@ https://ntrs.nasa.gov/search.jsp?R=19790011283 2020-03-21T23:32:50+00:00Z

DOE/NASA/0615-79/1
NASA CR-159465

PEVELOPMENT OF A PHASE-CHANGE
THERMAL STORAGE SYSTEM USING
MODIFIED ANHYDROUS SODIUM
HYDROXIDE FOR SOLAR ELECTRIC POWER
GENERATION

Barry M. Cchen
Richard E. Rice
Peter E. Rowny
Comstock & Wescott, Inc.

December 1978

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center

Under Contract NAS 3-20615

(NASA-CR-159465) DEVELOPMENT OP A N79-19454
PHASE~-CHANGE '"HERMAL STORAGE SYSTEM USING
MODIFIED ANHYDROUS SODIUM EYDROXIDE FOR
SOLAR ELECTRIC POWER GENERATICN (Comstock Unclas
for and Wescott, Inc.) 252 p HC A12/MF AO1 G3/44 16441

U.S. DEPARTMENT OF ENERGY
Office of Solar, Geothermal, Electric and Storage Systems
Division of Energy Storage Systems



TABLE OF CONTENTS

SUMMARY . . . . . . ¢« Ve o e o« v o o o o =

INTRODUCTION . . . . . « ¢ ¢ ¢ v o o o o &

Objective . . . e e e e e e
Concept for Phase- Change Thermal Storage
Heat Storing Medium . . . . . . . . .
Background . . . . . + 4« + o« o .
Scope of Work . . . . . . . « « .

TECHNICAL DISCUSSION
MATERIAL PROPERTY STUDIES . . . . . . . . .

REFERENCE DESIGN STUDY . . . . . . . .
Computer Model . . . . . . . . . .
General Description . . . . . .
Reference Design Analysis . . . . . . .

SUBSCALE TEST UNIT . . . « « ¢« « « ¢« « + &

Scaling Procedure . . . . . . « . .+ . .
Subscale Unit Design . . N
Construction of Subscale TES Unit .

SUBSCALE TEST SYSTEM . . . . . . « « . . &

SUBSCALE TEST RESULTS AND EVALUATION .

Preliminary Discussion . . . e e e e .
Description of Test Procedures . e e

Comparison of Computed and Experimental
System Response . . . « ¢ .+ +« + « « .+ .

One-Pass Charge/Discharge Test Results

Idle Tests . . e e e e
Square Wave Cyclic Testing e e e
Solar Cycle Simulation Tests . . . .

PRELIMINARY DESIGN . v v v v v o o o o o &
Cost Estimates

CONCLUDING REMARKS . . . .

PRECEDING PAGE BLANK NOT FILMED
i1

-~3
=

10k

\O \Xe) (0,00 ) N —2 S JUS SRR W] [ad

= e
¢ I

w
-~

= =W
o\

(@)Y
)

-~ =
-

-3
(@AY

\O\O
w oM

121
135

137



APPENDIX A
DYNATECH R/D COMPANY REPORT

"The Thermophysical Properties
of a Thermal Energy Storage Material"

APPENDTIX B

AND PRELIMINARY DESIGN . .

Main Program . . . . . . . . .
Subroutine ELANAL e v e e e e

Initialization Section . . . . . . .
Heat Transfer Section . . . . . . .

COMPUTER MODEL USED FOR REFERENCE DESIGN STUDY

Secondary Subroutines and Functions . .

APPENDTIX C

ORIGINAL COMPUTER ANALYSIS

Introduction . . . . . .
Description e e e e e e e
Main Program . . . . . . . . .
Conclusion

FORTRAN CODE

APPENDTIX D

LIST OF SYMBOLS FOR COMPUTER ANALYSIS

APPENDTIZX E

LIST OF SYMBOLS FOR SCALING PROCEDURE

APPENDTIXKX F

REFERENCES

iv

E-1

B-1
B-5

B-6
B-10

B-19



LIST OF TABLES
TABLE T o v v v v v v e . . 136
Cost Calculation Input Data

Table II . . & ¢ ¢ ¢ ¢ o o o o o o o o & o o« + « 136
Cost Calculation Output Data



LIST OF FIGURES

Figure 1 . . . . . o« o e
Typical Solar daily cycle at Sandia STETF
Figure 2 . . . . . . . .

Overall efficiency as a function of Thermkeep mass,

showing effect of heat exchanger surface area.

Figure 3 . . . . . . . .
Overall eIficiency for constant Thermkeep mass
at various heat exchanger surface areas.

Figure 4 . . . . . .
Cost of storage for constant heat exchanger
surface area at various Thermkeep masses.

Figure 5 . . . .
Cost of storage for constant Thermkeep mass at
various heat exchanger surface areas.

Figure 6 .
Specific cost of storage for various TES designs
at fixed overall efficiencies.

Figure 7 . . . .

Reference design with lO element grid (preliminary)
Figure 8 . . .

Reference design with 25 element grid (preliminary)
Figure 9 . . . . . o e e e e s e e e e e e
Reference duty cycle

Figure 10 . . . . .

Effect of tube size on cost and performance
(25 element grid).

Figure 11 . . . . . .
Effect of vessel aspect ratio on cost
and performance.

Figure 12 . .
Effect of fluld velocity on cost and performance
(10 element grid).

Figure 13 . . e . e e
Effect of insulation thickness on cost and
performance (10 element grid).

Figure 14 .
Effect of peak allowable storage flow on cost
and performance.

Figure 15 . . . . . .
Final full-scale reference design -- movement of
thermal gradient.

vi

13

19

20

21

22

23

24

25

26

29

30

31

32

33

35



Figure 16 . . . . . . e e .
Final full-scale reference design - variation of
Therminol-66 outlet temperature during discharge.

Figure 17 . . . . . e e e e e . .
1/10 model design Thermkeep thermal energy stor-
age unit.

Figure 18 . . . . . . . . .o
1/10 model design -- Thermkeep thermal energy
storage unit. Variation of Therminol-66 outlet
temperature during discharge.

Figure 19 . . .
Photograph - Subscale vessel and partially
inserted thermocouple wells.

Figure 20 . . . . e e e e e e e e e e e e e e
Probe thermocouple.

Figure 21 . . .
Photograph - Upper (left) and lower (right) heat
exchanger manifolds.

Figure 22 . .
Photograph - Welding of heat exchanger coils to
lower manifold.

Figure 23 . .
Photograph - Bottom view of heat exchanger
Figure 24 . . . . . . .

Photograph - Heat exchanger positioned in vessel
(top view).

Figure 25 . . .. . . e

Photograpnh - Vessel positioned on shroud assembly.

Figure 26 . . . . e e e e
Photograph - Vessel (with side heaters attached)
showing insulation and vertical heated shroud
partially complete.

Figure 27 . . . e e
Photograph - Subscale unit enclosed in inner
(heated) shroud.

Figure 28 . . e e e e e
Photograph - Subscale unit enclosed in outer shroud,
Figure 29 . . e e e e e e e e

Test circuilt schematic

Figure 30 . . .

Photograph - Major components and piping for
test system.

vil

36

47

48

L9

50

53

54

55

56

57

58

59

60

63



Figure 31 .

. . . . . .

Main T-66 pump control circuit schematic.

Figure 32 .

* .

Thermkeep enthalpy from c&w

Figure 33 .
T-66 cutlet

Figure 34 .
T-66 outlet

Figure 35 .
T-66 outlet

Figure 36 .
-%6 outlet

Figure 37 .
-%6 outlet

Figure 38
-%6 outlet

Figure 39 .
T-66 outlet

Figure 40 .
T-66 outlet

Tigure 41 .

Thermkeep temp. profile,

at 3 hours.
Figure 42 .

Thermkeep temp. profile,

at 2 hours,.
Figure 43 .

Thermkeep temp. profile,
at 3.5 hours.

Figure 44
Thermkeep

gpm,
Flgure 45

temp

temp.

temp.

temp

temp'

temp

temp.

temp.

.

discharge
discharge
discharge
discharge
discharge
discharge
discharge

discharge

.

cooldown data
test.OlU.(l gpm).

test 0l2 (2 gpm):

test 003 (2 gpm).

test 007 (2.5 gpm).

fest 009-I (2.8 gpm).

test 001 (2.83 gpm).

test 005 (3.5 gpm).

test 019 (6.
discharge test
discharge test

discharge test

cemp. prcfile, discharge test
at 2 hours.

Thermkeep tehp profile, discharge test
(2.79 gpm), at 2 hours.

Figure 46

Thermkeep tehp profile, discharge test
(2.83 gpm), at 2.33 hours.

Figure 47

Thermkeep temp profile, discharge test
(2.83 gpm), at 5.33 hours.

viii

3 gpm).

61& El.gémia
élé EE.gpmS,
603 (2 gpm) ,

007 (2.5
009-1I

001

001

67
73
78
78
79
79
80
80
81
81

82

82

83

83

8L

84

85



Figure 48 . . .

Thermkeep temp. profile, discharge test 005

(3.5 gpm), at 2 hours.
Figure 49 . . .

Thermkeep temp. profile, discharge test 019

(6.3 gpm), at 2 hours.
Figure 50 . . . .

T-66 outlet temperature,.cparge test 015 (1 gpm).

Figure 51 . . . .

. ) . . .

T-66 outlet temperature, charge test 013 (2 gpm).

Figure 52 . . . . .

T-66 outlet temperature,.cparge test 006 (2.5 gpm).

Figure 53 .

T-66 outlet temp.,charge test 002 (2.83 gpm).

Figure 54

T-66 outlet temp:,.cparge teet oéu (é.é épm).

Figure 55 . . . . .
Thermkeep temp. profile,
(1 gpm), at 2 hours.

Figure 56 .
Thermkeep temp profile,
(2 gpm) at 4 hours.

Figure 57 . . .
Thermkeep temp profile,
(2.5 gpm) at 2 hours.

Figure 58 . .

charge test 015
charge test 013

charge test 6

Thermkeep temp. profile, charge teet.062.

(2.83 gpm) at 3 hourvs.

Figure 59 .
Thermkeep temp profile,

(3.5 gpm), at 6.5 hrs.
Figure 60 . . .

charge test.oéu.

Initial Thermkeep temp profile, idle test

Figure 61

Thermkeep temr. proflle,
Flgure 62 . . . . . . .
Thermkeep temp. profille,
Figure 63 .

Thermkeep temp profile,
Figure 64

Thermkeep temp. proflle,

"1d1e test 010, at

‘1dle test 010, at

"1dle test 010, at

‘1dle test 010, at

ix

"010.

2é hre..

.65 ﬁre..

115 hrs.

Mé ﬁré.'

85

86

86
87
87
88
88

89

90

90

91

94
94
95

95

96



Figure 65

T-66 outlet temp., cyclic test 017 (2 gpm),

Figure 66

T-66 outlet temp., cyclic test 017 (2 gpm),

Fi gure 6 7 L] . L] L d . . L] . . L ] L) L) - * * . L]
temp. profile, cyclic test 017 (2

Thermkeep
at end of

Fi gure 6 8 L[] [ . L] L3 . . * . ] . L3 . 3 . L[]
temp. profile, cyclic test 017 (2

Thermkeep
at end of

Fi gure 6 9 - . L3 . . . . . . . L] 3 3 . . .
temp. profile, cyclic test 017 (2

Thermkeep
at end of

Figure 70 . « « ¢ o o o o o o o o o o o o
temp. profile, cyclic test 017 (2

Thermkeep
at end of

Filgure 71

first discharge phase.

first charge phase.

second discharge phase.

second charge phase.

7-66 outlet temp , cyclic test 018 (2 gpm),

Figure

6 outlet temp , cyclic test 018 (2 gpm)

Figure 73 . .
T-66 outlet temp s cyclic test 018 (2 gpm),

Figure T4
Thermkeep
at end of

Figure 75 .

Thermkeep
at end of

Figure 76
Thermkeep
at end of

Figure 77
Thermkeep
at end of

Figure 78
Thermkeep
at ¢a1d of

Figure 79 .

Thermkeep
at end of

Figure 80

T-66 outlet temp for 6/10 scale solar cycle

temo: profile, cyclic
first discharge phase.
temp. profile, cyclic
first charge phase.

temp. proflle, cyclic

test 013 (2
teet’OlB.(é

test 018 (2

second discharge phase.

temp. profile, cyclic
second charge phase.
tepp: 5r6ri1é,'c§ciié
third discharge phase.
temp. proflle,'cyclic
third charge phase.

simulation test.

teét.OlB.(é
test 018 (2

test 018 (2

cyele
cycle
gpm) ,
gpm) ,
gpm) ,
gpm) ,
cycle
cycle
cycle
gpm) ,
gpm) ,
gpm) ,
gpm) ,
gpm) ,

gpm) ,

96
97

97

98

98

99

99
100
100

101

101

102

102

103

103

107



Figure 81
Thermkeep

Figure 82 .

Thermkeep
cycle 1.

Figure 83 .

Thermkeep

Ficure 84
Thermkeep
cycle 1.

Figure 85 .

T-66 flow

Figure 86 .

Thermkeep

Figure 87
Thermkeep
cycle 2.

Figure 88 .

Thermkeep

Figure 89 .

Thermkeep
cycle 2.

Figure 90
T-66 flow

Figure 91

starting temperature, cycle 1.

. - . . . .. . . - . . L] . ) . -

temp. at end of phase 1 discharge,

temp. at end of charge, cycle 1.

. . . . . . . . . . . . . . . . .

temp. at end of phase 2 dischsarge,

rate during charge.

. . . - . . . . . . - . . . .

temp. at starting profile, cycle 2.

. . . . . . . . . . . . . .

temp. at end of phase 1 discharge,

temp. at end of charge, cycle 2.

temp. at end of phase 2 discharge,

rate variation during second charge

T-66 outlet temp for full scale solar cycle
simulation test.

Figure 92
Thermkeep

Figure 93
Thermkeep
cycle 1.

Figure 94
Thermkeep

Figure 65 .

Thermkrep
cycle 1.

Figure 96
T-66 flow

Figure 97
Thermkeep

temp., test 023 starting profil s cycle 1

temp. at end of phase 1 discharge,
temp. at end of charge, cycle 1.

temp. at end of phase 2 discharge,

rate variation during first charge cycle.

temp. at starting profilé,'CQCie 2:

xi

108

108

109

109

110

111

111

112

. 112

115

115

116

116

117

118



Figure 98 . . . . .
Thermkeep temp. at end of phase 1 discharge,
cycle 2.

Figure 99 . . . . . . .
Thermkeep temp. at end of charge, cycle 2

Figure 100 . . . . .
Thermkeep temp. at end of phase 2 discharge,
cycle 2.

Figure 101 . . . . . . . .

T-66 flow rate variation during second charge ecycle

Figure 102 . . . . . . . . e e e e .

Specific cost of storage for various heat exchanger

surface areas at constant Thermkeep masses.

Figure 103 . . . . . . e e e e e
Figures of merit for various Thermkeep masses
constant heat exchanger szurface areas.

Figure 104 . . . e . C e e e e e
Figures of merit for various heat exchanger
surfaces at constant Thermkeep masses.

Figure 105 . . . . .

Specific cost of storage for various Thermkeep

masses at constant heat exchanger surfaces.
Figure 106 . . . . . .

Specific cost of storage for various Thermkeep

masses at constant figures of merit.
Figure 107 . . . . . . . . .

Specific cost of storage and Figures of merit for

various tube diameters.
Figure 108 . . . . . e

Specific cost of storage, peak pump power and

figures of merit at varilous heat exchanger pres-

sure drops.

Figure 109 . . . . . .
Specific cost of storage and figures of merit
various aspect ratios.

Flgure 110 . . . . .
Effect of insulation thickness on cost and
performance.

Figure 111 . . . . . . .
Specific cost of storage and figures of merit
at various peak pump flows.

Figure 112 . . . . .
Specific cost versus deficit heating
Figure Cl . . . e

Assumed phase diagram NaOH NaNO3

xii

at

118

119

119

120

124

125

126

127

123

. 131

132

133

134

C-3



SUMMARY

Anhydrous sodium hydroxide modified by addition of 8%
sodium nitrate and 0.2% manganese dioxide has been under
development as a phase-change heat storage medium for a
number of years for application to electrically powered,
low temperature space and water heating. This medium

is low in cost, has a high heat storing capacity, and is
compatible with steel containers and heat exchangers.
Therefore, it 1s of interest for use in solar powered
electricity generating systems.

The purpose of this program was to make an analytical
and experimental study of a phase-change thermal stor-
age system utilizing this medium, suitable for use in a
solar total energy system, and to develop a preliminary
design of such a storage system consistent with the fol-
lowing specifications:

Storage capacity 1is 3.1 x 106 kJ operating

over the range of 516 K to 584 K. The heat

transfer fluld for charging and extracting

heat 1s Therminol-66. The maximum charging

rate 1is 1.8 x 10° kxJ/hr with the Therminol-66

temperature at 584 K ¢+ 2 K, _and the maximum

extraction rate is 1.0 x 106 kJ/hr with the

Therminol-66 inlet temperature 516 K + 11 K

and outlet temperature 582 K t 2 K.

The analysls showed that supplemental heat of about 10%

of the heat extracted from storage, added to the Thermi-
nol-66 during discharge to help maincain the outlet tem-
perature within the speciflied range, had a large peneficlal
effe2t on the size and cost of the storage system. There-
fore such supplemental ("deficit") heating was employed

in the design of the syvstem.

A mathematical simulation of the system and computer pro-
gram were avallable as a result of prior work. These were
amended to facilitate use in the present work.

The program comprised the following tasks:

Measurement of physical and thermophysical
properties of the storage medium.

Adaptation of the previ,usly developed simu-
lation and computer program to present re-
quirements.



.+. Development of a reference design of r sys-
tem meeting the operating requirements.

... Desigr and construction of an experimental
model of 1/10 scale, and a test-bed 1in
which to test 1it.

... Operation of the 1/10 scale model under test
conditions consistent with the specifica-
tions, and collection of experimental data.

.». Correlation of data with computer-predicted
results.

... Modification of the simulation and computer
program until correspondence was acceptable.

... Development of a preliminary design meeting
the operating specifications and estimation
of the system cost.

Satisfactory correspondence between experimental data and
computer predicted results has been obtalned, and the pre-
liminary design developed. The storage unit consists of

a cylindrical vessel, surrounded by thermal insulation,
containing the storage medium in which 1s immersed a heat
exchanger consisting of a number of helical coils of

steel tubing, manifolded for parall:l flow at the top and
bottom, through which the Therminol-66 flows downward dur-
ing charging and upward during heat extraction.

The preliminary design summary 1is as follows:

Vessel height and diameter 2.35 m (92.5")

Insulatiorn thickness 0.61 m (24")

System heirht and diameter 3.6 m (142")

System weignht 27300 kg (60,200 1b)
Amount of storage medium 18000 kg (39,700 1lb)
Unit cost $33,700

Heat exchanger .00635 m (1/4") tub-

ing; 280 coils, each
27.7 m (91 ft) long

Storage output 3.1 X 103 MJ

Specific cost $11.2/MJ

Insulation loss 3.25% of total stor-
age output per day

Deficit heating 10.2% of storage out-
put



INTRODUCTION

In the generation of electric power from solar heat, by
means of a heat engine, stcrage of heat 1s necessary in
order to make the power generation system independent of
the solar insolation, The heat storage element of such

a system is one of the more costly elements of the system,
and the cost goals for thermal storage have not yet been
achleved.

One approach to thermal storage for solar-electric sys-
tems which offers a posslibility for reducing the cost

of storage iIs the use of thermal storage media which
undergo phase changes between solld and liquid states,

or between solld states, within the operating temper.ture
range, making the latent heats of the phase changes, as
well as sensible heat, available for heat storage and
retrieval.

Objective

The objective of the work reported herein has been to
study the dynamic performance of a phase change thermal
storage unit employling a passive heat exchanger, suitable
for use in a solar total energy system, operating in the
mid-temperature range, to develop a prelimlnary design
for such a unit, and to estimate its cost.

Concept for Phase-Change Thermal Storage

The concept for the use of the phase change medium, which
has been studied in this work, comprises a vessel contain-
ing the medium in which is immersed a single fixed heat
exchanger, through which a single heat transfer fluid is
passed for charging heat into storage when heat is availl-
able from the solar collectors, and for retrieving heat
from storage as required at other times.

The particular configuration studied consists of a cylin-
drical steel vessel, and a heat exchanger consisting of

a nuroer of helical coils of steel tubing which are mani-
folded together, inside the vessel, at the top, and at
the bottom, forming parallel flow paths for the heat
transfer fluid. When heat 1s being charged into storage,



the fluid flows downward through the heat exchanger, and
upward when stored heat is belng retrieved.

A thermal gradient exists within the medium (with the
higher temperature in the upper part of the vessel) which
moves vertically and changes shape during thermal cycling.

The medium undergoes an increase 1ln volume as it melts,
and to accommodate this a clearance space must be allowed
at the top of the vessel, This space 1s open to the
atmosphere through a "breather" tube which allows air to
enter and leave during cycling, and whicl insures that
the vessel operates unpressurized. The vessel is sur-
rounded by thermal insulation, the outer surface of which
is protected by a metallic shroud.

Heat Storing Medium

The heat storing medium used in the work repoited herein
is tradenamed Thermkeep* and has the following composition:

Anhydrous NaOH (commercial grade) 91.8% by wt.
Sodium nitrate 8.0%
Manganese dloxide 0.2%

The commercial grade of NaOH commonly contains 1-2% of
sodium chloride, 1/2-1% of soaium carbonate, and smaller
amounts of other salts and hydroxides.

Salt baths of similar composition sold under several
tradenames have been used industrially for many years at
temperatures of 750 K and higher for metal cleaning and
descaling. These baths are contained in large steel
tanks. When the advantages of anhydrous NaOH as a phase
change heat storage medlum were recognized, this compo-
sition was used because of this existing industrial
experieace with the containment and stability of the
material.

As a heat storing medium, Thermkeep has the advantages of

... high heat storing capacity with latent
heats of fusion and a solid state phase
change in the temperature range 566 K
to 507 K,

¥ Registered trademark Comstock & Wescott, Inc.



... chemical stability and insignificant vapor
pressure at temperatures up to 750 K,

... Stabllity in contact with air allowing the
venting of containment vesse's to the at-
mosphere,

... compatibllity with steel for contalnment
and heat exchangers up to 750 K,

... low cost and ready avallabllity, and

... large scale industrial experience as a
metal cleaning salt.

Backgrcund

The use of Thermkeep as a high temperature phase change
thermal energy storage (TES) medium has been under
development by Comstock & Wescott, Inc. since 1958. The
initial proposed use for TES units was for domestic space
heating in conjunction wit, heat pumps. Off-peak electric
energy was to be used to ch:rge the TES units which would
assist the heat pumps during periods of high heating re-
quirement. This development, sponsored by the Edison
Electric Institute and the Philadelphia Electric Co. was
carried through a successful field test from 1962-1964,
but was then discontinued because the anticlpated large
scale use of heat pumps did not materialize.

Beginning in 1964, in cooperation with the Hooker Chemicals
and Plastics Corp., Comstock & Wescott undertook further
development of the heat storage material and development

of equipment for several anticipated applications of
thermal storage. Extenslive studies were carried out on
chemlcal fornmulations and the compatibility of Thermkeep
with containment materials, which has resulted in nearly
complete elimination of corrosion of containers and heat
exchangers fabricated from ordinary mild steel at tempera-
tures up to 755 K (900 F).

A result of the cooperatlve effort between Comstock &
Wescott and Hooker Chemicals and Plastics Corp. has been
the development of the Thermbank Electric Water Heater,
which was designed to provide hot water for all-electric
buildings. Five Thermbanks were successfully carried
through a one-year fleld test in a cooperative program



with the Hydro Electric Power Commission of Ontario. A
Thermbank Electric Water Heater of this type has been
supplied to the NASA Lewis Research Center under Contract
No. NAS3-20240 for in-house testing and evaluation.

The applications described above used electric energy to
charge heat into storage, stored it at temperatures up

to 755 K (900 F), and delivered it at approximately 340 K
(150 F) for space and wate. heating. In these applica-
tions the temperature of the heat delivered from stor-
age can be allowed to drop substantially below the maxi-
mum storage temperature as the thermal energy store is
depleted without affecting the system efficiency.

When heat from solar collectors is stored and retrieved
from storage for power generation, a drop 1n temperature
of the heat supplied to the heat engine reduces the effi-
ciency of the power generating cycle. Therefore, the
heat from storage must be delivered to the heat engine
at a temperature close as possible to that at which it
is charged into storage. This requirement for delivery
of stored heat at a nearly uniform temperature imposes

a new set of conditions on the design of the heat ex-
changers, and experience with heat exchangers designed
for the previously developed devices does not apply.

Scope of Work

The study has 1ncluded both analysis and the design,
construction, and testing of a sub-size *hermal storage
unit for the acquisitlon of experimental data for cor-
relation with the analysis. The analysis was based in
part upon the recsults of prior work by Comstock & Wescott
under Purchase Order No. 87-5030 from Sandia Laboratories,
Livermore, CA, to develop a mathematical model and write
a computer program describing the dynamic behavior of a
phase change thermal storage system using Thermkeep as
the medium. In addition, the work has included the
measurement of certain thermophysical properties of the
medium,

Specifically, the program has included the following
tasks:

1. Experimental determination of the effect
of accidental contact between Therminol=-66
(heat transfer fluid) and Thermkeep at
temperatures up to 613 K.



Determination of physical properties of Therm-
keep:

a. Thermal conductivity of the solid phase
from room temperature to the melting
point, and of the liquld phase from the
melting point to 750 K.

b. Density of the solid from room tempera-
ture to the melting point, and of the
liquid to 750 K.

¢. Heat capacity of the solid and 1liquid to
750 K, including the heat of transition
from one phase to the other.

d. Viscosity of the 1liquid from the melting
point to 750 K.

The development of a Reference Deslign, based
upon the previously developed Phase Change
Computer Program (suitably modified for this
purpose), for a phase change thermal energy
storage (TES) unit suitable for use in a solar
electric power generation system, utilizing
Therminol-66 as the heat transfer fluid for
charging and retrieving stored heat. The TES
unit has the following operating requirements:

Storage capacity is 3.1 x 106 kJ

operating over the range of 516 K to
584 K. The heat transfer fluid for
charging and extracting heat is Thermi-
nol-66. _The maximum charge rate is

1.8 x 106 kJ/hr with the Therminol-66
temperature at 384 K + 2 K, and the
maximum extraction rate is 1.0 x 10°
kJ/hr with the Therminol-66 outlet
temperature at 582 K + 2 K and inlet
temperature at 516 K ¢+ 11 K.

The design and construction of a subscale TES
system, of one-tenth the scale of the Reference
Design. The subscale system includes the TES
unit and a test bed which permits testing under
operating conditiorn.. consistent with the opera-
ting characteristics of the Reference Design.



The operation of the subscale TES system
under a range of conditlons and the collec-
tion of experimental data,

Comparison of the experimental data with
results predicted by the analytical model
via the computer program, ard revision
untll satisfactory agreement was attained.

A Preliminary Design of a full scale TES
unit and estimation of the cost of this
unit.



TECHNICAL DISCUSSTION

MATERIAL PROPERTY STUDIES

A subcontract was 1issued by Comstock & Wescott, Inc. to
Dynatech R/D Company, Cambridge, Mass., to determine
some relevant properties of the storage medium, Thermkeep.
This was in conjunction with evaluating the feasibility
of using Thermkeep in thermal storage devices for solar
energy applications. Dynatech was selected because of
the company's experience in measuring properties of in-
organic heat-of-fusion heat storage materials (Ref. 1).
A copy of Dynatech's final report, "The Thermophysical
Properties of a Thermal Energy Storage Material," dated
January, 1978, is included as Appendix A.

The work had two objectives:

1. To determine the consequences of con-
tact between the heat transfer fluid,
Therminol-66 (T-66), and Thermkeep,
and

2. To measure specified thermophysical
properties of Thermkeep.

Regarding the compatibility of Therminol-66 and Thern-
keep, the Dynatech analysis showed that no detrimentnl
reactions occur between the two materials. The major
effect occurred in the Therminol-66. A gradual increase
in 1ts viscosity was observed when the Therminol-Thermkeep
mixture was in contact with air at elevated temperatures
(593 K; 320 C). Dynatech recommended the use of a cover
gas, such as dry He, over the Thermkeep to remove any
water or T-66 which may accumulate in the Thermkeep due
to a leak 1n the heat exchanger. This is not necessary
from an operational standpoint and neglects the fact that
alr breathing 1s required to maintain the proper balance
of NaNO3 which otherwise 1is slowly reduced to NaNO2 while

the unit operates.
The thermophysical property measurement phase required

determination of the following properties of Thermkeep
as a function of temperature:



1. The enthalpy (or specific heat).

2. The thermal conductivity of the solid
and liquid phases,

3. The density in both phases,
4, The viscosity of the liquid.

Data are provided in the report on all but the enthalpy
of the material. It was found that the Quantitative
Thermal Analyzer (QTA) used for accurate calorimetric
study of materials, owing to 1ts design, would not provide
accurate data 1n the temperature region of interest.
Consequently, the data utllized for enthalpy vs. tempera-
ture in the course of thls work was based upon the best
information which Comstock & Wescott had prior to this
project. It 1is felt that at some point this ought to be
improved upon but correlation of analysis with experi-
ment has shown that the present data are reasonably good.

10



REFERENCE DESIGN STUDY

Computer Model

A mathematical analysis and computer program were writ-
ten to estimate the performance of a Thermkeep thermal
energy storage device to meet the requirements of the
Sandia Midtemperature Solar Test Facility and to design
the one-tenth scale test model. It was expected to re-
quire modification for correlation with actual data
obtained from tests on the model. It was formulated as
a design tool which would properly account for the thermo-
dynamics of the process, approximately account for the
heat transfer between the T-66 and the Thermkeep, and
allow for easy handling of a variety of operating modes,
from solar daily cycles to laboratory test modes.

It is an analytical program rather than a deslgn program
in the sense that 1t requires a specific unit design as
input, and outputs the calculated performance of that
unit. Thils program is used for deslign by analysis of a
large matrix of design options and separate parametric
evaluation of the output by the engineer.

