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SENSIBLE HEAT STORAGE FOR A SOLAR THERMAL POWER PLANT 

Thomas F. Baldwin. Scott Lynn. and Alan S. Foss 

Energy and Environment Division. Lawrence Berkeley Laboratory and 
Department of Chemical Engineering, University of California. 

Berkeley. California 94720 

ABSTRACT 

The energy input to a solar power plant is dependent on the amount 

of insolation reaching the collection field. Maintenance of a constant 

level of power generation through the early evening hours or through a 

period when the cloud cover is varying requires integration of the 

heat collection unit and the power generation unit with some type of 

energy storage unit. 

This report examines one possible configuration for a solar power 

plant with a sensible-heat storage unit. The proposed flowsheet allows 

thermal energy storage between the heat collection unit and the power 

generation unit without a reduction in the thermodynamic availability 

of the energy supplied to the power turbines. Energy is stored by 

heating a checkerwork of magnesia bricks. A gas that is circulated 

from the solar collector through the storage unit and the power plant 

boiler serves as the heat-transfer medium. Nitrogen was found to be 

preferable to helium for this purpose. 

A computer model was used to predict the behavior of the sensible-

heat storage unit and to aid in sizing the storage unit. Procedures 

were developed to estimate the cost of electricity generated by the 

solar power plant. These procedures illustrate the effects of changes 
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in the energy storage unit on the cost of electricity. The effects on 

the storage unit and on the total plant design of changing several 

process and design parameters were then evaluated. This study has led 

to the design of two alternative process configurations for solar power 

plants with sensible-heat storage. The sensible-heat storage process 

was also compared to the sulfur oxide chemical-heat storage process 

described by Dayan. Lynn and Foss [9], 

The proposed configuration for a solar power plant with sensible-

heat storage for nighttime electricity generation produces electricity 

at the cost of $87 per MW -hr. An alternate configuration for a solar 
e 

power plant without energy storage for nighttime generation produces 

electricity for $76 per MW -hr. Both of these power plants convert 
e 

32% of the energy absorbed by their solar collectors into usable 

electric energy. It is concluded that sensible-heat storage can provide 

energy storage for a solar power plant at a reasonable price using 

technology that is presently available. 



1. INTRODUCTION 

Interest in alternate energy resources to augment fossil fuel and 

nuclear energy supplies has grown rapidly in recent years. This 

interest has been sparked by a recognition that environmental concerns 

and depletion of fossil fuel reserves will act to limit the growth of 

conventional energy sources, resulting in higher energy prices and 

energy shortages. 

The earth is continually receiving a large amount of solar radia­

tion, and a wide variety of concepts are under development to more 

effectively harness its potential. Heat derived from solar radiation 

is being used for building and water heating. Research is also under 

way to develop photovoltaic cells that will economically convert solar 

energy directly into electric energy. Other researchers are studying 

the possibility of running a conventional turbine-generator to produce 

electricity by concentrating solar energy and collecting the resulting 

thermal energy in a high-temperature working fluid. 

Present designs for concentrating solar-thermal energy use a large 

number of heliostacs directed by computer to reflect solar radiation 

toward an elevated central receiver. Solar radiation reaching the 

central receiver is absorbed as thermal energy by a heat-transfer fluid 

and used directly or indirectly to run a conventional turbine. Alter­

nate design proposals are being examined which propose use of either 

Brayton-cycle gas turbines or Rankine-cycle steam turbines in the solar 

power plant. 



Energy collec tion by such a power plant is li.mited to periods when 

appreciable direct solar radiation is available. Maintaining power 

generation overnight or throughout an intermittently-cloudy day requires 

energy storage for those times when insufficient energy is collected 

in the central receiver. 

This thesis examines the feasibility of a sensible-heat storage 

unit used in conjunction with a high-temperature, gas-cooled central 

receiver and a steam-cycle power plant. To transport heat, a gas 

stream is circulated from the receiver to the power plant and back. 

The process configuration proposed here maximizes the efficiency of 

converting thermal energy to electric energy during storage unit dis­

charge by maintaining the flow of inlet steam to the turbine at design 

conditions. The sensible-heat storage unit proposed by Boeing 

Engineering and Construction
2

•4 has been modified for use with this 

new system. 

The storage device is a checkerwork of magnesia bricks placed in 

the gas-circulation loop between the central receiver and the power 

plant. At night and during other periods when the central receiver 

is not supplying enough energy to the heat-transfer gas, energy is 

withdrawn from storage by reversing the direction of flow through the 

checkerwork. thereby heating the gas before it is sent to the power 

plant boilers. 

1.1 AVAILABLE ENERGY STORAGE METHODS 

Solar power plants can store energy either before or after the 

heat has been converted to electricity. Pumped-hydroelectric storage 
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and battery storage are typical of the grid-integrated storage systems 

that have been proposed to meet peak electric demands with electricity 

initially generated during off-peak hours. Such systems could be modi-

fied to insure constant output from a solar power plant. However. a 

problem is still posed by the thermal strains on the high-pressure 

steam turbine caused by rapid insolation fluctuations. Storage of 

thermal energy ahead of the turbine has been proposed as a solution 

for this problem for solar power plants, since it will allow thermal 

buffering between the receiver and the turbine as well as providing 

for energy storage. Sensible-heat storage, latent-heat storage. and 

chemical-heat storage have all been suggested as possible methods for 

energy storage which could be integrated with the receiver. 

Boeing Engineering and Construction has compared systems of 

sensible-, latent-. and chemical-heat storage units for a Brayton-cycle 

2 4 
solar power plant.' More extensive work on chemical-heat storage 

for a Rankine-cycle solar power plant has recently been completed by 

Hill.14 This work has been revised and condensed by Dayan. Lynn, and 

9 
Foss. Martin-Marrietta has also investigated sensible-heat storage. 

choosing to integrate the storage unit into a Rankine-cycle solar power 

1 t 
17,18 

p an . These references serve to illustrate the point that costs 

and energy losses associated with thermal energy storage depend upon 

the details of storage design and upon how the storage unit is inte-

grated into the power plant. 

This thesis investigates the use of a sensible-heat storage unit 

integrated into a Rankine-cycle solar power plant. Figure 1-1 compares 
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Fig. 1-1, The daytime flow arrangements for three solar power plants; 
(a) is the flow arrangement for Boeing's Brayton-cycle 
solar power plant (see references 2 and 4). (b) is the 
flow arrangement for Martin-Marrieta's Rankine-cycle 
solar power plant (see references 17 and 18). and (c) is 
the flow arrangement for the Rankine-cycle solar power 
plant proposed in this report. 
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the proposed flowsheet for a solar power plant with two earlier flow-

sheets. The flowsheet investigated in this report modifies the high-

temperature. gas-cooled central receiver concept and the sensible-heat 

d b .. de' 2.3.4 storage concept propose y Boeing Englneerlllg an onstructlon 

for use with a Rankine-cycle steam turbine. 

Boeing's solar power plant generates electricity by passing helium 

through a Brayton-cycle gas turbine. The inlet gas temperature to the 

turbine and the thermal effiCiency of power generation have been 

increased by use of a high-temperature central receiver. The storage 

unit is charged in parallel with power generation. Martin-Marrietta 

has suggested using the central receiver to boil water and superheat 

steam for use in running a Rankine-cycle steam turbine or for use in 

charging the heat storage unit. Both of these solar power plant designs 

call for inlet temperatures to the turbines that are limited by the 

temperature levels available from their receivers. Heat-transfer 

limitations within storage will therefore cause a drop in the inlet 

temperatures to both turbines during discharge. decreasing the thermal 

efficiencies of power generation for both solar power plant designs. 

In this study, the use of a high-temperature. gas-cooled central 

receiver is combined with use of a Rankine-cycle steam turbine. Gas 

from the central receiver first flows through the heat-storage unit 

and then through the heat exchangers where steam is generated to run 

the turbines. This solar power plant can supply steam to the turbines 

at design conditions in both the charge and discharge operational modes. 

since the central receiver heats gas to a much higher temperature than 



steam generation requires, Steam quality during discharge does not 

drop, because of the high temperature of operation of the storage unit, 

1,2 SCOPE OF THE THESIS 

This project was started by developing a flowsheet for a solar 

power plant capable of providing steam to a Rankine-cycle turbine at 

design conditions in both charge and discharge modes of operation, The 

plant studied has been designed to charge storage in eight hours, 

assuming constant heat input to the receiver, Enough thermal energy 

is stored for a discharge period with a nominal length of six hours, 

The length of the discharge period will actually be shortened by heat 

losses from storage and by alternate requirements for thermal energy 

to maintain the turbines at "hot standby" overnight. 

A detailed computer model was then developed to simulate the 

behavior of a sensible-heat storage module in response to flow through 

the brick checkerwork of a gaseous heat-transfer medium with arbitrary 

physical properties. a time-dependent inlet temperature, and a time­

dependent flow rate. This computer model has been used to size the 

storage unit and to evaluate the effects of changing process and design 

parameters on the storage unit and on the total plant design. 

Cost estimation was then undertaken for the proposed solar power 

plant. Special care has been taken to estimate the costs associated 

with thermal energy storage in an attempt to illustrate the effects 

of the proposed storage unit on the cost of electricity generated by 

a solar power plant, 



2. SOLAR POWER PLANT DESIGN 

This chapter presents the guidelines and flowsheet developed for 

design of a solar power plant that converts thermal energy into electric 

energy. The section on study guidelines discusses important considera-

tions used to develop the power plant flowsheet. The proposed flowsheet 

is then presented with a description of power plant operation during 

charge and discharge modes. 

2.1 STUDY GUIDELINES 

This work was undertaken to provide a basis for economic and opera-

tional comparisons between the sulfur oxide chemical-heat storage pro­

cess described by Dayan. Lynn, and Foss9 and a sensible-heat storage 

system. Both solar power plants absorb thermal energy in high-

temperature. gas-cooled central receivers similar in design to the 

central receiver design proposed by Boeing Engineering and Construction
3 

and use Rankine-cycle steam turbines for power generation. The decision 

to use a central receiver capable of supplying high-temperature gas 

(~llOOOK) while generating power with a steam turbine requiring inlet 

steam at 820 0 K was made in order to allow for the possibility of sub­

stantial thermal degradation of the stored heat without decreasing the 

thermal efficiency of power generation. Both solar power plant process 

configurations have been arranged to provide superheated and reheated 

steam to the turbines at design conditions in either the charge or 

discharge mode of operation. 

The outlet gas from Boeing's central receiver is heated to l089°K. 

close to the maximum allowable working temperature for the heat 



exchanger tubes. It is expected that lowering the central receiver 

outlet temperature will decrease the cost of the receiver which could 

be constructed of less expensive materials. The costs of most of the 

remaining power plant components would be increased due to the increase 

in gas flow rates associated with a lower maximum gas temperature. 

Decreasing the outlet temperature from the central receiver would 

increase the required size of a sensible~heat storage system by limiting 

the maximum storage temperature. 

Seasonal and daily variations in insolation were ignored in 

designing and evaluating both solar power plants. This study used a 

simplified solar model which assumed constant heat input to the 

central receiver 8 hours per day, 256 days of operation per year. 

Reduced insolation due to cloud cover and plant shutdowns for maintenance 

and repair were accounted for by assuming the central receiver will 

be out of operation 30% of the days each year. 

Both solar power plants were designed to operate 12.4 MPa (1800 

psia) SlloK/SlloK (lOOO°F/IOOO°F) high~backpressure turbine~generators. 

Turbine performance was estimated by scaling down the 330 megawatt 

Black Hills turbine~generator designed for back pressures between 20 kPa. 

12 
absolute and 50 kPa. absolute. The use of a high-backpressure turbine 

was mandated by the desire to reduce plant water demand through use 

of a dry~cooling system for heat rejection from the power plant. 

Chapter 5 discusses a solar power plant design which could be used in 

an area with sufficient water supplies to allow wet cooling. 
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During the daytime, heat-transfer gas passing through the central 

receiver in the solar power plant absorbs 440 MW
t

. Fifty-seven percent 

of the heat absorbed (250 MW ) is sent to the turbines to generate 
t 

100 MW , gross electric power. Storage has been sized to store all 
e 

of the remaining thermal energy absorbed over an eight hour charging 

period, or 1500 MWt-hr, If all of the thermal energy not sent immediate­

ly to power generation could be stored for later release, 600 MW -hr 
e 

of gross electric power could be generated during the discharging 

period, Heat losses from the storage unit, gas piping, and power-

generation heat exchangers reduce the amount of thermal energy available 

from storage and part of the thermal energy stored is used to maintain 

the turbines at "hot standby" overnight. These effects significantly 

reduce nighttime electric generation. 

The high-efficiency turbines chosen for this solar power plant 

are not well adapted to thermal cycling, and bringing even a small 

turbine-generator to full load from a cold start can take four hours 

[18, p. 11-11]. Therefore, the turbines are to be kept at "hot standby" 

condition overnight. Steam requirements for turbines maintained at 

"hot standby" are estimated to be 5% of the full-load steam require-

11 
menta. 

2,la Heat-Transfer Gas 

Boeing Engineering and Construction developed their gas-cooled 

central receiver to heat pressurized helium gas kept at a working 

pressure of 3.45 MFa (500 psia). The reference design examined in this 

study adopts those choices for the heat-transfer fluid and operating 
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pressure. Important properties of helium gas are reviewed in Table 2~1, 

A study in Chapter 5 of the effect of operating pressure on the solar 

power plant supports the decision to operate at a system pressure of 

3,45 MPa, Chapter 5 also evaluates the use of nitrogen and water vapor 

as alternative heat~transfer fluids, Problems associated with the use 

of water vapor as a heat~transfer fluid. including the possibility of 

brick deterioration due to formation of magnesium hydroxide and the 

condensation problems. resulted in the water vapor concept being dropped 

early in the study. A solar power plant using nitrogen as the heat­

transfer fluid has been designed in detail and looks quite promising, 

2,lb Sensible-Heat Storage Medium 

Boeing Engineering and Construction examined the possibilities 

for high-temperature sensible-heat storage and concluded that refractory 

materials. particularly magnesia brick. laid in a checkerwork within 

pressure vessels offered a reasonable type of sensible-heat storage 

device for solar power plant applications.
4 

Mr, Mikami of Kaiser 

Aluminum and Chemical Corporation was contacted for information about 

commercially available refractory materials which would be suitable 

for the sensible-heat storage application, His information on proper­

ties and costs of refractory materials is summarized in Table 2-2. 

Various refractory materials differ only slightly in their densities 

and specific heats. Low cost and relatively high thermal conductivity 

make magnesia brick the favored storage medium, 
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Table 2-1. Important Heat-Transfer Properties of Helium 

Working Pressure: 3.45 MFa 

, 16000K 
Dens~ty k' wor mg pressure 

, 11089°K 
Dens~ty k' war ~ng pressure 

Th 1 C d ,. II089°K erma on uctlVlty : 

, 1089°K 
Heat Capacltyl : 

G V · 'II089°K as lscos~ty : 

Prandtl Number: 

3 
2.77 kg/m 

3 
L52 kg/m 

0.377 W/moK (22, p, 3-215) 

5200 J/kg·oK (22,p,3-215) 

0,64 
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Table 2-2. Properties of Refractory Bricks 

Type of Brick Magnesia 

Kaiser Brand* K-98B 

Standard Size. rom. 229xl14x76 

Density. kg/m 3 2930 

Specific H jlOOO°F eat • J/kgOK 1067 

Th 1 C d .. ,1000°F W/moK erma on uctlVlty • 5.48 

Price per Standard Size Brick. 
f.a.b. Plant. $ 

* 

2.92 

Alumina 

Kricor 

229x1l4x76 

3000 

1167 

3.59 

5.29 

Alumina-Chrome 

Kritab 

229x114x76 

3200 

1000 

2.58 

8.15 

Brick properties were obt~~ed through contact with Kaiser Aluminum 
and Chemical Corporation. 
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2.lc Thermal Insulation 

Kaowool. in two different forms. has been chosen for insulating 

plant piping. power-generation heat exchangers. and storage vessels. 

Kaowool block capable of supporting the brick checkerworks is used for 

insulation inside the storage tanks. Elsewhere. kaowool-blanket insula-

tion is used because its lower density results in decreased insulating 

costs. The properties of kaowool insulation are shown in Table 2-3. 

Literature data on the thermal conductivity of kaowool filled with air 

[3. p. 43] is used to estimate the thermal conductivity of nitrogen-

filled kaowool. The thermal conductivity of kaowool filled with 

nitrogen is greater than the thermal conductivity of nitrogen but 

substantially less than the thermal conductivity of helium. Both forms 

of kaowool have very high porosity values. so the thermal conductivity 

of helium-filled kaowool is estimated to equal the thermal conductivity 

of helium. The error in this estimate should be no greater than the 

difference in thermal conductivity between nitrogen-filled kaowool and 

nitrogen gas (±2S% at 1800oK. ±IO% at 600 0 K). 

2.ld Selection of Reasonable Pipe Diameters and Reasonable Insulation 
Thicknesses 

Selection of reasonable pipe diameters. piping insulation thick-

nesses. and storage insulation thicknesses requires a series of economic 

assumptions relating energy losses and plant capital costs to energy 

values and annual operating costs. Power plant capitalization is 

assumed to require 14% of the total capital investment annually. An 

additional 4% of the total capital investment is allowed annually to 

cover plant operating and maintenance expenses. Increased capital 
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Table 2-3. Properties of Kaowool Insulation 

Insulation Density, kg/m3 

Estimated Insulation Porosity 

Thermal Conductivity When Filled With 

With N211089°K, W/moK 

Thermal Conductivity When Filled 

With N216dooK, VI /moK 

Estimated Thermal_Conductivity When 

Filled With He1600oK, W/moK 

Kaowool Installed Cost as of June, 

1978, $/kg 

Estimation Procedures and References: 

(l)Reference 3, p.43 

Kaowoo1 
Block 

240(1) 

~90%(2) 

0.137(1) 

0.069(1) 

0.25 (4) 

12.8(5) 

Kaowool 
Blanket 

0.167(1) 

0.064(1) 

0.25(4) 

12.8(5) 

Heat 
Transfer 

Gas 

0.070(3) 

0.25 (3) 

(2)Kaowool porosity was estimated assuming the crystalline density was 
2500 kg/m3 . (2500 kg/m3 is the density for calcium metasilicate 
CS), a common insulating material) . 

(3)Reference 22, p. 3-215 

(4)The thermal conductivity of helium-filled Kaowool is estimated to 
equal the thermal conductivity of helium. The error in this 
estimate should be no greater than the difference between the 
thermal conductivity of N2 and the thermal conductivity at N2 filled 
Kaowoo1 [±25% at 1089°K, ±lO% at 600 0 K). 

(5) 
Reference 2. p. 2-23 
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investment can be justified only if the annual reduction in the value 

of energy losses is greater than 18% of the increased investment. 

Values of $100 per MW -hr for electric energy and $40 per MW -hr for 
e t 

thermal energy are used in the optimization studies. 

2.1e Reference Solar Power Plant Design 

Table 2-4 summarizes the reference design for this solar power 

plant and elaborates on the design of the sensible-heat storage unit. 

Optimization studies which were important in choosing the storage 

insulation thickness and the total cross-sectional area of gas-flow 

channels through storage are explained in Chapter 5. The choices of 

1510 MW -hr energy capacity for storage. and use of helium for the heat­
t 

transfer fluid were both arbitrary. Welded carbon-steel tanks were 

chosen for the reference design because of their proven reliability. 

Preliminary investigation on the use of prestressed cast-iron storage 

vessels indicates that this new storage vessel concept may improve 

performance while cutting the total cost of the sensible-heat storage 

unit in half. 

2.2 POWER PLANT FLOWSHEET 

The proposed f10wsheet for a solar power plant that converts 

thermal energy into electric energy is shown in Fig. 2-1. Daytime and 

nighttime power plant operations are described below with a detailed 

explanation of how a constant output from the steam turbines is 

maintained. Equipment design for the proposed solar power plant is 

explained in Chapter 4. 



Table 2-4. Reference Solar Power Plant Design 

Heliostats and Central Receiver: 

Energy Storage: 

Heat Exchangers: 

Power Generation: 

Cooling Tower: 

Heat-Transfer Fluid: 

Piping: 

Gas Compression: 

Modification of Boeing's High­
Temperature. Gas-Cooled Central 
Receiver Design 

Sensible-Heat Storage Unit 
(described below) 

Conventional Designs with heat­
transfer gas shell side, 

SlloK/SlloK. 124 bars. High-Back 
pressure Turbine-Generator 

Dry-Cooling Tower 

Helium at an operating pressure 
of 34.5 bars, 

Welded. Carbon-Steel piping with 
internal Kaowool-Blanket 
Insulation 

Single-stage, Axial Compressor 

Approximate Heat and Energy Balances (Ignoring Losses and Compressive 
Heating) 

Heat Absorbed in the Receiver. 
Charge: 

Heat Stored in the Storage 
Unit. Charge: 

Heat Released from the Storage 
Unit. Discharge: 

Heat Transferred to Power 
Generation: 

Gross Power Generation: 

Storage Capacity: 

Simplified Solar Model: 

441 MW 
t 

for S hours 

189 MW for 8 hours 
t 

252 MW for 6 hours 
t 

252 MW t for 14 hours 

100 MW for 14 hours 
e 

1500 MW -hr per e 
cycle 

Constant Heat input to the 
receiver S hours per day. 256 
days per year 
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Table 2-4 (Contld.) 

Design Heat Transfer Gas Temperatures 

Entering the heat exchanger network -

Leaving the heat exchanger network -

Leaving the receiver. charge -

Leaving the storage unit, charge ~ 

Leaving the storage unit, discharge ~ 

86rK 

600 0 K 

1089°K 

600 o K-86rK 

1089°K-86 rK 

Input Parameters for the Sensible-Heat Storage Unit Design 

Storage Capacity -

Time Required for Charging at a Constant Rate -

Time Required for Discharging at a Constant Rate -

Inlet Gas Temperature, Charging -

Maximum Outlet Gas Temperature, Charging -

Inlet Gas Temperature, Discharging -

Minimum Outlet Gas Temperature. Discharging -

Sensible-Heat Storage Media -

Storage Unit Insulation -

Cross Section of each Brick -

Cross Section of each Gas-Flow Channel -

Total Cross-Sectional Area of the Brick 
Checkerwork -

Total Cross-Sectional Area for Gas Flow 
Through Storage -

Total Channel Perimeter Through Storage -

Channel Perimeter Assumed Effective for Heat 
Transfer -

1500 MW t ":hr per cycle 

8 hours 

6 hours 

1089°K 

867°K 

600 0 K 

86rK 

Magnesia Bricks 

Kaowool Block 

76 mm x 114 rom 

20.5 rom x 114 rom 

2 
56.5 m 

2 
12.0 m 

1380 m 

1170 m 



Incident 
radiation 

Receiver flow­
control valve 

Receiver 

Heliostat 
field 

Heat-transfer gas (1 089°K) 

Gas flow during charging ~ 
Gas flow during discharging ~ 

Storage tanks filled with 
magnesia-brick checkerwork 

Receiver 
bypass 

Storage 6-. ___________ -"" Storage 

valve 

Main gas 
compressor 

Heat-transfer 
gas (SOOoK) 

manifold manifold 

Heat-exchange 
subsystem 

Storage flow­
control valve 
#2 

Storage flow­
control valve 
#1 

Heat-transfer 
1-4----dI gas (867°K) 

Water to boiler (50aoK) & 
Steam to reheater (63SoK) 

Superheated steam (819°K) & 

Reheated steam (819°K) 

Power-generation 
subsystem 

XBL 797-2191 

Fig. 2-1. The proposed flowsheet for a solar power plant with sensible­
heat storage. The heat-transfer gas temperatures shown are 
for the reference design for a solar power plant summarized 
in Table 2-4. 
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2.2a Daytime Power Plant Operation 

During the daytime. thermal energy is absorbed in the central 

receiver, then transferred to the storage or power-generation units. 

Heat-transfer gas. leaving the heat-exchange network at a temperature 

of 600 o K, is compressed and heated by the main gas compressor. Most 

of this gas is sent to the central receiver to absorb thermal energy. 

although a portion bypasses both the central receiver and the storage 

unit to temper the inlet-gas temperature to the power-generation heat 

exchangers. Gas leaves the receiver at an outlet temperature of l089°K 

and flows to the storage unit. There the gas flow is split. with part 

of it transferring energy to the storage unit. The gas temperature 

leaving storage rises from 600 0 K early in the morning to 880 0 K at the 

end of the charge cycle. The temperature of the gas stream entering 

the heat exchangers is maintained constant at 867°K by continually 

adjusting the proportion of gas which bypasses storage. The heat 

exchangers use energy obtained from cooling the heat-transfer gas to 

produce the steam required to operate the turbine-generator. 

2.2b Nighttime Power Plant Operation 

Nighttime power generation is provided by releasing thermal energy 

from the sensible-heat storage unit. Cool heat-transfer gas leaving 

the heat-exchange network at 600 0 K is recompressed by the main gas 

compressor and sent to storage. The flow is then split into a stream 

that bypasses storage and a stream that goes through the storage unit. 

These two streams are mixed and returned to the heat exchangers. The 

direction of gas flow through storage is reversed during discharge. 
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in order to reduce the storage unit size. The storage unit outlet-gas 

temperature drops from 1089°K to 867°K during discharge. A constant 

inlet-gas temperature of 867°K to the heat exchangers is maintained 

by adjusting the proportion of the gas bypassing storage. 
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3. ANALYSIS AND COM:PUTER DESIGN OF THE STORAGE UNIT 

This chapter describes the principles underlying storage operation 

and presents a mathematical model which has been used as the basis for 

computer design and simulation of the sensible-heat storage unit. 

Details of the implementation of this computational model. including 

flow diagrams. a program source listing. and sample output. are given 

in Appendix II. Chapter 4 includes vessel and piping designs for the 

storage unit. 

3.1 STORAGE OPERATION 

The sensible-heat storage unit consists of a group of pressure 

vessels insulated on the inside and filled with magnesia bricks. The 

bricks are laid in a checkerwork with thin vertical channels between 

adjacent bricks as shown in Figure 3-1. These channels allow gas flow 

through the brickwork and provide heat-transfer area between the bricks 

and the gas. Thermal energy is transferred from the gas to the bricks 

during the day. then released to allow nighttime power generation. 

Cyclic operation is anticipated for the sensible-heat storage unit. 

Figures 3-2 and 3-3 show the dependence of brick and gas temperatures 

on axial position in the brick bed at several times during the charge 

and discharge cycles. These temperature profiles were obtained using 

the storage analysis developed below, and are mentioned here to show 

the wave nature characteristic of the charging and the discharging of 

the storage unit. Further information on solar power plant operation 

during charging of the storage unit is contained in Figs. 3-4 and 3-5. 

Figure 3-4 shows that the temperature of gas leaving the storage unit 
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Fig. 3-1. A cross-sectional detail of the checkerwork of magnesia 
bricks. The bricks and channels for gas flow both extend 
lengthwise into the paper. 
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Fig. 3-2. Predicted gas and brick temperatures during charging of the 
sensible-heat storage unit. Gas flows through the storage 
unit during charging in the direction of increasing dimension­
less axial bed length. Three sets of curves show the pre~ 
dieted gas and brick temperature profile at different time 
intervals after charging is begun. These temperature 
profiles were predicted based on the solar power plant design 
described in Table 2-4. 
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Fig. 3-3. Predicted gas and brick temperatures during discharging of 
the sensible-heat storage unit. Gas flows through the 
storage unit during discharging in the direction of decreasing 
dimensionless axial bed length. Three sets of curves show 
the predicted gas and brick temperature profiles at different 
time intervals after discharging is begun. These temperature 
profiles were predicted based on the solar power plant design 
described in Table 2-4, 
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Fig. 3-4. Predicted gas temperatures during charging of the storage 
unit. These gas temperatures were predicted based on 
the proposed design for a solar power plant shown in 
Table 2-4. 
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Fig. 3-5. Predicted gas mass flow rates during charging of the storage 
unit. These gas mass flow rates were predicted based on 
the proposed design for a solar power plant shown in 
Table 2-4. 
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slowly rises from 600 0 K to 880 0 K in the second half of the charging 

cycle. The temperature of gas being sent to the heat exchangers is 

kept constant at 867°K by adjusting the gas mass flow rates through 

and bypassing the storage unit. The necessary flow rate adjustments 

to be made during charging of the sensible-heat storage unit are dis-

played in Fig. 3-5. Gas leaves the storage unit at a constant 

temperature of 880 0 K and is then mixed with a small gas stream that 

bypasses both the receiver and the storage unit. 

3.2 A MATHEMATICAL MODEL FOR STORAGE ANALYSIS AND DESIGN 

Storage operation has been analyzed by simultaneous solution of 

two coupled differential equations. The first differential equation 

arises from an energy balance over a control volume consisting of an 

incremental length of the storage unit. The second differential 

equation has been obtained by noting that the rate of energy accumula-

tion within the brick portion of the control volume will be determined 

by the effective local heat flux from the gas to the bricks and by the 

amount of interfacial area that is effective for heat transfer. A 

simplified model has been developed to estimate the effective local 

heat flux and effective interfacial heat-transfer area. 

Consider the control volume shown in Fig. 3-6, (A_ • k+ A h 1)6Z, --brlC c anne 

consisting of incremental volumes of storage bricks, A_ • k' £{Z, and of -DrlC 

gas flow channels, A h 1 6Z. Equation 1 expresses the rate of c anne 

thermal energy accumulation within the control volume. 
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Channel 

~-~Mag 

/ 

brick 
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Fig. 3-6. A three-dimensional detail of the brick checkerwork control 
volume. The total cross-sectional area for gas flow through 
storage. Achannel. and the total brick cross-sectional area 
through storage. Abrick. are determined by multiplying the 
cross-sectional areas shown by the number of flow channels 
through storage. 
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Rate of thermal 
energy accumulation ~ 
in the control 

dCCb i k"CAb i k·~zoPb i k)oT b i k(6.Z» r c r c r c avg. r c + 

de 

volume a(cv "(A h l"~Z"P (8.z»"T (8.Z» .gas c anne gas gas 

de (1) 

This equation can be simplified. since thermal energy accumulation in 

the gas is a negligible fraction of the total accumulation in the 

control volume. 

