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ABSTRACT

The attributes of ammonia5 fluoroearbons and hydrocarbons are 

evaluated to determine which fluids are best suited for use in a 

Rankine cycle with a low temperature heat source. Isobutane is used 

as a representative fluid for the fluoroearbons and hydrocarbons and 

compared to ammonia for thermodynamical performance.

When only chemical properties are considered no class of fluids 

is superior. The required size of the turbine, feed pump, condenser, 

and boiler were compared. Ammonia required smaller components than 

isobutane, but ammonia also had a higher operating pressure. The last 

stage turbine diameter for isobutane limited the plant size to 380 MWe 
for a double ended turbine. For a single end ammonia turbine, the 

limit due to turbine diameter was 1000 MWe.
The cycle efficiency of an ammonia Rankine cycle was greater 

than isobutane:above 150°C. The resource utilization efficiency of 
an ammonia cycle was greater than isobutane above 230°C.



CHAPTER 1

INTRODUCTION

In recent years, due to the higher cost of fuels, many new and 

old methods are being evaluated to determine what potential these 

methods may have in producing electricity. Some methods depend upon low 

temperature heat sources such as geothermal water. Other methods start 

with high temperature heat sources, but use bottoming cycles to capture 

available work from the low temperature reject heat. As an example, 

there is an option of adding a bottoming cycle to General Atomic* s gas- 

cooled reactor. Garrett AiResearch Manufacturing Company of Arizona 

has also considered employing bottoming cycles with large closed cycle 

gas turbines.

A major difference considered by the companies noted above 

between geothermal conversion-and the bottoming cycles is the choice 

of working fluids. In the geothermal literature to date, fluorocarbons 

or hydrocarbons are recommended as the working fluid in a geothermal 

plant. In recent reports published by General Atomic (McDonald, 1977) 

and Garrett (Garrett AiReport #31-2901, 1978), ammonia was chosen as 

the working fluid in the bottoming cycles for large electrical plants.

The thermodynamic characteristics of each cycle are similar. In 

General Atomic1s design, the inlet temperature of the heating fluid in 

the boiler is 280°C which is comparable to what may be obtained in 

better quality geothermal wells (Holt and Ghormley, 1976). The C of



the heating fluids is approximately constant in both cases. The 

of helium, the heating fluid in Garrett and General Atomic’-.s studies, 

is 0.296 kJ/kg (Kreith, 1976) from 0° to 815° C. The of water, 

the heating fluid in geothermal applications, is 0.239 kJ/kg (Kreith, 

1976) with less than a seven percent error from 0° to 205° C. The 

expected power output of these conversion cycles is a major difference. 

In General Atomic1s plant the secondary cycle output is 960 MWe. In 

the Holt-Ghormley report on geothermal conversion, the maximum expected 

plant output is 50 MWe or less.

It is the objective of this report to examine the chemical 

properties and component sizes of ammonia, the hydrocarbons and fluoro- 

carbons to determine why one fluid is chosen for use with geothermal 

applications and another fluid is chosen for use with bottoming cycles. 

In general, the hydrocarbons or fluorocarbons are chosen by the geo

thermal community as possible working fluids. Ammonia is either not 

considered-or excluded because of high operating pressure.

In the selection of a working fluid there are many important 

variables to evaluate and weigh before making a decision. Some of the 

more important considerations are: overall cycle efficiency, resource

utilization efficiency, capital equipment cost and safety.

Ammonia and isobutane (a representative hydrocarbon) are the 

two working fluids analyzed in this report. Using computer program 

GEO (Milora and Tester, 1976), the cycle efficiency, last stage turbine 

diameter, and pumping power will be compared. A comparison will also



be made of the size of the heat exchangers and condensers- Finally5 an 

elementary approach will be used to compare the costs of ammonia and 

isobutane heat exchangers due to overall heat transfer coefficients and 

pressure.

Computer Program GEO

GEO is a thermodynamic model of a Rankine cycle generating 

plant. GEO is given the top cycle temperature^ the top brine (helium) 

temperature, the condensing and ambient temperature and required plant 

electrical output. It utilizes the Martin-Hou equation of state (Martin, 

1967) to model the pressure, volume and temperature (PVT) behavior of 

a particular fluid,. Other subroutines calculate the ideal gas heat 

capacity, the liquid density, and the saturation pressure. From these 

relations a complete and very accurate thermodynamic representation of 

the fluid is made.

GEO calculates the cycle efficiency, resource utilization 

efficiency, last stage turbine diameter, and a temperature-enthalpy 

table for the boiler. The plant components modelled are the feed pump, 

condenser, turbine and boiler. The component efficiencies and other 

related values assumed for this study are shown in Table 1.1. The 

turbine model has a scheme to degrade turbine efficiency one percent 

for each percent of moisture. There is no allowance for pressure drops 

across the condenser or boiler.



Table 1.1. Constant Values in GEO.

Turbine Efficiency

Pump Efficiency

Condensing Temperature

Ambient Temperature

C Helium P
C Water P
AT Pinch Point in Condenser

0.85 

0.80 

32° C 

10° C 

0.296 kJ/kg 

0.239 kJ/kg 

10° C

Note: The above values are assumed throughout this report unless
otherwise noted.



