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PREFACE 

This report was prepared as part of Task 3451 (OTEC Research and Development) 
in the Thermal Conversion Research ·Branch of the Solar Energy Research 
Institute (SERI). The report describes an algorithm developed to calculate 
the performance of Claude-cycle· OTEC systems and the. results of using it to 
calculate the effect on performance of deaerating the warm and . cold wa.ter 
streams before they enter the evaporator and condenser. We gratefully 
acknowledge the support of the Ocean Energy System Program Office at SERI an~ 
the Ocean Energy Systems Division of the U.S. Department of Energy. 
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SUMMARY 

The objective of this report is to develop an algorithm to · calculate the 
performance of Claude-cycle ocean thermal energy conversion systems and apply 
it to an analysis of the effect of warm and cold water deaeration on the 
performance of a system that uses a channel-flow evaporator and a horizontal 
jet condenser. 

A Claude-cycle OTEC plant consists of an evaporator, a vapor turbine, a 
condenser (either surface or direct contact), a cold water pipe, warm and cold 
water pumps, a condenser exhaust pump, and, possibly, warm and cold· water 
deaerators. The algorithm .we developed to calculate system performance treats 
each of these components separately and then interfaces them to form the 
complete system, which allows a component to be changed without changing the 
rest of the algorithm. Fo.r this study we developed mathematical models of a 
channel-flow evaporator and both horizontal jet and spray direct-contact 
condensers. The algorithm was then programmed to run on SERI' s CDC 7600 
computer and used ·to calculate the effect on performance of deaerating the 
warm and cold water streams before they enter the evaporator and condenser, 
respectively. 

Assumptions made in developing the algorithm invalidate its use in analyzing 
the off-design performance of a particular system. These assumptions also 
cause some of the penalties of inefficiency to influence cost rather than 
performance. The study of deaeration indicates that there is no advantage to 
removing air from the warm and cold water streams before they enter the 
evaporator and condenser, respectively, as compared to removing the air from 
the condenser. 

· Efforts should be made to improve this performance analysis ·algorithm so that 
the effects of inefficiency influence· performance rather than cost or to 
develop an O~-OTEC cost analysis algorithm. Also, better data on .QC-OTEC 
evaporator and condenser performance are needed to decide which of the various 
proposed concepts is best. 

V 
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SECTION 1.0 

INTRODUCTION 

A vast amount of energy is stored as heat in the ocean. Some of this may be 
converted to useful work by adding . heat to an engine from the warm surface 
water and rejecting heat from the engine to the cold deep water. This will be 
accomplished by ocean thermal energy conversion.(OTEC) systems which are being 
developed by the Ocean Systems Branch of the U.S. Department of Energy 
(DOE). There are two types of OTEC systems, closed cycle ( CC-OTEC) and open 
cycle (OC-OTEC). CC-OTEC systems use a working fluid isolated from sea 
water. The working fluid is evaporated. by warm sea water and condensed by 
cold sea water through large heat exchangers. The fundamental operation _of 
the CC-OTEC systems is well understood, and· a full-scale pilot plant is being 
designea. However, it is anticipated that the large heat exchangers will 
corrode and biofoul in the ocean. The OC-OTEC systems use warm sea water as 
the working fluid, thus eliminating the warm water heat exchanger, and some 
versions exclude the cold water exchanger as well. Although OC-OTEC systems 
would. eliminate the largest foreseeable problem with the CC-OT.EC systems, 
their operation is not yet well enough understood to allow design of a full
scale plant. 

OC-OTEC systems use either a vapor turbine ( Claude cycle) or a hydraulic 
turbine (hydraulic cycle). The Claude cycle works by bringing warm sea water 
into an evacuated chamber where it is evaporated. The water vapor expands 
through the vapor turbine and is then condensed by cold sea water, either by 
direct contact or through a heat exchanger. Claude demonstrated that by using 
this cycle it is feasible to extract significant power from the ocean. 
However, it is not yet understood which of the various proposed schemes to 
evaporate and condense the warm sea water is most , efficient. Also, .a vapor 
turbine large enough to· produce significant power has never been 
constructed. The efficiency of the evaporator and condenser and. the required 
size of the vapor turbine strongly affect the cost of a Claude-cycle OTEC 
system. In the hydraulic-cycle systems warm sea water falls through a 
hydraulic turbine into an evacuated chamber. The various concepts that have 
been proposed differ in the method by which the water is then removed from the 

· chamber. At present it is not understood whether it is feasible to extract 
significant power using any of these concepts. However, if one of them proves 
to be feasible, then the large vapor turbine of the Claµde cycle could be 
replaced by a smaller hydraulic turbine, possibly resulting in a much cheaper 
plant per µnit of energy converted. 

DOE has asked the Ocean Energy Systems Program at the Solar Energy Research 
Institute ( SERI) to develop the OC-OTEC concepts to the point that a full
scale pilot plant may be designed. The SERI program office recognizes that 
the two classes of OC-OTEC systems are in different stages of development. 
Data will be collected and analytical models developed to compare the 
performance of the Claude-cycle evaporator and condenser concepts. .An 

. evaporator and condenser concept will be chosen for ·full-scale subsystem test 
as a result of this comparison. The data from the full-scale subsystem 
testing will be used to compare the performance and economics -of the chosen 
:form of Claude-cycle OTEC system with that of the CC-OTEC pilot plant. As a 

1 
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result of this comparison, a decision may be made to design a full-scale 
Claude-cycle OTEC pilot plant. Simultaneously with this effort, the various 
hydraulic-cycle concepts will be evaluated for feasibility. Specific problems 
with their fundamental operation will be identified and individually addressed 
through experimental and analytical studies. As a result of this work, one or 
more of these concepts may be shown to be feasible. Further development of 
these apparently feasible hydraulic-cycle concepts would then proceed as 
described for the Claude-cycle concepts. After sufficient data· have been 
collected and models developed to predict performance, a decision will be made 
to proceed to full-scale subsystem testing of one concept. These test data 
will then be used to compare the performance and economics· of a hydraulic
cycle OTEC system with a Claude-cycle OTEC and CC-OTEC system. Finally, the 
SERI Ocean Energy Systems Program may decide to design a full-scale hydraulic 
turbine OC-OTEC plant. 

One factor in these decisions will be an analytical comparison of the 
performance and economics of each OC-OTEC system versus other OC.- and CC-OTEC 
systems. This comparison will be ba·sed on OC- and CC-OTEC system analysis 
algorithms that incorporate common assumptions. The SERI in-house Ocean 
Energy Systems Research and Development task is developing these algorithms 
for the Ocean Energy Systems Program. This report describes the status of 
these algorithms. First we developed or acquired system performance analysis 
algorithms and then programmed them for use on SER(' s CDC Cyber 7600 
computer. Cost analysis algorithms will be developed later. SERI personnel 
have developed a Claude-cycle performance analysis algorithm and acquired a 
closed-cycle OTEC performance analysis algorithm developed by Abelson of 
MITRE, Inc. Both of these algorithms have been programmed to run on the SERI 
Cyber computer. Abelson has described his CC-OTEC performance analysis 
algorithm (Abelson 1978). This report will describe the Claude-cycle 
performance analysis algorithm (Sec. 2.0) and its appli~ation co an analyi;ls 
of the effect of deaerating the warm and cold water on the performance of a 
particular Claude-cycle system using a channel flow evaporator and a 
horizontal jet condenser (Sec. 3.0). 

The Claude-cycle performance analysis algorithm was developed to be flexible 
enough to accommodate many system designs and yet to be detailed enough to 
po.rtray a reasonably accurate system performance. A typical system is divided 
into the components shown in Fig. 1-1 (evaporator, turbine, condenser, 
nel'lerators, and cold and warm water pumps). Losses incurred in 
interconnecting passages were neglected, allowing computations to be 
independent of a specific system layout. Since the system operates at low 
pressure (0.1 to 0.5 psia), the sea water in the cold and warm water inlet 
ducts could rise approximately 10 m above sea level. To -avoid large penalties 
in pumping rcquircmento, the evaporator and condenser should he 1 or;:itpn ;:it 
this "barometric level." It was assumed in this analysis that the plant's 
layout adheres to this barometric principle. The scope of the analysis is 
limited to the Claude-power cycle and the sea water systems and assumes a 
temperature distribution through the system as shown in Fig. 1-2. The steam 
flow required to produce a specified gross generator output is then computed 
from the available enthalpy drop across the turbine. Sea water flow rates are. 
computed using overall heat balances in the evaporator and condenser. These 
components are then sized using detailed performance models to <let.ermine head 
losses and pumping power requirements. The performance of the condenser will 
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depend on the. amount .of noncondensible gas present. Deaeration can remove a 
given fraction of n_oncondensible gases from the warm or the cold water before 
it enters the evaporator or condens·er respectively. The rest of the gases are 
assumed to be liberated in the evaporator and condenser and must be removed 
from the condenser by an exhaust pump. The net power output .is then the gross 
power output minus the sum of the power for the cold water, warm water, 
deaerator, and condenser exhaust pumps. 

In this country, the most completely developed Claude-cycle system is the 
Westinghouse design (Westinghouse Electric Corp. 1979) that uses a single, 
vertical-axis turbine with a toroidal channel flow flash evaporator and a 
shell and tube condenser (Fig. 1-3). The evaporator, sea water and vapor flow 
passages, and diffuser are integral with the structure. This, compact 
configuration results in minimtnn losses between components and could produce 
cost advantages for construction. Because this design serves as a baseline 
against which other Claude-cycle systems should be compared, we chose first to 
model a channel-flow flash evaporator and a single, vertical-axis turbine. 
However, we chose to model a direct contact horizontal jet condenser instead 
of the Westinghouse shell and tube condenser because it has potential for 
higher heat transfer coefficients and thus reduced size. Disadvantages of the 
horizontal jet condenser a:-e a possible increase in the amount of non
condensible gases released in the system owing to the exposed· cold water flow 
and the elimination of a fresh water by-product. Cold and . warm water 
deaerators and condenser gas exhaust component models were also developed. 
Models of other evaporator and condenser concepts will be developed and used 
in the performance algorithm. The system model is discussed in Sec. 2.0 of 
this report. 

The Clau~e-cycle system performance analysis algorithm including the specific 
component models discussed has been programmed for use on SERI' s CDC Cyber 
7600 computer. We used this program to study the effects of deaeration on the 
performance of the system composed of the components previously discussed. 
Whether to deaer,ate . the warm sea water . before the evaporator is always a 
question applicable to open-cycle OTEC systems. The same question applies to 
the cold sea water when the system uses a direct contact condenser. The 
results of this study are discussed in Sec. 3.0. 
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2.1 INTRODUCTION 

SECTION 2.0 

SYSTEM MODEL 

The algorithm developed to analyze the performance of Claude-cycle OTEC sys
tems is described in this section. First, the overall modeling approach is 
explained, and then each component mod.el is developed; i.e., deaerators, the 
turbine, channel-flow flash evaporator, jet condenser, spray condenser, and 
condenser exhaust. The deaerators remove air from the warm and cold water 
streams before they enter the evaporator or condenser; the condenser exhaust 
removes air liberated in · the evaporator and condenser. The turbine and the 
channel-flow flash evaporator models are based on the work· of Westinghouse 
(Westinghouse Electric Corp. 1979), the jet condenser is based on the model of 
Bakay and Jaszay (1978), and the spray condenser model is based on the work of 
the Colorado School of Mines (Watt i977). 

Before discussing the details of the algorithm, the general operation of a 
Claude-cycle OTEC System will be discussed using a typical temperature/entropy 
plot as shown in Fig. 2-1. The following temperature distribution through the 
cycle is assumed for this particular realization: warm water inlet 
temperature, 25°C; vapor temperature in the evaporator, 20°C; temperature drop 
across the turbine, 10°C; steam temperature in the condenser, 10°C; cold water 
exit temperature, 10°C. The diagram depicts the sequence of thermodynamic 
states occupied.by an element of working fluid as it traverses the cycle. The 
element begins the cycle as subcooled liquid at 25°C and 1 atm pressure. On 
the diagram this state is indistinguishable from one at 25°C on the. saturation 
curve. The element then expands isentropically to a temperature of 20°C. · 
During this expansion the state of the· element crosses the saturation curve 
and some of the liquid "flashes" into vapor. The element continues to 
evaporate as it receives heat from the rest of the warm water in the 
evaporator until it becomes saturated vapor at 20°C. The saturated vapor then 
isentropically expands through the turbine to a temperature of 10°C. At this 
point the element is steam with a quality of 97.3%. The steam is condensed as 
it gives up heat to the cold water in Llte condenser until 5.t: hP.comes ·saturated 
liquid at 10°r.. The cycle is closed by an isentropic compression of the 
liquid to atmospheric pressure and then an isobaric heating by the sun to 
25°C. On this diagram these final processes are indistinguishable from a 
simultaneous compression and heating along the saturation curve. The cycle 
operates at the . foot of the saturation curve and over a narrow temperature 
range so that its efficiency is very nearly the Carnot efficiency of 3.4% for 
a Carnot engine operating between 20°C and 10°C. 

2. 2 MODELING APPROACH 

The modeling approach used in the study was to compute subsystem and system 
performance as a function of a given temperature distribution. Fixed param
eters in the analysis include a gross generator output of 100 MWe, warm sea 
water inlet temperature uf 25°C, cold sea w<1tP.r inlet temperature of 5°C, and 
a fixed temperature drop across the turbine of 10°C. For a given temperature 
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distribution, the required steam flow is computed from the available enthalpy 
drop across the turbine. Sea water flows are computed using overall heat 
balances in the evaporator (warm stream) and condenser (cold stream). Each of 
the components is then sized to determine head losses and power 
requirements. The net power output is then the gross output minus the sum of 
all auxiliary requirements. 

A computer program, written in FORTRAN, was developed to use the open-cycle 
model. A flowchart of the main program is shown in Fig. 2-2, and a listing of 
the program is given in the Appendix. Most data are passed between the main 
program and the component subroutines by Common statements. The input param
eters are then. read· into the program from an extern.al file. The parameters 
are listed in Table A-1 of the Appendix and will be outlined in the details of 
the model to follow. 

For each set of input parameters, a series of temperature distributions is 
generated by the model (see Fig. 2-3). The temperature differences ·available 
to the evaporator and condenser are controlled by the variable R, where 

R = 6Tevap 
6 Tcond 

(2.1) 

R is varied to impose a range of temperature distributions on the model. The 
warm water outlet temperature is set by the fraction of approach to equilib
rium in the evaporator ne. Perfect E\quilibrium would be established if the 
warm water outlet temperature equaled the steam temperature. In the evapo
rator, the fraction of approach to equilibrium is defin~d·as 

Twwi - Twwo 
T · - T WW1 ... 0 

(2.2) 

The approach to equilibrium in the condenser is called "approach temperature 
difference." The parameter nc is defined as 

Tewa - Tcwi 
T1 - Tcwi 

(2.3) 

Using the parameters R, ne, and nc, we obtain the temperatures throughout the 
system. 

It is instructive to consider numerical values for a particular ca·se. 
Consider a system for which R = 1/2, nc = 0.9, ·and the temperature difference 
across the turbine is 10°C. Then, for a warm water inlet temperature of 25°C, 
the temperature of the vapor in the evaporator is 21.67°C and since this is 
saturated vapor its pressure is O. 376 psi. After .a 10°C temperature drop 
across the turbine, the high quality steam in the condenser has a temperature 
of ll.67°C and a pressure of 0.199 psi. The pressure drop across the turbine 
is only 0.177 psi, an indication that the turbine design will be unusual. The 
te~perature of the cold water out will be 11°c. 
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The next step is to compute the enthalpy available to the turbine. Steam at 
the inlet is assumed to be saturated. Owing to the slight decrease in steam 
quality at the exit, the exit enthalpy consists of both liquid and vapor com-

. ponents. If we assume isentropic expansion, the exit enthalpy h1 is given by 

(2.4) 

where the steam quality xis 

(2.5) 

and sv and s,e, are the entropies of vapor and liquid at the giv~n temperatures. 

If we assume that the steam at the turbine inlet is saturated, then the inlet 
enthalpy h

0 
is ~(T

0
), and the isentropic enthalpy drop across the turbine is 

( 2 .6). 

The amount of steam flow required to generate the gross output Wg is then 

(2. 7) 

where n te; is the turbine-generator efficiency, whi c-.h eq1.1als the total to 
static turbine efficiency nTs times the generator efficiency n. Heat 
balances at the evaporator yield the required warm water flow as folt'ows: 

Similarly, at the condenser the required coid water flow iR 

• fms [ h1 - h,e, ( 'l'cwoJ J 
h,e,(1cwo) - hi(Tcwi) 

{2.8) 

(2.9) 

where f is the fraction of steam condensed, which is set at f = 0.99, based on 
the capabilities of a direct contact condenser. 

Then each component routire is called with appropr.iate control parameters and 
inputs. The routines return with power requirements, head losses, or dimen
sions, as appropriate. Pumping power Wc requir~ments for a component are com
puted from tuLal head losses Ht and flow rates mas follows: 

(2.10) 
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where g = gravitational constant, 9.8 m/s 2 , and np = pump efficiency. 

Net power for the plant is the gross power less pumping power for the warm. and 
cold loop (including head losses in any deaerators), condenser air removal, 
and deaerator air removal. 

2.3 COMPONENT MODELS 

Six component models were generated for this study: deaerators (serving both 
~ ,warm and cold streams), flash evaporator, turbine, two condenser models, and 

condenser air removal. In any particular run, deaeration can be selected with 
a control variable. When deaeration is selected, both warm and cold streams 
are deaerated with a variable number of stages and head loss per stage. The 
model computes the power to remove air from the water streams. In the-flash 
evaporator, turbine.and condenser routines, the models compµte size as a func
tion of the specified performance parameters and temperature distribution. 
The condenser air removal model computes power requirements for compression of 
the noncondensible gases and uncondensed vapor. 