The physical processes assoclated with the heat storage
medium are quite complex and would be difficult, 1f at
all possible, to model even glven a large dedicated
effort. The medium undergoes a solid-liquid phase change
with a volume contraction assoclated with solidification.
It 1s a non-eutectic multi-component material so that
solidification, in part, probably occurs by precipitation
of NaOH from the melt when the solubllity is below the
actual concentration. A solid-solid phase transformation
occurs in the NaOH with a corresponding latent heat.

Note: All symbols are defined in the Compute. Analysis
Symbol List presented as a fold-out in Appendix D.

Another computer analysis was formulated earlier in a

prior program to attempt to account for some of these
effects. It is a considerably more costly program to use;
it is less flexible, and it would not as easily lend it-
self to the incorporation of empirical modifications. It

is also based, in large part, upon a published phase diagram
for the system NaOH-NaNO3. It 1is not known, however,
whether or not this 1s truly characteristic of Thermkeep
which 1s composed of commercial grade chemicals contain-

Ing impurities as well as the baslc two components above.

11



Consequently, it was declided that a simpler analysis,
of the type to be described herein, would be more de-
sirable. This earlier analysis 1s described in Appen-
dix C.

General Description

The computer analysis 1ls formulated around the deslign
concept of the proposed thermal storage unit. The design
concept consists of a vertical cylinder containing the
heat storage medium. A heat exchanger 1is immersed in

the Thermkeep. The heat transfer fluid, T-66, flows
through the heat exchanger tubing. (Any fluid which does
not undergo vaporization can be modeled using its particu-
lar thermophysical properties.) The heat exchanger con-
sists of a number of parallel heat exchanger tubes which
are ldentical geometrically and assumed to pass equal
flows of T-66. The tubes are manifolded at the top and
bottom of the unit, the hot end being at the top. Dur-~
ing charging, T-66 enters at the top and exits from the
bottom, and vice versa during discharging.

It is desired to know how the unit will respond to par-
ticular stimuli, e.g., flow rate, temperature, and flow
direction of T-66, both internally and as a "black box"
characterized by what the outside world sees. The analy-
sis has been constructed with two major sections. One
contalins the analysis of the heat transfer between the
T-66 and medium within the unit. The other characterizes
the stimulus and determines the status of the T-66 deliv-
ered to the unit as a function of the operating time.
This latter section 1s modified at will to allow modeling
of various modes of operation. Thu mode described herein
is the solar dally cycle which was used in developing

the approximate Reference Design described in a subsequent
section.

Figure 1 describes the solar dally cycle which was taken
to be typlcal.of the mode of operation of the Sandia Test
Facility. The solar collectors generate heated T-66 which
1s supplied to the boller of a toluene based Rankine power
cycle. The boller demands 250 kw for twelve hours a day.
During the other twelve hours the system 1s shut down.

The solar collectors produce a varying heat output over
nine hours, peaking at 500 kw, starting at zero in the
morning and dropping to zero in the late afternoon. The
excess heat 1s stored to allow operation when the collec-
tor output 1s deficient.

12
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During charging of the unit, the flow rate to the stor-
age unit 1s determined by the avallable excess so¢olar
heuting, and the temperature change of the T-6f as it
passes through the unlt:.

- L]
T To

where w, 1s the T-66 flow rate to the storage unit, Aoy

is the excess thermal power from the collectors (i.e.,
above boller demand), o is the T 66 specific heat, and

TH and T0 are the T-66 inlet and outlet temperatures,
respectively, of the TES unlt. w, is limited to some

. f
realistic value of pump capacity.

During discharge of the unit, the flow rate is held con-
stant as if the fluld were heated over the full tempera-
ture range. It will, in fact, exlt somewhat cooler than
the charging temperature. 1In this case, a boost heater
is assumed and the amount of this heating required is
calculated.

The unit begins at a fully charged condition and is per-
turbed by the solar daily cycle. The calculation pro-
ceeds untll a repetitive cyclic operation 1s achieved

and the unit 1s characterized by its steady static cyclic
performance under this mode of operation. Cumulative
heat balances over the cycle are made to define the per-
formance. The important factors are the daily heat ab-
sorption by the unlit, the dally heat delivery, the daily
heat loss to the environment, and the daily make-up heat-
ing (boost heating) requirement.

Based upon the best knowledge available at the time, a
method was devised for estlimating cost of materials and
fabrication for a given deslign. These costs are computed
at the beginnling of each analysls for the particular de-
sign conflguration. The costs are printed out in an
itemized fashion for each part of the assembled unit and
lead to a total unit cost.

Further details of the computer model used to develop the
Reference Design are given 1in Appendix B.
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Reference Design Analysis

The computer analysis which was described above and in
Appendix B was used to produce a "reference design" for
a Thermkeep thermal energy storage unit. This unit was
specified as being subjected to the solar daily cycle as
described on Figure 1. The unit was designed to provide
a reasonable compromise between cost and efficiency as
will be explained later. Aside from the heat flow specil~
fications, the fluid utilized was Therminol-66. It was
assumed that during charging the fluid would enter stor-
age from the solar coliector field at 584 K (311 C) and
that during discharge it would enter storage from the
boiler at 516 K (243 C).

The design selected was to become the basis for the de-
sign of a laboratory model of one-tenth scale in size,
heat flows, fluld flows, etc., but with equivalent per-
formance in terms of outlet temperatures, losses, and
other factors. Eventually, after adjustments to the com-
puter analysis had been made based upon empirical cor-
relations, a new final reference design would be composed
which would more accurately represent how a unit for
Sandia Laboratories STETF would appear.

Note: At the point in the project when the ref-
e.ence decign was composed, the avallable
specific energy over the operating range
was thought to be U450 ki/kg. Subsequent
investigation showed this to be closer to
410 kJ/kg. However, the results to be
discussed herein were based upon the
larger value. They are shown to describe
the method and trends but a roughly 10%
addition to cost and size would be expected.
The study was not rerun since the model was
already in fabrication when the correction
was dlscovered. The later analyses utilize
the correct enthalpy vs. temperature relation-
ship. any graphs and tables presenting re-
sults using the lower value are so noted.

The procedure for design was as follows. Preliminary
screening of some of the parameters had shown that the
primary variables are the quantity of storage medium and
the total heat exchanger surface area. Thus, data were
generated for a specific tube size and a preliminary ref-
erence design was produced. The secondary variables were

15



then tested to determine where improvements could be made
to arrive at a reference deslign.

The unit 1is presumed to be a shell and tube device with
helically coiled parallel tubes with a specified tube

size, number and length. The variable parameter was the
total inside surface area of the tubes. Heat exchangers
were sized to produce about 703 g/cm€ (10 psi) peak pres-
sure drcp as & starting point. The reference tube size

was 6.35 mm (1/4") o.d. steel tubing, with 4.57 mm (0.180")
1.d. The ratio of vessel (shell) height to diameter, i.e.,
the "aspect ratic" was fixed at 1 for screening. During
cooling, flow enters the bottom end or element 1, anr

vice versa during heating.

For computational purposes, the solar collector and boller
demand characteristic as described wao input. A suffi-
cient number of points wer¢ 1input and straight lines were
assumed between them. This characteristic was 1idapted
from the "winter cycle" of the Sandia Laboratories and
provides peak collector output of 500 kW, steady boiler
demand of 250 kW and more excess heating avalilable dur-
ing charging than required during discharging. When
steady state cyclic operation is ach’eved, the excess is
simply wasted. The total sgorage demand 1s 3.45 x 100 kJ
by this cycle, not 3.1 x 10" as specified in the contract,
but a simple scaling could reduze this to the proper value.

A 12-hour 1dle period is specified which is consistent
with Sandia Laboratories' mode of operation. This creates
~-~ uwausual situation where the capacity is low but the
ind rate is high since it occurs for a short period
~ime. It 1s expected that a unit sized to operate
.uroughout the idle perlod would perform better over the
complete cycle.

The computer analysis was run over enough cycles to stabi-
lize the unit performance. A criterion was found accept-
able whereby the unit cycles until the storage cyeclic

inpvr minus the storage cyclic output is close to the nomi-
nal stand-by or surface loss. This condition 1s approached
by starting with the unit fully charged to peak fluid tem-
perature and then cycled until the stable full charre
gradient 1s reached.

Flow rate modulation during charging was provided based

upon fluid outlet temperature tc attempt to maintain
heat balance around the solar collectors. A maximum

16



total flow of 5 kg/sec was specified to collectors and
boiler. In a thermocline system, 2.95 kg/sec would be
required at 500 kW output so that an increase of T70%
is allowed -- a value which is adjustable.

Figures 2 and 3 describe the results of analysis plotted
in two different ways, Figure 2 being constant surface
area lines with amount of Thermkeep as the coordinate
axis, Figure 3 being the opposite. Overall efficiency 1s
defined as

n_ = %o
o~ Fq *a,

where Qo = storage daily output
Qs = storage dally surface loss
Qa = fluild auxiliary heating

Qa is computed as the cyclic amount of heat required to

bring the fluid up to 584 K (311 C), the peak temperature.
In fact, the specification allows as low as 530 K (307 C)
so t»at the overall efficiency is somewhat pessimistic

as will be discussed later. Qs is based upon U45.7 em (18")

of rock wool insulation. In application, Qs and Qa would

be weighted differently depending upon their effect on
rotal system economics. Without knowledge of how to
weight them accurately, the above definitlion of efficiency
was used. It is not a pure thermodynamic efficiency but
was fz2lt to be adequate when comparing designs subjected
£> the same ducy cycle.

Surface areas ranged from 37.16 sq m (400 sq ft) to 185.8
sqg m (2000 sq ft) in parallel tubes sized for 69 kPa

(10 psi) peak pressure drop as discussed. Thermkeep quan-
tities were varied from 6000 kg to 50000 kg. Figure 3
cshows the normal improvem:nt expected with increasing
surface area with no significant increase in performance
beyond 148.6 sq m (1600 sq ft). Figure 2 shows 22 un-
expected decrease in performance with large amounts of
storage medium. This is belleved to be due to the forma-
tion of permanent sclid throughout the init with inade-
quate surface to extract heat from it. The calculation
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is believed to be pessimistic for solid heat transfer
and real performance may be somewhat better.

Cost factors were developed whereby materials costs were
estimated at market values and fabrication costs were
scaled from the Mod I Thermbank costs according to the
normal “six-tenths" factor whereby fabrication costs
increase as the 0.6 power of the size ratio. This unit
is the accepted rule for process industry equipment such
as heat exchangers, vessels, etc.

Figures 4 and 5 show the costs of storage in dollars per
thousand kilojoule based upon the resultant storage out-
put which is taken to be the unit capacity. The important
criterion, however, is not simply cost of storage but cost
at an acceptable efficiency. Figure 6 is cross plotted
from Figures 2 through 5 taking cost of storage for con-
stant overall efficiency. From these curves and from

some interpolation, a preliminary reference design was
selected which uses 15000 kg of Thermkeep and 83.6 sq m
(900 sq ft) of surface area. The cost was estimated at
$27,880 with a total stcrage output of 3.225 x 10° kJ

for $8.64/MJ. A total efficiency of 0.911 was predicted.

All data were obtained with only 10 numerical elements.
It was determined that the grid size, beyond 10 or so,
had a small effect on the computed performance. Figure 7
shows the stable temperature swings for a 10 element grid
and Figure 8 shows these for a 25 element grid. Using a
finer grid improves the compgted performance slightly to
a total output of 3.237 x 10° kJ for $8.61/MJ and an
overall efficiency of .914. Overlaying the two tempera-
ture maps shows them to be similar except that the 25
element grid has more definition (hizh frequency resolu-
tion) as expected. Tl through T6 are key time- as de-
scribed on Figure 9.

The major effect of the 1l2-hour stand-by period (T2 to
T3) is a loss of high temperature heat through the top
of the unit. This heat i1s mainly sensible heat of the
liquid phase above the melting range of the NaOH-8%

NaNO3 mixture (see Figure Bl). This aspect of perform-

ance (and others) might be improved by decreasing the
NaNO3 content and thereby raising the melting range of

the mixture, so that the high temperature heat loss would
come principally from latent rather than sensible heat.

18



Overall Efficiency

1.0
0.9
0.8 -
=
Heat Exchanger \\\\\“x\\a
Surface Area
m? (£t ?)
0.7 ) 37.16 (400)
+ 55.7 (600)
X 74.3 (800)
B o 92.9  (1000)
o 148.6 (1600)
0.6 | [ [ (] |
10 20 30 40 50

Amount of Thermkeep, Mg

Figure 2. Overall efficiency as a function of
Thermkeep mass, showing effect of heat
exchanger surface area.



0.9p—

F

Overall Efficiency

0.7

Thermkeep
Mass, Mg
® 6
o 8
all
e 20
o 50

/

| | | ] I |

0.6
20

Figure 3.

20

4o 60 8o 100 120 140
Inside Surface Area, m?

160

Overall efficiency for constant Thermkeep mass

at various heat exchanger surface areas.



20

18 |-
16 |
- 14 =
=
S
w
o
)
5
o 12 =
&
(/]
G
)
@
o .0
o p—
Heat Exchanger
Surface Area
m? f?
8 | A 37.1 (Lo0)
0 74.3 (800)
e 111.5 (1200)
© 1u48.6 (1600)
6 | o 185.8 (2000)
] 1 i | _1 A1 |
10 20 30 40 50

Amount of Thermkeep, Mg

Figure 4. Cost of storage for constant heat exchanger
surface area at various Thermkeep masses.



20
18 |—
16 =
g 14 j
«»
&
g
S 12
[~}
L 2
[+
»
]
Q
© 10 pu
Thermkeep
8 Mass, Mg
e
A 6
(«} 8
+ 11
6 L 0 20
° 30
L4 50
y | | | ] ] |
20 ho 60 80 100 120 140

Inside Surface Area, m?

Figure 5. Cost of storage for constant Thermkeep mass
at various heat exchanger surface areas.

22



20
18 .
16 k.
14 L
"
S
<
+r
)
12
o
e
(7]
)
o
2 10 L 0.93
o 0.92
= 0.86
0.91
8 o
6 -
Reference
Design (Prel.)
] [ ] L 1 [l

10 20 30 40 50
Amount of Thermkeep, Mg

Figure 6. Specific cost of storage for various TES
designs at fixed overall efficlencies.

23



Storage Temperature, deg K

24

590
T6
570r
560 = T1
550 -
540k
T3
T2
5300
T
520 - Ts
Total
|I= Size "|
510 | 1 i ) ] | ] 1 i
J 1 2 3 ] 5 6 7 8 9 10
Element No.
Figure 7. Reference design with 10 element grid

(preliminary).




590

580

570

560

550

540

Storage Temperature, deg K

520

Total
|l= Size -’
510 ] A 1 ] i
5 10 15 20 25
Element No.
Figure 8. Reference design with 25 element grid

(preliminary).

25




9¢

Collector Output, kW; Boller Demand, kW

500

4oo

300

200

100

Time, sec x 10'“; (hr)

Figure 9.

Reference duty cycle.

Solar
Collector
—_ Ou-.put
- Boller Demand
S i & S 6
\ I |
T | I
\ | :
: | :
N |
[
| |
| ‘ .
1 T2 3
\ LL-T_J___IL,__L_I.,_TJ |
e 1 2 6 7
0 (1) (8)° 12y’ (16) (20 (24)




The fact that pure liquid with low specific heat exists
above 578 K (305 C) is a contributing factor for the high
temperature drops in this region during extraction of heat
and during idle. In a unit design, it may be possible

to use higher quality insulation only at the top and
stalnless steel outlet tubes to reduce loss.

The preliminary reference design consists of 15000 kg
of Thermkeep; 252 parallel coiled tubes, 0.635 cm o.d. x
0.457 em 1.d. x 23.1 m long (0.25" o.d. x 0.180" 1.d. x
75.8 £t long); a vessel whose inside dimensions are
2.23 m (7.31 ft) diameter by 2.23 m (7.31 ft) height.
Total outside dimensions are 3.17 m (10.4 ft diameter
by 3.19 m élO.S ft) height. Total outlet capacity is
3.237 x 10° kJ at 91.44% overall efficiency. Of the
8.56% inefficiency, about 2.5% is due to surface losses
which could be 1mproved with high quality but expensive
insulation.

The next step was to evaluate the effects of minor param-
eters. The prelimlinary reference deslgn was used as a
basls for all these parametric evaluations. Figure 1C
shows the effect of increasing tube size. It can be
shown from the cylindrical conductlon equation that for
equal surface areas and equal deposition of solid that
small dlameter tubes provide less conduction resistance
so that the results were not unexpected. Clearly, the
cost of storage increases and the overall efficlency de-
creases with increasing tube size. 0.635 em (1/4") o.d.
tubes are consldered to be the smallest practical for fab-
ricating the unit so that thls size would be retained. A
25-element grid was used here but 10 elements were used
for the rest of the studiles.

Plgure 11 shows the effect of variation 1n aspect ratlo
(vessel helght/vessel diameter). As aspect ratio in-
creases for the same volume, surface losses increase and
axial conduction decreases. The results show decreasing
performance with aspect ratio, suggesting that surface
losses are more significant than axial conduction. 1In
fact the decrease in efficiency can be attributed almost
solely to inc¢reased insulation loss. From a pure surface
loss standpoint, it can be shown a priori that an aspect
ratlo of 1 is an optimal conliguration. The aspect ratio
of 1 1s therefore retained.

Figure 12 shows the effect of increased fluid veloclity,
i.e., chanring tube lengths and number to achieve the
same surface area with higher velocities and consequently
higher pressure drops and pumping powers. While there is
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an expected performance improvement with ilncreased veloc-
ity, this must be weighed against increased pump power.

If we assume that mechanical power in a total energy
system is obtained at 10% efficiency, then in the extremes,
viz., 76 kPa and 710 kPa (11 psi and 103 psi), the fol-
lowing is true. It takes 57600 kilojoules-thermal to pro-
duce the 5760 kilojoules-mechanical required to pump fluid
for a day at 76 kPa (11 psi) and 551160 kilojoules-thermal
to produce the 55116 kilojoules-mechanical at 710 kPa

(103 psi), a net increase of 493560 kilojoules-thermal.
The additional 1% overall efficiency at 3.2 x 10° kilo-
Joules-storage per day yields 32000 kilojoules-thermal
which is not justified. Even from 76 kPa to 145 kPa

(11 psi to 21 psi), an additional 52560 kilojoules-tnermal
is required to obtain 0.35% of 3.2 x 106 kilojoules or
9600 kilojoules-thermal. Thus, the 70 kPa (11 psi) speci-
fication was accepted. The peak pump power is now 0.33
kW-ideal vs. 3.12 kW at 711 kPa (103 psl) and 0.64 kW at
145 kPa (21 psi). Peak power may be reduced by reducing
peak allowable flow which mav be worth considering.

Figure 13 shows the effect of insulation thickness on

the preliminary reference design. Performance improves
with insulation thickness but with diminishing returns
due largely to the cylindrical geometry. The increase

in cost from 0.305 m (12") to 0.457 m (18") is $u50

which affords about 1%; the increase in cost from 0.457 m
(18") to 0.61 m (24") is $520 which affords 0.5%; the
increase in cost from 0.61 m (24") to 0.76 m (30") is
$600 which affords 0.2%. The decision was made to go

to 0.76 m (24") of insulation but in reality a cost-
effectiveness study for all parameters ought to be done
which assesses the impact on the whole Total Energy System.

Figure 14 shows the effect of peak allowable storage flow
due to flow medulation during charging. Beyond a certain
point, the excess flow doesn't provide any gain since the
unlt can do no more than come to a full charge. Below
that point inadequate flow modulation prevents insuffi-
clent unit recharge. It would appear that something a
bit smaller than the 5 kg/second total flow or 3.5 kg/
second storage flow would be tolerable but a rapid dete-
rioration of performance eventually results. For now,
the 5 kg/sec (3.5 kg/sec storage flow) will be retained.

The final reference design 1s now essentially the prelimi-
nary reference design with 0.61 m (24") of rock wool insu-
lation. The estimated unit cost is $28,399 with a capacity
of 3.24 x 106 kilojoules output, for $8,765 per thousand
Killojoules. The total efficiency from a 25-element grid
analysis 1is 0.919 and the insulation loss is 2.2% of th:
total storage capacity.
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Figure 15 is a map of the movement of the thermal gradient
during stable cyclic operation, for a 25-element grid.

The overall efflciency is based upon the insulation loss
of 72,000 kilojoules and 213,500 auxiliary input to bring
the fluid to 584 K (311 C). A modified efficiency can

be utilized which involves bringing the fluid to 580 K
(307 C), the specified minimum temperature, when it drops
below this value. Then the modified auxiliary input be-
comes 87,270 kilojoules and the modified overall effi-
ciency becomes 0.953. Figure 16 is a graph of the fluid
outlet temperature vs. cycle time during discharge.

The configuration is now a vessel which is 2.23 m diam-
eter by 2.23 m height (7'4" diameter by 7'4" height),
containing 252 tubes, 0.635 cm o.d. x 0.4572 cm i.d.
(0.25" o.d. x 0.180" i.d4.), and 15,000 kg (33,000 1b) of
Thermkeep. The total overall dimensions including insu-
lation are 3.474 m diameter by 3.50 m height (11'5"
diameter x 11'6" height). The tubes would be constructed
as individual identical helical spring-like coils, all
parallel to each other along the vertical axis of the
unit.
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Figure 15. Final full-scale reference design --
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Firure 16. Final full-scale reference design -- variation of
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SUBSCALE TES UNIT

Following the completion of the reference design for the
full scale unit, it was necessary to design a model thermal
storage unit of about one-tenth scale. This would be a
realistic engineering model whose test data would provide
confidence that a full scale unit would perform as ex-
pected, i.e., that a unit scaled up from the model would
essentially perform like the model. If the original
computer analysis were completely ¢ . '‘rect, then the model,
if directly scaled, would become :he¢ full size design.
However, since 1lncorrect data we:=2 used in the reference
design and model design, as previously discussed, and
since some analytical modification would be expected,

then a direct scaleup was not expected to truly provide

a full size design.

The subscale unit analytical deslign consisted of two parts.
The first part was the examlnation of the theoretical
criteria for scaling and the second part was the compu-
ter analysis of model designs resulting in a choice whose
output characteristics were in some direct relationship

to those of the full scale unit. These tasks are described
below.

Scaling Procedure

There are a number of methods for analyzing englineering
processes and designing scale models. The best of these
appears to be to write the differential equations describ-
ing the process, non-dimensionalize the variables, extract
coefficients which are dimensionless groups and set these
groups equal to each other.

Using the same assumptions in writing these equations as
in writing the computer analysis, one can write the 4if-
ferential equations for infinitesimal elements in the
height direction. An energy balance is made around the
element of storage medium which includes axial conduction,
surface losses, and heat transfer from (or to) the heat
transfer fluid. An energy balance around the fluid then
accounts for only transfer to (or from) the storage ele-
ment .

The differentlial energy btalance around an element 1s writ-
ten as

37



ot - 3%t 3t
e M 37 dx ktat ;;; ds + (Zka) > dx - UAL(tf t)dx

2mk, (t=t_)
-—i_s__ dx

£n ds_h
dv

while the energy balance around the fluid is written as

[->4

t
£ .. _ . b _
chL 37 dx = me % dx + UAL(t tf)dx.

Note: All symbols are defined in the Scaling Procedure
Symbol List presented as a fold-out in Appendix E.

Note that the conduction down the tubes 1s taken along the
tube locus since it is coiled. The derivatives along ds,
a tube 1lncremental length, may be transferred to the dx
direction by

so that

38



Moreover, making the substitutions

= L
L 2
X
vV s —
hV
e=§—-—
L

results in the energy balances being

\
a0 . [%t2tF . Gxa) P pzg _ UAP - 9)
= + - - M (e
- MLy o Mh, )., T e £

iv P _
- d e (0= 8)
Ln sh S
dy
¥ we ¥ uap oo
ou \'s av pcV f

The terms which now want to remain constant, i.e., the
coefficients which are dimensionless groups are

k.a,P (z ka)P
e ML, e Mhy;
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and the 6ip,v) and ef(u,v) will behave exactly the same in

the model and in the full size unit. In fact, due to the
temperature dependence of many of the properties, it is
desirable to have t(u,v) and t (u,v) behave the same and

then the properties at any point pu,v will be identical.
Were 1t not for this dependence, the experiment could be
carried out over a different temperature range by select-
ing a different tL.

While 1t is possible to manipulate the coefficients in a
varlety of ways and probably arrive at a reduced scale
version which in some way represents the real process,
consider the most important term in the process, the heat
transfer between the T-66 and the Thermkeep. This is
described by the overall heat transfer coefficlent, U,
which is composed of the fluld-to-wall resistance, the
tube wall itself, the solid build up on the tube, and

the so0lid to llquld phase resistance.

This term is qulte complex and it may be concluded that
the best, if not the only, way to assure similitude would
be to retain the cycle period, P, the tube configuration,
the amount of Thermkeep per tube, and the flow per tube.
Then the tubes 1n the model act essentially identically
to the tubes in the full scale unit. This implies that
the model should be a full height version of cross-sec-
tional area reduced by the scaling factor as well as the
number of tubes, total flow, and implicitly the mass of
storage medium. The duty cyecle is, of course, the same
with respect to time but with heat flows reduced by the
scaling factor.
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Consider what a scaling like this does to each of the
dimensionless groups deflned above.

(1) KeaeF

This term has the same values of kt’ P, Cys and Lt for

the model and the full scale unit. The total tube con-
duction area 1s reduced by the scaling factor since the
total number of tubes 1s reduced accordingly and the total
mass of storage medium is reduced also by the scaling
factor. Thus, this term 1s unchanged.

(T ka)P
(2) cSM hv

The values of the thermal conductivities, k, P, Cgs and hV

are identical for the model and the full size unit. If
the thickness of the vessel 1s reduced by the square root
of the scaling factor and since the clrcumference of the
vessel drops by the square root of the scaling factor,
then a term due to the vessel wall goes down by this fac-
tor. The medium axial conduction area also automatically
drops by the scaling factor. In the denominator, M drops
by the scaling factor so that the group remains unchanged
from model to full scale.

(3) UAE

The values of U, P, and c, are identical in both the model

and the full size unit, the rationale for equal U having
been already explained. The tube surface area 1is scaled
down because of the reduced number of tubes and the Therm-
keep total mass 1s also scaled by the same factor so

that the ratio of A/M is unchanged, and the group remains
unchanged.
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(4) ov

P and p aré the same whlle the total flow m l1ls scaled
and the total volume of T-66 in the tubes is scaled so
that the group remains unchanged.

UAP
(5) ooV

The term U, P, p, and ¢ are identical for both the model
and the full scale unit while the tube surface area and

the total volume of T-66 in the tubes are scaled identi-
cally. Thus the group remains unchanged.

(6)

The values of ki’ hv’ P, and cg re ldentical for the model

and the full scale unit. Retaining the equality of the
groups requires setting

1 1

T 7d_.\ = T 7d N
Men (as—h) M&n ( dih)
v v
model .S.

Noting that the storage medium masses are in the ratio
of the scaling factor, R, thls requires that
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a /d h
or (659\ = ‘i‘)

o
_sh = 347 o155
(dv ) >33 1.55
F.S.
which 1s to say that
a_. \
Ly = (1.56)10 = 85.4.
vy
model

The model shroud would be 60 m (197') in diameter! This

is caused by the cylindrical conduction geometry and the

fact that the vessel surface decreases only as the square
root of the scaling factor.

The 3o0lution to this problem was to reduce the surface
losses in a different way. Rather than increase the
insulation thickness, we can use a reasonable insulation
thickness and reduce the temperature difference between
the model vessel and the model shroud. This involves the
heating of the shroud to an adequately high temperature.
Consequently, for safety reasons and to conserve the
amount of shroud heating required to maintain a desired
temperature, another layer of insulation and an outer
unheated shroud are used.
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The use of the differential equations to scale the full
size unit neglects the heat transfer at the top and bot-
tom ends of the unit, However, it should be clear that
since the cross-sectional area of the unit has been re-
duced by the scaling factor, and since the number of
tubes has also been reduced accordingly, the end losses
approximately go down by the scaling factor as well.

Subscale Unit Design

As was discussed in the previous section, the scallng
guidelines are straightforward and the model was designed
as a full height cylindrical section of the full scale
unit. The cross-sectional area is one-tenth of that of

the full scale so that the diameter is £ or .316
V 10

of that of the full scale unit. The number of tubes was
reduced from 252 to £5 but the length w~as l1ldentical.

The major analytical design task with respect to the model
was that of selecting a temperature to which to bring the
heated inner shroud in order to sufficiently reduce the
surface losses from the vessel. The result of this was
that the model would contain 45.7 cm (18") of mineral

wool insulation between the vessel and the heated shroud
and the shroud temperature would be maintained at 498 K
(225 C). The unit would then have cnotner 15.2 cm (6")

of insulation contalned by an outer shroud.

The criterion was used that the surface losses pbe the

same fraccion of the total capacity in both the model and
the full size unit., While this criterion was met, there
is a difference between the mod=l and the full size unit.
Since the effective ambient temperature has teen increased
and since there exists a gradlient from the bottom to the
top of the vessel, the distribution of temperature dif-
ference between the vessel and amblent 1s distorted.

In the full scale unit, with an ambient temperature of,
say, 296 K (23 C), a top end temperature of 584 K (311 C)
and a bottom end temperature of 516 K (243 C), the ratio

of AT's comparing the top to the bottcm is (584-296)/
(516=296) = 1.31. In the model, with an effective ambient
temperature of 498 K (225 C) and the same top and bottom
end temperature, the ratio of AT's is (584-498)/(516-498) =
4.78. Consequently, while the total surface loss is in

the right proportion, the top end of the unit is penali.ed
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somewhat in that it loses relatively more heat than it
does in the full size unit. Since overall the surface
losses are only a couple of percent of the total capacity
per day, the redistribution should be unimportant.

