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.
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ABSTRACT

The g a s conten t of geothermal steam v a r i e s
Over a wide range and c o n s i s t s carbon
dioxide. For equal weights, t h i s gas is half as
e f f e c t i v e as steam when expanded through a turb ine
f o r Hence, i ts el iminat ion from the e n t r y
steam - by chemical or other means - can reduce

t h e electric energy generated by turb ines which
d ischarge to the atmosphere.

But f o r t h e more e f f i c i e n t ccndensing
turb ine (with vacuum exhaust) , the reverse is t r u e ;
this is because of the large amount of power
requ i red t o pump the gases f r a n the ccndenser. I f
the gas cannot be removed t o increase
n e t power, then optimising leads to a s p e c i f i c
condenser pressure required f o r any p a r t i c u l a r gas
concen t ra t ion i n the steam. Graphed r e s u l t s
p r e s e n t t h e r e l a t i o n s h i p and permit ease of
s e l e c t i o n of the condenser vacuum pressure.

Geothermal steam gas with a range
f r a n v i r t u a l l y none t o a l l- gas ;
i s carbon dioxide with only a proportion
making up the remainder of hydrogen sulphide,
ammonia, methane etc. ( t y p i c a l l y less than 5 w t %
of t h e E l l i s and Mahon (1977).

of t h i s , most

From the view-point of power s t a t i o n design,
f i e l d s with steam of less than 10 gas is of
i n t e r e s t f o r l a r g e s ized p r o j e c t s using
generators- condensers although t h e less e f f i c i e n t
atmospheric-exhaust tu rb ine can be employed on
high-gas f i e l d s , usua l ly as a temporary expedient,
u n t i l t h e  g a s  dec l ines below 10%.

To c a l c u l a t e tu rb ine power t h e gas is ,
considered wholly carbon dioxide although f o r
o t h e r purposes such as corrosion, McAdams e t a l .

and condenser design, H a r t t h e
o t h e r gases have t o be taken i n t o account.

The power p o t e n t i a l of even gas- free steam is
n o t easy t o c a l c u l a t e and requ i res an i t e r a t i v e
procedure developed by turbine des igners who trace
t h e locus of steam pressure and wetness through the
machine f r a n entrance t o e x i t , Wood f o r
genera l purposes, a method of s u f f i c i e n t accuracy
has been presented by James and Meidav
This is adequate f o r gas of no more than

s e v e r a l percent as a p p l i e s to many geothermal
f i e l d s Wairakei and The Geysers).

For f i e l d s with higher gas content ,  i ts
e f f e c t on power has t o be accounted;
t h i s w a s t h e U.N. a s s i s t e d inves t iga t ion of the

f i e l d i n South-West Turkey where a
t y p i c a l v a l u e of 15%w a s analysed i n separated
steam a t 6 b a r s pressure.  Calculat ions of t h e
power p o t e n t i a l of t h i s gas indicated that it was
half as e f f e c t i v e as an equal  weight of steam when
passed a turb ine , James and t h i s
w a s confirmed by Zancani (1975) on t h e I t a l i a n
f i e l d s . More r e c e n t l y , a d e t a i l e d fundamental
study has been accomplished by Khal i fa and
Michaelides (1978) with t h e same r e s u l t .

an example of

I t has always been thought t h a t t h e gas makes
some p o s i t i v e t o geothermal p o w e r as
it is poss ib le t o flow of a l l- gas pass-
ing through a turb ine f r a n the i n l e t p ressure t o

exhaust - i n e f f e c t , a of
gas turbine.  I n the case of the more

e f f i c i e n t condensing set, however, a la rge amount
of a u x i l i a r y p o w e r would be required t o pump t h e
non-condensible g a s the condenser (where it
accumulates) to t h e atmosphere; t h i s may reduce
t h e n e t p o w e r to an uneconomic f r a c t i o n of t h e
gross , e s p e c i a l l y when t h e cooling water pumping
power is also deducted.

