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ABSTRACT 

The development of moderate temperature 
geothermal resources as a viable energy source for 
electrical power generation is dependent on the 
development of energy conversion systems and 
components that can more effectively and effi- 
ciently extract the energy from the geothermal 
fluid. By more effectively utilizing the geothermal 
resource, the amount of fluid required to produce 
a given power level is reduced, as are the parasitic 
power requirements to produce, transport, and 
dispose of the geothermal fluid, which is reflected 
in reduced costs of power. The Prototype Power 

Plant was built to demonstrate and learn the 
operation of a binary power cycle, and then serve 
as a test bed for pilot scale components, systems, 
and/or concepts that have the potential for 
enhancing the feasibility of power generation 
from a moderate temperature geothermal fluid 
resource. This report summarizes the operation to 
date of the prototype plant, with primary 
emphasis on the automatic-run phase, during 
which the plant was operated over a five-month 
period with minimal operator surveillance. 

.. 
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U 
PROTOTYPE GEOTHERMAL POWER PLANT 

SUMMARY OF OPERATION FOR 
AUTOMATIC-RUN TEST PHASE 

INTRODUCTION AND SUMMARY 

Background 

The Prototype Power Plant (PPP) is a pilot- 
scale geothermal power plant located at the Idaho 
National Engineering Laboratory Raft River 
Geothermal Test Site. The plant is a test facility to 
be used to investigate various concepts that have 
the potential to enhance the commercial produc- 
tion of electrical power from moderate 
temperature geothermal resources. The size of the 
plant allows the different components to be 
replaced with an alternate component that per- 
forms the same function but uses an advanced or 
unconventional design concept. In this way, 
different concepts can be tested in an operational 
environment that would closely resemble that of a 
full-scale plant without the associated costs. The 
work is being done as part of the Conversion 
Technology effort being conducted by EG&G 
Idaho, Inc., for the Department of Energy, 
Division of Geothermal Energy. 

. The overall test program for the PPP consists of 
several phases in which such variables as 
automatic control, heat exchange components, 
and working fluids will be tested. This report 
covers the initial test phase that was conducted 
with the plant configuration as initially con- 
structed, using surplus materials for the cooling 
system and the heat exchangers. The primary 
emphasis of the initial phase of the test program 
was the operatio f the PPP in the automatic 
control mode; therefore, this report will accent the 
operational experience and demonstrate that, 
within certain limits, the system and component 
performance are predictable. 

Objective - Automatic-Control 
Tes ti n g 

The principal objective of the testing thus far 
with the PPP has been to obtain operational 
experience with the plant and its components, and 

all 

to demonstrate the operation of the plant in the 
automatic control mode. Operational experience 
with binary power plants using isobutane over 
extended periods of operation is limited. In 
particular, experience is limited for the relatively 
low geothermal fluid temperature and ambient 
conditions of the Raft River Site. In the automatic 
control mode, the plant was to operate with 
minimal operator surveillance, to control selected 
plant parameters automatically, and to shut down 
automatically to a safe configuration in the event 
of an upset condition that posed a potential 
hazard td the equipment and/or personnel. This 
facility also provides a means of identifying 
potential problem areas that might arise during 
the startup and operation of the 5-MW(e) Raft 
River plant so that procedures and/or equipment 
can be modified accordingly. 

In addition to demonstrating the ability of the 
plant to run unattended in the automatic-control 
mode, this phase of testing provides component 
and performance data. One objective of these 
performance tests was to show the large variations 
in power output of organic Rankine cycle due to 
the daily and seasonal variations in the ambient air 
temperature. This series of performance tests was 
also to be used to verify, where possible, predicted 
system and component performance at “design” 
and “off-design” conditions. 

Summary 

The testing of the PPP in the automatic control 
mode was successful in that all the main objectives 
of the test were achieved. 

1. Plant operation during this period was 
stable when in automatic control. 
Although the plant operated considerably 
off the “design” conditions (2.16 MPa 
boiler pressure), Le., boiler pressures rang- 
ing from 1.379 to 2.1 17 MPa, the plant was 
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able to operate and produce electrical 
power with minimal operator surveillance 
h d  downtime. 

2. The operator surveillance required to 
-operate the plant was reduced from 24 h 
per day to less than 8 h per day, the 
majority of which was required for the 
collection of data. 

3. The plant operated approximately 87% of 
the time that geothermal fluid was 
available. 

4. The plant was not able to reach design 
turbine inlet and exhaust conditions 
because sufficient geothermal fluid 
flow and temperature were not 
available, and because of limitations in 
the cooling system, specifically the 
condenser. Extremely cold weather 
would be required to approach design 
condensing conditions, and because of 
icing in the cooling tower, these condi- 
tions would be difficult to maintain. 
Although the plant never achieved 
design turbine inlet and exhaust 
pressures (and corresponding velocity 
and pressure ratios), the turbine effi- 
ciencies were equivalent to, and, in 
some cases, exceeded the values 
predicted by the manufacturer, the 
Barber-Nichols Engineering Company, 
when turbine conditions approached 
the design values. 

5 .  A maximum plant output of 59 kW was 
measured at a turbine inlet pressure of 
2.12 MPa and an exhaust pressure of 
0.490 MPa. The geothermal fluid 
temperature was 135OC, and the flow 
rate was 6.69 kg/s. 

6. The plant performance was predict- 
able, providing. it operated at velocity 
or pressure ratios near the turbine 
design point. 

7. Power variations due to daily ambient 
air temperature changes were deter- 
mined to be approximately 25 to 30% 
during the summer and 10 to 15% in 
the winter. 

The primary operational problems encoun- 
tered thus far in operating the PPP are sum- 
marized below. These problems have been 
resolved, o r  their effects on plant 
performance minimized. 

1. The original feed pump in the plant as 
initially constructed was a diaphragm- 
type, positive displacement pump. 
This pump was eventually replaced 
with a centrifugal pump because of 
repeated failure of the pump 
diaphragm. No further problems have 
been encountered with the feed pump 
since its replacement. 

2. Startup problems were encountered 
during summer afternoons due to  
liquid boiling in the pump suction p i p  
ing. The uninsulated liquid piping was 
warmer than the insulated condenser 
due to solar heating of the pipe sur- 
faces. Since the system pressure was 
controlled by condenser and boiler 
(both vessels insulated) temperature, 
heat had to be added to the condenser 
unit from an external source to raise 
condenser (and piping) pressures and 
stop the boiling in the liquid process 
piping. 

3. The major operational problem encoun- 
tered was the contamination of the 
isobutane working fluid with nitrogen. 
This contamination led to a buildup of 
nitrogen in the condenser, which resulted in 
higher condenser pressures and lower 
power output. The nitrogen gas was used to 
move the working fluid back and forth 
between storage and the plant. Because 
isobutane had to be added on a daily basis 
to the plant while running to make up for 
working fluid losses from leakage, the 
storage tank was maintained at a pressure 
corresponding to or slightly exceeding con- 
denser pressure. This excess nitrogen 
pressure introduced nitrogen into solution 
in storage, and it came out of solution once 
the fluid had been added to the plant. To 
correct the problem, it is planned to install 
a charging system in which the nitrogen 
does not contact the working fluid. Until 
the charging system is installed, the use of 

2 



nitrogen has been minimized and excess 
nitrogen pressure vented off storage after 
charging the plant with working fluid. 

This report describes the plant and how it was 
operated, identifies operational problems, and 
provides performance results. A description of the 
binary power cycle and the major plant com- 
ponents and/or systems is presented, and the 
operation of the plant is reviewed. Included in this 

review is a brief description of the plant startup 
and operation and the major operational 
problems and limitations encountered. Finally, a 
comparison of the anticipated system and com- 
ponent performance with the actual performance 
is provided. This comparison also reviews the 
plant reliability in terms of percentage of time 
on-line when geothermal fluid was available and 
illustrates the impact of cold weather on the per- 
formance of the plant and heat rejection system. 



i 

i 

System Description 

FACILITY DESCRIPTION 

Although the Prototype Power Plant is con- 
siderably smaller than a full-scale plant in size and 
power output, its major systems are similar. The 
test facility was designed and built with sufficient 
flexibility that it can be operated as either a power 
loop (i.e., producing electrical power) or as a ther- 
mal loop (i.e., turbine bypassed). In reviewing the 
operation of the plant (in a subsequent section 
titled “Plant Operation), one should remember 
that the plant is always started as a thermal loop, 
and brought to steady state conditions before con- 
verting to the power loop mode. 

The description of the PPP in the power loop 
mode is more easily understood if one refers to the 
flow schematic and isobutane pressure-enthalpy 
diagrams shown in Figures 1 and 2. The flow 
schematic in Figure 1 identifies major cycle com- 
ponents, but not the auxiliary systems, Le., fire 
protection, vent and drain, storage, flare, control, 
etc. In the current plant configuration, the 
preheating and boiling of the working fluid occur 

c 

in a single heat exchanger unit. Hot geothermal 
fluid is circulated through the tube side of the 
boiledpreheater where it is cooled as heat is 
transferred to the working fluid. The isobutane 
working fluid circulating past the outer tube sur- 
face is first preheated to the saturation 
temperature corresponding to boiler pressure and 
then vaporized. A separator is located on top of 
the boiledpreheater to remove any liquid 
’entrained in the boiler vapor discharge. The vapor 
leaving the boiler is then expanded through the 
turbine that drives the generator to produce 
power. In the power loop mode, the turbine 
bypass valve is closed. The low pressure gas leav- 
ing the turbine is discharged to the condenser 
where the working fluid vapor is cooled and con- 
densed to liquid. Cooling water circulating 
through the tube side of the condenser is heated by 
the processes of desuperheating and condensing of 
the working fluid on the outer tube surfaces. The 
cooling water is circulated through a wet cooling 
tower where the heat added in the condenser is 
rejected to the atmosphere. The liquid working 
fluid in the condenser is then circulated back to 
the boiler using boost and feed pumps in series. 

t Turbine I 
Condenser gear Boi lerlpreheater 

box - 
Motor/ .rc- 

generator * -- 
* I Boost. 

pump c 
1 3 

’ Feed 
Pump I -- 

&-A 
‘ /  \ /  \ /  

Geothermal 
fluid 
out 

4- Geothermal 
fluid 
in 

\ /  

\ /  \ /  

Cooling tower 
INEl-A-17 007 

Figure 1. Prototype Power Plant flow schematic. 
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The thermal loop operation differs from the 
power loop mode in that the turbine is isolated 
and the turbine bypass valve provides the required 
pressure drop between the boiler and condenser. 
The thermal loop operation does change system 
performance, since the condenser heat load is 
increased due to the increased superheat in the 
inlet vapor (see Figure 2). This increase in the con- 
denser heat load is the energy that the turbine 
would have extracted from the working fluid if the 
plant had been operating in a power loop mode. 
The net effect of the increased superheat is a small 
increase in condensing temperature and pressure. 

