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ABSTRACT 

The energy content of geothermal water flow is determined by the chemical and physical water properties and the special flow 

conditions on site, like mass flux, temperature and pressure. For dimensioning geothermal power plants and/or district heat systems, 

energy content of the brine is the most important parameter. Flow rate, temperature and pressure measurements are common but 

determination of thermodynamic water properties at power plant operating conditions is often uncertain. High amounts of dissolved 

minerals and gases influence the water properties significantly. Sample taking of geothermal water and measuring of the physical 

properties in the laboratory tends to lead to big errors if temperature and pressure level cannot be kept constant. Gasification and/or 

precipitation of minerals might occur which change the fluid properties substantially.  

Against this background a measuring technique was developed and installed which allows for identifying the main thermodynamic 

properties of the brine on site in a bypass line of the pipe system. The mobile configuration consists of a flow calorimeter for 

isobaric heat capacity determination, a capillary viscometer for kinematic viscosity ascertainment, and a density measuring device. 

All components are our own developments and are tested for water and aqueous salt solutions. The accuracy of heat capacity 

measuring technique amounts to less than 1 per cent based on literature data, the uncertainty of the kinematic viscosity 

measurements is within a range of 1-2 per cent. All measuring units operate in a temperature range of 0-170°C and pressures up to 

30 bar. In addition to our own developments a commercial measuring technique for thermal conductivity determination is 

appended.  

Heat capacity, kinematic and dynamic viscosity, density and thermal conductivity of geothermal fluids can now be determined at 

geothermal sites as either single point measurement under stationary operating conditions or as multi-point measurement at 

different temperatures and/or pressures. Detailed knowledge of these fluid properties will serve for a better dimensioning of power 

plant components, e.g. heat exchangers. 

1. INTRODUCTION 

The economic efficiency of geothermal power plants depends on many factors of influence. Dominating part are the high costs for 

drilling, which amount to more than 50% of the total project costs, Finger and Blankenship (2010). For this high efficiency of the 

power plant is required which means low investment and operating costs and high output of electricity and/or heat. Both aspects are 

related to the energy content of the geothermal water flow which is determined by mass flow, specific heat capacity and water 

temperature. Imprecise knowledge of geothermal water properties, e.g. isobaric heat capacity, leads to inexact knowledge of 

geothermal water heat content and thus to inexact knowledge of heat input to geothermal power plants. Gross and net energy output 

of the power cycle depends on heat input and thus on heat content of geothermal water flow. For instance if heat input from 

geothermal water decreases, gross and net energy output of the power cycle similarly decrease. This finding results from 

calculations with the thermodynamic in-house computer code GESI which allows for efficiency analysis of Organic Rankine 

Cycles (ORC), Vetter, et al. (2013). Isobaric heat capacity of geothermal water for example, differs from pure water data as a result 

of mineralization and gas content. Dissolved salt components and gases lead to decreasing heat capacity, as discovered by 

Thurmond and Brass (1988), Smith-Magowan and Wood (1981) and Hnědkovský, et al. (2002) on binary mixtures of water and 

sodium chloride. The same effect can be discovered at aqueous solutions of calcium chloride and magnesium chloride as reported 

by Perron, et al. (1981). The influence of dissolved gases on heat capacity of water is calculated with the computer program 

REFPROP, Lemmon, et al. (2010) which uses the NIST database. Due to the fact that CO2 is, besides N2 and CH4, the main gas 

component in geothermal water, Schröder, et al. (2007), a binary mixture of water and CO2 was regarded. A significant reduction of 

heat capacity in the order of 5% occurs at gas concentrations of mCO2/mwater = 0.1.  

Besides determining the heat balance of the power cycle, physical fluid properties influence heat transfer within heat exchangers. 

Heat transfer from geothermal water to the power cycle working fluid within the heat exchanger is determined by heat capacity, 

kinematic viscosity, density and thermal conductivity of both geothermal water and working fluid. Therefore inaccurate data of 

isobaric heat capacity can lead to a wrong heat exchanger size. Consequently, heat exchangers that are designed based on pure 

water data would have an unnecessarily large heat transfer area. For example, calculations with heat exchanger programs, Schröder, 

et al. (2014) show that a reduction of water heat capacity of 15% leads to reduction of required heat transfer area of 30%.  

