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ABSTRACT

Characteristic curves of geothermal wells co-

ordinate mass flow with wellhead pressure,

and although differing from one another,

plots of good commercial -producers are

_roughly elliptical in appearance. . This

_ occurs whether the flow originates as dry
saturated steam or as pressurized hot water.

All ellipses when tilted can be changed to a
circle, hence by plotting (W/Wpax) versus
(P/Pmax) where W is flowrate and P is’
wellhead pressure, we can obtatn a circle

when: (W/Wmax)¢ + (P/Pgay)2 = 1.0

Ten geothermal wells ~ of which half em1t dry
saturated steam - are plotted empioying the

above parameters and give surprisingly close

approximations to a circle considering the
variety of wells tested.

The relationship permits opt1m1zet10n of tur-
‘bine entry pressures which are fourd to be
proportional to maximum operating wellhead
pressures for both dry -steam and wet-steam
wells, ) ; :
Besides givlng a2 sense of unity, this
approach can be used .to predict the whole
output curve for differing discharge pipe
diameters from limited ‘field results; an
example of this ability is presented with
- useful- economlc consequences for a new. well
-under test. - S 2

INTRODUCTION

One of the fundamentals of geothermal power
is the characteristic curve (also known as
“- the output curve) which correlates wellhead
pressure and mass flow-rate. Although there
are numerous exceptions, the shape of the
-curve is elliptical in appearance and this
. ‘applies both for dry steam wells (saturated
" _steam or slightly superheated) and also for
wells discharging mixtures of steam-water."
These latter usually derive their flows from
a feed of hot water either at bolling point
.or pressurized above it.

,Six examples of the characterlstlc curves of
‘wells discharging steam-water mixtures from
the Cerro Prieto field in Mexico are given in
a recent work by Lippman and Manon (1987).

An earlier seminal study by Rumi (1972) com-
pares six dry steam wells of the Larderello
field of Italy with modified ellipse
equations to give good agreement with the
experimentally plotted output curves.

A powerful steam-water well of New Zealand

- similar and elliptical in shape.

was studied by James (1984) and a similar
equation gave good agreement with later out-
put measyrements.

No_two geothermal wells have the same output

characteristics with identical fiows and
wellhead pressures, hence all such curves are
highly ‘individualistic and generally are
plotted on their own test result sheets.
Under production discharge,both flow and
wellhead pressure also decline with time
although: usually they remain geometrically
The rela-
tionship between flow and wellhead pressure
in which both decline in harmony when the
well discharges against a constant resistance
such as is exerted by a fixed choke or an

__..untouched control valve setting, is an impor-
*‘tant one and can. permit future flow estimates
“ when. wellhead pressure trends are known,
) James (1583). . .

various attemptsihave been made in the past
to transform the well output relationship

‘into a visually ‘1inear one by means of
. plotting: versions on different types of graph

- .- paper, ‘such as log-log and log-linear.
< 'this ‘has not been successful,

As
the present

" attempt is to.plot directly on the quadrant

of a circle which should be suitable for all

.- 'geothermal well outputs including onés taken
- -from the same well at different periods under.

" production discharge.
- approach,

To implement this
it 1s necessary to be aware that

,ellipses when tilted become clrcles.‘

: J-Quadrant Plo

"rTo plot well dlscharge parameters 50 that

they fall on a clrcle the following equatlon

»:1s employed.‘
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(1)

As' thls is a non-dimensiona!l formule, con-‘
sistent units can be used in which discharge
ratios can be plotted against pressure ratios

(W/¥nax)?  + (P/Pmax)Z - 1.0




where W and P are spot values; Wpax and Ppayx
are theoretical maximum values taken where P
= 0 and W = 0 respectively.

The reason for the term ‘theoretical’ is
because even when a commercially sized well
is discharging wide-open, there is a signifi-
cant wellhead pressure for steam-water wells

" Table 1. Calculated discharges from equation

and to a lesser extent for wells discharging -

dry saturated or superheated steam. Alsc for
steam-water wells the discharge is usually
not zero but a substantial quantity at the
highest operating wellhead pressure (known as
the MOP or Maximum Discharge-Pressure). For
example, at Wairakei flows do not fall much
below about 1C0 t/h for 0.2 m diameter wells
when the wellhead pressure is at a maximum
(originally about 26 bar). Closing comple-
tely the wellhead valve results in the flow
dropping to zero while the wellhead pressure
can remain at MDP or start slowly to vary
from this as explained in James (1980a)
taking days or weeks to stabilise. In the
case of dry steam wells, the phenomenon of
MOP does not exist and hence the discharge
truly is zero at the maximum wellhead
pressure. .

