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SECTTON I

CONCLUSTONS

The experience of owners of direct, air-cooled condensing systems
indicates that the systems are feasible. Three special areas of concern
were freezing during severe weather, corrosion in a marine or industrial
atmosphere and noilse attenuation. The present investigation indicates
that:

1. Fintube bundle freezing can be prevented by proper system °
design and strict attention to operating procedures.

2. The service life required of power plants can be achieved,
even 1In corrosive environments, by careful selection of fin- -
type materials and manufacture of the cooling coils.

3. Special design conslderations can attenuate dry. tower fan noise
to meet very stringent requirements.

The performance of direct, air-cooled condensing systems can also
be optimized to minimize the cost of energy to consumers. In the particu-
~ lar case of an 85 MW combined-cycle unit being constructed for the
Braintree, Massachusetts Electric Light Department, the dry tower is
subject to only a minor cost (capital and bus-bar) penalty compared to
alternative cooling methods. A case-by-case analysis 1s necessary,
however, to determine the economic feasibility of direct, air-cooled
condensing systems.



SECTION 1T

RECOMMENDATIONS

Based on the results of the present investigation, it is recom~
mended that a multi-year performance study of the dry cooling tower for
the 85 MW combined-cycle electric generating unit under construction by
the Braintree, Massachusetts Electric Light Department be undertaken
to substantiate the feasibility of this unit. The study should include
collection of tower thermal, meteorological and ambient air quality
data; fintube corrosion and noise surveys; laboratory analyses (for
particulates, salts, halogens, etc.); and studiles of fluid distribution
within the cooling coils. Statistical analyses should then be used to
determine which parameters most influence the steam plant/air-cooled
condenser performance, and to determine the mode of operation required
for optimum performance.



SECTION III

INTRODUCTION

The purpose of this report is to present the results of research
conducted by R. W. Beck and Associates to determine the feasibility of
utilizing air-cooled condensation systems in coastal environments.
Direct-cycle dry cooling towers transfer the heat of condensation of the
turbine exhaust steam directly to the atmosphere by means of air-cooled
heat exchangers, with no evaporation loss of circulating water. 1In this
respect, a major siting obstacle to the construction of thermal and
nuclear power stations 1s mitigated. Dry cooling towers are also bene-
ficial from the standpoint of environmental protection.

R. W. Beck and Associates is the consulting engineer to the Brain-
tree, Massachusetts Electric Light Department for the design and construc-
tion of an 85 MW combined-cycle unit with associated dry cooling tower.
The exhaust heat from a 65 MW gas turbine will be utilized in an unfired
heat recovery boiler to produce steam for a 20 MW steam turbipne.

Specific site considerations include subfreezing weather (down to a low
temperature of -22 C), a marine and industrial environment, and noise
attenuation required. by the Commonwealth of Massachusetts to 51 dB(A)
within the plant boundary (400 feet from the dry tower).

Armstrong and Schermerhornl have recently studied this application
of a direct, air-cooled condensing system to a combined-cycle electric
generating unit. In this particular case, the dry tower is subject to
only a minor cost (capital and bus-bar) penalty compared to alternative
cooling methods. In addition, the use of a dry tower allows a signifi-
cant reduction in the total time required to complete the project (vis
a vis environmental issues associated with alternative cooling systems),
thus reducing indirect costs and partially offsetting the fuel cost
penalty. The study revealed the necessity of making a careful and
 extensive analysis of how ambient air temperature will affect plant
performance characteristics and, in turn, fuel costs.

Major aspects of this study include selection of materials and fin
types to prevent external corrosion of fintube surfaces due to marine or
industrial environments, prevention of coil freezing during severe
weather and noise attenuation. Five manufacturers have been contacted
in order to ascertain the extent of their experience in providing this
equipment. On-site visits with owners and operators of dry towers have
also been made to determine whether the equipment can operate satisfac-
torily under a wide range of load and atmospheric conditions, and to
detail necessary maintenance procedures.. General information relative
‘to these visits 1s presented in Table l. At many of these locations
corrosion and noise surveys were also conducted.
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Table 1. DRY.COOLING TOWER INSTALLATIONS VISITED BY R. W. BECK PERSONNEL

Location

Wyodak, Wyo-
ming

Rotterdam,
Netherlands

Rotterdam,

‘Netherlands

Rotterdam,
Netherlands

Antwerp,
Belgium

- Brunsbuttelkoog,

West Germany

Zurich, Switzer-
land

Nuremburg,
West Germany

Green Springs,
Ohio

Baytown, Texas

Freeport, Texas

Owner

Black Hills
Power and Light

A. Z. C.
Zoutchemie

Esso
Refinery

Essc
Refinery

Albatross
Refinery

Condea
Refinery

Municipal
incinerator

Linde/air
separation plant

Columbia Gas
S.N.G. plant

Celanese
Chemical

Dow Chemical

IN 1973, 1974, AND 1975

Date of

GEA

GEA

GEA

GEA

GEA

GEA

Products Corporation

/Desi,gner Year Duty
Service/Manufacturer Installed (G cal/hr /MM Btu/hr) Visit
vacuum steam condensing 1965 5/20 April,
1969 40/160 1973
steam condensing 1970 .N/A June,
1974
vacuum steam condensing 1970 10/40 June,
1974
~steam and hydrocarbon 1964 N/a June;
condensing/Lummus 1974
vacuum steam condensing 1967 20/70 June,
1974
vacuum steam condensing 1963 N/a Jure,
1971 N/A 1974
vacuum steam condensing 1972 50/210 June, 1974
July, 1975
vacuum steam condensing 1972 - 30/110 June,
Lummus 1974
vacuum steam condensing 1972 70/290 August,
Ecodyne MRM 1974
- steam ‘condensing/Hudson 1971 30/120 August, -
Products Corporation 1974
hyd;ocarbon and vacuum- 1963 6/25 August,
steam condensing/Hudson 1971 3/12 1974



No.

12
13
- 14

15

16
17
18

19

20
21
22

23

24

N.B.

Location

St. C roix, Virgin

"~ Islands

Penuelas, Puerto
Rico

Donawitz,
Austria

Florence,

Italy

Nangis, France
Feluy, Belgium
Rugeley
England
Wolfsburg,
West Germany
Ibbenburen
West Germany

Schmehausen
West Germany

Utrillas
Spain

Nangis, Franee

Paris, France

Owner
Hess Refinery
Puerto Rico
Olefins

Voest-Alpine
Steel Works

Nuovo Pignone
manufacturing

plant

Grande Paroisse
C.D.F. Chemie

S. A. Chevron
Belgium N. V.

C.E.G.B.

Volkswagenwerk

A. G.

Preussag A. G.

Hochtemperatur
Kernkraftwerk

Union Termica
S. A,

S.E.I.F.

R.A.T.P.
Arber Station

Table 1. (Continued)

GEA

GEA

Hudgon Products Corp.

The numbers used to designate various installations in this table will be used throughout the report.

/Designer - Year Duty Date of
Service/Manufacturer Installed (G cal/hr /MM Btu/hr) isit
steam and hydrocarbon 1966 N/A August,
condensing/Ecodyne 1974
steam condensing 1971 10/45 August,
Marfab 1974
vacuum steam condensing 1975 40/150 July,
Lummus ' 1975
vacuum steam condensing 1967 15/60 July,
Lummus 1975
vacuum steam condensing 1967 25/100 July,
Lummus 1975
vacuum steam condensing 1975 15/60 July,
Lummus 1975
circulating water cooling 1961 150/590 July,
English Electric Co. 1975
vacuum steam condensing 1961 120/460 July,
1966 60/230 1975
1972 60/230
circulating water cooling 1967 180/740 July, -
GEA-Heller 1975
circulating water cooling " under con- 380/1500 July,
Balcke-Durr GEA struction . 1975
. vacuum steam condensing 1970 275/1100 July,
1975
Yacuum steam condensing 1967 40/180
Hudson Products Corp.
freon condensing 1972 60/240



Finally, a computer program has been developed to evaluate the
annual performance and bus-bar energy costs of the Braintree installa-
tion. ‘ '



SECTION IV

"AIR-COOLED CONDENSER SYSTEMS

i
The familiarity of five different designers/manufacturers with the
production of air-cooled vacuum steam condensers has been determined
from their literature and discussions with engineering personnel. These
five are GEA Airexchangers, Inc., C-E Lummus Heat Transfer Division,
- Hudson Products Cb:poration, Ecodyne MRM Division and The Marley Company.
The following paragraphs summarize the results of this investigation.

GEA is the parent company for several branches that design and
manufacture air coolers for various industries. The basic engineering
design for the Braintree dry tower was performed by personnel at the
home office in Bochum, West Germany. The actual contractual arrangement
however, was with GEA Airexchangers, Inc., a U. S. corporation based
near St. Louis, Missouri. This company processed materials and sub-
assemblies from both domestic and foreign sources in conformance with
the engineering design generated in Bochum. GEA can document over 200
alr-cooled vacuum steam condensers which are currently in service. The
oldest was installed in 1939. Although only a few of these units are as
large as the Braintree unit, they are all of basically the same design,
with improvements in structural components, fan-gear units and control
systems hardware in the newer models.

Lummus is a design engineering and construction firm owned by
Combustion Engineering, Inc., with engineering offices throughout the
world. The proposal for the Braintree dry tower was engineered by
personnel at the Heat Transfer Division office in The Hague, The Nether-
lands and transmitted by Combustion Engineering's office in Windsor,
Connecticut. The Lummus LATEC (Lummusaire Turbine Exhaust Condenser)
design has evolved through three stages (designated I, II and IIIL), and
over 130 condensers are currently in service or under construction (earli-
est installation, 1962). The recent LATEC II and III designs (subsequent
to 1972) are similar with regard to heat transfer design concepts, the
basic difference between them being that the LATEC II configurations
have one overhead steam header, while LATEC III configurations have a
palr of fan-level headers.

Hudson Products Corporation, a subsidiary of J. Ray McDermott and
Company, Inc., is the largest U. S. manufacturer of air-cooled heat -
exchangers, and, with its licensees in the United Kingdom, France, Italy,
Australia, Japan and Brazil have a similar position for process applica-

- tions in the world. Hudson pioneered the design and manufacture of

AUTO-VARIABLE fans and large industrial wet-dry cooling towers, and

has had that equipment in extensive service for over 20 years. Hudson
designs and furnishes complete cooling systems for direct or indirect
steam condensing in natural or mechanical draft. Over 100 Hudson steam"
condensers since as early as 1940 are in service, including over 25
vacuum steam condensers operating since 1961.



MRM Division is the former McKinzie-Ris Manufacturing Company, now
owned by Ecodyne Corporation. MRM has manufactured finned tubing and
air-cooled heat exchanger assemblies for the past 40 years, and can
document more than 10 vacuum steam condensers in service since 1964.

The Marley Cooling Tower Company, through its Dri-Tower Committee,
has studied various design and application problems associated with dry
cooling towers since early 1967. This Committee has held the opinion
that direct, air-cooled condensing systems for large power plants would
not be feasible in the foreseeable future, but that designs adopted from
the hydrocarbons and petrochemical industry could be used by utilities
for small steam units with only a slight additional concern for operat-
ing procedures.. Marley, therefore, is concentrating on larger utility .
applications with their Parallel-Path Wet-Dry Tower.

