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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
generatlion 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 pavrameters 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 Mweﬂhr. An alternate configuration for a solar
power plant without energy storage for nighttime generation produces
electricity for $76 per Mweahre Both of these power plants convert
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 collection by such a power plant is limited 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

3

Engineering and Construction has been modified for use with this
new system.

The storage device 1s 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



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
solar power plantaz’& More extensive work on chemical-heat storage
for a Rankine-cycle solar power plant has vecently been completed by
HilLl4 This work has been revised and condensed by Dayan, Lynn, and
Fosse9 Martin-Marrietta has also investigated sensible-heat storage,
choosing to integrate the storage unit into a Rankine-cycle solar power

17 .
18 These references serve to illustrate the point that costs

plant.
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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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.



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
storage concept proposed by Boeing Engineering and Constructionzﬁ’4
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 sclar power plant designs
call for inlet temperatures to the turbines that are limited by the
temperature levels available from theilr 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 desgign 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 associlated
with thermal energy storage inm 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 deveiop 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 F0559 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
and use Rankine-cycle steam turbines for power generation. The decision
to use a central receiver capable of supplying high-temperature gas
(~1100°K) while generating power with a steam turbine requiring inlet
steam at 820°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 arrvanged 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 1089°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 dignored 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 307 of the days each year.

Both solar power plants were designed to operate 12.4 MPa (1800
psia) 811°K/811°K (1000°F/1000°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,
absolute and 50 kPa, absoluteolz 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.



During the daytime, heat-transfer gas passing through the central
receiver in the solar power plant absorbs 440 tha Fifty-seven percent
of the heat absorbed (250 th) is sent to the turbines to generate
100 M‘we9 gross electric power. Storage has been sized to store all
of the remaining thermal energy absorbed over an eight hour charging
period, or 1500 thﬂhr, If all of the thermal energy not sent immediate-
ly to power generation could be stored for later velease, 600 Mwe«hr
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. II-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-
ments.

2.1a Heat-Transfer Gas

Boeing Engineering and Construction developed their gas-coocled
central receiver to heat pressurized helium gas kept at a working
pressure of 3.45 MPa (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.

2.1b 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 MPa
° 3
Density‘600 g : 2.77 kg/m
working pressure
., 11089°K 3
DenSltYIworking pressure’ 1.52 kg/m
Thermal Conductivity]1089 K: 0.377 W/m°K (22, p. 3-2153)
Heat Capacity!l089 K: 5200 J/kg:°K (22, p.3-215)
5

1089°K ,

Gas Viscosity] 4,8x10° N°s/m2 (22, pp.3-210&3~211)

Prandtl Number: 0.64
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Table 2-2. Properties of Refractory Bricks

Type of Brick Magnesia Alumina  Alumina-Chrome

Kaiser Brand* K-98B Kricor Kritab

Standard Size, mm. 229x114x76  229%x114%76 229x114x%76

Density, kg/m> 2930 3000 3200
1000°F

Specific Heat| , J/kg°K 1067 1167 1000
1000°F

Thermal Conductivity] 0 W/m°K  5.48 3.59 2.58

Price per Standard Size Brick,
f.0.b. Plant, § 2.92 5.29 8.15

*
Brick properties were obt%%ned through contact with Kaiser Aluminum

and Chemical Corporation.
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2.1c 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 1s 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 (%25% at 1800°K, *10% at 600°K),

2.1d 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 dis
assumed to require 147% of the total capital dinvestment 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

Kaowool Kaowool Heat
Block Blanket Transfer
Gas
Insulation Density, kg/m3 ( 240(1) 130(1)
Estimated Insulation Porosity N9O%(2) N9SZ(2)
Thermal Conductivity When Filled With
With N21m89 K w/mex 0.1371 0.167Y  0.070®
Thermal Conductivity When Filled
With N2]600 K, Wk 0.069 0.064  0.045
Estimated Thermal Conductivity When
Filled with He|%90 X, w/m°k 0,25 0,25 9.5
Kaowool Installed Cost as of June,
1978, S/kg 1258(5) 1298(5)

Estimation Procedures and References:
(D
(2)

Reference 3, p.43

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

(3)
(4)

Reference 22, p. 3-215

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 N, and the thermal conductivity at NZ filled
Kaowool [225% at 1089°K, *10% at 600°K].

(S)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 Mwe~hr for electric energy and $40 per th*hr for
thermal energy are used in the optimization studies.

2.1le 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
chamnels through storage are explained in Chapter 5. The choices of
1510 Mthhr energy capacity for storage, and use of helium for the heat-
transfer f£luid were both arbitrary. Welded carbon-steel tanks were
chosen for the reference design because of thedr 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 flowsheet 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. FEquipment design for the proposed solar power plant is

explained in Chapter 4.
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Table 2~4. Reference Solar Power Plant Design

Heliostatd and Central Receiver: Modification of Boeing's High-
Temperature, Gas—-Cooled Central
Receiver Design

Energy Storage: : Sensible~Heat Storage Unit
(described below)

Heat Exchangers: Conventional Designs with heat-

. transfer gas shell side.

Power Generation: 811°K/811°K, 124 bars, High-Back
pressure Turbine-CGenerator

Cooling Tower: Dry-Cooling Tower

Heat~Transfer Fluid: Helium at an operating pressure
of 34.5 bars.

Piping: Welded, Carbon-Steel piping with
internal Kaowool-Blanket
Insulation

Gas Compression: Single-stage, Axial Compressor

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

Heat Absorbed in the Receiver,

Charge: 441 th for 8 hours
Heat Stored in the Storage
Unit, Charges: 189 th for 8 hours
Heat Released from the Storage
Unit, Discharge: 252 th for 6 hours
Heat Transferred to Power
Generation: 252 th for 14 hours
Gross Power Generation: 100 Mwe for 14 hours
Storage Capacity: 1500 Mwemhr per cycle
Simplified Solar Model: Constant Heat input to the

receiver 8 hours per day, 256
days per year
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Table 2-4 (Cont'd.)

Design Heat Transfer Gas Temperatures

Entering the heat exchanger network - 867°K
Leaving the heat exchanger network - 600°K
Leaving the receiver, charge - 1089°K
Leaving the storage unit, charge - 600°K-867°K
Leaving the storage unit, discharge - 1089°K-867°K

Input Parameters for the Sensible-Heat Storage Unit Design

Storage Capacity - 1500 th4hr per cycle
Time Required for Charging at a Constant Rate - 8 hours
Time Required for Discharging at a Constant Rate -~ 6 hours
Inlet Gas Temperature, Charging - 1089°K
Maximum Outlet Gas Temperature, Charging - 867°K
Inlet Gas Temperature, Discharging - 600°K
Minimum Outlet Gas Temperature, Discharging - 867°K
Sensible-Heat Storage Media - Magnesia Bricks
Storage Unit Insulation - Kaowool Block
Cross Section of each Brick - 76 mm x 114 mm
Cross Section of each Gas-Flow Channel - 20,5 mm X 114 mm
Total Cross-Sectional Area of the Brick 2
Checkerwork - 56,5 m
Total Cross-Sectional Area for Gas Flow
Through Storage - 12.0m
Total Channel Perimeter Through Storage - 1380 m

Channel Perimeter Assumed Effective for Heat
Transfer - 1170 m
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Incident Receiver

radiation

Ay Heliostat

field

Heat-transfer gas (1089°K)

Receiver flow- Gas flow during charging <¢—
control valve Gas flow during discharging —~

[ Storage tanks filled with N\ /
\. magnesia-brick checkerwork J

Receiver Storage Storage
bypass manifold manifold
~valve

Main gas Storage flow- Storage flow-
compressor conirol valve control valve

#2 #1

Heat-transfer
Jqas (867°K)

| Heat-exchange
Heat-transfer subsystem

gas (600°K)

Superheated steam (819°K) &

Water to hoiler (508°K) & | |
1 Reheated steam (819°K)

Steam to reheater (63803()

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°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 1089°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°K early in the morning to 880°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°K is recompressed by the main gas
compressor and sent to storvage. 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 retumned 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 COMPUTER 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 allc@ 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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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-
dicted 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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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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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°K to 880°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°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 effectdive 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, (AbrickipA YAZ,

channel

A
consisting of incremental volumes of storage bricks, AbrickAzs and of

gas flow channels, A AZ. Equation 1 expresses the rate of
channel

thermal energy accumulation within the control volume.
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A three-dimensional detail of the brick checkerwork control

volume. The total cross-sectional area for gas flow through
storage, Achannels and the total brick cross-sectional area

through storage, Apricks are determined by multiplying the

cross—sectional areas shown by the number of flow channels
through storage.
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8(Cbricks(Aﬁrickegzépbrick)eTavggbrick(e”z)) +
Rate of thermal =5
energy accumulation =
in the control
volume a(cvggas (Achannel Az Qggs(e’Z)) Tgas(GQZ))

26 (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 _ a(cbricke(AbrickQAZQQbrick)sTavgsbrick(8”Z>) (2)
in the control
30

volume
Neglecting diffusion, the net rate of heat transport into the control
volume is:

Net rate of energy tramsport _ ¢ . . Z+AZ

into the control volume Mgas(e’z) Cp,gas Tgas(egz)lz (3

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

form.
Net rate of energy oM s(esz)sc as@T S(692)
transport into the = - g2 P28 £ o AZ %)
control volume 3z

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 transporf into the control volume.

0 rici” Phrick ™2 Phrick) Tave, brick (22)

00

(5)
BMgaS(e’z>ng gas<89z)°Tgas(Gsz)

9Z

)4

° AZ
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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 coatained 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.

aTgas(e’Z) )
9z

_ CbrickgAbrickepbrick . aTavgsbrick(esz) "
v ' 00
Mgas(e) ¢

D, gas

Development of the second design equation is begun by noting that
the net rate 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.

oT . . (8,2)
avg,brick - . .
) 50 Qepg(0:2) P e B2 (6)

Cbricka(AbrickeAzepbrick

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 857% of the total interfacial avea 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 dinterfacial 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.

Gogg (-2) = ho (8,2)+(T _ (0,2) ~ T (6,2)) )

interface

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%.

Pr06333

0.8
h S‘5(832) = 0.023 Kgas(egz) Re(6,2) . /D (8)

g

The effective local heat flux density is then related to the thermal
conductivity of the brick and temperature gradient in the brick at the
interface.

8Tbrick(G’Z”X)

qeff(e’z) = K’brick ’ oX ] 9
interface

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.
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afbrick(e’zsx) _ interface(egz)mTavggbrick(e’z> (10)
9% . (W/4)
interface
0,2) = . interface(agz) ) Tavggbrick(e’z) (11)
EN TN Kbrick W/&)
Simultaneous solution of Egs. (7) and (11) is used to eliminate the
unknown interface temperature.
qeff(eﬁz) = Uo(esz)a(TgaS(eSZ) - Tavgsbrick(QBZ)) (128—>
where
0,(8,2) = L/ (/b o+ (/DK ) (12b)

The small dependence of the overall heat-transfer coefficient on
position (25%) due to changes in gas temperature is ignoved in modeling
the storage unit. The second design equation is now derived by

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

Tavgsbrick(egz) _ Uo(e)epeff

90

° (Tgas(esz) - T k(esz))

CbrickgAbrickspbfick avg,bric

(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 ervor 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 107.

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 a2 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 Egs. A
and B. Rearranging these equations allows determination of the bulk
gas temperature at time 6 and position Z+AZ and allows determination
of the mass-averaged brick temperature for an incremental volume of
bricks at time B+AC and position Z, from knowledge of the average brick

and bulk gas temperatures at time © and position Z.

UooPeffeAz

Mgas(e)ac

Tgas(e,z+Az) = Tgas(e,z) - o (T ag(63z)«T&ngbmck(esz))

Dsgas
(1)
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U °P *AB
o “eff
6.2) - 5

(8+AB,2) =T
brick Abrick pbrick

T
avg,brick avg.brick

(Tgas(esz) - T (0,2)) (1)

avg,brick
Use of Egs. (1) 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 1s 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/diéchazge 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 1s 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 desirved value.

Design of the storage unit proceeds as follows. Pertinent design
data on the storage unit and proposed operating conditions are
established. 1Inlet 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 wodel, 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. 1If 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 IY, 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 0.47 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 din half was 1.2%.



Table 3-1.

The Effects of Varying the Number of Time and Length Increments on Storage Size

Reference Vary the Vary the number Vary length
Design number of time of length and time
increments increments increments
Number of time increments 300 200 150 300 300 200 150
Number of length increments 300 300 300 204 156 204 156
Fracti@ﬁ of total time per increment 0.0033 0.0050 (.0067 0.0033 0.0033 0.00506 0.0067
Fraction of total length per incrememnt  0.0033 0.0033 0.0033 0.0050 0.0067 0.0050 0.0067
Storage Weight (lﬂﬁ kg, brick) 13.81 13.77  13.74 13.76 13.72 13.73 13.64
Change in storage size relative to
reference design - -0.32 -0.5%4 -0.35% -0.65% -0.6% -1.2%

cégw
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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.
1e heat-exchange and power-generation subsystems are shown on Fig. 2-1
3 boxes, and are described more fully in this chapter. The heat-
wollection subsystem uses heliostats and a central receiver mounted
'n top of a tower to concentrate sunlight for warming heat-transfer
tluid 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 subsystens.

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 1s 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 solavx
thermal power plant. A variety of heliostat and central receiver

3,17 The proposed solar power

designs have been proposed for study.
plant uses a modified scale-up of the closed-cycle, high-temperature
central receiver design proposed by Boeing Engineering and Construction.
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=-
dirvected heliostats reflect solar radiation through the aperture to
the lower walls of the cavity. This energy then reflects or reradiates
within the cavity uwntil it is absorbed as heat by gas flowing through
the heat-exchange tubes or it is lost to the surroundings. Estimated
heat losses total 157 of the solar energy input to the receiver.

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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Fig. 4-1. 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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a ray-tracing computer modeln3 A much simplier heétwtransfer 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 cutlet 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, Teff,cavity°
The local heat flux density from the cavity to the tube wall is given
by the expression

(1)

4 4
(610 Tete, cavity ~ 12" Teube wa11(®

qcavity to tube wall(z):

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

(Z) = UOB[T

tube wall(z) B Tgas(z)]e(Di/Do)

Yeube wall to gas

where

Uo = 1/[1/hgas + twall/Kwall] (2)
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and

h = (0,023 K eReOSBBPr0“333
gas gas

/Dy
Heat accumulation in the tube walls is a mnegligible 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

q (z) = (z) = q(2) (3)

cavity to tube wall Yeube wall to gas

Finally, an energy balance relates the change in gas temperature to
position.
q(z)<(m=Dd )

dT S(Z) = = C o dZ (4)
g2 gas per tube p,gas

These are the pertinent equations used to model receiver heat
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 (gl) and tube
absorptance (alz) (3,p.43). The assumption that all surfaces of the
receiver cavity act as black bodies at a single effective temperature,
Teffscavity’ greatly simplifies the receiver model but introduces most
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 W/m“K, 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.

]

(T -T )] (5)

tube/[cp,gas gas,out ~gas,in

= Q

gas per tube

An initial value is assumed for the effective cavity temperature.
Starting from the inlet of the heat-exchange tube, Egs. (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 Egs. (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
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Table 4-1. Model Predictions for the Effects of Proposed Modifications
on Central Receiver Operation#®

The
Boeing's Proposed
Design Design
Gas Flow Rate Per Tube, kg/s 0.0436 0.0248
Heat Flux to Gas Per Tube, W 63,000 63,000
Inlet Gas Temperature, °K 811 600
Outlet Gas Temperature, °K 1089 1089
Central Receilver Operating Pressure, MPa 3.45 3.45
Overall Heat Transfer Coefficient, Tube
Wall to Gas, W/m? °K 1420 1010
Model Prediction for the Effective
Cavity Temperature, °K 1276 1254
Model Prediction for the Maximum Tube
Wall Temperature, °K 1133 1137
Model Prediction for Pressure Drop
Through the Heat Exchanger Tubing, MPa 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.
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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 1s expected to have only a minor effect on receiver design.
Expected performance and costs of the heat-collection subsystem
are outlined in Table.4«25 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 dnput 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 heliostats would increase the
value of energy losses from the proposed storage unit by $1,000,000
per year or about $4 per Mwewhr of net electric generation. This is
the only way that the cost of heliostats affects the storage subsysten.
Receiver heat losses are fairly high, totaling 157 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 Recelver -

Heat Losses from the Recelver -

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 -

513 th
77 MW
t

436 MW
t
893,000 thmhr

173 kg/s
11.6 m/s - 23.5 m/s

23,000-47,000

Receiver Pressure Drop, Charging - 0.021 MpPa
Receiver Parasitic Pumping Power, Charging - 1.8 Mwe
Annual Receiver Parasitic Pumping Energy - 3,600 Mwewhr
Installed Cost of the Heliostats* - $59,300,000
Installed Cost of the Central Receiver,

Tower and Heat-Exchange Tubes® - $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 STORAGE 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

1039°K after charging and 669°K after discharging. TFrom these
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Table 4-3. Computer—-Assisted, Sensible-Heat Storage Unit Design,

Input Parameters

Storage Capacity - 1510 chmhr per cycle

Constant Charging Rate and Time Required

for Charging - 189 th for 8 hours

Constant Discharging Rate and Time

Required for Discharging - 252 th for 6 hours

Inlet Gas Temperature, Charging - 1089°K
Maximum Outlet Gas Temperature, Charging - 867°K
Inlet Gas Temperature, Discharging - ‘ 600°K
Minimum Outlet Gas Temperature, Discharging - 867°K

Sensible~Heat Storage Medium -
Storage Unit Insulation -

Cross Section of each Brick -

Magnesia Bricks
Kaowool Block
76 mm X 114 mm

Cross Section of each Gas Flow Channel - 20.5 mm x 114 om

Total Gross—Sectional Area of the Brick

Checkerwork - 56.5 m2
Total Cross—-Sectional Area for Gas Flow 9
Through Storage - 12.0 m
Total Channel Perimeter Through Storage - 1380 m

Channel Perimeter Assumed Effective for
Heat Transfer - 1170 m ‘

Storage Unit Design Parameters Obtained by Use of the Computer Mcdel

Predicted Average Brick Temperature at
the End of Charging - 1039°K

Predicted Average Brick Temperature at
the End of Discharging - 669°K

Brick Mass Required for Sensible Heat

Storage - 13.8 x 106 kg

Total Required Brick Checkerwork Length - 106 m
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predictions it is estimated that 13°8X106 kg of magnesia brick is
required for sensible-heat storage. The bricks are arranged to form

a checkerwork 106 m long, with a total cross-sectional area of 56.5 mze
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-checkerwork 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 217 of the total cross-
sectional area of the checkerwork is composed of the channels for gas
flow, providing 1.50 mz 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 vears 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, Division I. Specifications made in sizing the welded,

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

an internal pressure of 3.8 MPa, 107 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-516, 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 kgs6 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 1if vessels are fabricated on 1ocation°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 Filg. 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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— Tank inside diameter

Brick checkerwork— 3.36m

3.00 m

Kaowool-Block —%

insulation
180 mm
Tank wall —
54 mm
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Storage tank Storage tank
head, 1.7 m _ P . head, 1.7 m
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<« brick checkerwork, 17.6 m ————s
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3.47 m 1 1 diameter
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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-mm 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 conditions ocutlined 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 th“hr, This insulation-thickness
analysis showed that 180 mm 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 greatey detail in Chapter 2.1c. The storage tank wall
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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 MW -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°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
Fié, 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 comnect eight of these tank series together in
parallel to provide a storage unit with a total of 12.0 m2 of cross-
sectional area for gas flow and a total of 56.5 m2 of brick-checkerwork
cross~sectional area. Two control valves regulate gas flow through
and around the storage tanks.

4.2d FEstimated 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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Fig. 4~4. Conceptual layout of the storage tanks.
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Table 4-4. Sensible-Heat Storage Subsystem Summary

Thermal Energy Stored per Cycle - 1,510 MW :~hr
Average Storage Heat Loss per Cycle - 230 MW ~hr
Thermal Energy Returned per Cycle - 1,280 MW¢-hr
Annual Thermal Energy Input to Storage - 387,000 MW -hr
Annual Heat Losses from Storage - 60,000 MW¢~hr

Mass of Magnesia Bricks for the Storage Unit - 13a8X106 kg
Number of Storage Tanks - 48

Inside Diameter of Storage Tanks - 3.36 m

Length of Storage Tanks - 21.0 mn

Volume of Storage Tanks - 180 m3

Total Volume of the Storage Unit - 3000 m3

Gas Flow Rate Range, Charging - Thkg/s-162kg/s
Inlet Gas Veloclty Range, Charging - 4.1 m/s-8.9 m/s
Inlet Reynolds Number Range, Charging - 4,500 - 9,900
Pressure Drop Range, Charging - 3 kPa- 25 kPa
Gas Flow Rate Range, Discharging - 99 kg/s-182 kg/s
Inlet Gas Velocity Range, Discharging - 3.0 m/s = 5.5 m/s
Inlet Reynolds Number Range, Discharging - 9,500 - 17,000
Pressure Drop Range, Discharging =~ 8 kPa- 20 kPa
Average Pressure Drop, Charging - 9 kPa

Average Parasitic Pumping Power, Charging - 0.7 MW,
Average Pressure Drop, Discharging - 11 kPa

Average Parasitic Pumping Power, Discharging - 0.9 MW,

Annual Parasitic Pumping Energy 2,500 MW -hr
Installed Storage Tank 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 Cost of the Sensible-Heat
Storage Unit* - $36, 200,000

%
Costs are as of June, 1978.
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successful in keeping parasitic pumping losses low. The annual
parasitic pumping energy through storage (2,500 Mwenhr) is less than
1% of the gross electric generation. Thermal losses from storage are
more critical, however, amounting to over 157 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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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 4~53., The heat-transfer gas, at a
moderate pressurve (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) 0D exchanger tubes
laid in a 40-mm (1 9/16-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 m ID), 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~gsteel 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.

—fy P

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

Heat

Superheaters and
Reheaters

Carbon Steel
1.72 m
100 mm
1.52 m
19.0 mm (3/4")
Tubes laid out in
al 9/16" sq. pitch
1036

62 m

92 wm

1.53 mz
Shell side
Tube side

Boilers and Feed-
water Heaters

Tube Construction

Tube Qutside diameter, mm

Tube Inside diameter, mm

Tube B.W.G. gage

Tube side cross-—sectional
flow area per exchanger, m

Transfer Gas Piping Details

Piping Construction -
Piping Inside Diameter -

2

316 stainless steel
19.0
14.8
14

0.179

Kaowool-Blanket Insulation Thickness -

Insulation Inside Diameter -
Piping Positioning -

Exchanger Positioning -

carbon steel
19.0
13.5
12

0.148

Carbon Steel

1.44 m

120 mm

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 pumping 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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Table 4-6. Sizing Calculations for the Heat Exchanger Network
Yeedwater
Superheater Boller Reheater
Heater

Total required heat duty, Hwt 73.9 92.8 52.3 33.0
Number of exchanger series in parallel 4 6 6 2
Total outside tube perimeters for parallel

exchangers, m 248 372 372 124
Total shell side gas flow, kg/s 126 182 182 56
Shell side gas film heat-transfer

coefficient, W/ml °K 370 360 360 340
Total tube side water/steam flow, kg/s 90 >180 90 81
Tube side gas f£1ilm heat-transfer

coefficient, W/m? °K 900 >3300 2000 1200
Overall heat-transfer coefficient based

on the outside tube area, W/m* °K 240 310 290 250
Log=-Mean average temperature difference, °K 86 73 57 78
Minimum area needed to meet the heat

duty, m 3600 4100 3200 1700
Practical exchanger length, = 4.88(16fc)  6.10(20fc) 4£.88(16ft)  4.88(l6f¢c)
Available surface area per exchanger, w? 300 380 300 300
Number of exchangers required in series 3 2 2 3
Total number of exchangers required 12 12 12 6

Heat Transfer Gas Piping

Connectors Between Piping from Storage
and Superheaters or Reheaters -

Interconnectors Between 6§ sets of
7 exchangers in series -

Connectors Between Feedwater
Heaters and Piping to Storage -

6 - 10m pipes

6 * 6 -~ 2m pipes

6 - 10m pipes




Table 4-7.

5

Heat-Exchange Subsystem

Summary

Exchanger Network Heat Duty -

Annuval Thermal Energy Exchanged ~

Annual Heat Losses from the Heat~-Exchange

Network* -

Gas Flow Rate -

Inlet Gas Velocity Range -

Inlet Reynolds Number Rangé -

Average Pressure Drop -

Parasitic Pumping Power -

Annual Parasitic Pumping Energy -

Total Installed Heat-Exchange Subsystem Cost®#* -

252 th

824,000 thmhr

12,000 thwhr

182 kg/s
9.6 kg/s-10.7 kg/s
42,000-47,000
0.0609 MPa
0.7 MW

e

2400 Mwewhr

$7,000,000

%Aﬂnual 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.

w*k

Costs are as of June, 1978.




