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ABSTRACT 

A quasi-steady model has becn developed for predicting the tem- 
perature profiles of aqueous foams circulating in geothermal wellbores. 
The model assumes steady one-dimensional incompressible flow in the 
wellbore; heat transfer by conduction from the geologic formation to 
the foam is one-dimensional radially and time-dependent. 
temperature distribution in the undisturbcd gcologic formation is 
assumed to be composed of two linear segmcnts. 
the convective heat-transfer coefficient, a closed-form analytical 
solution is obtained. It is dcmonstratcd that the Prandtl number of 
aqueous foams is large (1000 t o  5000);  hence, a fully developed tem- 
perature profile may not exist Cor reprcscntativc drilling applications. 
Existing convective heat-transfer-coefficient solutions are adapted to 
aqueous foams. The simplificd quasi-stcady model is successfully 
compared with a more-sophisticated finite-difference computer code. 
Sample temperature-profile calculations are presented for representa- 
tive values of the primary paramctcrs. For a 5000-ft wellbore with 
a bottoin h o l e  tem erature of  37S°F, the maximum foam temperature can 
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Nomeiic 1 a t u  r e 

A h e a t - t r a n s f e r  a r e a ,  Ai = ndiL - 

B t  J 1  ' C 2 '  cons tan t s  i n  s o l u t i o n  of energy equat ion,  Eq. 
D1 'D2 'El , E2 I 

Bi Biot number f o r  forination; see  E q .  ( B - 4 )  
(A-13) 

s p e c i f i c  heat a t  constant  pressure  of foam 
s p e c i f i c  heat a t  constant  pressure  of gas and 
l i q u i d  coitiponents o f  foam 
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pipe diameter ;  see Figure 1 fo r  s p e c i f i c  d e f i n i t i o n  

i n t e g r a l  ticot l o s s  Crrtlction tabula ted  by Willhite 
[23]; see discuss ion  of E q .  ( B - 7 ) .  ' 

Fourier  number fo r  formation; see  Eq. ( 8 - 4 )  

of d i ,  i = 1 , 2 , - - -  9 5  

a c c c l e r a t i o n  of g r a v i t y ,  3 2 . 1 7 4  f t / s  2 t 9 8 0 . 7  cm/s 2 
Newton cons t an t ,  32.174 Ct- lbm/( lbf-s  2 1-1 m-kg/ 

( N - s 2 )  i 

diniensiotiless ticat l o s s  func t ion ,  see E q .  (B-6) 
convect ivc h c o t - t r a n s f c r  c o c f f i c i e n t  
i = 1 , 2 , 3  convcctive heat t r a n s f e r  c o e f f i c i e n t  f o r  ~ 

su r face  i 
i = 1 , 2 , 3  convective h e a t - t r a n s f e r  c o e f f i c i e n t  
averaged over length Le. 
cons tan t  defined by E q .  ( A - 1 4 )  
cnthalpy oC roam 
i n t e g r a l  heat l o s s  fuirction tabula ted  by Jessop  
1281; s e e  d i scuss ion  of E q .  ( B - 8 ) ,  
mechanical equiva len t  of heat 777.66 f t - l b f / B t u  = 1 
N-m/J 

k , k g ' k ,  thermal conduct iv i ty  of foam, gas and l i q u i d .  . 
components of foam, r e spec t ive ly  
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we 11 bore length 
length over which the convective h e a t - t r a n s f e r  
c o e f f i c i e n t  is  averaged 
depth a t  which  the  b i l i n e a r  geothermal temperature 
p r o f i l e s  a r e  joined;  see  Figure A - 1  
mass flow r a t e  of foam 
Nusselt  number for  var ious wellbore geometries,  Nu 
= hd/k or  h 8 / k  
number of t r a n s f e r  u n i t s ,  N t u i  = UiAi/(PCp) 
perimeter, p i  = mli; a l s o ,  constant  i n  E q .  

Pec le t  number of foam, Pe = vd/a 
Prandt l  number of foam, Yr = Cpp/k 
heat flow per u n i t  a r ea  A1#A3 
Reynolds number of foam, 
time 
temperature 
temperature of **coldtt and f l u i d s ,  r e s p e c t i v e l y  
i n l e t  temperature of foam a t  su r f ace  
formation temperatures,  see Figure A - 1  
undisturbed geotherinal temperature a s  a func t ion  of 
d c p t h  
o v e r a l l  hea t - t r a i i s f c r  c o e f f i c i e n t  based on area 
A, or  A3; see Eqs. (13-1) and ( B - 3 )  
value of U3 a t  time zero ,  see E q .  (B-2) 
foam v e l o c i t y ,  averaged over pipe c r o s s  section 
mass f r a c t i o n  of l i q u i d  component i n  foam 
dummy i n t e g r a t i o n  v a r i a b l e  
depth below su r face  

( A - 1 4 )  

Re = pdv/v 
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t h e r m a l  d i f f u s i v i t y  o f  e a r t h  
g r a v i t a t i o n a l  p a r a m e t e r ,  B=gL/(gcJCpAT) 
geo the rma l  g r a d i e n t  o f  l i n e a r  p r o f i l e  
i = 1 , 2  geothermal  g r a d i e n t  o v e r  Regions 1 o r  2 of 
b i l i n e a r  p r o f i l e  
a n n u l u s  gap  s p a c i n g ;  see Eq. ( 1 6 )  
f o r m a t i o n  t e m p e r a t u r e  d i f f e r e n c e  between bottom of 
h o l e  and s u r f a c e ;  see Hq. ( A - 7 )  arid F i g u r e  A - l  
d i i n e n s i o n l c s s  d e p t h ,  c = z / L  t 

= L * / L  
d i m e n s i o n l e s s  t e m p e r a t u r e ,  8 = (T-T, )/AT 

e i g e n v a l u e s ;  sce R q .  ( 5 )  

v i  s c o s  i t y  

d c i i s i t y  01' Coiiill aiirl  l i c i t r i d  and gas  coniponents o f  
foam, r e s p c c t i v c l y  
dumiiiy i n t c g r a t  ion v a r i a b l e  
foaiir I i q u i t l  volunie fractioii  
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A QUAS -STEAD! MODEL FOR PREDICTING TEMPERATURE 
OF AQ IEOUS FOAMS CIRCULATING IN GEOTHERMAL WELLBORES 

Aqueous foams have many applications ranging from fire fighting 
t o  petroleum drilling. 
characteristics of these foams, primarily from the stdndpoint of use 
as drilling fluids. 
drilling fluids are: 
0 Their low density means low prcssures at the bottom of a hole. 
o Sand and cuttings fall back very little when circulation stops. 
0 There is low loss of circulation. 

