρL · V2, (3)

where g is the gravitational acceleration, ρL is the liquid den-
sity and V2 is the volume of D2.

Displacer D2 is placed in such a way that it is always
submerged, making the volume V2 a constant. Thereby, the
buoyancy force B2 depends only on ρL. However, the load
cell C2 measures the resulting force on the displacer D2,
then, B2 can be calculated by

B2 = W2 − F2, (4)

whereW2 is the weight of D2 and F2 is the resulting force on
D2. Note that the buoyancy force over the rod connectingD2

to the load cell C2 is disregarded in the ideal mathematical
model and will be analyzed in Subsection A.

The sensitivity to the liquid density variations is elimi-
nated dividing B1 by B2. This ratio, R, is given by

R =
B1

B2
=
g · ρL ·A1 · LS

g · ρL · V2
=
A1 · LS

V2
, (5)

thus, the liquid density can be eliminated making the level
measurement ideally insensitive to variations in liquid den-
sity. Note that in order to eliminate ρL in (5), we have con-
sidered the liquid density throughout the reservoir constant.
Thus, the sensor can be applied only in homogeneous liq-
uids. When the liquid density is not constant a measurement
error is added to the system, as presented in [13] by simula-
tions.

Fig. 1: Novel displacer-type level measuring method. Level estimation is
calculated dividing B1 by B2, described by (7).

Rearranging (5) we have

LS = R · V2
A1

, (6)

thereby, the level L can be calculated by

L = LS + LC , (7)

where LC is the distance between the bottom of the reservoir
and the beginning of the displacer D1, see Fig. 1.

A. Prototype Model

Equation (5) demonstrates the presented displacer-type
level measuring method is ideally insensitive to variations
in liquid density. Nevertheless, the prototype model has a
non-ideality that should be considered: the buoyancy force
over the rod connecting D2 to the load cell C2, described by

Br = Lr ·Ar · ρL · g, (8)

where Lr is the length of the submersed part of the rod and
Ar is the cross-section area of the rod.

The mathematical model is obtained by dividing B1 by
B2. In order to build the prototype model we need to include
Br:

B1

B2 +Br
=

g · ρL ·A1 · LS

g · ρL · V2 + Lr ·Ar · ρL · g
=

=
A1 · LS

V2 + Lr ·Ar
.

(9)

By knowing that A1, V2 and Ar are constants, (9) de-
pends on LS and Lr. The non-linearity introduced by Lr
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to the model is analyzed in [13]. In order to make the pro-
totype feasible, that non-linearity was disregarded by mak-
ing B2 >> Br, and using the ideal mathematical model de-
scribed in (7). The prototype was built with a large V2 and a
small Ar to make B2 >> Br.

Considering the values of V2 and Ar of the prototype and
for the conditions of the experiments carried out in this work,
the maximum measurement error as a result of disregarding
Br is 0.023%, calculated by (5) and (9) using the prototype
parameters. When level increases the error also rises. Thus,
in order to maintain this error negligible in measurements for
large level values, it is mandatory to choose suitable values
for V2 and Ar. The prototype parts and parameters will be
detailed in the next section.

IV. PROTOTYPE

Fig. 2 shows the sensor prototype, which consists of two
displacers, D1 and D2, two load cells, C1 and C2, and a
signal conditioning circuit for each load cell. D1 was made
using a cemented PVC pipe. The bottom was sealed with sil-
icone and the upper part was fixed to the load cell C1. Mass,
height and diameter of D1 are 1.820 kg, 1.040 m and 0.025
m, respectively. In this setup, the weight is always greater
than buoyancy force making the resulting force acting onD1

always in the same orientation.
Displacer D2 was built using PVC pipe filled with lead

in order to guarantee the weight is always greater than the
buoyancy force. D2 is fixed to the load cell C2 by an enam-
eled wire with a diameter of 0.39 mm. Mass, width, depth
and height of D2 are 0.365 kg, 0.064 m, 0.045 m and 0.040
m, respectively.

Load cells C1 and C2 were designed for a maximum load
of 5 kg. They were fixed to the reservoir top and each
load cell has four strain gauges forming a full Wheatstone
bridge, which allows compensation for environment temper-
ature variations [14]. Each Wheatstone bridge is powered by
a 5 V source and the differential output signal of each bridge
is connected to an instrumentation amplifier INA126. Fig. 3
shows the complete circuit for each load cell. The RG, gain
resistor, for the load cells C1 and C2 circuits are 47 Ω and 56
Ω, respectively, and the gain in each INA126 is given by

G = 5 +
80kΩ

RG
. (10)

The circuits output voltage were measured by two multime-
ters Minipa ET-1400.

V. CALIBRATION

In the prototype calibration process a millimeter scale ar-
ranged on the front wall of the reservoir was used as the stan-
dard reference. Calibration results allowed the system output
to be adjusted through multiplicative and additive corrections
[15]. This process was carried out in two stages, in the first
stage the slope was corrected supposing the measurement is
given by

L(x) = a1 · x+ b1, (11)

where L is the measured level by the prototype and x is the
actual level.

Ideally, L should be equal to x, for this, the intercept and
slope of (11) should be equal to 0 and 1, respectively. Thus,

Fig. 2 Sensor prototype.

