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The objectives of this research included: (1) development of tracer selection 

criteria for geothermal reservoirs to enable quantitative analysis of tracer tests; (2) 

identify critical parameters that affect tracer response; (3) development of a fast and easy 

approach to estimate enthalpy production and thermal recovery under two-phase flow 

conditions and (4) perform sensitivity analysis to determine the influence of different 

reservoir parameters on enthalpy production.  

A tracer selection protocol was developed after reviewing related literature of 

tracer applications and doing systematic simulations of tracer injection. An important 

conclusion is that for superheated geothermal reservoir, the partition coefficient (the K 

value) of the geothermal tracer should be high in order to get early information about 

reservoir characterization and liquid breakthrough. 

An algorithm is presented for calculating the pore volume contacted by the 

injected tracer (the swept pore volume) using the first temporal moment of the tracer 
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concentration data recorded at the producer. It can be used in the absence of detailed 

reservoir characterization data or flow and transport models since only an integration of 

the production data is needed to yield the mean residence time of the tracer. Once the 

pore volume of the fracture is known, then the thermal breakthrough can be calculated 

using a retardation factor that takes into account the latent heat of the water.  

The ultimate goal of geothermal reservoir management is to economically recover 

as much energy as possible from the reservoir. A semi-analytical solution to the problem 

of heat and mass transfer in the proposed fractured model was developed. The main 

features of the semi-analytic solutions are that the matrix block size is assumed to be 

finite and phase transition is taken into consideration. The solution was initially 

developed for a reservoir with a single vertical fracture and was later extended to a case 

with a fracture network consisting of a system of vertical fractures. High-resolution 

numerical simulations have been carried out to validate the solutions from the semi-

analytical model. Comparisons between the analytical and numerical results show that the 

analytical model accurately predicts enthalpy production from qualified geothermal 

reservoirs. 

 

 



 ix

Table of Contents 

 

Acknowledgements..................................................................................................v 

Abstract ................................................................................................................. xii 

Table of Contents................................................................................................... ix 

List of Tables ....................................................................................................... xiv 

List of Figures ...................................................................................................... xvi 

Chapter 1: Introduction ............................................................................................1 
1.1 Introduction to Geothermal Energy ..........................................................1 
1.2 Research Motivation .................................................................................3 
1.3 Research Objectives..................................................................................5 
1.4 Research Methodology and Introduction to Tetrad ..................................6 
1.5 Layout of Chapters....................................................................................7 

Chapter 2: Literature Review and Fundamental of Tracer Analysis .....................12 
2.1 Thermodynamics of Water and its Modeling within the 

Simulator TETRAD.............................................................................12 
2.2 Geothermal Reservoirs............................................................................14 

2.2.1 Basic Characteristics of Geothermal Reservoirs.........................14 
2.2.2 Modeling Naturally Fractured Geothermal Reservoirs...............15 

2.3 Geothermal Tracers.................................................................................17 
2.3.1 Geothermal Tracer Selection Protocols ......................................17 
2.3.2 Categories of Geothermal Tracers ..............................................18 
2.3.3 Analysis of Geothermal Tracer Data ..........................................21 

2.4 Fundamentals of Tracer Test ..................................................................22 
2.4.1 The Temporal Moments Analysis...............................................23 
2.4.2 Extrapolating the Tracer History ................................................25 
2.4.3 Deconvolving the Tracer History Data .......................................26 
2.4.4 Estimating the Flow Geometry ...................................................28 
2.4.5 Reservoir Heterogeneity .............................................................30 



 x

2.5 Summary .................................................................................................31 

Chapter 3: Geothermal Reservoir Modeling with Interwell Partitioning 
Geothermal Tracers – one dimensional case ................................................42 
3.1 Fundamentals of Single-Phase Liquid Flow in Porous Media................42 
3.2 Temperature Dependence of Partition Coefficient .................................46 
3.3 Base Case Model Description of a Two-phase Flow..............................48 
3.4 Grid Refinement......................................................................................50 
3.5 K Value of The Partitioning Tracers.......................................................52 
3.6 Parametric Study of the Base Case .........................................................53 

3.6.1 Producer Bottom Hole Pressure..................................................53 
3.6.2 Initial Water Saturation...............................................................54 
3.6.3 Reservoir Permeability................................................................55 
3.6.4 Injection Temperature.................................................................55 
3.6.5 Impact of Relative Permeability Models ....................................56 

3.7 Summary .................................................................................................56 

Chapter 4: Two-Dimensional Vertical Cross Section Modeling of Flow 
and Transport in Geothermal Reservoirs ......................................................73 
4.1 Base Case Description and Simulation Results ......................................73 

4.1.1 Simulation Results for the Base Case .........................................74 
4.1.2 Analysis of Dimensionless Groups.............................................75 

4.1.2.1 Gravity Number ..............................................................75 
4.1.2.2 Effective Aspect Ratio ....................................................76 
4.1.2.3 Pressure Gradient Ratio ..................................................78 
4.1.2.4 Capillary Number............................................................79 
4.1.2.5 Stability Analysis ............................................................81 

4.2 Two-Dimensional Simulation with Permeability Stratification .............83 
4.2.1 Two-dimensional Stratified Model .............................................83 
4.2.2 Initial Liquid Water Saturation ...................................................85 
4.2.3 Impact of Effective Aspect Ratio................................................86 

4.3 Summary .................................................................................................86 



 xi

Chapter 5: Transport in a Single Vertical Fracture................................................97 
5.1 Conceptual Model of Single Fracture Geothermal Reservoir.................97 
5.2 Theory and Approaches ..........................................................................98 

5.2.1 Swept Pore Volume ....................................................................99 
5.2.2 Velocity of Boiling Interface ....................................................101 

5.3 Numerical Simulation of Flow in a Geothermal Reservoir with a 
Single Fracture ...................................................................................104 
5.3.1 Description of the Base Model .................................................104 
5.3.2 Simulation Results for the Base Case .......................................106 
5.3.3 Fracture Network ......................................................................107 
5.3.4 Matrix with Very Low Permeability.........................................108 
5.3.5 Impact of Pre-injection of Liquid .............................................110 
5.3.6 Matrix Permeability and Injection Rate....................................111 
5.3.7 Impact of Capillary Pressure.....................................................112 
5.3.8 Vertical Single Fracture Model with Properties to Match 

the Geysers Reservoir ...............................................................113 
5.4 Error Analysis .......................................................................................114 
5.5 Summary ...............................................................................................114 

Chapter 6: A Semi-Analytical Model for Enthalpy Production from a 
Fractured Geothermal Reservoir.................................................................141 
6.1 Introduction...........................................................................................141 
6.2 Literature Review..................................................................................142 
6.3 Semi-Analytical Model with Finite Matrix...........................................145 

6.3.1 Single-Phase Liquid in a Vertical Fracture...............................146 
6.3.2 Heat Transfer from the Matrix..................................................149 
6.3.3 Enthalpy Production for Single-phase Liquid Case..................151 
6.3.4 Thermal Recovery Efficiency Calculation Corresponding 

to Flow of Single-phase Liquid.................................................152 
6.4 Extend to Two-Phase Flow (Steam-liquid)...........................................153 
6.5 Stehfest Algorithm to Solve the Inverse Laplace Transformation........155 
6.6 Comparisons of Solutions and Models .................................................156 
6.7 Parametric study on Enthalpy Production and Temperature Front.......158 



 xii

6.7.1 Impact of Matrix Size ...............................................................158 
6.7.2 Impact of Injection Rate............................................................159 
6.7.3 Heat Flux from the Matrix ........................................................160 
6.7.4 Temperature Front ....................................................................161 

6.8 Summary ...............................................................................................162 

Chapter 7: Extension the Semi-Analytical Model to a Fracture Network ...........177 
7.1 Model Description ................................................................................178 
7.2 Algorithm to Extend the Semi-analytical Model ..................................179 
7.3 Application of the Algorithm to Sythetic Cases ...................................182 

7.3.1 Base Case of Validation............................................................182 
7.3.2 Sensitivity Study on Fracture Properties ..................................183 
7.3.3 Synthetic Model with Three Vertical Fractures........................184 
7.3.4 Error Analysis ...........................................................................185 

7.4 Summary ...............................................................................................186 

Chapter 8: Summary, Conclusions and Recommendations.................................202 
8.1 Summary ...............................................................................................202 
8.2 Summary of Implementation of Geothermal Tracer Interpretations ....204 
8.3 Conclusions...........................................................................................206 
8.3 Recommendations for Future Work......................................................209 

Appendix A: Relationship between Henry's Law Constant (Sander, 1999) 
and K Value in TETRAD ..................................................................211 

Appendix B: Comparison of TETRAD Simulation of the 1D Two-phase 
Flow with Buckley-Leverett Solution................................................215 

Appendix C: Input Data for the One-dimensional Base Case Model for 
TETRAD............................................................................................221 

Appendix D: Input Data for the Two-dimensional Vertical Cross Sectional 
Model for TETRAD...........................................................................224 

Appendix E: Solution of Thermal Equations for the Fracture and the 
Matrix.................................................................................................228 



 xiii

Appendix F: Codes and Input Example for The Semi-analytical Solution 
in the Single Fracture Model..............................................................233 

F.1 Fortran Code for the Single Fracture Single-phase Liquid Flow 
Calculation .........................................................................................233 

F.2 Input Example for the Single-Phase liquid Flow Code ........................237 
F.3 Fortran Code for Two-phase flow in Single Fracture...........................238 
F.4 Input Example for the Two-phase flow in Single Fracture ..................244 

Appendix G: Analysis of R-13 Tracer Testing in The Geysers...........................245 
G.1 Introduction of The Geysers ................................................................245 
G.2 Tracer and Production Data .................................................................247 
G.3 Qualitative and Quantitative Analysis of Tracer..................................248 
G.4 Work Summary ....................................................................................251 

Bibliography ........................................................................................................263 

Vita .....................................................................................................................277 



 xiv

List of Tables 

Table 1-1: Classification of geothermal resources (°C).........................................10 

Table 2-1: Tracer testing data in real geothermal fields ........................................33 

Table 2-2: Summary of geothermal tracers (Adams, 1995) ..................................39 

Table 3-1: Summary of candidate tracers and K values at 240 °C and 3380 

kPa.....................................................................................................58 

Table 3-2: Input parameters of the one-dimensional base case model ..................59 

Table 3-3: Summary of simulation results for different producer bottom hole 

pressure .............................................................................................60 

Table 3-4: Summary of simulation results for different initial liquid water 

saturations in the reservoir ................................................................60 

Table 3-5: Production summary of simulation results for reservoir with 

different permeabilities .....................................................................61 

Table  4-1: Input data for the base case flow simulation using the cross 

sectional model .................................................................................88 

Table 4-2: Reservoir parameters for the stratified model and calculated 

storage capacity and flow capacity ...................................................89 

Table 5-1: Summary of input for the base case ...................................................116 

Table 5-2: Properties of injected tracer in the base case......................................116 

Table 5-3: Properties of the fracture and the matrix in the geothermal model ....117 

Table 5-4: Storage capacity and flow capacity for the fracture network case .....117 

Table 5-5: Comparison of the swept pore for cases with different injection 

rate and matrix permabilities for the single fractured 

geothermal model............................................................................118 



 xv

Table 6-1: A summary of parameters characterizing the single vertical 

fracture model. ................................................................................166 

Table 6-2: Fracture and matrix properties in the single vertical fracture 

model...............................................................................................166 

Table 7-1: Summary of input data for the base case with two different 

vertical fractures..............................................................................187 

Table 7-2: Sensitivity study of the impact of fracture properties on energy 

production and swept pore volume calculations.............................188 

Table 7-3: Fracture properties calculated using the inputs to the numerical 

simulation model compared against the estimation from tracer 

data for the case with three vertical fractures .................................189 

Table B-1: Summary of parameters used for Buckley-Leverett solution ............218 

Table G-1: Physcochemical properties of R-134a, R-23, and R-13. The 

properties were extracted from McLinden et al., (1998) ................252 

Table G-2: Well information for the tracer test in SMUD...................................252 

Table G-3: Curve fitting of tracer return curve using an exponential decline 

function and calculation of tracer recovery at each production 

well using the estimated decline profile..........................................253 

Table G-4: Tracer recovery and swept pore volume calculation for wells 63-

29, 62-19, 62-18, 62-13...................................................................253 



 xvi

List of Figures 

Figure 1-1: Schematic of a geothermal reservoir (after Dickson and Fanelli, 

2004) .................................................................................................11 

Figure  2-1: Enthalpy-pressure diagram for water (after Bleakley, 1965).............40 

Figure 2-2: Conceptual reservoir model. Curve 1 is the reference curve for 

the boiling point of pure water. Curve 2 shows the temperature 

profile along a typical circulation route from recharge at point 

A to discharge at point E (after White, 1973)...................................41 

Figure 2-3: Idealization of the heterogeneous porous media (after Warren 

and Root, 1962).................................................................................41 

Figure 3-1: Average temperature history of the produced fluid for the base 

case....................................................................................................62 

Figure 3-2: Tritiated water mass fraction in vapor phase for the base case...........62 

Figure 3-3: Liquid saturation profiles at 30, 50, 80, and 120 days for the 

base case............................................................................................63 

Figure 3-4: Temperature profiles at time of 5, 20, 30, and 50 days for the 

base case............................................................................................63 

Figure 3-5: Tracer mass fraction profiles at times of 1, 2, 3, 4, and 5 days for 

the base case......................................................................................64 

Figure 3-6: Temperature history for the base case simulation model with 

discretization of 40,80,160,320, and 1280 grid blocks. ....................64 

Figure 3-7: The influence of grid refinement on tracer mass fraction in the 

vapor phase .......................................................................................65 



 xvii

Figure 3-8: Tracer mass fraction in the vapor phase for the case with 160 

grid blocks and different dispersion controls....................................65 

Figure 3-9: Mass fraction in vapor phase of tracers with different K values 

corresponding to a pressure of 3380 kPa and the temperature of 

240°C ................................................................................................66 

Figure 3-10: Mass fraction in vapor phase of tracers with different K values 

corresponding to an initial water saturation of 0.0, pressure of 

3380 kPa and temperature of 240°C .................................................66 

Figure 3-11: Temperature history corresponding to different producer 

bottom hole pressure for the 1D case................................................67 

Figure 3-12: Tracer return characteristics corresponding to different initial 

liquid saturation ................................................................................67 

Figure 3-13: Liquid saturation profiles corresponding to the initial water 

saturation of 0.5 at a time of 0.5, 1, 2, 10, and 40 days ....................68 

Figure 3-14: Mass fraction of Tracer with K value of 4500 in the vapor 

phase corresponding to different permeability .................................68 

Figure 3-15: Temperature history of produced fluid corresponding to 

different injection temperatures ........................................................69 

Figure 3-16: Relative permeability models with different shapes .........................69 

Figure 3-17: Comparison of temperature history for two different relative 

permeability models..........................................................................70 

Figure 4-1: Schematic diagram of the two-dimensional vertical cross-section 

model.................................................................................................90 

Figure 4-2: Temperature history of fluids produced into the surface 

separator and the average temperature in the wellbore blocks. ........90 



 xviii

Figure 4-3: Tracer mass fractions in vapor phase for tracer 1 (low partition 

coefficient) and tracer 2 (high partition coefficient) as a 

function of injected pore volumes for the base case. ........................91 

Figure 4-4: Calculated potential for the base case at time t=100 days ..................91 

Figure 4-5: Comparison of mass fraction history in the vapor phase for the 

model with capillary pressure and the base case model ...................92 

Figure 4-6: Profile of tracer mass fraction in vapor phase for the stratified 

case with zero vertical permeability at t=40 days.............................92 

Figure 4-7: Comparison of flow capacity and storage capacity calculated 

using the tracer return profile and that calculated using the 

input porosity and permeability data.................................................93 

Figure 4-8: Comparison of flow capacity and storage capacity calculated 

from tracer data corresponding to different vertical 

permeability. .....................................................................................93 

Figure 4-9: Liquid water saturation profile at T=20 days for the case with 

initial liquid water saturation of 0.5..................................................94 

Figure 4-10: Spatial distribution of the mole fraction of the high K value 

tracer at t=20 days for the case with initial liquid water 

saturation of 0.5 ................................................................................94 

Figure 4-11: Liquid water saturation distribution at time of 100 days for the 

case with aspect ratio of 0.1..............................................................95 

Figure 4-12: Liquid water saturation distribution at time of 100 days for the 

case with aspect ratio equal to 1, the inclination of the interface 

is due to the effect of gravity. ...........................................................95 



 xix

Figure 4-13: Liquid water saturation distribution at 100 days for the case 

with aspect ratio equal to 10. ............................................................96 

Figure 4-14: Comparison of temperature history for cases with effective 

aspect ratios of 0.1, 1, and 10............................................................96 

Figure 5-1: Schematic diagram of the vertical fracture model for heat 

extraction in dry hot rock (after Gringarten, 1973).........................119 

Figure 5-2: Idealized two-dimensional vertical fracture model...........................119 

Figure 5-3: Schematic diagram of the discretized numerical model for the 

base case..........................................................................................120 

Figure 5-4: Two phase flow in a fracture with phase transition ..........................120 

Figure 5-5: Comparison of flow regimes in the one-dimensional model and 

the single fracture model.................................................................121 

Figure 5-6: Mass fraction of the high volatile tracer in vapor phase as a 

function of time for the base case ...................................................121 

Figure 5-7: Profile of energy production rate for the base case...........................122 

Figure 5-8: Comparison of liquid saturation and temperature at t=100 days 

between the 1D reservoir model (with no fracture) and the base 

case single fracture model...............................................................122 

Figure 5-9: Layout of the areal fracture network and grid blocks in the flow 

simulation........................................................................................123 

Figure 5-10: Tracer mass fracture in vapor phase for the fracture network 

case D at t=20 days .........................................................................124 

Figure 5-11: Comparison of F-C calculated from the input and that obtained 

using the high volatile tracer response data. ...................................125 



 xx

Figure 5-12: Fractional flow rate in fracture vs. distance, for a case with 

permeable rock matrix (after Pruess and Bovdavasson, 1984).......125 

Figure 5-13: Liquid saturation profiles for the case with 0.001md matrix 

permeability at different time, the unit of the reservoir 

dimension is meter. .........................................................................126 

Figure 5-14: Pressure profiles for the case with 0.001md matrix permeability 

at different times .............................................................................127 

Figure 5-15: Temperature profile at a time of 5000 days for the case with 

0.001md matrix permeability..........................................................128 

Figure 5-16: High volatile tracer mass fracture in the vapor phase for the 

case with matrix permeability of 0.001 md at different times, 

the unit of the reservoir dimension is meter....................................129 

Figure 5-17: Tracer mass fraction in vapor phase for the case with matrix 

permeability of 0.001 md................................................................130 

Figure 5-18: Comparison of the tracer return profile for the case with 

immediate tracer injection and that after preinjection of liquid 

for 5 days. The matrix is assumed to be slightly permeable. ..........130 

Figure 5-19: Spatial distribution of tracer mass fraction in the vapor phase at 

t=10, 100, 500 days for the case with pre-injection of liquid for 

5 days ..............................................................................................131 

Figure 5-20: Capillary pressure models for the matrix and the fracture..............132 

Figure 5-21: Spatial distribution of liquid saturation at different times for the 

base case model with capillary pressure, the unit of the 

reservoir dimension is meter. ..........................................................133 



 xxi

Figure 5-22: Spatial distribution of pressure at different times for the base 

case with capillary pressure ............................................................134 

Figure 5-23: Spatial distribution of tracer mass fraction for the base case 

with capillary pressure at different times, and the unit of the 

reservoir dimension is meter. ..........................................................135 

Figure 5-24: The highly volatile tracer mass fraction in the vapor phase for 

the base case with capillary pressure. The secondary arrivals 

come from different layers that tracer breaks through....................136 

Figure 5-25: Capillary pressure model using the Geysers parameters (Li and 

Horne, 2000) ...................................................................................137 

Figure 5-26: Relative permeability model of vapor and liquid phase in the 

matrix calculated from Equation (4-15) for the Geysers 

geothermal field. .............................................................................138 

Figure 5-27: Tracer response in the vapor phase for the single vertical 

fracture model with properties of the Geysers Geothermal 

Reservoir .........................................................................................138 

Figure 5-28: Spatial distribution of liquid saturation at different times for the 

model with the Geysers parameters ................................................139 

Figure 6-1: Schematic diagram of the single vertical fracture model..................167 

Figure 6-3: Comparison of enthalpy production during single-phase liquid 

flow  calculated using the semi-analytical model, TETRAD 

simulation, and the Carslaw-Jaeger solution for infinite matrix 

blocks. .............................................................................................168 



 xxii

Figure 6-4: Comparison of the cumulative heat output and thermal recovery 

obtained by TETRAD numerical simulation and using the 

semi-analytical model for the base case model with L=200m, 

mass injection rate of 0.1333 kg/s, and D=40m .............................168 

Figure 6-5: Comparison of energy production rate for the single vertical 

fracture model between numerical simulation and semi-

analytical solution. ..........................................................................169 

Figure 6-6: Comparison of energy production rate for the single vertical 

fracture model between numerical simulation and semi-

analytical solution only for the early time. .....................................169 

Figure 6-7: Impact of matrix block size on thermal recovery efficiency for 

the single-phase liquid case. ...........................................................170 

Figure 6-8: Impact of matrix block size on enthalpy production rate for the 

single-phase liquid case ..................................................................170 

Figure 6-9: Impact of fracture spacing on thermal recovery efficiency. .............171 

Figure 6-10: Enthalpy production rate for fracture spacing of 200 m, 100 m, 

and 50 m..........................................................................................171 

Figure 6-11: Impact of injection rate on thermal recovery efficiency for 

single-phase liquid flow..................................................................172 

Figure 6-12: Impact of injection rate on thermal recovery efficiency 

expressed in real time for single-phase liquid flow. .......................172 

Figure 6-13: Dimensionless heat flux at dimensionless distance of 0.2, 0.4, 

0.6, 0.8, and 1.0...............................................................................173 

Figure 6-14: Dimensionless heat flux at dimensionless distance of 0.2, 0.4, 

0.6, 0.8, and 1.0...............................................................................173 



 xxiii

Figure 6-15: Impact of fracture spacing on heat flux at a dimensionless 

distance of 0.5. The fracture half-spacings are 10 m, 20 m, 50 

m, 80 m, and 100 m. .......................................................................174 

Figure 6-16: Advancement of the 120°C temperature front in the rock 

matrix and the fracture for the base case ........................................174 

Figure 6-17: Impact of matrix block size on the advancement of the 120°C 

temperature front in the fracture .....................................................175 

Figure 6-18: Dimensionless distance vs dimensionless time for the base case 

showing the characteristic temperature front velocity in the 

fracture ............................................................................................175 

Figure 6-19: Dimensionless temperature profile at dimensionless times of 

7.2, 28.9, 72.2, 144.5, and 288.9 for the base case. ........................176 

Figure 7-1: Diagram of vertical fracture network. The matrix in this diagram 

is non-permeable and the fractures have different properties.........190 

Figure 7-2: An element of the fracture network ..................................................190 

Figure 7-3: Tracer concentration in the vapor phase for the geothermal 

reservoir containing two vertical fractures. ....................................191 

Figure 7-4: Interstitial velocity ratio and reservoir storage capacity for the 

model with two vertical fractures. ..................................................191 

Figure 7-5: Temperature distribution in the matrix for the case Frac_KA1. 

The producer and injector are located at the top and the bottom 

of the reservoir respectively; the dashed line is the imaginary 

no heat flux boundary line which delineates the matrix into two 

matrix blocks...................................................................................192 



 xxiv

Figure 7-6: Early time comparison of enthalpy production between the semi-

analytical model and numerical simulation results from 

TETRAD.........................................................................................193 

Figure 7-7: Comparison of enthalpy production using semi-analytical model 

with parameters estimated from tracer data and numerical 

simulation results from TETRAD...................................................193 

Figure 7-8: Tracer concentration in the vapor phase for the case Frac_KA5 

that has two fractures with a strong contrast in permeability. 

The minimum mass fraction is set to 1E-8, which results that 

the curve is not continuous. ............................................................194 

Figure 7-9: Interstitial velocity ratio vs. storage capacity for the case 

Frac_KA5. The interstitial velocity in the fracture 2 is about 20 

times higher than that in the fracture1; and the swept pore 

volume ratio in the fracture 2 is about 1.8 higher than that in 

the fracture 1. ..................................................................................195 

Figure 7-10: Energy production rate for the case Frac_KA5 ..............................195 

Figure 7-11: Diagram of the case with three vertical fractures ...........................196 

Figure 7-12: Mass fraction in the vapor phase of the tracer for the model 

with three vertical fractures ............................................................196 

Figure 7-13: Flow capacity and storage capacity estimated from the tracer 

data for the case with three vertical fractures. The circled point 

stands for about 66% flow comes from about 40% of reservoir 

pore volumes...................................................................................197 



 xxv

Figure 7-14: The derivative of the flow capacity curve yields the ratio of 

interstitial velocity to average interstitial velocity that in turn 

can be used to estimate mass flow rate for the case with three 

vertical fractures. The few points at low storage capacity 

showing high interstitial velocity ratio are caused by numerical 

derivation. .......................................................................................198 

Figure 7-15: Comparison of enthalpy production rate and cumulative energy 

production obtained using the semi-analytical solution and the 

numerical simulator TETRAD for the case with three vertical 

fracture. ...........................................................................................199 

Figure B-1: Comparison of the liquid water saturation distribution at t=70 

days for the Buckley-Leverett solution, the case of constant 

fluid properties, and the base case of two-phase flow ....................219 

Figure B-2: Comparison of temperature distribution at t=70 days between 

the case with constant fluid properties and the base case of the 

two-phase flow case........................................................................219 

Figure B-3: Figure B-2 with different axis scale to emphasize the 

temperature change in the two-phase flow zone.............................220 

Figure B-4: Comparison of the reservoir pressure distribution at t=70 days 

for the Buckley-Leverett solution, the case of constant fluid 

properties, and  the base case of two-phase flow............................220 

Figure G-1: Location of the Geyser Geothermal Field, California  

(Thompson and Gunderson, 1991) .................................................254 



 xxvi

Figure G-2: R-13 concentration in produced steam from SMUD and Unit 

20 wells as a function of time elapsed since tracer injection. 

(Beall et al., 1994) ..........................................................................254 

Figure G-3:  Contour maps of tracer concentration (ppm) in produced steam 

eight days after injection of R-13 tracer at SMUD. The 

identification of well numbers consistent with that reported in 

literature Beall et al. (1994) is based on calculation of tracer 

swept volumes. The above figure is thus a modification based 

on Beall et al. (1994). .....................................................................255 

Figure G-4:History of steam production rate and temperature of well 62-19 .....256 

Figure G-5: History of steam production rate and temperature of well 62-18 ....256 

Figure G-6: History of steam production rate and temperature of well 62-13 ....257 

Figure G-7: History of steam production rate and temperature of well 63-29 ....257 

Figure G-G-8: History of injection rate of well 62-6 from 1991 through 

2004.................................................................................................258 

Figure G-9:  Tracer R-13 concentration at production wells 62-18, 63-29, 

62-13, 62-19, and exponential extrapolation function fitted for 

each tracer returning curve..............................................................258 

Figure G-10: Extrapolated tracer R-13 concentration for the production 

wells 63-29, 62-13, 62-19, and 62-18 by assuming exponential 

decline. ............................................................................................259 

Figure G-11: Comparison of cumulative tracer recovered reported in 

literature (Beall et al. ,1994) and that calculated by 

extrapolating tracer return curves. ..................................................259 



 xxvii

Figure G-12: Enthalpy production rate for well 63-29 when the steam 

quality is 75%, 50%, and 20%........................................................260 

Figure G-13: Enthalpy production rate for well 62-13 when the steam 

quality is 75%, 50%, and 20%........................................................260 

Figure G-14: Enthalpy production rate for well 62-18 when the steam 

quality is 75%, 50%, and 20%........................................................261 

Figure G-15: Enthalpy production rate for well 62-19 when the steam 

quality is 75%, 50%, and 20%........................................................261 

Figure G-16: Flow capacity and storage capacity for the four production 

wells calculated using the tracer return data. ..................................262 

Figure G-17: Ratio of interstitial velocity and storage capacity for the four 

production wells calculated using the tracer return information. ...262 

  



 1

Chapter 1: Introduction 

1.1 INTRODUCTION TO GEOTHERMAL ENERGY 

The ultimate goal of geothermal reservoir development is to economically 

develop geothermal energy. Geothermal energy is usually defined as the natural 

heat in the earth that is trapped close enough to the surface to be extracted 

economically (Leibowitz, 1978). However, in most cases, geothermal energy is 

too dispersed in the outer crust to be developed economically. Geothermal 

reservoir is where heat is concentrated in a restricted volume, such that the energy 

can be produced economically (Edwards et al., 1982).  Figure 1-1 shows a 

schematic diagram of a geothermal reservoir and some possible uses of 

geothermal energy. 

Geothermal resources are commonly classified based on the specific 

enthalpy of the fluid that acts as the carrier transporting heat from the deep hot 

rocks to the surface. Warm-water reservoirs at temperatures ranging from 30 to 

120°C are low enthalpy resources (0.03 to 0.4 MJ/kg). These usually are good 

candidates for direct uses such as space heating or bathing. Hot, pressured water, 

two-phase and steam resources above 120°C are referred to as high-enthalpy 

fluids (0.5 to 3.0 MJ/kg). These kinds of geothermal resources are attractive to 

develop for power generation (Economides and Ungemach, 1987). Different 

sources have different criteria for classifying geothermal reservoirs, and Table 1 

lists the classifications proposed by a number of authors. 

Geothermal reservoirs are often differentiated into liquid-dominated and 

vapor-dominated geothermal reservoirs. In liquid-dominated geothermal 
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reservoirs, liquid phase is continuous, and controls the pressure distribution in the 

reservoir. In these reservoirs, some vapor may be present, generally as discrete 

bubbles. These geothermal systems, whose temperatures may range from less than 

125°C to more than 225°C, are the most widely distributed in the world. 

Depending on temperature and pressure conditions of production wells, they can 

produce hot water, liquid and steam mixture, or steam (White, 1973). In vapour-

dominated reservoirs, liquid water and steam are in saturation condition and 

coexist in the reservoir, with vapour phase as the continuous, pressure-controlling 

phase. Geothermal reservoirs of this type such as Larderello in Italy and The 

Geysers in California, U.S., are high-temperature systems.  

In some geothermal reservoir, the rock is virtually impermeable but heated 

to high temperatures by either an abnormally high geothermal gradient or 

volcanism.  In this type of reservoir, the rock mass contains neither fluid nor fluid 

flow channels. To exploit such Hot Dry Rock reservoir, the fluid conduit has to be 

created by stimulation such as hydraulic fracturing so that artificially injected 

fluid can contact the rock and mine the heat energy. However, cold injection is 

not risk free. So far the effect of fractures in geothermal reservoir is largely 

unknown. The problem of rapid entry of external cold water and rapid 

degradation of the energy production is one of main problem facing the 

geothermal reservoir engineers. 

Geothermal energy is also categorized as sustainable and renewable 

energy that is available for multiple uses such as power generation and space 

heating (Sanyal, 2004; Axelsson and Bjornsson, 2004; Stefansson, 2000). The 

main commercial attractiveness of geothermal energy is that it can be used to 
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generate power economically and in an environmentally friendly fashion. Power 

generation using geothermal energy increased from 6833 MWe in 1995 to 7974 

MWe in 2000 (Huttrer, 2001).  

1.2 RESEARCH MOTIVATION 

In recent decades, tracer testing has become one of the most powerful 

tools in geothermal reservoir management (Sullera and Horne, 1999; Shook, 

2001). In order to increase energy extraction efficiency, to maintain reservoir 

pressure and to meet environmental requirements of condensate disposal, 

reinjection of spent geothermal fluids is a standard reservoir management 

strategy. Due to the fact that chemical breakthrough is more rapid than thermal 

breakthrough, a tracer test can provide important early inter-well flow information 

that can be used to optimize injection well location and injection flow rate.  

Geothermal tracer testing analysis is currently handicapped by insufficient 

tracer selection criteria and poor understanding of the information available from 

tracer tests. It is therefore necessary to investigate and understand which tracer 

properties might be most beneficial for specific monitoring purposes and under 

different geothermal reservoir conditions. For example, premature thermal 

breakthrough may result if injectors are placed too close to the producers. On the 

other hand, if the injection wells are located too far from the producers, the 

injected water may not provide sufficient pressure support to ensure sustained 

production. In geothermal reservoir management, partitioning geothermal tracers 

can be used to predict behavior so as to prevent premature breakthrough of cold 

injection fluid. Since monitoring the displacement of water and vapor phases is 

crucial for good reservoir management, understanding and modeling the 
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partitioning of tracers between the liquid and vapor phase is a key issue that needs 

to be addressed. This entails selection of tracer with an optimum partition 

coefficient value. That in turn will likely depend on the specifics of the 

geothermal reservoir and production. 

 Proper geothermal reservoir management requires substantial knowledge 

of subsurface properties (permeability, porosity, etc.) estimations of fluid recharge 

locations and amounts, constitutive relations, and many other parameters. These 

properties are typically neither well known nor easy to determine, yet required for 

accurate numerical modeling of the reservoir. Analysis of tracer data coupled with 

some analytical or semi-analytical models is an alternative to roughly estimate 

these properties. 

It is very necessary to develop analytical or semi-analytical models, 

especially for fractured geothermal reservoirs, even though numerical simulation 

provides general and flexible solutions for many geothermal models. Analytical 

solution helps in gaining an insight into the relative importance of reservoir 

parameters on energy production and mechanisms of mass/energy transfer such as 

between the fracture and the matrix. Furthermore, the analytical or semi-analytical 

solutions can save computational time tremendously compared with numerical 

simulations and can be quite invaluable when it comes to inverting tracer data to 

obtain a detailed characterization of reservoir attributes. The analytical or semi-

analytical solutions commonly require much fewer reservoir parameters than 

numerical simulation, and some of the parameters can be obtained from 

quantitative analysis of partitioning tracer tests. 
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1.3 RESEARCH OBJECTIVES 

This research attempts to improve the utility of geothermal tracer testing 

by addressing the following needs: 

• Develop a complete list of tracer candidate selection criteria.  

• Study the tracer response curves under different reservoir 

conditions and identify critical parameters that affect tracer test 

design. 

• Demonstrate reservoir properties that can be estimated from a 

well-designed tracer test. 

• Develop a fast and easy to apply semi-analytical approach to 

predict energy production from fractured geothermal reservoirs 

under two-phase flow condition. 

Shook (2001) shows that tracer breakthrough happens much faster than 

thermal breakthrough so that a well-designed tracer test can provide important 

interwell flow data. That in turn can lead to improved reservoir management.  We 

make the assumption that the tracer will always be injected dissolved in the liquid 

water even if they are volatile at reservoir conditions. If the tracers boil out of the 

water before reaching the steam interface, which could happen when they 

overtake the hot liquid water and encounter higher temperatures, then they will 

likely be trapped in a small gas phase at least until they are caught by the cold 

injected liquid. This would defeat the purpose of using them to get early 

information about flow path and volumes. Thus, one of the first objectives will be 

to establish guidelines for tracer selection based on their partition coefficients and 

the variation in their coefficients with temperature. Once the partitioning tracer 
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reaches the steam interface, then it will partition into the vapor phase depending 

on the partition coefficient and transport at a much higher velocity. This aspect of 

the problem needs to be systematically studied with simulations under a variety of 

realistic conditions to understand the partitioning behavior of tracers and its 

influence on the measured tracer return data.  

1.4 RESEARCH METHODOLOGY AND INTRODUCTION TO TETRAD 

Specific tracer candidates can be investigated for their potential to yield 

valuable information under carefully controlled conditions using numerical 

simulation. In this preliminary work, TETRAD (Vinsome and Shook, 1993) is 

used to study the influence of geothermal properties on tracer response and to 

provide protocols for tracer candidate testing. TETRAD is a three dimensional 

numerical simulator with the following features: 

• There are four types of models this simulator can handle: Black oil, 

multicomponent, thermal, and geothermal model.  

• The simulator uses K value to model the partitioning property of 

each component in different phases, and the K value of a 

component is a function of temperature and pressure. 

• The simulator uses regular shaped grid blocks to model reservoirs 

and irregular grid is an option. In this research, only structural 

regular grids are used. Dual porosity model is also an option in the 

simulator. However, only high-resolution flow simulations that 

relied on explicit griding of fractures were performed in this work. 
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• The simulator uses IMPES and IMPLICIT algorithm to solve the 

governing equations. Also the degree of implicitness can be 

controlled by users. 

• The simulator has been validated against numerous analytical and 

numerical test problems, including geothermal problems and 

environmental remediation problem sets (Shook, 1995).  