With bleeding of steam-water wells, a change
of the relationship between wellhead pressure
and flow-rate often takes place in which
these parameters now increase (and decrease)
together, but this is for non-commercial
flows of the order of 1 t/h and has been

pursued elsewhere, James and Gould (1987),
and is not applicable here.

Plotting Procedure Examples

Taking data from the steam-water well M-102
described by Lippman and Manon (1987) where a
wide-open flow of 225 t/h is obtained at a
wellhead pressure of 11.5 bar, together with
a flow of 75 t/h at 81 bar, we may calculate
the theoretical maximum flow and maximum
wellhead pressure as follows:

From equation (1), Wpax = 2 {(2)
)
- Hence Wpax = 225 75
VT'?'W"‘E V’T‘:'(‘ET' 2
Pmax Pmax

‘Solving gives Pmax= 85.817 and Wgax =227.047

Discharges may now be calculated for various
values of wellhead pressure from the
following equation and compared with test
results on Table 1.

W = 227.047 VT =
_ 85.817,

-

(4)

(4) compared with test results on
well M-102 from Lippman and Manon

(187).

P P_ W(calculated) Wg(test) W
bar Ppax t/h X
11.5 0.134 225 225 0.991
21 0.245 220.1 220 0.965
3 0.361 211.7 215 0.947
41 0.478  199.5 200 0.881
51 0.584 182.6 180 0.793
61 0.711 159.7 " 165 0.727
71 0.827 127.5 130 0.573
81 0.944 75 75 0.330

Taking as a further example a dry steam well
of Larderello, Gabbo 1 as described by Rumi
(1972) where a wide-open flow of 116 t/h is

. obtained at & wellhead pressure of 4 bar
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together with a flow of 20 t/h at 29.8 bar,
we determine maximum theoretfcal fiow and
maximum wellhead pressure from the following
relationship :

Wnax = 116 a 20
T T EY

Solving gives Ppayx = 30.245 and Wpax =117.028

Discharges may now bekcalculated asvbefore at
different wellhead pressures from equation
(6) following, and compared with test resuits

shown on Table 2.
-( p
30.245

Table 2. Calculated discharges from equation
(6) compared with test results on
well Gabbro 1 from Rumi (1972).

W = 117.028 (6)

P P w(calculated) Wt Wt
bar  Ppax t/h (test) Wpax
4 0.132 116 116 0.991
6.9 0.228 113.94 112 0.957
8.9 0.327 110.58 108.1 0.924
12.8 0.423 106.03 102.5  0.876
15.9 0.526 99,55 97 0.829
18.2 0.602 93.47 89 0.761
25.6 0.846 62.32 56.5 0.483
29.8 0.985 20 20 0.171
Values of P are plotted against W

max X
on Figure 1 and taken from Tables 1 and 2. .
Three other dry steam wells are alsc plotted,
namely VC-10, Scéarzai 3 and La Selvaccia with
two plots for the latter taken for the years
1958 and 1964 during which severe decline in
discharge had occurred. Also plotted is a
‘typical’ steam well for the Geysers field as
presented by Budd (1973).



In the case of steam-water wells, a total of
§ are plotted (including M-102) which are,

E-2 and M-110 of Mexico, with MK-5 and KA-21
of New Zealand. It should be mentioned that
for wells which have outputs which should not
be divulged for commercial reasons, the plots
.of Figure 1 give no information in the way of
enthalpy, discharge or wellhead pressure.

The ‘importance of these plots is the signifi-
cance of the relationship between the para-
_meters, and the result indicates a reasonably

good correlation with the arc of a circle.
Although any one test measurement point may
be unreliable due to a variety of causes,
overdll there seems 1ittle difference attri-
butable to the type of well, powerful or -
moderate, wet or dry. - Causes of unreliabi-
1ity may be lack of stabilizing time,
discharge fluctuations or ‘errors caused by
instrument fatigue, especially due to vibra-
‘tion inherent in two-phase flow.

Optimization of turbine entry pressure

As the output curves of geothermal wells
approximate to the quadrant of a circle as
shown-in Figure 1, it should not be difficult
to determine the turbine entry pressure which
generates the maximum amount of electric
energy both for steam-water and dry steam
wells.

To obtain a practical grasp of the procedure,
the quadrant of Figure 2 has the arbitrary
values of 30 bar maximum wellhead pressure
and 100 t/h maximum discharge. Although the
latter figure is low for a commercial steam-
water well (but realistic for a dry steam
well), the power developed can be factored
upwards in proportion to the actual maximum
discharge.

