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SUMMARY
Economical energy storage is essential if solar pbwer plants are
ever to supply a significant fraction of the needs of a power grid.
The purpose of this study was to develop and evaluate technically

feasible process configurations for the use of the sulfur oxide system,
2 SO3 z 2 SO2 + 02,

in energy storage. The forward reaction for this system is endothermic
and can be used to absorb energy. The reverse reaction is exothermic
and releases the energy that has been stored. In this study the storage
system is coupled with a conventional steam-cycle power plant. Heat

for both the power plant and the storage system is supplied during
sunlit hours by a field of heliostats focussed on a central solar
receiver. When sunlight is not available, the storage system supplies
the heat to operate the power plant.

In this report a technically feasible, relatively efficient config-
uration is proposed for incorporating this type of energy storage system
into a solar power plant. Complete material and energy balances are
presented for a base case that represents a middle range of expected
operating conditions. Equipment sizes and costs were estimated for
the base case to obtain an approximate value for the cost of the electri-
city that would be produced from such an installation. In addition,
the sensitivity of the efficiency of the system to variations in design
and operating conditions was determined for the most important parameters

and design details.
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In the base case the solar tower receives heat at a net rate
of 230 th for a period of eight hours. Daytime‘e1ectricity is about
30 Mwe. Nighttime generation is at a rate of about 15 Mwe for a period
of sixteen hours. The overall efficiency of converting heat into
electricity is about 26%. A similar steam-cycle power plant without
a storage system would operate at an efficiency of about 40%, but
would have no nighttime capability. The total capital cost for the
base case is estimated at about $68 million, of which about 67% is
for the tower and heliostats, 11% is for the daytime power plant,
and 22% is for the stqrage system. If the base case is compared to
a daytime-only steam-cycle solar power plant, then about two-thirds
of the cost of the heliostats and receiver must also be ascribed to
the storage feature. The average cost of the eTectricity produced

for the base case is estimated to be about 11¢/kwe-hr.






I. INTRODUCTION

Some means of high-temperature heat storage for solar power plants
is needed as a buffer against short-term interruption of insolation and
as a heat source for operation after sundown. Reported here is the
development and evaluation of a chemical process, integrated with the
central receiver of a solar plant, that absorbs heat during the day by
an endothermic chemical reaction, stores the heat as the internal energy
of stable chemical compounds at ambient temperature, and releases heat
when needed by reversal of the chemical reaction. The chemical reaction
employed is the reversible, catalyzed reaction SO, z S0, + 1/202.

The general idea of the storage process is that the sulfur-oxygen
compounds are used as thermodynamic substances in a cyc]ic‘process.
During the day, 503 is dissociated, absorbing heat, intoSO2 and 02;
during the night, the SO2 and 02 are recombined, releasing heat, to
form 505, completing the cycle. One of the favorable characteristics
of this chemical system is that_502 and SO3 are storable as liquids at
ambient temperature; oxygen, however, must be stored as a gas.

It is required by thermodynamics that heat be absorbed at a higher
temperature than it is released in a system of this type. Two of the
attributes of the sulfur oxide system are that the required heat-absorption
temperature is technically attainable in current central receiver designs
and that the heat-release temperature is suitable for the generation of
power-plant quality steam. The storage system is therefore operated in
parallel with a solar-heated steam power plant during daylight hours

and supplies the heat for the power plant at night.



The objective of this work is the synthesis and evaluation of such a
chemical storage system, integrated effectively with the central receiver
and steam turbine portions of the plant. This involves the development
of designs for the high- and low-temperature chemical reactors, heat
recovery trains, and heat integration; evaluation of energy efficiency;
and estimation of equipment size and costs. Attention is confined to
storage-related portions of the plant; heliostat aﬁd central receiver
designs, for example, are not a part of this work.

The process reported here has been developed for a singie set of
specifications and design parameters and may therefore be considered
-a "base-case" design. In addition, the sensitivity of the system
performance to changes in the specifications and design parameters
has been investigated and is treated in Chapter VII of this report.

Two important specifications were set for the base case to fix its

" size and ability to function. The first is that the total thermal
input to the central solar receiver was fixed at 230 MW{, in accordance
with the design by Boeing [5]. Second, the ratio of thermal inputs in
the receiver for the daytime power plant and the storage system was set
at 1.05, for reasons that are discussed in Chapter VIII. The temperature
at which heat is dissipated to the environment is taken to be 600C to
reflect conditions met in a desert environment. In the base case, the
storage system is charged during 8 hours of daylight and discharged
during 16 hours of nighttime operation. The operations are assumed to
be under constant insolation or load. The power output during daytime
operation is about 31 Mwe. At night it would be about half that value

for a constant rate of discharge. For the case where a larger power



plant is desired the choice will have to be made between scaling up

the Boeing receiver and installing multiples of the present design.
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II. DAYTIME OPERATION: The Charging System

A. General Description of the Process

A detailed flow sheet for the high-temperature side, or charging
side, of the process is shown in Figure 2.1. Properties and flow rates
of each of the numbered streams are given for the base case in Table 2.1.
To fully fix the conditions of all streams, the following set of five
parameters must be specified; the values given here are for the base
case:

Minimum discharge temp., Tyin: - 600C

Maximum reactor wall temp., Tpax: 8800C

Reactor feed-effluent AT, (Tg - Tjg): 1400C

Reactor pressure: 40 atm

Distillation column pressure: 11 atm
The major components of the process are:

1) The receiver/high-temperature reactor (Figure 2.2): Sunlight
reflected from the mirror field enters»the aperture at the bottom of
the receiver and is eventually absorbed by the process gas flowing
through the receiver tubes. These tubes are coated internally with
Fe203, which catalyzes 503 dissociation at high temperature. The
process gas, at 40 atmospheres, absorbs the incoming heat mostly by
reacting but also by rising in temperature.

2) Heat Exchanger 1: This heat exchanger transfers excess heat

from the reactor exit gas to the incoming reactants. Thus, the sensible-

heat rise experienced by the reaction gas in the reactor is used to preheat

the reactor fuel to a temperature at which the catalyzed dissociation of

503 occurs quite rapidly.
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Table 2.1. Stream conditions and heat duties for the daytime high-
temperature side.

Concentration
(Mole Fraction)

Stream Temp. Pres, Flow Enthalpy
No. State 02 SO2 SO3 (%K)  (Bar) (kmol/s) (MJ/kmol)
1 1 0.00 .0.07 0.93 362. 11.0 1.03 -30.02
2 1 0.00 0.03 0.97 375. 40.0 2.69 -28.00
3 1 0.00 0.03 0.97 443, 40.0 2.69 -11.13
4 g 0.00 0.03 0.97 443,  40.0 2.69 8.26
5 g 0.00 0.03 0.97 1007. 40.0 2.69 49.48
6 g 0.15 0.33 0.52 1148, 40.0 3.16 50.28
7 g 0.15 0.32 0.53 593. 40.0 3.16 15,24
8 g 0.19 0.36 0.45 418. 40.0 2.47 5.55
9 1 0.00 0.22 0.78 418. 40.0 0.69 -15.00
10 g 0.56 0.30 0.14 379. 40.0 0.85 2.97
11 1 0.00 0.38 0.62 379. 40.0 1.62 -20.96
12 g 0.77 0.20 0.03 343. 40.0 0.62 1.47
13 1 0.00 0.57 0.43 343, 40.0 0.23 -24.12
14 g 0.80 0.18 0.02 333.  40.0 0.59 1.12
15 1 0.00 0.65 0.35 333. 40.0 0.03 -24.12
16 1 0.00 0.36 0.64 391. 40.0 2.57 -18.78
17 1 0.00 0.99 0.01 334. 10.8 0.91 -17.81
18 1 0.00 0.01 0.99 8 1.66 -26.63

383. 10.

Heat exchanger loads (th)

HE-1 110.8
VAP 52.7
PREHEATER 44.9
REBOILER 45.2
STEAM REBOILER 11.3
BFW 1.6
TRIM 6.5
DIST. COND. 57.0
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3) The Condensers: The main function of the condensers is to
separate noncondensible oxygen from the liquid SO2 and 503 before
feeding the process stream to the distillation column. The heat of
condensation is used to preheat liquid 503 feed and boiler feedwater
and also to supply part of the reboiler duty for the distiliation
column.

4) The Distillation Column: Conversion of 503 in the high-
temperature reactor is limited by equilibrium to 46.6% at the tempera-
ture and pressure proposed. The distillation column, operating at
11 atmospheres, separates SO2 from the unreacted 503. The 502 is
stored at near ambient temperature, while SO3 is recycled to the high-
temperature reactor. A

5) 503 Vaporizer: This is the second largest source of heat
input into the storage system (the solar collector is the largest).

Steam is taken from the parallel solar power plant to vaporize the
liquid 305.

6) The Parallel Power Plant (not shown in Fig. 2.1): While the
storage system is charging, steam is also being generated in the receiver
to produce power. Steam at intermediate pressure is taken from this plant
to vaporize the.liquid SO3 and, if necessary, supply part of the heat

required by the distillation column reboiler.

B. Detailed Design Considerations

Computer programs simulating the reactor, distillation column, and
other components were integrated into one overall program for the entire
system., Flow charts and a complete program listing are given in Appendix C.

This program was used to determine heat duties for the various units, as



well as to predict the effects of changing various design parameters.
The design presented here evolved from several such calculations.

1. The Receiver. The receiver configuration utilized in this

system is that proposed by Boeing (Fig. 2.3) [5] and is used here only
to establish that tube wall temperatures and receiver temperatures

are technically feasible. The receiver is situated at the top of

a supporting tower 300 meters tall. This tower is located about in
the middle of a more-or-less elliptically shaped mirror field. The
tower is located to the south of the major axis of the ellipse because
the sun does not pass directly overhead in non-tropical latitudes.

The mirrors reflect sunlight into the receiver through the
aperture at the bottom. Incident energy is absorbed by thelrefractory
brick lining the lower portion of the cavity, and is re-radiated to
tubes located in the upper portion. This indirect transfer of heat
reduces the possibility of hot spots occurring in the tubes. If the
focused sunlight were directly incident upon the tubes, hot spots
would be inevitable as a result of improper mirror aim.

In the Boeing design the heat exchanger tubes are arranged in
four rows of 70 panels per row. Each panel consists of two offset
columns of heat exchanger tubing (Fig. 2.4); there are 20 tubes on
a panel, each tube having a total length of 9.5 meters. Each tube
makes two passes: one from the inlet down to the bend, and a second
pass close to the cavity insulation up to the outlet. The difference
in path Tength is to provide proper tube expansion during thermal

cycling.
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The Boeing design is capab]é of absorbing 230 th and contains
5600 tubes. The present design for the base case calls for using
800 of the receiver tubes for the power plant and 4800 of them for
the storage reactor in which S03 is dissociated. The power-plant
tubes are subdivided to provide for boiling (460), superheating (240),
and reheating. The storage-reactor tubes are connected to form 2400
pairs, each pair making a tube with an equivalent length of 19 m.

This division of receiver tubes between power-plant duty and storage-
reactor duty, 1 to 6, results in a ratio of solar heat input to the
two systems of 1.05 to 1. The radiative thermal flux to the reactor
tubes is much lower than that to the power plant tubes because the
former operate at a much higher temperature than the latter.

The tubes are made of Haynes 188 alloy for reasons discussed in
Chapter VI. The reactor tubes are coated on the inside with the Fe203
catalyst, and thus provide both heat-transfer area and catalyst support.
Because the reaction occurs on the inner surface of the tube, heat-
transfer resistance is minimal, mass-transfer resistance is significant.
However, the primary factor controlling the fraction of SO03 that can be
dissociated is the maximum allowable tube-wall temperature, which is
limited by the physical properties of Haynes 188 alloy.

Many simplifying assumptions were made during the computer modeling
of the high-temperature reactor and are stated below. These assumptions
may be eliminated as need for greater accuracy in calculations stimulates
further work on the reactor»design.

a. The model used for the reactor was a simple one-dimensional plug-

flow model. Radial gradients in bulk temperature and concentration were
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ignored, as was axial diffusion. The high linear gas velocity (3 meters
per second) and the high Tength-to-diameter ratio of the tubes indicates
that the assumption is not too far removed from reality. .

b. The reaction mixture at the tube wall was assumed to be at equi-
Tibrium. The reaction rate is limited by the turbulent convection of SO2
away from the wall and into the bulk. This is an important assumption
that finds some support in the results of experiments described in
Chapter V. |

c. The radiative source (refractory brick) temperature was assumed
to be constant throughout the collector, and the heat flux through the
tube walls was calculated using the usual fourth-power radiant heat-
transfer relationship for black bodies. No attempt was made to calculate
a shape factor or source temperature distribution. |

d. The effect of re-radiation from the reactor tubes to the nearby
colder steam boiler and superheater tubes was ignored. The tubes used
for steam are identical to the ones that carry the sulfur oxides. The
maximum outside wall temperature of the reactor tube wall is 880°C.

The maximum outside tube wall temperature for the boiler, superheater

and reheater are 3800C, 5700C and 5700C respectively. These temperatures
are based upon the heat flux required to heat the steam, and upon the
radiant heat-transfer relation mentioned above. The tubes can withstand
a maximum operating temperature of 8800C based upon stress-rupture
properties of Haynes 188 alloy.

A summary of experimental eVidence that Fe20_3 catalyzes the dissocia-
tion of SO3 is given in Chapter V. Considerations in the relation of

materials of construction and specification of the maximum temperature
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of the receijver tubes are summarized in Chapter VI. The reactor model
equations, parameters, and method of calculation are given in Appendix
A; the computer program is in Appendix C.

The temperatures of the inside tube surface and of the bulk gas
are plotted against reactor length in Figure 2.5 for the base case.
Also plotted is the degree of conversion at the tube surface andiin
the bulk gas. In the base case the inlet bulk temperature and the
maximum tube wall temperature were 7300C and 8800C, respectively.

The amount of heat absorbed by the sulfur oxide stream was 112 MW, «

It will be noted that the equilibrium SO3 conversion, at the inner

tube surface near the reactor inlet, is significantly greater than

the conversion of S03 in the bulk gas leaving the reactor. Greater
conversion of the bulk gas could be obtained if a.higher tube wall
temperature were permissible. Alternatively, it could also be obtained
by increasing the effective tube length (having more than two tubes in
series) if the total radiation flux were decreased to avoid exceeding
the maximum tube-wall temperature. The effect of the former approach
is discussed in Chapter VIII,

2. Heat Exchanger 1. In this heat exchanger, high-temperature

gas exiting from the receiver/reactor gives up heat to the incoming
reactor feed gas. The area required for the heat exchanger is determined
by the temperature difference (AT5.g) between the two streams. In the
base case this was set at 1400C. In Chapter VIII of the report, effects
of changes in this temperature differencé are studied. The temperature
of the SO3 entering HE-1 from the vaporizer, Ty, is set by the pressure

~ of the system; it is the boiling point of liquid SO3 at 40 atmospheres.
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The stream from the reactor leaves the exchanger at Ty, set by a heat
balance around HE-1. |

3. The Condensers: Condenser 1. The inlet temperature of the

cool stream (T,) is known from the 503 storage temperature and the

2
temperature of the 503 recycle stream. The inlet temperature of the

hot stream, T7, is known from the HE-1 calculation. Thus the enthalpy,
temperature, and the vapor/liquid split of the exit stream from the
condenser may be calculated, using conventional condenser calculation
techniques.

4. Reboiler. The gas stream from Condenser 1 flows through one
side of this condenser. The other side acts as the reboiler for the
SO3-SO2 distillation column. The exit tempefature for the condensing
side is set by the temperafure approach (100C) fn the reboiler of the
distillation column. This in turn sets the exit enthalpy and thé vapor-
liquid split for the condensing side. When the reboiler load exceeds
the heat available in the process stream, the deficit is supplied by

steam extracted from the turbines and fed to the make-up reboiler.

5. Boiler Feed Water Heater. This condenser supplies some of the

heat required to preheat boiler feed water for the daytime power system.
The rest of the heat must come from turbine steam extraction. The heat
available in this unit, limited by the 100C temperature approach, deter-
mines the ratio of power-to-storage heat input (see Chapter VII).

6. Trimmer. The system rejects some heat to the atmosphere through
this cooler-condenser. The separation between oxygen and Tiquid sulfur
oxides is completed here. Gas exiting from this unit goes to oxygen

storage.
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7. The Distillation Column. Liquids exiting from all four conden-

sers are introduced into the distillation column. The column pressure
is set at 10.8 atmospheres to allow condensation of the distillate at
600C, the heat discharge temperature set for the base case. The liquid
feed will partially flash when introduced. SO3 (99% pure) leaves from
the bottom and is recycled back to the high-temperature reactor. The
distillate (99% pure 502) leaves from the top, going to the 11quid-502
storage vessels. The reflux rate was selected empirically because the
operating lines are curved. Tray-to-tray calculations accounting for
changes in the heat of vaporization confirmed the adequacy of this
choice and showed that sufficient reflux was available to yield a
normal pinch near the feedtray. The minimum reboiler heat duty was
based on this reflux rate. Raoult's Law was used to cé]culate the
vapor-liquid equilibria.

8. Make-up Reboiler. Additional heat for the reboiler is supplied

by steam taken from the power system turbines and fed to this unit. It
is desirable to minimize the steam extraction from the power system
because the steam could be used to generate electricity. Storage-
system designs that minimize the heat load on this unit and on the

SO3 vaporizer are preferable.

9. S03 Vaporizer. The SO3 vaporizer uses heat from the parallel

power plant, in the form of extraction steam, to convert the liquid
SO3 feed to the gas phase. There_is no process stream with enough
enthalpy, and at a high enough temperature, to vaporize all of the
503. Steam taken from the discharge of the intermediate-pressure

turbines condenses at a convenient temperature for this purpose:
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1840C, or approximately 120C higher than the boiling point of the SO3
stream. Hence SO3 is vaporized by steam that has'already performed
work in the high- and intermediate-pressure turbines.

10. The Parallel Power Plant. This plant utilizes steam produced

in the solar collector during the eight daylight hours. The turbine and
steam cycle used are described in the next chapter, under "Electricity

Generating System."
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ITI. NIGHTTIME OPERATION: The Discharging System

A. General Description of Process

A detailed flow sheet for the low-temperature side, or discharging
side, of the process is presented in Figures 3.1 and 3.2. Tables 3.1
and 3.2 give the stream conditions for the base case. The major process
components are:

1) The Low-Temperature Reactors (LTR's): These five reactors are
adiabatic beds packed with a supported V205 (vanadium pentoxide) catalyst,
each followed by an adiabatic bed packed with a platinum catalyst. The
reasons for this dual-bed design are detailed below.

2) LTR Heat Exchangers: The LTR heat exchangers are used to boil
water and generate superheated steam at 144 atmospheres (2116 psi) and
35 atmospheres (510 psi), both at 5380C (10000F). They have been arranged
to obtain maximum steam generation per unit gas flow (0.354 kg of high-
pressure steam per kg of 502-02 mixture processed), with a minimum of
heat exchange area. _

3) Electricity Generating System: A General Electric turbine design
for high-back-pressure turbines has been modified for this system. The
most important modification is the replacement of some steam extractions
used for boiler feedwater preheat by process heat exchangers. The amount
of steam fed to the low pressure turbines is thereby raised, increasing
electricity production.

4) Heat Economizers: These units preheat boiler feedwater. They
also preheat low-temperature reactor feed to the necessary ignition

temperature of 4200C.
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Table 3.1. Stream conditions and heat duties for the nighttime
operation of the low temperature side.

Concentration
(mole fraction) :

Stream Temp. Pressure Flow Enthalpy
No. State 02 SO2 SO3 (9K) (Bar) (kmol/s) (MJ/kmol)
21 1 0.00 0.99 0.01 333.7 11.0 0.46 -17.81
22 g 0.00 0.99 0.01 333.7 11.0 0.46 1.46
23 g 0.80 0.18 0.02 333.0 40.0 0.29 1.12
24 g 0.80 0.18 0.02 573.0 40.0 0.29 9.30
25 g 0.01 0.99 0.01 333.7 11.0 0.46 1.46
26 g 0.32 0.67 0.01 354.7 11.0 0.76 2.14
27 g 0.32 0.67 0.01 693.0 11.0 0.76 16.37
28 g 0.01 0.07 0.93 777.1 11.0 0.52 30.95
29 g 0.01 0.07 0.93 400.8 11.0 0.42 5.62
30 q 0.01 0.09 0.89 382.0 11.0 0.28 4.48
31 1 0.00 0.03 0.97 382.0 11.0 0.24 -26.57
32 g 0.02 0.11 0.87 381.3 11.0 0.22 4.41
33 1 0.00 0.04 0.96 381.3 11.0 0.06 -26.61
34 g 0.71 0.11 0.18 333.0 11.0 0.01 1.22
35 1 0.00 0.11 0.89 333.0 11.0 0.21 -34.82
36 1 0.00 0.07 0.93 361.7 11.0 0.52 -30.18
37 g 0.01 0.07 0.93 777.1 11.0 0.10 30.95
38 g 0.01 0.07 0.93 777.1 11.0 0.42 30.95
39 g 0.01 0.07 0.93 400.8 11.0 0.52 5.62
40 g 0.80 0.18 0.02 396.2 11.0 0.29 3.20
41 g 0.01 0.07 0.93 400.8 11.0 0.10 5.62

Heat Exchanger Loads (th)

HE-2 2.41 BWF 1.83

HE-3 . 10.76 Trimmer 8.36

Vaporizer 8.81 QAAN (heat available at night)
40.34

Gas Turbine Work 1.80
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Table 3.2. Stream conditions, heat loads, and conversion for the
low-temperature reactor system.

(nots Traerion)

Stream Tsmp. Pressure Flow Reactor System
No. 0, S0, S04 (7K) (Bar)  (kmol/s) (MJ/kmo1)
50 0.32 0.67 0.0l 693.0 11.0 0.76 16.37
51 0.22 0.48 0.29 1150.3 11.0 0.66 44.83
52 0.22 0.48 0.29 693.0 11.0 0.66 18.98
53 0.13 0.31 0.55 1016.3 11.0 0.60 42.06
54 0,13 0.31 0.55 693.0 11.0 0.60 21.36
55 0.06 0.17 0.76 912.2 11.0 0.55 38.59
56 0.06 0.17 0.76 693.0 11.0  0.55 22,32
57 0.02 0.09 0.90 815.4 11.0  0.53 33.43
58 0.02 0.09 0.90 752.3 11.0 0.53 28.80
59 0.0 0.07 0 0 0.52 30.95

.93 777.1 11,
| Reactor Conversions

moles SO2 Converted

Heat Exchanger Loads (th) moles SO2 fed
HE-1 17.16 LTR-1 0.367
HE-2 12,34 LTR-2 0.418
HE-3 8.41 LTR-3 0.489
HE-4 2.43 LTR-4 0.531

LTR-5 0.233
TOTAL 40.34

Total System Conversion = 0.932
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B. Detailed Design Considerations

1. The Low-Temperature Reactors: Non-adiabatic reactors were

considered before the decision to use adiabatic reactors was reached.
Computer simulations showed, however, that the reaction was so fast,

and heat transfer was so limited, that the system reached equilibrium
conversion at a very small bed depth; the reaction occured almost adia-
batically anyway. The reaction remained at equilibrium, temperature
slowly dropping and conversion slowly increasing as heat was withdrawn.
Because of this behavior, it seemed much more economical to use short
reactor beds followed by heat exchangers, avoiding the problems associated
with packed beds with tubes imbedded in them and decreasing the reactor
volume and amount of catalyst required.

Each reactor actually consists of two reactdrs in series. The reason
for this is the need to protect the V205 catalyst from thermal degradation.
The first reactor is a very short bed of the vanadium catalyst, for which
the exit temperature is 600°C, and precedes a second bed of the high-
temperature platinum catalyst, in which the reaction mixture achieves
a 99% approach to equilibrium. Catalyst distributions are shown in
Figure 3.3. The need for a platinum catalyst may be obviated, however,
if the reactor feed contains appreciable amounts of SO3, as would be
the case were the distillation column not a part of the charging process.

" This process modification is discussed in Chapter VIII.

Platinum alone is not acceptable as a catalyst. The catalytic
mechanism over Pt involves adsorption of the reactants, and this step
is strongly temperature dependent [14,27]. Platinum gives an acceptable

reaction rate only above 5500C.
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The vanadium beds were designed to achieve a temperature of 6000C,
the maximum temperature for steady-state operation. The catalyst ﬁan
withstand temperatures as high as 6200C for a short time. Thus there
is some margin of safety: if the bed exit temperature exceeds 6000C,
the bed inlet temperature may be decreased or the gas flow rate increased
to return the exit temperature to the design point.

The platinum beds were designed for an inlet temperature of 5500C.
This, too, includes a margin of safety. Fluctuations in flow rates and
decline of the vanadium's activity with time may cause the temperature
of the gas exiting from the vanadium bed to drop below 6009C. As Tong
as the outlet temperature from the vanadium bed remains above 5500C,
the 1ength of the platinum bed is sufficient to achieve the designed
1éve1 of final conversion. Reactors 4 and 5 never achieve a temperature
of 6009C. Each consists, therefore, of only a single V205 packed bed;
the high-temperature platinum beds are not required.

A computer program described in Appendix B has been developed in the
course of this work to simulate a reactor bed packed with the vanadium
catalyst. The most basic assumption of this program is that the kinetics,
rather than heat and mass ‘transfer, limit the reaction rate. The results
indicate that such a bed achieves the ceiling temperature of 6000C very
rapidly. The vanadium beds of Reactors 1, 2 and 3 are very short as a
result. The total volume of V205 bed was estimated to be 0.84 m3 per
kg/sec of 502-02 mixture fed to the reactor sequence. This volume is
based on a catalyst density of 680 kg/m3. The actual volume may vary
with catalyst density and approach to equilibrium, but these parameters

have insignificant effect on total system cost.
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2. LTR Heat Exchangers: LTR Heat Exchangers 1, 2, 3 and 4 perform

the same functions that furnace boiler and superheater tubes serve in a
conventional steam plant. The relative loads on the boiler, superheater,
and reheater are fixed by the selection of turbine operation conditions.

A1l of the vapor generated by the boiler goes to the superheater.
The amount of heat required to take the saturated vapor to the turbine
inlet conditions 1is supplied in HE 4 and HE 1A.

The power system design calls for steam extractions between the
various turbine stages to supply the additional heat required to preheat
all of the boiler feedwater. Of the steam exiting from the high pressure
turbine, 9.6% is extracted for this purpose. The flow rate within the
steam reheater and the intermediate turbine is decreased to 89.8% of the
flow through the superheater and the balance, 0.8%, is iost through seal
leaks. Likewise, the flow rate through the low pressure turbine is
reduced to 79% of the superheater flow. The ratios of the heat duties
in the boiler, superheater, and reheater are 1.00/ 0.515/0.230.

The reactor/heat exchanger series may be designed graphically
on a conversion-temperature diagram as shown in Figure 3,4. The heat
exchanger duty is directly proportional to the length of the horizontal
line representing it through the equation Q=FCpAJ. Hence the reactor
design consists of drawing diagonal lines representing the adiabatic
reactors (the slope of these lines corresponds to the particular
value of -Cp/AHR at this reactor) and horizontal lines representing
heat exchangers. The outlet temperatures of all the streams exiting
the fiye reactors is determined by the reaction equilibrium. The

first three streams are cooled in their respective heat exchangers to
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4200C. The fourth reactor exit stream, which is the inlet to the fifth
reactor, is cooled to 4740C, a temperature selected so that the effluent
temperature of Reactor 5 would be 5000C.

3. Electricity Generating System (Steam Turbines): A General

Electric system designed for high back pressure [33] has been modified
to meet the requirements of this system. The configuration is shown in
Figure 3.5; stream conditions are given in Table 3.3. Stream conditions
are essentially those of the G. E. design. Flows were determined from
those of the G. E. design by ratio of the electric power produced in this
application to that of the G. E. design.

Some of the boiler feedwater preheat necessary at night is provided
by condensing 303 in the BFW heater (Figure 3.1). The rest is provided
by steam extraction from the high and intermediate pkessure turbines
(Figure 3.5). |

Design of the steam turbine system for the power plant is dependent
‘on the rate at which the storage system is to be discharged and the
strategy that is adopted for keeping the turbine system in standby
condition when the rate of power generation is low. The amount of
energy stored in the base case studied here is about 808 MW.-hr after
8 hours of daytime operation. This is enough to operate the daytime
steam turbine system at its rated capacity of 30.9 Mwe for only about
8 hours. Since operation of a steam turbine at a rate of about 50% of
design capacity resuits in a substantial drop in efficiency, the choice
of discharge program will affeét the equivalent amount of electric

storage materially.
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Table 3.3. Flows and stream conditions in steam power cycle.
Flow Rate, 103 1b/hr
Nighttime
Stream Large Small Temp., Pressure, Enthalpy
No. Daytime Turbine Turbine OF psia Btu/1b
70 335 5.9 108.8 455 494 457
71 335 5.9 108.8 1000 1800 1480
72 297 5.2 96.5 1000 459 1521
73 83 4.6 85.6 736 158 1394
74 84 4.6 86.0 141 3 109
75 32 0.6 10.5 679 510 1344
76 11 0.6 11.9 736 158 1394
77 206 0 0 363 153 335
Seal Leaks
L1 0.39 0.01 0.13
L2 0.1 0.00 0.04
L3 3.38 0.06 1.10
L4 1.30 0.02 0.42
L5 0.47 0.01 0.15
L6 0.52 0.01 0.17
Power Generation (MWg)
30.9 0 15.1
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Another factor of importance is the benefit to be derived by
keeping the turbine system hot and turning when it is at standby. If
the turbines are not kept hot, a start-up period of about 90 min will
be required at the beginning of daytime operation. A flow of steam
of about 3.5% of design rate was assumed to be required to keep a
turbine in hot standby condition.
The strategy that was chosen here was to design a‘dua1 daytime
steam turbine system, each having about the same electrical capacity.
One would consist of a conventional set of high-, intermediate-, and
Tow-pressure turbines and would operate with about one-third of the
total steam flow during the day. The other woulid consist only of the
high- and intermediate-pressure turbines. The steam discharged from this
set, about two-thirds of the daytime total, is reduired for the vaporizer
and reboiler in the storage system. This design results in a ratio of
solar heat inputs to the power plant and storage receivers of 1.05.
During nighttime operation the conventional turbine system would be
operated at its rated capacity for the entire night by steam generated
from the storage system. The other turbine system would be kept on hot
stand-by. This design strategy wou]d result in the maximum generating
efficiency for the base case. However, a different splitting of capacities
might be chosen -if it were preferable to discharge the storage system at a
higher rate for part of the discharge period.

4. Heat Economizers (Vaporizer, HE-2, HE-3). These units make as

much use of process heat as possible. They. preheat boiler feedwater,
preheat reaction feed, and vaporize SO2 by exchanging heat with the SO3

stream coming out of LTR 5 at 5000C. The heat exchangers have been
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arranged so that the temperatures that the 503 stream first encounters

in each economizer are always decreasing.
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IV. STORAGE VESSELS

One problem associated with large-scale energy storage of any type
is the enormous mass of storage medium that is required. Chemical stor-
age presents several potential advantages over other systems, but perhaps
the most important is the potential for less mass that must be stored [4].
In the sulfur oxide system a nighttime discharge of 15.1 Mwe lasting
16 hours (790 MW ~hours storage) requires storage of 1704 x 10° kg of

50, and 636 x 103

kg of 0,. (This 02 also contains 18% S0 and 2% SO3)
It requires daytime storage of 2370 x 103 kg of 503.
Sulfur dioxide and SO3 are storable as liquids at ambient tempera-
ture. The storage volume for the amount of reactants indicated above is
3

1290 m SO3 density at 380C is 1.843 g/cm3; thermal expansion of the

1iquid.is neglected). Liquid SO2 has a density of 1.356 g/cm3, giving
an SO2 storage volume of 1260 m3. |
It has been suggested that joint storage of SO2 and 503, using tHe
same storage vessels for both, be utilized [5]. The bésis for this sug-
gestion is the fact that 502 and 503 need not be stored simultaneously;
the same storage volume may be used for both. A joint storage system
would be modular, as shown in Figure 4.1. One ténk would be in the |
process of filling as another was being emptied. One dfsadvantage to
this system would be the necessity of a comp]ex'manifold-to distribute
and collect the SOx streams. Another appafent disadvantage is that of
contamination. Neither stream, howe?er, is expected td be chemically
pure. Contamination by liquid adhering to sﬁorage.tank walls will
not be significant when compared to that caused by incomplete separation’

in the distillation column.:
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Oxygen must be stored as a gas. The pressure of oxygen storage
should be optimized, playing the capital cost of high étorage volume
against the energy cost of compressing oxygen to a high pressure, plus
the energy cost of reheating the oxygen when it expands to system
pressure.

In this design the pumping of gases has been totally avoided. All
pumping is done on liquids, with great savings in énergy.consumption.
The pressure used for oxygen storage, therefore, will be the daytime
operating pressure of 40 atmospheres.

At 40 atmospheres and 600C, the storage volume for 636 x 103 kg of

0, is 11,280 m3

. This is the volume of accessible oxygen that must be
provided. A holdover volume of 11/40 times the total volume must also
be provided if no pumping is to be done. Finally, additional storage
volume is required because of the SO2 and S03 content. Thus a total

3

gas storage volume of 14,420 m” is required, and provision must be

made for removing SO2 Tiquid that may condense during storage.

A possible alternative to steel pressure vessels for storing oxygen
is cavern storage. A large underground cavity is excavated and Tined
with steel to prevent leakage. The cavity is constructed at a depth
of approximately 300 m. The depth_is chosen so that the surrounding
rock takes up all of the pressure in the system. The Tining serves
only to prevent contact between the gas and the rock.

It is difficult to evaluate the economy of this method of storage
in this application. Cost estimates of between 5 and 25 dollars per

cubic yard have been reported [30]; others range up to 300 dollars

per cubic yérd [22]. This last cost is still less than the cost of
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above-ground steel pressures vessels for the oxygen storage; thus

it seems that cavern storage is a definite possibility in this case.
More accurate estimateé should be obtained in any continued investiga-
tion of this system.

Cavern storage becomes economical only for large volumes, and thus
will not be economical for storage of the liquid SO2 and 503. The volumes
involved in storing these liquids are relatively small. Above-ground tank
storage seems indicated for storage of these reactants.

Table 4.1 summarizes the information presented in this chapter.

Table 4.1 Reactant Storage

‘ Volume : Method of
Reactant Mass Stored Stored Pressure. ~ Storage
S0, 2370 x 103 kg 1,290 m3 11 atm  mild steel vessel
0, 1704 x 105 kg 1,260 m> 11 atm  mild steel vessel
0, 636 x 10° kg 14,400 m® 40 atm  underground cavern,

steel lined
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V. CATALYST EVALUATION

In this storage process, 303 dissociates at temperatures in excess
of 7000C, and SO2 and 02 recombine at temperatures between about 4000C
and 7000C. In both cases cata1ysis is required. Hi11 [14] has studied
part of the extensive literature on the latter reaction, which is practiced
industrially in the manufacture of sulfuric acid. Vanadium pentoxide is
used below 6000C, platinum above. The kinetics of the reaction over both
catalysts has been investigated. Hill used the results reported to éize
his heat-release reactors. The following literature references are cited
in this thesis [7,11-13,15,16,18,28,32].

The dissociation of SO3 is not practiced commercially. However, on
thermodynamic grounds one would predict that a catalyst for the recombin-
ation reaction would also catalyze the dissociation. The only questionable
aspect of this assumption would arise if the catalyst's physical character-
istics were adversely affected by the higher temperature. V205, for instance,
becomes appreciably volatile as the temperature approaches 7000C. Because
p]atinﬁm is expensive, a-cheaper alternative would be preferred if it
were sufficiently reactive. Iron oxide is a promising candidate because
it was used in the now-obsolete Mannheim process. Westinghouse [25]
studied the reaction over specular hematite and observed relative Tow
reaction rates. Using pelleted Harshaw catalyst Fe-030IT, a finely
divided Fe203 supported on alumina, Hill observed a significant reacti-
vity at temperatures above 7000C. Hill's work was exploratory in nature

and would need to be extended to obtain design data for a reactor.
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VI, MATERIALS OF CONSTRUCTION

Hi11 [14] searched the literature for promising materials of
construction for the reactor tubes within the solar receiver. Useful
information was found in Refs. 1-3, 6, 21, 22, 29, 30. He found, as
did Boeing [5], that Haynes 188 abpears to be the most promising
candidate for containing a stream of 503, 502, and 02 at a pressure
of 40 atm and a temperature of 8800C on one side and atmospheric air
at a similar temperature on the other. The properties cited by Hill
are listed below.

Haynes 188, a "superalloy" made by Union Carbide, contains 38% Co,
22% Cr, 22% Ni, and 3% Fe. In addition to having high-temperature
tensile strength and oxygen resistance in common with several other
alloys, Haynes 188 1is expected to be resistant to attack by sulfur
compounds to an extent that gives it a significant advantage over
its competitors. It should be emphasized, however, that the project

reported here did not involve any experimental work with Haynes 188.



-38-

VII. SYSTEM ENERGY ACCOUNTING, EFFICIENCY, AND COSTS

Information derived from the heat and material balances presented
in earlier chapters is summarized here to display the important energy
flows into, within, and out of the process. The efficiencies of storage
and power production are derived from these energy flows. In addition,
storage equipment costs are eétimated and compared with the costs of
other components of the solar power plant.

The calculations presented in this chapter are for the Base Case
described in Chapter III. Many of the operating parameters used in this
case were chosen rather arbitrarily. In Chapter VIII several of these
parameters are varied individually in order to determine the changes in
system efficiency and system costs that result.

A. Energy Accounting

An overall plant energy balance is given in Table 7.1. This energy
balance is for the base case outlined in Chapters II and III for the
process configuration of Figs. 2.1 and 3.1. The storage process is inte-
grated with the power plant in this flowsheet: extraction steam from
one of the power plant turbines is used to heat the reboi]er and to
vaporize S03, and low-temperature heat from the storage process is used
to preheat boiler feed water during the daytime. The storage system
generates steam to run the turbines at night. The relative sizes of
the power plant and the storage process are set so that the make-up
reboiler and S03 vaporizer completely consume all steam discharging
from one of the intermediate-pressure turbines.

From Table 7.1 it is seen that the major energy dissipations to

the environment are from the distillation column condenser and the
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Table 7.1. Total Plant Energy Balance. Base Case.