Rate of thermal 
energy accumulation 
in the control 
volume 

a(Cb . k"(A i k"~Z'Pb . k)oT b' k C8 •Z») r1C -~r c r1C avg. r1C (2) 

ae 

Neglecting diffusion. the net rate of heat transport into the control 

volume is: 

Net rate of energy transport 
into the control volume 

"" -M (8. Z) • C • T (e. Z) I ZZ+~Z 
gas p.gas gas 

(3) 

For small incremental lengths Eq. (3) can be rearranged in differential 

form. 

Net rate of energy 
transport into the "" 
control volume 

aM (e. Z) • C "T (e. Z) 
gas p. gas gas " ~Z 

az 

An energy balance for the control volume demands that the rate of 

thermal energy accumulation within the control volume equal the net 

rate of energy transport into the control volume. 

a(c o(A ·~Z"P )oT (8Z)) brick -~rick brick avg.brick • 

ae 

aM (e. z) . c (e. Z) • T (e. Z) 
gas E.gas gas 

az . nZ 

(4) 

(5) 
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The brick and gas heat capacities, cross-sectional area of the brick 

checkerwork and brick density are all constant for the anticipated 

operating conditions. The gas mass flow rate is strongly dependent 

on time. but has only a negligible dependence on position. This 

dependence of the gas mass flow rate on position is caused by a slow 

change in the mass of gas cOutained within the checkerwork as the 

storage unit changes temperature. The first design equation. Eq. A. 

is a rearrangement of Eq. (5) based on these observations. 

aT (8.Z) 
gas 

az 
Cbrick "~rick· 

M (8)' ·C 
gas p.gas 

aT b' k(8.Z) avg. rlC 
d8 

(A) 

Development of the second design equation is begun by noting that 

the net ra'te of energy accumulation within control volume bricks can 

be related to the effective local heat flux density from the gas to 

the bricks and to the effective interfacial heat-transfer area. 

aT b' k(8.Z) 
C (A, 6 ) avg. rlC 
brick "brick· Z ·Pbrick a8 (6 ) 

Figure 3-7 illustrates the model chosen to represent heat transfer 

between the gas and the bricks. Figure 3-7(a) shows that heat transfer 

in the vertical direction is ignored. Only the sides of the magnesia 

bricks are assumed to provide heat-transfer surfaces which can be 

included in determining the effective heat-transfer perimeter. Using 

this assumption. about 85% of the total interfacial area provides 
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Fig. 3-7. Cross-sectional views of the proposed model for heat transfer 
between the bricks and the gas; (a) is the model used to 
determine the interfacial area which provides effective heat 
transfer between the bricks and the gas and (b) is the model 
used to estimate the change in brick temperature with dis­
tance from the interface, based on an assumed brick tempera­
ture profile. 
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effective heat-transfer area. Determination of the effective local 

heat flux density is more complicated. First, the effective local heat 

flux density is related to the gas film heat-transfer coefficient and 

an unknown interface temperature. 

h (8 Z)o(T (8 Z) - T. (8 Z) gas' gas' lnterface' (7) 

Gas Reynolds numbers in the proposed storage unit range from 4,500 to 

16,000. The gas film heat-transfer coefficient is estimated using an 

empirical correlation presented by Sieder and Tate for fully turbulent 

fluid flow in pipes [23, p. 542]. This correlation overestimates heat 

transfer for the low Reynolds number conditions by about 20%. 

h (8,Z) 
gas 

0.023"K (8 Z).Re(8 Z)O.S.prO. 333 /D 
gas' • 

The effective local heat flux density is then related to the thermal 

(8) 

conductivity of the brick and temperature gradient in the brick at the 

interface. 

" oTbrick(8,Z,X) I 
~rick . lnterface 

(9) 

An approximation method is used to determine the temperature gradient 

in the brick at the interface which assumes that the temperature 

gradient is constant in either half width of the brick. This model 

underestimates the expected temperature gradient at the interface as 

shown in Fig. 3-7(b) since it corresponds to all of the available heat 

being transferred to the center plane of the brick. 



dTbrick(8,Z,X) I 
interface 

T. f (8.Z)~T b' k C8 ,Z) lnter ace avg, rlC 
(Wj4) 

T. f (8,Z) ~ T b' k C8 ,Z) lnter ace avg. rlc 
~rick • (W/4) 

Simultaneous solution of Eqs. (7) and (11) is used to eliminate the 

unknown interface temperature. 

U (8,Z)·(T (8,Z) - T b' kC8,Z») o gas avg, rlC 

where 

U (8,Z) = l/(l/h + (W/4)jK . k) 
o gasbrlc 

The small dependence of the overall heat-transfer coefficient on 

(10) 

(11) 

(12a) 

(12b) 

position (±S%) due to changes in gas temperature is ignored in modeling 

the storage unit. The second design equation is now derived by 

substituting Eqs. (12a) and (12b) into Eq. (6). 

dT b' k(8,Z) avg, rlC 
d8 

(B) 

The proposed model was derived under a series of assumptions which 

could lead to significant errors in the estimation of the heat flux 

at any given position and time. The error that these assumptions make 

in final sizing of the storage unit, however is expected to be minimal. 
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One parameter study presented in Chapter 5-2 investigated the effects 

of varying the cross-sectional area for gas flow through the storage 

checkerwork. Even when the length of the storage unit is increased 

by a factor of six and the overall heat-transfer coefficient is 

approximately doubled the size of the storage unit changes by only 10%. 

3.3 COMPUTER DESIGN OF THE SENSIBLE-HEAT STORAGE UNIT 

A computer program. HREGEN. was developed to estimate the size 

of the energy-storage unit required for the proposed solar power plant. 

HREGEN flow diagrams. a source listing. and a sample output are included 

in Appendix II. This section explains the design approach selected 

for computer modeling of the storage unit. Pertinent information 

relating to computer design calculations is reviewed in Chapter 3.4. 

The key to modeling the energy storage unit lies in the ability 

to rearrange and interatively solve finite-difference forms of Eqs. A 

and B. Rearranging these equations allows determination of the bulk 

gas temperature at time 8 and position Z+~Z and allows determination 

of the mass-averaged brick temperature for an incremental volume of 

bricks at time 8+~8 and position Z. from knowledge of the average brick 

and bulk gas temperatures at time 8 and position Z. 

T (8.Z+~Z) 
gas 

T (8,Z) 
gas 

u op ·~Z 
o eff 

- M (e)"c • (T (8.Z)-T b· k C8 • Z» gas avg. rlC 
gas p.gas 

(1) 
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T b. k(8+~8,Z) avg, rlC T b· k(8,Z) - C avg. rlC "b . k rlc 

U @p ·~8 
o eff 

rick ·Pbrick 

(T (8,Z) ~ T b. kC8,Z» gas avg. rlC 
(II) 

Use of Eqs. (I) and (II) to model the storage unit requires estimation 

of the initial average brick temperatures at all length increments, 

and knowledge of gas inlet temperatures at all time increments. 

Design of a storage unit is begun by guessing what the mass-

averaged brick temperatures for the entire bed will be before and after 

charging. These guesses are used to estimate storage unit size and 

the initial mass-averaged brick temperatures for incremental lengths 

of the storage unit. A subroutine, HRGCRG. then models the storage 

charging cycle. Hot gas is passed through the storage unit, with the 

gas mass flow rate being adjusted to store thermal energy at a specified 

rate. This is continued until all the available energy has been stored. 

The mass-averaged brick temperature for the entire bed after charging 

should match the guess made earlier. Storage discharge is then modeled 

by another subroutine. HRGDIS. The gas flow direction is reversed and 

cool gas is passed through the unit. The rate of thermal-energy dis-

charge is controlled by continually adjusting the gas mass flow rate 

through storage. Discharge is stopped when the gas temperature exiting 

from storage drops to the specified minimum value. This method of 

determining when to stop storage discharge is expected to improve the 

estimated mass-averaged brick temperature profile before charging after 
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each modeling of a complete charge/discharge cycle. A new estimate for 

the entire bed mass~averaged brick temperature before charging will 

also be obtained, unless the energy discharged from storage exactly 

equals the energy charged to storage. 

The proposed sensible~heat storage unit is designed for cyclic 

operation. This means that identical mass-averaged brick temperature 

profiles are expected before and after each complete charge/discharge 

cycle. Our model relaxes this requirement and only demands that the 

mass-averaged brick temperature for the entire bed before charging 

should be almost equal before and after the charge/discharge cycle, 

This criterion is checked by comparing the amount of energy stored 

during charge to the amount of energy released during discharge. The 

second design criterion used for determining if an adequate storage 

design has been found is that the gas temperature exiting from storage 

at the end of the charge cycle should almost equal the desired value, 

Design of the storage unit proceeds as follows. Pertinent design 

data on the storage unit and proposed operating conditions are 

established. Inlet gas temperatures to storage. and thermal energy 

transfer rates between the gas and the storage unit are specified for 

both the charge and the discharge cycles, The desired gas temperatures 

exiting from storage at the end of the charge and discharge cycles are 

also chosen, Finally. storage-unit. heat-transfer~gas, and magnesia­

brick physical properties are specified, Control of the storage unit 

design is next assumed by program subroutine DESIGN, DESIGN makes 

initial estimates for the entire bed mass~averaged brick temperatures 
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before and after charging. The storage unit is sized and initial mass­

averaged brick temperatures for incremental storage lengths are esti­

mated, DESIGN then calls the storage charging model, subroutine HRGCRG, 

and the storage discharging model, subroutine HRGDIS, HRGDIS stops 

storage discharging when the exiting gas temperature falls to the 

minimum acceptable level. This model feature automatically adjusts 

the entire bed mass-averaged brick temperature before charging upon 

completion of each charge/discharge cycle. The storage design criteria 

are now checked. If both criteria are met, storage design is considered 

to be complete. Otherwise, the entire bed mass-averaged brick tempera­

ture after charging is reestimated based on the deviation of the gas 

temperature exiting storage at the end of charging from the desired 

value, The storage unit is then resized, and storage charging and dis­

charging models are called again to be used with these new data, 

3,4 DETAILS ON COMPUTER DESIGN CALCULATIONS 

The computer program, discussed above and in Appendix II, was run 

on a CDC 7600 computer, When time was discretized into 300 increments 

and length was discretized into 300 increments, 2.7 seconds of computing 

time was required for modeling a complete charge/discharge cycle. The 

two design criteria used for determining when storage was accurately 

modeled were that the gas temperature exiting from storage at the end 

of the charge cycle should approach a desired value and that the energy 

stored during charging should almost equal the energy released during 

discharging. These criteria were normalized by dividing by the range 

of gas temperatures and by the energy stored during charging. 
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respectively. The computer design model reduced the error in both 

normalized criteria to less than 0.4% within 4 charge/discharge cycles 

and subsequent parameter readjustments. 

The error in computer modeling caused by use of a finite number 

of time and length increments is expected to result in less than 2% 

error in estimation of the storage unit size. This error estimate is 

based on the data shown in Table 3~1. The actual change in estimated 

storage unit size when the number of time and length increments were 

cut in half was 1.2%. 



Table 3-1. The Effects of Varying the Number of Time and Increments on Storage Size 

Reference the the number 
Design number of time of and time 

increments increments increments 

Number of time increments 300 200 300 300 200 

Number of increments 300 300 300 204 156 204 156 

Fraction of total time per increment 0,0033 0.0050 0.0061 0.0033 0.0033 0.0050 0.0061 

Fraction of total per increment 0.0033 0.0033 0.0033 0.0050 0.0067 0,0050 0.0067 

S • 1:1 .81 13.11 13.74 13.72 13.]3 13. 

in storage size relative to 
reference -0.3% -0.5% -0,35% -0.65% -0.6% -1. 2% 
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4. DESIGN OF THE POWER PLANT SUBSYSTEMS 

The flowsheet to be studied and the guidelines for power plant 

eration have been presented in Chapter 2. For conceptual purposes • 

. e flowsheet (see Fig. 2-1) has been broken down into five subsystems. 

Ie heat-exchange and power-generation subsystems are shown on Fig. 2-1 

s boxes. and are described more fully in this chapter. The heat­

ollection subsystem uses heliostats and a central receiver mounted 

. n top of a tower to concentrate sunlight for warming heat-transfer 

luid to a high temperature. The sensible-heat storage subsystem 

alternately stores or releases thermal energy. This subsystem consists 

of two storage flow-control valves. two gas-distribution storage mani­

folds and a number of storage tanks filled with magnesia-brick checker­

work. The final subsystem is the gas-circulation subsystem, which 

includes the main gas compressor. the receiver flow-control valve. the 

receiver bypass valve. and gas piping for the heat-collection, sensible­

heat storage. and heat-exchange subsystems. 

This chapter presents design considerations. proposed designs. 

and cost estimates for each of the subsystems mentioned above. Expected 

energy losses are also discussed. The discussion in this chapter is 

centered on a system that meets the specifications laid out in Table 2-4. 

Chapter 5 summarizes a series of parametric studies of the ways that 

plant costs and energy losses are affected by the heat-transfer gas 

chosen. by the pressure of the heat-transfer gas. by the cross-sectional 

area for gas flow through the storage medium. and by the rate at which 

storage is discharged. 
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4.1 THE HEAT-COLLECTION SUBSYSTEM 

Concentration of sunlight and collection of the concentrated energy 

at a high temperature is the basis of operation for a central solar 

thermal power plant. A variety of heliostat and central receiver 

d · h b d f t d 3,17 eSlgns ave een propose or s u y. The proposed solar power 

plant uses a modified scale-up of the closed-cycle. high-temperature 

I . d' d b B . E' . d C . 3 centra recelver eSlgn propose y oelng nglneerlng an onstructlon. 

This section reviews the central receiver design that Boeing has pro-

posed, and discusses the effects of operational modifications on the 

performance of the heat-collection subsystem. 

Conceptual design of the Boeing high-temperature central receiver 

is shown in Fig. 4-1. A cavity-type receiver design is employed to 

reduce reradiation from the receiver to the surroundings. Computer-

directed heliostats reflect solar radiation through the aperture to 

the lower walls of the cavity. This energy then reflects or reradiates 

within the cavity until it is absorbed as heat by gas flowing through 

the heat-exchange tubes or it is lost to the surroundings. Estimated 

heat losses total 15% of the solar energy input to the receiver.
3 

These losses are caused by reflection and reradiation out of the 

aperture. convective losses to the air from the receiver aperture, and 

conductive losses through the walls of the receiver cavity. 

An accurate determination of heat transfer within the receiver 

cavity is difficult to obtain due to the complexities of energy reflec-

tion and reradiation between the inner cavity walls and the heat-

exchange tubes. Boeing analyzed their central receiver design with 
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Insulated cavity roof 

Four rings of heat-exchange 
t--------------:;:~~ tubes inside the insulated 

Inlet header 

Outlet header 

Supports for the 
hea~exchanger tubes 
and cavity insulation 

Cavity wail 

Aperture 

(a) 

I 1 
Direction of 
gas flow 

central receiver cavity 

Insulated cavity 
wall 

Heat-exchange tube 
(9.5 meters long) 

Cavity insulation 

(b) 

XBL 797-2190 

Fig. Conceptual design of the Boeing central receiver; (a) shows 
the structural arrangement of the central receiver and 
(b) gives a heat-exchange tubing detail. 
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3 
a ray-tracing computer model. A much simplier heat-transfer model 

of the receiver was used in this study to approximate the effects of 

a variety of central receiver operational modifications, The proposed 

central receiver absorbs the same thermal energy per tube and heats 

gas to the same outlet temperature as Boeing's central receiver, but 

introduces gas to the receiver at a lower inlet temperature, This 

operational modification is expected to decrease the gas flow per 

receiver tube. change the overall heat-transfer coefficient between 

the outer walls of the exchanger tubes and the bulk gas, change wall 

temperatures of the heat-exchange tubes. and result in temperature 

changes throughout the cavity. 

The heat-transfer model analyzes radiative heat transfer to a 

single heat-exchange tube within the receiver. assuming that the 

oxidized outer tube wall is a gray body that exchanges energy with 

black surroundings at a single effective temperature. T ff 't' e .caVl y 

The local heat flux density from the cavity to the tube wall is given 

by the expression 

[ .. 4 ()4] q (Z) - s °ooT - a "O"T Z cavity to tube wall - -1 eff ,cavity 12 tube wall 

The heat flux density from the tube wall to the gas is represented by 

qtube wall to gas(Z) 

where 

u 
o 

U o[Tt b 11(Z) - T (Z)]o(D./D) o u e wa gas l 0 

l/[l/h + t ll/K 11] gas wa wa 

(1) 

(2) 
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and 

Heat accumulation in the tube walls is a negligible portion of the 

local heat fluxes; thus the heat flux from the cavity to the tube wall 

should equal the heat flux from the tube wall to the gas 

qcavity to tube wall(Z) qtube wall to gas(Z) q(Z) 

Finally. an energy balance relates the change in gas temperature to 

position. 

dT (Z) 
gas 

q(Z)-('lpD ) 
o . 

M ·C gas per tube p.gas 
• dZ 

These are the pertinent equations used to model receiver heat 

(3) 

(4 ) 

transfer. The assumption that the oxidized outer surface of the heat-

exchange tube is a gray body matches Boeing's modeling procedures. 

Boeing assumed a value of 0,88 for both tube emittance (e l ) and tube 

absorptance (a
I2

) (3.p.43). The assumption that all surfaces of the 

receiver cavity act as black bodies at a single effective temperature. 

T ff "t' greatly simplifies the receiver model but introduces most e .cav~ y 

of the discrepancy between this model and Boeing's more thorough 

analysis. The heat-transfer properties assumed for helium gas are given 

in Table 2~1. The thermal conductivity of the tube wall is estimated 

to be 15 WjmoK. based upon typical thermal conductivities of metals 
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(22, p, 3-220), 

Computer solution for this model can now be obtained using finite 

difference methods, The inlet-gas temperature is known, and the desired 

total heat flux per tube is specified to be equal to Boeing's heat-flux 

values. Choice of the desired outlet-gas temperature allows calcula-

tion of the mass flow rate of gas in each tube • 

. 
M gas per tube Q I[C -(T -T. )] tube p,gas gas, out gas,ln 

(5) 

An initial value is assumed for the effective cavity temperature. 

Starting from the inlet of the heat-exchange tube. Eqs. (1). (2). and 

(3) are simultaneously solved for the tube-wall temperature and for 

the local heat flux to an incremental length of the tube. Equation (4) 

is then used to estimate the gas temperature at the start of the next 

length increment. This procedure is repeated until the outlet of the 

heat-exchange tube is reached. If the proper effective cavity tempera-

ture has been chosen the total heat flux to the tube and the value of 

the gas temperature at the outlet of the tube will approximate their 

desired values. Otherwise. a new value is assumed for the effective 

cavity temperature. and a new solution is obtained for Eqs. (1), (2), 

(3). and (4), 

A comparison of the predictions made by this central receiver model 

for the effects of proposed modifications on central receiver operation 

is shown in Table 4-1. The proposed central receiver design has a lower 

gas flow rate per tube and a lower gas inlet temperature, although the 



Table 4-1. Model Predictions for the Effects of Proposed Modifications 
on Central Receiver Operation* 

Gas Flow Rate Per Tube. kg/s 

Heat Flux to Gas Per Tube. W 

Inlet Gas Temperature. OK 

Outlet Gas Temperature. "K 

Central Receiver Operating Pressure. MFa 

Overall Heat Transfer Coefficient. Tube 
Wall to Gas, W/m2 OK 

Model Prediction for the Effective 
Cavity Temperature. OK 

Model Prediction for the Maximum Tube 
Wall Temperature. OK 

Model Prediction for Pressure Drop 
Through the Heat Exchanger Tubing. MFa 

* 

The 
Boeing's Proposed 

0.0436 0.0248 

63,000 63,000 

811 600 

1089 1089 

3.45 3.45 

1420 1010 

1276 1254 

1133 1137 

0.046 0.015 

This table lists conditions found for the lowest row of heat exchanger 
tubes in each design. These tubes have the highest heat flux per tube. 



heat transferred to the gas in each tube is identical with Boeing's 

design. The receiver model predicts that these changes will result 

in a sharp decrease in the tube-wall-to-gas heat-transfer coefficient 

accompanied by a decrease in the effective cavity temperature. These 

changes compensate and result in little change in the maximum predicted 

tube-wall temperature. Based on this analysis, the proposed operational 

modification is expected to have only a minor effect on receiver design. 

Expected performance and costs of the heat-collection subsystem 

are outlined in Table 4-2. Cost estimates are based on Boeing's costs 

per unit of heat absorbed for the heliostats and for the central 

receiver. The proposed solar power plant requires almost twice as much 

thermal-energy input as the Boeing receiver is designed to provide. 

If receiver scale up proves to be infeasible the size of the solar power 

plant will have to be reduced. 

Capital costs associated with the heliostats dominate the cost 

of the heat-collection subsystem making heliostat design. which was 

not considered in this study. paramount in determining the feasibility 

of the solar power plant. Uncertainty in heliostat cost estimation 

does not greatly influence evaluation of the sensible-heat storage 

subsystem. Doubling the cost of the he1iostats would increase the 

value of energy losses from the proposed storage unit by $1,000,000 

per year or about $4 per MW -hr of net electric generation. This is 
e 

the only way that the cost of he1iostats affects the storage subsystem. 

Receiver heat losses are fairly high. totaling 1.5% of the energy which 

is reflected into the central receiver. About 1% of the total 
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Table 4-2. Heat-Collection Subsystem Summary 

Heat Input to the Receiver -

Heat Losses from the Receiver -

Heat Absorbed by the Heat Transfer Gas -

Annual Thermal Energy Absorbed by the 
Heat Transfer Gas -

Gas Flow Rate. Charging -

Inlet Gas Velocity Range. Charging -

Inlet Reynolds Number Range. Charging -

Receiver Pressure Drop. Charging -

Receiver Parasitic Pumping Power. Charging -

Annual Receiver Parasitic Pumping Energy -

Installed Cost of the Heliostats* -

Installed Cost of the Central Receiver. 
Tower and Heat-Exchange Tubes* -

513 MW
t 

77MW 
t 

436 MW
t 

893.000 MW -hr 
t 

173 kg/s 

11.6 m/s - 23.5 m/s 

23.000-47.000 

0.021 MFa 

1.8MW e 

3,600 MW -hr 
e 

$59.300.000 

$20.900.000 

Total Installed Cost of the Heat-Collection Subsystem* - $80,200.000 

* Costs are as of June. 1978. 
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electricity generated is required for parasitic pumping of gas through 

the receiver. 

4.2 THE SENSIBLE-HEAT SUBSYSTEM 

The concept of storing thermal energy in a magnesia-brick checker­

work was described briefly in Chapter 3. Each brick is exposed to a 

continuous flow of pressurized heat-transfer gas. and the entire brick 

checkerwork is contained within welded, carbon-steel tanks that act 

as pressure-containment vessels. The vessels are internally lined with 

insulating kaowool blocks to reduce thermal losses and to keep the metal 

shells close to ambient temperature. These insulated tanks filled 

with magnesia bricks are the heart of the sensible-heat storage sub­

system. Remaining parts of the storage subsystem include inter-tank 

piping. inlet and outlet gas-distribution manifolds. and storage flow­

control valves. 

The subsystem design for sensible-heat storage developed for this 

chapter is based upon the characteristics of the reference solar power 

plant described in Table 2-4. Chapter 5 compares a series of alterna­

tive solar power plant designs with this reference design. 

4.2a DeSign of the Brick Checkerwork 

Design of the sensible-heat storage unit was carried out using 

the proposed storage model and is outlined in Table 4-3. The input 

parameters required for storage unit design are contained in Table 2-4. 

The computer model for sizing the storage unit predicts that for this 

design the mass-averaged brick temperature for the entire bed will be 

l039°K after charging and 669°K after discharging. From these 
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Table 4-3, Computer-Assisted, Sensible-Heat Storage Unit Design. 

Parameters 

Storage Capacity -

Constant Charging Rate and Time Required 
for Charging -

Constant Discharging Rate and Time 
Required for Discharging -

Inlet Gas Temperature, Charging -

Maximum Outlet Gas Temperature. Charging -

Inlet Gas Temperature. Discharging -

Minimum Outlet Gas Temperature. Discharging -

Sensible-Heat Storage Medium -

Storage Unit Insulation -

Cross Section of each Brick -

Cross Section of each Gas Flow Channel -

Total Gross-Sectional Area of the Brick 
Checkerwork -

Total Cross-Sectional Area for Gas Flow 
Through Storage -

Total Channel Perimeter Through Storage -

Channel Perimeter Assumed Effective for 
Heat Transfer -

1510 MW -hI' per cycle 
t 

189 MW for 8 hours 
t 

252 MW t for 6 hours 

1089°K 

867"K 

600"K 

867"K 

Magnesia Bricks 

Kaowool Block 

76 mm x 114 rom 

20.5 mm x 114 mm 

56.5 
2 

In 

2 
12.0 m 

1380 In 

1170 m 

Stor~e Unit Design Parameters Obtained by Use of the Computer Model 

Predicted Average Brick Temperature at 
the End of Charging -

Predicted Average Brick Temperature at 
the End of Discharging -

Brick Mass Required for Sensible Heat 
Storage -

Total Required Brick Checkerwork Length -

669°K 

13.8 x 106 kg 

106 In 
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6 
predictions it is estimated that l3.8x10 kg of magnesia brick is 

required for sensible-heat storage. The bricks are arranged to form 

2 
a checkerwork 106 m long, with a total cross-sectional area of 56.5 m . 

Sufficient checkerwork length can be obtained by connecting several 

storage tanks in series. Similarly, sufficient total cross-sectional 

area can be obtained by distributing the heat-transfer gas among 

several series of storage tanks. 

The brick-checkenvork diameter within each storage tank is 3.0 m, 

in consideration of storage tank size limitations. The brick checker-

work has 20.5 mm gaps between adjacent bricks. This gas flow-channel 

size allows easy checkerwork fabrication. About 21% of the total cross-

sectional area of the checkerwork is composed of the channels for gas 

flow, providing 1.50 m
2 

of gas-flow area through a 3.00 m diameter 

checkerwork. This channel size provides 170 m of channel perimeter 

at any cross section in a tank, The heat-transfer model assumes that 

145 m of this perimeter is effective in heat transfer. 