STORAGE-TO-HEAT-
COLLECTION PIPING RUN

173 kg He/s, 600°K;

In use 8 hours/day, 256 days/year

HEAT-EXCHANGERS-TO-
STORAGE PIPING RUN

182 kg He/s, 600°K;

In use 14 hours/day, 256 days/year

Fig. 4-6.
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HEAT-COLLECTION-TC-
STORAGE PIPING RUN

173 kgHe/s, 1089°K;

In use 8 hours/day, 256 days/year
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EXCHANGERS PIPING RUN

182 kg He/s, 867°K;

In use 14 hours/day, 256 days/year

XBL 797-2193

The proposed piping arrangement for the gas-—circulation subsystem.
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type of compressor typically has external losses of about 27 of the
drive power, and internal losses of about 117 of the drive power.
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%Z 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. Tt is assumed that decreasing the compressor head during dis-
charge to about 407 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%7 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 147 of the total

installed cost per year for capitalization and 47 per year of the total
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installed cost for operating and maintenance costs. For these piping
design studies, electric energy and thermal energy were assumed ito be
worth $100 per Mwemhr and $40 per thmhr 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-collection piping. A kaowool-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. TFigure 4-8 shows that the chosen flow diameter of 1.8 m
is well within the range of reasonable flow diameters (~1.6mto ~2.0m).

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 iﬁ 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 rum.

The operation of the gas-circulation subsystem is summarized in

Table 4-9. Compressor operation requires an average of 6.0 Mwe during
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Determination of the range of reasonable piping 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°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°K)
and assuming that the thermal conductivity of kaowool-blanket
insulation filled with helium equals the thermal conductivity
of helium. Thermal energy is assumed to have a value of $40
per MW ~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.



Fig. 4-8.

W7O..,

Determination of the range of reasonable piping flow diameters
for the storage~to-heat—~collection piping run. Piping insula-
tion was 120 mm thick for this study. Helium flows through
this piping run at a temperature of 600°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°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 MW,~hr and $40 per MW _~hr. The
annual fixed costs per incremental length of piping for
capitalization, operating, and maintenance are estimated to
total 187 of the incremental installed costs.
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Table 4-8. Gas-circulation Piping Design Details

Heat- Storage~to- Heat- Storage-to-
Exchangers~ Heat~ Collection=~ Heat~
to-Storage Collection to~-Storage Exchangers
Piping Operational Conditions
Helium Mass Flow Rate, kg/s 182 173 173 182
Helium Temperature, °K 600 600 1089 867
Assumed Pipe Temperature, °K 300 300 300 300
Daily Length of Operation, hr. 14.0 8.0 8.0 14.0
Days of Operation Expected Annually 256 256 256 256
Proposed Piping Design*
Pipe Flow Diameter, m 1.80 1.80 1.80 1.80
Kaowool=Blanket Insulation Thickness, mm 120 120 180 180
Pipe Inside Diameter, m 2.04 2.04 2.16 2.16
Pipe Wall Thickness, mm 39 39 41 41
Installed Piping Cost per Length, $/m 5400 5400 6700 6700
Piping Length, m 50 350 350 50
Number of 90° Bends 2 3 3 2
Equivalent Length for Calculation of
Pressure Drop, m 165 520 520 165
Piping Operational Detalls
Expected Heat Loss Per Length, th/m 0.0034 0.0034 0,0081 0.0052
Expected Pressure Drop per Equivalent
Length, Pa/m 18 17 31 27

*
Pipes are constructed of SA-516, Grade 70 carbon steel.
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Table 4-9. Gas-Circulation Subsystem Summacy

Compressors

Compressor Design - Single Stage, Axial Compressor
Gas Mass Flow Rate - 182 kg He/s

Gas Temperature - 600 °K

Gas Volumetric Flow Rate - 66 m3 He/s

Required Compression Head Range Charging -~ 0.066 MPa - 0.088 MPa

Average Total Compressor Power, Charging ~ 6.0 LN

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

Average Total Compressor Power, Discharging - 2.4 Hwe

Annual Electric Energy Usage by Compressors - 15,200 Huewhr

Annual Thermal Energy Added by Compressors to the Gas -~ 14,000 thahr

Piping and Valves

Heat~ Storage- Heat- Storage-
Exchanger— to-Heat- Collection- to-Heat-
to-Storage Collection to-Storage Exchangers
Piping Run Piping Run Piping Run Piping Run Total
Gas Flow Rate, kg/s 182 173 173 182 -
Gas Velocity, m/s 25.7 24.6 44.8 37.4 -
Reynolds Number 4,200,000 4,000,000 2,600,000 3,200,000 -
Charge~0.0326
Pressure Drop, MPa 0.0030 0.0089 0.0162 0.0045 Discharge-0.0055
- Charge-2.7
Parasitic Pumping Power, Hwe 0.25 0.74 1.33 0.37 Discharge-0.6
Annual Parasitic Pumping Energy, Mwevhr. 800 1,500 2,700 1,200 6,200
Annual Heat Llosses, thuhr 600 2,400 5,800 900 10,000
Installed Costs as of June, 1978
Piping Installed $4,800,000
Flow Control Valves Installed Cost - $400,000
Gas Compressor Installed Cost - $400,000

Total Installed Gas-Circulation Subsystem Cost - $5,600,000
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the daytime and an average of 2.4 Mwe at night. Pumping the gas through
the piping is responsible for almost half of the daytime recompression
head. About 17 of the total annual thermal energy collected by the
receiver is dissdipated from gas—circulation piping, but this is
conpensated for by annual addition of 14,000 th=hr to the gas by the
compressors. Gas piping costs are estimated to be $4,800,000. Tlow-
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 811°K (1000°F) and
12.4 MPa (1800 psia) for superheated steam and 811°K (1000°F) and
3.2 MPa (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 ig 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 pumber 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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Heat-exchange subsystem
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Fig. 4-9. Layout of the power-generation subsystem.
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ZOOOQ8 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 Ceci1928 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 cowmpanies. 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 th is given in Table 4-10. Cooling tower dimensions
were estimated by interpolation from dimensions given for a cooling
tower capable of rejecting 800 th (28, p.318).

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

19,20 It was hoped that these tur-

for generating 250 MW@ to 750 Mwe,
bines would be ready for shipping in 1976. Substantial design effort
may still be required before a suitable 100 Mwe turbine design is
developed. Since a suitable turbine design in the 100 MWe range has
not been developed, turbine performance and steam turbine flow arrange-
ments were estimated based on the heat balance prepared for the 330 MW89

high-backpressure "Black Hills" turbineglz

Overnight shutdowns of the turbine complicate the design. Peaking
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Table 4-10. Approximate Size of the Natural-Draft Dry-Cooling Tower*

Heat Rejection from the Cooling Tower - 152 ¥Wt
Initial Air/Water Temperature Difference

in the Dry-Cooling Tower - 28 °K
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.318).
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turbines suitable for daily, cold startups were deemed unacceptable

for the proposed design because of thelr 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 enexgy to keep the turbines warm the remainder of the
night. The proposed solar power plant discharges most of the stored
energy rapidly. Maintaining the turbines at "hot standby" is estimated
to require about 5% of the design heat input or about 13 the 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. Chapter5
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 th
into 100 MWew Most of the remaining 152 th 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 "hot standby” 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 Mwee The total installed cost of the power-generation subsystem

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 -

Gross Turbine-Generator Efficiency -
Gross Electric Power Generation -
Heat Rejection from the Cooling Tower -

Cooling Tower and Condenser Description -

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

Estimated Beat 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* -

252 MW
t

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

0.397 MW _ /MW
e t
100.0 MW
e
152 th

Indirect condenser with heat
rejection from a natural-
draft dry-cooling tower.

28°K
i3 th
32,000 MWtshr
2.3 MW
e

1.2 Mw
e

11,000 Mwewhr

$6,500,000

$3,500,000

$10,000,000

%
- Costs are as of June, 1978.
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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 thmhre 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 thmhr, This is sufficient energy to
allow an average of 12.3 hours of opervation 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 period is 4.3 hours per day. The gross electric generation is
100.0 Mwe whenever the power plant is operating at full capacity.
Parasitic power losses during charging total 9.67% of the gross genera-
tion, leaving 90.4 Mwe net electric power generation. At nighttinme,
no gas is pumped through the receiver, cutting parasitic power losses
to 5.9 Mwe and providing a net electric generation of 94.1 Mwe.

The proposed solar power plant provides 288,000 MWemhr net annual
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
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Table 4-12. An Overall Summary of the Proposed Solar Power Plant Design

Annual Net Thermal Energy Imput to the Cemtral Receiver -
Annual Thermal Energy Input by the Gas Compressor =
Annual Thermal Energy Losses -

Storage Subsystes -

Heat~Exchange Subsystem -

Gas~Circulation Subsystem -

Power-Generation Subsystem -

Annual Thermal Energy Available for Power Ceneration -~

892,000 Hwtahr
14,000 HEtwhr

=114,000 th=hr

~60,000 Hwt=hr
=12,000 Hwt=hr
-10,000 HUtnhr
=32,000 Hutbhr
792,000 Hw[~hr

Numbey of Days of Operation Annually -

Average Length of Daily Operation at Full Capacity -
Average Length of Daily Charging Period -
Average Length of Dally Diecharging Period -

Gross Electric Ceneration, Charging and Discharging -~

Parasitic Power Losses, Charging -
Heat-Collection Subsystem -
Storage Subsystem -
Heat~Exchange Subsystem -
Gas~Circulation Subsystem -
Power-Generation Subsgystem -

Net Electric Power CGemeration, Charging -

Parasitic Pover Losses, Discharging -
Storage Subsystem -
Heat-Exchange Subsystem -
Gas~Circulation Subsystem -
Power—Generation Subsystem -

Net Electric Power Gemeration, Discharging -

Subsystem Installed Costs (Jume, 1978)
Heat-Collection Subsystem -
Storage Subsystem -
Heat-Exchange Subsystem -
Gas=-Circulation Subsystem -
Power-Generation Subsystem -
Net Thermal Efficiency of the Solar Power Plant =~
Net Annusl Electric Energy Gemeration -
Total Installed Cost of the Solar Power Plant -

Estimated Annual Cost of the Solar Power Plant for
Capitalization, Operating, and Maintenance® =

Estimated Annusl Cost per Net Apmnual Electric Ceneration -

256 Days
12.3 hours
8.0 hours
4.3 hours

100.0 MW

9.6 MW
1.8 MW
0.7 MW
0.9 Mk
2.7 Mu
3.5 MW
90.4 MW
5.9 MW
0.9 Mk
0.9 Mw
0.6 MW
3.3 MW
94.1 MW

$80,300,000
$36,200,000

5 7,000,000

§ 5,600,000
510,000,000

0.323 Hweehr/ﬁﬁtohr
288,000 Hwe—hr
$13%,000,000

$ 25,000,000
$ 87 per Hve»hr

.

&
- Capitalization costs are estimated to be 14% per year of the total installed cost. Operating and

maintenance costs are estimated to be 4% per year of the total imstalled cost.
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annual cost of this solay 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 MWeﬂhre
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" storage provides a goal against which
proposed storage unit designs can be compared. A solar power plant
with "ideal" storage can provide 8% more net annual electric energy
for a total iunstalled cost which is 257 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 Mwemhr while the
proposed solar power plant produces electricity for $87 per Mweﬁhrs
Increased capital costs represent 757 of this difference, while the
decrease in electric production for the proposed storage unit raises
the cost of electricity by 87 per Mwemhra It must be noted that the
solar power plant with ideal’ 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



83

Table 4-~13. The Impact of Semsible-Hest Storage on the Cost ef Electricity Generated by this Solar

Power Plant.

Solar Power Plant with
"Ideal" Storage; Energy

The Proposed
Solar Power

Plant Design Losses from Storage and
Cost of Storage assumed

Negligible.

Annual Net Thermal Energy Input to the Central Recelver, Hwtﬁhr 892,000 892,000
Annual Thermal Energy Input by the Gas Compressor, Hwtehr 14,000 12,000
Annual Thermal Energy Losses, thmhr =-114,000 -54,000
Annual Thermal Energy Availlable for Power Generationm, Hwtwhr 792,000 850,000
Average Length of Daily Operatien at Full Capacity, hours 12.28 13.17
Average Length of Daily Charging Period, hours 8.00 8.00
Average Length of Daily Discharging Period, hours 4,28 5.17
Gross Electric Generation, Hwe 100.0 100.0
Parasitic Power Losses, Charging, Mwe 9.6 8.9
Net Electric Power Generation, Charging, Mwe 90.4 91.1
Parasitic Power Losses, Discharging, Hwe 5.9 5.0
Net Electric Power Generation, Discharging, Mwe 94,1 95.0
Net Thermal Efficiency of the Sclar Power PlantgHWeshr/Mthhr 0.323 0.350

Net Annual Electric Energy Generation, Mwe=hx 288,000 312,000

Total Installed Cost of the Sclar Power Plant, § 139,000,000 103,000,000

Estimated Annual Cost of the Solar Power Plant for
Capitalization, Operating, and Maintenance,* § 25,000,000 18,500,000
Annual Cost per Net Annual Electric Generation, $/Mwe=hr 87 59

®
~Capitalization, operating, and maintensnce costs are estimated to be 18% of the total installed costs

annually.
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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
vesse13913 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: Prestressed
Welded Carbon- Cast-Iron
Steel Storage Storage
Vessels Vessels
Number of Storage Tanks 48 2
Number of Storage Tanks in Series 6 2
Inside Diameter of Storage Tanks, m 3.36 8.86
Length of Storage Tanks, m 21.0 59.0
Volume of each Storage Tank, m3 190 3,600
Total Required Storage Volume, m3 9,000 7,300
Thermal Energy Stored per Cycle, thmhr 1,510 1,510
Thermal Energy Released per Cycle, thmhr 1,280 1,440
Annual Thermal Energy Input to Storage,
thmhr 387,000 387,000
Annual Heat Losses from Storage, thahr 60,000 19,000
Annual Parasitic Pumping Energy, Mwe~hr 2,500 2,700
Installed Storage Tanks Cost*®, § 19,500,000 6,400,000
Installed Magnesia Brick Cost*, $ 9,200,000 9,200,000
Installed Storage Tank Insulation
Cost*, § 5,800,000 2,000,000
Installed Storage Piping, Headers,
and Valves Cost#*, $ 1,700,000 700,000
Total Installed Sensible-Heat Storage
Subsystem Cost*, § 36,200,000 18,300,000

#
~ Costs are as of June, 1978,
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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 57 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 ﬁower 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 MWemhr for the
proposed plant to $72 per Mwemhr when prestressed cast-iron storage

vessels are used.

5.2 CROSS-SECTIONAL ARFA 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 velocitlies the gas-film heat-transfer coefficient
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Table 5~2. The Impact of Storage Vessel Design on the Solar Power Plant
Proposed Selar-Power
Sclar-Power Plant with
Plant Prestressed Cast-
Iron Storage
Vessels
Annual Net Thermal Energy Input to
the Central Receilver, thmhr 892,000 892,000
Annual Thermal Energy Input by the Gas
Compressor, th=hr 14,000 14,000
Annual Thermal Energy Losses, thmhr -114,000 ~73,000
Annual Thermal Energy Available for
Power Generation, th=hr 792,000 833,000
Average Length of Daily Operation at
Full Capacity, hours 12.3 12.9
Gross Electric Generation, Mwe 100.0 100.0
Parasitic Power Losses, Charging, Mwe 9.6 9.6
Net Electric Generation, Charging, Mwe 90.4 90.4
Parasitic Power Losses, Discharging, Mwe 5.9 6.0
Net Electric Generation, Discharing, Mwe 94,1 94.0
Net Annual Electric Energy Generation,
Mwemhr 288,000 303,000
Total Installed Cost of the Solar
Power Plant,* § 139,000,000 121,000,000
Estimated Annual Cost of the Solar
Power Plant for Capitalization,
Operating and Maintenance,* %% § 25,000,000 21,800,000
Annual Cost per Net Annual Electric
87 72

Generation,#* $/Mweehr

*

-~ Costs are as of June, 1978.

K&

-~ Capitalization, operating, and maintenance costs are estimated to
be 18% of the total installed costs annually.
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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 . Only minimal changes are noted for

; 2 2 ,
cross-~sectional areas between 6.0 m” and 18.0 m”. No alternative
design for a solar power plant was found in this study that allows
generation of electricity at an appreciably lower cost than the proposed
; 2 .

solar power plant with 12.0 m" of flow-channel 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
tankg, 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 Mwemh?fe Alternative
designs operating at pressures of 1.72 MPa (250 psia) and 5.17 MPa

(750 psia) both generated electricity for $91 per Mwewhre
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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.
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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 M’Wemhre The electricity cost for
the proposed solar power plant, which generates 367 of its net electric

energy overnight, is $87 per Mwe&hr,

5.5 DURATION OF THE STORAGE DISCHARGE

The proposed solar power plant stores enough thermal energy to
produce 100.0 Mwe gross power generation for 4.3 hours. A study showing
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 alsé 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

Solar-Power
Plant without

Proposed Solar
Power Plant

Nighttime
Electric
Ceneration
Annual Net Thermal Energy Input to the Central Receilver, thmhr 892,000 892,000
Annual Thermal Energy Input by Gas Compressor, thwhr 14,000 11,000
Annual Therma; Energy Losses, th=hr -114,000 ~122,000
Storage Subsystem, thwhr ~60,000 -16,000
Heat-Exchange Subsystem, thwhr ~12,000 -18,000
Gas~Circulation Subsystem, thmhr ~-10,000 -10,000
Power-Generation Subsystem, thahr ~32,000 -78,000
Apnual Thermal Energy Avallable for Power Generation, ch=hr 792,000 781,000
Annual Thermal Energy Input to Storage, th=hr 387,000 106,000
Average length of the Dally Charging Perlod, hours 8.0 8.0
Steam~-Turbine Heat Rate, Charging, th 252 381
Gross Thermal Efficlency of Generation, Charging, Nwe/MWt 0.40 0.40
Gross Electric Generation Charging, Mwe 100.0 151.4
Parasitic Power Losses, Charging, LU 9.6 11.4
Net Electric Generation, Charging, Mwe 90.4 140.0
Average Length of the Daily Discharging Period, hours 4,28
Steam-Turbine Heat Rate, Discharging, th 252
Gross Thermal Efficilency of Generation, Discharging, Mwewat 0.40
Gross Electric Generation, Discharging, Mwe 1006.0
Parasitic Power Losses, Discharging, Mwe 5.9
Net Electric Generation, Discharging, Mwe 94.1
Subsystem Installed Costs (as of June, 1978)
Heat-Collection Subsystem, $ 80,300,000 80,300,000
Storage Subsystem, $ 36,200,000 9,900,000
Heat-Exchange Subsystem, $ 7,000,000 10,600,000
Gas-Circulation Subsystem, § 5,600,000 5,600,000
Power~Generation Subsystem, §$ 10,000,000 15,100,000
Net Annual Electric Energy Generation, Mwe=hr 288,000 287,000
Total Installed Solar Power Plant Cost, $ 139,000,000 121,000,000
Estimated Annual Cost of the Solar Power Plant for
Capitalization, Operating, and Maintenance,* § 25,000,000 21,900,000
Annual Cost per Net Annual Electric Generation, $/Mthre 87 76

%
~ Capitalization, operating, and maintenance costs are estimated to be 18% of the total installed

solar power plant costs annually.
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Table 5~4. The Effect of Varylng Storage Discharge Time on the Solar Power Plant

Proposed Solar Solar-Power Solar Power
Power Plant Plant with Storage Plant with Storage
4.3 hy Discharging Discharging
Discharge in 10 hours in 16 hours
Annual Net Thermal Energy Input to the Central

Receiver, Hwt=hr 892,000 892,000 892,000
Annual Thermal Energy Input by CGas Compression,

HWE=hr 14,000 13,000 12,000
Annual Thermal Energy Losses, Hwi—hr ~114,000 -107,000 -97,000

Storage Subsystem, Hw€=hz ~60,000 ~66,000 ~75,000

Heat-Exchange Subsystem, Hwt=hr ~12,000 =12,000 ~12,000

Gas=Circulation Subsystenm, th=hr : =10,000 ~10,000 -10,000

Power-GCeneration Subsystem, Hwtﬁhr ~32,000 =19,000 -
Annual Thexmal Energy Available for Power

Generation, Hwt=hr 792,000 798,000 B07,000
Annual Thermal Energy Input to Storage, szwhr 387,000 387,000 387,000
Average Length of the Dally Charging Period, hours 8.0 8.0 8.0
Steam Turbine Heat Rate, Charging, HHE . 252 252 252
Gross Thermal Efficiency of Generation,

charging, Hwe/Hwt 0.40 0.40 0.40
Gross Electric Generation, Charging, Mwe 100.0 100.0 100.0
Parasitic Power Losses, Charging, Ml 9.6 §.6 9.6
Net Electric Generation, Charging, Hwe 90.4 90.4 90.4
Average Length of the Daily Discharging Period, hours 4.3 10.0 16.0
Steam Turbine Heat Rate, Discharging, Hwt 252 110 71
Gross Thermal Efficlemcy of Generation, Discharging,

HHe/Hwt ~0.40 ~0.34 ~0.31
Gross Electric Generation, Discharging, Hwe 100.0 37.0 22.0
Parasitic Power Losses, Discharging, Hwe 5.9 2.1 1.2
Net Electric Generation, Discharging, Hwe 94.1 34.9 20.8
Subsystem Installed Costs {(as of June, 1978)

Heat-Collection Subsystem, § ' 80,300,000 80,300,000 80,300,000

Storage Subsystem, $ 36,200,000 35,300,000 34,700,000

Heat-Exchange Subsystem, § 7,000,000 7,000,000 7,000,000

Gas~Circulation Subsystenm, § 5,600,000 5,600,000 5,600,000

Pouver~Generation Subsystem, $ 10,000,000 10,000,000 10,000,000
Net Annual Electric Energy Generation, HE@»hr 288,000 274,000 270,000
Total Installed Solar-Power Plant Cost, § 139,000,000 138,000,000 138,000,000
Estimated Annual Cost of the Solar-Power Plant for

Capitaslization, Opersting, and Maintenance,® § 25,000,000 24,900,000 24,800,000
Annual Cost per Net Annual Electric Gemervation,

s/Nueahr 87 93 92

&
- Capitalization, operating, and maivtenance costs are estimated to be 1B of the total installed
solar power plant costs 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. Hellum has the highest relative gas-film heat-transfer
coefficient 1f gas flows with equal heat-transport capacities are passed
through identical cross sections, but this gas-film heat-transfer
coefficient is only about 507 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 om 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



Table 5-5. Heat-Transfer Gas Properties

~96 -

Helium Nitrogen Water Vapor
Working Pressure, MPa 3.45 3.45 3.45
Condensation Temperature | , °K < 300 < 300 514(1)
working pressure
600°K 3 1)
Density!working pressure, kg/m 2.77 19.3 13.2
1089°K 3 (1)
DgnSiiylworking pressure’ kg /m 1.52 10.6 6.9
Thermal Conductivity 2089 %, wimek 0.377¢9 0.070¢? 0.107»
Beat Capacity| 089 K, j/rgex 52003 1100 2300
o ~5(4) -5 (4) -5 (4)
cas Viacosity ] 080K nea/m? 4.8x107° 4.6%10"° 4.9x107°
Prandlt Number 0.64 0.72 0.92
Relative Mass Flows for Equal Heat Carrying
Capacities| 089 K 1.00 4.73 2.26
working pressure
Relative Volumetric Flows for Equal Heat
1089°K
Carrying Capacities]uorkim& pressure 1.00 0.68 0.50
Relative Gas Film Heat Transfexr Coefficients
for Gas Flows with Equal Hest Carrying
Capacities through ldentical Cross-sections 1.00 0.69 0.68

References for Gas Properties:

1)
(2)
(3)
(4)

Reference
Reference
Reference
Reference

15
22, p. 3-215
22, pp. 3-120 o 3-122
22, pp. 3-210 & 3-211
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Table 5-6. Hodel Predictions for the Effect of Changing the Hest
Transfer Fluid on Central Receiver Operation®

Boeing's Central
Receiver Design

Proposed Central
Receiver Design

Central Receiver
Design with
Nitrogen as the
Heat-Transfer Fluid

Heat-Transfer Gas
Gss Flow Rate per Tube, kg/s
Heat Flux to Gas per Tube, W
Inlet Gas Temperature, °K
Outlet Gas Temperature, °K
Central Receiver Operating Pressure, MPa
Overall Heat-Transfer Coefficient,
Tube Wall to Gas, W/wl°K

Model Prediction for the Effective
Cavity Temperature, °K

Model Prediction for the Maximum
Tube-Wall Temperature, °K

Model Prediction for Pressure Drop
Through the Heat-Exchange Tubing, kPa

Helium
0.0436
63,000
811
1089
3.45

1420

1276

1133

46

Helium
0.0248
63,000
600
1089
3.45

1010

1254

1137

15

Nitrogen
0.117
63,000
600
1089
3.45

750

1270

1156

42

k-1
-~ 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.




