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PREFACE 

This document has been issued in two volumes to facilitate handling. 
Volume I is a narrative description of the code's algorithms, as well as logic, 
input and output information. Volume II is an appendix of Volume I, providing 
a listing of the BNW-II dry/wet ammonia heat rejection optimization code. 
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SUMMARY 

This User's Manual describes how to operate BNW-II, a computer code 
developed by the Pacific Northwest Laboratory (PNL) as a part of its activities 
under the Department of Energy (DOE) Dry Cooling Enhancement Program. 

The computer program offers a comprehensive method of evaluating the cost 
savings potential of dry/wet-cooled heat rejection systems. Going beyond 
simple "figure-of-merit" cooling tower optimization, this meth~d includes 
such items as the cost of annual replacement capacity, and the optimum split 
between plant scale-up and replacement capacity, as well as the purchase and 

operating costs of all major heat rejection components. Hence the BNW-II code 
is a useful tool for determining potential cost savings of new dry/wet surfaces, 
new piping, or other components as part of an optimized system for a dry/wet­
cooled power plant . 
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FOREWORD 

The Dry Cooling Enhancement Program at the Pacific Northwest Laboratory 
(PNL) was initiated with a program scope that included the following near-term 
and ultimate emphases. 

Near-Term Objectives: 

• Develop economic and performance models for cost optimization 
of total heat rejection systems using dry and dry/wet cooling. 

• Analyze and disseminate operating experience on existing dry­
cooled plant performance. 

• Demonstrate certain features of existing technology equipment 
to provide confidence for specification by utilities. 

Ultimate Objective: 

• Promote water conservation through industry use of dry cool­
ing by developing and demonstrating the reliability of lower­
cost systems. The development of advanced dry/wet systems 
is also considered to be within this scope. 

The following documents have been issued, reporting the results of the work 
toward these objectives. 

Cost optimization of dry-cooled heat rejection systems: 

A REVIEW AND ASSESSMENT OF ENGINEERING ECONOMIC STUDIES OF 
DRY COOLED ELECTRICAL GENERATING PLANTS. B. C. Fryer, 
BNWL-1976, March 1976. 

HEAT TRANSFER AND PRESSURE DROP CHARACTERISTICS OF DRY 
TOWER EXTENDED SURFACES. PART I: HEAT TRANSFER AND 
PRESSURE DROP DATA. PFR Engineering Systems, Inc., 
PFR 7-100, March 1976. 

HEAT TRANSFER AND PRESSURE DROP CHARACTERISTICS OF DRY 
TOWER EXTENDED SURFACES. PART II: DATA ANALYSIS AND 
CORRELATION. PFR Engineering Systems, Inc., PFR 7-102, 
June 1976. 
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Analysis of performance of existing dry-cooled plants: 

DRY COOLING TOWER PROGRAM: RESULTS OF INDUSTRIAL CONTACTS 
THROUGH AUGUST 1974. BNWL-1878, November 1, 1974. 

A SURVEY OF MATERIALS AND CORROSION PERFORMANCE IN DRY 
COOLING APPLICATIONS. A. B. Johnson, Jr., D. R. Pratt 
and G. E. Zima, BNWL-1958, March 1976. 

EUROPEAN DRY COOLING TOWER OPERATING EXPERIENCE. 
J. G. DeSteese and K. Simhan, BNWL-1995, March 1976. 

MATHEMATICAL AND EXPERIMENTAL INVESTIGATIONS ON DISPER­
SION AND RECIRCULATION OF PLUMES FROM DRY COOLING TOWERS 
AT WYODAK POWER PLANT IN WYOMING. Y. Onishi and 
D. S. Trent, BNWL-1982, February 1976. 

ALUMINUM ALLOY PERFORMANCE UNDER DRY COOLING TOWER CONDI­
TIONS. A. B. Johnson, Jr., S. Begaj, M. W. Martini, and 
R. P. May, PNL-2392, December 1977. 

Advanced dry (dry/wet) cooled systems: 

PRELIMINARY EVALUATION OF WET/DRY COOLING CONCEPTS FOR 
POWER PLANTS. W. V. Loscutoff, BNWL-1969. 

COMPATABILITY OF AMMONIA WITH CANDIDATE DRY COOLING SYSTEM 
MATERIALS. D. R. Pratt, BNWL-1992, April 1976. 

SCALE FORMATION IN DELUGED DRY COOLING SYSTEMS. D. R. Pratt, 
BNWL-2060, March 1976. 

AMMONIA AS AN INTERMEDIATE HEAT EXCHANGE FLUID FOR DRY 
COOLED TOWERS. R. T. Allemann, B. M. Johnson, and 
G. C. Smith, BNWL-SA-5997, September 1976. 

A group of reports (including this report) has recently been issued. This 
group serves the dual purpose of developing cost optimization models for dry 
cooling systems based on available technology and comparing the results of 
analyzing the costs of these systems with the projected cost of several 
advanced dry and dry/wet systems. Included in this group are: 

AN ENGINEERING AND COST COMPARISON OF THREE DIFFERENT 
ALL-DRY COOLING SYSTEMS. B. C. Fryer, D. W. Faletti, 
Daniel J. Braun, David J. Braun and L. E. Wiles, BNWL-2121, 
September 1976. 
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A STUDY OF THE COMPARATIVE COSTS OF FIVE WET/DRY COOLING 
TOWER CONCEPTS. F. R. Zaloudek, R. T. A11emann, 
D. W. Faletti, B. M. Johnson, H. L. Parry, G. C. Smith, 
R. D. Tokarz, and R. A. Walter, BNWL-2122, September 1976. 

DRY COOLING OF POWER GENERATING STATIONS: A SUMMARY OF 
THE ECONOMIC EVALUATION OF SEVERAL ADVANCED CONCEPTS VIA 
A DESIGN OPTIMIZATION STUDY AND A CONCEPTUAL DESIGN AND 
COST ESTIMATE. B. M. Johnson, R. T. Al1emann, 
D. W. Faletti, B. C. Fryer and F. R. Zaloudek, BNWL-2120, 
September 1976. 

COSTS AND COST ALGORITHMS FOR DRY COOLING TOWER SYSTEMS. 
P. A. Ard, C. H. Henager, D. R. Pratt and L. E. Wiles, 
BNWL-2123, September 1976. 

A USER1S MANUAL FOR THE BNW-I OPTIMIZATION CODE FOR DRY­
COOLED POWER PLANTS. David J. Braun, Daniel J. Braun, 
Warren V. De Mier, D. W. Faletti and L. E. Wiles, 
BNWL-2180, January 1977. 

COMPARATIVE COST STUDY OF FOUR WET/DRY COOLING CONCEPTS 
THAT USE AMMONIA AS THE INTERMEDIATE HEAT EXCHANGE FLUID 
R. D. Tokarz, Daniel J. Braun, B. M. Johnson, R. T. Al1emann, 
David J. Braun, H. L. Parry, G. C. Smith and F. R. Zaloudek, 
PNL-266l, May 1978. 

A DESCRIPTION AND COST ANALYSIS OF A DELUGE DRY/WET COOLING 
SYSTEM. L. E. Wiles, J. A. Bamberger, Daniel J. Braun, 
David J. Braun, D. W. Faletti and C. E. Willingham, PNL-2498, 
June 1978. 

A USER1S MANUAL FOR THE BNW-II OPTIMIZATION CODE FOR DRY/WET­
COOLED POWER PLANTS. Daniel J. Braun, Judith A. Bamberger, 
David J. Braun, Duane W. Faletti and Larry E. Wiles, PNL-2674, 
May 1978. 

Two reports have been issued which consider the future need for any 
cooling and the potential benefit/cost ratio of a large-scale demonstration. 

AN OVERVIEW OF ECONOMIC, LEGAL, AND WATER AVAILABILITY 
FACTORS AFFECTING THE DEMAND FOR DRY AND WET/DRY COOLING 
OF THERMAL POWER PLANTS. P. L. Hendrickson, BNWL-2268, 
June 1977. 

ESTIMATION OF BENEFITS FROM DEMONSTRATING ADVANCED DRY 
COOLING TECHNOLOGY: A FRAMEWORK AND PARTIAL ANALYSIS. 
J. W. Currie and T. J. Foley, BNWL-2182, April 1977. 
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A USER'S MANUAL FOR THE BNW-II OPTIMIZATION 
CODE FOR DRY/WET-COOLED POWER PLANTS 

1.0 INTRODUCTION 

This report describes BNW-II, a computer code developed by the Pacific 
Northwest Laboratory (PNL) as part of its Dry Cooling Enhancement Program 
sponsored by the U.S. Department of Energy (DOE). 

The manual is primarily intended to show how the BNW-II code is used. 
Hence, details are provided on preparing the required input and interpreting 
the output. 

Although the BNW-II code described here was developed to model a specific 
cooling system concept, it can be made applicable to a wide range of dry/wet 
concepts by appropriately modifying the cost and performance algorithms 
for the heat rejection system. 

BNW-II was previously used to compare costs of an all-dry cooling syste~ 
with those of a dry/wet cooling system. (1,2) Data obtained with this optimi­

zation code revealed a significant difference in costs of the two cooling 
systems examined. 

Along with the BNW-II user's instructions, this document also covers 

• the physical description of the dry/wet cooling system modeled by the 
code; 

• the rationale used to optimize the cooling system; 

• the main calculation procedures used in the BNW-II program; and 

• the basis for the performance and cost models. 

1.1 
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2.0 COOLING SYSTEM PHYSICAL DESCRIPTION 

The BNW-II computer code was written to model a power plant dry/wet 
cooling system with these three features: 

• an intermediate ammonia cooling loop 

• plate finned heat exchanger surfaces (wet augmentation achieved by 
deluging the surfaces with water) 

• induced draft air flow. 

2. 1 OVERVIEW 

The power plant cooling system is defined herein to include all plant 
components connected by, or directly associated with, the primary coolant 
medium of the heat rejection system. In general, this comprises the plant 
components beyond the low pressure turbine exhaust flange. 

The cooling system modeled by BNW-II is shown schematically in Figure 1. 

The primary coolant medium is ammonia, which indirectly transfers the low 
availability energy from the low pressure exhaust steam to the atmosphere. 
The principal features of the cooling system are the condenser/reboiler, tht' 
ammonia distribution piping, and the cooling towers. 

The temperature relationship between the steam, ammonia, and air for th{'~ 

heat rejection cycle is shown in Figure 2. 

The heat rejection process begins as low pressure steam enters the con­
denser/reboiler. Heat is transferred from the steam in the shell to the anwonl­
in the tubes while both fluids experience a phase change. That is, the stea:1 
condenses at constant temperature and the 1 i qui d ammoni a va pori zes at const,.lIt 
temperature after being heated from a slightly subcooled state. The condenstd 
steam ;s returned to the feedwater circuit. At the condenser/rebo;ler outl~t 
the ammonia vapor is separated from the ammonia liquid, which is collected fer 
recirculation to the condenser/reboiler. The nearly saturated ammonia vapor 

is distributed to the cooling towers. Pressure losses in the distribution 

2. 1 
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FIGURE 1. Dry/Wet Cooling System with Ammonia as Intermediate Coolant 
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FIGURE 2. Temperature Relationships for Steam, Ammonia, and Air 
(dry-bulb) for the Cooling System with Ammonia as the 
Intermediate Coolant 

piping cause the temperature of the saturated vapor to decrease slightly. 
The vapor is passed through horizontal tubes in the plate finned heat exchanger 
bundles where it condenses at constant temperature. The ammonia liquid is 
returned to the condenser/reboiler. 

Condensation of the ammonia vapor occurs as heat is transferred to air 
passed over the finned surface of the heat exchanger. The air flow is induced 
by a system of fans located on the cooling tower roof. 

To enhance the cooling capacity of the finned surface when the air dry­
bulb temperature is high, water is distributed to the top of the cooling tower. 
The water forms a film over the plate fins and is allowed to flow to the base 
of the tower where it is collected and recirculated. This form of enhanced 
cooling is called "deluge" cooling. The water is referred to as the deluge 

water or delugeate. 

2.3 



2.2 COOLING SYSTEM FEATURES 

The condenser/~eboiler, ammonia distribution piping, and the cooling 

towers are described in the following subsections. 

2.2.1 Condenser/Reboiler 

The condenser/reboiler is similar in appearance to the conventional 

single-pass shell and tube surface condenser. The most significant modifi­

cation employed in this study has been the use of enhanced heat transfer sur­

faces on both the ammonia side and steam side of the horizontal tubes. The 

aluminum tubing requires stainless steel impingement shields to protect against 

steam erosion. The conventional condenser water boxes are replaced with tube 

headers. The headers, tubes and tube sheets are specified to accom~odate 

ammonia pressures up to 400 psi. 

Design specifications of the condenser/reboiler include 

• nominal tube 00 of 1 inch 

• tube length of 50 feet 
• condensate drain-off at every 10 feet of tube depth 

• two shells 
• ammonia exit quality of 0.8. 

2.2.2 Piping System 

The ammonia distribution plplng system is divided into the supply plplng, 

which transports the ammonia vapor from the condenser/reboiler to the heat 
exchanger bundles, and the return piping, which transports the ammonia liquid 

from the heat exchanger bundles to the condenser/reboiler. Both the supply 
and return piping have been further divided into the main circulation piping 
and the tower distribution piping. The tower distribution piping is described 

in Section 2.2.3 on cooling towers. 

The main circulation supply and return piping are shown in Figure 3. The 

supply ana return piping are modeled as having nearly identical "pl an views". 

The pipe diameters are different, however, because of dramatically different 

densities and design velocities of the ammonia vapor and liquid. In addition 
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FIGURE 3. Main Circulation Vapor Supply and Liquid 
Return Piping 
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to the pipe, the design includes specification of valves, tees, elbows, ied~cer' 

and flanges, as required. All pipe, valves, and fittings are designed for 
350 psi. All pipe components are assumed to be available in sizes from 6- to 
144-inch diameters in 6-inch increments. Pipe sizing is based on the mass 
flow rate and design velocity. The distance from the condenser/reboiler ouile 
to the first tower is usually 500 feet. Otherwise, pipe lengths are based u(l 
the tower spacing, which is 3/2 of the equivalent tower diameter. Further 
details of the circulation piping design are available in References 1 and 2 

2.2.3 Cooling Towers 

The cooling towers are modeled as symmetric polygons having either 8 or 
16 sides. As shown in Figure 3 the towers are spaced on a square grid; the 
distance between adjacent towers is 3/2 of the equivalent tower diameter. IhE; 
diameter is based on the roof area of each tower. It should not be implled 
from Figu~e 3 that only four towers are allowed. Designs may have any number 
of towers. Towers are evenly spaced in the direction of the main circulatir,q 
piping. All towers are opposed by a tower on the opposite side of the main 
circulation piping unless the total number of towers is odd, in which case 
one of the corner positions on the grid would be vacant. 
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The principal components within the cooling towers are the ammonia and 
deluge piping, the heat exchanger bundles, and the fan system. 

2.2.3.1 Ammon~a Piping 

The ammonia distribution piping in the towers is shown in Figure 4 for 
an 8-sided tower and in Figure 5 for a l6-sided tower. The design also 
includes specification of valves, tees, elbows, reducers and flanges, as 
required. All pipe, valves, and fittings are designed for 350 psi. All pipe 
components 
in 6-inch 
velocity. 

are assumed to be available in sizes from 6- to l44-inch diameters 
increments. Pipe sizing is based on mass flow rate and design 
The supply and return systems follow nearly identical routes. 

However, pipe diameters are different due to the dramatically different den­
sities and design velocities of ammonia liquid and vapor. The ammonia vapor 
from the main circulation piping is distributed to the four tower quadrants 
through the tower distribution header. Isolation valves are provided for each 

+---c:8-'I- LI QU I D RETU RN 
RI SERS 

VAPOR SUPPLY RISERS 

TOWER DISTRIBUTION HEADER 

\ 
MAIN CIRCULATION PI PING 

FIGURE 4. Ammonia Distribution Piping in an 8-Sided Tower 
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OWER DISTRIBUTION HEADER 

MAIN CIRCULATION PIPING 

FIGURE 5. Ammonia Distribution Piping in a l6-Sided Tower 

quadrant for safety and operational control. The vapor is distributed to th,:, 
headers of the horizontal tube heat exchanger bundles by a riser. The ammonia 
is distributed to headers on either side of the riser as shown in Figures 6 
and 7 for the 8-sided and l6-sided towers, respectively. 

The features of the tower piping for the vertical tube circular tower 
all-dry ammonia cooling system(3,4) formed the starting point for this design. 
The references will provide further details, as many similarities exist. 

2.2.3.2 Heat Exchanger Bundles 

The plate fin heat exchanger bundles comprise a staggered arrangement 

of circular, parallel tubes tied together by continuous plate fins. These 
fins are perpendicular to the tubes in two directions; i.e., both the face 
and the leading edge of the plate fin are perpendicular to the axis of each 

2.7 
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FIGURE 6. Ammonia Distribution and Collection to the Heat Exchanger 
Bundles for an 8-Sided Tower 

tube. This surface is shown in Figure 8. Headers on either end of the tube 
and plate fin assembly distribute and collect the ammonia coolant in the tubes. 

The bundle width, i.e., the width of the bundle face, is 12 feet to allow 
for shipping. The total bundle length is not limited because any number of 
bundle segments can be bolted end-to-end. The bundles are arranged on the 
sides of the towers as shown in Figures 6, 7 and 8. The bundles are tilted 

5 degrees from horizontal (Figures 6 and 7) to assist in collecting the ammonia 

liquid. The bundle face is tilted 15 degrees from vertical (Figure 9) so that 

the effects of gravity and air friction will balance to prevent the leading 
edge of the plate fins from drying out during deluge operation. 

2.8 
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2.2.3.3 Deluge Piping 

The deluge water is pumped to the top of the tower via a riser at the 
center of each tower quadrant. The plan view of the deluge distribution piping 
layout is similar to that of the ammonia piping (Figures 4 and 5) except for 
the pipe used to distribute the delugeate onto the heat exchangers (Figure 9). 
The bulk of the deluge water is distributed to the deluge distribution plate 
at the top of the tower by a pipe extending from the riser to the ends of the 
quadrant. At the top of each subsequent tube bundle, deluge water is supplied 
by a smaller pipe, which also extends from the riser to the end of the quadrant. 
This secondary deluge water is provided to make up the water that has evapo­
rated from the adjacent upper bundle. 
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FIGURE 8. Heat Exchanger Plate Fin and Tube Arrangement 

The deluge distribution plates catch the nonevaporated deluge water and 
redistribute it along with the make-up water to the bundle below. At the 

base of each tower a gravity drain returns the deluge water to a sump. Water 
is treated and the appropriate amount of make-up water is provided. 

2.2.3.4 Fan System 

Air flow through the heat exchanger is induced by single-speed, single­
pitch fans resting on the roof of the cooling tower. Fans are assumed to be 
available with blade diameters of 24, 26, 28, 30, 40 or 60 feet. 
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3.0 COOLING SYSTEM OPTIMIZATION RATIONALE 

The cooling system is designed to minimize the power production costs of 
an idealized power plant using a dry/wet cooling system. The "costll of the 

cooling system is defined as an incremental increase in power production costs 
compared to the cost of producing power with a power plant having a zero-
cost cooling system and a conventional turbine operating at 3.5 in. Hg. (See 
Section 3.5 for details on how the cost of the cooling system is calculated.) 

3.1 UTILITY MODEL 

The idealized power plant consists of one dry/wet-cooled, base-loaded 
power plant with a gas turbine complement(a) to provide power at higher 

ambient temperatures. (The reference plant requires no gas turbine comple­
ment because its turbine back pressure is constant at 3.5 in. Hg.) This 
idealized utility operates in an on-off mode. It supplies full power at a 
constant level (fixed demand) when in the "on" mode and no power during the 
lIoff" mode. The fraction of time that the idealized utility is in the "on" 
mode is equal to the capacity factor. Power for the cooling system fans and 
pumps is provided by the dry/wet plant. 

The power plant can produce more than the utility system1s power require­
ments below the design temperature (the ambient temperature at which the power 
plant, when operating all dry, has a net power output equal to the utility 
system1s demand). Because no market exists for this excess power, the power 
plant is not given credit for this excess generation capacity. However, the 
power plant is given credit for reduced base plant fuel consumption resulting 
from the lower turbine back pressures. 

3.2 OPERATING STRATEGY 

The strategy selected by PNL for operating the plant was to hold the 
turbine back pressure constant to the extent possible once deluging is used . 
This was accomplished by increasing the fraction of the heat exchanger surface 

(a) Other sources of replacement energy such as hydro or cycling plants can 
be simulated by appropriate changes in the capital and fuel costs used as 
inputs to the computer program. 
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deluged as the 'ambient temperature increases. Constant back pressure opera­

tion during deluge was selected because it minimized the size (hence cost) of 
the gas turbine contingent without incurring any obvious cost penalties. 

Three operating zones are shown in Figure 10. 

Constant back pressure operation during deluge, the most common mode of 
operation occurs in Zone 2. Constant back pressure operation during deluge 
is not always feasible because of the back pressure limitations of steam tur­
bines. It also is not feasible during times when the ambient temperature 
exceeds that at which 100% deluging is required. Operation in Zone 3 results 
in an increase in turbine back pressure once the ambient temperature exceeds 
that at which the heat exchangers are 100% deluged. Constant back pressure 
operation is not possible in Zone 1 because of limitations in either the 
number of times per year or in the number of hours per year which the turbine 
can reach or'exceed certain back pressure limits. For a given turbine specifi­
cat~on and a given meteorology, these limitations can be represented as a 
series of steps as shown by the maximum turbine back pressure curve which 
forms the upper bound of Zone 1 in Figure 10. 

ALL-DRY 
OPERATI ON 

AMBIENT TEMPERATURE 

1OO'J0 DELUGE 
PERATION 

FIGURE 10. Operating Regimes for a Power Plant with a 
Deluged Cooling System 
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3.3 STEAM SUPPLY AND PLANT SCALING 

As mentioned previously, the incremental cost is computed against that 
of a plant with a conventional turbine operating at 3.5 in. Hg with a zero 
cost cooling system. The choice of 3.5 in. Hg was made because it is the 
turbine back pressure at which the power output of conventional turbines is 
often rated. That is, a 1000-MWe turbine will produce 1000 MWe at 3.5 in. Hg. 
Higher back pressures result in less power; lower back pressures result in 
more power. Because BNW-II considers other than conventional turbines with 
3.5 in. Hg rated back pressure, steam supply scaling is used. Because BNW-II 
designs plants operating at other than the rated back pressure of the turbine 
under consideration, plant scaling for heat rate is carried out. Further, 
because the utility model upon which BNW-II is based requires the plant to 
produce power for its own cooling system auxiliaries (fans and pumps), plant 
scaling for auxiliary power is carried out. These three scaling processes are 
described in more detail below. As background, Figure 11 gives the comparative 
heat ratio of three candidate turbines and Figure 12 shows the relationship 
between the reference plant power output and the gross and net power output 
of the dry/wet-cooled plant. 

Steam supply scaling is best illustrated by an example. Assume that the 
turbine under consideration is a high back pressure turbine with a rated back 
pressure (the back pressure at which it delivers rated power) of 6 in. Hg. 
This turbine was selected because it can operate at back pressures up to 
15 in. Hg instead of the 5 in. Hg maximum typical of the conventional turbine. 
This higher back pressure capability introduced a penalty of a 5% larger heat 
rate than that of a conventional turbine. This turbine will therefore require 
a 5% larger steam supply. Therefore, the steam supply is scaled up by 5% and 
the increase in plant cost is computed by assuming that the steam supply 
system makes up 1/3 the cost of the nominal power plant construction cost. 

Scaling for heat rate is also best illustrated by example. Suppose that, 
at the design temperature, the heat rejection system is capable of maintaining 
the turbine back pressure at 4.0 in. Hg. At 4.0 in. Hg, the high back pressure 
turbine puts out 2% more power than at 6 in. Hg. Remember that at the design 
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temperature the output of the power plant is equal to the fixed demand of the 
utility system. Therefore, a power plant which is 2% too large is designed. 
Hence, the size and cost of the plant is reduced by 2%. No change is made 
in heat rejection system size because it was sized for a turbine operating 
at 4.0 in. Hg. 

Continuing on, suppose a 1000-MWe plant requires 30 MWe for fan power 
and 10 MWe for pump power for the cooling system. Thus, the plant's net power 
output is only 960 MWe instead of the 1000 MWe required to meet demand. Plant 
scaling for auxiliary power refers to scaling up the plant so that its net 

power is equal to the fixed demand; in this example, the required increase 
in plant size is 40/(1000-40) x 1000 = 41.67 MWe, not 40 MWe, because of the 
increased power demands of the larger cooling system. 

A trade-off exists between plant scaling and the size of the gas turbine 
contingent. The BNW-II optimization code takes this trade-off into account. 

3.4 COSTING METHOD 

The incremental cost of dry/wet cooling includes the following capital 
items: 

a. cooling system equipment and installation costs (including indirect 

costs such as profit, overhead and engineering) 

b. increased steam supply system cost 

c. change in plant cost due to difference between the turbine rated back 
pressure and the turbine design back pressure 

d. increased base plant costs for supplying power to auxiliaries 

e. gas turbine capital costs. 

The incremental costs of dry/wet cooling include the following fuel 

costs: 

a. increased base plant fuel required for producing power for the pumps 

and fans 
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b. difference in the amount of base plant fuel required for the dry/wet­
cooled plant versus that of the reference plant operating at 3.5 in. 
Hg back pressure 

c. gas turbine fuel. 

Operation and maintenance costs are calculated as a percentage of the 
cooling system capital cost. No operation and maintenance costs are applied 
to the gas turbines. 

Items and related costs not included within the BNW-II code are: 

a. cover gas system 
b. cooling system instrumentation costs 
c. cooling loop water treatment costs. 

The incremental cost, C, is expressed in mills/kWh by 

where 

FCR = 
OM = 
CF = 

C = FCR (capital costs) + Fuel Costs + OM 
CF x 24 x 365 x 1000 x P 

the fixed charge rate 
the operation and maintenance cost 
the capacity factor (fraction of the year 
operates) 

P = the output, kW, 

that the plant 

and the capital, fuel, and operation and maintenance costs (OM) are as given 
above. 