MW (e or t)

MW-hr (e or t)
I. Inputs (8 hours Daytime)
Power Plant Receiver 117.8 (t)
Storage Receiver 112.2
230.0 (t) 1840.0 (t)
II. Qutputs
A. Daytime (8 hours)
Generator Terminals 30.9 (e)
Parasitic Power
BFW Pump (0.4
S03 Pump 0.5
Cooling System Power 0.4
Net Power 29.6 (e) 236.8 (e)
Waste Heat
Trimmer 6.52 (t)
Dist. Condenser 57.03
Turbine Steam Leaks 0.40
LP Turbine Condenser 24.43
Misc. Heat Losses 5.3 42.5
Total Waste Heat 93.68 (t) 749.5 (t)
B. Nighttime (16 hours)
Generator Turbine : 15.11 (e)
(small turbine)
Gas Turbine .81
Parasitic Power
BFW Pump
S02 Pump
~ Cool. Syst. Power
Net Power Prod. 248.3 (e)
Waste Heat
Trimmer 8.36 (t)
Small Turbine Condenser 24.74
Large Turbine Bleed 2.10
Net Night Out | 35.20 (t) 563.2 (t)
Misc. Heat Losses 2.66 (t) 42.5 (t)

Total OQutput

1840.0 (e and t)
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power plant condenser during daytime operation and from the trimmer and
the power plant condenser during the night. Of these,‘dnly the loss
from the distillation column can be appreciably affected by process
modifications: that step in the process can be eliminated as described
in Chapter VIII at the cost of the additional liquid storage required
and the larger throughput during discharge of storage.

As noted above, the power plant and the storage process interchange
heat at various temperature levels in order to improve the overall thermal
efficiency. The heat balance for this storage system is given in Table 7.2.
It is seen that there is a large requirement of steam heat to vaporize the
S03 but that the boiler water preheat supplied by the §torage system is
small.

B. Efficiency Calculations

Three measures of process efficiency are used in this report to
evaluate various aspects of the energy efficiency of the Base.Case.
These same efficiency indices are used in Chapter VIII to measure the
response of the system to variations in several important design para-
meters. These indices, defined below, represent thé overall system
efficiency, the efficiency of the daytime power plant, -and the efficiency
of thermal energy storage. 1In addition, the ratio of the solar thermal
inputs to the daytime power plant and the storage system necessary to

minimize energy loss from the total system is an item of interest.

3
b

The three efficiency indices are Egap, the overall efficiency; Epp,
the daytime power plant efficiency; and ETg, the efficiency of thermal
storage. The following expressions were used to calculate numerical

values for the efficiency indices:
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Table 7.2. Storage system energy balance. Base Case.
Inputs MW-hr
Daytime
Solar Receiver 897.6 (t)
S03 Vaporizer 421.2 (t)
Makeup Reboiler 90.1 (t)
Lig. SO3 Pump 4.0 (e)
Total Input 1412,9
Outputs
Daytime
Boiler Feed Preheat 12.5 (t)
Distillation Column " 456.2 ﬁt;
Trimmer 52.2 (t
Daytime Total 520.9
Nighttime
Boiler Feed Preheat 29.3 (t)
Trimmer 133.7 (t)
LT Reactors (QAAN) 645.4 étg
Gas Turbine Work (isentropic expansion) 14.4 (e
Nighttime Total 822.8
Total Output 1343.7
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£ - PDay-8Day * PSto-Osto
0A (Qpr * QSR) 6Day

where
PDay = Net power produced by daytime power plant (MiWe)
Psto = Net power produced from storage (MWg)
6Day = Duration of daytime operation (hr)
8sto = Duration of storage discharge operation (hr)
Bpr = Rate of thermal input to power plant receiver (MWi)
BsR = Rate of thermal input to storage receiver (MWt)

In this simplified expression the thermal inputs and power outputs
are assumed constant for the time periods of operation. If these
rates are not constant, appropriate integrals woujd be used.

Low- and intermediate-temperature heat is exchanged between the
power plant and the storage system. In discussing the energy effici-
encies of the two separately one must therefore arbitrarily "credit"
and "debit" the two operations for the heat that is supplied by the

one to the other. The power plant efficiency then becomes

Epp = — PDay- ®Day
pp + QBrw - QuAp - QREB) ©Day
where
QBrw = Rate of heat transfer to boiler feed water (MWi)
Qvap = Rate of heat transfer to SO3 vaporizer (MWt)
Qreg = Rate of heat transfer to d1st111at1on column

reboiler, (MWg)
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The thermal storage efficiency is defined as the ratio of usable
heat delivered by the storage system to the heat input to the storage
system

Frc = } Qsto.OSto
TS ™ TQsR * Quap * GREB - UBFW) ODay

where

Z QSto = Sum of rates of heat transfer td power plant system from

storage discharge (MWy).

The overall efficiency, Epa, is-simply the second-law efficiency
for the total operation, the net total electric energy produced divided
by the total thermal energy absorbed by the solar receiver tubes. The
definition of Egp is uncomplicated; however, because it combines the
daytime power production with the production from storége, its use does
not reveal where losses in efficiency occur. The other efficiencies,
Epp and ETs, have therefore been defined in a way intended to show the
behavior of the separate parts of the integrated operation.

The allocation of energy between the daytime power plant and the
storage system is of necessity arbitrary, since the two are integrated
to achieve near maximum combined performance. Enérgy is transferred
from the power plant to the storage system by the steam used to vaporize
S03 and to heat the reboiler. That heat is subtracted from the heat
input to the daytime power plant in defining Epp and is added to the
heat input to the storage system in defining ETg. Conversely, the
storage system provides boiler feed water preheat for the power plant
both during the day and during the night. Hence the Qgfy term is added
to the heat input to the power plant in defining Epp and subtracted from
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the heat input in defining ETs. This method of energy allocation
tends to make the values of Epp appear high because the electricity
generated by the steam sent to the storage system “costs" the power
plant only the enthalpy that is converted into electrical work and
not the heat that would normally be discharged to the environment
in the power plant condenser.

The thermal storage efficiency, ETS, represents the fraction
of the heat input to the storage system that is released when the
storage system is discharged. The steam generated when the storage
system is discharged is used in part to generate power and in part
to keep some of the daytime turbines on hot standby. The arbitrary
distribution between th;se uses makes it difficult to-define a useful
index of nighttime power efficiency. |

Values of these efficiencies may be calculated from data presented
in Tables 7.1 and 7.2.

fon = {22:6)8 4 (16.5)16 . .55

] 29.6)8 ]
Epp = (113T3§Y§‘§“(Iz%@ff?‘ﬂﬁi"ffiﬂiy,‘ 0.53

Ers = rrprprit it 13 = o.sex

*No credit taken for gas turbine work at night and no debit included
for the SO3 pump during the day. These are small quantities.
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The value of Ets is telltale. Only 58% of the net thermal input
to the storage system is actually stored as heat of reaction. The rest
is dissipated as unuseable low-temperature heat transferred to the environ-
ment. From Table 7.2 it is apparent that most of this loss occurs in the
condenser of the distillation column. This relatively lTow storage effici-
ency is the principal cause of the Tow overall efficiency (Ega = 0.26%).
If the daytime power plant were operated by 1tse1f,'its efficiency would
be about 40%.

C. System Costs

Estimates are made here of the cost of installed, functioning
equipment; such costs include the cost of connecting process piping,
control systems, electrical connections, etc. No plant site auxiliaries
such as roads, fences, rail lines, etc. are inc]uded. A1l costs are

adjusted to June 1978 by indices published in Chemical Engineering.

Some fabricated equipment costs were determined from the weight
of material used and a price stated in $/kg. The price for fabricated
thick-wall pressure vessels made of carbon steel is $3.20 per kg [7]
and 4.25 times this when made of 316 stainless steel [9], or $13.50
per kg. In these cases, the cost of_insta]lation has been taken to
be 140% of the fabricated cost [Peters and Timmerhaus, 34]. That is,
the cost of in-place equipment is 2.4 times the fabricated equipment

cost.

1. The Tower, Receiver, and Mirror Field
The cost of these items is probably the greatest source of
uncertainty in the entire design. Nothing even remotely resembling

the equipment used in this design has ever been built on this scale.
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The cost of these items is not important, however, in choosing between
alternative solar storage system designs; almost all prbposed designs
may be assumed to have the same tower costs per unit of heat absorbed
by the storage system. Estimated costs are reported here for the
purpose of placing the storage system in perspective.

The Boeing Company [5] has estimated the cost of a heliostat
field, tower, and receiver having a 230-MW net thermal output to be
about $40.5 million in mid 1976. 1In mid 1978, the cost would be

20.5 (%%-%) = $46 million

This figure is probably low because the heliostat cost was taken to be
$60 per mz, a cost well below that presently obtainable.

2. Turbines _

The installed cost of a General Electric 100 Mdg high back-pressure
turbine has been estimated to be between $6 and 6.5 million dollars.
This estimate is based upon the recent experience of G. E. in the
construction of similar turbines. The cost quoted includes support
equipment such as boiler feed pumps, control equipment, etc. For
the base case, the turbine>system consists of two turbines, each of
about 16 MWe cépacity. In the absence of definitive information about
scaling turbine costs, we have taken turbine costs to vary as the
0.6 power of rated capacity. Such an approach gives a total turbine
cost of $4 million (2 turbines).

3. Distillation Column

The column has been sized with 16 ideal trays and a reflux ratio

of 2.1. Limiting vapor flow rates were estimated to be 0.63 m/sec
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using equations presented by Treybal [26]; the design was based on 85%
of the limiting velocity. Application of the genéra] rules for design
of bubble cap tray columns presented in the same work resulted in the
following column dimensions:

Distillation Column

Number of trays: 16 Theoretical, 23 actual
Tray spacing: 0.46 m

Downcomer area: 1.8 m2

Tray area: 13.1 m2

Tower diameter: 4.4 m

Tower height: 10.6 m

Shell thickness: 0.0lm

Fabricated cost (ss): $0.46 million

Installed cost (including piping, instrumentation, etc): $0.61 million

Cost estimates were made by the method of Pikulik and Diaz [19]. This tower

cost does not include the reboiler or distillate condenser. These will be

included with the other heat exchangers in the next section.

4. Heat Exchangers

Detailed calculations 1nvo]Ving the estimation of individual heat
transfer coefficients, mean temperature driving forces, and pressure
drops were carried out in sizing each exchanger.. Costs were estimated
from Popper [37] according to a general cost equation of the following

form.

Base‘ Material Installation| / Pressure\/Cost
Cost = + :
Cost/| Factor - Factor Factor /\Index
The base cost pertains to equipment made from carbon steel and is

determined from Popper's data according to the heat exchange area
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needed. The exchanger material required in this process is stainless
steel, for which the material factor is 4.5. The installation factor
was taken to be 1.3. Table 7.3 summarizes the sizes and costs of all
heat exchangers. These costs represent the cost of equipment in place
including interunit piping, electrical connections, and control systems.
More detailed information about the heat exchanger designs is available
in Hi11 [14].

5. Storage

The calculations giving the volumes of the S02/S03 and the oxygen
storage are described in Chapter IV. The SO2 and S03 are stored as
liquids jointly in a number of spherical tanks. The thickness of
each tank is determined by the diameter of the tank and by the 10-
atmosphere pressure differential across the tank wall. Thé storage
vessel costs were based on the basic $3.20-per-kg price for equipment
fabricated from carbon steel plus about 140% for installation.

The total installation and material cost of 23 spherical (mild
steel) vessels 4.94 m in diameter and 1.33 cm thick is $0.86 million.
The total volume of these vessels is 1452 m3, which represents storage
of 2.4 x 106 kg of S03.

A precise cost estimate for the oxygen storage is difficult.
Cavern storage cost estimates range from $6.5/m3 to $390/m3 [22].
These rates correspond to a storage price ranging from $0.1 to
$5.8 million for a cavern volume of 14,900 m3. The extremes in the
price range correspond to extremes in the construction; the low price
is for very large reservoirs constructed not too far underground. The

high price is associated with small, deep caverns. A cavern cost of



-49-

Table 7.3. Heat Exchanger Sizes and Costs.

Heat Duty Heat-Transfer Installed

Unit (MW,.) Area (m?) Cost ($K)

HE-1 110.8 2,642 1,753

S03 Vaporizer 52.6 619 438

Preheater 44.9 743 - 507

Reboiler 45,2 1,131 812

Make-Up Reboiler 11.3 285 250

Dist. Condenser 57.0 1,633 813
Charge

CFW Heater 1.56 235 170

Trimmer ‘

(Air Cooled) 6.5 : 767 740

HE-2 | 10.8 4,284 | 2,142

HE-3 24 425 340

S02 Vaporizer 8.8 129 135

LTS BFW Heater 1.8 159 145

LTS Trimmer

(Air Cooled) 8.4 - 825 : 453

LTR HE1-A 10.1 356 241

LTR HE1-B 7.1 206 176

LTR HE-2 12.3 143 137

LTR HE-3 8.4 130 132

LTR HE-4 2.4 116 118 Discharge
Mode

$9,502K $4,019K
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$200/m3 will be used in these calculations because the cavern used for
oxygen is at neither extreme. It is assumed that the excavated cavern
will be Tlined with mild steel sheets (about 1/4-in. thick) supported
by the rock wall and concrete poured between the wall and the lining.

A rate of $200/m3 corresponds to a cavern cost of $3.0 million. Further
experience of the industry with the excavation of caverns for fluid
storage may eventually yield better estimates.

6. Reactors and Catalysts

The Tow-temperature reactors represent a relatively small investment
when compared with other major process equipment. They have a total
volume of 29.2 m3 divided between five vanadium beds and three platinum
beds. If the total pressure drop across all eight beds is limited to
one atmosphere, pressure-drop calculations using the Ergun correlation
[18] reveal that a minimum cross sectional area of 8.3 m? is required.

Typical sulfur dioxide oxidizing reactors have one or two shells
with trays in them that support the catalyst. Partially reacted gas
is withdrawn between stages, cooled in heat exchangers, and returned
to the reactor. A possible configuration for the low-temperature
reactors in this system utilizes two shells: one shell containing
LTR 5 (a reactor volume of 18.2 m3), and the other shell containing
all of the other reactor beds. For estimation of the cost of these
reactors, the following assumptions were made: for shell 1 (LTR's
1 through 4), the shell thickness is 3.33 cm; the partitions between
beds are steel sheets 1.0 cm thick; and spaces of 25 cm on each side of
each partition are empty of catalyst and are needed for gas distribution.

For shell 2, the shell thickness is 2.6 cm. Hence the total volume
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in shell 1 is 23.7 m3, and the total volume in shell 2 is 18.2 m3,
The cost of shell 1 is $205,000, and the cost of shell 2 is $117,000,
based upon the weight of metal used. Installed cost is 2.4 times the
fabricated cost and thus is $772,000.

Vanadium pentoxide catalyst costs vary depending upon the quantity
purchased, the manufacturer, support used, etc. The total mass of
supported V205 required for the low-temperature reactors is 15,400 kg.
Vendor-supplied cost data indicate that this much catalyst would cost
approximately $38 K, not including installation.

Price data for platinum catalysts were more difficult to obtain
than for the vanadium. For the purposes of this estimate, the catalyst
cost was assumed to be the cost of the platinum metal plus 10% for
catalyst processing.

The platinized asbestos catalyst, which has a platinum concentration
of 7% by weight, contains a total of 11.32 kg (364.0 troy oz) of platinum.
~ The market price of platinum is currently $320 per troy ounce. The total
cost of the platinum catalyst is calculated to be $128K.

A credit for platinum recovery may be claimed for this catalyst.
Ninety per cent of the platinum will bevrecovered. If the cost of
platinum inf1ates at the same rate as other costs, this platinum will
not decrease in value. The full value of the reclamation credit may be
claimed; this credit is $115 K. The net cost of the platinum catalyst
is therefore $13 K.

The cost of the high—témperature reactor tubes is assumed to be
included in the $42.3 M spent for the receiver and mirror field. This

cost is also assumed to include the cost of the Fep03 catalyst used,
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and the cost of applying it to the inner surface of the collector/
reactor tubes. While the cost of this operation is difficult to
estimate, it is felt that the added cost will have little effect on
the cost of the receiver.

7. Reactants

The most economical form in which to ship the system reactants
to the project site is as liquid SO03. Shipping the SO3'e1im1nates
the need of transporting large volumes of high-pressure oxygen. A
very large mass of 303 is required: 2.4 x 106 kg of S03 is stored
in one day.

Cost data for large quantities of liquid SO3 were not readily
available. The assumption was made that such a large volume of SO3
could be obtained at about the same cost per kg as for SO2. This
assumption is supported by the observation that, even if such large-
scale manufacture of SO3 does not currently occur, a conventional
sulfuric acid plant could be made over with relatively minor changes
into an SO3 plant. Furthermore, if -this form of energy storage is
seen as economical, construction of a grassroots SO03 plant to supply
S03 for a number of solar power plants may be feasible.

Chemical Marketing Reporter for June 1978 reports that the average

cost for liquid SO2, when purchased by the tank, is $148/ton. This
corresponds to a total reactant cost, assuming the same cost for SO3,
of $364 K.

8. Dry Cooling Tower

Design of the dry cooling tower is beyond the scope of this report.

The cost of this piece of equipment was estimated very roughly for a
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"Heller" dry cooling system using 400F ITD. The updated costs come to
$30,600 per MW of heat load. This corresponds to a cost of $747 K for

a tower for the 31 MWe power plant (24.4 th) by itself, or $2,690,000
for the tower for the combined power and storage systems (63.5 th for
the trimmer and the condenser of the distillation tower, or approximately
87.9 th total).

D. Summary of Costs

1. Entire Power Plant-Storage System

Costs for all equipment by major category are summarized in
Table 7.4. The cost of the storage process equipment is seen to be
about 24% of the total plant cost. Heat exchangers are responsible for
most of the storage equipment costs owing to the large areas required.
The cost of the oxygen and sulfur-oxide storage vessels must be viewed
with respect to the amount stored; in this base case, the oxygen and
sulfur dioxide would supply about 8.3 hours of power at the 31 Mwe
nominal load.

2. Incremental Cost of Storage

If is of interest to estimate the amount by which the total plant
cost is increased owing to the presence of the storage system. 1In
making this estimate, it is necessary to account for the increased
cost of heliostats, tower, receiver, and cooling tower system needed
for the storage system heat requirements.

For purposes of this estimate, the incremental costs of heliostats,
tower, and receiver are takén to be proportional to the thermal input.

A stand-alone 31 Mwe solar power plant operating at 40% efficiency

(dry coolinig conditions) would need 77.5 MW, input. Thus, by using
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Table 7.4. Plant Cost Summary

Heliostats, Tower, and Receiver
Turbine Generators

Dry Cooling Tower

Chemical Storage System (244 Mwe—hr)
Heat Exchangers
Distillation Column

Low Temperature
Reactors and Catalyst

Reactants

Storage Vessels
02 (steel-lined caverns)
SOy (mild steel tanks)

Total Storage Equipment

$9.5 M
0.6

0.8
0.4

3.0
0.9
$15.2 M

TOTAL Power plant with storage system

$46.0 M
4.0

52.7

$15.2 M
$67.9 M
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the $46 million cost for a 230 th heliostat-tower-receiver system, the
incremental cost of this equipment is

46<1 - 7—%8—) = $30.6 million

The dry cooling system incremental cost is also taken in direct proportion
to the cooling heat Toad. Calculations accounting for changes in steam
~ cycle flows upon displacement of the storage system gave an incremental
cost of $1.8 million. There is an additional cost associated with the
steam turbine.because it has been split into 15 Mwe and 16 Mwe turbines,
resulting in an increase of perhaps 20% in cost over a single 31 Mwe
turbine.

The incremental cost of storage is thus the sum of the following

four items.

Storage system equipment $15.2 M
Heliostat-tower-receiver 30.6

Dry cooling system ' 1.8

Turbine split 7

Total Incremental Cost $48.3 million

3. Cost of Power

An estimate of the cost of electric power per kW-hr produced by
the solar plant and the sulfur-oxide storage system may be obtained
by deciding on a capitalization rate and an on-stream factor. The
capitalization rate for the non-storage equipment is taken at 18%,
3% higher than the 15% used by Skinrood, et al. [35]. The higher
rate acknowledges increased maintenance costs attributable to the

presence of SOy and O2 in the receiver tubes. An even higher rate
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is taken for the storage equipment to account for maintenance costs due

to corrosion. Peters and Timmerhaus [34] cite maintenance costs for high
corrosion conditions of about 10%/year; we ihus take the storage equipment
capitalization rate to be 25% per year. The number of full capacity
operating days is assumed to be 256 per year.

The cost of power is thus ca]cu]ated-to be

cost = 7568130,

$1.07 x 10~%/W-hr

]

107 mils/kW hr

Similarly, the incremental cost of power produced from stored heat is

cost (48.3 - 15.2](0.18) + [15.2](0.25

256[16115.1 + 0.8 - 0.1 - 0.2 - 0.1}

$1.53 x 10-4/W-hr

1l

153 mils/kW~hr
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CHAPTER VIII. SENSITIVITY ANALYSIS

In the base case presented in Chapters II and III the energy and
material balances for the chemical energy storage system were calculated
for a specific set of operational parameters. This chapter discusses
the response of the system to variations in the most important of these
parameters. Their number is too great to permit investigating the
effects of varying two or more of them simultaneously. However, the
response of the system to the individual parameters may be used to try
to select a more nearly optimum set than was chosen for the base case.

A. Parameters Varied

The parameters selected for this study were:

1) The maximum tube-wall temperature in the solar reactor--the value
of 8800C, chosen for the base case, may prove'to be the highest
practicable temperature, but it is instructive to be aware of the
rewards and penalties associated with higher and lower values.

2) The temperature rise through the solar reactor--this is also the
temperature difference, ATg_g, at the hot end of the heat inter-
changer, HE-1. Reducing ATg.g from the 1400C used in the base case
not only increases the size needed for HE-1 but also influences the
heat balance within the reactor.

3) The pressure in the solar reactor--pressures both above and below
the 40 bar chosen for the base case were studied.

4) The temperature level of heat discharge to the environment, Tpipn--
the value of 600C used in the base case as the lowest temperature
that could be reached by the system is a conservative estimate
suitable for a hot desert location. Lower temperatures would

be possible at many times of the year in most sites.
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Two other process modifications were also studied--elimination

of the distillation column for separating S02 and SO3 during daytime

operation and dissipating low-level heat to the environment instead of
using it to heat boiler feedwater. The former step saves the energy
input to the reboiler, but the SO2 produced is diluted with a substantial
quantity of S03. The latter step results in some reduction in overall
efficiency, but makes sizing of the power plant and the storage systems
relatively independent of each other.

B. Restatement of Efficiency Indices

The three efficiencies defined in Chapter VII are used here as
measures of the response of the system to variations of the parameters

mentioned above. These efficiencies are:

Overall (2nd-law) Plant Efficiency

Enq = TDAY-ODAY * PsT0.65T0
(QpR + QSR) Opay

Daytime Power Plant Efficiency

PDAY - 8DAY
Qpp + QpFW - QuAP - QREB)*6DAY

Epp = 7

Thermal Storage Efficiency

Yy QST0-6STO
Qsr + Quap + QReg - QBFW)*©pAY

ETs = {
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C. Effect of Tube-wall Temperature

Figure 8.1 shows the response of the system indices to variations
in the maximum allowable tube-wall temperature. For reasons that are
discussed below, the ratio Qpp/Qsp was set at 1.05 for this and the
following parameter studies. The surprising result, shown in Fig. 8.1,

is that Egp is nearly independent of the value of T increasing

w max’®
only about 1.5 percentage points for an increase of 1000, The slightly
greater increase in Epp is illusory. With the higher value of Tw max
there is a greater conVersion of SO3 in the storage reactor. As a result,
the quantity of SO3 fed decreases, since the total thermal input to the
reactor is kept constant. A larger fraction of this thermal input is
absorbed by the chemical reaction and a smaller fraction is convérted

to sensible heat of the reactor effluent. The reduced sensible heat

flow means that more steam must be taken from the power plant for the
vaporizer and reboiler, which increases the value of Epp. ETS increases
with Tw max because of the increased conversion of thermal input to t
chemical energy.

D. Effect of Temperature Rise in the Reactor, ATg.4

Figure 8.2 shows the response of the system to the temperature

rise in the reactor, with T kept constant. Increasing AT5-g

W max
thus implies a decrease in the feed temperature at the inlet to the
reactor and an increased AT throughout the heat interchanger HE-1.

The larger heat-transfer driving force reduces the area required for

HE-1 correspondingly. Increasing ATg_g also means that a larger fraction

of the heat absorbed by the gas stream is used to increase the sensible

heat of the stream, and a smaller fraction is converted to chemical
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energy. As a result, the flow of SO3 per unit of heat absorbed in the
reactor must increase. However, the fractional conversion of S03 stays
nearly constant. Because less heat is interchanged in HE-1 with increasing
ATs5.g, relatively more heat is available from the reactor effluent for the
vaporizer and reboiler. In effect, the heat duty for those operations has
been partially shifted from the power-plant receiver tubes to the storage-
reactor receiver tubes. The value of Epp drops because of this shift, but
Epa and ETs are nearly unaffected. This means that ATg-g may be chosen so
as to minimize the total costs of the heat exchangers without paying an
appreciable penalty in overall efficiency.

E. Effect of Changing Pressure, P, in the Solar Receiver-Reactor

Figure 8.3 shows the effect of pressure on the system indices.
Higher pressure reduces the fractional conversion of S03 to SO2 and
02 because of the mass-action effect. However, this effect is over-
shadowed by the increase in temperature in the 503 vaporizer and in
the reboiler, and. by the increased range of temperature in which con-
densation of SO3 and SO2 occurs as the reactor effluent is cooled.

At low pressure the Tow temperature of condensation means that only

a small fraction of the heat of condensation will be absorbed by the
boiler feed water. However, at Tow P a larger fraction of the heat

for the reboiler must be supplied by steam from the power plant.

Thus, Epp shows the gain that results from higher steam usage by the
storage system. There are slight drops in Egp and E7s at the lowest
pressure, but the effects are so Smal] as to be of negligible importance.
An effect that is not shown by these indices is that on the required

volume for gas storage. Because the gas-storage vessels are considered
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"empty" when the pressure of the stored gas has dropped to that of
the discharge system, reducing the operating pressure of the charge
will increase both the volume and the cost of those vessels.

F. Effect of Minimum System Temperature, Tmin

As was mentioned previously, the minimum system temperature for
the base case, 600C, was chosen to simulate the effect of using dry
cooling in a desert environment. The minimum temperature at which
heat can be transferred to the environment sets the pressure for the
condensers for the steam turbines, the temperature of the boiler feed-
water, the temperature and pressure in the condenser of the distillation
column, and the temperature in the reboiler of the distillation column.
It is clear from basic thermodynamic principles that reducing Tyip will
improve the efficiency of the power plant operations. Figure 8.4 shows
this as well as other effects. |

As Tmin is reduced from the base case value, the temperature of
the boiler feed water is reduced and a given flow of BFW absorbs a
larger fraction of the heat of condensation of the S02 and SO3 in
the reactor effluent. The result is an improvement in the overall
heat economy, as indicated by the rise in Egp. Epp is reduced at
lTower values of Tpip, but this again is the reflection of the fact
that receiving BFW preheat reduces the efficiency index for the power
plant. The slight maximum in the value of ETg has a similar effect,
and one can say that that index js effectively independent of Tpin.

G. Effect of Eliminating the Distillation Column

The reboiler of the distillation column requires a substantial

heat input in the form of intermediate-pressure steam from the power
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plant. Elimination of the distillation column would eliminate that
heat Toad and would also eliminate the cost of the column. On the
other hand, elimination of the column would require storage of most

of the S02 in the form of a solution in SO3, roughly tripling the
liquid storage volume required for a given quantity of energy storage.
In addition, the sizes of the flow lines, heat exchangers, and reactors
would have to be increased to accommodate the flow of the inert component,
and the amount of Tow level heat dissipated to the environment in the
nighttime trimmer would be increased. These effects are compared by
considering the effect of eliminating the distiliation column while
keeping other system parameters the same as in the base case. The
results are shown in Tables 8.1, 8.2, and 8.3.

Table 8.1 shows the changes in the system indices, power, and
reactor feed rates that result from eliminating the distillation column.
There is a small gain in overall efficiency and an increase in PDay at
the expense of PSto' The increase in feed rate to the high-temperature
reactor is small, but the increased feed to the LT reactor is substantial
and would be mirrored by the increased requirement for Tiquid storage
and the sizes of the LT heat exchangers.

The reasons why the change in EOA is so small even though Epp and
Erg change substantially are found from an examination of the energy
balances shown in Tables 8.2 and 8.3. These can be compared to those
in Tables 7.1 and 7.2 for the base case. For the base case (with
distillation) intermediate—pressufe steam supplies 511.3 th - hr
to the SO3 vaporizer and make-up reboiler. This is reduced to 249.2

MW-hr by eliminating the distillation column, and the net power plant
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Table 8.1. Effect of eliminating distillation column and BFW preheat.

Base Case

w Dist. w/o Dist. w/0 BFW Preheat
Efficiencies
EoA 0.263 0.276 0.257
Epp 0.534 0.408 0.542
ETS 0.579 0.818 0.574
Power and Flow Rates
PDay (Mwe) 30.9 39.4
PSto (Mwe) 15.1 12.2
LT react. feed rate
(Stream 27)
(kmo1/s) 2.69 2.78
HT react. feed rate
(Stream 5)
(kmol/s) 0.76 1.65
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Table 8.2 Total Plant Energy Balance. Base Case Without Distillation.

MW (e or t) MW-hr (e or t)

I. Inputs (8 Hours Daytime)

Power Plant Receiver 117.8 (t) 1840 (t)
Storage Receiver 112.2
Total Inputs 230.0 (t) 1840 (t)

IT. Outputs
A. Daytime (8 Hours)

Generator Terminals 39.4 (e)
Parasitic Power
BFW Pump (0.4)
S03 Pump (0.5)
Cooling System Power 0.4
Net Power 38.1 (e) 304.8 (e)
Waste Heat
Trimmer 22.2 (t)
Turbine Steam Leaks 0.4
LP Turbine Condenser 53.1
Misc. Heat Losses 3.4
Total Waste Heat 79.1 (t) 632.9 (t)

B. Nighttime (16 Hours)

Generator Terminals 12.4 (e)
Gas Turbine 8
Parasitic Power
BFW Pump g.lg
S02 Pump ’ .0
Cooling System Power (.2)
Net Power 12.3 (e) 196.8 (e)
Waste Heat
Tr immer 19.3 (t)
Small Turbine Condenser 20.3
Large Turbine Bleed 2.9
Misc. Heat Losses 1.6

Total Waste Heat 7.1 (t) 705.5 (t)
Total Outputs 1840
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Table 8.3 Storage System Energy Balance. Base Case Without Distiliation.

MW~-hr
Inputs
Daytime
Solar Receiver ’ - 897.6 (t)
S03 Vaporizer 249.2 (t)
Liquid SO3 Pump 4.0 (e)
Total Inputs 1152.4
Outputs
Daytime
Boiler Feed Preheat 46.9 (t)
Trimmer 177.9 (t)
Misc. : , 7.4 (t)
Daytime Total 232.2
Nighttime
Boiler Feed Preheat 39.4 (t)
Trimmer 308.2 (t)
LTR Reactors (QAAN) 551.4 (t)
Gas Turbine Work (isentropic expansion) 13.9 (e)
Misc. - 7.4 (t)
Nighttime Total 920.2
Total Outputs 1152.4
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output increases from 29.6 Mwe to 38.1 Mwe as a result. However,

in the latter case the load to the daytime trimmer increases from

52.1 th-hr to 177.9, and the dissipation in the nighttime trimmer
increases from 133.7 to 308.2 th-hr. The added daytime trimmer load
results from shifting the heat of condensation of the SO2 - SO3 mixture
from the reboiler. The added nighttime trimmer load is the result

of the large increase in 503 flow around the nighttime system.

l It appears likely that the optimum process configuration would
feature a distillation column without a make-up reboiler. This would
utilize the heat of condensation of the SO2 - SO3 mixture, which is
otherwise wasted, to concentrate the SO2 significantly, but not to the
99% purity that was specified for the base case. Nighttime efficiency,
liquid storage volume, and heat exchanger areas would thereby be improved
without diverting steam from the dayﬁime power plant. - An improvement
of 0.01 in EOA might thereby be achieved, together with an increase
of nighttime power output of between 1 and 2 Mwe.

It appears unlikely that changing the process flowsheet to the
configuration of limited distillation would have a significant effect
on the response of the system to the changes in process parameters
discussed above.

H. Effect of Eliminating Boiler Feed Water Preheat

In the base case low-level heat is utilized to the extent
considered practicable to preheat boiler feed water for the daytime
power plant. This energy saving haximizes Ega. but it is of interest
to determine just how important the saving is in order to gain

perspective. To this end the result of eliminating all BFW preheat
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during the day from the system operating under base-case conditions
Was determined. The impact on the efficiency indices is also shown
in Table 8.1. The effect is small--a slight decrease in Egp and ETs,
and a slight increase in Epp. The effects are so small because the
temperature level of the heat being discarded is so low. It is thus
clear that the value of this low-Tevel heat should not be over-
emphasized in conceptualizing modifications for the design of this
type of storage system. |

I. Effect of Varying Qpr/Qsr on System Performance

Because of the heat interchange between the daytime power plant
and the storage system, there is an optimum ratio of thermal inputs
to the two that minimizes dissipation of heat to the environment.
However, this ratio is not necessarily the most désirab1e from fhe
standpoint of nighttime generating capacity relative to daytime capacity.
It is therefore of interest to determine the effect of varying the ratio
Qpr/Qsr on the efficiency indices. This variation is shown in Fig. 8;5
for values of the ratio between 1.0 and 2.25. The overall system
efficiency increases as the value of the ratio increases. HowéVer; as
was shown in the previous section, this increase is not due primarily
to the more optimal use of low-level heat. Rather, it is the result
of the fact that the daytime power plant is inherently more efficient
at producing power than is the storage system. (If there were no
storage system associated with it, the steam cycle used for the power
plant would have an efficieﬁcy of about 0.40). Thus, if the ratio
of QPR/QSR is increased the primary increase in Egp is simply due

to weighted averaging. The drop in Epp as the ratio increases is
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primarily the result of having a smaller fraction of the total steam
produced being sent to the storage system, and is thus an artifact

of the method of energy accounting. The increase in ETS is real,

since the storage system is being credited with the increased usage

of lTow-level heat that the Tlarger ratio makes possible. However,

the conclusion that one draws from this study is that the ratio of
thermal inputs to the two systems should be set by the desired ratio

of Ppay/PSto, since there is a negligible penalty associated with
varying the relative sizes of the two systems within the ranges studied.

J. Duration of Storage

The base case presented in Chapters II and III is sized to provide
16 hours of storage-generated power at a rate about half that of the
daytime power plant. As was noted above, the design of the storage
system could readily be modified to allow discharge at a more rapid
rate. However, there appears to be a significant advantage to keeping
the high-pressure steam turbines hot at all times to avoid the delay
of cold start-up. Any modification of the proposed design should
probably make provision for generatingvsufficient high-pressure steam
at all times to keep those turbines on hot stand-by when they are
not being used for power generation.

Modification of the system to allow for more than 16 hours of
operation from storage also appears to be straight-forward. There
is only a slight sensitivity of the system to variations in Qpr/QsRr.
It thus appears that there wbu]d be 1ittle efficiency penalty in making
Qsk large enough to allow some accumulation of stored SO2 and 02 above

nighttime usage for periods of a week or Tonger. The cost of the
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storage tanks themselves would be the primary additional cost involved
in providing the capability of generating power from the storage system
for periods of several days at a time.

It would appear unlikely, on the other hand, to be economical to
provide overnight storage for a solar power plant by a second type of
energy-storage system while having a chemical system for longer-term
storage. The high capital investment required to install a chemical-
energy storage system would make it desirable to use it for all of the
energy-storage requirements of the installation. Although a sensible-
heat or latent-heat storage system might prove advantageous as buffer
(Tess than l-hour) storage for the daytime power plant, Tonger-term
storage should be provided by a single energy storage system.

K. Accuracy of Calculational Methods

The calculations presented in this report are based on a number
of assumptions regarding physical properties, reaction kinetics, and
heat and mass transfer behavior. Ih some cases the error in these
assumptions can be estimated with reasonable accuracy whereas in others
experimental daté are needed to improve the certainty. In the
following discussion a number of these assumptions will be examined.

1. Physical Properties

The three system components, 02, SO2 and S03, were assumed to
follow ideal gas behavior in the vapor phase. This assumption is
quite accurate except at temperatures near the dew point. The un-
certainty introduced is that thé predicted pressure drops will be

somewhat high, and thus conservative.
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Ideal héat capacities were assumed, with no allowance being made
for the effect of pressure. This assumption for S03 gives a value
that is about 40% too low at the boiling point at 40 bar. The error
becomes negligible after the temperature of the 503 vapor has risen
about 2000, The effect of the error is to underestimate by a few
percent the duty of heat exchanger HE-1. The error is less than the
uncertainty in the heat-transfer coefficients. |

The distillation column design is based on the assumption that
S02 and SO3 form ideal solutions. This assumption is based on general
chemical principles and should be tested experiménta]]y if it seems
economically desirable to have a distillation column. If there is
significant interaction between the two molecules then the number of
theoretical stages required may be greater than the number calculated.
However, it seems likely that the uncertainty in the predicted tray
efficiency is greater than that in the equilibrium behavior.

2. Transport'Properties

Heat- and mass-transfer coefficients were estimated from the
standard correlations. The accuracy of such correlations is typically
+50%. Since the projected cost of the heat exchangers is a major fraction
of the cost of the storage system, more accurate cost data for the storage
system should be obtained before it is developed further. The very large
sizes of the gas-gas heat exchangers makes an accurate estimation of
their cost particularly difficult.

The behavior of the sforage solar receiver-reactor is based on
the assumption that the reactor tubes can be coated on the inside

surface with a suitably reactive catalyst. If the reactivity of the
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catalyst is sufficiently high, then heat transfer and mass transfer
will control the reaction rate rather than reaction kinétics. The
small amount of experimental kinetic data obtained in this work makes
this assumption plausible.

It was also assumed that the reactor tubes were heated by a single,
uniform radiative source. The reactor design has a maximum permissible
wall temperature as one constraint. It would thus be necéssary to
model the radiative flux in an actual receiver more accurately than was
done here to be sure that the temperature limitation was not exceeded.