The physical layout of the plant is shown in 
Figures 3,4, and 5. The overall layout of the plant 
is shown in Figure 3, with the major components 
identified. The two vertical vessels mounted inside 
the support tower are the condenser and 
boiledpreheater . The Barber-Nichols turbine skid 
is shown in the foreground, kith the cooling tower 
in the background. The turbine skid as shown in 
Figure 3 is the unit as originally installed with the 
diaphragm feed pump. The current configuration 
of the turbine skid with the centrifugal feed pump 
(see the section, “Plant Operation,” for further 
discussion) is shown in Figures 4 and 5. 

Component Description 

Turbine/Generator Skid. The turbine/ 
generator skid was designed and built by the 
Barber-Nichols Engineering Company of Arvada, 
Colorado. The skid, as initially constructed, con- 
sisted of a turbine, turbine gearbox, induction 
motodgenerator, boost pump, feed pump, and 
speed reducing gearbox for the feed pump. The 
pumps and/or their gearbox were driven from the 
interconnecting shaft between the turbine gearbox 
and the motodgenerator. When the plant was 
operating as a power loop, Le., producing electri- 
cal power, the turbine provided power to the 
pumps as well as turning the power-producing 
generator. During startup and thermal loop opera- 
tion, the motor provides power to the skid 
isobutane pumps. A schematic of this skid 
arrangement is shown in Figure 6. The 60-kW 
rating for the system is based on this configuration 
and operation at very low condensing 
temperatures. 

The original isobutane feed pump installed as 
part of the Barber-Nichols skid was a slow speed, 
piston/hydraulically driven diaphragm-type pump 
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manufactured by Dyneaco. The pump was rated 
at 0.0034 m3/s and 2.413 MPa at 302 rpm. It was 
driven from the interconnecting shaft between the 
turbine gearbox and the motodgenerator through 
an intermediate gearbox speed reducer. Because of 
repeated diaphragm failures (the section titled 
“Plant Operation” provides further discussion), 
this pump was later replaced with a high speed 
centrifugal pump manufactured by Sundstrand. 
This new feed pump had its own driver coupled to 
it, so that the feed pump power requirements were 
no longer supplied by the turbine or the induction 
motodgenerator. 

The turbine generator skid as now configured is 
shown in Figures 4 and 5 .  A brief description of 
each of the skid components follows. 

k e d  Pump-The function of the working fluid 
feed pump is to provide the head necessary to 
overcome boiler pressure and circulate the work- 
ing fluid through the plant. 

The Sundstrand feed pump (Model LMV-322) 
is rated at 0.0035 m3/s at 12400rpm and 
333.8 m. The driver is a 460-V, 3-phase, 
18.65-kW, explosion-proof motor. The assembly 
has an intermediary gearbox that steps up the 
driver shaft speed from 3500 rpm to the 
12 400 rpmlpump speed. 

Boost hmp-The function of the working fluid 
boost pump is to increase the pressure of the 
working fluid leaving the condenser enough to 
satisfy the net positive suction head (NPSH) 
requirements of the feed pump. 

The boost pump is a multistage centrifugal 
pump manufactured by Gould Pumps 
(P/N BP7035-SC-03). The pump was originally 
equipped with five stages and was rated at 
0.0034 m3/s at 2400 rpm and 32.9-m head, with 
an NPSH of 0.91 m. The pump has since been 
modified (two stages removed) and now develops 
a 19.8-m head at rated conditions. The pump is 
driven by a belt reducer from the interconnecting 
shaft between the turbine/gearbox and the 
motodgenerator. 

Turbine/Generator. The turbine is an axial 
flow type unit fabricated specifically for the pro- 
totype plant by Barber-Nichols. It operates at 
22 470 rpm to give 79.8 kW output at 2.158 MPa 
inlet pressure, 0.365 MPa exhaust pressure, and 
1.64 kg/s saturated isobutane vapor flow driving 
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Figure 4. Turbine skid-turbine. 

Figure 5. Turbine skid-pumps. 
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Figure 6. Barber-Nichols turbine skid configuration 
schematic. 

Boost 

the induction motodgenerator through a gear 
box. The gearbox has a 6.135: 1 speed ratio, giving 
a shaft output of 3600rpm. The generator is a 
standard induction motor manufactured by 
Marathon Electric. The motodgenerator has a 
rating of 74.6 kW at 3560 rpm and requires (or 
produces) 3-phase, W V ,  125-A, 60-Hz electrical 
power. It is explosion proof and fan cooled. 

At plant startup or during thermal loop testing, 
the motor/generator acts as a motor driving the 
boost pump. During motor operation, the turbine 
is not driven because the gearbox contains a clutch 
that does not engage until the turbine reaches 
operating speed. To bring the plant from a ther- 
mal loop to a power loop mode, the turbine is 
slowly brought up to operating speed; further 
increase in vapor flow causes the turbine to pick 
up load, and the motodgenerator switches to a 
generating mode. As more vapor flow at higher 
pressures is expanded through the turbine, the tur- 
bine tries to drive the generator past synchronous 
speed, producing more power. The power 
generated is fed back into the local power grid. 
The induction motodgenerator requires no fre- 
quency control when operating as a generator 
because frequency is established or controlled by 
the power grid being fed. 

Boiler/Preheater and Condenser. The proto- 
type plant boiledpreheater and condenser are 
identical shell kid tube heat exchangers (obtained 
from surplus as a cost savings measure). Each unit 
contains 33, 1.91-cm, finned U tubes. They were 
originally used as aftercoolers on large air com- 
pressors. The heat exchangers are constructed cd 

Turbine =Turbine 
A gear 

box c 

with carbon steel shells and nozzle, admiralty 
brass tubes, and muntz metal tube sheets. The 
shell side of both heat exchangers is designed for 
2.69 MPa at 149OC. The tube sides are designed 
for l.lf6 &Pa at the same temperature. Con- 
denser and boiler surface heaters are installed on 
the outer surfaces of the units and are used as 
external heat sources to control the pressure of the 
plant when it is in a standby condition (containing 
isobutane). 

- Pump 

Motor/ 
L generator 

Both heat exchangers were installed in the verti- 
cal position, with the tube U-bend at the top of 
each exchanger. The water flow (geothermal fluid 
or cooling water) is through the tube side of each 
heat exchanger while the isobutane is circulated 
through the shell side past the outer tube surface. 
Although the water flow path is similar in each 
unit, the isobutane path is different. Liquid 
isobutane enters the boiledpreheater just above 
the tube sheet (approximately 40.6 cm above), and 
is circulated up past the hot tubes until the liquid 
reaches the saturation temperature corresponding 
to the boiler pressure. From this point on, boiling 
occurs with some superheating possible at lower 
boiler liquid levels. The isobutane working fluid 
vapor leaves the boiler at the top of the unit. In the 
condenser, the low pressure superheated gas enters 
the top of the unit and is desuperheated and con- 
densed as it circulates down past the cold heat 
exchanger tubes. 

The units are capable of producing the design 
turbine vapor flow of 1.68 kg/s and turbine inlet 
pressure of 2.158 MPa at the design geothermal 
fluid tern erature of 138OC and a flow rate of 

inadequate for obtaining the design condensing 
pressure of 0.365 MPa at nominal ambient 
temperatures. Thus, the plant output is limited 
below the original target of 60 kW at design 
geothermal fluid and turbine inlet conditions. 

0.0076 m f 1 s .  However, condenser surface area is 

Cooling Tower. The prototype plant cooling 
tower is a surplus unit obtained from the Idaho 
National Engineering Laboratory. The tower, 
manufactured by Marley Cooling Tower Co., is a 
mechanical draft, cross-flow type. The heat load 
in the tower is approximately 586 kW during 
normal operation of the plant. The tower is 
equipped with a 22.38-kW Johnson vertical tur- 
bine pump, which circulates water through the 
plant cooling system, and a 3.73-kW fan, which 
induces air flow through the tower. 
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Flare System. The flare is a John Zink STF-U-4 
utility field flare equipped with a flame front 
generator. It is designed to handle 2.52 kg/s gas 
flow. A burst disk and venting relief valve have 
been designed into the flare system to eliminate 
the necessity for a constant inert gas purge. The 
flare pilot is manually controlled and bums con- 
tinuously during plant operation, with automatic 
reignition upon flare failure. 

Working Fluid. The working fluid used thus far 
in prototype testing has been an aerosol-grade 
isobutane (A-3 1) provided by Phillips Chemical 
Company. The specifications for the fluid are 
given in Table 1. 

The pressure-enthalphy diagram for pure 
isobutane is shown in Figure2. The critical 

pressure and temperature of isobutane are 
3.64MPa and 134.8OC. At one atmosphere 
(0.101 MPa), sea level isobutane will boil at 
-11,7OC. At one atmosphere of pressure at Raft 
River (0.084 MPa), isobutane will boil at approxi- 
mately -16.1OC. Thus, during the winter at Raft 
River, care must be taken to ensure that the system 
is maintained above atmospheric pressure to pre- 
vent leakage of oxygen into the system. 

lsobutane Storage. The isobutane storage con- 
sists of a buried (0.91 m) 3.785-m3 tank. The tank 
is buried for safety reasons and to provide gravity 
drknback to storage. The drain system connects 
all major plant components and process piping 
low points to the storage tank and is used for fill- 
ing the plant as well as draining it. 

Table 1. Aerosol-grade isobutane specifications 

Composition, mole % 

Propane 

Isobutane 

Normal butane 

Pentanes 

Total saturates 

Vapor Pressure, MPa at 21.1°C 

Sulfur, ppm 

Residue, g/mL 

1 .O maximum 

95.0 minimum 

5.0 maximum 

0.1 maximum 

99.9 minimum 

0.315 0.013 

5 maximum 

0.0005 maximum 

c. 
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PLANT OPERATION 

This section describes a general operating 
philosophy for the plant and relates some of the 
operating experience accrued thus far. This sec- 
tion.is not intended to be a chronological history 
of the plant, although some historical background 
may be required in relating particular experiences. 
It is intended that the information presented may 
be of some use to designers and operators of geo- 
thermal binary plants, although in some instances, 
the information may be specific to the PPP. 

t-d 

General Operating Method 

lsobutane Fill and Drainback to Operating 
Levels. In a full plant shutdown, the isobutane 
working fluid system is drained back to storage 
and maintained at minimum positive pressure with 
a nitrogen blanket to prevent any contamination 
of the system with oxygen. A prerequisite for 
draining back to storage or filling the plant is that 
the flare pilot be ignited. To bring the plant up to 
an operating condition, the isobutane system is 
first liquid filled. This is accomplished by 
pressurizing the isobutane storage tank with 
nitrogen, thus forcing fluid out of the tank and 
into the plant. During the fill process, the system 
is maintained above the fluid saturation pressure 
to prevent isobutane boiloff, thus minimizing 
working fluid losses to the flare system. Each 
component in the plant is vented, at its high point, 
to the flare system until that component is liquid 
full. 

To drain the plant back to operating levels, 
excess nitrogen pressure is vented from the storage 
tank until the tank pressure is slightly above the 
saturation pressure of the fluid in storage. If there 
is insufficient pressure difference between the 
system and storage, the condenser and boiler 
heaters are used to raise the isobutane system 
pressure above that of the storage tanks, thereby 
forcing fluid back to storage. Once the isobutane 
liquid operating levels are reached, the plant drain 
valves are closed and the plant is in a cold standby 
condition. 

