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Abstract 

A number of binary 
were analysed wi.th' 
prOduce low-cost e l  

hermal cycles u t i l i z i n g  mixed hydrocarbon working f l u i d s  
r k i n g  f l u i d  which can 

-low temperature geothermal 
Both b o i l i n g  and supercri  t i c a l  she l l  -and-tube cycles were considered. 

Idaho) was selec s t i g a t e  the e f f e c t  o f  resource temper- 

o analyzed. These f tuoro-  
Tester as r e s u l t i n g  i n  carbons., R-115 and R122, were su 

c 

t o  the  reference dual 
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plant outlet geofluid kept above 160°F ( to  prevent s i l i ca  precipitation) , 
mixtures of 96% i sobutane/4% heptane, 65% isobutane/35% isopentane, and 95% 
propane/5% hexane, a l l  resulted i n  improvements i n  geofluid effectiveness of 
a b o u t  6% relative t o  a 90% isobutane/lO% isopentane mixture a t  580 psia heater 
pressure (conditions approximating those which have been considered for  a 50MW 
plant a t  the Heber s i t e ) .  
hydrocarbon working f l u i d s  require heaters which are estimated to range from 
seven t o  approximately 50% larger i n  total surface area than those for  the 
reference cycles. 

The more promising of the cycles employing mixed 

Background 

A dual-boiling isobutane cycle was selected for the present 5-megawatt (5MW) 
Raft River Pi.lat Plant to  u t i 1  ize the lower-temperature geothermal resources 
(near 300°F). This study represents a second ef for t  directed toward the design 
of an improved bi.nary geothermal e lec t r ic  plant suitable for  uti l ization of the 
lower temperature resources. 
improvements by way of introducing mu1 ti pl e-boi 1 i ng and condensing, and employ- 
ment of direct-contact heat exchangers. 
investigating use of hydrocarbon mixtures as working f luids ,  
findings of K. S t a r l i n g ,  for example, work of Reference 1 indicated that the 
mixtures showed prombe. The intent of the present effor t  was to  expand the 
ear l ier  analyses of hinary cycles u s i n g  mfxtures o f  pure f l u i d s ,  and to  assess 
corresponding improvements i n  net geofluid effectiveness. 

Earlier studies (Ref. 1 ) have considered cycle 

Those studies included a small effor t  
Consistent w i t h  

Specific objectives of the present effor t  were to: (1) evaluate improvements i n  
net geofluid effectiveness potentially attainable a t  the lower resource tempera- 
ture (280°F) through use of mixed hydrocarbon working f l u i d s ,  (2)  provide back- 
ground for selecting worki~ng f luids for use i n  planned experimen 
scale prototype plant (approximately 60 kilowatt) a t  the Raft R i  
(3) Snvestigate the effect  of resource temperature on the choice 

0 

L 
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Binary Geothermal Cycles 

The working f l u i d  i n  a binary geothermal e lectr ic  p l an t  undergoes the processes 
of a Rankine thermodynamic cycle. Figure 1,  which is a schematic diagram of a 
simple binary geothermal cycle, i l lus t ra tes  these processes as well as the major 
components of the binary plant. Starting a t  the condensate storage tank, working 
f l u i d  is pumped from the condenser to the heater pressure a t  nearly constant entropy. 
The working f l u i d  is then heated and vaporized a t  constant pressure i n  the heater 

through the turbine a t  nearly constant 
The turbine exhaust vapor is then condensed (fol 
by rejecting heat to  the cooling water i n  the condenser. T h i s  rejected heat, i n  
t u r n ,  is tran 
f l u i d  f inally passes into the condensate storage tank, and the cycle i s  repeated. 

e 

a as heat is  trans geothermal f lu id .  The working-fluid vapor expands 
ropy, producing work on the turbine wheel. 

wing desuperheating if  necessary) 

The condensed working rred to  the atmosphere i n  the cooling tower. 