These reported advantages of  foams for drilling in petroleum 
formations are also advantages for drilling in geothermal applications. 
However, it is not known if drilling foams can function in geothermal 
environments with temperatures approaching 2SOoC (482'F). 
gate the stability of aqueous foams at elevated temperatures, an 
estimate of the maximum temperature the foam reaches in a given well- 
bore configuration is important. 
developed a simple analytical model for estimating temperature of 
aqueous foams circulating i n  a geothermal wcllbore. 
describes our quasi-steady hcat-transfer tnodcl for drilling foams 
and presents some results from parnmctcr stuctics. 
ment of the mathematical model is presented in Appendices A and B. 

References 1-13 discuss the hydrodynamic 

Some of the reported ad;antages of foams a s  
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In response to this need, we 

This paper 

nctailed develop- 
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Description of Quasi-Steady Temperature Model 

Figure 1 is a schematic of a simplified wellbore. Drilling foam 
generated at the surface is injected into the drill pipe; the foam 
then flows down the drill pipe and back up the annulus. Heat is 
transferred from the hot formation to the annulus fluid, which i n  
turn loses some of its heat  to the f l u i d  flowing down the drill 
pipe. All heat-transfer rates are assumed proportional to a 

temperature-difference driving potential, with thc proportionality 
constant be ing  tlic ovcrillt 1icnt-tr:insfcr coefFicicnt 11. The 
fluid flowing down the drill p i p e  i s  called the tvcold" fluid; 
that in the annulus is called tlic "hot" fluid. I f  steady one- 
dimensional flow of an incompressible fluid is assumed, the energy 
equation for the "cold" and "hot" l l u i d s  can be written as 

where P i s  the perimetcr of thc appropriatc p i p e  section through 
which heat is being transicrred and Tm(z) is  the temperature of the 
undisturbed geologic formation at n r a d i a l  distance far removed from 
the wellbore. 
son t o  potential energy and enthalpy. 

Contrary to the assuiiiption stated above ,  drilling Eoam i s  
compressible; ~ O W C V C T ,  coniprcssibi.1 i t y  cffccts will have a 
relatively minor impact on the predicted temperature profile. In 
the energy equations given above, compressibility influences the terms 
of  kinetic energy per unit mass (V2/2) and the detcrmination of the 
overall heat-transfer coefficients (U1, Us). 
demonstrated that terms for internal and potential energy are 
somewhat larger than ternis for kinetic energy;  hence, 
compressibility has l i t t l e  impact on the energy content of the 

We will assume that kinetic energy is small in compari- 

It can be 

foam. As shown later, the overall heat-transfer coefficients U1 I 
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and U3 depend on ipdividual convective heat-transfer coefficients 
that in turn depend on p and 7. Fortunately, the convective 
heat-transfer coefficients generally depend on the "mass-velocity" 
p 7 ,  which remains constant under steady flow conditions with 
constant flow area, Since the assuaption will b e  made that U1 and 
Ug are independent of wellbore position, and that pV(=h/A) is also 
independent of  position by means of  thc continuity equation, 
incompressible flow does not seem unreasonable. 
motivating factors for  assuming U1 aiiJ 1J3 are independent of 
position is that this assumption allows us to obtain closed-form 
analytical solutions, which i n  turn gives soiiie insight into the 
parameters governing the temperature profile. 
pressure variation along with temperature variation in the wellbore 
is of interest, then comprcssibility effects become more significant. 

For the case of a linear vcrtical gcothermal profile and enthalpy 
replaced by heat capacity times temperature, the solution to Eqs. 
(1) and (2) can be written a s  

One of the primary 
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T -Tc 
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Additional details on the above solution are furnished in Appendix A 

T -Tc 
O i  1 -[E1 + '7 + N-' (8-111 D1 

Additional details on the above solution are furnished in Appendix A 

where the solution i s  developed for a bilinear geothermal profile, 
From Eqs, ( 3 ) - ( 5 ) ,  the ditttensionless temperature profile depends on 
the following four parameters: 

I 
$ 

8 = + : gravitational 
gcJ p 
T -T 

AT 
0 ci 

: formation to cold-fluid temperature 
diffcrcncc a t  surface 

number of  transfer units 

= -  *lAl 

P h C  
N 
tul 

The specificat ion of these four yaranieters completely determines 
the dimensionlcss temperature profile. Typical results are shown i n  
Figure 2 for several values of (Ntul, Ntu3 ) along with representa- 
tive values for ('~'~-*i~ ) atid f3 .  
normalized by the temperature difference betweell the bottom of the 
hole and the surface o r  thc undisturbed geologic formation, the 
maximum value of e is  unity. Several general conclusions can be 
drawn from the results in Figure 2 .  
(1) The maximum temperature of the fluid always occurs in the 

Because the temperature is 
i 

annulus, where both the magnitude of the maximum temperature and 
the depth at which it occurs are strong functions of Ntul.and 

increases both the maximum N t u 3 .  Increasing N 
temperature and its corresponding d e p t h .  

tu3  
and/or N tu1 

( 2 )  The temperature of thc %ot" fluid can be either above or below 
that of the local undisturbed geologic formation. it is 
physically realistic for the llhot'l f l u i d  temperature t o  exceed 
the undisturbed geothermal temperature because, in the direction 
of  "hot1' fluid flow, the geothermal temperature decreases a t  a 

faster rate than that temperature of  the drilling fluid. 
.. --- 

...  



( 3 )  The return temperature of the *'hot'* fluid increases for 
decreasing values of N (NtuS while keeping Ntug(Ntul) 
constant. The return temperature is not so sensitive to changes 
in (Ntut, Ntu3) as was the maximrini temperature. 
the "hot" fluid return teniperature will thus yield little 
information about the maximum temperature experienced by the 
foam. 

fixcd has a greater effect on 
1 tu3 

the temperature profile of the ttliottt fluid than on that of the 
llcoldtt fluid. 

tu1 

Measurement of 

( 4 )  Changing N while keeping Ntu 

( 5 )  In the liniit as (Ntul, N t u 3 )  approach infinity, the temperature 
profile of the drilling fluid approaches that of the undisturbed 
geothermal profile. 
The results of Figure 2 were constructed by using arbitrary 

and N values of ( N t u l ,  Ntu3)' 
determined by the wellborc and heat-transfer characteristics of the 
drilling fluid with Ntu 
calculating the ovcrall heat-transfcr cocfficicnt are discussed in 
Appendix B ;  calculation of: thc average heat-transfer coefficient for 
drilling foams i s  discussed in the next section. 

are 

Procedures for 

t u 3  tu1 
I n  reality, both N 

also a function O C  time. 
3 



Calculation of Average Heat-Transfer Coefficient for 
Aqueous Forins 

Techniques for calculating the overall heat-transfer coefficient 
for wellbore configurations are discussed in Appendix B. One of the 
necessary parameters is the convective heat-transfer coefficient 
between the flowing foam and the pipe walls. This section presents 
a model for the convective heat-transfer coefficient of  aqueous 
foams flowing in p i p e  and annulus geometries. 