Figure 17 shows the storage response to solar cycle dy-
namics for the 1/10 scale model. This may be compared
with Figure 15 (page 69), the response for the full scale
unit. It is substantially identical. Figure 18 shows
the fluid outlet temperature at the hot end (during dis-
charge) vs. cycle time for the model. This may be com-
pared with Figure 16 (page 71) for the full-scale unit.
Again, the two are substant*ally the same. Note, however,
that these results were obtained with the incorrect en-
thaley as was the reference design. They are shown to
demonstrate simlilarity between the two designs.

The model is basically an lnsulated vertical cylinder.
The storage vessel is 0.70 m (27.5") diamzter by 2.23 m
(87.8") tall. Since it has 0.152 m (6") of insulation
between the heated shroud and the outside shroud, the
overall size is 1.93 m (€'4") diameter by 3.45 m (11'4")
tall. This is somewhat large for the Comstock & Wescott
bulldinz so 1t was installed in an area where a three
foot deep pit had been previously constructcd for a simi-
lar project.

Provision was made to remove the heat exchanger (should
a T-66 leak develop). The cold side inlet comes into
the unit from the top (or hot side) via an insulated
duct so that heat is not transferred to the T-66 passing
through it (due to contact with hot end Thermkeep).
Heating elements were installed to keep the Thermkeep
liquldl or bring it back to the liquid state to facili-
tate replacement of the heat exchanger after repair.

The vessel contains 1500 kg of Thermkeep and 25 tubes,
0.635 em (1/4") o.d4. by 23.1 m (75'9") long, through
which the T-66 passes. Measurements of temperature were
made on the vessel surface and via horizontal wells ex-
tending into the vessel. These gave a measure cof the
Thermkeep thermal gradient. Their meaning and position-
ing will be discussed r.nder data analysis.



Construction of Subscale TES Unit

The storage unit is comprised of:

... & steel vessel

... a hes: exchanger which does not pene-
trate the bottom and is hung from the
114 of the vessel

... @& number of thermocouples set into
wells which penetrate the vessel

... a number of thermocouples bonded to
the surface of the vessel

... 8trip heaters attached to the outside
surface of the vessel

ee. U45.7 cm (18") of mineral wool insula-
tion

... a light gage sheet metal inner shroud
to which are fastened flexible insu-
lated heating wires

... 15.2 em (6") of mineral wool insula-
tion

... @an outer shroud
... Support legs
..+ Support struts

The vessel was purchased from an outside shop. It stands
2.44 m (96") tall, has an o.d. of .718 m (28"); the side
wall is .63 cm (1/4") thick, and the base plate is 1.27 cm
(1/2") thick. Twenty holes are drilled into the vessel
for Insertion of the thermocouples. Figure 19 is a photo-
graph of the vessel lying on 1ts side with the thermo-
couple wells partially inserted.

Figure 20 shows how the thermocouple wells are formed.
Type J (iron-constantan) thermocouple wire was stripped
near the end and inserted into the steel well. The end of
the well was pinched to clamp the ends of the wires and
the flattened end was welded to seal it. The wells were
inserted from inside the vessel to the proper depth and
welded from the outside tc the vessel wall.
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Figure 17. 1/10 model design ThermkeeD
thermal energy storage unit.
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Variation of Therminol-66 outlet temperature during discharge.
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Thermocouple leads are stripped lem, laid side by side in
a tube, and fixed in place by crimping. The tube end is
then welded shut and helium leak~tested.

INSIDE

NN AN e e e
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T~ STORAGE VESSEL WALL

Figure 20. Probe thermocouple.



This desipgn was selected to insure maximum contact between
the thermocouples and the surface to be measured. If
thermocouples were merely inserted, there was a possibility
of poor thermal contact. On the other hand, removal is
difficult and would require replacement by simply Iinsert-
ing thermocouples if a fallure were to occur, but, due

to the double shroud construction and the large quantity

of insulation, the wells are not easily accessible anyway.

There are 20 thermocouple wells, arranged in two rows of
10 each, 154° apart from each other and at different
depths plus 52 on th: surface of the vessel at other posi-
tlons. The heat exchanger was designed to allow the tube
coils to clear the rows of thermocouples should removal
of the heat exchanger be necessary. As it turned out,

at one point, the heat exchanger had to be removed due

to a leak which was discovered before adding the Therm-
keep and a couple 6f wells did not clear the coils and
had to be broken 10 allow removal. These were replaced
and the heat exchanger was additionally constralned to
prevent this from occurring agaln.

The heat exchanger consists of twenty-five 23.1 m (76')
long steel tubes, .635 cm {1/4") outside dlameter by

.7 mm [.03") wall thickness. They were coiled on a 10 cm
(4" 1.d. with a 3 em (1.2") pitch, for total coll height
of 2.2 m (87"). They were arranged inside the eylindrical
vessel to be as evenly distributed as possible gllowing
for thermocouple well and lower manifold inlet tube clear-
ance. The colls were provided with wires betwsen turns

Lo prevent sapgping due to sollid welght so thal the piteh
would be maintained., Wire lashing was provided between
tubes to hold the lateral spacing between them since they
are springlike otherwise and due to flexing would have
uncontrolled separation.

Upper and lower manifolds were favricated Prom two steel
tubes each of 1.7 cem (.67") outside diameter and 7.3 mm
(.09") wall thickness rolled into circlies of 58.3 em (23")
and 35.8 em (14"}, then cross-connected by a straight
length of 2.7 em (1.05") o.d4. steel pipe. The lower mani-
fold was split In two spots to allow for clearing the
thepmocouple wells for removal. Tubes were welded both

to the clrcular and the stralght parts of the manifolds.
The two manifolds were spaced in the height direction by

a steel bar welded to the top manifold and threaded to a
fizxture on the bottom manifold.
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Figure 21 1s a photograph of the two manifolds connected
by the bar., Filgure 22 1s a photograph of the nearly
completed heat exchanger belng welded., Filgure 23 Is a
photograph of the heat exchanger looking from the bottom
end which shows the split lower manifold and the clear-
ance spaces.

The heat exchanger was inserted into the vessel from the
open (top) end, three struts were welded across the top
of the vessel and the heat exchanger was hung by hooks
from these struts. The thermocouple wells were inserted
to their approximate depths and welded to the vessel wall.
Figure 24 is a photograph of the assembled heat exchanger
inslde the vessel Jooking into the top.

The bottom ends of the two shrouds were assembled onto
che supporting feet for the vessel in the pit. The ves-
sel was then set on top of 1ts feet. Marinlte insulating
blocks were used to support the vessel and prevent a
direct steel conductlion path from the bottom of the ves-
sel to the outside. Filgure 25 1s a photograph of the
vessel standing on the above-described assembly showing
the heating cable already fastened to the inner shroud.

The thermocouples were then bonded to the vessel surface
and nine strlp heaters of .75 kilowatts each were also
attached to the vesgel surface. Insulation was packed
into the bottom of the shrouds and the sidewalls of ths
heated shroud were attached save for a section allowing
space to walk inside to continue the insulatin- task.
Figure 26 shows the completed vessel with part of the
sidewall of the heated shroud iIn place. The inner insu-
lation and the completed heated shroud was assembled.
Pigure 27 shows this completed assembly sitting in the
pit.

The connections for the transfer of T-L6 from the test

ripg to the storage unit were then made and the ocuter
shroud and its insulatlon were then completed. Fipure 28
shows a2 portlon of the completed storage unit. 0Once the
test rip was completed and checked oput and 1t was possible
to flow hot T-66 through the heat exchanger, the Thermkeep
was added to the vesegel, Thermkeep comes in the form of
so1id flakes and filling was done in steps with partiasl
loads melted down to £11] in the void spaces befiore add-
ing more. Finally, the top of the unlt was dssenbled

and Insulated.
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SUBSCALE TEST SYSTEM

A facili*y has been built which was used to test the
performance of the model storage unit. This facllity

is required to deliver hot T-66 to the unit during charg-
ing with provision made to reheat the outlet T-66 as
would be done by the solar collectors in the full-scale
installation. On the other hand, it 1s required to de-
liver cool T-66 to the unit during discharging with pro-
vision made to recool the outlet T-66 as would be done

by the toluene boiler in the full scale installation.

The test modes, including the solar daily cycle simula-
tion, were to be characterized by constant iniet temp-
erature of the T-66 both during charging and discharg-
ing, but, mainly in solar cycle testing, by varilable

flow rate. The operation of the collector field in the
Sandia Laboratories' system maintalns a fixed collector
outlet temperature of 584 K (311 C) by variation of T-66
flow rate or dumping of excess heat if flow control can-
not keep the temperature downr due either to intense heat-
ing or lack of avallable storage capacity.

Consequently, T-66 ~s supplied to the model storage unit
from a high capacity, well mixed reservoir controlled to
the appropriate delivery temperature. Figure 2§ is a
schematic diagram of the test apparatus. It does not
show incidental detalls, such as safety re'ief valves,
over-temperature safety shutoffs and low i1iguid level
safety shutoffs, pressure gauges, and temperature sensors
installed in the actual system.

The reservoir is a 66 gallon horizontal cylindrical steel
vessel. It 1s contained in a rectangular sheet steel box
insulated by mineral wool. Set point temperature is main-
tained by three 1l0-kilowatt, 480 V tutular electric immer-
sion heaters. This allows supply of the rated 25 kW of
heating to the T-66 plus a margin to compensate for losses.

Control for the heaters to maintain set pcint is provided
by a proportional plus reset plus rate type of driver

and a solid state zero-crossover-firing power controller
rated at 41 kVA. The rate function provides fast response
while the reset feature provides long term accuracy on

set polnt. A high temreratuie water cooled centrifuszal
circulatin~ pump is used to mix the T-66 in the reservoir
to prevent thermal stratification and the consequent poor
temperature control which was experlienced before installa-
tion of the pump.
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When the mode of cperation of the storage unit 1is that
of charging, the T-66 exits from the bottom manifold
cooler than it entered. Then the heaters are all that
are required to maintaln delivery temperature. On the
other hand, during the discharging mode, the T-66 exits
from the top manifol/ hotter than delivery temperature.
Here the cooling whicr. the toluene boiler would cause
must be provided.

This cooling is done ... a heat exchanger immersed in
water in a 55-gallon drum. The heat exchanger is formed
by two helical coils of 2.54 cm (1") copper tubing mani-
folded in parallel. Facility water flows into the drum
at the bottom and exits hotter from a drain on the side
of the drum near the top. The heat exchanger and water
flow rate were chosen to inhibit boiling of the water
(assuming a 584 K (311 C) T-66 inlet temperature), so
that energy balances could be made from measured water
temperature and flow rates.

The performance of the heat exchanger was calculated so
that, without having to adjust the flow of water, the
T-66 would be at least cooled below set-point delivepry
temperature. Moreover, it should never cvercool so much
that the 30 kW of heating capacity would be insufficient
to return the T-66 temperature to set point. Therefore,
no cooling control is required, the cooler is completely
passive, and the heating control, which is quite depend-
able, is used both for charging and discharging tests to
hold a constant delivery temperature.

The expansion tank, which compensates for the change in
density of the T-66 with temperature changes, was fash-
ioned after the guidelines described by Monsanto Company
brochure, "Therminol Heat Transfer Fluids, a Design,
Operating, and Maintenance Guide for Low-Cost, Low-Pres-
sure Heat Transfer Systems." The capacity of the tank 1s
such that the level of the T-66 stays within the tank
regardless of the temperature. It has a slide-mounted
sight glass to observe the T-66 level. A slight pressure
of dry nitrogen gas is maintained above the T-66 to pre-
vent oxidation 1f alr were present. A low level safety
switch which shuts off the reservoir heaters was installed.

The T-66 is pumped to the storage unit by a high tempera-
ture rotary pump with graphite asbestos packing. Maximum
flow 1s 7.5 gpm. The pump is driven by a shunt wound d.c.
motor controlled by a motor controller which can be oper-
ated either manually or by command from an analog control
system. The latter option was required to allow scheduling
of the T-66 flow rate for solar cyc-e simulation.
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A high temperature turbine flowmeter is used in conjunc-
tion with a flow rate monitor (D/A converter) to generate
a flow signal. The flow signal is used as a measure of
the T-66 flow rate and also as a feedback signal for an
analog flow control circuit commanding the motor control-
ler for the delivery pump.

Two groups of valves can be seen on the schematic diagram
(Figure 29). One group (V1-Vi4) is for regulation of
function of the expansion tank. During startup, V1 and
V2 are open, V3 and V4 are closed. This allows T-66 to
pass through the expanslion tank for deaeration. After

a short perilod of time, V3 is opened, V1 and V2 are
closed, and V4 which is smaller and on a smaller diameter
pipe 1s open. This valve and pipe are sized smaller so
that the expansion 1s allowed but thermal syphoning of
the T-66 is inhibited.

The second group of four valves (V5-V8) controls the flow
direction to the thermal storage unit. During a charging
test (heating the storage medium), T-66 flows from the
reservoir through valve V7 (V8 is closed), into the top
manifold of the unit, through the heat exchanger, out of
the bottom manifold, through valve V6 (V5 is closed) and
back to *he reservoir for reheating. During a discharge
test (cooling of the storage medium and heating of the
T-66), T-66 flows from the reservoir through valve V5

(V6 is closed), into the botton manifold, through the heat
exchanger, out of the top manifold, through valve V8 (V7
is closed), through a heat exchanger which cools the T-66
with faclility water to below the reservoir control tempera-
ture and back to the reservolr for reheating.

Figure 30 is a photograph of all of the aforementioned
components of the test facllity except for the expansion
tank which is elevated beyond the upper edge of the photo-
graph. The drum, containing the heat exchanger for cool~-
ing the T-66, is in the left foreground with the drain to
the left side. The rectangular box to the rear contailns
the T-66 heated reservoir. Connections to the upper and
lower manifolds of the storage unit are in the right
foreground with the edge of the pit containing the unit
also visible. This photograph was taken before the pipes
were Iinsulated wlith Fiberglas.

Pressure measurements using standard Bourdon-tube gauges
were made at varlous points in the circult: upstream of
the high temperature rotary pump; between the pump and
filter; between the filter and the flowmeter; upper heat
exchanger manifold; and lower heat exchanger manifold.
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In addition to the temperature measurements inside the
storage unit, certailn temperatures were measured in the
external circuit: water supply temperature, water drain
temperature; T-66 temperatures into and out of the cooler
heat exchanger; upper and lower manifolds of the storage
heat exchanger; and two points inside the heated reser-
voir plus the control point which is near the delivery
tube. All temperature sensors are type J (iron-constantan)
thermocouples.

Figure 31 is a block diagram schematic of the circult
logic for the analog flow control circuit. The feed-
back loop cormpares the measured flow rate from the out-
put of the flowmeter with a desired flow rate and causes
the motor controller to adjust pump speed until the error
is effectively zero. For steady flow rate testing, a
fixed value of desired flow 1s input to the comparator.
The rest of the circuitry is used to program the flow
using the cam program controller.

The block function q(t) represents the cam program con-
troller. To use it, one takes a c¢circular disk, which
rotates at a predetermlined rate in the controlier, and
forms the desired function by cutting the disk accord-
ingly. A cam follower displaces an amount determined by
the disk pattern and generates a 0 to 8 VDC analog signal.
Normally this is coupled to an appropriate temperature
controller which then could, for example, regulate a
furnace temperature to achieve a certaln controlled pro-
cess.

In this case the controller output 1is taken “o be a rate

of heat flow, either the excess heat from the solar collec-
tors which one is attempting to put into storage, or the
heat deficiency of the solar collectors which one 1is
attempting to extract from storage. As was discussed in
the sectlion on analysis, the flow rate to the storage

unit is determined differently for charging than for dis-
charging.

The storage unit 1s, in essence, a large thermal regenera-
tor. It 1is characteristic of such a device that, as heat-
ing or cooling proceeds, the outlet temperature of the
fluid changes. During discharge, the delivery tempera-
ture to the boiler will drop and during charging, the
delivery temperature to the solar collectors will rise,

In the former case, the temperature deflciency is accepted
and it 1s assumed that, possibly, » means »f boosting the
temperature, e.g., a fuel-fired burner would be provided.
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In the latter case, it 1s assumed that the flow rate
through the collecters would be increased to attempt to
absorb all the heat collected in the face of a diminish-
ing temperature rise. The additional circuitry shown
accomplishes this additional flow rate adjustment.

For discharging, a cam 1s cut which outputs the differ-
ence between the fixed flow rate demanded by the boiler
and the flow rate which is expected from the solar col-
lectors as described by the characteristic curve. The
multiplier (M2) shown on the block diagram would be by-
passed and the flow demanded would be 1n direct propor-
tion to the output of the program controller. The shape
of the flow demand 1s such that flow begins at zero in

the late afternoon when the collector output becomes

equal to the boliler demand. Thereafter, the storage flow
increases until the collector output ceases and all the
boiler flow passes through storage. The flow rate 1is
constant until the beginning of the nighttime idle pcriod
at which point 1t becomes zero. In the early morning,
after the idle, storage flow begins at full boiler flow,
stays constant until collector output beglins and decreases
steadlly to zero flow which occurs when the collector out-
put rises to the value of the boiler demand.

During charging, one would like to absorb all the output
of the solar collectors. If this occurred, one could
write the equation

q = wfcf (TH - T

ex L)

where TH 1s the fixed delivery temperature from the collec-
tors (584 K; 311 C), T,
from storage, Ef is the average T-66 specific heat over the

is the variable outlet temperature

range T. to TH’ We is the required flow and Aoy is the

L
heat avallable to go into storage. The flow rate function
becomes

= le

w
f
)
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The contrcl circuilt takes the value of TL’ as measured

at the lower manifold, and uses it first to form the dif-
ference, TH - TL, in the summer shown, and second to form

the average specific heat in the function block Ef (T,)
where thls can be described as a function of TL only with
TH fixed. The outputs of both of these operations are
input to the multiplier to form the product Ef(TH - T)
which is then inverted to form l/'c?f.(TH - TL). This value

together with q(t) is input into the multiplier to form
the demanded flow according to the aforementioned equa-
tion. Lastly, it is expected that the pump would be
limited to some realistic flow rate, at least to limit
the pressure loss through the system so that the func-
tion w(wd) is essentially a limiter whereby w = Wy up to
wmax at which point 1t no longer increases. Moreover,
the flowmeter cannot function below a minimum of about
0.75 gpm so that the solar characterlstic cams were modi-
fied to demand no less than this.

Debugging the facllity involved the usual problems asso-
cilated with such a system. Erratic behaviour of the
turbine flowmeter was traced to two problems, First,

the wrong sensor head was provided. Rather, one rated

for only 355 K (180 F) was received and had to be replaced
by the factory. Second, problems were traced to the D/A
converter and certain factory recommended adjustments

had to be done.

It was expected that the test flow rate would be adequate
to agitate the T-66 in the reservoir. However, the T-66
formed a thermocline (thermal stratification) and a cen-
trifugal circulating pump had to be ordered. T-66 leaks
developed in the plumbing, a problem which is known to

be quite prevalent with this fluid, and these had to be
repalred. Other minor problems were also rectifled.

Overall, it 1s felt that a very useful test facility now
exists. It can be used to model any test duty cycle which
requires fixed temperatures and variable flow rates. The
next sectlion dlscusses the performonce testing which was
done on the model storage unit usin,; this facility.
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SUBSCALE TEST RESULTS AND EVALUATION

~ Preliminary Discussion

The steps which led to the final form of the analysls
will be briefly discussed. The= all the data and the
computer predictions will be presented and compared, the
computer predictions being those from the final form of
the analysis.

A number of changes were made to go from the design
analysis used in the reference design tc the test analy-
sls. Some relate to simulation of test conditions and
will not affect the analysis to be used for design of a
full scale unit. These modiflcatlons involve the ability
to input the proper starting conditions of the unit (i.e.,
temperature distribution), to input a variable T-66 in-
let temperature for runs where thils temperature had not
yet stabllized by the start of the test, to input the
proper constant flow rate, and to overrlide the solar
cycle schedule normally 1in the program. Three decks of
computer cards were produced from the origlnal prcgram.
One simulates a single-pass heatup, one simulates a sin-
gle-pass drawdown, and one simulates the square-wave
cycling.

Other changes relate to updated knowledge of material
properties. Since the reference design was produced, new
information was received from the Monsanto Company on the
properties of T-66 and new information was provided by
Dynatech R/D Company on the properties of Thermkeep.
These changes were 1lncorporated into the program.

New tables of the enthalpy and solid fraction of Therm-
keep as a functicn of temperature were input. These were
composed on a rational basis but are not based upon labo-
ratory measurements. As mentioned, the h(T) data ex-
pected from the subcontractor were never properly pro-
duced and C&W used the best information previously avail-
able.

The enthalpy vs. temperature curve was adapted from a
temperature vs. time cooling curve done in the C&W labo-
ratory (see Figure 32). The use of this has produced
reasonably good results, as will be seen, but it is be-
lieved that some of the lack of agreement between test
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and aralysis can be attributed to the lack of accuracy

in the enthalpy-temperature correlation. The solld
fraction, ¢(T), was adapted from a phase dlagram for the
binary system NaOH-NaNO3 (Ref. 3). This also 1s not con-

sidered to be highly accurate, but it 1s not considered as
significant a factor as the inaccuracy in the h(T) curve
in contributing areas of lack of agreement.

The only important change made in the calculation proce-
dure was the inclusion of a correction to the fluld side
heat transfer coefficient caused by the winding of the
tubes in a springlike helix (Ref. 4). The original com-
putations were based upon straight tube correlations.
The new correlation says that the critical Reynolds num-
ber for transition from laminar to turbulent flow is
increased according to

0.5

)

¢ e

Q-'Q-
o 20 U2

R

Copit = 2100 |1 + 12 (

where dt is the tube diameter and d, is the hellx diameter.

h

Moreover, the heat transfer coefficient in laminar flow is
increased as follows. Define

2 \
and Q =(p* Pr})
Where Pr 1s the fluld Prandtl number, then

Nu
. - -
N = 0.181Q (1 - 0.839Q7% + 35,4072 _ 207¢=3 + y1997Y)

S
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where Nuc is the Nusselt number for curved tubes and Nus

is the Nusselt number for straight tubes. Using this
correction for the low flow rate tests brought the agree-
ment from poor to good and this verifies its usefulness.
Other than this change, the method of the computer analy-
sls stands essentially as it was for the reference de-
sign analysis.

Description of Test Procedures

The model TES unit was installed into the test facility
and then subjected to a variety of tests to determine
its ability to accept heat from and deliver heat to the
heat ftransfer fluld. These tests fell intc four basic
categories, each with its own objective.

1. One-Pass Charge/Discharge Testing

In this type of test, which was the basic source of
data for tuning the computer analysis, the unit is
brought to either a “ypical charged or a typical dis-
charged condition and then either discharged or
c..arged at a constant flow rate. The change of the
internal condition 2f the unit was observed as a
function of time as well as the change in delivery
temperature of the T-66. A number of different flow
rates were checked ranging from 0.C° kg/sec (1 gpm)
to 0.29 keg/sec (6.3 gpm).

2. Idle Tests

In this type of test, the unit was brought to a hot
or charged condition, flow was stopr:d, ard the
change in Internal condition was recordel as a func-
tion of time. The purpose of this test is to elimi-
nate the effect of heat transfer with the fluid and
cbserve only the effeczts of axial conduction and
losses to the environment.
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3. Square-Wave Cyclic Testing

In this type of test, the unit is brought to a
typical charged conditlon and then alternately
discharged and charged at constant T-66 flow rates
with minimal changeover times. The purpose of

this test 1s to verify that the unit approaches

a stable condition under cyclic operation and that,
withcut specifylr.gz the starting condition for each
segment of the tect, except for the initial start-
ing condition, the analysis could predict the
performance after a number of repetitive cycles.

4. Solar Daily Cycle Testing

These tests were run to describe how the unit
would function under solar cycle conditions where
flows would vary according to a prescribed sched-
ule and a control mode. This continual variation
would create difficulty in using this type of
test for tuning the analysis but would be a proof
test of the unit under realistic conditions.

The test conditions were selected to be 1/10 scale of the
typical full scale conditions. T-66 temperature during
a charge was held at around 584 K (311 C) while during a
discharge, it was held at around 516 K (243 C); however,
these changed somewhat from test to test.

With a 25 kW heat load and a 68 K available overall AT,

a T-66 flow of about 0.14 kg/sec (3 gpm) 1s required.

The test flows ranged from 0.05 keg/sec {1 gpm) to 0.29 kg/
sec (6.3 gpm) but most tests were run in the 0.09 to 0.16
kg/sec (2 to 3.5 gpm) range. A range of flows 1s desired
since in an operational system, the flows would vary as
the avallable collector output changes.

The primary objective of testing was to determine if tre
computer analysis to be used for the design of larce

scale TES units 1s accurate 1In its description of how the
unit would respond to a given stimulus. If reasonatle
accuracy can be obtained, then the analysis can be use+d
for determination of efficlencies, delivery tempera‘ures,
pressure drops, and any other factors considered imrortant
in designing a full-scale storage unit.



comparison of Computed and Experimental System Response

One-Pass Chargé/Discharge Test Results

For a steady flow discharge test, the unit 1s brought to

a reasonable charged condition and a flow of T-66 (at

low cycle temperature) is introduced into the bottom mani-
fold. The hot-end outlet temperature of the T-66 as a
function of time is the critical characteristic in that
temperature deficiency here impacts directly on the tur-
bine performance and must be compensated. Figures 33
through 40 plot the T-66 outlet temperature during draw-
down tests for flow rates increasing from 0.05 kg/sec

(1 gpm) to 0.29 kg/sec (6.3 gpm).

Except for test No. 007, which started at quite a low
state of charge, the computer predictions agree reason-
ably well with the measurements. The only observation
that seems at least somewhat consistent is that between
577 K and 566 K, the unit delivers more heat than pre-
dicted and vice versa below 566 K. This suggests that
the h(T) curve used should be reshaped to have le's of
a plateau at 566 K with slightly more energy available
above 566 K and a more rounded shape below 566 K.

Figures 41 through 49 are comparisons of measured thermal
distribution with computed distribution. The ccmputer
technique assigns one value of temperature to any depth
and ignores lateral gradlents. As may be seen by some of
the figures, especlaily in the lower temperature regions,
the measured values do not necessarily fall on a single
line. There are two axial .ows of thermocouples, each
row at a different radial position in the unit. Thus,
the existence of radial (lateral) gradlents would cause
disagreemant between each set. Radial gradients tend

to occur in lower temperature regions because more of the
Thermkeep is solid. Circulaticn in the liquid phase pre-
vents this from occurring.

Note that the c.mputed axial temperature profiles do not
extend to the top of the vessel. The initial height of
the The¢rmkeep depends on the iInitlal temperature of _he
Thermkeep, and actually varies in some cases over 2

range of roughly 20cm during operation of the system.

The computecd points are associated with the estimated
total height of Thermkeep defined by the initial measured
temperature profile. The estimated distance of the Therm-
keep surface from the top of the vessel is indi-cated oun
the figures. Thus, measured points abtove this estimated
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Thermkeep surfaces are interpreted as being in the ailr
space above the surface and are not computed by the
analytical model.

Again, except for test No. 007, the data and analysis
agree quite well. The analysis predicts a longer dwell
at 566 K than actually seems to occur, suggesting that
the plateau on the h(T) curve may be too strongly de-
fined.

For a constant flow charging test, the unit is brought
to a low state of charge and a flow of T-66 (at high
cycle temperature) is introduced into the top manifold.
The cold-end outlet temperature of the T-66 as a func-
tion of time is the critical characteristic in that
rising outlet temperature requires additional flow to
absorb the collector output without exceeding a speci-
fied upper temperature limit. Figures 50 through 54
plot the T-66 outlet temperature during charging tests
for flow rates varying from 0.05 to 0.3 kg/sec (1 to
3.5 gpm).

Overall, the agreement 1ls reasonably good. The compu-
ter prediction of the outlet temperature is higher than
measured outlet temperature. This 1s possibly due to
over~estimating the resistance of the solid Thermkeep
layer. The rate of rise of the temperature is consist-
ently gocd which could be 1indicative of a fair agreement
in h(T) in the low temperature regions.

Figures 55 through 59 are comparisons of measured thermal
distributions with computed distributions. Again, the
computer seems to predict a stronger than measured pla-
teau at 566 K which also may be due to incorrect shaping
of h(T) in the vicinity of this temperature. Otherwise,
the agreement is reasonably gcod. The fact that both the
cold-end outlet and cold-end distribution are off in the
same way, i.e., that the computer predicts higher tempera-
tures than the data, could indicate an errcr in h(T)
rather than in the resistance of the solld layer.
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Idle Tests

For Test No. 010, the unit was charged and allowed to
stand for 115 hours, during which time the thermal
distribution was recorded. Figures 60 through 64 describe
the computed and measured thermal distributions at the
start of the test and after 25, 45, 65, and 115 hours.

Two characteristics are evident. First, the real tem-
perature drop 1s greater than the computed. This may be
due to the fact that the losses are actually higher than
computed or due to the possible error in the h(T) curve
which has already been suggested. In general, stand-by
loss should be predictable although there are aspects of
the model design which are not taken into account in the
analysis and which could increase the stand-by losses.

First of all, the vessel has an internal height which is
15% greater than that occupied by the storage medium and
causes more surface losses. Second, there are shroud
support struts and support legs which cause heat loss but
are not described by the program. Third, there is air
circulation which can have a cooling effect on the ex-
posed part of the heat exchanger in the cpen space at the
top of the vessel and on the top surface of the Therm-
keep. Moreover, values for insulation conductivity are
not preclise., There 1s also a capacitive effect associa-
ted with the insulation. When the vessel is heated, the
insulation, which has a low thermal diffusivity, lags
behind in temperature rise. During a standby, the insu-
lation absorbs heat from the vessel in an attempt to come
to equilibrium with it.

Overall, there seems to be no single reason for the more
rapid temperature drop 1ln the data than in the computer
predictions. Rather, a combination of effects all of
which move the results in the same direction, seem to be
involved.
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Square Wave Cyclic Testing

Two tests were run with repetitive cycling and minimal
changeover time, thereby minimizing the effect of erro-
neous prediction of stand-by heat loss, as described
above. During a flow test, the heat exchange between
the fluid and the storage medium far exceeds the effect
of stand-by losses and errors in stand-by loss are in-
slgnificant in terms of correlation.

