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ARTICLE INFO  This article presents a method for assessing the water content in lubricating oils used in Navy ship marine 

engines, based on capacitance measurements. The method uses the dependence of capacitance on the 

permeability of the dielectric, which changes with water content and temperature. Real-time measurements are 
carried out using the Arduino Mega 2560 platform on samples with known water content. Experimental results 

show characteristic changes in capacitance and hysteresis effect due to water evaporation during heating. The 

proposed solution provides an effective online tool for oil condition monitoring, enabling early detection of 
engine damage and optimization of maintenance. 
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1. Introduction 
One of the primary causes of piston damage in internal 

combustion engines is the deterioration of the physico-

chemical properties of lubricating oil, which leads to the 

rupture of the oil film. Consequently, both mixed and dry 

friction phenomena occur, resulting in tribological damage 

to the engine's friction interfaces [8, 10, 19]. An example of 

such damage is shown in Fig. 1. 

 

 Fig. 1. Friction traces on the inner liner of the plain bearing 

 

During engine operation, the physicochemical proper-

ties of the lubricating oil change, among which the most 

critical for engine reliability are: 

 viscosity 

 total base number 

 total acid number 

 flash point 

 oxidation resistance and thermal stability 

 lubricity 

 the ability to wash away and disperse contaminants 

 the ability to separate water. 

Changes in the oil parameters typically occur gradually, 

following the curve shown in Fig. 2. The plotted curve 

denotes the functional dependence of the parameter on the 

measurement conditions. Its gradient may assume positive 

or negative values, indicating that, depending on the under-

lying physical sensitivity, the parameter can either increase 

or decrease as the conditions vary [14, 21]. 
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Fig. 2. An exemplary curve illustrating the change in an oil parameter as  
a function of its service time: 1 – natural degradation of oil parameters 2 – 

 sudden change in oil parameters resulting from damage 

 

In most cases, during engine operation, changes in the 

physicochemical parameters of lubricating oil occur in 

accordance with curve no. 1 and are predictable. Based on 

this, oils are utilized following a strategy that specifies  

a determined operating time (in line with the recommenda-

tions of both engine and oil manufacturers). Moreover, 

during the operation of marine engines, periodic inspections 

of the physicochemical parameters of the oils are conducted 

in specialized laboratories. This strategy generally prevents 

damage caused by the deterioration of the oil's physico-

chemical properties [15, 21]. 

However, there are instances during operation when the 

physicochemical parameters of the oils change suddenly in 

an unpredictable manner (contrary to the adopted strategy). 

Such a scenario is illustrated by curve no. 2 shown in Fig. 

2. The most common cause of a sudden change in the oil's 

physicochemical parameters is engine damage, which re-

sults in the contamination of the oil with solid particles – 

usually metallic in nature (originating from its friction 

nodes) – as well as water or fuel. Contamination with fuel 
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is typically accompanied by a decrease in viscosity and  

a reduction in flash point. Contamination with water, on the 

other hand, is accompanied by a rapid increase in oil densi-

ty (in extreme cases, the oil transforms into an emulsion 

with a paste-like consistency), which drastically deterio-

rates its lubricating properties. The source of water contam-

ination during engine operation is the cooling system. In the 

case of marine reciprocating engines, the oil may be con-

taminated with fresh water, which is primarily used to cool 

the cylinder liners and engine heads, or with water contain-

ing salt ions (seawater) employed to cool the turbocharged 

air and, occasionally, the lubricating oil [10, 14, 18]. 

From the perspective of piston engine operation, the 

early detection of both water contamination in the oil and 

oil contamination in the cooling water is of critical im-

portance. During engine operation, the oil is subjected to  

a higher pressure than the cooling water. Consequently, in 

the event of a leak, oil is expected to enter the cooling wa-

ter, whereas during engine downtime, the likelihood of 

water infiltrating the oil increases. Therefore, it is essential 

to develop an online detection method capable of identify-

ing both water in the oil and oil in the cooling water [9, 11–

13]. This task has been undertaken by a research team from 

the Institute of Ship Construction and Operation of the 

Naval Academy. 

