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FOREWORD 

The program reported herein is a continuation of prior 
work under Contract NAS3-206l5 from the NASA Lewis 
Research Center reported in NASA CR-159465 in December 
1978. Both programs were carried out by the same 
principal personnel. However, Barry M. Cohen, who 
was a member of the Comstock & Wescott staff during 
the prior program, has acted as an independent consult
ant to Comstock & Wescott during the present program. 
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SUMMARY 

The objective of this work was to extend the prior work 
reported in NASA CR-159465, December 1978, on the de
velopment of a phase-change thermal storage system (TESS) 
using modified anhydrous sodium hydroxide and a single, 
passive, tube-intensive heat exchanger, for charging 
and discharging heat at approximately 584 K by a non
phase-change heat transfer liquid, Therminol-66. 

The three parts of the present program were (1) chemical 
analyses on the storage medium used in the experimental 
model of the prior work, and examination of its heat 
exchanger, (2) production of additional experimental 
data using a different non-phase change heat transfer 
fluid (Caloria HT-43) to extend the validation of a 
computer model of the TESS, and (3) development of a new 
computer model of a TESS containing an additional heat 
exchanger for the vaporization and superheating of a 
power fluid for a Rankine cycle power generator, and the 
use of the model to develop a cost optimized reference 
TESS design for comparison with the single heat ex
changer TESS design. 

From the results, it was concluded that during the prior 
experimental work, no chemical degradation of the medium 
occurred, but some physical segregation of components 
was observed which had no apparent deleterious effect on 
the performance of the system. Physical segregation can 
be reversed by fully remelting the medium. No signifi
cant deterioration of the heat exchanger was found. 

A computer model was successfully developed which provides 
for 3-way heat transfer, between each fluid and the med
ium, and directly between the two fluids. 

The reference design of the 2-heat exchanger TESS (as 
compared to the single heat exchanger TESS) improved 
thermal performance, a lower capital cost (~58%) when 
credited for the cost of the external heat exchanger 
which it displaces, and improved overall system opera
ting cost. 





INTRODUCTION 

Backg~ound 

The work reported herein is an extension of prior work 
under two completed cont~acts: 

1. The development of a computer model (CM) 
of a phase-change thermal energy storage 
system (TESS) under Purchase Order No. 
87-5030 from Sandia Laboratories, Liver
more, California, completed in December 
1976. 

2. The development of a phase-change thermal 
storage system using modified anhydrous 
sodium hydroxide for solar electric power 
generation, under Contract NAS3-20615 
from NASA Lewis Research Center, which was 
reported in NASA CR-159465 in December 
1978. 

This prior work included the design, construction, and 
testing of an experimental scale-model of a TESS suit
able for use in mid-temperature range (approximately 
580 K) solar powered electricity generating systems. The 
model was specifically designed for reliable scaling up 
to meet the requirements of the Solar Total Energy Test 
Facility (STETF) operated by the Sandia Laboratories at 
Albuquerque, New Mexico. 

This was used to generate experimental data with which 
to verify the predictions of the CM, which was modified 
in several respects until acceptable agreement was ob
tained. 

The TESS studied in the prior work consisted of a tank 
containing the phase-change medium, and a single "tube
intensive" heat exchanger, which is used both for charg
ing and discharging heat by means of a non-phase-change 
heat transfer liquid, Therminol-66 (T-66). In the 
STETF, heat withdrawn from storage is delivered via 
the T-66 to an external heat exchanger which produces 
superheated toluene vapor to drive a turbine. 
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The nominal composition of the phase-change thermal 
storage medium (Thermkeep*) is: 

Anhydrous NaNO, Commercial Grade 

NaN0 3 
Mn°2 

91. 8% Cwt 1 
8.0 

0.2 

The commercial grade of NaOH typically contains 1-2% of 
NaCl and 1/2-1% of Na2Co

3
. 

Phase-change TESS using Thermkeep have been under devel
opment by Comstock & Wescott for many years in applica
tions using electric heaters and operating at maximum 
temperatures as high as 725 K (see, for example, Ref. 1). 
However, the referenced work was outside the range of 
previous experience in three respects. First, the heat 
exchanger involved more and smaller tubes which required 
a different method of support. Second, the cycling mode 
of the TESS left a portion of the Thermkeep in the bot
tom of the tank unmelted, and because Thermkeep is a non
eutectic mixture, this might lead to segregation of its 
components. Third, as explained in detail later, for 
chemical stability in contact with a steel vessel and 
heat exchanger, the system must have contact with air 
to prevent reduction of NaN0

3 
to NaN02 . This was pro-

vided by "breathing" during thermal cycling, and since 
the cycling frequency and temperature range were dif
ferent from previous experience, it was not known whether 
the "breathing" would be adequate to maintain chemical 
stability. 

Present Program 

The present work continues the prior work by means of a 
three-part program: 

Part I - A number of samples of Thermkeep were 
taken from the experimental model for 
chemical analysis to determine whether 
or not the system remained chemically 
stable, and whether or not segregation 

* Registered Trademark Comstock & Wescott, Inc. 
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of components occurred during the prior 
testing program. Thereafter, the Therm
keep was melted and partially drained to 
permit visual examination of the upper 
part of the heat exchanger. 

Part II The Therminol-66 heat transfer fluid 
used in the prior program was replaced 
by Caloria HT43, and an additional set 
of experimental data obtained for fur
ther verification of the computer model 
with a fluid of different physical prop
erties. 

Part III - An earlier study had suggested that 
TESS and overall system benefits might 
be obtained in the STETF if a second 
heat exchanger were incorporated in the 
TESS in which the toluene vapor for the 
turbine would be generated, thus elimi
nating the external toluene boiler. 
Therefore, a new computer model was 
developed to predict the performance 
of such a TESS. This computer model 
was used to produce a reference design, 
including construction cost, of a unit 
suitable for installation in the Sandia 
STETF. This was compared with the de
sign of the single heat exchanger unit 
produced in the prior work. 

5 





PART I 
ANALYSIS OF THERMKEEP SAMPLES 

AND EXAMINATION OF HEAT EXCHANGER 

The experimental model produced under Contract NAS3-20615 
remained in the state in which it was left after several 
weeks of thermal cycling, as described in NASA CR-159465. 
During this cycling the thermal gradient causes the 
Thermkeep in the upper section of the vessel to be pre
dominantly in the liquid state, the Thermkeep at the 
bottom is predominantly solid, with an intermediate con
dition between. Since Thermkeep is a non-eutectic 
composition, segregation of components may have occurred. 
In addition, some NaN0

3 
may have been reduced to NaN0 2 

by the mechanism described below. In order to clarify 
these points, a series of samples of Thermkeep were taken 
for chemical analysis. 

Chemical Analysis of Thermkeep Samples 

The thermal insulation and the external heating shroud 
(used to control the thermal gradient in the insulation) 
were removed from one side of the vessel. With the ves
sel at room temperature, seven 10.8 cm diameter holes 
were cut along a vertical line on the vessel wall by 
means of a hole saw. The centers of the holes are 5.1, 
32.7, 60.7, 88.0, 116.6, 135.5, 170.8 centimeters from 
the bottom of the vessel. These locations span the 
total height of the solid Thermkeep. 

The removal of these sections exposed the solid Thermkeep. 
Approximately 0.23 kg was removed in the form of chips 
through each hole, after which the holes were temporarily 
covered to prevent absorption of atmospheric moisture and 
CO 2 . 

During the removal of the sample from the third hole from 
the bottom, a very small penetration accidentally occurred 
in one of the heat exchanger coils. However, this was in 
an accessible location and was repaired. This was done by 
flowing nitrogen through the tube while it was being welded 
from the outside. This prevented obstruction of the tube 
bore at the weld. The sampling openings were then sealed 
by steel patches welded onto the tank wall. 
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Examination of Heat E~changer 

The exposed section of the tank was covered by temporary 
insulation. The heating system which is used for charg
ing the TES unit was activated and the Thermkeep was 
completely melted. Approximately 340 kg of Thermkeep 
were withdrawn from the tank into a steel drum which 
lowered the level sufficiently so that the upper third 
of the heat exchanger was uncovered. The Thermkeep in 
the drum was covered to prevent absorption of moisture 
and CO2 and allowed to self-cool. 

The Thermkeep remaining in the TES unit was allowed to 
solidify and cool. The cover of the vessel was removed 
and the interior of the exposed interior surfaces were 
examined. The heat exchanger was photographed to record 
its appearance. Its condition was compared to photo
graphs made of the heat exchanger at the time of manu
facture and assembly in the tank. Physically the heat 
exchanger appeared to have undergone no significant dis
tortion. The supporting structure appea~p.d to be in 
good condition and was adequate for the planned 
experimental work. The metal surfaces which were ex
posed to air above the highest level of the liquid 
Thermkeep were found to have acquired a light coating 
of sodium carbonate crystals. This condition has been 
found consistently in Thermkeep systems on those sur
faces which are exposed to ambient air drawn into the 
clearance space by cycling. This material was easily 
brushed off and the underlying steel showed no abnormal 
signs of corrosion. 

As a result of the examination it was concluded that no 
internal repair or maintenance was required before con
tinuing with the program. 

Heat Transfer Fluid 

The original program plan was to use Silicone B as the 
heat transfer fluid for the test program. This fluid 
is produced by Dow-Corning and has been designated by 
three different names: Silicone B~ Siltherm 800, and 
X2-1162. A quantity of this material was obtained, and 
a qualitative test made to determine whether any obvious 
interaction occurred when Thermkeep and Silicone Bare 
in contact at a temperature of 589 K (600 F). It was 
found that when a small quantity of either Thermkeep or 
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reagent grade NaOH is dropped into the 589 K (600 F) 
fluid, a vigorous evolution of gas occurs, and the 
temperature of the liquid drops promptly. Analysis 
of the tests indicated that decomposition of the fluid 
was initiated by the NaOH. The decomposition products 
are lower molecular weight cyclic molecules such as 
tetramethyl cyclosiloxane, which are more volatile 
than the Silicone B. These compounds are reported to 
be non-toxic. 

In view of this instability of the Thermkeep-Silicone B 
system, the NASA Project Manager directed that a substi
tute heat transfer fluid which is stable in the presence 
of Thermkeep at 589 K (600 F) should be identified and 
substituted, since it is an objective of the program 
not only to verify the computer model of the system 
with a second heat transfer fluid, but also to test 
materials which can be used in a practical system. It 
was subsequently decided that Caloria HT-43 (a product 
of Exxon Co.) should be used in the testing program. 

Chemical Analysis of Thermkeep 

The samples of Thermkeep were analyzed by Skinner & 
Sherman, Inc. for percentage by weight of NaOH, NaN0

3
, 

NaN0 2 > Mn0 2 , Na2C0
3

, and NaCI. A copy of Skinner & 
Sherman's report is included herewith as Appendix A. 
The values reported are repeated in Table I which also 
shows the percentage of NaOH and the total of the six 
constituents for each sample. 

Samples 1 and 2 were taken from a previously unopened 
drum of Thermkeep flakes and represent the batch of 
material from which the TES unit was originally charged. 
The remaining samples are the pairs which were taken 
from the seven openings in the side of the TES unit. 

AI] constituents except NaN0 2 were independently deter

mined. NaN0 2 was obtained as the difference between a 

determination of total nitrogen (not shown in the report), 
and the NaN0

3
. The reported results are thus based on 

six independent determinations. 
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TAB L E I 
I-' 
0 

ANALYSIS OF THERMKEEP FROM TES VESSEL, AND ORIGINAL MATERIAL 
(% by weight) 

Dist. 
from 

Sample Location bottom, 
NaN°3 NaN°2 Mn02 Na2C0

3 No. No. em NaOH NaCl Total 

1 Ong.Mat'l N/A 86.94 8.467 .0306 .112 2.62 2.03 100.26 

2 88.14 7.417 .0301 .111 1.45 1.98 99.85 

3 1 112 91.50 4.652 .0020 .101 2.85 1.73 100.84 

4 91.55 5.218 .0021 .085 1. 48 1.35 99.15 

5 2 144 91.11 5.041 .0023 .113 1. 55 1.41 99.35 

6 91.14 5.326 .0022 .1l0 1.43 1.63 100.24 

1 3 111 91.88 4.503 .0019 .083 1.38 1.68 99.53 

8 92.23 4.317 .0023 .1l0 1. 35 1.85 99.92 

9 4 89 89.50 5.623 .0023 .102 2.89 1.65 99.17 

10 91.66 4.818 .0026 .095 1.36 1.16 99.16 

II 
5 62 94.30 2.191 .0011 .042 1.44 1.53 100.10 

12 

13 6 34 93.93 2.101 .0021 .051 1.40 1.16 99.86 

14 94.59 2.546 .0032 .053 1.32 1.25 99.76 

15 1 6 89.11 5.172 .0098 .131 2.88 1.58 99.55 

16 89.88 5.138 .0095 .112 2.90 1.43 99.53 



The fact that in every case the deviation of the total 
of the six from 100% was no greater than 0.65% was an 
indication of the precision of the analytical work. 
These totals also indicated that the samples absorbed 
only an insignificant amount of water from the ambient 
air during the sampling procedure. 

As previously described, the samples were removed from 
the TES unit by cutting 10.8 cm diameter circular sections 
from the tank wall. The samples were removed within a 
distance of about 5.1 cm from the tank wall. The samples 
were not mixed, so that the first sample removed may 
represent the material closest to the tank wall, and 
the second sample the material taken from the deeper 
layer. 

Prior to removing the samples, the TES unit was last 
operated in the program described in Report CR-159465. 
The final tests were simulations of the solar daily 
cycle, the results of which are shown in Figs. 91-100 
of that report. 

Discussion of Analytical Results 

A significant result was that the total sodium nitrate 
content of the samples taken from the TES unit was sig
nificantly lower than that in the original material. 

Figures 1, 2, and 3 show the averages of the two samples 
taken from each opening in the tank, plotted against the 
location of the opening. The distance between the cen
ters of adjacent openings was 27.6 cm. 

The curves for sodium nitrate, sodium carbonate, manga
nese dioxide, and sodium nitrite have similar shapes 
in which the percentage of these constituents tends to 
be lowest at locations 5 and 6 and highest at location 7 
(nearest the bottom of the vessel). This suggests that 
in a zone about 5.1 cm thick adjacent to the wall of the 
vessel, there was some vertical segregation of these 
components of Thermkeep. 
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In Figure 4 the ratio of the average NaOH content to the 
average NaN0 3 content, for each pair of samples, is 

plotted against the sampling location, showing that this 
ratio for all samples is significantly higher than that 
of the original Thermkeep, and that at locations 5 and 
6, it is higher than at the other locations. 

Figure 5 is a phase diagram (Ref. 2) for the system 
NaOH-NaN0

3 
which shows that the solid which forms upon 

cooling was higher in sodium hydroxide than was the liquid 
phase from which it was deposited. Although this phase 
diagram does not truly represent Thermkeep because of 
presence of 2-3% of NaCl and Na2C0

3
, it is probable that 

during solidification a local variation in composition 
in the vicinity of the heat exchanger coil would result. 
The solid close to the tubes would be expected to be 
lower in sodium nitrate than the solid near the center
line of the heat exchanger coils or in the spaces 
between the coils. This might also account for the low 
nitrate content of the Thermkeep which solidified on 
the vessel walls as a result of heat lost through the 
insulation. 

Chemistry of Thermkeep-Steel System 

Studies prior to this contract have revealed some of the 
chemical characteristics of the Thermkeep-steel system 
at 756 K (900 F). Chemical stability requires contact 
with air. This is provided by the "breathing" of ambient 
air in and out of the clearance space above the Therm
keep during thermal cycling due to the changing volume 
of the Thermkeep. The reactions which are believed to 
take place are: 

15 



(4 ) 

The net reaction is: 

(Mn0
2 

) 
(x+2) Fe + 2 NaOH + ~ 02 + 2 H20 t> 

( 5) 

Eq. 1) is the "corrosion reaction." Na2Fe 204 is the 

principal corrosion product, and has been identified by 
X-ray diffraction tests. The presence of hydrogen has 
also been confirmed. Corrosion rates in inches per year 
(ipy) of penetration at 756 K (900 F) have been measured 

at less than 2.5 x 10-3 cm/year (0.001 ipy). In the pres
ent application at about 584 K (591 F), corrosion is 
expected to be insignificant in the time of operation, 
and no measurements were undertaken. 

Eq. 2) represents the formation of iron oxide of uniden
tified composition, by reduction of NaN0

3
. Salt baths 

similar in composition to Thermkeep are widely used for 
metal cleaning, at temperatures of 756-867 K (900-1100 F). 
These are known to produce oxide coatings on the metal 
by NaN0

3 
which is reduced to NaN0

2
. 

Eq. 3) represents the oxidation of NaN0 2 to NaN0
3 

by 

oxygen from the air. This reaction is catalyzed by Mn0 2 . 

Eq. 4) represents the reaction of the Na
2

0 formed by Eq. 

1) with moisture introduced by the "breathing" of humid 
air. 
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One purpose of the chemical analyses was to determine 
whether sufficient oxygen was absorbed by the system 
to maintain the original level of NaN0

3
. Since the 

analysis showed that the NaN02 in the system was an order 

of magnitude lower than in the original Thermkeep, it was 
concluded that the oxygen absorption rate was sufficient 
to prevent significant conversion of NaN0

3 
to NaN02 . 

The analyses showed that the NaN03 content of the samples 

was substantially lower than that of the original Therm
keep. This raises the question of whether or not nitro
gen may have been lost from the system. Based upon prior 
work, it is believed that loss of nitrogen cannot account 
for this phenomenon. 

Prior experiments have been conducted on the Thermkeep
iron system, at 756 K (900 F), in steel container~ wh~ch 
were hermetically sealed to prevent entrance of alr, In 
which the pressure was monitored. It was observed that 
such a system, at 756 K, initially develops a subatmos
pheric pressure which remains stable for about five days, 
after which it rises abruptly. The rise in pressure is 
found to be due to the generation of ammonia. This 
behavior is due to the sequential reduction of NaN0 3 --
first to NaN0

2
, then to NH

3
, according to the following 

reactions: 
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Summing these equations gives: 

8 Fe + 9 NaOH + 3 NaN0
3 

+ 

(10) 

Based upon this chemistry, and the fact that no NH3 has 

ever been detected in the clearance space of a cycling 
system which has had unobstrllcted access to air, it was 
concluded that nitrogen had not been lost. 

The fact that the NaN0
3 

content of all samples was sub

stantially lower than that of the original Thermkeep 
charged into the TES tank has been attributed to segre
gations of chemical components; a small degree of seg
regation in the vertical direction and a larger amount 
in the radial direction. 

The radial segregation was believed to be explainable on 
the basis of the NaOH-NaNO phase diagram, Figure 5, 
which shows that during th~ thermal discharge cycles the 
solid which forms on the surfaces of the tubular heat 
exchanger is richer in NaOH than the liquid from which 
it crystallizes, or equivalently the solid has a lower 
percentage of NaN0 3 than the liquid. The samples used 

for analysis were removed through openings in the tank 
wall and are therefore solid which formed on or close to 
the wall. Prior to removal of the samples, the last 
operation of the TES unit (Fig. 100, Report NASA CR-159465) 
consisted of a thermal discharge which produced a solid 
layer on the heat exchanger surfaces, leaving liquid in 
the centers of the tubular helices and near the tank wall. 

Upon termination of the test the Thermkeep temperatures 
in the upper two-thirds of the tank were above 565 K, 
which as shown by the phase diagram would contain 50% or 
more of liquid. 
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After completion of the test the circulation of the heat 
transfer liquid was stopped and the TES unit allowed to 
self-cool by losing heat through the insulation. This 
would cause the remaining liquid to solidify starting 
at the tank walls. The solid forming at and near the 
walls would be low in NaN0

3
, while the remaining liquid 

would increase in NaN0
3 

until the eutectic composition 

was reached at some distance from the walls. This ex
planation is, of course, over simplified because it does 
not take account of the Na2C0 3 and NaCl which total 

approximately 4% of the original Thermkeep composition. 

A number of tests were considered which might verify the 
presumption that no nitrogen has been lost, and shed 
more light on the segregations. However, the opportu
nity to obtain more information on the system in its 
original state was lost when the Thermkeep was completely 
melted for draining and examination of the heat exchanger. 

Summary of Chemical Analyses of Thermkeep 

The following conclusions were drawn as a result of the 
observations described above: 

1. The accuracy of the analyses was good. 

2. There were no significant compounds 
present in the system other than 
those analyzed. 

3. The samples were not significantly 
contaminated with H20. 

4. No significant NaN02 was present and, 

therefore, 1) no nitrogen was lost 
from the system, and 2) air "breath
ing" is adequate to maintain chemical 
stability. 

5. Variations in the NaOH/NaN0
3 

ratio 

were a result of segregation of compo
nents during cooling. 
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6. A small vertical segregation existed 
as shown by the high NaOH/NaN0

3 
ratio 

at locations 5 and 6. 

7. Since the NaoH/NaN0
3 

ratio at all 

seven sampling locations was less than 
that of the original material, there 
must also be a radial segregation from 
the tank wall inward. These radial seg
regations had no observed deleterious 
effect on the operation of the TES sys
tem in prior tests, and are probably 
acceptable if the system had arrived at 
a stable state as a result of the cycling 
carried out in the prior program of test
ing. To determine whether stabilization 
was achieved will require further testing. 

8. If further cycling produces progressive 
segregation to the point where the per
formance of the system is unacceptably 
degraded, this condition could be re
versed by periodically over-charging the 
TES unit and allowing the liquefield 
Thermkeep to become homogeneous by natu
ral circulation of the liquid. 



Introduction 

PART II 
VERIFICATION OF COMPUTER f'.10DEL 

BY EXPERIMENTAL DATA 

The purpose of this work was to extend the experimental 
verification of the computer model (CM) of the single 
heat exchanger TESS, by means of additional data ob
tained from the experimental scale-model. The new data 
were obtained through the sUbstitution of a different 
heat transfer fluid for the Therminol-66 (T-66) used 
previously. The substitute fluid was to have physical 
properties as different from those of T-66 as possible, 
in order to demonstrate that the CM could be used with 
confidence to predict TESS performance for a range of 
fluids. 

The program of testing was to duplicate the prior pro
gram, so far as heat transfer rates were concerned, by 
adjusting flow rates to compensate for the different 
physical properties of the new fluid. The fluid tenta
tively selected was Silicone B (a product of Dow-Corning), 
because its physical properties are quite different from 
those of T-66, and it has superior thermal stability, 
although its cost is substantially higher. When, as de
scribed in Part I, it was found to be reactive with mol
ten Thermkeep, it was rejected on the basis of safety, 
and Caloria HT-43 was substituted. 

Heat Transfer Fluid 

Caloria HT-43 has a higher specific heat (Cp) but a lower 
density (p) than T-66, and flow rates are inversely pro
portional to the product of these values. The following 
compares the two fluids at 316 C (600 F): 

p Cp 

g/cm3 
.J/(g.K) p x Cp 

T-66 .805 2.63 2.12 

HT-43 .649 2.93 1.90 
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Since pCp for HT-43 is 90% that of T-66, the flow rates 
necessary to effect the same heat rates at 589 K fluid 
temperatures must be increased by about 10%. The high
est steady state flow rate in the test plan was 0.35 
kg/sec (6.6 gpm) for T-66, while the pump is capable 
of 0.40 kg/sec (7.6 gpm). The only test in which the 
heat rates were not duplicated was the solar cycle, where 
during charging the HT-43 will reach the maximum pump 
rate sooner than did the T-66. Since the actual flow 
rate is a computer input, this was simulated in the com
puter program. 

Experimental Model 

The experimental model is described in detail in NASA 
CR-159465. Briefly, it consists of a steel cylindrical 
thermal storage tank 2.23 m in height and 0.70 m in 
diameter containing 1500 kg of Thermkeep. The heat ex
changer consists of 25 helical steel tubes, 0.635 cm 
outside diameter and 23.1 m long, which are manifolded 
at the top and bottom of the tank for parallel flow of 
the heat transfer fluid, downward during charging, and 
upward during discharging. Temperatures are measured 
by 20 thermocouples in wells extending through the 
side of the tank into the Thermkeep to two different 
depths, and additional couples on the outside of the 
tank. 

The temperature of the fluid entering and leaving the 
tank and at other points in the system, as well as 
other system temperatures, are also measured by thermo
couples. 

The tank is covered by an inner layer of thermal insula
tion 0.457 m thick, and an inner steel shroud carrying 
a grid of electric heating elements. This is covered by 
an additional layer of insulation 0.152 m thick and an 
outer steel shroud. The heated shroud is used to 
establish a desired thermal gradient in the inner insu
lation in order to simulate insulation heat loss which 
would occur in a larger unit. 

The auxiliary equipment provides for the supply of heat 
transfer fluid to the TESS at predetermined flow rates 
and temperatures for charging and discharging, at con
stant flow rates and at programmed variable rates to 
permit simulation of solar cycles. 
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The experimental model has approximately one-tenth the 
capacity of a TESS suitable for use in the Sandia 
Albuquerque Solar Total Energy Test Facility. The 
height of the model and consequently the length of each 
heat exchanger element are of full scale; the cross
section and consequently the number of heat exchanger 
elements are one-tenth of full scale. 

Preparation of Test Unit 

After samples were taken from the storage unit, about 
430 kg (950 Ibs) of Thermkeep flakes were added to re
place what had been drained to allow visual inspection 
of the heat exchanger. During previous testing the 
liquid level of Thermkeep was about 15 cm lower than 
necessary to cover the entire heat exchanger at the 
maximum temperature, since a large portion of Thermkeep 
usually remains solid at the bottom during normal duty 
cycles. Therefore, enough Thermkeep was added to 
increase the average level by 15 cm. 

The storage tank was closed and covered with insulation. 
The heated shroud was then replaced and its heating 
elements checked and reconnected. The purpose of the 
heated shroud was to produce an elevated "ambient" 
temperature for the tank. The shroud was turned on and 
over a period of ten days was balanced so that the top, 
sides, and bottom were at an average temperature of 
about 493 K. 

All of the original heat transfer fluid (T-66) was 
drained from the system and air was blown through the 
pipes and coils for 24 hours. The system was then 
charged with 10 gallons of Caloria HT-43 (HT-43) which 
was pumped through all of the plumbing, collected, and 
circulated once again. Then the HT-43 was drained and 
air was pumped through the pipes for 24 hours. The pro
cedure was repeated with fresh HT-43. After draining 
the T-66 and after each HT-43 flushing, the water
immersed cooling coil was removed, inverted, and 
drained. This coil was the only location where more 
than one pint of liquid could collect. The liquid con
tent of the heat exchanger was measured between flush
ings by balancing its pressure head against a water manom
eter, on the upper ~nd lower manifolds, and found to be 
no more than 250 cm. Therefore, in the worst case, 
each 38 liter (10 gal) flush was at least a 100 to 1 
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dilution, and with the final charge of 265 liters (70 
gall, another 1000 to 1 dilution. 

The unit was heated to various states of charge and the 
liquid level of Thermkeep was measured with a dipstick. 
This showed that the unit contained 1515 kg of Thermkeep, 
or about 75 kg (165 Ibs) more than before disassembly, 
and that none of the heat exchanger surface was exposed 
above the Thermkeep level during normal cycling. 

Two minor problems were encountered before the start of 
tests: The cooling water barrel had several leaks 
and was replaced, and thermal siphoning to the expansion 
tank became an increasing problem. The siphon pathway 
was traced to a broken relief valve between the heating 
reservoir and the expansion tank, and the valve was 
removed. An alternate escape pathway already exists 
with a hand-operated valve, and this was fixed in the 
open position. 