An understanding of some of the characteristics of the convec- 
tive heat-transfer behavior of aqueous-forms is necded before this 
behavior can be modeled. Aqueous foams are mixtures of a gas and 
liquid (surfactant) in which the liquid phase is the continuous 
phase. Bikerman [14j describes f o a m  a s  agglomerations of gas, 
bubbles separated from each other by thin liquid films, as opposed 
to gas emulsions in which the thickncss of the interstitial liquid 
layers is of the sailit: ordcr as the cliamctcr of  the bubble. The 
relative consistency of an ilqricoris Toaiii a a y  be dcscribed by the size 
distribution of thebubblesand the liquid volume fraction + of the 
foam. 

Liquid Volume 
= Liquid Volumc + Gas Volume 

One of the desirable charactcristics of aqueous foams is their 

It has been shown by Beyer [ 3 ]  
high apparent viscosity, which a l l o w s  cuttings to be removed with 
relatively low annulus velocities. 
that for a given velocity, the drag on a 3/16-in-dia sphere with 
foam flow is a maxiinum at a liquid volume fraction of about 0,04, 
decreasing t o  a relative minimum at about 0 . 3 .  This coincides 
qualitatively with the expected variation of  apparent viscosity 
with $ ,  and as a general rule the foam should be circulated within 
these limits for efficient chip removal at nominal flow rates. 



The most comprehensive investigation of  foam circulation in 
wellbores is  probably that of Beycr, Millhone, and Foote [ 3 ] .  They 
assumed that foam could be treated a s  a Bingham plastic [lS). The 
apparent viscosity was obtained from pilot-scale experiments and was 
correlated as a function of liquid volume fraction. Although the 
viscosity probably depends on l i q u i d  volume fraction (9) and other 
parameters, thc results of [ 1 5 ]  rcprcscnt the most complete data ' 

available and are used for  this study. Their results are as  follows. 

1 
= 72009+267 

' = 2533$+733 
1 

[lbf-sec/ft'], 0.02 < 4 - < 0 . 1 0  

17) 
2 [lbf-scc/ft 1 ,  0 . 1  < @ 5 0 . 2 5  

Because all of  their cxperimcnts were a t  rpom temperature, no 
information is known about thc Jepcndence of  P on temperature. 
Using the empirical viscosity corrclation givcii by Eq. ( 7 )  and the 
momentum equation, Ucyer, MiIlhone, and Foote [ 3 ]  compared pressure 
predictions with field test data in two 3000-ft(1000-m) wells. 

influcnces convective heat-transfer r a t e s .  llencc, let u s  calculate 
Pr for aqucous foams. E q .  ( 7 )  is  used €or  thc viscosity P. I f  the 
mass fractioii (y) of the liquid ;rrid gas coiiiponeiits is known, then 
the heat capacity is a simple function of the component heat 
capacities. 

It is well es tab l i shed  t h a t  the Prandtl number (Pr=pC / k )  
P 

Experiments by Drotning, Ortega and 1Iavey [lG] indicate that the 
conductivity of the foam can be approximately related to the 
component conductivities by the so-called Ifparallel ordered" model 

Using Eqs. (7 ) - (9 ) , ,  we estimated t h a t  the foam Prandtl number l a y  in 
the range 1000<Prc5000. From a heat-transfer point of view, a large 
value of Pr indicates that the velocity prafile in pipe flow 

, 



develops much faster thilll the tenipcrature profile. For a laminar 
Newtonian fluid, Kays and Crawford ( 1 7 1  indicate that the local 
friction factor is within 2 %  of its fully dcveloped value when 

I 

Re 
z/ct- development) 

< 20  or, 5 z 20 Re (velocity profile 

The calculations of blillhonc, tlaskin, and Beyer [4] for a petroleum- 
drilling foam application werc used to calculate a representative 
Reynolds Number; Re seems to be l ess  than about 1000 (based on 
drill pipe ID). This implies that a laminar Newtonian fluid becomes 
fully developcd in about 50 tube diameters. Although aqueous foams 
have been reported to havc a definite yield strength, the laminar 
Newtonian model should hc an apyroxiiirate indicator of the distance 
required for full developiiient of  thc foaln flow. 

A similar analysis €or tlic distance required to approach a ful%ly 
developed temperature prof i l c  €or a laiiii11:rr Newtonian fluid i s  
available in Kays and Crawford 1171: 

= > E = -  I'c1' ( t cmpc ril t ure prof i 1 c 
20 dcvclopment) a - 20 

where Pc is the l'cclet nunilxr ( V c i / o r ) .  For il Re o €  1000 and Pr of 
1000, about 50,000 tube diamcters arc needed to achieve a fully 
developed temperature profile. 
development l e n g t h  would be 4107  f t (  1283 a). T h i s  length indicates 
that foam applications niay exist in which the temperature profile 
never becomes fully developcd. Because of  their low thermal diffu- 
sivity (high Pr), aqueous Foams should be classified as relatively 
poor heat-transfer mediums. 

Problems of thermal entry length for large Pr (or Pel fluids are 
often analyzed by assuming that the velocity profile is fully * 

developed while the temperature profile is developing. This assump- 
tion allows much simplification in the analysis. For example, Bird, 
Armstrong, and Hassager 1181 present results for the thermally 
developing Nussult number of an incompressible laminar Newtonian 
fluid with large Pe and a constant wall-temperature boundary 
condition. 

