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SUMMARY 

Economical energy storage is essential if solar power 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 SO 3 t 2 SO 2 + O2, 

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 MWt for a period of eight hours. Daytime electricity 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 storage 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 electricity produced 

for the base case is estimated to be about 11¢/kWe-hr. 
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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 S03 : S02 + 1/202. 

The general idea of the storage process is that the sulfur-oxygen 

compounds are used as thermodynamic substances in a cyclic process. 

During the day, S03 is dissociated, absorbing heat, into S02 and 02; 

during the night, the S02 and 02 are recombined, releasing heat, to 

form S03' completing the cycle. One of the favorable characteristics 

of this chemical system is that S02 and S03 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. 
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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 and central receiver 

designs, for example, are not a part of this work. 

The process reported here has been developed for a single set of 

specifications and design parameters and may therefore be considered 

a IIbase-case li 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 MWt, 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 
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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., Tmin: 600C 

Maximum reactor wall temp., Tmax: 8800C 

Reactor feed-effluent ~T, (T6 - T5): 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 S03 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 

S03 occurs quite rapidly. 
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Fig. 2.1. Flowsheet for the daytime (charging) storage 
process. 
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Tabl e 2.1. Stream conditions and heat duties for the daytime high-
temperature side. 

Concentration 
{Mole Fraction} 

Stream Temp. Pres. Flow Enthalpy 
No. State O2 S02 S03 (OK) (Bar) (kmol/s) (MJ/kmo 1) 

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 9 0.00 0.03 0.97 443. 40.0 2.69 8.26 
5 9 0.00 0.03 0.97 1007. 40.0 2.69 49.48 
6 9 0.15 0.33 0.52 1148. 40.0 3.16 50.28 
7 9 0.15 0.32 0.53 593. 40.0 3.16 15.24 
8 9 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 9 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 9 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 9 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 0.99 383. 10.8 1.66 -26.63 

Heat exchanger loads (MWt ) 

HE-1 110.8 
VAP 52.7 
PREHEATER 44.9 
REBOILER 45.2 
STEAM REBOILER 11.3 
BFW 1.6 
TRIM 6.5 
DIST. CONDo 57.0 
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3) The Condensers: The main function of the condensers is to 

separate noncondensible oxygen from the liquid S02 and S03 before 

feeding the process stream to the distillation column. The heat of 

condensation is used to preheat liquid S03 feed and boiler feedwater 

and also to supply part of the reboiler duty for the distillation 

column. 

4) The Distillation Column: Conversion of S03 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 S02 from the unreacted S03. The S02 is 

stored at near ambient temperature, while S03 is recycled to the high

temperature reactor. 

5) S03 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 S03. 

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 S03 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 
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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) [5J 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 the refractory 

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 trr the outlet. The difference 

in path length is to provide proper tube expansion during thermal 

cycling. 



-10-

1-- 50 In .j 

I 
[5] 

Heat Exchanger 

0 Tube Panels 
~ 

1 Refractory Brick 

Fig. 2.3. Location of tube banks in Boeing solar receiver. 

RECEIVER SUPPORT STRUCTURE --.--""""'?:?0/1 

INSULATION 

PANEL TO PANEL SEAL 

/HEAT EXCHANGER 
./ PANEL 

RECEIVER 
INTERIOR 

XBL 797-10684 
Fig. 2.4. Heat exchanger tube panel (Ref. 5). 
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The Boeing design is capable of absorbing 230 MWt 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 S03 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 length-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

librium. The reaction rate is limited by the turbulent convection of S02 

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 880oe. 
The maximum outside tube wall temperature for the boiler, superheater 

and reheater are 3800C, 5700e and 5700e 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 8800e based upon stress-rupture 

properties of Haynes 188 alloy. 

A summary of experimental evidence that Fe203 catalyzes the dissocia

tion of S03 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 receiver 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 and in 

the bulk gas. In the base case the inlet bulk temperature and the 

maximum tube wall temperature were 7300C and BBOoC, respectively. 

The amount of heat absorbed by the sulfur oxide stream was 112 MWt . 

It will be noted that the equilibrium S03 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 (~T5-6) between the two streams. In the 

base case this was set at 140oC. In Chapter VIII of the report, effects 

of changes in this temperature difference are studied. The temperature 

of the S03 entering HE-1 from the vaporizer, T4, is set by the pressure 

of the system; it is the boiling point of liquid S03 at 40 atmospheres. 
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The stream from the reactor leaves the exchanger at T7, set by a heat 

balance around HE-1. 

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

cool stream (T2) is known from the S03 storage temperature and the 

temperature of the S03 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 on~ 

side of this condenser. The other side acts as the reboiler for the 

S03-S02 distillation column. The exit temperature for the condensing 

side is set by the temperature approach (100C) in the reboiler of the 

distillation column. This in turn sets the exit enthalpy and the 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 liquid 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 

60oC, the heat discharge temperature set for the base case. The liquid 

feed will partially flash when introduced. S03 (99% pure) leaves from 

the bottom and is recycled back to the high-temperature reactor. The 

distillate (99% pure S02) leaves from the top, going to the liquid-S02 
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 calculate 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 

S03 vaporizer are preferable. 

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

power plant, in the form of extraction steam, to convert the liquid 

S03 feed to the gas phase. There is no process stream with enough 

enthalpy, and at a high enough temperature, to vaporize all of the 

S03' Steam taken from the discharge of the intermediate-pressure 

turbines condenses at a convenient temperature for this purpose: 
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184oC, or approximately 120C higher than the boiling point of the S03 

stream. Hence S03 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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III. 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 (LTR1s): 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 S02-02 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 420oC. 
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Fig. 3.1. Flowsheet for the nighttime (discharge process). 
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Tabl e 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 O2 S02 S03 (OK) (Bar) (kmol/s) (MJ/kmol) 

21 1 0.00 0.99 0.01 333.7 11.0 0.46 -17.81 
22 9 0.00 0.99 0.01 333.7 11.0 0.46 1.46 
23 9 0.80 0.18 0.02 333.0 40.0 0.29 1.12 
24 9 0.80 0.18 0.02 573.0 40.0 0.29 9.30 
25 9 0.01 0.99 0.01 333.7 11.0 0.46 1.46 
26 9 0.32 0.67 0.01 354.7 11.0 0.76 2.14 
27 9 0.32 0.67 0.01 693.0 11.0 0.76 16.37 
28 9 0.01 0.07 0.93 777.1 11.0 0.52 30.95 
29 9 0.01 0.07 0.93 400.8 11.0 0.42 5.62 
30 9 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 9 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 9 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 9 0.01 0.07 0.93 777 .1 11.0 0.10 30.95 
38 9 0.01 0.07 0.93 777 .1 11.0 0.42 30.95 
39 9 0.01 0.07 0.93 400.8 11.0 0.52 5.62 
40 9 0.80 0.18 0.02 396.2 11.0 0.29 3.20 
41 9 0.01 0.07 0.93 400.8 11.0 0.10 5.62 

Heat Exchanger Loads (MW t ) 

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. 

Concentration 
{mole fraction} 

Stream Tomp. Pressure Flow Reactor System 
No. O2 S02 S03 ( K) (Bar) (kmol/s) (MJ/kmo 1) 

50 0.32 0.67 0.01 693.0 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 0.01 0.07 0.93 777 .1 11.0 0.52 30.95 

Reactor Conversions 

Heat Exchanger Loads (MWt ) 
moles S02 Converted 

moles S02 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 reactors 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 6000C, 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 S03' 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 v~nadium beds were designed to achieve a temperature of 600oe, 

til(' maXimlJll temperature for steady-state operation. The catalyst can 

withstand temperatures as high as 6200e for a short time. Thus there 

is somf' mal'gin of safety: if the bed exit temperature exceeds 6000e, 

the bed inlet temperature may be decreased or the gas flow rate increased 

t.o return the exit temperature to the design point. 

The platinum beds were designed for an inlet temperature of 550oC. 

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 6000 C. As long 

as the outlet temperature from the vanadium bed remains above 5500C, 

the length of the platinum bed is sufficient to achieve the designed 

level of final conversion. Reactors 4 and 5 never achieve a temperature 

of 6000e. 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 6000e very 

rapidly. The vanadium beds of Reactors 1, 2 and 3 are very short as a 

result. The total volume of V20S bed was estimated to be 0.84 m3 per 

kg/sec of S02-02 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. 

All 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 is 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 lost 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=FCpAT. 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 five 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 [33J 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 S03 in the BFW heater (Figure 3.1). The rest is provided 

by steam extraction from the high and intermediate pressure 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 SOS MWt-hr after 

S 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 

S hours. Since operation of a steam turbine at a rate of about 50% of 

design capacity results in a substantial drop in efficiency, the choice 

of discharge program will affect 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 lb/hr 

Ni ghtt ime 
Stream Large Small Temp. , Pressure, Enthalpy 

No. Daytime Turbine Turbine of psia Btu/lb 

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 (MWe) 

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 dual daytime 

steam turbine system, each having about the same electrical capacity. 

One would consist of a conventional set of high-, intermediate-, and 

low-pressure turbines qnd would operate with about one-third of the 

total steam flow during the day. The other would consist only of the 

high- and intermediate-pressure turbines. The steam discharged from this 

set, about two-thirds of the daytime total, is required 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 would 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 S02 by exchanging heat with the S03 

stream coming out of LTR 5 at 5000C. The heat exchangers have been 
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arranged so that the temperatures that the S03 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 [4J. 

In the sulfur oxide system a nighttime discharge of 15.1 MWe lasting 

16 hours (790 MWt-hours storage) requires storage of 1704 x 103 kg of 

S02 and 636 x 103 kg of 02. (This 02 also contains 18% S02 and 2% S03) 

It requires daytime storage of 2370 x 103 kg of S03. 

Sulfur dioxide and S03 are storable as liquids,at ambient tempera

ture. The storage volume for the amount of reactants indicated above is 

1290 m3 (S03 density at 380C is 1.843 g/cm3; thermal expansion of the 

liquid is neglected). Liquid S02 has a density of 1.356 g/cm3, giving 

an S02 storage volume of 1260 m3• 

It has been suggested that joint storage of S02 and S03' using the 

same storage vessels for both, be utilized [5J. The basis for this sug

gestion is the fact that S02 and S03 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 tank would be in the 

process of filling as another was being emptied. One disadvantage to 

this system would be the necessity of a complex manifold to distribute 

and collect the SOx streams. Another apparent disadvantage is that of 

contamination. Neither stream, however, is expected to be chemically 

pure. Contamination by liquid adhering to storage 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 storage 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 energy 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 

Q2 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 502 and 503 content. Thus a total 

gas storage volume of 14,420 m3 is required, and provision must be 

made for removing 502 liquid 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 lined 

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 lining 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 yard [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 estimates 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 S02 and S03. 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 

S03 2370 x 103 kg 1,290 m3 11 atm mild steel vessel 

S02 1704 x 103 kg 1,260 m3 11 atm mild steel vessel 

O2 636 x 103 kg 14,400 m3 40 atm underground cavern, 
steel lined 
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V. CATALYST EVALUATION 

In this storage process, S03 dissociates at temperatures in excess 

of 700oC, and S02 and O2 recombine at temperatures between about 400 0C 

and 700oC. In both cases catalysis is required. Hill [14J 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 600oC, platinum above. The kinetics of the reaction over both 

catalysts has been investigated. Hill used the results reported to size 

his heat-release reactors. The following literature references are cited 

in this thesis [7,11-13,15,16,18,28,32]. 

The dissociation of S03 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 700oC. Because 

platinum 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 [25J 

studied the reaction over specular hematite and observed relative low 

reaction rates. Using pelleted Harshaw catalyst Fe-030IT, a finely 

divided Fe203 supported on alumina, Hill observed a significant reacti

vity at temperatures above 700oC. Hill's work was exploratory in nature 

and would need to be extended to obtain design data for a reactor. 

r 
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VI. MATERIALS OF CONSTRUCTION 

Hill [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 appears to be the most promising 

candidate for containing a stream of S03' S02' and O2 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 Carbid~,. 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 is 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. 
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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 estimated 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. EnergyAccounting 

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 reboiler 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. 

I. Inputs (8 hours Daytime) 

Power Plant Receiver 
Storage Receiver 

II. Outputs 

A. Daytime (8 hours) 

Generator Terminals 
Parasitic Power 

BFW Pump 
S03 Pump 
Cooling System Power 

Net Power 

Waste Heat 
Trimmer 
Dist. Condenser 
Turbine Steam Leaks 
LP Turbine Condenser 
Misc. Heat Losses 

Total Waste Heat 

B. Nighttime (16 hours) 

Generator Turbine 
(small turbine) 

Gas Turbine 
Parasitic Power 

BFW Pump 
S02 Pump 

. Coo l. Syst. Power 
Net Power Prod. 

Waste Heat 
Trimmer 
Small Turbine Condenser 
Large Turbine Bleed 

Net Night Out 

Misc. Heat Losses 

Total Output 

MW (e or t) 

117.8 (t) 
112.2 
230.0 (t) 

30. 9 (e) 

(0.4 
0.5 
0.4 

29.6 (e) 

6.52 (t) 
57.03 
0.40 

24.43 
5.3 

93.68 (t) 

15.11 (e) 

.81 

(0.1 
0.2 
0.1 
5.5 (e) 

8.36 (t) 
24.74 
2.10 

35.20 (t) 

2.66 (t) 

MW-hr (e or t) 

1840.0 (t) 

236.8 (e) 

42.5 
749.5 (t) 

248.3 (e) 

563.2 (t) 

42.5 (t) 

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, only 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 

503 but that the boiler water preheat supplied by the storage 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 the overall system 

efficiency, the efficiency of the daytime power plant, and the efficiency 

of thermal energy storage. In 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. 

The three efficiency indices are EOA, the overall efficiency; Epp, 

the daytime power plant efficiency; and ET5, 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) 
Liq. S03 Pump 4.0 ( e) 
Total Input 1412.9 