2.3.1 Deaerators 

The deaeration system consists of a series of stages,. each stage including a 
dea·erator, a vent condenser, and a compressor. Operation of the system can be 
understood through the schematic of Fig. 2-4. Aerated sea water, consisting 
of dissolved air and water, enters at stage N. The vent condenser maintains a 
pressure above the stage larger than the vapor saturation pressure at the 
water temp.erature, forcing air out of the sea water. Each successive 
deaerator stage operates at a lower pressure (but still greater than the vapor 
saturation pressure), as more air is driven out of the sea water. The pres
sures in the stagei; are fixed by the vent condensers. Air and water vapor 
enter the first vent condenser from the last stage in the train. Much of the 
liberated water vapor is condensed by the intercoolers, reducing the amount of 
gas that must be compressed. A compressor pumps the remaining mixture to the 
next vent condenser, fixing its operating pressure and the stage 2 deaerator 
operating pressure (higher than stage 1). Air and water vapor are added from 
the stage 2 deaerator, compressed. to the next vent condenser, and so on down 
the line. The main purpose of a staged system is to reduce the amount of air 
removed· at low pressure. Compression efficiency decreases with decreasing 
pressure, and therefore a greater penalty is applied to the low pressure 
stages. 

Figure 2-5 shows a flowchart of the deaeration subroutine, which requires that 
only the number of stages N and the stream (warm or cold) to deaerate be in
put. All other inputs are passed via Common. If deaeration is not selected, 
the analysis is bypassed, and all air dissolved in the sea water stream is 
assumed to be liberated to the evaporator or condenser, as appropriate. 

In each deaerator stage, the pressure P s i · consists of wat
1
er vapor partial 

pressure Pvs and air partial pressure Pas 1. The water vapor·partial pressure 
is set to the saturation pressure at the temperature of the water stream being 
deaerated, Psat(T~i or Tcwi). The first stage pressure is set by a parameter 
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fg, which is the ratio of vapor pressure to total pressure in the stage. The 
pressure in stage 1 is given by 

Ps 1 = , (2.11) 

When the first stage pressure is set, it is possible to compute the compres
sion ratio per stage r required to compress the gases to slightly above 
atmospheric pressure. After some algebraic manipulation, we can generate an 
expression for the compression ratio: 

where 

N 

Po + t.P l ri 
N i=l r .. 

l's 1 • , 

P0 = outlet pressure, slightly above atmospheric; 
t.P = vent condenser pressure drop; and 
N = number of deaerator stages. 

(2.12) 

Equation 2.12 lends itself to an iterative solution and. converges quickly. 
When the cold stream is being deaerated, the first vent condenser is not func
tional since -it operates at the same temperature as the incoming water 
vapor. · In this case, the compression ratio is 

N-1 
Po + t.P l ri 

N i-1 (2.13) 
r ;;; 

Ps 1-
. . 

, 

When the first stage· partial pressures and compression ratio are known, the 
pressures throughout the system can be calculated. Vent condenser performance 
.is assumed sufficient to maintain a vapor pressure at the compressor i.nlet 
Pvc in equal to saturated water vapor pressure at 7°c,· P63 t (7°C), with R 

pre;sure· drop through the condenser t.P .of 0.276 kPa. The air pressure at the 
compressor inlet is for stage i 

Pacini= Pc 1.·n· i - Psat (7°) , , , , (2.14) 

where 

Pc,in,i = Ps,i - t.P • 

The compressor outlet pressure P t . is the inlet pressure multiplied by 
C ,ou ,1. 

the compression ratio: 

Pc,out,i = Pc,in,i • r (2.15) 
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The pressure of stage i + 1 is_ the stage i compressor outlet pressure: 

Ps,i+l = Pc out i • 
' ' 

(2.16) 

The partial pressure of water vapor Psat (Twwi or Tcwi) is known, and thus the 
air partial pressure cpn be calculated by 

Pas,i+l = Ps,i+l - Psat (Twwi or Tcwi) • (2.17) 

The procedure (Eqs. 2.14 to 2.17) can be repeated until water vapor and air 
pressures are computed for all stages of deaeration. 

Next, solubilities and air and water mass flow rates are calculated for each· 
deaerator stage. The solubility of air in water xa and the partial pressure 
of air at the interface between liquid and vapor phases in equilibrium are re
lated by .the Henry number He and the re~_ationship is expressed by 

(2.18) 

where xa = mole fraction of air dissolved in water. The equilibrium mass 
fraction mea and mole fraction are related by the familiar equation 

mea = 

and since Xw "' 1 )) xa , the'.n 

1.60 • Xa (2.19) 

Data for the Heui:-y uuml.,er were fit with a linear function of temperature. 
Combining Eqs. 2.18 and 2.19 yields an expression for the outlet equilibrium 
mass fraction of air in water for any stage i: 

mea,i = 
1.60 • Pas i 

' (2.20) 

The mass flow rate of air leaving a stage ma i is the difference in inlet and 
outlet mass fractions multiplied by the mass !low of water. To allow for less 
than this "equilibrium" release of air, a parameter of value less than or 
equal to one, f1 , is applied. However, when less than the equilibri1JI11 amount 
of air is released, the outlet mass.fraction is increased above that computed 
_in Eq •. 2.20. The outlet mass fraction for stage i up_dated as a function of 
the parameter f1 becomes 

i = N, ••• ,2,1 (2.21) 
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where ma N+l = lllea N+l = 1.60/He• If we assume that f is the same for all , , 
stages, the mass flow of air from stag_e i is computed using 

(2.22) 

The amount of vapor flowing through a deaerator stage is proportional to its 
mass fraction in the stage, and the mass ·fraction of vapor in the stage can be 
related to the mass fraction of air through the perfect gas law. After some 
manipulation, the following expression can be derived: 

. Psat (7°) i . 
m.v, 1 = 1,"trJ l ma,j • 

' P;;:u,; lu 1 j=l , , 
(2.23) 

The total flow of gas through a compressor mt,i is 

. . 
mv ,i + ma,i (2.24) 

Any air remaining in the stream exiting to the evaporator or condenser is as
sumed to be released. In the case of no deaeration, all the air originally in 
the dissolved water stream is released in the evaporator. or condenser. The 
amount of air released mr is 

. 
= ma,i-· m(w or c) (2.25) 

where ma 1 = the air remaining in the firRt rlPRPrator. stage or ma 1 = 1.60/Het 
if there'is no deaeration. ' 

The power required to compress the gas in any stage i can be computed from 
thermodynamic relationships. The result for stage power Ws i is , 

Ws . ,1 

~')~ • T • r0.3 1 1·1 y ~ w"L 1 '· -~ in .. 

where Tin = inlet temperature = 280°K, and nm = ·motor efficiency = O. 9, 

and the compressor efficiency is 

= 1.7 Pc,in,i ( 0 8 
Po , ncp • • 

(2.26) 

(2. 27) 

The factor of 1. 7 comes from a more detailed analysis of the fluid dynamic. 
behavior of compressors (Watt, Matthews, and Hathaway 1977). The total power 
to remove the gas from the deaerators is the sum of the individual compressor 
power requir.ements: 

18 
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N 
wd = I 

i=l 
(2.28) 

Associated with each stage of deaeration is a head loss Hs needed to provide 
sufficient surface area for the air to diffuse towards. The method of deaera
tion is not specified in the study, but could be a packed bed, spray, or 
film. The total head required Htd in the deaerators is th~ head loss per 
stage multiplied by the number of stages: 

(2.29) 

The parameter Hs is specified as an input to the model. Both the total power 
and the total head required are passed back to the main program, and the de
tails of the deaeration analysis are printed. 

2.3.2 Turbine 

A complete calculation of turbine performance and geometry is a complex, 
iterative process that maximizes turbine efficiency by varying the many param
eters of turbine design. For this system study, however, a detailed design is 
not necessary. Instead, what is required is the basic relationship between 
turbine performance and turbine size (outer diameter). Therefore, a number of 
simplifying assumptions are used to formulate the turbine subroutine. The as
sumptions used here, as well as the formulas that follow, were supplied by 
Westinghouse and are similar to those used in their recently completed open
cycle study (Westinghouse Electric O:>rp. 1979). 

The assumptions related to the mathematical description of the problem are: 

o steady-state flow; 

o one-dimensional flow with axisymmetric stream surfaces; 

o symmetric velocity diagram (50% reaction), (see Fig. 2-6); 

o incompressible flow; and 

0 stream surface at the mean diameter is representative of the whole 
stag·e. 

These additional assumptions will be made: 

o diagram afigle a1 and e2 = 23.6° (see Fig. 2-6); 
o blade-loss coefficient~= 0.1; 
o hub-to-tip r.atio rt= 0.44; and 
o total to static efficiency nTs = 75%, 80%, and 85%. 

These inputs are based on experience in turbine design. A range of efficiency 
values will be used to determine system sensitivity to this parameter. A flow 
chart of the subroutine is shown in Fig. 2-7. 
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The turbine velocity diagram is shown in Fig. 2-6. Vertical velocity compo
nents in the diagram represent axial components in the turbine; horizontal 
components in the diagram represent tangential components in the turbine. The 
incoming vapor flow, exiting from the evaporator, streams axially downward 
with velocity C0 • · The stationary stator gives the flow a tangential compo
nent; c1 is the velocity at the stator exit and rotor inlet. Relative to the 
rotating rotor, the velocity is w1• The rotor extracts energy from the flow, 
reversing the tangential component of the velocity. The flow leaves the rotor 
with velocity c2, and velocity relative to the rotor of w2• 

The definition of efficiency is the actual work divided by actual work plus 
losses and is represented as, 

(2.30) 

The frictional loss owing _to the stator blade is ,;; · C12/2; the frictional loss 
~esultin? from. the rotor blade is ,;; W22/2; . and the remaining kinet~c en~rgy 
1.n the flow ex1.ting at the rotor that has not been converted to work 1.s c2 /2. 

Work per unit mass W can be defined using conservati.on of angular momentum: 

(2.11) 

which after substitution and manipulation can be rearranged as 

c2 
W = _! V (2 COS a 

2 l 1 
(2.32) 

where 

If we let e: 1 .= v 1(2 cos a1 - v1) an~ e: 2 = v 2 (2 cos s2 - v2), Eq. 2. 32 
becomes, 

2 2 
w - e: 1 (~) + £2 (;2) . 

2 
(2.33) 

For a symmetric stage we have: 

therefore, 

(2.34) 

20 



S:fl 1fl1-------------------TR_-_69_2. 

Co 

I ... ·-----u------:i•-..1 ... l•------u----..-•I 
Figure 2-·6. Turbine Velocity Diagram 

Define .Common 

Set Constants 

Compute Blade 
Length and 

Rotational Speed 

Print Results 

Return 

Figure 2--7. Turbine Subroutine Flowchart 

21 



S:il (*] ------------------------· TR==-=---=..:69=-=-2 

By substituting Eq. 2.34 into Eq. 2.30 we obtain an efficiency of 

2 
£W2 

£W~ + z; 

or 

1 
nTS = c2 

. 
1 + ( 1.) + ( 2 ) 

f; 2 
2£ w2 

From the velocity diagram (Fig. 2-7), it can be shown th~t 

c~ = w~ - v2 w~ (2 cos 82 - v2) and 

c~ w~ < 1 - e:) 

Therefore, Eq~ 2.35 becomes 

·solving Eq. 2.36 for £ gives 

£ .- (1 + 2z;)/(2/nTs - 1) • 

Conservation of mass yields 

and . 
W2 = 

ma Az: 
A i::i.n_ B2 .• 

Substituting this equation into Eq. 2.34 gives 

( . )2 - ms A2 w - £ 
- A sin 82 

Conservation of energy gives 

w = nTs tih • 
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Then by eliminating Win Eqs. 2.38 and 2.39 and solving for the cross
sectional area for flow A we obtain 

(2.40) 

Equation 2.40 gives the area of vapor flow through the turbine based on the 
given operating conditions. By assuming a value for the hub-to-tip ratio and 
by knowing this area we can calculate the size of the turbine. The blade 
length is 

L (~ 1 -rt )'/2 
= ; 

1 + rt 

the mean diameter is 
1 + rt 

Dm = L 1 - rt 

the outer diameter is 

Do = Dm + L; and 

the hub diameter is 

~ = Dm - L . 
In addition, the turbine speed n (in rpm) can be calculated· from the periph
eral wheel speed U. The peripheral _wheel speed is 

m A2 
u = ----,--. 

A sin S 2 

The rotational speed is 

u n = -- • 
..!_ D 
2 m 

1 revolution 
21T radians 

u 
n = 19.099 ~ • 

m 

• 60 s 
---- and 1 min • 

(2.41) 

(2.42) 

The outer diameter is returned to the main program to size the re~aining com
ponents, and the details of the turbine analysis are printed. 
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2.3.3 Channel-Flow Flash Evaporator 

The flash evaporator is a toroidaJ . open-channel flow type. The turbine is 
located on the center of the vercical axis and above the plane of the 
toroid. Steam released in the flashing process flows vertically upward from 
the open channel and then inward and down to the turbine. This flow path can 
be seen in Fig. 2-8. 

Flash evaporation can be characterized by the degree of thermal nonequilibrium 
in the process. At equilibrium, the sea water outlet temperature is equal to 
the steam temperature. The steam temperature is equal to the saturation tem
perature associated with the chamber pressure. However, for any real flash 
evaporator of this type, equilibrium is · not likely to be reached (without 
paying enormous penalties in cost and hea.d losses), and the sea water outlet 
temperature will be higher than the steam temperature. The fraction of non
equ;ilibrium is a function of the length, depth, and velocity of flow in an 
open channel. 

In an open-channel evaporator operating under the conditions existing within 
an OC-OTEC plant (except for very near the surface of the flow), hydrostatic 
head suppresses bubble formation. At the low pressures and temperatur.es 
experienced in an open-cycle OTEC plant, flashing can be conservatively con
ceived as a surface evaporation process.· Using this assumption, Westinghouse 
(Westinghouse Electric Corp. 1979) obtained results for a rectangular, open
channel flow with a turbulent velocity profile (see Fig. 2-9) upon which we 
based the model used in this study. 

A flowchart of the calculation scheme is shown in Fig. 2-10. The routine 
requires that the fraction of nonequilibrimn f3e be input. · All other param
eters are passed by Common. The fraction of nonequilibrium is defined as 

'l'wwo - 'l'o 

Twwi - To 
= 1 - ne (2.43) 

which is identical to the ordinate in Fig. 2-9. Inspect~on of this figure 
reveals that ir the depth d is known, then the parameter kc can be 
calculated. Only the length of the channel R. remains unknown. The well-known 
Manning formula for steady, uniform flow in a channel can be used· to relate 
volumetric flow with cross-sectional area and hydraulic radius. After some 
manipulation of the formula, depth can be found as a function of mass flow per 
unit width and cliannel slope: 

d = 
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where 

fr = surface roughness factor (0.014 for.concrete), . 
= warm sea water flow, Tllw 

Pw = warm sea water density, 

w = width of flow, and 

a = slope of the channel, taken as 20. 

The width and length of flow are related for a toroidal shape when the inner 
diameter is specified. The turbine analysis computes an outer diameter for 
the turbine blades, and a 4-m cushion is added to obtain an inner diameter for 
the flash evaporator. The calculation proceeds by assuming a length (and con
sequently a width) for the fl,ow with a fixen i:;l npP nf ? 0 on thQ channel. 
Eq. 2.44 yields tl1e i:etp.1Lu:!u th!pth. Figure 2-9 was moditied to be a plot of 
t:he ft'action ot nonequilibrium versus the variable e, with kc as a param-
eter. Then the curves in the fi.gnrP. wer.e fit by fourth order polynomial~. 
The length is calculated as 

e •. d 
t = 0.0137 (2.45) 

and compared with 'the assumed length. This procedure is repeated until the 
assumed and calculated length converge within acceptable limits. 

The total· head required for the flash evaporator is the sum of the free-fall 
head and the sluice gate loss. The free-fall head He is 

He~ & sine+ d cos 8 (2.46) 

and the sluice gate loss Hg is fixed at 0.15 m. The total head loss HTe ii:; 

HTe = H~ +Hg. (2.47) 

This head loss is retured · to the main program, and details of the flash 
evaporator analysis. are printed. 

2.3.4 Jet Condenser 

Direct-contact condensers have the pntf:'n.tial for h:1,gher heat transfer rates 
than surface condensers, owing to the la.ck of an interveni ne i:;11rf~r.e between 
the condensing steam and cold water flow. Until recently there have been 
little data available on direct contact condenser performance. Bakay and 
Jaszay (1978) have reported experience with turbulent, flat-jet condensers in 
Hungary for steam turbines of 100-200 MWe capacity. They describe a 
calculation procedure for sizing the flat jets that in~l nrlPs the influence of 
increasing air concentrA.tlon on hea't transfer coefficients during the 
condensation process. Their analysis was used in this study. A flow-chart of 
the subroutine is shown in Fig. 2-11. 
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The design of the jet condenser consists of a flat, vertical sheet of ·water in 
which the velocity is horizontal. The steam flows vertically downward between 
these jets. We assume a homogeneous, continuous water sheet (evenly distrib
uted vertically) that does not absorb air. We also assume that all air 
dissolved in the cold water is released immediately upon entering the 
condenser. After the analysis of Bakay and Jaszay, an equation is developed 
relating flow, temperature, air concentration, and heat transfer: 

where 

and 

. 
Cp ( T1 - Tcwd f me 

= • 
htv • ma 

do 

1 -Bk 
- e 

cp = specific heat of sea water, 

hR.v = latent heat of vaporization, 

~ = steam to air ratio (1: condenser inlet, 2: outlet), 

k = hcac craosfer coefticient = k(o), 

B = a 
• 

where a= total'surface area. 

(2.48) 

(2.49) 

The heat transfer coefficient k is given as a function of the steam-to-air 
ratio. A series. of polynomials were fit to this function over the range of 
interest in a. The mass flow of air is the sum of the air liberated by the 
warm and cold sea water streams. All air is assumed to be liberated before it 
reaches the condenser steam inlet. Consistent with the comments in 8akay and 
Jaszay, the amount of steam condensed, f. was set at 99%, thus making the 
steam/air ratio cover a 100:1 range through the condenser. 

The left side of Eq. 2.48 is constant, and the only unknown in the right side 
integral is B. A modified method of bisection was used to solve for B. The 
total surface area required is 

(2.50) 

For a fixed spacing and width of jets, the n11mhPr nf r:hanneb and the height 
.of the condenser Hr can be easily calculated. A typical, large-flow, fl-'lt 
::;pray nuzzle was used to estimate toe nozzle losses and required spacing. 
Nozzle losses of 2.6 m were estimated based on a nozzle flow rate of 4.5 kg/s. 