The proposed method is based on the use of a slot ca-

pacitor, in which the dielectric is provided by the lubricat-

ing oil (in the case of detecting water in oil) or by the cool-

ing water (in the case of detecting oil in water). According 

to Equation 1, the capacitance of the capacitor depends 

directly on the plate surface area (S), the distance between 

the plates (d), and the relative permittivity (ε0) of the die-

lectric between the plates. For the capacitor, the values of 

the plate separation and surface area are fixed and charac-

teristic of its design, while the independent variable is the 

relative permittivity of the dielectric (i.e., the oil–water 

mixture) [3, 8, 18]. 

 C = ε0 ∙ εr ∙
S

d
  (1) 

2. Method assumptions 

It is widely accepted that the oils used on ships are die-

lectrics whose dielectric properties may change during 

operation [2, 4, 15, 16, 20]. One source of these changes is 

the natural aging process of the oil (oxidation), during 

which the hydrocarbons in the oil are converted into esters 

with polar structures. During operation, the oil may become 

contaminated with solid particles, fresh water, or seawater. 

Both the oil’s aging processes and its contamination with 

water (especially seawater) lead to changes in its dielectric 

properties. It is assumed that the relative permittivity of oil, 

ε, is approximately 2.5, whereas that of fresh water is close 

to 80. In the case of seawater, the relative permittivity is 

several times higher due to the presence of salt ions from 

elements such as sodium, magnesium, calcium, and potas-

sium. It should be noted that the relative permittivity is 

highly dependent on temperature; for example, in distilled 

water it varies from 88 to 55.3 as the temperature changes 

from 0 to 100°C, as illustrated in Fig. 3. 

273.15   293.15                                                                    393.15K

88              80.1                                                                             55.3e

t  

Fig. 3. The influence of water temperature on its relative electrical permit-

 tivity 

 

In the case of oil contaminated with water, it can be as-

sumed that the relative electric permittivity of the oil-water 

mixture is proportional to the relative water content (Fig. 

4). 

0                                                                                                   100

2,5                                                                                                    80e

w [%]  

Fig. 4. The likely dependence of relative permittivity as a function of water 

 content in oil 

 

Direct determination of the relative permittivity is im-

possible. Therefore, indirect methods are typically used. 

The most common approach utilizes the dependence of the 

capacitance of a parallel-plate capacitor (Eq. 1). To deter-

mine the theoretical value of the relative electrical permit-

tivity of mixtures, a linear or nearly linear model is usually 

employed, as described by the following relationship [1, 3, 

21]: 

 εr(ω) = εr,oil + k ∙ w  (2) 

where: εr,oil – the relative permittivity of pure oil (without 

water), w – the water content (e.g., in ppm or %), k – the 

calibration coefficient quantifying the influence of water 

content on the permittivity. 

In practical studies, the sensor (capacitor) must be cali-

brated by measuring its capacitance for oil samples with 

known water content, and on that basis, a correction func-

tion is derived: 

           C(w) = C0 + a1w + a2w2 + ⋯  (3) 

In order to determine the coefficients C₀ and a₁, capaci-

tance measurements are performed for various known val-

ues of water content, wᵢ. Then, using the least squares 

method, the model parameters are determined[1, 3, 21]: 

[

C1

C2

⋮
Cn

] = [

1 w1

1 w2

⋮ ⋮
1 w3

] [
C0

a1
] (4) 

The solution is: 

[
C0

a1
] = (WTW)−1WTC (5) 

where w is the matrix of water content, and C is the vector 

of measured capacitances. 

In the conducted research, various methods for measur-

ing the capacitance of a capacitor were considered, ranging 
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from utilizing the resonance phenomenon of currents and 

voltages in RLC circuits to determining the time constant of 

a capacitor-resistor circuit with known capacitance [1, 3, 21]. 

The first method examined was based on the resonance 

phenomenon in RLC circuits, where the capacitor, with the 

oil or water under investigation serving as the dielectric, 

represents the capacitance C. In practice, either series or 

parallel resonance is employed, with elements such as the 

capacitor, inductor, and resistor connected either in series 

(Fig. 5a) or in parallel (Fig. 5b) [1, 3, 17, 21]: 

U

U

U

U

R

L

C

I

I I IR L C

a)                                                                  b)

 

 Fig. 5. RLC resonance circuit: a) series, b) parallel 

 

In the case of the series resonance circuit (Fig. 5a), volt-

age resonance occurs, which in practice means that the 

amplitude of the voltage across the individual passive com-

ponents UL, UR, and UC reaches its maximum when the 

resonance phenomenon occurs. The voltage across the 

passive elements is described by the following relationship 

[1, 3, 21]: 