Parameter sensitivity studies will be conducted first to study tracer 

response characteristics in synthetic one-dimensional, two-dimensional vertical 

cross section, and fractured geothermal reservoirs. The results of these case 

studies will provide a guideline for calibrating reservoir and sweep efficiency 

related information contained in tracer response data. Early prediction of thermal 

breakthrough and enthalpy production from the geothermal reservoir will require 

the development of a mathematical model for mass and energy flow in fractured 

geothermal reservoir. The governing equations for mass and energy transfer are 

solved in Laplace space and subsequently numerically inverted to yield estimates 

for enthalpy production and thermal recovery efficiency. These estimations 

require numeric values for swept pore volume, velocity ratio between fractures in 

a network distribution of mass flow rate within fractures that make up a network. 

A technique for obtaining these required quantities from tracer tests will be 

presented.  

1.5 LAYOUT OF CHAPTERS 

Chapter 2 presents a summary of previous work on geothermal reservoirs, 

geothermal tracers, and interpretation methods of tracer data. The intention of this 

chapter is to familiarize the reader with the application and theory of tracer tests 
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in geothermal reservoirs. Tracer selection protocols for geothermal reservoir are 

also discussed in this chapter. 

Chapter 3 describes a numerical study of partitioning tracer in a one-

dimensional geothermal model under superheated conditions. It includes a 

sensitivity study of reservoir parameters and tracer properties with an aim to study 

their impacts on tracer transport and behavior.  

Chapter 4 describes a numerical study of geothermal tracers and analyzes 

dimensionless variables to study forces such as gravity and capillary forces in the 

process of cold liquid displacement in a two-dimensional vertical cross sectional 

model.  

Chapter 5 describes a numerical study of tracers in fractured geothermal 

reservoirs. It presents a method of using geothermal tracer with high K value to 

estimate the fracture pore volume and thermal breakthrough time. Parameters of 

the fracture and the matrix such as fracture/matrix permeability and porosity, and 

injection constraints on tracer response were also studied. 

Chapter 6 presents a semi-analytical solution to a conceptual model of 

single fracture geothermal reservoir with an aim to estimate enthalpy production 

and thermal recovery efficiency. The solution is validated using high resolution 

numerical simulation for a variety of cases. Types curves were drawn that 

summarize the influence of different reservoir properties on thermal 

breakthrough. 

Chapter 7 extends the semi-analytical solution to a vertical fracture 

network. Tracer data are coupled to the model to estimate the mass flow rate 

through individual fracture and other required parameters for the extended semi-
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analytical solution. Comparison with high resolution numerical simulations are 

also made to validate the assumptions and results. 

Chapter 8 provides a summary of the study, presents the conclusions, and 

details recommendations for future research. 
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Table 1-1: Classification of geothermal resources (°C) 

 
 (a) (b) (c) (d) (e) 
Low enthalpy resources < 90 <125 <100 ≤150 ≤190 
Intermediate enthalpy 
resources 

90-150 125-225 100-200 - - 

High enthalpy resources >150 >225 >200 >150 >190 
Source: (a) Muffler and Cataldi (1978). 

(b) Hochstein (1990). 

(c) Benderitter and Cormy (1990). 

(d) Nicholson (1993). 

(e) Axelsson and Gunnlaugsson (2000) 
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Figure 1-1: Schematic of a geothermal reservoir (after Dickson and Fanelli, 2004) 
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Chapter 2: Literature Review and Fundamental of Tracer 
Analysis 

This chapter provides a brief summary of relevant work with respect to 

geothermal reservoirs, fractured reservoir modeling, geothermal tracers and their 

application for detecting reservoir heterogeneity. The objective is to provide some 

background and introduction to topics covered in the rest the work as well as to 

provide references to sources where some of these topics are covered in more 

detail. 

2.1 THERMODYNAMICS OF WATER AND ITS MODELING WITHIN THE 
SIMULATOR TETRAD 

It is critical to understand the thermodynamic and transport properties of 

water and solutes in order to elucidate the mechanism of cold injection and power 

generation. The most important properties for this purpose are the steam-water 

phase envelope, steam quality, latent heat of vaporization or condensation, and 

temperature dependence of viscosity. 

Figure 2-1 shows an enthalpy-pressure diagram for pure water (Bleakley, 

1965), and it has several important features. 

a. Two-phase envelope. It defines the region of two-phase behavior. 

Based on Gibbs phase rule, in the two-phase region, the number of 

degrees of freedom is one. This implies that as long as an intensive 

variable is specified, the rest of the variables are determined. In 

other words, within the envelope, temperature and pressure are 
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interdependent. In a geothermal reservoir, if water flows or exists 

in the two-phase region, the reservoir is under saturation condition. 

b. Steam quality. Steam quality is the mass fraction of vapor in the 

total mass of fluids. In a geothermal reservoir, if we know the 

saturation of liquid water, we can calculate the steam quality 

through the following equation. 

 
( )

( )
V L

L L V L

1 S
y

S 1 S
ρ −

=
ρ + ρ −

 (2-1) 

Where Vρ  and Lρ are vapor and liquid densities, respectively, and 

LS  is the liquid phase saturation. In Figure 2-1, the steam quality is 

shown in percentage. The bubble point curve is the line with steam 

quality of exactly 0%, while the dew point curve is the line with 

steam quality of exactly 100%.  

c. Latent heat. Latent heat of vaporization Lv is the quantity of heat 

required to convert a certain amount of water that is initially on the 

bubble point curve to the dew point curve at constant temperature 

(or pressure) as shown in Figure 2-1. Latent heat of condensation is 

the amount heat given off in the reverse process. For the same 

amount of mass at the same temperature or pressure under 

saturation condition, the latent heat of vaporization and 

condensation are equal. In TETRAD, the latent heat of water at the 

saturation temperature, satT  is modeled by Watson's correlation 

(TETRAD User's Guide, 2003): 
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( )0.38
satLv 267.3762 647.23 T= −  (2-2) 

where: 
Lv  = Latent heat of water at a saturation temperature, [ ]kJ / kg  

satT  = Saturation temperature, [K] 

From Figure 2-1, we can see the latent heat vanishes at the critical point of 

water, 21.8 MPa and 647 K. 

2.2 GEOTHERMAL RESERVOIRS 

2.2.1 Basic Characteristics of Geothermal Reservoirs 

The basic characteristics of geothermal reservoirs are shown in Figure 2-2. 

The features include a heat source such as magma intrusion or hot dry rock at 

depth, a permeable porous media, and relatively impermeable caprock and 

bedrock that confine the reservoir, and supply of water as energy carrier fluid. 

Driven by buoyancy force, the heated fluid of lower density tends to rise and is 

replaced by colder fluid of high density, coming from surface or marginal area 

(White, 1973; Okandan, 1988). 

As far as the geology of geothermal reservoirs is concerned, geothermal 

reservoirs are often composed of crystalline igneous and metamorphic rocks, 

vesicular volcanic rocks, glassy or crystalline volcanic rocks, volcanic ashes, and 

welded volcanic rock materials (Edwards et al., 1982).  As an example, the 

reservoir rock in The Geysers Field is a massive dense and impermeable 

graywacke that has undergone moderate metamorphism, with steam flow 

evidenced only when open fractures are encountered. The fractures encountered 
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during drilling are mostly vertical fractures, and some of these fractures are filled 

with secondary quartz and calcite veins. A limited core analysis showed that the 

porosity ranges from 3-7%, and air permeability is less than 1md (10-15m2) 

(Lipman et al., 1978). Initial reservoir pressure is about 514 psia (35 atm), and the 

pressure gradient within the reservoir follows the gradient of saturated steam. The 

temperature gradients in steam columns are controlled by the static pressure and 

follow the saturation curve.  

A large amount of data concerning geothermal reservoir properties, field 

exploration and development have been collected and analyzed, and a database is 

available with more than 100 papers and reports on 69 geothermal reservoirs from 

21 countries (Bjornsson and Bodvarsson, 1987).  From the data, reservoir 

permeabilities of most geothermal reservoirs range from 0.1 to more than 4000 

md, and the permeability thicknesses are in the range of 0.1 and 400 Darcy-Meter. 

The temperatures of reservoirs vary from 60 through 400 °C in different regions. 

Reservoir porosity varies from 0.1% in tight rock to 40%. If reservoirs are 

saturated with liquid, total dissolved solids are given in the range of 200 and 

100,000 ppm; and if they are saturated with steam, the non- condensable gas 

concentrations are in the range of 0.02 to more than 20% of steam. 

2.2.2 Modeling Naturally Fractured Geothermal Reservoirs 

In most naturally fractured reservoirs, fractures are interconnected and the 

bulk reservoir rock is isolated into blocks. Fractured reservoirs can thus be 

considered as blocks of rock matrix surrounded by a network of communicating 

channels. The rock matrix generally has high bulk volume storing heat energy but 

low permeability. In contrast, the fractures occupy very small volume, but have 
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high permeability and serve as flow conduits. Because of complex fracture 

geometries, irregular fracture spacing, and a lack of detailed data about fracture 

flow properties, explicit representation of the fractured reservoir is not practical, 

and accurate numerical simulation of fluid flow in fractured reservoir is one the 

most challenging problems facing subsurface modeling engineers. 

The existence of fractures, their size, and distribution determine the 

capacity and to a large extent the productivity of a geothermal reservoir. Fractures 

in geothermal reservoirs vary tremendously from micro-cracks to fractures 

extending over tens of meters or more (Pruess, 1997). A variety of models have 

been introduced to deal with the processes that govern mass and energy flow in 

fractured reservoirs depending on the nature of fracturing, and the scope and scale 

of fractures. There are macro-scale continuum models such as dual-porosity, 

multiple interacting continua model (MINC), and dual permeability model, that 

employ large-scale volume averaged concepts to homogenize heterogeneous 

fracture and matrix properties. An example of the mascro-scale continuum models 

is shown in Figure 2-3. 

Alternative models based on network and percolation theories (Pruess et 

al., 1999) have also been proposed. Fracture network models can be generated by 

stochastic simulation (Liu et al., 2002; Kfoury, 2004), using artificial intelligence 

techniques (Sahimi, 1993), or site-specific fracture networks in two or three 

dimensions. The key feature of stochastic model of the natural fractures is that it 

uses information on fractures, such as fracture orientation, dimensions, density 

etc., to construct models of a fracture system that honor the specific data for a 

reservoir (Jing et al., 2002). Some geothermal reservoirs which are vertical 
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fractures dominated can be modeled by a series of parallel fractures, and this 

simplified parallel fractures can be modeled by an analytical or semi-analytical 

solution.  

2.3 GEOTHERMAL TRACERS 

Tracer testing is one of the most powerful reservoir characterization tools, 

and the importance of tracer testing is indicated by its world-wide applications for 

a variety of purposes. Appropriately designed tracer tests yield information such 

as reservoir volume, fluid velocities and thermal sweep efficiency. However, 

geothermal tracer test analysis is currently handicapped by insufficient tracer 

selection criteria and poor understanding of the information available from tracer 

tests. A review of tracer selection criteria and methods for analyzing tracer return 

data follows. 

2.3.1 Geothermal Tracer Selection Protocols 

Positive and negative characteristics of each potential tracer have to be 

assessed in order to come up with the selection of an optimal tracer for a 

particular task. The selection of proper tracers is not only essential for a 

successful tracer test, but also in order to pass stringent environmental 

requirements. The most important features of tracer candidates are thermal and 

chemical stability under geothermal reservoir conditions, geochemical 

compatibility with the rock and fluids (Kiryukhin et al., 2004), detectability at 

low concentrations and no detrimental impact to environment (Hirtz et al., 2001; 

Zemel, 1995). Furthermore, vapor phase tracers should have high volatility while 

liquid phase tracer should have high solubility, and low absorption and retention 
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in rock. An ideal geothermal tracer should have negligible impact on the 

properties such as viscosity and density of the in situ fluid. For geothermal 

tracers, thermal decay and stability should be known as a function of time and 

temperature. It also should have predicable properties such as the equilibrium 

distribution coefficient or K value, which is defined as follows.  

 

i

i
i x

yK =  (2-3) 

where iy is mole fraction of species i in vapor phase, and ix is mole 

fraction of species i in aqueous phase.  

A detailed laboratory analysis of the compatibility of possible tracers with 

reservoir fluids and rock at reservoir conditions is crucial for proper tracer 

selection. Such experiments are necessary to evaluate the ability of tracers to track 

a fluid front under these conditions, to quantify possible adsorption or partitioning 

effects, and to verify the accuracy of fluid analysis. Based upon the results of 

experimental work, many tracers may proven to be unacceptable for use in a 

particular field application (Adams, 2001; Maxfield et al., 2002). 

2.3.2 Categories of Geothermal Tracers 

Tracers are generally injected in the form of slugs in to the geothermal 

reservoir and then the surrounding producers are monitored at frequent intervals 

for return of tracers. Two major types of tracers have been used in geothermal 

reservoirs: chemical tracers and radioactive tracers. Although radioactive tracers 

have low detection limit, are less susceptible to chemical reaction, and can be 

injected at low concentrations, they are subjected to severe licensing protocols, 
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stringent, transport, handling and safety restrictions. This research focuses on 

chemical tracers. Chemical tracers have been successfully used in geothermal 

reservoirs because of they are rapidly returned after injection, which prevents the 

tracer from remaining below ground for long periods and neutralizes tracer 

retention caused by processes such as ion exchange, diffusion inside solids, 

chemical reaction, and adsorption (Horne, 1985). Table 1 summarizes chemical 

tracers that have been used in geothermal reservoirs for a variety of purposes.  

Some chemicals have been phased out due to their negative impact on the 

environment or other disadvantages. For example, fluoride can precipitate as 

fluorite (CaF2), and rhodamine WT may be adsorbed by silica scales and 

precipitate on rock in-situ. This process can affect the tracer performance besides 

having an adverse impact on the environment. Background level of propane, 

helium and bromide may be too high in certain locations, and that limits their use 

in detecting reservoir flow path. Although laboratory experiments indicated that 

sulfur hexafluoride (SF6) should be stable in the geothermal reservoir up to 340 
oC (Adams and Kilbourn, 2000) and have been successfully used in field tests in 

liquid-dominated reservoir, the field tests at Geysers show that the use of SF6 in 

tracer tests has been problematic in vapor-dominated reservoir. In recent years, 

chlorofluorocarbons have been phased out due to their negative environmental 

impact. Fluorocarbons have many desirable properties that are suitable for 

geothermal use; however, experiments show that fluorocarbon retention is 

strongly affected by sand moisture content (Maxfield et al., 2002).  

The vapor phase tracer 1,1,1,2-tetrafluoroethane (sold as Freon R-134a) 

has been used in several tracer tests in vapor dominated and two-phase 
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geothermal reservoirs (Adam and Kilbourn, 2000; Bloomfield and Moore, 2003). 

Trifluoromethane (R23) and chlorotrifluoromethane (R13) are other potential 

vapor phase tracers of the hydrofluorocarbon species. One disadvantage of 

hydrofluorocarbons is that they are less stable than the chlorofluorocarbons at 

temperatures above 280 °C.  

Alcohols have been proposed and evaluated as geothermal tracers (Adam, 

1995). Light alcohols (C2–C4) are attractive as vapor-phase reservoir tracers due 

to their high solubility in water, resulting in a vapor/liquid distribution that is 

much closer to unity than the gas tracers. The high solubility of light alcohols in 

water makes them easy to inject. Upon contact with thermal front, they 

presumably vaporize easily. On the other hand, alcohols, especially methyl- and 

ethyl-alcohol, are greatly subject to biodegradation thus are often injected with a 

bactericide or oxygen scavenger to prevent such losses in the reservoir (Ferrell et 

al., 1984; Hirtz et al., 2001).  

For other types of geothermal tracers, five polyaromatic sulfonates, 

including 1,3,6,8-pyrene tetrasulfonate, 1,5-naphthalene disulfonate, 1,3,6-

naphthalene trisulfonate, 2-naphthalene sulfonate, and 2,7-naphthalene 

disulfonate, were successfully tested in laboratory and field studies as geothermal 

tracers (Rose et al., 2001), and 39 aromatic acids were proposed by Adams et al. 

(1992) as tracers in a moderate temperature geothermal environment. The decay 

kinetics of these polyaromatic sulfonates indicated that all of the compounds are 

suitable for use in reservoirs having temperatures of up to 310 °C, whereas some 

are suitable for use in reservoirs that are as hot as 350 °C. These aromatic acids 

displayed a broad range of decomposition rates that are affected by temperature, 
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oxygen concentration, and in some cases salinity. The compounds display no 

adsorption on rock surfaces used in the tests, and some compounds were used 

successfully in a major tracer test in the Dixie Valley, Nevada geothermal 

reservoir.  

2.3.3 Analysis of Geothermal Tracer Data 

Analysis of tracer data using analytical tools such as the inverse method or 

the method of moments to provide valuable information about swept pore volume, 

residual fluid saturation, interwell connectivity have been proposed (Deeds et al., 

1999). From an analysis of tracer-return curves, it is possible to calculate the 

potential for thermal breakthrough between injection and production wells 

(Shook, 1999; Shook, 2001; Rose et al., 1997; Bodvarsson 1972). Based on the 

assumption that the movement of the tracer reflects the movement of the injected 

bulk fluid, tracer testing can be a powerful tool for characterizing reservoir 

heterogeneity, investigating unexpected anomalies in flow, or verifying suspected 

geological barriers or flow channels. Numerous such tests have been carried out 

in geothermal fields during the last two decades (Naoto et al., 2004; Axelsson et 

al., 2001; Stefansson, 1997). Table 2-1 shows that the geothermal tracers have 

been qualitatively used to characterize fluid flow and size of the reservoir.  

In tracing the flow of geothermal water along injection-production flow 

paths, chemical compounds are typically injected as a pulse into selected wells. 

The tracers enter the reservoir and are diluted as they are transported through 

reservoir formations. The transportation of tracers could be by convection or 

dispersion or both. The surrounding production wells are sampled over an 

appropriate duration in order to catch the arrival times and concentrations of the 
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tracer produced at each well. From an analysis of the tracer data, a variety of 

useful information can be derived.  

Most importantly, the first detection of tracer in the producing wells 

indicates the speed of movement of the fluid through the reservoir. The very first 

tracer to arrive disperses ahead of the main tracer slug, and its detection is 

dependent on the accuracy of the measurement device (Horne and Rodriquez, 

1983). The speed of bulk water is a critical parameter in that a high velocity is an 

indicator of possible premature thermal breakthrough. The long tail of a tracer 

return curve contains information about reservoir fluid volume (Rose et al., 1997). 

This could be useful for evaluating the field-wide probability of thermal 

degradation; however, to the interpretation is difficult if the tracer is retained in the 

reservoir rock.  

2.4 FUNDAMENTALS OF TRACER TEST 

Even through many tracer tests have been conducted for a variety of 

purposes (e.g. Robinson and Tester 1984; Axelsson et al., 2001; Gunderson et al., 

2002; Bloomfield et al., 2003), most tracer tests were interpreted qualitatively 

ignoring important information such as the temporal evolution of the tracer 

breakthrough curve. This research is dedicated to understanding the quantitative 

information available in tracer curves, and many derivations are referred to Shook 

and Foresmann (2005). 

Method of Moments is a general tracer analysis method that is based on 

the following assumptions 

• Flow field is steady  

• The tracer(s) moves with bulk fluid 
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• The tracer(s) is ideal and conservative 

2.4.1 The Temporal Moments Analysis 

The classical derivation of the method of moments theory can be found in 

the work by Himmelblau and Bischoff (1968) for analyzing packed bed reactors. 

When a tracer pulse with M units of mass is introduced into fluid entering a media 

with pore volume V, the tracer concentration C, is recorded at the outlet at time=t. 

The zeroth moment of the tracer returning curve is (both in continuous and 

discrete forms): 

 

i i0
i

A Cdt C t
∞

= ≅ ∆∑∫  (2-4) 

The first temporal moment of the tracer returning curve is: 

 
i i i

0 i

i i
0 i

t C ttCdt
t

C tCdt

∞

∞

∆
= =

∆

∑∫
∑∫

 (2-5) 

And t is known as the mean residence time, or first temporal moment of 

the tracer. It is an important property derived from a tracer test. If we know the 

fluid flow rate outq at the outlet, the mass of tracer recovered by a certain time t is 

m, given by:  

 
t

out 0
m q Cdt= ∫  (2-6)

The mean swept pore volume can be estimated from the first moment as follows if 
the fluid flow rate at the inlet is known as injq  (Zemel, 1995): 
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P inj
mV q t
M

=  (2-7)

where M is the total mass of injected tracer. The equation calculates the swept 

pore volume contacted by recovered tracer. For a closed boundary medium with a 

conservative tracer injection, the swept pore volume is the pore volume of the 

media. In addition to yielding information on swept pore volume, tracers are also 

a useful tool for understanding the capture zone of a given well, or degree of 

openness of flow boundaries. For example, if the sum of all wells’ m M  is unity, 

the system is completely closed. 

If the tracer is injected as a slug and the duration of injection is st , the 

mean residence time of the tracer in the medium is calculated as follows (Jin, 

1995): 

 
i i i

0 s si

i i
0 i

t C ttCdt t tt
2 C t 2Cdt

∞

∞

∆
= − = −

∆

∑∫
∑∫

 (2-8) 

The variance of the tracer curve measures the spread of the curve and is 

defined as 

 

( )2 2
2 20 0
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 (2-9) 

or in discrete form as 
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 (2-10) 
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The variance quantifies the range of variation of properties of the medium 

that the tracer passes through. It is useful for matching experimental data to one of 

a family of theoretical curves.  

Even though originally the methods were developed for reactor vessels 

with closed boundary (Danckwerts, 1958; Levenspiel, 1972), they have been 

applied to more general conditions of open boundaries (Pope et al., 1994), 

characterization of fractured media under continuous tracer reinjection (Robinson 

and Tester, 1984), and estimates of flow geometry (Shook, 2003). 

2.4.2 Extrapolating the Tracer History 

In heterogeneous reservoirs, the effluent tracer production may continue 

for a long period of time at levels below the resolution of the measurement 

device, while sampling for tracer is frequently terminated long before the tracer 

concentration is zero. Since the mean residence time is a time-weighted average, 

failure to include late time data often results in under-prediction of both mean 

residence time and pore volume estimates. Underestimation of the swept pore 

volume can lead to underestimate of heat transfer area, which can results in under-

prediction of enthalpy production. This is addressed by writing Equation (2-5) as:  
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 (2-11) 

The second integral term both in numerator and denominator can be 

approximated by curve fitting, and usually an exponential decline of tracer 

concentration with time is assumed. Exponential decline is probably the most 
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common tracer decline observed. For bt t≥ , the decline is exponential, and the 

tracer data can be written as: 

 

( ) ( )atC t be −=    for bt t≥  (2-12) 

Where a and b are constants determined by curve fitting. Substituting 

Equation (2-12) into Equation (2-11) and doing symbolic integration gives 

 
( ) ( )

( )
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b b

t at
b20
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btCdt e 1 at
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−

+ +
=

+

∫

∫
 (2-13) 

Other curve types may be used, but only with caution. Shook (2005) 

showed that both linear and power law extrapolation are not proper for the 

extrapolation of the trace data for Beowawe tracer data analysis, and only the 

exponential fit gave a realistic match over all of the late time data. For example, 

power law model in the analysis gave a too slow decline and the linear 

extrapolation results in negative tracer concentration after a certain time. 

2.4.3 Deconvolving the Tracer History Data 

When tracer is cyclically injected into a medium, the observed tracer 

history is a superposition of the response due to the various injection episodes. In 

order to apply the earlier moment analysis equations, the effect of tracer recycling 

must first be deconvolved before calculating residence times and swept volumes. 

The convolution integral (Levenspiel, 1972) is given by: 

 

( ) ( ) ( )
t

out in0
C t C t E d= − τ τ τ∫  (2-14) 
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Equation (2-14) states that the observed tracer concentration at the outlet, 

( )outC t , is a result of tracer injection concentration, inC , and the true residence 

time distribution ( )E t . The injection rate at time τ is assumed to hold steady for 

the period t-τ and when multiplied by the true residence time distribution ( )E τ  

yields the contribution to the output due to the rate at t-τ. Here ( )E t is defined as 

follows: 

 

( ) ( ) ( )injC t q t
E t

M
=   for concentration in volume fraction (2-15) 

 

( ) ( ) ( )injC t q t
E t

M
ρ

=  for concentration in mass fraction (2-16) 

 

Following the derivation presented by Robinson and Tester (1984), Shook 

and Forsmann (2005) give following tracer concentration after correcting the 

recycled tracer superposition effect. 

 

( ) ( ) ( ) ( )
t

corr. out in
0loss

1C t C t C t E d
1 f

= − − τ τ τ
− ∫  (2-17) 

 

In summary, if tracer is recycled or the tracer injection time is not small 

relative to the mean residence time, the tracer concentration at the outlet needs to 

be corrected using above algorithm.  



 28

2.4.4 Estimating the Flow Geometry 

Shook (2003) shows that a tracer-test can serve as a proxy to estimate the 

flow and storage capacity of a formation. The flow and storage capacity were 

originally used to quantify the heterogeneity of a layered model in pore media 

(Lake, 1989). From Darcy's law, the interstitial velocity of the single-phase flow 

of a conservative tracer is proportional to the ratio of permeability to porosity. 

Individual flow paths are defined as streamlines that have unique values of 

permeability, porosity, cross sectional area, and length. The flow capacity of the 

individual streamline follows directly from Darcy’s law. By arranging these 

streamlines in order of decreasing volumetric capacity, we can define a 

cumulative flow capacity, Fi, corresponding to any streamline i as the sum of all 
streamlines whose velocity is greater than jv , normalized by the ensemble 

properties. The cumulative storage capacity, iΦ , of those streamlines is simply 

the sum of their individual pore volumes. 

For a stratified model, assuming the pressure drop between the producer 

and the injector is constant for all paths, the incremental flow capacity of the ith 

path is the ratio of that path's flow capacity i i

i

k A
L

, to the total network flow 

capacity: 

 
i

j j
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i N

m m
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∑

∑
 (2-18) 
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where 
A = Cross sectional area, 2m⎡ ⎤⎣ ⎦   

k = Rock permeability,  2m⎡ ⎤⎣ ⎦  

L = Length of the flow path in the flow direction, [ ]m  

iF  = Accumulative flow capacity 

Similarly, the incremental storage capacity of the ith path is the pore 

volume of the path divided by the total path pore volume. It can be written as: 

 

( )

( )

i

j j j
j 1

i N

m m m
m 1

L A

L A

=

=

φ
Φ =

φ

∑

∑
 (2-19) 

 

φ  = Rock porosity, fraction 

iΦ  = Accumulative storage capacity 

The flow capacity and storage capacity can be estimated from a tracer test.  

The storage capacity, iΦ , is the incremental first moment for the tracer return 

curve truncated at time t, and normalized by the true first moment. 

Mathematically it can be written as: 
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 (2-20) 

 

The flow capacity is simply the cumulative tracer recovery at time = t normalized 

by the complete recovery. 
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t
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C d
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C d
∞

τ τ
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τ τ

∫
∫

 (2-21) 

 

Flow and storage capacity are often plotted as an F − Φ curve. The shape of 

the F − Φ  curve is used as a diagnostic tool indicating what fraction of the pore volume 

contributes to the fraction of fluid flow. The F − Φ curve calculated using the tracer 

data is a dynamic curve, while the F − Φ  from the reservoir properties, for 

example, using Equation (2-20) and (2-21), is a static one. The slope of the F-Φ  

curve is the interstitial fluid velocity normalized by the mean velocity (Lake, 1989). A 

plot of the derivative of flow capacity versus storage is a useful way of identifying subtle 

variations in fluid velocity (e.g., Nalla and Shook, 2005). 

While pore volume calculations and flow geometry estimates from tracer tests 

are robust, the analysis cannot determine the specific location of the flow path 

distribution. Furthermore, estimates of flow geometry, etc., are volume-averaged (or 

streamline-integrated) properties; point values cannot be determined uniquely. 

2.4.5 Reservoir Heterogeneity 

Once we have the F − Φ curve, we can estimate the reservoir heterogeneity 

quantified by Lorenz Coefficient, CL and the Dykstra-Parsons coefficient, DPV  (Lake, 

1989). The Lorenz Coefficient is determined from the curve by: 

 
1

C 0

1L 2 Fd
2

⎡ ⎤= Φ −⎢ ⎥⎣ ⎦∫  (2-22) 
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In general, the larger the value of LC, the more heterogeneous the flow field, and 

zero means the medium is homogeneous. 

The Dykstra-Parsons coefficient can also be estimated from the F − Φ  plot. As 

originally defined, DPV , was calculated from the best fit line of the log permeability data 

plotted on probability paper (Dykstra and Parsons, 1950). The derivative of the F − Φ  

curve is the normalized interstitial fluid velocity (Lake, 1989), which is proportional to 

k φ . Therefore, DPV  can be estimated from the F − Φ  plot as: 

 
' '

0.5 0.841
DP '

0.5

F F
V

F
Φ= Φ=

Φ=

−
=  (2-23) 

 
'F  is the derivative of the F − Φ  plot at the mean ( )0.5Φ =  and one standard 

deviation below the mean ( )0.841Φ = . Neither Lorenz Coefficient nor the Dykstra-

Parsons Coefficient depends on the form of distribution in heterogeneity, and neither is 

necessarily unique.  

2.5 SUMMARY 

Literature on geothermal reservoirs, geothermal tracers and selection 

protocols and description of fractures in numerical simulators and analysis of 

tracer data have been reviewed. Geothermal tracer should have high K value in 

order to get early information from tracer response collected at production wells 

so as to infer reservoir properties and predict premature thermal breakthrough and 

enthalpy production.  

Quantitative analysis of tracer data is possible using the method of 

moments. The background theory reviewed in this section provides theoretical 
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fundamentals for the discussion in the following chapters that extend the 

modeling and analysis procedure to two-phase flow in superheated geothermal 

reservoirs. 
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Table 2-2: Summary of geothermal tracers (Adams, 1995) 

Tracer  Advantage Drawbacks 

Halides -Stable 
-Inert -High natural background 

Radioisotopes -Detactable at low 
concentrations 

-Toxicity (radioactive halides) 
-Natural background 

Active -Detactable at low 
concentrations -Low and poorly defined stability

Fluorescent 
Dyes 

-Well-defined kinetics 
-Detectable at low 
concentrations 
-Simple field analysis 

-Decay rapidly at high 
temperatures 
-greater than 260 °C for 
fluorescein 
-greater than 230 °C for 
rhodamine WT 

Aromatic Acids
-Large variety 
Some stable at high 
temperatures 

-Require liquid chromatograph 
for analysis 

Halogenated 
Compounds 

-Volatile 
-Some stable at high 
temperature 

-Require specially-equipped  
gas chromatograph for analysis 
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Figure 2-1: Enthalpy-pressure diagram for water (after Bleakley, 1965) 
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Figure 2-2: Conceptual reservoir model. Curve 1 is the reference curve for the boiling 
point of pure water. Curve 2 shows the temperature profile along a typical 
circulation route from recharge at point A to discharge at point E (after 
White, 1973) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3: Idealization of the heterogeneous porous media (after Warren and 
Root, 1962) 
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Chapter 3: Geothermal Reservoir Modeling with Interwell Partitioning 
Geothermal Tracers – one dimensional case 

Two-phase flow in geothermal reservoirs is complicated by the interplay of mass 

transfer and energy transfer occurring simultaneously and phase transitions such as 

vaporization or condensation of water that involve latent heat exchange. Furthermore, 

most geothermal reservoirs are strongly heterogeneous with a non-uniform distribution of 

reservoir properties, and most times natural fractures or induced fractures make the 

problem even more complicated. The reservoir initial conditions and production strategy 

strongly influence the fluid flow in the reservoir and production data. For this reason it is 

best to start with a simple simulation model and add complexity one step at a time in 

order to properly understand tracer transport under different phase behavior conditions. 

The objective of this chapter is to perform a sensitivity analysis to determine the 

factors affecting reservoir performance and tracer return data in a simple one-dimensional 

model. The input data for the simulation such as reservoir conditions and reservoir rock 

properties are from the Geysers Geothermal Field (Hornbrook, 1994; Stone, 1992).   

3.1 FUNDAMENTALS OF SINGLE-PHASE LIQUID FLOW IN POROUS MEDIA 

The simplest flow condition in a geothermal reservoir is single-phase liquid flow 

through a one-dimensional, homogeneous porous medium. The temperature profile and 

history corresponding to that condition serve as a reference for comparison with more 

complicated cases. Important concepts such as thermal front velocity and parameters 

influencing it are addressed in the derivation of the model.  

The derivation of fluid and heat flow in the one-dimensional model is performed 

with the following assumptions: 

• No heat loss to cap or bed rock 
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• One-dimensional flow in horizontal direction (neglect gravity effect) 

• Only liquid phase water present in the porous medium 

• Local thermodynamic equilibrium 

• Incompressible rock and fluid 

• Constant rock and fluid thermal properties in space and time 

• No chemical reactions 

• No adsorption on rock 

In the derivation, subscripts w and r represent liquid water and solid rock, 

respectively. The mass balance equation can be written as: 

 
( ) ( )w w wu

0
t x

∂ φρ ∂ ρ
+ =

∂ ∂
 (3-1) 

And the energy balance equation can be written as: 

 
( ) ( )w w r r w w wH 1 H u H T 0
t x x x

∂ φρ + − φ ρ⎡ ⎤ ∂ ρ ∂ ∂⎛ ⎞⎣ ⎦ + − λ =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
 (3-2) 

Where 

wH  = Enthalpy of liquid water per mass, [ ]kJ kg  

rH  = Enthalpy of rock per mass, [ ]kJ kg  

λ  = Thermal conductivity of water saturated rock, o

kJ
C s m

⎡ ⎤
⎢ ⎥⋅ ⋅⎣ ⎦

 

Based on above assumption, combination of Equation (3-1) and (3-2) yields: 

 

( )
2

w wr
r w w w 2

H HH T1 u 0
t t x x

∂ ∂∂ ∂
− φ ρ + ρ + ρ − λ =

∂ ∂ ∂ ∂
 (3-3) 

Assuming enthalpy is independent of pressure and no phase changes,  

j pjdH C dT=    ( )j r, w=  (3-4) 
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Where 

pjC  = Specific heat capacity for rock and water when j=r and w, 

respectively. 

Equation (3-3) can be rewritten as: 

2

T w w pw 2

T T TM u C 0
t x x

∂ ∂ ∂
+ ρ − λ =

∂ ∂ ∂
 (3-5) 

Where 

( )T r pr w pwM 1 C C= − φ ρ + φρ  (3-6) 

TM is the total volumetric heat capacity. The heat conduction flux is the second 

order effect in heat transfer and usually smaller than the heat convection. Conduction can 

be neglected for high values of the thermal Peclet number (Hornbrook, 1994) on the 

order of 4000. Ignoring the second order effect due to thermal conduction, Equation (3-5) 

can be written as: 

T w w pw
T TM u C 0
t x

∂ ∂
+ ρ =

∂ ∂
 (3-7) 

Defining following dimensionless variables, 
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We have following Partial Differential Equation for the one-dimensional model. 

 
w pwD D

D T D

CT T 0
t M X

φρ∂ ∂
+ =
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 (3-11) 

For boundary and initial conditions,: 

 
DT 1=   at DX 0=   when Dt 0>  (3-12) 

DT 0=   at Dt 0=  (3-13) 

The solution of Equation (3-11) is: 

T
D D D

w pw

MT U t X
C

⎛ ⎞
= −⎜ ⎟⎜ ⎟φρ⎝ ⎠

 (3-14)  

Where U is a step function with following solution: 

T
D D

w pw

D

T
D D

w pw

M1.0 t X
C
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C
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 (3-15) 

This solution demonstrates that if we neglect the thermal conduction term, the 

temperature front is a sharp front. The ratio of the velocity of the thermal front to the 

velocity of the injected fluid is:  

 

( )
w pwT T

ww r pr w pw T

Cv v 1
uv 1 C C 1 D

⎛ ⎞φρ
= = =⎜ ⎟⎜ ⎟− φ ρ + φρ +⎝ ⎠φ

 (3-16)  

where 
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( )
pww

prr
T C

C1
D

φρ

ρφ−
=  (3-17) 

Equation (3-6) indicates that the thermal front is retarded by a factor TD  in 

comparison to the injected fluid front. Heat transferred to the pore and rock causes the 

temperature front to lag the fluid front. 

3.2 TEMPERATURE DEPENDENCE OF PARTITION COEFFICIENT 

Staudinger and Roberts (1996, 2001) show that there are many factors affecting 

tracer partition coefficients. For geothermal applications, the effect of temperature is the 

important important factor for a given tracer species. 