All costs are in January 1976 dollars. Interest during construction and 
inflation prior to or during construction is not considered. Effects of the 
cooling system's construction schedules and their impact on the balance of 
plant construction schedule are also not considered. The uncertainty involved 

in defining these items appears to outweigh any additional understanding 
obtained by including them in a comparative analysis. 
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3.5 CALCULATIONAL ORDER 

The cal cu 1 at i onal order of the BNW- II code proceeds as follows: 

• The set of values for the five internally independent variables 
which, along with the input, completely specify the design and 
performance of the dry cooling system are selected. 

• The dry-cooled cooling system is designed to provide the utility's 
power requirements at the design temperature with no provision for 
auxiliary power. 

• Steam supply and plant scaling are conducted to provide a power plant 
capable of meeting the utility's power requirements at the design tem­
perature and the power for the heat rejection system's auxiliaries. 

• The performance and fuel consumption of the plant under dry/wet operation 
throughout the year is determined. The design is thrown out if the 
plant cannot operate within Zones 1 through 3 within the constraint of 
using all of the available water. 

• The size of the gas turbine contingent and the annual cost of gas turhine 
fuel consumption is computed. 

• The incremental cost is calculated. 

• The above process is repeated under the control of an optimization 
algorithm to obtain the design giving the minimum incremental cost 
(a 1% change in incremental cost is the cut-off criterion). 

The design temperature must be less than the temperature at which 
deluging commences if meaningful results are to be obtained. The reason for 
this is that the utility model upon which the design and sizing of the plant 
and upon which the incremental cost is computed is a fixed demand system. 
No credit is given for excess production of power; only a relatively small 
credit is given for fuel savings resulting from lower turbine back pressure. 
Because the design temperature is by definition, the temperature at which the 
plant can meet the fixed demand with dry cooling only, the plant will put out 
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more power than the fixed demand over the entire year(a) if it is deluged 

below the design temperature. In effect, the plant is oversized and an 
artificially high incremental cost results. 

3.6 OPTIMIZATION 

Optimization of the dry/wet cooling system involves selecting the values 

for the set of independent parameters that fix the cooling system's design 
after which all other dependent parameters (including incremental power pro­
duction cost) can then be calculated; and the repetition of the process until 
the least incremental power production cost is obtained. 

The computer optimization involves parameters of four types: 

l. internally optimized independent parameters; 
2. i nterna lly optimized dependent parameters; 
3. externally optimized independent parameters; and 
4. external fixed parameters. 

The major parameters and options in each of the above groups are listed in 
Table 1. General input and output of the program is indicated in Figure 13. 

The external fixed parameters are those imposed on the analysis. They 
are generally fixed at a given site for a particular plant. However, the 

investigator may vary these "fixed" parameters when comparing the cost of 
dry cooling for nuclear plants with coal plants, or evaluating cost differ­
ences at different sites. The effect of changes in fuel costs, capacity 
factors, etc., can also be investigated by varying these parameters. 

The externally optimized independent parameters are those optimized by 
changing one or more parameters at a time and observing the resultant changes 

in costs and cooling system design. These include simple factors such as the 

effect of fin spacing, as well as more complex elements such as using differ­

ent types of turbines. 

(a) True for operation in Zones 2 and 3 of Figure 10, true for all but the 
highest ambient temperatures in Zone 1. 
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TABLE l. Computer Analysis - Major Cooling System Parameters 

I. Heat Exchanger 

II. Fan System 

III. Tower 

IV. Piping and Pump 

V. Condenser/ 
Reboiler (NH3) 

VI. Turbine 

VII. Common to Two or 
More Components 

VIII. Base Plant 

IX. Capacity 
Leveling 

X. Site 

and Options 

Internally Optimized 
Inde[!endent 

1. Tube length* 
2. Number Tubes In-

Depth* 
3. Face Ve1ocity* 

1. Terminal 
Temperature 
Difference (NH3)* 

1. Des i gn Turbi ne 
Exhaust 
Temperature* 

Internally Optimized 
De[!endent 

1. Frontal Area 
2. Width/length Ratio 
3. Total Tubes (Bundle 

Number or Overall 
Size) 

1. Number 
2. Blade Diameter* 
3. Blade Ang1e* 
4. Number of B1ades* 
5. Fan Power 

1. Number* (Polygonal) 
2. Diameter (Polygonal) 

1. Pump Power 
2. Pipe lengths 
3. Pi pe Di ameter 

1. Tube Number 

1. Range of Air 
2. Tower Initial Tem-

perature Difference 
(ITO) 

* Optional treatment as externally fixed parameter. 
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Externally Optimized 
Inde[!endent 

1. Unit Geometry (Tube 
00, Tube Pitch, Fin 
Height, Staggered 
vs In-Line, etc.) 

2. Tube and Fin 
Material 

3. Fi n Type 
4. Spacer Material and 

Type 
5. Header Type 

1. Velocity Recovery vs 
No Velocity Recovery 

1. Design Velocity 
2. Pipe Wall Thickness 
3. Piping Temperature 

Drop 

1. Tube Length 
2. Tube Material 
3. Tube Diameter 
4. Tube Type 
5. Exit Quality 

1. Turbine Type 

1. Ratio of Tower Roof 
Area to Fan Swept 
Area 

2. Design Ambient 
Temperature 

3. Water Consumption 

External Fixed 

1. Fuel Cost 
2. Plant Cost 
3. Heat Rate 
4. Capacity Factor 
5. Fixed Charge Raft 
6. Size 

1. Energy Penalty 
Charges 

2. Capacity Penalty 
Charges 

1. Meteoro logy 
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FIGURE 13. Dry/Wet Cooling System Computer Optimization 

For a given set of external parameters, there are five internally opti­

mized independent parameters. Once these five independent parameters are 
specified, all other system design and operating dependent parameters can be 
calculated. The cost of electricity attributed to the cooling system is then 
evaluated based on capital expenditures, operating expenses, and costs assoc­
iated with the power plant/utility system interface. In brief, the optimi­
zation is performed by selecting sets of variables and comparing the sub­

sequent costs. The variable set associated with the least cost system is 

considered to be the optimum. 

The BNW-II computer program contains an optimization technique to deter­

mine which combination of internal dependent parameters results in the minimum 

incremental power production costs associated with dry/wet cooling. This 

optimization technique developed by Andeen and G1icksman of MIT(5) is described 

in Appendix H. 
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The BNW-II computer code performs the optimization process in two steps. 

In the first step an extensive grid is established with each grid point 
being a set of values for the five internal independent variables. The values 
of the variables in each set are determined by the input starting point on 
the basis of a programmed incremental step size for each variable. For each 
set of five variables in the matrix, a cooling system is designed and costed. 
The set of variables associated with the lowest incremental cost is used as 
the starting point for the second step. 

In the second step a single variable is adjusted to find the optimal 
value, i.e., the value associated with the lowest cost, while the four remain­
ing variables are fixed. The optimization is a hill-climbing technique with 
programmed reduced step sizes. If the incremental cost increases, the value 
of the variable being adjusted is then readjusted in the opposite direction. 
All five variables are singly optimized in this fashion to determine an 

'. 
optimal set. The process is repeated at least four times. If the result cf 
the fifth optimization is within 1% of the fourth, then the optimization is 
complete. Otherwise, successive optimizations are developed until the inl~" Vf 

ment in cost is less than 1%. 
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4.0 CALCULATION PROCEDURE 

A dry/wet cooling tower heat rejection system is optimized by varying 
five independent variables (shown in Table 1) to obtain the minimum incre­
mental cost. The five independent variables are varied according to the 
optimization routine developed by MIT,(5) discussed in Section 3 and Appendix H. 
Once these variables have been determined, effects of design and incremental 
cost of the dry/wet cooling system on the cost of generating electrical power 
can then be determined. 

The dry/wet cooling tower code is, therefore, composed mainly of two 
parts: 

• optimizing (choosing the five independent variables in a logical 
manner) 

• designing and determining cost of the dry/wet cooling system on the 
electrical generating cost. 

The different parts of the code interact as shown in Figure 14. The five 
parameters selected by the optimization part of the code are: 

1. steam exit temperature of the turbine - Tl 

2. velocity of the air entering the heat exchanger - FVAIR 

3. temperature difference between the saturated steam and the saturated 
ammonia in the condenser/reboiler - TTD 

4. length of the tubes in the heat exchanger - ELENH 

5. number of tubes in depth in the heat exchanger - ZD. 

These variables are then supplied to the design and costing part of the code. 

A description of the calculation procedure used to design and cost the 
intermediate ammonia dry/wet cooling system follows. The description is 
divided into several major categories detailing specific calculations dealinq 
with a particular aspect of the design or costing of the dry/wet cooling 
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FIGURE 14. BNW-II Program Flow Diagram 

system. The subroutine in which a major portion of the computations is 
carried out is given in parentheses in the heading describing the major 
categories. 
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Each subroutine has an extensive number of comment statements as shown 
in the printout of the program in Appendix I. Therefore, the subroutines 
will only be outlined here and not described in detail . 

4.1 INTERMEDIATE AMMONIA DRY/WET COOLING SYSTEM (CALC) 

Subroutine CALC is part of the code in which the five independent vari­
ables are used to design and cost the cooling system. Not all of the calcu­
lations are performed in this subroutine, but most of the other subroutines 
of the code are called from it. Wher~ another subroutine does the major por­
tion of calculations in the following calculation procedure, it will be given 
in parentheses and described later in the text. Figure 15 outlines the cal­
culation procedure given below. 

1. The heat rejected by the plant is determined by using the saturdtion 
temperature of the steam leaving the turbine to find the turbine back 
pressure, which is then used to find the efficiency of the plant. The 
efficiency is then used along with the plant size to determine the I.eat 
rejected by the plant. 

2. The thermal and thermodynamic properties of the ambient air and NH3 ar" 
determined by using the saturation temperature of the steam, the teJTlp\,ll­
ature difference in the condenser/reboiler, and the ambient air 
temperature. 

3. Using the thermal properties of the NH3 and the amount of heat rejected 
by the plant, the mass flow rate of NH~ is calculated . 

.j 

4. The design of the condenser/reboiler is performed by using the heat 
rejected by the plant, the saturated steam temperature, and the temper" 
ature difference between the steam and the NH3 in the condenser/reboil~r 
(SPDES, see Section 4.2). 

5. The tower system design, consisting of the slzlng of the heat exchanger, 
tower, fan, and supply NH3 piping is determined by a triple iteration 
loop. This calculation procedure consists of the following steps: 
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FIGURE 15. Subroutine CALC Flow Diagram 
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(1) The size of the heat exchanger is determined by a double iteration 
loop after an estimation of the temperature drop of the NH3 in the 
piping from the condenser/reboiler to the towers has been made. 
The steps required are: 

(i) The number of transfer units (NTU) in the heat exchanger is 
determined by using estimates of the temperature drop in the 
NH3 from the condenser/reboiler to the towers and the width 
of the heat exchanger. 

(ii) The air-side heat transfer coefficient of the heat exchanger 
is calculated by using the estimate of the width of the heat 
exchanger, the length of the tubes in the heat exchanger, the 
velocity of the air entering the heat exchanger, and the heat 
exchanger's unit geometry. 

(iii) The fin and surface efficiency of the heat exchanger is cal­
culated as a function of the air-side heat transfer coefficient. 

(iv) The inside heat transfer coefficient is determined by an 
iteration loop that finds the depth of the heat exchanger. 
The following steps are contained in the loop: 

(a) An estimate of the heat exchanger depth is used to 
determine the liquid Reynolds number in the tubes, which 
is then used to find the inside heat transfer coefficient. 

(b) The overall heat transfer coefficient is determined from 
the air-side and inside heat transfer coefficients and 
the fin effectiveness of the outside surface. 

(c) Using the number of transfer units (NTU), the air mass 
flow rate, and the overall heat transfer coefficient, 
the depth of the heat exchanger is determined. If the 
depth does not agree with the estimated tube depth in 

4 (i), a new depth is estimated and steps (a) through (c) 

are performed again. 
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(v) If the heat exchanger depth just calculated does not equal 
the desired tube depth (ZD), a new heat exchanger width is 
estimated and steps (i) through (v) are performed again. 

(2) Knowing the tube depth of the heat exchanger and the air-side 
Reynolds number, the pressure drop across the heat exchanger is 
calculated. 

(3) The heat exchanger cost is determined from its size (COSTEX, see 
Section 4.3). 

(4) Using the pressure drop and the frontal area of the heat exchanger, 
the fan diameter, number of blades, and blade angle are determined. 
Once the type of fan is chosen, the number of fans and the number 
and height of the towers are calculated (FAN, see Section 4.4). 

(5) Using the number, diameter, and height of the towers, the supply 
piping is designed and the temperature drop of the NH3 vapor is 
determined (PIPCLS, see Section 4.5). 

(6) If the temperature drop in Step (5) differs significantly from the 
temperature drop used in Step (1), the temperature drop of Step (5) 

is used in Step (1) and the procedure is repeated. 

6. After the tower system is known, the return piping is designed and the 

pressure drop of the NH3 liquid returning from the towers is calculated 
(PIPCLR, see Section 4.5). 

7. The pressure drop of the two-phase flow of NH3 in the heat exchanger 
tubes is calculated. 

8. The pressure drop throughout the entire NH3 loop is calculated along 
with the horsepower required for the pump power. 

9. The plant is scaled up to obtain the designated plant output, including 
the pump and fan power at the design ambient temperature. Costs of the 
cooling system are also scale up (SCALP, see Section 4.6). 
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10. Using the amount of water allocated for deluging the heat exchanger, 
the turbine back pressure for each ambient temperature in the meteoro­
logical profile is determined (CONSUMP, see Section 4.7). The deluge 
piping is then designed and costed (DELUGEP, see Section 4.5). 

11. The incremental cost of operating the power plant with the dry/wet cooling 
system over the entire year is calculated (NOVART, see Section 4.8). 

4.2 CONDENSER/REBOILER DESIGN AND COSTING 

Two subroutines, SPDES and SURCON, design and cost the condenser/reboiler. 

4.2.1 Condenser/Reboiler Design (SPDES) 

Subroutine SPDES determines the size of the condenser/reboiler on the 
basis of: 

• the designated temperature difference between the saturated steam and 

NH3 

• the amount of heat to be transferred 

• the temperature of the steam 

• the length of the tubes 

• exit quality of the ammonia leaving the condenser/reboiler tubes. 

The condenser/reboiler is designed by a double iteration loop using correla­
tions for the steam- and NH3-side heat transfer coefficients to determine 
the temperature drops across both fluid boundaries and the average bulk 
velocity of the ammonia inside the condenser tubes. Once these values are 
found, the size of the condenser/reboiler is determined along with the systen 
performance parameters. 

The condenser/reboiler design is determined in the following sequence: 

1. The average velocity of NH3 through the condenser/reboiler tubes is deter­
mined by a double iteration loop. The procedure consists of the follow­

ing steps: 

(l) The forced convection heat transfer coefficient is calculated 

by guessing the velocity of ammonia in the tubes. 
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(2) The temperature drop across the fluid layers and the condenser 
tube wall is determined by an iteration loop. The procedure is: 

(i) Calculate the heat flux through the outside tube wall by 
estimating the temperature drop on the inside fluid bound­
ary and the forced convection coefficient. 

(ii) Calculate the temperature drops across the steam condensate 

and the tube wall using the heat flux through the wall. 

(iii) Determine the total temperature drop caused by estimating 

ammonia-side temperature drop and then determine a new 
estimate for the ammonia-side temperature drop and repeat 
Steps (i) through (iii) until the total temperature drop 
converges to the desired value. 

(3) Using the heat flux previously determined, a new ammonia velocity 
is calculated. This new velocity is used in Steps (1) through (3) 
until the velocity does not vary from its previous value by a 
certain percentage. 

2. Using the heat flux from Step 3 and the amount of heat transferred through 
the condenser/reboiler per unit time, the outside heat transfer area 
and the overall, outside, and inside heat transfer coefficients are 

determined. 

3. Using the velocity in the tubes, the pressure drop incurred by the ammonia 
flowing through the tubes of the condenser/reboiler is calculated. 

4.2.2 Condenser/Reboiler Costing (~URCON) 

Subroutine SURCON costs the components (shell, tubes, accessories) of 
the condenser/reboiler. The cost of field erection of the condenser/reboiler 

is also added into the total cost of the system. The modified code is set up 
to handle regular condenser tubing and enhanced tubing (enhanced heat transfer). 

The calculations performed by subroutine SURCON proceed according to the 

following sequence: 
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l. Select tubing cost arrays to be used in costing. 
2. 

3. 

4 . 

Calculate total length of tubing required in the condenserjreboiler. 
Determine the cost discount rate based on the total amount of tubing. 
Determine the penalty for the length of tubing chosen. 

5. Calculate the total cost of the tubing material. 
6. Calculate the shell cost of the condenserjreboiler. 
7. 
8. 

Calculate the field erection costs of the condenserjreboiler. 
Determine the total cost of the condenserjreboiler. 

4.3 HEAT EXCHANGER DESIGN AND COSTING (COSTEX) 

The heat exchanger bundle costing is based on the algorithms and cost 
models given in Appendix G. The cost of the heat exchanger bundle is broken 
down into several subcomponents: 

• header 
• tubing 
• tubing sealant 

• spacers 
• bundle frame 
• bundle assembly. 

The total weight of the heat exchanger bundles consists of the weight 
of the heat exchanger materials and the water contained inside the tubing 
and the headers. The cost and weight of the heat exchanger bundles are 
calculated in the following order: 

1. liner tubing costs 
2. fin weight 
3. cost of bonding the fins to the tubing 
4. protective coating costs 
5. tubing and fin costs 
6. tubing spacer costs 
7. end preparation costs 

8. cooling surface total cost 
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9. header and nozzle costs, based on values calculated for 
a. number of bundles in entire cooling tower system 
b. number of tubes per bundle 
c. header depth and width 
d. header costs 

10. bundle assembly and frame costs 
11. weight of heat exchanger bundles, consisting of 

a. material weight of heat exchanger bundle 
b. weight of NH3 in heat exchanger bundle 

12. heat exchanger total cost. 

4.4 FAN SYSTEM SELECTION (FAN) 

The fan system chosen is that which has the minimum annual capital and 
energy costs. The type of fan selected is specified in terms of: 

• blade diameter 
• hub diameter 
• number of blades per fan 
• blade angle. 

Each fan system consists of fans having the same diameter, the same 
number of blades, and operating at the same blade angle. The cost of each 
fan system investigated is determined. Each fan system is designed on the 
basis of: 

• the pressure drop across the heat exchanger 
• the total air mass flow rate induced through the heat exchanger, and 
• the frontal dimensions of the heat exchanger. 

The number and height of the polygonal towers are determined from the 

total fan swept area, the ratio of tower roof area to fan swept area, and 
the frontal area of the heat exchanger. Knowing the total cost of the fan 
system and the circular tower structures, the annual cost of these two com­
ponents can be determined. On this basis, the optimum fan system is determined. 
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The fan selection is performed as follows: 

1. Determine the volumetric flow rate of the fan system using the mass flow 
rate of air through the heat exchanger, inlet temperature, and plant 

• site elevation. 

2. Choose fan to be analyzed (fan diameter, number of blades, blade angle). 

3. Determine number of fans required. the volumetric flow rate through each 
fan and the total pressure drop across each fan. 

4. Determine horsepower required by each fan. 

5. Determine number and diameter of towers. 

6. Determine fan motor and electrical costs. 

7. Calculate capital, stack, and shipping and assembly costs to determine 
fan system total capital cost. 

8. Calculate fan system annual cost (the sum of the annual capital and 
energy costs). 

9. Calculate annual costs for the foundation and structure needed for fans. 

10. Total annual cost of the fan and fan system structure and foundation is 
calculated, then stored or dropped, depending on its value relative to 
the lowest cost of the previous fans. If the value is lower, the para­
meters of the fan system are saved. 

11. Return to Step 2 and repeat the above process until all desired fan 
combinations have been investigated. 

4.5 PIPING SYSTEM DESIGN AND COSTING 

Three subroutines calculate the ammonia and deluge piping system designs 
and costs. 

4.5.1 NH3 Piping System Design and Costing (PIPCLS and PIPCLR) 

Subroutines PIPCLS and PIPCLR perform two basic functions. First, they 

calculate the cost of all the piping and the pumps between the condenser and 
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the heat exchanger bundles. Second, they determine the pressure drop in the 
piping system so that the total system pumping power requirements can be 
determined. 

The ammonia distribution plplng system is composed of the supply piping 
(determined by subroutine PIPCLS), which transports the ammonia vapor from the 
condenser/reboiler to the heat exchanger bundles, and the return piping 
(determined by subroutine PIPCLR), which transports the ammonia liquid from 
the heat exchanger bundles to the condenser/reboiler. The supply and return 
piping can be further subdivided into the main circulation, tower distribution, 
and quadrant piping. 

The supply and return piping are modeled as having nearly identical plan 
views. The pipe diameters are different, however, because of the significant 
difference in densities and design velocities of the ammonia vapor and liquid. 
All components of the ammonia piping system are designed to withstand 350 psi. 
They are assumed to be available in 6-inch increments with 6- to 144-inch 
diameters. 

Each piping system is determined by PIPCLS and PIPCLR on the basis of: 

• total mass flow rate of NH3 (vapor, liquid) 
• NH3 design velocity (vapor, liquid) 
• number, diameter, height and number of sides of circular towers 
• length of the heat exchanger tubes, and 
• the width of the heat exchanger tube bundles. 

The calculation procedure followed by both subroutines is shown in the 
following steps. 

1. Perform the preliminary calculations required. 

(1) Determine the properties of the liquid or vapor NH3 entering the 
supply or return piping systems. 

(2) Determine the number of sides of the polygonal tower in each quadrant 
and the number of tube bundles per quadrant. 

(3) Determine the NH3 mass flow rate per tower, per quadrant and per 
tube bundle. 
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The calculation procedure is as follows. 

2. Design the main circulation, tower distribution, and quadrant piping 
using the following series of calculations: 

(1) Determine the diameter of the header section based on the NH3 mass 
flow rate and design velocity. 

(2) Select the diameter from the available pipe sizes. Pipe diameter 
selection also specifies the cost of pipe, tees, elbows, flanges 
and valves. 

(3) Determine whether a reducer is required. This is accomplished by 
comparing the diameter of the section with the diameter of the last 
section. If the diameters differ by more than a previously specified 
amount, then a reducer is necessary. Reducer prices apply whether 
the reduction is for 6, 12 or 18 in. The prices are based on a 
standard reducer length of 2 ft and an included angle of 22 1/2°. 

(4) Determine the length of the header section. 

(5) Determine the equivalent length of pipe and flow velocity in the 
header section. 

(6) Determine the pressure drop in the header section. 

(7) Subtract the flow of one branch line to a heat exchanger bundle 
to determine the flow in the next header section. 

(8) If no flow remains, go to Step 9; the last header section has been 
designed. If flow remains, return to Step 2. 

(9) Determine the branch diameter based on the ammonia mass flow rate 
and the design velocity. 

(10) Calculate the cost of the tees connecting the main piping to the 
branch piping. The tee cost is assumed to be 0.67 times the cost 
of a tee with the main circulation diameter and 0.33 times the 
cost of a tee with the branch diameter. 
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(11 ) Sum the cost of each header section including the plplng, tees, 
reducers, and elbows to determine the total cost of the header. 

(12 ) Determine the pressure drops throughout the header sections. 

3. Sum the pressure drops for the supply or return cooling system. 

4. Sum the costs for the supply or return piping. 

4.5.2 Deluge Piping System Design and Costing (DELUGEP) 

The deluge piping cost algorithm calculates the cost of the deluge piping 
based on the water mass flow rate. The deluge piping system is composed of 
two main parts--the makeup water piping system and the tower piping system. 
The makeup water piping parallels the ammonia supply and return main circu­
lation piping. The tower piping system is composed of piping to the center 
of each quadrant in the towers, a riser to the top and piping along the top 
of each quadrant. 

The deluge piping is designed on the basis of: 

• mass flow rate of the delugeate 
• mass flow rate of the makeup water 

• deluge design velocity 
• number of deluged towers 

• tower diameter 

• tower height 
• density of the deluge water 
• distance from the deluge water supply to the boundary of the towers. 

The deluge cost algorithm is an approximation of the cost of the deluge 
piping system based upon the mass flow rates of the makeup water and the 
de1ugeate. The deluge piping system can be divided into two components: 

• makeup water piping system 

• tower piping system. 

The major cost components associated with this system are costs of the pipe 

and valves and the pumping requirements. 
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Analysis of various main distribution and tower piping systems showed 
that piping, pumping and valve requirements comprised 90.0 and 51.5% of the 
cost of the main distribution and tower piping systems, respectively. There­
fore, the total cost of the deluge piping has the form. 

DELUGE PIPING COSTS = MAIN DISTRIBUTION COSTS + 
0.900 

(NUMBER OF DELUGED TOWERS)(TOWER SYSTEM COSTS) 
0.515 

The expressions for the main distribution and the tower piping systems con­
sidered of the pump, piping, and valve costs for each system. These costs 
were based upon the diameters of the main circulation and distribution piping, 
respectively. 

4.6 PLANT SCALING DUE TO ALL-DRY OPERATIONAL MODE 

Two subroutines, SSCALE and SCALP, modify the size of the power plant 
to account for the effects of heat exchanger operation with no water 
augmentation. 

4.6.1 Steam System Scaling (SSCALE) 

The power plants steam supply system is scaled up so that the plants 
specified power output will be produced at the rated back pressure of the 
steam turbine during all-dry operation of the cooling system. This accounts 
for the increased heat rate of the steam turbine being used over that of the 
reference plant's conventional turbine rated at 3.5 in. Hg back pressure. 
This computation is carried out once for each power plant cooling system 
optimization. 

The incremental cost due to scaling up the steam supply system is calcu­
lated in the following order: 

1. heat rate factor of the dry-cooled plant turbine at rated back pressure 

2. plant cost as a result of the scale-up of the steam supply of the power 
plant 
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3. incremental costs of steam supply system of the power plant due to a 

change in size of the steam supply system to meet increased steam require­
ments of the turbine. 