All thermocouples were found to be in working order and 
were connected to a 60-channel "Datalogger" (FLUKE Model 
2240B), which automatically records temperatures on 
paper tape, on a predetermined schedule. 

Testing Procedure 

The experimental data taken include the flow rate of the 
heat transfer fluid, HT-43, its temperature entering and 
leaving the TES unit, and temperatures of the Thermkeep 
in the TES unit measured by sets of thermocouples in 
wells extending into the tank, in two vertical rows, one 
to a depth of 11.0 cm and the other to a depth of 27.3 
cm from the tank wall (the tank diameter is 69.9 cm in
side) . 

The temperature data, recorded on paper tape by the Data
logger, were manually transferred to files of a small 
computer. The computer model (eM) of the TESS required 
a larger computer located in an outside facility for the 
CM performance predictions. The results of these predic
tions were also transferred to the small computer file, 
which was then used to print graphical displays of the 
experimental data and superposed CM predictions. In 
these graphs, the maximum deviation of the printed 
point from the true point is 2.50 C. 
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Inputs into the CM program include the physical proper
ties of the heat transfer fluid, and its flow rate. 
Twenty-five elements are used in the analysis. The 
initial condition data for the CM includes the tempera
ture of the Thermkeep in each element, as measured at 
the start of the corresponding test. 

The experimental data and the CM predictions of perform
ance of Thermkeep temperatures vs. time are shown in 
several sets of computer-printed graphs which are to 
be found in Appendices Band C. Temperatures were re
corded and graphed at half-hour intervals, but the data 
in Appendices Band C are abbreviated to conserve space. 
Superposed on the data are the temperatures predicted 
by the computer model. The graphs show the Thermkeep 
temperatures vs. the location in the tank, measured 
from the top of the tank. Also shown is the location 
of the upper surface of the Thermkeep as calculated by 
the CM; this location depends upon the temperature vari
ation within the tank and the fraction of Thermkeep 
which is solid. 

Enthalpy-Temperature of Thermkeep 

The CM uses a table relating the enthalpy and tempera
ture of the Thermkeep, which is used to determine the 
energy of each of the finite elements. Data for the 
table were to have been determined under a subcontract 
of the preceding contract. This failed to produce use
ful information and in its place data obtained by 
Comstock & Wescott during large scale cooling tests 
were used. These data were input to the CM in the form 
of a table. The table used in the prior work to corre
late data and CM predictions is identified as "Table 4" 
and is shown graphically in Figure 6. 

The ability to produce large numbers of graphical dis
plays of superposed experimental data and CM predictions 
quickly and inexpensively by computer data processing 
enabled a more complete analysis of the temperature
enthalpy relation than was possible during the preced
ing study. This showed that Table 4 is a less than ideal 
temperature-enthalpy representation, and also that some 
degree of hysteresis occurs in the latent heat range 
during heating-cooling cycles. In order to study these 
effects, the enthalpy table was adjusted by trial-and
error until two new tables were produced, one which 
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correlates the CM predictions better with cooling data, 
and another with heating data. These are shown graphi
cally in Figure 6, where Table 7 is used for heating, 
and Table 9 for cooling. 

In addition, Table 10 was constructed and used as a 
compromise to correlate both heating and cooling data. 

Hysteresis Study 

The construction of these new tables was based on CM 
predictions correlated with experimental data obtained 
with a constant flow rate of the heat transfer fluid 
HT-43 at 0.125 kg/sec (3 gpm). Thereafter, correla
tions at 0.042 kg/sec (1 gpm) for heating and cooling 
and at 0.305 kg/sec (7.3 gpm) for cooling were produced. 

Table II shows the conditions of nine of the tests which 
were run, each of which ran for a total of six hours, 
except for No.9 which ran four hours. Data were taken 
at the start of each test and thereafter at one-half 
hour intervals. Correlations for each data set were 
made with CM predictions. From these, the set showing 
the greatest deviation, and the starting condition, were 
selected. The graphs for these are to be found in 
Appendix B. In these graphs the symbols have the fol
lowing meanings: 

6 = temperatures measured in deep wells, 

o = temperatures measured in shallow wells, 

+ = temperatures prediced by the computer 
model. 

Figures B-1 - B-4 show the deviation using Enthalpy Table 
4. The effect of hysteresis (which is not accounted for 
in the CM) is shown by the fact that Thermkeep tempera
tures in the temperature range of latent heat are higher 
than predicted during heating, and lower during cooling. 

Figures B-5 and B-6 show considerably better correlation 
for heating through the use of Enthalpy Table 7 in the 
CM, rather than Table 4. 
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TABLE II 

TEST CONDITIONS FOR HYSTERESIS STUDY CORRELATION 

Test Figures of HT-43 Enthalpy 
No. Appendix B Mode Flow Rate Table 

1 B-1> B-2 Charge 0.125 kg/sec 4 (3 gal/min) 

2 B-3> B-4 Discharge 0.125 kg/sec 4 (3 gal/min) 

3 B-5> B-6 Charge 0.125 kg/sec 
7 (3 gal/min) 

4 B-7> B-8 Discharge 0.125 kg/sec 
9 (3 gal/min) 

5 B-9> B-IO Charge 0.042 kg/sec 10 (1 gal/min) 

6 B-ll> B-12 Discharge 0.042 kg/sec 10 (1 gal/min) 

7 B-13> B-14 Charge 0.125 kg/sec 10 (3 gal/min) 

8 B-15, B-16 Discharge 0.125 kg/sec 10 (3 gal/min) 

9 B-17, B-18 Discharge 0.305 kg/sec 10 (7.3 gal/min) 
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Figures B-7 and B-8 show better correlation for cooling 
through the use of Enthalpy Table 9 in the CM, rather 
than Table 4. 

Figures B-13 - B-16 show the maximum deviation obtained 
with Enthalpy Table 10 used both for heating and cool
ing. 

The remaining figures show the maximum deviations meas
ured at higher and lower flow rates, using Enthalpy 
Table No. 10. 

On the basis of these tests, it appears that the use of 
Table 10 for both heating and cooling provides an ade
quate representation of performance for the purposes of 
this program. Table 10 was subsequentJy used to cor
relate all data from the heating and cooling cycling 
tests, and selected data obtained during the prior pro
gram with T-66 as the heat transfer fluid. 

Some preliminary consideration has been given to the 
problems of incorporating into the computer model a 
means for accounting for the apparent hysteresis effect. 
However, this appears to be very complex, and to require 
quantitative information not now available. The true 
nature of the phenomenon is not understood. A super
cooling and/or superheating may be involved in which the 
temperatures of latent heat effects are elevated during 
heating, and/or depressed during cooling. The degree 
of elevation or depression may be functions of the 
temperature and/or the rate of heating or cooling. A 
contributing factor may stern from the fact that upon 
cooling from the liquidus range, the first solid which 
forms on the heat exchanger is pure NaOH whose melting 
point is given by literature references as 593 K 
(cf Fig. 5), which is above the temperature of the heat 
transfer fluid entering during charging. Upon reheat
ing with a heat transfer fluid whose temperature is 
several degrees below its melting point, reliquefying 
must be principally by solution in the liquid phase at 
the liquid-solid interface rather than at the heat ex
changer surface. (The CM is based upon this mechanism.) 

Experimentally determined information would be needed 
relating the rate of change of the enthalpy of the 
Therrnkeep to its temperature, its rate of heating or 
cooling, and, if necessary, its immediately preceding 
temperature history. This information may be extract
able from the experimental data already in hand, which 
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includes an almost continuous temperature history of 
Thermkeep temperatures throughout the TES unit for a 
wide range of heating and cooling rates, and for cycles 
in which heating is immediately followed by cooling~ 
and vice versa. 

If the necessary information can be obtained, it must 
then be introduced into the CM in a way which follows 
the first law, the conservation of energy. That is, 
when an element of Thermkeep is carried through a cycle 
within the temperature range of the hysteresis effect, 
the cycle must form a closed loop on the temperature
enthalpy diagram. This cannot be accomplished simply 
by using two tables, one for heating and one for cool
ing and shifting from one to the other. For example, 
with reference to Figure 6, if Table 7 were used for 
heating and Table 9 for cooling, and if an element were 
heated from 558 K to 573 K along curve 7, then cooled 
along curve 9 back to 558 K, more energy would be de
livered by the element during cooling than would be 
received during heating. Upon repeated cycling between 
these temperatures, the element would progressively 
lose energy. 

This might be avoided by introducing a third t-h rela
tionship such as Table 10 which represents a zero-rate 
relation between t and h, and by requiring that the 
maximum and minimum temperatures of cycles which are 
within the hysteresis temperature range must lie on this 
curve. 

However, correlations next to be described, in which Enthalpy 
Table 10 was used for all cycles are believed to be ade
quate for the intended uses of the CfL 

Data Correlation 

The data correlations consisted of comparisons between 
experimental data (DATA) and computer predictions (CMP). 
The correlations include Thermkeep (TK) temperatures 
and the temperatures of the heat transfer fluids enter
ing or leaving the upper end of the heat exchanger (TU) 
and entering or leaving the lower end (TL). 
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Correlations were made using data for Therminol-66 
CT-66) from the prior program and for Caloria HT-43 
CHT-43) obtained in the present program. The results 
are given in Appendix C in graphical form. 

Figures C-l through C-12 show HT-43 inlet and outlet 
temperatures vs. time. Figures C-13 through c-48 
show the corresponding Thermkeep temperature profiles 
in the tank. 

Figures C-49 through C-59 show T-66 inlet and outlet 
temperatures vs. time. Figures c-60 through C-75 show 
the corresponding Thermkeep temperature profiles in 
the tank. 

The tests performed consisted of four types: 

1. Single discharge, in which the TES is 
initially charged, and is discharged 
by a constant flow of fluid. 

2. Single charge, in which the TES is ini
tially in a partially charged state, as 
at the end of a typical cycle, and is 
charged by a constant flow of fluid. 

3. Cyclic, in which a cycle consists of a 
4-hour charge and a 4-hour discharge at 
constant fluid rate. 

4. Solar cycle, which conforms to the solar 
daily cycle described in NASA CR-159465. 
The solar daily cycle is shown in Fig
ure 7. 

The conditions of the tests performed in the present pro
gram are given on Table III. 

The conditions of the prior tests with T-66 are shown on 
Table IV. The correlation of the data with CMP is given 
in NASA CR-159465, which used the original Enthalpy Table 4. 

Correlation of the original data for T-66 temperatures 
with CMP was repeated for inclusion herein, using Enthalpy 
Table 10, and also TK temperature correlations for Test 
018 and Test 023. 
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Test 
No. 

201 

202 

2Q4 

214-2 

215-2 

218 

219 

223 

Test 
No. 

001 

002 

004 

014 

015 

018 

019 

023 

TABLE III 

TESTS WITH CALORIA HT-43 
UNDER PRESENT PROGRAM 

Type of Test 

Single discharge, 6 hrs. 

Single charge, 6 hrs. 

Single charge, 6 hrs. 

Single discharge, 6 hrs. 

Single charge, 6 hrs. 

Cyclic; 4-8 hr. cycles 

Single discharge, 4 hrs. 

Solar cycle; 2-12 hr. cycles 

TABLE IV 

TESTS WITH THERMINOL-66 
UNDER PRIOR CONTRACT* 

Type of Test 

Single discharge, 6 hrs. 

Single charge, 9 hrs. 

Single charge, 6 hrs. 

Single discharge, 6 hrs. 

Single charge, 6 hrs. 

Cyclic; 3-8 hr. cycles 

Single discharge, 3 hrs. 

Solar cycle; 2-12 hr. cycles 

* See NASA CR-159465 

HT-43 Flow Rate 
kg/sec gprn 

0.14 3.3 

0.14 3.3 

0.16 3.7 

0.046 1.1 

0.046 1.1 

0.080 1.9 

0.32 7.7 

Variable 

T-66 Flow Rate 
kg/sec gprn 

0.15 2.9 

0.15 2.8 

0.18 3.4 

0.053 1.0 

0.053 1.0 

0.106 2.0 

0.35 6.6 

Variable 
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For the constant rate charging and discharging tests 
with HT-43, TK temperature profiles are shown for the 
initial state, and after 3 hours and 6 hours, except 
in the case of Test 219 which was of shorter duration. 
After 6 hours, correlation is generally good for flow 
rate of 0.14 kg/sec. An exception is noted in the 
case of Test 204, at 0.16 kg/sec, which appeared be
tween the 4th and 5th hours, the cause of which is 
unexplained. The correlation of HT-43 temperatures 
for all these tests is good, with a maximum discrepancy 
t the end of the discharging tests of 6 K (Test 201). 
The HT-43 temperature correlation of Test 204 is good 
(4 K maximum discrepancy) in spite of the discrepancy 
noted above in the TK temperature correlation. 

The high constant discharge rate test (Test 219) showed 
more discrepancy in the TK temperatures than the lower 
rate tests. However, The HT-43 temperature correlation 
is exceptionally good, the maximum discrepancy being 
only about 1 K. 

The cyclic test with HT-43 (Test 218) consists of 4 
cycles, each consisting of 4 hours of discharging fol
lowed by 4 hours of charging at a constant flow rate 
of 0.080 kg/sec (1.9 gpm). During the discharge por
tions of this test, the same type of discrepancy occur
red as in Test 204. This is reflected in the HT-43 
temperature graphs; however, the maximum discrepancies 
between DATA and CMF were less than 10 K at the end of 
32 hours of cycling. 

Test 223 shows the results of the solar cycle test with 
HT-43. Although some discrepancy is apparent in TK 
temperatures between 6 and 8 hours, they disappear at 
10 hours. Deviations between DATA and CMF for HT-43 
temperatures are no greater than about 5 K throughout 
the 36 hour duration of the test. 

The TK temperatures of the cyclic Test 018 using T-66 
show better correlation than that of Test 218 using 
HT-43, and this is reflected in a very good correla
tion for the Test 018 fluid temperatures. On the other 
hand, the correlation of fluid temperatures for the 
Solar Cycle tests (Tests 223 and 023) is better for 
HT-43 than for T-66. The Solar Cycle test with T-66 
shows approximately the same degree of correlation 
with Enthalpy Table 10, as with the previously reported 
Enthalpy Table 4. 
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In view of the generally good correlation of the fluid 
temperatures of the steady flow rate tests, it is sur
prising that the discrepancy is so high in the solar 
cycle with T-66. It is noted that the large discrepancy 
occurs during the decreasing fluid flow portion of the 
charge phase of both the first and second cycles, and 
that the correlation is good during the discharge por
tion of both cycles (hours 10-12 and 34-36) which fol
lows the charge portions (hours 3-9 and 27-33). Since 
the fluid flow rate during charging is variable in the 
solar cycle (starting and ending at substantially zero), 
it may be that the experimental model does not perform 
as assumed in the computer model. The latter assumes 
uniform flow through all 25 heat exchanger elements and 
that there are no lateral temperature variations within 
the elements. There is evidence that this was not the 
case during the periods in which the discrepancy occurs. 

Figure 75 of Appendix C shows temperatures at the surface 
of the tank (0), in the shallow wells (0), and in the 
deep wells (~), at 32 hours of the solar cycle Test 023, 
using T-66. Temperature variations of as much as 25 K 
are noted between the surface and deep well locations, 
and about 13 K between the deep and shallow well loca
tions. Similar variations were recorded at the 9th hour 
of the test which is the corresponding point in the first 
cycle. A similar pattern of variations is apparent in 
the solar cycle test with HT-43. 

These temperature variations may result from variations 
in fluid flow rates through the corresponding elements 
of the heat exchanger. If this is the case, it will un
doubtedly be correctable by manifolding design changes. 

Summary 

The practical significance of this work lies in the 
correlation of the measured heat transfer fluid outlet 
temperature with that predicted by the computer model. 
For the six constant rate tests of charging and dis
charging with HT-43, the average difference between 
experimental and predicted temperatures is 3 K, and the 
maximum is 6 K. For T-66, the average is 2 K and the 
maximum is 7 K. For the constant flow cycle tests 
(218 and 018), the discrepancy at the end of 3 cycles 
is 6 K for HT-43 and 2 K for T-66. For the solar cycle 
with T-66, a maximum discrepancy of 14 K was noted, 
while for HT-43, the maximum was only 5 K. 

37 



It is believed that the computer model is reliable enough 
to be used in the design of phase-change TES systems, 
using Thermkeep as the heat storage medium, and non
phase-change heat transfer liquids which are generally 
similar in properties to HT-43 and T-66. 
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PART III 
DUAL HEAT EXCHANGE DESIGN ANALYSIS 

Introduction 

Early investigations into the use of Thermkeep* as a 
phase-change heat storage medium for solar power genera
tion systems suggested that a more economical storage 
unit could be produced if both the collector fluid (T-66) 
and the working fluid (Toluene) of the power cycle were 
caused to flow through the storage unit. This would 
eliminate the cost of a separate boiler but would in
crease the cost of the heat exchanger within the stor
age unit. 

It was felt that the thermodynamics of the storage and 
retrieval process would be superior in the case of the 
two-fluid storage unit because of the inherent irreversi
bilities and large ~T's associated with the fluid pinch
points which occur when heat is exchanged between the 
non-phase change fluid (T-66) and the phase-change stor
age medium and power fluid. Early attempts to quantify 
this did indeed indicate a substantial benefit in terms 
of overall storage unit size for acceptable perform-
ance with the use of a two-fluid storage device. 

For this program, an analysis was developed which accounts 
for the use of two fluids in a typical daily duty cycle 
according to which the solar collector fluid flows dur
ing hours of collection at a rate determined by the inso
lation intensity. Moreover, the power fluid, which is 
a vaporizing fluid such as Toluene, flows during the 
hours of power generation. Consequently, at some times 
both fluids flow; at other times only one flows. 

Approach 

There are two ways to approach the analysis and the first 
effort in the formulation assessed the relative complica
tions and benefits of the two approaches. As might be 
expected, the approach which is more precise is consid
erably more difficult to perform. 

* Registered Trademark Comstock & Wescott, Inc. 
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The simpler approach is to view the heat exchange pro
cess as one in which each fluid exchanges heat with 
the storage medium, but not directly with the other. 
A heat balance is made on the numerical element of 
storage medium at the end of a time step during which 
the temperature of the medium is assu~ed to remain 
constant. Then an updated temperature distribution 
is produced. 

The other approach which requires additional simpli
fying assumptions in order to be made solvable is 
to consider also the direct heat exchange between 
the two fluids. This permits a substantial amount 
of heat transfer from the collector fluid to the 
power fluid without the intervening resistance of the 
storage medium. It also reduces the quantity of 
m~dium required because the medium need have capacity 
only for the heat stored, rather than all the heat 
flowing from the collectors to the power fluid. 

Direct heat exchange between the collector fluid and 
the power fluid, when both fluids are in energy bal
ance, has a clear thermodynamic advantage, albeit one 
which has not yet been quantified. In the existing 
system configuration, whereby the boiler and storage 
system exist as two separate components, collector 
fluid heats the power fluid directly during a substan
tial part of the daily cycle. Since all the fluid flow 
in the system under analysis herein must flow through 
the storage unit, it seemed that a direct heat exchange 
path between the two fluids would be preferred over 
one which imposed the heat transfer resistance of the 
storage medium. 

Therefore, the analysis has been formulated to account 
for simUltaneous heat transfer between the fluids and 
between each fluid and the storage medium, i.e., three
way heat exchange. The purpose of a parametric study 
would be to evaluate the effect of changes in the heat 
transfer path resistances between the three media. More
over, the results of optimization in this configuration 
would be compared in terms of cost, performance, and 
operational characteristics to the current standard de
sign which passes only collector fluid through the 
storage unit and uses a separate boiler to heat the 
power fluid. 
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General Features 

The prior analysis may be referred to as a design analy
sis -- that is to say it includes a rather detailed 
series of calculations relating to a number of specific 
characteristics of the storage system. It works from 
an input set which consists of basic geometry from which 
it derives heat transfer parameters such as surface 
areas and pressure drops. It does a cost analysis. It 
includes axial conduction heat flows and losses to the 
environment. It is limited, however, to a specific 
geometry -- that of coiled tubes in a parallel configu
ration. 

At the outset of the present work, it was not known 
what sort of geometry would be preferred for a three
way system. A determination was made to provide a less 
detailed analysis which would describe the basic heat 
transfer and thermodynamic behaviour of the process and 
to overlook for the moment other effects which have al
ready been shown to be relatively insignificant. On 
this basis, calculations with regard to geometries, 
pressure drops, losses to the environment, and axial 
losses have been put aside. 

It will not be difficult to introduce these later if 
wanted. It will require, however, a clearer, more 
limiting description of the desired design configura
tion, one not deemed appropriate at this time. Also, 
it was not entirely clear at the outset that a problem 
of such complexity as this would lend itself to a use
ful solution, and introduction of additional details 
was not considered prudent. 

General Description 

The analysis considers variations in the temperatures of 
the three media to be one-dimensional; temperatures vary 
only in the direction of flow of the fluid media. The 
hot end of the unit is the top, as shown on Figure 8. 
This stabilizes the thermal gradient established in the 
storage medium by preventing mixing due to natural con
vection flow. 

Heated fluid from the solar collector, assumed to be a 
liquid with a constant specific heat, CL , flows through 
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the unit from top to bottom. Its inlet temperature, 
assumed to be constant, is TL . while its exit ,In 
temperature is TL t. Its flow rate, also a time ,ou 
variable, is WL , its value being a function of the col-

lector heat output and the fluid temperature. 

Cooled power fluid, assumed to be a vaporizing liquid 
with constant specific heats in the sensible regions, 
flows into the unit at the bottom and out at the top. 
Its liquid phase specific heat is CS ' its vapor phase 

specific heat is CV' its heat of vapo~i7,8tion is QT' 

its flow rate is Wp (assumed to be constant in time), 

its inlet temperature is Tp. (constant in time) and ,In 
its exit temperature is Tp t which is a time-varying ,ou 
output of the analysis. 

The power conversion system, however, in order to pro
duce a constant output, P, requires a constant inlet 
temperature, Tp,des' and a boost heater is assumed to 

make up the difference between the desired and the 
actual delivery temperatures. In general, this supple
mental heat is 

The solar collectors produce a scheduled amount of heat, 
Qcoll' which is assumed to be a function of time of day 

but repeatable from day to day. The collector fluid 
attempts to absorb this heat by varying its flow rate 
according to 
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At some point, the fluid pump reaches a maximum flow, 
W

L 
,and any heat which cannot be absorbed due to ,max 

this limiation is assumed to be lost through a heat re
jection device. It is calculated by 

Both Qlost and Qsupp are important operational charac

teristics of the system. 

The task of the analysis is to use as input the param
eters Qcoll' P, TL,in' Tp,in' the fluid thermal prop
erties, and the storage unit geometry, and to calculate 
TL t' Tp t' Ql t Q and the storage medium ,ou ,ou os, supp, 
temperature variation in space and time. The material 
discussed so far, the parameters external to the stor
age unit itself, constitutes the essence of the MAIN 
portion of the computer analysis. The major portion of 
the computer analysis, a subroutine called ELANAL, deals 
with the processes within the storage unit. It receives 
the flows and inlet temperatures of the fluids from the 
MAIN program. 

Heat Exchange Analysis 
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Description 

The analysis of the heat exchange processes within 
the storage unit rests upon the same assumptions 
made to develop the heat exchange analysis for the 
single fluid case. The actual procedure is greatly 
complicated by the fact that two fluids flow counter
current and that one fluid exists in three states: 
subcooled liquid, two-phase boiling fluid, and super
heated vapor. This last factor imposes the defini
tion of three distinct spatial regions: Region I 
where the power fluid is superheated, Region II 
where boiling is taking place, and Region III where 
the power fluid is subcooled. 



Two basic approximations are made in the solu
tion methodology; finite differencing in time, 
and finite elements in space. With regard to 
the temporal variation in the parameters, the 
approximation is made that the time axis is 
divided into sufficiently small time steps that 
the system may be viewed as stationary during 
said time steps. 

Heat flows are computed from temperature poten
tials assumed not to change significantly during 
the time step. The heat flows contribute to a 
stepwise change in the thermal state of the 
storage medium, the result of which is assumed 
staionary for the next time step. The storage 
medium is assumed to have the only thermal 
capacitance of any significance. 

Thus, the differential equation 

is approximated by 

dT 
Q = MC dt 

6T = Q At 
MC U 

where the 6T of a piece of storage medium of mass, 
M, and specific heat, C, is that created by impos
ing a fixed heat flow Q on it over a time step, 
6t. This is the finite differencing in time. 

Spacial variation of the temperature of the stor
age medium is approximated by a stepwise variation 
in the (vertical) X-direction. The unit is divided 
in the X-direction into NE elements of size 6X and 

of mass 6M. Figure 9 describes an element. Each 
element is assumed to be of uniform temperature, 
Ti . For each element, heat flows among the media 

are computed from the knowledge of the inlet tem
peratures of each fluid, TH, i+l and TC,i' the 
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element temperature~ Ti~ and the heat flow re

sistances between the media. 

The heat flow between the fluid media, QHC,i' 

contributes a portion of the heat needed to 
change the fluid temperatures (or states). The 
heat flows between the storage medium and each 
fluid contribute the remainder. These heat 
flows, QHE,i and QEC,i' also, when summed to-

gether constitute the net heat flow to the 
storage medium finite element and, when multi
plied by the appropriate time step, t, determine 
the element temperature change. Consequently, 
the updated set of element temperatures may be 
calculated to be used in the next time step. 

The three-way heat flow analysis for the power 
fluid is different in the sensible regions, where 
temperature changes with heat exchange, from that 
in the boiling region, where quality changes with 
heat exchange. Consequently, the normally equally 
sized elements must be divided into fractional 
elements when a regional transition occurs, 
each fraction being described by its appropi-
ate relationships. 

Governing Equations 

For any element with constant element tempera
ture and fluids flowing counter-currently~ the 
following equations describe the heat transfer 
and thermodynamics: 

dTH(X) 
dQHE + dQHC 

- -
WLCL 

dTC(X) 
dQEC - dQHC 

- - WpC c 
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where tUA)HE is the product of U, the overall 

heat transfer coefficient, and A, the effective 
surface area for heat transfer, associated with 
the heat flow QHE and likewise for (UA)HC and 

(UA)EC' The UA are derived in the normal way con

sidering the overall heat flow path between the 
two relevant media. 

There are two solution forms of use to this situ
ation. In the general case the power fluid is in 
the sensible region and TC is, in fact, a function 

of X. In this case, the solution is of the form 

where AI' A2 are solutions to a characteristic 

equation; L is the effective element length; Zl' 

Z2' Z3' and Z4 are groups of terms formed from the 

(1) 

( 2) 



UA, WLCL, WpC c ' and the element temperature, T, 
which is constant. Cl and C2 are constants 

determined by substitution of the boundary con
ditions, i.e., the known inlet temperatures. 

For the more specific case of TC(X) being con

stant, which describes the boilinE nrocess 
occurring at saturation temperature, the solu
tion for TH(X) is of form: 

(3) 

Heat flows for all paths may be calculated by 
integration of the heat flow equations once the 
temperature expressions are known. For example, 

(4) 

Application 

In subroutine ELANAL, the element heat flows are 
determined from relationships arising from the 
basic equations discussed above. It is to be 
noted, however, that the fluid temperatures enter
ing each element are initially unknown. In fact, 
all that are known are temperatures, TC 1 = T . , p,ln 
and TH,NE+l = TL,in from the external system. 
Not only that, there are three distinct regions, 
previously described, the boundaries of which are 
not known until solution is achieved. 
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It can be shown that a set of elements totally 
composed of fluids in uniquely sensible regions 
can be solved for directly through simultaneous 
solution of a set of linear equations in the 
unknown fluid temperatures at the element 
boundaries. 