a cycle which utilizes energy from a geothermal fluid a t  a given in i t i a l  
temperature and rejects heat perature, a theoretical maximum 
exists for the amount of work ed by the cycle per u n i t  mass of 
geofluid. T h i s  maximum corresponds to  the change i n  thermodynamic availabil i ty 
of the geothermal fluid between its in i t i a l  nd i t s  s ta te  corresponding to  
the heat sink temperature. Actual net work by the amount of the thermo- 
dynamic i r reversibi l i t ies  generated dur ing  each of the real processes i n  the cycle. 
Reference 1 investigated improvements to simple cycle through use of multiple- 
boi 1 i n g  and condensing processes ( refer  
reduce the heat-addition and rejection * r s ib i l i t i e s .  The approach taken i n  
this study accomplishes much the same p 
hydrocarbon working f f u i  

igures 1 and 2 of Reference 1 )  to 

hrough the use of mixtures of pure 

oach, the general thermodynamics 
of two simple binary cycles are illust ted i n  the T-Q (temperature-heat exchanged) 
diagrams shown i n  Figure 2. i l i p g  isobutane cycle is shown w i t h  s o l i d  
lines, and a cycle using a mixed 

nd 10% isopentane, i s  shown usin 
i rreversi b i  1 i ty generated i 

A s 
* carbon working f l u i d ,  consisting of 90% 

hed lines. Recognizing that the 
t l y  related to  the 
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total  increase i n  entropy of the two f l u i d s  involved, i t  can be shown that  the 
average difference i n  temperature between the two f l u i d s  is  a measure of the 
thermodynamic i r reversibi l i ty  introduced. To help minimize this temperature 
difference, both cycles use counterflow heat exchangers for  heating and condensing. 
Figure 2 shows that the constant temperature bo i l ing  and condensing behavior of 
isobutane a t  constant pressure (characteristic of pure f l u i d s )  results i n  sub- 

the isobutane temperature profiles. These differences i n  temperature introduce 

- 
stantial  departures of the geofluid and cooling water temperature profiles from 

significant i r revers ibi l i t ies  which correspond to  losses i n  plant performance. f 

The mixed hydrocarbon working f l u i d  cycle (dashed lines) shows a reduced average 
temperature difference relative to the pure fluid for  heating and condensing, and 
therefore, reduced thermodynamic irreversibil  i t i e s .  T h i s  mixed f l u i d  cycle incor- 
porates a supercritical heating process (bo i l ing  as such does not  occur because 
heating is  accomplished a t  a pressure above the c r i t i ca l  pressure); however, the 
change i n  temperature d u r i n g  boiling for a mixed f l u i d  would show a similar reduc- 
tion i n  i r revers ibi l i ty  relative to  a pure f l u i d .  
f l u i d  the turbine exhaust f a l l s  on the saturated vapor l ine  and desuperheating is  
not required. 

For this particular mixed working 

Also, the change i n  working f l u i d  temperature dur ing  condensing 
approximates the change i n  cooling water temperature, so that  for a given minimum 
approach between the cool ing-water and working-fluid temperatures , the cycle 
i l l  ustrated reduces the irreversi bi  1 i t y  introduced dur ing  the rejection of heat 
to the cooling water. 

Cycle Analysis Approach 

A number of single heating cycles were analysed for  both pure and mixed-hydrocarbon 
working f l u i d s  for a resource temperature (TGF) of 280OF. (For reference, similar 
calculations were made for a dual-boiling isobutane cycle corresponding to  the 5Mw 
Raft River Pilot Plant. ) Working fluids considered included methane, ethane, pro- 
pane, isobutane, isopentane , hexane, and two-component mixtures of those hydro- 

R-115 was shown i n  Reference 2 t o  result  i n  very good geofluid uti l ization e f f i -  
ciency a t  the 2 8 O O F  resource temperature. The general approach taken for  each 
working fluid investigated was to  conduct cycle calculations which included 'deter- 
mination of turbine power, working-fluid pumping parasit ic loss, and an estimate 

a 

carbons. For comparison, a fluorocarbon refrigerant, R-115, was investigated. -s 



of the parasitic loss introduced by a wet cooling tower. 
made for a number o f  turbine-inlet (or heater) pressures u n t i l  a maximum net 
plant power was found. A different working f l u i d  or  mixture composition was 
then selected and the process repeated. More specific "ground rules" were 
adopted as follows: 

The calculations were 

0 1 . She1 1 -and- tube heat exchangers were assumed. 