The two tests were run at flows of 0.1 kg/sec (2 gpm)

for 4 hours discharging, 4 hours charging, with one-hour
periods for changeover. Test 017 ran two cycles, and
test 018 ran three cycles. Four cycles were desired each
time but operational problems prevented completion of the
full four cycles.

Figures 65 and 66 describe the T-66 outlet temperatures
during the first and second cycles of the two-cycle test
(No. 017). The computed results are based on the ini-
tlal measured temperature profile at the beginning of
the first cycles, 1.e., only at the start of the test
sequence.

Figures 67 through 70 are the computed and measured
thermal distribution at the end of each of the four
segments. Agreement appears acceptable.

Figures 71 through 73 describe the T-66 outlet tempera-
tures during each of the three cycles of test No. 018.
Figures T4 through 79 describe the measured and computed
thermal distributlions at the end of each of the six seg-
ments. Agaln, agreement 1s acceptable.
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Solar Cycle Simulation Tests

Two solar cycle tests were run with data belng measured
every 3C minutes. The first (test 020) was run as a
system shakedown with the charging and discharging sched-
ules compressed to 6/10 of normal, so that the twelve
hours of boiler demand were decreased to 7.2 hours. This
allowed the test to be run in ~“he course of two normal
workdays, and as there were no system malfunctions, the
data are being presented. The second test (test 023)

was run with the insolation and boiler demand Jjust as
described in Figure 1 (page 13).

The order of events in the computer program was modified
so that a starting profile was input and computations
began at the predawn start of boiler demand (time T3),
and a cycle runs from then through the end of the over-
night idle period. Next, the program used an input
table of actual flow rates rather than calculating flow
on the basis of the solar characteristic and the inlet
and outlet temperatures. This modification removed any
discrepancy between the actual flow as determined by

the test bed electronics and the computed flow. Lastly,
a change was made to allow for the fact that the test
bed has a minimum flow rate of .75 gpm (about .04 kg/sec).
Below this rate, the flowmeter is not accurate and the
load on the pump causes it to pulsate. Therefore, the
flow rate will stay at the minimum rate in response to
any signal to pump at .75 gpm or lower. The computer
analysis allowed an idle period between charging and
discharging phases, because during the tests the flow
was cut off early at the end of a phase or started late
at the beginning of a phase. The times of cutoff or
startup were calculated so that the total desired amount
of heat was stilll transferred. With these modifications,
the computer analysis duplicates the actual events.

The morning discharge period in which flow starts before
dawn and later decreases as the sun rises is referred to
in the data as the Phase 1 discharge to distinguish it
from the afternoon, or Phase 2 discharge during which
the sun sets and the unit continues to supply heat to
the boller unassisted.

During each phase the T-66 inlet temperature was main-
tained constant within limits -~ near 516 K during dis-
charge and 584 K during charging. The actual inlet
temperatures were input into the computer to eliminate
variations due to external effects on the control system.
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Figure 80 shows the computer correlation to T-66 outlet
temperature for Test 020 and Figures 81-84 compare the
computed and actual Thermkeep temperature profiles for
the first daily cycle. Figure 85 shows the varying rate
of T-66 flow during the charge cycle. Note that the
highest rate attained was 0.31 kg/sec, whereas the maxi-
mum possible rate is about 0.38 kg/sec. This is because
the flow rate is electronically adjusted to account for
the insolation characteristic and the return tempera-
ture, just as the computer analysis did previously. 1In
a relatively low state of charge, the return tempera-
ture will be low and maintain a large AT which requires
less flow.

Figures 86-90 show the computer correlations for the sec-
ond cycle of Test 020. Agreement has improved for both
charging and discharging phases and is very close at the
end of the test (Figure 89). Figure 90 shows that the
maximum flow rate was momentarily reached, and although
the return temperature was high, the flow rate dropped
off as the collector output dropped.

Solar Cycle Test 023 (Figures 91-101) was a full-scale
simulation of two solar dally cycles. This test closely
approximates the actual performance conditions of a full-
scale storage unit in the field.

Figure 91 shows the correlation between computed and
actual fluid delivery temperatures for both cycles.
Agreement is very good, with two exceptions: during both
charge phases, when the T-66 temperature approaches 560 K,
computed and actual data begin to diverge. Similarly,

the Phase 1 discharge of the second cycle (from 24 to

26.5 hours) is slightly divergent in the 560 K range.

The reason for this deviation has not been determined.
Some factors which may be contributing are a misshapen
enthalpy curve, some hysteresis which raises the latent
heat plateau on heating and/or depresses the latent heat
on cooling, possible segregation of the Thermkeep compo-
nents which changes the specific heat and melting point
of the bottom most elements, and expansion and circula-
tion of hot 1liquid Thermkeep which shifts energlies and
volumes of the elements in ways unaccounted for by the
computer.

Although the predicted return temperature was lower than
actual during charging, which might suggest that less
energy was absorbed by the unit, the profliles at the end
of the charge phases (Figures 94 and 99) show that
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temperatures are siightly higher than predicted 1nside
the unit. 1In particular, Figure 99 shows an abrupt

dip in the computed temperature at about 150 cm from
the top of the vessel. This again is a reflection of
the strong plateau in the enthalpy curve, which experi-
mental data suggests are not as strong as we assumed
Below the level of the dip, the discrepancy is roughly
15 K, or the same discrepancy which appears in the re-
turn fluid temperature during charging (see Figure 91)
at about 32 hours elapsed time.

The final discharge phase showed good agreement between
computed and actual data on the T-66 delivery tempera-
ture, and the test ended with the temperature profile
also agreeing closely (Figure 100).

Figure 101 shows the variation in flow rate during the
final charge phase. Although peak insolation occurred
at about 30 hours elz '~d time, the flow rate continued
to rise and held near .aximum (.35 kg/sec) for about an
hour, while the collector output continued to drop.
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PRELIMINARY DESIGN

With the computer model now reliably predicting experi-
mental results, it was used to produce an updated de-
sign for a unit meeting the performance specifications
as listed under Task 3, Page 7.

The primary variables affecting system performance are
the quantity of storage medium and the total heat ex-
changer surface area. These two parameters were used

to produce a first optimization. A figure of merit
(F.0.M.) which is an efficiency based upon the deficit
requirements of the unit (the amount of heat required

to maintain the outlet temperature at a minimum of 580 K
(307 C) during discharge) was used to describe the per-
formance of each design.

Q

F.0.M. = o
Qo + Qs + QD

where Qo = storage dally output
Qs = storage dally surface loss
QD = fluid deficit heating

Surface areas from 55.7 m? (600 ft?) to 167 m? (1800 ft?)
were run 1n units ranging from 10,000 to 50,000 kg of
Thermkeep. All were run with the optimum aspect ratio
of 1 (vessel height to vessel diameter) and standard
0.635 em (1/4") tubing of a given length and number to
produce about 69 kPa (10 psi) of pressure drop in the
heat exchanger with a flow of 5 kg/sec of Therminol-66.

Figures 102 through 105 show the heat exchanger surface
area and amounts of Thermkeep plotted agalnst the flgure
of merit and the specific cost of storage in dollars per
MJ. With some interpolation, the amount of Thermkeep
was then cross plotted against specific cost at constant
figures of merit (Fig. 106).
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At this point, a first optimization is selected with one
additional arbitrary limit -- reasonable size. A vessel
with an aspect ratio of 1 tends to exceed 12 feet in
diameter at about 20,000 kg, above which the unit would
probably have to be fabricated and shipped in more than
one plece. The highest F.0.M. at lowest specific cost

for a reasonably sized unit falls at an F.0.M. of .88,

as specific cost of $11.20/MJ and uses 18,000 k§ of Therm-
keep. The heat exchanger has 111.5 m? (1200 ft?) of
surface area.

This design was obtained using 10 numerical elements for
computer analysis; a finer grid of 25 elements improves
the computed performance- slightly and brings the cost
down to $11.17/MJ.

Next the design was tested to evaluate the effect of five
minor parameters: tube size, fluld velocity, aspect ratio,
insulation thickness, and peak flow through storage.

Figure 107 shows the effect of increasing tube size both
against efficiency and cost. 0.635 em (1/4") is believed

to be the smallest practical size to work with; and as tubes
get larger, the cost increases while efficiency decreases.
The 0.635 cm (1/4") tubes are therefore retained.

Figure 108 shows the effect of increasing fluid velocity
by 1lncreasing the length of the tubes and decreasing

their number, retaining the same surface area. Perform-
ance does increase with veloclty as expected; however, if
we assume a 10% thermal-to-mechanical efficiency for ériv-
ing the pump, any increase over 1l psl cannot be Justified.
To go to 145 kPa (21 psi), for example, the pump would

use an additional 54,000 kJ output. Therefore, the 76 kPa
(11 psi) speicification was accepted.

The effect of the vessel aspect ratio (height/diameter)

on the specafic cost and on the flgure of merit is shown
on Figure 109. Although the figure of merit is highest at
the ratio 1.0, and the specific cost has a minimum at the
ratio 2.0, the aspect ratio has so little effect on these
parameters that it can be chosen on the basis cf other
factors. The aspect ratio 1.0 1s used in the Preliminary
Design.

Figure 110 shows the effect on the Figure of Merlt and on
specific cost of increasing insulation thickness. Perform-
arice does increase but with diminishing returns. The
increase in total cost of the TES unit by increasing the
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insulation thickness from 0.457 m (18") to 0.61 m (24")
is $470 which affords about 1l.5% increased performance.

The increase from 0.457 m (18") to 0.61 m (24") costs
$560 and affords about 0.7% increased performance. From
0.61 m (24") to 0.76 m (30") costs $630 and affords less
than 0.5%. Meanwhile, the loss from 0.457 m (18") of
insulation is 3.9% of the daily storage, and from 0.61 m
(24"), 1t is 3.3%. 0.76 m (30") makes the loss 2.9%.
Thus, the 0.61 m (24") thickness was selected as the
point at which returns begin to diminish most sharply.

The effect of varying the peak allowable storage flow 1is
shown in Figure 111. 5 kg/sec seems to be the point b " ow
which efficiency begins to deteriorate rapidly and cost
begins to escalate markedly. Therefore, 5 kg/sec 1s re-
tained in the design.

The quantity of Thermkeep and the size of the heat ex-
changer, and consequently the size and cost of the TES
unit are strong functions of QD, the deficit heating.

Figure 112 shows the relation between the specific cost
of the TES unit and the deficit heating as percent of the
daily output from storage when the unit is performing
according to the solar cycle. The points on the curve
correspond to a range of quantitles of Thermkeep from
12,000 kg to 27,000 kg. Throughout, the aspect ratio of
the vessel is 1.0, and the total inside surface of the
heat exchanger tubes 1s in the same proportion to the
mass of Thermkeep as in the Preliminary Design, namely,
0.00619 m?/kg.

Preliminary Design

Vessel helight and diameter
Insulation thickness
System height and diameter
System welght

Amount of storage material
Unit cost

Heat exchanger

Figure of Merit based upon
a 25-element grid

Storage output
Speclific cost
Insulation loss
Deflclt heating

2.35 m (92.5")

0.609 m (24™M)

3.6 m (142")

27290 kg (50,200 1b)
18000 kg (39,700 1b)
$33,700

.00635 m (1/4") tubing;
280 coils, each 27.73 m
(91 ft) long

.882
3.01 x 106 kdJ
$11.2/MJ

3.25% of storage output
10.2% of storapge output
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cost Estimates

The estimated cost of the TES unit is calculated by the
computer program by methods described in the preceding
section titled Reference Design Study. Input data con-
sists of the cost of material for each component, and

a fabrication cost for each component which differs from
part to part depending on the type of fabrication re-
quired. The input data for cost calculations are glven
in Table I. The detailed result:s f the cost calcula-
tion for the Reference Design a»< shown in Table II.

The materials costs were those obtalned at the time of
the construction of the subscale unit, i.e., 1977. The
fabrication costs are based upon the actual manufactur-
ing costs of two Thermbank electric water heaters of the
type described in the Background section of the Intro-
duction.

The estimated cost of the Prelliminary Design TES unit
is therefore representative of the cost to be expected
if a very small number of units were to be fabricated.
The fabrication component of the cost can be expected
to decrease substantially if units are manufactured in
large enough numbers so that the cost advantages of
quantity production can be realized.
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TABLE I
COST CALCULATION INPUT DATA

Shroud material cost, $/kg

Shroud side fabrication cost, $/sq m
Shroud side fabrication cost, $/kg
Shroud top fabrication cost, $/sq m
Shroud top fabrication cost, $/kg
Shroud bottom fabrication cost, $/sg m
Shroud bottom fabrication cost, $/kg
Shroud top thickness, m

Shroud side thickness, m

Shroud bottom thickness, m

Vessel wall material cost, $/kg
Vessel end material cost, $/kg
Vessel fabrication cost, $/cum
Vessel fabrication cost, $/kg

Tube material cost coefficient

Tube material cost, $/kg

Tube fabrication cost, $/kg

Tube fabrication cost, $/sq m
Storage material cost, $/kg
Insulation cost, $/kg

TABLE II
COST CALCULATION OUTPUT DATA

Tube material cost, $

Total tube cost, $

Storage material cost, $
Insulation cost, $

Shroud side material cost, $
Shroud side total cost, $
Shroud bottom material cost, $
Shroud bottom total cost, $
Shroud top material cost, $
Shroud top total cost, $

Shroud total material cost, $
Shroud total cost, $

Vessel material cost, $

Vessel total cost, $

Total materials cost for TES, $
Total fabrication cost for TES, $
TES total cost, $
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CONCLUDING REMARKS

The use of a phase change thermal storage media for the
storage of heat from solar collectors for use in electric
power generation may have economlec advantages over other
types of heat storage media. Previous experience with
phase change thermal storage has been limited to electri-
cally heated applications in which the stored heat is
used for low temperature water and space heating. Devel-
opments of this kind have only been carried to point of
small scale field testing of water heaters and space
heaters.

The work reported herein has been undertaken to provide
an assessment of the characteristics of a phase change

thermal storage unit meeting the requirements of a mid-
temperature range solar powered electricity generating

system.

An analytical model and computer program have been de-
veloped for predicting the performance and estimating
the cost of a phase-change TES unit using a passive heat
exchanger. These have been applied to a phase change
TES medium having the composition *

NaOH (Commercial grade) 91.8% (wt)
NaNO3 8.0
MnO2

The heat transfer fluld for charging and extracting heat
is Therminol-66.

0.2

By relatively simple modifications, the model and compu-
ter program can be applied to any phase change medium
for which temperature-enthalpy data are avallable.

The computer-predicted performance has been correlated
with experimental data obtained from tests on a TES unit
and test bed which have a thermal storage capacity (in-
put and output per cycle) of 0.3 x 100 kJ at a maximum

input rate of 0.18 x 106 kJ/hr, and a maximum extraction

rate of 0.10 x 106 kJ/hr, and contains 1800 kg of the
TES medium.

Satlsfactory agreement has been obtalned between the
computer predictions and the experimental data.
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The program is now believed to be a reasonably reliable
tool .for predicting the effect on the operation of phase-
change TES units of this type, of variations in the
operating parameters, and variation in size and storage
capacity.

The program has been used to predict the characterlstics
of a TES unit which has the following performance speci-
fications:

Heat storage capacity of 3.1 x 106 kJ, oper-

ating over the range of 516 K to 584 K. The

heat transfer fluid for charging and discharg-

ing heat is The121n01-66. The maximum charge

rate 1s 1.8 x 10° xJ/hr with the Therminol-66

temperature at 584 K ¢ 2 K. The maximum dis-

charge rate is 1.0 x 10° kJ/hr with the Thermi-

nol-66 outlet temperature at 582 K £ 2 K and

inlet temperature at 516 K ¢ 11 K.

The analysis showed that supplemental heat of about 10% of
the heat extracted from storage, added to the Therminol-66
during discharge to help maintalin the outlet temperature
within the specified range, had a large beneficial effect on
the slize and cost of the storage system. Therefore, such
supplemental ("deficit") heating was employed 1n the design
of the systen.

The characteristics of a TES unit employing the NaOH-NaNO3
heat storing medium predicted by the analysis and compu-
ter program are as follows:

Preliminary Design

Vessel height and diameter 2.35 m (92.5")

Insulation thickness 0.609 m (24")

System height and diameter 3.6 m (142")

System weight 27290 kg (60,200 1b)
Amount of storage material 18000 kg (39,700 1b)
Unit cost $33,700

Heat exchanger .00635 m (1/4") tubing;

280 coils, each 27.73 m
(91 ft) long

Figure of merit based upon 882

a 25-element grid :

Storage output 3.01 x 106 kJ

Specific cost $11.2/MJ

Insulation loss 3.25% of storage output
Deficit heating 10.2% of storage output

138



APPENDTIX A

THE THERMOPHYSICAL PROPERTIES OF
A THERMAL ENERGY STORAGE MATERIAL

Prepared for:

Comstock and Wescott, Inc.
765 Concord Avenue
Cambridge, Massachusetts 02138

Dynatech Report No,CAW-1

Work carried out under P.O. #23385

January, 1978

DYNATECH R/D COMPANY
A Division of Dynatech Corporation
99 Erie Street
Cambridge, Massachusetts 02139

Telephone: (617) 868-8050



Section

"Task 1

TABLE OF CONTENTS
INTRODUCTION

PROPOSED PROGRAM FOR THE COMPATIBILITY OF THERMINOL-66 AND
THERMKEEP '

EXPERIMENTAL PROCEDURES

FURTHER ANALYSIS OF THERMINOL-66 AND THERMINOL-66 RESIDUES

4.1 Gas Chromatography

4.2 Viscosity Changes

4.3 IR Spectra

4.4 Conelusions from Analytical Data

CONCLUSIONS

RECOMMENDATIONS

PROPOSED PROGRAM

EXPERIMENTAL PROCEDURES

8.1 Differential Thermal Analysis
8.2 Thermal Conducti..ty
8.2.1 Solid Phase
8.2.2 Molten Phase
8.3 Linear Expansion and Density
8.3.1 Solid Phase
8.3.2 Molten Phase
8.4 Viscosity

TEST RESULTS

9.1 Differential Thermal Analysis
9.2 Thermal Conductivity
9.2.1 Solid Phase
9.2.2 Molten Phase
9.3 Linear Thermal Expansion
9.3,1 Density in Solid and Molten Phases

9.4 Viscosity

PRECEDING PAGE BLANK NOT mand

A-3

Page

-~ SOt W Wn

®

13

14

14
14
14
17
19
19
20

21

22

22
23
23
24
25
26
217



Report on

THE THERMOPHYSICAL PROPERTIES OF
A THERMAL STORAGE MATERIAL

For: Comstock and Wescott, Inc.
765 Concord Avenue
Cambridge, Massachusetts 02139

Section 1
Introduction

The work described in this report was carried out at Dynatech R/D
Company for Comstock and Wescott, Inc. under Contract No. 23385.

The purpose of this 1nve§tigation was twofold. The first task was
to experimentally determine the effect of accidental contact between Therminol-66,
a heat transfer fluid, and Thermkeep, a potential thermal energy scorage material
over the approximate temperature range of 20 to 480C (70 to 900F). Once a com~
patible material was chosen, measurements of various properties using standard
equipment and techniques available or de-eloped especially for energy storage
materials were utilized to generate baseline data on Thermkeep. The properties
analyzed were differential thermal analysis, thermal conductivity in the solid
and molten phases, density in the s0lid and molten phases, specific heat and heats
of transformation, and viscosity., The temperature range of interest was 20 to 480C
(70 to 900F).

b o roae benlid T FLMEED
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Task 1
Section 2

PROPOSED PROGRAM FOR THE
COMPATIBILITY OF THERMINOL~66 AND THERMKEEP

Dynatech proposed the following study for determining the compatibility
of Therminol-66 (Monsanto Chemical Co,) with Thermkeep. Design and fabricate a
special mild steel closed container vented to the outside, fabricated to contain
the salt and Therminol-66. The Therminol-66 sample will be analyzed using a gas
chromatograph prior to being heated in contact with the Thermkeep. The container
will be heated at a fixed rate to one of three or four successive increasing
temperatures up to the order of 300C. During the heating and at each temperature
condition any vapors given off will be collected and analyzed. After the heat-
ing the salt sample will again be analyzed. Infra red spectra of the Therminol-66
will be obtained before and after heating with the Thermkeep. IR spectra of the
condensed vapors will also be obtained. Following this the container will be
heated once more to the next higher temperature and the procedure repeated.

Therminol-66 is stated to be a hydrogenated terphenyl with a boiling
range of 340°C to 396°C. Thermkeep is stated by Comstock and Wescott to be
largely anhydrous caustic soda (technical grade) containing variable amounts
of sodium carbonate, 8% by weight of sodium nitrate, and 0.2% of Manganese dioxide.
It is said to melt from 282°C to 292°C.
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Section 3
EXPERIMENTAL PROCEDURE

A container was made from a 2-1/2" long nipple cut from standard
2-1/2" NPT iron prpe, threaded into a 2-1/2" NPT iron pipe cap with a 3" x 3"
x 1/8" mild steel plate welded to the top of the nipple. A 3/8" - 3/4' reducing
bushing was welded to the center of this plate and adapted from 3/8" NPT to
3/8" 0D stainless steel tubing with Swagelock fittings. The resulting vessel
is 4-3/4" high as measured from the tov of the steel plate to the bottom of
the 2-1/2" IPS pipe cap. The stainless steel tube passes in%o a 500 ml
Erlenmeyer flask submerged in a trichloroethylene-dry ice mixture. The flask
is verted through Tygon tubing into a jar of water so any rapid evolution of
gases can be monitored. The apparatus was later modified by incorporating
fittings for a second 3/8" OD stainless steel tube so the vessel can be
flushed with fnert gas during the rua.

The vessel was placed on a 4-1/2" diameter resistance heater which
was mounted on a heat sink. Temperature instrumentation was spot-welded on the
container to monitor the temperature through the sample / container assembly.
The entire assembly was surrounded by a cylindrical furnace with the interspace

filled with expanded vermiculite to minimize temperature gradients.

Figures 1 and 2 are respectively pictures showing the vessel sur-
rounded by the neaters and the modified vessel connected to two lengths of
3/8" OD stainless steel tubing in the oven with the upper heating element

removed. The results of the compatibility tests are summarized in Table I.
The results indicate the following:

The chemical reaction between the Thermincl-66 and Thermkeep at
temperatures up to 320°C (close to the boiling point of the Therm-
inol~66) are mild and produce no visible evolution of gases. Such
reactions as do occur (darkening and thickening of the Therminol)
should not have a detrimental effect of the Thermal Energy Storage
(TES) system.



When a dry inert gas (helium) is circulated above the Thermkeep,
it sweeps out any Therminol-~66 present by the time the temperature
of the Thermke2p has reached 326°C,



Section 4
FURTHER ANALYSIS OF THE THERMINOL-66 AND THERMINOL-66 RESIDUES

4,1 Gas Chromatography

After 9-1/4 hours a very sharp peak for Therminol-66 was obtained
in the first run using our Gow Mac 69-750 Gas Chromatograph with a 6' long
1/8" stainless steel column packed with 3% OV-101 siliconme oil on chromosorb W
obtained from Applied Science Laboratories State College, PA. The column was
heated to 290°C. We were unable to obtain a peak on subsequent rumns and con-
cluded that either the column had been inactivated by long exposure at 290°C
or that the peak observed was due to "noise" of some kind.

A second columnwas obtained only 2' long packed with Tenax 6-C
on 60/80 Chromosorb W. This column is claimed to be capable of prolonged
heating up to 350°C. However, we obrained no Therminol peak during 14 hours
operating at 300°C with maximum nitrogen flow. 300°C is the maximum temperature
available with our Gow Mac 39-750 apparatus. We concluded that our gas chro-
motagraph is nci capable of analyzing Therminol-66 for breakdown because of

its low vapor pressur~ at 300°C.

4.2 Viscosity Changes

A qualitative assay of the viscosity of Therminol-66 aid Therminol-
66 from runs 21745 and 21746 summarized in Table I was made by putting a drop
of each in three flat dishes, simultaneously tipping the dishes and observing
the comparative rate of flow of the drops. From this, we estimate the viscosities

to be as follows:
cps
Therminol-66 as received 150*

Therminol-66 heated to 320°C in contact with Thermkeep 225

Therminol-66 heated to 320°C for 16 hours in contact
with Thermkeecp 300

* Monsanto data



4.3 IR Spectra

Figures 3, 4, 5, and 6 are respectively IR spectra of:

Figure

3 Heptane
10% Therminol-66 in Heptane

10Z Therwinol-66 taken from Experiment
21745 (Table I) in Heptane

6 10Z Therminol-66 taken from Experimemnt
21746 (Table I) in Heptane

All non heptane peaks observed in Figures 4, 5, and 6 are typical
of aromatic hydrocarbons. There are no peaks indicating any take up of oxygen.

4.4 Conclusions from Analytical Data

The changes that take place in Therminol-66 when placed in contact
with Thermkeep at 320°C in contact with air appear to be slow darkening and a
slow increase in viscosity. Any oxidation of the Therminol is too low to show
up in the IR spectra.

‘A=10



Section §

CONCLUSIONS

We conclude from our study that accideutal contact between Therm-
inol1-66 and Thermkeep in the TES will not result in a reaction which will be
detrimental.



Section 6

RECOMMENDATIONS

Provide a means for sweeping the top of the Thermkeep with a dry
inert gas. This will sweep out any water present in the Thermkeep and also
any Therminol-66 which may accidentally lcak into the Thamkeep in the TES
unit. The end of the vent should be lower than the exit point and cool enough
so that any Therminol-66 will condense and collect in a vessel positioned
below the end of the vent.

Our experiment demonstrating the above was made with dry helium.
Dry air or nitrogen should work equally well but if they are to be used tests
should be made similar to the one using helium to confirm this assumption.

A-12



Table T

SUMMARY OF THERMINOL 66 ~ THERMKEEP COMPATIBILITY TESTS (1)

Run
No.

Weight of
Thermkeep
e

Weight of
Therninol
8

Mox.
Teap.

Time at
Max. Temp.
Hours

Inert
Cas
8lanket

Volatiles
in
Trap

Comments

M2 (2)

100

10

275

>1

No

A sample of Therminol ohtalnec
from the vessel using a hypo-
dermic needle after the fun
appeared similar to the
original material except for
a slight increase Inviscosity,

21743 (2)

258

>1

No sample could be obtained.
Thermkeep too solid to permit
sampling flutd.

21744 (2)

310

>1

None

The Thermkeep had apparently
melted and solidified.

173 (2)

320

>1

None

Aftec cooling the apparatus
was disassembled. The Therm-
keep had solidified with a
semi-solid brown rush of
Therminol and Thetrmkeep on the
surfacre. There vas a small
amount of viscous liquid con-
densate in the lower end of
the stainless steel tube,
Samples were taken for further
analysis and the vessel cleaned
out by immersing an hot water.

21746

20

320

16

No

None

The vessel was cooled ard
examined as above. The results
were similar except that the
mush was darker brown in color.
Samples were taken for further
analysis.

27150

320

>l

Yes (3)

Yes (4)

After cooling the vessel was
openced. The Thermkeep had
solidified to a solid blue
mass with no evidence of any
Therminol remaining.

NOTES: (1)
(2)

3)

(%)

See text for description of apparatus used.
The vessel was not

Modified apparatus
into vater so flow

The condensate was
vater suspended in

opened after these runs.

rate could be monitored.

the condensate.

the color and viscosity of Therminol 66.

used with a flow of helium passing over contents and through condenser and

There was a few drops of



Figure 1

Compatibilicy Test Fixture in Place

Figure 2

Therminol 66~Therwkeep Compatibility Test Fixture Modified to Permit

An Inert Cas Sweep. Lower Part of Heating Apparatus Shown Alss.
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Task 2
Section 7

PROPOSED .PROGRAM

Dynatech proposed the following techniques for the measurement of

the required thermophysical properties:

b.

The measurement of differential thermal analysis utilizing a Netzsch
DTA with a Netzsch Temperature Programmer was undertaken on three
replicate gamples of the material with each sample being heated and
cooled at an agreed heating and cooling rate.

The measurement of thermal conductivity in the solid and molten
phases by the Comparative Flat Slab Technique as modified for the
requirements of the materisl using a Dynatech Model TCFCM-N8 Thermal
Conduetivity Instrument.

The measurement of density and coefficient of thermal expansion in
the solid phase by dilatometry utilizing a Netzsch Electronic Auto-
matic Recording Dilatometer and the measurement of density in the

molten phase by standard buoyancy techniques.

The measurement of specific hearL and heats of transformation ia the
solid and molten phases using a Dynatech Model QTA-N7 Quantitative
Adiabatic Calorimeter.

The measurement of viscosity utilizing a Brookfield Viscometer (with
an extended spindle).

13 A-10



Section 8

EXPERIMENTAL PROCEDURES

8.1 Differential Thermal Analysis

A small amount of the crystalline material was placed in a specially
shaped nickel DDK measuring cup centered around a protected thermocouple. A
similar amount of powdered Kaolin as a reference material was similarly placed
in a comparison measuring cup. The outputs of the two thermocouples were
connected differentially. A separate temperature measurement protected thermo-
couple was placed centrally between the two cups. The cups were placed at the
center of a resistance heated temperature eaclosure which could be heated or
cooled at constant temperature rates. After allowing the system to come to
equilibrium it was heated automatically at a constant rate of 5C/min up to 230C
(450F). The heating rate was then decreased to 0.1 C/min up to 350C (660F).
The heating rate was then increased to 5C/min to 480C (900F). The system was
then allowed to cool to 350C at 5C/min and to 230C at 0.1C/min.

The melting point and temperatures of transformation were determined
from the intersection of lines drawn through the portions of the temperature

time curve immediately below and above the peak.

The system had been pre~calibrated with standard reference materials
KCIOA, 8102. and KZCr04 obtained from National Bureau of Standards. The meas-

ured welting points were within + 0.5C of the reference m2lting points.

