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ABSTRACT 

A SOLAR - HEATED GAS-TURBINE PROCESS 
USING SULFUR OXIDES FOR POWER PRODUCTION 

AND ENERGY STORAGE 

George Kohler Tyson*, Scott Lynn, and Alan Foss 

Energy and Environment 
University of California 

Lawrence Berkeley Laboratory 
Berkeley, CA 94720 

If any system of solar power generation is to provide a 

significant fraction of the power requirements of a community, some 

vii 

means of economical energy storage must be used. The purpose of this 

study was to develop and evaluate a process configuration using the 

heat of reaction of: 

for energy storage. The forward reaction is endothermic and is used 

to absorb energy. The reverse reaction is exothermic and releases the 

energy that has been stored. This process uses the sulfur oxides 

directly in a gas turbine in a hybrid Brayton-Rankine cycle to produce 

electricity. Heat for the system is supplied during sunlit hours by a 

field of heliostats focussed on a central solar receiver. When sun-

light is not available, the storage system provides the heat to drive 

the gas turbine. 

In this report an efficient process configuration for this power 

cycle is proposed. Detailed material and and energy balances are pre-

sented for a base case that represents a middle range of expected 

operating conditions. The sensitivity of this process ;;to variations 
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in the key operating parameters was determined. Equipment sizes and 

costs were estimated for the base case to determine an approximate 

cost for the electricity produced by this process. 

In the base case the solar receiver absorbs heat at a rate of 230 

MWt for a period of eight hours during the day. Daytime electricity 

generation is about 52.3 MW . Nighttime generation is about 19.0 
e 

MW for a period of 16 hours. The overall efficiency of converting 
e 

heat into electricity is thus about 39%. The total capital cost for 

the base case is $71.7 million, of which 69% is for the tower and 

he liostat field. The average cost of the electricity produced is 

estimated to be 7.7¢/kW hr. 
e 

*Submitted as Master's. Thesis. 
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I. Introduction 

If any system of solar power generation is to match effectively 

the power requirements of a community, some means of energy storage 

must be used. The use of sensible heat and latent heat in energy 

storage systems has been described previously. 1 The process de-

scribed in this report utilizes the heat of the reversible reaction 

so3 : so2 + 1/2 02 to store thermal energy in a form useful for 

power generation. 

In this process heat is absorbed in a central receiver surrounded 

by a mirror field. The receiver and mirror field used in this model 

are an adaptation of a design proposed by Boeing. 2 These mirrors 

track the sun and focus solar radiation onto the receiver during the 

day. The receiver reaches temperatures in excess of 900°C. A 

stream of liquid so3 is pumped ~rom storage to a pressure of 40 bar 

and vaporized in a series of heat exchangers on its way to the re-

ceiver. Here, it absorbs more heat and is partially dissociated 

catalytically into so2 and o2. The hot stream 1s then expanded 

through a turbine to generate electricity, cooled, and separated into 

a liquid so2 stream and a gaseous 02 stream that are sent to 

storage and an so
3
-rich liquid that is recycled to the receiver. 

Heat recovery is provided by essentially reversing the process 

during the night or during periods of cloud cover. The so2 and o2 

react catalytically and release the heat absorbed during the day. The 

hot gases, at 40 bar and 770°c, are expanded in a turbine to gener

ate electricity. The resulting so3 is cooled and sent to storage to 

be reused during the day. 

1 



The power cycle outlined above is a novel combination of the 

Brayton and Rankine cycles. The use of liquids that are pumped to 

max1mum system pressure and then vaporized, and the condensation and 

recycle of the so3 after expansion through the turbine, make the 

cycle similar to the Rankine cycle. The increase in the number of 

moles of gas that results from reaction at high temperature, and the 

recompression of part of the gas that has been expanded makes the 

cycle similar to the Brayton cycle. Because it is a true thermo-

dynamic cycle, much better utilization· is made of the high tempera-

tures achieved from reaction than would be the case if the reactor 

effluent were used only as a heat-transfer medium. The cycle was 

first proposed by Dayan et a1. 3 This work is a continuation of 

their effort, in which a number of process modifications have been 

introduced and the capabilities and limitations of the process have 

been more clearly defined. 

This process is also similar to another earlier work by Dayan 

4 et al. Dayan used a sulfur-oxide storage process integrated with a 

solar, steam-cycle power plant. In that work, steam was generated 1n 

the receiver to power a turbine during the day, while so
3 

reacted in 

a parallel set of tubes in the same receiver. The exothermic oxida-

tion reaction supplied heat to the steam boiler at night.- Dayan's 

2 

results showed that the efficiency of converting heat into electricity 

was relatively low, about 26%, so that the' cost of the power produced 

was high, about 11¢/kW hr. 

• 
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The process reported here uses the SO stream from the receiver
x 

reactor directly for power production to increase overall process 

efficiency. The high thermodynamic potential of the SO stream is 
X 

utilized more fully by using the stream as the power fluid in the gas 

turbines. 

One of the major components of this study has been the synthesis 

of an efficient configuration of gas turbines, compressors, and heat 

recovery systems. Evaluations of the expected energy recovery were 

made through heat and material balances for daytime and nighttime 

3 

systems. The sensitivity of system energy efficiency was also studied 

over a range of process operating parameters. System costs were 

estimated to determine the cost of the electric power generated. No 

attempt was made, however, to search for a minimum-cost process; the 

state of the process development is still too rudimentary for that. 

It is possible, however, to make comparisons with the storage system 

of Dayan et al., and these are given in Chapter VIII. 

The use of the heat of a chemical reaction to store energy has 

several advantages over the other methods of energy storage: 

1. The quality of heat released can be high. Temperatures in 

excess of 1040 K (1400°F) can be obtained in the discharge mode, 

making power generation feasible. 

2. The storage volume required is relatively low, as two of the 

reactants, so2 and so
3

, are stored as liquids. Oxygen storage is 

more difficult, as discussed in Chapter V. 
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3. There is flexibility in the duration of storage such as weekly 

or seasonal, in that the reactants are stored at ambient temperature 

without degradation of the stored energy. Energy loss to the environ

ment during prolonged periods of storage is thus prevented .. Storage 

capacity can therefore be built up during weekends, for gradual 

depletion during the week, for example. 

The disadvantages of chemical energy storage arise primarily from 

the novelty of the concept. There is no existing technology that 

closely approximates the process proposed here, so that extensive 

developmental work would be required to demonstrate its technical 

feasibility. 
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II. Design Bases and ·Specifications 

The process developed uses as a basis a solar receiver and m1rror 

field designed by Boeing2 to absorb 230 MW of heat. Minor 
t 

modifications were made to this receiver design to allow for the 

chemical reaction that takes place in this process. Table 2.1 shows 

the values of other parameters taken for the base case. 

The potential of this novel power cycle is shown by the results 

for the base case. The net electrical output is 52.3 MW for 8 
e 

hours during the day and 19.0 MWe for 16 hours during the night. 

The overall system efficiency, defined as (net electrical output)/ 

(total thermal input) is thus 39%. These results are discussed in 

detail in Chapter VI. 

5 

Many assumptions and simplifications were used 1n this work. Some 

of the major ones are: 

1. Fluctuations in weather conditions were ignored. A constant 

solar input for 8 hours and a discharge period of 16 hours were 

assumed. This is fairly conservative, as near-peak solar input 

normally ranges from 8 to 14 hours per day. The effect of different 

periods of insolation on power costs 1s shown in Chapter VII. 

2. A minimum system temperature of 40°C ( 104 °F) \\las assumed 

for the base case. In reality this would vary with both the season 

and the time of day. The effect of changing this minimum temperature 

1s discussed 1n Chapter VI. 

3. A maximum tube-wall temperature 1n the receiver-reactor tubes 

of 880°C (1620°F) was assumed for the base case. Materials con-

siderations put an upper limit on this temperature. The effect of 

varying this wall temperature is also discussed in Chapter VI. 



Table 2.1 Parameter Values Set for the Base Case 

Tower load (MWt) 

Hours of sunlight per day 

Hours of nighttime power production 

Maximum tube wall temp. (K) 

Minimum system temp. ( K) 

High pressure, daytime (bar) 

Exhaust pressure, daytime (bar) 

High pressure, nightti.ID.e (bar) 

Exhaust pressure, nighttime (bar) 

Turbine efficiency (%) 

Compressor efficiency (%) 

230 

8 

16 

1153 

313 

40 

2.5 

40 

2 

90 

85 

6 

. " 



4. 0 A minimum temperature approach at 10 C was used in all heat 

exchangers. This is a commonly accepted value for optimal design. 

Materials problems will clearly be severe in this process, not 

only for the reactor tubes and connecting piping, but also for the 

turbine blades and housing. HillS made a literature search for 

suitable materials and concluded that Haynes 188 was the most promis-

ing of available alloys due to its corrosion resistance and extra-

ordinary high-temperature strength. 

The properties of Haynes 188, composed of 38% Co, 22% Cr, 22% Ni, 

and 3% Fe, are such that it would be expected to resist corrosion in 

this system to the extent that replacement would be made for 

structural reasons before any appreciable corrosion would result. 

This is the major advantage of this alloy. Experimental verification 

of the suitability of Haynes 188 has not yet been done and would be 

required as part of any future work on this project. 

7 

The requirements for the materials for the rest of the process are 

not nearly so stringent and present no unusual problems. For the heat 

exchangers and nighttime reactors 316 stainless steel will be ade-

quate. Carbon steel will be sufficient for the storage vessels. 



III. Daytime Process 

A block flow diagram of the daytime process is shown in Fig. 3.1. 

Conditions of the streams are presented in Table 3.1. 

The liquid so
3 

is pumped through a series of heat exchangers 

(COND-A, COND-B, VAP-1, VAP-2), where it is vaporized and slightly 

superheated. The stream then enters the first section of the tower 

(HE-1), where it is further heated. It then enters the reactor 

port ion of the tower where the so3 partially dissociates into so2 

8 

and 02 while absorbing more sensible. heat. At this point the stream 

is at the highest temperature of any point in the system. It is thus 

most suitable for expansion, and flows next through a gas turbine to 

generate electricity. After passing through the turbine, the exhaust 

stream preheats the feed to the receiver (VAP-2. COND-B) and is then. 

cooled to the minimum system temperature 1n TRIM-1. 

The condensate that forms at this point is insufficiently enriched 

1n so2 to justify storing, so it 1S combined with the fresh so3 

feed (stream 1) and recycled to the receiver. This recycle increases 

the amount of so2 circulating through the system but saves greatly 

on the .amount of so3 feed required by reducing the amount of so3 

1n the so2 that ,is stored. 

The remaining vapor (stream 11) is then recompressed. The hot 

stream is partially cooled by preheating the tmo~er feed (VAP-1, 

COND-A), then is cooled to the minimum temperature in TRIM-2. The 

condensing stream (17) is the so
2 

product and is stored as a 

liquid. The remaining vapor (16) is mostly 0
2 

and must be stored ns 

a gas. 



... 

Fig. 3.1 Block Flow Diagram of the 
Daytime (Charge) Process 

9 

XBL 797-2228 
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Table 3.1 Stream Conditions and Heat Exchanger Duties for the HTS (Daytime). 

Process 

Streal:l State Flow Pres. Temp. Ethalpy Concentration 
No. (kmole/sec) (bar) (OK) (MJ/kmole) (Mole Fraction) 

02 so2 so3 

1 1 1. 74 40.0 313 -39.4 . 00 .06 .94 
2 1 3.33 40.0 313 -38.2 .00 .12 .88 
3 1 3.33 40.0 436 -11.7 .00 .12 .88 
4 g 3.33 40.0 555 15.1 .00 .12 .88 
5 g 3.33 40.0 1007 48.1 .00 .12 .88 
6 g 3.80 40.0 1147 50.5 .12 .36 .52 
7 g 3.80 2.5 841 30.3 .12 .36 .52 
8 g 3.80 2.5 446 7.2 .12 .36 .52 
9 g 3.80 2.5 323 1.1 .12 .36 .52 

10 g 2.22 2.5 313 0.6 .21 .48 .31 
11 1 1. 59 2.5 313 -36.8 . 00 .19 .81 
12 g 2.22 40.0 549 11.6 .21 .19 .60 
13 g 2.22 40.0 536 11.0 • 21 .19 .60 
14 g 0.58 40.0 333 1.1 .82 .16 .02 
15 1 1. 63 40.0 333 -25.4 . 00 . 59 .41 
16 g 0. 53 40.0 313 0.5 .90 .09 .01 
17 1 1. 69 40.0 313 -28.4 . 00 ·. 60 .40 

Heat Exchanger Loads (MWt) 

COND-A 65.2 
COND-B 23.1 
VAP-1 1.4 
VAP-2 87.7 
TRIM-1 61.2 
TRIM-2 6.8 
Receiver " 

HE-1 109.6 
Reactor 120.4 



The heat and material balances presented in Tables 3.1 and 4.1 

(which appears in Chapters IV) were obtained from a computer model of 

the daytime and nighttime processes. In this model the following 

assumptions and simplifications were made: 

1. Pressure drops were neglected in·the computer model of this 

system. Actual equipment design, as described in Chapter VII, is 

partially based on minimizing these pressure drops. 

2. Raoult's law was used for liquid mixtures. This simplified 

the calculations without introducing major errors. Experimental 

verification of this may be advisable. 

3. The so
2

, so
3

, and 02 were assumed to behave as ideal 

gases. This is a good approximation due to their high critical 

pressures. 

4. Ideal gas heat capacities were used to determine stream 

11 

enthalpies. Pressure effects on these were thus neglected. This is a 

good estimate at temperatures well above the boiling point, where it 

is most important. 

Several components of this system warrant further discussion: 

1. The Receiver 

The receiver is based on a design proposed by Boeing2 and was 

discussed in an earlier study of a sulfur oxide energy storage process 

4 by Dayan et al. A more detailed description of its construction 

and operation is given in their paper. 

The receiver in this system contains a series of tubes in a brick-

lined cavity situated on top of a 300 meter tower. A field of 



mirrors concentrates sunlight on this receiver to produce the high 

temperatures required for·reaction and power generation. 

For this process, the receiver absorbs 230 MWt of thermal 

energy. It contains 5600 tubes, each 9.5 m long. These tubes are 

constructed of Haynes 188, an alloy with high strength and good 

corros1on resistance. In this system the receiver comprises two 

sections. 

a. Section HE-1 contains 1420 tubes in which the incoming·stream 

is heated to a suitable· reaction temperature ( 1000 K). The stream 

absorbs 109.6 MWt in this .part of the receiver. There is no 

catalyst in this section and the reaction does not proceed. 

b. The reactor section heats the stream further while partially 

dissociating the so3 . The inside of the tubes is coated with a com

mercial Fe2o
3 

catalyst. Temperature and conversion profiles in 

the reactor are shown in Fig. 3.2 to demonstrate the approach to 

equilibrium. 

This section absorbs 120.4 MWt and contains the remaining 4180 

tubes. These are arranged such that the stream passes through two 

banks of tubes, forming an equivalent of 2090 tubes, each 19 m long. 

This improves mass transfer by increasing the Reynolds number, and 

equilibrium is more closely approached. 

12 

The behavior of the reactor section was simulated with a one

dimensional plug-flow model that is more completely discussed by Dayan 

et al. 4 A uniform radiative temperature of 1174 K was calculated 

and is seen by all tubes in both sections. At these high 
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temperatures, reaction kinetics were assumed to be very fast. Mass-

transfer resistances·, however, were found to be significant and are 

dominated by the rate of diffusion of so
2 

from the catalytic reac

tion zone into the bulk fluid. 

14 

The· catalyst used in this model is Fe
2
o

3
, chosen for its 

effectiveness at high temperatures, its low cost, and the practicality 

of coating it on the inside of the reactor tubes. The suit~bility of 

this catalyst for this reaction was demonstrated by Hi11 5 . 

2. Turbine 

In this process a hot ( 1140 K) .mixture of so3 , so
2

, and 02 

expands adiabatically in a turbine from 40 bar to 2.5 bar to generate 

electricity. Materials problems are expected to be most severe here. 

Further investigation of the applicability of Haynes 188 is a 

necessary next step. 

The turbine produces 77 MW of electricity during the day and 21 
e 

MW during the night in the base case. To avoid the problem of 
e 

running a turbine at much less than its design flow, a two-turbine 

arrangement seems ·advisable. During the day, two turbines could be 

run, one 60 MW (A), the other 20 MW (B). At night A could be 
e e 

allowed to cool while B continues at its design flow and maintains 

high efficiency. Variations of this idea may be even more practical, 

with 4 or 5 20 MW turbines, for example, to permit better e 

maintenance and replacement. 

c 
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To alleviate any problems with the operation of an initially cold 

turbine, a bleed from the operating turbine could be used to heat the 

cold turbine(s) gradually prior to sunrise. The effect on overall 

system performance would not be great. 

3. Compressor 

The uncondensed vapor from TRIM-1 is compressed adiabatically from 

2.5 bar to 40 bar using power directly from the turbine. The 

materials problems with this compressor would be less severe than 

those of the turbine because of the lower temperatures reached. 

An alternative to a single compressor is to have several com

pressors, with interstage cooling and condensation. The cooling would 

be provided by the so
3 

feed stream from storage. Interstage cooling 

would reduce the total amount of gas to be compressed because of the 

condensing of the so2 and so3. On the other hand, a lower quality 

of heat in the outlet stream from the compressor would result, re

ducing the amount of preheating of stream 2 that would be accom

plished. Optimization would be required to determine the best 

strategy. 