Included in the analysis were losses for the cold water pipe H that consisted 
of a loss · owing to density difference· between sea water at fooo-m c'IPpth and 
the surface (~1.0 m) and frictional losses in the 10-m diameter, 1000-m-long 
pipe (with an assumed roughness factor of 0.01). A small loss for the distri
bution Ra was included in the total cold water loop head requirements Htc= 

(2.51) 
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This total loss was returned to the main program, and details of the condenser 
analysis were printed. 

2.3.5 Spray Condenser 

This direct-contact condenser analysis. was based on work referenced by 
Colorado School of Mines (Watt et al. 1977). The condenser type is described 
as either a spray or cascade/baffle design. An overall, volumetri_c mass 
transfer coefficient approach is employed. A flowchart of the subroutine is 
shown in Fig. 2-12. The mass transfer coefficient ~ varied over a range of 
0.1 to 0.4 kg/s•m3°K, presumably accounting for effects of varying noncon
densible gas concentrations; however, no explanation is given for the range. 
Because the functional dependence of the heat transfer coefficient is not 
clarified, any results from xhis component model must be carefully evaluated. 

The effect of subatmospheric pressure on the heat transfer coefficient k
0 

is 
accounted for by 

0.2 
(2.52) 

Additionally, the analysis is based on a log-mean temperature difference ~TLM 
where 

Tcwo - Tcwi . 
T1 - Tcwi 

ln T1 T - cwo 
(2.53) 

The required volume of the condenser is then 

V = (2.54) 

where f = fraction of steam condensed. 

The height of the condenser is calculated based on a fixed· cross-sectional 
area Ac. · The cross-section is toroidal: the outer diameter is equal to the 
turbine diameter and the inner diameter to the cold water pipe diameter. The 
condenser height He is 

(2.55) 

Nozzle losses, distribution losses, and cold water pipe losses are computed 
similarly .to those in Sec. 2.3.4. Total head requirements are passed back to 
the main progam, and details of the condenser analysis are printed to complete 
the routine. 
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2.3.6 C.Ondenser Exhaust 

Any condenser type used requires an air removal system to purge the system of 
noncondensible gases, remove uncondensed vapor, and maintain vacuum. The 
analysis parallels that 'of Sec. 2. 3 .1 for the deaeration air removal. The ex-
ception is the absence of deaerator stages, and the similarity is an identical 
compression train, shown in Fig. 2-13. A flowchart of the subroutine is shown 
in Fig. 2-1'+. 

The system consists of four compressors with three vent condensers located 
between them. There is· no vent condenser before the first stage, since it 
operates at the.same temperature as the incoming water vapor. 

All inputs to the routine are passed through Common and include the amount of 
uncondensed steam and the mass flow of air. When the condenser pressure Pc is 
known, the compression ratio can be calculated using Eq. 2.13,. with N = 4 and 
P 1 = Pc. The total mass flow through the first compressor mt 1 is the sum s, • • , 
of air flow ma and uncondensed vapor mv,o= 

The flow of vapor through subsequent compressors is reduced by the vent con
densers. The vapor flow for compressor i is given by 

where 

mv,i = 

.. 
ma• Pvc·in , 

1.60 •Pai , 

Pvc in= Psat (7°) as in Sec. 2.3.1 and , 

Pai is calculated using Eqs. 2.14 to 2.16. , 

The total flow through any compressor mt i is , 

. . • ( + Pvc,in ) 
= ma 1 1 60 • • • Pa,i 

=ma+ mv,i 

(2.57) 

(2.58) 

Power required to compress this flow is calculated using Eq. 2.26. The power 
required for each compressor is summed and passed back to the main program, 
and details of the air removal analysis are printed. 

33 



/,=~ TR-692 S:~l 1-1 -------------------------------,-

Un condensed 
Steam & 
Air from 

Condenser 

Comproooor 

Condensed 
Vapor 

Vent 
Condenser 

Figure 2-13. Condenser Exhaust S~hematic 

Define Common 

Compute Constants 

Compute Compression 
Ratio 

Compute Stage 
Power 

Print Results 

Return 

Figure· 2-14. Condenser Exhaust Subroutine Flowchart 

34 



S:~l 1fl1 ----~-----------------------------TR_-_6_9_2_ 

3.1 INTRODUCTION 

SECTION 3.0 

RESULTS 

The Claude-cycle OTEC systems performance program was run 17 times for this 
study, and the results of the simulations are presented in this section. The 
input parameters for· the 17 runs are listed in Ta_ble A-1 of the Appendix 
(numbered as runs 1 through 17). For each set of input parameters, the 
performance of the system was analyzed as R varied from O. 2 to 2. 0, .in .in
crements of 0.2. The first simulation was a baseline study, and the runs that 
followed studied the effect of varying one or two of the input parameters from 
its baseline value. The results are summarized in Table A-2 of the Appendix, 
and the sections that follow discuss the most important results from the 
simulations. 

3.2 BASELINE STUDY 

The results of the baseline study are plotted ·in Figs. 3-1 through 3-4. This 
simulation had no deaeration and used the jet condenser. Figure 3-1 shows the 
net power of the cycle together with the three auxiliary components (condenser 
air removal and cold and warm loop requirements) that subtract power from the 
100-MWe gross. output. Each .parameter is plotted against R, where R is the 
temperature drop across the evaporator divided by the temperature drop across 
the condenser as discussed in Sec. 2.2. High R indicates most of the tempera
ture drop occurred in the evaporator; low R indicates most of the temperature 
drop occurred in the condenser. Condenser air removal power is the power re
quired to pump the air and uncondensed steam out of the condenser. Cold-loop 
power is the pumping power required to overcome head losses in the cold water 
loop: losses through the cold water pipe, losses in the water distribution 
system, nozzle losses, and the lost head in the condenser. Warm-loop power is 
the similar pumping power required to overcome head losses in the warm water 
side, losses in the evaporator, and losses through the warm water distribution 
system. 

In the baseline study, the maximum net power is about 70 MW, corresponding to 
an R of 0.6. At this R, the turbine inlet temperature is 21.25°C and the tur
bine·outlet temperature is ll.25°C. For lower or higher values of R, the net 
power decreases. At the optimal operating conditions, the major component of 
the auxiliary power requirement is the power for. air· removal in the 
condenser. Cold-loop and warm-loop power requirements are much less; cold 
loop power is larger than warm-loop power. Cold-loop power increases as R 
increases, whereas warm-loop power decl'.'eRsP.s as R increases.- Cold-loop power 
is greater than warm-loop power primarily because of the head losses from the 
long cold water pipe and condensor height. 

The trends for the warm- and cold-loop power requirements can be understood 
through Fig. 3-2, which plots the warm water, cold water, and steam mass flow 
r.RtP.s for the baseline simulation as a function of R. At high R (small ~T 
across the condenser), higher cold water mass flow .rates are required to 
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accomplish the necessary cooling :i_n the condenser. Because cold-loop power 
requirements equal the mass flow rate times the head losses, cold-loop power 
goes up as R increases. Similarly, at low R values ( small f1T across the 
evagorator), higher warm water mass flow rates are required to evaporate the 
water, and hence the power goes up. The steam mass flow rate remains roughly 
constant with respect to R since the enthalpy difference associated with 
f1Tturbine = 10°C varies little with absolute temperature. 

The trend for condenser air removal power becomes clear by inspecting 
Eq. 2.26, which is the relation for computing stage power in the compressors 
that remove air from the condenser. Stage power is a strong function of the 
amount of air plus steam that must be compressed. The amount of steam present 
in the compressors is virtually constant as R varies, since it is assumed that 
U uf the total steam flow must be removed by the compressors and the total 
steam flow does not change significantly with R. 't'he air mass flow !A propor
tion.al to the wc1ter Rtrl;:'aIU flowo because ·1'C is assumed that all the dissolved 
air in the water flows is liberated in the evaporator and condenser, Hent-P.., 
at sm::ill R, the wai:rn wa.te.:t flow rate ls high, large amounts of air are 
liberated, and condenser air removal power is highest. As R increases, the 
warm water flow decreases, but the cold water flow increases; the larger 
amounts of air liberated from the cold stream balance decrease in air 
liberated from the warm stream, keeping condenser air removal power roughly 
constant. 

Figure 3-3 shows the evaporator length, and Fig. 3-4 shows the plant outer 
diameter as a function of R for the baseline study. The ~hape of the curves 
is similar to the warm-loop power requi.rement. The dimensions decrease for 
higher values of Rand increase for lower·values of R, The evaporator length 
increase~ as R decreases because the available temperature drop is smaller, 
requin.ng larger .warm water flows and, th1areforc, mure surfArP. area for 
cvoporatluu, ThP plant' o outer ulamet:e:i;' is nnP crude c3tii11,;1,Le 01' plant cost; 
as the diam~Ler 1ncre~seo so will the cost of the plant. 

3. 3 COMPARISON OF BASELINE STUDY WITH DEAERATION 

The relative effects of deaeration and of no deaeration are shown in Figs. 1-5 
through 3-7, which comparP. A simulation wlthou'C deaeration (baseline) to one 
using qeaerators. For the deaera.tion simulation, parameters include 4 warm 
stream stages and 5 cold stream stages with head loss at 0.5 m per stage. The 
plot of net power versus R in Fig. 3-5 shows that no significant overall im
provement~ are gained by deaerating the warm and cold streAms before they 
enter the evaporator and. r:ond1,mser, respectively. At the optimal R of 0.6, 
the deaeration simulation produces slightly less net power than the baseline 
simulation. F.or high values of R, deaeration is slightly better than no 
deaeration, but not better than the baseline case at the optimum value of R. 
The total deaeration power is the total power used to remove ai.r from the sys
tem, includfng the pumping power to remove air in the cold and warm water 
deaerators, the pumping power to remove air from the condenser, and the water 
stream head losses resulting from deaeration. For the baseline study, the 
only component is the condenser air removal power. As can be seen from 
Fig. 3-6, the total deaeration power is slightly greater for the deaeration 
simulation. The air liberated by the cold and warm water streams has to be 
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removed at some point during the cycle; the results for these simulations show 
that it does not matter where the air is removed. It can be pumped out before 
it reaches the condenser ( deaeration) or after the ·steam . is condensed 
(baseline); the net effect is about the same. It is important to remember 
that this model assumes all the air in both the cold and warm water streams is 
liberated and must be removed regardless .of the system parameters chosen. 
This may not be a good assumption, especially for the cold water stream. 

The advantage of deaeration can be seen in Fig. 3-7, which shows condenser 
height as a function of R for the deaeration and baseline runs. The baseline 
run requires a larger condenser, owing to reduced performance resulting from 
larger air concentrations. Deaeration reduces condenser size and, therefore, 
condenser head losses. One meter was assumed to be the minimum allowable con
denser height. If the jet condenser algorithm calculated condenser heights of 
less than 1 m, the height was set to 1 m. However, the deaerators introduce 
additional head losses in the water streams, which are at least as great as 
any savings in condenser performance. The overall effect of deaeration is 
that it does not improve cycle performance~ But it may reduce cost if the 
size is reduced. 

3.3.1 Stage Head Loss Effects 

Figures 3-8 and 3-9 · show the effect of head loss in the deaerator stages on 
total deaeration power and maximum net power, respectively. As can be seen in 
both figures, larger stage head losses dramatically reduce performance. Stage 
head loss was found to be the most sensitive parameter of system performance 
of those tested in this model. Although a cycle with efficient deaerators is 
nearly as good as a cycle without deaeration, inefficient deaerators 
drastically reduce the net power. If deaerators are used they must be . 
efficient and have minimal stage head losses. 

3.3.2 Effects of Steam Partial Pressure to Total Pressure Ratio 

One parameter measuring how much air the deaerators must remove from the water 
strcomo iG the ratio of RtP.am partial pressure to total pressure; i.e., the 
partial pressure of the steam divided by the total pressure in the last stage 
of the deaeratur train.. High values indicate very pure mixtures, and low 
values represent steam with greater amounts of air. The rang~ of values 
tested was 0.8, 0.9, and 0.98. Figures 3-10 and 3-11 show that as the steam
partial-pressure to total-pressure ratio is increased, total deaeration power 
increases slightly and maximum net power decreases very slightly, 
respectively. Over this range of t.hP. ratio, there is no significant effect on 
cycle performance. 

3.3.3 Effect of Air Fraction Liberated 

Figure 3-lt shows the effect of the fraction of air liberated per deaerator 
stage on total deaeration power. The fraction of air liberated·per deaerator 
stage is a measure of how efficiently each deaerator stage operates. Total 
deaeration power decreases very slightly as the fraction increases. The 
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effect of air liberated per deaerator stage on maximwn net power was also 
studied. It was found that the maximum net power is virtually constant. The 
total deaeration power decreases for higher values because more of the air is 
liberated in the first few stages of deaeration when pump efficiencies are 
higher and less power is required to compress the air and vapor. Roth the 
fraction of air liberated per deaerator stage and the steam-partial-pressure 
to total-pres·sure ratio simulations show the relative insensitivity of the 
model to efficiencies of deaerator air removal. It does not make much dif
ferenc.e where air is removed. 

3.3.4 Number of Deaeration Stages 

Figures 3-13 and 3-14 show the effect of varying the number of deaerator 
staees on net power and totAl rl~.t'iration powc.r1 restJ~L:Llvel,V, As thP ti.g1.1r'ili1 
ohow, maxim11111 ueL power decreases and total nPAPr-Rtion power rcquireraeuLs 
increase as the number of stages increases. Increasing the number of stages 
improves the efficiency of the deaerntion procet:H:;, reducing the power to pump 
air out of the cycle. However, as the number of stages increases, the 
deaerator water stream head losses increase at a faster rate than the pumping 
power decreases. Additional deaerator stages will be beneficial only if they 
have small head losses. 

3.4 EQUILIBRIUM APPROACH FRACTION 

The equilibrium approach fraction is a measure of the closeness of the warm 
stream to thermodynamic equilibrium with the vapor when it leaves the evapora
tor and of the closeness of the cold stream to thermodynamic equilibrium with 
the vapor when it leaves the condenser. Simulations for which the equilibrium 
approach fraction was varied used the jet conilenser and no dcaeration. Buth 
the condenser anil the evaporator used the sAmP. value for the approach r~action 
as it was varied. 

Figure 3-15 shows the effect of equilibrium approach fraction on maximum net 
power. As the equilibrium approach fraction increases from 0.85 to 0.95, 
maximum net power also increases. The more efficient evaporators or condens
et·s (higher approach fractions) allow the rlilquircd hcAtine a11i.l cooling at 
lower water flow rates. The net power increases because the auxiliary pumping 
power (mass flow rate times head loss) decreases for. decreasing water flow 
rates. The increase in maximum net power is slight--a 10% increase in the 
equilibrium approach fraction produces only a 3.5% iucrease iri net power. 
Acceptable data do not yet exist for c.hannel-flow flaoh cva.porato:rs operating 
al temperatures and flow rates per unit width expected in OTEC plants. The 
Westinghouse model used in this study is based on an analytical prediction of 
an assumed evaporator design, not on experimental data. It would be benefi
cial to study the effect of a lower evaporator approach fraction on system 
performance, for the value could he as low aE: 0.5 or 0.6. Also, provision 
should be made to vary the evaporator ·and condenser approach fractions inde-
pendently. It is likely the optimal operating point would move to. higher. 
values of R if the equilibrium approach fraction were lower for the evaporator 
than for the -condenser (a larger llT across the evaporator would compensate· for 
the lower equilibrium approach fraction). 
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3.5 TURBINE - GENERATOR EFFICIENCY 

Figure 3-16 s.hows the effect of increasing the turbine-generator efficiency on 
maximum net power. The simulations used the jet condenser with no deaera
tion •. , As the efficiency is increased from O. 75 to O. 85 ~ maximum net power in
creases by 6% to 7%. More efficient turbines require lower steam flow rates 
to produce the gross power and, therefore, lower cold and warm water flow 
rates. The lower cold and warm water flow rates reduce auxiliary power 
requirements. 

3.6 SPRAY CONDENSATION 

Several simulations were performed using the CSM spray coudeuser model rather 
than the jet condenser. These rcoults were accepter.! wi.t.h muc.h less 
i:onfi.rlence, · owing to the uncertainty ot the condenser performance iu the pres·· 
ence of noncondensible gases. A range of 0.1 to 0.4 was given by CSM (Watt et 
al. 1977) "for the condenser volumetric heat transfer c.oeff.icient. The wide 
range presumably results from the effect of noncondensible. gases on condenser· 
performance. For the entire range of this parameter used in the studies, the 
net power using spray condensation was always less than the net power using 
the jet condenser. For the study using the lowest value for the heat transfer 
coefficient, the cycle actually required power to operate at high R. Spray 
condensers· required much g_reater height to condense the steam than the jet 
condenser. This added height, and correspondingly greater head loss, 
predominantly reduced the net power. 
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4 .1 CONCLUSIONS 

SECTION 4.0 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions about the developed algorithm and the resulting baseline, 
deaeration, and sensitivity studies will be discussed. 

4.1.1 Conclusions About the Algorithm 

All component algorithms discussed in this report are simple and assume that 
the component will achieve a given level of performance independent of 
operating conditions. For example, the deaerator aigorithm assumes that each 
deaeration stage · will liberate. a fixed fraction of the amount. of air that 
would be liberated under equilibrium conditions, independent of the flow rate 
of water through. it. The turbine algorithm assumes that the turbine operates 
with a fixed efficiency independent of the absolute magnitude of the inlet and 
outlet temperatures or vapor velocities. In this approach each component is 
assumed to be designed for the particular operating condition under study, 
h1plying that the design changes as the operating conditions change. Thus, 
the algorithm cannot be used to analyze the off-design performance of a 
particular system, but it can be used to compare the performance of two 
systems, each operating at their desigI)- point. In particular, it will be used 
to compare the performance of different evaporator and condenser designs at 
their common design point. For this application, we must be concerned whether 
the simplifying assumptions made in the other component models might unfairly 
favor the performance of one type of evaporator or condenser versus another. 
The following sections discuss this possibility for each component other than 
the evaporator and condenser. We concluded that the approach will allow some 
of the penalties of inefficiency to show up in cost rather than performance. 

