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ABSTRACT An e a r l i e r  seminal study by Rwi (1972) cam- 
pares s i x  dry steam wel ls o f  the Larderello 
f i e l d  o f  I t a l y  wi th  modified e l l i pse  
equations t o  give good agreement wi th  the 
experimentally p lo t ted  output curves. 

A powerful steam-water well o f  New Zealand 
was Studied by James (1984) and a s imi lar  
equation gave good agreement wi th  l a t e r  out- 
put measurements. 

No two geothermal wel ls have the same output 
character ist ics wi th  ident ical  flows and 
wellhead pressures, hence a l l  such curves are 
highly i nd i v idua l i s t i c  and generally are 
p lo t ted on t h e i r  own t e s t  resu l t  sheets. 
Under production discharge,both f l o w  and 
wellhead pressure also decline wi th  tin2 

t ionship between f l o w  and wellhead pressure 
i n  which both decline i n  harmony when the 
we1 1 discharges against a constant resistance 
such as t s  exerted by a f ixed choke o r  an 
untouched control valve setting, i s  an Impor- 

Characteristic curves o f  geothermal wel ls co- 
ordinate mass flow wi th  wellhead pressure, 
and although d i f f e r i n g  from one another, 
p lo t s  o f  good comnercial producers are 
roughly e l  1 i p t i c a l  i n  appearance. This 
occurs whether the flow or ig inates as dry 
saturated steam o r  as pressurized hot water. 

A l l  e l l ipses when t i l t e d  can be changed t o  a 
c i r c le ,  hence by p l o t t i n g  ( W / h x )  versus 
(P/Pmax) where W i s  f lowrate and P i s  
wellhead pressure, we can obtain a c i r c l e  
when: (W/wmax)' + (p/pmaX)2 = 1.0 

Ten geothermal wel ls  - o f  which h a l f  em i t  dry 
saturated steam - are p lo t ted employing the 
above parameters and give surpr is ingly close 
approximations t o  a c i r c l e  considering the 
var ie ty  o f  wel ls tested. 

The re la t ionship permits optimlzation o f  t U r -  
bine entry pressures which are found t o  be 

usually they remain geometrically 
nd e l l i p t i c a l  i n  shape. The rela- 

a recent work by Lippman and Manon (1987). ra t i os  can be p lo t ted against pressure rat ios 

- 329 - 



where W and P are spot values: bx and Pmax 
are theoretlcal maximum values taken where P 
= 0 and W o 0 respectively. 

The reason for the term 'theoretical' Is 
because even when a comnerclally slzed Well 
Is discharging wlde-open, thete Is a slgnifl- 
cant wellhead pressure for steam-water wells 
and to a lesser extent for wells discharging 
dry saturated or superheated steam. Also for 
steam-water wells the discharge i s  usually 
not zero but a substantial quantlty at the 
hlghest operatlng wellhead pressure (known as 
the MOP or  Maximum 01 scharge-Pressure). For 
example, at Walrakel flows do not fall much 
below about 1CO tlh for 0.2 m dlameter wells 
when the wellhead pressure Is at a maxlmum 
(originally about 26 bar). Closlng comple- 
tely the wellhead valve results I n  the flow 
dropping to zero while the wellhead pressure 
can remaln at MOP or start slowly to vary 
from this as explained In James (1980a) 
taking days o r  weeks to stabillse. 
case of dry steam wells, the phenomenon of 
MOP does not exlst and hence the discharge 
truly Is zero at the maximum wellhead 
pressure. 

In the 

With bleeding of steam-water wells, a change 
o f  the relationship between wellhead pressure 
and flow-rate often takes place in which 
these parameters now Increase (and decrease) 
together, but thls Is for non-ccinnercial 
flows o f  the order of 1 tlh and has been 
pursued elsewhere, James and Gould (1987). 
and i s  not appllcable here. 

Plotting Procedure Examples 

Taking data from the steam-water well M-102 
described by Llppman and Manon (1987) where a 
wlde-open flow of 225 tlh Is obtalned at a 
wellhead pressure o f  11.5 bar, together wlth 
a flow of 75 tlh at 81 bar, we may calculate 
the theoretical maxlmum flow and maximum 
wellhead pressure as follows: 

From equatlon (1), Wmx = 

Hence Wmax = 225 = 75 (3) 

Solving glves Pmax= 85.817 and Wmax 1227.047 

Discharges may now be calculated for varlous 
values o f  wellhead pressure from the 
following equatlon and compared with test 
results on Table 1. 

