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FOREWORD

The research and development described in this report was conducted
within the U.S. Departwent of Emergy‘s (DOE) Solar Thermal Technology
Program. The Solar Thermal Techmology Program directs efforts to
advance solar thermal technologies through research and develgpment of
solar thermal materials, components, and subsystems, and through testing
and evaluation of solar thermal systems. These efforts are carried out
through DOE and its network of national laboratories who work with
private industry. Together they have established a goal-directed
program for providing techanically proven and economically competitve
options for incorporation into the Nation's energy supply.

There are twd primary solar thermal technologies: central receivers
and distributed receivers. These two technologies use various point and
Tine-focus optics to concentrate sunlight onto receivers where the solar
enargy is absorbed as heat and converted to electricity or used as
orocess heat. In central raceiver systems, which this report considers,
fields of heliostats (two-axis tracking mirrors) focus sunlight onto a
single receiver wmounted on a tower. The radiant emergy is absorbed by a
working fluid circulating within the receiver and is transformed into
high tem@ergture thermal esergy. Temperatures in central receivers may
azceed 1500-C.
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ABSTRACT

This report documents work sponsored by the Y. S. Department of Energy
to design, build, and test a thermal storage subsystem research
experiment using molten nitrate salt as the working fluid. The project
is part of a continuing program to develop molten salt components and
subsystems for central receiver systems. The work was performed by
Martin Marietta Aerospace in association with American Technigaz Inc.,
Arizona Public Service Company, and Stearns-Roger under DOE Contract
20-2988. The design is based on a two tank system, one tank to hold
cold (550 deg F) salt and one to hold hot (1050 deg F) salt. The cold
tank is a conventional design with a carbon steel wall and external
insulation. The hot tank employs new technology: it has firebrick
insulation internal to a structural shell, with a corrugated liner
inside the insulation to contain the salt. The liner is similar to
those used in transportation and storage of liquid natural gas. The
testing showed that this concept of thermal storage is technically
feasible and potentially cost effective. The contract began in November
1980 and testing was completed in August 1982.

This report is in two volumes: Volume I is an Executive Summary which
gives highlights of the project. Volume II is the full technmical report
covering the same information in greater detail.
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FOREWORD

This report i{s submitted by Martin Marietta Aerospace to the Departament
of Energy in accordacce with the provisicng of Coatract 20-2988. This
final report summarizes the work related to fabrication testing aud
performance of a prototype molten galt thermal energy storage subsys-
tem. The final technical report is submitted in two volumes:

Volume I - Executive Summary
Volume II -~ Final Techuical Report

Mr. Willism Peila of Sandia National Laboratories, Livermore, CA was
the Technical Manager.

Work on this comtract was performed by the following companies:

- Martin Marietta Aerocspace
- Stearns-Roger

= Arizona Public Service

- American Technigasz, Inc.

This document was written, edited, and reproduced by Martin Marietta
Aerospace.
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1.0

1.1

INTRODUCTION

A wide variety of energy storage subsystems are currently being
examined For use with large Solar Thermai Central Receiver {STCR)
plants. One of the most attractive of such concepts 1s the use of a
molten nitrate salt (60% NaNO3, 40% KNO3 by weight) as a sensible

heat storage medfum. This sait has high heat capacity per unit volume,
low vapor pressure, good heat transfer propertiss and is low in cost.
Becauge the salt can also be used a2s the working fluid in the solar
recelver, its use can considerably simplify the solar side of a plant;
this enhances reliability and efficiency. The molten salt working
temperature limits of approximately 288°C (550°F) to 566°C (1050°F) ave
ideally suited to the generation and uge of high-pressure, superhested
steam for either electrical power generation or industrial process heat
applications. Of courge, this storage concept can also be used with
nongolar heat sources, such as fossil-fired salt heaters, with the same
type of advantages.

OBJECTIVES

Under the spounsorship of the Department of Energy and Sandia National
Laboratories Livermore, we have conducted a Molten Salt Thermal Energy
Storage Subsystem Research Experiment (SRE) program. The objectives of
this program were to advance the state of the art fn the high
temperature contaimment of molten salt, to reduce the costs of thermal
energy storage, and to resolve all uncertainties in this storage
concept. Our approach was to contain the high temperature salt
(566°C/1050°F) in a lined and internally insulated hot tank, and to
contain the cold salt (288°C/550°F) in a separate tank made of carbon
steel. The use of internal insulation allows the use of low-cos®
carbon steel as the shell material for the hot tank. The internal
insulation 18 protected from the salt by a metal liner. The liner iz a
unique design employing a liquid-tight, waffled membrane of the type
uged extensively in liquid natural gas (LNG) storage applications. The
internal insulation i3 a low-density insulating firebrick. The hot and
cold tanks are also externally insulated to minimize heat losses., The
remainder of the system consists of a cold tank (carbon steel with
external insulation) and the necessary pumps, sumps, pipes, valves, and
controls.

This program consisied of the following key elements:

- Preliminary design and cost analysis of a 1200 MWht, commercial-size
Thermal Energy Storage (TES) subsystem.

= A critical component development program for the Liner and internal
insulation; this included numerous fatigue tests of both the liner
and the brick, and culminated in the construction and fatigue

testing of a laboratory prototype tank of one cubic meter volume
with hot salt.



Figure 1.1-1 Thermal Storage Syetem

1.2

1.2.1

- Design, coastruction, and testing of 2 small-gcale TES ({7 MWhe),
termed a Subsystem Research Experiment (SRE). The SRE consists of a
hot tank, 2 cold tank, a fossil-fired heater to simulate a solar
recelver, an air cooler to simulate a steam generator, and all
pumps, sumps, coatrols, etc secessary to simulate a coaplete sysrem.
{see Fig. L.1-1).

BACKGROUND

Martin Marietta Aercspace Molten Salt Solar Progranms

Several molten salt programs in which Martin Marietta Aerospace has
participated in which the results are applicable to molten salt storage
technology are preseanted in Table 1.2.1-1. These programs have
regsulted fn a valuable data base upon which to design and develop a
therzal energy storage subsystem. Durinmg the CRSTPS program we
designed, built and tested a 1.6 MWht thermal storage subsyszsteam
regearch experiment which used Hitec heat transfer salt (407 NaNO,,

7Z HaNOj, 537 KNOj by weight) as a seasible heat storage medium,

Figure 1.2.1-1 is a photograph of the experimental systea in

operation. The Alternate Central Receiver (ACR) Power System program
provided opportunity for extensive material compatibility testing. The
receiver SRE is shown being assembled on the CRIF tower elevator module
in Figure 1.2.1-2.




FPigure 1.2.1-1 Figure 1.2,1-2
CRSTPS Molten Salt/0il Storage SHRE 5-Mit Receiver SRE at CRIF, Albuguerque

1.2.2 Other Experience

The Technigaz thermal expansion liner design is used primarily for
cryogenic storage of liquified natural gas (LNG) in ships and in land
baged tanks. It has also been used in high-temperature chemical and
nuclear reactor applications. More LNG has been transported in ships
using the Technigaz membrane tanks than im any other contaimment
system. Table 1.2.2-1 listz the tanks using the patented Technigaz
membrane, all of which are still in operation. Molten salt storage
tanks would typically be from 6880 m? (223,000 ft3) in volume for
the TES gystem described in this proposal teo 21,000 w3 (750,000

ft3) for a large coamercial system.

Figure 1.2.2-1 is a2 photograph of the inside of a Technigaz-lined LNG
tank, The liner is a metal membrane with a series of uniquely folded
orthogonal corrugations to allow for thermal expansion and contraction
of the liner, The liner provides the necessary liquid tightness and
transfers the hydrostatic load to the insulating brick and the tank
shell. Thus the Technigaz system 1s ideally suited to contain the
molten salt for a solar thermal storage subsystem,




Table 1.2.]-1 Previous Morwin Mapiettz Aerosrace Holwem Sziv Soliy Fro_po~a

Program Results
— =
Central Receiver Solar Demongtrated chermal storage capability
Thermal Power System of Hitec sz2lt for szeunsible heat and
{CRSTPS) hydrocarbon 2il for latent heat and
condensgate sengible heat
Alternate Central Beceiver GCenerated 2 conceptual design for a
(ACR) Power System 300 Mie solar standalone plant using
Phase [ molten zalt for both working and storage
fluids
Alternate Central Beceiver Demonstrated Incoloy 800 suitable for
{ACR) Poupr System desiga temperatures up to 593°C
Phage II (1100°F) and carbon steel up to 399°C
{750°F).
Solar Central Becelver Use of molten salt storage lowers cost
Hybrid Power System of electricity as plant size increases.
Study Hecommends use of separate hot and cold

salt storage tanks.

Saguaro Powaer Plant Produced a preliminary design of the
Solar Repowering Project solar subsysteus to be uzed to repovwer
Phase I the Saguaro Power Plant (100 ¥We).
Internally Inculated Thermal %o available fibrous or bleck insulaticn
Storage System Development will gurvive molten salt enviromment for
Program (11TS3D) 30 years. Recommends thermal expansion
liner to protect inmer imsulation.
Saguaro Power Plaant Produced a preliminary design of the
Solar Repowering Project golar subsystem to be uwsed to repover
Phase II the Saguarc Power Plant (60MWe).
Conceptual Desgign of A Produced a counceptual design to provide
Solar Cogeneration Facility process heat for enhanced ¢il recovery

operations and electricity for distribution
by g utilicy.

Solar Desazlinizatiocn Pilot Produced a design to provide desalinated
Plant water through 2 multiple effects
disrillation process or indirectly by
generating electrical power for a reverse
osmoslis process.




Table 1.2.2-1 Tanks Now Lined with Technigaz Membrane

Capacity, Temperature,

Service,
w3 (££3) K °F) year
Ship Tanks

630 (22,250) 111 (-260) 1964
50,000 (1,766,000) 1971
75,000 (2,649,000) 1972
40,000 (1,413,000) 1973
75,000 (2,649,000) 1975
75,000 (2,649,000) 1973
75,000 (2,649,000) 1974

120,000 (4,238,000) 1975
75,000 (2,649,000) 1975
125,000 (4,414,000) 1976
125,000 (4,414,000) 1977
125,000 (4,414,000) 1978
125,000 (4,414,000) 1 1 1978
Land Storage*
- - 700 at 4 MPa (800 at 580 psi) 1964
8,000 (283,000) I11 (-260) 1972
14,000 (494,000) I11 (-260) 1972
*There are also several high-temperature land-based applications that are
classified and cannot be cited here.

Pigure 1.2.2-1
Technigaz Liner in Liquid Natural
Gag Tank




1.2.3 Molten Salt Storage Tank and Storage System

The purpose of this study was to determine the most cost effective
storage tank and thermal storage system using a parametric analyeisg of
design and econocmic factors. The resultz of this study are given in
Table 1.2.3-1 for storage tanks and Table 1.2.3-2 for storage systems.

Table 1.2.3-1 General Conclusions from Storage Tank Optimization

1. Cylindrical tanks are mocre economical tham spherical tanks.

2. The mechanical counstraints on the tank (maxizmum scil bearing
load, waxiwem tank hoop stress) tend to limit the optimum taak
geometry.

Table 1.2.3-2 General Conclusions from Storage Syetem Jptimization

1. The optimus tank coufiguratioa for each system ig the smallest
number of large tanks possible within the mechanical constraints
(s0il bearing load, tank hoop stress).

2. For small storage systemg where all the salt can be stored ln one
tank ( 4000 MWht), the dual-tank system ig the most economical.

3. For intermediate storage systems { 19,000 Muht), the dual-tank
system is recommended because the cost advantages of the
thermocline and cascade systeas do aot warrant the added
technical risk.

4, FPor large storage systems ( 15,000 Miht), the cost advantage of
the cascade system is attractive enough to eacourage a scluticn
to the thermal eycling problem. Im light of the current
information, though, a dual-tank system igs still reccamended.

Hote: A dual tank system uses ome or more tanks for cold salt storage
and one (or more) other tank(s) for hot salt. In a thermocline
system, the hot and cold salt is stored inm the same tank by using
density stratification to separate the differeant-teaperature
salts. A cascade system has three or more tanks, which are
alternately used for hot and cold salt storage, depending on
their respective quantities.

1.2.4 Tank Foundation Design

For the IITSSD program, we recommended a water-cooled slab as the tank
foundation for both the hot and cold tanmks. This prevents moisture in
the underlying soil from reaching the boiling point and eliminates the
need for a stainless steel bottom. An extensive literature search and
talks with several engineering consulting firms shows that there is
litele available data on soil properties at high temperatures, The
boiling of ground water has the potentfial of liftimg and cracking of
foundations. The industry practice is to either cool the foundation or
gupport the tank off the ground,

1-6




1.2.5

Table

Salt Chemistry Tests and Material Compatibilicy

During Phase I of the ACR program we performed tests on salt chemistry,
material compatibility and a molten salt flow loop. The results of
those tests are presented in Table 1.2.5-l.

1,2,5-1 ACR Phase 1 Teat Results

Salt Chemistry

The stability of molten salt is adequate for long-term solar use with
carbonate and hydroxide control (by either scrubbing or salt
regeneration).

Preliminary economic estimates of atmospheric scrubbing and salt
regeneration favor the scrubbing method of carbonate and hydroxide
control,

Mat

erials Tests

1800 and RA 330 are acceptable materials for long-term high-temperature
[up to 580°C (1076°F)] service. 316 and 316L may also be suitable,
pending further iavestigations.

Control of the carbon content of I-800 and RA330 may be necessary to
minimize posaible long~term structural degradation of these alloys.
(Particularly if sensitization is found to be detrimental to long-term
service behavior).

There were no salt-related detrimental effects on either the oxidation
behavior or the structural integrity of I-800 and RA330.

The carbon steels are suitable low-temperature molten salt containment
materials, up to 3%9°C (750°F).

The low alloy steel A387 (1 1/4 Cr - 1/2 Mo) appears to be a suitable
candidate for low-temperature gervice (up to 399°C) provided chloride
(C17) impurity levels in the molten salt are controlled.

Carbon steels appear to be a suitable iantersediate-temperature
contalnment wcterial 1f proper design allowances can be made for material
loss.

Holten Salt Flow Loop

There igs 1o evidence of material transport in a molten salt flow loop.

I-800 coupons exposed to flowing salt in the loop exhibited similar
welght gains at 566°C (1050°F) as those in the trace contaminants tests.
Coupons at 329°C (625°F) and 482°C (900°F) exhibited minor weight
changes., The largest changes occurred at 440°C (825°F), and accelerated
with time, but are well within acceptable limits.

1-7




1.2.6 Molten Salt Safety Report

1.3

Extensive data were gathered through both a literature search and
personal coatact with ifndustrial preducersz and users of molten salt to
determine the safety hazards, precautions, and procedures teo be
considered in operating a wolten salt solar central receiver power
system. The report was evaluated by Arizona Public Service Company and
Public Service Company of Colorado. 3oth utilities comcluded that
using molten salt im a solar central receiver power plant ig acceptable
to them, that uo wajor problems exist, that the report gives anm
adequate safety definition for moltem salt use, and that it forms the
basis for preparing utility operating procedures.,

STUDY SCORE
The scope of work for this study included the following eight tasks:

Task 1 - Review TES Subsystem Specificaticn

Task 2 - Critical~Component Development

Tagsk 3 - TES Subsystem Preliminary Design

Tagk 4 - Subzystem Research Experiment

Tagk 5 - Evaluation of SRE Results and Assezssment of TES Subsystenm
Task 6 - Program Plan

Task 7 - Baports and Data

Tazsk 8 - Program Management

Tagk 1 was completed prior to the Program Rickoff meeting, with a2
primary recommendation of increasing the Thermal Energy Storage (TES)
subaystem size to 1200 MWht. This recommendation was subsequently
adopted into the TES subsystem specification.

In Tagk 2, the following development testing was done;

1) Liner formability using Incoloy 800.

2) Liner element fatigue tests at ambient and 566°C (1030°F).

3) Hydrostatic test of a liner element.

4) Internal insulation testing including:

a) Compatibility with molten salt at use temperature under load.
b) Load tests at use temperature.

5) Design, build and test of a 1 ad tank using the selected liner
configurations, internal fusulation and method of liner of
attachment. The tank was loaded with molten salt at 566°C (1030°F)
and pressure cycled to simulate 30-year operating period.

Task 3 was done early in the program to assure that the development
work done in Tasks 2 and 4 addregsed the problems expected in a
commercial system as realistically as possible. Task 3 included a
preliminary design and optimization of a commercial system. This
included the selection of the hot tank liner configuration, internal
fnsulation material and thickness, method of attachmemt of the liner,
external insulation material and thickness and the cold tank external
insulation material and thickness.




The results of Tasks 2 and 3 were used in Task 4. For example, the SRE
tanks used the same liner (material, thickness, corrugations, etc)
method of attachment, iaternal and external insulation and thickness as
proposed for the commercial system. The SEE was tested under realistic
commercial conditions including operating temperatures, charge,
discharge, emergency shutdown and extended periods of no charge or
discharge.

In Task 5, we evaluated the SRE test results with emphasis on
determining the ifmpact on the commercial design. We also completed a
detailed assessment of the TES including a cost estimate and
recommendations for future designs.

Tasks 6, 7 & B were accomplished in the performance of the above
mentioned tasks.
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2.0

TES PRELIMINARY DESIGM AND ASSESSMENT

A thermal energy storage (TES) subsystem comsists of the following
major coaponents:

- Hot tank

- Hot sump and puap

- Cold tank

- Salt melter and reprocessor

- Assoclated piping and valves (heat-traced and insulated)
- Instrumentation and controls

The TES shown schematically ia Figure 2.0~1 {3 a dual tank system. The
hot tank is for storing the hot 566°C (1050°F) molten salt from the re-
ceiver. The cold tank stores the cold salr 288°C (550°F) from the
steam generator. A single working fluid, molten salt, is used for the
receiver, storage, and up to the steam generator. The solar receiver
control strategy 18 based on maintaining the hot salt outlet tempera-
ture by varying the flow rate through the receiver., This flow rate
will generally be different from the flow through the steam generator
thus the tanks will act as buffers in addition to storage. The salt
from the receiver can flow to either the hot or cold storage tanks.
This allows cold salt from receiver startup transients to be returned
to the cold tank.

The gas fired melter is used for initial £illing the system, salt
make-up, and adding energy to the tanks to prevent sgalt freezing in
periods of extended tanks to prevent salt freezing in periods of ex~
tended nonsolar days. Residual levels of the tanks allows weeks of
heat capacity prior to salt freezing. The reprocessor in the storage
gystem {3 included to recondition the salt by removing fampurities.
This storage system advantages include

= Low cost due to use of molten nitrate salt and internally {nsulated
hot tank with carbon steel shell.

= Decoupling of steam generating rate from short=term fluctuation in
golar insulation.

When compared to other storage system, cascade and thermocline (defined
Table 1.2.3-2) the dual tank system has the following advantages.

- Simplified overall plant flow control with a minimum of components,

= Hinimum themal cycling on a specific tank, pump, pipe, etc

2-1
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2.1

2.1.1

TRADE STUDIES

Critical to the commercial acceptance of the TES subsystem is the eco-
nomic development of the hot salt and cold salt storage tanks. Many
preliminary trade studies were performed on critical tank factors to
maximize TES cost effectiveness. As a result of the Thermal Storage
Tank Optimization study (see paragraph 1.2.3) a cylindrical tank was
chosen as the baseline configuration.

Trade studies were performed for the following factors:

- Insulation materials

- Tank height

- TES subsystea cost

Insulation Materials

Heat lost through storage tank external surfaces must be coapensated
for by adding heliostats to the collector field. Since the cost of
heat loss is taken as $1,536,000/MWt ($0.45 Btu/h) based on a heliostat
cost of t235/m2, it i3 extremely important that the tanks insulation

be optimized.

Four separate types of insulation are used in the hot tank. The inter-
nal hot tank wall insulation {3 an insulating firebrick. The internal

insulation used on top of the hot tank is a common fibrous insulation.

The hot tank slso has external insulation consisting of board or block

type ian the top, fibrous on the sides and a castable on the hottom.

2.1.1.1 Internal Insulation - The most important conclusion of the
IITSSD program (see paragraph 1.2.1) is that no commercilally produced
fibrous or block insulation material will gurvive the molten salt envi-
ronment for the 30-year life expected of the system. Consequently, a
thermal expansion liner used to protect the internal insulation i3 used
in the storage system. Analysis has shown that the cost of the liner
is more than compensated for by increased efficiency due to lower ther-
wal conductivity of dry imsulating bricks as opposed to salt saturated
bricks. A goal of this program is to use carbon steel as the primary
load carrying shell of the tank. A nominal degign temperature of 288°C
(550°F) was selected for the steel shell to prevent any structural deg-
radation. The shell temperatures are achieved by balancing the inter-
nal and external insulation materials and thicknesses. This parameter
is the determining factor for internal finsulation thickness in the hot
tank. The gize of the storage tank has no impact on the thickness or
type of imsulation material.

The desired characteristics of the internal insulation material are as
follows:
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- Low Imstalled Cost

~ Low Thermal Conductivity

- High Load Bearing Capability

- 30-Year Service Life

- Existing Commercially Available Product

- Compatible with Molten Salt if Lirer Leaks
- Honabrasive to Liner amd Shell

0f the four types of insulating materisls investigated, only insulating
fivebrick was found to have adequate load bearing capability for inter-
aal uge. Ten commercial varieties of insulting firebrick were investi-
gated. Table 2.1.1-1 lists the candidates and their critical parame-
ters., The cost per unit thermal resistance {(R) i{ig a ratis of material
cost and thermal resistance ar 3%99°C (73Q°F). Material costs are haged
on quotes or costs adjusted from previous studies.

Tabile 2.1.1-1 Properties of Iraulating Brick Candidates

Mazimum Service Installed Cold Crush

Material Temperature, °C (°F) § Brick Cosz, 3/R Strength MPa, psi
Krilice 30 - - 2.880 - -
Krilite 55 | 1427 (2600) 15,120 =17 (®2500)
JH 20SL 1097 {2000} 2.26% 0,793 (115}
JH 23SL 1257  (2300) 2.5371 0,931 (135
Jv €2228L | 1097 {2000} 2.85%9 2.28 {330}
J¥ 23 1367 (2500) 3.569 1.24 {180)
o 28 1527  (2800) 5.694 2.07 {300}

Board type insulation was briefly considered. This insulation has ade-
quate compressive strength whea dry, but testing indicates that when

the material iz gsaturated with moclten salet it loges all itz compresgive
gtrength. Any leaksge in the tanks liner would lead to locallzed lnsu-

lation collapse and potential liner rupture.

In addition, candidate bricks were subjected to strength tests at ele-
vated temperatures and tests in molten salt.

Cost tradeoffs were performed for each candidate brick. An exaaple i3
illustrated in Figure 2.1.1-l. Johne Manvilla C22Z5L insulating fire-
brick was chosen based on lowest cost per unit area of tank wall iasu-
lation.
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Pigure 2.1.1-1 Optimized Insulation Design Methodology

The greater the brick thickness, the less the heat loss from the tank
and, therefore, the less the cost of the solar collector system (prin-
cipally helicstats) required to make up for the lost energy. Our shell
temperature design criteria is 288°C (550°F). This design temperature
was selected because it is below both the API aud ASME maximum code
values, and because it results in a thermal expansion of the hot tank
shell less than (ot equal to) that of the cold tank shell. The API
code derates the shell material strength at temperatures exceeding
343°C (650°F). The shell temperature limit allows a margin of 56°C
(100°F) using the full strength of the material. A liner leak will
increase the shell temperature but at a slow enocugh rate that external

i{nsslation may be removed to maintain the tank shell below 343°C
{650°F).

It can be seen from Figure 2,.1.1-1 that the brick thickness for minimum
total cost is 0.389 m (15.3 in.). In view of the fact that brick only
comes in discrete thicknesses, and that the total cost curve is so

- flat, we selected a design thickness of 0.343 m (13-1/2 in.). This
allows the use of two layers of etandard 22.%m x ll.4cm x 6.35cm (9 x
4-1/2 x 2-1/2 in.) size brick. This brick has undergone extensive

. testing duriog this program, including over 4000 hours in molten salt,
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crugsh streogth tests, creep tests, and fatiguc tests, all conducted at
566°C (L050°F). All of these test results indicate that this particu—
lar brick will be entirely satisfactory for this application. The
brick will be installed using mortar and thermal expansion jecints every
few feet in both directions. Metal shelves will be used to support the
brick on the vertical walls. On both the walls and the floor, the
liner is attached to the steel shell with rods (called anchor pieces)
which penetrate the brick. Thus, the limer, brick, and ghell are in-
timately coupled both wmechanically and thermally.

The mortaring of the bricks is desirable because it results in a stable
surface which can be smoothed. A wobbly uneven surface is detrimental
to the liner. A slurry mortar im which the bricks can be dipped was
selected. A compatibility test of mortare im molten salt resulted in
the selection of Zelie mertar manufactured by Johus Manville., The
bondline eventually cracked when in the molten salt but no swelling
occurred. The mortar will survive a salt leak for months without di-
gsagstrous results.

The uge of larger brick sfzes for the tank internal insulation was also
investigated. Johng Manville Zelle Jumboc insulating firebrick, the
game composition as JM C222SL ig available im 11, 12, 13-1/2 and 18
inch sizes. Economic evaluation of these candidates ifndicates anm in-
stalled cost increase of 24% to 30% compared to the standard 9 loch
brick aize and wag subsequently eliminated from consideration.

The only other faternal imsulation required for the hot taenk is im-
stalled at the top where there is nc opportunmity for degradation by
molten salts. Consequeatly, an inexpensive, commercially avalilable,
fibrous insulating material was chosen. The three candidates consid-
ered are shown im Table 2.1.1-2. The thermal conductivity (K) of these
materials all fall within a rather narrow range. Therefore, Flexwhite
1260 was chosen hased on slightly lower K and lower material costs. Ne
gignificant installaticn cost differences occur for anmy of the candi-
date fibrous insulating materials.

