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ABSTRACT 

Thermal and mechanical properties for geothermal formations 
are tabulated for a range of temperatures and stress conditions. 
Data was obtained from the technical literature and direct con* 
tacts with industry. Theanal properties include heat capacity, 
conductivity, and diffusivity. Undisturbed geothermal profiles 
are also presented. Mechanical properties include Youngs modulus 
and Poisson ratio. 

GEOTEMP thermal simulations of drilling, production and 
injection are reported for two geothermal regions, the hot dry 
rock area near Los Alamos and the East Mesa field in the Imperial 
Valley. Actual drilling, production, and injection histories are 
simulated. Results are documented in the form of printed GEOTEMP 
output and plots of temperatures versus depth, radius, and time. 
Discussion and interpretation of the results are presented for 
drilling and well completion design to determine: 

1. Wellbore temperatures during drilling as a function 
of depth, 

2. Bit temperatures over the drilling history, 

3 .  Cement temperatures from setting to the end of 
drilling, and 

4 .  Casing and formation temperatures during drilling, 
production, and injection. 
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SUMMARY AND CONCLUSIONS 

A. Geothermal Rock Properties 

A-1. Thermal and mechanical properties of hard formations 
(granite and granodiorite) and soft formations (sandstones) are 
presented for temperaturesof 25-250%and confining pressures rang- 
ing from 0-2000 psi. 
rocks is sufficient for thermal simulation and stress analysis 
purposes . 

average value for heat capacity is 1.0 J/gC. 

This property data base for geothermal 

A-2. For both hard and soft formations, a representative 

A-3. Thermal conductivity of rocks at geothermal temperatures 
decreases with increasing temperature. Average value for East 
Mesa sandstone is 3.50 W/mC. Granite has an average value of 
2.1 W/mC. 

A-4. For hard formations, an average value for thermal 
diffusivity at geothermal temperatures is 10.5 
East Mesa sandstone ranges from 13.7 - 16.5 (10-3 cm2/sec). 

cm2/sec) . 

A-5. Values of Youngs modulus range from 6.33-9.61 (lo6 psi) 
for hard formations and 1.84-3.44 (106 psi) for soft formations. 

A-6. Representative values of Poisson ratio are 0.15 for 
hard formations and 0.25 for soft formations. 

B. Well Temperature Histories 
I 

B-1. With drilling simulation, the GEOTEMP code can provide 
temperature predictions to assist in selection of drilling fluids, 
drilling bits, cements, casing, and other well components. Also, 
operational procedures such as cementing can be improved with 
good estimates of wellbore and formation temperatures. 

I B-2. During drilling, temperatures in the circulating f l u i d  
! are governed mainly by the inlet temperature, f l o w  rate, and 

thermal characteristics of the wellbore materials. When circula- 
tion stops, the fluid and wellbore tend to quickly reach equilibrium 
withthe thermally disturbed formation in the near wellbore region. 

temperatures and depend strongly on fluid type and flow rate. 
Air and foam drilling are not as effective as water and mud dril- 
ling for cooling the bit. 

are not strongly affected by the formation temperature which has 
been reduced by previous drilling operations. 
however, the formation temperature governs the cement temperature. 

* 
I 

s 
I B-3. Bit temperatures range between geothermal and inlet 

I B-4. Cement slurry temperatures during circulation of cement, 

During setting, 

c i w  
I 
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B-5. Casing temperatures dur ing  d r i l l i n g ,  production and 
i n j e c t i o n  may be e i t h e r  above or below undisturbed geothermal 
temperatures depending on depth ,  i n l e t  temperature,  and flow rate. 
Casing can experience both compressive and t e n s i l e  thermal stresses. 
For t h e  t w o  geothermal r eg ions  considered i n  this study, maximum 
thermal stresses occ-ur dur ing  production and are on the order of 
2 5 , 0 0 0  p s i .  

t 

B-6. Formation temperature changes due to production and 
i n j e c t i o n  are g r e a t e s t  i n  the near wel lbare  region and decrease 
wi th  rad ia l  d i s t a n c e  from t h e  w e l l .  
i n j e c t i o n ,  m o s t  of the themalc d ts turbance  occurs 
of 25 f e e t .  

For long term praduct ian and 
in a rad ius  
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I. GEOTHERMAL ROCK PROPERTIES 

1-1 Survey of Available Data 

Undisturbed in-situ temperature distribution and 
u 

thermomechanical properties far typical geothermal formations 
have been determined from two sources: literature survey and 
direct contacts with industry. Values of thermal properties are 
established for heat capacity, thermal conductivity, and thermal 
diffusivity. M e c h a x i c s a l  properties presented are Pou319s modulus 
aqd Paisson Katio, 
values at low temperatures (<lOQ°C) arc available throughout 
the petroleum industry literature, data at high temperatures and 
under in-situ stress conditions are very limited. 
is restricted to property values measured at geothermal tempera- 
tyres (looo - 25OOC). 

Mthaugh rack themamechanical property 

This survey 

1-1.1 Literature Search 

A literature search for thermal and mechanical properties 
of geothermal rocks was performed through Petroleum Abstracts. 
Specific key words identified are: - 

Geothermal property 
Rack property 
Thermal property 
Rock mechanics. 

The search spanned the years 1975 through June 1980. 

word. 
were selected from abstract review, 
Property" provided more than half of the references. 
review of the abstracts for these 55 references, 18 papers were 
retrieved fo r  evaluation. Of these papers, ten provided useful 
information for geothermal applications and are listed as the 
first ten papers in the list of References at the end of this re- 
port. 