As t h e u l t imate purpose of a geothermal
p r o j e c t is t h e employment of condensing sets, w e
s h a l l a t tempt to s a t i s f y the requirements of
design engineers  by est imat ing the n e t power, over
a range of gas concentrat ions, i n l e t p ressures and
condensing ( o u t l e t p ressures.

Fortunately t h e power- life of geothermal
systems is dependent on t h e value of turbine

pressure , James who advocated a
pressure of 50 p s i g (4.46 bars ) over a wide range
of f i e l d f l u i d en tha lp ies . Here we s h a l l take
t h i s value as a bottom l i m i t and w i l l consider
also t w o o t h e r tu rb ine i n l e t p ressures of 100 p s i g

bars ) and 150 p s i g (11.36 bars ) pressures
g r e a t e r than 150 p s i g are d e f i n i t e l y not
recanmended o t h e r than f o r temporary expedients.

NET POWER OUTPUT FOR CONDENSING SETS

This is t h e d i f fe rence between t h e gross
p o w e r output and the t o t a l of a u x i l i a r y power;
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t h e latter being mainly t h e sum of the g a s and
water pumping power. The g a s has t o be pumped

o u t of the condenser a g a i n s t t h e vacuum and up to
atmospheric p r e s s u r e otherwise it w i l l
accumulate and raise t h e condenser p ressu re and
reduce t h e gross power generated. Water pumps
have to e x t r a c t w a r m water t h e base of the

and d i scha rge it a t t h e
spray zone

wi th in t h e n a t u r a l draught tower for cool ing.
Once cooled, it u s u a l l y does n o t r e q u i r e pumping
in to t h e spray zone of t h e condenser as t h e
vacuum is s u f f i c i e n t t o overcome t h e head as
long a s t h i s i s n o t excess ive . F igures 1, 2 and
3 are p l o t t e d and t h e r e s u l t s given i n both
Engl ish and S.I. u n i t s f o r wides t f a m i l i a r i t y t o
engineers . I t is c l e a r from t h e f i g u r e s t h a t an
optimum condenser p ressu re e x i s t s f o r each
s p e c i f i c g a s con ten t of t h e t u r b i n e steam and
t h a t bo th these f a c t o r s i n c r e a s e toge the r so t h a t ,
for example, a high g a s of 30 w t % l e a d s t o a high

condenser p r e s s u r e of about 4 psia. Of course ,
one would have to be f a i r l y conf iden t of t h e
s t a b i l i t y of the gas c o n t e n t b e f o r e i n v e s t i n g
cons ide rab le c a p i t a l i n t h e high cost of
condensing sets which would n e c e s s a r i l y be

designed f o r a precise value. I t is n o t i c e a b l e
that a r e l a t i v e l y g r e a t e r power change with
p r e s s u r e is obtained a t lower gas c o n t e n t s and a
s c r u t i n y of t h e f i g u r e s i n c l i n e s one a g a i n s t
condensing sets a t gas c o n t e n t s which exceed 10
t o 1 5 w t % (which confirms t h e exper ience a t

Over t h i s gas range - up to 1 5 w t %
- one va lue of p r e s s u r e a t 100
millibars p s i a or roughly 3 inches mercury)
would be s a t i s f a c t o r y f o r a l l t h r e e f i g u r e s
where i n l e t p r e s s u r e s are from 64.7 to 164.7 p s i a
(4.46 t o 11.36 b a r s ) , and is h e r e recanmended f o r
geothermal systems where op t imisa t ion of n e t power
i s t h e c r i t e r i o n . '