4.6.2 Plant Scaling (SCALP) 

The plant and cooling towers are scaled up or down linearly so that the 
specified power output of the plant will be produced when: 

• the turbine back pressure at all-dry design conditions does not corre­
spond to the rated back pressure of the all-dry cooled plant turbine, and 

• part of the total power output of the all-dry cooled plant is used to 
supply the power requirements of the fan and pumping systems. 

Two factors are calculated for use in scaling the plant and the cooling 
towers. The purpose of each scaling factor is given separately below: 

1. HRFA21--scale plant to account for difference in heat rate factor of 
the turbine at rated back pressure and design back pressure. 

2. YFPP1--scale plant and dry cooling system to provide power for the dry 
cooling system fans and pumps at the turbine design back pressure. 

The scaling factors are determined in the following sequence of 

calculations: 

1. Scaling factor to account for change in heat rate factor from the rated 
back pressure of the turbine to the design back pressure. 

2. Power output of the turbine generator at the rated back pressure which 
gives the required power output at the design back pressure. 

3. Plant cost at design conditions, including the steam supply and plant 

back pressure scaling. 

4. Incremental cost of scaling up plant due to increased heat rate factor. 

5. Scaling factor for the plant and dry cooling tower to meet pump and fan 

power requirements. 
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6. Gross power output of the turbine generator when operated at the rated 
• back pressure, which meets the power requirements of the fans and pumps 

and the power output of the plant at the design back pressure. 

• 7. Gross power output of the turbine generator when operated at the design 
back pressure. 

8. Plant cost, excluding the cooling tower cost. 

9. Incremental cost of plant due to all-dry cooling if the plant operates 
at design conditions only. 

Having calculated the scaling factor (YFPP1), the plant and cooling towers 
are scaled up to meet the increased heat rejection in the all-dry mode. This 
is accomplished in the following sequence of calculations. 

1. Linearly scale up four independent parameters: 

a. mass flow rate of NH3 
b. mass flow rate of air 
c. heat exchanger frontal area 
d. width of the heat exchanger 

2. Design and cost the condenser for increased NH3 flow rate and heat load. 

3. Scale the heat exchanger width and number of tubes in width. 

4. Scale the fan and pumping system. 

5. Scale the heat exchanger weight. 

6. Calculate the incremental cost of fuel for the steam supply system due 
to all-dry cooling. 

7. Scale the land and piping costs. 

8. Scale the cost of the tower structure, foundation and plenum. 

9. Calculate the hail and louver screen costs. 

10. Sum the total capital cost of the cooling towers. 
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11. Calculate the total incremental cost of operating the power plant with 
the cooling system operating in the all-dry mode at design conditions 
(unused in optimization procedure): 

a. yearly capital cost of the cooling towers(a) 

b. yearly maintenance cost of the cooling towers(a) 

c. 
d. 

e. 
f. 

incremental cost of plant due to cooling tower heat rejection 
yearly capital cost of the piping and pumping system(a) 

yearly capital cost of the surface condenser(a) 

incremental cost of fuel for the power plant operating with an all­
dry cooling tower heat rejection system. 

4.7 DELUGE ENHANCEMENT (CONSUMP) 

The deluge enhancement calculation is dominated by the requirement that 
the cooling system, defined by the dry mode calculations, consume all of the 

available water. Second the turbine model used in the design will have a 
prescribed turbine back pressure limit curve that is a function of ambient 
temperature. The first step in the calculations is, therefore, to bracket 
the problem to assure that all of the available water can be consumed while 
maintailling the turbine exhaust pressure at or below its limit for all ambient 
temperatures. 

To determine if the dry mode design will satisfy the water and back 
pressure requirements, three calculation zones were established. These are 
shown in Figure 16. The following sequential steps are taken to define the 
deluge enhancement. 

1. The entire heat exchanger surface is deluged throughout the year. The 
total water consumption is evaluated. If the water consumed is less 

than the water available, then the design is disregarded. The turbine 

back pressures for each ambient temperature are stored. If any of these 
back pressures are greater than the limit back pressure at the same 

ambient temperature, then the design requirements for the turbine can 

not be satisfied. 

(a) Yearly cost for capital ;s equal to the fixed charge rate times the capital 
cost. 
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FIGURE 16. Operating Regimes for a Power Plant 
with a Deluged Cooling System 

2. The lowest ambient temperature is determined for which the dry mode 
exhaust pressure is greater than the turbine back pressure limit at 

that ambient temperature. For this temperature and each higher temper~­
ture, the deluge water consumption necessary to bring the back pressure 
down to the back pressure limit is evaluated. The subsequent total deluye 
consumption needed to keep the back pressure down to the back pressure 
limit is determined. If the water consumed is greater than the water 
available, then the design is disregarded. 

3. If the design passes the tests in Steps 1 and 2, then a solution is known 
to exist. The next step is to determine which calculation zone should 
be investigated. This is done by bracketing Zone 2 in a fashion similar 
to Steps 1 and 2. 

(a) The back pressure on the hottest day, TAmax ' for 100% deluge defines 
the bottom of Zone 2. The lowest ambient temperature is determined 
for which the dry mode exhaust pressure is greater than the back 
pressure, defining the bottom of Zone 2. The amount of deluge water 
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required to maintain this exhaust pressure for ambient temperatures 
at and above the defined value is determined. If the water consumed 
is more than the water available, then the solution lies in either 
Zone 1 or 2. (If the water consumed is less the water available, 
then the solution lies in Zone 3.) 

(b) The lowest exhaust pressure specified by the exhaust pressure limit 
curve defines the top of Zone 2. The lowest ambient temperature 
is determined for which the dry mode exhaust pressure is greater 
than the back pressure defining the top of Zone 2. The water con­
sumption required to maintain the exhaust pressure for ambient tem­
peratures at and above the defined value is determined. If the 
water consumed is less, than the water available, then the solution 
lies below Zone 1. (If the water consumed is greater then the water 
available, then the solution lies in Zone 1.) 

(c) If the design satisfied both 3a and 3b, then the solution is in 
Zone 2. 

4. If in Zone 2 an iterative procedure is used to determine the operating 
back pressure curve for which all of the water available is consumed. 
This exhaust pressure is assumed to be a constant value for each ambient 
temperature for which deluge enhancement is used. The dry/wet split, (a) 
i.e., the percentage of the heat exchanger surface which is dry and that 
which is wet, is determined for each ambient temperature. 

5. If the water available designates that the back pressure operating curve 
is in Zone 3 the back pressure is assumed to be a constant value for each 
ambient temperature for which deluge enhancement is used. However, when 

(a) Whenever the heat exchanger is partially deluged it is necessary to com­
pute, by an iterative process, the fraction of the heat exchanger that 
is deluged. The computation for the fraction is carried out many times 
throughout CON SUMP to determine the operating back pressure of the turbine 
over the entire ambient temperature range. The subroutine performing 
this calculation is TRPMAX and is documented in Appendix I so that each 
step of the subroutine can be understood. 
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the ambient temperature is reached for which the back pressure with 100% 
deluge is greater than the constant back pressure, the back pressure 
corresponding to 100% deluge is used. The dry/wet split is evaluated 
at each ambient temperature . 

6. If the amount of water available designates that the back pressure oper­
ating curve is in Zone 1, then the operating back pressure curve follows 
the turbine back pressure limit curve up to one of the steps in the curve. 
Then somewhere inside the step the curve remains at a constant value up 
to the maximum ambient temperature. The generating back pressure curve 
is found by determining through which step the curve will pass. This is 
done by passing the curve through the upper and lower bounds of each 
step and determining how much water is needed for the curve to go through 
both boundaries. If the amount of water available is less than the lower 
curve's water consumption and more than the upper curve's water consump­
tion, then the step is where the curve must pass. If those two condition~ 
are not met then the operating back pressure curve must pass through some 
other step in the turbine back pressure limit curve. Once the step 
through which the operating curve must pass is found, an interative pro-· 
cedure is used to determine the location through which it passes. The 
dry/wet split of the heat exchanger is evaluated for each ambient temper­
ature in each operating back pressure curve. 

When the deluge enhancement calculations are concluded, the operating 
back pressure is known for each ambient temperature. 

4.8 INCREMENTAL COST OF THE DRY/WET COOLING SYSTEM FOR THE POWER PLANT 
OPERATING OVER THE YEARLY TEMPERATURE PROFILE (NOVART) 

The incremental cost of operating a dry/wet-cooled plant over the entire 
year is determined by using the plant operating conditions, which are a func­
tion of a yearly ambient temperature profile for the plant site and the amount 
of water available for evaporative cooling. 
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The subroutine proceeds in the sequence shown below. 

1. Determine the thermal efficiency for the plant at both the design and 
rated back pressure of the low-pressure turbine. 

2. Select the turbine back pressure at which the plant is operating from 
the turbine back pressure array specifying the back pressure of the 
turbine over the ambient temperature range when the heat exchange system 
is deluged (CONSUMP, see Section 4.7). 

3. The back pressure is then used to determine the thermal efficiency of 

the steam turbine and the amount of heat rejected from the plant. 

4. The total power output of the steam turbine, the power output of the 
plant to the electrical power transmission network, the cost for 

auxiliary power, the increased fuel cost of the plant, and the capital 
cost of the auxiliary power are determined for the turbine back pressure 
chosen. 

5. Calculate the incremental cost of operating the power plant with the dry 

cooling system at the back pressure chosen. The cost is then multiplied 

by the percent of the year that the back pressure exists to obtain a 
portion of the yearly incremental power production cost. 

6. Repeating Steps 2 through 5 for a back pressure array that approximates 
the yearly back pressure profile of the plant site, a set of incremental 
power production costs is obtained. 

7. Sum the set of incremental power production costs from Step 5 to obtain 
the incremental power production costs of operating the plant over the 

entire year. 
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5.0 COMPUTER PROGRAM 

This section describes the BNW-II computer program developed for the 
dry/wet cooling tower cost optimizations. 

5.1 GENERAL INFORMATION 

The dry/wet cooling tower cost optimization code is coded in FORTRAN-IV 
EXTENDED and ASCII FORTRAN. It was compiled and executed on a CDC-7600 com­
puter under the SCOPE 2.1 system (FORTRAN-IV EXTENDED) and on a UNIVAC 1100/44 
(ASCII FORTRAN). Central memory requirements (actual words) are approximately 
130,000 for the CDC-7600 and 70,000 for the UNIVAC 1100/44. Execution time 
ranges f,'om 30 to 300 seconds on the CDC-7600, depending mostly upon whether 
the full optimization procedure is used (pattern and gradient search techniques) 
or only a portion of it is used (gradient search technique only). Execution 
time is also affected by the proximity of the starting point to the final 
conditions, as well as the number and severity of the constraints imposed 
(e.g., heat exchanger geometry, turbine outlet temperature, number of fans 
to be considered). 

Execution time can be affected quite strongly by the number of fans con­
sidered, as specified by the input parameters LFB and LFE (see card type 
Sl in Input Description). If the code is restricted to fans of only one 
diameter, execution time can be decreased by as much as 40 seconds or more, 
compared to when all the fan diameters are considered. 

Particular care should be used to avoid overconstraining the model. 
Experience has shown that the optimization scheme may fail to converge or may 
converge to a false minimum if the constraints are too numerous or too severe. 
Input variables which impose constraints and thus could interfere with opti­
mization are: 

• turbine outlet temperature constraints (TLIM, TFIX); 
• air velocity through heat exchanger (FIXV); 

• minimum air-side pressure drop (XDEPA); 
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• heat exchanger depth and length limits (DEEPL, FIXL); 
• temperature difference in the condenser/reboiler (FIXTTD); 
• maximum number of towers (TOWMAX); and 
• the minimum number of towers per group (TOWMIN). 

The subroutine in which these variables are active, and the mechanisms through 
which they function to impose constraints, are summarized in Table 2. 

The complex interaction of variables in the system being optimized makes 
it extremely difficult to predict which constraints are likely to cause pr'o­

blems in anyone case. In general, an unconstrained case should be run beforp 
any attempt is made to apply constraints. 

The BNW-II program has been run through a wide range of runs and has 
shown no spurious results. Any problem areas found in the runs have been 
eliminated by corrective actions and therefore the program should be mostly 
error-free. However, problems can be encountered by extending the variables 
of the program outside their range of applicability. This can be done by 
setting the initial starting point of the program at unreasonable values or 
setting other input variables at unreasonable values. 

As an aid to visualizing the interrelationships among the subprograms 
of the code, a subroutine linkage chart is shown in Appendix I. It indicates 
which subroutines may call or be called by other subroutines. 

5.2 INPUT 

All input to the program is by punched cards. A sample input listing is 
printed out in Figure 17. In the following input description, the card type 
symbols correspond to the symbols in the input summary of the output of the 
dry/wet model at the beginning of Figure 18 (pages 5.20 and 5.21). 

5.2 

• 



• 
TABLE 2. Subroutines Containing Constraint­

Imposing Variables 

Subroutine 

CALC 

SERCH 

SHOT 

CHNGE 

XTEND 

FAN 

NOVART 

Variable 

DEEPL 

FIXL 

TFIX 

FIXTTD 

FIXV 

XDEPA 

TFIX 

FIXTTD 

FIXV 

XDEPA 

TFIX 

FIXTTD 

FIXV 

XDEPA 

TFIX 
FIXTTD 

FIXV 
XDEPA 

TOWMAX,TOWMIN 

TUM 

Mechanism 

Set trial depth of heat exchanger 
equal to DEEPL 

Set trial length of heat 
exchanger equal to FIXL 

Value of turbine temperature is 
set equal to TFIX 

Value of temperature difference 
in condenser/reboiler is set 
equa 1 to F I XTTD 

Value of air velocity in heat 
exchanger is set equal to FIXV 

If air-side pressure drop is less 
than XDEPA, call subroutine CHNGE 
for two-variable search. 

Same as in subroutine SERCH 

Same as in subroutine SERCH 

Same as in subroutine SERCH 

If pressure drop is less than 
XDEPA, reduce frontal area of 
heat exchanger. 

Same as in subroutine SERCH 

Same as in subroutine SERCH 

Same as in subroutine SERCH 

Make two-point search by chang­
ing a variable different from 
that being changed by SERCH 

Same as in subroutine SERCH 
Same as in subroutine SERCH 
Same as in subroutine SERCH 
Do not consider this point as a 
new starting point; pick another 
one. 

If total number of towers exceeds 
TOWMAX or if the number of towers 
per group is less than TOWMIN, 
trial point is rejected. 

If back pressure of turbine on the 
hottest day is above TLIM, trial 
point is rejected. 
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***** 2500 ACRE FEET OF WATER AVAILABLE ***** 

55.0 55.0 100.0 8.00 5.00 80.0 6.00 

101. 96. 92. 90. 87. 82. 77. 72. .0002.0049.0059.0099.0379.0459.0561.0673 
67. 62. 57. 52. 47. 42. 37. 33. .0783.08]1.0744.0742.0784.0812.0810.2233 
71. 67. 66. 65. 63. 61. 59. 56. 13.0 13.0 7.0 6.0 5.5 5.5 5.5 5.5 
53. 49. 45. 42. 39. 36. 34. 33. 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 
1000. .40952 .758 .1R • 01 1 • 5509. 40. 
66.9 24. 571. o. 1 90. 14 )21000. 30. 
1.8043 1.6836 1.614 1.210 1 .331 1.210 ] .464 
3.5 .99121 -0.0073095 .0028095 -1.0964E-]5 
.85 
1.0 o. 180. 3.00 
0.90 

1.74 1.0 0.00 1.82 2.22 2.5 .55 4.6 
1.0 12.0 1. 3.2 5. 
15. o. o. 500. 

(J1 150. o. o. 10. 5. 
.p 2500.0 0.00 0.77 90.00 1000000.0 1000000.0 1.00 

2.36220 0.98425 1.53745 0.1003937 1.720')6 0.012990 0.000 
0.72835 0.66929 22.00 ft.LUMI NUM 118.00 

PLATE ftLUMINUM 118.00 
o. O. 0.00 0.00 0.00 
FORM REMOVABLE ALUMINUM 1.500 20.0 8 

1.oe 1.50 1.00 20.0 9.00 0.53 8.00 
.05 .5 0.125 
2. 1. 1. 12. 118. 5. LINDE ALl2 
1 • 50. .8 

1 
55 88 

HOTERV SKIP SHOT DELBAW 

FIGURE 17. Sample Input for Dry/Wet Model 

•• 



It 

C 
C 
C 
*-*-*-*-*-*-* 
C 
C*** *** *** 
C 
C 
C 
C ---- - --
C 
C 
C CARD 
C TYPE COLUMNS 
C ----
C 
C Al I-SO 
C 
C 
C 
C 
C 
C 
c ••••••••• 
C 
C A2 I-SO 
C 
c ••••••••• 
C ••••••••• 
C 

I N PUT 0 ESC RIP T ION 
FOR BNWII DRY/WET COOLING TOWER AMMONIA 

MAY 1 9 7 S *-*-*-*-*-*-* 

IN THE DESCRIPTIONS BELOW THE SYMBOL (OF) MEANS 
DECIMAL FRACTION 

T 
Y 

NAME OF P 
FORMAT VARIABLE E DESCRIPTION AND (UNITS) 

(SAlO DESCR(I) R COMMENTS OR CASE DESCRIPTION TO BE 
PRINTED AT TOP OF FIRST OUTPUT PAGE. 
ANY NUMBER OF TYPE Al CARDS MAY BE 
USED BUT A BLANK Al CARD IS NOT 
ALLOWED. 

BLANK IN ALL COLUMNS. ONE TYPE A2 CARD ONLY 

C Bl 
C 

1-10 (ElO.O, TSTAR R LOWEST DEsIGN TEMPERATURE TO USE 
(DEGREES F) 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

C ••••••••• 
C ••••••••• 
C 
CC 

ElO.O, TEND 

E10.0, VASil) 

ElO.O, VAS(2) 

ElO.O, VAS(3) 

ElO.O, VAS(4) 

E 10. 0 ) V AS ( 5 ) 

R HIGHEST DESIGN TEMPERATURE TO USE 
(DEGREES F) 

R INITIAL VALUE FOR TURBINE OUTLET 
TEMPERATURE IDEGREES F) 

R INITIAL VALUE FOR VELOCITY OF AIR 
ENTERING THE HEAT EXCHANGER 1FT/SEC) 

R INITIAL VALUE FOR TTDI, TERMINAL 
TEMPERATURE DIFFERENCE IDEGREES F) 

R INITIAL VALUE FOR LENGTH OF HEAT 
EXCHANGER TUBES 1FT) 

R INITIAL VALUE FOR THE NUMBER OF 
HEAT EXCHANGER TUBES IN DEPTH 

C B2 1-10 (E10.0, TFIX R FIXED TUBINE OUTLET TEMPERATURE (F) 
ENTRY IS IGNORED IF BLANK OR ZERO C 

C 
C 11-20 ElO.O, FIXV 
C 
C 

R FIXED FACE VELOCITY OF THE AIR 
ENTERING THE HEAT EXCHANGER 1FT/SEC) 
ENTRY IS IGNORED IF BLANK OR ZERO 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

21-30 

31-40 

41-50 

c ••••••••• 
C ••••••••• 
C 

E10.0. FIXTTD 

no.o. FIXL 

no.o) DEEPL 

R FIXED TERMINAL TEMPERATURE 
DIFFERENCE OF THE SURFACE CONDENSER 
IF) ENTRY IS IGNORED IF BLANK OR 
ZERO 

R FIXED LENGTH OF HEAT EXCHANGER 1FT) 
IGNORED IF SET EQUAL TO ZERO 
ENTRY IS IGNORED IF BLANK OR ZERO 

IF THE ABSOLUTE VALUE OF FIXL=O. 
THEN THE PROGRAM WILL CALCULATE 
THE LENGTH. 

R FIXED NUMBER OF TUBES IN DEPTH 
ENTRY IS IGNORED IF BLANK OR ZERO 

C C1 
C 

1-40 18F5.0. TAIl) R TEMPERATURES REPRESENTATIVE OF 
TPERII) FRACTION OF YEAR IDEGREES F) 

C 
C 
C 

41-80 8F5.0) TPERII) R FRACTION OF YEAR OVER WHICH TEMPERA­
TURE TAl I) IS TYPICAL. IDF) 

C 
C 
C 
c ••••••••• 
C 

C AUT ION HIGHEST TA 
MUST BE FIRST 

C C2 
C 

1-40 18F5.0. TAIl) R CONTINUATION OF TAIl) FOR I~ 9 TO 16 

C 41-80 8F5.0) TPER(I) R CONTINUATION OF TPER(I) 
C 
C NOTE - A TYPE C2 CARD IS REQUIRED EVEN IF BLANK. 
C 
c ••••••••• 
C ••••••••• 
C 
C CIA 1-40 
C 
C 
C 
C 41-80 
C 
C 
C 
c ••••••••• 
C ••••••••• 
C 
C C2A 1-40 
C 
C 
C 41-80 
C 
C 
C 
C 
c ••••.•••• 
C ••••••••• 

(8F5.0. TAWBII) R WET BULB AIR TEMPERATURE REPRESENTA­
TIVE OF TPER(I) FRACTION OF YEAR 
(DEGREES Fl 

8F5.0) BPLIMII) R BACK PRESSURE LIMIT ON THE STEAM 
TURBINE REPRESENTATIVE OF TPERII) 
FRACTION OF YEAR (IN. HG.) 

18F5.0. TAWBII) R CONTINUATION OF TAWBII) FOR I • 9 
TO 16 

8F5.0) BPLIMII) R CONTINUATION OF BPLIM(I) FOR I = 9 
TO 16 

NOTE - A TYPE C2A CARD IS REQUIRED EVEN IF BLANK 
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• 

( 
( D1 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

4-10 (E10.0, PSIZE 

11-20 E10.0, TEFF 

21-30 E10.0, CAPF 

31-40 E10.0, FCR 

41-50 E10.0, PER 

51-60 E1D.0. C(M 

61-70 EI0.0, ELEV 

71-80 E10.0) ROOFL 

c ••••••••• 
c ••••••••• 
( 
( E1 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

1-10 (E10.0, FCOS 

11-20 E10.0, PWCOS 

21-30 E10.0, PLANC 

31-40 E10.0, COSTL 

41-50 E10.0, (SSPKW 

51-60 E10.0, CAP(HG 

61-70 E10.0, HP(ST 

71-80 E10.0) CTURB 

c ••••••••• 
( 
( 
( E2 
( 
C 
C 
C 
( 
C 
( 
C 
( 

C 
( 
C 
C 

1-10 (E10.0, POHBAF 

11-20 E10.0, POHFAN 

21-30 E10.0 POHLEC 

31-40 E10.0 POH(IR 

41~50 E10.0 POHCND 

51-60 E10.0. POHSTC 

61-70 E10.0) POHS(L 

c ••••••••• 
( 

C F1 
( 

C 
( 

1-10 (F10.0, RBP 

11-70 4F15.8) TPO(I) 

R BASE PLANT SIZE (MEGAWATTS) 

R BASE THERMAL EFFI(IENCY (OF) 

R CAPACITY FA(TOR (DF) 

R FIXED (HARGE RATE (OF) 

R RATIO MAINTENANCE (OST TO CAPITAL 
(OST (DF) 

R (ONSTRUCTION COST MULTIPLIER (OF) 

R SITE ELEVATION ABOVE SEA LEVEL (FT) 

R ROOF LOAD (LB/sa FT) 

R FUEL COST «(ENTS/MMBTU) 

R REPLACEMENT POWER (OST (MILLS/KWH) 

R POWER PLANT CONSTRUCTION COST (S/KW) 

R COST OF LAND (s/sa FT) 

R COST OF STEAM SUPPLY (S/KW) 

R CAPACITY CHARGE (S/MEGAWATT) 

R COST OF ELE(TRIC MOTORS IS/HP) 

R ADDITIONAL TURBINE COST BECAUSE OF 
NUCLEAR POWER PLANT (S/KW) 

INDIRECT COST FACTORS FOR -
R BUNDLE ASSEMBLE AND FRAME 

R FANS 

R ELECTRICAL 

R CIRCULATION PIPING 

R CONDENSER 

R STRUCTURE 

R SCREENS AND LOUVERS 

R TURBINE RATING BACK PRESSURE (INCHES 
OF MERCURY) 

R COEFFICIENTS FOR THIRD ORDER POLY-
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C 
C 
C 
c ••••••••• 
c ••••••••• 
C 
C Gl 
C 

1-10 EI0.0 EFFP 

c ••••••••• 
C ••••••••• 
C 
C HI 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (EI0.0. VELREC 

11-20 E10.0. XDEPA 

21-30 EI0.0. TLIM 

31-40 EI0.0. TOWMIN 

41-50 E10.0. TOWMAX 

51-60 EI0.0) PFACT 

c ••••••••• 
C 
C H2 
C 

1-10 EI0.0 GBEFF 

c ••••••••• 
C ••••••••• 
C 
C 11 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (E10.0. CPM 

11-20 E10.0. WPL 

21-30 E10.0. CLUVR 

31-40 EI0.0. CHAILS 

41-50 ElO.O. UCS 

51-60 E10.0. UWS 

61-70 EI0.0. CVM 

71-80 E10.0) WFV 

c ••••••••• 
C ••••••••• 
C 
C Jl 1-10 (FlO.O. HXNP 

NOMIAL FOR HEAT RATE AS A FUNCTION 
OF TURBINE BACK PRESSURE. 

R EFFICIENCY OF PUMPS (OF) 

R CONTROL VARIABLE. 
=1 FOR VELOCITY RECOVERY 
=0 FOR NO VELOCITY RECOVERY 

R MINIMUM AIR SID~ PRESSURE DROP THRU 
HEAT EXCHANGER (LB FORCE/SQ FT) 

R MAXIMUM STEAM TEMPERATURE FOR THE 
TURBINE (DEGREES F). 
ASSUMED 180 IF FIELD IS BLANK OR O. 