Table 1 is a summary of the search by year and by key 
From the list of titles under the key words, 55 references 

Note that the key word "Rock 
Based on 

1-1-2 Cantacts with Industry 

Direct requests were made with three gepthermal operators 
(Union, PhilXips, and Republic Geothermal) and three geothermal 
service companies (Dresser, RL Baroid, I M C O )  to obtain data on 
undisturbed geothermal gradients and thermal/rnechankcal properties. 
These companieswere able to provide information on undisturbed 
formation temperatures but na data on rock property values, 

I 
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Measurements of rock property values for geothermal 
formations were obtained from Terra Tek. 
at Terra Tek, rock samples were tested not only at elevated tempera- 
tures but also under simulated overburden stress and pore pressure. 

In the tests performed 

13 
1-2 Undisturbed Geothermal Gradients 

In geothermal regions, undisturbed temperature distributions 
.are generally bilinear consisting of two geothermal gradients. 
Geothermal temperatures vary considerably depending on location. 
For selected geothermal regions of New Mexico, Colorado, Utah, 
and A izona, Reference [l] provides a listing of representative 
geoth 2 m a l  gradients. 

A range of typical geothermal temperatures is presented 
in Figures 1 and 2. In Figure 1, the East Mesa of Imperial Valley 
has a very high initial gradient down to the depth of 2200 feet 
with a fairly normal gradient below. The top of the production 
zone in Figure 1 is located at approximately 5300 feet where the 
temperature is 315OF. 

A somewhat different situation exists in Figure 2 for the 
Los Alamos hot dry rock region. The turnover point is at nearly 
the same depth as in Figure 1 but the temperature is only 19O0F. 
The gradient below is 2,77OF/lOO ft, higher than East Mesa, and 
the 387OF reservoir is relatively deep at 9600 ft. 

1-3 Thermal Properties 

Values of thermal properties for selected rock Types at 
geothermal temperatures are presented in Tables2-5, These data 
are obtained from References [2-61. 

1-3.1 Heat Capacity 

For hard formations (granite and granodiorite), heat 
capacity is approximately 1.0 J/gC. For sandstone, heat capacity 
is more dependent on depth and temperature, Table 2, with higher 
values at deeper depths, Range of values in Table 2 is 0,856 - 
1.169 J/gC. Average value for East Mesa sandstone is 1.0 J/gC. 
For thermal modeling purposes, we conclude that a value of 1.0 
J/gC is representative for both hard and soft geothermal formations. 

1-3.2 Thermal Conductivity 

Thermal conductivity values are higher for East Mesa 
sandstone compared to the harder formations. Conductivity generally de- 
creases with increasing temperature. Average value for the East 
Mesa sandstone is 3-50 W / m C .  The granodiorite in the L o s  Alamos 
hot dry rock region, Table 3, has an average value of 2.81 W/mC. 
Westerly uranite, Table 5, is 2.1 W/nC. 
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1-3.3 Thermal Diffusivity 

Thermal diffusivity values decrease with depth and 
temperature. Table 4 shows a range of values for different rock 
types. Values in Table 3 for the Los Alamos granodiorite and in 
Table 5 on the Terra Tek data are in close agreement with the 
results in Table 4. 
at geothermal temperatures is 10. 5 ( 

An average value for these hard formations 
cm2/sec. 

From Tables 2 and 4, the sandstones exhibit a greater 
dependence on temperature. At 100°C and 25OOC the average East 
Mesa sandstone values are 16.5 (10-3) cm2/sec and 13.7 (10-3) cm2/ 
sec, respectively. 

1-4 Mechanical Properties 

Values for Youngs modulus and Poisson ratio obtained from 
the literature references are presented in Table 6. 

1-4.1 Youngs Modulus 

Values for the hard formation in Table 6 range from . For the sandstones, the range gsi 6.33 (lo6) psi to 9.61 (106) 
is 1.84 (106) psi to 3.44 (10 ) psi. 

1-4.2 Poisson Ratio 

In general, the Poission ratio for sandstone appears 
to be slightly greater than granite. 
0.25 and 0.15 for the soft and hard formations, respectively. 

Representative values are 

11,12 
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11. WELL TEMPERATURE HISTORIES 

GEOTEMP thermal simulations of drilling, production, and 
injection were conducted for actual wellsin two geothermal regions: 
the hot dry rock area of New Mexico and the East Mesa field of 
the Imperial Valley in California. 
simulations were provided by Los Alamos Scientific Laboratory. 
Data for the East Mesa wells were provided by Republic Geothermal 
Inc. 

Well data for the hot dry rock 

The predictions from these studies axe used to determine: 

1. Wellbore temperatures during drilling as c 
function of depth, 

Bit temperatures over the drilling history, 2. 

3 .  Cement temperatures from setting to the end of 
drilling, 

4 .  Casing and formation temperatures at selected 
depths over the drilling history, 

Casing and formation temperatures during production 
and injection. 

5 .  

The GEOTEMP simulations for the wells in the two geothermal 
regions represent a wide range of fluids and flow histories. 
the East Mesa wells, drilling i s  done with conventional muds and 
production/injection flow rates are high. In the hot dry rock 
area, drilling fluids include air, foam, water and mud, and the 
d.rilling schedule spans almost one year; production/injection 
histories are related to the circulation loop through the reservoir. 

For 

11-1 The GEOTEMP Simulation 

The maj-or technical features of GEOTENP are summarized in 

1. 

the following: 

The flowing stream energy balance is a fully transient 
analysis with vertical heat convection, and radial heat conduc” cion. 

Such a fully transient behavior has not previously been available 
for public use . 

A composite of annular materials makes up the wellbore 
descriptian, including the steel, cement, and fluids present in 
a well, Figure 3.  
accounts for the wellbore region. Material heat capacities and 
natural convection in annular fluids are both included. 

2 .  

A fully transient radial heat conduction model 
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3, Radial and vertical heat conduction are the basis for 
the transient energy transfer in the soil. 
thermal simulator is the direct coupling of soil and well tempera- 
ture calculations. 