Partition coefficient can be defined as the dimensionless ratio between the 

aqueous phase concentration of a species and the vapor phase concentration of the 

species. If the vapor phase is ideal, temperature dependence of partition coefficient can 

be calculated from following expression (Sander, 1999): 

 

( ) soln

H

H1 1 1k T EXP
K RT R T Tθ θ

−∆⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (3-18) 

Where 

( )k T  = Partition coefficient of a species at temperature T 

HKθ    = Henry's Law Constant at standard conditions ( )T 298.15Kθ = , 
3

aq aq

a

mol m
p

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

 

solnH∆  = Enthalpy of solution, [ ]kJ K  

R = Universal gas constant, [ ]8.31447 J gmol K⋅  

In Sander's database (1999), the Henry's Law Constant at standard conditions 

( )HKθ  and temperature dependence factor ( )solnH R∆  from several sources are listed. To 

choose proper chemical species as geothermal reservoir tracers, other selecting criteria 
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such as environmental-friendliness, chemical/biological/thermal stability have also to be 

taken into consideration. 

The equilibrium vapor-liquid distribution coefficient (K value) in TETRAD is 

calculated using the following equation: 

 

ET
D

i eCPB
P
AK −

−
⎟
⎠
⎞

⎜
⎝
⎛ ++=  (3-19) 

Where 

A, B, C, D and E are species dependent constants. 

The parameters in Equation (3-19) can be calculated from standard 

thermodynamic data from sources such as Sander (1999). In particular, A and D can be 
calculated from Henry's law constant ( )Hkϑ  and the enthalpy of solution ( )solnH∆ as 

follows (see appendix A for derivation): 

 
solnHD
R

−∆
=  (3-20) 

 
a

H

DA EXP
k T

ϑ

ϑ ϑ

ρ ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (3-21) 

Where 

a
ϑρ  = Molar density of aqueous phase at standard condition, 

[ ]55.6 mole Liter  

The values of B, C and E were taken as zero in this study. When B and C are zero 

in Equation (3.19), the equation reduces to the Antoine equation for the vapor pressure. It 

indicates that Raoult's law is applied to estimate the vapor pressure. The Raoult's law is 

only applied when the total pressure and the vapor pressure of the species are sufficiently 

low that all fugacity coefficient corrections are negligible. The Antoine relationship 
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predicts that for a given temperature, the plot of ( )ln K against ( )vapln P is linear. However 

deviation from linearity occur at high pressures, and this can be modeled with the 

parameters B and C (TETRAD User's Guide, 2003).  

Using data from Sander (1999) for several candidate tracers, the corresponding K 

values were calculated as shown in Table 3-1. These values were used in the preliminary 

simulation study to examine a wide range of K values from 1 to 4500 for the purpose of 

determining the most appropriate geothermal tracers. The higher the value of the partition 

coefficient, the greater is the partitioning of the tracer into the vapor phase.Since vapor 

breakthrough occurs significantly before the thermal breakthrough, a volatile tracer can 

provide important early information about the movement of fluids in the reservoir. This 

can be subsequently used to optimize reservoir management strategies.   

3.3 BASE CASE MODEL DESCRIPTION OF A TWO-PHASE FLOW 

A base case one-dimensional numerical simulation was performed with the aim to 

understand the tracer return characteristics and the behavior of temperature profiles and 

history with changes to geothermal reservoir conditions and fluid properties. A pattern of 

one producer and one injector is used, and the wells are located at each end of the 

reservoir. The liquid phase relative permeability is calculated as: 
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 (3-22) 

and the vapor phase relative permeability is calculated as: 
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The irreducible saturation values assumed are 0.3lrS =  and 0.grS =  for liquid 

phase and vapor phase, respectively. The initial temperature is 240°C and the initial 

liquid saturation is 0.0001 to ensure that initially the reservoir is in saturation condition. 

Other reservoir properties and well information are summarized in Table 3-2. Tritiated 

water is injected as a slug for 1 day with a tracer concentration of 1000 ppm. The input 

parameter file for the base case is in Appendix C.  

The following assumptions and approximations are used in the TETRAD 

simulation: (1) The reservoir is saturated with one-component fluid in liquid and vapor 

phase. (2) All rock properties such as porosity, permeability, density, specific heat, and 

thermal conductivity are independent of temperature, pressure, or vapor saturation. (3) 

Liquid, vapor, and rock matrix are in local thermodynamic equilibrium. (4) For the one-

dimension simulation, capillary pressure and thermal conduction are neglected.  

Figure 3-1 shows the simulated temperature history of extraction fluids. A two-

step decrease in temperature is observed. The first decrease of temperature from the 

original reservoir temperature 240°C to the interface temperature 223°C (liquid/vapor 

saturation temperature at the prevailing pressure) is in the form of a shock. The 

temperature in the two-phase region is nearly constant corresponding to the saturation 

pressure in this region. A slight temperature increase at later time is observed because of 

pressure increase in the two-phase region from the producer toward the injector. The 

second decrease in temperature is from the interface temperature (approximately 223°C) 

to the injection temperature at 35°C and this decrease is in the form of a diffuse wave. 

The diffuse wave is caused by numerical dispersion and thermal conductive effects.  

Figure 3-2 demonstrates the tracer mass fraction in vapor phase in semi-log scale. 

It shows tracer breakthrough at about 1.5 days after injection, and the peak arrives after 
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4.4 days at a concentration of about 1000 ppm, and this is followed by a long tail. The 

classic profile corresponding to tracer injection in a slug is observed.  

Figure 3-3 shows the fluid saturation profiles at several times. There are three 

periods in this plot: vapor phase zone, vapor/liquid 2-phase zone, and liquid phase zone. 

In the vapor phase zone, the steam is superheated since the temperature is above the 

saturation temperature at the corresponding pressure. In the two-phase zone, the 

temperature is at saturation temperature, and liquid phase region corresponds to the 

super-cold zone. The abnormal spikes at the ends of the two-phase regions are believed to 

be caused by numerical dispersion. The saturation segregation in Figure 3-3 can not be 

fully explained using fractional flow theory, and a comparison of the simulation results 

with Buckley-Leverett solution is provided in Appendix B. 

Figures 3-4 and 3-5 show the temperature and tracer mass fraction profiles at 

different times respectively. Comparison between the two figures shows that tracer 

moves much faster than the thermal front, and consequently indicates that the tracer 

information might be useful for predicting the thermal velocity and the location of the 

thermal front. This result confirms the analytical results by Shook (2001) who studied the 

use of tracers in geothermal field applications (Shook, 1999; 2001). 

3.4 GRID REFINEMENT 

The objective of the grid refinement study is to show the impact of numerical 

dispersion on fluid and tracer behavior. Usually a simulation with refined grid gives more 

accurate predictions of production performance than that with coarse grid, but is more 

expensive in terms of computation time.  

Taking the base case simulation model, simulations using 40, 80, 160, 320, and 

1280 grid blocks were performed and the results are compared. Figure 3-6 shows the 

history of temperature at the outlet. It shows that all the different grid block refinement 



 51

cases give roughly identical liquid breakthrough times. The case with smaller grid block 

size shows a steeper decline on the spreading waves. From the previous analytical 

solution of one-dimensional single-phase liquid flow, the temperature decline from the 

interfacial temperature to the injection temperature is expected to be a step function or in 

the form of shock wave. Since no thermal conduction is considered in the base case, the 

spreading wave observed in the numerical results is caused by smearing due to numerical 

dispersion. The case with smaller grid blocks approximates the shock wave 

characteristics the best. The effect of grid refinement on the simulated tracer return curve 

is shown in Figure 3-7, which demonstrates that the numerical dispersion increases with 

grid block size simulation and has a large effect on the tracer tail at low tracer 

concentrations.  

The TETRAD simulator has an option for dispersion control. Figure 3-8 compares 

the tracer mass fraction in the vapor phase with 160 grid blocks using first order (single 

point upstream) and second order methods and shows the second order method reduces 

numerical dispersion.   

In a numerical flow simulator, numerical dispersion is a function of time step and 

grid size. Because of numerical dispersion, it is hard to accurately predict tracer 

breakthrough time since the displacement front is smeared. In a numerical reservoir 

simulator, a fully implicit solution of the finite-difference equations causes more 

numerical dispersion than less implicit solutions such as IMPES, but has the advantage 

that larger time steps can be taken. Since an important focus of this research is to predict 

the thermal breakthrough time by analyzing early information in the form of the tracer 

return curve, both the grid size and the solution method were important. 
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3.5 K VALUE OF THE PARTITIONING TRACERS 

It is subsequently shown that when cold water is injected into a geothermal 

reservoir for extracting energy, an idea of the sweep efficiency, thermal breakthrough 

time, and thermal velocity etc. can be obtained by analyzing the tracer return curve. 

Hence it is important that the tracer return profile is obtained soon after injection. When 

partitioning tracers are injected into the formation along with the water, they will 

partition into vapor and liquid phase. Tracers move together with the carrier bulk fluid to 

achieve local thermodynamic equilibrium along the pressure gradient. At the production 

well, tracers will be produced in the form of vapor. After thermal breakthrough, any 

remaining tracer will be produced in both the liquid and vapor phases.  

To study the impact of partition coefficient on tracer behavior, the following 

tracers in Table 3-2 were used in the simulations. These tracers exhibit different orders of 

K value and have been used as geothermal tracers. Parameters A and D in Equation (3-

18) are calculated from Henry's Law Constant (Sander, 1999) as discussed above. 

Figure 3-9 shows the simulation result with three different tracers corresponding 

to an initial water saturation of 0.3. The thermal breakthrough occurs 75 days after water 

injection. For all cases except K=1 (tritium), tracers are recovered totally in the vapor 

phase. The dispersion of the tracer production curve decreases with increase in partition 

coefficient. Apparently a tracer with K= 1 is not useful for predicting thermal 

breakthrough since by the end of the tracer sampling, thermal breakthrough already 

occurred. We can expect early tracer response and consequently early prediction of 

thermal breakthrough from tracers with higher partition coefficients. For this case, the 

tracer return curve for K value of 370 is roughly the same as that with the K value of 

4500. 
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It should be pointed out that if the saturation of the liquid phase is too high in the 

two-phase region, tracers with high solubility (low partition coefficient) should be used 

since tracer response in vapor phase is delayed in this special case. If the reservoir 

consists of superheated vapor, the K value of a tracer only affects the concentration in 

vapor phase since the initial injected cold water with tracer immediately boils into vapor. 

Figure 3-10 shows that even when K values of the injected tracers vary from 1 through 

4500, their breakthrough is almost identical when the initial water saturation is 0.0, and 

the initial temperature is 240 °C. Usually the reservoir is initially saturated with liquid, so 

in that case, in order to get high tracer concentration in the vapor phase, tracers with high 

partition coefficients are preferentially used. 

3.6 PARAMETRIC STUDY OF THE BASE CASE 

A series of numerical experiments were carried out by varying producer bottom 

hole pressure, initial water saturation, reservoir permeability, relative permeability 

models, and injection temperature. The purpose of this parametric study is to find the 

impacts of those parameters on tracer characteristics and thermal breakthrough time. 

3.6.1 Producer Bottom Hole Pressure 

Based on the Clausius-Clapeyron relationship, variation of producer bottom hole 

pressure has impact on temperature, temperature history and profile, and liquid saturation 

of the advancing thermal front. A series of numerical simulation with producer bottom 

hole pressure varying from 500 kPa to 3380 kPa (initial reservoir pressure) are carried 

out, and Table 3-3 summarizes the production performance results. 

The following observations are based on the temperature history shown in Figure 

3-11. 1) As the bottom hole pressure is lowered, the superheated temperature region is 

extended, which means more injected water is boiled to steam and produced. 2) At low 
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bottom hole pressure, the interfacial temperature is low as the pressure and temperature 

should satisfy the thermodynamic equilibrium condition. 3) Regardless of the producer 

BHP, a sharp drop in effluent temperature that corresponded to two-phase production is 

observed in the temperature profiles, 4) The temperature in the 2-phase region is stable 

during the production history. 5) Temperature reduces from initial reservoir temperature 

to interfacial temperature in the form of a shock wave. According to the analytical 

solution presented earlier, the temperature change from the interface temperature to the 

injection temperature should be in the form of another shock wave, but it is smeared by 

numerical dispersion in the numerical simulation results. 

3.6.2 Initial Water Saturation 

Because of the retardation of partitioning tracers by the liquid in the pore spaces, 

it is believed initial reservoir saturation is another important factor affecting the tracer 

return curves. A series of numerical experiments were carried out in which the initial 

water saturation varies from 0.0001 through 0.9999 while the extraction pressure was 

2500 kPa, and the summary of production performance is shown in Table 3-4. 

Figure 3-12 shows the mass fraction history of the tracer that has K value of 10. 

In this case, the initial water saturation 0.5. It indicates that initial water saturation affects 

not only breakthrough time and the temperature history, but also the tracer return time. 

As the initial water saturation increases, the tracer return is postponed appreciably, and 

the duration of tracer production increases. If the initial water saturation is greater than 

0.4, the tracer return is too late to be useful in predicting thermal breakthrough. In order 

to advance the tracer return, volatile tracers are preferred when the initial water saturation 

is high.  

Figure 3-13 shows the liquid saturation for the case with the initial water 

saturation of 0.5 at different times. Since the producer (located at dimensionless distance 
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of 1) bottom hole pressure (2500 kPa) is less than the saturation pressure (3380 kPa), part 

of liquid is vaporized near the producer. As the injection process goes on, liquid 

saturation close to the injector builds up gradually due to cold injection, while it remains 

low close to the producer until the shock front forms. After the saturation shock forms, 

the liquid saturation will propagate through the reservoir in the way discussed above. 

3.6.3 Reservoir Permeability 

The impact of reservoir permeability on the performance of tracer production was 

investigated next. A series of simulator runs were performed with permeability varying 

from 50 to 5000 md, and the simulation results are summarized in Table 3-5. Table 3-5 

shows that most of the vapor is produced before the thermal breakthrough, and the mass 

of vapor production will increase with reservoir permeability. Furthermore, tracer 

breakthrough appears to be earlier corresponding to higher permeability as shown in 

Figure 3-14.  

The reason for the postponed breakthrough time corresponding to high 

permeability reservoir may lie in the behavior of the hydraulic diffusivity 
tC

K
φµ

, where 

K is reservoir permeability, φ is the reservoir porosity, µ is viscosity of flowing fluid, 

and tC is the total compressibility factor. With increase in permeability, hydraulic 

diffusivity and pressure transmissivity will increase, so that the pressure drawdown at the 

producer will propagate faster through the whole reservoir. 

3.6.4 Injection Temperature 

Three cases were simulated with injection temperature TJ=50, 80, and 100 oC, 

respectively. The simulation results show that the temperature of injection fluid has no 

impact on temperature history (Figure 3-15) at the producer before the arrival of the 

second spread wave. The tail corresponding to the second spreading wave is extended to 
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the temperature of injection after 1000 days production. The study further shows that 

there is no difference in tracer production and distribution corresponding to different 

temperature of injection fluid if tracer breaks through and is recovered early.  

3.6.5 Impact of Relative Permeability Models 

Figure 3-16 shows the two relative permeability models used in the simulation. 

The curved shape model is identical to the base case, while the straight-line model has 

exponents of 1 in equation 1 and 2. Figure 3-17 shows the temperature history at the 

producer. It demonstrates that the thermal breakthrough time calculated by the "X-

shaped" relative permeability model is about 5 days less than the base case, which 

indicates that the relative permeability models have an impact on the starting point of 

two-phase flow.  

3.7 SUMMARY 

A one-dimensional geothermal model with tracer injection has been described and 

modeled. In the model, a thermal front caused by the injection and production operations 

propagates through the permeable medium. For a superheated reservoir, there are two 

temperature decreases – the first from the initial reservoir temperature to the interface 

temperature and the second from interface temperature to the injection temperature.  

Bottom hole pressure influences the temperature propagation and water saturation 

significantly. Sensitivities to K value (1 to 4500), extraction pressure (500 to 3380 kPa), 

initial water saturation (0 to1.0), reservoir permeability (50 to 5000 md), tracer injection 

time (0 to 70 days after start of liquid water injection), and injection temperature (30 

to100°C) have been studied. Some preliminary conclusions include: 

• Higher K values generate earlier tracer response and higher tracer 

concentration in the produced vapor phase. 



 57

• The partitioning tracer should be injected as early as possible. 

• Higher producer pressure gives higher interface temperature and later 

tracer response. 

• Thermal breakthrough occurs earlier and tracer response later for higher 

initial water saturations. 

• Reservoir permeability influences tracer concentration profile and thermal 

breakthrough. 

• Injection water temperature has no effect on tracer production and 

selection. 
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Table 3-1: Summary of candidate tracers and K values at 240 °C and 3380 kPa 

 
Case No Species Formula A D K Value

K0A Tritiated water T2O 1.186E+7 3816 1 

K1A 1,5-dichloropentane C5H10Cl2 6.69E+05 1600 10 

K2A 1,2,3-trichloropropane C3H5Cl3 8.57E+08 4000 107 

K3A 1,1,2-trichloroethane CHCl2CH2Cl 2.25E+09 3900 347 

K4A 1,1-difluoroethane C2H4F2 6.38E+08 2600 1320 

K5A 1,1,1,2-tetrafluoroethane (R134a) C2H2F4 2.64E+09 2700 4500 

 



 59

Table 3-2: Input parameters of the one-dimensional base case model 

 
Field Properties Values 

Length, m 80 
Width, m 1 
Thickness, m 1 
Grids 640×1×1 
Depth at top of formation at injection well, m 0 
Dip, degree 0 
Temperature, °C 240 
Initial Pressure, kPa 3380 

Rock density, 3kg m  2650 

Rock specific heat, okJ kg C⋅  1 
kv/kh ratio 1 
Mean permeability, md 100 
Porosity, ft. 0.05 
Initial liquid water saturation, ft.  0.00001 
Well Information   

Injection rate, kg s  5.56e-4 
Producer bottom hole pressure, kPa 2500 
Total simulated time, day 1800 
Injection Temperature, °C 35 
Tracer Information   
Name Tritium 
K Value at 240oC and 3380 kPa 1 
Injection concentration, ppm 1000 
Injection slug size,day 1.0 
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Table 3-3: Summary of simulation results for different producer bottom hole pressure 

 

Case No. Injector BHP 
(kPa) 

Saturation 
Temperature  

(°C) 

Thermal 
Breakthrough 
Time (Day) 

Tracer 
Breakthrough 
Time (Day) 

Pres_A1 3380 240 68 6.2 

Pres_A2 3000 233.8 79 1.86 

Pres_A3 2000 212 113.6 0.2 

Pres_A4 1500 198.2 133 0.18 

Pres_A5 1000 180 153.6 0.13 

Pres_A6 500 152 172.3 0.1 

 

 

Table 3-4: Summary of simulation results for different initial liquid water saturations in 
the reservoir 

 

Initial Water 
Saturation 

Breakthrough Time 
(days) 

Tracer recovery in vapor before 
breakthrough 

0.0001 93.9 100% 

0.3 75 100% 

0.4 63.9 100% 

0.7 31 35% 

1 Immediate 0% 
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Table 3-5: Production summary of simulation results for reservoir with different 
permeabilities 

 
Permeability 

(md) 
Breakthrough 
Time (Day) 

Mass of Vapor Production by 
breakthrough (kg) 

Total Mass of 
vapor Production 

(kg) 

50 91.17 1500 1816.5 

100 95.36 1684.4 1834 

500 98.66 1843 1883 

1000 101 1873 1898 

2500 108.75 1883 1914 

5000 109.6 1883 1919 
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Figure 3-1: Average temperature history of the produced fluid for the base case 
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Figure 3-2: Tritiated water mass fraction in vapor phase for the base case 
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Figure 3-3: Liquid saturation profiles at 30, 50, 80, and 120 days for the base case 
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Figure 3-4: Temperature profiles at time of 5, 20, 30, and 50 days for the base case 
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Figure 3-5: Tracer mass fraction profiles at times of 1, 2, 3, 4, and 5 days for the base 
case 

 

Figure 3-6: Temperature history for the base case simulation model with discretization of 
40,80,160,320, and 1280 grid blocks. 
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Figure 3-7: The influence of grid refinement on tracer mass fraction in the vapor phase 
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Figure 3-8: Tracer mass fraction in the vapor phase for the case with 160 grid blocks and 
different dispersion controls 
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Figure 3-9: Mass fraction in vapor phase of tracers with different K values corresponding 
to a pressure of 3380 kPa and the temperature of 240°C 
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Figure 3-10: Mass fraction in vapor phase of tracers with different K values 
corresponding to an initial water saturation of 0.0, pressure of 3380 kPa and 
temperature of 240°C 



 67

0

50

100

150

200

250

0 200 400 600 800 1000 1200 1400 1600
Time (Day)

Te
m

pe
ra

tu
re

 (° C
)

Pwf=500 Kpa

Pwf=1500 KPa

Pwf=3000 KPa

 

Figure 3-11: Temperature history corresponding to different producer bottom hole 
pressure for the 1D case 
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Figure 3-12: Tracer return characteristics corresponding to different initial liquid 
saturation 
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Figure 3-13: Liquid saturation profiles corresponding to the initial water saturation of 0.5 
at a time of 0.5, 1, 2, 10, and 40 days 

 

Figure 3-14: Mass fraction of Tracer with K value of 4500 in the vapor phase 
corresponding to different permeability 
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Figure 3-15: Temperature history of produced fluid corresponding to different injection 
temperatures 
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Figure 3-16: Relative permeability models with different shapes 
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Figure 3-17: Comparison of temperature history for two different relative permeability 
models 
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Nomenclatures 

 
A = Cross sectional area of the one-dimensional model, 2m⎡ ⎤⎣ ⎦  

pjC    = Heat capacity of phase j, and j=w, r for the liquid water phase and 

rock, respectively, o

kJ
C kg

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

TD  = Thermal retardation factor 

jH    = Enthalpy of phase j, and j=r,w for the rock and the liquid phase, 

respectively, [ ]kJ kg  

( )k T  = Partition coefficient of a species at temperature T 

iK  = K value of species i. 

HKθ    = Henry's Law Constant at standard conditions ( )T 298.15Kθ = , 
3

aq aq

a

mol m
p

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

 

L = Length of the reservoir in the flow direction, [m] 

P = Ambient pressure, [Pa] 
q = Volumetric injection rate, 3m s⎡ ⎤⎣ ⎦  

t = Time, [s] 

Dt  = Dimensionless time 

R = Universal gas constant -1 -18.314472J K mol⋅  

T  = Temperature, [K] 

DT  = Dimensionless temperature 

iT  = Interface temperature, [K] 

IT  = Initial reservoir temperature, [°C] 

JT  = Injection temperature, [°C] 

wu  = Average velocity of liquid water flow, [ ]m s  
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Tv  = Thermal velocity, [ ]m s  

wv  = Interstitial velocity of the liquid phase, [ ]m s  

φ  = Porosity of the rock, [fraction] 

jρ     = Density of phase j, and j=w, r for the liquid water phase and rock, 

respectively, 3kg m⎡ ⎤⎣ ⎦  

λ  = Thermal conductivity of rock, o

kJ
C s m

⎡ ⎤
⎢ ⎥⋅ ⋅⎣ ⎦

 

solnH∆  = Enthalpy of solution, [ ]kJ K  
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Chapter 4: Two-Dimensional Vertical Cross Section Modeling of Flow 
and Transport in Geothermal Reservoirs 

When cold water is injected into a thick geothermal reservoir, it is subjected to 

capillary pressure, viscous force, displacing phase pressure gradient, gravitation force, 

and buoyancy force. The temperature and pressure also increases as reservoir formations 

go deep, which can lead to change of phase behavior of the injected fluid as well as the 

fluids in place. Many phenomena such as cross flow, gravity segregation, and capillarity 

effect have to be studied in order to understand the flow of the carrier fluid and tracer 

transport. Furthermore, the study is complicated by the presence of heterogeneity such as 

permeability variation. As it is assumed that the partitioning tracers can "see" and exactly 

"follow" the path of the injected water, by studying the return profile of the partitioning 

tracer under carefully controlled reservoir constraints, we can make observations about 

the effects of the various forces on the reservoir performance and breakthrough time.  

Because we are interested in making general observations about the properties of 

geothermal tracers and their transport in fractured geothermal reservoirs, rather than the 

study any specific reservoir or tracer, the goal is to select representative characteristics 

for the geothermal reservoir that would serve our purpose of understanding the 

geothermal tracer behavior under reservoir conditions.  There are of course many 

arbitrary decisions involved in setting up such a base case model; however, we performed 

a sensitivity study in which many of the important simulation parameters were varied 

over a wide range. 

4.1 BASE CASE DESCRIPTION AND SIMULATION RESULTS 

Figure 4-1 shows the diagram of the stratified two-dimensional vertical cross 

section model. In the figure, a pair of production and injection wells is perforated through 
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the entire reservoir. The reservoir properties and well completion information are 

summarized in Table 4-1. The 2D model is 800 m long, 1 m wide and 80 m thick. The 

calculated pore volume of this reservoir is 3200 m3. Tritiated water is injected as a slug at 

the very beginning at a concentration of 1000 ppm and serves as a partitioning tracer. The 

tracer response, fluid temperature history, mass production rates, and enthalpy production 

rates are recorded at the producer. The two-dimensional simulation results are also 

compared against the one-dimensional simulations in order to gain an insight into the 

impact of different forces on the tracer recovery. The input data of the base case in 

attached as Appendix D. 

4.1.1 Simulation Results for the Base Case 

Figure 4-2 depicts the history of average temperature of well blocks and the 

surface temperature of the produced fluids. Here the surface temperature is assumed to be 

the ambient temperature at which the flash calculation is performed on the produced 

fluids in a separator. From Figure 4-2 it is evident that the surface temperature decreases 

from the initial reservoir temperature to the interface temperature after 0.75 pore volumes 

of injection. The temperature front of the average temperature in the well grid block is 

smeared because the liquid breakthrough occurs gradually from the bottom to the top of 

the reservoir. With every layer breakthrough, the average temperature drops. Since this 

reservoir is in vertical equilibrium condition, these breakthroughs occur gradually 

resulting in the smearing of the shock front. The second temperature decline occurs at 

later time when the reservoir cools down to the injection temperature. A similar pattern of 

temperature decline was observed in the one-dimensional simulation presented in the 

previous chapter. 

Figure 4-3 demonstrates the history of mass fraction in the vapor phase of tracer 1 

(K value is of 1) and tracer 2 (K value is of 4500). This result affirms the results from the 
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one-dimensional simulation that the more volatile tracer breaks through earlier and give 

earlier information about reservoir heterogeneity than less volatile tracers when the 

reservoir is at superheated condition. This also confirms the conclusion that high partition 

coefficient is an important criterion when selecting tracer candidates for a geothermal 

reservoir. 

4.1.2 Analysis of Dimensionless Groups 

Dimensionless analysis of the governing equations for fluid flow in a reservoir 

can provide insight into the relative importance of driving forces such as viscous forces, 

gravity forces, and capillary forces on the displacement mechanisms. There are many 

different definitions of dimensionless variables reported in the literature (Shook et al., 

1992; Rapoport, 1955). The discussion below follows the definitions of dimensionless 

groups in Lake (1989).  

4.1.2.1 Gravity Number 

The gravity number quantitatively shows the gravity forces to viscous forces in a 

fluid flow system. 

 
o
g

gravity forceN
viscous force

=  (4-1) 

One of expressions of the gravity number is expressed as follows. 

 
o

o rw
g

w T

kk gN
u
∆ρ

=
µ

 (4-2) 

Where 
k  = Permeability 2m⎡ ⎤⎣ ⎦  

o
rwk  = End point relative permeability of liquid water, fraction 

∆ρ      = Density difference between the liquid water and steam 3kg / m⎡ ⎤⎣ ⎦  
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g = Gravitational constant 29.81 m / s⎡ ⎤⎣ ⎦  

gµ  = Viscosity of steam or vapor phase, [ ]cp  

Tu  = Total flux, [ ]m s  

In the base case, the reservoir permeability is 100 md ( )13 21 10  m−× ; the density 

difference under the reservoir conditions is about 0.84 g cc ( )3840 kg m ; the liquid 

water viscosity is about 0.11cp ( )41.1 10  Pa s−× ⋅ ; and the total flux of liquid water and 

steam is on the order of 63.5 10  m s−× . Substituting these values, the gravity number is 

calculated to be about 2. It indicates that gravitation force plays an important role on 

liquid migration through the porous media for this case, and it is of the same order of 

importance as the viscous forces. 

4.1.2.2 Effective Aspect Ratio 

The effective aspect ratio for a vertical cross section model is defined as follows: 

 

v
L

h

kLR
H k

=  (4-3) 

In this equation, L is the length of the reservoir in horizontal direction, and H is 

the thickness in the vertical direction. vk is the average permeability of the reservoir in 

the vertical direction, while hk is the average permeability in the horizontal direction. 

The effective aspect ratio, LR , can be regarded as a ratio of a characteristic time 

for fluid to cross the reservoir in the horizontal (x-direction) to that in the vertical 

direction (z-direction). If RL is large, saturation or pressure variations in the vertical 

direction are much less than those in the horizontal direction, implying that the variations 

in the vertical direction could be neglected. 

The effective aspect ratio is a very important dimensionless number for 

identifying whether the assumption of vertical equilibrium (VE) for a particular reservoir 
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is valid or not. Rigorously, to achieve vertical equilibrium condition, the summation of all 

the fluid flow driving forces such as viscous forces, gravity, and capillary pressure, in the 

direction perpendicular to the direction of bulk fluid flow should be zero (Lake, 1989). 

The validity of VE assumption as a practical matter depends on the time taken for the 

movement of perturbations in the vertical direction compared to the time taken for the 

movement of perturbations in the horizontal direction. However, the VE assumption does 

not imply a uniform distribution of pressure or saturation, but rather uniform fluid phase 

potentials that in turn imply capillary-gravity equilibrium. In the past, some workers used 

VE to reduce the computation cost by upscaling the dimensions of grid blocks in a 

numerical reservoir simulation and introducing pseudo functions to capture the effect of 

heterogeneity below the scale of a simulation gridblock (Coats et al., 1971; Cao and 

Aziz, 1999; Coll et al., 2001.)  

For the base case reservoir model, the calculated effective aspect ratio is 10. In the 

base case, we assumed that there is no capillary effect at the interface between liquid 

water and steam. The potential in each grid block can be calculated using the following 

expression: 

 

( ) ( ) ( )
k

jk i
i 1

k P k g z       i 1, 2,....k
=

Φ = + ρ ∆ =∑  (4-4) 

where: 
( )kΦ  = Potential of the grid block k, [ ]kPa  

( )kP  = Pressure of the grid block k, [ ]kPa  

jρ         = Density of phase j, where j=w,g for liquid water and steam, 

respectively, 3kg m⎡ ⎤⎣ ⎦  

g = Gravity acceleration, 29.8m s⎡ ⎤⎣ ⎦  

z∆  = Thickness of the grid block I, [m] 
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Figure 4-4 presents the potential in reservoir grid blocks, and it indicates that the 

reservoir is in vertical equilibrium. 

4.1.2.3 Pressure Gradient Ratio 

Pressure gradient ratio ( )eqM is commonly used as a measure of the stability of a 

displacement front without capillary and gravity forces in reservoir engineering. The 

pressure gradient ratio is defined as the ratio of pressure gradient normal to and on the 

downstream side of the displacement front to that on the upstream side (Prats, 1986). 

From Darcy's law, the pressure gradient ratio can be expressed as: 

 
( )
( )

( )
( )

d d u d d
eq

d u uu u

p n u u uM M
p n u u u

∂ ∂ λ λ
= = = ⋅ =

∂ ∂ λ λ
 (4-5) 

Where subscripts d and u stand for downstream and upstream, respectively. 

eqM  = Pressure gradient ratio 

M = Mobility ratio 
u = The volumetric flux normal to the front, [ ]m s  

λ  = The mobility of any flowing phase present at the front, 
2m

Pa s
⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

 

If the permeability is the same on both sides of the displacement front, and the 

upstream is liquid water and the downstream is steam, the mobility ratio is defined as 

follows. 

 w s

s w

kM
k

µ
=

µ
 (4-6) 

Where: 

wk  = Liquid water relative permeability  
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sk  = Steam relative permeability 

wµ  = Liquid water viscosity, [ ]Pa.s  

Sµ  = Steam viscosity, [ ]Pa.s  

In TETRAD, Gottfried correlation (TETRAD User's Guide, 2003) is used to 

model viscosity of liquid water as follows: 

 

w
1242.4 T

26.5T 6822
−

µ =
−

 (4-7) 

Where T is the absolute temperature in Kelvin, and Lµ is the viscosity of liquid 

water at the temperature T with a unit of Centipoise. 

The viscosity of steam is modeled by the following correlation (TETRAD User's 

Guide, 2003):  

 
3 5

s 1.02 10 3.61 10 T− −µ = − × + ×  (4-8) 

Where T is the absolute temperature in Kelvin, and Sµ is the viscosity of steam at 

the temperature T with a unit of centipoise.  

Using the above equations, the calculated mobility ratio of water to steam under 

saturation condition (P=2500 kPa, and T=223°C) is about 0.143. The flux ratio of the 

downstream steam to the upstream liquid water is about 5 so that the pressure gradient 

eqM  is about 0.7. Since eqM is less than 1, the displacement is very favorable and one can 

expect a stable front at the interface between the liquid and vapor phases. 

4.1.2.4 Capillary Number 

Capillary number quantifies the relative importance of capillary and viscous 

forces for two-phase flow in porous media. 
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Pc
capillary forceN
viscous force

=  (4-9) 

One of the definitions of capillary number is: 

 
o
rw

Pc x
T

N k
Lu
λ σ

= φ  (4-10) 

Where: 

PcN  = Capillary Number, dimensionless 

o
rwλ  = End point liquid phase mobility, 

2m
Pa s

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

L = The length of the reservoir in the flow direction, [m] 

Tu  = Total Darcy velocity of the liquid and vapor phase, [ ]m s  

φ  = Porosity of the reservoir, fr. 

xk  = Permeability in the horizontal direction, 2m⎡ ⎤⎣ ⎦  

In geothermal reservoirs, the water displacing steam is an imbibition process since 

the liquid water is the wetting phase. At the temperature of 240°C, the interfacial tension 

between steam and liquid water is about 0.0285 N m (Pruess, 1991). Substituting the 

parameters of the base case, the capillary number is of the order of 10-4, which means that 

in the horizontal direction, the viscous force is much more important than the capillary 

force. The following numerical experiment confirms this observation. 

In this numerical experiment, the base model with numerical inputs as in Table 1 

is used with a capillary pressure model. Li and Horne (2000) reported the following 

capillary pressure model by curve-fitting some steady-state measured capillary pressure 

data: 
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 (4-11)  

where 

CP  = Capillary pressure, [kPa] 

σ  = Steam-liquid interfacial tension, [dynes/cm] 

k  = Reservoir permeability, [md] 

φ  = Reservoir porosity, fr. 
* w wr
w

wr

S SS
1 S

−
=

−
 = Normalized liquid phase saturation, dimensionless 

Figure 4-5 shows the comparison of tracer mass fraction in the vapor phase for the 

model with capillary pressure and the base case model, and the difference is minimal. It 

indicates that the capillary pressure does not affect tracer transport. Saturation and 

temperature profiles have also been checked, and the simulation results show that the 

capillary pressure is not important for this problem. 

4.1.2.5 Stability analysis 

The definition of fingering includes instabilities caused by both viscous forces 

(viscous fingers) and gravity forces (gravity fingers) but does not include channeling 

caused by reservoir heterogeneity (Lake, 1989; Chang et al, 1994). More discussions on 

the instability of multiphase flow with phase transition in porous media are available in 

literature (Spanos, 2002; Eastwood, 1991).  

The difference between viscous fingering and gravity override is very important 

since they do not scale the same way and do not have the same remedies for enhancing 

recovery (Chang et al., 1994). For typical geothermal reservoir development, the mobility 

ratio is either less than (cold water displacing steam) or equal to (cold water displacing 
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hot water) unity. For these conditions, viscous fingering is usually negligible. Gravity 

override occurs at high gravity number.  

According to Lake (1999), stable displacement is ensured when the following 

inequality is met: 

 

( )o o
x rLM 1 u k gsin− < λ ∆ρ α  (4-12) 

Where 
oM  = End-point mobility ratio 

k = Permeability of the permeable media, 2m⎡ ⎤⎣ ⎦  

xu  = Superficial velocity in flow direction, [ ]m s  

o
rLλ  = End-point mobility of the displacing fluid, 

2m
Pa s

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

∆ρ  = Density difference of the displacing and displaced fluids, 3kg m⎡ ⎤⎣ ⎦  

g = Gravitational acceleration, 29.8 m s⎡ ⎤⎣ ⎦  

α  = Dip angle with respect to horizontal direction 

For the condition of g sin 0∆ρ α > and oM 1< , unconditionally stable 

displacement will result. For the condition of g sin 0∆ρ α <  and oM 1< , the displacement 

will be conditionally stabile. In this case, viscous forces will stabilize the displacement, 

while gravity forces will destabilize it. To achieve a stable displacement, high flow 

velocity is required to overcome gravity.  