Outputs 

Daytime 

Boiler Feed Preheat 12.5 (t) 
Distillation Column . 456.2 

~~~ Trimmer 52.2 
Daytime Total 520.9 

Nighttime 

Boiler Feed Preheat 29.3 (t) 
Trimmer 133.7 (t) 
LT Reactors (QAAN) 645.4 ~!~ Gas Turbine Work (isentropic expansion) 14.4 
Ni ghttime Total 822.8 

Total Output 1343.7 



where 

PDay.8Day + PSto· 8sto 
EOA = (QPR + QSR) 8Day 
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PDay = Net power produced by daytime power plant (MWe) 

PSto = Net power produced from storage (MWe) 

8Day = Duration of daytime operation (hr) 

8Sto = Duration of storage discharge operation (hr) 

8PR = Rate of thermal input to power plant receiver (MWt) 

8SR = 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 would 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 

where 

Epp = PDay· 8Da,y 
(Qpp + QBFW - QVAP - QREB) 8 Day 

QBFW = Rate of heat transfer to boiler feed water (MWt) 

QVAP = Rate of heat transfer to S03 vaporizer (MWt) 

QREB = Rate of heat transfer to distillation column 
reboiler, (MWt) 
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The thermal storage efficiency ;s defined as the ratio of usable 

heat delivered by the storage system to the heat input to the storage 

system 

where 

ETS I QSto· 6Sto 
= -r.( Q~S-R --:+-==QV~A-P :;""':+;"';;"Q"R-E-B ---Q"B-FW~)r--?\"eD-a-y 

I QSto = Sum of rates of heat transfer to power plant system from 

storage discharge (MWt). 

The overall efficiency, EOA, 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 EOA is uncomplicated; however, because it combines the 

daytime power production with the production from storage, 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. Energy is transferred 

from the power plant to the storage system by the steam used to vaporize 

S03 and to heat the reboil~r. That heat i~ 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 ETS. Conversely, the 

storage system provides boiler feed water preheat for the power plant 

both during the day and during the night. Hence the QBFW 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 ET5. 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, ET5, 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 
J. 

distribution between these 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. 

EOA = (29.6~8 + ~15.5)16 = 0 26 230) •. 

E = ( 29 • 6 ) 8 0 3 
pp (117.8)8 + (12.5 - 421 - 90) = .5 

_ 645 + 29 + 134 
ET5 - (112.2)8 _ (12.5 - 421 _ 90) = 0.58* 

*No credit taken for gas turbine work at night and no debit included 
for the 503 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 low storage effici

ency is the principal cause of the low overall efficiency (EOA = 0.26%). 

If the daytime power plant were operated by itself, 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 included. All 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 installation 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 proposed 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 [5J 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. In mid 1978, the cost would be 

40.5 ( i~~: i) = $46 mi 11 ion 

This figure is probably low because the heliostat cost was taken to be 
2 

$60 per m , a cost well below that presently obtainable. 

2. Turbines 

The installed cost of a General Electric 100 MWe 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 capacity. 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 [26J; the design was based on 85% 

of the limiting velocity. Application of the general rules for design 

of bubble cap tray columns presented in the same work resulted in the 

following column dimensions: 

Number of trays: 
Tray spacing: 
Downcomer area: 
Tray area: 
Tower diameter: 
Tower height: 
Shell thi ckness: 

Distillation Column 

16 Theoretical, 23 actual 
0.46 m 
1.8 m2 
13.1 m2 
4.4 m 
10.6 m 
0.01 m 

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 [19J. 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 involving 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 [37J according to a general cost equation of the following 

form. 

Cost = (Base)· fMaterial + Installation] (pressure\(cost ) 

Cost lFactor Factor Factor} Index 

The base cost pertains to equipment made from carbon steel and is 

determined from Popper1s 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 Hill [14J. 

5. Storage 

The calculations giving the volumes of the S02/S03 and the oxygen 

storage are described in Chapter IV. The S02 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. The 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 122J. 

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 
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Table 7.3. Heat Exchanger Sizes and Costs. 

Heat Duty Heat-Transfer Installed 
Unit (MWt ) Area (m2) 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 

Mode 
$5,483 K 

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 HEl-A 10.1 356 241 

LTR HEl-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 lined 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 low-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 

[18J reveal that a minimum cross sectional area of 8.3 m2 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 em; 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 be recovered. If the cost of 

platinum inflates 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-temperature 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 Fe203 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 S03. Shipping the S03 eliminates 

the need of transporting large volumes of high-pressure oxygen. A 

very large mass of S03 is required: 2.4 x 106 kg of S03 is stored 

in one day. 

Cost data for large quantities of liquid S03 were not readily 

available. The assumption was made that such a large volume of S03 

could be obtained at about the same cost per kg as for S02. This 

assumption is supported by the observation that, even if such large

scale manufacture of S03 does not currently occur, a conventional 

sulfuric acid plant could be made over with relatively minor changes 

into an S03 plant. Furthermore, if this form of energy storage is 

seen as economical, construction of a grassroots S03 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 S02, when purchased by the tank, is $148/ton. This 

corresponds to a total reactant cost, assuming the same cost for S03, 

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 ITO. 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 MW t ) by itself, or $2,690,000 

for the tower for the combined power and storage systems (63.5 MWt for 

the trimmer and the condenser of the distillation tower, or approximately 

87.9 MWt 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 

It is of interest to estimate the amount by which the total plant 

cost is increased owing to the presence of the storage system. In 

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 taken to be proportional to the thermal input. 

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

(dry coolirig conditions) would need 77.5 MWt 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 

$9.5 M 

0.6 

0.8 

0.4 

02 (steel-lined caverns) 3.0 

SOx (mild steel tanks) 0.9 

Total Storage Equipment $15.2 M 

TOTAL Power plant with storage system 

$46.0 M 

4.0 

2.7 

52.7 

$15.2 M 

$67.9 M 
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the $46 million cost for a 230 MWt heliostat-tower-receiver system, the 

incremental cost of this equipment is 

46 (1 - 7~3g) = $30.6 mi 11 ion 

The dry cooling system incremental cost is also taken in direct proportion 

to the cooling heat load. 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 
Heliostat-tower-receiver 

Dry cooling system 
Turbine split 

Total Incremental Cost 

3. Cost of Power 

$15.2 M 
30.6 

1.8 
7 

$48.3 million 

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 ale [35]. The higher 

rate acknowledges increased maintenance costs attributable to the 

presence of SOx and 02 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 thus 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 calculated to be 

= $1.07 x 10-4/W-hr 

= 107 mils/kW hr 

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

= $1.53 x 10-4/W-hr 

= 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 BBOoC, 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, ~T5-6, at the hot end of the heat inter

changer, HE-I. Reducing ~T5-6 from the 1400C used in the base case 

not only increases the size needed for HE-l 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, Tmin-

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 S03 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 S02 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 

Daytime Power Plant Efficiency 

Epp POAy·eOAY 
= "'r.( Q=-p-p ~+-Q:-B-FW--"""Q:-'-V-AP---:::Q"""R E-B-r) ---:. e-OA-Y 

Thermal Storage Efficiency 

E - L QSTO·eSTO 
TS - (QSR + QVAP + QREB - QBFW)·eOAY 

~.:.: 
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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/QSR was set at 1.05 for this and the 

following parameter studies. The surprising result, shown in Fig. 8.1, 

is that EOA is nearly independent of the value of Tw max' increasing 

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 S03 in the storage reactor: As a result, 

the quantity of S03 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 converted 

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 

chemical energy. 

D. Effect of Temperature Rise in the Reactor, ~T5-6 

Figure 8.2 shows the response of the system to the temperature 

rise in the reactor, with Tw max kept constant. Increasing ~T5-6 

thus implies a decrease in the feed temperature at the inlet to the 

reactor and an increased ~T throughout the heat interchanger HE-1. 

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

HE-1 correspondingly. Increasing ~T5-6 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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Fig. 8.1. Efficiencies vs. maximum reactor wall temperature. 
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Fig. 8.2. Efficiencies vs. temperature increase across reactor. 
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energy. As a result, the flow of S03 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-l with increasing 

~T5-6, 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 

EOA and ETS are nearly unaffected. This means that ~T5-6 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 S02 and 

02 because of the mass-action effect. However, this effect is over

shadowed by the increase in temperature in the S03 vaporizer and in 

the reboiler, and by the increased range of temperature in which con

densation of S03 and S02 occurs as the reactor effluent is cooled. 

At low pressure the low temperature of condensation means that only 

a small fraction of the heat of condensation will be absorbed by the 

boiler feed water. However, at low 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 EOA and ETS at the lowest 

pressure, but the effects are so small 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, 60oC, 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 Tmin 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 S03 in 

the reactor effluent. The result is an improvement in the overall 

heat economy, as indicated by the rise in EOA. Epp is reduced at 

lower values of Tmin, 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 ETS has a similar effect, 

and one can say that that index is effectively independent of Tmin. 

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 load 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 S03, 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 low level heat dissipated to the environment in the 

nighttime trimmer would be increased. These effects are compared by 

considering the effect of eliminating the distillation 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 POay 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 liquid storage 

and the sizes of the LT heat exchangers. 

The reasons why the change in EOA is so small even though Epp and 

ETS 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-pressure steam supplies 511.3 MW t - hr 

to the S03 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 Oist. w/o Oist. w/o 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 

POay (MWe) 30.9 39.4 

PSto (MWe) 15.1 12.2 

LT react. feed rate 
(Stream 27) 
(kmol/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) 
~torage Receiver 112.2 
Total Inputs 230.0 (t) 1840 (t) 

II. 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 L~~ S02 Pump 
Cooling System Power .Lll 

Net Power 12.3 (e) 196.8 (e) 

Waste Heat 
Trimmer 19.3 (t) 
Small Turbine Condenser 20.3 
Large Turbine Bleed 2.9 
Mi sc. Heat Losses 1.6 

Total Waste Heat 44.T (t) 705.5 (t) 

Total Outputs 1840 
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Table 8.3 Storage System Energy Balance. Base Case Without Distillation. 

Inputs 

Daytime 

Solar Receiver 
S03 Vaporizer 
Liquid S03 Pump 
Total Inputs 

Outputs 

Daytime 

Boiler Feed Preheat 
Trimmer 
Misc. 
Daytime Total 

Ni ghtt ime 

Boiler Feed Preheat 
Trimmer 
LTR Reactors (QAAN) 
Gas Turbine Work (isentropic expansion) 
Misc. 
Nighttime Total 

Total Outputs 

MW-hr 

897.6 (t) 
249.2 (t) 

4.0 (e) 
1152.4 

46.9 (t) 
177.9 (t) 

7.4 (t) 
232.2 

39.4 (t) 
308.2 (t) 
551.4 (t) 
13.9 (e) 
7.4 (t) 

920.2 

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 MWt-hr to 177.9, and the dissipation in the nighttime trimmer 

increases from 133.7 to 308.2 MWt-hr. The added daytime trimmer load 

results from shifting the heat of condensation of the S02 - S03 mixture 

from the reboiler. The added nighttime trimmer load is the result 

of the large increase in S03 flow around the nighttime system. 

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 S02 - S03 mixture, which is 

otherwise wasted, to concentrate the S02 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 daytime 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 MW e• 

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 maximizes EOA, 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 EOA 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-level heat should not be over

emphasized in conceptualizing modifications for the design of this 

type of storage system. 

I. Effect of Varying QPRLQSR 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 desirable from the 

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. However, 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 efficiency of about 0.40). Thus, if the ratio 

of QpR/QSR is increased the primary increase in EOA 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, 

si~ce the storage system is being credited with the increased usage 

of low-level heat that the larger 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 PDay/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 generating sufficient 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/QSR. 

It thus appears that there would be little'efficiency penalty in making 

QSR large enough to allow some accumulation of stored S02 and 02 above 

nighttime usage for periods of a week or longer. 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 

(less than I-hour) storage for the daytime power plant, longer-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. In some cases the error in these 

assumptions can be estimated with reasonable accuracy whereas in others 

experimental data 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, 502 and 503, 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 the predicted pressure drops will be 

somewhat high, and thus conservative. 
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Ideal heat 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 S03 vapor has risen 

about 200 0 • The effect of the error is to underestimate by a few 

percent the duty of heat exchanger HE-I. The error is less than the 

uncertainty in the heat-transfer coefficients. 

The distillation column design is based on the assumption that 

S02 and S03 form ideal solutions. This assumption is based on general 

chemical principles and should be tested experimentally 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 storage 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 kinetics. 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 necessary 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 S03 that occurs in the 

reactor tubes. Since the correlation used here is based on smooth

walled, straight tubes, one would want to obtain experimental 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 

can 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 (interchanger, vaporizer, reboiler, 

BFW preheater, and trimmer) should thus be designed 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 S03 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-l 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 top 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, S03' S02' and 02' pose severe problems of corrosion and 

toxicity under many of the process conditions that have been proposed. 

These problems mayor 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 

Notat ion 

Equations are written for an incremental reactor length. The 

diagram below displays some of the notation. 

Receiver Radiant Source, Temperature T 

/ / / / / / / / / / / / / / / / / / / / 
I I 

. j lQi~ 
Twi, Temperature 

of outside 
of tube wall 

t I Tube Wall I 
? It Itt ttl I I 1:1 I I I I Z Z ! t Z~ __ t t __ t_~~::~ l~::p:~::::: 

YS03 i I I YS03 i+1 of catalyst 
I I surface 

YS02i I I YS02i+l 

Gas _ 
Flow 

I I 
Y02i I I Y02i+1 

Tbi : : Tbi+l 

F; I I F;+l 
I I 

Z , Z Z Z I I , I I ,1, , I? I I I I I ? , , II, I , II t I Z II' , !? 

: Tube wall: 

Other Notation: 
o 0 0 

YS03' YS02' Y02 - mole fractions in feed gas 

Fo - molar flow rate of feed per tube 

P - pressure 

do,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 S02 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 

Qi = 0(T4 - T~i) 

Heat flux balance at exterior surface of tube wall 

kw 
Qi = --t-- (Twi - Tsi) 

Heat flux balance at catalyst surface 

Qi = h(T si - Tbi) ;t (L~HR)kgP [(YS02)S - YS02 ] i 

By stoichiometry, 

(1) 

(2) 

(3) 



K = 10(4.765-5022/Ts) 
p 

where 
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(4a) 

x = fraction of S01 in feed stream that is converted 
at conditions of catalyst surface. 

Heat balance on gas 

(FoCpo) [Tbi+1 - Tbi] = h('JTdi LlZ ) [TSi - Tbi] 

Material balance on S03 in gas 
N.a 

Fi YS03 i - Nia = (Fi + -}-) YS03i+1 

Fi+1 

where 

Material balance on S02 in gas 

Fi YS02 i + Ni a = Fi+1 YS02i+1 

Oxygen concentr~tion by difference 

Y02i+l = 1- [YS03 + YS0 2] i+1 

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

Fi+1 = Fi [;S03~ + : 2J 
S03 1+1 

Total heat flux per tube 

(5) 

(6) 

(7a) 

(7b) 

(7c) 

(8) 

(9) 

'\ 
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Solution Sequence 

The method of iterative solution is as follows: 

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

2. For each increment, Equations (I) - (5) are solved iteratively 

for Qi , Twi ' Tsi' x, and (YS02)si by adjusting trial values of 

T . until satisfaction of the heat balances is achieved. 6z was Wl 

taken = O.2m. 

3. Equations (6) - (8) yield Tbi +1, Fi+l' and mole fractions at the 

(i+l)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 adjustment made in the source temperature T if mismatch 
I 

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

achieved. 

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



Table A.1. Parameter values for the High-Temperature Reactor Model. 

Parameter 

KW tube thermal 
conduct; vitiy 

kg convecti ve mass 
transfer coefficient 

h convective heat 
transfer coefficient 

Cpo Gas molar heat 
capacity 

l1HR Heat of reaction 

a Radiant heat flux 
constant 

S02 diffusivity 

Gas viscosity 

Gas thermal conductivity 

Critical constants 

T c 

Pc 

Pc 

°c 
atm 

g/cm3 

Value 
(~r representative 

average value) 

35 J/s·m·K 

(1.14x10-6 mol/s·m2.N·m-2) 

(350 J/s.m2.K) 

(75 J/mol',K) 

(86.6 kJ/mol) 

5.67 x 10-8 J/m2·s·K4 

0.018 cm2/s . 

4 x 10-5 kg/m's 

0.043 J/s ·m·K 

S03 

218.3 

83.6 

0.63 

S02 

157.2 

77 .7 

0.52 

Relationship 

,Sh = 0.023ReO.81ScO.33 

Nu = O.023ReO.81prO.33 

-2 -6 2 628 98.3 - 1.09 x 10 T + 7.07 x 10 T + T-577 

O2 
-118.8 

49.7 

0.43 

Reference 

[18, Table 23.S] 

Nusselt correlation 

Nusselt correlation 

[11] 

[11] 

[18, Eq. 3-29] 

[18, Eq. 3-129] 

[18, Eq. 3-102] 

*Actual calculations in HTR-routine uses MKhr units (m, kg, hr, Cal, Co, atm) rather than SI units as given in this table. 

~' ~:r-

I 
(X) 
0'1 
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APPENDIX B. LOW-TEMPERATURE REACTOR COMPUTER MODEL 

The temperature and concentration profiles in the low temperature 

reactor are calculated from incremental heat and material balances. 

/ / / / / / / / / / / / / 
I I 

Xi I I Xi+1 
Gas -----.. I I 
Flow I I 

Til I Ti+1 
I I 

7 7 / ~ 7 / / 7 r 7 / 7 7 
I_b.z-I 

Fig. B-1. Diagram of spatial increment 
in LTR. 

X = bulk conversion 

T = bulk temperature 

~z = length increment 

Heat Bal ance: 

(~Hr)(Xi+1 - Xi) = Cp(Ti+1 - Ti) 

Material Balance: 

(B-1) 

(B-2) 

Reaction rates over both V20S 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 [17J) 

r = Ae- E/ RT K PS02/PS03 
[1 + (K PS02/Ps03)172J2 

(B-3) 

K = 2.3 x 10-8 exp{27200/RT); R = 1.98 cal/moleoK (B-4) 

Temperature Range, °c 
420-454 454-600 

E, cal/mole 70,000 36,000 

A 1.56 x 1017 9.38 x 106 

Herce et al. [13J give evidence that this relation is valid at pressures 

up to 10 atmospheres. 

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

kTe ( - E/RT) ~ 1/2 PS02] r = 2 PS02P02 - -K-
(1 + K02P02 + KS03PS03) 

ln KS03 = 21400/RT - 23/R 

ln KS02 = 20360/RT - 23/R 

1n K = 22980/RT - 19.5/R 

E = 3690 ca1/mole 

k = 0.57 gmole/{sec){kg cat.){OK) 

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 composition for the reaction 

mixture was calculated, and the procedure was repeated. When the 

temperature reached 454oC, 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 incremental temperature rise in half. Cal

culations proceeded in this manner until the incremental temperature 

rise had been decreased to O.50C. This occurred when the gas was 

within 1.0oC 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. 

All 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 

Program MEBP 

Suqroutine HTS 

Subroutine lTS 

Subroutine HTR 

Subroutine lTR 

Subroutine DIST 

Subroutine STC 

Subroutine ClR 

Subroutine CTR 

Function CCl 

TABLE OF CONTENTS 

Contents 

Material and Energy Balance Program 

High-tempertaure side energy and 
material balances (daytime) 

low-temperature side material and 
energy balances (nighttime) 

High-temperature (daytime) 
S03 - S02 reactor 

low-temperature (nighttime) 
S02 - S03 reactor 

Distillation column 

Steam turbine 

Condenser load. Calculates load for 
given flow and output temperature 

Condenser temperature. Calculates 
temperature of outlet stream of an 
exchanger whose load is specified. 

Condenser load. (Called by both CTR 
and ClR.) 

SubY'outi ne FINDT Stream temperature for a stream with 
given enthalpy. 

Page Number 
Flowchart Program 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

109 

117 

122 

126 

132 

134 

142 

148 

150 

153 

156 

Subroutine RECOPY Copies data of one record into another. 104 157 

Function TRKP 

Function TKP 

Function CP 

Function DHR 

Equilibrium constant in terms of con
version of S03 to S02 (daytime). 

Equilibrium constant in terms of con
version of S02 to S03 (nighttime). 

Specific heat of stream. 

Heat of reaction of S03 - S02-

104 

104 

105 

105 

158 

159 

160 

161 
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Contents (Continued) 

Subroutine ENTRl Enthalpy of liquid mixture. 

Subroutine ENTR2 Enthalpy of gas mixture. 

Subroutine LHR Latent heat. 

Subroutine VKCR Volatility K constant. 

Subroutine BPTR Bubble point temperature. 

SAMPLE PRINTOUT OF RESULTS. 

Page Number 
Flowchart Program 

106 

106 

107 

107 

108 

168 

162 

163 

164 

165 

166 



MEBP - Material and Energy Balances Program 

HTS 
Call HTS to 

calculat&material 
and energy 

balancesfortha 
high temperature 

sidealthe 
process 

Trander date from 
HTSto LTS: 

record 141023 
reoord 17 to 21 
and adjust flow 
rates (half of Ihe 

HTSvaluesJ. 

LTS 
Call LTS routine 

tacelculata 
material end 

energybalante1 
for the low 

temperetureside 
of thllproceu. 

93 

No 

XBL 793-956 

Ratio night-time 
flowstogenerete 
the Jam& power 

Blday-time 
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HTS - High Temperature Side Routine 

9 
\ Print: / 

"HTS Routine" + J 
~ . Complete ove,all 

Find and set dala 
for stream records 

material balances 7,8 and 9 (ule 
Set IFP"O to find data 01 CTR) 
(suppre •• printing records 18,1,2 
01 the HTR (data: F's and X's) 1 r.sults) 

I CLR(8,10,11,RCL) 

Q)~ Find reboll.r-
condeneer load 

Apply N.wton- ~ (RCL). S.t data 01 
R.phlon (NR) X2(2)=X2(5) stream records 
convergIng 10 and 11. 
scheme to calc. 
F(S) and T(5) CD No ~ 
given OT056, CLR(10, 12, 13, 
TWMAX and BFWHL) 
known composl- Sat 
tlon 01 .tream 5. X2(5)=X2(2) 'Flnd boiler leed 
(see HT5- water h.ater load 
app.ndlx schem.) (BFWHL) and .et 

+ 
data 01 stream 
record. 12 and 13. 

Complete record <3$>- 01 slroem 2 t 
(milling dat.: 

CLR(12,14,1S, H,T) 

l 
TRIMMER) 

No Find trimmer heet 
load (TRIMMER) 

\ Print me'lage~! and .. t dala 01 
"No convergence" Tran.'.r record atream records 

2 Into 3. 14 and 15. 

I 
Find T(3) (boiling 
point 01 "'ream 3) 

l ®+ and enthalpy H(3). 

HTR Cali:. dlltillation 

~ 
column leed -

The HTR routine stream 16. 
Sat available heal II called again to 
lor dl.tliiallon: update lor F(5) Evaluate C1L- QR"RCL and T(5). condenler 1 load , 

~ 
015T 

l Ols'lilation 
colUmn roulln. 

Comple,e data 01 Update record calculate. lepara-
records: 5,6,18 ols'ream 4 tlon 01 SO,(ltr.am 
(da,a: X'a, H's) allumlng It II 17) end SO~ 

laturated vapor (.trelm 18) and 

l 
the heat Q 

. ~ 
required. Result • 
are prlnt.d. 

CLR (8,14,18, , 
OAC) 

EVlluate veporlzer Cross .elc. and 
Imaginary load - VAP1L check II 
con denier Is calc. X2(5)=X2(2) 
to evaluate X2(17) 

~ t Stream 18 
. contain' III re- \ Print value. / 