This is suggested by the fact that NE elements 

yield 2NE equations for temperatures of which 
there are 2NE + 2, of which 2 are the 

known inlet temperatures for each fluid. 
In fact, the matrix of coefficients, if the 
equations are properly arranged, is a tridiagonal 
matrix, and special computer subroutine packages 
exist for this situation. 

The computer analysis proceeds in the following 
way: 

A position is assumed for the point where 
the power fluid reaches a quality of 1.0. 
Here, the temperature is T t' the satura-sa 
tion temperature, and all elements above 
this point lie in a region where the sen
sible heat equations govern. The inlet 
temperature to this set of elements is 
known for the collector fluid as well since 
it is TH . . ,In 

The aforementioned solution is used for the 
set of linear equations. This yields all 
the desired fluid temperatures including 
the collector fluid temperature at the x
coordinate corresponding to power fluid 
quality of 1.0, hereafter called TLF . 

Knowing the two associated fluid temperatures 
at the end of the boiling region, the heat 
flow equations for TC = constant may be used 

to work backwards to the point where quality 
is exactly 0.0. Neither this point nor the 
point where quality is 1.0 necessarily fall 
on an element boundary. Not only will the 
point be determined but also the associated 
collector fluid temperature, called hereafter 
TLI · 



The region below this point will consist 
of power fluid entirely in the sensible 
region and may be solved for again by 
the set of simultaneous linear equations 
and knowledge of TLI and Tp,in' This will, 

however, result in a calculated temperature 
for the power fluid at the outlet, where a 
quality of 0.0 was expected, which will dif
fer from T t' The extent to which it dif-sa 
fers is a measure of the accuracy of the 
choice of the point where quality is iden
tically 1.0. 

There are two approaches to the use of this method. 
One may be called a closed loop approach and the 
other an open loop approach. The closed loop 
approach is an iterative approach whereby knowledge 
of the error in temperature match where quality is 
to be 0.0 is used to adjust the point where quality 
is 1.0. Adjustment proceeds until the error falls 
within acceptable limits. This iterative approach 
is more accurate but more costly in terms of compu
ter processing time. 

The open loop approach uses a method of prediction 
of the point where quality is 1.0 and assumes that 
by proper selection of the prediction method a 
satisfactory accuracy will be achieved. The cost 
of such an approach is much less but accuracy is 
apt to be sacrificed. This is the approach taken 
and results to date are considered satisfactory. 
A method of tracing the movement of the saturated 
vapor point has been developed which combines a 
knowledge of the current error with a predictor of 
the expected result of having updated element 
temperatures. 

Appendix E is a listing of the Fortran program used 
for this work. 

Performance Analysis 

A design is specified by certain limited input parameters. 
The surface areas associated with each heat flow path, as 
well as heat transfer film coefficients for each fluid 
define the geometry. The collector fluid film coefficient 
is input as a function subprogram whose value depends upon 
fluid flow rate. Since the power fluid flow rate is fixed 
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over a cycle, the only variation provided by the analy
sis is a dependence upon quality in the two-phase region. 

The duty cycle is, as in the single fluid situation, 
such that the solar collectors produce a normal daily 
variation in output, peaking at solar noon. The power 
system operates for a certain part of the cycle, in the 
early morning and early evening, when the collector out
put is zero. Overall the collectors can provide more 
over a day than the power cycle needs and storage smooths 
the daily variation in collector output in an attempt to 
provide constant heat input required. 

Each design run is accomplished by setting the unit at 
full charge, i.e., uniformly at peak cycle temperature, 
and letting the daily cycles progress until heat input 
and output are equal within acceptable limits. This 
stable repetitive operation is the mode of operation 
assumed to be characteristic of the design. Once sta
bility is achieved, then the important rating criteria 
can be established. 

When equilibrium is established, the capacity of the unit 
is available as the daily "Storage Output." A "Figure 
of Merit" is defined as the Storage Output divided by the 
sum of the Storage Output and the supplemental heat, 
Qsupp which is defined above. The "Specific Cost" of 

the TES unit is defined as the total cost divided by that 
portion of the daily output which passes through the stor
age medium. 

An analysis has been used to determine the expected per
formance of such a system and the results appear in the 
sections to follow. Also, the optimal design from earlier 
work for a single fluid system has been rerun with the 
higher order effects such as insulation heat loss and 
axial heat conduction within the storage unit eliminated, 
so that the two systems are compared on a common basis. 

The Fortran code of the computer model and notes on its 
use are to be found in Appendix D. 
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Results of Computer-Model-Predicted TESS Designs 

The purpose of the dual heat exchanger TESS design exer
cise was to produce a cost optimized design of the dual 
heat exchanger TESS for comparison with the cost opti
mized design of the single heat exchanger TESS reported 
in NASA CR-159465. The single heat exchanger TESS re
quires the use of an external heat exchanger to vapor
ize and superheat the power fluid, whereas in the dual 
heat exchanger TESS this function is incorporated in
ternally and the external heat exchanger is eliminated. 
Therefore, the cost of the dual heat exchanger design 
is credited with the cost of the external heat exchanger. 
This is done in two steps; that is, the specific costs 
of the two designs are compared with, and without, the 
external heat exchanger credit. Additional savings in 
operating costs in the solar-electric system which accrue 
to the dual heat exchanger design are pointed out, but 
not credited. 

The specifications of the TESS design are as follows: 

Storage capacity is 3.1 x 106 kJ when oper
ating over the range 516 K to 584 K. Heat 
is charged into storage medium (Thermkeep) 
by the non-phase change heat transfer fluid

6 Caloria HT-43 ar a maximum rate of 1.8 x 10 
kJ/h at an entering temperature of 584 K + 2 K. 
Heat is discharged from storage by means of 
toluene which enters as liquid at 473 K, and 
leaves as superheated vapor at 582 K + 2 K 
and 1,862 kPa. 6he maximum heat discharge 
rate is 1.0 x 10 kJ/h. The TESS includes 
an auxiliary heater which supplies auxiliary 
heat to raise the temperature of the toluene 
vapor to the specified temperature as re
quired. The Figure Of Merit (FOM) is the 
fraction of the heat delivered which comes 
from storage. 

Using the computer program described in Appendix D (Use of 
Computer Program), trial designs were run on the Solar 
Cycle running through consecutive cycles to produce sta
bilization. These were chosen for convenience to have 
power fluid and heat transfer fluid heat exchangers of 
equal area, the inside heat exchanger surfaces O2 each 
varying from 37.2 m2 to 148.6 m2 (400 to 1600 ft ) in 
increments of 18.6 m2 (200 ft 2). Note that these are 
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the inside areas of each of the two heat exchangers, 
Thermkeep masses were-varied in increments of 1 Mg 
between 10 and 25 Mg. A limitation imposed upon all de
signs was that the TESS ahlaYs furnish power fluid of 
quality 1.0 vapor at the outlet; if it fell below this, 
the program was terminated. 

For a given heat exchanger design, a minimum Thermkeep 
mass was found below which the outlet vapor quality 
dropped below 1.0. For each design a storage specific 
cost and a Figure of Merit (FOM) were calculated. 

For comparison purposes the single-tube heat exchanger 
design program previously developed (NASA CR-159465) 
was rerun with several program changes to provide the 
same operating conditions as in the dual heat exchanger 
design; viz. axial conduction and insulation loss were 
eliminated, the Thermkeep properties were taken from 
temperature-enthalpy Table 10 (see Part II), and a re
turn temperature was calculated for the heat transfer 
fluid flow from the TESS combined with that from the 
external power fluid boiler, the results of which are 
shown on Figure 10. The Fortran code of the modified 
program is given in Appendix E. As a result of the modi
fications, the FOM rose from .88 to .92, and the specific 
cost decreased from $11.20 to $9.57/MJ, as compared with 
the values given in NASA CR-159465. 

The cost of each unit was computed using identical mater
ial and fabrication costs, tube wall thickness (.0004 m), 
insulation thickness (.6096 m), aspect ratio (1.0), and 
vessel wall and bottom thickness (.0127 m and .0254 m, 
respectively) . 

Input data consist of the cost of material for each compo
nent and costs for fabrication on the basis of weight and 
surface area. Material costs were those at the time of 
construction of the experimental model in 1977. These 
fabrication costs are based upon the actual manufacturing 
cost of two experimental prototype "Thermbank" electric 
water heaters constructed at that time of the type de
scribed in the background section of the Introduction. 
Therefore, they do not include the cost benefits of the 
"learning curve" which results from converting prototype 
designs to manufacturing designs nor the cost reductions 
which result from quantity manufacturing. 
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Output costs incorporate fabrication factors based on 
weight, surface area, and the "six-tenths rule" whereby 
fabrication costs increase as the 0.6 power of the size 
ratio. These methods are generally accepted for making 
approximate estimates of costs of industrial equipment 
such as heat exchangers and vessels. 

Graphs were made of the parameters against specific cost. 
Figure 11 shows the FOM against specific cost for several 
heat exchange~ surface areas. The decreasin~ FOM seen 
in the 37.2 m (400 ft2) and 55.7 m2 (600 ft ) lines 
represent smaller Thermkeep masses, and these lines end 
when a smaller mass no longer produces quality 1.0 vapor. 

Figure 12 shows the FOM against specific cost at con
stant Thermkeep masses. Here there is great improve
ment in FOM for relatively small cost increases. The re
lationships between the two graphs are plotted in Figures 
13 and 14 where the surface area and Thermkeep mass are 
varied at constant FOM. The Reference DeSign point for 
the single heat exchanger TESS is also shown on these 
figures. 

The choice of the Reference DeSign point is somewhat 
arbitrary, its choice depending upon the relative 
importance of specific cost and FOM. Figure 11 shows 
that an FOM as high as .99 can be achieved at a specific 
cost below that of the single heat exchanger TESS. 
Therefore -- somewhat arbitrarily -- a Reference Design 
which betters the single heat exchanger TESS in both 2 
specific cost and performance (FOM) is chosen at 55.7 m 
(600 ft2) of each heat exchanger, 13 Mg of Thermkeep, 
and .95 FOM. It should be noted that, while the abso
lute specific costs are subject to the limitations 
noted above, the relative specific costs and perform
ances are realistic. The characteristics of the Ref
erence Designs are shown in Table V. 

The specific costs shown on the figures are computed on 
the same basis for the Single, and dual, heat exchanger 
deSigns. However, as noted above, the dual heat ex
changer eliminates the need for an external toluene 
boiler. A credit for the boiler was estimated as fol
lows. A communication from the Sandia Laboratories at 
Albuquerque (Ref. 3) showed that the cost of the boiler 
in the solar total energy system which the TESS is de
signed to match, cost $17,000 in 1974-1975, and would 
cost approximately $25,000 to replace in 1980. 
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TABLE V 

CHARACTERISTICS OF REfERENCE DESIGN 

Cost Calculation Input Data 

Shroud materlal cost, $/kg 
Shroud side fabrication cost, $/m2 

Shroud side fabrication cost, $/kg 
Shroud top fabrication cost, $/m2 

Shroud top fabrication cost, $/kg 
Shroud bottom fabrication cost, $/m2 

Shroud bottom fabrication cost, $/kg 
Shroud top thlckness, m 
Shroud side thickness, m 
Shroud bottom thickness, m 
Vessel wall material cost, $/kg 
Vessel end material cost, $/kg 
Vessel fabrication cost, $/m2 
Vessel fabrlcation cost, $/kg 
Tube material cost coefficient 
Tube material cost, $/kg 
Tube fabrication cost, $/kg 
Tube fabrication cost, $/m2 
Storage materlal cost, $/kg 
Insulation cost, $/kg 

Cost Calculation Output Data 

Tube material cost, $ 
Total tube cost, $ 
Storage material cost, $ 
Insulation cost, $ 
Shroud slde material cost, $ 
Shroud slde total cost, $ 
Shroud bottom material cost, $ 
Shroud bottom total cost, $ 
Shroud top materlal cost, $ 
Shroud top total cost, $ 
Shroud total material cost, $ 
Shroud total cost, $ 
Vessel material cost, $ 
Vessel total cost, $ 
Total materlals cost for TES, $ 
Total fabrication cost for TES, $ 
TES total cost, $ 

% OF TOTAL COST, HEAT EXCHANGER 

Dual Heat 
Exchanger 

Design Point 

.509 
10.14 
1.038 
77 .35 
7.92 
99.84 
7.67 
1. 524xlO-3 
1. 2192xlO-3 
3.4036xlO-3 
.4718 
.4806 
615.47 
2.447 
.028 
3.9091 
11.9 
964.3398 
.441 
.2866 

1479. 
14331. 
5733. 
992. 
173. 
336. 
120. 
582. 
54. 
315. 
346. 
1232. 
1321. 
3271. 
9872. 
15687. 
25559. 
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Single Heat 
Exchanger 

Comparison Point 

.509 
10.14 
1.038 
77.35 
7.92 
99.84 
7.67 
1.524xlO-3 
1. 2192xlO-§ 
3.4036xlO
.4718 
.4806 
615.47 
2.447 
.028 
5.1998 
11.9 
964.3398 
.441 
.2866 

2013. 
15190. 
7938. 
1173. 
199. 
376. 
138. 
640. 
62. 
345. 
398. 
1361. 
1644. 
3929. 
13166. 
16426. 
29592. 

51 

61 



This represents an annual cost increase over the siA 
years of 6.6%. On this basis the cost in 1977, 
the year in which TESS comparative costs are based, 
would have been $20,600. This was subtracted from the 
computed TESS cost in order to obtain a Storage Spe
cific Cost After Boiler Credit. 

An additional benefit would accrue to the dual heat e~~ 
changer TESS in the Sandia solar total energy system 
resulting from the elimination toluene boiler; namely, 
the heat loss from the boiler during the nighttime sys
tem shutdown, especially in winter (Ref. 4). Since this 
represents an operating cost benefit, no credit is 
taken in the capital costs reported here. 

The side-by-side tube concept was chosen for this study 
because it is simple to represent mathematically, and a 
method of constructing such tubing can be easily visua
lized. For small diameters (.004 - .03 m), the cost per 
unit weight or tubing decreases as diameter increases 
and this is reflected in the heat exchanger costs or the 
Rererence Design. A double tube consisting or two identi
cal tubes was considered to have a material cost just 
twice that or a single tube. These factors may unrairly 
favor the dual tube costs since they are based upon a 
tubing configuration which is not known to be readily 
available. However, it seems probable that such tubing 
can readily be manuractured. For example, two tubes 
might be passed side-by-side through a continuous MIG 
(metal-inert gas) welding machine which lays a fillet 
between them, or an electric current could be applied 
across them to cause a continuous line weld between them. 

Another concept which might apply would use two coaxial 
tubes with an annulus between, plus a single tube. One 
rluid would rlow through the annulus, while the other 
fluid would flow through the inner coaxial tube and 
through the single tube. This system provides for direct 
heat exchange between the two rluids, and between each 
fluid and the storage medium. Coaxial tube configura
tions are presently available; designs exist with fins 
and wire in the annulus to promote turbulence or direct 
heat transrer between the inner and outer walls. 

The computation of the single and dual heat exchanger 
costs on the same material and fabrication cost basis 
may underestimate the cost or the dual heat exchanger. 
In order to show the latitude ror cost increase, the 
cost of the dual heat exchanger was modiried in the 
rollowing three cases: 
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Case 1 

The material cost of tubing of the dual heat 
exchanger was fixed at twice that of the 
single tube exchanger C$IO.4/kg vs. $5.2/kg) 
to eliminate the cost advantage of larger 
diameters. Then the fabrication costs were 
allowed to increase 22% until the storage 
specific cost of the dual heat exchanger TESS 
was the same as that of the single tube heat 
exchanger TESS, viz. $~.57/mJ. 

Case 2 

The material cost was kept the same ($3.9/kg), 
and it was found that the fabrication costs 
could be allowed to increase 41% hefQre the 
storage specific cost of the single tube heat 
exchanger TESS was exceeded. 

Case 3 

The material cost was kept the same but the 
fabrication costs were doubled. This pro
duced a storage specific cost of $11.91/mJ for 
the dual heat exchanger TESS. 

The results of these comparisons are shown in Table VI. 

Table VII shows the percentage of total cost of the three 
cases of the dual heat exchanger TESS described above, and 
for the single heat exchanger comparison case. 

The characteristics of the Reference Designs for the dual 
and single heat exchanger are summarized on Table YIII 
where the Case 3 heat exchanger cost has been assumed for 
the dual heat exchanger TESS in order to present the re
sults on what is believed to be a conservative basis. On 
this basis the dual heat exchanger TESS has a specific 
cost which is higher than the single heat exchanger TESS 
by 25% before the boiler credit, but which is only 58% 
of the single heat exchanger TESS cost after boiler credit. 
This cost saving is achieved while the performance as 
measured by the Figure of Merit is improved from .92 to 
.95. 



TABLE VI 

COMPARISON OF THREE METHODS OF CALCULATING 
HEAT EXCHANGER COST FOR DUAL HEAT EXCHANGER TESS 

Case 1 Case 2 

Cost Calculation Input Data: 

Tube Material Cost Coefficient .Q745 .028 
Tube Material Cost, $/kg 10.401 3.909 
Tube Fabrication Cost, $/kg 14.518 16.815 
Tube Fabrication Cost $/m2 1176 1362 

Cost Calculation Output: 

Tube Material Cost, $ 3934 1479 
Total Tube Cost, $ 19614 19639 
Total TESS Materials Cost $ 12327 9872 
Total TESS Fabrication Cost $ 18515 20995 
Total TESS Cost $ 30842 30867 

Storage Specific Cost, $/MJ: 

Before boiler credit 9.57 9.57 
After boiler credit 3.18 3.18 

64 

Case 3 

.028 
3.909 
23.8 
1929 

1479 
27183 
9872 
28540 
38411 

11.91 
5.52 



TABLE VII 

PER CENT OF TOTAL COST OF TESS 

Dual Heat Exchanger 

Case 1 and Case 2 Case 

Thermkeep 19 15 

Heat exchanger 64 71 

Containment 11 9 

Thermal insulation 3 3 

Outer shroud 4 3 

3 

Single 
Heat 

Exchanger 

27 

51 

13 

4 

5 
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TABLE VIII 

SUMMARY OF DUAL AND SINGLE HEAT EXCHANGER 
TESS DESIGN POINTS 

Tank height and diameter, m 

System hel.ght and dl.ameter, m 

Quanti ty of Thermkeep, kg 

Heat exchanger: 

Tube inside diameter, em 
Number of tubes 
Total length, m 

Figure of merit 

Total cost $ 

Specl.fic cost, $/MJ 

Boiler credit $ 

Net specific cost, $/MJ 
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Dual 

2.11 

3.4 

13,000 

.716 
150 (prs) 
5588 

.95 

38411 

11.91 

20600 

5.52 

Single 

2.35 

3.6 

18,000 

0.457 
280 
7761 

.92 

29592 

9.57 

None 

9.57 



CONCLUSIONS 

A program of experimentation and analysis has been 
carried out to continue and extend the work ~eported 
in NASA CR-159465, on the development of a phase
change thermal energy storage system (TESS} using modi
fied anhydrous sodium hydroxide for solar electric 
power generation. 

The phase-change medium used comprises commercial grade 
anhydrous NaOH modified by the addition of 8% (wt) of 
NaN0

3 
and 0.2% Mn02 . 

The TESS studied in the prior work utilizes a single 
heat exchanger and a non-phase-change heat transfer 
fluid, and is designed to meet the following operating 
conditions: 

Storage capacity is 3.1 x 10 6 kJ operating 
over the range 516 K to 584 K. Heat is 
charged into the stogage medium at a maxi
mum rate of 1.8 x 10 kJ/hr, at a tempera
ture of 584 K ± 2 K. Heat is discharged 6 
from storage at a maximum rate of 1.0 x 10 
kJ/hr at a temperature of 582 K ± 2 K. 

The present program consisted of three parts: 

Part I extends the prior work by means of 
chemical analyses of the storage medium, 
and examination of the heat exchanger of 
the one-tenth scale experimental model 
constructed and tested in the prior program. 

Part II utilized the physical model of the 
prior program to obtain experimental data 
with a different heat transfer fluid, 
Caloria HT-43, for further verification of 
a computer model of the prior program which 
used Therminol-66. 

Part III included the development of a new 
computer model which introduced a second 
heat exchanger into the TESS for evapora
ting and superheating the power fluid for a 
Rankine cycle power generator. This was 
used to produce a cost optimize reference 
design of a TESS for comparison with the 
single heat exchanger design of the prior 
work. 



No chemical deterioration of the medium was found. Some 
physical segregation of components was observed, which 
is attributed to the fact that the medium is a non
eutectic mixture, but no corresponding deterioration in 
performance was noted. Physical segregation can be 
reversed by periodic complete melting of the medium. 

No significant physical deterioration of the heat ex
changer was observed. 

The dual heat exchanger TESS was found to be superior to 
the single heat exchanger design in performance and in 
capital cost, due to savings resulting from the elimi
nation of an external heat exchanger. Additional ad
vantages result from system operating cost savings. 

Auxiliary heating is used to raise the temperature of 
the power fluid vapor to the specified temperature, and 
a figure of merit is defined as the ratio of the heat 
from storage to the sum of the heat from storage plus the 
auxiliary heat. This is used as the measure of performance. 

The design comparison is summarized as follows: 

Quantity of storage medium, kg 

Heat exchanger tubing 

Inside diameter, cm 
Total length, m 

Total cost 

Specific cost, $/MJ 

Boiler credit 

Net specific cost, $/MJ 

Figure of Merit 

68 

Dual Heat 
Exchangers 

13,000 

0.716 
5588 

$38,411 

11. 91 

$20,600 

5.52 

.95 

Single Heat 
Exchangers 

18,000 

0.457 
7761 

$29,592 

9.57 

-0-

9.57 

.92 
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TECHNICALREPORT------------------------------------------__ 

CLIENT: 

CASE NO: 

REFERENCE: 

Comstock & Hescott, Inc. 
765 Concord Avenue 
Carabridge, .HA 02138 

Attention: Mr. Richard Rice 

11833 

Purchase Order No. 29519 

PROJECT DESCRIPTION: 

31 July 1979 

Page 1 of 2 

To analyze fifteen (15) samples of inorganic salt mixture for NaN0 3 , 
NaN02, !1n02 , Na2C03 and Nae1. 

SMiPLE IDENTIFICATION: 

#1 C&W #1 
#2 C&'iv #2 
#3 C&W #3 
#4 C&W #4 
#5 C&\>'l #5 
#6 C&N #6 
#7 C&W #7 
#8 C&W #8 
#9 C&W #9 
#10 C&H #10 
#11 C&H #11 
#12 C&vl #13 
#13 C&W ¥14 
#14 C&W #15 
#15 C&V1 #16 

METHODS OF TESTS: 

1. Standard Methods for the Examination of Water and Hastewater, 
14th Edition, 1975. 

2. Atomic Absorption Spectroscopy for total manganese. 

This report IS rendered upon all of the following conditIOns This report IS not to be reproduced wholly or In part without special permission In wntlng Total liability IS 

limited to the invOiced amount Siunner & Sherman Inc Skinner & Sherman Laboratories Inc andlor New England Laboratones name andlor logos may not be used 
10 conjunctIOn with the contents crthls report 10 any advertIsmg media The results listed refer only to tested samples and applicable parameters Product endorsement IS 
neither mferred nor Implied Samples are held for thirty days followmg IssuanCe of report Samples will be stored at client's expense If authorized In wntJng 
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TECHNICALREPORT------------------------------------------__ 

31 July 1979 

Page 2 of 2 

CLIENT: Comstock & TJescott, Inc. 

CASE NO: llS33 

3. Colorimetric ~'Iethod, using spectrophotometer, Beckman DB 
for sodium nitrite. 

4. Official Methods of ~nalysis of the Association of Official 
Analytical CheMists. 

5. Scott's Standard Methods of Chemical Analysis. 

RBSULTS OF ANALYSIS: 

Sodium SodiUfll. Sodium 
Nitrate Nitrite Carbonate 

Percent 

Sample #1 9.467 0.0306 2.62 
Sample #2 7.477 0.0307 1.45 
Sample #3 4.G52 0.0020 2.85 
Sample #4 5.278 0.0021 1.48 
Sample #5 5.041 0.0023 1.55 
Sample #6 5.326 0.0022 1.43 
Sample 47 4.503 0.0019 1.38 
Sample #8 4.377 0.0023 1.35 
Sample #9 5.623 0.0023 2.89 
Sample #:10 4.979 0.0026 1.36 
Sample tIl 2.791 0.0017 1.44 
Sample #13 2.707 0.0021 1.40 
Sample ft14 2.546 0.0032 1.32 
Sample #15 5.772 0.0098 2.88 
Sample #16 5.138 0.0095 2.90 

Respectfully submitted, 

SKINNER & SHERr1AN LABORATORIES, INC. 

~/l7/~{ 
S1donie Herzfeld, Ph.D. 
Chemist 

Sodium 
Chloride 

2.03 
1.98 
1. 73 
1.35 
1.47 
1.63 
1.68 
1.85 
1.65 
1. 76 
1.53 
1. 76 
1.25 
1.58 
1.43 

Manganese 
Dioxide 

0.172 
0.171 
0.101 
0.085 
0.113 
0.110 
0.083 
0.110 
0.102 
0.095 
0.042 
0.057 
0.053 
0.137 
0.172 

SH/ls 
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SYMBOLS 

Thermkeep temperatures: 

B-2 

o ~ Shallow well temperatures vs. 
location in tank 

6 = Deep well temperatures vs. 
location in tank 

+ = Computer model predictions 
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A P PEN D I X D 

USE OF COMPUTER PROGRAM 

Input Data 

In order to run a test case with the FORTRAN program, 
data must be entered into the DATA section in the proper 
format. Each piece of data which is read by the program 
is then identified and printed in the output section of 
every run to provide easy checking of all parameters. 
There are three main groups of data: 

1. Main Program Data 

A table of solar collector output vs. time, 
fluid characteristics, and program control data 
(Fig. D-l). These are self-explanatory except 
for the following: 

ALLOWABLE POWER FLUID OUTLET TEMP is an arbi
trary temperature, lower than the desired out
let temperature, used to calculate the amount 
of auxiliary heating necessary if the design 
criteria were relaxed to this point. 

STABILIZATION PERCENTAGE is the percentage dif
ference between storage input and outpu~ over 
a complete cycle which must be achieved before 
the program will stop. At this point the unit 
is assumed to be repeating itself each day. 

NUMBER OF DAILY CYCLES is the maximum number of 
cycles the program will be allowed to run. 

2. Element Analysis Subroutine Data (Fig. D-l) 

Definitions: 

AEL: The total area in m2 of inside surface 
of the transfer fluid heat exchanger 
in contact with storage medium. 

D-l 



D-2 

AEP: The total area in m2 of inside surface 
of the power fluid heat exchanger in 
contact with storage medium. 

ADL: The total area in m2 of common direct 
contact between the power fluid and 
transfer fluid heat exchangers. 

DEFF: The effective diameter in meters of 
one double tube of heat exchanger 
upon which storage medium solidifies 
(the diameter of a circle whose 
perimeter is that of a cross section 
of a touching power fluid and transfer 
fluid tube ). 

XLEFF: The effective length in meters of one 
tube of heat exchanger. 

XNT: The number of heat exchanger tubes. 

