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Abstract 

A device with a frequency-modulated output signal has been developed to increase the sensitivity and accuracy of 

measuring moisture content in crude oil and petroleum products in the range of 0~20%. The main element of the 

device is a self-oscillator transducer based on a transistor structure with negative differential resistance. A 

capacitive sensor in the form of a capacitive cylindrical structure with cylindrical electrodes was used to determine  

moisture content in crude oil and petroleum products. Electric permittivity of a two-component mixture of oil and 

water was estimated and the capacitance of the humidity-sensitive capacitive cylindrical structure with cylindrical 

electrodes was calculated. An electrical diagram of the device for measuring and controlling the humidity of crude 

oil and petroleum products has been developed. The relative error of converting the humidity of oil and petroleum 

products into capacitance which was caused by the change in oil temperature, was determined to be 0.225%. 

Values of relative errors of the device for measuring the humidity of oil and petroleum products are as follows: 

1.355·10-5% is caused by instability of the oscillator frequency, 0.01% is caused by fluctuations in the supply 

voltage of the self-oscillator transducer, 0.05% is caused by a change in ambient temperature by 1 °C. For the 

developed device, which used errors of the first and second type, the reliability of humidity control of oil and 

petroleum products has been determined to be 0.9591. 
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1. Introduction 

Measurements of moisture content in crude oil are a key parameter in the extraction of crude 

oil from wells [1]. The moisture content in crude oil is of great importance for improving the 

efficiency of oil production and constitutes the main parameter for determining prospects for 

oil field development [2]. Therefore, a timely and accurate measurement of moisture content in 

crude oil is of great importance for oil production [3]. The measurement of low humidity levels 

in crude oil is important for monitoring characteristics of an oil well and evaluating the 

possibility of its enhanced use [4]. Data on a crude oil dehydration are used for calculation of 

industrial productivity of an oil field as well as economic efficiency of oil production from a 

specific oil well [5]. 

Measurement and control of moisture content in crude oil and petroleum products in real 

time are important in technological processes of oil refining [6]. Results of high-precision 

measurements of moisture content in crude oil can optimize some production parameters during 

crude oil refining and increase tar productivity [2]. Measurement of humidity in crude oil and 
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petroleum products is important for reducing costs during transportation and storage [7]. 

Therefore, the measurement of humidity in crude oil and petroleum products is an urgent 

scientific and practical task. 

Nowadays, many wave methods for measuring the humidity of oil and petroleum products 

using electronic equipment are known [8]. The basic principle of such methods is based on 

Maxwell's laws [9]. The moisture content in crude oil and petroleum products, when interacting 

with radio waves or with an alternating electric current, changes the relative permittivity [10] 

and specific electrical conductivity [9] in oil and petroleum products. Another approach is to 

use ultrasonic waves to measure the moisture content in crude oil [11]. This approach is possible 

due to the fact that the speed of sound in liquids is determined by the state and properties of 

these liquids [12]. Therefore, at different moisture contents in crude oil the speed of ultrasound 

will be different [11]. Another variant of the wave method of measuring the moisture content 

is application of visible optical waves [13]. In [13] a method for measuring the moisture content 

in crude oil is proposed which is based on visualizing the difference of an accumulated array of 

crude oil images in a transparent container as grey digital gradations under nominal lighting 

conditions. This method is characterized by a measurement error of less than 1% with a small 

power consumption of 165 mW [13]. 

Other approaches to humidity measurement in crude oil are based on quantum effects of 

semiconductor materials and require high-cost equipment. Paper [6] proposes a method for 

determining moisture content of crude oil based on the effect of nuclear magnetic resonance. 

Paper [14] proposes a non-contact optical method applying a laser emitter that excites laser-

induced ultrasonic longitudinal waves in crude oil with moisture content, and a laser receiver 

with an adaptive laser interferometer. Both methods have high accuracy in measuring the 

humidity of crude oil. 

Capacitive sensors for measuring moisture content in crude oil and petroleum products are 

the most widespread in industry when various technological processes are being performed 

[15]. This is because they are easy to implement and are low-cost compared to other microwave 

devices for measuring and controlling moisture content in crude oil, such as the microwave 

humidity monitor TMWM, STARCUT [16]. However, capacitive humidity meters have low 

accuracy and sensitivity. Therefore, to increase the accuracy and sensitivity of measuring  

moisture content in crude oil, the following methods of signal processing in capacitive sensors 

have been proposed: a method of cross-correlation of signals using a neural network [10], an 

amplitude method using a double antenna structure of the receiving antenna, and a coaxial linear 

phase method of a moisture content meter [2]. 

