
SGP-TR-92 

- Injection Technology - 
Geothermal Reservoir Engineering 

Research at Stanford 

Principal Investigator: 
Roland N. Home 

September 1985 

First Annual Report 
Department of Energy Contract Number 

For the Period 
October 1, 1984 through September 30, 1985 

DE-AS07-84ID12529 

Stanford Geothermal Program 
Interdisciplinary Research in 

Engineering and Earth Sciences 
STANFORD UNIVERSITY 

Stanford, California 



TABLE OF CONTENTS 

Page 

PREFACE ui ... .................................................................................................................. 

1 . INTRODUCTION ................................................................................................ 1 

2 . INJECTION TECHNOLOGY ............................................................................. 2 

2.1 Effective Taylor Dispersivity in a Fracture ............................................... 2 

2.2 Analysis of Injection-Backflow Tracer Tests ............................................. 5 

2.3 Activable Tracers ........................................................................................ 11 

2.4 Thermal Stability of Fluorescent Dyes ....................................................... 16 

3 . TECHNOLOGY TRANSFER ............................................................................. 23 

REFERENCES .......................................................................................................... 24 

APPENDIX A: Seminar Schedules ......................................................................... 25 

APPENDIX B: Table of Contents Proceedings Tenth Workshop ......................... 28 

APPENDIX C: Participants in SGP Program 1984-85 .......................................... 31 

APPENDIX D: Chemical Aspects of Injection Workshop Program .................... 32 

APPENDIX E: Papers Presented and Published 1984-85 ...................................... 35 . 



PREFACE 

The Stanford Geothermal Program conducts interdisciplinary mearch and 

training in engineering and earth sciences. The central objective of the Program 

is to carry out research on geothermal reservoir engineering techniqqes useful to 

the geothermal industry. A parallel objective is the training of geothermal en- 

gineers and scientists for employment in the industry. The research is focused 

toward accelerated development of hydrothermal resources through the evalua- 

tion of fluid reserves, and the forecasting of field behavior with time. Injection I 
I 

Tec hnology is a research area receiving special attention. The Program is 

geared to maintain a balance between theoretical, laboratory, and matching field 

applications. I 

Technology transfer is an integral part of the Stanford Geothermal Pro- 

gram. Major activities include a Geothermal Reservoir Engineering Workshop 

held annually, and weekly Seminars held throughout the academic year. The 

Workshop has produced a series of Proceedings that are a prominant literature 

source on geothermal energy. The Program publishes technical reports on all of 

its research projects. Research findings are also presented at confkrences and 

published in the literature. 

Geothermal reservoir engineering research at Stanford has gaind consider- 

able breadth through the Program's international cooperative projects, There are 

research agreements with Italy, Mexico, New Zealand, and Turkey. These inter- 

national projects provide a wide spectrum of field experience fbr Stanford 

researchers, and produce field data with which to develop and test new geother- 

mal reservoir engineering techniques. 

The Stanford Geothermal Program was initiated under grants fmm the Na- ~ 

tional Science Foundation in 1972 and continued under contracts from the Ener- ' 



gy Research and Development Administration and the subsequent Department of 

Energy since 1977. This year, the Reservoir Technology activities are included 

in the Fifth Annual Report to the Department of Energy under contract DE- 

AC03-80SF11459, which was initiated in fiscal year 1981. The InjNtion Tech- 

nology activities are the subject of this report and are included in this First An- 

nual Report to the Department of Energy under contract DE-AS07+84ID12529. 

The report covers the period from October 1, 1984 through September 30, 1985. 

The successful completion of the Stanford Geothermal Progmm’s objec- 

tives depends on significant help and support by members of fededal agencies, 

the geothermal industry, national laboratories, and university programs. These 

are too many to acknowledge by name. The major financial contribution to the 

Program is the Department of Energy through its San Francisco and Idaho 

offices. We are most grateful for this support and for the continued cooperation 

and help we receive from the agency staff. 

Roland N. Home 

-iv- 



1. INTRODUCTION 

The Injection Technology portion of the Stanford Geothermal Program in fiscall 

contract DE-AS07-84lD12529. Three of the task areas were carried out within th 

year 1985 was divided into several task areas, as defined in the Department of Energ 

Petroleum Engineering Department and one within the Civil Engineering Department. 1 

The injection of spent geothermal fluids has rapidly become a pressing researc 

problem in reservoir engineering. Although injection has the potential of maintainin 

reservoir pressure, world-wide experience from liquid-dominated fields indicates thd 

well to production wells along high conductivity fractures. A powerful method for in 

rapid thermal breakthrough can occur. The cold fluid short-circuits from the injectio 

vestigating such flow is the use of external tracers. A balance between theoretical and 

experimental studies is sought. One goal is to develop new methods of observin 

reservoir behavior and to test these new methods in the field. 

I 
f 
1 
t 
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SECTION 2. INJECTION TECHNOLOGY 

SECTION 2.1 - EFFECTIVE TAYLOR DISPERSIVITY IN A FRACTURE 

This project is under the direction of principal investigator Wof. Roland N. 

I Home, and research assistant Lawrence W. Bouett. 

