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ABSTRACT

The paper describes design c r i t e r i a of an ORC plant

f o r low temperature geothermal water u t i l i z a t i o n

with electric energy production. Mechanical and 

thermal problems sen during the

stage are e s u l t s of f u l l scale tests a t

manufacturer workshop are presented.

1.0 INTRODUCTION

For t h e exploi ta t ion of l iqu id dominated geothermal

resources the o f binary cycles or Organic

Rankine Cycles is nowadays more and more

a t t r a c t i v e . Such p lan t s present some d e f i n i t e

advantages over t h e

steam generated by

t o Salucci e t al., 1982).

I n ORC systems ho t water is used t o vaporize a law

bo i l ing point f l u i d which dr ives a turbine. The

present p i l o t plant , r a t ed n e t power, is

based on a sa tura ted Rankine using R114 a8

working f lu id . Refrigerant R114 is a chlorofluoro-

carbon compound, nonpoisonous, non i r r i t a t ing ,

thermally s t a b l e and non corros ive

toward ordinary construction materials furthermore

it is ava i l ab le a t reasonably low c o s t and i n great

quan t i t i e s .

ORC p l a n t s may a l s o f ind an i n t e r e s t i n g f i e l d of

appl ica t ion i n recovering hea t from indus t r i a l

waste e f f luen t s e i t h e r  l i q u i d  or gaseous.

The p lan t has been designed and manufactured by

Tosi i n col laborat ion with Ansaldo. F. Tosi

responsible of the project and of supply of

the therm-mechanical portion of  the  equipment,

Ansaldo supplied the electrical, instrumentation

and con t ro l equipment.

2.0 PLANT DESCRIPTION

2.1 General

Fig. 2.1 shows cycle flow diagram and design heat

balance. Geothermal water a t preheats the

o r g a n i c , f l u i d i n the l iqu id heater up t o a

temperature near the boi l ing point and then

it i n the evaporator. The generated vapor

dr ives the turbine and exhausts i n t o the condenser.

The condensate from the receivers, t h a t a c t as the

condenser is pumped back t o the l iqu id

heater. The rece ive r s are sized t o hold the process

l i q u i d i n case o f opening f o r maintenance.

The system is designed f o r unattended f u l l y

automatic operation. Direct control of the ho t

source is not deemed necessary, s ince R114 vapor

pressure is control led through the turbine bypass,

that r e l i e v e s the excess energy t o the condenser.

The evaporator l i q u i d level is control led d i rec t ly

v i a a valve located between the and the

l i q u i d heater . A low load rec i r cu la t ion  l ine  t o the

rece ive r s is provided t o protect the feedpumps .
I n order t o minimize s i t e erect ion cos t , the plant

is made up from four skid-mounted modules

assembled and prewired: power module, t h a t contains

'turbogenerator, heat exchangers and anc i l l a ry e-

quipment; module; control cab module;

instrument a i r system (see Fig. 2.2).

2:2 Workshop Testing F a c i l i t i e s

The p lan t w a s t e s t e d i n the workshops of F. Tosi i n

from February t o June

The bench test simulated conditions similar t o the

site:

- w a s heated by steam i n a d i r e c t contact

hea t exchanger and circula ted by a pump through the

exchangers. The ho t water system kept
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F i g . 2.1 -Heat balance

F i g . 2.1 General layout
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ized nitrogen and ' the excess condensate w a s

discharged through a leve l control system.

- Cooling water turbine and gene-

coolers w a s provided by ex i s t ing cooling

- benerated e l e c t r i c power was diss ipated i n a tank 

by means of load res i s t ances submerged i n water.

o COMPONENT DESIGN

From the point of view of the turbine design, R 1 1 4

d i f f e r s from conventional f l u i d s such as steam or
a i r f o r some characteristics, mainly higher

t y , higher pressure a t the same temperature level ;

drops; lower sonic velocity. These

lead t o a turbine of limited s i z e

notwithstanding the ra the r high m a s s flow; peri-

pheral speed a l s o is qu i t e low i n comparison t o

conventional expanders.

The se lec t ion of the most su i t ab le turbine type has

favored the ax ia l , single stage, react ion turbine;

main reasons f o r t h i s were the possible future

o f the turbine s i z e and the aim t o a

b e t t e r efficiency. From the mechanical point of
view, the main features a r e the overhung r o t o r , i n

order t o have a s i n g l e end seal, the P T F E l i n ing of

the l i k e l y t o be exposed t o rubbing i n

t o avoid high contact temperature with the conse-

quent f l u i d decomposition, Fig. 3.1 shows a picture

of the turbine under assembly taken from i n the

i n l e t s ide .

Load control by throttling as it is

peculiar t o react ion turbines , bearing i n mind

t h a t a recovery plant is designed for continuous

operation a t f u l l load.