~98-

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 Mwemhr when helium is used
and $83 per Mwe»hr for the case with nitrogen. These estimates do not
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 reglon 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 turbinme 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 Beat-Transfer Fluid on the Solar Power Plant®

Proposed Solsr Solar Power Plant

Power Plant with Nitrogen as

the Heat-Transfer

Fluid
Annusl Ret Thermal Energy Input to the Central Recelver, Hwt=hr 892,000 887,000
Annual Therwmal Energy Iamput by Gas Compressor, Hwt=hr 14,000 21,000
Annual Thermal Energy Losses, Hwtahr -114,000 «66,000
Annual Thermal Energy Available for Power Gemeration, Hut«hr 792,000 842,000
Average Length of Daily Operation at Full Capacity, hours 12.3 13.05
Gross Electric Generatiom, Mwe 100.0 100.0
Parasitic Power Losses, Charging, Hwe 9.6 12.0
Net Electric Generation, Charging, Hwe 90.4 88.0
Parasitic Power Losses, Discharging, Hwe 5.9 7.7
Net Electric Generation, Discharging, HHe 94,1 92.3
Net Annual Electric Energy Generation, Mveahr ’ 288,000 300,000
Total Installed Cost of the Solar Power Plant®¥%%, § 139,000,000 139,000,000
Estimated Annual Cost of the Solar Power Plant for

Capitalization, Operating and Maintenance®® #%% § 25,000,000 25,000,000
Annual Cost per Net Annual Electric Gemeration®®%, S/Hweuhr 87 83

* -~ Heat-transfer fluld invemtory capital and make-up costs have not been included in this study.

#% - Capitalization, operating, and maintenance costs are estimated to be 187 of the total installed
costs annually.

#ik- Cost are as of June, 1978,
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Table 5-8B. A Comparison of Wet-Cooled and Dry-Cooled
Solar Power Plant Designs

Proposed Solar Wet~Cooled
Power Plant Solar-Power Plant
Cooling Towexr Type Dry-Cooling Tower Wet=Cooling Tower
Turbine Type 12.4 MPa, BLlIK/B1IK; 12.4 MPa, B11K/B11K;
preéffgzggf:Line Conventional Turbine

Turbine Backpressure, kPa 20 9
Average Length of Daily Operatlon at Full

Capacity, hours 12.3 12.3
Gross Thermal Efficiency of Generation, Hwe/sz 0.40 0.425
Gross Electric Generation, HHe 100.0 107.1
Parasitic Power Losses, Charging, Mwe 9.6 9.3
Net Electric Generation, Charging, HHE 80.4 97.8
Parasitic Power Losses, Discharging, Hwe 5.9 5.6
Net Electric Generation, Discharging, Hwe 94.1 101.5
Net Annual Electric Energy Generation, Hwewhr 288,000 311,000
Total Installed Cost of the Solar Power Plant¥%, § 134,000,000 138,000,000
Estimated Annual Cost of the Solar Power Plant for

Capitalization, Operating and Maintenance® %%, § 25,000,000 24,800,000
Annual Cost per Net Annual Electric Generation,®

S/Hue“hr R 87 80
Estimated Annual Water Consumption for Cooling, w - 500,000

% - Costs are as of June, 1978,

%% - Cgpitalizstion, operating, and msintensnce costs are estimated to be 1B of the total imstalled
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 Mwemhra Wet cooling will consume an estimated

500,000 m3 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 altemmative 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 steam
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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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°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 mnext 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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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 dnto 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. The Effects on Performance of Dividing the
Storage Unit into Several Storage Tank Sets

1 Storage 2 Storage &4 Storage
Tank Set Tank Sets Tank Sets

Average Time per Charge Cycle during
which insolation transient buffer-
ring requires varying storage flow

rates, hr. 8.0 3.1 1.1
Average Brick Temperature after

Charging, °K 1039 1052 1060
Average Brick Temperature after

Discharging, °K 669 652 641
Brick Mass Required for Storage

Unit, MM kg 13.8 12.7 12.2
Relative Required Brick Mass 1.00 0.92 0.88

Relative Average Pressure Drop,
Charging 1.0 1.8 2.0

Relative Average Pressure Drop,
Discharging 1.0 1.0 1.0
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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 1007, gas-turbine topping can improve the
gross thermal efficiency of generation to 0.479 MWe per thp However,
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-cycle topping also adversely effects 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.



-110~

Table 6~2. The Effect of Braytom Cycle, CGas Turbine Topping on the Gross
Thermal Efficiency of a Solar Power Plant

Proposed Solar Solar Power Solar Power
Power Plant Plant with Plant with 80%
Ideal Gas Efficient Gas

Turbine Topping Turbine Topping

Brayton Cycle, Gas Turbine Generator Included No Yes Yes
Isentropic Turbine-Cenevator Efficiency Assumed, - 100% 807
Gas Tempersture to Turbime, °K - 1008 1005
Gas Temperature to Heat Exchangers, °K 867 867 867
Heat Transfer Gas Pressure, High Pressure Side, HPa 3.45 3.45 3.45
Heat Transfer Gas Pressure, Low Pressure side, MPa - 2.38 2.15
Gas Temperature out of Hest Exchangers, °K 600 600 600
Gas Temperature out of Compressor, °K - 696 756
Electric Energy Produced per Unit Gas Flow, MJ/kg 0.55 0.77 0.46

Gas Expansion Turbine, MJ/kg - 0.72 0.72

Gas Compressor, MJ/kg - -0.50 .81

Steam Turbine, MJ/kg 0.55 0.55 0.55
Thermal Energy Released Per Gas Flow, MJ/kg 1.39 1.61 1.30

Gross Thermal Efficiency of Generationm, Hwe/MEt 0.397 0.479% 0.355
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7. A COMPARISON OF SENSIBLE-HEAT STORAGE WITH
CHEMICAL~HEAT STORAGE FOR A STEAM SOLAR
ELECTRIC 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 F0889 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-ground 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 chemical-heal 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 257 annual charge for capital; in the sensible-
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Table 7-1. A Comparison of the Proposed Sensible~Heat Storage Subsystem with
a Sulfur Oxide Chemical-Heast Storage Process

Storape Medis
Mass per Daily Energy Recovered, kglﬁwtwhr
Cost per Dailly Energy Recovered, $/MEt=h?
Volume per Daily Energy Recovered, gj/HEﬁahr
Storage Pressure, MPa

Storage Design

Volumetric Cost, 5/m3

Cost per Daily Energy Recovered, $/Hwtwhr
Storage Insulation

Cost per Daily Emergy Recovered, $/Hwt=hr

Miscellaneous Storage Capacity Related ltems

Cost per Daily Energy Recovered, S/Hwtahr

Miscellaneous Storage Charging/Discharging
Rate Related ltems

Cost per Daily Energy Recovered, S/Hwt~hz

Total Installed Storage Costs per Daily Energy
Recovered, $/Hwtahr

Proposed Sulfur Onide, Chemical~Heat
Senaible-Hesat Stovage Process Described by
Storage Subsystem Dayan, Lynn, and Foss[9]
Magnesis Bricks 503 or 502 02
10,800 3,000[503] 800
7,200 500[303] Kone
7.0 1.8 18.9
3.45 1.11 4.05
Cylindricel, Welded Spherical, Welded Underground
Carbon Steel Tanks Carbon Steel Tanks Cavern Storage
2,200 600 200
15,400 1,100 3,800
Kaowool Block None None
4,500 - -
Storage Piping, Tank None None
Hanifolds, and Valves
1,300 - -
None Heat Exchangers, Distillation

Column, Low Temperature Reactor,
and Catalyst

- 13,800

28,000 19,000
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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 power
plant components.

A comparison of the two energy stovage 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 207 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 hag 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 Mwemhr
is about 20% lower than the estimated cost of electricity for the
solar power plant with chemical-heat - 'vage proposed by Dayan, Lynn
and Foss,,9 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 ave fairly well suited to the short-term storap>
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Table 7-2. A Comparison of Two Energy Storage Processes for a Solar Power Plant

Proposed Solar Power
Plant with Sensible-
Heat Storage

Solar Power Plant
with Sulfur Oxide
Chemical-Heat
Storage (9)

Normalized Solar Power Plant Energy Balances Based on the
Net Electric Energy Generation

Energy Inmput to the Central Recelver 3097
Energy Input due to Gas Compression 5%
Waste Hest Rejected by the Steam Turbine 165%
Waste Heat Rejected by the Storage System -
Thermal Energy Losses from the Turbine Overnight 11%
Thermal Energy Losses from Storage 21%
Miscellaneous Thermal Energy Losses 8%
Total Energy Input 314%
Total Waste Heat Rejected 165%
Total Thermal Energy Losses 40%
Electric Energy Usage for Parasitic Pumping 9%
Net Electric Energy Generation » 1007%
Fraction of the Electric Enevrgy Generated at Night 367
Duration of the Discharge Period, hours 4.3

Estimated Electricivy Costs® Provated over Sections of the Plant

Heat-Transfer Loop, Power Plant Boilers, and Storage, S/erahf 31

Heat-Collection Section, Turbine Generators, and

Cooling Towers, S/Hwe—hr ' 56
Estimated Cost® of Electricity from the Solar Power Plant S/Mwe=hr 87

379%

137%
1327
7%

379%
2697
7%

1004

51%
16.0

31

76
107

]
- The electricity cost is estimsted by dividing the Annual Costs for capltalization, operating and

maintenance by the Net Annuasl Electric Emergy 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 incurvred 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 power 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 costed withkcatalyst to facilitate dis-
sociation of 803 into SO2 and 023 technology that is not now available.
The sulfur-oxide system components, 8035 SO29 and O29 pose severe
corrosion and toxicity problems under many 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 stéam 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.

The sensible-heat storage unit provides reasonable daily
energy storage for a solar power plant. FEnergy storage for
much longer periods of time would be impractical due to high
capital costs and high thermal losses from storage.

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



4)

5)

6)

7)

8)

2)
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cuts the cost of the storage subsystem in half and reduces

the estimated cost of solar electricity by 177 compared with
brick storage in welded carbon-steel tanks.

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.

The cross—sectional area for gas flow through the storage medi-
um has little effect on the estimated cost of electricity for
storage units having areas between 9 mz and 18 mz. Considera-
tion should be given to minimizing storage vessel costs before
final selection of the configuration of the storage medium.
The nominal pressure of operation has little effect on the
cost of electricity for operating pressures between 2 MPa and
5 MPa.

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.

In areas where sufficient water is available, wet cooling
methods can increase the net electric generation by about 8Z.
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 1s 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 availlable. 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;
mZ
Total cross-sectional area for gas flow through
storage; m
Brick heat capacity; J/(kge°K)
Cas heat capacity at a constant pressure; J/(kge*°K)
Gas heat capacity at a constant volume; J/(kge°K)
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/(m2ﬁ°K)
Gas film heat transfer coefficient; W/(m2°°K)
Thermal conductivity of the brick; W/(m°K)
Thermal conductivity of the gas; W/ (me°K)
Thermal conductivity of the receiver heat-exchange
tube walls; W/ (m°°K)
Length of a recelver heat-exchange tube; m
Gas mass flow rate through storage; kg/s
Gas mass flow rate through a receiver heat-

exchange tube; kg/s
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Peff = Lffective heat transfer perimeter between the gas

and the bricks; m

Pr = Prandlt number.

q = Heat flux density through a receiver heat~
exchange tube based on the outer surface area
of the tubey W/m2

qcavity to tube wall Heatr flux density from the cavity to the outer

wall of a receiver heat-exchange tube based on
the outer surface area of the tube; W/m
= Bffective local heat flux density; W/m2

Qoff

Y ube wall to gas = Heat flux density from the outer wall of a

receiver heat-exchange tube to the bulk gas
2
based on the outer surface area of the tube; W/m
Qtube = Total heat flux to a single receiver heat-

exchange tube; W

Re = Reynolds number.
twall = Wall thickness for a receiver heat-exchange
tube; m
T . = Massg—averaged brick temperature for an lncre-
avg,brick
mental volume of bricks; °K
Tbrick = Local brick temperature; °K
T . = Effective cavity temperature to be used in
eff cavity
modeling the receiver; °K
T = Bulk gas temperature; °K
gas

gas,in = Gas temperature at the inlet to the receiver; °K
3
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Gas temperature at the outlet from the receiver;
°K

Temperature of the brick/gas interface; °K
Outer temperature of the receiver tube wall; °K
Overall heat-transfer coefficient; W/(m2°°K)
Brick width; m

Distance into the brick perpendicular to a
vertical flow channel wall; m

Distance into the storage unit or receiver heat-
exchange tube; m

Tube absorptance.

An dincremental length of the storage unit; m

An incremental amount of time; s

Tube emittance.

Time; s

Brick density; kg/m3

Stefan-Boltzmann constant; 5,67Xl0m8 W/(mZBKQ)
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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 made 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.

I.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.

I-la Storage Tanks: Welded Carbon-Steel Pressure 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 Vessel Code, Section VIII, Division lel

Vessel fabrication costs were determined using the cost data
presented by Clark and Fermi for shop fabrication of presure vessels
with 5-cm to 23-cm thick wallse6 The tanks for the proposed storage
unit have 5.4~cm thick walls and were estimated to cost $3.1 per kilo-
gram steel. Shipping the vessels to location was estimated to add 10¢
per kilogram steel to the delivered vessel costa6 Tank installation
costs were assumed to be 407% 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, 21-m long,
with a total volume of 190 m33 that can withstand internal pressures
up to 3.80 MPa was estimated to $400,000. This represents a volumetric

storage cogt of about $2,200 per cubic meter.

I.1b Storage Tanks: Prestressed Cast-Iron Vessel Cost

Siempelkamp Gilesserei KG is presently involved in development of
prestressed cast-iron vessels. This design concept promises to reduce
the costs of large-volume, high-pressure storage tanks. 1In a report
to ERDA on the possibilities of using prestressed cast-iron vessels

. 13 4. ] bosq
for thermal-energy storage, Gilli, Beckmann, and Schilling 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 m3 designed to withstand an internal pressure
of 3.80 MPa. The volumetric storage cost for these prestressed cast-
iron vessels of $880 per m3 is only 407 of the volumetric storage cost

for welded carbon-steel vessels.

I-1c Magnesia Brickwork Cost

Communication with Mr. Mikami of Kaiser Aluminum and Chemical
Corporation26 has revealed that the cost of Kaiser brand K-98B magnesia
bricks is $2.92 per standard size brick (76 mm x 114 mm X 229 mm) or
$0.50 per kilogram brick. Shipping costs are estimated to add 10¢ per
kilogram of brick96 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.1d Kaowool Insulation Cost

The installed cost of kaowool insulation was estimated to be $12.8
per kilogram kaowool (2, p. 2-23). This estimate was used in determining

costs of both kaowool-blanket insulation and kaowool-block insulation.

I.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
to location was estimated to cost $0.1 per kilogram steelg6 Pipe
installation was estimated to be about 467% of the total installed piping
cost or $0.9 per kilogram of steel (23, p.111). This results in an
installed steel piping cost of $2.0 per kilogram of carbon steel. Pipe

dimensions and weight were determined following the ASME Boiler and

1
Pressure Vessel Code, Section VIII, Division 1. The total installed

piping cost is obtained by adding the cost of kaowool insulation to
the cost of the steel piping. Kaowool-blanket insulation installed
cost was estimated to be $12.8 per kilogram (2, p. 2-23) or about

$1640 per m3 based on a density of 130 kg/m3 (3, p. 43).

I.2b TFlow 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 MPa) gas through a 1.8 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 10-inch ID butterfly valve (23, p. 452). This
estimation procedure suggested a cost of $70,000 per mZ of valve flow

area or a cost of $200,000 for a 1.8-m ID flow control valve.

I.2¢ CGas 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-

stage axial compressor with a capacity of 66 m3/sg

I.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
central receiveIQB 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 th 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 MWt absorbed by the gas.

I.4 HEAT-EXCHANGE SUBSYSTEM COSTS

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-sectiomnal 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.5 POWER-GENERATION SUBSYSTEM COSTS

1.5a Steam Turbine-Generator Cost

The Power Generation Sales Division of Ceneral Electric Company
was contacted about anticipated costs for 100 Mwe conventional and high-
backpressure steam turbinemgeneratorsazg 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 dinstalled cost for a 100 Mwe turbine-generator of

56,500,000 was assumed.

I.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 dnstalled cost of an indirect
(Heller) dry-cooling system with a natural-draft cooling tower was
estimated to be 523,000 per MW of heat load for a tower with a 50°F

difference between inlet gas and inlet water temperatures.

T.5¢c 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 th heat

load (28, p. 204).
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Table I-1.

Important Sources of Cost Estimation Data

Component References  Unit Cost: Jume, 1978
Helded, Carbon Steel Preassure Vessels SZZOO/m3 for a 190 m3 tank
Vessel Dimensions 1
Fabricated Cost é 3.1 $/Kg Steel (based on costs for thick
wvalled vessels)
Shipping Cost 6 0.1 §/Kg Steel
Installation Cost 23,p.109 1.3 §/Kg Steel
Prestressed Cast~Iron Vessels 13 5880/m3 for a 3600 m3 Tank
Magnesia Brick .67 $/Kg Brick
¥.0.B. Cost of Bricks 26 0.50 $/Kg Brick
Shipping Cost 6 0.10 $/Kg Brick
Installation Cost 2,p.2-23 0.07 §/kg Brick
Kaowool Insulation 2,p.2-23 12.8 $/Kg Kaowool
Welded, Carbon-Steel Piping 2.0 $/Kg Steel
Piping Dimensions 1
22,9.6-104
Fabricated Cost 23,p.4677 1.0 $/Kg Steel (estimated from typical costs
26,pp.90-91 of thin walled Pressure Vessels)
Shipping Cost 6 0.1 $/Kg Steel
Installation Cost 23,p.111 0.9 §/Kg Steel
Flow Control Valves 23,p.452 70,000 $/square meter of value flow area
(linear scale up based on area from 10"
ID to 1.8 m ID and from normal conditions to
very harsh conditions [550 psi, 1089°K])
Gas Compressor 23,p.468 400,000 § for & single stage axial compressor
with & capacity of 66 cublc meters per second.
Heliostats 2,pp.1-665-8 136,000 $/MW Heat Absorbed
Central Receiver, Heat Exchange, & Tower 2,pp.1~6&5-8 48,000 $/MW Heat Absorbed
Heat Exchangers 24,p.88 Detailed Correlation
Steam Turbine 25 6,500,000 $/100 MWE Turbine
Dry=Cooling Tower 28,p.127 23,000 $/HW Heat Load (50°F ITD assumed)
Wet~Cooling Tower 28,p.204 13,000 §/MW Heat Load (24°F 1TD assumed)
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APPENDIX I

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.

IT.1 SUBROUTINE DIRECTORY FOR PROGRAM HREGEN

Program Program
Flowchart Listing
(Figure #) (Page 1)

HREGEN - Main program, calls other subroutines. I1-1 148
BCKGR = Reads input variables. 11-2 148
IJSET - Sets variables. 11-2 149
CRGINPT ~ Reads input variables. I1-2 149
DISINPT ~ Reads input variables. 11-2 150
GSPROP =~ Calculates gas properties. I1-2 150
DESIGN -~ Uses our model to design the storage unit II-3 151
HRGCRG =~ Calculates storage unit performance

during charging based on input parameters II-4 152
HBRGDIS - Calculates storage unit performance

during discharging based on input

parameters. I1-5 154
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Program Program
Flowchart Listing
(Figure #) (Page #)

PRINTBG ~ Prints output data. 11-6 156
PRINTCH - Prints output data. I1-6 157
PRINTDS ~ Prints output data. 11-6 158
PDROPCH - Calculates storage pressure drop

during charging. I1-6 159
PRNPRS =~ Prints output data. 11-6 159
PDROPDS ~ Calculates storage pressure drop during

discharging and prints output data. I1-6

160

IT.2 DEFINITIONS OF THE PHYSICAL VARIABLES USED IN PROGRAM HREGEN

COMMON /BCKGR/

CPBRIK

CTGINF

DIGINF

FLOWA

LGAS

NTANKT

PERIM

TDSOSC

§

I

i

i

I

Brick heat capacity; 1067.0 J/(kge°K)

Normal inlet temperature of gas to the storage unit during
charging; °K

Normal inlet temperature of gas to the storage unit during
discharging; °K

Cross-sectional gas flow area through storage; m

Heat transfer gas symbol (1 represents H20s 2 represents
He, and 3 represents Nz)

Total number of separately manifolded storage tank sets

in series.,

Effective heat transfer perimeter through storage; m
Desired outlet temperature of gas from the storage unit

at the end of charging; °K
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TEQD - BEquivalent 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
specified time increment; W

QR (360) - 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
increment; W

THETC ~ Total length of the storage charging cycle; sec

TINHEC(360)- Gas temperature into the heat exchangers during a
specified time increment; °K

TOUTHEC (360) ~ Gas temperature out of the heat exchangers during

a specified time increment; °K
TOUTRM ~ Maximum allowable gas temperature out of the central

receiver; °K

COMMON/DISINPT/
DTHETD ~ Normal length of one time increment during
discharging; sec.
ESTDT - Estimated total length of the storage discharging

cycle; sec.
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HESTDT - Estimated total length of the storage discharging
cycle; hours

QHED (360) - 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; °K

TINHED(260) - Inlet temperature of gas to the heat exchangers

during a specified time increment; °K

PROGRAM HREGEN

ENERGYC ~ Thermal energy accumulated in storage during
charging; MW-hr

ENERGYD - Thermal energy released from storage during
discharging; MW-hr

STORCAP - Energy accumulated in storage during each charge

cycle per total mass of storage bricks; MW-hr/kg
SUBROUTINE BCKGR
No variables.
COMMON/ITSET/
IX12 - The total number of length increments storage is divided
into.
JX10 - 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 ~ Total number of particular sets of discharging
conditions.

COMMON/GSPROP/

CPGAS - Gas heat capacity; J/(kg-°K)

KG ~ Gas thermal conductivity; W/(me°°K)

MU - Gas viscosity; Pacs

PR - Prandtl number

SUBROUTINE GSPROP

No variables.

COMMON/S1ZE/
Dz - Imcremental Jength of the storage bed; m
MBRIK - Total storage brick mass; Kg
Z ~ Total length of the storage bed; m
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COMMON /PROFILE/

CTW(2,351)

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; °K

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; °K

DIW(2,351)

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; °K

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; °K

SUBROUTINE DESIGN

DDEVDP1 -~ Estimate for the change in DEVIA with a change in P1

DEVIA(20) - 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.

ENDT12C — Gas temperature out of storage at the end of charging;
°K

FRACSTR(20) ~ Normalized thermal energy accumulation in storage

over a complete charge/discharge cyele for a parti-

cular attempted storage model.



I'TDREM -

P1(20) -

ROBRIK -
COMMON /HRGCRG/

ACUMCT (360)

I

CMDOT (360,12)

CIG(360,2) -

CIGI(351) -
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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/m3

Accumulated charging time at the end of a particular

time increment; s

- Gas mass flow rate through storage for a particular
time increment and for a particular storage tank
set; kg/s

Gas temperature at the start of a particular length

increment and the start of a particular time

increment; °K

Gas temperature of a particular length increment; °K

CTGSTR(360,12) ~ Storage array for gas temperatures at the start

of a particular time increment and the start of a

selected length increment; °K

CIWSTR(10,350) - 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; °K

ESTTGC(361,12) ~ Extrapolated gas temperature at the start of a

future time increment and at the start of a

selected length increment; °K



FB1(360)

FB2(360)

FHEC (360)

FMIXS(360)

FR(360)

HC(360,12)

IBEGIN(12)

IEND(12)

ITCREM

NTANKC (360)

QEQUR (360)

!

i

!

[

§

1

{

i

{
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Gas mass flow through the heat exchanger bypass
during a particular time increment; kg/s

Gas mass flow through the receiver/storage bypass
during a particular time increment; kg/s

Heat exchanger gas mass flow during a particular
time increment; kg/s

Gas mass flow from storage to the heat exchangers
during a particular time increment; kg/s

Receiver gas mass flow during a particular time
increment; Kg/s

Gas film heat transfer coefficient for a particular
time increment and a particular storage tank set;
W °K)

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.

The storage tank set in which gas temperature drops
from above TMIXS to less than or equal to TMIXS for
a particular time increment.

Equivalent receiver heat absorbtion based on a
cumulative energy balance for a particular time

increment; W
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Q5C (360) - Heat stored in storage during a particular time
increment; W

REC(360,12) - 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; °K

TMIXS(360) - Mixed temperature of gas leaving and bypassing storage
for a particular time increment; °K

TOUTR(360) - Gas temperature out of the receiver for a particular

time dncrement; °K
U0C(360,12) - Overall heat transfer coefficient for a particular

time increment and a particular storage tank set;

W/ @ °K)
SUBROUTINE HRGCRG

CTGIN - Gas temperature into storage; °K

IBEGIN1 - First length increment in a storage tank set.

JEND1 - Last length increment in a storage tank set,

ISEG - Last storage segment in the storage tank set of
interest.

ISEGML ~ Last storage segment in the storage tank set before

the one of interest.

KBRIK - Brick thermal conductivity; 5.48 W/ (me°K)

NTANKC1 ~ The storage tank set in which gas temperature drops
from above TMIKS to less than or equal to TMIXS,

ZCENTER —~ Brick half width; 0.0381 nm
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COMMON /HRGDIS/
ACUMDT (361) - Accumulated discharging time at the end of a parti-
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
increment; °K
DIGI(351) - Gas temperature of a particular length increment; °K
DTGSTR(360,12) - Storage array for gas temperatures at the start
of a particular time increment and the start of
a selected length increment; °K

DTHETD1 (361) -~ Adjusted length of a particular time increment; s

i

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

increment; °K

ESTTGD(361,12) - Extrapolated gas temperature at the start of a
future time increment and at the start of a
selected length increment; °K

ESTTGP2(362) - Extrapolated temperature of gas leaving storage
two time increments in the future; °K

FHED (360) ~ Heat exchanger gas mass flow during a particular

time increment: Kg/s



HD (360,12)

IBEGIN(12)

TEND (12)

ITDREM

NTANKD (360)

QEQVHE (360)

Q5D (360)

RED (360,12}

TOUTHED (360)

U0D (360,12)

SUBROUTINE HRGDIS

DIGIN
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Gas film heat transfer coefficient for a parti-
cular time increment and a particular storage
tank set; W/(m2 °K)

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; °K

Overall heat traunsfer coefficient for a particular
time increment and a particular storage tank set;

W/(m2 °K)

Gas temperature into storage; °K



~-146~

IBEGIN1 - First length increment in a storage tank set.