In order to ensure stability of the displacement in geothermal reservoirs during 

injection of cold water, it is good practice to place the injectors in the lower part of the 

reservoir, while the producers are located in the upper part of the reservoir. If for some 

reason the wells have to be completed in the opposite way, injection rates will have to be 

high enough to overcome gravity forces. 
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4.2 TWO-DIMENSIONAL SIMULATION WITH PERMEABILITY STRATIFICATION 

4.2.1 Two-dimensional Stratified Model 

Conservative tracers have been proposed to semi-quantitatively estimate fractured 

reservoir geometry from single-phase flow tests (Shook, 2003). That method is very 

useful because it is mathematically simple and readily enables engineers to visualize the 

heterogeneity of the reservoir. However, the details of the spatial variations of flow and 

storage cannot be obtained using the technique. 

Assuming the pressure drop between the producer and the injector is constant for 

all flow paths, the incremental flow capacity of the ith path is the ratio of that path's flow 

capacity i i

i

k A
L

, to the total network flow capacity (Shook, 2003): 

n
j j
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⎝ ⎠

∑

∑
 (4-13) 

Where 
A = Cross sectional area, 2m⎡ ⎤⎣ ⎦  

k = Rock permeability,  2m⎡ ⎤⎣ ⎦  

L = Length of the flow path in the flow direction, [ ]m  

F = Flow capacity 

Similarly, the incremental storage capacity of the ith path is the pore volume of 

that path divided by the total pore volume of all the flow paths. It can be written as: 
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 (4-14) 
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φ  = Rock porosity, fraction 

Φ  = Storage capacity 

Usually the permeability and porosity of a reservoir are unknown, so the tracer 

concentration in vapor phase monitored at the producer can be used to calculate the flow 

capacity and the storage capacity (Shook, 2003). Denoting the flow and storage capacity 

in terms of the cumulative produced steam volume: 
PVn

l l

l 0l=1
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i i
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∞= =
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 (4-16) 

Where 

C = Tracer concentration, [ppm] 
V = Volume of fluid collected at the producer, 3m⎡ ⎤⎣ ⎦  

The same reservoir dimension and well production and injection conditions are 

used as in the base case. The porosity, permeability, and height of each layer is 

summarized in Table 4-2. For the base case, the vertical permeability is set to zero so that 

there is no mass cross flow between layers. From the input data, the storage capacity and 

flow capacity can be calculated explicitly using Equation (4-13) and (4-14), and the 

calculated values are also summarized in Table 4-2. 

The flow of fluids and tracers in this stratified reservoir is modeled using 

TETRAD and the tracer concentration in vapor phase is recorded at the production well. 

The tracer return curve is then integrated to yield the flow capacity and storage from 
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Equation (4-15) and (4-16). Figure 4-6 is the tracer mass fraction in the vapor phase at a 

time of 40 days. The location of the tracer mass front in the figure reflects the interstitial 

velocity in each layer. 

Figure 4-7 shows the comparison of flow capacity and storage capacity calculated 

from the tracer data and as well as from the input porosity and permeability data. Given 

that numerical dispersion affects the simulated tracer return profile and the phase 

transition process are complex, the performance of the tracer data for estimating reservoir 

heterogeneity is actually quite good.  

Figure 4-8 shows the calculated storage capacity and flow capacity curves for 

different ratios of the vertical to horizontal permeability. It indicates that the role of 

reservoir heterogeneity (layer stratification) reduces as the ratio increases. When the 

permeability ratio increases, the reservoir approaches vertical equilibrium. 

4.2.2 Initial Liquid Water Saturation 

If the producer bottom hole pressure is lower than the reservoir saturation 

pressure and the reservoir is initially saturated with liquid water, the fluid in the region 

around the producer will boil and be produced either in pure vapor phase or as a steam-

liquid mixture. Partitioning tracer is assumed injected with liquid water into the reservoir, 

and it partitions into the vapor and liquid phase depending on its K value at local 

conditions.  

The one-dimensional simulations showed that a tracer with a high K value could 

give earlier information and breakthrough time than a tracer with a low K value. For the 

two-dimensional vertical model, the gravity effect complicates the issue. Figure 4-9 

shows the liquid saturation at t=20 days for the base case with an initial liquid water 

saturation of 0.5. It shows the clear segregation of the vapor phase from the liquid phase 

because of gravity, and the liquid breaks through earlier in the lower part of the reservoir 
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than the upper part. Figure 4-10 shows a profile of the high K value tracer mole fraction 

at time of t=20 days. The tracer moves as a sharp front towards the production well 

except in the lower layer which is saturated with the liquid water. 

4.2.3 Impact of Effective Aspect Ratio 

The effective aspect ratio affects the liquid breakthrough time for the two-

dimensional cross section model. To study the impact of the effective aspect ratio, three 

cases were simulated based upon the base case. For the three cases, the permeability 

contrasts between the vertical and the horizontal permeability ranges 0.0001, 0.01, and 

1.0, and the corresponding effective aspect ratios are 0.1, 1, and 10. Figure 4-11 through 

Figure 4-13 compare the liquid water saturation distribution at a time of 100 days after 

injection. For the case with an effective aspect ratio of 0.1, the cross flow is very small 

compared with horizontal flow. Since all layers have the same horizontal permeability, 

the liquid water saturation in each layer is approximately the same as shown in Figure 4-

11. For the case with an effective aspect ratio of 10, vertical equilibrium is attained.  

Figure 4-14 shows a comparison of temperature history for the three cases. Once 

liquid phase breakthrough, the temperature drops to interface temperature. The figure 

indicates that thermal breakthrough occurs first in the case with vertical equilibrium and 

that is followed by the cases with lower effective aspect ratios. Simulation results also 

show that there is a systematic variation in tracer concentration and breakthrough as the 

effective aspect ratio is varied. 

4.3 SUMMARY 

This chapter analyzes the interplay of different forces encountered during the 

displacement of cold liquid in a two-dimensional cross sectional superheated geothermal 

reservoir. From mobility analysis, the displacement of steam by the liquid water is a 
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favorable and stable displacement process. Depending upon the reservoir aspect ratio the 

reservoir may be in vertical equilibrium and that results in earlier thermal breakthrough. 

Capillary pressure does not have a significant impact on the tracer response curve or 

temperature history. When designing well perforations and well locations, gravity forces 

and displacement stability should be taken into consideration. 

Tracer data can be used to estimate the storage and flow capacity and these can be 

used to estimate the reservoir heterogeneity. The flow storage can be calculated from the 

normalized zero-order moment of tracer data, and the storage is obtained from the 

normalized first moment of the tracer data. This method is easy to use and 

mathematically robust. For superheated geothermal reservoirs, highly volatile tracer 

should be used and tracer concentration information is collected from vapor phase; while 

for single-phase liquid reservoirs, soluble tracer should be used and the tracer data is 

gathered from the produced liquid. 
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Table 4-1: Input data for the base case flow simulation using the cross sectional 

model 

 

Reservoir Properties 
Length, m 800

Width, m 1

Thickness, m 80

Grids 80×1×40

Dip, degree 0

Initial temperature, °C 240

Initial pressure, kPa 3380

Rock density, kg/m3 2650

Rock specific heat, kJ/kg.oC 1

kv/kh ratio 1

Mean permeability, md 100

Porosity, fraction 0.05

Initial liquid water saturation 0.0001

Residual water saturation 0.3

Residual gas saturation  0

Well Information 

Injection rate, kg s  0.222

Producer bottom hole pressure, kPa 2500

Total simulated time, (day) 3600

Well perforations The whole reservoir

Injection temperature (oC) 35
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Table 4-2: Reservoir parameters for the stratified model and calculated storage capacity 
and flow capacity 

Layer 
No. 

Permeability 
(md) 

Porosity
(fr.) 

Height
(m) 

Vp of the 
layer(m3) 

Storage 
Capacity 

Flow 
Capacity 

0 0 0 0 0 0.000 0.000 
1 1000 0.4 10 3200 0.235 0.372 
2 800 0.4 10 3200 0.471 0.670 
3 500 0.3 10 2400 0.647 0.857 
4 200 0.25 10 2000 0.794 0.931 
5 100 0.15 10 1200 0.882 0.968 
6 50 0.1 10 800 0.941 0.987 
7 25 0.05 10 400 0.971 0.996 
8 10 0.05 10 400 1.000 1.000 
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Figure 4-1: Schematic diagram of the two-dimensional vertical cross-section model 
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Figure 4-2: Temperature history of fluids produced into the surface separator and the 
average temperature in the wellbore blocks. 
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Figure 4-3: Tracer mass fractions in vapor phase for tracer 1 (low partition coefficient) 
and tracer 2 (high partition coefficient) as a function of injected pore 
volumes for the base case. 

 

 

Figure 4-4: Calculated potential for the base case at time t=100 days  
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Figure 4-5: Comparison of mass fraction history in the vapor phase for the model with 
capillary pressure and the base case model 

 

 

Figure 4-6: Profile of tracer mass fraction in vapor phase for the stratified case with zero 
vertical permeability at t=40 days. 
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Figure 4-7: Comparison of flow capacity and storage capacity calculated using the tracer 
return profile and that calculated using the input porosity and permeability 
data. 

 

Figure 4-8: Comparison of flow capacity and storage capacity calculated from tracer data 
corresponding to different vertical permeability. 
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Figure 4-9: Liquid water saturation profile at T=20 days for the case with initial liquid 
water saturation of 0.5 

 

 

Figure 4-10: Spatial distribution of the mole fraction of the high K value tracer at t=20 
days for the case with initial liquid water saturation of 0.5 
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Figure 4-11: Liquid water saturation distribution at time of 100 days for the case with 
aspect ratio of 0.1 

 

Figure 4-12: Liquid water saturation distribution at time of 100 days for the case with 
aspect ratio equal to 1, the inclination of the interface is due to the effect of 
gravity. 
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Figure 4-13: Liquid water saturation distribution at 100 days for the case with aspect ratio 
equal to 10. 

 
 

 

Figure 4-14: Comparison of temperature history for cases with effective aspect ratios of 
0.1, 1, and 10 
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Chapter 5: Transport in a Single Vertical Fracture 

Since most of geothermal reservoirs are naturally fractured reservoirs, the 

estimation of fracture properties is of particular interest to reservoir engineers so that 

accurate predictions of reservoir performance can be made. This chapter presents a 

method using partitioning geothermal tracers to quantitatively determine properties of the 

fractured geothermal reservoirs, especially the fracture pore volume. A simplified single-

fracture geothermal reservoir model is proposed and validated using TETRAD 

simulations. Finally, the method is applied to numerous synthetic fracture network 

models. 

5.1 CONCEPTUAL MODEL OF SINGLE FRACTURE GEOTHERMAL RESERVOIR 

Geothermal reservoirs are usually very complex with geological features such as 

fractures, multiple fluid phases and phase transitions, chemical reactions, and thermal 

effects. Large-scale permeability in some geothermal reservoirs such as the Geysers in 

California and Larderello, Italy, is provided by an interconnected fracture network, while 

the matrix permeability typically is of the order of 1 microdarcy or less (Pruess, 1997; 

Finsterle and Persoff, 1997). A conceptual model of a vertical fracture network in a 

geothermal reservoir is shown in Figure 5-1. In this diagram, a producer or injector 

penetrates a series of parallel, equally spaced, vertical fractures separated by isotropic and 

homogeneous matrix blocks. Usually the producer is located in the upper part of the 

reservoir and the injector is located in the lower part of the reservoir to prevent flow 

instability caused by gravity. 

Given the complex fracture geometry, irregular fracture spacing, and a lack of 

detailed data about fracture flow properties, explicit representation of a fractured 

reservoir is impractical, and accurate numerical simulation of fluid flow in a fractured 
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reservoir is one the most challenging problems facing engineers. For the purpose of 

studying the transfer of mass/energy between the matrix and the fracture, we consider an 

idealized model of fractures and matrix so that the transport characteristics of liquid 

saturation, temperature, pressure, and tracer concentrations at different times can be 

visualized.  

Initially, a single fracture was explicitly modeled so that the transient process of 

heat and mass transfer could be easily visualized. In addition, the single vertical fracture 

model is sufficient to capture the essential characteristics of tracer transport and phase 

transition. The representation in Figure 5-1 of wells intersecting multiple vertical 

fractures at regular spacing lends a symmetry to the problem and permits the proposed 

single fracture model. Since the matrix blocks are equally spaced and symmetric in the x 

direction, only a half plane of the fracture and matrix block was modeled as shown in 

Figure 5-2. Because of the symmetry properties, the outer boundary of the matrix and the 

fracture are both assumed to be a no heat flux boundary. 

The half plane domain is discretized as shown in Figure 5-3. The main 

characteristic of this grid is that it is logarithmically spaced in the horizontal direction, 

which is considered to be the most accurate grid for diffusive-type problems (Bodvarsson 

and Tsang, 1982). In the vertical direction, 100 grid blocks of uniform size were used. 

The following discussion of model and simulation results is based on the grid shown in 

Figure 5-3. A pair of wells, a producer and an injector, penetrate the matrix and fracture 

blocks. Numerical simulation was used to calculate the tracer transport. 

5.2 THEORY AND APPROACHES 

When a tracer with a high partition coefficient (defined by the concentration in 

the vapor phase divided by the concentration in the liquid phase) is injected in water, it 

will partition into the vapor phase and subsequently transport in the vapor phase (steam) 
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toward the production wells. The monitored tracer data can be used to estimate swept 

pore volume using the method of moments. For a fracture model with an impermeable 

matrix, the swept pore volume is approximately equal to fracture pore volume.  The 

thermal breakthrough time can be estimated from the swept pore volume by applying a 

thermal retardation factor. The two-liquid phase velocity moving along the fracture can 

also be estimated. 

5.2.1 Swept Pore Volume 

A classical derivation of the mean residence time can be found in Himmelblau 

and Bischoff (1968) with application to packed bed reactors. Shook (1998, 2003) 

demonstrated that the reservoir pore volume and geometry could be estimated from 

conservative tracer data for the case of single-phase flow in geothermal reservoirs. The 

analysis uses the first temporal moment of the tracer concentration distribution recorded 

at the producer to calculate the pore volume contacted by the injected tracer (the swept 

pore volume). This method has a rigorous theoretical basis even for three-dimensional, 

heterogeneous media and has been widely used in both groundwater (Jin et al., 1995; 

Dwarakanath et al., 1999) and oil field applications (Sinha et al., 2004; Asakawa, 2005). 

It can be used in the absence of detailed reservoir characterization data or flow and 

transport models, since only a very simple, fast and easy integration of the production 

data is needed to yield the mean residence time, which can be done with a spreadsheet.  

 The mean residence volume can be calculated for a finite tracer slug using the 

following expression. 
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If the concentration values are only known at discrete times, then the swept pore 

volume can be calculated from the sum over the sample values: 
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 (5-2)   

In some cases with open boundaries, only a partial volume of injected tracer is 

recovered. Equation (5-1) can be modified to accommodate the fractional mass recovery 

or open boundary problem as follows. 
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 (5-3)  

where M is the total mass of injected tracer, m is cumulative mass of the  tracer 

produced in a given production well. The corrected swept pore volume by the fractional 

mass recovery should be close to the actual swept pore volume between a pair of 

injection and production wells. 

Usually the tracer is not injected immediately with cold liquid water at the very 

beginning of the injection into a geothermal reservoir. A key finding of this research was 

that if the tracer is sufficiently volatile (high K value), then almost all of it will 

immediately vaporize and transport at a fast velocity in the vapor phase and thus can be 

treated as though it were injected as a gas tracer from the beginning. Usually there is 

already some vapor production before tracer injection. To correctly calculate the swept 

pore volume for this situation, the following equation can be employed to improve the 

approximation and reduce the error. 
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 (5-4)

where Vo is the volume of steam produced prior to the injection of the tracer, and SV is 

the volume of steam produced by the end of the tracer injection. 

Once the pore volume of the fracture is known, then the thermal breakthrough can 

be calculated using a retardation factor that takes into account the latent heat of the water. 

For deriving the thermal retardation factor, an analytical derivation of the velocity of the 

boiling interface is necessary and this is discussed next. 

5.2.2 Velocity of Boiling Interface 

Shook (2001) demonstrated that tracer transport for single-phase liquid flow is 

much faster than the velocity of the temperature front because of the thermal retardation 

factor. The temperature front travels not only into the fluid filled pores, but also through 

the rock, while tracer transport occurs only through the connected pores in the rock. 

When cold water is injected into a superheated reservoir, some of it boils to steam and the 

temperature front moves in the form of a shock wave traveling though the porous media.  

In fractured geothermal reservoirs, the fracture network serves as a fluid conduit, 

and the matrix stores most of the thermal energy and conducts the thermal energy to the 

working fluid crossing the fracture-matrix interface. We can find liquid breakthrough 

time by analyzing the energy and mass balance of the liquid front in a one dimensional 

reservoir, and then extending the relation to the single fracture model by accounting for 

heat conduction from the matrix to the moving phase in the fracture.  
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The relationship between injection velocity, liquid front velocity, and steam flow 

velocity along the fracture can be solved by analyzing the mass and energy balances for a 

one-dimensional model with several assumptions: 

• Heat conduction neglected in the flow direction along the fracture 

• Local thermodynamic and hydrodynamic equilibrium 

• Sharp front between the liquid and steam front - vaporization only at the 

front 

• Compressibility of rock and liquid neglected 

• Density of liquid water and steam constant 
 

Denote the liquid flow rate in the fracture as Jv , and steam flow rate as Pv . At 

time t1, the liquid front is assumed to be located at x1. After a duration ∆t, the position of 

the front should be x2 assuming no vaporization. However, because of vaporization, the 

actual location of the front is at xf at that time, t2=t1+∆t.  The diagram of this one-

dimensional flow is illustrated in Figure 5-4.  

The mass balance equation over a control volume of size ∆x is: 

w v J w p VA x A x A v t A v tρ ∆ φ − ρ ∆ φ = φ ρ ∆ − φ ρ ∆  (5-5) 

From Equation (5-5), the liquid front moving velocity is 

J w p v
f

w v

v vxv
t

ρ − ρ∆
= =

∆ ρ − ρ
 (5-6) 

Equation (5-6) establishes the relationship between the injected liquid velocity, 

steam production velocity, and the front velocity.  In this equation, Jv  is the interstitial 
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velocity of the injected liquid, pv is the interstitial velocity of steam, and fv is the velocity 

of liquid front velocity.  

An energy balance over the same control volume yields: 

( ) ( ) ( )r pr I i 2 1 w vA x 1 C T T A x x x L∆ − φ ρ − = φ − + ∆ ρ⎡ ⎤⎣ ⎦  (5-7) 

Dividing by the time step t∆ : 

( ) ( ) 2 1
r pr I i w v

x xx x1 C T T L
t t t

−∆ ∆⎡ ⎤− φ ρ − = − ρ φ⎢ ⎥∆ ∆ ∆⎣ ⎦
 (5-8) 

Rearranging Equation (5-8), the relationship between the liquid injection velocity 

2 1x x
t

−⎛ ⎞
⎜ ⎟∆⎝ ⎠

 and liquid front velocity x
t

∆⎛ ⎞
⎜ ⎟∆⎝ ⎠

 is: 

( ) ( )
w vf

J
w v r pr I i

Lv
1v L C T T

ρ
=

− φ
ρ + ρ −

φ

 (5-9) 

Define a thermal retardation factor: 

( ) ( )r pr I i
Ti

w v

C T T1
D

L
ρ −− φ

=
φ ρ

 (5-10) 

Equation (5-10) can be written as: 

f

J Ti

v 1
v 1 D

=
+

 (5-11) 

Retardation is caused by the vaporization of liquid at the front. Since the right 

hand side is generally less than 1, the front velocity is slower than the injection velocity. 

Solving Equation (5-9) and Equation (5-11) gives the vapor phase production rate: 

( )
( )

J w T v
p

v Ti

v D
v

1 D
ρ + ρ

=
ρ +

 (5-12) 
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Although Equation (5-7) and (5-12) is derived for flow in a one-dimensional 

porous medium, the same equations can be applied to fractured reservoirs with an 

impermeable matrix. First of all, the thermal breakthrough time is short in the life of a 

typical geothermal reservoir, and the heat transferred from the matrix is limited in that 

time. Secondly, the temperature gradient between the matrix and the fracture in the vapor 

zone is low so that the heat flux is minimal at early times. A comparison of the one-

dimensional model and the single fracture model with non-permeable matrix is further 

illustrated in Figure 5-5.  

Since the swept pore volume can be estimated from the tracer data, we can 

estimate the thermal breakthrough time by performing the following steps. 

• Calculate the swept pore volume from tracer data, PV  

• Calculate thermal retardation factor from Equation (5-9) 

• Calculate thermal breakthrough time 

 

( )P
BT Ti

inj

V
T 1 D

q
= +  (5-13) 

5.3 NUMERICAL SIMULATION OF FLOW IN A GEOTHERMAL RESERVOIR WITH A 
SINGLE FRACTURE  

Numerical simulation was used as a tool to study tracer transport and heat transfer 

in a conceptual single fracture model. Several other cases with synthetic fracture network 

models were also simulated. The impact of matrix permeability, capillary pressure and 

operating conditions were investigated. Tritiated water and 1,1,1,2-tetrafluoroethane 

(R134a) were used as low and high K value tracers.  

5.3.1 Description of the Base Model 

The conceptual model shown in Figure 5-3 was used and the reservoir parameters 

and well information for the base case are summarized in Table 5-1. Table 5-2 shows the 
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input parameters for the tracer. The calculated quantities of mass and energy stored in the 

reservoir are summarized in Table 5-3. The initial pressure in the first layer of the 

reservoir is 3380 kPa with corresponding saturation temperature of 240 °C, and the 

temperature and pressure will be calculated based on the hydrostatic pressure gradient. A 

producer with a constant bottom hole pressure of 2500 kPa is located at one end of the 

reservoir, and an injector is located at the other end. Both wells are perforated through the 

whole reservoir. For the base case, the initial water saturation is 0.0001, and cold water at 

a  temperature of 35 °C is injected immediately at a rate of 0.0167 kg/s. Three tracers are 

injected right at the start of injection for a duration of 0.5 days. The mass of tracer 

injected in each case is about 60 kg. The relative permeability models for matrix are:  

 

w wrm
rwm
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.

g grm
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grm
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k

S

⎛ ⎞−
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 (5-14) 

and that for the fracture is: 
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 (5-15) 

In the base case model, irreducible water saturation is assumed to be wrfS 0.1=  in 

the fracture and wrmS 0.3=  in the matrix. The vapor phase residual saturation is zero both 

in the fracture and the matrix. The input data for the base case is attached as Appendix E. 
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5.3.2 Simulation Results for the Base case 

In the case simulated, all injected fluid flows only through the fracture since the 

matrix blocks are impermeable. Figure 5-6 shows the mass fraction of tracer R134a in the 

vapor phase. Tracer breaks through 9 days after injection starts. In contrast, the liquid 

breakthrough occurs after 272 days. By the time liquid breakthrough occurs, more than 

99% of injected tracer R134a is produced. 

The produced tracer concentration data from vapor phase are integrated to yield 

the swept pore volume contacted by tracer, and the swept pore volume is compared with 

the pore volume of the fracture calculated from the input fracture dimensions. The 

volume of vapor produced in the first 0.5 days is about 30.27 m3, and the cumulative 

vapor volume produced at the time of liquid breakthrough is 8218 m3. The calculated 

swept pore volume by applying Equation (5-2) is 795.6 m3. The actual fracture pore 

volume is 800 m3. The relative error is less than 0.6%. The estimated pore volume is 

subsequently used to estimate the thermal breakthrough time using Equation (5-13). The 

calculated breakthrough time is 560 days, while the TETRAD simulation result is 657.5 

days. The discrepancy is caused by the fractional flow and unsteady state production in 

the flow simulation. 

Figure 5-7 shows the simulated enthalpy production history. Before liquid 

breakthrough, the enthalpy production in vapor phase builds up due to the increase in the 

mass production rate of steam. After liquid breakthrough, energy production rate from the 

steam plummets dramatically because its mass production rate decreases. Even through 

the temperature of liquid and steam are identical (saturation temperature in two phase 

flow condition), the enthalpy per mass of steam is much higher than that in the liquid 

because of its latent heat, so the enthalpy production rate of steam is at a level of 10 kW 

for 2000 days. After liquid breakthrough, the total enthalpy production rate is still at a 
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high level of 20 kW as the thermal energy is transferred from the matrix source by heat 

conduction. It can therefore be concluded that the geothermal reservoir will remain 

economic long after liquid breakthrough. 

Figure 5-8 demonstrates the comparison of liquid saturation in the base case 

fractured reservoir model and that observed in the one-dimensional vertical reservoir 

model (with no fracture). The vertical one-dimensional model has identical properties and 

dimensions with the fracture in the base case. The liquid saturation front location at 100 

days are almost identical in both the models indicating that the matrix does not have 

significant impact on the front advancement because the temperature gradient between 

the matrix and the fracture at the advancement front is small and consequently heat 

transfer from the matrix that used to boil the liquid at the front is negligible.  

5.3.3 Fracture Network 

The method to calculate swept pore volume and thermal breakthrough time is next 

demonstrated for a fractured network. Figure 5-9 shows a synthetic areal fracture network 

that is composed by four different lengths of fractures. These four fractures are identified 

by different colors in the figure. All the fractures have identical thickness of 5 meters and 

width of 5 meters. The lengths, permeability, and porosity of the fractures are 

summarized in Table 5-4, and the calculated pore volume of the fracture is 2344 m3. The 

table also includes the calculated storage and flow capacity using the fracture properties. 

Since they have different porosity, permeability and length, their resistance to flow is 

different so that the mean residence time of the tracer would be different within each 

fracture.  

To simulate tracer transport in these fracture models, a high volatility tracer is 

injected right at the start of simulation for a duration of 0.5 days and then liquid water at 

a temperature of 35°C is injected. Figure 5-10 shows the tracer mass fraction in vapor 
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phase at 5 days and 20 days, respectively. We can see that the tracer sweeps fractures 1, 

2, 3 and 4 partially. At different times, different regions of the fracture network are swept 

by the tracer. The estimated fracture pore volume from the tracer data is 2201 m3, and the 

relative error is about 6%. Figure 5-11 shows the comparison of the storage capacity and 

flow capacity calculated from the input and that calculated using the tracer response in 

vapor phase. It can be concluded that the match is very good considering the complexity 

of the tracer transport and thermal conduction processes in this case. 

5.3.4 Matrix with Very Low Permeability 

If the rock matrix is permeable, the propagation of the thermal front along the 

fracture will be retarded because of the leak off of the injected fluid into the matrix. The 

rate of fluid flow in the fracture will therefore diminish with distance from the injection 

point. By assuming constant injection rate, one-dimensional flow in the fracture and fluid 

flow into the matrix in a direction normal to the fracture faces, Pruess and Bodvassson 

(1984) derived a semi-analytical solution for the flow rate in the fracture as a function of 

distance from the injection point. Figure 5-12 depicts the fractional flow rate along the 

fractures as a function of a parameter ζ , which is a combination of distance from the 

well, time, and various fracture and rock properties. It indicates that there is relatively 

more leakage for the vertical fracture than the horizontal fracture. For the vertical 

fracture, pressure at the bottom of the fracture is much larger than counterpart location in 

the horizontal fracture because of gravity if they have identical mass flow rate. From 

Darcy's law, the leaking velocity into the matrix is proportional to the pressure gradient, 

correspondingly the leakage for the vertical fracture is larger than that for the horizontal 

fracture. 

In order to study the effect of matrix permeability on the tracer response curve, 

swept pore volume calculation, and thermal retardation factor, a fracture model with 
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dimensions identical to the base case model is used. The permeability of the matrix is 

uniformly set to 0.001 md. The simulation results show that by the end of simulation at 

t=5000 days, there is no breakthrough of the liquid phase. Figures 5-13 shows the liquid 

phase saturation profile in the lower part of the reservoir at 100 days and 5000 days after 

injection, respectively. Part of the injected liquid will vaporize and be transported to the 

producer along the fracture, while a portion of the injected liquid migrates into the 

matrix. By 5000 days, we can see that a large amount of water has migrated into the 

matrix. Figure 5-14 demonstrate the pressure profiles at these two times. We can see that 

near the fracture, the pressure drops gradually so that the vapor phase migrates from the 

matrix to the fracture, and then superheated condition in the matrix in these grid blocks 

forms. 

Figure 5-15 shows the temperature profile at t=5000 days, and it shows that near 

the injector, the temperature is relatively low since the energy has not yet been 

transferred by thermal conduction and convection. Because the matrix stores most of 

energy of the reservoir, from this figure we can see that by 5000 days, there is still 

sizeable thermal energy that has yet to be tapped.  

Figure 5-16 shows the mass fraction of the high volatile tracer in vapor phase at a 

time of 5 days and 100 days, respectively. They indicate that the tracer migrates into the 

matrix from the fracture and is subsequently trapped in the matrix. Although this tracer 

amount will be eventually recovered, it will take a long time because of the low 

permeability of the matrix. The fractional recovery of injected tracer will affect the 

accuracy of the swept pore volume calculation from the tracer data. 

Figure 5-17 depicts the tracer return curve, from which we can see that the mean 

residence time of the high volatile tracer in the reservoir is about 62 days, and 200 days 

after the tracer injection, the cumulative tracer recovery is about 86%. The calculated 
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swept pore volume from the tracer data is about 1328 m3, (and after the fractional tracer 

recovery, and the corrected swept pore volume is about 1132 m3). Profiles show even 200 

days after the tracer injection, there is still some amount of tracer "trapped" in the matrix.  

Introducing the fractional tracer recovery, it reduces the swept volume "seen" by the 

tracer that is not recovered. The relative error based on the actual pore volume calculated 

using the exact fracture dimensions is about 42%. The calculated swept pore volume is 

still larger than the exact fracture pore volume because some tracer migrates into the 

matrix close to the fracture and then transport to the fracture.  

5.3.5 Impact of Pre-injection of Liquid 

From Figure 5-16 we can see that a portion of tracer migrates into the matrix and 

is then trapped in the matrix. This results in only 85% of the injected tracer recovered in 

the vapor phase. To reduce the quantity of tracer lost to the matrix, pre-injection of cold 

water for 5 days before start of tracer injection is an option. Even through a part of pre-

injected water vaporize in the fracture, still much of it transports into the matrix because 

of the high capillary pressure. The pre-injected liquid will potentially "block" the transfer 

of tracer from the fracture to the matrix, consequently increasing the amount of recovered 

tracer. The swept pore volume calculated on the basis of the tracer return profile should 

be closer to the pore volume of the fracture. 

Figure 5-18 shows the comparison between the tracer return profile corresponding 

to immediate tracer injection case and that after pre-injection of liquid for 5 days. It 

indicates that at any given time during the tracer production, the recovered mass of tracer 

for the pre-injection case is higher than that for the immediate injection case. The mean 

residence time of tracer in the vapor phase for the pre-injection case is about 60 days, 

while the residence time in the immediate injection case is about 65 days, which implies 
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that part of tracer migrated into the matrix when injected at the start of the simulation and 

then reentered the fracture before being recovered in the production well. 

Figure 5-19 shows the spatial distribution of tracer mass fraction in the vapor 

phase at times of 10 days and 100 days. Most of the tracer migrates into matrix in the 

vapor phase. The pre-injected fluid migrates into the matrix ahead of the tracer and 

vaporizes. The pressure in the matrix builds up and that prevents the subsequent 

migration of tracer into the matrix.  

5.3.6 Matrix Permeability and Injection Rate 

For the single fracture model, matrix permeability impacts the liquid migration 

into the formation and tracer swept pore volume. Several cases, with permeability 

ranging from 0.0, 0.001, and 0.0001 md and injection rates varying between 0.0167 kg/s 

and 0.0655 kg/s are simulated to study the sensitivity of swept pore volume and thermal 

breakthrough time to these factors.  

The simulation results are summarized in Table 5-5. It indicates that for the non-

permeable matrix cases, the calculated swept pore volumes estimated from the tracer 

return curves are very close to the actual values. For the case with the matrix permeability 

of 0.0001md, the estimated pore volumes continue to be close to that of the fracture pore 

volumes. In the case with a matrix permeability of 0.001md the calculated pore volume is 

larger than the actual fracture pore volume, which indicates that a part of the matrix is 

swept by the tracer so that the pore volume of that part of the matrix is also included in 

the swept pore volume calculation. The liquid phase injection rate also has an impact on 

the accuracy of the pore volume estimation. If the injection rate is high, the error of 

estimation is low, since the duration for which the liquid phase will reside in the fracture 

is short.  
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5.3.7 Impact of Capillary Pressure 

Given that the liquid phase is the wetting phase in the geothermal reservoirs and 

capillary pressure is usually very high in low permeable matrix, it is important to study 

the effect of capillarity on the invasion of the liquid phase into the matrix so that more 

accurate representation of liquid breakthrough time can be made. Previous research 

shows that in fractured reservoirs, capillary pressure tends to keep the vapor phase flow 

in the fracture while the liquid phase is retained in the matrix (Urmaneta et al., 1998). 

The steam-liquid capillary pressure model assumed is the same as in Equation(4-11) 

discussed in Chapter 4. The capillary pressures of steam-liquid in the matrix and the 

fracture are shown in Figure 5-20 assuming matrix permeability of 0.001 md and porosity 

of 3%. The permeability and porosity of the fracture are assumed to be 500 md and 0.4, 

respectively. 

Figure 5-21 shows the spatial distribution of liquid phase saturation at 100 days 

and 500 days. It shows that the liquid phase is imbibed into the matrix due to the capillary 

pressure gradient in the horizontal direction. Since capillary forces are much stronger 

than the gravity forces, the liquid phase moves upwards in the matrix in the vertical 

direction. The capillary force in the fracture is much weaker than that in the matrix so 

that the effect of capillary pressure in the fracture is not obvious.  

Figure 5-22 depicts the pressure distribution in the geothermal reservoir when the 

capillary effects are modeled. There are several factors that affect the distribution of 

pressure. The pressure with which cold water is injected has a primary influence. 

Capillary pressure has a secondary influence. The capillary pressure in the matrix is much 

more than the pressure due to injection before the matrix at a location is saturated. At any 

saturation condition, if the temperature at a location is known, then the pressure at that 

location will be corresponding determined by the thermodynamic conditions.  
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Figure 5-23 shows spatial distribution of tracer mass fraction at 10 days and 100 

days. The figures indicate that part of the injected tracer migrates into the matrix with 

liquid phase and then gets partitioned into the vapor phase. Because the mass of liquid 

transported into the matrix in this case is much more than that in the base case, the mass 

of tracer that is transported into the matrix is also more than that in the base case. Figure 

5-24 depicts the tracer return profile. By the end of simulation at 5000 days, the mass 

recovery of tracer is about 78.6%.  

5.3.8 Vertical Single Fracture Model with Properties to Match the Geysers reservoir 

The numerical simulation results thus far indicate that capillary pressure, relative 

permeability of the matrix, and tracer injection time have a significant impact on tracer 

response and liquid breakthrough.  To further investigate this impact for a particular field, 

several parameters from the Geysers geothermal field were used for a set of simulator 

runs. The initial conditions, fracture/matrix dimension and grid blocks are specified to be 

the same as in the base case. Literature survey shows that the matrix permeability in the 

Geysers reservoir range from 1.3 x10-9 through 2.4 x10-8 Darcy, and the porosity is on the 

order of 0.2% (Persoff and Hulen, 1996; Lipman et al. ,1978). The simulated case 

therefore has a matrix permeability of 1x10-8 Darcy, and porosity is specified to be 0.2%. 

Figure 5-25 shows the capillary pressure in the matrix and the fracture that was calculated 

using Equation (4-11) (Li and Horne, 2000). The residual saturation of the vapor phase is 

set to 0.1, and the relative permeability plot is shown in Figure 5-26 using Equation (5-

15). Cold liquid is pre-injected for 5 days before start of tracer injection. The liquid 

injection rate is about 0.0167 kg/s, which corresponds to an interstitial velocity of 51 10−×  

m/s. 

Figure 5-27 depicts the distribution of tracer mass fraction in the model. From the 

figure, we can see that the mean residence time of the vapor phase tracer is about 41 
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days, and the calculated swept pore volume is about 837 m3 with relative error of 4.1%. 

Figure 5-28 are liquid saturation distribution at 1000 days and 5000 days, respectively. 

The simulation results show even though the capillary pressure in the matrix is very high, 

the amount of liquid that migrates into the matrix is very small because the matrix 

permeability is of the order of 91 10−×  Darcy.  

