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ABSTRACT 

This report describes the development of the GEOTEMP2 wellbore 
i 

theirma1 simulator. The major technical features include a general 

puapose air and mist drilling simulator and a two-phase steam flow 

simulator that can model either injection or production. 

I 

, 

i 
' A n  improved method for calculating downhole temperatures, 

pr{ssures, fluid densities and velocities during air drilling has been 

developed. Improvements on previous methods include: 

1. A fully transient thermal analysis o f  the wellbore and 

formation is used to determine the flowing temperatures. 

2 .  The effects of flow acceleration are included explicitly in the 

calculation. 
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3. T h e  s l i p  v e l o c i t y  b e t w e e n  the g a s  and the c u t t i n g s  is 

d e t e r m i n e d  b y  the use of a s e p a r a t e  m o m e n t u m  e q u a t i o n  for the 

cuttings. 

4. T h e  p o s s i b i l i t y  o f  c r i t i c a l  f l o w  i n  the w e l l b o r e  is tested for 

and a p p r o p r i a t e  c h a n g e s  i n  the v o l u m e  f l o w  r a t e  a n d  standpipe 

pressure a r e  m a d e  a u t o m a t i c a l l y  . 

5. T h e  s t a n d p i p e  and f l o w i n g  p r e s s u r e s  are predicted. 

6. T h e  a n a l y s i s  is conservative. T h e  e f f e c t  of the c u t t i n g s  on 

the w e l l b o r e  f l o w  w i l l  t e n d  t o  o v e r p r e d i c t  the r e q u i r e d  volume 

f l o w  rates. 

In t h i s  report, the b a s i c  e q u a t i o n s  of fluid f l o w  f o r  a gas w i t h  

c u t t i n g s  a n d  mist a r e  p’resented a l o n g  w i t h  a n u m e r i c a l  m e t h o d  for t h e i r  

solution. S e v e r a l  a p p l i c a t i o n s  of t h i s  c a l c u l a t i o n a l  m e t h o d  are given, 

s h o w i n g  the e f f e c t  o f  f l o w  r a t e  and s t a n d p i p e  p r e s s u r e  in t y p i c a l  air 

and m i s t  d r i l l i n g  situations. 

T h e  p h i l o s o p h y  u s e d  in the d e v e l o p m e n t  o f  the s t e a m  

i u j e c t i o n f p r o d u c t i o n  m o d e l  w a s  not t o  w o r k  f r o m  first p r i n c i p l e s ,  as in 

the g a s  d r i l l i n g  model, but r a t h e r  t o  p r o g r a m  the b e s t  a v a i l a b l e  f l o w  
. 

c o r r e l a t i o n s .  Two-phase f l o w  is s u f f i c i e n t l y  c o m p l i c a t e d  that t h e r e  

are f e w  a n a l y t i c  s o l u t i o n s  t o  e v e n  v e r y  r e s t r i c t e d  f l o w  types. A s  a 

e 

result, c o r r e l a t i o n s  of e x p e r i m e n t a l  d a t a  h a v e  b e e n  the u s u a l  m e t h o d  
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for the a n a l y s i s  of two-phase flow. 

. 
/ 

9 

3 

T h e  s e c t i o n  on two-phase f l o w  d e t a i l s  one of the b e t t e r  sets o f  

f l o w  c o r r e l a t i o n s  w i t h  c l a i m e d  a c c u r a c y  of l e s s  t h a n  10% error. 

E q u a l l y  important t o  the s t e a m  f l o w  m o d e l  a r e  the t h e r m o d y n a m i c  a n d  

transport p r o p e r t y  correlations. T h e s e  c o r r e l a t i o n s  a r e  t h e  s a m e  o n e s  

u s e d  t o  g e n e r a t e  s t e a m  t a b l e s  a n d  a r e  v e r y  accurate. 
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NOMENCLATURE 

A = flow cross-sectional a r e a  

a,b,c = c o e f f i c i e n t s  i n  f l o w  e q u a t i o n  

= c u t t i n g s  drag c o e f f i c i e n t  cD 

d = average c u t t i n g  d i a m e t e r  

D = h y d r a u l i c  d i a m e t e r  of the duct 

f = D'Arcy f r i c t i o n  f a c t o r  

E = f r i c t i o n a l  p r e s s u r e  drop 

B = g r a v i t y  c o n s t a n t  

G = m a s s  f l u x  d e n s i t y  o f  a i r  

G = m a s s  f l u x  d e n s i t y  o f  v a p o r  
B 

= m a s s  f l u x  d e n s i t y  of c u t t i n g s  Gs 

- - m a s s  flux d e n s i t y  of l i q u i d  w a t e r  
GW 

K = t h e r m a l  c o n d u c t i v i t y  

(LIB = the b u b b l e  f l o w / s l u g  f l o w  b o u n d a r y  n u m b e r  

( L I M  = the t r a n s i t i o n  f l o w / m i s t  f l o w  b o u n d a r y  n u m b e r  

( L I S  = the slug f l o w / t r a n s i t i o n  f l o w  b o u n d a r y  n u m b e r  

i = m a s s  f l o w  r a t e  o f  a i r  

i = m a s s  f l o w  r a t e  o f  c u t t i n g s  

NNu 

Npr 

NRe 

S 

= N u s s e l t  n u m b e r  

= P r a n d t l  n u m b e r  

= R e y n o l d s  n u m b e r  
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P = air force on cuttings 

P o , P ,  = coefficients in P equation 

Q = heat flux per unit length 

R = ideal gas constant 

T = absolute temperature 

V = velocity of air 

VI = bubble rise velocity 
4 b - 

VI = the dimensionless gas velocity 
g 

= the no-slip velocity 

VS = velocity of cuttings 

V '  = the superficial gas velocity 
s g  

= the superficial liquid velocity vsw 

V = bubble flow actual liquid velocity 
W 

W = gravitational pressure drop 

= cuttings gravity pressure drop 

= coefficient in W equation 

w S  

W O  S 

Z = coordinate along duct axis 

6 = ratio of particle volume to 

particle cross-sectional area 

Y = slug flow liquid distribution coefficient 

P = air density 
I 

-7- 



PW 

- 
P 

6 

Q 

e 

w 

f z 

w a t e r  v a p o r  d e n s i t y  

liquid w a t e r  d e n s i t y  

c u t t i n g  p a r t i c l e  d e n s i t y  

in-mixture a i r  d e n s i t y  

in-mixture c u t t i n g s  d e n s i t y  

v o l u m e  f r a c t i o n  o f  c u t t i n g s  

v o l u m e  f r a c t i o n  v a p o r  

w a t e r l s t e a m  s u r f a c e  t e n s i o n  

d u c t  i n c l i n a t i o n  f r o m  v e r t i c a l  

two-phase a v e r a g e  f l o w i n g  d e n s i t y  

two-phase f r i c t i o n a l  g r a d i e n t  

S u b s c r i p t  n o m e n c l a t u r e :  

b b u b b l e  

g w a t e r  v a p o r  

s c u t t i n g s  

t p  two-pha se 

w l i q u i d  w a t e r  

1 inlet c o n d i t i o n s  

2 e x i t  c o n d i t i o n s  

e.g. V is t h e  exit c u t t i n g s  velocity, 

V, is the inlet a i r  velocity. 

s a  

? 

I 
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INTRODUCTION 

This report discusses the technical features of the wellbore 

thermal simulator GEOTEMP2. GEOTEMP2 was developed from GEOTEMP under 

Sandia Laboratories contract 4 6 - 5 6 7 0 .  The original GEOTEMP was also 

developed for Sandia under contract 13-0212 and reported in reference 

[ 9 1 .  GEOTEMP represents a fairly basic wellbore thermal simulator. 

The temperatures predicted are fully transient in the wellbore and the 

formation, but the fluids circulating in the wellbore are restricted to 

incompressible liquids. Geothermal applications have needs beyond this 

basic simulation ability. In particular, drilling with compressible 

fluids such as air or nitrogen is common. The production of steam, a 

multi-phase compressible fluid, is the principal goal of geothermal 

development. The flow models discussed here were developed by Enertech 

Engineering and Research C o .  for use in this general purpose wellbore 

thermal simulator called GEOTEMP2. Some features of GEOTEMP, an 

earlier version of GEOTEMP2, have have been described in previous 

papers (references [21 and 131). The major technical features in the 

new version, GEOTEMP2, are summarized in the following: 

1. The flowing stream energy balance is fully transient, that is, 

temperature predictions are accurate for short time intervals. 

The thermal analysis is not 'steady state'. 

2. The thermal properties o'!f the wellbore are fully described, 

including the steel, cement, and fluids in real well 
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completions. The program is sufficiently general to describe 

most wells. 

3 .  The temperature calculations in the wellbore and the 

surrounding formation are directly coupled. 

4 .  The code has been designed with enough flexibility s o  that the 

I 
complete life of a well from drilling to production, shut-ins 

for workovers, injection, etc. can be simulated in one 

computer run. 
I 

~ 5 .  Several different wellbore fluids can be specified, such as 
~ 

I Further, more than one fluid may be in the wellbore at the same 
~ 

, tine, and the displacement of one fluid by another is 

drilling muds, packer fluids, cements, and production fluids. 
I 

I 

I 

automatically determined. The simulation of cement operations 

is one possible application. 

i 6. Two-phase steam production and injection can be simulated with 

I GEOTEMPZ. Flowing stream properties and flow types (e.g. slug 
I 
1 flow) are determined as well as flow temperatures. 

~ 

I 

7 .  Air, nitrogen, and mist drilling can be simulated. This 

analysis is described in this paper. GEOTEMY2 can switch 

between air and mud drilling at any time desired. 

The GEOTEMP2 thermal simulator has been thoroughly tested against 

-11- 



analytic s o l u t i o n s  and f i e l d  data. 

A i r  and Mist D r i l l i n g  

A i r  and mist d r i l l i n g  h a v e  s e v e r a l  a d v a n t a g e s  o v e r  c o n v e n t i o n a l  

d r i l l i n g  f l u i d s  f o r  g e o t h e r m a l  drilling. T h e  p r i n c i p l e  a d v a n t a g e s  are 

h i g h e r  p e n e t r a t i o n  rates, l o n g e r  bit life, and no lost c i r c u l a t i o n  

problems. T h e  u s u a l  d i s a d v a n t a g e s ,  s u c h  as c o n t r o l  o f  f l u i d  influx and 

h i g h  p r e s s u r e  zones, are not n o r m a l l y  a f a c t o r  in g e o t h e r m a l  well 

d r i l l  ing. 

T o  r e a l i z e  t h e s e  a d v a n t a g e s ,  it is i m p o r t a n t  t o  m a i n t a i n  adequate 

circulation. D e t e r m i n i n g  t h e  r e q u i r e d  v o l u m e  f l o w  r a t e  t o  m a i n t a i n  

t'his 'adequate' c i r c u l a t i o n  h a s  a l w a y s  b e e n  difficult. T h e  best 

a v a i l a b l e  t e c h n i q u e  h a s  b e e n  the c h a r t  d e v e l o p e d  b y  R. R. Angel [ l l .  