The disadvantage of devices for measuring the humidity of oil and petroleum products using 

capacitive sensors is a low accuracy and low sensitivity. Therefore, the aim of this study is to 

develop a new microelectronic device with high sensitivity and accuracy for measuring and 

controlling humidity in crude oil and petroleum products. This device should be low-cost and 

measure and control humidity in the crude oil and petroleum products that are in a stagnant 

state in tanks and in a flow state in a pipeline. The device will be useful in various technological 

processes of extraction, refining, transportation and storage of crude oil and petroleum products. 

2. Choice of measurement method and primary sensor development 

Sensors that convert the level of humidity into amplitude of an electrical signal have a low 

sensitivity [4] and accuracy [9]. The sensitivity and accuracy of amplitude humidity sensors 

can be increased by complicated methods involving computer processing of electrical signals 

measured [3]. Another way to increase the sensitivity of measuring parameters of physical 

quantities is to use generator methods [17] and resonance methods [18]. In [19], it was proposed 

to use the generator method to increase the sensitivity and accuracy of humidity measurement 
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of petroleum products. In [20], we proposed different variants of electrical circuits of measuring 

transducers based on transistor structures with negative differential resistance. A pyroelectric 

was used in [20] to implement the optical measurement method. Results obtained after using 

the optical method for measuring the water content in a two-component water-milk mixture are 

given in [21] and [22]. As follows from [21] and [ 22], the optical method for measuring 

humidity has a lower sensitivity than the generator method. 

Modern devices measure the moisture content of crude oil in the range of 0.0% to 20.00%. 

The values of water mass fraction in crude oil of more than 20% are extremely large, since such 

crude oil is not suitable for technological processes in oil or chemical industries. For industrial 

use, the oil with a water mass fraction of more than 20% must be "dried". Examples of modern 

devices for measuring the moisture content of crude oil using the capacitive measurement 

method are IVN-3003 with a relative error of no more than 3.0% for the humidity measurement 

range of 0.50% ~ 20.00% [23], and FIZEPR-SW100 with a relative error of no more than 5.0% 

for humidity measurement range 0.0% ~ 20.00% [24]. Modern devices measure the moisture 

content of petroleum products in the range from 0% to 100% [24]. This is because different 

petroleum products utilized in industry (fuel oil, engine oil, used engine oil, burnt diesel, etc.) 

have different humidity measurement ranges. An example of a device that uses the optical 

method for measuring the moisture content of petroleum products is RED EYE 2G with a 

relative error of no more than 2.0% for a humidity measurement range of 0.0% ~ 100.00% [25]. 

The WCM 7300M device uses a modified capacitive-differential method that includes the 

measurement of crude oil temperature [26]. WCM 7300M has a relative error of no more than 

1.0% for the crude oil humidity measurement range of 0.0% ~ 25.00% [26]. The LC2 Phase 

Dynamics device uses the generator method for measuring the moisture content of crude oil 

and petroleum products [27]. LC2 Phase Dynamics has a measurement accuracy of ±1% for the 

crude oil humidity span in a range of 0.0% ~ 20.00% [27]. 

Considering the results presented in [21, 22], we decided not to apply the optical 

measurement method. Therefore, we continued the study previously started in [19]. In contrast 

to [19], in this study we propose to use a capacitive cylindrical structure as the capacitive sensor 

to measure a moisture content of crude oil and petroleum products. The proposed capacitive 

cylindrical structure is a system of electrodes, which are made as cylindrical plates of different 

diameters and fixed in a dielectric tube. The design of the humidity-sensitive capacitive 

cylindrical structure with cylindrical electrodes is presented in Fig. 1. 