coverable SO, Upde'e record 01 01 X2(2),X2(5) 

1\ 

+ .tream 5 , 
Ellimate F(17) + \ Print m .... g.: J 
.nd X2(17) Irom "End 01 HTS" 
SO, recovery Evaluale load 01 i 'peclflcatlons he.t .xch.nger 1 

Return ) - HE1L 

XBL 785 - 865 
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L TS - Low Temperature Side Material and Energy Balances Routine 

~ 1 I 
\ Print: I Estimate stream Calculate stream "L TS Routine" 

no. 26 39 (combined 

~ ! 
41 and 29) 

1 Update record of 
gas stream 24 Extlmate stream 
(equal to 23 27 CTR 
except T & H) 

T Calculate streams t 30, 31, given 
Calculate VAPL 

Calculate recuparator load 
condition of - RECI,JPL 

~ stream 40 from 

1 isoentropy 
CLR expansion 

formula 
REACTOR, REX Assuming 

~ -:c-arculate reaction T(32)=BFWCT+10. 
conversion and Calc. BFWL and Calculate HE2L: 
steam generation streams 34, 35 Heat load of HE-2 
at the low temp. (heater for the 
reactors train. 1 compressed 
Calc. product oxygen) 
stream 28. 

CLR t T Assuming 
Update stream 22 

T(34)=TMIN 
assuming it is Estimate streams Calc. TRIML and saturated vapors 37,38 (splitting streams 34, 35 
(same as 1 except 28 according to 
H). heat load ~ distribution 

~ between HE-2 and 
RECUP. Estimate liquid 

Calculate stream 36 
l vaporizer heat 

~ load-VAPL 
GTR's 

l Estimate liquid Calc. heat 
streams 42, 43 available at night 

Estimate stream and gas streams - QAAN and gas 
41, 29, exiting turbine work 25: 
from HE-2 & - GTW (mix 22 & 24) 
RECUP 
respectl!,ely ~ I I ( Return 

XBL 785 - 864 



II. s.etaooclI'culalevaluufor: 
G, V'I,TBI1I. PB(l),P 

b. mFl"'O 
(Fl-STHABG·TQA I,. function 
olT.nd Uled in NR C(Inv~rgenee 
Ichemeforevalua1lonofTI 

IOO·Loop 20 is 8 NR schana lor 
evalultionof TI 

calc. r 4 for current T 
tel '-1, STHABG .. O. 

96 

HTR - High T.mperl1urI Reactor RQUtil'lt 

OTW<Eplllon 
(Eplllon-O.o1°C) 

Fl-0 
(MHI.ntlon) 

@ Vet 

Set Fl-STHABQ·rQ.\ 
IFl couesponc{s to T III Will Ml 

oriOllWIlIvl 
perturbT.(n-T+2.1 

for 11'1. NR con'(tl'QII~ IChime 

No 

NRavaluationofT: 
CBlc.F2-STHABG·TOA. 

correspand to th,per1urbed temp. 
calc.DT 

DT-a(STHABG· TOAI/ilT 
EvalualllnewT 

TeT·Dl 
SltF1-F2 

IDTI<EPST 
IEPST"2.) 

IFP.O 
Prlntlnglupprtmld , 

IFp..O 
Prlnglng 

Suppreurd 

v" 

v .. 



No 

l TR - low Templl13turl Routina 

endeooler 
exitsl8qual 

tol.P.!input) 
preJ.Iura 

FhI:the 
ITIIIximum 
pouibl. 

oonv.nlon 

v" 

0026- FI .... att.mpb 
to find retlSQnabl. 

correspond'to 
the TEQ for 

which RKPha, 
beenlvalulted 

97 

XBL 793-957 



.,~"",
moltofrK1:1Gn 

of S02 ,n bottom ~XB) 

L 

pC>Innof 
0_'-' (TO! 

andbottom(TB) 
rlthedist.co/ . ....... 

Distillation Column Routine Flow Chart 

-" . f q 

r 
! 

i 

Compoll100n 

of~apc>f"~ 

-''''' 

1.0 
CO 

XBL 793-966 



Set the values of 
boilOl food flow 

rata·AD,all 
steaml6llksand 

groupower 
valUBS for ths 

high preuur8and 
lowpnmure 

wctionlofth& 
"prototype" 

turbine 

8. Calc.boilsrfeed 
wator flow rate 
·BFW 

b. stoamlor 
vaporization 
anddirtillalion 
·VPOS 

c. cale.leak4, 
Bxtrattfrom 
highpranufe, 
flowlof intar· 
mediata 
preuure.flows 
to reboiler and 
theralio ·R 
between actual 
andprototypa 
turblnn 

Calculate ratio 
between 1188m 

raceiverand 
stor&geraoaivar 

capacities· 
RATIO 

99 

STC - Steam Turbine Calculations Routine 

CalClJlatalhs 
IIroupower 

production of high 
&lowprBSSura 
S6ction (GPHP, 
GPlPj Boothe 

10111 lifO,", poWtr 
productlontTGP) 

calculate heat Into turbine, 
hours at TOP day output 

stored In 8 houn, and day. 
req'd to provida 16 hOUri 

of TOP day output at night. 

No 

Calculatasll 
staamflowratol 
forthaparticular 

dischargers10. 
Calc.ratia·R1 
batweenmain 

flow ratal night & 
d.y 

Calc. power' 
generatiansfor 

68chturbJne 
soctionand tha 

101al 

EODL 

v" 
Ptep.areboilerfeed 

walerfJowsend 
small turblna power 
to be sent back to 

MEBP 

XBL 793-965, 
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ClR - Condenser 
lead Routine 

ClR 

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

and O.P. temp. 

CCl 
Calculate 

condenser load 
for the given 

stream and the 
specified outlet 

temp. 

Print results of the 
3-streams: I.P., 

O.P-Gas,O.P-Liq. 
print condenser 

load-CL. 

Return 

XBL 793-950 

t. 



CTR - Cordenser Temperatura Routine 

CTR 

Calc. maximum 
Cl at IT/J) = 273'K 
IMax. Cl = CCll) 37 

Recopy 
Copy I.P. stream 
data into O.P-gas 

stream record 

BPTR 
First approx. 

for dew point, 
OPT 

00,15 

NR to calc. 
real dew point. 

(changes in temp. 
are limited to 

50°C). VKCR routine 
is used to estimate 

violatility constants. 

Recopy 
Copy I.P. into 

O_P-gas and 
zero O.P.-liq. 

Set O.P.·ges 
temp. to be 
equal to the 

calc. dew point 

101 

00,12 

ENTG 
Calc. enthalpy 

of D.P.·gas 
stream 

for a gas cooler 
(no condensation). 
Use of the higher 

value between T(J) 
and OPT is made 

ina NR to 
evaluate the real 
T(J). Changes of 
temp. are limited 
to increments of 

50'C. 

Yes 

Assume as a 
first guess 
that TIJ) is 

middle point 
between bubble and 

dew points 

00,23 

Cales. are made 
for a condenser. 
USing the higher 
of T(J) or OPt 

CCl 
Last pass 

through CCL. 

XBL793-968 



cel - Calculation of Condenser Load 

eeL 

pressure 
throughout 

the condenser 

Set temp. of 
O.P.-liq. stream 
equal to that of 
O.P.-gas stream 

Get volatility 
con~ants for 

the specified temp. 

Calc. arrays of 
Initial guesses 

for composition X)(2 
and IIq. flow L. 

EODL-3 

v .. 

Setting t~e 
final compositions 

flow. and 
enthalpies for 
both liq. and 

gas exit streams 

Calc •. of 
obtained 
condenser 
load, eeL. 

102 

Set record of 
exit gas stream 

equal to I.P. 
stream. 

No 

10 

Zero liquid 
stream 

set 
F(J) = F(1l 

XBL 793-953 
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FINDT - Find Temperature 
of Stream Routine 

DO,1 

ENTG 
Calc. enthalpies 

for the gas 
stream; 

HH atT(J) 
H1 at T1 

FINDT 

Set T1 equal 
to the assumed 

temp. of the 
stream plus 1°C 
T1 = T(J) + 1°C 

NR to evaluate 
the temp. 

T(J) 

ENTL 
Calc. enthalpies 
for the liquid 

stream: 
HH at T(J) 
H1 at T1 

XBL 793-955 



104 
Recopy ·recopy 
one record into 
another 

Recopy 

Set 
Flow of O.P ... Flow of I.P. 

Temp of O.P .. Temp. of loP. 
Press of 0.0 ... Press of 1.0. 

Enthalpy of O.P ... Enthalpy of I.P. 
O2 mole fro of O.P ... 02 mole fro of loP. 

S02 mole fro of O.P. = S02 mole fro of loP. 
S03 mole fro of O.P." S03 mole fro of loP. 

XBL 793-954 

TKp· 802 803 Equilibrium 
Constant Function TRKP - 803 802 Equilibrium 

Constant Function 

TKP 

Evaluate the 802 oxidation 
reaction constant for conversion X. 

(X3 + XZ·X) 

TKP = ~ X1. X2.X/2 
(X2. X2'X ~. 1 .• X2'X!2 

Return 

XBL 793-964 

TRKP 

Evaluate the 803 dissociation 
Reaction Const. for conversionX. 

j pX1 + X3·X/2 
(X2 + X3·X) 1. + X3·X/2 

TRKP 
(X3· X3·X) 

Return 

XBL 793 -963 



CP - Specific Heat Function 

CP 

Evaluate 
specific heats 

of .02' S02' 503 
from their 

respective temp. 
dependent 
equations 

Calc. the 
weighted average 

Cp of the 
mixture 

Return 

XBL793-962 

105 

DHR - Delta Heat of Reaction 

DHR 

Evaluate 
heat of reaction 

at the 
specified temp. 

Return 

XBL 793-961 



ENTL - Enthalpy 
of Liquid Mixture 

Routine 

ENTL 

::L 
Find mole 
fraction of 

S03 by difference 
(given SO~ 

llr 

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 

'Ir 

( Return 

XBL 793-960 

106 

ENTG - Enthalpy of 
Gas Mixture Routine 

ENTG 

Find mole 
fraction of 02' 

X1, by difference 
(gives 802 & 803) 

Correct X2 and 
X3 to have 

the sum equal 
1. and zero Xl 

Evaluate 
enthalpies of °2, 

8°2_ 803 from 
the corresponding 
temp. dependent 

equations 

Evaluate mixture 
enthalpy by 

weighted 
average 

XBL 793- 958 



LHR - Latent Heat 
of Reaction Routine 

LHR 

Calc. th. for 
S02 at the 

f.'\ given temp. o '--_-.... __ .-J 

Cal.th. for 
S03at the 
given temp. 

Calc. weighted 
average I.h. 

for the mixture 

107 

XBL 793- 959 

VKCR - Volatility K 
Constant Routine 

VKCR 

Y 
Calc. exponent 

for vapor 
pressure of 

S02 

I 
Calc. volatility 

constant of 
S02 

I 
Calc. exponent 

for vapor 
pressure of 

S02 

I 
Calc. vapor 
pressure of 

S03 

I 
Calc. volatility 

constant of 
S03 

I 
Return 

XBL 793-952 
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BPTR - Bubble Point 
Temperature Routine 

BPTR 

Find range of pressure. 
Set first guess of temp. 

according to the 
pressure range 

00,1 

NR method is employed 
to find the bubble point 

of the mixture. 
Use of vapor pressure 

correlations is made and 
ideal mixture il assumed 

Ye. 

XBL 793-951 
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PROGRA~ M~BP(INPUT,OUTDUT.PUNCH) MEBP 
************************************************************************ME8P 
* *M~BP 

* 
* 
* 

IJPDA FD 2I2 P,/7P; 
MERP - '·1ATERIAL A"lD E.\ERGY 8ALA'KES PROGRA"I FOR CES 

*1.1~BP 

*I.1ESp 
*"1EBP 

************************************************************************MEBP 
*P~0GRA~ CALCULATES ~ATERIAL A"l~ :~ERGY BALANCES FOR THE CHEMICAL HEAT *MEBp 
*STORAGE SYSTEM qASE~ ON J2.SC2.SJ3. THE pROCESS IS DESIGNED TO SUPPLY *MEBp 
*THE NECESSARY HEAT FOR 6 ~TEAM P)W~R PLANT DURING NIGHT TIM~~ DIRECT *ME3p 
*ST~AM GENER~TlaN PLANT IS INTEGRAT~D WITH TH~ STORAGE SYST~M TO PROVIDEMERP 
*.\1AXIV!J'~ HrAT ~FFI(!"NCY F(,R THe: :O\I,'3If\!~D PRO~r.SS (S~F DAYAN ~T AL. HIEBo 
*PROCEEDI~G OF THE 12TH IE~EC.P.1181.WASHINGTON DC 1977). *MEBp 
*THE DROGRA~ STARTS WITH RF\DING 3ASIC DATA (SPECIFICATIONS.TOLERANCES.*MEBp 
*TOTAL HEAT AVAILA3ILITY.EIC.) AN) FIRST GUESSES FOR KEY STREAMS (THESE*ME8p 
*ARE LATER UPDATED). THE PkOGRAM USES T~O MAIN SUBROJTINES-HTS AND LTS *ME~p 

*TO CALCULATE THE dALANCES F0R THE ~AY AND NIGHT-TIME OPERATIONS RESpE-MEBo 
*CTIVELY. DIRECT SUBSTITIJTIOI. IS US<CD FOR THE CYCLIC PROCESS UNTIL *r~ESP 
*CONVERGENCE ON FLOW. TEMP. tND COMDOSITION IS REACHED. THEN STC R0UTINEMEBP 
*15 CALL~~ TO caLCULATE ST~aM POW~R PLANT GENERATION DATa. OUTPUT IS *ME~P 

*SCALED AND PRINTED ACCORDING TO TJA-TOTAL HEAT AVAILABLE AT THE RECEIV-MEBP 
*ER FOR THE STORAGE PROC~SS. *~EBP 

* *~EBD 

*THE FOLLOWING SUSI JUTIN~S ARE BEI~G USED= *~EBP 
*BPTR(P,XZtT) -' g( ILING POINT TE~P.T OF L1Q. ~IX. OF S02-S03 AT P.X2 *MEBp 
*CCL(TJ)-CO~~ON(TO :TR+CLR)FUNLTIO~ TO CALC. CONDENSER LOAD AT EXIT T-TJMEBD 
*CLR(NT.NG,NL.CL)-()N)EN~ER LC~D CL, ~~R INCOMIN~ GAS STR~AM NI aND *M~PP 

* OUTGOING 'jAS 5TREA\1 ~G MiD L1Q. STRr.:A'·1 NL. *MEBP 
*CP(T.Xl,X2,X3)-HEAT CAPACITY uF GAS ~IX.(Xl.X2.X3) AT TEMP. T *MEBP 
*CTR(NI.NG.NL.CL)-C( NDENSER ExrT STREAMS(NG.NL)TEMP. FOR GIVEN LOAD-CL *MEBP 
*DHR(T)-HEAT OF REACTIO~ AS FUNCTION OF TE\1P. T *MEBp 
*DIST(F.TF.PF.HF,X~'JR,XD'P.PR.~J2.N.D.TM.PD.HLM.YM,3.TB.PB.HB.XB,)-PLATE*MEBP 

* TO PLATE CALC. OF DISTILLATION TO~ER FOR BINARy MIX. SU2-S03 *MEBp 
*ENTRl(T.X2.HL)-ENTYALPY CALCS. FOR S02-S03 LIQ.MIX AT TEMP-T.COMPOS-X2*~EBp 

*ENTR2(T.X2,X3.HG)-ENTHALDY CALCS. FOR 02-S02-S03 GAS MIX.AT T.X2.X3 *~EBP 
*FINDT(NS.NF)-FIND TE~P. OF ST~EA~ NF. NS=STREAMSTATE=l-LIQ. 2-GAS *MEBP 
*HTR(FI,TI'PI,X21.FO,TO.PO.XI0.X2G,X3C'FC.TW~.IFP)-HIGH TEMP~ RECEIVER-*MEBP 
* REACTOR. I-I~PUT STREAM. O-OUTPUT STREAM.FINAL CONV •• T~-MAX.PRINT*MEBP 
*HTS - ~ATERIAL AND ENERG¥ SALANCES FOR THE HIGH TEMP. SIDE *\1EBP 
*LHR(T.X2.LH)-LATENT HEAT OF S02-SJ3 MIX. AT TEMP.-T.COMPOSITION-X2 *MEBP 
*LTR(X.Q.N-IN,N-OUT,N-COLD) LOA TE'1P. REACTOR ROUTINE. (N=STREAM NO.) *MESP 
*LTS - MAT~RIAL AN~ ENERGY BALANC~S FOR THE LO~ TEMP. SIDE *"1EBP 
*R~(6pY(IIN,TOUT)-C8PY ~~COR' NO.-11N INTO Q~COq~ ~O.-IOUT *MEBP 
*STC(QAAN. R )-STEAM TURBINE CALC. ~ETFQMIN~5 ST~AM DOWER PLANT SIZc *McBP 
* AND OPERATION RATES DURING 1AY AND NIGHT (VARIOUSE DISCHARGE RATESMEBP 
*TRKp(X.P)-CALC. TRIAL VALUE FOR ~EACTION EQUILIBRIUM CONSTANT-<P *MESP 
*V~CR(P.T.K2.K3)-VOLATILITY CONSTINTS K2.K3 FOR S02.S03 AT P AND T *MESP 

* 
*NOMENCLATURE= (SEE PROCES~ SCHEV,S FOR DfTAILS) 
*CO~~ON BLOCKS NAVES= 
* LAHTV LOW AND HIGh TEMP. V~RIARLES 

* HTHEL HIGH TEMP. IIEAT-ICXCH"~IGERS LOIlDS 
* HTV HIGH TEr~p. \1\RI·~:'ILES 

* LTV LOW TEMP. VARIA3L~S 

*MEBP 
*MEap 
*'~EBP 

*VE9P 
*'~E9p 

*ME9p 
*ME3p 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
4,0 
440 
450 
460 
470 
480 
490 
<;00 
510 
520 
530 
540 



* LTHEL 
* W~')RK 
* STREA,,,; 

* 
*V~RI"'1LES= 
* AT')A 
* BDT56 
* 3F'IIC T 
* 8F'IIHL 
* BF\~L 
* BFWN1 
* P.FWN2 
* 'lP 
* I3TV,AX 
* BTMIN 
* C * CIL 
* DELP 
* DTA 
* DTD56 
* !)TMIN 
* ')TWM 
* 1')56 
* DT56 
* DYPR 
* EDAN 
* EOPAN 
* EPSF5 
* J:PST5 
* E I 
* E2 
* ::3 
* F 
* FC 
* F5 
* GTW 
* H 
* Io!E1L 
* HE2L 
* IFP 
* I 
* J 
* K 
* L 
If \.1 

* "I * NOD 
* NH 
* NOP 
* NOPL 
* NOSP 
* NTMIN 
* NTW'~N 

* "l56 
* P 
* PD 
* PHA 

110 

LOW TEMP. HEAT-PXCHANGERS LOADS 
'J IGI- r WORK 
ST'~f~v REC0RDS IIAMr: IF,P,T,H,X1,X2,X3) 

*t~r:3P 55" 
'AED,D S60 
!~EBP <; 7" 

*M'Ogp 582. 
*"1"1'1" 590 

ADJU: TED lQA I A-QA=Tl)lI*R) *'-1"8 0 60() 
BASE CASE DELTA T BETWEEN 5 AND 6 I~) *"1E8P 610 
90IlER FEED WATrR COND'ONSER TEMo. IK) *MESo 620 
ROlLER FE'OD WAT~R HEAT LOAD - HTS -,IKJ/S) *~ERP 630 
BOll'OR FEED WATER HEAT LOAD - LTS - IKJ/S) *~EclP 640 
ROlLER FEED WATER HEAT LOAD AT NIGHT-TIME NORMAL JUTPUT.*"1EBP 650 
SFW HE~T LOAD AT NIGHT, SEASONAL STORAGE 1100 MW). *"1E9P 660 
BASE CASE HIGH PRESSURF ISAQ) *MEBP 67~ 

RASE CASE TU3 F WALL "1AX TE"1P I~) *MFBD 680 
BASE CASE1IN hCHIEVABLE TEMP IK) *MESP 690 
TOTAL CONVERSION FOR THE LTR SYSTEM *MEBP 700 
CONDENSER-I LOA') (HTS) - IKJ/S) *MEBP 710 
INCREMENT FO~ STUDIED PARAMETER P *MEBo 720 
ARRAY FOR DTDS6$S TO BE STUDIED *ME3P 730 
JT )ESIRE[) BETWEEN T(6) AND T(5) ,IK) *MEBP 740 
INCREMENT FOR STUDI'On PARA~FTFR T'AIN *"1~BP 750 
INCREMENT FOR STUCIED PARAMETER TWMAX *~E8P 760 
INCREMENT FOR STUC:En PARAMETER DTDS6 *M~SP 770 
FIRST LOOP OELTA T 5-6 *MESP 780 
DAYTIME POWE1 OUTP)T I~W-E) *MEBP 790 
~NE~GY DISSTJATE') AT NIGHT IM\~) *MEBP 800 
E~ERGY OVTP\,T AT NIGHT IM'H) *MEBP 810 
LI~ITS FOR CCNVERTIO~ ON F(~) *MEBD 920 
LIMITS FOR rONVERTIO~ ON TIS) *"1EBP Q30 
OVERALL EFFiCI~NCY OF rROCESS *MESP 840 
EFFICIENY O~ STEAM CYCLE *MESP 850 
THERMAL EFFICrENCY OF STORAGE *~EBO Q60 
FLO\'IIKMOLlSECl *,"1EBo 870 
FINAL CONVERS!ON IN REACTOR-RECEIVER IHTR) *ME3P 880 
FLOW OF.STREAM 5 (KMOL/S) *MEBP 890 
GAS TURBINE WORK (NWORK) - (KJ/S) *MEBP 900 
~NTHALPY,(KJ/KMOL) *McgD ql" 
HEAT FXCHR. 1 LOAD IHTHEL) - IKJ/S) *VFgo q20 
HEA~ EXCHR. 2 LOAD I L TH.EL) - I KJ/S) *r~EBP 930 
IND::ATOR FOR P"INTING IHTR) IO-NO.I-YES) *~EBo 940 
DO-lJOP INDEX FuR TW~AX STUDY AND STREAM CLEAR *MEBP 950 
RECC ~C' INDEX I 1·-45) *r~EBo Q60 
DO-LJOP INDEX FnR TMIN STUDY *M'OBP 970 
DO-LOOP INDEX FuR DTD56 STUDY *MESP q80 
')O-L( OP INDEX FnR CONVeRGENCE ON STREAI<.IS *'AEBP 990 
"IO.I")F STReA\1S *ME'3 DIOOO 
NO. OF VALUES FIIR STUDIED PARAI~ETeR 0 *"F.'3PIC'10 
NO. OF RECORDS iN HTS *MEBo I020 
NO. ~F PLATES, DIST. COL. (MAX. ALLOWE')) *MF'3PI030 
NUMBER OF PARAMETER LOOPS *MEBPI040 
NUM9E~ OF STUDIED PARAMETERS *MERPI05!) 
~O. OF VALUES FOR STUDIED PARAMETEq TMIN *MEBOI060 
"10. OF VAl~E3 FOR STUDIED DARft~ET~R TWMAX *~EBDI070 

NO. OF VALlES FOR STUDIED PARAMETFR DTD56 *ME'3 01080 
oRESSUREIBAR) *ME801090 
DRESS. OF THE DIST. COL. *ME8PII00 
ARRAY FOR HIGH PRESSURE SIDE PARAMETER P *M'OBPIII0 
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pqSJ2 
PI 
05 
P21 
Q 

QAA~ 
.)~ 

J~F S 
R 
QATIO 
QCL 
'<ICC'JPL 
STOP 
SU,'~ 

T 
TGPJ 
P1t\ 
T~1 

T'·ll N 
TQA 
TRII.<L 
TRIMMER 
TW 
TIJA 
TW"1A 
TW\1AX 
Tl 
T24 
T27 
VAPL 
VAP1L 
X 
XD 
Xl 
X2 
X3 
X21 
X25 
X218 
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PERCENT RFC0VERY OF S02 IN THE DIST. COL. 
PRESSURE FDa STREAM 1 
PQe:S5U'<E FOI; srQEA'1 'i 
pqe:SSURE FOR cTR~a~ ?1 
ARRAY FOR HEAT AVAILaRLE AT qEACTORS H~AT-EXCHANGERS 
1 AVAILABLE AT NIG~T (NWORK) - (KJ/S) 
TOTAL Q RE~UIrED I~. REBOILER (KJ/S) 
Q FOR REBOILER COMINR FROM STEAM (HTHEL) - (KJ/S) 
1JC./(GROSS STEAM TURBINE POWER PRODUCTION) 
STEA~ GEN~Rt\TION-STORAGE RaTIO (FROM STC) 
REB0ILER-CONDENSER LOAD (HTHEL) - (KJ/S) 
RICCl ;:>ERATOi~ LCllJ' (LTHEll - (KJ/S) 
S'~Al L TURRINE Cl"TPUT (FRO~1 STC) (~'IJ) 

SUM )F BOILER F~ED AND TRIMMER HEAT DJTIES 
TE'~r. () 
TOT/~ GENERATED POWER DURING THE DAY (MW-E) 
ARRAY FOR TMIN$~ TO 9E STUDIED 
FIRS· LOuP TMIN 
~IN. ACHIVA9LE r A~YWHERE IN THE SYSTE~ 
TClUL Q AVAILA"I.<: AT THE R~C<:IVER (HTR) - (MJ/S=\1W) 
TRI\1:~ER LOAD (LIS) - (KJ/S) 
TRIM'-1ER LOAD (HTS) - (KJ/S) 
MAX. TEMP. AT TUdE WALLS AS CALC. BY HTR - (K) 
ARRAY =OR TW~AX$S TO BE STUDIED 
FIRST LOOP TWMAX 
MAX. PERMISSABLE WALL T<:MP. AT THE ABSORBER 
TF~PERATUR: 5Tq~A'~ 1 (K) 
SOECIFIED T(24) FOR LTS - (K) 
SPECIFIED REACTOR IGNITION TE\1P. FOR LTS - (K) 
VAPClRIZER LOAD (LTS) - (KJ/S) 
VAPORIZER LOAD (HTS) - (KJ/S) 
ARRAY FOR CONVERSIONS AT THE LTR$S 
SPECIFIED X2 AT THe: ~IST. COL. CONDENSER 
OXYGEN CONTENT (MC~E FRACTION) 
S02 CONT<:~T ('~OLF ~R.) 

S03 CONTENT (MOLE ,:R.) 
'~OLE FRAC. ~')2 IN iTREIIM 1 (FIRST APPROX.) 
MOLE FRAC. ~J2 IN 5TREA'" 5 (FIRST APPROX.) 
MOLE FRAC. ~02 IN iTREAM 18 (FIRST APPROX.) 

*MEBD 1120 
*MEBP 113Q 
*"'1<:8 0 1140 
*"'1fC,P11'i0 
*M[BP1160 
*MEBPl17f) 
*MEBPl180 
BIEAP 119Q 
*MFAP12J;) 
B1r=BP1210 
lH~EBP 12 20 
*MEAP U:'\O 
*MEBP1240 
*MEBP1250 
*MEBP1260 
*MEBP127;) 
*MEBPI280 
*MEBP1290 
*MEBP1300 
*MEI3P1:310 
*MEBP1320 
*"'1EBP1330 
*MEBP1340 
*MEBP1350 
*MEBP1360 
*MEBP1370 
*MEBP1380 
*"1E9P1390 
*MEBPI400 
*MEBP1410 
*MEBP1420 
*MEBP1430 
*MEBP1440 
*MEBP1450 
*MEBP1460 
*MEBPI470 
*MEBP1480 
*MEBP1490 
*"'1EBP1500 
*"1EBP1'i10 

************************************************************************MEBP1520 
* *ME9P1530 

COM~ON/STREAM/F(60).P(60).T(6)).H(6Q).Xl(60).X2(60).X3(60) MEBP1540 
COM~ON/LTV/N.T~4.T27.Q(~).X('i).C MEBP1550 
COMMON/HTV/DTD56.EPST5.T~MAX. PD,PRS02,XD,EPSF5,NH,NOP MEBP156f) 
CO\1MON ILAHTV/BFWCT,TM'N MEBP1570 
COMMON/HTHEL/C1L,VAP1L.HE1L,RCL,BFWHL,TRIM~ER,CRFS MEBP1580 
COMMON/LTHEL/RECUPL.VAPL,BFWL.TRIML.HE2L MEBP1590 
COMMON/NWORK/JAAN.GTW ME9P1600 
Dr\1ENSIO~ T\1 ll (1::).DTld10).T"'1A(10loPHA(10) "'1EBP1610 

*K::EP QECClRD 45 ZEf J FOR VARICIIS pqOG~AM USO:S. *MEBD162:) 
~ATa F(4'i) .D(~<;) ,T(4~) ,H!4<;) ,Xl (45) ,X?(4'i) ,X3(4<;)/7*0.1 '-"F9P16'>!') 

*ALL CALC. BAS<:J O~ A BOEING T~PE ~ECEIVER AaSORBING 230. MW-TH. *MEBP1640 
)'TB Toa/?10.1 ME9P16'iO 

*PARA"1ETERS FOR THE EASE CASE *'''EBPI660 
DATA BTMIN.BT"'1AX,5DT56.5~/333.,1153.,140 •• 4J.1 MEBP1670 

* *MEBD1680 
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*S~T ALL VARIA~L~S IN STR~A~ FQUIL TO ZERO 
DC! 8 1=1,,,0 

8 CALL QECOPY(45,I) 

* .QEAD UNCHANGING VARIABLES 
READ 45'Pl,P5,P21,T24~T27 

*READ FIRST APROXI~ATIONS TO PE L'DATED BY THE PROGRAM 
READ 45,T1,X2l,F5,X25,X218 

• READ OBJECTIVE DATA ANn SPE~IFICATIONS 
READ 45'DT56.TWMA,T~I.PRS02,XD 

*READ TOLERANCES AN~ INCRE~~NTS DELTASS. 
REA) 45,EPSF5,EPST5 

*READ INTEGER SPECIFICATrO,.S=N,NOP,NH 
READ 48,N,NOP,NH 

*READ PARAMETERS TO 9E STU0IED= 
READ 56,DTWM,NTWM,D5b,N56,DTMIN,NTMIN 
QI'"AD <;6,D"Lo,NDP 
REAl) 48,NOPL 

*wRITE ALL INPUTS FOR THF RErORD 
PRINT 16 
PRINT46,Pl,P5,P2l,T24,T27 
PRINT l7,Tl.X2l.F5.X25.X2l8 
PRINT18.DT56,TW~A.TMI.pqS02.XD 
PRINT 19,EPSF5.EPST5 
PRINT 49.N.N( ".NH 
PRINT57.DTWM,~T~M.n56.N5h.DT~IN.NT~IN 
PRI,'H 58 .f)ELF .N)P 

*PRELIMINARY CALCULATIONS. DAT~ PREPARATION AND FIRST ESTIMATES 
*COMPLETE DATA OF F(l) 

P(1)=Pl 
T(l)=Tl 
X2( 1)=X21 
CALL ENTRIIT(1).X211).HI1» 
Xl(l)=O.O 
X3(1)=1.-X2Il) 

*DO LOOPS FOR STUDIEC PARAMETERS 
TMA(I)=TMI 
DC 14 :<=2.1J 

14 TMAIK)=TMAIK-I)+DTM!N 
DO 32 K=lolJ 
TWA I K) =9T'~AX 
DTAIK)=BDT56 

1::' 0HAII()=BP 
NOSP=NT~IN 
DO 10 I=I.NOPL 
DO 20 1(=I.NtJSP 
HJ\1,AX = T'tiA I K) 
DTD56=DTAIK) 
Pllj)=PHAI'() 
HJI"l=TM<\I'() 
TIl)=Tl 
X2(1)=X21 
F(5)=F5 
X211j)=X25 
X21 18 )=X218 

*PD ESTI~ATEI) FRO~' K.'~OWN FITI'IN) 
PD=4."'4 F -4*r=XPI.0101*TI I~I) 

*"IF'lP 169') 
~E30170J 

,MEBP1710 
.,"IF9P 1720 
*1~EBP 17"10 

MEBP1740 
* ,"I '" BP 1750 

MF3P1760 
*MEBP177,) 

MEap 1780 
*MEBP179') 

,ME'3P 1800 
*MEBPI810 

,"IEBP1820 
*M O' 9P1830 

"1EBP1840 
\1I'"Bo 19'5·"\ 
~~E8P 1860 

*ME3P1870 
MEB P 1880 
MEBP1890 
ME9P1900 
MEBP1910 
ME9P1920 
W:'3P1930 
,\1O'BP1940 
M';:BP1950 

*~EBP1960 

*ME9P1970 
'~EBP 1980 
W:BP 1990, 
~~E'3P 2000 
ME8 P 201'l 
"lERP2020 
~E9P20'30 

*,"IE9P2040 
i-1EBP2050 
i'-1EBP2060 
MEBP2070 
~1E3P208() 

I-1I:'BP2090 
"1109P2100 
"''''9 D 711 " 
MEBP2120 
MEBP2130 
ME8 P 2140 
\1F8P21'5'1 
~1F!3;:>216J 

'~I"'3P217,) 

\1F'3P2113') 
,"lEap 2190 
MEBP22:J0 
~EBP2210 

"IEBP2220 
MEB D 2230 

*"~EBP 2 240 
"1"f'.D ??c;:) 
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" C J ~1 P LET E D A. T /, :) F F ( 18 ) 
*T(IS) UPDATED FROY KNO~~ F(T~jNJ 

T(18J=TMIN+5G.+(TMIN-273.)/I0C. 
P(18J=PD 

* 

,ALL ",PTR(D(IBJ,X2(fR).T(18)J 
::ALL ENTRl(T(lBJ.X2<l8)of-i(IS)) 
n, F 1,1:: T = T M I "I 
PRINT 44.TWM.X.T"1IN.~T~'i6.P('i) 

"l'" "T v= 1 • ., 
CALL HTS 
CALL RECOPY(14.Z3) 
CALL RECOPY(17.21) 
F(23)=F(23)12. 
F(21)=F(21)12. 
P(21)=P21 
IF( F( 21) )"1,.,,1.29 

29 CALL LTS 
PRINT 52.F(36).F(I),X2(36).<2(1).T(36).T(I) 
IF(ABS(2.*F(36)-F(I) )-0.815)3.3.4 

3 IF(IIBS(X2( 1)-X2(36J )-8.C88)~.2.4 
Z IF(ABS(TIlJ-T(36)J-l.,))ltlH 

1 IF(\1-2.)4.4.21 
4 CALL QECOPY(36.IJ 

P(I)=PI 
F(I)=Z.*F(l) 
IF(F(ZI))31.3I.12 

31 PRI:-.JT 3u.TVIN 
GO TO 10 

12 F("J=F(l)+F(lflJ 
P(<;)=PHA(K) 

*"1EBP 2 2'6 0 
*1~EBP2270 

"1EdP2Z80 
I~EBP2Z90 

~AF"'P ",1)0 
MF'3P23IO 
"1EBP2'l,?0 
"1EBP23,0 
~A[:,PD,?'l4"" 

iv1EBP2358 
r~EBP236::> 

,\1E'3P2370 
"1E'3P238,) 
M!="BP2390 
ME9P2400 
MFBP24IO 

*,"1F'3P2420 
MEBP2430 
MEBP2440 
MEBP2450 
,\1EBP2460 
ME3P2470 
M<=:3 PZ4BO 
f~FBP 249::> 
MFBDZ'iOO 
MEBP251::> 
MEtlP2520 
MEBP2530 
"1EBP2'i40 
MEBD2'i'iO 
MEBPZ56:} 

7 CONTINUE ~FPP'<;7:} 

PRINT 22 "1EBP2580 
*FINAL PASS THROUGH HTR *MEap2590 

21 IFD=1 ~FPP2600 

PRINT 44.TWMIX.TMIN.DTD5~.P(5) MEBP2610 
CALL HTR(F('i) .T(5)'.P(5) ."2(5) .F(6) .T(6) .P(6) .X1(6) ,X2(6) .X3(6) .FC,MEBP2620 

In/,IFP) 
L=.') 

'~C A LL Sf 'C.A.',j TJRP I Nt CA. V:. ROUP ~~ 10 

PRI'H 9 
SU"1= BF\1HL+ TR rr MER 
CALL STC(QAAN'R.T(lJ).T(jJ)'R4'RATIO.STOP.BF~Nl.aFWN2.TGPD) 

*ADJUST FOR o,"J INTEGRATED POI'iE(~ PLANT WITH A RECEIVER AtlSORBING Z30 ;V,W 
DO 11 J=lol8 

11 F(J)=F(J)*R 
CIL:o(lL*Q 
V.AP1L=VAPIL*r< 
HE1L=f-i'OlL*'< 
RCL=RCL*R 
T R I "1V,C:R= SUI,I*R- 3FWHL 
aRFS=Q'<FS*< 

-34 DO % J=?l.6~) 
36 F(J)=F(Jl*< 

')J 15 J=I.'i 
1'0 r:(J)=CCJ)*'< 

R'OCUPL=RfCUPL*'< 

MJC:6P2630 
\Af':gD264~ 

*"1E'3P2650 
HEB D 2660 
MEBP2670 
MEBP2(;'80 
~1Et3P~690 
V,EBP2700 
"1FBP2710 
~F'lP 27 2') 
MJC:BP27 ,.:) 
,"1ERP274'} 
"1EBPZ750 
!'1FBP2760 
MEBPZ770 
~lEBP2780 

f'I,EBP2790 
"1C::BP?'lOO 
:.1i=9P?fllO 
MEB P 21320 



VAPL=Vt.,PL*R 
nF',·!L=8F~!·"l1 

He-2L=HE2L*R 
GTIII=GT'ti*R 
.~T')"=Tf)t.,*P 
Qt.,A,\J=QAAN*R 
CALl (TR(3J,32.33,9F'tIL) 
CALL CLR(32,"4,35,TRIML) 
IF(L.GT.O) GC TO 35 
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*FINAL CALL FOR 0I:T. ROUTI~E ~ND PRINTING ITS R::SULTS. 
PRI~T 9 

HE3P2830 
\/cQP?Q4') 
:"EflP 2 8 5) 
1·1Efl o 296) 
I.1EBo/q7.~ 

"1'08"288') 
,V\F:9P2890 
M":RPZ900 
Y.E:i3P2910 

*MEtlP2920 
1~F:8P 2 9 '30 

~Q=QCL ~E3~?94~ 

CALL DIST(F(lS),T(16),P('6),H(16).X2(16),QR, X"j,PD,PRS02,\JOP.F(17)ve-'lP?95() 
1,T(17).P(17),H(17),X7(17).F(18).T(lR),P(18).H(18),X2(IP),IFPl M~30?q60 

* 
*PRINTOUT Mt.,TERIAL A~D E\JERGY ~ALANC'OS - HTS 

PRINT 44,TWMAX.TMIN,DTD5~.P(5) 
PRINT 40 
PRINT 41 
PRINT 42 
PRI'H 54,(J,Xl(J),X2(J),X"I(J),T(J),P(J),F(J),H(J).J=I,NH) 
PRINT 47,rlL,VAPlL,HFlL,RCL,'3FWHL,TRIM""'Q,QRFS 

*CALCULATE S'OVERAL EFFICI::N~IES WHICH DESCRIBE THE SYSTEM. 
EOPAN=STOP*.97+GTW*.9/2./1000. 
DYPR=.958*TGP') 
El=(DYPR+cOPAN*2.)/«(RATIO+l.)*ATQA) 
E7=DYOR/(RATIO*ATQA-V AO IL/l000.+BF'tiHL/101).-QRFS/lOOO.) 
EDAN=QAAN+BFWL+TRI1'1L 
"'3=2.*E,)~N/(ATQA*18JO.+VAPIL-RFWHL+QRFS) 

PRINT 17''''1.~7,E1 

*,\1I':BP 2970 
*1"1EBP~"80 

i'lEJP2990 
MFBP3000 
\1F:i3P30lJ 
\le-B D302: 
'·1",'\P'>030 
~~FB03J4J 

*"'11'"BP3050 
,"1EBP3060 
IVle-BP3070 
MEBP3080 
,\1 E l:)P ,')90 
MEBP31J) 
WB P3110 
'-'.E8P"PO 

37 FORMAT(/3X.*SUMMARY OF EFFI:IE~CIES AT THE CHOSEN 
1,4HE1= .F6.4, 

*PRINT RESULTS. LTS 
35 PRINT53 

PRPn 41 
PRINT 42 

/3X,4HE2= ,F6.4,/3X.4HE3= ,F6.4) 
PARAMETERS*,//3XMEBP3130 

tJEBP3140 
ME8P3150 
MEBP316D 
"'08P317J 
MEBP3180 

PRINT 54,(J.Xl(J),X2IJ),X3(J).T(J).P(J),F{J).H(J),J=21.N) 
PRINT5J,RECUPL.VAPL,pcWL.TRI~L.HE2L 

PRINT 43,QAAN.GTW 
PRINT 55,ATQA 
PRINT 5 
PRINT 42 
PRINT 54.(J,Xl(J),X2(J:.X3(J).T(J),P(J),F(J).H(J),J=5Q,60) 
PRINT 13,(J.Q(J), J=1.5),(X(J),J=1,5),C 

*REPEAT LTS PRI~TOUT FOR IGO\lW OUTPUT IF L IS SREATEq THAN O. 
IF(L.GT.O) GO TO 33 
R=R4 
BFWI\jl=BFW~2 

L=l 
GO TO 34 

'33 PRINT 6 
2) CONTINUE 

*RECOVER BASE CASE GUESSES TO AID CONVERGENCE FOR OTHER PARAM~TEQS 
IF( 1-2)23,24,; 5 

23 T'tIA(l)=TW,'~A 

TMA(I)=8T."1IN 
DO 26 1(=2.1J 

1'1::BP3190 
ME8P3200 
Mt:"BP3210 
.MEBP3220 
IVlEBP323) 
~1EBP3240 

He-BP3250 
~~E'3P3260 

*~~tRP3270 
i~EBP3280 

MEB 0 3290 
!~EBP3300 

1'1EBP3310 
MEBP3320 
\lEBP3330 
V,e-'3P3340 

*~~EBP 33 50 
H::13P3360 
MEI:lP3370 
MEBP3330 
"1E30 3390 



T·'<AC<.=I)T··iI~< 

26 T:iA C 0<. 1 =T .,!.\ C <-1 ) +~T"',\~ 
\1:',:; a.:;:."'j T I.~" . .t 
:;.~ TJ 1:, 

?4 "'nc, l=DT-;.; 
T',.:AC 1 j =1T'-',\X 
'jJ .'7 <=2.U 
T II to.. C .< ) = j T'-1.A.X 

27 1TA«1=)TAC~-1)+)5'; 
'.1 ") S D = 'I ') (, 
-:;0 TO 1:) 

2:; IFCI.'-"'J.4)';:J TO Ie 
PHAC J )=P5 
:HACl)=f1 DT56 
')0 ~8 <"2.1) 
')TAC.<')=::3DT56 

2~ PHAC<)=PH~(K-l)-nELP 

'lJSP=.'J,)P 
1 -; :- .~ 'I T I 'I ~J'" 
~ ~0qyaTCIH1,3y,*qcSULT; "~ 

6 FOq~AT(3X,*=r) OF ~~9P.*1 

9 ""O~'MTCIHll 
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'vi bP34Cl,) 
'-1 3P'341::J 
-., '3P342) 
~.·C:[3D3430 

'1E3D'440 
~·1F3P345J 

M':9P3460 
:~EBP347J 

'~r:BD348rl 

"E5P349Cl 
\H'5P35ClO 
'1r:flP3510 
,'.lF3P'52) 
~1EBD '3 5 3Q 
MEBP354rl 
r"::BP355C 
MeBP3560 
MEBP357') 
~~"P'D3'i9('\ 

-~"i=\D'3~90 

WBP3680 

13 F~q~ATC3X.5CliQ,I2.EIO.4 •• /3X.5(lHX.F12.3)./3X.*LTR 
MCBP3610 

CONVERSION. C='-1EBP3620 
'-1EBP363Cl 
ME,W 364Cl 

X2(5).X2C18)*,7Fla.3MEBP3650 

1*,F:;.") 
16 FOR:,1ATCll''iX.l IoEBP ?1~0GRI\':*"3X.*INPUT [lATA*) 
17 FOR~ATC/3X.*FIRST APPROX.TCl).X2Cl).F(5). 

1) M::SD3660 
IS cO~~~TC/'3X.*SP""CIFTCI\TIC~= f)T56.TWMAX.T~IN.PRS02.XD.*/3X.~FIO.3) Mc9P3f70 
19 FOq~ATC/3X.*TOLERANCEs=rpSF~.EPST5= *2FIJ.4) MEBP3680 
22 FOR'/ATC3X.*>'ATERIAL 3ALA.I.e"" )IOi'H CoJNVERGF.*) MEBP3690 
3J FJ~~ATC3X.*F(36)=FCl)"J. NO CJNDENSATION AT T~I~=*.F5.1.* GO TO NEMEBP3700 

1XT TM~X*) MEBP3710 
40)FOR~~TC/3X.*TA~_E-l.~~TcRIAL A~D ENERGY ~ATA FOR THE DAYTI~E YIGH Mf3P3720 

ITcMPEQnTURE SIDE*./3X •• STJRAGE 5YSTE~.) ~EBP3730 

41~e)R~~TC/4X.*STR~A~ ~C4POSITIJN C~OL PR.) TC~P. PReSSURe ~LO~ ~~qP3?4' 

1 c~TH'LPY*) ~ESP3750 

42J~)R~AT(7X.3H~O •• 4X.2HO?5X.3HS02.5X.3HS03.5X.3H(K).4X.*(BARI (K~OL~Eap3760 

lIS) CKJ/~MOL)*) MEBP3778 
43 F0~~ATC/3X.*E~ERGY ~~J~UCE~ AT ~IGHT" JA~~=*.C:l1.4.3X.4HGTW=.E1l.4MEBP3780 

