Measurements of the density, speed of sound and viscosity of geothermal fluids from South Russia (Dagestan)
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One of the key factors when planning the exploitation of geothermal resources is the availability of reliable data on thermodynamic and transport properties of geothermal brines. Accurate thermal properties of geothermal brines are a prerequisite for modeling geothermal reservoirs and fundamental to understanding the various physical and chemical processes occurring in the natural environment. The geothermal fluids are the largest reservoir of aqueous electrolyte solutions - NaCl, KCl, CaCl2, MgCl2, etc. To understand and control those processes which used geothermal fluids, it is necessary to know their thermodynamic and transport properties, particularly density and viscosity as a function of temperature. If the PVTx properties of the geothermal fluid are known, the energy properties may be readily calculated. The available PVTx properties of geothermal fluids are not sufficient to meet the needs of the geothermal industry for complex solutions such as those found in geothermal reservoirs. Prediction flow parameters for a production well is of central interest for the use of geothermal energy. 
Density, speed of sound, and viscosity of natural geothermal fluids have been measured over the temperature range from (278 to 333) K and at atmospheric pressure. The measurements were made using the Anton Paar DMA4500 densimeter, Stabinger SVM3000 viscometer, and DSA 5000 M. The measurements were made for two geothermal fluid samples from the hot-wells (No.4 and No.5) of south Russia (Dagestan, Caspian seashore). The combined expanded uncertainty of the density, viscosity, speed of sound, and temperature measurements at the 95 % confidence level with a coverage factor of k = 2 is estimated to be 0.0005 % (for DMA4500) and 0.02 % (for SVM3000), 0.10 %, and 0.01 K (DMA4500) and 0.005 K (SVM3000), and 0.1 m·s-1, respectively. Measured values of viscosity were used to develop theoretically based Arrhenius-Andrade type viscosity model, which reproduced the measured values of viscosity within 0.9 % to 1.7 %. The measured densities and viscosities were compared with the values for geothermal brine models (binary and ternary aqueous salt solutions, synthetic brines). These data needed to properly estimate the likelihood of scaling and/or corrosion developing within the wells and surface installations, and to predict the commercial lifetime of the exploitation project.
Density measurements
The geothermal brine samples were collected at about 59 0C, filtered to remove suspended solids. Density of the geothermal fluid samples was measured with the Anton Paar DMA4500 commercial vibrating-tube densimeter (VTD).
The working principle of an oscillation-type densimeter is based on the law of harmonic oscillation, in which a U-tube is completely filled with the sample under study and subjected to an electromagnetic force. The measurement of the frequency and duration of vibration of the tube filled with the sample, allows the determination of the density of the sample. This measuring principle is based on the Mass-Spring Model. The measuring cell consists of an oscillator formed by hallow U-shaped tube made from glass or metal (see Figure). This type VTD has been successfully used previously in our earlier publications to accurate measure of the density of various fluids (ionic liquids, hydrocarbons, and their mixtures with alcohols [1, 2].
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Measuring cell of the oscillation-type densimeter. 1- tube; 2 - frequency
oscillator; 3 - magnet; 4 - coil; 5 - amplifier; 6 - evaluation; 7- display.
Viscosity measurements
The dynamic viscosity of the geothermal brines at atmospheric pressure were measured with an automated SVM 3000 Anton Paar rotational Stabinger viscometer-densimeter with a coaxial cylinder geometry. Viscometer simultaneously measures the dynamic viscosity and density of liquids according to ASTM D7042. According to the manufacturer, the technique allows simultaneously density, dynamic and kinematic viscosity measurements over the range (217 to 378) K, and in the viscosity range of 0.2 mPa(s to 20 Pa(s. The viscometer is based on a modified Couette principle with a rapidly rotating outer cylinder (tube) and an inner measuring bob which rotates more slowly. The outer cylinder (tube) is driven by a motor at a constant and known rotational speed. The low density hollow inner cylinder (rotor) is held in the axis of rotation by the centrifugal forces of the higher density sample and its longitudinal position by the magnet and the soft iron ring. Consequently the system works free of bearing friction as found in rotational viscometers. A rotating permanent magnet in the inner cylinder induces an eddy current field in the surrounding copper casing with an exact peed-dependent brake torque. The eddy current torque is measured with extremely high resolution. Combined with the integrated thermoelectric thermostatting, this ensures unparalleled precision The rotating fluid's shear forces drive the rotor, while a magnet inside the rotor forms an eddy current brake with the surrounding copper housing.
Speed of sound measurements
The speed of sound of the geothermal brines at atmospheric pressure was measured with DSA 5000 M Anton Paar instrument. DSA 5000 M simultaneously determines the density of the sample. The density and speed of sound measuring ranges are from (0 to 3000) kg(m-3 and from (1000 to 2000) m(s-1, respectively. The uncertainties of the density and speed of sound measurements are 0.001 kg(m-3 and 0.1 m(s-1, respectively. The two-in-one instrument is equipped with a density cell and a sound velocity cell thus combining the proven Anton Paar oscillating U-tube method (see above) with a highly accurate measurement of sound velocity. Both cells are temperature-controlled by a built-in Peltier thermostat. A receiver on the other side introduces the sample into the sound velocity-measuring cell that is bordered by an ultrasonic transmitter on the one side. The transmitter sends sound waves of a known period through the sample. The speed of sound can be calculated by determining of the period of received sound waves and by considering the distance between the transmitter and receiver 
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where L is the original path length of the sound waves;  
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 is the temperature deviation to 293 K; P is the oscillation period of the received sound waves; 
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is the apparatus constant for sound velocity; 
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is the correction term for temperature.
Results and Discussion
The experimental density and viscosity results are presented in Table as a projection in the (-T and η-T planes together with pure water values calculated from IAPWS formulations for the density [3] and viscosity [4]. The temperature behavior of measured density, (-T curves, shows some curvature, just as observed for pure water behavior [3]. The difference between the present measured geothermal fluids densities and pure water values are within 0.2 %, which is considerable higher than their experimental uncertainty (see above). We have compared the present density and viscosity data with the values reported by other researchers for aqueous salt solutions and synthetic brines consisting of salt solutions. In general, the qualitative behavior of the present density and viscosity data for the geothermal brines and reported data for the binary aqueous salt solutions is the same and very close each other. The present density and speed of sound measurements were used to calculate other thermodynamic properties of the geothermal fluid samples.
Experimental values of density, viscosity, and temperature of geothermal