Table 2.1.1=8 Fibrous Insulating Material Candidates

Material (MFG) K in. W/a="C (Btu/k-fc="F)
Duraback (Carborundum) 3.073 (0.042)
Cerawool (Johns Manville) 0.059 {(0.034)
Flexwhite 1260 (Holmes) 0.055 {0.032)

2.1.1.2 Extermal Insulation - In order to minimize heat loss from the
tank and retainm 2 28B°C (550°F) temperature of the external steel
shell, the external surfaces of the tank are insulated. The top of the
tank was insulated with a rigid block type insulatica to permit access
of test and maintenance personnel. Twe primary candidates emerged on
the gsearch for block type external insulation.
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2.1.2

Duraboard is an alumina-silfca coapositioa board with a thermal conduc-
tivity of 0.087W/m-h-°C (0.05 Btu/h-ft-°F) at 288°C (550°F). The other
block insulation candidate was Holmes 1212 with a thermal conductivity
of 0.049 W/m-h~-°C (0.028 Btu/ft-h-°F). Based on thermal conductivity
and insulation material costs, Holmes 1212 was selected as the tank top
ingulation.

A castable insulating material is used on the tank bottom to minimize
heat loses into the water cooled foundations. The three castable
materials investigated are vermiculite concrete and two Johus Manville
castable insulations; JM 2100 and JM 2800.

Vermiculite concrete was eliminated from congsideration due to the
amount of testing and quality control of vermiculite/concrete ratio
required to maintain consistent thermal conductivity values. Of the
two JM materials, JM 2100 was selected as the most cost effective
candidate, when congidering thermal counductivity, materiszl cost and
dimensional stability at high temperature. Thermal conductivity of the
JM 2100 is 0.25 W/m~h-°C (0.143 Btu/ft-h~°F) at 316°C (600°F). No
measurable shrinkage of the material at 243°C (550°F) could be detected
and it's cold crush strength is 3.45 MPa (500 psi).

Height of Molten Storage Tank

In general, large storage tanks are more cost effective per unit energy
stored than smaller ounes due to the reduced area to volume ratio.

There are, of course, practical limits to how large a single tank can
be. Maximum tank height is generally limited by the allowable
soil-bearing strength, unless special foundations are used. We have
ugsed a typical value of 0.24 MPa (5000 psf) for this study. Tank
height can also be limited by the ability of che liner to withstand the
salt pressure; this is currently assessed at 0.3 MPa (43.5 psi) which
corregponds to a salt height of 17.7 m (58.1 ft). Haximum tank
diameter is generally limited by the maximum permissible shell
thickness. Large diameter tanks which exceed 3.8 ca (1.5 in) wall
thickness are required under API code to have post weld heat treatment,
which 1s prohikitively expensive.

This limits tank diameter to 40-46 m (130-150 ft). Cost optimization
studles on the hot tank configuration (i.e., height-to~diameter ratio)
show that for 1200 MWhy capacity, the tank height for precisely
aininum cost 1s 24,5 @ (80.3 ft) (see Fig. 2.1.2-1). However, these
same studies also show that the cost curve is rather flat, and so the
Cost penalty for 13.4 m (44 ft) height limitatioas imposed by the soil ]
bearing etress allowable is only about 3% of the total TES cost.

2-7
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Figure 2.1.2=1 Hot Tank Hetght Optimiaation Fop 1200 Mwht Storage Capaeity

2,1.3 Themmal Energy Subsystem Cost Trades

Barly in the program a parametric study was performed on Thermal Energy
Storage subeyetem cost and perforasnce, The preliminary TES
specification set cthermal storage capacity of the subsystem at 375 MiWhe
and this value was used in the cost trades. The gstudy was later
increased to 1200 MWht of storage as Lt was conasidered a wove realistic
gize system.

VYariables in the study included the type of iaternal fasulation
saterial and the rate of heat loss from the tank. Insulation types
investigated were Krilite 30 and Keilite 55 insulatimg firebrick which
have thermal conductivities of 0.73 W/m-°C (0.42 Bru/fr-h-"F) and 0.847
W/e-°C (0.50 Btu/fr~h-"F) respectively. Hear losas ratios of 2.8°C/day
(5°P/day), 5.6°C/day (10°F/day) and B.3°C/day (15°F/day) were studied.

The ground rules used to perform the trade study vere as follows:

a) Allowable soil bearing stremgth = 0.24 MPa (5000 pef)
b} Intermal ingulation prices as of June 1980

¢) Minimem salt heighe 13 0.3 = (1L fe)

d) Minimum ullage gas height 12 0.3 =& (1 ft)



2.2

Analysis of TES costs for varying thermal storage capacities was
performed for both types of internal insulating firebrick. The results
which are shown in Figure 2.1.3-1 clearly indicate that Krilite 30 is
the most cost effective of the two insulating firebricks, regardless of
which heat logs rate is chosen.

To estimate the thermal performance of the molten salt storage tanks,
various operational scenariocs are used, the most common being the
“normal day” with six hours of charging and discharging, the "good day”
with 14 hours, and the solar outage where the system 1s charged to a
certain level and held there for several weeks.

Based on the salt bulk temperatures analytically predicted for days of
poor and good solar insulation shown in Figure 2.1.3-2, an overall
thermal storage efficiency can be determined (see Fig. 2.1.3-4). 1In
the gsolar insulation scenario depicted in Figure 2.1.3-2, the solar
plant provides salt iato the tanks at a variable flow rate but constant
temperature (566°C/1050°F) until the tank is full. The tank is then
discharged at a constant rate until it iz "empty”. Figure 2.1,3-3
shows the charge and discharge of the storage tank consistent with the
temperature profiles shown in Figure 2.1.3-2., The tank is never coum-
pletely eampty in our design approach, since a small amount of molten
salt is left in the tamk at all times to reduce thermal cycling, avoid
air entrapment in the pipes and preclude freezimg of the salt during
long periods of low solar insulation. It cam be seen that thermal
storage efficiency is maintained at a high percentage even under a poor
golar day scenario. Since the heat loss was based on a given tempera-
ture drop (a percentage of the total heat capacity) the results apply
to systems of any size.

TES REQUIREMENTS

The requirements of the TES subsystem were set forth in the TES Techni-
cal Specification prepared by Sandia National Laboratories Livermore.
The primary elements of the specification are listed in Table 2.2-1.

In addition the following TES parameters were specified which were
consideraed typical for a standard solar application.

o Earthquake: UBC Zone 2
0 HMax Wind: 40 m/s (90 mph) at 10m (32.8 ft) height
0 Ambient Temperature: =-29°C to 36°C (-20°F to +96°F)

6 Peak Solar Flux: 978 W/mZ (310 Btu/ft2h) horizontal surface
552 W/m2 (175 Btu/ft2h) vertical surface

o Allowable Soil Bearing Strength: .24 MPa (5000 1b/ft2)



25~
' AT
- Curve At ref
. | 1 2.8°C/Dsy (5°F/Day)
Ezo 2 5.6°C/Day (10°F/Day)
= 3 8.3°C/Day (15°F/Day)
s f
@
a
Q
@ " - 344°C (6530°F) Shell Temperature
13 . !.l - Bricks in Moltenm Salt
15 jun
X Krilite 30 Brick
10 L e B [ PR 1
0 1000 2000 3000 L0040
Thermal Storage Capacity, MWHE
25
(]
20
E
S 3
@
u. o~
@
[=] o
[&]
177} o
8
15 Krilite 55 Brick
10 i 4 I .z
1] 1000 2000 3000 &000

Thermal Storage Capacity, Mt

Figure 2.1.3-1 TES Cost va Capacity for Parametric Deasigne

2-10



Temperature, °F

375 M@ht
Hot Tank
1050°F Inlet Temp

1 340G

- 520

3
s
(o]
o

480

Temperature, °C

800
0

1050

1000

Temperature, °F

850 |~

800

9 12 13 18 21 24/0 3 6 9

Time, h

2 35.6°C/Day (10°F/Day)
3 8.3°C/Day (15°F/Day)

N I I N R A

9 i2 15 18 21 2%/0 3 6 9

Time, h

Pigure 2.1.3-2 Salt Bulk Temperature Histories for Parametric Designs

2-11

540
Poor Solar Day
Scenario
520
3]
[
500 8
ar 2
Curve At ref o
2
1 2.8°C/bay (5°F/Day) 480 8
=



Good Solar Day
Actual Charge = 1730 Miht Daily Charge
= —= —— Ideal Discharge - 1730 Miht Daily Discharge
= 375 Meht Capacity
150~ - 8.2 h Creranight Storege
Time
o
% 100
=
50 Vo
9 " Y ‘g{ﬁz I |
0 6 12 18 24
200 — Time (k)
Poor Solar Day
Actual Charge - 375 %iht Daily Charge
= == = — ldeal Discharge = 375 ¥Kht Daily Discharge
150 p— - 375 wht Capacity
= 14 h Overnight Storage
Time
m
15, 100
o
50 b=
0 3 L 1] | L ] i £ £ 3 ] L _i
a 6 24

Time (h)
Figure 2.1.3-3 Charge/liecharge Histories for Parametic Designs

2-12




Poor Day = 375 Mmac Good Day

Average Discharge Temperature, °C

Scenaric - Hot Tank Scenario
' 100~ oTJL050 565
=
g9i— 1045 i..':
2
ve 2.8°C/Day (5°F/Day) b
g —560
~ - 10409
gesr- 5.6°C/Day (10°F/Day) =
g -
[ =
4 3
ot 5
Y. 1035 &
8.3°C/Day (15°F/Day) °
7]
5 =4555
96— Q ~{1030 ¢
EFF = —8€ 100 <
In
95 1 ! ] i 1025
0 1 2 3 4 5
. Qbaily Charge
QCapacity
, Figure 2.1.3-4 Thermal Storage Efficiency for Parametric Lesizms

2.3

Por liner design purposes, values of the maximum salt pressure and
temperature varistions are required. These were specified as:

- Salt Pressure: 0-0.3 mpa (0-43.5 psig) daily for 30 years (10,930
ecycles)

- Salt Temperature: 427-566°C (800-1050°F) daily for 30 years
(10,950 cycles)
Ambient-566°C (1050°F) five times per year
for 30 year:z (150 cycles)

These variations are somewhat larger than the normal expected operating
enviromment, and therefore are congservative.

The entire TES specification is included in Appendixz A.

TES DESIGH

Under Task 3 of this contract, a preliminary desigan of a commercial
size TES was developed., The design was developed in sufficient detail

to clearly show the concept and to allow reliable cost estimates to be
obtained.
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Table 2.2-1 TES Subsystem Technical Specification

Description Specification
Storage Media Holten Salt (60 Percent HNalQ3/40% K4
‘ by Weight), Cp = 0.366 Calorie/Gr-°C
(Btu/lb~"F)
Tankage Configuration Bual Tamks (Hot and Cold)
Hot Tank Insulatiom Iaternal and External
Cold Tank Insulation External
Power Plant Rating, Gross 120 Mue
Electrical Power Generation &0%
Subsystem Efficiency
Storage Capacicy 4 Hours at 120 Muhe (1200 MWhe)
Maxieum Charge Rate 480 it
Minimum Charge Rate 48 MWt
Maximum Discharge Rate 300 Muc
Minimum Discharge %ate 30 e
Maximum Heat logs Rate 1.50 M¥c
Haot Tank
Maximug Heat Losgs Rate 1.50 MWt
Cold Tank

Maximum Tewperature Drop for |8.3°C/day (L5°F/day)
Full Hot Tank

Maximum Temperature Drop for |8.3°C/day (15°F/day)
Full Cold Tank

2.3.1 Systeam Schematic

A schematic of a commercial size TES is shown In Figure 2.3.1-1. This
figure also shows how the TES interfaces with the rest of a solar ther-
szl central receiver (STCR) plant. HNote, however, thar such items as
the steam generator subsystem and the receiver subgystem are not & part
of the TES subsystem, even though they are intimately coupled with it.
Normal operation {gs asfollows. Cold salt at 288°C (550°F) is pumped up
the tower and through the receiver where it is heated to 566°C (1050°C)
by solar energy. The hot salt then flows fnto the hot tank where it is
stored for subsequent use. When steam is required, salt is pumped from
the hot tank through the steam gemerator. The galt exits the steaa
generator at 288°C (550°F) and flows into the cold tank. This approach

2-14




is somewhat different than other approaches which charge the storage

gystem only with “excess” solar energy from the receiver subeystem

(i.e., most of the receiver output goes directly to the steam genera-

tor, and only the “excess” goes to storage to be used later in the day

when the receiver output is low). Advantages of this TES subsystem are:

a) Dynamic separation of the steam generator and the recelver to eliam-
inate steasm generator fnput varfation due to solar insulation vari-
ation.

b) Minimize temperature decrease due to heat loss in the hot and cold
tanks.

Qur approach has the advantage of minimizing control, piping and valv-
ing complexities and thus increasing reliability aud reducing cost.
This approach does require that each tank have the capability not only
for charge alone and discharge alone, but also simultaneous charge amd
discharge (and generally at different rates).
The major coaponeants of the TES are:
1} Hot and cold storage tanks
2) Insulation
3) Storage related salt pumps
4) Piplog ia storage area
5) Tank foundations and diking
6) Cooling systems
7) Trace heating
8) Storage instrumentation and control
9) Salt mixing and meltdown equipment
10) Molten salt inventory
a) Working salt
b) Hot tank residual salt

c) Cold tank resi{dual salt

d) Storage area piping salt

2-15
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2.3.2

The level of salt in each tank can vary from full to empty each day.
Thus, there is a time varying pressure load on the walls and bottom of
each tank. There is also a daily variation on salt temperature. In
order to reduce this varlation, and to avoid lines going dry, a small
amount of salt is always left in the tank--this is called residuval
gsalt. The term “"working salt® denotes that salt (over and beyond the
residual salt) which is used for energy storage.

Salt

The salt used for this system is a mixture of 60% NaNO3 and 40%
KMO; by weight. This salt has a freezing point of approximately
221°C (430°F). In order to be able to store a2 nominal 1200 MWh, of
energy using sensible heat between the limits of 288°C (550°F) and
$66°C (1050°F), the weight of the workingz salt must be:

Wys = __Q = 1200 x 3.413 x 106
CpoT 0.366 x 500

or Wye = 10,151,500 Kg (22,380,000 1b).

Residual zalt hefght inm each tank is currently taken as 4lca (16 in.)
as this gives an acceptable daily temperature variation and is adequate
to avold dry lines. This results in 331,000 Kg (729,000 1b) for the
hot tank and 387,400 Kg (854,000 1b) for the cold tank based on the
tank IDs given in subsequent sections. The tank volumes are sized so
that all the salt can be stored ia either tank to aliow repair upon the
other tank.

Thus, the total amount of salt required for the tanks is 10,869,000 Kg
(23,963,000 1b), The amount of salt required for the piping and sumps
vithin the TES subsystem has not been determined, but it should be very
gmall compared to the amount required for the tanks.

& specification of the salt purlity which was prepared for the SRE is
listed bhelow:

Separate Mixed
Pure KNO, 98.1% min 39.2 + 5%
Pure NaNQ3 99.3%Z min 59.6 + 3%

Maximum allowable trace elements by percent weight are as follows:

cl 0.30
59; 0.23
€03 0.11
Alkali 0.10
OH 0.2%
Hy0 0.50
Al)Qq 0.03
Ca 0.03
510, 0.02
Pe 0.01
Insoluble 0.10
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2.3.3

The salts may be premized at the suppliers factory, or they may be
mixed at the TES site prior to loading the system with molten salt.

Hot Tank

Figure 2.3.3-1 shows the TES hot tank comcept. The tank ig 2 cylinder
with a domed top and a flat suspended liner ceiling. The tank volume
was 6,220 u3 (219,600 £e3), Preliminary cost aptimization studies
show an optimum szalt height of slightly over 22.9 m (75 f£t) but this
would result im a soll bearing pressure inm excess of the allowable.
The mazimum salt height (workinmg plug residual) which is compatible
with the azsumed 0.24MPa (5000 lhlftz} soil sgtrength Is 13.2 43 fe
4 in.) (based om a hot salt deusity of 1728. Kg/e” (107.9 1lb/fr”)

and fncluding the weight of the tank.

Uliage Veat

Hasay g e
attic
V77 777770720777 sheach

External ”~Va s
Insulation ’ ﬁﬁ

’: e Shell

‘ tUilage Cas ﬁ

g A

Z 2
Internal s ~
Insulation ’ Liney

1

Z Z
Castable i
Ingulation 5 , 4

waaz' Cooled (omerete Foumdstion

FPigure 2.3.3-1 TES Hot Tank Concert

The liner inside diameter is 24.5 w (80 ft 4 in.}. The liner imside
height from the bottom to the flat deck is 4.6 m (47 fr 1l im.). This
allows for 0.4 m (16 in.) residual salt height, 12.8 w (42 ft O ia.)
working salt hefight and 1.4 m (& ft 7 im.} ullage space. The ullage
space i3 large to allow for the accordion piece which joins the liuner
side wall to the flat deck (or suspended deck) ceiling im a gentle
curve., The maxisum salt height will remain below the welded joint of
the accordion piece to the liner.
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The shell ID is 25.2 m (82 ft 7 in.) (limer ID plus twice the brick
thickness). The thell inside wall height is 15.8 m (51 ft 10 in.);
14.6 m (47 ftr 11 in.) inside liner height plus 0.33 m (13-1/2 in.)
bottem brick plus 0.5 m (20 in.) top internal insulation plus “attic”

space.

The key hot tank dimensions are summarized below:

Liner

Inside diameter 24,5 m (80 ft & in.)

Ingide height 4.6 m (47 £t 11 im.)
Shell

Ingide diameter 25.2 m (82 £t 7 in.)

Inside height 15.8 m (51 £t 10 in.)
Salt

Max working salt height 12.8 m (42 ft 0 in.)

Regidual salt height 0.4 mw (16 in.)

Max salt hefght 13.2 @ (43 ft 7 {n.)
Ullage Space

Min ullage height l.be (&4 ££ 7 in.)

The hot tank is big enough that if the cold tank had to he shut down
for repair, the hot tank could safely hold all of the salt for a rea-
sonable period of time.

Incoloy 800 has good corrosion resistance and strength at elevated tem-
perature and 13 formable into the liner shape. JM C22ZSL brick has low
thermal conductivity, high strength, low cost and is compatible with
molten salt i{f the liner should develop a leak. The foll keeps the
brick from scratching the ingide of the liner which could reduce fa-
tigue life, The external insulation is sized to keep the shell at
288°C (550°F) under the design "hot day" conditicns (tank full of 566°C
(1050°F) salt, 36°C (96°F) ambient temperature, no wind, full solar).
The sheathing serves to weather—proof the insulation and prevent air
infiltraticn and the white coating winimizes shell temperature varia-
tiong due to diurnal solar flux variations.

The liner corrugation shape is of the standard Technigaz shspe used in
LRG applications. The lirer pitch (i.e., distance between adjacent
corrugations) iz 34.0 cm (13.4 in.) betwaen large corrugations, and
24.0 cm (9.45 in.) between small corrugations. On the side wall, the
large corrugations run circumferentially in parallel horizontal planes
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and the small corrugations ruam vertically. Oa the floor, the large
corrugations run radially, and the small corrugations runm circumfer-
entially. The liner "angle pieces” (i.e., the small right angle pieces
that go ia the corner of the tank) are fabricated to account for the
change in liner corrugation size coming verticaily down the wall into
radial limes oa the bortom.

The liner for the sidewall and bottom is made of Incoloy 800 and is
1.27 am (0.050 in.) thick. This is the nearest U.S. gauge to the 1.20
mm (0.047 in.) gauge customarily used by Technigaz in previous LNG ap-
plications. To reduce cost, the Liner ceilimg will be a flat, sus-~
pended deck with accordion pieces at the tank walls. Also to reduce
cost, the liner ceiling is 304 stainless steel since its corrvcsiom and
strength properties are adeguate for this part of the liner. ERach
liner sheet on the side walls and bottom will be anchored to the shell
via “anchor pleces”, and "heavy angles” will be used on the bottom cor-
ner.

The bricks are installed using standard technigues including mortatr and
vertical and horizontal expansion joints (stuffed with refractory fi-
ber). The bricks are supported on the sidewall using carboan steel
shelves 22.9 ca (9 in.) wide located every 1.%4 m (5.36 £t) in height.
The sidewall has two layers of brick, the outer layer conasisting of
straights and arches runniag vertically with a 11.4 cm (4=1/2 in.)
thickness. The fianer layer consists of keys and straights laying flat
with 22.9 cm (9 in.) thickness. The floor also has two layers, 22.9 cm
(% ia.) vertical brick over 11.4 ca (4-1/2 in.) brick on edge (all
straights). The mortaring of the bricks is done by dipping which re-
sults in a very thin bond line. This is more economical and {8 more
compatible with molten salt ghould a leak occur.

The external fmsulation on the sidewall consists of fibrous batts and
is installed using 3.8 cm (1-1/2 in.) insulation rings arcund the out-
gide of the shell and bands. The roof uses block insulation and bond-
ing. The top and sides are protected with weatherproof aluminum
sheathing. The external ingulation on the bottom is castable poured
over the concrete foundaticn (the latter has a 1lip arcund 1its outer
edges to contain the castable).

The foundation i3 a standard concrete type compatible with both the
welight of the tank and salt and the 0.3 mpa {5000 psf) soil bearing
strength. The foundation will be water cooled uging 25.4 am (1 in.)
pipe located on 30.5 cm (1 ft) centers, with the tops of the pipe being
38 mm (1-1/2 in.) below the upper surfaces of the concrete. A4 mixture
of 407 ethylene glycol, 60% water will be used to prevent freezing dur-
ing construction or amy shutdown periocd. The coclant temperature will
be maintaioed slightly less than the boiling point of water.

The dimensional tolerances, welding requirements and all other quality
parameters have not been defined fin detail specifically for a TES size
tank, but the SRE experience will provide all the guidelines necessary

for obtaining TISE cost estimates.
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The salt inlet to the hot tank will consist of a single pipe coming

over the roof into the center, and vertically downwards.
minate some distance above the bottom in a “tee”.
cated in the center of the bottom.

above

the outlet.

It will ter-
The outlet 1s lo-

&n anti-vortex device 1is located
The outlat pipe will be carried vertically downwards

through the brick, shell, castable and into the concrete where there

will be a 90° elbow.

The outlet pipe will be carried out of the foun-

dation through a tunnel large emough to allow for maintenance and re-~
These center located inlets and outlets minimize any tank prob-
lems asgsociated with thermal expansions near the outer edges of the

pair.

tank.

All liner penetrations must be sealed by welding to the liner so

that no salt can leak out and degrade the insulation.

The selected control for the
the water vapor and carbon dioxide removed.

tank ullage gagses ig the use of air with
A sieve material which can

be regenerated is selected as the method of scrubbing the water and

carbon dioxide froam the incoming air.

The selected system requires a

low pressure drop across the scrubber with added safety overpressure
devices to achieve a very small pressure across the tank shell.

The key materials and thicknesses for the hot tank are listed in Table
2.3.3-1.

Table 2.3.3-1 Hot Tank Materials and Thicknesses

Component {Tank Side Tank Top Tank Bottom
Liner Incoloy 800 1.27 mm {304 Stainless Incoloy 800
(0.050 1in.) 1.27 mm (0.050 in.) 1.27 am (0.050 in.)
Foil 304 Stainless H/A 304 Stainless
0.25 em (0,010 in.) 0.25 am (0.010 1in,)
Internal |[JM C22ZSL Brick Holmes Flexwhite JM C22ZSL Brick
Insulation|34.3 cm (13-=L/2 1in.)|1260 50.8 cm 34.3 em (13=1/2 1in.)
with Zelie Mortar (10 in.) with Zelie Mortar
Shell A516 Grade 70 Carbon|A516 Grade 70 Carbon | A516 Grade 70 Carben
Steel Steel Steel
Externzl |Holmes Flexwhite Holmes 1212 Block JM 2100 Castable
Insulation]1260 5.1 cm (2 in.) [15.2 cm (6 in.) 25.4 cm (10 in.)
Sheathing jAluminum with White Aluminue with White | N/A
Insulation|Coating Coating

These materials and thicknesses were selected based upon minimum cost and com-
patibility with the hot salt environment.
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2.3.4 Cold Tank

The cold tank is a carbon steel shell with external {nsulatiocn (see
Fig. 2.3.4~1). It uses the same waterial as the hot tank, but with
differences in dimensicus. The shell ID is kept the same as the hot
tank to reduce shell fabrication costs. However, the cold tank shell
is shorter thaan the hot tamnk shell due o a lack of internal insuls-
tion, higher salt density 1914. Kg/m3 (119.5 1b/ft3), no attic and
reduced ullage space (since there are no linmer accordion pieces im the
cold tank).

A summary of the key tank dimensions 13 given below:

Shell
Ingide diameter 25.2 m (B2 fr 7 in.)
Ingide height 12.2 m (&0 £t O in.)
Salt
Max working salt height 10.9 = (35 £t 11 in.)
Besidual salt height 0.4 m (16 {iun.)
Max salt height 11.6 & €37 fr 3 in.)
Ullage Space
Min vllage height 0.86 » (2 f£ 2 im.)
vllage Vent
Hampay
Sheath /!
/| /
/4 Ullage Gas /4'“ ?:;:i::iﬁﬁ
Shell—— 7‘!”_____,______...__\_' e ;
/ cae a
/|
/| /]
/]
Castable :
Insulation Al

oundeticn

Water Cooled

Figure 2.3.4-1 ZTES Cold Tank Conecept
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The cold tank is big enough to hold all of the salt from both the hot
and cold tanks in the event the hot tank must be shut down for repair.

The key materials used in the cold tank are the same as their counter-
parts in the hot tank, but the insulation thicknesses are greater be-
cause external insulation is much cheaper than internal insulation, so
the cold tank cost optimization tradeoff results im relatively more in-
sulation and less heat loss. This has the added advantage of increased
freeze protection in the cold tank (relative to the hot tanks) where
this could be more of a problem., The materials and thicknesses are
summarized in Table 2.3.4-1.