T h i s  c h a r t  a l l o w s  the e s t i m a t i o n  o f  v o l u m e  c i r c u l a t i o n  r a t e s  for 

v a r i o u s  h o l e  sizes, d r i l l  p i p e  sizes, a n d  p e n e t r a t i o n  rates. 

O n e  d i f f i c u l t y  w i t h  Angel's r e s u l t  is that the e q u a t i o n  giving the 

v o l u m e  f l o w  r a t e  m u s t  b e  s o l v e d  b y  t r i a l  and error. T h i s  d i f f i c u l t y  i s  

a v o i d e d  b y  u s i n g  the c h a r t s  p r e p a r e d  by Angel, p r o v i d e d  the c a s e  o f  

i n t e r e s t is t a b u l a t e d  o r  c a n  be e s t i m a t e d  f r o m  s i m i l a r  cases. A s e c o n d  

d i f f i c u l t y  is that the d r i l l  c u t t i n g s  a r e  a s s u m e d  t o  t r a v e l  at the same 

v e l o c i t y  a s  the air. A n g e l  n o t e s  that t h i s  i s  not a c o n s e r v a t i v e  

a s s u m p t i o n  a n d  the a n a l y s i s  p r e s e n t e d  h e r e  d e m o n s t r a t e s  that the f l o w  

r a t e s  h e  p r e d i c t s  a r e  20 to 30 p e r c e n t  low. T h e  d o w n h o l e  t e m p e r a t u r e s  

u s e d  f o r  Angel's chart a r e  a s s u m e d  t o  be 80 d e g r e e s  F at the s u r f a c e ,  

-12- 



i n c r e a s i n g  1 d e g r e e  F p e r  100 fe e t  o f  depth. T h e r e  is no c o n v e n i e n t  

w a y  t o  c o n v e r t  t o  o t h e r  temperatures. A f i n a l  c o n s i d e r a t i o n  is that 

the A n g e l  c h a r t s  d o  not a p p l y  t o  m i s t  drilling. T h e  a d d i t i o n  of w a t e r  

t o  the a i r  r e q u i r e s  i n c r e a s e s  i n  b o t h  the v o l u m e  f l o w  r a t e  and 

s t a n d p i p e  p r e s s u r e s  t o  m a i n t a i n  the s a m e  p e n e t r a t i o n  rate. 

In t h i s  report, the e q u a t i o n s  o f  c o m p r e s s i b l e  g a s  f l o w  a r e  s o l v e d  

b y  a n  i n t e g r a l  e q u a t i o n  method. T h i s  m e t h o d  is d i s c u s s e d  i n  the 

s e c t i o n  o f  t h i s  r e p o r t  t i t l e d  C o m p r e s s i b l e  Flow. In t h i s  section, the 

f l o w  e q u a t i o n s  a r e  s o l v e d  a n d  c o m p a r e d  t o  k n o w n  a n a l y t i c  solutions. In 

the n e x t  section, G a s  D r i l l i n g ,  t h e  a p p r o p r i a t e  m o d i f i c a t i o n s  n e c e s s a r y  

t o  i n c o r p o r a t e  d r i l l  c u t t i n g s  a n d  m i s t  i n  the a i r  d r i l l i n g  m o d e l  a r e  

discussed. T h e  m o d e l  r e s u l t s  a r e  c o m p a r e d  t o  Angel's a n a l y s i s  a n d  a 

s a m p l e  p r o b l e m  is u s e d  t o  d e m o n s t r a t e  a p p l i c a t i o n s  t o  g e o t h e r m a l  

I 

I 

T h e  last s e c t i o n  o f  t h i s  r e p o r t  d e s c r i b e s  the two-phase f l o w  

m d d e l s  u s e d  t o  s i m u l a t e  t h e  p r o d u c t i o n  and i n j e c t i o n  of s t e a m .  T h i s  

a n a l y s i s  r e q u i r e s  t h r e e  b a s i c  parts. First, a c o m p l e t e  set of 

t h e r m o d y n a m i c  a n d  t r a n s p o r t  p r o p e r t y  c o r r e l a t i o n s  a r e  needed. S t e a m  

and w a t e r  r e p r e s e n t  d i f f i c u l t  m a t e r i a l s  t o  d e s c r i b e  a n a l y t i c a l l y ,  s o  

s i m p l e  p r o p e r t y  c o r r e l a t i o n s ,  a s  u s e d  in t h e  g a s  d r i l l i n g  models, are 

n o t  adequate. T h e  c o r r e l a t i o n s  u s e d  i n  GEOTEMP2 are b a s e d  on the 

e q u a t i o n s  u s e d  to p r o d u c e  S t e a m  T a b l e s  b y  Keenan, Keyes, et.al. 

( r e f e r e n c e  [141). T h e s e  a r e  t h e  best, m o s t  a c c u r a t e  c o r r e l a t i o n s  
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available that c a n  a l s o  b e  c o m p u t e d  efficiently. T h e  correlations used 

i n  G E O T E M P 2  are f u l l y  d e s c r i b e d  i n  A p p e n d i x  D. 

T h e  second b a s i c  part of the steam m o d e l s  is the vertical pressure 

drop correlations. T h e  flowing p r e s s s u r e  o f  a two-phase steam mixture 

d e t e r m i n e s  the t e m p e r a t u r e ,  and t h u s  all of the h e a t  transfer 

properties. T h e  d e t e r m i n a t i o n  o f  the flowing p r e s s u r e  i s  not simple, 

f o r  example, t h e r e  a r e  f o u r  r e c o g n i z e d  t y p e s  of f l o w  f o r  two-phase 

mixtures. T h e  p h i l o s o p h y  t a k e n  f o r  w o r k  in t h i s  s e c t i o n  w a s  to program 

the best a v a i l a b l e  c o r r e l a t i o n  r a t h e r  t h a n  w o r k  f r o m  first principles, 

as i n  the gas d r i l l i n g  section. O n e  o f  the best v e r t i c a l  flow 

two-phase p r e s s u r e  d r o p  c o r r e l a t i o n s  w a s  d e v e l o p e d  by Orkiszewski, 

( r e f e r e n c e  [lo]). T h i s  c o r r e l a t i o n  is d i s c u s s e d  i n  depth in the 

s e c t i o n  Two-Phase F l o w  of Steam. 

T h e  last part o f  the two-phase steam m o d e l  is the heat transfer 

correlation. T h e  Case I m e t h o d  d e v e l o p e d  b y  D u c k l e r  (reference 1131) 

w a s  c h o s e n  b e c a u s e  it w a s  c o n s i s t e n t  w i t h  the s i n g l e  phase f l o w  

c o r r e l a t i o n  u s e d  b y  G E O T E M P 2  , c o n s i s t e n t  w i t h  t h e o r e t i c a l  analysis of 

two-phase flow, and r e l a t i v e l y  s i m p l e  to implement. 
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C O M P R E S S I B L E  FLOW MODEL 

T h e  s u b s o n i c  f l o w  o f  a c o m p r e s s i b l e  f l u i d  c a n  o f t e n  p r o d u c e  

r e s u l t s  t h a t  s e e m  t o  g o  c o u n t e r  t o  c o m m o n  sense. F o r  instance, 

c o n s i d e r  the s t e a d y  f l o w  o f  a i r  i n  a c o n s t a n t  area duct.As w i t h  all 

fluids, t h e r e  is a p r e s s u r e  l o s s  d u e  t o  f r i c t i o n ,  and the p r e s s u r e  

d e c r e a s e s  c o n t i n u o u s l y  f r o m  the e n t r a n c e  o f  the duct t o  the exit. 

U n l i k e  the f l o w  o f  i n c o m p r e s s i b l e  fluids, the f l u i d  v e l o c i t y  i n c r e a s e s  

f r o m  the e n t r a n c e  of the d u c t  t o  the exit. 

I 

T w o  f a c t s  a c c o u n t  f o r  t h i s  a c c e l e r a t i o n .  First, the g a s  p r e s s u r e  

is p r o p o r t i o n a l  t o  the d e n s i t y  (as i n  the i d e a l  gas l a w  P=pRT). A s  

the p r e s s u r e  o f  the g a s  d e c r e a s e s ,  the d e n s i t y  must d e c r e a s e  also. 

Second, s i n c e  the m a s s  f l o w  t h r o u g h  the d u c t  is constant, the p r o d u c t  

of d e n s i t y  and v e l o c i t y  is c o n s t a n t  . T h u s ,  as the d e n s i t y  d e c r e a s e s  

w i t h  the p r e s s u r e ,  the v e l o c i t y  m u s t  i n c r e a s e  t o  m a i n t a i n  the m a s s  

flow. (In s u p e r s o n i c  flow, the d y n a m i c  p r e s s u r e  term r e v e r s e s  t h i s  

e f f e c t )  

T h i s  e x a m p l e  d e m o n s t r a t e s  a t y p i c a l  c o m p r e s s i b l e  f l o w  

c h a r a c t e r i s t i c ,  the i n t e r r e l a t i o n s h i p  o f  p r e s s u r e  and m a s s  flow. In 

air drilling, h i g h  v e l o c i t i e s  a r e  n e e d e d  at b o t t o m  h o l e  t o  r e m o v e  the 

cuttings. H i g h  v e l o c i t i e s  r e s u l t  i n  f r i c t i o n  p r e s s u r e  d r o p s  in the 

drill p i p e  and annulus, s o  h i g h e r  s t a n d p i p e  p r e s s u r e s  m a y  b e  n e e d e d  to 
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keep the air flowing. It would be very useful to be able to evaluate 

these effects to better plan an air drilling operation. 

The flow of a compressible fluid is described by the three 

conservation laws of fluid mechanics: the balance of mass, momentum, 

and energy. For simplicity, this discussion will only consider the 

balance of mass and momentum, similar to Angel's analysis for steady 

flow. For a complete discussion of the balance laws, reference 1 4 1  

provides the general equations and many useful special applications. 

Figure 1 illustrates the flow of a compressible fluid in a 

constant area duct. The duct has cross-sectional area A and length 

A Z .  The fluid entering this section of duct has flow properties 

denoted by the subscript 1, while the exit properties have the 

subscript 2 .  The gravity force is directed against the flow and the 

dslct is inclined to the gravity force by the angle 8. 

The balance of mass for steady flow has the form: 

p V A  = i = constant (1) 

which says that the mass flow rate rh is constant. The symbol G is 

ased to denote a convenient quantity called the mass flux density: 

G = p V ,  ( 2 )  

an3 G is constant for constant area ducts by equation (1). 

