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I NTRODUCC ION 

Debido a l a  gran importancia p r l c t i c a  que e l  
f l u j o  a dos f a s e s  t i e n e  en v a r i a s  ramas de  l a  
i n d u s t r i a ,  l a  materia ha rec ib ido  f u e r t e  atenci6n. 

La s i t uac i6n  de f l u j o  b i f s s i c o  dentro d e l  
aprovechamiento de energia geo tbmica ,  puede 
presentarse  como una mezcla de agua-vapor en una o 
en todas de las tres secciones p r inc ipa le s  que 
comprenden un sistema geotLrmico en explotaci6n: 
e l  yacimiento en sl, e l  pozo geotLrmico y l a  
transmisi6n de f l u i d o  en l a  supe r f i c i e .  

E l  p resente  e s tud io  se re lac iona  directamente 
con l o  que es pozo geot'ermico y espec'lficamente 
encaminado hac ia  l a  prediccibn de ca'ldas de 
presibn. 

La capacidad de predec i r  con c i e r t o  grado de 
exac t i tud  e l  p e r f i l  de presi6n a l o  l a rgo  de un 
pozo, produciendo una mezcla de  agua y vapor ba jo  
v a r i a s  condiciones de operaci6n, r e s u l t a  de gran 
importancia ya que tendr'la v a r i a s  aplicaciones 
tales como: l a  optimizacibn d e l  dizmetro de  
producci6n, l a  i den t i f i cac i6n  de l a  zona con 
probable depositaci6n de carbonato de c a l c i o  y ,  
probablemente de mayor i n t e r &  para  Cerro P r i e t o ,  
e l  combinar este conocimiento de comportamiento de 
pozo con un programa de simulaci6n d e l  yacimiento, 
permitiendo as5 un modelado completo con e l  cua l  
se pueda predec i r  l a  producci6n a l a rgo  plazo y 
determinar con an t ic ipac idn  e l  comportamiento d e l  
yacimiento a1  a b a t i r s e  parcialmente. 

CAIDA DE PRESION 

En forma genera l  l a  ca5da t o t a l  de pres ibn  
resul ta  de l a  suma e fec to  de tres tsrminos: 

siendo 6s tos  l a s  pgrdidas de presi6n debidas a 
f r i c c i 6 n ,  gravedad y ace le rac i6n .  

A P T  = Apt + APb + APo 

La expresibn se puede deducir mediante las 
ecuaciones de continuidad y momento o impulso, s i n  
embargo, l a  magnitud de sus  componentes no se 
puede predec i r  en base a l a  experiencia obtenida 
en f l u j o  monofSsico, ya que l a  ap l icac i6n  en un 
sen t ido  e s t r i c t o  de l a  d i n h i c a  de f lu idos  r e s u l t a  
d i f  l c i l .  

E l  t&mino A P h  16gicamente est5 en funci6n 
d i r e c t a  de l a  densidad de l a  mezcla fm , 1, cual  
no puede obtenerse Gnicamente relacionando 10s 
f l u j o s  m'asicos y densidades de l'lquido y vapor, ya 
que l a  f a s e  gaseosa v i a j a r 5  con mayor velocidad que 
e l  l'lquido apareciendo un deslizamiento e n t r e  fases. 
Por l o  t an to ,  surge l a  necesidad de poder estimar 

la f racc idn  volumhtrica real que e l  l'lquido ocupa 
dent ro  de  l a  l fnea .  
conoce en l a  l i t e r a t u r a  como "Hold-Up"(H ). 

Comunmente este concept0 se 

L 
E l  t&minoAPf depende ademzs de l a  densidad de 

l a  mezcla, de  l a  geometrza d e l  f l u j o  b i fgs i co  ya 
que est0 a f e c t a  e l  drea relativa en l a  i n t e r f a s e  
gas-llquido, donde acontecen fuerzas  co r t an te s  de 
imp0 rt an c i  a. 

Finalmente l a  contribuci6n d e l A h  a la psrd ida  
t o t a l  de pres ibn ,  puede ser s i g n i f i c a n t e  en f l u j o  
b i f b i c o ,  cuando se presentan condiciones de 
grandes f l u j o s  y ba j a  presi6n. 

Pues b ien ,  actualmente l a  experiencia ganada en 
f l u j o  v e r t i c a l  a dos f a s e s  ha s i d o  insp i rada  
principalmente en l a  i n d u s t r i a  pe t ro l e ra ,  r eac to res  
nucleares y sistemas a i r e - l i qu id0  de labora tor io .  
Correlaciones empiricas y semiemplricas han s i d o  
desar ro l ladas  para e s t o s  sistemas con e l  f i n  de  
estimar 10s tdrminos de ca'ldas de  presidn 
men cionad os an t  eriormen t e. 