1,4HCK','» MESP'3790 
44 Fa~~AT(lHl.2X.*P~RA~ETER5 STUDIED= TW~AX=*.F6.1.2X.5HT~IN=,F5.1.2X~EBP3800 

1,6H)TD56=.F5.1.2X.qYPHTS=.~4.1) McRP3810 
4~ ~~?~~Tc,~y.el~.') ~~QD"~2' 

46 cJR:~TC/3X.*NO~-CHft~GJ~G )A~A=D(1).PC5).PC?1).T24.T27*'~""lO.3) ~E3P3g30 

47 F0~'!ATC/3X.*HE~T EXCHA~GER ~naD (~W)= •• /~X.4HC'L=.F".,.~X.AHVAPIL~EBD"q4' 
1=.FIJ.3.3X.5HHE1L=.Fll.3.3X,4HRCL=.FlCl.3./3X.6HBFWrlL=.F9.3.3X.BHTRMESP3850 
2INAER".F1c.3,3X.5HQ~F5=.F1J.3) MEBP3860 

48 FOR~ATC I~X.3Il) MEB D3870 
49 FC~~ATC/3X.*GENERAL= ~=*.I3.3X.4HNOD=.I3.3X.3H~H=.I2) MEBP3880 
5~ FJR~ATC/3X.*rl~AT EXC~lNGERS LOA) CKW)=*.3X.6HRECUP=.F1J.3.3X.4HVAPME3P3890 

1=.rlO.'3,/3x.4ynFW=.F~~.3.3X.~HTqI~".F10.'3.~X.4HH~2=.F18.3) ~~3P3900 
~~ cJq~ATC/3X •• ~.LC. a~~ ~cPEITF~ !~ A~Y O~ TYE FOLLO~JNG (ON~S. IS N'-1EBP3910 

c~T SATISFIED=*/3X. *ME5P392Cl 
?JF(ABS(2.-FC36)-F Cl) )-, .~15) C(36)~*, 11.5.3X.5HF(1)=. 11.5./3X'*~E8P3930 
3IFCA~SCX2(1)-X2(36»-0.JJ8) X(36)=*. 11.5.3X.5HX(1)=. 11.5./3X.*ME3P3940 
4IF'(A'3"'CT{J)-TC'36»-1.J) T(36)=*. 11.').3X.'iHTCl)=. 11.5) .MEBP3951J 

53 e)~~ATCIHl.3X.*TAjLE-2.YATEqI~L AND EN ~GY BAL~NCES FOR THE NIGHT ME3P396Cl 
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ITIM~ OPE~ATION OF*,/4X,*TrlE LJW TE~PFRATURc SIDe*) 
54 F OR ~1 A T c/ 2 X , 16, 3 F 8.2, 2 e 8.' , F 8.2 , e 9. 1) 

55 FOR~AT(/3X,*~E(EIV~~ LOAU TUA=*,F6.l,*(MW-THR~)*) 
56 FORMAT(lOX,3(~lO.3,IIO)) 

M~RD~r:70 

M''3P3980 
,V,EBP 3990 
'~EBP4000 

57 F0R~AT(3X.*IN(REMENTS OF STUDIED PARAMS. 
l.I3.2X) ) 

TWMAX,DTD56.TMIN=*.3(F5.1MEBP401~ 

58 FOQMAT(3X.*IN(REMeNTS Oe STUDIED PARAMS. DELP. NDP=*.7X,F5.1.I3) 
END 

"1EBP4J20 
~~EBP4030 

ME~W4040 
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HTS 
******* ***"****** **** *** ** *** * ******* **** ** ******** **** **** ***** ****** ***H T 5 
* UPDATED 2/23/78 *HTS 
* HTS -HIGH TE~P SIDE MATERIAL AND ENERGY BALANCES *HTS 
* *HTS 
************************************************************************HTS 
*~CUTINE IS CALLED BY MEBP TO CALC. ~ATERIAL AND ENERGY BALANC~S FOR *HTS 
*THE HIGH TEMP. SIDE IDAY-TI~E OR C~ARGING MODE) OF THE PROCESS. *HTS 
*NO PARAVETE~S AR~ SPECI~lED IN TH~ CALL ICOMMUNICATION 9Y CO~MON BLOCK)HTS 
*THE FOLLOWING SUBROUTINF~ ARE BEING USED= *HIS 
*aPTRIP.X2.T) - BOILING POINT TEMP.T OF LIQ. MIX. OF 502-503 AT P.X2 *HTS 
*CLRINI.NG.NL.CL)-CONOENSER LOAD CL. FOR INCOMING GAS STREAM HI AND *HTS 
* OUTGOING GAS STREAM NG AND LIQ. STREAM NL." *HTS 
*CTRINI.NG.NL,Cll-CONDENSER EXIT STAEAMSING.Nl)TEMP~ FOR GIVEN LOAD-CL *HTS 
*DISTIF.TF.PF.H~.XF.QR,XD.P.PRS02.N'D.TM,PO'HlM.YM.B.TB.PB.HB.XB)-PLATE*HTS 
* TO PLATE (ALC. OF ~IS?ILLATION TOWFR FOR BINA~Y MIX. 502-503 *HTS 
*ENTR1IT.X2.HL)-ENTHALPY CAI.CS. FOR 502-503 LIQ.~IX AT TEMP-T,COMPOS-X2*HTS 
*ENTR2IT.X2,X3.HG)-ENTHALPY CALCS. FOR 02-502-503 GAS MIX.AT T.X2.X3 *HTS 
*FINDTINS.NF)-FIND TEMP. OF STQEAM NF. NS=STREAM STATE=I-LIQ. 2-GAS *HTS 
*HTRIF!.TI.PI,X2I,FO.TO.PO.XI0.X20.X30.FC.TWM.IFP)-HIGH TEMP. RECEIVER-*HTS 
* REACTOR. I-INPUT STREAM, O-OUTPUT STREAM.FINAL CONV •• TW-MAX.PRINT*HTS 
*RECOPYIIIN.IOUT)·<OPY RECORD NO.-IIN INTO RECORD NO.-IOUT *HTS 
*NOMEN(LATUR~= (S~E PROC~SS S:HEME5 FOR DETAILS) *HTS 
.(O~~0N BLOCKS ~M es= *HTS 
* LAHTV lOW AND HIGH T~~P. VARIABLES *HTS 
• HTHEL HICH TEMP. HEA~-EXCHANGERS LOADS *HTS 
* HTV HI<,H T::"1P. VAR!ABLES *HTS 
* STREAM STREAM RECORDS NAME IF.P.T.H.Xl.X2.X3) *HTS 
*VARIAPLES= *HTS 
* A TERM IN THE J-V,ATRIX INEWTON-RAPH50N METHOD) *HTS 
* A9SDX2 ASS. VALUE OF )IFF. 9ETWEEN X2(5) AND X2(2) *HTS 
* q T~R~ IN TH'O J-~~ATRIX INEWTON-RAPHSON M~THOD) *HTS 
* 9Fl,KT 1'I0IlER FEED WAT'eR CONDENSER TEMP. IK) *HTS 
* BFWHL ROlLER FEED WATER HEAT LOAD - HTS - IKJ/S) *HTS 
* C TERv IN THE J-~ATRIX INEWTON-RAPHSON METHOD) *HTS 
.. ell COr:DENSER-l LOAr) IHT~) - IKJ/S) *HTS 
* D TERM IN THE J-MATRIX IN~WTON-RAPHSON METHOD) *HTS 
* I)'OT I)FTER~INAH O~ THE J-MATRIX INR) *HTS 
* I)F5 CORRECTION FOR FI~) INR) *HTS 
* ~TD56 ')T D~SIRED S::::n/EEN T(6) AND TIS) .IK) *HTS 
* Dn C()QQI;:CTIO~! FnQ TlIi) (~lQ) *HTS 
* ~PSF5 LI~ITS FOR CONVERTION ON FI51 *HTS 
.. EPST5 LIMITS FO~ CONVERTION ON T(5) *HTS 
* F FLO',>! ( KMOL/SEC) *HTS 
* FC FINAL CONVERSION IN REACTOR-RECEIVER IHTR) *HTS 
* FF FLOW VERIA9LE IN THE F-VECTOR INR) *HTS 
* FT TEMP VERIA3LE IN THE F-VECTOR INR) *HTS 
.. Eli P!;'QTIJ'3IO') ~(5) IF'i=F(5)+0.'i) *HTS 
.. I-i ~f\'THAlPY.III.J/I(·},OL) *HTS 
* HEll HEAT EXCH~. 1 lOA') IHTHEL) - IKJ/S) *HTS 
* I RUNNING INDEX IN DO LOOP INR) *HTS 
.. IFP INDICATOR FOR PRINTING (HTR) IO-NO.l-YES) *HTS 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
16') 
170 
180 
190 
200 
210 
220 
230 
?40 
25') 
260 
270 
280 
290 
300 
310 
'320 
331) 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
47') 
480 
490 
5J1'l 
51') 
520 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

L 
NH 
NOP 
OAC 
P 
PD 
PRS02 
QR 
QRFS 
RCL 
T 
TMIN 
TRIMt41'"R 
TW 
TWF 
TWMt\X 
TWT 
T5 
T6F 
T6T 
VAP 1L 
XD 
Xl 
X2 
X3 
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IN"ICATOR FOR :EPEATT::D CALCS. OF FIRST 6 STREA~IS 
NO. OF RFCOR~S IN HTS 
~O. OF PLaTFS, ~IST. (OL. (MAX. ALLOWI'"D) 
'Vrq-ALL CO~DE~S~R (IMAGINARY CONDo F1R ~AT.BAL.CALC.) 
PRI:.SSURE(gAR) 
PRESS. OF THE ~IST. COL. 
PERCENT RECOVEtY OF 502 IN THE DIST. COL. 
o AVAILABLE (O~ REQUIRED) FOR DIST. REBOILER 
Q FOR REBOILER COMINR FRO~ STEAM (HTHFL) - (KJ/S) 
REBOILER-CONDENSER LOAD (HTYEL) - (KJ/S) 
TF~P.IK) 

~IN. ACHIVABLE T ANYWHERE IN THE SYSTE~ 

TRI~~ER LOAD IHTS) - IKJ/S) 
~AX. WALL TEMP. AS CALC. BY HTR 
TW AS CALC. 9Y HTR FOR F5 AS INPUT (NR) 
MAX. PER~ISSABLE WALL TEMP. AT THE ABSORBER 
TW AS CALC. BY HTR FOR T5 AS INPUT (NR) 
PERTUSED T(5) IT6=T(6)+2.) (NR) 
T(6) AS CALC. qy HTR FOR F5 AS INoUT INR) 
T(6) AS CALC. ~Y HTR FOR T5 AS INPUT INR) 
VAPORIZER LO~D (HTS) - (KJ/S) 
SPECIFIED X2 AT THE DIST. COL. CONDENSER 
OXYGEN CONTENT (MOL~ FRACTION) 
502 CONTENT IMOLE FR.) 
S03 CONTENT (MOLE FR.) 

*HTS 53') 
*HTS 540 
*HTS 
*'-iTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 
*HTS 

*************************i.**********************************************HTS 

55'1 
56·" 
570 
58J 
590 
600 
61') 
62') 
1>3 11 

64'1 
650 
660 
67'J 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 

* *HTS .790 
8(1) 
810 
820 
830 
840 

COMMON/HTV/DTD56.EPST5.TWMAX, PD,PRS02,XD'EPSF5,NH,~OP HTS 
COMMON ILAHTV/BFWCT,TMIN HTS 
COM~ON/STREAM/F(60).P(60),TI60),H(60),X1(60),X2(60).X3(60) HTS 
CO~MON/HTHEL/C1L,VAP1L,HE1L,RCL,BFWHL,TRI~MER,QRFS HTS 
DATA L/OI HTS 

* PRINT 1 
*NEWTON-RAPHSON TECH. IS US~O IN S~ARCH FOR F(S) AND T(5). 
*SUPPRESS TABLE PRINTING BY HTR ROUTINE AND THE OIST. ROUTINE. 

*H:rS A50 
HTS 96'J 

*HTS 870 
*HTS 880 

HTS 890 IFP=O 

* *HTS 
2 DO 6 u 1=1 t1 ( H T S 

F5=F(5)+0.5 HTS 
T5=T(5)+2. HTS 
CALL HTRIFIS),T(5).P(5).X2(5).FI6) ,T(6).PI6),XlI6),X216),X316),FC.HTS 

ITW.IFP) HTS 
CALL HTRIF5, T(5).PI511X215),F(6),T6F, P(6).Xl(61,X2161,X3(6).FC,HTS 

ITWF,IFP) HTS 
CALL HTR(F(51.T5. P(51.X2(5),F(6).T6T. P(6),Xl(6),X2(6),X316),FC.HTS 

lTWTtlFP) HTS 
FF=TW-TWMAX HTS 
FT=T(6)-T(5)-DTD56 HTS 
A=(TWF-TW)/C.5 HTS 
9=(TWT-TWI/2. HTS 
C=(T6F-T(6))/C.5 Hrs 
D=(T6T-T(6))/2.-1. HTS 
DET=A*D-B*C HTS 
DF5= (FF*D-FT*9) IDE. T HTS 
DT5=(FT*A-FF*C)/DET HTS 
F(5)=F(5)-DF5 HTS 

C)')O 
910 
920 
930 
940 
950 
960 
970 
980 
99'J 

1000 
101:) 
1021) 
1030 
1040 
1051) 
1060 
107') 
1080 
1090 
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T(~)=T(5)-~T5 HTS 11"0 
PRI~T 63.~~5.DT? HTS 1110 
IF(A~S(DF5)-~PSF5)61.61.6J HTS 1120 

61 IF(At3S(DT5)-fPST5)62.62.6J HTS 1130 
60 CONTI~UE rlTS 1140 

*IF LOOP CO~PLEETED NO CJ~V~RGE~CE ACHIEVED. PRINT MESSAGE. *HTS 1150 
PRINT 64 ~TS 1160 

*UPD~TE FOR FINAL F(5) AND T(5) *HTS 1170 
6' ChLL HTRI~(5).rIS).P(5).X?15).F(6"TI6"P(6).Xl(6).X2(6).X"3(6).FC.HTS 1181 

1TW.IFP) HTS 119Q 
X3(S)=1.-X215) HTS 1200 
X3(18)=1.-X;'118) HTS 1210 
CALL ENfR21'16"X2(6).XH6"H(6» HTS 1220 

*OVER ALL M~T. BAl. TO CO~REC' FOR"XZ(S). NOTE THAT T(16)=TI14)=TMIN *HTS 1230 
*aRE NOT THE FINAL RESULTS FOR THESE STREAMS. *HTS lZ40 

T(14)=T~I~ HTS 1~5n 
CALL ClRI6,14.16.0AC) HTS lZ60 
F(17)=FI16)*X?116)*PRSO?/XD HTS 1270 
X2(17)=XD HTS 1280 
F(18)=F(16)-FI17) HTS 1290 
X2(18)=(FI16)*X2(16)-F(~7)*X2117»/F(18) HTS 1300 
F(I)=FIS)-F(18) HTS 1310 
F(?)=F(~) HTS 1320 
P(2)=P(S) HTS 1330 
Xl(?l=0. HTS 1'140 
X2(2)=(F(I)i'X?!1)-+-FI18)*X2<181)/F(2) HTS 1350 
X3(2)=1.0-X212) HTS 1360 
IF(L.EG.1)GO TO 7 HTS 1"370 
ABSDX2=A6S(X2IZ)-X2(51) HTS 1380 
I F ( A B S D X Z- 0.1 * X Z ( 2 ) I 7, 7 • 8 H T S 1390 

8 XZ(S)=X2(2) HTS 1400 
L=1 HT'; 1411' 
Ii') TO , HTS 1420 

7 H(2)=(F(1l*H(llH(18)*H(18,,/F(21 HTS 1430 
*""PID T(2). FIRST CiUIC:SS ~OR T(2) IS (T(lHT!18»/2 *HTS 1440 

T(2)=1T(1)-+-T(18"/7. HTS 1450 
CALL FINDT(1.2) HTS 1460 

*PASSING THIS POINT IT IS ASSUMED THAT F(2) IS KNOWN.UPDATE FOR F(3) *HTS 1470 
CALL RECOPY(2,3) HTS 1480 

*COND-1 HEATS S03 STREAM TO ITS BOILING PT. T(3)=TI4).FIND IT *HTS 149!) 
("ALL RPTRIP(3) ,X2(:'I) ,T(3) I HTS 1500 

*ENTHALPY CHaNGI'" BETWEEN H(Z) aND H(3) EQUAL TO COND-1 HEAT lOAD l(lL) *HTS 1510 
CALL ""~ITRlITI"3I.XZ(3).H("'» HTS 152!) 
CIL=(HI"3)-HI211*F<31 HTS 1530 

*UPDATE FOR F(4) *HTS 1540 
(ALLRECOPYI3.4) HTS 1550 

*VAPORrZER(VAP-1Il0AD IS CA~C. FRO~ LATENT HEAT OR ENTHALPY CHANGE AT T4HTS IS60 
CALL ENTR2(T(41,X2(41.X3(4),H(4) I HTS 1570 
va 0 1 L = ( H ( 4 I -H ( '3 » * F ( 4 I H T SIC; 8 0 

*UPDATE I'"OR F(5) (ALL IS KNOWN gUT TH~RE ~AY AE SOME SMALL DIFF~R~N(FS*HTS 1590 
F(5)=F(41 HTS 1600 
O(5)=P(41 HTS 161~ 

Xl15)=Xl(4) HTS 1620 
X2(51=X2(4) HTS 1630 
X3(5)=X3(4) HTS 1640 

*HEAT LOA~ AND TE~PS. OF ~E-l ARE FOUND WITH THE AID OF THE HIGH TEMP. *HTS 165~ 
*RE"~(TOR (HTR) ROUTTNI'" R"S1.JL TS. *HTS 1660 
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(<'ILL P.HR2(T(5).X<'(S).X3(5).!-1<5» '-iTS 
HEll=(H(5)-H(4»*F(5) HTS 

* CALC. CONDITIONS (T.H) OF F7. F(6) *HTS 
*Xl(6).X2(6).X3(6).P(6) ~IlL ~F GIVEN BY HTR *HTS 
*UPDATE FOR STREAM F7. FIND T7 3Y ~QU<'ITING HElL TO H7-H6.FIRST ~UFSS *HTS 
*FCR T7 IS T(4)+DTD56 *HTS 

~<'ILL q~cOPY(6.7) HTS 
H(7)=H(6)-HE'L/F(7) HTS 
T(7)=T(4)+~T~56 HTS 
CALL FINDT(2.7) HTS 

*CONTINUE HERE IF T7 CO:-.JVE.RGED OR ASSUME TO CONVERGE!). *HTS 
*ENTERING CONDENSATION ZO~E. ~TART WITH COND-l. KNOWING Cll.CALC. T(8) *HTS 

C<'IlL CTR(7.~.9.CIL) HTS 
*KNOWING CONDITIONS OF F8 REBOIlLER CALCS. AR~ MADF.ASSU~E TIO=TI8+10C *HTS 

Til0)=T(18)+lO. HTS 
CAL~rLR(8.l~.II.R~l) 

*KNOWING CONDITIONS OF FlU. BFW HFATE IS CALC. ASS.T12=T(STEAM 
T( P)='.lF'tlCT+10. 
CALL ClR(10tl2tl3.BF'.1dLl 

*TRI~MEq CALCULATIONS 
C<'ILL CLR(12.14.15.TRIM~~R) 

P(16)=P(I'i) 
*CALC.DISTILLATION FEED CONDITIONS.I.F. FI6=F9+Fll+FI3+FI5 

YTS 
COND)+lO*HTS 

HTS 
HTS 

*HTS 
HTS 
HTS 

*HTS 
1"(16)=F(91+I'(11)+F(I'1I+C"(1<;) YTS 
Xl( 1.61=(). HTS 
X 2 ( 16) = ( F ( 9 ~ *x 2 ( 9) +F ( 11 i * X2 ( 11 ) +F ( 13) *X2 ( 13) +F ( 15 ) *X 2 ( 15 ) ) IF ( 16) H T S 
X3(16)=1.-X2(16) HTS 
H ( 16) = ( F (9)!'H ( 9) +F ( 11 ) * H 11) +F ( 13 ) *H ( 13) +F ( 15 ) *H ( 15) ) IF ( 16) HT S 

*F I RST GUESS OF Ti.6 WAS SET=T UN .NEWTON RAPHSON TECH. IS USr:D. *HTS 
(<'ILL FINDT(1.16) HTS 

*FIND DISTILLATION COL PRESjURE (COQESPONDING TO TMIN AT THE DIST. *HTS 
*CONDENSER.)FIRST ASSUME PD AS READ AT THE DATA INPUT. *HTS 

DO 14 I=I.10 HT£ 
IF(PD)18.18.19 HTS 

18 PD=I. 
GO TO 2:) 

19 IF(PD-50.)2v.LO.21 
21 PD=50. 
20 C<'ILL BPTR(PD.XD.TDl) 

C<'ILL BPTR(PD+O.l.X).TD2) 
FOP=TDI-PlIN 

DFDP=10.*(TD2-TDl) 
PD=PD-FOP/DFDP 
IF(ABS(FOP/DFDP).LE.O.l)GO TO 16 

14 CONTINUE 
PRINT 15.PD.TDl 

HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 
HTS 

15 FORMAT(3X.*NO CONV. ON PD. PD=*.F6.3.3X.*TEMP. AT CONDo IS=*.F5.1)YTS 
*CALL THr: DISTILLATI~N R~UTINF *HTS 

16 QR=RCL HTS 
CALL DIST(F(16).T(16).P(16).H(16) .X2(16).QR. XD.PD.PRS02.NOP.F(17)HTS 

1.T(17).P(17).H(17).>-2(17).F(18).T(18),P(18).H(lB).X2(IB).II"P) HTS 
*IF EXCESS HEAT IS AVAILABLE AT RCL PUSH IT DOWN TO BFW. *HTS 

QRI"S=QR-R(L HTS 
IF(QRFS)3.4.4 HTS 

3 BFWHL=BFWHL-QRFS HTS 
Q~FS=I). 

*ADJUST FOR MISSING VARIABL~S 
HTS 

*HTS 

1670 
1680 
169" 
1700 
171') 
1720 
17"i) 
17 4" 
175"1 
176') 
1770 
178') -, 

179" 
laOO 
1810 
18?~ 

183" 
1840 
185(1 
IB60 
1870 
l'1B() 
1890 
10 (1") 
1"'1" 
10 20 
lq3() 
194(\ 
195') 
1060 
1970 
1981) 
1990 
2000 
201') 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
?131 
:>14') 
2150 
2160 
2170 
21BO 
2190 
2200 
22111 
2UO 
2230 
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4 Xl(17)=J. HTS 2240 
Xl(lB)=O. HTS2250 
X3(17)=1.-X2(17) HTS 2260 
X'3( ~8)=1.-l(?( 18) HTS 2271) 

*PASSING T~IS PT. IT IS ASSUM~D THAT ALL THE PROGRA~ IS COMPLETED. *HTS 2281) 
*Crl~CK X2(2).AGAIN.TO S~~ IF ;QUAL TO X2(5). PRINT 90TH X2(2),X2C5) *HTS 2291) 

FCI )=FCZ)-FCIB) HTS 2300 
X2C2l=CFCllq?Cl)+~CI8)*X2I1Fl) )/FC?) HTS 2310 
X3(2)=1.U-X2(Z) HTS 2320 
PRINT 38,X2C21,X2(5) HTS 2330 

*IF THERE IS NO ~~TCH IN X2i2) AND X2(5) IT SOULD BE RECTIFIED AT 2ND PSHTS 2340 
P~I~T 39 HTS 2350 

1 FOR~ATI/3X,*HTS RCJTIN~*) HTS 2360 
,Fl FORMAT(/3X,*OVFRALL MAT. AAL. R~SULTS IN X2(2) OF=*,F6.4,3X, HTS 237" 

I*COMPAR~ TO ASSUMED= *,F6.4,*HTS ROUTINF*) HTS 2380 
39 FORMATC/3X,*~ND OF HTS RTN.*) HTS 2390 
63 FOR~ATC/3X,*CONVERGENCE ON FCS) AND T(S)= DFS=*,El1.4,3X,4HDTS=,ElHTS 2400 

11.4,*HTS ROUTINE*) HTS 2410 
64 FJRMAT(/3X,*NO CONVERGENCE ON F(5) AND T(5) AT HTS ROUTINE.*) HTS 2420 

RETURN HTS 2430 
~N~ HTS 2440 
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SU8~0~TIN!:" LTS LTC; 
************************************************************************LTS 
* UPDATED 2/28178 *L TS 
* LTS - LOW Tr"MP. SIDE. MATERIAL AND ENERGY BALANCES. *LTS 

* *LTS 
*****************~*********** '******************************************LTS 
*ROUTINE IS CALLED BY MEep. 'C')"1UNICATION IS DONE THROUGH CO"1MON eLOCKs.*LTS 
* ROUTINE CALC. M;Tl~IAL AND "~NERGY BALANCES FOR THE LO~ TEMP. SIDE. *LTS 
* SCH!:"ME INCLUD!:"S SAS TUQBI~F FOR THE EX7A5S905 6F 62 '6U33ET TF"1P. - *LTC; 
*T24 IS SPECIFIED). *LTS 
*REACTOR ~NLET TEMP. T27=IGNI;ION TEMP. IS SPECIFIED. *LTS 
*REACTOR ROUTINE CALes. QAAN - Q TO STEAM AT NIGHT AND THE FINAL eONVER-LTS 
*SION - FC. REX CALCS. THE COIDITIONS OF STREAM 28. *LTS 

* *THE FOLLOWING SUEROUTINES ARE BEING USED= 
*CLR(~I.NG.NL.CL)-CONDENSFR LOAD CL. FOR JNCOMJ~G GAS STR!:"A"1 NJ ANO 
* OUTGOING GAS ~TREAM NG AND LIQ. STREAM NL. 
*CTR(NI.NG.NL.CL)~CONDENSER EXIT STREAMS(NG.NL)TFMP. FOR GIVEN LOAD-CL 
*DHR(T)-HEAT OF REACTIO~ AS FUNCTION OF TEMP. T 
*ENTR2(T.X2.X3.HG)-ENTHA~PY CALCS. FOR 02-S02-S03 GAS MIX. AT T,X2.X3 
*FINDT(NS.NFt-FIND TEMP. OF STREAM NF. NS=STREAM STATE=l-LIQ. 2-GA5 
*LTR(X.Q.N-IN.N-OUT.N-COLD) LOW TEMP. REACTOR ROUTINF. (N=STREA"1 NO.) 
*RECOPY(IIN.IOUT)-COPY RECORD NO.-IIN INTO RECORD NO.-IOUT 

* *NOMENCLATURE= 
*COMMO~ BLOCKS 
* LAHTV 
* LTV 
* LTHEL 
* ~W')RK 
* STREAM 
*VA~IAI3LES= 
:. BFWCT 
* BFWL 
* C 
* CMec 
* DH~A 

* DT 
* !:" 
* GTW 
* H 
* HE2L 
* I 
* J 
* N 
* P 

* Q 
* QAAN 

* Q~FS 

* RECUPL 

(SEE PROCESS SCHEMES FOR DETAILS) 
~IAMES= 

LOW AND HIGH TEMP. VARIABLES 
LOW TEMP. VARIABLES 
LOW TEMP. HEAT-EXCHANGERS LOADS 
NIGHT WORK 
STREAM RECGRDS NAME (F.P,T,H.Xl.X?X~) 

BOILER FEED WATER CONDENSER TEMP. (K) 
POILER FEEC WATER HEAT LOAD - LTS - (KJ/S) 
TOTAL CONVERSION FOR THE LTR SYSTFM 
COMBINED CQNDENSER HE2+RECUP 
DHR AT AVERAGE TEMP. OF REACTOR OPERATION 
TEMP. DEVIATION OF STREAM J-2 FRO~ 693K 
FLOW(KMOL/SE-:) 
GAS TURBINE WORK (NWORK) ~ (KJ/S) 
ENTHALPy.(KJ/K"10L) 
HEAT EXCHR. 2 LOAD (LTHEL) - (KJ/S) 
INrEX IN VARIO'JS DO LOOPS 
DErINED AS (50;'2*1) IN LTR$S DO LOOP 
NO.OF STREAMS 
PRO:::SSURE(!'lAR) 
ARrA) FOR HEAT AVAILABLE AT REACTORS HEAT-EXCHANG!:"RS 
Q AVAIlARLE aT NIGHT (NWORK) - (KJ/S) 
o FOq REBOILER CO~JNR !:"ROM ~TE_~ (HTHEL) - (KJ/~) 

RECUPERATOR LO~D (LTHEL) - (KJ/S) 

*LTS 
*LTS 
*LTC; 
*LTS 
*LTS 
*lTS 
*LTS 
*LTS 
*LTS 
*LT~ 

*LTS 
*LT'S 
*LT'S 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LT5 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTS 
*LTC, 
*LT~ 

*LTS 

1" 
20 
0.') 

40 
50 
6(\ 
70 
8') 

9" 
Ion 
110 
12') 
130 
140 
150 
160 
170 
18'1 
190 
200 
210 
220 
2'30 
~40 

?5,) 
260 
270 
280 
29,) 
'30') 

310 
'321) 
33') 
340 
"1<;1) 

36') 
'370 
381) 
390 
400 
410 
42') 
430 
440 
450 
460 
470 
48') 

49" 
500 

* T 
* TMIN 

TE"1 o .(K) 
MIN. ACHIVEABL, T ANYWHERE IN THE SYSTEM 

*lTS 511) 
*LTS 520 
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* TRrr~L TRI"1\1FR LOAD·(US) - IKJ/S) *LTS 530 
* T24 SPECIFIED T(24) FOR LTS - (K) *LTS 540 
* T?7 SP~CIFIED RfACTOR IGNITION TEMP. FOR LTS - IK) *LTS 55~ 
* VAPL VAPORIZER LOAf) ILTS) - IKJ/S) *LTS 560 
* X ARRAY FOR CONVfRSIONS AT THE LTR$S *LTS 570 
* Xl OXYGEN CO~TENT IMOLE FRACTION) *LTS 580 
* X2 S02 CONTENT I MOLE FR.) *LTS 590 
* X3 S03 C.ONTENl (MOLE FR.) *LTS 600 
*************************~.**********************************************LTS 610 
* *LTS 620 

rOM""ON/STREA~/FI~O).P(~0).TI~O).HI60).XlI~0).X?(~0).X~1~0) LTS ~~O 
COM~ON/LTV/N.T24.T27.0(5).XI5).C LTS 640 
COMMO~ ILAHTV/BFWCT,T~IN LTS 650 
CCMMON/LTHEL/RECUPL.VAPL.SFWL.TRIML.HE2L LTS 660 
COMMON/NWORK/QAAN.GTW LTS 670 

* *LTS 680 
PRINT 6 LTS 690 

* STREAM 24 = STREAN 23 ~XCEPT FOR T AND H *LTS 700 
CALL RECOPYI23.24) LTS 71~ 
TI7.4)=T24 LTS 720 
CALL ENTR21°·124'.X2(24).X3124).I.fI241) LTS 13() 

*CALC. FROM TUR81~E EXPANSION FORMULA THE CONDITIONS FOR STREAM - 40. *LTS 740 
CALL RECOPY I 24.401 LTS 150 
P1401=P1211 LTS 160 
TI4i.lI=Tl241.'IF(24I1PI4011**10.41l.41 LTS 110 
CALL ENTR2(l 1401.X2140hX3(401.H(4011 LTS 180 

*CALC. HEAT LOADS OF HE2 FOR THE ASSUMED T(241 AND TI401 *LTS 190 
HE2L=FI241*(HI241~HI?3)j LTS 800 

*CALC. STREAM 22.IEQ. TO 21 E~CEPT FOR H). *LTS 810 
CALL RECOPYI21.22) LTS 820 
CALL ENTR2ITI221.X21221.X31221.HI22" LTS 830 
VAPL=(H(221-HI2111*F(221 LTS 840 

*CALC. STREAM 25. FIRST GUESS FOR T(251 IS T(22' *LTS 850 
F(251=FI22,+F(341 LTS 860 
PI251=P(2?) LTS 870 
XI(251=IXlI22)*F(Z2,+Xl(341*F(3411/FI?51 LTS 880 
X21251=(X2(221*Fli2'+X2C34,*FI34,'/F(25, LTS 890 
X3(251=1.-X1125'-X21251 LTS 900 
H(251=(H(221*F(221+HI34,*F(34' '/F(25' LTS 910 
T(251=TI22' LTS 920 
CALL FINDTI2.251 LTS 930 

*CALC. STREAM 26. FIRST GUESS FOR T126' JSITI251+TI40,,/2. *LTS 940 
TI26'=ITI25'+TI4011/2. LTS 950 
FI261:F(25)+FI40, LTS 960 
PI 26) =P (25) L TS 910 
X1126,=IX11251*FI251+X114JI*FI40',/FI26' LTS 980 
X21261=IX2(251*FI251+X21401*F(4011/FI261 LTS 990 
X31261=1.-X1I261-XZ(261 LTS 1000 
HI261=IH(251*FI251+rlI401*F(4011/F(261 LTS 1010 
CALL FtNDT(Z.261 LTS 1020 

*CALC. STREAM 27. (EOUAL TO STREAM 26 EXCFPT FOR TI. *LTS 1030 
CALL RECOPY(26.211 LTS 1040 
T1271=T21 LTS 1050 
CALL ENTR2ITI211.X2IZ 7 1.X3IZ11.HI2111 LTS 1060 
RECUPL=FI271*!H(271-H(2611 LTS 1010 

*JNITIATEIZEROI REACTORS RECORDS AND H.E.S LOADS (0). *LTS 1080 
DO 1 1=51.60 LTS 1090 



7 (ALL RECOPY(45.I) 
DO 8 1=1.5 

80(1)=C. 
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*CALL LTR TO CALC. ALL LOW TEMP. REACTORS 
CALL RECOPY(27.50J 
DO 1 1 = 1.5 
J=50+2*I 
CALL LTR(X(I).Q(IJ.J-2.J-l.J) 
IF(T(J-l)-773.)2.10.3 

2 ~T=(773.-T(J-1J)*(T(J-3)-693.)/(T(J-3)-T(J-l)J 
T(J~2J=693.+0T . 
CALL ENTR2(T(J-2).X2(J-2),X3(J-2).H(J-2)1 
O(I-l)=F(J-2)*(H(J-3)-H(J-Z» 
CALL LTR(XtI).O(I).J-2.J-l.J) 

10 r)!IJ=0. 
CALL 'RECOPY( 45.J) 
CALL R~COPY(J-l.60J 

GO TO 4 
3 IF(I.LT.5)GO TO 1 

T(60)=773. 
CALL ENTR2(773 •• X2(~OJ.X3(60).H(601) 
O( I )=F(60) *(H( 59J-H(60) I 

1 CONTI NUE 
*GET STREAM 28 AND OAAN FROM REACTOR ROUTIN~. 

4 OAAN=O. 
DO 11 1=1.5 

11 nAANzOAAN+~(I) 
*FINAL CONVERSION CALCULATIuNS 

C=(X2(50)-X2(601)/X2(50)/(1.-X2(60)/2.J 
*UPDATE REACTOR SYSTEM OUTPUT STREAM NO.28 

CALL RECOPY(60.281 
*CALC. STREAMS 37 AND 38. F WILL B~ LATER UPDATED. 

CALL RECOPYt28.~7J 
CALL RECOPY'28.38) 
CMBC=HE2L+RrCUPL 
CALL CTR(28,29.43.C~8C) 
F(37)=F(28)~H~2L/CMBC 
F(38)=F(28)-F(37) 

*RECALC. HE2 AS A cONDENSER STANDING BY ITSELF. 
CALL CTR(37.~1.42'HE2L) 

*CALC. STREAMS 29 AND 43. 
CALL CTR(38.29.43.RECUP_J 

*CALC. STREAM 39. FIRST GUESS FOR T(39) IS (T(29)+T(41»/2. 
F (39) =F (41 H ~ ( 29) 
P(39)=P(29) 
Xl(39)=(Xl(291*F(29)+X1(41)*F(4111/F(3Q) 
X2(39)=(X2(?9J*F(291+X2(41)*F(41»/F(39) 
X3(39)=1.-Xl(391-X2(39) 
H(39)=(H(29)*F(29)+H(41)*F(41»/F(3Q) 
T(391=(T(29)+T(41»/2. 
CALL FINDT(2.391 

*CALC. STREAMS 30 AND 31. 
CALL CTR(39.30.31.VAPL) 

*CALC. STREAMS 32 AND 33 
TI 32 ) = B F WC T + 1 0 • 
CALL CLR(30.32.33.BFWLJ 

*CALC. STREAMS 34.35. 

LTS 1100 
US 1110 
LTS 1120 

*LTS 1130 
LTS 1140 
LTS 1150 
LTS 1160 
LTS 1170 
US 1180 
LTS 1190 
LTS 1200 
LTS 1210 
LTS 1220 
LTS 1230 
LTS 1240 
LTS 1250 
LTS 126'1 
LTC; 1270 
LTS 1280 
LTS 1290 
LTS 1300 
LTS 1310 
US 1320 

*LTS 13311 
LTS 1340 
LTS 1350 
US 1%0 

*LTS 1370 
LTS 1380 

*LTS 1390 
LTS 1400 

*LTS 1410 
LT5 142n 
LTS 1430 
US 1440 
LTS 1450 
LTS 1460 
LTS 1470 

*LTS 1480 
LTS 1490 

*LTS 1500 
LTS 1510 

*LTS 1520 
LTS 1530 
LTS 1540 
LTS 1550 
LTS 1560 
LTS 1570 
LTC; 158'1 
LTS 1590 
US 1600 

*LTS 1610 
LTS 1620 

*LTS 1630 
LTS 1640 
LTS 1650 

*LTS 1660 
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T(34)=T~I~ LTS 1670 
Cd.LL CLR(32.34.35.TRIILl LTS 1680 

*CALC. STREAM 36. FIRST GUESS FOR T(36) IS (T(31)+T(33»/2. *LTS 1690 
D(36)=P(~~) LTS 1700 
F(~6)=F(31)+F(33)+F(35)+F(4:?)+F(43' LTS 1710 
Xl(36)=C. LTS 1720 
X2(36)=(F(3",*X2(31'+F( 13'*X2(33)+F(35,*X2(35)+F(42)*X2(42)+F(43)*LTS 1730 

lX2(43»/F(3t) LTS 1740 
X3(36,=1.-X:(36) LTS 1750 
H(36)=(F(~1'*h(~1'+F(331*H(33'+F(3~)*H(3~'+F(42)*H(4~)+F(43'*H(43)LTS 1760 

1)/F(36) LTS 1770 
T(36,=(T(31)+T(33')/2. LTS 1780 
CALL F.INDT(I.36' LtS 1790 

*CALC. GAS TURBINE WORK. *LTS 1800 
~TW=(~(24)-H(4~' )*F~24) LT5 IRIO 
PRINT 5 LTS IRZO 

5 FORMAT(/3X •• ~ND OF LTS RTN.*, LTS 1830 
6 FOR~AT(/3X.*LTS ROUTINE*) LTS 1840 

RETURN LTS 1850 
END LTS 1860 
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SUBROUTINE HTR(F5,T5,P5,X25,F6,T6,P6.X16,X26,X36,FC,TWM.IFP) HTR 
************************************************************************HTR 
* *HTR 
* HTR - CENTRAL ~:::CEIVER (HE.ATER-RFIICTOR) R~;I!T!.'1': *HTR 

* *********************************1**************************************HTR 
*HIGH TEMP., RECcIVER-RE4rTC~ ROUTINe IS CALLED BY *HTR(F5.T5,P5,X25.F6,*HTR 
*T6,P6,X16.X26,X36,FC,TWM.T~P) F~J~ HTS. (5-FOR IP STREAM.6-FOR OUTPUT *HTR 
*STREAM.FC-FINAL CONVERSIvt" TV/tV;-,1AXo',oJALL TE;"P. ,IFP-INDICATOR FOR PRIi'\T)HTR 
*THE DESIGN IS BASED ON TH~ BOEING RECEIVER FOR ~FLIJM (*CLOSED CYCLE *HTR 
*HIGH TEMP. CENTRAL RECEIVF~ CONCEPT FOR SOLAR ELECT?IC P2~ER* EPRI - *HTR 
*SY ~2 INTERIM REPORT.FEB'i976.PR~PA9ED BY BOEING ENG.+CONSTRUCTIO~ CO.*HTR 
*PROG.YA~AGeR J.R.GINTZ) *HTR 
*THE BASIC DESIGN INCLUDES 5~OO TUBES 19. METER LONG MADE OF HAYNES 188*HTR 
*THE PROGRA~ ASSUMES ONe SINGLE SOURCE TEMP. SEEN BY ALL TUBES AND IDE-*HTR 
*NTICAL TEMP.-CONVERSION PROI'ILE I~ ALL TUBES. TUBES ARE ASSUMED TO BE *HTR 
*COATED BY FE2J3 CATALYST FOk THE DISSOCIATION REACTION OF S03. MASS TR*HTR 
~ANSFER COEFF. KG AND HEAT TRANSFER COEFF. H AR~ ASSUMED FUNCTIONS OF T,HTR 
*MASS VELOCITY. AN9 PRESSURE. CPt DHR (DELTA HEAT OF Re~CTION), *HTR 
*AND KP ARE CONSIDERED TO BE FUNCTION OF TEMP.(KP(T) IS TAKE~ F~~~ G. *HTR 
*NICKLeSS *1r\ORG.l\NiC SULPHUR C!II"MISTRv* FLSI"VI"'R,1968 P.546 (P(T) A',,,, *HTi:( 
*OHR(T) ARE EXTr=:I~NI L FUNCTION) *HTR 
*IT IS ASSUMED THAl THE RECEIV~R ABSORBED 230 MWT. T-SOURCE fiND THE *HTR 
*TEMP. PROFILE IN I~C OUTSIDE ~HE TUBE AS WELL AS THE CONVERSION OF S03*HT~ 
*ARE DETERMINED BY ~EWTON-RAPH~ON ITERATION YECHNIQUE TO PROVIDE FOR *HTR 
*THE ABOVE MENTIONED 230MWT AB~OR3ED.(SEE PROGRA~ FLOWSHEET FOR DETAILS)HTR 

* HiTR 
*EXTERNAL SU~ROUTINES USED=CP.DHR.TRKP *HTR 

* *'1T" 
*HTR 
*HTR 

* A T8 *HTR 
* C *HTR 
* D *HTR 
* DEN *HTR 
* DF 
* DIFF 
* ON 
* DT 
* DT'i1 
* DX 
* DZ 
* EXDA 

* ~C 

* FT'iJ 
* F1 

* F2 
* F5 
* F6 
* G 
11- H 
* I 

10 
20 
30 
40 
50 
~.~ 

70 
80 
90 

10C 
110 
120 
130 
14) 
15:) 
160 
170 
180 
190 
200 
211) 
;> ('.''\ 
2 30 
240 
250 
26J 
'/7'1 
280 
291) 

* Iep T~~TCATOR eO~ DRINTING (l-PRINT.O-DONT) 
RUNING I~~"'X IN DO LOOPS 7.27 

~~f-fT? h~~ 

* J *HTR '01,'1 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

Jl 
K 
KG 
L 
LON .. ~ 
'.AU 
,\I 
NO 
NOS 
NOT 
P 
PAl 

PS 
P5 
P6 
Q 

OR 
as 
REF 
:<FY 
RKP 
SIG~A 

STHABG 
SUA 
T 
TB 
THA% 
TID 
TOA 
TRKPX 
TS 
TW 
T\~M 

TWT 
T4 
T5 
T6 

X 
XI 
X16 
X25 
X26 
X36 
YO' 
Y50Z 
YSO'3 
Z 
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INDEC USED I~ \~ SCHEME TO INDICATE FIRST OR SECOND CALC*HTR 550 
TUBE ~ETAL CONDuCTIVITY *HTR ~60 

~ASS TR. COEFF. *HTR 570 
LENGTH OF TU'3E (METER) *HTR 580 
'10. OF rr"'RAT 10" IN DO LOO!:> 'i *HTR '590 
RUNING IN~"'X IN DO LOOP 20 *HTR 600 
~1~r~SITY OF THE STREA~ ((P) HTR 610 
RUNING I~nEX IN DO LOOP -5 *HTR 620 
NOS+l INDEX USED TO PREPARE OUTPUT STREAM (LAST SECTION)*HTR 630 
~O. OF SECTIONS IN TUBE *HTR 640 
NUM5::R OF TUdES I N THE REACTOR HTR 650 
TOTAL PRES,URE IN RECEIVER TUBES *HTR 660 
3.14 *HTR 67Cl 
-:1\.<; "ULK ORF<;<;I.!RF AQRAV 
OA~TIAL PRESSURE OF 502 CONVERTED 
INPUT STReA~ PRESSURF 
OUTPUT STREA~ PRESSURE 
HEAT DELIVERE~ FRO~ RADIATING SOURCE 
HEAT ABSORBED BY R:ACTION 
SENSIBLE HEAT A'3S0!8FD BY GAS 
REYNOLDS NUMBER FA~TOR (DIMENSIONLESS) 
CONST. USeD IN CAL~S. OF Y$S (RATIO FOR "~. 
ll:'ACTION KP .S FUNCTIO~ OF TS. 
STEFAN 80LT~~ANN C)NST. 
SUM OF TOTA~ HEAT ABSORBED BY GAS 

*YTQ 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 

HTR 
*HTR 
*HTR 
*HTR 

SURFACE UNIT AREA (PAI*TID*DZI CONST. USED IN CALC. Q$S 
SOURCE TEMP. (RADI\TING SOURCE) 

*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR . 

BULl( GAS TEI·1P. 
TOTAL HEAT AB~ORBED BY GAS 
TUBE INSIDE D!AMETER (METER) 
T~TAL a AVAIL/OLE (~WT)-HEAT AASORBED BY CE~TRIIL 

KP OF REACTION FOR II PARTICULAR VALUE OF X. 
SURFACE TEMP. (INSIDE TUBE WALL TEMP.) 
EXTERNAL TUBE WALL TE~P. 

MAX. TUBE WALL TEMP. 
TUBf viALL THICKnESS 

TE~F. OF INPUT STREAM 
T~YF. )F OUTPUT STR~AM 

TOT/~ ~ASS FLOW (~OL~/SFC) 

CONVERSION 
TEMPCRARY VALUE OF X I~ NR SCHEME TO FIND IT. 
~OLE FR. 02 IN F6 
MOLE FR. 502 I~ F5 
~OLE FR. 502 IN F6 
~OLE FR. S03 IN F6 
~OLE F~. ~2 IN BULK 
~OLF F~. SO? 1M nULK 
MOLE FR. 503 IN 8UL~ 
LENGTH OF TU3E AT SECTION 8~ING CALC. 

PECEIvERHT:< 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HT~ 

*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 
*HTR 

1\13" 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
'340 
~<;') 

860 
870 
880 
890 
900 
0]0 
920 
930 
941} 
950 
960 
970 
980 
99') 

**.****.*****.***********~*.* •• *****************************************HTR 

1000 
1 'JII} 
102') 
1030 
lCl40 
1050 
1060 
1070 
1080 
1090 
111)0 
1110 

* *HTR 
~I~FNSION TW(lOJ),TS(1~Q).T9(lJ0).X(lCO).YS03(100).YS07(10J) HTR 
~IV,FW::IO,,! Y02(lOC).PB(1":),PS(10J).Q(100),QR(1"0).QS(lOfJ).Z(100) HTR 
,)1,,:eNSION C(I'J~'''C:-(l11 HTR 
REAL ~,KG.L.TRKP,MU HTR 

* *HTR 
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*PHYSICAL DATA AND CONSTA~TS. 
:JOATA K. L.NOS.TlD.-',H.X(1).HI!1).TQA.LON/)) •• 