Table 2.3.4-1 Cold Tank Materials and Thicknessges

Component | Tank Side Tank Top Tank Bottom
Shell 4516 Grade 70 Carbon | A516 Grade 70 Carbon | AS516 Grade 70 Carbon
Steel Steel Steel
External Holmes Flexwhite Holmes 1212 Block JM 2100 Castable
Insulation | 1260 38 cm (15 in.) 38 cm (15 in.) 38 cm (15 in.)
Sheathing | Aluminum with White | Aluminum with White N/A
Coating Coating

The insulation attachmentz and the water cooled foundation are the same as
for the hot tank (except for the already noted dimensional differ~ ences).

2.3.5 Control Systeam

The coatrol system for the thermal storage system is relatively simple;
ag shown in Figure 2.3.5-1, six automatic control loops are required in
addition to on-off fumctions for pumps, valves, trace heaters and the
salt melter.

During steady state operations, galt is supplied to the receiver from
the cold salt suap (valve #08) and to the steam generation subsystem
froa the hot salt sump (valve #07), Salt returning from the tower is
steered into either the hot or cold salt tanks depending on its temper-
ature. These valves are also used to maintain the salt level in the
hot salt collection tank at the outlet of the receiver.

The salt level in each sump is controlled using valve #03, for hot salt
and valve #04 for cold salt. In each case, valves #03, #04 rely on
gravity head to feed each sump.

In an integrated solar thermal plant using a distributed digital con-
trol system, control of the thermal storage system will be integrated
with the control of the receiver, steam generator and the rest of the
plant. The integrated control system will include operator coatrol
stations (CRT Termimals) in the coatrol rooca, microprocessor-hased con-
trollers, printers, loggers, data storage equipment and interconnecting
data highways and wiring. This digical control equipment will inter-
face electrically with the transducers, valves and pumps of the thermal
storage system and other subsystem in the plant.
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Figure 2.3.5-1 Thewmal Storage Control System

The microprocessor—baged controllers «i{ll be installed in equipment
racks that may be located in the control building or inm vhe vicinity of
the equipment being countrolled. In either case, the controllers for
the thermal storage system will probably be located in & rack that ip-
cludes controllers for other subsystems, such as the steam generation
system.

Depending ca the supplier of the digital control system hardware, a

single microprocessor-based coutroller may be used to control beth the
stesm generation subsystem and the thermal storage subsystem, or dedi-
cated controllers may be used for each of the fndividual countrol loops.

Assuming that 2 distributed digital comtrol system is included in the
plant for controlling the receiver and the steaz generator {both of
which require more complex controls tham the thermal storage subsys~
tem), the cost of the additional iaput/output cards and coatrollers for
the storage system is estimated to be no =ore than $20,000.

Other Egulipment

Reference to the TES subsystem schematic (Fig. 2.0-1) shows that in a
typical application the following components are alsoc required:
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2.4

a) Piping* e. Salt melter

b) Valves*® £f. Salt reprocessor
¢} Pumps g. Instrumentation
d} Sumps®

*Including trace heating and insulation.

TES COST ANALYSES

The objective of this study was to develop a cost estimate for the com-
mercial size Thermal Energy Storage System described in Section 2.3 of
this report. The ground rules for the estimate are given below:

a) This is an estimate, not a firm fixed price bid. While vendor
quotes were highly desirable for the major cost items (e.g. tamk
shells) they are not mandatory for all items. Judgement and expe-
rience (including the SRE) was used where appropriate.

5) Tucson, Arizona was assumed as the site.

¢) Current dollars (1982 §) were used i.e., cost if plant were to be
built today.

d) It was assumed this is the first plant,

e) The SRE data was used carefully, as much of it should be an upper
bound for a big tank (e.g., manhours to install 1000 brick).

The major components of the TES which were costed separately are listed
below.

Hot Tank

Cold Tank

Site Preparation
Supporting Equipment

Salt

Operations and Maintenance

For each item, the following cost factors were considered:

Raw material
Shop fabrication (if required)

Shipping
Construction labor to erect

All overhead, G&A, profit, engineering costs, and construction manage-~
ment costs were included in the estimates go that the bottom line rep-
regents the estimated price that a solar plant prime contractor would
have to pay for a complete TES subsystem.Por each major component, a
cost breakdown by the subcomponents itemized below was used.

Hot Tank

a) Foundation (including water cooling, tunnel, castable insulation)

2-25



b)

Shell (including brick shelwes, anchor nuts, insulation rings, top,
leak testing)

¢) Brick (including mortar, hole drilling, etc)

d) Liner (imcluding anchor pieces, foil, flat deck supports, ammcaia
leak teating)

e) External Ingulation (imncluding bands, sheathing)

£) Miscellaneous (including inlet and cutlet pipes, ullage gas manage-
ment, instrumentatioan, ladders, etc)

Cold Tank

a) Foundation (imcluding water cooling, castable insulation)

b) Shell (including insulation rings, top, leak teating)

c) External Insulstion (including bands, sheathing)

d) Miscellaneous (imcluding inlet and outlet pipes ullage gas manage-

ment, instrumentation, ladders, etc)

Site Preparation

a)
b)
c)
d)

Survey
Excavation for foundations
Construction, electric, water, air

Dike

Other Equipment

a)
b)

c)

. o

e)
£)
g)
h)

Piping (including trace heating, imsulation)
Valves

Pumps

Sumps

Coantrols

Salt Melter

Salt Reprocessor

Instrumentation
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2.4.1

2.4.2

2.4.3

Salt

a) Working Salt
b) Residual Salt
c) Salet f{a pipes and sumps

Operation and Maintenance

a) Maintenance and repair work
b) Operating power costs

Material Costs

The cost of the insulation materials to build the system was obtained
by quotes from suppliers based on the types and amount of materials re-
gquired by the preliminary drawings. The data are preseated on Table
2.4.1-1.

Tank Costs

A request for a budgetary estimate along with a tank specification was
prepared and sent to Pittsburgh - Des Moines Corporation and Gliteh
Fleld Services Company. Both estimates considered the tank shells, ex-
ternal insulation, and the foundations. The estimate from Glitch Field
Service included the bricking, anchor, shelves, and liner. The cost
listed in Table 2.4.5-1 are considered the most reallstic values from
the two estimates and experience gained from this program.

Salt and Processing Cost

The TES specifications were sent to Olin Chemical Company along with a
request for a budgetary cost estimate. 0lin’s resgponse of May 1982 is
as follows:

I. The cost of 25.0 M pounds of Olin Solar Nitrate Salt ianveantory, de-
livered, charged and pumped into the warm storage tank of the
12(MWe power plant, Tucson, AZ, at 550°F is included below. De-
pending upon the number of days desired to charge the material,
either a2 1MW or 3MW natural gas/oil fired melter is required. It
is understood that the natural gas fossil fuel required for the
melter will not be provided by Olin.
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Table 2.4.1-1 HMaterial for the Hot & Cold Tank

Component & Material |Supplier Service Date Estimate | Cost Baseline
Given
1. Liner Iacoloy Huntington | Membrane 2/5/8L 338,243
800
2. Foil Stainless |Teledyne— | Between 12/2%/81 16,766
304 Endney Membrane
Metals & Brick
3. Insulation
J4 €222 Johng- Between 2/2/82 333,166
Brick & Manville Yembrane &
Zelie Shell
Mortar
4, 1Insulation
JM Johng— Hot Tank Price 10,717
Cerawool Manville Vertical Unchanged Froa
Millhoard Expausion SRE 1/18/82
Jointg in
Brick
5. 1imsulation
J-H Johng- Hot Tank Price 600
Cerafiber [Manville Void Piller |Uachanged From
Bulk in Brick SRE L/18/82
6., Insulation
Ju Johns= Hot Tank Price G0
Cera- Manville Horizontal Unchanged From
blanket Expanglon SRE 1L/i18/82
(no binder)
7. Insulation
Holmes Holmes Suspended 1/2%/82 59,333
FPlexwhite |Iagulation | Deck Tamk
Inc. Sides Exterior
(Hot & Cold)
8. Insulation
Holmes Holues Tank Roof 1727782 38,130
1212 Block | Imasulation | Exterior
Inc, {Hot & Cold}
TOTAL ESTIMATE PRICE 757,855

#411 prices include freight
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2.4.4

II. Item Cost Contingency Total

($/1b) ($/1b) ($/1b)
- Sale (F.0.8. Manufacturing Plant) $.15 : $.15
- Tramsportation costs including $.041 $.041
freight from plant to end of rail-
head and railhead to utility site.
- Equipment and labor services for $.060 $.060
blending and melting operations in-
cluding portable storage facilities.
~ Miscellaneous including product loss, $.005 $.005
rail car demurrage, etc.
TOTAL $.251 $.005 $.256

Other Equipment

The following item prices were required to provide a complete TES cost.

The pipe lines required were identified from the TES schematic, Figure
2.0-1. A flow of 480 MWt requires lines of 0.3a (12 ia) diameter.
Schedule 10, 316 55 pipe was used for the high temperature sa’t and
carbon steel pipe was used for the low temperature salt. The storage
layout used locates the hot sump and reprocessor close to both tanks.
Cross tie linez between tanks were laid ocut for minimum distances,.
Line costs considered heat tracing insulation amd lagging. Cost of
electrical equipment for the heat tracing was also included.

Valves were assumed to be .3Jm (12 in) with below seals, High tempera-
ture valves will be stainless construction ($37,000) and low termpera-
tures valves will be mild steel bodies ($27,000).

The hot salt pump selected i3 a vertical cantilever type with no bear-
ings or seals in the salt. The requirements are:

Flow 0.11 m3/s (1700 gpm)
Heat Rize 21.6m (80 ft)
Salt Temp 566°C (1050°F)
Motor 74,6 kW (10Chp)

The pump and motor prices were estimated by Lawrence Pump Company at
$26,000. Added to this value was the cost of associated electrical
equipzent.

The sump was sized for line drain back and liquid interface velocity
that is compatible with automatic controls. The sump size was 2.4 um

8 fr) diameter and 3.0 m (10 ft) in height and the material was 316
gtainless steel.
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2.6.5

The following items were included im the instrumentatioca.

3 - Liguid level
4 - Temperature valves
30 - Thermocouplers

System Cost

The TES cost is detailed in Table 2.4.5-1 . The total cost of 13 mil-
lion dollarsrelates to 10.8 $/k¥ht and 27.1 $/kie for the 480 Hihe
(1200 MWhe) storage subsystem. Comparisom of the cost was made with
the results of & study made in 1973 (Intermally Insulated Thermal
Storage System Program). This study wes for larger sized systems bul
extrapolaciag the system cost down to a L1200 MUkt size resulted im a
predicted storage cost of 6.0 $§/kiht and 14.9 $/kihe. Over the three
intervening years inflation has beeun approximately 25 perceat. Thisg
prezent study has a higher estimated cost due to better defimition of
each aspect of the storage system. It should be noted that the salt
gtorage system is significantly cheaper than other types of storage.

Evaluation shows that oparation and maintemance costs for the astorage
system {3 small. The operatioual cost iz approximately 0.00038/kihe.
The persounel and cost to maiantain the storage system ave considered as
a portion of the total system. The pump, motor, trace heating, coolant
heat rejection, and instrumentation are the only portions of the system
which require maintenance.
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Table 2.4.5-1 TES Storage Subsystem (ogt

Hot Tank
Foundation 115,000
Shell 800,000
Brick 795,400
Liner 2,225,000
Fibrous Ingulatiom to Sheathing 135,750
Ullage gas comtrol 25,000
Management 400, 000
5 4,486,150
Cold Tank
Foundation go,ggg
Shell 685,
Exterior Insulation 162,000
¢~ 927,000
Salit
Working 5,880,200
Tank Residuals 384,000
Sumps & pumps ;g,ggg
Fuel to melt
$ 6,307,300
Site Preparation
Survey, excavation, dike 130,000
130,000
Other Equipment
Piping 285,000
Valves 293,000
Puap 31,000
Sump 52,000
Controls 20,000
Reprocessor 35,000
Instrumentation 18,000
Coolant rejection 12,000
Management & design
400, 000
e
g 400,000
Total Cost $13,006,450
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3.0 Critical Component
Development




tad
(=]

3.0.1

CRITICAL~COMPONENT DEVELOPMENT

The general objective of this task was to perform all of the develop-
ment work required to bring amy critical coamponent up to a state of
readiness for subsequent TES and SRE design and fabrication. Based on
our previous molten salt and liquefied patural gas (LNG) experience,
the only critical components in the dual~tank molten salt storage con—
cept are the Incoloy 800 flexible corrugated membrame (i.e., the liner)
and the internal insulation used in the hot tank. Therefore, the pur-
pose of this development program was to define the specific details of
liner and internal insulation design (including fabricatfon techniques)
that could withstand the hot salt thermal, corrosion and pressure cycl-
ing eavironments over a 30-year service life without failing or leak-
ing, and then to verify that design {and its service life) by perform-
ing internally {nsulated subasgembly tests with hot salt. This was
accomplished by performing cyclic life tests of the liner element for
pressure and fatigue.

Rationale and Need for Critical-Component Developument

By definition, the term "critical component” means a component whose
propei Function is essential to operation of the entire system. The
term "development” implies that this component has not previously been
used in the specific circumstances of this application {i.e., molten
gsalt) and thus requires some development work before it canm be used.
EBach of the various components (or subcomponents) in our TES (and SRE)
subsysten design concept have been in industrial use for many years.

In fact, most of them have been used in @molten zalt applications (Table
3.0.1-1) and thus necd no furcher development.

Tgble 3.0.1-1 Holten Salt Component Applications

Component Application

Salt Draw galt has been used for heat treatmeat of

Cold Tank Carbon steel tanks are routinmely used to hold

Water-Cooled Have been used to support tanks holding hot 210°C
Concrete (400°F) otl.

Foundations

Pumps, Valves, Routinely used in industry for salt {note the

Piping,Controls | use of cantilever pumps for the hot and cold

metal since the turn of the century. It (and
HITEC) is also commonly used as a heat transfer
fluid in industry, Molten salt {3 used in our
flow loop and in our solar receiver SRE.

draw salt for heat-treating applications at
temperatures up to 320 to 370°C (600 toe 700°F),

salt to avoid seal and bearing problems.)
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The internally insulated hot salt tank has not been previously used and
therefore it (and its components) are the oaly development issues. The
principal concerns about the hot tank revolve asbout the central issue
of leak-free performance for up to 30 years in a cyclic charge/dis-
charge hot molten salt enviromment. Oune item that (s not a major con-—
cern for this development program is the hot tank heat loss. The mate-
rials and heat transfer paths are reasonably well known and predictable
(to withia the usual eagineering accuracy) by cozputer modeling.

The purpose of the liner is to keep the molten salt from coaing in con-
tact with any other part of the tank, and since it has never been used
in 2 molten salt application before, it qualifies as a critical compo-
nent in need of development. The Techmigaz liner hag, however, bheen
used extensively by the liquefied natural gas (LNG) industry in LNG
storage tanks for ships and land depots. This liner has also been used
on several applications at elevated temperatures up to 450°C (840°F).

A closeup picture of the liner is shown in Figure 3.0.1-1. Although
the internal insulation has also not heen used in a molten salt appli-
cation, refractory brick of this general type has been used for years
in other high~temperature applications {(e.g. furnaces) and in this
application it will be protected froa the zalt by the liner. The hot
tank steel shell and external insulation are basically the gsame as for
the cold tank.

Figure 3.0~1 Waffled Membrane Liner Showing Orthogoval Corrugations
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3.1

i{n view of these comsiderations, the liner and the internal insulation
have been identified as the only critical components in the TES (or
SRE) system iun need of development. The liner identification is fairly
obvicus. Because the liner is designed to be flexible and tramsmit the
thermal and pressure loads to the shell through the internal insula-
tion, the insulation performance under loading affects liner perfor-
mance, so the internal insulation is also ideatified as critical.

It must be emphasized that the fundamental reason the limer and inter-—
nal insulation have heen selected as critical is that they have not
previcusly been used, either separately or together, in a molten salt
application. Based on 16 years of Technigaz experience with LNG liners
and the thousands of hours of Martin Marietta materials test data in
hot salt environments, we are confident this approach is techmically
sound.

The development programs degcribed in the following subsections were
used to resolve all uncertainties associated with using a liner and in-
ternal insulation in a hot salt enviromment., This program closely
parallels the LNG liner development program successfully used by
Technigaz. This program consisted of three main elements--liner devel-
opzent (Section 3.1), insulation development (3.2), and internally in-
sulated subassembly tests (4.0).

Liner Developaent

The development program began with this subtask. The objective was to
determine a minigum-cost liner design with a 30-year service life in
the TES. There are three possible failure modes for the liner-—gtress
(through overpressurization or overexpansion) causing cracking or cor-
rugation collapse, fatigue (through overexposure to cyelic pressure
loadings) causing cracks, and corrosion (through overexposure to hot
salt) causing weakness, cracks or holes.

By design, the only liner areas that are stressed are the corrugations
and their intersections (kunots). Crack propagation in the liner is
egssentially iimited to these areas. Corrosion can, however, occur any-
where, including the welded joints between liner panels, and can be
accelerated in the presence of atress.

Any one (or combination) of these failure modes may ultimately lead to
a leak in the limer; thus the conditions under which these failures may
occur rust be determined in the developmeat program. The liner is de-
signed to stay well away from these failure levels. The critical envi-
ronmental factors that affect these conditions and that therefore drive
the liner design are (I) chemical composition of storage fluid and its
corrosion potential, (2) temperature of storage fluid, (3) maximum
pressure of storage fluid, (4) nuamber of loading/unloading cycles and
service life requirements, (5) temperature difference between liner and
steel shell, (6) thermal expansion and structural resistance of the in-
ternal insulation and pressure vessel, and (7) abrasion of liner
against internal insulation.

3-3




3. 1.1

One of these factors, number of loading/unloading cycles, iz substan—
tially less in the TES application than ia an LNG application (approxi-
wmately 50,000 for the former versus up to 60,000,000 for the latter).
Another factor, maximum pressure, is similear for the two applications.
The remaining factors are generally more severe in the TES applicaticm
than in the L¥G application.

Incoloy 800 was selected as the liner material because of its good
strength, corrvesion, and fatigue properties in this wolten salt envi-
ronzent. Thisz decision was based upon thousands of hours of material
tegt data at 566°C (1050°F) in molten salt generated under another
solar energy program at Martiv Marietta. The liner thickness will be
1.27 mm (0.050 in.), as Incoloy 800 sheets of this thickness can be
readily formed with corrugationsz, the predicted peak stress levels in
service are acceptable, and it fg cloge to the custoamary LHG value of
1.20 am (G.047 in.) vhere there is a wealth of liner experience. It is
important that the liner be liquid-tight over its service life. A leak
would cause galt te flow into the internal insulation and ultimatzely to
the steel shell. If uocorrected, this would obvicusly cause many prob-
lema, such as high—temperature of the shell, shell corrosion, increased
tauk heat loss, permsnent damage to the iaternal insulation, ete. The
risk of potential leaks ian the liwer is reduced to the lowest pogsible
level by leak testing every inch of every weld using an ammonia leal
tast method, and by extensive facigue testing ar (and above) realistic
load levels. I addition, active leak detection methods will be used
during solar plant operation so that if a leak should develep, the tank
can be shut down and repaired. Personnel safety is provided by a dike
around the tank.

Liner Pormabilicty

Tank liners used for LNG arplications are customarily made of 304
stainless steel, which is unsuitable for use at elevated temperatures
in a salt environment. Incoloy 800 has a higher vield stress,

[310 MPa (45 ksi} than 304 250 MpPa (36 ksi}l, is available in
glightly thicker sheets [1.27mm (0.050 in.) versus |.20mm (0.047 in.)]
and has lower elongation 45 percent versus 55 percent. BRecause of
these dissimilarities, formability tests were conducted by Technigaz.

The elongationm of the specific batch of Incoloy 800 used on this pro-
gram was 446 percent in the tramsverse direction and 35 percent in the
longitudinal rolled direction. The coil from which the sheets vere
taken had been solution annealed at 1205°C (2200°F) rather than the
normal 1033°C (19C0°F) used for l.3ea (0.055 in.) thick material. The
higher annealing temperature generazlly imcreases elongation and de-
creases tensile astrength. This receipt of Iucoloy 800 with the higher
annealiog temperature was coincidence. Forming knots and angles with
this material was acceptable; however, the minimum allowable elongation
values are not known. Future usage of Incoloy 800 for a liner should
assure that the above elongation valuesg are met or repeat formability
test when elongation values are less.
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Sample knots and angle pieces (see Fig. 3.1.1-1) were formed of both
Incoloy 800 and 304 stainless steel.

Knot Corner Piece
Figure 3.1,1-1 Liner Forming Configurations

Comparison of the profiles of the corrugations of both materials indi-
cated very close correlation, with both showing glight variation from

the theoretical profile. Measurement did show a springback condition

in the Incoloy 800 as shown in Figure 3.1.1-2.
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2em (.08 in.) (I-800), Large Corrugation
Jem (.12 in.) (I-800), Small Corrugation
Ozm (0.0 in.) (304), Large and Small Corrugation

Pig. 8.1.1-2 C(Corrugation Profile Compariscnm

Thiz degree of springback ia the I-800 causes wo problems in imstalla-
tion of the linmer or performance of the tank, 3o no effort waz made to
eliminate it.

An analysis of the residual ferrite content was made on 1800 samples in
order to determine cold working effectz. %esidual ferrite countent re-
nmained at a constant 0.05% for sheets before forming, after forming a
knot, and ia & knot afrer fatigue cycling had been performed.

Vickers hardness measurezents were taken in the smaller radius I-800
liner knote and angle pleces to get an estimste of the cold work taking
place. The values of these measurements znd the T change due to cold
working are given in Table 3.l.l-l. These values coapare very favor-
ably wich estimated values for 304 stainless steel and are no cause for
concern when compared to am acceptable value of 35%.

Table 2.1.1-1 C(old Working Estimate for I-800

Havdnegs (Yickers) Coléd Reduction (Percent)
Knot Min 176 6

Max 236 17
Angle Min 180 7

Max 255 22

3‘1.2

Liner Corrosion Tescigg

The corrosion question has already been pursued in other DOE-spongored
programs conducted by Martin Marietta and Sandia. Results of the ACR
Phase 1I material compatibility tests provided a basis for selection of
Incoloy 800 a3 the primary liner materiazl candidate, siuce it uanderwent
ainimal corrosive degradation during long term high—-temperature service
up to 580°C (1075°F).
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3.1.3

Liner Stress Testing

A buckling test of liner corrugations and knots was performed on 1.20
mm (0,047 in,) thick 304 stainless steel. Although this testing was
not performed under this contract, the results are presented because it
supports the selection of the linmer design parameters. Strain gauges
were placed on the top and side of the large corrugation as shown in
Figure 3.1.3-1. The small corrugation had strain gauges placed on each
side.

Figure 3.1.3-1 Strain Gauges Installed on
Large Corrugation

The testing took place at room temperature with static pressure on the
membrane being gradually increased to 1.96 MPa (280 psi). The panel
began to collapse at the large corrugation at approximately 0.39 MPa
(56 psi). The small corrugation maintained structural integrity up to
1.19 MPa (170 psi). A photograph of the buckled membrane is shown in
Figure 3.1.3-2.

The thicker material used on this program will increase the buckling
strength of the corrugations, but the loss of modules at elevated tem-
perature will slightly reduce the bucking streagth. A nominal design
pressure of 0.3 MPa (43.5 psi) was selected, to provide a factor of
safety. It ghould also be noted that the membrane will be backed up by
the insulating firebricks and the corrugation ends will be constrained
which will further enhance the membranes structural rigidity.
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Figure 3.1.3-2 Buckled Membrane After 1.9¢ MPa
(280 pati} Presswre

3.1.4 Liner Fatigpue Testing

4 number of fatigue tests were performed an liner elements. The liner
is subjected to two types of fatigue loading in service; salt pressure
loads due to filling and draining the tank each day and thermal expan=~
gion loads. The latter conzists of small amplitude diurnal temperature
variations, larger amplitude (but longer freguency) tewmperature varis-—
tions due to variations in the weather {(such as storms, clouds, etc),
and finally complete tank cooldown to ambient temperature for inspec~
tion and maiatenance. Thegse variations are difficult o quantify in
@eneral since they will depend upon solar plant specifics and weather
behavior. For the purposes of this study, we have adopted the follow=
ing design environments:

Fluid pressure:? 0-=0.3 MPa (%3.5 psi) once
per day for 30 vears

Liner thermal expansion 700-839K (800-1050°F) once
per day for 30 years

The liner was tested In these fatigue environments in a series of tests
of ever increasing realism. We began with a set of tests on the small
elements described above. 8ix different kinds of tests were rua:

1) Biaxial knot strain tests at room temperature.

2) Uniaxial angle piece strain tests at room Leaperature.
3) Knot pressure tests at rocm teaperature.

4y Angle plece pressure tests at room temperature,

5) Biaxial kmot strain tests at S566°C (1050°F).

6) Unfaxial angle piece strain tests at 366°C (103G°F).
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3.1.4.1 Room Temperature Fatigue Strain Tests - Two knot samples

formed from Incoloy 800 were fatigue tested under elongation. The knot
material was 1.27 ma (0.050 in.) thick. Table 3.1.4.1 below shows the
results of the testing and a comparison to data previously obtained by
Technigaz on their 304L stainless steel LNG liners. Failure were defined
as crack initiation. Crack propagation through the material often takes

considerable more cycles.

Table 3.1.4~1 Knot Fatigue Test Results--Room Temperature

Material Elongation Number of
Small Corrugation Large Corrugation Cycles
. ) in. =@ ina. To crack
Iniciation
0.86 0.034 0.86 + 0.72 1 0.034 1_0.028 91,200
I-800
0.86 + 0.34 0.034 + 0.021(0.86 0.34 61,260
0.86 0.034 0.86 + 0.72 | 0.034 + 0.028 77,740
304L
0.86 + 0.54/0.034 + 0.021]0.86 0.34 87,150

The fatigue life of the I-800 and 304L samples compare reasonably well and
failure occurs well above the number of operating cycles anticipated.