GENERAL DESCRIPTION OF AIR-COOLED
CONDENSER OPERATION

GEA, Lummus and Hudson Products Corporation offer dry-cooled vacuum
steam condensers which differ significantly in detail. However, since
their fintube bundle and mechanical equipment arrangements embody heat
transfer concepts which are representative of the designs offered by the
varlous manufacturers, their units will be described in detail.

GEA Air-Cooled Vacuum Steam Condenser

The GEA patent encompasses the use of elliptical finned tubes and a
series connection of parallel ane counterflow elements known as the '
"condenser-dephlegmator" combination (see Figure 1). The steam duct
through which the turbine exhaust steam is transferred to the air-cooled
coills runs horizontal to the point of rising to the condenser inlet
headers. The condenser tube bundles are installed in A-type frames on
the condenser platform. Only the parallel flow bundles are directly
welded to the inlet steam header located on top of the bundles. The
steam enters these bundles and flows downward parallel with the con-
densate to the bottom condensate header which runs along the bottom
inside the A-type structure. The excess steam is carried through the
condensate header and flows upward, countercurrent to the condensate,
through the dephlegmator bundles. The noncondensible air is evacuated
from the top of the dephlegmator bundles. The dephlegmator bundles are
located toward the center of the unit to assure maximum symmetry in the
steam distribution. The hot condensate flows by gravity to the hot well
tank. o

Each fan module encompasses tube bundles on each side of the A-
frame. - Adjacent modules are separated by partition walls to avoid
evacuating air when a fan is "off". Doors are provided in the partition
walls to allow free access into the air plenum even while the fans are
in operation. The fans are driven by horizontal two-speed motors via
worm gear speed reducers supported on the fan bridges.
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A wind wall of the same height as the tube bundles is sometimes
used to prevent warm air recirculation, which may be a problem under
strong wind conditions. The condenser platform is elevated above ground
and supported by a steel structure. The height of this structure is
chosen to assure an average air access velocity of not more than 5
meters per second (16.5 fps). This is necessary to achieve low air
inlet pressure loss and even air flow distribution.

The holding ejectors for condenser evacuation during normal oper-
ation are mounted on a platform on top of the condensate tank. A/

gseparate hogging ejector is used for startup operation.

Lummus Air-Cooled Vacuum Steam Condenser

The patented Lummusaire Turbine Exhaust Condenser (LATEC) design
illustrated in Figure 2 is based on a modular concept for ease of manu-
facture, control, malntenance and erection. The basic component of the
module 1s the tube bundle consisting of a number of finned U-tubes.
Each tube bundle includes a separate secondary condenser which removes
noncondensibles.

The bundles are supported by an '"'M" or "A" frame structure and are
arranged for co-current flow (from the inside to the outside of the tube
bundle) of air and steam. Several fintube bundles are combined in one
module and are served by one or more axial flow fans which supply air
under forced draft. Each fan is driven by an electric motor through a
gear box. Each bundle has its own inlet manifold and two outlet conden-
sate manifolds. The inlet manifold is connected to the main steam
manifold which feeds steam from the turbine exhaust through the main
steam line. ' The bundle condensate manifolds are connected to the main
condensate line going to a loop seal and into the condensate receiver.
The noncondensibles are removed from the secondary condenser of each
bundle through air take-off lines to the air ejector system.

The bundles are arranged-such that the unfinned part of the U-tube,
i.e. the return bend, is located just on top of or underneath the steam
manifold of the adjacent bundle. This results in a plot space saving of
up to 25 percent over side-to-side designs without increased power
consumption.

Turbine exhaust steam flows through a minimum length exhaust line
which is connected to the distribution steam manifold serving the con-
denser. The condenser manifold provides steam distribution to the
individual bundle manifolds or headers. The steam flows from the header
manifold through the inlet legs of two rows of U-tubes. The axial flow
fans force atmospheric air across the tube rows. A portion of the steam
is condensed in the first two rows of tubes. The mixture of steam and
. condensate then flows by gravity through the sloped U-bends and the
remainder of the steam is condensed in the second two rows. The cold
inlet air is heated as it passes through each successive row in co-
current flow with the hot fluid.

10
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FIGURE 2 — LUMMUS AIR-COOLED CONDENSER DESIGN DETAILS



The condensate from each of the two return legs is drained through
the separate condensate manifolds -to the condensate line. Each con-
denser has a loop seal between the main condensate line and the conden-
sate receiver.

In each bundle, the noncondensibles and any uncondensed steam flow
into the separate condensate outlet manifolds and are further cooled in
the secondary condenser before entering the air ejector system. Thus
the maximum amount of steam is condensed before the noncondensibles are
evacuated. '

Normally, separate forqéd draft fans provide cooling air for tube
bundles on each side of the "A" or "M" frame structure. Each cooling
module is separated from adjacent modules by internal partition walls.

Wind walls are an integral part of the "M" frame design and are
used, where necessary, with the "A" frame configuration to prevent
external warm air recirculation that may occur during strong wind con-
ditions.

Hudson Air-Cooled Vacuum Steam Condenser

Among the design features utilized by Hudson in vacuum steam
condensers, a number of which are patented, are:

Steam Side

Restrictive steam flow on a modular or row basis

Special two-pass design

Multiple tube diameter in succeeding tube rows

Vent condensers following main condenser in series
Dephlegmator (for vertical or drastically sloped tube designs)
following main condenser in series

Air Side

AUTO-VARIABLE Pitch Fans

Allows totally modulated automatic control

Saves power (compared to shutter or step-wise motor speed

control) '

Permits reversal of air flow direction for winterized designs
Variable tube finned length in succeeding tube rows
Induced draft designs with internal alr recirculation, utilizing
AUTO-VARIABLE pitch fans and wind skirts, or AUTO-VARIABLE pitch
‘fans and top mounted shutters
Forced draft designs with external air recirculation, utilizing
shutters for air inlet, air exit and air bypass, with or without
AUTO-VARIABLE pitch fans

12



Hudson offers horizontally or vertically oriented bundles, "A" or "V"
“designs, for ground or structure mounting.

As designers of the first industrial AUTO-VARIABLE fan in 1952, in
addition to a standard line of adjustable pitch fans (both in diameters
from 6 to 60 feet), Hudson has experience in modulation and direction
control of air flow for steam condenser control and in special fan
designs for low noise applications.

13



SECTION V

HIGHLIGHTS OF SITE VISITS

In the course of visits to the 24 dry cooling tower installations
listed in Table 1, specific items of interest were investigated. Three
main: areas of concern for this research project were prevention of ex-
ternal corrosion of fintubes in marine or industrial environments,
prevention of coil freezing during cold weather, and noise attenuation.
Additional highlights included examples of design development for both
the GEA and Lummus condensers, recent analysis of corrosion problems at
installations which have been visited previously by R. W. Beck and
Assoclates personnel, and development of a new concept in the structural

~englneering of natural~draft towers. These visits are desc¢ribed below
in chronological order.

ALBATROSS REFINERY (5)%

This installation 1s located on the northeast edge of Antwerp,
Belgium along the canal which connects the city with the North Sea. The
GEA unit at this refinery condenses steam from a small turbine driving
an electric generator. Figure 3 is a photograph of this unit. . The
corrosive effects of the salt and industrial pollutants in the atmosphere
at this location have taken their toll on various metals. All bare
steel is in very poor condition, and some aluminum fintubes in a process
cooler have failed. Frequent repainting has kept painted steel in good
condition, and galvanizing shows only a slight dulling.

Behind the power plant is a pile of discarded tubes from one of the
process coolers in this refinery. These tubes, which were made by
wrapping an L-shaped strip of aluminum around a steel tube, are commonly
referred to as the "L-fin" tube. They were removed from service because
the bottom row of fins became so corroded that cooler performance was
- inadequate and the construction of the cooler required that the top
banks of tubes be cut away in order to remove the bottom row.

The aluminum fins on the tubes taken from the bottom row have
accumulated a coating of black, brown and reddish dirt. The edges of
the fins have been eaten away by corrosion, while cracks run from the
corroded areas toward the tube. Corrosion and cracking are worse on the
sides of the fins which were toward the incoming air stream. The fins
on tubes from the second row are in much better condition, although some
dirt buildup and light corrosion appear on the inlet air sides of these
tubes also. Figure 4 shows these corroded fins.

* Numbers in parentheses refer to identification numbers in Table 1.

14
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FIGURE 3 — GEA CONDENSER AT ALBATROSS REFINERY
ANTWERP, BELGIUM
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ALUMINUM "L-FOOT" FIN FROV
ALBATROSS REFINERY -
ANTWERP, BELGIUM

FIN FROM Ist ROW OF TuBes FIN FROM 2nd ROW OF TUBES

FIGURE 4 — DISCARDED ALUMINUM FINS AT ALBATROSS REFINERY
ANTWERP, BELGIUM



Since the fins corroded only where dirt collected on them, some
pieces of these fins were analyzed by chemical methods to identify the
corrosive agent in the dirt. The analysis report indicated that soluble
salts (chlorides and sulfates) compounds in the air plus moisture cre-
ated an acid condition and, in conjunction with heavy metals, resulted
in corrosion. B '

As fins were peeled from these tubes, it was observed that the
steel tube had been rusting underneath the foot of the fin. This rust
is present on all tubes, not just those which were located in the bottom
bank. This would indicate that moisture in the air had come into con-
tact with the steel tubes, quite possibly after their removal from
service.

CONDEA REFINERY (6)

The location of this installation is Brunsbuttelkoog, West Germany,
at the mouth of the Elbe River on the west end of the Kiel Canal con-
necting the North Sea with the Baltic. The GEA unit at this refinery
was installed in 1963 and enlarged in 1971 by the addition of some
fintube bundles. Thus it allows a comparison between the condition of a
relatively new unit with a unit that has been in operation for more than
10 years. Figure 5 is a photo of this condenser. The three bundles of
fintubes located on the left side of the unit and separated from the
other six bundles are the sections installed in 1971. Note that the
unit includes space on the left for the addition of yet another three
bundles.

The unit operates today under different criteria than those original-
ly used. When the new sections were added in 1971 to increase the con-
densing capacity, the overall performance parameters were changed to
allow lower turbine backpressure and better plant thermal efficiency.
Operating personnel indicated that since the new sections have been
added, the increase in heat transfer capability has resulted in a ten-
dency for the unit to begin freezing at -7 C (20 F) under low loads.

They cover some of the sections with tarpaulins during severe weather to
prevent this freezing.

The atmospheric conditions here that contribute to corrosion of
metals consist mainly of salt spray borne inland by winds. Salt col-
lects on the windward side of buildings and equipment where it is
allowed to remain until washed away by subsequent rains. Industrial-
type pollutants are reputed to be uncommon in this rural area. Bare
steel 1s badly rusted, while -painted steel and galvanizing are in good
condition. A special alloy of aluminum containing some magnesium has
been used as lagging on pipe insulation and 1s in good condition, with
its oxidized surface intact. Aluminum-finned heat exchangers in the re-
finery give satisfactory service, according to operating personnel.
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FIGURE 5 — GEA CONDENSER AT CONDEA REFINERY
BRUNSBUTTELKOOG, WEST GERMANY



Figures 6 and 7 compare the appearance of galvanized fintubes on
the old and new sections of the GEA condenser. The older fins are
" darker in color than the new fins, but in quite good condition. Some of
the fins from the older section which have been bent and damaged to
expose the steel beneath are rusted where the galvanizing has been
removed, but have not suffered a significant reduction in heat transfer
capabilities.