4.1.1.1 Conclusions About the Deaerator Algorithm 

A more efficient evaporator or condenser would require a lower warm or cold 
water flow rate than a less efficient one. The fractional approach to 
equilibrium air removal per ·stage in the deaerator might depend on flow rate 
(or more directly, on residence time of a given volume of fluid in a deaerator 
stage). However, according to the philosophy of the adopted approach, we will 
assume that the deaerator is designed to remove a given fraction of the air 
dissolved in water under equilibrium conditions,' whatever the water flow 
rate. Thus, two different evaporators or condensers would require the same. 
amount of pumping power to deaerate the warm or cold water streams regardiess 
of efficiency. The effect of efficiency would show up in the design and thus 
in the cost of the deaerator, not in the performance of the system. 
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4 .1.1. 2 Conclusions About the Turbine Algorithm 

The turbine algorithm calculates the turbine size required to produce a given 
amount of gross power. The turbine size depends upon the minus 3/2 power of 
the enthalpy drop across the turbine. A more efficient evaporator or 
condenser would allow a greater enthalpy drop across the turbine for a given 
sea water temperature difference across the plant. However, according to our 
adopted approach, we will compare the performance of different evaporators and 
condensers with a fixed temperature drop across the turbine. Thus, the effect 
of evaporator and condenser efficiency will show up in the size of these 
components required to produce or condense a given flow rate of steam, rather 
than the size of the turbine. Increased evaporator or condenser size affects 
performance through increased losses and cost through increased materials and 
fabrication time. 

4.1.1. 3 Conclusions About the Condenser Exhaust Aleorithm 

The i;,1.m1µlng j"lc"n,rPr rQquircd by the l.:uutlenscr exhaust depends on the rate of 
flow of uncondensed vapor in the condenser. A more efficient condenser would 
condense more vapor than a less efficient one. However, consistent with our 

. approach, we will assume that condensers are designed to obtain a given 
fraction of steam condensed. Thus, the rate of flow of uncondensed vapor in 
the condenser .is independent of condenocr efficieucy. The effect of 
efficiency will show up in condenser size. A less efficient condenser must be 
larger than a more effi~ient one to yield the sam~ rate of flow of uncondensed 
vapor. Condenser size influences per'formance through increased losses and 
cost through increased -materials and fabrication expenses. 

4.1.2 Conclusions About Baseline, Deaeratiort, and ~~I):~itivity Studies 

4.1.2.1 Raseline Study 

The baseline study shows that the peak net power output occurs at R ~ 0.6. It 
is to ·be expected that the net power will peak at some intermediate value of 
R, because at low R (low temperature drop across the evaporator) a high mass 
flow rate is required in the evaporator, implying higher losses there, and at 
high R (low temperature drop across the condenser) n high masi; flow rate of 
cold water is required in the condenser, implying higher losses there. Losses 
will be minimized at some intermediate value of R. The optimum value occurs 
for R < 1 (lower temperature drop across the evaporator than the condense-r) 
because the .evaporator has smaller losses than the condenser; hence the plant 
needs to be operated with lower cold-water flow rate than warm-water flow 
rate·. Reduced cold water flow rate occurs when t.Tcond is large. 

The plant's outer diameter decreases as R increases, first rapidly and then 
more slowly, because the required length of the channel-flow flash evaporator 
decreases as the temperature difference across the evaporator increases. The 
outer diameter is close to its minimum value at the optimum value of R from 
the point of view of performance. The relation of the outer diameter to cost 
( the larger the plant, the more it costs) implies that the best performing 
plant may also be close to the cheapest. 
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4.1.2.2 Deaeration Study 

The baseline study shows that condenser exhaust power is a significant 
requirement of the system. The deaeration study was made to determine if 
removing air from the warm and cold water streams before their entrance into 
the evaporator and condenser would reduce this loss. At the optimum.value of 
R, deaeration produces slightly less net power than the baseline case. For 
higher values of R, deaeration is slightly better than the baseline case at 
the same value of R, but not better than the baseline at optimum R. There
fore, air has to be removed from the system, and where it is removed does not 
significantly alter system performance. However, the condenser height · is 
reduced with deaeration so that the value of deaeration may be to reduce cost 
rather than improve performance.· 

Effect of Deaeration Stage Head Loss and Increased Number of Stages. The 
deaerator stage head loss is the parameter that most affects system 
performance. A system with efficient deaerators is nearly as good as one 
without deaerators as far as performance is concerned, but inefficient 
deaerators drastically reduce performance. 

Increasing the number of deaerator stages 
because the additional head losses overcome 
efficiency. 

decreases the net output power 
the increased deaerator pumping 

Effect of Parameters Which Influence the Amount of Air Removed by the 
Deaerators. Two parameters which influence the amount of air removed by the 
deaerators are the ratio of the vapor partial pressure to the total pressure 
in the first deaerator stage (fg) and the fraction·of air liberated per stage 
of the deae.rator (f,t). Varying these parameters had little effect on the 
performance of the system; with regard to performance, it does not matter 
where the air is removed. 

4.1.2.3 Sensitivity Study 

Two other parameters that influence system performance are the equilibrium 
approach fraction· for the evaporator and condenser and the turbine generator 
efficiency. In this study, both the evaporator and condenser were assumed to 
achieve the same equilibrium approach fraction. Variation of this number from 
0.85 to 0.95 (10%) increased the net power by 3.5%, because of reduced warm 
and cold water flow rates. The size of the channel-flow flash evaporator 
required to achieve these values of the equilibrium approach fraction was 
calculated using da-ta extrapolated from higher temperatures and pressures than 
will exist in an OTEC plant. These extrapolations are very uncertain. . An 
evaporator sized according to them may actually achieve an equilibriu~ 
approach fraction of only Q.5 to 0.6. It i.s also not necessarily true that 
the evaporator and condenser would be des:i,gned to give the same value of this 
parameter. 

Increasing the turbine generator efficiency from O. 75 to 0.85 increases the 
net power by 6%-7%, because the increased efficiency means a lower steam mass 
flow rate is required for the same gross power output. The warm and cold 
water flow rates are reduced concomitantly, requiring less pumping power. 
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4.2 RECOMMENDATIONS 

The present algorithm is constructed so that many .of the consequences of 
inefficient evaporator or condenser design show up · as increased component 
size. Increased size sometimes, but not always, means poorer performance. To 
determine the full impact of inefficient evaporator or condenser design, the 
economic penalty of increased size must also be assessed. The main effect of 
deaeration is to reduce the condenser size but not greatly affect 
performance. To assess the importance of deaeration, the economic 
consequences of a smaller condenser must be considered. 

An alternative approach would be to hold the cost of competing systems 
approximately constant, while comparing their performance. This approach 
would require more sophisticated pe-rformance models of the components than the 
ones developed so far. For example, cost is related to amount of materials 
used in construction) which, in turn, is related to size. Thus, if size is 
kept constant, cost will be approximately constant. If size is kept constant, 
then performance will vary with changes in the design point. For example, if 
the turbine size is kept constant, then the gross power· ·produced will vary 
with changes in the des~gn point. Also, if the deaerator cost is kept 
constant by freezing the design, then the fraction of air liberated per stage 
will vary with water flow rate. 

We recommend that one or the 
initiated to provide a cost 
component performance analysis 

other approach be decided 
analysis of each system 

algorithms. 

upon and efforts be 
or to improve the 

Of course, some improvements to the component performance analysis algorithms 
would be desirable even if the present approach is adhered to. The conclusion 
that deaeration does not greatly affect performance rests on the assumption 
that all air dissolved in the sea water when it enters the evaporator or 
condenser is liberated there. If this does not h;:ippP.n, whirh PspPri::illy miBht 
be true in t:h~ condenser·, then the effect of deaeration on performance might 
be quite different. · A parametric study of this possibility should be 
performed, and if it is important, a method of calc.nlat ing thP. ::imo1.m.t of air 
liberated in the evaporator or condenser should be developed. 

Another parametric study that should be undertaken is the effect of different 
equilibrium approach fractions in the evaporator and condenser. If cost is 
held constant, different evaporators and conden$ers, each with the samP. ~nst, 
are not likely to have the same value for the equilibrium approach fraction. 

Finally; better data are needed for channel-flow flash evaporators and jet or 
spray condense·rs operating in OTEC conditions, but this information cannot be 
obtained from an analytical study and requires an experimental program. 
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APPENDIX 

The Appendix includes two tables and a printout of the computer program. 
Table A-1 lists the values of the input parameters for the 17 runs of the 
program. An underlined value indicates that the effect of varying the 
parameter from its run O value was studied. Table A-2 list·s the values of the 
output parameters for the 17 runs of the program. For each run, the program 
calculates the output parameter as R ranges from 0.2 to 2.0. 
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Tab1e A-1. PARAMHTKR MA11UX FOR O<rOTEC SYSTEMS MODEL 

Run Number UI 
Ill 

Parameter description 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 N -.ji, 
~ = :,' 

Equilibritnn approach 
fraction in evaporator 0.9 0.9 0.9 Q.9 o. 3' 0.9 0.9 0.9 0.9 0.9 0.9 (•. 9 0.9 0.85 0.95 0.9 0.9 

Equilibrium approach 
fraction in condenser 0.9 0.9 0.9 0.9 o.:~' 0.9 0.9 0.9 0.9 0.9 0.9 (•. 9 0.9 0.85 0.95 0.9 0.9 

Turbine-generator 
efficiency 0.8 0.8 0.8 0.8 o. :3 0.8 o·.s 0.8 0.8 0.8 0.8 (•. 75 0.85 0.8 0.8 0.8 0.8 --

Deaeration No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes :t,;"o 
. No No No No Yes 

Ratio of steam t)ressure 
to total pressure in 

°' last stage of ~ 

deaerato~ 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.98 0.9 0.9 0.9 

Fraction of equilibrium 
· air liberated/ 

deaerator stage 0.9 0.9 0.9 0.9 0.8 1.0 0.9 0.9 0.9 0.9 0.9 

Number of warm 
deaeration stages 4 4 4 4 4 4 4 2 6 .4 

Number of cold 
deaeration stages 5 5 5 s s s s 5 3 7 5 

Deaerator stage 
head loss (m) 0.5 1. C· 1.5 2 .o o.s 0.5 0.5 0.5 0.5 o.: 0.5 

Condenser type · J-et Jet Jet Jet Jet Jet Jet Jet Jet Jet Jet Jet Jet Jet Jet S2rai 
.... 

Volumetric heat 
transfer coefficient 
in condenser 0.1 0.4 
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Table A-2. RESULTS OF OC-OTEC SYSTEMS MODEL 

Condenser 
Warm Cold Air Warm Cold 

Net Loop Loop Removal Deaeration Deaeration 
Power Power Power Power Power Power 

Run II R (MW) (MW) €MW) ('MW) (MW) (MW) 

1 0.2 61.85 8.25 8.20 21.70 
0.4 68.96 3.68 8.44 18.92 
0.6 69.63 Z-.44 9.62 18.32 
0.8 68.62 1.88 ll .18 18.32 
1. 0 66.83 1.57 13.05 18.55 
1.2 64.51 1.37 15.23 · 18. 89 
1.4 61.75 1.23 17.73 19.29 
1.6 58.54 1.14 20.06 19.72 
1.8 54.89 1.06 23.87 20.17 --
2.0 50.79 1.00 27.58 20.63 

2 0.2 57.21 21.02 9.44 8.08 2.98 1.26 
0.4 66.43 ll.10 11.08 8.20 1.73 1.46 
0.6 67.89 8.07 12.75 8.31 1.32 1.66 
0.8 67.52 6.62 14.48 8.40 l. ll 1.87 
1.0 66.42 5. 77 16.27 8.48 0.98 · 2.07 
1.2 64.94 5.22 18.13 8.55 0.90 2.27 
1.4 63.20 4.83 20.06 8.60 0.84 2.47 
l .·6 61.28 4.54 22.06 8.65 0.79 2.68 
1.8 59.20 4.31 24.16 8.69 0.76 2.88 
2.0 56.98 4.14 26.35 8.73 0.73 3.08 

3 0.2 41.32 33.79 12.57 8.08 2.98 1.26 
0.4 55.38 18.52 14.70 8.20 1. 73 1.46 
0.6 58.12 13. 71 16.88 8.31 1.32 1.66 
o.·8 58.14 ll .36 19.12 8.40 l. ll 1.87 
1. 0 57.08 9.98 21.41 8.48 0.98 2.07 
1.2 55.45 9.07 23.77 8.55 0.90 2.27 
1. 4 53.46 8.;42 26.20 8.60 0.84 2.47 
1.6 51.23 7.94 28 .. 71 8.65 0.79 2.68 
l,;8 48.79 7.57 21.31 8.69 0.76 2.88 
2.0· 46.19 7.27 34.00 8.73 0.73 3.08 

4 0.2 25.42 45.56 15.69 8.08 2.98 1.26 
0.4 44.34 25.94 18.33 8.20 1.73 1.46 
0.6 48.35 19.34 . 21.02 8.31 1.32 1.66 
o,. 8 48.76 16. ll 23.75 8.40 l. ll 1.87 
L.O 47.73 14.19 26.55 8.48 0.98 2.07 
1.2 45.96 12.92 29.41 8.55· 0.90 2.27 

.1.4 43.73 12.01 32.35 8.60 0.84 2.47 
1.6 41.18 11.34 35.36 8.65 0.79 2.68 
1.8 38.39 10.82 38.46 ·8 .• 69 0.76 2.88 
2.0 35.40 10.40 41.65 8.73 0.73 3.08 
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Table A-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

5 0.2 9.53 59.33 18.81 8.08 2.98 1.26 
0.4 33.29 33.36 21.96 8.20 1.73 1.46 
0.6 38.59 24.98 25.15 8.31 1.32 1.66 
0.8 39.39 20.85 28.39 8.40 l. ll 1.87 
1.0 38.39 18.39 31.69 8.48 0.98 2.07 
1.2 36.47 16. 77 35.05 8.55 0.90 2.27 
1. 4 33.99 15.61 38.49 8.60 0.84 2.47 
1.6 31.13 14.74 42.01 8.65 0.79 2.68 
1.8 27.99 14.07 45.61 8.69 0.76 2.88 
2.0 24.62 13.54 49.31 8.73 0.73 3.08 

6 0.2 56.94 21.02 9.44 8.23 3.02 1.35 
0.4 66.21 ll .12 11.08 8.30 1.76 1.56 
0.6 67.67 8.07 1.?.75 8 •. 19 1.:n l. 78 
0.8 67.29 6.G2 14,48 8.48 1.1:l 2.00 
1.0 66.19 5. 77 16.27 8.56 1.00 2.21 
•l. 2 64.69 5.22 18.13 8.62 0.91 2.43 
1. 4 62.94 4.83 20.06 8.68 0.85 2.65 
1.6 61.00 4.54 22.06 8.72 0.81 2.86 
1.8. 58.91 4.31 24.16 8. 77 o. 77 3.08 
2.0 56.67 4.14 26.35 8.81 0.74 3.30 

7 0.2 57.42 21.02 9.44 7.99 2.93 1.19 
0.4 66.60 ll .10 11.08 8 .14 1.70 1.38 
0.6 68.05 8.07 12.75 8.26 1.29 1.58 
0.8 67.68 6.62 14.48 8.36 1.09 1. 77 
1.0 66.59 5. 77 16.27 8.44 0.96 1.96 
1.2 65.12 5.22 18.13 8.50 0.88 2.15 
1.4 63.39 4.83 20.06 8.56 0.82 2.34 
1.6 61~48 4.54 22.06 O.Gl 0.80 2.5'-1 
1. 8 59.41 4.31. 24.16 8.65 0.75 2. 73 
2.0 57.20 4.14 26.35 0.60 o. 72 2.92 

8 0.2 57.43 21.02 9.44 8.16 2.84 1.11 
(). 4 nn.64 ll.10 11,08 8.25 1.65 1.29 
0.6 68. ll 8.07 12.75 8.35 1.25 1.47 
0.8 &7."IS 6.62 14.48 8. l1l1 1.06 1. 64 
1.0 66.68 5. 77 16.27 8.52 ·0.94 1.82 
1.2 65.21 5.22 18.13 8.58 ·0.86 2.00 
1. 4 63.50 4.83 20.06 8.64 0.80 2.18 
1.6 61.60 4.54 22.06 8.68 U. /6 2.36 
1.8 59.~4 4.31 24.16 8.73 0.72 2.54 
2.0 57.34 4.14 26.35 8.76 0.70 2.71 

9 0.2 56.25 21.02 9.44 8.03 3.09 2.17 
0.4 65.35 11.02 ll.08 8.17 1.79 2.52 
0.6 66.67 8.07 12.7':J 8.29 1.36 2.86 
0.8 66.16 6.62 14.48 8.38 1.15 3.21 
1. 0 64.92 5. 77 16.27 8.46 1.02 3.56 
1.2 63.29 5.22 18.13 8.52 0.93 3.91 
1. 4 61.41 4.83 20.06 8.58 0.87 4.26 
1.6 59.34 4.54 22.06 8.63 0.82 4.61 
1.8 57. ll 4.31 24.16 8.67 0.79 4.96 
2.0 54.75 4.14 26.35 8.71 0.76 5.31 

·, 
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Table A-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

10 0.2 60.48 14.64 8.19 8.23 5. 77 2.68 
0.4 68.22 7.39 9.62 8.30 3.35 3.11 
0.6 69.16 5.25 11.10 8.39 2.55 3.55 
0.8 68.52 4.25 12.63 8.48 2.14 3.98 
1.0 67.25 3.67 14.22 8.55 1.90 4.41 
1.2 65.63 3.29 15.87 8.62 1.74 4.84 
1. 4 63.80 3.03 17.60 8.67 1.62 5.27 
1.6 61.79 2.84 19.41 8. 72 1.54 5.71 
1.8 59.64 2.69 21.30 8.76 1.47 6.14 
2.0 57.36 2.57 23.29 8.80 1.42 6.57 

11 0.2 50.56 27.41 10.69 8.04 2.35 0.94 
·o.4 62.03 14.81 12.53 8.17 1.37 1.10 
0.6 64.13 10.89 14.41 8.29 1.04 1.25 
0.8 64.01 8.99 16.34 8.38 0.87 1.40 
1.0 63.00 7.88 18.33 8.46 o. 77 1.55 
1.2 61.53 7.14 20.38 8.53 0.71 1.71 
1.4 59.76 6.62 22.51 8.58 0.66 1.86 
1. 6 57. 77 6.24 24.72 8.63 0.63 2.01 
1.8 55.61 5.94 27.02 8.67 0.60 2.16 
2.0 53.29 5.70 29.41 8.71 0.58 2.32 