R THE MINIMUM ALLOWABLE NUMBER OF 
TOWERS PER GROUP. 
ASSUMED 1 IF NOT SPECIFIED 

R THE MAXIMUM ALLOWABLE NUMBER OF 
TOWERS PER GROUP ASSUMED 9999 IF 
NOT SPECIFIED 

R PACKING FACTOR. RATIO OF CIRCULAR 
TOWER ROOF AREA TO FAN SWEPT AREA 
(DF) 

R FAN GEARBOX EFFICIENCY 

R PLENUM COST (S/LS) 

R WEIGHT OF PLENUM MATERIAL (LS/SQ FT) 

R COST OF LOUVERS (S/SO FT) 

R COST OF HAIL SCREENS ($/SQ FT) 

R UNIT COST OF STACK $/LB 

R UNIT WT OF STACK LB/CU FT 

R FAN RING MATERIAL UNIT COST S/LB 

R UNIT WT OF STRAIGHT CYLINDER LB/SQ FT 

R NUMBER OF PASSES THRU HEAT EXCHANGER 
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• 

.. 

• 

C 
C 
C 
C 
C 
C 
C 
C 
C 

11-20 

21-30 

31-40 

41-50 

FlO.O, WB R HEADER LENGTH (FEET) 

FlO.O. NTUB R NUMBER OF TUBES THRU PLATE FINS 

FlO.O. SS R SUPPORT SPACING (FT) 

FlO.O) ANGLE R HEAT EXCHANGER ANGLE (DEGREES) 

c ••••••••• 
C 
C J2 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (FlO.O. DESVEL R DESIGN VELOCITY (LIQUID) FOR PIPING 
(FT/SEC) 

11-20 FlO.O, REDUCE R MINIMUM STEP CHANGE IN PIPE DIAMETER 
FOR LIQUID PHASE TOWER PIPING (INCH­
ES) 
MAY BE 6. 12. OR 18 

21-30 FlO.O, QREDUCE R MINIMUM STEP CHANGE IN PIPE DIAMETER 
FOR LIQUID PHASE QUADRANT HEADERING 
( INCHES) 
MAY BE 6. 12. OR 18 

31-40 FlO.O) DIST R DISTANCE FROM TOWER TO CONDENSER 
ROOM (FT) 

c ••••••••• 
C 
C J3 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (FlO.O. DESVELV R DESIGN VELOCITY (VAPOR) FOR PIPING. 
(FT/SEC) 

11-20 FlO.O. REDUCEV R MINIMUM STEP CHANGE IN PIPE DIAMETER 
FOR VAPOR PHASE TOWER PIPING 
( INCHES) 
MAY BE 6. 12. OR 18 

21-30 FlO.O. QREDUCV R MINIMUM STEP CHANGE IN PIPE DIAMETER 
FOR VAPOR PHASE QUADRANT HEADERING 
( INCHES) 
MAY BE 6. 12. OR 18 

31-40 FIO.O. DESVELD R DESIGN VELOCITY OF WATER THROUGH 
THE DELUGE PIPING (FT/SEC) 

41-50 FlO.O) FACTORD R RATIO OF WATER FLOWING THROUGH 
THE DELUGE WATER SYSTEM TO THE 
AMOUNT OF MAKE UP WATER 

c ••••••••• 
C 
C J4 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (FlO.O. WATCONA R ALLOWED WATER CONSUMPTION 
(ACRE-FEET) 

11-20 FlO.O. WATCOST R COST OF THE DELUGE WATER 
(5/1000 GAL) 

21-30 FlO.O. FACTOR R RATIO OF THE WET AIR VELOCITY OVER 
THE DRY AIR VELOCITY OF THE HEAT 
EXCHANGER (DIMENSIONLESS) 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

31-40 

41-50 

51-60 

61-70 

FlO.O. HCD 

F10.0. BETAF 

FlO.O. BETAI 

F10.0) RHOUT 

c ••••••••• 
c ••••••••• 
C 
C K 1 1-10 (E10.0. XW 
C 
C 
C 11-20 E10.0. XD 
C 
C 
C 21-30 E10.0. XDG 
C 
C 31-40 E10.0. SF 
C 
C 41-50 ElO.O. DFIN 
C 
C 51-60 E10.0) THFIN 
C 
c ••••••••• 
C ••••••••• 
c 
C Ll 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 

11-20 

21-30 

31-50 

51-60 

c ••••••••• 
C ••••••••• 
C 

(FlO.O. ODL 

FlO.O. 01 

F10.0. GAGLlN 

2A10. TUBMAT. 
XTUBMA 

FlO.O) CONL 

C M1 
C 

1-20 (2A10 FINTYP 
XFINTY 

R METAL TO DELUGEATE HEAT TRANSFER 
COEFFICIENT (BTU/HR-SQ FT-DEG F) 

R AIR SIDE FOULING COEFFICIENT 
(BTU/HR-SQ FT DEG F) 

R TUBESIDE FOULING COEFFICIENT 
(BTU/HR-SQ FT-DEG F) 

R RELATIVE HUMIDITY OF THE AIR 
LEAVING THE HEAT EXCHANGER 

R TUBE TRANSVERSE PITCH (NORMAL TO AIR 
FLOW) ( INCHES) 

R TUBE PITCH IN DIRECTION OF AIR FLOW 
( INCHES) 

R TUBE DIAGONAL PITCH (INCHES) 

R FIN SPACING (INCHES) 

R FIN DIAMETER (INCH(ES) 

R FIN THICKNESS (INCHES) 

R HX LINER OUTSIDE DIAMETER (INCHES) 

R HX LINER INSIDE DIAMETER (INCHES) 

R GAGE OF HX LINER TUBE (MAY BE 
22. 20. 19. 18. 17. 16. 15. 
14.5 14. 13. 12. 11. 10. ) 

R LINER MATERIAL. MUST BEGIN IN COL 3 
R 

MAY BE -
ADMI RALTY 
COPPER 
CU-10 NI 
CU-30 NI 
ALUMINUM 
STEEL WELDED 
STEEL SEAMLESS 
WELDED SST 

R THERMAL CONDUCTIVITY OF LINER MATER­
IAL (BTU/(HR SQFT DEG FI FT) 

R TYPE OF FIN. MUST START IN COLUMN 1. 
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• 

• 

• 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

21-30 

31-40 

AlO. 

FlO.O) 

c ••••••••• 
c ••••••••• 
C 
C Nl 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10IE10.0. 

11-20 EI0.0. 

21-30 EIO.O. 

31-40 ElO.O. 

41-50 ElO.O) 

c ••••••••• 
c ••••••••• 
C 

MAY BE -
STRAIGHT FIN 
SINGLE FOOT 
DOUBLE FOOT 
EMBEDDED 
EXTRUDED 
PLATE 
NO LINER 

IF NO LINER THEN FIN MATERIAL 
MUST BE ALUMINUM 

FINMAT R FIN MATERIAL. MUST START IN COL. 21 

MAY BE -
ALUMINUM 
STEEL 

CONF R THERMAL CONDUCTIVITY OF FIN MATERIAL 
(BTU/(HR SQFT DEG F/FT)) 

CFB R FIN BONDING COST (S/SQ FT) 

COATC R FIN PROTECTIVE COATING COST (S/SQFT) 

lINCC R lINC COST FOR SPACERS (S/LB) 

CASTC R FIXED CASTING COST FOR SPACERS 
(S/SPACER) 

EPREPC R END PREPARATION COST (S/TUBE) 

C PI 
C 

1-20 (2AlO. HEDTYP. R HEADER TYPE. MUST START IN COLUMN 1. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

XHEDTY R 
MAY BE -

WELD REMOVABLE 
WELD PLUG 
FORM REMOVABLE 
FORM PLUG 

21-30 AI0. HEDMAT R HEADER MATERIAL. MUST START IN 
COLUMN 21. MAY BE -

ALUMINUM 
STEEL 

31-40 FlO.O. TW R THICKNESS OF HEADER MATERIAL 
( INCHES) 

41-50 FIO.O. SEGL R HEAT EXCHANGER SECTION LENGTH 
( FEET) 

51-60 110) NSIDES NUMBER OF SIDES PER TOWER 

c ••••••••• 
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c •.••••••• 
C 
C Q1 1-10 (E10.0. 
C 
C 
C 11-20 E10.0. 
C 
C 
C 21-30 E10.0. 
C 
C 
C 31-40 E10.0. 
C 
C 41-50 E10.0. 
C 
C 
C 51-60 E10.0. 
C 
C 61-70 E10.0) 
C 
c ••••••••• 
C ••••••••• 
C 

CRJ 

CWJ 

CHH 

CN 

CMW 

CST 

CBJ 

C Q2 
C 

1-10 FIO.O. CSH 

C 
C 11-20 F10.0. CSHP 
C 
C 
C 21-30 FIO.O. TSP 
C 
c ••••••••• 
C ••••••••• 
C 
C R1 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-10 (E10.0. 

11-20 EI0.0. 

21-30 EIO.O. 

31-40 EIO.O. 

XNS 

VELN 

ODC 

GA 

R COST OF ROLLED JOINT. TUBE TO HEADER 
(S/TUBE) 

R COST OF WELDED JOINT. TUBE TO HEADER 
(S/TUBE) 

R TUBE AND PLUG HOLE PREPARATION COST 
(S/HOLE) 

R NOllEL AND ATTACHING COST (S/HOLE) 

R COST OF HEADER MACHINING AND WELDING 
(S/FT) 

R STRUCTURAL STEEL COST (S/LB) 

R COST OF BOLTED HEADER JOINT (SIFT) 

R BUNDLE STIFFNER HOLE PREPARATION 
COST (S/HOLE) 

R TUBE HOLE PREPARATION COST FOR 
SECTION JOINT (S/HOLE) 

R PLATE THICKNESS FOR BUNDLE STIFFNERS 
( IN) 

R NUMBER OF CONDENSER SHELLS 

R NOMINAL DESIGN VELOCITY THRU CONDEN­
SER TUBES (FT/SEC) 

R CONDENSER TUBE O.D. (INCHES) 

R CONDENSER TUBE WALL GAGE. MAY BE 
12. 14. 16. 18. 20. 22. 24. 

C 41-50 EIO.O. TKCT R THERMAL CONDUCTIVITY OF CONDENSER 
C 
C 
C 
C 51-60 
C 
C 
C 
C 61-80 
C 
C 
C 
C 
C 
C 
C 
c ••••••••• 

TUBING 
(BTU/(HR SQFT DEG F/FT» 

EI0.0. TTD2QE R TERMINAL TEMPERATURE DIFFERENCE 
EST IMATE 
(DEGREES F) 

2AI0) cONMAT. R CONDENSER TUBING MATER-
CONMA2 R IAL. MUST START IN 

COLUMN 61. MAY BE -

5. 12 

ADMIRAL TV 
CU-IO NI 

304 SIS WELDED 

• 



• 
C 
C R2 1-10 (E10.0. XNP 
C 
C 11-2 EIO.O. TLA 
C 
C 21-3 EI0.0) XQUALY 
( 

C 
c ••••••••• 
C 
( R3 
C 
C 
C 

1-5 

c ••••••••• 
C ••••••••• 
( 

( 15) 

( Sl 
C 

1-5 (15. 
6-10 15. 

C 
C 
C 
C 
C 
C 
C 
C 
( 

( 

C 
C 
C 
C 11-15 15) 
C 
C 
( 

C 
( 

c ••••••••• 
c ••••••••• 
( 

C Tl 
C 
C 
C 
C 
( 

C 
( 

( 

( 

C 
C 
C 
( 

C 
C 
( 

( 

C 
( 

1-10 AIO 

11-20 AI0 

21-30 AIO 

LINOR 

LFB 
LFE 

MXEXT 

FFHX 

FSHOT 

FDELUG 

R NUMBER OF PASSES THRU (ONDENSER 

R (ONDENSER TUBING LENGTH (FEET) 

R AMMONIA VAPOR QUALITY OUT OF 
CONDENSER. 

R CONTROL VARIABLE 
=1 FOR LINDE TUBING 
=0 FOR BARE TUBES 

LFB AND LFE SPECIFY FIRST AND LAST 
POSITION TO BE CONSIDERED IN THE 
TABLE OF FANS. DEFAULT VALUES ARE 
LFB=1 AND LFE=153 

DIAMETER 

24. 
26. 
28. 
3 O. 
40. 
60. 

IFAN 

1 
28 
55 
89 

112 
136 

LFAN 

27 
54 
88 

III 
135 
153 

THE MAXIMUM ALLOWABLE NUMBER OF 
(ALLS TO SUBROUTINE XTEND FOR ANY 
ONE DESIGN TEMPERATURE. 

DEFAULT VALUE IS 10 

R CONTROL VARIABLE FOR SPECIFYING 
METHOD TO USE IN (OMPUTING FRI(TION 
FACTOR. MUST START IN COLUMN 1 • 

MAY BE -

HOTERV 

R (ONTROL VARIABLE FOR SPECIFYING 
TYPE OF SEAR(H ROUTINE TO BE USED 
IN SEARCH FOR OPTIMUM MAY BE -

SKIP SHOT 
CONSTANT 

R (ONTROL VARIABLE FOR SELECTING TYPE 
OF METHOD TO CALCULATE EVAPORATIVE 
HEAT TRANSFER MAY BE -
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5.3 DRY/WET MODEL OUTPUT 

Complete output from a typical run of the dry/wet model is shown in 

Figure 18. The circled numbers on the figure correspond to the numbers in 
parentheses in this section. The output report is divided into the following 
sections: 

(100) through ( 300) Input Summary 
( 400) through ( 500) Plant scaling for increased steam, and for 

fans and pumps 
(600) through (700) Heat Exchanger 

( 800) Piping 
( 900) Condenser 

( 1000) Fans 
(11 00) through (1200) Plant performance as a function of ambient 

temperature 
(1300) Cost summary 
( 1400) Operating Summary 

(100) Output printed by subroutine SETUP. 

This line begins a card-by-card summary of input data. Any cards 

preceding the first blank card are printed as title or description 
cards. After the first blank card the values are printed as they 
are read, and the variable name is printed immediately below the 
value. The line tags Al, 81, etc. correspond to the Card Type 
designations used in the Input Description (see Section 5.2). Vari­
able names printed here are defined in the Input Description section. 
Every input variable read by the program appears in this summary. 

(200) through (230) Output printed by subroutine INPSUM. 

Some of the more frequently changed input parameters are summarized 

here with more descriptive labels than are given in the preceding 
summary. 

5.14 

• 



.. 
(205) The options summarized here are those selected by the variables 

TFIX, FIXV, FIXTTO, FIXL, OEEPL, on Card Type B2; VELREC and 
TLIM on Card Type Hl; and FFHX on Card Type Tl. 

(210) The starting point in the search for an optimum is specified by 
Tl, FVAIR, TTO, ELENH, and ZO. These correspond to the values 
of VAS(l), VAS(2), VAS(3), VAS(4), and VAS(5) on Card Type Bl. 

(220) Input data pertaining to the turbine are summarized here. 

(230) Unit costs and costing factors from Card Types 01 and El are 
reported here. 

(300) Output printed by Main Program. 

TO is the design temperature (OF) used in calculations for this case. 
The design temperature of the plant is the air temperature at which the 
power plant and cooling towers are designed to give a net power of 
PSIZE. 

(400) Output printed by subroutine OUT2. 

This report is printed upon return from subroutine SSCALE, after the 
steam supply system is scaled to allow for increased heat rate at the 
rating back pressure. The term HRFACl is the heat rate factor at the 
rating back pressure, RBP. 

(500) Output printed by subroutine OUT4. 

Values reported here are intermediate results after the plant is scaled 
for increased steam, but before it is scaled for fan and pump power 
requirements. HRFAC2 is the heat rate factor at the indicated design 
back pressure. PLANC2 is the plant cost; PSIZ12 is the plant size 
needed at rating back pressure to provide the specified plant power 
output (PSIZE on Card Type 01) at design back pressure. PSIZ12 = PSIZE* 
(HRFAC2/HRFAC1). SPBP is the cost differential incurred in scaling 
the plant to allow for the difference between design conditions and 

base plant conditions (conventional turbine at rated back pressure). 
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(550) Output printed by subroutine OUT4. 

The information reported here is for the plant after scaling to 
provide for additional power to drive fans and pumps. The scaling 
factor, S.F., is the ratio PSIZE/(PSIZE power required by fans 
and pumps). PSIZ13 corresponds to PSIZ12 above, but now the fan 
and pump power requirements are included. PSIZ13 = (PSIZ12) x (S.F.). 
The power PTOTAL is the size of the scaled plant. PTOTAL = (PSIZE) 
x (S.F.). PLANC3 is the plant cost per kilowatt, excluding fan and 
pump capital costs, at design conditions. SPC is the plant cost 
excluding fans and pumps. SPCD is the differential cost of the 
plant due to the use of a dry cooling tower as a heat rejection 
system. It is the difference in cost between the plant using a 
conventional turbine at rated back pressure and the plant using a 

nonconventional turbine at plant design conditions. 

(600) Output printed by subroutine RPTHXO. 

This report summarizes the input data pertaining to heat exchanger 
design, materials, and unit costs. Values are entered on Card Type 
Kl, L 1, Ml, Pl, and Ql. 

(700) through (760) Output printed by subroutine RPTHXC. 

The heat exchanger design, operating conditions, performance character­
istics and costs are reported here. 

(710) Fluid flow and heat transfer characteristics are summarized. The 
term TTOl is terminal temperature difference, and corresponds 
to VAS(3) on Card Type Bl. 

(720) Heat Exchanger geometry terms reported here are defined as 

Fin Area AFT R = -:;;:----,:--:;-----;;-----=-;;.:.-:.~7:_=_:_:_:__:;;----;;--
Total Area for Heat Transfer 

Heat Transfer Area (ft2) AL P HA = -:-:--:-:---:-:--:,.-----::---:,..,--....,---:=--..,-->--..<..----,r=-:--..,....... 
Unit Volume of Heat Exchanger (ft3) 
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SIGMA = Free Flow Area 
Frontal Area 

FITCO Finned Tube Cost 
ATOT = ~H-ea-t~T~r-a-n-sf~e-r~A-r-ea~~~ 

(730) Weights of major dry/wet cooling tower components are reported. 

(740) Fluid flow rates and heat exchanger geometry previously printed 
are repeated here for convenience. 

(750) An itemized list of costs associated with fabricating, shipping 
and installing the heat exchanger. 

(760) Parameters pertaining to the heat exchanger when it is deluged 
are listed here as a function of the ambient air temperatures 
at which the heat exchanger is deluged. Abbreviations used in 

column headings are: 

TAIN - Temperature of the ambient air entering the deluged 
heat exchanger. 

RIIN - Enthalpy of air entering heat exchanger. 
SIGIN - Tube to air mass transfer coefficient at point where 

air enters the heat exchanger. 
SIGMA - Mass transfer coefficient between the delugeate and 

the air. 
UDPS - Overall mass transfer coefficient between the tube­

side fluid and the delugeate-air interface. 
DTDR - Quantity for transforming the tubeside to delugeate 

heat transfer coefficient to the tubeside to delugel~~ 
coefficient. 

HI - Tubeside heat transfer coefficient. 
CSS - Heat capacity of saturated air at the delugeate-uir 

interface. 
TS - Temperature of the delugeate-air interface. 

RIS - Enthalpy of saturated air at the temperature of the 

delugeate-air interface. 
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RII - Enthalpy of the saturated air at the tubeside 

temperature. 

AHIN - Absolute humidity of the air entering the heat 
exchanger. 

TOUT - Temperature of the ambient air exiting the deluged 
heat exchanger. 

RILVG - Enthalpy of the air leaving the heat exchanger. 
SIGLVG - Tubeside to air mass transfer coefficient evaluated 

for conditions at the trailing edge of the heat 
exchanger. 

QSEe - Heat transfer rate. 
RMEVAP - Water evaporation rate. 

AHLVG Absolute humidity of the air leaving the heat 
exchanger. 

(800) Output printed by subroutine RPTSUP. 

Supply piping costs are itemized separately for circulation piping, 
quadrant piping, and distribution piping. Pump and piping costs are 

reported in thousands of dollars ($ *10**3). 

(850) Output printed by subroutine RPTRET. A cost report for the return 
piping system is provided here. 

(900) Output printed by subroutine RPRT2. 

Condenser design and costing are reported in this section. 

(1000) Output printed by subroutine RPTFAN. 

Fan geometry, costs, and design conditions are reported here. Design 

condition values reported in the column labeled ADJUSTED are for air 

reduced to standard conditions. The space labeled DRIVE SYSTEM is 

reserved for future use. In its present form, the model assumes a 
spiral bevel drive system only. 
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(1100) Output printed by subroutine VARIT . 

System performance and costs are reported for one year of operation at 
times and temperatures specified on Card Types Cl and C2. Abbreviations 
used in column headings are: 

HX - heat exchanger 
ITO - initial temperature difference 

LMTO - log mean temperature difference 
CAP - capacity 

TEMP - temperature 
PCT - percent 

TTOP - terminal temperature difference (condenser). 

(1200) Output printed by main program. 

FINAL INCREMENTAL COST is the total of the entries in PORTION OF 
INCREMENTAL POWER COST column. Units are mills/kWh. Capacity charge 
of gas turbine ;s computed by the expression 

where 

CAPACITY CHARGE = (CAPCHG)(PSIZE-PGEN), 

PGEN is the power generated at highest ambient temperature; 
(PSIZE-PGEN) is the replacement capacity (kW); 
CAPCHG ;s the cost of replacement capacity ($/kW); 
PSIZE and CAPCHG are input values on Card Types 01 and El. 

(1300) Output printed by subroutine SUMCOS. 

Major cost components are summarized here. Costs reported under the 
heading CAPITAL COST SUMMARY (1340) are in dollars; those reported 
under UNIT ENERGY COST SUMMARY are in mills/kWh. The ENERGY PENALTY 
(1350) is the summation of the products of two columns in the perfor­
mance cost table (1100), that is, (COST TO REPLACE LOST CAP) x (peT 

TIME AT AMBIENT TEMP). Similarly, the ADDITIONAL BASE PLANT FUEL (1360) 
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is the summation of the products (CHANGE IN FUEL COST) x (PCT TIME AT 
AMBIENT TEMPERATURE). OPERATION AND MAINTENANCE unit cost (1370) is 
based on the cooling system capital cost and the input variable PER 
(Card Type 01), which is simply the ratio of maintenance cost to capital 
cost. The calculation is made in subroutine SCALP. The final TOTAL 
(1380) is the same as the FINAL INCREMENTAL COST reported in the 
preceding table (1200). 

(1400) Output printed by subroutine SUMMARY. 

Gives an overview of the dry/wet cooling system in terms of size, oper­
ating parameters, and incremental cost. 
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APPENDIX A .. 

AIR-SIDE PERFORMANCE CORRELATIONS FOR HOTERV SURFACE 

.. 
The PNL method of predicting the performance of the deluged HOTERV heaL 

exchanger bundle is based on the air-side heat transfer coefficient, hs ' 

whereas the B&W approach to determining the heat transfer performance is 

based on a delugeate water mass transfer coefficient, as (Appendix C). 

There are two different options by which the heat transfer performance 

of the HOTERV heat exchanger bundle can be predicted. The correlations that 

are the basis for each option are given below. The pressure drop through 

the heat exchanger bundle is calculated using a correlation for the frictio'i 

factor, f. Correlations for hs ' as, and friction factor used in the BNW-II 
code are given below. 

HEAT TRANSFER COEFFICIENT 
.. 

The PNL method for predicting the performance of the HOTERV heat 

exchanger bundle is based on using the all-dry mode heat transfer coefficient 
correlation in conjunction with the enthalpy driving force in predicting the 

amount of water evaporated. 

The heat transfer coefficient correlation was developed from a correla­
tion provided by Babcock and Wilcox.(a) The correlation is 

ho = 0.12518 (Re. )0.515 Pr l / 3 (k /D ) 
alr . a H mln 

(A. I ; 

where 
ho = overall air-side heat transfer coefficient 

Re . = Reynolds number at the minimum flow area of the heat exchanger alr . 
mln 

(a) This information was provided by W. W. Sowa, New Products, Power 
Generation Group, Babcock and Wilcox, Barberton, OH, in a private 
communication to PNL on February 4, 1977. 
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Pr = Prandt1 number of the air 

ka = thermal conductivity of the air 

DH = hydraulic diameter of the heat exchanger. 

Since this is in terms of an overall heat transfer coefficient, the 

effect of fin efficiency of the surface is built into the correlation. The 

local heat transfer coefficient is given by the following: 

(A.2) 

where 

hs = local heat transfer coefficient 

ho = overall heat transfer coefficient 

Ab = air-side tube area excluding the fin 

Af = air-side fin area 

nf = fin effectiveness. 

With the fin effectiveness, nf' a function of the local heat transfer 

coefficient, h , the solution for the local heat transfer coefficient in s 
terms of the overall heat transfer coefficient is an iterative process. For 

various Reynolds numbers the overall heat transfer coefficient is calculated 

using Equation A.1. Using Equation A.2 the local heat transfer coefficient 

is determined by a simple iterative process for each Reynolds number. A 

curve fit is then made for the local heat transfer coefficient as a function 

of Reynolds number resulting in the following: 

hc = 0.18534 (Re. )0.577 Pr l / 3 (k /D ) alrmin a H (A.3) 

The range of Reynolds numbers over which the correlation is applicable 

is 500 to 1500. 
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MASS TRANSFER COEFFICIENT 

The Hungarian method of predicting the amount of water being evaporated 

from the surface of the heat exchanger is based on a mass transfer correla­
tion. The correlation was provided by Babcock and Wilcox. (a) The correla­

tion is provided here in the form in which it was used. 

a = 0.0250 (Re. )0.615 
s alrmin 

(A.4) 

where 

as = mass transfer coefficient 
Re . = Reynolds number at the minimum flow area of the heat exchanger alrmin 

The range of Reynolds numbers over which this correlation is applicable 
is 500 to 1500. 

PRESSURE DROP 

The pressure drop through the heat exchanger bundles was calculated using 
a friction factor correlation derived from information provided by Babcock and 
Wilcox.(a) The pressure drop equation is of the following form: 

where 
~p = pressure drop 

p = average density of air in the heat exchanger 
V = maximum velocity of air in the heat exchanger 

gc = gravitational constant 
NO = number of tubes in depth 

f = friction factor 

(a) This information was provided by W. W. Sowa, New Products, Power 
Generation Group, Babcock and Wilcox, Barberton, OH, in a private 
communication to PNL on February 4, 1977. 