- Fig. View of the turbine during assembly

For the hea t  t r ans fe r  equipment, among several

p o s s i b i l i t i e s , conventional she l l and tube heat

exchangers were preferred. The f l u i d more l i a b l e t o

scal ing, geothermal brine c i rcu la t ing

water, were arranged inside the the arrange-

ment allowed the finned tubes on

t h e s i d e of which has lower heat  t ransfer  

cha rac te r i s t i c s

For fu r the r design d e t a i l s and data r e f e r t o

Salucci e t

4. ANALYSIS OF THE PROBLEMS EXPERIENCED DURING

THE T E S T . H I N T S FOR POSSIBLE

4.1 Introduction

The plant has been operated during the bench tests

for approx. During the i n i t i a l operation

phase were experienced some troubles, t h a t are

out l ined i n t h e following paragraphs, together with

the changes made and the possible improvements.

4.2 Turbine Sealing System

The turbine is equipped a s e a l w i t h

buffering f l u i d Fig. 4 . 1 ) ; a t the s i d e

I

Fig. 4.1 'Turbine sealing system

t he seals a r e o f the labyrinth type with cen t ra l

in ject ion of bled a t a intermediate pressure

between t h e i n l e t and the of the turbine;

a t the s ide they are of the o i l f i l m

type. The escaping mixture of o i l and gas is

i n a tank where the organic

f l u i d not dissolved i n t h e o i l is separated; the

mixture is then transferred through t o a

degass i f ier tank.
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The degassing is performed by heat ing t h e o i l W i t h

a n e l e c t r i c r e s i s t a n c e up to The separa ted

o i l is f e d back t o t h e turbine o i l tank and t h e

organic f l u i d t o the condenser through a

It is necessary t o keep h o t the ou t s ide surfaces of

both tanks i n order t o avoid condensation of t h e

organic f l u i d on sepa ra t i ng tank walls and strati-

f i c a t i o n with o i l ( t h e organic f l u i d is heavier

than o i l ) . For t h e heat ing it is convenient t o use

t h e water discharged from the l i q u i d hea t e r a t a

temperature of approx

During opera t ion  an  sample from the

has been t e s t e d i n laboratory. The

organic f l u i d content w a s found t o be 15%with an

o i l temperature of Increas ing t h e o i l

temperature t o t h e organic f l u i d content

would decrease down t o a more acceptable value o f

5%. The test on a sample of organic f l u i d dischar-

ged t o the from the  degas s i f i e r  has shown

t h a t t h e o i l content is negl ig ib le .

4.3 Turbine Control Valves.

The tu rb ine load is con t ro l l ed by t h r o t t l i n g . The

c h a r a c t e r i s t i c s curve of the turbine

c o n t r o l va lve can be ass imi la ted t o two l i n e s

having d i f f e r e n t s lope ; the first l i n e up t o 70% of

t h e s t r o k e has a s lope or valve gain o f 1.5 t o 1;

f o r higher opening values t h e valve is sa tu ra t ed

and t h e gain t o a value o f 0.3 t o 1. The

normal s t a r t u p c o n s i s t s i n t ak ing up t o
load t h e vapour system opera t ing with t h e turbine

bypass then start t h e turbine , synchronize, and

gradual ly t h e load; a t t h e same t h e

bypass valve c l o s e s , cont ro l led by the steam

pressure . For t h e performance tests it is necessary

t h a t the bypass valve is compl t e l y closed. The

e l e c t r i c load is d i s s ipa t ed i n a tank, i n which

The above problems would n o t havg been 

occurred i f it had been poss ib le t o opera te

connected t o t h e externa l g r i d or i f , for t h e load

a f i n e r load control system had been

ava i l ab l e . An improvement could achieved modi-

fy ing t h e valve plug t o a p r o f i l e with l i n e a r

c h a r a c t e r i s t i c .