Particular emphasis has been placed on highly transient 
short time intervals, complex flow histories such as occur in 
drilling, and flexibility to al law sequential combinations of 
all flowing possibilities. With the code described in this 
paper, the complete life of a well can be modeled with one 
computer run for drilling and circulation during completion, 
through production and circulation during workover, additional 
production or injection through the life of a well, and even 
shut-in after a well is dead. 

A key feature in the 

The original GEOTENP was developed with only a single 
primary flowing fluid. 
development allows several sifferent wellbore fluids to be 
defined, and allows the user to specify the injection, pro- 
duction or circulation of any fluid at any time in the life 
of the well, Further, more than one fluid may be in the well- 
bore at any time, and the displacement of one fluid by another 
is automatically computed. 
tion is one application of this capability. 

The modified GEOTEMP currently under 

The simulation of a cementing opera- 

The original GEOTEMP was developed to model liquid well- 
bore systems. 
of simulating air and nitrogen drilling. The simulation can 
switch between air drilling and mud drilling at any time de- 
sired, 

The modified GEOTEMP now has the capability 

The GEOTEMP simulator has been tested against analytic 
solutions to several heat transfer problems and been shown to 
be accurate. Field data was acquired from geothermal and petroleum 
wells for flowing ana shut-in conditions to correlate with GEOTEMP. 
The performance of the thermal sirnulator in modeling this field 
data was adequate compared to the quality of the data tll, 121. 

11-2 Imperial Valley Well Descriptions For Drilling, 

Drilling .and production simulations were made for Republic 
Geothermal well #56-30, Injection wells in the Imperial Valley 
have a different casing program than production wells. 
Geothermal well #52-29 was used for injection simulation. 

Production, and Injection 

Republic 

11-2.1 Drilling Data for East Mesa Well #56-30 

11-2.1.1 Well Completion 

The actual well completion is shown in Figure 4. 
Two liners are used. The 8-5/8 inch liner is completely cemented. 
The 6-5/8 inch liner is slotted and set opposite the production 
zone. Total depth is 7520 feet, For application to GEOTEMP, dd 
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the liners have been modelled as casings extending back to 
surface. GEOTEMP requires that all well casings start at the 
surface as shown in Figure 3. Table 7 gives the casing program 

4d used in the simulation. 

For drilling simulation, the production liner 
(6-5/8 casing in Table 7) is not set until the end of drilling 
and, hence, will have minimal effect on the thermal behavior 
during drilling. The 8-5/8 inch casing, (instead of liner) will 
introduce some error in the upper zone above 1332 feet, but 
the thermal effects are small because of the small radii dif- 
ferences between casings. 

11-2.1.2 Drilling History 

The actual drilling schedule for the Republic 
Geothermal Well X56-30 is shown by the circles in Figure 5. 
Data for the drilling schedule, and for drilling fluids, flow 
rates, and inlet temperatures, were obtained from the daily- 
drilling reports provided by Republic Geothermal. 

. For GEOTEMP simulation, the drilling schedule 
in Figure 5 is divided into seven segments and modelled as shown 
by the dashed lines between closed circles. 
tween closed circles represents a distinct time interval for 
which the drilling parameters are held constant. 
include penetration rate, circulation rate, fluid type, inlet 
temperature, and circulation time per day. 
the daily drilling reports, average values for these parameters 
are determined for each time segment, Table 8. 

Drilling Fluid and Formation Properties 

Table 8 presents the fluid 

Each segment be- 

These parameters 

Based on data from 

11-2.1.3 

Drilling mud with different properties is used 
to drill different parts of the hole. 
properties for four separate muds used to drill the well. 

given in Table 2. 
cribed in Figure 1. 

Formation thermal properties correspond to values 
The undisturbed geothermal gradient is des- 

11-2.2 Production Data for-East Mesa Well 856-30 

11-2.2.1 Well Completion 

For production the well comFletion corresponds 
to Figure 4 with two exceptions: 

A downhole pump is placed at a depth of 1200 feet 
inside the 13-3/8 inch casing, with 11-3/4 inch casing from the 
pump to the surface. 
contains water from the pump level to 800 feet and steam above. 

1. 

The annulus outside the 11-3/4 inch casing 

15 



2. The top of the production zone is 5320 feet. For 
thermal simulation purposes we assume the production fluid enters 
the well at this depth and, hence, it represents the bottom of 
the well, 

Since GEOTENP can model variable cross-sectional 
area in production tubing, the flow system of liner, casing, and 
pump are treated as a single "tubing string" as shown in Figure 6 .  
The tubing and casing specifications for GEOTEEIP application are 
listed in Table 9. Note that the tubing consists of four intervals. 

11-2.2.2 Production Rates and Fluid Properties 

Flow rate is constant at 735 M lb/hr (50,360 bbl/ 
day) for 25 years. 

'c 

Inlet temperature of the production fluid varies 
with time, Figure 7. 
tion fluid correspond to water with 2134 mg/L of dissolved solids. 

Density and rheological properties of the produc- 

Special modifications to GEOTEMP were.implemented to 
model the annular steam region above 800 feet. 
as a low density fluid with the following specific properties [131 
for stem at 300°F and 14.7 psi: 

The steam is treated 

Density = 0.00438 ppg 
Yield Point = 0.0 
Plastic Viscosity = 0.01415 cp 
Thermal Conductivity = 0.02508 BTU/hr ft F 
Specific Heat Capacity = 0.5 BTU/lb F. 

II-2,.3 Injection Data for East Mesa Well #52-29 

11-2.3.1 Well Completion and Geothermal Gradient 

The injection well #52-29 extends to a total depth 
of 4524 feet with two slotted liners, one from 1138 - 3382 feet and 
the other from 3276 - 4524 feet. The injection zones are located 
below the 16 inch casing set at 2470 feet. For GEOTEMP simulation, 
the well is modelled down to this depth as shown in Figure 8. Tub- 
ing with variable cross-section is used to simulate the injection 
flow area, 
Table 10. 