-16- 



The balance of momentum can be expressed in the following form: 

P,-P, + G[V,-V,I + F + W = 0 

where 

and 

z 2  

= 1  

W = [pg cos0 d Z  

( 3 )  

(5) 

The term F in equation ( 3 )  is the pressure drop due to frictional 

losses and term W is the pressure drop due to gravity loads. D is the 

hydraulic diameter, which is equal to the inside diameter for tubing 

and equal to the difference between the outside and inside diameters 

for the annulus. The term f is the D'Arcy friction factor. This 

factor can be evaluated from friction factor charts called Moody 

diagrams (see reference 4 ,  pages 256-257) or by use of analytic 

expressions (see Appendix A ) .  

An additional relationship needed to solve equation ( 3 )  is an 

equation of state for the gas. For air drilling applications, air is 

very nearly an ideal gas, s o  

P = pRT ( 6 )  
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is the neeeded equation. Equation (2) can be used to eliminate density 

from equations ( 3 )  and ( 5 ) .  The temperature of the flowing fluid is 

assumed to be known in this discussion. Angel assumed that the 

temperature of the fluid was equal to the undisturbed geothermal 

temperature. In general, the energy equation needs to b e  solved 

sin~ultaneously with the mass and momentum equations to obtain the 

temperature. If the temperature i s  known, equation ( 3 )  is now reduced 

t o  a non-linear integral equation for the velocity. When the velocity 

has been determined, the remaining flow variables can be determined 

through equations (2) and (6). 

The method of weighted residuals is used to solve equation ( 3 )  for 

the exit velocity. A weighting function equal to the constant 1 was 

used. To apply the method, the total duct length i s  subdivided into 

cells. Across each cell, the velocity is assumed to vary linearly: 

V(Z)= v,+(v,-v,)(z-z,)/(z,-z,) ( 7  1 

Equations ( 4 )  and ( 5 )  can now be evaluated in terms of the inlet flow 

properties and the unknown exit velocity V,. Equation ( 5 )  integrates 

to the logarithm of the ratio of V, to V,, however, this can be 

approximated by: 

W = p,cos0[ 2 - A _ v z ] A Z  2v, 
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w i t h  an error o f  the o r d e r  of (V,-V,)/V, cubed. 

T h e  r e s u l t i n g  e q u a t i o n  f o r  V, is the f o l l o w i n g  quadratic: 

where: 

b = -P,-GV,+ A[3plgcos0 2 + l-GfV,]AZ 2D 

c = GRT, 

E q u a t i o n  ( 9 )  c a n  be s o l v e d  e a s i l y  f o r  the exit v e l o c i t y  V,: 

( 1 1 )  

(12) 

E q u a t i o n  ( 1 3 )  d o e s  not h a v e  a r e a l  s o l u t i o n  f o r  n e g a t i v e  v a l u e s  o f  the 

d e t e r m i n a n t  b2-4ac. T h e  p h y s i c a l  sense o f  a n e g a t i v e  d e t e r m i n a n t  

is that the f l o w  h a s  'choked', t h a t  is, t h e r e  is not e n o u g h  p r e s s u r e  t o  

support the a s s u m e d  m a s s  f l o w  rate. E i t h e r  the inlet p r e s s u r e  n e e d s  t o  

be i n c r e a s e d  or the f l o w  r a t e  d e c r e a s e d  u n t i l  the d e t e r m i n a n t  is 

positive. 

T h i s  n u m e r i c a l  m o d e l  w a s  t e s t e d  a g a i n s t  a n a l y t i c  s o l u t i o n s  of tLe 

c o m p r e s s i b l e  f l o w  equations. T h e r e  a r e  t h r e e  w a y s  o f  o b t a i n i n g  c l o s e d  

f o r m  s o l u t i o n s  o f  the c o m p r e s s i b l e  f l o w  equations. T h e  first m e t h o d  is 

to n e g l e c t  h e a t  t r a n s f e r  i n  the e n e r g y  equation, w h i c h  c a n  t h e n  be 

d i r e c t l y  integrated. T h e  m o m e n t u m  e q u a t i o n  c a n  t h e n  be r e d u c e d  to s n  
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e q u a t i o n  i n  a s i n g l e  v a r i a b l e  a n d  solved. T h e  s e c o n d  m e t h o d  is t o  

n e g l e c t  the f r i c t i o n a l  p r e s s u r e  d r o p  t e r m  i n  the m o m e n t u m  equation. 

T h e  e n e r g y  e q u a t i o n  c a n  n o w  be r e d u c e d  t o  a s i n g l e  v a r i a b l e  and solved. 

T h e  t h i r d  m e t h o d  is t o  d e f i n e  the t e m p e r a t u r e  t o  b e  c o n s t a n t  and solve 

the m o m e n t u m  equation. ( A f o u r t h  m e t h o d  w o u l d  b e  t o  d e f i n e  the 

d e n s i t y  t o  b e  constant, b u t  the p h y s i c a l  s i g n i f i g a n c e  of t h i s  s o l u t i o n  

w o u l d  b e  e v e n  l e s s  t h a n  t h e  o t h e r  three.) I t  is c l e a r  that these 

m e t h o d s  d o  n o t  p r o v i d e  a w a y  t o  include a l l  d i s s i p a t i v e  effects i n  one 

c l o s e d  f o r m  solution. 

T h e  m o d e l  c o m p a r i s o n s  a l l  h a v e  the f o l l o w i n g  b a s i c  d a t a  in common: 

Inlet pressure: 700 KPa 

I n l e t  t e m p e r a t u r e :  26.85 C 

I n l e t  velocity: 1 5  M/S 

D u c t  length: 5000 M 

T h e s e  c o n d i t i o n s  w e r e  c h o s e n  t o  be c h a r a c t e r i s t i c  of a i r  d r i l l i n g  

operations. T w o  n u m e r i c a l  s o l u t i o n s  w e r e  p r e p a r e d  f o r  e a c h  test case: 

t w o  2 5 0 0  M e l e m e n t s  f o r  one c a s e  and f i v e  1000 M e l e m e n t s  f o r  a s e c o n d  

c o m p a r i s o n  case. T h e  f i r s t  c a s e  d e m o n s t r a t e s  t h e  p e r f o r m a n c e  o f  t h e  

n u m e r i c a l  m o d e l  f o r  a r e l a t i v e l y  c o a r s e  subdivision. T h e  s e c o n d  c a s e  

is i n t e n d e d  t o  s h o w  c o n v e r g e n c e  t o  t h e  a n a l y t i c  s o l u t i o n  w i t h  i n c r e a s e d  

n u m b e r  o f  subdivisions. 

F i g u r e s  2,3, and 4 c o m p a r e  the v e l o c i t y ,  pressure, and t e m p e r a t u r e  

p r e d i c t i o n s  o f  the n u m e r i c a l  m o d e l  t o  the a d i a b a t i c  f l o w  w i t h  f r i c t i o n  
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solution. The numerical model underpredicts the velocity changes by 

about 1% for the coarse subdivision and improves to 112% for the finer 

subdivision. This response is typical of this type of numerical 

solution and is usually attributed to the reduced number of degrees of 
f 

I freedom compared to the full continuum solution. As a direct result of 
1 

5 underpredicting the velocity changes, the pressure drop in the duct is 
! 

also underpredicted. Figure 3 shows the duct pressures predicted by 

the'numerical model to be about 1% high for the coarse subdivision, 

converging to the analytical solution for finer subdivisions. Figsxe 4 

shows the temperature changes to be underpredicted, consistent with the 

results for the velocities and pressures. As in the other cases, the 

errior for even the coarsest subdivision is very low. 

I Figures 5,6,and 7 compare the velocity, pressure, and temperature 

preldictions of the numerical model to the analytic solution far 

frictionless flow with heat transfer. It should not be surprising that 

the numerical model matches the analytic solution almost perfectly, 

since the frictional pressure drop term has been deleted. The very 

slight error in the pressure predictions is due to numerical round o f f .  

The mathematical expression of the analytic solution is equivalent to 

the numerical solution in this case, but the closed form solution h a d  

to be solved numerically, resulting in small round off errors. 

Figures 8 and 9 compare the velocity and pressure predictions of 

the numerical model to the analytical solution for isothermal flow with 

friction. The results are comparable with the adiabatic flow s o l u t i o n  

because the energy equation in that case has been replaced by defining 

-21- 



the t e m p e r a t u r e  t o  b e  constant. T h e  m o m e n t u m  e q u a t i o n  r e m a i n s  

unchanged. T h e  m o d e l  p r e d i c t i o n s  f o r  the v e l o c i t i e s  and p r e s s u r e s  are 

of the same a c c u r a c y  a s  the a d i a b a t i c  m o d e l  results. Generally, the 

m o d e l  r e s u l t s  w e r e  v e r y  accurate, e v e n  f o r  r e l a t i v e l y  c o a r s e  

subdivisions. T h e  m o d e l  u n d e r p r e d i c t e d  v e l o c i t y  c h a n g e s  but c o n v e r g e d  

t o  the a n a l y t i c  s o l u t i o n  f o r  f i n e r  s u b d i v i s i o n s  o f  the d u c t  length. 
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F i g u r e  1. Constant A r e a  F l o w  Cell 
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F i g u r e  3. F l o w  Pressure: A d i a b a t i c  F l o w  w i t h  F r i c t i o n  
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F i g u r e  7. Flow T e m p e r a t u r e :  F r i c t i o n l e s s  Flow with H e a t  T r a n s f e r  
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F i g u r e  8. F l o w  Velocities: I s o t h e r m a l  F l o w  w i t h  F r i c t i o n  
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G A S  D R I L L I N G  

The simulation of the flow of a compressible gas is only part of 

the analysis necessary to model air and mist drilling. The air o r  mist 

drilling problem is really a multi-phase flow situation, where the drill .~ 

cuttings represent one phase, the air represents a second phase, and 

water droplets (mist), a third phase. 

The addition of the effect of cuttings and mist to the equations 

already developed requires two changes. First, the effect of the 

cuttings and mist on momentum equation ( 3 )  must be accounted for, and 

second, the forces exerted on the cuttings and mist must be determined. 

The principles of multi-phase flow can be applied to both of these 

effects. 

Two basic ideas are sufficient to develop the modified momentum 

equation. First, the mass flow rate of the cuttings is easy to 

determine, it's just the product of the penetration rate, the hole 

area, and the density of the rock. Assuming that the cuttings velocity 

is known, then a 'density' for the cuttings mass flow rate can be 

determined : 

3 

- 
p V A = l b  = G A  s s  S S 

(14) 

This density represents the total mass of cuttings in a volume of the 

duct divided by the volume of the duct. The ratio of this density to 
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the actual density o f  the rock is the volume fraction of the cuttings, 

- 
4 = P s l P s  ( 1 5 )  

The density defined above is called the in-mixture density 
S 

o f  the cuttings. The remainder of the volume is assumed to be filled 

bylthe air, with an in-mixture density defined: 
I 
~ 

With these definitions, the cuttings transport equivalents t o  equations 
~ 

( 3 ) , ( 4 ) ,  and ( 5 )  can be written: 

I AP + G A V  + G s A V s  + F + W = 0 
S (17) 

(18) 

A more detailed discussion o f  the ideas used in the development of 

these equations can be found in references [ 5 1 ,  1 6 1 ,  and [ 7 1 .  