IEND1 ~ Last length increment in a storage tank set.

ISEG - Last storage segment in the storage tank set of
interest.

ISEGML -~ Last storage segment in the storage tank set

before the one of interest.
KBRIK -~ Thermal conductivity of brick, 5.48 W/ (m-°°K)
NTANKD1 -~ The storage tank set in which gas temperature
rises from less than TMIXS to gfeater than or
equal to TMIXS
ZCENTER ~ Brick half width; 0.0381 m
SUBROUTINE PRINTBG
No physical variables.
SUBROUTINE PRINTCH
No physical variables.
SUBROUTINE PRINIDS
No physical variables
COMMON /PDROPC/
DPBARC - Time averaged storage pressure drop; Pa
GASVOLC (360,12)~ Gas volume for a particular time increment and
a particular storage segment; kg/m
PDROPC(360,13) ~ 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
a particular 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



I1.3 HREGEN PROGRAM LISTING

PROGRAM HREGE

B T6CLeTELY UPT=1

FTIN 4ott652/ 134

SUBRUUTINE BLKGR 76t U= TOOY CPT=1 FIN 4.6¢452/03%

PRIGRAM HREGEN( INPUT,QUTPUT}

SUBRQUTINE BCKGREil,JL}

JLOMMON/BCKGRANTANKT 5 FLOWA, TEQD, CLOMMON/BLKGR/NTANKT 4 FLOdA, TEQD»
1 CPBRIKS PERIM, 1GAS, 1 CPBRIK, PERIMs IGAS,
2 CIGINF, QTGINF, T0SUSe 2 CIGINF DYGINF, TDSOsSC
) CCUMMON/LRGINPT/THETC, OTHETC HIHETC 5 DATA TEQD,CPBRIK/0,0348,1067.0/
1 QRE36UT 4 QHEC (365 ), TINHEC(36 1. BSET NUMBER 0OF TIME INCKEMENTS (JX10} AND LENGHT
2 TOUTHEC (360}, QRMAX[3601, TOUTRM ##5sc INCREMENTS(IX121. FOR 300 INCREMENIS OF EACH
OCUMMON/ULSINPY/ESTOT OTHETD, QHEDE 2600, s¥AFE] 1225 AND J1=3 .
1 TDSOHE(260) TINHED({36D1) HESTOT 1 5
10 DU 3¢ I=1,2 i Ji=30
Cate BLRGRI{I1,J1) FREAD FLUWA IN M=%2, CTGINF,OTGINF, AND TDSOSC IN DEG Ko
#BOKGR 15 & RKEADING SUBROUTIWNE READ 1. o NTANKT o FLUWACIGAS,LTGINF,OTGINF, TDSOSC
CALL 1JSET(i1.41) 10 FURMAT(12+8XoF1002,11,9X,3F10,2}
CALL CFRGINPY (ENERGYC) FPERIM, THE EFFECTIVE HEAT TRANSFER PERIMEVER IS CALCULATED
15 CALL DISINPTIENERGYD} 15 wkwkxAS FOLLOWS. A SINGLE CHANNEL IN THE REGENERATOR
CALL GSPROP *¥ekx]S J,0205K%0.0762M Ok 1.56E~. 3M=x2/CHANNEL o
PERIM=9T. 6%FLOHWA sEEEQRLY THE STDES OF VTHE CHANNEL ARE ASSUMED YO TRANSFER
CALL DESIGN{ENERGYC,.ENERGYD,STORCAP) rrekeHEAT SO PERIM IS 2%0,0762M/CHANNEL. THUS,
LALL PRINTBG(STORC AP whxaxTHE RATIC OF EFFECTIVE PERIMETER VO FLOW AREA IS
2 CALL PRINTCR{ENERGYC) 20 FEeE€GT .68 PERIMETER PER M#=2 FLUOW ARER.
CALL PRINTUS{ENERGYD) PERIM=97, *XFLUKA
Calt PORQPCH PRINT 15
CALL PRNTPRS 15 FORMAT(IHL}
CALL PURDPDS PxINT 20 NTANKT (FLOWA, CTGINF, DTGIMF, TOSOSC
25 PRINY 2 25 2; FORMATI// SX,&NTANKT=®, 12,% FLOWA=®.F1C.2:% CTGINF=%,
24 FURMATIINWI) L Fl0o2:/ 15X ¥DTGINF=®,F 10.2¢% TOSOSC=#,3F 102771
30 CONTINJE RETURN
1 CONTIRUE END
CALL EXIT
30 END
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SUBROUTINE 1JSET

760 LeT6GG CPT=1 FIN 4.6%4527,36

SUBRQUTIME ITJSET{I1,J1})

SUBROUT INE CRGINPT

3

Teu0=Teul 0PT=1

FIN 4.64352/0

SV

SUBRUUT ENE CRGINPT{ENERGYC?

w

CUMMUN/ TASET /T TADJUST e IX1R2o T XL2P L IX6, Je dXL0JX1TPL . IX5

®THIS SUBRGUTINE READS (DNOITIONS FOR CHARGINGa

1 RIZRIXI2,RI,RIX1ID CUMMBN/CRGINPT/THETC DTHETL, HTHETC,
T=11 T QR{38LT, QHEC (36075 TINRECT3607 5
5 J=di 5 2 TOUTHEC (3603,  JAMAX(3601, TOUJTRM
180JusSi=1/2 CUOMMON/ T JSET /T, TADJUST (IX12, I X12P1 71 Kbsds JKL 29 JXZ0PL 4 JX5 5
1X12=1212 1 RIJRIX12:R$,RIXED
TRI2P1=1%12+1 DTFENSION 1GTART(2.Ts ISERFEE CEETTERE,
1X6=6%] ROREMW{201, RTINHE( 23}, RTUJTHEL25)»
e Ri =1 10 H RIRWKMW(207
RIX12=1%12, *READ THE NUMBER OF CHANGES IN CHARGE CONDITIONS (N),
TXIN =d51 weEH T ML CHARGE TIME IN HDURS{HIHRETC! (300 TIME INCREMENTS!
JX10P1=4¥10%1] srxatAND THE MAXIMUM TEMPERATURE FROM THE RECEIVER (TGUTEMI.
IX5=5%] KehD LusN.HTHETCs TOUTRN
15 fy=J 15 1y FURMAT(12,8X,2FiCe4)
RIXIC=RI¥10, THETC=HTHETC®360u .
PRENT 1.91X12.4X10 . GTHEIC=THETC /RSXLU
S EURMATI/7 75X, %LENGTH INCREMENIS=%,145% TIME INCREM s14. /77 PRINT 20,HIHETCTOUTAM
RETURN 2 FUORMAT(//,5X ¥INPUT FOR CHARGE CYCLE®*.//;5%X,
2< END Z 1 FHIAETC=%,F10a 4% HUURS, TOUTRM=¢,F 0o 2.7 K%}
00 30 K=1,N
T SRLAU THE DESTRED HEAT RATES IN Mk AND TEMPERATURES
_____ - sxe%e IN DEG K OVER THE TIME INTERVAL FROM INCREMENT
. #kEE«]STARTEK) TO INCREMENT 1S70PIK). STORE THE
25 “EEERDESTRED HEWT RATES IN WATTS &ND TEMPERATURES IN
TELEEDEG K FUR EALH TIME INCREMENT OVER THE INTEAVAL.
FGAD 4 o ISTART(K) pISTUP{K) ,RQRMW (K] ROUEMA(K ],
T RTINHE{KI (RTOUTHE{KT ; RORUXMW I K]
40 FOAMAT(I2,7X;15,7X,5F 10,21
EY TEISTART(K}
12=1570P 1K}
T3=(i1+12172
LU 5L L=ii.l2
CR{LT=RURF#(K1# 1, 0E+08
35 SHECIL)=RUHEMW(K]I®1,uE+ ‘6
TINRECELT=RTINHE (K] T T
TOJTHEC (L3 =RTOUTHE (K}
3 URMAXIL S SRURMXHAW(KI®1.CE +06
SPRINT BACK THE INPUT DATA FOR VERIFICATION
%0 BEINT & o ISTARTIK}1STUP (KT +TINHEC(137,TOUTHEC(I3]
1 QRT3 .QHECIIS] ,QRMAX( 13}
&5 FORMAT(SX,#ISTART=%,14y% 1510P=%y14,% TINHEC=%,F10.0+
Ky TOUTHEC=2,F1 o2.% K*,/ 5Xs%QH=%,F15,2,
H Wy QHEC=F,FL15.2+% Wy GQREAX=* (F15277W ]
45 30 CUNTINUE
*CRLCULATE THE ENERGY CHARGED TR BW<HR.
ENERGY(=y.0
e CC 7. W=1,J%1
7. ENERGYCI=ENERGY(C+{{QRI{MI-QHECIM) ) /1. 0E+ 6} XIDTHETL/ 363,01
S KETURN

~6H1~

END




SUBROUTINE OISINPT  7600=7600 OPT=1

FIN 4.6t452/024

SUSROJTINE GSPROP

7610=76)C OPT=1 FIN 4.64452/034

SUBROQUYINE DISINPY{ENERGYD)

SUshGUTINE GSPROP

*THIS SUSROUUTING READS CONDITIONS FOP DISCHARGE

LOMMON/ GSPRUP/KG MU PRy CPGAS

.CG%MDN/D‘SINPT/FSTDE: DTHETD, QHEDEZ6T) s DCUMMON/ BCKGR /NTANKT 5 ELIWA, TEQU,
TDSGHE(3601, TINHED(36CT,  RESTOT 1 CPBRIK, PERIMs TGaS
5 OLUMMON/IJS‘TII9XADJUST1IX12¢IX&ZPviXé«JyJXl cdXL PLloJdX5, s 2 CTGINF, DIGINF, ID$OSC
KIsRIX12,RISRIXLO RKEAL Kas MU
DIMENSION ROHEMKWI20 T s RIDSOHE( 201, RTINHE (203, #* SPECIFY I1GAS, 1=wATER,ZeHELIUM
T ISTART(20} 7 TSi0Pt2 1 FPROPEXTIES AT CTGINF
*REAY THE NUMBER OF CHANGES IN DISCHARGE CONDITIONS (Ni AND - IF {1GAS.EQ.11G0 TC 3¢
10 FEEFATHE ESTIMATED LISCHARGE TIME IN HOURS (HESTDTl. WHICH CORRESPOMDS  LC TFUIGAS.ER.2} GG 70 40
weRRTC 3., TIAE INCREMENTS. DISCHARGE MAY CONTIMUE FOR JP 1F{1GAS.EQ.3) GO 10 60
TEwEE1( 20 PCRLENT LONGER THAN ESTIMATED (360 TIME INCREMENTS). 3 PRINT 32
FEAD 1O, N HESTOT 32 FORMAT{/,10X.* RECEIVER GA3 IS WATER*,//]
1) FURMAT{IZ¢3XsF10c4} KG=0.0005 1% (CTGINF-120.1
15 ESTDT=HESTDT#3600.0 15 MUz4, ) E-UB*{CTGINF-70.0
DTHETO=ESTDT/RIXL PR=H,92
PRINT 15,HESTOT,DTIHETD CPGAS=23 .
150FOKHAT(//7;X,tINPUT FOR DISCHARGE CYCLE®,//,5K: GU T30 50
FHESTOT=%,F10a%e® HOURS, DIHETD=%,F10 %% SECONOS*) 40 PEINT 42
20 DU 20 K=LlaN 21 %2 FURMAT(/,1'iX,% RECEIVER GAS 15 HELIUME, 777
*READ THE DESIRED HEAT FATE IN MW ANO TEMPERATURES IN KG=Jo 300265 CTSINF+360, )
5B HHDEG K UVER THE JIME INTERVAL FRJIM INCREMENT NMU=3, 56~ (B% (CTGINF#2TUa )
sseks [START(K) YO INCREMENT ISTOPIKIo STORE THE DESIRED R=0. 64
FHsweHEAT RATE IN WAT16 AND TCMPERATURES IN DEG K FOR CPGAS=5200 §
25 wEkERLACH TIME INCREMENT OVER THE INTERVAL. 25 GO 13 5 et
ORELD 303 ISTART(K),ISTOPIK) sRAHEMNEK] &3 PRINT b2 (9]
i RIDSGHE (K (RTINHE(K] 62 FURMAT{/,10X,® RECEIVER GAS IS NITROGEN®,//) [ew]
30 FORMAT{13,9Xs 13, TX:3F10. 2} KG=5, 2E~U5% (CIGINF+2604) [
11=ISTARTIX) MU=3, 3E-08% (CTGINF+30G, }
30 [2=153CP{xT 30 Pr=0.72
13=(11+123/2 CPGAS=liuc.l
00 & L=1ks12 53 RETURWN
QHED{LI=RQHEMH (K} %]}, CEXD6 R d END
TOSCHE (L} =RTDSOHE (K}
35 TINHED(L ) =R TINHE(K] ; _
*PR}NT BACK THE INPU1 DATA FOR VERIFICATIUNG
PEINT 50, ISTARTIK);ISTOPEK} »QHEQ(I3), TOSOHEL I3, TINHED(I3)
SUIFORMAVISK = [START=%314,% [5TOP=%®,J4o® QHED=%,
i F15.25% W=, /5K, *TDSOHE=*,F10,2¢% Ko TIWNHED=#,F10.2,% K*} e e
% 77 CONTINUE
#CALCJLATE THE MAXIMUM ENERGY WHICH MAY BE DISCHARGEDC IN Mk-HR, o
ENERGYL=000
00 b %=1,367
Gu ENERGYUSENERGYDFIQHED M)/ Lo UE#DG) (DIHETO/3€0Co 21
45 FEIUPN R ——

ND




DESIGK 76, e76.1 CPT=1 FIN 4o6¢452/0 24

SUSRQUTINE DESIGK TeLC=T7600 OPT=1

FIN 4.6+452/03%4

SUBROUT INE DESIGN{ENERGYC, ENERGYD,STORCARP}

1 GrovaQuél GU TG 40

CCCHPUN/ZCRGR/NTARKY 5 FLUWA TEQDS RETURN
1 CPBKIKS PERIM, 1GASs 50 4 IF(ABSIDEVIA{ITI).LE, ABSEDEVIA(IT-13).0R-ABSEFRACSTR{TT},
z CIGINF, OTGINE, TDEOST 3 TE.ABS(FRACSIRI{{T-1111 5B T3 22
5 CUMMUN/SIZE/ DLy 2y MBRIK PRINT 50
REAL MBRIK 5 FORMAT(/ /723K, %SUBRCUTINE DESIGN DIVERGES®,///)
LCUMMUN/ PROFILEZOTRI2,351), OTwBAR(361), RETURN
1 CYWiZ2.35310 CTWSARI361 &5 STHE CHANGE IN DEVIA WIlH PL 15 ESTIMATED FROW
CCOMMON/IJASET/L, TADYUST  IX22, IX12P 1,146,500 JXEN o JX1 Py SXS, sxxExpAST EXPERIENCE. THIS DIFFURENTIAL 1S THEN USED
I 1 BT RIXIZ,RJ,RIXIQ “EREETU ESTIMATE A NEW VALUE FGR Pla
DIMENSION DEVIALRU}. FRACSTR{2D}, P1(20} 23 DDEVDPI=5.0
BDATA ROARIK/293Uan7 Pil{11+.1=PLi 111 -DEVIALITI/DIEVDPY
*MAKE 8 PRELIMINARY ESTIMATE OF THE LENGTH AVERAGED WALL TEMPERSTURE 70 PFAPLEIT+11oGEolot) PI{IT+1}=iPI{1T}+1.00/2.0
FEvEn AT THE ENO OF DISCHARGES TEIPI(1T%1i0.0Gads ] PL{IT#1}=P1(111724
15 TTUREM=JX] JPRINT 60, 1T PIeIT),ENOTI2C,FRACSTRIITY S
DTwBAR{ITDREMTL1=0,890TGINF+0,2%C T GINF T BEVIA{IT1,DDEVDAL
0O 10 12(=1,1X12P} 6. FURMAT (/5% , #[T=%,13,% PLLITI=¢,F8.69
T DIwW{2+12C ) DVWBAR(ITDREAFL] 75 T FENDT12C=%,F 1002, /9 5Ky %ERACSTRIT) =%,
*HAKE A PRELIMINARY ESTIMATE UF P1 {CTwBAR= 2 F8o.b,% DEVIALITI=®,F8.6,% DDEVOPI=#,F1:.2
25 FRE%e  PIF{CIGINF-DIGINEIDTGINF 27 CLNTINGE
Pigli=t.9 EnD
=*START OF THE 1T LODP, DURING EACH PASS THRGUGH
sedxsTHE LOOP ESTIMATES FOR DT®(2,12C) {THE WALL
“5%¥ %% PROFILE AT THE END OF DISCHARGE) AND PL (RELATES
25 =82k a0 TWBAR TO CTGINF AND DTWBAR)] IMPROVE.
FREEFTTCRATION THROUGH THE LOGP 1§ DISCUNTIRUED WHEN THE
EsuwMENERGY STORED IS SUFFICIENTLY CLUSE TO THE ENERGY
s¥s%40] SCHARGED AND WHEN THE ESTIMATED AND DESIRED GAS
v e EMPERATURES AT THE END QF THE CHARGE CYCLE ARE
30 wREkE ALSY SUFFICIENTLY CLOSE.
0C 2. 1T=1,2¢
FESTIMATE THE LENGIH AVERAGED WALL TEMPERATURE A1 THE ENU OF LHARGE,
=eEEvMASS DF BRICKS: BED LENGTH, AND BED INCREMENT LENGTH
FEEEFFOR EACH NEW ESTIMATE OF PL AND DUWEAR -
35 CTWBAR{JXIOPLI=PLEIT I *{CTGINF-DTGINF 40T SINF
CFERIK=ABSIENERGYCH I, 0E+6%3690. /{LPBRIKE T
1 (OTWBAR(ETDREM+ 1} ~CTWBARIJXIOPLI D)
TERBRIK/{ROBRIK® (54 T2%FLOWATT
0Z=2/R1%X12
%G CAUL HRGCKG{ENERGYCENDITLZL) o
CALL HRGDIS(ENERGYD, ITOREN
FCALUTING BRGDIS IMPRUVES THE ESTIMATES FOR DTw AND OGTWBARITHE WALL
sxeExPRUFILE AT THE ENO OF DISCHARGE) 8Y DISCHARGING A STORABE UNIT
=€4 ¥ 0F KOUGHLY THE NEEDED SIZE UNTIL THE REQUIRED OUTLEY
©5 wrexx] EMPERATURE CAN NO LONGER BE MAINTAINED.
FCALCOUATE STURAGE CAPACITY [N NW-HRS/KG BRICK
STORCAP=ENERGYC/MBRIK
SCALCUUATE THE NOKMALTZEU DEVIATIONS OF THE ESTIMAIED
ZExkxGAS TEMPERATURE AT THE END OF (HARGE (ENDT12C} AND THE
53] FSFEENERGY DISCHARGED (ENERGYD) FRUM THEIR DESIRED VALUES.
OEVEALITI=(ENDTI2C-TDSUSCI/ICTGINE-OTGINF )
EaCETRI VYT STERNERGY CF ENERGY DT/ ENERG YT
*AFTER THE THIRD TRIP THROUGH THE LDOP CHECK TO SEE
FEEEE ] SOLUTTON HAS BEEN REACHED AND CHECK
55 428 THAT THT LOGP 1S NOT DIVERGING EACH TIME THPDUGH.

TFUYTSCY. 37 60 10 30
TP (ABS(DEVIALIT)IGE Lo JUh. DR ABS (FRACSTRIIT I,

Mfig'[<w



SUBRLUUT INE HRGLRG 76 .76 0 QPT=1 FIN G652/

AN

34 SU3ROUTINE HRGLRG 7600« 7600 OPT=1 FYIN 4.6%452/034%
i SUBROUT INE HRGCRGIENERGYC, ENDT12C) 1F(CESTTGOLITC, 12 ~TINHECIITCY JobEeual} FB2EITCI=D.T
COMMON/CTNSTRLACTWSTRLILI3S) CTFCLESTIGUITTC L2I-TINHECITTC)J.G6To0.0) FBRUITCI=FHECEITC )
CLUMMON/BCRGR/NTANKT » FLOWA TEQD, 60 L CESTTGCEITC,12) -TINHEC{ITC) I/ {ESTTIGCEITL,223~TOUTHECLITC)
1 CPBRIK, PER M, 1GAS, FMEXSUITC)=FHECCITCYI~FB2LETC)
5 2 CTGINF» DIGINF, T0sasC OIMXXS(XTC)-dFHEC(YTC)#TINHEC(IYC)—FBZ(ITC)”?UJIHEC(XFCD!/
COMMONSSTZE/DL Lo MBRIK FMIXSEITCH
FEAL MRRIK 6FR(!TC)'(QRMAX(ITCBICPGAS¢FMIXS(ITC)*(TUUKHEC{XTCD—
ULUMBON/HRGORGACTGT (3510 ESTIGLI361,12) ACTRI3ELD £5 ESTYGUEITC, 1232 ) /tTOUTRR~ESTYGC{ITC 12210}
1 QEQYR(360) FHEC{3601, FB2¢3601}» FBI(ZT(!«FR(ITC}-FMEXS(ITC)
2 FMIXS{360) TMIXS{3601, FREZ6G) CTINRUITC)=(TOUTHEC LETL P *(FHECTITCI-FB2E ITCT T
3 FBL{360}, TINR{36Q), TOUTRE3GO) - 1 FBI(ITCI®ESTTGCUITC 223 YAFREITL)
4 NTANKC{36L) CMD3TE365,120 RECIBGL.12), TOJTROITCI=TINK({ITCI+QEQVRIITCI/TFRIITCI®CPGAS)
] HC (3630127 UOCE(360,12)p IBEGINELZ) s 79 sEBL _MUST BE A PUSITIVE FLOW
& FENDTLZ2). CTol360: 21, CTGATRE360.121 IFEFBIITTCIGE.Q.01 GO TO 35
i5 7 CTYMSTRE1,35 3,Q5C(3600, ACUMCT (36 3. Fl{ITCi=Gal
E] ITCREM TINRIITCI=TOUTHECLITC)
QCUMMON/CRGINPTATHETC s DYRETCY HIHETC FRETTCI=QRMAXIITCH/{CPGAS®{TOUTRM-TINR{ITCH]
1 QR{2601 5 QHEC{ 360}, TINHEC{36V) 75 TCUTROITCI=STINRIITCI ¢ QEQVRILITOY /L FRILITCIRCPGAS)
2 TOUTHEC (360}, QRMAX(36U1, TOUTRM FMIXS{ITCISFRIITC)
20 O’DMMON/PRU(ELE/DTN(Z;BSLBq DTwWBAR 3611, FR2{ITCI=FHECCITOY-FMIXSLITC)
CTwi(2s3513, CTWRAR{ 361 GTMIXSCITCY=(FHECLITCI®TINHECLITC )~
LLMMON/GSPROPIKG»MU,FRaCPGAS 1 FB2{ITCI*TOUTHECTITCI I /FMIXS{ITCY
REAL KGs MU 8. 35 CONTINJE
UOOMMUN/TISET/T s LADJUST o TXL2, EX12PL 1 X65J ¢ X1 IX10PL,IX5. CYGIN=TQUIRITITCH
25 5 RIZRIX1IZ:RI,RIXID *MOVE THE CALCULATED wALL TEMPERATURES FOR TIME ITC
REAL KBRIK HExBEINTO VHE FIRST LINE OF THE ARRAY CTwWlls1ZC1H
DATA ICENTER,KBRIXK/Do0381:5,48/ 00 40 1Z2C=3y1x12
HINITIALLIZE ENERGYC 85 TRUITC.EQeL) CTW{1,12C=DTR{2,1X12P1~12C)
ENERGY( =Ty 4 TFEITCANEoLY ETW{1,IZCI=CTHW{2,12C])
3¢ *ESTIMATE THAT FOR THE FIRST TIME INCREMENT, GAS TEMPERATURES *DETERMINE MASS FLOW THROUGH EACH TANK IN THE STORAGE UNIY
sexip ] L MATCH THE WALL TEMPERATURES AT THE END OF THE FREeRCASE 1,6AS TEMPERATURE AT THE END UF DNE TANK
shERBOREY [UUS DISCHARGE {(DTH{Z2.%1) wakxxMATCOHES TMIXS{LITCY, INCUUDES OVER FLOW CONDLTION,
D0 20 12C=1,1X12 k14 D0 50 NTANK=1,NTANKY
CYGITIZCT=DTWIZ2IX12PL~T2C) ISEGRLZ #MTANK/NTANKT
35 CIGIfIX12P13=DT®W{2:11} [F{ABSIESTTGCE ITC, ISEGI-TMIXS(ITCI1.6E.101 GO T0 50
TSGEND=12C7 1 o T NTANKCTTTCI =NTANK
SGEND=IZC/RT 00 60 NTANKA=1,NTANKT
TF{LISGEND-SGEND] NEoO} GO TO 20 S TFINTANKALLE.NTANRKC(ITC) ) CHOOT(ITC,NTANKAT=FR{LITCT
ESTYGC{ 1, ISGENDI=DTWIZIXL2PL-1ZC) 6©) TF{NTANKALGT.NTANKCEITC)}) CMOOTUITC NTANKAI=FBL {ITC]
af 23 CONTINUE L +ER{LITL}I/1000.0
*START OF THE MAIN ITC LOOP. CALCULATES HEAT REGENERATOR L GQ YO 74
REFAPPERFORMANCE VHROUGHOUT THE CHARGE CYCLE 50 CONT INUE
08 30 1TC=1,J4Xi0 10¢ *exekCASE 2,GAS TEMPERATURE DRDPS FROM ABDOVE TO SELOW TMIXS{ITCI
BINITIALIZE ACTW{ITC+1} AND QSCEITCH. wFxEE [N THE FIRST TANK
45 ACTREETC+1)=0.0 I3EG=12/MNTANKY
GSCTITE =040 TF{CTGIN. LE. TRT XS TIYCT . OR ESTTGCT ITC, TSEG I GEL THIXSTITLT
#THIS SECTIOM CALCULATES SYSTEM OPERATION. QS{ITC-11 1 G310 8¢
FEERGAND ESTIGUIITC,121 ARE CALCULATED ELSEWHERE. SUSROUTINE 135 NTANKCEITCI=1
e ke CRGINPT PROVIDES QRyQHEC, TINHEC, TOUTHEC WRMAX, AND TOUTRM VALUES. DO 9 NTANKA=] ; NTANKT
SRHEN ESTTGCIITC 127 IS LESS THEN JINHE(ITC)y BYPASS 1w( (S CLOSED CMOOT{ITC, L =FBLIITCI+FMIXSTITCI*(CTIGIN-TRIXSIITCY I/
warEe {E2{ [TL1=0.01) 1 (CTGIN-ESTTIGC{ITL,ISEGHS
FHTAY AVEILAS( Y FROW THE RECEIVER AY AN INSTENT OF TIME (QEQVFT 77 G IF{NTANKA, GY NTANKCTITCY ) CROGT(TTC HTANKAT =FBL{TICH
#8665]S ASSUMED 7O DEPEND ON A CUMULATIVE ENERGY BALANCE. o 110 ] *FRETTC) /100007 .
QEQVRTIT=aR{TY - Gu TO 70
55 IF(ITC.NE.1) QEQVRCITCI=QR{ITCI+LQEQVR{ITC~1I-QHECEITC-1 ) 8. CONTINU®
QsTTIVC=117 FETELCASE 33 GAS TEMPERATURE DROPS FROM ABOVE 1O BELOwW

