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Abstract

The aim of our study is to evaluate the sensitivity of the volumetric flow rate

of a downhole pump in a geothermal production well on different density

and viscosity functions during the startup and stationary operating phases.

The geothermal fluid is modeled as an aqueous sodium chloride solution and

functions for its density and viscosity are compared and applied to a model of

the geothermal fluid cycle. It is shown that the deviations between viscosity

functions have negligible impact on the the volumetric flow rate, while the

impact of the deviations between different density functions is up to 54 % of

the volumetric flow rate.

Keywords: density, viscosity, brine, aqueous sodium chloride solution,

geothermal energy, pressure profile, pumping requirements

1. Introduction1

Geothermal heat and power plants use hot geothermal fluid as a transport2

medium to extract thermal energy from the deep underground. A down-3

hole pump in the production well lifts the brine up to the surface, where4

it is cooled in a heat exchanger and reinjected subsequently (Fig. 1). As5
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the downhole pump consumes a significant quantity of energy, special atten-6

tion should be paid to its dimensioning (Saadat et al., 2008). For this task,7

knowledge of thermophysical and transport properties of the brine are in-8

dispensable. These properties are determined by pressure, temperature and9

chemical composition.10

G

Figure 1: Schematic diagram of an exemplary geothermal fluid cycle. Exemplarily a power

plant and district heating station are shown as thermal energy consumers. The downhole

pump consumes a significant quantity of energy.

Functions for the calculation of property values are usually mathematical11

expressions fitted to reproduce experimentally measured values. Adams and Bachu12

(2002) reviewed various functions for the calculation of brine density and vis-13

cosity.14

Champel (2006) used different density functions to calculate the density15
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change resulting from the temperature change of the fluid inside the wells16

after initiation of fluid extraction.17

Two important aspects of pump dimensioning consist of the calculation18

of the volumetric flowrate and the power needed to produce this flowrate.19

During the planning period of a geothermal site exact fluid properties are20

usually not available. The aim of our study is to evaluate the sensitivity of21

the volumetric flow rate on different density and viscosity functions during22

the startup and stationary operation of a sample power plant. The bound-23

ary conditions assumed are similar to those found in our test site in Groß24

Schönebeck, 50 km north of Berlin, constituting a representative example25

for a geothermal system in the North German Basin (Zimmermann et al.,26

2009).27

2. Methodological approach28

The general approach of this study is to apply different property functions29

from literature to a model of the geothermal fluid cycle and evaluate the30

resulting impact on the volumetric flow rate.31

2.1. Geothermal fluid property functions32

Geothermal fluids with salinities higher than 10 g/l are generally Cl-33

dominated, with Cl accounting for over 95 % by mass of anions. In low34

to moderate salinity fluids, Na is the dominant cation. As brine salinity in-35

creases, the relative proportion of Na decreases and the proportions of K,36

Mg and Ca increase. Most noteable is the increase in Ca, which typically is37

the dominant cation by mass in fluids whose salinities exceed 300 g/l (Hanor,38

1994).39
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Given the dominance of Cl and Na ions over a wide range of salinity40

relevant for geothermal fluids, these fluids are frequently modeled as aqueous41

NaCl solutions (Adams and Bachu, 2002). The total of dissolved solids in42

the fluid found in Groß Schönebeck sums up to 265 g/l (Huenges and Winter,43

2004). We modeled the fluid as an aqueous sodium chloride solution with44

a NaCl mass fraction of 0.225 kgNaCl/kgSolution, corresponding to a molality45

of 4.968 molNaCl/kgH2O
. For the conversion between mass fraction w, mole46

fraction x and molality b see Appendix A.47

2.1.1. Density48

An overview on the density functions used is given in Table 1.49

Table 1: Applicability range of various algorithms for calculating brine density.