Por l o  t an to  se requiere  de una metodologPa 
espec'lficamente desar ro l lada  para  pozos geote'rmicos, 
o b ien ,  de  rev is iones  a las ya hechas para  o t r a s  
ap l icac iones  e i d e n t i f i c a r  s i  es que e x i s t e  alguna, 
que s e a  adecuado para pozos geotGrmicos. 

E s  en esta Gltima d i recc i6n  en que s e  encamina 
e l  presente  e s tud io  haciendo una evaluaci6n de 
v a r i o s  mgtodos de predicci6n. 

CORRELACIONES EVALUADAS 
Exis te  en l a  l i t e r a t u r a  un gran niimero de 

publicaciones a1 respec to  que ana l i za r l a s  todas 
serla przcticamente imposible y por e l l o  se obedece 
algGn c r i t e r i o  de se lecc ibn .  

Los m6todos de prediccibn seleccionados de l a  
l i t e r a t u r a  para  ana l i za r los  y compararlos e n t r e  sl 
contra mediciones r ea l e s  de pres ibn ,  se presentan 
enseguida : 

1). Hagedorn and Brown 
2) .  Orkiszewski 
3). Hughmark - Duckler 
4). Hughmark - Wisman 
5). Harrison 

Los tres primeros fueron seleccionados por e l  
hecho de que han s ido  recomendados para aplicaci6r). 
geotbrmica, por d i f e ren te s  autores en t raba jos  
an te r io re s .  c, 

L a  cor re lac ibn  niimero 1 fue  reportada como l a  
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3 mejor predicci6n en e l  t r aba jo  de  Gould 
para  f l u j o  b i fgs i co  t i p o  b a l a  ( s lug) ,  usando pozos 
de  Wairakei y Broadlands, Nueva Zelandia. 

en 1974 

E l  m'etodo de Orkiszewski' f ue  recomendado en 
r epor t e  de l a  SPE-AlME' de  1977 usando pozos de 

Estados Unidos y F i l i p inas  

Y e l  tercer mdtodo es e l  seguido por e l  
I n s t i t u t o  de Investigaciones de  Denver'* a1 
presentar  un manual de diseiio de pozos geot6rmicos. 
Es te  mdtodo se compone de las ecuaciones de Hugmark4 
para predec i r  l a  f racc i6n  real volumgtrica d e l  
l l qu ido  "l$," (y consecuentemente l a  ca ida  de  12  
presidn por gravedad), y l a  cor re lac i6n  de Ducklev 
cas0 11 para  estimar l a  componente por f r i cc ibn ,  
u t i l i zando tambi6n e l  va lo r  obtenido de %t". 

Los m'etodos ad ic iona les  4 y 5 fueron 
desar ro l lados  en 1975 y aunque no fueron obtenidos 
para pozos geot6rmicos exclusivamente, si 
incluyeron mezclas agua-vapor en sus  desar ro l los  . 

Wi~man '~  a1 i g u a l  que Duckler predice 
iinicamente l a  componente por f r i cc i6n ;  s i n  embargo 
Wisman repor t a  una mejorla d e l  10% en pruebas 
experimentales de f l u j o  v e r t i c a l  agua-vapor en 
digmetros de  0.0251~ a 0.1143m (1-4.5 pulgadas). 
Para su  ap l icac ibn  en este t r aba jo ,  se cornbind 
tambidn con la cor re lac i6n  de  Hughmark. 

Pinalmente e l  mgtodo de Harrison6 fue  obtenido 
para tube r l a s  hor izonta les  per0 con f l u j o  
geotdrmico, las cuales t ienen  di'ametros mayores 
que aquellos usados en las correlaciones an te s  
c i tadas .  Adem& report6' predicciones mejores que 
aquel las  de Mar t ine l l i ,  Duckler, e l  modelo 
homogdneo y Chisholm. 

DESCRIPCION DE PROCEDIMIENTOS DEL ESTUDIO 
POZOS ANALIZADOS \ 

Las cinco correlaciones se probaron en cinco 
pozos de d i f e ren te s  campos geotdrmicos. 

BR-27 

lZA-27 

M-102 
OKOY-6 
WK-72 

Campo Geotdrmico de Broadlands ,Nueva 
Zelandia. 
Campo Geot6rmico de  Kawerau, Nueva 
Zelandia 
Campo Geot6rmico de Cerro P r i e t o ,  M&ics 
Campo Geote'rmico Los Negros, F i l i p i n a s  
Campo Geotdrmico Wairakei, Nueva Zelandia 

CONSIDERACIONES 

Con e l  f i n  de s impl i f i ca r  l a  secuencia general  
de cglculo,  se asumieron principalmente dos 
s i tuac iones  : 

1). Flujo adiab'atico: De acuerdo con l a  
re ferenc ia  de Gould, 61 concluyd que l a  calda d e .  
presi6n es cas i  insens ib le  a1 efec to  de 
t ransferenc ia  de ca lor  para  pozos con flujos 

bativamente a l t o s  mayores a 10 Kg/s. Aqui se u l i z a n  pozos con f l u j o s  variando de 10.56 Kg/s 
a 60.83 Kg/s. 