4.2b Design of the Steel Tanks 

The use of welded, carbon-steel vessels for pressure containment 

and brick storage is backed up by years of experience. No problems 

are ancicipated in adapting these vessels to meet our storage require-

ments. Storage vessel wall and head thicknesses were chosen based on 

the recommendations given in the ASME Boiler and Pressure Vessel Code: 

1 
Section VIII I Specifications made in sizing the welded, 
~~~~~~~~.--~~~= 

carbon-steel pressure vessels were as follows. Vessel design assumed 

an internal pressure of 3.8 MFa, 10% above the expected working pressure. 
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Storage vessel joints were assumed to be fully radiographed butt joints, 

as attained by double-welding, allowing use of a joint efficiency of 

1.00 in calculating vessel thicknesses. SA~5l6. Grade 70 carbon steel 

was the preferred material of construction because of its high tensile 

strength and relatively low cost. 

Welded, carbon-steel tanks can be shop fabricated and shipped to 

location or fabricated on location. Rail shipping of shop-fabricated 

vessels limits vessel dimensions to lengths less than 27.4 m, outside 

diameters less than 3.86 m, and weights under 90,000 kg.
6 

Fabrication 

on location allows construction of much larger vessels. Increasing 

the vessel diameter decreases the ratio of surface area to volume, 

decreasing the heat loss, and decreasing the fraction of storage volume 

devoted to insulation. These benefits are offset by a substantial cost 

increase if vessels are fabricated on location.
6 

Shop-fabricated 

vessels were chosen for use in this solar power plant design in an 

attempt to minimize storage vessel costs. 

Shop-fabricated vessels are restricted in size by the necessity 

of shipping them by railroad, The conceptual design for a welded, 

carbon-steel storage tank is shown in Fig. 4-2. The 17.6 m long cylin­

drical portion of each storage tank is filled with magnesia bricks and 

kaowool-block insulation. Both ends of the tank are closed by tank 

heads, which allow for gas distribution into flow channels through the 

checkerwork. Large pipes (1.0 m flow diameter) are used between storage 

tanks to keep expansion and contraction pressure losses small. This 

allows fairly even gas flow-distribution among all the flow channels. 
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(a) 

Storage tank 
head, 1.7 m ~. Storage tank filled with -I 

Tank inside diameter 
3.36 m 

Storage tank 
head, 1.7 m 

T.ank outside J =( I Di Interconnecting 
diameter, pipe, 1.0 m flow 
3.47 m diameter 

~--~~~~~~--~--~~~~~~ 

~ brick checkerwork, 1 m --1 

(b) 

XBL 797- 2189 

Fig. 4-2. Conceptual design of the welded carbon-steel storage tanks; 
(a) is a cross-sectional view of the storage tank filled 
with brick checkerwork and (b) is a longitudinal view of 
the storage tank design. 
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The choice of 180-rom thick insulation inside the storage tanks 

was made on the basis of a trade-off between the annual fixed costs 

for capitalization. operating, and maintenance, and the annual value 

of thermal losses. This trade-off is displayed graphically in Fig. 4-3. 

In this study, the diameter of the brick checkerwork was specified to 

be 3.0 m. Increasing insulation thickness required use of a larger 

storage tank and also increased the amount kaowool-block insulation 

required. Determination of the total installed cost of an incremental 

length of storage tank was made following the methods outlines in 

Appendix I and was related to the annual fixed costs by assuming that 

annual capitalization. operating. and maintenance charges amounted to 

18% of total installed cost. Estimations of the heat flux to the 

surroundings from the storage unit were based on a series of assumptions 

discussed below. These estimations were combined with the expected 

operating cnnditions outlined in Table 2-4 to estimate the annual 

thermal losses. The value of these losses was estimated by assuming 

thermal energy to be worth $40 per MWt-hr. This insulation-thickness 

analysis showed that 180 rom was a reasonable thickness for the kaowool­

block insulation inside each storage tank. 

Heat-flux estimation requires that assumptions be made concerning 

the brick and storage tank temperatures and the thermal conductivity 

of porous kaowool block filled with helium. The thermal conductivity 

of kaowool block in a helium atmosphere is assumed to equal the thermal 

conductivity of the helium that fills its pores. This assumption is 

examined in greater detail in Chapter 2.lc. The storage tank wall 
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Fig. 4~3. Determination of the range of acceptable storage tank insula~ 
tion thicknesses. This figure was prepared for a storage 
tank containing a 3.0~m~diameter checkerwork. Helium is the 
heat~transfer gas. The estimation of heat flux through the 
insulation is discussed in Chapter 4.2b. Thermal energy is 
assumed to have a value of $40 per MWt-hr. The annual fixed 
costs per incremental length of storage tank for capitaliza~ 
tion. operating. and maintenance are estimated to total 18% 
of the incremental installed costs. 
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temperature is assumed to be close to ambient temperature (300 0 K), since 

there will be minimal heat-transfer resistance between the tank and 

the atmosphere. Brick temperatures vary with both bed position and 

time. The appropriate brick temperature for use in estimating the heat 

flux from the discharged storage unit is the mass-averaged brick 

temperature over the entire bed at the end of discharging (669°K), The 

average heat flux during each charging/discharging cycle is estimated 

assuming the bricks are at the entire bed mass-averaged brick tempera-

ture after charging (1039°K) half the time and at the entire bed mass-

averaged brick temperature after discharging (669°K) the other half. 

4.2c Layout of the Storage Tanks 

The conceptual layout of the field of storage tanks is shown in 

Fig, 4-4. Six tanks are required in series to provide the required 

106-m length of brick checkerwork. Tanks are stacked two high, eight 

across, and three in a row, The three tanks in each row are joined 

in series by short (3m) pipes. Gas turnaround piping joins the top 

and bottom rows at one end connecting six tanks in series, Two gas-

distribution manifolds connect eight of these tank series together in 

parallel to provide a storage unit with a total of 12,0 m
2 

of cross-

2 
sectional area for gas flow and a total of 56.5 m of brick-checkerwork 

cross-sectional area, Two control valves regulate gas flow through 

and around the storage tanks. 

4,2d Estimated Costs of the Storage Unit 

A summary of sensible-heat storage subsystem costs and energy 

losses is presented in Table 4-4, The storage design chosen is 
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Table 4-4. Sensible-Heat Storage Subsystem Summary 

Thermal Energy Stored per Cycle -
Average Storage Heat Loss per Cycle -
Thermal Energy Returned per Cycle -
Annual Thermal Energy Input to Storage -
Annual Heat Losses from Storage ~ 

Mass of Magnesia Bricks for the Storage Unit -
Number of Storage Tanks -
Inside Diameter of Storage Tanks ~ 
Length of Storage Tanks -
Volume of Storage Tanks -
Total Volume of the Storage Unit -

Gas Flow Rate Range. Charging -
Inlet Gas Velocity Range. Charging -
Inlet Reynolds Number Range, Charging -
Pressure Drop Range. Charging -
Gas Flow Rate Range. Discharging -
Inlet Gas Velocity Range, Discharging -
Inlet Reynolds Number Range. Discharging -
Pressure Drop Range. Discharging -

Average Pressure Drop. Charging -
Average Parasitic Pumping Power. Charging -
Average Pressure Drop. Discharging -
Average Parasitic Pumping Power. Discharging -
Annual Parasitic Pumping Energy 

Installed Storage Tank Cost* -
Installed Magnesia Brick Cost* -
Installed Storage Tank Insulation Cost* -
Installed Storage Piping. Headers. and Valves Cost* -

Total Installed Cost of the Sensible-Heat 
Storage Unit* -

* Costs are as of June, 1978. 

1.510 MWChr 
230 MWChr 

1.280 MWChr 
387.000 MWChr 

60.000 MWt-hr 

13.8X1Q6 kg 
48 

3.36 m 
21.0 m 

180 m3 

9000 m3 

74 kg/s-162 kgls 
4.1 m/s-8.9 mls 

4.500 - 9.900 
3 kPa - 25 kPa 

99 kg/s-182 kg/s 
3.0 mls - 5.5 mls 

9,500 - 17.000 
8 kPa- 20 kPa 

9 kPa 
0.7 MWe 

11 kPa 
0.9 MWe 

2,500 MWe-hr 

$19.500.000 
$9,200,000 
$5,800,000 
$1.700.000 

$36,200,000 
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successful in keeping parasitic pumping losses low. The annual 

parasitic pumping energy through storage (2,500 MW -hr) is less than 
e 

1% of the gross electric generation. Thermal losses from storage are 

more critical, however, amounting to over 15% of the thermal energy 

placed in storage each year. The primary reasons for these high 

thermal losses are the large ratio of surface area to volume for the 

small-diameter storage tanks and the high thermal conductivity of 

kaowool-block insulation in a helium atmosphere. The costs of various 

subsystem components were estimated following the procedures described 

in Appendix I. The total installed cost of the sensible-heat storage 

subsystem is $36,200,000 based on prices in June of 1978. The storage 

subsystem cost is particularly sensitive to the price of storage tanks, 

which for this design represented 54% of the total subsystem cost. 

4.3 THE HEAT-EXCHANGE SUBSYSTEM 

The heat-exchange subsystem effects energy transfer from the heat-

collection subsystem or the heat-storage subsystem to the power-

generation subsystem. Power is generated by running a Rankine-cycle 

turbine-generator. The heat-exchange subsystem provides separate sets 

of exchangers for heating feedwater, boiling the saturated liquid, 

superheating this steam, and reheating this steam after it is partially 

expanded. Figure 4-5 shows the flow arrangement for the heat-exchange 

subsystem. The heat-transfer gas and water/steam pass in opposite 

directions through a series of single pass, countercurrent heat ex-

changers. This flow arrangement has been chosen to minimize the total 

size of the heat-exchange subsystem by providing the largest possible 
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Fig. 4-5. Flow arrangement for the heat-exchange subsystem. 
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log~mean temperature differences in the superheater and in the reheater. 

Hot heat-transfer gas flow is first split between the superheaters and 

the reheaters. These flows are then recombined and passed first through 

the boilers and then through the feedwater heaters. 

The proposed designs for the superheaters, boilers, and feedwater 

heaters are presented in Table 4~5. The heat-transfer gas, at a 

moderate pressure (3.45 MPa) , flows through the shell side of each 

exchanger. Each exchanger shell is fabricated from carbon steel with 

an inside diameter of 1.72 m. The exchangers are insulated internally 

with 100 mm of kaowool-blanket insulation to reduce thermal losses. 

The proposed exchanger design uses 19-mm (3/4-inch) OD exchanger tubes 

laid in a 40-mm (1 9/l6-inch) square-pitch pattern. This large tube 

separation is effective in reducing the shellside parasitic pumping 

power losses, although it limits heat-transfer area per exchanger. The 

power required to push the heat-transfer gas into and out of the ex­

changers accounts for most of the pumping-power requirement for the 

heat-exchange subsystem. Large-diameter (1.44 mID). insulated inlet 

and outlet pipes are used to allow gas flow across a longer length of 

the exchanger tubes, in an attempt to reduce these important exchanger 

entering and exiting losses. Table 4-5 also summarizes exchanger 

tubing details. The superheating and reheating exchangers require 

316 stainless steel tubes because of high operating temperatures. 

Carbon-steel tubes are adequate for the operating conditions found in 

the boilers and feedwater heaters. 

The numbers and sizes of the various power-generation heat 



Table 4~5. Proposed Basic Exchanger Designs 

Basic Exchanger Description 

Shell Construction ~ 
Shell Inside diameter -
Kanwool-blanket insulation thickness -
Insulation Inside diameter ~ 
Tube outside diameter -
Tube Layout -

Number of tubes per exchanger -
Tube outside perimeter per exchanger ~ 
Effective diameter, shell side -
Shell side cross-sectional flow area 

per exchanger -
Heat-transfer gas flow -
Water/Steam flow -

Exchanger Tubing Details 

Superheaters and 

Tube Construction 316 
Tube Outside diameter, rom 
Tube Inside diameter. rom 
Tube B.W.G. gage 
Tube side cross-sectional 

flow area per exchanger, m2 

Heat Transfer Gas Piping Details 

Piping Construction -

stainless steel 
19.0 
14.8 
14 

0.179 

Piping Inside Diameter -
Kaowool-Blanket Insulation Thickness ~ 
Insulation Inside Diameter -
Piping Positioning ~ 

Exchanger Positioning -

Carbon Steel 
1. 72 m 
100 rom 
1.52 m 

.0 rom (3/4") 
Tubes laid out in 
a 1 9/16" sq. pitch 
1036 

62 m 
92 rom 

2 
1.53 m 
Shell side 
Tube side 

Boilers and Feed­
wat 

carbon steel 
19.0 
13.5 
12 

0.148 

Carbon Steel 
1.44 m 

120 rom 
1.20 m 
Inlet and outlet 
pipes are on 
opposite ends and 
opposite sides of 
each exchanger 
Exchangers are 
laid side by side 
to minimize the 
lengths of inter­
exchanger pipes. 
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exchangers are shown in Table 4-6. Table 4-6 also shows the required 

numbers and lengths of heat-transfer gas piping within the heat­

exchange network. 

Table 4-7 summarizes the operation of the heat-exchange subsystem 

and the estimated cost. The proposed exchanger design reduces both 

the thermal losses and the required parasitic pu~ping power to accept­

able levels (~2% of the energy transferred). The estimated total 

installed subsystem cost is $7,000,000 based on June, 1978 price levels. 

4.4 THE GAS-CIRCULATION SUBSYSTEM 

Thermal energy is transferred within the heat-collection, storage. 

and heat-exchange subsystems by a heat-transfer gas. Figure 4-6 shows 

the conceptual piping arrangement of the gas-circulation subsystem. 

Daytime operation involves pumping the gas from storage through the 

heat exchangers to the main gas compressor, splitting the flow so that 

most of the gas flows through the central receiver while part is by­

passed, and finally returning all of the gas to the storage subsystem. 

At nighttime, gas is pumped between the heat exchangers and the storage 

unit. Two flow-control valves regulate the gas flow. The placement 

of the main gas compressor, so that the heat-transfer gas is recompres­

sed at its lowest temperature, minimizes the compressor work required. 

Piping runs between the heat-exchange network and the storage unit are 

short to reduce their cost. Longer piping runs are required between 

the storage unit and the central receiver, which is mounted on top of 

a 300-m tall tower. 

A single-stage axial compressor is used for gas circulation. This 
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Tabl@ 4-6. Sizing Ca1culationa for the Heat Exchanger Network 

Total required heat duty, MW
t 

Number of exchanger series in parallel 

Total outside tube perimeters for parallel 
exchangers, m 

Total ahell side gas flow, kg/s 

Shell side gas film heat-transfer 
coefficient, W/m 2 oK 

Total tube side water/steam flow, kg/s 

Tube side gas film heat-transfer 
coefficient, W/m2 oK 

Overall heat-transfer coefficient based 
on the outside tube area, W/m2 oK 

Log-Mean average temperature difference, oK 

Minimum area needed to meet the heat 
duty, m2 

Practical exchanger length, m 

Available surfac@ area per exchanger, m2 

Number of exchangers required in series 

Total number of exchangers required 

Heat Transfer Gas Piping 

Connectors Between Piping from Storage 
and Superheaters or Reheaters -

Interconnectors Between 6 sets of 
7 exchangers in aeries -

Connectors Between Feedwater 
Heaters and Piping to Storage -

Superheater Boiler Feedwater 
Heater 

73.9 92.8 52.3 

4 6 6 

248 372 372 

126 182 182 

370 360 360 

90 >180 90 

900 >3300 2000 

240 310 290 

86 73 57 

3600 4100 3200 

4.88(16ft) 6.10(20ft) 4.88(16ft) 

300 380 300 

3 2 2 

12 12 12 

6 - 1000 pipes 

6 x 6 - 2m pipes 

6 - 1000 pipes 

Reheater 

33.0 

2 

124 

56 

340 

81 

1200 

250 

78 

1700 

4.88(16£t) 

300 

3 

6 



Table 4-7. Heat~Exchange Subsystem Summary 

Exchanger Network Heat Duty -

Annual Thermal Energy Exchanged -

Annual Heat Losses from the Heat-Exchange 
Network* -

Gas Flow Rate -

Inlet Gas Velocity Range -

Inlet Reynolds Number Range -

Average Pressure Drop -

Parasitic Pumping Power -

Annual Parasitic Pumping Energy -

Total Installed Heat-Exchange Subsystem Cost** -

'* 

252 MW 
t 

12,000 MW -hr 
t 

182 kg/s 

9.6 kg/s-lO.7 kg/s 

42,000-47,000 

0.009 MPa 

0.7 MW 
e 

2400 MW -hr 
e 

$7,000,000 

Annual heat losses from the exchanger network have been estimated 
assuming that the exchangers and gas piping are at operating 
temperature. 24 hr/day. 256 day/year and are at ambient temperature 
the remainder of the time. 

** Costs are as of June, 1978. 
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Fig. 4-6. The proposed arrangement for the gas-circulation subsystem. 
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type of compressor typically has external losses of about 2% of the 

drive power, and internal losses of about 11% of the drive power.
31 

The compressor can be steam driven or driven by a three-phase electric 

motor. An electric motor of the required size will have a drive 

efficiency of about 92% [23, p. 460], or external losses of about 8% 

of electric power required. Combining these estimates shows that about 

10% of the electric power supplied to the drive motor is externally 

dissipated due to frictional losses. An additional 10% of the electric 

power supplied to the drive motor is internally dissipated raising the 

gas temperature, but not compressing the gas. The remaining 80% of the 

electric drive power provides useful gas compression, as well as heating 

the gas. It is assumed that decreasing the compressor head during dis­

charge to about 40% of the compressor head during charge will not 

affect the efficiency of compression. If the error in this assumption 

is too large. separate compressors may be desirable to handle daytime 

and nighttime operations. Addition of a second compressor will not 

have a significant effect on the solar power plant since cost of a 

gas compressor is only about 0.5% of the total cost of the power plant. 

Piping selection involves determining the effects of important 

piping parameters on the sum of the annual fixed charges and the annual 

value of energy losses for an incremental length of piping for each 

expected set of operating conditions. The annual fixed charges for 

capitalization, operating, and maintenance were estimated to be 18% 

of the total installed costs. This estimate included 14% of the total 

installed cost per year for capitalization and 4% per year of the total 



installed cost for operating and maintenance costs. For these piping 

design studies, electric energy and thermal energy were assumed to be 

worth $100 per MWe-hr and $40 per MWt~hr respectively. These energy 

values are in good agreement with the predicted electric energy cost 

discussed in Chapter 4.6. 

Figure 4-7 shows graphically how the insulation thickness was 

chosen for the storage-to-heat-co1lection piping. A kaowoo1-blanket 

insulation thickness of 120 mm was chosen, although the graph shows 

that any insulation thickness between 60 mm and 120 mm would very 

likely be acceptable. This graph does not consider gas pumping power, 

which should not change since the pipe diameter available for flow 

remains fixed. 

Selection of the flow diameter for the storage-to-heat-collection 

piping was based upon an attempt to minimize the sum of the annual 

fixed charges, the annual value of the thermal losses, and the annual 

value of parasitic pumping energy required for an incremental length of 

straight pipe. Figure 4-8 shows that the chosen flow diameter of 1.8 m 

is well within the range of reasonable flow diameters (-1.6 m to ~2.0 m). 

The calculations shown graphically in Figs. 4-7 and 4-8 were 

carried out for all four piping runs. The details of the proposed 

designs for the gas-circulation piping are shown in Table 4-8. Table 

4-8 also contains information on the expected heat losses and expected 

pressure drops for incremental lengths of piping along each piping run. 

The operation of the gas-circulation subsystem is summarized in 

Table 4-9. Compressor operation requires an average of 6.0 MW during 
e 
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Key 
6, Annual fixed costs per incremental length 

o Ann ual ue of thermal losses per 
incremental length 

Sum of annual fixed costs and annual 
ue of thermal losses per ere mental 

length 
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Fig. 4~7. Determination of the range of reasonable plplng insulation 
thicknesses for the storage~to-heat~collection piping run. 
This figure was prepared for a pipe with a 1.8 m flow diameter. 
Helium gas at a temperature of 600 0 K flows through the pipe. 
This piping run is in use 8 hours per day, 256 days per year. 
Thermal losses from the pipe are calculated assuming the pipe 
wall temperature is approximately ambient temperature (300 0 K) 
and assuming that the thermal conductivity of kaowoo1~b1anket 
insulation filled with helium equals the thermal conductivity 
of helium. Thermal energy is assumed to have a value of $40 
per MWt-hr. The annual fixed costs per incremental length of 
piping-for capitalization. operating and maintenance are 
estimated to total 18% of the incremental installed costs. 
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Fig. 4-8. Determination of the range of reasonable plplng flow diameters 
for the storage-to-heat-co11ection piping run. Piping insula­
tion was 120 rum thick for this study. Helium flows through 
this piping run at a temperature of 600 0 K and a mass flow rate 
of 173 kg per second. This piping run is in use 8 hours per 
day, 256 day per year. The electric energy usage for parasitic 
gas pumping is estimated assuming gas recompression at 600 0 K 
and assuming an equivalent roughness for insulation lined 
pipes of 10 mm. Thermal energy losses are calculated as 
described in Fig. 4-7. The values of energy losses have been 
estimated to be $100 per MWe-hr and $40 per MWt-hr. The 
annual fixed costs per incremental length of piping for 
capitalization. operating. and maintenance are estimated to 
total 18% of the incremental installed costs. 
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Fig. 4-8. 



Table 4-80 Gas-circulation Piping Design Details 

Piping Operational Conditions 

Helium Mass Flow Rate, kg/s 

Helium Temperature, oK 

Assumed Pipe Temperature, oK 

Daily Length of Operation, hro 

Days of Operation Expected Annually 

Proposed Piping Design* 

Pipe Flow Diameter, m 

Kaowool-Blanket Insulation Thickness, rum 

Pipe Inside Diameter, m 

Pipe Wall Thickness, rum 

Installed Piping Cost per Length, S/m 

Piping Length, m 

Number of 90° Bends 

Equivalent Length for Calculation of 
Pressure Drop, m 

Piping Operational Details 

* 

Expected Heat Loss Per Length, MWt/m 

Expected Pressure Drop per Equivalent 
Length, Palm 

Heat­
Exchangers­
to-Storage 

182 

600 

300 

14.0 

256 

L80 

120 

2004 

39 

5400 

50 

2 

165 

0.0034 

18 

Pipes are constructed of SA-516, Grade 70 carbon steel. 

Storage-to­
Heat­

Collection 

173 

600 

300 

800 

256 

L80 

120 

2.04 

39 

5400 

350 

3 

520 

000034 

17 

Heat­
Collection­
to-Storage 

173 

1089 

300 

8.0 

256 

1.80 

180 

2.16 

41 

6700 

350 

3 

520 

0.0081 

31 

Storage-to­
Heat­

Exchangers 

182 

867 

300 

14.0 

256 

1.80 

180 

2.16 

41 

6700 

50 

2 

165 

0.0052 

27 



TBbie 4-9. Ga.-Clrculation Subsystem Summary 

CompreS60fti 

Compressor Design -

Gas Maa. Flow Rate -

Gas Temperature -

Single Stage, rut in I Compressor 

182 kg He/. 

600 "I( 

Gas Volumenic Flow Rate - 66 m 3 He/s 

0.066 MFa - 0.088 MFa 

6.0 MWe 

Required Compression Head Range Charging -

Average Total Compressor Power, Charging -

Required Compression Head Range, Discharging - 0.025 MFa - 0.037 MFa 

2.4 MW e Average Total Compressor Power, Discharging -

Annual Electric Energy U.age by CompreBsors - 15,200 !-fu' -hr • 
Annual Thermal Energy Added by Compressors to the Gas - 14,000 MW

t 
-hr 

Piping and Valves 

Gas Flow Rate, kgls 

Gas Velocity, mls 

Reynolds Number 

Pressure Drop, MPa 

Parasitic Pumping Power, MWe 

Annual Parasitic Pumping f.nergy, M\J e -hr. 

Annual Heat Losses, MMt-hr 

Installed Costs as of June, 1978 

Piping Installed 

Flow Control Valves Installed Cost -

Gas Compressor Installed COSt -

Heat- Storage-
Exchanger-- to-Heat-
to-Storage Collection 
Piping Run Piping Run 

182 173 

25.7 24.6 

4,200,000 4,000,000 

0.0030 0.0089 

0.25 0.74 

800 1,500 

600 2,1000 

$4,800,000 

$400,000 

$400,000 

Total Installed Gas-Circulation Subsystem Cost - $5,600,000 

Heat-
Collee t ioo-
to-Storage 
Piping Run 

173 

44.8 

2,600,000 

0.0162 

1. 33 

2,700 

5,800 

Storage-
to~Heat~ 

Exchangers 
Piping Run 

182 

37.4 

3,200,000 

0.0045 

0.37 

1,200 

900 

Total 

Charge-0.0326 
Discharge-O.OO;) 

Charge-c.7 
Discharge-0.6 

6,200 

10,000 



the daytime and an average of 2.4 MW at night. Pumping the gas through 
e 

the piping is responsible for almost half of the daytime recompression 

head. About 1% of the total annual thermal energy collected by the 

receiver is dissipated from gas-circulation piping, but this is 

compensated for by annual addition of 14,000 MWt-hr to the gas by the 

compressors. Gas piping costs are estimated to be $4,800,000. Flow-

control valves and the main gas compressor are each estimated to cost 

$400,000. The installed cost for the gas-circulation subsystem is 

$5,600,000 based on June, 1978 prices. 

4.5 THE POWER-GENERATION SUBSYSTEM 

The proposed solar power plant generates electricity by use of a 

Rankine-cycle turbine-generator, condenses the exhaust steam in an 

indirect condenser and rejects heat from a natural-draft, dry-cooling 

tower. The turbine selected is a high-backpressure, reheat design 

compatible with the higher condenser temperature expected for a dry-

cooled unit. Turbine inlet steam conditions are SlloK (lOOO°F) and 

12.4 MFa (1800 psia) for superheated steam and 81loK (IOOO°F) and 

3.2 MFa (460 psia) for reheated steam. Feedwater is preheated with 

extraction steam to improve the cycle efficiency of electric generation. 

Layout of the power-generation subsystem discussed above is displayed 

in Fig. 4-9. 

A high-backpressure turbine with a dry-cooling tower was used in 

the proposed solar power plant to reduce the overall water requirements. 

A number of recent water-availability studies indicate that most of 

the southwestern United States will be short of water before the year 
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Fig, 4-9. Layout of the power-generation subsystem, 
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2000.
8 

Acceptable water-usage levels for power plants built in water-

limited regions will be very low. A comparison of the relative advan-

tages of wet-cooled and dry-cooled solar power plants is given in 

Chapter 5.7. 

The present status of dry-cooling tower development and acceptance 

is discussed in detail by Rossie and Cecil.
28 

Dry-cooling towers have 

seen only limited use in the United States, but are more common in 

Europe, GEA Airexchangers. Inc. has discussed building dry-cooling 

towers with several United States utility companies. The dry-cooling 

tower cost estimate was based on their price formula (28, p.127). The 

approximate size of a natural-draft cooling tower to meet the required 

heat duty of 152 MWt is given in Table 4-10. Cooling tower dimensions 

were estimated by interpolation from dimensions given for a cooling 

tower capable of rejecting 800 MWt (28, p.3l8). 

The design of high-backpressure turbines is an area which has only 

recently received attention. General Electric announced plans in 1971 

to develop designs for a series of high-backpressure turbines suitable 

f . 250 MW to 750 MW .19,20 or generatlng .. 
e e 

It was hoped that these tur-

bines would be ready for shipping in 1976. Substantial design effort 

may still be required before a suitable 100 MW turbine design is 
e 

developed, Since a suitable turbine design in the 100 MW range has 
e 

not been developed, turbine performance and steam turbine flow arrange-

ments were estimated based on the heat balance prepared for the 330 MW , 
e 

high-backpressure "Black Hills" turbine.
12 

Overnight shutdowns of the turbine complicate the design. Peaking 



Table 4~10. Approximate Size of the Natural~Draft Dry~Cooling Tower* 

Heat Rejection from the Cooling Tower ~ 152 MW 
.~ t 

Initial Air/Water Temperature Difference 
in the Dry~Cooling Tower ~ 28 oK 

Diameter of the Cooling Tower Stack ~ 45 m 

Total Height of the Dry·~Cooling Tower ~ 115 m 

Diameter of the Cooling Delta Skirt ~ 50 m 

Distance from the Turbine to the Tower - 90 m 

* - Cooling tower dimensions have been estimated by interpolation from 
dimensions given for a cooling tower capable of rejecting 800 MWt 
(28, p.3l8). 
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turbines sui table for daily, cold startups were deemed unacceptable 

for the proposed design because of their low efficiencies, This 

decision mandated that the turbine must be kept hot overnight, either 

by continuously discharging storage at a moderate rate, or by dis-

charging most of the stored energy rapidly and saving a small fraction 

of the stored energy to keep the turbines warm the remainder of the 

night. The proposed solar power plant discharges most of the stored 

energy rapidly, Jv1aintaining the turbines at "hot standby" is estimated 

to require about 5% of the design heat input or about 13 MW
t

, The 

turbine must be kept hot for 10 hours, so this heat loss reduces the 

length of the discharge cycle by about one-half hour per day. Chapter 5 

discusses the possibility of discharging storage overnight at a constant 

rate, 

Table 4-11 contains the power-generation subsystem summary. The 

gross efficiency of the turbine-generator is 39,7%, converting 252 MW
t 

into 100 MWe' Most of the remaining 152 MWt must be rejected by the 

dry-cooling tower. Energy losses from the power-generation subsystem 

are relatively high, Thermal losses associated with maintaining the 

turbines at lIhot standbylJ amount to 3,5% of the energy absorbed in the 

central receiver, and parasitic power to run the turbine feed pumps 

and circulate cooling water decreases the net electric generation by 

3,5 MW. The total installed cost of the power-generation subsystem 
e 

is estimated to be $10,000,000 based on June, 1978 prices, 

4.6 AN OVERVIEW OF THE SOLAR POWER PLANT 

Previous sections in this chapter have discussed operational 
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Table 4-11. Power-Generation Subsystem Summary 

Heat Input to the Turbine-Generator -

Turbine Description -

252 MW 
t 

12.4 MPa. 811 K/811 K; high 
back pressure turbine 

Gross Turbine-Generator Efficiency - 0.397 MWe/MWt 

Gross Electric Power Generation - 100.0 MW 
e 

Heat Rejection from the Cooling Tower - 152 MW
t 

Cooling Tower and Condenser Description - Indirect condenser with heat 
rejection from a natura1-
draft dry-cooling tower. 

Initial Air-Water Temperature Difference 
in the Dry-Cooling Tower -

Estimated Heat Requirement to Maintain 
the Turbine at Warm Standby -

Annual Heat Loss from Turbine at Warm 
Standby -

Parasitic Power to Run Turbine Feed 
Pumps -

Parasitic Power for Cooling Water 
Circulation -

Annual Parasitic Energy Use for Power 
Generation -

Installed cost of the Turbine-Generator. 
Pumps, and Extraction Steam Feedwater 
Heaters* -

Installed Cost of the Dry-Cooling Tower 
and Condenser* -

Total Installed Cost of the Power­
Generation Subsystem* -

* - Costs are as of June. 1978. 

13 MW
t 

32.000 MW -hr 
t 

2.3 MW 
e 

1.2 MW 
e 

11.000 MW -hr 
e 

$6.500,000 

$3.500.000 

$10.000.000 
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details and costs for each of the solar power plant subsystems. This 

section examines the operation and cost of the entire solar power plant, 

and attempts to determine the impact of the sensible~heat storage unit 

on the cost of electricity generated by the solar power plant, 

Table 4~12 gives an overall summary of the proposed solar power 

plant design, The annual net thermal energy absorbed by the heat-

transfer gas is 906.000 MWt~hr. This figure includes heat absorbed in 

the central receiver and heat absorbed during gas compression. Assorted 

thermal losses reduce the annual thermal energy available for power 

