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ABSTRACT 

A method was developed for measurement of downhole enthalpy of two-phase geothermal wells. It is proposed that measurements of 

chloride concentration along the wellbore can be utilized to calculate downhole enthalpy, which is inspired by a device that enables 

relatively accurate measurement of chloride concentration in the geothermal fluid. A model that relates chloride concentration with 

enthalpy was constructed.  

1. INTRODUCTION 

Measurement of enthalpy in two-phase geothermal wells is an important monitoring task. The total amount of available energy is 

determined by the enthalpy and the mass flow rate, so measurement of enthalpy and mass flow rate are routine procedures for 

geothermal field analysis. Currently surface enthalpy measurement is much easier to conduct, thus more commonly used. However, 

surface enthalpy cannot reflect real reservoir condition accurately due to heat loss along the wellbore. This is especially true during the 

drilling and completion stages. The well has been cooled substantially during drilling so the actual downhole enthalpy is unknown. 

Downhole enthalpy data can help us better understand reservoir performance and predict future performance. So downhole enthalpy 

determination is of high value both from operational perspective and economic perspective. 

Determining downhole enthalpy is not easy, especially for two-phase flow. Boiling of geothermal fluids along the wellbore makes it 

even more complicated. Measuring downhole pressure or temperature is necessary but insufficient for enthalpy determination, and the 

key is to determine the flowing steam fraction of the two-phase mixture. Note that flowing enthalpy is different from in-place or static 

enthalpy. Flowing enthalpy is based on specific flow rate of steam and water while static enthalpy is based on the mass fraction of steam 

and water in a certain volume. The major difference between the two parameters is caused by the difference in the gas velocity and 

liquid velocity, typically gas velocity is larger than liquid velocity, which can be reflected by the slip ratio. 
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where hstatic is static enthalpy, and xs is static steam fraction. hflowing is flowing enthalpy, and xf is flowing steam fraction, and Wv and Ww 

are steam mass flow rate and water mass flow rate respectively. hv and hw can be determined by pressure or temperature. We are 

interested in determining the flowing enthalpy. 

Several methods have been developed for calculation or measurement of downhole enthalpy. Atalay et al. (2008) proposed methods to 

measure steam-phase velocity, gas-phase velocity and void fraction, with fiber optics for example, to calculation flowing enthalpy, as 

illustrated in Equation (4). 
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where ul and ug are liquid-phase velocity and gas-phase velocity respectively. Similarly, ρl and ρg are density of liquid phase and density 

of gas phase respectively. α is void fraction, which represents the space occupied by gas phase. With fiber optics, gas-phase velocity can 

be measured directly by measuring the time difference for a bubble to pass the two sensors. Void fraction can be measured by a time-

averaging procedure. This method is efficient in downhole enthalpy measurement for a bubble flow, but it is ineffective with other flow 

types, like annular flow. Furthermore, fiber optic sensors can only measure the gas-phase velocity and we have to measure the liquid-
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phase velocity with other equipment at the same time. Resistivity measurement were also shown to be applicable in terms of measuring 

void fraction, fluid velocity and enthalpy by Juliusson et al (2006). Relatively accurate estimation of bubble velocity can be obtained 

from resistivity measurement by utilizing cross-correlation techniques. Khasani et al. (2010) proved that analysis of sound frequency 

waves can provide information on steam and water flow rate, but the method must be calibrated with many wells using standard flow 

rate measurement methods in practical application. 

Another approach to determine downhole enthalpy is the tracer dilution technique. Conventional tracer dilution techniques require 

precisely metered injection of liquid and vapor phase tracers, according to Hirtz et al. (1993). Mass flow rate of each phase can be 

calculated based on the injection rate of each tracer and the concentration of each tracer measured concurrently with tracer injection. 

Tracers that have been considered for use include inorganic ions (CaF2, LiCl, etc.) as liquid-phase tracers and volatile organic gases 

(ethane, alcohol, etc.) as gas-phase tracers. For vapor phase tracers, it is necessary to consider the correction for the tracer gas dissolved 

in the liquid phase, which is a major drawback of vapor tracer dilution technique. 