FHECE ETCI=QHEC{ITCI/LCPGAS® (T INHECEITCI-TOUTHELTITCI D) . o sorsnTMIXSUITC) IM A LATER TANK




L7UOECRMAT /25X, *5TORAGE CHARGED AFTER®:14s# TIME INCREMENTS®,

SUBROUTINE HKGLRG 7667600 UPT=] FIN 4,6+452/034 SUSROUTINE HRGCRG  F6.we76L0 OPT=] TN 4o6%452/734
115 PF(NTANKT EQol} GO TO 160 IYIZC={12C+1/23/1
DU 110 NTANK=ZyNTANKT YIZC={14C+1/21/R1
ISEG=12¢NTANK/NTANKT IF(IIYIZC-YIZCY.EQ.0) CTGSTRUITC, IYIZCI=CTIBIITL 1
ISEGMI=ISEG-12 /NTANKT i75 SESTIMATE BY LINEAR EXTRAPOLATION THE GAS TEMPERATURE AT THE END OF
OIF(ESTVGLEITC, ISEGMIY LETHIXSETITCIL0R, wrsssEACH SEGMENT FUR THE NEXT TIME INCREMENT 1TC+31 (ESTIGC(ITCH1,s
126 T ESTIGCIL1Cs ISEGI-GE, THIXSTETCE] GG 10 1to EEFER [SGEND 1o  REGALL THE GAS TEMPERATURE FOR THE 11ME INCREMGNT
NTANKCLITCH=NT AN SEEnITC~] FROM CTGICIZCs 1),
RIANKLI=NTANKLEITCY TSGEND=1 2671
00 120 NTANKA=LyNTANKT 186 SGEND=12C/R1
TF(NTENKE. LT NTANKCTITCS 7 CMDOT(ITC,NTANKA) =FRL{ITC) UIF(i{1SGEND-SGEND)I o EQa0] ESTTGCIITCH1, 1SGENDI=CTIGII1TC,2] %20~
125 CCMDOTE ITCNTANKCL Y =FB1 4 ITCI+FMINSEITCI*(ESITOL{1TIC  ISEOML) - L CTGILIZG+LY
1 THIXSURTCH I/ CESTTGCUITC  ISEGMI -ESTYGLEITC, ESEGT *MOVE THE GAS TEMPERATURES FOR TIME ITC INTQ CTGIIZCH
120 JF{NTANKAGGT NTANKC(ITCI) CMOOT({ITC, NTANKAI=FBLILITL) CTGI{L)=CTGIN
T SFREITCI/1000.7 185 CTSIliZCrLi=CTGELIL 27
GO 10 78 #CALCULATE TWE WALL TEMPERATURE FOR TIME ITC+l INTO
13¢ 11 CONTINUE FEERF{HE SECUND LINE OF THE ARRAY CiW{Z2.1ZC%
*1F LUGIC IN NUT TRANSFERED TO 70, FHE STORAGE UMIY HAS FATLED IN ITS *ER*THE FIRST LINE OF THE ARRAY CTW(1,12C}
FXERFGUFFERING FUNCTION. OCUTPUT 15 PRINTED AND SUBROUTINE HRGLRG RETJIN FESERCONTAING THE WALL I[EMPERATURES AT TIME 1iCe
100 PRINT 130,1TC,CTGIN 19¢ UCTWE2,12C3=CTWll, {ZC) ¢UOCLETC NTANK) R PERIMS
T300F ORMAT (/771 3Ks *STORAGE BUFFER ING FAILS AT LTC=%,1%s/45%5 i TCTG(ITL1 ~CTH(L<12CIISDTHETCS
135 1 #INLET GAS TEMPERATURE=%,F1,02,2X, %056 K*, 7/} 2 C{MBRIK/ZI®CPBRIK)
GPRINT 1400EGTIGL FTGL oL ESTIGCLITL,2) sESTTIGLIITC 30, FACCUMULATE THE WALL TEMPERATURES AT TIME 17C¢l FOR 1Xi12 WALL POSITIOVS
1 ESTTGCLITEC, 40, ESTTGCIITE, 51 (ESTIGLEITL, &) ACTW(ITC#1I=ACTH{ITC+3Y#LTNER,12C)
UPRINT 140,ESTTGLIITC 71 ,ESTIGLUITL 81 ESTIGCLITL9) £S5 SFILL THE CALCULATED wWhil TEMPERATURES FOR POSITION 1ZC
1 ESTTBCIITC,10) 2 ESTTGCIITC, 14 ESTIGCIITCoL2Y wEse e AND TIME IVITE=1:2100p 10 [1TC=J%1e2% 0405000, 10%S41)
140 140 FORMAT(SK6FLTa2) AEXFEINTO THE ARRAY CTRSTREIVITL,IZC)
RETURN IYEYL=1TC/Y
70 CONTINUE YITC=11C7R
*STARY OF THE MAIN NTANK LOOP. CALCULATES HEAT REGENERATOR 2. IF(iTCafQul) CTWSTRICIZCISCTHILIEC)
SEEELPERFORMANCE FOR THE TIME INCREMENT [FC. TFOLIYITC~Y1TClaEWaG) CTWSTROIVITC 120 =CINIL L 20T
145 DG 150 NTANK=I, NTANKT *END OF THE MAIN I2C LOOP. TANK NTANK HAS BEEN
FFIND THE OVERALL HEAT TRANGFER COEFFICIENT (UGCY FOR GAS FLOW FHFFGCALCULATED FOR 1IME [NCREMENT I7Ca
=EEHA N EACH TANK OF THE HEAT REGENERATOR, & MININUKM . 160 CONTINUE
SEEFFYALUE SET FOR WL TO WANDLE TANKS WITH NO FLOW. ) 275 FELCUMULATE HEAT SIORAGE
REC(ITC, NTANKI=TEQD®(CMDOT{ITC NTANK) /FLOWA) /MY LQSC (ITCI=QSCLITCI+TPGASECMDOT {ITC \NTANKY *
“ise HCTTTCINTANK =0, 02 S¥KGFRECI T TC, NTANK Y % %0, B¥PR# %8, 357TEGD 1 (CTGI{IBEGINI I-CTGL L IENDI=TT]
UCC{ITC  NTANKE®1oU/ (1o 3/HCITTC NTANKI+{2CENTER/ 2o - 1/KBRIX HEND DF THE MATN NTANK LOOP. THE MEAT REGENERATOR HAS
EDETERMINE BEGIN ANU END POINTS FUR {ANK-NTANK FEFRABEEN LALCULATED FOR TIME INCREMENT 11Ca
TBEGININTANKI=E IX12% (NTANK~1) J/NTARKT ¢1 210 TICREM=ITC
TENDINTANK ) ={ TXI2#NTANKT /NTANKT T50 CONTTNUE
155 IBEGINI=IBEGINENTANKY *ACCUMULATE CHARGING TIME
TENDT=TEND{NT ANK] TF{ITC.EQ.1] ACUMCT{ITCY=DTHETC
©START OF THE MAIN 120 L00P. CALCULATES TANK—NTANK [FUITC.GE,2) ACUMCT(ITCI=ACUKCT{ITC~114DTHETC
wHA 9 PERFURMANCE FOR 1 IME INCRERENT 11Cs 715 *CALCULATE THE LENGTH AVERAGED WALL TCMPERATURE A7 TRE STARY
00 160 I12C=IBEGINL, IENDL EHAEE TIME INCREMENT I1TCel, INTO CTWBAR{2,17C¢L}
168 FROVE YHE CALCUCATED GAS TEWPERATURES FOR POSITION T2C ETHEAR{ [T CvIT=ACTWIITCF 11 /RIN L2
waExk INTO THE FIRST COLUMN OF THE &RRAY CTGLITC,1 *ACCUMULATE ENERGY IN MW=HR
FEFFEETHE GAS (EMPERATURE FOR POSITION 12041 1% CARLCULATED ENERGYL=ENERGYC+ (QSCTITCT7 1. 0E¢ 6 *{DTACTL /360001
x&%% INTD THE SECOND COLUMN OF THE ARRAY CTG(iTCs21. 22¢ *END OF THE ITC LOOP. HEAT REGENERATOR PERFDRMANCE
TFUIZCoEQel} CTGIITCsLI=CTGIN FEFSFHAS BEEN CALCULATED FOR THE ENTJRE CHARGE CYCLEs
165 IF(12€a6Eo2) CTGIITC,13=CTGLETL,2) 3% CONTINUE
GCVEUITC 2= T, L1+ U0CT IV NTANKY #PER TR o FYYORE E3TTCCTIRIOPIZIZT FOR TRANSFER
1 DZE(CTW{Lle 1ZCH-CTGERTL LI}/ HEREIN ENDTL2C
TCPGCRASECRDOT T ITC, NTANKT ) o o 22% ENDYI2C=ESTTGCIIRIOPL, 127
SFILL THE CALCULATED GAS TEMPERATURES FOR TIME ITC AND *PRINT SECTION
7 EEEEE IO S S TR SR ST P Pus S A S VAN E P S SWED SR O TS PGS B3 E WD B! PRINY 170, TTCREM,CTWBAR [T TCREUTLT
wrsBEINTO THE ARRAY CTGSTRIITC.IYIZC

~€GT-



SUSBROUTINE

HRGCRG T&L 07600 OPT=L

FIN 4.6v4527734

1

SUBRUUTINE HAGUIS

76007600 CPT=1

FIN 4.64452/7034

SKs®CTHBAR=¥,F]1,2)

SUSROUTINE HRGDIS{ENERGYD: I TOREML)

1
JPRENT 1800 CIWI2y I3 oCTWI2s1%2)oC1MWE2s1%3),

23u CCMMON/UTWSTRL/DIWSTRL(350)
CTWI2,0%4), CTH{2,1%5) ,CTH(2,1%6) DCUMMON/ BCKGR/NTANKY 5 FLUOWA TERD,
V?Rxmr 18U, CTHI2 I T, CTRIZ2158) CTRIZ2,1%97, 1 CPBRIF, PERIN, 1GAS,
) CTW2,1%20) o LTWI2, 12210, CTHIR 112} 5 2 CTGINF, OTGINF, THSASC
180 FORMATISX ,6F1G.21 COMMUN/ ST ZE/DZ 2, MBRIK
235 B¢ RETURN REAL MBRIK
END TCOMMON/HRGDIS/DIGI (3510 ESTIGO{361 127 ADTW] 3617
1 QEQVHE (3601, FHEDL3601, TOUTHEDI362)
10 H NTANKO{ 3601, DMDGT (360,121 RED(36Us127)
_ 3 HDI360,12) UBD{ 36041215 IBEGINGI2)
B A TENDTIZ T, DTG(360,2) 1 DIGSTR1360,12) 5
5 DTWSTRI1U,35.1,Q5N(36.1, ACUMDT (3611,
B TTDREM, ESTTGPZ( 3621, DIHETDL(361]
15 LEYEL 2,036
GCUMMON/DI SINPT/ESTOT ¢ DTHETD, GRED(36U1»
1 TDSQHE(3601, TINHED(36G1,  HESTDT
CCOMMON/ PRUFILE/GTHE 2935110, DTWBAR{361 1,
1 CIW{2.35L), CINBARI361)
20 COMMON/GS PROP/K Gy MU PR, CPGAS
REAL KG, MY
GCUMMCN/ T JSET /14 JADJUST s IK12s IX12P 15 1K60d5 K10, JX10PL+ X5y
1 RiIRIXE2:RJGRIXIO
REAL KBRIK
25 DATA ZCENTER,KBRIK/0.C381,5,48/
FINITIALIZE ENSRGYD
ENERGYD=0.0
EESTIMATE THAT FOR THE FIRST TIME INCREMENT, GAS TEMPEWATURES
ws%esWILL MATCH THE WALL TEMPERATURES AT THE END OF THE
30 SEEEEPREVIOUS CHARGE(CTRIZ:%1)
00 220 12D=1,1X12
OYGTTIZ0T=CTWI 2, X12PL~12Z0)
OTGI{IX12P11=CTW(2, 1}
TSGEND=120/1
35 SGLND=I1ZO/R] e
TF{{ISGEND-SGENDI-NEc O] GO T0 220
ESTTGUE1s ISGENDI=CTWi2,i1X12P1-120}
70 CONTINUE
#*START OF THE MAIN ITD LOOP. CALCULATES HEAT REGENERATOR
TTEL CETERPERFORMANC S THROUGHOUT THE OTSCHARGE CYCLE.
00 230 11D=1,368
FINITIALI ZE AOTR{TITO+1] AND GQSD(IT0I.
ADTWEITD+1 120G
QSBTIThI=0,
45 *THIS SECTIOM CALCULATES SYSTEM OPERATION, QSUITD-1}
FFFEE[S CALCULATED ELSEWHERE. SUBROUTINE DISTINPT
s PRUVIDES OHE, TINME, AND TOSOHE.
o FTHE EQUIVALENT HEAT TRANSFERED (UT JOF THE EXCHANGERS AT AN INSTANT
#%0590F TIME (QEQVHE) 1S ASSUMED TO DEPEND ON A CUMULATIVE
5% TERSHENERGY CALANCES
QEQVHEL 2 1=QHED (L)
TF{ITO.NE, 1] QEQVRE(ITDI=QuEDTITOI+ {QEGVHETTIO-y¢QsoTTTIo~177
FHED{ ITUJ=QEQVMELITD)/((TINHED{ITDI~TDSOHE[ 1TD) ) %CPGAS)
""" TOOTRED (T IO =Y INREDTUI VDY -QEQVRE T T YOV 7TFREDUT YO T #UPCART
55 DTGIN=TOUTHED(ITD)

LERERSINTG THE FIRST LINE OF DTW(1.120)

*+MOVE THE CALCULATED WALL TwMPERATURES FOR TIME 17D




SUBRUUTINE HRGOIS 76007600 DPT=1 FIN 4, 60452/0%4

SUSRUUTINE HRGOIS

76007600 0OPT=1 FTN &, 6+452/034% 1

DG 269 1ZD=1,1%i2 115 2 (ESTIGOIITD, 12} -ESTIGP2ELTD+1}
TF{IT0.EQ.1) DIW(L,1ZD1=CINW{2,iXL2PL~1201 TE{DTHETOLIIT0+1 . LE-DIAETD/ 20,05 GO 10 300
68 240 1F{IVD.NE.1) DTWIL-1ZD}=0TW(2,1ZD} o GO TC 38
DETERMINE MASS FLUW RATE THROUGH EALH TANK IN THE STOURAGE UNIT 37v GIHRETDL{110¢ 1) =DINETD
$EEHRCASE 1, GAS TEMPERATURE AT THE END OF ONE TANK 383 CONTINUE
FHRFHRATCHES T INHE( 1107 T2t ¥START OF THE MAIN RI1ANK LO0P. CALCULATES REAT REGENERAIOR
00 254 NTANK=L,NTANKT AEuksDEREORMANCE FOR THE TIME INCREMENT 1YD,
&5 TSEG=12*NTANK/ NTANKT 08 350 NTANK=1L,NTANKY
IFLABS(ESTIGO(ETO, ISEGI-TINHED(ITDI}.6E1.08 GO ¥Q 250 *FIND THE COVERALL HEAT TRANSFER COEFFICIENT (UDC) FOR GAS FLOW
NTANKDI ITD3=NTANK 5 HGIN EACH VANK OF THE HEAT REGENERATGRa A MINIMUR
DU 260 NTANKA=I NTANKT 125 ses¥eYALUE 15 SET FOR HC TO HANDLE TANKS WITH NO FLOUMW.
TFINTANKA. LECNTANKD(13101) CMOOTEITDeNIANKA]=FREDT 1104 RED(ITD,NTANK] =TEQD®{OMODT( 1 T0,NTANK) /FLO%AY FHU
70 260 TF(NTANKA.GT NTAMKDEETO)) DMOOT(ITD, NTANKAI=FHED(ITD)/1000.0 RO ITONTANK) =0 023 ¥KRG*REDI I T U NTANK ) %50, 8% PR#%0. 333/ TEQD
GO T8 27v GUB( I TO, NTANKI=Lo/ (1eu/HDIIT D, NTANK) # (ZCENTER/ 2,03 /KBRIK)
259 CONTINUE #DETERMINE BEGIN AND END POINTS FOR TANK-NTANK
*ESESCASE 21GAS TEMPERATURE RESES FRUM BELOW 10 ABOVE TINHE{1T1C) 130 TBEGINONTANKT = (1 XL12% [NTANK~ 17 }/NTANKT #1
xsku [N THE FIRST TANK PENOINTANKI= (IX12¢NTANKD /NTANKT
7S TSEG=L2/NTANKY TBEGINI= [BEGININTANK]
IF{ESTIGDEITD, ISEG).LE-TINHEDIITD)) GO TO 280 TENDL=IENDINTANK)
RYANKO{ 1101=1 #START GF THE MAIN 120 LOOP. CALCULATES TANK-NTANK
D0 290 NTANKA=] NTANKT 135 s AXPEREORMANCE FOR THE TIME INGREMENT 17C.
QOMDOT (1101 ) =FHED(ITOI® (DI GIN~T INHED[ ITD) 17 TG0 360 1Z0=1BEGINL,IENDL
§C 1 EDTGIN~ESTYGOIITD, ISEG)) *MOVE THE CALCULATED GAS TEMPERATURE FOR POSITION
290 TE(NTANKA, Gl oNTANKD(ITD1 1 OMDOTUITD NTANKAI=FHEDI 11D} /100040 Gowrk[JL INTO THE F1RST COLUMN OF THE ARRAY OTGLI30,13.
6o 10 270 ssaksTHE GAS TEMPERATURE FOR POSITION 1Z0s1 IS THEN
Z80 CGONVINUE 140 wxwenCALCULATED INTQ JHE SECUND COLUMN OF THE ARAY O1G{11Ds21e
wkrxvCASE 3, GAS TEMPERATURE RISES FROM BELOW TU ABOVE TF(I12DeEQel} DTIGIITD,13=0TGIN
8% FERFRTINRE(ITCT IN A LATER TANK TF(1l0.GEe2) DIGIIT0,11207G1110,2} !
IF(NTANKT.EQ.1) GO TO 308 JDTGUITD,21=DTGLITD, 1} +UODIITO, NTANKI #PER IM* =
D0 31- NTANK=2,NTANKT 1 i {0Tv(2,1205-D1GL1T0.13)7 Ln
ISEG=12%NTANK/NTANKT i45 2 (CPGAS*OMDOT LITONTANKEY L
TSEGML=1SEG-12/NTANKY TFIABS{DIG{IT0¢21-DIGI{ 170,11} eGE-ABSIOINIL(12D)— !
St IF{ESTIGO(ITD,1SEGI.LECTINHEREITOI) 6O T0 31 i OTGEITO 1)1} DIGEITD, 20 =0TR{L, 1200
NTANKDOTUITD) =NTARK FETLL THE CALCULATED GAS TEMPERATURES FOR TTHE 170
NTANKDLI=NTANKDLITD) BEERHAND POSITION 1¥120=192400evl2 (1ZD=1531-1/2s2%1~1/2700051221-1/2}
B0 320 NTANKA=L,NTANKT N -] FEEEEINTO TYHE APRAY DIGSTREITDsIYIZ0)
IFINTANKA. LT NTANKD(ITD}} DMOOTE 11D, NTANKA) =FHEDL 1TD) IYIZD=41Z0+1/21/1
B TOMGGT {170, NTANKDL JSFHED (1T DI % (ESTTGD( 17105 ISEGHI I~ YI1Z0= {120+ T/2T/R
H TINHED(IYO}}/{ESTTGOIITO, ISEGHL)-ESTIGOCITO,ISEG)) IFI(I1YIZ0-Y1Z0).EQ,0} OTGSTR{ITD, I¥1ZD}=0TCLITD,1
320 TR(NTANKAoGToNTANKD(ITD}) OMODTUITO NTANKAT=FHEDL 11D} /1000.0 FESTIHATE BY LINCAR EXTRAPOLATION THE GAS TEMPERATURE AT
GO T8 27¢ 155 erResaTHE END OF EACH SEGMENT FOR THE NEXT 7IME INCREMENT 1TD+1
310 CONTIRNUE T AERER(ESTIGD(IT0+1 I SGENDITo RECALL THE GAS TEMPERATURE
100 *IF STCRAGE 15 DEPLETED AND THE REQUIRED INLET TEMPERATURE TO #¥ksx FUR THE TIME INCREMENT ITD-1 FROM DTGI{IZD+1].
EGEETHE REAT EXCHANGERS, TINHED(1:D1, CAN MGT BE MEl, TSGEND=1207 1
ekt O ISCHARGE IS STOPPED. SGEND=120/R1
FYRANSFER 70 PRINT SECTION 160 GTF T (T SGEND-SGENDI.EQ. 01 ESTTGOI 0¥, ISGENLT =0TGT [TD: 27+
GU TO 300 1 (DTG(IT0,2)~0TGI{120+1) J*{DTHETDL(ITO+1}/OTHETDI(]1TD)
105 270 CONTINUE SWGVE THE GAS TEMPERATURES FOR TIME 110D INTO BYGI(IZD}
“A0JUST THE LENGTK OF THE LAST TIME INCREMENWT TC DIGI{1}=DTGIN
FEEEFSTUP DISCHARGING JUST AS THE REQUIRED GUTLET TEMPERATURE DYGI(TZ0+1T=07611T5,2)
«seasCAN NO LONGER BE MAINTAINED. 165 *CALUULATE THE WALL TEMPERATURE FDR TIME [7Del INID THE
DIRETDI{ T T=DTHETD T e ¥xSECUND LINE OF THE ERRAY OTw(257170%
110 IF{1T0.47.2) 60 TQ 37¢ #¥exsTHL FIRST LINE OF THE ARRAY DTW{1,1ZD}
TF{TINHED{ITDT NE. T INRED(ITO® 117 G870 37 T Pt sCONTAINS THE WAL TEMPERATURES AT TIMEITO.
IF(ESTTGP2{ITO+13.GE. TINHEDIITDI) GO TO 370 ODTw(2y1ZD)=DTH{1,1ZD} +UOD{ ITDoNTANK} *PER [Mo
BTFTESTIGP2TITD+ 1 . LT, T INHEDTYTDVT UTHEYUIT{TIYD#11= 179 T OTCT IO, T BV TZOF T RO VRETD LT 70+

L OTHETO*{ESTYGD(1TD,123-TINHEDCITDI}/

2 C{MBRIK/Z}*CPBRIK)




SUBRUUTINE HWRGDIS T6L0eT6U0 OPT=1
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*ACCUMULATE THE WALL TEMPERATURES AT TIME ITD+l FOR IX12 WALL POSITIONS

i

SUBROUTINE PRINTEG 76 -=76u9 OPT=1

FIN 4.6+452/024%

SUBROUT INE PRINTBG{STORCAP)