W = 227.047 
(4) 

Table 1. Calculated dlscharges from equation 
(4) compared wlth test results on 
well M-102 from Llppman and Manon 
(1987) 

W(calcu1ated) Wt(test) Ut 
E P P  bar Pmax tlh 

11.5 0.134 225 225 
21 0.245 220.1 220 
31 0.361 211.7 215 
41 0.478 199.5 200 
51 0.594 182.6 180 
61 0.711 159.7 165 
71 0.827 127.5 130 
81 0.944 75 75 

0.991 
0.969 
0.947 
0.881 
0.793 
0.727 
0.573 
0.330 

Taking as a further example a dry steam well 
of Larderello, Gabbo 1 as described by Rumi 
(1972) where a wlde-open flow of 116 tlh Is 
obtalned at a wellhead pressure of 4 bar 
together wlth a flow of 20 tlh at 29.8 bar, 
we determine maximum theoretical flow and 
maximum wellhead pressure from the followlng 
relationship : 

Solving glves PmX = 30.245 and hx 417.028 

Olscharges may now be calculated as before at 
dlfferent wellhead pressures from equatlon 
(6) followlng, and compared wlth test results 
shown on Table 2. 

-(a2 W = 117.028 

Table 2. Calculated discharges from equatlon 
(6) compared wlth test results on 
well Gabbro 1 from Rum1 (1972). 

W(calcu1ated) Ut Wt P P  
bar G tlh (test) K i T  

4 
6.9 
9.9 

12.8 
15.9 
18.2 
25.6 
29.8 

0.132 
0.228 
0.327 
0.423 
0.526 
0.602 
0.846 
0.985 

116 116 
113.94 112 
110.58 108.1 
106.03 102.5 
99.55 97 
93.47 89 
62.32 56.5 
20 20 

0.991 
0.957 
0.924 
0.876 
0.829 
0.761 
0.483 
0.171 

Values of P are plotted agalnst W 

on Figure 1 and taken from Tables 1 and 2. 
Three other dry steam wells are also plotted, 
namely VC-10, Scarzai 3 and La Selvaccla wlth 
two plots for the latter taken for the years 
1958 and 1964 durlng whlch severe decllne I n  
discharge had occurred. 
'typical' steam well for the Geysers fleld as 
presented by Budd (1973). 

pmax GG 

Also plotted is a 
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I n  the case o f  steam-water w e l l s ,  a t o t a l  o f  
5 are p lo t ted (Including M-102) which are, 

of New Zealand. I t  should be mentioned that 
for  wel ls which have outputs which should not 
be divulged f o r  c m e r c i a l  reasons, the p lo t s  
o f  Flgure 1 glve no information In the way o f  
enthalpy, dlscharge o r  we1 lhead pressure. 

cance o f  the relat lonshlp between the para- 
meters,  and the resu l t  Indicates a reasonably 
good corre la t lon w i th  the arc o f  a c i rc le.  
Although any one t e s t  measurement po lnt  may 
be unrel iable due t o  a var ie ty  o f  causes, 
overal l  there seems l l t t l e  difference a t t r l -  
butable t o  the type o f  well, powerful or 
moderate, wet o r  dry. Causes o f  unrel iabi-  
l i t y  may be lack o f  s tab i l i z i ng  time, 
discharge f luctuat lons o r  'errors caused by 
Instrument fatigue, especially due t o  vlbra- 
t l o n  inherent I n  two-phase flow. 

E-2 and M-110 O f  Mexico, Wlth MK-5 and KA-21 

. The Importance o f  these p lo t s  Is the s l g n l f i -  

Optimization o f  turbine entry pressure 

As the output curves o f  geothermal wel ls 
approximate t o  the quadrant o f  a c l r c l e  as 
shown In Flgure 1, It should not be d l f f l c u l t  
t o  determine the turbine entry pressure which 
generates the maxlmum amount o f  e lec t r i c  
energy both f o r  steam-water and dry steam 
we1 1 s. 
To obtain a pract ica l  grasp o f  the procedure, 
the quadrant o f  Flgure 2 has the a rb l t ra ry  
values o f  30 bar maxlmum wellhead pressure 
and 100 t l h  maxlmum discharge. Although the 
l a t t e r  f lgure Is low f o r  a comnerclal steam- 
water wel l  (but r e a l i s t i c  f o r  a dry steam 
well), the power developed can be factored 
upwards In proportion t o  the actual maXl!nUIII 
d 1 scharge. 