Chemical Properties 

In the choice of a working fluid there are certain inherent 

chemical properties that must be considered. Four important properties 

are toxicity9 thermal stability, flammability and corrosive properties. 

Table 1.2 indicates that none of the fluids considered are superior in 

regard to the above properties.

Thermal Stability

Chemical stability at operational temperatures and pressures 

is an important requirement of the fluid to be utilized. In general, it 

is impossible to state at what, temperatures all fluids of a certain 

class become unstable. Table 1.2 shows the thermal stability of several 

representative working fluids. Although the fluorocarbons and ammonia 

start to disassociate at a low temperature, the rate of disassociation 

is low.

In the case of geothermal plants, the temperatures are normally 

low and any of the considered fluids would be suitable as a working 

fluid. In the case of the gas-cooled reactor, however, higher tempera

tures in the range of 250° C to 280° C are feasible. If further design 

studies lead to a conclusion that the top operating temperature in the 

secondary cycle should approach 300° C or above, ammonia and some 

fluorocarbons may have to be eliminated as viable fluids due to exces

sive decomposition. In the current design of 250* C top temperature, 

all the fluids may be considered suitable.
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Table 1.2. Chemical Properties.

Fluid Stability Health Flame Reactivity Toxicity

Ammonia 300° C 3 1 0

Isobutane 435° C 1 4 0

Pentane c 1 4 0

Propylene c 1 4 1

R—11 200° C 1 Non 5a

R-12 200° C or 6a

R-22 148° C Weakly 5a

R-114 120° C Flammable 6a

Gasoline^ 1 3 0

Toxic decomposition products
b For reference only 

C No data available

Note: For explanation of number system, see Appendix B stability:
temperature at which fluid decomposes at a rate of less than 
2% a year in the presence of steel (Gas Encyclopedia, 1976); 
For ammonia the data is from Milora and Tester (1976).



Toxicity and Flammability

Both ammonia and the hydrocarbons display to different degrees 

the properties of toxicity and flammability. The fluorocarbons9 in 

general are inert* and thus non-toxic and non-flammable. The fluoro- 

carbon decomposition products are hydrofluoric and hydrochloric acid 

as well as phosgene, a highly toxic gas. Ammonia is flammable and 

highly toxic, and if ignited in an enclosed area may be explosive 

(Gas Encyclopedia, 1976). The hydrocarbons, although flammable, are 

an asphyxiant only in large concentrations and basically non-toxic.

Corrosive Properties

Through wide use, the corrosive properties of the hydrocarbons, 

fluorocarbons and ammonia present no special engineering difficulties. 

All three have been handled in large quantities by the chemical, petro

leum and natural gas industries. If the working fluid leaked into the 

geothermal brine, only the heat exchanger would be damaged and the brine 

contaminated. If any of these fluids leaked into the helium loop of 

a gas-cooled reactor, however, they would immediately decompose in 

the high temperature environment. For a large leak to occur, the 

operating pressure on the working fluid side must be greater than the 

3.45 MPa-6.9 MPa found in the helium side of the loop. Although the 

maximum pressure used will depend upon the working fluid chosen, it 

has been reported that certain fluids will have operating pressures 

greater than 6.9 MPa (Schuster, Vrable and Huntsinger, 1976), (see 

Table 1.3).



Table 1.3. Operating Pressures of Several Working Fluids. 
(Vrable and Schuster, 1975).

Fluid Pressure MPa

Ammonia 13.8

Isobutane 6.9

Propylene 12.4

Freon-12 13.8

Propane 13.8

Top Cycle Temperature = 200° C 

Condensing Temperature = 27° C



The fluorocarbon decomposition products have already been 

mentioned. Ammonia and the hydrocarbons would both break down into 

carbon products. The effects of the products are not known in detail, 

but are expected to be much less harmful to the machinery than the 

effects of using a fluorocarbon (Schuster, Vrable and Huntsinger, 1976).

The preceeding discussion illustrates that each fluid has certain 

advantages and disadvantages. From the chemical properties alone no 

fluid is ideally suited as a Rankine cycle working fluid. .Additional 

data such as the rate of decomposition of the fluorocarbons under high 

temperature and pressure working conditions, and the cost of safety 

equipment for a particular fluid need to be developed before a decision 

based on chemical properties can be made.



CHAPTER 2

RANKINE CYCLE COMPONENTS AND EFFICIENCY
>

In this chapter several important attributes of a Rankine cycle 

using ammonia or isobutane will be compared. The cycle and resource 

utilization efficiency are examined since the efficiencies determine how 

much of the available heat energy is converted into usable work. The 

size and operating pressure of the turbine, feed pump, heat exchanger/ 

boiler and condenser are also compared for each fluid. These are the 

main components of a Rankine cycle and their cost will directly influence 

the total cost of the plant.

Cycle Efficiency

Using program GEO, the optimum cycle efficiency versus top cycle 

temperature is plotted in Fig. 2.1* Also shown is the Carnot efficiency. 