10.J37.C.OU8.J.1.88~ •• 2~C •• 1001 
)q II, 'JOT 1~6001 

*CONSTANTS A'JD INITIAL CONDITIONS. 
D A T A S I G M A • P A I • YO 2 (1 ) t, 4. 880: - 08 • 3 • 141 :; 9 2 • :) • I 

*HTR 112; 
19 •• 95.HTR 1130 

HTR 114) 
I-HR 1150 

*HTP 1 1 6:; 
HT" 117':1 

*CONSTANTS AND CONVERSION FACTORS 
')Z=L/NOS 
W=F5*3600. 
G=W/NOT/PAI/~ID**2*4. 
RFY=4.*DZ/GIl ID 
P =0 5 
YS02(11=X25 
5UA=PAI*TID*,)Z 
TB(11=T5 
PB(1)=P*YS02111 
Y503(1)=1.0-Y50211) 
T=1200. 
Fl=J. 
DO ,0 ~'=l.?n 

24 T4=T**4 
1=1 
5THABG=0. 
DO 5 N=l.LON 
Jl=l 

*CALCULATE RADIATED HEAT PER UNIT AREA Q 
6 QII)=SIGMA*IT4-TWII)**4) 

*CALCULATE INSIDE TUBE WALL TE~PERATURE TS 
T S I I ) = T W I I ) -0 I I ) * HiT 1"<-

*USE FIRST ESTIMATE OF XII) FROM KNOWN APPRJXIMATE FUNCTION OF TSII). 
I~CTSII).GT.1120 •• 0R.TSII)._T.880.) GO TO 79 
IFII.NEol) GO TO 79 
XI I )=6.B3E-23*TSI 1)**7.152 

*CALCULATE HEAT ABSORBED BY REACTION PER UNIT AREA GR=DHR*KG*IPS-PB) 
*FIND PS FROM X VS TS DEPEf)ENCY. X IS FOUND RY TRIAL'AND ERROR. 
*REACTION CONSTANT=R"<P 

79 RKP=10.0**14.765-502i.ITS( I» 
DO 7 J=lol0 
Xl=XII) 
TRKPX = TRKP I Xl. P. Y02 1 1) • Y S02 1 1) • Y S03 I 1) ) 
Xl=XI I )+0.005 
DX=.005*ITRKPX-RKP)/ITI'KPIXl.P.Y02Il~.YS0211).YS03Il»-TRKPX) 
XII)=XI!)-DX 
IFIXIll.GT.l.) XIl1=.999 
IFlftBSIDX)-0.OJl)8.8.7 

7 CONTINUE 
* EQUILIBRIUM CONVERSION FOR THIS SECTION IS FOUND 
*CALCULATE PS OF S(2 

B PSII)=2.*P*I~S0211)+YS03(1)*XII) )/12.+YS03Il)*XII» 
*CALCULATE HEAT AN[ MASS TRANSrER COEFFICIENTS FOR THIS SECTION. 

MU=2.46E-3+3.2E-5*TBII) 
REF=I.B22*G/~J)**.91 
H=REF*MU*.78:1 
KG=1.C;OE-6*REf *TBII)**.81./P5 

*CALCULATE DN P~R UNIT AREA. DN=KG*IPS-PS) 
D =KG*IPSII)-PBII» 

*CALCULATr:: QR 

*HTR 1180 
HTR 1190 
HH 1200 
'-ITR 1210 
HTR 122) 
Hn 123') 
'1TR 1?4') 
HTR 125') 
HT" 1260 
HTR 1270 
HTR 12BO 
HTR 1290 
HTR 1300 
YTO 1,1" 
HTR 1320 
HTR 1330 
HTR 134:) 
HTR 1350 
HTR 1360 

lfHTR 1370 
HT,R 13 BO 

lfHTR 1390 
HTR 1400 
HTR 1410 
HTR 1420 
HTR 1430 
HTR 1440 

*HTR 1450 
*HTR 1460 
*HTR 147'J 

HTR 14BO 
HTR 1490 
HTR 1500 
HTR 1510 
HTR 1520 
HTR 1530 
HTR 1540 
HTR 1')50 
HTR 1<;60 
HTR l">7J 

*HTR 1580 
*HTR 1590 

HTR 1600 
HTR 1610 
HTR 1620 
HTR 11'30 
HTR 1<,40 
HTR 1650 

'*HTR 166J 
HTR 1670 

*HTR 1680 
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QR ( I ) = D HR ( T S ( I ) ) * D 
*CALCULaT~ SENSlqL~ HEAT P~R UNIT AqEA QS=H*(TS-TB) 

I') S ( I ) = H* ( T S ( ! ) - T B ( T ) ) 

X(I+1)=X(I) 
IF(J1.GE.2) GO TO 11-
J1=2 
I = 1+ 1 
~N=D 
H!( I )=T\\I(I-1)+l. 
T"',( I )=T",(I-1) 
DB( I )=P3(I-l) 
Y02(1)=Y02(1-1) 
YS02(1)=YS02(1-1) 
YS03(1)=YS03(1-1) 
GO TO 6 

11 1=1-1 
~T~=Q(I)-OR(I)-QS(I) 
)TW=FTW/(Q(I+l)-QR(I+l)-QS(I+1)-FTW) 
T ',II ( I ) = T ,-! ( I ) -~ T '.} 
IF(ABS(DTW)-~.01)9.9,5 

OJ CONTINUE 
*IF LOOP CO~PLETTE[ NO CONVERG~NCE ON TW IN LON STEPS. 

PRINT 2.I,T.l~(I).TS(I) 

PRINT 3.Q( I),)R(I).JS(I) 
PRINT 4 

HTR 
*HTR 

!-fTR 
HTR 
HTR 
HTq 
HTR 
HTR 
HTq 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 
HTR 

*HTR 
HTR 
HTR 
HTR 

2 FC~~AT(/* DIDNT CONVEqGc ON TW. 
ne:SPECTIV~LY.i ) 

1=*.I4.2X.*T.TW.TS=*.3(F6.1.2X~.*HTR 

3 FOR~AT(/2X.*Q.QR.QS.THABG=*.4(El1.4.2X).*R~SPECTIVELY*I 
4 FORr~AT(/2X.*HJWEVE~ ASSUI1ED hi IS OK PROGRAM CONTINUE*) 

*CALCULATE TOTAL HEAT ABSORBED BY GAS - THABG 
9 THABG=QR(I)+QS(I) 

*ACCU~ULATE HEAT ABSORBED dY GAS - STHABG 
STHaBG=STHABG+TiABG*SUA 

* EVALUATE TB-H*(TS-TB)*PAI*TID*DZ=G*PAI*TID**2/4*CP*DTB 
* AFTfK INTEGRATIO~ THE A3CJ~ EQ. RESULTSS I~ TH' ~OLLOWING 

A=4.*H*DZ/(G*TID) 
EX P A = EX P ( - A I C P ( T B ( I ) • YO 2 ( I ) • Y S 0 2 ( I ) • Y SO 3 ( I ) ) I 
T 13 ( 1+1) = T S ( I 1- ( T S ( I ) -T a ( I I ) *EX P ~ 

*CALCULATE GAS BUL< COMPOSITION 
DEN=1.+DN*RFY/2. 
YS03(I+11=(YS03(II-DN*RFYI/DEN 
YS02(I+l)=(YS02(1)+DN*RFY)/DEN 
Y I')? ( I + 1 ) = 1 • - y SO 2 ( I + 1 ) - Y <;0" ( T + 1 ) 

*UPDATe: Z. T\II.PB 
Z(I)=I*DZ· 
PB( l+lJ=YS02( l+lJ*P 

* CALCULATE BUL< CONVERSIO~ - C 
C ( I ) = ( 1. -Y S03 ( I ) I Y SO:? ( II I I ( 1. + YS03 ( I ) 12. ) 

*UPDATE FOR NEXT SECTIO~ A~TER CHEC<ING FOq COMPLETION. IF DONE-PRINT 
IF(NOS-I)26.26.25 

25 1=1+1 
GO TO 1 

*ALL CALCULATIONS ARE CO~PLEiED. PRINT RESULTS. 
*CHANGE Q INTO ACCU~ULATIVC:: rowER A3S0RiJED 

26 Q (1) =Q ( ll*SiJA 
QR(l)=QR(ll*SUA 
QS(I)=QS(l)*SUA 

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 
1700 
171 ') 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
185') 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
10 30 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
n 10 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
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"" .,7 J=?,''''C: YTr.> ??t,' 

QCJ)=OCJ)*SU~+QCJ-l) YTR 2270 
QRCJ)=ORCJ)*SUA+ORCJ-l) HTR 2280 
QSCJ)=OSCJ)*S'JtHOSCJ-l) HTR 2290 

27 CONTINUE HTR 2300 
STHABG=NOT*I.I€3E-6*STHAdG HTR 2310 
DIFF=NOT*I.163E-6*OCNOS)-STHA3G HTR 2320 

*CHECK FOR DIFFEqA~CE BFTWE~N AVAILA9LE 0 CTOA) AND CALC. Q. *HTR 2330 
*CHANGE SOURCE T~~P CT) a:CORnINGLY. *HTR 234n 

IFCF1)12.13,12 YTR 235~ 
13 FI=STHABG-TOA HTR 2360 

T=T+2. HT~ 2370 
GO TO 24 HTR 2380 

12 F2=STHABG-TOA HTR 2390 
DF=CF2-FI)!2. YTR 2400 
DT=F2!DF 4TR 2410 
IFCFl*F2.LT.': •• AND. DF.LT.).) DT=-DT HTR 242'~ 

T=T-DT HTR 2430 
Fl=F2 HTR 2440 
IFIABSCF2)-I.OI)10.lr.2J HTR 2450 

20 CONTINUE HTR 2460 
PRINT 80 HTR 2470 

80 FOR~ATI!3X.*NO CONVEPSENC~ ON TOA*) HTR 2480 
*ZERO IRRELEVANT VARIABLES AT THE TUBE ~N~ *HTR 2490 

10 PSI 1+1) =0. YTR 2')00 
TSI 1+1 )=0. HTR 2510 
TWI 1+1)=0. HT~ 2520 
ZII+1)=ZII) HTR 2')30 
011+1)=0. HTR 2540 
ORII+l)=O. HTR 2550 
OSI 1+1 )=0. HTR ~<;60 
XII+I)=XII) HTR 2570 
CII+1)=CII) HTR 25110 
~O=NOS+l HTR 2590 

*SUPPRESS TABLE PRI~TING IF IF~=O. *HTR 2600 
IFI IFP.EO.O) ~C TO 18 HTR 2610 
PRINT 30 HTR ?t,20 

30 FORMATI!10X.*HIGH TEMP RtACTOR DESIGN-COMPUTATION RESULTS*!) HTR 2630 
PRINT 31 HTR 2640 

31 FORMATI!8X.3HNOS.8X.IHL.9X.2HTW.9X.2HTS.9X.2HTB.8X.lHO.9X.2HOR, HTR 2650 
1 9X.2HOS.12X.1HC.8X.5YY-~03.6X.5HY-S02.7X.4HY-02!) HTR 2660 
OPRINT 32.IJ.ZIJ) .TWIJ) ,blJ) .TBIJ) .0IJ) ,ORCJ) .OSIJ) .CIJ) .YS03CJ) .HTR 2670 
lYS02IJ).Y02IJ).J=I.NO) HTR 2680 

PRINT 33.STHABG.T.DIFF HTR 2690 
32 FOR~ATI!Il1.Fll.2.3Fll.l.3El1.4,4Fl1.3) 
33JFORMATI!10X.*THERMAL POWER ABSORB~D BY GAS-*.El1.4.*MW-THER~AL) 

1 SOURCE TEMP.=*.FS.l,3HIK).2X,5HDIFF=.EI0.4,2HMW) 
PRI~T 15.CZIJ) .XIJ) .J=I.NO) 

15 FORMATI!3X.F5.2.Fl1.4) 
*SET OUTPUT VARIABL~S FOR caLLING PROGRAM 

18 P6=P 
FC=CINOS) 
F6=F5*ll.+ll.-X25)*FC!2.) 
T6=TBINO) 
XI6=Y02INOS) 
X26=YS02CNOS) 

X%=YSO"'INOS) 

i-HR 2700 
HTR 2710 
HTR 2720 
HTR 2730 
HTR 2740 

*HTR 2750 
HTR 2760 
HTR 2770 
HTK 2780 
HTR 279') 
Hn 2'300 
HTR 2'310 
HTR ?'p.'] 



T'tJ~= T',v (NOS) 
IF(IFP.E~.U)GO TO 14 
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PRINT 22,F6,T6,P6,X16,X26,X36.FC.TWM 
22 FOR~AT(/3X.*HTR RET~RNS ~ITH= F(6) 

1 X1(6) X2(6) 0(6) FC 
14 QCTJRN 

Et\lD 

T (6) P(6) 
TWM*,/20X.8Fll.3) 

Hn 2830 
HTR 284:) 
HTR 2850 
HTR 2860 
HTR 2870 
HTR 2880 
HTR 2g90 
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SUBROUTIN~ LTRIFC,QAAN,TN,J,K) LTR 
***************************** t****************.**************************L T~ 
* JUNE 1,1978 *LTR 
* LTR - LOW TEMP. REACTOR *LTR 
* *LTR 
*****************~******************************************************LTR 
*CALCULATIONS ARE FOR ADIABATIC OXIDATION O~ 502 TO 503 IN A REACTOR *LTR 
*WICH REACHES EQUIL19RIUM CONVERSION. I.E. RESULTS OF FC AND TEQ ARE *LTR 
*GIVEN FOR DATA FlJLFILING THE REACTION CONSTANT,KP.EQUATION IREF. *LTR 
*NICLESS). *LTR 
************************************************************************LTR 

COMMON/STREAM/F(60),PI60),TI60),HI60),XI160).X2160).X3(60) LTR 
DIMENSION X(5),DXI5),TEQI519HRI5).HL(5) LTR 
DATA EPSDT.D~X/1.01.0.0011 LTR 
DATA RIGT/693.1 LTR 
JI1=IN LTR 
IFIX1IIN)-X2IIN)/2.)13.13.14 LTR 

13 XM s 2.*X1IIN)/X2IIN)-Oi011 LTR 
GO TO 23 L TR 

14 XM-0.989 LTR 
23 DO 24 1=1.5 LTR 

FACTOR=0.15*I LTR 
XII ).FACTOR*XM LTR 

24 TEQII)=1000.-100.*I LTR 
DHR420=DHRITIIN» LTR 
I "'I L TR 
PIJ)"'PIIN) LTR 
PIK)"PIIN) LT,R 
IFIXlIJIl) 119.19.20 LTR 

20 IFIX2IJIl))19t19.21 LTR 
19 PRINT 22.XIIJII).X~IJI1),X~IJIl).JIl LTR 
22 FORMATI3X.*NO MORE REACTANTS. X1=*.F5.3.3X.3HX2=,F5.3.3X.3HX3= •. F5.LTR 

1~.3X.2HJa.I2.*LTR*) LTR 
XIIl=O. LTR 
CALL RECOPY!JIl.J) LTR 
GO TO 4 L TR 

21 CONTINUE LTR 
DO 26 1=1.5 
DO 7 N=1,20 
L a1 

16 RKP·10.**15022./TEQII)-~.765) 
DO 8 Mal.10 
XT=XIIl 
TRKPX=TKPIXT.PIJ).XIIJI1).X2IJI1).X3IJIl» 
XT=XII)+.Ol 
TRKPY=TKPIXT,PIJ).XIIJI1).X2IJIl).X3IJI1») 
DEN=TRKPY-TRKFX 
IFIDEN.EQ.O.) GO TO 26 
DXT=O.Ol*ITRKPX-RKP)/DEN 
XII)=XII)-DXT 
IFIABSIDXT)-DDX)9.9,5 

9 IFPNC~=O 

LTR 
LTR 
LTR 
LTR 
LTR 
LTR 
LTR 
LH 
LTR 
LTR 
LTR 
LTR 
LTR 
LTR 
LTR 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
2~0 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
"18') 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 .' 
510 
520 
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G0 TO 11 LTR ~30 

5 TF(XIIl.LC:.~.) XIT'=J.l*XT LTR 540 
TFIXIT)-X~)R.6,6 LTR 55n 

~ XIT)=IXT-O.Jl+XM)/2. LTR 560 
9 CONTINUE LTR 570 

*NO CONV~RGENCE MASSEGE *LTR 580 
TFPNC~=l LTR 590 

11 IFIX!I).GT.J.) GO TO J LTR 600 
TFIT.LT.5) GO TO 26 LTR 610 
XII)=O. LTR 62:) 
,,0 TO ? LTq 6~~ 

~ T~IXIT)-X~)~.?l LTR 64~ 

I"(!.LT.5,r,r· TO 26 LTR 650 
XIT)=X~ LTR 660 
PRINT 10 LTR 670 

10 FO~MATI3X,*'Ol P.C. CON~ERSION IN LTR*) LTR 680 
2 nII)=XII) LTR 690 

HRII)=IDHR4?0+DHR(TEQIP»/2. LTR 700 
')=I.-X2II"I)*XITl/2. LTR 710 
~IJ)=FITN)*') LTR 720 
XIIJ)=IX1ITN)-X'It~I)*XI~II?)/r) LTR 7"":1"1 
X2IJ)=X?IIN)*11.-XIT»/O LTR 74') 
X3IJ)=1.-X1IJ)-X2IJ) LTR 750 
HIJ1=14.2*:)XII)*X2IJT1)*HRIU+HIJII))*FIJI11/FIJ) LTR 760 
TIJ1=TEQII) LTR 770 
CALL FJNDTI~.J) LTR 780 
1~IL.EQ.2) GO TO 1~ LTR 790 
FDT1=TIJ)-TEQI Tl LTR 900 
L=2 LTR 810 
TEQII)=TEQII)+l. LTR 820 
GO TO 16 LTR 830 

15 FDT2=TIJ)-TEQII) LTR 840 
OT=FOT2/IFDT2-FDT1) LTR 850 

TEOII)=TEOII)-DT LTR 860 
IFIABS(OT)-EPSDT)4.4.7 LTR 870 

7 CO"lTINUE LTR 880 
PRINT 28.TEGII).DT.RKP.TRKPX.TIJ).I LTR 890 

28 FOR~ATI3X.*DIDNT CONVERGE ON TEQ. TEQ=*.F6.1.3X.3HDT=.F6.1.3X.4HRKLTR 900 
1~=.E12.4.3X.4HTRK=.t12.4.3X.*TIJ)=*.F6.1.*LTR 1=*.12) LTR 910 

26 CONTINUE LTR 920 
PRINT 29.J.FIJ).PIJ).T(J).HIJ).X1IJ).X2IJ).X3IJ) LTR 930 

29 FORMATI3X.*STREAM I=*.I2.7EI2.4.*COPY IN INTO J*) LTR 940 
CALL RECOPYIIN.J) LTR 950 

4 CALL RECOPVIJ.K) LTR 960 
TI~)=RIGT LTR 970 
CALL ENTR2ITIKltX2IK).X3IKltHIK) LTR 980 
YLII)=FIJ)*IHIJ)-HIK)1 LTR 990 
QAAN=HLII) LTR 1000 
FC=XII) LTR 1010 
IFI IFDNCM.FQ.O) GO TO 12 LTR 1020 
PRINT 17.~1·). DXT.TEQIT).TIJ).IN LTR 1030 

17 ~OR~ATI/~X.~NO CONVERGC,ICE ON X=*.F.I0.4.3X.*OXT=*,F.IO.4.3X.*TFQ=*.LTR 1040 
1EIJ.4.*TIJ).*.F6.1.3X.*~NPUT STREAM TO LTR IS *.12) LTR 1050 

PRINT 30.J.N.TEQII).RKP.XIJ).TRKPX.TRKPV.DEN,DXT LTR 1060 
30 FORMATI3X.*" "I TEQ R;P X TRKPX TRKPV DEN DXT*./3X.2T5.7EIOLTR 1070 

1.4) LTR 1080 
12 RETJRN LTR 1090 

LTR 11 00 
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SUBROUTINE DISTIF,TF.PF.HF.Xf,QR,XD.P,PRS02.N,D,TM. PD,HLM. YM. DIST 
1 B.TB,PB,HB.XB.IFPI DIST 

******************************.**************.*** ••• 0**.***.**********~*DIST 
* *DIST 
* UPDATED 8/1~/78 *DIST 
* DISTILLATION CCLUMN ROUTINE *DIST 

* *DIS1 
******************************.*.**.* •• * •••• *.** •••• 0 ••• *******.o*.****.DIST 
* *DIST 
*INPUTS TO THE PROGRAM AREB *DIST 
* FEED- FLOW-F. S02 MOLE FRAC.-XF. ENTHA~PY-HF, PRESSURE-PF. TE~P-TFDIST 

* TOP. 502 MOLE FRAC.-XD. PECENT RECOVERY OF S02-PRS02 *DIST 
* BOTTO~. R~BOIL~R DUTY-QR *DIST 
* GENERAL- TOTAL PRESSURE-Po MAX.NO.OF PLATES PERMITTED-N *DIST 
* *DIST 
*OUTPUT- THE PROGRAM CALC. OVERALL MITERIAL AND ENERGY BALANCES FOR A .DIS! 
* BINARY DISTILLATION COLUMN ~~RARATING S02 FROM S03 *DIST 
* *DIST 
* INPUT DATAa F~ED. F,TF.PF.HF,XF. BOTTOM- QR. TOP. XD. GENERAL.P.PRS02*DIST 
o.N *DIST 
*FOREACH PLATEaL.LIQUID.V·VAPO~.X.S02 MOLE FRAC.IN LIQ.Y-S02 MOLE FRAC.*DIST 
*IN VAP.,T·PLAT~ TE~P.,HL·LIQ.ZNTHA~PY.HVaVAP.ENTHALPY. *DIST 
*ALL UNITS CONSIDERED TO BE IN METRIC.I.E. F-MOLE/HR,T-K.P-BAR.H-KJ/KMOLDIST 
*Q-MW(CONVERTED INTO KJ/HR IN THE TEXTI I ·DIST 
*ROUTINE ACCEPT FLOWS IN KMOLE/SSC AND RETURNS THEM IN THE SAME UNITS *DIST 
*BUT CALC. ARE ~ADE IN KMOLE/HR. NECESSARY CONVERT IONS ARE MADE BEFORE *DIST 
*AND AFTER THE CALCS. *DIST 
* oDIST 
* NO~[NCLATURE. *DIST 
* A JACOBIAN MATRIX COMPONENT IN NR FOR X AND L *DIST 
* All INVERSEl' JACOBIAN C,)MPONENT IN NR FOR X AND L *DIST 
* A12 INVERSED JACOBIAN C)MPONENT IN NR FOR X AND L *DIST 
* A21 INVERSEl JACOBIAN CJMPONENT IN NR FOR X AND L *DIST 
* A22 INVERSEt' ,'ACOBIAN C)MPONENT IN NR FOR X AND L !tDIST 
* 8 BOTTOM LIQUID OUTPU· FLOW IKMOL/HRI .DIST 
* C JACOBIAN MATRIX COM~ONENT IN NR FOR X AND L .DIST 
* D ~ISTILLA·F FLOW IKM)L/SECI -OUTPUT *oIST 
* DENFR2 DENOMINATOR FOR FR2 -NR FLASH CALCS. *OIST 
* DENFR3 ~ENOMINATOR FOR FR3 -NR FLASH CALCS. *DIST 
* DET DETERMINANT OF JACOdIAN MATRIX IN NR FOR X AND L *DIST 
* DFR DIFF. IN NR FLASH CALCS. *DIST 
* DH DIFF. 8~TWEEN GIVEN AND CALC. FEED ENTHALPIES IARRAYI *DIST 
* DHDX DERIVATIVr OF H W.R.T. X - NR CALCS. FOR X AND L oDIST 
* DHF TOLERANCE VALUE FOR DH -ACCEPTABLE CALC. H OF FLASH .DIST 
* ('IL I NCREMENT OF l PI NR FOR X AND L tlDIS1 
* DR INCREMENT OF P IN NR FLASH CALCS. 00lST 
• DSOY DIFF. BETWEEN 1. AND SUM OF Y$S AT B FOR ADJUSTMENT CALC~DIST 
* DV DEVIATION OF V AT TOP FROM OVERALL MATERIAL BAL. CALCS. *oIST 
* DX DELTA X FOR CALC. DH/DX *OIST 
• DXJ INCREMENT OF X IN NR FOR X AND L *oIST 
• DY DIFF. BETWEEN CALC. COMPOSITION AND GIVEN COMPo AT 0 *OIST 
• E JACOBIAN MATRIX COMPONENT IN NR FOR X AND L' *0151 
* EDR ~AX. tOLERANCE FOR OR IN NR FLASH CALCS. 0DIST 
* F FEED FLOW IKMOLE/SEC) *OIST 

10 
20 
30 
4f) 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
19:) 
200 
210 
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 
410 
480 
490 
500 
510 
520 
530 
')40 

" 
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* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

FL 
FR 
FR2 
FR3 
FV 
Fl 
F2 
G 
HB 
HD 
HF 
HFC 
HFF 
HFL 
HFV 
HL 
HLM 
H;\l1P 
HP1P 
HV 
I 
IFP 
J 
JR 
KB2 
KB3 
KS02 
KS03 
L 
LHB 

~ 
NFP 
P 
PB 
PD 
PF 
PRS02 
QC 
QR 
QR"'1 
R 
RS 
SL 
SV 
$XF~H 
SYI""11 
T 
TB 
TO 
TF 
TFF 
TF1 
TF2 
TM 
TM1P 
TP1P 
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LIQUID IN FLASHED F~ED 
NR FUNCTION IN FL\SH CALC. 
PARTIAL NR FUNCTIUN IN FLASH CALCS. 
PARTIAL NR FUNCTION IN FLASH CALCS. 
VAPOR IN FLASHED FEED 
~R FUNCTION IN L AND X CALCS. 
~R FUNC7ION I~ L AN) X CALCS. 
JACOBIA:, "'1A.TRIX CO""ONENT IN NR FOR X AND L 
~NTHALP~ OF BOTTOM jTREAM (KJ/KMOL) - OUTPUT 
ENTHALPV rF TOP ;TR~AM (KJ/KMOL) 
FEEJ EN~HALPY (KJ/K WL) - GIV~N 

CALCULATED FEED ENTrlALPY 
HEAT IN ~rED (HF*F( ~J/HR» 
ENTHALPY OF LIQUID PORTION IN FLASHED FEED 
ENTHALPY OF VAPOR lORTIQN IN FLASHED FE~D 
LIQJID ENTHALPY ARRAY FOR COL. LIQ. STREAMS 
~ISTILL_TF (CONDENSATE) ENTHALPY(KJ/KMOL) - OUTPUT 
~NTHALPY CORRESPONDS TO XM1P (NR) 
~NTHALPY CORRESPONDS TO XP1P (NR) 
VAPOR ENThALPY ARRAY FOR COL. VAPOR STREAMS 
INDEX OF DO LOOP USI~G NR TO FIND LAND X2 
INDICATOR FOR oRINTING 
DO LOOP 50 INDEX -FLASH CALC.+DO LOOP 60 IND~X-PLATES 
DO LOOP 51 INDEX - NR IN FLASH CALC. 
VOLATILITY CONST. FOR S02 IN B 

*DIST 550 
*DIST 560 
*DIST 570 
*DIST 580 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST 
*DIST VOLATILITY CONST. FOR S03 IN B 

VOLATILITY CONST. FOR S02 - FLASH 
VOLATILITY CONST. FOR S03 - FLASH 
LIQUID FLOW ARRAY FOR COL. PLATES 
LATENT HEAT OF B 

AND PLATE TO PLAT 
AND PLATE TO PLAT 
( KMOLlHR) 

CALC*DIST 
CALC*DIST 

*DrST 

'590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 

J+l 
~O. OF PLATES 
FEED PLATE NO. - lNDICATOR IN SEARCH FOR FEED PLATE 
DISTILATION COLJMN PRESSURE (BAR) -PRESCRIBED 
BOTTOM STREAM P,~ESSURE (BAR) -OUTPUT 
DISTILLATE STRE~M PRESSURE (BAR) -OUTPUT 
FEED PRESSURE (IP) (BAR) - BEFORE FLASH 
PERCENT RFCOVERY OF S02 
CONDENSER HEAT LOAD (KJ/SEC) 
REBOILER HEAT LOAl (KJ/SEC) 
\lIN. REQUIRED REB)ILER DUTY 
THE RATIO FV/F IN FLASH CALCS. 
(L/V)MIN FOR STRIPPING SECTION 
INTERMEDIATE VALUE OF LIQUID FLOW AT FEED PLATE 
INTERME~IATE VALUE ~F VAPOR FLOW AT FEED PLATE 
SUM OF ;;$S MINUS 1 
SU\1 OF Y$S "'1INUS 1 
TEMP. AI.RAY FOR PLArES STRFAMS(K) 
~EMP. or rOTTOM STR!AM(K) - OUTPUT 
TEMP. Of TOP D STR!AM(K) - OUTPUT 
FEED TEMP. (K) -GIVC::N AS IP 
FLASH TE1P. OF FEEDCK) 
VALUE OF TEMP. OF FLASH (INTERMEDIATE RESULT NR METHOD) 
VALUE OF TEMP. OF F'.ASH (INTERMEDIATE RESULT NR METHOD) 
~ISTILLAT~ TEMP. (K) - OUTPUT 
TEMP. CORR~SPONDS TO XMIP (NR X,L) 
TEMP. CORRESPONDS TO XPIP (NR X,L) 

*DIST 
*DIST '11;1) 

*DIST 860 
*DIST 870 
*DIST 880 
*DIST 890 
*DIST 900 
*DIST 910 
*DIST 920 
*DIST 930 
*DIST 940 
*DIST 950 
*DIST 960 
*DrST 970 
*DrST 980 
*DIST 990 
*DI STlOOO 
*DISTl010 
*DISTl020 
*DISTl030 
*DIST1040 
*DISTl050 
*Dr STl060 
*DISTI07:) 
*DISTl080 
*DIST1090 
*DISTllOO 
*DISTl110 



* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

V 
VB 
VMIN 
X 
XFl 
XD 
XF 
XF2 
XF3 
XMIP 
XPIP 
Y 
YB2 
YA3 
YM 
Y2 
Y3 
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VAPOR FLOW ARRAY FO~ COL. PLATES (KMOL/HR) 
VAPOR FLOW FROM RE80IlER 
REQUIRED MIN. VAPOR FL)W FROM ~EBOILER 
LIQUID SO? (O~POSITI(~ ARRAY FOR COL. PLaTeS (~OL.eR.) 

COMPOSITION (SO~ MOL.F~.) OF Fl0TTOM STR~AM 

COMPOSITION (SO~ ~OL.FR.) OF TOP STREAM -PRESCRIB~D. 
502 COMPOSITION IN FEE) - GIVEN IP. (~OL.FR.) 
~OLE FR. OF 502 IN LIQUID PORTION OF FLASHED FEED 
MOLE FR. OF 503 IN LIQUID PORTION OF FLASHED FEED 
X(M)-O.OI PERTUJED VALUE IN NR FOR X AND L 
X(~)+O.OI PERTUdED VALUE IN NR FOR X AND L 
VAPOR COMPOSITION (S02 MOL.FR.) ARRAY FOR COL. PLATES 
VAPOR COMPOSI TION (502 MOL. FR.) I"l 9 
VAPOR COMPOSITION (503 MOL.FR.) IN fl 
DISTILLATE COMPOSITION (502 ~OL.FR.) -OUTPUT 
MOLE FR. OF S02 IN VAPOR PORTION OF FLASHED FEED 
MOLE FR. OF S03 IN VAPOR PORTION OF FLASHED FEE9 

*DISTlI20 
*DIST1130 
*DISTlI40 
*DISTll'iO 
*DISTl160 
*DIST1l7::l 
*DISTl180 
*DIST1190 
*DISTl200 
*DIST1210 
*DI STl2 20 
*DI ST 123') 
*[)I STl24') 
*DISTl25" 
*DI STl260 
*DISTl270 
*C I STl280 

************************************************************************DIST1290 
* *DIST130Q 

DIMENSION DH(2l) DIST1310 
REAL L< 50).V( 5L).X( 50).Y( 50).T( 50loHL< 50).HV( 50) DIST1320 
REAL KB2,KB3,KSO~,rS03.LHA DIST1330 
DATA EDR. DHF/0.001,10C.I DIST1340 

*PRINT INPUT FOR RECORDING AND CHE(KING *DISTI350 
PRINT 69 DIST1360 

69 FORMAT(/4X,*DISTILLATION COLv~N*) DIST1370 
IF(IFP.EQ.O)GO TO ~ DIST1380 
PRINT 82,F.TF.PF,HF,XF.QR.XD,P,PRS02,N DIST1390 

820FORMAT(IX,* INPUT DATA*/1X.*STRFAM *.4X,lHF,9X.1HT,9X.lHP.9X.1HDIST1400 
IH.9X.lHC.9X.lHQ/,* FEED *,5FlC.3/.* BOTTOM *,5~.FI0.3/,* DIDIST1410 
2STILATE*.40X,FI0.3/.2X,ZHP=,F5.2,3X,6HPRS02=,F5.3,3X,ZHN=.I3/) DIST1420 

PRINT 14 DIST1430 
14 FORMATI/3X.*RESULTS OF THE DISTILLATION COLUMN*) DIST1440 

*FIRST. CONVERT Q TO KJ/HR *DIST1450 
5 QR=QR*3.6E3 DIST1460 

*CONVERT FLOW INTO MOLE/HR *DIST1470 
F=F*3600. DIST1480 

*SECOND,CALCULATE OVFRALL MATERIAL AND ENFRGY BALANCe.s ON ALL 3-STREAMS*DIST1490 
D=F*XF*PRSOZ/XD DIST1'iOO 
B=F-D DIST1510 
XB=(F*XF-O*XD)/B DIST1520 

*CALC.HS AND H$S OF BAND D *DISTl530 
CALL BPTR(P,XD,TD) DIST1540 
CALL BPTRIP.XB.TB) DISTl'i50 
CALL ENTRIITD,XD.HD) DIST1'i60 
CALL ENTRIITB,XB,HB) DIST1510 

*FLASH CALCS. FOR THE FEED STReAM (TFF= FLASH FEED TEMP) *DIST1580 
*IF PF SMALLER OR EQ. TO THE D'ST. COL. PRESSURE THERE IS NO FLASH *DIST1590 
*SEPARATION AND FEED IS ASSUMEJ TO BE AT COL. PRESS. AND AT LIQ. STATE *DIST1600 

IFIPF-P.LE.O.) GO TO 13 DISTl610 
*FIRST GUESSES OF TFF-ASSUME TFF=T(BP)+l. *DIST1620 

CALL BPTR(P,XF,TFF) DIST1630 
TFF=TFF+l. . DIST1640 
HFF=HF*F DIST1650 

*FLASH CALC. ARE ACCORDING TO C.D.HOLLAND - FUND.AND MODELING OF SEPARATDIST1660 
*PROCESSES 1975.PP. 59-67 *DISTI670 

1 DO 50 J=l,ZO DIST1680 

" 



137 

Q=O.5 DIST1690 
*FIND KS02 AND KSC3 BY THE VOLATILITY K CO~ST. ROUTI~E - VKCR *DIST1700 

CALL VKCR(P,TFF,KS02,KS03) DIST1710 
*CHECK IF B.P.'TFF'D.P. rOTE THAT IF TFF IS NOT WITHIN THESE BOUNDARIES*DIST1720 
*CORRECTION IS ~ADE AND LOOP STARTS FROM FRESH *DIST1730 

5XF~1=KS07*XF+KS03*(1.-XF)-1. DIST1740 
SYF~1=XF/KS02+(1.-XF)/rS03-1. DIST1750 
IF(SXFM1.GT.O.O) GO.TO 2 DIST1760 

8 TFF=TFF+1. DIST1770 
GO TO 1 DIST1780 

2 IF(SYFM1.GT.0.O) GO TO 3 DIST1790 
7 TFF=TFF-1. DIST1800 

GO TO 1 DIST1810 
*SEARCH FOR R=FV/F START HERE USING r'EWTON RAPHSON METHOD. *DIST1820 

3 DO 51 JR=1,10 DIST1830 
DENFR2=1.-R*(1.-KS02) DIST1840 
DENFR3=1.-R*(1.-KS03) DIST1850 
F~2=XF/DE~F~2 DIST1860 
FR3=(1.-XF)/DENFR3 DIST1870 
FR=FR2+FR3-1. DIST1880 
DFR=FR2*(1.-KS02)/DENFR2+FR3*(1.-KS03)/DENFR3 DIST1890 
DR=FR/DFR DIST1900 
R=R-DR DIST1910 
IF(R.LE.O.) GO TO 8 DIST1920 
IFIR-1.0.GE.O.0) GO TO 7 DIST1930 
IF(ABS(DR)-EDR)4,4,51 DIST1940 

51 CONTINUE DIST1950 
PRINT 76,R,DR DIST1960 

76 FORMAT(3X,*~O CONVERGENCE ON R=FV/F DIST. COL. R.DR=*,2EIO.4), DIST1970 
*ASSUME CONVERTION ON R. CALC. AND CHECK ENERGY BAL. FOR THE FLASH CALC.DIST1980 

4 FV=R*F DIST1990 
FL=F-FV DIST2000 
XF2=XF/(R*(KS02-~.)+1.) DIST2010 
XF3=1.-XF2, DIST2020 

*CALC. Y2 AND Y3 *DIST2030 
Y7=KSO?*XF, DIST2040 
Y3=1.-Y2 DIST2050 
CALL ENTRl(TFF,XF2,HFL) DIST2060 
CALL ENTR2(TFF,Y2,Y3,HFV) DIST2070 
HFC=HFL*FL+HFV*FV DIST2080 
DH(J)=HFC-HF~ DIST2090 
IFIABSIDH(J))-DHF)56,56,52 DIST2100 

52 IFIJ.GT.l) GO TO 5: DIST2110 
TF1=TFF DIST2120 
IFIDHIJ) )54.56.55 DIST2130 

54 TFF=TFF+1. DIST2140 
GO TO 50 DIST2150 

55 TFF=TFF-1. DIST2160 
GO TO 50 DIST2170 

5~ TF2=TFF DIST2180 
TFF=ITF2*DHIJ-1)-TF1*DH(J))/(DHIJ-1)-DHIJ)) DIST2190 
TFl=TF2 DIST2200 

50 CONTINUE DIST2210 
PRINT 500 DIST2220 
PRINT 510,TFF,HF,HFC,FL'FV,XF2'~F3.Y2.Y3 DIST2230 

5~O FORMAT(/3X,*FLASH CALes. DI)NT :ONVERGE IN 100 STEPS*) DIST2240 
5100FOR~ATI/3X,4HTFF='F5.1,2y.3HHF=.El1.4,2X,4HHFC=,E11.4,2X,3HFL=,2X,DIST2250 
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Itll.4.2X.3HFV=.Ell.4,2X.4HXF2=.F5.3.2X.4HXF3=.F5.3.2x.34Y2=.F5.3.2~IST226~ 

2X.3HY3=.F~.3) DIST227~ 

GO TO 1000 DIST?280 
*C0NTINUE HERE IF NO F~ASH CALC. A1E NEED~D. *DIST2290 

13 TFF=TF DIST2300 
FL=F DIST2310 
XF2=XF DIST2320 
XF3=1.-XF DIST2310 
HFL=HF ·DIST?340 
FV=O. DIST2350 
Y2=O. DIST2361) 
Y3=O. DIST2370 
HFV=O. DIST2380 

56 IF( IFP.EQ.O)GO TO 6 D1ST2390 
PRINT 12.TFF.FL.XF2.FV.Y2 D1ST2400 

lZ FORMAT(/3X.*FLASH rESULTS= TFF=*.F7.2.3X.3HFL=.Ell.4.3X.4HFX2=. DIST2410 
IF6.4.3X.3HFV=.Ell.4.3X,4HFY2=.F6.41 D1ST2420 

*REBOILER CALCS. FIRST.FIND POIlER VAPOR COMPOSITION *D1ST2430 
6 CALL VKCR(P.TB.KB2.KB31 D1ST2440 

YBZ=KB2*XB DIST2450 
YB3=KB3*ll.-XBI DIST2461) 

*ADJUST TO GET YB2+YB3=1. *D1ST2470 
DSOY=I.-YB2-YB3 D1ST2480 
YB2=YBZ+0.Ol*DSOY D1ST2490 
YB3=YB3+0.99*DSOY ~IST2500 

*CALL LATENT HEAT ROUTINE - LHR. 2-FCR S02.3 FOR S03 *D1ST2510 
CALL LHRITB.XB.LHBI D1ST2520 
VB=QR/LHB D1ST2530 

*CHECK IF REBOILER HEAT IS SUFFICIENT. IF NOT CALC. FOR MIN QR. *DIST2540 
*RS=IL/V)MIN FOR THE STRIPPIG ~ECTION. THIS SLOP IS THE SLO~ OF THE LINEDIST2550 
* CONNECTING IXB.XBI AND IXiZ.Y21. IVIMIN IS THEN FOUND AND COMPARED*D1ST256Q 
*WITH VB. IF VB'IVIMIN. QR IS ,~OT ENOUGH. IQR)"lIN=IVIMIN*LHB. *DIST2570 

RS=IY'-XBI/IXFZ-XB) DIST2~80 
VMIN=B/IRS-l.1 DISTZ590 
IFIVB-VMINI3J.31.9 DIST2600 

30 QRM=VMIN*LHB/3.6E6 DIST261Q 
IFIIFP.EQ.OIGO TO 9 DIST2620 
PRINT 3Z.QRM D1ST2630 

3Z FORMATI/3X.*HEAT INPUT TO KEBOILER IS NOT ENOUGH. QR-MIN SHOULD DIST2640 
IRE OVER*.ZX.Ell.4.ZX.ZHMW/3X.*DTST. COL. IS CALCUL. FOR QR-MIN*) DIST2650 

9 QR=VMIN*LHB DIST2660 
VB=VMIN DIST2670 

*MAKE REBOILER TO BE PyATE NO. 1 *DIST2680 
31 LIl)=B DIST2690 

Vlll=VB DIST2700 
TIlI=TB DIST2710 
YIll=YBZ DIST2720 
XIll=XB DIST2730 
HLIll=HR DIST2740 
HVIll=HLI11+LH9 DIST2750 

*CALC. DATA FOR PLATE NO.Z *DIST2760 
LI21=VB+B DIST2771) 
XIZI=IB*XB+VB*YB71/LIZI DISTZ780 
CALL BPTRIP.XIZI.TIZII DIST2790 
CALL VKCRIP.TI21.K[OZ.KS031 DIST2800 
YIZI=KS02*XIZI DIST2810 
Y3=1.-YIZI DIST2820 

.!.-
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CALL ENTRl(T(2"X(2,.Hl(2" 
CAL LEN T R 2 ( T ( 2 , • Y ( 2' • Y 3 • ~I V ( 2 , , 

*PLATE TO PLATE CALCS. ASSU~E "(J'=V(J-ll.CALC.l(J+l).X(J+ll.T!J+l). 
V(2,=V( I, 

*INITIALIlE FOR FEED PLATE SEAI~CH 
"lFP=O 

DO 60 J=2.N 
M=J+l 

*FIND L(J+l' FROM OVERALL MATERI\L 9ALANCE 
L(J+l,=L(J'+V(J'-V(J-l' 

*FIND X(J+l, FROM S02 BALANCE 
X(J+l,=(L(J,*X(J'+V(J,*Y(J'-V(J-l'*Y(J-l"/L(J+l' 
IF(X(J+l'.GT.l.O,X(J+l'=l.O 

*FIND 9UBBLE PT. OF PLATE (J+l' 
DO 24 1=1.30 
CALL BPTR (P.X(J+l,.T(J+l" 
CALL ENTRl(T(J+l).X(J+l,.HL(J+l" 

*NEWTON RAPHSON METOD :S USED TO C\LC. L(J+l' AND X(J+l, • 
XPIP=X(J+l'+O.Ol 
XMIP=X(J+l'-O.:Jl 
IF(XPIP-l. '20.20.!1 

21 XPIP=l. 
DX=l.-XMIP 
GO TO 22 

20 DX=O.02 
22 CALL BPTR(P.XPIP.TPIP, 

CALL BPTR(P.XMIP.Tt'lP, 
CALL ~NTRl(TPlP.XPlP.HPlP' 

CALL ~NTRl(TMlP.X~lP.H~lP' 
~HDX=(HPIP-HMIP'/DX 

A=X(J+ll-Y(J' 
E=L(J+l' 
C=HL! J+l '-HV( J, 
G=E*DHDX 
DET=A*G-E*C 
All=G/DET 
A12=-E/DET 
A21=-C/DET 
A22=A/DET 
Fl=A*E+(Y(J-l,-Y(J,'*V(J-l,+(Y(J,-X(J, ,*L(J' 
F2=E*C+V (J-l'* (HV( J-l' -HI'( Ji) +L (J, *(HV( J'-HL I J" 
DL = A 11 *F1 +A 12*F 2 
DXJ=A21*Fl+A22*F2 
LIJ+l'=LIJ+l'-DL 
XIJ+l'=XIJ+I'-DXJ 
IFIXIJ+l'.GT.l.O'XIJ+l'=l.O 
IFIABSIDL'-lO.000'23.23.24 

23IFIABSIDX"J'-O.005)25.25.24 
24 CONTINUE 

PRINT 19."1 
19 FORMATI3X.*DIDNT CONVERGED ON X AND L AT PLATE NO.*.I3) 
25 VIJ)=LIJ+l'+VIJ-l'-LIJ) 

*FEED PLATE CHECK AND rALCULATIONS 
IF(TIJ+l'-TFF'65,66.66 

65 NFP=NFP+l 
IFINFP-l)67.67.6~ 

DIST2830 
DIST2840 

*DIST2850 
DIST2860 

*DIST2870 
DIST2880 

*DIST2890 
DIST2900 
DIST2910 

*DIST29io 
DIST2930 

*DIST2940 
DIST2950 
DIST2960 

*DIST2970 
DIST2980 
DIST2990 
DIST3000 

*DIST3010 
DI ST3020 
DI ST3030 
DIST3040 
DIST3050 
DIST3060 
DIST3070 
DIST3080 
DIST3090 
DIST3100 
DIST31l0 
DIST3120 
DIST3130 
DIST3140 
DIST3150 
DIST3160 
DIST3170 
DIST3180 
DIST3190 
DIST3200 
DIST3210 
DIST3220 
DIST3230 
DIST3240 
DIST3250 
DIST3260 
DIST3270 
DIST3280 
DIST3290 
DIST3300 
DIST3310 
DIST3320 
DIST3330 
DI ST3340 
DIST3350 

*DIST3360 
DIST3370 
DIST3380 
DIST3390 
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67 PRINT 16.J.M DIST3400 
16 FORMATI/3X.*FEED E~TERS BETWEEN PLATES=*.13.* AND *.12) DIST3410 

SL=LIJ+1) DIST3420 
SV=VIJ) DIST343(,) 
LIJ+1)=LIJ+1)-FL DIST3440 
VIJ)=VIJ)+FV DI5T3450 
XIJ+l)=ISL*XIJ+I)-FL*XF2)/LIJ+1) DIST3460 
IFIXIJ+I).GT.I.0)XIJ+11=1.0 DIST3470 
YIJ)=ISV*YIJ1+FV*Y2)/VIJI DIST3480 
IFIYIJ).GT.1.0)YIJ)=1.0 DIST3490 
CALL BPTRIP.XIJ+11.TIJ+I)) DIST3500 
CALL ENTRIITIJ+11.XIJ+1).HLIJ+])) DIST3510 

66 CALL VKCRIP.TIJ+1).KS02.KS031 DIST3520 
YIJ+i)=~502*XIJ+I) DI5T3530 
IFIYIJ+1).GT.1.0)YIJ+1)=1.0 DI5T3540 
Y3=1.-YIJ+l) DI5T3550 
CALL ENTR?ITIJ+ll.yIJ+J).Y3.HVIJ+I)) DIST3560 

*FIR5T GUE55 FOR VIJ+l) - NEXT J. *D15T3570 
VIJ+l)=VIJ) DI5T3580 

*CHECK FOR TOP PLATE *DI5T3590 
IFIYIJ)-X~110.68.68 015T3600 

10 IFIXIJ+I)-XIJ)-0.001)11.11.60 015T3610 
60 CONTINUE 015T3620 

* IF 00 LOOP COMPLETEO THERE ARE TOO MANY STAGES *015T3630 
PRINT 73.M DI5T3640 

73 FORMATI/3X.*TOO MANY STAGES.CALCULATIONS STOPPEO AT M=*.I3) 015T3650 
GO TO 68 0lST3660 