For the base case, a turbine efficiency of 90% and a compressor 

efficiency of 85% were assumed. Rather than performing a detailed 

estimate of expected efficiencies, the effects of varying turbine and 

compressor efficiencies on the overall process efficiency were cal

culated and are shown in Fig. 3.3. The process is clearly more 

sensitive to turbine efficiencies due to their greater load. 



-~ -c.. 
~ - c.. 

~ c:: 0 

~ ~ 
...c:::. ...c:::. 

I I 
<» 1--
3: 31:: 
~ ~ 

II 

~ 
c.> 
c:: 
Q.) 

c.> 

'+-
'+-

Q.) 

c· 
~ 

Q.) 

> 
c::> 

16 

Turbine e.fficiency = 100% 
0.42 

0.40 

85% 

0.38 
80% 

\ 
0.36 

0.80 0.85 0.90 0.95 .1.00 

Compressor efficiency 

XBL 797-2232 

Fig. 3.3 Effect of Turbine and Compressor Efficiencies on 
Overall Efficiency 

~ 



17 

4. Heat Exchangers 

The condensers and vaporizers are arranged to yield the best 

possible use of the heat available. The tower feed is heated by sue-

cessively hotter streams to maximize the ther~odynamic efficiency. In 

the two condensers (COND-A, COND-B) the tower feed is first heated to 

its bubble point (435 K). Any remaining heat in the compressor outlet 

(12) is used in VAP-1 to begin the vaporization of stream (3). 

Finally, stream (7) completes the vaporization and slightly superheats 

the tower feed (4). Stream (7) has the highest quality suitable for 

preheating heat and, therefore, heats the feed stream last. 

This arrangement of heat exchange eliminates the need for an 

external heat supply to achieve vaporization of the tower feed. An 

additional heat exchanger might be included in the flowsheet ahead of 

the tower to supply heat during start-up, but it would not be needed 

for steady state operation. 

Both trimmers (TRIM-1, TRIM-2) cool the streams to the minimum 

0 system temperature, T . , which was assumed to be 10 C higher than m1n 

the ambient. Since this system will most likely be located in a 

desert region, dry cooling is proposed. Water may be unavailable or 

prohibitively expensive. The effect of the value chosen for T . on 
m1n 

the overall system efficiency is discussed in Chapter VI. 
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IV. Nighttime Process 

When storage is discharged, the so2 and 02 recombine to form 

so3 and the heat of the reaction is used to heat the gas stream that 

drives the turbine to generate power. A block flow diagram of the 

nighttime process is shown in Fig. 4.1 and conditions of the streams 

are presented in Table 4 .1. 

The so2 stream (20) is pumped from storage and is vaporized by a 

hot exhaust stream. The o
2 

stream from storage (18) is compressed 

to maintain a pressure' of 40 bar as the· storage chamber is emptied. 

The two streams (19 and 21) are mixed and heated in HE-2 to the 

0 V 2o
5 

catalyst ignition temperature of 420 C. Stream (23) is 

then reacted in R-1 to 99% of equilibirum. At this point, the reactor 

outlet stream (25) is at the highest temperature ever reached in the . 

discharge process, and thus is most suitable for expansion. 

After expansion in the gas turbine, stream (26) is cooled to the 

lowest catalyst reaction ignition temperature (420°C) in HE-2. 

Stream (27) then passes into R-2, where additional S0
2 

and o
2 

react, is cooled in HE-3, and then flows to R-3 where the reaction is 

brought closer to completion. The hot stream is then cooled in the 

S02 vaporizer (VAP-3) and finally cooled to the minimum system 

temperature in TRI~3. The stream of condensate (35), mostly so3 

with some so
2

, is sent to storage to be used during the day. The 

uncondensed gas (33), mostly unreacted o
2 

and so2 , is compressed 

back to 40 bar and is recycled through the system. 
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XBL 797-2229 

Fig. 4.1 Block Flow Diagram of the Nighttime (Discharge) Process 
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Table 4.1 Stream Conditions and Heat Exchanger Duties for the LTS (Nighttime) 

Process. 
I. 

Stream State Flow · Pres. Temp. Enthalpy Composition 
No. (kmo1e/sec) (bar) (K) (MJ/kmole) (Mole Fraction) ',..: 

02 so
2 

so
3 

18 g 0.27 40.0 313 0.4 .90 .09 .01 
19 g 0.27 40.0 388 2.8 .90 .09 .01 
20 1 0.85 40.0 313 -28.4 .00 . 60 .40 
21 g 0.85 40.0 5:32 11.8 .00 .60 .40 
22 g 1. 24 40.0 516 10.0 .23 .44 .32 
23 g 1.24 40.0 562 12.4 .23 .45 .32 
24 g 1. 24 40.0 693 19 .1 .23 .45 .32 
25 g 1.10 40.0 1045 45.1 .13 .25 .62 
26 g 1.10 2.0 751 25.5 .13 .25 .62 
27 g 1.10 2.0 693 21.8 .13 .25 .62 ! 

'. 
28 g 1. 04 2.0 852 34.1 .08 .15 .77 
29 g 1.04 2.0 693 31.2 .08 .15 .77 
30 g 1. 00 2.0 791 35.1 . 05 .08 .87 

! 31 g 1. 00 2.0 328 1.5 .OS .08 .87 
32 1 0.00 2.0 328 -37.7 .00 .02 .98 
33 g I 0.13 2.0 313 0.6 .37 .18 .45 
34 g 0.13 40.0 571 12.9 .37 .18 .45 
35 1 0. 87 2.0 313 -39.5 .00 .06 .94 
36 1 0. 87 8.0 313 -39.5 .00 .06 .94 

Heat Exchanger Loads (MWt) 

VAP-3 33.9 
HE-2 4.0 
HE-3 11.3 
TRIM-3 35.6 

\.. i 
!·. 
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A slight excess of so2 is maintained in the feed to the reactor 

series to minimize the amount of o
2 

circulating through the system. 

Oxygen recycle requires compression, which reduces the net work 

obtained from the turbines. 

Again, several components of the discharge process warrant further 

discussion. 

1. Low-Temperature Reactors 

The reactors used in this model are those proposed by Hill. 5 

His results and conclusions are summarized below. 

The oxidation of so
2 

is a common industrial reaction in the 

production of H
2
so

4
. Since the object here is to reach the high 

temperatures that are avoided in the sulfuric acid process, the 

approach is somewhat different. A bed of commercial supported

v2o5 catalyst is contacted with an entering stream at 420°C (693 

K). The reaction proceeds adiabatically until the stream reaches 

600°C. Above this temperature (with a 20°C safety margin) 

v2o5 is increasingly volatile and loses its effectiveness. 
/ 

The reaction is then finished with a different catalyst. 

Platinized asbestos, proposed by Hill, has good activity above 550°C 

and is able to withstand temperatures in excess of 880°C. This 

lower range of activity allows a safety margin should the inlet 

temperature to the bed drop. 

In this calculation the approach to equilibirum was set at 99% in 

each reactor. Conversion and temperature changes effected in the 

three reactors are shown in Fig. 4.2. This figure shows that the 
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total conversion of the inlet so
2 

is 86%. Only R-1 requires 

platinized asbestos, as the temperature will not exceed 600°C in the 

other two. 

Figure 4.3 shows the relative sizes of the three reactors. R-1 is 

very small because the high fractional conversion that can be achieved 

in this stage leads to a high temperature so that the reaction pro-

ceeds quickly. R-2 and R-3 become successively larger because lower 

fractional conversions of so2 occur, leading to lower temperatures 

and slower reaction rates. 

At one stage of the process development, an additional reactor was 

added to note its effect on the overall process. The additional so
2 

reacted and heat liberated were so small that it was removed as being 

unnecessary. 

2. Turbine and Compressors 

The turbine and compressors are similar to those of the charge 

mode. As mentioned before, it is advisable to run a smaller turbine 

at night- to avoid drops in efficiency. 

The compressors should present a less severe materials problem 

than that of the charge mode since both of them compress a stream 

composed mostly of oxygen and because the outlet temperatures are 

lower. 

3. Heat Exchangers 

The heat exchangers for this 'mode (HE-2, HE-3, TRIM-3) are similar 

to those of the charge mode. The vaporizer (VAP-3), however, is the 

key to the entire process. 
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It is necessary to ensure that there is sufficient heat in the 

stream leaving R-3 (30) to vaporize the so2 feed (20), as there is 

25 

no heat available for this purpose from any other source. This sets a 

composition constraint on the so2 that is stored. There is thus a 

maximum in the fraction of so
3 

that can be allowed in the so2 used 

in the discharge process. This limit is set by the heat available 

from the process to vaporize the so
2
-so

3
. Its own latent heat 

cannot be recovered because so
3 

condenses in stream (32) at a temp

erature too low to provide the necessary heating. 

The requirement of VAP-3 thus sets a constraint on the charge mode 

to ensure that the so
2 

stored is sufficiently enriched. This is 

accomplished by adjusting the exhaust pressure of the daytnne turbine, 

thereby setting the fraction of so3 that has condensed at the outlet 

of TRIM-1. In the base case this results in a minimum turbine exhaust 

pressure of 2.5 bar. Greater pressures than this allow a more pure 

so2 product but result in less power produced by the turbine. 

This same result would occur if the nighttime turbine exhaust 

pressure were raised. The stream would be hotter, leaving more heat 

available for vaporization. This was not found useful, however, as 

the generated power decreased rapidly while the change in the heat 

value of the outlet stream had little effect. The nighttime exhaust 

pressure was therefore set arbitrarily, and the daytime turbine

exhaust pressure was adjusted to meet VAP-3 requirements. 
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V. Storage Vessels 

One problem associated with the storage of energy in this process 

is the large -volumes required for the reaction products. An advantage 

of this process is that two of the reactants, so
2 

and so
3

• can be 

stored as liquids and thus require less space than would equivalent 

quantities of gases. 

The amount of liquid so
3 

that must be stored is 3.97x106 kg. 

At a density of 1760 kg/m3 at 313 K this requires 2120 m3 of 

storage volume. The so
2
-so

3 
mixture 

a density of 1510- -kg/m3 at 313 K the 

stored is 3.43x106 kg. At 

3 volume required is 2140 m . 

It has been proposed that so2 and so3 could be stored in a 

5 series of mild steel pressure vessels. Since the need for st~rage 

for the two liquids varies during the cycle, the same vessels could be 

used to store the two liquids alternately. One tank could be f~lling 

with so2 as another was emptied of so3 , for example. This would 

greatly cut the number of vessels required, but would introduce the 

need for, and cost of, a complex piping arrangement. Since neither 

stream is very pure, there would be no disadvantage from the mutual 

contamination resulting from residual liquid in the tanks. 

The containment of oxygen is more complex because it must be 

stored as a gas. The quantity to be stored each cycle is 0.54x106 

kg for the base case. At a temperature of 313 K and pressure of 40 

bar the corresponding volume is 9010 m3 . In the present case the 

pressure in the vessel is 1.1 bar at the end of the cycle. This mass 

i' 
li 
I 

i' 

i-
1 

!: 

l ,, 
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of gas remaining 1n the vessel at the end of a cycle is about 1.1/40 

or 2.8% of that above. This results in a total required storage 

3 volume of 9,260 m . 

Hill 5 has suggested the use of cavern storage for storing such 

large quantities of gas. He proposed that a large excavated cavern 

could be dug, 300 m deep, so that the surrounding rock could support 

the pressure in the vessel. A mild steel lining would prevent leaks 

into the atmosphere or surrounding soil structure. Some provision 

would have to be made for collecting so2 condensate that would form 

as the gas cooled. 

Cavern storage is economical only for large volumes; thus it is 

doubtful that it would be suitable for liquid so2 and so3. 

Separate vessels would have to be dug for each, and pumping costs 

would be large. These liquids need not be stored at high pressure, so 

the amount of steel required for pressure vessels is not excessive. 
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VI. Energy Accounting and Parameter Study 

A. Energy Accounting 

The efficienc'y of the overall process, defined as net electrical 

output, daytime and nighttime combined, divided by gross thermal 

input, was found to be 39.2% for the base case. The effect on the 

efficiency of changing some of the process parameters is shown in part 

B of this chapter. This high value was achieved by optimizing the 

heat exchange between the streams in the process. 

The heat losses that· do occur are caused by the low dew points of 

the streams entering the main trimmers, TRIM-1 (daytime) and TRIM-3 

(nighttime). The substantial magnitude of these losses, along with 

the energy flows in the overall energy balance is given in Table 6.1. 
' ' 

The heat of condensing the gases.entering the trimmers which would be 

attractive for vaporizing the streams from storage is unavailable 

because of the loW temperature at which it is released. The only way 

to usefully retrieve this heat would be to raise the turbine exhaust 

pressures. Unfortunately, this would also decrease the amount of 

power generated in the turbine. 

Parasitic power drains were not included in the computer model of 

this process, but were calculated off-line and are also shown in Table 

6.1. These power drains lower the efficiency shown in the parameter 

study from 39.6% to 39.2% for the base case. Pump requirements were 

calculated using standard equations using tube length and fluid 

velocity. Dry cooling energy drain was estimated to be 0.4% of the 

heat lpad of the trimmers. 



Table 6.1 System Energy Accounting 

I. Inputs (8 hours) 

Solar Receiver 
Total Inputs 

II. Outputs 

A. Daytime (8 hours) 

Generator 
Less 

Compressor 
Pumps 
Dry Cooling Tower 

TRIM-1 
TRI~2 

Misc. (friction) 
Pump Cooling, etc.) 

Total Daytime Output 

B. Nighttime (16 hours) 
Generator 
Less 

Compressors 
Pumps 
Dry Cooling 

TRIM-3 
Misc. 

Total Nighttime Output 

Total Output 

MW 

230.0 (t) 

76.8 (e) 

(24. 5) 
( 0.7) 
( 0.3) 
61.2 (t) 
6.8 

0.7 
120.0 

21.6 (e) 

( 2. 2) 
( 0.3) 
( 0.1) 
35.6 (t) 
0.4 

55.0 

MW-hr 

1840 (t) 
1840.0 

960.0 

880.0 

1840.0 

29 
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The efficiencies of the turbines and compressors also play an 

important role in determining the overall process efficiency, as was 

shown in Chapter III. The effect here is on the power generated 

rather than on the amount of waste heat discarded. The inefficiencies 

of this equipment result in higher exhaust temperatures whose excess 

heat can be used elsewhere in the process. 

B. Parameter Study 

Some of the key parameters were varied in a computer study to 

determine the sensitivity of the efficiency of the process to changes 

in operating conditions. This also served to test the flexibility of 

the model. All the parameters other than the one being investigated 

in each case were at the base case conditions. 

This study also helps pinpoint where further investigation would 

result in greater changes in efficiency and power cost. Costs are 

discussed qualitatively here, a more detailed treatment for the base 

case is made in Chapter VII. 

1. System Pressure - Daytime 

The effect of varying the daytime (HTS) system pressure on the 

overall efficiency is shown in Fig. 6.1. A range of pressures from 25 

to 50 bar was investigated. The turbine exhaust pressure has been 

held constant at 2.5 bar because it is set by the composition con

straints of the nighttime mode, which remain fairly constant. 

The curve in Fig. 6.1 shows a maximum, which is a result of 

complex interactions within the system. At low pressures efficiency 

-is low, since there is much less pressure drop across the turbine. 
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Less daytime power is thus generated. In addition, at lower pressures 

the reaction equilibirum is improved so that a greater conversion is 

achieved. However, the greater conversion requires an incre·ase in 

compressor power since more o2 and 802 remain uncondensed in the 

stream leaving TRIM-1. Finally, the large flow of gas exiting the 

compressor (stream 12) contains more heat than can be used in the pre

heating the feed to the tower. This extra heat must therefore be 

discarded. 

As the pressure is increased the efficiency also increases. _More 

power is generated in the turbine. Conversion ip the reactor de

creases gradually, and the heat in stream (12) can be used more fully. 

Finally, at about 40 bar, the efficiency reaches a maximum and 

starts to decrease. This is approximately where strea~ (12) is used 

only for preheating and can do no vaporizing. .As the pressure is 

raised further, there is a greater pressure drop across the turbine. 

This still results in a greater work output per mole of gas flowing, 

but the number of moles of gas decreases because the fractional con

version of 803 to 802 and 02 is reduced. 

As the stream of recompressed gas (12) continues to decrease in 

size, its enthalpy becomes insufficient to heat the tower feed (4) to 

its bubble point. This heat must then be supplied by the turbine 

exhaust stream (7), which in turn leaves less available for vaporiza

tion and superheating. The temperature of stream (4) thus decreasese. 
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As the temperature of the gas entering the solar receiver (4) 

falls, a larger fraction of the thermal insolation must go to make up 

for the lost superheating. This duty is limited, however, by the 

constraint that HE-1 and the reactor can absorb only a total of 230 

MWt. As a result, the flow of gas through the system must de

crease. This results in less daytime power being generated. 

Some considerations other than efficiency affect the pressure 

chosen. One is materials limitations. As the pressure is increased 

it becomes more difficult for the tubing to contain the stream; thick

nesses increase and lifetime probably decreases. 

Another consideration is the ratio of daytime to nighttime power 

production, shown in Fig. 6.2. This ratio is fairly sensitive to 

pressure of the HTS because not only does a lower pressure result in 

more reaction and thus more nighttime power production, it also causes 

more compressor drainage of daytime power. These two factors combine 

to lower the daytime power production and raise that for the night as 

pressure increases. 

