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FOREWORD

The program reported herein is a continuation of prior
work under Contract NAS3-20615 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.

iii






TABLE OF CONTENTS

SUMMARY . . . . . . .

INTRODUCTION . . .

Background . . . . . . .+ .+ & o . .
Present Program . . . . . . . . .

PART I - ANALYSIS OF THERMKEEP SAMPLES AND
EXAMINATION OF HEAT EXCHANGER .« .

Chemical Analysis of Thermkeep Samples
Examination of Heat Exchanger . e .
Heat Transfer Fluid . . . . v e e e e
Chemical Analysis of Thermkeep

Discussion of Analytical Results .
Chemistry of Thermkeep-Steel System
Summary of Chemical Analyses of Thermkeep

'—J

=W W

PART II - VERIFICATION OF COMPUTER MODEL

BY EXPERIMENTAL DATA

Introduction
Heat Transfer Fluld
Experimental Model
Preparation of Test Unit
Testing Procedure

Enthalpy-Temperature of Thermkeep

Hysteresis Study

Data Correlation .

Summary .

PART IITI - DUAL HEAT EXCHANGE DESIGN ANALYSTS

Introduction

Approach

General Features .
Heat Exchange Analysis

Description

Governing Equations

Application

Performance Analysis

Results of Computer-Model-Predicted
TESS Designs . e . .

CONCLUSTONS

.

23

23
23
24
25
26
27
29
32
37

39

39

39
41
by

by
b7
49

51

53
67



APPENDTIX

THERMKEEP POST TEST ANALYSIS

(Skinner & Sherman, Inc. Technical Report)

APPENDTIX

HYSTERESIS STUDY GRAPHS

DATA CORRELATIONS . . .

A PP

USE OF COMPUTER PROGRAM

Input Data . . . . .

Input Data Selection
Qutput Data .

COMPUTER CODE

E

NDIZX

NDIX

LIST OF SYMBOLS FOR MAIN PROGRAM

LIST OF SYMBOLS FOR SUBROUTINE ELANAL

A PPENDTIX

SINGLE HEAT EXCHANGER COMPUTER CODE

A PPENDTIZX

REFERENCES .

vi

A

B

C

D

E

F

A-1/A-6

. B-1/B-20

C-1/C-77

E-1/E-19



LIST OF TABLES

TABLE I . . « « o+ + & . . .
Analysis of Thermkeep from TES Vessel and
Original Material

TABLE IT . . . . v e « e
Test Conditions for Hystere51s Study Correlatlon

TABLE IIT . . . . o e e e
Tests with Calorla HT 43 under Present Program

TABLE IV . ¢ ¢ v 6 v 4 e s o o e e e e e e e e
Tests with Therminol-66 under Prior Contract

TABLE V e e e e e e e e e e e e e e
Characterlstlcs of Reference Design

TABLE VI . . . . e e e e e . .
Comparison of Three Methods of Calculatlng Heat
Exchanger Cost for Dual Heat Exchanger TESS

TABLE VII . . . e e s e e e e
Per Cent of Total Cost of TESS

TABLE VIII . . . . . .
Summary of Dual and Slngle Heat Exchanger
TESS Design Points

10

30

35

35

61

6l

65

66

vii



Figure 1 . . .
Variation of NaNO

vertical location
Figure 2 . . . . .

Variation of MnO w1th vertlcal 1ocat10n 1n tank

Figure 3

Variation of NaNO2 w1th vertlcal locatlon 1n tank

Figure 4

LIST OF FIGURES

L)

Na,CO, and NaCl with

32 772773

in tank.

Variation of NaOH/NaNO ratio with vertical

location in tank.
Figure 5

Phase dlagram NaOH NaNO

Figure 6

Temperature—Enthalpy tables for Thermkeep

Figure 7

Typical solar dally cycle at Sandla Total Energy

Test Facility
Figure 8 . . ..

Figure 9 .

3

3

- . - . . . . - . .

. . . . . - . .

Element for heat exchange analysis

Figure 10

Heat transfer fluld return temperature vs

charge time

Figure 11 . . . .
Specific cost vs.

. . ] . . . . . . . . . .

Flgure of Merit for various

heat exchanger areas

Figure 12 . .
Specific cost vs
Thermkeep masses

Figure 13 .
Specific cost vs.
Figures of Merit

Figure 14
Specific cost vs.
Figures of Merit

viii ¢

Figure of Merit for various

. . . . .

Thermkeep mass for various

Solar electric power generating system schematlc

heat exchanger area for various

12

13

14

17

18
28

34

42

46

55

57

58

59

60



LIST OF FIGURES

APPENDIX B

Figures B-1 through B-18 . . . . . . . .
Thermkeep temperature vs. axial distance
Test No. 1 through Test No. 9

APPENDIX C

Figures C-1 through C-12
HT-43 temperatures vs. time

Figures C-13 through C-48 . . . . . . .
Thermkeep temperatures vs. axial
distance, with HT-43

Figures C-49 through C-59
T-66 temperatures vs. time

Figures C-60 through C-75 . . . . .
Thermkeep temperatures vs. axial
distance, with T-66

APPENDIX D
Figure D-1 . . . . .

Dual heat exchanger program 1nput data

Figure D-2 .
Typical dual heat exchanger tublng

Figure D=3 . . « + & « v « « « « &
Cost calculations print-out example

Figure D-4 . . . . e e e
Output data print- out example

. B=3

Cc-51

C-62

C-14

Cc-50

Cc-61

C-T7

D-3

D-5

D-8






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

Background

The work reported herein is an extension of prior work
under two completed contracts:

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
repgrted 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 rellable 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 medlum, 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 1liquid, 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.



The nominal composition of the phase-change thermal
storage medium (Thermkeep¥*) is:

Anhydrous NaNO, Commercial Grade 91.8% (wt)
NaNO3 8.0
Mn02 0.2

The commercial grade of NaOH typically contains 1-2% of
NaCl and 1/2-1% of Na2CO3.

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 detailil later, for
chemical stability in contact with a steel vessel and
heat exchanger, the system must have contact with air

to prevent reduction of NaNO3 to NaNOz. This was pro-

vided by "breathing" during thermal cycling, and since
the cycling frequency and temperature range were dif-
ferent from previous experience, 1t 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 nct the system remained chemilcally
stable, and whether or not segregation

¥ Registered Trademark Comstock & Wescott, Inc.



Part II -

Part IIT -

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.

The Therminol-66 heat transfer fluid
used in the prior program was replaced
by Caloria HTU43, and an additional set
of experimental data obtained for fur-
ther verification of the computer model
with a fluid of different physical prop-
erties.

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 boiller.
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.






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 cyecling the thermal gradient causes the
Thermkeep 1in 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 NaNO3 may have been reduced to NaNO2

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

002.

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 1in
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.



Examination of Heat Exchanger

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 molsture
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 appeared 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 repalr 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 desighated 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 B are
in contact at a temperature of 589 K (600 F). It was
found that when a small quantity of either Thermkeep or



reagent grade NaOH is dropped into the 589 K (600 F)
fluld, 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 1s 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, NaNO
NaNO2, Mn02, Na2003, and NaCl. 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.

3.’

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.

All constituents except NaNO2 were independently deter-

mined. NaNO, was obtained as the difference between a

2
determination of total nitrogen (not shown in the report),
and the NaNO3. The reported results are thus based on

six independent determinations.
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TABLE

I

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

Location
No.

Orig.Mat'l

Dist.

fram

bottom,
cm

N/A

172

1Lk

11T

89

62

34

NaOH NaliOg
86.94 8.467
88.7Th4 T.477
91.50 4.652
91.55 5.278
91.17 5.0k1
91.7h 5.326
91.88 4.503
92.23 L.377
89.50 5.623
91.66 4.878
94.30 2.791
93.93 2.707
9k .59 2.546
89.17 5.772
89.88 5.138

NaNO

MnO

Na,.CO

2 2 2773 NaCl Total
.0306 172 2.62 2.03 100.26
.0307 171 1.45 1.98 99.85
.0020 .101 2.85 1.73 100.84
.0021 .085 1.48 1.35 99.75
.0023 .113 1.55 1.h47 99.35
.0022 .110 1.43 1.63 100.24
.0019 .083 1.3 1.68 99.53
.0023 .110 1.35 1.85 99.92
.0023 .102 2.89 1.65 99.77
.0026 .095 1.36 1.76 99.76
.0017 .02 1.5L 1.53 100.10
.0021 .057 1.%0 1.76 99.86
.0032 .053 1.32 1.25 99.76
.0098 .137 2.88 1.58 99.55
.0095 172 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
alr 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 ce¢m thick adjacent to the wall of the
vessel, there was some vertical segregation of these
components of Thermkeep.

11
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Figure 2. Variation of MnO2 with vertical location in tank.
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Figure 3. Variation of Nal\IO2 with vertical location in tank.
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In Figure LU the ratio of the average NaOH content to the
average NaNO3 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—NaNO3 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 Na2003, it is probable that

during solidification a local variation 1n composition
in the viecinity of the heat exchanger coil would result.
The so0lid close to the tubes would be expected to be
lower in sodium nitrate than the solid near the center-
line of the heat exchanger colls 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
alr 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:

2 Fe + 6 NaOH - NagFe2Ou + 3 H, +2 Na,0 (D

x Fe + y NaNO, - FeXOy + y NaNoO, (2)

3

(Mn02)

y NaNo, + £ 0y ———1>y NaNO, (3)

15



2 Na,0 + 2 H,I ~» 4 NaOH (L)

The net reaction is:

(MnOE)
(x+2) Fe + 2 NaOH + ¥ 0, + 2 Hy0 —E 0

(5)

Na,Fe OM + FexOy + 3 H

2" 72 2

Eq. 1) is the "corrosion reaction.” Na2Fe2Ou 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 1073 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.

Eg. 2) represents the formation of iron oxide of uniden-
tified composition, by reduction of NaNO3. Salt baths

similar in composition to Thermkeep are widely used for
metal cleaning, at temperatures of 756-367 K (900-1100 F).
These are known to produce oxide coatings on the metal

by NaNO3 which is reduced to NaNOE.

Eq. 3) represents the oxidation of NaNO2 to NaNO3 by

oxygen from the air. This reaction is catalyzed by Mn02.

Eq. 4) represents the reaction of the Na,0 formed by Eq.

2
1) with moisture introduced by the "breathing" of humid
air.

16
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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 NaNO3. Since the

analysis showed that the NaNO2

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

3 2

in the system was an order

The analyses showed that the NaNO3 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 ?hermkeep—
iron system, at 756 K (900 F), in steel contailners wh}ch
were hermetically sealed to prevent entrance of air, in
which the pressure was monitored. It was observed that
such a system, at 756 K, initially develops a su?atmos—
pheric pressure which remains stable for about five dgys,
after which it rises abruptly. The rise in pressure 1S
found to be due to the generation of ammonia. This
behavior is due to the sequential reduction of NaNO3 -

first to NaNO2, then to NH3, according to the following
reactions:

8 Fe + 24 NaOH » 4 Na,Fe,0) + 12 H, + 8 Na,0 (6)
3 NaNO3 + 3 Hy » 3 NaNO2 + 3 HZO (7

3 NaNO, + 9 H, » 3 NHy + 3 Hy0 + 3 NaOH (8)

6 Na,O + 6 H,0 - 12 NaOH (9)

2 2

19



Summing these equations gives:

8 Fe + 9 NaOH + 3 NaNO3 >

(10)

4 Na2Fe2Ou + 3 NH, + 2 Na20

3

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 unobstructed access to air, it was
concluded that nitrogen had not been lost.

The fact that the NaNO3 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 thé 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 NaNO3 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 liquilid to so0lidify starting
at the tank walls. The solid forming at and near the
walls would be low in NaNO3, while the remaining liquid

would increase in NaNO3 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 Na2003 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 obtailn 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 NaNO2 was present and,

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

5. Variations in the NaOH/NaNO3 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/NaNO3 ratio
at locations 5 and 6.

Since the NaOH/NaNO3 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.

If further cycling produces progressive
segregation to the point where the per-
formance of the system i1s 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 liguid.



PART IT
VERIFICATION OF COMPUTER MODEL
BY EXPERIMENTAL DATA

Introduction

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-U43 was substituted.

Heat Transfer Fluild

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 I/(gK). 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 1s 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 1s 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
130 kg (950 lbs) 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 "ambilient"
temperature for the tank. The shroud was turned on and
over a period of ten days was balanced so that the top,
sldes, and bottom were at an average temperature of
about 493 X.

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-U43 was drained and
air was pumped through the pipes for 24 hours. The pro-
cedure was repeated with fresh HT-U43. After draining
the T-66 and after each HT-U43 flushing, the water-
immersed cooling coll was removed, inverted, and
drained. This coill 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 and lower manifolds, and found to be
no more than 250 em-. 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
gal), 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 1lbs) 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 fthermocouples 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
em 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 (CM) 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 2.5°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 B and C. Temperatures were re-
corded and graphed at half-hour intervals, but the data
in Appendices B and 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 U4 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:

A = temperatures measured in deep wells,
o = temperatures measured in shallow wells,

+ = temperatures prediced by the computer
model.