The reason for such low efficiencies is that heat is not added at a 

constant temperature as assumed in Carnot efficiency. A more realistic 

optimum cycle efficiency calculation is proposed by Ennio Macchi. This 

cycle is called the trapezoidal cycle and is illustrated in Fig. 2.2.

The trapezoidal efficiencies are also plotted in Fig. 2.1.

The trapezoidal cycle efficiency assumes a variable temperature 

heat source with a constant Ĉ . Macchi states that the idealized 

trapezoidal cycle efficiency may be calculated as (Macchi, 1977a):
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where

n tra == trapezoidal cycle efficiency

Tq = minimum cycle temperature .

T = logarithmic mean temperature =
In rT2iLtJ

The critical temperature of a fluid plays an important role in 

determining the maximum cycle efficiency. If the critical temperature 

is too high, a greater portion of the energy is lost through the heat 

exchanger. If the critical temperature is too low, the fluid may not 

be able to condense near ambient temperatures. - - - -

For fluids of nearly identical critical temperatures, the cycle 

efficiencies may differ at the same top cycle temperature, due to the 

shape of the saturation curve. A fluid with a positive vapor saturation 

slope experiences increasing superheat through the turbine. This super

heat must be rejected as sensible heat in the condenser,(see Fig. 2.3). 

Increasing the pressure allows more efficient heat addition 

but degrades cycle efficiency, through high temperature heat rejection 

in the condenser and through pump losses. A fluid with a negative 

slope loses superheat and gains moisture in the turbine. This moisture 

degrades turbine efficiency and thus cycle efficiency. Increasing the 

pressure would decrease the moisture in the turbine and allow more 

efficient heat addition, but a limit is reached due to increasing pump 

pressure loss. Therefore, at a particular top cycle temperature, each
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fluid will exhibit a maximum cycle efficiency at a particular cycle top 

pressure. Fig. 2.4 gives the optimum operating pressure of isobutane 

and ammonia that corresponds to the maximum efficiencies given in 

Fig. 2.1.

Isobutane displays a relatively, flat efficiency versus pressure 

curve when compared to ammonia, (see Fig. 2.5). As a result, for iso

butane, by operating at a lower efficiency a substantially lower opera

ting pressure can be used, resulting in lower component costs. This 

lower operating pressure is also reflected in Fig. 2.4 and these lower 

operating pressures for isobutane are used throughout this report. For 

ammonia, the pressure at-peak efficiency-is ̂ used in this report.

From Fig. 2.1, the higher cycle efficiency of ammonia above 

150° C is seen. Fig. 2.4 shows that optimum ammonia cycles operate 

from 3.5 MPa-10.9 MPa higher than equivalent isobutane cycles. This 

higher operating pressure will lead to costlier cycle components.

Resource Utilization Efficiency

If the geothermal brine/helium gas enters a device at a

temperature T̂  and exits at a temperature T^ and the environmental

heat sink is at T , then the maximum work out of this device is o
(Reynolds and Perkins, 1977):

W = M (h, - T S ) - (h - T S ) - T p (2.1)max 1 oi 2 °  2 o s

where

W = maximum available work
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M = mass flow rate
h = specific enthalpy of fluid at entrance

S = specific entropy of fluid at entrance

h = specific enthalpy of fluid at exit
2
S = specific entropy of fluid at exit 2
Tq = temperature of surroundings 

= entropy production in device.

If all processes in the device are reversible then the term is equal 

to zero. The resource utilization efficiency is defined as the ratio of 

actual work to the maximum available work assuming reversible processes 

and the exit temperature is equal to the environmental temperature.

Since the of helium and water are approximately constant, the re

source utilization efficiency is given as (Milora and Tester, 1976):

M C (T - T )n
 2 ^ Z C -------  . (2.2)

a c f(T - T ) - T InrT, ip 1 O o i
TL o -

where

= resource utilization efficiency

ncyc = c^c^e efficiency
Cp = specific heat at constant pressure for heating fluid.

As the temperature increases, for any fluid, the utilization 

efficiency increases to a maximum, then begins to decline,(see Fig. 2.6). 

The utilization efficiency is influenced by the minimum temperature 

difference in the boiler or pinch point (AT) and the shape of the
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Fig. 2.6. Resource Utilization Versus Geothermal Fluid Temperature 
(Milora and Tester, 1976).



20

saturation curve since these two parameters set T , the heating fluid2
outlet temperature. A lower value of will help offset a lower cycle 

efficiency. This explains why isobutane with a lower cycle efficiency 

than ammonia may have a higher utilization factor.

carbon R-22 is greater than ammonia until 240° C. At higher temperatures, 

ammonia would have a higher utilization efficiency.

Last Stage Turbine Diameter 

The turbine efficiency is important in determining the overall 

efficiency of the plant. Geometrically similar turbines will have simi

lar efficiencies (Balje, 1962). Combining analytical and experimental 

analysis, Balje stated that the turbine stage efficiency could be based 

upon two characteristic numbers:

The resource utilization efficiency of isobutane and the fluoro-

D = specific diameter = s (2.3)
/ v

N = specific speed = N / v (2.4)

where

D = turbine stage diameter P
AH , = adiabatic enthalpy drop across the stage ad

v = total volumetric flow rate

N = rotational speed of the turbine.
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Visual inspection of Fig. 2.7 (Balje, 1962) shows the optimum efficiency

is obtained when D =1. Solving Eq. 2.7 for D :s P

The total volumetric flow rate is directly proportional to the

power. The term AH is dependent upon the properties of the fluidad
under consideration and the pressure ratio of the last stage.