2. System Pressure - Nighttime 

The effect on overall efficiency of varying the nighttime, or LTS, 

system pressure is shown ~n Fig. 6.3. A pressure range of 30 to 45 

bar was investigated. 

The system efficiency clearly increases with decreasing nighttime 

pressure. This actually results primarily from the effect on the 

daytime operation, since the nighttime operating conditions do not 

change much in this pressure range. Reducing the LTS pressure, 
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however, does substantially, affect the amount of daytime compressor 

work required, since the oxygen is stored at the LTS pressure. As the 

pressure decreases, less of the daytime turbine power need be drained 

by the compressor. 

The choice of an optimal nighttime pressure is not immediately 

obvious, as process efficiency must be balanced with storage costs. 

As the pressure decreases, the volume ·of oxygen storage required cor-

respondingly increases. No savings in materials results, since the 

carbon steel lining in the o
2 

cavern is only used to prevent leaks. 

An analysis of total costs must be made to determine the optimum. 

Other considerations for choosing a nighttime pressure are similar 

to those of the daytime. Materials requirements will again be a con-

cern. As the nighttime turbine will also be in use during the day, 

these operating conditions must be chosen such that they are compati-

ble for the turbines. The ratio of day/night power production can 

also be set by the nighttime pressure. This again is a result of the 

drain of power by the daytime compressor. 

An alternative scheme could be to compress the gas to a higher 

pressure during the day, perhaps 50 bar. This would reduce storage 

costs. The volume of gas would decrease at higher pressure, and more 

so
2 

would condense. It is preferable to store. the so2 as a liquid 

rather than as a gas, although the amount (about 9% of the gas) i's not 

great. A turbine could generate electricity during the night from the 

stored oxygen as it was expanded to the pressure chosen for the night-

time cycle. 

"' 
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3. Maximum Tube Wall Temperature 

The effect on efficiency of varying the maximum wall temperature 

of the tubes in the receiver is shown in Fig. 6.4. A temperature 

range of 1113-1193 K (840-900°C) was investigated. This is not a 

fully adjustable parameter as materials place an upper limit on this 

temperature. 

The primary effect of varying this temperature is on the equili

brium conversion in the receiver-reactor. As the temperature is in

creased, the conversion of the so3 in the stream flowing through the 

reactor is increased, so that more reaction product is stored. Night

time power production thus increases. The larger size of stream (12) 

results in a greater compressor drain of the daytime power, but all of 

this heat can be used for heating the tower feed. 

Another effect of raising the allowable temperature is on the 

power production in the daytime turbine. The higher temperature of 

stream (6) and the increased number of moles of gas in it allows 

greater electricity production from the turbine. The overall 

efficiency thus increases. 

The sharp decrease in efficiency as the tube wall temperature is 

lowered indicates the usefulness of achieving the highest temperatures 

possible. An optimization should be done to correlate the economics 

of increased efficiency with the cost of more frequent replacement of 

reactor and turbine components. 
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4. Minimum System Temperature 

The effect of changes in the minimum temperature achievable in 

this system is shown in Fig. 6.5. 
0 A range of 293-333 K (20-60 C) 

was investigated. For design purposes the ambient temperature was 

0 taken to be 10 C lower. 
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This minimum system temperature is of course not freely adjustable 

but is determined by the weather. The temperature range chosen cor-

responds to that expected for a desert environment. In these calcula-

tions a constant temperature for the day and night was used. In 

reality, the temperature would be a function of both time of day and 

season. 

As with most thermodynamic cycles the efficiency was found to 

increase as the minimum temperature decreased. The major reason for 

this is the decreasing daytime turbine exhaust pressure, also shown in 

Figure 6. 5. 

As explained in Chapter III, this exhaust pressure is determined 

by the so2-so3 vaporizer requirements in the nighttime process. 

This in. turn is set 'by the so
2 

content of the stream stored (17). 

As the temperature of the stream leaving TRIM-1 decreases, its 

pressure may be lowered while maintaining the same amount of condensa-

tion and recycle. The result is a greater turbine output since the 

pressure drop across it increases. 

Lowering the minimum temperature also serves to recover more of 

the heat of condensation of the exhaust streams. Some of the so3 in 
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the exhaust stream condenses while heating the feed streams to a 

temperature within 10°C of it. This occurs in both the daytime and 

ni~ttime modes. 

A related benefit of reducing the ~nimum temperature is that more 

so
2 

condenses out of the 02 stream at lower temperature. During 

the day this allows storage of more so
2 

as a liquid rather than as a 

gas. During the nighttime this reduces the size of the o
2 stream 

that must be recompressed and recycled. 



VII. Cost Analysis 

A. System Costs 
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The costs for installed equipment and operation for the base case 

conditions were estimated for purposes of comparison. These costs 

include process piping, electrical connections, control systems, 

engineering, etc. They do not include plant auxiliaries such as land, 

roads, and fences. Cost indices published in Chemical Engineering 

were used to adjust all costs to June, 1979. 

Some costs for fabricated equipment were based on the weight of 

the metal used. The price taken for fabricated pressure vessels was 

$3.50/kg for carbon stee16 and 4.25 times this for 316 stainless 

stee.l ( 7), or $14. 80/kg. Installation costs were taken to be 140% of 

fabricated costs. 8 In-place equipment costs thus are 2.4 times the 

fabricated cost for carbon steel equipment. 

1. Tower, Receiver, and Mirror Field 

The cost of these items is the most uncertain of any component in 

the design, as nothing similar has ever been built. This cost is also 

a substantial fraction of the total cost of the process. The un

certainty in cost becomes less important, however, when comparing this 

process with other systems of solar power generation and storage. 

Presumably these other systems will use a similar tower and mirror 

field. This allows a comparison before the costs of these items have 

been more accurately determined. 

Boeing2 has estimated the costs of a tower, mirror field, and 

receiver absorbing 230 MWt to be $40.5 million in mid-1976. 

Adjusting to mid-1979 the cost is: 
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(236) 
$40.5 x (T92) = $49.8 million 

This figure is based on a mirror cost of $65/m2 . This is an 

estUnate for mass-produced heliostats and is not presently obtain-

able. The cost with present technology would be higher. 

The receiver in this process is modified in that Fe2o3 

catalyst is coated on the inside of the reactor tubes. While dif-

ficult to estimate, the catalyst and labor costs are expected to be 

minor in comparison to the other costs for the receiver and heliostats. 

2. Turbines and Electric Plant 

Boeing2 has estimated the cost for a gas turbine process using 

the Brayton cycle to be $119/kW of net power in mid-1976. This 
e 

cost, however, includes the cost and power drain of the compressor in 

their cycle. By allowing for the cost and power requirement for the 

compressor we estimate a turbine cost of roughly $41/kW for a 100 
e 

MW gas turbine. 
e Adjusting to mid-1979 the cost 1s $50/kW . 

e 

For the present process two turbines, one of 60 MW and one of 
e 

20 MW capacity, are proposed. In scaling the costs down from a 100 e 

MW turbine, cost was assumed to be proportional to the 0.6 power of e 

the capacity. This resulted in a total turbine cost of $6.7 million. 

Better estimates should be made in the future as this is a large 

fraction of the total cost of the power plant. 

Boeing used a cost of $20/kW of net generated electricity for 
e 

the generators and electric plant. In mid 1979 this would be approxi-

mately $24/kW • Since the net power generation during the day is e 

53.2 MW , this results in an electric plant cost of $1.2 million. 
e 



44 

3. Compressors 

The costing of compressors is a standard calculation and is based 

on the gas flow rate and number of stages required. Costs were taken 

from Peters and Timmerhatis8 and adjusted to mid-1979. The daytime 

compressor (C), with a load of 24.5 MW , has an installed cost of 
·e 

$850,000. The nighttime o2 recycle compressor (C-2) with a load of 

1.6 MWe, costs $170,000. The compressor for pumping o2 from 

storage has a load that increases with time as the chamber is 

emptied. For this reason, two compressors are used, each with a 

maximum load of 0.6 MW and costing $93,000. The total cost for 
·e 

compressors is thus $1,210,000. 

4. Heat Exchangers . . 

Calculations for estimating heat-exchangers sizes were made for 

each exchanger required, using heat-transfer coefficients from 

standard correlations. 9 Costs were estimated according to Popper 

and include installation, ~aterials, and pressure factors. Air cooled 

10 trimmer costs were taken from Perry. Stainless steel was used f~r 

all heat exchangers, and a material factor of 4.5 over carbon steel 

was taken. An installation factor of 1.3 was used. 

The sizes and costs of all exchangers including piping, electrical 

connections, and control systems is shown in Table 7.1. More detailed 

information about the sizing procedure used is given by Hill. 5 

A possible modification to reduce costs is to use the same heat 

exchangers for both day and night. At a cost of more complex piping 
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Table 7.1 Heat Exchanger Sizes and Costs 

.... 
Heat Type of Heat Heat Duty Area Installed 

Exchanger Transfer (MW) (m2) Cost ($1,000) 

Daytime 
COND-A cond. gas-1iq. 65.2 2,810 1,980 
CON D-B gas-liq. 23.1 2,350 1,640 
VAP-1 gas-vap. liq. 1.4 12 18 
VAP-2 gas-vap. liq. 87.7 650 500 
TRIM-1 cond. gas-al.r 61.2 3,430 930 
TRIM-2 cond. gas-air - 6.8 300 107 

Nighttime 
HE-2 gas-gas 4.0 27 35 
HE-3 gas-gas 11.3 708 123 
VAP-3 gas-vap. liq. 33.1 470 400 
TRIM-3 cond. gas-al.r 35.6 1,500 414 

Total Installed Cost $6,150,000 

June 1979 
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this can eliminate the need for any different exchangers for the 

nighttime (LTS) process. The effect of this modification on the cost 

of power, however, is small . 

5. Storage Vessels 

The volumes required and means of stor~ge of so2/so3 and 

oxygen are discussed in Chapter V. Liquid so2 and so
3 

are stored 

jointly in a number of spherical carbon steel tanks. The thickness of 

each tanks is determined by the diameter and the. pressure differential 

(7 atmospheres) across the walls. 

The total steel required for 35 vessels 5.3 min diameter and 1.35 

em thick is 171,400 kg. This results in a fabricated cost of $620,000 

and an installed cost of $1.48 mill~on. The total volume of these 

vessels is 2730 m3 , which represents an so
3 

capacity of Sx106 kg. 

During an emergency it may be necessary to store hot so
2
-so

3 

streams to drain the system. Several of the tanks should be con-

structed of stainless steel to allow for this possibility. This would 

have a small effect on the total storage costs. 

The costing of an oxygen storage vessel is more difficult as 

cavern costs vary widely with the size and depth required. Cost 

estimates run from $6.5/m3 to $390/m3 . 11 The former cost is for 

large shallow caverns, the latter for small, deep ones. This results 

in a range ·of costs from $0.06 to $3.61 million for a volume of 9,260 

3 m . The cavern in this process is at neither extreme, so a cost of 

$220/m3 is used in these calculations. This results in a cavern 

cost of $2.0 million. Further work by industry with the excavation of 

caverns for fluid storage should result in better estimates. 
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6 .. Nighttime Reactors and Catalyst 

The low-temperature reactors consist of three beds with vanadium 

pentoxide catalyst and one with platinized asbestos. The scheme pro-

posed is to have the three reactors in three shells. The first shell 

contains R-1, a v
2
o

5 
and platinum bed in series. The total volume 

3 of the catalyst is 2.9 m . The shell volume is taken to be slightly 

3 larger (3.2 m ) to allow for gas distribution. The gas pressure 

drop in this reactor and in each of the others 1n this system is 0.2 

bar. The shell thickness is 5.5 em for operation at 40 bar, resulting 

in a mass of steel of 4500 kg. 

3 The second shell contains R-2, which has 5.4 m of catalyst 

(v2o5). This is a radial flow reactor to keep pressure drops low 

while allowing reasonable reactor dimensions. The total volume of 

this shell is 7.1 m3 . The shell thickness of 0.8 em for operation 

at 2 bar results in a steel mass of 1230 kg, including center support. 

The third shell contains the largest reactor, R-3. This has a 

3 catalyst volume of 30.0 m and also has radial flow. The total 

3 shell volume is 36.5 m . The shell thickness is 0.8 em and the mass 

of steel is 3280 kg. 

The total steel required for the three reactor shells is 9020 kg. 

This results in a fabricated cost of $134,000 and an installed cost of 

$320 ,000. 

Vanadium pentoxide costs depend on the source, quantity, and sup-

port used. The total mass of supported v
2
o

5 
used in the reactors 

is 29,100 kg. Cost data from vendors indicate that the purchased cost 

of this much catalyst would be $71,800. 



Platinum catalyst costs were more difficult to ascertain than 

those for vanadium pentoxide. Fortunately, the amount required 'is 

small. The cost of the catalyst was taken to be the value of the 

platinum metal plus 10% for processing. 
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· The platinized asbestos catalyst, containing 7% platinum by 

weight, contains 3.39 kg (108.8 troy oz.) of platinum. At the current 

market price of $350 per troy ounce, pius 10%, the cost of the 

catalyst is $42,000. 

A credit may ·be taken for platinum re.covery from the spent 

catalyst. Approximately 90% of the metal is recovered. The value of 

this credit is $34,000, leaving a net catalyst cost of $8,000. 

7. Reactants 

The most logical way to ship the reactants to the project site is 

as liquid so3 . This eliminates the need to transport large quanti

ties of oxygen if so2 were shipped. A large amount of so3 1s 

needed, approximately nine 35,000-gallon tank cars must be provided 

for the base case daily cycle. 

According to Boeing, 2 liquid so
3 

costs about 92% as much as 

so
2 

per ton. Although not as common as so
2 

in chemical trade, 

so3 should be readily available from any manufacturer of oleum, 

which is a solution of so3 in H2so
4

. Should this process be 

implemented in large scale, a grass-roots sulfur oxidation plant could 

be set up for producing so3. 
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According to the Chemical Marketing Reporter for June 1979, the 

average cost for so
2 

when purchased by the tank is $158 per ton. 

Adjusting for so
3 

costs, a total reactant cost for 4.0x106 kg of 

so3 would be $640,000. 

8. Dry Cooling Tower 

The design of the dry cooling tower and system is beyond the scope 

of this project. A rough estimate of the cost of this tower for a 

"Heller" type system was taken from Rossie and Cecil. 12 The updated 

costs are $33,100 per MWt of heat load. The load consists of the 

heat rejected in the trimmers. During the day this load is 68 MWt, 

and in the night 35.6 MWt. The tower cost is thus set by the day

time load and is $2.25 million. 

A summary of major equipment costs is shown in Table 7.2. It is 

clear that the tower, receiver, and heliostats are the major costs of 

this process. Turbines and heat exchangers were found to make up a 

large portion of the remainder. These are thus the first components 

that should be subject to further study and cost estimation. 

B. Cost of Power · 

The cost of the electricity produced by this process (cents per 

kW-hr) was estimated from the capital cost by using a capitalization 

rate and a stream factor. The capitalization rate chosen for equip-

ment not in direct contact with the sox-0
2 

streams was 18% per 

year. This applies to the tower and heliostat field and the dry 

cooling tower. This is three percentage points higher than that used 



Table 7.2 S~mmary of Equipment Costs 

Total Plant Costs ($1,000) 

Tower, Receiver, Heliostats 

Turbines and Elec. Plant 

Compressors. 

Cooling Tower 

Heat Exchangers 

Low Temperature Reactors and Catalysts 

Reactants 

Storage Vessels 

so
2 

- so
3 

02 

Total Plant Cost 

$49,800 

7,900 

1,210 

2' 250. 

6,150 

400 

640 

1,480 

1,970 

$71.7 Million 

50 
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by Skinrood. 13 The higher figure was taken to allow for the 

increased maintenance for the receiver tubes, which is expected 

b'ecause of their contact with the hot, corrosive gases. 

For highly corrosive conditions Peters and Timmerhaus (8) suggest 

an even higher capitalization rate. They estimate an increase of 

about 10 points to account for more frequent maintenance and replace-

ment. A rate of 25% of the installed equipment cost per year is 

therefore used for the equipment exposed to corrosive gases. 

Using a stream factor of 0.7 (256 days/year) the cost of power at 

the base case conditions is: 

Cost (49.8 + 2.2) (0.18) + (19.7) (0.25) 
= -=-25~6;..;(;..:;:8~(":"1s3~.;.,:2~-~o """. 1~-~o.;.. 3;:..;)~+--:-16~(,..:.1.;:.9.;... 4~"'"-~o~.-i-3 -;..:o::-.~1~) ) 

= $7.73x10-5/W-hr 

= 7. 73¢/kW-hr 

Firure 7.1 shows the effect of different stream factors on the cost of 

power. Fig. 7.2 shows the effect of different periods of insolation, 

rang1ng from 6 to 14 hours per day, on the cost of power. Only minor 

changes in storage costs result from this variation. Both of these 

parameters are set by the weather conditions. 
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VII. Comparison with Alternative Energy Storage Processes 

To provide some perspective, this process is compared with 

alternative energy storage schemes that have been proposed for solar 

power plants. The bulk of this comparison is made with an alternative 

sulfur oxide process as reported by Dayan et a1. 3 A short 

description of their process appears in Chapter I. 