I f  cll=2.5 in.(6.35 cm), the 



Some investigators have reported slip at the wall plus a definite 
yield strength for foams, calling into question the validity of 
using E q .  ( 1 2 )  for foams. The extreme case of slip would be a 
velocity profile that is uniform end equal to the slip velocity, a 
condition known a s  plug flow. The plug-flow solution for the case 
corresponding to E q .  (12) is also given in Bird, Armstrong, and 
Hassager [18]. 

d 1/2 d 1 / 2  
Nu = -(Pe 1 z) = 0.5642(Pe z) 

J;f  

Results of the parabolic arid plug flow velocity profile heat 
transfer are compared in Figrirc 3 .  i'ltrg-flow results are always 
greater than those of laminar Newtonian flow; they represent a 
reasonable upper limit for the bchavior of the heat-transfer coeffi- 
cient. Similar equations ; ire  also prcsentcd in  Bird, Armstrong, and 
Hassager [18] for constant heat-flux boundary conditions; only the 
numerical constant changes for the two different boundary condi- 
tions. A model for how the heat-transfer coefficient varies with ' 
the flow parameters allows calculation of both the temperature 
gradient (dT,/dz) of the pipe wall and the heat flux gradient 
( d q / d z ) .  Estimates indicate that the gradient of the wall 
temperature is generally smaller than that of  the heat flux. Hence, 
constant wall temperature seeins the more appropriate choice over 
constant heat-flux boundary conditions for geothermal wellbores, 

assumed that all convective heat-transfer coefficients are indepen- 
dent of position. However, because of the large value of Pe, the 
convective heat-transfer coefficient certainly is a function of 
depth ,  Therefore, Eqs. (12) and ( 1 3 )  need t o  be averaged over 8n 
appropriate length before t h e  quasi-steady model can be applied. I f  

t 

In the solution of the energy equation given by E q s .  (l)-(Z)@ we 



t h e  averagy length is denoted by L , t h e  average Nusselt No. 
r e l a t i o n s h i p s  become 

e 

m )1'3 Laminar Newtonian Nu = 7 = 1.1652 (Pe - 
Le 

- 

)l" P l u g  Flow - 'fid N U  = = 1 . 1 2 8 4  (Pe - 
LC 

A t  f i r s t  glance,  i t  would appear t h a t  t he  e i f e c t i v e  l eng th  Le should 
be chosen equal  t o  t h e  wel lborc depth L. 
on a nominal spacing of 30 f t  suggests  cons idera t ion  of L, = 30 
f t .  There a r e  many d i f f e r e n t  types of too l  j o i n t s  ( i n t e r n a l  upse t ,  
ex te rna l  upse t ,  i n t e rna l - cx tc r t i a l  u p s e t ,  see Ref [ 191 fo r  d e t a i l s ) ,  
b u t  t h e y  a l l  have i n  coirtmon a reduction of flow a rea .  T h i s  reduc- 
t i o n  gives  r i s e  t o  a favorable  pressure grad ien t  (p re s su re  
decreasing i n  flow d i r e c t i o n )  a n d  a corresponding f low a c c e l e r a -  
t i o n .  When t h e  flow a rea  is  increased back t o  i t s  o r i g i n a l  va lue ,  
t he  f l u i d  is suhjected t o  a11 advcrsc prcssure grad ien t  (p re s su re  
increas ing  i n  flow d i r e c t i o n )  and can lead t o  flow sepa ra t ion  from 
the  downstream cdgc of the  too l  j o i n t s .  I t  i s  well e s t a b l i s h e d  t h a t  
laminar flows o re  much more susckp t ib l e  t o  separa t ion  than a r e  t u r -  
bulent  flows. The  moderately low Ikynolds nuiitber (Re<1000) f o r  
r e p r e s e n t a t i v e  foam flows means t h a t  Separation is very l i k e l y  t o  

occur from the  downstream edgc of the too l  j o i n t ,  'This sepa ra t ion  
should cause cons iderablc  i i i i x ing  and poss ib l e  increases  i n  bo th  
pressure drop and the  l o c a l  r a t e  of heat  t r a n s f e r .  Hea t - t r ans fe r  
r a t e s  i n  developing flows a r e  genera l ly  inverse ly  propor t iona l  t o  
the  th ickness  of the thermal boundary l aye r .  I f  a new boundary 
l aye r  o r i g i n a t e s  a f t e r  each too l  j o i n t ,  then the l o c a l  (and average)  
h e a t - t r a n s f e r  increascs .  Calcu la t ions  a r e  presented fo r  both L,t30 
E t  and Le=L. 

The presence of  t o o l  j o i n t s  

b 

*Note t h a t  3 depends on mass v e l o c i t y  p v  (which is  cons t an t )  i n s t ead  
of P and ind iv idua l ly .  



The hydrodynanlic and heat-transfer behavior in the annulus is 
much mQre complicated than that in the drill pipe because of pipe/ 
casing eccentricity, the presence of cuttings, drilling in an open 
hole, and other factors, For the heat-transfer problem, boundary 
conditions are different for the inner and outer surfaces of the 
a’nnulus. Since the heat transfer problem for the annulus is 
not as tractable as that for the pipe, some additional 
simplifying assumptions are made. 
and d 3  i s  replaced by a two-dimensional channel of height equal t o  

The annulus with diameters d2 

6 = Z ( d 3 - d z )  1 

Bird, Armstrong, and Hassager [ 1 8 ]  present solutions for laminar 
Newtonian and plug flow in this gcomctry for  constant wall- 
temperature boundary conditions 

6 1 / 3  
2 (7 7) Laminar Newtonian 

3 1/ 3 
Nu2 a - - 

g1I3r ( 4 1 3 )  
k - (3) 

The plug-flow result €or the annulus is identical to that for the 
pipe if d is replaced by 6;  the laminar Newtonian result for the 
annulus picks up an additional factor of (3/4)1’3. 
Eqs. (17) and (18) over an effective length Le* we obtain 

Integrating 

‘I3 Laminar 
Newtonian 

6 1.4675(- r) 
C a 

Nu2=---= &2& 
k 
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NUZ - = 
e k 



I t  is also assumed that the average convective heat-transfer 
coefficient on the exterior of the annulus (Tig) equals that on the 
interior of the annulus f i2) . ,  T h i s  assumption should be 
re-evaluated when foam flows are better understood. 

heat transfer coe€ficicnt modcl, we f cc l  that the plug--flow model 
is an upper limit and it is unlikely that the heat-transfer rates 
will be much below those of the laminar Newtonian model. Results 

Although there is room for improvement in the proposed convective 

from parameter studies comparing plug flow and laminar Newtonian 
flow are presented in a subsequent section. 
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Comparison of Quasi-Steady Model With 
Finite-Difference Model of Wooley [ 2 0 - 2 2 ]  

Several simplifying assumptions have been made in the 
development of the quasi-steady model (see Appendix A for details). 
One of the more significant assumptions was the simple way in which' 
heat is transferred by conduction from the formation to the 
wellbore. 
from the formation and from the wellbore; the model of Wooley 
1 2 0 - 2 2 1  uses a finite-differcnce procedure to simultaneously solve 
the energy equations for the formation and wellbore. The Kooley 
( 2 0 - 2 2 1  model gains accuracy and generality at the expense of 
computational complexity. 