A.3 
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The friction factor is given by the following correlation: 

where 

Re . alr . mln 

f = 4.781 (Re. )-0.24 
alr . mln 

= Reynolds number of the airflow at the minimum cross-sectional 

flow area of the heat exchanger. 

(A.6) 

The range of Reynolds numbers over which the correlation is applicable 

is 500 to 1500. 
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APPENDIX B 
FIN EFFICIENCY OF PLATE FIN HEAT EXCHANGERS 

The temperature difference between a fin and the bulk fluid decreases 
with distance from the base of the fin because of heat transfer resistance 

of the fin material. As a result the heat transfer does not increase in 

direct proportion to the fin area and a correction, the fin efficiency, ~f' 

must be applied. Thus the heat transfer rate, Q, is given by Equation B.l 

(B.l ) 

where 

hs = the air-side transfer coefficient, Btu/hr-ft2-OF 

Ab = tube area between the fins which is exposed to the air, ft2 

Af = area of the fins, ft2 

nf = fin efficiency, dimensionless 

Tb = temperature at the fin base, of 

T = temperature 
00 

of the bulk air, of 

For example, a fin will have a fin efficiency of 0.5 if the mean temper­

ature difference between the fin and the bulk air (averaged over the entire 
fin area) is 1/2 of the temperature difference between the fin root and the 

bulk air. In effect, a fin with a fin efficiency of 0.5 behaves (in regard 
to heat transfer) as if it had only half the area of a fin having an infinite 
thermal conductivity. 

The accuracy of the PNL method (see Appendix A) for computing the per­
formance of deluged heat exchangers depends upon a sufficiently accurate 
method for determining the fin efficiency of the plate fin surface studied 
in this report. The purpose of this appendix is to describe the method used 

to compute the fin efficiency (both in dry operation and in deluged operation) 
of the plate fin heat exchanger surface studied. We begin by describing how 

the plate fin heat exchanger was treated for the purpose of computing the 

fin efficiency as an annular fin heat exchanger. 
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TRANSFORMATION OF THE PLATE FIN INTO AN ANNULAR FIN EQUIVALENT 

The heat exchanger configuration studied was one developed by the HOTERV 

Institute. As shown in Figure B.1 it is a plate fin configuration with 

18.5-mm 00 tubes located in a staggered isosceles triangular arrangement with 
a 60-mm transverse (to the direction of flow) pitch and a 50-mm longitudinal 
pitch. The plate fins are O.33-mm thick and are located at a center to center 
spacing of 2.88 mm, giving an interfin gap of 2.5 mm. 

1== 150 mm -I 
~ 

0 ~5mmODf) 
+ 50 mm r 

30 mm 

0 QL 0 
0 0 0 

DIRECTION OF 

AI RFLOW 0 8 8 
0 0 0 

0 0 0 
FIGURE B.l. Unit Geometry of Plate Fin Studied 
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• 
The approximation was used that the plate fin heat exchangerls fin 

effectiveness could be computed with sufficient accuracy by assuming that the 

p~ate fin was replaced by annular fins with the same cross section per tube. 

A 43.7-mm fin 00 results (Figure B.2). Fin thickness and spacing were left 
unchan~ed. The shaded areas of Figure B.2 show where the equivalent annular 

fins overlap and the regions which they "miss." Though the annular fin 

approximation introduces some error, it is probably a reasonable approxima­

tion which should be adequate for the present purpose. 

D I RECTI ON OF 

AI RFLOW 

o 

o 

o 

FIGURE B.2. Annular Fin Equivalent of Plate Fin 
(The shaded areas show where the 
annular fi~s overlap and where they 
"miss.ll) 
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The heat transfer data provided PNL by Babcock and Wilcox gave values 

of the lumped air-side heat transfer coefficient, h', which includes the 
effect of fin efficiency such that Equation B.2 applies. 

(B.2) 

The relationship between h' and hs can be derived by equating Equations B.l 
and B.2 giving Equation B.3. 

(B.3) 

The heat transfer of dry surfaces can be computed from h'; however. 
values of hs are required for deluge computations. Thus both the dry and 

the wet performance of the heat exchangers were computed from correlations 

for hs derived from the experimental values of h' (See Appendix A). These 
values of hs were obtained by iterative solutions involving Equation B.3 
and the equation for fin effectiveness (Equation B.4). 

COMPUTATION OF FIN EFFICIENCY 

DRY OPERATION 

Gardner(B.l) derived Equation B.4 for the fin efficiency of annular 

fins of constant thickness with the following assumptions: 

1. The heat flow and temperature distribution throughout the fin are inde­
pendent of time, i.e., the heat flow is steady. 

2. The fin material is homogeneous and isotropic. 

3. There are no heat sources in the fin itself. 

4. The heat flow to or from the fin surface at any point is directly pro­

portional to the temperature difference between tne surface at that 

point and the surrounding fluid. 

5. The thermal conductivity of the fin is constant. 

B.4 
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6. The heat-transfer coefficient is the same over all the fin surface . 

7. The temperature of the surrounding fluid is uniform. 

8. The temperature of the base of the fin is uniform. 

9. The fin thickness is so small compared to its height that temperature 

gradients normal to the surface may be neglected. 

10. The heat transferred through the outermost edge of the fin is negligiD:( 

compared to that passing through the sides. 

2 11 (U b) - Sl Kl (U b) 
nf = 

( Ub) ( Ub) 

Ub [1 -G:n 10 + Sl KO 
(B. 'r) 

where 

Sl 
11 (Ue) 

= 
(Ue) Kl 

(13.5) 

(r - 1/2' 
r b ) [ h s / ( ky b) ] 

Ub 
e 

= 

( ~: - 1) 

Ue = 
Ub (~:) (B,7) 

In and Kn are Bessel functions of order n of the first and second kind, 
respectively. Other terms are: 

h = s air-side heat transfer coefficient 

k = thermal conductivity of the fin material 

r = e fi n outside radius 

rb = fin root radius 

Yb = 1/2 of the fin thickness. 

Thus, the fin efficiency is a function of the fin geometry, the thermal con­

ductivity of the fin material and the local heat transfer coefficient. 
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DELUGE OPERATION 

The fin efficiency relationship for deluge operation will now be 

derived. This relationship is identical to Equation B.4 except that the 

quantity h s is replaced by the quantity 

U* ItC ~) roo/'\ a dl I 

where 

U* roo = the overall heat transfer coefficient (enthalpic driving force) 

between the fin root and the bulk air, Btu/ft2-hr-oF 

= the heat capacity of humid air, Btu/oF-lb of dry air Ca 
dT/di = the derivative of temperature with respect to the enthalpy of dry 

air, °F-lb of dry air/Btu. 

These terms are defined in Appendix C. 

Equation B.4 is the solution for the equation 

d2e + (_1 dar) ~ _ (~dA) = 0 
d 2 a dr dr ka dr e 

r r r 

with the boundary conditions 

de = dr = 0 when r re 

where 

e=Tr-Too 
Tr = fin temperature at distance r from the centerline 

T = temperature of the bulk air 
00 

(B .8) 

ar = the cross sectional area of the fin at distance r from the centerline. 

The method of solution to arrive at Equation B.4 from Equation B.8 is 

the same for both the dry and the deluge applications. The reader is 
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referred to References B.1 and B.2 for the details. We shall derive the 

equation analogous to Equation B.8 for deluge o~eration and show that it hJj 

the same form and boundary conditions. 

The driving force used in the BNW method for computing deluge perfor­

mance is t.i/Ca where iii is the enthalpy difference, Btu/lb of dry air. [iiII'.> 

the heat transfer between the fin root and the air immediately adjoining IL 

is given by 

Q = u* A ~ reo C 
a 

where 

u* roo = the overall heat transfer coefficient between the fin root ana :h' 

air, Btu/ft2-hr-oF, and 

A = the heat transfer area under consideration. 

Since our driving force is 6i/Ca , the quantity analogous to e, is e', whert 

i ' - i 
e' 

00 

= Ca 
(B.10) 

and i' is the enthalpy of saturated air at the fin temperature at any dis­

tance from the centerline. 

Consider the case where (i - i ) is positive (i.e., the case where hedt 
co 

is being transferred to the air). Let Q be the amount of heat transferrea 

to the air between the edge of the fin and radius r. Let A be the total ~ur­

face area between the edge of the fin and radius r, and let a be the cross r 
sectional area of the fin at radius r. Then 

dQ = U* e'dA reo 

Differentiating Equation B.11 gives 

.s!.Q. = U* e I dA 
dr reo dr 

B.7 
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The conduction equation gives 

de de de' Q = -k a - = -k a --r dr r de' dr 

Differentiating Equation B.13 gives 

Equating Equations B.12 and B.14 gives 

d2e' + (_1 dar) de' + ( U* roo dA) e' = 0 
d 2 a dr dr k de dr 
r r a r de' 

From the definition of e and e' 

(T + ~T - T ) - (T - T ) de 1 . 00 00 C dT -de' = 1 m -7'""( :-:. ,~-~. ,~--:-. """')"---'-( -:-. -:-, --:-. .....,.-) - = a d ,. , 
1 +~, -, - , - 1 

~o 00 00 

Inserting Equation B.16 into Equation B.15 gives 

d2e' +(_1 dar) ~e' +( 
dr2 ar dr or k 

U*roo dA~ e' = 0 
a C ~ dr 

r a di' 

The boundary conditions for Equation B.17 are 

8' = e' when r = r 
b b 

and 

de' 
~ = 0 when r = re 

B.8 

(B.13) 

(B.14) 

(B.15) 

(B.16) 

(B.l7) 

(B.18) 

(B.19) • 
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These boundary conditions arise from the same assumptions used to derive 

Equation B.8. Equation B.17 and its boundary conditions are identical to 

Equation B.8 except that 6 1 replaces 6 and that the coefficient of the 

third term differs. Equating these coefficients gives us the relationship 

u* roo 
(B.20) 

Thus Equation B.4 can be used to compute the fin effectiveness for 

deluged systems if the right side of Equation B.17 is substituted for hs ' 

The discussion here has been limited to annular fins of constant thickness. 

A study of References B.l and B.2 shows that the substitution suggested by 

Equation B.20 is also applicable to other extended surfaces such as spin~s 

and straight fins, as well as annular fins of nonconstant thickness. By 

analogy it is quite possible that Equation B.18 is applicable to most extended 

surfaces. 

The quantity U* /(C dT/di l ) must be constant if Equation 4 is to be roo a 
exact. u* is as likely to be constant as h. The value of dT/di l will roo s 
vary somewhat if there is a large temperature drop across the fin. However, 

the percentage variation in heat transfer coefficient within the fins is 

probably just as large as any variation in dT/di l when one considers the 

nature of the flow. 

Ca is approximately 0.24. dT/di l is seldom much greater than unity and 

is often less than unity. For the same face velocity, U* is generally roo 
within 10% of h. Therefore, the quantity U /(Ca dT/di I) is generally s roo 
four times that of h and as a result the fin efficiency during deluge is 

s + 
often near 0.7 compared to the 0.9 found in dry operation. 
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APPROXIMATE SOLUTION FOR FIN EFFICIENCY 

In order to reduce computation time, a curve fit of the results pre­

dicted by Equation B.4 was used to compute the fin efficiency in the BNW-II 

computer code. The resulting equation was 

nf = 1 1 + 0.06313766 (1 _ e-0.00745032hs) 
+ Ch s 

where 2 (re/rb)1/2 
C = (re - r b) 3k Yb 

and the units of hs are Btu/ft2-hr-oF. 

B.10 
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APPENDIX C 
COMPUTATION OF DELUGE PERFORMANCE 

Deluging, as used in this study, refers to a method of augmenting a heat 

exchanger1s performance by distributing water (delugeate) onto the exchanger 

in such a way that the normally dry exterior surfaces are covered with a thin 

layer of water. This layer of water is thin compared to the interfin spacing 
thus permitting air to flow between the fins though at a somewhat larger 

resistance to airflow due to the somewhat smaller air passages as well as 
possible bridging of the liquid film. 

This type of water augmentation of dry heat transfer surfaces is under 
intensive development by the HOTERV Institutue, Budapest Hungary. Babcock 

and Wilcox (B&W) is the U.S. licensee for this technology. 

The mechanism for transport of heat between the surface of the delugeate 

and the air is the same in a deluged heat exchanger as that in an evaporative 

tower--combined mass and heat transfer. However, in an evaporative tower the 

primary fluid (water) is in direct contact with the air. Thus the resistance 

to heat transfer from the bulk of the primary fluid to the air-water surface is 

relatively small in contrast to the situation found in a deluged heat exchanger 

where the heat must pass from the primary fluid (in this study, NH 3) through 

several resistances to heat transfer before reaching the delugeate-air inter­
face. Evaporative towers are designed by use of the enthalpy driving 
force.(C.l, p.356) The design methods given here for deluged towers also use 

the enthalpy driving force; the heat transfer terms arising from the heat 
transfer resistance between the tube side fluid and the surface of the 
delugeate are transformed from use of the temperature driving force to use 
of the enthalpy driving force. 

Two computational methods were used in this study. The first method was 
that recommended by B&W which was used in conjunction with experimental 

data obtained by the HOTERV group. Since it was the most accurate it was 

used in all but a few cases. 
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The second method was developed by PNL.(C.2) The PNL method, though 

less accurate, predicts the performance of a deluged heat exchanger given 

only its dry heat transfer data. Because of its potential utility for evalu­

ating the performance of candidate surfaces for which experimental deluged 

data is not available, a description of the PNL method is also presented. 

Both the B&W and the PNL methods take into account all resistances to 

heat transfer between the tube-side fluid and the bulk air. The B&W method 

makes use of the enthalpy driving force used routinely in evaporative tower 

design. Thus all heat transfer resistance terms which are expressed in terms 

of a temperature driving force are converted to an enthalpy driving force. 

An analogous approach is used by the PNL method. 

The remainder of this appendix is divided into four sections: 

• basics and definitions, 

o B&W method for determining the overall heat transfer coefficient, 

• PNL method for determining the overall heat transfer coefficient, 

• computation of overall heat transfer and water evaporation rate 

of a deluged heat exchanger, and 

• nomenclature. 

BASICS AND DEFINITIONS 

The purpose of this section is to introduce the reader to the quantities 

which are used in the sections which follow. 

The absolute humidity, the ratio of the weight of water to the weight 

of air in moist air, is given by 

where 

_ 18.02 P 
H - (28.97)(29.92 Pa - p) 

p = the partial pressure of water, in. Hg 

Pa = atmospheric pressure, in. Hg. 

C.2 

(C.1) 
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The heat capacity of moist air, expressed as Btu/lb of dry air-oF 

(also known as the humid heat capacity), is given by 

Ca = 0.24 + 0.45 H ( C. 2) 

The contribution of the water vapor to the humid heat capacity is given by the 

second term of Equation 2. 

by 

where 

The enthalpy of moist air, i, expressed as Btu/lb of dry air is given 

- C T + 1094 H a 

T = dry-bulb temperature, of. 

(C.3) 

The reference condition is O°F for both the air and the steam. The con­
stant 1094 is the extrapolated heat of vaporization of water at 00F.(C.l ,p.358) 

Before proceeding further, it is worthwhile to digress and present some 

background information on how H, i and T are interrelated and to describe 

several methods of computing these quantities which are used in BNW-II code. 

First, the value of i for a moist air mixture can be determined from a 

knowledge of its dry-bulb temperature, relative humidity and the atmospheric 

pressure. This follows since H can be determined from Equation C.l, Ca from 

Equation C.2 and finally i from Equation C.3. However, an alternate, extremely 

useful way of determining i is from a knowledge of the moist air mixture's 

dry-bulb temperature, wet-bulb temperature and the atmospheric pressure. 

This is possible because the enthalpy of air at the wet-bulb temperat~re is 

very nearly the same as the enthalpy of the moist air mixture at the dry-

bulb temperature (This can be best visualized by examining a phychometric 

chart and observing the near parallelism of the constant enthalpy and constdrlt 

wet-bulb lines.). 

The procedure is as follows. Since the air is saturated at the wet­

bulb temperature the partial pressure of air at the wet-bulb is equal to the 

vapor pressure of air at the (known) wet-bulb temperature. The absolute 
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humidity at the wet-bulb conditions is then calculated from Equation C.l from 

which Ca is calculated from Equation C.2 and finally the enthalpy, i, from 

Equation C.3. 

From a knowledge of i, the absolute humidity at the actual air condition 

can be obtained from Equations C.2 and C.3 by inserting the dry-bulb tempera­
ture. This permits the computation of Ca at the actual conditions from 

Equation C.2 and finally a computation of the partial pressure and relative 

humidity from Equation C.l. 

Another operation which is conducted frequently in computing the perfor­

mance of a deluge heat exchanger is the determination of the temperature of 

a moist air mixture given its enthalpy and relative humidity, and given the 

atmospheric pressure. This involves using Equations C.l, C.2 and C.3 in an 

iterative computation. With this background we can now proceed to discuss 

the use of the enthalpy driving force. 

For an evaporative tower the heat transfer is computed by use of an 

enthalpy driving force as shown in Equation C.4: 

where 

Q = A (i l - i ) Os s w "" (C.4) 

Q = the heat transfer rate, Btu/hr, 
Os = the mass transfer coefficient (enthalpic driving force), lb of dry 

air / ft2 _ hr , (a) 

As = the surface area, 
i I the enthalpy of saturated air at the cooling water temperature, w 

Btu/lb of dry air, and 

i = the enthalpy of the bulk air, Btu/lb of dry air. 
00 

(a) Os is the mass transfer coefficient when absolute humidity is used as the 
driving force, e.g., 

where 
mw = 
HI s = 

H"" = 

m = ° A (HI - H ) 
w s s "" 

the evaporation rate of water, lbw/ft2-hr 
the absolute humidity of saturated air at the air-water inter­
face, lbw/lba 
the absolute humdity of the bulk air, lbw/lba . 

C.4 

.. 



• 

• 

Reference C.1 gives a good description of the development of the use of 

this driving force. The use of an enthalpy driving force is most nearly 

correct if the convective Lewis number, given by Equation C.5: 

Le = 
hs 

°sCs 

is equal to one,(C.2) which is a reasonable approximation for water. 

(C.5) 

The B&W approach uses an equation of the form of Equation C.4 for the com 

putation of the heat transfer rate. Values of Os from correlations based on 

experimentally determined values of Os were used in the computations. 

The PNL approach was developed to permit the prediciton of the perfor­

mance of deluged heat exchangers when dry heat transfer data (but not deluged 

data) were available. With the assumption that the Lewis number is unity, 

Os = hs/C s ' which allows us to arrive at Equation C.6 from Equation C.4, 

Q = .2.. A (i l _ i ) = h A w 00 (C.6) (h) (ii-i) 

Cs w co s Ca 

Either the enthalpy difference, or the enthalpy difference divided by the Ill.Llii 

heat capacity, can be used as the driving force. The latter was selected sine: 

we found it convenient to work with heat transfer coefficients; rather than 

the ratio of the heat transfer coefficient and the humid heat capacity. 

Note that no approximations are introduced by use of Equation C.6 that artc 

not used by Equation C.4, if the Lewis number is unity. The approximation used 

by the PNL approach is to assume that the value of h obtained from dry heat 

transfer correlations is equal to hs ' the local value of convective heat 
transfer at the delugeate-air interface. Corrections for the case when the 

Lewis number is not equal to unity could be used; however, this was not deeme~ 

necessary in this study. 

Before one can solve for the overall heat transfer coefficient between 

tube-side fluid and the bulk air in terms of an enthalpy driving force, all 

resistances to heat transfer, such as the heat transfer coefficient between 

tube-side fluid and the tube wall, must be also transformed to an enthalpy 

driving force. In the next section we shall show how this is done for the 

B&W approach. 
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B&W METHOD FOR DETERMINING THE OVERALL HEAT TRANSFER COEFFICIENT 

As mentioned in the previous section, the B&W method makes use of the 

enthalpy difference between tube side fluid and the bulk air as a driving 

force. Thus the heat transfer rate is given by 

Q = Lpoo At (i~ - iJ (C.l) 

where 

Q the heat transfer rate, Btu/hr 

Lpoo = the overall tube side to bulk air mass transfer coefficient, 

lb of dry air/ft2-hr 

At = the total transfer area on the air side, ft 2, and 

i~ = the enthalpy of saturated air at the temperature of the tube­

side fluid, Btu/lb of dry air. 

The total air-side heat transfer area, At' is given by 

(C.8) 

where Ab is the area of the tubes between the fins which is exposed to air 

and Af is the area of the fin. 

There are five resistances to heat transfer in series between the tube­
side fluid and the bulk air. These are: 

e the resistance between the tube-side fluid and the inside of the 

tube wall (heat transfer coefficient hp)' 

• fouling on the inside of the wall (equivalent heat transfer coefficient 

SfP) , 

• conduction through the wall (kw/tw), 

• the resistance between the fins and the delugeate (heat transfer 

coefficient hd), 

• the resistance between the surface of the delugeate and the bulk air 

(mass transfer coefficient, os), 

C.6 
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The first four of these resistances use temperature as the driving force, 

the fifth uses enthalpy. In order to arrive at an overall coefficient using 

enthalpy, the first four coefficients must be lumped together and then con­

verted over to an enthalpic driving force. This is done by first computinu 

the overall heat transfer coefficient between the tube-side fluid and the 

bulk of the delugeate, U ,by use of Equation C.9: ps 

UpS · [(Ab + Af) (h>p + Of>P + k:~w + hd(Ab ! Afl)r1 (C .. , 
where Ap and Aware the tube side and average tube wall areas, respectively. 

We shall now derive the equation for obtaining the value of the tube 

side to delugeate overall heat transfer coefficient in enthalpic terms gi~'ll 

the tube side to delugeate coefficient U and temperature driving force ps 
terms. Letting Eps be the heat transfer coefficient with enthalpic drivin. 

force and equating the heat transfer via temperature driving force to heat 

transfer via enthalpic driving force, we arrive at Equation C.10: 

where 

Ts = bulk temperature of the delugeate(a) 

i~ = enthalpy of saturated air at Ts' 

Dividing out the area terms and rearranging, we arrive at 

(C.11) 

which is used to give the overall pipe to bulk delugeate heat transfer coef­

ficient in enthalpic terms. We have now reduced the heat transfer problem 

(a) The heat transfer resistance between the bulk of the delugeate and the 
delugeate-air interface is assumed to be negligible. 
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to that of having two resistances in series, that between the tube-side fluid 

and the delugeate and that between the delugeate and the bulk air, both of 

which are enthalpic driving force equivalents. Therefore, the tube side to 

bulk air overall coefficient is given by 

I = [_1 + _1 ]-1 
poe Ips G s 

(C.12) 

from which the heat transfer rate can be computed by Equation C.13: 

(C.13) 

The heat transfer rate can be computed via Equations C.B through C~13 

from a knowledge of the tube-side and bulk air temperatures, the five heat 

transfer coefficients involved and a knowledge of the tube side, average tube 

wall, and outside surface areas. However, use of Equation C.l1 requires either 

a knowledge of Ts and i~ or, as recommended by B&W, an approximation for the 

quantity (Tp - Ts)/(i~ - i~) obtained from the enthalpy-temperature curve over 
the region of interest. While use of the approximation is satisfactory for 

hand calculations, it was decided to evaluate Ts and i~ in the BNW-II code. 

The resulting computation is of the iterative type; the convergence criteria 

is a sufficiently small change in Zpoo (generally 0.1%). 

PNL METHOD FOR COMPUTING THE TUBE SIDE TO BULK AIR ENTHALPY-BASED HEAT 

TRANSFER COEFFICIENT 

Equation C.14 gives the heat transfer rate for the PNL method: 

(C.14) 

Note as mentioned above that the driving force, instead of being the quantity 

(i l - i ) is now the quantity (ipl - i )/C. The transformed overall pipe to p 00 00 a 
air heat transfer coefficient is denoted by u* In addition to the differ-poe 
ence in driving force, provisions are made for use of the fin efficiency, nf. 
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The matter of the inclusion of the fin efficiency bears further comment. 

The fin efficiency is defined as the ratio of heat actually transferred from 

a fin to that transferred from a hypothetical fin with a uniform surface 

temperature the same as that at the fin root. As described in Appendix B, 

equations exist for predicting the fin efficiency for a number of fin geome­

tries; we have adapted one of these to the prediction of the fin efficiency 

of plate fins for both dry and deluged operations. The fin efficiency is 

typically near 90% during dry operation and 70% during deluge operation. 

Thus, corrections for fin effectiveness are large during deluge operation 
and must be included. 

The B&W approach does not involve the use of fin efficiency because it 

is based upon experimentally obtained data. It was convenient to lump the 

effects of fin effectiveness into the value of as, The relationship given 

between the local value of the mass transfer coeficient, 0s(local) and 

0s(lumped) is given by 

(C.l5) 

where nf is the (unknown) value of fin effectiveness during deluge operation. 

A similar situation exists in dry heat transfer where the lumped heat tran~ 

fer coefficient, h (1 d) and the local heat transfer coefficient, h (1 . s umpe SOC,:, 
are related by 

hs (lumped) 
Ab + nfAf 

= hs(local) Ab + Af (C.13) 

The quantity hs used in the PNL approach is the local value of the convectiv: 

heat transfer coefficient; the quantity Os used in the B&W method is the 
lumped mass transfer coefficient. 

The resistances to heat transfer (with their equivalent heat transfer 

coefficients) between the tube-side fluid and the bulk air include the 

following: 
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• tube-side fluid to wall, hp' 

• tube-side fouling coefficient, Sfp' 
• conduction through wall, k It , w w 
• conduction along the fin(a), 

• fin to delugeate, hd, and 

• delugeate to air coefficient, hs ' 

All of the above heat transfer coefficients are in terms of temperature driv­

ing force. We shall now show how these are transformed into overall coef­

ficients in terms of the enthalpy-heat capacity driving force given in 

Equation C.14. 