The final missing piece is the relationship between the velocity 

of the air and the velocity of the cuttings. There is a large 

literature on the data necessary to determine this relationship. F o r  

example, in the petroleum engineering literature, there is the work of 
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G r a y  181. T h e r e  is a l s o  a l a r g e  l i t e r a t u r e  on t e r m i n a l  settling 

v e l o c i t i e s  f o r  s o l i d  p a r t i c l e s  (see r e f e r e n c e  [SI, c h a p t e r  1, s e c t i o n  

3 ) .  T h e  b a s i c  e q u a t i o n  n e e d e d  is g i v e n  b y  G r a y  in e q u a t i o n  (15) of t h e  

a p p e n d i x  t o  r e f e r e n c e  [81. R e w r i t t e n  i n  t e r m s  o f  f l o w  v a r i a b l e s  

p r e v i o u s l y  defined, t h i s  e q u a t i o n  becomes: 

GsAVs + W s  - P = O  

w h e r e  

= Jza(p - ps)bgcosa d Z  
w S  

21 

P = cD tJzap(v - v s ) t d Z  
21 

( 2 0 )  

(21) 

( 2 2 )  

T h e  t e r m  W s  is t h e  b u o y a n t  w e i g h t  o f  t h e  cuttings. T h e  t e r m  P is 

the a e r o d y n a m i c  f o r c e  e x e r t e d  on the c u t t i n g s  b y  t h e  air, w i t h  

CD t h e  drag c o e f f i c i e n t  a n d  S the r a t i o  o f  t h e  a v e r a g e  p a r t i c l e  

v o l u m e  t o  its cross-sectional area. V a l u e s  o f  C c a n  b e  f o u n d  

f o r  v a r i o u s  t y p e s  o f  r o c k  i n  r e f e r e n c e s  [51 a n d  [81. T h e  f u n c t i o n  

D 

u s e d  t o  e v a l u a t e  CD i n  GEOTEMP2 is g i v e n  i n  a p p e n d i x  A a n d  is 

v a l i d  f r o m  R e y n o l d s  n u m b e r s  c h a r a c t e r i s t i c  o f  S t o k e s  f l o w  t o  f u l l y  

t u r b u l e n t  flow. T h e  t e r m  6 w a s  e v a l u a t e d  f o r  a n  a v e r a g e  c u t t i n g  

d i a m e t e r  o f  3 1 8  o f  a n  inch. T h i s  s i z e  is c o n s i d e r e d  t o  be t y p i c a l  o f  

c u t t i n g s  at the bit. H i g h e r  u p  the hole, t h e s e  c u t t i n g s  get b r o k e n  

i n t o  s m a l l e r  pieces. B e c a u s e  there is no w a y  o f  p r e d i c t i n g  t h e  c h a n g e  

i n  a v e r a g e  p a r t i c l e  size a s  t h e  c u t t i n g s  m o v e  u p  the annulus, t h e  

a v e r a g e  d i a m e t e r  is h e l d  f i x e d  at 3 1 8  of a n  inch. T h i s  a s s u m p t i o n  
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c a u s e s  t h e  m o d e l  t o  o v e r p r e d i c t  t h e  r e l a t i v e  v e l o c i t y  b e t w e e n  t h e  a i r  

and the c u t t i n g s  t h r o u g h  e q u a t i o n  (22). T h i s  a s s u m p t i o n  is 

c o n s e r v a t i v e  b e c a u s e  h i g h e r  a i r  v e l o c i t i e s  a r e  n o w  n e e d e d  t o  lift t h e  

c u t t i n g s .  T h e  a s s u m p t i o n  u s e d  b y  A n g e l  i s  t h a t  t h e  p a r t i c l e  v e l o c i t y  

a n d  t h e  a i r  v e l o c i t y  a r e  e q u a l  a n d  h e  n o t e s  t h a t  t h i s  i s  n o t  

c o n s e r v a t i v e .  

t i T h e  s a m e  t e c h n i q u e  i s  u s e d  t o  s o l v e  e q u a t i o n s  (17) t h r o u g h  (22) 

t h a t  w a s  u s e d  t o  s o l v e  e q u a t i o n s  ( 3 )  t h r o u g h  (5). W h e n  a n  e q u a t i o n  

s i m i l a r  t o  e q u a t i o n  ( 7 )  is d e f i n e d  f o r  t h e  solids, e q u a t i o n s  (21) a n d  

(22) c a n  b e  i n t e g r a t e d ,  giving: 

I 1 
I W = W, - -(W,AVl/Vs -p,gcosa AZAV/V,) 

2 1 S 

w h e r e  

1 w, = ( P S 1  - p,)&gcosa A Z  

a n d  

P = Po + Pl(AVs-AV) 

w h e r e  

P o  = CDGGs(Vs-Vs)aAZ/(26 V s V 1 )  
1 1 

- 3 5 -  

(23) 

(24) 

( 2 5 )  

(26) 



Equations (23) and (24) are now substituted into equation (20), s o  that 

V can b e  solved for in terms of V. V s  is then eliminated from 
S 

equation (171, resulting in an equation similar to ( 9 ) .  

The addition of mist to the flowing equations is much simpler than 

adding the cuttings. The water droplets in a mist are very small, and 

as a result, the relative velocity between the air and the mist 

droplets is small. The usual assumption used in two-phase flow 

analysis is that the air and mist move at the same velocity, and 

simulations using equation (22) verify this. Equations (17) through 

(19) are suitable to model mist flow with the following changes: the 

mass flow and density of the mist replace those for the cuttings and 

the velocities of the mist and the air are set equal. 

The flow equations developed here were incorporated into the 

GEOTEMP2 wellbore thermal simulator to give a simultaneous solution of 

the mass, momentum, and energy equations. The technique for solving 

the energy equation is described in references [21 and [91. The 

momentum equations (17) and (20) are solved simultaneously with the 

energy equation described in reference 191, plus the addition of the 

kinetic and potential energy terms neglected in the original GEOTEMP 

formulation. As a test of the code, the following case presented in 

Angel's paper was calculated for a direct comparison: 

5 inch drillpipe 

8-314 inch hole 
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I 1 90 ftlhr drilling rate 

3000 ftlmin equivalent gas velocity. ~ 

The results o f  the comparison are presented in Figure 10. The cuttings 

model predicts higher volume flow rates than Angel's model, which was 

expected because o f  the conservative nature of the cuttings model. The 
i 

cuttings model also shows, however, that the flow rates specified by 

Angel are adequate to clean the hole, even though they do not satisfy 

the 3000 ftlmin requirement. Figure 11 shows the temperatures 

predicted by the cuttings model. The temperatures are reasonably near 

the undisturbed geothermal temperature, which justifies the temperature 
1 

assumptions used by Angel. 

~ To illustrate the operation of the air drilling model in GEOTEMP2, 
l 

a sample problem similar to the previous test case is examined in 

detail in the following discussion. The air drilling simulation is 

defined by these parameters: 

1 5 inch drill pipe 

8 - 3 1 4  inch hole 

3 3 / 4  inch bit nozzles 

6 0 0 '  8 inch drill collars 

9 0  ft/hr drilling rate 

mist drilling-2 bbllhr water added 

I 

The bottom hole assembly is illustrated in Figure 12. Two cases are 
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c o n s i d e r e d  here. T h e  f i r s t  c a s e  is a i r  d r i l l i n g  t o  9000 ft. T h e  

s e c o n d  c a s e  d u p l i c a t e s  t h e  f i r s t  c a s e  u p  t o  the d e p t h  o f  5 4 0 0  ft. At 

t h i s  point, m i s t  d r i l l i n g  is s t a r t e d  a n d  c o n t i n u e d  t o  9000 ft. T h i s  

c a s e  w a s  r u n  t o  get a d i r e c t  c o m p a r i s o n  b e t w e e n  a i r  a n d  mist d r i l l i n g  

requirements. 

T h e  v o l u m e  f l o w  r a t e  r e q u i r e m e n t s  a r e  s h o w n  i n  F i g u r e  13. T h e  

v o l u m e s  u s e d  f o r  t h e  a i r  d r i l l i n g  c a s e  a r e  b a s e d  on t h e  A n g e l  charts, 

and w e r e  a d e q u a t e  t o  c l e a n  t h e  hole. However, i n  t h e  mist drilling 

case, s i g n i f i c a n t  i n c r e a s e s  i n  t h e  v o l u m e  f l o w  r a t e  w e r e  n e e d e d  w h e n  

w a t e r  w a s  a d d e d  t o  the air. F i g u r e  14 s h o w s  t h e  s t a n d p i p e  p r e s s u r e s  

n e e d e d  t o  m a i n t a i n  t h e  f l o w  rates. A l a r g e  i n c r e a s e  i n  p r e s s u r e  w a s  

n e e d e d  w h e n  m i s t  w a s  u s e d  a s  a d r i l l i n g  fluid. F i g u r e  1 5  s h o w s  t h e  

p r e d i c t e d  b o t t o m  h o l e  v e l o c i t i e s  f o r  t h e s e  cases. T h e  p r e d i c t e d  

c u t t i n g s  v e l o c i t i e s  a r e  m u c h  l o w e r  t h a n  the a i r  velocities. 

I n t e r e s t i n g l y ,  t h e  c u t t i n g s  v e l o c i t i e s  i n c r e a s e  f o r  m i s t  drilling. 

B e c a u s e  o f  t h e  h i g h e r  p r e s s u r e s  n e e d e d  f o r  m i s t  drilling, the b o t t o m  

h o l e  a i r  d e n s i t y  is higher. A s  a result, t h e  b u o y a n t  w e i g h t  of the 

c u t t i n g s  is lower, r e s u l t i n g  i n  a s l i g h t l y  h i g h e r  velocity. 
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F i g u r e  10. Vo l u m e  F l o w  Rates: C o m p a r i s o n  of Angel with C u t t i n g s  Model 
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F i g u r e  11. D o w n h o l e  T e m p e r a t u r e s  P r e d i c t e d  b y  C u t t i n g s  M o d e l  
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F i g u r e  12. B o t t o m  H o l e  A s s e m b l y :  S a m p l e  P r o b l e m  

i U 

6" D R I L L  C O L L A R S  / 
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F i g u r e  13. V o l u m e  F l o w  Rates: A i r  a n d  M i s t  D r i l l i n g  
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F i g u r e  1 4 .  S t a n d p i p e  Pressures: A i r  a n d  Mist D r i l l i n g  
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F i g u r e  15. B o t t o m  Hole  Velocities: Air a n d  Mist D r i l l i n g  
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TWO-PHASE FLOW OF STEAM 

The full general analysis of the flow of two-phase mixtures does 

not at present exist. One o f  the difficulties in achieving such a 

general analysis i s  the very different types of flow situations that 

mulst be accounted for. For instance, the difference in geometry and 

vellocity of the two phases strongly influence the pressure drop in the 

tubing. The geometry and velocity of the phases can be very different 

foir the four different flow types or 'regimes'. 