The calculations indicate that there will be a substantial influence
of mass-transfer resistance on the conversion of SO3 that occurs in the
reactor tubes. Since the correlation used here is based on smooth-
walled, straight tubes, one would want to obtain experihental data
for a catalyst-coated tube of the desired geometry to validate the
computational model.

3. Cost Data

The cost data used to estimate the capital requirements and operating
expenses were obtained from the references cited in Chapter VII. It
should be recognized, however, that much of the equipment proposed for
this system is larger and/or made of material that is more exotic than
is typical of plant in the chemical industry. In some cases experimental
work will be required just to demonstrate that the proposed design is
technically feasible. For these reasons the cost estimates have an

accuracy that can be no more than +50%.
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CHAPTER IX. CONCLUSIONS AND RECOMMENDATIONS
The sensitivity analysis has shown the chemical-energy storage
system to be remarkably insensitive to the parameters that were chosen
for study. Additional parameters that might have more effect do not
come readily to mind. It thus appears that the following conclusions
cén be drawn:
1) There is no particular incentive to increasing the allowable tube-
wall temperature much above 8000C, although operation at 8500C
would be slightly advantageous.
2) Heat interchange between the solar reactor feed and the reactor
effluent does not have a significant effect on the system efficiency.
The entire heat-exchange operation (interchapger, vaporizer, reboiler,
BFW preheater, and trimmer) should thus be deéigned to minimize costs.
3) The pressure of operation does not have a large effect on system
efficiency, but should be of the order of 40 bar to minimize costs
of gas-storage vessels.
4) The ratio of solar thermal inputs to the daytime power plant and
the storage reactor should be set to give the desired ratio of
daytime power and power from storage.
5) The reflux ratio and the number of plates in the distillation
column should be adjusted to eliminate the need for the make-up
reboiler and to minimize the steam requirement in the SOS vaporizer.
6) A chemical energy storage system should be designed to provide all
of the energy storage required for a solar power plant, not just

the long-term storage.
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The cost analysis of the process configuration developed in this
study shows that the heat exchangers represent a major fraction of
the total cost of the storage system. Furthermore, the heat-exchange
networks used during charging of the storage system and during discharge
are independent and somewhat redundant. Further development of this
process should aim at reducing the cost of the system through reducing
the size and/or number of heat exchangers employed. A possible method
of accomplishing this would be to eliminate the heat interchanger
HE-1 and to use the hot reactor effluent to generate steam during the
day in the same set of boilers that is used in generating power from
storage. Such a process configuration would have the added advantage
of avoiding the costly piping necessary to carry high-pressure water
and steam to the tob of the solar receiver and back. In addition,
modification of the process in this manner would facilitate switching
the system from charge mode to discharge mode, making its use for
short-term storage practical.

Finally, it must be emphasized that the components of the system
studied here, 503, 502, and 02, pose severe problems of corrosion and
toxicity under many of the process conditions that have been proposed.
These problems may or may not have solutions that are technically and
economically feasible. In the light of these and other matters discussed
in this report this chemical process would have to offer a clear advantage
over alternative methods of energy storage before further development

were undertaken.
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APPENDIX A. EQUATIONS FOR THE HIGH-TEMPERATURE REACTOR MODEL

Notation
Equations are written for an incremental reactor length. The

diagram below displays some of the notation.

Receiver Radiant Source, Temperature T

[ 1111/ / (L1101

Twi, Temperature

!
l n
l Qi ”/”i/,/;s”"/’—/”’/ of outside
| [ of tube wall
| 1
l

Tube Wall |

: s catalyst coating
| | ::::-~\Tsi, Temperature
¥S03i | | ys0zi+l of  catalyst
I I surface
¥SOpi | I ¥SOpi+l
| I
Gas __. Y0 | Y0oi+l
Flow 21 I : 21
Thi | | Tbi+l
| i
WWJW%WW
: Tube Wall :
| 1
|

| e [\ 7 et

Other Notation:

ygo3, ygoz, y82 - mole fractions in feed gas
Fo - molar flow rate of feed per tube

P - pressure

dg,di - outside and inside tube diameter

L - number of increments
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Assumptions

1. Chemical reaction reaches equilibrium on catalyst surface.

Rate of chemical conversion is limited by the rate of diffusion

of SO2 from catalyst surface to bulk gas.

2. Gas is in plug flow; there are no radial gradients outside of

boundary layer.

3. Uniform source temperature throughout receiver.

4, Heat capacity of gas mixture on mass basis is independent of

gas concentration.

5. Ideal gas laws apply.

Equations
Radiant heat flux from receiver source
4
Qi = o(Th - Twi)

Heat flux balance at exterior surface of tube wall
k
W
Qi =+ (Twi - Tsi)

Heat flux balance at catalyst surface

Qi = h(Tsi - Tpi) + (AHR)kgP [<Y502>s " Y50, ]1

Chemical equilibrium at the surface

- <p502>5 <p02>g/2
Kp(Tg) = (p$03)5

By stoichiometry,

1/2
0 0 0 0
(ys02 + yso3X> P(yso3x * 2¥o2>
YgO3 (1-x) 2 + ygo3x

Kp(Ts) =
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KP - 10(4..765-5022/TS) (4a)
where
x = fraction of SO, in feed stream that is converted
at conditions 8f catalyst surface.
and
Q Q
(yg > YS0p + YS03X
S0 s =
2 ¥S03 (1#x/2) (%)
Heat balance on gas
(FoCpo) [Tb1+1 - Tbi] = h(mdjAz) [Tsi - Tbi] (6)
Material balance on 303 in gas
N.a
Fi ¥sqq = Nia = (Fi + -%rd ¥s03i+1 (7a)
Fivl
where

Nija = kgP(ndiAz) [(y502>s - ySOZ]'i

Material balance on SO2 in gas

Fi ySOzi + Nja = Fi4] y5021+1 (7b)
Oxygen concentration by difference
Yopi+1 = 1" [y503 ¥ Y50 | 141 | (7¢)

Molar flow rate (from addition of Egqs. (7a) and (7b)

cor o gl | Y03t
i+l = i §§6;1+1 + 2 (8)

-4

Total heat flux per tube

L
Q = (mdolAz) 121 Qi (9)
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Solution Sequence

The method of iterative solution is as fo]]oWs:

1. Radiant source temperature T assumed (uniform for all increments).

2. For each increment, Equations (1) - (5) are solved iteratively
for Qi’ Twi’ Tsi’ X, and (ysoz)si by adjusting trial values of
Twi until satisfaction of the heat balances is achieved. Az was
taken = 0.2m.

3. Equations (6) - (8) yield Tbi+1’ Fi+1’ and mole fractions at the
(i+1)st increment.

4. When all increments have been calculated, the total heat flux
per tube calculated by Eq. (9) is compared with the specified
flux and a@justment made in the source'temperature T if mismatch

exists. Iteration from Step (1) is made until convergence is

achieved.

Parameter values used in the calculations are given in Table A.1l.



Table A.1.

Parameter values for the High-Temperature Reactor Model.

Po

AH

SO2

Gas

Gas

Parameter

tube thermal
conductivitiy

convective mass
transfer coefficient

convective heat
transfer coefficient

Gas molar heat
capacity

Heat of reaction

Radiant heat flux
constant

diffusivity
viscosity

thermal conductivity

Critical constants

Oc
atm

g/cm3

Value
(or representative
average value)

35 J/s-m-K
(1.14x10°% mo1/s-m?-N-m~2)
(350 J/s-m2-K)

(75 J/mol-K)
(86.6 kd/mol) .

5.67 x 1078 y/m2-s-k?

0.018 cm/s
4 x 1073 kg/m-s
0.043 J/s-m-K

s0 )

3 2
218.3 157.2
83.6 77.7
0.63 0.52

Relationship
Sh = 0.023Re0815c0-33
Nu = 0.023Re0-81p,0-33

2 628

-2 -6
98.3 - 1.09 x 10 "T +7.07 x 10 "T° + T-577

02'
-118.8
49.7

0.43

Reference

{18, Table 23.5]
Nusselt correlation

Nusselt correlation

{11]
[11}1

[18, Eq. 3-29]
[18, Eq. 3-129]
[18, Eq. 3-102]

*Actual calculations in HTR-routine uses MKhr units (m, kg,

hr, Cal, C°, atm) rather than SI units as given in this table.

98-
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LOW-TEMPERATURE REACTOR COMPUTER MODEL

The temperature and concentration profiles in the Tow temperature

reactor are calculated from incremental heat and material balances.

X
T

Az

i

Gas
Flow

Fig. B-1.

Heat Balance:

(AHp) (X341 - X§) = Cp(Ti+1 - T4)

Material Balance:

[ 1] 4 [/ 1/ { [ [ 1/

il | Xi+1
| A
| l
Ti| |T1+1
| I

>

///{//// 7777

|<—Az—>|

Diagram of spatial increment
in LTR. '

bulk conversion
buik temperature

length increment

Xi+] - Xi = 1/F repe AAz

(B-1)

(B~2)

Reaction rates over both Vo205 and platinum catalysts are reported

in the literature as overall rates (g-moles converted per sec per

kg catalyst).

Diffusion resistance and thermal resistance were there-

fore assumed to be incorporated into these effective reaction rates.
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The kinetic expressions used are:

V205 Catalyst (Mars + Maessen [17])

_ a-E/RT K Psoy/Psog (B-3)
[1 + (K Psp,/Ps04)t/ 4]
K = 2.3 x 10-8 exp(27200/RT); R = 1.98 cal/mole% (B-4)
Temperature Range, ¢
420-454 454-600
E, cal/mole 70,000 36,000
A 1.56 x 1017  9.38 x 106

Herce et al, [13] give evidence that this relation is valid at pressures

up to 10 atmospheres.

Platinum Catalyst (Lewis and Ries [14], Uyehara and Watson [20]).

. kTe(-E/RT) [% pl/2 f§9§]
(1 + KoyPo, * Kso3Ps0g)? L ™2

00 ~ K

In Kso3 = 21400/RT - 23/R
Tn Kspo = 20360/RT - 23/R
Tn K = 22980/RT - 19.5/R
E = 3690 cal/mole
k = 0.57 gmole/(sec)(kg cat.)(9K)

Partial pressures in the above rate expressions were represented
in terms of conversion x through the stoichiometry of the reaction and

the ideal gas law.
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The low temperature reactor calculations were carried in two
separate parts. First, the temperature and conversion in each of the
five adiabatic reactors were determined. This portion was carried out
by the LTS (low-temperature side) routine and the LTR (low-temperature
reactor) routine as part of the overall material and energy balance
program for the entire system. The flow chart for the LTR routine is
given in Appendix C. It has been assumed that reaction reaches 99% of
equilibrium in each reactor and that reactor effluents are cooled
back to 4200C before entering the next reactor.

Second, the size (length) of each reactor was determined by a
separate program LTRS (low temperature reactor sizing) which was run
after all process balances were completed.

The calculational procedure used to model the low-temperature
reactor was quite simple. The reaction-rate equation for the catalyst
and temperature of the increment was selected. The rate of reaction
per unit volume was calculated, and the length of the increment adjusted
to make the temperature rise in the increment equal to.a predetermined
amount. The new bulk temperature and composifion for the reaction
mixture was calculated, and the procedure was repeated. When the
temperature reached 4540C, the V205 reaction rate constants changed.
When the temperature reached 6000C, the platinum bed started. When
the program calculated that equilibrium had been passed, it went back
one increment and cut the incrementa] temperature rise in half. Cal-
culations proceeded in this manner until the incremental temperature
rise had been decreased to 0.50C. This occurred when the gas was

within 1.00C of equilibrium.
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The program then moved on to the next reactor, using the outlet
composition of the previous reactor and an input-specified temperature
as a starting point.

A1l of the variables and constants used in the LTR program are

in MKS units.
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APPENDIX C. FLOW CHARTS AND PROGRAM LISTINGS

TABLE OF CONTENTS

Page Number

Contents Flowchart Program
Program MEBP Material and Energy Balance Program 93 109
Sugroutine HTS High-tempertaure side energy and 94 117
material balances (daytime)
Subroutine LTS Low-temperature side material and 95 122
energy balances (nighttime)
Subroutine HTR High-temperature (daytime) 96 126
SO, - SO, reactor
3 2 ‘
Subroutine LTR  Low-temperature (nighttime) 97 132
S0p - SO03 reactor
Subroutine DIST Distillation column ‘ 98 134
Subroutine STC Steam turbine 99 142
Subroutine CLR Condenser load. Calculates load for
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MEBP — Material and Energy Batances Program

PR

93

Read unchanging
variahlos:
PU1LP(5),PI21),
T24, 727

Read first
epproximations.:
{1}, X211),Fi5),

\T(51,X2{5),X2(18)

Read objectives

and specifications

DTDS6, TWMAX,

TMIN.PD,PRSO,,
X0

Read tolerancy
EPSFS, EPSTS

Read integer
spacifications:
N, NOP, NH

Read paramters
10 b studied:
DTWMNTWM, .
D56,N56 DTMIN,
NTMIN
DELP,NDP,

Pring all input
data, in the order
ead.

Complate data

of Reoord-1:
R{1),X1{1},X3{1}

DO 10, DO 2¢

{DO Loop 20 runs the program
for each increment of a parameter} |
(DO Loop 10 switches DO 20 to a

new parameter)

et

Complate data of
record -18:

T{18),H(18)

po7 *

{DO Loop 7 alternates HTS and
LTS until the material balance
converges)

HTS

Call HTS to
calculate material
and energy
balances for ths
high temperature
side of the
process

!

Transfer data from
HTS 1o LTS:
record 14 to 23
racord 17 t0 21
and adjust flow
rates (half of the
HTS values).

!

LTS
Call LTS routine
10 calculata
material and
energy balances
for the low
temperature side
of the process.

Print for
comparison tha
values of F,X2 and
T for streams.
1and 36

Ti36)=TiN

Number

of HTS-LTS

interactions
>3

Direct substitution:
copy racord 36
into 1and adjust

(F{1)=2*F(36))

Yes

R

Set HTR printing
indicator on (to
print):
1FP=1

|

HIR

Final pass through
R 1o got

detailed printout
of rasults

STC

Calculate 2nd

Print day and

night power
outputs

Ratio all flows .
for a tower
absorbing 230 MWth

Print material snd
energy balanca
tables for HTS

(day-time)

Caloulate and print
efficiancies for th
process

Print material and
enorgy balance
tablas for LTS

{night}

First
time thraugh
for this set of
perameters?

Last
incremant of
this parameter?

Ratio night-tima

flows to gensrata

the same power
as day-tima

Recover Base Case
guesses to aid
convergenca for next
parameter run

Last
parameter
to run?

sat
F{S)=F(1+F(18)

XBL 793-956




Print:
“HTS Rouline”

Set IFP=0
(suppress printing
of the HTR
results)

©)

Apply Newton-
Rephson (NR)
converging
scheme to calc,
F(5) and T(5)
given DTD56,
TWMAX and
known composi-
tion of stream §.
(see HTS-
appendix scheme)

Convergence

Print message:
“No convergence”

The HTR routine
Is catled again to
update for F(5)
and T(5).

!

Complete data of
records; 5,6,18
(data; X's, H's)

CLR (614,18,
QAC)

Imaglnary
condenser Is calc.
to evaluate X2(17)
Stream 16
‘contains all re-
coverable SO,

Y

Estimate F(17)
and X2(17) from
802 recovery
specifications

94

HT$ -~ High Temperature Side Routine

Y

Complete overall
materlal balances
to find data of
records 18,1,2
{data: F's and X's)

No

Set
X2(5)=X2(2)

—

Complete record
of stream 2
(missing data:

H,T)

Transter record

2 into 3.

Find T(3) (bolling
point of stream 3)
and enthalpy H(3).

l

Evaluate CiL-
condenser 1 joad

!

Update record
of stream 4
assuming it is
saturated vapor

1

Evaluate vaporizer
load - VAPIL

!

Update record of
stream 5

Y

Evaluate load of
1

— :

Find and set data
for stream records
7,8 and 9 (use
CTR)

CLR(8,10,11,RCL)

Find reboller-
condenser load .
(RCL). Set data of
stream records
10 and 11.

CLR(10,12,13,
BFWHL)

Find boller feed
water heater load
(BFWHL) and aet
data of stream
records 12 and 13.

Y

CLR(12,14,15,
TRIMMER)

Find trimmer heat
load (TRIMMER)
and set data of
stream records
14 and 15,

!

Calc. distiilation
column feed -
stream 16.

Set avallable heat
for distlilation:
QR=RCL

Y
DIST

Distiltation
column routine
calculates separa-
tion of SOz(stream
17) and SO,
(stream 18) and
the heat Q
required. Results
are printed,
I
Cross calc. and
check i
X2(5)=X2(2)

Print values
of X2(2),X2(5)
Print message:
“End_of HTS"

=

heat
- HE1IL

< Relurn ’

XBL 785-865
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LTS — Low Temperature Side Materlal and Energy Balances Routine

\'

Print:
“LTS Routine”

Y

Update record of
gas stream 24
(equal to 23
except T & H)

Y

Calculate
condition of
stream 40 from
isoentropy
expansion
formula

{

Calculate HE2L:
Heat load of HE-2
(heater for the
compressed
oxygen)

Y

Update stream 22
assuming it is
saturated vapors
(same as 1 except

H).
Y

Calculate
vaporizer heat
load—VAPL

Estimate stream
no. 26

Y

Calculate stream
39 (combined
41 and 29)

Extimate stream
27

CTR

Y

Calculate
recuparator load
- RECUPL

Calculate streams
30, 31, given
VAPL

Y

Y

REACTOR, REX

CLR

-Calculate reaction
conversion and
steam generation
at the low temp.
reactors train.
Calc. product
stream_28.

Assuming
T(32)=BFWCT+10.
Calc. BFWL and
streams 34, 35

A

\

CLR

Estimate streams
37,38 (splitting
28 according to
heat load
distribution
between HE-2 and
RECUP.

Assuming
T(34)=TMIN
Cale. TRIML and
streams 34, 35

4

Y

Estimate liquid
stream 36

CTR's

!

R

Estimate stream
25:
(mix 22 & 24)

Estimate lquid
streams 42, 43
and gas streams
41, 29, exiting
from HE-2 &
RECUP

Calc. heat
available at night
- QAAN and gas
turbine work

- GTW

respectively

1

C Return

)

XBL 785 - 864
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Print Input data
(F, T.P. X2, IFRly,

8. satand calculste values for:
G, Y's, TBUY, PB(T), P

b setF1=0
(F1=STHABG-TQA Is a function
of T and used in NR convergence
schama for evaluation of T)

{DO-Loop 20 is 8 NA schems for

cate. T for current T
et I=1, STHABG=0,

ms@

00-Loop 5 is & NR schema for calc.

sat S1=1 (NR first pass indicator)

JYor}

Calc. radiated heat por ynit
area

Q=o{T4TWINY

96

HTR — High Temparature Reactor Routing

R

Adjust indsx 1 to proper section
Evaluste FTW the NR function
and calc. DTW
DYW=FTW/(2FTW/oTW)
Evaluats TWI)

evaluation of T} "

OTW < Epslion
{Epslion = 0.01°C)

CHER!

NR avaluation of T2
Calc.F2=STHABG-TQA
correspond to the perturbed tamp.

calc. OT
DY=3(STHABG - TQA)AT
Evalusts pew T
T=T-DT
SetFi=F2

If EODL-6 print
*'nan convergence”
message.

Calo. tota) haat absorbed by
gas (THABG)
and sum of THABG's "SUA
THABG)

!

| Calc, insids tuba wall temp. J

T5(1)=TWUIG(1} *TWT A&

‘ Calc. reaction const, Kp
007 +

{Do Loop 7 is &8 NR schema for calc.
conversion X{1)).

X{1} b calc. from subroutine

TRKP

EODL-7

Cale, PS{1) - Partlal pressure
of 50,

Calo. Heat|
and Mass
Transfer

Cosffs.
for this
saction

Calc. DN{l}-changs In no. of maes
por unit area,

¥

I Calc. QR{1)-heat absorbed by reaction I

por unit ares

| Cale. QS{1)-sansible heat per unit area I

hit

sacond pass (311}

(NAcanvergence on
TWIN

Updata for sacond pass
to cala, TWIIL perturb TW(I)

L]

¥

Evaluate TB(1}
{Analytical integration}

¥

‘Cale. bulk gas composition
using current section change
in moles dus to rsaction.
Normalize compositions-y'

R’

L Updete Z, TW & PB for naxt section. l

Y

Calc. bulk conversion
CiH=(1.-¥503)/{1.4YS04/2)

END OF TUBE

Change Q's, QR’s, G8's Into
average values of accumulative
power sbiorhed

v

Scale (Unit convarsion) and
calc. the diffarence {DIFF}
betwsen TOA end cale, @

Set FI=STHABG-TQA
(F¥ corresponds to T ms wps sat
originally)
porturb T. {R=T+2.)
for the NR conyergance schame

IDTI<EPST
{EPST=2,)

Zuro irrelavant variahlgs at
the tubs end.
Extand x and ¢ to the tube
exit

1FP=0
Printing suppressed
?

Print HTR
table of results

Set output variables
for the calling program:
FC, TWM, Fout, Tout, X's out

1FP=0
Pringing
Suppressad

Print output
wariabl

Return

U@

XBL793-967
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LTR ~ Low Tempesatura Routine

g Zaro, IFPNCM Recopy
i Fix the D0 26 -- Five sttampts {0 mestage) Chack whioh Yos Cony exiting
there any maximum o find ressonable for Nt of X, i stream into
excess of O. ssible comversion, pass of it cooled stream
2 vo L=2
in the system convertion 5O 7 - NR for, TEP,
st equilibrlum temp.
XM = 0,989 St Indicator L =1
Set cooled
X stream temp.
Fix the maximum Cale. FDTI equal to RIGT
possible conversion Caie. roaction ;;;‘;“;:‘:ufl’ ..::’.:.‘;;\':::
X oquilibrium "
= 2= tamp. function
xm=2(20 001 constant, RKP P
for given TEQ ‘
oo 24® lv' Cale. hat
- hengar
‘Areange aray ] 008 Sath =2 oxe
P . ¢ Tosd - KL
oo e by . o
for convorsion, X, Sat technique) conversion dogree. QAAN = HL.
to correspond to comvenion corresponds to - Also st final
equitibrlum temp. to zer0 the TEQ for conversion - FC
TEQ X=0. which RKP hay
been svalusted
Calc, FDT2
Second vlua | |
EODL-24 of tho NR
{End of Do Loop), squil. temp.
zev0 the Chat function
oxit stresm g )
record small snough
DHR Evalusts
Celc. AHr at e
inlet ta the
reactor TEOW Messags of no
¢ 1 X{(1) < 0. i intermadists
set it equal to cerults in X
Fix pressurs previous trisl calculations
of rsactor exit of tha conversion,
and cooler XT
exit a5 equal L !
to 1P, tinput)
pressure

Is
thera any
oxygen

No

Print thet
conversion
in 100%

Sot 8 new
quess for
the

conversion

Sat DX{1} = X{1}

A
Set IFDNCM =1 No ressanable
if DO-loop convarsion obtained.
No rezctants message explrad.
and print of compositio

and index of 1.P.
stozm

[ Reopy |
Copy LP. record
into O.P. stream

XBL793-957



Distiliation Column Routine Flow Chart

Printing required

No
Yes.
0024

8PTR, ENTG
Evalona T and
St TFA = TFF HL for next
plats.
Use NR 10
waluse Land
p X for the next
Avaitable QR i pinte. X
Kept toss than 1,
Y Cakc. the materiat
‘batancs for the
Soud plate and
evaluste the temp.
“and enthaloy. ; Gvarbess concertration, Printing required
H Cate. averhosd
——»; : flow -
Set TF2 = TFF, H
Evabuats » now TR [ wken ]
TEE. Evatuste the Gt votatitity ;
Set TF1 « TF2 st constants for 1 Cale. cootng toad Print bottom, feed
! " of the bottom. axt plate ! QC, and comvert 200 overhaad data
Jrersment i QR & OC nto Print it loads
TFR=TEF4+ 1, ‘
Calc. moe 1. ot tha vep. Calc. vapor
#1308 gin feom rtr compouten P
ENTL 1iq. and vap, of due to availsble of next plate plste to plate
Evatone liquia flashed fond. oR, (ot hghar than 1.1 Sat pressures of P to i
enthalpie; of ovorhoad and 1. cesutts
verhead, HD, and ‘ ‘ bottom. Set temp
bottom, HB. of avernamd.
ENTG, ENTL Cac.thasiops G dem for
Evatume of the stripping ptave No. 2
- of saction operating LT HE Y
tig. and vag. of fine iy
oadt fhashed foed hd
Prensura is higher
ey 1
iy Retrn
Calc. the requrred Inatize for
c‘“"""‘":l" min. vapor Tlow atech of the guess of vapor
average emhalpy trom the foed plate of next plate
for the whole oboiler NEP oD,
pligivins roboi 3 squat ta
current vapor
‘— XBL793-966
EvalueL & X

1or next plate
{approximations)
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STC -~ Steam Turbina Calculations Routine

_

Set the values of
bailer feed flow
rate - AQ, all
steam leaks and
gross powsr
values for the
high pressure and
Tow pressura
sactions of the
“prototypa”
turhing

!

Calculate tamperatures snd
enthalpies of streams which
are a function of
minimum temperature.

!

Daytime operation:

8. Calc. boiter foed
water flow rate
BFW

b, steam for
vaparization
and distillstion
-VPDS

¢ cale. leak 4,
extract from
high pressure,
flows of inter.
mediate
pressure, flows
to reboiler and
the ratio - R
batween actual
and prototype
turbines

DO 17 |

DO Loop 17 adjusts BFW
1o realize the desired
Ratio set in the program,

—

With the aid of
R find all the
flows of the actual
turbing

!

Calculate ratio
batween steam
receiver and
storage receiver
capacities -
RATIO

Ratio =
Dasired Ratio
?

Calculate the

gross power
production of high
& low pressure
section (GPHP,
GPLP) and the
total gross power
production (TGP}

Print all the
results of the
Cale. flow rates
tfor the daytime

Print
GPHP, GPLP
TGP

Print “night
timJ operation”
massage

Calculata total
anergy available
stnight - TE

'

Calculate turhine split
into larga and small
turbines for night operation.

!

Calculate enorgy naoded
to malntaln 35 % of daytime
steam flow to keep large
turbine hot and turning

Calculste al!
staam flow rates
for the particular
discharge rate.
Cale, ratio - R1
between main
flow rates night &
day

Calculate all
stoam Jaaks

Print ali flow
rates & steam
legks

Calc. power”
generations for
each turbine
saction and the
total

Print
slactricity
production
GPHP,GPLP, TGP,

Prepare boiler feed
water flows and
small turhine power

Print “Largs Turbine” to be sant back to

MEBP

eading

y

DO Loop for various
discharge rates.

Print “Small Turbine®*
Heading

Cafculate small
turbine Heat,

Print “Seasanal
Storage’ Message.

Calculate heat Into turbine,
hours at TGP day output
stored in 8 hours, and days
req'd to provide 16 hours
of TGP day output at night.

Print heurs stored and
days required,

XBL793-965.
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CLR — Condenser
Lead Routine

Print indices of
I.P. & O.P's streams
and O.P. temp.

l

CCL
Calculate
condenser load
for the given
stream and the
specified outlet
temp.

,

. Print results of the
3-streams: I.P.,
0.P-Gas, O.P-Liq.
print condenser
load—CL.

XBL 793-950



CTR —~ Cordenser Temperature Routine

Print indices of
1. P & D.P's streams
and the specified
heat load — CL.

oY

Recopy
Copy L.P. streaam
data into O.P-gas

stream racord

>
'CLZO. CL>0.

bl

!

Recopy

Zero O.P.-liq.
stream record

load?)

CCL
Calc. maximum
CL at (T/)) = 273°K
{Max. CL = CCL1)

CL>cCLl
specified load
too high

Calc. for max.
allowable load,
Set T(J) = 273°K

y

Print message
catcs.
are made
for max.
possible foad.

Set equal O.P,
streams {gas and
tiquid) temp.

y

Print results of the 3
streams: |.P; O.P.-gas;
0.P-lig.;
Print convergence
accuracy of CCL
O.P.-lig.;
Return

1 520)

Print:
Errorin
data for
CL.

BPTR
First approx.
for dew point,
DPT

Y oo

NR to calc.
real dew point.
{changes in temp.
are limited to
50°C). VKCR routine
is used to estimate
violatility constants,

EODL-15

o

Recopy
Copy L.P. into
D_P-gas and
zero O.P.-liq,

\

Set 0.P.-gas

temp. to be

equal to the
calc. dew point

Y

( Return >

101

1

ENTG
Calc, enthalpy
of D.P.-gas
stream

Y

Calc. condensor
load at Cale.
dew point, CLADP

Y

Set
CCL1=CLADP

TLADP Z cL
Select proper
routine acecording to

and specified
loads

DO,12

relations between calc.

Calcs. are made
for a gas cooler
{no cendensation),
Use of the higher
value between T{J)
and DPT is made
inaNR to
evaluate the real
T{J). Changes of
temp. are limited
to increments of
50°C.

Changes
in T(J) are
negligable

EODL-12
continue

L

Yes

—

Assume as a
first guess
that T(J) is
middle point
between bubble and
dew points

DO, 23 Y

Calcs. are made

for a condenser.
Using the higher

of T{J} or DPt
a NR is employed
to evaluate T(J)

Changes
in T(J} are
negligable

EODL - 23
(continue)

gio)

A

Message:
no convergence
on T{J) and
TIK)

S

>
Y
ccL
Last pass
through CCL..

A

XBL793-968




CCL — Calculation of Condenser Load

Set equal
pressure
throughout
the condensar

Y

Sat temp, of
0.P.—~liq. stream
equal to that of
0O.P.—gas stream

102

EODL — 34
{Continye)

\

No convergence
message

Y

VKCR

Gt volatility
constants for
the specified temp,

is
the mixture
condensible at
this temp.

Calc. arrays of
initial guesses
for composition XX2
and lig. flow L.
EQDL-3

DO, 1 Y

Get initial
guesses for
XX2 and for L

/

Setting the
final compositions
flows and
enthalpies for
both lig. and

gas exit streams

Y

Calcs. of

obtained

condenser
load, CCL.,

Negative
but very small
(<1% of F(1)

EODL - 1"
{continue)

L 4

Zero liquid
stream

st
F{J) = F()

po,34 Y

NR iteration
routine for
XX2and L

Changes
in L & XX2 are
negligable

No

Gas
stream is
negative

Negative
but very small
<1% of F(l)

SetF(J} =0
and
F(K) = F{I}

" ®

Y

Liquid
stream is
negative

Print 1.P. and O.P.'s
streams flow data.
Message to ignore

condansation, Results
are for non-condensible,

N}
1 ®

Set record of
@xit gas stream
equal to |.P.
stream.

Y

Recopy

Zero exit
fiquid stream

Cale, cooler
load from

. enthalpy

\ data.

A

Print exit
temp. and
load valua

Return

XBL 793-953
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FINDT — Find Temperature
of Stream Routine

FINDT

DO, 1

Set T1 equal
to the assumed
temp. of the
stream plus 1°C
T1=TW)+1°C

Is
it a liquid
mixture

ENTG ENTL
Calc. enthalpies Calc. enthalpies
for the gas for the liquid
stream; stream:

HH at T{J) HH at T{J)
H1atT1 HiatT1

I
. g
» B Y

NR to evaluate
the temp.
T)

Yes

Change

in T(J} is less
than

0.01°C

EODL-1
{Continue)

/

No convergence massage
and intermediate calcs.
results.

XBL793-955
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Recopy -recopy
one record into
another

Racopy

Sst

Flow of O.P. = Flow of 1.P,

Temp of O.P, - Temp. of I.P.

Prass of O.D. = Press of |.D.

Enthalpy of O.P. = Enthalpy of |.P.
09 mole fr. of O.P. = 05 mole fr. of |.P.

S0, mole fr. of O.P. = 80, mole fr. of 1.P.
803 mole fr. of O.P. = $04 mole fr. of 1.P.

\
Return

XBL 793-954

TKP- 80y SOg Equilibrium

Constant Function TRKP — S04 SOZ Equilibrium

Constant Function

TKP
TRKP

Evaluate the 802 oxidation

reaction constant for conversion X. Evaluate the 803 dissociation

Reaction Const, for conversionX.

TKP =

X2 - X2°X /p.
( P X2 X/2

!
( Return )

XBL793-964

(X3 +X2°X) - ' " X1+ X3:X/2
X1- X2:X/2

+ .x 1. + X3'X/2
TRKp = X2+ X3:X)

(X3 - X3-X)

;
()

XBL 793-963




CP — Specific Heat Function

Evaluate
specific heats
of 09, SO, 503

from their
respective temp,
dependent
equations

.

Calc. the
weighted average
Cp of the
mixture

< Return >

XBL793-962

105

DHR — Delta Heat of Reaction

Evaluate
heat of reaction
at the
specified temp.

XBL 793-96I



ENTL — Enthalpy
of Liguid Mixture
Routine

ENTL

Find mole
fraction of
803 by difference
(given SO

’

ENTG

Calc. enthalpy
of the mixture
as if it was
vapor (HG)

:

LHR

Evaluate the
I,h. of the
mixture (LH) at
the specified temp.

'

Find enthalpy
of liquid, HL, by
difference
HL=HG - LH"

XBL 793 -960

106

ENTG — Enthalpy of
Gas Mixture Routine

Find mole
fraction of O,,
X1, by difference
(gives SO5 & 803)

Negative
concentration

o)

Correct X2 and
X3 to have
the sum equal
1. and zero X1

T

Evaluate
enthalpies of 05,
802, SO3 from
the corresponding
temp. dependent
aguations

Y

Evaluate mixture
enthalpy by
weighted
average

XBL 793- 958
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LHR — Latent Heat
of Reaction Routine

VKCR — Volatility K
Constant Routine

VKCR

Temp.
higher than or

equal to critical
temp. of
S0,
@ Yes Calc. exponent
for vapor
Fomm, ' pressure of
higher than or SO,
equal to critical Set
temp. of {LH)go, =@
803
(®) § ves Calc. volatility
constant of
Set
LH=0. 50,
Y
Message: routine
was call to calc. Calc. exponent
t.h. for mixture for vapor
above the
critical temp. pressure of
S0,
Calc. Lh, for
B S0, at the Calc. vapor
@ given temp. pressure of
S : SO
] 3 3
Cal. L.h. for
$05 at the Y
givan tamp. Calc. volatility
constant of
\ 503
Calc. weighted
average L.h.
for the mixture
-

@ Return

< Return )

XBL793- 959 XBL 793-952



Message: /
SOy fraction
i to Yes

108

BPTR — Bubble Point
Temperature Routine

Negative
Concentration
of 805

Mole —
fraction of

S0, larger
than 1.

No

Message:
S0, fraction
assumed to
be zero

X3=1.-X2

Y

Find range of pressure.
Sat first guess of temp.
according to the
pressure range

DO, 1 A

NR method is employed
to find the bubble point
of the mixture.