4.4 Feed Pump

The pump del ivery head, was insu f f i c i en t .  I n  fact

dur ing t h e tes t a t the s u p p l i e r works the a c t u a l

head was found' t o be 3% lower than the design

value. Furthermore as it w a s requi red t o opera te a t

a pressure higher than t h e nominal, f o r feed flows

higher than 115 (design value 137 it was

necessary to opera te with two feed pumps i n

p a r a l l e l . This fact can be noted from the a u x i l i a r y

power consumption, measured during the test ( see

Fig. which presents a n abrupt s t e p f o r power

values higher than 450

+

n o t poss ib le t o make small load changes. I n

balancing the thermal load with the electric load,

it was then necessary t o proceed by t r i a l and

e r r o r , introducing a disturbance i n system. Due

t o t h e tu rb ine valve c h a r a c t e r i s t i c , t he  con t ro l  

system was a b l e t o compensate the dis turbances up

t o a opening o f the con t ro l valve; f o r higher

values , due t o the i n s e n s i b i l i t y corresponding t o

t h e l o w gain o f the valve, the  turb ine  s t a r t e d

hunt ing i n a way t h a t no performance tests could be

c a r r i e d out . For t h i s reason during the tests t h e

vapour pressure was kept to a value higher than t h e

nominal i n order t o opera te with the valve i n t h e

range where the c o n t r o l system i n s e n s i b i l i t y was

reduced t o t h e minimum. For t h e same reason it was

n o t poss ib le t o ca r ry  ou t  the the maximum

(596 but it was performed only the test

a t ' t h e highes t s t a b l e load

overcome

of t h e

4.5 Evaporator

type without 

. The hea t

ide ;  t he  tube bundle diameter

water i n l e t - i s on t h e lower

4
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s ide . On t h e s h e l l top, mesh type were

provided, having a free volume of 98.4%

t h i cknes s of The d i s t ance from normal

opera t ion l e v e l t o demister i n l e t w a s 415

During the i n i t i a l opera t ion it was found t h a t

h igher than 120 t h e vapour qua l i t y

dropped down t o Furthermore t h e qua l i t y
value was not cons tant t h e operation. It

gathered t h a t the cause of t h e problem the

heavy of t h e bo i l i ng with consequent

of t h e demister . A first ac t ion on t h e

evapora tor w a s t o mount a b a f f l e p l a t e between

l i q u i d surface and demister. The subsequent tests

showed t h a t the q u a l i t y improved up t o a 0.9

value and t h a t it remained cons t an t during t h e

opera t ion . It w a s then decided again t h e

evapora tor , changing t h e demister conf igura t ion and

inc rea s ing t h e d i s t ance from t h e l i q u i d  l e v e l  t o

t h e demister up to 715 The new is

composed of a first layer of high f looding l i m i t

mash (free volume 98.75%) t h i ck and a second

layer 100 mm th i ck having higher f i l l ing (97.5%

free volume). D u r i n g the tests t h e q u a l i t y value

was around 0.99 for organic f l u i d higher than

120 From t h e measures taken a t var ious  loads ,  

it can be i n f e r r e d anyhow t h a t is p a r t i c u l a r l y

important t o maintain low l i q u i d  l e v e l s  t o get

q u a l i t y values.

4.6 Comments on P lan t Operation

The prototype, after a n i n i t i a l opera t ion phase,

has demonstrated h i s  a b i l i t y  t o opera te s t e a d i l y

and s a f e l y i n automatic c o n t r o l . The turbine

v i b r a t i o n s were lower than 10 u (double amplitude) 

on t h e high speed sha f t . The bearing

temperature were down t o very conservat ive values

for t h e  a x i a l  bear ing and for t h e

bear ings) . No failure was experienced

dur ing t h e i n i t i a l opera t ion , demonstrating the

soundness of the adopted design criteria.

5.0 PERFORMANCES MEASURED DURING THE TESTS

For t h e performance test, a computer-based auto-

matic d a t a acqu i s i t i on system was used. During each

measuring cyc l e , were recorded t h e readings of 17

thermocouples, 14 pressure  t ransducers  and 3 flow

t r ansmi t t e r s .

5.1 Turbine Ef f i c i enc i e s

Blading I soen t rop i c Eff ic iency

I t is def ined as t h e r a t i o of the a c t u a l enthalpy

drop, ca l cu l a t ed from t he condi t ions upstream the

tu rb ine nozzles and t h e isoent ropic

drop.

Turbine Mechanical Efficiency

I t is as t h e r a t i o of power a t the coupling

turbine- generator t o the power a t turb ine blading.

i p

o t

Dal Secco et

The value of and as measured, are p l o t t e d

i n Fig. 5.1; figure shows also t h e design value

Fig. 5.1 Turbine e f f i c i e n c i e s

t h e rating. Fig. 5.2 shows t h e tu rb ine

vapor rate, as r e s u l t i n g from the test.

AT
Fig. 5.2 Turbine vapor rate

The comparison with t h e design values shows t h a t

the blading e f f i c i ency a t t h e load of is

s l i g h t l y than t h e design value. On t h e

cont rary t h e mechanical losses are higher. As a

consequence, the t u rb ine vapour rate, a t the

m a x i m u m rating, is 5% higher than t h e design value.

5.2 Plant Ef f i c i enc i e s

- N e t Maximum Power

It is defined as t h e di f ference between t h e

electric power a t genera tor terminals and the power

from electric a u x i l i a r i e s a t t h e m a x i m u m

r a t i n g .