I 
I 

I 

~ 

~ Vertical two-phase flow is catagorized by these regimes of flow 

ge~ometry and velocity. There are four generally accepted catagories of 

two-phase flow: bubble, slug, transition (frothy), and annular-mist. 

Fi,gure 1 6 A  illustrates a typical bubble flow situation. The pipe is 

almost completely filled with liquid and the gas phase is small. The 

gas is distributed as small, randomly sized bubbles which rise at 

vellocities dependent on their size. The gas phase has little effect on 

the frictional pressure drop caused by the liquid velocity. Figure 16B 

il'lustrates slug flow. In this regime, the gas phase takes on more 

importance. The gas bubbles coalesce and form stable bubbles that span 

the diameter of the pipe. Slugs of liquid precede and follow these 

la'rge gas bubbles. The bubble velocity is greater than the liquid 

velocity. Both the $ a s  and liquid phases have significant effects on 

th'e pressure gradient. Figure 16C illustrates 'transition' flow. The 

I 

I 

I 

I 

t '  
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change from continuous liquid phase to continuous gas phase occurs in 

this regime. Although the liquid effects are important, the gas phase 

dominates the behavior. Figure 16D illustates annular-mist flow. The 

gas phase is completely dominant and the liquid phase is carried as 

droplets. 

Bubble flow and annular-mist flow are conceptually fairly simple 

and can be modeled by methods similar to those used in the g a s  drilling 

section of this report. Slug flow is more difficult and transition 

flow is intractable. The usual method for dealing with slug and 

transition flow is the use of experiments to develop empirical 

correlations. Further, experiments are also used to verify the bubble 

flow and mist flow calculations. 

The philosophy in developing a steam injection/steam production 

model for GEOTEMP2 has been not to work from first principles but 

rather to find the best available set of correlations and program them 

a s  part of the code. One set of two-phase flow correlations in common 

use in the petroleum industry was developed by Orkiszewski [reference 

101. Orkiszewski tested most of the published two-phase correlations 

against field data from 148 wells. He was able to select correlations 

that matched data within 10% for all the flow regimes previously 

discussed. Espanol, Holmes, and Brown confirmed Orkiszewski's results 

with independent data [reference 111. 

The Orkiszewski correlations are applied in GEOTEMP2 in the 
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following way. F o r  t h e  inlet c o n d i t i o n s  to a f l o w  element ( F i g u r e  11, 

the f l o w  r e g i m e  is identified. T h e  appropriate c o r r e l a t i o n s  are t h e n  

used to d e t e r m i n e  the f r i c t i o n a l  and gravitational p r e s s u r e  d r o p  across 

the element. T h e  exit p r e s s u r e  is determined, and t h e n  the saturated 

t e m p e r a t u r e  is d e t e r m i n e d  from t h e r m o d y n a m i c  c o r r e l a t i o n s  ( A p p e n d i x  

C). T h e  e n e r g y  e q u a t i o n  is t h e n  s o l v e d  t o  d e t e r m i n e  the p h a s e  change 

i n  the f l o w  element. F o r  s i n g l e  c o m p o n e n t  calculations, p r e s s u r e  and 

t e m p e r a t u r e  a r e  independent variables, and the m o m e n t u m  and e n e r g y  

equlations are solved simultaneously, as i n  t h e  p r e v i o u s  section. 

T h e  f l o w  r e g i m e  limits a r e  d e f i n e d  b y  four d i m e n s i o n l e s s  numbers: i 
~ 

~ ( L I B  = the b u b b l e  f l o w / s l u g  f l o w  b o u n d a r y  

' 
( L I S  = the slug f l o w / t r a n s i t i o n  f l o w  boundary 

I ( L I M  = the t r a n s i t i o n  f l o w / m i s t  f l o w  b o u n d a r y  

N 

V = the d i m e n s i o n l e s s  g a s  v e l o c i t y  
8 

w h e r e  

= 1.071 (0.2218 2 Vns/D) 

( L I S  = 50 + 3 6 T g V s w / V s g  

(L)M = 75 + 84(vgVSa/VSg) 0.75 

N .25 v = v ( p w / g d  

v s g  = G g / P g  

8 s g  

( L I B L  0.13 (28) 
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- 
vsw - Gw'pw 

v = vsg + vsw ns 

( 3 3 )  

(34) 

The notation has been slightly modified from Orkiszewski's original 

paper to avoid confusion with the previously established notation and 

to be consistent with the quantities normally used in the pressure drop 

calculations. For instance, Orkizewski expresses many of his equations 
b 

in terms of volumetric flow rates. By dividing the volumetric flow 3 

rates by the cross-sectional area A ,  the quantites V Vswn and Vns Sg' 
the superficial gas velocity, superficial liquid velocity, and 

'no-slip' velocity, are obtained. Another change has been to 

substitute the subscript w (water) for 1 (liquid) to avoid confusion 

with the subscript number 1. Note that the densities used in equations 

(31)-(33) are not the in-mixture densities defined in the gas drilling 

section, but are the pure component densities. The designation 

'superficial' indicates that the velocities defined in equations (32) 

and (33) are not the actual velocities of the vapor and liquid phases. 

The no-slip velocity, as it's name indicates, is the velocity that the 

mixture would move with if there was no relative movement between 

phases. NOTE: Equation (28) as defined by Orkizewski is not 

dimensionless unless the coefficient .2218 has units sec2/ft. 

The limits for the various flow regimes are defined in the 

following way: 
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I 

B u b b l e  vsg/vns < (LIB 

T r a n s i t i o n  (LIM > ; > (LIS 

M i s t  v > (LIM 

- > ( L I B  , v < (LIS 
vsg’vns 8 

Slug 

g 
.u 

g 

I T h e  b a s i c  e q u a t i o n  u s e d  t o  p r e d i c t  p r e s s u r e  d r o p s  is the e q u a t i o n  

for the t o t a l  c h a n g e  i n  m o m e n t u m  f o r  the mixture: 

I AP + G A V  + GwAVw = F + W 
g g  

w h e r e : 
~ 

I 
~ W = f Z a o g c o s B  d Z  
I J 

Z l  

I 
F = Jz: f d Z  

Z 1  

( 3 5 )  

(36) 

(37) 

T h e  t e r m s  A V  a n d  A V w  are the c h a n g e s  i n  the d e n s i t y  w e i g h t e d  
~ g 

a v e r a g e  v e l o c i t i e s  of the g a s  and liquid p h a s e s  of t h e  m i x t u r e. 

T h e  v e l o c i t y  c h a n g e  t e r m s  i n  e q u a t i o n  ( 3 5 )  c a n  be n e g l e c t e d  for all 

f l o w  r e g i m e s  except m i s t  flow. T h e  t e r m s  w and t a r e  the m i x t u r e  

d e n s i t y  a n d  f r i c t i o n a l  p r e s s u r e  d r o p  t e r m s  respectively. T h e y  w i l l  b e  

d e f i n e d  b y  c o r r e l a t i o n s  f o r  e a c h  f l o w  regime. T h e  i n t e g r a l s  i n  

e q u a t i o n s  (36) a n d  ( 3 7 )  c o u l d  b e  e v a l u a t e d  b y  the same m e t h o d  d e s c r i b e d  

i n  the c o m p r e s s i b l e  f l o w  section. In t h i s  application, the integrand 
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is considered constant o v e r  the interval AZ, w h i c h  is 

oonsistent w i t h  Orkizewski's f i n i t e  d i f f e r e n c e  s o l u t i o n  of equation 

( 3 5 ) .  

I. Bubble f l o w  c o r r e l a t i o n s  

i n  b u b b l e  f l o w  c a n  be 
* g B  

T h e  void f r a c t i o n  o f  the gas. 

expressed: 

b 
w h e r e  v is the b u b b l e  r i s e  v e l o c i t y  (a r e c o m m e n d e d  value for v 

is . 8  ft/sec). T h e  a v e r a g e  flowing d e n s i t y  w c a n  now be determined: 

b 

0 = (1-4 1 
g 

T h e  f r i c t i o n a l  gradient term t is: f 

r = f p w v w / 2 D  2 
f 

w h e r e  : 

v W = Vsw/(l-dg). 

( 3 9 )  

(40) 

(41) 

i 

A l t h o u g h  the c o r r e l a t i o n s  f o r  b u b b l e  f l o w  p r e s s u r e  drop are simple, 

they a r e  r e l a t i v e l y  precise. O r k i z e w s k i  w a s  a b l e  t o  o b t a i n  a standard 

d e v i a t i o n  of 5.1% f o r  p u r e  b u b b l e  f l o w  situations. 
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11. S l u g  F l o w  C o r r e l a t i o n s  

A s  p r e v i o u s l y  discussed, slug f l o w  is m o r e  c o m p l e x  t h a n  b u b b l e  

flow. It s h o u l d  not c o m e  a s  a s u r p r i s e  that the c o r r e l a t i o n s  u s e d  to 

describe slug f l o w  a r e  complicated. T h e  a v e r a g e  f l o w i n g  d e n s i t y  w 

a n d  the f r i c t i o n  p r e s s u r e  d r o p  g r a d i e n t s  h a v e  the f o l l o w i n g  forms: 

I G + Gw+ P w v b  
+ Y P, v + v  w =  

ns b 
( 4 2 )  

w h e r e  v is the b u b b l e  r i s e  v e l o c i t y  a n d  7 is the l i q u i d  

d i s t r i b u t i o n  coefficient. S e v e r a l  c o r r e l a t i o n s  a r e  u s e d  t o  d e s c r i b e  

I b 
I 

tdese variables. First, t w o  s p e c i a l  R e y n o l d s  n u m b e r s  a r e  d e f i n e d  that 

are u s e d  i n  t h e s e  c o r r e l a t i o n s :  
i 

( 4 4 )  ' 
I S 

NRe = PwDVns/Pw = s l u g  R e y n o l d s  n u m b e r  

I 
and 

= pwDvb/pw = b u b b l e  R e y n o l d s  n u m b e r  ( 4 5 )  N R C b  

T h e  b u b b l e  v e l o c i t y  is n o w  d e t e r m i n e d  f r o m  the f o l l o w i n g  relations: 

b V 

b V 

( 0 . 5 4 6  + B 

( 0 . 3 5  + P 

i f  

if 

< 3 0 0 0  
b NRe 

> 
b NRe 8 0 0 0  

( 4 6 )  

( 4 7 )  

and 
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v = ? a  + ( a  2 + 13.59pw/pwD'5)'5 for 3000 ( N R e <  8000 
b 

b 2  

w i t h  

NRe S 
c! = 8.74*10-6 

(48) 

( 4 9 )  

and 

a = (0.251 + p)(gD)05 (50) 

Note that e q u a t i o n  (48) r e q u i r e s  c e n t i p o i s e  a s  the v i s c osity unit, 

/ f t 3  as the d e n s i t y  unit and feet a s  the l e n g t h unit for correct lbm 

results. F o r  o t h e r  s y s t e m s  of u n i t s  m o d i f y  13.59 accordingly. 