 

 

Fig. 1. Humidity-sensitive capacitive cylindrical structure with cylindrical electrodes for measuring humidity of 

crude oil and petroleum products: general view (left) and bottom view (right). 1 is the system of electrodes; 2, 3 

are cross-shaped dielectric electrode clamps; 4 is a dielectric tube. The electrode system 1 is firmly connected by 

the cross-shaped dielectric electrodes clamps 2 and 3 that are attached to the dielectric tube 4. The length of the 

electrode system of the humidity-sensitive capacitive cylindrical structure is 40 mm. The outer diameter of the 

dielectric tube is 50 mm. 
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The humidity-sensitive capacitive cylindrical structure with cylindrical electrodes operates 

as follows: when a flow of liquid moves through the dielectric tube, which contains the 

humidity-sensitive capacitive cylindrical structure with cylindrical electrodes, the liquid fills 

the space between electrodes of positive and negative polarity. These electrodes are rigidly 

fixed by the cross-shaped dielectric electrode clamps. This causes a change in the electric 

permittivity, which leads to a change in the capacitance of the cylindrical structure. The 

Odelevsky empirical equation is then applied to estimate permittivity s  of a two-component 

mixture of oil and water [28] 
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where 1  is the permittivity of water; 2  is the permittivity of the oil or petroleum product; s  

is the permittivity of the mixture;   is the volume concentration of water;   is the volume 

concentration of the oil product. 

The volume concentration of a petroleum product is determined by the formula 
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where   is the density of oil or petroleum product [kg∕m3], W is mass humidity [%], 
2H O  is  

the density of water [kg∕m3], calculated by the formula: 
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where 0T  is the temperature that under normal conditions equals 273 °K. The expression for a 

mass humidity W  is 
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Having substituted in equation (1) expressions for volume concentrations of water (3) and 

petroleum product (2), we obtained an equation for determining the electric permittivity of the 

heterogeneous mixture of water and petroleum product for the humidity-sensitive capacitive 

cylindrical structure with cylindrical electrodes: 
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To calculate the capacitance of the humidity-sensitive capacitive cylindrical structure with 

cylindrical electrodes, we obtained the following formula: 
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where 0  is the permittivity of the vacuum [F/m]; l  is the length of the electrode system [m]; 

d  is the electrode thickness [m]; 0 1 2 3 4, , , ,R R R R R  are the radii of the electrodes from the 

smallest one to the largest one [m]. 

Given expression (6), equation (7) is 
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Having applied the "Maple" mathematical modelling package and according to expression 

(8), we developed a program for calculating the change in capacitance of the humidity-sensitive 

capacitive cylindrical structure with cylindrical electrodes caused by the crude oil humidity. 

Fig. 2 presents results of calculation and experimental studies of the change in capacitance 

of the humidity-sensitive capacitive cylindrical structure with cylindrical electrodes caused by 
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the humidity in crude oil of the Turkmen Blend brand in the moisture content range from 0% 

to 20%. 

 

 

Fig. 2. Experimental data points and graph of the calculated curve of the change in capacitance for the humidity-

sensitive capacitive cylindrical structure with cylindrical electrodes from the humidity of crude oil of the 

Turkmen Blend brand. 

3. Development of the device for measurement and control of humidity in crude oil and 

petroleum products 

In [19] we described a system we had developed for measuring and controlling the humidity 

of crude oil and petroleum products. Its block diagram is presented in Fig. 3. 

 

 

Fig. 3. Block diagram of the system for measuring and controlling humidity in crude oil and petroleum 

products [19]. 

The system operates as follows: a change in humidity of the examined liquid leads to a 

change of capacitance in the capacitive cylindrical structure. The change in capacitance causes 

a change in the frequency of oscillations at the output of the frequency-modulated oscillator 
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(FMO) based on the negative differential resistance. Then the analogue signal is digitized and 

the humidity value is displayed on a screen. 

The developed device can be used to measure and store values of humidity in oil and 

petroleum products for a certain time, but also to control an acceptable value of humidity set 

by the executed program. If the acceptable humidity value is exceeded, an alarm device is 

activated and a message is displayed that the crude oil or petroleum product does not correspond 

to the acceptable value (the user sees a "normal" or "abnormal" message on the screen). 

The electrical diagram of the device is shown in [19]. The device consists of an 8-bit 

microprocessor, a quartz oscillator, a power supply, an LCD display. It also contains a thermal 

stabilization system which consists of the first temperature sensor installed together with the 

measuring transducer for controlling the humidity of petroleum products and controlling the 

temperature value within 53 °С ± 0.5 °С. If the temperature becomes less than 52.5 °С, a 

heating element switches on and the measuring transducer of humidity control of oil and 

petroleum products are heated up to 53.5 °С. The second and third temperature sensors are 

installed on the humidity-sensitive capacitive cylindrical structures to allow for the influence 

of temperature, namely, to select a specific conversion function from the list of those prescribed 

in the program at different temperatures.  