5.4 ERROR ANALYSIS 

When spent water is injected into a superheated geothermal reservoir, it is subject 

to vigorous vaporization up to 10-100 kg/s regardless of the injection rates (Pruess, 

1997). In the phase transition process, the properties of the tracer and fluid would change 

dramatically. The complexity of the process gives rise to some uncertainty in applying 

the method of moments to this problem. Some of the main sources of uncertainty are 

thought to be as follows: 

• Unsteady-state production rate caused by the boiling of the water causes 

uncertainty in the calculation of the mean residence time.  

• A permeable matrix would result in a large overestimation of the pore 

volume of the fracture. 

5.5 SUMMARY 

Thermal breakthrough can be calculated from tracer data for the case of two-

phase flow of steam and liquid water in a fractured geothermal reservoir with negligible 

matrix permeability. The first temporal moment of the tracer data is used to calculate the 

swept pore volume of the fracture and then a retardation factor is applied to calculate the 

thermal breakthrough time. A tracer with a high partition coefficient is injected with the 

liquid water but quickly vaporizes and transports in the vapor phase to the production 

well where its concentration is measured as a function of time. The concentration data 
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and vapor production rate are all that is needed to calculate the swept pore volume of the 

fracture.   

The effects of matrix permeability, pre-injection of liquid water, fluid injection 

rate, and capillary pressure on tracer performance and fracture property estimation were 

investigated using TETRAD. Both the fracture and the matrix were modeled explicitly in 

the simulator using a high resolution grid. In order to get proper swept pore volume of the 

fracture for the cases with slightly permeable matrix, aqueous water should be pre-

injected for a period of time before tracer injection. Liquid migration into the low 

permeable matrix is strongly controlled by the capillary pressure model and the relative 

permeability model of the matrix.  
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Property Value 

Thickness, m 400 

Width, m 100 

Length, m 42 

Grids 12×1×100 

Initial pressure, kPa 3380 

Initial temperature, oC 240.5 

Initial liquid saturation, fr. 0.00001 

Rock density, 3kg m  2650 
Rock heat capacity, ( )okJ kg C⋅  1 

Rock thermal conductivity, o

kJ
m C s⋅ ⋅

 
0.0029 

Injection rate, kg s  0.0167 

Producer bottom hole pressure, kPa 2500 

Injection temperature, oC 35 

Table 5-1: Summary of input for the base case 

 
 

Tracer Species Tritiated water 
 
 

1,1,1,2-
tetrafluoroethane 
(R134a) 

Conservative 
tracer 

Formula T2O C2H2F4 --- 
A 1.19E+07 2.64E+09 0 
D 3816 2700 0 
K Value @ 240°C and 3380 
kPa. 

1 4500 1.0E-6 

Mass injection rate (kg/hr) 5.0 5.0 5.0 

Table 5-2: Properties of injected tracer in the base case 
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Property Fracture Matrix 

Length, m 0.05 40.97 

Width, m 100 100 

Thickness, m 400 400 

Permeability, md 500 0 

Porosity, fr. 0.4 0.03 

Pore volume, m3 800 49,164 

Residual liquid saturation, fr. 0.1 0.3 

Residual vapor saturation 0 0 

Liquid mass in place, kg 6.6 409.6 

Vapor mass in place, kg 1.36E+04 8.33E+05 

Rock mass in place, kg 3.18E+06 4.21E+09 

Initial energy in liquid phase, kJ 6.38E+03 3.94E+05 

Initial energy in vapor phase, kJ 3.36E+07 2.07E+09 

Initial energy in rock, kJ 7.65E+08 1.01E+12 

Table 5-3: Properties of the fracture and the matrix in the geothermal model 

 

Fracture 
No. 

Permeability 
(md) 

Porosity 
(Fraction)

Length 
(m) 

Storage 
Capacity

Flow 
Capacity 

     0 0 
3 650 0.1 170 0.181 0.268 
4 1250 0.125 230 0.488 0.649 
1 500 0.2 150 0.808 0.883 
2 600 0.05 360 1.000 1.000 

Table 5-4: Storage capacity and flow capacity for the fracture network case 
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Case No. 

Matrix 
permeability 

(md) 

Injection 
Rate 

( )kg s  

Tracer 
Recovered

(%) 

Corrected Swept 
Pore Volume 

( )3m  

Relative 
error 
(%) 

Vflow_A1 0 0.0167 100 795.00 0.63 
Vflow_A2 0.001 0.0167 85.79 1221.65 52.71 
Vflow_A3 0.0001 0.0167 94.57 943.81 17.98 
Vfast_A1 0 0.0667 100 799.00 0.13 
Vfast_A2 0.001 0.0667 80.90 1006.40 25.80 
Vfast_A3 0.0001 0.0667 91.79 859.13 7.39 

Table 5-5: Comparison of the swept pore for cases with different injection rate and matrix 
permabilities for the single fractured geothermal model 
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Figure 5-1: Schematic diagram of the vertical fracture model for heat extraction in dry 
hot rock (after Gringarten, 1973) 

 

Figure 5-2: Idealized two-dimensional vertical fracture model 
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Figure 5-3: Schematic diagram of the discretized numerical model for the base case 

 

 
 

 

Figure 5-4: Two phase flow in a fracture with phase transition 
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Figure 5-5: Comparison of flow regimes in the one-dimensional model and the single 
fracture model 

 

 

Figure 5-6: Mass fraction of the high volatile tracer in vapor phase as a function of time 
for the base case 
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Figure 5-7: Profile of energy production rate for the base case 

 

Figure 5-8: Comparison of liquid saturation and temperature at t=100 days between the 
1D reservoir model (with no fracture) and the base case single fracture 
model. 
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Figure 5-9: Layout of the areal fracture network and grid blocks in the flow simulation  



 124

 
(a) t=5 days  

 
(b) t=20 days 

Figure 5-10: Tracer mass fracture in vapor phase for the fracture network case D at t=20 
days 
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Figure 5-11: Comparison of F-C calculated from the input and that obtained using the 
high volatile tracer response data. 
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Figure 5-12: Fractional flow rate in fracture vs. distance, for a case with permeable rock 
matrix (after Pruess and Bovdavasson, 1984). 
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(a): t=100 days 

 

 
(b): t=5000 days 

Figure 5-13: Liquid saturation profiles for the case with 0.001md matrix permeability at 
different time, the unit of the reservoir dimension is meter. 
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(b): t=5000 days 

Figure 5-14: Pressure profiles for the case with 0.001md matrix permeability at different 
times 
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Figure 5-15: Temperature profile at a time of 5000 days for the case with 0.001md matrix 
permeability 
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(a): t=5 days 
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(b): t=100 days 

Figure 5-16: High volatile tracer mass fracture in the vapor phase for the case with matrix 
permeability of 0.001 md at different times, the unit of the reservoir 
dimension is meter. 
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Figure 5-17: Tracer mass fraction in vapor phase for the case with matrix permeability of 
0.001 md 

 

Figure 5-18: Comparison of the tracer return profile for the case with immediate tracer 
injection and that after preinjection of liquid for 5 days. The matrix is 
assumed to be slightly permeable.  
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(a): t=10 days 
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(b): t=100 days 

Figure 5-19: Spatial distribution of tracer mass fraction in the vapor phase at t=10, 100, 
500 days for the case with pre-injection of liquid for 5 days 
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Figure 5-20: Capillary pressure models for the matrix and the fracture 
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(a): t=10 days 
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(b): t=500 days 

Figure 5-21: Spatial distribution of liquid saturation at different times for the base case 
model with capillary pressure, the unit of the reservoir dimension is meter. 
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(a) t=100 days 
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(b): t=500 days 

Figure 5-22: Spatial distribution of pressure at different times for the base case with 
capillary pressure 
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(b) t=100 days 

Figure 5-23: Spatial distribution of tracer mass fraction for the base case with capillary 
pressure at different times, and the unit of the reservoir dimension is meter. 
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Figure 5-24: The highly volatile tracer mass fraction in the vapor phase for the base case 
with capillary pressure. The secondary arrivals come from different layers 
that tracer breaks through. 
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Figure 5-25: Capillary pressure model using the Geysers parameters (Li and Horne, 
2000) 
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Figure 5-26: Relative permeability model of vapor and liquid phase in the matrix 
calculated from Equation (4-15) for the Geysers geothermal field. 

 

Figure 5-27: Tracer response in the vapor phase for the single vertical fracture model 
with properties of the Geysers Geothermal Reservoir  
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(a) t=1000 days 
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(b) t=5000 days 

Figure 5-28: Spatial distribution of liquid saturation at different times for the model with 
the Geysers parameters 
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Nomenclatures 
A = Cross section area normal to the flow direction, 2m⎡ ⎤⎣ ⎦  

( )C t  = Tracer concentration in vapor phase at time t, [ppm] 

prC  = Specific heat capacity of rock, o

kJ
kg C

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

k = Permeability of media, 2m⎡ ⎤⎣ ⎦  

L = Fracture length normal to the flow direction, [m] 

VL  = Latent heat of water at certain temperature, [ ]kJ kg  

m = Cumulative mass of the tracer at a producer, [kg] 

M = Total mass of injected tracer, [kg] 

P = Pressure, [kPa] 

injq  = The volumetric injection rate, 3m s⎡ ⎤⎣ ⎦  

t = Time, [s] 

T = Temperature, [°C] 

IT  = Initial reservoir temperature, [°C] 

iT  = Interface temperature induced by extraction pressure, [°C] 

V = Cumulative production volume of vapor phase, 3m⎡ ⎤⎣ ⎦  

oV  = Volume of vapor produced before tracer injection, 3m⎡ ⎤⎣ ⎦  

pV  = Swept pore volume, 3m⎡ ⎤⎣ ⎦  

sV        = Volume of vapor phase produced in the time interval of tracer 

injection slug, 3m⎡ ⎤⎣ ⎦  

φ  = Fracture porosity, fr. 

wρ  = Density of liquid water, 3kg m⎡ ⎤⎣ ⎦  

vρ  = Density of steam, 3kg m⎡ ⎤⎣ ⎦  
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Chapter 6: A Semi-Analytical Model for Enthalpy Production from a 
Fractured Geothermal Reservoir 

The previous chapters mainly discuss numerical modeling of tracer and heat 

transfer in porous and fractured geothermal reservoirs with an aim to study the transport 

phenomena and tracer properties that are beneficial to reservoir characterization. 

However, the ultimate goal of geothermal reservoir management is to mine as much 

energy as possible from the reservoir. Previous research has shown that for fracture 

reservoirs, especially hot dry rock reservoirs, after liquid phase breakthrough, it is still 

possible that the enthalpy production rate remains quite high. It is important to estimate 

the liquid breakthrough, but it is equally important to know when the enthalpy depletion 

and thermal degradation start. This chapter shows a semi-analytical solution that can be 

used to calculate enthalpy production and thermal recovery from a reservoir that contains 

either a single, major, vertical fracture (Figure 6-1) or a system of equally spaced 

fractures. The semi-analytical solution provides a fast and easy way to perform a 

sensitivity study of reservoir properties. 

6.1 INTRODUCTION 

Even through numerical simulation can generate solutions to 

conservation/convective laws that are quite general and flexible, the development of 

analytical or semi-analytical models is still very important. Firstly, the derivation of the 

analytical solution helps in understanding the relative impact of reservoir parameters on 

energy production. Secondly, analytical solutions can usually be written in terms of 

dimensionless parameter groups that can be related to the scaling of the phenomena and 

the dominant mechanisms. Sensitivity analysis can be performed using the groups, and 

then type curves can be developed on the basis of the dimensionless groups from which 
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critical factors could be identified. Thirdly, the analytical solutions can be used to gain 

basic insight on mechanisms of mass/energy transfer between the fracture and the matrix. 

Furthermore, a finite-difference calculation for flow and transport in a  fractured reservoir 

is often very computationally challenging since many grid blocks are needed to explicitly 

model the mechanisms of mass and energy transport in the fracture. Frequent 

computation to determine the model sensitivity to input parameters using a numerical 

model is therefore not feasible.   

When cold water is injected into a fractured vapor-phase dominant geothermal 

reservoir, it gives rise to complicated fluid flow and heat transfer processes. In the 

conceptual model presented below, the matrix is assumed impermeable and of low 

porosity. The fracture thus serves as the only flow conduit, and there is no convective 

flow between matrix and fracture. Prior to water injection, the fracture and matrix contain 

gas phase at pressures lower than the saturated vapor pressure at the prevailing reservoir 

temperature. As the injection fluid advances, a part of the fluid will boil with the heat of 

vaporization supplied conductively through matrix and fracture. The vaporization process 

or phase transition will not stop until local thermodynamic equilibrium is reached. The 

vapor and liquid phase will proceed with their migration based on their individual 

mobility. It is further assumed that the energy in the fracture can be transferred through 

heat conduction and convection by carrier fluids; however, the energy in the matrix can 

only be transferred by thermal conduction.  

6.2 LITERATURE REVIEW 

Heat conduction into the cap and base rock had been studied and some classic 

idealized models have been developed in petroleum engineering literature (Marx and 

Langenheim 1959; Myhill and Stegemeier, 1978; Vinsome and Westerveld, 1980). 

Gringarten et al. (1975) studied the flow of cold water in a hot, geothermal reservoir and 
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presented a solution for the liquid water outlet temperature in Laplace space assuming 

constant injection velocity and the unit porosity for the fracture. In the model, the matrix 

and fractures are discretized into equal spaced blocks. Their model did not consider 

thermal retardation caused by the fracture as described by Shook (2001) under two-phase 

flow condition. By analyzing the influence of multiple fractures, they concluded that 

placement of induced fractures could greatly increase the economic utilization of hot dry 

rock geothermal reservoirs. Pruess and Bodvarsson (1984) examined and studied some 

idealized models for horizontal and vertical fractures in order to gain useful insight into 

the nature of propagation of the thermal interface along the preferential flow paths. They 

also suggested characterizing the thermal properties of these fast paths by means of 

different of methods such as pressure transient analysis and tracers.  

Several authors (Lauwerier, 1955; Kocabas, 2004) have derived analytical 

solutions for coupled single-phase flow in a fracture with heat conduction from a semi-

infinite matrix. The solution to the same differential equations is given in Carslaw and 

Jaeger (1959). The assumptions used to derive these differential equations are as follows 

for the diagram as shown in Figure 6-1. 

• Single vertical fracture embedded in a impermeable semi-infinite matrix 

• Heat conduction in the matrix is one-dimensional and in a direction 

perpendicular to the fracture 

• Thermal properties of rock are spatially and temporally constant 

• Single-phase liquid flow in a one-dimensional homogeneous fracture 

• Negligible heat conduction in the fracture 

• Negligible porosity of the matrix 

• Uniform initial temperature 

• No heat loss to cap and bed rocks and in wells 
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• Local thermodynamic equilibrium 

• No Chemical reactions or adsorption of vapor/liquid on solid phase 

 
Based on these assumptions, the solution for the dimensionless temperature 

distribution in the fracture is given by: 

( )
1

2

fD R
W W w w

z zT z erfc t
2 C bv v

−⎡ ⎤⎛ ⎞⎛ ⎞λ⎢ ⎥= α −⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎥ρ ⎝ ⎠⎝ ⎠⎣ ⎦

 (6-1) 

The solution for the non-dimensional temperature in the matrix is given by: 

1
2

W W W
mD R

W W w w

z xV C b zT erfc t
2 C bv v

−⎡ ⎤⎛ ⎞⎛ ⎞λ + ρ⎢ ⎥= α −⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎥ρ ⎝ ⎠⎝ ⎠⎣ ⎦

 (6-2) 

where 

I
D

J I

T TT
T T

−
=

−
 (6-3) 

R
r PrC
λ

α =
ρ

 (6-4) 

JT  = The injection temperature, [°C] 

IT  = The initial reservoir temperature, [°C] 

λ  = The thermal conductivity of rock, kJ
m °C s

⎡ ⎤
⎢ ⎥⋅ ⋅⎣ ⎦

 

prC  = The rock specific heat capacity, kJ
kg °C

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

fρ  = The fluid density, 3kg m⎡ ⎤⎣ ⎦  
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However in practical geothermal reservoir models, the matrix dimension is finite 

and is related to the fracture spacing. Also, heat transfer from the matrix and the 

associated thermal retardation factor is an important factor that should be considered. 

Furthermore, when cold water is injected into vapor-dominated geothermal reservoirs or 

hot dry rock reservoirs, the injected liquid phase will boil and transport in the vapor phase 

toward the producers, and boiling will further affect the liquid breakthrough time. Some 

assumptions in above model must be relaxed. 

6.3 SEMI-ANALYTICAL MODEL WITH FINITE MATRIX 

The same assumptions have been made to derive a solution to the coupled single-

phase flow in a fracture with heat conduction except this new solution is for a finite 

matrix rather than a semi-infinite matrix. The mass and energy balances for this problem 

are as follows: 

Mass balance in fracture 

 

( )w w j j
j w,v j w,v

S u 0
t = =

⎡ ⎤ ⎡ ⎤∂
ρ φ + ∇ ⋅ ρ =⎢ ⎥ ⎢ ⎥∂ ⎣ ⎦ ⎣ ⎦

∑ ∑  (6-5) 

 

Energy balance in fracture: 

( ) ( ) ( ) ( )j j j r r j j j e
j w,v j w,v

S H 1 H H u q T
t = =

⎡ ⎤∂
φρ + − φ ρ + ∇ ρ + = ∇ λ∇⎢ ⎥∂ ⎣ ⎦

∑ ∑  (6-6)   

Combination of Equation (6-6) and (6-7) yields: 

( )

( ) ( ) ( )

w v
r r w w v v w w w v v v e

v v v v v

H H1 H S S u H u H q
t t t

T L S u
t

∂ ∂∂
− φ ρ + φρ + φρ + ρ ∇ + ρ ∇ +⎡ ⎤⎣ ⎦∂ ∂ ∂

∂⎡ ⎤= ∇ ⋅ λ∇ − φρ + ∇⋅ ρ⎢ ⎥∂⎣ ⎦
 (6-7) 
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Assuming enthalpies are independent of pressure, we can have 

j pjdH C dT=  (6-8) 

Also assume that porosity is constant temporally and spatially and heat 

conduction effect is negligible: 

( ) ( )T w w pw v v pv e v v v v v
TM u C T u C T q L S u
t t

∂ ∂⎡ ⎤+ ρ ∇ + ρ ∇ + = − φρ + ∇⋅ ρ⎢ ⎥∂ ∂⎣ ⎦  (6-9) 

TM  is defined as the overall volumetric heat capacity: 

( )T w w pw v v pv r prM S C S C 1 C= φρ + φρ + − φ ρ                         (6-10)      

The differential equation is solved first for single-phase flow and later for two-

phase flow in the fracture.                               

6.3.1 Single-Phase Liquid in a Vertical Fracture 

The energy balance in the matrix is given by: 

 
2

m m
2

r r

T T
t C x

∂ ∂λ
=

∂ ρ ∂
 (6-11) 

For single-phase flow in the fracture, the energy balance is 

r
Tw w w pw

x 0

TT TM u C 0
t z b x =

∂∂ ∂ λ
+ ρ − =

∂ ∂ ∂
 (6-12) 

The initial and boundary conditions are: 

( ) ( )f m IT x,0 T x, z,0 T= =  (6-13) 

( ) JT 0, t T=  (6-14) 
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( ) ( )f mT z, t T 0, z, t=  (6-15) 

m

x D

T 0
x =

∂
=

∂
 (6-16) 

By inspection of the above partial differential equations and boundary and initial 

conditions, we define the following dimensionless variables (Appendix E):  

I
D

J I

T T
T

T T
−

=
−

  (6-17) 

D
xX
D

=  (6-18) 

D
zZ
H

=  (6-19) 

( )
inj

D
pfr Tw

q
t t

V D
=

+1
 (6-20)  

( )pfr Twr

inj

V D
D q

+α
ϑ = 2

1
 (6-21) 

( )pfr Tw

Tf inj

V D
M bD q

+λ
ψ =

1
 (6-22) 

Where  

( )f r Pr
Tw

f w P w

C
D

C
− φ ρ

=
φ ρ

1
 (6-23) 

Physically the dimensionless time Dt  is liquid injection time normalized by the 

thermal breakthrough time at the producer. TwD is a retardation factor that takes into 

account the heating of the rock material. Recasting Equation (6-11) and (12) and the 

initial and boundary conditions using the dimensionless variables: 
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2
Dm Dm

2
D D

T T
t X

∂ ∂
= ϑ

∂ ∂
 (6-24) 

D

D D Dm

D D D X

T T T
t Z X

=

∂ ∂ ∂
+ − ψ =

∂ ∂ ∂ 0

0  (6-25)  

and the initial and boundary conditions are: 

( ) ( )D D Dr D DT X ,0 T X , Z ,0 0= =  (6-26) 

( )fl DT 0, t 1=  for Dt 0≥ ;  (6-27) 

( ) ( )D D D Dr D DT Z , t T Z ,0, t= ;  (6-28)  

0
X
T

1XD

Dr

D

=
∂
∂

=
 (6-29)  

 Equation (6-24) and (6-25) together with the initial and boundary conditions are 

solved in Laplace space (see Appendix E).  The temperature in the fracture expressed in 

terms of Laplace variable is: 

( )Df z
s

η =  (6-30) 

and in the matrix: 

( )D
D D

f z s s scosh X sinh X tanh
s

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞
υ = −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ϑ ϑ ϑ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

 (6-31) 

Where  

( )D D
s sf z exp tanh s z

⎡ ⎤⎛ ⎞⎛ ⎞
= − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

 (6-32) 
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From Appendix E, when D 0→ , the dimensionless temperature in terms of the 

dimensionless time is: 

( )fD D DT t Z= δ −  (6-33) 

where ( )D Dt Zδ − is a Dirac's Delta Function with the following property: 

( ) D D
D D

D D

1   t Z
t Z

0   t Z
≥⎧

δ − = ⎨ <⎩
 (6-34) 

In other words, in one-dimension flow, the temperature is in the form of a sharp 

wave that changes from the injection temperature to the initial temperature.  

When D → ∞ , the dimensionless temperature in terms of dimensionless time is as 

follows: 

( )
D

fD 1 2
D D

ZT erfc
2 t Z

⎧ ⎫ψ⎪ ⎪= ⎨ ⎬
ϑ −⎡ ⎤⎪ ⎪⎣ ⎦⎩ ⎭

 (6-35) 

In this situation, the matrix block is infinite and the solution given by Equation (6-

35) is identical with Equation (6-1) as derived in Carslaw and Jaeger(1959). 

6.3.2 Heat Transfer from the Matrix 

In order to compute the energy produced from the geothermal reservoir it is 

necessary to calculate the heat transfer from the matrix. The heat flux at the fracture-

matrix interface is given by following equation: 

 

( )
0=

∂
= −

∂
r

x

Tq t
x

λ  (6-36) 

Introducing the dimensionless terms, we get: 
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( ) ( )
0=

− ∂
=

∂
D

I J rD

D x

T T Tq t
D x

λ  (6-37) 

The cumulative heat flux at time t may be found by integrating above equation: 

( ) ( )
t

0
Q t q t dt= ∫  (6-38) 

Applying dimensionless terms to the above equations yields: 

( ) ( ) ( ) D

D

t
pf Tl I J rD

D D
inj D0 x 0

V 1 D T T TQ t dt
q D x

=

+ λ − ∂
=

∂∫  (6-39) 

In Laplace space, the heat flux from Equation (6-37) and the cumulative heat flux 

from Equation (6-39) are: 

( ) ( ) ( )J I DT T f z s ss tanh
D s

⎛ ⎞−
θ = λ ⎜ ⎟⎜ ⎟ϑ ϑ⎝ ⎠

 (6-40) 

The cumulative heat influx ( )sΘ  is given as: 

( ) ( ) ( ) ( )pf Tl J I D
2

inj

V 1 D T T f z s ss tanh
q D s

⎛ ⎞+ λ −
Θ = ⎜ ⎟⎜ ⎟ϑ ϑ⎝ ⎠

 (6-41) 

Defining dimensionless heat flux and dimensionless cumulative heat flux as 

follows: 

( )
( )D

J I

q t D
q

T T
=

λ −
 (6-42)  

( )
( ) ( )

inj
D

J I pf Tl

Q t Dq
Q

T T V 1 D
=

λ − +
 (6-43) 

In dimensionless form, the heat flux and the cumulative heat flux at a certain 

location along the fracture are: 
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( ) ( ) tanh
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

D
D

f z s ss
s

θ
ϑ ϑ

 (6-44) 

( ) ( )D
D 2

f z s ss tanh
s

⎛ ⎞
Θ = ⎜ ⎟⎜ ⎟ϑ ϑ⎝ ⎠

 (6-45) 

Equation (6-44) and (6-45) give heat flux and cumulative heat flux at time t from 

the matrix at the surface. The equations can be solved using numerical Laplace transform 

discussed later. 

6.3.3 Enthalpy Production for Single-phase Liquid Case 

The dimensionless temperature of the working fluid in the producer can be 

calculated from Equation (6-30). In terms of the Laplace variable s, the dimensionless 

temperature of the fluid is: 

 

( )D
1 f z 1
s

η = =  (6-46) 

When the temperature is known, the enthalpy production rate of the producer can 

be calculated using the following equation: 

P w pw wH m C T=  (6-47) 

The cumulative energy production can be calculated as 

t '

p w pw w0
H m C T dt= ∫  (6-48) 

In dimensionless form, the cumulative energy production is  

( ) ( ) ( )
'
D

D

t '
p w pw T1 pf J I D D I DZ 10

H t C 1 D V T T T dt T t
=

⎡ ⎤= ρ + − +⎢ ⎥⎣ ⎦∫  (6-49) 

In Laplace space, the accumulative heat extraction from the matrix is: 
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( ) ( ) ( )
( )

w pw T1 pf J I I
p 2

J I

C 1 D V T T Ts sH s exp tanh s
s T T

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞ρ + − ⎪ ⎪= − ψ + +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ϑ ϑ −⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭
 (6-50) 

6.3.4 Thermal Recovery Efficiency Calculation Corresponding to Flow of Single-
phase Liquid 

The energy recovered from the reservoir over a period of time t '  can be 

calculated from the following equation: 

 

( )
t '

p w pw w J0
E m C T T dt= −∫  (6-51) 

Assuming that the density and thermal capacity of the working fluid are 

independent of time, the above equation can be written as follows. 

( ) ( ) ( ) ( )
'
D

D

t

p w pw T1 pf I J D DZ 10
E t C 1 D V T T 1 T dt

=
= ρ + − −∫  (6-52) 

In the Laplace space, the cumulative heat extraction from the reservoir is: 

( ) ( ) ( )w pw T1 pf I J
p 2

C 1 D V T T s ss 1 exp tanh s
s

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞ρ + − ⎪ ⎪Ε = − − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭
 (6-53) 

Selecting the injection temperature as the reference temperature for the energy 

calculation, the total amount of heat in the reservoir can be calculated as: 

( ) ( )R r pr 0 JE C LH D 1 b T T= ρ + − φ −⎡ ⎤⎣ ⎦  (6-54) 

The thermal recovery of the geothermal reservoir is defined as the ratio of the 

amount of energy extracted by the fluid to the initial energy content in the reservoir, so in 

Laplace space the thermal recovery can be calculated as follows: 
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( ) ( )P

R

E t
R t

E
=  (6-55) 

or 

( ) ( )
( ) ( )

'
D

D

tw pw Tw pf
D DZ H b0

C 1 D V
R t 1 T dt

LH D 1 b =

ρ +
= −

λ + − φ⎡ ⎤⎣ ⎦
∫  (6-56) 

Similarly, in the Laplace space, the thermal recovery can be written as follows: 

( ) ( )
( )

w pw Tw pf
2

C 1 D V 1 s ss 1 exp tanh s
sLH D 1 b

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞ρ + ⎪ ⎪ℜ = − − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ϑ ϑλ + − φ⎡ ⎤ ⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦ ⎝ ⎠⎣ ⎦⎩ ⎭
 (6-57) 

In most cases, ( )D 1 b>> − φ , so we can simplify above equation as follows. 

( ) ( )w pw Tw
2

C 1 D b 1 s ss 1 exp tanh s
D s

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞ρ + ⎪ ⎪ℜ = − − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟λ ϑ ϑ⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭
 (6-58) 

Knowing the temperature profile from preceding derivation, and other properties 

such as the density of water, specific heat capacity etc., the thermal recovery factor can 

be computed provided the inverse Laplace transform can be evaluated.  

6.4 EXTEND TO TWO-PHASE FLOW (STEAM-LIQUID) 

In order to obtain a simple model for two-phase flow condition, the interface front 

between the liquid and steam is assumed to be a sharp one so that the fracture is divided 

into two regions: a liquid region where the fracture is saturated with liquid water, and 

vapor region where the fracture is saturated with steam at saturation condition. This 

assumption is based upon the hypothesis that the gravitational forces and steam 

condensation depress the saturation segregation greatly. The distribution of phases is 

shown in Figure 6-2. The semi-analytical model of two-phase flow case also requires 
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steam flow rate, and the steam mainly comes from the phase transition associated with 

the vaporization process. Because of finite thermal conductivity of the rock, the moving 

velocity of actual liquid front is retarded relative to the liquid injection velocity. To 

accurately calculate enthalpy production rate, it is critical to find the steam production 

rate and liquid front velocity. 

The temperature distribution in the matrix and fracture can be calculated 

corresponding to the liquid and vapor regions. If DFD ZZ0 << , this is the liquid phase 

region. The dimensionless temperatures in the fracture and the matrix in terms of the 

Laplace variable can be written as follows. 

From previously derived results, the dimensionless temperature in the fracture is: 

 
( )D

w

f z
s

η =  (6-59) 

Dimensionless temperature in the matrix 

( )D
w D D

f z s s scosh X sinh X tanh
s

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞
υ = −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ϑ ϑ ϑ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

 (6-60) 

For the vapor phase, the boundary condition at the interface is the interface 

temperature, iT , which is induced by the extraction pressure. Defining the dimensionless 

interface temperature as ϖ : 

i I

J I

T T
T T

−
ϖ =

−
 (6-61) 

Following a procedure similar to the one used in the derivation of the liquid flow 

equation, we get the following Laplace solution for dimensionless temperature: 

( )v Df z
s
ϖ

η =  (6-62)  
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and the dimensionless temperature in the matrix can be calculated as follows: 

( )v D D D
s s sf z cosh X sinh X tanh

s
⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞ϖ

υ = −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ϑ ϑ ϑ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
 (6-63) 

where ϖ is typically a very small positive number.  It is the dimensionless initial 

temperature of the vapor phase at DX 0= . ϖ  is related to the size of the temperature 

shock from the initial reservoir temperature to the interface temperature. Specially when 

0=ϖ  then Ii TT =  i.e. there is no temperature drop in the vapor phase flow region, the 

dimensionless temperatures in Laplace space are zero and the solution is trivial. 

Once the fluid temperature is known, the enthalpy production rate for two phase 

flow can be calculated from following equation.  

p w pw f v vH m C T m H= +  (6-64) 

and the cumulative energy production is 

s

s

t t

p v v w pw wt
H m H dt m C T dt= +∫ ∫0

 (6-65) 

where 

st  = Vapor production period, [s] 

vH  = Vapor mass enthalpy, [ ]kJ kg  

6.5 STEHFEST ALGORITHM TO SOLVE THE INVERSE LAPLACE TRANSFORMATION 

Since it is difficult to find the inverse Laplace transform analytically, the Stehfest 

algorithm (Stehfest, 1979) has been implemented. It is one of the most popular algorithm 

for finding the inverse Laplace transform. Knowing the temperature and mass production 

rate, it is possible to calculate the enthalpy production rate. 
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In the algorithm, if a function in Laplace space ( )sF  is given for a specific 

application, the Stehfest Method produces an approximate value aF  of the inverse ( )tf  at 

time T:  
 

( ) ( )∑
=

⎟
⎠
⎞

⎜
⎝
⎛=

N

1i
ia i

T
2lnFV

T
2lnF  (6-66) 

where 

( ) ( )
( ) ( ) ( ) ( )

( )
∑

⎥⎦
⎤
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⎡ +

=

+
+

−−−−
−=

2
N,iMin

2
1ik

12
N

i2N
i

!ik2!ki!1k!k!k2
N

!k2k1V  (6-67) 

and the optimal N should be 10 for single precision variables and 18 for double precision 

variables. 

The algorithm has been coded in FORTRAN 90 (Apendix E) for the single-phase 

liquid and two-phase flow in the single fracture model. The solutions obtained are 

thetemperature decline history at the producer, enthalpy production rate, thermal 

recovery, and cumulative enthalpy production. The fracture aperture used for these 

calculations is estimated from swept pore volume estimated from tracer data. Two 

examples of input are also provided and attached after the code in Appendix F. The codes 

were used to run several sensitivity studies that are discussed in the following section. 

6.6 COMPARISONS OF SOLUTIONS AND MODELS 

Numerical results obtained from the numerical simulator TETRAD and those 

obtained using the analytical solutions are compared for the single vertical fractured 

model. The model parameters are summarized in Table 6-1. The initial temperature and 
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pressure are set to 240°C and 5000 kPa, respectively. To make sure that the flow is of 

single-phase liquid, the initial liquid saturation is set to 1.0, and the producer bottom hole 

pressure is set at 3500 kPa, which is above the saturation pressure of water at the 

temperature of 240°C.  The matrix porosity is set to a small number to satisfy the 

requirement for the simulator.  

Figure 6-3 demonstrates the comparisons of the history of enthalpy production 

rate of numerical simulator (TETRAD), Semi-analytical solution, and Carslaw and Jaeger 

(infinite matrix block size) analytical solution for the single vertical fracture. We can see 

that the Carslaw and Jaeger model greatly overestimates the energy production rate, 

while the numerical simulation and semi-analytical results match well. Thus it can be 

concluded that for the purpose of calculating energy depletion, the assumption of infinite 

matrix block dimension is not valid. Figure 6-4 shows the thermal recovery and 

cumulative energy recovered from the reservoir which can be used as a measure of the 

economic viability of the reservoir. The recovery and cumulative energy are calculated 

from Equation (6-46) and (6-47), respectively. 

The main difference between the semi-analytical solution and the numerical 

simulation result comes after the initial thermal depletion period. This can be attributed to 

several reasons: (1) Analytical solution is numerical dispersion free, while the simulation 

result has numerical dispersion which makes the curve more spread. In the simulator, the 

governing equation for energy balance is solved using the first order numerical dispersion 

control and fully implicit algorithm. (2) The liquid properties are independent of 

temperature in the analytical solution and so is the injection velocity; while in the 

numerical simulation, properties such as density and viscosity vary with temperature.  

The semi-analytical solution for two-phase flow is also compared with numerical 

simulation result of TETRAD. In the semi-analytical model, the interface between the 
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aqueous phase and the vapor phase was assumed to be sharp; however, in numerical 

simulation, that front is in the form of a spreading wave as shown in one-dimensional 

simulation. The assumption may contribute to the difference in the flow simulation 

results discussed below. 

The same reservoir parameters as in Table 1 are used except for the producer 

bottom hole pressure that is now set to 2500 kPa and initial reservoir pressure that is 

specified to be at saturation pressure at a temperature of 240°C. Figure 6-5 shows the 

comparison of the enthalpy production rate history between the numerical simulation and 

the semi-analytical solution corresponding to two-phase flow condition. Figure 6-6 shows 

the enthalpy comparison in early time to emphasize the early period of energy 

production. It shows that the liquid breakthrough for the numerical and semi-analytical 

models occur at the same time, and the energy production rate match very well too.  

6.7 PARAMETRIC STUDY ON ENTHALPY PRODUCTION AND TEMPERATURE FRONT 

An important advantage of an analytical/semi-analytical solution is the ease with 

which a sensitivity study can be performed on parameters that impact the heat and mass 

transfer process. In this case, the sensitivity study is performed to identify the importance 

of factors such as matrix size, injection rate, fracture spacing etc. on the enthalpy 

production and thermal recovery efficiency.  

6.7.1 Impact of Matrix Size 

To study the impact of matrix size on the thermal recovery efficiency, the 

following matrix block sizes (or equivalently, fracture spacing) are used - 10m, 20m, 

30m, 50m, and 100m, and other parameters are the same as the base case. Figure 6-7 

shows the thermal recovery efficiency for different matrix block sizes. It indicates that 

energy from matrix can be extracted very quickly if the matrix block size is small. Figure 
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6-8 shows enthalpy production rates as a function of time for the different cases. In this 

figure, the time at which the decline in enthalpy production occurs is approximately the 

same for all cases, however, and substantial heat remains stored in the matrix even after 

the enthalpy production declines for the cases with big matrix dimension. This is because 

of the low enthalpy production rate corresponding to large matrix block sizes. This 

experiment shows that in order to increase enthalpy production and thermal sweep 

efficiency, large heat transfer area between the matrix and the fracture should be created 

thus calling for hydraulic fracture design. 