Kinematic viscosity and density are of minor influence on the heat transfer area if the water flow within the heat exchanger is 

laminar. The dependence of kinematic viscosity on mineralisation is reported in Kestin, et al. (1981a), Kestin, et al. (1981b) and Xu 

and Pruess (2001). Their studies on aqueous sodium chloride solutions show, that kinematic viscosity increases with increasing salt 

content and decreases with rising temperature. Xu and Pruess (2001) investigated as well the influence of sodium chloride on fluid 

density. They showed that salt components enhance fluid density. In order to estimate the influence of dissolved gases on water 



Schröder et al. 

 2 

density, calculations with binary mixtures of water and carbon dioxide (CO2) were made using REFPROP, Lemmon, et al. (2010). 

The results indicate that increasing gas content leads to decreasing fluid density.  

Besides heat capacity, heat conductivity of the brine influences heat exchanger area to a large amount. Reduction of heat 

conductivity of 10% resulting from water mineralization leads to enhancement of heat transfer area of 4% as calculated with heat 

exchanger programs, Schröder, et al. (2014). The dependence of heat conductivity of pure water and seawater on mineralization 

was investigated by Sharqawy (2013). He showed that heat conductivity of seawater decreases with increasing mineral content and 

increases with rising temperature. 

Against the background of dimensioning geothermal power plants, in particular heat exchangers, knowledge of isobaric heat 

capacity and heat conductivity is essential. In order to determine these physical properties of geothermal water, measuring 

instruments were built and installed in a mobile setup for performing measurements at geothermal sites under operational 

conditions. Initial measurement results of specific heat capacity, kinematic viscosity and density of both water and sodium chloride 

solutions are presented in this paper.  

2. INSTRUMENTS OF MEASURE 

A test facility is constructed which contains three different measuring instruments for the determination of isobaric heat capacity, 

kinematic viscosity and density of geothermal fluids. The test facility is constructed as a mobile setup which can be connected to 

the pipe system of geothermal power plants. The instruments will be used alternatively and temperature and pressure are controlled 

and kept constant within this setup. Heat conductivity of geothermal water is measured by a commercial instrument (Lambda 1, F5 

Technology). This instrument is an offline device but can be filled with geothermal water under in situ pressure and temperature 

conditions. Measurement results provided by this instrument are not presented within this article. The measuring instruments for 

isobaric heat capacity, kinematic viscosity and density were tested in the laboratory and are described below. 

2.1 Calorimeter 

The flow calorimeter consists of a tube which has an inner diameter of 16 mm and a tube length of 735 mm. It is made of PEEK 

(polyetheretherketone), a low heat conducting material with a high chemical and mechanical resistance. Inside of the tube, two 

probe heads are installed one at the tube inlet and one at the tube outlet. The inlet probe head consists of a static mixer, four 0.5 

mm, NiCr/Ni thermocouples which are distributed radially and an electric heating rod. The length of the rod amounts to 700 mm 

and is divided into a cold and a hot part. The outlet probe head is configured in the same way as the inlet probe except the heating 

rod. The hot part of the heating rod at the inlet probe head is 200 mm long and has an outer diameter of 2 mm. The inner wire of the 

hot part consists of nickel chromium alloy (80/20) whereas the cold part is made of nickel. Both parts of the wire are surrounded by 

a nicrofer 1.4550 mantle. The rod is installed in the way so that the hot part is located between the thermocouples of both the inlet 

probe head and the outlet probe head. The PEEK tube is surrounded by a metal tube and the gap between the PEEK tube and the 

metal tube is evacuated. Additionally insulating material is surrounding the metal tube. This arrangement allows for reducing heat 

loss. The fluid enters the PEEK tube at the inlet and passes the static mixer which homogenizes the fluid thermally before it passes 

the thermocouples of the inlet probe head. Here the entrance temperature of the fluid is recorded by the four thermocouples. If the 

mixer works well no radial temperature fluctuations can be detected. Further downstream the fluid is heated by a constant heat flux 

which is emitted from the hot part of the electric heating rod. As a result of this heat supply the fluid temperature rises. After 

homogenization by the static mixer of the outlet probe head the fluid temperature is measured by the four outlet thermocouples. The 