generation by 12% to 792,000 MWt~hr. This is sufficient energy to 

allow an average of 12.3 hours of operation at full capacity per day, 

256 days per year. Since the power plant is in operation whenever 

heat is available from the central receiver, the average length of the 

charge period is 8,0 hours per day, and the average length of the dis-

charge per~od is 4,3 hours per day, The gross electric generation is 

100,0 MW whenever the power plant is operating at full capacity. 
e 

Parasitic power losses during charging total 9.6% of the gross genera-

tion. leaving 90.4 MW net electric power generation, At nighttime, 
e 

no gas is pumped through the receiver. cutting parasitic power losses 

to 5.9 MW and providing a net electric generation of 94.1 MW • 
e e 

The proposed solar power plant provides 288,000 MW -hr net annual 
e 

electric energy generation. Adding the installed costs for each sub-

system gives a total installed solar power plant cost of $139,000,000 

based on June, 1978 prices. Assuming that capitalization, operating, 

and maintenance costs total 18% of the installed cost each year, the 



Tmhl@ 4-12. An Overell Summary of the Proposed Solar Power Plant Deoign 

Ann""l Wet ThenMl Energy Input to the Central Ileceiver -

AnnUAl Thermal Energy l~put by the Cms Compre.sor -

Annud Themal Energy Lou"s -

Storage Subgystem -

Ileat-Exchrulge Subgyot"'" -

C •• -Girculation Subsy.t~ -

Power-Gener.tion Subsystem -

Annual Thermal Energy Available for Power Generation -

Number of Days of Operation Annually -

Average Length of Daily Operation at Full Capacity -

Average Length of Daily Charging Period -

Average Length of Daily Discharging Period -

Gross Electric Generation, Charging and Discharging -

Para~ltlc Power L085"8, Charging -

Heat-Collection Subsystem -

Storage SubSY8tO!ID -

Heat-Exchange Subsystem -

Gas-Gircu1atlon Sub8yst~ -

Power-Generation SUDsystO!ID -

Net Electric Power Generation, Charging -

ParBsitic Power Losses, Discharging -

Storage Subsyst"m -

Heat-Exchange Subsystem -

Gas-Girculation SubsystO!ID -

Power-Generation Subsystem -

Net Electric Power Generation, Discharging -

Subsystem Install"d Costs (June, 1978) 

Heat-Gollection SubsyatO!ID -

Storage Subsystem -

Heat-Exchange Subsystem -

G&s-Girculation SubmystO!ID -

Power-Generation Subsystem -

Net Thermal Efficiency of the Solar Power Plant -

Net Annual Electric Energy Generation -

Total Installed Coat of the Solar Power Plant -

Estimated Annual Cost of the Soler Power Plant for 
Capitalization, Operating, and Maintenance* -

Estimated Annual Coat per Net Annual Electric C""eration -

892,000 

14,000 

MW -hr 
t 

MW -hr 
t 

-114,000 MW
t 
-hr 

-60,000 MWt-hr 

-12,000 MWt-hr 

-10,000 MWt-h, 

-32,000 11\,\ -hr 

792,000 MWt-hr 

256 Days 

12.3 hours 

B.O hours 

4.3 hou!'s 

100.0 MW 
e 

9.6 11\,' 
e 

1. 8 M;; 
e 

0.7 MW 
e 

0.9 MI.' 
e 

2.711\,' 
e 

3.5 11\,' 
e 

90.4 MI.·
e 

5.9 l1\,'e 

0.9 11\,' 
e 

0.9 11\,' 
e 

0.6 11\,' 
e 

3.5 m: e 
94.1 MW 

e 

SSO,300,OOO 

$36,200,000 

$ 7,000,000 

5,600,000 

S10,OOO,OOO 

0.323 MW -hr/M;; -hr 
e t 

288,000 MW -hr 

" $139,000,000 

$ 25,000,000 

87 per l1\,'e -hr 

* - Capitalization coets are estimated to be 14% per year of the total installed cost. Operating ID1d 
maintenance coats ere estimated to be 4% ~r year of the total install@d cost. 
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annual cost of this solar power plant is estimated to be $25.000,000. 

Dividing the annual solar power plant cost by the net annual electric 

energy generation gives an estimated electric cost of $87 per MW -hr. 
e 

The impact of sensible-heat storage on the cost of electricity 

generated by the proposed solar power plant is examined in Table 4-13. 

A comparison is made between the operations and costs for this solar 

power plant and for a similar solar power plant with "ideal" storage. 

"Ideal" storage is used to describe a best-possible storage unit which 

experiences negligible energy losses and can be installed for a 

negligible cost. "Ideal ll storage provides a goal against which 

proposed storage unit designs can be compared. A solar power plant 

with ilideal" storage can provide 8% more net annual electric energy 

for a total installed cost which is 25% lower than the total installed 

cost of the proposed solar power plant design. Comparing the annual 

costs per net annual electric generation. the solar power plant with 

"ideal" storage produces electricity for $59 per MW -hr while the 
e 

proposed solar power plant produces electricity for $87 per MW -hr. 
e 

Increased capital costs represent 75% of this difference, while the 

decrease in electric production for the proposed storage unit raises 

the cost of electricity by $7 per MW ~hr. It must be noted that the 
e 

solar power plant with "idear' storage produces electricity at a lower 

cost than any real solar power plant. Even if the storage unit could 

be completely eliminated. increased costs would still be incurred due 

to the increased size of the heat~exchange subsystem and the increased 
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Table 4-13. The Impact of Sensible-Hent Storage on the Cost of Electricity Generated by this Solar 
Power PIllXlt. 

Annual Net The!~l Energy Input to the Central Receiver, MWt-hr 

Annual Thermal Energy Input by the Gas Compressor, MWt-hr 

Annual Thermal Energy Losses, MWt-hr 

Annual Thermal Energy Available for Power Generation, MWt-hr 

Average Length of Daily Operation at Full Capacity, hours 

Average Length of Daily Charging Period, hours 

Average Length of Daily Discharging Period, hours 

Gross Electric Generation, MWe 

Parasitic Power Losses, Charging, MWe 

Net Electric Power Generation, Charging. MWe 

Parasitic Power Losses, Discharging, MWe 

Net Electric Power Generation, Discharging, MWe 

Net Thermal Efficiency of the Solar Power Plant,MWe-hr/MWt-hr 

Net Annual Electric Energy Generation, MWe-hr 

Total Installed Cost of the Solar Power Plant, $ 

Estimated Annual Cost of the Solar Power Plant for 
Capitalization, Operating, and Maintenance,* $ 

Annual Cost per Net Annual Electric Generation, S/MWe-hr 

The Proposed 
Solar Power 
Plant Design 

892,000 

14,000 

-114,000 

792,000 

12.28 

8.00 

4.28 

100.0 

9.6 

90.4 

5.9 

94.1 

0.323 

288,000 

139,000,000 

25,000,000 

87 

Solar Power Plant with 
"Ideal" Storage; Energy 
Losses from Storage and 
Cost of Storage assumed 

892,000 

12,000 

-54,000 

850,000 

13.17 

8.00 

5.17 

100.0 

8.9 

91.1 

5.0 

95.0 

0.350 

312,000 

103,000,000 

18,500,000 

59 

1< 
-Capitalization, operating, and maintenance costs are estimated to be 18k of the total installed costs 
annually. 



-84-

size of the power-generation subsystem required to utilize all of the 

solar energy as it becomes available. 
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5. THE EFFECTS OF SEVERAL MAJOR DESIGN PARAMETERS ON 
COST AND OPERATION OF THE SOLAR POWER PLANT 

The proposed design for the solar power plant required specifica-

tion of a series of design parameters to meet the requirements of the 

study guidelines that were discussed in Chapter 2. This chapter 

examines how well these design parameters were chosen by studying the 

impact of several major design parameters on the cost and operation 

of the solar power plant. 

5.1 STORAGE-VESSEL DESIGN 

The proposed solar power plant uses welded carbon-steel pressure 

vessels for brick containment in the sensible-heat storage units. 

Chapter 4.2 discusses the decision to use shop-fabricated vessels in 

an attempt to reduce storage-vessel costs. This vessel design is backed 

by years of experience and should be easily adaptable to storage unit 

requirements. 

Siempelkamp Giesserei KG is presently developing a design for 

economical high-pressure!large-volume prestressed cast-iron storage 

13 vessels. Prefabricated, interlocking cast-iron blocks form the walls 

of a storage vessel that can readily be assembled on site. These blocks 

are held together by axial and tangential cables. The cables are 

prestressed to keep the walls under compression even when the vessel 

is pressurized. An internal liner is provided to prevent gas leaks 

from the vessel. 

Table 5-1 compares the use of welded carbon-steel storage vessels 

to the use of prestressed cast-iron vessels in the sensible-heat storage 
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Table 5-1. The Impact of Storage Vessel Design on the Sensible-Heat 
Storage Subsystem. 

Proposed Design: 
Welded Carbon­
Steel Storage 

Number of Storage Tanks 48 

Number of Storage Tanks in Series 6 

Inside Diameter of Storage Tanks, m 3.36 

Length of Storage Tanks, m 21.0 
3 Volume of each Storage Tank, m 190 

3 Total Required Storage Volume, m 9,000 

Thermal Energy Stored per Cycle. MW -hr 1.510 
t 

Thermal Energy Released per Cycle. MW -hr 1.280 
t 

Annual Thermal Energy Input to Storage. 
MW -hr 387.000 

t 
Annual Heat Losses from Storage, MW -hr 60.000 

t 
Annual Parasitic Pumping Energy, MW -hr 2,500 

e 
Installed Storage Tanks Cost*, $ 19.500,000 

Installed Magnesia Brick Cost*. $ 9,200,000 

Installed Storage Tank Insulation 
Cost*, $ 5,800,000 

Installed Storage Piping. Headers, 
and Valves Cost*. $ 1,700,000 

Total Installed Sensible-Heat Storage 
Subsystem Cost*. $ 36,200,000 

- Costs are as of June. 1978. 

Prestressed 
Cast-Iron 
Storage 

2 

2 

8.86 

59.0 

3,600 

7.300 

1,510 

1,440 

387.000 

19,000 

2.700 

6.400,000 

9,200,000 

2,000,000 

700,000 

18,300.000 
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subsystem. Prestressed cast~iron vessels can be field-assembled 

allowing the use of larger diameters and greater lengths for the storage 

tanks than could be done for shop-fabricated vessels. This reduces 

the number of storage tanks from 48 to 2. Larger storage vessel dia-

meters decrease the annual storage heat losses from 15% of the stored 

energy for the welded carbon-steel tanks to 5% of the stored energy 

for prestressed cast-iron vessels. Use of the prestressed cast-iron 

vessels also reduces costs for both the storage tanks and the storage-

tank insulation by 65%, cutting the total installed sensible~heat 

storage subsystem cost from $36,200,000 to $18,300,000. 

The impact of storage-vessel design on the solar power plant is 

reviewed in Table 5-2. Decreased thermal losses increase both the 

average length of daily operation at full capacity and the net annual 

electric energy generation for the solar power plant with prestressed 

cast-iron storage vessels. The increase in electric generation combined 

with the decrease in the total installed cost for the energy storage 

unit drops the cost of solar electricity from $87 per }~ -hr for the 
e 

proposed plant to $72 per MW -hr when prestressed cast-iron storage 
e 

vessels are used. 

5.2 CROSS-SECTIONAL AREA FOR GAS FLOW THROUGH THE STORAGE CHECKERWORK 

Design of the sensible-heat storage unit requires deciding on the 

number of channels for gas flow through the storage unit. Increasing 

the cross-sectional area for gas flow through storage decreases gas 

velocity and results in a lower pressure drop in the storage unit. 

However, at lower gas velocities the gas-film heat-transfer coefficient 



Table 5-2, The Impact of Storage Vessel Design on the Solar Power Plant 

Annual Net Thermal Energy Input to 
the Central Receiver, MWt-hr 

Annual Thermal Energy Input by the Gas 
Compressor, MWt-hr 

Annual Thermal Energy Losses, MWt-hr 

Annual Thermal Energy Available for 
Power Generation, MWt-hr 

Average Length of Daily Operation at 
Full Capacity, hours 

Gross Electric Generation, MW 
e 

Parasitic Power Losses, Charging. MW 
e 

Net Electric Generation, Charging, MW 
e 

Parasitic Power Losses. Discharging. MW 
e 

Net Electric Generation, Discharing, MW 
e 

Net Annual Electric Energy Generation, 
MW -hr 

e 
Total Installed Cost of the Solar 

Power Plant.* $ 

Estimated Annual Cost of the Solar 
Power Plant for Capitalization. 
Operating and Maintenance,*; '$ 

Annual Cost per Net Annual Electric 
Generation,* $/MW -hr 

e 

'* - Costs are as of June, 1978, 

** 

Proposed Solar-Power 
Solar-Power Plant with 

Plant Prestressed Cast-
Iron Storage 

Vessels 

892.000 892,000 

14,000 14,000 

-114,000 -73,000 

792,000 833,000 

12.3 12,9 

100,0 100,0 

9.6 9.6 

90.4 90,4 

5.9 6,0 

94.1 94,0 

288,000 303,000 

139,000,000 121,000,000 

25,000.000 21,800,000 

87 72 

- Capitalization, operating, and maintenance costs are estimated to 
be 18% of the total installed costs annually. 



will drop, resulting in an increase in the mass of bricks required to 

store the specified amount of thermal energy. Figure 5~1 shows the 

effects of the cross-sectional area for gas flow on net annual electric 

energy generation and cost. A large increase in the net annual electric 

energy generation is experienced when the cross-sectional area is 

2 2 
changed from 3.0 m to 6.0 m. Only minimal changes are noted for 

cross-sectional areas between 6.0 m
2 

and 18.0 m
2

• No alternative 

design for a solar pml7er plant was found in this study that allows 

generation of electricity at an appreciably lower cost than the proposed 

solar power plant with 12.0 m2 of flow~channe1 cross-sectional area 

through storage. 

5.3 OPERATING PRESSURE OF THE HEAT-TRANSFER :FLUID 

The operating pressure of the gas used as a heat-transfer medium 

affects the economics of the solar power plant. Low operating pres~ 

sures reduce wall thicknesses required for the gas piping, storage 

tanks. and heat exchangers. Capital costs are increased at high 

operating pressures. but less parasitic energy is used for pumping the 

gas. so that the net annual electric energy generation is also 

increased. Figure 5-2 displays the effects of the operating pressure 

of the heat~transfer fluid on electric energy generation and cost, 

The proposed solar power plant operating at a pressure of 3.45 MPa 

(500 psia) generated electricity for $87 per M\iJ -hr. Alternative 
e 

designs operating at pressures of 1.72 MPa (250 psia) and 5.17 MPa 

(750 psia) both generated electricity for $91 per ~~ -hr. 
e 
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Fig. 5-1. A parametric study on the effects of the cross-sectional 
area for gas flow through storage on the amount of electric 
energy generated and its cost. The values of other 
independent parameters are identical with the design 
parameters for our proposed solar power plant. The annual 
fixed costs for capitalization. operating. and maintenance 
are assumed to be 18% of the installed solar power plant 
costs. The costs for electric energy were estimated by 
dividing the annual fixed costs by the net annual electric 
energy generation. 
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Fig. 5-2. A parametric study on the effects of heat-transfer fluid 
operating pressure on the amount of electric energy generated 
and its cost. Other major design parameters are identical 
with the design parameters for our proposed solar power 
plant. The cost for electric energy was estimated based on 
the procedure discussed for Fig. 5-1. 



5.4 ELIMINATION OF NIGHTTIME ELECTRIC GENERATION 

The solar power plant can be designed to generate electricity only 

during the daytime. Such a design would require a small sensible-heat 

storage unit to keep the turbines hot overnight, and would require 

larger heat exchangers and a larger power-generation subsystem to con-

vert all of the available thermal energy into electricity during the 

eight hours of daylight. Table 5-3 compares a solar power plant without 

nighttime electric generation to the proposed solar power plant. The 

solar power plant which generates all its electricity during the day-

time produces electricity for $76 per MW -hr. The electricity cost for 
e 

the proposed solar power plant, which generates 36% of its net electric 

energy overnight, is $87 per rM -hr. 
e 

5.5 DURATION OF THE STORAGE DISCHARGE 

The proposed solar power plant stores enough thermal energy to 

produce 100.0 MW gross power generation for 4.3 hours. A study showing 
e 

the effect of varying the duration of storage discharge is summarized 

in Table 5-4. Annual thermal-energy input to storage is held constant. 

Longer storage discharge times are obtained by reducing the rate of 

storage discharge. Lower discharge rates adversely affect the thermal 

efficiency of the turbine-generator, but also reduce the thermal losses 

associated with keeping the turbine hot overnight. The net effect is 

that solar power plants with longer storage discharge times produce 

only slightly less electric energy and electricity costs are therefore 

only slightly higher. 
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Table 5-3. The Effect of Eliminating Nighttime Electric Generation on the Solar Power Plant 

Annual Net Thermal Energy Input to the Central Receiver, MWt-hr 

Annual Thermal Energy Input by Gas Compressor, MW -hr 
t 

Annual Thermal Energy Losses, MWt-hr 

Storage Subsystem, MWt-hr 

Heat-Exchange Subsystem, MWt-hr 

Gas-Circulation Subsystem, MWt-hr 

Power-Generation Subsystem, MWt-hr 

Annual Thermal Energy Available for Power Generation, MWt-hr 

Annual Thermal Energy Input to Storage, MWt-hr 

Average length of the Daily Charging Period, hours 

Steam-Turbine Heat Rate, Charging, MW
t 

Gross Thermal Efficiency of Generation, Charging, MWe/MW
t 

Gross Electric Generation Charging, MWe 

Parasitic Power Losses, Charging, MWe 

Net Electric Generation, Charging, MWe 

Average Length of the Daily Discharging Period, hours 

Steam-Turbine Heat Rate, Discharging, MW
t 

Gross Thermal Efficiency of Generation, Discharging, MWe-~lt 

Gross Electric Generation, Discharging, MW 
e 

Parasitic Power Losses, Discharging, MWe 

Net Electric Generation, Discharging, MWe 

Subsystem Installed Costs (as of June, 1978) 

Heat-Collection Subsystem, $ 

Storage Subsystem, $ 

Heat-Exchange Subsystem, $ 

Gas-Circulation Subsystem, $ 

Power-Generation Subsystem, $ 

Net Annual Electric Energy Generation, MWe-hr 

Total Installed Solar Power Plant Cost, $ 

Estimated Annual Cost of the Solar Power Plant for 
Capitalization, Operating, and Maintenance,* $ 

Annual Cost per Net Annual Electric Generation, S/MW-hr 
e 

* 

Proposed Solar 
Power Plant 

892,000 

14,000 

-114,000 

-60,000 

-12,000 

-10,000 

-32,000 

792,000 

387,000 

8.0 

252 

0.40 

100.0 

9.6 

90.4 

4.28 

252 

0.40 

100.0 

5.9 

94.1 

80,300,000 

36,200,000 

7,000,000 

5,600,000 

10,000,000 

288,000 

139,000,000 

25,000,000 

87 

Solar-Power 
Plan t wi thou t 

Nighttime 
Elee tric 

892,000 

11,000 

-122,000 

-16,000 

-18,000 

-10,000 

-78,000 

781,000 

106,000 

8.0 

381 

0.40 

151. 1• 

11.4 

140.0 

80,300,000 

9,900,000 

10,600,000 

5,600,000 

15,100,000 

287,000 

121,000,000 

21,900,000 

76 

- Capitalization, operating, and maintenance costs are estimated to be 18% of the total installed 
solar power plant costs annually. 
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Tabl@ 3-4. Th@ Effect of Vmrying Storage Discharge Time on the Solar Pawer Plant 

Annual Net Thermal En@rgy Input to the Central 
Rec@iver, !!Wt-hr 

Annual Thermal Energy Input by Ga. Compression, 
MW -hr 

t 
Annual Thermal Energy Losses, !!Wt-hr 

Storage Subsystem, !!Wt-hr 

Heat-Exchange Subsystem, !!Wt-hr 

Gas-Circulation Subsystem, !!Wt-hr 

Power-Generation Subsystem, !!Wt-hr 

Annual Thermal Energy Available for Pawer 
Generation, !!Wt-hr 

Annual Thermal Energy Input to Storage, !!Wt-hr 

Average Length of the Daily Charging Period, hours 

Stearn Turbine Heat Rate, Charging, !!W
t 

Gross Thermal Efficiency of Generation, 
charging, !!We/!!W

t 
Gross Electric Generation, Charging, !!We 

Parasitic Power Losses, Charging, 

Net Electric Generation, Charging, !!We 

Average Length of the Daily Discharging Period, hours 

Steam Turbine Beat Rate, Discharging, !!W
t 

Gross Thermal Efficiency of Generation, Discharging, 
MII.J!!Wt 

Gross Electric Generation, Discharging, !!We 

Parasitic Power Losses, Discharging, !!We 

Net Electric Generation, Discharging, !!We 

Subsystem Installed Costs (as of June, 1978) 

Heat-Collection Subsystem, 

Storage Subsystem, $ 

Heat-Exchange Subsystem, 

Gas-Circulation Subsystem, 

Power-Generation Subsystem, $ 

Net Annual Electric Energy Generation, !!We-hr 

Total Installed Solar-Power Plant Cost, $ 

Estimated Annual Cost of the Solar-Powey Plant for 
Capitalization, Operating, £nd M&intenance,~ $ 

Annual Cost per Net Annual Elrectric Generation, 
S/MW -hr 

" 

Proposed Solar 
Power Plant 

4.3 hr 

892,000 

14,000 

-111,,000 

-60,000 

-12,000 

-10,000 

-32,000 

792,000 

387,000 

8.0 

252 

0.40 

100.0 

9.6 

90.4 

4.3 

252 

-0.40 

100.0 

5.9 

94.1 

. 80,300,000 

36,200,000 

7,000,000 

5,600,000 

10,000,000 

288,000 

139, 000, 000 

25,000,000 

87 

Solar-Power Solar Power 
Pl"nt with Storag" Plant with Storage 

892,000 892,000 

13,000 12,000 

-107,000 -97,000 

-66,000 -75,000 

-12,000 -12,000 

-10,000 -10,000 

-19,000 

798,000 807,000 

387,000 387,000 

8.0 8.0 

252 252 

0.40 0.40 

100.0 100.0 

9.6 9.6 

90.4 90.4 

10.0 16.0 

110 71 

-0.31, -0.31 

37.0 22.0 

2.1 1.2 

31,.9 20.8 

80,300,000 80,300,000 

35,300,000 )4,700,000 

7,000,000 7,000,000 

5,600,000 5,600,000 

10,000,000 10,000,000 

271, ,000 270,000 

138,000,000 138, 000, 000 

24,900,000 24,800,000 

91 92 

- Capitalization, op~rating, snd maintenance costa are estimated to be 18% of the total instAlled 
solar pover plant cooto annually. 
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5.6 CHOICE OF GAS USED AS HEAT-TRANSFER MEDIUM 

The properties of three possible heat-transfer gases are compared 

in Table 5-5. Helium has the highest heat capacity per unit mass and 

the lowest relative mass flow per unit of heat-transport capacity. 

Nitrogen and water vapor both require higher mass flows but lower 

volumetric flows than helium to carry a specified amount of heat. 

Parasitic pumping power requirements would be highest for a solar power 

plant with nitrogen as the heat-transfer medium and lowest for one with 

water vapor. Helium has the highest relative gas-film heat-transfer 

coefficient if gas flows with equal heat-transport capacities are passed 

through identical cross sections, but this gas-film heat-transfer 

coefficient is only about 50% higher than the gas-film heat-transfer 

coefficients of either nitrogen or water vapor. 

Consideration of the temperature of condensation at the working 

pressure led to the elimination of water vapor as a possible heat­

transfer medium, even thought it compares very favorably with nitrogen 

and helium in other respects. There appeared to be no practical and 

economically feasible method of avoiding condensation of water at the 

walls of the storage-containment vessels. 

Table 5-6 shows model predictions for the effect of changing the 

heat-transfer fluid on central receiver operation. The model used to 

make these predictions is discussed in Chapter 4,1. This model predicts 

effective cavity temperatures for Boeing's central receiver design and 

for the proposed central receiver design. both of which use helium, 

and the alternative central receiver design using nitrogen. A lower 
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Table 5-5. Heat-Transfer Gas Properties 

Working Pressure, MFa 

Condensation Temperature! k'- OK vor kUS pre8Bure~ 

Density!600k"~ kg 1m) 
wor bOg pressureD 

Densit !1089"K k 1m3 
Y working pressure' g 

Thermal Conductivity!10B9"K, W!mOK 

Heat Capacity!1089°K, J/kg"K 

Gas ViBcoSityl1089'K, N-B/rn2 

Prandlt Numb. r 

Relative Mass flows for Equal Heat Carrying 

Ca aCitiesll089°K 
P working pressure 

Relative Volumetric flows for Equal Heat 
1089'K 

Carrying Cspacitieslworking pressure 

Relative Gas film Heat Transfer Coefficients 
for Gas Flows with Equal Heat Carrying 
Capacities through Identical Cross-sections 

References for Gas Properties: 

(1) Reference 15 
(2) Reference 22, p. 3-215 
(3) Reference 22, pp. 3-120 to 3-122 
(4) Reference 22, pp. 3-210 • 3-211 

Helium Nitrogen 

3.45 3.45 

< 300 < 300 

2.77 19.3 

1. 52 10.6 

0.377(2) 0.070(2) 

5200 (3) 1100 (3) 

-5 (4) (4) 
4.8xlO 4.6 x 10- 5 

0.64 0.72 

1.00 4.73 

1.00 0.68 

1.00 0.69 

Water Vapor 

3.45 

511. 0) 

D.2 0 ) 

6.9 (l) 

0.107(2) 

2300 (3) 

4. 2X10-5 (4) 

0.92 

2.26 

0.50 

0.68 
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Tmble 5-6. Model Predictions for the Effect of Changing the Heat 
Transfer Fluid on Central Receiver Operation* 

Heat-Transfer Gas 

Gas Flow Rate per Tube, kg!. 

Heat Flux to Gas per Tube, W 

Inlet Gas Temper8ture~ OK 

Outlet Gas Temperature, OK 

Central Receiver Operating Pressure, MPa 

Overall Heat-Transfer Coefficient, 
Tube Wall to Gas, W!m2°K 

Model Prediction for the Effective 
Cavity Temperature, OK 

Model Prediction for the Maximum 
Tube-Wall Temperature, OK 

Model Prediction for Pressure Drop 
Through the Heat-Exchange Tubing, kPa 

* 

lIoeing'. Central 
Receiver DeSign 

Helium 

0.0436 

63,000 

811 

1089 

3.45 

1420 

1276 

1133 

46 

Proposed Central 
Receiver DeBign 

Helium 

0.0248 

63,000 

600 

1089 

3.45 

1010 

1254 

1137 

15 

Central Receiver 
Des ign with 

Nit rogen a6 the 
Heat-Transfer fluid 

Nitrogen 

0.117 

63,000 

600 

1089 

3.45 

750 

1270 

1156 

42 

- This table summarizes conditions found for the lowest row of heat-exchange tubes in the central 
receiver. These tubes have the highest heat flux per tube. 
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overall heat-transfer coefficient between the tube wall and the gas 

results in a higher predicted maximum tube-wall temperature when nitro-

gen is used. This increase in the tube-wall temperature could be 

avoided. if necessary. by decreasing the gas temperature at the outlet 

of the receiver. 

The effect of the heat-transfer fluid on the solar power plant 

is examined in Table 5-7. The lower thermal conductivity of nitrogen 

reduces annual thermal energy losses and increases the average length 

of daily operation at full capacity. Higher parasitic power losses 

for nitrogen partially offset this increased gross electric generation. 

Total installed costs for both solar power plants are an identical 

$139,000,000. Electricity costs are $87 per MW -hr when helium is used 
e 

and $83 per MW -hr for the case with nitrogen. These estimates do not 
e 

include the capital costs for establishing a heat-transfer medium 

inventory or the annual make-up costs to replace heat-transfer medium 

inventory losses. 

5.7 CHOICE OF METHOD OF HEAT DISSIPATION 

The choice of how the condensers of the solar power plant will 

eventually be cooled will depend largely on the availability of water. 

The proposed solar power plant is designed for a region where water 

is in short supply. This situation requires use of a high-backpressure 

turbine with heat rejection from a dry-cooling tower. Regions with 

greater water availability could use a conventional turbine with heat 

rejection from a wet-cooling tower. The proposed solar power plant 

is compared with one using cooling water in Table 5-8. The higher gross 
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Table 5~7. The Effect of the H.at~Tran.fer Fluid on the Solar Power Plant. 

Annual Net Thermal Energy Input to the Central Receiver, MWt-hr 

Annual Thermal Energy Input by Gas Compressor, MWt-hr 

Annual Thermal Energy Losse., MWt-hr 

Annual Thermal Energy Available for Power Generation, MWt-hr 

Average Length of Daily Operation at Full Capacity, hours 

Gross Electric Generation. MWe 

Parasitic Power Losses, Charging, MWe 

Net Electric Generation, Charging, MWe 

Parasitic Power Lo •• e., Discharging. MWe 

Net Electric Generation, Discharging, MWe 

Net Annual Electric Energy Gen~ration, MWe-hr 

Total Installed Cost of the Solar Power Plant***, 

Estimated Annual Cost of the Solar Power Plant for 
Capitalization, Operating and Maintenance**,*** S 

Annual Cost per Net Annual Electric Generation***, $(MWe-hr 

Proposed Solar 
Power Plan t 

892,000 

14.000 

-114,000 

792,000 

12.3 

100.0 

9.6 

90.4 

5.9 

94.1 

288,000 

139,000,000 

25,000,000 

87 

Solar Pawer Plant 
>lith Nitrogen as 
the Heat-Transfer 

fluid 

887,000 

21,000 

-66,000 

842,000 

13.05 

100.0 

12.0 

88.0 

7.7 

92.3 

300,000 

139,000,000 

25,000,000 

83 

- Heat-transfer fluid inventory capital and make-up costs have not been included in this study. 

** - Capitalization, operating. and maintenance costs are estimated to be 18% of the total i!l§talled 
Cost. annually. 

***- Cost are as of June, 1978. 
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T&bl@ 5-8. A Comparlmon of W@t-Cooled mnd Dry-Cool®d 
Solmr POYer Plmnt Design. 

Cooling Tower Type 

rurb ine Type 

Tumine Backpreaaure, Ua 

Average Length of Daily Operation at Full 
Capac tty, hours 

Gross Thermal Efficiency of Generation, MWe/MW
t 

Gross Electric Generation, MW 
e 

Parasitic Power L08ses, Charging, MW 
e 

Net Electric Generation, Charging, MWe 

Parasitic Power L08ses, Discharging, MW" 

Net Electric Generation, Discharging, MWe 

Net Annual Electric Energy Generation, MWe-hr 

Total Installed Cost of the Solar Power Plant*, 

Estimated Annual Cost of the Solar Power Plant for 
Capitalization, Operating and Maintenance",··, $ 

Annual Cost per Net Annual Electric Generation,· 
$/MW -hr 

e 3 
Estimated Annual Water Consumption for Cooling, m 

- Costs are as of June, 1978 . 

Propofied Solar 
Power Plant 

Dry-Cool in8 To",,,r 

12.4 MPa, BIlK/SIlK; 

IUgh-Back 
pre •• ure Turbine 

20 

12.3 

0.40 

100.0 

9.6 

90.4 

5.9 

94.1 

288,000 

139,000, 000 

25,000,000 

87 

Wet-Cooled 
Solar-Power Plant 

Wet-Cooling Tower 

12.4 MPa, BIlK/BIlK; 

Conventional Turbine 

9 

12.3 

0.425 

107.1 

9.3 

97.8 

5.6 

101.5 

311 ,000 

138,000, 000 

24.800. 000 

80 

500,000 

•• - Capitalizntion, operating, and maintenance coats are estimated to be 18% of the total installed 
costs annually. 
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thermal efficiency for a conventional turbine and lower cost of a wet-

cooling tower reduce the cost of electricity for a wet-cooled solar 

power plant to $80 per MW -hr. Wet cooling will consume an estimated 
e 

3 
500.000 m of water annually. 
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6. ALTERNATIVE FLOWSHEETS FOR A SOLAR POWER PLANT 
WITH SENSIBLE-HEAT STORAGE 

The previous chapters dealt with a single process configuration 

for a Rankine-cycle solar power plant with sensible-heat storage. 

Several alternative configurations were considered during the course 

of this work. This chapter outlines two of the more interesting flow-

sheet modifications and details preliminary estimates of the effects 

that these modifications would have on solar power plant operation. 

6.1 DIVISION OF THE STORAGE UNIT INTO SEVERAL STORAGE TANK SETS 

The introduction, Chap. 1.1. lists two major benefits that should 

be derived from the storage subsystem of the solar power plant. The 

storage subsystem is expected to provide energy storage and also to 

allow thermal buffering between the receiver and the steam boiler. The 

proposed storage subsystem is satisfactory in providing energy storage. 

However. continuous adjustments of the flow of the heat-transfer medium 

through storage will be required in order to maintain uniform stearn 

conditions during a period of flucuating insolation. This need for 

continual adjustments to the flow through storage can be avoided during 

at least part of the charging cycle by division of the storage unit 

into several storage tank sets. 

An alternative flowsheet for a solar power plant with the sensible-

heat storage unit broken into two storage tanks sets is shown in 

Fig. 6-1. At the start of the charging cycle there will be no gas flow 

through storage tank set #2. A small flow of cool gas bypasses the 

receiver and then passes through storage flow control valve #3. The 
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Fig. 6-1. An alternative flowsheet for a solar power plant with the 
sensible-heat storage unit broken into two storage tank sets. 
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stream of hot gas from the receiver is split. Part of the receiver gas 

is routed through storage tank set #1 then out of the storage unit via 

storage flow control valve #2. The remaining hot gas bypasses the 

storage unit through storage flow control valve #1. These three streams 

are then mixed and sent to the heat exchangers in the steam generation 

system. The gas temperature out of storage tank set #1 is initially 

about 600 0 K but increases during charging The temperature of the heat 

transfer gas sent to the heat exchangers is maintained constant by 

increasing the gas flow through storage and decreasing the fraction 

of the stream that is bypassed until all the hot gas passes through 