UL = I ∙ L ∙ ωr =
U

R
∙ √

L

C
 

(6) 

At the resonant frequency, the voltage across the induc-

tor and the capacitor is described by the following relation-

ship: 

|UL| = −|UC| (7) 

Conversely, the resonant frequency is determined ac-

cording to the following expression: 

fr =
1

2 ∙ π ∙ √LC
 (8) 

In situations where the objective is to determine the ca-

pacitor's capacitance, the source frequency must be adjusted 

so that the voltage across the passive components is maxim-

ized. The resonant frequency is thereby a function of the 

capacitor's capacitance. 

In the case of a parallel resonance circuit (Fig. 5b), the 

phenomenon is termed current resonance. The principle for 

determining the capacitor's capacitance is fundamentally 

analogous to that employed in the series resonance scenar-

io. However, a key difference from a measurement perspec-

tive is that the circuit current is monitored, and the genera-

tor frequency at which this current reaches its maximum is 

identified. The resonant frequency in a parallel RLC circuit 

is described by the following relationship [1, 3, 21]: 

fr =
R

√L
C

 (9) 

The resonant frequency value is also a function of the 

capacitor's capacitance. The methods described for deter-

mining the capacitor's capacitance (which is a function of 

the dielectric permittivity of the insulator) can be success-

fully employed in the construction of a measurement sys-

tem. However, the drawbacks of such a measurement sys-

tem include the duration of the measurement process and 

the need to utilize a sinusoidal voltage generator with an 

adjustable frequency. The measurement time is influenced 

by the necessity to scan a wide frequency range, which is 

both problematic and time-consuming in practice. Conse-

quently, the authors have opted for an alternative method 

for measuring the capacitor's capacitance. They decided to 

construct a measurement system based on determining the 

time constant of a circuit composed of a capacitor and  

a resistor with a known resistance. The RC circuit time 

constant is defined as the time required for the voltage 

measured across the capacitor to reach 63.2% of its fully 

charged voltage. The capacitor's capacitance in the RC 

circuit is related to the time constant according to the fol-

lowing relationship [1, 3, 10, 19, 21]: 

TC = R ∙ C (10) 

Based on Equation 10, the capacitor's capacitance was 

calculated: 

C =
TC

R
 (11) 

A graphical illustration of the principle of determining 

the capacitor's capacitance based on the RC circuit's time 

constant is shown in Fig. 6. 

U [V]

t [s]

100%
Fully charged

63%
Fully charged

t=RC  

Fig. 6. Illustration of the principle for determining the time constant of an 

 RC circuit 

 

The constructed measurement system is based on the 

Arduino Mega 2560 microcontroller. This system enables 

the measurement of the charging time of a capacitor con-

nected in series with a resistor (which reduces the charging 

current and, consequently, increases the circuit's time con-

stant). This approach enhances the accuracy of the time 

measurement (i.e., the number of microcontroller clock 

cycles), thereby improving the precision of the capacitor's 

capacitance determination. In the conducted studies, two 

types of capacitors were utilized, both employing oil with 

variable water content as the dielectric. A slot capacitor and 

a specially fabricated cylindrical capacitor were used for 
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this purpose. An illustration of the measurement system 

employing the slot capacitor is shown in Fig. 7. 

 

Fig. 7. Measurement system used in the studies: 1 – Arduino Mega 2560 

 microcontroller, 2 – slot capacitor, 3 – 18B20 temperature sensor 

 

Additionally, the measurement system has been 

equipped with an 18B20 temperature sensor, which enables 

real-time monitoring of the temperature of the investigated 

medium. Temperature measurement is critical because there 

is a dependency between the temperature of the liquid (the 

dielectric of the liquid capacitor) and its capacitance. This 

relationship is characterized by the temperature capacitance 

coefficient TWC [1, 3, 21]: 

TWC =
1

C
∙

δC

δT
 (12) 

Conversely, the impact of temperature is delineated by 

the following relationship: 

C(T) = C(T0) ∙ [1 + TWC ∙ (T − T0)] (13) 

3. Research plan 
The foundation of this research is the development of  

a method for detecting engine damage that results in the 

mixing of lubricating oil with cooling water. It is essential 

to measure the water content in the lubricating oil as well as 

the oil content in the cooling water, and the proposed meth-

od must support real-time (online) measurements. 