Plant Startup and Operation. The initial step 
in starting the plant from a standby condition is to 
check the operational status of all auxiliary 
systems and prepare both the geothermal fluid and 
cooling water systems for operation. The flare 

L, 

pilot is then ignited, if not already ignited from the 
system fill. Next, the cooling water system is 
started and flow is established through the con- 
denser. At this point, the isobutane pumps are 
started and flow is established through the boiler 
bypass line (refer to Figure 1). The next step is to 
heat up the boiler and establish vapor flow from 
the boiler to the condenser. During this process, 
the turbine is isolated and the plant is operated as 
a thermal loop. Geothermal fluid is slowly intro- 
duced into the boiler. As the boiler pressure 
increases, the turbine bypass valve is adjusted to 
control the rate of increase (by increasing or 
decreasing vapor flow to the condenser). The 
boiler liquid level is maintained by feeding suf- 
ficient isobutane through the boiler inlet valve to 
offset the vapor flow discharging to the con- 
denser. The geothermal fluid flow rate is increased 
slowly until boiler pressure and gas flow reach the 
desired operating levels. 

When the system reaches steady state at desired 
boiler operating conditions in the thermal loop 
mode, the turbine outlet valve is opened and the 
inlet valve is opened slightly to allow a small 
amount of gas to flow through the turbine. This 
vapor flow warms the turbine and vaporizes any 
liquid that might be present in the turbine or tur- 
bine piping. Once the turbine is warmed up, the 
turbine inlet valve is slowly opened and the turbine 
bypass valve is closed, maintaining relatively con- 
stant vapor flow. As more vapor flow is diverted 
through the turbine, the speed of the turbine 
increases to an operating level, engages the clutch, 
and begins picking up the load, thus producing 
power. At this point, the turbine bypass valve is 
closed and the turbine inlet valve is fully opened. 
The boiler inlet valve and boiler bypass valve are 
then adjusted to stabilize heat exchanger liquid 
levels. The plant is now operating in the power 
loop mode. Unless the geothermal fluid flow is 
interrupted or some equipment malfunctions, the 
plant operation will be stable, with only periodic 
adjustments of heat exchanger liquid levels 
required. 

Plant Shutdown. The normal procedure for a 
manual shutdown is to change plant operation 
from the power loop mode to the thermal loop 
mode. The geothermal fluid flow rate is then 
reduced at a rate slow enough that the operator 
can control pressures, flows, and heat exchanger 
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levels until geothermal fluid flow is shut off. 
Isobutane flow is circulated through the loop, 
bypassing the boiler, until the boiler and con- 
denser pressures are equal. At this point, the 
isobutane pumps are shut down, and heat 
exchanger levels allowed to equalize. The cooling 
water system is then shut down and, if another 
startup is not ‘scheduled, all water systems are 
drained (except the fire protection system) and the 
flare pilot extinguished. The operator then makes 
the decision to put the plant in a full shutdown 
condition, i.e., isobutane drained back to storage, 
or to leave the plant in a standby mode. 

Operating Limitations Encountered. The tur- 
bine unit is designed to operate at peak efficiency 
for an inlet pressure of 2.16 MPa (104.4OC) and 
an exhaust pressure of 0.365 MPa. To produce the 
design turbine inlet conditions, it is necessary to 
increase the geothermal fluid flow rate and/or 
temperature to the boilerlpreheater until the unit 
is operating at a high enough pressure to supply 
the desired turbine inlet conditions. In operation 
thus far it has not been possible to reach the 
geothermal fluid conditions (0.0076 m3/s at 
138OC) to produce design conditions at the turbine 
inlet. Although the plant operation has been at 
off-design conditions, it has been stable and 
reliable, and producing power at turbine inlet 
pressures ranging down to 1.24 MPa. It should be 
noted that, although design pressures were not 
achieved, essentially full flow and heat loads were 
achieved so that the system operated, in this sense, 
at design conditions. 

, The maximum inlet pressure attained was 
2.12 MPa, compared with the 2.16-MPa design 
value. The condenser pressure, however, never 
approached the design turbine exhaust pressure 
unless the turbine inlet pressure and flow were at 
considerably less than design values. For the 
design heat load, the condenser will operate at 
pressures between 0.483 and 0.724 MPa, depend- 
ing on the ambient air temperatures. The 
0.724-MPa value is an upper operating limit 
imposed by (a) a maximum allowable turbine 
exhaust pressure of 0.862 MPa and (b) the relief 
valve installed to protect the turbine. Cooling 
water circulates through the condenser at 
0.0205 m3/s, with a temperature rise of approxi- 
mately 7.8 OC. The cooling water system is always 
operated at full capacity to achieve maximum 
cooling potential and power output. 

The operating conditions for the plant are sum- 
marized in Table 2. The wide variation in condi- 
tions is primarily the result of availability of 
geothermal fluid and of a well to suppiy +he 
experiment. During operation of the plant, 
geothermal fluid was supplied by one of three Raft 
River geothermal production wells (designated 
RRGE-1, RRGE-2, and RRGP-5), which supplied 
geothermal fluids at the approximate tempera- 
tures of 135, 129, and 124OC, respectively. Which 
well was available was determined by the reservoir 
well testing that ran concurrently with the 
operation of the PPP. 

Opera tin g Experience 

The PPP was completed in early April 1978, 
and the initial startup took place on 
April 27, 1978. Since resolution of the problems 
encountered during the checkout phase of testing, 
the plant operation has been stable and depend- 
able when geothermal fluid was available. Addi- 
tional information on the plant performance is 
included in a subsequent section titled “Perform- 
ance Results.’’ As would be expected, problems 
have been encountered in running the plant, some 
of which were unique to the plant and some of 
which might apply to other binary systems. The 
following discussions on plant operation will 
focus primarily on those experiences that might 
apply to the design or operation of other binary 
systems. 

Diaphragm Feed Pump. As indicated in a 
subsection of the “Facility Description” section, 
the diaphragm feed pump originally installed in 
plant was eventually replaced with a centrifugal 
pump because of repeated diaphragm failure. 
Although considerable time was spent in attempt- 
ing to discover the cause of the failure, no solution 
was reached that could provide a reasonable 
diaphragm life. The cause of the problem was 
suspected to be excessive differential pressure on 
the diaphragm during the suction stroke when the 
diaphragm was unsupported. Efforts to first 
reduce and then eliminate this differential pressure 
by pressurizing the feed pump crankcase were par- 
tially successful in that they extended the 
operating life of the diaphragm from 6 to 108 h. 
This, however, was far short of the predicted 
operating life of over 2000 h, and, consequently, 
the pump was replaced. 

12 



Table 2. Prototype Power Plant operating parameters 

Isobutane Working Fluid LJ 
Boiler pressure, MPa 
Boiler inlet temperature, OC 
Boiler outlet temperature, OC 
Turbine inlet pressure, MPa 
Turbine inlet temperature, OC 
Turbine outlet pressure, MPa 
Turbine outlet temperature, OC 

Condenser inlet temperature, OC 
Condenser oultlet temperature, OC 
Working fluid flow rate, kg/s (maximum) 

Geothermal Fluid 

ROW rate, m3/s 
Inlet temperature, OC 
Outlet temperature, OC 

Coding Water‘ 

Flow rate, m3/s 
Inlet temperature, OC 
Outlet temperature, OC 

1.31 to 2.137 
2.11 to 46.1 
76.7 to 104.4 

1.241 to 2.103 
76.7 to 103.3 

0.372 to 0.724 
43.3 to 65.6 

0.372 to 0.724 
43.3 to 65.6 
21.1 to 46.1 

1.6506 

0.0032 to 0.0073 
118.3 to 137.8 
87.8 to 110 

0.0189 to 0.0221 
11.7 to 26.7 
15 to 33.3 

Although the diaphragm feed pump did not 
provide the anticipated operating life, there were 
many aspects of it and its incorporation into the 
turbine skid that made it preferable to the 
centrifugal pump that replaced it. In the original 
arrangement of the Barber-Nichols turbine skid 
(see the “Facility Description” section for dis- 
cussion of the skid), the boost pump and the 
diaphragm feed pump shared a common driver; 
the turbine in power loop operation or induction 
motodgenerator in thermal loop operation. This 
configuration minimized the costs that. would be 
associated with providing separate drivers 
(motors) for each pump and eliminated the 
parasitic power losses that would be associated 
with having multiple pump drivers. The pumps, 
however, did have parasitic power losses in the 
gearboxes and belt drives (required to run from 
the interconnecting s between the turbine and 
motodgenerator) th ight not have been pre- 
sent if separate pum 

’ 

U Although the plant power output, as indicated 
by motodgenerator power reading, increased 
significantly when the diaphragm pump was 

replaced by the centrifugal pump, this power 
increase was due solely to the removal of the 
diaphragm pump load from the shaft between the 
turbine and motor (the centrifugal pump had its 
own driver). In actuality, the performance of the 
diaphragm pump, in terms of efficiency, was con- 
siderably better than that of the centrifugal pump 
(75% as opposed to 41 Yo); thus, for a given set of 
turbine conditions, the net plant power output was 
higher prior to replacement of the diaphragm 
pump. 

cs of the diaphragm 
se of the centrifugal 

pump in operating the PPP. The diaphragm pump 
provided a relatively constant flow.rate regardless 
of pump head. This characteristic enabled the 
lant to be started at a low boiler pressure. The 

control valve positions were then established and 
the system (boiler) pressure increased by increas- 
ing geothermal flow rate, with little adjustment of 
control valve positions required. The constant 
flow characteristic of the diaphragm pump also 
enabled the plant to react to gradual or sudden 
(within some limitations) changes in geothermal 
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fluid conditions without automatically shutting 
down. In contrast, the variable-head-flow 
characteristic of the centrifugal pump required a 
specific valve position (boiler inlet) for a given 
system pressure to keep from starving or flooding 
the boiler with working fluid. This characteristic 
of the centrifugal pump made plant startup more 
difficult and made plant operation sensitive to 
changes in the geothermal fluid, which, at times, 
resulted in an automatic shutdown. 

Winter Operation. Operation of the PPP in 
subfreezing temperatures poses a number of 
operational problems that require closer monitor- 
ing of the plant. Many of these problems would 
likely occur with any binary system located out- 
side in areas where cold ambient conditions 
exist,and should be considered in the design of the 
facility. The major problems encountered in 
operating the plant are 

1. Power outages/vacuum hazard 

2. Plant fill and drainback to operating levels 

3. Freezing of water and instrument air lines 

4. Cooling tower icing. 

Power outages pose several operational 
problems during winter operation. The obvious 
problem is the potential freezing of piping, heat 
exchangers, pumps, instruments, etc., that con- 
tain water. A more serious problem is the poten- 
tial for a vacuum (or explosive) hazard that exists 
as the air temperature falls. The problem may 
become more clear if one considers the saturation 
pressure versus temperature curve in Figure 7. 