Figures B-1 - B-U4 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 ?élégliigiic 4
2 B-3, B-4 Discharge ?élégliﬁéiic by
3 B-5, B-6 Charge ?élzgliiéiﬁc 7
y B-7, B-8 Discharge ?éléglgﬁéiic 9
5  B-9, B-10  Charge ?iog§l§§§;§0 10
6  B-11, B-12 Discharge ?iogilﬁigiﬁc 10
7  B-13, B-14  Charge ?512215§£§§C 10
8  B-15, B-16 Discharge ?512211;%;‘)90 10
9  B-17, B-18 Discharge 0;39° ke/sec 10
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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.

F?gures B-13 - B-16 show the maximum deviation obtained
Wlth Enthalpy Table 10 used both for heating and cool-
ing.

The remalning 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 subsequently 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 stem 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 liguid phase at
the liquid-solid interface rather than at the heat ex-
changer surface. (The CM 1s based upon this mechanism.)

Experimentally determined information would be needed
relating the rate of change of the enthalpy of the
Thermkeep to 1ts temperature, 1ts 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 1f 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 CI.

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
(T-66) from the prior program and for Caloria HT-43
(HT-43) obtained in the present program. The results
are given in Appendix C in graphical form,

Figures C-1 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-T75 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
b-hour charge and a L-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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TABLE III

TESTS WITH CALORIA HT-43
UNDER PRESENT PROGRAM

Test HT-43 Flow Rate
No. Type of Test kg/sec gpm
201 Single discharge, 6 hrs. 0.14 3.3
202 Single charge, 6 hrs. 0.14 3.3
204 Single charge, 6 hrs. 0.16 3.7
214-2 Single discharge, 6 hrs. 0.046 1.1
215-2 Single charge, 6 hrs. 0.046 1.1
218 Cyclic; 4-8 hr. cycles 0.080 1.9
219 Single discharge, 4 hrs. 0.32 7.7
223 Solar cycle; 2-12 hr. cycles Variable
TABLE IV
TESTS WITH THERMINOL-66
UNDER PRIOR CONTRACT#

Test T-66 Flow Rate
No. Type of Test kg/sec gpm
001 Single discharge, 6 hrs. 0.15 2.9
002 Single charge, 9 hrs. 0.15 2.8
ool Single charge, 6 hrs. 0.18 3.4
014 Single discharge, 6 hrs. 0.053 1.0
015 Single charge, 6 hrs. 0.053 1.0
018 Cyclic; 3-8 hr. cycles 0.106 2.0
019 Single discharge, 3 hrs. 0.35 6.6
023 Solar cycle; 2-12 hr. cycles Variable

* See NASA CR-159465
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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 lUth and 5th hours, the cause of which 1is
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 1n 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-U43 (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 CMP 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 CMP for HT-L43
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 cyecles (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 (), in the shallow wells (o), and in the
deep wells (A), 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 1is 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-U43 and 2 K for T-66. For the solar cycle
with T-66, a maximum discrepancy of 14 K was noted,
while for HT-U43, the maximum was only 5 K.
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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 11X
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 superilior in the case of the
two-fluid storage unit because of the inherent irreversi-
bilities and large AT'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 1s 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 assumed 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 fluld to the
power fluid without the intervening resistance of the
storage medium. It also reduces the quantity of
medium 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 fluld 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 1if
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 in while its exit
>

temperature is T Its flow rate, also a time

L,out”
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 liguid
with constant specific heats in the sensible regions,
flows into the unit at the bottom and out at the top.
Its 1liquid phase specific heat is CS, its vapor phase

specific heat is C i1ts heat of vaporization is QT’

V’

P
its inlet temperature is T

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

P,in (constant in time) and

P,out which is a time-varying

its exit temperature is T
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
b

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

Uupp = WPy (Tp des = Tp,out’ "

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 thils heat by varying its flow rate
according to

coll

L,in ~

L L,out)
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At some point, the fluid pump reaches a maximum flow,

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

this limiation 1is assumed to be lost through a heat re-
jection device. It is calculated by

C, (T

Qost T %o11 wL,max L' L,in TL,out)

Both Qlost and qupp are important operational charac-

teristics of the system.

The task of the analysis 1is 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,out’ TP,out’ Qlost, qupp, and the storage medium

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 receilves
the flows and inlet temperatures of the fluids from the
MAIN program.

Heat Exchange Analysis

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.
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Two basic approximations are made in the solu-
tion methodology; finite dlfferencing 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 tTime 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

_ dT
Q= N0 5%
is approximated by
= 9
AT Mie At

where the AT of a plece 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,
At. 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 AX and

of mass AM. Flgure 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, 1+1 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 fluld media, QHC 12
H

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:

dQup * dQyg

aT . (X) =
H WG,
cov . 9Rpe _ d9y,
dTC\X) = - G
pCe
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dQHE = (UA)HE (TH - T)dX

dQy. (UA)HC (m., - TC)dX

H

dQEC = (UA)EC (T - TC)dX

where (_UA)HE is the product of U, the overall

heat ftransfer 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 1s, in fact, a function

of X. 1In this case, the solution is of the form

(A1X> (?2x>
L L
TC(X) Z-C.e + 2202e + Z3

|
Q
[§Y
/’_>
L"I—‘N
N—
+
Q
[,
|>J
o
S Ei‘
+
[N

Ty, (X)

where Al, A2 are solutions to a characteristic

equation; L 1s the effective element length; Zl’
Z2, Zg’ and ZM are groups of terms formed from the

(1)

1 2 ! (2)



UA, WLCL, WPCC’ and the element temperature, T,

which is constant. Cl and 02 are constants

determined by substitution of the boundary con-
ditions, 1.e., the known inlet temperatures.

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

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

I x)
\Ti_
Ty(X) = Zge L/, Z - (3)

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

L

= (UA) (T (X) - T(X))aX ()

e HC

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 fluld temperatures enter-
ing each element are initially unknown. In fact,
all that are known are temperatures, TC,l =

and Ty ye+1 = Ti,in
Not only that, there are three distinct regions,
previously described, the boundaries of which are
not known until solution is achieved.

Tp,in
from the external system.
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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 2N, + 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 1is assumed for the point where
the power fluid reaches a quality of 1.0.

Here, the temperature is Tsat’ the satura-

tlon temperature, and all elements above
this point 1lie in a region where the sen-
sible heat equations govern. The inlef
temperature to this set of elements is
known for the collector fluid as well since
it is TH A
,in

The aforementioned solution is used for the
set of linear equations. This yields all
the desired fluld 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 bhe 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 Tsat' The extent to which it dif-

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 1is an iterative approach whereby knowledge
of the error in temperature match where gquality 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 approcach 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 1s a listing of the Fortran program used
for this work.

Performance Analysis

A design is specified by certain limited input parameters.
The surface areas assoclated with each heat flow path, as
well as heat transfer film coefficients for each fluid
define the geometry. The collector fluid film coefficient
1s 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 1is 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 1limits. This
stable repetitive operation is the mode of operation
assumed to be characteristic of the design. Once sta-
bility i1s achieved, then the 1lmportant 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,

qupp 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
axlal 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-Predlcted TESS Designs

The purpose of the dual heat exchanger TESS design exer-
cise was to produce a cost optimlized 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 1s, 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 kdJ when oper-
ating over the range 516 XK to 584 K. Heat
is charged into storage medium (Thermkeep)
by the non-phase change heat transfer fluid
Caloria HT-U43 at a maximum rate of 1.8 x 106
kdJ/h at an entering temperature of 584 K + 2 K.
Heat 1s discharged from storage by means of
toluene which enters as liguid at 473 K, and
leaves as superheated vapor at 582 K + 2 K
and 1,862 kPa. Ehe 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 consecutilive cycles to produce sta-
bilization. These were chosen for convenlience to have
power fluid and heat transfer fluid heat exchangers of
equal area, the inside heat excganger surfaces of each
varying from 37.2 m2_to 148.6_m® (400 to 1600 ft°) in
increments of 18.6 m? (200 ft2). 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 always 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
filuid 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 exchangeg surface areas The decreasin% FOM seen
in the 37.2 m2 (400 ft2) and 55.7 m2 (600 ft2) 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-
Iationships 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 1s 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 achleved 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
spe01flc cost and performance (FOM) i1s 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.

2

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
boiller. 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

Dual Heat Single Heat
Exchanger Exchanger
Cost Calculation Input Data Design Point Comparison Point
Shroud material cost, $/kg .509 .509
Shroud side fabrication cost, $/m° 10.14 10.1k4
Shroud side fabrication cost, $/kg 1.038 1.038
Shroud top fabrication cost, $/m° 77.35 77.35
Shroud top fabrication cost, $/kg 7.92 7.92
Shroud bottom fabrication cost, $ /m? 99,84 99, 84
Shroud bottom fabrication cost, $/kg 7.67 7.67
Shroud top thickness, m 1.52hx10_3 1.524x10-3
Shroud side thickness, m 1.2192x10“3 1.2192x10-3
Shroud bottom thickness, m 3.4036x10-3 3.4036x10™3
Vessel wall material cost, $/kg L4718 L4718
Vessel end material cost, $/kg . 4806 .L4806
Vessel fabrication cost, $/m? 615.47 615.47
Vessel fabrication cost, $/kg 2.447 2,447
Tube material cost coefficient .028 .028
Tube material cost, $/kg 3.9091 5.1998
Tube fabrication cost, $/k% 11.9 11.9
Tube fabrication cost, $/m 964.3398 964.3398
Storage material cost, $/kg Jihi Lhh
Insulation cost, $/kg .2866 .2866
Cost Calculation Output Data

Tube material cost, $ 1h79. 2013.
Total tube cost, $ 14331. 15190.
Storage material cost, $ 5733. 7938.
Insulation cost, $ 992. 1173.
Shroud side material cost, $ 173. 199.
Shroud side total cost, $ 336. 376.
Shroud bottom material cost, $ 120. 138.
Shroud bottom total cost, $ 582. 6L0.
Shroud top material cost, $ 5k, 62.
Shroud top total cost, $ 315. 345,
Shroud total material cost, $ 346, 398.
Shroud total cost, $ 1232. 1361.
Vessel material cost, $ 1321. 164k,
Vessel total cost, $ 3271. 3929.
Total materials cost for TES, $ 9872. 13166.
Total fabrication cost for TES, $ 15687. 16426,
TES total cost, $ 25559. 29592,
% OF TOTAL COST, HEAT EXCHANGER 56 51
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This represents an annual cost increase over the six
years of 6.6%. On this basis the cost in 1977,

the year in which TESS comparative costs are bhased,
would have heen $20,600. This was subtracted from the
computed TESS cost in order to obtain a Storage Spe-
cific Cost After Boiller Credit.

An additional bhenefit would accrue to the dual heat ex-
changer TESS in the Sandia solar total energy system
resulting from the elimination toluene hoiler; 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 1s 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 of tubing decreases as diameter increases

and this is reflected in the heat exchanger costs of the
Reference Design. A double tube consisting of two identi-
cal tubes was considered to have a material cost Just
twice that of a single tube. These factors may unfairly
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 manufactured. 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
fluid would flow through the annulus, while the other
fluid would flow through the lnner coaxial tube and
through the single tube. This system provides for direct
heat exchange between the two fluids, and between each
fluld and the storage medlium. Coaxial tube configura-
tions are presently available; designs exist with fins
and wire in the annulus to promote turbulence or direct
heat transfer 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 of the dual heat exchanger.
In order to show the latitude for cost increase, the
cost of the dual heat exchanger was modified in the
following 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 ($10.4/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. $9.57/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 L41% before 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 VIII
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 1s believed to be a conservative basis. On
this basis the dual heat exchanger TESS has a specifiec
cost which 1s 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 boller credit.
This cost saving is achieved while the performance as
measured by the Figure of Merit 1s improved from .92 to
.95.
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TABLE VI

COMPARISON OF THREE METHODS OF CALCULATING

HEAT EXCEANGER COST FOR DUAL HEAT EXCHANGER TESS

Cost Calculation Input Data:

Tube Material Cost Coefficient
Tube Material Cost, $/kg

Tube Fabrication Cost, $/kg
Tube Fabrication Cost $/m2

Cost Calculation Output:
Tube Material Cost, $
Total Tube Cost, $
Total TESS Materials Cost $
Total TESS Fabrication Cost $
Total TESS Cost $

Storage Specific Cost, $/MJ:

Before boiler credit
After boiler credit
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Case 1

.Q7h45
10.401
1k4.518
1176

393k

19614
12327
18515
308k2

3.18

Case 2

.028
3.909
16.815
1362

1479
19639
9872
20995
30867

3.18

Case 3

.028
3.909
23.8
1929

1479
27183
9872
28540
38411

11.91
5.52



Thermkeep

Heat exchanger
Containment
Thermal insulation

Outer shroud

TABLE VI1

PER CENT OF TOTAL COST OF TESS

Dual Heat Exchanger

Case 1 and Case 2 Case 3
19 15
6L 71
11 9
3 3
L 3

Single
Heat

Exchanger

27
51

13
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TABLE VIIT

SUMMARY OF DUAL AND SINGLE HEAT EXCHANGER

TESS DESIGN POINTS

Dual

Tank height and diameter, m
System height and diameter, m
Quantity of Thermkeep, kg
Heat exchanger:
Tube inside diameter, cm
Number of tubes
Total length, m
Figure of merit
Total cost $
Specific cost, $/MJ

Boiler credit $

Net specific cost, $/MJ
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3.4

13,000

.T716

150 (prs)
5588

.95
38411
11.91
20600

5.52

Single
2.35
3-6

18,000

0.L57
280

7761

29592
9.57
None

9.57



CONCLUSIONS

A program of experimentation and analysis has been
carried out fo continue and extend the work reported

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
NaNO3 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 106 kJ operating

over the range 516 X 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 X. 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 examinatlion 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.
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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 1s summarized as follows:

Dual Heat Single Heat
Exchangers Exchangers

Quantity of storage medium, kg 13,000 18,000
Heat exchanger tubing

Inside diameter, cm 0.716 0.457

Total length, m 5588 7761
Total cost $38,411 $29,592
Specific cost, $/MJ 11.91 9.57
Boiler credit $20,600 -0-
Net specific cost, $/MJ 5.52 9.57
Figure of Merit .95 .92

68



APPENDTIX A

THERMKEEP POST TEST ANALYSIS

(Technical Report - Skinner & Sherman, Inc.






cientific
Brvices
ince 1922

CHEMICAL » PHYSICAL
ELECTRICAL= BACTERIOLOGICAL

TECHNICAL REPORT
prepared for

COMSTOCK & WESCOTT, INC.

