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Abstract. The measure of the water content in the soil is fundamental technical information for some economical activities in agriculture, ecology and engineering, besides the activities in the scientific area, as in physics of the soils. The direct methods, as the gravimetric analysis, are precise, however they are laborious, non punctual, destructive and slow. Therefore, the indirect methods have gained importance. The thermal sensor is little spread and it presents great potential use due to its low cost. The construction of a soil water content sensor implicates in a series of analyses to determine the influence of variant factors in the measurements, such as the soil chemical constitution, the structure, the specific mass, the texture and precision. The objective of the present work is to revise the technology of the construction and to evaluate the precision of the sensor measuring. An algorithm was used to calculate the thermal conductivity of soil cylinders, obtained through simplifications in analytical resolution of the diffusion heat equation on cylindrical coordinates, for a semi-infinite medium, in the direction r, with a heat source in r = 0. The temperature measures in function of time for four kinds of soils, with different soil water content were accomplished in laboratory and the thermal conductivity corresponding to each soil water contents was calculated based on them, constituting the curves and calibration equations for each soil. The comparison of the measures of the water content obtained by the sensor and for the gravimetric analysis presented very close results, considering that the sensor supplies punctual measures and the other methods supply medium measures of soil volumes.
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1. INTRODUCTION

The measure of the soil water content is a technical information for some economical activities in agriculture, ecology and engineering, besides activities in the scientific area, as in physics of the soils. The direct methods as the gravimetric method, are correct, however they are difficult, no punctuate, destructive and slow. Therefore, the indirect methods that one use reflectometria of microwaves won importance, as it is the case of the TDR sensor (Time Domain Reflectometry) and WCR (Water Content Reflectometry), whose calibration was researched by Tommaselli and Bacchi (2001) and Seyfried and Murdorck (2001), among others. The advantage of this type of sensor is the possibility to measure the water content on several points with the same sensor and the disadvantages are the calibration need for each soil type, the influence of salts in the reading and the high cost of the equipment. The thermal sensor have as advantage the easy construction, moderate cost, the portability, the additional reading of the temperature of the soil and the independence of the influence of the salts in the reading of the water content.

The thermal sensor have as operation principle the thermal conductivity variation in function of the soil water content. Shiozawa and Campbell (1990) developed a practical method to calculate the thermal conductivity, that it allows the construction of the calibration curve.

The problem of the general calibration is that a value of water content in the sensor block, doesn't necessarily correspond to the same water content in different soils. The hydraulic balance happens for the competition among the matrics potentials of the block and of the soil, reason for which, researchers like Reece (1996) describe the sensor thermal as instrument to measure the matric potential and no the water content. A value of the matric potential corresponds to different values of water content, if the soils are not identical, as it is easy to verify analyzing the forms of soil-water retention curve. That verification practically forces the accomplishment of calibrations of the sensor for each soil type.

The construction of water soil sensor implicates in a series of analyses to determine the influence of variant factors in the measurements, such as the chemical constitution, the structure, the specific mass, the temperature and the texture of the soil (Campbell et al, 1994). The purpose of this paper is to revise the technology of the thermal sensor construction, and to evaluate its precision.

2. MATERIALS AND METHODS

The sensor operation principle has as base the hypothesis that the porous block and the soil enter in hydraulic balance and the amount of present water in the sensor is related with to the amount of present water in the soil. The thermal properties of the block (diffusivity, conductivity and mass and specific heat) vary in agreement with the amount of present water. Therefore, measuring some of these properties accurately and associating it to the present soil water, an indirect measure of the soil water content.

The thermal sensor consists of a porous cylinder, equipped with two electronic devices: an electric resistance of 2,2 ohms in the central axis; a temperature sensor type LM35 set less than 0,001 m of the resistance, as show  Fig. 1. The resistance is linked to an electric source of energy, with tension of 2,2 V, what produces a heat flow of 2,2 W. The sensor is connected on a data acquisition system with plates analogic/digital that makes the reading of the temperature in function of the time.
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Figure 1 . Thermal sensor. F= heat source; ST= Temperature sensor; h=0,04m and R=0,01m.

The curves of temperature by time were obtained, for (t = 10 s, for soils with different water content, in the interval among the residual and saturated soil, whose data of water content and conductivity were used to set the calibration curve. These procedures were made for four types of soils, whose constitution is shown by Tab. 1.

Table 1. Composition of the soils
	Soils
	% Clay
	% Sand
	% Silte

	Soil A
	53,5
	8,6
	37,9

	Soil B
	51,5
	9
	39,5

	Soil C
	30
	29
	41

	Soil D
	19,5
	32,4
	48,1


The soil water content of the samples (cylinders r = 0,1 m and h = 0,1m) it was obtained by the gravimetric method. The mass was measured with an analytical scale of precision 0,01 g. The diameter and height of the soil cylinders were measured with paquimeter.
3. CALCULATION OF THE THERMAL CONDUCTIVITY
An algorithm proposed by Shiozawa and Campbell (1990) was used to calculate the sensor thermal conductivity, using data of the temperature variation in function of the time. The algorithm was obtained through of the analytical resolution of the well known heat conduction equation for a semi-infinite medium, in the radial direction, with a heat source in r = 0. The complete solution involves the thermal diffusivity and conductivity, what doesn't make possible the calculation of the inverse problem to determine one of these properties using experimental data. Analyzing a specific case, for very near points of the source (r < 0,001 m), it was verified that the exponent of an exponential function, given by Eq. (6) tends to zero, annulling the term that involves the difusividade.
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(1)

where r1 is the distance between the heat source and the temperature sensor (m), 

    ( is the thermal difusividade (m2/s) and

    t is the time.