Dayan's process involved a sulfur oxide storage system integrated 

with a solar steam plant. During the day, water was vaporized in 

tubes contained in part of the receiver. This served as the steam 

boiler for daytime power production. The remainder of the receiver 

contained tubes through which so3 flowed and reacted. The so
2 

and 

o2 produced were cooled, separated from so3 and sent to storage. 

During the night the heat liberated by the reacting so2 and 02 

was used to vaporize water in a conventional steam cycle. The train 

of reactors and heat exchangers was similar to the gas turbine 

process. The resulting so3 was cooled and sent to storage. 

The installed equipment costs for the two processes are shown 1n 

Table 8.1. Dayan's figures have been adjusted to June 1979. The two 

sets of figures can be readily compared since the same methods and 

sources were used to estimate costs in each case. Similar base case 

conditions were used, with nearly identical tower-receivers. 

The total costs for the two processes are clearly very similar. 

The distribution of the costs of the components is quite different, 

however. The steam turbine is much cheaper, primarily because 

electrical output is much lower. The steam turbine produces 31 MW 
e 



Table 8.1. Plant Costs of Gas Turbine and Steam Turbine Processes 

Tower, Receiver, Heliostats 

Turbines and Generating Plant 

Compressors 

Cooling Tower 

Heat Exchangers 

Distillation Column 

Low Temperature 
Reactors and Catalysts 
Reactants 

Storage Vessels 

*All costs are June, 1979 dollars. 

Plant 

Steam Turbine 

$49.8xlo6 

4.3 

2.9 

10.3 

0.7 

0.9 

0.4 

1.0 

3.3 

73.6x1o6 

Cost* 

Gas Turbine 

$49.8x1o6 

7.9 

1.2 

2.2 

6.1 

0.4 

0.6 

1.5 

2.0 

$71.1x1o6 
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during the day, while the gas turbine generates approximately 78 

MW . No compressors are required for the steam turbine, but no 
e 

distillation column is used for the gas-turbine process. Heat ex-

changers costs are much lower in the gas turbine plant, since less 

heat-exchange area is required. 

Other differences between the steam and gas-turbine plants are 
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relatively minor. The steam plant requires a larger dry cooling tower 

due to its greater waste heat disposal. This 1s a result of its lower 

efficiency, which is discussed below. The reactors 1n the steam plant 

are more costly because they operate at 11 bar, necessitating a metal 

thickness greater than that of the 2-bar reactors used in the gas-

turbine process. Reactants (so3) and liquid storage costs are 

higher for the gas-turbine plant because the streams are less pure. 

This is a result of omitting the distillation column used in the steam 

process. Less of the o2-so2 mixture is stored, and this is 

reflected in a lower o2 storage cost. 

The cost of power, as shown in Table 8.2, shows the real dif-

ference in the economics of the two processes. Electricity costs 

about 34% less with the gas-turbine process. Since the equipment 

costs are similar, this is a direct result of the different efficien-

cies of the two processes. Some of the key energy accounting figures 

are also shown in Table 8.2 Both processes absorb 230 MWt during an 

8-hour day and discharge power from storage for a 16-hour night. Cost 

figures were based on identical capitalization rates and stream 

factors. 
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Table 8.2 Energy Accounting and Power Costs for the Steam Turbine and Gas 

Turbine Processes. 

Energy Absorbed 
(MWt-hr 1 Day) 

Energy Released 
Daytime Net Electrical Output 

(MWe-hr/Day) 

Steam Cycle Condenser 
(MWt/Day) 

Process Waste Heat 
(MWt-hr/Day) 

Nighttime 
Net Electrical Output 

(MWe-hr/Day) 

Steam Cycle Condenser 
(MWt-hr/Day) 

Off-line Turbine Bleed 
( MW chr /Day) 

Process Waste Heat 
(MWchr/Day) 

Total Energy Released 
(MW-hr/Day) 

Overall Efficiency (%) 

Cost of Power 
(¢/kWe-hr) 

Steam Turbine Gas-Turbine 

1840 1840 

255 418 

263 

513 545 

250 304 

459 

34 

66 570 

1840 1840 

27 39 

11.2 7.7 

-.· 



The steam-cycle power plant and storage process have a low 

efficiency for several reasons. 
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1. The steam-cycle efficiency is limited to about 40% of the heat 

it absorbs. Vast amounts of heat must be discarded in the condenser 

of this cycle. This figure is much lower during the day because a 

large amount of low pressure steam must be channelled to the storage 

process. This correspondingly increases the process waste heat. 

2. The steam turbine must be kept hot and turning during the 

night to allow rapid start-up at sunrise. A bleed stream of steam 

must thus be effectively wasted to allow this. Although the amount of 

heat is relatively small, it is of high quality and could be converted 

directly into electricity. This bleed is not required in the gas 

turbine process. 

3. The steam process has in addition unusable heat of condensa

tion of so
2 

and so
3

. Trimmers discard this heat much the same way 

as they do in the gas-turbine cycle. The trimmer loads are much less 

in the steam process because the cycle is isobaric, allowing more 

recovery of the heat of condensation. 

Other factors should be taken into account when choosing between 

the two processes. Even though the use of so2-so3 
as the power 

fluid in the gas-turbine process increases the efficiency, it can lead 

to more severe corrosion and fatigue problems. These problems would 

appear in the turbines and compressors, the only components where the 

two processes are significantly different. 
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Although both processes are subject to uncertainties in their 

operation, design, and costs, the gas-turbine process appears to be by 

far the superior of the two. It would seem therefore that further 

work should be initiated on the gas-turbine process prior to any 

further study of the steam-cycle storage process. Further discussion 

of the uncertainties is given in Chapter IX. 

Another process for the storage of solar energy is currently being 

investigated in our laboratory by Baldwin. 14 His is a sensible-heat 

process using a checkerwork of magnesia bricks in cast iron vessels. 

The vessels are ~n series with the boiler of a steam-cycle power 

plant. A gas such as helium or nitrogen is used to transport heat 

from the central receiver. Using a similar tower, mirror field, and 

receiver Baldwin has calculated a power cost of 8.7 ¢/kW-hr. 

Capitalization rates and stream factors similar to those of this study 

were used to obtain this figure. This power cost is too close to that 

of the gas-turbine process to choose between them at this time on the 

basis of economics. Baldwin does not have the uncertainty of cor

rosion as in the gas-turbine process, but thermal losses restrict the 

use of sensible-heat storage for periods much longer than 24 hours. 



IX. Conclusions and Recommendations 

The economics of electricity productim~ using the gas-turbine 

process described in this report appears to be very attractive, 

although the accuracy of this estimation is highly uncertain. The 

estimated power cost of 7.7¢/kW hr is high compared to current 
e 
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fossil-fuel-fired power sources, but only by a factor of about 2. In 

view of the rapid escalation of fossil fuel costs, this discrepancy is 

low enough to warrant further investigation. Furthermore, the con-

tinuing problems of environmental safety associated with the use of 

fossil and nuclear fuels may make this alternative means of energy 

production and storage become increasingly attractive. 

Since the primary cost of solar energy from a "power tower" 

operation lies in the cost of the mirror field, a method of producing 

electricity from this solar energy can only be economically attractive 

if its efficiency is high. The novel hybrid of the Brayton and 

Rankine cycles described in this report has the potential for high 

efficiency because it utilizes the thermodynamic potential of the high 

temperatures that obtain in the process. The primary uncertainty in 

the economics estimates presented here arises from the corrosiveness 

of the system at the temperatures required. A developmental program 

will be needed to determine whether economically as well as technic-

ally feasible solutions exist for the materials problems that will be 

faced. 
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A. Verification of Assumptions 

The novelty of this design has made a large number of assumptions 

regarding physical properties necessary. Experimental verification or 

more sophisticated modeling should be performed on the following. 

1. Tower, mirror field, and receiver costs and construction are 

very unfamiliar and need to be investigated further. Solar systems 

using these components, however, may be compared in the interim by 

us~ng similar estimates of costs. The practicality of coating 

Fe2o3 on the receiver tubes must be determined, .as well as the 

costs of the catalyst and its installation. 

2. Problems of materials compatibility have been mentioned, and 

they require experimental testing. The performance of the turbine 

exposed to corrosive gases should be determined, including the effects 

on the bearings, lubrication, and seals. The adherence of protective 

oxides and sulfides to the metal must be determined under conditions 

of· thermal cycling. 

3. Heat and mass-transfer correlations used to model the 

receiver-reactor and to size heat exchangers can have an accuracy of 

only +50%. This will necessitate experimental investigation of these -. 
models. 

4. The process is very sensitive to the efficiency of the 

turbines, as shown in Chapter III. A more accurate estimate of this 

efficiency must be made, as power costs are sensitive to it. 

5. Cavern storage of oxygen should be investigated more 

thoroughly, as only a rough estimate of cost was used. Further,·there 

are technical problems of flow of oxygen at high flow rates. 
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6. This process uses heat exchangers that are huge by most 

standards. The physical design and cost estimates need to be more 

accurately determined. 

7. Capital cost calculations were simplified by the omission of 

plant auxiliaries and by using set installation factors for all equip-

ment. A detailed estimate would allow greater confidence in these 

figures. 

B. Sensitivity Analysis 

The parameter study (Chapter VI) provided some insight as to the 

most desirable operating conditions. It was not, however, a true 

optimization, as only one parameter at a time was varied.. The novelty 

of this combined Brayton-Rankine cycle has given it unusual responses· 

to parameter variations, and a more sophisticated modeling may yield a 

cycle with better performance than the current base case. 

1. The process efficiency has strong dependence of the daytime 

pressure. Our model indicates that the pressure chosen should be in 

the range of 38-42 bar. 

2. The nighttime pressure has a weak effect on efficiency and is 

not particularly important. The cost of power should be minimized by 

balancing the economics of changing this efficiency with the effect on 

the cost of storage and heat exchangers. 

3. The study of how effic'iency varies with the maximum tempera-

ture achievable in the reactor walls (T 11 ) shows the import-wa max 

ance of reaching the highest temperatures possible in the reactor. 

This requires a more involved cost analysis to account for the more 

frequent replacement of these tubes at higher temperatures. 
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4. The process efficiency has a strong dependence on the ambient 

temperature because of its influence on the process discharge temper

ature. Since the 40°C discharge temperature of the base case is a 

conservative estimate, the process will probably run at an efficiency 

higher than 39% most of the time. This would allow removal of some of 

the heliostats from the matrix for maintenance. Alternatively, more 

so
2 

and o
2 

could be stored during the daylight hours. This is a 

fortunate result, as the winter days have fewer hours of sunlight. 

This process is strongly dependent on the ambient and operating 

conditions, and will require complex control as these change during 

the day or year. An analysis of how this control should be designed 

and implemented is a subject worthy of further study. 

C. Modes of Operation 

This process has been designed and the costs ascertained for the 

simplest of scenarios; constant insolation for a set period of time 

and constant discharge for the remainder of the day. This was neces

sary to test the economics under favorable conditions prior to any 

further investigation. Some other possibilities are: 

1. It may be desirable to run the discharge mode at variable 

rates, to allow for higher mid-evening power requirements, for 

example. This would require large nightttme equipment: reactors, heat 

exchangers, etc. The added flexibility-of the process would probably 

be worth the increase in capital cost.that would result. 
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2. One advantage of this storage process over others is the 

possibility of running the charge and discharge modes simultaneously. 

This would be useful at about 6:00P.M., for example, when the sun is 

perhaps not supplying adequate power. The cost is the loss of the 

possibility of using some heat exchangers for both modes, as discussed 

in Chapter VII. The gain is that no additional equipment need be used 

if the charge mode can lend some of its excess turbine capacity to the 

discharge mode. This is another advantage to having a number of small 

turbines. 

3. Depending on cost and locational restrictions, additional 

storage capacity could be constructed for longer te.rm storage. so
2 

and o
2 

could be stored during weekends, a period where demand is 

lower, to be. used gradually through the week. 

The high cost of storage would seem to rule out long-term seasonal 

storage, such as from summer to winter. A quantitative analysis of 

seasonal storage has not been made in this study, but likely ranges of 

storage times should be investigated. 

D. Conclusion 

Although fraught with assumptions and estimations, this study 

shows that the gas-turbine process appears to have attractive 

economics at this stage of its development. Further work on some of 

the problems and uncertainties mentioned herein is a worthwhile next 

step. 
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Appendix A. Turbine and Compressor Calculational Technique · 

1. Turbines 

The program first calculates the adiabatic reversible change in 

-enthalpy of the stream through the turbine, using the pressure drop 

previously set. This is represented by the isentropic path from point 

1 to point 2 in Fig. A.l. This path is calculated by determining T2_ 

from the pressure ratio and the heat capacity of the stream. The 

equation used is 

= 

y-1 
y 

where y = C/Cv. H2 is found by routine ENTR2, knowing the 

temperature and composition. 

To allow for turbine irreversibility, an efficiency of 90% was 

assumed in the base case. This results in a real endpoint of 2', 

where H1-H2 , is equal to 90% of H1-H
2

. This expansion path is 

shown by the dashed line 1-2'. The turbine electrical output is this 

~H times the flowrate through it. The program calculates the enthalpy 

of the exiting stream, H2 ,, by subtracting this ~H from H
1

. It 

then calculates the temperature corresponding to that enthalpy by 

calling routine FINDT. 

2. Compressors 

For the compressors the reverse procedure is essentially used. 

This procedure is illustrated in Fig. A.2. The program calculates the 

isentropic adiabatic compression of the stream from point 1 to 2. To 
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allow for compressor irreversibility, this change in enthalpy 

(H2-H1) is divided by the efficiency assumed, 85% in the base 

case. This results in a real compression path of the dashed line 

1-2'. The compressor work requirement is this change in enthalpy 

(H2 ,-H
1

) times the flow rate of gas through it, and is greater 

than for reversible compression. The program th~n calculates the 

enthalpy ·(H
2

,) and the temperature of the exiting stream. 

68 
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Appendix B. 

1. Program Listings and Flowcharts 

The glossary, listing, and flowchart are included for the 

following routines: 

Program GAST 
Subroutine HTS 
Subroutine LTS 
Subroutine DPTR 

Gas Turbine Program 
High Temperature Side 
Low Temperature Side 
Dew Point Temperature 

The remaining routines are the same as those of Dayan et. al. 4 
and may be found listed in their work. 

They are: 

Subroutine BPTR 
Function CCL 

Subroutine CLR 

Function CP 
Subroutine CTR 

Function DHR 
Subroutine ENTRI 
Subroutine ENTR2 
Subroutine FINDT 

Subroutine HTR 

Subroutine LHR 
Subroutine LTR 

Subroutine RECOPY 

Function TKP 

Subroutine VKCR 

Bubble point temperature 
Condenser load (called by both 
CLR and CTR) 
Condenser load, Calculates load 
for given flow and output 
temperature 
Specific heat of stream 
Condenser temperature. 
Calculates temperature of outlet 
stream of an exchanger whose load 
is specified 
Heat of reaction of S03 
Enthalpy of liquid mixture 
Enthalpy of gas mixture 
Stream temperature for a given 
enthalpy 
High-temperature (daytime) S03 
reactor 
Latent heat 
Low-temperature (nighttime) S02 
reactor 
Copies data of one record into 
another . 
Equilibrium constant in terms of 
conversion of so3 to so2 
Volatility K constant 



Subroutines Called: 

DPTR 
ENI'Rl 
ENTR2 
liTR 
HTS 
LTS 
RECOPY 

PROGRAM GAST 

Dew point temperature routine 
Enthalpy of a liquid mixture· 
Enthalpy of a gaseous mixture 
High temperature reactor 
High temperature side (daytime process) 
Low temperature side (nighttime process) 
Recopy one record to another 

Glossary of Variables Used: 

ACW 
c 
CEFF 
COMPW 
COMPWL 
CONDA 
CONDB 
CONDlL 
COND2L 
COND13 
DF 
DliTP 
DTD56 
DTMIN 
DTWMAX 
DX 
DX2 
EFFIC 
EPSF 
EPSFS 
EPSTS 
EPSX 
F 
FC 
Fll 
GCH 
GCL 
GEH 
GEL 
GTW 
GTWL 
H 
HE1L-HE4L 
liTP 
I, J, K, L, H, N 
IFP 

Additional Compressor work 
Conversion in reactor (HTS) 
Compressor efficiency 
Compressor (HTS) 
Compressor (LTS) 
Condenser 
Condenser 

'Condenser 
Condenser 
Condenser 
Difference in flow between 42 and 1. 
Increment of HTP for parameter study 
Delta temp. between streams 5 and 6. 
Increment of TMIN for parameter study 
Increment of TWMAX for parameters study 
Difference in X2 of 42 and 1 
Increment in X2 for stream 21 · 
Efficiency of process 
Convergence limit for flow 
EPSF for stream 5 
Convergence limit for T(5) 
Convergency limit for composition 
Flow array (kmole/sec) 
Final conversion in reactor (LTS) 
First guess of F(l) 
Gamma (CP/CV)across compressor (HTS) 
Gamma (CP/CV) across compressor (LTS) 
Gamma (Cp/CV) across turbine (HTS) 
Gamma (Cp/Cv) across turbine (LTS) 
Gas-turbine output (HTS) 
Gas-turbine output (LTS) 
Enthalpy array (kmoles/kmole) 
Heat exchangers 1-4 
High pressure for HTS 
DO-loop indices 
Indicator for printing 
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IT, KO 
LTP 
MI 
NCI 
NP 
NTW 
OAC1 
OAC2 
OUTD 
OUTN 
p 