12 0.2 58.78 9.04 9.03 23.15 
0.4 66.53 4.03 9.26 20.19 
0.6 67.23 2.66 10.56 19.55 
0.8 66.09 2.05 12.31 19.55 
1. 0 64.08 1.71 14.41 19.79 
1.2 61.47 1.50 16.87 20.16 
1.4 58.35 1.35 19.71 20.59 
1.6 54.74 1.24 22.97 21.05 
1. 8 50.61 1.16 26.70 21.53 
2.0 45.97 1.09 30.92 22.02 

13 0.2 64.50 7.58 7.50 20.42 
0.4 71.01 3.38 7.75 17.80 
U.b 71./U 2.24 8.82 17.24 
0.8 70.80 1.73 10.23 17.23 
1.0 69.20 1.44 11. 91 17.45 
1. 2 67.12 1.26 13.85 17. 77 
1.4 64.64 1.14 16.08 18.15 
1.6 61. 77 1.04 18.63 18.55 
1.8 58.53 0.98 21.52 18.98 
2.0 54.89 0.92 24.79 19.40 

14 0.2 60.40 8.08 9.01 22.51 
0.4 67.56 3.60 9.26 19.58 
0.6 68.13 2.38 10.55 18.93 
0.8 66.95 1.84 12.31 18.91 
1.0 64.92 1.53 14.41 19.14 
1.2 62.31 1.34 16.87 19.48 
1. 4 59.18 1.21 19.73 19.89 
1.6 55.56 1.11 22.99 20.33 
l. s 2. ii:,~ o:e~ ~8:g~ ~~:~i --
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Table A-2.· RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

15 0.2 62.46 9.07 7.51 20.95 
0.4 69.89 4.05 7.74 18.31 
0.6 70. 72 2.69 8.83 17.76 
0.8 69.91 2.07 10.24 17. 77 
1.0 68.35 1. 73 11.92 18.01 
1.2 66.28 1.51 13.86 18.35 
1. 4 63.82 1.36 16.08 18.74 
i.6 60.98 1.25 18.61 19.17 
1.8 57.74 1.17 21.49 19.60 
2.0 54.10 1.10 24.74 20.05 

16 0.2 51.13 8.2.5 . 18.91 21.70 
0.4 · 52.36 3.68 25.04 18.92 
0.6 41.:W 2.44 32.04 18.32 
0.8 39.87 1.88 39.93 18.,32 
1.0 31.17 1.57 48.71 18.55 
1. 2 . 21.34 1.37 58.40 18.89 
1.4 10.47 1. 23 69.00 19.29 
1.6 -1.38 1.14 80.52 19. 72 
1.8 -14.21 1.06 ·92.98 20.17 
2.0 -28.00 1.00 106.37 20.63 

17 0.2 55.43 21.02 11.50 8.08 2.80 1.17 
o •. 4 63.48 11.10 14.24 8.20 1.62 1.36 
0.6 63.59 8.07 17.24 8.31 1.23 1.55 
0.8 61.67 6.62 20.52 ·8.40 1.04 1.74 
1. 0 58.80 5. 77 24.09 8.48 0.92 1.93 
1.2 55.32 5.22 27 .96 8.55 0.84 2.12 
1. 4 51.35 4.83 32.13 8.60 0.79 2.30 
1. (j 46.97 4.54 36.61 8.65 0. 7/J. ?.49 
1. 8 42.18 4.31 41.42 8.69 o. 71 2.68 
2.0 37.02 4.14 46.56 8.73 0.69 2.87 
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Table A-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

Warm Cold 
Total Water Water Steam Plant 

Deaeration Mass Flow Mass Flow Mass Flow Evaporator Condenser Outer 
Power Rate· Rate Rate Length Height Diameter 

Run II (MW) (kg/s X 105) (kg/s X 105) (kg/s X 103) (m) (m) (m) 

1 21.70 5.864 1.147 1.503 23.69 2.51 9'3.48 
18.92 3.407 1.333 1.496 17.06 1.68 81.62 
18.32 2.587 1.518 1.490 14.28 1.60 77 .16 
18.32 2.177 1.703 1.486 12.73 1. 72 74.96 
18.55 1.931 1.888 1.482 ll. 71 1.93 73.62 
18.89 1.767 2.072 1.479 10.99 2.21 72. 78 
19.29 1.650 2.257 1.476 10.45 2.55 72.20 
19.72 1.562 2.442 1.474 10.04 2.95 71.78 
20.17 1.494 2.627 1.472 9.71 3.40 71.52 
20.63 1.439 2.8ll 1.470 9.44 3.90 71.38 

2 26.62 5.864 1.147 1.503 23.69 1.00 93.48 
1 i'. 34 3.407 1.333 1.496 12.06 1.00 81.62 

·20. 07 2.587 1.518 1.490 14.28 1.00 77 .16 
19.81 2.177 1.703 1.486 12.73 1.00 74.96 
19.94 1.931 1.888 1.482 ll. 71 1.00 73.62 
20.26 1.767 2.072 1.479 10.99 1.00 72.78 
20.67 1.650 2.257 1.476 10.45 1.00 72.20 
21.16 1.562 2.442 1.474 · 10.04 . 1.00 71.78 
21.69 1.494 2.627 1.472 9.71 1.00 71.52 
22.24 1.439 2.8ll 1.470 9.44 1.00 71.38 

3. 40.93 5.864 1.147 1.503 23.69 1.00 93.48 
31.28 3.407 1.333 1.496 17.06 1.00 81.62 
28.87 2.587 1.518 1.490 14.28 1.00 77 .16 
28!25 2.177 1.703 1.486 12.73 1.00 74.96 
28.35 1.931 1.888 1.482 ll. 71 1.00 73.62 
28.80 1.767 2.072 1.479 10.99 1.00 72.78 
29.44 1.650 2.257 1.476 10.45 1.00 72.20 
:rn.21 1. 'i6? 2.442 1.1,11, l0.0l1. 1.00 71. 78 
31.06 1.494 2.627 1.472 9.71 1.00 71.52 
31. 96 1.439 2.811 1.470 9.44 1.00 71.38 

4 55.24 5.864 1.147 1.503 23.69 1.00 93.48 
41.21 3.407 1.333 1.496 17.06 1.00 81.62 
37.66 2.587 1.518 1.490 14.28 1.00 77 .16 
36.70 2.177 1. 703 1.486 12.73 1.00 74.9.6 
36.77 1.931 1.888 1.482 11. 71 1.00 '73.62 
37.34 1. 767 2.072 l. li 79 10.99 1.00 72. 78 
38.20 1.650 2.257 1.476 10.45 1.00 72.20 
39.24 1.562 2. l142 1.474 10.04 1.00 71. 78 
40.42 1.494 2.627 1.472 9.71 1.00 71.52 
41.67 1.439 2.8ll 1.470. 9.44 1.00 71.38 
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Table A.-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

5 69.53 5.864 1.147 1.503 23.69 1.00 93.4ti 
51.17 3.407 1.333 1.496 17.06 1·.00 81.62 
47.16 2.587 1.518 1.490 14.28 1.00 77 .16 
45.12 2.177 1.703 1.486 12.73 1.00 74.96 
45.17 1.931 1.888 1.482 11. 71 1.00 73.62 
45.88 1. 767 2.072 1.479 10.99 1.00 72. 78 
46.97 1.650 2.257 1.476 10.45 1.00 72.20 
48.30 1.562 2.442 1.474 10.04 1.00 71. 78 
49.78 1.494 2.627 1.472 9.71 1.00 71.52 
51.37 1.439 2.811 1.470 9.44 1.00 71.38 

6 26.91 5.864 1.147 1.503 23.69 1.00 93.48 
;n.56 3.407 l.333 1.496 17.06 1.00 81.62 
20.29 2.507 1.518 1.1,90 11... 2B 1 .on 77.lli 
20.05 2.1n 1.703 1.486 12.73 1.00 74.96 
20.17 ·1.931 1.888 1.482 11. 71 1.00 73.62 
20.51 1. 767 2.072 1.479 10.99 1.00 72. 78 
20.94 1.650 2.257 1.476 10.45 1.00 72.20 
21.45 1.562 2.442 1.474 10.04 1.00 71.78 
21.98 1.494 2.627 1.472 9. 71 1.00 71.52 
22.56 1.439 2.811 1.470 9.44 1.00 71.38 

7 26.41 5.864 1.147 1.503 23.69 1.00 93.48 
21.17 3.407 1.333 1.496 17.06 1.00 81.62 
19.92 2.587 1.518 1.490 14.28 1.00 77 .16 
19.65 2.177 1.703 1.486 12.73 1.00 74.96 
19.78 1.931 1.888 1..482 11. 71 1.00 73.62 
20.07 1.767 2.072 1.479 10.99 1.00 72.78 
20.49 1.650 2.257 1.476 10.45 1.00 72.20 
20.99 l • .5fi2 ?..442 1,474 10.04 1.00 71.78 
21.49 1.494 2.627 1.472 9.71 1.00 71.52 
22.03 1.439 2.811 1.470 9.44 1.00 71.38 

8 25.41 ·5.864 1.147 1.503 23.69 1.00 93.48 
21.13 3.407 l.333 1.496 17.06 1.00 81.62 
19.85 2.587 1.518 1.490 14.28 1.00 77 .16 
19.58 2.177 1. 703 1.406 12.73 1.00 71.,. 96 
19.69 1.931 1.888 1.482 11. 71 1.00 73.62 
19.98 1.767 2.072 1:479 10.99 1.00 72. 78 
20.38 1.650 2.257 1.476 10.45 1.00 72.20 
20.84 1.562 2.442 1.474 10.04 1.00 /1.78 
21.35 1.494 2.627 1.472 9.71 1.00 71.52 
21.89 1. 439 2.811 1.470 9.44 1.00 71.38 

9 27.58 5. 864. 1.147 1.503 23.69 1.00 93.48 
22.42 3.407 1.333 1.496 17.06 1.00 81.62 
21.31 2.587 1.518 1.490 14.78 1.00 77.16 
21.18 2.177 1.703 1.486 12.73 1.00 74.96 
21.44 1.931 1.888 1.482 11. 71 1.00 73.62 
21.89 1.767 2.072 1.479 10.99 1.00 72."' 0 

22.46 1.650 2.257 1.476 10.45 1.00 72. 
23.10 1.562 2.442 1.474 10.04 1.00 71.78 
2i-zs 2 • 9 

1.494 
1.439 

2.g21 
2. 11 

1.472 
1.470 9.7! 9.4 

1.00 
1.00 ~l:js 
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Table A-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

~J 24.12 5.864 1.147 1.503 23.69 1.00 93.48 
20.07 3.407 1.333 1.496 17.06 1.00 81.62 
19.35 2.587 1.518 1.490 14.28 1.00 77 .16 
19.23 2.177 1.703 1.486 12.73 1.00 74.96 
19.52 1.931 1.888 1.482 11. 71 1.00 73.62 
19.99 1.767 2.072 1.479 10.99 1.00 72.78 
20.50 1.650 ·2. 25 7 1.476 10.45 1.00 72.20 
21.09 1.562 2.442 1.474 10.04 1.00 71.78 
21.71 1.494 2.627 1.472 9.71 1.00 71.52 
22.33 1.439 2.811 1.470 9.44 1.00 71.38 

11 32.51 5.864 1.147 1.503 23.69 1.00 93.48 
25.22 3.407 1.333 1.496 17.06 1.00 81.62 
23.39 2.587 1.518 1.490 14.28 1.00 77 .16 
22.90 2.177 1.703 1.486 12.73 1.00 74.96 
22.94 1.931 1.888 1.482 11. 71 1.00 73.62 
23.24 1.767 2.072 1.479 10-.99 1.00 72.78 
23.69 1.650 2.257· 1.476 10.45 1.00 72.20 
24.24 1.562 2.442 1.474 10.04 1.00 71.78 
24.82 1.494 2.627 1.472 9.71 1.00 71.52 
25.47 1.439 2.811 1.470 9.44 1. oo· 71.38 

12 23.15 6.255 1.266 1.604 24.46 2.68 95.92 
20.19 3.634 1.424 1.596 17.62 1.80 83.64 
19.55 2.760 1.622 1.590 14.74 1. 71 79.08 
19.55 2.323 1.819 1.585 13.13 1.84 76.76 
19.79 2.060 2.017 1.581 12.10 2.07 75.40 
20.16 1.885 2.214 1.577 11.36 2.37 74.52 
20.59 1.760 2.412 1.574 10.81 2.73 74.02 
21.05 1.666 2.609 1.572 10.38 3.15 73.56 
21.53 1.593 2.807 1.570 10.04 3.63 73.28 
22.02 1.535 3.004 1.568 9.76 4.17 73.02 

13 20.42 5.519 1.078 1.415 23.00 2.36 91.20 
17.80 3.206 1.252 1.408 16.55 1.58 79.70 
17.24 2.435 l. '126 1.li.01 13.84 1.51 75.38 
17.23 2.049 1.600 1.398 12.33 1.62 73.26 
17.45 1.818 1. 774 1.395 11.34 1.82 71.98 
17. 77 1.663 1.947 1.392 10.65 2.08 71.20 
18.15 1.553 2.121 1. 389 - 10.13 2.40 70.66 
18.55 1.470 2.294 1.387 9.73 2. 77 70.26 
18.98 1.406 2.468 1.385 9.40 3.19 70.00 
19.40 l.3S4 2.640 1.384 q. 14 3.66 69.78 

14 22.51 6.208 1.216 1.503 20.12 2.72 86.12 
19.58 3.606 1.412 1.496 14.31 · 1.86 61.$1 
18.93 2.739 1.608 1.490 11. 91 1. 77 72.42 
18.91 2.305 1.804 1.486 10.56 1.90 70.62 
19.14 2.044 1.999 1.482 9.67 2.13 69.54 
19.48 1.870 2.195 1.479 9.05 2.44 68.90 
19.89 1. 746 2.391 1.476 8.60 2.82 68.50 
20.33 1.653 2.586 1.474 8.25 3.25 (>8.20 
20.79 1.581 2.782 1.472 7.96 3.74 68.02 
21.26 1.523 1.978 1.470 7.73 4.29 67.96 
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Table . A-:-2. RESULTS OF OC-OTEC SYSTEMS MODEL (continued) 

15 20. 95· 5.556 1.086 1.503 30.62 2.31 107.34 
18.31 3.228 1.262 1.496 22.38 1.53 92.26 
17.76 2.452 1.437 1.490 18.93 1.46 86.46 
17. 77 2.064 1.612 1.486 16.96 1.57 83.42 
18.01 1.830 1.788 1.482 15.67 1.76 81.54 
18.35 1.675 1.963 1.479 14.76 2.02 80.32 
18.74 1.564 2.138 1.476 14.09 2.33 79.48 
19.17 1.481 2.313 1.474 13-. 56 2.69 78.82 
19.60 1.416 2.488 1.472 13.15 3.10 78.40 
20.05 1.364 2.663 1.470 12.80 3.56 78.10 

16 21.70 5.864 1.147 1.503 23.69 ll.7.5 93 .1,.8 
18.92 3.407 1.333 1.496 17.06 13.26 81~62 
18.32 2.587 1.518 1.490 l4,28 lS.?.8 77.16 
1.8. 32 2.177 1.7()3 1. 486 12.73 17.29 74.96 
18.55 1.931 1.888 1.482 11. 71 19.31 73.62 
18.89 1.767 2.072 1.479 10.99 21.32 . 72. 78 
19.29 i.650 2.257 1.476 10.45 23.34 72.20 
19.72 1.562 2.442 1.474 10.04 25.35 71. 78 
20.17 1.494 2.627 1.472 9.71 27.37 71.52 
20.63 1.439 2.811 1.470 9.44 29.38 71.38 

17 26.35 5.864 1.147 1.503 23.69 2.81 93.48 
21.12 3.407 1.333 1.496 17.06 3.32 81.62 
19.88 2.587 1 .• 518 1.490 14.28 3.82 77 .16 
19.62 2.177 1.703 1.486 12.73 4.32 74.96 
19.74 1.931 1.888 1.482 11. 71 4.83 73.62 
20.05 l. 767 2.072 1.479 10.99 5.33 72.78 
20.45 1.650 2.257 1.476 10.45 5.83 72.20 
20.92 1.562 2.442 1. 471, 10.04 6.34 71. 78 
21.44 1.494 2.627 1.472 9.71 6.84 71.'.>2 
22.00 1.439 2.811 1.470 9 .411 7.35 71.38 

·i. 
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PROGRA a OTEC . 74/74 OPT=1 

C 
C 
C 

C 
C 
C 

PROGRAM OTEC(lNPUl,OUTPUT,TAPE1,TAPE7,TAPE9) 
REAL L,MFCW,MFGCOND,MFGEVAP.MFS,MF\1/W,MFSO 

COMMON STATE!',IENTS 

COMMON/CONS i /PI .PO ,G 
COMMON/FL0W/MFWW.MFCW.MFS.MFSO 
CbMMO N/DEAE R /FG. FL. HLD 
COMMON/TEMP /T\111111. TCWI. TCWO. T1, TO. TWWO 
COMMON/EVAP /RHOWW 
COMMON/COND /CKM.RHOCW.D, L, EPS 
COMMO N/,TURB /ET ATG, DTTG. OHS 
COMMON/ A IR/ MFGEVA P, MFGCOND 
COMMON/AIR1 /SIGMA [ ,SIGMAO, TEST 
COMMON/SIZE /DO 

DATA STATEMENTS 

FTN 4.6+428 

.DATA TWWI.TCWI.RHJCW.RHOWW.D. L.EPS.ETAPUMP,PGR/ 
•25.0.5.0.1027.5.1023.0.10:o.1000.o,o.91.o.9,100.0/ 

DATA G.PO.PI,IMAX/9.8.101.325.3.1416,10/ 
C 
C READ IN PUT DAT A FROM t APE 1 
C 

C 

NAMELIST/INPUT1/EFFE.EFFC.FG.FL.ETATG,CKM,Kl>lN.KOCW.KCND. 
•HLD.NW;NC 

READ ( 1, INPUT1) 
lr.'RITE(7.701) PGR 
WRITE(9,704) 