isobaric heat capacity can now be calculated using following equation: 
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Where m is the mass flux of the fluid which passes the calorimeter, T is the temperature difference which occurs between the 

inlet and outlet probe heads and Q is the heating power of the rod which is released between the probe heads. The accuracy of the 

method strongly depends on the accuracy of the power and the mass flux determination. The mass flux is measured by collecting 

the fluid on a balance (Sartorius, LP34000P) downstream of the calorimeter as function of time. More difficulties arise in the 

determination of the heating power. Both parts of the heating rod, the hot and the cold part, have electrical resistances which cause 

heat release. Only the heat released from the rod part which is located between the probe heads is relevant. The heating power of 

this part is calculated by estimating the electrical resistance from the rod materials and the rod dimensions. For each heating period 

the electrical current is measured. The heating power is then calculated as follows: 

  2IRQ         (2) 

Where R is the electrical resistance of the heating rod part which is located between the inlet and outlet thermocouples and I 

represents the electrical current which is measured at the rod´s circuit points. The power supply of the heating rod is a direct current 

voltage unit (Peak Tech L535). The electrical resistance of the heating rod depends on temperature therefore a 0.5 mm NiCr/Ni 

thermocouple is attached at the rod´s hot end. The measured rod temperature is used to calculate the electrical resistance. 

2.2 Viscometer 

The kinematic viscosity of the fluid is analyzed by a circular, capillary tube. The mass flux of a fluid in a circular tube depends on 

the pressure drop between the tube inlet and the tube outlet. Assuming that the fluid flow is laminar the relationship between mass 

flux and pressure drop is characterized by the Poiseuille equation as follows: 
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Here  describes the kinematic viscosity, p is the measured pressure difference between two control points, d the inner diameter 

of the capillary, m is the mass flux of the fluid and l corresponds to the length of the capillary, i.e. the distance of the two pressure 

control points. To ensure that the flow within the capillary is laminar, the Reynolds number has to be checked whether it is below 

2300. The Reynolds number is calculated as follows: 

 




d

m4
Re       (4) 

As shown from equation (4) the fluid density  and the kinematic viscosity are required. In the beginning these values are 

unknown. They have to be estimated for example by water data in the dedicated temperature and pressure range. The Reynolds 

number determines the upper limit of the mass flux. After measuring of kinematic viscosity and density, the mass flux has to be 

checked whether the flow condition was laminar. If not, the measurements have to be repeated with a lower mass flux.   

The capillary tube is made of alloy 1.4571 and has an inner diameter of 4 mm. The total length of the capillary amounts to 1400 

mm at which the first 501 mm are the inlet zone (lein in Figure 1) where the typical velocity profile of the Poisseuille flow is not 

fully developed. After the inlet zone the first pressure control point is located. The second one is 801 mm further downstream. Both 

control points are connected to a differential pressure manometer (Endress+Hauser PMD75), called PDI in Figure 1, which has an 

accuracy of 10-3 mbar. The capillary is aligned horizontal in order to avoid hydrostatic pressure differences and is surrounded by an 

electric heater and an insulation of 120 mm thickness to compensate for heat loss. Several thermocouples allow for controlling the 

temperature along the tube length which is kept constant by the electric heater. The mass flux is measured in the same way as it is 

described in section 2.1. The measurements are run as follows: First the capillary is filled with geothermal water at in-situ pressure 

and temperature. A constant mass flow is adjusted by the pressure retention valve V-12, shown in Figure 1. The heater of the 

capillary is switched on and controlled in order to keep the fluid temperature constant along the tube. Then the pressure difference 

is recorded, as well as the fluid temperature distribution along the tube and the entrance pressure (P1in Figure 1) for 5 to 15 

minutes. The mass flux is determined by the continuous recording of the balance signal. Afterwards the fluid flow is interrupted by 

closing valve V-11 and the pressure difference is again recorded in order to detect the instrument offset. The difference of both, the 

PDI-signal at flow and at non-flow condition determines the effective pressure difference p which is required in equation (3). 