The experimental work begun by Gilardi (1984) to investigate Taylor dispersiviT 

in a fracture is continued in the present work; however new data acquisition hardwa 

has been obtained to facilitate the experimental procedure. ~ 

The experimental apparatus is a Hele-Shaw cell (Fig. 2.1) through which a tracqr 

solution is flowed as a step input. The advance of the front is monitored by threb 

parallel rows of thirty-two electrodes each. Concentration of the tracelr at each ele d - 
trode is measured by a KEITHLEY/das Series 500 Data Acquisition System as a vo - 

Curve fitting of the data will be performed as before by the VARPRD curve-fittin 

tage. A software driver has been written to scan, record and organiz& the raw da 

subroutine. Data acquisition rates with the new hardware and driver c8n be as much 

I as twice as high as with the previous system, with the same 12-bit accuracy. 

.1 
I 

i The KEITHLEY/das Series 500 Data Acquisition System compris&s a box exte 

nal to a COMPAQ microcomputer, in which are a self-contained power bupply and t0 

slots for a variety of circuit boards or cards. The boards used in the currenk 

configuration are an Analog Measurement Module (AMMl), an Analog Output 

Module (AOM1) and three Analog Input Modules (AIM3’s). The -1 card per+ 

forms the functions of analog signal conditioning and switching and A D  conversion, 

The AOMl card provides high-speed analog output through its own D/A converter, 

Each AIM3 card offers 32 channels of single-ended input and provides high-speed 

multiplexing and gain amplification. 

li The software driver is completely menu-driven and permits investiflation of trace 

front propagation not only in one dimension but also in two dimension$. This mean4 

that a broader investigation may be undertaken than was previously possible. 
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Figure 2.1: Hele-Shaw model of fracture flow 
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The menu-driven software driver has been written and tested successfully using 

dummy input and output data. It contains several new input and output options not 

previously available such as specifying the length of the run, delay between data setq, 

frequency of screen updating of data, data backup and method and timhg of data reoq 

ganization. Input data is not processed until after a run is completed, thus allowing 

scan of the electrodes in as brief a time as possible. Scan time of all !I6 electrodes ib 

of the order of 0.200 seconds. The new data acquisition hardware has been installeq, 

calibrated and tested successfully using the new driver. 

a 

A calibration program has been written and a test stand has been built so that ink 

dividual electrode performance may be monitored. It is anticipated that precise errok 

analysis may then be performed following an experimental run. 

Circuit boards are being constructed which will pennit the analysis of either onet 

or two-dimensional flow without further modification. This means that as experimentd 

investigations proceed the data acquisition system will require no further modificationk 

only the flow apparatus will have to be reconfigured to suit the flow regime under in\ 

vestigation. I 

The problem of the sagging of the glass upper plate described by Gilardi will b k 
solved by the constsuction of a steel frame Blanchard ground to within 0.001 inch t? 

which the glass is attached. The frame prevents the glass from deforrhing during arp 

experimental run yet permits the investigator the visual capability requirfed to clear th 

apparatus of air bubbles before a run. 
I 
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SECTION 2.2 - ANALYSIS OF INJECTION-BACKFLOW TRACER TESTS 

This project is under the direction of principal investigator Prof. Roland N. 

I Horne, and research assistant Ibrahim Kocabas. 

Tracer tests have been the basic means of characterization of the flow mechant I isms through various reservoir rocks. So far, interwell tracer tests have been proven t 

be a useful technique to determine the interconnections between the injectors and tht$ 

producers. The single well (injection-bacldlow) tests, on the other hand, have beeq 

proposed as tools for characterizing the flow field within the radius of influence arou 

the injectors. 

I 

This study has been concerned with the quantitative interpretation of the tracer re 

turn profiles obtained from injection-backflow tests. So far, three basic models hav 

been developed to represent the tracer transport through fractured media. The first 

model assumes a Taylor Dispersion within the fracture and neglects fie interactiod 

between the tracer in the fracture and the adjacent rock matrix. The second one, o 

the other hand, considers the simultaneous diffusion of the tracer in and out of the ma 

trix and assumes that only convection takes place in the fracture. Then the thir 

model combines these two processes - dispersion within the fracture and diffusion int 

the adjacent matrix. 

k 

1 
I 

n 
i 

The governing equations of the tracer transport according to these models hav 

been derived and solved for linear, one-dimensional and unidirectional flows previous 

ly in earlier projects of the Stanford Geothermal Program. However, hese solution 

and matrix diffusion models have been applied to the analysis of the return profile 1 are not applicable to the injection-backflow tracer tests, because of the the change i 

the flow direction during the backflow periods. In this work, the convec@on-dispersio 

linear, unidirectional and one-dimensional flows were determined. Then the 

changes in the derivation were made to account for the change in flow 

from the injection-backflow tracer tests. First, solutions of governing equations fo 
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the backfiow period. Finally these equations were solved with the appropriate initial 

and boundary conditions according to two different injection conditions - continuom 

injection and slug injection cases. I 

The main objective of the study is to be able to recover the parameters governin 

the tracer transport mechanism within the reservoir. A nonlinear optimizhtion techniqu 

was employed to fit the models to the return profiles so that the optimum values of the 

governing parameters can be determined. The optimization process was performed b 

using a program VARPRO developed by the Computer Science Depantment at Stan1 

ford. For all of the solution equations, there is only one nonlinear pkmmeter to be 

recovered from the curve fitting. The nonlinear parameter for the convation dispersio 

model is : 