C LOOP THRU VALUES OF R 
C 

DO 1 O O I 1 = f. IMAX 
R : 0 .20•I1 

C 
C SET OTTG = 10 .O 
C 

DTTG = 10.0 
C 
C COMPUTE SYSTEM TEMPERATURES 
C 

C 

DTEVAP :: ITWWI -iCWI-OTTG)/(1.+L/R) 
TO= TWWI.,. DTEV~P 
FDNE:: .(1.0-EFFE'i+DTEVAP 
TWWO =TO+ FDNE 
Tl = TO - D TTG 
DTCOND = OTE'JAPLR 
DTA:: (1.0-:-EFFCl•DTCONO 
TCWO :: T1 - OTA 

C COM_PUTE ENTHALPY D~OP ACROSS TURBINE AND STEAM FLOW RATE 
C 

C 

X = tSC(TOl-SF(T1 ))/(SG(T1)-SF(Ttll 
HEXS:: HF(Tt) + X+(HG(T1)-HFIT1)) 
OHS = HG( TO) - HEXS 
MFS m PGRll ETATG*DHSl•1 .OE6 

Figure A-1. Program OTEC 

79/10/25. 13.46.30 PAGE 
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PROGRA Ill OTEC 74/74 10PT=1 F TN 4.6+428 

C COMP.UTE WATER F~OW RATES 1111TH A55UMPTI0N 0.99 STEAM CONDENSEC· 
C 

C 

HEX= HG(TO) - (ETATG•DHS) 
MFCW = (0.39•1/.FS*(HEX-HF(TCL!IO)l)/CHF(TCWO)-HFCTCWI)) 
MFwW = MFS•(~GCTO)-HF{TIIIWOll/(HF(TWWI)-HF(TWIIIQ)) 
MFSO = 0.01 •M=S 

C OUTPUT ro TA~E 7 
c. 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 

C 

WR:TE I 7,702) ·R. TWWI, TWWO, TO.a I. TCWO, TC'IIII 
WR:TEl7.703) MFww.MFS.MFCW 

WARM WATER P~E-~AERATION ROUTIHE 
KD=-2 IWDICArES NO PRE-DEAERAT[ON 
KD=2 INOICAT::S PRE-DEAERA TION 

CALIL. DEA I R_r NW. KD'WW. PDAI RW ,MF-j Ell AP. HiOAE) 

TURBINE ROUTINE 

CALL -uRBUI 

EVAPO~A-OR S[ZIN~ ROUTINE 

CAL~ FLASH. 1.0-EFFE.HZEVAP) 

COLD WATER PRE-0::AERATION Rou-:NE 
K0=-1 IKDICA-ES NO PRE-DEAERA-:ON 
KO=t rN DICATES P~E-DEAERA TION 

CAL_ DEAIR• NC.KDCW,PDAIRC.MFGCOND.H)A~) 

C CONDEHS ER SI:i: ING AND COLD WATEf! LOOP LOSS ROUTINE. 
C . CONDEM1=JET CONCEN5ER, CONDEN~=BAFFLEl~PRAY(CSM) 
C 

C 
C 
C 

C 
C 
C: 

IF :KCND.EO .1 ). CALL CONDENt CHZCOND. HDJST. HPIPE. POCONO) 
IF ;KCND.E0.2) CALL CONDEN2CHZC0ND.HD1ST.HPIPE.POCON0l 

COMPU7~ PARASITIC POWER REQUIREMENTS 

PCiU. = MFCW • G * {HZCOND + HCIST + HPIPE + HOAC)/ETAPUMP 
?/1 .CIEE 

PWWL = MFll,''ll'•G*1HZEVAP+HDAE)1ETAPUMP.'1.0E6 
PDA:R = (FC AIRW+;:>DAIRC+PDCOI\.C, ),/1 .OE6 
PNE.- = PGR - PC«L - PWIIIIL - F[.:>IR 
IIIRITE ( 7. 70!: l PCWL, PWWL. PDAII.. FNET 
PDCDNC=PDCCND/1.0E6 
PDA]RW=f'DAI Rlk/1 .OE.6 
PDA]RC.=PDA~ RC/1 .OE6 
WRITE(9.70E) PtlfWL,PCWL.PDAIRw .PDAIRC,PDCOND,PNET 

100 CONTINUE 

FORMAT STATEl'll ENTS 

701 . FOR'WA f( 1 Ht - 25 (i). 20X. 45 ( 1 H• l • 2( /20X . 1H•.43X,; H• ) • 
•I .2:X. tH•.• CT EC-OPEN CYCLE MODEL-VERSION 3•. 
•7X. mH • .2( I -20X .• tH• ,43X. 1 H*) .S X:,/. 20X, tH•. 

19/10/25. 13.46.30 PAGE 2 



PROGRA • OTEC 74/74 OPT=1 FTN 4.6+428 79/10/25. 13.46.30 

115 

120 

125 

130 

SYMBOLIC 

ENTRY POINTS 
1226 7 OTEC 

VARI AE.LES SN 
0 CKM 
2 DnS 

13035 OiA 
1303 2 ::>TE V AP 
13022 EFFC 

4 E;:>S 
0 ETA TG 
0 FG 
2 G 

13042 H::>A E 
13040 HEX 

2 HLD 
13046 HZCOND 
t253 6 IMAX 
1302 5 KCND 
13023 KDW :ti 

1 McC Ii 
0 MFGEVAP 
3 MFSO 

1302 7 NC 
1305 2 PCW L 
13044 PDA I~C 
13051 POCONO 

0 PI 
13053 PWW L· 
13031 R 

0 RHOWlll 

•.6X.• GROSS POWER OUTPUT=*.F6.1.• MW•.8X.1H•./.20X.1H•. 
•6X.,OPEN-CHANNEL FLASH EVAPORATOR•.8X,1H•,/.20X.1H•. 
"'9X.•VERTICAL AXIS TURB1NE•.13X,1H•./.20X.1H•.8X. 
"'*CIRECT CONTACT CJNDENSER•.11 X.1H•.2(/.20X,1H•.43X.1H•l. 
•/.20X.45(1H•ll 

702 FCRMAT(1H1.• TEMPERATURES. DEG C FOR R=•.F5.2.//. 
•14X.,liARM WATER INLET:•,F6.2./,13X.•WARM WATER. OUTLET:•.F6,2./. 
"'17X.,TURB1NE INLET:•.F6.2,/.16X.•TURBINE OUTLET:•,F6.2,/. 
•13X.•COLO WATER OUTLET:•.F6.2./.14X,•COLD WATER INLET:•,F6.2) 

703 FORMAT(//.• MASS FLO'NS. KG/S•,//.20X.•WARM WATER:•.1PE10.3./ • 
. •25X.•STEAM: •.E10.3./.20X.•COLD WATER:•.E10,3) 

704 FORMAT/1H1.•SUMMARY OF NET OUTr'UT FOR THIS RUN• ,/,IX. 
••-ARM LOOP COLD LOOP \iARM OEAIR .COLD DEAIR CQNO DEAIR NET•) 

705 FORMAT(///.• COLD WATER POWER•.5X.•WARM.WATER POWER•.SX. 
••DEAERATION POWER•.BX.•NET POIMER•./,8X.•Mlll•.19X.•MW~.19X. 
**M'N•. 19X. •MW•. I I. 4X. F7. 2, 14X. F7. 2. ·, 4X, F7. 2 .14X. F7. 2 l 

706 FORMAT( 1X.F6.2.F11,2.3C F12.2l, F10.2) 
STOP 
E"D 

REFERENCE MAP ( Rzzt ) 

TYPE RELOCATION. 
REAL COND 2 D REAL 
REAL TUP.B 0 DO REAL 
REAL 13034 OTCONO REAL 
REAL 1 DTTG REAL 
REAL 13 021 E FFE REAL 
REAL COND 12 534 ETAPUMP REAL 
REAL TURB 13 033 FDNE REAL 
REAL OEAER 1 FL REAL 
REAL CONST 13045 HDAC REAL 
REAL 13047 HOIST REAL 
REAL 13 037 HEXS REAL 
REAL DE.4ER 13 050 HPIPE REAL 
REAL 13043 HZEVAP REAL 
INTEGER 13030 I 1 INT EGER 
INTEGER 13024 KDCW INT EGER 
INTEGER 3 L REAL 
REAL FLOW 1 MFGCOND REAL 
REAL AIR 2 MFS REAL 
REAL FLOW 0 MFWW REAL 
INTEGER 13026 NW INT EGER 
REAL 13054 P DAIR REAL 
REAL "/3041 PDAIRW REAL 
REAL 12535 PGR REAL 
REAL CCNST 13055 PNET REAL 
REAL 1 PO REAL 
REAL 1 RHOCW REAL 
REAL EV"P 0 SIGMA! REAL 

COND 
SIZE 

TURB 

DEAER 

CONO 
AIR 
FLOW 
FLOW 

CONST 
COND 
AIR1 

PAGE 3 



PROGRA 8 OTEC 74.'74 OPT=1 FTN 4.6+428 79/10/25. 13.46.30 PAGE 4 

VARI ABLES SN TYPE RELCCAT :ON 
1 S!GMAO REAL ,\I~. 1 T :wI REAL EMP 
2 TC\110 REAL TEMP 2 T::ST REAL IR1 
0 Traw I REAL TEMP 5 T"fJWO REAL EMP 
4 TO REAL TEMP 3 T1 REAL· EMP 

13036 X REAL 

FILE NAMES MODE 
0 INPUT 2~3 OUTPUT · 4106 TAPE1 NAME 6151 TAPE7 FMT 

1021 4 TAP E9 FVT 

EXTERNALS TYPE .ARGS 
CONDEN1 4 CONDEN2 4 
DEA IR 5 F_ASH 2 
HF REAL 1 HG REAL 1 
S!" REAL 1 SG REAL 1 
TUR BIN 0 

NAME LISTS 
INPUT1 

. STATEMENT LABELS 
0 100 12644 7J1 FMT 12705 .02 FMT 

1273 4 703 FMT 12747 7J4 FMT 12764 ';05 FMT 
1300 5 706 FIIT 

LOOPS L.6.9 EL INDEJt FROM-TC LENGTH P~OFEFHIES 
12277 100 • It 33 1oe 1 '.iOB EXT REFS 

COMMON BLOC.KS LENGTH 
CON ST 3 

·FLO'II 4 
DEA ER 3 
TEMP 6 
EVA P 1 
CON :J 5 
TUR B 3 
AIR 2 
AIR l 3 
SIZE t 

STATISTICS 
PROGRAM LENGTH 577B 383 
BUFFER L ENGTrl 1~57B 5295 
Cll LABEL ED COM IION LENGTH 37B 31 
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SUBROUTINE DEAI R 74/74 OPT=1 F TN 4.6+428 

SUBROUTINE DEAIRIN.K.PT.MDOTL.Hl 
REAL MFW.MA S.MDOT L.MDOTA .MOOT AT .MDOTV .MOO TT .MF\liW .MFCW .MFS . 

C 
C 
C 

C 

. DIMENSION DP(10.l.PS(101.PAS(10l.PCIN(10).PCOUH 10),PAIN(10). 
•MAS It 1 ) .MOOT A 11 0 I .. MDOTA TI t O I. MDOTV r 1 0) .MD OTT (10). ETAC ( 10). 
•PIIIRCC 10) 

COMMON STATEMENTS 

COMMON/CONST /PI.PO. G 
COMMON/TEMP /TWWI. TCWI. T ewe. Tt • TO. TWWO 
COMMO N/FLOW'/MFW'M. IIIFCW .M FS. MFS 0 
COMMON/DEAER/FG.F-,HLD 

C M0DE=1 IS PREDEAERATION OF COLD WATER LOOP 
C 110DE=2 IS PREDEAERArION OF 'MARM WATER LOOP 
C A •-• INDICATES NO ~RE-DEAERATION 
C 

C 

MODE= IABSIK) 
IF IMODE.EQ .2) GO TO 1 
CHAR= 4HCOLD 
T=TCW I 
MFW=M FCW 
GO TO 2 

1 CHAR= 4HWARII 
T=TIIIW I 
MFW=M FWW 

C CONST AN TS 
C 

C 

2 IF CK.LT.QI GO Til 90 
HD=HLO 
ETAM=0.9. 
DELTA=0.276 
PA=P0•1.01 
TC=7. 0 
PVS=I? SAT( Tl 
PSI t I =PVS/FG 
PVC=P SAT/ TC) 
NP1 =N+1 
NM1 =N -1 
DO 5. I =1 .N 

5 DPi°Il=DELTA 
NSUM= H 
IF IMODE.EQ.t) DF(1l=0.0 
IF IM ODE. EQ • t ) NS UM=NM1 

C COMPUTE COMPRESSION RATIO 
C 

RS=2. 0 
SO 10 RSTES T=RS 

SUM=O • 0 
DC 20 I=1.N SUM 

20 SUM=S UM+RS• • I 
RS= I I PA+DEL T hSUN I /PS I 1 l l .. i 1 • 0 /I~ l 

55 I.F IABS(RSTEST-RS)/RS.GT.0.01 I GO TO 10 
C 
C COMPUTE PRESSURES AND PARTIAL PRESSURES OF AIR ANO VAPOR 

79/10/25. 13.46.30 PAGE 



SUB ~U1'IN E DEAI R 74/74 OPT=1 

C 
PAS(1 l=PSf1 )~P'IS 

60 PCINI 1')=PSr t )-OP/ 1) 
PAIN/ 1' l=PCI N( 1 l-?VC 
IF IMCOE. EC. fl P.AIN(1\aPAS( 1 ·, 
PCOUT11l=PCIN(tl•RS 
DO 30 1=2.N 

65 PSf I l =PCOUT ( I-1 l 
PAS( I l=PSf I 1-PVS 
PCINI l l =PS/ I I-CPI I) 
PAIN! [ I =PCI NI Il~?VC 

30 PCOUT(ll=PCIN(ll•RS 
70 PASINP1l=PO 

C 
C COMPUTE MASS FLOWS AND SO LUBIL: TY . 
C 

HE=/4.3S0+0.114•Tl•1.0E4 
75 DO 40 I= t . NP 1 

J=NPt -1+1 
40 MASfJ l=1.602•PASC J)/PO/HE 

DO SO I=2 .N 
J=NP1 -I . 

80 SO MASfJl=(t.O-FLi•MAS(J+1)+FL•l'HSCJ, 
DO 55 I=t .N 
J=NPt -I 
MDOTA(Jl=fMAS(J+t )-MAS(J))•NF~ 

55 CONT I NUE. 
85 MDOTAT!tl=MDOH/t) 

MDOTV ( t l =PVC /P,111111 ( 1 ) /1. 602•ND CT AT it I 
MD0TT(1)=MDOTV111+MDOTAT(t) 
DO 60 1=2.N 
MDOTA TC I l =MDOhT, I-1 l+MDOTAf I} 

90 MDOTV I I )=PV C/P,\lN (I) /t. 602•NCtCTATI ! I 
60 MDOTT(Il=MOOTATfI)+MDOTV(Il 

C 
C COMPUTE STAGE POIIIER REQUIRED 
C 

95 PT=O. 0 
CRS:R S,**O. 3 ~ .II LOG• J;·S) 
DO 70 I=t .N 
ETAc·, Il=t.7•(PCIN(Il/POl••o • .:. 
IF IETACfll .GT.0.8) ETAC(Il=C .8 

FTN 4.6+428 

100 PlllRC I I l =293. O• I TC+273. 0 l •CRS• ~DOTT f 1) /ETACfl )/E TAM/t. OE6 

105 

110 

C 
C 
C 

C 
C 
C 

70 PT=PT +PIIIRCI I} 

ASSUMPTION: ALL P.EMAINING AIR IN Liou:D STREAM I$ LIBERATED 

MDOTL ='llASf 1 l •MFW 
DO 80 .I=t .NP1 

BO MASI I l=MASf I l•1.0E6 

OUTPUT TiJ TAPE 7 

IIIRITE(7.900) CHAR 
WRITE ( 7 .901) T.MFW. TC.:lELTA.t-0.N. RS. ETAM. FG.FL 
WRITE I 7 .902) (I.MASCI). PCIN( Ii l .MDQTA (I) .MDOTVCI) .MOOTT( I). 