Chloride is an important component in geothermal fluid and can be utilized as an indicator of various fluid properties. Hess et al. (2015) 

designed a ruggedized downhole tool to measure real-time concentration of ionic tracers in geothermal reservoirs. Cieslewski et al. 

(2016) proposed a wireline tool to measure real-time ionic concentration using electrochemical sensor. Corbin et al. (2017) illustrated a 

downhole tool to measure real-time chloride concentration in the geothermal fluid. Inspired by the downhole tool introduced by Corbin 

et al., we propose that change of chloride concentration along the wellbore could be utilized to calculate downhole enthalpy. It is known 

that some solutes in the fluid (e.g. Cl) always stay in the liquid phase and become more concentrated as the geothermal fluid ascends to 

the surface and boils, because the mass of liquid phase decreases as it boils. So the change of chloride concentration is actually a 

reflection of change of flowing steam fraction along the wellbore. It is possible to quantify this change and calculate back to the 

enthalpy of the preboiled fluid. Marini and Cioni (1985) proposed that enthalpy can be calculated from change of chloride concentration 

based on the assumption that there was no loss of heat along the wellbore and transformation of heat into kinetic energy is negligible, 

which can render the estimation of enthalpy inaccurate. In our approach, enthalpy is calculated based on chloride mass conservation and 

total mass conservation without the no-heat-loss assumption. In fact, the approach provides a very useful way of estimating such a heat 

loss. The method proposed here can provide better estimation of the enthalpy of two-phase flow, thus having more practical 

significance.  

In our method, chloride that is originally in the geothermal fluid can be treated as a tracer to calculate enthalpy, without having to inject 

artificial chemical tracers. A comparison between the tracer injection method and our approach is summarized in Table 1. 

Table 1: Comparison between tracer injection method and original chloride tracer method 

 requirement advantage disadvantage 

Injecting chemical tracers 

Precise metered tracer 

injection; 

Precise measurement of 

downstream tracer 

concentration; 

Freedom in selecting tracer 

type; 

Relatively accurate 

measurement of mass 

flowrate and enthalpy 

Chemical cost of injection; 

Precipitation of inorganic ion 

tracers in the pipe; 

Contamination of reservoir; 

Use chloride originally in 

the geothermal fluid as 

tracer 

Precise measurement of 

chloride concentration at 

wellhead and in the 

downhole; 

Save costs; 

No requirement for injection 

wells; 

Complete in shorter time; 

Complication in considering 

multifeed zones. 

 

2. METHOD 

2.1 Enthalpy Calculation with Single Feed Zone 

As mentioned previously, chloride remains in the liquid phase and become more concentrated as the geothermal fluid boils along the 

wellbore, and the change of chloride concentration can be utilized to calculate change of flowing steam fraction and enthalpy. Chloride 

mass balance and total mass balance of liquid and steam have to be considered for this process. We assume that the flow is steady with 

constant fluid properties. It is also necessary to assume that the chloride concentration in the gas phase is negligible.  

In this part, we first consider enthalpy calculation without multiple feed zones, so that mass of chloride and total mass of steam and 

liquid remain constant. 

From chloride mass balance we know that: 

                                                                  (5) 

where Cl is chloride concentration on a volumetric base, ql is volumetric flow rate of the liquid phase. So if we measure the chloride 

concentration and volumetric liquid flow rate at the surface, which are relatively easy to realize, and the chloride concentration in the 

downhole, we can use Equation (5) to calculate the volumetric flow rate of liquid phase in the downhole, as illustrated by Equation (6) 

and (7). 

( ) 0ld Cl q 
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where mCl is mass flow of chloride, which is constant. Clwellhead and Cldownhole represent chloride concentration at surface and in the 

downhole respectively. qldownhole is the volumetric liquid-phase flow rate in the downhole. m is total mass flow rate. x is flowing steam 

fraction. ρl is the density of liquid phase. 