Decreasing the fracture spacing by increasing the number of fractures will 

enhance energy transfer from the matrix to the fracture. Specifying the matrix block size  

as 100m and keeping all other parameters the same as in the base case data,  the fracture 

density was varied between 1, 2 and 4. The corresponding fracture spacing is 200 m, 100 

m, and 50 m respectively. Figure 6-9 shows the impact of fracture spacing on thermal 

recovery efficiency. It indicates that the smaller the fracture spacing the larger the heat 

transfer area, and more efficient the recovery of thermal energy from the matrix. Figure 

6-10 shows the enthalpy production profile corresponding to the previous fracture 

spacings. It shows that the enthalpy production rate is high if the fracture spacing is 

small. 

6.7.2 Impact of Injection Rate 

To study the impact of injection rate on the thermal recovery efficiency, the liquid 

injection rate was varied to 0.0334 kg/s, 0.0668 kg/s, 0.1338 kg/s, and 0.2007 kg/s. All 

other parameters are identical to the base case.  Figure 6-11 shows the variation in 

thermal recovery efficiency for different injection rates. For the same amount of liquid 

water injected, and over the same dimensionless time interval (from 200 to 600), the 

thermal recovery efficiency declines as the injection rate increases. This indicates that 
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heat energy located further away from fracture would transport to the fracture more 

efficiently when the injection rate is low.  High thermal recovery efficiency does not 

necessarily mean that it is a desirable development plan when other factors such as 

economics are taken into consideration. Figure 6-12 shows the impact of injection rate on 

thermal recovery efficiency recast in real time. It indicates that higher injection rate gives 

a faster thermal recovery, but it does not imply that higher injection rate yields a higher 

thermal recovery for the same amount of liquid injection. Figure 6-11 and Figure 6-12 

flip in order because of the definition of the dimensionless time (time required to inject a 

certain amount of liquid water).  

6.7.3 Heat Flux from the Matrix 

Figure 6-13 shows the dimensionless heat flux at dimensionless distances of 0.2, 

0.4, 0.6, 0.8, and 1.0 for the base case. The dimensionless heat flux is defined in terms of 

the dimensionless temperature gradient as in Equation (6-39). The figure shows that the 

heat flux increases and reaches a maximum, then starts declining. Initially the heat flux is 

low because the at that point the temperature gradient is low even through the 

temperature is high; while the low heat flux at latter time is caused by low temperature 

gradient at low temperature. Figure 6-14 shows the dimensionless cumulative heat flux at 

these locations, it shows that the same amount energy recovered at each location 

eventually since the heat conduction in the matrix is only normal to the flow direction as 

specified in the assumptions.  

Figure 6-15 shows the impact on fracture spacing on the heat conduction flux at a 

dimensionless distance of 0.5. The half fracture spacing varies from 10 m, 20 m, 50 m, 80 

m, and 100 m, and all other parameters used are the same as in the base case in Table 6-1. 

It shows that with the increase in matrix block size, the dimensionless heat flux as well as 

the dimensionless cumulative heat flux (the area under the curves) increases.  
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6.7.4 Temperature Front  

The temperature front is of importance for determining the locations of injection 

and production wells. Wells have to be located so as to prevent premature thermal 

breakthrough. Tracking the temperature front is also important for calculating the thermal 

sweep efficiency. Figure 6-16 shows the location of the 120°C temperature front in the 

matrix and the fracture for the base case. At a given time, the position (x and z 

coordinate) of the thermal front is shown by the figure. Conversely, at a fixed vertical 

location, the figure shows the x-location of the thermal front at different times. Figure 6-

17 shows the impact of the rock matrix block size on the advancement of the temperature 

front. The figure indicates that at early times during injection, the temperature front has 

not reach the border so that the system behaves equivalent to the case with infinite matrix 

block size. At a later time when the thermal front has reached the boundary, the larger 

matrix block has more stored energy that is transferred at a slower rate to the fracture so 

that the advancement of the temperature front is retarded compared with smaller matrix 

blocks. 

Figure 6-18 shows velocity of the dimensionless temperature front in the fracture 

for the base case. It shows that the velocity decreases as dimensionless temperature 

increase. In other words, the high temperature front transfers faster through the fracture 

than the low temperature front. Except at very early dimensionless times, the 

characteristic velocity of a temperature front is approximately constant. At early time, all 

the temperature velocities converge to a single value. Figure 6-19 shows profiles of 

dimensionless temperature in the fracture for the base case at times of 500, 2000, 5000, 

10000, and 20000 days.  
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6.8 SUMMARY 

A solution to the coupled mass and energy flow in a fracture with heat conduction 

from the matrix has been derived in Laplace space.  This new solution is more general 

than the solution in the literature because it is for a finite matrix rather than a semi-

infinite matrix and because it accounts for two-phase flow in the fracture. The inversion 

of the Laplace transform is obtained by numerical methods. Predictions of energy 

production agree closely with those calculated from numerical simulations with 

TETRAD. The pore volume of the fracture can be estimated from tracer data using the 

method of moments for a matrix with either zero or very low permeability.  

The test cases in this section show that the semi-analytical model provides more 

accurate energy production prediction than the models assuming single-phase liquid flow 

and infinite block size. This model also has the capability to handle two-phase flow and 

gives a very good match with numerical simulation results on energy production 

calculation over the whole period of production. The solutions to the differential 

equations describing mass and energy balance are expressed in terms of dimensionless 

groups. The impact of parameters such as injection rate, fracture spacing, and fracture 

density on the energy production, thermal recovery efficiency, and temperature front are 

studied. 

It is necessary to extend the semi-analytical solution for the single fracture model 

to geothermal reservoirs with fracture network models since it is practical that geothermal 

reservoir is composed of inter-connected fractures. Although any actual reservoir is more 

complicated than any complicated model, the extension of the semi-analytical solution to 

a fracture network with some qualifications is possible with other sources of reservoir 

information such as tracer data and the method and algorithm will be discussed in next 

chapter.
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NOMENCLATURES 

b = Half fracture width, m 

prC  = Solid phase isobaric thermal capacity, kJ/kg °C 

pwC  = Liquid phase isobaric thermal capacity, kJ/kg °C 

pvC  = Vapor phase isobaric thermal capacity, kJ/kg °C 

D = Block size extension in horizontal direction, m 

TD  = Thermal retardation factor 

H = The total length of fracture, m 

vH  = Vapor phase enthalpy, kJ/kg 

wH  = Liquid phase enthalpy, kJ/kg 

rH  = Rock phase enthalpy, kJ/kg 

Lv = Latent heat, kJ/kg 

TtM  = Overall volumetric heat capacity: 

q = Heat flux into the fracture from the matrix, w/m2 

Q  = Cumulative heat flux into the fracture from the matrix, kJ/m2 

Θ  = Cumulative heat flux in Laplace space 

eq  = Heat source/sink term; kJ/m3d 

s = Laplace transform variable of injection time 

vS  =  Vapor phase saturation, 

wS  = Liquid phase saturation, 

DfT  = Dimensionless temperature in the fracture 

DmT  = Dimensionless temperature in the matrix 

0T  = Initial reservoir temperature, °C 

JT  = Injection temperature of the liquid, °C 

t = Time since the injection starts, s 
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wt  = Characteristic time for convective transport, m/s 

u  = Temperature in the fracture as Laplace space 

wu  = Surface velocity of the liquid phase, m/s 

vu  = Average velocity of the vapor phase, m/s 

fV  = Liquid phase front moving velocity, m/s 

PV  = Vapor phase production velocity, m/s 

TV  = Temperature velocity, m/s 

wV  = Interstitial velocity for the liquid phase, m/s 

x          = Distance from the fracture in the direction normal to the flow 

direction, m 

X = Coordinate in horizontal direction 

DX  = Dimensionless coordinate in horizontal direction 

z = Distance from the injection in the vertical direction, m 

Z = Coordinate in the vertical direction 

DZ  = Dimensionless coordinate in the vertical direction 

DFZ  = Dimensionless liquid phase front location in the fracture. 

φ  = Porosity of the fracture, fr. 

λ  = Thermal conductivity of rock; okJ m C s⋅  

wρ  = Liquid phase density, kg/m3 

rρ  = Rock density, kg/m3 

vρ  = Vapor phase density, kg/m3 

Dt  = Dimensionless time 

Rα  = Thermal diffusivity of rock, m/s 

θ  = Thermal flux in Laplace space 

ϑ  = Dimensionless scale variable 
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Ψ  = Dimensionless scale variable 

ν  = Temperature in the matrix in Laplace space 

λ  = Thermal conductivity of rock; okJ m C.s  

b = Half of fracture aperture, m 

mv  = Interstitial velocity of injected liquid, m/s 

x = Horizontal distance from fracture, m 

z = Vertical distance along fracture, m 
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Property Value 

Thickness (m) 200 

Width (m) 100 

Length (m) 20.48 

Grid 12X1X100 

Initial Pressure (kPa) 5000 

Initial temperature (oC) 240.0 

Initial liquid saturation 1.0 

Rock density (kg/m3) 2650 

Rock heat capacity (kJ/kgoC) 1 

Rock thermal conductivity (kJ/moC.s) 0.002884 

Injection rate (kg/s) 0.1333 

Producer bottom hole pressure (kPa) 3500 

Injection temperature (oC) 35 

Table 6-1: A summary of parameters characterizing the single vertical fracture model. 

Property Fracture Matrix 

Length (m) 0.05 20.53 

Width (m) 100 100 

Thickness (m) 200 200 

Permeability (md) 500 0 

Porosity (fr.) 0.4 0.000001 

Pore volume (m3) 400 49.164 

Residual liquid saturation 0.1 0.3 

Residual vapor saturation 0 0 

Table 6-2: Fracture and matrix properties in the single vertical fracture model 
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Figure 6-1: Schematic diagram of the single vertical fracture model 

 
 

 
 
 
 
 
 
 
 

Figure 6-2: Diagram depicting the distribution of the two-phases during flow 
through a 1-D fracture model.  

Liquid Vapor
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Figure 6-3: Comparison of enthalpy production during single-phase liquid flow  
calculated using the semi-analytical model, TETRAD simulation, and the 
Carslaw-Jaeger solution for infinite matrix blocks. 

 

Figure 6-4: Comparison of the cumulative heat output and thermal recovery obtained by 
TETRAD numerical simulation and using the semi-analytical model for the 
base case model with L=200m, mass injection rate of 0.1333 kg/s, and 
D=40m 
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Figure 6-5: Comparison of energy production rate for the single vertical fracture model 
between numerical simulation and semi-analytical solution. 

 

Figure 6-6: Comparison of energy production rate for the single vertical fracture model 
between numerical simulation and semi-analytical solution only for the early 
time. 
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Figure 6-7: Impact of matrix block size on thermal recovery efficiency for the single-
phase liquid case. 

 

Figure 6-8: Impact of matrix block size on enthalpy production rate for the single-phase 
liquid case 
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Figure 6-9: Impact of fracture spacing on thermal recovery efficiency. 

 

Figure 6-10: Enthalpy production rate for fracture spacing of 200 m, 100 m, and 50 m 
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Figure 6-11: Impact of injection rate on thermal recovery efficiency for single-phase 
liquid flow. 

 

Figure 6-12: Impact of injection rate on thermal recovery efficiency expressed in real 
time for single-phase liquid flow.  
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Figure 6-13: Dimensionless heat flux at dimensionless distance of 0.2, 0.4, 0.6, 0.8, and 
1.0 

 

Figure 6-14: Dimensionless heat flux at dimensionless distance of 0.2, 0.4, 0.6, 0.8, and 
1.0 
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Figure 6-15: Impact of fracture spacing on heat flux at a dimensionless distance of 0.5. 
The fracture half-spacings are 10 m, 20 m, 50 m, 80 m, and 100 m. 
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Figure 6-16: Advancement of the 120°C temperature front in the rock matrix and the 
fracture for the base case 
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Figure 6-17: Impact of matrix block size on the advancement of the 120°C temperature 
front in the fracture 

 

Figure 6-18: Dimensionless distance vs dimensionless time for the base case showing the 
characteristic temperature front velocity in the fracture 
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Figure 6-19: Dimensionless temperature profile at dimensionless times of 7.2, 28.9, 72.2, 
144.5, and 288.9 for the base case. 
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Chapter 7: Extension the Semi-Analytical Model to a Fracture Network 

The results in the previous chapter show that the semi-analytical solution of the 

single fracture model gives accurate prediction of enthalpy production under two-phase 

flow condition. For the single fracture model, the solution is easy to apply and yields 

energy production rate and cumulative energy recovery. Furthermore, it is extremely easy 

to perform parameter sensitivity studies for energy production using the semi-analytical 

solution. The model can be used to calculate the temperatures and energy production rate 

for equal spaced fracture network in which the fractures have identical properties. 

However, in a more realistic case, most likely the fractures are not equal spaced and they 

have different properties such as permeability and porosity. 

The objective of this chapter is to estimate the enthalpy production from a fracture 

network in a geothermal reservoir using a simplified representation of such a network. 

Permeability, porosity and fracture aperture are the primary variables that are varied from 

one fracture to the next. Fracture spacing also varies in different parts of the reservoir and 

different interstitial velocities of fluids can result because of variable permeability and 

porosity. The relationship between these parameters and techniques for estimating some 

of these parameters using tracer data are demonstrated. 

This chapter is laid out as follows. In the first part, the vertical fracture network 

will be described. Tracer data will be used to analyze properties of flow paths (fracture) 

and the algorithm will be discussed. Three examples will be used to show how the 

algorithm and the tracer data can be used to calculate the enthalpy production, and the 

results from the extended algorithm will be validated against high resolution numerical 

models. 
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7.1 MODEL DESCRIPTION 

Despite significant advances on the study of flow and transport processes in 

fractured porous media since the 1960s (Barenblatt et al., 1960; Warren and Root, 1963; 

Kazemi, 1969; Kazemi et al.; 1992; Pruess and Narasimhan, 1985), modeling the coupled 

processes of multiphase fluid flow, heat transfer, and chemical transport in a fractured 

network remains a conceptual and mathematical challenge. The challenge arises both in 

the characterization of reservoir heterogeneity and the associated uncertainties as well as 

in the modeling of interactions between the fracture and the matrix. 

In geothermal reservoirs, vertical fractures are predominant. Figure 7-1 shows a 

diagram in which vertical fractures that make up a network have different properties that 

are uniform within individual fractures. In order to apply the semi-analytical model in 

this case, an element shown in Figure 7-2 will be studied. The fractures shown in that 

element have typical porosity and permeability. The energy production is a summation of 

the calculated energy production from all elements.  

In the semi-analytical solution, we assume that there exists a no thermal flux outer 

boundary that arises because of symmetry. Numerical simulation results show that the 

distance of the "no heat flux boundary" to the individual fractures is approximately 

proportional to the ratio of the mass flow rate through corresponding fracture. Using 

Figure 7-2 as an example, we have the following approximation: 

 
1 1

2 2

D m
D m

≅  (7-1) 

So the key issue addressed in this section is the calculation of mass flow rate 

through individual fractures. 
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7.2 ALGORITHM TO EXTEND THE SEMI-ANALYTICAL MODEL 

The results derived for a single fracture have been extended to a fracture network. 

In order to extend the results, a few additional assumptions have been made in addition to 

the general assumptions for the single fracture model. These are: 

• All fractures have equal lengths and widths 

• Permeability and porosity are constant for a given fracture but variable 

among fractures 

• Fluid velocities are proportional only to the ratio of permeability and 

porosity of the fractures 

• Symmetry elements (D for each fracture) are proportional to the relative 

fluid velocity in adjacent fractures. 

Enthalpy production from the fracture network is the summation of enthalpy 

production from individual fractures making up the network. 

 
N

p pi
i 1

H H
=

= ∑  (7-2) 

To solve the enthalpy production rate from individual fractures using the single 

fracture solution, we need to know the symmetry elements, number of fractures and fluid 

velocity in each fracture. Using tracer data we can estimate these parameters as shown 

earlier in the tracer analysis section. 

The swept pore volume can be calculated for a finite tracer slug using the 

following expression as follows (Zemel, 1995). 

 

( )

( )
P

VC t dV
Vm 0 sV

M 2
C t dV

0

∞⎡ ⎤
⎢ ⎥∫
⎢ ⎥

= −⎢ ⎥∞⎢ ⎥
∫⎢ ⎥

⎣ ⎦

 (7-3) 
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Where m is mass of tracer recovered in the vapor phase by a certain time t, M is 

the total mass of tracer injected. sV  is the vapor volume produced during the tracer 

injection period, and V is the cumulative vapor volume produced by the time t. C(t) is the 

tracer concentration in the vapor phase at the time t. This equation takes into account 

fractional tracer recovery and open boundary condition. 

The tracer response curve can be used to calculate flow capacity and storage 

capacity of a porous media, and examples are also given in previous chapters. From 

previous discussions, the flow capacity can be estimated from tracer data as follows: 

 
t
Cdt

F
Cdt

∞= ∫
∫

0

0

 (7-4) 

and the storage capacity is calculated as: 

 
t
Ctdt

Ctdt
∞Φ = ∫

∫
0

0

 (7-5) 

The derivative of the flow capacity on the F − Φ  curve gives the information of 

interstitial velocity normalized by the average interstitial velocity. For tracer data, we 

have the following derivation. 
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1  (7-6) 

Where t* is the mean residence time. It is obviously that the last equation is just 

the mean residence time divided by the breakthrough time, which should in turn be equal 

to the ratio of the velocity divided by the mean velocity assuming equal path lengths from 

the injector to the producer.  
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From Figure 7-2, the ratio of mass flow rate through two adjacent fractures can be 

estimated as follows.   

 
1 p11 1 f1 1 1

R
2 2 f 2 2 2 2 P2

v Vm v b L HM =
m v b L H v V

φ ρ
= =

φ ρ
 (7-7) 

 

For a fracture network, a plot of F∂
∂Φ

 vs. Φ  yields valuable information about the 

variation in interstitial velocities in the heterogeneous reservoir (Lake, 1998; Nalla and 

Shook, 2005). From Equation (7-7) we can see that if the fractures have equal heights, the 

ratio of mass flow rate through two adjacent fractures is the product of the ratio of 

interstitial velocities and the ratio of pore volumes of the fractures. The total injection 

mass rate is usually known, the mass flow rate through each individual fracture can be 

calculated from Equation (7-7) since the ratio of interstitial velocities and the ratio of the 

pore volumes can be determined from the F∂
∂Φ

 vs. Φ  plot. In case of multiple fractures, 

multiple velocity ratios and pore volume ratios can be calculated by following the same 

methodology. 

Usually the total injection rate tm  for the two fractures is a known parameter, and 

we have following relationship. 

 
tm m m= +1 2  (7-8) 

 

From Equation (7-7) and (7-8), we can calculate the mass flow rate through 

fractures 1 and 2 as follows: 
 

t R
1

R

m Mm
1 M

=
+

 (7-9) 
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t
2

R

mm
1 M

=
+

 (7-10) 

 

Once we know the mass flow rate through individual fractures and use the 

approximation (Equation (7-1)) to delineate the no thermal flux boundary, we can 

calculate the enthalpy production as shown in Chapter 6. The cumulative energy 

production is a summation of energy production from each individual fracture. 

7.3 APPLICATION OF THE ALGORITHM TO SYTHETIC CASES 

Wu et al.(2005) showed that the estimation of liquid front breakthrough and swept 

fracture pore volume from highly volatile tracer are very accurate for superheated 

geothermal reservoirs as long as the matrix is non-permeable. To test the extension for 

fracture networks, three cases are discussed below. The base case model uses two 

fractures and sensitivity cases are set up to study how accurate the algorithm is for 

different reservoir properties. The last cases show three vertical fractures. Possible error 

sources are analyzed and listed in this section. 

7.3.1 Base Case of Validation 

To validate the predictions for energy production using the extended semi-

analytical solution, the results are compared with results obtained by numerical 

simulation using TETRAD (Vinsome and Shook, 1993) for a vertical, single fractured 

geothermal reservoir with parameters summarized in Table1. In this simulation, 1,1,1,2-

tetrafluoroethane (R134a) is used as a highly volatile tracer and injected from the very 

beginning for 0.5 days.  Figure 7-3 is the tracer concentration in the vapor phase curve 

recorded at the producer, and from this tracer return curve, the following calculations are 

performed to estimate fracture properties and energy production. 
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From the input table (Case Frac_PVA1_1) we can calculate the pore volume of 

the fracture 1 is 200 m3 and the pore volume of the fracture 2 is 400 m3. The analysis of 

tracer return curve using Equation (7-2) yields a total swept pore volume of 607 m3. The 

relative error of the estimate is about 1.2%. 

From Figure 7-4 we can see that the average ratios of the interstitial velocity in 

the fracture 1 and the fracture 2 are 1.5 and 0.75, respectively; so that the ratio of the 

interstitial velocity in fracture 1 to that in fracture 2 is 2. From the figure we also can read 

that the swept pore volumes of the fracture 1 and the fracture 2 accounts for 33% and 

67% of total swept pore volume, respectively; so that the ratio of swept pore volume of 

the fracture 1 to that of the fracture 2 is about 0.5. From Equation (7-7) we can see that 

the mass flow rates are identical in the two fractures, so that we can assume that the 

matrix is affected by the two fractures equally. Figure 7-5 shows the temperature 

distribution at 5000 days of simulation case Frac_KA1_1 with refined grid blocks. It 

shows the location of the no heat flow boundary and confirms that it is indeed 

approximately proportional to the mass flow rates through individual fractures. Figure 7-

6 compares the energy production rate calculated from the semi-analytical model and that 

from numerical simulator at early times.  We can see that both enthalpy production rate 

and liquid breakthrough time from the model agree with numerical simulation. Figure 7-7 

shows the comparison over the whole period of production. Given the fact that there is 

numerical dispersion in the numerical simulation results, the semi-analytical model gives 

a very good estimation of enthalpy production. 

7.3.2 Sensitivity Study on Fracture Properties 

Table 7-2 shows cases that have been run to test this algorithm by changing the 

fracture properties. The estimated swept pore volumes for all cases are very accurate 

except for the case Frac_KA5 that has a high permeability contrast between the two 
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fractures. The allocated fraction flow for each case is based upon the vapor phase tracer 

data and  Φ vs. F∂
∂Φ

 plot. Figure 7-8 through 7-10 shows the tracer concentration in the 

vapor phase, Φ vs. F∂
∂Φ

curve, and comparison of enthalpy production rate calculated by 

TETRAD and the extended semi-analytical model for the case No. Frac_KA5. We can 

see that even though there is a significant discrepancy between the true and estimated 

swept pore volume of fractures, the estimated energy production is still very accurate 

except in the two-phase flow period. The inaccuracy of the swept pore volume 

calculation is because not all the injected tracer is recovered, and there is some tracer that 

is "trapped" in the lower permeable fracture when the liquid water breakthrough occurs in 

the higher permeably fracture.  

7.3.3 Synthetic Model with Three Vertical Fractures 

Figure 7-11 is the diagram of a case with three vertical fractures and the matrix is 

impermeable. The fracture properties are summarized in Table 7-3. An injector and a 

producer penetrate all three vertical fractures and are located at the bottom and the top of 

the reservoir, respectively. A highly volatile tracer is injected at the very beginning with 

cold liquid and the variations in tracer concentration with time are recorded at the 

producer.  

Figure 7-12 shows the tracer concentration history in the vapor phase. From the 

tracer concentration, the swept pore volume is calculated to be 1194 m3. The actual pore 

volume (summation of the pore volumes of the three fractures) is calculated using the 

input data and it is 1180m3, so that the relative estimation error is about 1.2%. Storage 

and flow capacity were calculated using the procedure discussed earlier and the flow 

versus storage capacity curve is plotted as shown in Figure 7-13. From this figure, we can 

see that about 66% flow comes from about 40% of reservoir pore volumes.  
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Figure 7-14 is the derivative of the flow capacity vs. the storage capacity curve, 

and it shows that there are three different interstitial velocities. From the algorithm 

discussed above, we can estimate the pore volume of each fracture as well as mass flow 

rate through each fracture, and the results are summarized in Table 7-3. In the table, the 

maximum relative error is less than 4.5% for the pore volume estimation.  

Given the mass flow rates through each individual fracture, the location of "no 

heat flow boundary" in the matrix can be estimated using Equation (7-1). Thus all the 

parameters required for calculating the enthalpy and cumulative enthalpy production are 

known. The comparison of the enthalpy production rate and cumulative enthalpy 

production obtained using the semi-analytical solution and high-resolution numerical 

simulation are plotted in Figure 7-15 on semi-log scale. From the figure we can see that 

the liquid breakthrough times from each fracture matches very well except the fracture 

with the least interstitial velocity (fracture 1 in Figure 7-11). The cumulative enthalpy 

productions match well with a maximum error of 7.8%, which is believed to be caused by 

numerical dispersion.  

7.3.4 Error Analysis 

The discrepancy in prediction of enthalpy production between the numerical 

simulation results and the semi-analytical model with the extension to handle multiple 

fractures comes from the following sources.  

• Interface between the liquid and vapor phase in the fracture: The semi-

analytical model assumes a sharp front between the liquid phase and the 

vapor phase, while the numerical simulation models fractional flow effects. 

• The algorithm does not take into account the enthalpy of the vapor phase 

initially present in the reservoir. However, for most practical cases, the 

enthalpy of the vapor phase is much smaller than the matrix enthalpy and so 
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ignoring the effect of the vapor phase initially present in the reservoir does 

not give rise to significant error. 

• Non-linear flow and non-linear vaporization effect. The mass flow rate in the 

simulator is non-linear and controlled by the productivity of the producer. 

The vaporization process is also strongly non-linear. The semi-analytical 

model treats both as the mass transfer as well as the phase transition 

processes as linear, which incurs some errors in enthalpy production 

calculation. 

• Thermodynamic fluid and rock properties. The semi-analytical model takes 

the fluid and rock thermodynamic properties as constant, while the simulator 

calculates the temperature dependence of these properties. 

7.4 SUMMARY 

The semi-analytical model for enthalpy production from geothermal reservoirs 

with a single fracture is expanded to geothermal reservoirs with multiple vertical 

fractures. Superheated initial conditions are assumed. A tracer with high K value when 

injected with the cold water yields information about reservoir heterogeneity and 

properties such as swept pore volume and interstitial velocities through individual 

fractures. The information can be used to calculate the mass flow rate through the 

fractures, and the mass flow rate is one of the required parameters for calculating energy 

production. The procedure for calculating fracture properties and subsequently, the 

enthalpy production from the geothermal reservoir is demonstrated using several 

synthetic cases. In all these cases, the results from semi-analytical solution matches very 

well with the numerical simulation results. Possible sources of error in the analytical 

formulation have been analyzed. 



 187

 

Property Symbol Value 

Distance between wells, (m) H 200 

Length (m) L 100 

Fracture spacing, (m) 2D 41.06 

Half fracture aperture of fracture 1, (m) b1 0.025 

Half fracture aperture of fracture 2, (m) b2 0.05 

Porosity of fracture 1, (fr) φf1 0.4 

Porosity of fracture 2, (fr) φf2 0.4 

Permeability of fracture 1, (m2) k1 1x10-12 

Permeability of fracture 2, (m2) k2 5x10-13 

Initial reservoir pressure (kPa) P 3380 

Initial reservoir temperature (oC) TI 240 

Initial liquid water saturation Swi 0.0001 

Rock density (kg/m3) ρr 2650 

Rock heat capacity (kJ/kgoC) Cpr 1 

Rock thermal conductivity (kJ/moC.s) λ 0.002884 

Injection rate (kg/s) q 0.133 

Producer bottom hole pressure (kPa) Pwf 2500 

Injection temperature (oC) TJ 35 
 

Table 7-1: Summary of input data for the base case with two different vertical fractures 
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Fracture1 

 
 

Fracture 2 

Swept 
Pore

Volume

Real 
Pore 

VolumeCase No. 
Φ1 

 
k1 

(md) 
b1 
(m) 

 
Φ2 

 
k2 

(md) 
b2 
(m) 

 

m3 m3 

Frac_KA1 0.4 500 0.05 11520 0.4 500 0.05 11520 800.1 800 

Frac_KA2 0.4 500 0.05 15360 0.4 1000 0.05 7680 804.5 800 

Frac_KA3 0.4 500 0.05 21164 0.4 5000 0.05 1876 796.1 800 

Frac_KA4 0.4 500 0.05 18859 0.4 2000 0.05 4181 798.9 800 

Frac_KA5 0.4 500 0.05 22382 0.4 10000 0.05 658 708.6 800 

Frac_PVA1 0.4 500 0.03 7680 0.4 500 0.05 15360 601.2 600 

Frac_PV_A1_1 0.4 10000.03 11520 0.4 500 0.05 11520 600.6 600 

Frac_PV_A1_2 0.4 500 0.03 15360 0.4 500 0.05 7680 521 500 

Frac_PVA2 0.4 500 0.05 7680 0.4 500 0.1 15360 1207 1200

Frac_PVB1 0.2 500 0.05 11520 0.4 500 0.05 11520 611 600 

Frac_PVB2 0.6 500 0.05 11520 0.4 500 0.05 11520 1005 1000

Frac_PVB3 0.8 500 0.05 7680 0.4 500 0.1 15360 1605 1600

Table 7-2: Sensitivity study of the impact of fracture properties on energy production and 
swept pore volume calculations. 

 

 

m1

m2
kg/day kg/day 
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Properties Fracture 1 Fracture 2 Fracture 3 

Aperture, b (m) 0.05 0.08 0.05 

Length, L, (m) 100 100 100 

Height, H (m) 200 200 200 

Porosity 0.4 0.3 0.3 

Permeability, md 500 2000 1000 

PV (m3) 400 480 300 

Estimate(m3) 405.96 501.48 286.56 

Relative Error, % 1.49 4.475 4.48 

Mass flow rate (kg/day) 5750 30612 9718 

Table 7-3: Fracture properties calculated using the inputs to the numerical simulation 
model compared against the estimation from tracer data for the case with 
three vertical fractures 
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Figure 7-1: Diagram of vertical fracture network. The matrix in this diagram is non-
permeable and the fractures have different properties 

 

Figure 7-2: An element of the fracture network 
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Figure 7-3: Tracer concentration in the vapor phase for the geothermal reservoir 
containing two vertical fractures. 

 

Figure 7-4: Interstitial velocity ratio and reservoir storage capacity for the model with 
two vertical fractures. 
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Figure 7-5: Temperature distribution in the matrix for the case Frac_KA1. The producer 
and injector are located at the top and the bottom of the reservoir 
respectively; the dashed line is the imaginary no heat flux boundary line 
which delineates the matrix into two matrix blocks. 
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Figure 7-6: Early time comparison of enthalpy production between the semi-analytical 
model and numerical simulation results from TETRAD 

 

Figure 7-7: Comparison of enthalpy production using semi-analytical model with 
parameters estimated from tracer data and numerical simulation results from 
TETRAD 
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Figure 7-8: Tracer concentration in the vapor phase for the case Frac_KA5 that has two 
fractures with a strong contrast in permeability. The minimum mass fraction 
is set to 1E-8, which results that the curve is not continuous. 
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Figure 7-9: Interstitial velocity ratio vs. storage capacity for the case Frac_KA5. The 
interstitial velocity in the fracture 2 is about 20 times higher than that in the 
fracture1; and the swept pore volume ratio in the fracture 2 is about 1.8 
higher than that in the fracture 1. 

 

Figure 7-10: Energy production rate for the case Frac_KA5 
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Figure 7-11: Diagram of the case with three vertical fractures 

 

Figure 7-12: Mass fraction in the vapor phase of the tracer for the model with three 
vertical fractures 
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Figure 7-13: Flow capacity and storage capacity estimated from the tracer data for the 
case with three vertical fractures. The circled point stands for about 66% 
flow comes from about 40% of reservoir pore volumes. 
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Figure 7-14: The derivative of the flow capacity curve yields the ratio of interstitial 
velocity to average interstitial velocity that in turn can be used to estimate 
mass flow rate for the case with three vertical fractures. The few points at 
low storage capacity showing high interstitial velocity ratio are caused by 
numerical derivation.  
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Figure 7-15: Comparison of enthalpy production rate and cumulative energy production 
obtained using the semi-analytical solution and the numerical simulator 
TETRAD for the case with three vertical fracture.
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Nomenclatures 
 

b Half fracture aperture, [m] 

C Tracer concentration, [ppm] 

pC  Specific heat capacity 

D Half fracture spacing 

F Flow capacity of a porous media 

PH  Enthalpy production rate, [kw] 

k Permeability of media, [md] 

L Fracture length normal to the flow direction, [m] 

m Mass of tracer recovered at the producers, [kg] 

m  Mass flow rate, [kg/s] 

M Total mass of injected tracer, [kg] 

RM  Mass flow ratio 

N Total number of fractures. 

P Pressure , [kPa] 

T Temperature, [°C] 
V Cumulative production volume of vapor phase, 3m⎡ ⎤⎣ ⎦  

V  Mean swept pore volume, 3m⎡ ⎤⎣ ⎦  

sV  Cumulative production volume of vapor phase during the time of tracer injection, 
3m⎡ ⎤⎣ ⎦  

pV  Swept Pore volume, 3m⎡ ⎤⎣ ⎦  

injq  Volumetric injection rate of liquid water, 3m s⎡ ⎤⎣ ⎦  

t Time, [s] 
*t  Mean residence time, [s]. 
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Greek Symbols 

 
α  Thermal diffusivity, 2m s⎡ ⎤⎣ ⎦  

λ  Thermal conductivity of rock matrix, o

kJ
kg C

⎡ ⎤
⎢ ⎥⋅⎣ ⎦

 

Φ  Storage capacity of a porous media 
ρ  Density, 3kg m⎡ ⎤⎣ ⎦  

φ  Porosity of the reservoir, fr. 

 

Subscripts 

 

1,2 Fracture 1 and 2 

I Initial condition 

J Injection condition 

r Rock 

v Vapor phase water 

w Liquid phase water 
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Chapter 8: Summary, Conclusions and Recommendations 

8.1 SUMMARY 

The objectives of this research were: (1) development of a complete list of tracer 

candidate selection criteria to enable quantitative analysis of tracer tests, including 

necessary tracer selection protocol, (2) demonstration of the use of tracer analysis to yield 

reservoir properties such as reservoir heterogeneity indices and swept pore volume, (3) 

study the tracer response curves under different reservoir conditions, (4) development of 

a fast and easy semi-analytical approach to estimate energy production from fractured 

geothermal reservoirs under two-phase flow conditions.  

The following tasks were accomplished in support of these objectives. 

1. Literature about geothermal reservoirs, geothermal tracers, tracer data 

analysis and numerical simulation of mass and energy flow in fractured 

reservoirs has been reviewed. The literature review provides background 

information for the research and typical properties of reservoirs and fluids. 

2. Numerical simulations and modeling using a one-dimension model were 

performed to identify the importance of K value for the geothermal 

tracers. The reservoir parameters affecting tracer response were also 

studied. Even through the high volatile tracers are assumed to be injected 

with cold liquid, it will partition into vapor phase and then transport with 

the vapor phase to a producer or monitoring well. Tracer properties, 

especially the K value changing with temperature, are studied. 

3. Simulation and modeling of a two-dimensional vertical cross section 

model was performed to identify effects of dimensionless functional 

groups such as effective aspect ratio, gravity number, mobility ratio, and 
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capillary numbers on the performance of a geothermal reservoir and the 

corresponding tracer response. Special attentions are paid to vertical 

equilibrium and potential analysis, impact of the K value of tracers, and 

reservoir heterogeneity.  

4. Simulations of a simplified system with a single fracture were performed 

in order to estimate liquid breakthrough and swept pore volume. The 

method of moments was used with vapor phase production volume and 

tracer concentration in the vapor phase to estimate the swept pore volume 

of the fracture. The results were determined to be close to the fracture pore 

volume. Given the fracture pore volume and thermal retardation factor 

because of phase transition, the liquid and thermal breakthrough time can 

be estimated. Parameters of the fracture and the matrix such as 

fracture/matrix permeability and porosity, and injection constraints on 

tracer response were also studied. 

5. A semi-analytical model was set up for the single vertical fracture case. 

The temperature distributions in the fracture and the matrix, energy 

production rate, cumulative energy production, and thermal recovery 

efficiency were calculated for the single fracture model under single-phase 

liquid flow and two-phase flow conditions. Numerical simulation results 

from TETRAD were used to validate the semi-analytical model. Types 

curves were drawn that summarize the influence of different reservoir 

properties on thermal breakthrough. 

6. The semi-analytical model was extended to vertical fracture network by 

coupling the tracer data and extending the semi-analytical solution derived 

for the single fracture model.  



 204

8.2 SUMMARY OF IMPLEMENTATION OF GEOTHERMAL TRACER INTERPRETATIONS 

The following summarizes the procedure for analyzing geothermal tracer tests and 

incorporating the interpreted information in the semi-analytical solution for predicting 

enthalpy production from fractured geothermal reservoirs. 