Study T / ◦C p / MPa Electrolytes b / mol · kg−1

Rowe and Chou (1970)* 20 - 150 psat - 35 NaCl 0 - 5.7

Phillips et al. (1981) 10 - 350 psat - 50 NaCl 0.25 - 5

Magri et al. (2005) 0 - 350 psat - 100 NaCl

Driesner (2007) 0 - 1000 0.1 - 500 NaCl 0 - ∞

Mao and Duan (2008) 0 - 846 0.1 - 100 various 0 - 6

*Converted to SI units by Kestin et al. (1981b)

Rowe and Chou (1970) developed a function based on their own density50

measurements of NaCl aqueous solutions. They used three empirical coeffi-51

cients for the specific volume of pure water. The deviation from pure water52

is represented by five additional coefficients.53

Phillips et al. (1981) reviewed existing functions for various fluid prop-54

erties and developed new ones for viscosity and density. The range of ap-55
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plicability starts at 0.25 molNaCl/kgH2O
and therefore does not include pure56

water.57

Magri et al. (2005) gave an algorithm for the calculation of the coefficients58

of thermal expansion and compressibility. Together with the solvent densities59

at a reference salinity and at solute saturation a factor is formed. Multiplying60

the reference density by this factor yields the solution density.61

In a first study Driesner and Heinrich (2007) gave correlation formulae62

for phase relations in the system H2O and NaCl. In a second study Driesner63

(2007) developed a set of correlations for the volumetric properties, enthalpies64

and heat capacities of the phases. The basic idea is that each property value65

at a certain temperature is equal to the property value of pure water at66

a different temperature. Driesner presents algorithms for the calculation of67

such a scaled temperature. Also a short review of various density correlations68

is given.69

Mao and Duan (2008) developed a semi-empirical model for the den-70

sity of various aqueous chloride solutions partly similar to the model by71

Rogers and Pitzer (1982).72

2.1.2. Viscosity73

Viscosity is one of the key factors in fluid flow simulation and much74

research has been done to measure and model brine viscosity. Table 2 lists75

four functions for brine viscosity calculation.76

Phillips et al. (1981) modified a theoretical model proposed by Vand77

(1948). The ratio of solution viscosity to pure water viscosity is calculated78

using four coefficients.79

In two publications Kestin et al. (1981a,b) developed correlations for KCl80
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Table 2: Applicability range of various algorithms for calculating brine viscosity.

Study T / ◦C p / MPa Electrolytes b / mol · kg−1

Phillips et al. (1981) 10 - 350 0.1 - 50 NaCl 0 - 5

Kestin et al. (1981b) 20 - 150 0.1 - 35 NaCl 0 - 6

Mao and Duan (2009) 0 - 350 0.1 - 100 NaCl, KCL, LiCl 0 - 6

and NaCl aqueous solutions from their own experiments. For conversion from81

dynamic viscosity to kinematic viscosity, the density from Rowe and Chou82

(1970) was used.83

Mao and Duan (2009) developed a model for the viscosity of aqueous84

solutions of LiCl, NaCl and KCl. The algorithm uses ten parameters to85

calculate the ratio of solution viscosity to pure water viscosity. For calculat-86

ing the viscosity of ternary mixtures, they recommend Young’s mixing rule87

(Correia et al., 1979).88

2.2. Model of the geothermal fluid cycle89

A stationary model of a geothermal water loop has been developed. We90

adopted the layout of the doublet at the geothermal research site Groß91

Schönebeck, that consists of two connected wells, for production and in-92

jection, respectively.93

Each well is equipped with several tubing segments with individual diam-94

eters and lengths. The detailed casing scheme is shown in Fig. B.13 in the95

appendix. The geofluid is assumed to enter or leave the well at the bottom.96

A downhole pump in the production well drives the hot brine through a heat97

extracting plant above surface, where it is cooled down from 150 ◦C to 60 ◦C.98

The fluid is then pumped through an injection well back into the reservoir.99

6



The undisturbed water level in the wells is determined by the absolute100

pressure in the reservoir pres = 455 bar. The absolute pressure at the pro-101

duction wellhead is pprodwh = 15 bar. The pressure loss in the plant is 1 bar,102

so the pressure at the plant outlet is pinwh = 14 bar. In order to maintain the103

pressure level at the production wellhead, the downhole pump has to supply104

a specific pressure head. In order to maintain the pressure level at the in-105

jection wellhead an injection pump or an expansion valve is assumed to be106

installed, depending on whether the pressure at the injection well head would107

be higher or lower than 14 bar without any device. The injection pump is as-108

sumed to be installed at the well head, while the expansion valve is installed109