ZURICH, SWITZERLAND MUNICIPAL INCINERATOR (7)

This GEA unit is connected to the steam turbines which generate
power at this incinerator. This unit is located inland in a relatively
pollution-free environment. The main reason for visiting this unit is
that it was designed for the extremely low noise level of 45 dB(A) at
120 meters (400 feet). Figure 8 is a photo of this condenser.

A number of methods were used to attain the low noise levels for
this unit: 1) large diameter fans were employed; 2) motors are slow-
speed units connected directly to the fan in order to eliminate a re~
duction drive gear with its attendant whine; and 3) the air inlet plenum
is totally enclosed on the two sides that allow air into the unit by a
set of acoustical baffles. Figure 9 is a closeup of these baffles from
inside the plenum chamber. The baffles, consisting of a fibrous material
sandwiched between plates of perforated metal, are about 15 cm (6 inches)
thick and spaced about 0.5 m (1.5 feet) apart.

The eight fans on this unit are approximately 6 m (20 feet) in
diameter and are powered by two-speed electric motor drives which oper-
ate the fans at either 136 or 68 revolutions per minute. Noise measure-’
ments were made at the unit by the research team and are reported in
Section VIII.

LINDE AIR SEPARATION PLANT (8)

This unit is located in central West Germany, in a light-industrial
area near Nuremburg. The unit was manufactured to a design provided by
the Lummus Company and condenses steam from a turbine generator. It is
designated a LATEC II type by Lummus. The main difference between this
unit and the later LATEC III type is that it has a single upper header
(see Figure 10), while the steam header for the LATEC III runs along
each side of the bottom of the coils.

This condenser has experienced a single episode of freezing which
occurred during the first cold weather period of the season. Operating
personnel injected live steam into the condensate line as they thought
this would keep the condensate warm and thereby prevent freezing. In
fact, this had the effect of setting up a reverse~flow of condensate
back up into the finned tubes with subsequent freezing. It is a charac-
teristic of the LATEC bundle design that, if freezing does occur, as in
this rather unusual case, it will be confined to the V-bends which are
exposgd and readily accessible for repairs. Being circular in shape,
the finned section of the U-tube does not undergo deformation.

t
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BRUNSBUTTELKOOG, WEST GERMANY
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FIGURE 7 — 2 YEAR OLD GALVANIZED FINTUBES AT CONDEA REFINERY
BRUNSBUTTELKOOG, WEST GERMANY
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FIGURE 8 — GEA LOW-NOISE CONDENSER AT MUNICIPAL INCINERATOR
ZURICH, SWITZERLAND
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FIGURE 9 — CLOSEUP OF ACOUSTICAL BAFFLES AT MUNICIPAL INCINERATOR
ZURICH, SWITZERLAND
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FIGURE 10 — LUMMUS LATEC II CONDENSER AT LINDE PLANT
NUREMBURG, WEST GERMANY



Lummus used an infrared camera at this unit to examine the effect
of artificially-induced air leaks during operation; the areas near the
air leaks were cooler than the parts of the unit that were operating
properly. With this method, operating condensers can be examined to
investigate air recirculation and wind effects, steam maldistribution
and operation at partial loads.

VOEST-ALPINE STEEL WORKS (14)

This LATEC III unit, located in a mountain valley in the Austrian’
village of Donawitz, condenses steam from a turbine generator. Its
design combines an especially steep angle of the tube bundles with a
system of overlapping the header ends of the bundles in order to save
ground area and to make the airflow distribution more efficient. These
concepts can be seen in Figure 11, and were quite important in the
selection of a condenser for this particular application because of
space limitation at the site. Details of the secondary condenser, located
at the lower end of the fintube bundle and upstream of the air evacuation
equipment, can be seen in Figure 12,

NUOVO PIGNONE PLANT (15)

This unit designated as a LATEC I, is located approximately 75 km
(45 miles) inland from the Ligurian Sea in a highly-urbanized area of
Florence, Italy, and was manufactured by Nuovo Pignone to a design
produced by the Lummus Company. The unit is used to condense steam
during the testing of turbines and compressors built by Nuovo Pignone at
this plant and for this reason has been subject to a cyclic variation of
its operational use and working temperature levels. This early LATEC
design is easily distinguished from later models by the use of nearly-
horizontal fintube bundles as shown in Figure 13. The unit is also of a
single-pass steam flow with aluminum G-fins, i.e., embedded into the
steel tube, in contrast to the double-pass U-tubes with aluminum L-fins
typical of later designs.

Even though traces of chloride ion were found in laboratory analy-
sis of a fin sample from this unit, the cooling coils were in very good
condition. The only noticeable corrosion was that of unpainted steel,
which has had no effect on its performance.

CHEVRON REFINERY (17)

This unit, located in a rural area approximately 30 km (20 miles)
south of Brussels, Belgium, was manufactured to a design provided by the
Lummus Company and condenses steam from a turbine pump drive used for
pumping refinery products through a product pipeline. Figure 14 is a
photo of this unit.

The unit was designed for a sound pressure level of 82 dB(A) at
1 m (3 feet) below the fans with four large diameter slow-speed fans.
The fans are single-speed (128 rpm)with automatic variable pitch blades
and bell-shaped inlet plenums. Noise measurements were taken at the
unit by the research team and are reported in Section VIII.
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FIGURE Il — LUMMUS LATEC Il CONDENSER AT VOEST-ALPINE STEEL WORKS
DONAWITZ, AUSTRIA



FIGURE 12— LUMMUS SECONDARY CONDENSER DETAIL AT VOEST-ALPINE STEEL WORKS
DONAWITZ, AUSTRIA
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FIGURE |13 — LUMMUS LATEC I CONDENSER AT NUOVO PIGNONE PLANT
FLORENCE, ITALY



FIGURE 14 — LUMMUS LOW-NOISE CONDENSER AT CHEVRON REFINERY
FELUY, BELGIUM



C.E.G.B. RUGELEY STATION "A" (18)

Located approximately 200 km (120 miles) northwest of London in a
rural coal-mining village, Rugeley Station has been the site of the
Central Electricity Generating Board's research into the feasibility of
dry cooling towers for power plant application since late 1961, A de-
scription of the indirect dry-type Heller system utilized with a natural-
draft tower has been prepared previously. Figure 15 is a photo of the
four natural-draft wet towers which serve Station "B" and the shorter,
wider-mouth dry tower which serves 120 MW "A" Unit 3. Station "A" is
comprised of five 120 MW units, and Station "B" has two 500 MW units.

The principal reason for visiting this generating station was to
check on progress made in controlling external fintube corrosion since
an earlier visit in late 1969. Corrosion is thought to result from the
proximity of the coal mining/storage operation, an ash-sintering plant
(for the production of building materials), and the evaporative cross-
flow cooling towers. The coal mined at the site is relatively high
(0.6%) in chlorine content and probably contributed significantly to the
failure of the original aluminum (tube-collar-plate fin) Forgo coils.
All of these fintube bundles have been subsequently replaced.

A total of four sets of fintube bundles have been used in the
Rugeley dry tower. Only the original bundles were a complete set. The
latest three types (still in use), in chronological order, have been:
epoxy-coated Forgo elements (see Figure 16), an English Electric Company
scallop-edged plate fin design, and epoxy-coated Forgo elements. In
conjunction with this test program on various fintube constructions, a
new repair technique involving epoxy injection directly into the bundle
to repair leaks internally has been used. Maintenance techniques cur-
rently involve washing and physical inspection of the bundles on a once-
per-month basis. The cycling of warm water in out-of-service bundles to
maintain approximately a 2 C (4 F) temperature differential with ambient
air is also under consideration. Freezing is not a serious problem,
however, due to the winter peak experienced at this plant.

VOLKSWAGEN PLANT (19)

This unit is located in the West German city of Wolfsburg whose
primary industry is the Volkswagen plant. The GEA unit condenses steam
from four turbine generators of 48 MW capacity each., Figure 17 is a
photo of the unit. Two condensers were installed in 1961, another in
1966 and the last in 1972. There are also wet cooling towers which
serve the old power plant. Prinicipal reasons. for visiting this plant
were to compare the different GEA designs for the three vintages of
condenser, and to observe the relative condition of galvanized fintubes
differing in age by more than 10 years.

Blocks A and B (1961) each have four condenser groups, three of
which are parallel flow and one of which is counterflow (dephlegmating).
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FIGURE |5 — NATURAL-DRAFT COOLING TOWERS AT C.E.G.B. GENERATING STATION
RUGELEY, ENGLAND
(DRY TOWER IS SHORTER, WIDER-MOUTH UNIT)



FIGURE 16 — EXAMPLE OF THE OLDEST EPOXY-COATED FINTUBE BUNDLES AT
C.E.G.B. PLANT — RUGELEY, ENGLAND



€€

FIGURE 17 —GEA CONDENSER AT VOLKSWAGEN PLANT
WOLFSBURG, WEST GERMANY



The condenser groups are isolable through shutoff devices in the steam
and evacuation lines. An aftercondenser upstream of air evacuation
equipment is shown in Figure 18. Block C has four groups, each having a
counterflow section in the center and two parallel flow sections ar-
ranged at the ends. These hookups permit different operating modes.

For ambient temperatures below 0 C, Blocks A and B are started up
with only the dephlegmators. With increasing exhaust flows, the three
dephlegmator fans are started sequentially at reduced rpm and are finally
operated at high speed. The parallel flow groups remain shut off. As
the limit of dephlegmator capacity is approached, a parallel flow group
is brought on line in order to maintain vacuum. The cooling surface is
thereby increased, initially more than the steam flow would require. 1In
order to prevent condensate subcooling and possible icing of the tubes,
the added parallel flow group should immediately be heavily loaded with
steam. This is done by shutting down the dephlegmator fans as soon as
steam 1s admitted to the parallel flow group and switching the parallel
flow unit fans to high speed. The dephlegmator loading, in this case,
is only the excess over the capacity of the parallel flow units just
placed on the line. A further increase in steam flow is accommodated by
loading up the dephlegmators, i.e., re-energizing the fans, and finally,
the second and third parallel flow groups are likewise put on line.

Block C is started up a group at a time. A control sequence first
energizes the fans of the dephlegmator elements and then those of the
parallel flow sections. The other groups are similarly put into opera-
tion, depending upon demand. A diagram shows the operator the tempera-
ture and load points for fan speed cutback and eventual shutdown.

Condenser response to variations in load and air temperature is
achieved by air flow adjustment. It should be noted that there is an
economic limit beyond which the cost of added fan power consumption for
increased air flow exceeds the fuel cost savings resulting from vacuum
improvement.

Control of air flow for units A through C is accomplished by means
of two-speed motors. However, these coarse steps require frequent speed
changes at light loads, and a different means was, therefore, chosen for
Block D. It has three parallel flow groups each of which includes a
small counterflow unit, and a startup group having two of three sections
that may be connected in the parallel flow or dephlegmator mode. This
startup group is equipped with variable pitch fans, permitting better
accommodation of load conditions at low temperatures.