The equation that relates the temperature variation and time is dependent only of the thermal conductivity and has the form given by Eq. (2).
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where T is the final temperature (oC)

 To is the initial temperature (oC)  

 q is the flow generated by the heat source (W/m)

 k is the thermal conductivity (W/mºC)  

 t and to are the times present and initial, respectively (dimensonless).

The condition t > to  in Eq. (2) it is an artifice to neglect the initial instants, to avoid negative logarithms, what would result k <0. The calculation of the thermal conductivity was made considering that the temperature variation is a linear function of x(t)=ln(t+to), as it can be observed in Eq. (2). Setting the experimental data (T(t)  in function of x(t), by the Method of Least Squares, it is obtained the slope S of the straight line

 (T(t)=S x(t) +b, 










(3)

where S and b are the slope and lineal coefficient, obtained by setting.

Comparing Eqs. (2) and (3), an expression is had for S, that solved for k, gives the expression for the calculation of the thermal conductivity. The Eq. (4) was used to calculate the soil thermal conductivity for four soil types, whose results are presented in Fig 2.
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Figure 2 . Dimension thermal conductivity for each soil type.

4. CALIBRATION CURVES

The calibration curves were obtained applying the algorithm described above for the experimental data for each soil type at six water content, as shows the Fig. 2. To use the sensor with the data of Fig. 2 are necessary to develop a calibration curve for each soil type, because even being dimensionless, the curves have a sensitive difference, as show the Fig. 3. The dimensionless proposed by Eq. 5, it is a resource to work in a standardized interval.
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where k* it is the dimensionless thermal conductivity (W/mK),  

  kr is the thermal conductivity for dry soil (W/mK) and  

  ks is the thermal conductivity for saturated soil (W/mK).
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Figure 3. Dimensionless calibration curves. o = experimental;           set by Eq. (6).

The conductivity data k* in function of the water content were set to obtain an analytical expression for each calibration curve, using logarithmic, exponential and power functions. The power function (Eq. 6) presented the best correlation coefficients. The Tab. 2 show the values of the parameters and the respective correlation coefficients obtained for each soil type.
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where a  and b are set parameters and   

    (  is the dimensionless water content, given by the equation   
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where (  s the dimensional water content  (m3/m3),  

  (r  is the tenor of water of the dry soil  (m3/m3) and   

  (s  is the tenor of water of the saturated soil  (m3/m3).  

Table 2. Calibration curves parameters for the different soil types.

	Solo
	a
	b
	R2

	A
	1
	0,38
	0,9994

	B
	1
	 0,44
	0,9989

	C
	1
	 0,62
	0,9991

	D
	1
	0,72
	0,9983


5. MEASURE OF THE WATER CONTENT AND SENSOR PRECISION

To measure of the water content using thermal sensor is necessary to know the soil dry and saturated thermal conductivity. The measure is made installing the sensor in the soil and leaving in rest during one hour, so that the porous cylinder enters in hydraulic balance with the soil. Starting the heat source, the temperature variations are collected, by a thermal sensor. With those data is made the calculation of the thermal conductivity, using the algorithm composed by the sequence of Eqs. (2 to 4). The water content is calculated by Eq. (8).
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where kc is the thermal conductivity.

The Table 3 shows the measures realized by the thermal sensor, compared with the measures of the same soil accomplished by the gravimetric method. It is observed that 93% of the measures are in the interval of two standard deviations around the measure of the gravimetric method, and 87,5% for one, considering the standard deviation for each type of soil. The largest deviation for all soils was ((=0,099 (soil B). The largest per cents differences are related for dry soils. However, it is important to observe that the gravimetric method measures the average water content of the whole sample (soil cylinder) and the sensor makes a located measure, and than the error can be less than the stander deviation shown.

Table 3 . Analysis of the measure error

	Soil
	Water content(cm3/cm3)
	Difference

S-G
	Per cent difference
	Double Standard Deviation

	
	Sensor

S
	Gravimetric

G
	
	
	

	A
	0,1590
	0,1964
	0,0374
	19,04
	0,1382

	
	0,5568
	0,4107
	-0,1460
	35,57
	

	
	0,6090
	0,6071
	-0,0018
	0,312
	

	
	0,8339
	0,8214
	-0,0124
	1,521
	

	B
	0,0844    
	0,2000    
	0,1156    
	57,80
	0,1999



	
	0,3617    
	0,4182    
	0,0564    
	13,51
	

	
	0,6131    
	0,6182    
	0,0051    
	0,82
	

	
	0,7690
	0,8364
	0,0674
	8,06
	

	C
	0,2245    
	0,2556    
	-0,0311    
	12,17
	0,0719



	
	0,4694    
	0,4387    
	0,0307
	7,00
	

	
	0,6939    
	0,6977    
	-0,0039    
	0,54
	

	
	0,9388
	0,9206
	0,0182
	1,98
	

	D
	0,2444    
	0,2801    
	-0,0357   
	12,75
	0,0968



	
	0,5111    
	0,5497    
	0,0386    
	7,02
	

	
	0,7556    
	0,7335    
	0,0221    
	3,01
	

	
	0,8889
	0,8667    
	0,0221
	2,56
	


6. CONCLUSIONS
The measure of water content using the thermal sensor it still demands previous knowledge of the soil (soil dry and saturated thermal conductivit). This demand is not a problem for monitored soils, of laboratory or field, where the sensor is installed permanently in the same soil.

The error of measure water content depends strongly on the data used to do setting of the calibration curve. One of the error sources is the method of installation of the sensor, because small empty spaces can cause big differences in the heat transfer and consequently in the calculation of the thermal conductivity.

The method still needs improvements for measure soil water content of dry soils. However, the present dates are related whith gravimetric method, whose measures the average water content of the whole sample (soil cylinder) and the sensor makes a located measure.
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