When the plant is shut down at nominal heat 
exchanger levels, the system pressure corresponds 
to the saturation pressure of isobutane at the 
temperature of the plant (which is usually 
equivalent to the ambient air temperature). If the 
plant is shut down when air temperatures are low, 
then the system pressure will be low (see Figure 7). 
In general, the minimum system pressure main- 
tained in the PPP is 0.154 MP& which corre- 
sponds to an air temperature of approximately 
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Figure 7. Isobutane saturated temperature-pressure curve. 
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-l.l°C or higher. If the air temperature falls 
below -l.l°C, or if a higher system pressure is 
desired, strip heaters wrapped around the heat 
exchanger units (under the insulati 
provide an external heat source to r 
temperature and maintain the minimum system 
pressure. In the event of a power outage, these 
strip heaters are inoperative and if the air 
temperature is sufficiently low (%-16OC), the 
isobutane system may draw a vacuum and air may 
enter the system, creating a potential explosive 
hazard. Although this is not a problem at some 
geotpermal locations such as the Imperial Valley 
of California, it iS a very real problem at Raft 
River where subzero temperatures are not uncom- 
mon and subfreezing temperatures are daily 
Occurrences during the winter. If the plant shows 

for a vacuum hazard, the operator 
m under a positive nitrogen pressure 

blanket (if external surface heaters are inoperative 
due to power outage). Nitrogen is introduced only 
as a last resort, because the plant must then be 
liquid filed, noncondensables vented, and drained 
back to operating levels before it can be operated. 

The filling and drainback of the isobutane 
system during the winter is extremely difficult to 
monitor using the existing plant instrumentation. 
When filling the plant, the operator relies on the 
flashing of the isobutane as it enters the flare 
system (nominally 0.154 MPa) to determine 
whether the system is liquid full. If the system is 
liquid full, the liquid isobutane will flash across 
the vent valve and the reading on the temperature 
indicator on the flare side of the valve will fall to 
approximately -1 . P C  (saturation temperature at 
0.154MPa). If the system t re is below 
-l.l°C, the isobutane liquid flash when 
going through the venting valve and the operator 
cannot tell when the system 5s liquid full. This 
characteristic of the plant limits the filling pro- 
cedure to periods of day when temperatures are 
above freezing (which may not occur during some 
winter days). Problems are also encountered in 
drainback to operating levels, because the plant is 
often at a lower pre d temperature than the 
buried storage tan problem is generally 

e heaters on the 
iler/preheater and condenser to raise system 

bi 

pressure above that of the storage tank. 

reviously discussed, the initial operator 
action following a shutdown in the winter is the 
draining of water from systems, components, and 
instruments. The potential for freezing damage 

b, 
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also exists when the plant is running. Instruments 
and lines to instruments that sense water pressure 
but have no flow were heat taped and insulated to 
prevent freezing. If these instruments froze, the 
operator would receive an erroneous reading and 
alarms. A more serious problem would occur if 
moisture in the instrument air system condensed 
and froze. The loss or blockage of instrument air 
supply or signal would cause the control valve to 
“freeze” in a given position or fully open or close, 
upsetting the plant. and causing an automatic 
shutdown. 

The most frequent problem encountered during 
winter operation of the plant was icing in the cool- 
ing tower. During the winter, one end of the tower 
was shaded except for possibly 1 or 2 h each day. 
As a result, ice would start to form on the tower 
structure and the fill in the shaded end whenever 
the air temperature reached OOC. No ice would 
form in the end of the tower not in the shade until 
the air temperature fell below -1.1OC. By the time 
the air temperature reached about 4OC, approxi- 
mately 30 to 40% of the area in the shaded end 
would be blocked with ice, and slats in the tower 
fill would fall out. The end of the tower not in the 
shade would have 15 to 25% blockage at the same 
temperature. 

the cooling tower was controlled by 
periodically reversing the cooling tower fan direc- 
tion. Once the ice that had formed on the ends of 
the tower had melted, the fan direction was 
changed back to the normal operating status (Le., 
drawing air in the ends of the tower). At ambient 
air temperatures of 4 O C ,  the tower fan direction 
was reversed for approximately 30 min every 6 to 
8 h. When the air temperature dropped below 
-7OC, the fans were reversed every 4 to 6 h, and 
when the air temperature fell below -12OC, the 
fans were reversed every 2 to 4 h. In addition to 
protecting the cooling tower from damage, the 
fans were reversed to keep cooling water 
temperatures low (thus, condenser pressure would 
be low and power output high). 

“Sun” Boiling in lsobutane Piping. Plant 
startups made during the warmer part of summer 
days would sometimes fail because the isobutane 
pumps would not develop any head or flow due to 
insufficient pump net positive suction head. When 
the plant is in a standby condition at operating 
liquid levels, the system pressure is maintained at 
the saturation pressure corresponding to the 
surrounding air temperature (except during the 



winter when the condenser and boiler heaters are 
turned on to maintain a positive system pressure). 
In starting the plant from a standby condition, 
one of the initial steps is to establish cooling water 
flow through the condenser. If the water is cooler 
than the ambient air temperature, the isobutane 
temperature and pressure in the condenser 
decrease, which decreases the pressure in all the 
liquid isobutane piping in the plant. The liquid in 
the uninsdated piping, however, is at a higher 
than saturation temperature and it begins to boil; 
thus, the pumps do not have sufficient NPSH for 
starting. 

The required NPSH for the PPP working fluid 
boost pump is 0.91 m of head, and the head 
available is approximately 1.52 to 1.82 m: If the 
process system is at 27OC, a condenser 
temperature decrease of approximately 1 .O°C 
would initiate the boiling of the isobutane working 
fluid at the boost pump suction (assuming the 
pump fluid remains at 27OC). The problem was 
resolved by starting the isobutane pumps prior to 
starting the cooling water flow. This, for the most 
part, eliminated the startup difficulties, although 
there were instances in which the plant would not 
start because of naturally occurring temperature 
differences between the condenser and the process 
piping. In these instances, startup could be 
achieved by using the condenser and boiler heaters 
to increase condenser temperature and pressure. 

This problem is not unique to the plant and can 
occur in any similar process facility in which the 
design and procedures do not account for the 
possibility of temperature differences between the 
condenser and feed or boost pump suction. It 
should be noted that this problem may not be 
unique just to the solar heating of the liquid work- 
ing fluid in the process piping, but can occur any 
time the condenser pressure is suddenly decreased 
without a corresponding decrease in fluid 
temperature. 

Working Fluid Losses. The initial test runs with 
the plant were generally short (less than 24 h) 
because of the feed pump diaphragm failures. 
Because these runs were relatively short and 
because of the operational problems encountered 
during these runs, it was not possible to obtain any 
significant amount of repeatable data on the 
amount of working fluid lost during normal 
operation of the plant. Once the feed pump was 
replaced and the plant had operated for periods of 
several days without shutdown, it was apparent 

that the plant was losing significant amounts of 
working fluid. The plant isobutane system piping 
was checked with a hydrocarbon detector to find 
the source of the leakage. These examinations did 
not reveal any major isobutane leak; however, 
they indicated that almost all mechanical joints 
and seals in the plant leaked isobutane to,$ome 
degree and that the daily loss of isobutane 
observed was the summation of all the small leaks. 
The average daily loss of isobutane was approxi- 
mately 11.3 to 13.6 kg (~0.026 m3) per day. 

The mechanical joints and pump seals-were 
periodically checked with the hydrocarbon detec- 
tor for points of leakage. Flanged joints in the 
plant were a raised-face type, using Flexitallic 
gaskets of the appropriate pressure rating. D e  
packing material for the manual valve in the plant 
was generally a braided asbestos type with a 
graphite-impregnated core (John Crane 187-1 or 
equivalent) suitable for -air, water, steam, and 
liquid petroleum service. The control valves in the 
plant had a teflon asbestos packing material.' If 
excessive leaking was noted when the joints were 
checked, the flanged joints were retorqued and 
valve packings adjusted (tightened slightly). In 
general, however, it was not possible to com- 
pletely seal the various joints, and isobutane had 
to be added to the plant on a daily basis while it 
was operating to make up the average daily loss 
noted previously. 

Noncondensable Gases. Following replace- 
ment of the diaphragm pump, the plant entered a 
period of long-term, continuous operation, i.e., 
auto-run test phase. After approximately 35 days 
of operation, the plant power output began to 
decrease significantly (30% decrease by day 40), 
even though the geothermal fluid and cooling 
water temperatures and flow rates remained 
relatively constant. During this period of approxi- 
mately one week, the condenser pressure increased 
by approximately 0.07 MPa, and it was suspected 
that the cooling water side of the condenser heat 
exchanger tube had fouled. However, treatment 
of the cooling water and chemically cleaning the 
condenser tubes for potential fouling did not 
significantly increase condenser performance 
(reduce condenser pressure) or improve the plant 
power output. 

When the chemical cleaning of the cooling 
system (i.e., condenser) did not improve plant 
performance, contamination of the isobutane 
system with noncondensable gases, specifically 
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nitrogen, was suspected. Contamination of Upon determination that nitrogen was present 
is6butane with nitrogen had been previously con- in the isobutane the plant was shut down 
sidered; however, the degradation in plant and the entire in of isobutane was vented 
performance had been rapid when compared to% to the flare system A d  burned. The plant and 
the total time the isobutane had been exposed to storage tank were then filled With fresh isobutane 
the nitrogen (1 week as opposed to 18 months). without using any nitrogen. When the plant was 
The exposure of working fluid to the nitrogen up- started up again, the power output was 60% 
until the time of the auto-run test phase, however, higher than it was before any plant performance 
had been limited, in that the partial pressure of the degradation was observed, even though the 
nitrogen blanket on the plant and/or storage was geothermal fluid was at a lower flow rate and was 
generally about 0.035 MPa. This nitrogen partial slightly cooler. The temperature differences 
pressure would increase during the process syste between the cooling water i d  
fdl; however, it would be vented .to the the isobutane satur 
system during drainback to operating 1 sponding to measured condenser pressure 
When the plant 
tinuous operation 
added daily to repleni 
plant due to leakage 
without shutting do 
t6 pressurize the 
0.069 MPa in exces 
that fluid could be adds 
plant running. To cons 
when recharging the plant isobutane inventory, system pressure, some contamination of the 
the storage tank was left pressurized at or slightly isobutane will occur. 
above condenser pressure. It was suspected that 
this excess nitrogen pressure in the storage had Turbine. Following completion of the system 
forced the nitrogen into solution in the isobutane performance tests in December 1979, the plant 
used as makeup to the plant. When this isobutane was not operated for approximately one month 
was added to the process system, the nitrogen due to the cold weather and reduced operation 
came out of solution in the boiler (as the liquid support during the 

nser until attempts to start the 
the con- were unsuccessful b 

the liquid pressure. Several startup attempts were required 
to bring the working fluid feed system on-line, and 
then it was determined that the oil pressure was 
low and erratic. After determining that the 
problem was internal to the turbine gearbox, the 
assembly was removed and sent to Barber-Nichols 
for repair. The cause of the low oil pressure was 
found to be excessive wear and/or clearance in the 

low-speed (3600 rpm) shaft 
problem was corrected by 

LJ 

eturned to previous levels. 

rn 

at Barber-Nichols 
various points in the isobutane process loop. Care 
was taken to e k r e  that each sample was two- box assembly was at 

pressure measurements were made, which were 
compared to isobutane properties, Le., saturation 
pressure at the sample temperature. These samples 
indicated that nitrogen was present in the plant 
isobutane system. A fluid sample was sent to the 
isobutane supplier who confirmed that nitrogen 
was present in quantities necessary to add approxi- 
mately 0.07 MPa to the condenser pressure. 

revealed a small piece of metal (see Figure 8) 
in the turbine wheel blading. This piece of 
appeared to be weld slag that had not been 

emoved in the system flush during the initial 
plant construction. Although this debris caused 
some erosion of the turbine nozzle (see Figure 9) 
and unbalanced the turbine wheel, no significant 
degradation of the turbine performance was noted 

u 
I 
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figure 8.  Debris in prototype turbine wheel. 