. 2. Geofluid pumping requirements ( a t  a given geofluid flow rate) were 
assumed the same for a l l  cases, and those parasitic losses were 
not i ncl uded. 

3. 

4. Pump and t u  

Component and p i p i n g  frictional pressure drops were neglected. 

efficiencies were assumed t o  be 80 and 85%, and 
/ 

s were not incl 

5. Except i n  sever 
s ta te  points were selected t o  avoid two-phase equi 1 i b r i  um condi tons 
throughout the turbine expansion process and t o  minimize desuper- 

special cases for TGF = 36O"F, heater outlet  

rcurrent flow was assumed. (For the 360°F 

* 
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8. 

9. 

As discussed i n  References 1 and 3, total cooling tower parasitic 
losses i n  watts were estimated from ear l ie r  work as 0.077 times 
the cooling water flow i n  lbm/hr for a cooling water temperature 
r i se  (ATTcw) = 20°F. 
factor were made to  account for  changes i n  pumping power required 
for  the modified cooling water flow. 

Water properties and fluorocarbon refrigerant properties were 

for  AT^^ # 20°F small adjustments i n  this 

taken from References 4 and 5. 
properties were obtained using computer program THERPP (Reference 6 ) ,  
which ut i l izes  Starling's modified Benedict-Webb-Rubin equation of 
s ta te .  

Mixed hydrocarbon working f l u i d  

To evaluate the effect  of geofluid resource temperature on the choice of 
working f l u i d ,  additional cycles were calculated for  a resource temperature of 
360°F. For this  temperature two component mixtures of propane, isobutane, iso- 
pentane, hexane, and heptane were considered. Also included was R-22, which is 
a fluorocarbon refrigerant suggested i n  Reference 2 as showing relatively h i g h  
geofluid uti l ization efficiency a t  360°F. 
used for the 360°F resource were the same as for  the 280"F, b u t  w i t h  two addi- 
tional considerations. First, a t  the higher resource temperature sufficient 
s i l i ca  is assumed to  be dissolved i n  the geofluid that precipitation (possibly 
causing well-bore damage) may occur if  untreated plant discharge geofluid is  
a1 lowed to  reach temperatures less than 160OF. Accordingly, cycle performance 
was calculated for cases having plant outlet  temperatures of 160°F as well as 
those which maintained 10°F pinch points i n  the heaters. Second, as an example 
i l lustrating the magnitude of the performance penalty associated w i t h  avoiding 
the two-phase region dur ing  turbine expansion, cycle calculations were repeated 
for 96% isobutane/4% heptane for several cases i n  which the working f l u i d  entered 
the two-phase region as it expanded through the turbine (assuming equilibrium 
conditions), and exited the turbine as saturated vapor. 
chosen for the example because i t  exhibited good geofluid effectiveness a t  
moderate heater pressures both  w i t h  and without the temperature res t ra int  imposed 
on the discharged geofluid.) With the same pure-vapor conditions a t  the turbine 
in le t  and ex i t ,  sufficient departure from equilibrium may exis t  to allow a real 
expansion process to occur w i t h o u t  condensation, resulting i n  improved cycle 

The basic approach and assumptions 

( T h i s  working fluid was 

performance . 

c 
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In the process of investigating the capability of hydrocarbon mixtures to reduce 
thermodynamic i r reversibi l i ty  d u r i n g  working-fluid heating, several four-component 
mixtures were considered. ropane, 0.075 iso- 
butane, and 0.025 isopentane, appeared to  very effective i n  terms of minimizing 
heating i r reversibi l i ty  for a high-pressure supercritical cycle (1400 psia). The 
actual net geofluid effectiveness, however, was less t h a n  for  several of the two- 

One o f  these, 0.675 ethane, 0.22 

c 
ecause ,of a h igh  pumping parasit ic loss and a relatively low 
hrough the turbine. Further work on mixtures having more 

.) 

than two components was not  done. 