Then we consider total mass balance of gas phase and liquid phase. 

                                                                                (8) 

where ρl is the density of liquid phase, which can be determined from pressure. Now the downhole volumetric flow rate of liquid phase 

calculated from Equation (5)-(7) can be used in Equation (8) to calculate downhole flowing steam fraction, so that enthalpy can be 

determined, as illustrated by Equation (9) and (10). Total mass flow at the surface has to be measured to determine the enthalpy of the 

well discharge. 

                                                                         (9) 

Total mass flow rate should be constant along the wellbore. The downhole volumetric liquid flow rate that we obtained from chloride 

mass balance can be used to determine the downhole flowing steam fraction. 

                                                                                 (10) 

where hv and hl can be derived from the measured pressure or temperature.  

Table 2 is a summary of input parameter and output parameters. 

Table 2: Input parameters and output parameters for enthalpy calculation without multiple feed zones 

 Surface Downhole 

Input 

Pressure; 

Total mass flowrate m; 

Steam fraction x; 

Chloride concentration Clwellhead; 

chloride concentration Cldownhole; 

Pressure; 

Output  
Flowing steam fraction x; 

Enthalpy ht; 

 

Figure 1 shows the process of calculation in detail.   

In an example, values for input parameters are set, and output parameters are calculated through the process shown in Figure 1. The 

results are shown in Table 3. 

Table 3: An example for enthalpy calculation without multiple feed zones 

 Surface Downhole 

Input 

Pressure: 38 bar-a; 

Total mass flowrate: 70kg/s; 

Steam fraction: 0.5; 

chloride concentration: 600g/m3 

chloride concentration: 300g/m3; 

Pressure: 100 bar-a; 

Output 
 Flowing steam fraction: 0.14; 

Enthalpy: 1596kJ/kg; 
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Figure 1: Flow diagram of calculation process 

2.2 Enthalpy Calculation with Multiple Feed Zones 

If there are more than one feed zone along the wellbore, more assumptions have to be made to adapt to the complication, because both 

chloride mass balance and total mass balance of geothermal fluids are disturbed. Inflowing geothermal fluid introduces not only steam 

and water but also chloride. In this section, multiple feed zones are considered in three different cases. In the first case, the feed zone 

introduces only liquid. In the second case, the feed zone introduces both steam and liquid, but the flow below the feed zone contains 

only liquid phase. In the third case, the feed zone introduces both steam and liquid, and the flow below the feed zone also contains both 

steam and liquid. The device used for chloride concentration measurement is small and flexible, so that it is reasonable to assume that 

the chloride concentration measured at the very entrance of the feed zone could represent the chloride concentration of the inflowing 

geothermal fluid, as shown in Figure 2. In Figure 2, the small black rectangles represent the device for measurement of chloride 

concentration. Device 1 measures the chloride concentration above the feed zone, while Device 2 measures the chloride concentration 

below the feed zone. Device 3 measures the chloride concentration at the feed zone. Zero chloride concentration indicates the passing of 

gas phase. Similarly, chloride concentration of a finite amount indicates the passing of liquid phase. 

 

Figure 2: Schematic of chloride concentration measurement with multiple feed zones 
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If the concentration measured by Device 3 is always larger than zero, Case 1 should be considered. If the concentration measured by 

Device 3 is sometimes zero but the concentration measured by device 2 is always zero, Case 2 should be considered. If the 

concentration measured by Devices 2 and 3 both sometimes have zero values, Case 3 should be considered. A schematic of the three 

cases is shown in Figure 3. 

 

Figure 3: Three different cases of enthalpy calculation with multiple feed zones 

2.2.1 Enthalpy Calculation in Case 1 

In Case 1, the inflowing geothermal fluids contains only liquid. The chloride mass balance becomes: 
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where chloride concentration and liquid flow rate at the feed zone are denoted as Clin and qlin respectively. Cl1 and ql are the chloride 

concentration and liquid flowrate measured after the introduction of geothermal fluid from the feed zone, and Cl2 and ql2 are those 

measured before the introduction of geothermal fluid from the feed zone. In Equation (10), Clin, Cl1 and Cl2 can be measured, and ql can 

be calculated through the process discussed previously in Section 2.1, so the only unknown variable is qlin, which can be calculated from 

Equation (10), so that ql2 can be determined using Equation (11). 