2) .  Mezcla pura de agua-vapor: No se consider6 

e l  pos ib le  e fec to  de &l idos  d isue l tos  s o b r e ' l a s  
propiedades d e l  agua, as? como d e l  contenido de 
gases asociados en f l u j o s  geot6rmicos. 
que est0 sea aceptable para las concentraciones de 
10s pozos estudiados aqu4. Sin embargo se podrian 
e s tud ia r  en forma mgs de ta l lada  10s pozos M-102 y 
BR-27, tomando en cuenta l a  concentraci6n de 
s6 l idos  de l  primero y e l  contenido de gas d e l  
segundo; siendo aproximadamente de 2% en peso y 3% 
respectivamente a condiciones de yacimiento. 

Se espera  

PROCEDINIENTO DE CALCULO 

La ecuaci6n general  u t i l i z a d a  para todas las 
correlaciones se deriva simplemente de l a  expresidn 
de cafda de presi6n t o t a l ,  dividigndola por un 
incremento de longitud A Z  , substituyendo APr por 
su  def i n i c i6n  pdj AZ y nominandodPI/0Z por Tf y 
despejando para AZ . 

~ 

AZ : (APT -APa )IOs/ [ Tc + e m 9  ) ( 1  1 

y con est0 l a  secuencia de pasos pr inc ipa les  
para determinar e l  p e r f i l  de presi6n t ed r i co  a l o  
l a rgo  d e l  pozo es como sigue: 

a )  Iniciando con las condiciones de cabezal, 
se selecciona un pequeiio incremento de presi6n 
t o t a l  procurando se conserve dentro de un 10% de 
l a  presidn precedente. Como nota cabe mencionar 
que en algunos pozos donde l a  pres& de cabezal 
se tom6 con instrumento d i f e ren te  a1 d e l  r e g i s t r o  
a l o  la rgo  d e l  pozo, se consider6 e l  punto i n i c i a l  
a 10s primeros 100 m. para e v i t a r  cualquier 
d i fe renc ia  de lec turas .  

b) Usando l a  presidn promedio d e l  incremento, 
l a s  propiedades de agua y vapor son obtenidas 
considerando equ i l ib r io  tdrmico. 

c) Una nueva calidad de  vapor se ca l cu la  con 
las propiedades d e l  i nc i so  b ) ,  considerando 
proceso isoent'alpico. 

d )  Usando l a  cor re lac i6n  seleccionada se 
calculan 10s t6rminos APo , Tf y P m  . 

e) Se determina e l  incremento de longitud 
para e l  cual ocurre e l  APT 
de l a  ecuaci6n anotada. 

especificado por medio 

f) La presi6n se incrementa nuevamente y se 
ca l cu la  e l  correspondiente bZ siguiendo 10s 
pasos b, c, d y e. 

g) E s t e  procedimiento se continca has t a  que 
se obt iene  l a  profundidad t o t a l  o has t a  que e l  
cambio de  f a s e  ocurre. 

, .  

PROCEDIMIENTO DE CaElPARACION 

Una vez calculados 10s p e r f i l e s  de  presibn, se 
tomaron incrementos de longitud de 100 m. a l o  
la rgo  d e l  pozo, comparhdose en forma e s t a d i s t i c a  
y gr'afica, 10s valores  te6r icos  de calda de 
presi6n con 10s observados para tales segmentos. 
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Evaluaci6n e s t adzs t i ca :  

Cons is t i6  en eva luar  l a  desviacicn media 
aritmgtica d y l a  desviaci6n es tandar  c por medio 
d e  las ecuaciones (2) y (3), respectivamente. 

Donde 
d i  = Desviacidn l o c a l  para cada va lo r  de  

ca ida  de  pres i6n  comparado. 

d i  = {bP,- AP, I /  APo 

n = Niimero de  va lo res  comparados. 

dp = Pe'rdida de pres i6n  ca lcu lada  
por cada 100 m. 

Ap = PCrdida de  pres i6n  observada 
por cada 100 m. 0 

E l  va lor  de podrEa ser una observaci6n d i r e c t a  
de  l a  exac t i t ud  d e l  mdtofio, s i n  embargo, debido a 
que pequeiios va lo res  de  d pueden ser obtenidos con 
grandes desviaciones l o c a l e s  d i  per0 de signos 
opuestos y equiva len tes ,  se requiere  de o t r o  
p a r h e t r o  e s t a d f s t i c o  que desc r iba  l a  d i spers i6n  
e n t r e  va lo res  calculados y observados, es d e c i r ,  l a  
desviaci6n es tandar .  