3.1.4.2 High Temperature Fatigue Strain Tests - A fatigue strain test-
ing machine was adapted to permit radiant heating by electrical heaters
up to 566°C (l050°F). Three knot samples were tested at this tempera-—
ture, under simultaneous coapression along two axis, using different
strain levels for each sample. The test procedure used was;

¢ heat gsample to 566°C (1050°F)
o cycle under maintained temperature

0  Visgual inspection at regular intervals until appearance of first
crack

The results of the knot tests are shown in Table 3.1.4-2 and the loca-
tion of the cracks are depicted in Figure 3.1.4-1.
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Table 3.1.4-2 Knot Fatigue Strain Test Results - High Temperature

Elongation Amplitude | Crack Nuamber
Hin HMax Elongation | Loca— ef
Corrugation mm.(in.) &m.(in.) mE. (in.)} tien |Freg Cycles |Remarke
Large 0 1.9%4 1.94 I 6 Hz 91,000 [Four
{0.0756) (3.076) Through
Cracks
Small 0 1.37 1.37 One on
{0.054) (0.034) the tap
of the
knot
Large 0.54 1.94 1.4 II 5 Hz 101,000 XNo
(0.021) (0.076) {0.055) Through
Crack
Small 0.38 1.37 "0.99 One Crack
{0.015) {0.054) {0.038)
lLarge o 2.5 2.5 iv 4 Hz 10,000 |0One
(0.098) {0.098) Crack on
the Top
af the
Knot
Small Q 1.76 1.76
(0.069) (0.069)

Similar testing as was performed on the knots was zlso performed on

liner angle pieces using the same heating procedure, idencical strain
levels and the same number of elementa.
compression along a single axis in the direction of the edge of the

angle plece.

The tests were performed ander

the location of the cracks arve {llustvated in Pigure 3.1.4-2,

Table 3.1.4=-3 Angle Piece Fatigue Strain Test Resulis

The results of this test are givea in Table 3.l.4-1 and

.longation dmplitude Crack

Minioum Yax imum Elongation Loca- Rumher of

m.(in.) g2.{in.) | @m.(ia.) tion |Freg  Cycles Remarks

0 1.37 1.37 I 10 H2z | 189,000 Two Through
(0.056) {0.054) Cracks

0,38 1.37 0.99 10 Hz | stop at ¥o Cracks

{0.0L5) (0.055) {(06.039) 600,000

0 1.76 et v 16 Hz | 87,000 Two Through
(0.069) (0.069} Cracks

310




Location IV
Location I

Location II

Figure 3.1.4-1 Knot Fatigue Failure Locations

Location IV

Figu!'e _30 ;. 4-2
Angle Piece Fatigue Failure Locations
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Fatigue testing performed at room teuperature correlates very well with
tests run at elevated temperatures. This indicates there is no appre-
ciable effect of high-temperature on the farigue behavior of the limer
elements.

It is realized that the ereep—fatigue failure of the liner elementzs
were not tested. Due to the complexity of the shape an amalytical
evaluation caem not be performed. The large margin in fatigue life
above the required life gives counfidence that & 30-vear life of the
liner is possible. A4n evaluatiom of the creep-fatigue life iz ad-
dressed in Appendiz I. The history of ocme high-temperaturs application
of the liner showed no problem attributed to creep.

3.1.4.3 Boom Temperature Pressure Tests of Liner Elements

The purpose of these tests was to evaluate the fatigue behavior of
Incoloy 800 liner elements under cyclic pressure. The amaxiuum pressure
the elements would exuperience in regular service would be 0,224 HPa (32
pei) and the aumber of pressure cycles approximately 11,000, Under
test the elements were subjected te cyclical pressure between O amd 0.3
HMPa (44 psl) at room temperature for a mazimum of 150,000 cyeles. To
investigate the effect of installation imaccuracles a disconetinuity of
Zmm (0.8 in.) and 4mm (.16 in.) was purposely maintained in the back-up
support for selected elements.

The tests were not performed at elevated temperatures because the limer
and the attendant {nsulativg brick structure would be tested inm thias
manner in the 1 cubic meter test.

To rum the test, two saaples are installed at the same time in a test-
ing chamber filled with water. The cyclic pressure ig applied on the
corrugated side by means of a2 water piston sctuated by a hydraulic jJack
which is controlled by a serve losp.

The samples were installed and tightly velded (the welds were submitted
to the ammcnia test) on a support, and holes were drilled under each
sample., A crachk through is detected and cycling is stopped as 300G 38
a water flow is detected.

After the completion of the tests, a2 dye check fs carried out on all
the ssmples to find eventual nonpenetrating cracks.

The results of the knot element pressure testing is shown in Table
3.1.4-4 and the crack locations in Figure 3.l.%-3. The same data for
angle piece elements is given in Table 3.1.4-3 and Figure 3.1.4-4.
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Table 3.1.4-4 Xnot Pressure Test Results

Number of Pressgure Sample Number of
Samples Level Installation Cycles Remarks
2 0 - 0.3 MPa applied directly on test stopped at no leak
a flat support 150 000 cycles
(0 - 44 psi) : no crack
oy S —— — T e S — e D AR e e weve G e ey e Ao am— e e —)—————1
1 ingtalled with a
0 -0.3 MPa 1 mm gap from the test stopped at no leak
(0 - 44 psi) flat support 150 000 cycles ne crack
_HEE.‘VL-!.
B2
sy G — D TG S — G S D CID SEr— et GRS Cemom G o ey S ey ey G
1 0~ 0.3 MPa ingtalled with a test stopped at no leak
(0 - 44 psi) gap of 2mm from the 150 000 cycles no crack
flat support
!
frul! !
i
i
pe  ES G [ SIS SEED oo GHHER S s SIS e e SG0D  <ERbe  wewwey ——-—m—c-—!——-c-----Jy
!
1 0-0.3 MPa installed with a 107 000 cycles one leak!
(0 - %4 psi) gap of 2 mm from one !
the flat support ! through E
i ecrack ;
..-a-::ﬂlfa\“:1nn E E
i
The gap {3 maintained é
by a 2mm thick gauge i
installed under one E
of the four feet, !
during all the test . :
1 0-0.3 MPa Installed with a 34 000 cyeles leak
{0 - 44 psi) gap of 4mm, main-

tained by a 4um gauge
put uader one of the
four feet, during all
the test

S S

6 cracks;
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¥por with 2 mm Gage

Figure Z.1.4~3 Kot Pressure Test Failure Locaviong
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Table 3.1.4-5 Angle Piece Pressure Test Results

Number of Pressure Sample humber of
Samples Level Installation Cycles Remarks
2 0 - 0.3MPa applied directly on the [test stopped at no leak
(0 - 44 psi) flat support 150 000 cycles one non-
penetra-
|! i I l ting leak
1 0 - 0.3MPa installed with a lmm test stopped at no leak
(0 - 44 psi) gap from the flat 150 000 cycles no crack
support
L
1 0 - 0.3MPa installed with a 2am test stopped at no leak
(0 = 44 psi) gap from the flat 150 000 cycles one non-
support penetrating
p crack
L]
2 0 - 0,3Pa ingtalled with gaps test stopped at no leak
(0 - 44 pai) of 2ma and 4mm at the 150 000 cycles one time
same time. Gap main- crack
tained during all the beginning
tests by means of gauged on one of
welded on the support the two
samples
Gage &4 mm
Thick
Gage 2 mm
Thick
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Sample with 2 mm Gap,
without Gage

Sample Installed Flat
on the Support

' {'ﬁ"‘—-——-5ample with Two Gages
{(+ 2 and + & mm)

Figure 3.1.4=4 Angle Piece Pregsure Test Failure [ocations

The results of the strain tests on the knots are shown In Figure
3.1.4~5. It can be seen that the fatigue life of the kmot is well
above the required values. The elevated temperature gtrain tests gave
essentially the same results. The pressure tests were all coaducted at
0.3 MPa (43.5 psi) maximum load, and variations in manufacturing toler-
ances on the wall smoothness were simulated. It was found that there
were no through cracks in any of the elements after 150,000 cycles of
testing for reasonably smooth walls. An abrupt discoatinuity of 2 and
4 we under cne of the feet of 2 koot reduced the fatigue life to
107,000 and 34,000 cycles respectively. The fatigue testing of liner
elements has shown that the liner should withstand the design loads for
a number of cycles that far exceeds the requirements for a hot tank at
a solar plant.
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Figure 3.1.4=5 Knot Fatigue Test Results

3.1.5 Liner Welding Technique and Requirements

Another key element in the acceptability of Incoloy 800 as the molten
gsalt storage tank liner is its weldability. Techaigaz has 17 years ex-

perience welding 304 stainless steel liners for LNG applications.

were therefore selected to establish welding techniques and require-
ments for I-800. The resulting requirements are set forth in Technigaz

report 11,258,20 CZ/CM, dated Feb., 12, 1981, titled Instructions For

Welding of Membrane Tanks Made of Incoloy 800. The process set forth,
requires use of the tungsten electrode inert gas process using direct
current. The inert gas specified is 99.99%Z pure Argon containing less

than 10 ppm water or oxygen. Gas flow rates, values for current and
welding rates are specified for various types of welds.

Performance of the welding of the liner was entrusted only to qualified
welders. These welders were checked periodically in accordance with
procedures get forth in the above mentioned report. FEach welder was
required to have a welder registration book which the contractor regu-

larly updated as to the types of weld for which qualification was
granted.

Included in the report iz a list of approved manual and automatic weld-

ing equipment, and approved electrode and filler material.

The effect of welding on the corrosion rates of Incoloy 800 was eval-
uated under the ARC Phase II coantract. It was found that the welded
area had a slight increase of corrosion rate as compared to an unwelded
gsection. The tensile strength of welded specimens were almost ideati-
cal to parent material after exposure to molten salt at 580°C (1075°F)
throughout the test period of 10,000 hours. The welding of theliner is
outside the high stress area of thoknots. Thus the welding is not con-

sidered to have an effect on liner life.
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3.1.6 Leak Detection of Molten Salts Through Intermal Limer

An important igsue in the integrity of the molten salt storage tank is
elimination of salt leaks. Analysic and testing was perforzed to de-
termine molten salt flow ratez under pressure and at maximum operating
temperature {(566°C (1050°F)).

It 1s pogsible to determine the critical hole size (the smallest hole
through which molten salts can passg) in the liner based on the capil-
larity theory. The formula used is:

D = %A cos@
P

where: diameter of the hole in meters
surface tension of the liquid Newton/Meter
Angle formed by the liguid and the solid surface

pressure in Pascals

wd P o

For molteun salts:
A =115 x 1073 N/a
cog= =1

and Pmax = 3 x 107 Pascals (0.3 MPa)

therefore: D eritical = 1.5 x 1070 o

This hole size ig smaller than the minimum size of crack through the
Incoloy 800 liner material, which means that cracks ia the internal
liner can be detected by leakage of the molten salts.,

Tests were rum to determine molten salt flow rate under variable pres-
sure through holes of varying surface arez when at the maximum service
temperature of 566°C (1050°F). The testing apparatus iz showa in
Figure 3.1.6-1
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Figure 3.1.6-1
Molten Salt Leak Detection Apparatus

The molten salt passing through the hole in the liner material is col-
lected in a small cup. The molten salt collected in the cup estab-
lishes an electric current between the two attached electrodes.

The results of the testing performed is shown in Figure 3.1.6-2. For
the smallest hole tested, (surface area of 0.0l4 in.2 [L = 103

mZ]) it has been verified that quick detection is easily accomplished
using an ammonia gas procedure (described in more detail in Section 5.)

Several methods of detecting salt leakage through the liner into the
brick are possible,

a) Temperature measurement on the tank shell will indicate a gradual
increase as the brick thermal conductance is increase due to their
being saturated with molten salt.

b) Infrared scanning of the tank sheathing will detect any sheathing

temperature increase which results from an fincrease shell teapera~-
ture.

¢) Measurement of the electricazl resistance of parallel wires can de-
tect leaks. Molten salt iz electrically conductive; thus insulated
parallel wires (i.e. woven glass insulated thermocouple wire) will

change from am open circult to some measurable conductance when
saturated with molten salt.

Hone of these methods give a quick localized detection of a leak. The
electrical resistance change of wires can occcur at any point along the
wires. Testing this concept 1s necessary to determine its accuracy.
Relying upoa the temperature measurements of the shell or sheeting
will detect a leak only when several square feet of brick have been

gsaturated with molten galt. However this is adequate to detect leakage
which could cause a rupture of the tank shell.

3~-19




Flow Bate 1073 kg/h

—
O P =0.3MPa
60— A P =0.1 HPa
O
40 p—
30 b
Fay
20 fe
10—
o O
oL b4 [ I |
0 10 20 30 40

Surface Area of the Hole 1672 m?

Figure 3.1.6=2 Flow Rate of Molten Salt Through a Hole

3.2

INTERNAL IRSULATION

Extensive resting was performed on internal insulation material candi-
dates. Seven different insulating firebrick saterisls underwent vari-
ous phagses of molten salt compatibility and compressive streangth test-—
ing between June, 1980 and May, 1981. The three phases of testing
included:

= Holtem salt compatibility test with samples ilmmersed im moltem salt
at 566°C (1050°F).
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~  Wet crush test with samples immersed in molten salt at 566°C
(1050°F) and under a constant compressive load of 0,24 MPa (35 psi)

~  Dry crush test with samples kept at a temperature of 566°C (1050°F)
and under 2 constant compressive load of 1.05 MPa (150 psi).

The results of the molten salt compatibility testing phase is given in
Table 3.2-1. Upon completion of this phase of testimg Johns-Manville
firebrick materials JM 25 and JM C22ZSL showed the least degradation in
the molten salt environment.

Table 3.2-1 Molter Salt Compatibility Test Results

First Indication
of Degradation Total Test
After Start of Period Final
Material Teat (Months) Appearance (Months) Appearance
J¥ 208L 3 Some Cracks, 11 Same as Month 3
No Swelling
JM C22zZsL | - - 7 No Apparent
Change
JM 238L 3 Some Cracks, 11 Same as amonth I
Some Corners
Gone
] :
| oM 25 - : - p9 No Apparent
! : Change i
M 28 3 | Some Cracks, i 11 Same as mon:n 3!
{ ; « Scme Corners
{ 5 ! Gone
Ketlite 26 | 3 i Many Cracks, | 11 More Cracks, |
! Swollen Swollen Worse
Krilite 55| 1 Swollen 9 Many Cracks,
Very Swollen

The wet crush test was initiated two months after the start of the com~
patibility tasting and waz rum coacurrently. Weights were placed on
each sample in the oven to provide a constant load of 0.24 MPa (35 psi)
at 566°C (1050°F)., The results of this test is given in Table 3.2-2.
Ingpection of the firebrick samples, upon completion of the test, indi-
cated that JM 25 and JM C22ZSL best maintained their structural integ-
rity.
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Table 3.2-2 Wet Crush Test Results

Material Teast Period (monthsz) Obgervations
JM20SL 1/2 Corner fracture
JMC22ZSL 6 Ho obvious cracks
JM 23SL 1 Cracked , possible fracture
JM 25 2 1/4 . No obwious cracks
J4 28 1 1/4 Few Slight cracks
Krilite 26 1 . Cracked aond swollen; fell apam
Krilite 35 11/4 Fractured into many pleces

3.2.1

Based on the results of the compatibility and wet crush testing, four
leading material candidates were selected to undergo a3 high tempera-
ture, high lead crush test in a dry envirowsent. Sawmples of JM C22Z5L,
JM 23SL, JH 25 and JM 28 were placelon each sample to provide a con-
staat 1.05 MPa (159 psi) load. The M 23SL sample crughed into powder
within one to two minuteg after start of the test. Three days later
the J¥ 25 sample was found in the same condition. The cther two sam~-
ples remained i{a the oven under load for 6 L/2 souths. Upon remscval
from the ovea it was found that the 24 28 sample had fractured all the
way through but had not crushed. The JM CIZ2EZSL sample, however, showed
ne cracks or fractures, although it had experienced a small sa@cunt of
permanent deformation. The result of this preliminaey test phase
clearly indicated that JM C222SL insulating firebrick was the bast
waterial. Conseguently, this material wag selected to undergo addi-
tional testing under the direction of Technigaz personnel.

Compressive Tests

Ambient tests were performed om a Houndsfleld Laboratory sachine and
high-temperature tests on an Instron Machine with an oven adapted to
it. & stregs strain curve was recorded for each sample and compresgive
strength was determined from the first abrupt slope change ia the curve
{see Fig. 3.2.1~l). Samples were 40 mm (1.37 in.} cubes and three fros
each of 10 bricks were tested at ambient and at high-temperature to de-
termine compressive strength along each axis. The detailed results of
all firebrick tests are included in Appendix B. It has beeun concluded
from these tests that couwpressive stremgth does not vary vwith auis
direction and i{g also unaffected by increased temperature. The mianlwus
compressive strength of any sawmple in the test was 1.6 MPa (232 psi)
which {2 more than five times the stremngth required for this applica~-
tion.
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Figure 3.2.1-1 Compressive Strees Strain Curve For JM C22ISL Brick
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3.2.2

3.2.3

Compressive Strength Test Under Thermal Cycling

Samples of 40 ma (1.57 in.) cubes were cut from 6 bricks and tested for
compregsive stremgth under thersal cycling. A thermal cycle consisted
of raisiung the temperature 250°C (482°F)/hour up to 366°C (1050°F),
@aintaining temperature there for two hours and then cooling back down
to ambient temperature. The compressive strength of the specimens was
then checked atr asbient teamperature after 3, 6, 9, and 12 cycles, in
order to compare to the compressive strength of reference specimens.
Load was always applied along the same axis for all specizmenz. Resgults
of the testing showed no degradation of compressive strength due to
thermal cycling. (See Appendix B for detaziled data.)

Flexure Testiog

Flexural testing on JM C22Z3L was performed om a Shemck Trebel machine
(5% accuracy ) which was adapted to permit high-temperature tests.
Specinens were 225 wm (8.86 in.) loog with 25 =2 (1 in.) square cross
sections. Each specimen was loaded as shown i{m Flgure 3.2.3-1. Half
of the zpecimens were tested at zmblient temperature and the other half
at 566°C (1050°F). Taking into account average values, the maxisum
bending strength of the material is 0.85 MPa (123 psi) at room tempara-
ture and 1.14 MPa (164 pei) at elevated temperature. Both are well
above anticipated bending stress levels. (See Appendix B for detailed
data.}

(2.46 in.)
Ml

JAY JAY

130 om
(7.48 in.)

Figure 3.2,3-1 Specimen-Loading Arrangement

3.2,4 Fatigue Testing

Fatigue testing on the firebrick samples was performed at 566°C
(1050°F)., Tests of 50 mm (1.96 iwv.) cublc samples were petformed on a
Sheuck Trebel machine adapted for high-temperature testing at a cyclie
frequency of 3Jhz. During the test, deflectiom was coatinucusly moni-
tored and at regular intervals the stress/strain curve between 0 and
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3.2.5

the selected maximum pressure was checked to verify that the specimen
had not been damaged. Specimens were subjected to cyclical pressures
of 0.3 MPa (43.5 psi) for 150,000 cycles with only 1 failure at 147,000
cycles.

The remaining samples were then tested at 0.45 MPa (65.3 psi) aad
reached over 400,000 cycles without rupture. The anticipated number of
cycles expected in normal operation for 30-year service life is approx-
imately 11,000, well below the tested values.

JM C22Z2SL Testing Summary

- The average compression strength was 2,5MPa (363 psi) with a stan-
dard deviation of 0.7MPa (102 psi) at room temperature, and 2.4MPa
(348 psi) and 0.4MPa (58 psi) at 566°C (1050°F) respectively.

- There was no gigaificant effect of direction, temperature or ther-
mal cycles on compregsive strength.

- The brick was undamaged after 145,000 cycles of compressive fatigue
testing at applied load levels of 0-0.3 MPa (43.5 psi) or 0-.45 MPa
{65.3 psi) at 566°C (1l050°F), and several samples survived over
500,000 cycles.

~ Brick at 566°C (1050°F) withstood a constant load of 1.0 MPa (150
psi) for 6 mecaths without breaking.

Samples of this brick were also immersed in molten salt at 566°C
(1050°F) for 6 months without any catastrophic damage due to chemical
attack. These results give confidence that this brick is more than
adequate to withstand the loads imposed in this application.

The vendor does not determine the physical properties of his product
for each batch. The vendor‘s published data are considered to be of
average value. The variation of brick properties between batches is
not known, because there is no batch control by the vendor. The C222SL
brick has a large margin, so variation between batches would not cause
a failure. It may be desirable to do some spot testing in commercial
applications in the future.
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4.0

4.2
4.2,1

ONE CUBIC METER HOT TANK TEST

PURPOSE OF THE TEST

The purpose of the test was to evaluate the fatigue life of the insu-
lated structure under cyclic pressure, in a hot 566°C (1050°F) molten
salt pressurized enviromment. The test consists of 19,000 cycles from
0.0 to 0.3 MPa (43.5 psi).

The tested structure used liner material, insulating material and de-
sign identical to the TES, including a typical corner sectiom. The
pressure applied during the cyclic test corresponds to the TES com—~
mercial size hot tank service conditions for 30 years. The testing
included the effects of fatigue and high temperature on the liner but
did not simulate the effects of creep or creep-fatigue interactions,
The test also demonstrated the interaction of the liner with the rest
of the tank.

In addition to the cyclic test, the subassembly tests included the fol-
lowing:

= Evaluation of construction methods of the insulating structure:
brick and liner (welding)

- Use of weld leak check technique with ammonia

- Use of proposed operational electrical leak check technique

- Demongtration of tank liner repair

TEST SYSTEM DESCRIPTION

Test Article Assembly

A cross section of the test tank i{s shown in Figure 4.2,1-1, The in-
ternal volume of the tank (location of Incoloy 800 liner) is lm3,

The Incoloy 800 liner is the same design ({.e., thickness and corruga-
tions) as the TES design. The internal insulation material (JM C222SL)
and thickness [0.34 = (13,4 1in,)] is also the same as in the TES. The
stiffened carbon steel tank was designed to withstand 0.5 MPa (73 psi)
at 288°C (550°F). The cover consists of a stiffened carbon steel
structure with a 0.6 @ (23.6 in.) diameter 316 stainless steel heater
enclosure welded into the center. The heater enclosure is immersed in
Parthern 430 salt. The 25 thermocouple locations are also shown in
Figure 4,2.1-1.
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Figure 4.2.1-1 One Cubic Meter Test Tank and Thermoccuyle Locations




The salt heater and tank 1lid assembly is shown in'Figure 4$.2.1-2., The
stiffened carbon steel tank without the external insulation is shown in

Figure 4.2.1-3. The heater and tank lid assembly can be seen in the
foreground.

igure 4.2.1-3 Carbon Steel Tank




The faternal tank derails iwncluding the
2.1l-4. The brick

Lo

The tank interior was prepared for installarion of the insulating brick

and thermal expausion liner.
brick shelves and anchor nuts are shown in Figure 4.

insulation on the floor is shown in Figure 4.2.1-5.

x Tank Floor

Te 4

Figure 4.2,1=6 Brick Installaqtion




The entire interior surface of the carbon steel tank was lined with JM
C22ZSL brick, using the shelves shown in Figure 4.2.1-4 to support the
bricks., Care was exercised to locate the liner support anchor bolts in
mortar joints. Two layers of brick were utilized in the assembly. The
outer layer was installed vertically and an inner layer was placed
horizoatally. Figure 4.2.1-6 shows the assembly partially completed.
Two anchor bolts can be seen at the top of the wall and the expansion
joint in the middle of the wall.

Figure 4,2,1-6
Partially Completed Inaulating Firebrick Inmstallation

Heavy angle pieces were installed at all wall intersections for rein-
forcing to minimize cyclic angular deformation of the liner angle
pleces. Figure 4.2.1-7 shows the tank interior after rost of the heavy
angle pieces have been installed., Each angle piece is held in place by
an anchor bolt.



One concern of the proposed design was wear of the internal Incoloy 800
expansion liner du= to abrasion by the firebrick during thermal expan-
sion cycles. To eliminate this concern, the entire bricked surface was
covered with a stainless steel foil as shown in Figure 4.2.1-8.




Upon completion of the foil installation, large flat sheets of the
Incoloy 800 liner were put in place as shown in Figure 4.2.1-9. The
specially formed corrugations in these panels are designed to permit
thermal expansion and contraction cycling with minimum stress concen-—
tration in the liner. An anchor point for the heavy angle pieces, the
foil and the I~800 liner is shown in Figure 4.2.1-10.

Pigure 4,2,1-10 Anchor Point

Once the flat liner panels were in place, the corners of the tank were
covered using corrugated angle pleces, All overlapping liner segments
were welded in place to provide a totally leakproof liner assembly.
Figure 4.2.1-11 shows the completed liner installation.

FPigure 4.2,1=11 Liner Installation Completed
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After ingtallation and lesk testing of the internal liner, the tank 144
with integral salt heater was lowered into place and sealed to the
tank. {(%ee Fig. 4.2.1-12.) The entire tank was then encased in lfagu-
lstion bats., The fully assembled and insulated tank {g shown in Figure
4.2.1-13 prior to testing. The insulatiag blocks upon which the tank
was placed may alzo be seen, A& catch tank was placed under the tank to
hold the moleen salt after draining.

4.2,1-13 Ome Cubic Meter Tank Assembly




An important feature of a commercially used hot salt storage tank is
its repairability. After completion of the testing, the tank was
drained and a section of the I-800 liner was removed as shown in Figure
4,2,1-14. A portion of the foll between the liner and the insulating
brick hag algso been removed. The tank was then repaired and checked
for leaks, thereby demonstrating a successful liner repair technique.
The repaired piece i3 shown in Figure 4.2.1-15.