downhole. The installation depth is chosen so that the pressure below the110

valve is ≥ 14 bar. That differs from the actual layout, where the expansion111

valve is installed near the surface, but it guarantees that the pressure in the112

model is within the validity range of the density and viscosity functions. The113

heat flux from the brine to the tube is neglected, and the downhole pump is114

assumed to work isothermally. The downhole pump works against the pres-115

sure drop due to limited productivity, injectivity of the reservoir and wall116

friction in the pipe. Productivity and injectivity are considered to be linear117

and proportional to the volumetric flow rate.118

The pressure drop between the reservoir and the bottom of the produc-119

tion/injection well due to limited productivity/injectivity, is assumed to be120

a linear function of the the volumetric flow rate V̇ :121

∆pprodres = IP · V̇ (1)
122

∆pinjres = II · V̇ (2)

7



The factor is called productivity index IP and injectivity index II , respec-123

tively. They represent the characteristics of the actual well inlet/outlet (e.g.124

pre-drilled liner) and the surrounding rock. So the error made by the as-125

sumption of the geofluid entering/leaving the well at the bottom is limited126

to the wall friction in the part of the well that is actually perforated. The127

wall friction is overestimated because in the model the mass flow rate is con-128

stant in the lowest part of the well, while in the case of a pre-drilled liner it is129

not. The contribution of viscosity to the pressure drop between well bottom130

and well head is, however, expected to be small compared to the difference131

in hydrostatic pressure. Consequently, the error is expected to be small as132

well.133

The pressure drop ∆p in a pipe segment caused by wall friction is cal-134

culated using the Prandtl-Kármán equation for the pipe friction factor λ for135

hydraulically smooth pipes:136

∆pvisc =
λl

d

ρv2

2
(3)

where137

λ =
0.309

log(Re
7
)

(4)

and the Reynolds number Re is defined as138

Re =
ρvd

µ
. (5)

with the pipe length l, the pipe diameter d, the brine density ρ, the brine139

viscosity µ. The mean flow velocity v is calculated from the volume flow rate140

V̇ as follows:141

v =
V̇

Πd2

4

. (6)
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The tubing segments have been discretized in order to calculate profiles of142

pressure and density.143
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Figure 2: Schema of determination of the working point of the hydraulic system well-pump,

pump characteristics (solid), well characteristics (dashed).

The pump characteristics in Fig. 2 show the relation between pressure144

head and volumetric flow rate for different rotational speeds. The frequency145

of the electric supply can be changed to control the volumetric flow of the146

pump and is directly proportional to its rotational speed. At a given fre-147

quency and a given pressure head the pump delivers a certain volumetric148

flow rate. The output power of the pump Pout is then calculated as:149

Pout = ∆p · V̇ . (7)

The pump characteristics have been approximated by the following equation:150

∆p
(

V̇
)

= Hmax



1−

(

V̇

V̇max

)4


 (8)
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where the maximum pressure head Hmax and the maximum volumetric flow151

rate V̇max are taken from the pump’s technical datasheet and listed in Tab. 3.152

Table 3: Maximum pump head and maximum volume for different pump frequencies (read

from supplier chart).

f Hmax V̇max

37 Hz 558 m 76600 l/h

42 Hz 753 m 87100 l/h

47 Hz 948 m 97600 l/h

52 Hz 1143 m 108100 l/h

57 Hz 1338 m 118600 l/h

f -pump frequency,V̇ -brine volumetric flow rate , ∆ppump-pump head

Fig. 2 also shows the characteristics of the well as pressure difference153

between between pump inlet and outlet as a function of volumetric flow154

rate. As mentioned above, the downhole pump has to generate this pressure155

difference (head) in order to maintain the pressure level at the wellhead.156

The intersection between the pump and borehole characteristics, i.e. the157

point where the pump’s volumetric flow rate and pressure head match the158

flow rate and the pressure drop in the pipe, represent the system’s operating159

point.160

Hence, the pressure head is calculated from the wellhead pressure pprodwh ,161

the hydrostatic pressure difference above the pump ∆papstat, the friction pres-162

sure loss above the pump ∆papvisc, the reservoir pressure p
res, the pressure drop163

between reservoir and well bottom ∆pprodres , the hydrostatic pressure difference164

below the pump ∆pbpstat and the friction pressure loss ∆pbpvisc as follows:165

∆p =
(

pprodwh +∆papstat +∆papvisc

)