Figure 9. Erosion of prototype turbine nozzles. 



*- 

by Barber-Nichols1 or the Idaho National 
Engineering Laboratory in reviewi test data. 

LJ 
Auto-Run Test Modifications 

The prototype plant was initially designed for 
operation with a minimum of one operator pres- 
ent to monitor the plant, adjust valves, record 
data, etc. Some automatic control (boiler level and 
pressure) was built into the plant initially. During 
the test runs with the diaphra 
control was changed so that 
was automatically controlled instead of the boiler 
level. This change was made to ensure the 
necessary net positive suction head for the 
isobvtane boost pump. 

In a binary power plant design, the condenser 
usually discharges into a hot well or condensate 
storage vessel, the level of which supplies the 
required NPSH to the recirculating boost and/or 
feed pumps. Because the inventory of fluid in the 
hot well is relatively large, changes in level are 
slow and the plants are generally controlled on the 
boiler level to provide constant turbine inlet condi- 
tions. In the PPP, however, there is no hot well 
and it is necessary to maintain a certain level in the 
condenser unit to provide the required boost 
pump NPSH. Because the cross-sectional area on 
the shell side of the condenser is small, the level 
changes rapidly if the flow into or out of the con- 
denser changes. The level is also sensitive to 
temperature changes in the liquid isobutane por- 
tion of the plant cycle (density changes) and to the 
loss of working fluid through various joints and 
seals in the plant (daily loss wered condenser 
level by as much as 25.4 cm) sensitivity of the 
condenser level and the desire to maximize con- 
denser performance (t higher the liquid level, 
the more heat excha rface area covered and 
not available for condensing heat load) 
necessitated the change of contro 
leirel to condenser level. This co 
level was achieved through the automatic adjust- 
ment of the boiler bypass control valve position, 
which had the effect of varying the flow of 
working fluid into the boiler. 

The plant was also designed to maintain a con- 
boiler pressure through control of the 

ermal fluid flow rate. The geothermal fluid 
discharge valve controller sensed boiler pressure 
and adjusted the valve position as required to 
maintain pressure. In general, this control mode 

. 

cb, 

m u s e  of low geothermal fluid flow 
eratures and the d 

The PPP was originally d& 
power output. 

automatic shutdown logic, but except for the high 
boiler pressure shutdown, all shutdown logic was 
associated with protecting the turbine. In addi- 
tion, alarms annunciated in the event of upset 
conditions in either the boiler or condenser. The 
test runs made during plant checkout, i.e., the 
diaphragm feed pump checkout, showed that the 
plant operation was stable when controlling the 
condenser level automatically with the boiler 
bypass valve. Although the operation of the plant 
was stable, an operator was still required to 
monitor the plant condition and shut the plant 
down if necessary. During the latter stage of the 
system checkout test phase, the decision was made 
to modify the plant shu 
that the plant could be 
In the event of any 
would enunciate, and if no corrective action was 
taken, the plant would shut down automatically. 
The alarm and shutdown modes for the plant after 
this modification are listed in Table 3. 

If one of the alarms initiated an automatic 
emergency shutdown, it would occur in a manner 
that would minimize any potential hazards. In an 
automatic shutdown, the working fluid pumps 
and the geothermal fluid supply are shut off. The 
turbine inlet valve also closes, shutting off vapor 
flow through the turbine. If the plant was 
operating as a power loop, then the turbine bypass 
valve would be closed, and the boiler would be 
isolated from the condenser and the turbine, 
except for backflow from the bottom of the boiler 
through the boiler bypass valve to the condenser. 
This bypass valve would eventually close on a high 
condenser level signal to the controller. The cool- 
ing water flow would be maintained during the 
shutdown to cool the condenser and reject the heat 
from any backflow from the boiledpreheater. An 
initial concern was the possibility of isolating and 
overpressurizing the boiler during shutdown. A 
boiler pressure spike was noted immediately after 
some of the automatic shutdowns; however, these 
increases in pressure were generally less than 
0.172 MPa, and had decayed back to the original 
pressure within 3 min after shutdown. Generally, 
the boiler pressure (with the boiler isolated) would 
decay to less than 0.689 MPa within about 2 h 
following a shutdown (this could be accomplished 
in less than an hour if excess boiler pressure was 
vented to the condenser). 
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Table 3. Prototype Power Plant alarm 
and shutdown modes, 
automatic-run ’modification 

, 

Alarm Parameters 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

Flare pilot out 
Flare blowdown imminent 
Turbine exhaust high pressure 
Boiler high pressure 
Condenser low level 
Condenser high level 
Boiler low level 
Boiler high level 
Low isobutane boiler feed flow 
Low power output 
Low cooling water flow 
Low cooling tower makeup water flow 
Low geothermal fluid flow 
Flashing in geothermal fluid piping 
Feed pump diaphragm failure 
Low feed pump suction pressure 
Low air pressure 
Low nitrogen pressure 
Low flare system pressure 
Low system pressure (vacuum hazard) 

Shutdown Parameters . 

1. Turbine oil low pressure 
2. Turbine oil high temperature 
3. Turbine vent high pressure 
4. Turbine overspeed 
5. Boost pump failure 
6. Low isobutane feed flow 
7. Turbine exhaust high pressure 
8. Loss of electrical power 
9. Flare pilot out 
10. -Boiler high pressure 

The performance of the plant following the 
auto-run modifications is summarized in the 
following section-“Performance Results.” 
During the 5-month period that the plant operated 
in the auto-run test phase, it experienced several 
automatic shutdowns, which occurred exactly as 
intended. The major causes of the automatic shut- 
downs during this phase of testing were the loss of 
site electrical power and dips in line voltage that 
would trip some of the alarms and trigger an 
automatic shutdown. These shutdowns, par- 
ticularly those due to line voltage fluctuations, are 
unique to the PPP and would not be expected to 
cause similar problems in a commercial-she power 
plant. 

The auto-run modifications were intended to 
provide the alarm and shutdown ‘modes that 
would ailow the plant * to operate unattended. 
Prior to these modifications, a minimum of one 
operator was required when the plant was run- 
ning. Following the modifications, the operator 
manpower requirements were reduced to less than 
8 h per day, most of which were required for data 
collection and recharging the process system with 
isobutane. 

Operation Summary and 
Conclusions 

The operating experience thus far with the PPP 
can be summarized as follows: 

1. Limitations of the condenser and lack of 
adequate temperature geothermal fluid has 
prevented the plant from operating in the 
power loop mode at design turbine inlet 

, and exhaust conditions. 

2. The diaphragm feed pump originally 
installed in the plant had to be replaced 
because of repeated diaphragm failure. 
Although the pump did not have the 
desired operating life, it had many 
operating characteristics that made it 
preferable to- the centrifugal pump that 
replaced it. From an operational stand- 
point, a reliable and efficient positive 
displacement pump should be considered 
for any small binary system. 

3. The Barber-Nichols turbine skid com- 
ponents (aside from diaphragm pump) 
operated relipbly and with minimal opera- 
tional problems. Although debris was 
found in the turbine wheel blading, no 
significant degradation in turbine perform- 
ance was noted. The design and construc- 
tion of the skid minimized installation costs 
and simplified the operation of the plant. 
This type of arrangement should also be 
considered in the design of small binary 
systems. 

4. Cold weather operation of the plant 
requires that a binary system be designed to 
handle the potential for vacuum (explosive) 
hazards in the isobutane system, and that 
additional consideration be given to the 
process system fill and draining in sub- 
freezing temperatures. 

20 



'5. Temperature di,,,rences between the con- using nitrogen as a purge gas and as a 
denser and working fluid recirculating means of maintaining positive system 
pumps can cause startup problems, pressures. Noncondensable gas contamina- u 10 particularly during warm summer days. .tion should be considered in designing 

6. 
-11 

i . .  

As would be ex 

effective in preventing isobutane leakage. 
This leakage was minimized through 
regular adjustment of packing and retorqu- 
ing of flanged joints; however, while the 

7. 

plant was running, fluid had to be added 
daily. The leakage was worse while 
operating than when n'ot, and when 
operating at higher boiler pressures. 

Nitrogen will dissolve into an isobutane 
working fluid and unless the use of 
nitrogen is minimized, the working fluid 
will become contaminated and plant 
performance adversely affected. The 
potential for nitrogen contamination and 

direct contact plants using a geothermal 
fluid that contains nitrogen, since some 
means must be available to remove the 
noncondensable gas from the condenser 
and minimize the degradation in condenser 
performance. 

8. The automatic-run modifications to the 
PPP operated as intended, shutting the 
plant down automatically in the event of 
upset conditions. This feature enabled the 
plant to be operated continuously with 
minimal operator surveillance. The 
modification reduced operator manpower 
requirements from 24 h to less than 8 h per 
day, most of which was required for data 
collection and recharging the isobutane 

degradation is common to all binary plants system. 

- 

U 
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PERFORMANCE RESULTS 

Plant Performance - Auto-Run 
Test Phase 

During the period between the initial startup 
and the replacement of the diaphragm feed pump, 
the Prototype Power Plant operated as a power 
loop for 172 h, producing a total of 4575 kW/h, 
or an average of 26.6 kW(e). The period of opera- 
tion with the diaphragm feed pump was primarily 
devoted to resolving problems associated with the 
pump and completing the shakedown and 
checkout of the plant, and not with maximizing 
power output or operating for extended periods. 
As such, the plant operating factor during this 
period is not considered a fair assessment of plant 
performance. The plant operating factor is 
defined here as the ratio of the actual operating 
time to the time available for plant operation. 

After the modification for automatic operation 
and the subsequent replacement of the diaphragm 
feed pump, the plant entered a test series during 
which it was to be operated with minimal operator 
surveillance for extended periods to obtain opera- 
tional time on the plant and its components. This 
sequence of runs started in August 1979 and con- 
tinued through December 1979 whenever geother- 
mal fluid was available for operation. This period 
of operation is summarized in Table 4. 