1 
Y 

+ 
U U a=- - - -  

where 

6 : fractureaperture 

u : average flow velocity within the fracture 

D : molecular diffusivity 
, 

q : effective Taylor dispersivity 

Also, for the matrix diffusion model the nonlinear parameter is given by, 

where 

De : effective diffusivity 

0 : porosity of the adjacent matrix 

6 : fractureaperture 

In attempt to test the method with real field data, the solution equations for con 

tinuous injection cases of both models were applied to four sets of field data obtain 
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from injection-backflow tracer tests at Raft River and East Mesa geothermal fields. 

From these analyses, the first observation made is that the matrix diffusion mod41 

gives better fits than the convection-dispersion model in every case. As far as the cod- 

vection dispersion model itself is concerned, it was found to give far better results on 

the short injection period tests than it did when the injection period was longer. 

The matrix diffusion model, on the other hand, fits all sets of the data equally 

well and the fits are excellent. However, there is one important point to be considerei. 

Since D e ,  a parameter independent of the nonlinear dependent parameter a ,  is a fund- 

tion of temperature, porosity, molecular diffusivity and the geometry of the rock anb 

since it was assumed that the porosity and the fracture aperture is constant along thk 

the analysis of the data sets of the same well have to be the same. Hiowever, it wa 

path travelled by the tracer fluid, the values of the nonlinear parameters obtained fro 

same, even though the fits to both sets were excellent. It was observed that the large 

found that the numerical values obtained for the same parameter were not always th 

I 

1 I 
1 

the difference between the two injection periods the higher the differace in the nut I 

merical values of the same parameter. The study considered the reason for the 

difference and which value should be considered as the true value. The reason for thl 

different numerical values was found to arise from the effects of the injection period 

Since the assumption of constant fracture aperture and uniform porosity is not abso 

lutely true, the analysis obtains an average value of the physical proprties over thh 

distance travelled by the tracer fluid. Therefore, the longer the injectiion period thf 

longer the distance travelled by the fluids and, of course, the closer the the results t4 

the true average values. 

I 

I 

i 
Finally, the poor fits obtained from the application of the convecnion-dispersid 

model to the long injection period test data can be explained as follows. If the inject 

tion time is short, then the amount of the tracer diffusing into the matrix will be small, 

Hence, the contribution to the dispersion within the fracture will come mainly from th& 
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Taylor dispersion. As the injection period increases, the effect of the interaction 

between the adjacent matrix and the fluid in the fracture becomes the dominant 

mechanism of dispersion. Since the convection-dispersion model does not include the 

matrix diffusion, it fails to give good fits to the data obtained from the long injectiop 

tests. 

Figures 2.2 and 2.3 show two typical results of curve fitting the continuous inj - 
tion case solutions of both models to the data obtained from a well in East Me@. 7 
Since these are the best fits in each case, comparison of the two figures shows # 
better match obtained with the matrix-diffusion model. 

I 

I 
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Figure 2.2: Match to East Mesa data using matrix diffusion model I 
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SECTION 2.3 - ACTIVABLE TRACERS 

This project is under the direction of faculty associate Prof. Paul Kruger, and 

research assistant C. Chrysikopoulos. 

d A major effort completed during the current year was the study of the therm 

stability of indium tracer chelated with the organic ligands ethylenediaminetetraaceti& 

acid (EDTA) and nitrilotriacetic acid (NTA). The choice of the element indium as @ 

activable tracer to enhance sensitivity in reinjection studies was based on a combinaC 

chelating agents form strong, soluble complexes with a variety of elements, and wer 

tion of the criteria defining an ideal geothermal-liquid activable tracer. 

chosen to enhance the solution stability of the selected tracer. The properties of thesd 

organic ligands at elevated temperatures required evaluation. Venezky and Moniq 

(1969) reported that EDTA in aqueous solutions is stable up to 200°C. They observed 

a secondary degradation process at this temperature in which the decotnposition pro 

ducts retain chelating ability. At higher temperatures primary degradation occur4 

forming products without evident chelating characteristics. Martell et al. (1975) reporti 

I 

The "p 
I 

I 

1 

ed that NTA does not cleave at temperatures up to 260°C but decomposes above 2901 

based primarily on free organic ligands, the thermal stability of indium chelated corn 

through a stepwise decarboxylation. Since information available in the literature i 

plexes required experimental determination. 
i 

The study concentrated mainly on the laboratory investigations needed to provid 

a linkage between current information about indium chelated tracers and their unknowrl 

behavior in liquid-dominated geothermal systems. The experimental woak consisted of 

two parts. First, batch experiments. were carried out at mom temperature to evaluatel 

and compare the time stability of indium solubility as EDTA and NTA complexe 

ions. Second, thermal stability measurements of the indium chelates were performe 

for reservoir temperatures of 150, 200, and 240"C, to determine thermal decompositiod 

rates from the experimental data. 