Se sug ie re  entonces evaluar 10s mdtodos de  
pred icc i6n  calculando e l  va lo r  d e  " 13 1 + G ' I ,  e l  
c u a l  e n t r e  &s pequeiio, mayor l a  conf iab i l idad  d e l  
mgtodo evaluado. 

Evaluacibn Grsfica:  

Se elaboraron un juego de g r6 f i cas  donde se 
puede v i s u a l i z a r  con mayor f ac i l i dad  e l  
comportamiento de las cor re lac iones .  

F iguras  1 a 5 representan 10s p e r f i l e s  de  
pres i6n  t a n t o  t e6 r i cos  como e l  observado pa ra  cada 
pozo, en coordenadas de  pres i6n  con t r a  profundidad. 

Figuras 6 a 10 corresponden para cada una de 
las corre lac iones  comparando 10s va lo res  t e6 r i cos  
cont ra  aquel los  observados de l a s  cafdas de pres i6n  
por cada 100 m. para todos 10s pozos. Una sucesi6n 
de puntos dando una l'mea recta a 45' i n d i c a r i a  una 
predicciijn per fec ta .  

RESULTADOS 

RANG0 DE PARAMETROS RELEVANTES 

Dismetro d e l  pozo (D) 0.147 - 0.29 m 
Long.de pozo con f l u j o  

a dos f a s e s  (ZT,) 600 - 1500 m 
F l u j o  m b i c o  (Mr ) 10.56 - 60.83 Kg/s 
Enta1p;a d e  fondo (he ) 1171 - 1522 Kj/Kg 
Presi6n de  cabezal (Pwh) 11.9 - 73.8 Bars 
Presi6n en e l  punto 

de cambio de f a s e  (PFp) 20 - 128 Bars 
Fracci6n de  vapor en (X) 0 - 0.28 - 

peso 

Velocidad s u p e r f i c i a l  

Velocidad s u p e r f i c i a l  

Patr6n de  flujo** - Flu jo  t i p 0  ba la  ( s lu  

** SegCn f r o n t e r a s  propuestas por Orkiszewski. 

d e l  agua (Vs,) 0.036 - 2.46 m / s  

d e l  vapor (Vse) 0 - 33.3 m / s  - 

iinicamente. 

OBSERVACIONES Y CONCLUSIONES 

OBS ERVACIONES 

De 10s tres mgtodos (Hagedorn and Brown, 
Orkiszewski y Hughmark-Duckler) sugeridos en 
r e fe renc ia s  (33, (8) y (18) como s u i t a b l e s  pa ra  
pozos geottrmicos,  l a  co r re l ac i6n  d e  Orkiszewski 
a r r o j 6  r e su l t ados  muy esparc idos ,  l o  cua l  reduce 
l a  confianza en e l  mdtodo (ver f i g u r a  6). 

En cuanto a 10s o t r o s  dos mgtodos r e s u l t a  
d i f f c i l  i d e n t i f i c a r  cu61 es mejor ya que en  l a  
Tabla 2 Hagedorn and Brown a r r o j a  un va lo r  menor 
de  It I d I + G ", y en  l a  Tabla 3 Hughmark-Duckler 
mostro' mejor pred icc i6n  (complementar con ps r r a fos  
5 y 6). 
confianza, tomando en cuenta que mientras Hagedorn 
and Brown predice  r e su l t ados  i n f e r i o r e s  a 10s 
observados, Hughmark-Duckler 10s predice  
super iores ,  siendo sus  desviaciones medias 
absolu tas  de aproximadamente 28%. 

Ambos pueden s e r  usados con similar 

La cor re lac i6n  de Harrison a r r o j 6  ~1 p e r f i l  de  
presi6n con l a  mayor desviaci6n media d. Esto se 
comprende ya que c i e r t a s  cons tan tes  usadas en t a l  
cor re lac i6n ,  fueron determinadas pa ra  f l u j o  
geotdrmico per0 a condiciones d i f e r e n t e s  a las 
e x i s t e n t e s  en f l u j o  v e r t i c a l .  

E l  hecho de usar e l  e s tud io  ana lz t i co  de  
Wisman en combinaci6n con Hughmark, parece dar  las 
mejores predicciones de 10s cinco mgtodos, dando 
en l a  Tabla 2 e l  va lo r  mss pequeiio de " 1 Z I  + G  I' 
con una desviaci6n media de  +16.9%. Asimismo en  
Tabla 1 la cual ana l i za  10s pozos individualmente,  
muestra que Hughmark-Wisman d i6  l a  mejor 
p r e d i c c i h  para tres pozos y fue  s a t i s f a c t o r i o  para  
10s r e s t a n t e s  dos pozos. 

En e l  cas0 d e l  pozo BR-27 todos 10s mstodos a 
excepci6n de Hagedorn and Brown, predi je ron  
presiones muy supe r io re s  a las observadas (ver 
Tabla 1). E s t 0  pudiera deberse a1 mayor contenido 
de  gas de este pozo l o  cua l  a l t e r a r z a  e l  
comportamiento d e l  f l u ido ,  reduciendo l a  densidad 
de l a  mezcla. 
de t a l l ado  para  eva luar  l a  magnitud de este e fec to .  