Steam-Water wel l  optimum 

The case i s  also 
consldered where single-stage f lash Is asso- 
c iated w l th  an atomospheric-exhaust turbine 

pressure o f  1 bar. 
f lgure 3 where curves ' A ' ,  '8' 

and 'C '  are f o r  double flash, single-stage 
f lash and atmospherfc-exhaust wi th  power 
potent la ls  o f  3, 2.5 and 1.3 HWe a t  optlmum 
pressures o f  113, 116 and 114 o f  the maximum 
we1 lhead pressure. Ident ical  f ract ions were 
also found where the maxlmum wellhead 
pressure was raised t o  60 bar and also when 
reduced t o  15 bar so that  I f  a steam-water 
w e l l  Is consldered wl th  a maxlmum wellhead 
pressure of, say, 42 bar f o r  e l tp lo i tat lon by 
single-stage flash, then the optlmum pressure 
would be 4216 = 7 bar. It should be noted, 
however, that  t h i s  value does not dlst lngulsh 
between wellhead pressure, separator pressure 
and turbine entry pressure whlch i n  t h i s  
study are consldered the same but which i n  an 
actual f l e l d  development would not 
necessarlly be ldent lcal .  Also, o f  course, 
a l l  f i e l d s  under explo l ta t lon resul t  In a 
shrlnkage of the curve o f  Figure 2 towards 
the o r i g l n  whatever the or ig ina l  Values o f  
discharge and wellhead pressure. Hence the 
maximum discharge-pressure dlminlshes w l  t h  
t i m e  and so does the value o f  PmJ6 In the 
case o f  slngle-stage flash, f o r  example. 

The resul ts 

The optlmum values should there fore  be con- 
sldered as maxima and It would be preferable 
to  reduce them somewhat In the l n l t l a l  design 
when account Is taken o f  dlscharge and 
wellhead pressures sfmultaneously reduclng 

.over years o f  exploltatlon. Wlth reinjec- 
t l o n  o f  separated br lne an Inherent pa r t  o f  
modern geothermal f l e l d s  where hot water 
reservoirs are developed, design Is moving i n  
the d i rect ion o f  single-stage f lash i n  order 
t o  avoid mlneral scallng o f  overland pipes 
and 1 S. 

' 

f rac t i on  i f  secon 
dered). Takfng a 
bar and steam ra te  

av (1977), the powe 
t r i c i t y  can be e s t i  

one and two separators). 
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Dry Steam Wells 

Taking Figure 2 as the curve of a dry steam 
well, the discharge i s  known f o r  each value 
of wellhead pressure and may be used t o  
determine the e l e c t r i c  power potent ia l  when 
using turbine steam rates as presented by 
James and Meldav (1977). 
accomplished both f o r  condensing sets wi th  a 
back-pressure of 0.15 bar and f o r  atmospheric 
-exhaust sets w i th  a back-pressure of 1 bar. 
The resul ts  are shown on Figure 4 where i t  i s  
seen that  condensing sets generate about 50% 
more power than atmospheric-exhaust sets when 
designed a t  t h e i r  optimum pressures of 12 bar 
and 15 bar respectively. 

These optima are equal t o  0.4 Pm and 0.5 Pm 
and are therefore higher ra t i os  than those 
f o r  steam-water wells. However. the same 
caveat applies w i th  both discharge and maxi- 
mum we1 lhead pressure decl in ing wi th  exploi- 
tat ion,  so that  they represent maximum values 
which would have t o  be reduced i n  pract ice t o  
take i n t o  account an estimated maximum 
wellhead pressure a t  the end of the economic 
f i e l d - l i f e .  

The same ra t i os  are found t o  apply when a 
curve s imi lar  t o  Figure 2 f o r  dry saturated 
steam i s  consldered but where the maximum 
wellhead pressure i s  15 bar instead o f  30 bar 
so can be considered as widely applicable. 
For theoret ical  reasons, James (1968), an 
exploi table steam reservoir wi th  a pressure 
s ign i f i can t l y  i n  excess of 30 t o  40 bar i s  
not t o  be expected, hence calculations based 
on a maximum wellhead pressure of 60 bar (as 
for steam-water wells) i s  not undertaken 
here. 
Predicting whole output curve 