2.3 Density Measuring Instrument 

Due to the elevated fluid temperature one can hardly find an instrument which allows for the density determination of the saliferous 

and gaseous thermal water. Therefore an easy discontinuous measuring principle was chosen. A small pressure tank (called 

densimeter in Figure 1) with two tank inlets is installed in the mobile test facility, described in section 2.4. At both tank inlets, two 

blocking valves are fixed. The tank consist of stainless steel 1.4401 and can be filled with geothermal water under in-situ 

temperature and pressure conditions by connecting the mobile test plant to the geothermal pipe system. A thermocouple inside of 

the tank allows for temperature control. The pressure is measured at the tank entrance, P1 in Figure 1. The tank volume and the tank 

mass are well known. They amount to m=6846 g and V=1031 ml at 20°C. In addition, the tank is surrounded by an electric heater 

and an insulation which compensate for heat loss. After filling the tank with geothermal water and/or test fluids, in- and outlet 

valves are closed. The tank now contains a well-defined fluid volume. After removing the tank from the pipe system its mass is 

detected by weighting. The fluid density corresponds to the fluid mass per tank volume at the dedicated temperature and pressure. 

At higher fluid temperatures the tank is heated in order to keep the fluid temperature constant during filling and weighting. The 

volume of the steel tank changes with temperature due to the thermal expansion of the tank material. The change of tank volume as 

function of temperature is calculated by taking a coefficient of expansion of 17.5∙10-6 K-1 into account.  

2.4 Mobile Test Facility 

The measuring instruments, described above, are all installed in a mobile setup and connected by metal pipes. A scheme of the 

setup is shown in Figure 1.  

The left part of Figure 1 (borehole simulation) is the stationary test section which remains in the laboratory. It is necessary to 

simulate the temperature and pressure conditions of geothermal water in the pipe system of geothermal power plants in the 

laboratory. Its main components are the fluid tank, the high pressure piston pump (Pu, Leva EK/2) and an oil bath heater (H). The 

sample fluid is filled into the tank. The fluid pressure is adjusted by the piston pump and the oil bath heater allows for 

measurements up to 170°C fluid temperature.  

The mobile setup starts at valve V-1. If the measurements are made on site, a heated compression-proof flexible tube connects V-1 

to the geothermal power plant pipe system. Entrance temperature and pressure of the mobile setup (TI 28 and P1) correspond to the 

fluid conditions in the geothermal power plant. They are controlled and kept constant by the heaters which are wrapped around the 

connecting pipes of the mobile setup. Fluid density can be measured by filling the densimeter with hot thermal water under 

pressure. If the valves V-3, V-4 and V-5 are closed the densimeter can be removed from the test plant for weighting. The 

determination of isobaric heat capacity and kinematic viscosity is performed alternatively by opening and closing valves V-6 and 

V-7. After passing the calorimeter or the viscometer the fluid is cooled to room temperature in the cooler K. With the help of a 

coriolis mass flow detector (F, Wagner, Mini Cori-Flow) the fluid mass flux can be measured in the high pressure part of the test 

facility where release of dissolved gases is suppressed. The system pressure is reduced by valve V-12 (Tescom, Serie 26-1700) and 

the fluid can be collected in a tank which is placed on a balance (Sartorius, LP34000P). The balance signal, i.e. the change of fluid 

mass by time, is recorded on a computer and allows for mass flux determination of the liquid fluid phase.  
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 Figure 1: Connection scheme of the mobile measuring unit. Left part represents the borehole simulation devices which are 

necessary to test the mobile setup in the laboratory.  

 

3. RESULTS 

In order to test the measuring instruments, experiments with deionized and degassed water were made for different temperatures 

and pressures. Pressure and temperature were both measured at the entrance of each instrument. Literature data for isobaric heat 

capacity, kinematic viscosity and density are provided for comparison. Further, measurements of aqueous sodium chloride solutions 

are made. For this several solutions with different salt concentrations are mixed prior to the experiments. Aqueous sodium chloride 

solutions are chosen because a lot of literature data is available especially for isobaric heat capacity. Salt solutions are very 

corrosive particularly at temperature above 100°C. Therefore the instruments can be tested for their chemical resistance. 