Assuming an ideal gas with a constant Ĉ , a relation giving the

pressure ratio with the Mach number equal to one is (Reynolds and 

Perkins, 1977):

^  (2.6)
where

r = low pressure side/high pressure side of turbine stage

k = C /C P v
For the values of k's given in Table 2.1, the pressure ratios resulting 

in Mach numbers equal to one range from 0.55 to 0.59. Since sonic 

conditions in the turbine must be avoided due to high pressure losses 

a pressure ratio of 0.7 will be used.

Based on the above considerations Fig. 2.8 presents a comparison 

of turbine diameters calculated using GEO. From this figure the in

crease in turbine diameters with increasing power is noted. For all 

power levels a single ended ammonia turbine is always smaller than
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Table 2.1. Working Fluids and k. —  (Milora and Tester, 1976).

Fluid k = C /C_____________________________________________   P v
R-115 1.080

R-318 1.066

R-13B ‘ 1.143

R-504 , 1.160

R-502 . 1.135

R-32 1.165

Propylene 1.145

Propane 1.140

R-500 1.140

R-152a 1.133

R-12 1.139

R-114 1.090

Isobutane 1.110

R-1426 1.110

R-22 1.180

R-216 1.074

R-ll 1.130

R-113 1.112

Ammonia 1.290
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either a single or double ended isobutane turbine. From a turbine size 

standpoint, ammonia is clearly superior. Furthermore, centrifugal forces 

will limit the maximum diameter of the turbine. If a nominal limit of 

three meters is chosen, this will limit the size of an isobutane turbine 

to 200 MWe for a single ended turbine and 400 MWe for a double ended 

turbine. For ammonia, the corresponding limit due to turbine diameter 

is 1000 MWe.

isobutane turbine, the first stage blade length of an ammonia turbine 

is examined. This will help determine if the short blade lengths en

countered with an ammonia turbine might set a lower power limit.

Using Eq. 2.3, a ratio between the first stage diameter of a 

known turbine and a similar turbine at a different power can be found:

where

D = unknown first stage diameter

Pwr = new power level of turbine

D = known diameter = 0.844 meters 1
Pwr = known power = 230 Mwe

The assumed known values were taken from General Atomic?s ammonia tur

bine design (McDonald, 1977).

First Stage Blade Length

Since the ammonia turbine is substantially smaller than an

(2.7)
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Assuming a minimum radial clearance between blade tip and 

turbine shroud of 0.1 mm (Macchi9 1977b) and a ratio of blade length to 

tip clearance of 0.02 (Balje, 1962), a minimum blade length due to tip 

clearance factors is found to be 0.5 cm. Figure 2.9 shows that only 

for very low power levels (less than 10 MWe) would blade length be a 

restrictive factor for ammonia. Therefore, ammonia would not be excluded 

at low power levels of interest due to the small first stage.

Optimum Turbine Power, N •------   — ----s
Equation 2.4 solved for the volumetric flow rate is:

v =
75 2 

( " W  •Bs (2.8)N

The rotational speed of the turbine, N, is fixed by the generator speed 

above 50 MWe (Mock, 1978) . Below 50 MWe a gearbox is mechanically 

feasible. The turbine then could run at one speed and the generator at 

another. Most high power generators operate at either 1800 or 3600 RPM 

to maintain the 60 hertz current and phase of the electrical grid. If 

the turbine is directly coupled to the generator, this fact fixes N at 

the same speed. AH^ is fixed by the pressure ratio used and Ng equal 

to 100 is chosen from Fig. 2.7 for optimum efficiency.

Table 2.2 was constructed using the above assumptions at a top 

cycle temperature of 250° C, and using GEO to calculate v and AH^. 

Obviously, these values are restrictive and to obtain any other power 

output the values of Eq. 2.8 must change.
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Table 2.2. Optimum Power Output.

3600 RPM 1800 RPM 

Ammonia 16.9 MWe 36.7 MWe

Isobutane 0.4 M¥e 1.5 MWe

Figure 2.7 shows the efficiency drops slowly for high values 

of N<t (high values of v) and drops quickly for values below the 

optimum Ng (low values of v) . By running a turbine, at fixed output 

above optimum level rather than below, less efficiency is lost. Using 

a value of Ng = 300 decreases the last stage efficiency slightly, but 

increases the power outputs shown in Table 2.2 by a factor of 9.

From the previous discussion, it can be seen that ammonia is 

preferred at high power outputs (above 50 MWe) over isobutane. At low 

power outputs there is a possibility of using a gearbox to allow the 

turbine to run at an optimum speed. Therefore, at low power, a more 

detailed analysis would be required s to choose either ammonia or iso

butane based on turbine rotating speed requirements.