The transformed coefficient between tube-side fluid and the base of the 

fins is computed by use of Equation C.17 and C~18 below: 

[(Ab + "rAf) (h>p 1 tr Upr = + B A + Aw~w) fp p 
(C.l7) 

C -T) U* = Upr 
p r 

COl . I pr a , -, 
p r 

(C.18) 

where Tr and i~ are the temperature and enthalpy of saturated air at the fin 

root, respectively. 

The heat transfer path between the fin root and the bulk delugeate 
contains two resistances, the fouling on the air-side surface and the air­

side surface to bulk delugeate resistance. 

Equation C.19 gives the transformed overall coefficient between the fin 

root and the delugeate, U*rs' 

U* = rs [ 1 1 ] -1 
~ + 13ff 

(a) Taken into account by nf' the fin efficiency. 

C.10 
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where Sff is the air-side fouling coefficient, Ts is the temperature of the 

delugeate and i~ is the enthalpy of saturated air at temperature Ts' 

Similar reasoning gives Equation 20 for U* ,the transformed overall roo 
coefficient between the fin root and the bulk air: 

U* :: [_1 + _1 ] - 1 
reo U* h rs s 

(C.20) 

The quantity hs is the air-side heat transfer coefficient based on temperature 

driving force. Thus, if the effects of the geometric changes caused by the 

presence of delugeate can be neglected or compensated for, values of h s 
from dry operation can be used to predict the deluge performance. 

In the above manner all of the convective terms except that of the 

delugeate to air are transformed to enthalpic driving forces by the use of 

a ratio of a temperature difference to an enthalpy difference at the same 

temperature as seen in terms used in Equations C.18 and C.19. Examination of 

the derivation of Equation C.6 from Equation C.5 shows that no such transforma­

tion is required for the delugeate to air heat transfer coefficient. 

The overall tube side to air transformed heat transfer coefficient is 

given by Equation C.21, 

U* :: [_1_ + _1_] -1 (C.21) 
poo U* U* pr roo 

The computation of fin efficiency is described in Appendix B. The 

fin efficiency of a deluged system is computed identically to that of a 

dry system except the quantity U* /(C dd~) is used in place of h. The roo a 1 s 
derivative of temperature with respect to enthalpy, dT/di is evaluated at 

the average fin temperature ff' 

In order to solve Equations C.17 through C.21 for U*poo' given values of Ap' 

Aw' Ab, Af , hp' kw' Sfp' Sff' hd, hs' Tp' Ta , i~ and i~, values of Tr , Ts ' 
and ff must be evaluated. This was done by an iterative process; the con-

vergence criteria was a change in U*poo of less than 0.1%. Derivations of 
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relationships for computing values of enthalpy of saturated air at the fin 

root (i~), at the delugeate-air surface (i~) and at the average condition 

on the fin surface (If) are given by Equations C.22 through C.24. 

Therefore, 

U* 
i 1 = ~ ( i 1 i ) + U* -r 00 p 00 roo 

(C.22b) 

Q = U* 
roo (Ab + ~fAf)(i~ - ioo)/Ca (C.23a) 

= hs (A b + Af)(i~ - iJ /C a 

Therefore, 

u* (A b + n~f) 
i 1 i roo (i ' - i ) = +--

(A b + Af) s 00 h r 00 s 
(C.23b)(a) 

(a) Equation C. 23b gives a value of is which is the average value over the 
total outside area (Ab + Af). This choice of th~ value of is with its 
corresponding Ts used for the calculation of U*rs is probably the most 
reasonable. If the value of is at the fin root is desired, it can be 
obtained from 

u* 
• 1 = ~ (i - i ) + i . 's h r 00 00 

s 
If the average value of ;s on the fin is desired, it can be obtained 

from 
u* 

i'=~~ (;'_i)+ 
s hs f r 00 00 

Note tha t for 

hb = Sff = :J:l 

the equation for the average value of is on the fin reduces to 
Equat;on C. 24b as it should. 
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By definition 

h s Af 
("";-, i ) IC 

= 
1 f -

00 a 
nf h s Af ( i ' - i ) IC r 00 a 

(C.24a) 

Therefore, 

if = + nf (i~ - i ) 
00 00 (C.24b) 

Tr , Ts and If are computed from the values of i~, i~ and If computed from 
Equations C.2lb, C.22b and C.23b, respectively (see "Basics and Definitions," 
this appendix). 

COMPUTATION OF OVERALL HEAT TRANSFER AND WATER EVAPORATION RATE 

Both the B&W and the PNL methods use the NTU approach for computing heat 

exchanger performance. This approach is described in detail for temperature 
driving force by Kaynes and London,(C.3) which we shall now give a brief review. 

The heat exchanger effectiveness for temperature driving force is defined by 

(C.25) 

where Tp is the tube-side temperature, and Tool and T002 are the bulb tempera­

tures of the air entering and exiting the heat exchanger, respectively. 

The heat transfer rate is given by 

For the NH3 condenser the relationship for ¢T is 

-N ¢T = 1 - e T 

C.13 

(C.26) 
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where NT' the number of NTUs based on the temperature driving force is given 

by 

where 

. 
U = the overall heat transfer coeffient, Btu/ft2_OF 

A = heat transfer area, ft2 

m = flow rate of air. lb/hr a 
Cpa = heat capacity of air. 

(C.28) 

Relationships for a deluged heat exchanger for both the B&W and the PNL 
method are 

and 

cp = 
i002 - i", 1 

i~ - iool 

Q=m cp (ii-i) a p 00 

(C.29) 

(C.30) 

(C.3l) 

However, because the B&W approach uses the enthalpy difference as the driv­

i n9 force 

(C.32a) 

for the B&W approach. For the PNL approach, which uses enthalpy difference 

divided by the heat capacity as the driving force, and incorporates fin 

efficiency into Equation C.14, 

(C.32b) 
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The performance of a deluged heat exchanger was computed in a similar 

manner no matter whether the B&W or the PNL method was used. Changes in the 

mass (or heat) transfer coefficient between the leading and the trailing 

edge of the heat exchanger were taken into account in the following manner. 

A value of Lpoo1(or Upoo1) was computed for the leading edge and the number of 

enthalpy transfer units N1 were computed by Equation C.33a for the B&W method 

(C.33a) 

and by Equation C.32b for the PNL method. 

(C.33b) 

where ~a is the flow rate of the air through the heat exchanger and the sub­

script 1 refers to the leading edge. In a similar manner, N2, the number 

of enthalpy transfer units based upon conditions at the trailing edge was 

computed from Equations C.34a and C.34b for the B&W and for the PNL methods, 

respectively. 

(C.34a) 

(C.34b) 

The arithmetic mean of the number of enthalpy transfer units, based upon con­

ditions at the leading and trailing edge, are taken (Equation C.35) 

(C.35) 

from which the heat exchanger effectivenss was computed from Equatinn C.31. 

The total heat transfer, Q, was computed from Equation C.30 and the water . 
evaporation rate, mv' from Equation C.36 . 

(C.36) 
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where . 
r.l a is the flow rate of the entering air 

Hl is the absolute humidity of the entering air 

H2 is the absolute humidity of the exiting air. 

As mentioned under "Basics and Definitions" Hl can be computed from a 

knowledge of the atmospheric pressure, the dry-bulb temperature and either 
the relative humidity or the wet-bulb temperature of the entering air. The 

computation of H2 is a little more complicated. First, the enthalpy of the 
exiting air is computed from Equation C.37. 

i =i +Ij>(i'-iool ) 002 001 p (C.37) 

Then from an assumed relative humidity of the exiting air (generally 100%), 

the temperature and absolute humidity of the exiting air was computed from 

Equations C.1, C.2 and C.3 (and from the known vapor pressure-temperature relation­

ship for water). 

The computation of the performance of a deluged heat exchanger was 

iterative in nature because the value of N2, the number of transfer units at 

the trailing edge was dependent upon the conditions at the trailing edge. 

The convergence criterion was a change of less than a specified amount 

(generally 0.1%) in both Q and mv' 

NOMENCLATURE 

A = area, ft2 

Ab = a rea of the tubes between the fins, ft2 

Af = surface area of the fins, ft2 

A = wetted surface area, primary side p 

At = total air-side surface area, ft2 

A = average area of the tube wall, ft2 
w 

Ca = specific heat of moist air, Btu/1b of dry air-oF 

C .16 
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H = absolute humidity, lb water/lb air 

h = heat transfer coefficient, Btu/ft2-hr-oF 

hd = heat transfer coefficient, fin/delugeate surface, Btu/ft2-hr-oF 

hp = heat transfer coefficient, primary fluid/tube surface, Btu/ft2-hr-oF 

hs = heat transfer coefficient, delugeate/air surface, Btu/ft2-hr-oF 

i = enthalpy of moist air, Btu/lb of dry air 

i = enthalpy of moist air in the free stream, Btu/lb of dry air 
~ 

i~ = enthalpy of saturated air evaluated at the primary fluid temperature, 

Tp' Btu/lb of dry air 

i~ = enthalpy of saturated air evaluated at the temperature of the fin root, 
Tr , Btu/lb of dry air 

i~ = enthalpy of saturated air evaluated at the water/air surface tempera­

ture, Ts ' Btu/lb of dry air 

kw = thermal conductivity of tube/fin material 

Le = Lewis number 

~a = mass flow rate of air 

m = evaporation rate v 

N = NTU rating of heat exchanger 

N = average NTU rating of heat exchanger 

p = partial pressure of water, in. Hg 

Pa = atmospheric pressure, in. Hg 

Q = heat transfer rate, Btu/hr 

T = dry-bulb temperature, air 

If = average temperature at the fin/water interface, of 

T = temperature of the primary fluid p 

Tr = temperature at the fin root 
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Ts = temperature at the air/water interface 

T temperature of the free stream moist air 
00 

tw = tube wall thickness, ft 

U = overall heat transfer coefficient between the tubeside fluid and the pr 
fin root, Btu/ft2-hr-oF 

u* pr 

u* 
~ 

u* rs 

u* roo 

= overall enthalpy-based heat transfer coefficient between the tube-side 

fluid and the fin root, Btu/hr-ft2-OF 

overall heat transfer coefficient between the tube-side fluid and the 

delugeate-air surface, Btu/ft2-hr-oF 

enthalpy-based heat transfer coefficient between the tube-side fluid 

and the delugeate-air surface, lb of dry air/ft2-hr 

= overall enthalpy-based heat transfer coefficient between the tube-side 
fluid and the bulk air, Btu/hr-ft2-OF 

= overall enthalpy-based heat transfer coefficient between the fin root 

and the delugeate-air surface, Btu/hr-ft2-OF 

= overall enthalpy-based heat transfer coefficient between the fin root 

and the bulk air, Btu/hr-ft2-OF 

= fouling factor at the fin water surface, Btu/hr-ft2-OF 

= fouling factor on the tube side, Btu/hr-ft2-OF 

as = delugeate-air mass transfer coefficient, lb of dry air/ft2-hr 

~ = heat exchanger effectiveness, dimensionless 

nf = fin efficiency 

L = overall mass transfer coefficient between the tube-side fluid and the 
ps 2 

delugeate-air interface, lb of dry air/ft -hr 

= overall mass transfer coefficient between the tube-side fluid and the 

bulk air, lb of dry air/ft2-hr 
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Superscripts 

)* = denotes transformed or wet parameter 

il = denotes saturated air enthalpy 

Subscripts 

p = primary fluid 

s = air/water interface 

w = tube/fin material property 

= inlet (leading edge) 

2 = outlet (trailing edge) 

00 = free stream condition 
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APPENDIX 0 

METEOROLOGY METHODOLOGY 

The meteorology of a particular site is characterized by a maximum tem­

perature and a cumulative distribution of wet-bulb and dry-bulb temperatures. 

Eight sites were selected for this analysis: San Juan, NM; Miami, FL; 

Chicago, IL; San Francisco, CA; Washington DC; Boston, MA; Phoenix, AZ; and 

Bakersfield, CA. Wet-bulb and dry-bulb cumulative temperature curves for 

these eight sites are shown in Figures 0.1 through 0.8. The top curve in 

Figures 0.1 through 0.8 represents the dry-bulb temperatures, and the bottom 

curve represents the wet-bulb temperatures. Figure 0.9 is a dry-bulb temper­
ature distribution for all the sites and Figure 0.10 presents a cumulative 

graph of the wet-bulb temperature distributions. All temperature profiles 

were adjusted so that the cumulative hours below 30°F were included in the 

cumulative hours at 30°F. This adjustment had no effect on the cooling syste~ 

designs for these sites. 

The BNW-II Dry/Wet Optimization Code requires the following information 

in order to accurately model the meteorology of a specific site. 

• Dry-bulb cumulative temperature distribution 

• Wet-bulb cumulative temperature distribution 

• Turbine back pressure curve corresponding to the dry- and wet-bulb 
temperature distributions. 

Three types of turbines were considered in this analysis. Each turbine has 

a distinct maximum turbine back pressure curve. High back pressure turbines 
can operate continuously at 15.0 in. Hga. Modified conventional turbines have 

a maximum continuous turbine back pressure of 8.0 in. Hga. Conventional tur­

bines have a maximum continuous back pressure of 5.5 in. Hga; however, under 

certain circumstances operation above 5.5 in. Hga is allowed. Westinghouse 

Electric Company has developed guidelines for operation of their turbines 

above 5.5 in. Hga. An excerpt from their procedure follows . 
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FIGURE 0.6. Cumulative Dry-Bulb and Wet-Bulb Temperature 
Distribution Taken from a Seventeen-Year 
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Distribution Taken from a Five-Year 
Average for San Juan, NM 
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FIGURE 0.8. Cumulative Dry-Bulb and Wet-Bulb Temperature 
Distribution Taken from a Thirty-Three-Year 
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TURBINE OPERATION AT HIGH CONDENSER PRESSURES 

The turbine may be operated continuously over the load range with 
condenser pressures up to 5.5 In. Hg Abs. For short periods the 
turbine may be operated with condenser pressures up to 8 In. Hg 
Abs for a maximum of 72 days or part days in any 12 month period 
providing such operation is accomplished in accordance with the 
following guidelines and at loads equal to or greater than those 
specified in Figure 0.11: 

1) The turbine may be operated for 36 days or part days with 
condenser pressures between 5.5 In. Hg Abs and 8 In. Hg Abs; 

2) The turbine may be operated for 19 additional days or part 
days with condenser pressures between 5.5 In. Hg Abs and 
7 in. Hg Abs; 

3) The turbine may be operated for 17 additional days or part 
days with condenser pressures between 5.5 In. Hg. Abs and 
6 In. Hg Abs; 

4) Any excursion above 5.5 In. Hg Abs, whether for one hour or 
a full day, shall be considered as a full day in the summa­
tion of days; 

5) When operating with high condenser pressure, avoid rapid 
and frequent changes to this pressure. 

To use Figure 0.11, enter at the selected condenser pressure, pro­
ceed horizontally to intersect the curve and then vertically down­
ward to read the minimum allowable load (in percent of maximum 
calculated load) for operation at the selected condenser pressure. 
Operation below this minimum load at the selected condenser pres­
sure is not permitted. 

An example of a maximum turbine back pressure curve for a conventional 

turbine is shown in Figure 0.12. The "steps" in Region 1 correspond to the 
Westinghouse turbine back pressure model. The conventional turbine will be 
used throughout the remainder of the meteorology development. Use of the con­

ventional turbine represents the most complex turbine back pressure model. 

In this model the back pressure is varied from 5.5 to 8.0 in. Hg as the arnt)jL'p' 

dry-bulb temperature increases. The maximum turbine back pressure limits fUi 

the modified conventional turbine and the high back pressure turbine models 

are 8.0 and 15.0 in. Hg, respectively, throughout the entire temperature 

range . 
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The nature of the turbine back pressure model dictated the format of the 
input data for the BNW-II Dry/Wet Computer Code. The meteorological profile 

of each site was divided into 8 or 16 intervals. Each interval was represented 
by four points: 

• average dry-bulb temperature 
• corresponding average wet-bulb temperature 

• residence time in the interval (expressed as fraction of the year) 

• maximum allowable turbine back pressure. 

Two types of meteorological data were necessary to complete the meteoro­

logical profile of each site in a manner compatible with the turbine back 

pressure data: 

• summary of daily maximum ambient temperature, and 

• cumulative summary of dry-bulb and wet-bulb temperatures and their fre­
quency distribution. 

These summaries were obtained from the National Climatic Center, Asheville, NC. 

A summary of the type of information received, the site locations and eleva­
tions are presented in Table 0.1. When data were not available for a specific 

site, data from a site with similar meteorological conditions in close prox­

imity to the actual site were obtained. For example, the National Climatic 

Center had no Summary of Meteorological Observations, Surface for the 

Bakersfield, CA site; therefore, data from Le Moore, CA was substitutued 

(see Table 0.1). 

The local climatological data provided a daily record of maximum temper­
atures for the period of January through December 1976. This period was con­

sidered the reference interval for all the meteorological sites. This data 

in conjunction with the turbine back pressure data from Westinghouse Electric 

Company defined the ambient temperature boundaries for the turbine back pres­
sure intervals above 5.5 in. Hg. 

The local climatological data was tabulated to determine the daily maxi­

mum temperature profiles of each site for one year. Table 0.2 provides a 

cumulative summary of this data for the reference site, San Juan, NM. Using 

0.9 



TABLE 0.1. Meteorological Da ta for Each Site 

Local Climatological Data, Summary of Meteorological 
Site Elevation, ft Januar~ - December 1976 Observations, Surface 

Bakersfield, CA 475 Bakersfield, CA Le Moore, CA 1961-1972 

Boston, MA 0 Boston, MA Boston, MA 1945-1965 

Chicago, IL 614 Chicago, IL Chicago, IL 1946-1965 

Miami, FL 0 Miami, FL Miami, FL 1948-1970 

Phoenix, AZ 1083 Phoenix, AZ Phoenix, AZ 1941-1946 
CJ 1951-1972 
~ 

0 San Francisco, CA 0 San Francisco, CA San Francisco, CA 1948-1965 

San Juan, NM 5509 Farmi ngton, NM Farmi ngton, NM 1954-1959 

Washington, DC 0 Washington, DC Washington, DC 1943-1967 

• • .. , . . .. • 



TABLE 0.2. Summary of Daily Maximum Temperatures 
for San Juan, NM 

Temperature, NUllloer of Cumulative Temperature, Number Q f Cumulative 
of Occurrences Occurrences of Occurrences Occurrences 

103 60 254 

102 59 6 260 

101 58 7 267 

100 57 272 

99 3 a 56 273 

98 11 55 282 

97 16 54 5 287 

96 4 20 53 10 297 

95 7 27 52 299 

94 33 51 8 307 

93 42 50 10 317 

92 48 49 3 320 

91 11 59 48 8 328 

90 10 69 47 4 332 

89 6 75 46 4 336 

88 11 86 45 6 342 

37 6 92 44 6 348 

86 97 43 349 

85 13 110 42 351 

84 4 114 41 

83 5 119 40 

82 5 124 39 352 

81 3 127 38 2 354 

80 9 136 37 355 

79 139 36 358 

78 5 144 35 359 

77 5 149 34 

76 154 33 

75 163 32 360 

74 170 31 361 

73 173 30 

72 180 29 362 

71 6 186 28 

70 191 Z7 363 

69 4 195 26 

68 2 197 25 

67 -l 201 24 364 

66 12 213 23 

65 9 222 22 365 

64 224 21 

• 63 6 230 

62 5 235 

61 10 245 

.. 
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this profile and the turbine information from Westinghouse. the 36 highest 

temperature days were allowed to reach a maximum turbine back pressure of 

8.0 in. Hg. For the San Juan site this temperature interval ranged from 94 

to 1~3°F and included 33 temperature occurrences. 94°F was chosen as the 

lower limit of the interval because the number of occurrences at this point 

(33) was still within the limit of 36 allowed occurrences. Because this tem­

perature range was so large these data were separated into two temperature 

intervals. The 19 next highest temperatures (days 37 through 55) were allowed 

maximum turbine back pressures of 7.0 in. Hg. This interval ranged from 92 

to 93°F and included up to the 48th temperature occurrence. Days 56 through 

72 were allowed maximum turbine back pressures of 6.0 in. Hg. This corre­

sponded to the temperature interval from 90 to 91°F. For the remainder of 

the year (days 73 through 365) the back pressure limit was 5.5 in. Hg. For 

the modified conventional turbine and the high back pressure turbine the 

maximum turbine back pressures would remain constant at 8.0 and 15.0 in. Hg, 

respectively throughout the temperature range. 

The turbine back pressure range above 5.5 in. Hg was composed of four 

intervals, one each for 6.0 and 7.0 in. Hg and two for 8.0 in. Hg. The 8.0 in. 

Hg range was divided into two intervals because the 36 highest temperature 

days usually spanned 10 to 20 degrees. This data defined the turbine back 

pressure curve and the first four dry-bulb temperature intervals, 90 through 

101°F, listed in Table 0.3. The remainder of the temperature range was 
divided equally into 4 or 12 intervals to make a total of 8 or 16 intervals. 

The wet-bulb temperatures and the residence time in each interval was 

determined from the Summary of Meteorological Observations, Surface. The sum­

mary presented cumulative dry-bulb and wet-bulb temperature data. An excerpt 

from the table description follows. 

PART E - PSYCHROMETRIC SUMMARIES 

In this section are presented various summaries of dry- and wet­
bulb temperatures, dew points, and relative humidity. The order 
and manner of presentation follows: 

0.12 
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TABLE 0.3. Meteorological Data for San Juan, NM, 
8 and 16 Temperature Intervals 

Maximum Turbine 
Tdb Range, Back Pressure, 

.. Tdb ,_:E. Twb, of of Fraction in. Hga 

16 Intervals 101 71 99-103 0.0022 8 

96 67 94-98 0.0049 8 

92 66 92-93 0.0059 7 

90 65 90-91 0.0099 6 

87 63 85-89 0.0379 5.5 

82 61 80-84 0.0459 5 [" .;) 

77 59 75-79 0.0501 5.5 

72 56 70-74 0.0673 5.5 

67 53 65-69 0.0783 5.5 

62 49 60-64 0.0811 5.5 

57 45 55-59 0.0744 5.5 

52 42 50-54 0.0742 5.5 

47 39 45-49 0.0784 5.5 

42 36 40-44 0.0812 5.5 

37 34 35-39 0.0810 5.5 

33 31 low-34 0.2233 5.5 

8 Intervals 101 71 99-103 0.0022 8 

96 67 94-98 0.0049 8 

92 66 92-93 0.0059 7 

90 65 90-91 0.0099 6 

82 61 75-89 0.1399 5.5 

67 53 60-74 0.2268 5.5 

52 42 45-59 0.2270 5.5 

35 32 low-44 0.3854 5.5 

.. 

• 
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3. Bivariate percentage frequency distribution and computations 
of dry-bulb versus wet-bulb temperature. 
This tabulation is derived from hourly observations and is 
presented by month and annual, all hours and all years combined. 
The following information is provided: 

a. The main body of the summary consists of a bivariate 
percentage frequency distribution of wet-bulb depression 
in 17 classes spread horizontally; by 2-degree intervals 
of dry-bulb temperature vertically. Also provided for 
each dry-bulb temperature interval is the percentage of 
observations with dry-bulb and wet-bulb temperature com­
bined; and again for dry-bulb, wet-bulb, and dew-point 
temperatures separately. Total observations for these 
four items is also provided in two lines at end of each 
tabulation table, which may require two pages in some 
cases. 

The average sampling period for the psychrometric summaries was 20 years. 

The psychrometric summary provided the percentage of temperature observations 

occurring within each temperature interval. It also provided the wet-bulb 

temperature corresponding to the same cumulative percentage as the average 

dry-bulb temperature for each interval. 

The following rationale was used to determine the residence-time in each 

of the back pressure regions of the maximum turbine back pressure curve for 

the conventional turbine. These data were taken from the statistical summa­

ries obtained from the National Climatic Center for each site (see Table 0.1). 

The residence time was determined from the actual meteorological data. For 
example, from Table 0.3 the fraction of the year at 8.0 in. Hg is 0.0071. 

This is equivalent to 2.6 days or 62 hours. This means that during the plant 

design the turbine back pressure drops from 8.0 in. Hg to 7.0 in. Hg after 

62 hours of operation. It drops to 6.0 Hg after 114 hours of operation and 

drops to 5.5 in. Hg after 200 hours of operation. The amount of time spent 

in each back pressure region is site specific. This can be noted by comparing 

the fraction columns in Tables 0.3 through 0.10. 
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TABLE 0.4. Meteorological Data for Bakersfield, CA, 
... 8 and 16 Temperature Intervals 

Maximum Turbine 
Tdb Range, Back Pressure, 

.. Tdb, of Twb, of of Fraction in. Hga 

16 Intervals 109 77 107-114 0.0012 8 
104 73 100-106 0.0176 8 

98 70 97-99 0.0166 7 

94 68 93-96 0.0261 6 

88 66 85-92 0.0678 5.5 

82 63 80-84 0.0570 5.5 

77 61 75-79 0.0645 5.5 

72 58 70-74 0.0728 5.5 

67 56 65-69 0.0822 5.5 

62 53 60-64 0.0910 5.5 

57 50 55-59 o .1033 5.5 

52 47 50-54 0.1114 5.5 

47 43 45-49 0.1021 5.5 

42 39 40-44 0.0836 5.5 

37 35 35-39 0.0611 5.5 

33 31 low-34 0.0417 5.5 

8 Intervals 109 77 107-114 0.0012 8 

104 73 100-106 0.0176 8 

98 70 97-99 0.0166 7 

94 68 93-96 0.0261 6 

85 64 75-92 0.1893 5.5 

67 56 60-74 0.2460 5.5 

52 47 45-59 0.3168 5.5 

35 32 low-44 0.1864 5.5 

• 
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TABLE 0.5. Meteorological Data for Boston, MA, 
8 and 14 Temperature Intervals .. 