 fluids at atmospheric pressurec. Kayakent (No.4) and (No. 5) (South Russia)
(No. 4) Dagestan
	  T (K)
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  (kg(m-3)
	T (K)
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  (kg(m-3)
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 (mPa(s)
	T (K)
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 (m(s-1)

	278.17
	1001.2
	278.15
	1001.8
	1.5025
	278.15
	1428.88

	283.15
	1000.9
	283.15
	1001.1
	1.2955
	283.15
	1449.45

	293.14
	999.41
	293.15
	999.20
	0.9929
	293.15
	1484.03

	303.13
	996.82
	303.15
	996.00
	0.8124
	303.15
	1510.57

	313.15
	993.37
	313.15
	992.40
	0.6719
	313.15
	1530.24

	323.16
	987.91
	323.15
	988.30
	0.5653
	323.15
	1543.97

	
	
	
	
	
	333.15
	1552.50

	
	
	
	
	
	343.15
	1556.44


(No. 5) Dagestan
	  T (K)
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 (kg(m-3)
	T (K)
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  (kg(m-3)
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 (mPa(s)
	T (K)
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 (m(s-1)

	278.15
	1001.64
	278.15
	1002.60
	1.5652
	278.14
	1429.65

	283.16
	1001.34
	283.15
	1002.00
	1.3659
	283.11
	1450.70

	293.16
	999.80
	293.15
	999.90
	1.1113
	293.09
	1485.35

	303.12
	997.23
	303.15
	996.70
	0.8739
	303.15
	1511.19

	313.13
	993.77
	313.15
	993.73
	0.7182
	313.15
	1530.85

	323.14
	989.53
	323.15
	989.54
	0.5934
	323.15
	1544.55

	
	
	333.15
	984.81
	0.4959
	328.15
	1549.43

	
	
	
	
	
	333.15
	1553.06
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