PA 
PRT 
QAAN 
R 
REC 
RH 
so 
SOR 
T 
TEFF 
TMA 
TMIN 
TQA 
TRIML 
TRIM1L 
TRIM2L 
TSOURCE 
TWA 
TWMAX 
VAPR 
VAP1L 
VAP2L 
WR 
X1 
X2 
X3 
X21 

00-loop indices 
High pressure for LTS 
Number of TMIN's for parameter study 
NO convergence indicator 
Number of HTP for parameter study 
Number of TWMAX for parameter study 
Overall Condenser 1 
Overall condenser 2 
Net electrical output (daytime) 
Net electrical output (nighttime) 
Pressure array (bar) 
Pressure array 
Pressure ratio across turbine 
Heat liberated from reactors at night 
Ratio for 230 MW receiver 
Receiver (reactor portion) 
Total receiver duty (MW) 
SOR for previous iteration 
so2/o2 ratio in feed to reactor (LTS) 
Temperature array (K) 
Turbine efficiency 
TMIN array 
Minimum temperature in system (k) 
Heat absorbed by HE-1 and Receiver 
Trimmer (LTS) 
Trimmer 1 (HTS) 
Trimmer 2 ( HTS ) 
Source temperature at receiver 
TWMAX array 
Maximum tube wall temp (K) 
Vaporizer (LTS) 
Vaporizer 1 (HTS) 
Vaporizer 2 (HTS) 
Work ratio (day/night) 
Mole fraction 02 
Mole fraction S02 
Mole fraction S03 
Mole fraction S02 in stream 1 
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pqoGRA~ GAST IINPUToOUTPUTtPUNCHI 

·············~·························································· 
* 
* 

~/f.,/70 

GAST - GAS TURBI~E PROCESS FOR CHEMICAL 5TORAGE OF SOLAR ENERGYo * 

·~··········· ····················································•····•· • * 
~ oqcGqA~ CALCULATES A ~ATERI4L A,D ENERGY 34LANCE FO~ A PROCESS TO• 
•STOR~ THER~A- ~~ERGY CHE~I(ALLY ~HILE PRODUCING ELECTRICITY. Trl!S PRO* 
*CESS USES THe CE~TR4L RECEIVER CONCEPT FC~ 50LAR ENERGY. * 
* PQOGRA~ REA~S IN THE FIRST EST1~ATES FOR STRE4~ PROPERTIES• THE, * 
*ITERATES ON THE HTS IDAYTI~El AND LT~ !NIGHTTIME PROPERTIES U,TIL THEY* 
*~'TCHo FLO~S ~,D HEAT D~TIES ARE RATIOC TO A 230 M~ RECEIVER AND PRI~* 
•-T=~• * 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. * REAL LTD 

CCA~O,/STREA~/FI45l•P14~ltTI45ltH14~1•Xli451•X21451tX?I451 
(0~~0,/LTV/~AA,•AC~•FCoGT~L•CO~P~L•GEL•GCL 
CO~~ON/LArlTV/T~INoHTPoLTPoTEFFoCEFF 

CO~~ON/rlTV/EPST5oEPSF5oDTD56tTW~AXoGTWoCOMP~~CoTSOURCEoGEHoGCHoPRT 
C0~~0N/HTHEL/C0NDIL•C0~02Lt0ACl•CAC2•VAPlLtHEll•TRI~lloTRI~ZltC0ND 
1Ao(OND3oCON~l3 

~O~~CN/LT~~l/HE2loHE3LoHC4LoVAP2LoTR!~L 

~I~ENSION 'AI}::JoTWAIJ·JioT"'AIJ')I 
)ATA FI4;J,P1451oTI451oHI451oXll451tX2145loX31451/7*0o/ 
)ATA EP5Fo~PSXt:.J:s.~.021/ 

+PEA') )ATf .. 
~EA!"' 1oF1loX21 
oEA~ 1oHTPoLTo,~E~c,cEFF 
O~A~1,~T)~~.T~~AXoT~JN 

?EAG!oEP~T~,c~~cs 

? CA"'i2 1 ")TV!t.,o, T"f! 

~EA) '•)~TPoD~~vAX 
qEA1 13oiTovT,~PoNTW 

4PO!,T INPUT 
oo Y.~T <? 
ooi,T ~,c11oX?1• DTD~6oT~~AXo!~INoEPST5oEDSc5,DT~INo 
1T0AoHTPolTPo!To~T,,P,')HTP~NTWo0TW~AX 

ooi~T !~oTEFF,CEFF 

••C I =0 
PAI!I=H~P 

TI/A I 1 I= ;\,VAX 
T"'Aill=f"'IN 
:>0 14 K..:ZolO 
PA((l=PAI~-ll+~HTP 

TwA I K l = T•IJt, I K-1 l +OT•~YAX 
14 TVA(Kl=T~~~~-ll+~TVIN 

•START CALCUL~TIONS - DO LOOPS FOR ~ARAVETER STUDIES 
~"'' 1 C ~: 1 t •10 
C>O lJ L=1o~TI.o/ 
)~ 1 n '-'= 1, ~T 
HTP=PAIKI 

• 

• 
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TWIH,X:TWAI L I 
TVt~=T•AA IY l 

*Z~RO U~U~~~ POR~tON OF ~TR~A~ TA~L~ 

o" 1 s r = 1 , '•4 
19 CALL R~CO~fl45tll 

*CvV.PL~TE JATA ~0R 1 t AS5U~E 151=111 INITIALLY 
F'lll=Fll 
X21ll=X21 
Til l=TYIN 
::ALI. ~ "l T R 11 T I 1 I t X 211 I t H 11 I l 
X 1 I 1 I .,. .:'. • 
l('\( 1lo:1o-X7.1 1l 
PI11=1!TP 
CALL I:EC~OYilo5l 
Tl')l=TWMAX-DTD56-l0• 
CALL ~NTR21TI51tX215ltX315ltHI511 
PoT=lf.o 

•r~-LO~P TO (l"l~V~PG~ 0~ ~AY-"l!GHT ~ALANCE 

"'"' 1 r=~.rr 
rALL l.lT~ 

·~::T UP F'OR L•l#l T'::~P. 51')~ AN') (ALL LTS 
CALL R~<OPYI17•211 
CALL o~~OOYI15t231 

Pl2ll=LTP 
PI2~1=L;P 

·~~-LOOP TO S~T 502 RATt~ t~ LT~ STR~AM 
\)') '\8 '<0=lt1~· 

':ALL LTS 
SOR=X2127l/Xll271 
!FIAdSISO-SORioLEoov~SIGO TO 37 
JF'(§')R-1o9l 36t37t37 

'>«, JX?:o::O.:c; 
IF(loLTo41 )X?:o::l1" 
X? I ., 1 I =X? I ? 1 I + DX ? 

l("ll ?] ):~ o-X?12! l 
51")=5,.,0 

39 ':0•JT I •··J:: 
POT"lT '10 

39 ~JR~ATI/3Yo*~O CONVERGENC~ 0~ 502 RATIO*! 
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.. . 
•F'I361 O"l LT~ !~ T::ST'::O TO ~N~~R~ VAPOR!XAT!ON 15 CO~PL~TE 3Y A S~ALL * 
*AV~~"lT "~ ~""ln~~SAT~. TF' "l~Tt o oATTO ADJUST::'). * 

37 JF'IFI'>~I.L~••~"l) G" Tl") 4~ 
o~T,.;::."T-:..1.; 

OOJ')T 43o O~T 

~ .. F')q~ATil~Xt*PRT: •,F~o'>) 

~0 iO 19 
*C~=(I( TF YATE~IAL ~ALA"l(~ CLOS~S * 

45 DF:ACC(FI421-F'f11 I 
')X:lo,IX'>(4?)-X'>I111 
!FI)F-EP§F')2;t20ol9 

2~ !FIOX-EDSYI'>4t'>4tl0 
~4 IFIA~SIFic;1-F'1411-oU0217.1•21t19 

•S::T 'JO ~l"lo HIGH TE••o, SIDE * 
10 CALL oE(I"OYI42t11 

JF'(FI1 )1'21 0 .,1 0 ?0 



31 P~INT 30eTVI"' 
!:IT 
G') TO 1:J 

L~ PI11=HTP 
Flt;J:Fil)+FI11l 
X215J=IF11l*X211J+~Illl*X21ll!J/FI5J 
'l(o:t(t;):1o-X?(C.) 

7 CO"'TINU~ 
•SET N~ CONVE~G~NCE INDICATOR 

~·CI=1 
•UPDAT£ FOR FINAL F15! AND T15! 
, 21 IFO:l 

CALL HTRIFI5JeTI5JePI5JeX215JeFI6)tTI6J•P16!•Xli~J•X216JoX316J• 
1 TWo IFPoT5C JRCE I 

•SCAL~ FOR TOTAL ~~CEIVER= 210, MW AN~ PRINT 
R=23CoE~/ITQA+HElL+VAP1Ll 
• .,., 15 N=lo44 
FCN!=FINJ•R 

15 C~"' ... I'JUE 
CONI)lL=CO":~lL4R 

C~"'D2L:CC~'J2L4R 
OAC'=OACl*~ 
OAC2=~"~A(24Q 

VAD}L:VADlL4R 
H":lL=H~lL4R 

C "'"-'')A=(')'!') A 40 
CON~B=COND64R 

COND13=CO"'D13•R 
TRI~lL=TRI"~lL4R 

_TRIV2L=TQJ"12L•R 
r;TW=GTN·H~ 

(!')VPW=(JVOW40 
RH=TOA*-! 
VA02L=V-.P2L*O 
l"iE2L=HE.:L•R 
HE3L=HE"L*R 
HE4L=HE·•L*I:> 
TRIV.L:TDI~L*R 

GTWL=(.;T ll*R 
(:)1.1Piro'L=CC1.1PWL*R 
AC~<•:A(W4D 

";;AA"'=I')aA._,*CI 
EFFJ(:(IGTW-CO~PW!+IGTWL-COMP~L-ACWJJ/IRH 

lro'R:ISTW-C~~DWJ/IGTWL-COV~WL-A~~~ 
PRINT 17 

PRI"'T ?2o!)FoC>X 
"!CI=:l 

25 DqJNT lleTMINoTWMAXoHTP 
PRINT 4) 
DQT"'T 41 
PRINT 42 

+1-'FlL+Vt.PlLJ 

PRINT 54•1 JoFIJ)oPIJJoTIJJoHIJJoXliJJ•X21JJ•X31JloJ=l•2.Jl 
PRINT 54•1 JoFIJ)oPIJ)oTIJJoHIJ)oX11Jl•X2CJJ•X3CJJoJ=43•45l 
PRI"'T 4•C'),D!L•CON~2Lo!')AClonAC?oVADJL•HE1LoTR!~~L•T~I"?L 
ORJ~T 35o ~ONDAo COND9o CON~l3 
PR!t•T 26oG":HoGCH 
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PRINT 27tTSOURCEtC 
PRINT 28tRH,HE1LtVAPlL 
REC=o~O,•IR~+HElLl 
VAPR=oOJl•VADlL 
DRJ~T ;J,q~(tV!Dq 

pqi~T ?~tGT~tCO~DW 

~uTD=.3•1•1GTw-co~owl 
DOI'\IT 20:.• I"'UTI') 
DRI~T '5'\ 
DQINT 4. 
DOit..IT 4., 
PRINT 5-.•IJoFIJ)tPIJ)tTIJltHIJ)tXliJ)•X21J)•X31J)oJ=21•42l 
PRINT 6oVAP2LtHE2LoHE3LoHE4LoTRI~L 
PRINT26tG~LtGCL 
PRINT 5tGTWLoCO~DWLtAC~ 
OUTN=.~~l*IGTWL-CO~P~L-~C~I 
ocn"T .. ?t"UT'-1 
DR!t..IT 8t~(tr)AAI\I 

DRiNT 12oEFFICtWR 
CALL 0DTRI1?•1 .. •14oTI1;1) 
CALL 0DTR1"4• .. ~•36oTI .. ~Il 

11"1 (I"'"T!M!JE 
-~~OYAT STATEYE"T~ 

, Fl"\oYAT(10Xt,~F1~o.,l 

2 F~R~ATI10Xol:~lJo41 
3JFO~~ATI/3Xt*STREA~ 1 INPUT DATA Fl!loX2111 

1 /3X••PoE5CRISE) T~~DS )l)56• TWYAXt TMIN *t~Fl~.;, 
2 /3X•*C~NVERGENCE LI~!TS ~PST5oEPS~5 *•2~1J.;, 

; /;X•*~RESCRIBED HEAT L0A~S ~T~!Nol~A 
4 / .. Xt*HI+LO T PRES5 HTDoLTD 
5 /3Xt*ITERATJONS+~I~ T$5 Ilo~T 

*•?tt:.~. 
*•211:;. 

~ /.,Xt*NPo~HTPt~Twt~TWVAX *•?1!2•~1:;•"1 I 

• 

4 FOR:.ATI/3X•*EXCHA~GERS ~EAT LOA~S (J'II~1L=*•E1:;o4t!Xo*C~~~2L=••E:: 

1o4t~Xt*OAC1=*•E!:;•4•1?6Xt*OAC?=*•E1:o4t~X•*VAPIL=*•f1:•4• 
2 /26Xt*HE1L=*•El~.4•'5Xt*TR!~l~=*•El:o4•3 
3Xo*TRI~2L=*•El0o4l 

5 ~OR~ATI/3Xt*~OR< )AlA GTW=*•El0o4t*IK~-THI cj~P~=*•~!,o4•*<~ 
l*t3XooAC~=*•E1:o4t2H(W) 

6C~novATI/;Xt*~XrH~N~EDS H~~T LO~-~ V&P'L=*•~1~o4t .. Xt*~E'L =••~,0.4t 
13Xo*HE;L=*•El~o3t3X•/25Xt*HE4L=*•El~o4t4Xo•TRJVL=*•~1:o4l 

e ~OR~ATI/3X•*L0~ TEvP. o~,CTO~ ~ES~LTS ~C=*•E!~o4t;X,*CAtN=*•E!-·L 
lt 3X I 

9 FO~~ATilH!o2Xt*MATER!AL A~) ENERGY ~~LANC~ FOR ~AS TJR3I~E S~T~D*/ 
13Xo•INDJT DATA*) 

11 ~OR~ATI~Xt 4 T~!N=*•~5.lo3Xt*TMAX=*•~6 0 lo3Xt*HTP:*o~4oll 
1? F0R~ATI/3Xt*S~C0ND LAW ~F~lCI~NrY=*•~6.4t3Xo*W0~( RAT!~ C~AR~~/J! 

1Sc~aor;~=••F6.~1 

1! ~OR~AT!'0Xt7!1"l 
16 FORMATI:3Xt*TURBIN~ EFFICIENCY 

lCY= *•F'•o3l 
17 FOR~'T!.Hlo2Xt*5ALANCES SCALE~ FOR 230. M~ RECEIVER *l 
22 FO~MATI3Xt*MATERIAL 9ALANC~ D!O~T CONV~RG~. )~=*•~1Jo4t3X•!~DX=o~l 

lCo4) 
2~ FOR~ATI/3Xt*WORK DATA Gl~=*•~l0o4t*!~~-T~) rOMP~=*•~lJ.4•*~~*1 
~~ ~OR~AT!/3Xt*N~T DAYT!~f ~JRK OUTPUT: *•~5olt* (Y~)*l 
26 FOR~~T!/3Xt*GA~AE=*•FSo3t~Xt*GAMAC=*tF5o31 
27 ~c~MAT!3Xt*SOURC~ TE~P•=*•~6.lt!Xt*(0NVERS!0~=*•~5.!l 
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28 FORMATI3Xt*HEAT JNPUTo ~~ACTOR=••El0o4t3Xt*HEAT~R=*•El:o4t3~o*VtP~ 
lR IZE ~"'* • El.)o4l 

1~ FOR!IATI,Xo*F1!61=Fill=0o NO"CO~~ENSATIO~ AT TV1~=*•~~•1•• 0" T~ ~~ 
lXT -"'AX*I 

~? ~OR~ATI/~Xt*~~T NJGHTTJ~f WOP~ ~UTPUT: *•F~•l•* lv~l*l 

~~ FQRI:ATI/~Xo*TOTAL THER"-AL INPUTS. R~C~IV~R: *•~~.~•* (v·~l*o/?r.lC, 

l*VArORIZ~R= *•F5olt* I~WI*I 
35 FORMATI/3Xo*OTHER fXCHANGERS IKWI *t/5Xo*CON~A= *•~lJ,4o/5Xo*(J\:~ 

1= *•El~o4o/5Xo*COND13=* •El~o41 
4JJFOR.,.ATI/3Xo*TABLE 1- STREA~ ~ATA FCR T~E CH!RG~ ~:~~ - ~IG~ T~~P~~ 

lATUR~ SID~*l 
4l:;s:-QR:'-IATI 2Xo*STRfA~I FLOW PRESSIJR" Tr-tJP, E:HHALPV ... ;:_•,::>: 

1~ITIO~ 1~0LE FPACTin~l•l 
4? FOR~AT14Xt*NO. IKMOL/51 I~APl I() I~J/,VOL~l ~2 

1 5~2 503•1 
~,:FOR~ATitH]o~Xo*TAoLE?- STREAY JAT! FOR T~E DISCrlARSE ~~JE- L:A 

lTE~PER~:URE SI~E*•Il5Xo*~~SED 0~ e HC~R ~ISHT*oll 
54 FOR~ATI~Xtl2o5XoF4,2t7XtF5o2t6XtF6olt6Xt~'"7,Ct&Xtf5o3t4XtF~ 0 )t4Xt~~ 

lo~l 

END 

. . 