This has been 

A geothermal wel l  which produced large flows 
o f  dry saturated steam was tested i n  New 
Zealand. 
casing, i t  had a closed-in wellhead pressure 
of 24.5 bar and when discharged v e r t i c a l l y  
wide-open produced a flow of 174.8 t l h  a t  a 
wellhead pressure of 19.3 bar. The discharge 
pipe erected a t  the wellhead was rather small 
i n  diameter a t  0.1524 m compared wi th  the 
in ternal  casing diameter of 0.315 m and was 
obviously r e s t r i c t i n g  the discharge t o  a 
value much smaller than what the well was 
capable. WIth no r e s t r i c t i o n  a t  the 
wellhead, the character ist ic wel l  curve was 
calculated as follows: 

Employing a 12 inch production 

From equation (1). 174.8 2 + 19.3 = 1 
(wmax) b) 

Hence Wmax = 283.77 t l h  

Discharges may now be determined from various 
substituted values o f  wellhead pressure i n  
the fo l lowing formula:- 

30 
p Wellterd pressure brr 

1 A 

WeJ 1t.erd Pressure btr b 

Curve P 
Curve B 

Flguie 4 

Condenser set *t 0.95 brr  
Ptmospkeric exbus t  P t  1.0 bFr 

Power output of  dry s t e m  
well of Figure 2 
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The theoret lcal  curve i s  shown on Figure 5 
together w i th  a few tes t  resul ts  employlng 
the 0.1524111 diameter discharge pipe whlch 
could only cover a l fmi ted range o f  wellhead 
pressures from 24.5 t o  19.3 bar. The l i n e  
' A '  crosses the locat ion where the minimum 
wellhead pressure i s  at ta lned wl th  the 
0.1524111 diameter discharge pipe. Lines ' E ' ,  
'C '  and '0'  are shown lntercept lng the curve 
a t  the lowest wellhead pressures at ta inable 
when discharglng wide-open v e r t l c a l l y  through 
0.2032 m, 0.254 m and 0.3048 m diameter 
dlscharge pipes. 
conflnn these estimates by replacing the 
0.1524 m dia. by a 0.2032 m pipe and re- 
testing the wel l  from closed-In t o  wide-open 
ver t ica l ly .  
fo l low the theoret lcal  curve and nearly reach 
the estimated lower l i m l t  o f  wellhead 
pressure crossed by l i n e  *8' ,  hence the 
calculated curve i s  consldered as a r e a l i s t i c  
f l r s t  estimate o f  discharges at ta lnable a t  
lower wellhead pressures. With sui tably 
large branch llnes, It Is belleved that  t h l s  
w e l l  should be capable o f  a steam flow o f  260 
t /h  a t  a wellhead pressure o f  10.0 bar which 
Is equlvalent t o  an e l e c t r i c  power output o f  
about 30 MWe. 

Measurement o f  the mass flow from geothermal 
w e l l s  under condltlons o f  maxlmum ve r t i ca l  
discharge employing the l l p  pressure tech- 
nfque ( c r i t i c a l  discharge pressure a t  sonic 
ve loc l ty)  has been described elsewhere, James 
(1980b) and w i l l  not  be followed here. 

CONCLUSIONS 

The power generated by geothermal wel ls i s  o f  
course, dependant on discharge. 
optlmum turbine entry pressure 
o f  f l o w  and i s  proportional only t o  the 
Instantaneous closed-tn wellhea 
dry saturated steam wel ls  and t o  the Max1 
Discharge-Pressure (MOP) o f  steam-water 
wells. The el l lpt lcal-shaped char 
curve which corr  tes discharge w i  
wellhead pressur s an In tegra l  pa 

I baslc t o  a l l  5 
curves shrink towar 
o l t a t i o n  o f  a geoth 

t 

It was only possible t o  

The resul ts  shown on Figure 5 

f i e l d ,  the MDP s lm i la r l y  decllnes 

the present, i t  seem? l i k e l y  that  sfngle- 
stage f lash w i l l  be increasingly c m o n  w i th  
re- ln ject lon becoming an l n t r i n s l c  par t  o f  

fu ture projects. 
d r i l l l n g  t o  2km o r  more has also resulted In 

The spread o f  deeper 

ture wel ls wi th  concmltant 
content o f  the water phase: 

water a t  increased temperatures 
) t o  be transmltted t o  disposal 

roxlmatlon t o  
o sets o f  t e s t  
should be a t  maxi- 

DP) and a t  Maximum 
Vert ical  discharge (MVD) which provide the 

idest  at ta inable dl f ference o f  wellhead 
ressures and l l p  pressures. In terpolat lo  

between these polnts and extrapolation 
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