Se r equ ie re  de  un e s tud io  m s s  

S i  no se considera e l  pozo BR-27, l a  Tabla 3 
aparece con 10s nuevos va lo res  es tad l ' s t icos .  
Hughmark-Wisman aun da l a  mejor predicci6n per0 
esta v ~ z  con una mayor venta ja .  
media d se redujo a +7.9%. 

Su desviaci6n 

- u Las condiciones de  f l u j o  l imi ta ron  10s 
resu l tados  a1 pa t r6n  de f l u j o  t i p o  Bala (slug) 
exclusivamente, por l o  t a n t o  nada se puede a f i rmar  
con respec to  a 10s demZs patrones de f l u j o .  
embargo, resu l tados  en f l u j o  Bala son importantes 

S in  
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ya que esta d i s t r ibuc i6n  d e l  f l u i d o  b i f d s i c o  es 
muy p e r s i s t e n t e  en l a  d i recc idn  v e r t i c a l  y d i f i c i l  
de ana l i za r .  

hd CONCLIJSIONES 

1. D e  acuerdo a e s t o s  r e su l t ados ,  se recomienda 
e l  mLtodo formado por 10s t r a b a j o s  de Hugmark y 
Wisman para  es t imar  ca idas  d e  pres i6n  en pozos 
geotLnnicos descargando f l u j o  b i f s s i c o ;  y cont inuar  
s u  e s tud io  pa ra  conocer sus lzmites d e  ap l icac i6n .  

2 .  E l  procedimiento se bas6 principalmente en  
las s igu ien te s  suposiciones:  

a). Estado e s t ab le .  
b). F l u j o  ad iabz t ico .  
c ) .  S in  &l idos  d i sue l to s .  
d ) .  S in  contenido de  gas. 

Ndtese que en e l  pozo BR-27 con mayor conteni 
de gas ,  se perdid exac t i t ud  en  las  predicciones.  

3. E l  m6todo ha s i d o  probado con t r a  pozos 
operando en e l  pa t rdn  de  f l u j o  t i p 0  Bala. Pozos 
con mayores f l u j o s  o e n t a l p i a s  de  fondo, podrian 
descargar bajo condiciones de  f l u j o  anular  y e l  
mdtodo neces i t a  ser probado para este caso. 
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Figure 2.  Pressure versus depth. Well BR-27. 
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Figure 4. Pressure versus depth. Well M-202. 
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Tabla 1: Resume 10s va lo res  de  2, C y "1 I + C * I  obtenidos por cada una de  las 
cor re lac iones  y para  cada uno de 10s pozos estudiados.  

I - 6/ Table 1. Summary of d, U, and "1x1 + U" values obtained f o r  each of the  formulas 
I 
I and f o r  each of the  we l l s  s tud ied .  
~ 

I 
~ 

I 

* BR-27 -287 5.4 34.1" 157.4 20.2 177.6 53.3 9.1 62.4 58.1 9.1 62.2 112.6 13.9 26.5 

WK-72 -12.9 18.7 31.1 11.2 43.9 551 45.1 25.7 70.8 62 22.6 28.8* 57.2 37.2 94.4 

KA-27 -26.5 12.3 38.8 -23.6 5.5 29.1 17.4 6.8 24.2 0.8 4.2 5.0" 55.3 Z3 62.6 
1 

1 

Tabla 2: Muestra 10s va lo res  2, (5 y 'I I 1 + G obtenidos por cada c o r r e l a c i h  
1 per0  tomando en cuenta todos 10s pozos. 

1 Table 2.  Sample of a, U, and "121 + U" values obtained f o r  each formula but  
tak ing  a l l  t h e  w e l l s  i n t o  account. 

HUGHMARK HARRISON ' HUGHMARK 
OUCKLER WISMAN ORKISZEWSKI 1 HAGEOORN 

I 7 AND BROWN 
1 2 G hkG 1 G hltG -d G ldtG 3 G hItG 3 G hlffi- 

-28.5 12.4 40.9 15.3 83.5 98.8 29.9 18.6 48.5 16.9 21.1 38.0* 71.7 28.3 100 
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COMPARISON OF THEORETICAL A N D  
OBSERVED PRESSURE PROFILES IN GEOTHERMAL WELLS 

INTRODUCTION 

The subject of two-phase flow has received a 
great deal of attention because of its practical 
importance in several fields of technology. In the 
utilization of geothermal energy, two-phase water- 
steam flow conditions are present in the three main 
sections comprising a geothermal system under 
exploitation, namely, in the reservoir itself, in 
the geothermal wells, and in the fluid transmission 
lines on the surface. The present study is 
directly related to geothermal wells and is specif- 
ically aimed at predicting pressure drops in these 
wells. 