Another parameter we need to know is the flowing steam fraction below the feed zone. In Case 1 the boiling process happens in the 

wellbore, and the introduced geothermal fluid from the feed zone contains little steam. Then we can calculate the flowing steam 

fraction, and repeat the same process as in previous calculation in Section 2.1.  The calculation process is shown in Figure 4. 
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It is simple to determine the amount of enthalpy introduced by the feed zone in Case 1. Because the inflowing geothermal fluid contains 

only liquid, measuring the pressure or temperature at the feed zone is sufficient to calculate the enthalpy. 

2.2.2 Enthalpy calculation in Case 2 

In Case 2, the feed zone introduces both liquid and gas, but the flow below the feed zone contains only liquid, so the enthalpy below the 

feed zone can be determined by measuring pressure or temperature. The enthalpy above the feed zone can be calculated by following 

the process discussed in Section 2.1. The enthalpy introduced by the feed zone is simply the difference between the enthalpy above the 

feed zone and the enthalpy below the feed zone. 
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Figure 4: Calculation process in Case 1 

2.2.3 Enthalpy calculation in Case 3 

Case 3 is the most difficult, because both the feed zone and the flow below the feed zone have liquid and gas. As the chloride remains in 

the liquid phase, the gas introduced by the feed zone does not affect chloride mass balance, and Equation (11) is still valid, so the same 

process as in Section 2.2.1 can be followed to determine the liquid flow rate below the feed zone. However, liquid flow rate is not 

sufficient to determine the enthalpy below the feed zone, because gas flow rate is also needed to calculate the flowing steam fraction. 

Because the amount of gas introduced by the feed zone is unknown, it is hard to know the gas flow rate below the feed zone. Direct 

measurement of gas flow rate might be difficult, but measuring the void fraction and gas-phase velocity is more feasible. According to 

previous study, both void fraction and gas velocity are measurable. A resistivity measurement tool or chloride concentration 

measurement tool with sufficient resolution can be used to determine gas-phase velocity as well as void fraction by intelligently 

detecting individual bubble. The procedure to calculate enthalpy based on combination of chloride concentration measurement, void 

fraction measurement and gas velocity measurement is illustrated in Figure 5. 

 

Figure 5: Calculation process in Case 3 

In addition, there exist some similarities between the chloride concentration measurement tool and the fiber optic sensor. They can both 

detect the presence of gas phase. As mentioned before, zero chloride concentration indicates the passing of gas phase. Previous studies 

demonstrated that fiber optic sensors can measure the gas-phase velocity and void fraction, so it is possible that the chloride 

concentration measurement tool could do the same job, as long as it could provide sufficient resolution with rapid response time, which 

may require further development of the tool. 
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3. CONCLUSTION 

1. The downhole enthalpy of the two-phase flow in geothermal wells can be determined by measuring surface chloride concentration 

and downhole chloride concentration.  

2. In the case of single feed zone, the physical model for calculating downhole enthalpy based on chloride concentration involves 

chloride mass balance and total mass balance of gas and liquid. 

3. In the case of multiple feed zones, an assumption has to be made that the chloride concentration in the liquid entering from the feed 

zone is measurable. Gas flow rate below the feed zone also needs to be determined. Measuring void fraction and gas flow rate could 

help solve the problem. 

4. Future development on the chloride concentration measuring tool to achieve higher frequency of measurement is an important task 

for wells with multiple feed zones. Such a chloride tool has the potential to measure void fraction and gas velocity at the same time as 

long as it has sufficient speed of measurement. 

ACKNOWLEDGEMENT 

This work was supported by Sandia National Laboratory, LDRD Proposal No. FY-16-0518. 