Usa of vapor pressurg
correlations is made and
ideal mixture Is assumed

Change
in B.P. is negligable
{less than
0.05°C}

EODL-1
(Continue)

[

Return

XBL 793-95I
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PROGRAM MERP{INPUTs0UTPUT s PUNCH) MESP
%‘r*******%**-)’c-)‘r**'.‘(-**%%******%*********%***%***%%-‘rf%*****%******************MEBD
* *MEBP
* HPDATED 2/28/78 , #uERP
* MERP - 4ATERIAL AND ENERGY BALANCES PROGRAM FOR CES XMERP
¥ *MEBP

R IR K I A RIS R IR H ORI R R I HH KRR A R AR R R R RARMERP
¥PROGRAYM CALCULATES “ATERIAL AND INERGY BALANCES FOR THE CHEMICAL HEAT -#MEBP
#STORAGE SYSTEM 3ASED ON J2950255J)3. -THE PROCESS IS DESIGNED TO SUPPLY *#MEBP
#THE NECESSARY HEAT FOR A STEAM P)WER PLANT DURING NIGHT TIME. DIRECT #ME3P
#¥STEAM GENERATION PLANT IS INTEGRATED WITH THE STORAGE SYSTFM TO PROVIDEMERP
FMAXTMYM HEAT EFFICISNCY FGR THE IOMARINED PROCESS (SFE DAYAN FT AL o #MEBD
*PROCEEDING OF THE 12TH TECECHsP«11819sWASHINGTON DC 1977). *MEBP
#THE PROGRAY STARTS WITH RFADING 3ASIC DATA (SPECIFICATIONSsTOLERANCES»*MEBP
#TOTAL HEAT AVAILABILITYSETCe) AND FIRST GUESSES FOR KEY STREAMS (THESE#MEBP
#*ARE LATER UPDATED). THE PROGRAM USES TwO MAIN SUBROUTINES-HTS AND LTS #MEBP
#TO CALCULATE THE oALANCES FOR THE DAY AND NIGHT-TIME OPERATICNS RESPE-MEBP
#¥CTIVELYs DIRECT SUBSTITUTION 1S USED FOR THE CYCLIC PROCESS UNTIL *#MEBP
#CONVERGINCE ON FLOWs TEMPa /ND COMPOSITION IS REACHED. THEN STC RNOUTINEMEBP
*¥1S CALLED TC CALCULATE STFAM POWSR PLANT GENERATION DATA. OUTPUT IS #MERP

#SCALED AND PRINTED ACCORDING TO TQRA-TOTAL HEAT AVAILABLE AT THE RECEIV-MZBP
#ER FOR THE STORAGE PROCFSS, *MEBP
* . *MEBD
#THE FOLLOWING SUSFJUTINES ARE BEIMG USED= *MEBP
#¥BPTR(PsX29T) = BCILING POINT TEMP.T OF LIQs MIXe OF S502-503 AT PsX2 *MEBP
#CCLITY)~COMMON(TO ZTR+CLRIFUNCTION TO CALCe CONDENSER LOAD AT EXIT T-TUMEBP
#CLR(INTsNGoNLsCL)=C INIENSER LCAD CLs FOR INCOMING GAS STREAM NI AND *MERD
# QUTGOING 5AS STREAM NG AND LIQe STREAM NL. *MEBP
#CP(TsX19X29X3)~HEAT CAPACITY UF GAS MIX.(X¥1sX2sX3) AT TEMP. T *MEBP
#CTRINT 9NGsNL3CL)~CCO NDENSER EX7T STREAMSINGsNL)TEMP. FOR GIVEN LOAD-CL *MEBP
#DHR{T)~-HEAT OF REACTION AS FUNCTION OF TEMP. T *MEBP
#DIST(FsTF9PF>HF sX7 s QRaXDsPsPRAS2sNsDs TMsPDsHLM>YMs3 s TBsPRsHB s XB) -PLATE*MERP
# TO PLATE CALCe OF DISTILLATION TOWER FOR SINARY MIXe S02-503 *MEBP
#ENTR1(TsX2sHL)-ENTHYALPY CALCSe FOR $02~503 LIQeMIX AT TEMP-T,COMPOS-X2*MEBP
#ENTR2(TsX29X3sHG)-ENTHALPY CALCSe FOR 02-502-S5S03 GAS MIX.AT TsX29X3 #MEBP
#FINDTI(NS>NF)=FIND TE4P. OF STREAM NF, NS=STREAM STATE=1-L1Q. 2-GAS *MEBP
#HTR(FIsTIsPIsX2T1sFOsTOsPOsX10sX2GsX3CsFCoTWMs IFP)~HIGH TEMP. RECEIVER-#MEBP
* REACTOR. I-INPUT STREAM, O-OUTPUT STREAMsFINAL CONVes TW-MAXsPRINT®MERP
#HTS — MATERIAL AND ENERGY BALANCES FOR THE HIGH -TEMP. SIDE *MEBP
#LHR(TsX2sLH)=LATENT HEAT OF $02-523 MIXe AT TEMP.-TsCOMPOSITICON-X2 *MEBP
#LTR(Xs Qs N=INsN~DUTsN-COLD) LON TEMP, REACTOR ROUTINE, (N=STREAM NO,) *MERP
*LTS ~ MATERIAL AND ENERGY BALANCES FOR THE LOW TEMP, SIDE . #VEBP
#RECOPY (T INs TOUTY=COPY RECORD MO,-I1IMN INTO RECORD NO,-I10UT *MERP
#STC(GAANs R )=STFAM TURBINF CALCe DETFRIMINES STTAM OOWER PLANT S12F€ *MCpp
* AND OPERATION RATES DURING DAY AND NIGHT (VARIGUSE DISCHARGE RATESMERP
#TRKP(XsP)—-CALCe TRIAL VALUE FOR WACTION SQUILIBRIUM CONSTANT-XP #MEBP
#VKCR(PsTsK29K3) ~VOLATILITY CONSTANTS K2sK3 FOR $02+503 AT P AND T #ME3P
#* ) #MERD
#NOMENCLATURE= (SEE PROCESS SCHEM IS FOR DETAILS) , #MEBP
*COMMON - BLOCKS NAMES= #MEBP
* LAHTV LCW AND HIGh TESMP, VARIARLES : #MERDP
* HTHEL HIGH TEMP. HEAT-EXCHANGERS LOADS : *#4EBP
* HTV HIGH TEMP, VARIABLES g _ *MEBP
* LTV LOW TEMP. VARIABLTS : *#ME3P



LTHEL
NWYARK

STREAM

* Xk kK

#VARTARLES=
ATNA
8DT56
3FWCT
BFWHL
BFwWL
BFWN1
RFWN2
sp
BTMAX
3TMIN
C

ClL
DELP
DTA
DTD5é
NTMIN
DTWM
ns5é6
DT56
DYPR
EDAN
EOPAN
EPSF5
EPSTS
£l

£2

£3

F

FC

F5
GTW

H
HE1L
HE2L
IFP
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LOW TEMP. HEAT-"XCHANGERS LOADS
NIGHT WORK
STREAY RECURDS [IAME (FoPsToHsX1sX29X3)

ADJUL TED TQA (A™QA=TNA%R)

BASE CASE DILTA T BETWEEN 5 AND 6 (K)
8OILER FEFD WATTR CONDENSER TEMP. (K)
BOILER FEED WATER HEAT LOAD - HTS - (KJ/S)
BOILER FEED WATER HEAT LOAD - LTS -~ (KJ/S)

BOILER FEED WATER HEAT LOAD AT NIGHT-TIME NORMAL OUTPUT.

BFW HEAT LOAD AT NIGHTs SEASONAL STORAGE (130
BASFE CASE HIGH PRESSURF (3aR)

BASE CASE TU3F WALL MAX TEMP (K)

BASE CASE MIN ACHIEVABLE TEMP (K)
TOTAL CONVERSION FOR THE LTR SYSTEM
CONDENSER~1 LOAD {HTS) = (KJ/S)
INCREMENT FOR STUDIED PARAMETER P
ARRAY FOR DTD56%S TO. BE STUDIED

OT DESIRED BETWEEN T(6) AND T(5) »(K)
INCREMENT FOR STUDIED PARAMETER T“IN
INCREMENT FOR STUCUIED PARAMETER TWMAX
INCREMENT FOR STUDIED PARAMETER DTD56
FIRST LOOP DELTA T 5-6

DAYTIME POWER OUTPIT (MW=-E)

ENERGY DISSTIATED AT NIGHT (Mw)

ENERGY OUTPLT AT NIGHT (MW)

LIMITS FOR (CNVERTION ON F(8)

LIMITS FOR FONVERTICN ON T(5)

OVERALL EFFL.CIENCY OF PROCESS

EFFICIENY OF STEAM CYCLE

THERMAL EFFICTENCY OF STORAGE
FLOW(KMOL/SECY

FINAL CONVERSTON IN REACTOR-RECEIVER (HTR)
FLOW OF .STREAM 5 (KMOL/S)

GAS TURBINE WORK (NWORK) = {XJ/S)
ENTHALPY » (KJ/ZKMOLY

HEAT FXCHRe 1 LOAD (HTHEL) - (KJ/S)
HEAT EXCHRe 2 LNAD (LTHEL) - (KJ/S)

INDIZATOR FOR P"INTING (HTR) (0~NOs1-YES)
DO-LIOP INDEX FUR TWMAX STUDY AND STR=AM CLEAR
RECCRC INDEX (1+445)

DO-L JOP. INDEX FNR TMIN STUDY

DO-LOOP INDEX FUR DTD56 STUDY

D0-L(OR INDEX FOR CONVERGENCE ON STREAMS
NOW«NF STRFAMS

NOe« OF VALUES FOR STUDIFD PARAMETER P

NOe« OF RECORDS 1N HTS

NOe DF PLATESs DISTe COLe (MAXe ALLOWED)
NUMBER OF PARAMETER LOOPS

NUMBEF OF STUDIFD PARAMETERS

NO« OF VALUES FOR STUDIED PARAMETER THMIN
NDe OF VALUES FOR STUDTZD PARAMETER TWMAX
NO¢ OF VALJES FOR STUDIED PARAMETFR DTD56
PRESSURE (BAR)

PRESSe OF THE DISTe COLe

ARRAY FOR HIGH PRESSURE SIDE PARAMETER P

*MEZP
MEon
MERBP

#MERP

#MERD

#MERD

#MEBP

*MEBP

*MERP

*#AEBP

*#MERP

*4EBP

*MERP

#MEBO

*MESP
#MEBP
*MEBP
#MEBP
#ME3P
*MEBP
*MegpP
*MERP
*Megp
*MEBD
¥MEBP
#MEBP
*MEBP
*MEBP
#VMERP
*MEBP
*MEBP
*VERP
#MERD
#MEBP
*MEBP
*MEBP
*ME3D
EVEQD
*MEBP
*#MERP
*MEBP
*MEBP
*MEBP
*MEBP
*MEBP

550
560
570
580.
590
600
610
620
630
640
659
660
672
580
690
790
710
720
730
740
750
760
770
789
790
800
810
320
330
840
850
360
879
880
890
909
Q1N
920
930
949
950
269
979
980
990

#MEBD 102D
¥MERP1C1AD
*MEBP 1020
#MEAP 1030
*MEBP 1040
*MERP 1089
*MERP 1260
*MERD 1079
*#MERP 1080
¥MEBP 109D
#MEBP 1100
*¥MEBP 1110



PRSO2
P1

o5
P21

Q
QAAN
AR
QRFS
R
RATIO
RCL
RECUPL
STOP
SUM

7
TGPD
TMA
™1
TMIN
TQA
TRIML
TRIMMER
T
TWA
TWMA
TWMAX
T1
T24
127
VAPL
VAPIL
X

XD

X1

X2

X3
x21
X25
x218
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PERCENT RFCUVERY OF S02 IN THE DIST. COLe

PRESSURE fOP? STREAM 1

PRESSURE FOR STREA"M 5

PRESSURE FOKR STR=AY 21

ARRAY FOR HEAT AVAILARLE AT REACTORS HEAT-£EXCHANGERS

2 AVAILABLE AT NIGHT (NWORK) - (KJ/S)
TOTAL Q REWUITED IN REBOILER (KJ/S)
Q FOR REBOILER COMINR FROM STEAM (HTHEL) - (KJ/S)

19Ce/(GROSS STEAM TURBINE POWER PRODUCTION)
STEAM GENFRATION=-STORAGE RATIO (FROM STC)
REBOILER-CONDENSER LOAD (HTHEL) - (KJ/S)
RECLPERATOR LCAN (LTHEL) - (KJ/S)

S4aL L TURRINE OMTPUT (FROM STC) (MW)

SUM JDF BOILER FrED AND TRIMMER HEAT DUTIES
TEMF o ()

TOT/. GENERATED POWER DURING THE DAY (MW-E)
ARRAY FOR TMIN$> TO 8E STUDIED

FIRS™ LOOP TMIN

MIN. ACHIVABLE [ ANYWHERE IN THE SYSTEM

TOTAL Q AVAILARLE AT THF RECEIVER (HTRY -~ (MJ/S=MW)
TRIMMER LOAD (L7TS) - (KJ/S)

TRIMMER LOAD (HTS) - (KJ/S)

MAXe TEMPo AT TUBE WALLS AS CALC. BY HTR = (K)

ARRAY “OR TWMAX$S TO BE STUDIED

FIRST LOOP TwMAX

MAX. PERMISSABLE WALL TEMP. AT THE ABSORBER
TEMPERATURT STREAM 1 (XK)

SPECIFIED T(24) FOR LTS = (X)

SPECIFIED REACTOR IGNITION TEMPe FOR LTS = (K)
VAPORIZER LOAD (LTS) = (KJ/S) :
VAPORIZER LOAD (HTS) - (KJ/S)

ARRAY FOR CONVERSIONS AT THE LTRSS
SPECIFIED X2 AT THE DISTe COLe. CONDENSER
OXYGEN CONTENT (MC.E FRACTION)

502 CONTENT (MOLF *°R,)

SO3 CONTENT (MOLE R

MOLE FRAC, £22 IN 3TREAM 1 (FIRST APPROX.)
MOLE FRAC. €32 IN STREAM 5 (FIRST APPROX.)
MOLE FRAC, 502 IN 3TREAM 18 (FIRST APPROX.)

¥MEBP 1120
*MEBP 1130

#MEBD]1140
¥MF3P 1150
*MEBP 1160
#MEBP 1170
*MEBP1180
*¥MERP 119D
*MFBP1230
#MFEBP1210
*MEBP 1220
#MEBP 1230
#*MEBP 1240
¥MEBP 1250
*MEBP 1260
¥MEBP 12790
#MEBP 1230
*#MEBP 1290
*MEBP 1300
#MERP 1210
*MEBP 1320
#MEBP 1330
*MEBP 1340
*MEBP 1350
*MEBP1360

© *MEBP 13790

#MEBP 1380
*MEBP 1390
*MEBP 1400
#MEBP 14190
*MEBP 1420
¥MEBP 1430
*MEBP 1440
#MEBP 1450
*MEBP 1460
#MEBP 1470
¥MEBP1480
*MEBP 1490
*MEBP 1500
*MEBP1510

**************************%***************%*****************************MEBP1520

*

COMMCN/STREAM/F(60)sP(60)9TI6I)sHI60)sX1(60)9X2(60)9X3(60)
COMMON/LTV/NsT245sT279Q(5)9X(5)5C
COMMON/HTV/DTD56 s EPST5 s TWMAX» PDsPRSO2sXDsEPSF54NHINOP
COMMON /LAHTV/BFWCTsTMTN
COMMON/HTHEL/C1LsVAPILSHE1LsRCLyBFWHL» TRIMMER yGRFS
COMMON/LTHEL/RECUPLsVAPL s BFWLs TRIMLIHE2L
COMMON/NWORK/QAANSGTW
DIMENSION TWwa(12)sDTA(10)»TMA(10),PHA(10)
*KZEP RECORD 45 ZEFS FOR VARICHS PROGRAM USES,
DATA FL45)3P(45)sT(45) sHIAGB)sXT1LAE) sX2(65) 9X3(45)/T7#04/
#ALL CALCe RASED OM A BOEING TYPE RECEIVER ABSORBING 230e MW~THe
DATS TQA/23D,/
#PARAMETERS FOR THE EBASZ CASE
DATA BTMINBTMAXsBDT56sbr/3334511536914Ce9404/

*

*MEBP1530
MEBP 1540
MEBP 1550
MEBP 156N
MEBP 1570
MEBP 1580
MEBP 1590
MEQP 1600
MEBP1610

#MEBP 1620
MFB8P 15290

*MEBP 1640
MEBD 1650

*MEBP 1660
MEBP1670

*MEBP 1680
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; ¥SET ALL VARIABRLTES IN STRFAM FQUAL TO ZERO
DA 8 1=1s560C .
8 CALL RECOPY(4551)

#READ UNCHANGING VARIABLES
READ 453P1sP5sP21sT24T27
#READ FIRST APROXIMATIONS TO RBE L DATED 8Y THFE PROGRAM
‘ READ 459T19X219F54X259X218
f * READ ORJECTIVE DATA AND SPECIFICATIONS
: READ 45sDT56 9 TWMASTMI s PRS02,:XD
#*READ TOLERANCES AND INCRENMINTS DELTASS.
READ 45+sEPSF5+EPSTS
*READ INTEGER SPECIFICATIONS=NsNOPsNH
: READ 48sNsNOPsNH
i #READ PARAMETERS TO 8F STULIED=
f READ 56 sDTWMsNTWMsD56sN56sDTMININTMIN
: READ 569DELDINDP
: READ 48yNOPL
: *¥WRITE ALL INPUTS FOR THF RECORD
; PRINT 16
! PRINT46sP1sP5sP21sT249T27
: PRINT 17sT1sX219F5+X25+X218
PRINT18sDT55s TWMASTMI 3 PRSO25XD
PRINT 19+FPSF5+EPSTS
PRINT 49sNsN( 2 9NH
PRINTE7sDTWMyNTWMsN569NSHsDTMINGNTMIN
PRINT 589DELF sNOP
i #*PRELIMINARY CALCULATIONSs DATA PREPARATION AND FIRST ESTIMATES
‘ #*COMPLETE DATA OF F(1)
‘ P(1)=P1
i T(1)=T1
X2(1)=x21
CALL ENTRI(T(1)sX2(1)sH(L))
X1(1)=0.0
X3(1)=1e=-X2(1)
#DO LOOPS FOR STUDIEL PARAMETERS
TMA(1)=TMI
DC 14 K=2,10
14 TMA(K)=TMA(K-1)+DTMIN
DO 32 K=1,10
TWA(K)=8T4AX
DTA(K)=BDT56
: 32 PHA(K)=BP
i , NOSP=NTMIN
‘ DO 10 I=1sNOPL
DO 20 K=1sNOSP
TAMAX=TWA(K)
DID56=DTA{K)
P(5)=PHA(K)
; TMIN=TMA(K)
L TI1)=T1
X2(11=X21
F(5)=F5
X2(5)=X25
X2(18)=X218
#¥PD FESTIMATED FROM XKNOWN F{TI'IN)
PNzl ¢ BUF =4 ¥EXP (4 0303#T| TN

*MEQP 1699
ME3P 1700
MEBP1710

¥ME3P1720

*#MEBP 1730
MEBP 1740

#¥MERP 1759
MEBP1760

¥MEBP 1779
ME3P 1780

*MEBP 1790
MEBP 1800

*MEBP 1810
MEBP 1820

*MFRP 1830
MEBP 1840
MEBO 1850
MESP 1860

¥ME3P 1870
MEBP 1880
MEBP 1890
MESP 1900
MEBP1910
MESP192)
MEBP 1932
MERP 1940
MEBP 1950

#MEBP 1960

#MEBP 1970
MEBP 1989
MEBP 1990
MEBP 2000
MEBP 2019
MERP 2020
MEBP 2030

*MEBP 2040
MEBP 2050
MEBP 2360
MEBP 2070
ME3P 20380
MERP 2090
MESP 2100
ME3DD21 1"
MEBP 2120
MEBP2130
MEBP 2140
MEB8P2159
MEBP 2160
MEBP217D
MESP 2189
MEBP 2190
MEBP2200
MEBP2210
MEBP2229
MEB2 2230

¥MEBP 2240
MERD 2287



*

29

(8N

31
12
1

*FINA
21

#CALL

*ADJU

11

4
26

1=
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OMPLETE DATA OF F(18) *MEBP 2260
(18) UPDATED FROY KNOWN F(T¥iN) *MEBP2270
TO18)=THIN+5G +(TMIN-2734) /100, MEBP 2280
P(18)=PD MEBP 2290
TALL BPTR(P(18)5X2(18),T(18)) MEBP 2300
CALL ENTRL(T(18)sX2(181sH(18)) MF3P2310
RFWCT=THMIN MEBP 2329
PRINT 445 TWMAX > TMINSDTDS63P(5) MEBP 2330
N T w15 MERD 224"
CALL HTS MEBP2350
CALL RECOPY({14+23) MEBP 2360
CALL RECOPY(17521) MEBP2370
FI22)=F(23)/2, MEBP 2389
FI21)=F(21)/2, MEBP 2390
P(21)=P21 MESP 2400
TF(F(21))21531529 MEBP2410
#MEBP 2420

CALL LTS MEBP 2430
PRINT 523F(361sF(1)sX2(36)3%2(1)sT(36)sT(1) MEBP 2440
IF(ABS(2.%F(36)-F(1))-04015)35354 MEBP 2450
IF(ABSIX2(1)=X2(36))~04C08) 25254 MEBP 2460
IF(ABS(T(1)=T(36))=142)1s1s+ MEBP 2470
TFIM=20) 454521 MERP 2480
CALL RECOPY(2651) MEBP 24990
P(1)=P1 MEBP 2500
FU1)=24%F (1) MEBP 2510
IF(F (211131531512 MEBP 2520
PRINT 3uUsT¥IN MEBP 2530
GO TO 19 MEBP 2540
F(R)=F(1)1+F(18) MEBP 2550
P{s)=PHA(K) MEBP 2562
CONTINUE VERP 2570
PRINT 22 MEBP 2580
L PASS THROUGH HTR #MEBP2590
1FD=1 MERD 2600
PRINT G44sTWMiXsTMINIDTD5GSP(5) MEBP 2610
CALL HTRUF(5)5T(5)sP(5)5N2(5)sF(6)sT(6)sP(6)sX116)sX2(6)sX3(613FCyMEBP2620
1TW, IFP) MEBP 2630
L=9 MEBD 2647
STEAM TURRINE CALC, ROUTTNE ¥MEBP 2650
PRINT 9 MEBP 2660
SUM=BFWHL+TRII MER MEBP2670
CALL STCIQAANSRsT{1v)sT(3J)sR4sRATIO»STOPsBFWN193FWN2sTGPD) MEBP 2680
ST FOR &N INTEGRATED POWER PLANT WITH A RECEIVER ABSORBING 230 MW MEBP?690
DO 11 J=1,18 MESP 2700
FIJI=F({J)*R MERP271D
C1L=CIL#*R MEBP 2720
VAP1L=VAPTL*R MEBP 27130
HE1L=HE1L*R MEBP 2747
RCL=RCL*R MEBP2750
TRIMMER=SUM#R=3FWHL MEBP2760
QRF S=QRF §%3 MEBP2770
DO 26 J=21360 MEBP 2780
FIJI=F(J)*R MEBP 2790
90 15 J=155 MEBP 2800
QUJY =) #R MESP 2810
RECUPL=RECUPL*R MERP 2820
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VAPL=VAPL#R ME3P 2830

REWL =BFWN] MERP Q4N
HE2L=HE2L*R MEBP 285D
GTW=GTW*R MEZP 2860
ATNDA=TNA%R MEBDDARTY
QAAN=DAAN*R MERDP 2880

CALL CTR(30932933+8FWL) MFERP 2890

CALL CLR(32924935,TRIML) MERP 2900
IF(LeGTeC) GC TO 35 MEBP2910
*#FINAL CALL FOR DI{Te ROUTINE AND PRINTING ITS RESULTS. *¥MEBP2920
PRINT 9 MEBP 293D
NR=RCL MEBDP 2947

CALL DISTUF(15)sT(16)sP(6)1sH(16)9X2(16)3QRs XDsPDIPRSO2:NOP»F(17)MERBP 2950
1eTC17YsPLYIT7YoHILIT)IoX2(1T)sF(18)aT{1R)sP(18)sHI1B)sX2(18)sIFP) MFAP 29460

#* #MEBP 2970
#PRINTOUT MATERITAL AND ENERGY gALANCES - HTS *¥MEBP 2480
PRINT 44 sTAMAXsTMINDTDSGP(5) ME3P2990

PRINT 40 MFBP 30090

PRINT 41 ’ MEBP2010

PRINT 42 MERDP 3227

PRINT 540 (JsX1{ 1) eX2(J)sX3{I)sTUIYsP(JYsF(J)sHIJ)sJ=1sNH) MEaP 2030

PRINT 47971LsVAPILsHFILsRCLsBFWHL s TRIMMERZQRFS MERP 3040
#CALCULATE SEVERAL EFFICIENCIES WHICH DESCRIBE THE SYSTEM. ¥MEBP3050
FOPAN=STOP* 4 9T7+GTW#+9/24/10U0. MEBP 3060
DYPR=,958%TGPD MeEBP3070
El1=(DYPR+EQPAN#2,4 )/ (RATIO+14)#ATQA) . MEBP 3080
E2=DYPR/(RATIO#ATQA-VAPIL/1000e+BFWHL/12720.~QRFS/1200.) MEBP3290
EDAN=QAAN+BFWL+TRIML MEBP3100

F3=2 ¥EDAN/ (ATQA*¥1900,+VAPLIL-RFWHL4+QRFS) MEBP3110

PRINT 374F15E24F3 MEBP 2120

37 FORMAT(/3X»#*#SUMMARY OF EFFIZIENCIES AT THE CHOSEN PARAMETERS¥,//3XMEBP3130

" le4HEL= sFBebs /3Xs4HE2= sF6.49/3Xs4HE3= sFbats) MEBP 3140
#PRINT RESULTS. LTS MEBP3150
35 PRINT53 MEBP 3162
PRINT 41 MERP 3179

PRINT 42 MEBP 3180

PRINT 5490 JsX1(UJ)sX24J)VsX3{N)sTLUYsP(U)sFL{J)sH(I) =21 N} M=BP 3190
PRINTS50sRFCUPL sVAPLPEWL s TRIML sHE2L MEBP 3200

PRINT 43sQAANSGTW . MEBRP3210

PRINT 555ATQA MEBP 3220

PRINT 5 MEBP323D

PRINT 42 MEBP 2240

PRINT 549{JsX1(J)aX2(JeX3(J)sT(J)sPLI)sF(J)sHIII)9J=50960) MEBP 3250

PRINT 135(JsQ(J)s J=195)s{X(JYed=195)sC MEBP 3260
#REPEAYT LTS PRINTOUT FOR 100MW OUTPUT IF L IS GREATER THAN O, *MEBP3270
IF{LGT«J) GO TO 33 MEBP 3280

R=R4 MEBP 2290
BFWN1=BFWN2 MEBP 3300

L=1 MEBP 3310

GO TO 34 MEBP 3320

33 PRINT 6 MEBP 3230

20 CONTINUE VEBP 3340
#RECOVER BASE CASE GUESSES TO alD CONVERGENCE FOR OTHER PARAMETERS #MEBD 3350
IF(1-21234244.,5 MZBP3369

23 TWA(1l)=TwWMA MEBP 3370
TMA(11=8TMIN MEBP 2330

DO 26 K=2s1J ' ME3233990
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T4A(L)=pTHIN : MEBP 364092
26 THA(KY=TAA(L~1)1+DT N ME3P3410
MOSD AT WM : MERP 342D
37 ToO MZBP 34130
24 DTA{1)=DTRA ME3P 3440
TWA(1§=3T4AX MEBP 3450
5O 27 K=2s1) MEBP 3460
TAA (L) =3TYAX MEBP 3470
27 DTA(KY=DTA(K~-1)1+D54 MEBP 3480
NASP=M56 MEBDP 3490
20 TN 12 MEBP 3500
23 TF(1e70Qe84)R0D TO 13 MEBP 3510
PHA(1)=P5 MEBP 2520
DTA(1)=RDT55 MEBP 13530
DD 28 K=2s113 : MEBP 13540
DTA(KY=3DT56 MEBR3550
28 PHA({R)=PHA(K~1)~-DFLP MFBP 3560
NOSP=NNP MEBP 3570
12 IANTINYE MERD358(0
5 FORMAT(IHL»2¥ 4 #RESYLTS A THE |0YW TewP, REACTNHRS SYSTEM#) MERD 3590
6 FORMAAT(3Xe %=t OF MI3P, i) MEBP 3600
9 FORMAT(1HL) MEBP 3610
13 FORMATI(3Xs5(314Q9129E1064)s/3Xs5(1HX»F12e43)9/3Xs#LTR CONVERSIONe C=MEBP3629
1%¥5F3e2) MEBP 3630
16 FORMATI(/15Xs? AERP PROGRA'!¥4/3X e ¥ INPUT DATA%) ME3P 35490
17 FORMAT(/3X+¥FIRST APPROX=T(1)9X2(1)sF{5) X2{5)9X2(18)#*97F10«3ME3P 3650
1) MERAD 2460
18 FORMAT(/3Xs¥SPECIFTICATIONS NDTS6 s TAMAXsTMINSPRSD2sXDs#/3X95F10,3) MERP3£79
19 FORMAT(/3Xs#TOLERANCES= ‘I"PSFBEPSTE= #2F1Ue4%) MEBP 3680
22 FORYATU(3Xs¥MATERIAL 3ALANCE DIDRT CONVERGFE«#*) : MEBP 3690
33 FORMAT(3Xe#*F({35)=F(1)=Ce NO CINDENSATION AT TMIN=¥*sF5419% GI TO NEMEBP3700
1XT TMAX¥) ) MEBP37190
4 IFORMAT(/2X o ¥TAF _E=1»MATERTIAL AND ENERGY DATA FOR THE DAYTIME HIGH MEB3P3729
1TEMPERATURST SIDE#,/3Xs*¥STORAGE SYSTEM*) MEBP3730
GITFIRIATL/4X 9 ¥STREAMN 20 APOSITION  (MOL PR,Y  TE¥P, PRFSSURE  FLOW MraP3740
1 SNTHALPY®) : MEBP3750
42 0FORMATITX s 3HNO e 94X 32HD2 95X 93HSD2s5X93H503 95X 9 3H(K) 94X e # (BAR)Y (KMOLMEBP3760
1/75) (KJ/<MOL ) #) MEBP3T77D
43 FURMAT(/3Xs*ENERGY PRIDUCED AT NIGHT= GAAN=%9Z11e493Xe4HGTW=5F114MEBP3780
1a4HIKW)) MEBN 3790
44 FORMAT(IH1 92X 9 ¥PARAMETERS STUDIED= TWMAX=¥9F6e192X95HTUIN=3F5.152XMEBP 3800
1s6HDTDHE=9F 541 92X 984PHTS=9F4,1) MEBP 3810
A3 ’:f\qua‘r(j’\y,clf_‘,.q) MeRD2Q 21
46 FIRVAT (/73X s ¥NON=CHANGING DATA=P(1)sP(5)sP(21)1sT249T27%#53F1063) MEZP1383)

47 FORUAT (/73X o #HEAT EXCHAMGER _NAD (KW)=*9/2Xe4HT1L=sF17e¢3+92XsAHVAPILMEBD 2847
1=9F1Ue393Xs5HHEIL=3sF 123 33Xs4HRCL=9F 1029 /3Xs6HBFWHL=9FTe¢3+3X98HTRMESP 3850

2IHMAER=9F 1. e353X95HARF5=3F1043) . MEBP 3860
48 FORMAT(1UXe3110) - MEBP 3870
49 FORVMAT(/2X s #GENERALS N=%91393X94HMOP=s1393X93HNH=»12) MEBP 3880
53 FORMAT(/3Xe#¥HTAT EXTHANGIRS LOAD (KW)=#93Xe6HRECUP=9F1J43+3Xs4HVAPME3P 3890

1=9F10e 30 /23X s AHRF Y= 3F 170 293Xy EHTRIM=3F 1043 92X s 4HHE229F1043) MEIP 390N
82 EORMAT(/3Xe%#7ALC, ARE REPEATEN 1F aANY OF THE FOLLOWING CONNDS. IS NMERP2910

1ICT SATISFIED=%/3Xy *#¥MEBP3920

2IFIABSI24.F(36)~F (1))~ 4215) FEU(36)=%sF11e593Xs5HF(1)=9F11459/3X9%MZ3P393)
ATFLA3SIX2(1)1-K2(36))-0.308) X(36)=#3114593X95HX{11=9511459/3X9¥ME3P 3940
GIF(ATSIT(1)I-T(36))1-1a3) TE36)=%¥95114%583Xs5HT(1)=9T1145) ME3P3950
53 FORMATUIIHL 92X s *TASBLE-2 s VATERTAL AND ENEZRSY EALANCES FOR THE NIGHT ME3P39690
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1T714C CPERATION OF#4/4X s #THE LOW TEMPERATURE SIDF*) MERD2GT7Q
54 FORMAT(/2Xs1633F84292F8e" sF8429F9%41) MEBP 3380
55 FORMAT(/2Xs*RFCEIVER LOAD TQA=#,F6,19* (MW—THRM)#*) MEBP 3990
56 FORMAT(1CX93(%10.34110)) MEBP 4000

57 FORMAT(3Xs*INCREMENTS OF STUDIED PARAMS. TWMAXsDTD56s TMIN=%s3(F5,1MEBP4O17

1s1392X)) MEBP4J20
58 FORMAT(3X,*INCREMENTS OF STUDIED PARAMS, DFLPs NDP=#437XsF5.1513) MESP4230

END MEAP4040
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SYBROUTINE HTS HTS

R e e ey e 2 2 R TR S T T2 s 9V X
* UPDATED 2/28/78 *HTS
* HTS -HIGH TEMP SIDE MATERIAL AND ENERGY BALANCES *HTS
* *¥HTS

e T sy e e e T S R IS T2 S T S22 S TL 2VE &
#RCUTINE 1S CALLED BY MEBP TO CALC. MATERIAL AND ENERGY BALANCES FOR *HTS

#THE HIGH TEMP. SIDE (DAY-TIME OR CHARGING MODE) OF THE PROCESS. *HTS
#NO PARAMFTERS ARF SPECIFIED IN THF cALL {(COMMUNTCATION 3Y COMMON BLOCK)IHTS
*¥THE FOLLOWING SUBROUTINEL ARE BEING USED= *HTS
¥BPTR(PsX2sT) - BOILING POINT TEMP.T OF LIQe MIXe OF S02-503 AT P9sX2 #HTS
#CLR(NIsNGsNLsCL)-CONDENSER LOAD CLs FOR INCOMING GAS STREAM NI AND *HTS
* OUTGOING GAS STREAM NG AND LIQe STREAM NLe *HTS

#CTR(NT oNGoNLsCL ) ~CONDENSER EXIT STREAMS(NGsNL)TEMPs FOR GIVEN LOAD-CL *HTS
#DIST{FsTEF sPFsHF s XFsQRaXDIPsPRSO29NsDs TMsPDsHLMIYMsBs TBsPByHB s XB)-PLATE*HTS
* TO PLATE cAlLCs OF NDISTILLATION TOWFR FOR BINARY MIX, $02-503 *HTS
#ENTRI(ToX2sHLY-ENTHALPY CA|LCSe FOR $N2-503 LIQeMIX AT TEMP-T,COMPOS-X2%¥HTS
#ENTR2(TsX29sX3sHG)I-ENTHALPY CALCSe FOR 02-502-503 GAS MIXeAT TeX2sX3 *HTS
#FINDT(NSsNF)I=FIND TEMPe OF STREAM NFe NS=STREAM STATE=1-LIQe 2-GAS *HTS
#HTR(FT o TIsPIsX21sFOsTOsPOsX109X209X30sFCsTWMeIFP)~-HIGH TEMPs RECEIVER—*HTS

#* REACTOR. I~INPUT STREAMy O-OUTPUT STREAMsFINAL CONVe s TW-MAXsPRINT*HTS
#RECOPY(IINsIOUT)--COPY RECORD NO+—1IN INTO RECORD NO.-I0UT ¥HTS
*NOMENCLATURFE= (S75 PROCKESS STHEMES FOR DETAILS) *HTS
*#COMMON BLOCKS MALES= *HTS
* LAHTV LOW AND HIGH T¢“Po. VARIABLES *HTS
* HTHEL HICH TEMPes HEAV~-EXCHANGERS LOADS *HTS
* HTV HIGH TEMP. VARIABLES *HTS
* STREAM STREAM RECORDS NAME (FsPsTsHsX1sX29X3) *HTS
*VARJARLES= . *HTS
# A TERM IN THE J-MATRIX (NEWTON~RAPHSON METHOD) *HTS
* ABSDX?2 ABS. VALUE OF )IFF. 3ETWEEN X2(5) AND X2(2) *HTS
* ] TFRM IN THE J-MATRIX (NEWTON-RAPHSON MeTHOD) *HTS
* BFWCT ROILER FEFD WATER CONDENSER TEMP, (K) *HTS
* SFWHL ROTJLER FEFD WATER HEAT LOAD = HTS = (KJ/S) *HTS
* c TERY IN THE J-MATRIX (NEWTON-RAPHSON METHOD) *HTS
* ClL COMDENSER-1 LOAD (HTS) -~ (KJ/S) *HTS
* D TERM IN THE J-MATRIX (NEWTON-RAPHSON METHOD) *HTS
* NET NFTERMINANT OF THE J-MATRIX (NR) *HTS .
#* DF5 CORRECTION FOR F(5) (NR) *#HTS
* DTD&S DT DESIREN BEZTWEEN T(6) AND T(5) +(K) . *HTS
» DTS CORRECTION FOR T(5) (NR) *#HTS
#* FPSF5 LIMITS FOR CONVERTION ON F(5) *HTS
* EPSTS LIMITS FOR CONVERTION ON T(5) *HTS
#* £ FLOW(KMOL/SEC) *HTS
* FC FINAL CONVERSION IN REACTOR-RECEIVER (HTR) *HTS
* -FF FLOW VERIABLE IN THE F~VECTOR (NR) . *HTS
* FT TEMP VERIA3SLE IN THE F-VyECTOR (NR) *HTS
* F& PERTIIBED F(5) (F5=F(5)+0e5) *HTS
* H ENTHALPY s (KJ/7KMOL) *HTS
* HE1L HTZAT EXCHRs 1 LOAD (HTHEL) - (XJ/S) *#HTS
* 1 RUNNING INDEX IN DO LOOP (NR) *HTS
* 1FP . INDICATOR FCR PRINTING (HTR) (0-NO»1-YES) *HTS

19
20
30

59
69
70
89

100
1190
120
139
140
159
169
170
180
190
200
210

230
240
250
260
270
280
290
309
310
320
33n

340

350
360
370
380
190
400
410
420
430
440
450
460
47n
480
490
500
519
520
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L IN©ICATOR FOR EPEATTED CALCSe OF FIRST 6 STREAMS
NH NOs+ OF RECORDS IN HTS

NOP NO. OF PLATFS, NIST. COL. (MAX, ALLOWED)

OAC AYTR-ALL CONDEJSER (IMAGINARY CONDe FIR MAT,BALGCALC,)
P PRESSURE(BAR)

PD PRESSe OF THE N1STe COL

PRSO2 PERCENT RECOVEY OF 502 IN THE. DIST. COLe

QR Q AVAILABLE (OR REQUIRED) FOR DISTe. REBOILER
QRFS Q FOR REBOILER COMINR FROM STEAM (HTHFL)

RCL REBOTLER~CONDENSER LOAD (HTHELY - (KJ/$S)

T TEANP S (K)

TMIN MINe ACHIVABLE T ANYWHERE IN THE SYSTEM
TRIMMER TRIMMER LOAD (HTS) - (KJ/S)

TwW MAYXe WALL TEMP, AS CALC. BY HTR

TWF TW AS CALCe 3Y HTR FOR F5 AS INPUT (ANR)
TWMAX MAXes PERMISSABLE WALL TEMP, AT THE ABSORBER
TWT TW AS CALCe BY HTR FOR T5 AS INPUT (NR)

T5 PERTUBED T{(5) (T6=T(6)+2.) (NR)

T6F T(6) AS CALCe 8Y HTR FOR F& AS INPUT (NR)}
T6T T(6) AS CALCe BRY HTR FOR T5 AS INPUT (NR)
VAPIL VAPORIZER LOAD (HTS) - (KJ/S)

XD SPECIFIED X2 AT THE DISTe COLe CONDENSER

X1 OXYGEN CONTENT (MOLE FRACTION)

X2 S02 CONTENT (MOLE FRe)

X3 SO03 CONTENT (MOLE FRe)

#HTS
#HTS
#HT S
*#HTS
*HTS
#HTS
EHTS
#HTS
*HTS
#HTS
*HTS
*HTS
#HTS
XHTS
#HTS
®HTS
*HTS
*HTS
#HTS
HTS
#HTS
*HTS
*¥HTS
#HT S
*HTS

************************i**********************************************HTS

COMMON/HTV/DTNS56+EPSTS s TWMAX PDsPRSO2+sXD9sEPSF5 9 NHsNOP

COMMON /LAHTV/BFWCTsTMIN

COMMON/STREAM/F(60)sP(60)sT(60)9sHIE0)9X1(6D)9X2(60)sX3(60)

