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ABSTRACT 

now under development for the 
ment has centered upon the 
rocess models, and modeling 

program is completed, it will be 
m cost power'or refrigeration. 

cles a t  off design conditions will be able to be  
to calculate several types of geothermal power 
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WORKING 'FLUID PROPERTIES 

The calculation of working fluid proper- 
ties issthe heart of program GEOTHM. Over, 
half of the subroutines in the program are 
devoted to this process, The working fluid 
properties are calculated using several com- 
plicated equations of state rather than inter- 

are as follows: 1) .the tables require much 

ate and istent, 3) tabula,r data is often 
not available in regions near the critical point 
o r  in regions where the pressure is above the 
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culated. When the development of GEOTlllVl is polating tabular data. The reasons for this . ' 

complete, it will be able to cdculate power 
plant or refrigeration plant costs, The ulti- extra m , 2) the tables.are often inaccur- 
mate goal inethe deyelopnent of the program 
is to be able to optimize the thermodynamic 
cycle for minimum capital cost or  minimum 
unit cost for energy ( iaa  power cycle) o r  
refrigeration. . GEOTHM will, when compl 
be able to model the thermodynamic hehavior , 

of a given power pla 
it is running ,at 9ff d 
program could be  used to calcula 
of changes of cycle pa 
dynamlcs of the cycle 
happens to a power .plant I 
a major heat exchanger 

. 

This paper will report the progress which 
has been made to date in the development of . 
GEOTHM. The major effort has been expended 
in the following three areas: 1) .thermodynamic 
working fluid properties calculations, 
odynamic cycle calculations, and 3) input, 
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region; Region 2 is the two phase region inside 
the liquid vapor dome. Region 3 is a dense 
vapor region which applies on the gas side of the 
liquid vapor dome and applies to supercritical 
regions which lie at temperatures above the 
critical isotherm. Region 4 is the ideal gas 
region where the density is very low compared 
to the density at the critical point and the com- 
pressibility factor Z approaches 1. The com- 
puter program has a subroutine which is respon- 
sible for calculating fluid properties in each of 
the four regions. In some cases the regions 
overlap. Regions la and Ib are parts of Region 
1 where the equations of state used in Region 3 
may be used. Region 3 equations of state may 
be used in Region 4. The fluid region is sel- 
ected by subroutine PROP. Subroutine PREP 
serves the function of defining the boundaries of 
the two phase region. 

Given the liquid vapor dome boundaries, 
the equations of state in Regions 1, 2 and 4 a r e  
well defined and simple. Region 3 presents 
particular difficulties because of the non-linear 
nature of the equation of state. A general form 
of the equation of state is as  follows: 

P = ZpRT (1) 
- 1 where p the gas density = - , (kg m 3), V the 

specific volume (m3 kg-l): P the pressure 
(N m-2)9 T the temperature (k) , and R the uni- 
versal gas constant (R = 8314.4 divided by the 
molecular weight, J kg-l IC1). Z is a com- 
pressibility factor. In Region 3, Z has the 
limits Zc L Z r  5. Zc is the gas compressi- 
bility at the critical point. (Zc = PcVc/RTc 
where P,, V,, and Tc a r e  the P, V, andT  at 
the critical point .) 

The choice of equation of state for Region 
3 was dictated by practical considerations. The 
Martin equation of state (two forms of it) is 
chosen because coefficients exist which can be 
used for various refrigerants. For light hydro- 
carbons, the Starling equation of state coeffi- 
cients already exist. Much of the effort put 
into this program was devoted to making the 
various equations of state compatible with the 
method used to calculate thermodynamic state 
points. The equations of state used in the pro- 
gram are described in the next section. 

At  a thermodynamic cycle state point, it 
is useful to know P, the pressure (N m-2), V, 
the specific volume (m3 kg-l), T,  the tempera- 

ture (K), H, the enthalpy (J kg-l), and s, the 
entropy (J kg'l K-l). In general one should be 
able to calculate all  five parameters knowing 
any two, but practical and thermodynamic con- 
siderations do not make this'possible. 

Within Region 3 the equations of state 
used will calculate P as a function of T and V 
o r  T and p. Subroutine PRES is programmed 
with two forms of the Martin equation of state 
and the Starling equation of state. Given P, 
T ,  and V plus the equation of state, one may 
calculate the deviation of H and S from the 
ideal gas values of H and S. This method is 
used by Downing', Miloras, and Starling3. 
GEOTHM uses modified versions of Milora's2 
computer program subroutines. The ideal gas 
values of H and S may be  calculated using a 
simple power series expansion. I suggest that 
the reader consult Refs. 1-3 for the ideal gas,  
specific heat, enthalpy, and entropy equations. 