$he tubing and casing specifications are given in 

Undisturbed geothermal temperatures for the 
injection well #52-29 are somewhat different than the production 
well #56-30. Figure 9 presents the bilinear gradient for the 
injection simulation. 

11-2.3.2 Injection Rates and Fluid Properties 

Injection flow rates are high; one injection well 
reinjects fluid from five production wells. The rate used for 
well #52-29 is 3250 M lb/hr (222,625 bbl/day). 
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The injectibn period 'simulated i& 15  years. Flow khte and 
inlet temperature, 212*F, are constant over the entite period. 
Injected fluid is water with the same density and rheological 
properties as the production fluid. 

u 
11-3 Hot Dry Rock Wel1,Descrfptions For Drtlling, 

Pkoduction and ,Injection, 

Simulations were perfbmed for the Los AlamOs GT-2 Well. 
Well history and completion data were obtained from daily drilling 
reports and direct contact with Los Alamos personne2. 

11-3.1, Well Comnletion qnd Formation Properties 

Figure 10 shows the GT-2 well completion for drilling, 
production and injection simulations, Drill pipe is S-1/2 inches. 
All casings are cemented back to surface, except the production 
(and injection) casing which is ceinented over the bottom 2400 feet. 
The bottom of the well for production and injection cofresponds 
to the hot dry rack depth of 8500 feet. I 

well are plotted in Figure 2, 
in Table 3. 

The undisturbed geothermal temperatures for the GT-2 
Rock thermal properties are given 

XI-3.2 Drillhg Data 

TI-3.2,. 1, Dr,illinq History 

*he actual drilling Bchedule, together with the 
simulated history, is shown in Pigure 11. Twenty-two,separate 
time segments spanning 295 days charActerize the drilling of the 
GT-2 well, Table 11 summarizes the drilling history, 

1.I-3.2 , 2 , , brilling, Fluid Propektiats 

Six differknt fluids, including air and foam, are 
used to dr.hl1 this well, Properties of the different drilling 
muds are presented in Table 11, 

is modelled as: a comptess5ble fluid (namely, air since the foam 
consists of more than 95% air by volume). A high viscosity, 100 cp, 
is used for thl: foam(see Reference [114]). Heat transfer coefficients 
and other thermal properties far the foam are computed from the 
foam viscosity using air correlations internal to GEOTEMP. 

Fluid number 4 is cement slurry. 

For the GEQTEMP simulation, the foam drilling fluid 

IL-3,.3 

Sinhe the hot dry rock energy extraction concept involves 

Production and, ,lnjectian I)ata for, the OT-2 Well 

a circulation loop through a fractured resekvoir, the injection 
and production histories and fluid propertie$ are related. For 
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GEOTEMP simulation, the data from a 75 day flow experiment has 
been modelled and extrapolated to 180 days [151. 

loop is water. 
As the water flows through the hot dry rock reservoir, the water 
is heated. The bottom hole inlet temperature for the production 
well is given in Figure 12. 

The circulation fluid through the injection-production 
LJ 

Inlet temperature for the injection well is 25OC. 

Flow rates for the injection and production wells vary 
The injection with time because fluid is lost to the reservoir. 

and production rates for the 180 day flow period are presented in 
Figure 13. 

11-4 Predicted Results 

11-4.1 GEOTEMP Output 

The printed output for each of the six cases (drilling, 
production, and injection for the two wells) has been presented 
under separate cover. 

fluid properties 

The GEOTEMP output consists of the following: 

a. Tabulated input data for the well completion and 

b. Chahging flow parameters data 

c. Temperature distribution (with depth and radius) 
at the end of each change card time increment. 

11-4.2 Discussion of Drilling Simulations 

11-4 . 2 . 1 
Figures 14-17 show the variation of wellbore 

Figure 14 shows the temperatures at the end of 

Wellbore Temperatures - 

temperatures with depth in the Los Alamos well at two selected 
time periods. 
drilling circulation on day 77. 
at the end of the shut-in period of day 77. 
of drilling in GEOTEW? Fs divided into a circulation part and a 
shut-in part. 
Los Alamos well in Figures 16 and 17 and for the Republic Geo- 
thermal well in Figure 18 and 19. In Figures 14 - 19 the lines 
with circles give the drill pipe temperatures, the lines with 
squares give the annulus temperatures, and the unmarked lines give 
the undisturbed geothermal temperature. 

Figure 15 shows the temperatures 
Recall that each day 

This drilling/shut-in pattern is repeated for the 

The key to the understanding of Figures 14-19 is 
the concept of the wellbore as a cross-flow heat exchanger. In 
Figures 14, 16 and 18 the annulus temperature exceeds the drill 

t 
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p ipe  temperature. Thus, t h e  d r i l l i n g  f l u i d  is heated as it flows 
down the  d r i l l  pipe and i ts  temperature increases  continuously.  
The temperature of t h e  annulus f l u i d  i s  more d i f f i c u l t  t o  p r e d i c t  
because, w h i l e  t h e  annulus f l u i d  i s  being cooled by the  d r i l l  p ipe  
f l u i d ,  it may be e i t h e r  heated or cooled by t h e  surrounding so i l ,  
depending on depth. The balance between t h e  cool ing effect of the 
d r i l l  p ipe  f l u i d  and t h e  hea t ing  effect of t h e  formation determines 
i f  t he  annulus f l u i d  heats up or cools off.  Of course,  above t h e  
depth where the annulus temperature exceeds the geothermal tempera- 
t u r e ,  the annulus temperature always decreases. Figure 14 shows t h e  
formation t o  be dominant i n  t h e  annulus heat t r a n s f e r .  Note t h a t  
the annulus temperature cont inues t o  inc rease  u n t i l  it crosses 
the geothermal l i n e .  I n  F igu re  1 6 ,  t he  d r i l l  p ipe  f l u i d  has more 
inf luence ,  and t h e  annulus temperature starts to  decrease before 
t h e  geothermal l i n e  i s  crossed. F igure  18 shows a dominant effect 
by t h e  d r i l l  pipe,  thus  the annulus f l u i d  cools  continuously.  