Evaluation of Working Fluids for  TGF = 280°F 

Net plant power i n  
plotted i n  Figure 3 versus turbine in le t  temperature for  several of the working 
f l u i d s  selected. The cycles are generally single boiling cycles or single 
heating supercritical cycles shown schematically i n  Figure 1. Vertical dashed 
1 ines intersecting the curves represent approximate boundaries between b o i l i n g  
and supercritical cycles. 

transition occurs i n  a smooth continuous fashion 
Turbine in l e t  pressures are shown for each of 
in le t  temperature corresponding t o  maximum per 
fluids'can be seen to  provide higher  performance t h a n  either of the two parent 

l u i d s ,  a result  consistent w i t h  the comparis 
Net- plant power f o  

I t  is seen t h a t  for a given working f l u i d ,  the 
performance can occur for either supercri or b o i l i n g  cycles; the 

pressure is changed. 
orking f l u i d s  a t  the turbine 
nce. Mixtures of the pure 

s i l lust rated i n  Figure 2. 
own as a dashed l ine to 
ce 5MW pilot  plant. The 

ative to a single-boiling iso- 
emperature, a single heating 

or  a 300°F resource, which is 
u propane cycle provides power than does the dual-boiling 

1 the temperature ex dual-boi 1 i n g  isobutane 
isobutane cycle. 

cycle was selected 
cycles . ) 

ior  t o  any of the propane 
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Figure 4 shows the net plant power plotted versus the mass percent of the heavier 
hydrocarbon for  the different mixed hydrocarbon systems considered. 
points  plotted represents the highest performance calculated for  a particular 
composition. 
dashed line. 
near the maxima of the curves shown. The highest net plant power found was for 
a mixture consisting of 90% propane and 10% isopentane. 
occurs a t  660 psia turbine inlet pressure for this working f l u i d .  
power balance for the cycle consists of (1) turbine = 5.64, ( 2 )  working f l u i d  
pump = 0.86, (3) cooling tower = 0.47, and (4) net power = 4.32 watt-hr/lbm 
geofluid. T h i s  ne 
b o i l i n g  cycle, and about 20% higher t h a n  for the optimum dual-boiling isobutane 
cycle. The net plant power of 4.32 represents approximately 44% of the thermo- 
dynamic availabil i ty of 9.73 watt-hr/lbm geofluid for a 280°F resource temperature 
and an assumed s i n k  ( T h i s  s i n k  temperature corresponds t o  
the assumed tempera 

Each of the 

For comparison, the maximum performance of R-115 is shown w i t h  the 
The turbine in le t  pressures i n  psia are indicated i n  parentheses 

The maximum performance 
An approximate 

erformance is 42% higher t h a n  for pure isobutane i n  a single 

perature of 7 O O F .  
of the cooling water entering the condensers.) 