1. Initial interpretation of tracer information: Tracer concentration history 

and production rates of steam and liquid are required as inputs to estimate 

fracture pore volume. Also the cumulative tracer mass recovery is required 

to check the mass balance and account for fractional mass recovery of 

tracer. If the geothermal tracer(s) injection is cyclic, a deconvolving 

technique should be used to account for the cyclic process and the 

technique is illustrated in section 2.4.3. Usually the tracer returning curve 

has a long tail at a low concentration, and extrapolation of the collected 

tracer data should be applied to account for tracer not recovered. An 

exponential decline is suggested as shown in Equation (2-13). 

2. Estimate fracture pore volume. For superheated geothermal reservoirs, the 

tracer data collected from steam should be analyzed in order to get early 

information about thermal breakthrough. Applying the method of 

moments to the post-processed tracer return curves the reservoir/fracture 

pore volume can be estimated using Equation (5.19).  

3. Estimate mass flow rates in individual fractures from the storage and flow 

capacity curve. Tracer data collected at the producer can be used to plot 

the flow and storage capacity as illustrated in section 2.4.4 and 2.4.5, and 

Equation (2-21) and (2-22). Use the derivative of the flow capacity curve 

to estimate the mass flow rate through individual fractures. The number of 

fractures is shown on the F′ − Φ  diagram by observing the periods of 
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slope changes in that curve. The average offset between successive 

segments of that curve yields the ratio of the interstitial velocity between 

pairs of fractures. The projected length of each segment on the storage 

capacity axis is the fraction of the total swept pore volume calculated from 

step 3. Since the injection rate is known, the mass flow rates through 

individual fractures can be estimated. An example for the case of two 

fractures is illustrated in section 7.2 using Equation (7-9) and (7-10). 

4. Estimate the dimensions of the fracture and matrix. The heights of the 

matrix and fracture are assumed to be the same as the distance between the 

production and injection wells.  In each element as shown in Figure 7-2 of 

the vertical fractures, the ratio of the matrix block sizes D1 and D2 can be 

estimated using Equation (7-1). 

5. Estimate enthalpy production of the vapor phase. Using Equation (5-12) to 

estimate liquid breakthrough time, and using Equation (5-10) to estimate 

the steam flow velocity. Knowing the steam flow velocity and fracture 

cross-sectional area and steam enthalpy from the steam table, the enthalpy 

production rate can be calculated as follows. s s s sH v A H= ρ . The cross 

sectional area is ( )P fA V b= φ , where b and fφ are the fracture aperture 

and porosity of the fracture, and pV is the swept pore volume of the half 

plane fracture of the elements. Parameters such as the porosity and 

permeability of the fractures and fracture apertures are assumed to be 

known. 

6. Calculate the enthalpy production of the liquid phase: Using the inverse 

solution of Equation (6-46), the temperature history of the liquid phase can 

be calculated. Use Equation (6-47) to calculated the enthalpy production 
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of liquid corresponding to an individual fracture half-plane. The enthalpy 

production rate at a certain time of the reservoir is the summation of the 

enthalpy production rate from individual fractures using Equation (7-2). 

7. Estimate the thermal recovery efficiency. The total enthalpy in the 

reservoir can be estimated from geothermal reservoir dimension and 

condition parameters, then the thermal recovery efficiency can be 

calculated using Equation 6-55. Examples are provided in the Chapter 6. 

8.3 CONCLUSIONS 

This study has shown that tracers with high K value should be used for 

superheated geothermal reservoir in order to get early information about the progress of 

the thermal front. The partition coefficient of tracer is one of the most important 

parameters that should be considered in tracer test design. This point has been validated 

by one-dimensional and two-dimensional simulations with different reservoir and 

depletion conditions. Tracer information can be coupled with the developed semi-

analytical model to calculate energy production and thermal recovery efficiency. Some 

specific conclusions drawn from this investigation are the following. 

1. The selection of geothermal tracers is an exercise in balancing the positive 

and negative aspects of tracers for a specific geothermal application. The 

selection protocols should consider (1) For vapor dominated geothermal 

reservoir, high K value for vapor phase tracer should be used so that 

tracers can partition into the vapor phase and be recorded at the producers; 

(2) Geothermal tracer candidates should be thermal and chemical stability 

under geothermal reservoir conditions. At least for geothermal tracers, 

thermal decay and stability should be known as a function of time and 

temperature; (3) An ideal geothermal tracer should have negligible impact 
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on fluid properties such as viscosity, density and fluid distributions; (4) 

The geothermal tracer candidates also should be geochemical 

compatibility with the rock and fluids, detectable at low concentration, 

should have no detrimental impact to environment, and affordable in large 

quantities. A detailed laboratory analysis of the compatibility of possible 

tracers with reservoir fluids and rock at reservoir conditions is also crucial 

for proper tracer selection. 

2. In vertical two-dimensional cross section model, the gravity force and 

viscose force are more important than capillary pressure force. In order to 

get a stable displacement process, injection well should be completed in 

lower part of the reservoir, while the producer should be completed in 

upper part of the reservoir. 

3. For fracture geothermal model with impermeable matrix, the 

concentration data and vapor production rate are all needed to calculate 

the swept pore volume of the fracture. The first temporal moment of the 

tracer data can be used to calculate the swept pore volume of the fracture 

and then a retardation factor can be applied to calculate the thermal 

breakthrough time and energy production and thermal recovery. For 

slightly permeable matrix, only a fraction of the injected tracer amount 

will be recovered during pure vapor production. Consequently, only the 

fractional mass should be used in the estimation of the swept pore volume. 

4. The permeability of matrix has impact on liquid invasion into the matrix, 

tracer recovery, swept pore volume estimation, and liquid breakthrough of 

the fractured model. If the permeability contrast of the fracture 

permeability to that of the matrix is greater than 105, the influence of 
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matrix will be very small.  Pre-injection of cold water for a period of time 

improves tracer recovery and fracture pore volume estimation. 

5. For the single fracture model, a new solution to the coupled mass and 

energy flow in a fracture with heat conduction from the matrix has been 

derived in Laplace space.  This new solution is more general than the 

solution in the literature because it is for a finite matrix rather than a semi-

infinite matrix and because it accounts for two-phase flow in the fracture. 

The inversion of the Laplace transform is obtained by numerical methods. 

The semi-analytical solution is simple and fast, so sensitivity studies can 

be readily done and important parameter groupings can be readily 

identified. Compared with numerical simulation results and previous 

models assuming infinite matrix dimension, the semi-analytical model 

gives more accurate prediction of energy production than those from 

previous models. 

6. A group of key scale variables for the single fracture model have been 

identified and studied using the semi-analytical model and the results are 

given in the form of type curves that show on the progress of the thermal 

fronts for different reservoir conditions. The type curves can be used to 

design the locations of injection wells with reference to the production 

wells and for optimizing the injection rate.  

7. The single fractured geothermal model was extended to the fracture 

network with different fracture properties. The number of fractures and 

fractured properties required for energy production can be estimated from 

tracer information. Predictions of energy production agree closely with 

those calculated from the numerical simulations with TETRAD. 
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8. The tracer data can serves as a proxy to study the reservoir heterogeneity 

by plotting the storage capacity and flow capacity curve. The derivative of 

the storage capacity and the flow capacity can be used to diagnose the 

number of fracture/fast flow paths and interstitial velocity ratios. For some 

specific cases, if the total injection rate is known, the mass flow rate 

through individual fractures can be calculated.  

8.3 RECOMMENDATIONS FOR FUTURE WORK 

The following recommendations may be considered for future research. 

1. Tracer response and energy production in geothermal reservoirs with 

complicated fracture network. The modeling of fracture network is 

challenging but necessary since most geothermal reservoirs are either 

naturally or hydraulically fractured. Tracer response carries information of 

flow paths and has information related to reservoir heterogeneity. 

Quantitative tracer analysis coupled with an inversion process that utilizes 

the semi-analytical model may be an approach to estimate energy 

production in such complex situations. 

2. The research has shown the matrix permeability impacts tracer return and 

recovery and liquid phase breakthrough. The semi-analytical model has 

only been validated with impermeable matrix in fractured geothermal 

reservoirs. It is useful and practical to further extend it to cases with 

significant fluid leak-off into the permeable matrix. 

3. Tracer selection criteria. This research focuses on generic study of tracer 

properties needed to get early information of thermal breakthrough and 

medium properties. Other aspects of tracer selection criteria such as 

geochemical compatibility with rock and in-situ fluid and thermal decay 
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are also important and should be studied. It will be also interesting to use 

some specific tracers and study their response under different geothermal 

reservoir conditions. 

4. Use the field tracer data to validate the models and interpretation methods. 

Tracer tests in geothermal reservoirs have been conducted for decades, 

and only very limited tracer tests have been quantitatively analyzed. This 

research presents several numerical and semi-analytical models to further 

interpretations. Appendix G shows a preliminary tracer testing analysis of 

R13 tracer testing at The Geysers, CA. 

5. Further investigation on tracer response. Tracer response is the 

superposition of tracer concentrations from multiple flow paths. Measures 

such as the variance of the tracer return distribution contains valuable 

information about the diversity of flow paths in a reservoir. These 

additional measures of reservoir heterogeneity need to be further explored. 
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Appendix A: Relationship Between Henry's Law Constant (Sander, 
1999) and K value in TETRAD 

 

K value of a component i is defined in TETRAD as follows: 

 
i

i
i w

y
K =  (A1) 

where 

 iy  = mole fraction of species i in vapor phase 

 iw  = mole fraction of species i in aqueous phase.  

Henry’s Law Constant is defined by Sander (1999) as 

 
Py

w
P

C
k

i

ai

i

ia
H

ρ
==  (A2) 

Where  

 iaC  = molar concentration of species i in aqueous phase  

 iP  = partial pressure of species i. 

 P  = the system pressure 

 aρ  = the molar density of aqueous phase (moles/Liter) 

The relationship between K value in TETRAD and Henry’s Law Constant is: 
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In TETRAD,  
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where 

 iK  = K value of species i. 

 A, B, C, D, E are species dependent constants 

 T = Ambient temperature (Kelvin) 

 P = Ambient pressure (Pascal) 

If B=C=E=0.0, Equation (A4) is  
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Equating Equation (A3) and (A5) gives 
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If the standard conditions are P=1 atm, and T=298 K, then  
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and the superscript ϑ  denotes standard conditions. 

 Since parameter A is a temperature independent constant in Equation (A6), 

equaling (A6) to (A7) gives 
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The temperature dependence of Henry’s Law Constant is given in the following 

form by Sander (1999), 
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where H∆  is the enthalpy of solution. 

 Substituting equation (A-9) into (A-8) gives: 
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Rearranging equation. (A-10) gives 
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Solving Equation (A11) gives D: 
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Assuming ϑρρ aa ≈ , Equation (A12) gives 
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If aqueous phase is fresh water under standard conditions, aρ is about 55.6 

moles/liter. 

 ϑ
Hk  and 

R
H∆

−  for selected compounds are listed in the Henry’s Law Constant 

Database, so it is very handy to use them in TETRAD to calculate K value. 
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Appendix B: Comparison of TETRAD Simulation of the 1D Two-phase 
Flow with Buckley-Leverett Solution 

The Buckley-Leverett solution of isothermal two-phase immiscible flow in 

permeable media is well known in the petroleum engineering literature (Buckley and 

Leverett, 1941;Welge, 1952). This appendix shows a comparison of the one-dimension 

numerical solution to the two-phase non-isothermal flow of liquid water displacing steam 

with the  Buckley-Leverett solution. The Buckley-Leverett equation is quasilinear 

hyperbolic partial differential equation that can be solved using the method of 

characteristics (MOC) (Johns, 1992). The Buckley-Leverett Equation has two basic 

assumptions:  (1) two-phase immiscible Darcy flow in one dimension (2) rock and fluid 

properties are constant. In dimensionless form, the mass balance for water can be written 

as follows: 
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where wS is the liquid water saturation, and wf is the fractional flow of water.  

For a horizontal reservoir corresponding to the base case reservoir described in 

Chapter 3, the fractional flow of water can be calculated as follows: 
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where rsk and rwk are relative permeability of the steam and liquid water; and 

sµ and wµ are the viscosity of the steam and the liquid water; respectively. The 

dimensionless time and distance are defined as follows. 
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where q is the volumetric water injection rate, A is the cross-sectional area and L 

is the length of the reservoir, and φ  is rock porosity. 

The characteristic of the Buckley-Leverett solution is that the fluid flow velocity 

is constant for a specific saturation on the t-x diagram. Johns (1992) also showed that the 

conditions to get a physically admissible shock on the saturation profile include mass 

balance, velocity constraint and the entropy condition. 

For the Buckley-Leverett solution, the liquid/steam properties are assumed to be 

constant. The input parameters are summarized in the Table B-1. The case with constant 

properties was also simulated with TETRAD for comparison with the Buckley-Leverett 

solution. To initiate the calculation, the water saturation upstream of the thermal shock 

front (S*) was used as the initial water saturation to calculate a Buckley-Leverett 

saturation tail.  

Figure B-1 shows the comparison of the liquid saturation 70 days after injection 

for the case with constant fluid properties, and the base case with temperature-dependent 

properties, and the Buckley-Leverett solution. If the fluid properties are independent of 

temperature and pressure, the simulation result shows that the liquid front is retarded 

compared to the case with temperature-dependent fluid properties. Figure B-2 compares 

the temperature distribution at 70 days between the base case and the case with constant 

fluid properties. The thermal front for the case with constant fluid properties moves 

slower than for the base case. Figure B-3 shows the front the shock front towards the 



 217

injector, the temerpature slightly increases in the two-phase flow region. Figure B-4 

compares the pressure profiles for each case. 

The conventional Buckley-Leverett equation for locating the shock front does not 

apply to the non-isothermal problem with the phase change (boiling of water) and latent 

heat effects occurring at the thermal front.  On the other hand, the reservoir is nearly 

isothermal upstream of the thermal front, so seems reasonable to apply the Buckley-

Leverett equations there to calculate the water saturation velocities and the water 

saturation profile, so this was done on a trial basis.   

Shook (2001a) has shown that the velocity of the thermal front can easily be 

calculated from an energy balance on the front and agrees well with the numerical value.  

However, S* is not so easy to calculate, so it was taken from the numerical solution for 

these comparisons.  Even when this is done, the Buckley-Leveret tail does not match the 

numerical saturation profile.  One of the explanations for this discrepancy is that the 

reservoir is not exactly isothermal due to the small pressure increase in the two-phase 

flow region. As the pressure increases going upstream, the temperature must also increase 

to satisfy thermodynamic equilibrium (to stay on the vapor pressure curve of water). As 

the temperature increases, a small amount of energy change must occur between the fluid 

and the rock, which causes a small amount of steam to condense and increase the water 

saturation.  
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Table B-1: Summary of parameters used for Buckley-Leverett solution 

Rervoir length, m 80

Reservoir width, m 1

Reservoir thickness m 1

Rock porosity, fr. 0.05

Initial reservoir temperature, oC 240

Initial reservoir pressure, kPa 3380

Injection rate, m3/day 0.048

Residual liquid water saturation 0.3

Residual steam saturation 0

Liquid water relative permeability exponent 4

Steam relative permeability exponent 2.5

Liquid water relative permeability end point 1

Steam relative permeability end point 1
Liquid water visocity at saturation condition of 2500 kPa, cp 0.15

Steam viscosity at saturation condition of 2500 kPa, cp 0.02
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Figure B-1: Comparison of the liquid water saturation distribution at t=70 days for the 
Buckley-Leverett solution, the case of constant fluid properties, and the base 
case of two-phase flow 
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Figure B-2: Comparison of temperature distribution at t=70 days between the case with 
constant fluid properties and the base case of the two-phase flow case 
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Figure B-3: Figure B-2 with different axis scale to emphasize the temperature change in 
the two-phase flow zone. 
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Figure B-4: Comparison of the reservoir pressure distribution at t=70 days for the 
Buckley-Leverett solution, the case of constant fluid properties, and  the 
base case of two-phase flow 
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Appendix C: Input Data for the One-dimensional Base Case Model for 
TETRAD 

 
'NOMESS' 
'COMMENT'  '****************************************************' 
'COMMENT'  '**************  RESERVOIR INPUT DATA  **************' 
'COMMENT'  '****************************************************' 
'COMMENT'  '1-d core, slug tracer, no tcon; saturated conditions' 
'COMMENT'  'very nearly superheated Sg = 0.99999 or so          ' 
'COMMENT'  'normal fluid props, etc.                         ' 
'COMMENT'  '                                                    ' 
'COMMENT'  'ITYPE   NC   NCW    WT9     WT9RA                   ' 
'TYPE'        4     2    2     0.0      0.0 
'COMMENT'  'IMETR   IPABS   ITABS   IRATEU                      ' 
'UNITS'         1       1       0        1 
'COMMENT'  ' NX    NY    NZ    NTM                              ' 
'DIMEN'     160     1      1   100000 
'COMMENT'  '  NLINE                                             ' 
'COMMENT'  '  NENTRY    DELX                                    ' 
'DELX'        1 
             160 160*0.5 
'DELY'        1 
              1    1.0 
'DELZ'        1 
             1    1.   
'COMMENT'  'NPR  IOXZ  IFIELD  IOVER  IDBG                      ' 
'PRINT'     0      0       0      0   0  
'COMMENT'  '  P  SW  SG  SO  W  Y  X  T  WELL  AQUIF            ' 
'OUTFUN'      1   1   1   0  5  6  0  1     0    0 
'COMMENT' 'PHI   RK   PC   DEN   MW   VIS   H   U   TCON   HLOSS' 
'OUTPROP'  0      0    0   1    0   0    7   0     0      0     0 
'COMMENT'  'IWELL IAQUIF IFPROD IFINJ MATRIX IFRAC MAFR ISPARE ITR 
ISEP' 
'OUTGEO'   0    0   0   0      0     0    0      0   0    0 
'OUTMISC'  -8  1 0  0  0  0  0  0  0  0  0  0 
'PLOT'  2  0 
9 'QWPMASS' 'QGPMASS' 'QFCWP2' 'QFCGP2' 'CWPMASS' 'CGPMASS' 'TAV' 
'SGAV' 'PAV' 
'GVWRITE'  0   0 
4  'SW'   'W2'  'Y2' 'T' 
'COMMENT'  ' I1   I2   I3    PERMX  PERMY  PERMZ                ' 
'PERMMOD'   1  160  1  100.  100.  100. 
'COMMENT'  ' I1   I2   I3    POR                               ' 
'PORMOD'      1   160    1    0.05 
'NORM'  200.  .04  .04   5.  
'NEWT'  20  .000001  0.  1. 
'EXMBAL'  2 
'COMMENT' '*****************************************************' 
'COMMENT'  '**************  PROPERTY SECTION  ******************' 
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'COMMENT'  '****************************************************' 
'COMMENT'  '                                                    ' 
'PROPERTY' 
'COMMENT'  '                                                    ' 
'COMMENT'  '**************  REL PERM AND PVT *******************' 
'COMMENT'  '                                                    ' 
'RELANAL'  0  1  0  1. 
240.  240.  1.E-6  0.0  1.E-6  0.0 
.3   1.  4.0 
0.  0.  1.1  0.  2. 
.0  1.  2.5 
0.  0.  1.5  0.  1. 
'COMMENT'  '                                                    ' 
'DENCS'   1000.0287 1000.0287  
 1         1          
18.015    18.015     
'COMMENT'  '                                                    ' 
'COMMENT'  'ASHR      BSHR     TSHR     DENR                    ' 
'LIQSH'     1.        0.0     15.5     2650 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
'COMMENT'  '                                                    ' 
'COMMENT'  ' ATCR     BTCR    TTCR                              ' 
'LIQTCON'  0.0  0.0 0.0  
0.0  0.0     0.0 
0.0  0.0     0.0 
'COMMENT'  'ATCGC    BTCGC   TTCGC                              ' 
'LATHVAP' 
2256.92    647.23    373.15    0.3800 
2256.92    647.23    373.15    0.3800 
'GASTCON' 
0.0  0.0     0.0 
0.0  0.0     0.0 
'LIQDEN' 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
'LIQVIS'  0.0 0.0 0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
'GASVIS' 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
'KVAL'  0.  0.  0. 
1.18602E+07    0.0    0.0    3.81644E+03    4.61300E+01 
2.64000E+09    0.0    0.0    2.70000E+03    0.00000E+00 
'DISC'  0. 0. 0.  0.  
'COMMENT'  '**********  SPECIFY INITIAL PRESSURE  ***********' 
'PRESMOD'    1 160  1   3380. 
'COMMENT'  '**********  SPECIFY INITAL TEMPERATURES  ********' 
'COMMENT'  ' I1   I2   I3     T                              ' 
'TEMPMOD'  1  160  1  240.  
'COMMENT'  '**********  SPECIFY INITAL SATURATIONS  **********' 
'COMMENT'  ' I1   I2   I3     SG    SO                        ' 
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'SATMOD'      1   160   1     0.9999    0. 
'COMMENT'  '**************************************************' 
'COMMENT'  '*************** RECURRENT  ***********************' 
'COMMENT'  '**************************************************' 
'RECUR' 
'TIMEYR'   0 
'TIME'  0.0   0.00000001 
'PRODUCER'  'P1'  1  3 
160  
0.133  0.07 0.0  0.0  
0.08 
0.00    0.1662         1 
'INJECTOR'  'I1'  1  3 
1   
0.133  0.07  0.0 0.0  
-20 
0.00    0.1662         1 
0 1 35. 0.0 0.0 
7.76E+3 
140.0 
140.0 
'EXCPF'  1 
 1  'I1' 
'R'  'I1'  0.  1.9998E-3   2.0E-7   
'P'  'P1'  0.  2500.  0.  0.  0. 0. 0.0 0. 0. 
'TIME'  5.      -1. 
'R'  'I1'  0.  0.002 0.  0.  0. 0. 0. 0. 
'TIME'  10.      -1. 
'TIME'  15.      -1. 
'TIME'  20.      -1. 
'TIME'  25.      -1. 
'TIME'  30.     -1. 
'TIME'   50.     -1. 
'TIME'   60.     -1. 
'TIME'   80.     -1. 
'TIME'  100.     -1. 
'TIME'  120.     -1. 
'TIME'  150.     -1. 
'TIME'  200.     -1. 
'TIME'  250.     -1. 
'TIME'  300.     -1. 
'TIME'  400.     -1. 
'TIME'  500.     -1. 
'TIME'  800.     -1. 
'TIME' 1000.     -1. 
'TIME' 1500.     -1. 
'TIME' 1800.      0.  
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Appendix D: Input Data for the Two-dimensional Vertical Cross 
Sectional Model for TETRAD  

'NOMESS' 
'COMMENT'  '************************************************' 
'COMMENT'  '************************************************' 
'COMMENT'  '*******  RESERVOIR INPUT DATA  *****************' 
'COMMENT'  '************************************************' 
'COMMENT'  '2-d, slug tracer, no tcon; saturated conditions' 
'COMMENT'  'very nearly superheated Sg = 0.99999 or so' 
'COMMENT'  ' normal fluid props, etc.                       ' 
'COMMENT'  '                                                ' 
'COMMENT'  'ITYPE   NC   NCW    WT9     WT9RA               ' 
'TYPE'        4     4     4     0.0      0.0 
'COMMENT'  'IMETR   IPABS   ITABS   IRATEU                  ' 
'UNITS'         1       1       0        1 
'COMMENT'  ' NX    NY    NZ    NTM                          ' 
'DIMEN'     80     1    40   100000 
'COMMENT'  '  NENTRY    DELX                                ' 
'DELX'        1 
             80 80*10.0 
'DELY'        1 
              1    1.0 
'DELZ'        1 
              40    40*2.0   
'COMMENT'  'NPR  IOXZ  IFIELD  IOVER  IDBG                  ' 
'PRINT'     0      0       0      0   0  
'COMMENT'  '  P  SW  SG  SO  W  Y  X  T  WELL  AQUIF        ' 
'OUTFUN'      1  1   0   0   1  0  0  1     0    0 
'COMMENT'  'PHI  RK   PC   DEN   MW   VIS   H   U   TCON   HLOSS' 
'OUTPROP'   0     0    0   1    0   0    7   0     0      0     0 
'COMMENT'  'IWELL IAQUIF IFPROD IFINJ MATRIX IFRAC MAFR ISPARE ITR 
ISEP' 
'OUTGEO'    0   0    0     0      0     0    0      0   0    0 
'OUTMISC'  -8  1 0  0  0  0  0  0  0  0  0  0 
'PLOT'  2  1 
13 'QWPMASS' 'QGPMASS' 'QFCWP2' 'QFCGP2' 'QFCWP3' 'QFCGP3' 'QFCWP4' 
'QFCGP4' 'CWPMASS' 'CGPMASS' 'TAV' 'SGAV' 'PAV' 
'GVWRITE'  0   0 
8  'SW'   'W2'  'Y2' 'W3' 'Y3' 'W4' 'Y4' 'T' 
'COMMENT'  ' I1   I2   I3    PERMX  PERMY  PERMZ              ' 
'PERMXSET'  100. 
'PERMYSET'  100. 
'PERMZSET'  100. 
'PORSET'    0.05 
'NORM'  200.  .04  .04   5.  
'NEWT'  20  .00001  0.  1.0 
'EXMBAL'  2 
'COMMENT'  '*************************************************' 
'COMMENT'  '**********  PROPERTY SECTION  *******************' 
'COMMENT'  '*************************************************' 
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'COMMENT'  '                                                 ' 
'PROPERTY' 
'COMMENT'  '***********  REL PERM AND PVT *****************' 
'COMMENT'  '                                               ' 
'RELANAL'  0  1  0  1. 
240.  240.  1.E-6  0.0  1.E-6  0.0 
.3   1.  4.0 
0.  0.  1.1  0.  2. 
.0  1.  2.5 
0.  0.  1.5  0.  1. 
'COMMENT'  '                                              ' 
'DENCS'   1000.0300 1000.03 1000.03 1000.03 
 1  1  1  1 
 18.02  18.02  18.02  18.02 
'COMMENT'  'ASHR      BSHR     TSHR     DENR               ' 
'LIQSH'     1.        0.0     15.5     2650 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
4.0000  0.00E+00     15.56  0.00E+00      0.00 
'COMMENT'  ' ATCR     BTCR    TTCR                          ' 
'LIQTCON'  0.0  0.0 0.0  
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
'COMMENT'  'ATCGC    BTCGC   TTCGC                          ' 
'LATHVAP' 
2256.92    647.23    373.15    0.3800 
2256.92    647.23    373.15    0.3800 
2256.92    647.23    373.15    0.3800 
2256.92    647.23    373.15    0.3800 
'GASTCON' 
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
'LIQDEN' 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
1000.0287  4.64E-07  9.00E-04    101.33     15.56 
'LIQVIS' 0.0  0.0  0.0  
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
0.0  0.0     0.0 
'GASVIS' 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
-1.02E-03  3.61E-05  1.00  0.00E+00  1.00 
'KVAL'  0.  0.  0. 0. 
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1.18602E+7    0.0    0.0    3.81644E+03    4.61300E+01 
6.69E+5       0.0    0.0    1.6E+3         0.0 
2.25E+9       0.0    0.0    3.9E+3         0.0 
2.64E+9       0.0    0.0    2.7E+3         0.0 
'DISC'  0.  0.  0.  0. 
'COMMENT'  '**********  SPECIFY INITIAL PRESSURE ******* ' 
'PRESMOD'    1 3200  1   3380. 
'COMMENT'  '******  SPECIFY INITAL TEMPERATURES  ********' 
'COMMENT'  ' I1   I2   I3     T                          ' 
'TEMPMOD'  1  3200  1  240.  
'COMMENT'  '******  SPECIFY INITAL SATURATIONS  *********' 
'COMMENT'  ' I1   I2   I3     SG    SO                   ' 
'SATMOD'      1   3200   1     0.99999    0. 
'COMMENT'  '********************************************' 
'COMMENT'  '***********  RECURRENT  ********************' 
'COMMENT'  '********************************************' 
'RECUR' 
'TIMEYR'   0 
'TIME'  0.0   0.00000001 
'PRODUCER'  'P1'  40  3 
80,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
0.1404    0.0700    0.0000    0.0000 
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
0.00    0.1662         1 
'INJECTOR'  'I1'  40  3 
1,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
0.1404    0.0700    0.0000    0.0000 
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
0.00    0.1662  1 
0 1   35. ,,,,,,,,, 
,,,,,,,,,,,,,,,,,,,,,, 
,,,,,,,,,,,,,,,,,,,,,, 
,,,,,,,,,,,,,,,,,,,,,, 
,,,,,,,,,,,,,,,,,,,,,, 
,,,,,,,,,,,,,,,,,,,,,,  
,,,,,,,,,,,,,,,,,,,,,, 
 'EXCPF'  1 
 1  'I1' 
'R'  'I1'  0. 0.2  0.2  0.2  0.2 
'P'  'P1'  0. 2500.  0.0  0.  0. 0.  
'GEOSEP'  I1  2500.0 240.0 1.0 
                 1 ALLP 
'TIME'  1.    -1. 
'R'  'I1'  0.  0.8  0.  0. 0. 0. 0. 0. 0. 0. 0. 0. 
'TIME' 5. -1. 
'TIME'  10.      -1. 
'TIME'  15.      -1. 
'TIME'  20.      -1. 
'TIME'  25.      -1. 
'TIME'   30.       -1. 
'TIME'   40.       -1. 
'TIME'   50.       -1. 
'TIME'   60.       -1. 
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'TIME'   70.       -1. 
'TIME'   80.       -1. 
'TIME'   90.       -1. 
'TIME'  100.       -1. 
'TIME'  200.       -1. 
'TIME'  300.       -1. 
'TIME'  400.       -1. 
'TIME'  500.       -1. 
'TIME'  600.       -1. 
'TIME'  700.       -1. 
'TIME'  800.       -1. 
'TIME'  900.       -1. 
'TIME' 1000.       -1. 
'TIME' 1200.       -1. 
'TIME' 1500.       -1. 
'TIME' 1600.       -1. 
'TIME' 1800.       -1. 
'TIME' 2500.       -1. 
'TIME' 3000.       -1. 
'TIME' 3500.       -1. 
'TIME' 4000.       -1. 
'TIME' 4500.       -1. 
'TIME' 5000.       -1. 
'TIME' 5500.       -1. 
'TIME' 6000.       -1. 
'TIME' 6500.       -1. 
'TIME' 7000.       -1. 
'TIME' 8000.       -1. 
'TIME' 10000.       0. 
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Appendix E: Solution of Thermal Equations for the Fracture and the 
Matrix 

The governing equations in the matrix and the fracture can be written in 

dimensionless forms as follows. 

 
Dm Dm

D

T T
t X

∂ ∂
= ϑ

∂ ∂

2

2  (E1) 

D

D D Dm

D D D X 0

T T T 0
t Z X

=

∂ ∂ ∂
+ − ψ =

∂ ∂ ∂
 (E2) 

and the initial and boundary conditions are: 

 
( ) ( )D D Dr D DT X ,0 T X , Z ,0 0= =  (E3) 

( )fw DT 0, t 1=  for Dt 0≥  (E4) 

( ) ( )D D D Dr D DT Z , t T Z ,0, t= ;  (E5) 

0
X
T

1XD

Dr

D

=
∂
∂

=
 (E6) 

Applying Laplace transformation method with respect to Dt to Equation (E1) and 

(E2), we can get: 

( )
2

2
D

s 1 0 0
X
∂ υ

− υ + υ =
∂ ϑ ϑ

 (E7) 

( )
DD D X 0

s 0 0
Z X

=

∂η ∂υ
η − η + − ψ =

∂ ∂
 (E8) 
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Where ηand υ  are temperature of the fracture and matrix in the Laplace space, 

respectively. The boundary conditions of Equation (E4) to (E6) in Laplace domain are: 

( ) 10
s

η =  (E9) 

( ) ( )D Dz z ,0η = υ  (E10) 

D
D X 1

0
x

=

∂υ
=

∂
 (E11) 

Applying initial conditions in Laplace space, ( )0 0ν =  and ( )0 0η = , we have 

following equations: 

 

DD D X 0

u vsu 0
Z X =

∂ ∂
+ − ψ =

∂ ∂
 (E12) 

2

2
D

s 0
X
∂ ν

− ν =
∂ ϑ

 (E13) 

Solving the second equation gives: 

1 D 2 D
s sC cosh X C sinh X

⎛ ⎞ ⎛ ⎞
υ = +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ϑ ϑ⎝ ⎠ ⎝ ⎠

 (E14) 

where C1   and C2  are constants, applying boundary conditions given in Equation 

(E10) and (E11),  C1  and C2 can be determined: 

sC C tanh
⎛ ⎞

= − ⎜ ⎟⎜ ⎟ϑ⎝ ⎠
2 1  (E15) 

C = η1  (E16) 

Substituting above into Equation (E13) gives: 



 230

D D
s s scosh X sinh X tanh

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞
υ = η −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ϑ ϑ ϑ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

 (E17) 

Now solve the equation for the temperature in the fracture: 

DD X 0

s su tanh
X =

⎛ ⎞∂υ
= − ⎜ ⎟⎜ ⎟∂ ϑ ϑ⎝ ⎠

 (E18) 

Substitution of above equation into fracture equation gives: 

D

s ss u tanh 0
Z

⎛ ⎞∂η
η + + ψ =⎜ ⎟⎜ ⎟∂ ϑ ϑ⎝ ⎠

 (E19) 

The solution of above equation is: 

3 D
s su C exp tanh s Z

⎡ ⎤⎛ ⎞⎛ ⎞
= ⋅ − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

 (E20) 

Applying boundary conditions gives to above equations, we have that  

3
1C
s

=  (E21) 

and the final solution for above equation is: 

D
1 s sexp tanh s Z
s

⎡ ⎤⎛ ⎞⎛ ⎞
η = − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

 (E22) 

Substitution of temperature in fracture model to the equation of temperature in 

matrix, we have the temperature in matrix equation as: 

D D D
1 s s s s sexp tanh s Z cosh X sinh X tanh
s

⎡ ⎤⎛ ⎞ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
υ = − ψ + −⎢ ⎥⎜ ⎟ ⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ϑ ϑ ϑ ϑ ϑ⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎣ ⎦⎣ ⎦
 (E23) 
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Special Case 1: D 0→  

When D 0→ , we have ϑ → ∞ , and stanh 0
⎛ ⎞

→⎜ ⎟⎜ ⎟ϑ⎝ ⎠
. In this situation, Equation 

(E22) is: 

( )

[ ]

D

D

1 s slim lim exp tanh s Z
s

1              = exp sZ
s

ϑ→∞ ϑ→∞

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞⎪ ⎪η = − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭

−

 (E24) 

Using Inverse Laplace transform, we can get the dimensionless temperature in the 

fracture as follows. 

( )fD D DT t Z= δ −  (E25) 

where ( )D Dt Zδ − is a Dirac's Delta Function with following property: 

( ) D D
D D

D D

1   t Z
t Z

0   t Z
≥⎧

δ − = ⎨ <⎩
 (E26) 

In other words, in one-dimension flow, the temperature is in a form of sharp wave 

that changes from the injection temperature to the initial temperature.  