Condenser

In condenser designs for binary fluid power plants the working 

fluid condenses on the shell side. This is to allow easier cleaning 

of the tubes carrying the brackish cooling water. A binary cycle con

denser must work at a pressure several times that of atmospheric
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pressure, (see Fig. 2.10). This fact combined with a shell side flow of 

the condensing fluid requires the condenser to be designed as a pressure 

vessel. Since binary cycles work at such low temperatures, they in

herently have low efficiencies. This lower efficiency leads to a higher 

proportion of heat rejected through the condenser. Since the size of 

a condenser is directly related to the amount of heat it must reject, 

those fluid properties that affect the condenser design must be care

fully considered to minimize size.

The total heat exchange.area required is usually considered the 

most important overall criterion in heat exchanger design. The governing 

equation is:

Qtot = u . A . AT (2.9)

where

^TOT = total amount of heat to he rejected 

U = overall heat exchange coefficient 

A = total heat exchange area required

AT = a mean temperature difference that will yield the correct 
QtOT’ usually taken as the logarithmic mean.

For cycles of similar efficiency, as is the present case, the 

Qtot for each fluid will be similar. Assuming identical mean tempera

ture differences, the fluid with the highest overall heat transfer 

coefficient would have the smallest heat exchange area and, considering 

only this parameter, it would be considered the best fluid choice. This 

overall heat exchange coefficient is a function of the fouling factors.
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tube resistance, tube side heat transfer coefficient, and shell side 

condensing coefficient. The equation expressing this functional 

relationship is:

U = 1 + R + IL +R..A + 1  . A (2.10)
h ~  "  ° ^  -t-2- hT f
o i ' 1 i

where

U = design overall coefficient of heat transfer based on a 
unit area of the outside tube surface

h^ = average unit-surface conductance of fluid outside tubing

h^ = average unit-surface conductance of fluid inside tubing

= unit fouling resistance on outside of tubing

K_ = unit fouling resistance on inside of tubing

= unit resistance of tubing

A /A. = ratio of outside tube surface to inside tube surface 
° 1 (Kreith, 1976).

When representative values are used in Eq. 2.10, the condensing

coefficient of the working fluid and the cooling water heat transfer

coefficient are the controlling factors.

Ammonia has a higher condensing coefficient than isobutane in

the temperature region of interest,(see Fig. 2.11) and Vrable and Shuster

(1975). Figure 2.11 was constructed using the equation below (Kreith,

1976) and property values from Kreith (1976) (for ammonia) and from

Gallant (1967) (for isobutane).
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0.725
h = c

- Py>g h' fRk3 1
0.25

(2.11)
D ^ s v - V

where

C^> = specific heat of the liquid 

k = thermal conductivity of liquid 

P£ = density of liquid 

= density of vapor 

g = gravity force / 4.17xl08

h„ = latent heat of condensation fg
h ’ fg ■ C- 375 Cpl<Tsv - Ts) 

p^ = viscosity of liquid

D = tube diameter

= temperature of saturated vapor

Tg = wall surface temperature.

With representative values for tube and fauling thermal resistances, 

U values for two representative cooling water flow velocities were 

calculated and are given in Table 2.3.

Table 2.3. Overall Condenser Heat Transfer Coefficients for Ammonia and 
Isobutane.

Water Velocity Ammonia____________  Isobutane
m/sec_____________________________  U(watt/cmz °C)

2.4 0.159 0.086

1.8 0.140 0.081
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Table 2.3 indicates that an ammonia condenser would be 

considerably smaller than an isobutance condenser due to its higher U 

value. However, since an ammonia condenser operates at a higher pressure 

than an isobutance condenser (see Fig. 2.10), the cost per area of an 

ammonia condenser would be higher (i.e.. Perry and Chilton,

1973).

A second important consideration is the volumetric flow rates 

through these condensers. As the flow rates increase with power, they 

may place a constraint on the minimum condenser size. This is due to the 

approach of sonic conditions in the condenser, leading to inordinately 

high pressure losses. Sonic conditions would be brought about by the 

desire to fabricate a small condenser with small flow passage areas, a 

low speed of sound of the working fluid, and a high volumetric flow 

rate required by high power output.

An expression for the minimum volume of condenser due to 

volumetric flow rate limitations is:

vo if  ■ ^  <2 i 2 >[<*!
where

Voir •= minimum condenser volume due to flow rate f
L = length of tubes used in condenser 

s = pitch to diameter ratio of tubes 

A^ = area of flow.
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another expression for condenser volume, as a function of tube surface 

area is (Fraas and Ozisik, 1965):

V o l_ ,  -  TA • ' d ( 2 . 1 3 )

where

VoIta = minimum condenser volume due to tube area

d = outside tube diameter.o
Thus there are two conditions that control the condenser volume. The 

desired situation is to have the condenser volume based upon the required 

tube surface area (Eq. 2.13) and not limited by the volumetric flow rate 

(Eq. 2.12).

Below a power output of 1000 MWe the condenser volume is 

controlled by the tube surface area (Eq. 2.13) for both ammonia and iso

butane. This conclusion was based upon the following condenser condi

tions. A mean temperature difference of 8° C, a condensing tube length

of 9.1 m, an outside tube diameter of 2.54 cm, a pitch to diameter ratio

of 1.25, and maximum overall condensing heat transfer coefficients from 

Table 2.3.