Mass f l o w  rate is t h e  governing factor i n  t h e  d i f f e r e n c e s  
among Figures  1 4 ,  1 6 ,  and 18. F igure  1 4  r ep resen t s  an  a i r  d r i l l i n g  
s imula t ion  w i t h  a r e l a t i v e l y  low m a s s  f l o w  rate. The formation 
temperature governs t h e  annulus heat t r a n s f e r  and there is  a 
r e l a t i v e l y  large temperature d i f f e r e n c e  between t h e  annulus 
and d r i l l  p ipe  temperatures.  
f l o w  rate of a convent ional  d r i l l i n g  mud. The annulus and d r i l l  
p i p e  temperatures are near ly  t h e  same and t h e  formation tempera- 
t u r e  has less re la t ive  e f f e c t  on t h e  f l u i d  heat t r a n s f e r .  Figure 
1 6  r e p r e s e n t s  an in te rmedia te  case. 

bore temperatures.  I n  each case, the temperatures move toward 
t h e  undis turbed geothermal temperatures.  I n  Figure 15, t he  d r i l l  
p ipe  temperature has lagged 15*-20° behind the  annulus temperature, 
and this i n d i c a t e s  the  reduced a b i l i t y  of a i r  t o  t r a n s f e r  heat 
compared t o  l i q u i d  systems. I n  F igures  17 and 1 9 ,  the d r i l l  p ipe  
and annulus temperatures i n  the l i q u i d  wellbore f l u i d s  are with- 
i n  a couple of degrees of each other. While the temperatures i n  
a l l  cases have n o t  reached t h e  geothermal temperature, it will be 
shown i n  F igures  22 and 23 t h a t  the.wellbore temperatures have 
reached the  temperature of the formation immediately i n  con tac t  
w i t h  t h e  w e l l .  
long enough f o r  t h e  wellbore f l u i d  t o  reach equi l ibr ium w i t h  t h e  
formation, b u t  n o t  long enough for the formation t o  r e t u r n  t o  

4 t s  undisturbed temperature.  

Figure 18 r e s u l t s  from t h e  high mass 

Figures  15, 1 7 ,  and 1 9  show the effect of shut - in  on the w e l l -  

The conclusion is t h a t  a typical shut- in  per iod i s  

11-4.2.2 B i t  Temperatures 

F igures  20 and 2 1  g i v e  t h e  temperatures a t  the d r i l l  
b i t  over  t h e  d r i l l i n g  h i s t o r y  of the  Los A l a m o s  and Republic 
Geothermal w e l l s  r e spec t ive ly .  A l s o  i nd ica t ed  on t h e  f i g u r e s  are 
t h e  i n l e t  temperatures,  marked with circles, and the  geothermal 
temperatures ,  marked w i t h  a so l id  l i n e .  These t w o  curves r ep resen t  
extreme temperatures for t h e  b i t ,  and Figures  20 and 2 1  show that  
the b i t  temperature s t a y s  between them over t h e  d r i l l i n g  h i s t o r y .  
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The L o s  Alamos well is the most interesting because of the variety 
of drilling fluids and circulation rates used. 

One notable result is that foam and air drilling 
are not as effective as conventional drilling fluids in cooling 
the bit. 
and in each case the bit temperature shows a significant increase 
over drilling with liquid systems. A temperature increase late 
in the drilling history indicates a reduction in daily circulation 
time from 18 to three hours per day. An increase to five hours 
of circulation per day reduced the bit temperature by 40-50°. 

Air and foam drilling are indicated on Figure 20, 

Figure 21, though not as dramatic as the L o s  Alamos 
simulation, clearly shows the effect of time on the bottom hole 
temperature in the Republic Geothermal well. At the eighth day 
and the twenty-fourth, the daily hours of circulation were reduced 
because of logging operations, and in each case the bottom hole 
temperature increased, compared to bottom hole temperatures 
during drilling. 

11-4.2.3 Cementing Temperatures 

Figures 22 and 23 show an application of GEOTEMP 
to cementing operations. Figure 22 shows the radial temperature 
distribution at the end of cementing (square symbols) and at the 
end of “waiting on cement” time for the Los  Alamos well. The 
solid line represents the initial undisturbed geothermal tempera- 
ture. Figure 23 shows a similar plot for the Republic Geothermal 
well. In each case, the cement is initially at a temperature 700 
to 80Q below the formation temperature. 
has been cooled by drilling operations by 20° in the Los Alamos 
well and loo in the Republic Geothermal well. 
waiting period, the cement temperature has risen to the formation 
temperature but it is still cooler than the initial undisturbed 
temperature. 

This formation temperature 

At the end of the 

11-4.2.4 Casinq Temperatures 

Figures 24-27 relate temperature predictions to 
Figures 24 and 25 show the temperature of the casing design. 

13-3/8’* surface casing used in the Los  Alamos well at two different 
depths over the drilling history of the well. Figures 26 and 27 
show the same results for the Republic Geothermal well. In each 
figure, square symbols indicate maximum temperatures, circles 
indicate minimum temperatures, and the solid line shows the 
undisturbed temperature as reference. The maximum and minimum 
temperatures represent the range due to the shut-in and circulat- 
ing periods of each day. 