The device uses the differential measurement method. One capacitive cylindrical sensor is 

installed in the measuring line with crude oil, and the other capacitive cylindrical sensor is 

installed in the reference line where the oil has zero humidity. In this way, we excluded the 

influence of active external factors on the sensors, except for the influence of crude oil 

humidity. The reference sensor is placed in the oil with zero humidity. We received a reference 

sample of the oil with zero humidity from representatives of the producing company. For each 

other type of oil, a corresponding reference oil sample is required. 

One capacitive cylindrical structure is installed in the measuring line of a pipeline, and the 

other capacitive cylindrical structure is installed in the reference line of a pipeline. Information 

from the measuring transducer controlling the humidity of petroleum products comes (through 

input nodes) to the microcontroller which measures the frequency of analogue signals and 

calculates their difference. The value of the difference in the frequencies of these signals by the 

conversion function (9) stored in the microcontroller memory indicates the percentage of 

moisture in crude oil and petroleum products. The output signal of the measuring transducer 

for controlling the humidity of oil and petroleum products is a frequency-modulated signal. 

This measuring signal has a higher noise immunity to industrial impulse noise of electrical 

equipment used in various technological processes of extraction, transportation and storage of 

crude oil and petroleum products [17, 19]. 

The accuracy of the device is improved by automatic compensation of the systematic error 

[29]. This automatic compensation includes automatic setting of zero before a measurement 

starts, automatic calibration operation (self-calibration), self-monitoring, and reducing the 

impact of random errors by multiple measurements with averaging the results [18, 19]. 

When performing indirect measurements, the microprocessor system [19]: 1) processes 

measurement modes automatically in accordance with a specified program, 2) stores the results 

of direct measurements, 3) performs necessary calculations and displays the physical value 

measured on a display. Although the measurements are indirect, a user perceives them as direct 

ones [17-20]. 

4. Study of metrology characteristics of the device for measurement and control of 

humidity in crude oil and petroleum products 

Fig. 4 shows an approximate conversion function for the measuring transducer. This 

conversion function is the dependence of the generation frequency of the measuring transducer 
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converter based on a transistor structure with negative differential resistance on the moisture 

content. The approximate function is 

 
32 WdWcWbaf +++= , (9) 

where f  is the defined parameter (generation frequency); W is the influence parameter 

(humidity); , , ,a b c d  are approximation coefficients. 

 

 

Fig. 4. Approximate dependence of the conversion function of the measuring transducer with capacitive 

cylindrical structure and cylindrical electrodes for the Turkmen Blend crude oil. 

When the humidity-sensitive capacitive cylindrical structure is utilized, the conversion of 

the non-electric quantity (moisture content of petroleum product) into capacitance causes an 

error TCC  due to a change in the temperature of the test substance. This relative error TCC  

shows a change in the capacitance value as a percentage when the temperature changes by 1 C  
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where TCC  is the relative change in the temperature coefficient of capacitance, T  is the 

change in temperature; C  is the change in the capacitance of the humidity-sensitive sensor 

at T  in farads; C  is the initial capacitance of the humidity-sensitive sensor in farads; T  is 

the possible temperature deviation in the system, in C . 

Thus, for the humidity-sensitive capacitive sensor with cylindrical electrodes, the 

capacitance at 10T C=   is 148 pF, and at 100T C=   it is 154 pF. Therefore. 
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As a result of converting the electrical signal into a frequency-modulated signal, errors 

occur due to the instability of the self-oscillator frequency 1  and fluctuations in the supply 

voltage of the measuring transducer U  and the ambient temperature T . According to 

experimental results, the measurement error being a result of instability of the generator 

frequency is 
5

1 1.355 10 % −=  . 

To determine the error of a change in the generation frequency due to fluctuations in the 

supply voltage U , we estimated a change in the generation frequency for a given change in 

the supply voltage. The electrical circuit of the device utilizes an LM7805 to stabilize the supply 

voltage. When the LM7805 voltage stabilizer is employed, the standard deviation of the supply 

voltage at low currents is 5 mV. It corresponds to the change in the generation frequency of 

290 Hz. Therefore, the error of the supply voltage oscillation is 
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where f  is the frequency deviation from the nominal value at a certain deviation of the supply 

voltage [Hz], 0f  is the carrier frequency [Hz]. 