Steam-Water well optimum

Assuming that Figure 2 is for a well which 1s

The case is also
considered where single-stage flash is asso-
cijated with an atomospheric-exhaust turbine
venting to a pressure of 1 bar. The results
are shown on figure 3 where curves ‘A*, 'B'
and 'C',are for double flash, s1ngle-stage
flash and atmospheric-exhaust with power

. potentials of 3, 2.5 and 1.3 MWe at optimum

pressures of 1/3, 1/6 and 1/4 of . the maximum
wellhead pressure. Identical fractions were
also found where the maximum wellhead :
pressure was raised to 60 bar and also when
reduced to 15 bar so that 1f a steam-water
well is considered with a maximum wellhead
pressure of, say, 42 bar for explcitation by

single-stage flash, then the optimum pressure

~ _over years of exploitation.

Y

fed from an all-liquid reservoir with Boiling-

Point-with Depth applying, we may calculate
the feed temperature from the Maximum -

. Discharge-Pressure which in this case is con-V/'

. sidered as effectively 30 bar.. The formula

from James- (1988) 'is:
- C = 99.75 me.283 for 8 < Pm ( 80
where C is the feed temperature in degrees .
Celcius, and Py s the Maximum Discharge-
Pressure in bar. - -For the present example
where Pp = 30, the feed water temperature is

o :

261.2° which from steam tables gives a liquid

vater enthalpy of 1140 J/kg and taken here -

f  as constant over the whole output curve.

Hence at any selected wellhead pressure, the :

‘steam fraction can be estimated (and the
water fraction if secondary flash is
considered).: Taking a condenser pressure of .
0.15 bar and steam rates from James and =
Meidav (1977), the power-in megawatts of .

_electricity can be estimated for-both single- -

stage flash and doubie flash (respectively
one and two separators)

would be 42/6 = 7 bar. - It should be noted,
however, that this value does not distinguish
between wellhead pressure, separator pressure
and turbine entry pressure- which in this
study are considered the same but which in an
actual field development would not -
necessarily be identical.  Also, of cnurse,
all fields under exploitation result in 2
shrinkage of the ‘curve of Figure 2 towards
the origin whatever the original values of
discharge and wellhead pressure. Hence the
maximum discharge-pressure dimintshes with
time and so does the value of Pp/6 in the
case of single-stage flash, for example.

The optimum values should therefore be con-
sidered as maxima and it would be preferable
to reduce them somewhat in the initial design
when account s taken of discharge and
wellhead pressures simultanecusly reducing
-With reinjec-
tion of separated brine an inherent part of
modern geothermal fields where hot water
reservoirs are developed, design is moving in
the direction of single-stage flash in order
to avoid mineral scaling of overland pipes
and disposal wells.

DEY STEAM WELLS

SAVe O+

oHAve m srs..x-wrsﬁmx.s‘

[ Figure 1 Plot of geott ermel well out..uts o
"-‘—" - gomprted with t!eoreti.cg :
urve

a
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"Dry Steam Wells

Taking Figure 2 as the curve of 2 dry steam
well, the discharge is known for each value
of wellhead pressure and may be used to
determine the electric power potential when
using turbine steam rates as presented by
James and Meidav (1977). This has been
accomplished both for condensing sets with a
back-pressure of 0.15 bar and for atmospheric
-exhaust sets with a back-pressure of 1 bar.
The results are shown on Figure 4 where it is
seen that condensing sets generate about 50%
more power than atmospheric-exhaust sets when
designed at their optimum pressures of 12 bar
and 15 bar respectively.

These optima are equal to 0.4 Py and 0.5 Py
and are therefore higher ratios than those

"for steam-water wells. However, the same
"~ caveat applies with both discharge and maxi-

mum wellhead pressure declining with exploi-
tation, so.that they represent maximum values
which would have to be reduced in practice to
take into account an estimated maximum
wellhead pressure at the end of the economic
field-life.

The same ratfos are found to apply when a
curve simitar to Figure 2 for dry saturated
steam is considered but where the maximum
wellhead pressure is 15 bar instead of 30 bar
so can be considered as widely applicable.
For theoretical reasons, James (1968), an
exploitable steam reservoir with 2 pressure
significantly in excess of 30 to 40 bar is
not to be expected, hence calculations based
on a2 maximum wellhead pressure of 60 bar (as
for steam-water wells) is not undertaken
here.