~9/f0/25. 13.46.30 PAGE 2 



IS ROUTINE DEAI R 74/74 CPT=1 FTN 4.6+428 79/10/25. 13.46.30 

115 

120 

125 

130 

13S · 

140 

145 

150 

~55 

C 
C 
C 

C 
C 
C 

• ETAC1Il.PWRC1Il.I=1.Nl 
WRITEC7.903) PT.MOOTL.H 
PT=PT • 1. OE6 
GO TO 999 · 

NO PRE-DEAERATION - ALL AIR IN LIQUID STREAM IS LIBERATED 

90 HE=f4,35+0.114•Tl•1.0E4 
PPM:1 .602/HE 
MOOTL =PPM•M FW 
PPM;:P PM•1 .0 E6 
PT=0.0 
H=O.O 
~RITEC7.900l CHAR 
WRITEC7.904l PPM.~FW.MOOTL 

904. FORMATC10X.•NO PRE-DEAERATION OF TH[S STREAM•./.10X. 
HALL. AIR IS LIBERi:!.TE0•.//.27X.•PPM:•,F7.3./ • 
• 1ox •• MASS FLOW RAlE WATER:•.1PE10.2,/. 
•21X.•MF OF AIR:•.OPF7.3.• KG/S•l 

RETURN 

FORMAT STATEMENTS 

900 FORMAT(//.• PREDEAERATION: •.A4.• WATER LOOP•.//. 
• • PARAMETERS:*./ I 

901 FORMAT(14X.•INLET WATER TEMP,:•,FS.1,/,10X.•MASS FLOW RATE WATER:•. 
•1PE10.2./. 
•BX.•INTERCOOL~R Wt\TER TEMP:•.OPFS.1,/,BX.•INTERCOOLER PRESS DROP:• 
•F6.2. /.11X. •HEAD /LOSS PER STAGE:•.F6.2./. 
•17X.•NO. OF STAGES:•.I3./.13X.•COMPRESSION RlTlO:•.F6.2./,2tX. 
••MOTOR EFF:•.F6.2./.11X.•FRAC OF AlR ALLOWEO:•.F6.2./. 
•6X.•FRAC OF AIR LIBCPER STGl:•.F6.2,///.3X.•STAGE•.4X. 
,•MASS FRAC SUCTION. PRESS• .2X.•MF AIR•.4X.•MF VAPOR•. 
•2X.•MF TOTAL•.4X.•COMP EFF•.SX.•STAGE PWR•./. 
• 1 SX. • PPM'.". 1 2 X, •N /M2•. BX.• KG/S •. 7X. • KG/S•. 
•6X. •K G/S•. 2 2JC. •Mw •. /) 

&02. FORMAT(3X.12.BX.F6.2.8X.F7.3.6X;F6.2,5X.F6.2.4X.F6.2.7X~ 
*FS.2.7X.F6.2l 

903. FORMATC1H0.72X.•TOTAL POWER=•.F7.2./.1X. 
•• MF. OF AIR RELEI.SEO TO SYSTEM:•.F7 .J.• KG/S•./. 
•11X.•TOTAL HEAD REQU-IREO:•.F6.2l 

999 RETURN . 
. ENO 

SYMBOLIC REFERENCE 11A P ( R=1 ) 

ENfR V PO!N TS 
4 DEA IR 

VARIABLES 
66 ::. CHAR 
66 7 · DEL TA 

1066 ETAC 

SN TYPE 
REAL 
REAL 
REAL ARRAY 

R ELOC.O T I ON 
705 
772 
666 

CRS 
DP 
ETAM 

REAL 
REAL 
REAL 

ARR~Y 

PAGE 3 



SUSROUTINE DEAIR 74/74 t0PT=1 FTN 4.6+428 ':'9/10/25. 13.46.30 PAGE 4 

VARI-ABLES SN TYPE RELOCATION 
0 FG REAL DEAER 1 FL REAL JEAER 
2 G REAL CONST 0 H REAL F. P .• 

665 HD REAL 703 HE REAL 
2 HU) REAL DEA ER 676 I lNT EGER 

704 J INTEGER C K INT EGER f.P. 
707 MAS REAL ARRAY 722 MDOTA REAL ARR"Y 
734 MJOTAT REAL ARRAY 0 MDOTL REAL F.P. 
760 MDOTT REAL ARRAY 746 MDOTV REAL ARR.~Y' 

1 MFClli REAL "UJW 2 MFS REAL Fl.0111 
3 MFSO INTEGER i"LOW 661 MFW REAL 
0 MFlll\tl REAL FLOW 662 MODE INT EGER 
0 N INTEGER F.P. E75 NM1 INT EGER 

674 NP1 INTEGER 677 NSUM INT EGER 
670 PA REAL 1 054 PAIN REAL ARRilY 

101 6 PAS REAL ARRAY 1 030 PCit>1 REAL ARR1n' 
1042 PCOUT REAL A.RRAY 0 PI REAL CONST 
706 PPM REAL 1004 PS REAL ARRAY 

0 PT REAL F.P. 673 PVC REAL 
672 PVS REAL 1100 PWRC REAL ARRt.Y 

1 PO REAL CONST 700 RS REAL 
70 1 RST EST REAL 702 SUM REAL 
664 T REAL 671 TC REAL 

1 TCW I REAL fEMP 2 TCWO REAL T,EMP 
0 Tll/ltl I REAL fEMP 5 TWWO REAL TiEMP 
4 TO REAL TEMP 3 T1 REAL TEMP 

FILE NAMES MODE 
TAP E7 FIIT 

EXTERNALS TYPE kRGS 
ALOG REAL 1 LIBRARY PSAT REAL 1 

lNlI NE FUN CT IONS TYPE ,UGS 
ABS REAL 1 INTRIN IABS INTEGER 1 I !\ITRIN 

STATEMENT LABELS 
30 1 34 2 0 5,. 

10 2 10 0 20 0 31 
0 ·40 D 50 0 S5 
0 60 0 70. 0 eo 

370 90 516 900 FMT 526 901 FMT 
61 1 902 FIil 620 903 FMT .. 75 904 FMT 
407 999 

LOOPS LABEL INDEX FP.OM'-TO LENGTH PROPEP.TIES 
63 s I 41 42 ::.e INST t.CK 

106 20 • l[ 52 53 EB EXT REFS 
14 5 30 I 64 69 1CB OH 
173 40 I 75 77 EB [NST IICK 
21 3 so I 78 BO SB INSTJICJ< 
227 55 I 81. 84 58 INST IICK 
247 60 J 88 9:t 7:8 INSTJtCK 
270 70 • l 97 101 23B EXT REFS 
325 80 I ~ 07 108 38 INST ACK 
341" • 1 t14 114 208 EXT REFS 



;;,uB ROUT!N E DEAI R 74/74 OPT=1 FTN 4.6+428 79/10/25. 13.46.30 PAGE 5 

coraoN BLOCKS LENGTH 
CONST 3 
TEMP 6 
FLOill 4 
DEA ER 3 

STAT I5TICS. 
PROGRAM LENGTH t125B 597 
CII LABELED COMIION LENGTH 20B 16 



ENTRY 
4 

SUBROUTINE FLASH 74/74 OPT=1 

1 SUBROU,TINE FLASH! TH.HZl 
REAL MFWW.MFCW_M=S.LF.MFPER.LSTAR 
COMMON/CONST /F:. ::io .G 
COl'lMO N/FLOW /MFWW .·MFCW.M FS 

5 COIVMON/EVAP/RHOWa 
cor.•r.,o N/SIZE /DO 
COSTH = 0.9994 
SIii.TH = 0.0349 
SOS-TH = 0. t 868 

10 ROL!:iH = 0 •. 0 14 
WFL:JW = 200. 0 
LSTAR = .11.83 
DI=D0+4.0 

10 DF = tROUGH•MFw~/RHOWW/WFLOWISQS,Hl••0.6 
15 XK = S0RTl2.38SE•DF*-0.1667+J.333l 

LF=EPSK(XK.TH)•CF/0.0137 
II/FLOW = (DI+2.0.,.LF•COSTHl•P[ 
IF[AB5fLF-LST~l.LT.0.05l G.J, TO 20 
LSTAR = LF 

20 GO TO 10 
C 
C SLUICE GATE PRESSURE LOSS ASSLNED =0 •. 15 M 
C 

20 HGII.TE •=O. 15 
25 HZ=LF•SINTH+DF•COSTH+HGATE 

Mf?ER =MFll/111/ la'FLOW 
a'RITE (7.701) o:.LF.DF.MFPE!..TH.HZ 

FTN 4.6+428 

701. FORMAT(//.• FLASH EVAPO~ATCl-:Q?EN CHANNEL TOROID•.//. 
•• PARAMETERS:•._( I .20X.• INNEI= 'DIAM:•, F6.1. / ,24X. 

30 °"*LENGTH:•.F7.2.l.25X.•SLOPE: 2 DEG•./.17X,•DEPTH OF FLOW:.. 

. SYMBOLIC 

POINTS 
FLA SH 

•F8.3./.6X.•MASS FLOW PER Ut.Jf WIDTH:•.1PE12.3./.t6X. 
••Tl-tERMAL NON-EO:•,OPF7.2./1.t1X.•TOTAL HEAD REOU[REO:•,F7.2) 

RETURN 
END 

REFERENCE 11A P ( R=1 l 

VARI ABLES .SN TYPE R ELDCATION 
156 COS TH REAL 164 OF REAL 
16 3 DI REAL 0 DO REAL 

2 G REAL CONST 166 HGATE REAL 
0 HZ REAL F.P. 153 LF REAL 

155 LST AR REAL l MFCW REAL 
f54 MF? ER RBL 2 MFS REAL 

0 MF\oJ 'M R:AL FLOW 0 PI REAL 
. 1 PO REAL CONST C RHOWW REAL 

161 ROUGH 'REAL 157 SINTH REAL 
160 SQSTH REAL 0 TK REAL 
16 - IFLOIII REAL 165 XK REAL 

79/10/25. 13.46.30 PAGE 

SIZE 

FLOW 
FLOlil 
CONST 
EVAP 

F.P. 



BROUTINE FLASH 

FILE NAMES 
TA? E7 

EXTERNALS 
EPS K 

MOOE 
FVT 

TYPE 
REAL 

INLI NE FUNCTIONS TYPE 
ABS REAL 

STAT EM::NT LABELS 
21 10 

COMIION BLOCKS 
CONST 
FLO ii . 

EVA::> 
SIZE 

STAT rs:rrcs 
PR OG~AM lENGTH 

LENGTH 
3 
3 
t 
1 

74/74 

ARGS 
2 

OPT=1 

ARGS 
1 INTRIM 

52 20 

CII LABEL ED COM IION LENGTH 
16 7B 

t OB 
119 

8 

FTN 4.6+428 79/10/25. 13.46.30 - PAGE 2 

SQRT REAL 1 LIBRARY 

100 701 FMT 



SUBROUTINE CONDEN1 74/74 ' OP'T=1 

SUBROUTINE CCNDEN1 (HZ.HO.HP.PWR) 
C 

FTN 4.6+428 

C THIS ROUTINE MOOE~S A JET CONOE~SER AFTER BAKAY _ JASZAY 
C 

5 REAL MFWW.MFCW.MFS.MFSO.L.MFGCO~O.MFGEVAP.MFA 
COMMO N / CONS T /PI • PO , G 
COMMC N/TEMP /TlllwI. TCWI. T CINO. Tl • TO. iWWO 
COMMC N/ =Low /MF\O. MFCW .M FS. MFSO 
COMMC N/.!H R / MFGEo,A P, MFGC ONO 

10 COMMC N/.IHR1 /S!G:\tA ~. SIGMAO. TEST 
COMMC N/•:ONO /CKM.RHOCW.O. L.EPS 

C 
C COMPUTE I~LET _ OUTLET STEAM/Alfi RATIOS 
C 

15 ERRO~=O.OOt 

20 

25 

30 

35 

40 

45 

50 

C 

PS=PSAT(T1 l 
MFA=~FGEVAP+MFGiCONO 
SIGMJ. I=MFS/r.!FA 
SIGW.O=MFSO /MFA 

C I TERA TE EOTN 9. B K. FOR B lrlHIC H GIi/ES ROOT USING 
C A MOOffIED BISECTION METHOD. 
C 

CPT=C P < c Tew I+Tcwa) /2. o, 
TEST=MFCW•CPT•c-1-TCWll/{HVAPtTll•MFl) 
R=1.0E-1t 
5=1 .·O E2 
ITER= 0 . 
Rl=JCl NT( Rl 

10 Z=1Q,•(ALOG101Fi*S)/2.0l 
Zl=JCI NT( Zl 
IF IABS!ZI/TEST:1.LT.ERROR) GO TO 100 
TEST1 =Fil•ZI 
IF ITESTt.LT.O.Ol GO TO 20 
IF I.TESTt .GT .O.Ol GO TO 30 

20 S=Z 
GO TO '-0 

30 R=Z 
Rl=Z[ 

40 ITER= ITER+1 
IF l[TER.GT.100) GO TO 999 
GO TeJ 10 

100 B=Z 
C 
C COMPUTE HEAD LOSS IN·CWP 
C 

C 

VCW:(4.0•MFCW)/fRHOCW•PI•O•OI 
HF=fR IC( EPS. O. VClll )·• L•VCW•VCW/ ( 2. O•G•O) 
HR=0.001•L 
HP=HR+HF 

C COMPUTE HEIGHT(MIN 1 Ml . NO. :-40ZZLES REQUIRED. WITH 
C IIIIOOT/I\CJZZLE=4.5 ICGIS.SPAClNG OF JETS=C.15 M,"'IDTH•S M 
C NOZZLES •RE SPRAYING SYSTEMS CO JEEJET 20502000 
C 

W=S.O 
SP=O. 15 
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-JB ROUTINE C0ND EN1 74/74 OPT=1 FTN 4.6+428 79/10/25. 13.46.30 

60 

65 

70 

75 

80 

as. 

90 

SYMBOLIC 

ENTRY POINTS 
4 CON DEN1 

VARI ABLES SN 
345 ,Ai<E A 

0 CKM 
2 D 

~23 ERROR 
0 HD 

337 HF 
0 HP 

353 HT 
330 ITEA 
:µ3 MDOTN 

MOOTN =4.5 
NCH=Pl•D/SP 
AREO.= B•MFC-. •CPT. 
HZ=AR EA/ C NC H•2. O• W) 
I F I H Z • LT • t • 0 l HZ= 1. 0 
NNOZ= MFCW /M OOTN 
NZPCH =NNOZ/ NCH 
SPNOZ =HZ/NZ FCH 

C 
C 
C 

COMPUTE HEAD LOSS .IN DISTRIB1JTI ON( 2.6 M FOR NOZZLES.0.25 FOR PIPES) 

HNOZ:2.6 
HDIST=0.25 
HD=HN OZ+HDI ST 
HT =HD +HP+HZ 

C 
C 
C 

OUTPUT TO TAPE 7 

WRITE (7. 701) PS.d .SIGMA I .S!GMAO.HZ. NCH.NNOZ.SPNOZ.0.L.HP.HO.HT 
701.FORMATC//.• CONOENSER:.JET TYPE(BAKAY AND JASZAY)•.II. 

,, PARAMETERS:•.//,20X.•COND PRESS:•,F12.4~/.20X. 
,•JET LENGTH:*.F9.-1,/.9X.•INLET STEAM/AIR RATIO:•. 
,F9.1./.8X.•OUTLET STEAM/AIR RATI0:•,F9.1./. 
,19X.•COND HEIGHT:•,F10.2,/.19X. 
,•NO CHANNELS:•.I7,/.20X.•NO NOZZLES:•.I7./,16X. 
,•NOZZLE SPACING:•.F12.4,/.22x.~cwP 0IAM:~.F9.1./,20X. 
,•CWP LENGTH:•.F9-1./.17X.*CWP HEAD LOSS:¥,F10.2./.8X. 
••DISTRIBUTION HE.lD LOss:•.F10.2,/ .• t1X.•TOTAL HEAD REQUIRED:•. 
• F9. t l 

CALL DEAIRC ( PWRl 
GO TO 900 .. 

·399 WRITE ( 7. 700) 
700 FORMAT(///.•CONV~RGENCE PROBLEMS IN JET CONDENSER ROUTINE•l 

STOP. 
900 RETURN 

ENO 

REF~RENCE MAP ( R=1 ) 

TYPE R E~OCAT ION 
REAL 335 a REAL 
REAL cor.io· 325 CPT REAL 
REAL COND 4 EPS REAL 
REAL 2 G, REAL 
REAL f_P. 352 HOIST REAL 
REAL 351 HNOZ REAL 
REAL f _ p. 340 HR REAL 
REAL 0 HZ REAL 
IN"'."EGER 3 L ·REAL 
INTEGER 322 MFA REAL 

COND 
CONST 

.f.P. 
CONO 

PAGE 2 



SUBROUTINE CONO EN1 14/74 OPT=1 

VARIABLES SN TYPE 
REAL 
REAL 
REAL 
INTEGER 
INTEGER 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

R ·::LOCATION 
1 MFC 1' 
0 MFGEVAP 
3 · MFSO 

344 NCH 
347 NZPCH 
324 PS 

1 
32 7 

1 
350 

2 
334 

5 
3 

341 
333 

?O 
RHOC'II 
s 
SIGU.O 
SPNOZ 
TCwO 
TES Tl 
TIIIWO 
T1 
Ill 
ZI 

FI LE NAMES 
TAP E7 

EXTERNALS 

MOOE 
FUT 

TYPE ARGS. 
A LO :i1 0 
DEA IRC 
HVA P 
XINT 

REAL t LIBRARY 
1 

REAL 11 
REAL 1 

INLI NE FUNCTIONS TYPE ,,RGS 
ASS REAL 1 lNTRIN 

ST AT EMi::NT LABELS 
4 1 1 0 
66 40 

21 7 701 FIIT 

COBON BLOCKS 
CON ST 
TEMP 
F LQ Al 
AIR 
AIR1 
CGND. 

STATISTICS 
PR OGRAM LENGTH 

LENGTH 
3 
6 

.4 
2 
3 
5 

OIi LABELED CCMIIION LENGT'."i 
354S. 
216 

FLOW 
AIR 
.=LOW 

:ONST 
:ONC 

I.IR 1, 

TEMF' 

TEMP 
TEMP 

57 :!O. 
73 ··oo 

157 900 

236 
23 

1 
2 
0 

346 
0 
0 

326 
331 

0 
342 

1 
2 
0 
4 

336 
::32 

M FGCONO 
MFS 
MFWW 
Nf\OZ 
PI 
PWR 
R 
RI 
SJGMAI 
SP 
TCWI 
TEST 
T\JWl 
TO 
VCIII 
z 

C? 
FRIC 
PSAT 

F TN 4.6+428 

REAL 
REAL 
REAL 
INT EGER 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
REAL 
REAL 

1 
3 
1 

79/10/25. 

An 
F,LJ\!l 
FiLJ\!l 

CONST 
F.P. 

illl lJR1 

TEMP 
,IIR1 
111:MP 
lEMP 

63 3-l. 
276 7•)0 
153 ,3·:119 

FMT 

13.46.30 PAGE· 3 



5 

10 

20 

:.s 

30 

..,Ji3 RCUTIN E DEAI RC 74/74 OPT=l 

C 
C 
C 

C. 

SUBROUTINE DEAIRC!PWRI 
REAL MFSO.MFA.MFGEVAP.MFGCOND.MDOTT 
DI MEN S ION P ! 4 I 
COMMON/TEMP /TWWI. TCalI. T ewe. Tl • TO. TWWO 
COMMON/FLOW /MF'.ollll. MFCW .M FS .MFSO 
COMMON/CONST ;PI .?O.G 
COMMO Ni A IR/ MFGEVA P. MFGCONO 
MFA=MFGEVAP+~FGC~ND 
T= ! TC WO+TCW I l /2. :l 
TC=6. O· 
PVC:PSAT!TC 1· 
PVS=PSAT!Tl 
SIG=M FSO/MF A 
ETAM:0.9 
DELTA=0.276 
PA=PO • 1. 01 
N=4 
NM1=N-1 
PS=PVS•ll.O+MFA/NFS0/1.6021 

COMPUTE COMPR ESSIOPI RATIO 

RS=2. 0 
10 RST=R S 

SUM:0.0 
DO 20 I=l .NMl 

20 SUM=S UM+RS• • I 
RS= Ir PA+DEL T ,hSUN' l /PS I•• C 1 .0/N) 
IF IABS(RST-i;S)/f;S.GT.0.011 GO TO 10 

C 1 ST STAGE •. NO INTERCOOLER 
C 

CRS:RS••0.3•ALOGIRS) 
PCIN.= PS 

35 MDOTT =MFSO+MFA 
ETAC:1.7•/PCIN/POl••0.4 
IFIETAC.GT.0.81 ETAC=0.8 
PCOUT =RS•PC IN 

FTN 4.6+428 

P ! 1 l: 293. O• ! TC+273. 0 l •CRS•MOO TT /ETAC/ETAM/1.0E6 
4::> DO 30 I=2.N 

PS=PCOUT 
PCIN= PS-DEL TA 
PAS=PCIN~PVC 
PCOUT =RS•PC IN 

45 MDOTT=MFA•I 1.•::l+PVC/PAS/1.6021 
ETAC=l.7•/PCIN/POl••0.4 
IFIETAC.GJ.0.8). ETAC~0.8 

30 P!Il:293.0•!TC+273.0l•CRS•MDOTT/ETAC/ETAM/1.0E6 
PWR=O .0 

50 DO 40 I=l .4 
40 PIIIR=P IIIR+PI I) 

C 
C OUTPUT TO TAPE 7 
C 

55 IIIR ITE ( 7. 700 ) N. RS , SIG. I I • P ( I l • I= 1 • 4 l • PII/R 
70.0.FORMATI///.• CONDENSER.AIR REMOVAL•.//.• PARAMETERS:!'. 