The temperature varkation of about 6OoF indicated 
at the casing seat of the Los  Alamos well (Figure 24) corresponds 
to thermal stress changes of about 10,000 psi. 
changes at 400 ft range about 2OoF, corresponding to 3,500 psi 

The temperature 
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stress changes. Theqe stress changes are large enough that they 
need to be considered in the well completion design. Figures 26 
and 27 indicate a temperature range of about 30°F at the surface 
casing seat. The temperatures at 1400 ft are uniformly below the 
undisturbed temperature and at 400 ft the temperatures are above 
the geothermal temperature. Thus, at shut-in, the cemented casing at 1400 
ft wjll experience compressive thermal stress and the casing at 
400 ft will feel tensile thermal stresses. 

11-4.3 Discussion of Production Simulation 

b 11-4.3.1 Temperature-Depth Profiles 

Figures 28 and 29 show the undisturbed geothermal * profile together with flow string and annulus temperatures at two 
selected times for the Los Alamos well. Figure 30 presents the 
profiles for the Republic Geothermal well. In the Los Alamos 
well, the inlet temperature at bottomhole is less than the . 
geothermal temperature because of the cooling from the fluid 
injected for the circulation loop through the reservoir. 
the production inlet temperature continues to decrease with time 
(see Figure 131, the bottomhole temperature in Figure 29 is less 
than that in Figure 28. 

Figure 28,  shows a typical production distribution with wellbore 
temperatures greater than geothermal and with the annulus tempera- 
ture progressively cooler than the flow string temperature as the 
fluid travels up the hole. In Figure 29, the distribution is 
quite different because of the influence of two factors. 
the significantly lower inlet temperature causes the annulus tempera- 
ture to be higher than the flow string temperature up to 3500 feet. 
And, secondly, the lower heat transfer capability of the cement 
over the lower 2400 feet generates larger differences between 
annulus and flow string, compared to the higher heat transfer 
of convecting fluid above the cement. 

In the Republic Geothermal well, Figure 30, the 
thermal resistance of the annulus materials creates an unusual 
annulus temperature profile, particularly when compared to the 
flow-string temperature which is nearly constant with depth. 
uniform production temperature with depth.is due to the high produc- 
tion rates. 
1200 feet to total depth (similar to the response in Figure 28). 
Water in the annulus between 800-1200 feet is highly convective 
and, hence, the annulus and flow string temperatures are nearly 
the same. Above 800 feet, the steam in the annulus, although 
convective, has relatively low heat capacity and, therefore, creates 
an insulating effect. At the surface, the predicted temperature 
difference between the annulus and production fluid is almost 
100'F. 

Since 

The early time behavior in the Los Alamos well, 

First, 

t 

;i 

The 

In the annulus, the cement governs the behavior from 

u 
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11-4.3.2 Production Gasins Temperatures 

Figures 31 and 32 present production string tempera- 
tures with time for a selected depth in each well. The depth in 
each case is selected to demonstrate the influence of the well- 
bore assembly. For the Los Alamos well, the 1600 foot depth 
represents the bottom of the 13-3/8 inch casing (see Figure 10)- 
In Figure 32, the 1200 foot depth corresponds to the downhole 
pump location. 

Both figures show maximm temperatures that are 
significantly greater than the undisturbed geothermal temperature 
denoted by the straight line. Also, both plots exhibit trends 
similar to the inlet temperature histories presented in Figures 7 
and 12. 
heating transient from the production fluid. The decline after 
15 days follows the inlet temperature decline. 

In the Los Alamos well, the hump at 15 days is due to the 

For temperature changes from undisturbed conditions, 
the production casing will experience compressive stresses. 
maximum AT at the specified depth in Figure 31 is 120OF which 
generates a stress of about 20,000 psi. In Figure 32, the maximum 
AT at 1200 feet is 140°F which gives nearly 25,000 psi. 

The 

11-4.3.3 Formation Temperatures 

Radial temperature distributions at the end of 
production are shown in Figures 33-35. 
due to hot fluid production decreases with increasing radial dis- 
tance from the well. Most of the disturbance in the formation 
occurs within a radius of 20 feet. 

The temperature disturbance 

In Figures 33 and 34, the radial distributions show 
a uniformly decreasing temperature. At these depths (1600 feet 
for the L o s  Alamos well and 1200 feet for the Republic Geothermal 
well), the production string is in intimate contact with the forma- 
tion through the cement and well casings. 

The profile in Figure 35 for the Republic Geothermal 
well demonstrates a significantly different behavior due to the 
steam in the annulus above 800 feet. The low heat transfer capa- 
bility of the steam contains the heat within the wellbore, causing 
less disturbance in the surrounding formations. 
ture drop between the production string and formation occurs within 
the first foot. In Figure 35, the maximum temperature disturbance 
in the formation is only about 40°F, compared to about 80°F in 
Figure 34. 

Most of the tempera- 
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11-4.4 Discussion of Injection Simulations 

11-4.4.1 Temperature-Depth Profiles 

Figures 36 and 37 present injection temperature 
profiles for the flow string and annulus in the L o s  Alamos well 
after 25 days and 180 days, respectively. At the early time, 
Figure 36, the flow string and annulus temperatures show uniform 
behavior with depth, similar to early time production as shown 
in Figure 28. At the end o f  the injection period, Figure 37, the 
annulus materials dominate the thermal response, again similar to 
the production behavior in Figure 29. 

For the Republic Geothermal well, Figure 38, the tempera- 
ture in the flow string and annulus are completely governed by the 
high flow rate. After 15 years of injection at constant inlet 
temperature and flow rate, the steady state temperature pro- 
file exhibits uniform temperature from top to bottom. Because 
of the high injection rates, the formation geothermal temperatures 
have little effect on the wellbore temperatures. 