Evaluation of Working Fluids for TGF = 360°F 

Results of the cycle analyses for a 36OOF resource temperature are summarized i n  
Figure 5, which again s 
mixture, plotted versus the mass percent of heavier hydroca 
correspond to  cases i n  which the heater outlet  geofluid tern 
16OOF ( t o  prevent s i l i ca  precipitation), and the dashed lines represent cases 
i n  which the outlet  geo 
temperature difference erent restraints 
result i n  different values of maximu 

s maximum values of  net power for each working f l u i d  
. The s o l i d  lines 
ture was' held a t  ' 

ow 16OoF, b u t  the pinch p o i n t  

fferent values of corn 
i n g  the 160°F temp values of net power of up 

w % depending on the p l a n t  power found was for 
95% propane/5% hexane, nlet pressure was 1400 psia. As 

k a reference poi.nt, r 90% isobutane and 10% 
isopentane a t  58Q 
for CQnditions ap 

I 

shows net plant power 
lant a t  the Heber s i t e  

a. Also included ondi ng performance Val ues 
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Mixtures of 96% i sobutane/4% heptane, 65% isobutane/35% isopentane, and 95% 
propane/5% hexane showed apprpximately equivalent performance, and resul ted 
i n  the highest net p l a n t  power of the working f l u i d s  considered for  a 360°F 
resource when the 160°F plant outlet  geofluid temperature was imposed. For 
96% isobutane/4% heptane, as an example, the maximum performance then occurred 
a t  about 800 psia heater pressure; an approximate power balance consists of: 
(1) turbine power = 11.05, ( 2 )  working f l u i d  pump = 1.56, (3) cooling tower = 

0.85, and (4)  net power = 8.64 watt-hr/lbm geofluid. Curves for  that  mixture 
showing net power versus turbine inlet temperature for a heater outlet geofluid 
temperature of 160°F (open symbols) and for a heater pinch points temperature 
difference of 10°F (.shaded symbols) are presented i n  Figure 6. T h i s  figure 
includes curves both for turbine expansions which avoid the moisture region 
(solid l ines),  and those which enter the turbine i n  the vapor phase, expand into 
the two phase region, and then leave the turbine as saturated vapor (dashed l ines).  
Heater pressures i n  psia are shown i n  parentheses by the calculated points. 
Figure 6 shows that for t h i s  working flu'l'd a loss i n  performance o f  7% is caused 
by imposi.ng the 160°F out le t  geofluid temperature for  those tu rb ine  expansion 
processes which avoid the moisture region; for  cycles which maintain a heater 
pi.nch point of 1O"F, passfng through the moisture region provides a potential 
improvement i n  net power of about 8%. 

The thermodynamic avai labi 1 i ty corresponding to  the 360°F resource temperature 
and a s i n k  (or heat rejection) temperature of 70°F is 17.5 watt-hr/lbm geoflui( .  
The maximum net plant power for the 96% isobutane/4% heptane mixture, i n  a cycle 
which maintains 10°F heater pinch points, represents approximately 
availabil i ty a t  360°F i f  the turbine expansion avoids the moisture 
value increases to about 57% if  the turbine expansion has interned 
s ta tes  which fa l l  w i t h i n  the two phase region. 

Relative Heater Sizes 

c 

53% of the 
region. T h i s  
a te  equi 1 i b r i  um 

To provide a preliminary assessment of relative magnitudes of heat exchanger 
surface areas for the working f l u i d  heaters, estimates of UA, the product of 
overall heat transfer coefficient and heat-transfer surface area, were made 
fop each of the working f l u i d  systems considered. The approach taken for 
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estimating UA was first to divide the heat exchanger into two regions; one region 
was for temperatures above the pinch point or "knee" i n  a curve of working f l u i d  
temperature versus enthalpy, and the other for  temperatures below the knee. 
each of these regions the heat load (Q) i n  Btu/ lbm geofluid and the "log mean 

In 

temperdture difference" (AT,) were determined. UA, i n  Btu /"F  lbm geofluid, was 
estimated as (Q/dTm). 

the values of UA for  each region. 
The UA value for the heater was then taken as the sum of 