storage tank set #1. Gas flow through storage tank set #2 and storage 

flow control valve #3 is then initiated. Storage is completely charged 

when the mixed gas temperature through storage flow control valve #3 

reaches 867°K. Figure 6-2 shows the actual gas mass flow rates during 

charging for this storage configuration. 

Gas flow through storage is reversed during discharge. Discharging 

begins with part of the gas bypassing storage and the remaining gas 

flowing backwards through storage tank set #2 and then out storage flow 

control valve #2. The gas flow rate through storage tank set #2 is 

increased as the outlet gas temperature falls. When the outlet gas 

temperature from storage tank set #2 drops below 867°K. all of the gas 

flows into the storage unit. Gas flow backwards through storage tank 

set #1 is next initiated. As the gas outlet temperature from storage 

tank set #1 drops, the fraction of gas flowing through it is increased. 

Storage discharge is complete when all the heat-transfer gas is flowing 
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Fig. 6-2. Charging gas mass flow rates for an alternate solar power 
plant with the storage unit divided into two storage tank 
sets. 
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backwards through both storage tank sets and the gas inlet temperature 

to the heat exchangers of 867°K can no longer be maintained. 

Table 6-1 shows the effects on performance of dividing the storage 

unit into 1. 2. or 4 storage tank sets. Dividing the storage unit into 

several tank sets achieves the desired result of reducing the length 

of time during the charge cycle when the buffering of insolation 

transients requires variation in the flow rate through storage. 

Storage units with multiple storage tank sets also require fewer bricks. 

although this saving will be offset by increased costs for additional 

storage manifolds and additional storage flow control valves. No 

estimates were made of the cost of dividing the storage unit into 

several tank sets, However. this design modification appears to offer 

the possibility of slightly improved power plant performance. 

6.2 BRAYTON-CYCLE TOPPING OF THE STEAM-CYCLE POWER PLANT 

The proposed solar power plant has heat available from the central 

receiver at 1089°K. The highest gas temperature required for steam 

generation is 867°K, Figure 6-3 shows the flowsheet for an alternative 

solar power plant that takes advantage of this difference in tempera­

ture levels through the use of Brayton-cycle topping. High temperature 

gas is first expanded through a gas turbine. then generates steam for 

a Rankine-cycle turbine. and finally is recompressed to complete the 

cycle. An alternate flow path has been included which bypasses the 

gas turbine, for use when the gas temperature out of storage drops below 

an acceptable level. 
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Table 6-1. TIle Effects on Performance of Dividing the 
Storage Unit into Several Storage Tank Sets 

Average Time per Charge Cycle during 
which insolation transient buffer­
ring requires varying storage flow 
rates. hr. 

Average Brick Temperature after 
Charging. oK 

Average Brick Temperature after 
Discharging. oK 

Brick Mass Required for Storage 
Unit. MM kg 

Relative Required Brick Mass 

Relative Average Pressure Drop, 
Charging 

Relative Average Pressure Drop, 
Discharging 

1 Storage 
Tank Set 

8.0 

1039 

669 

13.8 

1.00 

LO 

LO 

2 Storage 
Tank Sets 

3.1 

1052 

652 

12.7 

0.92 

L8 

1.0 

4 Storage 
Tank Sets 

1.1 

1060 

641 

12.2 

0.88 

2.0 

LO 
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Fig. 6-3. An alternative flowsheet for a solar power plant with 
Brayton-cycle gas turbine topping. 
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The effect of Brayton--cycle topping on the solar power plant is 

shown in Table 6--2. If the efficiencies of the expansion turbine and 

compressor are assumed to be 100%, gas-turbine topping can improve the 

gross thermal efficiency of generation to 0.479 MW per M\>J. However. 
e t 

if the efficiencies of the expansion turbine and compressor are 80%, 

the gross thermal efficiency of a solar power plant with gas-turbine 

topping will be less than the gross thermal efficiency of the proposed 

solar power plant. Brayton~·cyc1e topping also adversely effec ts circula~ 

ting gas temperature. Incorporation of a gas topping turbine in the 

solar power plant could also be expected to increase the required gas 

flow rate through the receiver and decrease the storage capacity of 

the sensible--heat storage unit. although the magnitude of these effects 

has not been examined. 



-llO-

T&ble 6-2. The Eff~ct of Brayton Cycle, Gas Turbine Topping on the Gross 
The""",l Eff1clmcy of " Sol". Power I'lant 

Brayton Cycle. Ca. Turbine Gener"tor Included 

Isentropic Turbine-Generator Efficiency Assumed. 

Gas Temperature to Turbine. OK 

Gas Temperature to H~at Exchanger6~ QK 

Heat Transfer Gas Pressure, High Pressure Side, Mrs 

Heat Transfer Gas PressureD Low Pressure 51de g MFa 

Gas Temperature out of Heat Exchangers, OK 

Gas Temperature out of Compremsor D OK 

Electric Energy Produced per Unit Gas Flow, MJ/kg 

Gas Expansion Turbine, MJ/kg 

Gas Corepressor, MJ/kg 

Steam Turbine, MJ/kg 

Thermal Energy Released Per eas Flow, MJ/kg 

Gros. Thermal Efficiency of Generation, MWe~t 

Prop08ed Solar 
Power Plant 

No 

867 

3.45 

600 

0.55 

0.55 

1.39 

0.397 

Solar Power 
Plant w1 th 

Solar Poyer 
Plant with 80); 

Ideal Gas Efficient Gas 
Turbine Topping Turbine T~" 

Ye. 

100% 

1005 

867 

3.45 

2.38 

600 

696 

0.77 

0.72 

-0.50 

0.55 

1.61 

0.479 

Yes 

8M 

1005 

867 

3.45 

2.15 

600 

756 

0.46 

0.72 

0.81 

0.55 

1.30 

0.355 



70 A COMPARISON OF SENSIBLE~HEAT STORAGE WITH 
CHEMICAL~HEAT STORAGE FOR A STEAM SOLAR 

FLECTRIC PLANT 

This work was undertaken to provide a basis for economic and 

operational comparisons between the sulfur oxide chemical-heat storage 

process described by Dayan, Lynn, and Foss9 and the proposed sensible-

heat storage process. Table 7-1 compares these two methods of energy 

storage. The chemical-heat storage process requires storage of a very 

large volume of pressurized oxygen. Underground caverns were chosen 

for this application. Above~grounc1 storage of oxygen in the least 

costly vessels (prestressed cast iron) would increase the total 

chemical-heat storage costs by 80%. This large incentive for under-

ground oxygen storage may limit the choice of sites suitable for a 

solar plant with sulfur oxide chemi.cal~heat storage. 

Table 7~1 shows that the installed cost per unit of energy stored 

and recovered each day is substantially lower for the chemical-heat 

storage process than for the proposed process of sensible~heat storage. 

Much of the difference in installed cost is due to the fact that the 

storage medium for chemical~heat storage (sulfur oxide) is much less 

expensive than the storage medium for sensible-heat storage (magnesia 

bricks). This reduction in the installed storage cost does not trans-

late into a lower electric cost for a solar power plant with chemical-

heat storage for two reasons. First, the reactants in the sulfur oxide 

system pose corrosion problems which will increase the annual operating 

and maintainance costs. These increased costs in the chemical system 

are reflected in the 25% annual charge for capital; in the sensible-
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Table 7-1. A Comp&ri0oo of the Proposed Sen§lble-Hemt Stormge Subgystem with 
& Sulfur Oxide Cb~cml-Bemt Storage Proce@B 

Storage Media 

Mass per Daily Energy Recovered, kg/MWt-hr 

Cost per Daily Energy Recovered. $/MW -hr 
)t 

Volume per Daily Energy Recovered, m /MWt-hr 

Storage Pressure, MFa 

Storage Design 

Volumetric Cost, S/m3 

Cost per Daily Energy Recovered, S/MWt-hr 

Storage Insulation 

Cost per Daily Energy Recovered. $!MWt-hr 

Miscellaneous Storage Capacity Related Items 

Cost per Daily Energy Recovered. $/MWt-hr 

Miscellaneous Storage Charging/Discharging 
Rate Related Items 

Cost per Daily Energy Recovered. $/MWt-hr 

Total Installed Storage Costs per Daily Energy 
Recovered. S!MWt-hr 

Proposed 
Sensible-Heat 

Storage Subgystem 

l<!;>gn".1t> Bricks 

10.800 

7.200 

7.0 

3.45 

Cylindrical,Welded 
Carbon Steel Tanks 

2.200 

15.400 

KBowool Block 

4.500 

Sulfur Oxide. Chemical-Heat 
Storage Process Described by 

Dayan. Lynn, and <0.s[9] 

503 or S02 °2 
3.000150

3
J 800 

5OO150)J None 

1.8 18.9 

1.11 4.05 

Spherical, Welded Underground 
Carbon Steel Tanks Cavern Storage 

600 200 

1.100 3.800 

None None 

Storage Piping, Tank 
Manifolds. and Valves 

None None 

1.300 

None 

28,000 

Heat Exchangers. Distillation 
Column, Low temperature Reactor. 

and Catalyst 

13.800 

19,000 



heat system the annual charge is only 18%. Second, the energy storage 

process chosen for a solar power plant greatly influences the plant 

energy balance. which changes the sizes of the remaining solar POWtL 

plant components. 

A comparison of the two energy storage processes for a solar power 

plant is given in Table 7~2. The solar power plant energy balances 

have been normalized based on equal net electric energy generation. 

About 20% more heat must be collected in the central receiver of a 

power plant with chemical-heat storage in order to provide the same 

amount of electric energy generation as a power plant with sensible-

heat storage. The most striking difference between the two power plant 

designs is the large amount of waste heat which must be rejected from 

the chemical-heat storage system. More thermal energy losses are 

incurred by a solar power plant with sensible-heat storage since the 

chemical~heat storage process stores reactants at ambient temperature. 

Also, the solar power plant with chemical-heat storage has a much lower 

parasitic energy usage since all pumping is done on liquids. The 

estimated cost of electricity for the proposed plant of $87 per 1'1W -hr 
e 

is about 20% lower than the estimated cost of electricity for the 

solar power plant with chemical-heat ". ·tage proposed by Dayan, Lynn 

9 and Foss. This difference in electricity costs is caused primarily 

by the need for a larger heliostat field and central receiver when the 

chemical~heat storage process is used. 

Both the chemical~heat storage process and the sensible-heat 

storage process are fairly well suited to the short-term storag7 
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Table 7-2. A Comparison of TWo Energy Storage Proceeoes for a Solor Power Plant 

Proposed Solar Power 
Plant with Sensible­

Heat Storage 

Normalized Solar Power Plant Energy Balances Based on the 
Net Electric ~rgy Generation 

Energy Input to the Central Receiver 

Energy Input due to Gas Compr,,"ion 

Waste Heat Rej "" ted by the Steam Turbine 

lIaste Heat Rej "" ted by the Storage System 

The"""l Energy Losses frOlll the Turbine Overnight 

Thermal Energy Loases iroo Storage 

Miscellaneous Thermal Energy Losaes 

Total Energy Input 

Total lIaste Heat Rejected 

Total Thermal Energy Losses 

Electric Energy Usage for Parasitic Pumping 

Net Electric Energy Generation 

Fraction of the Electric Energy Generated at Night 

Duration of the Discharge Period, hours 

Estimated Electricity Costs· Prorated over Sections of the Plant 

Heat-Transfer Loop, Power Plant Boilers, and Storage, $/M1'e -hr 

Heat-Collection Section, Turbine Generators, and 
Cooling Towers, $/HWe-hr 

Estimated Cost· of Electricity from the Solar Power Plant S/Mlie-hr 

3091. 

51. 

165% 

11% 

21% 

8% 

311.% 

165% 

40% 

9% 

100% 

361. 

4.3 

31 

56 

87 

Solar Power Plant 
with Sulfur Oxide 

Chemical-Heat 
Storage (9) 

379;: 

3791. 

269), 

100;, 

31 

76 

107 

- The electricity cost is estimated by dividing the Annual Costs for capitalization. operating and 
maint@nanc@ by the Net Anunal Electric Energy Generation. 
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usages needed to store energy for nighttime discharge. However, 

chemical~heat storage is definitely superior for medium-term storage 

applications where energy is gradually accumulated for discharge 

perhaps once a week. The process for sulfur oxide chemical-heat 

storage stores reactants at ambient temperatures, avoiding the serious 

thermal losses that will be incurred if an attempt is made to store 

energy as sensible heat for an extended period of time. Also, since 

the costs related to charging and discharging rates dominate the cost 

of chemical-heat storage, expanding storage capacity is relatively 

inexpensive as long as maximum charging and discharging rates are not 

changed. 

The provision of ambient~temperature storage for the chemical­

heat storage process even though heat is absorbed and released at high 

temperatures greatly complicates design of a solar pOvler plant. Large 

amounts of energy must be exchanged between streams over a wide range 

of temperatures in order to achieve the best possible thermal 

efficiency. Chemical-heat storage requires central receiver reactor 

tubes that are internally cos ted with catalyst to facilitate dis­

sociation of S03 into 802 and 02' technology that is not now available. 

The sulfur-oxide system components, S03' 802' and 02' pose severe 

corrosion and toxicity problems under marry of the proposed operating 

conditions. These factors combine to make the solar power plant design 

with sensible-heat storage the more desirable alternative unless a 

very large incentive for medium-term storage exists. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

This thesis presents a sensible-heat storage unit which will 

provide reasonable daily energy storage for a solar power plant. The 

operating temperature of the storage unit is sufficiently high to 

insure that steam can be supplied to the turbine at design conditions 

throughout discharge. High thermal losses and high capital costs 

make weekly or seasonal energy storage in a sensible-heat storage 

unit impractical. The major conclusions reached in studying the 

proposed solar power plant and several other power plants with dif­

ferent design parameters are: 

1) Charging the storage unit in series with the power plant steam 

boilers and operating the storage unit at temperatures higher 

than those required by the steam boilers insures that the 

thermodynamic availability of energy supplied to the power 

turbines does not decrease during discharge. This is an 

important consideration in maximizing the efficiency of power 

generation and reducing the costs of the heliostat field 

and the central receiver. 

2. The sensible-heat storage unit provides reasonable daily 

energy storage for a solar power plant. Energy storage for 

much longer periods of time would be impractical due to high 

capital costs and high thermal losses from storage. 

3. The availability of cheap storage vessels will greatly 

influence the economic feasibility of sensible-heat storage. 

The use of prestressed cast-iron vessels for brick storage 
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cuts the cost of the storage subsystem in half and reduces 

the estimated cost of solar electricity by 17% compared with 

brick storage in welded carbon-steel tanks. 

4) Nitrogen is an acceptable alternative to helium as the heat-

transfer medium. A solar power plant using nitrogen will have 

lower thermal losses but will require higher parasitic power 

for gas circulation. The lower cost of nitrogen may prove 

to be the deciding factor. 

5) The cross-sectional area for gas flow through the storage medi-

um has little effect on the estimated cost of electricity for 

2 2 
storage units having areas between 9 m and 18 m. Considera-

tion should be given to minimizing storage vessel costs before 

final selection of the configuration of the storage medium. 

6) The nominal pressure of operation has little effect on the 

cost of electricity for operating pressures between 2 MPa and 

5 MPa. 

7) The duration of discharge of a given amount of stored energy 

has little effect on the estimated electric cost. How storage 

is to be discharged should be based on the anticipated night-

time electricity demand. 

8) In areas where sufficient water is available, wet cooling 

methods can increase the net electric generation by about 8%. 

9) There is only a minimal difference between the cost of 

electricity produced by a solar power plant with sensible-

heat storage using prestressed cast-iron vessels for brick 
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storage and that for a solar power plant without any nighttime 

electricity generation. The increased cost for the larger tur­

bines and steam boiler system required when all of the col­

lected solar energy must be converted into electricity during 

the daytime offsets the cost of the thermal energy storage 

that permits part of the electricity to be generated at night. 

The choice between these two power plants must be made on the 

basis of when the electricity can be most effectively utilized. 

Two alternative flowsheets for a solar power plant with sensible~ 

heat storage have been suggested. The process modification to allow 

Brayton-cycle topping offers little potential for improving operation 

of the solar power plant. Modification of the storage unit by dividing 

it into several storage-tank sets is a more promising idea. Although 

the complexity of storage piping increases. the storage unit will now 

adequately buffer variations in insolation without adjustments to 

storage flow rates for a substantial portion of the charge cycle. 

Further development of the solar power plant should examine this flow­

sheet modification in more detail. 

A solar power plant with sensible-heat storage offers a number of 

advantages over a solar power plant with a sulfur-oxide chemical~heat 

storage process. These include a lower estimated electricity cost. a 

less complicated process flowsheet. more flexibility in site selection, 

and less corrosion and toxicity problems. Sulfur-oxide chemical-heat 

storage should only be pursued if the potential it offers for medium­

term energy storage outweighs all of these disadvantages. Sensible-heat 
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storage can provide solar power plant energy storage for a reasonable 

price using technology that is presently available. It appears to be 

the most appropriate choice for the first solar power plants. 
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NOTATION 

Total brick cross~sectional area through storage; 

2 
m 

Total cross-sectional area for gas flow through 

2 
storage; m 

Brick heat capacity; J/(kgoOK) 

Gas heat capacity at a constant pressure; J/(kgoOK) 

Gas heat capacity at a constant volume; J/(kgoOK) 

Effective diameter of the gas flow channels 

through storage; m 

= Inside diameter of the receiver heat-exchange 

tubes; m 

Outside diameter of the receiver heat-exchange 

tubes; m 

Brick-side heat transfer coefficient; W/ (m
2 

0 OK) 

= Gas film heat transfer coefficient; w/(m
2

.oK) 

Thermal conductivity of the brick; W/(moK) 

Thermal conductivity of the gas; W/ (mo OK) 

Thermal conductivity of the receiver heat~exchange 

tube walls; W/ (m. OK) 

Length of a receiver heat-exchange tube; m 

= Gas mass flow rate through storage; kg/s 

Gas mass flow rate through a receiver heat-

exchange tube; kg/s 



Pr 
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Re 

t wall 
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= Effective heat transfer perimeter between the gas 

and the bricks; ID 

Prandlt number. 

Heat flux density through a receiver heat-

exchange tube based on the outer surface area 

of the tube; W/m2 

Heat flux density from the cavity to the outer 

wall of a receiver heat~exchange tube based on 

2 
the outer surface area of the tube; W/m 

Effective local heat flux density; W/m2 

Heat flux density from the outer wall of a 

receiver heat-exchange tube to the bulk gas 

based on the outer surface area of the tube; W/m2 

Total heat flux to a single receiver heat-

exchange tube; W 

Reynolds number. 

Wall thickness for a receiver heat-exchange 

tube; m 

Mass-averaged brick temperature for an incre-

mental volume of bricks; OK 

Local brick t~mperature; OK 

Effective cavity temperature to be used in 

modeling the receiver; 

Bulk gas temperature; OK 

Gas temperature at the inlet to the receiver; OK 
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T tube wall 

u 
o 

W 

x 

z 

o 
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Gas temperature at the outlet from the receiver; 

Temperature of the brick/gas interface; oK 

Outer temperature of the receiver tube wall; oK 

Overall heat-transfer coefficient; W/(m
2

.oK) 

Brick width; m 

Distance into the brick perpendicular to a 

vertical flow channel wall; m 

Distance into the storage unit or receiver heat-

exchange tub e; m 

Tube absorptance. 

An incremental length of the storage unit; m 

An incremental amount of time; s 

Tube emittance. 

Time; s 

3 
= Brick density; kg/m 

Stefan-Boltzmann constant; 5.67xlO-8 W/(m2 .K4) 
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APPENDIX I 

Cost Estimation Methods 

Valid cost estimation techniques are mandatory for an accurate 

assessment of the feasibility of sensible-heat storage. The techniques 

that were used for estimating the solar power plant installed costs 

are outlined in this appendix. An attempt was TIlade to balance cost 

estimation detail and the influence that individual items have upon 

the cost of energy storage. For this reason. sensible-heat-storage­

unit components were examined in much greater detail than components 

of other power plant subsystems. Cost data from a variety of sources 

were adjusted to estimated price levels for June. 1978 by use of the 

CE Plant Cost Index published in each issue of Chemical Engineering. 

1.1 STORAGE SUBSYSTEM COSTS 

Storage subsystem component costs were examined in great detail. 

This examination included separate cost estimates for the storage tanks. 

the storage-tank insulation. the magnesia-brick checkerwork. and piping. 

headers. and valves for the storage subsystem. Costing procedures for 

piping. headers. and valves are developed in section 1.2. which explains 

cost estimation for the gas-circulation subsystem. Costing procedures 

for the remaining items are explained below. 

Welded Carb Vessel Cost 

The costs of welded carbon-steel pressure vessels were determined 

by estimating the vessel weights and by estimating costs per kilogram 

of steel for vessel fabrication. for shipping the vessel to location. 
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and for installing the vessel. Pressure vessel weights and dimensions 

were calculated using general methods presented in the ASME Boiler and 

Pressure Code Section I 
1. 

Vessel fabrication costs were determined using the cost 

presented by Clark and :Fermi for shop fabrication of presure 

with 5~cm to 23~'cm thick walls. 6 The tanks for the proposed 

unit have 5.4~cm thick walls and were estimated to cost $3.1 

data 

vessels 

storage 

per kilo~ 

gram steel. Shipping the vessels to location was estimated to add lO¢ 

6 per kilogram steel to the delivered vessel cost. Tank installation 

costs were assumed to be 40% of the purchased tank cost or about $1.3 

per kilogram steel (23, p. 109). Adding fabrication, delivery, and 

installation charges resulted in an installed tank cost of $4.5 per 

kilogram steel. The installed cost for a 3.36-m ID tank, 2l-m long, 

with a total volume of 190 m3
, that can withstand internal pressures 

up to 3.80 MPa was estimated to $400,000. This represents a volumetric 

storage cost of about $2,200 per cubic meter. 

LIb Tanks: Prestressed Cast-Iron Vessel Cost 

Siempelkrunp Giesserei KG is presently involved in development of 

prestressed cast~iron vessels. This design concept promises to reduce 

the costs of large~volume. high-pressure s tanks. In a report 

to ERDA on the possibilities of using prestressed cast-iron vessels 

f h 1 13 011 . B - d S 'h 011· or t erma -energy storage, Gl __ l. eckmann, an C L lng present 

a detailed analysis indicating the expected effects of pressure and 

vessel dimensions on the costs of various vessel components, vessel 

installation, and startup. This analysis was used to estimate a cost 
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of $3,200,000 for a 59 m long tank with an inside diameter of 8.86 m 

and a total volume of 3600 m
3 

designed to withstand an internal pressure 

of 3.80 MPa. The volumetric storage cost for these prestressed cast~ 

':l 

iron vessels of $880 per mJ is only 40% of the volumetric storage cost 

for welded carbon~steel vessels. 

I~lc Magnesia Brickwork Cost 

Communication with Mr. Mikami of Kaiser Aluminum and Chemical 

Corporation
26 

has revealed that the cost of Kaiser brand K~98B magnesia 

bricks is $2.92 per standard size brick (76 rom x 114 rom x 229 mm) or 

$0,50 per kilogram brick. Shipping costs are estimated to add 10¢ per 

kilogram of brick,6 and laying the brick checkerwork inside the storage 

tanks is expected to cost about 7¢ per kilogram brick (2. p. 2~23), 

Based on these estimates. the total cost of installed magnesia~brick 

checkerwork is $0.67 per kilogram of brick. 

I.ld Kaowool Insulation Cost 

The installed cost of kaowoo1 insulation was estimated to be $12.8 

per kilogram kaowool (2, p. 2-23). This estimate was used in determining 

costs of both kaowool~b1anket insulation and kaowool~b1ock insulation. 

1.2 GAS-CIRCULATION SUBSYSTEM COSTS 

1,2a Gas Piping Cost 

Gas circulation for the solar power plant requires several long 

runs of very large diameter (~2 m) piping. Fabrication of this piping 

will most closely resemble fabrication of a thin~walled pressure vesseL 

Based on this observation and on cost data for thin-walled pressure 
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vessels gathered from variety of sources (22. p. 6-104; 23. p. 477; 

24. pp. 90-91), the fabricated cost of welded carbon-steel piping was 

estimated to be $1.0 per kilogram of carbon-steel. Delivering the pipes 

6 to location was estimated to cost $0.1 per kilogram steeL Pipe 

installation was estimated to be about 46% of the total installed piping 

cost or $0.9 per kilogram of steel (23. p.lll). This results in an 

installed steel piping cost of $2.0 per kilogram of carbon steeL Pipe 

dimensions and weight were determined following the ASHE Boiler and 

Code Section VIII 
I 

Division 1. The total installed 

piping cost is obtained by adding the cost of kaowool insulation to 

the cost of the steel piping. Kaowoo1-blanket insulation installed 

cost was estimated to be $12.8 per kilogram (2. p. 2-23) or about 

$1640 
3 

a density of 130 kg/m 
3 

(3. 43). per m based on p. 

L 2b Flow Control Valve Costs 

No satisfactory method was found for determining the cost or even 

the feasibility of a valve suitable for controlling flow of a high-

temperature (1089°K). high-pressure (3.45 MFa) gas through a L 8 m pipe. 

An order-of-magnitude cost estimate was obtained by hypothesizing that 

the cost of the valve is proportional to the valve flow area and scaling 

up from the cost of a la-inch ID butterfly valve (23. p. 452). This 

2 
estimation procedure suggested a cost of $70.000 per m of valve flow 

area or a cost of $200,000 for a L8~m rD flow control valve. 

r.2e Gas Compresor Cost 

The cost of a single-stage axial compressor with motor-gear drive 

was extrapolated from a graph in Peters and Timmerhaus showing the costs 
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of five-stage to twelve-stage axial compressors over a wide range of 

capacities (23, p. 468). A cost of $400,000 was estimated for a single-

3 stage axial compressor with a capacity of 66 m Is. 

1.3 HEAT-COLLECTION SUBSYSTEM COSTS 

The heat-collection subsystem has been adapted directly from work 

that Boeing Engineering and Construction did on a high-temperature 

1 . 3 centra recelver. In another report, Boeing presents the costs 

(2; p. 1-6) and amount of heat which will be absorbed (2, p. 5-8) if 

such a receiver is used to provide thermal energy for their proposed 

Brayton-cycle solar power plant. These data were used to estimate 

costs under the assumption that central receiver and heliostat field 

costs are proportional to the amount of heat absorbed. Heliostats were 

predicted to cost $136,000 per MWt absorbed by the gas. The central 

receiver including heat exchangers tubes and the tower it is mounted 

upon was estimated to cost $48,000 per MW
t 

absorbed by the gas. 

1.4 HEAT-EXCHANGE SUBSYSTEM 

A detailed heat exchangers correlation (24, p. 88) was used to 

estimate the costs of individual heat exchangers and associated piping. 

This correlation is based upon costs of typical heat exchangers and may 

predict unrealistically low costs. In this study, exchangers were de-

signed to reduce shell-side pressure drop by using a very large pitch 

between tubes. This reduced the number of tubes per cross-sectional area 

in this design to well below the typical value. In addition, part of the 

shell is filled with insulation further reducing the number of tubes 

which can be put into the shell. However, since the total projected 
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cost of the heat-exchange subsystem is only $7,000,000 or 5% of the 

total installed solar power plant cost. this is not anticipated to be 

a major source of error, 

I,S POWER-GENERATION SUBSYSTEM COSTS 

L Sa Steam Turbine-Generator Cos t 

The Power Generation Sales Division of General Electric Company 

was contacted about anticipated costs for 100 HW conventional and high­
e 

b k b · 25 ac pressure steam tur ~ne-generators, They were unable to provide 

a firm cost estimate. but indicated that they expected prices for both 

types of turbine~generators to be in the range of six to seven million 

dollars. An installed cost for a 100 MW turbine-generator of 
e 

$6,500,000 was assumed. 

r,5b Dry-Cooling Tower Costs 

Dry-cooling tower costs were estimated using a price formula sug-

gested by Mr. Von Cleve of GEA Airexchangers. Inc. (28, p, 127). 

Mr. Von Cleve has used this price formula to quote dry-cooling tower 

prices to United States utilities, The installed cost of an indirect 

(Heller) dry-cooling system with a natural-draft cooling tower was 

estimated to be $23.000 per MW
t 

of heat load for a tower with a SO°F 

difference between inlet gas and inlet water temperatures, 

r,sc Wet-Cooling Tower Costs 

The installed cost of a mechanical-draft wet-cooling tower with 

24°F difference between the inlet water temperature and the wet bulb 

temperature of the inlet air was estimated to be $13,000 per MW t heat 

load (28. p. 204). 
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Tmbl@ I-I. important Sources of Cost Estimgtion Data 

Component 

Welded, Carbon St •• l Pressure Vessel. 

V •••• l Dimenoions 

Fabricated Co.t 

Shipping Cost 

Installation COSt 

Prestressed Cast-Iron V.ssels 

Magnes i8 Brick 

F.O.B. Coat of Bricks 

Shipping Cost 

Installation Cost 

Kaowool Insulation 

Welded. Carbon-Steel Piping 

Piping Dimenll10ns 

Fabricated Cost 

Shipping Cost 

Installation Cost 

Flow Control Valves 

Gas Compr.ssor 

Heliostats 

Central Receiver. Heat Exchange, & Tover 

Heat Exchangers 

Steam Turb in. 

Dry-Cooling Tower 

Wet-Cooling Tower 

References 

1 

(, 

6 

23.1'.109 

13 

26 

6 

2,1'.2-23 

2,1'.2-23 

22,1'.6-104 
23,1'.477 
24,1'1'.90-91 

(, 

23,1'.111 

23,p.452 

23,p.468 

2,pp.1-6.5-8 

2,1'1'.1-6.5-8 

24,1'.88 

25 

28,1'.127 

28,1'.204 

UnH Cost: June. 1978 

3.1 $/Kg Steel (based on costs for thick 
walled vessels) 

0.1 S/Kg Steel 

1.3 S/Kg St"e1 

saso/rn 3 for B 3600 3 Tank ill 

0.67 S/Kg Brick 

0.50 S/Kg Brick 

0.10 S/Kg Brick 

0.07 S/Kg Brick 

12.8 $/Kg Kaowoo1 

2.0 S/Kg Steel 

1.0 S/Kg Steel (estimated frOID typical costS 
of thin walled Pressure Vessels) 

0.1 S/Kg Steel 

0.9 S/Kg Steel 

70,000 S/square meter of value flo~ area 
(linear scale up based on area from 10" 
1D to 1.8 m 10 and from normal conditions to 
very harsh conditions 1550 psi, 1089'Kj) 

400,000 S for a single stage axial compressor 
with a capacity of 66 cubic meters per second. 

136,000 S/MW Heat Absorbed 

48,000 $/MW Heat Absorbed 

Detailed Correlation 

6,500,000 SllOO MWE Turbine 

23,000 S/MW Heat Load (50·, lTD assumed) 

13,000 S/MW Heat Load (24', lTD assumed) 
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APPENDIX II 

Storage Unit Modeling Program ~ HREGEN 

The computer program used for modeling the storage unit is reviewed 

in this appendix. A discussion is contained in Chapter 3 on how the 

storage unit model was developed. This appendix contains program flow-

charts, a listing of definitions for the physical variables used, a 

directory explaining program subroutines, a program listing and a 