To verify the quasi-stcady niotlcl, we so lved the same problem 
with both the quasi-steady modcl and thc GEO'I'EMP* code of Wooley 
[ 2 0 - 2 2 1 .  As Figure 4 shows, the comparison is quite good. 
Circulation time for the comparison is 24 hr. For times earlier 
than 24 hr, the agreement is not  iis good because the GEOTEMP code 
uses the initial temperature profile for both the formation and the 
wellbore. Thc quasi-steady iiiodel has no way of considering the 
initial temperature profile of the wellbore fluid. For times 
greater than 24 h r ,  the agreement improves. For engineering 
purposes, the quasi-stcady model is adequate for many problems, but 
it should not be used fot problems i n  which the i n i t i a l  temperature 
profile of the wellbore i s  important. 

The quasi-steady model dccouyles the transfer of heat 

*The incompressible flow version of  CEOTEMI' was used for all the 
calculations reported hercin. 
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Sample Calcu la t ions  €or Aqueous Foams 

Calcula t ions  have been niadc fo r  a r ep resen ta t ive  geothermal 
wellbore.  The f ixed  parameters used f o r  the c a l c u l a t i o n s  a r e  
presented i n  Table 1. Figure 5 compares var ious lengths  over which 
t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  is  averaged, a l l  for  the  p l u g - f l o w  
heat- t ransfer  model. Curve I is  r ep resen ta t ive  of the expected 
behavior i f  the  t o o l  j o i n t s  do not enhance heat  t r a n s f e r ;  fo r  t h i s  
case, maximum temperature is about 168OE'. 
r e p r e s e n t a t i v e  of t h e  expected behavior i f  the  too l  j o i n t s  enhance 
the  heat t r a n s f e r  on the  s u r f a c e s  of the  inner pipe a s  well  as both 
s i d e s  of t h e  a n n u l u s ;  f o r  this case ,  maximum temperature i s  about 
306'F. Curve I 1  is an interinediate case where h e a t  t r a n s f e r  f o r  
t h e  pipe flow i s  not enlianccd by the tool j o i n t s ,  b u t  t h c  heat  
t r a n s f e r  oC the  annulus  f low i s  c n h a n c c d .  T h e  nioxiriiutn temperature 
of the  foam i s  very s e n s i t i v e  t o  the length over which the  hea t -  
t r a n s f e r  c o e f f i c i e n t  is averaged; thc re turn  temperature is much 
l e s s  s e n s i t i v e .  At1 c a l c u l a t i o n s  shown i n  1:igure 5 a r c  fo r  a 

is  indepcndent of time, N c i r c u l a t i o n  time of 2 4  h r .  Whilc N 
is  a maximum a t  time zero and decreases  w i t h  increas ing  time. 
Decreasing N while kecping a l l  o ther  parameters f ixed reduces the  
maximum foam temperature.  

Curve 111 i s  

tu3 t u 1  

t u 3  

'Tablc 1 :  Paranicters for  F i g s .  5 and 6 

dl = 2 . 4 4 2  i n , ,  d2 = 2.875 in., d 3  = 6 . 2 7 6  in., d4 = 7.000 in-. , 
d5 = 9.625 i n  

ae  = 0 .04  f t 2 / h r ,  k 

0 0 = 26.0 Btu /h r - f t -  I:, k = 0.51 I3tu/hr-ft-  F ,  kc = 1.4 B t u / h r - f t - O F ,  c 
0 

kP 

pg I' g 

cP, 

= 0 , 0 2 0 6  B t u / h r - f t -  P ,  k, = 0.395 B t u / h r - f t - O F ,  
g 

= 2.537 Ibm/ft 3 , pR = 62.4 Ibm/f t3 ,  C 

= 1.0  Btu/lbm-OF, $ = 0 . 1 5 2 ,  y = 0.06 OF/ft ,  ii = 1 . 0 5 5 ~ 1 0  

= 0.24 Btu/lbm-'F, 
4 lbm/hr, - 

R = 637.3, Pel = 7.321~10' , 'ro = T = 75'F. . 
el 'i 

C i r c u l a t i o n  time = 24 h r  
4 



Figure 6 compares the plug flow arid laminar Newtonian flow 
models for two different averaging lcngths. The plug-flow model 
always gives a larger value for the maximum foam temperature than 
does the laminar Newtonian flow model because the average heat- 
transfer coefficient is grcater. Curves A and B are representative 
of the expected behavior if the tool joints do not enhance the 
heat-transfer coefficient. For large values of averaging length, 
both the plug and laminar Newtonian flow hea@transfer models y i e l d  
similar values oE average heat-transfer coefficient, as evidenced by 
the closeness of Curves A and S in Figure 6 .  Curves C and D are 
representative of the expected behavior if the tool joints 
appreciably enhance the loci11 heat-transfcr rate; for this 
condition, the plug atid laminar Ncwtoniari Elow models are much 
different. We believe that the plug-flow model is  reasonably close 
to an upper limit on the avcrage heat-transfer coefficient. 
Unfortunately, the laminar Newtonian flow model does not necessarily 
represent a lower limit on the average heat transfer b u t  the lower 
limit will probably not di€fer greatly from results of the laminar 
Newtonian flow. I 

3 4  

t 

f 



Summary and Conclusions 

A quasi-steady model has been developed for the temperature 
profile of aqueous foams circulating i n  geothermal wellbores. The 
foam is assumed to be incompressible allowing an analytical solution 
of the energy equation after the energy equation has been decoupled 
from the momentum eyuat ion. 'fhc tcriii "quasi-steady" comes from 
assuming that i n  the energy  equittiotl, flow in the wellbore is 
steady, while conduction heat transfer within the formation is time- 
dependent. The rate of conduction heat transfer froin the formation 
into the wellbore was computed from an  analytical solution for the 
response of an infinite region bounded internally by a hole and 
subjected to a convective boundary condition. This approach has 
been used by many other investigators. 

Solutions were presented for linear and bilinear geothermal 
temperature profiles. The appropriate dimensionless parameters 
governing thc solution have been identificd. The most important 
paramcters are tIic Nuinllcr o f  'I'ransfcr Units (Ntui), a term derived 
from the heat cxchangcr litcraturc. A n  iiicrcasc in either N 

while keeping the othcr fixed increases the maximum or N 
temperature of the foani. 'l'hc quasi-steady inorlcl was compared to the 
more sophisticated finite-diffcrcnce coaputcr code CEOTEMP, with 
good agreement obtained for times longcr than 2 4  Iir. 