−

(

pres −∆pprodres −∆pbpstat −∆pbpvisc

)

(9)
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where the hydrostatic pressure difference above the pump is166

∆papstat =

wellhead
∫

pump

ρ (p, T ) g dz (10)

and the hydrostatic pressure difference below the pump (bp) is167

∆pbpstat =

pump
∫

wellbottom

ρ (p, T ) g dz . (11)

Startup conditions. For a quasi-stationary simulation of the conditions at168

startup we assume that the brine’s temperature in both wells is defined by169

the measured temperature profile given in Fig. 3 (Zimmermann et al., 2009).170

The acceleration of the brine in the pipe is neglected.171

Stationary conditions. In stationary operation, we assume a constant tem-172

perature of 150 ◦C in the production well and a constant temperature of173

60 ◦C in the injection well.174
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Figure 3: Temperature profiles in the boreholes for stationary and startup case.

All parameters that were used in the model are listed in Appendix B.175
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3. Results and discussion176

3.1. Comparison of fluid property models177

The different fluid density and viscosity functions presented in section 2.1178

are plotted as functions of temperature, NaCl mass fraction and pressure179

respectively. The effect of each input parameter is discussed seperately.180

Effect of temperature. With increasing temperature, both density (Fig. 4)181

and viscosity (Fig. 5) decrease. The maximum temperature shown is 190 ◦C.182

At the given pressure and NaCl mass fraction, the brine evaporates at about183

208 ◦C.184

The functions by Rowe and Chou (1970), Driesner (2007) and Mao and Duan185

(2008), in their respective range of applicability, result in almost identical186

densities. The function by Phillips et al. (1981) results in lower densities;187

the offset between Driesner (2007) and Phillips et al. (1981) lies between188

−1.97 % and −3.22 %. At low temperatures the function by Magri et al.189

(2005) results in similar values as that by Driesner (2007). For higher tem-190

peratures approximating boiling temperature, the difference increases up to191

−3.22 % at 190 ◦C.192

The different functions for viscosity, in their respective application range,193

result in mutually consistent values. The average deviation between the194

functions by Phillips et al. (1981), Kestin et al. (1981b) and Mao and Duan195

(2009) is 0.3 % with a maximum deviation of 0.9 %.196

Effect of mass fraction. With increasing NaCl mass fraction both density197

(Fig. 6) and viscosity (Fig. 7) increase. The maximum NaCl mass fraction198
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Figure 4: Density as a function of temperature at a pressure of 15 bar and a NaCl mass

fraction of 0.225 kgNaCl/kgSolution.

shown is 0.275 kgNaCl/kgSolution. At the given temperature and pressure, the199

brine becomes oversaturated at about 0.297 kgNaCl/kgSolution.200

The functions for density by Rowe and Chou (1970), Magri et al. (2005),201

Driesner (2007) and Mao and Duan (2008) result in accurate values for pure202

water. At higher NaCl mass fraction, Rowe and Chou (1970) Driesner (2007)203

and Mao and Duan (2008) all give values deviating less than 0.1 % from each204

other. The results by Magri et al. (2005) deviate increasingly with increasing205

NaCl mass fraction. The deviation at 0.25 kgNaCl/kgSolution is −1.85 %. Of all206

functions, Phillips et al. (1981) give the lowest value for density. Compared207

to Driesner (2007), the values are -1.5 to −2.9 % lower.208

The functions for viscosity result in consistent values, the maximum de-209

viation is 1.4 % between Phillips et al. (1981) and Mao and Duan (2009) at210
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Figure 5: Viscosity as a function of temperature. The pressure and NaCl mass fraction

are held constant at 15 bar and 0.225 kgNaCl/kgSolution.

a NaCl mass fraction of 0.125 kgNaCl/kgSolution.211

Effect of pressure. With increasing pressure, both density (Fig. 8) and vis-212

cosity (Fig. 9) increase, but compared to temperature or NaCl mass fraction213

the sensitivity on pressure is low. The minimum pressure shown is 10 bar.214

At the given temperature and NaCl mass fraction, the brine evaporates at a215

pressure of about 3.9 bar.216

The functions for density by Rowe and Chou (1970), Mao and Duan (2008)217

and Driesner (2007) result in values that deviate less than 0.2 % from each218

other, with the Rowe and Chou (1970) function being limited to pressures219

below 350 bar. The function by Magri et al. (2005) results in lower values,220

having a deviation of 1.8 % at 10 bar and decreasing with higher pressures.221
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Figure 6: Density as a function of NaCl mass fraction at a temperature of 150 ◦C and a

pressure of 15 bar.