As regards the aging of galvanized fintubes, the oldest units have
turned a dark dull color, in contrast to the light gray surface of the
newest unit. The only noticeable corrosion is where mechanical acci-
dents have removed the galvanizing, allowing. oxidation of the underlying
steel fintube, This corrosion has not, however, significantly altered
the heat transfer capability of the units.
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FIGURE 18 — AFTERCONDENSER ON OLDEST GEA CONDENSER (DEPHLEGMATOR)
AT VOLKSWAGEN PLANT — WOLFSBURG, WEST GERMANY



PREUSSAG A. G. IBBENBUREN STATION (20)

Located in a rural coal-mining village in north-central West
Germany, Ibbenburen Station is the site of a 150 MW indirect, dry-cooled
generating unit. A description of the Heller system utilized with a
natural-draft tower has been prepared previously.2 Figure 19 is a photo
of this unit. Adjustable louvers on the outside of the air-cooled coils
are used for air flow control. The dry cooling equipment for this plant
was furnished by GEA. An older plant (vintage 1954), of 100 MW capa-
bility, is immediately adjacent and is cooled by two natural-draft wet
towers.

The principal reason for visiting this generating station was to
investigate minor fintube corrosion thought to have resulted from the
proximity of the coal mining/storage operation and the wet towers, sub-
sequent to a late 1969 visit. The fintube bundles have not been replaced
since their installation in 1967, and have been cleaned only twice by
air-blowing. The aluminum Forgo-type coils have experienced some cor~
rosion on the air inlet side. ‘

Some fintube bundles were removed from service (see Figure 20) to
be analyzed for corrosive agents. Both chloride and sulfate ions have
been identified. These could have contributed to the localized, rather
than area-wide, attack which has occurred.

SCHMEHAUSEN CABLE-NET TOWER (21)

The construction site of a new type of natural~draft tower to serve
a 300 MW prototype high-temperature nuclear power plant using a pebble-
bed reactor is approximately 230 km (140 miles) north of Frankfurt, West
Germany. Figure 21 is a photo of the cable-net tower as it appeared in
July, 1975. The structural net, formed from aluminum-coated twin steel
cables, will be covered on the inside with corrugated aluminum sheets.
The German engineers feel that much larger natural-draft towers are
possible with this type of construction than currently deemed feasible
for conventional thin-shelled, reinforced concrete cooling towers.
Designers and contractors, with financial help from the government, have
decided to make the tower large enough to provide cooling for a 500 MW
plant.

The tower will have a slip-formed central core mast 180 m (590
feet) high, from which a circular, prestressed hyperboloid cable net is
suspended and anchored to a 140 m (460 feet) diameter concrete founda-
tion ring. The cable net will rise to a height of 150 m (480 feet)
where it is suspended from a 90 m (300 feet) compression ring. The ring
which forms the upper edge of the tower proper is, in turn, suspended
from the central mast top by 36 radial cables.

The heart of the cooling system are the heat exchangers inside the
tower. These will be laid out as three rings inclined at a 17 degree
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FIGURE I9 — NATURAL-DRAFT DRY TOWER AT PRE USSAG
A.G. GENERATING STATION
IBBENBUREN, WEST GERMANY
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FIGURE 20— FINTUBE BUNDLES SUBJECTED TO CORROSION
ANALYSIS AT PREUSSAG A.G. GENERATING STATION

IBBENBUREN, WEST GERMANY
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FIGURE 21 — CABLE NET(TO BE FINISHED WITH ALUMINUM SHEETING)
NATURAL-DRAFT DRY TOWER UNDER CONSTRUCTION
SCHMEHAUSEN , WEST GERMANY



angle to the tower's center. Their inclination results from the re-
quirement that equal air flow velocities should prevail in all areas of
the heat exchange surface. The individual cooling elements, about 15 m
(50 feet) long, consist of two tube walls which are inclined at an angle
of 60 degrees to each other in an A-frame manner. Most of the fintube
bundles will be supplied by GEA and will consist of steel tubes with
oval cross-section and slipped-on steel fins. For the purpose of ex-
perimentation, the remainder of the bundles will be supplied by Balcke-
Durr, another Bochum firm, and will consist of steel tubes with oval
cross-section and wound-on steel ribs. All bundles will be liquid
galvanized.

UNION TERMICA S. A, UTRILLAS STATION (22)

This GEA unit is located in a mountainous area of Spain, approxi-
mately 240 km (150 miles) east of Madrid. The unit condenses steam from
a 160 MW power plant near an underground lignite mine. Figure 22 is a
photo of this condenser, which was commissioned in 1970, and is, to
date, the world's largest direct, air-cooled system. Operating per-
sonnel indicated that the unit has performed its design function and
achieved expected performance over an extreme range of ambient tempera-
tures. The unit is back-washed once a year:with air and water and was
observed to be in excellent condition. Plans are currently underway for
development of an additional steam unit at the plant of approximately
300 MW capacity, with another dry tower.

AMMONTIA PLANT - NANGIS, FRANCE (23)

The air-cooled heat exchangers were manufactured by Creusot-Loire,
under license from Hudson Products Corporation and are of Hudson design.
Air-cooled heat exchangers serve as steam condensers for turbines which
drive compressors and a 7 MW electrical generator, operating under
vacuum conditions. Two-speed fan motors and auto-variable fans provide
freeze protection. Operators reported no freezing of the coils. Tubes
are of steel with extruded aluminum finss. No fin corrosion has been
experienced. In addition to the vacuum steam condensers, there are a
number of Hudson air-cooled heat exchangers for ammonia condensing.

PARIS METRO SUBWAY AIR CONDITIONING SYSTEM (24)

This three-unit Hudson air-cooled heat exchanger, manufactured by
Creusot-Loire, 1s located on a rooftop next to the Paris Opera House.
Because of this location a low noise level of 65 dB(A) at 1 m (3 feet)
with all fans at full speed was specified. The noise level is extremely
low and normal conversation can be heard directly below the fans. No
corrosion was evident on the extruded aluminum fins.
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FIGURE 22 — GEA CONDENSER AT UNION TERMICA, S.A.GENERATING STATION
UTRILLAS, SPAIN



SECTION VI

PREVENTION OF FINTUBE CORROSION

Two factors are of prime importance in determination of the useful
life of fintube bundles in dry cooling towers. These are the construc-
tion and manufacture of the fintube itself and the atmospheric environment
in which it is used. Figure 23 depicts several basic fintube designs.
Illustration (a) is the GEA fintube, consisting of steel plate fins over
oval steel tubes with the entire assembly hot-dip galvanized after
fabrication. Illustration (b) is the L-fin quite commonly used in LATEC
units. This is an L-shaped aluminum fin wrapped on a steel tube under
tension. Illustration (c) is the embedded (G-type) fin, made by wrapping
aluminum fins into a spiral groove in a steel tube, followed by rolling
the tube material against the fin base. These are also used in LATEC
units. Illustration (d) is the extruded fin of aluminum over a steel
tube. Extruded fin tubes, combined with tube end coatings, provide a
complete protective sheath over the steel tube and effectively prevent
corrosion of the steel tube and galvanic corrosion of the aluminum fin.
Illustration (e) is the overlapped version of the L-fin. Illustration
(f) is the "Forgo" fintube consisting of aluminum slotted plate fins
over aluminum tubes. Any of these fintube designs can probably give
satisfactory service in a seacoast environment, without severe industrial
contamination.

Fintubes which can allow the moisture in the air to come into
contact with steel tubes may, however, be subject to corrosion. The
embedded type of fintubes falls into this category, while careful
manufacture of the L-fin type can alleviate this problem.

GEA's experience has been that the service life of their fintube
bundles has been adequate for all air-cooled condenser applications --
based on coating with an appropriate zinc compound. The thickness of
the zinc coating depends on the anticipated atmospheric environment.

GEA feels that a marine atmosphere is less corrosive than either an
urban or industrial area.- The main corrosive agents that reduce the
service life of galvanizing are thought to be sulfur compounds, although
sea spray 1n direct contact with the fintube surface is also known to
cause corrosion. '

Lummus normally uses the aluminum L-fin tube. Aluminum is considered
to be most susceptible to marine and industrial environments although
Alclad products offer supplemental protection in the form of a sacrificial
cladding. The corrosion experienced by aluminum L-fins at the Albatross
refinery (see Section V) is thought to result from the exceptionally
severe environment at the site. Much the same experience has been noted
with the Forgo type fintubes at Rugeley and to a lesser extent at Ibben-
buren. The replacement epoxy-coated fintubes at Rugeley have seen
longer service, with a slight increase in heat transfer capability.
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Hudson recommends extruded aluminum finned tubes for most steam
condensers, but they also offer embedded or plate fin tubing in either
aluminum or steel. Their experience is that extruded aluminum fin tubing
is adequate except where chemical pollutants in an industrial atmosphere,
in combination with a low tube wall temperature permitting liquid water
on the fin surface, results in a specific chemical degradation of the
aluminum. Hudson considers extruded aluminum fin tubing adequate for
power plants, located in relatively benign rural settings, but also for
locations, such as Rugeley or Ibbenburren, where corrosion has taken
place due to the presence of solid chemical pollutants and moisture at
the crevice between the fin and tube.
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SECTION VII

- PREVENTION OF COIL FREEZING

Many of the direct air-cooled condensation systems which have been
investigated have recorded incidents of freezing, e.g., Wyodak, Condea
refinery, Linde plant, Wolfsburg, Columbia Gas S. N. G. plant. Most of
these incidents have been attributed by the manufacturers to improper
operating procedures. All freezing episodes took place at low loads or
during startup. None of the units investigated have encountered any
difficulty with freezing when operating at design load. The special
freeze protection features of the units offered by GEA, Lummus and
Hudson Products Corporation are explained below.

GEA SYSTEM (With Reference to Figure 1)

In a multi-row tube bundle the cooling air is heated gradually as
it passes over successive rows of tubes. Since the condensation temper-
ature 1s approximately the same in all tubes, the temperature difference
for heat transfer decreases in the direction of air flow. If the heat
transfer surface area is the same for each row of tubes, the condensing
capacity of subsequent rows likewise decreases. Since all tubes are
subject to the same steam pressure drop, the steam flow is virtually the
same for all tubes. If the bundle is designed so that all of the steam
passing through the last row of tubes is condensed, it follows that the
steam passing through the previous rows of tubes which are in contact
with colder air will be completely condensed before reaching the end of
the tubes. Once condensation is complete in a parallel flow condenser
tube, the condensate will be subcooled as it passes through the re-
maining length of tube or '"dead zone."

The subcooled condensate will also pick up oxygen from the non-
condensible gas mixture which collects in the '"dead zone" of the tubes.
This can result in corrosion of the tubes, headers and other internal
parts of the condenser. If the ambient air temperature is below O C
(32 F), the condensate may freeze and rupture the condenser tubes.

A counterflow condenser in which steam and condensate flow in
opposite directions avoids this problem since the condensate is always
in close contact with steam. However, with the steam f£low opposing the
condensate, the condensate film will be thicker than for parallel flow.
The thicker condensate film will reduce heat transfer and may increase
steam pressure drop to such an extent that the condensate may tempor-
arily build up in the tubes with subsequent rapid discharge which can
cause freezing.

"GEA has found that the most effective solution to the "dead zone"

problem is a combination of parallel and counterflow condenser elements.
The steam entering the condenser first passes through parallel-flow

45



bundles. These are so designed that, under all operating conditions,
excess steam leaves all tubes with more steam coming from the last tube
rows than from the first one. This excess steam is transferred by means
,of a large diameter carry-over pipe to the subsequent counterflow. bundles
where it 1s condensed. -The noncondensible gases are extracted from the
upper end of the counterflow tubes after having been cooled several
degrees below the steam saturation temperature.