Removed

4.2.1-15 Tank Liner Repaired



6.2.2

4.2.3

Leak Detection System

The molten zalt tank was fitted with an electrical lesk detection sys-
tem. Four leak detectors were inatzlled under the licer io the loca-
tions shown in Figure 4.2.2-1. Each detector consisted of a sgmall pan
which would collect wmolten salt in the event of a leak. Two wirez were
routed to the pan where a circuft would be completed by the wolten salt
if it lezked into the pam. This bridge circuit was sized to account
for salt's electrical resgistanmce, which is dependent on temperature.
This circuit was conmected toc an extengsometry bridge, which was io turm
coannected to a recorder,

Before test, all of the liner welds were leak tested using ar azamonria
leak test method employed for many years for LNG tank applications.
This test cocsisted of applying an samonia sewsitive palnt to all the
welds and applying a low pregssure ammonia between the liner and the
carbou steel tank. Leaks could be eagily detected since the yellow
paint turns blue in the area of a leak.

Tank Preggurization System

The tank pressure was cycled uvsing the system shown schematieally in
Pigure 4.2.3~1, Air is delivered by a cospressor at 0.7 MPa (100 psi)
and is dried to less than 10% relative humidity. The pressure control-
ler openg the valve aud allows the pressure in the tank to increase to
0.3 MPa (44 psi) at which peint the tank {s vented through the exhaust
valve. The resulting pressure wave is ghown in 4.2.3-2. The number of
cycles and the amplitude of the cycles required were deterauined as
shown in 4.2.3=3, This is in accordance with the ASME pressure vessel
code (Appendix II, Article II, 1.000}).

4.2.4 3Salt Filling

Salt filling was done at a temperature of approximately 420°C (790°F)
which was mouitored by themocouple 25. The salt supplied had not been
kept dry and consequently solidified ia the drums. It was necessary to
reduce the salt to powder to fit through the £illing tube.

The tank countained about 675 liters (23.8 ££3) of salt. The maximum
level waz a few centimeters from the tamk cover insulation to allow
adequate pneumatic pressure cycling during the test. The space left
above the liquid surface fassumed to be 10 liters (0. 35£¢3) ] must be
small to allow a reasonable cycling frequency. It is worth notiog that
the cycling frequemcy was increased during the test from 860 cycles to
1200 cycles per hour. This was because the tank temperature rige
caused salt expansion, thereby reducinmg the ullage air space.
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Figure 4.2.3=-3 Pregsswre Test Parameters

4.3

TEST

Figure 4.3-1 shows the temperature versus time history of the molten
salt after filling, as measured by thermocouple number 6 (see Fig.
4.2.1-1 for thermocouple locations). Table 4.3-1 gives all the temper-
ature measurements throughout the cycling tests which began at 15:34
hours on July 23, 1981, Also, the number of cycles is shown in the
right hand column. Thermocouples numbers 1l and 24 were not working.
The salt temperature was uniform as seen by the thermocouples on the
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4,4

liner (mos. 2, 3, & & 9). At the start of the test the salt tempera-
ture was low [340°C (lOC4°F], but was up to over 566°C (10S58°F) by 0.0
on July 24, 198L after 5780 cycles. The temperature readings of cher-
mocouple no. 6 is plotted versus time (and number of cycleg) in Figure
4,3-2., The steady-state temperatures are shown on Figure 4.3-3 (after
18,000 cycles at 11.0 hours on July 24, 198Bl). The salt temperature,
as measured by limer thermocouples (nes. 2, 3, 6 & %), was very uniform
at approximately 367°C (1053°F). Wote that thermocouple 13 (in the
cormer) is on the heavy asgle (mot the limer). Alsoc, thermocouple 2C
(bottom center} iz on am anchor bolt under a limer corrugation. The
temperature of the carbon steel tank varied between 36°C (187°F) and
212°C (414°F). The design temperature for the carbon steel tank was
288°C (550°F). The external imsulation proved to be inadegquate to
maintain the dezired tank temperature probably due te the extensive ex-
ternal support sgtructure. The external support structure and insuls-
tion are unique to this test and are in no way typlcal of a commercial
tank degign. However, the lower carbon steel tank temperature resulis
in a conservative test hecause there was a larger temperature
difference between the tank and the liner tham in the design wmodel.
This resulted in larger membrane stresses i the lad test. As noted
previcusly in paragraph 4.2.4 the pregsure cycle frequency lncreased
from 800 to 1200 cycles per hour dering the test as a result of salt
temperature rise (expansion) and an attendant reduc- tion in ullage air
space. No leaks were detected during the test.

After the test was completed, the tank was emptied. The tank vas then
thoroughly cleaned to remove any salt remaining which might be blocking
cracks. The ammonia leak test was then repeated and the results veri-
fied there were no cracks in the liner.

CORCLUSION

The one cubic meter subassembly, consisting of full scale wmaterials
simulating the actual commercial size of the salt astorage tanks, was
tested under conditions simulating a service life aof 30 vears, accord-
ing to the ASME pressuve vessel Code (Appendix 11, Article II, 1.000).
However, it must be understood that although the stress level, fatigue
ecycles, and temperatures were simulaced, the effects of creep or creep-
fatigue interaction were not simulated.

Mo evidence of deformation of the liner, damage to the insulation ovr
the liner wag found after the test.



Thermocouple #6
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Figure 4.3-1 Tank Warmup When Filled With Salt
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Table ¢.3~1 Thermocouple Temperatures, °C
Begin Test

Date 2377
No. Cycles | O 2285
Time 15 h;{19h{19h 20h 20hk:21 h 21 h (22 h
Gage 3% 30 30 30
1 Out of Service -
2 336 § 538 | 344 | 5343 | 543 | 547 (549 354
3 540 | 344 | 545 | 547 | 549 | 5350 1552 553
4 290 | 289 « 288 | 288 | 287 | 287 287 | 287
5 197 [ 1937 196 | 196 [1%6 196 197 |198
6 545 | 546 | 54B | 543 551 | 553 |5334 | 5336
7 367 | 347 | 346 | 346 [ 346 | 345 | 345 | 345
8 133 | 133 | 132 132 (131 @ 1346 137 139
9 343 | 345 | 546 | 548 | 550 | 382 (553 | 5355
10 450 | 430 | &50 | 431 | 451 | 452 1433 | 454
i3 3060 | 299 | 299 | 298 | 297 | 297 (2% | 196
12 140 | 1395 | 138 | 138 138 138 1137 | 137
13 495 | 497 | 499 | 500 | 502 | 504 506 | 507
14 283 213 | 213 | 213 (213 213 (213 | 213
15 126 | 126 | 12£ 122 127 0327 118 1128
16 100 | 160 | 100 | 190 29 99 99 99
17 139 | 139 | 139 | 139 139 | 13% [13% 139
13 96 96 96 95 95 93 95 35
19 89 89 89 29 aa 88 a8 87
20 513 | 314 | 517 | 519 521 | 523 | 5324 | 516
21 320 | 320 | 319 | 319 319 | 319 | 319 | 319
22 101 §{ 101 | 101 | 10F 101 | 101 (101 jlel
23 292 | 300 | 322 | 329 | 339 | 356 | 367 | 38D
2 Out of Service o
25 574 | 576 J 578 | 580 | 582 | 583 585 | 387

£&-1%




Table 4.3~1 Thermocouple Temperatures, °C (cont)

Date 23/7 24/7
No. Cycles 5780
ime 22h({238}23hj0h |[Oh |1h [1h [2h
Gage 30 30 30 30
1 Out of Service -
2 553 [554 |556 (558 | 560 |562 |561 |561
3 555 (557 | 559 |[560 | 562 |564 (560 |562
4 287 | 287 288 |289 (290 |291 292 |293
5 199 1200 |202 |203 | 204 | 205 |206 | 207
6 558 }560 |562 (564 | 566 |568 [564 | 565
7 345 1345 | 345 (346 | 346 346 |[347 | 347
8 141 (142 [ 144 [145 | 145 | 146 |147 | 147
9 557 | 559 |560 |562 | 564 |566 |[564 | 564
10 455 | 456 | 457 459 | 461 | 462 | 464 | 465
11 296 (296 296 |297 | 297 |298 (299 | 300
12 137 138 138 |[139 | 139 |139 [140 |1l40
13 509 |512 |512 |514 | 516 |518 |519 |519
14 214 (214 (214 214 | 215 |215 [215 | 216
15 128 (128 |128 |128 | 128 129 129 |129
16 99 99 99 99 99 99 99 99
17 139 139 139 |139 | 140 | 140 (140 140
18 9% 9% 9% 9 95 95 95 95
19 87 87 87 87 87 87 87 87
20 528 529 |531 ;533 [ 535 ;537 |537 |537
21 319 | 320 |320 |320 320 321 (321 [321
22 100 {100 101 |101 | 101 J101 |101 | 101
23 387 392 395 |403 | 403 | 405 |398 | 389
24 Cut of Service -
25 589 1591 1592 |593 | 596 |598 |594 | 596
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Table 4.3-1 Thermocouple Temperatures, °C (cont)
Date 2417
No. Cycles 10180
Time {2 h |3k |3h [4h [4h |3k [Sh [6h

Gage 30 30 30 30

1 Out of Service >
2 563 | 563 563 | 564 | 566 | 567 | 568 | 567
3 563 | 563 | 363 | 563 | 564 | 565 | 565 | 563
4 293 | 294 295 | 296 | 296 | 297 | 297 | 298
3 208 | 208 208 | 209 | 209 | 209 |210 | 210
6 568 | 566 | 566 | 568 | 569 | 570 | 570 | 567
7 348 | 348 | 349 | 349 |350 | 351 |351 |352
8 147 | 148 | 148 | 148 | 148 | 148 | 148 | 149
9 567 | 565 | 565 | 567 | 568 | 569 | 569 | 567
10 466 | 467 | 467 | 468 | 468 | 469 | 469 | 470
il 300 | 301 | 302 | 302 |302 {303 ;303 |303
12 140 [ 140 | 161 | 141 | 141 | 141 | 141 | 141
13 520 | 521 | 521 | 522 | 523 | 525 | 526 | 526
14 216 | 216 | 217 217 218 | 218 | 219 | 219
15 129 | 130 {139 | 130 | 131 | 131 |131 (131
16 99 99 | 100 | 100 99 29 29 99
17 141 | 141 141 | 141 142 142 | 142 143
18 95 95 93 93 95 93 % 94
19 . 87 87 87 g7 87 87 a7 87
20 538 | 538 | 539 | 540 | 541 | 542 | 543 | 543
21 322 | 322 | 323 | 323 | 3246 | 324 | 325 | 323
22 10L | 101 | 101 101 | 101 | 101 l@i 101
23 392 | 392 | 393 | 394 | 403 | 404 | 403 | 398
24 Out of Service —
25 599 | 595 | 589 | 596 | 598 | 596 | 534 | 580
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Table 4.3-1 Thermocouple Temperatures,

°C (eont)

Date 24/7
No. Cycles
Time (6h [7h [7h |8h |8h |[9h |9h |10

Gage 30 30 30 30

1 Out of Service -
2 566 | 568 | 568 | 567 | 568 | 570 | 570 | 568
3 565 | 565 | 565 | 565 | 566 | 567 | 566 | 566
4 298 | 299 | 299 | 300 (300 | 300 |301 |301
5 210 | 211 | 211 | 211 | 211 | 211 | 212 |212
6 569 | 570 | 570 | 569 | 570 | 571 | 570 | 569
7 352 [ 252 [ 353 | 353 (354 | 354 | 354 |355
8 149 | 149 | 149 | 149 | 149 | 149 | 149 | 149
9 567 | 569 | 569 | 568 | 569 | 571 [ 570 | 568
10 470 | 470 | 471 | 471 | 471 | 472 | 473 | 473
11 303 | 304 | 304 | 304 | 305 | 305 | 305 | 306
12 141 | 141 | 141 | 141 | 141 | 141 | 141 | 142
13 526 | 526 | 527 | 527 | 528 | 529 | 529 | 529
14 219 | 220 | 220 | 221 | 221 | 222 | 222 | 222
15 132 | 132 | 132 | 132 | 133 | 133 | 133 |133
16 99 99 99 99 99 99 99 99
17 143 | 143 | 146 | 144 | 144 | 145 | 145 | 145
18 9% 9 9% 9% 9% 9% 9% 9%
19 86 86 86 86 86 86 86 86
20 543 | 544 | 545 | 545 | 545 | 546 | 547 | 546
21 326 | 326 | 327 | 327 | 328 | 328 | 329 | 329
22 101 | 101 |101 | 101 | 101 | 101 | 101 | 101
23 395 | 398

24 Out of Service -
25 600 | 597 | 595 | 596 | 600 | 601 | 590 | 591
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Table 4.3-1 Thermocouple Temperatures, °C (conel)

End Test
Date /7 Extreme Temperatures
No. Cycles 19,964 During Test
Time [0 R | LI b1l b Min | Max
Gage 30 30
1 Qut of Service gt
2 567 567 | 367 538 | 570
3 565 | 566 | 566 540 | 567
4 302 302 | 302 287 | 302
5 212 ;212 212 196 | 212
6 568 | 567 | 569 543 | 571
7 355 | 355 | 356 345 | 356
8 149 | 149 | 150 131 | 150
9 567 | 568 | 568 5643 | 371
10 473 1473 | 473 450 | 473
11 306 | 306 | 307 296 | 307
12 142 | 142 | 142 137 | 142
13 529 | 528 | 528 495 | 529
14 223 1223 | 223 213 | 223
15 134 | 134 | 134 126 | 134
16 99 | 99 | 100 99 | 100
17 146 | 146 | 146 139 | 146
18 9% | % | 9 9 | 96
19 86 86 a7 86 &7
20 546 | 545 | 545 513 | 547
21 33¢ | 330 | 330 31% | 330
22 101 | 101 | 101 100 | 101
23 392 | 390 | 390 292 | 406
24 Gut of Service -
25 592 | 584 | 593 574 | 601
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5.0

SUBSYSTEM RESEARCH EXPERIMENT (SRE)

The objective of the SRE was to design, constrfuct and test a subscale
prototype molten salt thermal energy storage system (TES) employing the
dual~tank (i.e., hot and cold tank) approsch. The purpose of this sub-
system research experiment was to resolve all design, fabrication,
operational and performance uncertainties associated with the full-
scale TES system. To achieve thege objectives, the SRE storage tanks
were designed and coastructed using the same techniques that would be
used for a full-scale TES system, e.g., full-size liner panels with
welds and attachments to the rest of the tank, full-size insulation
thicknesses, water-cocled concrete foundationms, etc. Only the overall
tank size was scaled down to stay within the budgetary constraiats of
the SRE. The solar heating of the salt in a commercial plant was simu-
lated by using a foseil-fired heater, and the cooling of the salt aszso-
ciated with generating steam for the commercial plant was gimulated by
an air cooler. The SRE was tested in all operational modes emploved by
a full-gize plant. The net result was that the SRE gimulated 2ll as-
pects of the design, construction and coperaticn of a TES for a full-
scale plant, only on a amaller gcale.

To summarize, the SRE design consisted of (1) one intermally and ex-
ternally ingulated hot tank, 7.2 m (23.6 ft) high and 3.7 m (12.3 fe)
in shell diameter, with a Technigaz Incoloy 800 liner and a carbon
steel shell, (2) one externally insulated cold tank, 3.7 & (12 fe) high
and 3.7 @ (12.3 ft) in shell diasmeter, with a carbon steel shell, (3)
operating temperatures of 566°C (L050°F) in the hot tank and 288°C
(550°F) in the cold tank, (4) thermal storage capacity of 6.9 MWhe
(2.35 x 107 Beuw), (3) each gsurrounded by a safety dike, (6) one
fossil=fired heater with a 3 MW (10.4 x 10% Bru/h) salt heating
capacity, (7) one air cooler of 5 Md (17 x 109 Bru/h) salt cooling
capacity, (8) one hot sump with a 5.7 kW (7.5 HP) cantilever pump, (9)
one cold sump with a 45.6 kW (60 HP) cantilever pump, (10) a total of
79,400 kg (174,700 1b) of 60 sodium nitrate/40% potassium nitrate
molten sale, (l1) all necessary piping and valves, all of which have
electrical trace heating, (12) a semiauvtomatic control system, and (13)
temperature, pressure and fill level instrumentation at key points
throughout the system.

The cooler, cold pump and sump, and the cold salt valves were taken
from the ACR Phase II program. This considerably reduced the cost for
this program as well as wmaximizing component reliabilicy. The SRE was
designed to easily accoumodate future improvements in the basic setup.
This includes the possible future addition of 2z molten salt-to-water/
steam generator (heat exchanger) in the loop. This heat exchanger
would simply replace (or augment) the air cooler in the present SRE
design. It could alsc include 2 potential hookup with the Martin
Marietta salt receiver SEE.

Briefly, the SRE test plan comnsisted of (1) cold startup including =mix-
ing of salts, salt meltdown, and salt loading, (2) tank neat loss
tests, both steady-state, cyclic charge/discharge and transient cool-
down, (3) normal diurnal startup and shutdown tests, (4) emergency
shutdown test, (5) maintenance exercises, and (6) cyclic charge and
discharge at anywhere between maximum rate and L0Z of maximua rate.
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This task fnvolved three main elements--design, fabricatiom, and test,
In the text that follows, there is first described the rationale used
to scope the size of the SRE (Subsection 5.1)., Next is described the
preliminary design of the SRE and its components (Subsection 5.2).
This 13 followed by a discussion of the SRE fabrication and installa-
tion in Section 6.0 and finally the SRE testing and analysis (Section
7.0).

SIZING AND DESIGN RATIONALE

In view of the basic objective of the SRE, the specific objectives of
this task were to (1) demonstrate design and fabrication techniques for
a dual-tank commercial-size TES by designing and constructing a sub-
scale SRE employing full-gcale designs and fabrication techniques at
each step (full-scale liner panels and insulatfon thicknesses, liner
attachments, water-cooled concrete foundations, welds, etc), (2) demon-
strate actual TES hot and cold tank operations and procedures by test-
ing the SRE in all modes expected in a commercial operation (startup,
shutdown, diurnal cyclic charge/discharge over a range of flow rates,
storage, emergency shutdown, maintenance), (3) measure tank heat losses
under actual operational conditions to verify thermal modeling and coan-
fim TES system performance predictions, (4) provide an experimental
means of identifying and resolving any uncertainties in the commercial
TES system, (5) provide a firmer basis for refining cost estimates for
commerclal-sized tanks, and (6) provide a test bed for potential future
long-term materials, procedures and solar system testing.

To meet these objectives the SRE was sized using the following ratio-
nale, First, it was deemed vital to the success of this program to use
exactly the same salt, tank materials, insulation thicknesses, and
operating teaperatures in the SRE as in the TES to (1) have the same
heat loss rate (per unit surface area) for each element of the tank
(side, top, bottom) to minimize the uncertainty in area scaling up to
TES size, (2) have the same operating temperatures in each material so
there is no uncertainty in material strength and coampatibility with
molten salt, (3) have the same thermal gradients so the relative ther-
mal expansions of one member to another are the same, even 1f the abso-
lute values cannot be matched fn a subscale experiment {particularly
important for the hot tank at the liner-insulation-shell interfaces in
both the vertical and radial directions, and for both tanks at (and
near) the tank shell-foundation interfaces], and (4) have the same salt
at the same operating temperatures to reduce any uncertainties in mate-
rial compatibilities of pumps, valves, pipes, controls and salt han-
dling and conditioning equipment, leaving only component sizing as a
tasks for specific TES designs.

Second, to meet the schedule constraints of this program and to make
the program as economical as possible, while still achieving technical
success, there was a reduction of the tank height, tank diameter, salt
flow rates and total number of charge/discharge cycles for the SRE rel~
ative to the TES. The primary effect of this reduction in scale was
that, relative to the TES, the SRE obviously has much smaller thermal
8torage capacity, charge/discharge rates and heat losses. Since all
the materials, thicknesses and operating temperatures are the same, the
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SRE heat capacity, heat charge/discharge rate and heat loss rate are
easily and reliably scaled up to the TES with virtually no uncertalnty
since these parameters are known to be directly proporticnal to the
mass of working salt in the tank, the mass flow rate during charge/dis~
charge ancd the total tank surface area (after simple adjustment for
proportions of total area in top, side and hottom).

Ia addition to the basic differences hetween the SRE and TES noted,
(which are easily scalable), there are some cther {and more subtle)
consequences of the scaled down size. First, since the salt height at
full charge was lower in the SBE, so was the zaximum salt pressure and
hence loads on the liner amd walis. Simce the liner panels were sized
for the TES height and pressure, stresses im the SRE liner were lower,
Second, since the SRE test time was cousidersbly shorter than the 30
year service life of the TES tank (3 momths vs 30 years), the total
number of SRE cycles for fatigue effects was considerably samaller.
However, this issue was resolved by fatigue-testing a 1 @3 hot tank
subasgeubly. The 1 m? test program produced liner/tank exposure to
pressure and number of cycle enviromments in excess of what the TES
will experience.

Because of the smaller dimeusions, the ronvection heat transfer coef-
ficientsz between the salt and the wall .ad between the external sheath-
ing and the amblent air was somewhat different in the SRE than iun the
TES. This i3 bacause the Grashof vumber (for natural convection) and
the external Reynolds number (for wind) was asmaller. These differences
will have only a small effect on the SRE heat transfer rate per unit
area, however, because most of the thermal resigtance ig in the {ngula~
tion and thege regsistances will be fdentical. In any event, these 4if-
fereances will be accounted for in the thermal zodeling and data evalua-
tion. Because the hoop stress in the carbon steel shell walls ig
directly proportional to the product of salt pregsure and tank diame-
ter, these stregses are lower in the SKE than in the TES. Although the
abgolute value of the thermal expansicn growth is lower inm the SRE, the
themal strains and stressesg are comparable. Last, the concrete foun-
dation loads and stresges in the SRE are lower because of the reduced
height which cannot be coampensated for. Water cooling to keep the con-
crete near ambient temperature was used.

There {3 a practical lower limit in the scazling of the SRE. In par-
ticular, the overall tank dimensicns could not be reduced g0 the use of
full-scale fabrication techniques was precluded or unreascnably low
pressures were produced. Thus the lower limits on SRE size were set by
the requirements to provide (1) a full-scale limer panel (i.e., widths
and keights) for the hot tank sides, bottom and top [a2 sidewall panel
is approximately 1 x 3 (3 2 9 ft}], (2) sufficient inside diameter
and height for the het tamk so the liner panels can be installed and
welded by personael inside the SRE tank, as would be done for the TES,
(3) sufficient height of both hot and cold tank to get reasonakle pres-
sure loads on the gides and bottom, and (4) szufficient height on the
hot tank to get reasonable vertical thermal expansion growth of the
liner to properly simulate the interaction of the liner and its attach-
ments with the insulation and shell.
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Based oa these considerations, the hot tank was sized at 7.2 m (23.6
fr) high and 3.7 m (12.3 ft) in diameter (outside shell dimensions).
This height allowed the use of full-scale liner panels while also pro-
viding reasonable thermal expansion growth of the walls in the vertical
direction and reasonable pressure loads at the bottom of the tank. The
minimem practical diameter to permit installation of liner panels was 3
m (10 £ft). The tank shell diameter resulted from this minimum diameter
and the brick thickmess. The small diameter also increased the linear
velocity of the liquid salt-ullage gas interface, which better gimu-
lates the TES.

Similarly, the 3.7 m (12.3 ft) height and 3.7 m (12.3 ft) outer shell
diamater for the cold tank was used. These dimensions were selected so
the cold tank shell design would be the same as for the hot tank, thus
providing a ccst savings. Another important feature of both SRE tanks
was that each used a manhole for ingress/egress, and a water—cooled in-
sulating concrete foundation, as in the TES.

As previously mentioned, the SRE tanks used full-scale TES materials
and thicknesses; only the height and diameter were smaller. In the
cagse of the liner for the hut tank, full-scale liner panels were used.
Only the number of panels in the tank was smaller (their curvature, of
courge, wag different). The SKE used the liner thickness, corrugation
geometry and knot shapes selected for the TES. The liner and internal
insulation were installed and welded in the SRE tank in identical man-
ner to a full-gcale TES.

Once the basic SRE tank sizes were selected, it was necessary to select
the flow rates and heater and cooler capacities. Because the SRE ther-
mal storage capacities are much smaller than the TES values, the SRE
themnal charge and digcharge rates were also much smaller. As previ-
ously noted, this was not congidered a problem since these thermal
rates will gcale up diccctly with the flow rate because of the identi-
cal working fluid and operating temperatures used in our system, Thus
the capacity of a practical and economic salt heater became the driving
function for the flow rate selection. Based on a gsurvey of vendors, a
3 MW (10,2 x 106 Btu/h) fogsil-fired heater was selected. This

heater is a large salt heater having a design that has been produced
and that is reasonably economical in both capital and operating costs.
Since the purpose of the heater was to simulate the solar receiver,
there was no attempt to go Iinto a development program for fossil-fired
salt heaters in this themmal energy storage system program. The extra
risk and cost would have added little in value to the program. At a
salt temperature rise of 278°C (500°F), this heater can heat a maximum
salt flow rate of 25,335 kg/h (55,738 lb/h). This flow rate was suf-
ficient to completely charge the hot tank in 2.3 hours.

The fan-type air cooler used in the salt receiver SRE program was also
selected to cool the salt in the thermal storage SRE. This resulted in

go;;iderable savings for this program, The maximua cooler capacity is
t.

)
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The cold pump, sump tank and cold salt valves were taken directly from
the ACR Phase II program. This aot only reduced the cost of the pro-
gram, but also maximized relliability since these components had already
been extensively operated.