•l/ •. 17X.•NO. OF STAGES:. .I5./.13X.•COMPRESSION RATIO:•. 

79/10/25. 13.46.30 PAGE 



SUB ROUTIN E DEAI RC 74/74 OPT=l FTN 4.6+428 

60 

SYMBOLIC 

ENTRY POINTS 
4 DEA IRC 

VARIABLES SN 
303 c~s 
305 ETAC 

2 G 
263 MDOTT 

1 MFCW 
0 MFGEVAP 
3 MFSO 

274 N 
31 0 p 
30 7 PAS 

. 306 PCOUT 
1 ?O 

266 PVC 
0 PII/R 

300 RST 
30 1 SUM 
265 TC 

2 TCWO 
5 TillWO 
3 Tl 

FIL£ NAMES. 
TAPE7 

EXTERNALS 
ALOG 

INLI NE FUNCTIONS 
A3S 

STATEMENT LABELS 
·35 10 

0 40 
• 

LOOPS LABEL 
41 20 .~ 

1 t 2 30 .. 
15 t 40 
16 • 

~F8.~./.9X.•1NLET STEAM/AIR RATIO:•.F7.1.//.21X. 
~•POWER REoo:•.4C4X.•STAGE•.I2.*=•.F7.21./.20X • 
.. TOTAL POWER:•.1~X.F7 .2) 

P'NR=Pli.R•1.0 E6 
RETURN 
ENO 

REFERENCE IIAP (R=t) 

TYPE I=: ELOCAr ION 
REAL 
REAL 
REAL CO/II ST 
REAL' 
INTEGER FL..'.JW 
REAL AIR 
REAL Fl.OW 
INTEGER 
REAL ARRAY 

. REAL 
REAL 
REAL CCNST 
REAL 
REAL F.P. 
REAL 
REAL 
REAL 
REAL TEMP 
REAL TEMP 
REAL TEMP 

MODE 
FVT 

TYPE ARGS 
REAL 1 LI6R ARY 

TYPE ARGS 
REAL . 1 lNTRIN 

0 
213 

INDEX FR OM-TQ LENGTH 
I 26 27 66 
I 40 4~ 316 
I 50 Sm 36 
I 55 5S 78 

. :.;;12 · DELTA REAL 
:;11 ETAM REAL 
:::0·2 I INT EGER 
~62 M;:A · REAL 

1 MFGCOND REAL 
2 MFS INT EGER 
0 MF't/11/ INT EGER 

275 NM1 INT EGER 
273 PA REAL 
304 PCIN REAL 

0 Pl REAL 
276 PS REAL 
267 PVS REAL 
277 RS REAL 
270 SIG REAL 
264 T REAL 

1 TCWI REAL 
0 TWWI REAL 
4 TO REAL 

PSAT REAL 

2Q 
700 Fl\1il' 

PRIJPE RTIES 
EXT REFS 
EXT REFS 

INS-ACK 
,EXT REFS 

1 

?9/1C/25. 13.46.30 PAGE 2 

").~ 
FLOIII 
FLOW 

CONST 

TEMP 
TEMP 
TEMP 

C• ~o 



JB ROUTINE DEAI RC 

COIIIION BLOCKS 
TEMP 
f LO \i 
CONST 
AIR 

STATISTICS 
PR OGRAM LENGTH 

LENGTH 
6 
4 
3 
2 

CJI LABELED COMIIIOM LENGTH 

74/74 OPT=1 

314S. 
1 78 

204 
15 

FTN 4.6+428 79/10/25. 13.46.30 PAGE 3 



SUBROUTINE CONOEN2 74/74 OPT= 1 F rN 4.6+428 

5 

10 

15 

20 

25 

30 

35 

40 

C 
C 
C 
C 

SUBRJU-INE CONDEN2(HZ.HD.~P.PMR) 
REAL. MFWW.MFC~.MFS,KM.L.L~TD 
COMMON 'CONST IP:. PO. G 
COMMON 1 TEMP /HIWI. TCWI. TCIIIC. T1. TO. TW'o\0 
COMMON 'FLO'il" /MFWW. MFCW .M FS .MFSO 
C0MMONICON3/CKM,RHOCW.D.L.EPS 
LMTC = (TC'lj•O - TCWI)/IALOC.CCT1 - TCv.'1)/CT1 - TC~O))) 
PS==SAT(Tll 
KM = C-<M. • ( ( PS/POl .. O. 2 l 
vco,o = 0.99•M~S/(KM • LMTOl 
Aco,o = 940. o 
HZ= V C::JND/ A CON::, 

COMPUlE HEAD LOSS IN COLD 'M111TER PIPE. DISTRIBUTION SYSTEM. 
ANO HEAD LOSS CUE TO DENSIT'" DIFFERENCE 

VCW = (4. • MFCWl /( RHOCW "' J. 14159 • fo•~2.)) 
HF = ARI CC E PS·.D.VCW)•L• ( VCW•VC\1i) /I 2 .. •G•Dl 
HR = 0.001 • L 
DDIST ,: 3.!: 
LDI:ST =104. 
HNQZ:2.6 . 
VOIST ='MFCW, I 2.•RHOCW•PI •O.)ISt •DDIST I 
HD=FRICIEPS.DD:ST,VDISTl•~DJS1*VDIST•VOIST/(2.-DDIST•G) 

•+HNOZ 
HP=lrlR +HF 
HNCZ=:;; .6 
HT=HD•HP+H~+HNOZ 
WRITEC7.70: l KU.PS.LMTO.A:OND.VCOND.HZ~O.L,HP.HD.HNOZ,HT 

70t.FORl.1A11//.• CC.;.JDENSER:.CASCADE OR SPRAY TYPE•.,'/,· 
•• P~RtMETEiS:•.//.18X:•VOL MT COEFF:~.F6.4,/.20X, 
••CO~D PREss:•.F8.4./.26X.•LM-D:•.F6.3./.20~. 
••xs~c l AREA:•. FG. 1, / .1BX .•To- AL VOLUME:•. Fa.,.:, t9X. 
••CO'IID HEIGHT:•-F6.2./.22X..•C::\a/P D!.l.M:• .• F5.t,/.20X, 
••CWP LENGTH:•.F7.1./.17X.•CWP HEAD LOSS:•·,F6.2./,8X. 
••DIST P. I BUTC ON -iEAD LOSS:*· F6. 2 ,"/. 14X >NOZZLE HE AD LOSS:• 
•.F6_1 .//.11 X.•TOTAL HEAD iREOUIREO:•,F6.1l . 

CALL.QEAIRC(?WRl 
RE!UR151 
END 

SYM BCLIC REFERENCE MA ,:i ( R:1 ) 

ENTRY POINTS 
4 CONOEN2 

VARI ABLES SN TYPE R ELCCAT ION 
21 5 ACONO REAL 0 CKM REAL 

2 D REA.L COND 221 C•DIST REAL 
4 EPS REA.L CONO 2 G REAL 
(l '"'') REA.L F. p • 217 HF REAL 

22: IIOZ REAL 0 HP REAL 
221 ~ REAL 225 HT REAL 

7S/10/25. 13.46.30 PAGE 

CDND 

CONST 

:F. P. 



JJ3ROUTINE CONOEN2 

VARI ABLES SN TYPE 
0 HZ REAL 
3 L REAi.. 

21 2 LMTD REAL 
2 MF5 , REAL 
0 MFw~ REAL 

21 3 PS REAL 
PO REAL 

1 T::w I REAL 
0 hiW I REAL 
4 TO REAL 

21 4 vcoso REAL 
224 VDI ST REAL 

FILE N'-MES MOOE 
TAP E7 FMT 

E:itTER"IALS TYPE 
ALQCi REAL 
FRI C REAL 

. STAT EMENJ LABELS 
13 0 701 FMT 

COMMON 9LOCKS 
CGN S.T 
TEM? 
FLO:at 
COND 

STATISTICS 
PR C·GRAM °LENGTH 

LENGTH 
3 
6 
4 
5 

CII LABEL ED COM IIION LENGTH 

74/74 OPT=1 

RELOCATION 

ARGS 
1 
3 

LIBRARY 

226B 
226 

F. P. 
CON) 

FLOII 
FLOII 

CONST 
TEMP 
TEMP 
TEMP 

150 
18 

211 
222 

1 
3 
0 
0 
1 
2 
5 
3 

216 

KM 
l DI ST 
rHCW 
MFSO 
PI 
P '/JR 
RHOCW 
TCWO 
TWWO 
T1 
vcw 

DEAIRC 
PSAT 

FTN 4.6+428 

REAL 
INT EGER 
REAL 
INT EGER 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
1 
1 

79/10/25. 13.46.30 PAGE 2 
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FLOW 
CONST 
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SUBROUTINE TURBIN 74/74 OP,=1 fTN 4.6+428 

s 

10 

15 

20 

25 

30 

SYMBOLIC 

ENTRY POINTS 
2 TURBIN 

VARI A9l.ES SN 
13 1 AREA 
134 SLA OE 
13 6 DH 
13 5 DM 

1 DTTG 
0 ETA TG 

130 GNi.J 
2 MFS 
0 MFIII ii 
1 PO 

126 SB 
125 sv 

2 TCWO 
5 nn,o 

· 1 
13 , 

SUBROUTINE TURSI~ 
REAL M:FS 
COMMO N./TURB /ETA Ti:i. DTTG. OHS 
COMMONJSIZE /DO 
COMMO N,J FLOW /MFWW. MFCW .II FS .MF~-0 
COMMON'/CONS T /Pl. '0.G 
COMMON'/TEIIIP /TWWI. TCWI. TCIIIO. li1. TO. TWWO 
RATI0=0.439·5 
BLC=0.1 
BETA:0,.4t2. 
SV=SV OU T1 l 
SB=SI Nil BETA l 
EPS=C 1.0+2. O•BLCD /(2.0/ETATG-1 .Ol 
GNU=2 .O•COS I BE TAD/ ( EPS+ 1. 0 l 
AREA=CMFS•SV)/SB•SQRTIEPS/ETATG/DHSI 
lll=MFS•SV/IAREA•S3l 
U=GNU •'Ill 
BLADE=5QRTI (AREAIPil•(1 .O-RiHIOl/ft .O+RATIO)I 
OM=-BLA."DE•I t .O+RArIOl/(1 .O-R,!!.T IO) 
00=-BL A."DE+DM 
DH=DM -BLADE 
SPD=t 9.099• UiOM 
WRITE (7. 7010 l En. TG.OTTG.DHS. RATIO. DH.DO. SPO 

700. FORMAT(///.• TUR3INE-VERTICAIL AXIS•,//.1X.•PARAMETERS=*• 
. •// • .23X.•T/G EFF:•.F7.2./.23) .. •DELTA T:•.F6.1./.23K. 

••DELTA ~:•.1PE14.5./.17X.•HUB/TIP R1TIO:•.OPF8.3~/.22X. 
••HUB 0IAM:•.F6.t./.20X.•OUTEP. DIAM:~.F6.1./.27X. 
••R~: *,F6.t) 

RETURN 
ENO 

REFERENCE 11A P ( R=t.) 

TYPE A! ELOCAir I ON 
REAL 
REAL 
REAL 
REAL 
REAL TURB 
REAL TURB 
REAL 
REAL FL.OW 
INTEGER FL.OW 
REAL CONST 
RE.AL 
REAL 
.REAL TEMP 
REAL TEMP 
REAL TEMP 
REAL 

124 BETA REAL 
123 B!.C REAL 

2 OHS REAL 
0 DO REAL 

127 E?S REAL 
2 G REAL 
1 M,:CCW INT EGER 
3 MFSO INT EGER 
0 Pl REAL 

122 RUIO REAL 
137 S?O REAL 

1 TCWI REAL 
0 T',JWI REAL 
4 T-) REAL 

133 u REAL 

79/10/25·. 13.46.30 PAGE · 
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CONST 
Fil.OW 
FLOW 
CONST 

EMI> 
EMP 
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J ... ai.ouTINE TURBIN 74/74 

FILE N'.MES MO::>E 
TAP E7 AH 

EXTERN.0.LS TYPE ARGS 
cos REAL 1 LIBRARY 
SORT REAL 1 LIBRARY 

STATEMENT LABELS 
66 700 FUT 

COWON BLOCKS LENGTH 
T~~ S 3 
SIZE 1 
FLCW 4 
CON ST 3 
T::?JIP 6 

STATISTICS 
PR QG;; AM LENGTH 
CII L.O.BEL ED COM !ION LENGTH 

1408 
21B 

OPT=1 

96 
17 

SIN 
SVDL 

FTN 4.6+428 

REAL 
REAL 

1 LIBRARY 
1 

79/10/25. 13.46.30 PAGE 2 



FUNCTION CP 

1 

':4/74 

FUNCTION CP ( n 
DIME'l S ~ON. A ( 4.1 

Q::JT:1 FTN 4.6+428 

DAU. A,'4. 22 3801 E.1. -4.32128.1 • 38951 S E.-1 .-1 ~ 744959E-3/ 
CP=C•. 0 

5 DO 1:> :=1.4 
CP=C?+,.;( I\• T••fI-1) 

10 CONTINUE 
RETURN 
END 

SYM 60LIC REFERENCE DP <.R=1 ) 

ENTR V POINTS 
!? CP 

VA~IABLES 
35 A 
34 1 

SN TYPE 

STAT EMENJ LABELS 
0 10 

REAL 
INTEGER 

LOOPS LAB EL INDEX 
22 10 • I 

STATISTICS 
PR OGRAM LENGTH 

RELOCATION 
ARRAY 

FROII-TO 
S 7 

43B 

._ENGTH 
10B 

35 

33 CP 
0 T 

PROPER HES 
E.JIT REFS 

REAL 
REAL 

79/10/25. 13.46.30 PAGE 
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ENTRY 
5 

FUNCTION XINT 74/74 OPT=1 

t FUNCTION XINTIXl 
REAL K 
DIMENSION FK( 1001 
COMMON/ AIR1 /SIGMA I. SIGUAO. TEST 

5 N=25 
NMt =N -t 
DLSI= ALOG10 ( SIGMA I l 
DLSO=ALOG10 (SIGMAJl 
DEL TA S=( DLS I-DLSO I /N 

10 XL2=ALOG1012.·Jl 
C 
C COMPUTE K AS A FUNCTION OF LOG SIGMA 
C 

DO 10 I=1 .N . 
15 DLS=DLS0+1I-1l•DElTAS 

IF 1DLS.LT.t.J81 K=3.9t378E-1-3.416619E-t•DLS. 
•2.57449•DLS•DLS 

FTN 4.6+428 

. IF IDLS.LT.2.J.AND.DLS.GE.1.081 K=-5.646357+1.083838Et•OLS
•2.51482•DLS•DLS 

20 IF JDLS.LT.4.J.AND.DLS.GE.2.0l K=3.958614+1.32.2053•0LS-
•1.608663E-t •DLS•DLS 

IF IDLS.GE.4.01 K=6.672965 
F=IALOG10/K l/Xl2+2.0l•1 .OE3 
XX;:X,- F 

2s E=o.·o 
IF IXX.LJ.675.01.E=EXPt-XXl 
FK( I I =1 .0// 1.0-El 

10 CONTINUE 
SUMF;: 0 .O 

3:> DO 20 I=2.NM1 

SYMSOLIC 

PD!N TS 
XINT 

20 SUMF= SUMF+F K ( I.l. 
XINT= DELTAS /2.0•I FK(1 l+2.0•SUMF+FKI Nl )-TEST 
RETURN 
ENO 

REFERENCE MAP ( R=1 l 

VARI A3LES SN TYiPE RELOCATION 
16 5 DELTAS REAL 170 DLS REAL 
163 Di....S I REAL 164 DLSO REAL 
17 3 · E REAL 171 F REAL 
175 FK REAL ARRAY 167 I INT EGER 
16 0 K REAL 161 N INT EGER 
162 NMt INTEGER 0 S IGMAI REAL 

1 SIG MAO REAL AIR! 1 174 SUMF REAL 
.2 TEST REAL AIR!l 0 X REAL 

15 7 XINT RE.t.L 166 XL2 REAL 
172 xx REAL 

79/10/25. 13.46.30 PAGE 
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FUNCTION XINT 

EXTERNALS 
ALOG10 

TYPE 
REAL 

ST AT EM ENT LABELS . 
0 10 

LOOPS 
34 

,22 

LABEL 
10 
20 

COMMON BLOCKS 
AIR 1 

STATISTICS 

INDEX 
• I 

I . 

LENGTH 
3 

PR QG~AM LENGTH 
CII LABELED c:or.,KON LENGTH 

74/74 

... RGS 
1 LiaR "RY 

FROM-TO 
t4 28 
30 31 

3438 
:IB 

OPT=1 

L.34GTH 
608 

38 

227 
3 

0 20 

PROPERTIES 

FTN 4.6+428 Y9/10/25. 13.46.30 PAGE 2 

EXP REAL 1 LIBRARY 
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FUNCTION EPSX 74/74 OPT=1 
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FUNCTION SG 74/74 

FUN:T :ON s,.; ( Tl 
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FUNCTION HG 
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FUNCTION HF 
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FUNCTION HVAP 
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