The density calculated with the function by Phillips et al. (1981) is -2.1 to222

−2.7 % lower than that of Driesner (2007).223

The viscosity calculated with the functions of Phillips et al. (1981) is224

0.37 % lower than with those of Mao and Duan (2009) over the complete225

range of applicability. The values resulting from the function by Kestin et al.226

(1981b) are 0.8 % lower at 10 bar and 2.4 % lower at 500 bar than those of227

Mao and Duan (2009).228

3.2. Geothermal fluid cycle229

In the first step we calculated density and pressure profiles of the wells230

with a preset mass flow rate in order to study the deviations between values231

calculated with different density functions. In the second step we calculated232
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Figure 7: Viscosity as a function of NaCl mass fraction at a temperature of 150 ◦C and a

pressure of 15 bar.

the working points of a geothermal fluid cycle in order to analyse the relevance233

of the differences of the property models for a geothermal application.234

Density and pressure profile. The model of a geothermal fluid cycle described235

in section 2.2 was used to calculate density and pressure profiles for the den-236

sity functions presented in section 2.1.1. The viscosity was calculated using237

the function by Mao and Duan (2009). That choice was made arbitrarily.238

The mass flow rate was set to 10 kg/s. Results are shown in Fig. 10 and 11239

for density and pressure, respectively. The offsets in the profiles of the pro-240

duction borehole at 1100 m are caused by the production pump. The offsets241

in the injection borehole at 242...414 m are caused by the expansion valve242

described in section 2.2.243
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Figure 8: Density as a function of pressure at a temperature of 150 ◦C and a NaCl mass

fraction of 0.225 kgNaCl/kgSolution.

Fig. 10 shows that, in the stationary case (constant temperature in the244

wells) pressure increases with depth, causing an increase in brine density. In245

the startup case pressure increases with depth, too, but the influence of the246

increase in temperature prevails so that the density decreases with depth.247

In stationary operation with a brine mass flow rate of 10 kg/s at the depth248

of the pump inlet the pressure in the production well is 15.2 bar (average of249

the 4 profiles) higher than in the injection well. That means that a density250

difference due to temperature difference causes a pressure difference that251

takes load off the downhole pump.252

In the production well the maximum variation of the pressure values253

calculated with different density functions occurs at the downhole pump in-254

let. At this point values deviate by up to 6.5/5.5 bar (startup/stationary)255
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Figure 9: Viscosity as a function of pressure at a temperature of 150 ◦C and a NaCl mass

fraction of 0.225 kgNaCl/kgSolution.
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Figure 10: Density profiles of the wells for stationary case (dotted/dashed) and startup

case (solid), calculated with different density correlations for a brine mass flow rate of

10 kg/s. The plots of the injection borehole at startup have been omitted for reasons of

readability. Profiles are identical in both wells at startup below pump depth.
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Figure 11: Pressure profiles of the wells for stationary and startup case, calculated with

different density correlations for a brine mass flow rate of 10 kg/s. The plots of the injection

borehole at startup have been omitted for reasons of readability. Profiles are identical in

both wells at startup below pump depth.