CASE NO. 11833

Skinner £ sherman Inc. A-3

New England Laboratories

300 SECOND AVENUE, WALTHAM, MASSACHUSETTS 02154 o 617-890-7200






(/*—TECHBHCALREPORT «\\

31 July 1979
Page 1 of 2
CLIENT: Comstock & VYescott, Inc.
765 Concord Avenue
Cambridge, MA 02138

Attention: Mr. Richard Rice

CASE NO: 11833
REFERENCE: Purchase Order No, 29519

PROJECT DESCRIPTION:

To analyze fifteen (15) samples of inorganic salt mixture for NaNO,,
NaNO,, MnO,, Na,C0O; and NaCl,.

SAMPLE IDENTIFICATION:

%1 CawW #1
#2 C&W $#2
#3 C&W #3
#4 CaW #4
$5 C&W #5
#6 C&W #6
#7 C&W #7
#8 C&W #8
#9 C&W #9

#10 C&W $10
#11 Caw #11
#12 Ca&wW #13
$#13 C&W #14
$#14 CaW #15
#15 C&W #16

METHODS OF TESTS:

l. Standard Methods for the Examination of Water and Wastewater,
l14th Edition, 1975.

2. Atomic Absorption Spectroscopy for total manganese.

Thus report 1s rendered upon all of the following conditions This report is not to be reproduced wholly or in part without special permission in writing Total hability 1s
himited to the invoiced amount Skinner & Sherman Inc Skinner & Sherman Laboratories Inc and/or New England Laboratories name and/or logos may not be used
n conjunction with the contents of this report in any advertising media The results listed refer only to tested samples and applicable parameters Product endorsementis
neither inferred nor implied Samples are held for thirty days following i1ssuance of report Samples will be stored at client’s expense if authornized in wrnting
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New England Laboratories
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/—TECHN|CAL REPORT

31 July 1979 ‘\\

Page 2 of 2

CLIENT: Comstock & "escott, Inc,
CASE NO: 11833

3. Colorimetric Method, using spectrophotometer, Beckman DB
for sodium nitrite.

4, Official Methods of nAnalysis of the Association of Official
Analytical Chemists.

5. Scott's Standard Methods of Chemical Analysis.

RESULTS OF ANALYSIS:

Sodium Sodium Sodium Sodium Manganese
Nitrate Mitrite Carbonate Chloride Dioxide
Percent

Sample #1 8.467 0.0306 2,62 2,03 0.172
Sample #2 7.477 0.0307 1.45 1.98 0.171
Sample #3 4.652 0.0020 2.85 1.73 0.101
Sample #4 5.278 0.0021 1.48 1.35 0.085
Sample #5 5.041 0.0023 1.55 1.47 0.113
Sample #6 5.326 0.0022 1.43 1.63 0.110
Sample #7 4.503 0.0019 1.38 1.68 0.083
Sample #8 4.377 0.0023 1.35 1.85 0.110
Sample #9 5.623 0.0023 2.89 1.65 0.102
Sample #10 4.878 0.0026 1.36 1.76 0.095
Sample #11 2.791 0.0017 1.44 1.53 0.042
Sample #13 2.707 0.0021 1.40 1.76 0.057
Sample #14 2.546 0.0032 1.32 1.25 0.053
Sample #15 5.772 0.0098 2.88 1.58 0.137
Sample #16 5.138 0.0095 2,90 1.43 0.172

Respectfully submitted,

SKINNER & SHERMAN LABORATORIES, INC,

Sidonie Herzfeld, Ph.D.

Chemist
SH/1s
This report 1s rendered upon all of the following conditions This report 1s not to be reproduced wholly or in part without spectal permussion in writing Total hability 1s
limited to the invoiced amount Skinner & Sherman, Inc , Skinner & Sherman Laboratones, Inc  and/or New England Laboratones name and/or logos may not be used
1n conjunction with the contents of this report in any advertising media The results listed refer only to tested samples and applicable parameters Product endorsement is
neither inferred nor implied Samples are held for thirty days following 1ssuance of report Samples will be stored at chent’s expense If authorized 1n wniting
A-6

skinner E sherman laboratories inc,

New England Laboratories
300 SECOND AVENUE, WALTHAM, MASSACHUSETTS 02254 e 617-890-7200



APPENDTIX B

HYSTERESIS STUDY GRAPHS



Thermkeep

SYMBOLS

temperatures:

= Shallow well temperatures vs.
location in tank

= Deep well temperatures vs,
location in tank

= Computer model predictions
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SYMBOLS

Heat transfer fluid (HT-43 and T-66) temperatures:

Thermkeep

Experimental data

Computer model predictions

temperatures:

= Shallow well temperature vs. location
in tank

= Deep well temperature vs. locations in
tank

= Tank surface temperature vs. location
in tank

= Computer model prediction
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Figure C-61. Thermkeep temperature profile, cyclic test 018 (2.0 gpm), at end of first discharge phase.
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Thermkeep temperature profile, cyclic test 018 (2.0 gpm), at end of third charge phase.
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APPENDTIZX D

USE OF COMPUTER PROGRAM

Input Data

In order to run a test case with the FORTRAN progran,
data must be entered into the DATA section in the proper

format.

Each plece 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,
fluld characteristics, and program control data
(Fig. D-1). 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 4dif-
ference between storage input and output 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-1)
Definitions:
AEL: The total area in m2 of inside surface

of the transfer fluid heat exchanger
in contact with storage medium.



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 m° of common direct
contact between the power fluid and
transfer fluld 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/mz—oK.

HTCV: The heat transfer coefficient of power
fiuid vapor in kW/mg—oK.

3. Thermkeep Properties Subroutine Data (Fig. D-1)

In addition to the DATA sectlon, 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—me—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

kJ/sec—m2-oK.



PUAL HEAT EXCHANGFR = HEAT OF FUSION THORMAL STORAGE ANALYSIS
TARLF DOF SOLAR COLLECTOWR DUTPUT VSe TI1IME
RATE IN KWw TIME IN SECONDS
C.C 0.C
CeC B800.0
erC.CCO0C 13800,C
I°3.0000C 1560040
35,E.0C00 1660040
432.CC00 18000C
L4E4,CCQOC 19900.C
471.0C00 21600.C
4EGL,0COHC 22€00.0
4G9F (00 25100.C
ECCL.000C 25600.C
462,000¢C 2780040
470,0C00 30300.C
La?.C00C 32700.0C
3t2.C0C00 25600,.,0
2LC.CC00 3¢00C.¢C
a0 43200.0
MAIN PLOGKRAV DATA
TRANSFER FLUID SPTCIFIC HFAT, KJ/Z/KG/K CeH2C
TRANSFER FLUID INLFT TEHPERATURLC s K 584 40C
PCw R FLUID SFHT=LIQUIDs KJI/KG/K 22060000
POWER FLUTID HEAT/VAP, KJU/KG 217.238908
PCWER FLUID SF.HT.=VAPOF, KJ/ZKG/XK 1.957C00C
POWLR FLUID SATURATION TLMPLRATURE s K 530.00
POWER FLUID INLET TEMPELATURFE, X 473.00
DESIRED POwER FLUID DUTLFT TEMP., K 584 .00
ALLCWARLL FOWER FLUID GUTLET TEMP.ek 580.0C
PCWER FLUID FLOW KRATZ, KG/SEC 0.55342
INSQLATION STARTING TiMF, SEC BL00.0C0C
BEGIN NET CHAFRGFEFs» SEC 1360000
ERND NET CHARGE S SEC 39000.C0
THERMKEEP SPFCIFIC HOCAT s XJ/KG/ZK c¢500C
NUMBER OF ELEMINTS FOR ANALYSIS 1C.
AVCUNT OF STCOCRAGL MATEIRIALe KG 10000.00
MINIMUM TIME INCRUMENT, SEC 15.00C
MAXTIMUNM TIVE INCREMENT» SEC 100.00
MAXTHUM TRANSFER FLUID FLOW, XG/SLEC £.0000
STAMILIZATION PERCENTACGE 3.C0
NUMBER DOF DAILY (CYCLES (o
ACP= 49454133 AEL= 49.54%3 APL= 61625
PEFF= 0«01300¢ XLFFF= 18.C2H XNT = 15C. 000
RHOM= 1802 .,0€C HYCS= («3G674C HTCV= 0575010
TAELE OF TEMPIFRATURFE LCNTHALPYs AND SOLID FRACTION OF THLPFMKEEPR
T(1) H(1) Z{(1)
372.C0 =13.FC00C 1.000000
508,60 259 ,649%C0 1.000000
£28,00 337.3€¢011 1.000000
53Ce30 244 ,30008 Ce?76C000
£35.00 61 .649GQ0 0.736200
541,63 40786011 Cen7C000
L444R9 433,¢0019 0.615000
8240,17 HEA 66995 Ce59CGuU0O
557.86 52%.0C00C Ce400C00
56000 R43.57CC7 03288700
563.00 600.2%0C0 C.347500
$73.00 672.50000 02652000
5&3.0C 711.CCOC0O 0.0
ca4,00 A36,4+.0G10 CeO

Figure D-1. 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 dliameter 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° 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 1s enclosed

by the coils and one-~half lies outside them.
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Figure D-2. Typical dual heat exchanger tubing.



From the heat exchanger geometry and transfer fluid prop-

erties, the following coefficients are determined:
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CRE:

RECRIT:

CHTC:

QX:

HTCI:

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

CRE = dt/(fluid area x fluid viscosity)

where dt is the tube inside diameter.

The critical Reynolds number
RECRIT = 2100 [1 + 12 (4 + dh)°'5:l
where dh is the helix diameter.

A heat transfer coefficient factor:

y

CHTC = (.022 x C_. x Pr )/dt

f

where C_. is the fluid thermal conduc-
tivity.

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

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

OQutput 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-U4).

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 fubes 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 fluld 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.



COST CALCULATION LNPIT DATA

SHROUD faTRRIAL CON, B/KG, colly
SUHROUT SHLL FARRLCATION COST, /78564, 10,10
SUROL SLLE tanllioav o sy, bA7KL I B R 43
HGURHE TOP TFARBRICAHTTION COKT, $£/7808.H4. 770350
SHROUTE TOP FARRICATTUN CO8T. 4 /Kh, {90
— SUHROUD ROTTOM FARRICATION CQG1,  b/700. 1M, Pe. O

SHROUTE BOTTOM IPABRICATION Gofit, LAKD, Y
SHROULE 7O TIHERNT O8, M,
SUROLIT s3iul, THLCKMESS, o,

NPT E
AR T SIS

b
LIRS % B

SHROUDE BOTTOM THICKHNI 55, M, FH0ARAL- 3
VIG8IL WALL MAaTLLRIAL COsT ., /K5, AR
VESSEL LN MATERIAL LOST, 3/7K6. U R 31174
VESSHL TATRTLAT LON 081, 170, Alle ity
VERSLT EABRICATION ©ONT, H7KG, 2.y
TUBL Mafbpial, ot e rpieiiwy .y
TunkE MATERIAL. COST . b7KG, A, 9091
UL P ARRICATION COSBT . $/7KG, 1.9
__TURE FARRICATION COSY, /88,09, 260,3498
STURAGT fa T Ria Cust, 47K, i
FHGUHEATTON CORT . /K06, AL

COST CALCULATLON OUIPUL TATA

LU MATLRLAL COST, b I E -1
TOTAL TURE COST, % 4a],
STORAGE MATFRIAL COST, % yuio,
INSULATION COGT, % U 1 ¥ & 9
SHROLD 31T #aTERITAL Cust, 5 Ié,
SHROUL S10E TuTal, LOsT, 4 A0k,
SHROUD GOTi0M M AL CUST, b e,
SHROUL ROTTOM TOTAL COST, % M1,
SHROUT TOP MATERTAL COST, * Iy,
SURBOUL TOP (0TAl GOST, b - = 9
SHROUT TOTAL MATI R1AL COS1, F 310,
SUROUD T01al COST, rino,
VIASEL MATLRTAL COST, % A,
VIZSSLL TOTAL COST, % RIER
TOTAL MATERTALS COST FOR 114G, ® BI04,
LOTAlL CaBRICATION COGT TOR T05, b ih405,
S (0TAlL CUsST, + R

o0k InTAL NG
MEAT LRCHARGE R &1

LNGULATION Y
SHROUT .
YISOk L N
T RMETE 1%

Figure D-3. Cost calculations print-out example.
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NPT BaTé