During the auto-run test phase, the operational 
time accrued in the months of September, 
October, and November was at considerably less 
than design geothermal fluid temperature and 
flow; thus, the power output during this period 
was low. The sources of geothermal fluid over this 
period were from Wells RRGE-2 and RRGPS, 
neither of which can supply sufficient flow and 
temperature to approach design boiler conditions. 
Over this three-month period, geothermal fluid 
temperature and flow varied between 123.9 to 
129.4OC and 0.0032 to 0.0047 m3/s. Because the 
geothermal fluid supply was not sufficient (either 
in flow or temperature), the design isobutane tur- 
bine inlet pressure and vapor flow rate were not 
achieved. The only system operating at design 
flow conditions during this period was the cooling 
water. This was also the period when the 
isobutane became contaminated with nitrogen; 
therefore, condenser performance was not as 
expected. Although the plant did not operate con- 

tinuously at design conditions, it did have a p l d t  
operating factor of approximately 87%. In defin- 
ing the plant operating factor, the total number of 
hours available for operation was derived as the 
total number of hours minus those periods in 
which the plant could not operate because no 
geothermal fluid was available, the operation 
interfered with other site activities (work, tests, 
etc.), and/or trained operators were not present. 
Although the plant would run essentially 
unattended, operators were required to start up 
the plant following a shutdown or prepare it for a 
standby condition. If these personnel were not 
available, the plant was not operated in order to 
minimize the possibility of damage (particularly in 
the winter to prevent freezing damage). 

Floating Power Results 

“Floating power” refers to the variations in 
plant power output due to daily and seasonal 
variations in the ambient air temperature. During 
the auto-run test phase, the plant cooling water 
system was operated at a fixed flow rate; 
therefore, for fixed geothermal fluid conditions 
(i.e., heat input), the condenser pressure varied 
directly and the power output generally varied 
inversely with the ambient air conditions. The 
maximum levels of power output were expected to 
occur at night and during the winter when air 
temperatures were lower and the greatest potential 
for cooling existed. The data shown in Figures 10 
and 1 1  are examples of the daily power cycles in 
the summer and winter. The maximum daily 
variation in power output was approximately 
33%, and if one compares the maximum, winter 
power output with the minimum summer power 
output, there is about a 79% change due to 
seasonal ambient variations. 

The data in the two figures show that the daily 
power variations are considerably more significant 
in the summer than in the winter. This is due in 
part to larger changes in the ambient air 
temperature in the summer than in the winter. 
However, the smaller daily changes in the air 
temperature do not completely explain the smaller 
variations in power in the winter. Since this is the 
period of maximum power output for plants 
utilizing the concept of “floating power,” the 
design and economic analysis of these plants 
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Table 4. Summary of Proyotype Power Plant operation 

w August 1979 

'! 

".' 

Total hours-operated 
Total hours-available for operation 

Total hours-August 
Plant operating factor 

- Total power produced 
Average power produced 
Maximum power produced 
Geothermarfluid temperature 

(geothermal fluid available) 

September 1979 

Total hours-operated 
Total hours-available for operation 
Total hours-September 
Plant operating factor 
Total power produced 
Average power produced - 
Maximum power produced 
Geothermal fluid temperature 

October 1979 

Total hours-operated 
Total hours-available for operation 
Total hours-October 
Plant operating factor 
Total power produced 
Average power produced 
Maximum power produced 
Geothermal fluid temperature 

November 1979 

33 1 
378 

744 
87.6% 

9090 kWh 
27.5 kW 
45 kW 

1380c 

142 
142 
720 
100% 

21 15 kWh 
14.9 kW 
24 kW 

1240c 

530 
662 
744 
80.1 % 

7067 kWh 
13.3 kW 
27 kW 

1290c 

Total hours-operated 
Total hours available for operation 
Total hours-November 
Plant operating factor 
Total power produced 
Average power produced 
Maximum power produced 
Geothermal fluid temperature 

December 1979 

Total hours-operated 

Total hours-December 
Plant operating factor 

' Total power produced 
Average power produced 
Maximum power produced 
Geothermal fluid temperature 

-available for operation 

U 

188 
201 
720 
93.5% 

4043 kWh 
21.5 kW 
32 kW 

129.4OC 

166 
174 
744 
95.4% 

6876 kW 
41.4 kW 
59 kW 

1350c 
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Table 4. (continued) 

Summary 

Total hours-operated 1357 rr 
Total hours-available for operation 1557 
Plant operating factor 
Total power produced 
Average power produced 21.5 kW r 

Maximum power produced 59 kW 

87.2% 
29 191 kWh 
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should consider those factors that might influence 
output during these periods of maximum 
production. 

As indicated previously, ice began forming in 
the PPP cooling tower when the ambient air 
temperature reached freezing (Oo C). As the air 
temperature decreased, ice would continue to 
form until significant blockage of the air flow area 
occurred. The reduction of this flow area would 
reduce the air flow through the tower fill as well as 
the effective area for heat and/or mass transfer 
between the air and cooling water. An example of 
the effect of icing on the cooling tower perform- 
ance is given in F m r e  12, which shows actual 
performance data as well as the anticipated 
performance based on predictions provided by the 

6 tower vendor, Marley Cooling Tower Co. The 
immediate observation from these data is that the 
tower does not operate as well as predicted at any 
point over this operating range. There are several 
possible explanations: error in the wet bulb 

30 

t 

p 10 

c a 
3 

8 

temperature measurement; incorrect installation 
of tower fill and deteriorated tower condition; 
predictions based on different air conditions, 
elevation, etc.; and vendor overestimation of 
tower performance. It is probable that the differ- 
ence between actual and predicted performance is 
due to a combination of these. 

The shaded area in Figure 12 is the author's 
fairing through the test data. The dashed line 
through the data is parallel to the anticipated 
performance and represents the offset or differ- 
ence between actual and predicted performance. 
This line is intended to show the deviation in tower 
performance as the ambient temperature 
approaches and drops below freezing. The offset 
of this dashed line from expected performance is 
also an author's fairing, and its location can 
change the point at which icing begins to affect 
tower performance. As mentioned previously, 
however, this line is intended to show that tower 
performance deviates from the expected at lower 

I I 

Cooling water flow rate - 0.019 m3/s 
I 

Cooling water .:. range - 6.6"C . :::;; 

basel 

0 
-20 -1 0 0 10 20 

Wet bulb temperature ("C) INEL-A-I6 995 b 
Figure 12. Prototype Power Plant cooling tower performance. 
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temperatures; it is not intended to show exactly 
where this deviation occurs. Operational experi- 
ence has shown that ice would begin to form 
whenever the air temperature (dry bulb) reached 
OOC, which is reasonably consistent with the test 
data. 

The net effect of the buildup of ice in the cool- 
ing tower (besides possible structural damage) is 
warmer cold water temperatures leaving the tower 
and entering the condenser. These warmer water 
temperatures result in higher condensing 
temperatures and turbine exhaust pressures (for 
the same heat load), which decrease the power 
output. This effect on power output is shown in 
Figure 13 where the solid and dashed line and the 
shaded area represent the same parameters as in 
Figure 12. These data show that at the colder wet 
bulb temperatures, the actual performance 
deviates from 8 to 13% from the performance 
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expected on the basis of tower performance 
predictions. In part, this difference is due to the 
offset between actual and predicted tqyver 
performance at warmer air temperatures. If one 
takes into consideration this offset (shown as a 
dashed line), the deviation in performance due to 
icing is 3 to 8%. Although this deviation may not 
be particularly large, it is important to note that 
prior to taking a particular data set, the tower was 
deiced by reversing cooling air flow for a sgort 
period of time so that the effects of icing were 
minimized. (The tower was allowed to operate 
approximately 1 h after deicing to allow 
temperatures to stabilize.) During operation df a 
commercial plant, this may represent the “best” 
approach to anticipated performance and, on the 
average, the deviation may be significantly larger. 

Conventional power plants generally operate 
the cooling system at less than full capacity during 

0 10 
Wet bulb temperature (“C) 

20 
IN EL-A-1 6 994 

Figure 13. Effect of cold temperatures on tower performance. 
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colder periods because they are usually designed 
for relatively constant turbine exhaust pressures 
(corresponding to a high wet bulb temperaure) 
ana power outputs; thus, the effect of icing on 
tower performance does not impact overall plant 
performance (other than possible structural 
damage to the tower). In geothermal applications 
wfiere the economics are marginal, the plant may 
be designed to take advantage of the increased 
potential to generate power at lower ambient air 
tedperatures. In these applications, it is important 
to recognize the potential impact of tower icing on 
plant performance, since these periods represent 
tiFes of maximum power output, and any devia- 
tidh in performance can adversely affect the plant 
economics. Testing with the PPP has shown that 
the cooling system performance does deviate from 
the predicted during below freezing temperatures. 
Although the magnitude of deviation in terms of 
overall cycle performance for the PPP may be 
atypical, the trend of reduced performance of the 
heat rejection system when temperatures are 
below freezing is not, and should be considered 
from economical and operational standpoints 
when designing “floating power” plant cycles and 
selecting equipment. 

ib/ 

System Performance Test 
Results 

After the isobutane working fluid contaminated 
with nitrogen was purged from the plant and 
replaced with “fresh” working fluid, a series of 
tests were conducted to “map” the performance 
of the PPP and its components. Prior to running 
these performance tests, the plant was operated as 
a thermal loop to check system and component 
heat balances and identify any problems with the 
plant instrumentation. A typical thermal loop 
cycle is shown in Figure 2 and discussed pre- 
viously in the “Facility Description” skction. The 
thermal loop mode of operation was chosen to 
check system heat balances and instrumentation 
because the heat balance calculations are not com- 
plicated with the working fluid energy loss in the 
turbine. Ideally, the expansion through the tur- 
bine bypass valve is isenthalpic, and is shown in 
the thermal loop cycle in Figure 2; the heat added 
in preheating and boiling the working fluid equals 
the heat rejected in desuperheating and condens- 
ing. Heat balances can therefore be made between 
the two heat exchangers and between the fluids in 
each heat exchanger. During these instrument b, 

verification tests made prior to conducting the 
performance tests, the heat balance between the 
geothermal fluid, the isobutane, and the cooling 
water systems showed agreement to within less 
than 570, and the performance tests proceeded. 

Overall System Performance Results. The 
PPP performance tests were conducted over a 
wide range of turbine inlet and exhaust conditions 
dictated by the geothermal fluid flow and 
temperature and by the ambient air temperatures. 
The “mapping” of the plant performance was 
accomplished by fixing the turbine inlet pressure 
and flow (fixing the geothermal fluid inlet condi- 
tions) and varying the cooling water flow rate so 
that the turbine exhaust pressure varied from the 
maximum allowable (0.724 MPa) to the minimum 
pressure dictated by the condenser heat load and 
the ambient conditions. This procedure was 
repeated for several different turbine inlet 
pressures and flows (different conditions attained 
by adjusting the geothermal fluid flow rate) until 
the range of anticipated operating conditions had 
been covered. The plant performance, given in 
terms of a power output for the different condi- 
tions tested, is summarized in Figure 14, which 
gives the power output as a function of turbine 
exhaust pressure for a fixed turbine inlet pressure. 
Also shown in Figure 14 is the predicted perform- 
ance of the plant at the design turbine inlet 
pressure of 2.16 MPa (using predicted turbine 
efficiencies from Barber-Nichols1) and the condi- 
tions for the maximum power output achieved 
thus far with the plant, 59 kW(e). 