_ In the GEA design, large internal cross-section elliptical tubes
are mounted 1n an inclined position to ensure good condensate drainage
from all units. An additional feature of the GEA condenser is the use
of fintubes with variable fin pitch which decreases from tube row to
tube row in the direction of air flow. This means that the heat trans-
fer surface increases from tube row to tube row to compensate for the
decrease of the effective temperature difference. A secondary effect of
variable fin pitch is that, due to the large fin spacing of the first
tube row, cleaning of the fin surface by means of high-pressure water
jets is facilitated.

In addition, GEA units are equipped with two-speed fan motor drives
which permit a control scheme whereby the heat rejection capability of
the air-cooled condenser can be closely matched to load over the entire
range of operating conditions. Thus, careful attention to explicit
operating Iinstructions should prevent coil freezing.

LUMMUS SYSTEM (With Reference to Figure 2)

LATEC freeze protection is provided b& a combination of basic
design configuration, cooling air flow control and isolation of effec-
tive surface.

The conventional single-pass air-cooled condenser design is prone
to freezing problems in cold weather due to subcooling in the lower end
of the tubes, recirculation of noncondensible .gases from the higher
pressure areas of the condenser and subsequent tube blockage. The Lummus
HTD double U-tube design features separate condensate headers for each
flow path and a loop seal arrangement which prevents the aforementioned
recirculation and blockage. This design ensures uniform flow and heat
flux distribution over a wide range of ambient temperatures and steam
flows. In addition, the U-tube design in conjunction with co-current
cooling air flow ensures that the condensate leg is in contact with warm
air. The design is such that cooling air reaching the condensate legs is
warmer than 0 C (32 F) under all specified operating conditions.

The type and extent of airflow control and/or surface isolation
used depends on a number of factors, namely:

Minimum ambient temperature

. Minimum steam flow
Wind velocity and direction
Allowable backpressure variation
Size of unit
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In areas subject to moderate freezing (down to -18 C), freeze protection
and backpressure control can be maintained with either two-speed motors
or automatic variable pitch fans. Whether all or only half the fans are
so equipped depends on the size of the unit, or the relative size of a
step change.

A At temperatures below -18 C (0 F), consideration is given to iso-
lating steam valves which remove sections from service or modulating
louvers to regulate cooling air flow. TFor maximum protection under
severe wind conditions, preference would be given to the use of louvers.
In this case, the (inverted) M-type module which offers a '"built in"
wind screen would be offered.

From steam distribution considerations, it is preferred to have all
condenser sections operating at equal cooling capacity. For units
equipped with two-speed motors and louvers, all louvers are operated
from a common signal and assume the same position for all sections in
operation. With decreasing load, louvers are adjusted to reduce air
flow as long as louver position in the air stream is satisfactory from a
control standpoint. Below this, motors are switched from full to half
speed and the louvers are reopened as required to compensate for the
reduced fan draft. Further load or ambient temperature reductions can
be accommodated by turning motors off, the number depending on the
relative size of the step change.

Isolating steam valves can also be used with or without louvers,
but generally with either two-speed motors or auto-variable fans. The
specific control system selected is matched to plant requirements. With
the exception of simple auto-variable fan pitch control, all systems can
be manual, semiautomatic or fully automatic. Here again, the degree of
automation is tailored to the specific plant requirements of operator
attention and cost of instrumentation.

HUDSON SYSTEM

The major problem in design of vacuum steam condensers is accommo-
dating the fact that all steam contains at least some air. It has become
common practice to utilize either a vent condenser or a dephlegmator
after and in series with the main condenser to minimize air binding and
the potential of condensate freezing. The systems are designed such that
excess steam actually "blows" through the main condensers, displacing the
final condensation and air removal to the aftercondenser. Ideally, suf-
ficient steam should pass to just provide positive flow in the bottom
row. Since the aftercondensers are less efficient as steam condensers
and may require more expensive anti-freeze devices, their cost per Btu
of heat removal is high. Thus, it is desirable to minimize that portion
of the condensing surface which is aftercondenser.

For the more demanding condenser application with respect to freezing,

Hudson utilizes an internal means of varying steam flow in proportion to
the temperature driving force in each row, thus minimizing the amount of
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steam that must be blown through the main to prevent freezing, and
minimizing the size of the aftercondenser. Manufacturers who do not"
provide such proportioning must either pay the price for a larger
aftercondenser and its reduced capacity in the summer, or must provide
a means of manifold valving to reproportion the surface between the
mains and the aftercondensers on a seasonal basis.

To deal with these considerations, Hudson combines a number of
in-tube and ailr side features chosen to provide a maximum of condensing
capacity in the summer with protective mechanism against freezing in
the winter, particularly at low steam loads and at startup and shutdown.
Hudson generally recommends automatic and modulating air side systems,
minimizing system shock and with less demands on operating personnel to’
prevent freezeups. Modulated air control 1s unnecessary in equatorial

locations.
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SECTION VIII

NOISE ATTENUATION

The relationship of dry tower design parameters to sound pressure
levels 1s complex. Certain basic relationships do exist, however. For
example, doubling the number of fans of a given size will cause an in-
crease of 3 dB in the sound pressure level,

Halving fan speed will cause a reduction of 14 dB in sound pressure
level. Obviously, halving the rpm will cause a 50 percent decrease in
air flow rate if no compensating fan changes are made, such as more blades
or wider blades. Therefore, doubling the number of fans and halving the
fan speed will provide the same air flow rate with a net decrease in
sound of 11 dB.

The use of large slow-speed fans will generally produce lower sound
pressure levels than will smaller, higher-speed fans of the same capacity.

Other attenuation techniques include direct coupling of fan and
motor drive thus eliminating reduction gear whine, enclosure of the en-
tire dry tower structure, and acoustical baffling of the air inlet
plenum.

Two plants visited in the course of this research project were
representative of current practice. These plants were the Chevron
Refinery at Feluy, Belgium and the municipal incinerator at Zurich,
Switzerland. Sound pressure level readings were taken at each of these
sites with a General Radio Model 1933 Precision Sound-Level Meter. Re-
cordings were made on a Uher 4200 Report Stereo Tape Recorder, using a
General Radio 1562A calibrator to provide analysis information. Tape
analysis was performed on a General Radio 1521-B Graphic Level Recorder.

Field data taken at the Zurich Municipal Incinerator at an approxi-
mate distance of 220 feet from the geographical center of the unit
indicated an average sound pressure level of 61 dB(A). At a distance of
400 feet from the geographical center of the unit, a sound pressure
level of 56 dB(A) is forecast. It was noted during field monitoring
that steam turbine noise was the major contributor to the noise levels
observed.

Field data taken at the Chevron Refinery at Feluy, Belgium at a
distance of 50 feet from the unit's geographical center indicated an
average sound pressure level of 70 dB(A). At a distance of 400 feet
from the geographical center of the unit, a sound pressure level of 52
dB(A) is forecast. It was noted during field monitoring that steam
throttling was a major source of the observed noise levels.
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SECTION IX

APPLICATION OF A DIRECT, AIR-COOLED CONDENSATION SYSTEM
IN A COASTAL ENVIRONMENT

The Braintree, Massachusetts Electric Light Department (BELD) has
contracted to build an 85 MW combined cycle (gas turbine-steam turbine)
electric generating unit to be known as Norton P, Potter Station, Unit
No. 2. The exhaust heat from the 65 MW gas turbine will be utilized in
an unfired heat recovery boiller to produce steam for a 20 MW steam
turbine. Because of the utilization of gas turbine waste heat, the
generating unit will have a high thermal efficiency. The gross heat
rate, 1.e. the amount of energy consumed to produce a kilowatt-hour
(kWh) of electricity, for the unit is expected to be 8,970 Btu/kWh (38
percent thermal efficiency), which is considerably better than most
generating alternatives.

During the course of the preliminary design and environmental in-
vestigatlons for Potter No. 2, it became evident that it would be costly
and time-consuming to attempt to secure permits for an open-cycle cool-
ing system. The use of water from the Weymouth Fore River Estuary would -
require permits from the various federal, state and local agencies con-
cerned with environmental quality. A study of alternative methods for
cooling the plant showed that an air-cooled vacuum steam condenser would
result in an estimated power cost 2 percent higher than the cost of
power using an open~cycle system. In addition, due to the relatively
high cost of clean water suitable for use in evaporative cooling towers
($0.70 per 1000 gal), the power cost using the air-cooled condenser was
estimated to be no higher than using evaporative towers.

!

BRAINTREE AIR ENVIRONMENT

Prevention of external corrosion of the fintube bundles of a dry
tower, and prevention of coil freezing were very real concerns to BELD.
Situated on the Weymouth Fore River Estuary, there are definitely solu-
ble chloride salts in the air at the Braintree site. Other contaminant
levels, as noted in the Draft Environmental Analysis,4 (40 g/m3 of
sulfur dioxide -- 24~hour average, 60 g/m3 of particulate -- 24-hour
average, and 80 g/m3 of nitrogen dioxide -- 24-hour average) are repre-
- sentative of light industrial areas. Subsequent studies have indicated
that most of the suspended particulate matter is less than 1 micron in
diameter, with negligible amounts of trace metals. The Decennial Census
of U. S. Climate3 indicates a temperature range for Boston of 36 C (97 F)
to -22. C (-8 F), with sub-freezing temperatures on the average of 958 hours
per year. .

NOISE REQUIREMENTS

Currently, the Commonwealth of Massachusetts regulations require
that new sources do not increase the broad band noise level in excess
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of 10 dB(A) above the ambient level. The Commonwealth of Massachusetts
also limits production of "puretone conditions" which exceed ambient.

A "puretone”" 1s defined as an A-weighted sound level, at any given
octave band center frequency that exceeds the levels of adjacent center
frequencies by three or more decibels. As defined by the Commonwealth
of Massachusetts, the "ambient level" is that "A-weighted noise that
exists 90 percent of the time measured during the period in question."
In order to determine the ambient levels in the Braintree area, noise
analyses were made during 1972 using acoustical instrumentation of
A.N.S.I. Type 2 standard.” Noise samples were obtained in the daytime
and in late evening between 10 p.m. and midnight. For residential areas
close to the plant the residual noise levels are around 45 dB(A). This
value is within the typical range for urban residential areas.

The noise specification for the dry cooling tower limits sound
pressure levels to 51 dB(A) at 400 feet. The manufacturer has guaranteed
"that he will meet these requirements. Field data from the European low-
nolse installations indicated somewhat higher levels. For example, the
Chevron Refinery at Feluy, Belgium would have a forecast sound pressure
level of 52 dB(A) at 400 feet. However, approximately three times more
cooling capacity will be required at Braintree than at Feluy. Tripling
. the plant size might increase noise levels by as much as 5 dB(A) re-
sulting in a noise level approximately equal to the predicted level for
the Zurich incinerator. However, the interference of other sound gener-
ating components exclusive of the dry cooling towers at both Feluy and
Zurich have raised the recorded levels somewhat.