T h e  liquid d i s t r i b u t i o n  c o e f f i c i e n t  y is determined from the 

f o l l o w i n g  c o r r e l a t i o n s  (see F i g u r e  17): 

for Vns < 10 

-0.681 + 0.232 log V - 0.428 log D ( 5 1 )  ns y = 0.013 log(pw)/D 

f o r  V n s  > 10 

y = 0.045 log(pw)/D 0*792 0.709 - 0.162 logVns- 0.888 log D (52) 

c o n s t r a i n e d  by 

ns y 2 -0.065 V 

and f o r  V n s  > 1 0  

V 
[ l - ' 1  

pw Y l -  v + v  ns b 

T h e  f r i c t i o n  f a c t o r  f is e v a l u a t e d  using the c o r r e l a t i o n  given in 

A p p e n d i x  A u s i n g  the slug f l o w  R e y n o l d s  number. 
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111. T r a n s i t i o n  F l o w  C o r r e l a t i o n s  

A l l  of the above c o r r e l a t i o n s  are based on simplified analytic 

models. T h e  e x p e r i m e n t a l  d a t a  are t h e n  u s e d  to c o r r e l a t e  the 

c o e f f i c i e n t s  in these simplified models. In the case of t r a n s i t i o n  

flow, there aren't even any simplified analytic m o d e l s  to w o r k  from. 

! T h e  most successful c o r r e l a t i o n s  f o r  t r a n s i t i o n  f l o w  have b e e n  

c o n c e p t u a l l y  the simplest: a l i n e a r  i n t e r p o l a t i o n  b e t w e e n  the slug 

I 
I 

f l o w  c o r r e l a t i o n s  and the mist f l o w  correlations. T h e  linear weighting 

is based on the r e g i m e  b o u n d a r y  n u m b e r s  (equations (28)-(30)) and the 

d i m e n s i o n l e s s  gas v e l o c i t y  ( e q u a t i o n  (31) 1 .  
I 

T h e  average flowing 

d e n s i t y  term is computed: 

T h e !  f r i c t i o n  gradient term is w e i g h t e d  i n  the same way. 

IV.' Kist F l o w  C o r r e l a t i o n s  

1 T h e  b u b b l e  f l o w  c o r r e l a t i o n s  treated the two-phase m i x t u r e  a s  a 

s l i g h t l y  m o d i f i e d  s i n g l e  component flow. Mist f l o w  r e p r e s e n t s  a 

sim'ilar situation, except the s i n g l e  c o m p o n e n t  is a gas r a t h e r  than a 

liquid. Thus, the mist f l o w  c o r r e l a t i o n s  h a v e  v e r y  m u c h  the same form 

as the b a b b l e  f l o w  correlations. T h e  average flowing density i s  g i v e n  

b y the same e q u a t i o n  as the b u b b l e  f l o w  e q u a t i o n  ( 3 9 ) .  In mist flow, 

however, the g a s  and l i q u i d  p h a s e s  m o v e  at essentially the same 

velocity, s o  the e q u a t i o n  f o r  the gas v o l u m e  f r a c t i o n  becomes: 
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& = vsg/vns 
B 

T h e  f r i c t i o n  l o s s  gradient is defined: 

t f = f P g V S g  /2D 

and the f r i c t i o n  f a c t o r  is e v a l u a t e d  at the gas R e y n o l d s  n u m b e r  

( 5 4 )  

( 5 5 )  

I 

M o d i f i c a t i o n s  t o  the r e l a t i v e  r o u g h n e s s  due t o  the w e t t i n g  of t h e  pipe 

w a l l  are discussed i n  A p p e n d i x  A. 

--- P h a s e  C h a n g e  and the E n e r g p  E a u a t i o n  

T h e  f l o w  of two-phase s t e a m  is assumed t o  be at t h e r m o d y n a m i c  

e q u i l i b r i u m  i n  t h i s  analysis. T o  a s s u m e  a non-equilibrium s i t u a t i o n  

w o u l d  n o t  b e  c o n s i s t e n t  w i t h  the p h i l o s o p h y  of t h i s  d e v e l o p m e n t  b e c a u s e  

it w o u l d  g o  b e y o n d  c o n v e n t i o n a l  practice. Further, n o v e l  d e v e l o p m e n t s  

of t h a t  t y p e  w o u l d  r e q u i r e  experimental v e r i f i c a t i o n  that is n o t  

c u r r e n t l y  available. 

T h e  c o n s e q u e n c e  of a s s u m i n g  t h e r m o d y n a m i c  e q u i l i b r i u m  i n  a 

two-phase s a t u r a t e d  m i x t u r e  is that the p r e s s u r e  and t e m p e r a t u r e  are 

not independent. T h e  s o l u t i o n  of the m o m e n t u m  e q u a t i o n  p r o v i d e s  t h e  

exit p r e s s u r e  of a f l o w  element. T h e  exit t e m p e r a t u r e  is t h u s  d e f i n e d  

t h r o u g h  the saturated pressure-temperature r e l a t i o n s h i p  ( A p p e n d i x  C). 

F o r  t h e  e n e r g y  e q u a t i o n  n o t  to be overconstrained, t h e r e  must b e  a n  
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additional degree of freedom, and that is c h a n g e  of phase. 

T h e  e n e r g y  e q u a t i o n  f o r  a two-phase m i x t u r e  of steam a n d  w a t e r  has 

the f o l l o w i n g  form: 1 
A[(h + V:/2)G + ( h g  + V2/2)G I + g c o s e G t A Z  -/Q/AdZ = 0 

A Z  W W 8 8 
( 5 7 )  

w h e r e  h is the s p e c i f i c  enthalpy, Q is the heat flux per u n i t  l e n g t h  of 

pipe, and the p r e f i x  A d e n o t e s  the c h a n g e  in p r o p e r t i e s  from inlet to 

exit of a f l o w  element. E q u a t i o n  ( 5 7 )  c a n  be e x p a n d e d  and solved for 

the p h a s e  change to o b t a i n  the following: 

I 

I 

A G  = (AUT + AU + A U  )/Au ( 5 8 )  
9 g P 

w h e r e  

n a 

A U T  = G A(hg + V L / 2 )  + Gw A(hw + V L / 2 )  
W g1 g 1 

I A U q  = -/Q/A d Z  
A Z  

A U  = G t g c o s e A Z  
g 

and 

-v2 ) / 2  
+ ( v g l  w 2  

A u  = h  - h  
P gz w a  

( 6 4 )  

E q u a t i o n s  (61)-(64) are d e t e r m i n e d  by the inlet and outlet t e m p e r a t u r e s  

already determined. Thus, the phase c h a n g e  is computed d i r e c t l y  from 
I -  
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e q u a t i o n  ( 5 8 ) .  T h e  exit m a s s  f l u x  densities are t h e n  determined from 

equations ( 5 9 )  and ( 6 0 ) .  

------------------- Two-Phase Heat T r a n s f e r  

T h e  s e l e c t i o n  of two-phase h e a t  transfer c o r r e l a t i o n s  involved 

satisfying several objectives. First, the c o r r e l a t i o n  should be 

consistent w i t h  t h e  s i n g l e  p h a s e  c o r r e l a t i o n s  a l r e a d y  in GEOTEMP2. 

Second, the c o r r e l a t i o n s  s h o u l d  m a k e  sense theoretically. Further, the 

c o r r e l a t i o n s  s h o u l d  e x t r a p o l a t e  smoothly t o  avoid u n r e a s o n a b l e  results 

w h e n  u s e d  n e a r  the l i m i t s  of applicability. 

D e G a n c e  and A t h e r t o n  (reference [121) r e c o m m e n d  the analysis done 

by D u c k l e r  ( r e f e r e n c e  [131) for developing two-phase correlations. 

D u c k l e r  u s e d  d i m e n s i o n a l  a n a l y s i s  t o  d e t e r m i n e  t h e  most r e a s o n a b l e  way 

to d e v e l o p e  these correlations. T h e  simplest and m o s t  general m e t h o d  

D u c k l e r  c a l l s  'Case I' similarity. 

In 'Case I' similarity, the R e y n o l d s  and P r a n d t l  n u m b e r s  are 

d e t e r m i n e d  by u s i n g  d e n s i t y  w e i g h t e d  averages. T h e s e  two-phase 

d i m e n s i o n l e s s  n u m b e r s  a r e  d e t e r m i n e d  i n  t h e  following way. 
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where: 

p t p =  APw + (l-A)pg ( 6 7 )  

c = AC + (l-A)Cg tP W 

K = AK + ( 1 - A ) K  
tP W g 

w i t h  

Tie term C is defined as the s p e c i f i c  heat at constant p r e s s u r e  and the 

term K is the thermal conductivity, 

T+e two-phase Nusselt n u m b e r  is d e t e r m i n e d  a s  a f u n c t i o n  of the 

two-phase R e y n o l d s  and P r a n d t l  n u m b e r s  u s i n g  the same c o r r e l a t i o n  used 

by G E O T E M P 2  for s i n g l e  phase flows: 

subscipts denoting the material. 
I 

I 

, 
0.80 0.35 

tP I Npr = 0.023 NRe 
tP tP 

N N u  

T h e  q u a n t i t y  Q in e q u a t i o n  (62) c a n  n o w  be evaluated : 

Q = n K  N AT 
t P  

tp N u  

w h e r e  A T  d e n o t e s  the temperature d i f f e r e n c e  b e t w e e n  the two-phase 

fluid and the pipe wall. 
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APPENDIX A 

FRICTION FACTOR AND DRAG COEFFICIENT 

FRICTION FACTOR 

The friction factor equation used in the development of standard 

friction factor charts was developed by Colebrook (see Figure 18). 

This equation accounts for the differences in surface finish of pipes 

through a factor called the relative roughness. Unfortunately, 

Colebrook's equation must be solved numerically for the friction 

factor. The D'Arcy friction factor is evaluated in GEOTEMP2 through an 

analytic expression developed by Wood (reference 1 5 1 ,  page 166). 

Wood's equation deviates by as much a s  4% from Colebrook's equation. 