The pipes and controls that make up the rest of the SRE system were
gized to be compatible with the maximum salt flow rates, tank capaci-
ties and charge/discharge times. The SEE charge (or discharge) rate
could be reduced to as little as 10Z of its maxziaum value. The systez
was then designed to essily accommodate gsuch future improvements as the
addition of a salt/water-steam heat exchanger in place of the cooler
and to connect with the salt solar veceiver SRE,

It should be reeaphasized that the rationale used in the size selection
process was keyed to resolving all the TES uncertainties noted at the
beginaing of this section, while keepinmg SRE costs to 3 minimum.

A summary~-type comparison of the SERE aund TES characteristics is given
in Table 5.1-1. The Table shows that while the various SRE capacities
were considerably smaller than the TES, key parameters such as type of
gsalt, operating temperatures and materials and thicknesses were identi-
cal sc the SRE performance data can be easily and reliably scaled up to
the TES size.

DESIGN DESCRIPTION

4 functicnal schematic of the SEE is shown in Figure 5.2-1. The basic
system consists of the two storage tanka, one heater, one cooler, two
sumps and two pumps. Durlng the charging process, salt was drained
from the cold taank at 288°C (530°F) and was gravity fed into the cold
galt sump. The cold gsale pump then pumped the fluld through the
fossll-fired heater where the salt was heated to 566°C (L050°F) prior
to entering the hot tank, During the discharge process, hot zalt
drained from the hot tank and flowed into the hot sump by gravity. The
hot salt pump then pumped the fluid through the air coeoler where the
salt wag cooled to 288°C (550°F) and returned to the cold tank. Durinog
the cold startup process, the salt was mixed and melted at the SHE
gire. The vendor used his own equipment (including a fossil-fired
heater) and loaded molten salt at about 288°C (550°F) directly into the
cold tank cutlet line.

Special precautions were taken in tne SKRE design to prevent salt
freeze-up problems. ALl plpes and valves were electrically trace-
heated in the same manner as uged in the ACR Phase II program, Both
sumps and tanks had electrically controlled heaters to maintain proper
operating temperatures. The two sumps and the cold tank used heaters
cutside the steel shells, while the internally insulted hot tank used
an immersion heater, fed in through the top of the tank with the heat-
ing elements located near the flocr. In addition, there wers electri-
cal heaters im the cooler to przvent freezing during startup and no-
flow conditiong. These heaters, as well as the trace heaters, were
also used to bring the temperature of the components up before cold
startup. The tank heaters can also be used to thavw residual salt if
required.
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Table 5.1-1 Comparison of TES and SRE Characteristics

Operating Temperatures

566°C (1050°F) Hot Tank,
288°C (550°F) Cold Tank

Parameters l TES SRE

System Characteristics

Storage Fluid 60% NaNO3/40% KNOj Molten Salt | Same as TES
Tankage Conrfiguration Dual Tanks Same as TES

Same as TES

Height (Shell)

Diameter (Shell)
Insulation Concept
Materials & Thicknesses
Maximum Heat-Loss Rate
Maximum Salt-Cooling Rate

15.8 m (51 £f£, 10 in.)
25.2 m (82 £t, 7 in.)
Internal Plus External
See Section 2

0.27 MWt

4.8 ¥/24 h (8.6°F/24 h)

Thermal Storage Capacity 1200 Mwht 6.9 MWht
Working Salt Storage Capacity | 10.2 x 106 kg (22.4 x 10% 1b) | 5.9 x 10% k

(1.3 x 10° 1b)
Maximum Charge Rate 480 MWt (1.9 h) 3 MWe (2.3 h)
Minimum Charge Rate 48 MWt (25 h) 0.1 MWt (7 h)
Maximum Discharge Rate 300 MWe (4 h) S MWt (1.4 h)
Minimum Discharge Rate 30 MWt (40h) 0.1 MWt
Hot Tank Characteristics
Shape Cylindrical Same as TES

7.2 m (23.6 £t)

3.7 m (12.3 ft)

Same as TES

Same as TES*,t

0.0275 Mut

27 /24 h
(48°F/24 h)

Cold Tank Characteristics

Shape

Height (Shell)

Diameter (Shell)
Insulation Concept
Materials & Thicknesses
Maximum Heat-Loss Rate
Maximum Salt-Cooling Rate

Cylindrical

12.2 m (40 £t)

25.2 m (82 £t, 7 im.)
External Only

See Section 2

0.08 MWt

1.3 °c/24 n (2.4°F/24 1)

Same as TES
3.7 m (12.3 ft)
3.7m (12.3 £t)
Same as TES
Same as TESt
0.009 MWt
8.5°c/24 h
(15°F/24 h)

. *Except intermal insulation in

SRE hot tank is thermal equivalent of TES brick.

tExcept SRE steel-ghell thicknesses are less (sized for SRE loads at the TES
design stress level).

3=6
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5.2.1

Ullage gas was vented to the atmosphere in each tank and sump.

The control system was semiautomatic. All controls were mounted at a
single conscle. The operator initiated the particular operational wode
being tested by turning on the appropriate pumps and valves. Once the
charge (or discharge) process had been initiated, the systeam operated
automatically until the operator terminated it. There were automatic
overrides to kill the hesater or the cooler in the event no-flow condi-
tions occurred.

Comparison of the SRE functional schematic (Fig. 5.2-1) with the TES
schematic (Fig. 2.0~1) shows that the two are very nearly idemtical
within the boundaries of the thermal energy storage subsystem part of
the plant. Outside these boundaries, the TES solar receiver was simu-
lated in the SRE by a fossil-fired heater, the TES salt-steam generator
was simulated by the SEE cooler, and the TES main circulating pump was
simulated by the SRE cold sump and cantilever pump. Within the thermal
energy storage subsystem boundaries there was a one—to-one match of the
major components, except there was no salt reprocessor in the SRE.
Since the SRE coutains gmaller amounts of salt, has a shorter operating
time than the TES and since the TES reprocessing requirements were oot
clear at this time, in the interests of economy, a zalt processor unit
in the SRE was not included.

Another slight difference was that the SRE used a temporary one-time-
only vendor’s service to melt and load the salt, whereas the TES plan
is to have permanent equipment installed at the site to perform this
function. HNevertheless, the SRE loading techniques are essentially
identical in principle to the TES., Finally, ome other difference was
that the TES hag three bypass lines to provide flexibility in system
operation. The SRE simulates these options by varying the cooler heat
transfer rates to produce either hotter or colder than nominal salt
temperatures fnto the cold tank, and by varying the heater rate to pro-
duce colder than nominal salt temperatures into the hot tank. Thus the
SRE simulated a2ll major functional components and all operational modes
of the TES.

Hot Salt Storage Tank

The hot salt storage tank was the principal element of the SRE system
and the only one that required any development. Because the develop=
@ent work required for the stainless steel liner in this tank has been
described in detail in Section 3.0 it will not be repeated. The ratio-
nale used to arrive at the specific size for the SERE has been described
in Subsection 5.1 of this section. Figure 5.2.1-1 shows the elements
of our hot tank design for the SRE. The overall exterior dimensions
were 7.2 m (23.6 ft) in height and 3.7 w (12.3 ft) in diameter. The
salt operating temperature was 566°F (1l0S50°F).
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Pigure §.2.1-1 SRE Hot Iank

The important design featureg of the SRE hot tank are gumma
Table 5.2.1-1.

rized in

The maximum salt height in the tank was 5.0 m (16.3 ft) and 0.3 m (1.0
fe) for ullage gas. The minimum salt height inm the tank was 0.4 m (1.3
ft), which allowed sufficlent salt to cover the immersion heater. This
amount of salt maintained the tank wallg, top and bottom at (or very
near) their operating temperatures.

The shell of the hot tank wag made of carbon steel (e.g., SA516 grade
70). The thickness was sized to keep the hoop stress in the shell
walls at the gsame safe working level as in the TES and in conformance
with all applicable codes.



3.2.2

As a result, the normal shell temperature (i.e., with dry brick) will
be only 163°C (325°F).

The above approach was compared to the approach of maintaining the
shell temperature at 288°C (550°F). When the design temperature of the
shell was 288°C (550°F) a less expensive tank system was achieved due
to the effect on the insulation. This allowed a 56°C (100°F) tempera- .
ture margin below the material coded values at which the strength of

the material will decrease. If the liner were to leak the shell tem-
perature could exceed the 343°C (650°F) temperature limit, However,

any leakage would be slow and would allow time to remove external insu-
lation from the tank to limit the shell temperature. This approach was
used in the insulation design.

An important feature of our SRE design was that, since the same salt
and salt temperature and the same materials and thicknesses were used,
the SRE 1liner, insulation and shell temperatures would be close to the
TES values., Thig minimized the need for temperature-scaling SRE re-
sults up to the TES size.

The key to the success of this internally ingulated hot tank design
approach is the liner. The liner must be extremely leak resistant and
corrogion resistant to protect the refractory brick from the hot salt.
The liner must also be flexible enough to withstand considerable
thermal expansion during tank astartup, and numerous pressure loading
cycles (up to 50,000 in 30 years) during cyclic charge/discharge.
These desirable characteristics are available in the Technigaz liner.,
Note that the liner is not a primary load-carrying structure; rather,
it transmits the salt pressure loads through the internal insulation
into the steel shell. »

The salt outlet piping included a drain with an anti-vortex baffle to .
preclude sucking air into the linesg during discharge (i.e. avoid the

“bathtub vortex effect”). The hot tank also used a water-cooled insu-

lated concrete foundation capable of withstanding soil loadings up to

239 kPa (5000 1b/£t2). This approach kept the soil at essentially

ambient temperature and avoided hot soil problems (heated water vapor,

strength, etc). Our earlier studies indicate that hot foundations are

not state of the art, and that a convection cooling approach on the

bottoa was inadequate.

Cold Salt Storage Tank

The SRE cold tank is shown fm Figure 5.2.2-1. This design was a
straightforward carbon steel (e.g., SAS16 grade 70) shell with external
insylation. The SRE materials and thicknesses are the same as for the
TES cold tank, except that the shell thickness is reduced to produce
the same hoop stress as in the TES. This design also used a drain
manifold and a water-cooled insulating concrete foundation. Both the

ho; and cold SRE tanks have manholes and ullage gas vents to the atmo-
sphere.
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Figure 5.2.8-1 SHE Cold Tank

5.2.3 Amcillary Equipmeat

The fossil-fired heater was a standard design with a 3 MW (10.2 x 10
Btu/h) salt heating capacity. The salt inler temperature was 288°C
(550°F) and the ovtlet temperature was coatralled te 566°C (1030°F) bWy
throttling the heater fuel flow. The maximum flow rate was 0.20
m3/min, (53 gal/min); the siminua €low rate could be a factor of 20
legs. The heater was 7.3 m (24 fe) high, 2.7 w (9.0 £t) is diameter,
and welghe 13,870 kg (35,000 1b) dey. The heating colls were 80 ma
{(2.12 in.) tubes made of 316 stainless steel.

The fan-driven air cocler was the one used in ACR Phase II, and was a
custom degign by the Happy Division of Therma Technology, Inc. The
cooler wag about 7.3 @ (24 ft) loang, 4.0 m (13 ft) high and 2.4 = (8
fe) wide. The cooler used two large fang to blow air over the tubes
containing salt. It had a 5 MW (17 = 106 Btu/h) nominal salt cooling
capacity. The salt ocutlet temperature «as automatically controlled by
varying the pitch ca the fan blades.

The hot salt pump was installed on the hot sump. The pump was a stan~
dard Lawrence Pump and Engine Company mcdel of cthe cantilever design.
It had 2 head rise of 21 m (68 ft) at a 0.40 m>/win (106 gpum) flow
rate. It uged a 5.7 kW (7.5 HP) electric wotor. The lowsr bearing was
water-cooled, The impeller and housing were made of 316 stainless
steel. The hot sump was 1.2 w (4.0 ft) in diasmeter with 2 height of
1.2 e (4.0 ft) and was made of 3156 stainlesg steel.
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5.2.4

The cold pump was located on the cold sump, and came from the ACR Phase
11 program. The cold pump was similar to the hot pump except it has a
carbon steel impeller and housing and has a maximum head rise of 62.5 a
(205 ft). The obvious advantage of using cantilever pumps was that
they avoid seal and bearing probleas with molten salt.
was 1.5 = (5 ft) in diameter and 1.5 m (5 ft) in height.

Bellows-sealed valves were used for the SRE.
of salt creeping up the stem and freezing.

(i.e., pneumatically driven) with limit switches.
Por hot salt valves, 316 stainless body

material was used and for cold salt, carbon steel body material.

mechanical override handles.

Several kinds of piping were

Controls and Instrumentation

The monitoring and control of the SRE was accomplished from the control
congole. This iacludes the following:

1) Stop/start of motors

2) Start heater pilot light
3) Heater stop

4) Cooler fan pitch

5) Cooler Louver position

6) Open/close cooler insulated door
7) Coatrol valves No. 1 through No. 4

uged.

sequence

8) Salt level in sumps and tanks

9) Temperature of hardware

Interlocks were used to provide control and prevent hardware damage.
Alarms were used to warn of conditions which were out of design

limits. Automatic control of valves No. 1 and No.
tain specified heights of salt in the sumps.
outlet temperature was accomplished by the variable pitched fans.
Manual override of all automatic controls was possible.
provided automatic control of the outlet temperature by adjusting the

burner fuel flow.

All lines and components were provided with thermocouple instrumenta-
tion. The temperature of the piping could be heated to a temperature
above the salt freezing point prior to salt introduction.
thermal conduction of the tubing required a thermocouple about every
four feet. Sufficient instrumented points were provided to charac-
salt temperature gradients .

terize the heat loss and the

5.2.4.1 Controls

a) Hot S Level Control -
height %ron 0.15a (6 1n.) to 1.22 m (4 ft).

used to provide automatic control of valve #1 (hot sump inlet
-valve) so that the sump was maintained at 0.58 m (23 in.) + 0.10 m
(+ 4 in.). Valve 2 has a head pressure variation in the hot tank

The level sensor indicated the sump salt
The level sensor was
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The cold sump

This avoided the problem

The valves had dome motors
The valves also had

All hot salt lines were made of 316
stainless steel, while all cold salt lines were made of carbon steel.

3 was used to main-
Automatic control of the

The heater




X

b)

e)

d)

e)

£)

g)

which varied from 84.3 KPa (12.24 psi) to 6.8 KPa (1.00 psi). Flow
through the valve varied from 11.43 ¥g/s (90,300 1b/h) to 1.14 kg/s
(9,050 1b/h). An audible alarm socunmded when the salt exceeded 1.12
m {3 ft~-8 in.). Manual or automatic control of the valve was
available. Suap level valve positfoun, and open/close lights were
indicated on the coantrol couascle.

Cold Sump Level Comtrol -~ The level sensor indicated the sump salt
height from 0.15 = (6 1a.) to 1.78 & (5 ft - 10 i{n.). The level
sengor was used to provide automatic coatrol of valve #3 (cold sump
inlet valve) so that the sump level was maintained at 0.38 m (15
in.) + 0.08 (3 in.). The head pressure in the cold tank varied
from 61.9 kPa (8.99 psi) to 7.63 kPa (1.1% psi). Flow through the
valve varied from 6.86 kg/s (54,300 1b/h) to 0.69 kg/s (5430

1b/h). An audible alarm souaded when the selt level exceeded 1.5 =
(4 fr - 11 in.). Manual/automatic control of the valve was pro-
vided, Valve position and zump level was indicated at the conaocle.

Control Valve for the Hot Pump - Valve #2 controlled the flow from
the hot pump through the coeler to the cold tank. This flow was
set manually with no automatic feedback. A valve positfion indica-
tor was necessary sco that the flow could be set to previoualy de-~
termined valueg. Open and closed imdicater lights were used.

Control Valve for the Cold Pump - Valve #4 controlled cthe flow rate

from the cold pump through the heater to the hot taak. This flow
wa2 set manually and no automatic feedback vwas necesgary. A valve
position indicator was used to set the flow rate. Open and cloged
indicator lights were used.

Fosgil Pired Heater Control -~ The heater was supplied with its own

controcl panel which included burner safety features and start se-
quence. Several functional items were available at the consgole, 2
start buttoa to start the pilot light sequence, a pilot light indi-
cator light. The salt ocutlet temperature was coatrolled by the
coatroller (Bartlow 78) which was s¢t im the consoale. Imnitial pre-
heat of the heater was accomplished by setting the controller at
700°F. The coutroller monitored flue gas exit temperature. A stop
button was available at the congole to turn off the burmer. 4 maln
burner switch Zn the control console was required to lockout the
main burner until flow was established through the heater.

Afir cooler - The controls for the alr cooler were GFE. A manual/

automatic control was provided for the variable pitched fans teo

control the salt outlet tewperature. It had single or double fan
pitch control. Both fans could be stopped and started from the
congole. The louver pitch was wmanually controlled. Insulated amcv-
able covers on the air cooler were pneumatically operated with
switches from the console. Indicator lights for open and closed
positions were provided.

Poundation Coolant Flow - The valves for controlling the coolant

flow through the tank foundation were manual valves. Coolant flow
through the foundations was parallel flow with a valve at each
foundation. Each flow was measured locally.
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h) Electrical Trace Heaters - The controls for the majority of the
trace heaters were off/on switches. The heater power is designed
to obtain the correct temperature without cycling. The heater
switches on the console operate relays in the “"J" box.

j) Fill Valve - The f£ill valve, to initially fill salt into the sys~ )
tee, was 2 manual valve ounly. -

k) Coantrol Egui nt - An existing piece of equipment was used for
EIEEE?IEZ%'E%%%?El switching. This large electrical box has the
480/277 supply with a 300 amp breaker. There is a 110 V trans-
former inside the “J“ box., There are 27 relays which switch on
electrical trace heaterg via a 24 volt signal from the console.
The relays to pull in the 110 V circuits to start the pump and fan
motors are also located in “J" box.

5.2.4,2 Instrumentation

a) Thermocouples - Chromel alumel thermocouples were used. Components
had themmocouples as identified under each component. The thermo-
couples on the lineg were placed approximately every four feet and
attached by gpot welding to the exterior of the tube. The wires
were bundled together.

The temperature rakes inside both tanks were tubes containing there
mocouples which were sealed from the salt., One tube was placed
0.08 @ (5 in.) from the tank wall and a second tube was place in
the center of the tank.

b) Instrusentaticn Readout - The instrumentation readings which were *
displayed on the console are listed in Table 5.2.4-1. All the
other thermocouple data was displayed and printed by GFE equip- .

ment. The experimental data was printed on computer paper at the
interval specified by the test operator.

5.3 DESIGN ANALYSIS

Proper sizing of the critical couponents of the SRE required a signifi-
cant amount of anaslysis. Heat loss analysis was performed on the hot
tank, cold tank, trangfer lines and pumps. In addition stress analyses
were performed on all major components (i.e., hot tanks, cold tank,
tank foundations, sumps, support structure, etc.) A line pressure loss
analysis was also completed.

5.3.1 Hot Tank Thermal Analysis

The ianternally insulated hot tank has a layer of low density fire brick
on the walls and floor, with fibrous insulation on top. This internal .
ineulation iz protected froa the molten salt by a thin corrugated metal
liner. The internal insulation reduced the shell temperature to near
288°F (550°F) so that a carbon steel shell could be used. Exterior in-
gsulation is used on the shell to maintain its temperature at 288°C

(550°F). A fibrous insulation is used on the side and a block insula-~
tion is used on the top.
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Table 5.2.4~1 Measurements Displayed om Comacle

L.

4ir Cooler

Ao Pitch Comtrol

B. Louver

€. Open/Close Ins. Door ~ Switch
. DBoor - Opean/Close Lights

- Qutlet Temperature

. Overteaperature alarm

. Undertemperature alarm

[T R

Heater
A, Start/Stop Switch
B. Temperature Controller (Supplied) Bartlow Series 76
Stack Temperature {(ou Contreller)
C. (Overtemperature Kill-Controller Stack Temperature (om Comtroller)
D. Burner Override — Switch
E. Cutlet temperature
P. Indicator Lights O Timer, Pilot, Burner
G. Overtemperature Alarm

Hot Tank
h. Tewperature
B. Level Gauge

Cold Tank
4. Teuperature
B. level Gauge

Hot Sump & Valve

ha Lavel « (Control of Sump Inlet Valve)
B. Valve Control (with Manual Override)
C. Valve Stem Position {0-10 ¥V, Bailey)
B. Overhelight Alarm

E. Open/Close Lighte on Valve Travel

Cold Seap & Valve

h. Level - (Control of Sump Inlet Valve)
B. Value Control (with Manual Override)
C. Value Stem Pogition

Do Overheight Alara

E. Open/Close Lights

Cooler Flow Valve
. Manual Valve Control
B. Open/Clese Lights

Ueater Flow VYalve
4. Manual Valve Countrol
B. Open/Close Lights

Preumatic Imdicator
A. Logzs of pressgure
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Herein {3 presented the predicted thermal performance of the tamks.

The analytical data are based upon a small computer program called STS

(Solar Thermal Storage). The code is written as a design tool and is N
intended to produce accurate predictions inexpensively. The output

from the code is a time history of the salt and tank temperatures. A

running total of heat loss and charge rates are kept. From these num-~ -
bers the thermal performance of the system can be determined. In Sec~ *
tion 7.4 analytical results of the STS are compared with the experi-

mental data from the thermal storage Subsystem Research Experiment

(SEE) conducted at the Sandia Kational Labs in Albuquerque, New

Mexico. The data from both the hot and cold tank are presented, as

well ag analytical results for a commercilal size system.

5.3.1.1 Analytical Model — The analytical model (STS) was developed in
order to support the thermal design of the salt storage tamks. This
model was formulated to provide a balance between accuracy, flexibil-

ity, and computer costs.

An overall energy balance performed on a tank yields the following
equation;

a7
;nau balance results in;
WA o .
—a—,p’- = ving - iy (2)

and, obviously;

ami- =0
= (3 .

where:

h = enthalpy c = gglt charging

@ = pass d = galt diecharging

Q = heat loss from tank (positive number) 8 = galt in the tank
= time t = tank structure

u = internal energy and insulation

Differentiating the right harnd side of equation (1) and combining the
result with equations (2) and (3) yields:

M We - Mh -Q= usuﬁl-‘“ﬂ t “sed_:'% *M‘A% (@)

Applying the following assumptiouns: "rr'
1) The salt within the tank i1s at a uniform temperatur2 at any given .
time.

2) The specific heat of the salt is a constant.



The heat transferred from the salt to the roof and walls above the salt
level is determined using both radiation and free counvection. The wiew
factor of the roof is based oo that bhetween two parallel disks. The
view factor from the salt to the wall is one ainus the viewfactor from
the gsalt to the roof. The free counvection coefficients are based upon
data for enclosed air spaces. As in the sther sections the heat is
conducted from the funterior surfaces through the ifusulation. The
effect of the attic gspace (small region between the intermal imsulation
and shell) has been neglected. Forced convection from the wall is
assumed to be that of a cylinder in cross flow, and the roof iz treated
ag a plane in parallel flow, Am average windspeed is used in the cal-
culations of these parameters.

Aa overall heat transfer coefficient is calculated for the tank froe
the four individual coefficients. An area-weighted average systesm is
ugsed and {8 based upom the liner areas. The average ground or fouada-
tion temperature, the average windapeed and the ambient air temperature
are supplied by the user.

The analytical technique deseribed in this section was used to gize the
insulation for the system and to estimate the thermal performamce of
the zalt storage tanks for several situations. The most cowmoan scenar-
ios include the “"normal day"” where the system 13 charged and discharged
for 8 hours, the “poor day” with 6 hourse of charging and discharging,
the “good day™ with 14 hours of operation, and the sclar outage whare
the system is charged to a2 certain level and held there for several
weeks.

5.3.1.2 Analvtical Model Results - From the varicus charge/discharge
scenarios of the storage systea the insulation thicknessez were ze~
lected a2 shown in Table 5.3.1<l. Other paremeters of the TES sized
gystem were discussed in Section 2.1. The S5TS model was used to pre-
dicet heat loss and temperature profiles of the SRE tank. A charge/dis-
charge scenario for the system is shown ia Figure 5.3.1-1 whare the
charge and discharge rates ave 3 M. Sisultaneous tranefer occurg for
2 1/2 hours. The temperature profiles for the hot and cold tank are
shown in Figure 5.3.1-2 and Figure 5.3.1-3. In this scenario the salt
was gtored io the cold tamk for overnight conditions. The gensitivicy
of various environmental conditions were also evaluated. This was used
to verify that the hot tank shell temperature would not exceed the de-
sign temperature of 288°C (550°F). Table 5.3.1-2 shows the effect of
the environment on the hot tank, Very little effect is observed due to
cold or hot days. The power loss was also used to size the electrical
trace heaters for both tanks.
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Table §.3.1-1 SRE Imsulation Materials and Thicknesges

Design
Thickness
Tank | Component Material m in.
Hot | Internal Insulation
Top Holmes Flexwhite 1260 Fibrous Batt } 0.508 | 20.0
Side JM C22ZSL Brick 0.343 | 13.5
Bottom JM C22ZSL Brick 0.343 ] 13.5
External Ingulation
Top Holmes 1212 Blok Board 0.254 | 10.0
Side Flexwhite 1260 Fibrous Batt 0.051 | 2.0
Bottom JM 2100 Insulating Castable 0.254 | 10.0
Cold | External Insulation
Top Holmes 1212 Blok Board 0.381 | 15.0
Side Flexwhite 1260 Fibrous Batt 0.381 |15.0
Bottom JM 2100 Insulating Castable 0.381 | 15.0
Charge
ww == = Digcharge
e - Salt Height - JS
I_ _\ 115
f % 4
5 / \ ]
13 ] ] 10 g 113 &
| ¢ | &
£ ]
g 3t 1 A'i g | 8
g Pl Ve - Pl
: ! s 1y
< 2t i \' 153 | &
: : a1
i L]
1E { i i 41
' \
- — ' - -
0 : i
PPN FEFE RN NN B PN B, d0
) 6 12 18 24

Time, h

F.gure 5.3.1~1 Charge/Discharge S.enario for SRE Hot Tank
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Pigure 5.3.1-2 SRE Hot Tank Temperature Prediction
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Figure §.3.1-3 SRE Cold Tank Temperature Prediction
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Table 5.3.1=-2 SRE Hot Tank Thermal Predictions

Hot Daya Nominal Daya Cold Daya

Parameter °c (°F) °C (°F) °c (°F)
Salt Bulk Temperature *" 559 (1038) | 558 (1037) | 558 (1037)
Top Shell Temperacureb’c 269 (516) | 283 (461) 231 (448)
Side Shell Temperatureb’c 272 (522) 257 (495) 251 (484)
Bottom Shell Tenpetatureb’c 265 (509) | 242 (467) 231 (448)
Heat Loss Rate’’S 20.6 kWt | 21.5 kWt 21.9 kit
Note:
a) Type of |Ambient Air | Wind Solar Flux

Day Teuwp °C (°F) | mps (mph) | W/m? (Btu/h-ft?)