! 
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Gold plated pressure vessels of approximately 40-ml volume, provided by the 

U.S. Geological Survey, Menlo Park, were employed for the high temperature experi- 

ments. The choice of gold plated pressure vessels was dictated by the desire to 

minimize interactions between tracer solution and vessel wall. The pressure vesselb 

were housed in an air-bath at constant temperature within fl.5"C. The samples were 

activated with the Stanford Linear Accelerator Center (SLAC) ""f neutron irradiatioh 

source at a thermal neutron flux of 2x106 n cm-2 s-'. Measurement of 54.1$ 

minute"% radioactivity was performed by y-ray NaI(Tl) scintillation spectroscop 

with a multichannel analyzer in the Stanford Environmental Engineering laboratory. 

The indium standard solution was prepared by dissolving high-purity indium me! 

tal in concentrated HN03. The disodium salts of analytical reagent grade EDTA an4 

NTA were used for the ligand standards. Milli-Q reagent grade deionited water wa$ 

used as solvent. The indium solution was acidified to reduce adsorption onto containe 

walls. The pH of the organic ligand standards was adjusted to a pH slidhtly above th 

last pK value of the corresponding ligand, because chelating agents )are polyproti 

acids and usually only the fully deprotonated form of the acid gives complexes w i d  

the metal ion. The indium tracer solutions were formed with a chelon to metal mol 

I 

i 
1 I 

a 

ratio of 10 to increase the stability of the indium-chelate complexes. 

9 The time stability experiments at room temperature (20-22°C) were conducte 

over a two month period. Stock solutions of indium chelated tracers at a concentratiod 

of 505 mg/l were prepared and stored in glass containers with ground glass stoppers! 

At regular intervals two 5-ml samples of tracer solution were transferred by pipet 

from each glass container to 15-ml polystyrene centrifuge tubes. After centrifugatiod 

at 3500 rpm for ten minutes, 2-ml of the supernatant liquid were t r ans fed  from eacq 

centrifuge tube to 6-ml Wheaton scintillation capsules for neutron irradiation and y-rar 

spectroscopy. The thermal stability high temperature experiments were conducted ovq 

20 to 30 day periods. The pressure vessels were Wed with 10-ml of tracer solutioq 
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and were sealed with teflon discs to prevent sample leakage. Geothermal reservok 

temperatures were simulated with an air-bath. The vessels were taken from the air- 

bath and quickly quenched by immersion in a cool water-bath. The samples were 

transferred to centrifuge tubes and the detection of the soluble indium concentratiok 

was performed with the same analytical procedure as the one d e s c r i ~  for the roo& 

temperature experiments. I 

Results of the tracer time stability investigations are given in pa$ts A and B df 

Figure 2.4. The average concentration of 502 mgfl indicates that there was no changk 

in the soluble indium concentration during the experimental time. Any unchelated q- 
dium ions would be expected to adsorb onto container walls and to pre@ipitate as indi- 

um hydroxide. The precision of the analytical procedure was estimi+ted to be +_1 

mgfl. The error bars express only the counting error of the radioactivity measu 

I 

ments. 

i 
The experimental data from the high temperature runs are given in parts C and 

of Figure 2.4. At 15O"C, both chelated tracers were stable over the experimen 

period of 20 days. At 200"C, the soluble indium concentration of the WDTA trace 

solutions remained constant for 16 days, and then decreased with a meapmd rate con 

stant of k = 0.09 d-'. The time lag before the occurrence of any s i d c a n t  change 

the total soluble indium concentration can be attributed to the secondary degradatio 

products of EDTA. The thermal decomposition of InNTA at 200°C showed a first ord 

ebl 

er reaction with a measured rate constant of k = 0.16 6'. At 240°C the data wer 1 obn 

not suitable for quantitative analysis because the time required for the first few pres 1 
4 sure vessels to reach air-bath temperature was an appreciable fraction df each heatin 

period. Nonetheless, both indium chelated tracers showed rapid decodnposition wiQ 

rate constants greater than 1.8 d-*. 

From the experimental results it was concluded that the organic ligands EDTA 

and NTA form stable (time persistent) complexes with indium at room Mmperature. 



I ,  
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The results from the thermal stability measurements showed that iadium chelated 

tracers can be used effectively in geothermal reservoirs with temperames up to about 

200°C for transit times of at least 20 days. 

Experiments are underway to investigate the effects of temperature and organic 

complexing ligands on the adsorption of indium on geothermal rock types, such a6 

graywacke. Initial experiments are being run to determine adsorption md precipitatioh 

phenomena of at room temperature. 
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SECTION 2.4 - THERMAL STABILITY OF FLUORESCENT DYES 

This project was performed under the direction of program manager, Prof. Jon 

Steinar Gudmundsson, and research assistant Yathrib AI-Riyami. 