from the average value of 95.2/104.8 bar. Putting these values in relation to256

the absolute pressure at the pump depth, results in a relative deviation of257

6.9/5.2 %.258

Deviations at the inlet and at the outlet of the pump add up to the devi-259

ation of the pressure head. We observe a maximum deviation of 8.3/7.4 bar260

of the pressure head from the average of 45.4/27.11 bar, being 18.4/27.5 %261

of the average value. A small deviation in density results in a relatively small262

relative deviation of the weight of the water column in the well. The absolute263

deviation, however, is considerably large compared to the pressure head at264

the pump.265

Working Points. In a second step, we calculated working points at different266

pump frequencies (i.e. power levels) for both startup and stationary con-267

19



ditions. In order to do that, we applied the density functions presented in268

2.1.1 except Rowe and Chou (1970) and the viscosity functions presented in269

section 2.1.2 to the model of the brine circuit described in section 2.2. The270

density function by Rowe and Chou (1970) could not be used because both271

pressure and temperature in the model go beyond the function’s range of272

validity.273

First, we combined one viscosity model with different density models in274

order to show how much the resulting working points differ from each other.275

Then, we combined one density model with all viscosity models to see the276

sensitivity on the choice of the viscosity model.277

Table 4: Sensitivity on choice of density correlation. Working points of the system pump-

pipe calculated for startup conditions. The viscosity function by Mao and Duan (2009)

was used.

f V̇ / (l/s) ∆ppump / bar Pout / kW

Hz Du P M Dr Du P M Dr Du P M Dr

37 4.6 8.5 4.8 4.3 59.3 56.4 58.3 59.4 25.6 43.8 25.9 23.7

42 11.4 13.8 11.6 10.6 76.3 69.7 74.8 77.4 80.7 88.4 79.4 76.4

47 16.0 17.7 16.2 15.2 88.7 80.2 86.9 91.1 131.8 130.6 128.7 128.8

52 19.7 21.1 19.8 18.9 99.0 89.4 97.0 102.8 181.2 173.3 176.6 180.6

57 23.0 24.2 23.1 22.2 108.5 98.1 106.2 113.3 231.7 218.1 225.4 233.8

Density functions: Du - Mao and Duan (2008), P - Phillips et al. (1981), M -

Magri et al. (2005) and Dr - Driesner (2007)

f -pump frequency, V̇ -brine volumetric flow rate , ∆ppump-pump head, Pout-pump output

power

Tables 4 and 5 show that a calculation with different density functions (cf.278

Fig 4) yields pressure heads at the pump that deviate by up to 7.9/7.3 % from279
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Table 5: Sensitivity on choice of density correlation. Working points of the system pump-

pipe calculated for stationary conditions. The viscosity function by Mao and Duan (2009)

was used.

f V̇ / (l/s) ∆ppump / bar Pout / kW

Hz Du P M Dr Du P M Dr Du P M Dr

37 9.9 12.4 11.2 9.8 56.6 51.1 54.1 56.8 56.3 63.4 60.3 55.9

42 14.7 16.4 15.5 14.6 69.4 61.7 65.7 69.6 101.8 100.9 101.7 101.8

47 18.4 19.7 19.0 18.3 79.7 71.0 75.3 80.0 146.4 139.6 143.3 146.7

52 21.6 22.7 22.2 21.6 89.0 79.6 84.3 89.3 192.5 180.9 186.8 192.9

57 24.7 25.6 25.1 24.6 97.8 88.0 92.8 98.2 241.2 225.4 233.2 241.8

Density functions: Du - Mao and Duan (2008), P - Phillips et al. (1981), M -

Magri et al. (2005) and Dr - Driesner (2007)

f -pump frequency, V̇ -brine volumetric flow rate , ∆ppump-pump head, Pout-pump output

power

the average (startup/stationary). This causes a deviation in volumetric flow280

rate of up to 52/14.5 %. The strongest relative deviation of the volumetric281

flow rate occurs at the lowest power level. When the calculated pressure head282

exceeds the average, then the calculated volumetric flow rate is below the283

average and vice versa, due to the falling slope of the pump characteristics.284

That implies, that the opposite deviations of pressure head and volumetric285

flow rate partly cancel each other out in regard to the pump output power286

(cf. Eq. 7).287

Tables 6 and 7 show that the influence of the choice of the viscosity model288

on the position of the working points is very small. This weak sensitivity is289

due to the fact, that viscosity has little contribution to the pressure head,290

compared to gravity.291
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Table 6: Sensitivity on choice of viscosity correlation. Working points of the system

pump-pipe calculated for startup conditions. The density function by Driesner was used.