11-4.4.2 Injection Casing Temperature 

Flow string temperature at a depth o f  1600 feet in 
the L o s  Alamos well and 1200 feet in the Republic Geothermal 
well are plotted versus injection time in Figures 39 gnd 8 0 ,  
respectively. These depths correspond to the 13-3/8 inch casing 
shoe in the Los Alamos well and just below the liner hanger in 
the Republic Geothermal well. 
in the Los  Alamos well, Figures 39 and 40 show constant temperature 
with time, indicating that the injection casing quickly reaches 
steady state temperature which is cooler than geothermal for the 
Los Alamos well but hotter than geothermal for the Republic well. 
The annulus temperature is also plotted in Figure 39 qnd shows a 
slightly greater transient response to the geothermal then does 
the injection casing temperature which is governed primarily by 
the flow rate and inlet temperature. 

disturbed geothermal temperature and the injection casing tempera- 
ture generates a tensile stress of about 10,000 psi at the 1600 
foot depth. For the Republic Geothermal well, Figure 40, the 
liner at 1200 feet is heated 4O0F which causes a compressive 
stress of about 7,000 psi. 

Except for the early time response 

The cooling of 60°F, Figure 39, between the un- 

11-4.4.3 Formation Temperatures 

The cooling of the formation around t h e  Lo6 Alamos 
well and the heating around the Republic Geothermal well are demon- 
strated in Figures 41and (42. 
bulk of the thermal effects are contained within a radius of about 
30 feet, even after 15 years of injection for the Republic Geothermal 
well. In both wells, the thermal disturbance in the formation at 
the specified depths is not great. 
temperature change in both wells is only about 20°F. 

The radial distributions show that the 

At a radius of 10 fee%, the 
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TABLE 1 

T h r u  
June 

Key Word 1975  1976 1977 1978  1 9 7 9  1980 

Geothermal P r o p e r t y  3 ( 0 )  2 ( 1 )  

i 

2 

T o t a l  

5 (1) 

L i t e r a t u r e  S e a r c h  for Thermomechanica l  Rock P r o p e r t i e s  

TOTAL 7 ( 3 )  5 ( 4 )  9 ( 4 )  6 ( 2 )  2 0 ( 4 )  8 ( 1 )  

T a b u l a t e d  Numbers Indicate  
Abstracts Reviewed 

55(18) 

-_ 

Therma l  P r o p e r t y  

29 



w 
0 

TABLE 2 

Thermal Properties for East Mesa Sandstone (Ref, 2) 

I------ 
Sample 
Depth, Ft 

Confining 
Pressure, MPa 

Pressure, MPa 

Temperature, 

Thermal Cond- 
uctivity, W/m°C 

Heat* 
Capacity,J/gOC 

Thermal Dif- 
fusivity, cm’/s 

Density 
q/cm3 . 

5505 

37.8 

16.6 

23 100 175 250 

4.08 

.932 

0 020 

2.19 

~ ~ ~~ 

3.47 

.875 

.0181 

2.19 

3.30 

.856 

.0176 

2.3.9 

2.89 

.898 

.0147 

2.19 

~~ 

7150 

4 9 . 0  

21.4 

23 

4.26 

1.169 

.0162 

2.25 

100 175 250 

3.64 

1.079 

, 0150 

2.25 

3.42 

1.086 

.0140 

2.25 

2.91 

1.019 

. 0127 
2.25 

.A 
V 
E 
R 
A 
G 
E 

3.50 

1.00 

. 016 
2.20 

*Calculated from K = k/pc 



TABLE 3 

Thermal Properties for LASL Hot Dry Rock (Ref. 3 , . 4 )  

Depth, Ft 6153 9608 

Rock Type Gneiss Granodiorite 

Temp., OC 25 I 100 150 

Thermal 
conductivity, 3.343 2.992 2 . 836 

Density 2.7 2.7 2.7 
g/m3 

Heat 1.0 1.0 1 . 0  
Capacity, J/gc 

Thermal .0124 0.110 .0105 

I Diffusivity 
cm 2/s 

250 

2.376 

2.7 

1.0 

.0088 

A 
V 
E 
R 
A 
G 
E 

2 .81  

2.7 

1 .0  

.0104 



Rock Type 
Barre 

Granite 

TABLE 4 

St. Cloud Berea 
Granodiorite Sandstone 

Thermal Diffusivity of Hard and Soft 

at Geothermal Temperatures (Ref . 

12.0 10.0 

Rocks 

11.0 9.0 14.0 10.5 

5 )  

Density, g/cm3 

Temperature, OC 

Thermal 
Diffusivity 
( 10- 3 cm* /S 

Westerly 
Granite 

2.63 

100 200 

11.5 9.5 
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TABLE 5 

. 
Confining Pressure, psi 

Thermal Properties of Granite at 

Geothermal Temperatures and Pressures (Ref. 2) 

1000 

T 

c 

I 

1 2  

Temperature, OC 100 

Thermal Conductivity, 
W/mC 

2.3 

Heat Capacity, 
J/gC 

0.900 

Thermal Diffusivity, 
cm2/S 

3 Density, g / m  2.32 

200 

1000 

1.9 

1.050 

0.008 

2.26 
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6.33 0.15 

9.61 - 

7.55 0.16 

TABLE 6 

Mechanical Properties of Rocks 

Youngs 
Modulus 
(106) psi 

Poisson 
Ratio 

0.21 

Source 
(See Ref .) 

2 

Test Conditions Rock Type 

2000 psi 
175OC 

East Mesa 
Sandstone 

0.23 I 3 .44  5000 psi 
300°F 

7 Berea Sandstone 

Berea Sandstone Uniaxia 1 
Ambient Temp. 

9 

~~ ~~ 

Boise Sandstone 5000 psi 
300°F 

7 

Westerly Granite 2000 psi 
2OOOC 

6 

Biotite 
Granodiorite 

Uniaxial 
Ambient Temp. 

10 

Granite Un iaxia 1 
Ambient Temp. 