ADTW{ITO* [1=ADTW{ [TD? L1 ¢DTWE2,120) CCOMMON/ SCKGR/NTARKT 5 ELOWA s TEGD,
SFILL VTHE CALCULATED WALL TEMPZRATURES FUR PGSITION 1D 1 CPBRIK, PERIM, 1GAS,
175 #EEREAND TIME IYITD=142v000v7b2 (1105141 ,2% i thraao s L2KIFL} Z CTGINF, OTGINF, TOSGSC
#xEEFINTO THE ARAY DIWSIR{IYITD,IZD} 5 COMMON/STZE/DZ 2, MBRIK
IYITO=17074 REAL MEBERIK
YITD=1TD/RY DCCMMON/TSSET/1 v TADJUST yIX12, IX12P Lo IX6yJadXiv e X1 P, X5,
TF{TTD.EQ. 7 DIWSTRI{LZD)=DTH{L 71207 T RIRIXLZ,RIRIXLQ
180 IFILIYITO-YITD).EQ.0) OTWSTREIYITD, IZDI=DTw{l.120} PRINT 10
#END OF THE WAIN 1Z0 (00P. TANK NTANK HAS BEEN LALCULATED T 1. FORMAT(IHI, 7 /75K, *BACKGROUND INFORMAT [ON®,7777
s¥xsef QR TIME INCREMENT 1TDe PRINT 15,STORCAP
360 CONTINGE 150FORMAT(5X, %1 HE STORAGE POTENTIAL FOR THIS DESIGN 15%,F12.7¢
*ACCUMULATE MEAT STORAGE 1 * MW-HRS OF HMEAT PER KG OF BRICK®,/)
185 QSDLITDI=QSDlITDI+CPGAS*OMDOT (1T D NTANKY ® PRINT Z0.NTANKT,Z
i (DTGI{IBEGINLI~DVGI(IENDL+1}) 15 2 IFORMATISX,*STORAGE 15 BROKEN DOWN INTO%,13,
“END UF THE MAIN NTANK L0O0P. THE HEAT REGENERATOR HAS 1 % TANKS IN SERIES WITH®,F6.2,% M TOTAL LENGHT®,/}
denksBEEN CALCULATED FOR THE TIME INCREMENT ITDe PRINT 20, MBRIK
355 CONTINJE 37 FORMAT(5K.#STGRAGE CONTAINS®,Flie ;% KRG OF BRICKS®,/1
190 FEXTRAPULATE TO ESTIMATE THE QUTLET GAS TEMPERATURE PRINT 40, FLOWA, PERIN
SEEEFTWO TIME [NCREMENTS AHEAD. 20 %00F GAMAT (5X 1% GAS ELOW AREA=%,F10e2,% ME#2E;
OESYTIGP2(iT0v2)=ESTIGD( 1701121+ (ESTTGDIITD L1212}~ 1 3Xs¥HEAT TRANSFER PERIMETER=$,F10.2,% M¥,/}
i ESTTGDUITD,121 ) #(DTHETD/DIHETDL{ITD¥L) ) TF{IGAS.EQ. 17 PRINT &1
*ACCUMULATE DISCHARGING TIME 41 FORMAT(S5X,%THE RECEIVER GAS IS WATER®,/)
19% ACUMDT(11=0.0 TF{IGAS-EQ.21 PRINT &2
ACUMDT(I1TD+1 i=ACUMBTLITOI+DTHETOI(ITO+L) 25 42 FORMAT(SX,#THE RECEIVER GAS IS HELIUM*,/}
*CALCUUATE THE LENGTH AVERAGEDU WALL TEWMPERATURE AT TF{IGAS.E@.31 PRINT &3
2eekaTHE STAKT OF TIME INCREMENT ITD+1, INTO DTRBARIZ2,1TO01} 43 FURMAT(SX.*THE RECEIVER GAS 1S NITROGEN®,/)
OTWBAR({ITD*11=ADIW{IT0¢11/RIX12 PRINT 44,10505C
230 *ACCUMULATE ENERGY IN MW-HR S4UFORMAT (5K, #DURING CHARGE, THE MAXIMUMZ,
eNERGYD=ENERGYO+TQSDIITDI /1. 0E+06 ) #{ DTHETDLE (TD®L /3600, 07 E) i E TEMPERATURE ALLOWED AT THE STORAGE QUVLETR,
SEND OF THE MAIN ITD LOOP. IF RJIX1D IS LESS THAN 360, AND 2 % [5%,F1d.2,% DEG K¥y/ )
AXEFFITERATION JTHROUGH THIS LOGP 360 TIMES IS COMPLETED, PRINT 50,JXI0,TXT
$EE%¢ THE WALL TEMPERATURE AT THE END OF CHARGE wWAS 10 S5CDFCRMAT(SX . *THIS PROGRAM SOLVYES THE HEAT REGENERATOR EQUATIONS 8Y
205 FEFFFEHIGH 10 ALLOW TOTAL DISCHARGE. - T  THE METHDD OF FINITE DIFFERENCE®,/.5X»
ITOREM=1TD 35 2 =TIME wAS DIVIDED INTO®,14,
TTDRERL =L JDRER “" ) 3 % [NCREMENIS.%:15,% LENGH] INCREMENTS WERE USED.%7/4/77771
230 CONTINUE RETURN
*PRINY SECTION EnD
21. 3 PRINT 330,1TDREM;DINBAR(ITOREM®1]
330 FORMAT{/,5X,*STORAGE DISCHARGED AFTER®,14,% TIME [NCREMENT S%,
i SX>*DTWBAR=®,F1 1.2}
PRINT 240,DTWl2-01DIR{ 2152 0TH{271%307
1 DYNE2,1%4),DTH{2,I%5),0TH{2,1%6)
215 UPRINT 34y OINC(Zs €101 HIZr1%81,01WL2¢1%91
1

DIHEZ,1%100sDOTW{2, 1110, 0THIR,0%2 2}

40 FORMATISX, 681027
RETURN

END o

-94T~



SUBRCUT INE PRINTLH  7& weTol. QOPT=]

FIN 4.646452/ 34 ) SUBRCUTINE

PRINYCH 76007600 (PT=1

TFIN 4.6+452/034%

i SUBROUTINE PRINTCHIENERGYC) 0O 1o =1, NTANKT
COUMMON/CTRSTRL/CTWSTRL{ 351 H=L*12/NTANKT
JLGMMUN/SCKGR/NTANKT FLOWA, TEQD, 60 PRINT 113,L
I CPBRIK, PERIM« 1645, U, FORMATL/, 5%, %CUTPUT TABLE FOR% TANK®, 13,
5 2 CTGINE, DIGINF, TDSUSC 1 [/ 4Ky ¥ITHETCH , T, ¥ CHDOTS, 9X, *¥RECE,
COMMON/STZE/DZy ZsMBRIK H X, *UOCH, 6K, %ESTTGL% 4/ )
CEAL MERIK K=i
OCOMMONSHRGCRG/CTGL (3510 ¢ ESTIGL(361,12) cALTWI36L) ¢ Te5 PRINT 120, CMDOT (KLY, RECIK, LI UBCIKSL)ESTTIGCIK2L, M)
i QEQVR{3601, FHEC 13600, FB2L360). 120 FORMAT(SX,1%,4F12.2}
1t Z FRIKSI36 14 THIXST36.7 - FR{3601 50 130 K=4, [TCRMML,J
3 F81{3601, TINRI360), TOUIR(36C), 130 PRINT 120,KsCMDOT{KoL)sRECEK, L) UOCIKo LI ESTTGLIKSIM
Z NTANKC(3601, CHMOBT{3600121, REC(26. 71215 K=i{TCREX
5 MEC{360s121 5 UOC{ 360,120 IBEGIN({L2%, 7 PRINT 120, X CHDOTER LI, REC{R L) UODCIKoL] ESTTGC IR -1, M}
5 TENDTIZ27s CTG(360,2) CTGSTRIZ60 121y 100 CUNTINJE
15 i CTBSTRI1y3503,R5C{361 35 ACUMCT (36 0, Exi=1
B TTCREN TK3=3¥]
OCOMMONSCRGINPT/THETC, DTHETC, HTHETC, Ix5%5%
1 QRT36u1, QHEC(3601, TINHECI3EST 75 Tx7=7%1
2 TOUTHEC (360}, QRMAX{360) . TOUTRM 1X9=9%1
20 CUOMMON/ TJSET /T TADJUST 2 IX12y INL2PLsIXbsJvdXLip dX1L Pl d¥ 5 TX11=11%]
3 RIZRIX12,RJ5RIXLO PRINT 140, 1X1eIX3,EX5+1X7:1X9,1XK8E
PRINT 10, ENERGYC B TG0CFORMAT (77 45X *CIWSTR TABLE~,///5
LOOFQRMATI// 5X s *CONDITIONS DURING CHARGE CYCLE¥, s 1 X, ¥ LTHETC# 425X, LENGHT INCREMENT®,//,
1 /775K, %ENERGY STORED=#,F10.2,% MH-HRS*//, F] 16K, 6012471
25 2 X ¥ ITHETC®, 10Xy *QEQWR™, 13X, 2 QRY, ITCRMDI=FTCREM/Y
3 T K BQRMAKS ; [ 2% 5USC¥ oL L Xy FYHEC S 73 TG 150 L=1,LTCRMDJ
K=1 MELEJ4L
BEINT 20.K,QEQVR{KIsQR{K]; QREAX K1, Q5L (K1 ,QRECIK] B5 TS PRINT 16 oM, CIWSTRILsER1ICTHOIRIL IX3I o CINSTRAL,I%5)
2. FORMATESX,1555F15.23 1 CTIWSTR{LIXT) 2 CUWSTRIL, IXSY s CTWSTRIL,IXD1D
30 TTCRHMI=ITCREM-1 160 FURMAT(5K415+6F12421
D0 30 K=J,1TCRMMIsJ PRINT 199
ZTTPRINT 2N Ky QeUVRIRI JWAEKT s QRRAK (K} WSCIKT (QMEC (KT TS0 FORMAT L/ 71 TR #1105, TR, 6120k, T Xy PC I WA T Ke ®L 15 %7 3
K=[TGREM 30 00 200 I1IC=1,3v0
PRINT 2 K WEQVRTR] s URIK) , GRMAX (K] s Q5L K, QREL (K] T TYTIC=(1ZC+172771
25 PRINT 40 YEIZC={EIC+E/2 /R
ZOGFORMAT (/77 6R % ITHETCR (LOK BERR , TX, #FMIRGH, GX, RFA 1%, B : TF(UIYIZC-YTICTONE.OT GG 70 243
3 SX, ¥FBR% ;8 X, #FHECH, 6X, ¥NTANKC %, /) D0 210 ¥TC=1,300
K=1 TFTIVCEST) PRINY 220, IV TZC, CTRSTRITIZCI S CTGSTRIT IVILLY
PPINT S K, FRIK}+FMIXSIKY,FBL X} FB2(K),FHEC LK) NTANKC(K) 22  FORMAT{5X,15:11052F10021)
[ 50 FORMATISX:15,9F12. 271127 TYITCE1TC/7d
DO 60 K=, [TCRMML 4 J YITC=1TC/2Y
& PRINT S/ K, FRIKI,EMIXS{KI, FRLIKI, FB2(KI, FRECIIT NTANKCIKT TFITIYITC-YIICI.NE. D) 55 10 210
K=1TCREM L PRINT 222,17C, E2C, CTWSTREIVITC,IZC),CTGSTREITC,IYIZC)
PRINT 50 K FRIKI s FMIXSIK) o FELIKI FBZIKI o FHECIK) o NTANKE(R S 215 CONTINGE
45 PRINT 7¢ 20C CONTINUE
TOUFCRMAT (777, 58 F ITHETCUF, 84, ¥ TUNKR®, TX, € [GUTRE, KETURN
L SXy e TIMMECT o 5X  #TOUTHECH ) 7X, ¥ TMIKS*, 6 X *ACUMCT®,/ ) END
K=1
OPRINT B0, K TINRIK) TOUTREK) T INHECIK) »TOUTHEC(K) 5
T T TRTXS (KT, ACUMCT K
85 FORMAT{SX,15+:6F12.2)
SU SO KEI TTURNMELS J T -
9o UPRINT B3, KeTINKIK} s TOUTREK) o T INHEC R} o TOUTHEC (K1 s
T TETESTRY, ACUMTY (XY “”“’ ST T e - T
55 K=ITCREM

OPRINT BO K, VINFIRY, TOUTRIKY » 7 INHECTK Y » YOUTHECTKT
1 THIXS(K) , ACUMCT (K1

(ST~
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SUSRUUTINE PRINTDS 76 w=T760U OPV=1

FTN 4.6+452/U34

3 SUBROUTINE PRINTDS {ENERGYD! 1X3x3%]
CUMMON/DTWSTRL/DTWSTRI(350) TX5=5%1
SCUMMON/BCKGR/NTANKT 5 FLOWA - TEUD, 6t IX7=7%1
1 CPBRIK PER M, TGAS. TXG=9%1
5 2 - CYGINF, OTGEINF, TDSQSC Ix1l=11%1
COMMDN/SI2E/DZ,2,MBRIK PRINT 110, IX1s IX3,iX5,1X771X5,1X11
REAL MBRIK 110 FORMAT(// 5Xv*DTRSTR TABLES.///,
CURKON/HRGDI G/ DTGI{ 3517, ESTIGO(361012) 1ADTR{ 3611 65 L X * [ THETO% 3 25K, #*LENGHT INCRENMENT#,77 5
1 QEQVKHE(360), FHEDI360), TQUTHED(360), 2 10X: 6112,/
10 2 NTANKD{ 3801 OMO0T (3600121, PEDI36 ,1210 TTORMDI=TYOREH/J
3 HD{260,121, YODL 360,120 IBEGINEIZY, D0 120 L=1,1TDRMODJ
% TENDTLZ21s DTGt 360,21y DTGSTRI360,121 ML J+1
s OIMSTR{13:35 1,050(3671), ACUMDT (361}, T lZ»IPRINY 135 oMo DTWSTRIL,IX2 1, OTWSTRIL +1%31,DTW3STREL IX51,
3 TTUREM, ESTIGP213620s OTHETDLIZG1? DTWSTRIL, IX77 DIHSTRIL1X9) DIWSTRILIX1110
i5 LEVEL 2:07GI 130 FORMAT(5X.15,6F12.2}
CCONMON/DTSINPI/ESTOT» DTHETDy QHEDT269 1, BRINT 140
1 TDSOHE(3600 TINHED(360),  HESTOT 14w FCRMAT(// 7X % TD* s TXo %12D%, TX, *DTH®, 7X . *DT G,/ )
OCORMMON/ TSSET /1, TADJUST, [X12+ IX12PLs1X6yds XL 9 XL PLydX5y 75 GC 15 12D=1,3.0
H RIZRIXIZ-RI,RIXIO IY1ZD=6120+1/2)/1
F) PRINT 10,ENERGYD YI2D=(1Z0+L/21/R1
100+ OKMAT (//,5X, *CONDITIONS DURING DISCHARGE CYCLE®, IFILIYIZ2D-YIZ0}.NE.O! GO TU 159
T 775X, #ENERGY DISCHARGED=%y FLO.2,% MW-HRS*,// DU 160 1YD=1.+300
2 4Xa *ITHETO® 3 Xy % QMED® O X, ®QEQYHE# o 80 PFLITD.EQe1) PRINT 170,1TD»120D,0TWSTRI(IZD)DIGSTR{1.1Y120D
3 12X, #QSD% 11X #FHED %,/ | 17J FURMATISX,15,110,2F1L0.2)
25 K=1 LYITD=1T0/d
PEINT 20K, QHED{K], GEQVHEIK: 1 QSO(K) o FREDIK] ViTD=1T0/RJ
2u FORMAT{SX»15,4F15,21 TE((EYITO-YITD}.NE.O} Gu TO 160
TYDRMMI=TTOREM-1 §5 PRINT 17071707120, DTWSTR{IVITD,120),0TGSTRI1T0,1V12D7
DO 3y K=J,ITDRHMI Y B 164 CONTINUE
3G 307 PRINT 20,K,QHEP(K) ; QEQUYHE (K], QSDIK} s FRED{R? 155 CONYINUE
K= TDREM RETURN
PRINT 2.+RsUHEDIRKT ;QEQVHE(K] s QS0(KI s FHEDIK] ]
PRINT 4C
GOOFORMAT (777 4K, 5 ITHETD® 56X, %1 INHED %, 5K #TOUTHEDF 5
35 1 6X 5 ATDSOHES L6 Xy *NTANKDS ,6X  #ACUMDT{ITO+1 )%/} R
K=1
PRINT 50 oKy TINHEDEK) , TOUTHED(X) , TOSOHEIK ) o NTANKD (KD, ACUMDY {K4 1)
4 FORMAT(5X,1553F12.2v1512+F12.21
OU 60 K=J, ITDRMML,J
%, & PRINT 577K, JINHEDIK) cTOUTHED (K1, TDSOHE (K1 NTANKD(K T, ACUMBT{K*1?
K= ] TDREM
PRINT SO KsTINHED(K)¢TOUTRED (K], TDSORE(K] ;N7 ANKD{R T, ACUMDY {K+ 1)
00 70 L=1,NTANKT
=L+ L 2/NTANKT
45 PRINT 8 ,L
BOCFORNATT/ 75X, #0UTPUT TABLE FOR TANK®,13,775
i Xy *ITHETD® ; 7X o DMDOT ® 49X, SRED*, ~
H X SUDD® 6K, SESTIGDITT0+ 1%/}
K=1
L) PRINT 900K, UMOOT (KoL) sREDIK L}y UODIKeL Iy ESTTGDIKT L MJ
9y FORMATISX,15,4F12.21 _— o L = e e
DG™I00 K=J; [TORMMILJ T o - B T - - o
PRINT 9tioKoOMDOTEK, L) REDEK LD UDDIKs L), ESTTGDER L, M}
R=1TORER
55 PRINT 90, K,OMOOT{K,LI,REDIK LY UODIK LILESTTGDIKSL M)
7. CONYINUE

IXj=%

-85T~-



SUBROUTINE PDRUPCH 76007600 OPT=1 FIN %.60452/ 3% 1 SIBRUUTINE PRNTPRS 76 1e76L 1 DPT=1 TN 4 i4357 34

~65 T~

i SUBROUT INE POROPCH 1 SUBRQOUT INE_PRNTPRS
COMRCN/ POROPL/ PDROPL (364,131, GASYELL .36 1120, 0P BARC CCRMON/ PDRUGPC/FDROPL(360,130 »GASYOLCT 3600121 s DPBARC
LEVEL 2,PDREPL,GASVOLC ,DPBARC LEVEL 27 PDROPC,GASYOLL,DPBARL
GCOMMONTBCKGR /NTANKY 5 FLOWA, TEQD, OCOSHONFTUSET /T o TADJUST o IX12, IX12P1sIX60Js X1, 5dX1.P1, X5,
) 1 CPBRIK, PERIM, 1G4S, 5 3 21,RIX12,RJ,RIXED
2 CIGINF, DIGINE, TDSDSC GCOMMON/HRGCRG/CTGIL351 1, ESTTGC(361:12)-,ACTRI3611,
COMMON/STZESDE . Zo MBRIK ! QEQVRi361, FHEC {3601, £B2(36 14
REAL MBRIK Z FNIXS13631 . TMIXS{3607, FR{36dJ s
OCOMMON/TSSET /1, TADJUST s IX12, IXI2P1, X6 Jo X105 JXLI0PLy dX5y 3 FBL{360}, TINR{3601, TOUTR (360}
10 T RI;RIX12,RJ-RIX10 1 4 RYANKC (3601, CHN0TI361,120s RECI36G.121,
OCUMMON/HRGLRG/CTGEI3513 ESTYCC{361,12):40Tw {360}, 5 HCI360,123 5 UOL{360+127 5 IBEGINGLIZ2Y Y
1 QEQVR (3601, FHEC {3604, FBZ(3601, & TENDELIZ2) CTGI360.21), CTGSTR{36..12})
2 FRIXS(360), THMIX5(360}, FR{36 30 7 CTWSTRI10,3501,QSC{3600, ACUMCTI360 ,
E] F8LE3601)s TINREZGC) . TOUTR{3601, 8 ITCREM
13 & NTANKC({360]}, TMDOTY(360+12)y RECE360,12), i8 PRINT 10
B HC(360,12) UBC(361,123 ¢ TBEGIN{EZY TJOFURMAT(F 7/, 5X, SCHARGING PRESSURE DROP TABLE®,
6 TENDEI2), CTGE3603520, CIGSTRE38), 1205 1 L0 4X EITHETC® , 20X, *END QF ISEG*,//
7 CTWSTR{10,3501,QSCI360%, ACUMCT (3600, 2 19Xy M1, 9%, 1H2 79K s LH3, 9K, 1H&o OX5 1HS 9K 1HE 7}
g 1TCREM K=1
G #START GF THE mAil E1C LOGP. CALCULATES PRESSURE DRUP THROUGH 2C OPRINT 20.K, POROPC{K 21, POROPC (K,3 1+ PDROPL (K, 4 5
2% %% THE REGENERATOR DURING CHARGING. 1 POROPC{K,5) 2 POROPCIK 6] . PDROPCIK, 7}
PRINT 31,1 TCRER 2 FORMAT(5X;15,6E104.4)
30 FURMATISX,*ITCREM=%,14) ITCRMMI =1 TCREM-1
OPBARC=C.0 U0 30 K=J, [TCRMHL,J
25 D0 17 IYC=1,31TCREM 25 3:uPRINT 212X, PORCPCIK 2} PDRUPC (K, 31+ PORDPE(Ks41 s
“INITIALIZE PDROPCUITLs1) s THE PRESSURE DRUP BEFURE THE FIRST SEGMENTa 1 PORDPL LK, 57+ POROPC (K261 PORGPCIR 7
PDROPC{ITLsL3=040 K=iTCREM
“START CF THE MAIN 1SEG LOOP. CALCULATE PRESSURE DROP THROUGH JPRTNT Z0 K. PDROPCIRK (21, PORGPUIK,; 37, PORCPCIK 47,
seeRkSLCMENT FSEG FOR THE TIME INCREMENT ITC. L PUROPLIK, 512 PDROPCEK,6) , PDRGPCIK,T)
E) T0 20 ISEG=1.12 30 PRINT 4
ADETERMINE WHICH TANK EACH SEGMENT IS IN. 4y FGRMAT(// 439X 1HT ;9% K3, 9XoLHS 8Xy2R10,8X, 2HL 1, 8X,2H12.73
NTANK=(NTANKT®{ISEG-173/12¢1 K=1
*DETERMINE THE GAS VOLUME IR M*%3/KG, MIOWAY THROUGH E4CH SEGMENT. L PRINT 205K, PDROPC(K,8},POROPCIK 91 yPDROPCIK, 1Dy
GIF{IGAS.EQs 1] GASVOUTTITC, ISEGI=1.42E- 4% I PORDPCIK, 1171, PORIPCIK, 121+ POROPC (K5 131
35 L (CTGSTR{ITC:15EG)~6840) .35 D0 50 K=J, ITCRMMI,J e
TFUIGASoEQaz2) GASYOLC{TTL,ISEGI=CIGSTRIITC, ISEGI/1660.9 S UPRINT 2. K, PORGPL (K815 POROPC (K9] 5 PORDPCIKs 11y - -
IF(IGAS.EQo3) GASVGLCIITC ISEGI=8,62E~158CTGSTRITTC ISEGT 1 POKQPLIK, 110 ,POROPC{K, 12}, POROPCIK, 13]
SFOR UETERMINATION OF PRESSURE DRDP THE FANNING K=TTCREM
s%e e EQUATION WAS TAKEN FROM PETERS+TIMMERMAUS, P. 421. UPRINT 21,K, PDROPLEK 481, PORUPC (K, 9) , PDRUPC (K, 1005
&0 whEE5THE CHANNELS WERE ASSUMED 10 BE VERY ROUGH WITH 40 T PDROPCIK, 111, PORBPLIK, 121, PDROPCIK,13)
mEekka FANNING FRICTION FACTOR OF 0.02S5, e PRINT 6 ,DPRARC
GPDROPL{ITC,ISEGeLI=POROPCIITC, ISEGI®u. 5% o o &7 FORMAT{/7,Sx ,*AVERAGE PRESSURE DROUP, CHARGING=%,EiDe4,77]
1 CMDOT{ITCHNTANKI#%2%(RI%DZ}* RETURN
Z GASVOUC{ITC  L1SEGI/ I TEQD*FLOWAS %27 END
45 20 CUNTIRUE