8.2 Thermal Conductivity

8.2.) Solid Phase

The basic method is shown schematically in Figure 7. For the
measurements Pyroceram 9606, an inert ceramic glass, was chosen as the most
suitable available reference material to cover all of the materials over the
total temperature range. The thermal conductivity of Pyroce-am 9606 is in
the range 4 to 3 W/mK over the temperature range of interest and the salts

were expected to be in a similar thermal conductivity range.

A-20
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For the purpose of test, fine gauge chromel/alumel thermocouples
in a high nickel alloy protective sheath having overall dimensions of 0.25 mm
were fitted tightly into the fine grooves cut across the surfaces of the sample.
The in-trumented sample was sandwiched between two similar instrumented samples

of the reference material and of similar dimensions.

The composite sample was placed between two similar sized heater
units and mounted on a fluid cooled heat sink under a uniform load applied at
the top of the composite stack. A metal and ceramic heater guard tube some
75 um diameter and 100 mm long which could be heated at various positions
alongs its length and cooled at thc bottom end was placed around the composite
test stack such that the sample stack was positioned centrally with the guard
tube. A further large metal fluid cooled shroud was placed around this stack
and the interspaces around the sample and between the metal tubes filled with
a thermal insuvlating powder which had been pre-dried under vacuum at elevated
temperatures. A lid was fitted over the metal shroud and a large glass bell
jar was placed around the whole assembly., The system was then evacuated and

backfilled with pure dry argon.

A steady temperature eéuilibrium was established in the system by
means of adjustment of the power to the heaters im the sample stack and the
rate of flow of cooling water through the heat sink. The temperature gradient
along the length of the guard tube was matched approximately to that on the
composite test stack by automatic control of the heater along the length of

the guard tube.

At equilibrium the temperatures in different sections of the stack
were obtained from the various thermocouples in different locations in the sys-
tem. The thermal conductivity was derived from a knowledge of the heat.flow as
determined from the mean value calculated in the top and bottom reference
materials, the temperature difference across the sample and the known dimen-

sions as follows:

16
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fag) (-
A =% [%% sample (—‘AAxI top reference +[;k£(1] bottom reference
where X2 = thermal conductivity
8x = thickness

AT = temperature difference

"
]

thermal conductivities of the reference at respective mean
temperatures

Measurements were made at regular temperature intervals up to as
close to the melting point as could be obtained without any part of the test
sample being at a temperature above the measured melting point. Following
these measurements a repeat determination was mzde at a lower temperature to
check whether the sample had changed during the heating or for possible contam-
ination of the thermocouples.

8.2.2 Molten Phase

The method choszn was based on the comparative technique modified

for the molten state. It is shown schematically in Figure 8.

Essentially the test sample is contained w.thin a thin walled
cavity in a larger pieceof a reference material. The bottom solid section
of the material acts as the lower portion of the comparative stack while an
upper section of the same reference materfal fits tightly into the sample
cavity to seal the test sample within the cavity. The upper reference material
contained a vent hole to allow for expansion of the test sample on melting
and subsequent increase in temperature. Sheathed protected fine gauge thermo-
couples were placed in the wall of the cavity, in the surfaces of the refer-
ences touching the molten material, in holes along the length of the reference
wmaterials and in the sample itself. In all other respects the experimental

techniques were the same as for the solid phase.

In deriving the thermal conductivity of the molten sample the same
principle was used as that for the solid material. However allowances had to
be made for the heat flow through the walls of the sample container. This was

found to be in the order of 20 to 25% of the total heat flow measured in terms

A-3
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of that in the upper and lower reference materials.

The tes: cell was fabricated out of Inconel 600. The Inconel 600
has a much hizuer conductivity (10 to 20 NMQIK.I) than the salt, but this factor
was compensated for by using a thin wall section and therefore decreasing the
arvea ratio betwen the contaimment vessel and the specimen. The specimen was
cast directly in the Inconel 600 container by melting the specimen externally

and pouring it into the cavity.

8.3 Linear Expansion and Density

8.3.1 Solid Phase

For the measurement of linear expansion the initial length of a
sample was measured accurately with a micrometer. The sample together with
a2 temperature measurement thermoucouple was placed im a calibrated fused
quartz push rod measuring system of a Netzsch Electronic Automatic Recording
Lilatometer. The system was placed at the center of a resistance heater envir-
ommental chamber and allowed to equilibrate. Power was then supplied to the
heater in a regular manner such tha: the sample tomperature increased at a
constant slow rate 6f 1 C/min up to as close to the melting point of
the material as could be obtained before sottening of the sample was noted.
Puring the vhole length of the experiment the continuous length and tempera-

ture changes of the sample were recorded.

The linear thermal expansion of the sample was obtained as follows:

L
Lo T

where « = the coefficient of linear expansion
Lo = the initial length at 20C
L = the change in length for a particular temperature interval
obtained from a curve of AL versus temperature, allowance being
made for the length change of the quartz system calibrated

previously
A-25
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The volume coefficient was obtained as the sum of the three respective linear
coefficients and the density calculated from knowledge of the volume coefficient
and the mass of the specimen,

8.3.2 Molten Phase

The basic buoyancy method was used to determine this property. A
solid cylindrical piece of nickel some 6 mm diameter and 18 mm long weighing
approximately 40g at 20C was used as the suspended bob for the measurements.
The expansion of a separate rod of the same nickel was measured in the Netzsch
dilatometer in order to determine the change in volume of the metal bob at any

particular temperature within the desired tewperature range.

A sample of the material was melted into a large steel container
which could be maintained at any desired temperature level, The nickel bob
was suspended from tue arm of a balance into the molten salt, Shields and
insulation were placed around the wire and between the furnace and balance to
minimize radiation, convection and upndraft effects. The mass of the bob was

evaluated once the system had attained equilibrium.

Measurements were made in this manner at successive increasing
temperatures some 200C (360F) above the melting point.

The density of the salt was determined as follows;

o - Pni (@0 = Op)
s m

20

where Pg= density of salt

PNt = density of nickel bob at test teap-rature (T)

™20 = mass of nickel bob at 20C
m, = mass of nickel bob at test temperature (T)

A-26 20



8.4 Viscosity

600 grams of Thermkeep were melted in the vessel described in Task
1 after modifying the véssel by opening up the center port and welding a 4"
length of 1 inch IPS iron pipe in place. A slow stream of a dry nitrogen
gas was used to blanket the salt while heating. The gas was turned off

during the actual viscosity measureuwents.

The viscosity was measured using a LUT Brookfield Viscometer with
a # 1 spindle at 60 RrM. Two spindle extensions were required to have enough
length to permit the spindle to be immersed in the molten Thermkeep to the
notch on the shaft and still have the instrument clear the top of the 1" pipe

The Brookfield Viscometer was calibrated using glycerine the vis-
cosity of which was measured using a calibrated Cannonubbeholde Viscometer
#400 A 35 at 35°C.

21



9.1

Section 9

TEST RESULTS

Differential Thermal Analysis

Table 2

The Differential Thermal Analysis of 3 "Thermkeep" Materials in Air

A-28

Test 1 Test 2 Test 3

Heating Cooling Heating Cooling Heating Cooling
0.1 Cmin~t]005 cuin~l]| 0.1 cuinlposcmin™t | 0.1 Cuwin /.05 Cmin}
Endotherm |Exotherm Endotherm |Exotherm Endotherm | Exotherm

260 C 277 C 276 C 280 C 277 C 280 C

500 F 531 F 529 F 536 F S31 F 536 F
Endc ~herm [Exothem Endotherm |Exotherm Endotherm Exotherm

306 C —_—— 290 C 222 C 287 C 228 C

S83 F 554 F 432 F 549 F 442 F

22




9.2 Thermal Conductivity
9.2.1 Solid Phase

Table 3

The Thermal Conductivity of "Thermkeep" in the Solid Phase

Temperature Thermal Conductivity, A
c F w Kl |Beu-1n e lecHF Y
50 122 1.30 9.0
150 302 1.10 7.6
250 482 1.08 7.5
150* 302 1.15 8.0

*on cooling

23



9.2.2 Molten Phase

Table 4

The Thermal Conductivity of "Thermkeep"
in the Molten Phase

Temperature Thermal Conductivity, A
c F w2k |Beu-ta hetee”ZF Y
350 662 0.90 6.2
400 152 0.92 6.4
450 842 0.935 6.5

A-30
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9.3 Linear Thermal Expansion

Table 5

The Linear Thermal Expansion of "Thermkeep" in Three Mutually

Perpendicular Dir :ctions

Thermal Expansion, (AL/L,) x 104 @
Specimen
20 50 100 150 200 250 C
|| to LavZnations 0 6.0 19.2 37.0 60.0 90.0
| to Laminations 0 8.5 25.2 45.5 69.5 98.8
|| to Laminations 0 6.0 19.0 36.6 59.2 89.0
25
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9.3.1 The Density of "Thermkeep" in the Solid and Molten Phases

Table 6
Temperature Density Density
(Test Specimen) (Theoretical)
c F o |kend |msfe™d | kg™ [wbe £e73
20 68 1883 117.5 2140 133.5
50 122 1879 117.2 2136 133.3
100 212 1871 116.8 2127 132.7
150 302 1861 116.1 2115 132.0
200 392 1848 115.3 2100 131.0
250 482 1832 114.3 2082 129.9
300 572 1808 112.8 1808 112.8
350 662 1782 111.2 1782 111.2
400 752 1756 109.6 1756 | 109.6
450 842 1731 108.0 1731 108.0
500 932 1705 106.9 1705 106.4
:i‘i—:i- - 1.08

melting point

26



9.4 Viscosity

Table 8

The Viscosity of "Thermkeep"

Temperature
Viscosity,
Centipoises
c F
328 622 7.9 +0.3
398 748 6.7 +0.3
480 896 5.2 +0.1

27
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APPENDIX B

COMPUTER MODEL USED FOR REFERENCE DE3IGN STUDY
AND PRELIMINARY DESIGN

Main Program

The main program determines the fluid condition which is
transferred to subroutine ELANAL, an element by element
analysis of the heat transfer within the unit. The nature
of the analysis is such that it assumes that the temperature
within the unit stays constant over a very small time. The
size of the time step 18 determined also in the main program.

The time step 18 computed as follows. we 18 the computed
fluid flow rate at the time of the calculation. Then:

z
At‘—w;

M c
where z = 0,06 1K _TK

Np ¢

-

so that the time step i1s determined by the ratio of the
thermal capacity of the Thermkeep in an element tuv the
thermal capacity of the T-66 passing through it. The
ratio MTK/NE is simply the Thermkeep mass per element,

cTK varies throughout the unit as a function nf tcmperature
so that a Cok is selected to be as small as will be exner-

ienced (liquid phase). Since the object is to compute a
sufficiently small time step to satisfy the assumption of
negligible temperature change in the Thermkeep, the time
step will then be satisfactorily small for regions where
ok is larger and larger time steps could be tolerac:ced.

The factor of 0.06 was selected so that in the worst case,
the error in heat transfer by this assumption will be no
more than 2%. Smaller time steps would reduce this error.

A table of solar collector output is read into this sec-
tion of the program. It 1s based upon key times within
the twenty=-four hour day, plus other tabulated points to
fully describe the shape of the output. The key times
are determined in such a way that the beginniaig of the



cycle occurs at the beginning of discharge of the unit, T6,
i.e., the time when the solar collector output has

dropped to exactly the boller demand (late afternoon).

(See Fig. 1.)

From there to Tl, the collectors and storage combine to
produce the desired flow to the boller. Woin® the de-
sired flow rate to the boller, 1s computed by

g

w =
min cf(TH - T

L)

where g is the heating rate required by the boiler.

The flow which can be provided by the collectors 1is:

9

w = re b ]
coll cf(TH - 1)

where a, is the heat output from the ccllectors, and the
net flow from the storage unit during this period is:

We = Woin = Yeo11

At Tl, the collector cutput has dropped to zero, and all
the flow required passes through the storzze unit. There-
fere, from T1 to T2:

W, S W
£ min

A. T2, the boller demand goes tc zero and a nighttire
idle p=ariod (12 hcurs) ovccurs. At T3, the boiler demand
begins agalr (early morning). From T2 to T3, .he only
calculations perforr < »n the unit are those which are
not flow related, i.e., i0ss to the environment ard axial
heat conductlion.



From T3 to T4, the collectors produce no output and all
the boiler flow originates in the storage unit. For this
period, as from Tl to T2, We S W oo From T4 to T5, the

collector output is less than the boller demand and the
flow, as between TO and Tl1l, comes from both storage and
the collectors, the amount from storage again being
determined by:

We = Wnin T Yeo11®

At T5, the collectors begin to put out excess heating
over that demanded by the boller. The excess heating is
computed by:

The flow to the storage unit durling thils pericd is calcu-
lated by:

— qex

We = C (T, - T
f Ce TH To)

and is limited to some predetermined maximum value.

A key, called K7, 1s recorded to be transferred to ELANAL
which tells it what the flow condltlor is so that the cal-
culation process is directed to the correct part of ELANAL.
If K7 = 2, then the flow enters cthe top or hot end of

the unit and charging is occurring. If K7 = 3, then the
flow enters the bottom or cold end of the unit and dis-
charging is occurring. If K7 = 1, the flow is zero and

no flow related calculatlions occur ir ELANAL. This applies
to the overnight idle and the points in the cycle where

the collector output exactly equals the boller demand.

After determination of Wes At and K7, thz computation

enters ELANAL and computes the internal heat transfer dur-
ing the time scep. Upon completing the computaticns in
ELANAL, the calculatic1 returns to the mal+ program where
it adds incremental -~ ' flows to the cumulative heat
balances for the b. heating, heat absorbed, etc. Upon



completion of a daily cycle, the total cumulative heat
balances are output, reset to zero, and the daily cycle
begins anew with the state of the storage unit being as
it was at the end of the previous cycle.

Other information is produced such as peak flow rate,
peak ideal pump power, peak rressure drop, and total
elapsed operating time. The computation tests the num-
ber of cycles against a preset number of daily cycles

and either stops or begins analysis of a new design after
the deslired number of cycles has been completed.

The heat balances are computed for each time step and
summed to produce cumulative heat balances over the
daily cycle. Qc, the daily total solar collector output,

is dependent upon how the time increments are determined
since q, is calculated by linear interpolation of a table

of qc vs. time and is assumed constant over a time step.
Thus,

cycle
Qc = Z: qc(t)i Ati
i
Qabs’ the amount of heat absorbed by the TES unit for the

cycle, is computed by summing the enthalpy changes of the
T-66 during each time increment of the -harging phase.

charge
cycle

Ubs = ) Y1 orlTw - To,1) A%
1

Q.

loss’?
avallable frcm che solar collectors but not absorbable by
the unit, due to reaching maximum pump flow, 1s the 4if-
ference between these.

the amount of heat which is wasted, 1.e., which is

charge
cycle

= - T - +
Uoss I [qc(t)i ey CelTy = Tp o) M
1

|b<h '

B=4



Qdel’ the amount of heat delivered by the storage unit

over a cycle 1is also computed by summing the enthalpy
changes of the T-66 during each time increment during
the discharge phase:

discharge
cycle

Qe1 = E We 3 CptTg g = Tp) Aty
1

Qburn’ che compensatory or boost heating to be applied to
bring the T-66, which exits at Te’ up to TH for delivery

to the boiler i1s the sum of the incremental deficiencies
in each time step during discharge:

discnarge
cycle

.
Ypurn Yo e cp(Ty - T ) Aty
1

Qenv’ the total heat lcst to the environment, is 2qual

to the difference between Qabs and Qdel’ once steady state

is established and no net change of state 13 experienced
within the unit over a cycle:

Q =

env Qabs - Qdel at steady state

Subroutine ELANAL

This subroutine 1s called by the main program each time
step and parforms the heat traisfer calculations between
the T-66 and the Thermkeep. However, one secticn of it

is utilized only once for each design, the first time into
ELANAL, and bypacssed thereafter. This section performs
initialization of certain groups of values which are un-
changed throughout the analysis, reads most of the Input
to the program (geometry, cost factors, fluid properties,



etc.), and computes the estimated unit cost. It indirectly
sets up a table of Thermkeep propertles by calling sub-
routine TKPROP which is used at this point to read 1in
values and set up tables of element total enthalples vs.
temperature and solid fraction of Thermkeep vs. tempera-
vure. These tables are referred to when properties are
sought within the rest of ELANAL.

Initialization Secticon

The followling calculations are performed to determine the
geometry of the unit from input values.

Displaced tube volume,
=-,.._-“ 2
Vtubes 4 LTNTdo

where Ln 1s the tube length, N, is the number of tubes, and

do is the tube o0.4.

T

Thermkeep volume,

\'f = M

TK Dy

Total internal volume, tubes plus Thermkzep,

Vpotal - tv

v
“tubes TK"®

An aspect ratio, the vessel internal height divided by

the internal dlameter is specified so that, from knowledge
of the total volume, the height and diameter of the ves-
sel may be computed,

EV
3 m_total
R
aspect

dehe11 =

h .=
shelil dshell Raspect

R-6



If the height of the vessel happens, by poor selection,
to be less than the total tube length, LT’ then 1t 1s

set exactly equal to LT and the diameter 1s determined
by the volume,

shell w LT

The inner diameter of the shroud containing the insulation
is determined from the insulation thickness, ti s and the

vessel wall thickness, tshell’

ns

d +2¢t + 2

shroud = dshell ins tshell.

The total shroud inner height 1is determined from the insu-

lation thickness and the vessel and plate thicknesses, tend’

h h + 2t +2¢

shroud = shell ins end.

The weigats of the vessel, shroud, heat exchanger, and
insulation are determined from the density of steel (heat
exchanger, vessel, and shrouds), Psteel’ the density of the

insulation, Pins® and the shroud thicknesses, ¢t
,» and t

shroud,bottom?

tshroud, top shroud, side’

/.2
_ d
vassel Pst (_Ebgll Yend * dshell tshell hshell) s
= L 2 _ 2
ieat exchanger = T Psteel LTNT\do a4 )’



L
Yins = T Pins (dshroud (Yshe11 * 2tena) ) Psne1n

, |
* 2dgyoud Fins r ’
J

=T
wshroud psteel dshroud hshroud tshroud,side

d2
+ —shroud (&
+ t
shroud, top shroud, bottom)}.

)

The cost of the unit (without going into each equation used)
is determined In two ways. Cost of materials is based upon
the material weight and a cost per unit weight. Costs of
fabrication are determined by a well accepted approximation
known as the "six-tenths factor" rule. This says that,
based upon some parameter, welght, volume, surface area,
etc., the cost of a particular part will vary as the 0.6
power of the ratio of values of this parameter where the
cost for one value 1s known:

b \ 0.6
c = C unknown
unknown k.1own Pknown )
where Cknown 1s the known cost for a unit of value, Pknown
for the parameter used, and P is the value of that

unknown
parameter for the unit to be estimated. For example, a
heat exchanger >f twice the surface area of another may

increase only as (2)0'6 or 1.5 in cost. In most cases,
the calculation uses both welsht and surface area as the
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scaling parameters and averages the two values which were
calculated.

In this section certain groups of numbers which contribute
to heat transfer calculations and do not change each time
incremest are computed to save repetitious calculations.

The total capacitive effect of the storage unit is based
upon the Thermkeep, the tubes, and the vessel. The insu-
lation and the T-66 are ignored. Although the insula-
tion may have a large capacitive effect, 1ts thermal .
diffusivity 1s so low that during daily cycling, it should
be unimportant.

The unit 1is divided into a number of numerical elements
which are horizontal slices through the total unit. Each
element, except for the first and last, have an equal
welght distribution due to Thermkeep, tubes, and vessel
sides. The welght of Thermkeep in each element, AMTK’ is

the total weight divided by the number of numerical ele-
ments. The weight of steel in all but the enc element,
AMst m? is the total tube weight plus the total vessel

s

welght less the ends dividecd by the number of numerical
elements. The weight of steel in the end elements, AMSt e
>

is AMst p Plus the weight of an end plate for each.
b ]

During the course of the analyslis, the calculation works
with the total enthalpies or energles of each element
where

Em(T) = AMTKhTK(T) + AMst,mcsteelT

Ee(T) = M, h. . (T) + M

TK TK st',ecsteelT

These two tables of elemen: enthalples are established
during the first pass through subroutine TKPROP when the
enthalpy table for Thermkeep is read. In the initializa-
tion section of ELANAL, the starting temperature 1s known
and the energles are computed. Thereafter, new energiles
are determined from element heat balances and TKPROP de-
termines the updated temperature of the elements.
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Heat Transfer Sectlion

The unit 1s modeled as a vertical cylinder with the nu-
merical elements being horizontal slices each assumed to
be at uniform temperature. In this way, a step-wise
temperature gradient is calculated which approaches a
smooth curve as the number of elements increases. The
computed temperature of each element is taken to be the
midpoint temperature for purposes of axlal conduction
calculations and plotting of the output.

A heat balance 1s made around each element couslsting of
three components:

«++ the axlal conduction from one element to
the next consisting of conduction through
the Thermkeep, through the tubes, and
through the vessel wall;

..+ the conduction to the environment which is
primarily conduction loss through the
thermal insulation; and

... the heat transfer between the T-66 and the
Thermkeep.

The last component 1s, of course, set equal to zero when
no T-66 is flowing. The rates of heat flow by these
modes are multiplied by the time step and summed, a net
energy change per element is computed, and the new tem-
perature 1s found from subroutine TKPROP.

The key, K7, selects which part of ELANAL is used for

these computations, depending upon the direction of flow.
The computations within each part are identical but the
direction of movement through the numerical elements 1s
reversed causing a reversal of the indexing, and a change
in the defirition of which T-66 condition is specified

and which is sought. Consequently, the computational
method will be described only once with differences between
the parts belng specified where necessary.

The numerical elements are numbered from 1 to NE’ with 1
being at the cold or bottom end and NE being at the hot

or top end. Fluld temperatures are numbered from 1 to
NE + 1. One 1s the lower manifold temperature which is
the inlet during discharge when it is fixed at TL and
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is the outlet during charging and has been called To.

1+ NE is the upper manifold temperature which 1s the
inlet during charging when it is fixed at TH and in the
outlet during discharge and has been called Te' 2 through
NE are the T-66 temperatures between the elements. Thus,

for each element, T-66 inlet and outlet temperati-es are
defined, the outlet temperature from one el~ment oeing
the inlet temperature to the next element in the flow
direction.

T-66 thermophysical properties, viz., specific heat, vis-
cosity, densit , and thermal conductivity, are assumed
constant and are taken to be the valve at the nominal
arithmetic mean temperature. The properties do vary with
temperature but these variations are small over the tem-
perature range of operation of the unit and accounting
for this variation would add unnecessary complexity to
the analysis.

The calculations on the T-65 side are as fcllows. The
fluid Reynolds number 1s defined as

94

N _
Apup

RE - V¢
where the flow area is

- 2
Apy = 7 94" Np.

The T-66 side heat transfer coefficient is calculated as

k
0.022 N 0.8 N 0.4 °f

]

h

(Ref. 2)
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Where NPR’ the Prandtl number 1is

HeCe
£

N =

In the laminar flow region, NRE < 2000, the heat transfer
coefficlient 1is described by

K

h, = 3.66
f d,

The obJect 1is to compute an overall heat transfer resist-
ance between the T-66 and the Thermkeep. One component
of this is the resistance between the T-66 and the inside
wall of the tube which is

where the total inside surface area, Ai’ of the tubes in
a numerical element 1s

N,
= T
1 ndiL

A
Ng

The fluld slde pressure drop through the heat exchanger
is:

2

LT ‘wf/Af1!

AP = 0.102f(NRE) a; 5 be

¥ I the final form of the analysis, this has been modi-
fied to account for the effect of helically coiled
tubes. See pages 72 and T4 of this report.
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where f(NRe) 1s the friction factor and 1s a user sup-~

plied function of the Reynolds number, and the coeffi-
cient, 0.102, represents conversion factors to arrive
at AP in units of kg/m?. fhe ideal pumping power is

wf AP
P = 103 o=
p 102 p,

in kilowatts. The peak values of AP and Pp are output
at the end of each cycle. The total cyclic pump work is

cycle
s 1
Yy = 3800 E Pp,18t
i

in kilowatt hrurs.

All calculations are performed in the mks system of units
which 18 essentially the SI designation. Mass is ex-
pressed in kilograms, length in meters, temperature in
Kelvin degrees, time 1n seconds, energy in kilojoules,
power in kllowatts, etec.

The other components of heat transfer resistance between
the T-66 and the Thermkeep are the "lateral" resistance.
through the tube and the resistance between the tube out-
side surface and the Thermkeep. The tube has an "axial"
component also which is associated with axial heat conduc-
tion. The "lateral" tube resistance 1s computed by the
usual cylindrical conduction equation:

do
Zna—
R, = 1
T,2 LT
2““steel NE NT
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The only resistance calculated on the Thermkeep side

is the resistance of the solid layer bullt up on the
tube surfaces. The amount of solid in a numerical ele-
ment 1s taken to be a function of the temperature of
the Thermkeep and 1s input to the program together with
the temperature variation of the enthalpy in tabular
form. PFrom knowledge of the solid fraction, ¢, the
total solid layer size may be estimated. The volume of
the solid layer around each tube in an element 1s

¢ AM,,
Vo114 © pTK N

W3 R
-

from which the diameter of the solid layer 1s determilned,

y
d TV
L

solid 2
__80.11d 4 do
T

Ng

solld

The heat transfer resistance through this solid layer is
also computed by the cylindrical conduction equation,

d

solld
Zl’l -—To—
Rso11d ° -
2mKs011d N N

The three resistances are summed to determine the total
res’stance between the T-66 and the Thermkeep:

Rtotal = Np t RT,L * Rsolid
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The number of transfer units, NTU, of the elemental heat
exchanger 1s

1

NTU = R

We Cp “total

where the T-66 side capacity is taken to be the minimum
capacity. This i1s in agreement with the assumption that
the temperature change of the storage medium is negligible
over a time step. With this assumption and the assumption
of uniform Thermkeep temperature within an element, the

effectiveness of the heat transfer process, €, is calcu-~
lated by

e m 1 - e-NTU

For a fluid with constant specific heat, the effectiveness
represents the degree of approach ¢f the fluid temperature
to the Thermkeep temperature. Where Tin is the temperature

of the fluid into the element, Tout is the temperature out
of the element, and TE 18 the temperature of the storage
material in the element,

T =T + e(TE -T,.).

out in in

The rate of heat transfer between the T-66 and the storage
material in the element 1s

Gp = Welp (Tope = Typ)-

Excluding the end elements, the "lateral" insulation resist-
ance to heat transfer 1s determined also by the cylindrical
conduction equation,

B-15



C-3

Ln a
shell

ins,¢ = h ’
shell
Pl kins(—ﬁ;—)

\
dshrouj)

R

and the rate of heat loss from an element at TE through

tke insulation in the lateral direction to amblent tempera-
ture, Tamb’ which is an approximation to the shroud surface

temperature 1s

_Tamw ~ T

qins,t Rins,l

The axial conduction term for all except the end elements,

i.e., between the NE storage temperatures of which there

are (NE - 1) conduction calculations, consists of conduc-

tion through the heat exchanger tubes, the shell, and the
Thermkeep. The resistances for each mode are computed
separately and summed as parallel resistance paths. The
tube axial conduction resistance is

L

Ng

Rr,a =3

2 2
1y ksteel (do - dy )NT

while the shell axial conduction term 1s

hshell

E

R
steel °shell 9shell

shell = T k
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Both of these terms are the same for every conduction
path and for all times and are not changed after being
set initially.

The conduction through the Thermkeep 1s rather complex

due to the geometry of the buildup of solid on the tubes.
The conductivity in the solid is slightly higher than

that in the liquid phase but not enough to warrant consid-
eration of the above-mentioned geometry. Rather, an aver-
age resistance within an element is calculated assuming a
net thermal conductivity which is the average of that in
the so0lid and liquid welghted by the fraction of each,

Kpg = ¢ Kgg14q + (1 -

¢) kliquid’

and these conductivities are avallable as temperature
dependent functions withlin the program.

The axial conduction resistance within a uniform element
is calculated from the average cross-sectional area of
the Thermkeep itself and the conductlion length as:

hshell

TK,a m 2 2
1 lzTK (dshell - Npd, )

and 1s different for each element. Since the element
temperature 1s considered to occur at the axial midpoint
of each element for purposes of conduction, the actual
conduction resistance through the Thermkeep between ele-
ments 1s the series sum of the half values of resistance
of adjacent elements. Between element J and element J + 1,
e.8.,

Rig.ald) + Rpye ,(341)
2

Rpg,a (3,341 +
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The total axial conduction resistance between these ele-
ments would now be

1

Rone1l t*'1' A RTK’a(j,J+1)

and the rate of heat flow in the axial direction is calcu-
lated by

T (341) - T5(4)
qax(-’ 9."’.‘1) = —R;()T,a(“’ ,J“'l)

The total rate of heat flow assoclated with these elements
is therefore

Apop(d) = =ap(3) + aq (3) + q,, (J,341) - q., (J-1,])

For each of the end elements, one axial conduction term
must be modified. Both of these elements are assumed to
conduct in one direction to ambient through a series of
two resistances. One is the half resistance of the ele-
ment and the other 1s the net resistance between the end
plate and the shroud which consists of contributions from
the insulating material and the pipes and supports which
penetrate the insulation. The other axlal conduction
term for the end elements is the normal conduction to the
adJacent element.

The result of all of this 1s a net qTOT(J) for each of

the NE elements. The total heat flow assoclated with an

element over a time step 1s the net energy change of the
whcle element and is

AE(J) = (J) At

Aror
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These energy changes are applied to the total energiles
of each element to arrive at a new energy for each.

These values of energy are used, by calling subroutine
TKPROP, to determine the updated temperature array,
TE(J) and solid fraction array, ¢(Jj), for the storage

unit. This updated state then becomes the starting state
for the next time step. The state of the storage unit

is printed at key times as a table of Thermkeep tempera-
ture, solid fraction, and T-66 temperature for all the
elements.