Aqueous foams have a vcry high Prilndtl (Pr) nuiiibtv (1000 t o  
5000). Large Pr fluids require great distances for full development 
of the temperature profile. Entry lcngtli heat-transfer solutions 
available in the literature were adaptcd Cor use with aqueous foams. 
Both plug-flow and lantiiiar Ncwtoniiin flow ntodcls wcre considered. 
Sample calculations were pcrforiiicd for both plug and laminar flow 
models with various lengths over which the heat-transfer coefficient 
was averaged, It was denionstratcd analytically that tool joints 
have the potential for appreciably enhancing the local convective 
heat-transfer rate. However, the separating flow from the trailing 
edge of the too l  joints i s  complicated enough that experiments 
should be run t o  better quantify thc degree of enhancement on the 
local rate of heat transfer. These experiments are under way a t  

Sand ia National Laboratories. 

tu1 
tu 3 
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APPENDIX A 

Detailed bevelopment of Temperature Profile Model 

The analysis that follows relies on carlier developments of 
Willhite ( 2 3 1 ,  Holnies and Swift [ 2 4 ) ,  Raymond [ 2 5 1 ,  and Cline [ 2 6 ) .  
The primary difference between this developnient and that of Cline 
[ 2 6 )  is the inclusion of gravitational potential energy in the 
energy equation. 
found in some of the earlier works cited above, the details are 
repeated here for  the sake of clarity and completeness. 

pipe of inside diameter d l  i s  surrounded by casing of inside 
diameter d 3  and a cement liner of inside diameter d 4 .  
wellbore is obviously a simplification since i t  shows all diameters 
t o  be independent of depth. 1:or the purpose of analysis, the f l u i d  

Although some portions of this development can b e  

Figure 1 presents a scheniatic of  il simplified wellbore. Drill 

This 

flowing down the drill pipc i s  designated the "cold" fluid while 
that  flowing up the annulus is dcsignatcd the "hot" fluid. The 
llcoldv* and ",iotl* f l u i d s  have the samc teinpcraturc at the bottom of 
the wellbore provided one ignores the cncrgy input into the drill- 
ing fluid by the drill bit. Ileat is transfcrred from the formation 
t o  the hot  i l u i d  according to tlic rollowing rclation: 

q+t) = u 3 (t)l'l'm(Z~-'r,,(Z,t)l (A-1) 

where T,(z) is the undisturbed formation temperature far removed 
from the wellbore and i s  independent of time. 
overall heat transfer coefficient between the undisturbed formation 
and the hot fluids; the procedures f o r  calculating U,(t) are 
discussed in Appendix B. 

1tcold8t fluid by the following rcliltioiisliip: 

U,(t) is the 

Heat is assumed to be transferred from the "hot" fluid to-the 

ql(Z ,t) = ulll'h(Z ,t)-Tc(Z ,t) 1 (A- 2 1  

The overall heat transfer coefEicielit Ul i s  assunied t o  be 
independent of time and d e p t h .  
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An ene rgy  b a l a n c e  on t h e  t t c o l d t t  and t l t iot t t  f l u i d s  p roduces  a p a i r  

of coup led  f i r s t  o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s :  

(A-4)  

Eqs.  (A-3) rind ( A - 4 )  a r e  v a l i d  Cor s t e a d y  one -d in i ens iona l  f low of an 

i n c o m p r e s s i b l e  f l u i d  i n  w h i c h  the k i n e t i c  ene rgy  i s  small i n  
comparison t o  the e n t h a l p y  [ i )  atid p o t e n t i a l  ene rgy  (L  L ) .  
term q u a s i - s t e a d y  w i l l  be used t o  d e s c r i b e  this model because  t h e  
s t e a d y  s t a t e  form of t h e  w e l l b o r e  c n e r g y  e q u a t i o n  i s  used  i n  
c o n j u n c t i o n  w i t h  the t r a n s i e n t  h e a t  t r a n s f e r  froin the f o r m a t i o n  t o  
t h e  t rho t t t  f l u i d .  Although d r i l l i n g  foanis a r e  c e r t a i n l y  
c o m p r e s s i b l e ,  t h e  i n c o m p r e s s i b l e  assumpt ion  a l l o w s  t h e  ene rgy  
e q u a t i o n  t o  be s o l v e d  indcpcndent  o f  thc moinerrtum e q u a t i o n ,  and 
s h o u l d  be v a l i d  f u r  e s t i m a t i n g  thc maxinium foam t e m p e r a t u r e .  The 
boundary c o n d i t i o n s  f o r  Eqs [ A - 3 )  and ( A - 4 )  a I e  

The 
g c  J 

I 'rc = '1  a t  z = o  
C i  

'1.. = 'I' ;I 1 z =  I ,  
C - h 

Replac ing  the e n t h a l p y  h y  h e a t  cilpac 
energy b a l a n c e  e q u a t i o n s  can be conib 
d i m e n s i o n l e s s  e q u a t i o n s :  

where 

t y  tinies t e m p e r a t u r e ,  t h e  two 
n c d  t o  y i e l d  t h e  Eol lowing 

1' -'j- 

AT 
' C  ci , AT = TZ-To , 



w i t h  boundary condi t ions  of the form 

= 0 a t  c = O  

U t i l i z i n g  Laplace transforiiis, the so lu t ion  t o  E q .  ( A - 6 )  can be 
wr i t t en  a s  

where 

X 2 T  - e )8&--r)dT xl' 
N N  tu1  t u 3  5 

+ 

x2 - - --* N t u  2 (1  - 4-1 
tu3 

The e f f e c t s  of grrtv,ty a r c  coiitaiiietl in tho tertii m u l t i p  

(A- 10) 

Led by 8 .  
The physical  s i g n i f i c a n c e  o f  B can b c  riiiderstood by grouping the  
term i n t o  two p a r t s .  
energy change of' a u n i t  iiiass of L'luid in moving Erotn the top t o  
bottom of thc  wcllbore;  the grouping C A'I' represents  t he  enthalpy 
increase  i n  changing a u n i t  mass of  c l r i l l i i i g  f l u i d  from Toto T2 
(=TO+AT), the  undisturbed bottom hole formation temperature. 
Gravi ta t ional-  e f f e c t s  w i l l  c e r t a i n l y  be n e g l i g i b l e  when f3<<1. 