f V̇ / (l/s) ∆ppump / bar Pout / kW

Hz Duan Phillips Kestin Duan Phillips Kestin Duan Phillips Kestin

37 4.3 4.3 4.3 59.4 59.4 59.4 23.7 23.7 23.7

42 10.6 10.6 10.6 77.4 77.4 77.4 76.4 76.4 76.4

47 15.2 15.2 15.2 91.1 91.1 91.1 128.8 128.8 128.8

52 18.9 18.9 18.9 102.8 102.8 102.8 180.6 180.6 180.6

57 22.2 22.2 22.2 113.3 113.3 113.3 233.8 233.8 233.8

f -pump frequency, V̇ -brine volumetric flow rate , ∆ppump-pump head, Pout-pump output

power

Table 7: Sensitivity on choice of viscosity correlation. Working points of the system pump-

pipe calculated for stationary conditions. The density function by Driesner was used.

f V̇ / (l/s) ∆ppump / bar Pout / kW

Hz Duan Phillips Kestin Duan Phillips Kestin Duan Phillips Kestin

37 9.8 9.8 9.8 56.8 56.8 56.8 55.9 55.9 56.0

42 14.6 14.6 14.6 69.6 69.6 69.6 101.8 101.8 101.8

47 18.3 18.3 18.3 80.0 80.0 80.0 146.7 146.7 146.7

52 21.6 21.6 21.6 89.3 89.3 89.3 192.9 192.9 192.9

57 24.6 24.6 24.6 98.2 98.2 98.1 241.8 241.8 241.8

f -pump frequency, V̇ -brine volumetric flow rate , ∆ppump-pump head, Pout-pump output

power

Differences of stationary and startup conditions. The comparison of working292

points calculated for startup with those calculated for stationary conditions293

shows the influence of the temperature profile on the volumetric flow rate.294

Table 8 shows that while pressure head is about 12 % higher in startup con-295
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ditions, the volumetric flow rate is up to 49 % lower, resulting in a mechanic296

power that is up to 45 % lower.297

Table 8: Sensitivity on choice of density correlation. Average values of working points and

their maximum relative deviation have been calculated from Tables 4 and 5 for comparison.

f V̇ start V̇ stat ∆pstartpump ∆pstatpump P start
out P stat

out

37 Hz 5.6 l/s 11.0 l/s 58.4 bar 54.5 bar 32.6 kW 59.7 kW

42 Hz 11.9 l/s 15.4 l/s 74.5 bar 66.3 bar 88.6 kW 101.9 kW

47 Hz 16.3 l/s 18.9 l/s 86.6 bar 76.1 bar 141.4 kW 144.0 kW

52 Hz 20.0 l/s 22.1 l/s 96.8 bar 85.0 bar 193.2 kW 188.0 kW

57 Hz 23.2 l/s 25.1 l/s 106.2 bar 93.6 bar 246.4 kW 234.8 kW

f -pump frequency, V̇ start-brine volumetric flow rate (startup), V̇ stat-brine volumetric

flow rate (stationary), ∆pstartpump-pump head (startup), ∆pstatpump - pump head (stationary),

P start
out -pump output power (startup), P stat

out -pump output power (stationary)

As Fig. 12 and Table 8 show, the volumetric flow rate’s sensitivity on298

pressure head is higher for low flow rates due to the flat characteristic in299

that region. That is why the relative difference in volumetric flow rate be-300

tween startup and stationary conditions is more significant at lower pump301

frequencies.302
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Figure 12: Characteristics of downhole pump and well, the latter calculated for four

different density correlations, for startup and stationary conditions, respectively. The

intersections represent working points.
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4. Conclusions303

We compared four density models and three viscosity models for aqueous304

sodium chloride solutions that are valid in the parameter range (pressure,305

temperature, salinity) relevant for our test site in Groß Schönebeck. The306

maximum deviation between calculated densities was 3 %. The agreement307

between calculated viscosities was very good in general, the maximum de-308

viation was less than 2.5 %. The pressure dependency of both density and309

viscosity is small compared to the temperature dependency.310

Although the viscosity changes by a factor of 3.5 between 150 ◦C and311

60 ◦C at 15 bar and 0.225 kgNaCl/kgSolution, the influence of the choice of the312

viscosity function is negligible. This is due to the good agreement between313

different viscosity functions and the fact that viscosity related pressure drop314

is small compared to hydrostatic pressure differences.315

As small variations in density sum up to significant variations of the316

pump head, the choice of density function has a strong influence on the317

calculated volumetric flow rate. The sensitivity of the volumetric flow rate318

on the pressure head of the pump is stronger at smaller flow rates, due to319

the pump characteristic.320

Considering that an aqueous sodium chloride solution is only an approx-321

imation of natural brine and that its properties are rather well known com-322

pared to those of natural brine, the importance of choosing an adequate prop-323

erty function implies that the correct dimensioning of the downhole pump324

for a geothermal fluid cycle is a considerable challenge.325
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5. Outlook326