3.1 Isobaric Heat Capacity Measurements 

3.1.1 Water Experiments 

The measurements were run in the laboratory where the pressure and temperature conditions of a borehole were simulated, Figure 

1. The entrance parameters of the fluid into the mobile setup like fluid pressure and fluid temperature were adjusted by the pressure 

piston pump (Pu) and the preheater (H), as shown in Figure 1. Both parameters were measured by the pressure sensor (P1) and the 

thermocouple (TI 28). For every preset fluid temperature controlled by (TI28), the heat capacity measurements were made several 

times at different power settings of the heating rod. This allows for testing, whether heating power and thus induced heat losses 

have an influence on the measurements. The standard deviation of the data was below 1% of the arithmetic mean. This error is 

shown in Figure 2 as vertical bars. The arithmetic means of the measurements are given as black dots in Figure 2 for different fluid 

entrance temperatures, measured by TI 28 (shown in Figure 1). Additionally values of the NIST database, Lemmon, et al. (2010), 

are added as continuous line. As shown from Figure 2, the relative error is around 1% based on the reference data. This accuracy is 

within the measuring error as reported in Picker, et al. (1971), Perron, et al. (1975) and Desnoyers, et al. (1976) who as well made 

experiments with flow calorimeters.  

 

Figure 2: Isobaric heat capacity of deionized and degassed water at 26 bar and different temperatures. The solid line marks 

values of the NIST database, Lemmon, et al. (2010). 
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3.1.2 Aqueous Sodium Chloride Solutions 

Heat capacity of aqueous sodium chloride solutions can be found in literature, e.g. in Thurmond and Brass (1988), Smith-Magowan 

and Wood (1981), Hnědkovský, et al. (2002), Picker, et al. (1971), Perron, et al. (1975) and Desnoyers, et al. (1976) for different 

temperatures and pressures. Many efforts on modelling heat capacity of salt solutions are made, e.g. in Archer (1992), Driesner 

(2007) and Gates, et al. (1987) but all of them need accurate information on the salt composition and concentration. Unfortunately 

multi component fluids are hardly modeled and only few data is available for aqueous solutions which contain different kinds of 

ions such as sodium, calcium, sulfate and carbonate. Based on well-known data of sodium chloride solutions the flow calorimeter is 

tested for its accuracy. For these measurements different salt concentrations, temperatures and pressures are adjusted, related to 

available reference data. The experimental results are shown in Figure 3. Reference data are taken from Smith-Magowan and Wood 

(1981), Sharqawy, et al. (2010), Hnědkovský, et al. (2002) and VDI-Wärmeatlas (2006).   

 

Figure 3: Isobaric heat capacity of aqueous sodium chloride solutions at different concentrations, temperatures and 

pressures. Corresponding literature data are taken from Smith-Magowan and Wood (1981), Sharqawy, et al. (2010), 

Hnědkovský, et al. (2002) and VDI-Wärmeatlas (2006).   

As shown in Figure 3, increasing salt content leads to a significant decrease of heat capacity. Power plant dimensioning based on 

pure water data leads therefore to oversized power plant components, i.e. heat exchangers and thus to higher investment costs, as 

already mentioned before. The relative error between measured and reference data is within the error range of the water 

experiments and amounts to 1% of the reference data. Corrosion problems occurred at the heating rod, but could be eliminated by 

covering the heater with a thin, highly corrosion resistant metal capillary. Scaling could be removed by taking the probe heads out 

of the tube and cleaning. These salt experiments show that the flow calorimeter is suitable for being deployed under the rough 

conditions at geothermal sites and that the accuracy is within a range provided by other scientists, e.g. Thurmond and Brass (1988) 

and Sharqawy, et al. (2010).   

3.2 Kinematic Viscosity Measurements 

Dynamic and kinematic viscosities also influence geothermal power plant dimensioning but to a lower amount than isobaric heat 

capacity. Pressure drop of the fluid in the power plant pipe system which determines the pumping power of the feed and the 

reinjection pump is according to the fluid viscosity. Within the heat exchanger the dependence of heat transfer coefficient on fluid 

viscosity comes into consideration. Intensity of turbulence is determined by the kinematic viscosity. Heat transfer between fluid and 

heat exchanger wall is dominated by the intensity of turbulence, as described in VDI-Wärmeatlas (2006). Therefore imprecise data 

of fluid viscosity lead to imprecise determination of heat transfer within heat exchangers and further to imprecise determination of 

pumping power and thus efficiency of the power plant. For this a flow viscometer was built and tested in order to measure 

kinematic viscosity on site. Results of first laboratory experiments with water and salt solutions are shown in Figure 4.  