COMMON/HTHEL/C1LsVAP1LoHEILsRCLsBFWHLs TRIMMERYQRFS
DATA L/CQ/

PRINT 1

NEWTON=-RAPHSON TECH. IS US.D IN SEARCH FOR F(5) AND T(5).
SUPPRESS TABLE PRINTING BY HTR ROUTINE AND THE DIST, ROUTINE

1FP=0

2 DO 6uU I=1,1¢
F5=F(5)+045
T5=T{5)+2,

*#HTS
HTS
HTS
HTS
HTS
HTS

*HTS
HTS

*HTS

*HTS
HTS

*#HTS
HTS
HTS
HTS

CALL HTR(F(5)9T(5)99(5)~X2(5)sF(6)vT(6)¢P(6);X1(6)9X2(6)?X3(6)’FC’HTS

1TWLIFP) :

HTS

CALL HTR(FS5s T(5)1P(5)¢X2(5)1F(6)9f6F, Ple)osX1(6)9X2(6)3X3{6)sFCHHTS

1TWF s IFP)

HTS

CALL HTR(F(5)sT5s P(5),X2(5)sF(6)9T6Ts Pl6)sX1(6)19X2(6)9X3(6)sFCsHTS

1TWT s IFP)
FF=TW=-TwWMAX
FT=T{6)=T{5)-DTD56
A= (TWF=-TW) /(5
3=(TWT-TW) /2.
C=(TE6F=-T(61)1/( 5
D=(T6T-T(6))/2e~10
DET=A%¥D~B*C
DF8={(FF*¥D-FT#3)/DET
DTS=(FT*A-FF*C)/DET
F{5)=F{5)-DF5

HTS
HTS
HTS
HTS
HTS
HT.S
HTS
HTS
HTS
HTS
HTS

537
540
550
560
579
589
590
600
617
63N
547
650
669
670
689
690
700
710
720
730
740
759
760
770
780

. 790

890
810
820
830
840
850
862
870
8380
890
9900
910
920
930
940
950
969
970
980
999
1009
1012
10260
1030
1040
1359
1060
1079
1080
1090
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T(8)=T(5)=-"T5 HTS

PRINT £33sDF5,0T5 HTS
IF(ABSIDFS)~EPSF5)61961460 : HTS

61 IF(ABSIDT3)~EPST5)6296216% HTS

60 CONTINUE : ATS
#IF LOOP CO¥PLEETED NO CONVSRGENCE ACHIEVEDs PRINT MESSAGE. *HTS
PRINT 64 HTS
*UPDATE FNOR FINAL F(5) AND T(8) *HTS
62 CALL HTRIE(5)sTI5)sP(8)4X2(5)sF{6)sTI6)sPIE)sX1I6)9X2(613X3(6)sFCHHTS
1TWs IFP) HTS
X3(5)=1e~X2(5) HTS
X3(18)=14~X"(18) HTS

CALL ENTR2((619X2(6)9sX316)sHIE)) HTS

#OVER ALL MAT. BAls TO CORREC® FOR X2(5)e NOTE THAT T(16)=T(14)=TMIN  *HTS
#ARE NOT THE FINAL RESULTS FOR THESE STREAMS. #HTS
T(14)=THIN . HTS

CALL CLRI{691491650A0) : HTS
F(17)=F(16)%X2(16)*PR307/XD HTS
X2(17)=XD HTS
Fl18)=F(16)~F(17) HTS
X2(18)=(F(16)1%X2(16)~F(_ T7Y*X2(17})/F(18) HTS
FI1)=F(5)~F(18) HTS
Fi2)=F(8) HTS
P(2)=P(5) - HTS
X1(2)=0C, HTS
X2(2)1=(F(11#X2(1)+F(18)*X2(18))/F (2} _ HTS
X3(2)=1+0-X2(2) HTS
IF(LsEQe11GO TO 7 HTS
ABSDX2=ABS{X2(2)-X2(5}) HTS
IF(ABSDX2-041#X2(2))1 7978 HTS

8 X2(5)=X2(2) HTS

L=1 . HTS

60 TO 2 , HTS

7 HI2)=(FI1Y*H(1)+F(18)%H(18))/F(2) HTS
*FIND T(2)e FIRST GUESS FOR T(2) IS (T(1)1+T(18))/2 #HTS
: T(2)=(T(1)+T(18)) /2 HTS
CALL FINDT(1s2) HTS
*#PASSING THIS POINT IT IS ASSUMED THAT F(2) 15 KNOWNCUPDATE FOR F(3) *HTS
CALL RECOPY{253) HTS
#COND=~1 HEATS SO3 STREAM TO ITS BOILING PT, T(3)=T(4)«FIND 1IT *HTS
CALL RPTRIP(3)sX2(2)5T(3)) HTS
*ENTHALPY CHANGE BETWEEN h(2) AND H(3) EQUAL TO COND=-1 HEAT LOAD (C1L) *HTS
CALL FNTRL(TI(3)sX2(3),H(2)) HTS
ClL={(H(3)-HI2) )1 *F(3) _ HTS
#UPDATE FOR F(4) *HTS
CALLRECOPY(3s4) HTS
#VAPORTIZER(VAP=1)LOAD IS CALCe FROM LATENT HEAT QR ENTHALPY CHANGE AT T4HTS
CALL ENTR2(T(4)sX2(4)9X3(4)sH(4)) HTS

VAP IL=(H{4)=H({3) ) *F(4) ) HTS
*UPDATFE FOR F(5) (ALL.IS KNOWN 8BUT THERE MAY BE SOME SMALL DIFFERFNCFS*HTS
F(5)=F(4) HTS
D(5)1=P(4) HTS
X115)=X1{4} HTS
X2(5)=X21(4) _ HTS
X3(5)=X3(4) HTS

*HEAT LDAD AND TEMPS. OF HE-) ARE FOUND WITH THE AID OF THE HIGH TEMPe *HTS
*#REACTOR (HTR) ROUTINE RESULTS, *#HTS

11979
1110
1120
1130
1140
1150
1169
1170
1189
1192
1209
1210
1220
1230
1242
1250
1260
1270
1289
1290
1300
13190
1320
1330
1340
13580
1360
1370
1380
1390
1400
1410
1420
1430
1449
14590
1460
1479
1480
1490
1500
1510
1520
1530
15490
1550
1562
1570
1580
159n
1600
1610
1620
1630
1640
1650
1660
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FALL FNTR2(T(5)9XZ(E)sX2(5)sHI5)) 4TS
HELL=(H{5)-H{4) ) *¥F (5} HTS

# CALC. CONDITIONS (TsH) OF F7e FL6) *¥HTS
#X1(6)sX2(6)5X3(6)sP(6) WILL ”F GIVEN BY HTR *4TS
#UPDATE FOR STREAM F7, FIND T7 3Y FQUATING HEIL TO H7-H6.FIRST GUESS *HTS
#FCR T7 1S T(4)+DTDS6 *HTS
~ALL RFZOPY(6s7) HTS
H(7)=H{6)=HETL/F{T) HTS
T(7)1=T(4)}+DTN56 HTq

CALL FINDT(2:7) HTS
#CONTINUE HERE IF T7 CONVERGED OR ASSUME TO CONVERGED. *HTS
¥ENTERING CONDENSATION ZOMEs 'START WITH COND-1e. KNOWING C1LsCALC. T(8) *HTS
CALL CTR(79859,C1L) HTS
*KNOWING CONDITIONS OF F8 REBOILLER CALCS. ARE MADF4ASSUME T10=T18+10C *HTS
TI10)1=T(18)+10, HTS
CALLTLR(8,10,11,RAL) HTS
*KNOWING CONDITIONS OF F10, BFY HEATE IS CALCe ASSeT12=T(STEAM COND)+10%HTS
T(12)=0FACT+1C, HTS

CALL CLR(10512513»BFWiAL) HTS
#TRIMMER CALCULATIONS #HTS
CALL CLR(12+144515,TRIMMER) HTS
P{16)=P(15) . HTS
#CALCWDISTILLATION FESD CONNITIONSs14Fe F16=F9+F11+F13+F15 #HTS
FL16)=F(9)1+I"(11)+F (12145 15) HTS
X1(16)=0, HTS
X2(16)=(F(9Y#X2(9)+F(11)%X2(11)+F(13)1%X2(12)+F(15)#X2(15))/F(16) HTS
X3(16)=1e=-X2(16) HTS
HU16)=(FI9)*HI9)+F (111 {(11)+F(13)¥H(13)+F(15)*¥H{15))/F(16) HTS
#*FIRST GUESS OF T16 WAS SET=TIIN +NEWTON RAPHSON TECHe IS USED, *HTS
CALL FINDT(1,16) HTS

#FIND DISTILLATION COL PRESURE (CORESPONDING TO TMIN AT THE DIST. *HTS
#CONDENSERS)IFIRST ASSUME PD AS READ AT THE DATA INPUT,. #HTS
N0 14 1=1510 . HTS
IF(PD)18518519 HTS

18 PD=1e HTS

_ GO TO 20 HTS
19 IF(PD=504)20520921 HTS

21 PD=50, HTS

20 CALL BPTR(PDsXDsTD1) HTS
CALL BPTR(PD+0,19X)sTD2) HTS
FOP=TD1-TMIN HTS
DFDP=10e*(TD2-TD1) HTS
PD=PD-FOP/DFDP ' HTS
IF(ABS(FOP/DFDP).LE«0+1)GO TO 16 HTS

14 CONTINUE : HTS
PRINT 15sPDsTD1 HTS

15 FORMAT(3Xs*NO CONVe ON PD, PD=%#,F6,393Xs*TEMP, AT CONDe IS5=#4F5,1)HTS
#CALL THE DISTILLATINAN RAUTINE #HTS
16 QR=RCL HTS
CALL DISTUF(16)sT(16)sP(16)sHI16)3X2(16)9QRs XDsPDsPRSO2,NOP»F(17)IHTS
ToTC17)sPl17)aHIT17)YsR2(017)9F(18)9T(18)sP(18)sH(18)sX2(18),1FP) HTS

#1F EXCESS HEAT IS AVAILABLE AT RCL PUSH IT DOWN TO BFW. : *HTS
QRFS$S=QR-RCL : HTS
IF(QRFS) 35454 HTS

3 BFWHL=RFWHL~QRFS HTS
QRFS=0, HTS

*ADJUST FOR MISSING VARIABL<S *¥HTS

1670
1680
1690
1700
1719
1720
1779
1740
1751
1769
1770
1789
1790
1800
1810
182
1830
1840
1850
1860
1871
1880
1890
1209
191A
1029
1930
1940
1959
1960
1970
198n
1990
2000
2019
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2139
2140
2150
2160
2170
2180
2190
2200
221n
2220
2230
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4 X1(17)=9. : HTS 22490
X1(18)=0. HTS 2250
X3(17)¥=1e=X2(17} HTS 2260
X3(18)1=1,~-X2118) : HTS 2270

#PASSING THIS PTe IT IS ASSUMED THAT ALL THE PROGRAM IS COMPLETED. *#HTS 2289
#CHECK X2(2)9AGAINSTO SEF IF IQUAL TO X2(5)e PRINT 80TH X2(2)9sX21(5) *HTS 2299
Fl1y=F{2)-F(18) HTS 2302

X221 =(F(1)7X2(1)+F{18)%X2(18))/F(2) HTS 2310
X3(2)1=1eU-X2(2) HTS 2320

PRINT 389X2(2}sX2(5) HTS 2330

#IF THERE 1S NO MATCH IN X2(2) AND X2(5) IT SOULD BE RECTIFIED AT 2ND PSHTS 2340
PRINT 39 HTS 2350

1 FORMAT(/3Xs¥HTS RCJUTINE*) ’ HTS 2360

38 FORMAT(/3Xs*OVFRALL MAT. BALe RESULTS IN X2(2) OF=%*3F6e493Xs HTS 237N
1#COMPARE TO ASSUMED=S *3F6449*#HTS ROQUTINE®) HTS 23890

39 FORMAT(/3X9s#END OF HTS RTNs*) HTS 2390

63 FORMAT(/3Xs*CONVERGENCE ON F(5) AND T(5)= DF5=%3E11e493Xs4HDT5=4E1IHTS 2400
11e49*HTS ROUTINE*) HTS 2410

64 FURMAT(/3Xs*NO CONVERGENCE ON F(5) AND T(5) AT HTS ROUTINE.*) HTS 2420
RETURN HTS 2430

£ND ) . HTS 2440
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SURROUTINE LTS LTs
***************%*%**********************#****#***********%**************LTS
* UPDATED 2/28/78 ¥LTS
* LTS = LOW TI'MPe SIDEs MATERIAL AND FENERGY BALANCES. #LTS
* ®#LTS

MR H RN R IR H T R AR RH RN DR HEH R R R AR R E RN HR LR RH R R E R AR R AR RAAR R R RHL TS
#ROUTINE IS CALLED BRY MEBP. -COMUNICATION 1S5 DONE THROUGH COMMON BLOCKS.*LTS
* ROUTINE CALC. M/TERIAL AND .INERGY BALANCES FOR THE LOW TEMP. SIDE. *#LTS

* SCHEME INCLUDFS GAS TURBINF FOR THE EXT7A5S905 6F 62 16U33FT TEMP., - *LTg
#T24 1S SPECIFIED), ’ ¥LTS
#REACTOR INLET TEMPs T27=IGNI;ION TEMPs 1S SPECIFIED, ¥LTS
¥REACTOR ROUTINE CALCS. QAAN = Q TO STEAM AT NIGHT AND THE FINAL CONVER-LTS
¥SION =~ FCe REX CALCSe THE COIDITIONS OF STREAM 28, #LTS
* *#LTS
#THE FOLLOWING SUEROUTINES ARE BEING USED= #LTS
#CLRINTsNGsNL»CL ) ~CONDENSFR LOAD CLs FOR INCOMING GAS STRFAM NI AND ¥LTS
* OUTGOING GAS ¢ TREAM NG AND LIQs STREAM NLo *L.TS
HCTRINI sNGsNL9CL)-CONDENSER EXIT STREAMSINGsNL)TEMP, FCR GIVEN LOAD~CL ¥LTsS
*DHR(T)=-HEAT OF REACTION AS FUNCTION OF TEMP, T #LTS
#ENTR2(TsX29X3sHGI-ENTHALPY CALCSe FOR 02-502-503 GAS MIXeAT TsX29X3 #L.TS
#FINDTI(NSsNF)I-FIND TEMP, OF STREAM NFe NS=STREAM STATE=1-LI1Qe 2-GAS *#LTS
#LTR(IXsQsN=INsN-OUTsN-COLD}) LOW TFMP, REACTOR ROUTINF, (N=STREAM NO,) *LTS
¥RECOPY(TINsIOUT)=COPY RECCRD NOW»~IIN INTO RECORD NO.~ICUT #L TG
* ®LTS
#NOMENCLATURE= (SEE PROCESS SCHEMES FOR DETAILS) #LTS
#COMMON BLOCKS MAMES= ¥LTS
* LAHTV LOW AND HIGH TEMP, VARIABLES #LTS
* LTV LOW TEMP, VARIABLES #LTS
¥* LTHEL LOW TEMPe HEAT-EXCHANGERS LOADS *LTS
* NWHRK NIGHT WORK #LTS
* STREAM STREAM RECURDS NAME (FePsTsHoX19X29X3) *#.TS
#VARTABLES= *#.TS
* BFWCT BOILER FEFD WATER CONNENSFR TEMP,. (K) *#.TS
#* BFWL ROILER FEEC WATER HEAT LOAD - LTS =~ (KJ/$S) #LTS
* C TOTAL CONVERSINN FOR THE LTR SYSTEM #LTS
* cMBC COMBINED CQNDENSER HE2+RECUP *TS
* DHRA DHR AT AVERARE TEMP. OF REACTOR OPERATION *LTS
*® DT TEMP. DEVIATION OF STRFAM J-2 FROM 693K *LTS
#* c FLOW(KMOL/SF )Y #LTS
* GTW GAS TURBINE WORK (NWORK) = (KJ/S) *LTS
* H FNTHALPY s (KJ/KMOL) #.TS
® HE2L HEAT EXCHRe 2 LOAD (LTHEL) -~ (KJ/S) *LTS
* 1 INFEX IN VARIOYS DO LOOPS ¥.TS
#* J DE®INED AS (50-2%1) IN LTR%S DO LOOP *¥LTS
* N NO+OF STREAMS ' *#.TS
* P PRESSURFE (RAR) %L TS
* Q ARTAY FOR HEAT AVAILABLE AT REACTORS HEAT-EXCHANGFRS ®LTS
* QAAN Q AVAILABLE AT NIGHT (NWORK) ~ (KJ/S) *L TS
* QRF S Q FOR REBOILER COMINR FROM STEAM (HTHEL) - (KJ/<) *#LTS
# RECUPL RECUPERATOR LO4D (LTHEL) - (KJ/3$) *#LTS
* T TEMD, (K) ¥LTS
#* TMIN MINe ACHIVEABL I T ANYWHERE IN THE SYSTEM : *#LTS

170
181
190
209
210
229
230
240
251
260
270
280
29n
109
319
320
331
349
150
369
370
380
395
400
410
429
430
440
450
460
470
481
490
500
51n
520
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* TRIML TRIMMFR LOAD-{LTS) ~ (KJ/S) *LTS
* T24 SPECIFIED T(24) FOR LTS - (K) *LTS
* T27 SPFCIFIED RFACTOR IGNITION TEMP, FOR LTS =~ (X) *LTS
* VAPL VAPORIZER LOAD (LTS) ~ (KJ/S) *LTS
* X ARRAY FOR CONVFRSIONS AT THE LTRSS *LTS
* X1 OXYGEN CONTENT (MOLE FRACTION) *LTS
* X2 S02 CONTENT (MOLE FR,) #.TS
* X3 S03 CONTENT (MOLE FRa) *#LTS
3 3T I I W I NN I IR I MM T IE I I B U 3 I I I 6 U IR NN NEN| TS
* *LTS
FOMMON/STREAM/F{60)sP{AD)sTIEN)sHIBO) s XT1(RN)sX2(60) e X2 (AN) LTS
COMMON/ZLTV/NsT249T27+Q(5)9sX(5)sC LTS
COMMON /LAHTV/BFWCT+TMIN . LTS
CCMMON/LTHEL/RECUPL s VAPL s SFWL s TRIMLsHE2L LTS
COMMON/NWORK/QAANGTW LTS
* *TS
ORINT 6 _ LTS
* STREAM 24 = STREAN 23 €XCEPT FOR T AND H *LTS
CALL RECOPY(23,24) LTS
T(24)=T24 LTS
CALL ENTR2(™(24)9X2024)4X3(24)9H(24)) LTS
#CALC, FROM TURBIME EXPANSION FORMULA THE CONDITIONS FOR STREAM - 40, *LTS
CALL RECOPY(24+40) LTS
P(40)=P(21) LTS
T(a0)=T(24) (F(24)/P (40 ) #%( 004/ ) e4) LTS
CALL ENTR2(T(40)9X2(401,X3(40)sH(40)) LTS
#CALCe HEAT LOADS OF HE2 FOR THE ASSUMED T(24) AND T(40) *LTS
HE2L=F{24)%#(H(24)-H(23)) ’ LTS
#CALCo STREAM 22.(EQe TO 21 EXCEPT FOR H)e *#LTS
CALL RECOPY(21522) LTS
CALL ENTR2(T{22)sX2(22)9X3(22)sH(22)) LTS
VAPL=(H(22)-H{21))#F(22) LTS
#CALCos STREAM 25, FIRST GUESS FOR T{25) IS T(22) *LTS
F(25)=F(22)+F(34) LTS
P{25)=P(22) LTS
X1(25)1=(X1{22)%F (22)+X1(34)%F(34))/F(25) LTS
X2(251=(X2(22)%#F (22)4X2(34)%#F(34))/F(25) LTS .
X3(25)1=1e~X1(25)=X2(25) LTS
H(25)={H(22)#F (22)+H(34)#F (34) ) /F(25) LTS
T(251=T(22) LTS
CALL FINDT(2,25) LTS
#CALCe STREAM 26+ FIRST GUESS FOR T(26) 1S(T(25)4T(40))/2. *LTS
T(26)=(T(25)+T(40)) /2. ’ LTS
F(26)=F(25)+F(40) LTS
P(26)=P(25) LTS
X1(26)1=(X1(25)#F(25)+X1(4Q)*F(40))/F(26) LTS
X2(26)1=(X2(25)%F(25)+X2(40)%F(40))/F(26) LTS
X3(26)1=1¢~X1(26)=X2(26) LTS
H{26)=(H(25)#F (25)+A(40)#F (40))/F(26) LTS
CALL FINDT(2+26) LTS
#CALC, STREAM 27, (EQUAL TO STREAM 26 EXCEPT FOR T), #LTS
CALL RECOPY (26427} LTS
T(27)=727 LTS
CALL ENTR2(T(27)sX2(27)4X3(27)sH(27)) LTS
RECUPL=F (27 1% (H(2T)-H(26)) LTS
#INITIATE(ZERO) REACTORS RECORDS AND HeEoeS LOADS (Q). #.TS
DO 7 1=51460 LTS

530
540
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570
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/20
640
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660
670
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720
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740
750
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780
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880
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7 CALL RECOPY(45,51)
DO 8 I=145
8 Q(I})=Co
*¥CALL LTR TO CALC. ALL LOW TEMP. REACTORS
CALL RECOPY(27+s50) L ‘
DO 1 I=1,5
J=50+2#%1 ,
CALL LTRIX(INI9QUI)sJ=29U-14J)
TF(T(J=11-T773,)251053
2 NDT=(T773e=T(J=1)1)%(T{J=3)=6934)/(T(J=3)=T(J-1}))
T(J=2)=2693+DT ‘
CALL ENTR2(T(J=2)5X2(J=2)9X3(J=2)sH{J=-2})
QUI-1)=F(J=2)1%(H(J=3)~H(J=-2))
CALL LTRIX{1)sQ(T)9J=25J=1sJ})
10 Q(Y)=ﬁo
CALL 'RECOPY(455J)
CALL RECOPY(J-1560)
GO TO &
3 IF(14LTe5)1G0 TO 1
T(601=773 .
CALL ENTR2(T77349X2{60)9X3(6U)sH(60))
Q{1)1=F(60)#(H(59)-H{60))
1 CONTINUE
#GET STREAM 28 AND QAAN FROM REACTOR ROUTINE,
4 QAAN=0,
DO 11 I=1,5
11 OAAN=QAAN+Q(T)
#FINAL CONVERSION CALCULATIUNS
Cm(X2(50)=X2(60))/X2{50)/(1.-X2(60)/24}
#UPDATE REACTOR SYSTEM QUTPUT STREAM NO.28
CALL RECOPY(60,28)
#CALCs STREAMS 37 AND 38, F WILL BF LATER UPDATED.
CALL RECOPY!28537)
CALL RECOPY’28438)
CMBC=HE2L+RECUPL
CALL CTR(28929,435CMBC)
F(37)=F(28)*HE2L/CMBC
F(38)=F(28)-F(3T)
#RECALCs HE2 AS A CONDENSER STANDING BY ITSELF.
CALL CTR(37s41s42sHE2L)
#CALC» STREAMS 29 AND 43,
CALL CTR(38929,43sRECUP_)

#CALC. STREAM 39, FIRST GUESS FOR T(39) IS (T(29)+T(4l))/2,

F(39)=F(41)4F(29)
P{39)=P(29) '
X1(39)=(X1(29}#F(29)+X1(41)%¥F(41))/F(39)
X2(39)=(X2(29)V#F (29)+X2(41)#F(41))/F(39)
X3(39)=1.-X11(39)=X2(39)
H(39)=(H{29)#F (29} +H(41)*F (41))/F(39)
T‘39)=(T(29)+T(41))/2.
CALL FINDT(2+39)

#CALCe STREAMS 30 AND 31,
CALL CTR(399304314VAPL)

#CALCoe STREAMS 32 AND 33
T(32)=BFWCT+10,
CALL CLR(30+325234BFWL)

#CALCoe STREAMS 34435,

LTS
LTS
LTS
*LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LYS
LTS
LTS
LTS
LTS
LTS
LTS
®#LTS
LTS
LTS
LTS
*LTS
LTS
#LTS
LTS
#LTS
LTS
LTS
LTS
LTS
LTS
LTS
#LTS
LTS

®LTS

LTS
*LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
LTS
*LTS
LTS
¥LTS
LTS
LTS
*¥LTS

1109
1110
1129
1130
1140
1150
1160
1172
1180
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1210
1220
1230
1240
1250
1260
1270
12890
12990
1300
1310
1320
1330
1340
1350
1369
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
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1500
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1580
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1600
1610
1620
1630
1640
1650
1660
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T(34)=THIN LTS

CALL CLR(32534535,TRI.IL} v LTS
#CALC, STREAM 36e FIRST GUESS FOR T(36) IS (T(31)1+T(33)1/2. LTS
D(34)=P(25) LTS
F(26)=F(311+F(33)+F{35)+F (42)+F(43) LTS
X10361=0, LTS
X2036)=(F (3 )%X2(31)1+F(12)%#X2(33)+F (35)%X2(35)+F(42)%X2(42)+F (43)*#LTS
1X2(43))1/F(3¢) LTS
X3{36)=1.~-X21(26) . LTS
H36)=(F(A1 #h (21 )4+F (391 %H(33)+F (35 ) ¥H(25)+F (42) ¥ H {42V +F (43 ) ¥H(43)ILTS

1) /F{36) LTS
T(361=(T(311+T(33))/2e LTS

CALL FINDT(1936) Lts
*CALCe GAS TURBINE WORK. *LTS
GTW=(H(24)=H{4N) ) #F(24) LTS
PRINT 5 _ LTS

5 FORMAT(/3Xs*END OF LTS RTNe#*) LTS

6 FORMAT{/3X»*LTS ROUTINE¥) LTS
RETURN LTS

END LTS

L1679
1680
1690
1700
1710
1720
1730
1740
1759
1769
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860



126

SUBROQUTINE HTR(F53sT5sP5sX259F63T63P6sX169X269X369FCrTWMsIFP) HTR
AN IR I IR I IR R IR NN R RN ERERYTR
* #HTR
* HTR — CENTRAL RFECFIVER (HEATER-RFACTOR) ROUTINE #HTR
* ’ #HTR

S H M IR SR R R R PR R IR AR RO RN E RN R R AR I TR
*HIGH TEMP. RECSIVER-REAZTCR ROUTINE 1S CALLED BY ¥HTRIF59T5:P5+sX255F69s#*HTR
*#T6IP6EIX1635X269X369FCoTWMoTZP) FROM HTSe (5-FOR IP STREAMs6—-FOR QUTPUT #*HTR
#*STREAMyFC—FINAL CONVERSIUNs TWM-4AXoWALL TEMPe s IFP-INDICATOR FOR-PRINT)IHTR
*THE DESIGN IS BASED ON THC BOEING RECEIVER FOR HFLIUM (#CLOSED CYCLE *HTR

#HIGH TEMPo. CENTRAL RECEIVFR CONCEPT FOR SOLAR ELECTRIC POWER#* EPRI - #HTR
#SY 32 INTERIM REPORTsFEBei1976.PRZPASED BY BOEING ENGe+CONSTRUCTION COe*HTR
*PROGMANAGFR JoR.GINTZ) *HTR

#THE BASIC DESIGN INCLUDES 5600 TUBES 19 METER LONG MADE OF HAYNES 188#HTR
*THE PROGRAM ASSUMES ONf SINCGLE SOURCE TEMPe SEEN BY ALL TUBES AND IDE-*HTR
¥*NTICAL TEMP.—CONVERSION PROI'TLE IN ALL TUBES. TUBES ARE ASSUMED TO BE #*HTR
#*COATED BY FE293 CATALYST FOK THE DISSCCIATION REACTION OF SO3e MASS TR#HTR
*ANSFER COEFFe KG AND HEAT TRANSFER COEFF. H ARZ ASSUMED FUNCTIONS OF THHTR
¥MASS VELOCITYs AND PRESSURE. CPs DHR (DFLTA HEAT OF REACTION), ¥HTR
#*AND XKP ARE CONSIDFRED TO BE FUNCTION OF TEMP.(KP(T) IS TAKEN FR3Y Ga #HTR
¥NICKLESS *¥INORGANIZ SULPHUR CHEMISTRY* ELSFVIER.1968 P,546 CP(T) ANY *¥HTR
#DHR(T) ARE EXTERN; L FUNCTION) *HTR
#IT IS ASSUMED THAT THE RECEIVRR ABSORSBED 230 MWT. T-SOURCE AND THE *HTR
*TEMPe PROFILE IN /ND OQUTSIDE “HE TUBE AS WELL AS THE CONVERSION CF SO3#HTR
*ARE DETERMINED BY VEWTON-RAPHSON ITERATION TECHNIQUE TO PROVIDE FOR *¥HTR
#THE ABOVE MENTIONED 230MWT ABSORBED.(SEE PROGRAYM FLOWSHEET FOR DETAILSIHTR

#* #HTR
*EXTERNAL SUBROUTINES USED=CPsDHRs TRKP #¥HTR
* : #HTR
#*NOMENCLATURE= #HTR
* . *HTR
* A PARTIAL VALUE OF EXPONENT USED IN DERIVING TR *#HTR
* C CALCULATED BULX CONVERSION #HTR
* D NO«OF MOLES DIFFUSED TO REACTION ZONE #HTR
#* DEN DENGCMINATOR FOR MOLE FRC CALCSC #HTR
#* DF DIFFe BETWIEN F2 AND F1 - PARTIAL VALUF IN FQUATING HEATHHTR
#* DIFF DIFFERENCE BETWESEN HEAT DELIVERED AND CALCe HEAT ABSORPD¥HTR
* DN D *#HTR
#* DT INCREMENT IN SEARCH FOR SOURCE TFMP, T *HTR
¥* DTwW DELTA TW (NR CORVERGING ON TW) #HTR
#* DX DELTA X (NR CONVERGING ON X) ¥HTR
* DZ DELTA Z #¥HTR
* EXOA EXPONENT NF A *HTR
* cC FINAL CONVERSION ®#HTR
#* FTW FUNCTION FOR TW (D.FF.IN HFAT GIVEN AND HEAT A3SDORRBED) #HTR
#* Fl FUNCTION IN NR SCH:IME TO CONVERGE ON TQA #HTR
#* F2 FUNCTION IN NR SCHEME TO CONVERGE ON TQA ¥HTR
* F5 STREAM INPUYT (XKMCLZ/S) *¥HTR
* Fé STREAM QUTPJUT(KMOL/S3) #HTR
* G MASS FLOW PFR UNIT CROSS-SEC.OF TURZ, *HTR
* H HEAT TRe COLFF, H#HTR
* 1 RUNING INDEX POINTING AT A PARTICULAR SECTION IN Tuz® #HTR
* 1FP TNNTZATOR FOR PRINTING (1-PRINTSO-NDONT) FHTR
* J RUNING INNFEX IN DO LOOPS 7427 #HTR

2560
277
280
290
20N
310
320
330
340
350
360
370
181
390
400
410
420
430
440
450
4h7
473
480
499
5900
510
523
524

541
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* J1 INDEX USED I1 N7 SCHEME TO INDICATE FIRST OR SECOND CALCHHTR
#* K TUBE METAL CONDUCTIVITY *HTR
* KG MASS TRe COEFFe *#HTR
* L LENGTH OF TUBE (METER) #HTR
# LON NOo OF ITERATION IN DO LOO® 5 #HTR
# A RUNING INDEX IN DO LOOP 20 *HTR
* Yy M1arDSITY OF THE STREAM (LCP) HTR
#* N RUNING INDEX IN DO LOOP =~5 *HTR
#* NO NOS+1 INDEX USEZD TO PREPARE OQUTPUT STREAM (LAST SECTION)*HTR
#* NOS NOe OF SECTIONS IN TURE *HTR
#* NOT NUMEZR OF TUJES IN THE REACTOR HTR
#* P TOTAL PRESSURE IN RECEIVER TUBES *HTR
¥* 0 PAT 3¢l . *#HTR
* 5o ~AS ALK PRFSSIIRFE ARRAYV *¥TR
* PS PARTIAL PRESSURE OF S02 CONVERTED *#HTR
#* PS INPUT STREAYM PRESSURF *#HTR
* P& QUTPUT STREAM PRESSURE *#HTR
* 8] HEAT DELIVERED FROM RADIATING SOURCE *HTR
* QR HEAT ABSORBED 8Y RIACTION *HTR
* QS SENSIBLE HEAT ABSCRRFED 8Y GAS *HTR
# REF REYNOLDS NUMBER FA TOR (DIMENSIONLESS) HTR
#* RFY CONST, USFD IN CAL:IS. OF Y3$S (RATIO FOR Yy, *HTR
* RKP RFEACTICN XP AS FUNCTION OF TS. *HTR
* SIGMA STEFAN BOLTZ*ANN CONST, #HTR
#* STHABG SUM OF TOTAL HEAT ABSORBED BY GAS *HTR
* SUA SURFACE UNIT AREA (PAI*TID#DZ) CONSTes USED IN CALCe Q%S *HTR
* T SOURCE TEMP. (RADIATING SOURCE) *HTR
#* T8 BULK GAS TEMP, *HTR
* THABG TOTAL HEAT ABSORBED 8Y GAS ) #HTR
* TID TUSE INSIDE DIAMETER (METER) *HTR .
* TOA TOTAL Q AVAIL/BLE (MWT)-HEAT ABRSNRBED BY CENTRAL RECEIVERHTR
* TRKPX KP OF REACTION FOR A PARTICULAR VALUE OF Xe #HTR
* TS SURFACE TEMP. (INSIDZ TUBE WALL TEMPe.) *#HTR
#* TW EXTERNAL TUBE WALL TEMP. #HTR
#* TWM MAXe TUBE WALL TEMP, *HTR
* TWT TUBE WALL THICKNESS *HTR
% T4 #HTR
* 75 TEMFe OF INPUT STREAM *HTR
* T6 TEVF 4 DF OUTPUT STREAM *HTR
* W TOTEL MASS FLOW (MOLE/SFC) . *HTR
* X CONVERSION *HTR
#* X1 TEMP(RARY VALUE OF X IN NR SCHEME TO FIND IT. *HTR
#* X1lé MOLE FRe 02 IN F6 *HTR
#* X25 MOLE FRe 502 IN F5 *HTR
# X26 MOLF FR. S$02 IN F6 #HTR
#* X35 40LE FR, 303 1IN Fs : #HTR
#* YO?2 MOLE FR, 02 IN BULXK ¥HTR
# YS02 MOLF FRe $O2 IN BULK #HTR
* YSO3 MOLE FRe. S03 IN BULK #HTR
#* Z LENGTH OF TUJ3E AT SZCTION EBZING CALCe *HTR
***%*****%*%*************‘(‘*****%**********’k*%***«)(-*-;(--)(-*%******************HTR
#* #HTR
DIVMENSION TWO1CIO)sTSC120)oTBI100D)YsX(100)sYSO3(100)sYS02(102) HTR
DIMENSION YO2(10C)sPBI17D)sPS(100)9Q(10%)sQR(17D)QS5(100)+2(100) HTR
NIVENSION CLI27)s5 (1) HTR
REAL X sKGsL s TRKP MU HTR

* ' #HTR

670
ABN
690
700
7190
720
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740
750
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779
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800
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830
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L]
860
870
880
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930
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#PHYSTICAL DATA AND CONSTANTS. #HTR
INDATA Ko LoNOSsTIDs TWToX(1)sTW(1)sTQASLON/3D4 19,995 sHTR
10403790,008534198856922C,910C/ HTR

DATA NOT/RE00/ HTR
#CONSTANTS AND INITIAL CONDITIONS. #HTR
DATA SIGMASPATsYO2(1)/. 64488F-C8534141592904/ HTR
#CONSTANTS AND CONVERSION FACTORS #HTR
D2=L/NOS HTR
W=F5%3600, HTR
GSW/NDT/PAT/TID#®2%4, HTR
RFY=4%DZ2/G/V1ID HTR

P=p5 HTR
YS02(11=X25 HTR
SUA=PAI#TID¥DZ HTR
TB(1)=T5 HTR
PB(1)=P*¥YS02(1) HTR
¥YS03(1)=1.0-YS02(1) HTR
T=1200c HTR

F1=0. HTR

NN 20 ¥M=142N0 HTR

24 T4=THey HTR
1=1 HTR
STHABG=0. HTR

1 DO 5 N=1sLON HTR
Jl=1 HTR
*CALCULATE RADIATED HEAT PER UNIT AREA Q *HTR
6 QUI)I=SSIGMA¥(T4~TW(T)¥#¥%#4) HTR
#CALCULATE INSIDE TUBE WALL TEMPERATURE TS *¥HTR
TSI =TWIT)=Q( Iy *TwT /X HTR

#USE FIRST ESTIMATE OF X(I) FRO4 KNOWN APPROXIMATE FUNCTION OF TS(I). HTR
ITF{TS(I)6eGTel1204e0RaTS(I)a.Te880e) GO TO 79 HTR
IF(IeNEel) GO TO 79 HTR
X(1)1=6e83E-23%TS(])¥%7,152 . HTR

#CALCULATE HEAT ABSORBED BY RFACTION PER UNIT AREA GR=DHR*KG*(PS-PB) #HTR

#FIND PS FROM X VS TS DEPENDENCYs X IS FOUND BY TRIAL AND ERROR. #HTR

#REACTION CONSTANT=RKP #HTR

79 RKP=1C40%#%(44765~50244/TS(1)) HTR

DO 7 J=1+10 HTR
X1=X(I} HTR
TRKPX=TRKP{X1sPsY02(1)sYS02(1)sYS03(1)) HTR
X1=X{(1)+0,005 . HTR
DX=o0O05%¥ (TRKPX=~RKP)/(TPKP(X1sPsY02({1)YsYS02(1)sYS03(1})~-TRKPX) HTR
X(1)=X{I)-DX HTR
IF(X(I1eCGTele) X(I)=,999 HTR
1F(ABSI{DX)=0,0011848,47 HTR

7 CONTINUE HTR

* EQUILIBRIUM CONVFRSION FOR THIS SECTION IS FOUND #HTR
#CALCULATE PS OF S(2 ¥HTR
8 PS(I1)1=22e%#P#(%S502(1)+YSO3{1I*¥X(I))/(2+YS03(1)*X (1)) HTR
*CALCULATE HEAT AN[L MASS TRANSFER COEFFICIENTS FOR THIS SECTION. HTR
MU=2e46E~343,2F-5%TB(1]) HTR
REF=(4822#5G/M J)%#%,81 HTR
H=REF*MU¥*,782 HTR
KG=1e50E~6*REF #TB(]1)¥*%,81/P5 HTR
#CALCULATE DN PER UNIT AREA. DN=KG*(PS-PR) #HTR
D =KG#(PS({I)-PB(I)) HTR
*CALCULATE QR #HTR
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QRETI=DHRITS(1))*¥D
#CALCULATE SENSIRLE HEAT PER UNIT AREA QS=H®*(T5-TB)
QASIT)=H*#(TS(T)Y~TR(T))
X{I+1)y=X(1}
IF(Jl.GEs2) GO TO 11°
Jl=2
I1=1+1
DN=D