5
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For the o u t l i n e d i n 4.3, it was n o t

p o s s i b l e t o t e s t t h e  p l a n t  a t t h e maximum load;

is was only c a r r i e d o u t t h e test a t t h e h i g h e s t

s t a b l e load ;  fu r thermore  (see it was

n e c e s s a r y t o o p e r a t e wi th two feed pumps i n s t e a d

one , w i t h a consequent 70% i n c r e a s e of t h e

absorbed from t h e a u x i l i a r i e s . The h i g h e s t  v a l u e  

n e t power o b t a i n e d  d u r i n g  t h e performance t e s t has

been 370 with t w o f e e d pumps. Using v a l u e

a u x i l i a r y power e s t i m a t e d  t a k i n g  i n t o account

one modif ied f e e d pump o p e r a t i n g (see Fig . 4.31,

t h e c o r r e c t e d n e t power would be 435 Anyhow it

is opin ion based on t h e test r e s u l t s , t h a t t h e

p l a n t could g i v e t h e maximum des ign power, i f t h e

e x t e r n a l c o n d i t i o n s could allow a f i n e r c o n t r o l of

l o a d changes (see 4.31, as, f o r i n s t a n c e , t h e

group was connected t o t h e e x t e r n a l  g r i d .  

Gross Cycle E f f i c i e n c y

I t is d e f i n e d as t h e ratio o f  t h e  electric power a t

g e n e r a t o r  t e r m i n a l s  t o t h e thermal power s u p p l i e d

from t h e h o t source .

- Net Cycle E f f i c i e n c y
c n

It is d e f i n e d as t h e ra t io o f the n e t power t o the

thermal power s u p p l i e d from t h e h o t source.

- Gross E f f i c i e n c y

It is def ined as t h e gross c y c l e  e f f i c i e n c y  times

t h e r a t i o of t h e thermal power e x t r a c t e d t o the

thermal power a v a i l a b l e from t h e h o t source . The

a v a i l a b l e thermal power is computed t a k i n g i n t o

account a minimum tempera ture h igher t h a n t h e

bottom temperature o f t h e c y c l e .

- Net Overa l l E f f i c i e n c y

I t is d e f i n e d i n t h e same way as t h e  g r o s s  o v e r a l l  

e f f i c i e n c y , b u t r e f e r r e d t o t h e n e t c y c l e eff ici-

ency.

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

from t h e performance are p l o t t e d i n Fig.

5.3. The Figure shows a l s o t h e des ign  va lues .  

Comparing t h e measured v a l u e wi th t h e des ign one

t h e g r o s s c y c l e e f f i c i e n c y r e s u l t s lower t h a n

t h e d e s i g n e f f i c i e n c y . This is due t o t h e t u r b i n e

vapor rate, t h a t r e s u l t e d h igher  than  c a l c u l a t e d i n

t h e des ign stage. The v a l u e o f gross o v e r a l l

e f f i c i e n c y , as r e s u l t i n g from t h e test, is s l i g h t l y

h i g h e r t h a n t h e d e s i g n one. This is due t o t h e fact

t h a t t h e h e a t exchange s u r f a c e s were c l e a n , whi le

i n t h e des ign a f o u l i n g factor was taken i n t o

account . For l o a d s  h i g h e r  than 420 t h e

e f f i c i e n c y va lues are n e g a t i v e l y a f f e c t e d from t h e

fact t h a t it was necessary t o opera te  wi th  two f e e d

pumps. Using t h e v a l u e o f a u x i l i a r y power estimat-

e d t a k i n g i n t o account o n l y one modified f e e d pump

o p e r a t i n g , it h a s been c a l c u l a t e d and i n

Fig . 5.3 P l a n t e f f i c i e n c i e s

Fig. 5.3 ( d o t t e d l i n e ) a more r e l i a b l e va lue o f

c y c l e and o v e r a l l e f f i c i e n c y f o r power h igher t h a n

420 A t t h e maximum load t h e n e t c y c l e effi-

c i e n c y would be 7.5% and t h e n e t o v e r a l l  e f f i c i e n c y  

4.5%.

6.0 CONCLUSIONS

From t h e a n a l y s i s  o f  t h e  t e s t f i n d i n g s , it c a n be

i n f e r r e d t h a t t h e r e s e a r c h has been s u c c e s s f u l l y

concluded as:

- the pro to type p l a n t has demonstrated its c a p a c i t y

t o o p e r a t e s t e a d i l y and s a f e l y under au tomat ic

c o n t r o l .

- The performances, as r e s u l t i n g from t h e test , are

i n l i n e wi th t h e des ign v a l u e s

- from t h e exper ience were e x t r a c t e d  u s e f u l  h i n t s

f o r f u r t h e r improvement o f  t h e  des ign c r i t e r i a and

performances
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