sample program output. The numerical values of parameters set by data 

cards have been included in the listing of definitions for physical 

variables. 

II.I SUBROUTINE DIRECTORY FOR PROGRAM HREGEN 

HREGEN - Main program, calls other subroutines. 

BCKGR - Reads input variables. 

IJSET - Sets variables. 

CRGINPT - Reads input variables. 

DISINPT - Reads input variables. 

GSPROP - Calculates gas properties. 

Program 
Flowchart 
(Figure 11) 

II-I 

II-2 

II-2 

II-2 

II-2 

II-2 

DESIGN - Uses our model to design the storage unit 11-3 

HRGCRG - Calculates storage unit performance 

during charging based on input parameters 11-4 

HRGD1S - Calculates storage unit performance 

during discharging based on input 

parameters. 

Program 
Listing 
(Page fI) 

148 

148 

149 

149 

150 

150 

151 

152 

154 
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Program Program 
Flowchart Listing 
(Figure II) (Page If) 

PRINTBG - Prints output data. II-6 156 

PRINTCH - Prints output data. II-6 157 

PRINTDS - Prints output data. II-6 158 

PDROPCH - Calculates storage pressure drop 

during charging. II-6 159 

PRNPRS - Prints output data. II-6 159 

PDROPDS - Calculates storage pressure drop during 

discharging and prints output data, II-6 160 

11,2 DEFINITIONS OF THE PHYSICAL VARIABLES USED IN PROGRAM HREGEN 

COMMON/BCKGR/ 

CPBRIK - Brick heat capacity; 1067,0 JJ(kg·oK) 

CTGINF - Normal inlet temperature of gas to the storage unit during 

charging; oK 

DIGINF - Normal inlet temperature of gas to the storage unit during 

FLOWA 

IGAS 

discharging; oK 

2 
- Cross-sectional gas flow area through storage; m 

- Heat transfer gas symbol (1 represents H
2
0. 2 represents 

He. and 3 represents N
2

) 

NTANKT - Total number of separately manifolded storage tank sets 

in series. 

PERIM - Effective heat transfer perimeter through storage; m 

TDSOSC - Desired outlet temperature of gas from the storage unit 

at the end of charging; OK 
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TEQD - Equivalent diameter of gas flow channels through storage; 

0.0348 m 

COMMON/CRGINPT/ 

DTHETC - Length of one time increment during charging; sec. 

HTHETC - Total length of the storage charging cycle; hours 

QHEC(360) - Heat transferred by the heat exchangers during a 

QR(360) 

specified time increment;W 

Heat absorbed by the central receives during a 

specified time increment;W 

QRMAX(360) - Maximum amount of heat which could be absorbed by 

the central receiver during a specified time 

inc remen t; W 

THETC - Total length of the storage charging cycle; sec 

TINHEC(360)- Gas temperature into the heat exchangers during a 

specified time increment; oK 

TOUTHEC(360) - Gas temperature out of the heat exchangers during 

a specified time increment; oK 

TOUTRM 

COMMON/DISINPT/ 

DTHETD 

ESTDT 

- Maximum allowable gas temperature out of the central 

receiver; oK 

- Normal length of one time increment during 

discharging; sec. 

- Estimated total length of the storage discharging 

cycle; sec. 
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QHED(360) 
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- Estimated total length of the storage discharging 

cycle; hours 

- Heat transferred by the heat exchangers during a 

specified time increment;W 

TDSOHE(360) - Desired outlet temperature of gas from the heat 

exchangers during a specified time increment; oK 

TINHED(260) - Inlet temperature of gas to the heat exchangers 

during a specified time increment; oK 

PROGRAM HREGEN 

ENERGYC 

ENERGYD 

STORCAP 

SUBROUTINE BCKGR 

Thermal energy accumulated in storage during 

charging; MW-hr 

- Thermal energy released from storage during 

discharging; MW-hr 

Energy accumulated in storage during each charge 

cycle per total mass of storage bricks; MW-hr/kg 

No variables. 

COMMON/lTSET/ 

IX12 - The total number of length increments storage is divided 

into. 

JXlO - The estimated number of time increments charge and discharge 

cycles are divided into. 

SUBROUTINE IJSET 

No variables. 
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SUBROUTINE CRGINPT 

ISTART(20) ~ First time increment within an interval over which 

the charging conditions are constant. 

ISTOP(20) ~ Last time increment within an interval over which 

the charging conditions are constant. 

N ~ Total number of particular sets of charging conditions. 

SUBROUTINE DISINPT 

ISTART(20) ~ First time increment within an interval over which 

the discharging conditions are constant. 

ISTOP(20) ~ Last time increment within an interval over which 

the discharging conditions are constant. 

N 

COMMON/GSPROP/ 

CPGAS 

KG 

MU 

PR 

- Total number of particular sets of discharging 

conditions. 

- Gas heat capacity; J/(kgoOK) 

- Gas thermal conductivity; W/(moOK) 

- Gas viscosity; Pa·s 

- Prandtl number 

SUBROUTINE GSPROP 

No variables. 

COMMON/SIZE/ 

DZ 

HBRIK 

Z 

~ Incremental length of the storage bed; m 

- Total storage brick mass; kg 

- Total length of the storage bed; m 
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COMMON/PROFILE/ 

CTW(2.35l) ~ Brick temperature averaged over brick thickness and 

averaged over a particular incremental length of the 

storage bed at the start of a particular time 

increment; oK 

CTWBAR(361) ~ Brick temperature averaged over brick thickness and 

averaged over the entire length of the storage bed 

at the start of a particular time increment; OK 

DTW(2.35l) ~ Brick temperature averaged over brick thickness and 

averaged over a particular incremental length of 

the storage bed at the strat of a particular time 

increment; OK 

DTWBAR(361) ~ Brick temperature averaged over brick thickness and 

averaged over the entire length of the storage bed 

at the start of a particular time increment; OK 

SUBROUTINE DESIGN 

DDEVDPI 

DEVIA(20) 

ENDT12C 

Estimate for the change in DEVIA with a change in PI 

~ Normalized deviation of the estimated gas temperature 

out of storage at the end of charging from the 

desired value for a particular attempted storage 

model. 

~ Gas temperature out of storage at the end of charging; 

OK 

FRACSTR(20) ~ Normalized thermal energy accumulation in storage 

over a complete charge/discharge cycle for a parti~ 

cular attempted storage model. 
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Pl(20) 

ROBRIK 

COMMON/HRGCRG/ 
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The last time increment in the discharge cycle. 

- Dimensionless parameter used to estimate the spatial 

and thickness averaged brick temperature at the end 

of charging for a particular attempted storage model. 

- Brick density; 2930.0 kg/m
3 

ACUMCT(360) - Accumulated charging time at the end of a particular 

time increment; s 

CMDOT(360,12) - Gas mass flow rate through storage for a particular 

time increment and for a particular storage tank 

set; kg/s 

CTG(360.2) - Gas temperature at the start of a particular length 

increment and the start of a particular time 

increment; OK 

CTG,I(3Sl) - Gas temperature of a particular length increment; OK 

CTGSTR(360.l2) - Storage array for gas temperatures at the start 

of a particular time increment and the start of a 

selected length increment; OK 

CTWSTR(lO.350) - Storage array for brick temperatures averaged 

over brick thickness and averaged over a particu-

lar length increment at the start of a selected 

time increment; OK 

ESTTGC(36l.l2) - Extrapolated gas temperature at the start of a 

future time increment and at the start of a 

selected length increment; OK 
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FBl(360) - Gas mass flow through the heat exchanger bypass 

during a particular time increment; kg/s 

FB2(360) Gas mass flow through the receiver/storage bypass 

during a particular time increment; kg/s 

FREC (360) - Heat exchanger gas mass flow during a particular 

time increment; kg/s 

FMIXS(360) - Gas mass flow from storage to the heat exchangers 

during a particular time increment; kg/s 

FR(360) - Receiver gas mass flow during a particular time 

increment; kg/s 

HC(360.l2) - Gas film heat transfer coefficient for a particular 

IBEGIN(12) 

IEND(12) 

ITCREM 

time increment and a particular storage tank set; 

2 W/(m OK) 

First length increment in a particular storage tank 

set. 

- Last length increment in a particular storage tank 

set. 

- Last time increment in the charge cycle, 

NTANKC(360) - The storage tank set in which gas temperature drops 

from above TMIXS to less than or equal to TMIXS for 

a particular time increment, 

QEQVR(360) - Equivalent receiver heat absorbtion based on a 

cumulative energy balance for a particular time 

inc remen t; W 
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QSC(360) - Heat stored in storage during a particular time 

inc remen t;W 

REC(360.l2) - Gas Reynolds number for a particular time increment 

and for a particular storage tank set 

TINR(360) - Gas temperature to the receiver for a particular 

time increment; oK 

TMIXS(360) - Mixed temperature of gas leaving and bypassing storage 

for a particular time increment; oK 

TOUTR(360) - Gas temperature out of the receiver for a particular 

time increment; oK 

UOC(360.l2) - Overall heat transfer coefficient for a particular 

SUBROUTINE HRGCRG 

CTGIN 

IBEGINI 

I:&lIQDl 

ISEG 

ISEGMl 

KBRIK 

NTANKCl 

ZCENTER 

time increment and a particular storage tank set; 

W!(m3 OK) 

- Gas temperature into storage; oK 

- First length increment in a storage tank set. 

- Last length increment in a storage tank set, 

- Last storage segment in the storage tank set of 

interest. 

- Last storage segment in the storage tank set before 

the one of interest. 

- Brick thermal conductivity; 5.48W!(m o OK) 

- The storage tank set in which gas temperature drops 

from above TMI~ to less than or equal to TMIXS. 

- Brick half width; 0.0381 m 
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COMMON/HRGDISj 

ACUMDT(36l) - Accumulated discharging time at the end of a part i-

cular time increment; s 

DMDOT(360,12) - Gas mass flow rate through storage for a particular 

time increment and for a particular storage tank 

set; kg/s 

DTG(360.2) - Gas temperature at the start of a particular length 

increment and the start of a particular time 

incremen t; oK 

DTGI(35l) - Gas temperature of a particular length increment; oK 

DTGSTR(360.l2) - Storage array for gas temperatures at the start 

of a particular time increment and the start of 

a selected length increment; oK 

DTHETDl(361) - Adjusted length of a particular time increment; s 

DTWSTR(10.350) - Storage array for brick temperatures averaged 

over brick thickness and averaged over a particular 

length increment at the start of a selected time 

incremen t; oK 

ESTTGD(36l.l2) - Extrapolated gas temperature at the start of a 

future time increment and a~ the start of a 

selected length increment; oK 

ESTTGP2 (362) 

FHED (360) 

- Extrapolated temperature of gas leaving storage 

two time increments in the future; oK 

- Heat exchanger gas mass flow during a particular 

time increment; kg/s 



HD (360.12) 

IBEGIN (12) 

lEND (12) 

ITDREM 

NTANKD (360) 

QEQVHE (360) 

QSD (360) 

RED (360.12) 

TOUTHED (360) 

UOD (360 ,12) 

SUBROUTINE HRGDIS 

DTGIN 
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- Gas film heat transfer coefficient for a parti­

cular time increment and a particular storage 

tank set; W!(m2 OK) 

First length increment in a particular storage 

tank set. 

Last length increment in a particular storage 

tank set. 

- Last time increment in the discharge cycle. 

- The storage tank set in which gas temperature 

rises from less than TMIXS to greater than or 

equal to TMIXS for a particular time increment, 

- Equivalent heat transferred by the exchangers 

based on a cumulative energy balance for a 

particular time increment; W 

- Heat released from storage during a particular 

time increment;W 

- Gas Reynolds number for a particular time incre­

ment and for a particular storage tank set 

- Gas temperature out of the heat exchangers for 

a particular time increment; oK 

- Overall heat transfer coefficient for a particular 

time increment and a particular storage tank set; 

W!(m
2 

OK) 

- Gas temperature into storage; oK 



IBEGINI 

lENDl 

lSEG 

ISEGMl 

KBRIK 

NTANKDl 

ZCENTER 

SUBROUTINE PRINTBG 

~146~ 

~ First length increment in a storage tank set. 

- Last length increment in a storage tank set. 

~ Last storage segment in the storage tank set of 

interest. 

- Last storage segment in the storage tank set 

before the one of interest. 

~ Thermal conductivity of brick. 5.48 W/(meOK) 

The storage tank set in which gas temperature 

rises from less than TMTXS to greater than or 

equal to TMIXS 

~ Brick half width; 0.0381 m 

No physical variables. 

SUBROUTINE PRINTCH 

No physical variables. 

SUBROUTINE PRINTDS 

No physical variables 

COMMON/PDROPC/ 

DPBARC - Time averaged storage pressure drop; Pa 

GASVOLC(360.12)- Gas volume for a particular time increment and 

3 
a particular storage segment; kg/m 

PDROPC(360.l3) - Pressure drop at particular time increments and 

the start of particular storage segments. 

SUBROUTINE PDROPCH 

No physical variables. 
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SUBROUTINE PRNTPRS 

No physical variables. 

COMMON/PDROPD/ 

GASVOLD(360,12) - Gas volume for a particular time increment and 

. 3 a partlcu1ar storage segment; kg/m 

PDROPD (360 .13) ~ Pressure drop at a particular time increment and 

the start of a particular storage segment. 

SUBROUTINE PDROPDS 

DPBAR - Time averaged storage pressure drop; Pa 



IL3 

PR:)GR A~ HR ESEt, 76('(·'>76 .... 0 UP]"=! FaN 4,,~i"4'32/ '34 SUBRUUTINE BCKGR 76, U»76iJJ QPT=l FTI\i 4c6~452f034 

Pk0GRAM HKEGEN(INf'Ur~OlJrpUTl S'JBRuUTINE BC«GR~Il,J11 

IG 

JLOMMON/aCKGR/NTANKT, FlOWA, TEOD7 

Ct.lL R[.KG1-:{I 1,JU 
*SCKGR IS A kEAOING SUBROUTI~E 

l.All IJSETt 11 ?Jll 
CALL CF G!NPT {ENERGYC) 

15 CALL DISINPTlENERGYOI 
CAL L G~ PROP 

(36 I ~ 

bO; ? 

T EQD? 
IGAS 7 

msosc 

*REA0 fl0WA IN M=*Z? CTGXNF Q OTG1NF,AND TDSOSC IN DEG K¢ 
ReAD 1,. Q NTANKT? Fl UWAQ IGAS,L T GK NF, OTG! Nf ~ T DSOSC 

lQ fORMAT{ 12 7 SX,F10 .. 2? H,9X,3FIO .. 2} 

*PERIM v TH:: f:FF=CT!VE HEAT TRANSFeR PERIMETER IS CALCULATED 
15 ):"#:"'*.>:>:AS FULlOWS .. A SINGLE CHANNEL IN THE REGENERATOR 

*-***.::015 ')cOZ05W'O.0762/'l Ok L56E-. 3M**2/CHANNEl .. 
PEK I 101=97 .. 6*FtGWA 
C'll DESIGN(ENERGYC,ENERGYO,STORCAPI 
lALl Pt=,II\iTBG ISTQRCAPI 

____________________________ ~:~:~:~:~:~~~~~; ~~[P~[~~SI~F2~~:O~~~~~~~A~~~l~SS~~C~v fa TRANSFER 

2' 

25 

CALL ~hINTCHCENERGYC. 

CAll Pl'lNTOS(ENERGYO~ 

CALL PORGPCH 
CALL PRNTPRS 
CAll PIJRQPOS 
PtdN'f 2' 

2.; FURMAT{lH11 
3') C ON! I NLJ:': 

C0\ITI~UE 

20 

25 

****~THt ~~Tro OF EFFECTIVE PERiMETER TO FLOW AREA IS 
*****97",61-1 PERiHETEk PEk M**2 FLOW AREA .. 

PERIM~97Q&*FlUWA 

PRINT 15 
15 FORMAT(lHl) 

PM.I NT 20, tf-G·'y~FdHGfNh 10$05C 
2: FORMATut 1 12?* FlOWA=*1Fl:.':=2t* CTGiNF=*. 

1 FIO"Zf/?5X,*DTG!NF"'''',F10c2?* TDSOSC=$,F1002vlll 
RETURN 

"D 

I 
f-' ..,.. 
00 
I 



SU8ROUTINE lJS~T 

if. 

2, 

76t -:;<>760G CPT::1 ----------FTN-4:6~-27J 34 $UtH~CJUT INE (RG!NPT 76_'Q~76()C OPT::l fTN 4~h';'..j.S2/:'34 

SUi)hOU1INE: IJSEHI11JIJ SUciRLJUlfNE CRGINPT!ENERGYU 
'nHIS ::.vi}ROUT INc READS CONOn IONS FOR CHA~Gl/IJG" 

, 
lX~2=[c12 RltRIX12,RJ~RJX10 

IX12Pl::l*lZ+1 /OlNENS101\1 ISTART[2'.}~ rSTOP{2 ~1 RiJi: ,,\>.:( 2 ) ~ 
RT0JTKE{2~l ~ 

JXIOPl::.J*lO+l "'*"''''':',11.1\'0 THE MAXIMUM TLMPERATURE FR.Q,"1 THE RECEIVER (TGUTf-M). 
JXS=S*J kt.AO l ... "N.HTHETC,dOUTRM 

RETURN FLlKMAT(!(v5X 1 *!NPUT FOR CHARGE CYClE*d/1SX. 
END 21. 1 *HiHETC=*,FIO~4!t.< HUURS. iOUTRM=*,Fl{J~2.* K~l 

DO 30 K= I, N 

25 

~ ~ E. R G y C :: f r-.E R G Y(. + \ { Q R (1-1 J - QHE C [ ."l ) } I L ~ 0 E + '/6; »( ( DT HE T C / 36 J.:. ,J J 

" f<.F.TURN 

I 
I-' ..,.. 
\0 
I 



$UtiROUi iNc Of SI1\iPT 7600 .. 7600 OPT::1 FiN 406 .... 452/0.:.4 

SUBROUTINE DISiNPTIENERGYOI 

~ J X 5 ~ 

DIMENSION t{QHcMW(20Iv R,TDSOME(ZOh RTLNKE(ZO), 

1.) 

15 

150FQKMATUI?5X,*INPur fOR DlSCHAqGE CY('lE*.1115X~ 
*HfSTDT.:::*~flC: .. 4~* HOURS, DTHETD=*vFlv .. 4,* SECONDS*J 

20 DU 2:"" K=.l.1N 

25 *****EACH n~E: liNCREMENT UVER THE INTERVAle 
OR E.t..D 30~-I START! K ~ ~] STOP tK~ ~KQHEMW (K» , 

30 

DO 4;J L.:::!1,I2 

35 
*PR ~ NT 1 !~~~D~ ~~ =~ ~~~~E ~i:~ic~ '''F~O''R,-;cV;CE'R [F I CA T! ON.: 

PPiNT 50,ISTART[K)~iSTOP[K}?~HEO~13hTDSOHE(!3~,Tif><HED{I3) 

15 

2' 

25 

S'J;jKOJT IN!: G$PKOP 76.'"'>J<>76JG OPT=l 

SJuf.CuYI N[ GSPkOP 
L u..-::-l.ONI G~ PRuP/KG ~ 14U? pif;C-PGA S 

I)Cu~jMON/IJCKGR/NTANKT 9 FlIJ..iA, 
1 (PBRIK, PERP1, 
2 CTGINF, DTGINF~ 

32 fORMAT{jdOX~* RECEIVER GA5 IS WAfER*dll 
KG::O .. 000 11*! CTGINf -120 0 } 

(PGAS=23 
Gu TO 'j;) 

40 p,INr 42 
42 FCRMATUd'IX 1 * RECEIVER GAS IS HELWM*.ln 

KG= J .. J::.! [\ 26*« C1;; INF +360., 1 
.'<)'.1;::3 .. 5t - '8* (CTG [NF~2h\ .. ) 
PR=U .. 64 
CPGAS=5200 
GO T8 :> 

oj PRINT 62 

FIN 4 .. 6+452/034 

TD~OSC 

----------------~6~2-8~~~~¥T~ GAS IS NITROGE~~*2'~/~/~) ________________ __ 

CPG~S=llv.; ... U 
"5JR"EfuRN 

2., ~~ __ ~ _______ ~_~ __ 
4, 

.5 
0"; ENE-RGvT:;-;:EN-E"-R'-GYO+rQHEO [M} I r;;--iTE-~-o61* (OT HEr O/3t JC" J 1 

F r: rUQ N 
now 

I 
!-' 
U1 
o 
I 



15 

20 

25 

% 

55 

SUijROUrlr~E DESIG~. ?6 <>76 'I OPT"'l FiN 4,,6v.,+S2l~.::,4 SU.;ROUT[NE DES1GI" 76!.:C"7600 OPT=l 

Gli TO 4() 
r EQO~ 

.-~-------. 5. C(\.',."ATffl 

65 

*Mb.KE A PRELIMINARY ESTIMATE OF HiE LENGTH AVERAGED WAll TEMPERbTJRE 70 
*".¢;\I.!!t.'~Ai H-tE. ENiJ OF DiSCHARGE" 

iTL)REM=JXl 
Dr';' ShR(TTcYRE-M+IT;o-:-s* D T G I "N-F +J:Z vC: T "GiNF---------- -
DO 10 IlC=l? IX12Pl 

1) DTw!2dlC)=DTif<'BAR!ITDREM*"1l 75 
*MAK\: A PRElPo\1NARY ESTlMAiE Of PI ~CT\o.BAR-

***** Pl*{C!GINF-DTGINFI+OTGINF 

·nHEN THE 

---~--------

....... -..,.-

T1+j. );:Pl{ If)-DCV!A( ITUD.JEIJDPI 
Pli rT+l)=iPl! [1)+1".0112,,0 

F8 0 6 v * 
2.) Cl.JNTlNUE 

END 

---------------

CHAi\GE ~ 

·1.-"'-MtnnTTrRblfR1K*r3"":72*fCO~-l--~ 

Ol~Z/R:J7,;~~~;~~~",~".~,,~o~,~v~, 

*****P[-<UF!lE AT THE 

*****THAT THr lU0P IS NOT DIVERGiNG EACH TIr-\E THPOUGH" 
rHTT.LT.3i GO 10 30 

__________ .~ ____ '--l"F--'( ASS! D~VI A! IT ,j 0 GEo l" Ji.14~ OR 0 ASS ( FRACS T R. { IT ~ ~ ~ 

FTN ""·,c",Lj521:':34 

I 
!-' 
\Jl 
!-' , 



$UBRLlUT INE HkGCRG 76 .. 76,} OPT'~l FTI\, 4" 6t-452f ~4 :::'J:3Ri.)drrl~E HRG(RG 76(,0'" 7600 OPT: 1 FIN 4~6'11-452/l\.3«, 

SUl:IROUTI"lE HRGCRG(ENERGVC.ENDT12C) IF{{ESTTG(! ITC.12}-TINHFCt rTe} I F_,,~OI FRZ{ ITC);:;') .. 'J 

60 

FEAt Mf'1RH< '''Iffd ITe» == (QRMA)({ I TC} /CPGAS+FM I XS { I IC) *« TOUTHEC {! IC)-
E'S'rrG-rrj-6[;Tzr;-rc-rwT3-t,-IT;-- 65 EST T Gt. ( 1 T C , 12 ) J ) I (TOUT R M- EST r GC { ! T C, 1 2 J I 

L T'----;~Fi~T,~"~c;;~~~~; 1 ~~~;~6'?~~---'~----~ 

20 

, 
HCL36Jd21~ UOC(360dZ19 IBEGIN021~ 70 t<FrH MUST BE A PUSITIVE FLOw 
KEND(121~ CT':;!360~2J. CTGSTR~360d21~ IF[IFBl!ITC)"GE"O ... Ol GO TO 35 

OC OMMGNI PROF i LE/i)T~ f 2,351]? 
1 CTid2~35U, 

tOMMQN/GSPROP/KG 9 MU,PR.CPGAS 

---------,"')~-c'~S.~c;;~"'(;~~'7;Tr J7~u~SE~"("I'~ I AOJUS r ~ I XL 2 , I X 12 P].. , I X6 , J • J Xl:) ~ JX 1 (1 P 1 ? J)( 5 ? 6, 3 5'-)~"~C;:~'i::+'~'=~T¥ OicE U"rTiR'!'I"r"C"'------------

25 1 Rld~.IX12,K,hRJXl() $,Io!\OVE THE CALCULATED WAll TEMPERATURES FOR TIME ITe 
R!:Al KtlRiK *****lNfO THE FIR.ST lINE Of THE ARRCl.Y CHn 19i1CJ 

30 
** •• ~klll M4TCH THE WALL TEMPERATURES AT THE E~O OF THE ••• *.CASE 1,GAS TE~PERATURE AT THE ENG UF ONE TANK 

====-"""""'"""'==cr-===-",...,----"--------------- :¢:** *"" MAt tHE 5T MIx 5.( 1 T Cl ~ tNC [UOE S,OVERFCbj;i C OND! T ION .. 

35 
Ist-E!IID=! leI! 
:::'GEND-IlC/RI DU 60 !\iTANKA-l?I'HANKT 
IH(iSGENO-SGENDL,NE .. 6~ GO TO 20 95 IFnnANKA~LE<>NTANKCnfcH CMDOTUTCvNTANKA]=FiunCl 

40 
ESTTGC ( 1 ~ 1 SGEND ~=DHIli2 ~! X12PI-IlC b 6) I F ~ NT Ar-..KA., GT ~ f\l1 ANKC ( I Tel) C I"I;)OT ~ r Ie ~ NTANKA} =FB!. (E TC] 

2J CONTr"NUE ' ---------~------,- 1 +FR(lrC}flOOO .. O " 

:~!!~!E~~O~~~~~~~~~~G~g~~~ r~~l ~~;:~iS c~~~~ REGE~ERA_r_O_R__________ 5':; ggN;;C~;'N.,c3"~:---- -------

'C; I ( 

DO ]0 ITC=17JX10 l~( * •• -.CASE 2~GAS TE~PERATURE D~OPS FRQM ABove TO 3ELOw TM!XSCITCJ 
*****···fN!HEFTRSf TANK 

****"'CRGINPT PROViDE:.S QR?QHEC~TINHECdDUTHECvl.tRMAX,AND T(;UT~M VALUES. DO 9:.. kTANKA=lvNTANKT 
5 • r t NHE ( It c i v !:I Y!SA ~ S TwO r s LlOSTU~---'-------- - ------------C-M-orrnTIT--;TT=F1ffITTtT+FMTKs-IT1Tf*TCTGlN=-rMTxsTCf(.-n j 

$****IS ASSUMED 10 DEPEND ON A CU~ULATiVE ENERGY BAlANCEc "EOVRIU-QROI ____ u ___ • ____ _ 

55 IFllTC.NE.II QEQVK!ITCI=QRllTC)+IQEQVRllTC-II-QHECllTC-1 ,- 8. CONTINU' 

I 
r 
I...n 
N 
I 



~U6ROUTINE HkGCR~ 76l(: ... 760Q {JPT=l 

115 

145 

4" 6+4521 034 SJSROUTlNE HRGCRG 

z':, 

210 
----~--------

76. ,,-,""76!J,J OPT:). t=TN 4<>6~~521j;:4 

~ 
i-' 
V1 
l.0 
I 



-,I> 

SUSROUTI~E I-UZGCRG 16":'OQ,76QO OPT-l FIN 4~6+452F,34 

5 XJ *C TWBAR =*, Fl.)" 21 
23{; 

235 5t: RETURN 
END 

10 

15 

20 

25 

\b 

SUtlRuUHNE: HSGiJ!S 7600 .. 7600 CPT""l ~~~ ----fTN-4:-6+45Z/034-

SUGROulIN~ HRGOIS(ENERGYO,ITDREMll 
r CMMON/llTWS TKI/DTWS TP.l i 35) 

______ 2Q1D2L _______ _ 

T!)UTHED!36~1 ~ 
P. EoT36u; ~----

b~~~i~iiz~D~):~1~2~)-,---
D T \,is TR ~ 1 U 1 35,' ) ? QS f) ( 36_ 1 I ACUMOT~361). 
ITDREMv ESTTGP2(362J? 

ChI2,3511. 
COMMO~/GSPROP/KG7MU.PR1CPGAS 

REAL KG,.'4U 

OTHEYDI {361} 

OCGMMCN/I J SET 11 ~ lADJUS Til ;.(12. t X:i2pT~ri61J. JXllJ 1 JX 10 P19 JX5? 
1 RI~R!X12~KJvRJX10 

55 DT~I N=T OUTHEO«! TD) 
"""lOVE YH~ CALCULATED WALL h,MPERA1URES fOR: T!ME ltD 
*****!NTO THE fIRST l]NE OF i)HHldZOl -_ .. _-------- ----- . __ ._. _ ... _- ... -- ". 

I 
f-' 
V1 
.>::­
I 



suaRUUTENE HRGOrS 76UO<>7600 OP1=1 FTN 4~6+452/0Z4 SU')RlJUT 1 Nt HRGJI S 7600 ... 7600 OPT::::1 --·-·-·----~~~452;o~-- i 

75 

140 
v !: ~ T 7 (') C r. 1 1 TTf'> ~ 1 _nrrfll.l 

\Jl 
i45 (C PGAS* O/>'.OOT ( 1 r D, rH ANK ~ l \Jl 

I 

95 

TO, 

ljT1Tf$T"(1;-p-Z-fITD~rTFlHEuTTn:rn-~n TO+ 1 §- ------ 17u ----~,----TJTL;{ 1 TD.ll-ott<!!, i~ 
1 DTHETD*!ESTTGD{ITD,12}-TI~~HED[ITDl)1 2 ({MBRIK/ll*CPBRtK) "._--------------------- -- -------~--- .. -_. __ .. - --------.--.---... -".-----~-



175 

185 

190 

195 

2 )(j 

2!)5 

21.. 

215 

SlJ3RUUrINE HRGOrs 76,'-()<>76')0 OPT=l FiN 4 .. 6+452/034 

:Q:ACCUMUlATE: THE WALL TEJI>1PERATuRFS AT TiME ITD+l FOR lX12 WAll POSIT IO'I!~ 

POSITION IlO 

S;JbROuTINE PRIfHtlG 76 <<>-76',J OPT=l 

.sUBKOUTINE PRINT8G!STORCAPl 
",(,.O,'>I3,"'Wf>.41 dCKGR IN T ANI{ T ? 

1 CP$RiK 1 

2 CTGINF T 

tG~MON/SllE/DlvZ~M~RIK 

REAL MbRI K. 

F LOw A ~ 

FIN 4 .. &+4521i,);'4 

T EQD1 
IGA$, 
TDSOSC 

Y ITO= ITD/RJ 
II-{ ITDoEQol) 

',(CMMON/ I JSET II ~! ADJUST v 1 X 12, IX12Pl? I X6, J ~ JXl ',JX1 ... p 1. ?JX5 v 
RI~RIX12~RJ,RJX10 

FOR THRS DESIGN IS*,F12 .. 7, 
*ACCJMULAT~ HEAT STORAGE * MW-HRS OF HEAT PER KG OF BRICK*,/l 

QS.D~ lTDl=QSO{ HD1+CPGAS*OMOOr« KTDvNTANKl* PRINT 20.NTANK1d 

*EXTRAPULATE TO ESTIMA.TE THE nUTLET GAS TEMPERA1'JRf:: PRINT 40.HDWA,PERIM 
*****T\.)O TIMEIN{J~-EMENtS---AHEAD.. 20 400f OQMA T (5X 1~ --C;:-AS-

OE$TTGP2! nO+2 i =ES iYGD( ! rD+ 1 ~ 121 {. [E$ TTGO~ I 1D+1 ~ 12} - M* 9/) 
1 ESTTGO( ITDd21 ~ *~ DTIrlETD/OTHETDTTf~------------

ACUMOT(rTO"'U=ACUMOTnTDlt+DTHErDUHD,,"l~ 25 42 f-ORMAT'5X,*THE RECEiVER. GAS IS HElIUM*d! 
*CALCULATE THE lENGTH--AVERAGED ~AlL TE"'1PERATURE AT ------rFTTGAS-~-E'f:-3-r--prHNT 43 

*ENJ OF THE MAIN lTD LOOP o IF RJX!a IS LESS THAN 36~~ AND • 15.,Flj.2~* DEG K*,/J 
*****tTERAttcrN"-j-H-R:'OUGH n-HS lOOP 360 TaME.S IS COMPlETE09 PUNT S01JXIU1!X12 
··***THE WAll TEMPERATURE AT THE ENO OF CHARGE wAS TO 500FCRMA1~5X~*THIS PROGRAM SOLVES THE HEAT REGENERATOR EQUATIONS Sf 
*****H1GH 10 AllOW TOTAL DISCHARGE., --.------~.-.,--.. 1 '* TH!:: METHOD OF FiNITE DIF-FERENCE*'/?5X~ 

3:' 2 ttTIME wAS DIVIDED !NTO*?14 9 

3 * INCREMENT$"*715~* LENGHT INCREMENTS WERE 'JSEO,,*~!III!) 
23) CONOlNUE ReTuRN 

PRINT r*n ~DTW(2 1*3lv 
1 2d*5) 2d*6) 

------- ~-.. - ----------,---~----.------.--

I 
f-' 
VI 
(J"\ 

I 



SUi3kOUT !NE p~ INTC H 76 ' . .,.76(, .. OPT:::l FTN 4 .. 6+4521 34 SJdROUT[NE PRINTCH 76:)(;"'76000PT:::l FiN 4~6~·452/03';' 

K=i 
65 p"j:'n NT l.i:.J t K?CMDOT (K 1 L] 1 REC(K.~ II .UOC(K1L) ?EST'[GC(K+1 9 M) 

IjOC~36(912)~ IBEGIN(121v 70 
lEND(12l~ CrSf360?2)9 CTG$TR{3&Od21~ 100 C01\TENIJE 

15 

, 
TOUTHEC(360~? QR~AX~360} 1 TOUTRM 

20 bCOMMONI rJSTT I r~fADJliST ~i}(f2-;-r ')( 12Pf"~Tx6 7 J. J"x"IS JX E"pf-;-jx:; ~ 

25 

19lf-TGRI\.jATTlT~"Txl *fn .. -""17X. *rz.t*;-7X. *Cn;.ji"-;7 XV *CTG*; I) 

90 ---------------~~~"~TT~~~'~'-~ 

35------------,~;z=~TT7TTT~,.'''uo~._,o,,,~~~_.""'''o~-~---c~,~ 

9_ 

55 
iJl'RTNTo7)-;-;;-;TnwTRT;TOUTl!TRT-;T11''-Ht:1:l'I(T;TDlJTH8:TRT , 

__ ._~~ _______ .....l... ______ T_M_I_~S~~_I~!:5~_.!..i.!.<_} __ .. _ .. _"._ 

I 
i-' 
In 
'-' 
I 



$U8>RGUTINE. PR1N1DS 760'-'",76000PT=1 FTN 4",6+452/0=4 SUoRUunNE PRINTDS 76 '0 ... 76 .. "'\U OPT:l - ----------F-TN 4<>6~452-7J34--

.sUtlROLJT!NE P!tUNTOS(~Nf:.RGYDj rX3:..3*1 
(0MMON/OTWS TRI! DT~S:tR If3-S-Cf) (i5:::: 5* i 

REAL MBRIK 
\ CUMMQN/HRGD] SI DiGI [351 j ~ ESTTG;),:'rlT;-lZl-;AOTWT36IT;--- ----------65 4)(";* I fFfETD*~ 25x~ *LEI'IlGHT I NCREi;fENT* ~ I /? 
1 OEQ\lHE~36alv FHED~360), TOUTHEOO&.:' I , 2 lOXt6I12d' 

10 2 NTAI\iKD{360h DIl40aT!360dZ)9 PE0i36 ,12)0 IT0RMDJ-ITDREM/J 
HD'360d2)~ JOD(360dLn. lREGIN021? l}U 120 l=ldTORMDJ 

4 IENO(121~ DTG(360r2], DTGSTR~360~12J9 M=l*J+l 
5 OHiSTFdl)r35 J~QSO{36_'a, ACUMOH36U? 12 ... lPHNT 13.)tMwDTII\STRtLdXU1DTWSTR!l,lX3J,DTt.o.<$TRiLdX51? 
6 lTUREI>'h E$TTGP2(362)~ DTHETDID61l 1 OTWSTRTl1n(iT;OTWSTfUl~!X9)dHWSTR{l1IXlll 

15 LEVEL 2vDTGr 130 FORMAT(5X,15~6f12Q2» 
PRINT l'~<) 

R!vRI:X12~RJ~RJX10 !V IlD"'! lZ0+1/2J/I 
20 PF.. i l'-n- 10, EN~RGYDY-IIb = ~ Lrtj"+ f 1211 R 1 

25 K=l lYlTD=1TO/J 
PEINT 20,K9QHEO(KJ,QEQVHEiK:~QSD(K~?FHE01K} VITD=rrO/RJ 

-=------=~"':T_~"+~~~,+''=''v=='''''=cc-·===.------ -------- - i ~~ 

4_ 

45 

K= 1 TOREM 
PRINTZ--:- w K ~ QH:£15TKT;Q"EQVHE, Kl----;QS 0 {K! -;-FHEDfKT--'---"---~""---'----- --- ·····-··-----····------I---sIT5 

PRI NT 51.: 91< ~ T INHEO( K ~ 7 TQUTHEO{ K} V TDSOHE! K 0 Q t\;T ANKD~ K ~ ~ ACU'4DT {K+ i.) 

PRI ['.01 5 :;-,f;-fINHEtj-o<'J" ? TOi.ftKED[ K~ ;fbsOHE 'Klf-NTANKD{KT~A[UM5f fK+ I) 

DO 70 l"'lvNTANKT 
M-=~TANK1 
prd NT 8, 91... 

.. ----- --------

K"'l 
~-------c 

90 

55 PR IN! 90 9 K9 OMOOT{ K, l B ~ REO~ Kvl} ~'JOOH( v l ~ v ES T TGO (K+1? M} 
"rcffNTINDt 

I 
r 
V1 
00 
I 



15 

20 

25 

30 

SJ8ROUTINE PDf...QP(.H 7000<>1600 OPT·";;:l FiN 4,,6 ... 4521 34 s J5~Uur I NE PRNTPI-. ~ 76)<> 761...- I OPT::: 1 fiN 4 .. 6 ... 4521 34 

SuBROUl I~E PRNlPRS 

F8U3601? TINR(';'6Q~7 rOlliR06U}~ 

*START OF THE MAiN [IC lOOP~ CALc-tTL$.,TES PRESSURE DRUP THROUGH ZU 

DO 1] nC=ldTCREM 25 
$. fNTTTAlrl1:-PDROPUTf(--;TT"-;-f-HE-PRESS:JR-E~OR(JPBEFURt----YH-E FI RS f SEGME\!T ~ PDROPC ~ K? 5) ? PDROP"(: ~ K ~61-;-PDR6pITKg 7 B 

IS IN. 4-) FURMAT {II f 19X ~ 1 117, 9X~ lKS V 9X? l H9? 8X~ 2Hlo ~ ex, 2Hll ~ ax, ZH12? I; 
K= 1 

E:I~D 

i 
I-' 
l.n 
\D 
I 



to 

15 

2,_ 

25 

35 

40 

45 

SJBH.OUT IN€ PO;UPOS 7600<>7600 OPT:;l ---~'4:6:;45il--14 ----If)Ez..-78~: 44~ 59 SKY P!\GE 

SUBROUTINE PDROPOS 
CDMMbNI PDROPD/PoRcfp-lrC36) 'I' 1 3)·~ GiSV-ITC5T36 g 12 i 
LEvEL 2.PDRUPD7GASvOt.D 

OCOMMON/BCKGR/NIANKT t FLOWA~ ---T-e'QO;--
1 CPBRIK, 
2 CTGI1NF-~ ~~~~~7C-----

COMMON/S!IEIDZ.I."BR1K 
RTAI- MB~IK 

DrWSTR~lO~350~?QSiJ«36)Jw ACUMDTf361lt 
6 liDREM~ ESnGP21:;62~t DTHETOU361.1 
OC-OMMONI IJ5ET f I ~ lAOJUST '1'1 :.:12 ~ i x12Pl r 1X6 i J ,JXl0 7 JX10Pl ~ JX5 ~ 
1. Rl,RIX12vRJrRJX1J 

LEVEL 
PRJ NT lTDRE" 

3..., fuRMAT(5X1*'ITDREM=*9I4~ 

OPBAR=G .. O 
DO 10 ITT 0=1 ~ HDREM 
pi)RapO{ITD~l~=;j .. ,} 
DO 20 iSEG=1912 
1'HANK::: (NT ANKT* i IS EG-ll) 112 ¢-1 

1I1FTIG-AS:-1: Q-:Tf--GAS VQ lol ITO 1 ! S E G l -:;T:-42E':--v 4"* 

OMOOT I !TD~ NT ANK) **2*( RI *Oll '* 
2 G-Asv[H".IjTTrD-;TSE1~-17TTE·'fb*-fT.-O WA * * 2 r 

2J CONTINUE 
DPBAR-OPBAR+PQRQiODf tTDv 13~ II IDREM "----------

10 CONTiNUE 
PRT---I'~fT4.1 

4JOFORMAI.I/I~5X,*DISCHARGING PRESSURE DROP TABLE*, 

6, 

r---~THn-I5*;;-;TX-~-*-P-R-tSSU R E--m·TI}p-;';;;-7l 
K= 1 

15RTNT~? K v PDROPO I K~ 151" 
PRiNT 1'~'fDPbAR 

1"'0 -F--mni{AT'!1.5X~*AVERAGE PRESSURE DROh -DrSCHARG-n;;J~*~-Elo---:Z;;77r--------~ 
RETURN 

s:---------tfiD' 

I 
f-' 
0\ 
o 
I 
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11.4 HREGEN SAMPLE OUTPUT FOR THE REFERENCE DESIGN 

1I.4a 

II.4b 

HTHfTC= 8.0000 HOURS. TOUJRM= 1 089,,--Q~~ ___ ~ __ ~~~-=-
ISTAPf= 1 ISTOP'" 3111 TINHEC= 867.Vt1 K. TOUTHEC'" 60L.QI) K 
QR'" 44100JO,10.00 \'1. QHEC= 25200{)000.rlO W. QR~AX'" 441000000.00~~_ 

HESTOT- 6.000u HOU~~. DTHETO= 72.0000 SECONDS 
_I::-S,,-T=-A-,-R_l,-' "'_.~ _-.:l=---I,-eS,,-I,-,O=-:p. '" 3 6 () Q H E 0 = 2 5 2 0 {) 00 I) fJ • 00 w 

TDSOHE= 600.00 K. TINHEDz 867.00 K 

Output Generated During Program Iteration 
STORAGE CHARGED AFTER 300 TIM~ I~CREMENTS 

1089.13 l(a9.02 1089.0J 1088.81 
1071.43 1047.52 1009.14 958.32 

to a S~tisfactory De~n 

CTWBAp= 1040.10 
1,)87.66 1.)83.25 
901.21 845.54 

_._------------
STORAGE DISCHARGED AFTER 328 TI~E INCREMENTS OTwBAR= b66e03 

601,1.00 600 ( 1) 600.(\9 600.80 603.95 613.20 
633. 20 667 • 29 715.3 7 -~7 73 ~59- 8 3'5 • 83 8 9 5--.:19-~~~-~~-~-~--~~~· 

IT: 2 PIIITI'" .898~34ENDT12C~ 871.36 
FRACSTR<ITT", ,,008213 OEV!AIIlI= .. 008922 UOEVOP1= 5,,00 

1089003 1081 .. 70 

S10 RA GE ~D I SCHAR G E~D AFT ER ~(n T 1111\ E ! NCf\E:~ ENT S. 0 HIBAR '" 668.85 
6H.')() 61},,).dl 6(;0.17 601.24 60'5@31 616.34 
6:58. 34 --~3. 27 -rzz;:16~~-"r7~2-6--839-:;~46~--~-89T:~I8--~-··--·-·'------
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II.4c Output Data for the Reference Storage Design 

THE STURAGE POTENTIAL FUR THIS utSlGN IS 

STORAG~ IS 6ROKEN DowN INTO TANKS IN SERIES w1TH105.58 H TOTAL LENGHT 

----------STORAGE COIHAlNS 13809537. KG Of BRICKS 

GAS FlC" AREA" 12.0G H2 1171.20M 

DURING CHA~GE, TH~ MAXIMUM T~MPE~ATURE ALLOWED AT THE STORAGE OUTLET IS 867.00 DEG K 

THIS PROGRAM seLVES THE HEAT RtGE~[RATOR EQUATIONS BY THE METHOD OF FINITE DIFFERENCE 
Tr/AE V;AS DIVIDED INTO 300 INCREMENTS, 300 LENGHT INCREMENTS WERE USED. 

CONDITIONS DURING CHARGE CYCLE 

ENERGY S TliREiJ- 1512.00 MW-HRS 

441J·'.).)t;,j,01 4410C i)IJ'-;C. ,hi 44H'O(l!)uiJ.OO 1889-99938. 2l~25i006000 :f<)-~-~---~----
30 441Q00106.S~ 441000000.00 441000000.00 188999993.28 252000000.00 
60 441 000441. 1'10'---4-'-4-'-1~0~-'0"'O"-J:=-O='O:=-.'-0"-0~-4'--4'-'1---0o.::0o.::0o.::0o.::0~O'-",-':::0-':::o'----i889999-!f3. 7 0 --2520'5fj~6-(l(j:r' j ._- ~----~ 
9" 441»)1J78.95 4410I)Qi)(10.1)() 44H10JOOO.OO 188999973.66 2520f)OO')U.OO 

120 441001993.59 441000000.00 441000000.00 198999965.33 252000000.00 
150 4410031~7,12 441000000.00 4410nnOOO.JO 188999956.16 25200~)~U.U0 
18~' 441 J')4698. 77 44(1)(10(JO~J. 0(1 441000000.00 188999937. 96~-25Z-0().j00-O:00-----~-~-~-·~ 
210 441007090.13 441000000.00 441000000.00 188999895.14 252000000.00 

·----~2:-=4-;:0c----;.4-;.4.;.1~0-;.1..;-1.;'j~0:.;.4~. ():> 44100000'J. 'Jv 4411Jli0000. (;') 188999791.1 7 252().~-cJ0JJ. 0J .--------

IO--------__ ~2~770--_+4+4~ln~2~1~2+9f3~.+5~S---4~4~1~O~vf'~~l~)v~"J~.~,~Jl~~4~4~1~O~0~,Jp)~O~O~.~O~)~~1~8~8~9~9~9~4~8~4~.~O~5~~2~5~2~O~J~0~IO~O~0~.~O~O~----------~ 
3C~ ~4105224Q.42 4410000GO.00 441000000.00 188997899.10 252000000.00 

9 --. 

8 -
I THErC FE FMIXS FBI FK? FHEC NT ANKC 

30 173.43 173.43 v.h) '3.)7 l81.5f) 1 
611 173.43 173.43 0.00 8.07 181.50 -~l---

~q.:.(1 ___ 717~3::... -;..4 ~:=-:5 ___ 1 73. 4,'-"3c------=O. 00 8.07 181. 50 _____ 1 ___ _ 
12{' 17.1.43 173.43 d.!)'.) 8.J7 181.50 1 
15(' 173.41 173.43 (1.00 8.07 181.50 1 
180 173.43 173.43 6.00 8.)7 181.50 1 
21\; 173.43 173.43 W.OO 8 ,'1 1815[1 1 

3 ~-----2 4 C -----T-f"'7.;;-3C-.. -;':'43 --";1'"'7':;3~.~4:':;3~-----70C=.-;(>-;(lC------~8 :' ()7 181: 5 O.--------l--~-~---------

270 173.43 173.43 0.00 8.07 181.50 1 
173.43 173.43 (\.,~n ---8.jT-~--f8T-:-50~---~-- 1 
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1 
30 
6!,l 

90 
120 
15'~ 
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----------

IlC CHI eTG 

13 
13 

870.43 
1013.37 

<;2 7 .r!)r---~~------~-­

lCl51. 72 
13 H73.u7 
13 1086.36 
13 101::8,63 

1082.88 
1088,15 

----..~-.-=~---,-~-- 1 088. 9°0.----

13 1;188.95 lU88.99 
13 1089.00 
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21(: 13 1 '.:89 ... ) 1 
240 13 108<1001 
270 13 1089 0 02 
301~ 13 HJ89.i'4 

tlJ 38 988.37 
CJI) 38 1050.98 

120 38 1077 0 51 
15t: 38 1086.10 
180 38 1088.38 
210 38 1088 0 89 

9 

300 38 1089 0 () 2 
1 63 751 0 62 

150 63 1l167.57 
180 63 ICl8l.91l 
210 63 1087.07 
24t: 63 11,188.57 
27f1 63 1\.188.93 
300 63 1089.01 

1 8tl 698.12 
88 746.75 
88 808 27 

300 88 1088,,89 
1 113 655.58 

3C 113 694.97 
60 113 

12 
3 

11 

10 
210 1051.19 
240 1073.94 
27() 

9 3('0 
1 

8 

18;; 138 

3 . 300 138 1~84.76 
~~1~~~~1~6~3~~ 610.15 

30 163 627.26 
60 163 655 c C7 

1089.01 
1(89.01 
1069 0 02 
1,)89.05 

1019.61 
1066.23 
1082 0 90 
1087.62 
1 US8. 73 
1088 0 96 

1089 0 03 
771.51 

1,)75.55 
1084.97 
1')87 0 99 
1Ii88.8\.,' 
1088098 
1089 0 02 

715.61 
767.14 
8 20 

1.]68011 
10R1.77 

1061.93 
1079.08 
1')86.25 
1086,,55 

lOil6.61 
615.(12· 
635.75 
667. 4~2~~~~ 

~~-~-



60 188 628.58 636.81 
~~~~~--- ---T88---655~54~~6-6 7 .53~~-~ ~-----~-------~-~~~~~~~--~-~~-~-