Eq. ( A - 9 )  f o r  a geothermal temperature p r o f i l e  composed of two 
l i n e a r  segments ( b i - l i n e a r ) .  Due t o  the  complexity of the  a lgebra  
of the  Cline [ 2 6 ]  r e s u l t ,  a n  a l t e r n a t e  approach was adopted. For 
the  case of a b i - l i n e a r  gcotlerniol  p r o f i l e  a s  shown i n  Figure A - 1 ,  
t he  s o l u t i o n  w i l l  he divided i n t o  two domains; w i t h i n  each domain 
the goethermal p r o f i l e  is a s  follows: 

Thc grouping g L / ( g c J )  represents  t he  p o t e n t i a l  

P 

Cline [ 2 6 ]  has evaluated a teriii siiiiilar t o  the i n t e g r a l  term i n  



The corresponding dimensionless  gcothcriiial p r o f i l e  i s  

. 
( A - 1 2 )  

E q .  (A-6) can be appl i ed  over each o f  the two ranges,  w i t h  e o , ( C )  
given by E q .  ( A - 1 2 ) .  

by E q .  ( A - 8 )  along with the reyuirenicnt that e ( < * )  and 
de ( 5  * ) / d g  are cont iiiuoris :icross thc intcrl‘nco twtwecn the two 
regions .  Af ter  some lcngtl iy ,  but s t r a i g h t  lorward a lgebra ,  t h e  
s o l u t i o n  for thc temperature p r o f i l e  can b e  wri t ten  a s  

‘L’hc appropriatc  boundary c o n d i t i o n s  are g iven  

where t h e  above cons tants  are  de f ined  a s  follows: 



tsr-v) 



U-A, 
: number of t r a n s f e r  u n i t s  - 3 3  

fiC 
- -  

P 
N 

The g r a v i t a t i o n a l  paramcter fi a l w a y s  appears e i t h e r  a s  (B-U1) or  
( B - B 2 ) .  The e f f e c t s  of g r a v i t y  can be  s a f e l y  ignored when 

Y 1 , 2 1 J  gL << 
AT g,JC AT 

1’ 

, -‘ << 1 ( g r a v i t y  n e g l i g i b l e )  
gcJCpyl,  2 

(A-17) 

Note t h a t  E q .  (A-17) i s  independent of thc wellbore depth L ;  t h i s  
condi t ion can be  s a t i s f i e d  by d r i l l i n g  f l u i d s  w i t h  l a r g e  values  of 
5 and/or Y ~ , ~ .  
v i o l a t e d ,  g r a v i t a t i o n a l  e f f c c t s  Lire n o t  necessa r i ly  s i g n i f i c a n t .  

Transfer  U n i t s .  T h i s  n u i e  collies from the heat exchanger l i t e r a t u r e ;  
d r i l l i n g  f l u i d  c i r c u l a t i n g  through ii wclllmrc i s  s i m i l a r  t o  il 

counter Clow heat cxcliiltigcr w i  tIi 110th F l u i d s  tlcing the  same. 
Phys ica l ly ,  N,, r ep resen t s  tliu b u l k  f l u i d  teniperature r i s e  normal- 
ized by the hcnt t r a n s f e r  d r i v i n g  p o t e n t i a l .  tligh d r i l l i n g  f l u i d  
temperatures w i l l  r e s u l t  frotri l a rge  values of N t u .  

occur when the o v e r a l l  heat t r i n s f e r  r a t e s  (Ul and U,) 

a r e  l a r g e ,  heat t r a n s f e r  a r e a s  (A1  and A s )  a r e  l a rge ,  and the 
capac i ty  rate JX is small. b 

Note t h a t  the  b i - l i n e a r  s o l u t i o n  g i v e n  above reduces t o  the  
l i n e a r  case when c e = l .  For this condi t ion ,  P i n  E q .  (A-14) becomes 
i d e n t i c a l l y  zero.  
necessary fof  the  l i n e a r  case and the  equat ions de f in ing  them become 
simpler than E q .  (A-14). ‘Th i s  r e s u l t  was presented i n  the  t e x t  as 

E q .  (A-17) i s  conserva t ive  because even i f  i t  i s  

The grouping N,, = UA/hC is  given the name Number of 
I’ 

Large values  

O f  N t u  
I 

P 

O n l y  t h e  cons t an t s  ( B 1 , C l r D 1 , E l )  a r e  

Eqsc ( 3 - 5 ) .  

*The notation y means either y1 o r  y z *  \ 1 J  



APPENDIX B 
Determination of Overall  Heat Transfer  C o e f f i c i e n t s  

Following the  procedures ou t l ined  i n  in t roductory  heat t r a n s f e r  
t e x t s  (e .g.  Kreith and Black 1 2 7 1 )  or  the more s p e c i f i c  r e s u l t s  of 
Wi l lh i t e  [ 2 3 )  fo r  wel lbores ,  one can wr i t e  the ove rn l l  heat t r a n s f e r  
c o e f f i c i e n t  U1 as 

nd. L 

where El and h; a r e  t h e  average convective heat t r a n s f e r  
c o e f f i c i e n t s  on t h e  i n s ide  and ou t s ide  su r faces  of t he  d r i l l  p ipe 
r e spec t ive ly  arid k The 
wellbore geometry i s  definccl in Figure 1. For many a p p l i c a t i o n s ,  + 

t h e  thermal r e s i s t a n c e  of tlic p i p  wall can  be  ignored; i t  i s  
included here f o r  the sake of  cornplctencss. 

is assumed t o  be one dimensional r a d i a l  heat t r a n s f e r  i n  an i n f i n i t e  
medium. 
Wi l lh i t e  [ 2 3 ] ,  t he  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  U3 f o r  hea t  
t r a n s f e r  from the  formation t o  the  hot f l u i d  can  be w r i t t e n  as  

i s  the  tliernial conduct iv i ty  of the p i p e .  
P 

The t r a n s i e n t  heat t r a n s f c r  by conduction w i t h i n  the  formation 

Following procodurcs s i m i l a r  t o  those of Jessop ( 2 8 1  and 

t UoA G(Fo,Bi) 
U3A3 3 3  

0 where U! is  the value of U 

can be c a l c u i i l t c d  t'rorn 
a t  tiiiie zero when T5 = T 00 ( 2 ) ;  Of 3 

nd-L 
03-31 

w i t h  k, being t h e  therreal conduct iv i ty  of the  cement. 
and  Biot m o d u l i i  f o r ' t h e  wellbore a r e  given by 

The Fourier 



w i t h  a e  and kc being the  thermal d i f € u s i v i t y  and thermal con- 
d u c t i v i t y  of the formation ( e a r t h )  r e spec t ive ly .  The func t ion  
G(Fo,Bi) can hc conipitcd froni an n n l y t i c a l  so lu t ion  i n  Carslaw and 
Jaeger, [ Z U ]  f o r  the response of  an i n f i n i t c  rcgion bounded i n t e r n -  
a l l y  by a hole of rad ius  r 5  = d /Z and subjected t o  a convect ive 5 
boundary condi t ion  of  the form 