Subroutine PRES combined with ENTHIG, 
ENTRIG, HDEV, and SDEV permit one to cal- 
culate P, H, and S given V and T. If one is 
given P and T ,  V must be  calculated iteratively 
using subroutine VOLUME which uses Newton's 
method for a single variable. The entropy and 
enthalpy subroutines a r e  used to find S and H. 
When P and H are given, subroutine TOFHAP 
calculates T iteratively; when P and S are 
given, subroutine TOFSAP is used to calculate 
T. Then VOLUME and the entropy o r  enthalpy 
subroutines may be used to calculate the re- 
maining variables V and S o r  V and H. 

FLUID EQUATIONS OF STATE 

A very general form of the equation of 
state was given in the last section (see Eq. 1). 
This form of the equation is inadequate for 
describing the behavior of the fluid because Z 
is a nonlinear function of V and T. This func- 
tion is different for each fluid and is not easily 
calculated. In Regions 1 and 2, the whole con- 
cept of Eq. (1) breaks d o m .  For ease of cal- 
culation, it is desirable to use much simpler 
equations of state in these regions. The same 
reasoning applies in Region 4. 

In Region 3, empirical equations such 
a s  the Martin equation of state1* and the 
Starling equation of state3 are a convenient 
way to express the properties of the fluid. 
Both equations of state have the general 
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characteristic that when pressure is defined so 
a knowledge of 

P andT  is not he  the state of 

Once the liquid-vapor dome i B  defined one 
can calculate the properties of the fluid in the 
two phase region. The program uses two ways 
of determining the fluid properties in the liquid- 

first,is to feed the p 

The first, which is used with the Martin equation 
of state, 1 ~ 2  proceeds as follows. First, calcu- 
late the relationship between, P u T  and T ~ T  
(vapor pressure vs. temperatur 

).  relationship^ such as 

ume, enthalpy and ent 
vapor line may be ca 
tion of state in Region 3 (using subroutines 
VOLUME, ENTHIG, HDEV; ENTRIG, and 

ron relationship. 
may, be calculated 

entropy a r e  then 
ondition. All  of 

take place in3 subroutine 

determine the vapor pressure as a function 
est root in V and the highest root 

iquid and 'saturated 
From these values, 

one can determine the properties of the liquid- 
vapor dome. The second method is applicable 
when used with the Starling equation of state. 

B. INCOMPRESSIBLE LIQUID EQUATION 
OF STATE 

very nearly independent of T and P; H and S 
C om llowing expressions: 

1 ,  

dS = (dH - VdP)/T f 

Ln (PsAT) = A  - B/TsAT - C 
.T 

least squares fit to me 
saturated liq-lid line. Next, one should calcu- 

e liquid density using an equation like 
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P = pRT Martin equation of state may be used in 
GEOTHM on the following working fluids: 
the Downing form' R-11, R-12, R-13, R-14, 

R-502, and C-318; the Milora form' R-717 
T1 p1 (ammonia) and R-22. Both the Milora and 

Downing forms of the R-22 (freon-22, 
CC 1 F2) agree favorably w'ith published 
A S H h E  data. 
state agrees with measured data extremely 

- 2- R (T2 - T1) 

- - R Pn (-) - R Pn (-) 

(7) 
R-21, R-22, R-23, R-113, R-114, R-500, 

H 2 -  H1 - yl 
- Y T2 p2 

S2 - S1 

where R is the universal gas constant divided 
by the gas moIecular weight and 
the ratio of specific heats. 

D. THE MARTIN EQUATION O F  STATE well. 296 

Y- 1 

y= C /C 
The ammonia equation of P v' 

The Martin equation of state, which is 
used widely with refrigerants, yields good 
results in the supercritical and vapor regions 
of the fluids to which it has been applied. The ' 
equation has not been particularly successful in 
the dense liquid region exc pt at reduced tem- 
peratures of 0.9 or above. 
state reduces to the ideal gas equation when ' 
V + m, for large V the Martin equation of 
state has an appearance similar to Van der 
Waal ' s  equation of state. 

. 

8 The equation of 

The Martin equation of state in the form 
of P as a function of T and V is as follows: 

The last two terms f and f are only neces- 
sary when the equation of sfate is used near the 
critical p0int.l fo(T) = T. 

two forms. The first form whi& is preferred 
by Martin and Downing1*5 is as  follows: 

5 

The terms f (T) through f (T) may take L 

The second form, which is preferred by Milora, 2 
allows for an easy f i t  on the critical isotherm. 
The second form for fN(T) is as follows: 

E. THE STARLING EQUATION OF STATE 

3 The Starling equation of state is a rel- 
atively new equation of state which works well 
in the compressed liquid region as well as the 
less dense gas region where the Benedict- 
Webb-Rubin* (BWR) equation has worked well. 
Th'e Starling equation of state has the same 
density relationship a s  the BWR equation of 
state. The Starling equation of state is: 