Testing a geothermal field by means of tracer testing has become a common praq 

9’ tice, because the information derived from these tests is very useful in the design 

reinjection schemes. However there have been some difficulties involved in conducf 

ing the tracer tests in geothermal environments. some of the tracer materials used arb 

radioactive and hence difficult to handle, while other chemical tracers (such as Iodide$ 

require analysis techniques that can be both costly and laborious. Anticipating thi 

development, this project set out to investigate the usefulness of some dyes as altern 1 
the petroleum industry. Neither of these dyes is radioactive, and in the quantities us 1 

I 

tives to the radioactive and chemical tracers currently in use. In parti@ular we chosb 

the fluorescent dyes rhodamine WT and fluorescein that had earlier found some use i 

are not toxic to either animal (human) or plant life. However, little wa6 known abodt 

their stability at high temperatures such as those likely to be encountered in geothermh 

fields. The dyes are easily identified by their fluorescent activity that can be simp1 

activity changes with temperature, nor what is the minimum temperatune at which th 

and easily measured by a fluorimeter. However, it was not known how this fluoresce 

dyes could be used. Since data obtained from a tracer test is used to &el the tested 

formation, it is imperative to be able to account for any loss of the trace in the format 

tion. This work was undertaken to answer some of these questions. Due to experit 

mental constraints, the results were limited to providing qualitative guidellines only. 

i 

? In conjunction with the US Geological Survey, the project carried out sever 

batch experiments on solutions of Rhodamine WT and fluorescein of vaaious strengths1 

Stock solutions of these dyes were prepared, and because of their senslitivity to light 

were contained in dark brown bottles which were kept in a dark drawer. From these1 

we prepared working solutions of known strength at the time of the experiments] 
I 
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Each working solution was calibrated as a control just before it was used. A Turnex 

Fluorimeter Model 112 wqs used to measure the fluorescence of these solutions. Two 

measured amounts of a working solution were put in duplicate test cells that we4 

sealed in air. These were then put in a preheated air bath at the desired temperature, 

and removed at various time intervals. The contents were then measured for the 

fluorescent activity . 
f 

Some experimental difficulties were experienced with the test cells in which the 

dye solutions were heated in the air baths. Initially we planned to raise the temperat 

ture to up to 600 C. The USGS at Menlo Park offered us the use of one of their la 

boratories, and the containers that can be sealed under pressure to acconlmodate a tern1 

perature rise of 600 C. These containers are lined with gold, an inert substance thal 

was thought, wrongly, to be ideal to use with the dye solutions. Afkr some runs ib 

was found that the fluorescence of these dyes was affected by the presence of gold, 

With some experimentation it was found that using teflon cups in aluminum cylinder4 

gave better results. The cups were drilled from pieces of teflon rods at ~ u r  laboratory. 

t 

However, the teflon cups could be used only for two or three runs as the teflon de+ 

formed under the sealing pressure. We then obtained stainless steel cylinders whos e 
insides were specially coated with teflon. Because we had to use teflon in our experi: 

ment, the highest temperature was set at 250 C, 300 C being approximately the melt+ 

ing point of teflon. 

During the Klamath Falls tracer test conducted in the summer of 1984, the retuni 

concentration of rhodamine WT was measured to be in the region of a few parts w{ 
billion. On the basis of this it was decided to test the stability of rhodamine WT solq 

tion at 50 ppb, and that of fluorescein at 50 ppm. Later on we also testttd solutions of 

fluorescein at 5000, 2500, 1250, and 625 ppm for twenty four hour periods at 150,20q 

and 250 C. 
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Figure 2.5 shows the results obtained using Rhodamine WT solutian of 50 ppb at 

the three temperatures. This dye is least stable at 200 C, at which temperature it loses 

its fluorescence rapidly to about 60% of its original strength in the first two hours, an+ 

becomes inactive after three days. At 100 C it is stable at about 90& strength for 

more than a month. At 150 C its fluorescent activity is maintained at about 70% for h 
period of more than a month. 

Figure 2.6 shows the result obtained using a fluorescein solution of 50 ppm at 

150 C. At a temperature of 200 C, fluorescein loses its fluorescent activity completely 

within less than an hour (in teflon medium). At 150 C, it under goes mpid deteriom 

tion in its fluorescent activity within two hours to about less than 40% strength. Thi$ 

level is maintained for more than three hours. 
I 

Figure 2.7 shows the results obtained using fluorescein solutions of, strengths 6291 

1250, 2500 and 5000 ppm for 24 hours at temperatures of 150, 200 dnd 250 C. 

dependence of fluorescent activity on concentration is clear, but even at 5000 pprq 

this activity has fallen to about 70% of its original value after only 24 hours. As not1 

ed above, a 50 ppm solution at 150 C reduces to about 40%, and loses1 its activity a{ 

200 C. This point is also plotted in the figure. I 

Difficulties encountered with the teflon bombs limited the temperature range t d 
250 C. With a temperature increment of 50 C, the data is essentially litnited to three 

temperatures only. No analysis of reaction rates and activation energy was performed! 

as this is almost impossible with the type of data collected. As far as &e fluorescenq 

activity of these dyes is concerned, it is clear that it diminishes with terhperature, and 

in the case of fluorescein, is dependent on concentration. 