Maximum Turbine 
Tdb Range, Back Pressure, 

Tdb, of Twb, of of Fraction in. Hga .. 
14 Intervals 95 78 93-100 0.0023 8 

89 74 86-92 0.0130 8 

84 72 83-85 0.0125 7 

80 70 79-82 0.0251 6 

76 68 75-78 0.0406 5.5 

72 65 70-74 0.0768 5.5 

67 61 65-69 0.0949 5.5 

62 57 60-64 0.0923 5.5 

57 53 55-59 0.0892 5.5 

52 49 50-54 0.0851 5.5 

47 43 45-49 0.0890 5.5 

42 38 40-44 0.0906 5.5 

37 33 35-39 0.0939 5.5 

33 29 low-34 0.1947 5.5 

8 Intervals 95 78 93-100 0.0023 8 

89 74 86-92 0.0130 8 

84 72 83-85 0.0125 7 

80 70 79-82 0.0251 6 

75 67 71-78 0.0992 5.5 

67 61 60-70 0.2055 5.5 

52 49 45-59 0.2633 5.5 

35 32 low-44 0.3791 5.5 
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TABLE 0.6. Meteorological Data for Chicago, IL, 
8 and 14 Temperature Intervals 

Maximum Turbine 
Tdb Range, Back Pressure, 

~ Tdb, of Twb, of of Fract ion in. Hga 

14 I nterva 1 s 98 81 95-102 0.0011 8 

90 77 86-94 0.0208 8 

84 73 84-85 0.011 0 7 

82 72 81-83 0.0207 6 

77 69 75-80 0.0640 5.5 

72 65 70-74 0.0734 5.5 

67 61 65-69 0.0842 5.5 

62 56 60-64 0.0759 5.5 

57 51 55-59 0.0714 5.5 

52 47 50-54 0.0664 5.5 

47 43 45-49 0.0672 5.5 

42 39 40-44 0.0662 5.5 

37 34 35-39 0.0846 5.5 

33 31 low-34 0.2931 5.5 

8 Intervals 98 81 95-102 0.0011 8 

90 77 86-94 0.0208 8 

84 73 84-85 0.011 0 7 

82 72 81-83 0.0207 6 

75 67 70-80 0.1374 5.5 

67 61 60-69 0.1600 5.5 

52 47 45-59 0.2051 5.5 

35 33 low-44 0.4439 5.5 

• 

.. 
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TABLE 0.7. Meteorological Data for Miami, FL, 
8 and 15 Temperature Intervals .. 

Maximum Turbine 
Tdb Range, Back Pressure, 

Tdb, of Twb, of of Fraction in. Hga 
15 Intervals 96 82 94-98 0.0005 8 

91 80 89-93 0.0230 8 
88 78 88 0.0191 7 
87 71 87 0.0191 6 
82 76 80-86 0.2542 5.5 

77 71 75-79 0.2841 5.5 

72 67 70-74 0.1962 5.5 
67 61 65-69 0.0960 5.5 
62 57 60-64 0.0500 5.5 
57 51 55-59 0.0310 5.5 

52 47 50-54 0.0159 5.5 

47 42 45-49 0.0075 5.5 

42 37 40-44 0.0028 5.5 

37 33 35-39 0.0006 5.5 

33 31 low-34 0.0000 5.5 

8 Intervals 96 82 94-98 0.0005 8 
91 80 89-93 0.0230 8 
88 78 88 0.0191 7 
87 77 87 0.0191 6 
82 76 75-86 0.5382 5.5 

67 61 60-74 0.3422 5.5 
52 47 45-59 0.0543 5.5 

35 33 low-44 0.0036 5.5 

.. 

.. 
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TABLE 0.8. Meteorological Data for Phoenix, AZ, 
8 and 16 Temperature Intervals 

Maximum Turbine 
Tdb Range, Back Pressure, 

• Tdb, of Twb, of of Fraction in. Hga 
16 Intervals 112 79 109-118 0.0054 8 

106 76 105-108 0.0163 8 

103 74 102-104 0.0216 7 

100 73 100-101 0.0178 6 

90 68 85-99 0.2060 5.5 

82 61 80-84 0.0859 5.5 

77 57 75-79 0.0863 5.5 

72 53 70-74 0.0818 5.5 

67 51 65-69 0.0858 5.5 

62 49 60-64 0.0853 5.5 

57 46 55-59 0.0884 5.5 

52 43 50-54 0.0791 5.5 

47 39 45-49 0.0675 5.5 

42 35 40-44 0.0442 5.5 

37 33 35-39 0.0220 5.5 

33 31 low-34 0.0066 5.5 

8 Intervals 112 79 109-118 0.0054 8 

106 76 105-108 0.0163 8 

103 74 102-104 0.0216 7 
100 73 100-101 0.0178 6 

88 65 75-99 0.3782 5.5 

67 51 60-74 0.2529 5.5 

52 43 45-59 0.2350 5.5 

35 32 low-44 0.0728 5.5 

• 

• 
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TABLE 0.9. Meteorological Data for San Francisco, CA, 
8 and 13 Temperature Intervals 

~ 

Maximum Turbine 
Tdb Range, Back Pressure, 

Tdb, of Twb, of of Fraction in. Hga .. 
13 Intervals 93 70 90-104 0.0006 8 

86 67 83-89 0.0030 8 
79 65 76-82 0.0108 8 .. 
74 63 74-75 0.0066 7 
72 62 72-73 0.0101 6 

67 60 65-71 0.0879 5.5 
62 57 60-64 0.1434 5.5 

57 54 56-59 0.2606 5.5 
52 49 50-54 0.2665 5.5 

47 44 45-49 0.1400 5.5 
42 40 40-44 0.0537 5.5 

37 35 35-39 0.0143 5.5 

33 31 low-34 0.0025 5.5 

8 Intervals 93 70 90-104 0.0006 8 

86 67 83-89 0.0030 8 

79 65 76-82 0.0108 8 

74 63 74-75 0.0066 7 
72 62 72-73 0.0101 6 
67 60 60-71 0.2313 5.5 
52 49 45-59 0.6671 5.5 
35 33 1ow-44 0.0705 5.5 

• 

• 
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TABLE 0.10. Meteorological Data for Washington, DC, 
8 and 16 Temperature Intervals 

Maximum Turbine 

• Tdb Range, Back Pressure, 
Tdb, of Twb, of of Fraction in. Hga 

16 Intervals 95 80 93-96 0.0037 8 

91 78 90-92 0.0086 8 

88 76 88-89 0.0090 7 
86 75 86-87 0.0125 6 

84 74 82-85 0.0245 5.5 

80 72 79-81 0.0567 5.5 

76 69 75-78 0.0465 5.5 

72 65 70-74 0.1007 5.5 

67 61 65-69 0.1001 5.5 

62 57 60-64 0.0861 5.5 

57 51 55-59 0.0847 5.5 

52 46 50-54 0.0767 5.5 

47 42 45-49 0.0792 5.5 

42 37 40-44 0.0812 5.5 

37 33 35-39 0.0842 5.5 

33 30 low-34 0.1456 5.5 

8 Intervals 95 80 93-96 0.0037 8 

91 78 90-92 0.0086 8 

88 76 88-89 0.0090 7 
86 75 86-87 0.0125 6 
82 73 75-85 O. 1277 5.5 

67 61 60-74 0.2869 5.5 

52 46 45-59 0.2406 5.5 

35 31 low-44 0.311 0 5.5 

• 
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According to the turbine specifications for operation at 8.0 in. Hy 36 

occurrences are permitted, each with maximum duration of 24 hours. This means 
the allowed time at 8.0 in. Hg could be as great as 864 hours. In fact, the 
turbine specifications allow 72 days, 1728 hours, of operation above 5.5 in. 

Hg. Although the turbine specifications allow this much operation above 

5.5 in. Hg, this model was not used in the determination of the step size of 
the turbine back pressure curve. However, it was used as the upper limit of 

each back pressure interval where the original site specific meteorology was 
interpreted. 

Analysis of the effect of water availability on the maximum turbine back 

pressure shows that the maximum turbine back pressure rose above 5.5 in. Hg 

for only one case presented in this report. This was where no water was 

available. A graph of the maximum turbine back pressure versus available 

water is shown in Figure 6.1. In fact, the representation of the meteorology 

and the turbine back pressure data used in this study is the exact representa­

tion of the data required to model an all-dry heat exchanger. The tight 
tolerances of the back pressure model did not place any severe restrictions 

on the optimization process of this computer code. 

An example of the input meteorological data is shown in Table D.3 for 

San Juan, NM, the reference site. Data are shown for both 8 and 16 input 

intervals. Throughout this parametric study 16 meteorological intervals 
were used because a greater number of data points provided a more accurate 
model of the temperature profile. In Table D.3 the range of each temperature 
interval is shown for clarity, in comprehension of the meteorology develop­
ment these data were not necessary for input to the computer code. The input 
meteorological data for the remainder of the sites are shown in Tables D.4 

through 0.10. 
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APPENDIX E 

COMPARISON OF AIR VELOCITY THROUGH DELUGE AND 
DRY SECTIONS FOR HOTERV SURFACES 

The ratio of air velocity during deluging to the air velocity during all­

dry operation can be determined by computing the total pressure losses as each 

side of a tower is deluged. The pressure drop correlations for a HOTERV sur­
face, provided by Babcock and Wilcox,(a) were used as a basis to compute mass 

flow rates and other related quantities. 

The B&W correlations for dry and wet HOTERV surfaces are given below: 

Dry Surface: 

Wet Surface: 

where 

llP = 2.8895 x 1O-6(G )1.76 
D 

llP = 4.5532 x 1 0-6( G ) 1 .76 
W 

llP = pressure drop across the heat exchanger (psf) 

GO,GW = mass flow rates per unit area (lbm/hr-ft2). 

3 These correlations are for dry air at 20°C (Pa = 0.07522 lbm/ft). The 

HOTERV equations should be corrected for air density when different 

conditions are assumed. 

Fan performance under varying degrees of tower deluging was examined 
using Hudson Corporation fan performance curves.(E-2) The operating point for 

the fan system was found in the following manner: 

1. Assume that the pressure drop through the dry and wet sections will be 

the same. Guess a value for llP h.x. (pressure drop through the heat 
exchanger) and solve for the mass flow rates using the HOTERV equations. 

(a) This information was provided by W. W. Sowa, New Products, Power Genera­
tion Group, Babcock and Wilcox, Barberton, OH, in a private communication 
to PNL on March 16, 1977 . 
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2. Calculate the total air mass flow, 

where 

ADRy = dry frontal area 

AWET = frontal area that is deluged. 

3. Determine the volumetric flow rate per fan, 

where 

NFANS = number of fans in one tower 

Pair = air density at given elevation and temperature. 

4. Using the QFAN obtained in Step 3, calculate the velocity pressure 

according to 

where 

VPCOEFF. = velocity pressure coefficient 
VEL NR = velocity with no recovery 

VELR = velocity with recovery. 

5. Total Pressure = ~Ph.x. + ~PVEL. PRESS. 
6. The total pressure should correspond to the total pressure read from 

the fan curve (See Figure E.1). Otherwise, guess a new ~Ph.x. to either 
increase or decrease the airflow. 
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FIGURE E.l. Pressure Versus Airflow for a 27-ft 
Diameter Fan with 6 Blades and a 
16 Degree Blade Pitch Angle 

Once the correct pressure drop across the heat exchanger is determined 

(through successive iterations) the mass flow rates can be used to arrive at 

the air velocities for the dry/wet sections. The example given below will 

illustrate the calculational procedures used for a particular fan system. 

The reference design case conditions will be used to find the ratio of 

the air velocity through the deluged section to the air velocity through the 

dry section. 

a) San Juan meteorological site 
b) Elevation = 5509 ft 

c) Exit air temperature = 83.549°F 
d) Type of fans - 28-ft diameter, 6 blades/fan, and blade angle = 16 degrees 
e) 

f) 

g) 

Each tower has 8 sides 

Number of fans/tower = 23 

Frontal area/4 towers = 0.218930 x l06ft 2 
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h) Stack height - 13 ft, diffuser angle is 8 degrees 

i) Flow area of fan = 584 ft2 

Calculate the specific volume of air leaving the heat exchanger at the eleva­

tion specified for the plant. The altitude correction (Bar1n) for the density 

of air can be found by: 

Bar1n = 3.3985 - 3.8183 x 10-5 (5509 ft) = 3.1882 

The barometric pressure of air (Bar) is calculated as shown: 

Bar = exp (Bar1n) = 24.24 in. Hg 

The specific volume is found according to 

where 

Sp. Vol. = (459.67 + 83.549)OR/C/24.24 

2116.22 1 bf/ft2 C = ___ ..::....:......:...=....::...=..=---=...:::...:..L_....:.....=...,,--=""'"-=--
. ft-1bf 

(29.92 In. Hg)(53.34 1bm-oR) 

= 1.325 1bm-oR 
ft3_ in . Hg 

Specific Volume = 16.9104 ft 3/1bm 

= 0.05913 1bm/ft3 

Correct HOTERV equations for example conditions by multiplying the coeffi­

cients in the pressure drop equations by the ratio of the densities: 

Pair(20°C) = 0.07522 1bm/ft3 

Pexamp1e 0.05913 ibrll/ft3 

The corrected HOTERV equations for this particular site location and air 

temperature are: 

E.4 
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~P = 3.6754 x 10-6(G )1.76 o 

~P = 5.7917 x 10- 6(G )1.76 
W 

Calculate mTOTAL' QFAN' and velocity pressure. Assume all dry tower; 
~Ph = 0.01382 psi. Solve for G: .x. 

0.01382 ~ (144) in. 2 = 3.6754 x 10- 6 (G )1.76 
. 2 ft2 0 1 n. 

G = 1 .810 x 103 1 bm/hr-ft2 o 

. 
mTOTAL = 1.810 x 103 1bm (54732.5 ft2) 

hr-ft2 

7 
= 9.906 x 10 1bm/hr 

QFAN = 9.906 x 107 ~~m / (23 fans)(0.059134 ~:~)(60 ~~n) 

= 1.214 x 106 ft 3/min 

where _ (0.07495 ~)(29.92 in. H9)(13.5951 ~:: :n 
VPCOEFF - ( 2 

2 32.174 lbm-ft2) (14.694 :bf2) (144 inz ) 
1bf-sec In. ft 

-4 sec 2 
= 2.238 x 1 0 in H 0 - --

. 2 ft2 

VEL NR = QFAN/(60) ~~~ (flow area of fan) 

_ )) (sec) IT ~( ( ))11 zi VELR - QFAN/~(60 min 4 ~FANDIAM 1 + ESF J f 
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where 

ESF = exit stack factor 
= 2(tan 80) stack hei ht ft 

Fan diameter) ft 

Velocity Pressure = 2.238 x 10-4 [0.2 ((1.214 x106/(60)(584V2 

+ 0.8 ((1.214 x 106) (2.117 x 1O-5~2J = 0.171 in. H20 

Calculate the total pressure: 

Total pressure = ~Ph.x. + ~PVEL. pressure 

Correct ~Ph.x. to air conditions: 

(0.01382) (1.27) = 0.01755 psi 

Total pressure = 0.01755 psi + 0.0062 

= 0.02375 psi 

The total pressure (0.656 in. H20) corresponds to the total pressure 

read from the fan performance curve. If one side of the 8-sided towers 

is deluged, the calculation goes as follows: 

2 
AORY SECTION = 47891 ft 

AWET SECTION = 6841 ft2 

~P = 0.0142 psi h.x. 

0.0142 psi (144) in22 = 3.6754 x 10-6 (GO) 1.76 
ft 

GO = 1.838 x 103 1bm/hr-ft2 
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0.0142 psi (144) in/ = 5.7917 x 10-6 (Gw)1.76 
ft 

GW = 1.419 x 103 lbm/hr-ft2 

mTOTAL = 1.419 x 103 (6841) + 1.838 x 103 (47891) 

= 9.773 x 107 lbm/hr 

QFAN = 9.773 x 107/(23)(60)(0.059134) 

Velocity pressure = 2.238 x 10-4 [0.2((1.197 x 10 6)/60(584))2 

+ 0.8 (( 1 . 1 9 7 x 106) (2. 11 7 x 1 0 - 5) ) 2 ] 

Total pressure = 6P + 6P h.x. VEL. pressure 

Correct 6P h. x . to air conditions: 0.0142(1.27) = 0.0180 

Total pressure = 0.0180 psi + 0.0060 psi 

= 0.0240 psi 

The procedure for determining the pressure losses for the rest of the 

deluging amounts are done in the sam~ manner. The results of these calcu­

lations are shown 'in Table E.1. 

The air velocity through the deluged and dry sections can be determined 

as fo 11 ows: 

G(lbm/hr-ft2) VEL = ---'-:--,----'--__ .L-_ -

lbm (3600) sec 
ft 3 ~ 
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TABLE E.1. Air Characteristics for a Deluged Cooling Tower 

Go Gw Q~AN yelocity Pressure lIPh .x. Tota 1 Pressure 

1 bmlhr-ft2 1 bmlhr-ft2 ft lmin ~si ~ ~si 

All-Dry Sections 1.810 x 103 0 1.214 x 106 0.0062 0.01755 0.02375 
... 

7 Sides Dry 
103 103 1.197 x 106 1 Side Deluged 1.838 x 1.419 x 0.0060 0.0180 0.0240 

6 Sides Dry 
103 103 106 2 Sides Deluged 1.860 x 1 .436 x 1. 176 x 0.0058 0.0184 0.0242 

5 Sides Dry 
103 103 106 3 Sides Deluged 1 .896 x 1.464 x 1. 163 x 0.0056 0.0190 0.0246 

rn . 4 Sides Dry 
(X) 

4 Sides Deluged 1.924 x 103 1.486 x 103 1.142 x 106 0.0054 0.0195 0.0249 

3 Sides Dry 
1.936 x 103 103 x 106 5 Sides Deluged 1.498 x 1. 115 0.0052 0.0198 0.0251 

2 Sides Dry 
1 .964 x 103 103 106 6 Sides Deluged 1.520 x 1.094 x 0.0050 0.0203 0.0253 

1 Side Dry 
1.999 x 103 103 106 7 Sides Deluged 1.547 x 1.076 x 0.0048 0.0209 0.0257 

8 Sides Deluged 0 1.563 x 103 1.049 x 106 0.0046 0.0213 0.0259 

.. • ~ . • 



... -

'. 

Example: VELD = 1.83 x 103/(0.059134)(3600) 

= 8.64 ft/sec 

VELW = 1.419 x 103/(0.059134)(3600) 

= 6.66 ft/sec 

VELWET/VELDRY = 6.66/8.64 = 0.77 

This ratio holds to within 1% for the wet/dry velocities for each amount of 

deluging (1-8 sides deluged). Table 2 presents the air velocities for each 

section. 

TABLE E. 2. Comparison of Air Velocities 
Through Wet and Dry Surfaces 

VEL DRy SECTION VELWET SECTION 
ft/sec ft/sec 

G Sides Deluged 8.50 0 

Side Deluged 8.64 6.66 

2 Sides Deluged 8.73 6.74 

3 Sides Deluged 8.91 6.87 

4 Sides Deluged 9.04 6.98 

5 Si des Deluged 9.10 7.03 

6 Sides Deluged 9.22 7.14 

7 Sides Deluged 9.39 7.26 

8 Sides Deluged 0 7.34 
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APPENDIX F 
HEAT TRANSFER AND PRESSURE 

DROP CORRELATIONS 

HEAT TRANSFER COEFFICIENT AND FRICTION FACTOR 
CORRELATIONS FOR THE AMMONIA COOLING LOOP 

CONDENSER/REBOILER 

The condenser/reboiler is similar in design to that of a conventional 
water shell and tube condenser. The differences are: 

• ammonia instead of water passes through the tubes, and 

• header wall thickness is increased to provide sufficient strength to 
withstand the pressure of the ammonia. 

Condenser designs were considered with the smooth tubing used in com­
mercial condensers built and used today and with enhanced tubing. The enhanced 
tubes have better heat transfer coefficients obtained by use of sintered metal 
on the inside surface and by use of a proprietary outside surface developed 
by LINDE Division of Union Carbide. 

The nomenclature for correlations given in this section is found on 
page F.ll. 

Heat Transfer Correlations 

Smooth Tubing 

The design of the condenser/reboiler with smooth tubing is accomplished 
by determining the number and length of tubes in the condenser. This is done 
by finding the average overall coefficient for a specific temperature differ­
ence, heat load, and tube length. To find the overall coefficient the average 

inside and outside heat transfer coefficients of the horizontal tubes must be 
determined. The outside coefficient must take into account steam velocity, 

condensate film thickness, and condensate film buildup and removal due to 
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splashing down from one tube to the next in a bank of tubes. The following 
correlation, used to handle these effects, was derived by Nusselt(l) and 
modified by Kern. 

3 

~g PL (PL - pv)kL hf9) 1/4 (1)1/6 
hs = 0.728 D ~T N 

o ~L s 
l F. 1) 

The original equation by Nusselt was derived with the number of tubes in 
depth (N) in the tube bank taken to the 1/4 power. Kern later modified the 
equation by changing it to the 1/6 power so that conditions in the condenser 
could be better predicted. 

The steam-side coefficient obtained from Equation F.l by the optimization 
code typically ranges from 1000 to 1500 Btu/hr-oF-ft2 for the smooth tubing. 

The inside heat transfer coefficient of the smooth tubing is composed 
of the sum of nucleate boiling and forced convection heat transfer: 

(F.2) 

The forced convection coefficient in Equation F.2 is found by the correlation 
developed by Dittus-Boelter:(2) 

(F.3) 

The range of values obtained from this correlation by the optimization 
code is from 200 to 500 Btu/hr-oF-ft2 with liquid inlet velocities into the 
tubes varying from 0.5 ft/sec to 1.5 ft/sec. The boiling coefficient is 
obtained from the correlation developed by Rohsenow:(3) 

2 
_ ( 1.7)3 ~L hfg ~Ta 

hB - CPL/hf9(0.015)PrL ~ (F.4) 

~ PL - Pv 

The boiling coefficient ranges from 800 to 1200 Btu/hr-oF-ft2 in the optimi­
zation code. 
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Enhanced Tubing 

Design of the condenser/reboiler with enhanced tubing is done by the 
same method as for smooth tubing. Different heat transfer correlations are 
used to obtain the inside and outside coefficients of the horizontal tubes. 
The correlations used for the enhanced surfaces are derived from experimental 
data obtained from Union Carbide Corporation, LINDE Division. The correla­
tions are derived from two data points of heat flux versus temperature 
difference. 

The steam-side correlation is derived from experimental data(4) for 

steam condensing at one atmosphere on the outside of a single horizontal 
tube. The correlation is sued for pressures below one atmosphere with the 
assumption that the effect of pressure does not have a large influence on the 
condensation coefficient. The influence of condensate film buildup due to 
the film of one tube falling on another tube in a tube bank is taken care of 
by adding to the experimental correlation the relationship for the tube bank 
depth (N) from Equation F.l. The following correlation is used to describe 
the condensation process. 

h = 16700 6T -0.572 (1) 1/6 
s s N (F.5) 

The steam-side coefficients obtained by the code from Equation F.5 range 
in values from 3000 to 6000 Btu/hr-oF-ft2. 

The heat transfer correlation for the ammonia-side of the enhanced tubing 
includes, as before, the effect of two processes; nucleate boiling and forced 
convection heat transfer. It is assumed that the forced convection correla­
tion does not change from Equation F.4. The boiling correlation does change 
with the change in the tubing. The boiling correlation used was developed 
from experimental data(4) for a piece of the enhanced surface heated in a 

pool of ammonia so that boiling occurred at different temperatures of the 

surface. The correlation takes the form: 

F.3 
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The boiling coefficients obtained from Equation F.6 by the optimization 
code range in values from 14,000 to 20,000 Btu/hr-oF-ft2. 

Pressure Drop Correlations 

Smooth Tubing 

The correlation used to determine the pressure drop in the smooth tubes 
of the condenser/reboiler was developed by Lockhart and Martinelli(5) for 
two-phase flow: 

The Martinelli function (~L) is provided by a curve fit of the Lockhart­
Martinelli parameter (X): 

The Fanning friction factor (f) is provided by four separate correlations 
covering three different regimes of flow. The regimes are differentiated 
by four ranges of Reynolds numbers. 

• Laminar Regime (0 < Re < 1600) 
f = 16/Re 

• Transition Regime (1600 < Re < 3950) 
f = 0.01 

• Turbulent Regime (3950 < Re < 52,000) 
f = 0.0791/ReO. 25 

• Turbulent Regime (52,000 < Re) 
f = 0.046/ReO. 20 -

(F.7) 

(F.8) 

(F.9) 

(F.10) 

(F.ll) 

(F.12) 

The flow regime usually found by the code is the turbulent flow regime. 
The pressure drops are within one-half to two pounds per square inch. 
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Enhanced Tubing 

The method used to determine the pressure drop through the enhanced 
tubes of the condenser/reboiler is the same as for the smooth tubes. 

COOLING TOWER 

Cooling Tower Arrangements 
.. 

The arrangement of the towers for the HOTERV surface is specified by the 
fact that the plates of the surface must be vertical or close to vertical 
so that deluge water may flow down the fins. This precludes vertical tubes 

in either circular or rectangular towers. Horizontal or near horizontal 
tubes can be placed in polygonal or rectangular towers. Polygonal towers 
were chosen as tower arrangements because of lower possible piping costs. 

Condensation 

The three cocurrent flow conditions possible in a condensation process 
are shown in Figures F.l through F.3. The stratified flow condition in 
Figure F.l results when low vapor velocities occur in the tubes which are 
either sloped or horizontal. Figure F.2 shows annular flow which occurs 
when high vapor velocities are prevalent in horizontal tubes and low and 
high vapor velocities in vertical tubes. Figure F.3 shows annular flow with 
mist in the vapor core which occurs at very high vapor velocities in both 
horizontal and vertical tubes. The last situation does not occur in an 
air-cooled condensation process because of the high heat transfer rate needed 
to obtain high vapor velocities. 

I1111111111111 
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FIGURE F.l. Stratified Flow 
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FIGURE F.2. Annular Flow 

VAPOR 

CONDENSATE 

FIGURE F.l. Annular Flow with Mist 

Heat Transfer and Pressure Drop Correlations - Tower Heat Exchanger 

Air-Side 

The air-side heat transfer and pressure drop correlations are the same 
as those described in Appendix A. 