RHOM: The density in kg/m3 of storage material. 

HTCS: The heat transfer coefficient of sub

cooled power fluid in kW/m2_oK. 

HTCV: The heat transfer coefficient of power 
2 0 fluid vapor in kW/m - K. 

3. Thermkeep Properties Subroutine Data (Fig. D-l) 

In addition to the DATA section, two functions are 
modified directly for each run: HL(wL) and HT(X). 
HL(wL) computes the heat transfer coefficient of 
the transfer fluid as a function of flow rate in 

kJ/sec-m2- oK. For this function the tube size, the 
fluid properties and a helix diameter must be known. 
HT(X) computes the heat transfer coefficient of 
vaporizing power fluid as a function of quality in 

2 0 kJ/sec-m - K. 
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",f.peoo 16600.0 
43~.GCOO 18900.0 
44E.CCOO 19900.C 
471.0roo 21600.( 
4P0.0CQO 22fOO.O 
49~.C(OO 25100.f. 
fcc.cooe 25900.f 
493.0000 27BOO.0 
47r.OCQO J0300.G 
44?COOO 32700.C 
3(~.OOOO 2~600.0 
2~r.ccoo 3900C.C 

r.o 43~OO.0 

T~AN5FER FLUID sprCIFIC HrAT. KJ/KG/K 
TPANSFfR f- LlIlL> INLf T rr I'P[r,ATUR[. ~ 
prlofR FLUID S~.Hl.-LIQUl[). KJ/KG/K 
PQWlQ fLUID HfAT/VftP. KJ/~G 

;'.5<'H' 
bFl4.(\C! 

2.2fJOOOO 
217.23899A 

prwE~ fLUID S~.HT.-VAPor. KJ/KG/K 
p[l~rR t-LUID ~ftTUPATI:Jtl lLt.APU~ATU~E.. K 
pr"ER FLUID INLfT TE'1P[I.ATURf. I( 

1.957000 
1):."0.00 
473.0C 
584.00 
5BO.00 

DE SI~[P POIIIE:.R FLUI£, JUTU-T TEMP •• K 
All C w A P L [ f: 0 \It' t R F II J I::> (ill T L f T l[~' p • • I\.. 
prw[R fLUID rLO~ ~AT~. KG/SfC 
INSOLATION STt~TING Tl~r. ~[C 

0.55)4;: 
Sf.,oo.oo 

13f100.00 
.3Y(lOO.CO 

2.~OOO 

BEGIN "'[1 (HAPGr. r,[C 
[,..0 t-.rT CHARGE. src 
T~fR~KfEP SPfC]FIC HfAT. ~J/KG/K 
NU~b[~ OF fl[~lNTS FO~ A~ALVSJS 
~~CUNT OF ~TO~AGL M~Tr~IAL. kG 
MJ~I~U~ TI~E I~cpr~E~T. SfC 
~A~]~U~ TI~E INC~[~E~T. SEC 
~A)rJt4U~ TRANSF[~ FLUID flPw, KC;/SlC 
STArllJ7ATJON PE~Cf~TA~r 

1 c. 
10000.00 

It..OO 
100.00 
5.0000 

3.00 
t NU~Bf~ OF DAILY CYCLES 

A[P= 
C'EFF= 
J(HOf.4= 

4c;..54'33 
O.01300S 
J802.0EO 

Af L= 
Xl rr"f = 

HTes= 

4(.'.54"3 APL= 
1 8 • {. 2 P )( I-.IT = 

(.396740 HTCV= 

b.lr;~~ 
IbO.OOO 

0.976010 

TArlE OF TEMprnA1U~F,[""HftlPY. ~ND SOLID FRACTIO~ 
HI) 'HI) 1(I) 

37~.CO 
50!:-.60 
t.2P.OO 
5JC.00 
!;,3f,.00 
541.63 
b44.89 
~,49.17 
557.B6 
560.00 
06J.OC 
573.00 
5f<3.0C 
t4J.OO 

-l)."CO~C 
?59. (,4990 
337.3('011 
~44.J()005 
"'It'.> 1 .l,4 99 0 
40'}.f't"Oll 
~ 13 • to J I') 
~64.t<"9Q,) 
"2').0':000 
')43.57007 
flOO.2':iQOO 
f>72.fOOl'O 
711.CCOr.O 
(116 .,. ,_ () J 0 

1.00(1000 
1.000000 
1.00COOO 
0.760000 
0.7)(-200 
O.~70000 
0.615000 
C.59CoOO 
(.400COO 
0.388700 
(\.)47[,00 
O.2c;5000 
0.0 
c.o 

Figure D-l. Dual heat exchanger program input data. 
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Input Data Selection 

Much of the input data does not change from run to run. 
The insolation table, Thermkeep properties, and all the 
main program data remain constant except for the Number 
of Elements for analysis (normally 10 for general use, 
and 25 for more accurate final designs) and the amount 
of storage material. The insolation table is a copy of 
the "Albuquerque Winter Mean Solar Day" modified to 12 
hours by omitting a turbine overnight idle period. The 
Thermkeep properties are "Table 10" for Thermkeep de
termined by the work described in Part II. The remain
ing data applies to toluene as the power fluid and the 
system characteristics as required by this contract. 
The maximum and minimum time increments were determined 
by trial and error during the early stages of program 
development. 

The element analysis data were chosen with the help of 
a desk top computer. First, desired heat exchanger 
sizes, areas, and tube diameters are arbitrarily selec
ted. Then the number and length of the tubes are varied 
until a combination is found which produces about a 10 
psi drop in the transfer fluid exchanger and a reason
able drop (20-30 psi) in the power fluid exchanger. 
Then an amount of storage material is arbitrarily se
lected. If the height-to-diameter ratio is specified 
(normally 1.0), this produces a helix diameter of the 
tubing. From the known mass flow of power fluid and 
heat exchanger geometry, the heat transfer coefficients 
of the power fluid are now calculated. 

The effective diameter is calculated by using the diame
ter of a tube whose perimeter is the same as the sum of 
the two fluid tubes' perimeters minus the section which 
they have in common. This report uses all equally-sized 
tubes for both power and transfer fluids and the common 
area was 11%, or 40 0 of arc on each tube in direct con
tact (Figure D-2). A small addition to the perimeter was 
made for weld fillet between the tubes. 

Function HL(wL) receives the transfer fluid flow rate 
from other parts of the program and returns a heat trans
fer coefficient. This function is modified for each run 
because it uses the tube inside diameter and helix 
diameter which change with each case. The helix diameter 
is calculated as the diameter of one heat exchanger coil 
such that one-half of the storage material is enclosed 
by the coils and one-half lies outside them. 
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Transfer fluid tube 

Weld fillet 

Power fluid tube 

.ooo4m 
(.016") 

wall thickness 

Figure D-2. Typical dual heat exchanger tubing. 
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From the heat exchanger geometry and transfer fluid prop
erties, the following coefficients are determined: 

D-6 

CRE: A multiplier of the mass flow rate 
which will give the Reynolds number 

CRE = dt/(fluid area x fluid viscosity) 

where d t is the tube inside diameter. 

RECRIT: The critical Reynolds number 

RECRIT = 2100 [1 + 12 (d + ~)O.5J 

CHTC: 

where dh is the helix diameter. 

A heat transfer coefficient factor: 

where Cf is the fluid thermal conduc
tivity. 

QX: A dimensionless factor used in the cal
culation of the effect of the helix 
diameter on heat transfer in laminar 
flow: 

HTCI: The heat transfer coefficient for turbu
lent flow: 

HTCI = CHTC x Re· 8 



Function HT(X) receives the power fluid quality and re
turns a heat transfer coefficient. The relationship 
for toluene is roughly a sigmoidal shaped curve, of 
which a linear approximation is a good average. There
fore, during this contract we used 

HT(X) = X x (HTCV - HTCS) + HTCS 

Output Data 

For each case run, a back-up calculation print-out was 
made. An example is shown in Figure D-3. Cost calcula
tions are based on the actual cost of a prototype stor
age unit, and integrate manufacturing and material costs 
both on a surface area and weight basis. The only dif
ference from case to case is in the tube material cost, 
where there is a lower cost by weight as tubing gets 
larger. 

A dollar amount for each category is then printed out, 
along with a unit total cost. As a point of interest, 
the percentage of total cost of the heat exchanger, insu
lation, cover, tank and storage material are also listed. 

Next, the geometry and weight input data are tabulated, 
and the resulting dimensions and weights are listed 
(Figure D-4). 

Finally, the heat exchanger dimensions are calculated 
and listed along with Reynolds numbers, heat transfer 
coefficients, and pressure drops. These outputs allow 
us to check total surface area and to vary the number, 
length, and diameter of tubes in order to produce desired 
pressure drops. With toluene, we always found that it 
was in laminar flow in the liquid region, turbulent flow 
in the vapor region, and the vast majority of pressure 
drop was due to the vaporization acceleration. Also 
calculated were the power fluid pressure drop assuming 
that it was liquid through the entire tube, and vapor 
pressure drop assuming it was vapor for 90% of the 
tube -- both of these cases were assumed extremes. 
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Figure D-3. Cost calculations print-out example. 
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Figure D-4. Output data print-out example. 
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The FORTRAN program prints out all the input data as 
previously mentioned. Then the unit starting condi
tions are calculated and listed -- the starting tempera
ture, starting solid fraction, and total unit energy. 
The charging fluid flow rate and both fluid outlet 
temperatures are printed each half-hour of elapsed time. 

A map of the unit showing the temperatures of storage 
medium and both fluids, along with fluid quality and 
solid fraction of' the medium in each element or "slab" 
is printed out at two points in each daily cycle -- at 
the beginning of net charge when the unit is at its 
lowest state of charge, and at the end of charge when 
the unit is at its highest state of charge. Also the 
total unit energy at these times is printed out, and 
the difference between them, once the unit is stabi
lized, is equal to the amount of energy actually output 
from storage, and does not include the heat transferred 
directly from the transfer to the power fluid. 

At the end of a daily cycle, a summary of the energies 
transferred is printed: 

D-IO 

The LOST COLLECTOR HEAT is the amount of' 
heat available but unused because of maxi
mum flow conditions. 

The STORAGE OUTPUT is the total amount of 
energy which came out of the unit in the 
power fluid stream. 

The STORAGE INPUT is the amount of energy 
which entered the unit in the transfer 
fluid stream. 

The AUXILIARY INPUT is the amount of heat 
required to raise the power fluid outlet 
temperature to the Desired Outlet Tempera
ture. 

The DEFICIT REQUIREMENT is the amount of' 
heat required to raise the power fluid out
let temperature to the Allowable Outlet 
Temperature. 

The EXCESS HEATING is the amount of heat 
which exited the unit above the desired 
outlet temperature. 



The BOILER REQUIREMENT is the total daily 
boiler consumption. 

Also listed are the total collector output, the elapsed 
time, the number of time steps used during this cycle, 
and the cycle ending total energy. 

At this point, a new cycle is begun; or, if the unit 
has stabilized, the program stops. 

D-ll 





COMPUTER CODE 

( P' ... p~ J k [ir,r.. Id,1 Tr!: ~\o, 1 
( C't-") Ct: T P CU T • T L OllT • T "I r • T LIN. T 5 AT. {. T • C LtC S • CV • ( T • XNE:. • A 5 TO'" • )( GU T ,T A 

" r r r, • 1 f t 1 tl • N ( 
r H l "J~ 1 81'; Ql (;'!_ ) ." 1 ·H_ C i'':-) 

1 (l) F r J. ~J A 1 ( I '- ) 
1::' 1 r f ~ f'" A T ( Fir • 4 • r 1 ( • 1 ) 
1 ' , ;- F l I.. i-' A T ( I" 1 C • 4 • =' f l',. f ., 1 (, • ? ) 
103 f(~~Al(4FlU.~) 
104 rr~~AT(FIC.t.;Fl(.:.Flc.4.Flr.G.IJ.F10.2) 
lU f(.~~/T(;'-FIJ.L:.F1C.4) 
lCf fUV,AT(2FIJ.") 

;- (1 f fJ r. t,I J, T ( 2 f. X • Flu. 4 • r) X • r 1 '" 1 ) 
;(;.-' f[ht-'ATCt.)..· Tr..-Jlf'..~,r!~ FLuH' SI'lCIFIC HE-AT. Il.J/KC/K '.FIC.4) 
:::c:~ Frp'AT(f.)..' prJIo[F- fLUJ( ~)P.HT.-LIQUI(l. KJ/KG/K ',flO.(.) 
;'(1. rf'-'1A1C'}X.· Pf'"U f-luIr' tlfAT/VtP. KJ/I(G ',fIO.b) 
LrJ~ frp'l,l(~)(,' pcwr~, fLl'Tr C;P.HT.-VAP,)R. rJ/KG/1r: ',FlO.f.) 
2\Jt rU·11t.l(!:JX.' P('\IIE.f; r-LUIC SATUHl>lION TC,JP[R,.TURE. K ',FlO.,) 
;07 trr~AT(~X.' TrA~S~[~ FLUID I~L[T T(MP[RATuR[, ~ ',FJO.2) 
;CQ FrJ.~AT(bX,' [l51~rD PO~fL fLUl: QUTLtT TE~P., K '.FIO.2) 
£.Cl f(lJ."';AT(tX.' PClof" FLLH' I"JLFT If:YP[hATUH[, K ',fl0.2) 
;>1(' Fcr.t-I.t.l(!:')\.' .rrltt:. FlUI" ~LOri htli:. KG/SEC ',FIO.5) 
211 rrhvAT('->X.' ltJS(lAllll, SlAf~TH.(, TIME. SEC ',FlO.?) 
?~0 f(~MAl(~X.' f[Gl~ ~ll (HA~GE. SEC ',FIO.2) 
321 f (J.,,-' A T( ~,)(,' [t-D tJr T (H/,:U,f • Sf ( ·.F 10.2) 
; 1 2 f ( Po" A T ( 5 X " A 'i:J U to.. 1 n r ~ TOR A G [ ~. ATE R I A L. II:. (, , • FlO • ~ ) 
2J3 ff~~AT(~X,' THrh~~frr ~PfClfIC HEAl. KJ/KG/K ',fIO.4) 
;> 1 4 r (f ,.. /. 1 ( !:) X .' I'- lJ r.-l' r p '1 f r l f ~A [ ~ J T S FOR A t4 A L Y 51 S ' • FlO. (I ) 
L1~ FC.'Ft.'AT(5X,' Nul'[H· Of ['AllY CYCLfS ',1X,13.//I} 
;}t; fUt-'A1(":)(,' 5Ttf'1l1ZJ>TIfN Pfr.C[t.:TAC,[ '.flO.2) 
3(1 f0~MA1(I~X,' TA[tr Of SCLAR CCLLECT~~ OU1~Ul V!. TIME ') 
3 I..? r (1 r .. '" A T ( 2 4 X " r A TC INK \t. '. -; X .' T I "1 E: 1 N SEC 0 N () S ') 
::14 f(P"'AT(1Hl,eX,' t-'A,I'~ Dr~)(.J.,"'\ DJ.TA',//) 
:Jl 1 '(' r, t--' A T( 1 HI, f.J)f .' [ " , A L ~I r II T f X ( H J N G U. - HE A 1 0 f r u 5 ION THE R MAL S lOR J 

.::c;r At~ALYSlS ., 
;'J(. rcr,MATCbX,' 1<'.1.)1"11'" TIPE" Ir"Ckr~'un. !>EC ',f-IO.2) 
'2 1 1 r (j f. ~. A 1 ( !:l)( .' .... 1 ~ 1 1 " II M T I ". E 1 r-; ( f.i [, ,.. [ NT, SEC ' ,F 1 0 • 2 ) 
?IP f(f.~·AH~),' t'l .. XP'Il'" Tr.'t."'~F[~ rLUID FLOil •• G/5[( ',FIO.It) 
"'2(, rl,r.,"'Al(///.2CX;' CYClr D/Tt.,'.//) 
321 fn"JAl( lOX,' r lAr~f:} ll','t. H~.' ',F lu.l) 
J?3 fr~~AT(lO~,' LD5T COll£CTCk Hr~T, K~ '.rl~.1) 
32~ fCr.,uAl(ltX,' CQLLrCTO~ 8UTPUT, KJ ',~I5.1) 
.3:' [) f r ~ t.\ A T( lOX,' S 1 ('~, " G E Q t T r> U T • IC J ' ,f_ 1 5 • 1 ) 
~<:t F[lf;!.IAT(lOX,' ~TO~/,GE P:PUT, KJ ',EI5.1) 
31'7 fC.PI,AlC10X.' AUXll Ihr,v Ir.:r'UT. ICJ '.t15.7) 
32 f r C J; 4 A T ( 1 eX,' [ X C r <; ~ .i [ ,q Jr. <>, ~: J ' • [ 1 'J .7 ) 
~,~ 9 F (r.. MAT( lOX.' f C' I L r ~ r~ r .~ U I r:. f P.1f ~ 1. It ~ , ,E. 1 5 • 1 ) 
:'?f rrJ:'~A1(10X.' Nd~'flfh' OF T1')[ pJCk[!.I[NT5 '.II') 
'3f FOr'P.'Al(1uX,' ['frIrlT 'Halllfd:Y[I'.T, I(J ',EI5.7) 
2'39 FCf.."lA1C!)><,' ALL('\otflbLL ~'O\o.'[R rLUID OUlLET TEMP .. K ',FIO.2) 
~4t rC~MAT(FIC.4} 

Ir<'r.IH «('\,3J7) 
\oIj:;}T[ (t,.301) 
\-.I<ITE (t ,3C2) 
r.t-AD(f>.10l) KJ' 
DC 10 1=1.K5 
r..fAD(~.lCI) CL(l).lI~~(l) 

1<- "'PIT[«(',,201) CLCl).TJl1f(J) 
l['=T l~'l (Kf) 
r.fAD(~.102) CL.CS.GT.CV,TSAT 
r. 1- AD (! • 1 C 3) 1 L Jr.... T ~'l t •• l' P [J [- S • 1 A L W [, l 
~ t t- [' (!. • 1 C, f.) (> T ~. /..) • [I T" I·!. ~ .) A X 
J- f /1 D ( ~ • 1 r; t,) T !", • T ~l 
~r;Il[(( .:3J4) 
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r. E A D ( !:: • 1 "4) \1\ r • T 1 • A S T t'1· • C T K • X N f • N D • P C T 
lof.-JTf(,>.2C?) Cl 
Io.f,ITF Ct .207) lLH, 
H..ITE(t..?C3) CS 
WPJl[(('.2C'4) OT 
loI'J.lTf.: (f,.2Cr-d CV 
~~JTE(l.2C6) TSAl 
~~ITEC6.2(8) TPI~ 
wrIT[(f.2C9) T~Df~ 
~PJTEC~.339) TAl~PL 
"r:..IH(f.?lO) wo:> 
IroJ..'JT[(t.211) Tl 
"'f..1T[(C.':3C) T~) 
\lPJT[(t .:331) Tt 
WfdTE«(,,213) CTK 
." P IT [ U, .? I 4) X N f 
."f,IT[«(.2J2) ASTO~ 

'" P J T E Ct. c 1 7) D T " I N 
\\f,IIECf.216} DT~AX 
"PITE(~.218) WUAX 
"'~JT[«(.;:'19} PCT 
" ~ J T C (t • ? 1 5) r~ D 
[T=O. 
orpwf~=W;:>*(C~*(TSAT-TDJN)+QT+CV4(TPCES-TS~T» 
.1t=1 
Kl=l 

:l>C NDT=C 
t. c= 1 
ll=O.C(*ASTG~~CTK/(X~[*CL) 
IPS=G.C~*ftSTOP*CTr/(X~f*CS) 
l~V=~.OtOASTO~*CTK/(XNf*CV) 
IF(ZP~.GE.lPV) (0 TO 11 
zr=-zpv 
(,(1 TU 12 

11 if'=l r--~ 
12 ClC5S=C. 

r.C.~G=O. 
c r ). rrH = (; • 
r.~PLA~=(,. 
r~lJRN=C. 
CrISCI--'=O. 
\ol=O. 
L =c 
,,'['T =0 
K 7= I 
J( i'= 1 
rTJp.Af=ZP/",P 
(T=-DT J'-'[ 
rT=[T+~TI~l/':(Or. 

5(' l=l+1 
~a~ T=N['T+ 1 
CAL L f LAN A l ( \\ l • W r' • D T I II f • I( 1 • K 7 • J 6. T 1 • T D • K 2 ) 
L =c 

~1 I~(TrrUT.l[.T~tT) C~ Tr ~2 
[ODIS=~p*DTI~ro(CV*(1PUU1-TSAT)+~T+CS.{T~AT-TPIN» 
(.( TO (0 

~,2 JFClPOl'T.lT.TSAT) G,J Te' .,:,J 
r c r IS=- ~ p ~ D T I H * ( 'l( nUT ,~ II T + C; ::- ( T ~ " T - T PIN) ) 
CL TO (0 

!:3 r~OCIS=wp-)r,TI"'[*(~"'(TPOliT-TPIN) 
l {' C r I~) C t· = rJ [J I 5 ( J' H) (" r J ~) 

If (TP(lfT.(T.TP['[!,) Gr 10 61 
(. r U ~ ~. = Cd: lJ f; ,.., + Co r f'" r r,,. D 1 I" L - t> (j r I !. 
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JF(TP(;Ul.er.1tLwFL) GC' TO (,i: 
G ["[ F C T = QD r Fe," ( T .A L \'It> l - TPOU T ) *'<1 ~ *C V*[)' J ME 
(U TO (,2 

t 1 cr~lRA=G[Xl~A+DLrIS-CPC~fR9DTI~[ 
t ~ If 0 7. E (J. 1) GO HI 7 ':; 

r C (H G =1\ L 1) (L .;: ( T L Jr. - TL 0 U T ) ,)-[' T I !,It 
C OJ(, = G( HG" DO (H(, 
G5["LA~=Q~rLA~+~eonTI~~ 

GLC S~=QL C ~ S+ Gc,::r T 1 tv'l-D C. 01(, 
7C JF(eT.Gf.TI) GO ,n ~c 

['l T H'E =l P/"'P 
IF(DTI~E.L,.rHqN) :>Tl''[=DTMIN 
JF(DTl~[.LE.DT~AY) G( TO 71 
r THt:=DTIJ/lX 

71 Cl=CT+DTI~f 
IF(CT.LE.Tl) G~ Tn 7· 
CTI~E=D1J~E-(CT-Tl) 
C 1=11 .. ,=2 

7~ [T=ET+DTI~E/3"CC. 
I( 7= 1 
G (1 10 [.0 

Pu Jr«(T.G[.TD) GC Tn 20 
IF(K7.l:J.l) cr TO 4'1( 
()O 2 1=2.1f!j 
Ir«(T.G[.lI~[(I» GO TC ? 
C ( = a L ( J - J ) .. ( GL C I ) - t..L ( 1 - 1 ) ) ,!t C C T - TIM f ( J - 1 ) ) / ( 1 I "'t ( I ) - T I ME ( J - 1 ) ) 
(,r TO f':J 

1:' ( ( t. TIt·' 1I E 
er [, TJ MP=lP/\<J:" 

IrCK7.ra.2) ~I =(.C/(CL"'CTL:IJ-TH'PR» 
IF(K7.fQ.~) ~l=t(/{(L~CTlIN-TLDUT» 
K 7=:3 
IF(~l.L(."MA)() (,0 TO £7 
\o'l=Wv,A)( 

0, 7 [\ T Hll = Z L / W l 
If(DTl~L.LT.011~P) GC T~ ~o 
r'TJr-AE=DlltJP 
G( TO 1'-8 

9(. [TI"'[=DTHl 
(0 TO £~ 

40C CT=ll+DTt.'AX 
fl=El+DTMAX/~6cr. 
ell M [ =r. T ~ /. X 
If 7=; 
((' TO [0 

[~ If(D11ME.ll.DT~IN) DII~E=nT"'IN 
Jf(DTI~E.l[.[l~AX) GO TO 91 
() II ~ [ =r T ~ A X 

91 IF(CT.GE.'lC) GO Tr'\ 9~ 
(T=CT"r'TJ~E 
JFCCT.LE.T5) GO Tn 41C 
[ TI"'~=DTI~[-C(T-T~) 
CT=T 5 

41C fT=lT+DTI~[/~fao. 
co TO f>O 

9; Jf(CT.G~.T6) GO Tn 91 
CT=C1+DT1"'[ 
IF(CT.LE.T6) GO TO 42) 
nTI~E=DTl~f-(CT-T~) 
CT=Tf:> 

.. ;c rT=[T+DTlf'r/:3(}ri(.. 
GC TO [,0 
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C 
C 
C 

~3 If(CT.GE.TD) ~O TO 20 
CT=CT-+DTIw,E 
IF(CT.LE.1D) GO 1n 430 
~TI~E=DTl~E-(CT-TO} 
( T=TD 

43C IT=ET''(JTJ'''lI2{JO. 
((l TO EO 

2C H<ITEH,3C'O) 
H..JTrU"J21) [T 
~~IT[(6.323) QLOS~ 
~PIT(~,324) CSOLA~ 
~~ITE(6,32~) CDl$CH 
vPITr(6.32~) CCHG 
~~IT['~.3Z7) CRUP~ 
~~IT[(6.3J8) C~[FCT 
~J:.]lf (t.J28) CE>(lr~~ 
W~ITE«(.3~9) hPGWFR 
~F-ITl(t..1335) hDT 
N(=NC-+l 
If(~C.GT.~D) GO Tn ?9 
l=('l 
r (['1 F r = A f1 S ( 1 OC • -1 nc. * c. (~(, /QD I 5 C H) 
Jf(PCrIFf.L(.~CT) GO Tt 9G 
(,(1 TO 12 

9c; 1-( ~D(f-,340) A~.T(!" 
JF(ASTo~.rQ.l) GO TO 'r;o 
'-'t-=2 
G(i TO 360 

3!..'C' ST('P 
f M> 

5UfROUTINr ELANAL(WL,wP.DTIME.Kl,K7,'-'6.Tl,TD,K2) 
CO~MO~ TP[UT,'LOUT,TPIN.TLIN,TSAT.QTICL.C~,CV,CT.X~E,ASTO~,XOUT.TA 

*rpr;,Tf-,T6,NC 
COMWOf'/PJ:;OPTK/fLH.CPST.ST"4M,STr.£ 
cr"'~Oh/CALCA~/UAEr,UAH(,UAHr,CH.CC,Al,A2,A3,Dl,B2.B3,C z 
CG"'MO~/DIATRI/AI(~O).RJ(~C),CJ(50).FI(50),XI(5C),CV 
(O~~ON/TwP/ALrA(5n),bfTAC~0),~AM~AC50) 
DJw,EN~JON E~[~C2e).RSOlLC26).T~C26).Xp(2G).aC(26) 
DI~[N!IO~ TLC~t).T(26).ZC26) 
CIWENSJON TEl(25),OLrQECC,5) 

tOl rC~~A1C3FIC.4) 
IO? fO~~AT(5FIO.t} 
103 FOr.J-(Al (f 10.2 .Jl.FtO.£) 
lOt rC~~AICI2X,' SU~RnUTIN~ rLA~AL DATA',/) 
IB~ rO~~AT(lHl,III.' 5TA~TING [LE~fNT TlMP •• K ',FI0.2) 
189 frr.MATC' ST~RTING snLID FRACT1CN '.FI0.2) 
195 fr~MAT(' $TA~TING TOTAL rN[~GV. KJ ',[15.7,1/1) 
£4{ fr~~~T(10X.F10.1.10X,FI0.1,10X,FI0.5,JOX'FI0.2,10X,F10.2) 
258 fL~~AT(Tl~,'E".T~2.·C~A~G[ TI~E·,T52.'T-66 FLOW',T7t.'TOLU[N[ OUl 