It was determined that the optimal approach would be to 

measure the electrical capacitance of a capacitor, whose 

dielectric is constituted by the lubricating oil and cooling 

water under investigation. According to Eq. (1) and (13), 

the capacitance of the capacitor is a function of its tempera-

ture and the relative dielectric constant of the insulator 

forming the gap between its electrodes. The capacitance 

value depends on the oil temperature (see Fig. 3) and its 

water content (see Fig. 4). The geometric properties of the 

capacitor are assumed to remain constant throughout the 

experiments (thermal expansion of its components is ne-

glected). 

Experimental investigations were carried out by measur-

ing the capacitance of a slot capacitor (immersed in the test 

liquid) as a function of water content and temperature. For 

this purpose, an apparatus based on the Arduino Mega 2560 

platform was developed, enabling continuous measurement 

and transmission of both the capacitor’s capacitance and the 

liquid’s temperature to a computer. The measurements are 

performed with a sampling frequency of 1 Hz and a resolu-

tion of 12 bits. 

During the experiment, the sample under investigation 

is placed on a magnetic stirrer equipped with a heating 

function. The sample contains the slot capacitor as well as  

a temperature sensor. Continuous measurements of temper-

ature and capacitance are recorded while the sample is 

stirred and heated. The sample is heated from ambient tem-

perature until it reaches 95°C – a value that approximates 

the standard operating temperature of lubricating oil in 

marine engines (80–95°C). Once the target temperature is 

attained, the heater is turned off. Measurements continue 

from the onset of heating until the sample cools back to 

ambient temperature (typically around 20°C). Additionally, 

samples are periodically collected and analyzed microscop-

ically (see Fig. 8) to assess the homogeneity of the mixture 

[5, 6]. 

 

 Fig. 8. Microscopic view of an oil sample with a water content of 0.5% 

 

Under laboratory conditions, the water content in the 

sample decreases during measurement due to evaporation 

caused by heating. This is evidenced by the irreproducibil-

ity of the measurement results obtained during the heating 

and cooling phases of the sample. Furthermore, the foaming 

of the mixture’s surface at elevated temperatures indicates 

the occurrence of water evaporation. 

The study was conducted in accordance with a com-

pletely randomized statistical design. This design enables  

a more precise evaluation of the effect of a single factor – 

in this case, the water content in the oil – than would be 

possible using traditional statistical hypothesis testing. The 

investigated factor can assume values at each level p, lim-

ited solely by the technical conditions of the experiment. 

The null hypothesis, assumed a priori, postulates that the 

analyzed input factor has no effect on the output variable.  

A factor is deemed significant if the computed value of the 

test statistic is equal to or greater than the critical value 

specified in the relevant statistical tables. For a completely 

randomized design, it is most advantageous to use the Fish-

er-Snedecor F statistic [6, 7]. 

The planning matrix for the completely randomized sta-

tistical design, which is used to assess the impact of the 

single input factor on the output variable, is presented in 

Table 1. 

The F test statistic is calculated according to the follow-

ing relationship: 

F =  
∑ ni (y̅i

p
i=0 − y̅)2(n − p)

[∑ ∑ ni (yij
q

j=1 − y̅)2 −  ∑  ni 
p

i=1 (y̅i
p

i=1 − y̅)2](p − 1)
 (14) 
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where:  ni – the number of measurements of the input factor 

at a given level, n – the total number of measurements, y̅i – 

the mean measurement result in the i-th row, y̅ – the overall 

mean of all measurement results, yij – denotes the value of 

the j-th output factor at level i, p – the number of levels of 

the input factor variability. 

 
Table 1. Planning Matrix for the Completely Randomized Statistical 

 Design [6, 7] 

Input factor level 
Number of experiments 

1 … q 

1 y11 … y1q 

…
 

…
 

…
 

…
 

p Yp1 … ypq 

 

The calculated F test statistic should be compared with 

the critical value determined from the table (for the chosen 

significance level α and for the degrees of freedom for the 

numerator calculated according to the following relation-

ship: 

f1 = f1 = p − 1 (15) 

and for the denominator according to the formula: 

f2 = fm = n − p (16) 

If the computed F value is greater than or equal to the 

critical value Fkr F ≥ Fkr = F(α;f1;f2), the effect of the in-

vestigated factor is deemed significant. Conversely, if 

F ≤ Fkr, this indicates that within the examined range of 

variability, the input factor does not influence the output 

variable [6, 7]. 