3T = u o [ l  - T ( r 5 , t ) l  -k, 3 h  
5 .I r=r 

The resul t  fo r  G ( B i , F o )  i s  

dx 2 
0 

exp ( -  Fox ) 2 1 2  
G(Fo,Bi) = si(ri) 2x 

where Jo,  J l ,  Yo and Y 
2nd k i n d  r c spec t ivc ly  of orticr 0 a n d  1. 'l'hc gcncral  coniputer 
rou t ine  developed by Anios 1301 f o r  eva lua t ing  Eq .  (B-6) was used f o r  
a l l  of t he  numerical r e s u l t s  of t h i s  s t u d y .  'Table 13-1 presen t s  a 
summary of  some of the  r e s u l t s  from E q .  ( B - 6 ) .  Note t h a t  G ( 0 , B i )  i s  
u n i t y  f o r  a l l  v a l u e s  of  h i ,  atid for  a g i v e n  v a l u e  of B i ,  C(Bi,Fo) is 
a monatonically decreasing func t ion  of Fo. Additional values  of 
i n t e g r a l s  r e l a t e d  t o  G(Fo,Bi) a r e  tabula ted  i n  Wi l lh i t e  [23] and 
Jessop 1 2 8 3 ,  For example, the funct ion E given by Wil lh i t e  (231 is 
r e l a t e d  t o  G(Bi,Fo) by 

a r c  Uessel funct ions of the 1st and 1 

1 = l+ fBi  

If  t h e  i n t e g r a l  t abula ted  by Jcssop [ 2 8 ]  is denoted by I J 9  then 



The d e f i n i t i o n  of G(Bi, Fo) used i n  t h i s  s t u d y  was chosen p r i m a r i l y  
because i t  is  bounded by thc range  0 - C - < 1. 

f o r m a t i o n  assumes t h a t  h e a t  t r a n s f e r  t h rough  the cement and c a s i n g  
is s t e a d y  s t a t e  w h i l e  t h a t  i n  the for i i ia t ion i s  t r a n s i e n t  

i 
The above approach  t o  c a l c u l a t i n g  the h e a t  l o s s  From t h e  

T a b l e  H - 1 :  

Fo\Bi 0.01 
0.0 1 . 0  
0.1 0.99687 
1 . 0  0.99203 

10 .0  0.98374 
100.0 0.97346 

1000.0 0 ,96279 
10000.0 0.95225 

T a b u l a t i o n  of t h e  f u n c t i o n  t i (S i ,Fo )  u s i n g  
the nicttiod of Anios 1301 

G (  B i  , I:o) 
0.1 1 .0  10.0 100.0 
1.0 1 .0  1.0 1.0 
0 .96930  0.75132 0.2OOY8 0.02230 
0.92496 0,53429 0.09226 0.00978 

0.85662 0 36055 0.05109 0.00532 
0.78411 0.26032 0.03348 0.00344 

0.71988 0.20177 0.02450 0.00250 
0.66495 0.16430 0.01922 0.00196 



Distribution: 

-R66-UC-66~ (507) 

, Texas 77035 

0. BOX C-19576 
vine, California 92713 

hn E. Fontenot 
Petroleum Serv 
0. Box 60087 

Houston, Texas 7 

!ices 

7205 

I '  Dr. Melvin Friedman 
Professor of Geology 
Center for Tectonophysics 

and Dept. of Geology 
Texas A&M University 

James \ I .  Langford 
Security Division 
Dresser Industries, Inc. 
P.O. Box 24647 
Dallas, Texas 75224 

Harvey E. Mallory 
P.O. Box 54696 
Tulsa, Oklahoma 74155 

b 

Gene Polk 
NL Baroid 
6400 Uptown Blvd. N.E. 365W 
Albuquerque, New Mexico 87110 

Del E. Pyle 
Union Geothermal Division 
Union Oil Co. of California 
Union Oil Center 
L o s  Angeles, California 90017 

John C. Rowley 
Los Alamos Nat'l Scientific Lab. 
Mail Stop 570 
Los Alamos, New Mexico 87545 

Colleae Station, Texas 77843 William D. Rumbaugh 

Tom Turner 
Phillips petroleum Company 
Geothermal Operations 
655 East 4500 South 
S a l t  Lake City, Utah 84107 

Jim Kingsolver 
Geothermal Operations 
Smith Tool 
P - 0 .  BOX C-19511 

ine, Californi .a 92713 

Research and Development 
O t i s  
P .O.  Box 34380 
Dallas, Texas 75234 

Dwight Smith 
tiall ibur ton 
Drawer 1431 
Duncan, Oklahoma 73533 

Tom Warren 
Amoco Production Company 
Research Center 
P.O.  Box 591 
Tulsa, Oklahoma 74102 



Distribution ( c o n t )  

Sup e r i o  r 0 i 1 
Eastern D i v i s i o n  
P.O. Box 51108 OCS 
Lafayette, L o u i s i a n a  70505 

7537 
9000 
9700 
9740 
9741 
9741 
9743 
9746 
9747 
9750 
9760 
9 7 7 0  
8214 

U.S. Department of Energy ( 4 )  
Geothermal Hydropower 

Techno log ie s  D i v i s i o n  
F o r r e s t a l  Bldg . ,  CE 3 2 4  
Z O O 0  Independence Aven. S. W. 
Washington, D.C. 20585  
A t t n :  J. Uresee 

U. L'lcments 
R. Toms 
D. A l l e n  

W. P. Grace, L)OE/ALO 
Nuclea r  6 Geosc iences  D i v i s i o n  

W. Jferrmann 
D. B. Hayes 
C.  E .  Jfickox 
I). F. McVey ( 2 )  
L. A.  blondy 
I). 1). C l i n e  
A. 11. Kraynik 
P. 13. Rand 
W. 1). Dro tn ing  
L .  J. Erickson (5)  
W. L. Garner  (3) 
W. E. Caldes 

1500 
1510 
1511 
1512 
1512 
1513 
1813 
1813 
1 8 2 4  
3141 
3151 
7530 

a t t n :  N. It. Keltncr (7537) 
B. F. Blackwell (10)  
G. A. Fowler  
E. H .  Beckner  
R. I;. T r a e g c r  
J .  R. Kelsey  (10) 
C. C. Carson  
I f .  C. Jlnrdcc 
B.  Granoff  
P. J ,  irommcrt 
V. L. Dugan 
R. t i .  Lynch 
G. E ,  Brandvold 
M. A. Pound 