DPFEARC=DPBARC=FORCFCITITC I3 /7 1TCREM
10 CONTVENUE

FETURN B
END




SJUBHOUTINE PDRUPDS  T600-7600 OPT=1 FIN 6.6¢452/ 36

1 DEL 78 . ..4%.59 BKY PAGE

SUBROUTINE PDROPDS

COMMON/ POROPO/PORGPOI36) 13}, GASYOLD (36 +12)
LEVEL 2,PDRUPD,GASYVOLD

BCOMMON/BUKGR /NTANKT ¢ FLOWAS TEQD,
5 ) CPBRIK, PERIM, iGAS
2 CTGINF, BIGINF, TDSOSC
COMMUN/STZE/DZy Zo MBRIK
REAL MBRIRK
OCOMMON/ HRGDIS/DTGI{351 ), ESTIGO(363+12) s ADTHEBSOLE,
i3 T QEQVHWE(3601,  FHED(3601, TOUTHED{ 3621 »
2 NTANKD {3601}, DMDOT (360,120, RED(360,12),
3 HD{36d7120, UBD{260,121 ¢ TBEGIN(LZ),
4 IEND(123 5 OYGI36L,2) DTGSTR{360,12},
5 DTRSTR(1053506), Q5013611 ¢ ACUMDT 3611 ¢
15 6 LIDREM, ESTIGP2i362), DIHETOL(361)
GCOMMON/ TJSET/ Ly JADSUST+ IXK12s IXL2PL,1XbodrdXL0, JXLOPL X5 s
1 RIyRIX12,RJsRIXD Y
(EVEL 2,016
PRINT 30,ITDREM
2 3 FURMATISX %[ TDREM=2,141
DPBAR=G. 0
DO 10 [T0=1,iTORER
POROPDIITO LI =iiout
00 26 ISEG=l.12
25 NTANK= (NTANKT® (JSEG-1}3/12¢)
OTF(IGAS<EGal) GASVOLD(ITD:ISEGI=1.42E~U&¥
1 (DTGSTR{ITD, ISEGI=68,01
TE{IGAS.EQo2) GASVOLO{ITDsISEGI=DIGSTRIIID,1SEGIZ166340
IF({IGAS.EQ.3) GASVDLD(ITD,ISEGCI=8.62E-0S*DTGSTRIITD, 1SEG)
30 OPDROPD(ITD, 1SEGL I =PDROPOIITD, ISEGI*0.05%
1 DHDOT{ITD, NTANK 5 2#{Rj%D2) %
H GASVOLD(1T0,1SEGI/(TEQDFELORARRZ}
23 CONTINJE
DPBAR=UPBAR+POROPDILTDr13)/ LIDRER
35 10 CONTENUE _
PRINT 41 -
4UQFGRMAT(///¢5X,*DISCHARGING PRESSURE DROP TABLE#*,
T T X, I TRETD% s 7 1K, ¥PRESSURE DROP 577
K=1
%0 PRINT 50.K, POROPDIK; 131
50 FORMAT{SX,15,10%,E100.4} o
TTDRMMI= 1 TOREN-1
00 6C K=J, TTDRMML;J
&, PRINT 5usK:PORGPD(K,1310
45 K=]TDREM

RITNT 50,K, POROPOTK, L3
PRINT T ,DPBAR

[

FORMATI// 25K *AVERAGE PRESSURE DROP, DISLWARGING=2.EIC.4s/ /)
RETURN

ERD

~091~
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I1.4 HREGEN SAMPLE OUTPUT FOR THE REFERENCE STORAGE DESIGN
IT.4a Input Data for this Case
_ NTANKT= 1 FLOWA= 12s4ut) CTGINE= 1089.00
"} DIGINF= 600,00 TDSUSC=  867.00

LENGTH INCREMENTS= 306G TIME INCREMENTS= 3040

INPUT FOR CHARGE CYCLE

- HYHETC= 8.0000 HOURS, TOUTRM=  1089,00 K o
ISTART= 1 ISTOP= 350 TINHEC= 867,00 Ky  TOUTHEC= 60L.00 K
QR=  441000090.00 W,  QHEC=  252000M00.N0 W,  QRMAX=  441000000.006W

INPUT FOR DISCHARGE CYCLE

HESTOT= 6,000y HOURS,  DIHETD=  72.0004 SECONDS
» ISTART= 1 ISTOP= 360 QHED=  252000000.00 U o
TDSOHE = 600,00 K, TINHED= 867,00 K

RECEIVER GAS IS HELIUM

II.4b OQutput Generated During Program Iteration to a Satisfactory Design

STORAGE CHARGED AFTER 200 TIME INCREMENTS CTWBAR= 1040610
1{:89, 33 1¢89.02 1089, 003 1088681 1387.66 1.483,25
107142 1947, 52 100%.1% 988, 32 01, 21 B45, 54
STORAGE DISCHARGED AFTER 328 TIME INCREMENTS DTwWBAR= 66603 )
601 6 JU 65U 0D 600,09 600, 80 603,95 613,20 -
633,20 667,25 7i5.37 773,59 835,83 895,79
IT= 1 Pi{iIT)= -9U00GCENDTI2C= 87Ce 58
. FRACSTR(IT)I=-, 092805 DEVIA(ITI= 007329 DDEVDPL= 5,004 - L
. STORAGE CHARGED AFTER 308 TIME INCREMENTS _ CTWBAR= 103938 -
1089, 03 1089.02 1088.98 1088, 7u 1387.19 1382 .03
o 1069.36 1045, 23 109788 958,48 901,28 841,79
. STORPAGE DISCHARGED AFTER 298 TIME INCREMENTS DTWBAR=  669.1n
600, a0 850,01 600,18 60129 505,51 616.62
. 638,77 65746 29 722,70 779,75 839,86 8976 46 -
, IT= 2 PL{ITi= .B98534FNDTI2(C= 871,36
FRACSTRUITY= 008713 OEVIA(ITI= 008922 ODEVDPI= 5600
8 STORAGE CHARGED AFTER 300 TIME INCREMENTS CTWBAR= 1038.51 o
. 1089.03 1089, 02 1088.98 1088668 1087, 09 1081470 o
1668.57 1543, 84 1095, 82 §56.016 "898.96 839,95
! STORAGE DISCHARGED AFTER 301 TIME TINCKEMENTS DTWEAR= 668,85
6471 I 6N, 101 66017 6i31e 24 605,37 616,34

638,34 673,87 722.16 779, 26 839.486 897.18
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IT.4c

Output Data for the Reference Storage Design

BACKGROUND INFORMATION

THE STURAGE POTENTIAL FUR THIS DESIGN IS

. 0001095 MW~HRS OF HEAT PER KG

OF BRICK

STORAGE

STORAGE CGNTAINS 13809527,

IS BROKEN DOWN INTO

1 TANKS

IN SERIES WITHLIY5.58 M TOTAL LENGHT

KG OF BRICKS

GAS FLOW AREAS

12.00 M2

HEAT TRANSFER PERIMETER=

1171.20

M

THE RECCIVER GAS 1S HELIUM

DURING CHARGE,

THE MAXIMUM TEMPERATURE ALLOWED AT THE STORAGE OUTLET IS

867.43J DEG

K

300 LENGHT

THIS PROGRAM SCLVES THE HEAT REGENLRATOR EQUATIONS BY THE METHOD OF FINITE
TIME wWAS DIVIDED INTO 200 INCREMENTS.

INCREMENTS WERE USEDS

DIFFERENCE

CONDIYJONS DURING CHARGE CYCLE

ENERGY ST(REDS=

151200 MW-HRS

TTHETC QEAVR GR GRMAX §sc GHET
1 441000000.07  &A10GDUIT .00 4410000U0,00  188999938,21  252000030.00
) 30 441000106056 441000000, 06 441000000.00  18899$993.28  252000000,00 -
60  441000441.11 441000000, 00  441000000,00  188999983,70  252000000,¢0
9¢ 441001078695  441000000,00  441000000,00  188959973.,66  252000000.00
T2C  %41001993.359  4&10000C0.00  &441000000.00  138699665,33  252000000,00
o 150  441903157.12  441000000,00  441000000,90  188999956,16  252000300,00 -
187 4410546098, 71 &&41000060.,00 441000000, 00  188999937,96  252003000.00
. 21C 44100709013  441000000,00  441000000,90  188999895,14 252000000, 00 -
240 441011504,92  441000000,00  441000000.07  188999791.17  2520000U0.ud
0 270 441N021293,58  4410000UJ.00  441002300.00  188999484.05  252000000.00
30T %41052240.42  44100006C.d0  441000000,00  188997899,10 252000000400
P o i}
¢ ITHETC FR FMIXS FB1 FB2 FHEC NTANKC
! 1 173 43 173.43 6.00 8,07 181,50 1
o 30 173,43 173443 ot 337 181459 1 -
50 173,43 173,43 G.00 8,07 181.50 1
. 90 173643 173043 0000 8,07 181450 1
126 173,43 173,43 KT 8ol 181450 1
\ 15¢ 173,43 17342 000 8,07 181,50 1
T80 173,43 173,43 0.00 Bod7 181,50 1
. 216 173043 173.43 Ue0n 8007 181050 1
26¢ ~173.%3 173.43 7.00 8,07 181,50 1
. 270 173043 173443 0,00 8.07 181.50 o
ERY 173,43 173.43 T 837 181.50 1
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ITHETC TINR TOUTR TINHEC TOUTHEC TMIXS ACUMCTY
1 600,00 1089,U0 867.00 600 .00 B79.43 56,00
30 500,00 1089.,00 867,00 600,00 879,43 2880,00
60 600.UY 11189.0D 867.00 600.00 879.43 576300
9N 600, 00 1089.00 867. G0 600,00 879,43 8640,00
120 600,00 1089,00 867,00 600,00 879,43 11520.00
. -1 660,00 1689.0:0 867,00 600,09 879043 14400.00
180 650,00 1089, 01 867. 00 600,00 879.43 17280.00
210 500,00 1089,01 867, 00 600,00 879043 20160,00
2410 600, 0U 1089.C1 867,00 60000 879.43 23040,00
270 600,00 1089.02 867, 00 600,50 879,43 25920.00
300 600,00 189,06 86700 600,00 879,43 28800, 00
OUTPUT TABLE FOR TANK 1 B -
ITHETC CMBaT REC  woc | ESTIGC
1 T4 33 4531669 111,03 600000
3y T4.33 4532, 04 111603 600,34 L N
60 74.39 4535,42 111.07 600.43
- 90 The 62 454964 111.24 602,01 B L
12( 75.27 4589,23 111.72 606,34
150 T6.70 4676.19 112. 74 615,52
180 79, 44 4843,23 114.68 632,16
21n 84041 5146023 11844 659451 -
24C §3.55 5703.63 123. 80 752,20
o 270 112,16 6838,22 134.13 767459 -
354 161.9% 9873, 60 155022 868,73
CYWSTR TABLZ - - ) o
) TITHETC LENGHT INCREMENT T
25 75 125 175 225 275
N 31 548,75 F77.65 674,08 618,37 502,15 600,10
61 11138, 83 847,53 718,89  640.87 608,32 609,91 B
91 1075, 67 629,43 77427 673,58 621,19 603,76
121 1086, 11 100132 841629 716691 642,75 610,63
151 1088.47 it48, 84 913. 73 T71le51 67452 623,86
181 1088092 1073.52 980.19 836,48 717.99 645,93
211 10383,99 1084,01 i831,00 906,99 TT4e53 619,72 T
241 1089431 1987.69 1063.28 974452 844,02 728,97
271 1086,01 1088, 74 1080.10 1030.04 923,00 T 798,72
301 1089, 03 1088,98 1086,57 1067.65 1003,26 895,20
I7C T7¢ CTwW €76 T T
I 13 870,43 $27.57
30 13 1013.37 1051.72
133 T3 I973.07  1082.68
50 13 1086436 1088. 15 -
1720 13 ioss.63 108,90 — — —/—/ —/////7¢7¢2 042
154 13 1188.95 1488599 - - - B B
186 i3 1089.006  1ic¢e89.0Cc T
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210 13 1¢89.01 1689.491
240 13 108%.01 1(89. 01
270 13 1089.02 1069, 02
330 137 1U89.04  1389.45
1 38 81099 832, 84
30 38 B90.11 928, 06
& 38 988,37  1019.61
a 38 1050,98  1966.23
120 28 107751 1082,90
i5¢ 38 1086.10 1087.62
180 38 1088,.38 1088, 73
210 38 1088,89 1088, 96
244 38 1U68.99  1¢89.ud
27¢C 38  1(8%.01 120G, 01
300 38 1089.02  1089,03
1 63 751.62 771.51
30 63 808,94 834, 75
60 63 886,72 521,23
90 63 972,67  1900.65
120 63 1034.13 1051, 20
150 63 1067.57 1075.55
130 63 1081.98 1084, 97
210 63 1087,07 198799
240 63 1488.57 1488, By
270 63 1088.93 1088.96
300 63 1089,01 1089, 02
1 88 698,12 715,61
En) 38 746,75 T67.14
60 38 808,27 8344 20
9r. 88 883,88 913,41
120 88 960,50 986, 57
150 88 1020062 1028, 62
184 88 1058, 43 1J68,11
210 88 1077.51 1CBla77
240 38 1085.47  1486.97
270 88 1988,17 1J88.5¢
300 88 1088,89 1088, 96 i
1 113 655,58 669,13
30 113 694,97 711.82
&0 Ti3 T4ho B2 765, 46
on 113 BL6s35 331a 64
120 113 878.46 906e T
150 113 950,83 975, 66
180 113 1516, 60 1028, 71
210 113 1051,19 106193
240 113 1073.94 1779,08
270 113 1084436  1786.25
3C0 113 10B88.C7 1088,.55
i 138 626454 625,51
3G 138 654, 71 667a52
6C 138 693,88 710,37
ar. 138 743,28 763,81
120 138 804,102 828,57
150 138 873,69 500,00
18 138 963,82 967,83
210 138 1003.87 1022.07
240 138 1047.03 1058.31
ALy 138 1072.66  1076.16
300 138 1084.76 1086661
1 163 610.15 615,00
an 163 627226 635, 75
60 163 655,07 667042 o
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B 91 163 693,24 709,39 e
120 163 742,07 7626 34
150 163 802,09 826,04
1814 163 87C.60 896, 10
T2 L I 163 940 .34 563,82 e
240 163 100183 1019.97
3 o2 163 104770 158,96 -
300 163 1075.48 1080.52
1 188 602 .89 64,95
3¢ 188 611lo%1 616,16
60 1588 628058 636,81 -
Su 188 655054 667.53
120 188 692453 708087 -
150 188 74152 761657 -
187 188 Biile 56 825416
216 188 BT1C.57 895,70
i 240 188 947,07 965, 34 L
270 188 1336483 1026671
7 300 188 1056404 1066.41
1 213 600.54 601.18
30 213 603,94 65960 U8
60 213 612,88 617662
- 9 213 6529.78 637,82 -
120 213 656,19 667695 T
150 213 693,29 70906 3
180 213 742430 762,32
21c 213 303,76 B27.43
240 213 875.75 501,05
27y 2173 952,52 975,68 )
300 213 1023.57 1040, 68 o
1 236 601, C6 bt 18
360 238 6uleD7 601.86 T
6C 238 604057 607630
I 233 61%.19 618,94
129 238 630.98 638691
o 150 238 557025 6568492 o
B 1817 238 694279  T1lue68
210 238 745%.53 765,92 o
240 238 810,90 835,29
270 258 BSUa1 7 G16.43
300 238 378,22 1001657
1 263 600,00 611,02
EXV 263 60023 6L0e 46
60 263 601,64 602459 T
94 263 635,96 68641
120 263 615 %3 62Ue 25
150 263 63237 640630
18 263 659,12 657091 -
210 263 698430 714.68
240 763 752,20 77468 .
270 263 82736 853 4 64
300 263 523,37 952.02
. 1 288 600.00 500. 00
= 788 60074 600, U9
60 288 60C. 46 600679
g0 288 602620 613, 3u B
i2¢ 288 6064 90 609, 48
15C 783 616,74 621064
5 180 288 634,75 642436
o 210 248 662048 674,78
240 288 705453 722012
2 788 766,56 793,57 **
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300

288

864.31

895,15

COUONDITIONS

DURING

DISCHARGE CYCLE

ENERGY DISCHARGED=

~1513.02 MW-HRS

ITHETD QHED QEQVHE Qsn FHED
1 252090060C.07) 25200000000 ~251996828.32 181.50 -
30 252000000.00 252000081, 74 -251999994.41 18150
60 252000000, 00 252000375%.,52 -~251999985.09 181.50
9 252200905, 04 252006988,03 -251999973,54 181.50
120 252000000,00 252001956.90 =251999961.28 181451
150 252000000, 00 2520033726,19 ~251999946,02 181.51
180 252000000600 252005265.38 -251999921.71 181,51 o
Zic 252000000, 00 252008180, 40 -251999877.95 18151
2480 25202300000 252012949, 81 =~251999789.89 181,51
270 252000000607 252021881,35 =251999569, 10 181.52
300 252000000.,00 252043736,02 =2519987 34,36 181,54
3l 252309300 U 25204531, 66 ~252606947.95 181e5%
ITHETD TINHED TOUTHED TOSOHE NTANKD ACUMDTI{ITD+1)
1 B67. 01 600G 00 600.00 1 7200
30 8567, 00 600,00 600,00 1 2160600 B
60 367.00 600,07 604,00 1 432000
Q0 867 Qu 600D 600. 00 1 6480.00
12¢ 867,00 600,00 600,00 1 864,00
15¢ 867 3 600 600, 00 1 16800,00
18¢ 867070 600,10 600,00 1 12960.00
210 867,10 600,00 600,00 1 15120.00 - B
247 86Te 30 6. 10 500,00 1 17280G.00
270 867,00 606,00 600,00 L 1944000
300 8676 00 600600 690,00 1 21600.00
391 867 I 600,010 600, 00 1 21614259
) DUTPUT TABLE FUR TANK 1
ITHETD OMDOT RED uop ESTTGDUITD+1) -
1 99,09 6041.68 126,67 1089,03
3C 9G, 10 6042015 126097 1089,01
63 99,15 6L 4%s97 127660 1088,77
9c 99,35 605715 127.11 1087.74
120 99,93 609272 12745 i084,8y
15¢ 191,27 61 T4, 50 128,20 1678.272
180 103,96 633815 129, 69 1065, 63
210 108.98 Chblsll 137,38 134319
240 118,28 7211, 24 137.08 1008.28
270 136,51 8322, 60 145,372 952,77
34 178,75 1U898.34%4 160675 86T7.79 -
331 181.54 1LN68. 172 161.63 366,88 B
DTWSTR TABLE -
o TTHETD CENGHT INCREMENT ) )
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25 75 125 175 225 275
37 T74.42 954,41 1042.26 1079.66 1U88 .11 188,98
! 669,80 880,82 100%.23 1064.28 1084.60  1088.55
91 622,12 792,23 951437 1038,91 1076.22 1 086,85
) 121 6050 67 712,80 883,45 1701040 106055  1082.39 o
15) 601, 42 557,15 807.94 950,22 1035.12 1073.09
181 6500, 31 625,25 736686 886,61 997,51 1056.41
211 67140 ub 609,74 679. 89 815,84 946404 1029.18
o 241 690.01 60324 £40,. 62 746014 880.92 987059 o
271 600, 00 600,89 61732 685.53 805,26 927.25
341 600,453 600,19 605,66 639,82 7256033 843,39 o
17D 12D DT W DTG
1 13 868,17 785,02
L 30 12 701.26 648,31 o e
60 13 626,10 609, 87
943 13 615,59 601,79
120 13 601.06 600, 30
B 150 13 600,18 600, 05 o
180 13 U013 6N, 01
~ _2ie 13 60C 0L 600, (¢ B -
240 13 600,00 &N, 00
277 13 600,00 60UUs OO0
36C 13 600,00 600, 00
L 1 38 926,96 899,83 e
30 38 838,18 788,609
e B 60 38 728,27 686,85 ) - -
90 38 654,51 632.26 T
120 28 619,38 610,22
150 38 505.98 507,85
184 38 601,63 N S e
210 38 600,39 £C0.16
240 38 £00,08 600,03 -
- 276 T 38 60u.ul 60UL0¢ - S
acoe 38 600,00 600,00
1 63 581,19 559,799
o 30 63 923,84 891,71 B - - -
6C 63 TB37.31 795,58 )
- 90 63 745,14 Je8.75 S
120 63 674.81 65102 -
150 63 633,16 620,71
18u 63 612.827 6y le 36
210 63 604034 6U2.29
740 63 501,27 600.61 I I
2710 63 61 .31 60,13 ) -
330 63 600,06 &C0.02 - o - T
1 88 1025, 71 1008, 80
3u 56 982,78 960.26
60 88 920,99 889,39 ,
30 88 840,80 so4,00 """/
120 88 758010 1244 71
150 88 6%0.53 666537 T - T
18:} 88 645,36 63%t, 89
Z10 88 615.087 6172.54
24C 88 6507.50 604, 35
I £ 88 617.35 5h1.23 7 R e
apa 88 600.56 600 25 N
"“ T 113 1057.3% 1045.56 - B o I
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30 113 1326022 1009, 75 -
60 113 981.51 958, 55
90 113 920.29 80, U5
120 113 345,34 Blle &y
150 113 768446 737,08
180 113 702,75 678,58
216 1132 655,22 629,50 ) B
240 113 625,12 617006
274 113 610,00 606, 14
300 113 602,56 6010 55
1 138 1076611 1069.27
30 138 105627  1045.06
6C 138 1024.90 1008, 51 o
90 138 9806 2 & 57, 48
126 138 929,59 BYLle 71
150 138 849,50 B17. 64
180 138 776,28 746031 o
210 138 711. 40 687,36
240 138 661,73 6454 30 ) B
270 138 628,87 619,417 )
394 138 610, 44 6016, 18
1 163  1084,99 1061082
- 30 163 1874.37  1967.74 o
60 163 1054, 38 1043, 36
90 163 1023.34  1007.06 B
12t 163 979.11 G560 79
15¢ 163 921,01 BG3, 26
180 163 852,43 821.99
- 216 162 780,97 751491 B
240 163 T1%. 56 691s 65
i 279 163 663,29 646,655 B
301 163 52728 617. 85
1 188 1088,13 108703
3 188 1.83.62 10879, 22
60 188 1072640 1065, 75
gf 188 1052.51 1041, 59
- 128 188 192167 1005, 54 -
159 188 977.86 955, 96
180 188 920, 68 893, 71
210 158 853,01 873,38
240 188 781,17 752452 -
270 188 713.28 589,36
300 188 657602 6436 51 B
1 213 1088.89 1088. 62 T
3t 213 1J87.30 1185, 95
60 213 1082001 1678, 51
90 213 1070.59 1063, 89
1270 213 1359.64 1739, 74
150 213 1919.79 1003, 74
160 213 575496 984,28
21% 213 918652 891,84
240G 213 845,53 820.01
270 213 774,22 745,36
ENS 213 7G0.58 676.40
1 238 1089.01 1083,96
30 238 1938.57 10188.12 o
60 238 1086443 108%. 82
30 238 1080.63 1076, 9%
120 238 1268.86  1062.97
150 238  1048.565 1737, 68 I
180 238 1017036  1001.23
215 238 §72.55 s5¢. )
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240 238 912,82 885,69 e —
270 238 638.91 808, 46
330 238 754060 724061
1 263 1089.02 1089.02
B - 1 263 1088.92  1088.79 . -
6% 263 1UBB,17  1087.54
90 263 1085,57 1083, 77 _
120 263  1079.31  1075.4%
150 263 1067.10  1060.1%
180 263 1046.28  1035,08
- 210 263 1013.74 $9T 17
240 263 966,15 943,41
270 263 900,41 971 56 -
390 263 814,43 781,26
1 288 1089.04  1089.03
30 288  1089,01  1088.97
60 288 1088.78  1088.56 -
ge 288  1087.74 1086.96
120 288 1084.73 1082, 74 - o
150 288 1077.97 1073.90
180 288  1065.,10  1057,85
213 288 1a43.04 1931, 31
240 288 1807.73 990,07 o
270 288 953,82 528,81
300 288 873.98 840, 82

ITCREM= 300

CHARGING PRESSURE DROP TABLE

TTHETC

END OF ISEG

1

2

3

s 2TIGE+(G3
< 3073E+03

s 5143E+23
- 5T85E+(3

s 7T397E+03
«8224E+03

%

+03 . 94B88E+N3

s IC4TE+QG

o L144E+D4
2 1255E+04

s 133U E+N4
« L450E+04

e 3L69E+03
0 32004E+(13

s 6153E+03
e b3LbES 3

2 B8849E+03
s 9291E+03

e 1129E+04%
.11¢€8E+06

«1353E+04
s 14430404

s 1561E+04%
«1668L+04

0 3263E+03
-+ 33885+03

w6507E+03
«6771E4+03

«G657E+03
+1012E+04

s 3624E+03
0« 4103E403

6 T267E+N3
¢ 8B206E+03

«1089E+04
s 1231E+04

«1261E+04
«1335E+04

21533404
s 1638E+04

o1 445E¢D4
0 1638E+0¢4

. 5040E403

. o 12455403

» 1CBE+Y4
o L449E+04

s 1512E+d4
0 21 73E+ 04

. 2U15E+D4
» 2898E+04

e 1789E+04%
s 2038E+04

e 1 7TBIE+CS
21918E+04

e 2112E+(L4
s 2423E+04

e 2514E+04
s 3620E+04

o 3J0LE+T4
«%338E+04

«1510E+04

e 3021E+04

2 4531E¢04

«6042E+04%

s [951E+04

«9058E+04

7

8

9

10

s 1510E+04

° 1686E+04

. 1862E+04

s 2037E+04

2« 2213E+C4

s 2388E+04

120
156
18C

o 1BTTE+04

< 1635E¢04
21 756E+04

s 1B15E+04%
o 1943E+04

2 1993E+04
s 2123F+04

«20C9E+U4

< 2073E+04
0 2222E+04

e 2261E+04
0 24225404

<21 75E+ 0%
e 2411E+04

e 4 12E+04
s 2636E+04

0 2633E+04
02940404

21 68F+04
e 23010+04

2 2344E4d4
s 247TTE4D4

«2519E+04
o 2653E+004

e 2443E+U4%
«2613E404

« 254LE+04
s 3178E+04%

226236404
s 2799E+11 4
e 304DEF0L
s 3%401E+04

. 2800E+04
0 2982E+04

s 3233E+04
e 3616E+04

21
24¢

o2 [BbE+UI4S
s 34T6E+04

e 3124E+04
s 3923E+04

o 3436E+ UL
0 4340E+04

e 3T724E+J4
o4 T2TE+04

e 399 6E+04
«5085E+04

270
3y

e D042E+04
e LUBOE+S

e 5T724E+04
s 1234E+05

62736404
0 1348L+05

«s6982E+04
«148TE+US

«1619E+05

0 4248E+04
2 5420E+04

. 1550E+04 ,8078E+04
S1743E+05
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7C-2300 878

AVERAGE PRESSUKE DROP, CHARGING= +442VUE+04

ITDREM= 30}

DISCHARGING PRESSURE DROP TABLE

ITHETD PRESSURE DROP
1 «H3B4E+O4
30 2 6151E+U4%
60 0 5925E+04
9L « 571 8E+04
12C «5551E+04
150 0 9461E+04
187 « 5503 +04
21¢ ' «DTTIEHC S
240 s 64 THE+U4
27y «8196F+i)4
3Q¢ »1333E+C5
301 « 1372E+05

AVERAGE PRESSURE DRUPy DISCHARGING= o642JE+U4
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BCKGR(I1,J1)

Reads input varilables,

1J8ET(11,J1)

Sets variables,

CRGINPT( ENZRGYC)

Reads 1nput variables,

DISINPT(ENZRGYD)

Reads input variables,

GSPROP

Calculates gas propertles,

DESTGN(ENERGYC, ENERGYD, STORCAF)

Uses our model to design the storage
unit,

"Fig. TI-1. The flowchartc’

PRINTBG{STORCAP)

Prints output data.