The ability to predict with some degree of 
accuracy the pressure profile along a well produc- 
ing a water and steam mixture under various operat- 
ing conditions is of great importance because it 
could be applied in several areas, such as, optimi- 
zation of production casing diameters and identif- 
ication of likely locations of calcium carbonate 
precipitation. Of greater interest at Cerro Prieto 
is the ability to couple the behavior of the well 
with a reservoir simulation program. This would 
permit a comprehensive model to be developed with 
which long range production can be predicted and 
which can anticipate the behavior of the reservoir 
with depletion. 

PRESSURE DROP 

In general terms, the total pressure drop in a 
pipe results from the sum of three effects: 

These are the pressure losses due to friction, 
gravity, and acceleration, respectively. 

This expression can be deduced from the equa- 
tions of continuity and conservation of momentum, 
or impulse. However, the magnitude of its com- 
ponents cannot be predicted on the basis of 
single-phase flow because of the difficulty of a 
rigorous application of fluid dynamics. 

The APh term is logically directly propor- 
tional to the density of the mixture pm, which can- 
not be obtained by simply relating the mass flows 
and densities of liquid and steam because the gase- 
ous phase will travel faster than the liquid phase 
because of slippage between the two phases. It is 
therefore necessary to estimate the actual volume 
fraction occupied by the liquid within the pipe. 
This concept is commonly known in the literature as 
"Hold-Up" (HJ,) - 

The term APf depends on the density of the 
mixture as well as on the geometry of the two-phase 
flow since the latter affects the relative area of 
the gas-liquid interface, where there exist impor- 
tant shearing forces. 

w 
Finally, the contribution of the AP, term to 

the total pressure drop may be significant in two- 
phase flow under high flow rates and low pressures 
conditions. 

At present, most of the experience with verti- 
cal two-phase flow has been in the oil industry, 
nuclear reactors, and laboratory liquid-air sys- 
tems. Empirical and semi-empirical correlations 
have been developed for these systems with the pur- 
pose of estimating the above-mentioned pressure 
drop terms. 

A methodology specifically developed for 
geothermal wells is therefore required. Alterna- 
tively, it must be determined whether it could be 
possible to modify the formulations developed in 
other fields to see if one is suitable for geother- 
mal wells. The present study is aimed in this last 
direction, namely, to make an evaluation of several 
prediction methods. 

CORRELATIONS 

There are so many publications in the litera- 
ture dealing with this subject that it all would be 
practically impossible to analyze them all. There- 
fore, some selection criteria must be used. 

The following prediction methods were selected 
from the literature to be analyzed and compared 
with each other and with actual pressure measure- 
ments: 

1. Hagedorn and Brown 
2. Orkiszewski 
3. Hughmark-Duckler 
4. Hughmark-Wisman 
5. Harrison 

The first three were selected because that 
they have been recommended for geothermal applica- 
tions by various authors in prior publications. 

Gould ( 197413 reported the first correlation 
to be the best predictor for two-phase, slug-type 
flow, using wells from Wairakei and Broadlands, New 
Zealand. 

Orkiszewski 's9 method was recommended in a 
1977 SPE-AIME report, based on experience with 
wells from the United States and the Phillipines. 

The Denver Research Institute l8 uses the 
Hughmark-Duckler method in a manual on geothermal 
well design. This method consists of Hughmark's4 
equations for predicting the actual volume fraction 
of the liquid "HLfl (and therefore the pressure drop 
due to gravity), and Duckler's12 case I1 correla? 
tion to estimate the component due to friction, 
using the value of HL obtained above. L' 

Hughmark-Wisman's and Harrison's methods, 
developed in 1975, although not exclusively for 
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geothermal wells, also include water-steam mixtures 
in their derivations. 

Both Wisman14 and Duckler predict only the 
ponent due to friction. However,Wisman predicts 

vertical flow of water-steam in 0.025 to 0.1143 m- 
(1 to 4.5 in.) diameter pipes. 
paper, Wisman's calculations were combined with 
Hughmark's. 

u 0 percent improvement in experimental tests of 

In the present 

Finally, Harrison's6 method was used for hor- 

He also reported5 better pred- 

izontal pipes, which carry geothermal fluids, of 
greater 'diameters than those used in the above 
cited correlation. 
ictions than those of Martinelli, Duckler's homo- 
geneous model, and Chisholm. 

DESCRIPTION OF THE APPROACH USED IN THIS STUDY 

Wells Analyzed 

The five correlations were tested on the fol- 
lowing five wells: 

BR-27 Broadlands geothermal field, New Zealand 

KA-27 

M-102 

OKOY-6 

WK-72 

Kawerau geothermal field, New Zealand 

Cerro Prieto geothermal field, M&xico 

Los Negros geothermal field, Phillipines 

Wairakei geothermal field, New Zealand. 