G'.T~2.'T-66 VUl',/) 
4(',(' F[lJ.:~AT(' (I) HI) Z(1) TL(I) TP(l) )( 

~r(J} ',I,) 
4~f fCR~ATCJ~.I3.1X,FQ.2.)X.FQ.2,3X,fY.2,3X.F~.2,3X,F9.2) 
4~9 FU~~ATCIX,J3.;5X.F~.2.~x.r9.2,3x.F9.2) 
490 FC~MAT(lX.I3,lX.fQ.2.3~.FQ.2.15X.F9.2,3X,f9.2) 
491 FCRMAT(IX.I3.37~,F9.2.:X.FQ.2) 
492 fn~I>4AT(lX.· TOTAL SVSTE.M EtJ[J<GY, K'-' ',£15.7,1/1) 
~'JO f(l~tJAT(' PCWf ~ FLUID QUALITY (HECK '500 - NfJ=',I2.' NEF='.J2) 
bOI FrR~AT(' PQ~rR FLurD hUALITY (HECK - 501') 
blC ru~MATCI//.· PCwlP FLUID V~PC~IZED IN ONE ELEMlNT - NO.blO') 
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!,lE rcp.·ATC;>Jt,,2E10.4) 
~1~ f(~~AT(III,' H[ATING FLUID GfTTING HaTlER AS IT GOES TH~OUGH UNIT' 

(t) 
520 fr~~Al(III.' PO~L~ ~luT~ GElll~G (COLER A~ IT GOES THPOU~H UNIT') 
~Gl FC~WAT(' IN1[P~EDIATf ~AP AT lIME TD='.F4.1.'hRS.'.II) 
<_fit F(P~AT{' IlliTEPIJ[DIATf t'l.f"I Al TH'[ T~='.F4.1.'HJ<S.'.II) 
f,t,t> FrPMAT(' INTrI'MfDIAH. "AP AT lIME TO='.F4.1.'HRS.',II) 
7C2 fUMATC/,' CYCLE rN[)lNG TOTAL [Nl;hGY. KJ '.rl~.7) 

(Y=Cl 
(1=(T 
C( TlHl,7),Kl 
If(J6.EG.2) GO TO 3Rt 
p.,f=XN[ 
TUNE-tl )=TL Itj 
~(::1 
[1(1)=-1. 
11(2)=0. 
(l(')=-J. 
CHGTM=C. 
(11=0. 
Hr:;'~=T5/J(,OO • 
t-'J.ltJ=TC 1~(.,(lC. 
~[~D(~.lOl) AfP.AFl.APl 
J.['O(f.102) rlFr.XLErF,X~T,HT(S.HTCV 
~lJ.D(~.IC3) r~HOt'.rB.llt,lT 
~NJT[(6,6CO) Af~.~[l.Arl 

tOO f~~WA1C' Arr= '.Fl~.4,' All= ·,FIO.4,· APl= ·,FIO.4) 
W~ITE«(".6Cl) DlFF,XlEFf.XNl 

601 rGR~A1(' DrFf= ·,FIC.~.' ~lEFF= ·,FIO.3,· XN1= '.FI0.3) 
~' r.. 11 E ( e , 6 C 2) r; H (I M • H T C S , H T C V 

60~ FCQMAT(' RHOV:: ',FIC.3,' HTC5=',FIO.6.' HTCV='.F10.6) 
3EC AH'E=J!EP/XNE 

AElE=I-El/XNE 
f.PlE=/lPL/XN[ 
AH E=HPE -tAPLF 
>< l[ = XlE n IXNl: 
rl"'\=A~TOR/X""T 
(RKTl=~.7B3*'Lf*YNT 
(P~ T= 1. 
S H· ... =C. 
~T,.,[=O. 
r =0. 
(J.lL TKPf,('PCTINIT.EQrl.FPAc.1.1.2.Jf,) 
~r.ITE(f,.lf8} llNlT 
~rIT[(6.lf9) fRAf 
r C 5 1 = 1 • t-.E 
fMR(l)=Et-.[l 
l(I)=TIIII}T 
r =[ +n·[ P ( 1 ) 
7(1)=FKAC 

b CGN1I"Ur 
Kl=2 
\oJ:'IlE((,,Jt;.5) r 
~p IT[ (t, .2! e) 
"f:1=r-.[-t! 
''If=N[-tl 

2 HTCl=HL( WL) 
U,.HE =HTCL*AELf 
(~=wl*(l 
If" (K 6.F a. 2) Gf' 10 15 
C(S=wPOC5 
((v=IiIrocv 
Jf(K8.[O.1) 1C6=L' 
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( 

1 ~ If C \til • to. 0.) GO T (") 72 
CU~HCS=APlE/el./HTcS+l./HTCl} 
CU~HCV=APl[/(l./hTCV+l./HTCl) 

72 [0 J I=l,N[ 
IfCZCI).EG.O.) GO T~ 4 
VST~=Z(I)O[l~/(~h~M)XNT) 
DSTK=-$G~T(I.27~OV~T(/XlE+Dfff~*2) 
P~OlL(I)=_LOG(DST~/O[Ff)/(THC5CTe I»*CRKTl) 
GO TO J 

" ~'SCllCl )=0. 
3 C [r,T I NUE 

(;0 to(10,10.11),1<7 

C ~r~ER FLUID ONLY 
C 

101Hl)=HIN 
"'4=0 
r.C 20 J= 1 .N( 
Xr(J+])=C. 
IrCTP(J).GE.TSAT) G1 TO 21 
~l~=RSOll(J)il./CHTCS*Arfl) 
)~TU=1./(R[5*WP*C~) 
IfeXNTU.Cf.l1.!.J) rf-F= .. (;99Q<;, 
If(XNT~.GE.l1.5) GO Tn 2~ 
E ff=l.-EXP( -xtJTU) 

2' 2 T J:' ( J" 1 ) =- T I=' ( J) +E F F ::. C T e J ) - T P C J ) ) 
If CTP ( J+ 1 ). LT. T 5 AT) GO TO 19 
fTSAT=(TSAT-TP(J»/(TeJ)-TP(J» 
yr.Tu=xr.:TU+AUIGe 1.-[ T~,Al) 
f TP =-YI\ t U/XN T LI 
PE~TP=(RSOlL(J)il./(HT(X~CJ»*tPfE»/FTP 
Nfl=J 
FXI=t.-(YI\'TU/XNTU) 
&TP=(1(J)-lSAT)/KF5TP 
XPfJ+l)=QTP/fWPOQT) 
JF(XP(J+l).Ll.l.) GO TO J~ 
G H'=y,'f'¢:1 T 
Z"'lU=YNTU¢( 1 .-l./,(pe J+l» 
fSUP=ZNTU/XNIU 
P[SSUf'=(RSOLL(J)+]./CHTCV*~PFl)}/FSUP 
ZNTU=I./CRESSUPOWP4CV) 
IF(ZNTU.Gf.l1.~) FFF=-.90QQ9 
IF(ZNTU.GE.ll.~) ('0 TO 2~ 
Efr=l.-EX~(-Z~TU) 

23 n (J+ll=TSAT+fFr*fTCJ)-T~AT) 
Xr(J+l)=l. 
Cf'=QTP+wP~(CV*(TP(J+l)-TSAT)+e5*(TSAT-TP(J») 
F Xf = 1. -F 5 UP 
NFF =J 
e,G TO 35 

18 r.P=GTP+CC~*(TSAT-TP(J» 
1 r· ( J + 1 ) =- T ~ A T 
Gfl TO 35 

l~ o~=ccs*(Tr(J+l)-T~(J» 
(,0 TO 35 

21 IF(TP(J).GT.T5AT) ~o TG ?~ 
P[S=RSOLL(J)+I./(HTCXr(J»OA~fr) 
CP=(T(J)-TSAT)/~E~ 
XP(J+l)=GP/(Wr*GT)+XP(J) 
Jf(XP(Jil).Lf.l.) T~(J+l)=TSAT 
JfeXPCJ-+J).L[.J.) GO Tr J!: 
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C 

~[~Sur=(R~OLl(J)·l./(~lCV~APF~»/(l.-FXF) 
Nff=J 
)~TU5r:l./(~fSSun~WPtCV) 
If(XhlU5P.G[.100.) rff:l. 
IF(XN1U5P.GE.1CO.) ~c In 20 
~Ff=l.-[~P(-XNTUSn) 

~~ TP(J.l)=TSAT4[FFO(T(J)-T~AT) 
)'f(J+l)=l. 
CP=~P'~T4~P*CV*(Tn(J+l)-TSAT) 
CO TO 35 

25 P~S=h!OLL(J)+I./(HT(VOhnr[) 
)~lU=J./(~F.S*C(V) 
If(XNTU.Gf.lOC.) r~~=l. 
1 F ( X N llJ • G f • 1 C C .) r; 0 T ,) 2 P 
r r F= J • -E)T ( - XNT U) 

?~ T~(J.l)=Tr(J)4rFF*(T(J)-lP(J» 
Cf=CCVo(Tr(J+l)-TP(J}) 
" ~' ( J + 1 ) = 1 • 

~r E~fR(J)=[~ER(J)-cn*DTI~F 
c tl L T K P r; (1 P ( T ( J ) , r I~ E 1;- C J ) • Z ( J ) , 1 .;> • 2 • J 6 ) 

2C Cot,TI"UE 
PXf=l.-FXF 
c,r TO ,Ju 

II Ir(N(I.~E.("'E41).nr;.~iLF.~~r.(t~E.l» GO TO 12 
~~lTE(e.~OO) ~rJ.N[F 
STOP 

C kCG ION I 
C 
C NrF I~ TOP E l[ I}E ~lT 

C 

12 (Gt, T HillE 
86 C' I f ( N r r • Nf. • ~ E) G n T 0 ~, () 

It H C = J:. X F / ( r~ SOL L (t~ r ) + 1 • / ( H T C V :) A [ P[ ) ) 
UAt-'C=r.XF:¢CUAf-iCV 
UAH[ =J:. X f :(tlJA HE. 
((=CCV 
CALL H,(.r.lC(Nr) 
TlF=Al*T(N[)+'2*T~AT+~:*1LlN 
T~(Nr41)=PI*T(hE)+02*TSAT+H3*TlIN 
GCJ';XF=\l.P*CVO(TP(Nf+1 )-TSAT) 
cr TO ~5 

C ~[F 15 ~rXT-TO-TOP ElE~ENT 
".:6 H(NEF.N[.(N(-I» GO Tf !:H 

ll""l[ =J~XF *UAHf 
UAHC=J.Xf»(UAH(V 
lJAtC=f:(Xf/(~5Cll(M':-1)+ 1./(HTCV*AEPE;.» 
C(=CCV 
C~ll APCALC(Nt-l) 
ClCI)=A:! 
FI(l)=-Al*T(~[-l)-A?*TSAT 
[< 1 ( 2 ) =83 
f ](2)=-E:l*T o"r-l )-['2:' TeAT 
UM~[ =",TCL*AEl[ 
UAf-I(=CUAH(V 
1I /. f C = 1 • / ( Q S 0 II (f. f ) + 1 • / ( H T C V *A [ r E ) ) 
C.ALl AFCAlC(N[) 
1-](3)=-1. 
r' 1(3 )=A2 
(1(3)=0. 
f leJ)=-Al>:T(Nf )-Alt,:lLI~ 
11(4)=[·2 
P1(4)=-1. 
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c 

fJ(4)=-Bl0T(~r)-r10Tll~ 
(ALL HdDIA(4) 
TLf=)t I( 1 ) 
Tl(NE)=X] (2) 
H·(~[)=XIC3) 
n'(NE.I)=XI(4) 
C(~Xf=~P*CV*(TPCNF)-TSftT) 
C((~r)=wPoCV*CTP(N[.l)-TPCNE» 
(.(1 TO f.,5 

C RrGION J IS 3 O~ MORE [LEMENT~ 
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~6 Uft~C=~~F*CUA~CV 
UA~E=~XF*~T(L*A[lr 
UArC=~Xf/(RSOLL(NFr)+l./CHTCVot[PE» 
((=CCV 
( ALL M'C ALC (~[r) 
(J(I)=AJ 
F]CI)=-Al*T(~[F)-~c~TSAT 
r1(2)=[3 
FI(2)=-Ol*T(N(F)-P2*T~ftT 
llAHC=CUA~CV 
U/'H(=~TClOArlf 
ll=Mr.l 
l2=N[-1 
J=1 
DO 50 I=Ll.l2 
U~E(=I./(~SOll(I)+l./(HT(V*Arpf)} 
Cf.lL At-CAlCel) 
J=J·l 
"](20J-) )=-). 
E 1(2*J-l )=A2 
CI(2*J-l)=A) 
f I ( 2 * J- J ) = - AI"" T ( 1 ) 
A](2)')J)=B2 
f1](20J)=n3 
ClC20J)=-I. 

[,0 fIU*J)=-EIZ;CHl) 
UAEC=l./(RSOll(Nr)+l./(HTCV*AE~f» 
("tll H(ALC(!Ilf) 
J=J+l 
A I (2)')J-l )=-1. 
PI(20J-1)=A2 
(" I e 2 * J- 1 ) = 0 • 
FI(2*J-l)=-A10T(hf)-A3*TLIN 
A](20J)=r~ 
PIC2*J)=-1. 
fIC20J)=-LIOTCNtl-AJOTlIN 
t-..=cO(t-IE-NfF+)} 
(All T~ I D J A ( t.) 
Tlf=XI(J) 
Tl(NlF.) )=)(1 (2) 
J=1 
H Cf<.f-_F )=T5AT 
tl=Nfr+l 
lL:=NE-l 
DO ~J I=ll.L~ 
J=J+l 
Tn 1 )=)(1 (20J-l) 
CC(I-l)=~POCVO(TP(l)-TrCI-J» 
Tl C I" J) = x J( 2 OJ l 

':: 1 crt- T I NUE 
lrCNE)=xlCN-l) 
H'(N[+l)=)() (N) 



( 

Q«~l-I)::~P*(V'(TP(~E)-TP(NE-l» 
C C ( N E ):: ~ f » C V';: ( HJ ( ~ f" 1 ) - T P (N[ ) ) 
O(f.Xf=QC(NEf) 

C RE G 1 ON II 
C 
C 5ECTlr~ r~f 

c 
C 
C 

c 

,=,~ H( .... xf.Ea.l) (,8 HI ';9 
f)Cr=I.-\:lxF 
(UAHCT=/d'lF. / (l./MT (XP (N[f") , .. 1. /HTCl) 
UAHCf- =rXf :¢CUAHCl 
utHEF=FXFOHTCl*AlL[ 
l'AfCr=FXF /(RSCllO'fF )+l./(HT (XP (N[f) '*AEP[)' 
CAll VAP(UA~cr.UA~C~.UAH[F.CH.1SAT.l(NEF).llr.QH[.QEC,OHC.Tl(~lf» 
r'UGlCCN[F")=r.rc 
~C(NEf)=JH(.GrC.G(RXf 
Xr(NEF'=l.-(~HC+QrC)/(~p~GT) 
If(XP(~[F) .Gt .0.) GO Tf' ~q 

~ =( 
)11=0. 
)(I~=l. 
H'l = )0:' ( Nf F ) 
Xf£:=l. 

7~ 1/=1(+1 
If(K.lC.3) GC TO 72 
X!:?=XIl-XP1*(XI2-,..ll ,/(XP?-XPl) 
~Xl=( 1.-)fI3)~r)'r 
U~HCI=~XI*CUtHCT 
UHIL I =r.x 1 *HT Cl:¢/d 1.[ 
II He I =R X I / ( r; ~ Pll HI LF ,.. 1. / (H T (X F (NE F) ) *AE. Pl , ) 
(loll VA P ( U AE CJ • U A HC I • U AHf 1 • CH. T SA T • T ( N~F ) • T lr • C.Hf • QE. C. CHC. T II ) 
C l [. G f. ( ( N f f ) = (. [ C 
G{R~J=OE(+OHc+alk~r 
)(~)'I~=lw-(Ol(.0.HC)/(~P*OT) 
If(XP)13) 76.7f,77 

7t )rt=XPYl3 
)Cl1=XI~ 
C:( TO 7r:: 

77 )P,::XS:X13 
)'12=XI3 
CoC TO 75 

76 FXl=Xl:::0F)(F 
Nfl=NfF 
I=~lf 
(,C TO 79 

C RfGICN II ~lDDl[ [lEMENTS 
~Q If(NEf.EQ.l) GO 10 270 

l=t-.:[r 
l' AhC2=CUA HCT 
Ut.HE2=HTCL>,)AlLE 

f-c. 1=1-1 
U'FC2=1./(RSOll(1)+1./(HT(XP(I)}OA[PE}) 
C H l VA P, lJA E C ~ • U I He 2. U t.y[;- , CH. T SA T • T ( I ) • T l ( I-+ 1 ,. OHE • OE C .0 HC • Tl ( I ) ) 
Ol[,Gf:.«})=Q[C 
OC(I)=OHC+O[C 
X r- Cl ) =)1 P ( I + 1 , - ( G t.J C .. :1 C C ) / ( ~ P * Q T ) 
lr(l)::TSAT 
IfCXP(J).C,T.)<r(1+1» GC TO el 
H(J.fO.l.ANr.xr:(1>.Gf.O.) GO TC 81 
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( 
c 

c 
c 
c 

C 

If(xr(I).G1.G.) Gn Te ~0 

r.[GJ(~ II. J~ Nel, FI~D RXI 

'" =c )(11=0. 
)(12=1. 
XPl=xr (I) 
)tP2=xrC}+I) 

7 r K =K + 1 
If(K.[Q.3) G( 10 RO 
XI3=XI!-~Pl*(XI~-XI1)/(XP2-Y~1) 
PXJ=1.-XI1 
UtHCI=RXll¢CUAfiCT 
UHI[ I =~ X l'~HT( l*A lLl 
Utf C I = k X 1/ ( ~ SCL l ( I ) + 1 .1 (HT C )(~ ( 1 ) ) -lIA[ PE ) ) 
C'll VtP(UAECI.UAHCI.UA4EI,CH.T~AT.T(I).Tl(I+1).aHE.arc.aHC.TlI) 
['l['(iE C (NE 1) =G[C 
("C~XI=G;fC"JH( 
XPXI3=XP(I+1 )-(GfC+~HC)/(WP*OT) 
IF(XP)ClJ) 71.0( .7:\ 

7 1 X F 1 =- X J'X } :3 
Xll=XI: 
(,L TO 70 

73 X~'2=XJ::.XIJ 
X12=X13 
GO 10 70 

eo F>-I=X}3 
t-.fI=1 
for TO 7<; 

1"1 l3=I+l 
J.' 1 =- 1 
FX1=-1. 
CUiQECCNEI)=C. 
r.(I=XI=O. 
T II = TLC J" 1 ) 
NEI=-l 
Xr-CJ)=-0. 
C;("; TO 79 

SFT C(ltWITION IlAl 

C srT CON~lTICN M3 

c 
c 

270 1=1 
TlJ=TLf 
,.. 3= 1 
CfJ:XI=OCR)(F 
FXI=l.-QXF 
NE1=-Nrr 

C J:' [G 1 01\: I II 
C 
C ~lGIC~ lIT 1$ CNf El[~ENT 

79 If(I.~E.J) GO TC t),) 

l' "H C =- F X I ~ C U A.., C ~> 
UAH[=rXl*HTCl~AElF 
UAEC=FXI/(~SCLLC 1 H 1./(HTCS*ArH_» 
C(=CC~ 
( f. l L f. l~ CAL ( 1 ) 
TlC! )=t-l*TCl Hh;'>:·TPp,;-+t.J'HLJ 
T T ~ I A l =- [) 1 '~T ( 1 ) + f> ? ,.. T P I >J -+ Ij J » T L I 
O(l)=wr*CS*(TT~IAL-TPIN)-+QCRXl 
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( 

IFCUl~[~.l) TP(2)=TTRIAl 
Tn 1 )=YPIN 
(,f TO 15C 

( " r G 1 uN I I I 1ST ... [' l L ( M f ~,Y S 

c 

9C IfCJ.~r.2) Gf YO JO~ 
Ut~C=(U~H(S 
UH~[ =~'T(U'AElf 
1I J> f e = 1 • / ( k ~ OL L ( 1 )+ 1 • / ( .' T (" ~ * A [ P E » 
cc=ec~ 
CHL AreAlC( 1) 
ClCl)=AJ 
F l( 1 )=-AJ'H( I )-/.2 n TPI".: 
EJ(2)=EJ 
r J(2)=-BlnTC l)-['2"'YPI'J 
UA~lC =F){ 1 *CUA I-CS 
UAH[ =F X I *~TCl*A[ LF 
U'tC=rXI/(QS~lL(?).1./(41CS*A[~[» 
CALL 'PCAlC(;) 
ftl(3)=-J. 
Pl(1)=1>2 
CIC.3)=C. 
FI(J)=-AI~T(2)-tlnTLI 
A}(4)=£'2 
rl(4)=-I. 
fIC4)=-Bl*T(~)-5J~TLI 
(ALL TRIDJA(4) 
1 L ( 1 ) ='" 1 ( 1 ) 
Tl(2)=XI(;') 
Tf (, )=)(1 (3) 
TlhIAl=XI(4) 
IF(Ml.E.O.l) TP(J)=TT ..... JAL 
n«l )=Wp~(SO(TP(?}-TrIN) 
0C(2)=~POCSO(TT~IAl-TP(2»+CC~'1 
GO TO 15C 

C ~EGIU~ III IS TH~rE OR ~CR~ rLfME~TS 
lOe lIA .... C=CLJAHCS 

U M~[ =~T (l * f. E II 
UAfC=I./(r;~OlL(I)·l./(HTCS*Arp[ » 
(' c=( c~, 
CAll APC/,le(l) 
CJ(1)=A3 
FI(l)=-AJoT(l)-A?oTPIN 
1::](2)=[3 
f I ( 2 ) = - [l I * T ( 1 ) - f' 2 "" T P I "Ii 
L2=Nfl-l 
1:'( 110 1=2.L2 
UtE C = 1. / ( RSO LLC 1 ) ~ 1. / n'T (S *A r Pt ) ) 
CALL HCAlC(l) 
AIC201-l)=-1. 
f 1(201-1 )=A2 
CJ(2';'}-1l=A3 
f IU~I-l )=-A loT{ T) 
A](2*J)=P£: 
fI(20I)=E3 
C1(201)=-I. 

110 f l(20])=-fl*TC I) 
UA .... C=F)( 1 *CUU-CS 
UA~l=f)J*~TCLOArLF 

u / r ( = f " 1 / ( K SOL L ( N r r ) ~ 1 • / C H T C S * I- l P r ) ) 
(Hl AE-Ct.lC (MOO l) 
6}(2):I\EI-l )=-1. 
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( 

C 

L JC?:::M. I-I )=J..;
CJC2::<NEI-l)=(. 
f JC2*~fl-l)=-AI*T(N~I)-'~'TLl 
I>l(,*f'vll )=R2 
f I (::orJfl )=-1. 
rI(20N[I)=-Bl*T(NrI)-8~*TlI 
CALL l~IDIAC~[J*2) 
lUI)=)ICI) 
TU2)=XI(2) 
l?=N[I-l 
['Co 12C 1=2.L2 
HC!)=XIC2*1-1) 
C ( C I-I ) = 1'1 r::: c !;,* ( 1 P C I ) - T ~ C 1 - 1 ) ) 

120 TlCl+l)=XIC2*1) 
TrCNEI)=XJ(20NEI-1) 
Tlf: JAL=Xl (20"'U) 
IFCMl.lQ.l) TPCNfT+l )=TTRIAL 
CCCt>;fI-l )="P*C~,*(TPCN[ J)-lP(f'll 1-1» 
G(NEI)=~P*CS~CTTPI'L-TP(~[1 »+QCQXI 

( ~tGI8N III - (OYING UP 
( 

c 

to' 1 =C 
"[ I T ~1 P = "J [ 1 
Nf r H1P=NE F 
H(NrI.feel) Gel T'1 17;:: 
Lt:=Nf:I-1 
PC 160 l=l,lC' 
[, (. [ =- ( T L ( 1 + 1 ) - T L ( J ) ) -;. ... L :: ( L - ( T P ( 1 + 1 ) - T ~ C J ) ) *" PO (S 
XF( I )=G. 
fHR( J)=ENfRCl HD()[·~DT I~E 
(" ALL T K ~ R C;P ( 1 ( J ) • rc I, "= r~ ( I ) • 1 ( J ) .;: .2 • ? J 6 ) 
If(TP(I+I).GT.T~AT) (,(l TO 16!;. 