Ammonia-Side 

Because the condensation of ammonia takes place in almost horizontal 
tubes of the heat exchanger. three flow regimes must be modeled to find the 
correct heat transfer coefficient. All the regimes depend on the thickness 
of the average condensate layer and the velocity of the vapor entering the 
tube. This depends on whether gravity or vapor shear is the predominating 
force. 
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When the average condensate thickness is small and the velocity of the 
vapor is low (gravity force predominates over the vapor shear force) the 
resulting laminar film condensation can be predicted with the classical anal­
ysis of Nusselt or the stratified flow analysis by Chato(6) as embodied in 
the following equations. 

(F.l3) 

(F.14) 

If the condensate thickness is large or the velocity of the vapor is of 
medium velocity (gravity force still predominates over the vapor shear force) 
the resulting turbulent film condensation can be predicted by the correlation 
developed by Kirkbride:(7,8) -

(F.15) 

When the annular ring of condensate is mainly controlled by the vapor 
shear force (predominating over the gravity force), the correlation by 
Boyko and Kruzhilin(9) was used for the turbulent liquid film heat transfer 

coefficient: 

hi = 0.024 KL ReLo.a PrLo.43/Di "1 + (PL/p v - l)X i ;"1 + (PL/pv - l)Xo (F.16) 

The range of values found by the optimization code for the inside coeffi­
cient is from 1000 to 1600 Btu/hr-oF-ft2. The Reynolds number based on the 
liquid varies from 5000 to 15,000 with the entering vapor velocity ranging 
from 10 to 20 feet per second. The correlation most often used by the code 
to define the inside coefficient is Equation F.16. 

Pressure Drop Correlati~n - Tower Heat Exchanger 

The two-phase pressure drop in the tubes of the heat exchanger is found 

by the same set of equations as for the pressure drop in the condenser/reboiler. 
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The only difference is that the Martinelli function (¢L) is provided by a 
functional relationship of the Lockhart-Martinelli parameter (X) and not as 
a curve fit of the parameter. 

PIPING 

Pressure Drop Correlations 

The pressure drop correlations in the optimization code are used to 
calculate the pressure drops for the supply and return piping. The supply 
piping transports vapor while the return line transports liquid. 

The pressure drop in the vapor line is found on an incremental basis 
where each length of pipe of a particular diameter is divided into ten sections. 
The pressure drop across each section is calculated; then new vapor properties 
are found to be used to find the pressure drop in the next section. 

The pressure drop in the liquid line is calculated for the whole length 
of pipe of one specific diameter. 

Supply Piping 

The pressure drop in the supply piping of the cooling loop is calculated 
by using the Fanning equation: 

G2 
liP = 4f L _v_ (F.l7) 

v Di 2Pv 

The pressure drops found by the optimization code vary from approximately 
10 to 20 pounds per square inch. 

Return Piping 

The pressure drop in the return piping is also calculated by using the 
Fanning equation: 

(F.18) 

The pressure drops for the return piping vary from 2 to 6 pounds per square 
inch. 
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Temperature Drop Correlation 

Shown in Figure F.4 is a pressure-enthalpy diagram of the vapor dome for 
ammonia and a typical cycle ammonia passes through when it goes around the 
cooling loop. The diagram shows five important points of the cycle. Point A 
to Point B shows what happens to the ammonia in the condenser/reboiler. 
Point C to Point 0 shows the condensation of ammonia in the tower. 

Point B to Point C is what occurs in the piping from the condenser/ 
reboil er to the dry/wet tower. The process is contro 11 ed by the pressure drop 
in the pipeline. Since the transfer of heat through the pipe walls is negli­
gible and no pumping is done on the vapor the process through the pipe ;s 
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isenthalpic. With the flow being isenthalpic and having a pressure drop the 
ammonia encounters a temperature drop from the beginning to the end of the 
supply piping. 

The pressure and temperature drops are calculated along the main piping 
and the quadrant supply runs by dividing the pipes into ten sections and 
calculating the pressure drop for each section. The temperature drop is cal­
culated for each section of pipe by using the new pressure at the end of each 
section and a curve fit of the saturation line of pressure versus temperature. 

P = a + bT + cT2 (F.19) 

The optimization code typically calculates a temperature drop of the vapor 
from 3 to 5°F. 
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NOMENCLATURE 

g - acceleration of gravity (ft/hr2) 

PL - density of liquid (lbm/ft3) 

Pv - density of vapor (lbm/ft3) 

KL - thermal conductivity of liquid (Btu/hr-OF-ft) 

hfg - heat of vaporization (Btu/lbm) 

Do outside diameter of tube (in.) 

D. - inside diameter of tube (in.) 
1 

~L - viscosity of liquid (lbm/ft-hr) 

N - number of tubes in depth 

~T - temperature difference between saturated steam and tube surface (OF) s 

h. - inside heat transfer coefficient of tube (Btu/hr-OF-ft) , 
hfc - inside heat transfer coefficient of tube due to forced 

convection (Btu/hr-OF-ft2) 

hB - inside heat transfer coefficient of tube due to boiling 
(Btu/hr-OF-ft2) 

ReL - liquid Reynolds number 

PrL - liquid Prandtl number 

CPL - liquid specific heat (Btu/lbm-OF) 

~Ta - temperature difference between saturated ammonia and inside tube 
surface (OF) 

a - surface tension of liquid (lb/ft) 

6P - pressure drop (lb/ft2) 

~L - Martinelli function 

X - Lockhart-Martinelli parameter 
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fL - liquid friction factor 

fv - vapor friction factor 

L - length of pipe (ft) 

G - mass flux through tube (lbm/ft2-hr) 

GL - mass flux of liquid (lbm/ft2-hr) 

Gv - mass flux of vapor (lbm/ft2-hr) 

e - angle of tubes from the horizontal 

Xo - quality of fluid leaving tubes 

Xi - quality of fluid entering tubes 
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APPENDIX G 
.COST ALGORITHMS FOR THE HOTERV PLATE 

FIN HEAT EXCHANGER BUNDLE 

The cost algorithms contained in this appendix were developed and used 
in the BNW-II dry/wet code for costing the HOTERV heat exchanger bundle, The 
algorithms were developed on the same basis as those reported in Reference 1. 
The reader is referred to Chapter 3 of this reference for a detailed descrip­
tion of the algorithms given below. The cost algorithms for the HOTERV bundle 
were developed for ammonia condensation in steel or aluminum tubes and galva­
nized steel or aluminum header and section joints. Because the HOTERV bundle 
consists of sections combined together to make the full-length bundle, a 
method was devised to combine these sections without costly welding. 

At each interface pOint between the sections of surface, a section joint 
is made up at which the tube ends are rolled into the joint. The joints are 
then bolted together to form a tight seal using a gasket. The bundle and 
section joint are shown in Figure G.l. As shown, the section joints allow 
for draining the condensate off at several points along the bundle length . 

.. 
The HOTERV bundle normally comprises three to 5 sections, each ~16 feet 

long. The bolted joints between sections act as intermediate headers for 
removing condensate NH3. The overall bundle supported at each section joint 
and header. 

.. 
The various components of the HOTERV bundle are costed separately. These 

separate costs are then summed to obtain the final cost of the bundle. The 
costs of the following components are determined: 

1. Heat transfer elements--tubing, fins, bundle stiffeners, and section 
joints 

2. Bundle header 

3. Bundle frame 

G. 1 
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FIGURE G.l. NH3 - HOTERV Bundle 

4. Delugeate drain plate 

5. Bundle assembly. 

Because the BNW-II dry/wet code optimizes a heat rejection system using 
the HOTERV surface, some parameters used in the following cost algorithms 
are variables. These variables are not set to a numerical value in the follow­
ing description. The parameters which are given the numberical values are 
set internal to the code or read in as basic input data. 

HEAT TRANSFER ELEMENTS 

1. Tubing Cost 

C = (C w + C~) FM = $/ft 
£ £m £ £ 
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Weight of tubing 

W~ = 12TIp~ (O~ - tw) tw 

tw = tube wall thickness (in.) 
D~ = 00 of tubing 
p~ = density of tubing material (#/in.3) 

For cost factors C~m and C~ see Reference 1, Table 3-2. 

2. Finning Cost (CF) 

Aluminum plate fins with integral plate spacers 

Weight of Fin 

WpF = 12 [AptsPF + w(D£ + Tr)TrJ PF = Sift 

Ap = plate fin area/tube = Pt • Pr 
P = tube pitch t 
Pr = tube row spacing 
t = fin stock thickness s 
Tr = fin spacer thickness = 0 (integral spacer) 
PF = fin material density = 0.0975 (#/in.3) 
PF = fin pitch 

Finning Cost (CF) = CFM WpF + CF = Sift 

Cost Factors 

CpM = $1.00/# (integral spacers) 
Cp = $0.20 (Reference 1, Table 3-4) 

3. Bundle Stiffeners (Aluminum Plate) 

Csp = Cp ~t :d - At) tspPs + Csh = $/tube/spacer 

cp = cost factor = $0.95/# 
P = tube pitch 

t 
Hd = header depth (Reference 1, Figure 3-14) 
R = no· tube rows 

At = tube cross section (material) 
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t = plate thickness = 0.125 in. sp 
material density = 0.0975 #/in.3 p = s 

Csh = hole cost ~ $0.05/hole 

Total stiffener cost (Cs ) = Csp 
LB 

NBNS $/bundle (-5s) = 

LB = bundle length 

Ss = spacer separation 

NB = number of tubes/bundle 

NS = number of sections/bundle 

4. Section Joint 

Joint comprised of tube sheet plates - (2 plates each joint) 

CSJ (joint cost) = plate costs + tube hole costs + bolted 
or welded joint costs 

CSJ = 12[Cp ~t :d - At) tspPs + C;h] NB 

+ CF (~~ + Wb) hJ = $/joint 

C = cost of Al joint - $1.20/# p 
= cost for galvanized steel joint = $0.65 

p = 
t 

H = d 
R = 

tube pitch 
header depth 
tube rows 

tsp = plate thickness = 1-1/2 in. for Al 

= 1 in. for steel 
Ps = plate material density 

= 0.0978 for aluminum 
tube hold cost = $0.50 c· = sh 

= 0.204 for steel 

C = F 
NB 

NSJ = 

bolted joint cost = $8.00/ft 
number of tubes in bundle 
number of section joints in bundle 
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BUNDLE HEADER COSTS (CHl 

Use header algorithms (Reference 1, p. 24-26) with: 

t = 1 in. for steel header thickness w 
tw = 1-1/2 in. for aluminum header thickness 
A = 4 Np for the bolted header 
B = 1 for the hole factor 

Cf = bolted header joint cost = $8/ft (high pressure system) 

BUNDLE FRAME 

Use algorithms for vertical bundle in Reference 1, p. 28: 

CVF = Cst LB (77 + 2 WB) = $/bundle 

*Use 77 #/ft to cover side channels and cross bracing 
(assume structure support at each section end ~16 feet 
apart) 

Cst = material cost = $0.53/# for galvanized steel 

LB = bundle length 
WB = bundle width 

ALUMINUM DRAIN PLATE COSTS 

The position of the aluminum drain plate is shown in Figure G.2. 

COP = CppWptp (12 LB) $/bundle 

Cp = $0.95/# for Al plate 
p = 0.0975 #/in.3 

W = plate width p 
LB = length of bundle 
tp = plate thickness = 1/4 in. 
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MAKE -UP PI PE 

LOCATIONS 

.__-- 12"x6" CHANNEL 
3/8"THICK-GALV STEEL 

AI DRAIN R.. 
4' WIDE X 1/4" THICK PLATE 

FIGURE G.2. Deluge Transfer and Make-up System 

BUNDLE ASSEMBLY 

Section junction and header assembly 

CA = (C rj + Cwj ) NB NSE 

CAS = cost/bundle ($) 
C . = rolled joint cost ~ $l.OO/section (two tube ends) rJ 
C . = tube to tube sheet weld ~ $1.50/section (two tube ends) WJ 

NB = number tubes/bundle 
NSE = number of sections 

TOTAL BUNDLE COSTS 

(FOB Manufacturer's Plant) 

I 

Cs = bundle tube, surface and spacer costs 

= CR, + CF + Cs 
CH = header cost 
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• CSJ = section joint cost 
CVF = bundle frame costs 

COP = bundle drain plate costs 
CA = bundle assembly costs 

REFERENCE 

1. P. A. Ard, Costs and Cost Algorithms for Dry Cooling Tower Systems. 
BNWL-2l23, Battelle, Pacific Northwest Laboratories, Richland, WA 99352, 
September 1976. 
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APPENDIX H 
OPTIMIZATION TECHNIQUE 

As mentioned in Section 3.0, an optimization technique developed by 
Andeen and Glicksman(l) was used to determine the values of the five inter­

nally independent variables which give minimum incremental cost. Only minor 
changes were made to the subroutines incorporating the MIT optimization 
technique; these changes, described in Section 5.1, are related to system 
constraints, not to the optimization procedure. The basic optimization 
technigue was not changed. However, major changes were made in the compu­
tational logic, cost algorithms, etc. 

Approval was obtained from Dr. Glicksman to publish that portion of 
Reference 1 dealing with the optimization routine used in the BNW-II code. 
The prose and flow charts of the subroutines are reproduced in this 
appendix. 

Subroutine SERCH was modified for BNW-II. As indicated in the attached 
write up all five variables are single optimized using a hill climbing tech­
nique. However, the process is repeated four times. If the result of the 
fifth optimization is within 1% of the fourth, then the optimization is com­
plete. Otherwise, successive optimizations are developed until the improve­
ment in cost is less than 1%. 

VERBATIM DESCRIPTION OF MIT OPTIMIZATION TECHNIQUE 

With a given heat exchanger surface, a given design temperature, 
cost data, and power generation, the heat transfer and cost equations may 
be reduced to five variables which can be varied independently and which 
must be optimized: 

Tl 

RANGE 

steam cycle output temperature (OF) at the low pressure turbine 

change in temperature (OF) of the water while passing through 
the cooler 
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CWARA 

AFRON 

WLRAT 

ratio of the heat capacity of water to that of air, where 
heat capacity of a fluid is the product of its specific heat 
and its mass flow rate 

the air side frontal area (ft2) of the heat exchanger 

ratio of width to length of AFRON, length being the tube 
length 

Thus the cost of adding the dry cooling tower to the power plant is 
a function of these five variables. The problem, or the optimization 
process, is to minimize this cost for given values of TO(a) and, by 
comparison, to choose the TO with the least cost. 

In order to explain the minimizing procedure used, let us consider a 
simplified case. Assume cost is a function of only two independent vari­
ables. Hence, cost may be pictured as a surface in three-dimensional space. 
Figure IV-1A shows this surface in a three-dimensional sketch. Figure IV-1B 
shows the same figure, with lines of constant cost projected on the plane 
defined by variables 1 and 2, the horizontal plane of Figure IV-1A. 

For any given starting point, the minimum may be approached by: 
(1) holding varible 1 fixed (e.g. staying in plane A of Figure IV-2A and 
finding the minimum costs, point 2 on plane A); (2) holding variable 2 fixed, 
staying in plane B, and finding a second minimum, point 3, plane B; and 
(3) continuing the process indefinitely, thus "spiraling in" on the absolute 
minimum. Figure IV-2B illustrates this same process in a two-dimensional 
projection of Figure IV-2A. 

However, if the surface is not as well-behaved as that drawn in 
Figure IV-2, but has multiple minimal points as in Figure IV-3 the search 
procedure may end by "minimizing" in a relative minimum trough. To avoid 
such relative minima, two approaches have been taken: (1) the cost is 
evaluated at multiple points and the lowest cost point is used as the 
starting point for the minimizing procedure. This is a sort of "shotgun" 

(a)PNL NOTE: TO is design temperature 
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approach, sampling many points chosen to represent a cross-section of 
reasonable values. A minimum of 687 initial points are checked. (2) the 
cost is evaluated at discrete, incremental step changes in the variable's 
magnitude. Both positive and negative step changes are searched for 
points of minimum cost. If lower cost is not determined by the initial 
step size, the step size is diminished and the process is checked again. 
Hence the step size decreases as the minimum is approached. 

The use of the shotgun approach affords a starting point somewhere in 
the proximity of the minimum, while the second approach allows the search 
procedure to step over, or out of, non-minimum troughs. 

Imposed restrictions must also be considered. For example, flow 
abnormalities through the heat exchanger may be experienced as a result 
of external conditions such as wind. An air stream flowing over a 
surface of heat exchanger creates locations of both high and low external 
pressures. A location of increased external pressure will experience an 
enhancement of air flow through the exchanger, while a point of decreased 
external pressure will be "starved" of flow. Hence, depending on the 
shape of the heat exchanger, improperly directed wind could nullify or 
greatly hinder local air flows through the exchanger. As flow abnormalities 
tend to reduce the effectiveness of the heat exchanger, it is desirable to 
reduce flow abnormalities. 

Initially the air velocities (VAIR) through the exchanger were main­
tained above a specified minimum. It was hypothesized that a high VAIR 
would minimize the effects of the ambient air velocity. However, specify­
ing a minimum VAIR penalizes heat exchanger configurations having an inher­
ently high air side friction. Specifying a minimum VAIR is the same as 
specifying a very high air side pressure drop for configurations with high 
friction factors. This in turn requires a much larger fan power to 
create this air side pressure drop. A more logical requirement is a mini­
mum air side pressure drop, DELPA, through the heat exchanger. Since the 

driving force for the air flow is the pressure differential, as long as the 
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maintained pressure differential is greater than an external differential 
caused by wind, flows through the exchanger will not be greatly affected. 
Note that this allows the "high friction" configurations to adopt lower 
values of VAIR, so long as DELPA is above a minimum, thereby saving on 
fan power. 

To approximate the pressure differential caused by wind, consider the 
case of potential non-viscous flow around a cylinder. This would be analogous 
to wind blowing around a chimney or a heat exchanger of cylindrical configura­
tion. Pressures caused by a wind of 20 mph would range from a pressure increase 
of 1.02 lbf/ft2 at the stagnation point to a decrease of 3.06 lbf/ft2 at a 
point 90° from the wind direction. In the present optimization runs, the 
minimum air side pressure drop (DELPAmin ) was specified as 4.0 lbf/ft2. 

Since flow rate is directly proportional to the square root of the pressure 
differential, a heat exchanger designed for a 4 psf minimum pressure drop 
and being subjected to 20 mph winds would experience approximately a 10% 
increase of flow at the point facing the wind (stagnation point) and approxi­
mately a 50% reduction in flow at a point 90° from the direction of the 
wind. Computer runs made without pressure drop restrictions optimize at 
air pressure drops of about 1 psf. Such a design in a 20 mph wind would 
experience a 40% increase in flow at the stagnation point, and a reversal 
of flow at a point 90° to the wind direction. There would also be a point 
of no flow somewhere between these two extremes. This definitely indicates 
a need for the pressure drop restriction. Flow irregularities may be 
further minimized by specifying a higher minimum pressure drop, an input 
variable to the optimization program. (a) 

Pictorially, restrictions on the air velocity or tube length pass a 
plane or surface through the three-dimensional cost surface, eliminating 
from consideration certain areas of the cost surface. As illustrated in 
Figure IV-4, the eliminated points may well include the absolute minimum, 
making some other point (point B) the desired minimum. 

(a)PNL close mlnlmum pressure drop values well below the economically 
optimum values (in effect, no pressure drop constraint was applied). 
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FIGURE IV-4. Minimization with Imposed Restrictions 

Simple restrictions on the value of the variables may lead to incorrect 
answers if only the minimization procedure of Figure IV-2 is used. For 
example, in Figure IV-4, suppose the search started at point 1 with vari­
able #1 being fixed. Attempting to reach planar minimum C, variable #2 
is stopped at point 2 by the restriction on DELPA. Now holding variable 
#2 constant, variable #1, attempting to reach planar minimum 0, cannot pass 
point 2 either. The search procedure could not proceed further, and would 
evaluate point 2 as the minimum. To arrive at B, both variables are 
allowed to change simultaneously, thus proceeding down line 2B towards B. 
In the five-variable case, 

DELPA = f (T l , RANGE, CWARA, AFRON, WLRAT) 

So long as this function, or DELPA is maintained constant, we are at lib­
erty to modify the variables which compose the function. Thus, if RANGE 
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and AFRON are variables #1 and #2 respectively in Figure IV-4 an increase 
in range accompanied by a decrease in AFRON will move down line 2B towards 
B, while keeping DELPA fixed. 

Since one can also expect to encounter sub-minimal troughs while 
moving along line 2B, a step size procedure similar to that in Figure IV-2 
is used. Again, the step size diminishes as the minimum is approached. 

In order both to widen the initial search range and to more accurately 
determine a starting point, the shotgun method has been changed in the 
following manner: The original one-step shotgun has been replaced with a 
multi-step shotgun. Initially, a starting point is prescribed by specify-
ing values for the five variables, and a sequence of 432 points in the vicinity 
of the starting point are checked. The point of lowest cost with a DELPA 
greater than DELPAmin is taken, and becomes the initializing point for the 
next procedure. Holding four of the five variables constant, the cost is 
evaluated, taking extreme values of the fifth variable both above and below the 
values searched by the initial shotgun. This is sequentially done for each 
variable. If the minimum of one of these "extended" valued costs is at least 
1% less than the minimum cost as calculated in the initial shotgun, this point 
becomes the prescribed point, and a new initial shotgun is performed about 
this point. If no new minimum is found by checking the extremes, the minimum 
cost point determined by the initial shotgun becomes the initial point for 
a second, "finer", shotgun check. This second shotgun search is "finer" in 
that the points checked are closer to the "initia1izing point" than in the 
"coarse" shotgun. This is the so-called "double shotgun" method. 

This double shotgun method is pictured in Figure IV-5 for a two­
variable case. Point 1 is the initial prescribed starting point. The first 
shotgun search investigates those points designated as circles, and yields 
point 2 as the minimum cost point. Extreme values, the diamonds, are then 
checked for lower cost points. Finding none in this case, a "finer" shotgun 
pattern is searched about point 2, yielding 3 as a lower cost point. Point 3 

then becomes the starting point for the search procedure as described in 
Figure IV-2. 
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FIGURE IV-5. Double Shotgun Initializing Method 

Expanding the process from two variables to five is like working in 
six-dimensional space rather than three-dimensional: pictorially clumsy, 
but not conceptually difficult. It merely entails sequentially holding all 
variables but one constant, while finding the planar minima, and repeating 
the process a given number of times. If an imposed restriction is encountered, 
the variable is allowed to change simultaneously with, in turn, each of the 

other variables. 

H. 1 0 

.fI-

.. 



". 

MIT SUBROUTINES 

FUNCTION OF SUBROUTINES 

SHOT Tests multiple points. Performs "shotgun" search. 

EXTEND Tests extreme values of minimal cost point, as determined from 
"coarse" shotgun. 

SERCH 

CHNGE 

VARIT 

CALC 

STORE 

Seeks minimum by means of one variable search method. 

Seeks minimum when pressure drop restriction encountered by 
two variable search method. 

Evaluates system performance and cost, considering average 
annual temperature fluctuations. 

Calculates cost for a given set of five variables. 

Stores variable and calculated values of minimum cost. 

REFERENCE 

1. B.R. Andeen and L. R. Glicksman, Dry Cooling Towers for Cooling Plants. 
Technical Report 73047-1, Engineering Project Laboratory, Department of 
Mechanical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA, February 1972. 
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UNTESTED VARIABLES 

STORE VARIABLE 
VALUES OF 
LOWEST COST 
(USED FOR DEFIN­
I NG "F I NE" SHOT 
PATTERN) 

YES ARE THERE MORE UNTESTED 
COMB I NAT! ONS 
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( 

" 

XTEND 

SAVE VARIABLE VALUES 
FOR I NI TI AL SHOT POI NTS 

CALL CALC 

SAVE VARIABLE VALUES 
FOR I NITI AL SHOT POI NTS 

TAKE ANOlHER 
VARIABLE 

H.15 
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SERCH 

~~~I S STEP SIZE SMALLEST 
L..y-_____ ---J 

r------------,NO NO YES 

I S COST < PRIOR MINIMUM RECORD FACT PRESSURE 

DECREASE STEP SIZE 

RESTRICTION ENCOUNTERED 

HAS LOWER COST BEEN FOUND 
I N TH I S D I REC T I ON 

NO 

RECORD FACT PRESSURE 
RESTRICTION ENCOUNTERED 

WAS PRESSURE RESTRICTION 
ENCOUNTERED 

NO 

14--~ I S SMALLEST STEP SIZE USED 

YES 

.... --1 TAKE ANOTHER VARIABLE HAVE ALL VARIABLES BEEN VARIED 

H.16 
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CHNGE 

DEFINE INCREMENTAL SIZES (S) 1 
+ 

CHOOSE VARIABLE (J) OTHER THAN 
ONE PRESCRIBED BY SERCH 

+ r1 VARIABLE (SERCH) : STORED VALUE + INCREMENT I , 
EVALUATE VARIABLE (J) SUCH THAT WITH VARIABLE 
(SERCH) AND OTHERS, DELPAMIN ~ DELPA ~ l.Ol*DELPAMIN 

~ 
CALL CALC I 
~ 
ISCOST< PRIORMINIMUM I 
~ YES NO 

Y CALL STORE I 
NO HAVE ALL VARIABLES OTHER THAN ONE 

PRESCRIBED BY SERCH BEEN CHECKED 

• YES 

CHANGE SIGN OF INCREMENTAL SIZES I 
• NO FOR THIS INCREMENTAL SIZE, HAVE BOTH 
(+) AND (-) I NCREMENTS BEEN CHECKED 

NO • YES 

I S INCREMENT (l) < SPECI FlED MINIMAL VALUE I 
• NO 

• YES 

DIMINI SH INCREMENT SIZE I r RETURN 1 

H.17 



CALC 

CALCULATE COST AND DELPA 

RETURN 

VAR I T 

EVALUATE HEAT EXCHANGER 
PERFORMANCE FOR VARYI NG 
AMB lENT TfM PERATU RE S 

RETURN 

END 

H.18 

) 



STORE 

STORE ALL VALUES ASSOCIAlED 
WITH NEW MINIMUM POINT 

, 

RETURN 

END 

H.19 
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