FRAMGFEER RO b LA R
TRANSI FR TURE 1.D,, M. b AGE -3
POMER TURE 0.0, M. Fo16080 3
PR —FHRE— - H— byr-B
TUBE LENGTIE, M. 18,628
NU. OF TURLS 150
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STFEL DLNSTITY, KG/7CU .M. van’y

FLULDN DIENSITY, KG/CU,M, 824

LA AT ION UEMNSTIY  KGLO0U .M 1460, 1%

ABPLCT RaTIO, HGIADLA, 1

AMY . OF STORAGE HATIRIAL, KG, 10000
GEOMETRY ANDL WELGUT QUIPUT DATA

SHROUD DInMETER, M. S.1764

VEESSEL AN R L 2314

TURE HELIX NTAMUTER, M. 115

VI SSEL HETGHT, M. 1.9314

MESGRE]L L TGHT KG MIEVE PN NS | B

WLIGHT OF  TUuRiG, KG, A2

PNGULATTUN WFIGHT ., KG, any .yt

SYSTEHM IHCIGHT, M g.onia —

SYSTEM WFI1GHT, KG. TEETT 1

POLER TURE 1D L

NFLTY Ditael i v 371 T

HUMIO O (URLS 1410

fuek 1 NGTH, G110

TURE TNGIOE ARLa, 12 a0n,

TURE  INSITH ARCA, w2 Db,

LIGUIT Re A0,

VaPORE Re HaRwy,

CRITIOAL. Ko 3113,

HTCL Wlushe (12 ok &9 . 8907

HICH kW/m? oK LAGATH

HICY Wiadln vt =7 171,9n907

HIrY kllsm oK LYPENI

Al Arentervalion PS5 18,4

AP Liagurd whole tube ST 48

A vapey ,970% tubie Pa L7

AP T A6 whole lube PGL 90462

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 1its
lowest state of charge, and at the end of charge when
the unit 1s at 1its 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:

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 streamn.

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.
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COMPUTER CODE
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fg§53r=(w50LL(J)*1./(H1CV4ADf5))/(1.-Fxr)
v =
XNTUSF=z1 4 Z/(RESSUPAWPECV)
TIF(XNTUSP oGE «10Ce) FUFF=1.
TIF(XNTUSP.GEL14C.) SC 10 20
EFF=1le=EXP{=XNTUSP)
TR(JHL)=TSATHLFFA(T(J)-TSAT)
YF(Jd+1l)=1.
CP=GPRARTH+wPERCVAX2(TP(J+]1)~-TSAT)
GG 70 356
PES=REOLL(J)41 . /(HTCVZRAPFE)
XANTU= 1. /Z/LRESHCCV)
IF(XNTUGF«1CGCs) FFEF=1.
IF(XNTULGE «1CC.) GO TO 2@
FFF=1,=-EXF{=XNTU)
TE(JHLI=TF(JIHEFFA(T(I)=TP(I))
CF=CCVE(TF(J+1)-TP(J))
Yer(a+ti)=1.
ENROJISENERA(JI)Y=CQPDTIVF
CALL TKPROP{TUUY»FHER(JIZ(J)s10242+4J6)
CONTINUE
pXF:l.-FXF
«¢C TO 22¢
IFINELNE o (NE¥1) ORJNLFGMNEL(NE+1)) GO TO
WRITE(E«SE0G0) PO ToNEF
STOP
RCGION 1

NOCF IS TOPRP ELEMWEMT

CCNTIMUE

IFINEF ANE JNE) C0O TO ©6
UAEC=FXF/(RSCLL(NE )+ 1. /(HTCVHAEPL))
UARC=RXFRCUAKCYV

UAHL =k XF &« UARHE

C{=CCV

CALL AFCALC(NI)
TLF=AILTINE ) 422 2TSAT+A3XTLIN
TE(NFA1)=EI2TINE)+B2ETSATHBAXTLIN
CCRXF=nP3CVX(TP(NF41)=T54T)

CC TO ES

NEF 1S NXT=-TO=TCOP ELEMENT
IF(NEFNC«(NE=-1)) GO TC €8
UAHE = RXF S UAHL
UAHC=LXF 3 CUAHCYV
UAEC=RXF/Z(RSCLLINE=1)+1,/(HTCVHAEPL) )
cC=Cqy
CALLL ADCALC(NE-1)

CIl(1)=A2
FI(1)=—AYRT(NC=1)-22%TSAT
E1(2)=B3
FI(2)==E12T(N~1)=U2¢TCAT
UARL =+-TCLSAELT
UAHC=CUAKHCY
ULEC=1o/7(RSOLL(NLE)*1 «Z/(HTCVRAEFLE))
CALL AFCALC(ND)

£1(3)==1.

F1(2)=p2

C1(3)=0.
FI(3)==AlZT(INL)=ATSTLIN
Flla)=E2

FIl(4)==1.
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IN HUTe TSAT DIC NOT OCCUK
174 X7(1+1)=C.

TRPOIFII=STROIIAGCINELTHE ) /(W P2CE)

NEITMFEF=NE I TMEI+ Y

FCE=wWLAZCLE(TL(I+1)=TL(I))-GC(})

FAER(II=ENTPROI)ADGE 20T Inr

CALL TRPRCOP{T(I)oFHER(I)eZ2(1)s2ele20JE)

GC 10 172
IN NEOlse TRANSITION 1IN ONE CLEMENT
C(NF !

17¢ TE(NLITMF41)=(C
147
LEFIMP=NE TTHP

IFINEFTVYPEGLHIETY) GG TD 21
350 IF(NEFTMELEQ.NOCF)Y GO TC 203
EXF=wPxCVE(TF(NCTTMP 41 )-TSATI/QC(NLCITMP)
PLO=CTLCI41)=TL(I) ) 2w L2CL=QCINETL)
ERERCIISENER(IN+DNEXDTINE
CALL TKPRLP(UTII) oFNFR(I)sZ2(1)s2e2sl0JdC)
cC TC 21¢
NEFTHME 15 NL1
JC1 TFUINEFTME JCOQWNEF)Y GO TO 3C2
251 GA=GCUINLI)-QCRX]
YEASXPINEFTME+1 ) =GCIXTI/Z(WPEQT)
IF(XPA=-1.) 310,311,312
¥PA CLUMLS OML
211 BxF=le-FXx]1
TE(NEFTMPH1 ) =TSATHUCHX]T/CCY
GU TO 30%
XPA 15 LTSS THAN ONC
210 CO=(XPI(NEFTME41) =1 ) WESGT
FXF=GR/0CEXT4(1.-FX1)
TF(hEFTy3+1)=TSAT‘OD/CCV
% 3

cC 10 2
XFA TS GRFEATLR THAN ONE
#GY

«=F X1

W
—
n

Gl.=(XFLE~1,.) r
RYXF=QL/7GALFXT+1
GOUPHTI=QL4QCKX]
TF(NLFTMP41)=TS
CC TQ 3C%

ATHALSUPKHT/CCYV

LEFTHAE 1S NET & NEF
302 IF(M2efGel) CO TG 3723
GE=GT #wp
CE=GCINEFTMP)=0GE-NCRXF
XPE=XFANECFTMP4Y ) =OGCRXF/Z(WPEGT)
IF(XPt~1e) 3C4420F,30C
PR OLEFSS THAN ONE
204 QEUPHTz(XF(INEFTMP41)=1)2XCTEWR
FXF=RXF2QSUPHT/ZLOPXF
THRINEFTMPA1I)=TSATHLSUPHT/ZCCY
GC 10 30¢f

XPR GRUATER TihAN ONLE
ICE XPASYP(NEFTIME41)=QCRXI/Z(WPQT)
TF(XPA=1e) 30CT7+4209,C6
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™
ro

XPA 1t ONT

FXF=1.=FX1

QSUPHT =GB +QCRXF
TP(REFTMPH1)=TSATH+QSUPHT/CCV
¢ 10 2cCF

xXPA 1S LESS THAN ONT
Cl=(XPB=14)%WP2CGT
EXF=RXF+(GD/Qr )% (1 .~RXF=FX1)
GCSUPHT=GD+QCRXF
TPINEFTVMF+1)=TSATH+OSUPHT/CCV

XPn 1S ONF

CCE=(TL(MNFTMPHLI=-TLINEFTMP) )W LECL=GCI(NEF TMF)
FRER(NEFTVMRP)IZENLR(NFFTMR)4DQEXDTI ML

CALL TRPRCP(T(NEFTMD ) 4ENERINEFTIMP ) Z(NEFTVMP )2 e2920J6)
XP(1+41)=1.

CC 1O 210

XPA IS CREATER THAN DNE
GL=(XFA=14)2WP2CT
RXF=1e=(1e=QD/QA)RFX]
CCUPHT=QD4+QB4CCHXF
TF(NEFTMP41)=TSAT+GSURHT ZCCV
cC 10 308

NEFTMP=NEF, NGT Nt1
GA=GCINEF })=GCRXF
XFAZXFANEFTME41)=QCRIXF/(WF 3QT)
IF(XPA=-14) 32C+3C5H4322

XPA 1S LESS THAN |

GEUPHT=(XPINLFTMPH+ 1) =1 )=WPxQT
FXF=RYXFxQSUPHT/GCRXF
TE(NCFTMP 41 )=TSAT4QS5UPHT/CCY
CC TO 20t

XPA 1S GREATER THAN 1
CO=(XFA=14)3CTHWF
RXF=FXF+F XF*GD/CA
OSUFPHT=CD+QCKXF
TR(NEFTME41)=TSAT4ASUPHT/CCY

GC TO 3Cs
RCGICN 11s COMING UP

I=1+1
IF(I«NEoNE+1) CO TO 171
YRITE(CL.501)
CTI0P
XFCIA1)=XT (1 )4GC(YT )/ (WPXCT)
CCE=(TL(I41)=TL(I)Y)2WLECL~QGC(])
IF(XP(141)sGTele) GO TC 2(C
ENERCII=ENRCRA(TI) A QEXDT IME
CALL TAPROPHUTU(I)+FENER(I)eZ(TI)s2 0220 d€C)
GO TO 19¢

IN FLEVMENT NEF
NEFTMP=Z]
TECI41)=(QC(L1)=wFaQTA(1e~XP{I)))/{WPECV)HISAT
IF(NEFTMP JL3.WET) GD TS 301
IF(NEFTIVEP JEQWNER)Y G TC 3C32
XF(1+1)=1.
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CUFROUTINE ALCALCC(])
CCHMORN/CALCABF/ZUAN CoJAHCOWUAHE sCHoCCosA 1 4AZ423,B81,B2+,83,

Ccz
ThIS SURKCUTINE PROVIDES COCFFICIENTS FOR THE STIMULTANEQUS LINEAR

ECUATIONS WHICH SNLVE THE THREE *WAY ANALYSIS.
ALFALI=(UAHE4LANMC)/CH=({UAHCHUAL C)/CC
ALFA=(UAHCH22=(UMPHCHUAHE )« (UAECHUAHC) )/ (CHHCC)
TECT=ALFALX22=4%AL FAL
FOWERI=(~=ALFALI+SQRT(TIST) ) /2.
PCRER2=(=ALFAI~-SORT(TESTYY /2,
Z1=FPOVERISCH/ZUAHC* 1« +UZHE/ZUAHC
Z2e=PCWER2LCHZUAHCH 14+ UAHE ZUAHC
lF(pOV[RloLTc'llffo) p(:‘\[;l:'lqﬁo

IF(POWLRZ 4L Te=1458,) POWERZ2=-14%,
EFwkIZEXP(PCWIRL)

FPWRZ2=EXP(POWLR2)

ELIFF=EPWR1I-LPWR2

X=ARS(FOWIR]L)

Y=AES(POWFK2)

JF(XeCTal eE=24AN'aYeGTW1.E=2) CO TU 4
ECIFF=PIOWERIYPOWEFP 1 a%2/2 s +POWERI%%3/6 .
ECIFF=EDIFF~POWLRO=-POWIR2232/24=PORKEKRZ2*%3/6
F=Z1%tPWR1-223EFWR?