SPECIFICATION OF THE BRAINTREE CONDENSER

The condensing duty of Potter No. 2 is approximately 45 Gcal per
hour . (180 MM Btu per hour), which is well within the range of operating
installations as indicated in Table 1. Table 2 lists design conditions
for fifteen direct, alr-cooled condensers which were visited in the
course of this research project. The two parameters of greatest concern’
to equipment manufacturers are the turbine backpressure and the initial
temperature difference (I.T.D) between condensing steam and ambient air.
Turbine heat rate decreases with decreasing backpressure and the amount
of fintube surface required for a specified duty varies inversely with
I.T.D. The GEA dry tower for Braintree has been selected on the basis
of 0.12 atm (3.5 inch Hg) backpressure, or a design I.T.D. of 34 C
(62 F). The benefits of unit operating economy offset the initial
capital cost penalty of this size tower. The other design data for
Potter No. 2 are: steam flow - 86,000 kg per hour (190,000 pounds per
hour), exhaust steam temperature - 49 C (121 F) and ambient air tempera-
ture - 15 C (59 F).

Table 3 lists the site conditions for the 15 sites referred to
above where air-cooled condensers have been successfully applied.
Braintree conditions are within the range of conditions shown.
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Table 2. DESIGN DATA FOR DIRECT, AIR -COOLED CONDENSATION SYSTEMS

No. *

11

14
15
16
17
19

22

23

* Numbers rcfer to installations with like designation in Table 1

¥t Total of scveral condensers

Stecam Flow

Kg/lir Lb/Hr
76,000 168, 000
20, 000 44, 000
34, 000 76, 000

NA
NA
51,000 112,000
137,000 302, 000
6,000 12, 000
70,000 154, 000
31, 000 68,006
45,000 100, 000
30, 000 65, 000
" 440,000 970, 000%

520,000 1,150, 000

92,000 188,000

52

kY

Steam Steam Air
Pressure Temperature Tempcrature ITD
Am, InHg °C  OF % °F 5T OF
.15 4.5 54 130 24 75 30 55
17 5.0 57 134 17 62 40 72
.28 8 4 68 154 27 80 41 74
.08 2.4 142 108 15 59 27 49
NA NA NA NA
.19 5.7 59 139 NA NA
.25 1.5 66 150 32 90 34 60
.12 3.6 53 127 32 90 21 37
10° 3.0 46 115 20 68 26 47
. 15 4.6 55 131 NA NA
11 3.2 47 117 NA NA
.17 5.1 57 135 NA NA
. 09 2.7 44 111 15 59 29 52
.10 2.9 46 114 15 59 31 55
.10 2.9 46 114 25 '. 77 20;;'37



GEA has selected a design for the Braintree application embodying
twin A-frame units comprised of 60 bundles of galvanized elliptical
tubes with plate-type fins. Ten two-speed fans (110 rpm/55 rpm) with
4.9 meter (16 feet) blades will provide air movement. Similar configur-
ations are used at Zurich (7) and Feluy (17) as shown in Table 4. The
GEA bid guarantees noise levels from this arrangement will not exceed 52
dB(A) at 400 feet. The bid also lists performance data for each of
octave bands 1-8. The levels specified in each band satisfy the Common-
wealth of Massachusetts criteria for 'puretone'" generation. The 52
dB(A) sound pressure level, when combined with a similar sound pressure
level generated by the combined-cycle unit, should produce a 55 dB(A)
sound pressure level at 400 feet for both units. Since ambient residual
sound pressure levels are approximately 45 dB(A), the addition of this
total plant would satisfy the Commonwealth of Massachusetts' 10 dB(A)
maximum increase criteria at the property line (approximately 700 feet
from the units). ’

EVALUATION OF AIR-COOLED COMBINED CYCLE PLANT PERFORMANCE

Economic analyses were made to determine total bus-bar energy
production costs for the Braintree dry-cooled combined cycle plant for
various comblnations of values of economic and operating parameters. All
costs associated with the plant and/or affected by its operation were
included in the analyses. These costs include the evaluated capital
costs of the combined-cycle unit and the air-cooled condenser, including
the supplemental evaporative cooling system for auxiliary cooling;
annual makeup water costs for the supplemental system; and annual plant
fuel costs. '

Total bus-bar costs were based on the gross annual generation of
the combined cycle unit minus the annual fan energy requirements for the
alr-cooled condenser and the supplemental evaporative cooling system.
The plant was assumed to operate 7500 hours per year with specified
percentages of each operating hour to be at nominal 100-, 80- and 60-
percent-load conditions. Full-power operation of the supplemental
evaporative cooling system was assumed throughout the operating period.

Fuel rate, gas turbine output and waste heat-generated steam flow
at a given nominal load condition are functions of ambient temperature.
For given throttle steam flow conditions, steam turbine-generator output
varies with exhaust pressure which, for a given air-cooled condenser
design and mode of operation, is also a function of ambient temperature.
Manufacturers' performance data for the gas turbine, waste heat boiler,
steam turbine-generator and air-cooled condenser were used in the
analyses., '

Although the actual control scheme for the GEA air-cooled condenser
provides for 13 different combinations of fan operating conditions, only
three combinations were considered in the present analyses; viz.: all
fans full-speed, all fans half-speed, or all fans shut off. For a given

53



Table 3. SITE CONDITIONS FOR DIRECT, AIR-COOLED CONDENSATION SYSTEMS

Minimum Maximum Average
No. Elevation Temperature Temperature Temperature Environment
™ ft S oCc  TF 2C °F °c °F,
1 1200 3900 -35 .31 41 106 7 44 rural arid
3 0 0 " 216 3 35 95 10 50 szacoast
- refinery
5 100 300 -18° 0 37 98 10 50 seacoast
industrial
6 0 0 ~19 -3 33 91 8 . 46 scacoast
refinery
7 400 1300 -18 -1 " 38 101 10 50 urban
8 100 300 =22 -7 38 100 10 50 light industrial
9 200 800 -23 -9 39 103 11 sl rural
11 0 0 -4 24 32 90 21 70 seacoast
industrial
14 200 700 -26  -14 31 98 9 49 industrial
15 160 400 -7 20 40 104 16 6l urban
16 100 200 -16 4 40 104 11 51 refinery
17 100 300 -18 0 37 98 10 50 refinery
19 100 200 -24 -11 37 98 9 48 industrial
22 700 2200 -10 14 39 102 13 56 coal mine
100 300 -23 -10 40 104 51 industrial

23

* Numbers refer to installations with Like designation in Table 1,
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Table 4. DESIGN SPECIFICATIONS FOR DIRECT, AIR-COOLED CONDENSATION SYSTEMS

Bundle Con-

Number Fan Fan Fintube Number
No, % of Fans Diameter Configuration Construction Bundles figuration
Jmo It
1 6 6.4 21 2x3 galvanized el- 48 2 A-frame
liptical tube
plate~type fins
3 NA NA NA galvanized el- NA NA
liptical tube
plate-type fins
5 3 NA 1x3 galvanized el- 18 A-frame
liptical tube
plate-type fins
6 3 NA 1x3 galvanized el- 18 A-frame
liptical tube
plate-type fins
7 8 6.1 20 2x 4 galvanized el- 44 2 A-frame
liptical tube
plate-type fins
8 10 NA 2x5 Al L-fins 20 A-frame
9 NA NA . NA Al embedded NA NA
) : fins
11 4 , ot
4.0 13 4x1 Al extruded 4 nearly
’ ’ : horizontal
14 8 6.1 20 2x 4 Al spiral-wound 24 A-frame
fins
15 12 4.3 14 3x 4 Al G-fins 36 nearly
' horizontal
16 24 NA 4x6 Al L-fins NA 2.A-frame
17 4 5.5 18 2x2 Al L-{ins 12 A-frame
19 48 6.5 21 8x6 galvanized el- 120/96/72 8 A-frames
liptical tube
plate-type fins
22 40 3.0 10 8x5 galvanizcd el- 240 8 A-frames
liptical tube
plate-type fins
23 68 3.1 10 34 x2 Al extruded 68 nearly
horizontal

* Numbers refcr to installations with like designation in Table 1,



nominal load condition, it was assumed that when the ambient temperature
decreased to where the minimum heat rate condition for the steam turbine
~was reached, fan speed would be reduced to the next lower level provided,
however, that such reduction did not result in a backpressure greater
than 10 inch Hg.

Annual plant performance was evaluated on an hourly basis, taking
into account the annual durations for each five degree F interval over
the range of amblent temperatures normally experienced at Braintree.
The annual temperature durations, in percent of total hours, were as-
sumed to be applicable also to the 7500 hours per year during which the
plant would operate.

A computer program, a listing of which is included in the Appendix,
was developed to facilitate the performance and economic analyses. The
program provides for input of the following data:

1.  Number of annual fixed-charge rates to be considered (maximum
of three) and annual fixed-charge rates;

2. Numbér of unit fuel costs to be considered (maximum of three)
and unit fuel costs;

3. Number of unit makeup water costs to be considered (maximum
of three) and unit makeup water costs;

4. Percentage of total annual hours of operation during which
plant 1is to operate at nominal 100-, 80- and 60-percent-load
conditions, respectively.

All other design, performance, operating and cost data are incorporated
in the computer program in DATA statements or in equation form.

VARTABLES AFFECTING BUS-BAR ENERGY PRODUCTION COSTS

Annual Fixed-Charge Rate

The annual fixed-charge rate 1is applied to the total capital cost
in order to determine the annual costs of the following items as defined
by the Bureau of Power of the Federal Power Commission:

1. Interest, or cost of money.

2. ‘ Depreciation, or amortization.

3. Interim replacements.

4. Insurance, or payments in lieu of insurance.

5. Taxes (federal, state and local), or payments in lieu of
taxes.
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Annual fixed-charge rates of 12, 15 and 18 percent were considered in
the present analyses.

Unit Fuel Costs

Of the costs considered in evaluating the performance of the dry-
cooled combined cycle plant, fuel costs represent the major component of
the total bus-bar costs determined.

Unit fuel costs of $1.75, $2.00 and $2.25 per million Btu were
considered in the analyses.

Makeup Water Costs

For the dry-cooled plant, cooling water makeup requirements are
minimal; amounting only to the evaporation, blowdown and drift losses
from the supplemental evaporative cooling system used to provide aux-
iliary cooling. Therefore, makeup water costs represent only a small
percentage of total annual costs and, hence, bus-bar energy production
costs are not appreciably affected by variations in unit makeup water
costs.

For the present analyses, makeup water requirements were assumed to
be 2.0 percent of the design circulating water flow for the supplemental
evaporative cooling system. Unit makeup water costs of $.70 per 1000
gallons were used.

Load Demand Profile

In general, bus-bar energy production costs for a plant will be a
minimum when the plant is base-loaded. Scheduled and unscheduled down-
time and dailly and seasonal variations in load demand will result in an
annual plant load factor considerably less than 100 percent, however.

In the primary analysis, it was assumed that the plant would operate
50 percent of the total operating hours at a nominal 100-percent-load
condition, 25 percent of the time at 80-percent-load and 25 percent of
the time at 60-percent-load. For purposes of comparison, another analy-
sis was made assuming that the plant would operate 100 percent of the
total operating time at a nominal 100-percent-load condition.

Backpressure Control Range

Optimizing the performance of the dry-cooled plant for a given load
demand profile is essentially a matter of determining the steam turbine
operating backpressure range for which the net annual generation will be
a maximum. The increase in gross generation at lower backpressure must
be balanced against the potential decrease in auxiliary energy require-
ments attendant to a reduction in fan speed.
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The Braintree air-cooled condenser is designed to control steam
turbine backpressure between 2.3 and 3.0 inches Hg absolute by use of a
13-step fan control scheme. With only a 3-step control scheme con-
sidered in the present analyses, backpressure was maintained between 2.0
and 10.0 inches Hg absolute.