1((, (on I NU[ 
cr TO 17;: 

C TSAT O((UI~S r [fO~.E Nfl 

( 

H~ n'CJ+I)=C~*(TPCI+l}-lSIT)/aT 
I f ( X P ( I + 1 ). G T • 1 .) (J ~J T 0 I ('. 7 
TP(I-+I)=T~AT 
~n I T ~·P= I 
C( TO 1~(; 

c V"POr:IIA1IOt~ r)("CUR~-, lf~ OrH rL[t·\[I\T 

C 
C 

It' 7 Nff T~r'=l 
"f 11 t-Ir'= 1 
~ X F = C V'f; ( T r ( I + 1 ) - 1 <; AT} / ( C ~ ~~ ( T P C I + J ) - T P ( I ) ) ) 
T ~ ( I -+ 1 ) = ( ( S::< ( T P ( I -+ I ) - T SA 1 ) - Q T ) / C V + T 5 AT 
XHI+1)=-l. 
GO TO <: H 

[LfrJ(t.l Net 
17 ~ J =r,[ Jl f.lfJ 

)t r ( N £: IT M P + 1 ) =- ( 0 ( ( ,., [ I T Iv' P ) - ~ F >:' (" 5 * ( T SAl - T PC .... E J HI r ) ) ) / ( W P *Q T ) 
Jf(XP{~EI1MP-+l).LT.~) ~Q TO 174 
JrCXp(NfJT~P+J).GT.I.) Gr TO 176 
lP(N[ITMF+l)=TSAT 
[, Cf = WL * C L * ( T l ( I + ] ) - T L ( 1 ) ) - Q C ( 1 ) 
f t, r ~ ( I ) = [ "U' C I ) -+ Dr. [ -H, T I '.4 r 
C J; L L T ~ P J, r: P ( T ( I ) • r ~~;:;: P ( I ) • Z ( I ) • ? • 2 • 2 • J 6 ) 
GG lC loe 
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( 
( It-.. t~LI. l~Al l)I[ t-.Ol OCCUh 

C 

174 )(f-Cl+l)=C:. 
1 p (I" 1 ) = H~ ( I ,... \~C (~E IT.~ r ) / ( rl P*C~, ) 
" r 1 HII:: = t. fIT M J' + 1 
~C[=~l*CloCTl(I"I)-TL(I»-OC(]) 
f"[kCI)=E~rR(I)+DGr~~lIMr 
(All 1 ~ pI:,' rp {l ( 1 ) • r r~E r. ( J ) • Z ( 1 ) .;>. Z .2. Jt ) 
(,( 10 172 

( IN ~j[ 1. 1R/d"S1T ION IN ONE [LUJl!'.T 
1 U' 1 H N [. IT ~ r:- .. 1 ) = ( Q C ( N f J 11' r- ) - { T SA 1 - T P ( .~ [ IT '" P ) h w p * C S - III P * Q 1 ) / ( w p * C V J+ T S 

It. 1 

C 

'·ff lMP=Nt.IT'-1P 
If(t>/£.fT .... P.EC~.IJfI) Gc. T;' 2'(1 

.?iSC If (t>/(FHlr.EQ.lJrr) CD TC' ~P3 
r~ >.r = 'wPOCV* (TI: (N[ 1 TI.AP+t )- TSA T) /OC (N[ I HAP) 
[, t. r = ( 1 L ( I .. 1 ) - T L ( I ) ).;. I' l :;. C l - 0 C ( t-.. [. 1 ) 
E HR( J)=[t,[R( I )+Gf"lH'l'TJME 
CALL 'KP~tP(T(I).F"r~(J).1(J).2.2.~.J6) 
(.( TC ~lC' 

C ~.r F T'H-' IS "L I 
3C1 IF(NEFT~·r.[Q.'~Lr) (,0 TO JC;> 
::"~) 1 CJ.=GC (t-..Ll ) -QCI~X 1 

Y~A=XP(N[FT",r+l)-GCqXI/(wr*QT) 
IF(XPA-l.) 110.311.112 

C 
C XPA r~U'L~ D~l 

c 

31 1 J~ Xf = 1 • - f X I 
TP(NFfTMP+l)=TSAT+UChXI/(CV 
GCJ TO 30!:' 

C )PA 15 leSS THAt-.. ONE 

( 

::'ll (> C [1= ( X p p~ [ F T M r + I ) - 1 • ) ,~w r 'HJ T 
J, )'F=CD/OCr.X I (o( l.-F Xl) 
Tr(~[fT~~"l)=TSAT·aD/CCV 
(( TO ::<"t 

C XrA J~ ('F<rAllh lHA"I ONE 

c 

]12 O[,=(XrJ.-l.)*H*QT 
P)F=Q[/QA~FXI"l.-~XI 
r. !:,lJr'H 1 = OC" (K f.:X I 
T r O.l f 1 ~ P + 1 ) = 'T S ... T .. Co <; U p~; T / C C v 
(( TO 3Cf' 

c t.rF""T'~~ TS '-If I (. "oE F 

( 

.3(j~ IfOI3.[C •• l) cn HI J)J 
(.P=OT*wP 
Ct=~C(NEfT~p)-Gt-nCQXr 
H't=Xr ("J[FTMf''' I )-r,U..:XF /( Wf-'*GT) 
IF(XPf-l.) 3C4.~0~.30G 

( ),PP LrsS THAN OM_ 

C 

~(4 O~~PHT=(Xp(~rfT~p.J)-l.)~CT*W~ 
r~f=RXF*QSUPHT/~CPXF 
T H tJ t: f- T ~ P -t 1 ) = T 5 A T + Q SUP ~ 1 / C C V 
(,( TO 30f 

( Xp~ G~CATf~ ThAN ONt 

( 

~C( xp ... =Yr(NtFT~r"I)-GCQXI/(WPOQT) 
Jf(XPA-l.) JL7.30~.'0~ 
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( 

XP~ I!: ONr 
3CF< r)F=l.-F)fI 

nSUPHT = GtE." .. QC~XF 
T~(N[FTMP"I)=T$_l~Q~UPHT/(CV 
((' TO ~Cf 

( XPft 15 LESS THAN ONr 

c 

307 C[=(XrB-l.)*WPOGT 
~XF=RXF+(CD/ar)~(l.-RXf-FXI) 
C SUPH T= aD -+ ac R XF 
lP(NEFT~~-+l)=TS~T+QSUPHT/(CV 

( XPft IS ONf 

( 

3(5 rG[=(Tl(~rrT~p-+l}-TL(~fFT~P»*~L*CL-QC(NEfTM~) 
f~ER(NEFT~P)=EN[~(NrFT~p)+DafoDTI~[ 
C'lL T~p~rp(T(~frT~D).lN[R(N[FTMP).Z(NEFT~P).2.2.2.J6) 
XP( 1+1)=1. 
(:0 TO 210 

( XPA IS CQfAT[~ THAN ONE 

c 

300 r.[=(XrA-l.)*~PoCT 
P)I F = 1 • - ( 1 • - aD /0 A ):\ F X 1 
C~UPHT=QDfQB+QC~Xr 
Tr(N[rTMP+l)=TSAT-+QSU~HT/CCV 
(( TO :30~ 

( NfFT~P='~EF. NOT r-,;f:.I 

C 

30~ CA=QC(NEF)-QCRXF 
xr~=X~(NErT~p-+l)-QC~XF/(Wp)aT) 
JFeXPA-l.) 32C.JC~.~22 

( XPA 1 S l[~,S THAN 1 

( 

120 QSUPHT=eXp(NLrT~p+l)-l.)OWpoaT 
~XF=R)(F*aSUPHT/GCPXF 
lP(N[FTMP-+l)=TSAT+QSUPHT/CCV 
f(\ TO 3Ct 

C XPA IS GREATER THAN J 

C 

?~2 ~r=(XrA-l.)*GT*wr 
~)F=~XF+FXF*GD/CA 
OSUPHT=GD+QC~XF 
T~(N[FHH'+ 1) =lSA1+r.SUPHT /CCV 
G( TO 3C~, 

( RfGICN II. CO~lNG UP 
C 

C 

)ye: 1=1.) 
If(J.~[.Nl"l) CO TO 1?1 
"'r..Ilr(t.~l) ) 
!"TDP 

)Ql >r<I.l)=xr(IHGC(J)/(wPOOT) 
r~[=ell(I.l)-Tl(l»*wL*Cl-QCeI) 
IF(XP(l.l).GT.l.) GO TC' 2CC 
[ P-J[ R ( J ) ~ [ N [ R ( J ) + r n E * [) 1 I M r 
CALL H..PROP (1 e I) t f NE ReI) .1 ( I) t 2.2.2 • .Jt-) 
Gr: TO 19(, 

C IN rLrvt~T N[F 
c· r. 0 h f F T "if)= I 

T~(1"1)=(aC(1)-~POCT6(1.-XP(I»)/(WPOCV)+lSAT 
IF(NEFTMP.[J.NlI) GO TO 301 

3[2 Jr(NErr".t:'.f(l.~~(f) GiJ H 3(: 
H-(I+!)=I. 
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( 

rt.F R ( I ) = E N[ R ( I ) .. [) ('l( * [. TIM [ 
(ILL 1~PRLP(1(I),fN[~(I).1(I).2.~.2.Jt) 
~)T= 1.-YiP*aT>::( J .-YP( 1) )/Q( (I) 

C REGI~~ I. CV~]NG UP 
C 

c 

21(, Cft-TIf'..U[ 
f' P 1 l 1 = N EFT "H~ i 1 

S U,.. = o. 
PC' 1,)[ I=N[I.t~fF 
If«Tfl(I)-T~A1).LT.IE-l0) ('0 10 155 
SU~=SU"'+(1.-(T(I}-TSA1)/(T[L(1)-TSAT»*OLCQEC(I) 

p::, ~ C (f'.. T I MI[ 
(; t.r, T = ( (1 L 0 (. [ C ( ~. E f ),~ ( T ( I ) - T SAT) / ( T [L ( 1 ) - T 5 A 1 ) ) / F XF 
(!P)(F = -!JUM/QAt, T 
J:()(F=PXF+Df.XF 

6tP If(RXF.Lf.C.) NfFTMP=NfF1MP+l 
IF(r.tXF.LE.Q.) RXF=f''l(F-+l. 
IF(RXF.LE.O.) GO TO eOf 

6(,C; IF(RXF.GT.l.) f'..[FTv.p=~JrFH'p-l 
JF(RXf.GT.l.) R~F=RXF-l. 
If ( R X F • G T • 1 .) GC TO 6 t, C; 
Jf(RXF.LT •• 5£-1) PXF=.~l-l 
If(ll.~T.t-[) G~ Tn 229 
DC 220 1= l 1 • t--If 
r G[ = \-l * C L * ( T L( I" 1 ) - T L( I ) ) - G C ( 1 ) 
r~ER(I)=EN[R(I)"rnf*VTI4E 
(ALL TKPI<('P(T(I).f:·II~R(I).lCI).2.2.2.J6) 

2;:C CC":Tl~UE 

2;:9 ((If'11I''Ut 
~f l=NfIH-H' 
"'.ff=NEf1IJ.r 

?3(' TPOUT=TPC~E"l) 
[1(, 15~ K=l,NE 

It4 Hl(lO=l(K) 
TlOUT=TLC 1) 
,.'3=0 
)' OUT = xr ( '" f + 1 ) 
[1=(T/3000. 
IF(CT.rO.T5) (,0 TO 2~~ 
IF(CT.EC.T6) G(1 Tn 2S~ 
If(CT.EQ.TD} Gn Tr 7CG 
(Tl=CTl+DTIM[ 
IFCCT.G[.T5.AND.CT.L[.16) CHGT~=(CT-T5)/3{OO. 
If(CTl.lT.17~~.) ~o TO 2 r 7 

\of r; IT [ (f .240) r T • CH (, T ,,~ • Wl , T POUT. T l aLIT 
C11=0. 

257 H.1UR" 
25!.. ~ r; 1 H (t.. ~ r') HR T ~ 

cr TO ZtC 
25( ~~lTE(6.~f6) ~RT~ 

C~CTM=(Tt-T5)/3(on. 
;t.( [=0. 

\d..} T r ((" 4 00 ) 
P[ 2 r)2 l-=l.N[ 
If(XP(I).lT.O.) Xr'(I)=('. 
'" r; I TF C e • 4 ~ !-I) 1. T ( I ). Z ( 1 ) • TL ( 1 ) • TP (I) .)(P ( 1 ) 

2 ~;- f = E + F I, : h ( 1 ) 
,f =" E .. 1 
\ll'r. 1 T t (t • I. r r) J. T L C J) • T ~ ( J) • xr· ( J ) 
.,. ~ 1 T t «(,. 4 G 2) f 
\oIRIT[ (t ,Z~,t-) 

D-27 



c 
( 

C 

~~lT[(6.240) [T.CH('T~.~L.TpnUT.TlOUT 
(~GTM=u. 
("Tl=O. 
T~PPI(=l (1) 
HTURr--

7CO r=c. 
(1 ( 7 ~ 1 1:: 1 • N[ 

701 f =E + n:[ R ( 1 ) 
"~IT[(6.7(2) r 
C11=0. 
RETURN 
f- r--D 

!.ll[, r..OUT 1 M III:CAl C ( I) 
("C~.,,... Of,;/C ALe A (. /Ut. r C • J A He. UA HI:. • C ~I • C C • AI. A2 • 1>:3 • E 1 • B 2.8:3 • C I 

( T~IS sue~OUTINE p~DVlnES CO[ffICIENTS FOR THf SIMULTANEOUS LINEAR 
C [CllATJ()N~ WHI(~ ~)nLvr THl 1HRU -'O,V ANALVSIS. 

(" 

c 
C 

c 
( 

(" 

AlFAl=(UAhE+~AHC)/(H-(UAHC+UAr()/cc 
AlFA2::(UAHC002-(U/HC+UAHE)O(UAEC+UAHC»/(CHOCC) 
TE!T=ALfAl**?-40ALfA; 
r [I~ (~ 1 = ( - A L F .A 1 -+!: Q P T ( 1£ S 1 ) ) /2. 
PO"(R?=(-ALF"l-~QrH(Tf 5T»/2. 
11=PO~[Rl*CH/UAHC·l •• U/Hf/UAHC 
I c= Pcw[r.? ,,-CH/UA ,,1(.1. + UAHE /UA HC 
IF(PO,,[Rl.lT.-14f.) PO~[~1=-14~. 
IF(PO~[~2.lT.-14~.) PO~[~2=-14r. 
[~"hl=EXp(PO"rRl) 
fPWR2=EXPCPOW(R2) 
f[IFF=(PWPl-lPWP2 
),=At.:~ (I='O'od Q I ) 
Y=Af:JS(POIIIFJ..<2) 
}r(X.CT.l.E-2.M:('.Y.GT.J.l-?) (;0 TU 4 
fDIFF=P3WERl+PO~fP14*2/2.+POwE~1**3/6. 
ErIFf=[OIFF-PO~[U?-POWrR20*2/2.-POwEk2**:3/6. 

4 ~=ZlOtP~RI-Z2*frWR2 
Al=1.·([~"Ql*[P"K?~(l2-1J)-L~JFF)/B 
~2=E.D}fF/r. 
~3=tP~~1*rpWR2*(ll-l2)/H 
Pl=J.-(11-12+EDIf~OZl*12)/b 
F-2=(IJ-lZ)/B 
fl J=llOZ2~FD IFF /f!. 
f,.fTU~N 
r ~D 

SUPROUTJNf VAP(UAFC.UAHC.UAH[.CH.T5AT.TE.Tll.OHE.OEC.OHC.TL2) 
~C~[R=(UAHE+UAH(}/CH 
IfCPOW[R.GT.145.) PJwf~=145. 
fPIoiR=[)(P(-PO'toER) 
CfNSTl=(UAHEOTE+UAHC01SAT)/(UAHE+UAHC) 
crNS12=CHC(TlI-CONSTl)/CUAHE+UAHC) 
(~[=UAHE*{CONST~~(l.-EPwP)+CONSTI-T[) 
(H,C = W H C '* ( C 0 t.I $ T ;< * ( 1 • - f P '" ~ )+ CON ~ T 1 - T 5 AT) 
CfC=U~EC*(TE-TSAT) 
Tl2=(TLJ-(ONSTl)~FPw~+(O~STl 
k f TURt: 
f N(l 
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c 
c 
( 

5LTJ.'OlITIM Tf.:][>Pd'H 
(l'" ~ or~/ D J AT" 1 / Al ( r., 0) • f, l( ~ 0 ) • C I ( 5C ) • F I ( 50 ) • X I C 50) • C Y 
CC~"'O~/TvP/ALFA(!O).elTA(bO).G.MMA(50) 
IH6J(1).f(J.C'.) Gn T(' 100 
PfTAe l)=P J( I) 
(;~t.''''A(l )=(J e 1 )/( ETA( 1) 
Nt-'I =N-I 
ro 10 l=l.N~l 
If(BETA(l).Ea.o.) G8 TC 101 
(, A"'/-II A ( I ) = (1 ( 1 ) /E: F T A ( 1 ) 
1 ~'I = I .. J 

10 fETA(IPI)=rl(IPI)-AI(I~l)oGAM"'Ael) 
~ l r A ( 1 ) = F J ( I ) /r [ T A ( 1 ) 
PC 30 J=2.1,J 

:3 C t L f ,. ( J ) = e fIe I ) - A I ( I ) * A L f A ( I - 1 ) ) 16 ETA e 1 ) 
XI("l)=.6LF/dN) 
fi (I 14 C 1 = I • r, "" 1 
J=N-I 

4t XleJ)=ALF,6(J)-GAvMA(J)~XI(J+l) 
~[TUk'" 

1(0 ~pI1r(().((o) 
f0C fO~~AIC'blel)=O IN TRIOlA') 

Step 
leI ~r.IlE Ct..e.GI) I 
6el fO~MAT(' BEltCI) IN TRID1A=O feR 1=',12' 

~> HlP 
( "'D 

~ lJv P 0 LJ 1 J t-. E T K rJ:~ C r..' ( T E ,.1 ~ • [ "l T H t Fr; I> C • ',4 • K 2 • h. J ( ) 
C ThIS SU~RQUTHIE rC)TI.eLlSHf5 TA?LE..S OF [LO~ENT fNTHALPY vs. THE 
( F P.6CTlON QF SCL 10 THfR~K[f-P ANC l[lo1PERATURE 

(u ...... O~/P~OPTK/fL,...CP~TtSTM~.ST ... E 
D I f.'[ N~ 1 ON E"" ( 16) • f [ ( It) .T ( 18) • H ( 18 ) • Ie 18 ) 

2(10 fU:-MAT( 1;) 
2Cl Fr~MATeFlc.2,rI2.r."Flr.6) 
202 fO~~ATe/,~x.' TAELE OF T[MPfR'TUQ[.~NTHAL~Y. AND SOLID FRAC110h 

£Of TH[R"'K[EP'./) 
'203 F (l~ p.4 ATe 10)' .' T e J ) , • 1 \) X • ' H e I )' • 1 ex, • I ( I ) , • / ) 
2C4 fO~~ATe6X,FIO.2.5X,F12.5,~X,Fll.6) 
2C~ FOP..,AT(bX.' (NE~GV 9EY0ND TA8LE LIMITS FCk ENTH=',EIO.4) 

If(N.E~.l) GO Te ~uo 
(,f 10(1,2),1(2 
JFeJ6.rQ.2) GO TO 101 
~J;lTE(t,202) 
J::[AO(!:,20(') ..:4 
'r.J:ITE«().2GJ) 

101 J4=K4-1 
J3=1 
DC- 11 1=ltK4 
IF(J6.EQ.2) GO TO 10; 
~EAD(f.201) l(I).H(l).zel) 

Ie;' ((It.t1INUf 
Jf(K2.E~.£) GO TO 2 
IF(J~.EQ.2) GO TO IJ 
IfeT(]).LT.Tt~P) ~o TO 10 
['" TH =r U1¢ e H ( I-I H ( TEV,P -l( I -1 » >:< (H e I ) -H (J -1 ) ) / (TC I) -1 C J -1) ) ) 
f R J. (= Z e I ) of ( T ( 1 ) - T F MP ) ... ( Z e 1 - 1 ) - Z e 1 ) ) / ( Tel) - T ( 1-1 ) ) 
J:=2 

I C' [t-' ( I ) = r U· ~ H ( 1 ) of S n' 1.\ 0 C P ~ T::-T ( 1 ) 
r E (I )=E Lt-'.::-H ( 1 )+ST"'E*cr~ T'n e I) 
IFeJf.EQ.~) ~o TO 11 
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C 
C 
( 

~ r.. I T l ( t, .. 2 (, 4) T ( I ) • H ( I ) • Z ( 1 ) 
1] (CNTlt-U[ 

J;. flUKr, 
2. (( TO(:~.").'" 
.., Ir(f-NTH.GT.flHKb).rR.Ef\;TH.lT.E~(l» GO TO 2!)C 

D[, ~) 1=1"J4 
I f ([ ~~ T H • G 1 • E f.' ( I .. 1 » G (j T a 5 
H tiP = T( I H ( T C 1+ 1 ) - TC I ) ) ,;. ( EN TH- E loA ( 1 ) ) / ( EM ( 1 + 1 ) - E~ ( I ) ) 
f F- A C =] ( I ) .. ( Z CHI) - Z C I ) h ( E ~H H- EM ( I ) ) / ( EM ( HI) - E~ C I ) ) 
1:,([ 1 UR t-

f. (Ct-.TIt-.U[ 
GO TO 25C 

4 If(ENTH.GT.fE(K4).o~.[tnH.lT.rECl» GO TO 250 
I"l(" IS. J=1 .. J4 
]rCEN1H.GT.[t(I+l» GO TO 6 
T f ~J:' = T C I ) .. ( T ( 1+1 ) - T ( 1 ) ),;, ( [N T Ii - E E C I ) ) / ( EE ( I -+ 1 ) - [E ( J ) ) 
r J:. A C = 7 ( I ) .. C Z ( I" 1 ) - Z ( 1 ) ) * ( EN T H- E E( I ) ) / ( EE C J -+ 1 ) - FE ( I ) ) 
n TURf'. 

f CCNTH.U[ 
GO TO 30:'\ 

3(0 [)C 30; I=J,KI. 
Jr(T(I).LT.TfM~) ~o TO JD2 
rr../C=ZCI)-+(T(I)-TfMP)>: (Z(I-l)-Z(l»/CT(I)-T(I-l» 
IF(IoA.tO.2) GO TO ~ll 
E r .. T H = f '" ( 1 - 1 ) -+ ( E ') ( 1 ) - I:. 1.\ C I - 1 ) ) » C T EM P - T ( 1 - 1 ) ) / ( T ( I ) - T( 1 - 1 ) ) 
(,[, TO 301 

311 fN1H=[ECI-l)-+([[CI)-[f(I-1»O(TEMP-T(I-1»/(T(I)-TCI-1» 
.301 (fPlo T I NUE 

J:<tTURN 
3'12 ((N1 I NlJ[ 
3C3 C(NT I t<.UE 
250 W~IT[(~.2C5) [NTH 

STep 
r t-;(I 

n/NC TI ON THC~, (T ) 
C ThIS FUNCTION co~rUTfS THf THEJ:.MAL CONDUCTIVITY OF 50lID THFRIoAKEE~ 
C AT 2~CF. IT l~ M1W A [.ul.H.IV FUNC1Ior" WITH" CONSTANT VALUE 
( H, K J/to'-src-If 

THC5=1.OPOOE-3 
Rf TURf" 

C 
( 
C 

fNf 

FUt-..CTIOt-J Hl( WL) 
C T~IS fUNCTIO~ COMrUTE~ TH[ HEAT TRANSFER (OEFFICIE~T OF TH[ 
C H[ATl~C FLUID A5 A FU~CTICN or FLU~ RATE IN KJ/SEC/M2/K 

(~E=2::'6€ .. C;764 
~(C~Jl=7724. 
(HTC=CJ.913Q[-4 
(.>'=.f'f.G.3 
Rf=\I\Locr;[ 
If(Rt.LT.~EC~I1) ~0 10 4[1 
HTC!=CHTCOREOOO.P 
CC' TO 4!)3 

45 1 ~T C I =. N, C 9 
1~U=O.lel*QX*Cl.-n."~~/Q~+3!).4/QXO~2-2C7./QX**3+41~./QX*04) 
hTC I =Zt-..U»flTC I 

4r.3 hl=HTCI 
k r 1 ur..r' 
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c 
c 
c 

rUN ( TID N H T ( ) ) 
C THIS FUN(TIO~ cr~PUT[S THE HEAT TRANsrl~ (O[FFI(ltNT Of 
c VA~'ORl71r-G POW! r- fLUID AS A FUNCTICN Of QUALITY 

HT=X*.EOIC7~.37A54 
r::[ Tl'PN 
f I\C 

D-31 





I,L 

CL 

CS 

CT 

CV 

ET 

J6 

K5 

K7 

NC 

ND 

QC 

QL(I) 

QT 

TD 
Tl 

T5 
T6 
WL 

WP 

ZL,ZP,ZPS, 
ZPV 

QCHG 

TIME(I) 

LIST OF SYMBOLS FOR MAIN PROGRAM 

Integer loop counters 

Specific heat of transfer fluid, 
kJ/kg-OK 

Specific heat of subcooled power fluid, 
kJ/kg-OK 

Cycle time, seconds 

Specific heat of vaporized power fluid, 
kJ/kg-OK 

Total elapsed time, hours 

Indicator 1 = first time through 
2 = a new Thermkeep mass has 

been entered 

The number of entries in the table of 
solar collector output vs. time 

Indicator 1 = single fluid flow 
2 = transition between single 

and two-fluid flow 
3 = two fluid flow 

Number of daily cycles run 

Maximum number of daily cycles desired 

Rate of solar collector output, kW 

Rate of solar collector output at time 
I, kW 

Heat of vaporization of power fluid, 
kJ/kg 

End of the daily cycle, secs 

Start of the daily cycle, secs 

Beginning of net charge, secs 

End of net charge, secs 

Transfer fluid flow rate, kg/sec 

Power fluid flow rate, kg/sec 

Coefficients used to determine time step 

Heat rate storage, kJ 

Time which matches QL(I) 
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TLIN 

TPIN 

TSAT 

WMAX 

XOUT 

ASTOR 

DQCHG 

DQDIS 

DTIME 

DTIML, DTIMP 

DTMAX,DTMIN 

QBURN 

QLOSS 

TAPPR 

TLOUT 

TPDES 

TPOUT 

PCDIFF 

QDEFCT 

QDISCH 

QEXTRA 

QPo\VER 

QSOLAR 

TALWBL 
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Transfer fluid inlet temperature, oK 

Power fluid inlet temperature, oK 
o Power fluid saturation temperature, K 

Maximum transfer fluid flow rate, 
kg/sec 

Power fluid outlet quality 

Amount of storage medium, kg 

Increment of storage input, kJ 

Increment of storage output, kJ 

Time step, sees 

Temporary time step calculations 

Maximum and minimum time steps, sees 

Auxiliary heat required to maintain the 
desired outlet temperature, kJ 

Solar collector heat unable to be used, 
kJ 

Transfer fluid outlet temperature 
~i~~~x~~ation at beginning of two-fluid 

Transfer fluid outlet temperature, oK 

Desired power fluid outlet temperature, 
oK 

Power fluid outlet temperature, oK 

Percent different between storage heat 
in and heat out 

Heat required to raise the power fluid 
outlet temperature to the minimum 
allowable temperature, oK 

Storage output, kJ 

Heat from power fluid exiting above the 
desired outlet temperature, kJ 

Boiler requirement, kJ 

Solar collector output, kJ 

Minimum allowable outlet temperature, oK 



E 

I,J,K 

T(I) 

Z(I) 
AI,BI,CI 

FI(I) 

Al,A2,A3, 
Bl,B2,B3 

CC 

CH 

CL 

CS 

CT 

CV 

ET 

HL(WL) 

HT(X) 

J6 

KI-K8 

Ll,L2 

Ml 

LIST OF SYMBOLS FOR SUBROUTINE ELANAL 

The unit total energy content, kJ 

Integer loop counters 

The temperature of the Ith element, oK 

The solid fraction of element I 

Coefficients of unknowns in diagonals 
A, B, C used in subroutine TRIDIA 

The coefficient of the result of equation 
I used in subroutine TRIDIA 

Coefficients of unknowns used to calcu
late AI, BI, and CI 

Product of the power fluid flow and 
specific heat 

Product of the transfer fluid flow and 
specific heat 

Transfer fluid specific heat, kJ/kg-OK 

Specific heat of subcooled power fluid, 
kJ/kg-OK 

Cycle time, secs. 