During the performance tests, the plant was not 
operated at the design turbine inlet conditions 
because geothermal fluid flow rate and/or 
temperatures were not high enough to operate the 
boilerlpreheater at required pressure and flow. To 
estimate the geothermal fluid flow rate required to 
produce a particular turbine inlet pressure, test 
data were organized to show turbine inlet pressure 
as a function of geothermal fluid conditions (see 
Figure 15). The geothermal fluid temperature at 
the plant inlet during the performance tests was 
132 to 135OC. At 135OC inlet temperature (see 
Figure 15), approximately 7.56 kg/s of geother- 
mal fluid would be required to produce the design 
turbine inlet pressure and flow. The maximum 
geothermal fluid flow reached during this period 
was 6.73 kg/s, which resulted in a turbine inlet 
pressure of 2.12 MPa and a power output of 
59 kW(e) at a turbine exhaust pressure of 
0.490 MPa. 

. 
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28 

INEL-A-17 004 

t 

r 



W 

2.2 I I t 

predicted eff i-ciency 

1.4 * I I I I I 

a c 

0 1 2 3 4 5 6 7 8  A q defined by temperature. 
Geothermal fluid flow rate (kgls) and pressure measurements 

INEL-A-17 001 

Figure 15. Prototype boikr/preheater performance. 

During the operation of the PPP thus far, the 
turbine exhaust pressure has not approached the 
design value of 0365MPa with the plant 
operating near the design inlet turbine pressure, 

A further discussion Of 
the l i t a t i ons  of the cooling system is given later 
in this report, 

Component Performance 

Turbine-The PPP turbine has a design effi- 
ciency of 74% at a velocity ratio [ratio of tip speed 
to the isentropic nozzk spouting velocity (v/Co)J 
of 0.4234 and a pressure ratio of 5.91. At the 
design inlet and exhaust conditions, the turbine 
has an energy extraction potential of 68 600 J/kg 
(isentropic expansion) and a vapor flow rate of 
1.638 kg/s. On the basis of the stated boost pump 
and motor/generator efficiencies and the gearbox 
power requirements, it is estimated that the plant 
would produce approximately 72 kW(e) if 
operated at design conditions. 

Turbines are generally designed to have the 
optimum efficiency at the design condition. If the 
turbine is operated at higher or lower velocity or 
pressure ratios, the turbine efficiency will 
decrease, Le., the efficiency curve has the general 
shape of an inverted U, with the maximum value 
at the design conditions. The efficiencies of the 
PPP turbine during the performance tests are 
shown in Figures 16 and 17 as functions of the 

0.3 0.4 0.5 0.6 0.7 

Velocity ratio, U/Co 
even during the winter- when the ambient air INEL-A-16 996 

were Figure 16. Prototype turbine performance efficiency 
versus velocity ratio. 

5 
measurements 
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Figure 17. 
. 

Prototype turbine performance efficiency 
versus,pressure ratio. 
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velocity and pressure ratios for the different 
operating conditions. Also shown in Figure 16 is 
the Barber-Nichols prediction of turbine effi- 
ciency as a function of velocity ratio at the design 
pressure ratio1. The limitations in the condenser 
performance did not allow the plant to operate at 
or near design turbine exhaust pressures while the 
turbine inlet pressure was at or near design values. 
As a result, the data obtained only defined one 
portion of the efficiency curve. 

Two methods were used to derive operating tur- 
bine efficiency, the results of which are shown in 
Figures 16 and 17. One method used was based on 
the pressure and temperature measurements of the 
isobutane vapor entering and leaving the turbine. 
These measurements were used to derive an actual 
enthalpy change and an isentropic enthalpy 
change of the workin fluid vapor using tabulated 
isobutane properties3 The turbine efficiency was 
defined as the ratio of the actual enthalpy change 
to the isentropic enthalpy change. At most of the 
higher power output cases run, the efficiencies 
calculated using this method were equivalent to 
and, in some instances, in excess of the design 
value of 74%. The efficiencies calculated using 
this method have considerable “scatter,” which is 
probably due to inaccurate or inconsistent instru- 
ment readings, and/or may reflect limits in 
accuracy when interpolating tabulated isobutane 
properties. 

The second method used to derive turbine effi- 
ciency was based on the plant power output, the 
working fluid vapor flow rate measurements, and 
the isentropic enthalpy change found in the first 
method. The estimated generator, pump, and 
gearbox power losses were added to the power 
output reading to define a turbine shaft power. 
This power was divided by the working fluid 
vapor flow rate to obtain the power per unit mass, 
which was divided by the isentropic enthalpy 
change to obtain a turbine efficiency. The results 
obtained using this method were lower than the 
efficiencies obtained using measured turbine inlet 
and exhaust pressures and temperatures; however, 
they were more consistent (see Figures 16 and 17). 
The efficiencies derived using this second method 
were lower than the design efficiency (70 versus 
74%), which would be expected when operating 
the turbine at less than design conditions. This 
method was recommended by Barber-Nichols 
when reviewing the turbine performance data. 

As indicated previously, the data scatter in the 
efficiencies defined with temperature and pressure 

measurements is probably the result of inaccurate 
and/or inconsistent instrument readings. For 
example, if the vapor entering the turbine is 
assumed to be saturated instead of slightly 
superheated (0.6 to l.l°C according to data), the 
turbine efficiencies obtained from turbine 
pressure and temperature readings could decrease 
approximately 5%, Le., from 80 to 75%. A 
similar error in the turbine exhaust temperature, 
i.e., more superheat than measured, could lower 
the turbine efficiency (derived from temperature 
and pressure readings) even more. The relatively 
large effect of a one- or two-degree error in the 
measured temperature occurs because of the small 
change in enthalpy (actual Ah = 46 500 J/kg or 
less at lower turbine inlet pressures) through the 
turbine. A lU)(rJ/kg change in enthalpy can 
change the calculated efficiency by several per- 
cent. By comparison, a similar error in measured 
turbine inlet conditions for a flash steam cycle 
would introduce an error in indicated turbine effi- 
ciency of only about 2300 J/kg out of 325 500, or 
0.7%. 

Another possible cause for the difference in 
magnitude of the calculated efficiencies is the 
error in the measurement of the isobutane vapor 
flow rate. The vapor flow is measured using an 
orifice plate and differential pressure transmitter 
calibrated for saturated isobutane vapor flow at 
1.638 kg/s and 1W0C (2.16 MPa). Since these 
conditions (flow, temperature, and pressure) were 
not reached during testing, the flow rate readings 
were corrected (density correction) to actual 
conditions to determine the “measured” flow 
rate. To confirm these readings, vapor flow 
through the turbine was predicted using the tur- 
bine nozzle dimensions and assuming a saturated 
vapor entering the turbine and choked flow 
through the nozzle (the turbine nozzles operated in 
a choked condition; exhaust pressure did not 
affect flow rate). The predicted and measured 
flow rates are shown in Figure 18 as a function of 
turbine inlet pressure. The predicted flow rate at 
design turbine pressure (1.634 kg/s) agrees very 
well with the Barber-Nichols design value of 
1.638 kg/s. The predicted flow rates assume a 
discharge flow coefficient of unity (typical values 
would be 0.95 to 0.99). The difference between 
measured and predicted flow rates in Figure 18 is 
approximately 5.5 to 6%, and probably can be 
attributed to the accuracy of the instruments and 
the accuracy limitations in interpolating the 
tabulated isobutane properties.2 If the actual flow 
rate is lower than the measured flow rate (as indi- 
cated by the prediction), the turbine efficiency 
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calculated using the plant power output would be 
higher because the turbine shaft power would be 
divided by a smaller mass flow rate. 

This discussion of the difference in magnitude 
of the calculated turbine efficiencies is not meant 
to discount the data taken; rather, it is intended to 
show that in binary cycles it is necessary to obtain 
accurate, repeatable data if consistent results are 
to be obtained. Monitoring the performance of a 
binary turbine will be difficult without accurate 
data, and the designer of binary systems, 
especially experimental, should be aware of the 
sensitivity of calculated or measured turbine 
performance to small errors in instrument 
measurements. 

In general, the calculated turbine efficiencies 
behave as expected; that is they increase as the tur- 
bine approaches design conditions, and indicate 
the plant is operating at or near the predicted 
efficiency. , 

Cooling system- The limiting factor in the 
production of power from the Prototype Power 
Plant is the condenser. The existing condenser is a 
surplus unit instead of a heat exchanger designed 
specifically for this application. The design of the 
existing condenser requires that the lower end of 
the tube bundle (approximately 0.61 to 0.76 m) be 
immersed in liquid. This effectively reduces the 
heat exchanger area available for condensing and 
increases the heat load for the unit, since this 
liquid is subcooled before leaving the condenser. 
A temperature profile of the cooling system versus 
time is shown in Figure 19. These data were taken 
during operation in December 1979 when the plant 
was operating at a turbine inlet pressure of 1.8% 
to 2.034 MPa and producing 40 to 55 kW(e). In 
this figure, condensing temperature was taken as 
the temperature of saturated isobutane corre- 
sponding to the measured condenser pressure. It is 
apparent from the data that the condenser was not 
effectively utilizing the potential of the ambient 
air. It should also be noted that the amount of 
apparent subcooling occurring in the condenser 
(see Figure 19) is approximately 8.3OC. If the 
plant had been constructed with a condenser pro- 
viding a 5.6OC pinch point between the cooling 
water leaving the unit and the condensing 
temperature, the condenser pressure would have 
been from 0.380 to 0.410 MPa instead of 0.480 to 
0.520 MPa. At these lower condenser pressures, 
the plant power output would have increased from 
55 to 65 kW(e) (estimated using data results in 
Figure 14). 

Comparison of Measured and 
Calculated System Performance 

One of the purposes of the performance tests 
was to enable verification that the performance of 
the plant could be predicted, even when not 
operating at the design turbine conditions. To 
predict the performance of the plant, it was 
necessary to relate a given set of geothermal fluid 
and cooling water conditions at the inlet of the 
plant to a turbine inlet pressure, vapor flow rate, 
and turbine exhaust pressure. With the turbine 
inlet and outlet conditions determined, power out- 
put can be calculated assuming turbine efficiency, 
gearbox losses, pumping power, and 
motor/generator efficiency. 

Prediction Method. The configuration of the 
boiler/preheater makes analytical prediction of 
performance very difficult. Since this configura- 
tion is not typical of one that might be used in a 
full-scale plant application, no further effort was 
spent in a detailed analysis of the heat exchanger. 
Instead, test data were used to relate the geother- 
mal fluid flow and temperature to the turbine inlet 
pressure (see Figure 15). For a given geothermal 
fluid temperature, between 126 and 138OC, and 
fluid flow rate, one can estimate the turbine inlet 
pressure from the curves given in Figure 15. 