Hot 36 (96) 0 (0) 16.3 (310)

Hominal | & (40) 2.2 (5) 0 (0)

Cold =10 (14) 6.7 (15) 0 (0)
b) Maximum Value of Average Temperature during a Daily Charging

and Discharging Scenario
¢) Predictions Include Effects of Metal Shelves (Inside and Qut),

Anchor Pieces, Nonflat Roof, Corners, and Tank Heat Capacity--—

They Do Not Include Transient Diffusion or 2-D Conduction Effects

From the analysis it was determined that exterior sheathing should have
a low solar absorption surface. Temperature variation through out the
hot tank shell can exist due to solar heating. This increases the
stress within the shell, The tank sheathing was specified to have a
solar abgorption of less than 0.30 and an infrared emittance greater
than 0.83. Although the cold tank did not require this same coating on
the sheathing it was used for commonality.

The results of the preliminary hot tank thermal analysis predicted an
overall heat logs 13.18 kW, based on idealistic conditions. The effect
of the following parameters were added to the prograa by increasing the
thermal conductivity of the associated insulation:

= Brick shelves
- Insulation support rings

- Heater, piping and instrumentation penetrations
- Liner anchor ties

- Attic area

With these changes the predicted heat loss was 18.07 kW, By degrading
the block and fibrous insulatiom by 74 and 33 percent respectively, the
heat logs became 18.33 WW. Degrading the insulation values allowed for
installation gaps and other effects at the joints. These values are
compared to actual ameasured heat loss of the SRE in Section 7.0.
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A commercial size system has been designed. The system 1s sized to

have a thermal capacity of 1200 Miht.
MWe plant for four hours.

presented in Table 5,3.1-3.
a normal Barstow, CA day would be 1.5 M¥t.
perature drop of 1°C (2°F) per day for a full hot tank.

It £s capable of operating = LOO

The general specifications of the system are
The SIS code predicted hest loss rate for

This results in a salt tea-
The calculated

thermal efficiency of this system fg 38%, based on equation (8).

Table §.3.1-3 Commercial Storage System Specifications

Storage Media

Molten Salt (60% HaNOj, 40%
KKG3 by wt.)

Tank Configuration

Dual Tanks (Hot and Cold)

Storage Capacity

1200 MWht

Hours of Storage

4 hours (120 MWe plant)

Hot Salt Tank
Ingulacioa Iype
Liner Diameter
Maximum Salt Height
Nominal Salt Temaperature

Internal

26.5 m (B0.33 £t)
13.2 = (40.33 fc)
566°C (LO50°F)

Cold Salt Tank
Ingulation Type
Shell Diameter
Maximum Salt Height
Nominal Salt Temperature

External

25.2 m (82.5 ft)
1.3 m (37.25 ft)
288°C (530°F)

Maximum Charge Rate 480 WM
Maximuz Discharge Eate 300 MWce
Efficiency = Energy Discharged
Energy Charged (8)

The high syatem efficiency indicates that this design is an excelleat
way of storimg high temperature thermal energy.

The STS code effectively predicts the performance of the storage sys-
tem. The comparison with the experimental results indicate that the
prograa can be used with z high degree of counfidence.

Preliminary experimental results indicate that internally insulated
tanks are practical for this type of energy storage system., Alsc the
overall energy storage concept presented here has been shown to be ap-
propriate for solar thermal central receiver systems and, indeed, this
technology is ready for commercialization.
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5.3.1.3 Hot Tank Foundation Thermal Analysis

Thermal analysis on the hot tank foundation was performed using a stan-
dard heat transfer method. The representative area selected is shown
in Figure 5.3.1-4. It contains a 0.3 m (1 ft) length of cooling pipe
with its associated concrete, castable insulation, and tank floor. The
cooling pipe was 25.4 mm (10 in.) standard steel pipe installed on

0.3 m (12 in.) centers. The pipe was located in the foundation to pro-
vide a minimum of 38 mm (1.5 in.) of concrete cover. The recommended
thickness of the external castable insulation was 0.25 m (10 in.).

Molten Salt
. 1.27 mm
Liner (0,050 in.)
0.3 m 2 3 Ky
Internal (13. 5 il'l..)

Insulation !

Shell

External (.25 m’ 7 8 gr
Insulation (10.00 in.)

J

12.7 am
(0.500 in.) Kz

=1 5.5 cm
[
10 11 12 (2.16 in.) g,
Foundation /’L\ i
13 \L/ 15 )
14
0.33 m
(12.84 in,)
Ky
16 17 18 )

0.30 m
“ (12 {n.)y"— ™

7igure 6.3.1-4 Representative Hot Tank Foundation Area

The thermal conductivity of the materials is given in Table 5.3.1-4.
The molten salt temperature is 566°C (1l050°F) and the ambient tempera-
ture was taken as 36°C (96°F) maximum. Based on the coolant heat re-
jection system the cold water inlet temperature assumed was 49°C
(121°F). A maximum teamperature rise of 5.6°C (10°F) was used. It was
also assumed that the foundation temperature was maintained at 49°C
(120°F) at the air or earth interface.
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Table 8.3.1-4 Material Thermal Conductivities

Material K (¥/m-c®) K {Bru/h-fe-F°)
’ Internal Insulation 0.265 0.153
. External Insulation 0,242 0.140
] Steel Shell 43.3 25

Concrete Foundation 1.2L 0.70

The analytical results are givean in Table 5.3.1-5 for the maximum hot day
condition. The desired temperature of 2Z88°C (5350°F) at the tank shell was

achieved within 2°C (3.6°F).

Table 5.3.1-5 Hot Tank Foundation Node Terperatures

TEMPERATURE TEMPERATURE

Node °c °F Node °C °F
T, = 566 1050 9 = 68 154,3
Tg = 566 1050 Tig = 63 145.7
Tq = 566 1050 Tiz = 68 154.3
Ty = 289.6 553.2 T34 = 60 139.2
T = 289.5 533.1 Tyg = 52 126
Tg = 289.6 553.2 Tig = 60 1349.2
Ty = 289.5 §33.1 T7 = 49 120
Tg = 289.4 553,0 Tig = 49 120

* Tg = 289.5 553.1 Tig = 49 120

The amount of coolant flow reguired to maintain these node temperatures
. was calculated as 7.0 liters/min. (1.85 gpm) based on a coolant Cp of
0.871 calories/gran—~°C (0.871 Btu/lb="F).

5.3.1.4 Hot Tank External Shell Stregs Analvsis ~ An analysis of the
steel gshell of the hot tank was performed uzing a finite elesent compu-~
ter program. The program ig titled SAP IV and was developed by the
Earthquake Englneering Research Center at the University of California
in Berkeley. Load cases for hydrostatic pressure, temperature gradi-
ent, sefsmic loading, and wind and snow were uged.

Because of the size of the tank and the ratio of thickness to radius, 4
node, flat, shell elements were used. Due to the size of the PRIME 250
mini~computer two models were ugsed. The first model, shown In Figure
5.3.1=5 includes the top inlet pipe but not the upper support ring, and
was used to evaluate top cover streggses. The second model, shown in
Figure 5.3.1-6 has the upper support ring but not the inlet pipe aad
was used to study the effects of the ring and of the thermal gradients
neatr the ring.

LR ]
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Figure 5.3.1-5 Hot Tank Model with Center Pipe
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Hecessary input data for each element includes pressure normal to the
surface, and the temperature at the center which was considered to be
the aean temperature.

The modeling assumptions include; (1) fixing the inmner and outer row of
bottom node points in the Z direction as shown in Figure 5.3.1-7, (2)
fixing of four center bottom nodes, as shown in Figure 5.3.1-8 to pre-
vent rotation due to nonaxis-symmetrical seismic and wind loading, and
to allow thermal expansion, 3) the ground exactly reacting any load
against it, hence no pressure need be applied to the bottom elements
and 4) fixing of 211 bottom nodes against rotationm about the Z axis,
due to type of elements used. Some loading assumptions are shown in
Figures 5.3.1-9 and 5.3.1-10 and include hydrostatic pressure and seis-
mic affect where seismic effect is obtained by multiplying the hydro-
static pressure by a seismic coefficient.

Z

8

Figure 5.3,1-7 Vertical Fixity at Base )

Y- N

43 .

F’L'Q’LLI'G 5. 3- 1-8

Rotational Fixity at Base

LR
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Normal Hydrostatic
Pressure

4.1 kPa

* (2.00 psi)

T e

81.6 kPa
(13.00 pai)

Hydrostatic Pressure
with Seismic Effect

15.8 kPa
(2.26 psi)

102.3 kpa
(14.56 psi)

Figure 5.3,1-9 Hydrostatie Pressure Distribution

¥
]

Seigmic )
Effect .

0.3 kPa .
(6.13 psf)

1.0 kPa

] (20.44 pss) < lllllm

1.2 kPa
(24.53 psf)

Symetrical loading om This Side

Figure 5.3.1-10 Envirommental Loading of Steel Shell
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The cover loads imclude pressure welght of suspended liner and insula-
tion which is distributed to nodes approximating anchor poiats, and
weight of bricks which is applied as a pressure at the corners. Ther-
mal loading on the first model, with the inlet pipe and without the
upper support ring, conmsidered only the temperature gradient due to the
corners. Thermal loading for the second model with the upper support
ring and without the ilmlet pipe, consisted of both the thermal gradient
due to the corners and at the level of the upper support ring.

The output from the SAP IV program consisted of anode rotation and dis-
placement for each axis, membrane stresses Ty, Ty, and Ty, for

each element, and moment per unit length for each element. The prin-
cipal stresses can then be derived from equations 1 and 2.

g - ‘73_’%_9_1 + /(.”‘*_‘Tr)";"rzf ()
G - 2% . /T Z9e Y+ Ta) (2)

Examination of the first model output showed, as expected, that the
pressure and weight loads give low stresses. The stresses resulting
from thermal effects were somewhat higher, In the shell a maximum
stregs of 30 MPa (4270 psi) occurs on the bottom and on the lower part
of the side, and for the support rings the maximum stress was 86.1 MPa
(12,240 psi), Also, all of the side wall deflections are close to 6.5
ma (0.26 in.).

The gecond model (refer to Fig. 5.3.1-4) showed 2 maximum shell stress
of 53.5 MPa (75600 psi) just below the upper support ring. The ring
atresgses and wall deflections were similar to those in the first
model. The vertical displacement of nodes around the top of the wall
is approximately 23.85 mm (0.938 in.). .

Additional evaluation was done for the case of thermal gradients be- .
tween the gside and cover and between the side and bottom. These cal=-

culationg showed that thegse thermal gradients must be kept less than or

equal to 80°C (144°F). The maximum stress was then 95 MPa (13,500 psi).

The allowable gtress in steel was 122 MPa (17,350 psi) which shows that
the tank design is satisfactory.

5.3.1.5 Hot Tank Foundation Stress Analysis — Maximum soil bearing
pressures were calculated by Stearns-Roger for the hot salt storage
tank foundation., The maximum calculated bearing pressure was 0.127 Mpa
(2,590 psf) resulting from a combination of seismic and weight loads.
This may be compared to an allowable of 0.13 MPa (2,660 psf).

The foundation was designed to an outside diameter of 4.4 m (14.5 ft).
The foundation design is depicted in Figure 5.3.1.11. All conecrete
elements of the foundation were reinforced with steel rod varying in
size from 12.7 am (0.5 in.) to 19.0 mm (0.75 in.). Access to the air
space within the ring wall was provided by two 0.%91 a (3 ft) square
opening, which were surrounded by additional reinforcing rod to provide
the necessary strength. .
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Pigure 5.3.1-11 Hot Tank Foundation Configuration
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5.3.2

Cold Tank Analysis

5.3.2.1 Cold Tank Thermal Analysis — For cold salt storage, the tem—
perature of the molten salt [288°C (550°F)] was low enough to use car~
bon steel for the shell., While there was some decrease in strength
allowable at this temperature, carbon steel gtill provides an adequate
factor of safety for operational load conditions. This factor elimi- s
nated the requirement for an internal liner and pemmitted use of low

cest fibrous external insulation to minimize tank heat loss. (Refer to

Fig. 5.3.1~3).

The cold tank thermal analysis was performed using the same analytical
model used for the hot tank (see paragraph 5.3.1.1).

The results of the cold tank thermal analysis indicate that for a salt
height of 0.2 @ (0.6 £t) the heat loss should be 4.94 WW. This predic-
tion {8 compared with SRE experimental heat loss in Section 7.0.

5.3.2.2 Cold Tank Foundation Thermal Analysis - The thermal analysis
for the cold tank foundation was a simplified versgsion of the hot tank
anzlysis, in that there i3 no internal liner and consequently fewer
naode pointg., The representative gection of the foundation is shown in
Figure 5.3.2-1, It contained a 0,3 m (L ft) length of cooling pipe,
foundation concrete, castahle insulation and the tank floor. The cool~
ing pipe was 25.4 mm (1.0 in.) standard steel pipe installed on 0.30 m
(12 in.) centers. A minfmum of 3.8 cm (1.5 in.) of concrete cover was
provided over the cooling pipes. The recommended thickness of the
castable insulation was 0.37 m (15 in.).

The molten salt temperature was 288°C (550°F) and the ambient tempera~ .
ture was taken at 36°C (96°F) maximum, It was assumed that the cooling
water entered at 49°C (121°F) and that the outlet temperature increased .

5.6°C (LO°F). It was also assumed that the foundation was maintained
at 38°C (l00°F) at the air or earth {nterface.

The analytical method used was a two dimensional conduction heat trans-
fer model using linear equations to desaribe the heat flow, as used for
the hot tank foundatiom analysis (Sectiom 5.3.1.2). HNodes 1, 2, and 3
were at 288°C (550°F) and nodes 10, 11, and 12 were held at 38°C
(100°F). (See Fig. 5.3.2-1 for node locations.)

The results of this analysis is shown in Table 5.3.2-1.

Table 5.3.2-1 Cold Tank Foundation Node Temperctures

|___ TEMPERATURE TEMPERATURE
Node °c °F Node °c °F

T, = 288 550 Ty = 55.4 131.8 )
Ty = 288 550 Tg = 52.2 126

Ty = 288 550 Tg = 55.4 131.8

T; = 61.4 142.5 Tip = 37.8 100 .
Tg = 59.4 138.9 Ty = 37.8 100

Tg = 61.4 142.5 Typ = 37.8 100
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Pigure §.3.2-1 Representative Cold-Tank Foundztion Area

5.3.3

The awount of coolant flow required to mafintain these node tespera~
tures, based on a coolant Cp of 0.087 calories/grams="C (Beu/lb~"F) at
52°C (126°F) and a3 foundation diameter of 3.75 = (12.29 ft), was calou=~
lated as 4.7 1/min (1.25 gpm).

5.3.2.3 Cold Tank Shell Stress Analvsis - Anzlysis of the cold tauk
steel shell fundicated a mavimum compressive streas level of 1.5 ¥Ps
(212 psi}. The allowable compressive stress level for A316 grade 70
carbon stael is 3.15 MPa (4,300 pei), which provided a large factor of
safety, Analysis also indicated that for the saxisum seismic or wind
loading, the resulting overturning wmoment was small encugh that anchor
straps to the foundation would not be required.

5.3.2.4 Cold Tank Foundation Stressz Anmalysis -~ The cold tank f{ounda-
tion stressz analysis was performed by Stearms~Roger to check the maxi-
mum hearing pressures, Under normal operating conditions the predirred
bearing pressure was 0.08 MPa (1,740 psf) znd under seismic conditims
2 value of .11 MBa (2,330 pef) was predicted. This may be compare- ¢
an allowshle value of 0.13 MPa (2,660 paf)}. The foundation was rei -
forced with number 6 reinforcing rods [l% msm {0.75 in.} dlameter] o
0.3 m (12 in.) centers.

]

Hot Sump Analysis

5.3.3.1 Hot Sump Thermal Analysis ~ The analysie assumed an cutside
ambient temperature of 3/.5°C (1L00°F) and an internal temperature of
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566°C (1050°F). Thermal conductivity of the fibrous insulation was
0.07 4/=~°C 0.045 (Btu/ft-h~°F). This insulation was placed on the top
ard sides of the sump.

Heat losz was caiculated at 0.40 kW {1370 Btu/h) for the top of the
tank, 1.61 kW (5,450 Btu/h) for the side and 0.40 kW (1,360 Btu/h) for
the bottom. The total sump heat loss predicted was 2.41 kW (8,180
Btu/h)., The heat loss through the pump was 550 watts. To replace the
2,96 k¥ loss, 3.9 kW electrical heaters were used.

5.3.3.2 Hot Sump Stress Analysis - The hot sump stress analysis was
performed using a NASTRAN static analysis. The loading conditions are
shown in Figure 5.3.3-1. This loading has the pump weight and the
pressure which would occur if the full pressure head of the hot tank
were applied to the sump. The tank materiasl thicknesses were sized to
provide a factor of safety of 2.0 over the allowable coded valueg of
304 stainless steel at 566°C (1050°F). The wall thickness was .32 cm
(.125 inch); the top plate was 1.3 cam (.5 inmch), and the bottom was a
0,64 cm .25 inch) plate with stiffeners.

3000 io. 1b
P = 1500 1b 250 1b p = 20 psi

N

Figure §,3,3-1 Hot Swmp Loading Conditions

5.3.4 Cold Sump Analysis

5.3.4.1 Cold Sump Thermal Analysis - Re-evaluation of the cold sump
thermal analysis was not performed for this test. Previcus operations
indicated adequate temperature margin. The tank had more trace heaters
than necessary to maintain design temperatures,

5.3,4.2 Cold Sump Stress Analysis - The cold sump stregs analysis was

performed using a NASTRAN static analysis. The loading conditions are .
shown in Figure 5.3.4-1. This pressure loading accounted for a pos-

sible failure mode which would allow the full height of the cold tank

to be applied to the cold sump. The maximum stresses in the sump «
occurred on the bottom plate; 171 MPa (24,316) in tension and 169 4Pa )
(23,991 psi) in compression. At 316°C (600°F the value of the compres-

sive yield allowable is 172 MPa (24,570 psi) and the tensile yield
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allowable is 176 MPa (25,200 psi). This provided a margin of safety of
2.5% for worst case sump loading. The small margin was conmsidered ade-
quate gsince it would result io a failure mode which would have a3
limited time duration.

Pump Weight (1500 1b)

Figure $.3.4-1 Cold Swyp Loading Conditions

5.3.3

Trnble 5.3.5-1

Salt Transfer Line Analysis

5.3.5.1 Sale Transfer Line Thermal 4nalvsis - The i{nsulation of the
lines wag not sized far optimum cost or for minizum heat loss., The in-
sulation thickness wae selected to maintain the external {nszulation he-
low 50°C (140°F) when the line wag at its maximum temperature. The
lines were insulatedwith a calcium silicate, exczpt at the elbows which
had fibrous fnsulation. The heat loss o be replaced by the trace
heaters was calculated with the lines ag 332°C (630°F) [except for line
£l which was 566°C (L0S0°F)] and at 43°C (1lI0°F) ambient temperatura.
It wag necessary that line #1 be saintained at 566°C (1050°F) to pre-
vent cold salt from causing thermal shock of the hot pump. The line
insulation and heat losses are i{n Table 5.3.5-1.

Heat Losa Salt Tranafer Lines

Pipe | Pipe Size Pipe Insulation ; Heat Loss

No. ! zm (in.; mm (in.) WO.3m (W/fe)
1 56.8 (2) 63.5 (2.5) 35.9

2 53.8 (2) 114.3 (4.5} 27 .4

3 101.6 (&) 127.0 (3) 36.6

& 76.2 (3) 114.3 (4.5) 33.5

5 76.2 (3) 76.2 (3) 41.2

6 76.2 (3) 76.2 (3) 41.2
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5.3.6

5.3.7

There was no thermostatic control on the line heaters. The correct
balance between the heaters and heat loss was used to maintain the tem-

perature.

5.3.5.2 Salt Transfer Line Stress Analysis - Stress analysis of all
gsalt transfer lines was performed by Stearns-Roger. Analysis included
weight, pressure and thermal expansion loads. The results of the hot
line (number one) between the hot tanks and the hot sump, s used as an
example of the tasks coampleted. The line routing diagram is shown in
*{gure 5.3.5-1. The large nuamber »f bends in the line were inserted to
allow the line to act as a spring, thereby reducing the magnitude of
the thermal expansion stress loads which would be experienced in
straight line segments. Pipe hangars were desigued to permit unre-
strained thermal expansion. The temperature of the molten salt was
assumed to be 566°C (1050°F) and the pressure of the fluid in the lins
was taken 0.14 MPa as (20 psig) maximum. The pipe was a schedule 10,
316 stainless steel. The thickness of the calciuam silicate insulation
was 12.7 mm (5 in.). Deflection at line end points were ugsed in coun-
Junction with the above data and loads were determined using a compu-
terized analysis. The nuaber and location of expansion loops and pipe
hangars were varied until the desired stress levels were achieved. The
maximum stress level, based on these loads, was 190 MPa (27,187 psi)
compared to an allowable of 256 MPa (36,625 psi). The equipment con-
nection forces and moments are given in Table 5.3.5-2.

LE4

Pregsure Logs Analysis

To determine valve and sump requirements it was necessary to determine

the prezsure loss in each of the zalt transfer lines. Most of the .
valves and the cold sump were taken from ACR Phase Il program so the .
SRE line designs were made compatible. Limiting the vertical drop of

the tank outlet lines increased thelr diameters. The pipe sizing was

an iterative process with the line stress analysis. A4s a line became

larger in diameter, thus stiffer, it was necessary to add expansion

loops which fncreazed the line lengths. Sizing of the lines had to be

compatible with the valve flow resistances. The pressure loss of the

lines, as determined by a Stearns—Roger computer program, is listed in

Table 5.3.6~1.

Migcellaneous

The analyses described above cover only the major components of the
SRE. Analysis of numerous other components (i.e., pump and sump build-
ing foundation, ladder tower, pipe supports) was also performed. A
coaplete list of analytical tasks performed is contained in Appendix C.

*
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Table 5.3.6- Line Ho. One Conmnection Forces cnd Moments

Forces
b4 b4 2 Regultant
Equipment Comnections | kg |1b kg 1b kg (1> kg | 1b
Hot Tank Qutlet
Thermal 64 | 141 &4 96 3 ] 78 | 171
Weight =8 | =17 «100 | =220 5 11100 221
Resultant 56 | 124, =56 |«12&6) 8 | 17| 80 176
Hot Sump Imlet ‘
Thermal =86 |~190, =39 =87 75 [166 | 121 | 267
Weight 0 0| =20 =44 O 0! 20 44
Regsultant =36 =190 59 ) 13175 la6 129 284
Houents
z v 2 Resultant
Equipment Commections kg-m | ft-1b| kg-m | ft-1b | kg-m |ft-1b| kg-n | ft-lb
Hot Tank Outlec 1.8] 13 ] 37| 27 263|176 | 26.7( 179
Weight @2.4 | =17 1.4 10 | -2.9 |=21 4.0 29
X 3] -0.6 | <4 5.1 37 |21.4 [155 22.0| 159
Hot Sump Inlet
Thermal =29.3 | =212 | 147 1066 | ~0.6 | =4 150 1087
Weight 0 0 =0.6 =4 2.6 | 19 2.8 20
Regultant =29,3 | =212 | 147 1062 2.1 1 15 150 1083

Table §.3.6-1 [Pregsure Losses in Salt
Trangfer Lings

Presgure Lossg

Line

No. MPa x 10-3 pai
1 18.8 2.69
2 15.8 2.26
3 3.5 0.50
4 5.8 0.83
5 16.1 1.44
6 4.7 0.67
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6.0

6.1

SRE FABRICATION

Most of the fabrication of the SRE was performed onsite at the CRTF
except for the hot tank liner elements and tank subassemblies which
were fabricated by Glitch Field Service, Inc. in Dallas, TX. The hot
sump and the control console were built by Martin Marietta Denver Aero—
space. All of the site preparation, foundations, piping and buildings
were done by Stearns-Roger, All of the thermal insulation of the tanks
and piping was done hy American Enterprises, Inc. at Albuquerque, W
under subcoantract to Martin Marietta Aercspace. Most of the electrical
work includinmg the installation of all the cable trays and coanduit was
performed by Sunrise Electric Co. under subcontract to Martin Marletta
Aerospace, Martin Marietta Aerospace and Sandia supported all of the
subcontractors and ianstalled all of the instrumeantation, controls,
pneumatics, cooling water systems and performed the checks required.
The fabrication started in June 1981 and was completed in January 1982,

SITE PREPARATION

Figure 6.1-1 shows the SRE site layout, which wag located south and
west of the CRIF tower. This location will provide easy hookup to a
molten salt receiver prototype im the future. A view of the site im a
preliminary construction stage is shown I{n Figure 6.1-2, This view is
from the CRIF tower. The cylindrical structure seen at the far left of
the picture is the hot tank foundation. The molten salt drain hole may
be gseen in the center of the foundation. To the lower right of the hot
tank foundation is the cold tank foundation location. Framing for the
comcrete, reinforcing rod and foundatioa coolant tubes are being put in
place. Dicectly above the cold tank foundation iz the sump building
which houses both the hot and cold sumps. To the left of the sump
building is rhe pad which will support the propane heater. The control
building for the SRE is lacated to the right of the sump building. At
this stage only the floor slab has been poured.