Specific heat of power fluid vapor, 
kJ/kg-OK 

Elapsed time, hours 

Function which returns the transfer fluid 
heat transfer coefficient as a function 
of flow rate 

Function which returns the power fluid 
heat transfer coefficient as a function 
of quality 

Indicator 1 = first time through program 
2 = restart cycle with a new 

storage mass 

Integer loop counters 

Integer loop counters 

Condition indicator: 1 = transfer fluid 
was calculated to increase going through 
an element 
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M3 

ND 

NE,XNE 

QA 

QB 

QD 

QP 

QT 

TD 

TL(I) 

TP(I) 

T5 
T6 
WL 

WP 

XI(I) 

XP(I) 

AEL 

AEP 
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Condition indicator: 1 = vaporization 
occurs completely in bottom element 

Number of daily cycle in progress 

Number of elements used in numerical 
analysis 

Rate of heat flux into the power fluid 
stream in an element above the previous 
time step's point of total vaporization, 
kW 

Rate of heat flux into the power fluid 
stream in an element below the previous 
time step's point of incipient vaporiza
tion, kW 

Rate of heat flux into the power fluid 
stream in an element in the previous 
time step's transition region, kW 

Heat transferred to the power fluid in 
a whole element in the 2-phase region, 
kJ 

The heat of vaporization of the power 
fluid, kJ/kg 

The cycle ending point, secs 

Temperature of the transfer fluid at the 
lower boundary of element I, oK 

Temperature of the power fluid at the 
lower boundary of element I, oK 

Beginning of net charge, secs 

End of net charge, secs 

Transfer fluid flow rate, kg/sec 

Power fluid flow rate, kg/sec 

The solution to the Ith equation in 
TRIDIA, oK 

The quality of power fluid at the lower 
boundary of element I 

The total contact surface between the 
transfer fluid and the storage medium, 
m2 

The total contact surface area between 
t~e power fluid and the storage medium, 
m 



APL 

CCS 

CCV 

CTl 

DQE 

EFF 

ELM 

FTP 

FXF 

FXI 

NEF 

NEI 

QEC 

QHC 

QHE 

QTP 

RXF 

RXI 

SUM 

TEL(I) 

The total contact surface area between 
the power fluid and transfer fluid, m2 

Product of the power fluid flow rate 
and subcooled specific heat 

Product of the power fluid flow rate 
and superheated vapor specific heat 

Half-hour timer for display purposes, 
secs 

The rate of energy change of an element 
during a time step 

Heat exchange effectiveness 

The storage medium mass in one numerical 
element, kg 

The fraction of an element in which the 
power fluid is in 2-phase flow 

The fraction of element NEF which con
tains less than quality 1.0 fluid 

The subcooled fraction of the element NEI 

The element in which the power fluid 
reaches quality 1.0 

The element in which the power fluid be
gins to vaporize 

The heat rate from storage medium into 
the power fluid stream 

The heat rate from the transfer fluid 
into the power fluid stream 

The heat rate from the transfer fluid 
into the storage medium 

Heat transferred to the power fluid in 
the two-phase region of an element, kJ 

Resistance to heat transfer into the 
power fluid 

The fraction of element NEF in which the 
power fluid has greater than 1.0 quality 

The fraction of element NEI in which the 
power fluid has greater than 0 quality 

Anticipated heat to be transferred to 
the superheated power fluid, kJ 

An element temperature from the previous 
time step 
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TLF 

TLI 

VAP 

XIl,XI2,XI3 

XLE 

XNE 

XNT 

XPA 

XPB 

XPl,XP2 

AELE 

AEPE 

APFE 

APLE 

CPST 

DEFF 

DRXF 

DSTK 

ENEL 

ENER(I) 
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The temperature of the transfer fluid at 
point RXF~ oK 

The temperature of the transfer fluid at 
point FXI, oK 

The vaporization subroutine 

Temporary points used in an iterative 
search for the point at which vaporiza
tion ends 

The length of a tube in an element 

The number of elements used for analysis 

The number of tubes in each heat ex
changer 

The calculated power fluid quality leav
ing an element which contained the end 
of transition the previous time step 

The calculated power fluid quality leav
ing an element which completely contained 
transition the previous time step 

Temporary qualities used in an iterative 
search for the point at which vaporiza
tion ends 

Contact surface area between storage med
ium and transfer fluid in one element, 
m2 

Contact surface area between storage ~ed
ium and power fluid in one element, m 

Inside surface area of the power fluid 
tube in one element, m2 

Contact surface area between transfer 
fluid and power fluid in one element, m2 

The specific heat of steel, kJ/kg-OK 

The effective diameter of dual heat ex
changer tube 

The calculated change in RXF 

The diameter of solid Thermkeep buildup 
on a tube, m 

The energy content of one element re
turned by subroutine TKPROP, kJ 

The energy of the Ith element, kJ 



FRAC 

FSUP 

HRTS 

HRT6 

HTCL 

HTCS 

HTCV 

QANT 

RHOM 

STME 

STMM 

THCS 

TL1N 

TPIN 

TSAT 

UAEC 

UAHC 

UAHE 

VSTK 

XNTU 

XOUT 

YNTU 

ZNTU 

The solid fraction of an element re
turned by subroutine TKPROP 

The fraction of an element which con
tains superheated power fluid 

Elapsed time at time T5, hrs 

Elapsed time at time T6, hrs 

Transfer fluid heat transfer coefficient, 
kW/m2_oK 

Heat transfer coefficient of subcooled 
power fluid, kW/m2_0K 

Heat transfer coefficient of power fluid 
vapor, kW/m2_oK 

Heat into the power fluid anticipated 
for section FXF, kJ 

Storage medium density, kg/m3 

Steel mass in an end element, kg 

Steel mass in a middle element, kg 

Thermal conductivity of solid storage 
material, kJ/m-oK 

Inlet temperature of transfer fluid, oK 

Inlet temperature of power fluid, oK 

Power fluid saturation temperature, oK 

Conduction coefficient of storage med
ium to power fluid, kW/oK 

Conduction coefficient of transfer fluid 
to power fluid, kW/oK 

Conduction coefficient of transfer fluid 
to storage medium, kW/oK 

The volume of ~Olid storage material in 
one element, m 

Number of heat transfer units in an ele
ment 

The power fluid outlet quality 

Number of heat transfer units in the two
phase section of an element 

Number of heat transfer units in the 
superheated section of an element. 
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ASTOR 

CHGTM 

CRKTL 

DTIME 

ETSAT 

QCRXF 

QCRXI 

QPART 

RESTP 

RSOLL(I) 

TINIT 

TLOUT 

TPOUT 

UAECF 

UAECI 

UAEC2 

UAHCF 

UAHCI 

UAHC2 

UAHEF 
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Amount of storage material~ kg 

Elapsed time from beginning of net 
charge, hrs. 

Intermediate variable ~ 
2TI x XLE x XNT used in calculating 
solid layer resistance 

Length of time step, secs 

Intermediate variable used to calcu
late YNTU 

Heat into the power fluid in section 
RXF, kJ 

Heat into the power fluid in section 
RXI, kJ 
Heat into the power fluid in the two-
phase section of an element 

Resistance to heat transfer into the 
power fluid in the two-phase region 

The solid layer resistance in element 
I 

Unit starting temperature, oK 

Transfer fluid outlet temperature, oK 

Power fluid outlet temperature, oK 

Conduction coefficient of storage medium 
to power fluid in section FXF, kW/oF 

Conduction coefficient of storage med
ium to power fluid in section RXI, kW/oK 

Conduction coefficient of storage med
ium to power fluid in a purely transi
tion element, kW/oK 

Conduction coefficient of transfer fluid 
to power fluid in section FXF, kW/oK 

Conduction coefficient of transfer fluid 
to power fluid in section RXI, kW/oK 

Conduction coefficient of transfer fluid 
to power fluid in a purely transition 
element, kW/oK 

Conduction coefficient of transfer fluid 
to storage medium in section FXF, kW/oK 



UAHEI 

UAHE2 

XLEFF 

XPXI3 

CUAHCS 
CUAHCT 
CUAHCV 

NEFTMP 

NEITMP 

OLDQEC(I) 

QSUPHT 

RESSUP 

TTRIAL 

XNTUSP 

Conduction coefficient of transfer fluid 
to storage medium in section RXI, kW(OK 

Conduction coefficient of transfer fluid 
to storage medium in a purely transition 
element 

Tube length, m 

Intermediate variable used in an itera
tive search for the vaporization ending 
point 

Conduction coefficient of transfer fluid 
to power fluid in partial elements for 
subcooled, transition, and vapor phases, 
kW/oK 

Element where end of transition is 
temporarily located 

Element where the beginning of transition 
is temporarily located 

Heat transferred from storage to power 
fluid in the Ith element during the 
previous time step 

Heat into the power fluid in the vapor 
region of an element 

Resistance to heat transfer into the 
power fluid in the superheated region 

A calculated power fluid temperature at 
the beginning of two-phase flow, oK 

Number of heat transfer units in the 
superheated fraction of an element 
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A P PEN D I X E 

SINGLE HEAT EXCHANGER COMPUTER CODE 
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( ~/IN P~OGPAM l[SP~ 
(O~MON (PF.TU.1L.'N[.P~AX.PD~AX.WPUVP,WPlA~,lF(tJ},CT,ASTUR.E~3,W( 

tOLL 
DI~[N5JON OOU1(25),Tl~(25) 

3tC F(P~AT(I3,~fl(.I) 
301 fLPMATCI9X,' HBLE Lf SOLAR COllfCTOJ;c OUTPUT V!o. lJ~r .) 
3Ca: flPf.lAT('4X.' r.ATf IN f!.W ',9X,' THAI:. IN 5ECOt-lLS ') 
303 f(~~AT(fJO.4,fl0.1) 
304 fCRMAT(2FI0.~,cFIO.1.Fl~.O,F10.2.FJC.3) 
30E f(RMAT(5X,' FLUID SPF(lfIC HEAT, KJ/KG/K ',rl(.~} 
30t f(P~AT(5X,' T~[RM~[[~ SPf( HEAT. KJ/KG/K ',flO.4) 
307 F(P'lllAT(5X,' ll:RB]N[ 1NLfl TE"'P., K '.flO.l} 
30E FtRMAT(~X.' TLPBIN[ (U1LET TEMP •• ~ ',FIO.l) 
3C9 f(R~AT(~X,' Nt. Of [L[~[NTS FO~ ANALYSIS ',fIO.C) 
310 ft~MAT(bX,' A~T. OF ~TOR~GE MAll., KG ·,FIC.~) 
311 fCR~AT(5X,' M~X. pu~r FLO., KG/SEC. ',FlO.:) 
312 f(RMAl(~X,' M~X. TI~r INCREMENT, SfC. ',fl0.£) 
313 FlRMAT(5X,' B[]LfP cr~AND, KW '.rlC.~) 
314 f[RMAT(IHI,6X,' ~AI~ ~ROGRAM OA1A',//) 
315 fCPMAT(,EX,fJC.4,9X,FIO.I) 
31t FCPMAT(~X,' ~v. OF C'ILY CYCLES '.7X,13,///) 
317 tlP~ATII~J,5~,' Hr~T OF FUSION '~[~~AL STO~AGE '~'LYSI~'.///) 
3£0 fl'J.l~Al(///,20",' CYCLf DA1A',//) 
:£1 FOJ.lMA1(IOX.' (LAPSEC 11~E, HR '.fIO.I) 
322 f[RWAT(JO~.' CYCLE l]~E, SEC ',fJC.2) 
~23 F[J.l~AT(lO~.' lOST COLLECTOR HEAl, KJ ',(15.7) 
324 flR~Al(JOX.' (CLL[(l(r. OUTPUT, I(J '.tJ~.7) 
32~ f[R~AT(]OX.' ~TOr.AGE LU1PUT. KJ ',£]5.7) 
32e FrJ.lVAT(JOX.' ~lORAGE INPUT, K~ ',EI5.7) 
327 flPMATIIOX,' tUXllIAr.V INPUT, K~ '.EI5.7) 
32f F(R~AT(IOX.' fCILEP ~fQUJPEMEN1, KJ '.EI5.7) 
329 fCRVAT(JOX,' rEAK STrPAGE FLOW, ~G/S ',[JO.4) 
330 f(P~Al(lOX.' }'[AIC PRf!:S Of;OP, K(f/SM ',EI0.1t) 
334 FrR~AT(10),' ~EAK PRESS DROP, PSI ',EI0.4) 
33J F(r.~AT(lOX,' rEA~ p~~r PC~ER, K~ '.EI0.4) 
332 f(~YAlIJOX,' TOTAL PU~P W[RK, KW-HR ',EJO.4) 
333 F~P~Al(3Flo.~,Flr.3.13) 
33~ f[~~AT(IOX,' ~U~[fR rf TIME JNCRE~[NTS'.llO,///) 
33C: f[J.lt.\Al(~X,' "'IN. TI~r I~CPEM[NT, 5[C. ',fH .• L) 
337 F(R~AT(5X,' ItlE T1""t INCREMENT, SF(. ',fJf'.i) 
~38 F(PMATCIOX.' [EFICIl ~EOUIREMEN1. KJ ·.EIC.~.l£),' cvClf 11 ... [ 

*fl['W Hel) TFIN[+J) IF(J)-f H'''If:.''l)-f') 
3110 F(PMA1(f 10.0) -

Rlft015,30C) I<t.11.1;,T3,T4,T5,lt 
READ(5,304) lrF,C1K.TU,lL,XNE,A5TO~,~MAX 
Rf /.[(5,333) L1JolAX.Dlt.lN,DTlDLE,Of<,ND 
Jt = 1 

3t.C Cl NT! NUE 
If(~O.EG.2) Gl 10 37( 
.r; nEH)l3J7) 
wr; ITEC6.301) 
WI=.J1E:C6.302) 
D( 1 l=I.JlE. 
R[AD(5.303) O~U1(J),lJ~(1) 

1 '-J..11[(6.3H» (,OUTCI).TJfo((J) 
370 ~r; nE(6,3111) 
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W~ HEee.305) CPF 
W~IT[(6.306) (lK 
W~lTE(tl.307) 1U 
WI"< JTE(6.308J lL 
WJ:;llEf6.309) )l't-.E 
W~I1E(O.310) ~STO~ 
W~ITE'6.311) ~~AX 
W~ITEe6.312) tTMAX 
W~JTE(6.330) LlMIN 
W~ITE(o.337) CTIDl[ 
WJ;lTE(6.313) LB 
W~ITEIr...3J6) t-.c 
lel=) 
D~MAX=(PF*(lU-Tl) 
WflIN=QB/OHMA)( 
ET=O. 
on::FC1=O. 
O~CJl=ap*(T2~lt-T3) 
aPEAK=O. 
P~A)(=O. 
WPUMP=O. 
PC "'~X:O. 
ND1=O 
NC=l 

( 1~JTIAlJZA1JO~ Of DAILY CYCLE 
C K7: )=NO fLOW. 2=CHA~GJNG. 3=DISCHA~GING 

4(' Cl=DTp.lAX 
ET=ET.OT~AX/3tOO. 
K 7=1 
OLCSS=O. 
a~Cl~R=aBoDTV")( 
at' ISCH=C. 
ccJ-tG=O. 
QEU~N=O. 
Wf=O. 
D1IME=DH4AX 
cc=aB 
L= 0 

50 L=L") 
N£;T=NDT+I 
(. A LL E L ANAL ("" • 1 I .12.13.14.15.1 (). K 7 .DT I~f. K 1 • ..Jt ) 
If(l.NE.I0) G[ TO 51 
1EHL=I.eOTF(1)-459.t..7 
1EVU=I.8*TFCNl+l)-459.67 
L=O 

5) 1=.Otl*AS1GROC1K/(XN[OCPf) 
If (I( 7 • Ea. 1) c,(, TO 60 
JF(K7.Ea.3) GO TO 55 
ClOSS=OLOS5.eLc-aB-Wf~(PF*(TU-lf(J»)*OTI~E 
C~OLAR=QSOlAP·aC~DTI~[ 
c('~G=QCHG.~F*CPF*e1U-1f(J})*DTI"'£ 
GC TO 7C 

f f, NE =)(NE 
CEURN=CBUPN+hrOCPF*(lU-1FeNE+l»OD1IM[ 
If(TF(NE+)).Ll.580.) GDEfCT=aDlf(1.~FOCPfO(~60.-Tf(~E+l)}.DTIVE 
ODlSCH=aDIS(~+~F*CPF~(lF(NE+l)-lL)*LTJ~f 

to Q~OLAR=aSCLA~iCCODll~[ 
7C DC 2 1=2.K5 
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]f(CT.GE.TIM(]» GO 1( 2 
a(=aOUl(J-l)~(QOU1(1)-GOUl(l-l»*(C1-TlM(1-1»/tllM(I)-TJ~(J-J» 
GC 10 80 

2 CON1JNUE 
( I~ADEQUATl COLLECTOR CU1PUl AT [Nn Cf OAY. lVf~l~( 

EO If(C1.~f.11) ~o 10 9( 
WCOlL=GC/DHMA)\ 
Wf=W'-IN-fltCOLl 
K7:::3 
011ME=Z/WF 
IF(OTI~[.L1.Dl~IN) Lll~[=DTMIN 
Jf(OTJ~[.LE.Ol~AX) Gr. TO fl 
011~E=Dl"''''X 

PI C1=C1+0TIM[ 
JF(Cl.Lf.Tl) to TO f2 
OTIM[=OlIME-«(l-TI) 
(1=TI 

~2 E1=fT.OTIM[/3eOQ. 
Gu 10 50 

( NL HEAlJNG AVtIlAf1ll F~OM CaLLE(10~S 
90 IF(C1.G[.12) ~l 10 Ire 

wr=W~JN 
WCOlL=O. 
1(7 =3 
011~E=Z/\ltF 
If(D11~E.L1.D1~IN) 011~[=r.T~IN 
IF(DTI~[.L[.01MAX) GG TO 91 
01 l"'E:::OH~AX 

91 (1 =C1"D11ME 
If(CT.lf.l2) ~O TO ~2 
01)ME=OlIME-(1-12) 
C1=12 

9~ f1=£1.01IM[/3tOO. 
Gr TO 50 

( OVERNIGHT JOlt 
IOC IF(CT.GE.T3) ~c TO lIe 

loiF =0 
K 7 = I 
OT]J.lE=OT]OLE 
(1=eTi01IME 
H(eT.Lr.T3) (,0 Te 1<2 
D1]ME=D1]Mf-(1-13) 
(T =13 

lO~ E1=ET.OIIME/3tOO. 
G[ TO 5C 

( NC HEATING AV~llAell fhOM COllE(TOR5 AF11~ OVE~~1~H1 ILL[ 
J It If (( 1 • Gf • T ~) C(J TO J;' 0 

Wf=WMIN 
K7=3 
011ME=Z/Wf 
Jf(CTIM[.Ll.Ol~JN) C1IME=P1MIN 
If(DIIM[.lE.D1MAX) G( TO 111 
DTl"'E=Ol~AX 

Jll (1:(1+0TJ"'[ 
JF(CT.LE.T~) ~G TO ll~ 
01JM[=DTI~[-«(1-T4) 
C1 =14 

lIe [1=ET+OTIM[/3tCO. 
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G( 10 ~O 
( J"ADEaUA1£ (OLLECTOR OUTPUT A1 Pf GINNING OF b' Y. torOH:JN(, 

12f JF (CT.GE .1!» Hi TO 1 :C' 
W( C'lL=QC/DH"'A) 
Wf=WM1N-kCOLl 
K7=3 
01 ]ME=Z/Wf 
If (CTIMt.l T.D1f.1}N) D1JME=DTUIN 
IF(CTIM£.lE.OIMAX) (,( TO 121 
OT1"'E=01MAX 

121 (1=(T"'01]..,[ 
JF((T.lE.T!» (,0 10 I ~~ 
01IM[=DTI~[-CCT-1!» 
(1=T~ 

12~ El=£TiD11ME/3tOO. 
G[ 10 50 

( E)((fSS SULAr< .'E AT 1 N(, /4VA Il ABLE fOR S1fr<AG[ 
J3( IF «C T. GE .16) (,0 1U I ~c 

Jf ((1.GT.15) <..0 TO J 3J 
~f=(I 
K7=1 
OTJ"'E=OTMAX 
G[ TO 132 

13) Wf=(QC-OB)/(Crf*(lU-Tf(I») 
WC(lL=wf "WMIt. 
If(~COll.Gl.~"'AX) Wf=WMAX-w")N 
If(~COlL.Gl.~tAX) WCClL=Wf'AX 
1(7=2 
OlIME=Z/WF 
IF ([>Tlfoo!E.L T.[lTM)N) [)11f.1E=D1MIN 
JF(DTJMl.lf.D1"'A~) G(' Te 132 
01),",[=DT.."AX 

I -a -..,c (1=(T"01]"'E 
IF(CT.lE.ll» (,(1 TO 1 33 
01 JMf=01]V[-((1-Te) 
(1=10 

133 E1=£T+01],.,E/3tOO. 
GO TO 50 

( (U,""ULAT1V[ Jp..fOf;~AT J (,t-; AND MAIN r::~r(RAM ("lJ 
140 It' J; Jl [ ( 6 .320 ) 

W~JTE'O.321) 11 
W~J1E(6.323) C.LOSS 
W':;l1E(6.324) c;.SOL AR 
wJ; 11[(6.325) r..DlS(H 
WJ.lT[(O.326) ('(HG 
aJ. llf (0.327) £.Eur;p.. 
lliJ.lTE(0.338) cor F (T 
WJ. IlE (0.328) t.BOIl 
WJ. I1E(6.329) "PEAl( 
kJ;.l1E(0.330) rD"~X 
P~1~AX=PD~AX*.OO142; 
tr;R JTE (0.334 ) rSI"AX 
~J,lTE(t'>.33J) r~AX 
",kllE(6.332) ~PU"r-
kJ; HE (6.335 J H>T 
N( =NC"I 
arJFFl=O.9JO.[N:" 
QDJfF2=O(HG-G[lS(~ 
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If (G 0 ]f F Z • G [ • C 0 J F F 1) (0 TO 99 
IF(NC.GT.~O) (0 TO 99 
OLGSS=O. 
OS Ul AQ= (). 
or,ISCH=O. 
O( HG=O. 
GBURN=O. 
O[J[f(T=O. 
wrrAK=O. 
PLfl.AX=O. 
P,",AX=O • 
.. rl:,",p=o. 
NDT=O 
GC 10 40 

~9 R[AD(~.3~O) A~lOP 
)f(AS10~.EQ.l.) co lr 3~0 
Jt =2 
GO TO 360 

3~O Sl(lP 
O.D 
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S~BROUTIN[ ELANAL(wf.ll.T2.TJ.T4.T~.T6.K7.~lI~E.~].~6) 
( T~lS SUB~OU1Jtr PERfr~MS THE HE~T TRANSF[R (C~~U1/TIONS O~ lHE 
C t:lEMENTS 

D)~[NSION ENE~(51 ).1(~I).T(51).~MA(51) 
C(~~ON (PF.TU.1L.XNE.PMAX.POMAX.WPU~p.WPlAK.Tf(~1}.(T.ASTOR.E ~3.~C 

tOLL 
CLM~ON/PROP1K/EL~.CPST.S1MM.ST~l 
]f (J6. E Q • 2' GeT 0 3 ~ c 
Ge' 10U.Z).KI 

( FI~ST TIME l~~OUG~ - INI1IALIzt AND wEAn LATA 
1 NE =XNE 

C11=0. 
REAO(~.lOl) DL.OI.~Ll.XNT.TINS.tOO.DIO 
RfAOC~.102' ltNO.TSHflL.DHEL 
RfAO(5.103' U~OSl.RH~r.~HOM.RHOJNS 
RfAD(b.l04) 1~CINS.l~CST.1HCF.P~f.VISCF.(PSl 
REAO(5.105) T'MB.TSH~.lINIT 
RfAD(5.70C) r~ATS.Pf~~A.PFSS~.PfS1A.PfSTw.prSbA.ffSfW 
READ(5.701) G~lOPS.GA~JDE.GABOTS.P~Vw.p~VE.rrVV.~fV~ 
REAO(5.70Z) C~MTW.PFT~.PfTA.PTK.PJNS.Asr[(l 

36(1 (LNTINUE 
IF(KI.£O.2) G( TO 2 

( GrO~F1RICAL CALCULA1JVNS 
V1UBES=.765~*)lT*)(NT~rO**2 
YC,L lK=AS10R/fU'OM 
Y10T=~OLTt+YTLeES 

( ATTEMPT SP[CIFIED ASJfCl RATIO 
J~ =1 
DSH(LL=(Y10T*1.27324/ASr[Cl)**t 1./).) 
H!HELL=DSHELl*ASPf(l 
If (HSHELL.LE .Xl T) GO 10 3 
HSHfLL=XLl 
DSHELl=2.~SO~1(YI0T/(3.1~16*HSH[LL» 
J[ =2 

~ DSHR=DS~ElL+2.*TIN~+c.~TSHElL 
( ~[JCHl (ALCUL'TJON~ 

HGTTOT=HSH[LL·2.*11N~·2.01ENO 
WTENDS= I.f. 70~~lEND*J;i.·CS TOO SHELL :O~2 
W1SHfL=3.J416~OSH[lL~lSH[ll~HSH[lL*~HOST 
W1VESS=~TSHEL~~TENDS 
W~~U6[=.7~54~CDO~*2-~J~*2)*RH05~~XL1*XNl 
W1JNS=RHOJNS.C.7D54*crSHR**2-(DSHELL.2.~lEND)~*~)cHSHELL+l.~708*lJ 

,,"N~ *OSHR**2 ) 
( C[Sl CALCULATIONS U~]~G SIX-TE~lHS FACTOR 

A1UBES=3.14It~XL10X~1*OC 
P~l'-=CP"" ~'/D[, 
(~lueE=WT1UB[*P~TW 
((lUBE=CMIUBf.23.6J6~*PfTw*(WlllPE/q7.232t)~*.6~1.Ot70PFIA*(A1UBf~ 

*/c..t343)**.6 
«()SlOR=AS10R*rlK 
«( If><S=WTINS'H'lfl:S 
A~IOES=3.1416*OSH~*H(lTOl 
~lSJOE=ASIDES~GASIOl~RHOSl 
C~~lD[=WTS)DL*~~A'S 
(CSID[=~~S)Ol~23.92*rF~SW*(~lSJDE/47.f4)**.6.2.~~~f~SA.(AS)rE~/5.) 

00(- .t 

E-8 



AeOTS=.7eE4*~~HR**~. 
~TBCTS=AeOTS*(A801S*~~OST 
C~PCT~=~TeOT5~p~AlS 
(OBOTS=(~eOT~+B.170~f~BW~CWl~Ol~/I~.J4)**.C~.3t!~5*~FSPA*(AeOTS/.~ 

0119)0*.6 
AICPS=~BOTS 
wITOPS=AIOPS*GATOPS*N~OST 
C~TOPS=~TTOP~~PMATS 
(CIOP5=CMTOP~~J.te*~JSIW*(WITOPS/7.32)**.6+.30t~LtPfSTA*CAICP~/.~l 
*l~)*O.e 
(~~~RD=CMSJDl+(MBOTS+(MIO~S 
CCSHRD=COSJPf+COBOTS+(OIOPS 
(~VfSS=WTSH[l*~MVW+wTrNDS*p~VE 
(lVESS=CMVESS490.5*P'VWO(kTVESS/J81.}*o.e+.284~~r~V~(VlCT/.5tE)0*. 