Boiler Heat Exchanger 

The fluid property considerations for the boiler heat exchanger 

are much the same as for the condenser. There are, however, several 

important differences that must be addressed.* The first is whether the 

working fluid would flow on the outside or inside of the tubes. For 

geothermal heat exchangers the brine would flow through the tubes to
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enhance the cleaning of the heat exchanger and the working fluid would 

flow in the outside of the tubes. In a bottoming cycle to a gas tur

bine, the gas would flow on the outside of the tubes to enhance the 

gas heat transfer coefficient and the working fluid would flow on the 

inside of the tubes.

The second consideration is the cycle operating pressure. At 

the top cycle temperature of 250° C, ammonia will operate at 15.2 MPa 

while isobutane will operate around 6.9 MPa to 10.3 MPa (Schuster,

Vrable and Huntsinger, 1976).

Along with the operating pressure, one must consider the 

pressure losses of the working fluid.in the boiler. By pumping a fluid 

faster, the Reynolds number of the fluid, and therefore, the heat 

transfer coefficient will increase. At the same time the required 

pumping power increases. The ideal situation is when the fluid exhibits 
a high ratio of heat transfer coefficient to pumping power. To 

account for this pressure loss, a constant ratio of pressure loss through 

the heat exchanger to total system pressure is assumed.

Since there is a change of phase from liquid to gas in the heat 

exchanger, heat transfer calculations were done using both liquid and 

gas values for each working fluid. The equation used for heat transfer 

in a duct is (Kreith, 1976):

Nu = 0.023Re*8 Pr*33 (2.14)

where
Nu = Nusselt number
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Re = Reynold number 

Pr = Prandtl number.

The corresponding equation" for heat transfer over tube bundles of more 

than ten rows is (Kreith, 1976):

Nu = 0.33Re'6 Pr*3 (2.15)

Using the above assumptions Table 2.4 was constructed.

Table 2.4 shows ammonia to have higher values of U than isobutane. 

The controlling resistance in the geothermal heat exchanger was the 

water side fouling factor. For the gas turbine bottoming cycle the gas 

side heat transfer coefficient was the controlling resistance. Although 

ammonia has the higher U values and therefore, smaller surface area, it 

is operating at a much higher pressure.

Boiler and Condenser Cost Comparison

It has been shown in the previous sections that ammonia heat 

exchangers and condensers have higher U values than isobutane, but 

ammonia heat exchangers also operate at higher pressures. In this 

section a simple cost comparison is made based solely on pressure and 

U value considerations. The references listed give the factor of in

creased cost due to pressure.

If a 0.172 MPa safety margin is assumed (Fraas and Ozisik,

1965) in the condenser, the ratio of increased condenser cost between 

ammonia and isobutane due to pressure is:
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Table 2.4. Comparison of U Values in Boiler/Heat Exchanger.

Gas Turbine Bottoming Cycle3-

State Fluid U (watt/cm2 °C)

Gas
Ammonia 0.089

Isobutane 0.087

Ammonia 0.207
Liquid

Isobutane 0.088

Geothermal Conversion^

Ammonia 0.086
Gas

Isobutane 0.070

Liquid
Ammonia 0.159

Isobutane 0.090

Note: 2.54 cm inside diameter and a 2.9 cm outside diameter is assumed.

a Helium resistance (l./ĥ ) = 3.91 cm2 ° C/watt (Fraas and Ozisik, 1963) 

^ Water fouling resistance = 5.3 cm2- ° C/watt (Fraas and Ozisik, 1965)
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Cost of ammonia condenser 
Cost of isobutane condenser

1.03 (Fraas and Ozisik, 1965)

1.17 (Perry and Chilton, 1973)

1.16-1.125 (Milora and Tester, 1976)

The. ratio of the overall condenser heat transfer coefficient is:

Condenser coefficient ammonia = ± 92 
Condenser coefficient isobutane

By assuming the same amount of heat and average temperature

differences, the ratio of condensing areas is inversely proportional

to the condensing coefficients, or 0.52. Assuming the similar costs

per unit area (except for pressure), it is found:

gogt, ofgnmgnj* condenser , 0.52(1.0 3 ,!.25) , 0.54-0.65
Cost of isobutane condenser

or the ammonia condenser is about half the cost of the isobutane con

denser.

A similar cost analysis of the boiler yields:

Pressure U Value
Cost of ammonia boiler __ (1.5-1.3) • (0.85-0.6) = 1.3-0.8 
Cost of isobutane boiler (1)

Since the range of ratios is so broad, it is impossible to make a

conclusive statement about the ratio of boiler costs.

Pumping Power

The pumping power is proportional to the pressure rise and the 

mass flow rate of the liquid. Although isobutane has a smaller pressure 

rise than ammonia, isobutane has a higher mass flow rate than ammonia



for an equal power., This higher mass flow rate is due to a lower 

enthalpy drop per unit mass'across the turbine for isobutane.

The pumping power as a percent of net power is shown in 

Fig. 2.12. At all temperatures of interest ammonia requires less 

pumping power than isobutane.
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CHAPTER 3

DISCUSSION-AM) CONCLUSIONS

In the following discussion, the important differences between 

a bottoming cycle for a high temperature gas-cooled reactor and those 

of a geothermal power plant as they influence the choice of working 

fluid will be highlighted.