120 188 692.93 708.87 
~---~~1~- 5 0 -~-----r8H·~~· 741@5 2 761 <1) 5 7·~~~~··~---~-~-----~--~---·-----~------~--

90 213 629.78 631.82 
-~~---~f20~-~~- 213---6-S6-:-Tg--66 7:ci5-~-------~~-----~-~---~------~~--

150 213 693.29 709.10 
l8d 213 142.30~-- 762~32 

270 213 9S2.32 975.68 
300 2 13 1023 @ '5~7-TI-40 e 68--~-------'------ --------------

1 238 60n.~6 
~~------- 3 r,~---238---------

238 

12~ 238 630.98 638.91 
~~--------i-5-0--~~~238~ 668~ 92 --~~.-------------

l81c 238 71",.68 
--~---- 21 0 ~-- ~ ~- -238~--~~~~----~--'f65___:-S2-~---------~~----~----~-

238 83 .29 

11-~-~ 

150 263 632.37 640.30 
9 ~--------~--TiFT---~-~Z63-659_;TT-~--6T~:-:9f-----------~ -.-------~~ 

210 263 698.30 714.68 
8 ----------24-0~~---26-3··--7 5 3-:20------ 774 :6Er·------------·-----------·-~- ~~---------

3 8 

1 288 600.00 600.00 
6 -~~-----3( ----288~~-6ITO~(r4~ 60,). i)9~---~-----------~-----------~--·--· 

60 288 60C.46 600.79 
5 -----~~~--~--(JO-----~2~--6(12___;;_20---6,' 3 :3-0-~-~----~~---~------ --~-------~-

120 288 606.9U 609.48 
4 -~~----~--~-~-~-Z88 - bTb:74 621.61+ 

180 288 634.25 642.36 
3 ---~-- - ---2To--~----- 28 A----66z:t;S--- 677.;;18-

2 ~__ __ ~~~ __ ~J't~~ ____ ~ __ ~_2_~ 7 05. 5 3 7 23. 12 2 7;' 2 8 8 ----r69~(:;6-~----7(:;_3_;57---~---- ~----------- --~-- ---~ ------ ------ --
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300 288 864.31 895@15 

---~.-,-~~---

ENE RG Y DISCHARGED'" -1513 002 MW-HRS 
----~~-~--

ITHETD QHED QEQVHE QSD FHED 

1 2 ') 20~)OOOC. O'J 252(1000(;0.0;) -251996828.32 181.5(') 
30 252000000.00 2520(1()('81.74 -251999994.41 181.50 
60 252000000.00 252000375.52 -251999985.09 181.50 
9U 252)0 U'J Of). (J.J 252008988.03 -251999973.54 181050 

120 252:')00000.00 252001956.90 -251999961@28 181.51 
150 252JOOOOO.00 252003326.19 -251999946. iJ2 UH.51 
lRO 2520JOOOO.0.'1 252(105265.38 -251999921.71 181.51 
21C 252000000.00 2520(18180.40 -251999877.95 181.51 
24;:; 252,'))OOvJ. OJ 252{)12949.81 -251999789.89 lRI.5l 

------~ 

27U 2520000 000 6~) 252021881.35 -251999569.10 181.52 
300 252000000.00 252043736.02 -251998734.36 181054 
3() 1 252 :Ii) :),)(0. dJ 252J45;.JOi.66 -252606947.95 181.54 

30 867" 00 600.00 600.00 1 2160 .. 00 
60 86 7. uv 6{!~~. C;j 600.00 1 4320.IJl' 
9(\ A67.(\u 600.0(' 60t).00 1 MAO.DO 

12C 867.00 600.00 600.00 1 8641.00 
151:' 867.,),:, 60'l.\,,\~ 6I,J().00 1 H1800. PO 
180 867.'10 60<'.')0 600.00 1 12960.00 
210 867. flO 600@00 600.00 1 15120.00 

-----~--~----~-

24') 867.;)\) 6·y~.(r; 600. ()O 1 11280.00 
27l! 367.00 60(,. Of! 600.00 1 19440.00 

------~-----

300 867.00 600.00 600.00 1 21600.0[) 

12 
FUr< TANK 

11 
TO UMDOT D 

1O~ 
1 

3C 
99.09 126. '77 

2 ~----~n~H=ET~D~ LENGEl INCREI~ENT 
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25 75 125 

61 669.80 880.82 
~----~~-91--6-22:r2-----~i92e-~-

lOu4.23 
951@37 
e 83.45 
807.94 
736@86 

121 6\)5. S7 712.8(' 
15) 6()1.42 657.15 
181 600.31 625 0 25 
211 6~U.06 6U9 74 
241 6JO.Ol 603.24 

--~~----- ---271 6:)0@00 600
e

89 

3'H 

1 
30 
bC 

30 
60 

----------
9C; 

120 
150 

13 
1:> 
13 

38 
38 
3R 
38 
38 
38 

600.19 

868.17 
WI.26 
626.10 

926.96 
838.)8 
72 8@27 
654.51 
619.38 
605.98 

785.02 
648.31 
609.87 

899.83 
7R8.69 
686 0 85 
632.26 
610.22 
602.85 

679.89 
(·40.62 
617.32 
605.66 

175 

u 
1064.28 

----c1c-cO:-c:3 8. 9 1 

lfhH.4) 
950.22 
886.61 
815.fPl 
746.14 
685.53 
639.82 

225 

1 084. 60 
1076.22 
1060.55 
1035.12 
997.51 
946.04 
880.92 
805.26 

275 

1088.55 
1086" 85 
1082,,39 
1073.09 
1056.41 
lC29.18 

987059 
927.25 

----------------------~-~----------

18!) 38 
210 38 

~c---- 60,\. 71 ____________________ ~ ____________ ~ ____ ~ ________________ ~ _____ _ 
600.16 
600.03 

601.63 
600.39 

240 38 600.08 
Zi(' 38 

3 
6000'1) 1 600 e Ot--;--------~--------------------------­

ao 

3(1 63 923.84 [j91.71 
6 C 6 3--~837:'3~1---7·95 0 S8----~--·~~------~ ----~-------~-~--------------~--- "-~----------

90 63 745.14 7 0 8.75 
------12 0 ~~--~-6 3 -~~4:;__sr_ 651. 02 

50 6 

210 63 604.34 6U2.29 
24~O-----'6~3---'6~-7--~O.61 

63 

60 88 920.99 
90 88 840.86 

120 88 758.10 
150 118 
18..1 88 

240 88 607.50 
-----27~(:----~88~-6i:l2~ 

~00 88 600.56 
1 113 1057 0 34 

889.39 
804. oo-----~ 
724.71 
666.37 

604.35 
6 f}l.23 
6("J. 2 5 

1045.56 

--- -------~-----------~~---~-~--



12 

11 

3il 
._--------

6(' 