3.2.1 Water Experiments  

Experiments with deionized and degassed water were made for testing the accuracy of the instrument. The results are shown in 

Figure 4 for a fluid pressure of 26 bar and different fluid temperatures. Additionally, water data of the NIST database, Lemmon, et 

al. (2010), are added as solid line. As shown from Figure 4 the measured values agree quite well with the reference data. The 

relative error of the measured values is at most 3% of the reference data. The main influence on the precision of the viscometer is 

the uncertainty of the capillary diameter. High precision manufactured tubes will therefore enhance the accuracy of the 

measurements. 

3.2.2 Aqueous Sodium Chloride Solutions 

Experiments with sodium chloride solutions at salt content of mNaCl / mH20 = 0.165 are made at a pressure of 22 bar (abs) and two 

temperatures, 100 °C and 150 °C. The results are shown in Figure 4 and marked by squares. The kinematic viscosity of the salt 

solution is higher than the kinematic viscosity of water. Thus pressure drop within the power plant components will be higher than 

estimated values which are based on water viscosities. In Figure 4 reference data of Kestin, et al. (1981b) are given for two 

different sodium chloride concentrations. The data are shown as dotted lines. The reference data correspond to lower pressures but 

nevertheless they can be compared to the own experimental data due to the fact that the pressure dependence of dynamic viscosity 

is minor important as reported in the article of Kestin, et al. (1981b). 
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Figure 4: Kinematic viscosity of deionized and degassed water at 26 bar and different temperatures. Viscosities of NIST 

database are calculated at 26 bar. Squares symbolize experiments with sodium chloride solutions at 22 bar. 

Reference data of sodium chloride solutions (dotted lines) are from Kestin, et al. (1981b) at a pressure of 1 bar. 

3.3 Density Measurements 

The density measurements with deionized and degassed water are realized at different temperatures and pressures and are shown in 

Figure 5. The pressure is adjusted by the pressure piston pump (Pu) and the fluid temperature is regulated by the oil bath heater (H) 

of the stationary test section, Figure 1. The volume of the densimeter tank is determined by filling the tank with water under 

ambient conditions and measuring the water volume. This procedure was repeated several times and the arithmetic mean of the tank 

volume was identified to V=1031 ml with a precision of 0.1%. The tank mass amounts to m=6846 g and the accuracy of the mass 

corresponds to the accuracy of the balance i.e. 0.4%.  

 

Figure 5: Density of deionized and degassed water at 26 bar and different temperatures. Reference data are from Lemmon, 

et al. (2010) at pressures of 10 bar and 26 bar.  

The measured fluid densities are compared to the corresponding values of the NIST database, Lemmon, et al. (2010). Both data are 

given in Figure 5. The deviation of measured and reference data amounts to 0.4% based on reference data. Further experiments 

with aqueous sodium chloride solutions will be made in future work.  

4. CONCLUSION 

Measuring instruments for determination of physical fluid properties were designed, built and tested. In particular a flow 

calorimeter, a flow viscometer and a densimeter are arranged in a mobile setup for conducting measurements at geothermal sites. 

The maximum operating pressure of the instruments is about 30 bar and the operating temperature is limited to 170°C. This mobile 

setup will be connected to the geothermal pipe system for performing the measurements. The fluid properties like isobaric heat 

capacity, kinematic viscosity and density can be executed as single point or multi point measurement at varying temperatures 

and/or pressures by adjusting the pipe heating and by pressure regulation of the mobile setup. The instruments are tested in the 

laboratory at pressures up to 26 bar (abs) and temperatures of at most 165°C with deionized and degassed water and with aqueous 

sodium chloride solutions. The measured heat capacity differs to 1% from reference data. The relative error of the kinematic 

viscosity results is at most 3% based on literature data whereas the error of the density measurements amounts to 0.4%. Thus these 

instruments are a helpful tool to determine geothermal fluid properties at operating power plant conditions in order to allow for a 

better dimensioning of power plant components.  
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