§Ail - Gas Turbine Pro ram 

Read first approxi
mations, specifi
cations, and para
meters 

DO 7 
DO-loop 7 alternates 
HTS and LTS until the 
material balance con
ver 

HTS 
Call HTS to calcul
ate material and en
ergy balances for the 
da time rocess 

Transfer data from 
HTS to LTS 

Record 17 to 21 
15 to 23 

Call LTS to calcul
ate the material and 
energy balances for 
the ni httime 

Yes 

No 

No 

No 

·""-HTR 
Final pass through 
HTR to get detailed 
printout of results 

I 

77 



Subroutine HTS 

Subroutines Called: 

BPTR 
CLR 
CP 
CTR 
DPTR 
ENI'R-2 
FINDT 
HTR 
LHR 
Recopy 

Bubble point temperature routine 
Condenser load routine 
Heat capacity 
Condenser temperature routine 
Dew point temperature routine 
Enthalpy of a gaseous mixture 
Find temperature o-f stream 
High temperature reactor 
Latent heat routine 
Recop~ _one record into another 

78 

Glossary of variables used: 

A,B,C,D 
CEFF 
CEXP 
COMPW 
CONDA · 
CONDB 
CONDlL 
COND2L 
COND2 
CONDlO 
COND13 
CPM 
DCOND 
DCONDA 
DCOOL 
DELHI 
DELH2 
DET,DFS,DTS 

DTD56 
EEXP 
EPSFS 
EPST5 
F 
FC 
FF,FT 
FS 
GAMAC 
GAMAE 
GTW 
H 
HelL 
HTP 
HVAP 

Variables in Newton-Rphson convergen on F(5), T(S) 
Compressor efficiency 
Compressor exponent for stream temperature 
Compressor 
Condenser 
Condenser 
Condenser 
Condenser 
Condenser 
Condenser 
Condenser 
Heat capacity 
Variable to adjust condenser load 
Varaible to adjust condenser load 
Variable to adjust condenser load 
Adjustment to H across turbine 
Adjustment to H across compressor 
Variables in Newton Rephson convergence or F(S), 
T(5) 
Delta temperature across streams 5 and 6. 
Turbine exponent for stream temperature 
Convergence limit for F(S) 
Convergence limit for T(S) 
Flow array (Kmole/sec) 
Final conversion of so2 in reactor 
Variables in N-R convergence in F(5), T(S) 
Flow of stream 5 
Gamma (Cp/Cv) for compressor 
Gamma (Cp/Cv) for turbine 
Gas turbine output 
Enthalpy array (kJ/kmole) 
Heat exchanger 1 load 
High pressure (HTS) 
Enthalpy of saturated vapor (S02) 



. .. 

I,K,L 
IFP 
LH3 
LTP 
OACl 
OAC2 
p 

PRAT 
RAT 
T 
TCOND 
TE 
TEFF 
TMIN 
THP 
TRIMlL 
TRIM2L 
TSOURCE 
TVAP 
TW, TWF, TWT 
TWMAX 
TS, T6F, T6T 
VAP 
VAPIL 
Xl 
X2 
X3 

Do-loop indices 
Indicator for printing 
Latent heat of vaporization of stream 3 
High pressure (LTS) 
Overall condenser 1 
Overall condenser 2 
Pressure array (bar) 
Pressure ratio across turbine 
Ratio of S02/02 in material stored 
Temperature array (K) 
Condenser 
Average temperature in expansion 
Turbine efficiency 
Minimum system temperature (K) 
THIN + 10°K 
Tr i.mmer 1. duty 
Triuuner 2. duty 
Source temperature in receiver 
Temperature of saturated S03 vapor 
Variables in N-R convergence on F(S), T(S) 
Maximum tube wall temperature (K) 
Variables in N-R convergence of F(S), T(S) 
Vaporizer load variable 
Vaporizer load variable 
Mole fraction 02 
Mole fraction S02 
Mole fraction S03 
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SU9~0UTJNc- HTS 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• 
• 
• 
* 

": I'H1<:i 
HTS - HIG~ TF.~PERATURE 51'~ I'AYTI~~ PROC:SSI • 

* 
* 
* 
* •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

* HTS CONVER~c-S 0, THE ~~CEIVER-Rc-acTO~ FLO~S AN~ TE~PSt T~~~ c:~- * 
*PLETES ThE HEAl AN) ~ATERIAL ~ALANC~ BAS~D ON THIS ~EACTJR. * 
·····································~·································· 
* 

* 

• 
QEAL LH3tLTD 
CO~: .ON/STREA' .. /F I 4~1 oPI 451 tT I 45 I tHI 45 I oXl I 45 I oX2 I 45 I oX~ I 4~ 1 
C::l~'ION/LAHTV/Tr-'1 N tHTPtL TP • TEFF oCEFF 
CJ~MO~/HTV/EPST5oEPSF5oDTD56•T•MAXo~TWtCO~P~oFC• TSO~~C!oGI~A~o~t~ 

!ACoPR.:.T 
COVY0t;/HTHEL/CO,DlL•C0~~2L•~A~l•0AC?oVAD!L•HE!LtTRI~!LtTQ!V2LtC~~~ 

lAtCONLJ~'~•COND13 

CO"lDl ~=C •. 
• 

•oJ-LOOP TO SET 5~2 RATIO• THIS ~IVES FI~ST APPROXI~AT!O\J &~!C~ IS • 
*I~RTHER REFINE' ~y VAIN P~OG~AV G~ST. • 

DO 20 !("'1•5 
ccn'lT i 

1 C'QRVAT(I~Xt*HTS- YAT~DJAL A'l~ C"'J~Q~y QAL~~cc-s -!S!-*1 
*N~~T9'l-RAPHS I~ TECH~IQUF IS USE) TO ~EARCH.FO~ C"(51 ~~~ Tl51o 
-~~oo~rss TA9~E DQI~TI'JS 

• 
* 

• 
JFD:O 

)0 6:J l=lolJ 
FC:,:FI";l·•:).c. 
T';:T I": I•?• 

• 

CALL HTRIFI5)tTI5)tP15)oX2151tFI6l•TI6l•PI6)tX116l•X21!1tX~I!ltr(, 
lTWt!FPtTSOURCEI 

CALL HTRIC'~t Tl';)tPI":)tX2151tFI6)•T6C't Pl'ltX!161tX21'!tlC~I~)tC':, 
lTNFtlFPtTSOU~CEI 

CALL HTRIFI5)tT5t Pl51tX2151tFI61•16T• Pl!ltXll!ltX21!)tY~I!l•C"~• 
lT~roiFPtTSOURCEI 

C'F:TW-T'HYA)( 
FT:TI61-TIC.I-)T)C:.6 
A:ITWF-TWI/::'oc. 
':\:ITWT-Ti.'l/'2• 
C:IT6F-TI~Il/~.c. 

):IT6T-TI~ 11/?•-1• 
')ET=A•D-B•: 
DF5:1FF•D-:T•~I/D£T 

')T5=1FT*A-rF*CI/DET 
F I 5 I = F I 5 1- .)F ~ 
T(c.):TCc.I-I)Tc. 
IF! \BSIDFc;I-EP~F51,lt61•6J 

61 IFIABSI,Tc.l-EDSTC.I~?t6?t~: 
6·') Cl'l"'T I ~!IJE 

,. . 



... 
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*'~" LOOP CO~P~EETEO NO CONV:RGENC: 4CHIEV:Oo PRINT ~~S5AGEo • 
o~r..,T 6 ... 

64 FORMATII3Xo*NO CONVERGENCE ON FISI A~D TISio*l 
•l ,CHE FOR F;Nb.L FISI A"'D TISI * 

62 CALL HT.:IFISitTISitPI!~)oX2151•!"161•TI61•PI61tX1161•X2151•X'>ISI•I"Ct 
, Tw, IFo,Ysou~cE 1 

X'>IC:I:,.-x::'(c:l 
CALL ENT~21TI51tX2151tX315I•HI~II 
CALL EN;~~ITI§IoX2161oX'>I61oHI~II 

•FI"'~ S02/02 RAT!~ FnQ STQ~AY ]J • 
CALL ~ECOOYI6t91 
O(D)=HTP/OQAT 
TIOI:TYI"J+'>O:Jo 
CALL ENT~~ITIOioX?IQI,X'>IOioHIOII 
T(,~I:T'-'1'1! 

CA~L CLQIDo1v•11•CONvl'l 
~AT=X21121/.lCll lCI 
IFIRAT-1o251 15ol5ol6 

15 X2151=X2151+:oJS 
GO TO 20 

16 JI"(OAT-2.~~1 17olBol9 
]7 X?IC:I:X21~1+,J) 

;:>~ CONTI"'U~ 
DDJ'\'T 19 

10 FO~"'ATI/SXo*NO CONVE~~ENC~ 0~ X215looo •••*I 
1~ (ALL R:Co~~IC:o181 

HI 1 ° I: IF I 1 I*'"' I 1 I +F I 11 I *'"I I 11 I I I r: I 19 I 
Tll'li:Tvl'J 
)0 ? J=2t4 
~ALL Q:COPY11~•JI 

? C'"~'II.,.I"U: 

CALL a::>TQIDI?ItX?I~IoTI?ll 

*CALC. H:AT LOA~ TO HEAT STqEAV 2 F~O~ STOQAGE T~ ITS ~U2!LE T~~::>, • 
T I 3 I:: T I 2 I 
CALL LNTR21TI31•X2131oX .. I31oHI'>II 
CALL LHRITI31oX2131oLH31 
HI21=HI31-LH3 
HVAP:y(~l 

TVAP:TI~I+]J, 

CO"l)1L=i"I?I*IHI21-HI 1811 
*< ~S TUq91NE ~XPANSJO~ F161 TO Fl71o Fl~ST EST, TI71=TI21+3~:. 

CALL RE•:OPYI6o71 
TI71=TI~I+~:.:.. 

~CALL EN:R?ITI71oX2171tX .. I7)oHI711 
TE=IT16 1 +TI711/2o 
CPY=CPI;E.Xli61,X2161tX31611 
GA~AE:C 0M/((PY-2 0 1 

~EXP=GA IA~"/ISA\IAE-]ol 

PI71=PI61*1TI71/T<~II**~~xo 

IFIPI71-PI61/DRAT+o~51 4•5•~ 
4 P(71=PI61/PRAT 

TI71=TI61/IPRAT1**11o/EEXP1 
r;'"l T') 6 

~ :>E~H1:HI61-HI71 
HI 71=HI61-DELH1•TE~"F 
CALL Fl"'DTI2o71 
GTW:F(71•1HI61-HI711 

• 



*STREAM 7 CONDE~SATION AN~ SEPARATION 
T(lJI:Tt.tiN 
CALL CLRI7o1Jo1lt0AC1l 

•F 11 ;ll CO,!DSo A!IIO CO,.P~ESSO~ WORt< 
CALL ~EC~o,,Jvol2l 

P112l .. LI"' 
L=O 
T I 1? lo:'5 'i .Jo 

7 TE:ITI121+1l}Vllt2o· 
(P~:(DITEoX}l}UloX;II]VltX~Ilull 

GA~A(:(O,./((OV-2ol 

rcl(O: (1':.~~~'""-1 • 1 /~Avt:.r 
T(l?l:T:lJl4(0(1?l/D(1~ll••C~XD 

IFIL·~~.~~ G~ T~ 8 
L=L+1 
G~ TO 7 

8 (ALL :NiR?I 1112)tA?•12loA~o12loH.12ll 
DELH?:H'l~l-~l]ul 

~l12l=C~LH?/C:FF+HI}VI 

CALL Fl••::::TI?tl21 
co~·ow.c-,,,,.,-i,,,,_H,,~,, 

82 

• 

•CALCo QEV'l~l~S :XCHANGC'~ ~Uil~~. IHEt APE t~Ju~oE~ oU ~:FLE~o oH~ t- 4 

*V~ILA=!LlTY OF HE~T 1"1 THE COOLING ST~EA~S. 4 

T VD = T ,, I"'+ 1 :'. 
Tl1!l=TVAD 
CALL CLRI12•13o14o(u~)2Ll 
TI10):TVAP 
C~~L CL~I?ol9o2:oCJ~)AI 

W(~):U(?I•('""~~~A+I""~~?L)/C't~l 

~ALL ~CT~I7tPtOtTlO)) 

JF(l(0) 0 LT 0 TV~I f(o):T~O 

(ALL (LQ(lq,o,o,(~~)=l 

!FICO~J1LeLTo CJ~)91 GC TO 12 
c~~~l~=c~~)1L-Cn~D~ 

(ILL CT~Il3•43t44,~0~~!~1 
!FlTI4~loC·;,Tf'Pl•?:.l "~ "'" ,~ 
l(4~1=Tl ~c)+.,:. 