Operating and Maintenance Costs

Annual operating and maintenance costs for the plant were assumed
to be 1.0 percent of the total capital cost.

RESULT OF ANALYSES

Two sets of output from the Air-Cooled Combined Cycle Plant program
(ACCCPB) are presented in the Appendix. As discussed above, the program
was run for the Braintree plant with GEA air-cooled steam condenser for
three fixed-charge rates, three fuel costs and a single cost of makeup
water. The total bus-bar energy costs calculated for the specified
primary 7500-hour annual load profile ranged from 21.4 mills per kWh to
28.3 mills per kWh. In addition, the savings achievable by running the
plant at full-load for the entire 7500-hour schedule were determined to
be approximately 1.8 to 2.4 mills per kWh.
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EVALUATION OF BRAINTREE COMBINED CYCLE PLANT

WITH GEA AIR-COOLED CONDENSER

ANNUAL PLANT LOAD FACTOR = 72,8 PERCENT

ANNUAL UNIT GROSS ANNUAL NET ANNUAL ANNUAL . ANNUAL : TOTAL

FIXED- UNIT MAKEUP ANNUAL AUXILIARY ANNUAL MAKEUP CAPITAL  ANNUAL = MAKEUP  \TOTAL BUSBAR
CHARGE FUEL WATER GENER-  ENERGY GENER- WATER  AND O+M FUEL WATER ANNUAL  ENERGY
RATE COSTS COSTS ATION REQUIRED. ATION REQUIRED  COSTS COSTS COSTS COSTS COSTS

PERCENT  $/MMBTU $/1000 GAL  MWH MWH MWH 1000 GAL $ $ $ : $ MILLS/KWH
12.0 1.75 .70 564650 2156 562494 14400 ' 2665000 9352189 10080 12027269  21.382
12.0 2.60 .70 564650 2156 ~ 562494 14400  2665000: 10688216‘ 10080 13363296 23.757
12.0 2.25 .70 564650 2156 562494 14400 2665000 12024243 10080 14699323  26.132
15.0 1.75 .70 564650 2156 562494 14400 3280000 9352189 10080 12642269  22.475
15.0 2.00 .70 564650 2156 562494 14400 3280000 10688216 10080 13978296  24.851
15,0 2.25 .70 564650 2156 562494 14400 3280000 12024243 10080 15314323  27.226
18.0 1.75 .70 564650 2156 ° 562494 14400 3895000 9352189 10080 13257269  23.569
18.0 2.00 .70 564650 2156 562494 14400 3895000 10688216 10080 14593296  25.944

18.0 2.25 .70 564650 2156 562494 14400 3895000 12024243 10080 15929323  28.319
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EVALUATION OF BRAINTREE COMBINED CYCLE PLANT

WITH GEA AIR-COOLED CONDENSER

13646474

ANNUAL PLANT LOAD FACTOR = 85.6 PERCENT
ANNUAL UNIT GROSS ANNUAL NET ANNUAL ANNUAL ANNUAL TOTAL
FIXED- UNIT MAKEUP ANNUAL  AUXILIARY ANNUAL MAKEUP CAPITAL ANNUAL MAKEUP TOTAL BUSBAR
CHARGE FUEL WATER GENER-~ ENERGY GENER- WATER AND O+M FUEL WATER ANNUAL  ENERGY
RATE COSTS COSTS ATION REQUIRED  ATION REQUIRED COSTS COSTS COSTS COSTS COSTS
PERCENT  $/MMBTU $/1000 GAL MWH MWH MWH 1000 GAL $ $ $ $ MILLS/KWH
12.0 1.75 .70 680790 2729 678061 14400 2665000 10613924 10080 13289004 19.599
12.0 2.00 .70 680790 2729 678061 1440Q 2665000 12130199 10080 14805279 21.835
12.0 2.25 .70 680790 | 2729 678061 14400 2665000 13646474 10080 16321554 24.071
15.0 1.75 .70 680790 2729 678061 14400 3280000 10613924 10080 13904004 20.506
‘15.0 2.00 .70 680790 2729 678061 14400 3280000° 12130199 10080 15420279 22.742
.15.0 2.25 .70 680790 2729 678061 14400 3280000 13646474 10080 16936554 24.978
18.0 1.75 .70 680790 2729 678061 14400 3895000 10613924 10080 14519004 21.413
18.0 2,00 .70 680790 2729 678061 14400 3895000 12130199 10080 16035279 23.649
18.0 2.25 .70 680790 2729 678061 14400 3895000 10080 17551554 25,885
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PROGRAM ACCCPR(INPUT,»OUTPUT)

DIMENSION T(22)»TQUR(22)/PCTLOD(3)r0BP(22+3)¢BP(27)
FANBHP (229 3) »STGOUT(27+2) » AFCR(3) »UFC(3) s UMWC(3)»
PCTHRS (3)»STGO(2)

AMBIENT TEMPERATURE (F) ARRAY AND ANNUAL DURATION (PERCENT) DATA
FOR ROSTON

DATA T/97.'92.'87.'820'77.072.'67.'62-'57.'52.'“7.'“2.'37.'
3292749224917 e21200 Ter» 2.9=3e2=8,/
DATA TDUR/D.11s0.44+1.4502,79¢4.9497.7119,34+9,18+8, 93¢8.730
Be6219URPI.T197¢6314.9212.9001.70r0.8600,4000412
0.03,0.01/

NOMTNAL OPERATING LOAD (PERCENT) ARRAY
DATA PCTLOD/100.+R0.060./

STEAM TURBINE OPFRATING RACK PRESSURE (IN. HGA) AS A FUNCTION OF
AMBRIENT TEMPFRATURE AND NOMINAL LOAD CONDITION '

DATA OBP/R.90¢7:909r7:07006421+5:.5004.8504.3003.8003.35+2,98»
2.67'?0“0.?.lq'2002'3.67'3.?0'2080'2.“8'2022'”.03'
2.00'?000'
6e6T715851561204U913.94r3,Ub03,050246902.3712,10
3e850363602:.93¢12.5502:230240002.0002.0002,0002.00»
2.0N02,000
5.0004.3503,8003.3002:8712.5002:17¢3¢54¢3.0512.65¢
2.3002:02912,0002,000260002,0009.67+8.16+6,89¢5.82»
4L,A814.08/

BACK PRESSURE (IN. HGA) ARRAY

DATA HP/2.0'2.503.003.5'u.Oo“.5!5.0'5.506.0'6.5r7.0?7.5!8.0v
B:s5r9.009.5010:0010.5r1140011,5012.0012.5¢v13.0013.5»
14,0014,5915,0/

FAN RRAKE HORSEPOWER (HP) REQUIREMENT AS A FUNCTION OF AMBIENT
TEMPERATURE. AND NOMINAL |.OAD CONDITION

DATA FANHHP/“SO.oMﬁO.o“SO.0450.'350.0“50.0450.0“50.0450.v
“50.'“500'“50.'“500'“500' 75¢r 7540 7560 75.0
750' 750' 75.' 75p'
450. 0450094500 2U504 2450, 2450024500 94504045040
45069 7Se¢r 75e0r 7569 75er 75¢¢ 75¢r 754r 5.
TS5e¢ 7540 7540 7540 :
4500945001450 14504 1450018504 145000 T5es 7540
750' 75pl 75.' 750' 75.' 75.' TSer 0.' 0.'
Oer Oer Der 0./

STEAM TURRINE~GENERATOR OUTPUT (KW) AT 190000 LB/HR AND 170000
LR/HR THROTTLE STEAM FLOW WITH ENTHALPY OF 1420 BTU/LB AS A
FUNCTION OF RACK PRESSURE

DATA sreour/91111..21052.-209a9,.aoaoo.-zopzz,,zousp,.goago,,
200244919816, 119607, +194024+19202,519007, 18819,
18839, 1 1A067, 0183040 18149,2 18002, 17862,,17728,
176004 917476.917385,917236.¢17118.+17000, ¢
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01600+
nNo6e10+
00620+
00630+
nnsunc
0n&6K50C
0N N&sNC
0N0670C
nnean
nHe9n
nn7anc
nazinc
‘nar2nc
no73nc
na7ung
na750
nn7a0
no770
no7RAOC
n079n¢C
nng ...¢
NNAR1IN
00821+
0NA3N
00A40
NNARK0C
0NAGN
N0RTN+
008ARO
0089NC
nnony
noo10+
0nN920
0N93n
no9unc
00950
nN9aN+
00970
nnN9g/N+
no9an
o1nane
0101nC
01020C
01030
n104n
01050
61060
01070
n10anc
0109ncC
01100C
01110
nt120c€
01130C
01140C
01150
01160
- N1170.
011A8nC
n119n

18803, 18734.918607.»1843U.918230.018015.917795.
17573401 735R.917157.916963.916791.916623.0164N05,.0

1631601617669 16044,015020,¢15803.515690.+»15:80.¢
T 15472, 01536742 15264.915162.»15061.»149061.7/

TOTAL CAPITAL COST OF BRAINTRE COMBINED- CYCLE PLANT WITH
GEA AIR-COOLED CONDENSER AND TOTAL ANNUAL HOURS OF OPERATION

DATA CAPCST/ 20500000, /
NDATA AOPHRS/7500./

CIRCULATING WATER FLOW RATE (GPM)3 EVAPORATION. BLOWDOWN AND
DRIFT- LOSSFS (PERCENT) 3 AND POWER REQUIREMENTS (HP) FOR
SUPPLEMFNTAL FVAPORATIVE SYSTEM FOR AUXILTARY COOLING

DATA GPM/1600,./
NDATA ERDL/2.0/
NDATA SEHP/30./

INPUT DATA

PRINT»#ENTER NUMRER OF ANNUAL FIXED-CHARGE RATES TO BE *»
*CONSINEREN AND VALUES

PRINT ¢ % (PERCENT ) %o

READSNFCR» (AFCR{T) » T=1sNFCR)

PRINT»#ENTER NUMBER OF UNIT FUEL COSTS TO BE CONSIDERED AND*»
* VALUES (S/MMBTU) *x

READsNUFC» (UFC(T)»I=1»NUFC)

PRINT»xENTFR NUMBER OF UNIT MAKEUP WATER COSTS TO BE *»
*CONSINEREN AND VALUESx

PRINT»x(3$/100.) GAL)*s

READ»NMWC» (UMWC(T)» I=1»NMWC)

PRINT»*ENTER PERCENTAGE OF TOTAL ANNWUAL HOURS OF OPERATION xo
*WHICH ARE TO BE AT x

PRINT»%x100-» 80— AND 60-~-PCT NOMINAL LOAD CONDITIONS» x.
*RESPFCTIVELYx

READ»PCTHRS

ANNUAL PLANT LOAD FACTOR (PERCENT)

SUMPLH=0.
DO 96 I=1.3
SUMPLH‘SUMPLH+(PCTLOD(I)*PCTHRS(I))

96 CONTINUE

APLFAC=(SUMPLH/100. )% (AOPHRS/8760. )

ANNUAL MAKEUP WATER REQUIREMENTS (1000 GAL)