Rhodamine WT is more stable than fluorescein. Neither is to be used at tempera- 

tures of 200 C and above, even though rhodamine WT takes almost threk days to lose 

its fluorescent activity at 200 C. However, at 150 C and less, rhodamine WT is by far' 

the better choice. At worst it loses only about 25% of its original fluore$cent strength 
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Figure 2.5: "hemal stabilitv of Rhodamine-WT 
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FLUORESCEIN€@ CONCENTRflfION EFFECT 
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Figure 2.7: Thermal stability of Fluoroscein-concentration effect 
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even after a month. Fluorescein, in the same period at 150 C, loses abwt 60%. 

In conclusion, it has been found that for quantitative work at about 150 C rho- 

damine WT should be used, for qualitative work both dyes might be used in tempera- 

tures less than 200 C. 
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3. TECHNOLOGY TRANSFER 

The Tenth Workshop on Geothermal Reservoir Engineering was held at Stanford 

University on January 22-24, 1985. The attendance was up from previous years with 

about 140 registered participants. This was the first time the Workshbp was held it.1 

January. Seven foreign countries were represented: France, Iceland, kdonesia, Italy, 

Japan, Mexico, and New Zealand. 

The purposes of the Workshop are to bring together researchers, engineers, and 

managers involved in geothermal reservoir studies and development, and to provide fox 

prompt and open reporting of progress and the exchange of ideas. There were 42 

technical presentations at the Workshop. All of these were published in the Workshop 

Proceedings. Five technical papers not presented were also published. 

Weekly Seminars were held during the academic year on geothemal energy t4 

pics. In autumn quarter the seminars were given by Stanford faculty, inl winter quartet 

by representatives of industry, and spring quarter by student research assistants workc 

ing of geothermal projects. These Seminars are attended by Stanford researchers an8 

personnel of the U.S. Geological Survey and geothermal companies in 1 the San FranT 

cisco area. The Seminars are also attended by representatives of gebthermal corn 

panies in Santa Rosa. 

I 

I 
The results of geothermal research at Stanford University werd presented at 

several professional meetings during the year and published in the litertitme. Sever4 

technical reports were issued. Information on these technology transfer activities ant 

given in appendices. The contents of the Proceedings of the Tenth Workshop oq 

Geothermal Reservoir Engineering, and the Seminar Schedules for $le 1984-1989 

academic year, are also shown in appendices. 
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APPENDIX A: Seminar Schedules 

STANFORD GEOTHERMAL PROGRAM 
STANFORD UNIVERSITY 

STANFORD. CALlFORNIA 94301 

Son S. (kdmundssob 
P e t r o l e m  ~ n g .  D+t. 
H i t che l l  Buildingi, Rm. 360 
(415) 497-1218 or 4974744 

S E M I N A R  S C B E D U L E  

Autumn Quarter 1984 

Date 

Sept. 27 

Oct. 4 

- 

11 

18 

25 

Nov. 1 

8 

15 

22 

29 

Room 124, Noble Building Thursdays. 1:15-l2:30 p.m. 

- Ti t l e  b e a k e r  

~ r g a n i z a t i o d  ~ e e t i n g  SGP Faculty 

Discharge Analysis of Well 9 in 
Reykjanes Field: The World’s 
Largest Well? 

Preliminary B e a t  Sveep Analysis 

P r i e to  

Paul h g e r  
a t  t h e  Western Boundary of Cerro c i v i l  &lg. &t. 

Altera t ion Mineralogy and Isotope 
Studies of Los Azufres 

Pat  Dobson 
Geology Dept. 

Formation of Natural Fracture Dave Pollard1 
Systems in Geothermal Reservoirs AES Dept. 

Wlt iphase  Compressibility in 
Geothermal Reservoirs 

Self  Po ten t i a l  in Geothermal 
Explot a t  ion Geophysics Dbpt. 

Dale Morgan 

klonitorfng t h e  Hydrothermal Hike Sore r  
System in Long Valley Caldera 

No Meeting (Thalrsgiving) 

USGS 

Unera log ica l  Record of Geother- 
mal Fluid Circulation at t h e  
Skaergurrd Int rus ion 

D e n n i s  Bird 
Geology Dept. 

Dec. 6 No Meeting (Dead Week) 



STANFORD GEOTHERMAL PROGRAM 
STANFORD UNIVERSITY 

STANFORD. CALIFORNIA 94401 

Jon Cudmundrron 
Patroleu Eng. Dept. 
Hitchell Bldg., Roolll~ 360 
(41s) 497-1218 or b9V-4744 

S E M I N A R  S C E t D U L E  I 

, 
Winter Quarter 1985 Room 124, Noble Building Thurrday, lClf-2:30 p.m. 