Starting from here, we aim to improve several aspects of the existing327

model. Firstly, we intend to improve details of the model of the geothermal328

loop, namely the heat exchanger(s), take into account non-vertical wells, heat329

loss from the well to the rock and fluid inflow through a perforated liner.330

Having demonstrated the importance of the fluid property model, we plan331

to improve two aspects of the approximation of the brine. One aspect is to332

take into account the real composition of the brine, which is a multicom-333

ponent fluid that contains water, NaCl, CaCl2, KCl, SrSO4, Fe, Mn, and334

dissolved gases such as N2, CH4, CO2. Another aspect to be studied is the335

multiphase nature of the flow, including the degassing of dissolved gases and336

the precipitation of solids.337

In order to accomplish this, we need to find a way to calculate other fluid338

properties, such as thermal conductivity, heat capacity, enthalpy, entropy339

and gas solubility. Furthermore, the chemical reactions responsible for pre-340

cipitation which are triggered by changes of pressure or temperature have to341

to be studied in detail.342
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Appendix A. Conversion between units414

For conversion between NaCl mass fraction, mole fraction and molality

we used the following molar masses:

MNaCl = 0.058443 kg/mol

MH2O
= 0.018015 kg/mol

NaCl mass fraction wNaCl.

[wNaCl] =
kgNaCl

kgSolution
(A.1)

415

wNaCl =
b ·MNaCl

(1 + b ·MNaCl)
(A.2)

NaCl mole fraction xNaCl.

[xNaCl] =
molNaCl

molSolution
(A.3)

416

xNaCl =
b ·MH2O

(1 + b ·MH2O
)

(A.4)

Molality b.

[b] =
molNaCl

kgH2O

(A.5)

417

b =
wNaCl

(1− wNaCl)MNaCl

(A.6)

b =
xNaCl

(1− xNaCl)MH2O

(A.7)

Appendix B. Model parameters418
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Table B.9: Parameters used in brine circuit calculations

plant (above ground facility)

pressure drop in heat exchanger 1 bar

brine pressure inlet 15 bar

brine

brine temperature at extraction 150 ◦C

brine temperature at injection 60 ◦C

salt concentration 225 g/kg

pump Centrilift 45-HC10000

pump frequency 37...57 Hz

position (depth) 1100 m

reservoir

productivity index 15 m3/hMPa

injectivity index 15 m3/hMPa

pressure 455 bar
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Intermediate Casing 9 ⅝"

inner Ø 217 mm

top 0 m

bottom 2350 m

E Groß Schönebeck 3/1990Gt Groß Schönebeck 4/2005

Liner 7"

inner Ø 152 mm

top 2309 m

bottom 3874 m

Liner 5 ⅞"

inner Ø 112 mm

top 3820.6 m

bottom  4309m

Liner 5"

inner Ø 109 mm

top 3760,9 m

bottom  4354.5 m

Pre-drilled Liner 5 ⅞"

inner Ø 112 mm

top 4354.5 m

bottom  4389 m

Liner 7 ⅝"

inner Ø 152 mm

top 2333 m

bottom 3878 m

Liner 9 ⅝"

inner Ø 217 mm

top 2305.5 m

bottom 3165 m

Intermediate Casing16"

inner Ø 314 mm

top 732.1 m

bottom 2381.5 m

Production String 4 ½"

inner Ø 107 mm

top 0 m

bottom 1100 m

InjectionProduction

5⅞"

inner Ø 149 mm

top 4389 m

bottom  4400.4 m

Figure B.13: Casing scheme for the production borehole Groß Schönebeck 4/2005 and the

reinjection borehole Groß Schönebeck 3/1990, adapted from Brandt (2009, 2008).
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