ECONOMICS

Economic a s p e c t s have a l r e a d y been s t u d i e d ,

James both for separa ted steam
transmiss ion and f o r two-phase, steam-water
transmiss ion wi th t h e costs of w e l l s , p i p e l i n e s ,
power house etc. a l l taken i n t o account.
Optimising f o r minimum genera t ing costs r e s u l t e d
i n recommending a pressu re of about
5 mercury p s i a , 169 m i l l i b a r s ) over

t h e range of gas  con ten t s  examined, up t o 25
This i s s t i l l v a l i d and w i l l g i v e t h e lowest c o s t
for each u n i t of electric energy generated,
b u t of course , wi th a reduc t ion i n n e t power.
The choice of which is t h e b e s t condensing

pressu re obviously depends on which of these t w o
competing f a c t o r s dominates des ign c r i t e r i a .
And t h i s depends, of course , on t h e cost of make-
up energy, as has been mentioned. An inc rease

i n price of t h e la t t e r s h i f t s t h e op t imisa t ion to
n e t power, whereas high i n f l a t i o n i n c r e a s e s
annua l charges ( loan payments and 
and moves t h e op t imisa t ion towards minimising
costs. Both t h e s e e x t e r n a l factors of inc reas ing
costs ( f u e l or nuc lea r or a r e coupled to
and of ten a r e a c t i o n  a g a i n s t  h igh i n f l a t i o n with

some kind of time- lag opera t ing ;
because of the complexities involved and t h e
u n c e r t a i n t i e s i n p r e d i c t i n g the economic c l ima te ,
it is probably b e s t to 'boldly ' t ake a condenser
vacuum p r e s s u r e of about 4 inches mercury (1.96
psia, 135 m i l l i b a r s ) intermediate between t h e
optima.

MERITS OF GAS REMOVAL

Is t h e r e any advantage i n removing t h e gas
(by chemical or o t h e r means) from t h e steamgas

mixture e n t e r i n g  t h e  tu rb ine . Aside from

r e d u c t i o n - i n cor ros ion p o t e n t i a l ,  t h e  power ou tpu t
of condensing tu rb ines would i n c r e a s e when gas is
removed. For example, i f 100 KPH of steamgas flow
con ta in ing 30 w t % g a s e n t e r s a t u r b i n e a t 64.7 p s i a ,
F i g u r e 1 g i v e s a n e t power of 2.9 a t t h e

optimum condenser p ressu re of 3 psia.
is now reduced t o 0.5 w t % and t h e steamgas flow to
100 - (30 -0.5) = 70.5 K P H , t h e new power ou tpu t

I f t h e g a s

70.5= - (5.12) = 3.61 apower inc rease .

(where 5.12 is t h e power for 100 K P H a t
0.5 w t % g a s a t t h e new optimum condenser p ressu re

of 1 .0 .
Hence t h e n e t power is increased from 2.9 to
3.61 due t o t h e reduct ion i n gas

(approximately 24% increase i n n e t

Because of t h i s s i g n i f i c a n t augmentation i n
n e t power f r o m condensing sets, the  r educ t ion  of

high g a s concen t ra t ions i n geothermal steam should
be a c t i v e l y pursued i f gas s t a b i l i t y i s considered ,

c o n s t a n t i n t h e long-term and w i l l n o t f a l l of i t s
own accord under production.

High gas concentra t ion i s n o t , however,
n e c e s s a r i l y an adverse f e a t u r e of geothermal

steam as it can enhance the flow of low-enthalpy
w e l l s above t h a t expected, by means of t h e
l i f t p r i n c i p l e , James (1981).

CONCLUSIONS

P r a c t i c a l n e t power ou tpu t s of t u r b i n e s
o p e r a t i n g on geothermal steam a t var ious g a s
c o n t e n t s can be obtained f r a n Figures 1, 2 and 3

for condensing sets. Resu l t s are i n good
agreement wi th t h e fundamental s tudy of Kha l i f a
and Michael ides although t h e i r account
ignored t h e requirements of water r e- c i r c u l a t i n g

pumping power and can be t o o high by roughly 15%.