£1=]1 4 (CPWRIFEPWR20(Z22=-21)~EDIFF) /B
AC=EDIFF /K

A3=EPWRISNTPWR2Y(Z21=-22)/8
N1=1a=(21-224ED1FF%21%22)/b
F2=(21-22)/B

K3=21%22%EDIFF/&

Kt TURN

FND

SURROUTIND VAP(UAFCsUAHCsUAHE s+ CHe TSAT o TE o TL1 o GHE 3 QEC oGHC «TL2)
FCWER=(UAHE+UAHC)/CH

IF(POWER«GTe1454) POWER=145,

FPWR=CXP{=-POWER)

CONSTI=(UAHESTEFUAHCZTSAT)/Z(UAHEYUANHC)
COMSTZ2=CH2(TL1~-CONST) /(UAHE +UAHC)

CHE=UAHE 2 (CONSTO2 (] e ~EPWR)I4CONSTLI=-TE)
QHC=UZHCE(CONSTI % (1e~EPARIVYCONETI=-TSAT)
CFC=UAECH(TE-TSAT)
TLE2=(TL1=-CONST1)=FPWR+CONSTI

RETURE

END

- -
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AA ANA

SUPROUTINE TRIDIA(H)
CCMMON/DIATRIZAI(SOISETI(EG) e CIUBC)sFI(EC) e XI(S50)eCY
COMM AR/ TVYP/ZALFALEN) s PL TA(BO) s GAMMA(SRD)
1F(EI(1).FGaCe) G T 10C
FETA(1)=PI(1)
GAVMMA(L )=CI(L1I/EETAC(CL])
NMIz=N-1
TO 1C 1=1.NM1
IF(BETA(]I)eEGeCWa) GI TL 101
GAMMA(II=CI(I)Y/BFTA(])
Ir1=1+41

10 FETACIPL)=RI(IFP1)=AT(TIPT)XGAMMA(])
ALFACI)=FTIC1)/RETAC(L)
DC 30 I=2N

3C ALEA(CII=(FI())=AT(T)RALFA(TI=-1))/BETA(T)
XI(N)=ALFA(N)
0O 4C 1=1ekM 1
J=N=-1

40 XTCJ)=ALFA(JI=GAMMAE(J)ZXTI(JH1)
Lt TURN

1ICC WRITE (€ (G)

CCC FORMAT(*'EI(1)=0 IN TRILIAY)
STCP

1C1 WRITE(GLCCY) 1

€C) FORMAT(® BLTL(1) TN TRIDIA=D FUR 1=*,12)
END

SUBROUTINE TKFRCP(TEME JENTHFRACs™MeKZ ol JC)

Th1S SUSROUTIMNE FSTABLISHES TASLES OF ELEMENT ENTHALPY VSe THE
FRACTION CF SCLID THERMKEEP ANCD TEWMPERATURE
COMMON/PKOPTK/ZELM s CPET 4 STMM,,STHE

DIMENSION EM(18)+FE(1E)T(18)sH(18)s2(18)

200 FUFMAT(1Z)
201 FORMAT(FIC.29F12.hsF1Ca6)
202 FORMAT(/+5Xs* TAELE OF TEMPERATURE ENTHALFYs AND SOLID FRACTIONM
ECF THLERNMKEEPRP®./)
203 FORMAT(ICYs® TUI)*o1O0Xs* H(I)*41CX," Z(1)°%,/)
204 FORMAT(OX oF104295XsF 12505 X4F1L.6)
20h FORMAT(EX+* ENERGY BEYNND TABLE LIMITE FCk ENTH=*4E10.4)
IF(NLEG.1) GO TC 3F00
GC TC(142),K2
1 IF(J6.TQe2) GU TO 101
YRITE(L202)
READ(E+4200C) K4
w"EFITE(GL203)
101 Ja=K4-]
J3=1
CC 11 1I=1.KA4
IF(JG6EQe2) GO TO 107
FEAC(EL2GC1) TLI)eH(I)e2(1)
1Ce CONTINUED
IF(KZ2.£Gec) GO TO 2
IF(JU2.EGe2) GO TO 13
IF(T(I)LT.TEMP)Y GO TO 10
ENTHSFLMR (HOTI =1 )4 (TEMP=T(T =1 M) (H(I)=H(I-1))}/7(T(1)=-T(1I~1)))
FRAC=SZ(UIIH(T(I)=TEMP)2(Z2(1=1)-Z(1))/7(T(1)=-T(I-1))
J3=2
1¢ EMCII=FLMAIH(TI)ISTMMACPITET(1)
FE(I)SELMXH(II4STMESCHETRT(])
1F(JCE.EGe) CO TO 11
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FRITE(GW2C4) TECI)eH(TI)W2Z (1)

CCNTINULE

EETUKN

CL TO(3s4) M

IF(ENTHSGTaFMIKG) «CRCENTHGLTEM{L)) GO TO 25C

EC 9 I=1sJ4

IF(CRTH.GTLEM(TI+1)) GU TO 5
TEMP=T(I)H(T(I+1)=TCI)IX(ENTH-EM(1)})/(EM(I+])=-EM(]1))
FFACSZCI)H(Z(I41)=Z2(T))Ix(ENTH-EM(TI))/Z(EM(TI+]1)~ E (1))
RETURN

CCANTINUE

GO TO 2S¢

IF(ERTHCGTLFE(KAG ) JORMNTHLTLIE(TI)) GO TO 25C

DL €6 T=14J4

IF(ENTH.GTLEL(I+1)) GO TO ¢
TEME=TCIIA(T(I41)=T(1))IH(ENTH-EE(T))/(EECI+1)-CE(])}))
FRAC=Z(I)+(Z(141)=Z(I M) (ENTH=-EEC(I))I/(CE(T+1)-EE(]))
FETURN

CONTINUE

GO T 203

DC 302 1=1,K4&

IF(T(I)LY.TEMP) GO TO 302
FRACSZ(IDIH(T(I)=-TEMP)II(Z(I=1)=-2(1))/7CT(1)}-T(I=1))
IF(M.EQ2) GG TO 311
ENTHSEM(I=1)4(EM(TI)=eN(I=1))3(TEMP=T(1I-1))/(T(1)=-T(1~1))
G0 TO 301
ENTHSEE(I=1)4(CE(Y)=CF(I=1))(TEMP=T(I~1))/(T(I)=-T(1-1))
CCNT INUE

FETURN

CCNTINUE

CCNTINUE

WREITE(E+2C5) ONTH

STCP

END

FUNCTION THCL(T)

THIS FUNCTION COMPUTFS THE THERMAL CONDUCTIVITY OF SOLID THERMKEEF
AT 25CF. IT 1S NOW A DUMMY FUNCTION WITH A CONSTANT VALUE

IN KJ/M=SFC=¥

THCE=1.080CE -

RETURM

FNC

FUNCTION KL(WL)

THIS FUNCTION COMPUTES THE HEAT TRANSFER C(OEFFICIENT OF THC
HEATINC FLUID AS A FUNCTICKH OF FLUWN RATE IN KJ/SEC/M2/K
CHFE=220E.GT764

RECKIT=7724.
CHTC=G.,9120F -4

(X¥=.E8EGC3

RE=WL%CRL

IF(RELTLRECKIT) a0 10 4L
HYICI=CHTCHRE%%D 4 8

CC 70O 452

HKTCI=«CCCO

ZhUS 0181 2aX(1e=0,8335/0X+435.4/QX%02=2CT7e/0X%553+41%e /QX%EF4)
RTICI=2NUNTC]

RL=HTCI

RETUKE
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FUNCTION KT(X)}
THIS FUNCTION CCMPUTES THE HEAT TRANSFER COEFFICIENT OF
VAPFORIZING POWEE FLUID AS A FUNCTICN OF QUALITY
HI=X%EC1C74+.37R84
FETURN
ENC
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LIST OF SYMBOLS FOR MAIN PROGRAM

I,L Integer loop counters

CL Specific heat of transfer fluid,
kJ /kg-OK

CS Specific heat of subcooled power fluid,
kJ/kg-°K

CT Cycle time, seconds

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

ET Total elapsed time, hours

J6 Indicator 1 first time through

2 = a new Thermkeep mass has
been entered

K5 The number of entries in the table of
solar collector output vs. time
K7 Indicator 1 single fluid flow

nn

2 transition between single
and two-fluid flow
3 = two fluid flow
NC Number of daily cycles run
ND Maximum number of daily cycles desired
QcC Rate of solar collector output, kW
QL(I) Rate of solar collector output at time
I, kw
QT Heat of vaporization of power fluid,
kJ/kg
TD End of the daily cycle, secs
T1 Start of the daily cycle, secs
T5 Beginning of net charge, secs
T6 End of net charge, secs
WL Transfer fluid flow rate, kg/sec
WP Power fluid flow rate, kg/sec
E%GZP’ZPS’ Coefficients used to determine time step
QCHG Heat rate storage, kJ
TIME(I) Time which matches QL(I)
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TLIN
TPIN
TSAT
WMAX

XOoUuT
ASTOR
DQCHG
DQDIS
DTIME
DTIML, DTIMP
DTMAX,DTMIN
QBURN

QLOSS
TAPPR
TLOUT
TPDES

TPOUT
PCDIFF

QDEFCT
QDISCH
QEXTRA

QPOWER
QSOLAR
TALWBL

D-34

Transfer fluid inlet temperature, °k
¢
K

Power fluid saturation temperature, °k

Power fluld inlet temperature,

Maximum transfer fluid flow rate,
kg/sec

Power fluid outlet quality

Amount of storage medium, kg
Increment of storage input, kd
Increment of storage output, kd

Time step, secs

Temporary time step calculations
Maximum and minimum time steps, secs

Auxiliary heat required to maintain the
desired outlet temperature, kd

Solar collector heat unable to be used,
kd

Transfer fluid outlet temperature
approx%mation at beginning of two-fluid
flow, K

Transfer fluild outlet temperature, ©

K

gesired power fluid outlet temperature,
K

Power fluid outlet temperature, °k

Percent different between storage heat
in and heat out

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

Storage output, kdJ

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

Boiler requirement, kJ

Solar collector output, kJ

o}

Minimum allowable outlet temperature, K



E
I,J,K
T(I)
Z(I)
AI,BI,CI

FI(I)
Al,A2,A3,
B1,B2,B3
cc

CH

CL
CS

CT
Ccv

ET
HL(WL)

HT(X)

Jé

K1-K8
L1,L2
M1

LIST OF SYMBOLS FOR SUBROUTINE ELANAL

The unit total energy content, kJ
Integer loop counters

The temperature of the Ith element, °K
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-CK

Specific heat of subcooled power fluid,
kJ/kg-°K

Cycle time, secs.

Specific heat of power fluid vapor,
xJ/kg-"K

Elapsed time, hours

Punction 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

first time through program
restart cycle with a new
storage mass

Indicator 1
2

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

D-36

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, °K

Temperature of the power fluid at the
lower boundary of element I, °K

Beginning of net charge, secs
End of net charge, secs

Transfer fluild flow rate, kg/sec
Power fluid flow rate, kg/sec

The solution to the Ith equation in
TRIDIA, ©K

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
tge power fluid and the storage medium,
m



APL

CCS

CCV

CT1

DQE

EFF
ELM

TP
FXF

FXT
NEF

NEI
QEC
QHC
QHE
QTP
RES
RXTF
RXT
SUM

TEL(I)

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

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 subcoocled fraction of the element NEI

The element in which the power fluid
reaches quality 1.0

The element in which the power fluld 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, kdJ

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, kd

An element temperature from the previous
time step
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TLEF
TLI
VAP

XI1,XI2,XI3

XLE
XNE
XNT

XPA

XPB

XP1,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, °K

The temperature of the transfer fluid at
point FXT, °x

The vaporizatlon 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,
m

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, m

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

The specific heat of steel, kJ/kg-°K

The effective diameter of dual heat ex-
changer tube

2

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-°K

Heat transfer coefficient of subcooled
power fluid, kW/m2-°K

Heat transfer coefficient of power fluid
vapor, kW/m2-°K

Heat into the power fluid anticipated
for section FXF, kJ
3

Storage medium density, kg/m
Steel mass in an end element, kg
Steel mass in a middle element, kg

Thermal conduct%vity of solid storage
material, kJ/m-"K
o}

Inlet temperature of transfer fluid, K
0
K

Power fluid saturation temperature, °g

Inlet temperature of power fluid,

Conduction coefficient of storage med-
ium to power fluid, kW/°K

Conduction coefficient of transfer fluid
to power fluid, kW/%K

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

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 unlits 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(TI)

TINIT
TLOUT
TPOUT
UAECF

UAECI

UAEC2

UAHCF
UAHCT

UAHC?2

UAHEF
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Amount of storage material, kg

Elapsed time from beginning of net
charge, hrs.