11 PRINT 11 015T3670 
11 FORMATI/3X.*NO MURE ENRICHME IT. CALC. STOPPED AT THIS POINT.*) DI5T3680 

*FNAL PLATE CALCULATIOr.S *01513690 
*CHECK AND CALC. MISMATO' AT THE T)P *Dr'S13700 

68 DY=YIJ)-XD DIST3710 
DV=VIJ1-ILIJ+1)+D) DIST3720 

*CALC. COOLING LOAD QC. *DIST3730 
QC=QR+F*HF-D*HD-B*HB DI5T3740 
QR=QR/3.6E3 DIST3750 
QC=QC/3.6E3 DI5T3760 
M=M-1 DIS13770 
PD=P DI S13780 
PB=P DI513790 
TM=TIM) DIST3800 
HLM=HLIM) DIST3810 
YM=YIMI 015T3820 
F=F/3600. 015T3830 
8=B/3600. DIST3840 
0=0/3600. 015T3850 
IFIIFP.EQ.01GO TO 1000 DIST3860 
PRINT 71.8.XB.TB.QR.F.XF.TF.D.Xo.TD.QC DIST3870 

710FORMATI3X.*OUTPUT= *./OIST3880 
13X.*REBOILER= B=*.E11.4.3X.3HXE=.F5.3.3X.3HTB=.F5.1.3X.3HQR=.El1.401ST3890 
2.1* FEED= F=*.Ell.4.3X.3~XF=.F5.3.3X.3HTF=.F5.1./3X.*CONO~NSDIST3900 
3F.R=D=*. Ell.4.3X.3HXD=.F5.3.3X.3HTO=.F5.1.3X.3HQC=.E11.4)DI5T391(') 
P~I~T 72 DIST3Q20 
PR I N T7 4. I J • T I J ) • L I J) • X I J I • HL I J ) • V I J ) • Y I J ) • HV I J ) • J = 1. M I ~ 1 S 13 9 31) 

720FORMATI3X.*PLATES CONDITiONS */DIST3940 
1* J T L X HL V DIST3950 
2 Y HV*) 015T3960 
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74)FOR~AT(/3X.I2.3x,r5.1.3x.Ell.4.3X.F5.3.3X.Ell.4.3X.Ell.4.3X.F5.3.,DIST3970 
lX.Ell.4) DIST3980 

PRINT 75,~,DY,DV DIST3Q90 
75CFORV,AT(3X.*NO.OF PlATES M=*,I2"X,*DEVIATICN FROM XD=*,F6.4.3X,*DEDIST4000 

IVIATION FRO~ V=*.F.l1.4/) DIST4010 
IJJO RETURN DIST4020 

END DIST4030 
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SUBROUTINE STC(QAAN,R2,T10,T3J,R4,RATIO,ATGP2,BFWA1'BF~A2,TGP)) STC 
************************************************************************STC 
* *STC 
* 
* 
* 

UPDATFD 4/15 / 78 
STEAM TUREINE CALC. 

*STC 
*STC 
*STC 

******************j ~**********n*****************************************STC 
*CALCULATIONS ARE MADE FO~ ACO~VENTIONAL CROSS-COMPOUND TYPE TURBINE *STC 
-WITH HIGH BACK-PREI SURE. REF= GE DOCUMENTATION ON THE BLACK-HILLS PROJ*STC 
-THE BLACK-HILLS DESIGN (250MW.180CPSI,10JOF/1000F) IS TAKEN AS THE *STC 
-BASE DESIGN. ACCORDING TO 3FWIIL THE NE~ DESIGN IS DERIVED BY DIRECT -STC 
*PROPORTION TO THE BASE DESIGN. IT ALSO PROVIDE FOR ABSORBING THE LOW- *STC 
-TEMP. HEAT AVAILAR~~ FROM THF STORAGE (BFWHL) AND TO PROVIDE THE ~FCE-*STC 
*SSARY EXTRACTIONS OF STFAM FOR RFBOILER (QRFS) 6~D VAPORIZER (VA?lL) *STC 
*AT THE HTS-STORAGE. *STC 
*AFTER THE NE~ DESIGN IS ESTABLISHED THE DAY TIME GENERATION IS DETER~-*STC 
*IND AND BECOMES THE*TURBIN~ RATING* *STC 
*THE NIGHT OPERATION IS D~TERMINED ACCORDING TO QAAN BY DIRECT PROPORTN*STC 
-TO THE DAY TIMF OPERATION. THE TURBINE IS SPLIT INTO T~O SEPARATE TUR*STC 
--BrNES,A SMALL ONE TO RUN AT FULL LOAD DURING 16 HRS AND A LARGE ONE, *STC 
-WHICH RUNS AT 3.5 PERCENT OF DAYTIME FLOW TO KEEP IT HOT AND TURNING *STC 
-BUT PRODUCING NO ELECTRICITY. THIS INCREASES FFFICIENCY BY AVOIDING *STC 
*FLOWS FAR BELOw DFSIGN. IN ADDITION TO REGULAR DISCHARGE,-A SEASONAL *STC 
*STORAGE CASE IS STUDIED WHERE DISCHARGE IS AT THE REGULAR DAYTIME RATE-STC 
-OF POWER OUTPUT *STC 
-NOTE-STREAM NUMBERS (EXCEPT THOS: IN CALL) ARE FOR THE STEA~ CYCLE AND*STC 
-SHOULD NOT BE CONFUSED WITH PROC~SS STREA~S. -STC 
-NOTE-DATA ARE GIVEN AND CA~CULATiONS ARE MADE IN BRITISH UNITS. ALL *STC 
*PARAMETERS SPECIFIED BY Ct~LING ROUTINE OR BY COMMON BLOCKS ARE -STC 
-CONVERTED TO BRITISH UNIT~ (FLOW-(LB/HR),ENTHALPIES-(BTU/LB),HEAT LOAD-STC 
--(BTU/HR),PRESSUR~-(PSI)'{EMP-(F)'ETC.) *STC 
*NOMENCLATURE= *STC 
- A TOTAL WATER FLOW INTO BOILER -NEW DESIGN *STC 
- AD TOTAL WATER FLOW INTO BOILER -DAY TIME *STC 
* AN TOTAL WATER FI.OW INTO BOILER -NIGH TIME *STC 
- AO BLACK-HILLS (I H) TOTAL WATER FLOW TO BOILER -STC 
* ATGP ARRAY FOR TOTtL GENFRATED POWER *STC 

- ATGP2 TGP OF SM~LL TURRINF (16 HOUR OPFRATION) *STC 
* g BH LOW PRESSURE EXTRACTION AT 86.7PSI *STC 
* BFW BOILER FEED WATER FLOW *STC 
* BFWA ARRAY FOR 80ILER FEED WATER AT NIGHT *STC 

* BFWA1 TOTJL BFW FLOW rOR NORMAL 16 HR OUTPUT *STC 
* BFWA2 BFW ~OR SEASONA', STORAGE,(100 MW OUTPUT AT NIGHT *STC 
* SFWF 90IL~R FEED WAT~R FLOW FACTOR *STC - RFWHL 80IL~R FEED waT~R HEAT LOAD (IN COMMO~ HTHEL) *STC 
* C RH L)W PR~SSURF EXTRACTION AT 2B.5PSI *STC 
* C1L CONDFNSER 1 HEAr LOAn (IN COMMON HTHEL) *STC 
* D BH UW PRESSURE EXTRACTION AT 14.3PSI *STC - ~ HEAT RATE (8TJ/HR) FOR STEAM THROUGH LP TURbINE *STC 
* FACTOR FACTOR FOR CONVrRTING FLOW INTO ENTHALPY IN KJ/S. *STC 
* FH STEAM EXTRACT FkOM YIGH PRESSURE TURBINE *STC 
* FHF STEAM EXTRACT FROM HIGH PRESSURE TURBINE FACTOR *STC 
* FI STEAM EXTRACT FROM ITER.PRESSURE TUR3INE *STC 
* FIF STEAM ~XTRACT FROM ITER.PR~SSURF TURBINE FACTOR *STC 

10 
20 
30 
40 
50 
6~ 

7) 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
ZOO 
210 
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 
480 
490 
500 
510 
520 
530 
540 

-. 



143 

* FIFI STEAM EXTRACT FROW ITER.PRESSURE TURBINE FACTOR I~ EQ-l *STC 
* FIF2 STEAM EXTRACT FROM ITER.PRESSURE TURdlNE FACTOR IN EQ-Z *STC 
* FIP STEAM FLOW THROUGH ITER.PRESSURE TURBINE *STC 
* FI?F STEAM FLOW ~YROUGH ITER.PRESSURE TURBINE FACTOR *STC 
* FIPV STEA~ FLOW T,RO~GH ITE~.PRESSURE TURulNE VALVE *STC 
* FLP FLu'N THROUGf1 LP TUV3INf *STC 
* FlPF FLaW THROUGrl LD TUR~INE FACTOR *STC 
* GPHP GROSS PRODUrTION (MWE)OF HIGH PRESSURE TURBINE (NEW) *STC 
* GPHPO GROSS PRODUCTION(:WEI OF HIGH PRFSSUR"" TUR'3INF (':',H) *STC 
* GPLP GROSS PRJnJ(TION OF LOw PRESSURE TURBINE (~EW DESIGN) *STC 
* GPLPO GROSS PRJDJCTION OF LOW PRESSURE TURBINE (SH) *STC 
* H ENTHALPY OF 01 IGINAL 8H SL6 (AT 162.4PSI) *STC 
* HB F'JTHALPY OF '3 *STC 
* f.lC ENTHALPY OF C *STC 
* HD ""NTHA.LPY OF D *STC 
* HElL HEAT EXCHANGEQ 1 LOAD (IN C0~~0N HTHEL) *STC 
* HI-H16 ENT~ALPIES AT VARIOUS LOCATIONS (SEE SCHEMEl *STC 
* I DO-l :lOP IND:::X FI'R DISCHARGE RATE *STC 
* L INDlX TO RATIO ~JWER TO 100MW *STC 
* OEC SH CJERALL HEAT (BTU/HR) CARRIED BY LP TURBINE STEAM. *STC 
* OFL RH ll~ PRESSURE STEAM FLOW INTO CONDENSER *STC 
* D12 PRE!SURE STREA~ 12 IN STEAM CYCLE (PSIA) *STC 
* Q HEAT ABSOR3ED By STEAM (DAY-RECEIVER,NIGHT-REACTORS) *STC 
* QAN QAM SCALED '3Y J~2 *STC 
* QAAN Q AVAILABLE AT NIGHT -CALL STR PARAMETER *STC 
* QBIGAN Q IN LARGE TURB'NE AT NIGHT (KJ/S) *STC 
* QSMLAN Q IN SMALL TURBINE AT NIGHT (KJ/S) *STC 
* QFST Q FR')r~ STORAGE T.OWER *STC 
* ORFS J RE'30ILER FRO~ STEAM (IN COM~O~ HTHEL) *STC 
* ~ RATIO IF NEW DESIGN A TO BH DESIGN AO (R=A/AO) *STC 
* RATIO ~AtIO OF HEAT ABSOR3ED IN STEAM RECEIVER TO STORAGE (TQA)STC 
* RCL REBCfLER-CJNJENSER LOAD (IN CO~MON HTHEL) *STC 
* ~HTR RFHICATFR F'.O'N *STC 
* RHTRF REHEATER FLO'N FACTOR *STC 
* ~1 RATIO OF FLOW AT NIGHT TO FLO~ AT DAY (Rl=AN/A') *STC 
* ~2 ~ATIO FOR POWER AT 100MW *STC 
* R4 RATIO FOR NIGHT-TIME POWER OF 100~W *STC 
* SLIJ-SL6C STEA~ LEAKS BH-DESIGN (SEE SCHEME) *STC 
* SL1-SL6 STEAM LEAKS NEW DESIGN (SEE SCHE~E) *STC 
• SPLIT SPLIT qFTWE~N LAR~= ~ND SMALL TURRINES *STC 
* TE TOTAL ENERGY (3TU) AVAILABLE AT NIGHT *STC 
* TGP TOTAL GROSS ELECTR~C PRO~UCTION (MWE) NEW DESIGN *STC 
* TGPD TOTAL GE~E~ATFD POIER DURING THE DAY *STC 
* TIME PERIOD OF T'~E QAA~ CAN SUPPLY 100.MW-E STC 
* T.'q"J ,'~IN T ACHIE"A~LE I ~ THE SYSTE\1 (K) *STC 
* TPNF THREE AND A HALF PERCENT OF NOMINAL FLOW (0. GENE~ATICN)*STC 
* TOA TOTaL Q AVA'LAQLF-STORAGE RECEIVFR CAP~CITY(~WT) *STC 
* rr~I'lMI"R TR!.'1,\1F.R HEAT LOAD lIN ("O'WC,'J HTH~Ll *STC 
* Tlj TEMP STREAM 1) IN STORAGE CYCLE (K) *STC 
* T12 TEMP STREA~ 17 IN STI"AY CYCLE IF) *STC 
* T15 TEMP STREAM 1~ IN STEAM CYCLE (F) *STC 
* T3J TEMP. STREAM ~~ IN STORAGE CYCLE (K) *STC 
* VAPIL VAPRZ-l HEAT LOAD (I~ COMMON HTHEL) *STC 
* VPDS STE~~ FLOW TO VAPORIZER AND OIST.COL. AT HTS-STORAGE *STC 
*******************************************************~*******·********STC 

Df'.lEN~ION ATr-P(3) ,'C\nft.(3) STC 
,)1',1~N<;!ON RA~I!l,(15),'3"1I(::'5) STC 

550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
701) 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 

1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1.09.0 
110') 
1110 
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C0~MON/HTHEL/~lL.VAPIL.H~lL.RCL.BFWHL .TRIM~ER.QRFS STC 112) 
COM~ON/LAHTV/6FWCT.T~IN STC 1130 

*BASIC T:)A=23J.l'IJ HO~:VER. DIRECT STEAM TOWER IS SCf..LED FOR 2339\1W-E *STC 111+) 
,ATA TOA/23J.1 STC 1150 
DATA Hl.H2. H4.H5.H~.H7.H9.H9.HIC/1480.1.1344.4. 1521.6.139STC 116a 
14.~.314.9,332.1,341.,3$O.2.436.71 STC 1170 

DATA OFL,3.C.D,HB.HC.HD,H/1729723 •• 115729 •• 70436 •• 107501 •• 1333.3, STC 1180 
11233.,1180.8.1398.81 STC 1190 

*BASIC DATA OF THE BLAC~ HILL TURBINE(1800PSIA. 1000F/ICOOF) *STC 1200 
DATA 'AO.SLIJ.SL20.SL30,SL40.SL50.SL60.GPHPO.GPLPOI2373398 •• 2791 •• STC 1210 

1811 •• 23984 •• 9226 •• 3323.,3667.,167.4,164.51 STC 1220 
.STEA~ CYCLE T AND H CALCULAT~D USING HTS SPECIFICATIONS *STC 1230 

T15=1.8*(TI0-10.)-460. STC 1240 
H15=1.011*T15-34.21 STC 1250 
T12=1.8*TMIN-460. STC 126) 
HI3=.9975*TI2-31.78 STC 1270 
P12=.049J*EXP(.C291*(T12)) STC 1280 
HI2=IC38.+49.·ALOG(P~21 STC 1290 
H14=HI3+1.4 STC 1300 
PRINT 13.T~IN.HI2,Pl~ STC 1310 

1~ FOQMAT(2X.*TMIN(KI= k,F4.1.3X'.H12(~T')/L91= •• F5.0.5X.*Pl~(PS!AI= STC 1~20 

1*.F6.~1 STC 1~~:) 
* DAY OPERATION *STC 1340 

L=O STC 1350 
OFST=TQA STC 1360 
FACTOR=3600./l.0551/(H15-H141 STC 1370 
9FW=BFWHL*FACTOR ST~ 138:) 

VPDS=(VAPIL+QRFSI*3.6E6/1055.1/(H5-H6) STC 1390 
SL4F=SL40/AO STC 1400 
FHF"=(HIO-H81,(H2-H91 STC 1410 
FIFl=(H7-SL4f *H2-FHF*H9IlH5 STC 1420 
DO 17 K=1.15 STC 1430 

7 FIF2=(BFW*Hl!.V'DS*H61/H~ STC 1440 
A=(BFW+VPDS-F IF21/(1.-SLhF-FHF-FIFll STC 1450 
FH=FHF"*A STC ]460 
FI=FIF1*A-FIF; STC 1470 
Q=A/AO STC 148() 
AD=A STC 1490 
SL1=SLI0*R STC 1500 
SL2=SL20*R STC 1510 
SL3=SL30*R STC 1520 
SL4=SL40*R STC 1530 
SL5=SL50*R STC 1540 
SL6=SL60*Q STC 1550 
RHTR=A-SL1-SL2-SL4-;L5-FH-SL3 STC 1560 
F!DV=~HTO+SLl 

FIP=FIPV+SL3 
FLP=FIP-SL6-FI-VPDS 

*HEAT ABS. BY STEAM. 
O=(A*(HI-HI0)+RHTR*(H4-H2)1*1055.1/3.6E9 
QATIO=OIQF"ST 
IF(L.GT.O)GO TO 5 
~.~TIA(I(I=RATIO 

IF(I(.GT.l) GO TO 22 
'3FA(KI=BF\1 
BFW=BFW+40000. 
BFA(K+ll=BFW 

STC 1 <;70 
STC 1580 
STC 1590 
STC 1600 
STC 1610 
STC 162" 
STC 1630 
STC 1640 
STC 16';1) 
STC 1660 
STC 1670 
STC 1680 



145 

GO TO 17 
22 DC~=(RATIA(~)-RATIA(K-1»/(3FA(K)-BFA(K-l» 

STC 1690 
STC 1700 

"':''''','=(O.'lTIAO )-1.'lC;)/ncy STC 
QI'"O(I(+1)=9FA«)-DflF'.~ STC 
8FW=BFA(~+1) STC 
IF(DbFw.LT.IC)::).)GO TO -, STC 

17 CONTINUE STC 

171" 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1809 
1910 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
l890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 

PRINT 24. DBFW STC 
24 FO~'''''AT(/3X.*N( CONVERGEN<:E ON BFW. LAST DELTA BFW= *.F10.3) STC 
5 8EC=OFL*(H-H12)+B*(H-HB)·C*(H-HC)+D*(H-HD) STC 

~C=FLP*(Hc;-Y12) STC 
GPHP=GPHPO*R STC 
GPLP=GPLPO*~C/O~C STC 
TGP=GDHD+GPLD STC 
L=L+1 STC 
IF(L.GT.l)GO TO 23 STC 
R2=1./(I.+RATIO) STC 
nFW=BFW*R2 STC 
VPDS=VPDS*R2 STC 
QFST=OFST*R2 STC 
QAN=QAAN*RZ STC 
GO TO 7 STC 

23 QFW=eF~/FACTOR STC 
TGPD=TGP STC 
~FWHL=BFW STC 
PRINT ~ STC 

2 FOR~AT(/3X.* ~AY-TIM~ ODERA;ION.*) STC 
DRINT 1.A.SL1.SL2.SL~.SL4.S~5.FH.RHTR.FIPV.FIP.SL6.FI.VPDS.FLP.BFWSTC 

1 FOR'1AT( 
1/1X,*I,/ATER TO ~30ILER 

2/3X.*SEAL LEAK - 1 
3/3X.*SEAL LEAK - 2 
4/3X.*SEAL LEAK - 3 
5/3X.*SEAL L'CII.K - 4 
f,/3X,*SCAL LEAK - 'i 
7/3X,*YP - r:XTRACTION 
8/3X.*REHEATER FLo\\' 
q/ 3X. * I P-FLO',·, AT VALVE 
A/3X.*IP TOTAL FLO'..J 
Fl/3X.*SEAL LEAK - 6 
C/3X.*IP EXTR,LICTION 
D/3X.*VAP.+DI!T. ST"'A~ 
<:" /3X , *LP TOT AL FLOW 
F/~X,*TOTAL CC~DENS,LITE 

PRINT 9.RATl( 

*.Fll.l. 
*.F10.1. 
*.F1O.1. 
*.F1').1. 
*.F10.1, 
*.FI0.1. 
*.F10.1. 
*.FI0.1. 
*.FI0.l. 
*.F1C.1. 
*.F1O.1. 
;~.F10.1. 

*.F1·0.1. 
*,1'"10.l. 
*.F10.1) 

9 FOR~AT(/3X.*[IRECT STEAM 
PRINTI4.GPHP.GPLP.TGP 

GEN. TO STORAGE RATIO=*.F6.4) 

14 FOR'1AT ( 
1/3X.*POWER G"'~ERATED AT HP TU~RINE=*.F6.2. 
Z/1X.*POVIER 'j'CNFRATI'"D .1i.T I,P TURf'IYNE=*.F6.2. 
1/~X.*TOT.L PQWFR G~N"'RAT~D =*.F6.2) 

*NIIGHT OPERAT10N 
PRPIT 'l 

3 FOR:~AT(/3X.*~1l(H-TI""'E JDER.oHION*) 
RHTRF=1.-(SLl~+SL2J+SL30+SL4J+SL50)/AO-FHF 
FIPF=RHTRF+(5L1~+SL30)/AO 

T15=1.8*(T3J-10.)-4>v. 

STC 1970 
STC 1980 
STC 1990 
STC 2000 
STC 2010 
STC 2020 
STC 2030 
STC 2040 
STC 2050 
STC 2060 
STC 2070 
STC 2080 
STC 2090 
STC 2100 
STC 2110 
STC 2120 
STC 2130 
STC 2140 
STC 2150 
STC 7160 
STC 2170 
STC 2180 
STC ;>190 

*STC 2200 
STC 2210 
STC 2220 
STC 2230 
STC 2240 
STC 2250 
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Yl~=1.01!*T!~-~4.21 
FIF=«H7-HI5)-SL40/Ar~(H2-Hl~)-FHF*(Hq-Hlsll/(H5-Hl~1 
~LPF=FIPF-SL60/AO-~I~ 

BFWF=FLPF+(SL2J+SL5J~SL6jI/AO 
*TOTAL E~ERGY AT ~IGHT = ~~~N*16(rlRSI 

STC 
STC 
STC 
STC 

*STC 
TE=GAN*36Jj.*16./l.~~51· STC 

*ASSUME·3.5 P.C.FLOW IS oa¥At~ED dY SUPPLYING 5 P.C. OF HEAT. *STC 
O=QFST*RATIO*10JO. STC 

*TUR~r~~ IS SPLIT INTO S~ALL ANDLAqG~ TupnINES *STC 
SPLIT=.26*(RATIO-l.I+. r STC 
Q8IGA~=(Q-QANI*360L./l.C551/0.965*0.050*SPLIT STC 
QSMLAN=TE-OeIGAN*16. STC 
TPNF=QBIGAN/(RHTRF*(H4-H2)+IHI-HI0» STC 
A=TPNF STC 
Q=QBIGAN STC 
PRINT 6 STC 

6 ~ORMAT(/3X.*LIRGE TURqIN~ ~T 1.SP.C. OF DAY-TI~~ FLOW*) STC 
DO 4 I=I.~ STC 
IFII-2)8ol9.,J STC 

19 PRINT 10 STC 
10 FORMATI/3X.*P( WER RATE A~ SMALL TURBINE DURI~G 16 HRS AT NIGHT.*) STC 

Q=QSMLAN/16. STC 
GO TO 11 STC 

20 PRINT 21 STC 
21 FOqMAT(/3X.*1~0 ~W-E TURBINE AT SEASONAL STORAGE OP. CONDITIONS*) STC 

Q=TGP~*Q/TGP STC 
TIME=TE/Q STC 
R4=16./TIME STC 
PRINT 15.TIME.R4 STC 

15 FORMAT(/3X,*DISCHAR;E AT FULL LOAD*,F6.3,*HRS. NEEDS*,F6.3,* DAYS STC 
10F STORAG~ TO*,/3X,*RUN 16 HRS AT FULL LOAD*) STC 

11 h=Q/(RHTR~*IH4-H2)+(HI-HI0» STC 
8 AN=A STC 

*ALL FLOWS RATIon TO FLOW INTO BOILER *STC 
RHTR=RHTRF*A STC 
FIP=FIPF*A STC 
FLP=FLPF*A STC 
BFW=dFWF*A STC 
FI=FIF*A STC 
FH=FHF*A STC 
VPDS=O. STC 
R=A/AO STC 
Rl=AN/AD STC 
PRINT 12,R,Rl STC 

12 FORMATI/3X,2HR=.EI0.4.3X,3H~I=.EI0.4) STC 
SLl=SLI0*R STC 
SL2=SL20*R STC 
SL3=SL30*R STC 
SL4=SL40*Q STC 
SL5=SL~0*q STC 
SL6=SL6J*R STC 
FIPV=RHTR+SLI STC 
PRINT I.A,SL].SL2.SL3,SL4,SL5.FH.RrlTR.FIPV.FIP.SL6.FI.VPDS.FLP,BFWSTC 
EC=FLP*(H5-H:2) STC 
GPHP=GPHP0*R 
GPLP=GPLPO*EC/OEC 
TGP=GPHP+GPU 

STC 
ST: 
STC 

2260 
2270 

," 
2280 
2290 
238:) 
2310 
2320 
2330 
2340 
2350 
2360 
2 3 7,) 
2380 
2390 
2400 
2410 
2420 
243C 
2440 
2450 
.", 60 
2470 
2481) 
249:: 
2500 
2510 
2520 
2530 
2540 
2550 
2360 
2570 
25110 
2590 
2600 
261') 
2620 
2630 
2640 
2650 
266" 
267J 
263:) 
2690 
2700 
2710 
2720 
27"3::1 
2740 
2750 
2760 
2770 
2780 
2790 
280:-: 
2'310 
2820 



PRINT14,GDHP,GPLP,TGP 
ATGP(Il=TGP 
BF~~A ( I l =BFW 

4 (O'lTINUE 

147 

*ONLY THE S~ALL T0~9INE POWER IS SENT BACK TO MEBP 
~TGPZ=ATGD(Zl 

flFWAl=BFI"A(l l+8FIo.'A(Zl 
"IFWAZ=E\FWA(3l 
FACTOR=36~0./1.0551/(H15-H14l 

3FWA1=BFWAI/FA(TOR 
BFWAZ=SF~A2/~ACTOR 

? FTJR'l 
END 

STC 2830 
STC 2840 
STC 2850 
STC 2860 

*STC 2870 
STC 2880 
STC 2R90 
STC 2900 
STC 2910 
STC 2920 
STC 2930 
STC 2940 
STC 2950 
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C:U'l~()IJTIN'" (L~CI.J.K.CLI CL~ 11'\ 
************************************************************************CLR 20 
* *CLR '30 
* UPDAT<;D 4/15/78 *CLR 40 
* CLR - CONDENSER LOAD ROUTINE *CLR 50 
* *CLR 60 
************************************************************************CLR 70 
*ROUTIiIIE IS UC:EO TO CALC. CONDeNSe~ LOAD FOq GIVEN INPUT GAS STREAM AND*CLR 80 
*GIVEN OUTPUT Te~p. IT ALSO SfT THE RFCORD FOR 80TH LIQUID AND GAS *CLR 90 
*L~AVING STqEA~S. *CLR 10~ 
* ROUTINE IS CALLED BY *CALL CCR(NI.NG.NL.CL)* * WHERE NI IS NO. *CLR 110 
* OF INPUT STREAM. NG IS NO. OF GAS EXITING STREAM.NL IS LIQUID OUT*CLR 120 
* - PUT STR<:A~. CL-CONDENSER LOAD. *CLR 130 
* ~OUTINE HAS ACCESS TO THE MAIN PROGRAM ARRAYS~F.P.T.H.Xl.X2~X3 *CLR 140 
*ROUTINF USES ceL FUNCTION TO DETER~INE TH'" LOAD *CLR 150 
* ROUTINE ASSU',lES CONDFNSATION AT CONSTANT P~"'SSURE AND SET *CLR 160 
* PC~ILl"'PCN(i)=PCNI). *CL~ 170 
* ROUTINE ASSU~ES THAT ROTH TCNI) AND ~ING) ARE GIVEN. *CLR 180 
* *CLR 190 
*NOMENCLATURE= *CLR 200 
* CL CON9ENSE~ LOAD CKJ/S) *CLR 210 
* F FLO'.~CK""OL/::;EC) *CLR 220 
* H eNTHALPy.(KJ/'O'OL) *CLR 230 
* I INPUT GAS STREA~ INDEX *CLR 240 
* J OUTPIJT GAS S1'REA~ I~I!)EX *CLR 250 
* K OUTPUT LIQ. ~TREAM INDEX *CLR 260 
* NG OUTPUT GAS STREAM INDEX CUSED FOR PRINTIG ONLY) *CLR 270 
* NI INPUT GAS STREA~ INDEX OCUSED FOR PRINTIG ONLY) *CLR 280 
* NL OUToUT LIQ. STREA~ INDEX IUSED FOR PRINTIG ONLY) *CLR 290 
* P PRESSURECBAR) *CLR 300 
* T Tr:r'p.IK) *CLR 310 
* TJ reX"T TEMP. AS ;PECIFIED TO CCL *CLR 320 
* Xl OX'GEN CONTENT CMOLE FRACTIONI *CLR '33n 
* X2 S02 CONTENT l~nLE FR.) *CLR 340 
* X3 SOft tONTENT I~)LE FR.) *CLR 350 
*****************w***********,******************************************cLR 360 
* *CLR 370 

COMMON/STREA~/FC6J).oC6)).TC60).HC60),XIC60).X2C60).X3(60) CLR 380 
* *CLR 390 

PRINT 5).I.J.K.TIJ) CLR 400 
51'\ ~OQ~ATC/~x.*CL~ ROUTIN"'*./3X.*INPUTS= NI=*.I2~3X.3HNG=I2.~X.3HNL=.CLR 410 

lI2.3X. 7HT(OUT)=.F7.2) CLR 420 
* CONDENSER LOAD CALCS. *CLR 430 

TJ=TCJ) CLR 440 
CL"'CCLCI~J.r.TJ) CLR 450 

* END OF ROU1INE.RETURN AFTER SUCCESSFUL CALCULATIONS *CLR 460 
TCK)=TCJ) CLR 470 
P~INT 44 CLR 480 
PRI~T 55.I.F(I).Xl(I).X?CI).X3CI).TCI).HCI) CL~ 490 
PRINT 55.J.F(J).Xl(J).X2CJ).X3CJ).TIJ).HIJ) CLR 500 
PRI'n 55.;(.FI;().Xllt<.j.X21;().X3IK).TIK).HIK) CLR 510 
PRINT 5'.CL CLR 520 
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44 FORMATI/3X.*RFSULTS OF CLR ROUTIN~*/.5X.2HSN.ICX.IHF.8X.2HXl. 
18X.2HX2.8X.2HX3.9X.1HT.9X.lrlHI 

55 FOR~ATI/6X,12.5X.6~10.41 

5 FOR~ATI/3X,*CONDEN5ER LOAD- CL=*,Ell.41 
RETURN 
END 

ClR 5,') 
CLR 540 
CLR "'50 
CLR 56') 
CLR 570 
CLR 580 
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S~)BROUTIN": CTRlItJ.K.CLl CTR 
************************************************************************CTR 
* *CTR 
* 'lp')aT"Tl 4/15/78 *CTR 
* CTR - (ON')FNS":R T~MP. ROUTI":. *CTR 
* *CTP 
*************************~**********************************************CTR 
*ROUTI~~ IS CALLED BY *CTRINI,NG.Nl.CL)* *CTR 
*ROUTINE CALCS. EXIT TEMP. FOR A CONDENSER WHOSE LOAD IS GIVEN. *CTR 
*IN A[)')!TIO'l TW ROUTIfIl:': CAI.CS. AND UPDAp'· THE STRl'"aM FILl'" IEXIT STREA.M*CTR 
* ROUTINE IS CALLED ~y *CALL CCRINI.NG.NL.CL)* * WHERE NI IS NO. *CTR 
* OF INPUT STREAM. NG I~ NO. OF GAS EXITING STREAM.NL IS LIQUID OUT*CTR 
* - PUT STREAM. CL-CONDENSER LOA~ • 
* ROUTINE ASSUM":S COND":NSATION AT CONSTANT PR":ssuRF AN') sET = 
* PINL)=PING)=PINI). 
* ROUTINE ASSI'~~ES THAT 90TH TINI) AND TING) ARE GIVEN. HOWEVER. 
*TING) IS CONSIDE~ED AS FIRST APPROXI~ATION ONLY AND IS UPDATED. 
* ROUTINE HAS ACCESS TO T IE MAIN PROGRAM ARRAYS=F.P,T.H.Xl,X2.X3 
*ROUTINE USES THE FOLLOWING SIJBROUTINES= VKcR.BPTR.CCL.RECOPY.ENTR2 

* 
*NO'~ENCU TUR":= 
* ~PT 
* CCLI 
* CCL2 
* CL 
* CLADP 
* DP 
* l)PFl 
* DPF2 
* !)PT 
* DT 
* EPST 
* F 
* H 
* I 
* J 
* K 
* K2 
* K3 
* M 
* N 
* N~ 

* NI 
* NL 
* P 
* TJ 
* Xl 
* X2 
* X3 

qUq~L": POINT TC::~P. 

~~AX. CL FOR TI ))=273. ALSO USED IN NR TO·FIND T 
USED IN NR I=F*DH) TO FIND T 
CONDENSER LOAD IKJ/S) 
CONDENSER LOAD AT DEW POINT 
Dn. POINT I=DPT) IN CALL FOR VKCR 
NR FUNCTION VALUE IFOR DPT) IN DO LOOP 15 
NR FLNCTION VALUE IFOR DPT-l) IN 1)0 LOOP 15 
D~~' POINT PoMP. 
INCREMENT FOR DPT AS CALC. p.Y NR IDO LOOP 15) 
TOLERANC~ FOR ACCEPTABLE DT 
FLOW I KMOL/HR) 
ENTHALPY I~J/KMOL) 

INPUT GAS STREAM INDEX 
OUTPUT GAS STREAM INDEX 
OUTPUT LIQ. STREAM IN~FX 
VOLATILITy CONST. FOR S02 
VOLATILITy CONST. FOR S03 
NO.OF ITERATIONS IN OPT DO LOOP AND T DO LOOPS 
DO LOOP INDEX IN OPT CALCS.(15) AND IN T CALCS.112.23) 
OUJPUT GAS SOREAM INDEX IUSED IN PRINTING ONLY) 
INPUT GAS ~TREAM INDEX IUSED FOR PRINTIG ONLY) 
OUTPUT LIQ. STREAM INDEX IUSED FOR PRINTIG ONLY) 
PRF.SSURE IBAR) 
('.AS EXI T TE.~p. 
...,OLE FRACTI ON 02 
MOLE FRACTIONS02 
MOLE FRACTIO~ S03 

*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 
*CTR 

************************************************************************CTR 
DIMENSION TJIIO) CTR 
COM~ON/STREAM/F(60).PI60).TI60).HI60).XI(60).X2160).X3(60) CTR 

10 
2° 
30 
40 
5(') 
60 
70 
80 
9') 

100 
110 
120 
13') 
141) 
150 
160 
170 
180 
190 
201) 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
381) 
390 
400 
410 
420 
430 
440 
45(') 
460 
470 
480 
490 
500 
510 
520 
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~EAL K2,K3 eTR ~,~ 

DATA EPST,M/1.,101 eTR 540 
PRINT 50,I,J,,(,CL CTR 550 

50 FORMATI/3X,*CTR ROUTINE*,/3X,*INPUTS= NI=*,12,3X,3HNG=I2,3X,3HNL=.CTR 560 
lI2,3X,3HCL=.El1.4" CTR 570 

*CHECK WHETHERCL IS NOT NEGATIVE. IF NEG. PRINT ERROR MASSEGE, IF J*CTR 580 
*SET STREAM NG EO. 10 NI ANDSTREAMNL EO. ZERO. *CTR 590 

IFICLI1,2,3 CTR 600 
* 1- ERROR. CL CANT BE ~EGATtVE *CTR 618 

1 PRINT 4,I,CL eTR 620 
40FOR\1AT(l3X,*ERROR IN CONDENSER LOAD DATA. CL IS NEGATIVE. NI=*, CTR 630 

112,3X,3HCL=,E11.41 CTR 640 
GO TO 100 CTR 650 

2 CALL RECOPYII,JI CTR 660 
CALL RECOPYI45,KI CTR 67~ 

GO TO 24 CTR ABO 
*CALC. CL MAX. AT TIJI=273. CTR 690 

3 CCL1=CCLII,J,K,273.1 CTR 700 
*CHECK IF SPECIFIED LOAD IS NOT TOO HIGH. *CTR 710 

IFICCL1.GT.CLIGO TO 37 CTR 720 
*MAX. LOAD CALCS. *CTR 730 

TIJI=273. CTR 740 
PRINT 38 CT~ 750 

38 FORMATI/3X,*CONDENSER CANT ACCOMODATE SUCH LOAD DEMAND WITH THE SPCTR 760 
1ECIFIED FLOW.*,/3X,*RESULTS ARE GIVEN FOR MAX. POSSIBLE LOAD-CCL*ICTR 770 

GO TO 24 CTR 780 
*FIND BUBBLE POINT. lIT IS ~OT A TRUE BP. IT IS USED ONLY AS A FIRST *CTR 790 
*APPROXIMATION FOR THE DEW POINT.1 *CTR 800 

37 CALl. BPTRIPIII,X2IIl,JPTI CTR 810 
*FIND DPT-DEW POINT TEMP. IFIRST APPROX. FOR DPT IS BPT.1 *CTR 820 

DPTsBPT CTR 830 
DO 15 N=l,M CTR 840 
~p"npT 

CALL VKCRIP~II,DP,K2,K31 
DPFl=X21 111l2+X31 I I/K3- •• 
DP=DP-1. 
CALL VKCRIP'II,DP,K2,K31 
DPF2·X2(1)/~2+X311)/K3-~. 
DT=DPF1/IDPFI-DPF2) 
IFIABSIDT)-50.)6,6.7 

7 DT z 50.0*DT/ABSIDT) 
6 DPT=DPT-DT 

IFIABSIDT)-EPST)16.16.15 
15 CONTINUE 

*G!T CLADP - CL AT DEW POINT. 
16 CALL RECOPYII,J) 

CALL RECOPVI45.K) 
TlJ)=DPT 
CALL I'.:NTR2IDPT,X2IJI,X3IJ).HIJ)1 
CL AOP=F I I) * I H I I ) -H I J I ) 
("CLl=CLAr'lP 

*SELECT CONDENS~R OR COOLER ROUTINE 
IFICLADP-CL)18,24,19 

* 
* * EXIT rl'.:~p. CALC. FOR C00L~Q. 

19 CALL RECOPYII.JI 

!"T'Q Ij'i() 

CTR 860 
CTR 870 
CTR 880 
CTR 890 
CTR 900 
CTR QI0 
CTR 920 
CTR 930 
CTR 940 
CTR 950 
CTR 960 

*CTR 970 
CTR 98" 
CTR 991) 
CTR 100(1 
CTR lOIn 
erR 1020 
rTR 18"1') 
crR 1 04~ 
CTR 1050 

*CTR 1060 
*CrR If)7~ 

*CTR 108~ 

CTR 1090 



CALL RECOPV(45.KI 
T(JI=DPT 
DO 12 N = 1 • r,~ 
IF(T(JI-DPTI25.28.?8 

25 T(JI=DPT 
28 TJ(NI=T(JI 
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CALL O:NTR;>(-J(NI.X2(JI.~~(J"HIJII 
CCLl=F(II*O (I'-H(J)' 
TJ(NI=TJ(~II-l. 

CALL E"ITR7.(""JI~1 .X2I.JI .<~lJI .HlJ) I 
CCL2=F( I I*(h( I I-H(JI I 
)T=(CL-CCLll/(CCLI-CCL21 
IF(ABS(DTI-5~.132,32,33 

33 DT=~O.Q*DT/A8S(DTI 
~2 TIJI=T(JI+DT 

IF(ABS(DTI-EPSTI26,26,12 
l' CO"lTINUE 

GO TO 8 
* -EXIT TEMPS. CAllUlATIONS. (CONDENSERI. 
*FIRST GUESS= TIJ)=(DPT+8PTI/2. 

18 T(JI=(DPT+BPTI/2. 
21 DO 23 N=I,'~ 

IF(TIJI-DPTIIO,10,11 
11 TIJI=DPT 
1~ TJ(NI=TlJI 

CCll=CCl(I,J,K,TJ(Nll 
TJINI=TJ(NI--l. 
CCL2=CCl( I ,J,",T JIN I I 
DT=ICl-CClll/(CCll-CCl21 
tF(ABS()TI-50.)~4.34.35 

35 DT=50.0*DT/ABSIDTI 
34 TIJI=TIJI+DT 

IF(ABSIDTI-EPSTI26,,6,23 
23 CONTINUE 

*NO CONVERGENCE ON T. 
8 PRINT 27 

27 FOR~AT(/~Xi*NO CONVERGENCE ON TIJI AND TIKI AT CTR*I 

* *lAST 
26 

* 24-
24 

PASS THROUGH eel 
eCLl=eeLI I ,J.K.T(JI I 
IS THE END OF ROUTINE.RETURN AFTER SUCCESSFUL CALCULATIONS 
TIK)=T(JI 
PRINT 44 
PRINT 55,I,FIII,XIIII,X2(II,X3(II,TIII,HIII 
PRINT 55,J,rIJI,Xl(JI,X~IJI,X3(Jl,TIJI,HIJI 
P R I NT 55, K , .. ( K I , X 1 I K I , X .! I K I , X 3 I K I , T I K I , H I K I 

eTR 
CTR 
CTR 
eTR 
eTR 
CTR 
eTR 
eTR 
CTR 
CTR 
CTR 
eTR 
CTR 
eTR 
eTR 
eTR 
eTR 
eTR 

*eTR 
eTR 
eTR 
eTR 
eTR 
eTR 
eTR 
CTR 
CTR 
CTR 
CTR 
CTR 
eTR 
CTR 
CTR 
CTR 

*CTR 
CTR 
CTR 

*CTR 
*eTR 

eTR 
*CTR 

CTR 
eTR 
eTR 
eTR 

44 FORMATI/3X,~RESULTS OF :TR ROUTINE*I,5X,2HSN,10X,lHF,8X,2HXl, 
eTR 
erR 
CTR 18X,2HX2,8X,2HX3,9X,IHT,QX,lHHI 

55 FORMAT(/6X,·2.5X,6EIO.41 
PRINT 9.CL,l,.CLl 

9 FORMAT(/3~.*CONVERGENCE ACCURACY= CL=*,E11.4,3X,*COMPARE TO 
lEll.41 

100 RETURN 
I5:ND 

CTR 
eTR 

CCL=*,eTR 
eTR 
CTR 
eTR 

1100 
1110 
1120 
11'30 
1148 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
12~0 
1240 
1250 
126'1 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
14~0 

1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1621) 
1630 

., 
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~U~CTIO~ CCL(I.J.K.TJl CCL 10 
***********************~~***********************************************CCL 2') 

* 
* 
* 
* 

UPDATED - 5/17/78 
CCL - COMPUTATIONS OF CONDENSER LOAD FUNCTIO~ 

*rrL 
*CCL 
*CCL 
*CCL 

1" 
,0 
50 
60 

****************************~*******************************************CCL 7() 
*CCL IS A FUNCTION CALLED BY BOTH CLR AND CTR TO DETeRMINE CONDENSEq *CCL 80 
*LOAD. FUNCTION IS CALLED ~Y *CCL(TJ1* WHEq~ TJ IS THE OUTPUT T~Yp. *CCL 90 
*FUNCTION HAS ACCESS TO ALL STRtAM RECORDS. NR SCHE~E IS USED TO FIND *CCL 1,)" 
*LIQUID FLOW AND CO~POSITION OF THE EXIT STRFA~. FIRST G~FS~ES AqRAY5 *CCL 110 
*ARE BASED ON INPUT. *CCL 120 
*FUNCTION USES THE FOLLOWiNG ROUTINES= VKCR.ENTRl.ENTR2.RFCOPY *CCL 1,0 
* NOMENCLATURE= *CCL 140 
* AL ARRAY FOR POSSIBLE FIRST GUESSES OF L *CCL 141 
* AX ARRAY FOR POSSIBLE FIRST GUESSES OF X2 *CCL 142 
* All NR JAC08Ift~ ~ATRIX VARTARLe *CCL 1~0 
* A12 NR JACOBIAN ~ATPIX VARIABLe *CCL 16" 
* A21 NR JACOBIAN '4ATRIX VARIABLE *CCL 170 
* A22 NR JACOBIA.N .IATRIX VARIABLF *CCL 18'1 
* CCL CALCULATED CJNDENSER LOAD (FUNCTION) *CCL 190 
* CL CONDENSER LOAD (KJ/SFC I *CCL 20" 
* D DETERMINANT OF THE NR JACOBIAN MATRIX *CCL 210 
* DL INCREMENT FOR L IN ~R SCHFyF *CCL 220 
* DX2 I "l("ReMENT FOR I(X2 I"l ~IP SCHn~F *CCL 230 
* EPSL TO' ERANCE FOR "lCCEPTA9Le DL *CCL 240 
* EPSX2 TOI FRANCE FOR ,CCEPTA9LE DX2 *CCL 250 
* F FLOW (KMOL 'SEC I *CCL 260 
* Fl FUr'Cl ION IN NR FOR XX2 AND L *CCL 27'1 
* F2 FUNCTION IN NR FOR XX2 AND L *CCL ~8'l 
* H E~THALPY (KJ/~~OLI *CCL ?90 
* I I NPUT GAS STRE.~~' INDEX *CCL '300 
* II INDex FOR DO L00~ PREPARING INITIAL GUESSES *CCL 310 
* J OUTPUT GAS ;TREA'-1 INDEX *CCL 37') 
* K OUTPUT LIQUID STREAM INDEX *CCL 3'3') 
* K2 VOLATILITY ·CONST. FOR 502 *CCL 340 
* K3 VOLATILITY CONST. FOR 503 *CCL 350 
* L LIQUID FLOW -ARRAY IN NR SCHE~E *CCL 360 
* M NO. OF IH:RATIONS -NR SCHEME *CCL '370 
* N INDEX IN ~O LOOP 34 -NR SCHE~E *CCL 380 
* NPI N+l IN DC LOOP "14 *CCL '3 Q I) 

* P PRESSURE (BAR I *CCL 400 
* T TEMP. (K) *CCL 410 
* TFC TEST FOR CONDENSATION FUNCT10N *CCL 420 
* T J GAS EXI T TE~P. *CCL 430 
* TK LIQUID EXIT TEMP. *CCL 440 
* XX2 X2 IN L -ARRAY IN NR SCHEME *COL 450 
* X 1 MOL. FR. 02 *CCL 460 
* X? "'OL. FR.S02 *CCL 471) 
* X~ 'AOL. F~. SO"! *CCL 48'1 
*************************~**********************************************(CL 220 
* *CCL *230 
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eO~~ON/STREA~/F(6~).P(6~).T(60).H(60),Xl(6C).X2(60).X3(60) 

JI~ENSION AX(5).Al(5) 
CCl 
CCl 
eCl 
cel 
CCl 
CCl 
CCl 
CCl 
CCl 
eel 

* 