ANNMWR=GPM*60 . x AOPHRS* (EBDL /1004 ) /1000,

ANNUAL PERFORMANCE EVALUATION

GMWH=0.
FULINP=0,
FANMWH=0,

NO 97 J=1.,3
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‘n12040C
n1210
n1220¢
01230
n124ncC
n125n¢
01260C
n1270
01280¢C
0129nC
nN130°iC
n13in

01320+

n13snc
013u4nc
01350C
N1360
n1370C
013A0nC
ni13anc
o14nC
ntu1n
01420C
n1430
niy4un
0148n0C
N14K0
01470
n14ANC
01490
n150n¢
n1s1n
01520

© N1530C

01540
N1550¢
n1560
01570
N15A0
n1590¢
n1601
nN1610¢
01620C
01630¢
01640
01650C
01660C
n1670C
016ANC
01690
0170 ¢

P 0170

01720
01730C
01740C
n1750C
0176nC
01770C
017A0
n179n

TF(PCTHRS(J))97¢97,102
102 D0 99 I=1,22
ANNUAL HOURS OF OPERATION AT GIVEN OPERATING CONDITION
OHRS=(TNUR(I)/100.)*(PCTHRS(J)/100,) *AOPHRS
CUMULATIVE FUEL INPUT (MMRTU)

FULINPZFULINP+(150.1+7.711%PCTLOD(J)}+(0.344=0,02531%PCTLOD(J)
)xT(1))*0HRS

GAS TURRINE GROSS OUTPUT (KW)
GTKW=AT72.421%PCTLOD(J)+(13.5-2.58527«PCTLOD(J) ) *T(I)=4186.6

THROTILE STEAM ENTHALPY (BTU/LB)» THROTVLE STEAM FLOW (LB/HR) AND
STEAM TURRINE~-GENFRATOR OUTPUT (KW)

TSH=1231.5+1. 774xPCTLOD(J) +(0.264=0,0)066%PCTLOD(J) ) %T( 1)

STGO(1)=TLU(ORP(TI»J) +RP»STGOUT(1+1)927)
IF(PCTLON(J)=103.)104+103,103

103 TSF=1900 .1,
STGKW=STGO(1)

IF(T(I)=59.)106,101»1301

100 TSF=1T74745.+250.26%T(1)
GO TO 105

1N4 TSF=1860.62%«PCTLOD(J)+(158.71+0.0204%PCTLOD(J))*xT(I)=13310.

105 STGO(2)=TLU(OBP(I»J)rBP»STGOUT(102),27)
DELKW=STGO(1)=-STGO(2)
STGKW=STGO(1)~((1900:.:4~TSF) /2000, ) *xDELKW

101 STGKWC=STGKW+(TSFx(TSH=1420,)/3413,.)

CUMULATIVE GROSS GENCRATION (MWH)
GMWH=GMWH+ (GTKW+STGKWC ) ®*OHRS /1001,

CUMULATIVE FAN ENERGY (MWH) REQUIREMENTS AS UMING 90 PERCENT FAN
MOTOR FFFICIENCY

F ANMWH=F ANMWH+ (FANBHP (1 J) *0. 746/0,9) *OHRS/1000,

99 CONTINUE
97 CONTINUE

ANNUAL AUXILTARY ENERGY (MWH) REQUIREMENTS (FANS PLUS
SUPPLEMUNTAL AUXILIARY COOLING SYSTEM) AND ANNUAL NET GENERATION
(MwWH)
AUXMWH=F ANMWH+ ( SEHP%0.,746/0.9) *AOPHRS /1000,
ANNMWH=GMWH=AUXMWH '
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01800C
01810C
01820C
01830
01840

OUTPUT HEADINGS

ITOF=76568 ,
PRINT 1003+ ITOF

01850 1n03 FORMAT(R2)

01860C
01870

PRINT 1000sAPLFAC

01880 100D FORMAT (10/44Xs*EVALUATION OF BRAINTREE COMBINED CYCLE PLANT*

01890+
01900+
01910+
01920+
01930+
01940+
01950+
01960+
01970+
N19AR0+
01990+
02000+
02010+
n2020+
n2030¢C
0204nC
n20%0C
02160

02070¢
N2080C
02090C
n2100C
n211n

n2120C
02130

02140C
02150C
N021AN0C
02170

02180C
82190

02200C
02210C
02220C
02230

02°40C
02250C
N2260C
n2270C
02280

027290

02301C
0231nC
n2320C
N2330

n2340+

/7/751XexWITH GEA AIR-COOLED CONDENSER*¢5/746X»xANNUAL PLANT*
% LOAD FACTOR =%sF64s1r% PERCENT*»3/8Xe *ANNUAL%y 15X,
XUNIT# 95X 9 *GROSS* » 5X 9 *x ANNUALX » SX» ANET % » 6X» *ANNUAL*» 4 X ¢
AANNUAL*» 14X r x ANNUAL %014 Xs % TOTAL - x/8Xs XFIXED=% 95X ¢ kxUNIT*
2 SX 0o kMAKEUP* » 4.X » KANNUALK ¢ 3X ¢ kK AUXILIARYX 0 2X » XKANNUAL X » 4X
XMAKEUP% ¢ 3Xo *CAPTITAL % » 4X» * ANNUAL® ¢ 4 X» XMAKEUPX » 44X 0 XxTOTAL X »
SX» xBUSBARX/BX» xCHARGE*» SX» kFUEL % » 6X» *WATER® » 44 X » *GENER =X »
44Xy *ENERGY %9 44X 9 XGENER=%p 4X» kWATER* » 4X » kAND O+M*p 5Xp XkFUEL*»
E5Xr *WATER®» S5X» RANNUAL X » 44X 0 XENERGYX/9X » XRATE®» 6 X9 XCOSTS%
5Xo%COSTSk o 4 X9 ATION®9 4 X9 *REQUIRED*®» 3X 9o XATIONK» 4X»
*REQUIRED*® » 3X» XCOSTS*» 5X 9 kCOSTSk 9 5X 90 kCOSTSR9 5X 9 XCOSTSkp SX»
XCOSTS*®//78X e *PERCENT*» 3X» *$/MMBTU%» 1X» %$/1000 GALXs3X»
EMWHX» 7X 0 AMWHRp 7X p xMWHX » 5X» 21000 GAL* 2 SX0» %$%» Xy %Sk Xy
xEX o GX o kB kp 6X 0 XMILLS/KWHR/6X9 12 (% ==—~em o= *)) ’

ANNUAL AND RUSBAR COST EVALUATION
DO 98 M=1»NFCR

ANNUAL CAPITAL COSTS INCLUDING 1.0 PERCENT FOR OPERATION AND
MAINTENANCE

ANNCAP=CAPCST# ( (AFCR(M)+1.0)/100.)
NO 98 N=1sNUFC

ANNUAL PLANT FUEL COST -
ANNFUL ZFUL INPAUFC (N)
DO 98 L=1+NMWC

ANNUAL MAKEUP WATER COSTS
ANNMWCZANNMWRAUMNC (L)

TOTAL ANNUAL COSTS AND TOTAL BUSBAR ENERGY PRODUCTION COSTS
(MILLS/KWH) :

TOTANNZANNCAP+ANNFUL+ANNMWC
RUSBAR=TOTANN/ANMNMWH

PRINTOUT OF RESULTS

PRINT 1001 ¢AFCR(M) o UFC(N) »UMWC (L) » GMWH» AUXMWH» ANNMWH » ANNMWR o
ANNCAP » ANNFUL » ANNMWC » TOTANN» BUSBAR

02350 1001 FORMAT(/F13.1+/F1042+F9,2¢F12.00F940+F11.00,F9,012F11,0¢F8.0»

N2360+
02370C
N23AN

n239nC

F12.00F9.3)

9A CONTINUE '
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02400 CALL DATERU{IDATE)

02410 PRINT 1002y IDATE

N2420 1Na2 FORMAT(//117X»A9)

n2430¢

02440 PRINT 1003.1TOF

02450 sToP

N2460 END

02470C

024R0 FUNCTION TLU(XeXT»YT»NT)
0249nC

0250:C THIS 1S A FOUR=-POINT LAGRANGIAN INTERPOLATION TABLE LOUK=UP
02510C ROUTINE

02520C

02530 DIMENSION XT(NT) e YT(NT)

0254nC

02550C DETERMINE IF INDEPENDENT VARIABLE IS WITHIN RANGE OF TABULATED
Nn2560C DATA

n2570c :

02580 IF((X=XT(1))®(X=XT(NT)))100,100,101

02590C

02400C DETERMINE IF TARULATED VALUES OF INDEPENDENT VARIABLE ARE IN
N2A1NC ASCENDING OR DESCFNDING ORDER

02620C

02630 100 IF(XT(1)=XT(2))1020102,103

02640C

02650C DETERMINE POSITION OF INDEPENDENT VARIABLE IN ASCENDING ARRAY
02660C ’

02670 102 DO 99 I=1»NT

02680 IF(X=XT(1))105¢104»99

02690 99 CONTINUE

02700C

02710C DETERMINE POSITTON OF INDEPENDENT VARIABLE IN DESCENDING ARI(AY
02720C
02730 103 DO 98 I=1»NT

02740 IF(X=XT(I))9R» 104,105
02750 98 CONTINUE
02760C

02770C IF INDEPENDENT VARTABLE IS EQUAL TO TARULATED VALUE» SET FUNCTION
02780C EQUAL TO CORRESPONDING VALUE OF DEPENDENT VARIABLE

02790¢C

02800 104 TLUSYT(I)
02810C :

028720 RETURN
02830C

02R40C IF INDEPENDENT VARIABLE IS BETWECN FIRST TWO OR LAST TWO
02RSAC TARULATED VALUES» ADJUST INDEX TO OBTAIN FOUR POINTS FOR
02060C INTERPOLATION

02870C

02BR0 105 IF(1=2)106,106+,107

N2R90 106 I=I+1

02900 G0 TO 108

02910 107 IF(I=NT)108,109,109

02920 109 1=I-1

02930¢ :

02940C DETERMINE FUNCTION VALUE USING FOUR-POINT LAGRANGIAN
029%0C INTERPOLATION

02960C

02970 108 X1=XT(I=2)
02940 X2=XT(1-1)
02990 X3=XT(I)
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0300 X4=XT(I+1)

03010C
03020 TLUS (X=X2) % (X=X3) & ( X=X§) / ( (X1=X2) % (X1=X3)* (X1=X4) ) %YT(I=-2)
03030+ +(X=X1) % (X=X3) 2 (X=~XY4) / ( (X2=X1) % (X2=X3) % (X2&X4) ) XYT (I=1)
03040+ F(X=X1) % (X=X2) & (XSXU) /7 ( (XB=X1) % (X3=X2) # (X3=Xt4) ) kYT (1)
03050+ +(XaXY) X (X=X2) % (X=X3) 7 ( (Xt=X1) % (XG=X2) % (X4=X3) ) XYT (I+1)
03060C

03070 RETURN

030a0¢

03090 101 PRINT 1000sXeXT(1)eYT(1) ‘ ‘
03100 1000 FORMAT(1H1,39H TABLE LOOK=UPZ: X NOT IN RANGE OF TABLE//

03110+ SX»3HX =0F15.5¢5Xs THXT(1) =#F15.505X» THYT(1) Z9F15.5)
03120¢C : _ '

03130 STOP

03140 END

03150 '

RUN COMPLETE,
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