CALL CL~Il?•4~t44tTCO~~I 
J=c.,.:~N~ .... c.c0~~~~~ r:.s r~ 14 
)C01L=CONJ13-TCO\D 
~~~l=Hl3l-l~)NJ2L+1C00Ll/Ff!l 

C~~L-2L=Jo 
CQ'I"'\1 ~=TC'J.~::: 
~ALL nE(~nYll'•l~l 

") ~'"" ~i) "= Ct:'l ')'1 L- (t')~J') ~ ~- ~ ""·i~ ~ 
!Fl,CG~~t •LC'· 0.1 ~" T~ 1~ 

CON)A:CCN~A-JCONJA 

(ALL CiRI7t19t?JtCONJAI 
Hl~l=Hl~I-)CC~DA/FI3l 

GO TC 13 
14 ("~!)?=C~>.!1?l 

CJND2L=7C1ND-CO~Dl; 

'""ALL ~T.:ll?tl'lt]4t'""J~)2LI 

')'"~"~;!): ("•H:"? -':') N~ 2L 
-il'll=H( \1-)(':)"1:>/Fl'>l 
GO TO lJ 

12 CONDo=C'1NJlL 

• • 



• 

• 

CA~L CTRI19o8o9oCO~DB! 
13 IFIHI3l.GT.HVAPI C4LL FI~~TI2t3l 

VAP:HVAP-HI'>l 
IF!VAPeLT.~.! GO TO 1~ 

VAP1L=VAP*FI3l 
CALL P.::COPY13t4l 
Hl4l=HVAP 
GO TO 11 

1~ VAPlL=.;• 
C4LL QECOPYI3o4l 

1 ~ Cr:'~'T I "J:.J~ 
Tll"-!=TVI'IJ 
TQI 11L=:)AC1-C':)'IIDA-C':'"')S 
CALL CLq(12ol5o16oOAC2l 
T ~I: :2L =OAC 2<01'02 L-C0'11)13 

•CA.LC. ST'":EAV 17 
CALL ~Ec~oY(]6t17l 

*CALC. ~~lLe ~SS STR:a~ c IS 
H::lL=t 15l•l'-'l':ol-Hl4ll 

83 
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HTS - High Temperature Side Routine 

I HTS 

)'-.... 

Apply Newton-Raphson 
(NR) convergence 
scheme to find T(S), 
F 5 

; Conplete data of 2, l 
., 3. 4. '\8 -

:calc. heat to vap. 
b.!ream 2 _(CO_N_D_!_U __ 

'

Calc. heat to cool 7 
to Tmin (OACl) 

Yes 

12 L 
!Set CONDB=CONDll 
C•l<. T(8l(9) 

jSet 1(43)=1(18}+20 

~::::il--:::.>Y_e_s _______ i 
~ 

-it No 14 t 

'

Adjust H(3},COND2L, I Adjust COND2L, 1(13}, 
COND13,calc. DCONDA - __!:!ill_ __ --r-----' J_ 

-<:._ DCONDA~O? 

v 

--- ·-~- --N·o··-· 
' 

*' !Adjust CONDA,T(l9) 
jCalc. H.(3) 

-( ------ -·---

,~ . 
~-~ii(i)~at:-------. .. v __ e_s ____ _ 
·-~apor? ------ ~ ---1--No __ J~ a 1. c • _ T (_J? 

•• 

• 



• 

• 

Subroutine LTS 

Subroutines Called: 

BPTR 
CLR 
CP 
CTR 
ENTR2 
FINDT 
LTR 
RECOPY 

Bubble point temperature routine 
Condenser load routine 
Heat capacity 
Condenser temperature routine 
Enthalpy of a gaseous mixture 
Find temperature of a stream 
Low temperature reactor 
Recopy one record into another 

Glossary of variables used: 

ACW 
CEFF 
CEXP 
COMPWL 
CPM 
DELHI 
DELH2 
DELH3 
EEXP 
F 
FC 
FCl, FC2, FC3 
F41 
GAMA 
GAMAC 
GAHAE 
GTWL 
H 
HAFRl 
HE2L-HE4L 
HE4A 
HTP 
H23 
I,K,L 
LTP 
p 

PRAT 
QAAN 
T 
TA 
TE 
TEFF 
TMIN 
TRIML 

Oxygen compressor from storage (C-2) 
Compressor efficiency 
Compressor exponent for stream temperature 
Recycle compressor (C-1) 
Heat capacity 
Adjustment to H across compressor 
Adjustment to H across turbine 
Adjustment to H across compressor 
Turbine exponent for stream temperature 
Flow array (Kmole/sec) 
Final conversion of S02 in reactor. 
FC of reactors 1, 2, and 3 
F(41) 
Gamma (Cp/Cv) for compressor 2 
Gamma (Cp/Cv) for compressor 1 
Gamma (Cp/Cv) for the turbine 
Gas turbine output 
Enthalpy array (KJ/km) 
Heat liberated in reactor 1 
Heat exchangers 1-4. 
Heat liberated in reactor 3 
High pressure (HTS) 
H(23) 
Iteration counters 
High pressure (LTS) 
Pressure array (bar) 
Pressure ratio across turbine 
Total heat liberated by reactors 
Temperature array (K) 
Average temperature across compressor 
Average temperature across turbine 
Turbine efficiency 
Minimum system temperature (K) 
Trimmer duty 

85 



T23, 25 
VAP2L ' 
Xl 
X2 
X3 

T( 23), T( 25) 
Vaporizer duty 
Mole fraction 02 
Mole fraction S02 
Mole fraction S03 

86 
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SU3ROU1 ! NE L I':) 

·············~·························································· 
* • 
* 

",/Q/7Q 

LTS- L0Wi!~PE~ATURE SIDE (~IGHTTIME P~uCESS) 
• 
• 
* •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

• • 
* L,S CALCuLA1ES 1HE MAT~~IAL ANU tNt~~y ~ALA~ltS AS P~R T~t FtEU * 
•STREA~S S~T BY HIS. IHE RESUL,ING FLOw A~) CO~POSI110N OF IHE ~03 • 
•STREA~ TO STO~AGE IS COMPARE~ ~ITH IHAT U5~0 eY HiS 1~ uA~i. • 
• * 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• 

0""AL LTP 
CO~~O~/SIREA~/F145l•P14~l•TI4r:,l,H•4~ltX1•4~ltX2•45l•~~~4~l 
COM~ON/LIV/CAANoACw•F~,GTWLtCOMPWL.GAMAE.uAMAC 
CO~~ON/LA~TV/T~INt~IPtLTPt TEFFtCEFF 
COMMO~/LTH(LtHE2L•HE3L.HE4L.VA~2L.TRIML 

• 

•ZERO H.E!S LOA~; * 
OAIA HE2L•~~3LtHE4L•HE4AtwAP2L,,RJYL,6*~•· 
Pt>Al=O.:J') 

PR PIT 4 
4 FOR~ATI/3Xt*LI~- MA•E~IAL AN~ ENE~G• PALA~CE~*l 

CALL RECOPY121•22l 
CALl. 9PIRIP122hA2122lt0122ll 
CALL ""N1R21 11221•~2122lt~3122ltH•22ll 
VAP2L:FI221*1H•221-H,zlll 
(ALL P.~COPY123•241 

*HEATE~ MAII,IAI~::. F1231 AT T'~IN• SINCI:" I1' Dt<~~~ ll\4 "'";EYI'E~A'1URE A5. \~E • 
•CHA~9ER IS EVACUATE). * 

T23=1MIN-lvu• 
1(=0 

2~ IA=IT23•T(2311t2o 
CP~=CPl7AtXll231tX21231tX3123ll 
GA~A=CP~/ICPM-2el 

EEXP=GA~A/IGA~A-lel 

T23=1 12ll*lve\.15l**lletEE~PI 
1(:1(+1 

lFll(eLE•liGO 1~ 2v 
CALL EN:R2lT23•X21231tX31231tH211 
HE2L=F1?31*•H•231-H231t2e 

*CALC. ~ORK R~OUIRE~ VOR Pu~PING GA~ FROM ~•ORAGfe A~~~~E GA~ I~ • 
*INITIALLY AI LiP AND END A1 ZERO PRE~~URE. AVERAGE PRES:o.~RE IN TI"'E * 
•ETORAGE 1::. L1P/2e GA~ IS CO~PRE~~EJ Bo A FACoOR 0~ ~~0. THIS E~TI~A~E* 
•IS !'SEFI~ED OFF-LINE TO •AAI~iAIN A ... KES~uKt A~uVf AT'"• 

CALL RECOPY124t251 
1~ T?r;:ll?~l 

TA=IT25+112411/2e 
(P ~= C PI 1 At X 11 2 51 t ~ 2 I 25 I t ~ 3 I 2 5 I I 
GA~A=CPM/ICPM-2el 

CEXPslGAMA-loi/GA~A 



TC25l=TC241*2•**CEXD 
tFCA85CT2~-TI2~11-lUoll~tl~ol6 

1~ CALL ENTR7CTC7SloX717~ltX'C~~ltHC7~11 
0ELHlcHC2~1-HC241 
H125l=OELH1/CEFF+H1241 
CALL ~INDTI2•251 
ACW=FI2Sl*IHI2Sl-HI24ll 
DO !! i = 1 t, ::l 

88 

•~IX 27t2St41 TO Fl~~ 76 • 
FI261=FI22l+FI251+F141l 
Hl76lciF1?71*HI77l+FI~~~*HI7~1+FI4li*H14111/F1261 
X21261=1FI221*X2122l+FI2~1*X21251+FI4li*X214lii/FI261 
X31261=lF1221*X~I221+FI251*X31251+FI4li*X314ll1/FI261 
Xli261=.•-X?I261-X~I261 
Pl26l=LTP 
TC25l=TI2?1 
CALL FI.JOTI?t?l,l 

•A~JUST 77 FO~ Q} !~LET CO~DITJ"~S • 
CALL RE~ODYI26o271 
Tl271=61')~. 

CALL EN;R21TI271tX?I271oX31271tHI2711 
•CALL REACTOR 1 • 

CALL LTQIFC1oHAFR1o27t28t291 
•TUP~TNE EXDANSIO~ CALCS.- • 

CALL QECODYI?8o29l 
Tl291=693. 
P1291=PI2BJ*DRAT 
L=J 

13 TE=IT128l+TI29ll/2o 
CP~=CPITEoX11291•X2129loX3129ll 
GA~AE=CD~/ICP~-2.1 

EEXD=GA~AE/IGAMAE-1•1 
TC291=TI281*1DRATl•*I1./FFXDI 
!FIL•~O.~ISO TO 12 
L=L+1 
GO TO 13 

12 CALL ENTR21TI291tX;:»>20itX31291tHI2911 
)EL~2=HI2BI-HI291 

HI2~1=HI2BI-OELH2*TEFF 

CALL FlNOTI2t2Cll 
GTWL=FI291•1HI2BI-HI291) 

•SFT t~DUT TO R2 , ~0 THQOU~H HF4oQ2 ~~n HF~ • 
CALL Rf(ODYI?9t~OI 
TI3JI=693o 
CALL FNTR21TI301tX213::lloX313::lltHI3CII 
HE4L=FI301*1HI30!-H129ll 
CALL LTRIFC2oHE3Lo3Jo3lo321 

*INPUT TO R3 HAS BEEN ADJUSTED 9Y LTR USING HE3. GO THROJGH R: • 
*NOTE THAT HE4A IS HEAT AVAILe_FRC~ REACTION ONLY • 110T HE4LI • 

CALL LTRIFC~tHE4Ao~2•~~.~41 
•:UPPLY HEAT ~ECESSARY IN HE4t ANO -CALC. 34 • 

H1~4l:H(,,l-HE4L/ft~41 
T1~4l=Ti?91+}Co 

CALL FJ·~DTI2o341 
*C)t_ 34 THROIGH VAPtHEZoTR!MooSET T1351 AT Tl21l+lCo AN) Tl!9: AT T~JN• 

Hl261cHI271-HE3L/F1261 
Tl761cT'271-ITI311-TI3711 

• • 



... 
CA1..L FINDTI2t26l 
H122lz1HI26l*FI26l-FI25l*HI25l-FI4ll*HI4ll1/FI22l 
Tl22l:T12t.l 
CALL FINDTI2t22l 
VAP2L:IHI221-HI2lli*FI221 
Tl~5l,.TI21 l+}:.lo 
CALL CTR1?4•35t36oVAP2Ll 
TI~OI:T~l"' 
CALL CLRI~~t~9t40oTRIMLI 

89 

•CO~P~ESSING 37 TO 39 AN~ CO~PWO~K. CONV~RGE~C~ C~~(K ~y VAL~~ o= ~1411* 
F4l="'i411 
CALL DECOPYI39t411 
Pl4~lzLTP 
Tl4ll=TI39l*ITI28l/TI291+lol 
L=:l 

2~ TE='TI~9l+TI4111/2o 

CPM:(DITEtXll~9ltX2139ltX~I?9ll 
GAvAc~co~/ICov-z.l 

f~)(D:((.A~hr-1 0 )/(.AvAr 

T14}1:TI391•1P14ll/PI~oll*•C~XP 
T~ILoe0,11r.~ TO ?6 
L =1 
r-0 Tn 25 

2~ CALL ~~Tq?(TI41ltX?141loX~I41ItHI4}Il 

~ELH3:HI4ll-~I~Ol 

H14li=D~LH3/C~FF+HI39l 

CALL FI--IOTI2t4ll 
CO~PWL=(I~Ol*IH14ll-HI~oll 

• GO TH~0~GH THqEE LO~P CALCo 8£~0~E C0~V~~GE~C~ ~HECKo 
IFIIoLEo3l GO TO 'l 
IF I A 6 ~ I ( 41 -F I 4 1 l l-:) o J 2 * q 41 l l o , o • ~ 

'I !:'O'lTINUe 
D~I"JT lJ 

~~ FQqvATIOXo*~0 raNV~~G~~C= n~ LTS•l 
•WIX LIO~ID STqEA~S ~6•3~•40 TO FORM 42 

o F14?l:FI361 +F14Jl 
tFIF142loEOoOol GO TO 2 
~142l=IF1361*HI36l +FI40l*HI4Jl!/F142l 
X?l42l=IFI~~l*X213~l •=141l•X214J)l/=!42l 
X~l42l=!o-X?I4?l 

X1142l=Oo 
P142l=HTP 
Tl42l=IFI36l*TI361 +F140l•TI4:l1/FI42l 
CALL Fl~DT1lt4?l 

• 

• 

* CONVERSION CALCULATIONS - FCo ~O'liTO~ H~AT AVAILo ~~OM qEACT!O~ -JA~~· 
~C=IX2127l-X2133ll/X2127!/Il,-X2133l/2ol 

OAAN=HAF~t•HE~L+HE4A 

• • 



LTS - Low Temperature Side Routine 90 

Calc. VAP2L to vap
orize stream 22 

Calc. heat req. to 
maintai~ 23 at TMIN 
as evacuated 

Calc. avge work req. 
to pump o2 from sto
rage 

DO 8 
DO-loop 8 converges: 
on streams wftrr re
cycle 

·calc. properties of 
26 by mixing 24,25, 
and 41 

Adjust 27 for R-1 
inlet temp 

ILTR 
Calc. reaction end
point in R-1 

Calc. turbine work, 
using given P ratio 
(GHlL) 

Calc. HE4L to cool 
back to 693 K 

LTR 
Calc. reaction end
point in R-2 

LTR 
Calc. reaction end
point in R-3 

Calc. H(34),T(34} 
from HE4L 

!------~~---------. 
1 Calc. H(26) from 

I H(27) and HE3L, find 
H(22), VAP2L t~ match 

I Calc. TRIML, using 
T(39)=TMIN 

, Calc. compressor work 
.: for stream 39 .l 

Print "No conver
gence on LTS" 

FC42) = F(36} + F(40)! 

Calc. physical prop. 
of 42 to return to 
GAST' 

Calc. final conver
sion and total heat 
released. 

tRETUR~ 

; 

+ 
I 
! 
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Subroutine DPTR 

Subroutines Called: 

CLR Condenser load routine 

Glossary of variables used: 

DPT 
F 
I,IN 
J,K.L 
T 
TESTA 
TESTB 

Dew point temperature calculated 
Flow array (Kmole/sec) 
DO-loop indices 
Stream records inputted 
Temperature array (K) 
Condenser load 
Condenser load 
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SUBROUT.iNE OPTRIJtiC•L•DDTI 
**·* ••• ••• *** *** *** ••• *** ••• ••• ••• ••• ••• ••• ••• *** 
• "''AY 8• 1979 
• DPTR - DEW POINT TE"''PERAT:JRE ROUT IN~ 
••• .... ••• ••• *** *** • •• ••• ••• *** ·~· ••• *** • •• . ... *** 
*~UBROUTI~~ CALCULATES THE DEW POINT OF t. CO"l~ENSlNG STREt.Y. 
••• *** ••• *** ••• ••• • •• ••• ••• ••• • •• • •• • •• *** ••• .... 

CC.~~ON/STREA~/F145)tDI45l•TI451tH14~ltXli4~)•X214Sl•X!I4Sl 

TIKI=TI11 

92 

*** . .... 
* 
* 

• •• • ••• 
• 

• •• •••• 

* DO-LnOD I~CR~ASES GUESS OF T~YDo ~y 131(~ ~~~~ TH~D~ IS ~C C~~~:~St.TE• 
•lHE FOLLOWING ~0-LOOD o~C~EASES G~ESS SY 2K * 

"" 1 T = 1 , 1 0 
CALL CLRIJtKtLtTESTAI 
IF IF I L I o EC o J o I GO TO 1 (') 
TIKI=TIKI+ l:lo 
':'ONTIWE 

1:) 1)0 ~0 IN=1•D 
TIKI=TIKI-:2o 
CALL CLRIJ•K•L•TESTBI 
IFI~ILioGTo)ol GO TO 3~ 

20 CONTINUE 
33 ')DT:TIKI+?oC 

PRJr!T 2, J tODT 
2 ~OR~ATI/3X•*D~W POINT OF ST~~A~ *•I2t* IS *t~S.l•* IKI*! 

~ETUR•1 

~~I) 

'/'""" 

\r 



'..I 

I 

·-

DPTR - Dew Point 

Temperature Routine 
DO 1 
DO-loop 1 finds dew 
point within 10°C 

CLR 
Calc. stream split 
for given cooling end 
point temp. 

DO 20 
!DO-loop 20 finds dew 
'point within 2°C 

'T = T -

CLR 
Calc. stream split 1 

for given cooling end. 
point temp. ! 

Yes 

c RETURN J 

93 
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2. Sample Program Printout 

The program first prints the input data in the order read. The 

base case conditions are illustrated here. It then alternates HTS and 

LTS until the material balance matches. 

The results of the high-temperature reactor are then printed, the 

columri headings defined as follows: 

NOS 

L 

TW 

TS 

TB 

Q 

QR 

QS 

c 

Y-so3 
Y-so

2 

Y-02 

Number of section 

Length along the reactor 

Outside tube wall temperature (K) 