Fig. 3: Signal conditioning circuit. Composed by a Wheatstone bridge,
formed by four strain gauges, and an instrumentation amplifier.

the slope of the prototype measurement curve are corrected
by RA, given by

RA =
1

a1
. (12)

The equation after correcting the slope is described as

LA(x) = RA · L(x), (13)

where LA is the measured level after correcting the slope.
The second stage of this process consists of the zero ad-

justment making the intercept of (13) equal to zero. This is
done by adding the constant RL, given by

RL = −RA · b1. (14)

Finally, the measurement curve after calibration and correc-
tions is given by

LF (x) = LA(x) +RL, (15)

whereLF is the value of the measured level after corrections.
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VI. RESULTS AND DISCUSSION

Results and discussion are presented in three subsections:
Subsection A. shows a prototype linearity analysis; a com-
parison between prototype and classic method measurements
is described in Subsection B.; finally, a prototype hysteresis
curve is shown in Subsection C.

A. Prototype Linearity

Prototype linearity was evaluated through tests performed
with three different liquids: water, ethanol and chlorine.
Their respective densities are 998.4 kg/m3, 809.3 kg/m3 and
1410 kg/m3 at 20◦C. The experiments were performed by
emptying the reservoir from the level of 22 cm to 0 cm with
resolution of 1 cm. In order to compute the linearity, a line
was fitted to the data of each experiment by linear regres-
sion using the least square method [16]. Prototype linearity
was computed by the mean squared error between the data
of each test and the respective line fitted, given by

L(%) = (1 −MSE) · 100, (16)

where L(%) is the linearity and MSE is the mean squared
error between the data of each test and the respective line
fitted.

Table I shows the experimental results from experiments.
The linearity calculated was 99.99% for the experiments
carried out with the three liquids. The liquids temperature
in these tests were 25.5◦C, 21.0◦C and 21.0◦C for water,
ethanol and chlorine, respectively.

Table I.: Prototype linearity analysis. A comparison between each experi-
ment data and a respective line fitted to them.

Liquid Linearity (%)
Water 99.99

Ethanol 99.99
Chlorine 99.99

Results presented in this subsection show the prototype
measurements have a high linearity maintaining the perfor-
mance of the classic method [11].

B. Classic Method vs. Prototype Measurements

Prototype and classic method measurements are compared
in this subsection. Experiments were performed using two
liquids with different densities, ethanol and chlorine. It were
performed by emptying the reservoir from the level of 22 cm
to 0 cm with resolution of 1 cm and liquid temperature of
21◦C for both liquids. Results for measurements with the
classic method and the proposed method are presented in
Fig. 4 and Fig. 5, respectively.

Fig. 4 shows a significant difference between the mea-
surement curves of ethanol and chlorine, demonstrating the
classic sensor is very sensitive to variations in liquid den-
sity, since there is a great difference between the ethanol and
chlorine densities. In contrast, Fig. 5 shows the measure-
ment curves for ethanol and chlorine tend to be the same,
indicating the prototype is able to mitigate the sensitivity to
variations in liquid density.

Fig. 5 shows a slight difference between the measurement
curves obtained by the proposed method, ideally they should
be the same. This can be explained by small changes in the
initial conditions of the displacersD1 andD2 occurred when

Fig. 4: Classic method measurement. Comparing the ethanol measurement
curve and the chlorine measurement curve.

Fig. 5: Prototype measurement. Comparing the ethanol measurement curve
and the chlorine measurement curve.

the liquid was changed. The error is best observed as the
level increases, this statement is based on the results of [6],
where it was observed that uncertainty associated with the
level measurement grows linearly with the actual level by
Monte Carlo simulation.

In order to calculate the difference between the two mea-
surement curves for each method, the average error between
them was computed and expressed as a measuring range per-
centage. The difference between the measurement curves
for the classic method, presented in Fig. 4, was 19.54%.
Whereas for the proposed method, shown in Fig. 5, the dif-
ference has decreased to 1%.

C. Hysteresis Curve

Prototype hysteresis curve was built in order to show the
dependence of the system state, or the difference in value of
the measured level as a function of the direction of the varia-
tions. The hysteresis curve was constructed by emptying the
reservoir from 22 cm to 0 cm and then filling it from 0 cm to
22 cm, with a resolution of 1 cm and the liquid used for this
experiment was water at 25.5◦C.

Fig. 6 shows the prototype hysteresis curve with the differ-
ence between the ascending and descending curve is 2.4%.
This value is the average error between the two curves, ex-
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Fig. 6: Prototype hysteresis curve. This graph was constructed by emptying
the reservoir from 22 cm to 0 cm and then filling it from 0 cm to 22 cm with
a resolution of 1 cm.

˜

pressed as a measuring range percentage. New experiments
need to be done in order to better analyze the hysteresis curve
with liquids of different viscosities, in this work we use only
low viscosity liquids.

VII. CONCLUSION

This paper presents a novel displacer-type level sensor, in-
sensitive to variations in liquid density. Several experimental
procedures were performed in this work, in order to com-
pare the performance of the proposed system with a classical
displacer-type liquid level measurement system, and the re-
sults showed the proposed method can mitigate the sensitiv-
ity to variations in liquid density. The experiments were per-
formed with two liquids with different densities. The classic
method presented a deviation of 19.54%, while the proposed
method presented a deviation up to 1%. Results also show
the proposed system has high linearity and it has potential to
make precise measurements, which indicates the prototype
maintain qualities of the classic method.

Finally, the relationship between the diameter of the rod
connecting the displacer D2 to the load cell C2 and the vol-
ume of D2 is an important parameter for designing in order
to maximize the performance of the measurements, which if
not considered, can accumulate a significant error.

As future works will be investigated the influence of the
liquid viscosity in the system by analyzing the hysteresis
curve for liquids with different viscosities, it will be studied
the feasibility of building a prototype without the rod con-
necting the displacer D2 to the load cell C2, some modifica-
tions to the prototype will be made to study the measurement
response as a function of the temperature and investigating
the system behavior for measurements in turbulent fluids.
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