RE<'Il K2.'O 
~EAl L( 2:i).XX2( 2:)) 
""TA ~120/ 
DlITA EPSX2.~PSl/0.J05.100.0/ 

* SET EQUAL prE~suqE THROJGHOUT THE eOND~NSF.R. 
P (J) =P ( I) 
P(K)=P(I) 
TK=T J 
CAllVKCR(P(K).TK. ~2.K1) 

*CH::CK IF ~IXTURE IS eONDENSlllE AT THIS TEMP. TFC=TEST FOR 
TFC=X;>(I)/K2+X3(1)/K'.I 

CCl 
CONDENSATIONCCl 

CCl 
CCl IF(TFe.lF.l.J~) GO TO 11 

* CALC. INITIAL GUESSES FOR XX2(N=1).l(N=I) 
:)0 3 11 = 1. '3 
AX(ll)=0.1*11 

:3 AL(ll)=Jol5*Il*F(I) 
')0 1 II = 1. 'i 
XX2( 1 )=AX( III 
Ul)=AL(lll 

*~NTERING NEWTO~ RAPHSON ITERATION qOUTIN~ FOR XX2 AND l 
4 ')0 34 N=I.M 

NPl=N+l 
F 1 = ( F ( I ) -l (N) ) * ( 1. -K3-XX2 (N) * ( K2-K 3) ) -F ( I ) *x 1 ( T ) 
F2=(F(I)-l(N))*K2*XX2(N)+l(N)*XX2(N)-F(I)*X2(I) 
All=XX2(N)*(K2-K~)+K'.\-1. 
A12;:(F( I )-L(N) )*(K3-K2) 
A21=XX;>(N)*(I.-K2) 
A22=(F( I)-UN) )*K2+l(N) 
D=Al1*A22-AI2*A21 
Jl=(AI2*F2-A22*Fl)/D 
DX2=(A21*FI-Al1*F2)/D 
LlN+1)=UN )+Dl 
XX2(N+l)=XX2(N)+DX2 
IF(AaS(DX2)-EPSX2)41.~1.34 

41 IF(ABS(Dl)-EPSl)42.42.34 
34 CONTI NUE 

PRINT 43.M 
43 FORMAT(/3x.*COMMON ROUTINE DIDNST CONVERGED AFTFR 

INS*) 
42 X2(K)=XX2(Nr 1) 

X1(1():;:1.-X"1(j 
Xl(l()='). 
X2(J)=K?*Xi'(I() 
X 3 ( J) = I( 3 *x 3 ' K ) 
Xl(J)=1.-X2(J)-X3(J) 
F(K)"l(NPl) 
F(J)=F( I )-F(K) 

*CCl 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 

*CCl 
eCl 
CCl 
CCl 
CCl 
CCl 
CCl 
eel 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 
CCl 

M=*.12.*ITERATIOCCl 
CCl 
CCl 
cel 
CCl 
eCl 
eCl 
CCl 
CCl 

* CALC. CONDF.NS~R lOAD FOR THE PARTICULAR T(J) ~IVEN TO THE COM~ON 
CAll ENTR1(TK. X2(I()'H(I(')) 

CCl 
ROUTNCCl 

CCl 
rill ~NTQ?(TJ. X2(J).X'.I(J).~(J)) 

rCl=F(I)*H(I)-F(J)*H(JI-F(K)*H(I() 
*CHECK IF ANY I~POSSIBlE NEGATIVE FLOWS EXIST. 

TF(I"(J))8.2.2 
8 IF(F(J)+C.0!*F(I))1.7.7 
7 F(J)=O. 

eel 
CCl 

*CCl 
CCl 
CCl 
CCl 

240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
'360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
C;OO 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
66" 
670 
68') 
69!') 
700 
710 
720 
730 
740 
7C;(\ 
76') 

770 
780 
790 ~ 

800 



'" ( '< ) = C" ( T ) 
2 IF(F(I(I)9t1JJ.lCl:) 
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rl"l '11'1 

eCl 820 
Q TF(F(1()+:1."1*"'(Ill1tl·Q,1" I"l"l p~!, 

Ie "'(~)=Q. CCl 840 
F(J)=F(I) eel 95"! 
GO TO 100 CCl 860 

*TRY DIFF. INITIAL CONDITIONS. IF )OESNT HELP STOP P~0G. *CCl 97'1 
1 CO~TINJE CCl qR~ 

PRI~T 6,F(I),F(J),F(!(I CCl g'1"! 
6 "'O~MAT(/3X,*FlOW5 !,J,K, aR"'=*,3(3x,"'11.4» rCl Q,,!" 

pqINT ~ eCl Ql"! 

5 FOR~AT(3X.*IGNORE I"ONDENS~R. S~T F(J)=F(I) AS IF NON-CONO~*) eCl 920 
*CAlCS. FOR NON-CON~:::NSP3lE FE<:D. *CCl '13() 

11 Xl(JI=Xl(I) CCl 940 
X2(JI=X2(II CCl 950 
X3(JI=X3(I) CCl 960 
F(JI="'(I) CCl 97') 
CAll C"NTR?(TJ,X2(J).X3(J).H(J» Cel '18" 
CAll R::COPY·4~.KI eel '190 
Cl=(H(II-H(J»*F(I) eel 1000 
CCl=Cl cel 1010 
PRINT 12.T(J).Cl CCl 1300 

12 FO~UAT(/3X.*CCl WAS CA('.FD Tn CALC. FO~ NCNCON~"'~SI9l~ vIXTUq"'. l0CCl 1310 
lAD CALC. ON BASIS OF GAi ENTHALPY CHANGE ONLY. T(J)=*.F7.2.3X.3HCLCCl 1320 
2=,E11.4) CCl 13~0 

100 RETURN cel 10ZCl 
1000 CONTINUE CCl 10,0 

END eCl 1040 
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SU8ROUTI~E FINDTINS.J) FINT 
************************************************************************FINT 
* *FINT 
* UPD~TED 4/15/78 *FINT 
* FINDT - ROUTINE TO FIND T IF H IS GIVEN. *FINT 
* *FINT 
************************************************************************FINT 
*ROUTINE IS CALLED BY *FINDTINS.NF) WHERE NS IS STATE INDICATOR (1 FOR *FINT 
*LIQ. 2 FOR GAS) AND NF IS THE StREAM RECORD NO. IT HAS ACCESS TO ALL *FINT 
*STREAM RECORDS. ROUTINE ~SES VALUE FOUND IN TIJ) 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= *FINT 
* DT INCREMENT OF TIJ) CALC.BY NR SCHEME *FINT 
* F FLOWIKMOL/SE() *FINT 
* H ENTHALPY,IKJ/KMOL) *FINT 
* HH ENTHALPY cOR~~SPOND TO TIJ) *FINT 
* HI ENTHALPY COR,IESPOND TO Tl *FINT 
* I INDEX IN DO LOOP 1 *FINT 
* J NO. OF STREAM RECORD FOR WHICH T IS CALC. *FINT 
* NS STATUS OF STREAM- LIQUID II) OR GAS (2) *FINT 
* P PRrSSUREIBAR) *FINT 
* T TE·~P.IK) *FINT 
* TIT I ,') + 1 *F I N T 
* Xl OXYGEN CONTENT IMOLE FRACTION) *FINT 
* X2 SO:" CONTENT IM'}LE FR.) *FINT 
* X3 SO:, CONTENT IMILE FR.) *FINT 
* *FINT 
*****************************.******************************************FINT 
* *FINT 

COMMON/STREAM/F(60).PI61),TI60).HI60).XlI60).X2160,.X3(60) FINT 
00 1 1-1.30 FINT 
naT I J)+l. FINT 
IFINS-1)4.4.3 FINT 

3 CALL ENTR2ITI~).X2IJ).X3IJ).HH' FINT 
CALL ENTRZlil. X2IJ').X3IJ).Hll FINT 
GO TO 5 FINT 

4 CALL ENTRIITIJ).X~IJ).HHI FtNT 
CALL ENTRlITl. XZIJItHlI FINT 

5 DT*IHH-HIJ',/IHI-HH, FINT 
TIJ)-TIJI-DT FINT 
IFIABSIDT)-O.OllZ,Z,l FINT 

1 CONTINUE FINT 
* NO CONVERGENCE ON T= PRINT MESSAGE. *FINT 

PRINT 6,TIJ),HH.Hl,HIJIJJ FINT 
6 FORMATI/3X.*NO CONV. ON T= TIJ)~*,F6.2.3X.3HHH=.EI0.4.3X.3HH1=.F10FINT 

1.4,3X.5HHIJ)=.E10.4,3X.2HJ=,I2.*IN FINDT*) FINT 
Z ~E.TUR'" FINT 

END FINT 
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260 
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280 
290 
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.SUBROUTIN~ ~ECOPYII,J\ COpy 10 
************************************************************************COPY 20 
* *COpy 30 
* UPDATED 4/15/78 *COpy 40 
* RfCOPy - qECOqD CooY~R. *COpy 5~ 

* *COpy 60 
*****************,,******************************************************COoy 70 
*QOUTINE CALLED gv CALL qECOP!IIIN,IOUT) WHERE IIN=qECORD TO COpy FQO~ *COpy 80 
*AND IOUT=RECORD TO UPDATE. *COPy 90 
* *COpy 100 
*VARIABLES= *COpy 110 
* F FLUWIK~OL/SEC) *COpy 120 
* H 'CNTHALPy,IKJ/K"10L) *COPY 130 
* I INPUT STRFA"1 T jr)ICATOR *COpy 140 
* J OUTPUT STREA\1 'NDTCATOR *COpy 170 
* D PRESSUREIBAR) *COpy 180 
* T TEMP.IK) *COpy 190 
* Xl OX~GEN CONTENT IMOLE FRACTION) *COPY 200 
* X2 S02 CONTENT 1 MOLE FR.) *COpy 210 
* X 3 S03 CONTENT 1 MOLE FR.) *COpy 220 
************************************************************************COpy 230 
* *COpy 240 
* *COPy 25~ 

COMMON/STREAM/F(60),PI60),TI60),HI60),XI160),X2160),X3(60) COpy 260 
FIJ)=FII) COpy 270 
TIJ)=TII) COpy 280. 
PIJ)=PII) COpy 290 
HIJ)=HII) COpy 300 
XIIJ)=Xll!) COpy 310 
X2IJ)=X21!) COpy 320 
X~IJ)=X311) COpy 330 
RETURN COpy 340 
END COpy 350 
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FUNCTIO~ TRKP(X,P,Xl,X?,X,) TRKP 11') 
************************************************************************TR<P 2CJ " 
* *TRKP 30 
* UPDAT""D 4115178 *TRKP 40 
* TRKP - KP CONSTANT ROUTINE *TRKP 50 

* *************************'**~*******************************************TRKP 
6" 
7" 

*ROUTINE IS CALLF.D ~y HT~ *TRKP 8" 
*ROUTINE CALCS. KP FOR GIVEN X AND p. *TRKP 90 
* ~OMENCLATURE= *TRKP 100 
* C CO~VERTED FRACTION X*X~ *TRKP lOS 
* P TOT AL PRESSURE *TRKP II'} 
* TRKP FUNCTION-TE~~. DEPENDED REACTION KP CONSTANT *TRKP 12;) 
* X' 0' 'AOL. ""R. -*TRKo ,.,,, 
* X 2 <;02 ·~OL. FR. -*TRKP 1,1 
* X"I S03 "IOL. FR. -*TRKP 1 32 
************************************************************************TRKP 140 
* *TRKP 150 

('=X*X3 TRKP 16:) 
TRKP=(X2+C)!(X3-C)*SQRT:P*(2.*Xl+C)/(2.+C)) TRKP 170-
RETUR~ TRKP 18') 
END TRKP 19') 
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TKP 
************************************************************************TKP 
* *TKP 
* TRKTKP - CONSTANT ROUTINE *TKP 
* *TKo 
**************************~*********************************************TKP 
*~nJTI~F IS CALLcD 9Y Llq *TKP 
*ROUTI~F (ALeS. KO cOR GIVc~ X AN~_P. OXI"~TIO~ qCACTION. *TKo 
* NO~ENCLAT~RE= *TKP 
* C CO~VFqTED FRACTION x*x" *TKP 
* P TOTAL PRESSURE *TKP 
* TKP FUNCTION-TEMP. DEPENDED 95133965 27 365STANT *TKP 

,* Xl 02 ·~OL. FK. *TKP 
* X2 502 ~OL. FR. *TKP 
* X., 503 ~OL. FR. *TKo 
************************************************************************TKo 
* *TKP 

C=X*X;> TKo 
TKP=(X3+C)/(X?-C)/S~RT(P*(2.*X1-C)/(2.-C)) TKP 
qETURN TKP 
FND TKO 

10 
;>0 
1:") 

40 
'i0 
6~ 
7,) 

80 
90 

100 
110 
120 
130 
140 
150 
1",n 
1 711 
180 
]90 
200 
210 
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FUNCTION CP(T,Yl,Y2,Y3) CP 
************************************************************************CP 
* *CP 
* upr)t.Tel) 4/1 r / 7 8 *(P 
* CP - SPACIFIC H~AT ROUTINE *CP 
* *CD 
************************************************************************CP 
*RO~TINE CALCS. cr ~T ANY GIV·iN T AND COMPOSITION. *CP 

*cp 
*cp 
*cp 
*cp 
*cp 
*CP 
*cp 
*CP 
*cp 
*cp 
*cp 

*cp AS FUNCTION O~ TEMP. IS T ,KEN ACCORDING TO EKLUND. 
*(FOR EXACT REFF.RENCE 5EF. E:NT'i ROUT! NE) 
* ~OI.1ENC·LATIJRE= 
* CP FUNCTIO-OVERAL~ SP~CIFrc HEAT 
* CPI SPECIFIC HEAT )F 02 
* CP2 SPECIFIC HEAT OF 50Z 
* CP3 SPECIFIC HEAT OF 503 
* T SY5T~M TEMP. 
* Y1 MOL. FR. OF 02 
* Y2 1.101.. FR. OF 502 
* Y3 MOL. FR. OF S03 
***********************~************************************************rp 

CPI=7.16+0.001*T-4.0E4/T**2 CP 
CP2=10.3e+2.54E-3*T-1.42E~/T**7. CP 
CP3=13.7+6.42E-3*T-3.12ES/T**2 CP 
CP=CPl*Yl+CPZ*Y2+CP3*Y3 CP 
Rr:TURN CP 
J!:ND CP 
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190 
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270 
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OHR 10 
************************************************************************~HR ~0 
* *DHR 30 
* UPD~T"D 4/15/78 *DHR 40 
* DHR - HEAT 0" REACTIQ~ ROUTI~F *9HR 50 
* *DHR 60 
************************************************************************DHR 70 
*ROUTI~E CALes. HEAT OF REACTION AT AN~ T ACCOR~ING TO $ *DHR 80 
* DHR(Tl=DHR(298Kl+(H-PROD.-H-REAC.l AT "T *DHR 90 
* GIV~N= DHR(298Kl=2352~. CAL/~OL~ (REF. E~LUNDl. *DHR 100 
* *DHR 110 
*~O~~NCLATURE= *DHR 120 
* DHR F0NCTION-DELTA HEAT OF REACTION *DHR 130 
* T REACTION TEMP. *DHR 140 
********************~*******~*********************~*********************DHR 150 

D~R=23523.-~.6*T+l.69F.-3*T**2+1.5E5/T-577.5 DHR 160 
RETJRN DHR 170 
E~D DHR 180 
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SUBROUTINE ENTRl(T,X2,HLl ENTL 10 
*******************1****************************************************ENTL 20 
* *~NTl ~o 
* UPDATED 4115/78 *ENTL 40 
* ENTR1 - ENTHAL?Y OF LIQUID MIXTURE ROUTINE *ENTl 50 
* *ENTL 60 
************************************************************************~NTl 70 
* ROUTINE IS CALLED BY *CALL ENTR1IT,X2,HLl* WHERE T IS TEMP.IKl, *~NTL 8~ 
* XZ-SOZ MOLE FR. IBOTH T A~D XZ ARE SPECIFIED BY THE CALLING P~OGl*ENTL 90 
* HL~LJQUID MIXTURE ENTHALPYIKJ/KMOLEl TO BE CALCULATED. *ENTL 100 
* IT IS ASSUMED THAT LIO. MIXTURES CONTAIN ONLY SOZ+S03 AND BEHAVE *ENTL 110 
* AS AN IDEAL "1IXTUR!". *ENTL 120 
* ROUTINE CALL ENTRZ TO OBTAIN HIGAS MIXTUREl AND THEN IT CALL LH~ *ENTL 130 
* TO OBTAIN HEAT OF VAPORIZATION AT THE SA..,E TEMP. *ENTL 140 
* ~ILIQUIDE MIXTUREl.hIGASl-LHIMIXTUREl *ENTL 150 
* NOMENCLATURE: *ENTl 160 
* HG ENTHALPY OF GAS AT T AND COMPOSITION XZ,X3 *ENTl 170 
* HL ENTHALPY OF CIO AT T AND COMPOSITION X2,X3 *ENTl 180 
* LH LATENT HEAT OF STREAM AT T AND X2,X3 COMPOSITION *ENTl 190 
* T TEMP. OF STREAM *ENTL 200 
* X2 MOLE FR. S02 *ENTL 210 
* X3 MqLF.: FR. 503 *ENTl 220 
***************************~********************************************ENTl ~30 

REAL lH ENTl '40 
X3-1.-X2 ENTL 250 
CALL ENTR2IT,X2,X3,HGl ENTl 260 
CA\.L LHRIT,X2.LHl ENTL 270 
HI.-HG-LH ENTl 280 
RETURN ENTl 7,90 
END ENTL 300 

u l 
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FNTG 10 
*****************~*********** f******************************************~NTG 
* *~NTr, 

* UP~ATFD 4/l~/78 *~NTG 
* ENTR2 - E~THALPY ROJTINE FOR GAS MIXTURES *ENTG 
* *ENTG 
************************************************************************ENTG 
* ROUTINE IS CALLED ~Y *C,LL E~TR2(T.X2.X3.H)* WHERE T IS TE~P.(K).*ENTG 

* XZ-S02 ~OLE F~ •• X3-S03 MOL~ FR •• H-E~THALPY TO ~E CALC. 9Y TYE *ENTG 
* ROUTIN~ (KJ/K~OLE). *ENTG 
* ROUTINE CALCULATES ENTHALPIES FOR 02-XI.S02-X2.S03-X3 GAS ~IXTURESENTG 
* (X2 AND X3 '~E GIVEN. Xl MAKES THE BALANCE). *ENTG 
* ENTHALPIES ARE CALC. FROM TE~P. DEPENDENT SPECIFIC HEATS AS GIVEN*ENTG 
* RY K.K.KELLEYJ HIGH TEMP. HEAT-CONTENT.HEAT-CAPACITY.AND ENTROPY *ENTG 
* DATA FOR INrRGANIC C0MPOUNDS. BUREAU OF MI~ES. BULL. 476 (1949) *ENTG 
* AND A~ INT~G~ATED BY R.9.E~LUND.THE qATE OF OXIDATION OF S02 wITH*ENTG 
* CO~ERCIAL VANA~IU~ CATALYST. PH.D DISSERTATION. THE RCYAL INST. *ENTG 
* OF TECH. ST()CI(HOLt~ (1956,. *ENTr-
* ~IXTURES ASSUME TO BE IDEAL.I.E. H=XI*Hl+X2*H2+X3*H3 *ENTG 
* H IS O.LC. IN (KJOULS/K,V.OLE). BASIS IS HO(298ol6K) *ENTG 
*N0~ENCLATURE= *ENTG 
* H OVERALL ENTHALPY OF THE GAS STREAM *ENTG 
* Yl ~NTHALPY OF 02 AT T *ENTr, 
* H2 ~NTHALPY OF S02 AT T *ENTG 
* H'>. ~NTHALPY OF 503 AT T *ENTG 
* T TE"'1P. OF STREA~ *ENTG 
* Xl MOLE FRACTION OF 02 IN STREAM *ENTG 
* X2 MOLE FRACTlON OF S02 IN STREAM *ENTG 
* X3"10LE FRACTION OF S03 IN STREAM *ENTG 
************************************************************************ENTG 
* CALC. OXYGEN CONTENT Xl AND A"JUST IF ZER0 *ENTG 

Xl=1.-X2-X~ ENTG 
IF(XlI1.2.2 ENTG 

1 X2=X2+X2*Xl ENTG 
X3=1.-X2 ENTG 
Xl=O. ENTG 

* CALCULATE INDIvIDUAL ENTHALPIES AND ~EIGHTED MIXTURE ENTHALPY *ENTG 
2 H1=7.16*T+0.JJ05*T**2+4.E4/T-2313. ENTG 

H2=10.38*T+1.27E-3*T**2+1.42E5/T-3683. ENTG 
H3=13.70*T+~.21E-3*T**2+3.12E5/T-5417. 

H=4.1868*(Y"*Xl+HZ*X?+HI*X3) 
~ETUqN 

F!IlD 

ENTG 
ICNTG 
ENTG 
ENTG 
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S~BROUTIN~ LHRIT.X2.LHI LHR 
************************************************************************Lyq 
* *LYR 
* UPDA TFD 411517 8 *LH~ 
* LHR - LA TENT HEA T ~jUT I NE *LHR 
* *LHR 
***************************4********************************************LyR 
* ROUTINE IS CALLED qy *LHR(T.X2.LHl* WH~R~ T-TE~P.IKI. X2-~OLF. Fq.*LHR 
* OF 502 (T AND X2 ARE ~PECIFIED BY TH" CALLING PROG.l.LH-LAT~NT *LHq 
* HEAT(KJ/~~OLEITO BE CALCULATED. *LHR 
* BAS~C' DATA WHERE TAKEN FROM NICKLESS. LATENT HEATS AS FUNCTIO~ OF*LHR 
* TEMP. ARE CALCULAT~D A.CCORDI~G TO PERRY$S CHEM. ENG. H.B •• 5TH. ED*LHR 
* (19731.PG.3~239.EQ.3-53. THE EXPONENT WAS TAKEN AS 0.545 (RATHER *LHR 
* THEN 0.381"'HICH RESULT:D FRf)'~ (ALCS.FOR BOTH SOZAND S03 FROf\! *LHR 
* ACTUAL REPOfTED DATA OF LHITI GIVEN BY EITHER NICKLESS OR BY *LHR 
* LANGE$S H.B. OF CHE~IST~Y ED.J.A.DEAN.MGH 1973. *LHR 
* THE LH FOR ·HE MIXTURE is CALCULATED ACCORDING TO P~RRY$S ~Q.3-57*LHR 
* (PG.3-2391. LH=LH2*X2+tI3*X3. FINAL RESULTS CONVERTED INTO KJ/MOL*LHR 
* DATA USED - *LHR 
* 502 TC=430K. TB=26JK. LH(2631=6.00KCAL/MOLE *LHR 
* 503 TC=491K. TB=31QK. LH(3181=9.75KCAL/MOLE *LHR 
*NO~ENCLATUPE= *LHR 
* LH OVERALL LATE~T HEAT (KJ/KMOLI *LHR 
* LH2 LATENT HEAT OF 502 AT GIVEN T *LHR 
* LH3 LATENT HEAT OF 503 AT GIVEN T *LYR 
* T TEMP. OF STREAM FOR WHYCH L~ IS CALC. *LHR 
* X2 MOLE FRACTION OF S02 IN STREAM *LHR 
* X3 ~OLE FRACTION OF S03 IN STREA~ *LHR 
************************.***********************************************LH~ 

REAL LH.LH2.LH3 LHR 
X3=1.-XZ LHR 
IF(T-430.11.2.2 LHR 

2 IFIT-491.15.6.6 LHR 
5 LH2=0. LHR 

GO TO 7 LHR 
1 LH2=6.0*«430.-TI/161.1**O.545 LHR 
7 LH3=9.75*( 1491.-TI/173.1**0.545 LHR 

LH=4186.8* (LHZ*XZ+lH3*X'I1 LHR 
GO TO 4 lH~ 

6 LH=O. LHR 
PRINT 3,T LHR 

3 FOR~AT(/3X.*LHR ROUTINE HAS BEEN CALLED TO CALC. LH FOR MIX. ABOVELHR 
1 THE CRITICAL PT. SET LH=O. T=*.F7.21 LHR 

4 RETURN LHR 
END LHR 
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VKCR 1" 
*********~*******Y*J *********~******************************************V~rQ ,"I 

"') 

4" 
5') 
6, 
n 
dO 
9:) 

JPI)t.T,:') 4115178 
VKCR - VOLATILITY ~ (O~STAMT ROUTINE 

*VKCR 
*III(C,< 
*VKC" 
*VKC" 

**~****~****~**~*~*~********* ~******************************************VKC~ 
* RCUTI~': IS CALLED AY *CALL VKCR(P.T.K2.K3)* WHE~E P IS TOTAL *VKCR 
* PR~55U~~ AN[ T IS TE~PERATUR~. BOTH T ANJ P ARE SP~CIF[~D 3Y THE *VKCR 
* CALL[~~ PP~~"IV. K, ,~~ K3 ft"~ THE VCLATILITY K CO~STANTS OF 502 *VKCR 10 0 

11" 
12'1 
13') 
14" 
15:! 

* A,'lD ,e,'J3 RrSD:( TIVELY '.,lHICH fiR" r,~L':'JL!lTI=" oy THC" RO'JTI''':-. *\lKCR 
* IT [5 ASS(Wf,) THAT $',)2 ~'lD SO." FCR'~ DEAL SYST~'1'[.<=:.THE CC~PCNC:N*V<'CR 

* OF THE ~IXTURE OBEY R~OjLTiS ~N) DALTON5S LAWS= *VKCR 
* PI=P*YI=DSI*XI *VKCR 
* KI=Y!/XI=PSI/P *VKCR 

* 
* 
~ 

-* 

* 
* 
* 
* 
* 

"/H':RF-
I ONC" OF THE MIXTUR~ rO~PONC"NTS (1=2 FOR S02. 1=3 FOR S03) 

*VKC" 16" 
*VKCR 170 
*VKCR 180 KI VOLATILITY CO~STA~T OF I 

D TnraL 5YSTI=~ Dry,:ssu~e 

PI PA~TIAL PReSSURE ~F C0~PO~<=:NT IN GAS 
DSI Vi\PJi, I'R c SSURf: JF PI.)"C LIQUID 
T TF:';PE:<ATURE 
XI ~OLE FRACTION OF I IN LIOUI) 
VI MOLE FRACTION OF I TN GAS 
PROGRA~ U5<=:S E2 AND E3 AS INTER~':DIATE VARIABLES FOQ THE 

*VKCR 19,) 
*VKCR 200 
*VKe, 21') 
*VKCR 220 
*VKCR 230 
*VKCR 2411 

EXPONENTSVKCR 25') 
"" "e ~C TN '"~Lr'JLr,Tr~I(" (')~." ·~~I') ~~'l "C"~De(TIIjC"Lv. *IIKrO "1," 
*****""****.*~.*********.******.*****************************************VKCR 27~ 
* ~OVENCLATUR~ *VKCR 280 
* e2 eXPONENT PJW<=:R FOR ESTIMATING PS2 *VKe" 290 
* E3 cXPONENT PGW~R FOR ESTIMATING PS3 *VKCR 300 
* K2 VOLATILITY C~N5TA~T OF 502 *VKCR 310 
* 1(3 
* " 
* P52 
* ns"l 

* T 

VOUI T I LI Ty CllN<;TA'IT OF 
TOTAL SYSTE,~ PRcSSURe 
1/!'1POR PRE~SURE OF PURE 
\f~D"" P"IC"S5I,JOF !"IF PU'<': 
S TI<EAr~ T E'~P. 

SO" 

LI Q. 

LI0. 
SC2 
Sf'" 

*VKCQ 'I~"1 

*VKCq 33() 
*VKCR 34() 
*vI(C" 3S" 
*VKCR 360 

******* **.* ****** *".*** ******** ************ * ** ****** ***********If* *********VKCq '171) 
* r)I\TA qEFeqc-''CE= *VKCR 381) 
* G.NICKLESS. INCRGANIC SJLFUR CHEMISTRY. ELSEVIER - 1968 *VKCR 39() 
* PG.373 FOR S02. 03.392 FOR 503 *VKCR 400 
* PPr,GI'<J','1 ASSI"AES TH~T T 1:,<: IN (I() A~1f) P IN (BAq). *VKCI:1 41') 
* ~~E BPTI'< SU~QauTIN~ FOR r)ETAILES. *VKC" 4?0 
*****************************.******************************************VKCQ 431) 

RC"AL 1(2.1(3 VKC" 44() 
':2=12.0754-1867.52/T-O.015865*T+J.OUOOI5574*T**2 VKCR 450 
PS2=10.**~2*I.J133/76. VKCR 460 
1(2=PS2/P VKCR 470 
E"=4.?7]a-c{~.7R/(T-~".) VKCR 480 
(')S3=1~.**~1*1.C133 

'l=DS"/" 
FTUR'IJ 
NI") 

VI(C~ 49" 
1/1«(" ~J,) 

VKCR 'dO 
IJKCR 'i?"1 
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SUBROUTINe:: P.PTR(P,\(2.TT) BPTQ 11) 
************************************************************************BPTR 20 
* *APTq 30 
* UPDATED 4/15/78 *BDTR 40 
* BPTR - BUBBLE POINT TEMPERATURE ROUTINE *BPTR 'i0 
* *nPTR 61) 
************************************************************************BPTR 70 
* *BPTR flO 
* ROUTI~E IS CALLED B'*CALL 9PTRIP,X2,T)* WHERE P IS THE TOTAL *BPTR 90 
* PRESSURE, X2 COMPOSITION OF THE 502-503 LIQUIDE MIXTURE IX2=~OL *BPTR 100 
* FR. dF 502) AND T IS THE BOILLING PT. OF THE. MIXTURE (BUBBLE PT.)*BPTR 110 
* VAPOR PRESSURE CORRELATIONS WHERE TAKEN FRO~ G.NICKLESS,INORGANIC*BPTR 120 
* SULFUR CHEMISTRY,ELSEVIER-1968, P-373 FOR S02.P-392 FOR 503. *BPTR 130 
* THE ACTUAL NUMERICAL VALUES OF THE ROUTINE PARAMETERS AR~ MODIFIE09PTR 140 
* TI) ACCEPT TE'IP. I"l (I(I A"!D P IN (BM;». *qPTR 1.';1) 
* ROUTINE ASSUMES I~EAL SYSTEM= TOTAL VAPOR P = PS02+PS03 WHERE *qPTR 160 
* PSOI=PS(T.I)*XI WHERE 1=502.503. PS(T.I)=SATURATION VAP. PRESSURE*qPTR 17'" 
* OF COMPONENT I AT TEM;". T. *BPTR 18~ 
************************************************************************BPTR 190 
* LOGIC FLOW - *BPTR ZOO 
* FIRST GUESS FOR T IS DONE BY SELECTING THE PROPER RANGE ACCORDING*BPTR 210 
* TO THE PRES~URE P(qAR). I.E. 1=1 FOR P BETWEEN ~ A"l~ 10 (0.10) *"lPTR 2:'0 
* 1.2 FOR P.("0.20).1=3 FJR P=(20.30).I=4 FOR P=(30,40) ,1=5 FOR P *BPTR 230 
* OVER 40BAR. PROGRAM IS :SSENTIALLY LI~ITTED TO P=50BAR. *BPTR 240 
*FIRST GUESS FOR HUBBLE POINT (BP) IS TAKEN TO BE EQ. TO TI OF THE *BPTR 250 
*PARTICULAR RANGE. "lEWTON RA~HSON SCHEME IS USED FOR CONVERGENCE. *BPTR 260 
*****************~***********~******************************************BPTR 270 
* NOTATIONS";' *BP,TR 280 
* A CONST. PARAMET1R IN VAP. PRESS. POLINOMINAL EO. *BPTR 290 
* B CONST. PARAMET~R IN VAP. PRESS. POLINOMINALEO. *BPTR 300 
* C CONST. PARAMET!R IN VAP. PRESS. POLINOMINAL EQ. *BPTR 310 
* C2 FACTOR TO CONVERT.VAPOR PRESSURE INTO BARS *BPTR 320 
* C3 FACTOR TO CONVERT VAPOR .PRESSURE INTO BARS *BPTR 330 
* 0 CONST.PARA~FTER IN VAP.PRESSURE POLI"lOMINAL Ea. *RPTR 340 
* OPT DENO~INATOR IN LAST EO. FOR DT *BPTR 350 
* DP2 CONTRIBUTIO~ OF S02 TO THE CALCULATED DPT *BPTR 360 
* DP3 CONTRIBUTION OF S02 TO THE CALCULATED DPT *BPTR 370 
* DT DIFFERENTIAL l~MP. CHANGE IN T SEARCHING LOOP *BPTR 380 
* E CONST.PARAMETE~ IN VAP.PRESSURE POLl NOMINAL EQ. *BPTR 390 
* EX2 EXPONENT OF 10 IN S02 VAP.PRESSURE EQUATION *BPTR 400 
* EX3 EXPONENT OF 10 IN 503 VAP.PRESSURE EQUATION *BPTR 410 
* G CONST.PARAMETER IN VAP.PRESSURE POLINOMINAL EQ. *BPTR 420 
* H CONST.PARAMETER IN VAP.PRESSURE POLINOMINAL EQ. *BPTR 430 
* I DO LOOP INDEX I =l.M *BPTR 440 
* J NO. OF THE PRESSURE RANGE WITHIN T IS SEARCHED FOR *BPTR 450 
* M MAX. PERMISSABLE ITERATIONS IN DO LOOP *BPTR 46') 
* P TOTAL PRESSURE GIVeN BY THE CALLING PROGRA~ *BPTR 470 
* PP2 SATURATED VAPOR PRESSURE OF S02 AT TEMP T (EQUILIBRIUM) *BPTR 480 
* PP3 SATURATED VAPOR PRESSURE OF 503 AT TEMP T (EOUIL.) *BPTR 490 
* PT TOTAL PRESSURE CALC. BY THE ROUTINE *BPTR 500 , I 
* T CALC. TEMP (Kl *BPTR 510 
* TENLN NATURAL LOG OF 10. *BPTR 520 
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* TI T~"P. fiT THF L 1\~F~ LI'~IT OF fI PARTICULAR RA.NGF *BPTR <)''1''1 

* TT FX!T 9P T"MP. *8PTR 540 
* X2 ~OL~ "RACTION OF SO? IN THE LIQUI~ MIXTURE *BPTR 1)50 
* X3 ,vOLE FR,'Cl ION OF SO~ IfIJ THE LIQUID ~IXTURE *aPTR 56."1 
* *RPTR 570 
************************************************************************BPTR 582 

DIMENSION T(31).TII5) BPTR 590 
DATfI TI/333 •• 375 •• 393 •• 413 •• 433.1 BPTR 600 
DflTA A.8.C.D/12.0754.18,7.52.0.015865.0.000015"741 BPTR 61~ 
~~TA c,G,H/4.2719,945.78,93.1 8PTR 6?J 
DATA C2,C3/(.01333,l.01331 BPTR 630 
DflTfI TENLN,M/2.302585.301 BPTR 640 
TFIX211V.ll.l" aPTR 650 

11 IFIX2-1.)15tl5tl2 BPTR 660 
10 PRINT 16.X2 RPTR 670 
16 FORMATI/3X,*WRONG X2=*.Fl1.4.* ASSUME X2=O •• CONTINUE.*) PPTR 680 

X2=J. RPTR 690 
GO TO II) RPTR 700 

12 PRINT 17.X2 9PTR 710 
17 FORMATI/3X.*WRONG XZ=*.El1.4,* ASSUME X2=1 •• CONTINU~.*) PPTR 720 

X2=1. 9PTR 730 
15 X3=1.-X2 9PT~ 74~ 

*FIND RflNGE. TRANCATED P/10+1 IS THE RANGE NO. *BPTR 750 
J=l+P/IO. BPTR 760 
TIl)=TIIJ) BPTR 770 
DO 1 I=l.M RPTR 780 
EX2=A-8ITII)-C*T(!)+')*TII)**2 8PTR 790 
EX3=E-G/ITII)-H) RPTR 800 
PP?=CZ*lO.**FX? BPTR 810 
PP3=C3*lO.**EX3 BPTR 820 
PT=P-XZ*PPZ-X3*PP3 BPTR 830 
DP2=TIONLN*PPZ*IBIT( I 1**2-C+2.*D*TI I I) BPTR 840 
~P3=TFNLN*PP3*r,/IITII\-~)**ZI 9PTR ~50 

,)OT=-,)1">2-')P':1 
I)T=PT/DPT 
TIl + 11 = T ( I I -DT 
TT=TII+1I 
IFIABSIDTI-O.J5IZ.Z.1 
CONTINUE 

* .. ASSUME COt-.lVERGE"Cr= 
Z R"TURt\l 

,,~'') 

o,"TI") s:l6'" 
8PTR 870 
ElPTR 880 
BPTR 890 
BPTR 900 
BPTR 910 

*BPTR 920 
qf>T"Z C)V) 
nOTR 040 
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APPENDIX C. (Continued) 

SAMPLE PRINTOUT OF RESULTS 

The following is a sample printout of the calculations at the 

base case conditions. To simplify the presentation, some parts were 

rearranged and repetitive printings of iterated calculations were 

omitted. The order of the printed results is preserved, however. 

Brief notes of explanation are also attached. 

The program first prints the input data. 

ME:13P Pi'.iJGj{AM 

NON-CrlANGING DATA?PIll,PI5!,P(21),T24,T27 11.000 40.000 

SPECIFICATION? DT56,TWMAX,TMlh,PRS02,XD, 

TGlERA~CES? EPSF5,EPST57 

GENEkAl? N- 45 NOP- 3~ NH-18 
l!!l.;B.eH:NTS OF :'TUOIEO PA"A~"S. Tl-i"I,\X,DTD56tl1iIN? 26.0 l 2:..0 1 lJhQ.---,,1~ _______ _ 
IhCRE~E~TS OF STUUIEu PARAMS. DELP, NOP? ~oo 1 

{ 
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The program next enters the HTS - LTS loop. The printout is 

rather lengthy; only the last iteration is attached. 

HTS RUUlINE 

CONVERGENCE ON F(5) AND T(5)? DF5= 03366E-Ol DT5= o6220E+OIHTS RUUTI~ 

CONVERGENCE ON F(S) AND T(5)? OF5= -.3055E-02 DT5= .2339E-~3HTS ROUTI~ 

CLR ROUT HJE 
INPUTS? NI= 6 NG=14 NL=16 T (OUT) == 333.00 

RE SULT S OF CLR ROUTINE 
SN F Xl X2 X3 T H 

6 ~6484E+Ol .1499E+00 .3247£+00 05254E+00 01147E+04 o5028E+05 

14 .1124E+Ol 08649E+DC olUICE+OO 03412E-Ol .3330E+03 .1101E+D4 

16 .5360E+OI0. 

CONDENSER LOAD? CL= o4838E+06 

CTR ROUTINE 
INPUTS? NI= 7 

RESULTS OF eTR 
SN F 

NG= 8 NL= 9 

ROUTINE 
Xl 

.3717E+l};> • 6283E+\Z' .33Y:E+':-3-.2967E+~:5 

CL= 09198E+05 

X2 X3 T 

7 .6484E+Ol • 1499E+OU .3247E+00 .5254E+OJ .5928E+03 o1524E+05 

8 o5,)66E+ul o1919E+()(;' .. 3552E+00 .. 4529E+Ol) .. 4176E+·J3 o5548E+.J4 

9 o 1418 E +0 1 0 • .2157E+00 .78431:+00 • 4116E+.,)3-.15:.;, E+,.5 

CONVERGENCE ACCURACY? CL= .9198E+05 COtI;PARE TO eel= o 920CE+05 

CLR ROUTI tiE 
INPUTS? NI= 8 NG=lO NL~ll T{ OUT):; 393037 

RESULTS OF CLR ROUTINE 
SN F Xl X2 X3 T H 
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8 • 5.io6t:+v l. .i~jS;t:+ .... , . .':::>:>Lt+\..;. .. <t?2'h:+u.., .4.1. 10'::+U,; .~~46:: ... v~ 

10 .. 2338E+;,..1 .4166E+1. .363 9E +~ .. " .. 219~E+~ .. 3934E+.,·3 .. 38" 9 E+ ·4 

11 .. 2728E+010" 0:;'477E+00 06523E+00 03934E+03-.1848E+05 

CONDENSER LOAD? CL= .696t;E+05 

CLR ROUTINE 
INPUT S? NI=W NG= 12 fill = 13 T( OUT) = 343.00 

RES~lTS OF n R ROUT HI!; 
SN F Xl X2 X3 T H 

1:) .2338E+01 o 4166E+I.,I: .. 3639E+Ov .2194E+0(; .3934E+03 .. 3 8\.;9 E+04 

12 01267E+Ol 07691E+00 .1966E+00 .34221::-01 .3430E+:.13 .147_ E+l4 

13 .1072E+OI0. .5617E+OO .4383E+OO o 3430E+03-02424E+05 

CONDENSER LOAD? CL= .3302E+05 

CLR ROUTINE 
I NPUTS1 NI=12 NG=14 Nl:::15 TWUII = 333000 

RESULTS OF CLR ROUTINE 
SN F Xl X2 X3 T H 

12 01267E+01 07691E+00 01966E+00 03422E-01 .3430E+03 .1410E+04 

14 .1210E+Ol .8052E+00 .1755E+00 .1922E-01 .3330E+03 .1118E+04 

15 .. 5618E-018. .6461E+00 .3539E+OJ &3330E+03-&2425E+05 

CONDENSER LOAD? CL= 01886E+04 

DISTILLATION COLUMN 

FEED ENTERS BETWEEN PLATES? lU AND 11 

CTR ROUTINE 
INPUTS? NI= 8 

RESULTS OF CTR 
SN F 

NG=lO NL=l1 

ROUTINE 
Xl 

CL= 09269E+05 

X2 X3 T H 

8 .5066E+Ol .1919E+0(; .3552E+UG .4529E+O;~ .4176E+03 .5548E+:)4 

10 .l738E+Ol 05594E+OO o2988E+OO o1418E+OQ 03785E+03 02974E+04 

11 .3328E+OIO. .3847E+OO .6153E+OO .3185E+03-.2096E+C5 

CONVERGENCE ACCURACY? CL= .9269E+C5 COMPARE TO CCL= .9269E+05 

CLR ROUTINE 
. INPUTS? NI=lO NG=12 Nl=13 HOUT)= 343.(:J 

RESULTS OF CLR ROUTINE 
SN F Xl X2 X3 T H 

10 01738E+01 o5594E+00 02988E+00 01418E+00 o3785E+03 o2974E+04 
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13 04713 E·h.. 0 o 5677E+UC: .4323EH;: ,,343~iE+J3- .. 241~E+-:5 

CONDENSE" LOAD? CL= o146:JE+O~ 

ClR RUUTINE 
INPUTS? NI-12 NG=I4 Nl=15 TCOUT i::: 333o\. 

RE SUU S OF CLR ROUTINE 
SN F Xl X2 X3 T H 

12 .. 1267E+Ol .7b75E+OC o1988E+OD o3375E-Ol o3430E+03 .1410E+04 

14 Q12J9E+Ol .8L39E+OC o1773E+OO cIB81E-Ol .,3330E+03 ~1118E+04 

15 <> 5 732E-C l~ .. .. 6525E+·,,~ o3475E+l'j .. 333.E+ .• 3- .. 2412E+,:'5 

CONDENSER LOAD? Cl= o1893E+04 

OVERALL MAlo BAL. RESULTS IN X2(21 OF? 00321 

END OF HTS RTNo 

L TS ROUTI NE 

CTR ROUTINE 
INPUTS? NI=28 NG=29 NL=43 CL= Q 2101 E+05 

COMPARE TO ASSUMED? 00327 