Intermediate variable =
21 x XLE x XNT used in calculating
solid layer resistance

Length of time step, secs

Intermediate variable used to calecu-
late YNTU

Heat into the power fluid in section
RXF, kJ

Heat into the power fluid in section
RXT, 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, °k

¢}

Transfer fluid outlet temperature, K

°x
Conduction coefficient of storage medium
to power fluid in section FXF, kW/°F

Conduction coefficient of storage med-
ium to power fluid in section RXI, kW/°K

Conduction coefficient of storage med-
ium to power fluig in a purely transi-
tion element, kW/ K

Conduction coefficient of transferofluid
to power fluid in section FXF, kW/"K

Conduction coefficient of transferofluid
to power fluid in section RXI, kW/ K

Conduction coefficient of transfer fluid
to power flu%d in a purely transition
element, kW/-K

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

Power fluid outlet temperature,



UAHET

UAHEZ2

XLEFF
XPXTI3

CUAHCS
CUAHCT
CUAHCV

NEFTMP
NEITMP

OLDQEC(TI)

QSUPHT
RESSUP
TTRIAL

XNTUSP

Conductlion coefficient of transfer fluid
to storage medium in section RXI, kW/CK

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/°K

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, °K

Number of heat transfer units in the
superheated fraction of an element
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MEIN PRUGRAM TESPR
LgEtMON CPF o TUSsTL o ¥NL oPMAX ¢ PDMAX sWPUNMP o WPLAK s TF{L 1) s CTsASTORSERI o WC
DIMENSIGN QOUT(Z25).TIM(25)

3CC FURYAT(1I3.06F1(e1)

301 FURMAT(1O9Xs* TABLE CfF SOLAQ COLLECTCR OUTPUT Vi, TINME *)
2Ce FLRMAT(CZAXe® RATE IN KW *o3Xe® TIME IN SECONLS °*)
302 FCREMAT(FI1Ge49F10.1)
304 FURMAT(2F10e4+cF 1001 +Fl0Ga0sF10.24F1C.3)
3Cf FCRMATI(S5Xs® FLUID SPFCIFIC HEAT s KJ/KG/K *+f 1Ce4)
30¢ FUFPAT(5Xe® THERMKEEF SPFC HEAT s KJ/KG/K *oF 10e4)
307 FURMAT(EX,.* TURBINE INLET TEMPes K *sFICel)
30E FURMAT(EXs®* TULRBINE LUTLET TEMPes K *sF10.1)
309 FURMAT(EXs® NCe OF ELENMENTS FOR ANALYSIS *eF1l0.C)
310 FLRMAT(5Xe® A+T, OF STUOREAGE MATL.s KG *oF1Cec )
231 FORMAT(SEX,® MEXe PUMF FLOWSs KG/SEC. *«F106.2)
232 FCRMAT(EXs® MeXe TIVMF INCREMENT . SF (e *ofF 10ec }
213 FURMAT(5Xs* BUILER CENANDs KW *efF 10 e}
214 FORMAT(1IHI EXs®* MAIN FROGRAM DATA® /)
318 FCRMAT(ZEXsFICa4sG9XeF10e1)
31¢ FCRMAT(EXs* NCo OF CAILY CYCLES Sy TXel2e2/7)
317 FURMATOIHIWS5Xe® HEAT OF FUSION VHERMAL STORAGE ARAELYSIS® e///)
320 FURMAY(///+20¥Ys" CYCLE CATA®e/7)
221 FURMAT(10X.* ELAPSEL TIME,s HR *eF10e1)
322 FOLRWATL1IOXe®* CYCLE TIVE, SEC *sF1Ca2)
223 FURMAT(10Xe®* LOSY COLLECTOR HEAYs KJ YeE15.7)
324 FLRMATUIOXs® C(CLLECTECR OUTPUTs KJ *yL18.7)
32 FURMAT(10Xe® STOFAGE CUTPUT, KJ *s{ 15.7)
326 FOEMAT(10Xs® STDORAGE INPUT. XKJ *+E15.7)
327 FUPMAT(10Xs* AUXILTIAFY INPUTs Ku *sE15.7)
328 FCRMAT(10Xe* ECILER FEGUIREMENT» KJ *sE15.7)
329 FCR¥AT(10Xs® FEAK STCFAGE FLOWs KG/S *+F104)
330 FLRMAT(IOX,* FEAK FRESS DROPs K(F/SHM *2E1G.4)
234 FCRVMAT(10X+* FEAK PRESS DROP, PSI *E10.4)
331 FCRMAT(10Xe* FEAK PUMF PCWERs KK *+E30.4)
23z FIURMATULIOXs* TCTAL PUMP WLCRKse KW-HR *+E10.4)
333 FURMAT(3F10e2,F1C43,412)
335 FOFMAT(IO0Xe® MNUMEFR CF TIME INCREMENTS®+110.//7)
33c FCRMAT(EXs® MINe TIM INCREMENT, SEC. *eFiCec)
237 FURMAT(EXs* ICLLE TIMEL INCREMENT, SFC. *eF1Cec )
336 FUPMAT(10Xs® CEFICIT KEGUIREMENT, KJ *JE1Ceaslcde® CYCLF TIVE

LFLCw TFE(Y) TF(NE+1) JF(1)~-F THANE41)=F*)
340 FCFRMAT(F10.0)

READ(5+30C) KLoT19T12eT3sTA4T5,T¢

FEAD(5+304) CFFoCTKs TUsTL s XNESASTORsRMAX

REAL(5+333) LIMAXSDTRINSDTIDLE S GESND

J€ =1
2el CUNTINUE

IF(JE.EG.2) GL TC 37C

Wk ITE(64317)

¥RITE(6+3C1)

WRITE(G.302)

CC 1 1=1+Kk&

READ(E303) QUUT(TI)»T1IMC1)

1 wWKITE{(6315) GOUT(I) TIKL]Y])

37C KFRITE(G6+314)
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~ o~

4C

m”m
&

7C

WFR ITE(C+305) CFF
WKITE(E+3C6) CTK
WFITE(6+3C7) TU
wWEkITE(G6+308) 1L
WEI1TE(6+309) XNE
WFITE(G»310) ASTOR
NRITE(G6s311) BMAX
WFEITE(6+3312) CTMAX
WFITE(G+336) UTMIN
WFITE(0+337) CT10LE
WFITE(G+313) (B
RRITE(CE+3316) N
K1z}
DHMAX=CPF&(TU~-TL)
WFH IN=GB/DHMAX
ET=0.

CLCEFCY=0.
GECIL=QF%(T247¢~T13)
WPEAK=0a

PrMAX=0.

KFEUMP=0 .

PCWMAX=0 .

ND 1=0

NC=1

INITIALIZATION DF DAILY CYCLE

K72 1I=NO FLOWs 2=CHAFRGINGs 3=D1SCHARGING

CT=DTMAX

ET=ET4DIMAX /3¢ (0D .

K7=1

QLCSS=0.

QLCLAR=GBXDTIVAX

QC ISCH=C.

CCHG=Ce.

GEUKN=0.

WF=0.

DVIME=DTMAX

GC=aB

L=0

L=tL+1

NLY=NDT+]}

CALL ELANAL(

IF(LeNREC1C

ML=1.E8%TF (

U=18%TF (
*

06%ASTCR { XNE =CPF )

KT.EGel) GU TO 6O

{K7.EGe3) GC YD 5E&
GLOSS=CQLOSSHILC~QB-WFZCPFX(TU=TF(1))})2DTIVE
GSCLAR=GSOLAR4GC2DTIVME
QCHG=GQCHGH+WF 2CPFAX (TU-TF (1) )2DTINME

GC YO 7¢C

NE =XNE
GEURN=QEURN*WF2CPFL(TU=-TF(NE+]1))2DTIN
IF(TF(NE+1)el Ta5B804) GDEFCT=QDEFCTtWFLCPFR(5E0-TF(NE+1))SDTIME
QL 1SCH=QD ISCH+RF 2 CPF 2 (TF (NE+1)~TL )2LTIMFE
GEOLAR=QSCLARICC2DTIME

DC 2 1=2+Kk5

s ™

wi
GC
TE 1)-
TEW NE ¢
L=0
Iz« CTK
1F (
IF
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JFUCTGE T (1)) GO C 2
QC=QouUT (] 4(QOVTC(I)I-GOUT(I-1)I(CT-TIM(I~1))/CTIM(ID-TIN(1I~1))
6C TO 80

¢ CONTINUE

INADEQUATE COLLECTOR CUTPUTY AT END COF DAYs EVEMNIN
EC 1F (CTGE«T1) GC TO 9¢

WCOLL=GC/DHMAX

WF =WMIN-WCOLL
7=3
TIME=Z/WF
FAOTIME LTDIMINY) CTIME=DTINMIN
F(DTIME JLELDIMAX) GO TO €1}
TIME=DTMAX
T=CT+DTINML
F(CTLEST1) CC TO €2
TIME=DTIME~-(C1-T1)
1=7
1=F

1
T4DYIME/3¢ 0G0«
GL J0 £0
NL HEATING AVAILAGLE FROM COLLECTIORS
G0 IF(CT.GL.T2) CLL TO 1rC
WF =KM]IN
K(CLL=0.
K7=3
DTIVME=Z/WF
IF(DYIVME L TLDIMIN) DTIME=C TMIN
IF(DTIME .LE.DIMAX) GG TO ©1
DT IME=DTMAX
93 CTI=CT4DTIME
IF(CTLELTZ2) CO TO 62
DYIME=DTIME-(CT-T2)
Ci1=12
G FTY=ET4DTIME/2(CCO.
GC 1D 5¢C
OVERNIGHT 1DL!
CTeGELTI) C TO 11C

K
D
1
1
D
£l C
1
D
C
E

100

E=D

T4DYIME

TelE«T3) ¢0O TC t(2
ME=DTIME-(CT~-T3)

16 ET=ET4DTIME/3€0D.

GCL TD 5¢C

NC HEATING AVAILABLE FHLOM COLLECTORS AFTHR DVEFMICGHT ICLE
11C JF(CT.GF.T4&) CC TO 1.0

WF =WMIN

K7=3
IME=Z/wF
(CTIMESLT.OIMIN) CIIME=DTMIN
(DTIME «LE.DIMAX) GC TO 111
) |

C
1
ME=DTIDLE
C
C

1 oot |} b (|~

-
W

ME=DTMAX
CT+DT1ME
(CT.LE.T4) GC TO 1172
IME DYTIME=(CT-T4)

D1
IF
1F
DY
111 C7Y
1F
D1
c1
ET TfDTIVE/3tCO-

11c
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12¢

121

14C

6L 10 &G

INADEQUATE COLLECTGR CUTFUT AT BIGINNING GF [AY,

IF(CT«GETS) CGC TC 10

wCLL=QC/DHM Ay

WF=WMIN-NCOLL

K7=3

DY IME=Z /wFi

IF(CTIMELLTDIVFIN) DTINME=DTNMIN

IFI(CTIME LESDIMAX) GO TO 121

DT IME=DIMAX

CI=CT+DTIME

IF(CT.LETS) GO 10 122

TIME=DTIME-(CT=-T15)

1=7T%

=ET4DTVIME/2€00 .

10 &0

ESS SOLAR HEATING AVAILABLE FOR STCORAGL
CTeGE«TCG) GC TU 14

CTeGTeTS) CO YO 1313
¢
1
»

wt |1 1] o N

E=DTMAX

10 132
={QC~-GB)Z(CrF&(TU=-TF(1)))
CLL=wF4+WMIN

WCCLLeGTeRMAX) WF=WMAX-WVIN
WCOLLoeGTawVAX) WCCLL=WMAX

E=2/%F

TIMESLTDTMIND DTIMESCTMIN
TIME cLE.DCTVMAX ) GC TC 132
E=DTMAX

T+DTINME

TeLELT6) O 1O 133
E=DVTIVE~-(CT1~T¢C)

T+DTIVE/3¢00.

LATIVE INFORMATION AND MAIN FRICRAM [AD

(6+320)

Ces323) T
CLOSS
GSOL AR
GLISCH
CCHG
GEUFR N
CDEFCT
(BOIL
WPEAK
FDMAX

t.00142¢

SIMAX

1011 ot oo )] bt o o bos || o o

zqddd!dddddddddddCdm;XhﬁIOOIN

TMmTmAaAMmMMmMMmEmMMMMmMMmMMMMMMMM
AJ bt s o oW sy sy BC Ty s N, S o S~ -

o
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[ve)
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-
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N
13y
-

P DIAN T TN NNINNC N edad M adad M N ad ] M MNAMMNNd ™ NN M

WWWWOWI W Wl WWw
TV WLWWWTWIRWm NN
A4 OAN=EPOOYBRNOOL
-t ot ot g Dt S S g et N gt

e we TVeoveoneveve

Fl bt St et g St Dot ot bl ot St Dt it S W gt bt W
[ Ko Yo Ro Yo NI N0 Ko ReJo Ne Yo No Yo ]

o0
o)X
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IF(GDIFFZGE <.CDIFF1) CUO TO 99
IFA(NC.GT«ND) (0O T0O 99

QL CSS=0.

GECLAR=C.

GL ISCH=GC.

GCHG=0.

GBURN=0.

QLEFCT=0.

WIEAK=C.

PLVAX=0,

PMAX=0.

WFUMP=0,

NDT=0

GC 10 40

READ(S9340) ALTOR

1F (AS10R.EQ.1.) CO TC 350
Je =2

G0 10 360

s10P

END

E-7
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360
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SUEROUTINE ELANAL(WF ¢ T1oT2 oT3eTGeTE o TCoKT7sLTINEsKk1540)

ghéSESUEROUYIrF PERFCFMS THE HEAT TRANSFER CCMFUTETIONS ON THE
LEMENTS

DINMENSIDON ENER(51)+2(51)eT{51)skMA(5])

CEMVON CPF o TUSTL s XNE o FMAX s PDMAX sWPUMP o WPEAK s TF (L 1) CT s ASTORGEN3 o0 C

eoLL

CUMMON/FPROPTK/ZELM o CPSToSTMMoSTME

IF(J6.EQa2) CC TO 38C

GC TOt1+2)eK1

FIKST TIME THRCUGH = IN1TYIALIZE AND READ LATA

NE =XNE

CT1=0.