Special Case 2: D → ∞  

When D → ∞ , we have 0ϑ → , and stanh 1
⎛ ⎞

→⎜ ⎟⎜ ⎟ϑ⎝ ⎠
. In this situation, Equation 

(E21) is: 
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( ) D

D

1 s slim lim exp tanh s Z
s

1 s              = exp s Z
s

ϑ→∞ ϑ→∞

⎧ ⎫⎡ ⎤⎛ ⎞⎛ ⎞⎪ ⎪η = − ψ +⎢ ⎥⎜ ⎟⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎟ϑ ϑ⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎣ ⎦⎩ ⎭

⎡ ⎤⎛ ⎞
− ψ +⎢ ⎥⎜ ⎟⎜ ⎟ϑ⎢ ⎥⎝ ⎠⎣ ⎦

 (E27) 

In dimensionless time space, the dimensionless temperature is as follows: 

( )
D

fD 1 2
D D

ZT erfc
2 t Z

⎧ ⎫ψ⎪ ⎪= ⎨ ⎬
ϑ −⎡ ⎤⎪ ⎪⎣ ⎦⎩ ⎭

 (E28) 

Equation (E28) is the solution of dimensionless temperature in the fracture as a 

function of dimensionless time and dimensionless space.  
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Appendix F: Codes and Input Example for The Semi-analytical 
Solution in the Single Fracture Model  

F.1 FORTRAN CODE FOR THE SINGLE FRACTURE SINGLE-PHASE LIQUID FLOW 
CALCULATION 

 
!************************************************************** 
!**************************************************************** 
! This program is coded to calculate the temperature history, 
! enthalpy production rate, cumulative enthalpy production, and  
! reservoir thermal recovery from half symetric single fracture  
! geothermal reservoir !model. In this program, the swept pore volume  
! estiamted from tracer data and reservoir/fluid thermal properties are 
! required as input. The !numerical inverse Laplace transform is  
! Stefest algorithm. 
! Definitions of main variable: 
! 
!       b:       Fracture aperature, m 
!       Cpr:      Specific heat capacity of rock, kJ/kgoC 
!       Cpw:      Specific heat capacity of liquid water, kJ/kgoC 
!       D:        Half fracture spacing, m 
!    DT:    Thermal retardation factor 
!       e:        Cumulative energy production, GJ 
!       ED:       Ending time for the calculation, Day 
!       EngP:     Enthalpy production rate, kw 
!       HRES:     Total enthalpy in the reservoir, GJ 
!       Kes:      Dimensionless variable defined in the paper 
!       L:        Distance from the injector to the producer, m 
!       ml:       Mass injection rate, kg/day 
!       Phif:     Porosity of fracture 
!       Lamta:    Heat conductivity of rock, kJ/mDoC 
!  REC:   Thermal recovery efficiency, fraction  
!       Rhor:     Density of rock,, kg/m^3 
!       Rhow:     Density of liquid water, kg/m^3 
!       T0:       Initial reservoir temperature, oC 
!       TDiff:    Thermal diffusivity of rock, m^2/D 
!       TFRAC:    Dimensionless temperature at the producer 
!       TIMED:    Dimensionless temperature 
!       Theta:    Dimensionless variable defined in the paper 
!       Tj:       Injection temperature, oC 
!   Vf:   Swept pore volume estimated from tracer data, m3 
!       Wid:      The fracture length, m 
!*************************************************************** 
!**************************************************************** 
 
PROGRAM Single_Enthalpy 
IMPLICIT NONE 
DOUBLE PRECISION:: D,b,Cpw,Cpr,Lamta,Rhow,Rhor,T0,Tj,L, e, e1, MT 
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DOUBLE PRECISION:: TIMED,Theta,Kes,Phif,TFRAC, HP, Fa, TEMP, HRES 
DOUBLE PRECISION:: DDT,EngP,Wid,ml,Ma,VF,DT,TW,qinj, TDiff, ET,REC 
DOUBLE PRECISION,DIMENSION(:), ALLOCATABLE::TIME 
Character:: JUNK 
INTEGER::i,n 
 
OPEN (UNIT=1,FILE='Input.Dat',STATUS='OLD') 
OPEN (UNIT=2,FILE='OUTPUT.DAT',STATUS='UNKNOWN') 
 
READ(1,*) JUNK 
READ(1,*) ml 
READ(1,*) JUNK 
READ(1,*) L 
READ(1,*) JUNK 
READ(1,*) D 
READ(1,*) JUNK 
READ(1,*) Vf 
READ(1,*) JUNK 
READ(1,*) Wid 
READ(1,*) JUNK 
READ(1,*) Tj 
READ(1,*) JUNK 
READ(1,*) T0 
READ(1,*) JUNK 
READ(1,*) Cpr 
READ(1,*) JUNK 
READ(1,*) Rhow 
READ(1,*) JUNK 
READ(1,*) Cpw 
READ(1,*) JUNK 
READ(1,*) Lamta 
READ(1,*) JUNK 
READ(1,*) Phif 
READ(1,*) JUNK 
READ(1,*) Rhor 
READ(1,*) JUNK 
READ(1,*) DDT 
READ(1,*) JUNK 
READ(1,*) ET 
 
! Estimate fracture pore volume from the input data 
b = Vf/(L * Wid * phif) 
 
! Estimate volumetric injection rate 
qinj = ml / Rhow 
 
! Calculation total volumetric theramal capacity 
MT = phif * Rhow * CpW + (1 - phif) * RhoR * CpR 
 
! Calculation the thermal retardation factor 
Dt = MT / (phif * Rhow * CpW) 
 
! Calculation characteristic time 
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TW = Dt * Vf / qinj 
 
! Calculate dimensionless variables described in the paper 
TDiff = Lamta / RhoR / CpR 
Theta = D ** 2 / TW / TDiff 
Kes = Lamta / MT / b / D * TW 
 
! Calculate total energy in the geothermal reservoir, Unit GJ 
HRes = CpR * RhoR * L * Wid * (D + (1 - phif) * b) * (T0 - TJ) / 
1000000000 
 
Write(2,*) "Time(D), TD, TFRAC,  EPR(kW), HP(GJ),Rec(fr)" 
 
n=int(ET/DDT) 
ALLOCATE( TIME(n) ) 
 
DO i=1, n 
 
 TIME(i) = i * DDt   
 TIMED = TIME(i) / TW 
 CALL ilaplace(TIMED,T0,TJ,Theta,Kes,Fa, HP, Ma) 
 Temp = Fa * (TJ - T0) + T0 
 e = Dt * Rhow * CpW * Vf * (TJ - T0) * HP / 1000000000 
 e1 = Dt * Rhow * CpW * Vf * (T0 - TJ) * Ma / 1000000000 
 TFRAC=Fa*(Tj-T0)+T0 
 EngP=TFRAC*Cpw*ml*0.011574 
 REC=e1/HRes 
 Write(2,10) TIME(i), TIMED, TFRAC, EngP,e, REC 
 
ENDDO 
 
10 FORMAT(9(2X,ES10.3))  
DEALLOCATE(TIME) 
CLOSE(1) 
CLOSE(2) 
 
END PROGRAM Single_Enthalpy 
 
SUBROUTINE ilaplace(T,T0, TJ,Theta, Kes,Fa,HP,Ma) 
!*************************************************************** 
!  ALGORITHM 368, Numerical Inversion of Laplace Transforms by !Harald 
Stehfest. This algorithm is available at Communications !of the ACM, 
VOL. 13, NO. 1, P. 47-49. 
!*************************************************************** 
 
IMPLICIT NONE 
INTEGER:: i, k, Nh,N 
DOUBLE PRECISION,INTENT(IN)::T,Theta,Kes, T0, TJ 
DOUBLE PRECISION,INTENT(OUT)::Fa,Ma,HP 
DOUBLE PRECISION:: a,P,Q,R,TempVar,s  
DOUBLE PRECISION,DIMENSION(0:18)::G,V 
DOUBLE PRECISION,DIMENSION(1:9)::H 
N=18 
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G(0)=1 
Nh=N/2 
DO i=1,N 
   G(i)=G(i-1)*i 
END DO 
H(1)=2/G(Nh-1) 
DO i=2,Nh 
 H(i)=i**Nh*G(2*i)/(G(Nh-i)*G(i)*G(i-1)) 
END DO 
Fa=0.0 
HP=0.0 
Ma=0.0 
a=log(2.0)/T 
DO i=1,N 
   V(i)=0. 
   DO k=(i+1)/2,MIN(i,Nh) 
      V(i)=V(i)+H(k)/(G(i-k)*G(2*k-i)) 
   END DO 
   V(i)=(-1)**(Nh+i)*V(i); 
END DO 
DO i=1,N 
 s = i * a 
 TempVar = Exp(-((Kes * Sqrt(Theta * s) * Tanh(Sqrt(Theta * s))) + s)) 
 p = 1.0/ s * TempVar 
 Q = 1.0 / s ** 2 * (1 - TempVar) 
 R = 1.0 / s ** 2 * (TempVar + T0 / (TJ - T0)) 
 Fa = Fa + V(i) * p 
 Ma = Ma + V(i) * Q 
 HP = HP + V(i) * R 
END DO 
 
Fa=a*Fa 
Ma=a*Ma 
HP=a*HP 
 
END SUBROUTINE ilaplace 
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F.2 INPUT EXAMPLE FOR THE SINGLE-PHASE LIQUID FLOW CODE 
 
 
Mass injection rate of liquid (kg/day) 
11560 
Fracture hight (m) 
200 
Half width of matrix(m) 
20.28 
Fracture pore volume (m) 
400 
Fracture length (m) 
100 
Injection temperature (oC) 
35.0 
Initial temperature (oC) 
240 
Rock thermal capacity (kJ/kg.oC) 
1.0 
Liquid Density (kg/m3) 
1000.0 
Liquid thermal capacity (kJ/kg.oC) 
4.0 
Rock thermal conductivity(kJ/kg.oC.day) 
249.2 
Rock Porosity in fracture 
0.4 
Density of rock (kg/m3) 
2650. 
Time step (day) 
50 
Simulation ending time, (day) 
30000 
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F.3 FORTRAN CODE FOR TWO-PHASE FLOW IN SINGLE FRACTURE 

 
!*************************************************************** 
!**************************************************************** 
!  This program is coded to calculate the temperature history, 
!enthalpy production rate, cumulative enthalpy production, and 
!reservoir thermal recovery from half symetric single fracture 
!geothermal reservoir !model. In this program, the swept pore 
!volume estiamted from tracer data and reservoir/fluid thermal 
!properties are required as input. The numerical inverse Laplace 
!transform is Stefest algorithm. 
! Definitions of main variables: 
! 
!       b:        Fracture aperature, m 
!       Cpr:      Specific heat capacity of rock, kJ/kgoC 
!       Cpw:      Specific heat capacity of liquid water, kJ/kgoC 
!   Cpv:   Specific heat capacity of vapor, kJ/kg.oC 
!       D:        Half fracture spacing, m 
!   DTW:   Thermal retardation factor caused by liquid 
!   DTV:      Thermal retardation factor caused by steam 
!       e:        Cumulative energy production, GJ 
!       ED:       Ending time for the calculation, Day 
!       EngP:     Enthalpy production rate, kw 
!       HRES:     Total enthalpy in the reservoir, GJ 
!       Kes:      Dimensionless variable defined in the paper 
!       L:        Distance from the injector to the producer, m 
!       ml:       Mass injection rate, kg/day 
!       Phif:     Porosity of fracture 
!   Pwf:   Extraction pressure, kPa 
!       Lamta:    Heat conductivity of rock, kJ/mDoC 
!   REC:   Thermal recovery efficiency, fraction  
!       Rhor:     Density of rock, kg/m^3 
!       Rhow:     Density of liquid water, kg/m^3 
!       T0:       Initial reservoir temperature, oC 
!       TDiff:    Thermal diffusivity of rock, m^2/D 
!       TFRAC:    Dimensionless temperature at the producer 
!       TIMED:    Dimensionless temperature 
!       Theta:    Dimensionless variable defined in the paper 
!   Ti:       Interface temperature 
!       Tj:       Injection temperature, oC 
!   ul:    Superfacial velocity of fluid injection, m/day 
!   Vf:  Swept pore volume estimated from tracer data, m3 
!   vf_sp:   Interstitial velocity of liquid front, m/day 
!   w:    Dimensionless temperature at the interface 
!       Wid:      The fracture length, m 
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!**************************************************************** 
!*************************************************************** 
 
PROGRAM Eng_Cal 
IMPLICIT NONE 
 
DOUBLE PRECISION:: D,b,Cpw,Cpr,Lamta,Rhow,Rhor,T0,Tj,L,e,e1,MTW 
DOUBLE PRECISION:: TIMED,Theta,Kes,Phif,TFRAC, HP, Fa, TEMP, HRES 
DOUBLE PRECISION:: DDT,EngP,Wid,ml,Ma,VF,DT,TW,qinj,TDiff,ET,REC 
DOUBLE PRECISION:: interplt, uv, RhoV, HR, HV, TT,v_f,w 
DOUBLE PRECISION:: ul, Lv, ENGL, Ti, Vf_sp, HVP, MTV, CPV 
DOUBLE PRECISION::DTV,TV, ENGVAP, Pwf,ENGV, RhoL, DTW 
DOUBLE PRECISION,DIMENSION(:), ALLOCATABLE::TIME 
DOUBLE PRECISION,DIMENSION(1:127)::Liq_Den,Vap_Den,TP,EnL,ENV, 
SatP 
Character:: JUNK  
INTEGER::i,n 
 
OPEN (UNIT=1,FILE='INPUT.DAT',STATUS='OLD') 
OPEN (UNIT=2,FILE='OUTPUT.DAT',STATUS='UNKNOWN') 
OPEN (UNIT=3,FILE='Steam_Table.Dat',STATUS='Old') 
 
READ(1,*) JUNK 
READ(1,*) ml 
READ(1,*) JUNK 
READ(1,*) L 
READ(1,*) JUNK 
READ(1,*) D 
READ(1,*) JUNK 
READ(1,*) Vf 
READ(1,*) JUNK 
READ(1,*) Wid 
READ(1,*) JUNK 
READ(1,*) Tj 
READ(1,*) JUNK 
READ(1,*) T0 
READ(1,*) JUNK 
READ(1,*) Cpr 
READ(1,*) JUNK 
READ(1,*) Rhow 
READ(1,*) JUNK 
READ(1,*) Cpw 
READ(1,*) JUNK 
READ(1,*) Lamta 
READ(1,*) JUNK 
READ(1,*) Phif 
READ(1,*) JUNK 
READ(1,*) Rhor 
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READ(1,*) JUNK 
READ(1,*) DDT 
READ(1,*) JUNK 
READ(1,*) ET 
READ(1,*) JUNK 
READ(1,*) Pwf 
READ(1,*) JUNK 
READ(1,*) Cpv 
 
DO i=1,127 
    READ(3,*) TP(i),SatP(i), Liq_Den(i),Vap_Den(i),EnL(i),EnV(i) 
ENDDO 
 
! Estimate fracture aperture from swept pore volume data 
b = Vf/(L * Wid * phif) 
 
!Calculate the interface temperature and fluid thermodynamic  
!properties 
Ti=interplt(Pwf, TP, SatP, 127) 
RhoL=interplt(Ti,Liq_Den,TP,127) 
RhoV=interplt(Ti,Vap_Den,TP,127) 
ENGV=interplt(Ti,EnV,TP,127) 
ENGL=interplt(Ti,EnL,TP,127) 
 
! Calculate fluid moving velocities in the fracture 
ul=ml / RhoW / b / Wid 
Lv = Abs(ENGV - ENGL) 
DT = (1 - Phif) * RhoR * CpR * (T0 - Ti) / Phif / RhoL / Lv 
Vf_Sp = ul / (1 + DT) 
 
! Liquid front velocity 
v_f = Vf_Sp / Phif 
 
! Interstitial velocity of steam 
uv = (RhoL * ul - (RhoL - RhoV) * Vf_Sp) / RhoV 
 
! Calculate total energy in the geothermal reservoir 
HR = CpR * RhoR * L * Wid * (D + (1 - Phif) * b) * (T0 - TJ)   
HV = L * Wid * b * (1 - Phif) * ENGV * RhoV  
HRes = (HR + HV) 
 
! Estimate volumetric injection rate 
qinj = ml / RhoW 
 
! Liquid breakthrough time 
tt = L / v_f 
 
EngP = ENGV * uv * RhoV * b * Wid * 0.011574/1000 



 241

HvP = EngP * tt * 86400 
 
! Total volumetric theramal capacity for liquid and vapor 
MTW = phif * RhoW * CpW + (1 - phif) * RhoR * CpR 
MTV = Phif * RhoV * CpV + (1 - Phif) * RhoR * CpR 
 
! Thermal retardation factor for liquid and vapor 
DtW = MTW / (phif * RhoW * CpW) 
DtV = MTV / (Phif * RhoV * CpV) 
 
! Calculate thermal diffusivity of rock 
TDiff = Lamta / RhoR / CpR  
 
Write(2,*) "Time(D), TD, TFRAC, EPR(KW), HP(GJ), Rec(fr)" 
 
n=int(ET/DDT) 
ALLOCATE( TIME(n) ) 
 
DO i=1, n 
 TIME(i) = i * DDt   
 
    If (tt <= TIME(i)) Then 
  w=1 
 ! Characteristic time and dimensionless parameters for liquid 
  TW = DtW * Vf / qinj 
  Theta = D ** 2 / TW / TDiff 
  Kes = Lamta / MTW / b / D * TW 
  TIMED = TIME(i) / TW 
   
  CALL ilaplace(TIMED,T0,TJ,w,Theta,Kes,Fa, HP, Ma) 
  Temp = Fa * (TJ - T0) + T0 
  e = (DtW * Rhow * CpW * Vf * (TJ - T0) * HP+HvP 
)/1000000 
  e1 = DtW * Rhow * CpW * Vf * (T0 - TJ) * Ma+HvP  
  TFRAC=Fa*(Tj-T0)+T0 
  EngP=TFRAC*Cpw*ml*0.011574/1000 
  REC=e1/HRes 
 Else 
  w=(Ti-T0)/(TJ-T0) 
 !Characteristic time and dimensionless parameters for vapor 
  TV = DtV * L / v_f 
  Theta = D**2 / TV / TDiff 
  Kes = Lamta / MTV / b / D * TV 
  TIMED = TIME(i) / TV 
 
  CALL ilaplace(TIMED,T0,TJ,w,Theta,Kes,Fa, HP, Ma) 
  TFRAC = Fa * (TJ - T0) + T0 
  EngVap = interplt(TFRAC, EnV, TP, 127) 
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  EngP = EngVap * uv * RhoV * b * Wid * 0.011574/1000  
  e=(DtV * Rhov * Cpv * Vf * (TJ - T0) * HP)/1000000 
  e1=DtV * Rhov * Cpv * Vf * (T0 - TJ) * Ma 
  REC=e1/HRes 
 ENDIF 
    Write(2,10) TIME(i), TIMED, TFRAC, EngP,e, REC 
 
ENDDO 
 
DEALLOCATE(TIME) 
10 FORMAT(9(2X,ES10.3))  
CLOSE(1) 
CLOSE(2) 
CLOSE(3) 
END PROGRAM Eng_Cal 
 
SUBROUTINE ilaplace(T,T0, TJ,w,Theta, Kes,Fa,HP,Ma) 
!**************************************************************** 
!  ALGORITHM 368, Numerical Inversion of Laplace Transforms by 
!Harald Stehfest. This algorithm is available at Communications 
!of the ACM, VOL. 13, NO. 1, P. 47-49. 
!**************************************************************** 
 
IMPLICIT NONE 
INTEGER:: i, k, Nh,N 
DOUBLE PRECISION,INTENT(IN)::T,Theta,Kes, T0, TJ,w 
DOUBLE PRECISION,INTENT(OUT)::Fa,Ma,HP 
DOUBLE PRECISION:: a,P,Q,R,TempVar,s  
DOUBLE PRECISION,DIMENSION(0:18)::G,V 
DOUBLE PRECISION,DIMENSION(1:9)::H 
N=18 
G(0)=1 
Nh=N/2 
DO i=1,N 
   G(i)=G(i-1)*i 
END DO 
H(1)=2/G(Nh-1) 
DO i=2,Nh 
 H(i)=i**Nh*G(2*i)/(G(Nh-i)*G(i)*G(i-1)) 
END DO 
 
Fa=0.0 
HP=0.0 
Ma=0.0 
a=log(2.0)/T 
 
DO i=1,N 
   V(i)=0. 
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   DO k=(i+1)/2,MIN(i,Nh) 
      V(i)=V(i)+H(k)/(G(i-k)*G(2*k-i)) 
   END DO 
   V(i)=(-1)**(Nh+i)*V(i); 
END DO 
 
DO i=1,N 
 s = i * a 
 TempVar = Exp(-((Kes * Sqrt(Theta * s) * Tanh(Sqrt(Theta * s))) 
+ s)) 
 p = w/ s * TempVar 
 Q = w / s ** 2 * (1 - TempVar) 
 R = w / s ** 2 * (TempVar + T0 / (TJ - T0)) 
 Fa = Fa + V(i) * p 
 Ma = Ma + V(i) * Q 
 HP = HP + V(i) * R 
END DO 
 
Fa=a*Fa 
Ma=a*Ma 
HP=a*HP 
 
END SUBROUTINE ilaplace 
 
! Subroutine for linear interpolation 
FUNCTION interplt(T,YT,XT,n) 
 
IMPLICIT NONE 
DOUBLE PRECISION:: interplt 
DOUBLE PRECISION,INTENT(IN):: T 
DOUBLE PRECISION,DIMENSION(1:132),INTENT(IN):: XT,YT 
INTEGER,INTENT(IN):: n 
INTEGER::j 
 
DO j = 2, n 
   IF (T .eq. XT(j)) THEN 
      Interplt=YT(j) 
      EXIT 
   END IF 
 
   IF (T .le.XT(j) .and. T.ge.XT(j-1)) THEN 
      interplt= YT(j - 1) + (T - XT(j - 1)) * (YT(j) - YT(j - 1)) 
/ (XT(j) - XT(j - 1)) 
      EXIT 
   END IF 
ENDDO 
 
END FUNCTION interplt   
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F.4 INPUT EXAMPLE FOR THE TWO-PHASE FLOW IN SINGLE FRACTURE 
 
Mass injection rate of liquid (kg/day) 
11560 
Fracture hight (m) 
200 
Half width of matrix(m) 
20.48 
Fracture pore volume (m) 
400 
Fracture length (m) 
100 
Injection temperature (oC) 
35.0 
Initial temperature (oC) 
240 
Rock thermal capacity (KJ/kg.oC) 
1.0 
Liquid Density (kg/m3) 
1000.0 
Liquid thermal capacity (Kj/kg.oC) 
4.0 
Rock thermal conductivity(KJ/kg.oC.day) 
249.2 
Rock Porosity in fracture 
0.4 
Density of rock (kg/m3) 
2650. 
Time step (day) 
10 
Simulation ending time, (day) 
40000 
Extraction pressure, (kPa) 
2500 
Thermal capacity of vapor, (kJ/kg.oC) 
3.3 
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Appendix G: Analysis of R-13 Tracer Testing in The Geysers 

This chapter attempts to quantitatively analyze vapor phase tracer test data 

reported in the literature for the Geysers geothermal reservoir. The R-13 tracer test data 

reported in the literature is analyzed using the algorithm and methods discussed in 

previous chapters. The first section of this chapter introduces The Geysers Geothermal 

Reservoir with emphasis on geology and reservoir parameters. In the second section, 

specific tracer information for The Geyser’s application will be discussed and the 

injection procedure and amounts will be presented. The quantitative analysis of tracer 

information with related data from other sources will be discussed and some reservoir 

parameters such as swept pore volume and reservoir heterogeneity will be calculated 

next. The last section will summarize the difficulties encountered in the data analysis and 

possible sources of errors. 

G.1 INTRODUCTION OF THE GEYSERS 

The Geysers geothermal field is the world's largest developed geothermal field, 

and it is located in the mountainous terrain of the Mayacamas Range, about 120 km north 

of San Francisco, in Sonoma and lake Counties, California. The location of the field is 

shown in Figure G-1. Some main development characteristics of the reservoir are 

reported in literature (Bertani, 2005) and summarized below. The drilled area is about 

100 km2, and the main produced fluid is steam at a temperature of 300°C. By early of 

2005, the number of production wells was 424 and the number of injection wells was 43, 

and the running capacity is about 888 MWe. 

The field lies within Jurassic-Cretaceous Franciscan rocks, which form a 

sequence of tabular slabs of rock bounded by thrust faults. The thrust packets cap the 

main greywacke, which is the principle host rock to the steam (Thompson, 1992). 
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Greywacke is mainly composed primarily of quartz and plagioclase feldspar with a 

chlorite mica matrix. The Franciscan rocks at the Geysers were intruded by silicic 

magmas that form a composite batholith, and this intrusive body also constitutes the 

reservoir host rock.  

The greywacke in the reservoir is very dense and impermeable, and steam flow is 

evidenced only when open fractures were encountered during drilling (Lipman, 1978).  

Fracturing is abundant in most of the recovered cores, and the fractures are near vertical. 

Some fractures have been filled with secondary quartz and calcite veins. Core analyses 

indicate an interstitial porosity of 3-7%, with helium and air permeability normally less 

than 1 md. Initial pressure of the steam reservoir is 514 psia at sea level datum. Pressure 

gradient within the reservoir follows the gradient of saturated steam. Static temperature 

gradients in steam columns in the wells are controlled by the static pressure. The 

distribution of steam-bearing fractures in over 100 wells in the south Geysers reservoir 

indicates that the fracture networks are random (Beall and Box, 1992), Low-angle 

productive fractures are irregularly dispersed within blocks bounded by high-angle 

fractures of random strike. 

Since The Geysers Geothermal Field is very heterogeneous with spatial variation 

in reservoir parameters such as fracture spacing and permeabilities, there are several 

parameters that are poorly known that can dramatically affect the results of resource 

evaluation and quantitative calculation using analytical or numerical models (Bodvarsson 

et al., 1989). Estimate for the average reservoir thickness at The Geysers vary from 2000 

to 6000 meters, and in some area the reservoir may be considerably thinner. Over most of 

The Geysers, the reservoir can be assumed to be 3000 meters thick (Bodvarsson et al., 

1989). Matrix permeability is negligible and the characteristics of the fracture network 

especially the surface area per unit volume are not well known.  In some simulation 
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work, the average fracture spacing of 100 meters, matrix permeability of 3 Dµ ( )18 210 m− , 

and initial reservoir conditions of 35 bars and 240°C have been used.  

G.2 TRACER AND PRODUCTION DATA 

Many tracer tests had been conducted in the Geysers Geothermal Field for a 

variety of purposes as summarized in Table G-1 (Beall et a.l, 2001). The focus of this 

research is using the chlorofluorocarbon R-13 tracer test in the SMUD lease conducted in 

late August 1991 as reported by Beall et al. (1994). The physico-chemical properties of 

the tracer R-13 is summarized in Table G-1 with other two tracers used in the Geysers 

Geothermal Field. R-13 is a vapor phase tracer and highly volatile. In order to prevent 

tracer loss during the time of injection, a low injection concentration of tracer is utilized 

by injecting small amount of the tracer over a long period of time. In total, 232 lbs of R-

13 was injected over 6.9 hours with the average tracer injection concentration of 129 

ppm. The tracer concentration history recovered at production wells 62-18, 62-13, 62-19, 

and 63-19 are plotted in Figure G-2. The average liquid injection rate was reported as 
4260 lbs/min ( )2760 ton day at the injector well 62-6 as shown in Figure G-3. Based on 

the area under the tracer return curve, it is calculated that 172 lbs of the total 232 lbs of 

injected tracer (74%) was recovered by day 60.  

Figure G-3 shows the contour map of the tracer R-13 concentration 8 days after 

the tracer injection. The original figure is available in literature (Beall et al., 1994), 

however; the location of the four production wells and the injectors were not marked on 

that figure. Combined with information from the tracer concentration history in Figure G-

2 and assuming the values of porosity and thickness reported in literature, the possible 

locations of the wells were calculated marked on Figure G-3. Digitization of the Figure 

G-3 reveals that the 1.0 tracer concentration contour has swept through 59324 2m  by 8 



 248

days, and the 0.1 ppm tracer concentration contour has swept through 5 25.08 10  m×  in 

the same period. The total tracer swept area is approximately 5 27.25 10  m×  in 8 days. The 

reservoir thickness in this area can be assumed 4000 ft to 5000 ft (1219 m to 1524 m) 

(Goyal, K., 2006).  

The production and injection data are provided by California Department of 

Conservation (Khan and Estabrook, 2006), and well information is provided in Table G-

2. Using the corresponding well name, we can find the production and injection rate, 

temperature, superheat, and pressure from the database. Figures G-4 through G-7 show 

the temperature and steam production rate history for the producers 62-19, 62-18, 62-13, 

63-29, respectively, and Figure G-8 shows the injection rate history. The production 

history shows that steam temperature was stable at 200°C, and that the steam production 

rates declined steadily. The quality of produced steam is not reported. 

G.3 QUALITATIVE AND QUANTITATIVE ANALYSIS OF TRACER 

The summation of total steam production rate from the four production wells 

(1420 ton/day) only accounted for half of the injection rate of 2760 ton/day. Only part of 

the injected fluid flows toward the four producers; the rest probably migrate into the 

matrix or towards other production wells. The tracer return curves in Figure G-2 were 

digitized to get measured tracer concentration history data and these data points were 

plotted on a semi-log scale as shown in Figure G-9. Exponential decline trends are 

observed on the tracer return curves for the four production wells. The general 

exponential decline equation is as follows: 
btC ae−=  (F.1) 

Where 

C = Tracer concentration, [ppm] 

t = Time, [day] 
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a,b = Decline coefficients 

The computed best-fit decline coefficients for the four production wells are 

summarized in Table G-3. The production rates in Table G-3 are average mass flow rate 

for each well reported over a 6 months production interval. Using the exponential decline 

characteristics of tracer concentration, the tracer history can be extrapolated as shown in 

Figure G-10. From the tracer return profile and the mass flow rate of each well, the 

cumulative tracer recovery history can be calculated and compared with the literature 

(Beall et al., 2001) as shown in Figure G-11.  We can see that they match very well for 

the first 60 days after tracer injection. It indicates that the production data from different 

literature sources are compatible and can be applied to this research. It is estimated that 

by 100 days, the mass of recovered tracer will be 214 lbs, or about 92% of tracer 

recovery.  

Steam quality is one of the most important parameters affecting enthalpy 

production and quantitative analysis of tracer data. If the mass fraction of liquid in the 

steam is y, the enthalpy production rate can be estimated as follows. 

 
( ) L VH m 1 y H yH⎡ ⎤= − +⎣ ⎦  (F.2) 

Where 

H  = Enthalpy production rate, [w] 
m  = Mass flow rate of steam, [ ]kg s  

y = Steam quality, fraction 

LH  = Enthalpy per mass of liquid, [ ]kJ kg  

VH  = Enthalpy per mass of steam, [ ]kJ kg  

Figure G-12 through G-15 show the enthalpy production for the four production 

wells with steam quality of 20%, 50%, 75%, and 100%. We can see that steam quality 
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affects enthalpy production rate greatly because of latent heat. For example, the enthalpy 

production rate of 100% steam is 2.15 time higher than that of 20% of steam. The 

enthalpy production rates profiles mirror the corresponding profiles for mass production 

rates. 

Given the tracer concentration and production rate of steam, the swept pore 

volume can be estimated using the Method of Moments discussed in Chapter 2. The 

estimated swept pore volumes for the wells 63-29, 62-13, 62-18, and 62-19 are 

summarized in the Table G-4 for steam quality of 100% and 50%. We can see the stream 

quality has tremendous impact on the swept pore volume estimation.  

Figure G-16 shows the flow capacity and the storage capacity estimated from the 

tracer tests at the four wells. In general the reservoir is very heterogeneous, and 30% of 

reservoir storage produces more than 65% of total flow rate, so that it is likely that there 

are some fractures or very high permeable layers between the injectors and producers. 

From the figure we can see that the swept area between 63-29 and the injector 62-6 may 

be less heterogeneous than other areas connected by the producers and injector. Figure G-

17 shows the ratio of the interstitial velocity and storage capacity, and it help further 

diagnose the reservoir properties. The figure indicates that one or several very high 

permeable fractures accounting for a very small portion (less than 1/5 of total swept pore 

volume) of swept pore volume dominates the flow. The figure also shows that there is a 

range of fracture permeabilities and that tends to make the slope of the ratio of the 

interstitial velocity to storage capacity curve to change gradually. In the synthetic cases 

studied in earlier chapters of this dissertation, a stair-step characteristic was observed in 

the ratio of the interstitial velocity to storage capacity curve revealing the presence of 

distinct fractures with different permeability and aperture.  The fractures between the 

injector and the producer 62-18 have marginally higher interstitial velocity.  
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Due to the unavailability of steam quality information and the corresponding 

latent heat values, calculation of enthalpy production rate using the semi-analytical model 

was not attempted. 

G.4 WORK SUMMARY 

A tracer test at The Geysers Geothermal Field has been analyzed using numerical 

models discussed in previous chapters. From the production rate history and temperature, 

enthalpy production rates are estimated for different steam qualities. Tracer testing data 

are analyzed to quantitatively calculate swept pore volume and qualitatively determine 

the reservoir fracture properties such as heterogeneity. Some general observations about 

the connectivity between injector-producer pairs have been made by looking at the flow 

capacity and storage capacity calculated using tracer data. 
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Table G-1: Physicochemical properties of R-134a, R-23, and R-13. The properties were 
extracted from McLinden et al., (1998) 

  R-134a R-23 R-13 

Formula CF3CH2F CHF3 CClF3 

CAS name 
1,1,1,2-
Tetrafluoroethane Trifluoromethane Chlorotrifluoromethane 

Boiling Point at pressure  
of 9.83 kPa (K) -251.5 -191.1 -191.9 
Vapor pressure at  
temperature of 20 °C (kPa) 571.5 4201.9 3182 
Solubility in water (25 °C)  
(% by wt.) 0.15 0.1 0.009 

Critical temperature (K) 374.25 299.05 302.35 

Critical pressure, (kPa) 4059 4836 3715 

Critical volume, (l/kg) 1.95 1.9 1.74 

Critical density, (kg/m3) 512 525 576 
 
 

Table G-2: Well information for the tracer test in SMUD 

Well  Well Type Fluid Type Well Name Well API 
Drill time 
(year) 

Depth 
(ft) 

63-29 Producer Steam CA1863-29 9790590 1984 7147 

62-19 Producer Steam CA1862-19 9790717 1987 7009 

62-18 Producer Steam CA1862-18 9790716 1987 5890 

62-13 Producer Steam CA1862-13 9790544 1982 5400 

62-6 Injector Liquid Water CA1862-6 9790487 1981  --- 
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Table G-3: Curve fitting of tracer return curve using an exponential decline function and 
calculation of tracer recovery at each production well using the estimated 
decline profile. 

 
 
 
 
 

Table G-4: Tracer recovery and swept pore volume calculation for wells 63-29, 62-19, 
62-18, 62-13 

Well 

Steam 
Production 

Rate 
 (Ton/day) 

Tracer 
Recovery 

(lb) 
Swept Pore Volume* 

(m3) 
Swept Pore 

Volume**  (m3) 

Distance 
to Injector

(m) 

63-29 367.5 6.26 10,610 5305 476.25 

62-19 364.2 39.85 71,864 35932 285.75 

62-18 480 163.4 372,864 163552 228.6 

62-13 208.3 4.28 8,195 4098 419.1 

Sum 1420 213.79 463,533 208,887   
*  Steam quality is 100% 
** Steam quality is 50% 
 

Well  a b 
Temperature

(°C) 

Steam Production 
Rate 

 (Ton/day) 

Tracer 
Recovery 

(lb) 

63-29 0.3247 0.0612 200 367.5 6.26 

62-19 0.2162 0.1053 184 364.2 39.85 

62-18 0.8023 0.0575 180 480 163.4 

62-13 0.3258 0.0833 180 208.3 4.28 
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Figure G-1: Location of the Geyser Geothermal Field, California  (Thompson and 
Gunderson, 1991) 

 

Figure G-2: R-13 concentration in produced steam from SMUD and Unit 20 wells as a 
function of time elapsed since tracer injection. (Beall et al., 1994) 
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Figure G-3:  Contour maps of tracer concentration (ppm) in produced steam eight days 
after injection of R-13 tracer at SMUD. The identification of well numbers 
consistent with that reported in literature Beall et al. (1994) is based on 
calculation of tracer swept volumes. The above figure is thus a modification 
based on Beall et al. (1994). 
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Figure G-4:History of steam production rate and temperature of well 62-19 
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Figure G-5: History of steam production rate and temperature of well 62-18 
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Figure G-6: History of steam production rate and temperature of well 62-13 

0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

2.5E+04

3.0E+04

3.5E+04

4.0E+04

1982 1984 1986 1988 1990 1992 1994 1996 1998

Time, year

St
ea

m
 P

ro
du

ct
io

n 
R

at
e,

 T
on

/M
on

th

0

50

100

150

200

Te
m

pe
ra

tu
re

 (
o C

)

Temperature

Steam Production Rate

 

Figure G-7: History of steam production rate and temperature of well 63-29 
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Figure G-G-8: History of injection rate of well 62-6 from 1991 through 2004. 

 

Figure G-9:  Tracer R-13 concentration at production wells 62-18, 63-29, 62-13, 62-19, 
and exponential extrapolation function fitted for each tracer returning curve. 
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Figure G-10: Extrapolated tracer R-13 concentration for the production wells 63-29, 62-
13, 62-19, and 62-18 by assuming exponential decline. 

 

Figure G-11: Comparison of cumulative tracer recovered reported in literature (Beall et 
al. ,1994) and that calculated by extrapolating tracer return curves. 



 260

 

Figure G-12: Enthalpy production rate for well 63-29 when the steam quality is 75%, 
50%, and 20% 

 

Figure G-13: Enthalpy production rate for well 62-13 when the steam quality is 75%, 
50%, and 20% 
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Figure G-14: Enthalpy production rate for well 62-18 when the steam quality is 75%, 
50%, and 20% 

 

Figure G-15: Enthalpy production rate for well 62-19 when the steam quality is 75%, 
50%, and 20% 
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Figure G-16: Flow capacity and storage capacity for the four production wells calculated 
using the tracer return data. 

 

Figure G-17: Ratio of interstitial velocity and storage capacity for the four production 
wells calculated using the tracer return information.
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