~e 
(~10T=(MTUeE+(~SH~D+(~V[SS+COJNS~CQS10R 
CCIOI=(OTUB[.(OSH~D+(PVESS+COINS+COSTOR 
«(FTES=(OlOl-(~TOl 
~'SHRD=~TSIOl+~TTOPS·~lbOTS 
alTOl=bTVESS+~TTUPE+~TJ~S+ASTO~·WlSHRO 

( RlS1STANCf CAl(UlATIO~S - lATf~Al 
fLA~EA=O.7e540)NIOLI~*2 
R[CRIT=2100.*(I.+1~.~(DJ/LHEl)**r.5) 
(~f=DI/(FlAREA*VlSCF) 
(~TC=O.022*lH(FO(PRf**.4)/Dl 
AIUBEJ=3.141ec~NTOOl~~ll/XNE 
(~KTl=~.2S30XLIOXNT/'hE 
RlhSl=ALOG(DS~R/DSHEll)OXNt/(O.ZfJ*IHCINSOHS~[Ll) 

( R[SISTANCE CALCUlAll(NS - AXIAL 
~IUBEA=XlT/(.785401HCSI*XNT*XNE~(DOOo2-DJ**L) 
R~HElA=HS~Ell/(3.1~ltOXNEOTHCSl*ISHElLODSH[lL) 
(~KMA=HSHEll/(.7854*>~E*(DSHElL~*2-~NloD0002» 

( RfSISTANC£ CAlCUlAl1(~S - END 
RTUBfE=11NS/(.7BE4*TfCSTO(OOOo02-DIC**Z» 
R]NSE=TJNS/(.7e54*THlINSO(OSHRo.Z-X~T*00**2}) 
RA~E=I./(I./~lUBEE·l./R]NS[) 

( ~ASS CALCULATIONS 
£l~~ASTOR/XN[ 
Sl~~=3.1416*R~OST*(D~HElL*TSHElL*HS~[lL+XLIOXNT~([O**2 -D1**2)/4.)/ 
lX~E 
SlME=SI~M+.7~t40PHDST*'END*(OSH[LL**2-XNT*Dl**2l 

lCI f(RMAIC2FIOwe,f10.2,~lO.O,3FIO.5} 
10~ FOR~AT(3FI0.6) 
103 Fl~MAT(4FIO.2) 
104 f[R~AIC3FI0.~aF10.5,rI0.9.FlO.~) 
105 f[R~ATC3fIO.2) 
loe fORMAT(///.12Y.' sup~rUTINE flA~~L CAIA'./} 
1~7 F[PYAT(5X.' S~ROUD DIA~ETEq, ~. '.FJO.4) 
loe f(~~A'([X.' VESSfL [)AMETER. M. '.FIO.4) 
109 F~RMAT(~X.' TU5E 0.0., M. '.fIO.~) 
IlL FG~~Al(5X.' TVBE 1.0 •• M. ',FIO.6) 
III fLRYAIC5X,' VlssrL H[IGHT, M. '.flO.4) 
II&- f[~~ATC5X,' TLBE lENGTH. ~. ',FIO.2) 
113 fCRMATC5X,' ~C. OF IUEES '.fIO.O) 
114 FDR~AI(5X.· I~SULA1]C~ THICKNESS. ~. ',FIO.5) 
ll~ FDR~AT(5X.· V[SSfL WALL IHICKN[~S. ~.'.flO.6) 
lIt f[~MAT(5X.· VESSEL f~C THICKNESS. ~. '.fIO.l) 
117 FrR~AT(5X.· ThER~KEfr OfNS •• KG/CU.~.·.FIC.2) 
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)l~ fCRMAT(5X.· SlEEl OEt~JTY. KG/Cl.~. ·.F)(.2) 
11~ flrMA1(5X.· FLUJD O[t~)lY. KG/CL.M. ·.rlo.~) 
14:'(, F( r.MAT(flX.· 1~. CON(. INSlll •• 100/M-1(. ·.r 10.£) 
121 F(RMAT(~X.· Tr. COND. STltl. r.~;~-K ·.FIU.~) 
JcL' f(Pt.fAT(EX.· n'. (n,..D. flUJU. K"Ot.'-K ·.flO.f;) 
)L~ fLRMAT(~X.· FLUID P~t~OlL NUMef~ ·.FIC.b) 
J24 FCRMAT(5X.· fLUJD Vl~(OSlTV. kG;~-SE(·.F10.5) 
l£~ fl1 RMAT(5X.· A~EI[Nl T[MP •• k ·.Fl(;.2) 
l~~ F(RMAT(EX.· $~hOUD Tr~r •• K ·.fIC.~} 
I;t.. F(JRMAT(5X.· J~l1J,tl l[",P •• K ·.flCt.C') 
1~7 F[~MAT(5X.· SllEL ~P. Hl •• KJ/KG-K ·.FIO.~) 
I,f F(r..MATCJOX.· ,lSPfCl J".A1IO NOT Mfl fCf.i lUEf. l[N('H Of ·.FH.~) 
13, FC~MAT(tX.· J~~Ul. Df~S)lY. KG/CU.W. ·.F)0.2) 
)33 F[~MAT(5X.· ~YSl~~ Hr16H1. M. ·.F)O.4) 
134 F(RMATC5X.· S'STfM ~[IGHT. KG. ·.FIC.I) 
13E f~~MAT(~X.· VlSS[L W[JGrl. KG. ·.fIO.l) 
13t F[RMAIU;X.· lIillGf4T Of TUB[S. kG. ·.flC.I) 
137 F(R",A1(5X.- J~SULATll~ WEIGHT. KG. ·.FIO.l) 
J3f< FlR~'AT(~X_· Cl1Lfl (J.D •• M. -.F IV.E) 
l:~ F[R"'AT(!;;X.· (JlJTLfT 1.0 •• v,. ·.f 10.5) 
In. FCJhf.IAT( IH1.· HGI ~NIr,(, Of DJlILY CYCU·.//) 
JE) F(~MAT(· lNl[~V[~l~T[ MAP AT CT=l)=·.fIO.l.· S[~~·.//) 
16~ FG~~JlT(· lNTE~~fDIJllF MAP AT C1=T2=-.FIO.l.' sr~~·.//) 
If3 FO~MAT(- JNlt~"'EnlJlT[ MAP AT C1=T3=·.F10.J.' SL(~·.//) 
J84 FrR~AT(' INTE~~EDl.lf MAP AT (1=14:·,FIO.l,' Sf(~'.//) 
)E~ FC~MATe· IN1f~MEDIAl[ MAP AT CT=T5=·.FJO.I.' S[(~·.//) 
let F[~~AT(· END-(f-(Y(lr SYS1[U MAr Al CT=T~=·,fJO.l.· S[CS',//) 
1 e 7 f r· R M A I (- (1) T (I ) Z ( I ) T f ( J ) T ( I ) -F •• / / ) 
ler F[~MAT(lX.I3,lX.f~.~.3X.f9.2.3X.F9.2.3X,F~.2) 
189 F~~MAT(I~.J3.1X.F9.2.JX.F9.2) 
1~1 FG~MAl(lX.· llTAl SY!TlV tNERCY. KJ 
J9~ FCRMAlelx.J3.25X.F9.7) 
1~4 f~R~ATelHl,' !lARTIN~ TOTAL EN[~GV THIS ('CLE. K~. ',fIO.~.///) 
;4t F~RVAT(IOX.FIC.2.10x.rlO.J .IOX.FIO.5.IOX.FID.2_lt>.F10.5.JOX.fJO.; 

l) 
i5( F(R~Al(T15,·E1·.l25.·(HA~6E lJME·.145.·S10R/G£ fl~W·.T65.·T-6~ OUl 

t·.1e5.·COLLE(lOR FLC~'.1105,·R£lURN COMel~lD l~~~.·,/) 
ECI F(~MAT(/,5X,Jl.5X.fJr.~.5x.FlO.2.5X.l12.4.5X.[lc.4.~X.f12.4.5X,I£) 
70e f(R~AT(7FJO.4) 
7()1 F(RMAT(;3fJO.7.4FJO.4) 
7CL' F[RMAT(~FJO.4) 
7~C f~RMA1(J~1,3C).· (OST CAl(ULATI(~ J,..PUT DA1A·,//) 
751 FCRMA1(30X.· ~HROUD ~J1ER)AL (OSl, $/KG. 
75~ FDR~AT(JOl.· !HROUD SIDE F_BRJCATION COST. S/SG.~. 
7[3 F(~MAI(30X.· ~HROUD ~JD[ fABRIC~lJON COS1. S/~l. 
7t~ F[R~Al(30X.· !~RPUD ltP fABRICAtION {CSl. s/sc.~. 
7~~ f~~~Al(30X.· !HRnUr lrp fABRICAlION COS1. $/~G. 
7~t F(R~AT(30X.· SH~OUD [CTTOM FAB~l(AIION CCST. f/~C.~. 
7[7 fUPMAT(30X,· !HROUD ~OlTO~ FAB~lCAlI0N (CST. $/~C. 
7f~ FtRMAT(30X.- !HROUC TCP 1HICKNESS. M. 
75, F~RMA1(30X,· !HROUD SIDE THICKNESS. M. 
7tD FCR~AT(30X.· !~ROUD fC110M 'HICK~ESS. M. 
7el F[.PMAT(30X.· VESSEL ~ALL ~ATERIAL (OST. $/K~. 
7t2 F[R~Al(30X.· ~ESSfL E~D MATERJAL C(JSl. $/KG. 
7~3 F[~MAT(30X.' \[SSEL rAB~lCATION (OST. S/(L.~. 
7b4 f(P~Al(30X.· VlSSEL F~B~JCATJON COST. S/kG. 
7e~ F(~~A1(30X,· 1UBr MAlfRlAl COST. $/~G. 
7ft Fr~~AT(30X.· lUBE FAr~ICATION ((51. $/KG. 

E-IO 

',fIO.It) 
'.F 10.4) 
-.FIO./t} 
·_fIC.4} 
·,FI£'.4} 
·.FIO.4} 
-.FIO.4) 
'.f 10.7) 
·.FIO.7) ·.f JO.7} 
·.fJO.4) 
-.FIO.4) 
·.F10.4) 
'.fIO.It) 
I,F)O.4) 
-,flO.II} 



7e7 f(P~Alt30~.' lUBE rAf~I(~l]ON (l!T. S/SQ.M. 
7ee F~RMATf30X.' ~TOPAGE ~AT[RIAL COST. l/K~. 
7t~ fVR~Al(30X.' l~SULAlJ(N (CST. S/KG. 
77t FOPMAlttX.' ASPECT ~~lIO. HGT/UIA. ',fJO.4) 
771 FCRMAT(/.30X.· (OST (~l(UlAIION OUlPUT DAlA',/) 
772 FCP~Al(30~.' TUBE ~ATrRIAL COS1, ! 
773 F(R~AT(30X,' 10TAL TUfE (OST, $ 
774 FCR~AT(30X.' ~TORAGl ~~TE~IAL CC~T. $ 
77~ F~KMAT(30X.' INSULATJON (OST. t 
77~ F~RMAT(30X.' ~HROU~ ~IDE MATERIAL CL~l, ! 
777 FDRMAT(30X.' SHROUD ~IDE TOTAL (OST. t 
776 FGRMAT(30~.' SHROUD fCTTOM MATERIAL COST, ~ 
77~ fCRMAT(30X,' !HROUD EC110~ TOTAL (O~I, S 
7se FO~~Al(30X,' ~HROUD TfP MATERIAL COST, S 
7El FOP~Al(30X,' ~HROUD lUP TOTAL COST, , 
7t2 fO~~AT(30X,' SHROUD TCIAL MATERIAL COST, ! 
7fi3 FCPMAT(30X,' SHROUD TOTAL COST. t 
7E4 fORMA1(30X,' V[SSll VATERIAL (OST, S 
7E5 FC~MAT(30X,' 10TAL ~~lERJALS (O~l FOR TES. S 
7f~ FUR~AT(30X,' lOTAL ~tFP]CATION (OST fOR TES. $ 
7S7 FC~~AT(30X,' l[S 10TAl (OST, S 
7fB FGRMAT(30X.' \fSSEl lOTAl COST, , 
789 Ft~MAT(/,30X.' F~ePJCA1ION COSTS APE SCALED fRC~ ~cr 
79C FCR~AT(30X,' lUBE ~Al[R]Al (OST (OEffICI[~T 
791 FCRMAT(5X.' ~[LJX Dl~~ET[R, M. '.FIO.G) 

wr.l1[ (6,loe) 
WRITE(6.I07) [SHR 
W~lTE(6,ICe) [SHELL 
wIHTE(e,lJl) t·SHELl 
W~J1f(6.109) [0 
W~ITE«(),JJC) [,1 
wr.ll[(e,J12) )lLT 
Wf".IITE(e,113) )(Nl 
WPITEt6.791) [HEl 
W~J1E(6,114) lINS 
W~J1E(6.J3e) roo 
WJ:.ITE(6.139) [lID 
WkIIE{6.115) lSHELl 
W~JlE(6,116) lEND 
WhITECb.117) r.HO~ 
W~IlE(e.118) r.HOSl 
W~lTE(6.JI9) r.HOF 
khllE(6.132) J:.HOINS 
wr.ITE(e,J20) lHCl~S 
wr.llE(e,121) IHCSl 
Wf<ITE(t..J22) lHCf 
wr.l1E(6,123) ~Pf 
Wr.JlEl6.l24) VlS(F 
Wr.ITE(6.l25) lAMB 
W~11E(6.129) lSHR 
WI<1T(:(6.J26) llNJl 
W~lTE(6,J27) (PST 
wr.llE(e.13~) ~lV[SS 
Wr.JTf(6.136) ~lTuef 
W,"I1E(6,137) "TINS 
W~IT[(6.133) ~GTTOl 
WI;JTE(6 .. J34) .. 1101 
Wr.ITt(6,770) ASP[(l 

'.F JO.4) 
',FIO.Il) 
',FIO.4) 

'.FJ2.2) 
'.FI2.2) 
'.fI2.2) 
'.fI2.2) 
'.FI2.2) 
',fI2.2) 
'.F12.2) 
e,FI2.2) 
'.FJ2.2) 
',f 12.2» 
',f J2.2) 
'.fI2.;') 
',fI2.2) 
'.fl'.2) 
',F J c.2) 
'.FI2.2) 
'.f)i:.2) 

I TES' ./) 
'.fIC.4) 
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IF(J5.EC.l) G( TO 4 
Wl<lTE(6.12B) )'IT 

4 IWr.. 11E(6.750) 
W~lTE(6.751) r~AlS 
W~ITE(6.752) ~FSS~ 
W~ITE(6.753) fFSS~ 
Wr..Il[(6.7~4) rFSIA 
WPIIE(6.755) rFSTW 
W~ITE(6.7ee) rFSEA 
~~ITE(6.757) PfSB~ 
Wr..JTE(6.758) GATOPS 
W~lTE(6.759) (ASIDf 
Wl<llECO.7eO) ('ABOTS 
W~IlE(6.701) r~vw 
W~ITE(6.762) ~MV[ 
WhITE(6.703) ~FVV 
W~ITE(6.764) ~FV~ 
Wr..JTE(6.790) (PMT~ 
W~11E(O.76e) rMT~ 
W~ITE(6.7~6) ~flW 
Wr..ITE(O.767) ~fT~ 
Wr,.')lE(0.76(1) ~TK 
WFI1E(6.769) fINS 
L1 f:. 1 TE ( () .789 ) 
t:;;lTE(6.771) 
W~lTEi6.77~) (MTUBE 
kPITE(6.77~) (OrUPE 
~r..IIE(6.774) (OSTOR 
Wr..lTE(O.775) (OINS 
Wr..ITE(O.776) (~SlD[ 
W~ITE(6.777) (aSIDE 
W~IT[(6.778) (MBOTS 
IWI<IT[(e.779) (OB01S 
WPITE(O.7CO) (MTCPS 
WPITE(o.781) CQlOPS 
WhITE(6.782) (MS~RD 
WPITE(6.78J) (OSH~~ 
~~ITE(6.7e4) (MV[SS 
WPITE(6.7Pb) {DVESS 
~~I1E(6.785} (MYOl 
~PITE(6.786) (OFlES 
WI<ITE(G.787) (OTOT 

( l~ITIALIZE lA~LE OF rLE~ENT ENE~GI[S AT TINIl 
CALL lKPROP(11NIT.EI\i[l.fR,.C.J.l.J6) 
E:: o. 
DC 5 l=l.NE 

E T( I)=lINJT 
I ( I )=FRJl.C 
E=E+EN[RlI) 

f C[NTINU[ 
IUdTE(6.194) f 
K 1 =2 

( DECIDE FLOW O~ NO-fLr~ 
~ IfCK7.NE.l) (,( TO 1~ 

GFl=O 
(,( TO 20 

( C_LCULATE INS1DE HEAl l~A~SfER COrfFJCJE~T A~r ~r~I~TAN(~ 
l~ RE =WF*CRE 
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450 Jf(RE.LT.~EC~lT) GO TO ~~J 
452 H1CJ=CHTC*RE**O.P 

GC 10 "53 
451 H1CJ=3.66*THtF/DJ 

Rl~OD=RE.(OI/rt-!EL )""*C.5 
O)=«REMOO**2)*PRF)**O.25 
l~U=O.JeJ*CX*(1.-O.839/CX+J5.4/GX*02-207./CX~*3~4J9/aX004) 
H1CI=ZNU*HTCJ 

4E3 RFll=J./(H1CI*ATUB[I) 
( COMPUTATION UF PU~P ~fOUIREMEN1 fO~ PUMP EfF=l.C 

PD=.I02*ff(RE)*XLT*(~r/fLAREA)**2./C2.*OI*RHOf) 
IF(PD.GT.PDMAX) POMA)=PO 
POWER=WF*PO/(,02.*RHUF) 
If (POWER.6T.P~AX) P~~X=POWER 
wORK=POWER*Dll~E/3eCC. 
w p UMP=WPU~P""['RI( 
If eWF.Gl.WPEAIr:) WPEAk="'F 

2(. CCNTlNU[ 
e5 IfCK7.Ea.2) Gt TO 13( 

( E~ERGV (Al(Ul~TJONS - COOLJNG O~ NC flOW 
1F(I)=TL 
DO 50 I=I.N[ 
JF(K7.Ea.l) Gr- TO 21 
IffZCI).EG.O.) RSOll=O 
)fCZ(J).fO.O.) GC' TC tJt> 
VST~=Z(J)*EL~/(Rt-!OM*'~T) 
DSTK=SOR1(1.273*VSTK*XNE/XL1·OOC*Z) 
RSOll=AlOG(OSlK/DO)/(Tt-!CS(lfJ»~CRKTl) 

tt RTOT=RFlI+RTU~£l"RSOlL 
X~ TU=1 ./(PTOTOWF*CPF ) 
JfeXN1U.Gl.lOC.) EFF=l. 
IF(XNTU.GT.JOC.) GO TO 140 
[fr=I.-EXP(-X~lU) 

140 Tf (1+1 )=TF (I )+EFF*n (I )-TF (I» 
OFl=WFoCPF*eTfel)-lFII+l» 

( DECIDE TOP(7J). ~OT1CM(7Z). OR ~IDDLl 
21 CUNllNur 

Q10T=QFL 
E~ER(I)=ENER(I)+Q1r1~rTIME 
(tlL TKPROP(T(1).ENE~(I).2(1).1.2.Je) 
Gf· TO 5(; 

( BC1TO~ [LE~ENl CALCULA110NS 
11 R~~LW=1./C2./~TUPEA~~./RSHElA+2./RVA(I»"RA)[ 

R~XUP=1./(1./~TUP[A"I./~SHELA+l./((~~A(J)+R~A'1.1))/2.» 
a~XLW=(lA~e-l(l)/RAXlW 
OA)(UP=(lfl-t])-lCl »/J(A)WP 
Ql0T=uAXlk+OA)Up+aFl~CJNS 
E~ER(I)=ENER(IJ"QT010rTI~E 
CALL TKPROP(TflJ.ENEPf).Zl).2.?J6) 
G")\lW=-G~)(UP 
GO 10 5(' 

( Y{P ElE~ENT CJlCUlATICNS 
1~ RAXUP=1./(2./~TUBEA+2./~St-!ElA-t2./~~A(I»~RA)\E 

QtXUP=(TAME-T(I»/PAXUP 
QIOT=QAXlk+OA)Up+aJN~"Ofl 
ENER(J)=ENER(I)+al01~DTIME 
CALL TKPROpel(I).ENE~(I).2(1).2.2.J6) 

! () CONTINUE 
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GL TO 193 
( [~rRGV CALCUL/T]ONS - HEAlING 

13 ( T f (NE + 1 ) = T U 
DO J50 }=l.N[ 
J:.N[-)+J 
If(Z(J).[O.O.) RSGlL=C 
]f(Z(J).EO.O.) GO TO 17t.. 
VSTK=Z(J)*[L~/(RHO~*)~T) 
D~lK=SOR1(1.273~VST~*X~f/XLT+DO~*2) 
R~OlL=ALOGCDSTK/DO)/(lHCS(T(J»~CR~TL) 

17t RTOT=RFLI"~TU~EL"RSClL 
X~lU=I./(RTOT~~F~(PF ) 
IF (XNTU.G1.1Cf'.) EfF =1. 
IftXNTU.GT.I0G.) GO 10 J4J 
EfF=l.-fXP(-X~TU) 

141 1F (J)=TF(J+1HEFF*(1(.J)-TF(J+l) 
aFL=WF*~PF*(lf(J"I)-lf(J») 
QI0T=aFL 
E~lR(J):.ENER(~)+cl01ctTI~E 
(~LL TKPROP(T(J).fN[~(J).Z(J).J.2.J6) 
('C 10 If 0 

( lLP ElE~E~T CAlCULATI[~S 
171 RAXUP=I./(2./~lUB[A+2./RSHfLA"2./R~A(J))+~JX[ 

R~XLW=I./(I./~TUPEA.l./RSHELA"J./«(~VA(J).~V'(J-l»/Z.» 
QAXUP=(lA~E-l(J»/RA)UP 
QAXLW=(l(J-l)-l(J»/~AXL~ 
Q10T=GAXU~"CAXLwiCl~~"QfL 
E~[R(J)=ENER(~)+Ol01*D1J~E 
(ILL TKPROP(T(J).E~f~(J).1(J).2.2.J6) 
C/")(UP=-OAXL '-
GC TO 150 

( BCTTOM [LE~ENl CAl(~lATIO~S 
172 RIXLw=1./(L./~luprA"2./RSHElA"2./R~A(J»+RA>f 

CAXlW=(TA~B-T(J»/RA)lw 
QTOT=aAXL~"a'}UP"CIN~ .. afL 
[~fR(J)=ENER(J)+aTOT~~TI~[ 
(All 1KPROP(1(J).ENE~tJ).Z(J).2.2.J6) 

no ([NlI"IUE 
I9~ IftCT.ED.15) CO 10 Itt 

IF(CT.[~.T6) ~O TO Itt 
Cl1=CTl"[)11~t 
IF (CT.GE.T~.A~O.(T.l[.Tt) C~Gl~=(CT-T5)/JtOO. 
IF(CT1.LT.180C.) GO TO 257 
(OMT=(WF~1F(~[·1)+W(CLl*ll)/(Wf"WCOlL) 
W~11E(6.240) ET.(HG1~.Wf.TF(NE.l).W(OlL.C[M1 
C1 J =0. 

2!;7 RETURN 
J65 ~RJTE(6.Je5) 15 

C1 1=0. 
GC TO 19C 

lt6 .. r.JTf(e.Je6) le 
C~GTM=(16-T5)/3600. 

l~O E=O. 
W f;: 1 TE C 6 .Ie 7) 
IF(K7.EG.l) Gr TC 1~~ 
Of J67 J=l.Nl 
1(MPfL=J.e~T(1)-459.(7 
~~JTE(6.18e) J.T(I).Zt).TF().1[MPEL 
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H 7 f =. E +E Nf':; ( 1 ) 
LCWfND=NE~l 
W R I T E CtH 1 92) Lew £tJ() • H (Pol [. II 
GC TO 180 

l~f D~ 169 I=l.Nl 
WHI1E(6.J89) J.TflJ.Z{I) 

J ()s. E =E"ENEfH I ) 
leo Wr;llE(6.Jt;J) l 

W~I1E(6.24C) [1.(HGT~.wr.1F(NE~1).wCOll.CG~1 
CHGH4=O. 

19E RE TURN 
END 
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SlOROUT]N[ lKrRoPtlE~~.EN1H.fRAC.~.K2.J6) 
( T~IS SUBPOUTI~E ESTAPlISHES TABl[S Ot ELt~fNT t~ltAlPY V5. THE 
r f~ACTIO~ Of S~l]D T~[~~KEEP AND T[M~[RAlUR[ 

CC~MON/PROPTK/EL~.(P~T.ST~M.STM[ 
DIMENSION [V(l~).E[( J4).TfJ4).H(J4).Zt)4) 

Loe fURMAHIZ) 
,CI fCRMAT(FIO.2.FIZ.5.FIO.6) 
2()2 FORMATf)·Hl.5X,' TABLE Of lE"'PER~TURE, ["ll~J.LPY, MJD SOUD FRACTION 

~ OF THERMKEE~·.//) 
2C3 fGRMAT(lOX,' TtI)',lex.' ~(I'·,10X.· ZC] )'./) 
,04 F(R~ATceX.fl().'.5X.FJ2.5.5X,flo.e) 
20E FCRMAT(5X.' [~ERGV PfVOND TABLE LI~)T5 f~R E~1~=·.flO.4) 

GO TOC I,Z) ,K2 
1 IF (J6.Ea.2) GU TO Ie J 

Wf; ITE(6.202) 
RfAO(5.200) 1(14 
"J<]TE(6,203' 

10 I J4 =K~-I 
J3=1 
DO 11 1=1,1(4 
IF(J6.EO.Z) GC TO 10; 
REAO(5.20J) T(I).H(I).zel) 

102 ([.NTINUE 
If(K2.EO.2) G[ TO Z 
If(J3.EG.2) GO TO IV 
Iftl(I).Ll.T[~P) GO 10 10 
ENTH=ELMOtHtI-l)~tl[~P-1(I-J»*(H(I)-H(I-I»/(l(1)-l(I-) ») 
F~AC=l(l)+(TE~P-T(I-l»*(l(I)-l(J-l»/(Ttl)-l(l-l)' 
J3=2 

10 EV(I)=ElM*H(l)~SlMM~(~ST~Ttl) 
E[(1)=ElM*H(I)+Sl~[*(r5T*TtI) 
]F(J6.Ea.2) GO TO JI 
W~I1Et6.2()4) HI).HeJ).ZCIJ 

11 CONTINUE 
RETURN 

2 G[, TO(3.4), .. 
3 If(ENTH.Gl.[M(K.).O~.ENTH.LT.EM(l» GO It 251 

DC 51=J.J4 
IF(ENTH.GT.[~(J+J), (0 10 5 
T E MP=T II J of (T ( J + I ) -T t I )) ~ (E NT H-E ~ t I ) )/ (E" t ] + J ) -E. (I) ) 
FRAC=ZCI)·(ZCJ·l)-ZfJ»*(ENTH-~~(J»/([M(J+l)-[~(l» 
RE TURN 

f CCNTlNU[ 
GO TO 2~O 

4 Jf(ENTH.GT.[['K.).O~.fN1H.ll.EE(J') GO TO 25C 
DC 6 1=I,J4 
If- (ENTH.Gl.fE. J4 J » H' TO ~ 
lfMP=TCIJ+(l(]+I)-lfJ»*(ENTH-EffI»/(EECJ+l)-[E(l» 
F~AC=Z(J)~(Zel~1)-1(J»*(EN1H-[[(J)/(El(I~1)-f[(1» 
RElURN 

t. CONTINUE 
L5C W~JT[(6,205) fNTH 

RETURN 
EPooO 
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flJNCTIOJ\ THC5(T) 
( lHIS fUN(lIO~ CO~PUltS TH[ THERMAL CONDUCTIVITY ~F ~OlID THr~~K[£r 
( AT 250f. JT )~ NOW A CU~~V FUNCTJOJ\ WITH A (ONS1~"T VALUE 
( I~ KJ/~-SEC-~ 

TI-C5=J.0800E-: 
RETURN 
Et-.D 
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fl.!t-ICT10" TI-!CLCl) 
( T~IS FUNCTION CO~PUT[~ THE THE~~AL CONDUCTIVITY LF LIQUID 1HP~K[Er 
( AT 750F. 11 I~ NC~ A DUM~Y FUNCTION WITH A Cl~SlA~T VALUE 
( I~ KJ/V-S[C-K 

TJ-CL=1.C207E-3 
Rf: TUJW 
Et-.D 
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fl"'(TIO~ FF(R) 
( Tt-IS FUNCTION (OMrUlLS THE CIRCLLA~ TUBE FRIC1IU, FtCTO~ Fcr; 
C RCUGHNESS RAllO OF .(00J2 

If (R.Gl.2000.) GO TO J 
F f =Olt ./R 
IH lURN 

J IF(R.GT.500000.) GO 10 2 
fF=.3387*R**(-.2f49) 
RETURN 

c F F =-0. 0 I 2 ~ 
RE TURN 
END 
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