- Date - Title Spcakef 

Jan. 31 PTactical Arpectr of Well Testing Roger miCo0 

Feb. 7 Modeling the Olkaria Geothermal bo Bodvarssh 

Wiing Quartz Crystal Transducers WX 

Field, Kenya LBL 

Feb. 14 Development Strategy at Coro Jim lbor 
Geothermal Field CEC 

Feb. 21 Temperature-Prersure Spinner Andy Drcoick 

Peb. 28 Origin of Reservoir Fluids at A1 Trwsdelb 

Surveys in Well at The Geyrerr CEO 

Eaca Geothermal Field WSGS 

Uar. 7 Permits for Exploration and Doug Stockton 
Developent of Geothermal Power C W G  
in California 
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Spring Quarter 1985 

Date 

April 1 1  

- 

April 18 

April 25 

May 2 

b Y  9 

May 16 

May 23 

May 30 

STANFORD GEOTHERMAL PROGRAM 
STANFORD UNIVERSITY 

STANFORD. CALIFORNIA W 4 0 5  

Jon Gudmundrson 
Petroleum Eng. Dept. 
Mitchell Bldg., Boom 340 
(415) 497-1218 or 497-4744 

S E M I N A R  S C H E D U L E  

Room 124, Noble Building 

Title - 
Completion Terting and Diecharge 
Heasurementr of Ilokai 6 in New 
tealand 

No Seminar 
(Affiliate8 Meeting) 

Direct User of Geothermal 
Energy Worldwi4e 

Evolution and Natural State of 
Vapor-Dominated Systems 

Interpretation of Injection- 
Backflov Tracer Tests 

Thermal Stability of Dye Tracers 

Optimizing Field Development 
Strategy 

Discharge Analyrir of Two-Phare 
Geothermal Wells 

Thursday, 1:l)-2:30 p.m. 

Speaker 

Jonathan kmv#r 
Petroleum Engineering 

Jon Gudmndaa n 
Petroleum Eng t neering 
Steve In8ebri+ren 
Applied Earth Sciences 

Xbrahim Kocab a 
Petroleum Eng t neering 
Tathrib AL-Pi ami 
Petroleum Eng T neering 
John h r c o u  
Petroleum Englneer ing 

Petroleum Eng t neering Carlos Tavarc 

June 6 Dead Week 
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APPENDIX B: Table of Contents Proceedings Tenth Workshop 
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Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *it- 

Reservoir Engineering Research 
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Aspects of DOE'r Current Geothermal Program - J.E. Hock and M.J. Reed . . . . . . .  1 

Recommendationa of the Industrial Advirory Panel on Geothermal Reservoir 
Definition - H.S. Culati, and M.J. Lippmann . . . . . . . . . . . . . . . . . .  5 

Fracture Detection and Characterization for Geothermal Reservoir 
Definition - N.E. Goldstein . . . . . . . . . . . . . . . . . . . . . . . . . .  I1 3 

Field Development 

The Nesjavellir High-Temperature Geothermal Field in Iceland . V. Stefanssbn . . . .  123 

Optimising Field Proving and Development . M.A. Grant, and H. Barr . . . . . . . . .  131 

An Investigation of Wellbore Scaling at the Uiravalles Geothermal Field, 
Costa Rica - S.K. Sanyal, J.R.  Hctiitt, C.W. Klein, 
and €.E. Gransdos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3' 

Svartsengi Field Production Data and Depletion Analysis 
J.S. Gudmundoson, G. Olren, and S. Thorhallsson . . . . . . . . . . . . . . . .  b5 

I 3  

I 7  

E. Okaadan, and T. Polat . . . . . . . . . . . . . . . . . . . . .  .I . . . . .  Field Development and Power Generation in Kizildere, Turkey 

On the Conditions of Water and Heat Feeding of the Pauzhetka 
Hydrotherzml System (South Kanchatka, USSR) - A.V. Kiryukhin, 
and V.H. Sugrobov . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Preliminary Results of Drilling and Testing in the Puna Geothermal 
System, Hawaii . J.L. Iovenitti, and W.L. D'Olier . . . . . . . . . . . . . . .  
Prieto I Geothermal Field - P. Kruger, S. Lam, A. Hunsbedt, 

is5 

Analysis of Recharge Cooldown at the Western Boundary of Cerro 
I 

I 
W.E. Farrell, T. Ishido, T. Yoshimura, K. Uurakami, and I 

S. Nakanishi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  b9 

. . . . . . . . . . . . . . .  P3 C. Esquer, R. Marquez, L. Hernandez, and J. Cob0 

The Hohi Geothermal Area, Xyushu, Japan - J.W. Pritchett, S.K. Carg, 

Vapor-%minated Systems 

Discussions on a Type of Reservoir Cell Boundary in The Geysers Steam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Field - J.J. Hebein 89 

A Reservoir Engineering Analysis of a Vapor-Dominated Field 
J.F. Dee and W.E. Brigham . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 

Flow Rate Decline of Steam Wells in Fractured Ceothennal 
Reservoirs - G.S. Bodvarsson, and P.A. Witherspoon . . . . . . . . . . . . . .  105 

Correlations between Vapor Saturation, Fluid Composition and Well 
Decline in Larderello - F. D'Amore, and K. Pruers . . . . . . . . . . . . . . .  113 
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Computer Simulation of Wellbore Cooling by Circulation and Injection I 

191 
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Reservoir Evaluation 
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The Puna 
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APPENDIX C: Participants in the Stanford Geothermal Program 