Ammonia, because of thermodynamic properties, will have smaller 

components. In general, as the power increases, the disparity in size 

of components between ammonia and isobutane also increases. . The 

limiting component for isobutane is the last stage turbine diameter.

For a one-ended isobutane turbine, the largest realistic power level, 

assuming a 3. m diameter limit, is about 200 MWe. For ammonia, the 

limiting power level is about 1000 MWe.

Turbine

The major difference between the turbines used for geothermal 

applications and turbines used with closed cycle gas turbines is the 

design output power. In geothermal studies, the power output is about 

50 MWe. For the General Atomic bottoming cycle the output is 460 MWe 

(McDonald, 1977).

Figure 2.8 shows the size advantage of ammonia at 460 MWe and 

the limitations of an isobutane turbine at this power. At the lower 

power of 50 MWe, the first stage blade length does not eliminate ammonia 

as these blade lengths are reasonable.
42
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Below 50 MWe a gearbox is feasible and a more detailed analysis, 

including cost, would be needed to decide upon the proper fluid.
The higher operating pressure of ammonia would lead to a more costly tur

bine. This may offset, however, due to the smaller size of the turbine.

Pumping Power

Figure 2.12 indicates ammonia is a better fluid from the stand

point of pumping power. However, as the top cycle temperature decreases, 

the difference between these fluids decreases. Since the geothermal 

wells tend to have temperatures below 200° C and small power outputs, 

the difference between buying seven MWe worth of pump drive versus 

four and one half MWe for a 50 MWe geothermal plant, may not be a 

deciding factor in the choice of fluids.

For the reactor bottoming cycle, with high temperature and 920 

MWe of output, the clear choice would be ammonia.

Cycle Utilization Efficiency

Figure 2.5 showed the temperature dependence of three possible 

working fluids. As the cost associated with circulating either helium 

or geothermal brine through the conversion cycle is increased, the 

importance of the resource utilization factor increases. Above 240° C, 

ammonia is best, while below this temperature isobutane has a higher 

utilization efficiency. Since the helium inlet temperature to the 

boiler is 280° C in General AtomicTs bottoming cycle, the choice of 

ammonia is indicated. Relatively few geothermal brines reach 280° C
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and the fluid choice due to utilization efficiency must be made on a 

case by case basis.

Fluid Properties 

Although no fluid was found to be ideal from a toxicity or 

flammability standpoint, the costs in reducing the effects of an acci

dent need to be considered. Furthermore, the decomposition rate of 

ammonia and the fluorocarbons as well as their expense need to be 

considered.

Boiler and Condenser 

As seen in Tables 2.3 and 2.4, the heat transfer characteristics 

of ammonia are better than isobutane. At the same time. Figs. 2.4 and 

2.10 show higher operating pressures for ammonia. The cost comparison 

based on the above parameters indicated that an ammonia condenser 

would be less expensive than an isobutane condenser. Further cost 

analysis is necessary before choosing ammonia or isobutane for use 

in the boiler heat exchanger.

Another factor in the heat exchanger size is the cycle 

efficiency. With higher efficiencies of ammonia above 150° C less 

heat input is required and less heat is rejected. Thus, smaller heat 

exchangers are possible with ammonia. A more detailed cost analysis 

is needed to determine the cost tradeoffs due to pressure, U values 

and mean temperature difference of heat exchangers using ammonia or 

isobutane.
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Conclusions and Recommendations 

Due to the smaller size of components and higher cycle 

efficiencies, ammonia is the better working fluid at 250° C and at 

power levels above 400 MWe. Below 250° C and 400 MWe a detailed analysis 

would be needed to account for offsetting values of cycle and utilization 

efficiency and operating pressure and component size. No reason was 

found to eliminate ammonia as a working fluid for geothermal conversion. 

It is recommended that ammonia be considered as a candidate working 

fluid in further studies by the geothermal community.

There are two major areas that are recommended for futher study. 

The first area is the turbine. In this section on turbine size, only 

Fig. 2.7 was used and both ammonia and isobutane turbines were assumed 

to have equal efficiencies. A more detailed study would be required 

to determine the real efficiencies of a turbine based on actual rotating 

speed, specific speed and fluid used.

The second area is cost analysis. Although general size 

comparisons of components were made, it is the cost of these components 

due to their size that is important. Knowing the cost penalty due to 

size would allow the designer to see what tradeoffs may be made in 

operating pressure, turbine, cycle and utilization efficiency and average 

heat exchanger temperature.



APPENDIX A

SAMPLE CALCULATIONS

The volume of a condenser as a function of flow rate was given

in Eq. 2.12, This equation is derived in the following section.

An illustration of a condenser is shown in Fig. A.I. The flow

area through which the vapor must pass at the circumference of the tube

bundles may be expressed as

P = pitch; center to center spacing of the tubes 

L = length of tubes

N = number of tubes in circumference 

D = diameter of tubing.