PRINTCH({ ENERGYC)

Prints output data.

FRINTDS (ZNERGYD)

Prints output data.

FDROPCH

Calculates storage pressure drop during
charging.

FRNTPRS

Prints output data.

FDROPDS

Calculates storage pressure drop during
discharging and prints output data,

CALL EXIT

for PROGRAM HREGEN.
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BCKGR DISINPT
Reads and vrints input variables, Reads and prints input varilables,
/

RETURN

Determines the values for the variables Determines gas propertlies for the chosen

in CUMMON/IJSSET/. heat-transfer gas based on the inlet
temperature of gas to storage during
charging.

Reads and prints input varlables.

Fig. 1I~-2. The flowcharts for SUBROUTINES BCKGR, IISET, CRGINPT,
DISINPT and GSPROP.
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DESIGN

" 4DEVIA(IT) 120,004 or T~ Yes
IFRACSTR(IT)i®0. 008

Initlalize the subroutine,

DO 20 IT=1,20

(DO-Loop 20 calls storage charging and
discharging routines then readjusts Pl
until the storage unit meets the deslred
design requirements,)

HRGCRG( ENERGYC, ENDT12G)

$DEVIA(IT NISeDEVIA(IT-1)¢ or

The HRGCRG subroutine calculates storage
§FRACSTR(IT )44 {FRACSTR(IT-1)8

unit performance during charging includ4
ing ENERGYC and ENDT12C, The value of
CTHBAR(JX10P1) should remain unchanged.

No

HRGDIS(ENERGYD, ITDREM )
\ srint error message. /

The HRGDIS subroutine calculates storagé
unit verformance during discharging

ineluding ENERGYD, ITDREM, and an up=
dated estimate for DIWBAR(ITDREM+1). < RETURN

Check how the latest subroutine ltexa-~
tion has changed DEVIA and FRACSTR. 30

Estimate a value for PL(IT+1),.

\ Print convergence variables, /

20

Fig. II-3. The flowchart for SUBROUTINE DESIGN.



HRGCRG

Initialize the subrouiine.

/1
DO 30 ITC=1,JX10

(pO-Loop 30 calculates storage unit per
formance throughout the charge cycle,)

Caleulate QRQVR(ITC), gas flow rates and
gas temperatures outside the storage

unit,

DO L0 IZC=1,IX12

Kove the calculated wall temperatures
for tlme ITC into the first line of the

arvay CTW(1,1ZC).

4o

Caleculate gas mass Tlow vates through
each set of storage tanks at time ITC,

70

DO 150 NTARK=1,
NTANKT

(DO-Loop 150 calculates storage unit
performance during time increment ITC.)

DO 160 IZC=IBEGINL,
IENDL

(DO-Loop 160 calculates performance of
storage tank set NTANK duripng time
increment ITC,)

-174~

ove the calculated gas temperatures foxr
position 1ZC into the first column of the
brray CTG(ITC,1).

Calculate gas temperatures for position
LZC+1 into the second column of array
CTa(17C,2),

%stim&te ESTTGC(LTC+1,ISGEND),

fove gas temperatures for time ITC into
tthe array CTG(IZC+1).

Calculate the wall temperatures for time
LTC+1 into the secord line of array
CTH(2,12C).

160

Accumulate thexmal energy storage.

150

lAccumulate storage chargling time,

)}

%alculate CTWBAR(ITC+1),

30

Fig. 114,

\\\\Print HRGCRG output. ////

The flowchart for SUBROUTINE HRGCRG,
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{}niﬁialize the subroutine,

DO 230 ITD=1,360

(DO-Loop 230 calculates storage unit
performance throughout the discharge
cyele, )

ﬁ N

Calculate QEQVHE(ITD),FHED(ITD),
TOUTHED(ITD), AND DTGIN.

DO 240 IZD=1,TX12

Move the calculated wall temperatures
for time ITD into the firat line of the
array DTW(1,1ZD).

240

CUalculate gas mass flow rates through
each set of storage tanks at time ITD,

Can the required
outlet temperature for gas
leaving the storage unlt be
maintained?

'fi)jtlm&te DTHETD1(ITDHL).

DTHETDL(ITD+1)
“DTHATD/20.0

No

DO 350 NTANK=1,
NTANKT

(D0-Loop 350 calculates pexformance of
the storage unit during time increment
ITD.)

DO 360 IZD=IBEGINL,
TENDL

(p0-Loop 360 calculates performance of
storage tank NTANK during time incremen

17D, )
L

Move the calculated gas temperatures fog
position 1ZD into the first column of
the array DIG(ITD,1).

Calculate gas temperatures for position
1%D+1 into the second column of the
array DIG(ITB,2).

Betimate ESTTGD(ITD+1,ISGEND),

l

Hove the gas temperatures for time ITD
into the array UIGI(IZD+1),

]

N

Caloulate wall temperatures for time
ITD+) into the second ling of the array
DTW(2,1ZD).

360

Accumulate thermal energy storage. ]

350

LEstimate ESTTGr2(ITD+2), ’

L

{Accumulate storage discharging time. ;

l

[Salculate DTWBAR(ITD¥1), 1

230

300

‘\\\ Print HRGDIS output,

RETURN

Fig. 1I-5. The flowchart for SUBROUTINE HRGDIS.
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PRINTBG PDROFPCH

\\\\VPrint output data. ///] Calculate the pressure drop through

storage during charging.
{ RETURN ;

PRINTCH

‘ig\ Print output data. ///7

PRINTDS

PDROPDS

’/// Calculate the pressure drop through
storage during discharging.

\\\\ Print outnut data. ////

Fig. II-6. The flowcharts for SUBROUTINES PRINTBG, PRINTCH, PRINTDS,
PDROPCH, PRNTPRS and PDROPDS.
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APPENDIX IIX

Receiver Modeling Program-TUBEZ

The computer program used for modeling the central receiver is

reviewed in this appendix. Development of the central receiver model

cussed in Chapter 4.1. This appendix contains a program flowchart,
g listing of definitions for the physical variables used, a program

iisting and a sample program ocutput. The numerical values of parameters

set by the data card have been included dn the listing of definitions

for physical variables.

IT1.1 DEFINITIONS OF THE PHYSICAL VARIABLES USED TN PROGRAM TUBE2

CPGAS - Gas heat capacity; J/(kKge°°K)

DTODGAC - Change dn the outer tube wall tempevature per change in
tube wall heat accumulation per area; °K/(me2)

DISRO -~ Correction to the effective cavity temperature estimate; °K

Dz — Incremental tube lengih; m

- Tube emmisivity or tube absorbtivity, (.88

s £ , . . 3
GASYOL {100} - Cas volume for a particular length increment; m” /kg

H — Gas film heat transfer coefficient: W/ (m~ °K)

- Symbolic representation of the heat transfev gas,

(1 = water vapor, 2 = helium, 3 = nitrogen)

K& - Thermal conductivity of the gas; W/ (me=°K)
KTUBE ~ Thermal conductivity of the tube wally 15.0 W/ (m- K}
M - Gas viscosity; Pa-s

NINCS ~ Number of length increments the tube is divided into, 95



PDDVFFF(100)

PIE
PR
QABSGAS
QACUM
QACUM2

QEXCESS (11)
QFROMS (100)
QFROMS2
QTOGAS (100)
QTOGAS?

RE

SIGMA
TAREA
TBULKG (100)
TBULKO

TQA

TSOURCE

i
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Pressure drop divided by the Fanning friction factor

to the start of a particular length increment; Pa

m, 3.1415

Prandlt number.

Heat absorbed by the gas per tube; W

Heat accumulated in the tube wall per area; W/m

Heat accumulated in the tube wall per area; W/m

Excess heat which could have been absorbed by the gas
for a particular effective cavity temperature estimate; W
Heat flux per area from the cavity to the outer tube
wall for a particular length increment; W/m2

Heat flux per area from the cavity to the outer tube
wall; w/m2

Heat flux per avrea from the outer tube wall to the bulk
gas for a particular length increment; W/m

Heat flux per area from the outer tube wall to the bulk
gas; W/m2

Reynolds number

Stefan-Boltzmann constant; 5,67x10m8 W/(mzeeKé)

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; °K
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TTUBEO(100) =~ Outer tube wall temperature at a particular length
increment; °K

TUBEFLO -~ Gas mass flow rate per tube; Kg/s

TUBEID - Tube inside diameter; 0.0220 m

TUBEOD - Tube outside diameter; 0.0284 m

uo ~ Overall heat transfer coefficient from the outer tube
wall to the bulk gas; W/(m2°°K)

WALLTHK ~ Tube wall thickness: m

Z - Tube length; 9.5 m



1c

13

20

23

35

45

50

55

PROGRAM TUBEZ T600=T6G0 OPT =}

IIT.2. TUBE2 PROGRAM LISTING

FIN 4,64452/23%

PROGRAM TUBE2 { INPUT ,OMTPUT)
ODIKENSION TTUBED(1000 s TBULKGI 1300 . JFRONSILOOS,
1 QTOGAS(LO0T«QEXCESSIL LI sGASYOL {1020, POUYFFFEL D) 60
REAL KTUBE oKG oMU
GOATA ZoNINCS,TUBEIDTUBEDD (KTUBE.SIGHASETUBE, PIE/
1 9550950000220000328%40 1500 5. 6TE~DBs 206853, 14615/
“XTUBE ESTIMATED EQUAL TO THE THERMAL CONDUCTY IVITY FOR STEEL.
seeto [T [S BELIEVED THAT THE THERMAL CONGUCTIVITY FUR HAYNES H-188 &5
Feewe AL OY 1S LARGER THAN THIS £STIMATE,
DI=L/NINCS
WALL THK ={ TUBEDD-TUBEID)I /2.0
BREAL VTrE CHOICE OF RECEIVER GAS (IGAS), THE 4E4T AASORBER PER TUBE
soexs#{TQA) , AND THE INLET GAS TEMPERATURE {TBULKGILI). 70
03 300 M=l.%
IFER,LE-3) IGAS=H
[FEMEQe %t JGAS=L
IF{MLE.38 TBULKG(L)=600.0
IF{M.EQeb) TBULKGILI=TO0.I 75
D0 310 MA=1.3
IFeAB.EQ-10 TQ4&=31000.0
IF{MA.EQ.2Z) TEA=420300.0
IFTRA.EQ. 3 TQA=63000,0
#SET INITIAL ESTIMATES FOR THE SOURCE TEMPERATJURE (TSOURCED » THE INLEY 80
seeeeALL TEMPERATURE (TTUBEC(1)), ANDO THE OQUTLET GAS
AR ETEAPERATURE [TBULKGI .
TSOURCE=1250.0
TTUQEOL L D=TRULKG{ 1) +50.0
TBULKG=1089.0 8%
TTUBEC(21=TTUBERI 1}
TGAS PROPERTIES 4T L9200 DEG K. FOR SPECIFIED
e LGAS (WATERSL: HE=Z, N2=3)
IF{IGAS.EQ.L1} GI TU 20
IF{IGAS.EQ.2) GO TO 30 90
IF{IGAS.EQ- 3} BU TU 49
FRINT 50
FORMAT {SX % [GAS MESREAD. PROGRAM STQOPS*}
G0 10 500
20 KG=0.097 95
HY=3 . BE-0QS5
PR=0.92
CPGAS=2300,.0
GG O 60
KG=0.354 ico
MU=k L&E-0S
PR=0, 66
CPGAS=5200.0
G0 TQ &0
KG=3,066 105
RU=4o,3E-0%
PR=).T2
CPGAS=1100.0
&0 CONT INUE
*THE TA LOGP &DJUSTS THE OUTLET GAS TEMPERATJURE SU THAT 110
seessTHE QUTSIOE TUBE wWALL TEMPERATURE AT THE GAS OUTLET IS 1089 OEG K.
=CALCULATE THE GAS FLIW PER TUBE (TUBEFLU}, THE REYNOLIS NUMBER (RE}.
s e THE GAS FILM HEAT TRANSFER CUEFFICIENY {(H), TND ToE OVERALL HEAT
eens TRAMSFER COEFFICIENT FROMW THE CUTSIDE TUBE wall TO THE GAas (udt.

5

o

3

&

&

o

PROGRAN TyBE2 T630=7600 OPT=1

FTN %.62452/034% 2:

TUBEFLO=TQA/(CPGASH TBULKO-TBULKGELL D)
RE=4 0*TUBEFLO/ (P IESTUBEID®RU
H=0, Q23¢KGFREEB], BEPREX0. 333/ TUBETD
U0z 1.0/ 0 1.0/HeNALL THK/KTUBE Y
*THE 18 LOOP ADJUSTS TSOURCE SO THAT THE GAS ABSORES
*wpeeALL UF THE AVAILABLE HEAT (TQAl.
03 30 IB=1,10
QABSGAS=0.0
sTRE [ LOOP CALCULATES HOw MUCH HEAY nllL BE TRANSFERED
sxeasTQ THE GAS BASED ONM AN ESTIMATE OF TSOURLE.
DO 90 I=l.NINCS
IFC1.GE.30 TTUBEO(TI =2 TTUBEQ(L~L I~V TUBEDL] -2
2THE 1€ LDOP ODETERMINES A VALUE FOR THE UUTER TUBE WALl TEMPERATURE
weareRHICH REQUCES HEAT ACCUMULATION 7O A NEGLIGISLE VALUE.
sxeesTHE §C LOOP IS GIVEN ESTIMATES FCR TSOURCE AND TBULKG( D).
03 19C 1C=1,132
FCALCULATE RADIATIVE HEAT TRANSFER FROM THE SOURCE TO THE QUTER
wxxxeeTUBE WALL (QFRUMSUII) AND CONVECTIVE HEAT TRANSFER FROW
srsakTHE OUTER TUBE wALL TO THWE GAS (QTOGAS{ i)} FOR SEGHENT [,
w32 usBASED ON THE PRESENT ESTINATES OF THE QUTER TUBE WALL TEMPERATURE
zeesn{TYUBEQL 11) AND SOURCE TEAPERATURE (TSOURCED.
QFROMS (1) =SIGHARETIRES(TSOURCE®94-TTUBEGL 1) ¢*& )= TUBEGD/TUBELD
QTOGASIII={ TTUBEDL FI~TBULKGIT I #=uQ
QACUR=QFROMSL 11-QTOGASIT)
*CALCULATE WHAT TWE HEAT TRANSFERS WOULD BE IF THE DUTSIDE
#xEEeQF T4E TUBE RAS ONE DEGREE HOTTEFR. USE MEWTON-
#EkSBRAPHSTON TECHNIQJES TD REESTIMATE THE OUTER whAlL TEMPERATURE.
OJFROMS2=S ICMA*ETUBES{ TSQURCE®#4~(TTUBEDI L 1o 1. 013 4) %
1 TUBEDD/TUBELID
QTOGAS2=¢ { TTUBEM [ 1#1.01-TBULKGEI 11 &UQ
QACINZ=QFROMSZ~QTOGASZ
DTODQAC={ { TTUBEDI IV ¢1 00~ TTUBECII NI/ (QACUMZ-QACM?
TTUSEOLEb=TTUBED{ [V -QACUNSDTODGAC
1F{ABSIDTODOAC*QACUMYLE.DL.01) GO TO 110
*END OF THE IC LOCR.
100 CONT INUE
=COMPLETION OF TWE [C L00P INDICATES YHAT THE PROGRAM WAS
wEETEUNABLE TG REACH & SATISFACYORY VALUE FOR TTJBEOIIN.
PRINY 120,11
120 FIRMAT {7 o5 *PRAGRAM FAILED TN (ONYERGE TTUBED. I=%;1&4./}
G3 YO 500
FEARLY EXIT FRUM IC LOUP.
®ACCUMULATE THE HEAT ABSORBED BY THE GAS (QABSGAS! ANO DEVERMINE
w3 THE GAS TEMPERATURE AY THE START OF TVHE 1¢1ST INCREMENT.
110 QABSGAS=QTDGAS{[I*PIESTUBE IDSDZ+QABSGAS
TAULKGII+1)=TBULKGI L Y +QABSGAS/ (TUBEFLO=CPGAS )
*END OF THE I LOOP.
90 CONT IMUE
=A3JUST THEC SOURCE TEMPERATURE SO QEXCESS GOES TO ZERC.
QEXCESS{ {8 I=TQA-QABSGAS
IF({ABSIQEXCESSLIBIILE.TQA/LD0D,L,0Y GO TO 130
IF{IB.EQell DISRC=1
QIF{1B.GE.2) OTSRL=QEXCESS(IBIFITSRLS
1 {QEXCESS{i8-1}-QEXCESS{IBY
TSOURCE=TSOQURCE+DTSRC
*END OF THE 1B LOOP.
83 CONTINUE
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iis

126

12%

130

13%

1463

150

155

160

PROGRAM TUBEZ 76007600 GPT=] FTN 40644527034 28 JUL T8 21.35.09 BXY PAGE

*EARLY EXIT FROM THE IB LOOP.
130 CONTINUE
SADJUST TBULKG SO THAT TWE GUYSIDE OF THE TUBE WALL
sesa2dT THE GAS DUTLEY S 1089 DEG K.
SEND OF THE 14 LOOP.
TO CONTINUE
TEARLY EXIT FROM TKE [A LOOP.
140 CORT INUE
FCALCULATE THE PRESSURE DRUP DIVIDED &Y THE FANNING FRICTION
26 esFACTOR AS DEFINED I[N PETERS AND TIMRERHAUS., PAGE 421.
00 150 E=1sMINCS
POOVFFF (1} =00
TFUIGAS -EQaL) GASYOLIID=1o42E~24%¢{ TBULKGI I} ~65. 01
IFLIGAS.EQ.2) GASYOL{L}=TBULKG(I1/1660.0
IF{IGASCEQe3! GASYOLIID =8, 62E~05*TRBULKGIT)
TAREA=PIE®Q .252TUBEI O¥%2
PODYFFFUI>L) =POOVFFFI 1142, 0% ( TUBEFLO/ TARE A} 5228
1 DZ*GASYOLUIIJTUBEID
150 CONTINUE
FPRINT SECTIGN
IFLIGAS.EQ.1D PRINT 160
160 FORMAT (1HLo /0, 5Xo *THE RECEIVER GAS IS WAVER®, /)
IF(IGAS.EQ.2) PRINT 170
170 FORMAT(RHL. /55X ®THE RECEIVER GAS 15 HELIUME, /)
IFLIGAS.,EQ-30 PRINT 180
180 FORMAT(LHL o foSNe® THE RECEIVER GAS IS NITROGENS,/!}
PREINTY 190, TUBEFLO.RE.TQA,; TBULKGE 1) - TSDURCE
1900F0RMAT (5X, BGAS FLOW=$,FL0.6¢% KE/SEC/TUBES, 5K,

1 PRE=F F 100 295K o2 TQA=S,FL 0. 2:% WATTS/TUBE®,//
z SXs FINLET GAS TEMPERATURE=$:F10.2.% OEG K%,
3 SNy *TSOURCE=®F1Q02,% DEG Ko/}

PRINT 230,QA8RSGAS.TBULXD,UQ
2300F0RSAT (5K, #QABSCAS=2, F10.2, % WAVTS/TUBES , SX. oTBULRO=%,
i FlOo2.® DEG KE 5K, #0020, Fl0.2,% WATTS/M2/DEG K¥, /7 }
PRINT 240,(JoQEMESS{I) s J=Lo11)
2600FORMAT {SX o PQEXCESSo %o 3L 13 ¢=&4F 10020 £
1 B oh 3 90=F F L0022 o/ oSK o4l I3 o8, FLUa2)s/ /)
PRINT 200
2000FORMAT (2R o I%, 6% OTTUBED 1) %, &N ,*TBULKG{ L0119,
1 BRoBQTOCAS (UM E 3R S PODYFEF{ 4L I ¥ 06X 2CASYOLE T3,/ )
B0 210 I=5,NINCS, 5
210 PRINT 220,19 TTUBEDIIb-TBULKGIE+1)-QATOGASI T ,PODVFFFE{{+11 ,GASYOLET)
220 FORAMATISN 15, 4FL5.2:FL5.6)
310 CONTINUE
300 CONT INJE
500 CALL EXIT
END
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III.3 TUBEZ SAMPLE OUTPUT FOR THE REFERENCE CENTRAL RECEIVER DESIGN
THE RECEIVER GAS IS HELIUM

GAS FLOW= - 026776 KG/SEC/TUBE

INLEY GAS TEMPERATURE= 600,00 DEG K TSOURCE= 1254.16 DEG K
QABSGAS= 63000.47 WATTS/TUBE TBULKO= 1089.,00 DEG K U=
CEXCESSy 1= €41 .91 2= 487,60 3= ~o47
&= - 55 5= -§ &= -1 7= -1
8= -1 9= =1 10= -1 1i= -1
I TTUBEDT L) TRBULKG{I+1]} QTOGAS( I} PDOVFFF{I &1}
5 765,41 63721 137250.69 71537.07
i0 T97.85 67339 133256.78 147355, 76
15 828, 89 708.45 128952+,38 22733152
20 858,47 T42-30 124374, 16 311330.13
25 886,57 77490 119564.25 399208,.86
30 91317 8060 16 114568.56 490817.74
35 938.28 836.07 109434,93 586001.02
40 96192 864.59 104211.48 684598, 63
45 984s 11 89169 98945,09 T864%LT72
5G 1004.88 917-.38 93680.11 891384.,08
55 1024.29 94167 88457 4% 999243, 52
60 1042038 G640 56 83313.79 1109863.19
65 1059.21 986.10 7828l.26 1223082.68
70 107485 1006.30 73287,17 133874503
75 1089+ 35 1025.22 6865403 145669758
80 1102, 77 1042.90 640%89.74 1576792, 71
85 111518 1089.39 59737 -85 1698888.35
90 1126065 1074.74 5557795 1822848.42
95 1137.22 1089.00 51626.,04 1948543, 13

RE= 32298.77 TQA= 63000.00 WATTS/TUBE

1012:51 HATTS/M2/DEG K

GASYOLIL)

« 379428
« 401351
0422609
443152
0462941
2481939
« 500121
e 517467
« 533965
« 549612
» 364411
« 578370
2591505
« 603836
+ 615386
- 626182
« 636255
+ 645636
654358

=281~



TUBE2

.. e
Read data and initlalize the program,

5

DO 300 M=1,4

(DO-Loop 300 modeis the recelver for a
variety of heat-transfer gases,; gas
inlet temperatures and heat fluxes to
each tube,)

DO 310 MA=1,3

s

(DO-Loop 310 models the receiver for a
series of differant heat fluxes Yo each

tube, )
Bl |

[%stimate TSCURCE and ThULKQ.

~183~

DO 100 1C=1,100

(Do-Loop 100 calculates a value for
TTUBRO(I) using the Newton-Raphston
converging SCthsa)

§ DTODQACHQACUN 40, 01 Yes

100 | Ro

Print error messags.

Accumulate the heat fluxes per lncre-
mental lengths of tube,

90

Deternine heat-transfer gas nroverties
at 1600%K,

Caleculate TUBEFLO and UO,

b

DO 80 IB=1,10

(DO-Loop 80 adjusts TSOURCE untlil the
heat flux ver tube equals the desirved
value using the Newton-Haphston con-
verging scheme, )

DO 90 I=1,NINCS

(D0-Loop 90 calculates heat flux per
tubs based on the specified value of
TSOURCE, )

Test how well TSCURCE was estinated. }

Fig, TII-1.

>
S
<iif/';@mcmSUENé Yes
TQA/1000,0 P
Ho
Reestimate TSOURCE.
80
130
e -

L?alculaie PDDVFFF i

Print output data,

310

300

500
N
(x CALL Exzifqij

The flowchart for PROGRAM TUBEZ.
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