Optimising f o r power ou tpu t (maximum n e t
or f o r economics (minimum genera t ing c o s t )

are bo th important when t h e  s t r a t e g y  of

geothermal power is being considered wi th in an

electric g r i d .
s e n s i t i v e t o t h e choice of condenser p ressu re
s e l e c t e d , which i s fundamental t o such s t u d i e s .
I n round terms, a condenser p ressu re of about 3

i nches mercury w i l l g ive close to maximum n e t
power for g a s con ten t s up to about 15 while
5 inches mercury w i l l minimise costs (101 and
169 mill ibars respec t ive ly . which a l t e r n a t i v e i s

Both these approaches are



adopted depends on t h e l o c a l view of t h e
r e l a t i v e advantages of t h e factors,
power and money (or which is i n c r i t i ca l shor t-

A g r e a t e r coverage of t h i s s u b j e c t is
t o be publ ished i n Geothermal Energy Magazine.
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ILLUSTRATIVE EXAMPLE

' I

10

I f a m i l l i o n pounds per hour of geothermal 
steam conta in ing 1 0 w t % of non-condensible g a s ,
e n t e r s t u r b i n e s a t 100 p s i g (sea l e v e l
i n s t a l l a t i o n ) , what is t h e b e s t condenser

p r e s s u r e t o maximise t h e n e t power?

According to Figure 2 , t h e maximum power
o b t a i n a b l e from 100 KPH is 4.57 a t a

condenser p r e s s u r e of 2 p s i a (138 m i l l i b a r s ) .
Hence, for a m i l l i o n t h e power would
be 1 0 t imes a s much, namely 45.7

REFERENCES

E l l i s , A . J . and Mahon, W.A.J. Chemistry
and Geothermal Systems. Academic Press ,

U.S.A.
H a r t , W. Control of g a s absorp t ion i n a

geotherma l-steam di rec t- con tac t condenser.
Geothermics, 9 , 271.

Steamqas flow KPH

Tonncs hour )

175

James

James, R. Optimum wellhead pressu re f o r

geothermal p o w e r . New Zealand Engineer ing,

James, R. Power s t a t i o n s t r a t e g y . U . N .

Symp. Development and of
Geothermal Resources, P i s a , I t a l y .

geothermal f i e l d and a p r e- f e a s i b i l i t y study.
U.N.D.P. Ankara, Turkey. 

e f f i c i e n c y of geothermal power. Geothermal
Energy Magazine, 5, 4, 8 .

James, R. Large flows of low-enthalpy
geothermal w e l l s can be due t o
condensible g a s - l i f t . Geothermal Energy 
Magazine ( i n

e f f e c t of non-condensible gases on t h e
performance of geothermal power systems.
Report N o . , Brown Univ. ,
Providence, R . I . , U.S.A.

G.D., L i c h t i , K.A. and S.

geothermal f l u i d s . Geothermics ( i n
Wood, B. Wetness i n cycles . Proc.

I n s t . Mech. Engrs. 1 Birdcage Walk,
Westminster, London, 174, 1 4 , 491.

e x p e r i e n c e i n s e l e c t i n g thermal cyc les f o r

geothermal power p l a n t s . Proc. U.N.

Sympos. on t h e Develop. and use of Geo.
Resources, Lawrence Berkeley Laboratory,
Univ. of C a l i f o r n i a , U .S .A.

James, R. Fur the r tests on t h e

James, R. and Meidav, T.

Kha l i f a , H.E. and Michaelides, E. (1978): The

Hydrogen i n steel exposed to

Zancani, C.F.A. Summary of t h i r t y yea r s '

Gas is weight percent

a 5 20%

I I I I J
2 4 6 10 12 14 16

Condenser vacuum pressure PSlA

I I

0 300

bars

Fiqure 1. N e t power from condensing turbine at various

contents of steam.
Entry pressure = PSlA 4-46 bars).



176

3

3
8

James

Steamqas flow 100 KPH
Tonnes I hour)

mixture symbols

10

0 I I I I
4

I
2 6 12 14 16

vacuum pressure 

t I I I 'I I I

0 GOO

bars

power from condensing turbine a t various

contents of
Entry pressure PSlA

flow 100 KPH hour)

Gas is weight percent of steamgas mixture;
alongside symbols.

3

I I I I
12 14 1662

Condenser pressure P S I A

I I I

0 100 200 400
Mill I

power from condensing turbine at

various contents of steam,

bars

I