The error of ambient temperature fluctuations T  is estimated by the formula 
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where Tf  is the generation frequency when the ambient temperature changes. According to 

results of an experiment at the carrier frequency of 2800 kHz, the frequency of 7300 Hz 

corresponds to a change of 1 °C in ambient temperature. When the proposed thermal 

stabilization is applied, a change in the ambient temperature within 0.1 °C is achieved, while 

the output signal frequency changes by 1450 Hz.  

The reliability of measuring the humidity of petroleum products reflects the degree of 

objectivity of the obtained measurement results in comparison with the true value of the 

measured value. Instrumental reliability of the control is 

 1 ,ID  = − −  (12) 

where   is the first-type error;   is the second-type error. 

If the first-type error is present, the oil product humidity is considered not to match 

permissible limits of the value of humidity, although in fact, the oil product meets the 

requirements (risk of the manufacturer). If the second-type error is present, the oil product 

humidity is considered to match permissible limits of the value of humidity, although in fact, 

the oil product does not meet the requirements (risk of the customer). 

In this study, the controlled parameter is the value of humidity of crude oil and petroleum 

products. To calibrate the device, as well as for measuring, we used reference samples of 

Turkmen Blend brand oil, which have a 0% moisture content. Using these reference samples 

of the Turkmen Blend brand oil, we created measuring samples of crude oil with different 

moisture content in a laboratory. To form measuring samples, water-oil emulsions were created 

with the corresponding mass fractions of water according to the method regulated by the 

industry standard GOST 2477-2014 [30]. For example, to create the emulsion with a 10% mass 

fraction of moisture, we mixed 270 g of oil and 30 g of water. We took 100 g of the emulsion 

to determine the mass fraction of water in oil according to the formula X = (V0/m) ∙ 100%, 

where X is the mass fraction of water, V0 is the volume of water (cm3), m is the examined 
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emulsion mass (g) [30]. The volume of the evaporated and cooled water in the receiver-trap 

was 10±0.01 cm3. The density of the water at room temperature is 1 g/cm3. Then the numerical 

value of the water volume in cm3 corresponds to the mass of water in grams. According to this 

method, the moisture content of the reference sample was obtained as 10%±0.01%. We utilized 

the other 200 grams of the emulsion as a reference sample. Having measured with the developed 

device the humidity of the Turkmen Blend oil with the actual value 10%W =  (Fig. 5), we 

plotted a histogram of humidity values for the Turkmen oil and of error probabilities (Fig. 6). 

Here W  and W  are the intervals of oil humidity and the measurement error, WP  and WP  are 

the relative frequencies of oil humidity values and the measurement error values that are within 

the given interval. 

Values of the crude oil humidity and the measurement errors are distributed according to the 

normal law and are described by equations 
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where W , W   are the standard deviations of humidity and the measurement error. 

 

 

Fig. 5. Graphs of measured values of humidity of the Turkmen Blend brand crude oil. 
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(a)                                                                                   (b) 

Fig. 6. Frequency histograms: a) probabilities of values of the Turkmen Blend crude oil humidity, b) 

probabilities of measurement error values. 

The crude oil humidity values and measurement errors being indeed distributed according 

to the normal law was verified using Pearson's test 
2 . Accordingly, the first-type and second-

type errors are determined from equations: 
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where WA and WB are the humidity limits of crude oil. 

We set the limits of oil humidity tolerance to 0.5%, and the deviation from the actual 

humidity value (W = 10%) to WA = 9.5%, WB = 10.5%. Substituting the given values into 

equations (15) and (16), we obtain values α = 0.0283 and β = 0.0126. According to expression 

(12), we obtained the instrumental probability of control DI = 0.9591. 

5. Conclusions 

The study applied the oscillator-based method of measuring and controlling the humidity of 

crude oil and petroleum products. The humidity values of oil and petroleum products are 

converted into the frequency of an electrical signal. This method significantly increases the 

sensitivity and accuracy of measuring the moisture content in crude oil and petroleum products. 

To simplify the electrical circuit of the device, reactive properties of the transistor structure 

with negative differential resistance were utilized. We used the capacitive cylindrical structure 

with cylindrical electrodes of special design as the humidity-sensitive element. 

Static errors of the device for measuring and controlling humidity of crude oil and petroleum 

products were calculated. The reliability of humidity control of oil and petroleum products on 

the first and second type errors was estimated. The result was the value of the control reliability 

DI = 0.9591, which is common for existing means of humidity control. However, the device we 

have developed is much cheaper. 
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