9 
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U TABLE 7 

Republic Geothermal 56-30 

Well Completion \ 

Sipe Weight/Ft. 

Conductor Pipe 20" 94.0 
Surface Casing 1 3- 3 a 11 54.5 

a Protective 
Production 
Drill Pipe 

c 

Time (Days), 

0 
1 
2 
10 
17 
24 

< 

t *Fluid 

Casing 8-518'' ' 32.0 
Casing 6-5 /8" 28.0 

3- 1 / 2" 9.5 

TABLE 8 

Setting Depth 

. 

Republic Geothermal 56-30 

Drilling History 

Depth, (Ft.) 

90 
1503 
5 320 
7520 
N.A. 

Hrs. Circ. 
Circ. Rate Per Day Fluid* 

0 480 gal/min 
1513 480. gal/min 
1513 500 gal/min 
5330 - 360 gal/min 
5330 360 gal/min 

' 7520 400 gal/min 

17.0 
5.0 
20.0 
2.0 
17.0 
2.0 

1 
.1 
2 
3 
4 
4 

Density Plastic Visc. Yield Point 
(LblGalL (Centipoise) (Lb/lOO Ft2) 

1 8.8 

3 8.9 
4 8.9 

- 2  9.0. 
4.0 
7.0 

I 22.0 
9.0 

4.0 
4.0 
17.0 
5.0 

U 
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TABLE 9 

Product ion Tubing and Casing Geometry 

For Republic Geothermal Simulat ion 

Tubing I . D .  O.D. TOP B o t t o m  Cement 
I n t e r v a l  Inches  Inches F t  F t  F t  * 

1 11.100 11.750 0 1200 0 
2 12.500 12.580 1200 1332 132 a 

3 7.921 8.625 1332 5132 3800 
4 5.791 6.625 5132 5320 188 

. I . D .  O.D. S e t t i n g  Cement 
Casinq Inched Inched Depth, F t  Ft 

1 12.615 13  . 375 5320 
2 13.500 14.000 1530 
3 19.124 20.000 90 

5320 
1530 

90 

TABLE 10 

I n j e c t i o n  Tubing and Casing Geometry 
For Republic Geothermal S imula t ion  

Tubing I . D .  O.D. TOP B o t t o m  Cement 
I n t e r v a l  Inches Inches F t  F t  F t  

? 15.124 16.00 0 1138 1138 
2 L1.000 11.75 1138 24 70 0 

I . D .  O.D. S e t t i n g  Cement 
Casinq Inches Inches , ,Depth, F t  F t  

1 16.500 16.75 2470 
2 19 .124  20.00 90 

2470 
90 
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- 
c 

I 

t 

I 

8 

1 

Time (Days) 

0 
11.0 
25.0 
27.0 
48.0 
50 0 
65.0 
78.0 
87.0 
91.0 

101.0 
105.0 - 
114 . 0 
148.0 
194 . 0 
199.0 
236.0 
258.0 
263.0 
26?. 0 
276.0 
292 . 0 
295.0 

*Fluid 
1 
2 
3 
4 

TABLE 11 

Los Alamos Hot Dry Rock GT-2 Well 

Drilling History 

Depth (Ft) 

0 
1595 
1595 
1595 
2514 
2514 
3556 
3556 
3727 
3727 
3727 
3963 
4556 
6356 
6356 
6700 
6700 
8577 
8577 
9436 
9549 
9549 
9610 

Circ. Rate 

125 gal/min 
125 gal/min 
125 gal/min 
300 SCF/min 
125 gal/min 

1245 SCF/min 
1270 SCF/min 
125 gal/min 

1275 SCF/min 
125 gal/min 
1290 SCF/min 
125 gal/min 
125 gal/min 
125 gallmin 
125 gal/min 
125 gal/min 
125 gal/min 
125 gal/min 
125 gal/rnin 
125 gal/min 
125 gal/min 
125 gal/min 
125 gal/min 

Density Plastic Visc . 
(Lb/Gal) (Centipoise ) 

8.3 1.0 
9.3 10.0 
8.6 5.0 
15.1 30.0 

Hrs. Circ 
Per Day 

8.0 
8.0 
3.0 
8.0 
3.0 
11.0 
6.0 
5.0 
3.0 
3.0 

14.0 
15.0 
11.0 
0.0 
13.0 
5.0 
15.0 
1.0 
18.0 
3.0 
5.0 
5.0 
5.0 

5 Yield Poin 
(Lb/lOO Ft 

0.0 
3.0 
2.0 

50.0 

Fluid* 

2 
1 
4 

Foam 
4 

Air 
Air 
1 

Air 
1 

Air 
1 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 .  
1 
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FIGURE 1: Geothermal Temperature Profile 
From East Mesa Well #56-30 
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FIGURE 2: Geothermal Temperature Profile 
in the L o s  Alamos Hot Dry Rock Region 
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FIGURE 3: GEOTEMP Wellbore Completion Model 
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FIGURE 4:  W e l l  Completion for Republic 
Geothermal  W e l l  856-30 
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FIGURE 8: Republic Geothermal Injection 
Well 852-29 for GEOTEMP Simulation 
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FIGURE 10 

GT-2 WELL COIPLETION 
FOR GEOTEMP SIMULATION 
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FIGURE 11 (Continued): GT-2 Drilling Schedule 
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FIGURE 18: Republic Geothermal Well 56-30 
Drilling Temperature Profile 
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FIGURE 32: Republic Geothermal Well #56-30 
Production Casing Temperature History 

Flow Str ing  
Pepth 1200 Ft 

I 

GE-L 

I I I I I I 1 
0 4 8 12 16 . 20 24 28 

Years of Production 

i 
75 



Er 

a, 
k 
1 
4 
a 
k 
a, a 
I3 

0 

B 

200 

180 

160 

140 

120 

100 
0 
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