Faculty Research Assistants 

Roland N. Home Lawrence Bouett 

Jon S. Gudmundsson Costas Chrysikopoulos 

Paul Kruger Ibrahim Kocabas 

James Lovekin 

Flint Pulskamp 

Yathrib Al-Riyami 



APPENDIX D: Chemical Aspects of Injection Workshop Program 

LGI Room, 

Conveners: 

Program 

Morning: Tracers 

8:30 
9:OO 

9:30 
1o:oo 
10:30 
11:oo 
11:30 
12:15 

Registration and Coffee 
Roland N. Home, Stanford University, "Introduction" and "Tracek 
RetentionDispersion Studies" 
Lany Hull, EG&G Idaho, "Transport of Tracers in Fractures" 
Bruce Robinson, Los Alamos Scientific Lab, "Temperature Sensitive Tracers" 
Mike Adams, UURI, "Fluorinated Hydrocarbons as Geothermal Tracers" 
Paul Kruger, Stanford University, "Activable Tracers" 
Sally Benson, LBL, "Pressure Methods for Thermal Front TracMing" 
Lunch 

I 

I 

I 

Afternoon: Reservoir Chemistry 

1:OO Robert Fournier, USGS, "Reservoir Scaling at Cerro Prieto" ~ 

1:30 Tom Heinrichs, Magma Imperial, "Magmas Operating Experipnce, Imperid 
Valley, CA" I 

2:OO 

2:30 Break 
3:OO 

3:30 

Karsten Pruess, LBL, "A Discussion of the Physical Effects of Reinjection od 
Geothermal Reservoirs" 

Cecil Kindle, PNL, "Chemical Agents of Spent Brines - Treatmtnt and Instrud 
mentation" 

I Mason Tomson, Rice University, "Scale Inhibition in Geopressuded Wells" I 
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Chemical Aspects of Injection 
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Mike Adams 
Greg Andersen 
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Mike Barnes 
Brian Barnett 
Tony Batchelor 
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Sally Benson 
Paul Bixley 
Tom Box 
Kenneth Chen 
Tom Clem0 
Jim Combs 
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Charlene Crockett 
Bill Dailey 
Dick Dondanville 
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Kathy Enedy 
Steve Enedy 
Jim Ferguson 
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Evan Hughes 
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Cecil Kindle 
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Sully Marsden 
Hide0 Minowa 
Marty Molloy 
Carolyn Moore 
Mary McClearn 
Kanm Okazala 
Ender Okandan 
LYM Pittinger 
Richard Pittinger 
Susan Prestwich 
Karsten Pruess 

UURI 
Unocal 
Unocal 
Union Oil 
Unocal 
GENZL 
Geoth. Resources 
USGS 
LBL 
MWD 
Geysers Geo. Co. 
Bureau of Land Mngt. 
INEL 
Geoth. Resources 
Stanford 
Geysers Geo. Co. 
LBL 
Unocal 
GRI Operator Corp. 
Geysers Geo. Co. 
Union Oil 
MIT 
USGS 
LBL 
Unocal 
Geo. Operator 
Magma Imperial 
DOE 
Stanford 
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EG&G 
JAPEX 
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Geothermax 
Unocal 
Stanford 
Stanford 
LBL 
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DOE 
FG&G 
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JAPEX 
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Unocal 
Thermal Power Co. 
DOE 
LBL 
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Maurice Richard' 
Bruce Robinson 
Alex Schriener 
Hiroshi Shigeno 
Sue Stiger 
Gene Suemnicht 
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David Sussman 
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John Vickerstaffe 
Ken Williamson 
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- 35 - 

APPENDIX E: Papers Presented and Published 1984-85 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Home, R. N.: "Tracer Flow in Fractures", Proceedings of the Gkothermal 

gram Review III, October 16-19, 1984, El Centm, California, p. 3Ob-318. 

4 Home, R. N.: "Fluid Transport in Fractures", invited seminar at Los Alam 

Scientific Lab", September 1985. I 
I 

Horne, R. N.: "Reservoir Engineering Aspects of Reinjection", Qeothermics 1 

1985, 449-458. 4 
Home, R. N., Gilardi, J. and Bouett, L.: "Tracer Dispersion Experiments'l, 

Proceedings of the 1985 New Zealand Geothermal Workshop, Auckland Ne& 

Zealand, November, 1985. 

Ohno, K., Nanba, T. and Home, R. N.: "Analysis of Interwell Ttacer Test in 

I 
I 

Depleted Heavy Oil Reservoir", paper SPE 13672, Roceedings , 1985 SPE 

fomia Regional Meeting, Bakersfield, CA, March 27-29, 1985, p. 8143-856. 

Processes and Their Effect on Tracer Transport in Fractured Geobermal Reser t Walkup, G. W., and Horne, R. N.: "Characterization of Tracer Retentio 

voirs", paper SPE 13610 Proceedinas , 1985 SPE California Reglonal Meetind, 

Bakersfield, CA, March 27-29, 1985, 229-240. I 
Walkup, G. W., Jr., and Home, R. N.: "Forecasting Thermal Bteakthrough of 

Reinjected Water Using A Dispersion-Retention Model for Tracer Test Interpretat 

tion", GRC Transactions , 9 ,  part 11, August 1985, p. 369-374. I 
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