P = pRT 
+ (BoRT - A. - Co/T2 + D /T 3 

- Eo/T4) p 2  + @RT - a - d/T) p 3 

+ a (a + d/T) p 6 + Cp 3 2  /T (l+y p2)e- vp 

(9) 
0 

2 

-kT -kT + C N ( e  - e  c, 

where T is the critical temperature. 
C 

The deviation terms for H and S from the 
ideal gas will not be  presented here. It is sug- 
gested that Refs. 1 and 2 be consulted. The 

where p is the density, and Ao, Bo, Co, Do, 
Eo, a? b,  c ,  d ,  a and y are constants of the 
equation of state. Figure 2 shows the multiple 
root nature of the Starling equation of state 
inside the liquid-vapor dome. (The Martin 
equation of state has a similar behavior on a 
P-V diagram.) As p + 0, the Starling equa- 
tion becomes the ideal gas equation of state. 

0 oca I * t 5 0 . * 0  
a mce t . tea.**  
o w a  B - .IS.I* 

0 e t 0  .- I *,*.** 
0 w a  t - snn.*n 

V O L U r % L - - C C I C  

Fig. 2. Starling-BWR equation of state - 
Isobutane. 
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erms for H and s from 
EOTHM, ideal gas a r e  given in Ref. 3. 

the Starling equation ca 
lowing working fluids? 
propane, N-butane, Lobutane, 
isopentane , N-hexane, N-hepta 
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W 

the Martin equation of state has given us some 
difficulties. If LBL decides to curve fit other ' 
working fluids such as hydrogen or  
the Starling equation'of state will b 

tine. Thermodynamic processes are calculated 
routines which are controlled 
routine CYCLE. These sub- 

A .  ' 

known along with the average U factor, the 
pinchpoint AT, and the mass flow in one 

ature, the heit  exchanger area,  
flow in the second $tream. 

(either the inlet o r  the outlet temperature of 
each stream), the heat exchanger U factor, 
the pinchpoint AT, and the mass flow in both 
streams. One may calculate the other two 

nerative heat 

refrigeration cycles. 

. The area of each ex- 
such 'that pinchpoint con- 

divided up into equal units of temperature or  
enthalpy (the former takes much less com- 
puter time because iteration is often eliminated 
in the equation of state). A mass flow rate is 
assumed in the Type 1 he& exchanger. A 

Increments of 
e is assumed in 3 

g the standard heat 
transfer equations. The U-factor is assumed 
to be constant throughout the heat exchanger. 
In most ca 
error .  

t, result in serious 

application of a suitable efficiency factor. 

' .  efficien 

C, OTHER THmMODYNAMIC PROCESSES 

The OPRA subroutin 
doing a number of other thermodynamic pro- 
cesses: an isoenthalpic expansion is handled 



by OPRA3, phase separation by OPRA4, mix- 
ing by OPRAS, and contact condensation by 
OPRA8. Subroutines OPRA5 and OPRAG are 
used to calculate the effect of heat and friction, 
losses i n  pipes. OPRA11, OPRA12, and 
OPRA13 are for a i r  cooled condenser and 
cooling tower cycles. OPRA 10 permits one 
to merge the end of one stream into the begin- 
ning of another gtream (a simple cycle may be 
broken up into different fluid streams for ease 
of calculation). 

D. POWER PLANT OUTPUT AND EFFI- 
CIENCY 

Subroutine POWER performs the mass 
balance and energy ,balance on the thermo- 
dynamic cycle. The mass flow in each of the 
power.plant streams is set by this subroutine. 
In a geothermal power plant, this subroutine 
calculates the power plant efficiency and the 
power plant yield per  metric ton of water pro- 
cessed. The yield of the plant (kWh/ton) is a 
very meaningful figure of merit for a geo- 
thermal power plant. 

Subroutine POWER may b e  used to cal- 
culate any of the power cycles. It is not suit- 
able for refrigeration cycles. Before the 
calculation of refrigeration cycles can com- 
mence, one must rewrite this subroutine o r  
create another subroutine especially for 
refrigerators. 

INPUT, OUTPUT, AND 
DATA HANDLING IN GEOTHM 

This section will briefly describe the 
input and output of data and the transformation 
of data within the program, Little detailed 
information will be presented here because 
the system of data input and output is being 
changed. 

A.  THE INPUT AND SUBSTITUTION OF 
DATA INTO THE PROGRAM 

Data input into GEOTHM is handled by 
three subroutines: INPUT1, INPUTS, and 
INPUT3. The properties of the working . 
fluids used in the thermodynamic cycles is p 
put into GEOTHM by INPU 
five input formats are be 
for various equations of state. 