15(' 113 
180 113 
210 113 
240 113 
27(; 113 
300 11 3 

_~~~~~l 138 
30 138 

__ ~ ____ ._~6~C~ ____ ~1~3~e 
90 138 

121: 138 
150 138 
180 138 
210 U8 

1009.75 
958@ 55 

768.46 737 0 08 
70Z.75 678.58 
6~5~5~.~Z:2~~_6~3~9.50 
625.72 617.06 
6W.{lC' 6C6.04 
602.96 601.55 

1076.11 1069.27 
1056.21 1045.06 
1024.90 10C8.51 
980.24 ~57.48 

92:).59 fl91@71 
849.50 817.64 
776.28 146.31 
711.4·~O--~687@36 

3,J(~ 138 611.).44 606.18 
1 163 1084.99 1081.82 

3G 163 1074@31 10(7@74 
-6~C~·--~~~16~3~~~lO~54~.-~3~8~~1~043.3-6----~----

90 163 1023.34 1007.06 
12l 163 979@11 <;56.79 
15(' 163 921.01 893.26 
180 163 852.43 821.99 
21(; 78,).97 751.91 
24() 691.65 

210 188 853.01 823.38 
240 188 781.17 752.52 

'-~-----270 188 713.28 689.36 
300 188 657.02 640.51 

1 213 1088.89 1088" 62 

5---~--
1 238 1089.01 1088,,96 

30 238 1038.51 1088.12 
60 23R 1086.43 1084.83 
90 238 1080.63 1076.94 

12'! 238 1)68.86 l062.J7 
150 23q 1048.65 1137.68 

2 __________ lJlQ __ ~~_~~_~J 17" 3 !>~_l2\ll.!.~ _____________ ~. ______ .. 
21) 238 972.55 95lJ. N 
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24() 238 912.82 885.69 ._-_.-- ,----
270 238 838.91 808.46 
3)'_' 238 754.60 724.61 

.-~) 
1 263 1089.02 1089.02 

30 263 1088.92 1088.79 
6'. 263 1088.17 1087.54 
9(1 263 1085.57 1083.77 

~~---

120 263 H179.31 11175.44 
ISO 263 1067.10 1060.14 
180 263 1046.28 1035.08 
21(1 263 1013.74 997.11 
~4C' 263 966.15 943.41 
270 263 900.41 371.56 

---~-----

3,)'J 263 814.43 781.26 
1 288 1089.04 1089.03 

30 288 1089.01 1088.97 
60 288 1088.7S 1088.56 
90 288 1087.74 1086.96 

lZ0 Z88 li)84.73 laeZ.74 
--.---~-~---~------

150 288 1077.97 1<173.90 
180 288 1065.10 1057.85 
21;) 288 1 (.43.04 1')31.31 
240 288 1007.73 990.07 
270 288 953.82 928 .. 81 
3.1 •. ' 288 873.98 84U.82 

HeREM" 300 

CHARGING PRESSURE DROP TABLE 

----~-----~~------ --

I .2 7lliE +03 .5143Ei-.13 .7397Ei-()3 .9488E+113 • 1 1 4 'd:' +t) 4 .133(; E+FI4 
3(J .3073E+()3 .5785E+03 .8224E+03 .1047E+04 .1255E+04 .1450E+04 
60 .3169E+03 o 6153E+03 .8849E+03 01129E+04 .1353E+04 • 156 1 E i- 04--------------
91 .32''\4E+(J3 • 6344E+~; 3 .9291E+03 .11<;8E+04 .14431:+(14 .1668E+04 

120 • .3263E+03 .6507i:+Cl3 .%57E+03 .1261E+04 .1533E+(;4 .1781E+-04 

12 
150 .3388::+-03 .6771Ei-03 .1012E+04 • 1335E+04 .1638[i-04 .1918E+04 
IS/) .3634E+03 .7267E+03 .lOS9E+i.l4 .1445E+ ~4 .1789ti-()4 ~2lf2E+l4-~-~-----

11 
ZIG .4103E+C>3 o 8206E+03 .1231E+04 .1638E+04 .203BE+-04 .2423E+04 
240 .504n+03 .1'JC8E+,:l4 .1512E+04 .2U15E+[)4 .2514E+')4 .3·)04E+(,'4 

----~.~------

27(' .7245 E+I)3 .1449E+04 .2173E+04 .2898E+04 .3620E+04 .4338E+-04 
10 

3UG ,,1510E+04 .3021E+04 ,,4531E+-,)4 .6042E+04 .755lE+04 ,,9058E+04 

----.---~-~---~---~~--~-~--

7 8 9 10 11 Z 
8 

1 .1510E+04 .1686[+04 .ltJ62E+04 .2037E+04 .2213E+04 .2388[+04 
30 .1635f+04 • U:ll5E+)4 .1993E+04 .2168[-1-04 .2344E+J4 .2519E+J4 
60 .1756E+04 .1943E:+04 .2123F+i)4 .2301[+1)4 .2477E+04 .2653(+04 

6 90 .1877(+04 .2073[+04 .2261t+04 .2443[+U4 .2623E+04 .2800[+04 
120 .20C9E+-,j4 .2222E+<)4 .24221::+')4- .2613E+04 .2799E+(l4 .2982E+-04 
1% .21 75E+04 .2412E+-()4 .2633(+-04 .284lE+()4 .304'')[+-04 .3233E+04 
l8C .2411E+04 .26861:+04 .29401::+04 .3178E+04 03401E+-04 ,,3616(+04 
2V • 2786t+l,4 • 3124t+o4 • 3436E+-04 • 3724E+J4 .3994E+04 .4248E+')4 
241 .3476E+<)4 .392 3 E+D 4 .434CE+-04 .4727E+04 .5085E+04 .5'+20(+-04 

---'nc o 5J42E+04 .5724E+04 .6373E+04 .6982E+04 • 75 5 OF:;-04-~l:f07 8 E +0-4 --~-~--~--

3'.1,.; .1':156[+-,)5 .12)4E+05 .1348[+')5 .1487E+u5 .J619E+()S .1143E+05 
.~--~----
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VERAGE PRE U~E DROP, CHARGING= .4420E+04 

01 

ITHETl) PRESSURE DRUP 

2C 

AVERAGE PRESSURE DROP, DISCHARGING= @642JE+U4 

12 
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HREGElf 1 1 
PRINTBG( STORCAP) 

Prints QutDut data, 

BCKGR(Il,Jl) 
1 

FRINTCH(ENERGYC) 
Reads input variables. 

J 
Prints QutDut data. 

1 
,6~l!,t(ulj). 

Sets variables 

J 1 CRGINPT(EN:i:RGYC) 

Reads inDut variables. 

1 
storage pressure drop during 

DISINPT(ENERGYD) _. 1 
Reads input variables. 

1 data, 

GSPROP J 
Calculates gas properties. fDROFDS 

1 Calculates storage pressure drop during 
discharging and prints output data. 

DESIGN(ENERGYC,ENERGYD,STORCAf) 1 C· Uses our model to design the storage CALL EXIT ) unit, 

t 

Fig •. 11..,.1. The flowchart for PROGRAM HREGEN. 



ECKGR 

Reads and prints input variables. 

RETURN 

IJSEr 

Determines the values for the variables 
in CUMMON/IJSET/. 

Reads and prints input variables, 

RETURN 
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Reads and prints input variables, 

Determines gas properties for the chose 
heat-transfer gas based on the inlet 
temperature of gas to storage during 
charging, 

Fig. 11-2. The flowcharts for SUBROUTINES BCKGR, lISET, CRG1NPT. 
DlSlNPT and GSPROP. 



Initialize the subroutine, 

DO 20 IT>al, 20 

(DO-Loop 20 calls storage charging and 
discharging routines then readjusts PI 
until the storage unit meets the desi 
design requirements,) 

P~GCRG(6NERGYC,ENDT12C) 

The HRGCRG subroutine calculates storag 
unit performance during charging includ 
ing ENERGYC and ENDT12C, The value of 
CTWBAR(JXlOPl) should remain unchanged. 

HRGDIS(ENERGYD,ITDREM) 

The HRGDIS subroutine calculates storag 
unit oerformance during discharging 
including EN2RGYD, ITDREM, and an up­
dated estimate for DTWBAR(ITDREM+l), 

Check how the latest subroutine itera­
tion has changed DEVIA and FRACSTR. 

Yes 
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IDEVIA(IT)!~ID~~IA(IT-I)I or 
IFRACSTR(IT)I~IFRACSTR(IT-l)l 

30 

Yes 

CES..timate a value for Pl(IT+l). 1 >~ 

~convergence variables, 7 
20 

Fig. II-3. The flowchart for SUBROUTINE DESIGN, 
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HRGCRG J 
~th' ,.1",.,." go" t •• "",,,,", for 

sitton 1Z0 into the first column of th, 
rray CTG(ITC,I). 

lL 

" Ini tialize the subroutine. J Calculate gas temperatures for position 
ZC+ I into the second column of array 

\ PTG(ITC,2), 
/ 

DO )0 ITG-I,JXlO 
'IL 

"-
(DO-Loop )0 calculates storage unit per ~tiroate gsTTGC(ITC+I,ISG~ND). formance throughout the charge cycle.) 

W 
\J/ 

QZQVR(ITC), gas flow rates and iove gas temperatures for time ITC into Calculate he array CTG(IZO+I). gas temperatures outside the storage 
unit, 

I.e 
) alculate the wall temperatures for time 

DO 40 IZC~I,IXI2 
1/ TO+l into the second line of array 

IcTW(2,IZC) , 
Move the calculated wall temperatures 
for time ITC into the first line of the 160 
array CTW(l,IZC), 

40 ~k'. 

cCllmulate thermal energy storage& 

Calculate gas mass flow rates through 150 

each set of storage tanks at time lTC, 
_"k:.. 

70 ~ccumu1ate storage charging time, J .~ 

DO 1:'50 NTANK~l, J" NTANKT 
~lculate "- CTWBAR( ITC+ 1) • 

(DO-Loop 150 calculates storage unit 
performance during time increment ITC.) 30 

DO 160 IZC~IB~INl: \ Print HRGCRG output, _I 
IENDI 

,IL J (DO-Loop 160 calculates performance of 
storage tank set NTANK during time 
increment ITC,) 

R2.'TURN 

The flowchart for SUBROUTINE HRGCRG, 



-175-

y DO )60 IZJ)aI13EGIN1; 
lENDl 

'---' V 
(DO-Loop 360 calculates performanc:::l 

Initialize the subroutine<; 1 storage tank NTANK during time l.ncremen 
lTD.) 

, J, .- -~ 

DO 230 ITJ)al,J60 , Move the calculat'?d gas temperatures fo 

(DO-Loop 2)0 calculates storage unit 
position IZD into the first column of 

performance throughout the discharge 
the array DTG(ITD,l). 

cycle. ) --C l Calculate gas temperatures for position 

Calcula te :<EQVl!E( lTD) ,FHJ!!D( lTD) , 
lZDn into the second column of the 

TOUTJ{;,!l(lTD), AND DTG111, 
array DTG(ITD,2), 

" 
DO 240 IZJ)al,IX12 " ~imate ""TroD( ITDt l,ISGEND). ] 
Move the calculated wall temperatures 
for time lTD into the first Hne of the 

IT~J a=ay DTW(l,IZD), Move the gas temperatures for time 
into the a=ay DTGl(IlD+l). 

240 

"-

Calculate gas mass flow rates through 
Calculate wall temperatures for time 

I each set of storage tanks at ti,.., lTD. 
ITDtl into the second 1100 of the a=ay 
DTW( 2 ,IZD). -_ ....... -

)60 

"-

Can the required ~cumulate thermal energy storage. 

outlet temperature for gas No 
leaving the storage unit be 350 

maintained? 

Estimate ESTrof2(ITDt2) • 

1/"8 1 
Estimate DTHE'l'Dl (ITD+!) • I Accumulate storage discharging U.me", 

DTH~'l'Dl(ITDtl) Yes [ Calculate DTIIBAR ( ITD+ 1) • I 
<i!DTHL'l'D/ZO,O 

230 

No 300 

DO 350 NTANK~l. 
-:> 

'\ Print / NTANKT 
HRGDIS out put, 

(DO-Loop 350 calculates performaooe of "-
the storage unit during time increment ( 
lTD.) 

The flowchart for SUBROUTINE HRGDIS. 
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Print output data, 

Print output data, 

RETURN 

PRINTDS 

Print output data, 

Calculate the pressure drop through 
storage during charging, 

PRNTPRS 

Print output data, 

PDROPDS 

Calculate the pressure drop through 
storage during discharging, 

1 
~int out nut data, 

Fig, 11-6, The flowcharts for SUBROUTINES PRINTBG. PRINTCR. PRINTDS. 
PDROPCH. PRNTPRS and PDROPDS, 



APPENDIX III 

Receiver Modeling 

The computer program used for modeling the cen.tral receiver is 

Cl'.vic',ved in this appendix, Development of the central receiver model 

cb.scussed in Chapter 4.1. This contains a program flm"fchart" 

t of definitions for the variables used. a program 

and a sample program output. The numerical value;:; of 

set the data card have been included j.n the of definitions 

variables. 

OF THE PHYSICAL VARIABLES USED IN PROGRAM TUBE2 

~ Gas heat capacity; J/(kg@OK) 

Change in the outer tube waH per change in 

tube wall heat accumulation per area; °K/ (W 1m2) 

DTSRC ~ Correction to the effective temperature estimate; 

DZ ~ Incremental tube length; Tn 

r:TIJBE .~ Tube ennnisivity or tube absorbt 9 0.88 

~ Gas volume for a icular inerement; 

Gas film heat transfer coefficient; 

SymboliC of the heat transfer gas, 

'" water vapor. 2 "" helium, "~ 

~ Thermal conductivity of the gas; wi @OK) 

I(f~CU:3E Thermal conductivity of the tube wall; 15.0 

Jyro - Gas viscosity; Pa·s 

NI.FCS Number of length increments tIl.e tube is divtded into, 95 
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PDDVFFF(100) - Pressure drop divided by the Fanning friction factor 

to the start of a particular length increment; Pa 

PIE - n. 3.1415 

PR ~ Prand1t number. 

QABSGAS - Heat absorbed by the gas per tube; W 

QACUM Heat accumulated in the tube wall per area; W/m2 

QACUM2 Heat accumulated in the tube wall per area; W/m2 

QEXCESS(ll) - Excess heat which could have been absorbed by the gas 

for a particular effective cavity temperature estimate; W 

.QFROMS (100) - Heat flux per area from the cavity to the outer tube 

wall for a particular length increment; W/m2 

QFROMS2 - Heat flux per area from the cavity to the outer tube 

2 
wall; W/m 

QTOGAS(lOO) - Heat flux per area from the outer tube wall to the bulk 

gas for a particular length increment; W/m2 

QTOGAS2 

RE 

SIGMA 

TAREA 

TBULKG(lOO) 

TBULKO 

TQA 

TSOURCE 

- Heat flux per area from the outer tube wall to the bulk 

gas; W/m2 

- Reynolds number 

-8 2 4 - Stefan-Boltzmann constant; 5.67xlO W/(m ,OK) 

2 
- Tube cross-sectional flow area; m 

- Bulk gas temperature at the start of a particular length 

increment, 

- Outlet bulk gas temperature, 

- Total heat available to be absorbed by the gas per tube;W 

- Effective cavity temperature; oK 
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TTUBEO(lOO) ~ Outer tube wall temperature at a particular length 

TUBEFLO 

TUBEID 

TUBEOD 

UO 

WALLTHK 

z 

increment; oK 

~ Gas mass flow rate per tube; kg/s 

~ Tube inside diameter; 0.0220 m 

Tube outside diameter; 0.0284 m 

~ Overall heat transfer coefficient from the outer tube 

2 
wall to the bulk gas; W / (m . OK) 

~ Tube wall thickness; m 

~ Tube length; 9.5 m 



Ie 

15 

20 

25 

30 

35 

.0 

45 

50 

55 

IIL2. TUBE2 PROGRAM LISTING 

tpQ OGPAJoq Tu8E2 1~Ov ... 1600 OPli::o::1 FiN 4,,6+4'52/.)34 

P~OGR&.,* T08E2 iNPUi .OuTPUT D 
OO!!I'1!E NiS ION TTUSEO ( lOCH w TSUU<G{ :U O~ 0 Jf ROMS (100 ~ ~ 
1. QTOGAS! lOO ~ ~QE xc is ${ l.u 9\-;AS VOU l.J"} ~ ,POuVFFF« It..) 11 60 

RE&'l 
OOAH l Ii{hlU:6EOOvKiIiJ8E,S!GI1'1A9frlJBE~J)HEI' 
1 J",022(hOol284~ 15G'3 9 5 .. 67E-08" ).,88,3 .. 11.o151 

~.\\(TUBE E$T!1IJjAT~D EQUAL TO iHE Ti-<lEGH4AL CONDUCT hi !TV fOR stEEL .. 
:$ee:!l.,.,1<!T &£ BELIEVED WHAl THE iHt:RMAL CO~HJUc.H\lrTY FUR HAVNES 111-198 65 
'$*$**AllOY [S lARGER THI\N HHS iSHMAYE ... 

lp://D.llTH\(:{ 12 .. 0 
>ll<REAC TI'-E OiO~CE OF RECEiVER GAS XGASh THE -iE4T ASSQRSER PER TUBE 
**"'*${T~.&.I, AND THE iNlEr GAS TEftllP'EQATURE TSUlKG( 1 ~ i" 10 

DJ 3CO PlI= 1 ... -4 
IH •• LE.31 [GAS-M 
u= O\l",EQo.!O-a IGAS=l 
Ifl •• LE.31 lBUlKGllO-600.0 
IFI 1 TBUl<GOI-700.J 15 
00 
if I 
i ~ TQA,.42000"O 
I Fi 'A. fe. 31 10"63000.0 

$SH p~!TrAl EST[MATES fOR THE SOURCE TEMPfRAT'JRE {TSOURCE~? TKE INLET SO 
***'ll:*W4ll T/CMPERlaTURE €rTUBEO(l~J~ AND Tnt OUTLET G4S 
*****lfE,"!PERATUPE (1SIJLKm .. 

TSOURCE"'1.2S0 .. 0 
T Tua EOt l. ~""T J:lI.Ul1<G ~ 1) +5' .. 0 
reuu::G'" 1089 .. 0 AS 
TTUBEOI21·HUSEOI Ii 

'*GAS. PROPERTIES AT 10;);) OEG K" IFOR SPECH"!ED 
*****lGAS !WATER"'11 HE=2" N2=31 

IFIIGAS.EQ.1I GJ TO 20 
) GO TO 30 90 

31 GO TO 4;) 
PRHH 50 

50 FORM&T~5l(9*[G4S MISREAD\! p~OGQaM STOPS*~ 

GO TO 500 
20 &e.G: 0 .. 097 95 

toIU"3 .. SE-05 
PR"'J .. 92 
(PGAS·2300.0 
GO TO 60 

3") KG"O,,354 le') 
jbhJ:04 .. 44E-()5 
PR.=O .. 64lJ. 
(PGAS'5200.0 
GO TO 60 

4-0 KG=v,,066 105 
po!lUo::4", 3E-(llS 
PR .. ) .. 72. 
C PC. 5-1100. 0 

1>0 CONY INUE 
@THE fA lOOP 14DJU$TS iHE OUTLET GAS TEIlGlPIER4i4.JRE SU i'H4V" 1:) 

$$U,If)ETHE 00TS!OE TUBE WAll TEMPERATURE: AT TKE GAS ourlET [$ 1089 Dec. 1( .. 

*(AlCUlAiE THE GAS FlJiJ PIER TUSE «TUBEFllJ~~ "iKe. PEVNOlJS NUMBf:~ [RE)~ 

***e¢THE GAS FILM HEAT TRANSfER CUEFFtCllENi 'H)~ TN!) TrlE OVERAll HEAT 
$$r$¢t$lR.&.~SFER C.OEFFiCIENT FROM THE OUTSiDE TUBE W6.ll TO THE GAS WO~Q 

PROGRAM TUSE2 76~O "'1600 OPT"" 1 

DJ8EFlO"'TOA"CPGAS$~ T6UlKO-TSUlKGf U l) 
R E=4 .. O*TUSEFlOf {p ~ E-e-TUBE i D*MU) 

02 3*a<G*R E**3,. B*PR**O .. 333/TtJ 2E W 
I ) 

F TN 4" 6+452/034 

*THE TSOURCE SO THAT THE GAS AS$Ot!6S 
THE AVAilABLE HEAT ITQAlo 

10 

$THIE I lOOP (Al(.IJlATES HOIit HEAT 
***$$10 THE GAS BASED ON tS.N ~MATE 

DO 90 r""l.,I'HNCS 
IF( I .. GEe 3l lT1J8EO t I i "'2 0 TTUBeO( A -i G-T TU6EO{ t -2 i 

-tolHE Ie lOOP DETERMINES A VALUE fOR. THE UUTER TUBE idJ.\ll TEMPE!ol./l,TUlRE 
$****blHiCH REDUCES HEAT ACCUMULATiON TO NEGliGldlE V4lUE .. 
$$***THE ~c lOOP [S GIIJEN ESUMATes F(R TSOURCE AND TBUU<;;"ll", 

DJ loe IC=ld)? 
*(.ALCUl4.TE RADIATiVE HtAT TRANSFER FRCM THE SOURC.E TO THE OUTeR 
$****TU&E wa.ll ~Qf-RU"'lS1UB A"lO CUNVEC"HVE HEAT TRANSfER FROM 
*****THE OUTER rUBE w<\Ll TO THE GAS ~QTOGASf 111 IFOR SEGI>tENT I ~ 
*$:O:**BASED ON THE P';!:ESENT ESTiMATES OF THE OUTER TuBE b!lAll TEMPERATURE 
"'***0HTU6EO~ l ~) AND SOURCE TE,<t?ERAT~E t TSOURCE ~ .. 

Qf ROI4$ t I ) =$! Gi'l! &~ E1 J8 E* (T$OURC E $' Q4-TTUSEO( [b $$4 ~ '$ TIJI3EOD! TU8E i {) 
Qfo,;aS i I I '" i TTUBEot i I-TBUlKG(! I ~ *uO 
Q'&CUM=QFROMS( I! -QTOG4S( ) 

*C4lCUL4TE WHA.T THE HtAT TRAJ~SIFERS WOULD BE IF THE QuTSWE 
*****OF T"'lE TUBE WAS ONE OEGREE HOTTt~.. IJSE NEWTON-
:$ $"* $ 1!):'R APK$ TON T ECHN I Q,JE S THE OUT~R ~A II TEJIIIPE RATURE .. 

:JOFROMS;?:=$lGKA*ETUBE${ II. 1."O»**4~:!'!t 

1 VUBIEOOITUBEID 
QrOGA$2= ( (TTUSEJ{ I I-H QO l-TBUU<G U J I *UO 
QACJ M2=QFROMS2 -;n OG4S2 
D TODQAC =( ( TiUBEO{ r 1 Ii- 1 Q O~ - flUBEC n ~ i I ~ Q~C:Jib>.1Z-QACLH41 
TrUBEO~ ~ n"':"TTuaEJ{ B-QA(.U1'I*(.H"OOQA( 
iFIABStDI0DOAC*QACUM} .. U:,,) .. Gli GO fO no 

*END Of THE Ie lOOP .. 
1110 CaNT iN LIE 

*COMPLETWN Of THE [C lOOP iNDICATES THAT THE PR.OGRAM WAS 
*:O:;{l:**U~A!:RE TO REACH 4. SAT!SIFACTORY v&lUE fOR TTJBEQ(II .. 

PRfNT 12')9 K 

120 F.]R~&.T(!~5)(~*PROGRAM FAILED Of) (flNIfERGE rTUBEO .. li""$?i4~/! 
GJ va 500 

*EARlY EXiT fR(H4 
>ltACCUMUlATE THE ABSORBED BY THE GAS {QASSGAS ~ Ar-.liJ DETERMiNE. 
*****TKE Ga.s TEMPERATURE AT THE START OF THE [~lST IMCRE~ENT .. 

110 QASSGAS"'QTOGAS (i 1 *p I 1:*TUSE W*Dl 'Il-QA6SGAS 
T3UlKG I 1.11- TBUlKGI1I.QABSGAS f ITUBEflll*C PCAS I 

* ENO Of THE r lOOP .. 
90 CONT 

'l<A~JUST TH[ TE""!PERA,TURE SO QEXCESS GOES TO ZERO .. 
QEXCESS~ ~6 '''''YOA-QABSGAS 
IFUBS(QEXCESS([B~i"lE .. TQA/1:)C!),,01 GO TO 130 
[FIle.EQ.!) OT,.(-\ 

0!FI!B.GE.2) OTSRC-QEXCESSIIBIOllTSRCI 
1 IQEXCESSIIB-I)-QfXCESS!IBI) 

'If SOURCE =1 SOURCE+OT SRC 
*END OF THE 18 LOOP" 

88 CGNT !NUE 

2' 

I 
f-' 
CO 
o 
I 



us 

120 

125 

130 

135 

140 

HS 

150 

155 

160 

PROGRAM lUBE2 7600-7600 OPT'l 

*EARn EX IT FROM THE 13 lOOP. 
130 CONTiNUE 

SO THU THE WTSWE Of THE TUH 
THE OUTLET IS 1019 DEG K. 

$EMO Of THE iA tOOP. 
10 CONTiNUE 

* EARlY IT fROM T"E U lOOP. 
140 iNUE 

fTN 4Q6.o-452/034 

*UtClJtUE THE PRESSURE DROP DIViDED !ff THE FANNiNG FRICl"!ON 
****$fACiQ'R AS OEfZNED iN PETERS AND 1"Ef::lMlERHAUSv PAGE 421 .. 

DO 15C K=19M!NCS 
POOVfff! 11 '0. 0 
If! iGAS .EO.11 GASVl)l! 11'1.42E-J4*! TBUlKGI 11-68.01 
If!IGAS.EQ.21 GASVOU II'TSUlKG! 1111660.0 

GA$VaU II '8.62E-05*T8ULKGI 1 

?DDVFff ~ [» 19 = P\JO'\dfFf ~ JI H2 .. 0$( TU6EflOfl ARE A ~ **2* 
Dl'GASVOU! I nUBEID 

150 CIJNT!WUE 
.PRiNT SEC no>! 

if! iGAS.EQ. 
160 FORMAT GAS is ~HER''; 1 

iF! ORINT 170 
170 f"CHil:M.Q1CkHllI15X~'$rnE RECEiVER GAS as HEUUM*~ 

IF! PRINT 180 
leO FORMAT! REeEi VER 

230IJfFO~M~r «9;(9 $ [*0 6X\t IIloTTUBEO« AD *? '*IX [+1 
1 6X,*QTOGASlll* t.~6X,.G'SVOLliJ.,/1 

00 210 5 

2$ JUl 78 21 c 33",09 SKY PAGE 

210 ii+:U~ClrQGA$(U'l'P!JD\!lFflFn+u ~GAS\fOU u 
220 
310 CONIlNtJE 
300 CONT I NUE 
SOD EXiT 

i 
r 
00 
r 
I 



111.3 TUBE2 SAMPLE OUTPUT FOR THE REFERENCE 

THE RECEIVER GAS IS HELIUM 

GAS FLOW"" ®024116 KG/SEC/TUSE RE= 32295.71 

INLET GAS TEMPERATURE: 600.,00 DEG K TSOURCE= 

TQA~ 63000.,00 WATTS/TUBE 

1254,,16 DEG K 

QABSGAS= 63000e41 WATTS/TUBE TBUlKO: 1089,,00 OEG K UO~ 1~12,,51 WATTS/M2/0EG K 

OE XCESS, 
4= 
8= 

I 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
10 
15 
80 
85 
90 
95 

1= 641,,91 
- .. 55 .5= 

-[ 9= 

TTUBEO~ i 3 

165,,41 
197.,85 
828 .. 89 
858.,41 
886",57 
'913 .. 11 
'938,,28 
961 .. 92 
'984" 11 

1004 .. 88 
1024 .. 29 
1042 .. 38 
105'9 .. 21 
1014 .. 85 
108'9,,35 
1102 .. 17 
1 15" 18 
1126 .. 65 
1131,,22 

2= 481,,60 
-I 6= 
- I 10:: 

T BUl.KG{ I +l ) 

631 .. 21 
613 .. 39 
108,,45 
142 .. 30 
774 .. 90 
806,,16 
836.07 
864,,5'9 
891,,69 
911.,38 
941.,61 
964 .. 56 
986 .. 10 

1006 .. 30 
1025 .. 22 
1042,,90 
1059 .. 39 
1074 .. 14 
1089,,00 

3= -,.41 
-1 1= 
-1 11= 

QTOGAS€I» 

137250 .. 69 
133256,.18 
128952,,)8 
124374 .. 16 
119564 .. 2'5 
114568 .. 56 
109434,,93 
104211.,48 

98945 .. 09 
93680., 11 
88457,,44 
83313,,79 
18281.,26 
73381" 11 
68654,,03 
64099,,14 
59131,,85 
55571,,95 
51626.,04 

-[ 

-( 

PDOVfFF( H-U 

71537,,07 
147355,,16 
227331.,52 
311330" 13 
399208,,86 
490811" 14 
586001.,02 
684598,,63 
186441,,12 
8'91384,,08 
9'99243.,52 

1109863,,19 
1223082.,68 
1338145.,03 
1456691,,58 
1576192" 11 
1698888 .. 35 
1822848,,42 
1948543,,13 

GASVOU I) 

.. 319428 
" 401351 
.. 422609 
.. 443152 
,,462941 
.,481939 
,,500121 
" 517461 
" 533965 
,,549612 
" 564411 
,,518310 
" 591505 
.,603836 
,,615386 
" 626182 
" 636255 
,,645636 
.6'54-358 

I 
I-' 
00 
N 
I 



data and 1.nitialize the progralii. 

the receiver for a 
heat fluxes to each 

flux pBr 
value of 

DO 100 ICrul,lOO 

I DTODQAC*QACUJt" "0.01 

100 No 

hOll well TSGIJRGE ;rdS esticated. 

Print out put datao 

The flmlfchart for PROGRAM TUBE2, 
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