N may be approximated as

Af = (P - D) • L - N (A. 1)

where

= flow area

„ ~ circumference of condenser$ =  -distance between tubes

(A. 2)

where

R = radius of the condenser

Substituting Eq. A.2 into Eq. A.1 results in

46
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solving for R

R = T F ^ F )  • L • 2w (A'3)

Knowing that the volume of the condenser enclosed by the tubes is

Vol = L • 7T • (A. 4)

Substituting Eq. A.3 in Eq. A.4, the result is

(A )'f 4ttL 

where

s = P/D = pitch to diameter ratio

Vol^ = volume of condenser due to flow area.

The gas flow area in a condenser should be large enough to 

prevent undue pressure loses. As a good approximation, the vapor 

should flow less than 0.2 the sonic velocity (Fraas and Ozisik, 1965). 

The sonic velocity of a gas may be calculated as

vs = v^F
where

vg = sonic velocity

g^ = gravitational constant

k = ratio of C /C for fluid.P v

Using T = 32° C, then the velocity of sound for ammonia is 435 m/sec, 

and for isobutane 218 m/sec (Reynolds and Perkins, 1977). The flow 

area can now be calculated as
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Af = Vtot 0. 2v (A. 5)

The value of v t is calculated using GEO. From Eq. A.5, it is 

seen that ammonia with a higher speed of sound has a smaller required 

flow area than isobutane.



APPENDIX B

NUMERICAL RANKING OF FLUID PROPERTIES

Presented here are the explanations of the numerical rankings of 

fluid properties used in Table 1.1. The ranking, according to health, 

flammability and stability, was extracted from the National Fire Associa

tion Codes, 1976.

Health

4 Materials too dangerous to health to expose fire fighters. A 

few whiffs of the vapor could cause death or the vapor or liquid 

could be fatal on penetrating the fire fighterTs normal full pro

tective clothing and breathing apparatus. Equipment available to 

the average fire department will not provide adequate protection 

against inhalation or skin contact with these materials.

3 Materials extremely hazardous to health but areas may be entered 

with extreme care. Full protective clothing, including self- 

contained breathing apparatus, coat, pants, gloves, boots, and 

bands around legs, arms and waist should be provided. No skin 

surface should be exposed.

2 Materials hazardous to health, but areas may be entered freely 

with full-faced mask self-contained breathing apparatus which 

provides eye protection.

1 Materials only slightly hazardous to health. It may be desirable 

to wear self-contained breathing apparatus.

50 ■
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0 Materials which on exposure under fire conditions would offer 

no hazard beyond that of ordinary combustible material»

Flammability

4 Very flammable gases or very volatile flammable liquids. Shut 

off flow and keep cooling water streams on exposed tanks or 

containers.

3 Materials which can be ignited under almost all normal tempera

ture conditions. Water may be ineffective because of the low 

flash point.

2 Materials which must be moderately heated before ignition will 

occur. Water spray may be used to extinguish the fire because 

the material can be cooled below its flash point.

1 Materials that must be preheated before ignition can occur.

Water may cause frothing if it gets below the surface of the 

liquid and turns to steam. However9 water fog gently applied 

to the surface will cause a frothing which will extinguish the 

fire.

0 Materials that will not burn.

Stability

4 Materials which (in themselves) are readily capable of detona

tion or of explosive decomposition or explosive reaction at 

normal temperatures and pressures. Includes materials which 

are sensitive to mechanical or localized thermal shock. If a
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chemical with this hazard rating is in an advanced or massive 

force, the area should be evacuatede 

3 Materials which (in themselves) are capable of detonation or of 

explosive decomposition or of explosive reaction but which require 

a strong initiating source or which must be heated under confine

ment before initiation? Includes materials which are sensitive 

to thermal or mechanical shock at elevated temperatures and 

pressures or which react explosively with water without requiring 

heat or confinement? Fire fighting should be done from an 

explosion resistant location,

2 Materials which (in themselves) are normally unstable and readily 

undergo violent chemical change but do not detonate. Includes 

materials which can undergo chemical change with rapid release 

of energy at normal temperatures and pressures or which can under

go violent chemical change at elevated temperatures and pressures. 

Also includes those materials which may react violently with water 

or which may form potentially explosive mixtures with water.

In advanced or massive fires, fire fighting should be done from 

a safe distance or from a protected location,

1 Materials which (in themselves) are normally stable but which 

may become unstable at elevated temperatures and pressures or 

which may react with water with some release of energy but not 

violently. Caution must be used in approaching the fire and 

applying water.



0 ‘̂terials .wMch Gin tlieniaelyes) are normally stable even under 

fire exposure conditions and which are not reactive with watere 

Normal fire fighting procedures may be used.

Toxicity

The following definitions are used by the Underwriters Labora

tories Classification of Comparative Life Hazard of Gases and Vapors 

(Gas Encyclopedia, 1976)»

6 Gases or vapors which) in concentrations up to at least about 

twenty percent by volume for durations of exposure on the order 

of two hours, do not appear to produce injury,

5a Gases or vapors which are much less toxic than group 4, but 

more toxic than group 6,

4 Gases or vapors which, in concentration of the order of two to 

two and one half percent for durations of exposure on the order 

of two hours, are lethal or produce serious injury.
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