Values of UA were calculated for the maximum net power conditions shown i n  
Figures 4 and 5 for each of the working f l u i d  systems. 
versus net plant power for the 280°F resource temperature i n  Figure 7. As a 
reference point, a comparable value of UA is  shown for  the dual-boiling isobutane 
cycle. 
example, that  the additional 18% net power attainable w i t h  the dual-boiling cycle 
requires 40 to  50% more heater surface, which a t  this low resource temperature 
should more t h a n  "pay for i t s e l f "  i n  terms of final cost of e lectr ic i ty .  The 90% 
propane/lO% isopentane mixture is estimated to  provide the 20% improvement i n  net 
power, relative to the dual-boiling isobutane cycle (mentioned ear l ie r )  , w i t h  
only a 9% increase i n  UA. 
about the same net power ( w i t h i n  2%) as the dual-boi l ing isobutane cycle, b u t  
requires a value of UA approximately 60% higher. 

The values are plotted 

A comparison of dual and single boiling isobutane cycles shows, for 

I t  is seen that the R-115 cycle (supercrit ical)  produced 

Figure 8 shows values of heater UA, similarly plotted versus net plant power, for 
the 360°F resource temperature. The open symbols are for cycles whose plant out- 
l e t  geofluid temperatures were maintained a t  160°F; the shaded symbols denote the 
cycles whose heater pinch points were held a t  10OF. 
fluid temperature of 16OoF, the 96% isobutane/4% heptane cycle requires about 
45% higher UA t o  achieve the 6% increase i n  net plant power, relative to  the 
reference 90% isobutane/lO% isopentane 50MW cycle considered for  the Heber plant, 
whereas a mixture of 65% isobutane/35% isopentane achieves the same improvement 
i n  performance w i t h  an increase i n  UA of only 15% relative t o  the reference plant. 
The maximum performance R-22 cycle can be seen to  require a value of UA over 
twice as large as does the reference cycle ( w i t h  160°F out le t  geofluid tempera- 

For the plant outlet  geo- 

F 

t 

ture) while producing about the same net plant power. 

16 
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Summary of Results and Conclusions 

Results and conclusions of the study can be summarized as follows: 

1. For a given working f l u i d  and resource temperature, the maximum net 
geofluid effectiveness may occur for e i ther  a boiling or super- 
c r i t i ca l  Rankine cycle, depending on the particular combination 
of working f l u i d  and esource temperature. The higher values 
of geofluid effectiv ess found i n  t h i s  study occurred for 
supercritical cycles. 

e 

s 

280°F resource temperature, the maximum net geofluid 
effectiveness found was for a working f l u i d  consisting of 
90% propane and 10% isopentane. 
of 42 and 20% were found relative to  single and dual-boiling 
i sobutane ref 

For the 280°F resource, the value of UA (representing a pre- 
liminary indication of relative heater surface area) for the 
90% propane/lO% isopentane working fluid was found t o  be 
sl ightly larger (9%) than the UA for the reference dual-boiling 
i sobutane cycl e. 

Improvements i n  effectiveness 

3.  

I 

4. A t  the 36dF resource mperature of the 
plant outlet  geofluid 
cipi ta t ion) ,  the maximum net geo 
ere fo r  96% isobutane/4% heptan 

event s i l i ca  pre- 
f fect i  veness values found 
propane/5% hexanes and 

ss values for those 

- 
1 

Y 36OOF resource) , imposing 
u t l e t  temperature penalized , 

veness by about 7%. I 



6. 

7. 

8. 

1.  

2. 

3. 

4. 

5. 

6. 

--. 
,". 

b 

&- 

Permit t ing equilibrium s t a t e s  for the turbine expansion process to  
pass through the two phase region for the 96% isobutane/4% heptane 
mixture ( w i t h o u t  the restraint on outlet geofluid temperature) 
resulted in a potential improvement i n  net geofluid effectiveness 
of approximately 8%. 

Mixtures of propane and isopentane may produce net geofluid effective- 
ness as h i g h  or  h igher  t h a n  those f luids  analysed fo r  the 360°F 
resource temperature. 

M i  xed hydrocarbon working f 1 u i  ds  appear promi s i n g ,  and warrant ex- 
perimental evaluation. 
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