In reviewing the performance of the turbine, the 
flow of isobutane vapor through the turbine was 
predicted as a function of the turbine inlet 
pressure, assuming a saturated inlet vapor and 
choked flow through the nozzle. This prediction 
of vapor flow as a function of turbine inlet 
pressure is shown in Figure 18. With the predicted 
vapor flow curve in Figure 18, the plant power 
output can be defined as a function of turbine 
exhaust pressure for a fmed turbine inlet 
pressure,given the turbine skid efficiencies and 
parasitic power requirements. The turbine effi- 
ciency for the calculations was taken from the 
Barber-Nichols prediction given in Figure 16. The 
results of the calculations of predicted power out- 
put as a function of turbine inlet and exhaust 
pressures are given in Figures 20 and 21. Shown in 
Figure 20 are predicted and actual performance 
data for three cases of turbine inlet pressure and a 
predicted performance curve at the design turbine 
inlet pressure. At the lower turbine exhaust 
pressures, actual performance and predicted per- 
formance curves approach each other, and for the 
1.41-MPa inlet pressure, actual performance 
exceeds predicted performance. At higher turbine 
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Figure 19. Cooling system temperature profile. 
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exhaust pressures, the actual performance is 
decreasing at a faster rate than the predicted per- 
formance. This would be expected because the 
predicted efficiencies are for a pressure ratio fixed 
at the design value and a variable velocity ratio, 
whereas in actual operation of the plant, both the 
pressure and velocity ratios vary (if turbine inlet 
conditions are kept at or near saturation condi- 
tions). Because both the pressure and velocity 
ratios are moving away from the design values at 
higher exhaust pressures, the actual efficiency is 
decreasing more rapidly than the predicted value. 
At lower exhaust pressures, the actual and 
predicted performance compare favorably, which 
would be expected since the actual and predicted 
efficiencies more closely agree at the lower 
velocity ratios corresponding to these exhaust 
conditions (see Figure 16). 
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The results of the calculations for predicting 
turbine performance are summarized in Figure 21. 
The relationship between the turbine work per 
unit mass and the turbine pressure ratio shown in 
the figure is interesting, in that this turbine work is 
primarily a function of the pressure ratio, and 
does not deviate significantly with turbine inlet 
pressure. 
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Although the condenser is physically identical 
to the boiler/preheater, it is possible to estimate 
the thermal performance of the unit if the sub- 
cooling is discounted. The data taken during the 
performance tests at a fixed cooling water flow 
rate (0.021 M3/s) and various turbine inlet 
pressures were used to define an effective UA 
(product of overall heat transfer coefficient and 
heat transfer area) for condensing in the con- 
denser as a function of the vapor flow rate. The 
results of these calculations are shown in 
Figure 22. These calculated UA values were then 
used to define the cooling water temperature 
required to produce a given condenser pressure at 
a given heat load. The condenser heat loads were 
defined at selected turbine inlet and exhaust condi- 
tions using predicted isobutane vapor flow rates 
(Figure 18) and predicted turbine efficiencies 
(Figure 16). The condenser heat load, UA values, 
and condensing temperature were then used to 
define the cooling water temperatures. The 
resulting relationship between condenser pressure 
and cooling water temperature at the condenser 
inlet is shown in Figure 23 for various turbine inlet 
pressures. These results are valid only for the 
assumed cooling water flow rate of 0,021 m3/s. 
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Figure 22. Prototype condenser performance data. 
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Prediction Example. These predictions of 
system and component performance can be used 
to predict or verify the plant power output given 
the geothermal fluid and cooling water conditions. 
The following example will illustrate how the 
projections of component performance can be 
used by attempting to verify the plant power out- 
put from a set of data taken December 11, 1979. 
For this set of data, the geothermal fluid entered 
the plant at 0.0071 m3/s (6.58 kg/s) and 135OC. 
The cooling water entered the condenser at 15OC 
and at a flow rate of 0.021 m3/s. From Figure 15, 
the turbine inlet pressure is estimated to be 
2.10 MPa for the geothermal fluid inlet condi- 
tions. At this turbine inlet pressure, the predicted 
working fluid vapor flow (Figure 18) is 1.61 kg/s. 
Next, the condenser pressure is found from 
Figure 23. At a turbine inlet pressure of 2.10 MPa 
and a cooling water inlet temperature of 15OC, the 
predicted condenser pressure is 0.507 MPa. At the 
turbine pressure ratio of 4.15, a turbine work of 
40 500 J/kg of working fluid is found using 
Figure 21. The turbine shaft power output of 
65.21 kW is adjusted for parasitic losses in the tur- 
bine gearbox (3.36 kW), the boost pump and belt 
drive (1.44 kW), and the motor/generator effi- 
ciency (91 Yo) to get a predicted power output of 
55 kW(e). The actual power output for this I 

particular data was 57 kW(e), which agrees well 
with predicted plant performance. These methods 
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Condenser Degradation- 
Noncondensable Gases 

the working fluid had become contat&ated or 
had degraded in some manner. To verify the 
degradation of the working isobutane, samples 
were taken from the plant and from unopened 
cylinders of working fluid. The samples taken 
were two-phase, Le., liquid and vapor, so that 
their pressure would correspond to the saturation 
pressure of the fluid at the sample 

sample pressure and water temperature recorded. 
The results of this sampling are shown in Table 5. 

The results of these sampling tests indicated that 
the fluid was contaminated, and the decision was 
made to replace it. Before replacing the working 

The Of the condenser 
de*adation due to the contamination Of the 
isobutane with nitrogen was reviewed in the sec- 

graphically in Figure 24' The data in 
show how the 'Ondenser pressure began to 
increase (between day 35 and days), even 
though the cold water temperatures remained 
relatively constant, and how the COndenser 
performance improved when the working fluid 

tion On 'peration" and is shown The samples were placed in a water bath and the 

b 
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Figure 24. Prototype condenser performance degradation due to noncondensable gases. 

Table 5. Prototoye Power Plant working fluid samples, pressure-temperature 
relationships 

Water Saturated 
Temperature IC4 Pressure Sample 

Date Sample Location (OC) (MPa) (MPa) 

11-1-79 Storage tank 27.2 0.372 0.474 

11-1-79 New IC4 cylinder 27.2 0.372 0.367 

1 1-2-79 Storage tank 30 0.402 0.527 

1 1-2-79 New cylinder 30 0.402 0.414 

1 1-2-79 Condenser 

1 1-7-79 Storage tank 

11-7-79 New cylinder 

1 1-7-79 Condenser 

11.1 

13.9 

13.9 

13.3 

0.228 0.293 

0.248 0.352 

-il; 

0.248 

0.244 

0.248 

0.294 
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fluid, a sample was taken from storage and sent to 
Phillips Chemical for analysis. This analysis 
(shpwn in Table 6) confirmed the presence of 
nitrbgen in the working fluid, and showed that, 
except for the nitrogen, the liquid isobutane still 
met the specification for aerosol-grade propellant. 
After approximately 1350 h of operation, no 
apparent degradation of the isobutane had 
occurred. 

w 

If the air in the liquid analysis is assumed to be 
all nitrogen (a reasonable assumption on the basis 
of vapor analysis), then the partial pressure of 
nitrogen required to have 0.072 mole 070 nitrogen 
in solution in isobutane is 0.074 MPa. This 
calculation is based on the Henry’s constant for 
the equilibrium solubility of nitrogen in 
i~obutane.~ The calculated nitrogen partial 
pressure using the vapor analysis was 0.072 MPa. 
This calculation was made using Dalton’s law of 
partial pressures and the assumption that the 
remaining vapors were isobutane at a room 
temperature of UOC. 

The results show that the method used to indi- 
cate whether or not noncondensables might be 
present, Le., checking the relationship between 
temperature and pressure of a two-phase sample, 
did show that nitrogen was present and provided a 
reasonable indication of the magnitude (0.048 to 
0.062 MPa partial pressure of nitrogen compared 
to 0.069 to 0.076 MPa calculated from chemical 
analysis). These results show that the use of 
nitrogen in a binary plant can degrade the 
performance of the plant, and, as such, it should 
be used sparingly. 

The effect of the nitrogen entering the plant 
with the makeup isobutane from storage (see 
“Plant Operation”) was a marked increase in con- 
denser pressure and a decrease in power output. 

The potential of nitrogen contamination should be 
recognized by the designers and operators of 
binary plants, especially those using direct-contact 
heat exchangers where the working fluid is 
exposed to the geothermal fluid. In those instances 
in which the geothermal fluid has considerable 
quantities of dissolved nitrogen, some means must 
be provided to vent the noncondensable gas from 
the condenser. The possible introduction of 
noncondensables into the condenser is one of the 
disadvantages of direct-contact heat exchangers, 
in that additional costs are required to replace 
and/or recover the working fluid vented with the 
noncondensable gas. Future direct-contact tests 
with the PPP will include the installation of a vent 
and secondary recovery condenser on the vent 
stream to remove noncondensable gases and 
minimize working fluid losses. 

Performance Summaiy and 
Conclusions 

The performance of the Prototype Power Plant 
can be summarized as follows: 

1. When the geothermal fluid was available 
and operation did not interfere with other 
site activities, the PPP operated approxi- 
mately 87% of the time. 

2. Power output variations due to daily 
ambient air temperatures were found to be 
approximately 25 to 30% during the sum- 
mer and 10 to 15% during the winter. 
These power variations are typical of 
binary plants, and demonstrate that if 
binary power plants are to take advantage 
of the increased cooling potential during 
the winter, the turbine must be designed for 

Table 6. Chemical analysis of Prototype Power Plant working fluid 

Liquid Phase Vapor Phase 

Constituent Mole Percent Constituent Volume Percent 

Air 0.072 Oxygen 0.09 
Propane 0.399 Nitrogen 17.58 
Isobutane 95.253 Hydrocarbon vapor Remainder 
A-butane 4.276 44 

1 
I 39 
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performance over a range of exhaust 
pressures rather than at a specific velocity 
or pressure ratio. 

3. The maximum plant power output was 
59 kW(e) at a turbine inlet pressure of 
2.12 MPa and a turbine exhaust pressure 
of 0.490 MPa. The design plant power out- 
put was 73 kW(e) at a 2.16-MPa turbine 
inlet pressure and a 0.365-MPa exhaust 
pressure. Although the plant did not reach 
design turbine inlet conditions because 
sufficient geothermal fluid flow and 
temperatures were not available, the 
primary reason the plant power output did 
not reach design conditions (on the basis of 
turbine design) resulted from the limita- 

cold weather would be required to 
approach the design condensing conditions 
with this condenser at the rated turbine 
inlet pressure and vapor flow (from 
Figure 23, a cooling water condenser inlet 
temperature of 0.6OC would be required). 

5. 

6. 

tions of the surplus condenser. Extremely 7. 

4. Although the plant never achieved design 
tilrbine inlet and exhaust pressures (and 
corresponding velocity and pressure 
ratios), the turbine efficiencies were 
equivalent to and, in some instances, 
exceeded the values predicted by the 

Barber-Nichols Company when turbine 
conditions approached design values. 

If an accurate determination of a binary 
turbine performance is desired, accurate 
and repeatable instrument measurements 
are necessary because of the relatively small 
enthalpy change (compared to steam 
cycles) across the turbine. 

The performance of the PPP could be 
predicted, given the geothermal fluid and 
cooling water conditions (provided the 
plant was operating near the turbine design 
velocity and pressure ratio). 

The degradation in condenser and plant 
performance during the auto-run test phase 
was due to the contamination of the work- 
ing fluid with nitrogen. The nitrogen gas 
collected in the condenser while the plant 
was running and added partial pressure 
(0.069 to 0.076 MPa) to the saturation 
pressure of isobutane at the condensing 
temperature. The chemical analysis of the 
isobutane from the plant indicated the 
presence of nitrogen and showed that, after 
1350 h of operation, the isobutane still met 
the specifications (except for the nitrogen) 
for an aerosol-grade isobutane propellant. 
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