After solving for the new updated state of the storage
unit and the exit temperature of the fluid, the calcu-
lation returns to the main program for determination of
the new fluld condition to be delivered to the unit.

Secondary Subroutines and Functions

In addition to the two major sections of the computer

analysis there are three functions and one subroutine

which are auxiliary in nature. These are used in sub-
routine ELANAL for the purposes already described.

Subroutine TKPROP 1s a routine used to determine the up-
dated temperature and fraction of solid in a numerical
element after the energy change over a time step has

been appllied. During the initlialization section of ELANAL,
TKPROP 1s called for the purpose of reading in a table

of Thermkeep enthalpy and so0lid fraction as a tabular
function of temperature, setting up tables of total ele-
ment energy for internal and end elements as a function
of temperature, and determining the starting value of
energy for each element from the starting temperature

by linear interpolation between the table values. There-~
after, the subroutine is used in the reverse mode to
determine, as mentioned above, the updated temperature
and solid fraction in each element as a function of the
updated element energy arrived at in the elemental heat
balances 1n ELANAL. This also is done by linear inter-
polation within the tabulated values.

Function THZS 1is used to determine the thermal conduc-
tivity of so0lid phase Thermkeep from the element tempera-
ture. Function THCL is used to determine the thermal
conductivity of liquid phase Thermkeep from the element
temperature.
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At the time of the preliminary reference design analysis
the temperature dependence was not known and these
values were assumed constant.

Function FF 1s used to determine the friction factor in
the heat exchange tubing as a function of Reynolds
number. It is a curve fit approximating the friction

factors on the well-known Moody chart for an estimated
relative roughness of 0.00012.
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APPENDIX ¢

ORIGINAL COMPUTER ANALYSIS

Introduction

Prior to the start of the current project, a detalled
computer analysis was formulated. This analysis is simi-
lar to the one generally used in the project. It does,
however, attempt to account for additional effects not
considered in the analysis described in the main text.

It was not used for a number of reasons:

... 1t is considerably more costly to use.
.eo It 1s less flexible.

... It would not as easily lend itself to
the 1lncorporation of empirical modifica-
tion.

... It is based upon a published phase dia-
gram for the binary system NaOH-NaNO3

which may not be characteristic of Therm-
keep.

Being made from commercial grade chemicals, Thermkeep con-
tains impurities which probably alter its phase dlagram.

This analysis does compute for each element during each
time step an overall heat transfer coefficient account-
ing for the temperature dependence of all properties.

It uses the phase diagram to include the effect of solu-
bility of the two components in each other. It accounts
for redistribution of mass as the density changes due to
the solid-liquid phase change. The major purpose of this
appendix is to describe the parts of thls analysis which
differ from the simplified version used in the report.

This analysis consists of a larger number of functions
and subroutines for the purpose of describing the tem-
perature dependence of fluld properties and Thermkeep
properties, and the characteristics of the phase diagram,
and of handling the different conditions of Thermkeep
distribution which occur in the numerical elements. How-
ever, the basic program structure, method and order of
calculations, ete., are the same in both analyses.



Description

The TES unit is assumed to be a vertical, cylindrical,
insulated vessel contalning Thermkeep into which 1s
immersed a heat exchanger consisting of colled parallel
tubes manifolded at the top and bottom. The analytical
approach 1s to divide the unit into a number of numeri-
cal elements which represent horizontal slices taken out
of the cylinder. In the simplified analysis, density
change 1is not conslidered. Consequently, elements con-
taln both fixed mass and fixed volume. Here, the volume
of each element is consldered fixed but mass is allowed
to redistribute itself.

Figure Cl describes the way the important part of the
NaOH-NaNO3 phase dlagram was approximated. Thermkeep is

roughly 8% sodium nitrate. It is assumed that the unit
never operates at or above the meltling point of pure
sodium hydroxide. This can be changed but was not nec-
essary for this project since NaOH melts at about 592 K
(319 C) and the specified charging temperature is 584 K
(311 C). Thus, the orly process for liquefying NaOH

is that of dissolving into the melt.

The first euiectic point for this system occurs at about
33% NaNO3. Consequently, the concentration of NaNO3 will

never exceed this. Once enough NaOH precipitates out of
solution, the eutectic behaves like a pure substance and
freezes isothermally with no change in concentration.

The numerical elements within the unit are assumed to be
at uniform, constant temperature during a +ime increment.
Thils was also done in the simplified analysis. The con-
dition of the 1liquid Thermkeep 1s determined by the equi-
librium concentration at the element temperature and any
excess NaOH precipitates out as a solid. Deterrination
of the new equilibrium condition, however, requi..s an
iterative procedure.

The cool-down process can be described in the followlng way.
Assume one starts with every element in the liquid phase
and occupying the full volume of the el-ment. In fact, the
size of the numerical elements 1is determined by the 1liquid
phase volume. The net heat transfer by convection, axial
conduction, and loss to the environment is computed gener-
ally as it is 1In the simplified program with an exception

to be described later. The program generally works with
element energies also as in the simplified program.
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An energy loss 1s computed ylelding a net energy at the
end of a time step. The total mass of material in an
element is not adjusted until the end of a time step.

The program keeps track of the amount of mass of each
component (NaOH, NaNO3) in an element. The Liqulidus llne

of the phase diagram defines the solubllity of NaOH in
the melt of NaOHmNaNO3. However, the amount of solid

NaOH 1s dependent upon the way mass has been transferred
and the solid, of course, stays in 1ts element since it

is assumed to be frozen to a tube wall. The liquid phase
is distributed to fill in any voild space caused by solidi-
fication with consequent higher density.

Ignoring for the moment the way in which liquid 1s re-
distributed, the analysis takes the updated energy con-
tent, knows the amount of each component as well as the
steel assoclated with the vessel wall and the heat ex-
changer and computes a new temperature. This temperature
is one where the total of the energy associated with an
equilibrium solution of melt plus the contributions from
s0lid Thermkeep and steel agrees with the known element
energy. Finding the proper temperature is an iterative
process.

The Thermkeep changes state 1n the followlng way. Pure
liquid exists down to the Liquidus line. No volume change
occurs. Between the Liqulidus and the a-8 transition,
B-NaOH precipitates out as a solid assumed to adhere to
the cool tube walls. Again, putting redistribution of
liquid aside for the moment, the coollng continues to pre-
cipitate solid B-NaOH until the a-B transition tempera-
ture 1s reached. At this point, the melt is about 10%
NaNO3 from which one can deduce the amount of solid B-NaCOH

in the element.

"The energy extraction process at the 0-B temperature

(566 K; 293 C) is then attributed only to the latent heat
assoclated with the transformation of the NaOH not in
solution in the melt. Once all the solid B-NaOH has trans-
formed to a=-NaOH, the cooldown continues. The solid NaOH
which precipitates out below 566 K (293 C) appears in the

o phase. Thus from 566 K (293 C) down to 529 K (56 C)
(tr.e eutectic temperature), the analysis combines energy
contributions from a-NaOH and an equilibrium melt to
determine the updated temperature.
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At 529 K (256 C), the Thermkeep begins as a melt of eutec-
tic concentration, 33% NaN03, and a solid of a-NaOH. The

eutectic melt then freezes as if it were of a pure material,
1.e., isothermally, and no energy 1s removed from the

a-NaOH or the steel. When all the latent heat associated
with freezing the eutectic has been removed, the mater-
ials then cool sensibly with a layer of eutectic composi-
tion solid over the layer of a-NaOH frozen to the heat
exchanger tubes.

During heating, the reverse process 1s assumed to occur:
sensible heating of the eutectic plus the a-NaOH snlid
phases; melting of the eutectic at 529 K (256 C); heat-
ing of the so0lid a-NaOH and the melt with NaOH dissolv-
ing into the melt; transformation of the solid a-NaCH on
the tube walls to solid B-NaOH at 566 K (293 C); fur=her
heating of the melt and the =0lid R-NaOH with the NaOH
dissolving into the melt; and, finally, senslble heating
of the liquid phase Thermkeep up to 584 K (311 C).

The volume change during cooling is treated by computing
resultant vold spaces in the constant volume elements

and filling downward so that all the vold space 1s trans-
ferred to above the liquid level. At the end of a time
step a new fraction of liquid and solid results from the
new energy content and consequent new equilibrium tem-
perature. An array of volumes of liquid 1s composed for
the elements as well as an array of the total volumes 1in
each element not occupied by solid. The liquid is then
used to fi1ll1 the dead space in each element taking liquid
from sequential upper elements as needed to completely
f11l lower elements untll all the 1liquid is accounted for.
The reverie procedure is used during heating where excess
volume 1s generated by melting and must be transferred up
to successive volume elements.

The relative amounts of each chemical component in ele-
ments of different temperatures are different and the
actual amount of each belng transferred is calculated to
arrive at a new concentration of each in the melt at the
end of a time step together with a new total energy con-
tained in the element. In reality, this might imply a
new equllibrium concentration after mixing but it was
assumed that, since the time steps are quite short and
since the transfer of material should be proportionally
quite small, the resultant temperature of each numeri-
cal element 1s unchanged and the subsequent time step
uses the temperature distribution as computed at the end
of heat transfer for the previous time step. Thus, the
available AT for heat transfer 1is infinitesimally
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inaccurate, but the energy and materlal contents are
accurately accounted for, so that in all respects the
laws of thermodynamics of the process are obeyed.

In the write-up on the simplified program, it was ex-
plained that a criterion was used for computing the time
step whereby the capaclitances of the fluid and the stor-
age medium were compared. The resultant time step would
be small enough to justify the assumption of negligible
temperature change in the storage medium and the use of
the simplified relationship,

c=1-eNU

to characterize the heat transfer process. Where no loss
of mass 1s experienced, the use of a minimum value of
Cpg Was congsidered a sufficient criterion.

In this analysls, it is possible to lose enough material

in a particular element to cause thls assumption to be
inaccurate. When this is the case, the time step is still
determined as before but for the elements at the upper end
of the unlt where insufficient mass may exist, calcula-
tions are performed which account for the changing element
temperature during the heat transfer process. The calcula-
tion 1is separated into sections of the phase diagram to
include the knowledge of temperature arrests, etc. The
general formulation for variable temperature 1is as follows.

The temperature of adjacent elements ought to rise or
fall similarly to the one in question. Moreover, the
axial transfer is assumed to be small. Therefore, the
axial heat flows are based upon starting temperatures and
are assumed to be constant durlng a time step. A heat
balance around the element in question says:

dr T -
E = - - - - .—E—__g'.@
@M Fo = 9 = 9y = WeegE (Tg = Tp ) R,

where q2 and ql are the axlal heat flows computed in ad-

vance, the next term is transfer to the fluld, and the
last term 1s insulation loss. The calculation of € may
ve unchanged as long as the time variation of TE’ the



element temperature, is considered. The sciution to this
first order differential equation is simply

]
=
Q
=]
+

where o

B=a, -ay + g +weepe Ty

and GIMC) represents the total heat capacity or the stor-
age materials in the element,

The computer analysis uses two subroutines for thls pro-
cess, one for heating and one for cooling, in order to
properly move along the phase diagram. Comparing the

value of g with TE o? the initlal element tempersture,
]
determines which of these to use.

If use of this relationship over the whole time step, A4t,
passes a transition temperature, such as o-8 transition,
then a reduced At 1s computed to get to the transition
temperature and the element is assumed 1sothermal at the
transition temperature. The computations proceed this
way until the whole time step, At, is traversed. Some
simplifications are made in the way the capacitance term
is handled but in the end the thermodynamic balances are
always preserved and no serious errors arise.

As one will now realize, the computations are considerably
more involved than those in the simplified program which
is why it 1is so costly to run and so hard to modify em-
pirically. The following sections will try to describe
each of the subroutines and functions used. At this
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point, the program works reasonably well; but since it
was never used in detaill for design or test analysis, it
is possible that there are areas requiring modifica-
tion which would be discovered through extensive use,

Main Program

The main program 18, in essence, identical to the main
program of the simplified analysis already described.

It does refer to a subroutine, COLL, to determine the
solar collector characteristic but this 1s an unimportant
difference.

It 1s, as before, in this section where the time step,
the fluid flow rate, and direction are computed. The
cyclic heat balances are performed. All the data are
printed.

HTCALC

This subroutine performs all ¢f the heat balances except
for the case where the element temperature is assumed to
change during the time step. 1In trat case, basic heat
transfer information is still compi.ted here but the calcu-
lation 1s transferred to either VRTHS or VRTCS to deter-
mine the energy change in the element. In certain cases
where sufficient material exists to Justify it, the pro-
gram uses a sequence of up to three calculations assum-
ing constant temperature but with the time step divided
and an updated temperature computed between each reduced
time step.

The calculation mechod is essentially identical to that
used in ELANAL in the simplified program. The differ-
ence is that the program keeps track of the masses and
volumes of solid and liquid in each element ana the masses
and volumes of the chemical components, so that accurate
accounting is made of the process of transfer of mass

from one element to another.

At the end of the energy balances, regardless of which
method was used to accomplish them, the analysis has
arrays of variables describing the material content of
the elements. These are listed below with both algebrailc
and computer novation:
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Az,1 = AL(I) = mass of 1liquid in element i(I)

As,i = AS(I) = mass of solid in element 1i(I)
Anl,i = ANL(I) = mass of NaNO3 (1iquid) in element 1(I)
Ans,i = ANS(I) = mass of NaN03 (solid) in element i(I}
El,i = EL(I) = energy of liquid in element i(I)

These values together with knowledge of the liquid and
solid densities (one value only is used for each, and the
total fixed element volume can be used to compute the
material transfer. The computations are as follows:

The volume of solid in element i 1is

Vs,i = A

s,i/ps

the volume of liquid is

Ve,1 = Bg 17

The volume available for liquid is the difference between
the element volume, VE’ and the so0lid volume.
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From this information is created a K-long array of avail-
able liquid volumes and associated enthalpy and NaNO3
concentration

Cy = Ane,17%2,1

/A

J £,1

where J = 2 is the first of the 1 array of elements with
available void space, and the total available liquid vol-
ume 1is

Voor,e = EV,J

The total available void space (not solid space) is

Vpor,v = Zvvi

and the volume remaining at the top of the unit which is
empty becomes

\'f -V

Vyoid,unit top - Vror,v = VroT, £

The liquid 1s then redistributed in the following way.
The values of void and liquid are compared sequentlallv.
If the voild 1s larger than the liquid, all the liquid 1is
assigned to that void and the next liquid volume is
examined, etc. until the value of liquid is larger than
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the remaining void. Then the void is filled, the volume
of liquid from which 1t was taken 1s reduced by that
awount, and the next vold 1s examined and compared with
this ~ext avallable liquid voiume.

The arrays AL(I), EL(I), and ANL(I) are then reevaluated
as the sums of the contributions from each of the amount:
of liquid deposited into the particular element. In this
way, all the mass, energy, and chemical components are
accounted for. The calculation, on the assumption that
the transfer of material is small, does not readjust the
element temperature to allow for the new mixed tempera-
ture since it would involve new considerations of solu-
tion equilibrium, etc., and new fractions of liquid and
solid, requiring a repetition of the above procedure.
This did not seem necessary.

FULLEL

This subroutine is used to determine the updated states
of the elements when the normal calculation of heat bal-
ances can be used in HTCA.C. It takes the newly computed
energy of the element togeiher with the total mass of
material and the knowledge of the amount of NaNO3 in the

element and computes the new equilibrium temperature and
relative amounts of solid and liquid phase.

The computation determines where the total energy of the
element lies with reference to key identifiable points
in the phase diagram. These points are: the Liquidus
line temperature at the concentration of NaNO3 which is

input, the a-B transition temperature, with all B and all

a points of the NaOH component; the eutectic temperature
both all liquid and all solid eutectic component. Above the
Liquidus line, between all o and all B-NaCOH at the transi-
tion temperature, between the all liquid and all solid
eutectic points, and below the eutectic temperature, the
calculations are stralghtforward since they involve

either pure sensible or pure latent heat effects.

Between the Liquidus temperature and the a-8 transition
temperature or between a-8 transition temperature and

the eutectlic temperature, an iterative approach is used.
This 1is a standard method known as "the method of regula
falsi" and is described in mathematics textbooks (Ref. 5).
The calculation begins by assuming a straight line between
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reference points and iterates with successive straight
line approximations until the error is small.

VRTCS, VRTHS

These two subroutlines compute the element energy change
when the amount of material in the capacitance of the ele-
ment 1s small enough to require considerations of the
variation in temperature during the time step. It assumes
that only solid phase remains and consequently considers
only pure sensible or pure latent heat transfer.

In the case where some liquid resides in the element, it
will underestimate the heat transfer but it is arsumed
that the error is not significant. Energy and material
balances are maintained at all times. It should be nuted
that at any time there would be only one element contain-
ing solid plus some liquid and it is only here, and only
when the liquid is quite deficient in terms of filling
the available space, when the error would occur.

VRTCS 1s used during cooling and VRTHS is used during
heating. The method of calculation has already been
described. As discussed, the variable temperature analy-
sis is used when sensible heating occurs. When a cross-
over into a latent heat region occurs, the time step is
divided and the calculation for variable temperature is
used when needed. Two subroutines were written for
control purposes to allow selection of moving eilther up
or down in temperature in the phase diagram.

These routines compute the energy change in the material
directly, and secondarily compute the energy change of
the fluid to determine the nominal fluld temperature out
of an element.

Most calculations are done in the reverse order where the
fluid energy change is computed first and then assigned
to the element.

COLL

This subroutine reads in the solar collector zharacteris-
tic and is used to determine collector output in the main
program. The simplified computer program do~s this
directly in the main program.
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RLCALC

This subroutine was to be used to describe an additional
heat transfer resistance between the T-66 and the Therm-
keep which is assoclated with the liquid phase trans-
ferring heat to the solid on the tubes. At present it
is assumed to be zero and the subroutine is not used.

FF

This function is used to calculate the flowing T-66 fric-
tion factor as a function of Reynolds number. It is
used for pressure drop calculations.

FLTEMP

The temperature variation of the specific heat of the
T-66 is considered in this analysis. During HTCALC, the
specific heat at inlet temperature to an element is used
to compute the heat transfer. Subsequently, the computed
enthalpy change of the T-66 is applied to the inlet
enthalpy and a corrected outlet temperature is computed.
This function computes the temperature of T-66 as a func-
tion of that enthalpy.

CPF, VISF, ENTHF

These functions compute the specific heat, viscosity, and
enthalpy of the T-66 as a function of temperature.

CPA, HA, HB

These functions compute the specific heat of @-NaOH, the
enthalpy of a-NaOH, and the enthalpy of R-NaOH as func-
tions of temperature. The specific heat of B-NaOH is
relatively constant so that the enthalpy is a linear
function of temperature. The ®-NaOH appears to have a
temperature dependence but within the temperature range
of interest here 1t is not significant, so that for now
this has been assumed constant and the enthalpy is a
linear function of temperature.
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THCA, THCB, THCE

These functions compute the thermal conductivities of
a-NaOH, B-NaOH, and eutectic solid phase as functions of
temperature primarily for purposes of solid resistance
to heat transfer between the T-66 and the liquid phase
Thermkeep. At the present time these are assumed to be
equal and constant.

CLIQ, TLIQ, HLIQ, CPT

The first two functlions are the inverse of each other.
CLIQ computes the concentration of NaNO3 in the melt as

a function of temperature along the Liquidus line. TLIQ
computes the temperature of the melt as a function of
concentration of NaNO3 along the Liquidus line. The line

i1s assumed to be strai- , at present, as shown on Figure
Bl, Since the accurate .ocus was not required at this
point.

Energies derived from the phase dlagram are estimated
based upon the appearance of the phase program and all
compositions are assumed to have the same total enthalpy
change distributed according to the phase diagram. HLIQ
computes the enthalpy of the melt as a function of tem-
perature for the Liqulidus line. No solution effects are
accounted for. Eventually, good h(T) data should be
obtained for a range of concentrations so that a good
map of h(T,C) could be produced.

CPT computes the specific heat of the liquid phase as a

function of concentration of NaNO3. This implies that

no temperature dependence 1s expected. At this point the
function does not provide even the concentration depend-
ence since data are not available.
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Conclusion

At the completion of the work on this computer analysis,
Comstock & Wescott submitted an interim report, "Computer
Program Development," dated December 7, 1976, to Sandia
Laboratories (their P.0. No. 87-5030).

This report discusses the general program philosophy anad
the way by which data are fed into the program. Sample
output was presented. Decks of computer cards wers de-
livered for both the FORTRAN and the binary programs
along with listings of the routines in both FORTRAN and
machine language. Following this discussion are 1list-
ings of the FORTRAN code for all the routines.



anoOaane

FORTRAN CODE

ORIGINAL PAGE IS
OF POOR QUALITY

HEAT=0F-FUSION THERMAL STORAGE ANALYSIS

THIS PROGRAM ANALYZES THE ODYNAMIC RESPONSE OF A TWO~COMPONCENT o
HEAT-0F-FUS ION, COUNTERFLOW HEAT STORAGE DEVIC

INPUT HEATING IS DETERMINED BY A SOLAR COLLECTOR CHARACTERISTIC
OUTPUT IS TO A CONSTANT DEMAND BOILER FOR A RANRINE CYCLE TURBINE

FORMAT(3F1008eF1003eF10020F4000/F10e3eF1007+13:F10.303F1046)

FORMAT(4F104013:F1044)
FORMAT(F 10e8¢F10+7:2F10.3)

3 FORMAT(TF1003/3F10e50F107)

FURMAT{ 1H1eS5X¢® HEAT-QF=FUSION TH:ERMAL STORAGE ANALYSIS®e///)

FORMAT(18Xe® DATA®s//)

FURMATLISXe® NOe PARALLEL TUBES 9¢F10.0)
FURMATISXe® TUBE 1eDes Mo *sFL0e8)
FORMAT(SRe® TUBE OeDee Me ¢ oF10.4)
FORMATE 3Xe® TUBE LENGTHe M. *9Fl0.2)
FORMAT(S5Xes® TUBE NATL DENSITYe KG/CUoMe *,F10.3)
FORMATI SXe®* TUBE THERNAL Ko Kas/MNe-K *oF10e5)
FORMAT( SXe®* ANT STORAGE MATL . KGe 2sF10e2)
FORMAT(SXe® VESSEL DIAMETER, M. 2 oFL10e3)
FORMAT(//7¢5Xe® NOe ELEMENTS 0 5F100)
FORMAT(SXs® MAXe TIME INCRes SECe *oF10e2)
FORMAT(SXe® BOILER INLET TEMPee K *,F10e2)
FORMAT(SXe®* BCILER OUTLET TENPes K .Fl10.2)
FORMATI(SXe® MAXPUMP FLOWe KG/SEC CoFl10e3)
FORMAT(5Xs®* SOLAR COLAECTOR OUTPUT NO. 226X018)
FOR“AT‘ﬁX.. BUILER DEMAND, . KW $eF203)
FORMAT(ERs® TOTAL WE IGHT, KG(APPROX) *sFl0e1)
FORMAT(SXs®*® VESSEL HEIGHT ®eFl1l0el)
FURMAT(18ls 9Xe® ELAPSED 'l“E. HR ®*sF10.2)
FORMAT( 10Xe® "YCLE TIMEs SEC ®oF10613)
FORMAT(10X9s®* LOST COLLECTOR HEATe KJ *,EL1068)
FURMAT(10Xs* COLLECTOR OUTPUTs KJ ®9sE104)
FURMAT(10Xe® STORAGE OUTPUTe KJ *9£1004)
FORMAT( 10X ® STORAGE INPUTs KJ ®9EL1De4)
FORMAT(10Xe® AUXILIARY INPUTs KJ 99E10+4)
FORMAT( 10Xe®* BOILER REQUIREMENT,» KJ ?3E104)
FORMAT(/7/70" SYSTEM MAPR® /7))
FORMAT(® (1) TEC]) IFC1) vsti) vLel) AN
18¢1) (1) Cos/)
FORHAT(lx.33.IXQF9¢203X0F90203X0F9050330?9.503XQF905o3XoF9.5'
FORMAT( I1X013913XeF9e2)

FORMAT(5Xe® ESTIM. MATL COSTe DOLLARS ®sFl10e2)
FORMAT(SXe® OVERALL HEIGHT, M. S9F10el)
FORMAT(SXe® OVERALL DIAMETERs M. "9F10e2)
FORMAT(S5Xe® AMOUNT OF INSULATIONs KG *eFliNe2)
FORMATI(S5Xe® AMBIENT TEMPERATUREe K *oFl0el)
FORMAT(/7777¢% VSeVLsANSsAND AML SHOULU BE MULTIPLIED 8Y THE MIMBER
1 OF TUBES WHICH 15 *sFliDel)

FORMATE(EXe® SHROUD THICKNESSe M. ?3F1Je0)
FORMAT( 10Xe® PEAK PUMP POWERe KN *5c10e4)
FOGRMAT(10Xe® TOTAL PUMP WORKe KW—=HR ®3£10648)
FORMAT(10Xe* PEAK PRESS DROPs KGF/SM ®3E10e64)
FORMAT(10Xe®* PEAK STORAGE FLOWe KG/S ®*oFi10e4)
FURMAT(S5Xe® VESSEL WALL THee N, 2 ,610e6)

PRECEDING PAGE BLANK NOT FILMED
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FORNAT(SR,® VESSEL BASE THeos MNe ®oF10e6)
FORMATISXe® INSULATION THICKNESSe M. SeF10e4)
FORMAT(SXs® The CONDe INSM.ee KW/M-K 8eF10e5)

FORMAT(SXe® LIGUe PHASE DENSes KG/CUo Mo *F10.2)
FORMATI(SEXe® SOL ID PHASE DENSe KGr/CUeMe SefFlle2)
FORMAT(SXe® INSULATION DENSes KG/CUoM. SeF1062)
FORMAT(SX2® HeTe FLUID DENSe KG/CUoM. *oF10e2)

COMMON TE(101)0eTF(101)sVSL102)eVi(101)eANSEILOL) sANL(101)
CUGMMON/DATA/ZRHOL o RHOSs TTR o TEUoHB0 e HEUT o HABT o CPEU »CPUB o Co TKL

CUMMON/VCONZRUAX sRINSoRINEN, TAMB o HIT
COMPUTE THE UNIT GEOMETRIC CONFIGURATION

READ(S6100) DOsODIeDVoXLTsASTORs ANSRHONeTKNoNoOTMAX e TOUV 9T BV o TSHH

REAG(50102) TINSeTHCINSRHOF ¢RHOI

READ(S50103) RMULIRHOSsTTReTEUsHBUGHEUToHABT o CPEU+CPBsCW s TKL

E:S:C UNIT GEGMETRY AND FIXED HEAT FLOw RESISTANCES
=
VSTOR=ASTOR/RKHOL
VTUE=0 78548 XNSXLT#DO*%R2
HITa(VSTURSVTUBI/Z (0 78548DVE%2)
XLTE=XLT /XM
ALETa23.14169%0I#XLTE
Vel.=VSTURZ( XNSXN )
A0 078544 DOS¥2-D 582 ) 4 XLTESRNOW
RUSALCG(OO/D I )/ (628328TKERXLTE)
KRVWzhITEXN/ (3¢14159%DVETUVSTK U XM)
RTUBSXLTE/Z( 0« 78543(DOS$2-D 32 )3 TKu)
RUAX= 1 ¢/ (le/RVB+4] /RTUB)
RKRINS=TINSPUAMEXAN/ (30141598 THCENSDVEHIT)
REND=TINSSXN/ (0o 78548THCINSDVES2)
RPENSTINS/(0.7854%xTKWS(DO®S2=-D]%22))
RINENZ1 /(1 e /RINS®1 o /REND#] o 7RPEN)
AFLT=078543D1832
AVE=3614159SRHOWSDVETRVEHNIT
AVEL=AVE/Z (XN2XM)
A ARE+AVEL
AVB =0 +78S4¥RHORSTBVEDVES2
WE=AVE/ AN
NnSH=HITH+2.3TINS
CSHECV4Z +*T INS
WINS=0,7054¢3RHOIS({OSHES2=DVSI2IBHITH+L X TINSSOSHS%2)
WSH=0 ¢ 78 S4SRHOESTSHIDSHE( 4 e SHSHIDSH)
WTP=AFLT S XALTSANSRHOF
WEITZARBANSRNE2 e PAVBHASTORS W INSOUSHe WTF
COSTz 1 .1 8(AWBANSANSG2 cBAVEB+RSH )P0 98CASTORP® 00 22%WINS
READ(S+101) TUTL ¢WMAX sCLIQRoNDe TAMB
HUZENTHF(TV )
ML=ZENTHFITL )
OhMAX=HU=HL.
COEFFICIENT POR DETERMINATION OF TIME STEP
570;;3VELOCLIOR'RHOLICPF(TU)

=
CALL COLLICT oGCeTLeTZeTIeTAsQBsJI1)
wMIN=GB/DHMAX
WRITE(6+201)
WRITE(6+202)
WRITE(G6+209) ASTOR
WRITE(69203) XN
WRITE(Go204) OI
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WwRITE(6e2U8) DO

WRITE(6e206) ALY

WRITE(6s207) RHOW
WRITE(69252) RHOL
WRITE(Le£E3) RNKOF
WRaTE(Ls250) RHOL
WRITE(60221) RMUS
WRITE(G9245) Twv
WRITE(6s 246) TBYV

WRITE(69208) TKW -~ .
eiTe(eiize T, N ALY
WRITE(60219) HIT o POSR Q

WRITE(G6+210) OV
WRITE(09247) TINS
WRITEL60233) HSH
WRITE(6+234) OSH
WRITE(6+235) WINS
WRITE(G6eZ18) WEIT
WRITEL60232) COST
WRITE(GsZ211) XM
WRITE(G60222) DTMAX
WRITE(6,213) TU
WRITE(6e214) TL
WRITE(60236) TANMB

NC=0

Jo=1

ET=0.