I 
I 

I 

1 

I 

but uncertainties in predicting relative roughness are at least this 

large, s o  the the two equations should be considered equivalent. The 

friction factor f is given by: 

1 

w h e r e  

a = .026 < . 2 2 5  + 0.133 

0.44 b = 22. < 

0.134 c = 1.62 < 

and 
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g = k / D  = r e l a t i v e  r o u g h n e s s  

T h e  f o l l o w i n g  v a l u e s  for k were used in GEOTEMP2: 

k ( M e t e r s )  M a t e r i a l  

.00305 o p e n  h o l e  

.000152 g a l v a n i z e d  iron 

.0000457 steel p i p e  

In two-phase mist flow, the r e l a t i v e  r o u g h n e s s  is m o d i f i e d  in 

the f o l l o w i n g  w a y  to account f o r  the liquid p h a s e  w e t t i n g  the 

pipe wall: 

2 
g g  

k / D  = 3 4  a / ( p  v D) for Nw < 0.005 

2 
8 

Oo302 v D) for N w >  0.005 k/ D  = 174.8 a(Nw) 

w h e r e  

(A-5) 

(A-6) 

(A-7) 

(A-8) 

and k / D  is r e s t r i c t e d  to 0.500 > k / D  > 0.005 . E q u a t i o n  A-8 should be 

e v a l u a t e d  for d e n s i t y  u n i t s  o f  lbmlft3, v i s c o s i t y  units o f  centipoise, 

s u r f a c e  t e n s i o n  ( 0 )  u n i t s  of lbmlsec and v e l o c i t y  units o f  ft/sec. 

T h e  l a m i n a r  f l o w  f r i c t i o n  f a c t o r  is a l s o  c o m p u t e d  in GEOTEMP2: 

fL = 6 4 / N R e  (A-9) 

and the g r e a t e r  v a l u e  of e q u a t i o n s  (1) and (9) is used b y  GEOTEMP2. 
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D R A G  C O E F F I C I E N T  

T h e  drag c o e f f i c i e n t  used t o  determine c u t t i n g s  transport w a s  

derived from the terminal settling v e l o c i t y  c o r r e l a t i o n  developed by 

S w a n s o n  (reference [51, p a g e  8): 

2 CD = [a(l + 6.93bp / p  dVn)I 
g g  

1 S w a n s o n  d e t e r m i n e d  the following v a l u e s  of a and b: 

a b m a t e r i a l  

1.277 2.80 ir r e g u l a r  q u a r t z  

1.082 3.11 c u b i c a l  galena 

.942 3.27 s p h e r i c a l  glass 

1.870 2.56 i r r e g u l a r  K C 1  

1.072 2.18 irregular s p h a l e r i t e  

(A-10) 

(A-11) 

T h e  c o e f f i c i e n t s  f o r  i r r e g u l a r  q u a r t z  w e r e  used i n  GEOTEMP2. T h e  

quantity d i n  e q u a t i o n s  (A-10) and (A-11) is the p a r t i c l e  diameter. 

T h e  v a l u e  of 3 / 8  of a n  inch w a s  u s e d  in GEOTEMP2. 
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APPENDIX B 

THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AND NITROGEN 

Air and nitrogen are modeled as ideal gases in GEOTEblP2. For the 

ranges of pressure and temperature normally expected in gas drilling 

operations, this is an excellent assumption. Further, the numerical 

implementation is easy and efficient. The ideal gas thermodynamic 

equations of state are summarized in the following: 
I 

P = pRT ( B - 1 )  

and 

' h = C T  (B-2 1 P 

where R is called the ideal gas constant and C is the specific heat at 
P 

constant pressure. The following values were used in GEOTEMPZ: 

Air: 
I 

R = 2 8 7 . 0 6  J / k g - K  
, 

C = 1004.0 J / k g - K  
P 

Nitrogen: 

R = 2 9 6 . 8 0  J/kg-K 

C = 1 0 3 8 . 3  J/kg-K 
P 

Note that €or the units given, density p is in kilograms per cubic 

meter and temperature T is in Kelvins. 
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T h e  viscosity values used in GEOTEMP2 were determined by the 

following c o r r e l a t i o n  r e c o m m e n d e d  in reference [ 4 1 :  

T' ' = A , + A , / T + A , / T a + A , / T ' + ~ , / T '  ( B - 3 )  

w i t h  the f o l l o w i n g  v a l u e s  for the coefficients: 

A , * 1 0 - 2  A , + I o - ~  A ,  A 4 * 1 0 - 8  
4 

A i r  0 . 5 5 2 7 9 5  2 . 8 1 0 8 9 2  - 1 3 . 5 0 8 3 4 0  3 9 . 3 5 3 0 8 6  - 4 1 . 4 1 9 3 8 7  

N i t r o g e n  0 . 5 7 9 5 6 1  2 . 8 4 7 4 8 6  - 1 3 . 2 3 2 4 9 0  3 7 . 1 0 6 1 0 7  - 3 7 . 5 4 9 6 7 5  

T h e  thermal c o n d u c t i v i t y  is d e f i n e d  t h r o u g h  the f o l l o w i n g  relation: 

K = Cpp/Npr ( B - 4 )  

w h e r e  the P r a n d t l  n u m b e r  N is d e f i n e d  for gases t h r o u g h  the Eucken Pr 

equa t ion : 

Npr= 4 y / ( 9 y  - 5 ) .  ( B - 5 )  

T h e  term y in e q u a t i o n  ( B - 5 )  is the r a t i o  of specific heats of the 

gas, and i n  the c a s e  of b o t h  a i r  and nitrogen, y e q u a l s  1 . 4 0 0  . 
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APPENDIX C 

T H E R M O D Y N A M I C  A N D  T R A N S P O R T  P R O P E R T I E S  OF STEAM A N D  WATER 

T H E R M O D Y N A M I C  P R O P E R T I E S  

A l l  s t e a m  t h ermodynamic p r o p e r t i e s  u s e d  in G E O T E M P 2  are d e r i v e d  

from the f o l l o w i n g  f u n d a m e n t a l  e q u a t i o n  w h i c h  e x p r e s s e s  the 

c h a r a c t e r i s t i c  f u n c t i o n  a, c a l l e d  the s p e c i f i c  H e l m h o l t z  free energy, 

in t e r m s  o f  the independant v a r i a b l e s  d e n s i t y  p and t e m p e r a t u r e  T: 

where 

6 
a. = )C./t i-1 + C,lnT + C8(lnT)/r 

1 i=l 

I n  e q u a t i o n s  (C-1) t h r o u g h  (C-41, T de n o t e s  t e m p e r a t u r e  in Kelvins, t 

d e n o t e s  1 0 0 0 / T ,  p d e n o t e s  d e n s i t y  i n  g r a m s  per c u b i c  centimeter, R = 

.46151 J/g-K, t = 1.544912, E = 4.8, and 
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f o r  j = 1 t " t  p = 0 . 6 3 4  
aj C aj 

f o r  j > 1 = 2 . 5  = 1 . 0  

T h e  c o e f f i c i e n t s  f o r  a. in j o u l e s  per gram are as follows: 

C, = 1 8 5 7 . 0 6 5  C, = 3 6 . 6 6 4 9  C ,  = 4 6 .  

C, = 3 2 2 9 . 1 2  C, = - 2 0 . 5 5 1 6  C ,  = - 1 0 1 1 . 2 4 9  

C, = - 4 1 9 . 4 6 5  C, = 4 . 8 5 2 3 3  

and the c o e f f i c i e n t s  A i j  are listed in T a b l e  I. 

T h e  a d v a n t a g e  o f  using a f u n d a m e n t a l  e q u a t i o n  is that all 

t h e r m o d y n a m i c  p r o p e r t i e s  c a n  be o b t a i n e d  t h r o u g h  d e r i v a t i v e s  o f  the 

c h a r a c t e r i s t i c  function. B e c a u s e  differentiation, u n l i k e  integration, 

r e s u l t s  i n  no u n d e t e r m i n e d  f u n c t i o n s  o r  constants, the i n f o r m a t i o n  

y i e l d e d  is c o m p l e t e  and unambiguous. 

T h e  b a s i c  t h e r m o d y n a m i c  r e l a t i o n s  require: 

and 

T h e  s p e c i f i c  e n t h a l p y  c a n  t h e n  be d e r i v e d  from the basic d e f i n i t i o n  h -4 

- = u + P I P .  
r 
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I TABLE I. COEFFICIENTS A i j  

i /  j 1 

1 2 9 . 4 9 2 9 3 7  

2 - 1 3 2 . 1 3 9 1 7  

3 2 7 4 . 6 4 6 3 2  

4 - 3 6 0 . 9 3 8 2 8  

5 3 4 2 . 1 8 4 3 1  
t 

61 - 2 4 4 . 5 0 0 4 2  

7 1 5 5 . 1 8 5 3 5  

8 5 . 9 7 2 8 4 8 7  

9 - 4 1 0 . 3 0 8 4 8  

1 0 ~  - 4 1 6 . 0 5 8 6 0  

i / j  5 

1 I - 6 . 3 9 7 2 4 0 5  

21 2 6 . 4 0 9 2 8 2  

3~ - 4 7 . 7 4 0 3 7 4  

4~ 5 6 . 3 2 3 1 3 0  

5 0 . 0  

6 0 . 0  

7 0 . 0  

v 8 0 . 0  

9 1 3 6 . 8 7 3 1 7  

1 0  6 4 5 . 8 1 8 8 0  
I 

2 

- 5 . 1 9 8 5 8 6 0  

7 . 7 7 7 9 1 8 2  

- 3 3 . 3 0 1 9 0 2  

- 1 6 . 2 5 4 6 2 2  

- 1 7 7 . 3 1 0 7 4  

1 2 7 . 4 8 7 4 2  

1 3 7 . 4 6 1 5 3  

1 5 5 . 9 7 8 3 6  

3 3 7 . 3 1 1 8 0  

- 2 0 9 . 8 8 8 6 6  

6 

- 3 . 9 6 6 1 4 0 1  

1 5 . 4 5 3 0 6 1  

- 2 9 . 1 4 2 4 1 0  

2 9 . 5 6 8 7 9 6  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

7 9 . 8 4 7 9 7 0  

3 9 9 . 1 7 5 7 0  

3 

6 . 8 3 3 5 3 5 4  

- 2 6 . 1 4 9 7 5 1  

6 5 . 3 2 6 3 9 6  

- 2 6 . 1 8 1 9 7 8  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

- 1 3 7 . 4 6 6 1 8  

- 7 3 3 . 9 6 8 4 8  

7 

- 0 . 6 9 0 4 8 5 5 4  

2 . 7 4 0 7 4 1 6  

- 5 . 1 0 2 8 0 7 0  

3 . 9 6 3 6 0 8 5  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

1 3 . 0 4 1 2 5 3  

7 1 . 5 3 1 3 5 3  

4 

- 0 . 1 5 6 4 1 0 4  

- 0 . 7 2 5 4 6 1 0 8  

- 9 . 2 7 3 4 2 8 9  

4 . 3 1 2 5 8 4 0  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

6 . 7 8 7 4 9 8 3  

1 0  A 0 1 7 1 7  
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SATURATED T H E R M O D Y N A M I C  P R O P E R T I E S  