eel WAS CALLED TO CALC, fOR NQNCONPENSIBLE MIXTUREs lOAD CALC. ON BASIS 
OF GAS ENTHALPY CHANGE ONLY o T(J)= 400085 CL= o2701E+05 

RESULTS OF eTR 
SN F 

ROUTINE 
Xl X2 X3 T H 

28 .. I066E+Ol .7 629E-02 • 66(}6E-O 1 .. 9263E+OO .. 7171 E+03 .. 3095 E+05 

29 .. lG66E+til D7629E-~2 .66~6E-Cl o9263E+OD o40G8E+03 o561BE+04 

43 00 .. 4008E+030. 

CONVERGENCE ACCURACY? CL= .2701E+~5 

CTR ROUTINE 
INPUTS? NI=37 NG=41 NL=42 Cl= 0 495l E+C4 

CCL WAS CALLEO TO CALCo FOR NONCONDENSIBLE MIXTUREo LOAD CALCo ON BASIS 
OF GAS ENTHALPY CHANGE ONLY. T(J)= 40U.85 CL= .495:E+)4 

RESULTS OF CTR ROUTINE 
SN F Xl X2 X3 T H 

37 o1954E+OO o7629E-02 06606E-01 o9263E+OO o7771E+03 o3095E+05 

41 o1954E+OU o7629E-02 .6606E-Ol .9263E+DO .4008E+03 .5618E+04 

42 c" 

CONVERGENCE ACCURACY? CL= o4950E+04 COMPARE TO cel: o4950E+04 

CTR ROUTINE 
INPUTS? NI=38 NG=29 NL=43 CL= o2206E+05 
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eel WALlilLED TO CALC .. FOJ.LJ'lW:LCONDENilliLE MIUURE" I nAD CALL ON BASI~ 
OF GAS ENTHALPY CHANGE ONLY. T(JI= 400.85 Cl= .226~+_5 ~ 

RESULTS CF CTR 
SN F 

ROUTINE 
Xl X2 X3 T H 

38 .87U9E+loC .7629E-L'2 96606£:-01 g9263E+G(; Q777lE+C3 .,3Q95E+JS 

29 e 87 ... 9E+Q\" R 7629E-'J2 .66( .. 6E-Gl .9263E+::h .4');81:+23 .5618 E+·j4 

43 Q. , 'p p .4- 8 E+.· 3 ' 

CONVERGENCE ACCURACY? CL= Q2206E+u5 COMPARE TO eel: Q2206E+05 

eTR ROUTINE 
INPUTS? NI=-39 

RESULTS OF eTR 
SN F 

NG=30 Nl=31 

ROUTINE 
Xl 

CL= 01805E+05 

X2 X3 T H 

39 01066E+Ol o7629E-~2 .6606E-Ol .9263E+00 .40n8E+03 .5618E+04 

3\'! .5781E+V .1492E-i 1 .9468E-1:.1 .89('4E+OL II 382t"E+';3 94475E+4 

31 Q 4882E+OOOp Q3120E-Ol o9688E+OO o3820E+03- g 26S7E+05 

CONVERGENCE ACCURACY? el=- .1805E+05 COMPARE TO CCl= .1638E+05 

CLF. ROUTINE 
INPUTS? NI=30 NG=32 NL=33 T( OUT) = 343.00 

RESULTS OF elR ROUTINE 
SN F Xl X2 X3 T H 

30 .5781E+00 ,1492E-Ul 09468E-01 o89~4E+QO ,3820E+03 .4475E+04 

32 01027E-01 o6219E+00 01213E+OO .2568E+00 .3430E+03 e1665E+04 

33 .567BE+000. .9529E-Ol .9047E+00 .3430E+03-.3327E+05 

CONDENSER LOAD? CL= .2146E+U5 

CLR ROUTINE 
INPUTS? NI =32 NG=34 NL=35 HOUl) = 333.00 

RESULTS OF ClR ROUT! NE 
SN F Xl X2 X3 T H 

32 .1027E-Ol .6219E+00 .1213E+OO .2568EHL:' • 343!} E+')3 oI665E+"4 

34 .9050E-02 .7056E+OO u1211E+OO o1733E+OO o3330E+03 o1220E+04 

35 .. 1219E-020 .. o1226E+OO .8774E+QQ o3330E+03-.346UE+Q5 

CONDENSER LOAD? CL= .4822E+D2 

END OF l TS RTNo 

CALC. ARE REPEATEO IF ANY OF THE FOLLOWING CONGS. IS NOT SATISFIED? 
IFCABS(ZoOF(36t-FCllt-000151 F(36)= ol0572E+Ol F(ll= o2111BE+01 
If (AB S (X2 LU- X 2t3f1Jt~)!! \,:;!; 1iL_.1L~Q t = !! Q~l.2Q~-:'; 1 ~-,:X~C~1~) __ =--=-o.::.6::...59.::...8::-:6::JE::...-..:.:t]:.:1:--_., .. ,--. 
IFlABSCT(1'-TC361l-I.CI 1(36)= .36169E+u3 T(ll= .36154E+03 
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Program then prints the High Temperature Reactor results. The 

terms used in the heading are defined below. 

NOS - number of the section 

L - length down the reactor (m) 

TW - outside wall temperature of tube (oK) 

TS inside wall temperature of tube (oK) 

TB - bulk temperature of stream (OK) 

Q - total heat absorbed up to this section 

QR - heat absorbed due to reaction up to this section 

QS - sensible heat absorbed up to this section 

C - actual conversion of S03 up to this section 

YS03 - mole fraction S03 

YS02 - mole fraction S02 

Y02 - mole fraction 02 

The routine then prints the equiliprium conversion at the 

conditions of the catalyzed wall of each section. 



PARAMETERS Sr~DIED? TWMAX:1153 0 0 TMIN=333.0 DTD56:140 0 0 PHTS~4000 

HIGH TEMP REACTOR DESIGN-CUMPUTATION RESULTS 

NOS l I'd TS TB 0 OR QS (, Y-S03 Y-SCJ,-,,2~ __ 

----:--------------------------,-------------. __ . __ ..... _----
1 .20 1061.7 1U53.3 1006.8 .7314E+D3 .462~E+D3 .2693E+03 O.~Ol .967 '~ 1.., J 3 

2 .4;; 1 j 63.9 L55.7 Wl".5 .1450E+'.·4 .919lJE+()3 .5312E+03 '.'6 .959 , ... 38 

3 060 l066~2 105801 101401 .2157E+04 .1371E+04 .7862E+03 12 .95 ~+ 

4 • Be 1-)68.3 1060.4 1017.7 .2852E+04 .1818E+04 .1t!34E+04 . ~'18 0942 " t' 5:) 

5 1.~ U !" 7'~'o 5 1\;62.6 1,)21.1 .3535E+C4 .2260E+,)4 .1275E+04 o 24 .933 • '55 

6 1020 1072.5 1064.8 1024.5 .4206E+04 .2697E+04 .151 E+,4 3 .925 • 61 
----=------,----,-::-----:-::c----,---:--::---c::------::--::----=-----:---=--=--,___----:--=--~'--___=_~:__:_----.__=_,___---=_=_= .......... ---.. -- .-- -.. -. 

7 1.40 1074.6 1067.0 1027.7 .4867E+04 o3129E+04 .1738E+04.U36 0 917 ,%6 

8 1.6() 1\.76.5 1069.1 103C.9 .5516E+04 .3556E+C4 .1960E+04 ... 41 .9:;<; 

9 1.80 1078.5 1071.1 1034.0 .6154E+,,,4 .3978E+04 .2176E+ '4 47 .9 1 

10 2.(\0 1(; 8u. 3 1073.1 
--c---::-... ---.-.----.,--.. ---- --, 

1037.1 .6781E+04 .4395E+04 .2386E+04 ;)53 .893 

11 2.20 1:)82.2 1075.1 104~.a .7397E+C4 o4807E+~4 .259rE+04 • 058 .886 

12 2.40 1084.0 1077.0 1(142.9 • 8,: .. ,;4E+·; 4 .5215E+.4 .2789E+"4 64 0878 

13 2.60 1085.7 1078.9 1045.7 .8600E+04 • 5618E+04 ~ 2982E+04 ,069 0871 

----::--~--------------------.,--------'------------------'--_._----,,,-

14 2.80 1~8705 lU80.7 lC4B.5 .9186E+04 .6G16E+04 .317QE+04 ." 75 • 864 

15 3.00 1089.1 1..,82.5 Iv51.2 .9762E+,:.4 .64~9E+,4 .3354E+,4 8 .856 

16 3020 FJ90.8 1084.3 1053.8 01033E+05 06797E+04 .3532E+04 ,086' 0849 

17 3.40 1092.4 1:)8600 1056.3 .ltJ89E+05 • 7181E+i}4 .37(~5E+Q4 .U91 .842 

18 3.6(- 1094.;. L'87.7 1058.8 • 1143E .... 5 .756.E+04 .3874E+,4 • 96 0835 

-::-:----::---:-0---:-:--:--:-:--:------,--.,.-----,--:---:--,----:--:-=--------,---:-::-:--'--.--.-.--------'-' 
19 3.80 1G950~ 1089.3 1061.2 o1197E+05 o7935E+04 .4038E+04 .101 .829 

20 4.(;0 J (197. ;~ 1090.9 1063.6 .1250E+05 .8304E+04 .4198E+C4 .107 .822 

21 4.21.) 1,98. S 1,; 92.5 1065.9 .13'2E+?5 0867 E+14 o4353E+ 4 12 .815 

22 4040 1099.9 1094.0 1068.2 .13.54E+05 o9030E+04 .4505E+04 .117 .809 
.. _._--_ ...... _-- ._-- .. --

23 4.61) 11(' 1.':: 1'J95.5 1070.3 .1404E+U5 .9387E:+04 .4652E+04 .122 , Sl';? 

24 4.8,} IE 2.7 h.,97.',. D72.5 olL,53E+tS .9738E+G4 .4796E+i)4 o~27 .796 

2S 5';00 1104.0 1098 0 4 1074.6 u 1502E+05 .1009E+05 .4936E+04 .132 .79· 

26 5.2U lle 5. 3 1099.9 1076.6 .1550E+05 .1043E+u5 .5072E+04 136 0784 

27 5.4·,J 1 h: 6. 6 11'.!1.2 1')78.6 .1597E+a~ .IC77E+U5 .52u5E+J4 01.4 ' .77n 

~, 
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2& 5.60 11 07.9 111.2. 6 1081).6 • 1644E+r.;5 .111')E+(55 .5334E+1)4 .146 .772 .162 .066 
------- ---" ---_ .. _- ._------------

2S 5.6e) 110~01 110309 108205 01689E+05 01143E+05 05460E+04 0151 .766 0166 .068 

6. ~iij 1110. :: 11~i5.2 1084.3 .1734E+U5 .11 76E+(J5 .5582E+04 .155 .760 .170 .C7, 

::'1 6.2, . 1111.5 11 .. 6.5 1;)86.1 .1778E+»5 .12 8E+\:5 .5L2E+c4 016 .754 .174 ol72 

32 6 .. 4G 1112. 7 1l(j7~ 7 1087 0 9 01821E+05 01240E+05 05818E+04 0164 .749 .178 .07 /+ 

:;:; 6.6,] 1:..13.8 Ih:8. S 1089.6 01864E+05 .1271E+05 .5931E+04 .169 .743 .181 ,; 070 

34 6.13 1114. g 111v.l 1') 91 • 3 .1 9 ... 6 E + > 5 • 13 ,',2 E + :_, 5 0 6 _ 42 E +, 4 .1. 7:; .738 .185 • :J77 

35 7 0 GL 
---:-::-::--:--:--------- ---:-0-::-,------,--=--"---,-,,-.,..-,-::--:-=----------

1116.0 1111 0 3 1092.9 01947E+05 01332E+05 06149E+04 .178 .732 .188 ., 79 

36 7020 111701 111204 109405 01988E+05 o1363E+05 .6254E+04 .182 .727 .192 • >,81 

37 7.40 1118. 1 1113.5 1096.1 .2028E+05 • 1392E+05 .6357E+Cl4 0186 0722 0195 ~C8:; 

38 7.6' ! 1119.1 1114. (, 1097.6 .2r67E+05 .1422E+05 .6457E+J4 .191 .7),7 .199 .(,84 

:: 9 7080 112001 1115.7 1099.1 .2106E+05 .1451E+05 .6554E+04 .195 .712 .2.'2 • _ 86 

4(; 8. ,}(, liZl.l 1116.7 1100.6 .2144E+{)5 .1479E+05 06649E+04 0199 0707 0205 c OS,l 

--
41 8.7,; 1122.1 1117.8 1102.0 .2182E+05 .1507E+05 .6741E+C4 0203 .7()2 .2C9 .089 

42 8 y 40 112300 1118. 8 1103.4 .2218E+05 .1535E+J5 .6832E+~4 .2,,7 .697 .212 '91 

43 a.6e 1123.9 1119.7 1104.8 .2255E+05 o1563E+05 06920E+04 0211 0692 0215 093 

44 8.8: 11240 S 112C.7 1106.1 .229OE+(;5 .1590E+.:J5 o7:;-J6E+!)4 .215 .688 .218 .(,94 

,--- ,-----------------------------------------------------------------------
45 9000 1125.7 1121.7 1107.4 .2325E+(5 .1616E+C5 .7~9cE+;4 .219 .683 .221 • 96 

46 9.20 1126.6 1122.6 1108 0 7 02360E+05 ,,1643E+05 07172E+04 u 223 0679 0224 0097 

47 9.4;) 1127.4 112305 1109.9 .2394E+05 .1669E+05 .7252E+C4 .227 .674 .227 .G99 

48 9.60 1128.2 1124.4 1111.2 .2427E+.'5 • 1694E+'..5 .733 E+';4 023 .67l' .23 .1:'; 

4<; 9.8t; 1129 0 1 112503 111204 02460E+05 01720E+05 07406E+04 c. 234 0665 0233 .102 

5", ll;o~(~ 1129.9 1126.1 1113.5 .2493E+05 .1745E+()5 .748(.E+04 .238 .661 .236 .1[; 3 

... --------"-,------------------ ------------
51 10.2., 113 .• t 1127.,_ 1114.7 .25Z5E+,5 .1769E+,,5 07553E+,4 .241_ 0657 .238 01.) 5 

52 1(;,4(, 113104 112708 1115 0 8 .2556E+05 o1794E+05 07624E+04 0245 .653 .241 .1% 

S} 10.6J U 32;';:----1128.'6 1116.9. 2587E+(;5 .1817E+05 .7693E+04 .249 .649 .244 o Ill7 

54 Li.8., 1132. ':i 1129.4 1117.9 .2617E+t5 o 1841E+"',5 .7761E+~4 0252 .645 .246 01:9 

55 II. [)J 1133 0 6 113002 1119 0 0 02647E+05 .1864E+05 o7827E.04 .256 .641 .249 .11 

?6 11. 2<) 1134. ? T131:-C- 112,;.1) .2677E+05 .lBB7EH'5 .7891E+04 .259 .637 0252 " III 

51 11. IK_' --1135 .-----1 i-3T~ 7 1 i ii-.'0---:;-Z'i;:-SE-+"75-. i-cj !.:. E:;:-;:-s-.-7g-55 Eo +04 ~-i62------. (; 33----~-254-------:il3-

58 11"GO 1135" 7 1132 0 4 1122 00 02734[:+05 o1932E"05 • B016E+04 .1G6 .62 <) .257 .114 

.... 
"-J 
U1 



;'9 II.dO 1136.4 1133.2 1122.9 .27 62E+05 0 1954E+0 5 080 77E+04 0269 062& 0259 ,115 

6,_ l2. \. ,',' ll37 •. 1133.9 1123.9 .279JE+C5 ~1976E+05 .8136E+04 .272 .622 .262 • 116 
~ .. -

61 12.20 1137.7 1134.6 1124.8 .2817E+j5 • 1998E+;;5 .tlI93E+,:4 .27" .618 .264 .118 

62 12.4(; 1138.3 IUS. :, il2So 7 02844E+OS 02019E+05 o82S0E+04 Z79 .615 0266 , 1: 9 

63 l. 2co 6 'J 
---.,-:-----_._----------,----------.,....--------:------,-----

1138.9 113509 1126.6 .287uE+OS .2040E+U5 .830SE+u4 .282 .611 .269 • 12 , 

64 12.80 1139. 6 1136.6 1127.5 .2896Et-j5 .2i?6(,E+D5 .8359E+u4 .285 06 8 0271 .12' 

65 13.DC 1140.2 113702 1128 0 3 o2922E+OS 02080E+05 08411E+04 0288 060S .273 .122 
.- ... _-_ .. -----_._._--.,....,---::--:::---
6& 1302u 1;'4'0.7 1137.9 1129.1 .2947E+05 .210uE+05 .8463E+04 .291 .601 .275 .123 

67 13.4.: 1141.3 1138.5 1129.9 .2972E+')5 .212'JE+,,'5 .8514E+04 .294 .598 0278 0124 

68 13.60 114LS 1139.1 1130.7 o2996E+05 .2140E+05 .8563E+04 .297 .59S .280 .126 
.. _----_.-,:--.,.------::--:-:-
69 13.ej 1142.4 lU9.7 1131.5 .3020E+OS .2159E+05 .8611E+04 .3I...li) .591 .282 ,127 

7\ 14. '_'C 1143. 114('.3 1132.3 .3U44E+~S .2178E+J5 086S9E+C4 0303 .588 .284 .128 

71 14,2,) 114305 1140.9 1133.0 .3067E+05 o2196E+05 .8705E+04 .306 .585 .286 .129 

72 14.4..; 1144.1 1141.4 1133.8 .3090E+C5 .2215E+05 .8750E+04 ,3J8 0582 0288 ,131 

73 14.6 . .J 1144.6 1142. ( 1134.5 .3112E+C5 .2233E+05 .8795E+()4 0311 .579 .29:; .13 t 

.74 14. tlO 1145~ 1 n42.5 1135.2 • 3135E+05 .2251E+05 .8838E+04 .314 .576 .292 .132 
------>--------- . 
75 IS.dD 1145.[ 1143.1 1135.9 .31S6E+05 .2268E+05 o8881E+04,317 .573 0294 0133 

-~~ .. -------.. --.------.-----------------------------------------,-------------.,....-
76 15.2L 1146.1 1143.6 1136.6 03178E+05 .2286E+05 .8922E+04 .319 .570 .296 .134 

77 15.40 1146. G 1144.1 1137.2 .3199E+05 .23J3EH5 .8963E+·.'4 .322 .568 .298 .135 

78 15.60 1147.(1 1144.6 1137.9 .3220E+CJ5 o 2320E+05 09003E+04 ,324 0565 0299 ,136 

79 
_ .. _---_ .... _-_._._--:-----------------_. 

15.80 1147.5 1145.1 1138.5 .3241E+05 .2336E+tJ5 09042 E+(}4 .327 .562 
---------" 

.301 .137 

80 16.00 1148.0 1145.6 1139.1 .3261E+,,5 .2353E+)5 .9,,811:+:,4 .329 .559 03.3 .137 

81 16.20 1148.4 1146.1 1139.8 03281E+"5 0 2369E+05 .9118E+04 ,332 .557 0305 0138 

82 l6u 4'j 1148.6 1146.6 114do 4 03 30l; E +GS .238 5E +-0'--=-5--• .,..9.,..1-=5-=5-=E-+..,.:J-4·----.-:::3-::3·-:4----.-=5-=5..,.4----~-30·-7----:-13-9-

83 16.611 1149.3 1147.1 1141., .332JE~5 .24JIE+~5 .9191E+~4 .337 .552 .3,,8 c 14 

--.----.---. -.- --"77";-: 
84 16.80 1149.7 1147. S 1141 0 5 .3339E+05 .2416E+05 .9227E+04 .. 339 0549 .310 • 14~ 

.. _--_._----------_.-
bS 17. (JJ 115v.j 1148.G 1142.1 o 3358E+')5 .2432E+!)5 .9261E+J4 .342 .547 .312 .142 

86 17.20 11:>c.,.5 114d.4 1142.7 .3376E+v5 .2447E+)5 .9295E+ .. 4 0344 .544 .313 (,. l't:: 

.... _---_ .... _--_ ...... _--------_._--- ._-_ .. _---------
87 17.40 1150.9 1148~8 1143 u 2 03394E+05 o2461E+05 .9329E+04 »346 .542 .31S .143 

88 i7~-6-;)---il51.-3----1·T49~"3 1143.8. 3412E+CJ5 .2476E+05 .9362E+04 .349 • 539 ~'316----:-i4-';'-

89 17.8" 1151.7 1149. 7 1144.3 • 343'.)E+..5 .2491E+',,5 .9394E+.4 .35::' .537 .3:' 8 .145 

': ... 

I-' 
........ 
0'\ 



90 18000 1152.1 1150.1 1144.8 .3447E+05 
... -- - -- - -------._-------_ ... __ .. 

91 18.20 1152. ;:; 1150.5 1145. 3 .3464E+05 
.. _-----------_ ... _--_.- .. _-----------

92 18.4., 1152. <) 115009 1145.8 .3481E+05 

93 18 0 60 115302 1151.3 1146.3 .3498E+05 
- .... ----------------.-

94 18.80 1153.6 1151.7 1146.8 .3514H05 
. - .. - .-._--------
95 19. ",J 1153.9 1152.1 1147.3 o 3530E+C5 

96 19 .... :.: 0.( il.D 1147.7 D. 

THERMAL POWE~ A8S0RBED By GAS- .2299E+03MW-THERMALI 

---------

.2505H05 .9425E+J4 

.2519E+05 .9456E+04 

.2533E+05 .9486E+1l4 

.2546E+:,.5 .9516E+,)4 

o 256QE+05 o 9545E+04 

.2573E+05 .9573Et-04 

o. o. 

SOURCE TEMP.=1176.4(KI 

.353 .535 .32 . 
_._----------_.-._-

0355 0532 0321 

.357 .531: .323 

.359 .528 .324 

0362 0526 0325 

.364 .524 .327 

.364 .521 0328 

DIFF=-.2897E-02MW 

.14<, 

" 147 

.147 

.148 

,,149 

.15! 

" 15 J 

I-' ......, 
......, 



178 L EC 
4u80 .. 3L5J 

Equilibrium conversion at 5 .~ .... .3676 

wall conditions in each section !.i. 2 0 .. 3702 

of the High Temperature Reactor 5.40 03727 

L length down the reactor, m , .. 60 .~752 

EC - equilibrium conversion 5.80 .. 3777 

6.00 03801.1 

L EC 6.20 .3824 

u20 ,,2370 6.4li .3846 

.4J .2<112 b.60 03869 

.6\... .2953 6.80 .3891 

oBO .. 2993 7.\..~ .3912 

1.CO .3J32 7.20 03933 

1.2 ... .3,,71 7.40 .. 3954 

1040 031 ()9 7.60 03974 

1.60 .3146 7080 03994 

1.8i.,J .3183 8.00 ' .4013 

2 0 00 03218 8.2(; .. 4~;32 

2.20 ... 3253 80 40 .4051 

2.4u .3288 8.60 .4069 

2.60 .3321 8.80 .. 4J87 

2.80 .3354 90 00 .4105 

3.;,)0 .3387 9.20 04122 \ 
" i 

3.20 .3418 9.40 III 4139 
) 

3040 03450 9.60 .. 4155 

3.60 .3480 9.80 .4172 

3.8(: • 351~ LiJ.OG .4188 

4000 .3539 10.20 .42':' 3 

4.20 .3568 1{1040 .4219 

4.4f.., .3596 1l:.60 .4234 

4 0 60 03623 1.. .8~ .. 4248 



L 
iL,aO 

1.1020 

11.40 

11 0 60 

1l .. 80 

12.00 

l2,,2iJ 

12.40 

12.60 

12080 

13.0;; 

13020 

13 .. 40 

179 

EC 
" 4263 

------------

.4291 

0434 

.4318 

04331 

o lt344 

.4356 

04369 

.. 4331 

.4393 

04.:tU5 

.4416 

L EC 
15.20 .4511 

15.4;) • 452iJ 

150 60 04530 

15.80 .4539 

16.~;t.; 04548 

16.20 .4557 

16.40 .4566 

16 .. 60 .4:'74 

16 .. 80 .4583 

17.00 04591 

17.2d .4599 
- ._ ..... -.-~ -- -- ... ---~----.- .. 

17.40 .46C7 
- ... _ .. - _ .. -.~.~-

-. __ .-
.----.~--.-

17,,60 ,,4615 
----------------- -_.-.. _-_ ..... _ .... _-_ .... _------_. __ ._--_. 

1306u .4427 17.:.80 ,,4623 

13,,80 04439 IB.DO .463u 

14 .. 00 .4449 .. 4638 

14 .. 20 • 446() 18 .. ItO o4M5 

14040 04471 18.60 .4652 
~--- .. ' -~ .. ---~.~---~-.~----- .. -~ ... ~---.--------------

14 .. 60 .4481 18. BoLl .. 466 r.> 
----------------- -. __ .. _--_._-----

14.80 04491 19.00 .4667 

15000 04501 19.UO .4667 

......... ------.-~----------.---- ---
t-Hg RE1LJRiJS WITH? F(6) 1" ( 6) P(6) 

.~ ... ~-. -_., .... --..._ ... _ .... --. 6 .. 4-82 1141g 722 ~()gQQQ 

Xl( 6) X2(6) X3(6) Fe TWM 
,d2Q Q JZl Q 22!t " ~Q~ 115~.-,'i?2S 
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The program then prints the steam turbine results. All flows in 

the scheme of Fig. 3.5. are shown for four modes of operation: normal 

daytime; normal night (large turbine, no actual power generation); 

normal night (small turbine); and seasonal storage (nighttime at normal 

daytime output). 

StAL LtA~ - 1 ~~307 
S L;\ L L. ~ A K-=-2L.· ___ -----1---12"t~ .. .::I4'-----------------_:---
SE~L LEtK - 3 3383.3 

__ 5;: .'l.l. l E A~_._ -~4 __ --~J,-=,3~~·'~}.'-"Qc.:50----------- ----------
SEAL LEAK - 5 468 u 8 
rD EXT~ACTIDN 32227,9 
kEHEATER FLOW 296916 0 4 
IP-FLOh AT VALVE· 29731U o 1 

---(p--r·OTAl FLOW 3~:i.;.693.5 

SEAL LEAK - 6 
-j-p EX TRAC T 1 ON 

VAP,+DIST. STEAM 
lP TOTAL FLOW 
TOTAL CONDENSATE 

517 9 3 
W524 0 7 

2,·.··5833.4 
83818 .. 0 

155 9 02 

DIRECT STEAM GENe TO STORAGE ~ATIO=1.C50C 

POWER GENERATED AT HP TURBINE= ?3.61 
POWER GENERATED AT LP TURBINE= 7.28 
TOTAL POWER GENERATED = 30089 

NIGHT-TIME OPERATION 

LARGE TURBINE AT 3.5P,C. OF DAY-TIME FLOW 

R= 0 2466E-02 HI= o1748E-Ol 

WATER TO BOILER 
SEAL LEAK - 1 
SEAL LEAK - 2 
SEAL LEAK - 3 
SEAL LEAK - 4 
SEAL LEAK - 5 
HP - EXTRACTION 
REHEATER FLOW 
IP-FLOW AT VALVE 
IP TOTAL Flm~ 
SEAL LEAK- 6 
If! EXTRACTION 
VAP.+OIST. STEAM 
LP TOT AL fLOW 
TOTAL CorWENSATE 

5852.0 

59.1 
2207 

563.3 
5189.7 
5196 0 6 
5255.8 

9.0 
641 .. 2 

Cl.O 
4605.5 
462407 

POWER GENERATED AT HP TURBINE= .41 
PO~ER GENERATED AT LP TURBINE= 040 
TOTAL POWER GENERATED = 081 



181 

POWER kATE AT S:4ALL TURBINE D~JRING 16 HRS AT NIGHT. 

R= 0458'4E-Ol 

WATER Te 8eILER 
SEAL LEAK - 1 
SEAL LEAK - 2 
SEAL LEAK- 3 
SEAL LEAK - 4 

Rl= ,,3249E+i.;:O 

10879102 
127.9 

3702 
1099 0 4 
422.9 

SEAL LEAK - 5 1~2.3 
_J:lL-:_-=XTR~~ __ ~472,.~ __ 
kEH~ATER FLOh 96479~4 

_ J~=EI..0j.,_A T __ VAl'i_f-___ (L6tci 7 .. 4 __ _ 
IP T01AL FLOW 97706 0 7 
SEAL LEAK - 6 
IP ~XTRACTIUN 11S20~2 

_Vp,y_Q_:t-iUST-"-_SlEA'='-'I'--'-"1 ____ ~O__I_.~Q ________ _ 
lP TOTAL FLOW 85618 0 5 

~PTA~~~~D~E~N~$~A'--'-T~E~_~J~5~~~7~6~oulL_ ____________ __ 

PC~ER GENERATED AT HP TURdI~E= 

POWER GENERATED AT LP TURBINE= 
TOTAL POWER GENERATED = 

7,,67 
7 .. 43 

15. 11'---_______________ _ 

TURBINE AT SEASONAL STGRAGE OP a CONDITIONS 

DISCHARGE AT FULL LOAD 89245HRS p NEEDS 19941 DAYS OF STOR~GE TO 
RUN 16 HRS AT FULL LOAD 

R= .. 9374E-~:n R1= 06645£:+0(, 

WATER TO BOILER 
SEAL LEAK - 1 
SEAL LEAK 2 
SEAL LEAK - 3 
SEAL LEAK - 4 
SEAL LEAK - 5 
HP - EXTRACTION 
REHEATEP, FLOW 
IP-FLOW AT VALVE 
I P TOT AL FLm~ 

SEAL LEAK - 6 
IP EXTRACTION 
VAPe+DIST. STEAM 
LP TOTAL FLOW 
TOTAL CONDENSATE 

222476.9 
261 g 6 

76 0 0 
2248.2 
864.8 
31105 

21415.2 
197299.5 
19756101 
1<;9809.3 

343.7 
24376 0 6 

0.0 
175;:89.0 
175820 0 2 

POWER GENERATED AT HP TURBINE= 15.69 
POWER GENERATED AT LP TURBINE= 15 0 20 
TOTAL POWER GENERATED = 3G~89 
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The results of the distillation column are then printed. 

U I ~ TIL L,Ull;'; CLJl.UH:·, 
Ii.!)I)r IHTiI 

~IRbAM F T P H C Q 
. f. ; Uj_. __ ... _ ....... ___ l'L~n_._. 391.. OH3 

l'U T T L~ ,'I 
. ...JJ1...QOO-:.l!l.1..L7.ll6"'"9"""2.2'~.d.3 ___ .... p.,;.3.4.'i..!.9 ____ -:-_________ _ 

45212.44C 
Dl~"ll.,~I!: 
i'~1(Ju7d 

___ --" .. '1'l!l. ______ .. ___ ~ _______ ~~ 
N= 30 

.............. --- .. -.-.. -- .. -.-.--.--... -.--:---:~-~--
Fd'il U,HKS tJETWEU, PLAHS? 1 AND 11 
LJUTfJdH ._- _ ......_._---_._-_._. __ ._-- ---- .. --~-.--
ktillJUEE'/ tl= ,,1659[:"01 Xfl= .011 Tfl<;83.4 QR= .4521E+05 
ff:f:JU . f=_.!.b?Dp·t)1_.AF= __ . ..l22_ .... ___ J£=.121~.-"1~---:-=-__ 
CLNOEN~ER10= .91Ql["00 XO= .990 TO=333.0 QC= .5703E+05 

_._ ..... e1.t:H;L£m.WlI.!Jlli.~_ 
J T L X Hl V y HV 

383.4 .5972Ef-04 • () 11 -.2663 HI] 5 .5199Ef-04 .036 .468.'E+-('4 
. ... ..- .... _-_._-_._ .. _._----.-_. __ .. -.---._-----_._-------_._---- _. 

2 382.4 .1117Ef-u5 Qt22 -.2664E+05 o 5220Ef-04 Q070 o 4557E+04 

• l.J. 8 • 4429 Ef-':'\4 ··-·-···3··---3·tl;~_::;---:11-1-9-E-f--.)-5---0 -;.;-3-9-----0 -2-6 -64-E +-0-' -5---.-S-24-3-E-.. -u-4--------------

4 • 1121E~t·5 .c 61 -.2663E+()S .5285Ef-,)4 .178 • 426J E+e 4 
... -- ....... --_ ....... __ •.. _----_ ....... _-----------

5 376.9 .090 -u2660E+05 05362E+04 0250 04060E+04 
4_ •• _._. __ ••• ___ ._. __ ~,.. __ .~ ____ • • 

b 374.5 .113~Ef-J5 .i24 -.2648Ef-U5 .5447Ef-04 .330 .3848Ef-04 

::111.7 .1142Ef-~J5 .163 -.2636E+C5 .4, .• 8 .3625E+;;4 

8 o 1152EH:'5 0202 -o2619Ef-05 05663E+04 .477 o 3422E+04 

.238 -.26uiJE+v5 .5765E+04 .534 .3254EHJ-i-

L .1174Ef-V5 .268 -.2583E+('5 .582 .3123E+04 

11 3L2.6 0302 -.2561E+05 o822SE+04 0620 .2986Ef-04 

-.2506E+05 .8561Ef-04 .699 .2728E+04 
...... _._ .... - ... _ .... _._ .. _---_._--_ .. __ .. -.... _ ... _-_._---

13 3:;1.1 .527bE+i)4 0517 -.2368E+f'5 .925"EhJ4 0816 .2306E+C4 

14 342.3 
.-::-:-- ...... _-.. _._-_ ..... -:-;:---::-:::--

D5959E+04 0720 -02126E+05 .1009E+05 .920 .1858E+04 

.uRb -.1899E+05 .1065Ef-05 .974 .1578Ef-G4 

_.-----_._-----------_. 

r 
) 
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Finally, the program prints in Tables 1 and 2 following values 

of the process stream flows, compositions, temperatures, pressures, 

and enthalpies .. The details of the low temperature (nighttime) reactors 

are then printed. The last two tables are then repeated for flows 

corresponding to the daytime rate of power generation, in this case 

30.89 MWe , 



184 

-----------------------_._-_._----
TALLE-l,;-IAT::;{IAL MJD t:I-~:::t\GY [L,TA FGR TH~ CAYTH1E I-HGH T::~~?ERATUR~ SIOi:: 

-- SlUKA GE __ S)' ~U: t-1 
-----.-------~------

STEf,""I. C O~Wi:1S 1 T I Ct-: [ I-~;;t. Pk ll I T r:'~1 P" PEi;;SSUaf ::- L CJ:"I Er~TH·'\LPY 
NO. 82 ~C2 SGJ ( K ) (I)/\R) (KMOl/S) (KJ/KMCL) 

-------_._-

1 r Q >,; .•• .j .. 1 .. 93 362.05 1', j" 
... .L G ~ :. Q :~ 3 -3:"199 .. 5 

2 On 00 O? o -' 097 37':;.2 40.0 2.69 -28003.2 

3 i~j.OO .03 .. c.7 44342 4" .. (- 2.69 -1131701 

4 '-~; 0 iJt} 0.3 .,91 443.2 4'.;00 2069 8262 .. 8 

5 0., 00 .. 03 .97 1006 .. 8 40.0 2.69 49476.3 

6 " 15 .. 33 .. 52 114707 40 0 0 3 0 16 50278 0 () 

7 .,1.5 .. 32 053 592 .. 8 4;) .. (; 3 0 16 15241 .. 8 

8 .. 19 .36 .. 45 417.6 4~J .t.:. 2.47 5547.8 

9 G.,OO .. 22 078 41706 4G o O ,,69 -150040 1 

10 .. 56 .. 3:) 014 378 .. 5 4l1.0 .. 85 297307 

11 O.C,'~) • 38 .. 62 378.5 4,::.{" 1 .. 62 -2'957 .. 

12 071 020 003 343 00 400 0 062 147001 

13 0.00 .. 57 .43 343 .. 0 40.0 " 23 -24124 .. 9 

14 .. 810 .. 18 e'';' 2 3330~~ 4i._~ .. l(;i 059 1118 .. 3 

15 0000 .. 65 <:>35 33300 40.0 • I) 3 -24124.5 

16 0.00 .. 36 .,64 391.1 40.0 2 .. 57 -18776 .. 3 

11 :,i. ",ij .99 od·l 33307 1 C'o 8 091 -17809 0 2 

18 D. 00 ., 01 .99 383.4 10.8 1.66 -26626.,5 ,. l, 

HEAT EXCHANGER LOAD (KW)? 
CIL= 44865 .. 855 VAP1l= 52650.271 HEIL=110819" 38':- RCL= 45212 .. 44( 

i 

BfwHL= 1558 .. 23U TRIMMER= 65230535 QkFS= 11259 0 464 

SUMMARY OF EFFICIENCIES AT THE CHUSEN PARAMETERS 

El= .. 2631 
E2= .5337 
E3= .,5189 
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~GiA" w::sc:zwzwr~""3IP ~ ~ IU! I. m1l1!f:!an 

T ABL i:-2, 1-1 AT ERI AL AND ENERGY tlALANCES FOR THE NIGHT T I ~'E OPERA TI 01\ OF 
THE LOW TH1PERATURE SIDE 

STREAH COMPOSITION !MOl PR.) TEI-IP .. PRESS!,W!:_FLOW ___ SHHAlPY 
NO .. 02 S02 S03 11O ( BM:') (KMOL/S) (KJ/KMGll 

21 .... ()(; .. 99 0, .. 1 333 .. 7 110( .,46 -178"9 .. 2 

22 00 00 099 ,,01 333 0 7 1100 046 1460 .. 1 

23 .80 .. 18 002 333 .. 0 40.0 .29 1118.3 

24 .. 8~ .. 18 ., \J2 573o\' 40 .. ( .. 29 93'.:/3 .. 6 

25 .. 01 099 ,,01 333 .. 7 11.0 .. 46 1457.8 

26 032 .. 67 .01 354 .. 7 11.0 .76 21380 8 
i 

27 .. 32 .. 67 .01 693,,0 11.0 .76 16365 .. 5 

28 001 .. 07 ,,93 777.1 1100 .52 3",949 .. l 

29 .. 01 .. 07 .. 93 400.8 11 0 0 042 56180 3 

30 oUl .,09 089 38200 11.0 .. 28 447502 

31 0.00 .03 .. 97 382 0 0 11 .. 0 .24 -2657J.8 

32 ,,02 .11 087 381 .. 3 110 0 022 4409 .. 5 

33 \l.,GO .04 096 381 .. 3 11 .. 0 .06 -26609 .. 4 

34 .. 71 .11 .. 18 333.(; 11Df' .. fH 1217.2 

35 0 .. 00 011 089 333 .. 0 11.,0 021 -348160 7 

36 0.,00 007 .93 361.} 11.0 .. 52 -3017'5.2 

37 .,(ll .. r,7 .. 93 777.1 11.0. .10 3[; 949.0 

38 001 007 .,93 777.,1 110 0 042 30949 .. 0 

39 .. 01 .07 .. 93 400 .. 8 11.0 .. 52 5618 .. 3 

40 .. 80 .18 .. (12 396.2 1100 .29 3204.0 

41 .. 01 007 093 400 08 1100 010 5618 0 3 

42 O .. QU (l.U\) e .. oo 400 .. 8 0 .. 0 0.00 0.0 

43 lJ .. OO t:oIJO L, .(;0 401: .. 8 000 'ce JJ 0.0 

44 0 .. 00 0000 0 0 00 0 .. 0 00 a 0.00 0.0 

45 0.00 0.00 0.00 0.0 0.0 0.00 0.0 

HEAT EXCHANGERS LOAD (KW)1 RECUP= 1(:7610 C49 VAP= 88{;6 .. 663 
BFW= 1831 .. 551 TRIM= 8356.'763 HE2= 2414.515 

ENERGY PRODUCED AT NIGHT? QAAN= .. 4034E+05 GTW= .. 1799E+04 (KW) 

RECEIVER LOAD TQA= 112.2 (t-lW-THRM) 
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kESUlT~ OF lHE LOw TEMPo RE~CTD~S SYSTEM 
__ -1'JO. 02 SL2 50'3 DO (BARLiKiiULLSilJ:._J./-KllilJ_ 

___ 5~, o :: 2 __ ~7 ____ o 4,: :. 693C1!'~ 11. ': (.76 t9_~_9~)_D~ __ 

51 ?? ......... .. 48 .2<; 1150.3 110' .6& 44t)=~4. b 

52 022 c 48 Q 29 693 0 0 l1Q n .66 18975_.{': 

53 .13 .31 .5~L16.3 11. C .6(; 42f;57~L_ 

54 ,,12 031 '1 55 693 9 : 119 ,"' R 6': 2l36:'11 6 

55 .., 06 017 076 912.2 11.0 .55 38590.5 

56 006 017 ,,76 693 0 0 11.0 .55 __ 23324.3 

57 .02 .09 .. 9(i B 15. 4 11.0 .53 33426.4 

58 .,,;.2 .( 9 09(;; 75203 J1..G 053 28798 0 2 

59 001 007 .93 777.1 11~O .52 30949 ~;, 

60 .01 .t7 .93 777.1 11.0 952 309499 0 
Q 1 o1716E+05Q 2 .1234E+05Q 3 .8407E+04Q 4 .2431E+04Q 50. 
X .367X o4l8X .489X o531X 0233 
lTR CONVERSION. C= .932 
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T AblE-2, MAT tKI AL M~D Et. EHGY ['.AlANCES FOR THE rHGHT T1 ME OPERATl ON OF 
HiE LOW T E!'1PER.tHUBE SIQE 

STREAM CO"1POSITION ( MDl Ph!:!) TE~~~ES5UtLE~U\ol ENTHALPY 
NO .. 02 SU2 503 , KI (BAR) (KMOL/S)(KJ/KMOLI 

21 ~ .. DiJ .. 99 oc,'1 33307 Jl .. G oB9 -278,..i9 .. 2 

,. {~~. 22 UU 00 .. 99 .01 333 .. 7 11,,0 089 146',01 

'" 23 .. 80 ,,18 .. U2 333"U 40 .. 0 057 1118 0 3 
,~ 

24 .. 80 018 .. 02 573 .. (; 4\;0/) 057 93v306 

25 001 099 ,,01 33307 l1 .. t; .,9J 145198 

26 032 .. 67 001 35407 1100 1047' 2138 0 8 

27 .. 32 067 .. 01 693.0 ll.,O 1.47 1636505 

28 .. 01 01.:7 .,93 777 .. 1 11 .. 0 1.~.n 3~.;:949 .. ~:; 

29 001 ou7 .. 93 40U .. 8 1100 082 5618 .. 3 

30 .. 01 .. 09 .. 89 38200 11.,0 055 4475.2 

31 J .. oO .0.3 .97 382 .. l; 11.0 .46 -265h, .. 8 

32 .. 02 .. II 087 38103 II .. 0 .. 42 4409 0 5 

33 0.,00 .. 04 .. 96 381.,3 1100 " 12 -26609.4 

34 071 .11 018 333,,\oi; 11.G .. 01 121702 

35 0000 011 .. 89 333 0 0 11 .. 0 041 -348160 7 

36 \),,00 ,,07 .. 93 361.,7 11.0 1000 -30175.2 

37 o~n ,.(.7 .. 93 77701 1100: 018 3;)949 0 0 

38 .,,,H 0';" 7 .. 93 717 .. 1 11.0. .82 3~i94900 . 

39 001 007 093 400 0 8 1100 1001 5618 0 3 

40 .,80 .. 18 .. 02 39602 11 .. 0 .. 57 320400 

f -
41 .,01 ,,(1 .. 93 4i.hJ.8 110 (! .. 18 5618 .. 3 

42 0 0 00 0000 0 .. 00 400 .. 8 000 0000 0 .. 0 

43 0 .. 00 0.(10 G.OO 400 .. 8 0.0 0.00 0.0 

44 u .. OU (10 DO ' u.rJO ~ .. \J 000 t.:ovO 0.,0 

45 0 0 00 0 0 00 0,,00 DoD 000 0 .. 00 000 

HEAT EXCHANGERS LOAD (KW'? RECUP= 20882 .. 928 VAP= 110900240 
BFW= 3554 .. 315 TRIM= 162170 551 HE2= 46850616 

ENERGY PRODUCED AT NIGHT? QAAN= .. 1828E+05 GTW= ,,3492 E+04( KW) 

RECE IVER LOAD TQA= 44603(MVi-THRM) 
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