Assumptions 

To simplify the calculations, two main assump- 

1. Adiabatic e. According to Gould3, the 
tions were made: 

pressure drop is almost insensitive to the effect 
of heat transfer in wells with relatively high flow 
rates, in excess of 10 kg/s. Here wells with flow 
rates varying between 10.56 kg/s and 60.83 kg/s and 
analyzed. 

2. Pure water-steam mixture. The possible 
effect of dissolved solids on the properties of 2 

water was not considered. Gas contents usually 
associated with geothermal flows were also ignored. 
It is hoped that these are reasonable assumptions 
for the wells studied here. However-, wells M-102 
and BR-27 could be studied in more detail, taking 
into account the concentration of solids in the 
former and the gas content of the latter. 
represent approximately 2 percent and 3 percent by 
weight of solids and gas, respectively, under ! 

reservoir conditions. 

These 

The general equation used for all the correla- 
tions is derived straightforward from the expres- 
sion for total pressure drop by dividing it by an 
increment of length Az. Substituting APh by its 

Calculation Procedures 
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definition &gAz, defining Tf as APf/Az, and solv- 
ing for Az we obtain: 

The sequence of steps to determine the theoretical 
pressure profile in a well is as follows: 

a. Starting with known wellhead conditions, a 
small total pressure increment is selected, 
within 10 percent of the preceding pressure. 
It is worth.noting that, in those wells where 
the wellhead pressure was measured with a dif- 
ferent instrument than used inside the well, 
the starting point 5s taken 100 m into the well 
to avoid any anomalous difference in readings. 

Using the average pressure for the increment, 
the properties of the water and the steam are 
obtained assuming thermal equilibrium. 

A new value for vapor quality is calculated 
using the properties obtained in b, assuming an 
isoenthalpic process. 

b. 

c. 

d. Using the selected correlation, the values for 
hPa, Tf, and pm are calculated. 

The length increment over which the change 
in pressure APT occurs is computed using Equa- 
tion (1). 

The pressure is incremented again, and the 
corresponding Az is calculated following steps 
b, c, d, and e. 

e. 

f. 

g. This procedure is continued until the total 
depth-of the well is reached or until a phase 
change takes place. 

Comparison Procedure 

Once the pressure profiles are calculated, 
theoretical values of pressure drop calculated at 
100-m increments are compared statistically and 
graphically with observed pressure drops over the 
same intervals. 

Statistical Evaluation. This consisted in 
evaluating the mean arithmetic deviation d and the 
standard deviation (J using Equations (2) and (3), 
respectively. 

(2) 

/2 

(3) 

where 

/2 

/(n - 1 (3) 

L 

where 

di =Local deviation for each value of pressure 
drop compared. 



n =Number of va lues  compared. 

Pc=Calcula ted  pressure  drop f o r  each 100 m. 

Po=Observed pressure  drop f o r  each 100 m. 

The value of 7 could be a direct measure of 
t h e  accurazy of t h e  method. 
va lues  of d can r e s u l t  from l a r g e  l o c a l  devia t ions  
of d i  of opposite s ign ,  a d i f f e r e n t  statist ical  
parameter is required t o  descr ibe  t h e  d i spe r s ion  
between ca l cu la t ed  and observed values. This  
parameter is t h e  standard deviation. 

However, s i n c e  small  

The predic t ion  methods were the re fo re  
evaluated by ca l cu la t ing  t h e  value of  "]dl + u  ". 
The smal le r  t h i s  value, t h e  greater the confidence 
i n  the method being evaluated. 

Graphical Evaluation. A set of graphs was 
prepared to help  v i s u a l i z e  the behavior of  t he  
co r re l a t ions .  F i g u r e s l t o  5 represent  t he  theore t -  
ical and observed p r o f i l e s  f o r  each w e l l .  The 
coord ina tes  used i n  these p l o t s  are pressure  versus 
depth. Figures 6 t o  10 correspond t o  each of  the  
c o r r e l a t i o n s  and compare the t h e o r e t i c a l  versus  
t h e  observed pressure drops f o r  each 100 m- 
i n t e r v a l  f o r  a l l  the wells. A s t r a i g h t  115' l i n e  
would ind ica t e  a pe r fec t  match. 

Resul t s  

RANGE OF RELEVANT PARAMETERS 

Well Diameter 

Well bore length 
with two-phase 
flow 

Mass f low 

Well-bottom enthalpy 

Wellhead pressure 

Flashing point 
pressure 

Vapor fraction 
by weight 

Surf i c ia l  water 
ve loc i ty  

Surf i c ia l  steam 
ve loc i ty  

0.147 - 0.29 

600 - 1500 m 

10.56 - 60.83 kg/S 

1171 - 1522 k J / U  

11.9 - 73.8 Bars 

20 - 128 Bars 

o - 0.28 
0.036 - 2.46 m / s  

0 - 33.3 m / s  

Flow regime** 

**According to boundaries proposed by Qrkiszewski. 

-- Only s l u g  f l o w  conditions 

Tables for Statistical Comparison 

Table 1. Summary of 7, u, and u w values  
obtained f o r  each of the c o r r e l a t i o n s  and for each 
of the wells studied. 