THII)=TW(I=-1)14+1,
TR(1)=T3(1-1)
PB({I11=P3(1-1)
YO2(13y=Y02(1-1)
YSO2(1)=YS02(1-1)
YS503(1)=YS03(1-1)
GO TO 6
11 1=1-1
ETW=Q(1)~-AR(I)~-QS(1)
STW=FTW/(Q(1+1)=-QR{I+1)1-QS(1+1)-FTW)
TW(T)=TW(TI)="TY
IF(ABS(DTW)I=2401)949+5
5 CONTINUE
*IF LOOP COMPLETTEL NO CONVERG"NCE ON TW IN LON STEPS,
PRINT 251sTsTa(I)sTS(I)
PRINT 35Q(I31:3R(1)535(1)
PRINT 4

HTR
#HTR

HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
HTR
#HTR
HTR
HTR
HTR

2 FCRMAT(/# DIDNT CONVERGe ON TWe I=%#s1492Xs#ToTWsTS=%93(F6e192X)s#HTR

1RESPECTIVFLY .8 )
.3 FORMAT(/2X9%¥Q9sQRsQSsTHABG=*94({F11a492X) s *¥RFESPECTIVELY™®)
4 FORMAT(/2X »*HOWEVER ASSUIED Tw 1S OK PROGRAM CONTINUE*)
*CALCULATE TOTAL HEAT ABSORBED BY GAS - THABG |
9 THARG=QR(1)+QS(1I)
#+ACCUMULATE HEAT ABSORBED 3Y GAS - STHABGG
STHABG=STHABG+THABG*¥SUA
# EVALUATE TR-H#{TS~TB)*PAI*TID*DZ=G*PAI*TID**#2/4%CP*DTB
# AFTER INTEGRATION THE A3CVE EQ, RESULTSS IN THE FOLLOWING
A=l o ¥H*DZ/ (G*TID)
EXPA=EXP(-A/CP(TB(I)sYO2(1)»YSO2(1)sYS03(I1))}
TRBII+1)=TSUI)={TS(I)-TB(I))*EXPA
#CALCULATE GAS BULK COMPOSITION
DEN=1.4DN¥RFY/ 2.
YSO3(1+1)=(YSO3(1)-DN¥RFY)/DEN
Y.502(T1+1)1={YSO2(1)+ON*#RFY)/DEN
YO2{T1+1)=1e=-YSO02(I+1)=-YS02(T1+])
#UPDATE ZsTWsPB
Z{1)=1%#DZ-
PBII+1)=YS02(I+1)%#pP
# CALCULATE BULX CONVERSIOM - C
ClIN=(1e=YSO3(I)/YS05(1))/(1e+YSO3(1)/24)
#UPDATE FOR NEXT SECTION AFTER CHECKING FOR COMPLETIONe IF DONE=PRINT
TFINOS-1)26+26+25
25 1=1+1
GO TO 1
#*ALL CALCULATIONS ARE COMPLETEDe PRINT RESULTS.
#CHANGE @ INTO ACCUMULATIVC FOWER A3SCRBED
26 QE1)=Q{1)*SYA
QR{1)1=QR{1)1%#SUA
QS5(1)=QS(1)Y%#5UA

HTR
HTR
HTR
*HTR
HTR
*HTR
HTR
#HTR
#HTR
HTR
HTR
HTR
#HTR
HTR
HTR
HTR
HTR
*HTR
HTR
HTR
*HTR
HTR
#HTR
HTR
HTR
HTR
#HTR
#HTR
HTR
HTR
HTR

1690
1709

1719
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1859
1860
1879
1880
1890
1900
1910
1920
1030
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
20492
2050
2060
2070
2080
2090
2109
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
22190
2220
2230
2240
2250
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NN 27 =240 S HTR 224"
QUII=Q(I)*SUA+Q(J-1) HTR 2270
QREJI=QRJ)I*SUA+QR(J-1) HTR 2282
QS{J)=QS(J)*SUA+QS(J=-1) HTR 2299

27 CONTINUE HTR 2309
STHABG=NOT#*1s1€3E-6*STHABG HTR 2310
DIFF=NOT#1,163E-6*Q(NOS)~STHABG HTR 2320
®*CHECK FOR DIFFERANCE BETWESN AVAILASLE Q (TQA) AND CALC. Q. *HTR 2330
#CHANGE SOURCE TEMP (T) ATZCORDINGLY. *HTR 2340
IF(F1)112513512 HTR 2357

13 F1=STHABG-TQA HTR 23690
TeTa2. _ HTR 2379

GO TO 24 HTR 2380

12 F2=STHABG-TQA HTR 2390
DF=(F2=-F1) /2. HTR 2400
NT=F2/DF HTR 2410
IF(F1%F2eLTo%e oANDe DFoLTe)e) DT==DT HTR 2427
T=T-DT HTR 2430
Fl=F2 HTR 2440
IF(ABS(F2)~-1e01)1051C 20 HTR 2450

20 CONTINUE HTR 2460
PRINT 80 HTR 2470

80 FORMAT(/3Xs*NO CONVEPGENCE ON TQA#*) HTR 2480
#ZERO IRRELEVANT VARIABLES AT THE TUBE END ¥HTR 2490
10 PS(I+1)=0, HTR 2500
TS(I+1)=0. HTR 2510
TWII+1)=0, HTR 2520
Z(1+1y=2(1) : HTR 2530
Q{I+1)=0, HTR 2540
QR{I+1)=0, HTR 2550
RS(I1+1)=0. ~ HTR 2850 -
X{I+1)=X{1) ) HTR 2570
CtI+1)=C(I) HTR 2580
NO=NOS+1 HTR 2590
¥SUPPRESS TABLE PRINTING IF 1Fr=0. #HTR 2600
IF(IFP.EQ.0) 5C TO 18 HTR 26190
PRINT 30 HTR 24620

30 FORMAT{(/10Xs*HIGH TEMP RrACTOR DESIGN-COMPUTATION RESULTS*/) HTR 2630
PRINT 31 HTR 2640

31 FORMAT(/8Xs3HNOSs8Xs1HLsOXs2HTWs9X92HTS»GXs2HTB»8Xs1HQ»9IX»2HQRy HTR 2657
1 9Xs2HQASs12Xs1HC»8X954HY~10396X s5HY=S02 57X s4HY-02/) HTR 2660
OPRINT 329(JsZ(J)sTWlJYsTo(J)sTBIJ)I»QUJ) sQRIJ)»QS(J)sClJ)sYSOI(J)sHTR 2670
1Y502(J)sY02(J)»J=1yNO) HTR 2680
PRINT 33sSTHABGsTsDIFF : HTR 26990

32 FORMAT(/T111+F1142s3F114193F116444F11672) HTR 2700
33UFORMAT(/10Xs*THERMAL POWER ABSORBED BY GAS-#sE11le4s*¥MW~THERMAL) HTR 2710
1 SOURCE TEMPe=#*3F54193H{K)9s2XsSHDIFF=3E10e4s2HMW) HTR 2720
PRINT 15s(Z2(J)sX{J)sJ=1sND) HTR 2730

15 FORMAT(/3XsF5023F11e4) HTR 2740
*SET OUTPUT VARIABLES FOR CALLING PROGRAM ¥HTR 2750
18 P6=P HTR 2760
FC=C{NOS) HTR 2770
FO6=F5#(1e+(1e—X25)%#FC/2,) HTR 27892
T6=TB(NO) HTR 2790
X16=Y02(NOS) HTR 2830
X26=YS02(NCS) . HTR 2812

X26=YSO2(NOS) . HTR 2821
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TAM=TW(NOS)
IF{IFPeEQsUIGO TO 14

PRINT 229F63T6sP69X163X269X369FCrTWM

22 FORMAT(/3X9*¥HTR RETURNS WITH= FL6)
1 X1(6) X21(6) X3(6) FC
14 RETURN
END

T(6) P(6)
TWM#*4/20X98F1143)

HTR
HTR

HTR
HTR
HTR
HTR
HTR

2830
2840

2850
2869
2870
2380
2890
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SUBROUTINE LTR(FC»QAANS TNy JsK) LTR
L R e Ny s e I e I Ly e T T T &)
* JUNE 191978 #LTR
* LTR - LOW TEMP. REACTOR *LTR
* *LTR

3 IS IS S F I SIS I I I AN NN AR R R EARERL TR

#CALCULATIONS ARE FOR ADIABATIC OXIDATION OF SO2 TO SO3 IN A REACTOR *LTR
*WICH REACHES EQUILISRIUM CONVERSION.I.Es RESULTS OF FC AND TEQ ARE #L.TR

#GIVEN FOR DATA FULFILING THE REACTION CONSTANT KP.EQUATION (REF, - #LTR
*NICLESS) *LTR
*********&**************i******************************&*l************%*LTR
COMMON/STREAM/F(60)sP(60)9T(60)sH(60)sX1(60)9X2(60)5X3(60) LTR
DIMENSION X(5)sDX(5)sTEQ(5)sHR(S)sHL(5) LTR
DATA EPSDT,DDX/16C1504001/ LTR
DATA RIGT/6934/ LTR
JIl=IN LTR
IF(X1(IN)=X2(IN)/2.)13513914 LTR

13 XM=24#X1(IN)/X2(IN)=-0,011 LTR
GO TO 23 LTR

14 XM=0,989 LTR
23 DO 24 I=1,5 LTR
FACTOR=0,15%1 LTR
X(T)=FACTOR*XM LTR

24 TEQ(1)=1000,-100,%] . LTR
DHR420=DHR(T(IN)) LTR
I=1 LTR
P(JY=P(IN) LTR
P(K)=P(IN) LTR
IFIX1(JI11))19,19420 LTR

20 IF(X2(JI1))19519,21 . LTR
19 PRINT 22sX1(JI1)eX2(JUI1)sX3(JI1)sJI1 LTR
22 FORMAT(3Xs%#NO MORE REACTANTSe X1=#43F50393Xs3HX2=sF56393X93HX3=9F5,LTR
1393X92HJ=my 124 #LTR#*) LTR
X(1)=0. LTR
CALL RECOPY!JI1sJ) LTR

GO TO & LTR

21 CONTINUE LTR
DO 26 I=1,5 LTR

DO 7 N=1,20 LTR
L=1 LTR

16 RKP=10e%##(5022+/TEQ{I)=4.765) LTR
DO 8 M=1510 ' LTR
XT=X(1) LTR
TRKPX=TKP(XToP(J)sX1(JI1)eX2(J11)9X3(JI1)) LTR
XT=X(1)+s01 LTR
TRKPY=TKPIXTsP{J)sX1(JI1)sX2(JI1)sX3(JI1)) LTR
DEN=TRKPY-TRKF X LTR
IF{DEN.EQe Do) GO TO 26 LTR
DXT=0,01%{ TRKPX-RKP) /DEN LTR
XEI)y=X(1)-DXT LTR
IF{ABS{DXT)=DDX)9+955 LTR

9 IFPNCM=0 LTR

250
260
270
280
290
300
31n
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
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Gn TO 11

TF(X(I)elBaT0e) X(1)1=D41%XT
IFIX{T)I-XM)8Bs646
X{I)=(XT=3eD14XM) /20
CONTINUE

*NO CONVFERGENCE MASSEGE

11

15

7
28
26
29

4

IFPNCM=1

IF(X{I)eGTale) GO TO
IF(TI«LTeS) GO TO 25
X(1)=0.

60 TO 2

TEIXATI=XM) 42,41

I€{1elTaB)G" TO 26

X{I)=XM

PRINT 10

FORMAT(3Xs*70C PeCoe CONVERSION IN LTR*)
DX(I)=X(I)
HR(T)=(DHR42D+DHRITEQ(TIV)) /2,
N=1e—X2(INI#X(T) /2,

FIJI=F(IN)#D

X110 = (XTI =X2 (INIEXL Y/ 26V /D

X201 =X2(IN)*(1e=X{1))/D
X3{J)=1le=X10J)=X2(D)

HIJ) = (46 2%DXIT)¥X2(JTII#HRITI+H(J TN I*F(JITL) /F ()
T(J)=TEQ(I)

CALL FINDT(ZsJ)

IF(LeEQe2) GO TO 15

FOT1=T(D)=-TEQ(T)

L=2
TEQ(I)=TEQ(I)+1s
GO TO 16 :

FDT2=T(N~-TEQ(I)
DT=FDT2/(FDT2~FDT1)

TEQ(IYy=TEQ(IV-DT

IF(ABS(DT)=EPSDT 144447

CONTINUE

PRINT 285TEQ(I)sDTsRKPsTRKPXsT(J)s!]

LTR
LTR
LTR
LTR
LTR
*LLTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR

FORMAT(3Xs*DIDNT CONVERGE ON TEQe TEQ=%#,F64133X93HDT=9F6e193X9s4HRKLTR

1P=9E124493Xs4HTRK=9E124493Xs%T(J)=*sFbe1s*¥LTR I=

CONTINUE

PRINT 293JsF{J)sPUJ)sTIJIsHII)IsX1(J)sX2(J)eX3(J)
FORMAT(3Xs#STREAM I=#s12+TE12.49%#COPY IN INTO J¥*)
CALL RECOPY({INsJ)

CALL RECOPY({J,sK)

T(K)=RIGT

CALL ENTR2(T{K)sX2(K)sX3(K)sH{K)}

YLD =F (L) #LH{J)~H(K))

QAAN=HL(T)

FC=X{(1)

IF(IFPNCMeFQe0) GO TO 12

PRINT 17+X(%)s DXToTEQUT)YsT(J)»IN

*912) LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR
LTR

17 FORMAT(/2X9s*NO CONVERGE ICF ON X=%9F10¢493Xs¥DXT=¥3F10,493Xs*TEQ=#4LTR
1E1De4s#T(J)r ¥9F6al93Xe# [ NPUT STREAM TO LTR IS %512} LTR

20

12

PRINT 3091 sMsTEQ(I)IRKPX{T)sTRKPX s TRKPYsDENSDXT
FORMAT(3Xs** N TEQ RIP X TRKPX TRKPY DEN
lets)

RETURN

END

LTR
DXT#*s/3Xs215s7E10LTR
LTR
LTR

LTR

530
540
567
560
570
580
590
600
610
622
530
640
650
660
670
680
690
700
710
720
Ak
749
750
760
770
780
790
800
810
820
830
840
850
860
870
880
.890
900
910
920
930
940
950
360
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
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SUBROUTINE DISTI(FsTF sPFsHF oXrsQReXDsPosPRSO2oNeDsTMe PDoHLMs  YMs DIST

1 BoTBsPBoHBIXBIFP) DISY
BRR R RN RN AR AE A SRR R B AR IR R RN AR R AROOROERRNORARRRDBBNA DRI IR RANBNRRNARAHD]ST
# aplIsT
* UPDATED 8715778 #01ST
# DISTILLATION CCLUMN ROUTINE #DIST
# ) #DISTY
AR RB BB R DI RO R R RN RN R DR L IR R RGN ORI RRCRARGBRREORARIRANND BB RN RDRRB R BB UD]ST
# #DIST
#INPUTS TO THE PROGRAM ARE= #DIST
® FEED= FLOW-Fs 502 MOLE FRAC.~XFs ENTHALPY-HF, PRESSURE-PF, TEMP-TFDIST
# TOPa $02 MOLE FRAC.-XDs PECENT RECOVERY OF S$02-PRSO2 4DIST
# BOTTOM= REBOILFR DUTY-QR #01ST
» GENERAL= TOTAL PRESSURE=Ps MAXNO.OF PLATES PERMITTED=N #DIST
# ®*DIST
#0UTPUT= THE PROGRAM CALCe OVERALL MATERIAL AND ENERGY BALANCES FOR A ®#DIST
# BINARY DISTILLATION COLUMN SSRARATING S02 FROM S03 #DIST
» #01ST
# INPUT DATA= FEED= FsTFyPFyHFoXFe BOTTOM= QR, TOP=z XD. GENERAL=PyPRSO2#DISTY
4N apIsT
#FOREACH PLATE=L=aLIQUIDsV=VAPCORy»X2S502 MOLE FRACIN LIQsY=502 MOLE FRAC.#DIST
1IN VAP, T=PLATE TEMP,oHLELIQ.NTHALPY s HVaVAPENTHALPY . #DIST
#ALL UNITS CONSIDERED TO BE IN METRICsIeEe F-MOLE/HRsT-KsP=~BAR»H=KJ/KMOLDIST
#Q-MW(CONVERTED INTO KJ/HR IN THL TEXT) ) ‘ #DIST

#ROUTINE ACCEPT FLOWS IN KMOLE/S<C AND RETURNS THEM IN THE SAME UNITS #DIST

#BUT CALCe ARE MADE IN KMOLE/HRe NECESSARY CONVERTIONS ARE MADE BEFORE #DIST
#AND AFTER THE CALCS. #DIST
# #DIST
* NOMENCLATURE= #DIST
hd A JACOBIAN MATRIX COMPONENT IN NR FOR X AND L #D1ST
* All INVERSE{» JACOBIAN COIMPONENT IN NR FOR X AND L #D1ST
g Al2 INVERSED JACOBIAN CIMPONENT IN NR FOR X AND L #DIST
# A21 INVERSEL JACOBIAN CUMPONENT IN NR FOR X AND L #DIST
#* A22 INVERSED JACOBIAN CIMPONENT IN NR FOR X AND L . #DIST
* 8 BOTTOM LIQUID OUTPU® FLOW (KMOL/HR) #D1ST
* C JACOBIAN MATRIX COMPONENT IN NR FOR X AND L #D1SY
* D DISTILLATF FLOW (KM)IL/SEC) ~-QUTPUT #DIST
* DENFR? DENOMINATOR FOR FR2 =NR FLASH CALCS. #D1ST
* DENFR3 DENOMINATOR FOR FR3 =NR FLASH CALCS. “DIST
* DET DETERMINANT OF JACOQIAN MATRIX IN NR FOR X AND L #DIST
® DFR DIFFa IN NR FLASH CALCS. #DIST
* OH DIFFe BETWEEN GIVEN AND CALC. FEED ENTHALPIES (ARRAY) eDIST
#* DHDX DERIVATIVE OF H WeRoTe X = NR CALCSe FOR X AND L #DIST
* DHF TOLERANCE VALUE FOR DH ~ACCEPTABLE CALC. H OF FLASH #DIST
# DL INCREMENT OF L IN NR FOR X AND L #p1sy
# DR INCREMENT OF R IN NR FLASH CALCS. eDIsT
® DSOY DIFF, BETWEEN 1, AND SUM OF Y$S AT B FOR ADJUSTMENT CALCH®DIST
* oV DEVIATION OF v AT TOP FROM OVERALL MATERIAL BALe. CALCS. ®DIST
* DX DELTA X FOR CALCe DH/DX @DIsY
* DxJ INCREMENT OF X IN NR FOR X AND L 2D1ST
* DY DIFFe BETWEEN CALC. COMPOSITION AND GIVEN COMP. AT D epIsT
@ E JACOBIAN MATRIX COMPONENT IN NR FOR X AND L #D1SY
* EDR MAXe TOLERANCE FOR DR IN NR FLASH CALCS. apIST
# F FEED FLOW (KMOLE/SEC) #pIsT

670
480
4690
500
510
520
330
8460
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LIQUID IN FLASHED FEED

NR FUNCTION IN FLASH CALC.

PARTIAL NR FUNCTIUN IN FLASH CALCS.

PARTIAL NR FUNCTION IN FLASH CALCS.

VAPOR IN FLASHED. FEED

NR FUNCTION IN L AND X CALCS.

NR FUNCTION IN L ANY X CALCSe

JACOBIA; MATRIX COVMIONENT IN NR FOR X AND L
ENTHALPY OF BOTTOM 3TREAM (KJ/KMOL) - QUTPUT
ENTHALPY OF TOP 5TREAM (KJ/KMOL)

FEED ENTHALPY (XJ/K10L) - GIVEN

CALCULATED FEED ENTHALPY

HEAT IN °FED (HF#*F( J/HR))

ENTHALPY OF LIQUID PORTION IN FLASHED FEED
ENTHALPY OF VAPOR DJORTION IN FLASHED FEED
LIQUID ENTHALPY ARRAY FOR COL. L1Qe STREAMS

DISTILLATE (CONDENSATE) ENTHALPY(KJ/KMOL) - OUTPUT

ENTHALPY CORRESPONDS TO XM1P (NR)

ENTHALPY CORRESPONDS TO XP1P (NR)

VAPOR ENTHALPY ARRAY FOR COLe. VAPOR STREAMS
INDEX OF DO LOOP USING NR TO FIND L AND X2
INDICATOR FOR PRINTING

DO LOOP 50 INDEX ~FLASH CALC.+DO LOOP 60 INDFX-PLATES

DO LOOP 51 INDEX - NR IN FLASH CALC.
VOLATILITY CONSTe FOR S02 IN B
VOLATILITY CONSTe FOR SO3 IN B

*DIST
*DIST
*DIST
*DIST
¥DIST
*DIST
*DIST
#DIST
*DIST
*DIST
¥DIST
*DIST
*¥DIST
*DIST
*DIST
*DIST
*DIST
*DIST
*DIST
#DIST
#DIST
¥pIST
*DIST
*DIST
*DIST
*#DIST

VOLATILITY CONSTe FOR S02 - FLASH AND PLATE TO PLAT CALC*DIST
VOLATILITY CONSTs FOR SO3 -~ FLASH AND PLATE TO PLAT CALC*DIST

LIQUID FLOW ARRAY FOR COL. PLATES (KMOL/HR)
LATENT HEAT OF B

J+1

NOe. OF PLATES

FEED PLATE NOe. -~ INDICATOR IN SEARCH FOR FEED PLATE

DISTILATION COLJUMN PRESSURE (BAR) ~PRESCRIBED
B0TTOM STREAM PRESSURE (BAR) -OUTPUT
DISTILLATE STREAM PRESSURE (BAR) -QUTPUT

FEED PRESSURE (IP) (BAR) -~ BEFORE FLASH
PERCENT RFCOVERY OF S02

CONDENSER HEAT LOAD (KJ/SECQ)

REBOILER HEAT -LOA>Y (KJ/SEC)

MINe. REQUIRED REB)OIILER DUTY

THE RATIOQO FV/F IN FLASH CALCS.

{L/VIMIN FOR STRIPPING SECTION

INTERMEDIATE VALUE OF LIQUID FLOW AT FEED PLATE
INTERMENIATZ VALUE 9F VAPOR FLOW AT FEED PLATE
SUM OF ,i55 MINUS 1

SUM OF. ¥$S MINUS 1

TEMP. Al.RAY FOR PLATES STRFEAMS(K)

TEMP, Of FOTTOM STRIAM(K) - OQUTPUT.

TEMPe OF TOP D STRIAM(K) - QUTPUT

FEED TEMP. (K) =GIVCEN AS 1P

FLASH TE fPe OF FEED{K)

VALUE OF TEMP, OF FLASH (INTERMEDIATE RESULT NR METHOD)
VALUE OF TEMP,., OF F',ASH (INTERMEDIATE RESULT NR METHOD)

DISTILLATE TEMP, (K) - OUTPUT
TEMP, CORRESPONDS TO XM1P (NR XsL)
TEMP, CORRESPONDS TO XP1P (NR XsL)

*DIST
¥DIST
*DIST
*DIST
#DIST
#DIST
#DIST
®*DIST
*DIST
*DIST
*DIST
*DIST
*#DIST
*DIST
*DIST
#DIST
*DIST

550
560
570
580
590
600
610
620
630
640
650
669
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
380
860
870
880
890
900
910
920
930
940
950
960
970
980
990

*DIST1000
*DIST1010
*#DIST1020
*DIST1030
#DIST1040
*DIST1050
#DIST1060
*DIST1070
*DIST1080
*DIST1090
*DIST1100
*DIST1110
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* v VAPOR FLOW ARRAY FOR CClLe PLATES (KMOL/HR) #DI1ST1120
* VAR VAPOR FLOW FROM REBOIIL ER #DI1ST1130
# VMIN REQUIRED MINo VAPOR FLOW FROM REBOILER #D1ST1140
* X LIQUID SO»? COMPOSITICN ARRAY FOR COL, PLATES (MOL.FR,.) #DIST1150
* X8 COMPOSITION (SQO2 MOL.FRe) OF BATTOM STREAM *DIST1160
* XD COMPOSITION (SO” MOL.FRe) OF TOP STREAM -PRESCRIBTD, *DIST117D
* XF S02 COMPOSITION IN FEED = GIVEN IP. (MOLeFR.) *DIST11890
* XF2 MOLE FRe OF S02 IN LIQUID PORTION OF FLASHED FEED #DIST1190
* XF3 MOLE FRo OF S02 IN LIQUID PORTION OF FLASHED FEED *DIST1200
* XM1P X{M)-0s01 PERTUJED VALUE IN NR FOR X AND L #DIST1210
* XP1pP X{M)+Cos01 PERTUBED VALUE IN NR FOR X AND L #DIST1220
* Y VAPOR COMPOSITION (S02 MOL.FRe) ARRAY FOR COLe PLATES #D1ST1239
* Ya?2 VAPOR COMPOSITION (502 MOL,FR,) IN 8 *DI15T1249
* YB3 VAPOR COMPOSITION (SO3 MOL.FR.} IN B *#DIST125"
* YM DISTILLATE COMPOSITION (802 MOLeFRe) —OUTPUT *DIST1260
* Y2 MOLE FRe OF S02 IN VAPOR PORTION OF FLASHED FEED *D1ST1270
* Y3 MOLE FRs OF SO3 IN VAPOR PORTION OF FLASHED FEED *C15T1280
************************************************************************D I ST 1290
* #DIST1309
DIMENSION DH(21) DIST1310

REAL L{ 50)sV( 5LYsX( 50)sY( 50)sT( 50)sHL{ 50)sHV( 50) -DIST1320

REAL KB2sKB3sKSO2sKSO35LHB DIST1330

DATA EDRs DHF/0,0L01s10Ce/ DIST1340
#*PRINT INPUT FOR RECORDING AND CHECKING *DIST1350
PRINT 69 DIST1360

69 FORMAT(/4Xs*DISTILLATION COLUMN#®) DIST1370
IF(IFP.EQ.0)GO TO 5 DIST1380

PRINT 82sFsTFsPFsHFsXFsQRsXDsPsPRSO2sN DIST1390
820FORMAT{1Xs* INPUT DATA%*/1Xs*STRFAM *¥94Xs IHF 39X s 1HT 39X s 1HP 99X 9 1HDIST 140D
1Hs9X»1HC»9X s 1HQ/ s* FEED #95F1Ce3/9% BOTTOM  #,50X,F10.3/+% DIDIST1410
2STILATE*940XsF10e3/952X92HP=9F54233Xy6HPRS02=9F5¢353X3s2HN=313/) DIST1420
PRINT 14 DIST1430

14 FORMAT(/3Xs*RESULTS OF THE DISTILLATION COLUMN#*) DIST1440
#FIRST, CONVERT Q TO KJ/HR *DIST1450
5 QR=QR*3.6F3 DIST1460
*CONVERT FLOW INTO MOLE/HR *DIST1470
F=F#%3600, DIST1480
#SECONDsCALCULATE OVERALL MATERIAL AND ENFRGY BALANCES ON ALL 3-STREAMS*DIST1490
D=F*#XF*PRS02/XD DIST1500

B=F-D DIST1510

XB= (F#XF-D#XD) /B DIST1520
#CALC.T$S AND H$S OF B AND D #DIST1530
CALL BPTR(PsXDsTD) DIST1540

CALL BPTR(PsXBsTB) DIST1550

CALL ENTR1(TDsXDsHD} DIST1560

CALL ENTR1(TBsXBsHR) ' DIST1570
#FLASH CALCS. FOR THE FEED STREAM (TFF= FLASH FEED TEMP) #DIST1580
*IF PF SMALLER OR EQs TO THE DTST. COLe PRESSURE THERE IS NO FLASH #DIST1599
*SEPARATION AND FEED IS ASSUMED TO BE AT COLe PRESS. AND AT LIQe STATE #DIST1600
IF{PF=PeLE«Os) GO TO 13 DIST1610
#FIRST GUESSES OF TFF-ASSUME TFF=T(BP)+1e *DIST1620
CALL BPTRIPsXFsTFF) DIST1630
TFF=TFF+1. DIST1640
HFF=HF #F DIST1650
*FLASH CALCe. ARE ACCORDING TO CeDsHOLLAND = FUND.AND MODELING OF SEPARATDIST1660
¥PROCESSES 1975sPPs 59-67 *DIST1670

1 DO 50 J=1,20 DIST1680
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R=045 DIST1690

#FIND KSO2 AND KSC3 BY THE VOLATILITY K CONST. ROUTINE - VKCR #DIST1700
CALL VKCR(PsTFFsKS02+sKS03) DIST1710
#CHECK IF BePo!'TFF'DePe t'OTE THAT IF TFF IS NOT WITHIN THESE BOUNDARIES#DIST1720
*CORRECTION 1S MADE AND LOOP STARTS FROM FRESH #DIST1730
SXFMY=KSO2#XF+KSO23*(14-XF)-1o DIST1740
SYFM1=XF/KSO2+(1e~-XF)/¥S03~1s DIST1750
IF{SXFM1eGTeJeQ) GO .TO 2 DIST1760

8 TFF=TFF+1. DIST1770

GO 70 1 DIST1780

2 IF(SYFM14GT&0490) GO TO 3 DIST1790

7 TFF=TFF-1. DIST1800

GO 7O 1 DIST1810
*#SEARCH FOR R=FV/F START HERE USING MEWTON RAPHSON METHOD. ¥DIST1820
3 DO 51 JR=1110 DIST1830
DENFR2=1s-R#{1+-KS502) DIST1840
DENFR3=1,-R*(1,-KS03) DIST1850
FR2=XF/DENFR?2 DIST1862
FR3={1.-XF)/DENFR3 DIST1870
FR=FR2+FR3-1, ) DIST188)
DFR=FR2%(1,~-KS02)/DENFR24+FR3%(1.-KS03) /DENFR3 DIST1890
DR=FR/DFR DIST1900
R=R-DR DIST1910
IF(ReLESOe) GO TO 8 DIST1920
IF{R-1600GE«0e0) GO TO 7 DIST1930
IF{ABS(DR)-EDR) 494,451 DIST1940

51 CONTINUE DIST1950
PRINT 76sRyDR DIST1960

76 FORMAT(3X9s*¥NO CONVERGENCE ON R=FV/F DISTe COLe RsDR=%+2E10e4} DIST1970
*ASSUME CONVERTION ON R. CALCe AND CHECK ENERGY BALe FOR THE FLASH CALC.DIST1980
4 FV=R¥*F DIST1990
FLsF-FV DIST2000
XF2=XF/{R#(KSO02-Le)+1e) D1ST2010
XF3=1e—XF2 DIST2020
#CALCe Y2 AND Y3 *DIST2030
Y2=KS02%XF? DIST2040
¥Y3=le~Y2 DIST2050

CALL ENTRI(TFF ¢XF2yHFL) DIST2060

CALL ENTR2(TFFsY2sY3sHFV) ’ DIST2070

HF C=HFL*FL+HFV#*FV DIST2080

DH{ J) =HFC-HFF ) DIST2090
IF(ABS(DH(J)Y)-DHF 156956452 DIST2100

52 IF(JeGTWl) GO TO 57 DIST2110
TF1=TFF DIST2120
IF(DH(J)}549561455 DIST2130

54 TFF=TFF+1. DIST2140

GO TO 50 DIST2150

55 TFF=TFF-1. DIST2160

GO TO 50 DIST2170

53 TF2=TFF DIST2180
TFF=(TF2¥DH{J~1)=TF1*¥DH(J) )/ (DH(J-1)~DH{J}) DIST2190
TF1=TF2 DIST2200

50 CONTINUE DIST22190
PRINT 500 DIST2220

PRINT 510 TFFsHF sHFCoFLsFVaXF29XF39Y25Y3 D1ST2230

500 FORMAT(/3Xs*FLASH CALCS. DIDNT CZONVERGE IN 100 STEPS#%) DIST2240

5100FORMAT (/33X s4HTFF=3F56192Y s 3HHF=3E11e492X94HHFC=9E114432Xs3HFL=92X,DIST2250
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1E11e4 92X 93HFV=3FE 1144 92X s4HXF2=9F 543 92X s4HXF3=3F5,342X4s3HY2=3F54392D15T226N

2Xs3HY3=9F543) DIST2272

GO TO 1000 DIST2280
*CONTINUE HERE IF NO FLASH CALCs ARE NEEDED. *¥DIST2290
13 TFF=TF DIST2300
FL=F DIST2310
XF2=XF DIST2320
XF3=1e-XF DIST2330

HFL =HF ‘DIST?2349

FV=0s DIST2350

¥Y2=0. DIST2360

Y3=0, DIST2370
HFV=0, DIST2380

56 IF(IFP.EQs0)IGO TO & DIST2390
PRINT 12sTFFsFLaXF29FV,Y2 DIST2400

12 FORMAT(/3Xs#FLASH FESULTS= TFF=%#9FT7o293Xs3HFL=9F11e493Xs4HFX2=) DIST2410
1F6e493Xs3HFV=9E114493Xs4HFY2=9F6e4) DIST2420
*#*REBOILER CALCSs FIRST»FIND BOILER VAPOR COMPOSITION *DIST2430
6 CALL VKCR(P»TBsKB2+KB3) DIST2440
YB2=KB2#*XB DIST2450
YB83=KB3#(1.~-XB) DIST2460
*ADJUST TO GET YB2+YB3=1, : *DIST2470
DSOY=1e~YB2-YB3 DIST2480
YB2=YB2+0,01%#DSOY DIST2490
YB3=YB3+0,99%DSOY NIST2500

*CALL LATENT HEAT ROUTINE - LHRe 2~F(R 50243 FOR 503 *#DIST2510
CALL LHR(TBsXBsLHB) DIST2520
VB=QR/LHB DIST25390
#CHECK IF REBOILER HEAT IS SUFFICIENT. IF NOT CALCe FOR MIN QR *DIS5T2540

*#RS=(L/VIMIN FOR THE STRIPPIG SECTION, THIS SLOP 1S THE SLOP OF THE LINEDIST2550
* CONNECTING (XBsXB) AND (XF2sY2)s (VIMIN IS THEN FOUND AND COMPARED*DIST2560

*WITH v8, IF VB'(VIMINs QR 1S 4OT ENOUGHe (QRIMIN=(VIMIN*LHB, ¥DIST2570
RS=(Y?2-XB) /(XF2-XB) DIST2580
VMIN=B/(RS-1.) DIST2599
IF(VB=VMIN}33+31,9 DIST2600

30 QRM=VMIN*LHB/3.6E6 DIST2610
IFUIFP«EQ.0)GO TO 9 DIST2620
PRINT 32sQRM DIST2630

32 FORMAT(/3Xs*HEAT INPUT TO REBOILER IS NOT ENOUGHe QR-MIN SHOULD DIST2640
1RE OVER#92X9F114492X92HMW/3X+¥#DT1STe COLe 1S CALCULe FOR QR-MIN#*) DIST2650

9 QR=VMIN¥*{HB DIST2660
VB=VMIN DIST2670

*MAKE REBOILER TO BE PLATE NO. 1 *DI1ST2680
31 L(1)=8 DIST2690
vVil)=vB DIST2700
T{1)=T8B DIST2710
Y(11=YB2 DIST2720
X(1})=XB DIST2730
HL(1)=HB DIST2742
HV(1)=HL(1)+LHB DIST2750
#CALCe DATA FOR PLATE NOJ2 *D1ST2760
L(2)=vB+B DIST2779
X(2)=(B*XB+VB*YB2)/L(2) DIST2780

CALL BPTR(PsX(2)sT(2)) DIST2790

CALL VKCR(PsT(2)9KE024KSO3) DIST2800
Y{(2)=KS02%X(2) DIST2810

Y3=1e=Y(2) DIST2820

g



*PLATE TO PLATE CALCSe.

CALL ENTRI(T(2)sX(2)sHL(2))
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CALL ENTR2{T(2)sY(2)sY3spV(2))

vi2)y=vil)

*INITIALIZE FOR FEED PLATE SEARCH

\

*

*FIND

*FIND

*FIND

*NEWTON RAPHSON METOD

21

20
22

23
24

19
25
*FEED

65

NFP=0

DO 60 J=24N
M=J+1

ASSUME VI{U)=VIJ=1)sCALCeLIJ+1) o X(J+1)sT(JI+1)s

L(J+1) FROM OVFRALL MATERIAL BALANCE

LiJ+ly=L(JdI+V(J)=V(JI-1)
X(J+1) FROM 502 BALANCE

X(J+1)=(LEI XY +V LV RY () -V -1 %Y (J=1)) /7L (J+1)

TF(X(J+11e6Tel40)X(J+1)=140
BUBBLE PTe OF PLATE (J+1)
DO 24 I=1,30

CALL BPTR (PsX{J+1)sT{J+1))

CALL ENTRI(T(J+1)oX(J+1)sHLUJ+1))

XP1P=X(J+1)+0,01
XM1IP=X(J+1)=-0,31
IF(XP1P=1e)20520s21
XP1P=1e

DX=1e=XM1P

GO T0 22

DX=0,02

CALL BPTR(PsXP1PsTP1P)
CALL BPTR(PsXM1PsTH1P)
CALL SNTR1{TP1PsXP1PsHP1P)
CALL FNTRYI(TM1PsXMIPsHMIF)
NDHOX=(HP1P-HM1P) /DX
A=X(J+1)-Y ()

E=L(J+1)
C=HL{J+1)-HV(J)
G=E*DHDX

DET=A*G-E*(

Al11=G/DET

Al12=-E/DET

A21=-C/DET

A22=A/DET

IS USED TO CALCs L{J+1) AND X(J+1) .