INPUT2 has the sole function of feeding 
in the properties of the thermodynamic cycle. 
Each thermodynamic process is described on 
one computer card. The cards  are fed into 
the program in the order in which the process 
calculation must proceed. INPUT3 inputs 
various points which may be  substituted into 
a matrix generated by INPUTS. These’ points 
may be  optimizable o r  non-optimizable in 
terms of system cost. INPUT3 also inputs 
various constants needed to do the thermo- 
dynamic calculations. For example, the 
heat exchanger U fact 
stant.) Subroutine CHANGE substitutes 
data from matrices fed in by INPUT3 into the 
P, T,  H, S and V matrix which is used by 
subroutine CYCLE to do the thermodynamic 
cycle wlculations . 
B. OUTPUT OF DATA FROM THE PROGRAM 

may be such a con- 

The output of data from GEOTHM comes 
through several print and cal-comp plot rou- 
tines. The data generated by GEOTHM are 
outputted from the program in metric units. 
AI  units are used throughout the program for 
calculation, but the output uses a number of 
non-standard units because they a re  better 
visualized by the reader. For example, 
pressures are given in bar and specific vol- 
ume is given in cm3 g-1. 

PRINT1 prints out the working fluid - 
properties. These include the critical con- 
stants, the equation of state constants, and 
the fluid properties on the liquid-vapor dome. 
PRINT2 prints the T, P, H, S and V at each 
cycle point, Also included in the PRINT2 
output is the mass ,flow and type of fluid in 
each of the streams in the cycle. PRINT3 
prints the thermodynamic properties of the 
cycle such a s  heat input, heat rejected, work 
out, work in, net work, cycle efficiency, and 
the yield of the plant. Other print routines 
are being written to print out the detailed 
parameters of the plant heat exchangers, 
turbines, pumps, and other components. 

Several plotting programs have been 
used with GEOTHM. One plotting routine will 
plot isotherms of the equation of state on a 
P-V diagram (see Fig. 2); other plotting pro- 
grams will make a P-V diagram, a T-S dia- 
gram, and P-H diagram of the thermodynamic 
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cycle. There is a plotting program which 
plots the yield of a geothermal power plant 
a function of working fluid, input brine temper- 
ature, and turbine inlet P and T. 

TEST THERMODYNAMIC CYCLES ' 
WHICH HAVE 

been run in GEOTHM. These cycles includ; 
flashed steam cycles and binary cycles. 
Geothermal binary cycles have been run on 
the program with ammonia, R-22, isobutan 
and propane as  secondary working fluids. 

oled condensers 

power plant employing a simple binary cycle. 
cycle was used to calculate a 
mal power plant, with a net 

power of 10 megawatts, 'Figures 4 and 5 show 
computer generated P- 

of the cycle shown in Pig, 3. 
the cycle heat balance, the the 

thermal well 

The thermodynamic cycle shown in F 
4 and 5 is easily traceable on a standard P-H 
diagram for isobutane. 7,9 The computer 
approach is more accurate, and it permits 
one to calculate a cycle like the one shown in 
Fig. 5 in less than one second of central pro- 
cessing time on the CDC-7600 at LBL. Short 
processing times a r e  necessary in order to do 
the cost optimization. The program has 
reached the stage of development where valid 
thermodynamic comparisons can be made for 
various geothermal power cycles which utilize 
a wide range of working fluids. 

Condensate 
pump 

Geolhrrma I 
rrinj.clion 

well / /  

Fig. 3. Sipple binary geothermal power 

i 0 m c *  I . 11S.II 
1 0  111 I . *so.,** * 0 I c e  I . a * * . * *  

Fig, 4. Thermodynamic cycle for gedthermal 
power plant - pressure vs. volume. 

0 
-/' 

1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 0 . 0  
C N T M A L P Y ( J I C I  

Fig. 5. Thermodynamic cycle for geothermal 
power plant - pressure vs. enthalpy. 



Table 1. The mass flow, heat balance, and 
cycle efficiency for the isobutane 
binary cycle shown in Fig. 3, 4 ,  
and 5, 

U'ater input temperature 473.2 OK 
Water mass flow 143.9 kg s-l 
Isobutane mass flow 166.7 kg s-l 
A i r  mass' flow 5968.5 kg s-' 
A i r  input temperature 
Net heat input 
Net heat rejected 
Turbine power out 
Fan and pump power in 
Net mechanical power 
Net electrical power 
Net cycle efficiency 
Power plant yield 

298.0 O K  
82.78 MW 
72.45 MW 
13.53 MW 
3.20 MW 

10.33 MW 
10.00 M w  
11.94% 
19.30 kWh/ton 
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