REFERENCES 

Affandi, M., Mamat, N., et al.: Simplified Equations for Saturated Steam Properties for Simulation Purpose, Malaysian Technical 

Universities Conference on Engineering & Technology 2012, MUCET 2012 Part 6 – Science. 

Atalay, N.: Downhole Enthalpy Measurement in Geothermal Wells with Fiber Optics, Proceedings, 33th Workshop on Geothermal 

Reservoir Engineering, Stanford University, Stanford, CA (2008). 

Brennen, C. E.: Fundamentals of multiphase flow, Cambridge University Press, 2005. 

Cieslewski, G., Hess, R. F., Boyle, T. J., Yelton, W. G., Development of a Wireline Tool Containing an Electrochemical Sensor for 

Real-time pH and Tracer Concentration Measurement, Proceedings, Geothermal Resources Council, Davis, California, CA (2016). 

Corbin, W. C., Cieslewski G., Hess R. F., Klamm B. E., Goldfarb L., Boyle T. J., and Yelton W. G., Development of a Downhole Tool 

for Measuring Enthalpy in Geothermal Reservoirs, Proceedings, 42th Workshop on Geothermal Reservoir Engineering, Stanford 

University, Stanford, CA (2017). 

Ellis, A.J. and Mahon, W.A.J.: Chemistry and Geothermal Systems, Academic Press, 1977. 

Gendenjamts, O.E.: Interpretation of chemical composition of geothermal fluids from Árskógsströnd. Dalvík, and Hrísey, N-Iceland and 

in the Khangai Area, Mongolia, The United Nantions University, Geothermal Training Programme, Reports, 10(2003), pp.219-

252. 

Hess, R. F., Cieslewski, G., Boyle, T. J., Limmer, S., Yelton, W. G., Bingham, S., Stillman, G., Measuring Real-time Concentration of 

Ionic Tracers and pH in Geothermal Reservoirs Using a Ruggedized Downhole Tool, Proceedings, 40th Workshop on Geothermal 

Reservoir Engineering, Stanford University, Stanford, CA (2015). 

Hirtz, P., Lovekin, J., Copp, J., Buck C. and Adams M.: Enthalpy and Mass Flowrate Measurement for Two-Phase Geothermal 

Production by Tracer Dilution Techniques, Proceedings, 18th Stanford Workshop on Geothermal Reservoir Engineering , Stanford 

University, Stanford, CA (1993). 

Juliusson, E.: An investigation of Void Fraction and Dispersed-phase Velocity Measurement Techniques, Proceedings, 31th Workshop 

on Geothermal Reservoir Engineering, Stanford University, Stanford, CA (2006). 

Khasani, Indarto, et al.: Development of Measurement Method of Steam-Water Two-Phase Flow System Using Single Frequency 

Waves, Proceedings, 35th Stanford Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford, CA (2010). 

Lovelock, B. G.: Steam flow measurement using alcohol tracers, Geothermics, 30.6, (2001): 641-654. 

Marini, L. and Cioni, R.: A Chloride Method for the Determination of the Enthalpy of Steam/Water Mixtures Discharged from 

Geothermal Wells, Geothermics, 14.1(1985): 29-34. 

Moody, F. J.: Maximum flow rate of a single component, two-phase mixture, Journal of Heat Transfer, 87.1(1965), 134-141. 

Nicholson, K.: Geothermal fluids: chemistry and exploration techniques, Springer Science & Business Media, 2012. 

Spielman, P.B. Coso Operating Co., LLC, 2003. Apparatus and method for measuring enthalpy and flow rate of a mixture. U.S. Patent 

6,575,045.      

Wagner, W., Cooper, J.R., Dittmann, A., Kijima, J., Kretzschmar, H.J., Kruse, A., Mares, R., Oguchi, K., Sato, H., Stocker, I. and 

Sifner, O.: The IAPWS industrial formulation 1997 for the thermodynamic properties of water and steam. Journal of Engineering 

for Gas Turbines and Power, 122(1), (2000), pp.150-184. 

 