CT=T4

TEL1)=TL

QB0 IL=0B*T4

60 70 3

ENTER SUBROUTINE FUOR INTERNAL HEAT TRANSFER ANALYSIS
CALL NTCALCINToGoDTIME +KI3 oMoDIsRDosAIEToABIDUWXLTEGVEL e JL»WB)
COMPUTAT ION OF PUMP REQUIREMENT FCR PUMP EFF=]1.0
TLR=(TF(M#1)=TFL1))/7ALOG(TF(M+1)/TF(1))
REA=G*CI/VYISFITLN)

P20, 1028FF(REAISXLTHG*¥2/( 2 « SD]I*RHOF )

IF(PDAGT oPDMAX) PDMAX=2PD

PUWER=B4PD/ (102 ¢*RHOF)

IF(PUWER «GT oPMAX) PMAX=PONER

WPUMP=2 s 723E~68PDSDT INE/RHOF + sPUMNP

IF{WGT «WPEAK) WPEAK =N

GO TO (S0+5]1)eK3

COMPUTATIONS ASSOCIATED WIThH CHARGING PHASE
QLOSS=ALO0SS+(QC-QB~- W (HU-ENTHF(TF (1)) ))SDTINMNE
QSOL=QSCL+QCSLCTIME
0CH?=0§HGO'#(HU°ENTHF(TF(l),"DTINE

GO TO 52

COMPUTAT IONS ASSOCIATED WITH DISCHARGING PHASE
QBURN=QBURN®*NS( HU~ENTHF(TF(N+1)))+DTIME

QDIS=QO ISH+WS(ENTHF(TFIMFL1II=-ML)ISDTINE

QSOL=QSOL +QC#0T IME

IF(CT «GETS) GO TO 2

CALL COLLICT :QCsT1eTR2e13eT4,00Q8)
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JF(CT «GECT3) GO TO 6

ENADEGUATE COLLECTOR OUTPUT AT END OF DAYe EVENING
WCOLL=AC/DHMAX

wzwMIN-0COLL

WTsW/ XN

:OITIAFI.T

=2
JPLCT £Ge0ed GO TO 2
DTIME=Z/ 0T
IRLDT IME oL.EDTNAX) GO TO 1}
DT IME=DT NAX
11 CT=CT+DTIMNE
IF(CTLET1) GO TO 12
DTIME=DT IME~(CT~T])
CT=T1
12 ETSET4OT INE/ 3600,
TE(1)=TL
60 70 10
6 IFC(CTGE.T2) GO TO 7
NO HEATING AVAILABLE FROM COLLECTORS
wz= WM N
wT=W/UN
e=wWT/AFLT
Ki=g
CTIME=Z/WT
IF(DT INELE ¢DTNAX) GO TO 13
CTIME=OTMAX
13 CT=CTHDTIME
IF(CTLECT2) GO TO 14
CTIME=DT IME=(CT~T2)
CI=Te
19 ETBETHOT INEZ/ 3600,
TF(1)=TL
60 TO 10
T IFICT«GECT3) GU TO &
INADEQUATE COLLECTOR OUTPUT AT BEGINNING OF DAYe MORNING
WCOLL=QC/DHNAX
wauNIN-BCOLL
wTzw/XN
G=UT/AFLY
3=2

K
CTIME=Z/wT
AFC(OT IME oLE sDTNAX) GO TO 18
OT IME=DTMAX
1S5 CT=CT4CTIME
IF(CTLEST3) GO TO 16
DTINE=DT INE=-CCT~-TJ)
CT=TJ
16 ETSET4LTIMEZI360C.
TF(1)=TL
60 70 10
EXCESS SOLAR hEATING AVAILABLE FOR STORAGE
8 Qs5T=0C~-G8
USQSTI(hU-ENtNF(fF(l))’
IF(CT «EQ.T3) GO
WCOLL=wW+WMIN
JF(WCOLL «GT oWNAX) GO TO 20
HICSCWSENTHF(TF( 1) )¢BMINSHL ) /70COLL
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el

20

26

ar

60

TAC=PLTEMP{MIC)

WT=W/XN
GuWT/ZAFLY
K3=3
OTIME=Z/WT

IP(DTIME oLE «DTHAX) GO TO 21

CTIMESDTNAX
CTCTHOT INE
EFLCT LEWTA)

ORIGINAL PAGE IS

OF POOR QUALITY,
GO TO 22

OVIME=DTINE=-(CT~T4)

CT=T4

ETsET4DTINESZ 3€000

TE(N4))=TUY
6G 70 10
ENSUFF 1C 1ENT
WaWMAX=-8MIN
W T= W/ XN
CaWT/AFLT
K3=}
DTVIME=Z/ T

PUMP FLOW CAPABILITY

IF(OTIME LEDTHAX) GO TO 206

DT IME=DTMHAX
CT=CT+DT IME
1F(CT LEeTS)

60 T0 27

OT IME=DTINE=LCT~TA)

CT=T4

ETZETHOTINE/3€00.

TF(M41)=2TU
60 TG 10
OUTPUT DATA
WRITE(6.220)

EY

WRITE(6.221) CT

WRITE(6+222)
WRITE(6+£223)
WRITE(6+226)
WRITE(6+225)
WRITE(60226)
WRITE(60227)
WRITE(Go242)
WRITE(Ge241)
WRITE(6:239)
WRITE(6e240)
WRITE(6+228)
WRITE(60229)
DO 60 I=)leM
WRITE(69230)
K7=M4]

WRITE(60231)

QL0SS
QSOL
QD1IS
QChG
CBURN
QB0 IL
WPEAK
PDMAX
PRAX
BPUNP

LIeTECIDeTFLI)oVSE D oVLEIDsANSLI)oANLEL)
K7 TFEKT7)

WR1ITE(69237) XN

OTINE=DTMAX

ETSETHDTMAX/Z 3600«

IF(CT LT TA)

GO TO 61

BEGIN NEW DAILY CYCLE

CT=0.
QLOSS=0 .

GSOL=QB4CTIMNE

QDIS=0.
QCHG=0 ¢
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QBURN=0 .
POMAX=0,.
PHAR=0 o
PUMPa0 .
WPEAK=0,
NCaNCe)

61 CI=CT+OTHAX
SFINCEQ.ND) GO TO 99
60 70 30

99 STOP
END



SVBRAUT INE HTCALC(UT.G.DTIHEQKJ.NQDIoﬁ'oAléf.l.oﬂoQXLtEOVELQJso!d,
THIS SUBROUTINE PERFUORMS THE HMEAT TRANSFER CUMPUTATIONS ON THE
ELEMENTS AND THE REDISTRIBUTION OF LIQUID.

800 PORMAT(2F12.8)
8501 FURMAT(/77e8Xe° INZTIAL NITRATE CONCENTRATION *oF10e83)
$02 FIRMATI(SXe® INITIAL STORAGE TEMPERATURE oK ®oF10+3)
DIMENSION RSC101)¢EBELD(IO0LDoBLELO03DeAS(LC0L) vALLL101)eVV(1I0Li)eVvELL0]
1)erC20L00eC(101)sRAX(10L) o RAKSE(L01)QC(101)
COMMON TEC103)eTF(103)eVS(101)eVL(101)sANS(L01)0ANLC201)
COMMON/ DATA/RIOL o RHUSe TTR o TEU sMWO s HEUT o HABT o CPEU oCPByCW o TKL
COMMON/ VALS/HBTRoNLTRIMNNTR s HATRoHAEU s HLEU I HWEU o CTRe CEVsCAL U TRKATR
ATKBTR+TKAEUs TKEEUsCATR
COMMON/ VCON/ RBAX oRINSIRINEN TAMBoHIT
IF(JE.EQe99) GO TU 9
INITIAL AND CONSTANT VALUES
CAEUSCPALTEY)
CATRaCPA(TTR)
CTR=CLIQ(TTR)
CEUCLIQITEV)
HBTR=MB(TTR)
HLTR=HLIQE(TTR)
HWTR=HEO+CWRTTR

HATRSRA(TTR) ORIGINAL PAGE IS

HAEUSHA(TEV)
HLEUSHL JOCTEU ) OF POOR QUALITY
HWEUSHROD4CWSTEY
TRATR=THCA(TTR)
TKETRaThRCB(TTR)
TRAEUSTRRCA(TEVY)
TKEEU=THCE(TEV)
XM= M
ADVLEBVEL#( XM/ FIT)S%Z
Ki=mM
vVvL=0.
REAC(S5:500) COTO
JT=3
INITIAL CONDITION OF STURAGE UNIT
DO 8 I=1¢M
TEL ] )=TO
ASCI)=0,
ALC 1)=VELSRHOL
swstip
. 11eEQel) Au=un+wB
17 JeEQeM) AW=WWNB
v J1)=0e
AXSC(I)=0,
vi( I )=VEL
VvS${1)=0.
EcLO(I)=ARS(HUOSCR2TO)
TL=2TLIQ(CO)
SLOI)=ALCI)* (L I0(TLISCPT(CCIS(TO~TL))
ANS(1)=0,
8 ANLLI)=COsAL(])
WRITE(b6+501) CO
WRITE£(60502) TO



34
32

35
3i

36
37

33

45=99

COMPUTE AKIAL CONDUCTION RESISTANCES AND M:AT FLOWS

IF(K]1:£G01) 60 TO 32

Ké=K i~2

OC 30 I=1.K8

IFCRARS(I).EGO0¢) GO TO 36
25&:UE§6(‘0VL3(VL(I"TKL&IL'E“@IRARS(I)))
RIK=] o/ CAQVLSTKL)
RAX(I)=1 7 1 o /RTK $1 o FRUAX)

€0 31 I=KleM

IFLRAXS(1)EQ¢0¢) GO TO 35
RAXC(I)=17CL7RUARD L o/RAXS(I))

GO TO 31

RAX ¢ 1 )=RuEAX

CUNT INVE

VELL®uVEL-VS(K])

RABOVaRAX(K 1 )SVVL/VELL

IFCLRARS (K1) eEQe0+s) GO TO 36
23E%gﬁg;LI(‘0VL#(UELLSTKLOIL'E#OZIRAXS(Kl,))
RBELO=1 o/ (ACVLFTKL )
RBELO=(VELL=VVL )/(VELLS(] «. /REAR?} o« /RBELO))
RAX (K] }I=RABOVIRBELD

00 33 I=2.M

QCE J)=24(TELI1I-TECI-1)I/CRAX(I)I+RANL:~1))
QCL 1)=0,

acinel )=0.

GO TOU1e101)eK3

HEATING SECTION

D0 10 1=1.M

Jzii=-141

Au=au

IFC(JeEQe1) AN=NE+NE

IF(JeEQM) Aw=NHINE

RKRAMB=RINS

IF{ J<EQ- 1) RAMB=RINEN

EFCJEQeN) RAMNB=RINEN

FILN RESISTANCEs INSIDE TUBE
TRK=THCF(TF(J®*1l))

CF=CPFITF(J®*1))

VF=2VISF(IF(J+)))

REY=G$D1/VF

IF(REY LT ¢2000s) GO 2
hlﬂooOZZ‘lRE"‘OoB)‘((UF‘CFI'K"‘O.3’*TKIDI
GO T0 11

H1=23.668TK/012

RF=1/LHIBALIET)

IFCJ=KL) 21022623

FULL ELEMENT ¢ ASSUMED ISOTHERNMNAL

CALL RLCALCIRL)

ROV=RWSRS (J) *RF4RL
EFF=]¢=EXP(~] o/ (ROVEWTSCF))

TRC(JII=TF LIV D)SEFFS(TE(J)-TF(J*1))
DOFZUTO(ENTHF(TF(J))=ENTHF(TF(J®10))SDTINE
DQANMB=(TE(J)-TAMB }/RAMD

ETOT=ELCJ )HEELO( JI-DAF=-(DAANB+OC(J)-QCLJI91))SDTINE

ATOT=AS(J)*ALLJ)
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CALL FULLEL(ATOT eETOT oD0sAWALTE 0 AL L JDeAS(JI oRSEJID o TEC U oELIJIe K30
lggkgaJ%alNL(J’oJNS(JloRAlS(Jl)

COMPLETELY SOLIDe VARIABLE REFERENCE TEMFERATURE USED
23 ROV=RUHASLJ)IRF

EFF=] o~EXP(~1 o/ LROVSNT*CF))

ALPH=RTICFREFF 41 o/RAMB

BETA=QC(J41)=QCLJ) +TARB/RAND+UTSCFSEFFETFLJ¢1)

GAMMNASGET A/ ALPH

JFLGARMA GE TELJ)) GO TO &5

CALL VRTCSE(TECJ DI EELDIDIoAS( D oAU NToCF oEFF o TR (J¢1) o NLTE oOTI ME 0 ANS
ICJ);DOETF(J,QRSCJ).RARS(J)QQC(J) QACLJI41 ) sRAMD TAMB)

4S5 CALL VRTHS(ANSC(J)oASCJI)eTELJIISEELD(J)sABTF(J41) oEFF oCF o 8T DU XLTE
l.u‘}-e.A“L‘J.O‘L‘J,.'F(J’.EL‘ JIeRSCJIDoRAXS(JI) 9QCLI) 0GCLI*L ) 2 RANSS T
G0 TO 29

THE ELEMENT INCLUDING THE SURFACEs PARTIALLY FULL
22 CALL RLCALC(RL)
ROV=RESRS (J ) *RFIRL
EFF= 1 o=EXP(=1 o/ (RUV*WTSCF))
CHECK FILLING RATIO. IF «GTe 00259 USE REDUCED TIME INTERVALS
IF ob.Te 00259 NEGLECT LIQUID AND USE VeReTe
VRAT1I0= 1 o~VVL/VEL
IF(VRAT I0.LT«0.£) GO TO 70
DTMOD=0T INE/ Z «
NI=2
60 TO S0
70 1F(VAATIO«.T00333) GO 70 71

2}:2080' INE/Z 3. ORIGINAL PAGE IS

G0 TO 50 POO
71 JIF(VRATIG.LT<0.25) GO TO 72 OF R QUALITY

DTMOD=DT IME/ A
Ni=4§
S0 DQFT=0.
DO 55 ISuUB=1.N1
TFOSTE(J*L))SEFFSITELJI)-TF(J*1))
DAF=uT*( ENTHF(TFOI-ENTIF (TFLJI+1)))+DTHMOD
OQF T=DQFT+0QF
 DQAMEB={TE(J)-TAMB )/RANB
T ETOT=EL(JI®EELD(JVI-DOF~-{ DGANBHAC(JI~-QCCJIJ+1)I)*DTNOD
ATOT=AS(J)I+ALLJY)
C€ALL FULLEL(ATOTsETOT eDOsANSXLTE s AL U)o AS(I) oRSCJI) sTE(JI sEL(JI K30
1EELDCJDI o ANL(J Do ANS(J DRAXS(J))
85 CONTINUE
HFO=ENTHF(TF(J¢1))+DOFT/{NTSDTIMNE)
TF(JI=FLTEMP(HFO)
G0 T0 29
72 ALPH=WTSCFSEFF+1./RAMDB
BETA=AC(J€1)=QCLJI)ETAMB/RAMB+WTSCFIEFFETF(J+1)
GAMMA=BETA/ALPH
IF( GAMMA «GE +TELJ)) GU TO 75
CALL VRTCSCETECJI)D2EELDCJI) oAS(JI) oAU BT oCF oEFF oTF(J1) e XLTE o DY IME o ANS
1(JD oDCeTF(JDIoRSCJIIoRAXS(JI) oQCLJID 9QC(J+]1 ) RAMB,TANE)
GO TO 29
75 ELR=0.
ALR=0.
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ANLR=0 o
CALL VRTHSCEANSCID) oASCIDoTECJDIIEELDIJ) oAU TF (I8 1) oEFF oCF o 8T o000 XLTE
LoDT IMEsANLRoALRoTF(J)oELR oRSEJSDIsRANSCI) e GC(J) e QCLI*]) sRAMBeTANB)
ANt CJ)=ANL (J ) +ANLR
AL J)=AL LY ) *ALR
ELCJI)=ELLJ))*ELR
29 VS¢J)I)=ASL(JII/7RNKOS
VL J)=AL LS I /7RHOL
Vvl J)=VEL-VSLJ)
10 CONTINUE
GG TO 200
CUGL ING SECTION
10i Du 110 I=l.M
Auzun
AFC( 1+EQel) AW=DWI+WE
IFC L1oEQeM) AN=un+08
KRAMB=RINS
IF(JeEGal) RAMB=RINEN
IF(JeEQeM) RANB=RINEN
FILM RESISTANCEs INSIOE TUBE
TReTHCFITF(L))
CF=CPF(TF(1))
VF=VISFI(TF(1))
REY=G2D I/VF
IFCREYeLTL2000) GG TO 2102
HIZ0,022%(REY#%Co8)*((VFECF/TK)&%20,3)*TK/D1
GO TO 111}
02 HI=3,66%TK/D1
11 RF=147(H1*AlET)
IFCI-K1) 12191289123
FULL ELEMENTe ASSUMED ISUTHERMAL
121 CALL RLCALC(RL)
RUVERETRS( I )SRFERL
EFF=1¢=EXP{(~1 ¢/ (ROVENTECF))
TFC I+ )=TFC(I1)4EFFSITE(I)-TF(1))
ODGFsWTH(ENTHF(TF(1¢1))=ENTHF(TF(]1)))*OTINE
OQAME=(TE(I1)-TAMB )/s7RAMNB
ETOTZELL 1) ¢EELO(II-DAF-(DQANB+QCCI)-GC(191))SOTIME
ATOT=ASC1)+AL (1)
CALL FULLELIATOTSETOT 2000 AN XLTEsALCIDsASCI) oRSCIDoTECL) sEL(I) K3
x%n.%t:ism.( IDoANS{] )eRAXS(1))
COMPLETELY SOLIDs VARIABLE REFERENCE TEMPERATURE USED
123 ROV=RWERS(1)*RF
EFF=] =EXP(=1.7(ROV3WI2(F))
ALPM=UTSCFEEFF+1 +/RANB
BETAZQC( 141)-QCL1)4T ANB/RAMB+WTSCFSEFFSTFL])
GAMMA=BETA/ZALPH
LFC( GAMMA JLESTE( 1)) GO TO 130
CALL VRTHSC(ANSC1)oASCIDsTEC(I)EELD(L ) oANLTF (L) oEFF oCF 8T oDOSXLTE D
é::g%.ANL‘I).AL(l)oTF(lOl’oEL(l’oRS(l)oRAIS(I)O’C(l)QOC(IOI,QRAMBQT
GO TO 129
130 CALL VRTCS(TEC(I)eEELDI(LI)2AS(1)oANRT oCFGEFFoTF 1) o XLTE sDTIME oANS(]
l%aogatigéox)oRS(l).RAXS(I).GC(l).OC(l+l).RAuaotauBl
THE ELEMENT INCLUDING THE SURFACEs PARTIALLY FULL
122 CALL RLCALCIRL)

[ X ]
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(a1

ROVERWERS(E § ) $RFORL
EFF=14~ENP(~1 ./ (ROVSRTECF) )
CHECK FILLING RATIO. IF oGTe 00250 USE REDUCED TIME INTERVALS
EF obT e 0e@85¢ NEGLECT LIGUID AND USE VeReTe
VRAT I0= 1 o=VVL/VEL
IF(VRAT 10.L.Te0e5) GO TO 170
OTNOD=DT INE/ 2o
Ni=2
GO T0 180
170 IF(VRATI0.LTe0333) GO TO 171
a:ugo:otsnsla o8
=
co 70 180 GINAL PAGE 19
172 JIF(VRATIOWATe0425) GO TO 172 OF POOR QUALITY,
DTHOC=DT INE/4 «
Ni=e
150 DQFT=0e
DO 185 ISuBei,.Ni
TFO=TFL § DSEPF(TELI)-TF(1))
DGF=wT#{ ENTHFITFO J=ENTIF(TF L 1)) )eOTNGD
DQF T=00F T +D0F
DQAMB=( TE( 1 )~TAMB )/RANS
ETOT=ELL I}4EELDC T )-DAF-(DGANS+ACE1)-ACL1+1))20THOD
ATOT=AS (1) #AL (1
FULLEL(AIDT.ETDT.DO.A'.!LTE.AL(lloAS(lloRS(l).TE(II.EL(I).KS-
neeuo(x).auutx).austli.aaxs(x))
1S5 CONTINUVE
HFO=ENTHF(TF (1) )40QF T/(WT20TIME)
TF( 141 )=FLTEMP(HFO)
GO TO 129
172 ALPH=TSCFSEFF ¢ 1 ./RAND
BETA=QC( I91)~-0C (I )¢+ TANB/RANB+ UTSCF SEFFTF (1)
GAMNA=BETA/ ALPH
IFCGANMA LE.TE( 1)) GO T0 175
ELR=0.
ALR=0 o
ANLR=0o
CALL VRTHSCANSCI)eASCL) oTECLD oEELOCI ) oAWSTF (1) oEFFoCFoWT D00 XLTEoD
ITINE o ANLReALR» TF(J+1 D eELRORS(I)eRAXS (1) 9GCLE)oQCEI41) sRARDTANS )
ANL € I )=ANL (I )#ANLR
AL 1)=AL (1)+ALR
ELC 1)=EL( 1)9ELR
G0 T0 129
275 CALL VRTCS(TECE)oEELO(IDoASCI) AN BT oCF oEPF o TF (1) o XLTE2OTIME o ANS(
1)oD0eTE( 41 Do RSEIDeRAXS(L) eQCII)oQCEI*E ) oRANB o TAMB)
129 vS(1)=AS(I)/RNOS
vi€ 1)=AL (1 )/RHOL
V(I )2VEL=-VS(1)
110 CONT INVE
LET LIQUID REDISTRIBUTE DUE TO GRAVITY ASSOCIATED WITH CHANGING
VOID SPACE AS SOLID MELTS OR LIQUIO SOLIGIFIES
200 VVOTL=0.

DO 210 I=1.M
IFEVLI1)eEQeO.) GG TO 210
VEC(J)avi (1)
ClJII)=ANLA(LII/ALLL)
HIEJI=EL(2DI/7AL(])



(a2}

VTOTL=VICILeVE(J)
J=j+l
210 CUNTINUE
=:v5l K=LONG ARRAY GF LIQUID VOLUNES AND ASSUCIATED C AND H
IF(K «EQe0) GU TO 231
vTOTV=0.e
00 211 I=leM
VTOTVaVTOTVOVV( 1)
IFCVIUTY~-VTOTL) £131+2130213
213 Ki=]
YLaV¥TOTV-VTOTL
G0 TO 214
211 CONTINUE
HAVE A Ki1=LONG ARRAY OF VOIDS THAT IS JUST LARGER THAN LIQUID VOLUME
216 55?]3'“15075 THE LIQUID TO FILL SUCCESSIVE VOIDS
00 219 I=1.K12
ALl 1)=0.
ELC1)=0.
ANL(I)=0¢
218 IF(VYVLID=VELJ)) £1€e2160217
216 VELJ)=VE(J)=-VV(]
ALL 1)=ALLI)eVV( i )*RNOL
EL‘I.SEL"’CUV(I,ORHOL.“‘J)
:?L{l)gﬂﬂl(l’QVV‘ JSRHOLEC(J)
=
60 TO 21$%
217 AL I)=ALCI)+VE(J)ERHOL
ELCI)SEL(IIWELJII*RHOLSH( J)
ANL C1)=ANLCT )OVE(JI*RHOL2CC(J)
YWl 1)=vv{(i)=VE(J)
Li=2
IFlJeEQeKD) GO TO 219
J=J+1
60 TO 218
219 VLE I )=AL(I)/7RNOL
220 KS=K1i+¢l
JF(KS=M) 22102400232
221 DO 225 I=KS.M
AL 1)=0,
EL(I)=0.
ANL (1020,
223 VLE1)=0,.
232 CONTINUE
RETURN
231 Ki=}
KS=1
YVL=VEL~-VS(1)
60 TO0 2&1
240 AL(KS)=0.
ELI(KS)=0.
ANL (KS5)=20.
VLI(KS )=0.
VV(KS )=VEL-VS(KE)
RETURN
END

wer
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(a1 2Yad 27 2}

23

20

26

‘gmz gne FULLELLATOToETOT sD0 AN o XL TE+sALSASoRS o T oEL oK3 oEELD o ANL oA

@IV B Sreceim ©

THIS SLBROUTINE COMPUTES THE FINAL CONDITION OF AN INITIALLY FULL
ELEMENT INCLUDING TOTAL NMASSe MASS OF NITRATEe AND ENERGY LEVEL OF
BUTH THE LIQUIC AND SOLID PHASEs AS WELL AS THE FINAL TENPERATURE o
AND THE SOLID HeTe RESISTANCE

COMMONZTATAZRMOL ¢ RHDSs TTR ¢ TEU oHUD sHEUToHABT o CPEV o CPB ot o TRL

COMMONZVAL SZ7HBTR ¢ ML TRoHI TR eHA TRoHAEV sHLEU oHBEV ¢ CTRe CEV9CAEV o TKATRe
1TKOTRe TKAEUS TKEEUSCATR -

C1= ( ANL #ANS J/ATOT

TL=TL IGL(CL)

ETESTI=ATOT ML IGE( TAL )CAUS(HUDACUSTIL)

IFLETOT LTETEST1) GO TO ¢

PURE LIQUID

T2T 1L ETOT-ETESTL I/ (CUSABSGATOTHCPTICL))

AL=ATOT

aeg.‘gt-arénauguun ORIGINAL PAGE IS
RETURN OF POOR QUALITY
CHECK SOLID TRANSITION AT ALL BETA

C2=CIR

AL23( ANL#ANS )/7C2

AS2=ATOT~AL 2
ETEST2=AS2¢HBTRIAL 20 TRVANSHUTR
IFCETOTLT.ETEST2) GO TO 2

REGULA FALS] BETWEEN LIQUIDUS AND TRANSITION
E1=ETESTA-ETOV

E2=ETEST2-ETOT

CO=C2-E2¢%(C1-C2)/{EL1-E2)

To=TL1G(CO)

ALO=CANL $ANS )7CO

ASO=ATOT-ALOD
ETESTO=ASOSHO( TO)C*ALOSHLIG( TO)+AES (HWOLC ¥*TO)
EO=ETESTO-ETOV

IFLEQ) 20+2)022

T=T0

AL=ALO

AS=ASO

ANL =ANL $ANS

ANS=0

EEL D=AWS{HADACUSET ) +ASSHO( T)

EL=ETOT-EELD

GO TO 28

00O Z€ J=1,3

CO=CO~EO0#(C1~COMW(EL~ED)

To=TLIA(CO)

ALO=( ANL$ANS )/7CO

ASO=ATOT-ALO

ETESTOSASOSHBLTO ) AL O*HLIG{ TO)+A NS (HBOHC HSTV)
EO=ETESTO-ETOT



GO 70 21
2 Cl=C2
El=E2
G0 T0 20
SO 1D RESISTANCE
25 VS=AS/RMOS
DS=SORT (DO+324) 27328VS/ XA TE )
RS=ALOG(DS/D0)I/L6.28328THCBE TISXLTE)
ag¥s-xursosa/(vsaruca(r))

RETURN
CHECK SOL IO TRANSITION AT ALL ALPHA
& ETESTISETESTZ-ASZSHABT
IFCETOTLTLETESTI) GO TO 3
AB=LETOT-ETESTI)/ZHABT
AA=AS2-AB
AS=ASE
AL=AL2
T=TTR
ANLZ=ANL +ANS
ANS=0
EELD=AWSHUTREASESHATRECABSHABT
EL=ETOT-EELD
GO TO(28+29) K3
SOL 1D RESIS?ANCE. COOLING AT TRANSITION
29 VA=AA/RNMOS
DA=sch(DO#¢¢01.¢132¢VAIXL1I
RASALDG(OAIDO)I(6.2832#TKA1ROxLTE)
vBz AB/R NG
Ds=80ﬁt(ctt‘¢43.2732‘VB/%L15)
RS=ALOG(DS/DAY/ (62032 TKBTRSXLTE ) *RA
ga;e;:Ltlt#aI(VAtIKAtnfvactxatﬁb
SOL ID RESISTANCEe HEATING AT TRANSITION
28 VB=AB/RNOS
DB=SARTICOS% 4] ,273283VEBs/XLTE)
RB=ALOG(DB/D0) /(6 +2832*TKBTRSXLTE)
VASAA/RNOS
DS=SORT (DESSZR1 . Z2T7I2SVA/XLTE)
RS=ALOG(DS/0B)/7( 6 .2832¢TKATRSXLTE ) ¢RB
RAXSEXLTES**2/(VASTKATR+VBS*TKBTR)
RETURN
CHECK LIQUID EVUTECTIC
3 Ca=CEV
ALO=(ANL #ANS)/Co
A34=ATOT=-ALS
ETE ST“ASO#HAEUOAL“H.EWAU#HIEU
JFCETOT LT .ETESTA) GO TO
REGULA FALS]1 BETWEEN TRANS]T!DN AND EUTECTIC
E3=ETEST3I~ETOT
EA=ETESTA-ETOT
CO=Ca=E{3(C2-CH)/(E3~ES)
T0=TLIG(CO)
ALO=(ANL ¢ANS )/7CO
ASO=ATOT-ALO
ETESTO=ASOSHA(TO)+ALOSHLIGL TO )+ ARG (HUUHCHETO)
EQ=ETESTG-ETOT
IFIED) 30931e32
31 T=T70

C-30



30

30
32

35

AL=ALO

ASTASO

ANLZSANL *ANS

ANS=0

EELDZAWS (HROSCHST ) SASEHAL T)

oY a0 ORIGINAL Paae 15
00 36 J=1.3 OF POOR QuALITY,
CO=C0-E08(C2-C0)/(E3~EQ)

T0=7L10(<0)

ALO={ ANL #ANS )/7CO

ASOSATOT~ALO

ETESTOSASOSHACTO )+ALOSHLIQL TO))*AWS(HUOSCEETY)
E0=ETESTO-ETOT

Gb 70 31

C23Ce

E3=E4

G0 TO 30

SOL ID RESISTANCE

VS=AS/RHOS

0S=SART (DOS# 541 027328V S/XLTE )
RS=ALOG(DS/D0 )/ {6 28324 THCA( T)SXLTE)
RAXS=XLTESS2/7(VSSTHCAC(T) )

RETURN

CHECK SOLID EUTECTIC

ETESTS=E TESTa-AL 4HEUT
IF(ETOTLTETESTS) GO TO S
TWO-PMASE EUTECT IC
ALS=(ETOT-ETESTS J/HEUT

T=TEV

AS=ATOT-ALS

AL=ALS

EL= AL $HLEU

EELDSETOT-EL

ANTOT=ANL ¢ANS

ANL =CASAL

ANS=ANTOT~ANL

SOLID RES ISTANCE

VASASA/RKOS
DA=SQRT(DO#$241 ¢« 27320VA/XLTE )
RA=ALOGCOAZD0 )/ (6 +268324 TKAEU*XL TE )
VE= (AL4-ALS ) /RHOS
DS=SQRT(DASSZ41 ¢ 27329VE/XLTE)

RS= ALOG(DS/DA D/ 6+2832¢ TK EEUSIL TE ) 4RA
RAXS=XLTES$2/ ( VASTKAEUSVES TKEEU)
RETURN

ALL SOLIC BELGW TEU

T=T EU-(ETESTE-ETOT )/ (CSANS CAEUSASA+ALA SCPEU)
AL=0 e

AS=ATGT

EELD=ETOT

EL=0.