Fl=A¥E4+(Y(J-1)-Y () ) ¥V (J-1)+(Y L )=-X(J))*L (D)
F2=E*C+V(J=11* (HV(J=1)=HVIJ))+L{ D) *(HV D) =HL(J))

DL=A11#F1+A12%F2
DXJ=A21%#F1+A22%F2
L{J+1y=L(J+1)-DL
X(J+1)1=X(J+1)-DXJ
TF(X{J+1)eGTale0}X(J+1)=1a0
IF(ABS(DL)-10.000)23,+23,24
IF(ABS{DXJ)~04005)25525524
CONTINUE

PRINT 1941

FORMAT{3Xs*DIDNT CONVERGED ON X AND L AT PLATE NO.*,13)

VIJ)=sLiJd+1)+VIJ=-11=-L ()

PLATE CHECK AND CALCULATIONS

IF(T(J+1)1-TFF1 65,6666
NFP=NFP+1
IFINFP=1)679676¢

DIST2830
DIST2840

#D[ST2850
DIST2860
*DIST2870
DIST2880
%#¥D015T2890
D15T2900
DIST2910
#D15T72920
DIST2930
#D15T2940
DIST2950
DIST2960
*DIST2970
DIST2980
DIST2990
DIST3000
#D1S5T3010
DIST3020
DIST3030
DIST3040
DIST2050
DIST3960
DIST3270
DIST3089
DIST3090
DIST3100
DIST3110
DIST3120
DIST3139
DIST3140
DIST3150
DIST3160
DIST3170
DIST3180
DIST3190
DIST3200
DIST3210
DIST3220
DIST3230
DIST3240
DIST32590
DIST3260
DIST3270
DIST3280
DI1ST3290
DIST3300
DIST3310
DIST3320
DIST3330
D1ST3340
D15T3350
*DIST3360
DIST3370
DIST3380
DIST3390
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67 PRINT 169J9M DIST3400

16 FORMAT(/3Xs*FEED ENTERS BETWEEN PLATES=%,134% AND ¥,12 DIST3410
St=L{J+1) : DIS5T3420
sv=vi(g) DIST343n0
LJ+1)y=L{J+1)~-FL DIST3440
VIJ)Y=VIJ)+FV DIST3450
X(J+1)=(SL*¥X(J+1)-FL¥XF2)/L(J+1) DIST3460
TF(X{J+1)eGTale0)X(J+1)=100 DIST3470
YUJ)=(SVHY(J)+FVRY2)/VIJ) DIST3480
IF(Y{J)oGTe1e0)Y(J)=1e0 DIST3490

CALL BPTRIPX(J+1)»T(J+1)) DIST3500

CALL ENTRI(TIJ+1)eX{J+1)sHLIU+3)) DIST3510

66 CALL VKCR(PsT{J+1)sKS024KS03) DIST3520
Y(J+1)=KSO2#X{J+1) DIST3530
IF(Y(J+1) eGTale0)Y(J+1)=140 DIST3540
Y3=le=Y(J+l) DIST3550

CALL ENTR2(T(U+1)sY(J+1)sY3sHV(J+1)) DIST2560
*FIRST GUESS FOR V{J+1) - NEXT J. *DIST3570
VIJ+1ly=v(J) DIST3580
#CHECK FOR TOP PLATE #*DIST3590
IF(Y(J)=XD)10968+68 DIST3600

10 TF(X(J+1)1-X(J)-0e4001)11511560 DIST3610

60 CONTINUE DIST3620

* IF DO LOOP COMPLETED THERE ARE TOO MANY STAGES *DIST3630
PRINT 73sM DIST3640

73 FORMAT(/3Xs*¥TOO MANY STAGES.CALCULATIONS STOPPED AT M=%,13) DIST3650

GO TO 68 DIST3660

11 PRINT 17 DIST3670

17 FORMAT(/3Xs*NO MURE ENRICHME ITe CALCe STOPPED AT .THIS POINT.#*) DIST3680
*FNAL PLATE CALCULATIOLS *DIST3690
*#CHECK AND CALCes MISMATCH AT THE T)P *DIST3700
68 DY=Y{(J)-XD DIST3710
DV=VI(J)=(L(J+11+D) DIST3720
#CALCs COOLING LOAD QCe. *DIST3730
QC=QR+F*HF =D*HD-B#HB DIST3740
QR=QR/3,6E3 DIST3750
QC=QC/3e6E3 DIST3760

M=M-1 DIST3770

PD=P / DIST3780

PB=P DIST3790

TM=T (M) DIST3800
HLM=HL (M) DIST3810

YM=Y (M) DIST3820

F=F /3600, DIST3830
B8=8/3600, DIST3840
D=D/3600, DIST3850
IF(IFP.EQ.0)GO TO 1000 DIST386N

PRINT 71sBeXBsTBesQRIFsXFsTFsDs XDsTD»QC DIST3870
T10FORMAT(3Xs *QUTPUT= . *,/D15T73880
13X»#REBOILER= B=%3F11e493X93HXE=9F54393X»3HTB=sF54193X93HQAR=sF1144DIST3890

29 /% FEED= Fa%9F11a8493Xe3FEXF=9sF56393Xs3HTF=3F5419/3Xs*CONDENSDIST3900
3ER=D=%y E1le493X93HXD=9F542393Xs3HTD=9F54193X93HAC=+E11,4)1D1ST3919
PRINT 72 . DIST392)
PRINTT4s (JoT(IYsL (D)o X{JYsHLIJ) s VIJ)sY{JYsHV(J)sJd=1sM) DIST3930
T20FORMAT(3X»*PLATES CONDIT{ONS */DIST3940

1% J T L X HL \ DIST3950

2 Y HV#*) DIST39690
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T4OFORMAT(/3Xs1293X,F5e193XsE11e433X9F54393X9E1106493X3E114453X9F56353D1ST3970

1XsE1llet) DIST3980
PRINT 75sMsDYsDV DIST3990
T5CFORMAT(3X s ¥NOGOF PLATES M=#312+3Xs*DEVIATICN FROM XD=%9F644s3Xs*¥DEDIST4000
1IVIATION FROM V=¥,E11.4/) DIST4010
1Ju0 RETURN DIST4020

END DIST4030
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SUBROUTINE STC(QAANSR2sT10sT305R4sRATIOSATGP2sBF%ALSBFWA2,TGPD)  STC
*********%*******************%******************************'************STC
* *¥STC
* UPDATFD 4/15,78 : *#5TC
* STEAM TUREINE CALC, *STC
* #STC

HH SRR I I D R R N NS SN RN R R H AR H RN AR AR RAHRSTC
#CALCULATIONS ARE MADE FOR ACONVENTIONAL CROSS-COMPOUND TYFE TURBINE #STC
#WITH HIGH BACK~PRE! SUREs REF= GE DOCUMENTATION ON THE BLACK-HILLS PROJ*#STC
#THE BLACK=HILLS DESIGN (250MW+18UCPSIs1000F/100CF) IS TAKEN AS THE *5TC
*BASE DESIGNe ACCORDING TO 3FWIIL THE NEW DESIGN IS DERIVED BY DIRECT #STC
#*PROPORTION TO THE BASE DESIGN. IT ALSO PROVIDE FOR ABSORBING THE LOW- %*STC
*TEMP, HEAT AVAILABLE FROM THF STORAGE (BFWHL) AND TO PROVIDE THR NFCE=#STC
*SSARY EXTRACTIONS OF STFAM FOR RFEBOILER (QRFS) aND VAPORIZFR (VAP1L) #STC

*AT THE HTS-STORAGE, i *5TC
#AFTER THE NEW DESIGN IS ESTABLISHED THE DAY TIME GENERATION IS DETERM=-#STC
*IND AND BECOMES THE®*TURBINSZ RATINMNG* *¥S7C

#THE NIGHT OPERATION IS DITERMINED ACCOGRDING TO QAAN BY DIRECT PROPORTN*STC
#TO THE DAY TIMe OPERATIONs. THE TURBINE IS SPLIT INTO TWO SEPARATE TUR#STC
*-3INFS»A SMALL ONE TO RUN AT FULL LOAD DURING 16 HRS AND A LARGF ONE, #*STC
#WHICH RUNS AT 3.5 PERCENT OF DAYTIME FLOW TO KFEP IT HOT AND TURNING #STC
#BUT PRODUCING NO ELFECTRICITY, THIS INCREASES EFFICIENCY BRY AVOIDING *¥STC
¥FLOWS FAR BELOW DFSIGN. IN ADDITION TO RFGULAR DISCHARGE,.A SEASONAL #STC
#STORAGE CASE 1S STUDIED WHERE DISCHARGE IS AT THE REGULAR DAYTIME RATE*#STC

*OF POWER OQUTPUT *STC
*NOTE-STREAM NUMBERS (EXCEPT THOSI IN CALL) ARE FOR THE STEAM CYCLE AND*STC
*SHOULD NOT BE CONFUSED WITH PROC:ISS STREAMS. *STC
#*NOTE-DATA ARE GIVEN AND CALCULATiONS ARE MADE IN 8RITISH UNITS. ALL *¥STC
*PARAMETERS SPECIFIED BY CALLING ROUTINE OR BY COMMON BLOCKS ARE *#STC
*CONVERTED TO BRITISH UNIT> (FLOW-{LB/HR)SENTHALPIES=-(BTU/LB)sHEAT LOAD*STC
#={(BTU/HR) »PRESSURE=(PSI) s TEMP=(F)sETC.) ' *STC
*NOMENCLATURE= ' *#STC
#* A TOTAL WATER FLOW INTO BOILFR ~NEW DESIGN *¥STC
* AD TOTAL WATER FLOW INTO BOILFR -DAY TIME ) *#STC
* AN TOTAL WATER FLOW INTO BOILER =NIGH TIME #STC
* AQ BLACK-HILLS (tH) TOTAL WATER FLOW TO BOILER #STC
* ATGP ARRAY FOR TOTAL GENFRATED POWER *#STC
* ATGP2 TGP OF SMALL TURBINF (16 HOUR OPERATION) *STC
* 3 BH LOW PRESSURE EXTRACTION AT 8647PSI1 *5TC
* BFW BOILER FEED WATER FLOW #STC
* BFWA ARRAY FOR BOILER FEED WATER AT NIGHT #STC
* BFWAL TOT/L BFW FLOW "GR NORMAL 16 HR QUTPUT *STC
* BFWA2 BFW FOR SFEASONA!', STORAGEs (100 MW OQUTPUT AT NIGHT #STC
* SFWF BOILIR FEED WATHR FLOW FACTOR ¥STC
* BFWHL 22IL IR FEED WATMR HEAT LOAD (IN COMMCN HTHEL) #STC
* c RH LJW PRESSURF EXTRACTION AT -2845PSI *STC
#* clL CONDFNSER 1 HEAY LOAD (IN COMMON HTHEL) *STC
#* D BH L(W PRESSURE EXTRACTION AT 1443PSI : ¥STC
* EC HEAT RATE (BTU/HR) FOR STEAM THROUGH LP TURBINE #¥STC
#* FACTOR FACTOR FOR CONVI'RTING FLOW INTC ENTHALPY IN KJ/S. ¥STC
#* FH STEAM EXTRACT FKOM HIGH PRESSURE TURBINE *¥STC
* FHF STEAYM EXTRACT FROM HIGH PRESSURE TURBINE FACTOR ¥STC
* F1 STEAM EXTRACT FROM ITERGPRESSURE TUR3IINE ¥STC
#*

F1F STEAM IXTRACT FROM ITER.PRFSSURFE TURBINE FACTOR *#STC
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FIF1 STEAM EXTRACT FROM ITER.PRESSURE TURBINE FACTCR IN E9-1 #STC
FIF2 STEAM EXTRACT FROM ITER.PRESSURE TURSINE FACTOR IN EQ-2 #*5TC
FIP STEAM FLOW THROUGH ITER.PRESSURE TURBINE *STC
FIPF STEAM FLOW THROUGH ITER.PRESSURE TURBINE FACTOR *STC
F1PV STEAM FLOW THROUGH ITER.PRESSURE TURBINE VALVE *STC
FLP FLOW THROUGH LP TURSINFE *STC
FLPF FLOY THRCUGH L® TURSINE FACTOR *STC
GPHP GROSS PRODUCTION (MWE)OF HIGH PRESSURE TURBINE (NEW) *STC
GPHPO  GROSS PRODUCTION(MYE} OF HIGH PRFESSURT TURSINF (8H) *STC
GPLP GROSS PROPDUCTION OF LOW PRESSURE TURBINE (NEW DFSIGN)  #STC
GPLPO  GROSS PRUDJCTICN OF LOW PRESSURE TURBINE (8H) *STC
H ENTHALPY OF OI IGINAL BH SL6 (AT 162.4PS1) *STC
HB FNTHALPY OF 3 : *STC
HC ENTHALPY OF C *STC
HD ENTHALPY OF D *#STC
HETL HEAT EXCHANGE® 1 LOAD (IN COMMON HTHEL) *STC
H1-H16  ENTHALPIES AT VARIOUS LOCATIONS (SEE SCHEME) *STC
1 PO-L 30P INDEX FOR DISCHARGE RATE *STC
L INDLX TO RATIO ™OWER TO 100MW : *STC
OEC BH (/ERALL HEAT (BTU/HR) CARRIED BY LP TURBINE STEAM,  *STC
OFL BH LDW PRESSURE STEAM FLOW INTO CONDENSER *STC
°12 PRES SURE STREAM 12 IN STEAM CYCLE (PSIA) ' *STC
a HEAT ABSORSED By STEAM (DAY-RECEIVERsNIGHT-REACTORS) *STC
0AN QAAN SCALED 8Y 22 *STC
QAAN Q AVAILABLE AT WIGHT =CALL STR PARAMETER #STC
QBIGAN @ IN LARGE TURBTNE AT NIGHT (KJ/S) *STC
QSMLAN  Q IN SMALL TURBINE AT NIGHT (KJ/$S) *STC
QFST Q FROM STORAGE TOWER : *STC
QRF $ Q REBOILER FROY STEAM (IN COMMON HTHEL) » *STC
R RATIO OF NEW DESIGN A TO BH DESIGN AO (R=A/AO) *STC
RATIO RATIO OF HEAT ABSORBED IN STSAM RECEIVER TO STORAGE (TQA)STC
RCL REBGTLER-CONJENSER LOAD (IN COMMON HTHEL) *STC
RHTR REHEATER F.OW *STC
RHTRF REHEATER FLOW FACTOR *STC
R1 RATIO OF FLOW AT NIGHT TO FLOW AT DAY (R1=AN/AD) *STC
R2 RATIO FOR POWER AT 100MW *STC
R4 RATIO FOR NIGHT-TIME POWER OF 100MW *STC
SL1U-5L6C STEAM LEAXS BH-DESIGN (SEE SCHEME) *STC
SL1~SL6  STEAM LEAXS NEV DESIGN (SEE SCHEMC) *STC
SPLIT SPLIT RETWEEN LARGT AND SMALL TURRINES *STC
TE TOTAL ENERGY (3TU) AVAILABLE AT NIGHT *STC
TGP TOTAL GROSS ELECTR.C PRODUCTION (MWE) NEW DESIGN #STC
TG6PD TOTAL GENERATED PO ISR DURING THE DAY *STC
TIME PERIOD OF TTYE QAAN CAN SUPPLY 1004MW-E sTC
TYIN AIN T ACHIEVABLE 14 THE SYSTEM (K) | *STC
TPNF THREE AND A HALF PERCENT OF NOMINAL FLOW (0. GENERATION)#STC
TQA TOTAL Q@ AVATLARLF-STORAGE RECEIVER CAPACITY(M¥T) *STC
TRIMMER  TRIAMER HEAT LOAD (IN COMMON HTHEL) *STC
T13 TEMP STREAM 12 IN STORAGE CYCLE (K) *STC
T12 TEMP STREAM 12 IN STEAY CYCLE (F) *STC
115 TEMP STREAN 1f IN STEAM CYCLE (F) #STC
T30 TEMP. STREAM 70 IN STORAGE CYCLE (K) *STC
VAPIL VAPRZ~-1 HEAT LOAD (IN COMMON HTHEL) *STC
VPDS STEAM FLOW TO VAPORIZER AND DI1ST4COLs AT HTS-STORASE *STC
***%****%*********-2(-********9(-*{“***************%#P**'){'*********************STC
DIMENSTION ATGP(3)s2FyWA(3) sTC
DIMENSION RATTA(15)9854(75) STC
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550
560

570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760

780
790
800
810
820
830
840
850
869

880
890
900
910
920
330
940
350
960
970
980

1000
1010
1020
1030
1040
1050
1060
1670
1089
1099
11090
1110



#BASIC TAA=23V4MW HOWIVERS

*BASIC DATA OF THE BLACK HILL TURSINE(1800PSIA»

144

CUMMON/HTHEL/Z1L s VAPLIL sHE1LsRCL 9 BFWHL
COMMON/LAHTV/BFWCT s TMIN

DATA TQA/230./

s TRIMMERQRF S

DIRECT STEAM TOWER IS SCALED FOR 2339Mw-E

DATA H1sH2, H4 s HS 9 HO 9 HT s HB sHO 9 H1C /1480419134444 152146413

1662933449933201934109350,25436,7/

DATA OFL’BQCoD9HB’HC9HD,H/172°723-y1157290570436o9107501.91333.3,

1123349118048+1398,48/

10C0F/1C00F)

DATA "AO»SL1vsSL209SL30sSL40»SL50sSLE60sGPHPOYGPLPO/ 2373398492791,

181109239844992260933234936674316704216445/

#STEAM CYCLE T AND H CALCULATED USING HTS SPECIFICATIONS

13

T15=148%(T10~106)-460.
H15=14011%T15-34,21
T12=1.8*TMIN"4600
H13=e9975%#T12~31.78
P12=e0490%EXP(40291%(T12))
H12=1C384+49.*¥ALOG(P12)
Hl4=H13+1.4

PRINT 13sTMINsH12sP1?

FORMATI2X s ¥TMIN(K) = #9FheDa3Xs ¥H12(RT /LR )= #43F5,095Xs#P12(PSTA)=

1%9F6e3)

* DAY OPERATION

*HEAT

L=0

QFST=TQA
FACTOR=36904/140551/{H15~H14)
SFW=BFWHL*FACTOR
VPDS=(VAP1L+QRFS)#346E6/105541/ (H5-H6) |
SL4F=SL40/A0

FHF=(H10-H8), (H2~H9)
FIF1={H7-5L4f #*H2=FHF #H9) /HS
DO 17 K=1,15

FIF2=(BFW*H1S +V3DS¥HE) /HA
A=(BFW+VPDS~F IF2) /{1 e~SLAF=-FHF~FIF1)
FH=FHF %A

FI=FIF1*A-FIF;

R=A/AQ

AD=A

SL1=SL10*R

SL2=SL20#*R

SL3=SL30*R

SL&=SL4O*R

SL5=SL50*R

SL6=5SL60*R
RHTR=A-5L1~SL2~SL&~3L5~FH-SL3
FIRV=RHTR+511 :
FIP=FIPV+SL3
FLP=FIP-SL6-F1-VPDS

ABS. BY STEAM.

Q={ A*{H1-H10) +RHTR* (H&=H2) )*1055,1/3,6E9
RATI0=Q/QFST

IF(LsGT.0)GO TO 5
RATIA{K)=RATIOD

IF(XeGTel) GO TO 22
3FA(K)=BFY

AFW=BFW+40000,

BFA(K+1)=BFW

STC
s7¢
®STC
STC
95TC
STC
sTC
5TC
*#STC
STC
STC
*STC
sTC
sTC
STC
STC
STC
sTC
STC
STC
sTC
STC
*STC
STC
STC
STC
STC
sTC
sTC
STC
STC
STC
STC
STC
<TC
STC
5TC
sTC
STC
STC
STC
STC
STC
sTC
sTC

STC
STC

1129
1130

1140
1150
1167
1170
11890
1190
1200
1210
1229
1230
1240
1259
1269
1279
1289
12990
1300
1310
1327
1339
1349
1352

1360

1370
1387
1390
1400
1410
1420
1430
1440
1450
1460
147C
1480
14390
1500
1510
1520
1530
1540
1550
1560
1870
1580
1590
1600
1610
1627
1630
1640
1650
1660
1670
1680
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GC TO 17

22 DCH=(RATIA(KI-RATIA(X-1))/(3FA(K)}-8FA(K-1))
DREMZ (RATIA(K Y -1,75) /DCH
QFA(K+1)=8FA(K}=DBFY
RFW=BFA(L+1)
IF(DBFWelLT«1(J)C)e)GO TO 5

17 CONTINUE
PRINT 245 DBFW

24 FORMAT(/3Xs*N( CONVERGEN:E ON BFWs LAST DELTA BFW= ¥,F1043)

5 OQEC=0FL#*{(H-H12)+B*(H-HB)+C*(H-HC)+D* (H-HD)
FC=FLP*(HR-H12)
GPHP=GPHPO*R
GPLP=GPLPO*EC/OEC
TGP=GPHO+GPLP
L=L+1
IF(LeGT«1)30 TO 23
R2=1e/(1e+RATIO)
RFW=BFW*¥R?2
VPDS=VPDS*¥R?2
QFST=QF ST#R?2
DAN=QAAN*%¥R D
GO 70 7

23 RFW=BFw/FACTOR
TGPD=TGP
IFWHL=8FW
PRINT 2

2 FORMATI(/3X % NAY-TIME CPFRAION,¥)

STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC

PRINT 135AsSL19SL29SL29S5L 495 5sFHsRHTRsFIPVFIPsSLEIFTosVPDSsFLPsBFWSTC

1 FORMAT(

173X s ¥WATER TO BOILER #9F1)als
2/3X+¥SEAL LEAK - 1 *#9F1Cel>y
3/3Xs#¥SEAL LEAK - 2 #9F10el>
4/3X s ¥SEAL LEAK - 3 *#9F1Jels
5/3X s ¥SEAL LEAK ~ & ¥9F10a1
£/3Xs#SEAL LEAK - 5 #9F1041
T/73Xs#4P — EXTRACTION #9F1041 s
8/3X s ¥REHEATER FLOW #9F10ely
Q/3Xs#IP-FLOW AT VALVE #43F1041»
A/3Xs*IP TOTAL FLOW #3F1Cel
R/3Xs*¥SEAL LEAK - 6 #3F10el>
C/3X9s¥IP EXTRACTION #3F10al0
D/3Xs¥VAP ¢+DISTe STEAM  #,F1041
/23X s ¥LP TOTAL FLOW #3F10410

F/2X e #TOTAL CCNDENSATE  #4F10,1)
PRINT 9sRATI(

9 FORMAT(/3Xs#[ IRECT STEAM GENe TO STORAGE RATIO=%*sF6e4)
PRINT143sGPHP sGPLP TGP

14 FORMAT(
1/3X s #¥POWER GENERATED AT HP TURBINE=#4F6429
2/3X s ¥POWER RENFRATED AT |P TURBINE=#4F642
3/3X e #TOTAL POWFR GSENERATED =#9F642)

#NITIGHT 2PERATION

PRINT 2

3 FORMAAT(/3X 9 ¥NICAT-TIME OPERATION#*)
RHTRF=1e—(SL1Z+5L22+SL3045L40+5L50) /A0-FHF
FIPF=RHTRF+{SL13+SL3U)/AD
T15=148%(T30-104)-450

STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
ST1C
STC
sTC
STC
STC
STC
STC
STC
STC
*S5T7C
STC
STC
STC
STC
STC

1590
1709
1710
1720
1730
1740
1750
1760
1770
1780
1790
1809
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1510
1920
1932
1949
1950
1960
1970
1989
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2109
21190
2120
2130
2140
2150
2160
2170
2180
2190
2200
2219
2220
2230
2249
2250
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H16=21,0118T15224,421
FIF=((H7-H15)-SL43/ACH(H2-H15)-FHF#(H9-H15))/(H5-H151
ELPF=FIPF-SL6O/AO-FIF

BFWF=FLPF+(SL2. 45L5J+5L6D) /A0

#TOTAL ENERGY AT NIGHT = GWAAN#16(HRS)

TE=GAN#3620e%16e/14VL51

¥ASSUME- 345 PeCoFLOW IS OBVAINED 8Y SUPPLYING 5 PeCe OF HEAT.

#TURR

19
10

20
21

15 FORMAT(/3Xs#DISCHARSE AT FULL LOAD*sF6e39%HRS, NEEDS*9F603;* DAYS

11
8
*ALL

12

Q=QF ST#RATIO*1000,
INE IS SPLIT INTO SMALL AND LARGF TUPRINES

SPLIT=426% (RATIO=14)+4"

QBIGAN=(Q-QAN) ¥36U0e/14C551/04965%0,050%SPLIT
QSMLAN=TE-QBIGAN*16.
TPNF=QBIGAN/ (RHTRF* (H&~H2)+(H1=H10))

A=TPNF

Q=QBIGAN

PRINT 6

FORMAT (/3X s *LARGE TURRINM AT 3.5P.C, OF DAY-TIME FLOW*)
DO 4 1=1,3

IF(1-218519+22

PRINT 10

FORMAT (/3X s ¥P{ WER RATE AT SMALL TURRINE DURING 16 HRS AT NIGHT.*)

Q=QSMLAN/16.
GO TO 11
PRINT 21

FORMAT(/3X #1020 MW~-E TURBINE AT SEASONAL STORAGE OP. CONDITIONSH#)

Q=TGPD*Q/TGP
TIME=TE/Q
R4=164/TIME
PRINT 15sTIMEsR4

10F STORAGE TO%*»/3Xs*RUN 16 HRS AT FULL LOAD*)
A=Q/ (RHTRF*(H4=H2) +{H1=H101)
AN=A
FLOWS RATIOD TO FLOW INTO BOILER
RHTR=RHTRF*A

FIP=FIPF#A

FLP=FLPF#*A

BFW=BFWF*A

FI=FIF#A

FH=FHF*A

VPDS=04

R=A/AO

R1=AN/AD

PRINT 12sRsR1

FORMAT (/23X s2HR=9E10e433Xs3HR1=3E1044)
SL1=SL1U#R

SL2=SL20*R

SL3=SL30#R

SL&=SL40*R

SL5=SL50#R

SL6=S5L6I*R

FIPV=RHTR+SL1

ST1C
STC
STC
STC
¥STC
STC
*STC
STC
*¥STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
sT¢
STC
STC
STC
STC
STC
#STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC
STC

PRINT 1sAsSL]195L29SL3sSL49SL5sFHIRHTRIFIPVIFIPsSL6sFIsVPDSesFLPIBFWSTC

EC=FLP*{H5~-H.2)
GPHP=GPHPN#R
GPLP=GPLPO*EC/OEC
TGP =GPHP+GPLF

STC
STC
STC
STC

2267
2270
2289
22990
2320
2310
2320
2330
2340
2350
2360
2379
2380
2390
2400
24190
2420
243C
2440
2450
2660
2470
2480
2492
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2620
26190
2629
2630
2640
2650
2660
2670
2630
2690
2700
2710
2720
2739
2740
27590
2760
2770
2789
2790
2807
23190
2820



#CONLY

147

PRINT14sGPHP»GPLP TGP
ATGP(I)=TGP

BFWA(T)=BFW

CONTINUE

THE SMALL TURBINE POWER I35 SENT BACK TO MEBP
ATgP2=ATGR(2)
REWA1=BFWA(])+BFWA(2)
AFWA2=BFWA(3)
FACTOR=36C04/1,0551/(H1E=-H14)
3FWAL1=BFWAL1/FACTOR
BFWA2=RFWA2/FACTOR

RETURN

END

STC
STC

STC
STC
#STC
STC
STC
STC
STC
STC
STC
STC
STC

283C
2840

2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
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SYRRONTINE CLR(T+J4KsCL) ’ CLR
************************************************************************CLR
* *CLR
# UPDATED 4/15/78 *CLR
* CLR - CONDENSER LOAD ROUTINE *CLR
" *CLR

WU KR N R RN KA H AR F N RN RH RN AR AR AR B AR RRARCLR
*ROUTINE IS USED TO CALC, CONDENSER LOAD FOR GIVEN INPUT GAS STREAM AND*CLR

#GIVEN OUTPUT TEMP,. IT ALSO SEFT THE RECORD FOR BOTH LIGQUID AND GAS *CLR
#LEAVING STRFAMS, : *CLR
* ROUTINE IS CALLED RY *CALL CCR{NIsNGyNLsCL)* * wWHERE NI 1S NOe. *CLR
* OF INPUT STREAMs NG IS NOe OF GAS EXITING STREAMyNL IS LIQUID OUT*CLR
* - PUT STRSAMs CL-CONDENSER LOAD . *#CLR
* ROUTINE HAS ACCESS TO THE MAIN PROGRAM ARRAYS=zFsPsTsHsX1sX2+X3 *CLR
#ROUTINF USES CCL FUNCTION TO DETERMINE THE LOAD ‘ *CLR
# ROUTINE ASSUMES CONDFNSATION AT CONSTANT PRFSSURF AND SET = *#CLR
* PINL)=P(NG)=PINT), *CLR
#* RCUTINE ASSUMES THAT BOTH T(NI) AND T(NG) ARE GIVEN,. *CLR
* ) *CLR
#NOMENCLATURE= #CLR
* cL CONDENSER LOAD (KJ/S) *CLR
* F FLOW(KMOL/SEC) #CLR
# H ENTHALPY s (KJ/KMOL) *CLR
# 1 INPUT GAS STREAM INPEX #CLR
* J DUYTPYT GAS STREAM INDEX #CLR
* K SUTPYUT L1Qe 5TREAM INDEX *CLR
* NG OUTPUT GAS STREAM INDEX (USED FOR PRINTIG ONLY) *CLR
# N1 INPUT GAS STREAM INDEX O(USED FOR PRINTIG ONLY) *CLR
* NL OUTPUT LIQe STREAM INDEX (USED FOR PRINTIG ONLY) #CLR
# ] PRESSURE (BAR) : : *#CLR
* T TEI'Pa(K) » *CLR
* TJ EX'T TEMP, AS ;PECIFIED TO CCL *#CLR
* X1 OXVGEN CONTENT (MOLE FRACTICON) *CLR
# X2 SO2 CONTENT (MOLE FRs) ‘ *CLR
* X3 SO™ CONTENT (M)ILE FR.) *#CLR
*****************************§******************************************CLR
* #CLR
COMMON/STREAM/F{6019P(6))sT(60)sH(6C) sX1(60)9X2(60)sX3(60) CLR

# *#CLR
PRINT 5351 9JsKsT(J) CLR

BN FORMATI(/2Xs#CLR ROUTINE%,/2Xs*INPUTS= NI=%31233X93HNG=T12s2Xs3HNL=»CLR
11253X» THT(OUT)=9F7e2) CLR

# CONDENSER LOAD CALCSe *CLR
TJ=T(J) CLR
CL=CCL(TsJs¥ sTJ) CLR

# END OF ROUTINESRETURN AFTER SUCCESSFUL CALCULATIONS *CLR
T(KY=T(J) » CLR

PRINT 44 ' CLR

PRINT S59ToF{T)sX1(T)sX2(1)aX3(I)sT(T)sH(T) CLR

PRINT 558JsF{J)YsX1{JYeX2(JYeX3(JYsT{J)sH(J) CLR

PRINT 559KsF{K)sX1(K)sX2(K)9X3(K)sT(K)sHIK) CLR

PRINT 59CL CLR

230
240
250
260
270
280
290
300
110
320
330
340
350
360
370
380
390
400
410
420
430
440
450
469
470
480
490
500
510
520
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44 FORMAT(/3Xe*RESULTS OF CLR ROUTINE*/ 985X 92HSNs 1CXs 1HF 98X 9 2HX1 s
18X92HX298X 92HX 399X 9 1HT 99X s 1HH)

55 FORMAT(/6X»1295X96F1044)

5 FORMAT(/3Xs*CONDENSFR LOAD= CL=%yFE11.4)
RETURN
END

CLR
CLR
CLR
CLR
CLR
CLR

531
549
550
569
570
5890
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SUBROUTINE CTR(IsJsKsCL) ' CTR
FHF R R AU A H SR H RS ****%*******************%************************cTR
* *CTR
* IONATED 4/15/778 *CTR
* CTR = CONNENSFR TEMP, ROUTIS. *#CTR
* *CTR
LR EEEEEE R R R L LR R 2T B **********************************************CTR
#¥ROUTINE 1S CALLED BY *CTRUNIyNGsNLsCL)* #CTR
#ROUTINE CALCSe EXIT TEMPe FOR A CONDENSER WHOSE LOAD IS GIVEN, *CTR
#IN ADDITION THE ROUTINE CA1L.CS, AND UPDATF THE STREAM FILF (EXIT STREAM®CTR
* ROUTINE 1S CALLED BY *CALL CCR{NIsNGsNLsCL)* #* WHERE NI IS NO. #CTR
* OF INPUT STREAMs NG I, NOe OF GAS EXITING STREAMsNL IS LIQUID OUT*CTR
#* - PUT STREAM, CL=CONDENSFR LOAD . *CTR
* ROUTTNE ASSUMES CONDENSATION AT CONSTANT PRESSURF AND GET = *CTR
* P{NL)=P(NG)=P(NI), ' *CTR
* ROUTINE ASS!'MES THAT BO0TH T(NI) AND T(NG) ARE GIVEN. HOWEVER, *CTR
#T(NG) 1S CONSIDERED AS FIRST APPROXIMATION ONLY AND IS UPDATED. *CTR
* ROUTINE HAS AGCCESS TO TIE MAIN PROGRAM ARRAYS=FsPsTrHeX19X2sX3 *CTR
#ROUTINE USES THE FOLLOWING SUBROUTINES= VKCRsBPTR+CCLIRECOPYENTR2 *¥CTR
* *#CTR
*NOMENCLATURS = *#CTR
* RPT BURBLE POINT T=WP, *CTR
* ccLl MAXe CL FOR T(J)=273. ALSO USED IN NR TO-FIND T *CTR
* ceL2 USED IN NR (=F#*DH) TO FIND T *CTR
* CL CONDENSER LOAD (KJ/S) #CTR
* CLADP CONDENSER LOAD AT DEW POINT *CTR
* DP DEwW POINT (=DPT) IN CALL FOR VKCR #CTR
* NPF1 NR- FUNCTION VALUE (FOR DPT) IN DO LOOP 15 *CTR
* DPF2 NR FLNCTION VALUE (FOR DPT-1) IN DO LOOP 15 *CTR
* NPT DEY POINT TEMP,. : *#CTR
* DT INCREMENT FOR DPT AS CALCe RY NR (DO LOOP 15) : #*CTR
* EPST TOLERANCE FOR ACCEPTABLE DT *CTR
* FLOW (KMOL/HR) *CTR
# H ENTHALPY (KJ/KMOL) ' ¥CTR
* 1 INPUT GAS STREAM INDEX #CTR
* J QUTPUT GAS STREAM INDEX #CTR
#* K AUTPUT L1Qes STREAM INDEX #CTR
* K2 VOLATILITY CONSTe FOR S0O2 *CTR
* K3 VOLATILITY CONSTe FOR 503 *CTR
* M NO+OF ITERATIONS IN DPT DO LOOP AND T DO LOOPS *CTR
* N DO LOOP INDEX IN DPT CALCS.(15) AND -IN T CALCS«(12+23) #CTR
* NG OUJPUT GAS SOREAM INDEX (USED IN PRINTING ONLY) #CTR
* N1 INPUT GAS STREAM INDEX (USED FOR PRINTIG ONLY) *CTR
* NL QUTPUT LIQe STREAM INDEX (USED FOR PRINTIG ONLY) *CTR
* P PRESSURE (BAR) *CTR
* TJ GAS EXIT TEMP, *CTR
* X1 MOLE FRACTION 02 » *CTR
* X2 MOLE FRACTION s02 *CTR
* X3 MOLE FRACTION $S03 *CTR
************************************************************************CTR

DIMENSION TJ(10) CTR

COMAON/STREAM/F(60)sP(60)9T(60)sHIB0)9sX1(60)9X2(60)9X3(60) CTR

200

220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
4890
490
500
510
520
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REAL K2sK3 CTR

DATA EPSTsM/1e910/ CTR

PRINT 5091 sJsksCL CTR

50 FORMAT(/3Xs*CTR ROUTINE#*s/3X s *INPUTS= NI=%,1293X9s3HNG=12+93X93HNL=»CTR
11283Xe3HCL=9FE11e4s) CTR
¥CHECK WHETHER CL IS NOT NEGATIVE o IF NEGe PRINT ERROR MASSEGEs IF OU#(CTR
#SET STREAM NG £Qe 10 NI ANDSTREAMNL EQe ZERO. *#CTR
IF(CL)I19293 CTR

# 1- ERRORe CL CANT BE NEGATIVE #CTR
1 PRINT 4s1sCL CTR
40FORMAT(/3X+*ERROR IN CONDENSER LOAD DATA. CL IS NEGATIVE. Ni=#, CTR
11293X93HCL=9E1164) CTR

GO TO 100 CTR

2 CALL RECOPY(IsJ) . ) CTR
CALL RECOPY (454K} CTR

GO TO 24 CTR
#CALCe CL MAXe AT T())=273, CTR
3 CCL1=CCL{I3sJsKs273,) CTR
®#CHECK IF SPECIFIED LOAD IS NOT TOO HIGH. #CTR
IF(CCL1+GTCLIGO TO 37 CTR

#MAXe LOAD CALCSe. . *CTR
T(J)=273, CTR

PRINT 38 CTR

38 FORMAT(/3Xs*CONDENSER CANT ACCOMODATE. SUCH LOAD DEMAND WITH THE SPCTR
1ECIFIED FLOWe*9s/3Xy*RESULTS ARE GIVEN FOR MAX. POSSIBLE LOAD-CCL¥*)CTR

GO TO 24 CTR
#FIND BUBBLE POINTe (IT IS NOT A TRUE BP. IT IS USED ONLY AS A FIRST *CTR
#APPROX IMATION FOR THE DEW POINT.) *CTR
37 CALL BPTR(P(I)eX2(1)sdPT) CTR
#FIND DPT-DEW POINT TEMP. (FIRST APPROXe FOR DPT IS BPTe.) #CTR
DPT=BPT ' : CTR
DO 15 N=1sM CTR
HPanPT ) TR
CALL VKCR(P'I);DP.KZ,KB) : CTR
DPF1=X2(1)/¥2+X3(1)/K3-_. CTR
DP=DP~1e CTR
CALL VKCR{P'I1)+DPyK2sK3) CTR
DPF2=X2(1)/k24X3(1)/K3~5 CTR
DT=DPF1/(DPF1-DPF2) CTR
IF(ABS(DT)=~5041696+7 CTR
7 DT=50,0%#DT/ABSI(DT) CTR
6 DPT=DPT-DT o CTR .
IF(ABS(DT)-EPST)164916+15 CTR
15 CONTINUE CTR
#GET CLADP ~ CL AT DEW POINT. *CTR
16 CALL RECOPY(IsJ) ) CTR
CALL RECOPY(454K) ’ CTR
T(J)=DPT CTR
CALL ENTR2(DPTsX2(J) sX3(J)sH(J)) CTR
CLADP=F(TI)*(H{1)=H(J)) : ’ CTR
CCLI=CLADP TR
#SELECT CONDENSER OR COOLER ROUTINE CTR
IF(CLADP=~CL) 18924419 : CTR
* *CTR
i #CTR
* EXIT TEMP., CALLCo FOR CAOLFR, *CTR