Temperature of gas at wall (K) 

Bulk temperature of the gas (K) 

Total heat absorbed by gas 

Heat of reaction absorbed 

Sensible heat absorbed 

Conversion of 803 

Mole fraction 803 

Mole fraction 802 

Mole fraction 02 

The equilibrium conversion of so3 at the tube wall is then printed 

for each section, with the length along· the reactor. The final values 

for the exiting gas (stream 6) are then printed. 

The p·rogram then prints Table 1, the results for the· daytime 

process, and Table 2, the results for the nighttime process. 

Note: Some of the stream number and heat exchanger names are 

different from those used in the main text. 

.... 



~ATERIAL A~O E~ERGY BALANCE FJR GAS TURBINE SETUP 
INPUT DATA 

5.000 .:>55 
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ST~EAM 1 I~PUT DATA fllleX2l11 
PRES:RJBEO TEMPS 010~6, T~~AX, T~l~ 
:o~VERGENCE LIMITS EPST~eEPSF~ 
PRESCRIBED HEAT LOADS DT~l~,T~A 
ii+LD T PRESS HTP,LTP 
ITERATIONS+MI~ T'S JT,~T 
NP,DHTP,NT~rDTWMAX 

1~0.000 1153.0:>0 31J.OOJ 
.soo .:>so 

.5000E+01 .Z30JE+Jb 
40.000 4!l.OOO 

15 1 
1 5.000 1 10.JOO 

TURSJNE EFFICIENCY = .900 
CO~PRESSOR EFFJCIE~CY= .BSO 

HTS - ~ATE~IAL AND ENERGY BALA~CES -JSS

HTS - MATERIAL AND ENERGY tiALANCES -SSS-

HTS - MATERIAL AND ENERGY BALA~CES -S$5-

HTS - ~ATERIAL ANO ENERGY BALANCES -sss-

HTS - MATERIAL AND ENERGY BALANCES -sss-

NJ CONVER~ENCE ON X2l~J ••• ••• 

Of~ POINT aF STREA~ 7 IS 323.:> ((J 

L TS - MATERIAL AND ENER~Y BALA~CES 
NO CO~VERGENCE ON LTS 

LTS- MATERIAL AND ENERGY BALA~CES 

LTS- MATERIAL AND ENERGY BALA~CES 

us - MATERIAL AND ENERiiY BALA"'CES 

LTS- ~ATERUL AND ENER:iY BALA~CES 

LTS - MATERIAL At.ID ENERIOY BALA~CES 

LTS - MATERIAL AND ENERGY BALA~CES 

lfiS - MATERIAL AND ENERGY BALANCES 
_,,,_ 

DEW POINT OF STREAM 7 IS 323.0 (KJ 

LTS - IUTERIAL AND ENERGY BALA~CES 

HTS - "ATfRJ AL ANO ENERGY BALA'\ICES -us-

JEW POINT OF STREAM 7 IS 323.1 IKJ 

LTS - MATERIAL AND ENERGY BALA'\ICES 
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59 11.80 
110 12.00 
bl 12.20 
62 ll. ~0 
It) lZ.60 
b~ ll. ItO 
b5 lJ.OO 
!>II 11. 2l 
61 u.~o 

b8 13.60 
!>9 ll.8J 
10 1 ~. 00 
11 1~.20 
12 lit. ~0 
n 1~.60 
1~ u.8o 
75 15.00 ,, 15.20 
77 15.~0 
l8 15.60 
79 15.80 
80 lb.OO 
81 U.20 
8Z u."o 
8) lbo60 
84 lb. 80 
as ll.OO 
8b l 7.20 
8l 17.~0 

88 11.60 
89 17.80 
90 aa.oo 
91 aa.zo 
92 18. "0 
93 18.60 
9. 18.80 
95 19.00 
9b 19.00 

t 

• 

11111.1 
1136. 1 
1131.3 
1131.9 
1138.; 
11Hol 
1139.7 
ll~0.3 
1140. a 
llltl.4 
1Hl.9 
lllt2.~ 

lllt2.9 
llH.It 
lllt3o9 
llH.~ 
11itlto9 
l1~5.~ 
1llt5o8 
llHo) 
1U!to7 
uu.z 
11'-1.6 
uu.o 
uu.s 
1U8.9 
lU9.3 
11u.1 
ll5J.l 
1150.5 
ll§Oo8 
1151.2 
1151.11 
1152. () 
1152.3 
1152.1 
1153.() 

o. 

(_ 

1112.8 1122.~ .Z131l+O~ 

11H.5 1123.!1 • 2 765F. +0!> 
1134.2 1124.6 .219H +05 
1134.8 112 5.; .?ti20E+O; 
11 J5. 5 112b. 3 • 2 tJ4 n •o; 
ll-16.1 1121.2 .2871l+O~ 
1136.1 ll28.J • 2 8'19l+O!> 
1131.) 1128otl .2'125E +05 
llH.9 1129.5 • 2 9)1E +0!> 
113 8. 5 113:).) • 297bE+05 
lll'lol ll)loJ .JOOOE+05 
1139. b 1131.8 • N24E +05 
1H0.2 1132.5 .J0411E+05 
111tO.J 11Ho2 • 3 OJlE +05 
111tl.3 11)).9 .3095t+05 
1141.8 1134.6 • 31 18E+05 
11H.1 1135.2 ,3141E+05 
1llt2. 8 1135.1 .H63E+05 
11Ho) 1136.5 • H t15E+05 
llH.a ll37ol • 32 07E +05 
11H.3 1137.7 • J228E +O!> 
1 lit~. 8 1138. ~ • 32~9E •o~ 
111t5.2 1138.~ .3ZJOE+05 
1H5.7 1139. § • 3290E +05 
ll1t6o Z lU0.1 .HlOE+05 
11~6.6 lllt3.7 .3HOH05 
1141.0 11'>1.2 .3350E+05 
11~7.5 11U.d • 3369f •05 
11~7.9 11it2. 3 .H88E+05 
1H8.3 1U2.8 , HOJE+O§ 
1U8. 7 11~3.3 .Hl5E+05 
11~9.1 uu.8 .H4~E+05 
11~9.5 114't. 3 • Jlo62E+05 
lU9.9 11 ~~. 8 • 3't79E+05 
1150.3 lllt5. 3 oH9JE:+05 
1150.1 1U5.8 ol5l'tf+O!J 
1151.1 tur..z o)53lf+O~ 

o. 1146.7 o. 

JHE•M'l PU~ER ABSU.8EO JY G'S- .Z300E+OJM~-THER~All 

.1!1ll~+o; o'JI411[ +.h .lJI . (, ')(, 

.1tJ44E+J5 o'121Jf+J,. ol4) ,!J]j 

.1tlb;l+J5 o'llfbf+J4 ,/4 I • h lt) 

.1drllll+05 .'HJI.It +J4 • '4'..1 • 5'17 
• nl)n+J:> ,'J I'll!( +J4 .l4 'J • 5'14 
.1928[+05 ,94;RE+l)4 .l.~l • '>'ll 
.19lt11~+05 ,'151!>£+()4 .l '>'.J • '>lib 
.1'16tJE+05 .9!>7ll+04 ol 57 .!>1'> 
.1'1811[+05 .9628t+J4 .l&J .;az 
.2l07E+05 .'I&OZF+:)t, .ltd ·'>110 
.lJl1E+05 .971~E+l)4 • 2 ~ ~. .577 
.l04bE+05 .9780[+Jlt olbB • o; 1't 
.ZJb5f+J5 o'ltH'IE+Jlt .lll .572 
.2083E+05 o'I889[+J4 .ll\ • 5b9 
.2101t:+05 ,9938E+J4 • 27!J • 5bb 
.212JF+0'> .9'1tlb£+04 .lf-1 • 564 
.2131E+05 .lOOJE+05 ol_t11 o5bl 
.2155~+05 · o1008E+l)5 elHi- • 55<; 
.2113[+05 .1012f+l5 .?II& .55u 
.2190E+05 .1311Et:J5 ./89 .55ft 
.2l07t+05 olOllE+:J5 .01 .551 
.Z224H05 .1025[+<)5 .l9lt • 5'o9 
.ZHOH05 ~i03JE•J5 .Z9b ~54; 
.225bE+05 .1034E+J5 .2'111 • 5't4 
• 22 7JE t05 .l036H05 .301 .5't2 
.2288H05 .1()42t+J§ • 303 • 5~0 
.Z30'oE+05 .l()ltbEtJ5 ,30'> .5311 
.23l0Et05 .1049[t05 ,JIJ7 .!>35 
.lH5E+05 ~ 1 ()53[ tJ5 ~H:J -~SH 

.Z:J50t•05 .1J57£t0!> • Hl .531 

.Z365Et05 .10t.0Et05 • 3llt .529 

.2380[+05 .l0b'o[+05 .Jh • 521 

.239H•05 .a J6 7E +JS • Hi .525 

.Z'>O'IE+05 olJ71Et:l5 • 32J • 5l3 

.24l3t+05 ollhf+J5 • 322 .5zi 

.HHEt05 ol071E+J5 • Jl \ .!119 

.2lt5lt+J5 ol08lf•l)5 • 3l!> .517 
J. 3. .J2b .515 . 

SOJKCE TE~P.sll7b.71~1 JI=F•-.17.1~£-0Z~k 

i 

" 

.HhJ 
• jill 
.JJ4 
oiOb 
0 jl)d 

.JU'l 
• H1 
• Jl J 
.315 
.JlT 
• 319 
.121 
.122 
.124 
.Hb 
• 327 
;329 
.HI 
.312 
,3)4 
.H5 
,3)7 
~H9. 

,)40 
,)<t2 
.343 
olltit 
.341> 
~j~J --
,349 
.350 
,)51 
,)51 
.3~<t 

~355 
.357 
.358 
.35'1 

• .J 

• 0'1~ 
.095 
.096 
.0'11 
.098 
.099 
.too 
olOl 
.102 
olO) 
~lOit 
ol05 
.106 
olOJ 
.108 
.109 .uo 
o1ll 
oll2 
oll2 
.au 
.u~ 
;us 
ol16 
ol16 
.ur 
.u8 
ol19 ·;w;-
.120 

• o121 
• 122 
olZ2 
o123 
.iH 
olZ5 
.125 
• 126 

\0 
....... 



E~UILIBRI UM tONVERSION 

• 20 .2~80 
• 80 .2609 

1.40 .2729 
2.00 .2841 
2.60 .2947 
3.20 .3046 
3.80 .3138 
4.40 .3225 
s.oo .3306 
5.60 .3382 
6.20 • 3lt53 
6.8:> .3521 
7.40 .3584 
8.00 .36H 
8.60 .369'i 
9.20 • 3752 
9.80 • 3801 

10.40 • 3848 
u. 00 .• 3893 
11.60 .3934 
12.20 .397it 
12.80 .lt012 
13.4:> .4047 
14.00 .4081 
14.60 .lt113 
15.2J .4143 
15.8J .4172 
16.40 .4199 
17 .OJ .4226 
17.60 .4250 
18.20 • 4274 
18.80 .4297 

-4TR RETUR~S .. ITH? 

I'll HTR 

.40 .iszt. 
1.00 .2650 
1.60 .2767 
2.20 .2877 
2.ao .BB:l 
3.40 • 3J77 
4.00 .3167 
4.60 .ns2 
5.20 .3332 
5.80 • 3406 
6.40 • 3\76 
7.00 • 3')42 
7.60 .3604 
8.2o .3662 
a.ao • 3717 
9.40 .3768 

10.00 .3817 
10.b0 • 3863 
11~20 .3907 
11.80 .3946 
12.40 .3~87 

13.00 .4J24 
.13.60 .4059 
14.20 .4)92 
H.80 • 4123 
15.40 • 4153 
16.00 .4181 
16.60 • 4208 
17.20 -. 42 34 
17.80 .42')8 
18.40 • 4Z 82 
19.00 • 4 3 Oto 

f(b) Tl6, 
7.266 1146.6 71 

X2Cbl 
.3;!1 

XH b) 
.517 

P(61 
40.JJJ 

FC 
.32> 

98 

.6~ .25b7 
1.2a • .! t> ":l 
1.ci'l .2:~')5 

2.4J • z:; 12 
3.01) • 3J 1.; 
3.bJ • 31 ut. 
4.2) .3l~t. 

4.90 d~7C, 

5.4J .3.):..7 
!i.JJ .3 .. 3G 
:,.!>:> .H'79 
7.2J .>:.>t3 
7.SJ • 3 !.2 4 
tl.4')' • 36 bl 
9.00 • j 1 :; .. 
~.!>J .JH~ 

1:>.2:> .j:,,; 
10.8:) .3:17;, 
11.40 .:H71 
lZ.JJ .j .. c:.l 
12.bJ. .-3 -14'• 
l3 .2J .4)H 

13.!iJ .~J7J 

14.40 • 41 02 
1') .oo • 41 3 :• 
1;.:,o .t.tib! 
lb.lO •• l "1~.· 

1:,.9J • .:.211 
17 .It) ... i ... 2 
113.00 o lo~ t.>C 

ld.!>:> ... ~ 6; 
B.JJ o'tiJ.:O 

Xll ol 
.125 

T w'" 
11:03.010 

!;·1-

v 

'"' _., 

• 
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BALANCES SCALEO FOR 230. Mil RECEIVER 
Tlltl!\1•313.0 TlltAX•1153.0 HTP•ftO.O 

TABLE 1- STREAII! DATA FOR THE CoiAR:iE IIIODE - Hl:OH TE'4PERUJ;{E SIDE 
STREAM FLJII PRESS LIRE TE'tP. ENTHALPY CJ14POSIT101'4 (I'IJ Ll f R. AC. I 

NJ. CKNOLISJ CBUJ 
1 1. 1ft ftO.OO 
2 3.33 40.00 
3 3.33 .r,o.oo 
ft 3.33 .ftO.OO 
5 3.33 .r,o.oo 
6 3.80 .r,o.oo 
7 3.80 2.50 
8 3.80 2.50 
i o. o. 

10 2.22 2.50 
11 1.59 2.50 
12 z.zz ftO.OJ 
13 2.22 40.0() 
1ft o. o. 
15 • 53 40.00 
16 1.69 40.0J 
17 1.69 .ftO.Oil 
18 3.33 40.00 
19 3.80 2.5() 
20 o. o. 
lt3 .58 ltO.OO 
H 1.63 40.0:> 
itS o. o. 

EX:HANGERS HEAT LOADS 

OT~ER EXCHAN~ERS ((WI 
:ONOA= o877ftE+05 
CJNDB= .2312E+05 
CJND13a .6524E+05 

C K I l KJ/KMOLE I J2 
313.1- -39437. o. 
435.5 -11657. o. 
555.0 15129 • o. 
555.0 15129. o. 

l 006.7 .ft~053. :>. 
1146.7 50457. .1;!5 
841.ft 30270. .12':) 
323.1 1128. .125 
323.1 o. o. 
313.0 617. .215 
313.0 -36752. J. 
548.7 ll6ft5. .215 
5H.l 11014. .215 
536.1 o. o. 
313.0 lt57. .897 
313.0 -28379. :>. 
313.0 -28379. o. 
313.0 -3d207. o. 
445.5 7206. .125 
lt45.5 o. o. 
333. () 1114. .917 
333.0 -25363. J. 

J. o. o. 

C J!\1) ll=. 883bE+ 05 
JAC2= • 7345E+05 
HEll= .1096E+Ob 

COND2L=.140JI::+J4 
YAP lL.=O. 
TRI Mll=• bl?4E+05 

GA'4AE=l.146 GA'4AC=l.219 
SOJRCE TEMP.=ll76.7 CO~VERSIJ~= .326 

SJZ S:.d 
.Ob'J .HJ 
.123 .b77 
.123 • fl77 
.123 .671 
.123 .c77 
• 356 .':)17 
.359 .517 
.35::! .517 

o. ::>. 
• 4 77 .jJC 
.191 .6J9 
.477 • .)Jo 
• 4 77 .3J8 

o. 'J • 
.J93 .010 
.593 .<tJ2 
.5':13 • :.oz 
.123 • b 7 7 
.35? .':)17 

o. J. 
.lbJ .Ja 
.59J .410 

o. :1. 

JAC1= .1721.0+Je> 

T 1>. I "'12 L = • :>3 11 E + 0 4 

HEAT INPUT. ~EACTOR= .1204E+06 HEATER= .1096E+J6 V~P)~ llt:R.=J. 

TOTAL THERMAL INPUTS. RECEIVER.= 230.0 llll•l 
VAP3RIZE~= O. l'4wl 

~J~K DATA :iT~= .7680E+05lK~-THJ 

NET DAYTIME WOR.K OUTPJT• 52.3 (Mftl 
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TABLE-z- STREAM DATA FJR THE DISCHARGE MODE- LOW TE~PERAT~~F Sl~f 
BASED ON 8 HOUR Nl~HT 

STR.EA~ 
~). 

21 
2Z 
23 
z~ 
25 
26-
27 
ZB 
29 
30 
31 
32 
33 
H 
35 
n 
37 
38 
39 
40 
41 
42 

FLO .. 
CKMOLIS I 

1oft9 
1.&9 
.53 
.53 
.53 

2.lt8 
Zolt8 
2.20 
2.20 
2.20 
2.08 
2.06 
2.00 
2.00 
1.99 

• 01 
o. 
o. 
.26 

1.13 
.26 

l.lft 

PRESSJRE 
I BARJ 

40.00 
40.00 
40.00 
40.00 
40.00 
ItO. OJ 
40.00 
40.00 
z.oo 
2.00 
z.oo 
z.oJ 
z.ov 
2.0() 
2.0:> 
z.oo 
o. 
o. 
z.oo 
2.00 

40.0() 
40.00 

TE114P. 
(I{) 

313.0 
532.0 
313.0 
313.0 
387.6 
515.9 
693.0 

1045.0 
750.8 
693.0 
851;. 5 
693.0 
790.7 
845.0 
327.8 
327.8 

o. 
J. 

313.0 
313.0 
511.2 
313.1 

ENTHALPY 
IKJIK140LEJ 

-28379. 
11839. 

457. 
457. 

2803. 
10012. 
19135. 
45093. 
25459. 
21837.-
34148. 
23264. 
31164. 
35146. 

1495. 
-31662 • 

o. 
o. 

615. 
-39462. 

12851. 
-39451. 

CJ-.POS IT 1Li·~ 
J2 

::>. 
o. 
.897 
.897 
.9'17 
• 231 
.231 
.134 
• l34 
.134 
.082 
• 082 
.()ltd 
.348 
.Oft8 

o. 
(). 
o. 

.366 
o. 

• 3 bb 
J. 

EX:HA~~ERS HEAT LOADS VAP2L= .&784E+05 
-iE4L"-· 7974E+04 

HE2L = .1329E+04 
TRIML= .1llvE+J5 

WO~~ DATA GTW= .4322E+05CK .. -TiJ COMPwz .3211E+04KW 

~ET NIGHTTIME WORK OUTPUT= 38.8 (MWJ 

LOW TEMP. REACTOR RESULTS Ft= .8615E+OO QAA"'4= .8771E+05 

... )Lt 
sn 
.';98 
.5~d 

.093 
.093 
.093 
.44t. 
.44~ 

.250 

.250 

.25J 

.l4b 

.l4b 
• 'H7 
.077 
.on 
.Jlb 

o. 
o. 

.18!> 

.06J 

.18!> 

.OoJ 

F~AC. l 
~1j. 

.4)2 

.40l 

.lJ10 

.:HJ 

.J10 

.3l3 

.323 

.!>16 

.b1b 
• Hb 
.771 
• 771 
.1!7!> 
.il1b 
.875 
• ~84 

J. 
o. 

.447 
..;ttc 
.447 
.'14:> 

tiE3L=.226t+J5 

SECOND LAW EFFICIENCY= .39&1 WOR< RATI~ CHARGEIJISCtil~Gt= 1.3Su 

DE• POINT OF STREA114 12 IS 409.1 CKJ 

DEn POINT OF STREAM 34 IS 329.1 (KJ 
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expressed in this report represent solely those of the 
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Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 
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