ANS=ANL $ANS

ANL =0 o

SOL 1D RES ISTANCE

VA= AS4/RNOS

0A=SQRT (D0$$341027320VA/XLTE )
RA=ALOGE DA/D0 )/ € 6+28328 THCAC TS XLTE)
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VEzALAZRHOS

D3=SART (DASES41 . 2732SVE/XLTE )
R3=ALGG(DS/DA N/ L6.2032¢THCE( TISXL TE)#RA
RARSEXLTE*$2/(VASTHCA(TISVESTHCE(T))

b

C=-32
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41

52

53

SUBROUTINE VRTCS(TE.EELDoASs AN WToCF oEFF oTFI o XLTE sDTIMNE s ANS« D0+ TFO
LoRSeRANS 201 0020 RANB 9 TAND)

THIS SUBROUTINE USES VARIABLE REFERENCE TEMPERATURE TO DETERMINE

THE CUOCL ING PROCESS IN A PURE SOLID ELEMENT

COMMON/DATA/RHOL e RHOS e TTR e TEU o MU0 o HEUTo HABT ¢ CPEV o CPB o CW o TKL
COMMON/ VAL S/HBTR o ML TRo HITR s HA TR ¢ HAEU o HLEUsHWEU ¢ C TR CEU o CAEU s TKATR
1TKB TR+ TKAEUe TKEEUSCATR

ASWTSCFIEFFS) o/RANS

8202-014TANB/RANBHWTSCF4EFFS TF 1

IF(AS.EQe0e) GO TD 10

IFCTE-TTR) 1eze3

SOLID ABOVE TRANSITION AT STARTe ALL BETA

SMCSASSCPBYABSCY

TOV=Co TE=CSEXP(-OT INE/TAU)

= - -
IECTOT-TIR] 41,4242 gg’GmAL PAGE I3
=,

TAUSSHC/A POOR QuaLTy,
TOT =C+( TE=C) $EXP(~DT INE/TAU)

Q=AWSCHS (TE-TOT )

RAXS=0¢

GO 10 43

Q=AS$(HB( TE)-HBITDT) ) +AWS CWs (TE-TOT)

EEL O=EELG-Q
QF=WTSCFSEFF#(OT IMES(C-TF 1)+ TAUF(TE=C)¥ (1-EXP (~DTIME/TAU) ))

=

HFOSENTHE(TF I )4QF/ (W TEDTINE)

TFOSFLT ENP(NFG)

RETURN

DTIMI=TAUSALOGE (TE=C)/(TTR=C))

QF= wTSCFOEFF(DT IN1#(C-TF 1 )+ TAUS ( TE-CI# (1 +—~EXP(~-DTINI/TAU) ) )
OTIMN2=0TIME-DTINL

TFOT=TF I4EPF 3 (TTR=-TF1)

Q= ( WTSCF# (TFOT-TF L }4Q1-024 (TTR-TANS ) /RAMBI*D TI N2

DAL =ASSHABT

1F(Q-DOL) 52052083

QTOT=AS$(HB{ TEI-HBTR I+ AWSCUS (TE-TTR) 4G

EEL O=EELD-QTOT

QF = WTACF#(TFOT-TF1)8DTIN2+GF

TE=TTR

HFO=ENTHFE(TF 1 )4QF/(WTSOTINE)

TFO=FLTENP (HFO)

AA=Q/HABT

AB=AS-AA

VASAA/RHOS

DA=SGRT (DOSS 541 ¢ 27329VA/XL TE)

RA= ALOG( 0A/00 )/ (6 <28 328 TKATREXLTE )

VB=AB/RHOS

0S=SGRT (0A8 541 ¢27329VE/XL TE)

RS= ALOGE DS/DA )/ {6 028329 TKETRSXL TE ) 4RA

RAX S=XLTE#32/ (VASTRKATReVESTKETR)

OT IM3I=ASSHABT/{ WTSCF# (TFOT~TF 1)$Q1-02¢ ( TTR-TANB) /RANB)
DTINA=DT IM2-0T IN3



54

61

62

QPF=2uTSCF#{TFOT=TF 1) 3DTIN3+QF
SMC=ASSCATREANSCY

TAUSSNC/A

TOTaC+{ TTR=CISEXP(~DTIMNA/TAV)
g::g:éﬂﬁé:&)-ﬂ‘(?b?)DOAGOCl*(Tﬂ-TDTJ
QF=WTSCRSEFFSIDT INAS(C~TFI)+TAUS( TTR=CIS (L +—EXP(~DTIMO/TAU) ) ) +GF
FACTETHCB(TE )/THCALTOT)

AS=RESFACT

RAXSSRAXRSSFACT

TE=TDY

HFO=ENTHF(TF 1 )¢GF/7(UTHLTINE)

TFO=FLTEMP {HFC)

RETURN

SOLID AT TRANSITION AT STARTe ALPHA ¢ BETA
TRPOTsTF 14EFFS(TE~TF]1)

Q= (WTSCFE(TFOT=TF ] )4Q1-Q2¢+( TTR-TANB) /RAMB) SO TINE
GauTSCEE (TFOT=TF I )SOTIME
DEAZETOT~AUWSHBRTR-ASSHATR

IF(Q=DEA) 54,954,885

TFOsTFOT

EELD=EELDO-Q

DTINI=DEA/ (NTSCPI(TFOT=TF 1) +Q01-024 ( TTR=TANB) /RANB)
QF=wT+*CF*(TFOT-TF1)sDT 1IN}

DT iUz 0T INE-CT INL

SHC=ASSCATR+ABSCY

TAUSSNC/A

TOT=COC(TTR-CISEXP(~DTINZ/TAV)
Q=ASSLHATR=HA(TOT ) )+AWsCu*( TIR~TOT)+DEA

EEL D=EELD-Q

QFsWTOCFSEFFI(DT IN28 (C~TF 1)+ TAUS(TTR=C)S (1 ~EXP(=OTIM2/TAU) ) ) +QF

TEaTDY

HFO=ENTHF(TF I)4QF/(WT*DTINE)

TFO=FLTEMP(HFO)

RETURN

SOL ID BELOW TRANSITION AT START

IF(ANSD 61s61062

PURE PHA

SHCOAS‘CPA(TE)OAI#CU

TAU=SNC/A

TOT=CH+(TE~CISEXPL{-DTIME/TAV)

QuASS{HALTE)=HA(TDT ) )*AWSCHE (TE~TDT)

€6L.0=EELD-Q

OSB:S:CF‘EFFtibfINEO(CPIFI)OYAUO(IE—C)#(1.°EXP(°DTIHEITAU)))
=

HFOSENTHF(TF 1 )4QF/LuTSOTINE)

TFOSFLTEMP(HFO)

RETURN

ALPHA PLUS EUTECTIC

AEZANS/CEVU

AAS AS=AE

SHNCSAASCAEUTAESCPEUS+AWSCY

TAUSSNC/A

TOTRCH(TE~CI*EXPL(~DTIME/TAV)

QABAAS(HALTE)=HALTDT ) )+ (AESCPEUHANSCH ) #{ TE-TDT)

EELD=EELD~-Q

orsnncnersu OTIMES(C~TFI)*TAUR{ TE=CIS (l-EXP(=DTIME/TAV)))
TE=TD

m-oaeumﬂ TFI1J)40F/7(UTSDTINE)

TFO=FLTEMP (KFO)

RETURN

END
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SUBROUT INE VRTHSCANS.AS.TG.EELDQA.oTFlQEFFQCF.UToDD-XLTEoDTlHE.ANL
1oAL. o TFOSELIRS oRAXS 0Q1 Q20 RAMEB. TANS )

THIS SUBROUTINE USES VARIABLE REPERENCE TEMNPERATURE TO DETERMINE
THE NEATING PROCESS 1IN AN INITIALLY PURE SOLID ELEMENT

COMMON/ DATA/RHOL sRHOSs TTR o TEUsHWO s HEUT o HABT ¢ CPEU » CPB o C 0 TKL.
COMMON/ VAL S/HBTR o HLTR o HITR o HATR ¢ HAEU o M EU HIIEU ¢ CTR ¢ CEU s CAEU» TRATR o
1 TKBTR e TKAEU s TKEEU» CATR
A=WTSCFSERF+1 o/RAND
B202~01 $TANG/RANB+UTSCFIEFF O TP
IPCASEQ.0e) GO TO 30 18
35&@“?1\‘!055?&205 NO NITRATE ORIGINAL gﬁm
L ]
1PCTE-TTR) 40826 OF POOR
SHC"S‘CPBQA..CU
TAU=SMC/A
TOT=C+(TE=CISEXP(~DTINE/TAU)
Q=4 88 (HB(TOT )~HB(TE) }+AW CWo(TOT-TE)
QFSWTSCFOEFF#((C-TF1)SDTINESTAUR(TE-C)¢ (1o=EXP(~OTINE/TAU))
B
HFO=ENTHE(TF 1 JGF/(WTSOTINE)
TRO=FLTEMP (HFO)
RET URN
TFOTaTE I4EFF#(TE-TFL)
Q= (WTSCFS(TF1~TFOT)+Q2~Q1~( TE-TANB )/RANB D¥OT IME
DEA=ANSHWTRASSHBTR-EELD
1F( G=DEA) 10610511
EELO=EELD+0
QF = WT#CF$(TFOT=TF 1)o7 IME
TE= TTR
HFQ=ENTHF(TF I )4QF /¢ 4TSDTIME) -
TRO=FLTEMP(HFQ)
RETURN
DT IM1=DEA/(WTSCF$(TF1=TFOT )402-Q1- ( TE-TANS) /RAMS)
QF=WTSCF3(TFOT-TF1)4DTIM1
DY IM2=DT SNE=DTIM1
SMC=ASSCPB AN SCW
TAU=SNC/A
TOT=C+(TTR=C )SEXP(~DTIM2/TAU)
Q=2ASHHB( TDT ) $AWS (HWOSCUSTDT )~EELD
EELD=EELD+Q
QESWTSCFeEFFe (DT INES(C-TF ) TAUS(TE=CI# (1o~EXPI-DTINZ/TAU))) 40F
=
HFOSENTHE(TF 1 )40F/(WT$0TIME )
TR . L TEMP(HFC)
RETURN
SNCRASSCPA( TE) ¢ANSCH
TAU=SHC/A
TOT=CH(TE~C)IEXP (~DT INE/TAU)
IF(TOT=TTR) 1401443
Q=ASPHA(TOT) A WS (HHOSCHST DT )-EELD
EEL D=EELD
ggn:;;tfoerst((c-trx:totxueotautcte-C)c(1.-5:9(-011&&/7AU)»)
=
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17

18

20

el

23

HFUSENTRF(TF ] )¢QF/7(WTCDTIME)

TFO=FLTENP (HFO)

RETURN

DT IMISTAUSALOGLC(TE~C)/(TTR=-C))

QFa WTSCFIEFFS((CTFL1)ROTINI¢*TAUS(TE=CI2 (1. ~EXP(=DTIMI/TAU)))
DT IN2=0TIME~DTIMI

TPOT=TF 14EPFSLTTIR-TF])
G={WTHCF¥(TFI~TFOT)+02=Q1l~(TTR=TANB) /RAMB) sDTI Mg
DEA=ASSHABT

IF(QG=DEA) 17017018
A=QFASS(HATR=NALTE) ) *AWSCux( TTR=-TE)

EELD=EELD+Q

QF=zWTSCF*(TFOT-TF1)2DTIN24QF

Te=TTR

HFOSENTHF(TF I )¢QF/7{nT#OTINE)

TFOsELTENMP(HFO)

RETURN

DT IMNIZOEA/Z(NT#CFS(TF I=-TFOT)+G2=Ql-{ TYR-TA)/RANB)
QFsBTSCF#(TPFCT-TF1)%DTIMN3+QF

OTIMG=DT IMZ2=-DTINI

SMC=ASSCPB+ANSCH

TAUSSMC/A

TOTaC+{ TTR=C)SEXP(=DTIMNA/TAV)

Q= ASSHEBLTOT) +ARE(HWOSCUsTDT )=BELD

EELO=ELLD+Q

QFmNTSCFHEFFS(DT INA*(C~TF L)+ TAUS(TTR=C)#(1+.-EXP(-DTIM/TAU)) )+GF

TE=TDT

HFOSENTHF(TF1)*QF/7(WT»DTI ME)

TFO=FLTEMPLHFO)

RETURN

SOLID WiITH NITRATECEUTECTIC) e MUST BE BELON TcUV

Ci=CEV

AEx= ANS/C1

AA=ZAS~AE

SMC=AASCAEUSTAESCPEU+AWSCH

TAUSSMC/A

TUT=ECH(TE~C)SEXP(~DTIME/TAV)

IFCTDT=-TEVU) 200204621

QuAAS(HA(TOTI-HA(TE) )+ (AESCPEU+ANSCH)*( TDT-TE)

EELD=EELD+Q

?E-:;;CF‘EFFO(CC-TFI)#DTIHE*?AUO(IE-C)O(1.-EXP(-DtluEITAu)))
% ]

MFOZENTHF(TF 1 )¢GF/ (NT*0TINE)

TFO=FLTEMP(NFO)

RETURN

DTIMI=T AUSALOG((TE-C)/(TEU-C} )

OF=NTSCFIEFFS((C-TF1)SDTINI+TAUS(TE~C)* (1.~EXP(-DTIMLI/TAU)))

DT iM2=0T INE~DTIM]

TFOT=TF I14EFFS(TEU-TFI)

Qa(WTSCF(TFI-TFOT )4 02-Ql=( TEU=TANB) /RAME) $DTINZ2

DEASAESKHUT

IF(Q=DEA) 23023024

AL=Q/NEUT

QuAAS(HAEU=RALTLE ) )+AESCPEUS( TEU-TEJCALSHEUTH+ANSCWS ( TEU-TE)

EL= ALSHL EV

EELD=EELC 4G-EL

QFz=WTSCF$(TFOT-TF1)%0TIM2¢QF

TeE=TEV

C-36



25

24

30

HFO=ENTHE(TF 1 )0QF/(NT®OTINE )
TFOSPLTEMP(MFO)
AS= AS=AL
ANL=Cl &AL
e A e S rance
N
e OoF 00 QUALITY
AR *8 541 EWVA/L
RA=Z ALOGIDA/DO )/ (62832 TKAEUSXLTE ) OF POOR QUALﬂnﬁ
ves (AE~AL )/RHOS
Do SQRT{(DAS® 8241 ,27328VE/XLTE )
RS=ALOG(DS/DO)I/(6.28I28TKEEVS XL TE J+RA
IF(VAEQeO ¢ ¢ANDVEGEQe0e) GO TO 25
RAXSEXLTE#%2/( VASTKAEU+VSSTKEEV)
RETURN
RAX S=0,
RETURN
BEYOND L IQUID EUTECTICe LESS ACCURATE AND LESS LIKELY
DTINI=DEA/(NTSCF2(TF I=-TFOT)+Q2-Q1=-(TEU~TA)/7RAMB)
AF=eT3CFS(TFOT-TFI1)SDTIN3+QF
DTiIMa=DTIM2~-0TINI
SMCE=AASCAEUHAESCPT(C1l) tAmeCy
TAUSSMC/A
Qu~SMCS{(TEU=C )3 (1 .~EXP(-DTIN4/TAU))
Q=QPAAS{ HAEU=HA(TE) ) +AESHEUT+(ANSCU+AESCPE V) #(TEU-TE)
QF s WTSCFSEFFS(DTIMAS(C~TFI)*TAUS(TEU=C) & (1.~EXP(-DTINA/TAU))I+QF
HFOSENTHF(TF [ )¢QF /(B T#DTI NE)
TFOSFLTEMP(HFO)
ETOT=EELD+Q

K3=1}
CALL FULLEL(ASIETOT o000 AW XL TEsALsASoRS o TE 0EL o KIEELDsANL 9 ANS ¢ RAXS

)

RETURN

SMC=AWSCHW

TAUZSMC/A

TOT=C+({TE~CISEXP(~OT IME/TAUD

0= AWSCUS(TOT=TE )

EEL O=EELD+Q

gz:;g;c;:zfrt((c-trxntorxue¢taut(1£-c3¢(1.-sx9(-nrxne/tnu:»b
=

HFOSENTHF(TF1)40F /(WT4OTINE}

TFO=FLTEMP (HFQ)

RETURN

END
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SUBROUT INE COLLICT sQCeT1sT2+T30T4:G8sJ)
THIS SUBROUTINE READS A TABLE OF COLLECTOR QUTPUT V3e CYCLE TINE.
AND CONPUTES THIS OUTPUT AT A GIVEN CYCLE TiM:

FORMAT( 1304F12+0eF 1064512)
FORMAT(F10¢40F12.0)

DINENSION G(Z20)TC(20)

IF(JeNE «99) 60 TO 10
REAC(S9100) KoeT1eT2:T3eT4eQBJ
DO ) 1=l

READ(S+101) QL1)eTC])

RETURN -

DO g I=2.K

IFCCTGE.T{(I)) GO YO 2

QC=0( I-1)¢(Q(I)-0(1I-22)8(CT=-T(1I-1)M/(T(1)-T(1I~-1))
60 70 3

CONT INVE

RETURN

END

SUBROUT INE RLCALCERL )

THIS SUBROUT INE COMPUTES A LIQUID PHASE HEAT TRANSFER RESISTANCE
IN ThERMKEEP.

FOUR NOW IT IS A OUMMY ROUTINE» SETTING RL=0

RL=0+
RETURN
END

FUNCT ION FF(R)
TNIS FUNCTION COMPUTES THE CIRCULAR TUBE FRICTICN FACTCR FOR
RUOUGHNESS RAT IO OF 0.0002

IF(R«GT «2000.) GO TGO 1
FF=264 «/R
RETURN

1 IF{RCT«100000.) GO 70 2
FF=0.1923%R¢54~0.,1772)
RETURN

e FF=04.028%
RETURN
END
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FUNCTION FLTEMP(N)

THIS FUNCTION COMPUTES FLUID TEMPERATURE IN K FHON ENTHALPY
IN KJ/KG USING H=0 AT 400K

FLTIENPE=111614SART(0.2612E¢064530.5¢H)
sy

FUNCTJON THCFIT)

THIS FUNCTION GIVES FLUID THERMAL CONDUCTIVITY IN KJ/N-SEC-K
FROM TEMPERATURE IN K

THCF=20 ¢ 1379E~3~0+S20E~T¢T
RETURN
END

ORIGINAL PAGE 1S
OF POOR QUALITY

FUNCTION CPF{T)

THIS FUNCTION COMPUTES FLUIC SPECIFIC HEAT IN KJW/KGe—-K FROM
TEMPERATURE IN K

CPF=00418S40.377E-02%T
RETURN
€ND

FUNCTION VISFLT)

THIS FUNCTION COMPUTES ABSOLUTE VISCOSITY IN KG/M-3EC FROM
TEMPERATURE IN K

FOR T~66 IT IS A FAIR APPROIMATION FROM 367K TO 589K

=1079¢/T~5034
VISF=10.%8)%
RETURN
END
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FUNCTION ENTHFIT)

ThiS FUNCT ION COMPUTES FLUID ENTHALPY IN KJW/KG FRLM TENP:RATURE
IN K USING H=0 AT 400k

ENTHF3( 117340+ 18ESE~C2%T)*{ T-400.)
R

FUNCTION CPA(T)

THIS FUNCTION COMPUTES THE SPECIFIC MEAT OF ALPHA—~NAOHM IN KJ/KG-K
FROM TENPERATURE IN Ko IT IS ASSUMED CONESTANT,

CPA=2.018
RETURN
END

FUNCTION RA(T)

THIS FUNCTION COMPUTES THE ENTHALPY GOF ALPHA-NALH IN KJ/KG FRUM
TEMPERATURE IN Ke IT BILL BE ASSUMED THAT HIALPHA)I=0 AT S00K AND
ALL ENTHALPIES WILL BE RELATIVE TO THISe CP 15 ASSUNMED CONSTANT

MA=Z +0182(T~-500.)
RKRETURN
END

FUNCT ION hB(T)
THIS FUNCTION COMPUTES THE ENTHALPY OF BETA-NAGH IN KJ/KG FROM
TEMPERATURE IN Ko CP OF BETA 1S ASSUMED CONSTANT,.

HB=292.0842:158(T~5664)

RETURN
END

C-40
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FUNCT ION THCA(T)

THIS FUNCTION COMPUTES THE THERMAL CONDUCTIVITY OF ALPHA-NAOM.
SOL ICe IN KJ/SEC—~M~K FROM TEMPERATURE IN K.

ThCA=0.00147)
RETURN
END

(alats)

FUNCTION THCEB(T)

THIS FUNCTION COMPUTES THE THERMAL CONDUCTIVITY OF BETA-NAGH,»
SUL1IOe IN KJ/SEC-M=K FROM TEMPERATURCE IN K.

THCE=0.001471
RETURN
END

onn

ORIGINAL PAGE IS
OF POOR QUALITY

FUNCTION THCEL(T)

THIS FUNCTION COMPUTES THE THERMAL CONDUCTIVITY CF EUTECTIC NA-CHe
NANG3e SOLIDe IN KJ/SEC-N-K FROM TEMPERATURc IN Ko

ThCE=0.001422
RETURN
END

FUNCTION CL1G(T)
THIS FUNCTION FINDS THE CONCENTRATION OF NANO3 OGN THE LIQUIOUS

LINE VSe TEMPERATURE IN Ko CIMASSINANO3) /TUOTAL MASS» THERMKEEP.
THIS IS A SIMPLE VERSION UNTIL PHASF. DIAGRAM 1S FGUND.

IF(T LT o£€€e) GC TO 12
CLIQ=Z¢27€9-0,0030540687
RETURN

1 CLIO=3,£6184-0.0C£€2163T7
RETURN
&ND

"=41
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FUNCTION TL1Q(C)

THIS FUNCTION COMPUTES TENPERATURE IN K OGN T LIOQUIDUS LIN: VS,
CUNCENTRAT ION OF NANG3e. C=MASSI{NANG3)/TUTAL MASSoTHERMKEEP.

THIS IS A SINPLE VERSION UNTIL PHASE DIAGRAM IS FUUND.

IF{CeCT+0210) GG TU 1
TLIG=S59Z +~260+%C
ReTURN
TLIQ=582.09-1€087%C
HETURN

END

FUNCTION CPT(C)

THIS FUNCTION COMPUTES TH: LIGUID THERMKEEP SPECIFIC HEAT AS A
FUNCTION OF CONCENTRATION(KJ/Z/KG-X)

1T IS ASSUNMEC TO GE A FUNCTICN UF CONCENTRATIUN ONLY

IT IS NOW A DUNMMY FUNCTION wiTH A CONSTANY VALUE

CPT=zelA
RETURN
&£ND

FUNCTICON L 10(T)
TnlS FUNCTICN CONPUTES THE ENTHALPY OF SATURATED SULUTION( ON THE
LIQUIDUS LINE) AS A FUNCTION CF SOLUTION TcMPERATUKE.
IT IS NCW A SIMPLIFIED FUNCTIUON NCGLECTING PRIMARILY HEAT OF
SULUTION AS WELL AS ASSOLUTE VARIATION FROM NO3 TO GHe

M IQ=Z2¢148T~7€0¢
RcTURN
EnD



APPENDTIX D

LIST OF SYMBOLS FOR COMPUTER ANALYSIS

Apq total T-66 flow area (m?)
Ay tube inside surface area per element (m?)
Ce specific heat of heat transfer fluid (kJ/kg-K)
Csteel specific heat of steel (kJ/kg-K)
Crx Thermkeep minimum specific heat (kJ/kg-K)
d; inside diameter of tubes (m)
d, outside diameter of tubes (m)
dshell inside diameter of vessel (m)
dshroud inside diameter of shroud (m)

- /m}
dSolid solid layer diameter around a tube ¢:
Ee energy content of an end element (kJ)
E, energy content of an interior element (kJ)
f T-66 friction factor
hg T-66 side heat transfer coefficient (kW/m?-k)
Dot inside height of vessel (m)
hotroud inside height of shroud (m)
hTK enthalpy of Thermkeep (kJ/kg)
kf T-66 thermal conductivity (kW/m-K)
kins thermal conductivity of insulation (kW/m-=-K)
kK, . thermal conductivity of Thermkeep, liquid

tiquid (KW/m-K)
ksolid thermal conduetlivity of Thermkeep, solid
(kW/m-K)

. “ . 1, A
Kotoel thermal conductivity of steel (kW/m~-K)
R%K average axial thermal conductivity of

Thermkeep in an element (kW/m-¥)

ORIGINAL PAGE IS D-1
OF POOR QUALITY



L length of each tube (m)

T
Mo.c total mass of Thermkeep (kg)
NE number of spatial elements
NPR T-66 Prandtl number g?‘?gg:" 'Q:aﬁl.aﬂ!s
NRE T-66 Reynolds number
NT total number of heat exchanger tubes
NTU number of transfer uni* = in an element
Pp ideal pumping power (ku«,
. axial heat transfer rate between elements (kW)
g heat rate required for boiler (kW)
q, collector output (kW)
Ay excess heating provided by collectors (kW)
ap heat transfer rate to fluid per element (kW)

q heat transfer rate to environment per element
ins,e (kW)

Ay total heat transfer rate to an element (kW)
Qabs total daily heat absorption by storage (kJ)
Qburn total daily make-up heating required (kJ)

Q total dally output of collectors (kJ)

QUse1 total daily heat delivered from storage (kJ)
Qenv total daily heat lost to environment (kJ)
Q1OSS iotal daily collector heat not used (kJ)
Raspect aspect ratio, vessel height/vessel diameter

Rf resistance to heat transfer, fluid side (K/kW)
Rins,l lateral resistance to heat transfer of insula-

tion per element (K/kW)

ARECE . | PAGE BLAMY NCY Fikés ¢
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RTOT,a
RTOTAL
tend

tins

Yshell

tshroud,
bottom

tshroud,
side

tshroud,
top

Tamb
Te
H

in

= 3 H 3 3 3

vessel axlal heat transfer reslstance per
element (K/kW)

resistance of solid to radial heat transfer
(K/kW)

tube axlal heat transfer reslstance per
element (K/kW)

Thermkeep axial heat transfer resistance per
element (K/kW)

average Thermkeep axial resistance between
elements (K/kW)

tube lateral heat transfer resistance per
element (K/kW)

total axial resistance between elements (K/kW)

total elemental heat transfer resistance (T-66
and Thermkeep) (K/kW)

vessel end plate thickness (m)
insulation thickness (m)

cE ¥
vessel side wall thickness (m)%%%gﬁm

shroud bottom thickness (m)
shroud side wall thickness (m)
shroud top thickness (m)

ambient temperature (K)

storage outlet temperature-upper (K)
collector outlet temperature (K)

fluid temperature into an element (K)
boiler ocutlet temperature of T-66 (K)
storage outlet temperature-lower (K)
fluld temperature out of an element (K)

element temperature (K)

PRECEDING PAGE BLANX NOT FILMED
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<3

solid

<3

TK

<

TOTAL

<

tubes
Weoll
We

wmin

wheat

exchanger

wins

Wp

wshroud

wvessel

z
AE

st,e

AMs‘c,m

AMTK

AP
At

solid layer volume per tube per element (m?)
total Thermkeep volume (m?®)

total internal volume of vessel (m?)

total volume occupied by heat exchanger (m?)
T-66 mass flow rate from collectors (kg/sec)
fluid (T-66) mass flow rate to TES unit (kg/sec)
T-66 mass flow rate to boller (kg/sec)

heat exchanger weight, tubes only (kg)

insulation weight (kg)

total pump work (ideal) per daily cycle (kW-hr)
shroud welght (kg)

total vessel weight (kg)

factor for time step calculation (kg)
energy change 1n an element per time step (kJ)
mass of steel per end element (kg)

mass of steel per interior element (kg)
mass of Thermkeep per element (kg)

heat exchanger pressure drop (kg/m?)

time step (sec)

effectiveness of heat transfer in an element
T-66 viscoslity (kg/m-ser)

fraction of Thermkeep in solld phase in an
element

T-66 density (kg/m?)

density of insulation (kg/m?)

density of steel (kg/m?)

Thermkeep density, liquid phase (kg/m®)

PRECEDING PacE B & NOT Fllde::
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APPENDIX E
LIST OF SYMBOLS FOR SCALING PROCEDURE
heat exchange surface area

heat exchange surface area per unit length

cross sectional area of storage medium

tube cross-sectional area

fluld specific heat

storage medlum specific heat
diameter of shroud

diameter of vessel

height of vessel

thermal conductivity of storage medium

thermal conductivity of insulation
thermal conductivity of tube
tube length

Storage medium total mass

storage medlium mass per unlit length

fluid mass flow rate
reference time period
distance along tube
storage medlium temperature

fluld temperature



reference temperature
shroud surface temperature

overall heat transfer coefficient

fluld volume

fluid volume per unit length

distance along flow direction in storage unit
dimensionless storage medium temperature, t/tL
dimensionless time, T/P

dimensionless distance, x/hv

fluld density

time

PRECEDING PAGE BLANK NOT P&
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