19 CALL RECOPY(IsJ) ) CTR

530

620

660
67N
680
699
700
710
729
730
740
750
760
770
780
790
800
810
820
330
840
850
860
870
88¢C
890
300
9190
920
930
940
950
960
970
98"
990
1000
101n
1020
1930
1040
1050
1060
1077
1780
1090



CALL RECCPY{45,4K) CTR
T(J)=DPT CTR

DO 12 N=1,M CTR
IF(T(J)=DPT)25,28,28 CTR

25 T(J)=DPT CTR

28 TJIN)Y=T(J) CTR
CALL ENTR2(TJ(NY 9X20J) 5 33(J)sHIJ)) CTR
CCLI=F(II*(HLI)=H()) CTR
TIHNI=TJI(N)=1, CTR

CALL ENTR2{TJIN) o X209 4310)sH(J)) CTR
CCL2=F(IM#{h(]1)=H(J)) CTR
DT=(CL-CCL1}/(CCL1-CCL2} CTR
IF(ABSIDT)~504)32+32933 CTR

33 DT=50,0%DT/ABSIDT) CTR

32 T(J)=T(J)+DT CTR
IF(ABS{(DT)-EPST)26+26912 CTR

12 CONTINUE CTR

GO TO 8 ' CTR

*  ~EXIT TEMPSe CALCULATIONS. {CONDENSER). *CTR
*#FIRST GUESS= T(J)=(DPT+BPT) /2, CTR
18 T(J)=(DPT+BPT) /2, CTR

21 DO 23 N=1sM CTR
IFIT(U)~-DPTI10410s11 CTR

11 T(J)=DPT CTR

10 THNI=TLD) CTR
CCL1=CCLIT s JsKsTJ(NL) CTR
TJIN)=TJI(N)I=1, CTR
CCL2=CCL(T sJsKsTJI(N)) CTR
DT=(CL-CCL1)/Z(CCL1-CCL2) ' CTR
IF(ABS(NTYI~50,)34934+35 ) ) CTR

35 DT=50,0%DT/ABS(DT) : CTR

34 T(J)1=T(J)+DT CTR
IF(ABSI(DT)~EPST) 26926923 CTR

23 CONTINUE CTR
#NO CONVERGENCE ON Te #CTR
8 PRINT 27 CTR

27 FORMAT(/3X¢#NO CONVERGENCE ON T(J) AND T(K) AT CTR*) CTR

* . #CTR
#LAST PASS THROUGH CCL #CTR
.26 CCLI=CCL(IsJsKsT(JY) _ ) CTR
* 24- 1S THE END OF ROUTINE.RETURN AFTER SUCCESSFUL CALCULATIONS #CTR
24 T(K)I=T(J) ' CTR
PRINT 44 CTR

PRINT 5591 sF{I)sX1(I}sX2(1)sX3(1)sT(TI)sH(I) CTR

PRINT 550Jsf (J)aX1(JI) s X201 X3(J) s T(J)oH{IY CTR

PRINT 55sKsT (K)o X1(K}sX2{K)sX3(K)sT{K)sH(K) o CTR

44 FORMAT(/3Xs¥RESULTS OF :TR ROUTINE®/95X92HSNs 10X9 1HF 98X 92HX1s CTR
18X92HX298X 9 2HX3 99X s 1HT 99X s 1HH) CTR

55 FORMAT(/6XsY2+15X96E10s4) : CTR
PRINT 9sCLs(CLL CTR

9 FORMAT(/3Xs*CONVERGENCE ACCURACY= Cl= *.El1.4.3x.*c0MPARE TO CCL=#%#,CTR
1£1144) CTR

100 RETURN : CTR

152

END CTR
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FUNCTION CCL(TsJsKsTJ) ' ccL
M G I I A BN F XN RN RN RN XH U AR H R R XA AN IR AR AR R RCCL
. *erL
* UPDATED - 5/17/78 *CCL
* CCL - COMPUTATIONS OF CONDENSER LOAD FUNCTION *CCL
* *CCL

F RN R NN NN H R R H NN R F R RN NN R R AR R AR R LR AR R AR R AR RCCL
¥CCL IS A FUNCTION CALLED BY BOTH CLR AND CTR TO DETERMINE CONDENSER *CCL
*LOADe FUNCTION IS CALLED BY #CCL(TJ)* WHERE TJ IS THE QUTPUT TEMP, *CCL
*FUNCTION HAS ACCESS TO ALL STREAM RECORDSe NR SCHEME IS USED TO FIND #CCL
#LIQUID FLDOW AND COMPOSITION OF THE EXIT STREAM. FIRST GUESSES ARRAYS #CCL

#ARE BASED ON INPUT. *#CCL
#FUNCTION USES THE FOLLOWiING ROUTINES= VKCRsENTR1,ENTR2sRFCOPY #CCL
# NOMENCLATURE = o *#CCL
* AL ARRAY FOR POSSIBLE FIRST GUESSES OF L #CCL
* AX ARRAY FOR FOSSIBLE FIRST GUESSES OF X2 *CCL
* A1 NR JACORIAN MATRIX VARTARLF #CCL
* A12 NR JACOBIAN MATRIX VARIABLFE #CCL
* A21 NR JACOBIAN "ATRIX VARIABLE ®CCL
* A22 NR JACOBIAN ,IATRIX VARIABLF *#CCL
* ccL CALCULATED CJUNDENSER LOAD (FUNCTION} #CCL
* cL CONDENSER LOAD (KJ/SEC) : *CCL
* D DETERMINANT OF THE NR JACOBIAN MATRIX *CCL
* DL INCREMENT FOR L IN NR SCHFME _ #CCL
* nX2 INCREMENT FOR XX2 IN NP SCHFMF ‘ *¥CCL
* EPSL TO' ERANCE FOR \CCEPTARLE DL *CCL
* EPSX2 TOL FRANCE FOR \CCEPTARLE DX2 *CCL
# F FLOW (KMOL /SEC) *CCL
* Fl FUPCTION IN NR FOR XX2 AND L *CCL
* F2 FUNCTION IN NR FOR XX2 AND L . *CCL
* H ENTHALPY (KJ/¥X40L) _ : #CCL
* 1 INPUT GAS STRE.AM INDSX *#CCL
* 11 INDEX FOR DO LNOP PREPARING INITIAL GUESSES *CCL
# J OUTPUT GAS 3TREAM INDEX : *CCL
* K OUTPUT LIQUID STREAM INDEX *#CCL
#* K2 VOLATILITY .CONSTs FOR 502 *CCL
* K3 VOLATILITY CONSTe. FOR S03 *CCL
* L LIQUID FLOW —-ARRAY IN NR SCHEME *®CCL
* M NO. OF ITERATIONS ~NR SCHEME *CCL
* N INDEX IN DO LOOP 34 —NR SCHEME ®CCL
* NP1 N+1 IN DC LOOP 34 #CCL
* ] PRESSURE (BAR) : *CCL
* T TEMP,. (K) #CCL
* TFC TEST FOR CONDENSATION FUNCTION *¥CCL
* TJ " GAS EXIT TEMP, *#CCL
* TK LIQUID EXIT TEMP. #CCL
* XX2 X2 IN L ~ARRAY IN NR SCHEME ©xcoL
* X1 MOLe FR, 02 *#CCL
* X2 MOLe FRe 502 #CCL
* X2 MOLe FRe SO3 CoxCCL
*************************i************%*********************************CCL

*CCL
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gOMVON/STREAM/F(6J)9P(6“)’T(SQ)QH(ﬁo)!Xl(én)9X2(6O)‘X3(60) ccL
DIMENSION AX(5)sAL(5) ccL
REAL K2,K3 ccL
REAL L 23)«XX2( 22) ccL
DATA M/20/ ccL
. DATA EPSX2+EPSL/0e2059110040/ ccL
# % SET EQUAL PFESSURE THRO JIGHOUT THE CONDSNSER. ccL
P(IY=P(I]) cCL
PIKI=P(I]) ccL
TK=TJ cL
CALLVKCR(P(K}sTKy K2sK13) ceL

#CHICK IF MIXTURE IS CONDENSI JLE AT THIS TEMP, TFC TEST FOR CONDENSATIONCCL

TFC=X2(1)1/K2+X3{1) /K2 ccL
IF({TFCeLFe1429) GO TO 11 : ccL

# CALCy INITIAL GUESSES FOR XX2(N=1)sL(N=1) S *#CCL
DO 3 I1=1,5 : cCL
AX(I1)=0e41%71 ccL

3 AL(11)=0.15%11%F (1) cCL
D0 1 I1=1,5% cCL
XX2(1)1=AX(11) ccL
L(1y=aLtT1) cCcL
#SNTERING NEWTON RAPHSON ITERATION ROHTINE FOR XX2 AND L *CCL
4 DO 34 N=1sM cCL
NPLl=N+1 ccL
FI=(F(I)=LIN))*(1e-K3=XX2(N)I*(K2-K3))=F(1)%#X1(T) cCcL
F2=(F(I)=L{N))#K2*XX2INI+L(N)*XX2(N)=F (1) %*X2(I) cCL
A11=XX2{N)#(K2-K3)+K2=1, cCL
Al2=(FLI)=LIN))IR(K3~K2) cCL
A21=XX2(N)¥({1,-K2) cecL
A22=(F(I)=L(N))*K2+L (N} ccL
D=A11%#A22~A12%A21 . ccL
DL=(A12%F2~-A22%F1)/0D ccL
DX2=(A21%F1-A11%F2)/D ccL
LIN+1)=L(NI+DL ccL
XX2 (N+1)=XX2(N)+DX2 ccL
TF(ABS(DX2)~EPSX2)414541934 ’ ccL

41 IF(ABSIDL)~EPSL)42+42534 ccL
34 CONTINUE ccL
PRINT 43,M ccL

43 FORMAT(/3X,»*COMMON ROUTINE DIDNST CONVFRGED AFTFR M=#,12,*%ITERATIOCCL
INS*) ccL
42 X2(K)=XX2(Nf 1) cCL
X3(K)=1e=X?"K) ccL
X1{K)="e cCL
X2(J)=K2#x2(X) oL
X3{J)=K3%¥x3'K} cCL
X10J)=1e=X2(J)=X3()) ' : cclL
FIK)=L(NPLY ccL
FIJY=F{1)=F(K) ccL

# CALCs CONDENSFR LOAD FOR THc PARTICULAR T(J)y GIVEN TO THE COMMON ROUTNCCL

CALL ENTRI(TKs X2(K)sH{¥)) ccL

~ALL SNTR2(TJs  X2(JYaX2{J)sHII)) . [N
CCL=F(II*H I =F () *H(JY=-F(K)*H (X) cCL
*CHECK IF ANY IMPOSSIBLE NEGATIVE FLOWS EXIST,. *CCL
TF(F(JU))18y2s2 ccL

8 IF(F{JI+CeO2¥F(T1))10797 cCL

7 F(J)1=0. : ccL
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C(():C(r) f'(L

2 IF(F({K)195s120,100 cCL
O TFIF{KI+04NI*F(T))15104107 coL
12 F{%X)=D. ccu
FIJ)=F(T) oL
GO TO 100 ccL
#TRY DIFF. INITIAL CONDITIONS, IF DOESNT HELP STOP PRQOG. *CCL
1 CONTINUE cCL
PRINT 6sF(T)eF (J)sF (KD ccL

6 SORMAT(/3Xs#FLOWS ToeJdeKy ARE=¥#,3{3X,4F11.4)) L
PRINT § cCL

5 FORMAT(3X,*IGNORE CONDENSERe SET F(J)=F(1) AS IF NON-COND,*) ccL
*CALCSe FOR NON-CCNDENSIBLE FEED, : *CCL
11 x1(J)r=X1(1) : ) ccL
X2(J1=X2(1) cCL
X30J)=X3(T1) ' cCL
F{Jy=FL1) ccL
CALL ENTR2(TJsX2(N) s X3 (. ))sH(J)) : cCL
CALL RECOPY’ 4L 4K) CcCL
CL=(H{I)-H{U)I®F(]) ccL
ccL=CL _ ccL
PRINT 12sT(J)sCL cCL

12 FORMAT(/3Xs#CCL WAS CAL'.FD TO CALC. FOR NONCONDENSIBLE MIXTURS. LOCCL

1AD CALCe ON BASIS OF GA; ENTHALPY CHANGE ONLYs T(J)=%3FTe2s3Xs3HCLCCL
2=9E11e4) cCL

10C RETURN ccL
1000 CONTINUE cCL

END } cCL
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SUBROUTINE FINDT(NSsJ) FINT
Ly s e L e Ry e e Yy R TS ks
* ®EINT
* UPDATED 4/15/78 *FINT
* FINDT ~ ROUTINE TO FIND T IF H 1S GIVEN. *FINT
* ¥FINT

Dy R Ty T s S ) ]
#ROUTINE IS CALLED BY *FINDT(NSsNF) WHERE NS IS STATE INDICATOR (1 FOR #FINT
#LIQe 2 FOR GAS) AND NF I& THE STREAM RECORD NOes IT HAS ACCESS TO ALL #FINT
#STREAM RECORDSe ROUTINE ULSES VALUE FOUND IN T(J) AS FIRST GUESS IN A *FINT

#NR SCHEME TO FIND THE EXACT VALUE OF THIS TEMP, *FINT
*ROUTINE USES THE FOLLOWING SUBROUTINES= ENTR1+ENTR2 : *FINT
* NOMENCLATURE= *EINT
* pT INCREMENT OF T(J) CALC.BY NR SCHEME *FINT
* F FLOW(KMOL/SEC) *FINT
»* H ENTHALPY» (KJ/KMOL) ®FINT
* HH ENTHALPY CORRESPOND TO T(J) - ORFINT
#* H1 ENTHALPY CORRESPOND T0O. T1 *FINT
» 1 INDEX IN DO LOOP 1 ¥FINT
* J NOe OF STREAM RECORD FOR WHICH T IS CALC. ®FINT
* NS STATUS OF STREAM= LIQUID (1) OR GAS (2) #FINT
» P PRI'SSURE (BAR) *FINT
* T TE*P,4 (K) : *FINT
* T1 TG+ . *FINT
* X1 OXYGEN CONTENT (MOLE FRACTION) ®#FINT
* X2 SO CONTENT (MILE FRe) *FINT
* X3 503 CONTENT (M)ILE FRo) _ #FINT
* . ®FINT
OH A3 0 AT RN IS0 DI IR I I N I RRR R N R R RN RRRFINT
) #FINT

" COMMON/STREAM/F(60)sP (61 sTIE0)sHIBN) sX1(60)9X2(60)9X3(60) FINT

DO 1 1=1,30 FINT
Ti=T(J)+1, FINT
IF(NS=1)49443 FINT

3 CALL ENTR2(T{.)sX2(J)eX3(J)sHH) FINT
CALL ENTR2(T1s X2(J)9X3(J}sH1) FINT

GO TO 5 : FINT

4 CALL ENTRIUIT(JYeXZ(J)eHHY FINT
CALL ENTR1(T1s X2(J)sH1) . FINT

S DTa(HH-H(J})/(H1=HH) ’ FINT
T(J)=T(J)=DT ) FINT
IF(ABS(DT)=0e01)292s1 FINT

1 CONTINUE FINT

* NO CONVERGENCE ON Tz PRINT MESSAGE. ) *FINT
PRINT 69T(J)sHHoHYIH(D) 9 FINT

6 FORMAT(/3Xs#NO CONVe ON T= T(J)}=2¥3F64233Xs3HHH=+E104493Xy2HH1=»FIOFINT
1e493XsB5HHIUI=9E10e493Xs2HI=o[29%IN FINDTH*) FINT

2 RETURN ' FINT

END FINT
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"~ SUBROUTINE RECOPY(TsJ) coPY
************************************************************************COPY
* *COPY
* UPDATED 4/15/78 *COPY
* RECOPY ~ RECORD COPYER, *COPY
* *COPY

*******v*******;ﬁ**#'-**************v*************************************#**CODY
#ROUTINE CALLED 8% CALL RECOP/(IIN,IOUT) WHERE TIN=RECORD TO COPY FROM #COPY

#AND IOUT=RECORD TO UPDATE. *COPY
#* : *COPY
#VARIABLES= *COPY
* F FLOW(KMOL/SEC) _ #COPY
* H ENTHALPYs (KJ/KMOL) : *#COPY
* 1 INPUT STRFAM T DICATOR *COPY
* J OUTPUYT STREAM TNDICATOR *COPY
#* ° PRESSURE (BAR) o %*COPY
#* T TEMP 4 (K) *COPY
* X1 OXYGEN CONTENT (MOLE FRACTION) *COPY
# X2 S02 CONTENT (MOLE FRe) . *COPY
* X3 SO3 (ONTENT (MOLE FRs) *COPY
****************%*******************************************************COPY
M #COPY
* _ *COPY
COMMON/STREAM/F (601sP(60)sT(60)sHI60)9X1{60)19X2(60)5X3(60) coPY
FIJI=F(1) CoPY
TCJY=T(I) copy
PLJI=P(]) CoPY
H{JI=H(I) CoPY
X1(J)1=X1(1) ‘ COPY
X20J)=X21(1) ' coPy
X3(J)1=X3(1) copy
RETURN CoPY

END _ copy
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FUNCTION TRKP(XsPsX1eX29X3) TRKP
**********************************************%*************************TR}(p
* *#TRKP
* UPDATED 4/15/78 #TRKP
* TRKP - KP CONSTANT ROUTINE *TRKP
* . #TRKP
************************)H-**l"***********%*********#*********************TRKD
#ROUTINE 1S CALLED BY HTR #TRXP
*ROUTINE CALCSe KP FOR GIVEN X AND P, #TRKP
* NOMENCLATURE = #TRKP
* C CONVERTED FRACTION X#X2 *#TRKP
#* P TOTAL PRESSURE . *TRKP
* TRKP FUNCTION-TEM?, DEPENDED REACTION KP CONSTANT ‘ *TRKP
* X1 02 MNLe TR, ~*TRKD
* X2 502 MOLe FRe ~*TRKP
* X3 503 MOLe FR. —-*TRKP
FF NI NN NN IR NN R H H NN NN IR R HEH R LR RTRKP
#* oot #TRKP

C=X*X3 TRKP

TRKP=({X2+C)/{X3~CI*SQRTIP*¥(24*#X1+C)/(2++C)) TRKP

RETURN ) TRKP

END TRKP
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FUNTTION TKP(XsPsX19X2s 12)

TKP

FHUH KRR R R HHHE NN R R AR R AR XU RN RN A H R IR H R RH R R R R RS R A AR X ETP

*
#

*

TRKTKP - CONSTANT ROUTINE

®TKD

*TKP
#TKO

***************%**********%*********************************************TKP

*

POJTINE IS ZALLFD 8Y L1R

*¥ROUTINE 7ZALCS. KP FOR GIVEN X AND. P, OXINATION RFACTION.

MOMENCLATYRE =

c CONVERTED FRACTION X*X2

P TOTAL PRESSURE

TP FUNCTION-TEMP. DEPENDED 95133965 27 365STANT

x1 02 Y0L. FRe

X2 502 MOLs FR,

X2 502 MOL. FR, , _
***************%*****************************************************

C=x#X2

TKP={X234C)y /(X?2~C)/SGRT(PH{2,%X1-C)/(2—=C))

RETURN

END

%TKD
#TKP
#TKP
*TKP
#TKP
*TKP
*TKP
*TKP
*¥TKP

#RTKD

“*TKP
TKP
TKP
TKP
TK®
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FUNCTION CP(TsY1sY2sY3) cp
************************************************************************CP
* *#CP
* UPDATFD 4/17/78 #CP
* CP - SPACIFIC H"AT ROUTINE %CP
* #CD
************************************************************************CP
#ROUTINE CALCSe CP AT ANY GIVIN T AND COMPOSITIONs #CP
#CP AS FUNCTION OF TEMP. IS T\KEN ACCORDING TO EKLUND. *CP
*(FOR EXACT REFERENCE SEE ENTA ROUTINE) *Cp
* NOMENCLATYRE = : *CP
* cP FUNCTIO-OVERAL!, SPECIFIC HEAT *CP
* cP1 SPECIFIC HEAT J)F 02 *CP
* cP2 SPECIFIC HEAT OF 502 : *CP
* cP3 SPECIFIC HEAT OF S03 ' *CP
* T SYSTEM TEMP, *#CP
* Y1 MOLe FRe OF 02 *CP
* Y2 MOLes FRe DF 5032 *CP
* Y3 MOLe. FR. OF 502 *#CP
363 W6 I ¥ I WA I WKW I I3 KR l***********************************************CP

CP1=7416+0eN01#T~44,0FE4/T#%2 cP

CP221003842e564FE~23%T=1.42E6/TH%) cP

CP3513eT+6642E=3%#T~3 41286/ T*¥2 cP

CP=CP1*Y1+CP2#Y24CP30Y3 cp

RETURN cP

END cp

210
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FUNCTION NHRI(T) DHR
H R IR R R ORI H IR IR R R R R RS E R R LR EH AR R R AR
* ’ *DHR
#* UPDATFD 4/15/78 . #DHR
# DHR —~ HEAT CF REACTION RCUTINF #DHR
% . - *DHR
L T Y L
#ROUTINE CALCSe HEAT OF REACTION AT ANY T ACCORDING TO S *DHR
3* DHR(T)=DHR (298K )+(H~PRODe~H=-REACs) AT T *¥DHR
* GIVEN= DHR(298K)=2352%, CAL/MOLE® (REFo EXLUND) #DHR
* *DHR
#NOMENCLATURE= : ) #DHR
* DHR FUNCTION-DELTA HEAT OF REACTION *DHR
* T REACTION TEMP, : *DHR
B MU I KT A K IR NN KRNI R IR R RN R AR ERRRR KRR X EHDHR

DHR=235234="eb6%T+]1469F—3%THH241,5E5/T=57745 : DHR

RETURN v DHR

END : DHR
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SUBROUTINE ENTR1{(TyX2sHL) ENTL
W W WK W W R KRR ****************************************************ENTL
» *ENTL
* UPDATED 4/15/78 *ENTL
* ENTR1 - ENTHALAY OF LIQUID MIXTURE ROUTINE *¥ENTL
* *¥ENTL
************************************************************************EMTL
* ROUTINE 1S CALLED RY *CALL ENTRI(TeX2eHL)* WHERE T 1S TEMPL(K)y #ENTL
* X2-502 MOLE FRe (BOTH T AND X2 ARE SPECIFIED BY THE CALLING PROG)I#ENTL
* HL=-LIQUID MIXTURE ENTHALRY(KJ/KMOLE)} TO BE CALCULATED. - *ENTL
* IT IS ASSUMED THAT LIQe MIXTURES CONTAIN ONLY S02+503 AND BEHAVE *ENTL
»* AS AN IDEAL MIXTURF. *ENTL
* ROUTINE CALL ENTR2 TO OBTAIN H(GAS MIXTURE) AND THEN IT CALL LHR ¥ENTL
» TO OBTAIN HEAT OF VAPORIZATION AT THE SAME TEMP, *ENTL
* H(LIQUIDE MIXTURE):h(GAS)-LH(MIXTURE) #ENTL
» NOMENCLATURE= HENTL
* HG ENTHALPY OF GAS AT T AND COMPOSITION X2+X3 *ENTL
»* HL ENTHALPY OF LIQ AT T AND COMPOSITION X2sX3 *ENTL
» LH LATENT HEAT OF STREAM AT T AND X2+X3 COMPOSITION *ENTL
* T TEMPe OF STREAM HENTL
* X2 MOLE FRe $02 *ENTL
» X3 MOLE FR, S03 #ENTL
D Yy Y e ey e S s s I e 2 e T e

REAL LH . ENTL

X3xle=X2 ENTL

CALL ENTR2(T9X29X3,HG) : : ENTL

CALL LHR(T'XZoLH) : ENTL

HLaHG=LH ) ENTL

RETURN ENTL

END ENTL

10
20

40

50

60

79

81

90
100
119
129
130
140
1590
169
172
180
190
200
210
220
2190
240
250
269
270
280
290
300



163

SUBROUTINE I'NTR2(T,X29X34H) : : : " ENTG

WA KA H R KRR PR NN R R AR AR R AR AR R R R AR AR AR R A RN RENT G
# *ENTG
* UPDATED 4/1%/78 HENTG
* ENTR2 = EMTHALPY ROJTINE FOR GAS MIXTURES *ENTG
* . . *ENTG
FA R KA KA R R RN RN AR RN R R AR ERERRRRXFARAENTG
#* ROUTINE IS CALLED 8Y *C.LL ENTR2{TsX29X3sH)* WHERE T IS TEMP.(K)s*ENTG
X2-502 MOLF FRes X3-503 MOLF FRes H-ENTHALPY TO RE CALCe 8Y THE *ENTG
ROUTINFE (KJ/KMOLE), *ENTG
ROUTINE CALCULATES ENTHALPIES FOR 02-X19502~X24+503~X3 GAS MIXTURESENTG
(X2 AND X3 fRE GIVENs X1 MAKES THE BALANCE). . ¥ENTG

ENTHALPIES ARE CALCe FROM TEMP. DEPENDENT SPECIFIC HEATS AS GIVEN¥ENTG
BY KeKeKELLEYs HIGH TEMP, HEAT-CONTENTsHEAT-CAPACITY,AND ENTROPY *ENTG
DATA FOR INCRGANIC COMPOUNDS. BUREAU OF MINES» BULL. 476 (1949) *ENTG
AND AS INTEGRATED BY ReALEXLUND,THE RATE OF OXIDATION OF S02 WITH®*ENTG
COMERCTIAL VANADIUM CATALYSTe PHeD DISSERTATION, THE RCYAL INST. *ENTG

ok ok ok ok ok ok Kk %k ok ok K ok ook ok ok ok X K ok

OF TErHe STOCKHOLM (1956). *ENTG
MIXTURES ASSUME TO BE IDEALsI.FEe H=X1I¥H1+X2¥H2+X3%*H3 #ENTG

H IS CALCe IN (KJOULS/KMOLE)e BASIS 1S HO(298416K) *ENTG
NOMENCLATURE= *ENTG
H OVERALL ENTHALPY OF THE GAS STREAM *ENTG

H1 ENTHALPY OF 02 AT T *ENTG

H2 FNTHALPY OF SO2 AT T *ENTG

H2 ENTHALPY OF SO3 AT T B *ENTG

T TEMP. OF STREAM , e *ENTG

X1 MOLE FRACTION OF 02 IN STREAM *ENTG

X2 MOLE FRACTION OF S02 IN STREAM *ENTG

X3 MOLE FRACTION OF $03 IN STREAM ) *ENTG
*********%********%*****************************************************ENTG
* CALCs OXYGEN CONTEMT X1 AND ADJUST TF ZERN : #ENTG
X1=1e=-X2-X2 , ENTG
TF{X1)192,2 ENTG

1 X2=X2+X2#%X1 ENTG
X3=1e-X2 ENTG

X1=0e ENTG

*. CALCULATE INDIVIDUAL ENTHALPIES AND WEIGHTED MIXTURE ENTHALPY *ENTG
2 H1=T7e16%T+0s0005%TH*¥244,E4/T-2313, ENTG
H2=10438#%T+1e 27E~3%T##24+1442E5/T~3683, ENTG
H3=13470#T+%4 21F=3#T%%24341255/T7-5417., ’ ENTG

Hz=f o 186Q%(H #XT+H2*X2+H J1#X 3 ENTG
RETURN . _ ENTG

FAD : ENTG
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SUBROUTINE LHR{(TsX2sLH) LHR

*********41'**********************************%***************************LHQ
* *LHR
* UPDATED 4/15/78 #LHR
# LHR = LATENT HEAT ROUTINE *#LHR
* *LHR
FYEE PR TSR T R L L LT L L LR L 2 08 1 2 ****%*********%****************#*********LHR
# ROUTINE IS CALLED 2Y #LHR(TsX2sLH)#* WHERE T-TEMP.(K)s X2-MOLF FRe*LHR
* OF S02 (T AND X2 ARE LPECIFIED BY THF CALLING PROGe) o LH=LATENT  *LHR
* HEAT(KJ/KMOLE)TO BE CALCULATED. *LHR
* BASIC DATA WHERE TAKEN FROM NICKLESS. LATENT HEATS AS FUNCTION OF#LHR
* TEMP, ARE CALCULATED ACCORDING TO PERRY$SS CHEMe ENGe HeBes5THe ED*LHR
* {1973)+PGe3239,EQe3~53, THE EXPCNENT WAS TAKEN AS 04545 (RATHER *LHR
* THEN 0¢38)+"'"HICH RESULT ID FROM CALCS<FOR BOTH SO2 ‘AND $03 FROM  #LHR
* ACTUAL REPO}TED DATA OF LH{(T) GIVEN BY E£ITHER NICKLESS OR RY *LHR
* LANGESS HeBe OF CHEMISTAY EDeJeAsDEANSMGH 1973, *LHR
* THE LH FOR “HE MIXTURE {S CALCULATED ACCORDING TQ PERRYSS £Qe3~57#*LHR
* (PGe3-239)s LHsLH2%X2+L 13%X3+ FINAL RESULTS CONVERTED INTO <J/MOL#*LHR
* DATA USED - *LHR
* 502 TC=43CKs TB=26JKs LH(263)=6+00KCAL/MOLE *LHR
* S03  TC=491K»s TB=318Ks LH(318)=9,75KCAL/MOLE *LHR
*NOMENCLATURE = *LHR
* LH OVERALL LATENT HEAT (KJ/KMOL) *LHR
* LH2 LATENT HEAT OF §02 AT GIVEN T *LHR
* LH3 LATENT HEAT OF $03 AT GIVEN T *LHR
* T TEMP, OF STREAM FOR WHICH LM IS CALCe *#LHR
* X2 MOLE FRACTION OF S02 IN STREAM *LHR
* X3 MOLE FRACTION OF S$03 IN STREAM *LHR
3636 3 36 I U9 3 36 3 O 3 F 36 4E 3 36 96 2 6 H 6 I I IE I 336 I I I I3 K K 33 3 M I I I K% *_************LHR
REAL LHsLH2sLH3 v LHR
X3=14~X2 LHR
1F{T=4304119252 LHR

2 IF(T=4914)5+646 : LHR

5 LH2=04 LHR

G0 TO 7 ~ LHR

1 LH22640%((430e~T)/1670 ) #%#04545 LHR

7 LH3=9,75%((4914=T)/173.)%%0,545 LHR
LH=418648% (LH2%¥X2+LH3%X3) LHR

GO TO 4 LHR

6 LH=0s LHR
PRINT 34T : LHR

3 FORMAT(/3X»*LHR ROUTINE HAS BEEN CALLED TO CALC. LH FOR MIX. ABOVELHR

1 THE CRITICAL PTe SCT LH=06e T=*,F742) LHR

4 RETURN LHR

END LHR
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SURROUTINE VKIR{PsTaK24K3) : VKCR
HRHWF AR NR LA ENPV R P HAFRRNRR CH BB H IR AR AR R AR R AR R B R R R FH SRR UL LR R AR R R R RRYL D

* #VKCR
* JPDATED 4/15/78 *YKCR
* VKCR = VOLATILITY £ CONSTANMT ROUTINE *YKCR
% VKR
#3833 L 303K ER R R R L R T L R ?************%*****%*%*4«’—*******************VKCR
* RCUTINE IS CALLED 8Y *CALL VKCR(P»TsK2sK3)% WHERE P IS TOTAL *VKCR
* PRESSURE ANC T IS TEMPERATURE. BOTH T AND P ARE SPICIFIZD 3Y THE #VKCR
* CALLING PROGRAV, K2 AND K3 ARS THZ VCLATILITY K CONSTANTS OF S02 #VXCR
* AND 532 RFESPECTIVELY WHICH ARS FALCHLATED BY THE ROUTINF, VKR
# IT 1S ASSUMED THAT 552 AND SO02 FOR™ IDEAL SYSTEMs1eE.THE COMPONEN#VKCIR
* OF THEZ MIXTURE OBEY RADJULTSS AND DALTONSS LAWS= #VKCR
s Pl=P#y[=PST#X] #VKCR
* KI=YI/X1=PSI/P *VKCR
% WHERE - *VYKCR
* I ONE OF THE MIXTURES <OMPONENTS (1=2 FOR 502, I=3 FOR $03) | %VKCR
* €1  VOLATILITY CONSTANT OF 1 *VKCR
* D TOTAL SYSTFM OPESSyRF ‘ HYKCR
* PI  PARTIAL PRESSURE JF COWPONENT 1 IN GAS *¥VKCR
# P51 VAPOR PRISSURE OF PYURE L1QUID I #VKCR
* T TESPERATURE #VKCR
* X1 ACLE FRACTION OF T IN LIQUID #VKCR
* Y1 MCLE FRACTION OF T IN GAS *YKCR
* PROGRAM USES E2 AND €3 AS INTERMEDIATE VARIABLES FOR THE EXPONENTSVKCR
* AT 15 TN SALTLATING PEn AND Dea RECDECTIVYCLY, *K~e
EX R R R ML R E RS EEEE RS RS R TR RS L ****‘ﬂ‘***************************VKCR
* NOVENCLATURE #VKCR
* £2 EXPONENT POWER FOR ESTIMATING PS2 ' #YKCR
* £3 TXPONENT PUWER FOR ESTIMATING PS3 #VKCR
* K2 VOLATILITY CONSTANT OF SO2 *#VYKCR
* K2 VOLATILITY CUNSTANT OF S0 *VKCR
* o TOTAL SYSTEM PRESSURS *#YKCR
* PS2 VAPOR PRESSURE OF PURE LIQ. $02 *VKCR
* pS3 VADAD PREGSIPFE AF PYRE 1A, SN2 *yKCP
* T STREAM TEMP, #VKCR
R RN H AR *******:‘-*%*********#*****{-******%%*****************%**********VKCQ
* DATA REFEREMCE= *YKCR
* GeNICKLESSs INCRGANIC SJLFUR CHEMISTRYs ELSEVIER - 1968 *VKCR
* PGe373 FOR $02s P34392 FOR $S03 #VKCR
# PRNGRAY ASSI™MES THAT T is IN (K) AND P IN (BAR), #YKCR
* eFE APTR SUSROUTING FOR NETAILES, #yKCR
*******'********%*************‘%******************************************VKCQ

REAL K2,K3 VKCR

£221240754=1867452/T=040158658T+0.Cu00155T4%T#%2 VKCR

P52=10,%%E2%1,0133/76, VKCR

K2=PS2/P . VKCR

EA=4e0710-CL5,78/(T=N2,) : VKCR

PSA=1n, %85 1%],0133 VKCR

€2=0g2/D vKeP

RETURN VKaR

TND VKECR
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SUBROUTINE PPTR(P,X2+TT)
L T ey S S s E R T T S T T =18 J-]

BPTR

* *BPTR
» UPDATED 4/15/78 *BDTR
* BPTR ~ BUBBLE POINT TEMPERATURE ROUTINE *BPTR
* - ¥APTR
************%***************#*******************************%***********BPTR
* *BPTR
* ROUTINE 1S CALLED BY#CALL SPTR(PsX2sT)* WHERE P IS THE TOTAL *BPTR
* PRESSUREs X2 CCMPOSITION OF THE S02-S03 LIQUIDE MIXTURE (X2=M0L *BPTR
* FRe OF S02) AND T IS THE BOILLING PT. OF THE.MIXTURE (BUBSLE PT.)#*3PTR
* VAPOR PRESSURE CORRELATIONS WHERE TAKEN FROM GoNICKLESSs INORGANIC*BPTR
* SULFUR CHEMISTRY,ELSEVIER-1968s P-373 FOR $S02sP-392 FOR 503, *RPTR
* THE ACTUAL NUMERICAL VALUES OF THE ROUTINE PARAMETERS ARE MODIFIEDRPTR
* TO ACCEPT TEW¥P. IN (K) &ND P IN (BAR). *BPTR
* ROUTINE ASSUMES IDFAL SYSTEM= TOTAL VAPOR P = PS02+P$503 WHFRE *gPTR
*» PSOI=PS(Ts1)*X1 WHERE 1=502»503, PS(Ts1)=SATURATION VAP, PRESSURE#]PTR
* OF COMPONENT I AT TEMY. Te *BPTR
************************************************************************BPTR
* LOGIC FLOW - *BPTR
* FIRST GUESS FOR T IS DONE BY SELECTING THE PROPER RANGE ACCORDING*BPTR
* TO THE PRESSURE P(BAR)s I+Es I=] FOR P BETWEEN A AND 10 (0,10)  *8PTR
* I=2 FOR P=(*0420)s1=3 FIR P=(20430)s1=4 FOR P=(30,40)s1=5 FOR P #*BPTR
* OVER 40BAR, PROGRAM IS :SSENTIALLY LIMITTED TO P=50BAR, *BPTR
*FIRST GUESS FOR BURBLE POINT (BP) IS TAKEN TO BE Q. TO TI OF THE *BPTR
#PARTICULAR RANGEs NEWTON RAJHSON SCHEME IS USED FOR CONVERGENCE. *BPTR

*****************w***********b******************************************Bpr

* NOTATIONS = *BPTR
* A CONST. PARAMET:IR IN VAP. PRESS. POLINOMINAL EQ. *BPTR
* B CONST. PARAMETER [N VAP. PRESS. POLINOMINAL EQ. *BPTR
* ¢ CONST. PARAMET:R 1IN VAP, PRESS. POLINOMINAL FQ, *BPTR
* c2 FACTOR TO CONVERT VAPOR PRESSURE INTO BARS *BPTR
* c3 FACTOR TO CONVERT VAPOR PRESSURE INTO BARS . *BPTR
* D CONST(PARAMFTER [N VAP(PRESSURE POLINOMINAL EQ, *BPTR
* OPT DENOM INATOR IN LAST EQ. FOR DT *BPTR
* DP2 CONTRIBUTION OF $02 TO THE CALCULATED DPT *#BPTR
* OP3 CONTRIBUTION OF SO2 TO THE CALCULATED DPT *BPTR
* DT ODIFFERENTIAL TZMP.. CHANGE IN T SEARCHING 