Table 2. Sample of z, 0, and 1 ;I+ u values  
obta ined  for each co r re l a t ion ,  but taking a l l  the 
wells i n t o  account. 

Table 3. Similar to Table 2, but excluding 
well BR-27. T h i s  table is included t o  complement 
paragraphs 5 and 6 o f  t he  next sec t ion .  

OBSERVATIONS AND CONCLUSIONS Lj 

Observations 

O f  t he  t h r e e  methods (Hagedorn and Brown, Ork- 
iszewski,  and Hughmark-Duckler) suggested i n  refer- 
ences  (31 ,  (81, and (18) as s u i t a b l e  for geothermal 
wells, Orkiszewski's c o r r e l a t i o n s  yielded very 
scattered r e s u l t s ,  which reduces confidence i n  the  
method (see Figure  6). 

Regarding t h e  other two methods, it is d i f f i -  
c u l t  to i d e n t i f y  which is better, s ince  i n  Table 2, 
Hagedorn and Brown y i e l d  a lower value of "d+ ow, 
whereas i n  Table 3 Hughmark-Duckler showed a b e t t e r  
match (see paragraphs 5 and 6 of  t h i s  s ec t ion ) .  
Both methods can be used with the same degree of 
confidence,  t ak ing  i n t o  account t h a t ,  whereas 
Hagedorn and Brown p red ic t  lower values than 
observed, Hughmark-Duckler p r e d i c t s  higher-than- 
observed values,  w i t h  absolu te  mean devia t ions  of 
about 28 percent.  

Harrison's c o r r e l a t i o n  yielded the pressure  
w i t h  the greatest mean dev ia t ion  d. Th i s  is under- 
s tandable  s ince  some of t h e  cons tan ts  used by t h i s  
c o r r e l a t i o n  were determined f o r  geothermal flows 
under o ther  than v e r t i c a l  flow condi t ions .  

O f  t he  f i v e  methods' s tud ied ,  t h e  combination 
o f  t he  a n a l y t i c a l  c o r r e l a t i o n  of Wisman with 
Hughmark 's work seems t o  y i e ld  the best predic- 
t i ons ,  g iv ing  t h e  lowest value of "dww, w i t h  a 
mean devia t ion  of 16.9 percent (Table 2). Further- 
more, a shown i n  Table 1,  when each w e l l  is  
analyzed ind iv idua l ly ,  the  Hughmark-Wisman r e l a t i o n  
gave the  bes t  p red ic t ion  for three wells and was 
s a t i s f a c t o r y  f o r  t he  remaining two. 

I n  the  case of well BR-27, a l l  t h e  methods, 
w i t h  the exception of Hagedorn and Brown, pred ic ted  
much higher pressures  than observed (see Table 1) .  
T h i s  could be due t o  the  higher gas  conten t  of t h i s  
w e l l ,  which would alter t h e  behavior of the  f l u i d  
by reducing the dens i ty  of  the mixture. A more 
detailed study i s  required to eva lua te  the magni- 
tude  of t h i s  effect. 

Table 3 shows t h e  statist ical  r e s u l t s  i f  well 
BR-27 is excluded. Hughmark-Wisman still y i e l d s  
t h e  best pred ic t ions ,  t h i s  tiple wi th  even better 
r e s u l t s ;  its mean devia t ion  d was reduced to +7.9 
percent. 

The flow condi t ions  limited the r e s u l t s  t o  a 
slug-type Slow exc lus ive ly .  Therefore, nothing can 
be s a i d  for o t h e r  flow regimes. Nonetheless, t he  
r e s u l t s  for slug-type flows are important s ince  
t h i s  type of flow is very p e r s i s t e n t  i n  v e r t i c a l  
two-phase flow and is d i f f i c u l t  to analyze. 

CONCLUSIONS 

1. From t h e  r e s u l t s  presented above, the 

494 



method combining the work of Hughmark and Wiaman is 
recommended for estimating the pressure drops in 
geothermal wells with a two phase flow conditions, 
This procedure should be studied further to deter- 

Note that in well BR-27, which had a higher 
gas content, the predictions were less accurate. 

3. The method has been tested in wells show- 
ing slug-type flow regimes, 
flow rates or down-hole enthalpies could discharge 
under anular flow conditions; the method needs to 
be tested for that case. 

- u n e  the limitations to its application. We113 with greater 

2. The Procedure was based mainly on the Pol- 
lowing assumptions: 

a. Steady state flow. 
b. Adiabatic flow. 
c. No dissolved solids. 
d. No gas content, 