Predicting whole output curve

A geothermal well which produced large flows
of dry saturated steam was tested in New
Zealand. - Employing a 12 inch production
casing, it had a closed-in wellhead pressure
of 24.5 bar and when discharged vertically
wide-open produced a flow of 174.8 t/h at a
wellhead pressure of 19.3 bar. The discharge
pipe erected at the wellhead was rather small
in diameter at 0.1524 m compared with the
internal casing diameter of 0.315 m and was
obviously restricting the discharge to 2
value much smaller than what the well was
capable., With no restriction at the
welthead, the characteristic well curve was
calculated as follows:

From equation (1), [174.8\2 + 19.3)2 = 1
Wmax | 24.5,

Hence Wpax = 283.77 t/h
Discharges may now be determined from various

substituted values of welihead pressure in
the following formula:-

G
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The theoretical curve is shown on Figure §
together with a few test results employing
the 0.1524m diameter discharge pipe which-
could anly cover a limited range of wellhead
pressures from 24.5 to 19.3 bar. The line
'A' crosses the location where the minimum
wellhead pressure is attained with the
0.1524m diameter discharge pipe. -~ Lines 'B’',
'C' and 'D' are shown intercepting the curve
at the lowest wellhead pressures attainable
when .discharging wide-open vertically through
0.2032 m, 0.254 m and 0.3048 m diameter
discharge pipes. It was only possible.to
confirm these estimates by replacing the
0.1524 m dfa. by a 0.2032 m pipe and re-
testing the well from closed-in to wide-open
vertically. The results shown on Figure §
follow the theoretical curve and nearly reach
- the estimated lower 1imit of wellhead:
pressure crossed by line 'B*, hence-the
calculated curve is considered as a realfistic
first estimate of discharges attainable at
lower wellhead pressures. ~ With suitably
targe branch lines, it is believed that this
well should be capable of a steam flow of 260
t/h at a wellhead pressure of 10.0 bar which
is equivalent to an electric power output of
about 30 MwWe.

Measurement of the mass flow from geothermal
wells under conditions of maximum vertical
discharge employing the 1ip pressure tech-
nique (critical discharge pressure at sonic
velocity) has been described elsewhere, James
(1980b) and will not be followed here.

CONCLUSIONS

The power generated by geothermal wells 1s of
coyrse, dependant on discharge.
optimum turbine entry pressure 1$ -independent
of .flow and is proportional only to the

" instantaneous closed-in welihead- pressure for
dry saturated steam wells and ‘to the Maximum

Discharge-Pressure (MDP) of steam-water
wells,
. curve which correlates discharge with

~wellhead pressure is: an integral part of such: o

- ‘optimizations and 1s basic to all such stu-. =
dies. As such curves shrink towards the
ortgin with exploitation of a gecthermal
field, the MDP similarly declfnes with time
{also the closed-in wellhead pressure of dry
~gteam wells). ~Hence the optimum turbine
‘entry pressure declines pro rata;
this fact, such optima should emphaticaliy be
. considered as maximum values and should be

_reduced somewhat . in the original design of a .

project. Capital costs increase with low

However, the =

The elliptical-shaped characteristic,

because of '

Crlculated values-

R .

. Test results for the folliowing
éisckrrge pipe dinzeters:-

10 |
v ouhs
[ 0.2232
L i f + 4
) 5 "0 5 20 25

P Weilll.erd pressure

Figure 5 Output curve of powerfui &ry siesm
well for different discrarge pipe
diazeters.

future'projects., The épread of-deeﬁer

- drilling to 2km or more has also resulted in

higher temperature wells with concomitant

‘ -higher mineral content of the water phase;
~'this requires .water at-increased temperatures

(and pressures) to be transmitted to disposal

- wells, in order to avoid chemical scaling of

plant. :

A well's Charaéféristic cufve can be esti- . -

"mated (with reasonable ‘approximation to

reality) by taking only two sets of test
values. Preferably these should be at maxi-
mum Discharging-Pressure (MDP)and at Maximum

-‘Vertical discharge (MVD) which provide the

"widest attainable difference of wellhead
‘pressures and-11ip pressures.

Interpolation

-between these points and extrapolation
-beyond, permits the full sweep. of -the output

turbine pressures, however, and -to amelioratef:f

this effect a condenser pressure of 0.15 bar-
is assumed in the present study to provide a

balanced trade-off between such costs and the

overall thermal efficiency of utilization.

'Althouﬁhfdoﬁble-flash has been 1n'vogué‘up‘t0J

. the present, it seems l1ikely that single-
stage flash will be 1ncreas1ngly common with
re-injection becoming an intrinsic part of
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CUI‘VC -to be plotted. o
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