READ(E+101) DCoDI o XL TsXNTs TINSLCOWLID

READ(5+102) TENDs TSHILL »DHEL

READ(5+303) RHOST +RHCF + RHOM e RHO INS

READ(5+104) THCINS»THCSToTHCF4PRFVISCFLCPST
READ(5+10%5) TAMBs TSHESTINITY

READC(DS s 70C) FPPFATS oPF CCAsPFSSHePFSTAPFSTWPISBAITSEW
READ(S+701) GATOPS+GASIDE » GABOTS+PVVYWsPMVE o FIVVsFFVH
READ(S+702) CFMTW+PF TR PFTASPTK sPINSWASFECT

CUNTINUE

JF(K1.£Qe2) GC 10 2

GECMFTRICAL CALCULATIUNS

VIUBES= o TESASXL T XNTRC0O%%2
VLCLIK=ASTOR/RYVCGM

VIOT=VOLTK+VTILEES

A:TEMPT SFECIFIED ASIFCT RATI1O

JE=1
DEHELL=(VIOT%X1.27324/ASFECT)3E(1:/3)
HEHELL=DSHELLZFASPFECT

IF (HSHELL .LE .XLTY) GO 0 3

HEHELL=XLTY
DSHELL=2«3SOKT(VTIOT /(2141 62HSHELL))
JE=2

DEHR=DSHELL A ETINS+Z TSHELL

WE JCHTY CALCULAZTIONS
HGTTOT=HSHELLA2 4 TINI42,2TEND
RTENDS=1ST70E62TENDXRHCSTED SHELL %2
WISHEL=3e 141 6LDSHELLTTSHELL 2HSHELLZRKWOSY
WIVESS=hTSHELAWTENDS

WTTUBE= « 76542 (DD%%2 -0 19%2) #RHOSTEXLT2XNT
WYINS=RHOINS2 (70542 (CSHRS % Z2=(DSHELL 42 «*TEND I %2 JZHSHELLA1.5708%T1

INEZDSHRT%2 )

CCSY CALCULATIONS USING SIX-TENTIHS FACTOR

ATUBES=314 1¢2XXLTEXNTXDC

PV¥IR=CPMTW/DC

CVTUBE=WTTUBEZFMTW

CCTUBE=CHMTUBE 1223 .C1622PFIW L (WTTLRE/4Te232C) %6 11.0¢TEPFTAL(ATURBES

2/c 13431226

COGSTOR=ASTORZFIK

CCUINS=WTINSHF1INS

ACIDES=3.141620SHRLHCTTOT

RTSIDE=ASIDESIGAS IDL *RHOST

CVSIDE=WTSIDLXEMATS

CCSIDE=(MSIDEALI 92 2FFSSWEINTSIDE/4T7.64)42,642 85 FLSAX(ASICES/E.)

%2 o€



Pt b bosh ot bd frop b ot Prd b ot B bt bt Dt e
et et bt bt bt bt B DO OONOOO

NN YRI e DI O ND P

ABOTS=ea TEE4FLEHR 2D o

"TBOTS=ABDTS2CABGTS #FHOSTY

CHRCTS=RTECTS*PMATS
COB?TS=(MBUTS45.17#FF$BH¢(HTBOTE/16.34)#*.C*.30!95¢PFSFA¢(AEUTS/.6
$119)2%.6

ATCPS=LECGTS

WTTCPS=ATOPSI*GATOPSFRHOST

CHTOPS=WTTOPSIPMATS

CCTOPS=CMTIOPS 43 CCHETFSTHR(WTTOP S/ T7.32)3% 0+ 308 GLAPFSTAS(ATCPE/ 0]
16 )% 6

CVSHRD=CMSICE+CMBOTS4CMTOF S
CCSHRD=COSIDE+COBOTS+COTOPS
CMVESS=WTSHELZFMVWIWTENDSH:PMVE

CLVESSTCHMVESSH90 SePI VRS(R TVESS /181 2)2%aC+ 2844 FFVV2(VICT/.ECE ) %%
%€

CHTOT=CMTUBE 4(VSHRD+C(VMVESS +COINSHCOCSTOR
CCTOT=COTUBL +COSHRC+ (OCVESS+COINS+COSTCR
CCFYES=COTOT-CMTOT

WISHRD=WTISIDELAW¥TTOPS+RTECTS

TYCGT=WTYVESS+% TTUPE4+WTINS+ ASTOR #WTSHRD

SISTANCE CALCULATIONS = LATERAL
AREA=CQ78H4SXNTSL I 722
CRIT=21005(1e412.%5(DI/LHEL)Z%CQG)
E=DI/Z(FLAREFLVISCF)

TC=0.0222TH(F ¢ (PRF 2t a4)}/D1
UBEJ=3141CTXNTXDIIXLT/XNE

KTL=C o 2E3SXLTEXNT/ XNE
ASL=ALOG(DSHR/DSHE LL)ZXNE /(6 JEIFTHCINSSHSKHELL )
SISTANCE CALCULATICONS = AXIAL
RTUBEA=SXLT/(7B54THCSTEXNTEXNE R (DOSS2~DTI%R2 ))
RSHELA= H‘HELL/(3 141t$XNE¢THCST#TSHELL#DCH[LL)
CHKMATHSHELL/(TE8S4XXNES(DSHELL £32-ANTZDCL%2))
RESISTANCE CALCULATICAS = END
RTUBEEZTINS/(.7BEA4XTICSTH(DO0sx2-DIC%%L2))
RINSE=TINS/( 78542 THCINSE(DSHRE L2 =XRTXDOX%2)} )
RAXE=1e/(1e/7KTUBEE+1./RINSL)

MASS CALCULATIONS

ELM=ASTOR/ZXNL
STMM=3e1416%RFOSTLH(DSHELLE TSHELLSAHSHELL A XL THXNTZ (T O%22-D1222)/6.)/
IXKNE

STME=STMMA o TELARRHDSTATEND 2 (DSHELL 25 2=XNTZD1%£$2 )
FCRMATUZF10089F1042sF10.0+3F10.5)

]

E
FL
RE
Ck
ChH
Al
Ck
R1
RE

FCRMAT(3F10.6)

FLRMAT(4F10.2)
FORMAT(3F10.9%sF10.5F1CeG2F10.5)
FCRMATLIF10.2)

FORMAT(///+12Y+* SUFFCUTINE FLANAL Dk?A's/)
FLRVATIEX s * SHRDUD DIAMETERs Me *+F30.4)
FORMATUEX® VESSEL CIAMETERs M. *sF10.4)
FCRMAT(SXe®* TUBE OeDes Mo *sF10.E)
FCRMAT(EXs®* TUBE JaDes Me *yF10.86)
FURMAT(SHX . VESSEL HEIGHT, M. Cof10e4)
FEIRMATU(EXs®* TULBE LENGTH, M. *yF10.2)
FCRMAT(EXs®* NCe. OF TUEES t,F10.0C)
FCRMAT(SXs* IRSULATICN THICKNESSs “eo "oF10.8)
FORMAT(S5Xs® VESSEL WALL THICKNELS s M ®F 10.6)
FCEMAT(SX +* VESSEL EMD THICKNESSs Mo "eF10a()
FORMAT(EXs* THERMKEEF DENS «e KG/CUMa®*FIC.2)

E-9
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FLCRMA 00X,
FCRMAT (30X,
FCRMAT (30X s
FCRMAT(30Xs*
FCFMAT(30X."*
FORMAT(20X,"

TEEL DETSITYs KG/7CULM, *eF1Ce2)

LUID DErC]ITYs KG/CLoM. "sF1Cel)

He CONL « INSULes KR/M=-K ®*,F10.L)

"". CUNDQ 51(—ELI KN/I-"K .OFIOG&’

e CONDe FLUIDe KW/F~K *,F10.E)

LUID PRANDTL NUMBEL *eF1CaY)

LUID VISCOSITYs KG/M=-SEC®*+F10C.5)

FPRIENT TEMP.s K *wF1Ca2)

FROUD TEVF « 8K *F1Ces )

NITYIAL TEMPe.s K *sF1Caz)

TJEEE SP e HTes KJI/ZKG=K *eF10a%)

ASPECT FATIO NOT MET FCR TUFE LENCTY CF Filea)

MoUL. DERSITYs XG/7CULH, *4,F1C.2)

YSTENM HEIGHT s M. *sF10e4a)

YSTEM WEIGHY, KGo. *,F1Ga1)

LSSEL WIIGRTs KGe *3F1Ce1)

LIGHT CF TUBE Ss KG. *eF1Cel)

ANSULATICM YEIGHT, KC. *sF1C.1)

LTILET Celeas Mo *eF1iC.E)

UTLET 1 eDasw M. ®f 105)

EEGINNILG OF DAILY CYCLE®»//)

RMEDIATE MAP AT CT=T1=F10e2e® SECLLY9r/)

FMEGTIATE MAP AY CT1=T2='4F10els® SECL*s//)

KMEDIATE MAP AT CT=T3=*,F1G.1e* SLCSta//)

RMEDIATE MAP AT CT=T4='sF10els? SEC(S*Ye/r/)

FMEDIATL MAP AT CT=T5=*3F 101" SEC /7))

CF=CYCLT SYSTLY MAF AT CT=T6="sFI0.1+" SECS*,//)
T(1) 2(1) TF(Y) TC1Y=F *.//)

IXsFGacd +3XsFQ a2 sINsFQaleIXsFGal)

1XeFGal23s3XeFG2)

(TAL SYSTEM ENERGY. KJ 2t 18 e Terr/)

28X sFO .27)

STARTING TUTAL ENERGY THIS CYCLEs KJ. wF10.8 o//77)

Cea2 310X sF10el 910XeFl10aE3lO0XoFlC a2l (3eF20e5410XsF1Cac

17250 *CHARGE TIME?® 1454 YSTOR/GE FLUW® «T65+°T-6GC CUT

TOR FLCw*,T105¢*RE TURN COMEINLD TENEL.'4/)

1o X oF 1C a2 o5 X oFl0 el o5 X sl 120abiaEXolt 17 et siXeF12.4e5Xs1C)

)

;4?]0-4)

Yo' COST CALCULATICKA INPUT LATA®w//)

CTHROUD PATERIAL COSTe $/KGe. *sF1C.4)

SHROUD SIDE FABRICATION COSTe $/5GC et *sF10.4)

THROUD <CIDE FABRICATION COSTs S/7kC. *sF10e4)

SHROUL (P FABRICATION CCSTe $/7S5C.Ve *oF1C.4)

CHROUL TCP FABRICATION (COSTse $/kGe *eFI1Ce4)

THROUD FCTIOM FABRICATION CCST,s $/75GoMe $,F1C.4)

SHROUD LCTTOM FABRICATION CCSTs $/kC. *sF1C.4)

SHROUD T1CP THICKNESS . M. $+F1C.7)

CHROUD SIDE THICKNESSs Me t,F10.7)

CHRDUD ECTITOM THICKNESS, M, *eF10.7)

VESSEL VYALL MATERIAL COSTe $/KCG. *eF10.4)

VESSEL END MATERIAL COSTs $/KGe. *sF10.4)

VESSEL FABRICATION COSTe S/CL M. *sF1C.4)

VESSEL FABRICATION COST» $/kGa *sF10.4)

TUBE MATERIAL COST e $/FGe *9F10.4)

TUBE FAPRICATION CCSTs $7KGa *+F10.4)



767 FCRMAT(20Xs+* TUBL FAFRIJCATION CLETs $/5Q.M, *F10.4)
T6E FOGRMATE30Xe® STORAGE MATERIAL COST. $/KGe. *sF10.4)
7¢Y FUORMAT(30Xs* INSULATICN CCST» $/KGe. *sF10e4)
77C FORMAT(EXs* ASPECT FATIOs HGT/DI1AS *+F1C.4)
771 FCRMAT(/+30Xe* COST CALCULATION OUTPUT DATA®s/)
772 FCRMAT{30X,* TUBE MATIRIAL COSYT, ¢ *sF12.2)
772 FCRMAT(30Xs® TOTAL TUFPE COST. ¢ *sF12.2)
774 FCRMAT(3OXs* STORAGE VATERIAL CULTs 8 *sF12.2)
775 FOCRMAT(30X+®* INSULATION COSTs % *+F 12.2)
77¢ FCRMAT(30X.* SHROUD €]IDE MATERIAL CULLT. 8 *3yF12.2)
777 FCRMAT(30Xs,®* SHROUD SIDE TOTAL (OST, 2 *sFl12.2)
776 FCRMAT(30X.®* SHROUD ECTTOM MATERIAL COST, ¢ *'wFi12.2)
775 FCRMAT{30X,* (HROUD BCYTOVW TOTAL COUS57. § *sF12.2)
7EC FOURMAT(30Xe* SHROUD TCP MATERIAL COSTs % *eF12e2)
7€1 FCGRMAT(30Xs* SHROUD TOP TOTAL C(CSTs 8 *sF12.2)
T€2 FOKMAT({30Xs* SHROUD TCTAL MATERIJIAL COST» 3 *2F12.2)
782 FCRMAT(30Xs* SHROUD TOTAL COSTs 1 *eF12.7)
7€4 FORMATLIOX.* VESSEL FATERIAL COST, s *eF12.2)
TEE FCRMAT{30Xes* TOTAL MATERIALS COST FOR TESs 3 *sFlze2)
7EC FURMAT(30Xs® TOTAL FAFRICATION COST FOUR TESs % *wF12.2)
787 FGRMAT(30Xes*® TES TOTAL COST, 8 *sF12.2)
T7EB FORMAT(30Xe®* VESSEL TCTAL COST» % *sF1i.2)
76% FLFMAT(/+30Xe* FABRICATION COSTS ARE SCALED FRCY MCO 1 TES®W/)
79C FOGRMAT(3OXs* TUBE MATERIAL COST COEFFICIENT *eF1CeA)
791 FCRMAT(5Xs®* FELIX DIAVETER . Me *+F10.6)