T h e  t h e r m o d y n a m i c  r e g i o n  w h e r e  liquid w a  ~r and v a p o r  coexist is 

c a l l e d  the two-phase r e g i o n  and the states of the l i q u i d  and v a p o r  are 

c a l l e d  saturated-liquid and saturated-vapor states. Gibb's rule of 

e q u i l i b r i u m  r e q u i r e s  t h a t  p r e s s u r e  and temperature cannot be 

independent v a r i a b l e s  i n  the two-phase region, t h u s  the saturated 

p r e s s u r e  P s  is g i v e n  b y  the f o l l o w i n g  e q u a t i o n  i n  temperature: 

8 

P = P erp[t*lO -5 (t -t)]F.(O.65-O.Olt) i-1, 
S C C 1 i=l 

(C-7) 

w h e r e  P s  is the v a p o r  pressure, t s a t u r a t i o n  t e m p e r a t u r e  in d e g r e e s  

Celsius, P c  is t h e  c r i t i c a l  p r e s s u r e  (220.88 bars), tc c r i t i c a l  

t e m p e r a t u r e  (374.136 Celsius), t = 1000/T, and Fi as follows: 

F, = -741.9242 F, = -29.72100 

F, = -11.55286 F, = -0,8685635 

F, = 0.1094098 F, = 0.439993 

F, = 0.2520658 P, = 0.05218684 

C o n v e r s e l y ,  the s a t u r a t e d  t e m p e r a t u r e  a s  a f u n c t i o n  of s a t u r a t e d  

p r e s s u r e  m a y  be needed. T h e  s a t u r a t e d  t e m p e r a t u r e  is a p p r o x i m a t e d  by: 

S 
T = Tc/[1.73010 f (PI1 

S ( C - 8 )  

w h e r e  
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6 
f = )Bi(lnP/lnP i-1 
S C i=l 

w h e r e  

B, -.45800227 B, = 1.0158658 B, = .53542626 

B, = .07074624 B, = -.26191199 B, = 0.10003160 
I 
I 

(C-9) 

* T h e  f i n a l  s a t u r a t e d  t e m p e r a t u r e  is c o n v e r g e d  on t h r o u g h  u s e  of e q u a t i o n  

((2-7). E q u a t i o n  (C-8) is r e a s o n a b l y  a c c u r a t e ,  s o  n u m e r i c a l  c o n v e r g e n c e  

is1 v e r y  fast. 

L 

T h e  f o l l o w i n g  t w o  c o r r e l a t i o n s  w e r e  d e v e l o p e d  t o  g i v e  s a t u r a t e d  

va'por and s a t u r a t e d  l i q u i d  densities. T h e s e  c o r r e l a t i o n s ,  c o m b i n e d  

wi'th e q u a t i o n s  (C-l),(C-6), a n d  (C-71, will t h e n  g i v e  all o t h e r  

salturated liquid a n d  v a p o r  t h e r m o d y n a m i c  properties. S a t u r a t e d  v a p o r  

de,nsity is g i v e n  b y  the f o l l o w i n g  equation: 

i i i 'satv = P s / ( T R s a t )  

w h e r e  

= R, + R,(l-Tz) . 5  
Rsat 

a n d  

Tr (T - S To)/(Tc - 

x = 2.6 -.6Tr I '  

(C-10) 

TO) 

R, = 107.779 
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S a t u r a t e d  liquid d e n s i t y  is g i v e n  by the following correlation: 

'sat1 
- 
- p c  

+ 

w h e r e  

and 

5 
r y = 1.6160 erp(.40873 T ) 

= 1000.0 
P O  

= 317.00903 PC 

F o r  T < 573.15 Kelvins: 

= [.407t + 80.4 - p s a t v  (1.8580 - .0059t "satv C C 

w h e r e  t = T - 273.15 
C 

(C-11) 

D e n s i t y  units are k i l o g r a m s  p e r  cubic m e t e r  and temperature is in 

Kelvins. 

TRANSPORT PROPERTIES 

V i s c o s i t y  f o r  s a t u r a t e d  steam is given b y  the f o l l o w i n g  

correlations: 

(C-12) 
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and for T ) 573.15 Kelvins: 

'satv = [.407tc + 80.4 - .0S8po 

+ (2.444 - .00117po)(tc - 300)1*10-7 (C-13) 

(573.15) a n d  pc is t h e  c r i t i c a l  density. "satv w h e r e  p = 
0 

V i s c o s i t y  u n i t s  are Pascal-seconds. V i s c o s i t y  of s a t u r a t e d  w a t e r  i s  

g i v e n  i n  the f o l l o w i n g  c o r r e l a t i o n s :  

for T < 573.15 

= [241.4*10 (247.8/(T-140))1~10-7 
'sat1 

a n d  f o r  T ) 573.15 

- - [Pv(Pa- P w )  + Pa(P,' Pv)l/(Pa- P v )  
l 'sat1 

I 
w h e r e  

I 1 

I 

- - (573.15) f r o m  e q u a t i o n  (C-14) j 'a 'sat1 

= (TI 
'V 'satv 

- - (573.15 1 
i 
1 p a  "sat1 

(TI - - 
PW P s a t l  

a n d  

(C-14) 

(C-15) 

= (TI P V  P s a t v  

w i t h  v i s c o s i t y  u n i t s  of Pascal-seconds a n d  d e n s i t y  u n i t s  of k i l o g r a m s  

per c u b i c  meter. 
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Thermal conductivity of saturated steam is given by the 

following correlation: 

Ksatv = ( K ~ + K ~ ) * I O - ~  

where: 

-8,3 - 4.51*10 = 17.6 + 5.87*10-2t + 1.04*10 -4,2 
K1 

w i t h  t = T - 273.15, and 

- - (103.51 + 0.4198t - 2 . 7 7 1 * 1 0 - ~ t ~ ) * i o - ~  
K2 Psatv 

8 2 ,t4.2 + 2.1482*10 p S a t v  

(C-16) 

(C-17) 

(C-18) 

T h e  units for K are W a t t s  per meter-Kelvin and the units for p are 

k i l o g r a m s  per cubic meter. T h e  following c o r r e l a t i o n  was used for 

saturated liquid t h e r m a l  conductivity: 

4 
a = -.92247 + 2.8395Ta - 1.800T2 + .52577T3 - .07344T 

K s a t l  a a 

w h e r e  Ta = T/273.15. 

T h e  s u r f a c e  t e n s i o n  b e t w e e n  water and steam, u, is given b y  the 

following corelation: 

a = 7.8609exp(-77.225/Ap) 

where 

(C-19) 

(C-20) 
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S u r f a c e  t e n s i o n  u n i t s  a r e  N e w t o n s  p e r  s q u a r e  meter, vicosity 

units are P a s c a l - s e c o n d s .  
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A P P E N D I X  D 

A R E A  C H A N G E S  IN C O H P R E S S I B L E  FLOW 

B e c a u s e  G E O T E M P 2  a l l o w s  d i s c o n t i n u o u s  area c h a n g e s  in the flow 

tubing (for c h a n g e s  i n  pipe size), it is n e c e s s a r y  to account for the 

changes in pressure, velocity, and t e m p e r a t u r e  due to this area change. 
c 

3 
F i g u r e  19 ilustrates the problem t o  be solved: a c o m p r e s s i b l e  gas 

enters t h r o u g h  t u b i n g  w i t h  a r e a  A, w i t h  p r e s s u r e  P , ,  velocity V,, and 

temperature T,, ch a n g e s  a r e a  abruptly t o  area A,, and exits w i t h  

p r e s s u r e  P,, v e l o c i t y  V,, and t e m p e r a t u r e  T , .  T h e  equations necessary 

to solve t h i s  p r o b l e m  are the c o n s e r v a t i o n  of mass, momentum, and 

e n e r g y  across the a r e a  discontinuity: 

Ib = plA,Vl= p,A,Vz= G,A, 

and 

2 2 2h, + V 2  - 2h, - V, = 0 (D-3) 

T h e  term P is c a l l e d  the b a s e  p r e s s u r e  and f o r  subsonic flow Pb = P,. b 

W i t h  t h i s  substitution, e q u a t i o n  (D-2) r e d u c e s  to: 

(D-4) 
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T h e  f i n a l  items n e e d e d  to s o l v e  these e q u a t i o n s  a r e  c o n s t i t u t i v e  

e q u a t i o n s  for the p r e s s u r e  and enthalpy. A s  a n  e x a m p l e, the ideal 

gas e q u a t i o n s  are a p a r t i c u l a r l y  s i m p l e  set, w i t h  

P = pRT (D-5) 

and 

I ( D - 6 )  h = C T  
P 

w h e r e  P a n d  C are constants. S i n c e  the a r e a  c h a n g e s  in G E O T E M P Z  
P 

a p p l i c a t i o n s  a r e  small, l i n e a r i z e d  v e r s i o n s  o f  m o r e  g e n e r a l  e q u a t i o n s  

of s t a t e  c o u l d  be u s e d  i n  the s a m e  w a y  a s  e q u a t i o n s  ( D - 5 )  a n d  (D-6). 

I 
I 

T a e  g e n e r a l  c a s e  w o u l d  h a v e  t o  be s o l v e d  numerically. T h e  exit 

t k m p e r a t u r e  c a n  be s o l v e d  f o r  i n  t e r m s  of the exit v e l o c i t y  b y  u s i n g  

e q u a t i o n s  (D-3) and (D-6): 

E q u a t i o n  (D-4) is r e d u c e d  b y  e q u a t i o n  (D-5) to: 

i G,RT, - P,V, + G,v,(v, - V J  = o (D-8) 

W i t h  e q u a t i o n  (D-7) s u b s t i t u t e d  i n t o  (D-81, the r e s u l t i n g  

e q u a t i o n  is a q u a d r a t i c  i n  t e r m s  of V,. T h e  t w o  r o o t s  of 

the e q u a t i o n  r e p r e s e n t  s u b s o n i c  a n d  s u p e r s o n i c  s o l u t i o n s  t o  the 

set of equations. T h e  s u p e r s o n i c  s o l u t i o n  is r e j e c t e d  b e c a u s e  i t  

v i o l a t e s  the o r i g i n a l  a s s u m p t i o n s  a b o u t  the problem. I m a g i n a r y  r o o t s  

imply that the f l o w  c h o k e s  g o i n g  t h r o u g h  t h i s  area change. E i t h e r  a 
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h i g h e r  i n l e t  p r e s s u r e  o r  l o w e r  f l o w  r a t e  w i l l  b e  r e q u i r e d  f o r  a r e a l  

s o l u t i o n .  
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F i g u r e  19. T u b i n g  Area C h a n g e s  

P 
1 

I T 
A 1 
1 

P 
2 
T 
2 

P 
2 
V 
2 

A 
2 
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