In the experimental studies, measurements were con-

ducted over mass concentrations of water in oil at 0%, 

0.5%, and 1%. All experiments were repeated five times, 

which facilitated a comprehensive statistical analysis of the 

results. 

4. Results 
As a result of the conducted studies, the capacitance 

values of a capacitor immersed in the test sample were 

obtained as a function of the mass fraction of water in the 

oil. The empirical results are presented graphically, illus-

trating the recorded variation in the capacitor's capacitance 

as a function of temperature (ranging from 80°C to 100°C, 

which corresponds to the typical operating temperature of 

the oil) for different water mass fractions (Fig. 9). Each plot 

displays the results of five experiments (for each concentra-

tion), as indicated by the colors of the data points. In Figure 

9, for water concentrations of 0.5% and 1%, a characteristic 

hysteresis loop is observed, evidenced by the non-

overlapping data points recorded during the heating and 

cooling phases of the mixture. This behavior is attributed to 

the water evaporation process, which consequently alters 

the sample composition. Therefore, only the data corre-

sponding to the heating phase were used for further analy-

sis. Due to water evaporation, a new sample with a prede-

termined water content was required for each repetition of 

the measurement at a given concentration. 

a)  

 

b)  

 

c)  

 

Fig. 9. Recorded capacitor capacitance curves as a function of the tempera-

ture of the oil-water mixture for the respective mass fractions: a) pure oil, 

 b) 0.5% water, c) 1% water 

 

Measurements were conducted with a constant time step 

of 1 Hz, so that the resulting data (temperature and capaci-

tor capacitance) were functions of time. Consequently, it 

was necessary to derive capacitance curves as a function of 

the dielectric temperature. To this end, the measured capac-

itance values were averaged for each temperature value, 

with a resolution of 0.1°C. Subsequently, for each consid-

ered temperature (for each concentration), a single capaci-

tance value was computed as the arithmetic mean of all five 

repeated measurements. The resulting data are presented in 

Fig. 10. 
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Fig. 10. Capacitance variation curves as a function of the dielectric tem-

perature for the respective mass fractions of water in oil: 1 – oil, 2 –  

a mixture of 0.5% water and 99.5% oil, 3 – a mixture of 1% water and 
 99% oil 

5. Conclusion 
The conducted studies demonstrated that the proposed 

method for detecting and quantifying the mass fraction of 

water in engine oil is effective. It enables the real-time 

(online) acquisition of clear information regarding engine 

damage that results in the contamination of lubricating oil 

with water. The developed method is sufficiently sensitive 

to allow operators to take measures that minimize – practi-

cally, to prevent – the occurrence of secondary damage 

stemming from the deterioration of the oil’s lubricating 

properties. Furthermore, by employing the capacitance-

based approach, it is possible to detect metallic contami-

nants with a diameter equal to or greater than the distance 

between the capacitor plates. Such contamination will cause 

a short-circuit in the capacitor, which unequivocally indi-

cates damage to the engine's friction components. 

A significant drawback of the proposed method is the 

necessity of obtaining a homogeneous mixture of water and 

oil. However, in the case of internal combustion engines, 

the oil is intensely mixed with any water present during 

operation. 

The proposed method can also be utilized for detecting 

engine oil contamination in water and for determining the 

proportions of individual components in mixtures and 

emulsions of liquids with differing dielectric properties. 

Currently, the research team is investigating the determina-

tion of the mass fractions of oil in both seawater and fresh-

water, as well as the quantification of biocomponents in 

marine fuels. 

 

Nomenclature 

C electric capacitance, vector of measured capacitance 

values [F] 

C(T0) capacitance of the capacitor at the initial temperature 

[F] 

d distance between the capacitor plates [m] 

I current [A] 

k calibration coefficient defining the influence of 

water content on capacitance [-] 

L inductance [H] 

R resistance [Ω] 

S surface area of the capacitor plates [m²] 

T temperature [K] 

Tc time constant of the RC circuit [s] 

TWC temperature capacitance coefficient 

U electric voltage [V] 

W mass concentration of water in the mixture [%] 

e0 permittivity of free space [F/m] 

er relative permittivity of the dielectric [F/m] 

er,oil relative permittivity of pure oil [F/m] 
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