WEITE(G+10C)

WRITE(G6+1C7) [SHR

WRITE(G21CEB) LSHELL

WRITE(G+111) HSHELL

¥RITE(6+109) [O

WRITE(Es11C) L1

WRITEC(G.112) XLY

WRITE(6+113) XNT

WFITE(G6+791) CHEL

WLITE(G6+114) TINS

YRITE(G.138) 0O

WEITE(6+139%9) 10

WRITE(G+1158) TSHELL

WNFITE(6+116) TEND

WhkITE(6.217) KHOWM

¥RITE(CG.118) EKHDST

WFITE(E+119) FHOF

WHITE(G#132) FHDINS

WRITE(6+120) THCINS

WRITE(Ge121) THCST

WRITE(€.322) 1THCF

¥YRITE(6+123) FRF

WRITE(6s124) VISCF

WRITE(G,125) TAMP

WFITE(6+129) TSHR

WRITEt(Cs126) TINIT

WFITE(6+127) (PS5

wHITE(6+135) wTIVESS

WFRITE(G+136) WITUEE

WRITE(6s137) #TINS

WRITE(C+133) FGTTOT

WFITE(G=134) wWITOY

WRITE(G+770) ASPLCY
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DO AEAMNSUOUMAE AT AT RS S g IOy S ALY TN AAEA NN LA T T L
MEPEATAMRNN (a.aCI I NN OO T I DTN AT I NI AN I DM

ONT Meamil g

Q
N
o

ULATE INSIDE HEAT

F&CRE

AELE OF FLEMENT ENERGICS AT TINIT
TINITENELsFRACe101+J6)

5.EGe1) GC TO 4
E(6.128) ALY
EtC+750)
E(6+751) FMATS
E(6.752) FFSSA
E(6+753) FFSSW
E(O+754) FFSTA
E(C+7E5) FFSTH
E(G6+7EC) FFSEA
E(6+7E7) PFSEBW
E(6+758) GATOPS
E(6+759) CASIDE
E(6+760) GABOTS
Eles761) FMVH
E(G+762) FMVE
El6«763) FFVV
E(6+7C4) FFVH
E(6+790) (PMTh
E{G+76E) FMTW
ElE6s76C) FFTVW
E(6+767) FFTIZ
Et6.768) 1TK
E(Gs769) FINS
E(6,789)
EC6+7T71)
Ei{6.772) (MTUBE
E(G+773? COVUPE
E(6+774) COSTOR
E(6+775) CDINS
E(6+776) (MSIDE
E(¢s777) CDOS1DE
E(6+778) (MBOTS
E(€.,779) (0OBOTYS
E(6+T7E0) C(MTCFS
E(6+.781) COTOPS
E(6»782) C(MSHRD
E{Ge783) COSHEKD
E(6+7E4) (MVLSS
E(G.7€E) C(CVESS
E(6.7BE) (MTDT
E(6+786) C(CFTES
E(es787) LOTOT
TALIZE 7
TKPROF (

1=1sNE

TINIT

FRAC

NER(I)

NUE

(6+194) ¢

E FLOGW OF NO-FL(Ww
eNEe«3) GU TO 1%

TRANSFER CGEFFICIENT AND

RIESISTANCE



2C
(733}

(o

140

21

71

IF(RELTRECKIT) GO TC 4f£1
HICI=CHTC%*RE%%0sE

GC TOD 453
HYICI=3.66%TH(F /DT
REMOD=RE$(DI/LHEL )})=*%C.5
OXx=((REMOD*%Z2 )SPRF)220.25

ZNUZ0.1B1I%FCX%¥{1e~083G/CX 454/ CX%%2-207/70X5%34410/70X2%%4)

I=ZNUSHTC(C]

1=1/(HTCILATUBE 1)
PUTATION OF PUMP HEQUIREMENT FOR PUMP EFF=1.0
«J1O02%FF(REISXLIZINF/FLAREA) S22,/ (23D 1I%RHCF )
PD.GT<PDMAX) PDMAY=PD
WER=WF £PD/ (102 . ¢RHCF)

(POWER.GT+FrAX) PMAX=POWER
i RK= PDUER#D]I”E/’OCC
UMP=WPUMP+W(RK
NTINUE
K7.EGe2) GL TO 13¢C
R?YTCﬂL(UL‘TlDNS - COOL ING OF N(C FLOW
=TL
I=1+NE
EG.1) GC TC 21

«EGaele) RSOLL=O

«EGe0e) GO TC 66
TISELM/(RHOM=XNT)
RT€(1.273VSTKEXNEZXLT4DC222)
LOG(DSTIK/DOG)YI/ZLTHCS (T (1)) ZCRKTL)
=RFLI4RTUEEL+RSOLL
U=1+/(RTOTXWF%CPF )
XNTUGT.310C.) EFF=1.
XNTU.GT.10C.) GO 10 140

lo=EXP{(~-XNTU)
+1)=TF(I)HEFF % (1)=-TF (1))
t141))

(1
WFCPF&(TF(1)~-TF
DL TOP(71)s BOTICM(T72)s OR MIDECLL

OT=QFL

C
L
M
{

I HAaayQ
HAAN ety

)
)
(
Q
A

v ] >4 |}

(
E
{
(
(
{
1
T
a
o
T
(
(
F
(
L=
C
N

AU ~AMet X DOV ot bt bt O o [N et (Nl W Wl Dt DM DT
SCSOMMMMAMZ (AN TMOMZNOMTOTMOMOD M

CTXCTIME
NER(I)eZ(1)ele24J6)

CULATIONS
At2e/RSHELA+2 o/RVALT)I4RAYE
A+ 1e/KSHELA+ L .7 ((RMAL]Y)

Y /KAXUP
FL4GINS
OT*CTIME
NEF(1)sZ(1)s24¢2+06)

EN
RG
BCTTOM ELE
RAXIW=1as¢{
RAXUP=1./(
QAXLW=(TAM
GAXUP=(T(1]
CTOT=GAXLW
EMNER(ID)=ENE
CALL TKPROP(
GAXLW==CAXUP
GO 10 S5C

T{F ELEVWENT C/ZLCULATICNS

RAXUPS1 e /(2 /RTUBEAY2./RSHELA42 ./RMA(] ) }4RAXE
QAXUP=(TAME-T (1)) /RAXUP
QTOT=GAXLW4QAXUP+CINCSHQFL
ENER(1)=ENER(I)*QTOTZDTIME

CALL TKPROPUT(I)ENERLI)»Z(I)s2420J6)
CONTINUE

MO \MmMr Wd

4RMALIYL])/2e))



GL TD 1¢3
ENFRGY CALCULATIONS = HEATING
130 TF(NE+1)=TU
DG 150 1=1.NE
J=NE-1+41
(Z(J)eEQeOe) RSCLL=C
(Z(J).ECa0e) GO TO 176
IK=Z(JILEL M/ (RHOML NT )
TK=SGRT(1273%VSTKXXNEZXLTADGI22)
DLL=ALOGIDSTK/DO) /7 (THCSC{T(J))SCRK TL)
17¢ OT=RFLI+RTUEEL+RSCLL
TU=] «Z(RTOTXWFECPF )
(XNTUGTe1CCe) EFF=1.
(XNTU .GT.1006.) GO TC 141}
F=le~EXFl=XLTU)
(JI=TFCIRLIIHEFF (T (J)=TF (J41))
GFL=WFSCPFE(TF (J*+1)}-TH(J))
GTOT=QFL
ENER(JIIZENER(UI+CTOT 2L TIME
CELL TKPROP(TUI) +ENER(J)eZ (J)Ys]2sJb)
GC 70 1£¢C
TLP ELEMENTY CALCULATICNS
171 RAXUP=1e/(2«a/KTUBELA424/RSHELA+Z J/RVALJ)IHFAXE
RAXIW=14a/(1«/RTUFEA4Y 1 e/RSHELA4Y o/ LIRVALIIIRPL2(U-11)/24))
QAXUP=(TAMB=-T(J))}/RAXUP
QAXLW=LT(I=~1)=TC(J))/RAXLW
QYOT=GAXUFP4CAXLWIQINESQFL
ENERCJII=ENER(J)HCTOTISDTIME
CPLL TKPROP(TU(J)SENER(JI)IeZ2(J)s2s2+J06)
CAXUP=-QAXL W
GC 70 150
BCTYOM ELEVENT CALCULATIONS
172 RAXLWZY o /(2 /FTURFA42/RSHELA4Z J/RVA(J)IIRAXE
CGAXLW=(TANVMB=-T(J) )/RAXLW

T et bt 3 XD X T A et et

F
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F
F
F

141

CTOT=QAXLWH4GAYUP4QINSHQFL
ENERCJISENER(UIVGTOTEDTIME
CALL TKPROP(TUJISENEFR(J)sZ2(J)el+2+J6)
1£C CONTINUE
192 JF(CT.EQ.15) CC 10 1¢&
IF(CTLEG.TO) GO TO 1¢¢
CT1=CT14DTINMEL
JIF(CTeGE 0TS AL aCTelLETE) CHGTM=(CT-TH)I/3CCC.
IF(CT1.LT.180C} GO TC 2857
COMT=(WFLTF (NEA2 )4WCCLLHTL )/(WF4WCOLL)
WRITE(6+240) ETosCHGTINoRKF o TF(NE+1)sWCOLL +CTMT
C11=0.
€7 RETURN
165 WR1TE(G.185) 15
CY11=0.
GC TO 19¢C
1ce wWhI1TE(GS3BCG) 1€
CHGTM={T16-T5)/3600.
160 E=0.
WRITE(G»187)
1IF(K7.EGel) GU TC 1CFE
DC 167 I=1.NL
TEMPEL=1.8%7(1)-459.¢7
PRITE(G+188) T+T(I)s2¢1)eTF (T} TEMPEL



1¢7 EZE+ENERC(I)
LCWEND=NE4]
WRITE(6+192) LCWEND S TF (NE+ 1)
GC TO 180
1¢F DU 169 I=1sNL
WRITE(G6+189) 1
16 E-E4+ENERC(I1)
1B0 WRITE(6.161)
WR1TE(G+240) E
CHGTM=0.
1GE RE TURN
END

vTC1)e2(1)

ToCHGTVFeWF o TF (NE4 1) o WCOLL » COMT

E-15



SUBROUTINE TKFROPUTEMESENTHsFRACsMK29J6)

TH1S SUBFROUTINE ESTAPLISHES TABLES OF ELEMENT ENTHALPY VS. THE

FRACTION DOF SCLID THEFRMKEEPRP AND TEMFERATURL
CGMMON/PROPTK/ELMsCP ST o STMMsSTME
DIMENSION EMUI4)SEE(J4)eTCIA)sH(T4)eZ(14)

<0C FORMAT(12)
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hwNesy oMNe Mo »
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nnnmm<c~du-~nzdgxdog-x

1sK
e2) GC YO 102
01) T(1)+H{1)s2(1)

.LI.TEVP) GO 16 10
(HCI-1) 3 (TEVE-TH(
TEPP’T(I'I))#(

134STMMICFST%
IMSTHREXCFST%

GC TO 11
T(1)sHET)e2Z(1]

111 o™ G bt o OF
NMes ¢ ZNe

SPwITT -
lod N
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ZOD = MO
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MIKA) «ORJENTH.LTLEMI1)) GO TIL 257

M(l*l)) CC T0 5
J41)=TUI))H(ENTH=EV(I) )/ (EM(1+]
J41)-Z(1))SCENTH-EVM(I)DI/(EM(T+
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RETURN
CCNTINUE
G0 10 2%¢0
JIFIENTH.GT LEE (KA ) OF JENTHLLTLEE (1)) GO TO 256¢C
DC 6 I=1sJ4

lf(ENTH.GY.EE(I*l)) GC T0O 4
TEMP=TAI)4(T(141)-TU1})2(ENTH-EE
AC=Z€1)40(Z 01412 (1))S(ENTH-

INUE
E(6+20%) ENTH
N

St et
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FUNCTION THCS(T)
THIS FUNCTION COMPUTES THE THERMAL CONDUCTIVITY CF

SOLIDC THERMKEEF

AT 250F. 1T 1S NOW A CUMMY FUNCTION WITH A CONSTANT VALUE

IN KJ/M=-SEC=K
THCS=1.0800E-7
RE TURN

END



~ A~

FUNCTION THCL(T)
TH1S FUNCTION COMFUTES THE THERMAL CONDUCTIVITY (F

L1QUID THFFMKLEEF

AT 75CGF. 1T 1S NCw A DUMMY FUNCTION WITH 2 CUNSTART VALUE

IN KJ/M=-SEC-K
THCL=1«C207E-2
RE TURN

END
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FUNCTION FF(R)

THIS FUNCTICON COMFUTLS THE CIRCULLAR TUBE
RCUGHNESS RATIO OF .CCO1}
IF (ReG1.2000.) GO TO 1
FF=64 /R

RE TURN

1F(R.GT.50G0000.) GO TC 2
FF=e33B7%R%%2(~e2549)

RE TURN

FF=0.0124

RE TURN

END

FRICTICHK

FECTOR FCF
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