Below the control building is a swmall pad where the electrical trans-
formers will be located. The gpace between the transformer pad and the
cold tank foundation is allocated for the air cooled heat exchanger,
Preparation of this site included removal of two heliostat foundatioas
and removal of the blacktop in the area. Figure 5.1-3 shows a side
view of the SRE during this same stage of initial construection.

Once the hot and cold tank foundations had been poured and had ade-
quately cured, the castable insulation was poured in place. This oper-
ation is taking place in Figure 6.1-4 and Figure 6.1-5 shows a side
viev of the foundation after completing this step. The air cooled heat
exchanger zay be seen in the background. Thig item had been previously
used f{m two earlier power system programs, thereby reducing the overall
cost of the SRE. Pigure 6.1-6 is a view from the CRTF tower. At this
gtage the castable insulation task had been completed and souwe back
filling of dirt had been dome. 1In the upper right hand cornmer is the
air caoled heat exchanger, which was being stored at this locatien
prior to placement in the SEE.
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Figurg 6.1-2 Early

Site Conatruction Stage




Figure 6,1-¢ Pouring Castable Ineulation

Figure 6.1-5 Side View of Completed Foundaticns
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Figure 6,1-7 Cooler and Tank Bottom

6.2

Ingtalled

b = i

An overall view of the SRE 1s shown in Figure 6,1-13. The propane tank
can be seen in the upper right hand corner. The three saall propane
evaporators are located in the center of the picture on the other side
of the chain link fence. Figure 6.1-14 shows a side view of the site.
All major components of the SRE have been installed. The only tasks

left to be completed are piping and electrical iaterconnects and insu-
lating of the storage tanks.

HOT STORAGE TANK

Figure 6.2-1 shows nuts for the anchor bolts welded to the inside of
the tank. The anchor bolts extend through the insulating firebrick to
support the tank liner. The scaffolding used while laying the fire-
brick can be seen in Figure 6.2-2. Some bricking of the bottom of the
tank has been completed. The steel rings on the Iinside of the tank
lend stiffuness to the tank as well as supporting the weight of the
firebrick.
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Figure 6.1-11

Propane Heater Installation
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Figure G.i=i Hot Iank Ingerior

The top layer of the floor bricks ig seen in Figure 4.2-) and installa=
tion of the first course of tank side insulaticn has been started. The
lowest support rving and several anchor boles are also visible. The in-
ner course of internal ingulation Ls geen in Figuve 5.2-4, The lnaer
course i3 laid vertically and the {nner course is laid norizomtaliy.
This provides a total insulatica thickmess of 0,34 a (13 L/] in.). The
mortar used to set the bricks {8 seen Iin the box in the foreground.

The moretar ie a glurry, 20 the bricks are dipped and preased together,
resulting in a very thin bond lise. Anchor holts were located at brick
sortar joints as can be seen in Figure 6,2-53., In Figure 5.2-6 insula-~
tion is higher up the side of the tank and both the inner and outer
courses can he seeanq.

Toe eliminate the high stress loads in the liner corner pieces at the
intergection of the tank wall and flegr, heavy back-up corner pieces
{as shown In Fig. 6.2-7) are installed. These pieces are fabricated
from 9 mm (0,25 in.) thick material and ave attached to the anchor
boles., A foil linar can be seen above the cornsr pleces. The foll is
0,25 ma (0.010 fn.) thick 304 stainless steel material and its funceian
is to eliminate any abrasion, that could have resgulted between the
thermal expansion liner znd the insulating firebrick, during thermal
cycling. The foll 12z 2lgc attached to the anchor bolts.
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Figure 6.2-6 Internal

Ingulation Progress
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Pigure 6.2-7 Corner Pieces and Foil

Figure 6.2-8 shows the attachment of the Incoloy 800 corrugated liner
to the anchor bolt. The foll liner can be seen below it. The corru-
gated liner installation was started at the top of the tank and extends
to the hottom, where it was overlapped by specially formed angle
pieces. Installation of the lowest segment of corrugated limer and
it's proximity to the heavy corner pieces can be seen in Figure 6.2-9,

The support jacks one of which is seen on the right side of Figure
6.2-10 serve dual functions. They supported the corrugated liner panel
as it was being welded in place and also served to support scaffolding
during tank agsembly. Some of the instrumentation wiring to the ther-
mocouples can be seen above the liner. Figure 6.2-11 illustrates the
overlapping welding technique used on the liner panels at the top of
the tank,

The outlet plate for the hot tank is shown in Figure 6.2-12. This
plate was fabricated from Incoloy 800, since {t would also be exposed
to the corrosive action of the molten salts. The bottoam corrugated
liner panels were welded to this plate near the anchor bolt locations.
A temporary cover has been placed over the drain hole located in the
plate.

The hot tank salt heater is shown in Figure 6.2-13, prior to being in-
stalled in the tank. The propane tank is in the background.
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Figure 6.2-3

Lingr Jear

Tank Bottom

6-153



FPigure 6,2-10 Upper Liner Panel and Instrumentation Wiring

6.3

FPigure 6.2-14 is picture of the attic area of the hot tank. The verti-
cal rods are supports for the suspended deck. An ammonia inlet tap,
for the liner leak test, 1s on the ledge at the left hand side of the

figure. Some of the thermocouple wiring can also be seen in this same
area.

The accordion pieces which connect the corrugated liner with the sus-
pended deck is shown in Figure 6.2-15. The end of each corrugation in
the accordion pieces 1s welded shut and leak checked. The finished
tank liner with the salt heater installed is shown in Figure 6.:-16.

COLD STORAGE TANK

Once the cold tank shell structure had been completed (refer to Fig.
6.1-14), fabrication of the interior of the tank was initiated. This
was a rather straightforward and uncomplicated task, since all insula-
tion was external and the carbon steel alloy selected for the shell
could easily withstand the 288°C (550°F) salt temperature., Figure
6.3-1 shown the equipment installed in the bottom of the cold tank,
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Figure 6.2-11 Overlapping Liner Welds

The tubes located in the center of the tank and in the upper left hand
corner are temperature rakeg. The tube in the lower left hand corner
ig a bubbling tube, used to provide a2 reliable yet inexpensive method
of determining the height of the molten salt in the tank. In the upper
left hand cornmer of the photograph, the tee shaped inlet pipe can be
seen, Immediately below the inlet pipe is the outlet hole and a baffle
above it to prevent vortex sheddivg during draining of the molten salt
from the tank.
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Figﬁre

6.2-13 Hot Tank Salt Heater
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. Pigure €.2-15 Accordion Pileces
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Figure 6.3-1 Bottom of Cold Tank Interior
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6.4

Figure 6.3-2 Top of Cold Tank Interior

The top cof the iaside of the cold storage tank is shoun in Figure
6.3-2. The ladder can be seen exiting the manhole. The manhole pro-
vides access to the tank for final fabrication stages and to provide
access to internal equipment during the experiment, should it be re-
quired. The tube located leftr of center in the figure is one of the
temperature rakes and the tube located near center is the bubbling
tube. A vent for the tank is located near the temperature rake tube
close to a weld seam.

Figure 6.3-3 shows the wiring and foil iasulation provided for 10 ex-
ternal trace heaters used oan the cold storage tank. The sleeves placed
around a gsection of the trace heaters prevented overheating where they
penetrated the exterior insulation.

PUMP /SUMP ASSEMBLIES

The inside of the sump building fs shown in Flgure 6,.4~1., The cold
gump and pump, which was supplied from the ACR FPhase Il program, is
ghown Lnstalled in the foreground. The previcusly insulated sump is 2
tank 1.5 m (4.9 ft) diameter. The punp is mounted on top of the sump
and the electric drive motor is mounted oa top of the pump.
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Fige £.3-3 Cold Tk Trace Heaters

Figure €.4-1 Pump/Swmp Installation
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The hot sump can be se=n in the background. At this stage it has not
been insulated. The hot pump and drive motor have been set im place.
The lines in the figure are trace heater lines which have beea brought
into the sump bulilding but have not been terminated. A thermostatical-
ly controlled fan used to keep the sump bullding cool can be sasen in
the upper right hand corner.

The finished installation of the sumps and pumps is shoun in Figure
6.4-2. Electrical hookup of the pump motors his heen completed. Yote
the rigid and flexible condult coming from the ceiling. The valves avd
piping at the base of the c¢old pump provide an air supply te the pumps
afir cooled bearing. Piping to the hot pumps water cooled bearinmg has
also been completed. The hot sump and molten salt tranzfer lines have
2ll been insulated.

Piguve E.4-2 Swrp Building Intericr - Completed



6.5

PIPING

The piping leading fnto the sump building is shown in Figure 6.5-1.

The line in the lower foreground is leading from the hot storage tank

to the hot sump/pump. At this stage insulation has not been installed

around the pipe. The method of supporting the salt transfer plpes may

be seen in this figure. The line in the left hand center of the figure .
ig leading from the cold sump/pump to the propane heater. Trace heat-

ers have been installed on this line and covered with foil.

Pigure 6.8=1 Salt Transfer Linee Leading to Swmp Butlding *

Figure 6,52 shows trace heaters and thermocouple wiring installed.

The small wire parallel to the pipe is thermocouple which has been
welded in place. The two larger diameter wires are the trace heaters,
used to maintain adequate line temperature such that salt does not
freeze in the line. Insulation has been placed over the line, thermo-
couples and trace heaters in Figure 6.5-3., Metal foll can be seen at
the bend in the line and the thick external batts have been installed
on the straight gsections. The metal foil is used to thermally protect
the trace heaters. Aluminum sheathing is placed over the thick insula-
tion straight sections of the pipe leading from the hot tamk to the hot
sump/pump. Figure 6.5-4 is a view looking down on this line which
shows inatallation of the pipe insulation nearly completed. Foll wrap
of the other salt transfer lines has been finished.
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6.7

6.8

gure 6.5=4 Insulated Salt Transfer Lines

PROPANE EVAPORATOR

Three propane evaporators are hooked in series to vaporize liquid pro-
pane for use in the burner section of the propane heater. The three
units are shown in Figure 6.6-1 with the SRE in the background.

ELECTRICAL

The electrical distribution junction box used for the SRE i3 shown in

Figure 6.7-1, This unit was also used in the ACR power system phase II
pProgram,

INSTRUMENTATION/ CONTROL

The SRE control room housed all the experiment control devices and all
the instrumentation readouts. Figure 6.8-1 shows the system control
panel on the left. This panel controlled the propane heater, the air
cooled heat exchanger, the sump pumps, all the valves and provided
regdout of the hot and cold tank levels as well as various component
temperatures. The smaller panel or the right provided control of the
trace heaters, Figure 6.8-2 shows the SRE data recording system which
provided capablility to record all instrumentation readout on tape or
paper printout. Only the paper printout capability was used.

6-26

(14



Figure 6.7-1 SRE Electrical Disirtbution Box
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Figure 6.8-1 Syetem and Trace Heater Control Panels

Pigure 6.8-2 SEE Data Recording System
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6.9

SRE COMPLETED

The completed SRE imstallation Iis shown in Figures 6.9-1, 6.9-2 and
6.9-3, Figure 6.9-1 iz a side view looking from the north east. From
right to left is the insulated hot tanks, the propane heater and the
sump building. All lines and line support hangars are in place. The
coolant inlet lime to the water cooled foundation is located at the
base of the hot salt storage tank. A view from the northwest is shown
ia Figure 6.9-2. To the right is the control building. In the center
foreground is the air cooled heat exchanger. To the left in bhack of
the cooler is the cold tank. The hot tank (with its ladder platfomrm)
and the propane heater are directly behind the cooler. Figure 6.%-3 is
a view from the CRTF tower of the entire SRE gystem. SRE fabricatien
wags started in June of 1981 and was completed by Jacuwary of 1982. A
more detailed schedule of the construction effort is listed in Table
6.9-1. Fabrication proceeded with nc major problems, demonstratinmg
that the propesed thermal storage tank construction techmiquee are
feasible for commercial application.

Figure 6.9-1 SRE View from Horthwest
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Figure

SRE View (Looking Doun)

6-30




Table 6.9-1 SEE Build Schedule

May -

June -

July -

August -

September -

October -

November -

December -

Januvary -

Two heliostat foundatiocus were removed and buried electri-
cal conduit was installed. Comastructicon persoanel were on
gite ar the end of the month.

Earth work amnd coacrete foundations were completed.

Both the sumps and the air ceocler were set. Pipe founda—
tion was started. Shell fabrication of both tanks was fni-
tiated. The control building was erected.

The propane heater was erected. All the pipling waz coa-
pleted except for the linmes to the hot rank. The hot taunk
shell fabrication wasg completed except for the roof.
Anchor uuts were welded ro the hot taak shell. Brickiag of
the hot taak intermal insulation wag initiated.

Bricking of the hot tamk was completed. Welders for the
liner fabricatiocn were qualified. The anchors and the
gtainless steel foll between the bricks and the liner were
junstalled. Hot tank lines were installed. Installation of
the thermocouples and trace heaters for the lines was
started. The contrel conscle was installed in the control
building. Erection of the sump buildimg was initiated.

The internal liner for the hot tank was completed. The
thermocouples and trace heaters on all the line except the
hot tank inlet were completed. Thersocouples were in-
stalled on the cold tank. Iasulation of galt tranafer
linees and the cold tank was started. Complecion of the
gump bullding was accomplished. Electrical wiring 2ud ie-
gtrumentation was begun.

The floor liner, shell roof, suspended deck awd accord! -
pleces were lastalled in the hot tanke The cold tank w
coapleted including a leak check.

The ammonia leak test of the hot tank liner was perforsmed.
Instrumentation of the hot tank wag infitiated. The cable
trays and conduits for both the electrical and instrumenta-
tion wires were finished. The total pneumatic systeaz was
plumbed. The coolaat gystem for the foundation was in-
gtalled. The electrical system was checked out.

The hot tank was completed. All remaining thermocouples
were installed and the data system checked out.
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6.10

6.10.1

6.10,2

6.10.3

6.10.4

QUALITY CONTROL

Salt Transfer Lines

The line welds were checked with die penetrant as they were completed.
The stainless steel lines which were constructed of 10 schedule pipe
were Tungstea Inert Gas (TIG) welded (both the root and finish weld).
The aild steel lines were constructed of 40 schedule pipe. The root
pass was TIC welded and the finish weld was done using a standard type
electrical arc process. After line assembly the section of lines be-
tween the hot pump outlet and the valve upstream of the cold tank inlet
was pressure checked to 0.78 MPa (113 psig). This included the lines
to and from the air cooler. The line between the cold pump outlet and
the control valve into the heater was hydro tested to 1.92 MPa (278
psig). No line leakage was found.

Propane Heater

The total length of coil in the heater was 500 m (1640 ft). The coil
was air pressurized to 103 kPa (15 psig) and all welds were bubbled
checked. The coil was also hydro tested to 1.38 MPa (200 psig).

Tank Shells

Visual inspection of the tank shell welds was performed., Radiographic
inspection was also done on welds between plates where “tee" intersec-
tion were made. Only a few sections were welded due to visual inspec-
tion and no faulty welds were found by radiographic inspection.

Liner

The corrugated liner in the hot tank was checked by visual, dye pene-
trant and ammonia leak {nspections. The first inspection performed was ¢
buffing the welds with a powered stainless steel wire wheel followed by
visual inspection. The three areas of the liner where dye penetrant
was used for the leak check were on the wall behind the accordicn
pieces, the accordion pieces and the suspended deck. Leakage of the
liner behind the accordion pieces would not cause a problem with the
molten salt since they would not be in contact. This dye penetrant
test was performed to eliminate any possibility of a large ammonia
leak. The accordion pieces and the suspended deck were not subjected
to the ammonia test.

The ammonia test was performed by evacuating most of the air between

the liner and the shell and then backfflling this volume with ammonia.

The welds had all been previously coated with an amaonia sensitive

paint. Leakage of the ammonia would cause the paint color to change

locally from yellowish orange to blue. If leakage was detected the

area was cleaned and rewelded and another cycle of the ammonia test was *
performed. The volume behind the liner was pumped down by-21 kPa (-3.0

psig) before and after each leak check. An initial evacuation was used

to reduce the moisture which could absorb ammonia. After each test the .
volume was pumped down and backfilled with nitrogen to reduce the

ammonia concentration thereby reducing corrosion potential during the

6-32



te

6.10.5

6.10.6

6.11

rewelding. The following number of leaks were found during the leak
testing of the limer.

cle Ho. of lLeaks
i 70
2 33
3 30
& 1

Tank Ingulation

Careful checks were made of the taak shell after fabrication. The im-
stallation of the bricks was wonltored to guarantee their surface
smoothness to the liner and the position of the amchors. Carveful map-
ping of the tank for the aanchor poliats was performed to assure that the
liner could be assenbled after the bricking had been completed. Dimen-
gional checks were also made to assure correct inztallation of the
liner.

Electrical

Electrical checks were made during the system build up. As electrical
circuits were completed they were checked for electrical resistance and
the wiring insulation was checked by a 500 volt ac megachm meter. Cor-
rect motor rotation was checked by a quick current surge.

LIRER FABRICATION

The liaer material was fabricated by Glitsch Field Services, Inc. in
Dallag, Texas under licenze from Technigaz. The internal liner assem-
bly was made from the following coupounents:

a) 56 membrane wall sheetg. These sheets were formed from Iacoloy BOO
material. The sheets were first formed to a configuration that is
part of the standard Technigaz design, and then crisped in several
places to achieve the correct liner I.0D.

by 70 flat floor panels. The panels were formed in various sizes from
Incoloy 800 material, using 2 standard Technigaz forming configura-
tion.

¢} 49 Light Angles. These 90° angles were formed to a standard
Technigaz configuration using Incoloy 800 material. The angles
provide & transition between the floor and the walls.

d) 40 Accordion pleces. These parts were speclally designed for this
application. A standard Technigaz corrugation made from Incoloy
800 was crimped in numercus places to provide a curved transition
part between the walls and the flat roof deck.
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6.11.1

e)

£)

g)

h)

210 Miscellaneous parts including “end caps” and "dog legs"”. These
parts were made from Incoloy 800 to Technigaz drawings, The end
caps were used to seal open large and small corrugations. The dog
legs were used as transition pleces from sheet to sheet in the

floor.

40 Heavy Corners. The heavy corners were made from T-316 stainless
steel material to Technigaz drawings, The corners are embedded
flush with the refractory brick and provide support for the mem-
brane in the floor to wall area.

»e

238 Anchor points. The anchorg were made from T-316 stainless
steel and assure an intimate contact between the membrane sheets
and the wall or floor respectively. Thesze parts were made by a
multi stage punching operation to Technigaz drawings.

Sugpended Roof deck. The top of the liner was made of welded stan-
dard structural components and sheet stock seal welded, to form the
configuration per Technigaz drawings.

The forming of the liner pleces was preceded by inspection of the mate-

rial. Proper identification and mil test reports were first per-

formed. Cutting sketches were established to optimize material sav-

ings., Each sheet was visually inspected for deleterious imdications.

Any major marking of the material was avoided and aminor scratches were

positioned so that they would be in a flat, no stress, area rather than

in 2 high stress area as a knot (crossing of two corrugations). .

Wall Sheet Formation

The sheets were sheared to size as seen in Figure 6.11.1-1. The GO's °
(large corrugations) were formed with 3 G0's per sheet as seen in
Figure 6.11.1-2, Figure 6.11.1=3 shows and end view of the forming die -

during GO formation., The metal was clamped on each side of the in-
tended corrugation. As the punch was lowered the two clamps moved in-
ward; thus a folded corrugation resulted with no thinning of the mate~-

rial. The spacing of the G0's were equal and were controlled by posi-
tive stops in the press.

The gmall corrugations (POs), were folded into the metal sheet by a
similar process but with a more complicated die. The POs equal spacing
were controlled by positive stops within the press.

Figures 6.11.1-4 and 6.11.1-5 show POs being formed. The perpendicular
POs and GOs form what is called a "knot" at their crossing. The sheets
shown in the figures are approximately twice the size used in this pro-

gram. In the SRE tank the POs were vertical and the GOs were hori-
zontal.
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Figure 6.11.i-1 Shearing iiner Sheats

The shape of the GOs at initial forming had a shape with straight sides
such as a “U". These were rounded to produce a shape like a2 “V ta re-
duce stresses within the corrugation. Figure 6.11.1-6 gshows this step
being performed. Some edges were jogzgles as seen in Figure 6.11.1~-7 so
that sheet could overlap other sheets. Sheets were trimmed to exact
size and any needed special notching or chamfering was performed. Be-
cause of the shape of the hot tank the panels were curved. It was
necessary to form a dimple on the G0s on each side of the knot to allow

- this curvature. The sheets were ingpected, as seen in Figure 6.11.1-8,
for scratches, nicks and dimensional requirements.




Figure 6.11.1=-4 Small Corrugation Forming

6,11.2 Light Angle Forming

The light angle material was covered by a poly film for the forming
process to assure surface protection. Figure 6.11,2-1 shows the form-
ing of the angle and Figure 6.11.2-2 shows additional dimpling of the
angle. Shearing the piece to size is shown in Figure 6.11.2-3 and jog-
gling of the edges, is shown Iin Figure 6.11.2-4., At completion of the
operation the angles were given a visual inspection and dimensional in-
gpections were performed on a special inspection fixture.
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Frgure 6.11,1-8

J<

Figure 6.11.1=6 {urru

6.11.3 Accordion Pleces

The accordion piece material was protected by a poly film during form-

ing. The single GO per plece was crimped on equal spacing to obtain

the correct radius. The end of the accordion wag necked down to match

the PO corrugation on the tank wall. This necking caused rippling of

the accordion pleces which required slots to be cut parallel to the GO

at the end of the plece. These slors were covered by separate pleces
- during liner assembly (refer to Fig. 6.2-15).
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Pigure 6.11.1-8 Liner Inspection
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5.11.5

6.11.6

6.11. 24 Joggling Angle-Piece Edge

Heavy Corners

These pleces were fabricated parts made from formed plate and welded in
fixtures. Inspection requirements included dimensional check and vis-
ual surface inspection for burrs and weld spatter.

Suspended Deck

The deck was fabricated from standard structural pleces welded and in-
spected. The panel pleces inserted into the structural frame were the
last item of the liner welded during consgtruction,

Dimengsional Tolerances

The tolerances of the liner pieces listed inm Table 6.11.4-1.
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Table 6.11,5-1

(before shaping)
Flat Panels
Flat Panels
Light Angles
Light Angles
Light Angles
Heavy Corners

Heavy Corners

Edge to Corrugations
Overall length

Angle

Position of Corrugation
Length and Width

Length and Width

Angle

PART NAMES CHARACTERISTICS TOLERANCE
Flat Sheets Length + Width +1 (reference omly)

+2
+ 6 mm (12 PO/sheet)

10

i+ I+ (+ |+
5 8§ 8

i+
f-
4
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7.0

7.1

SRE TEST AND ANALYSIS

TEST PLAN

The objective of the test program was to demonstrate the operatioa and
performance of a molten salt thermal energy storage subsystem using an
internally insulated hot storage tank.

The specific objectives of the test program are listed below:

1) HMeasure tank heat loss under hoth steady state and transient condi-
tions.

2) Determine storage system efficiency and salt temperatures under
simulated solar plant operatimg coaditions.

3) Demonstrate system cold startup techauiques.
4) Demonstrate normal diurnal startup.

5) Demonstrate charging and discharging of system at anywhere betueen
marimur and wminimum rates.

6) Demonstrate hold at full and partial charge in both hot and cold
tanks.

7) Demonstrate normal diurnal shutdown,
8) Demonsgtrate emergency shutdown.
9) Perform inspection and maintenance exercises.

The tests were performed at the CRTF. The testing sequence began with
loading 79,316 kg (174,000 1lb.) of molten =alt into the celd tank,
Thie was done at a nominal temperature of 315°C (600°F). The wmolten
salt was then circulated through the entire system at 313°C (600°F)
until all components were brought up to temperature. Then the propane
heaster and alr cooler were operated and the hot tank and suamp tempera-
turez were brought up in steps. The system was then checked-out and
aperated.

The startup and checkout phase was followed by the performance test.
These performance tests were to inmclude: 1) daily cyclic test of
charge and discharge, 2) steady-state conditfons for the tank, and 3)
transient cooldown of the tanks. A list of the tests performed is in
Table 7.1-1.



Table 7.1-1 SRE Tests Performed

Test
Ho. Title .

Startup & Checkout Tests

Salt Loading

Functional Flow

Heat Up Hot Tank

System Operatioan Checkout
Emergency Shutdown Checkout

we

[V VS S Iy

Themal Performance Tests

Steady State Heat Loss - Full Hot Tamk
Steady State Heat Loss ~ Empty Hot Tank
Daily Charge/Discharge

Transient Cooldown — Full Hot Tank

VRN

7.2

The description of the actual test will be detailed later in this sec-
tion. The complete test plan which was developed prior to the test is
in Appendix D.

TEST PROCEDURES

Test procedures were generated for each of the tests plauned. Each
procedure was a step by step detailed operatioual manual. The proce-
dures listed the sequence of each srep to be performed in the test so
the test operator had no decisions to make during operation assuming no .
abnormality existed. Any results to be checked during the test were
noted. Where caution needed to be exercised in system operation, it
was noted prior to execution of rhe function. Thus an operator famil-
iar with the system could operate any test by following the step by
step procedure.

Prior te¢ testing, the procedures were developed by a design engineer
familiar with all agpects of the equipment. A Failure Mode and effect
Analysis (PMEA) was developed for the system and was used in combina-
tion with the test objectives to produce a procedure to safely operate
the system. The PMEA is in Appendix E. All safety requirements and
equipment were specified in the procedures.

The general outline for the procedure is listed in Table 7.2-1.



Table 7.2-1 Procedure Outline

1. Purpose
2. Experiment checkout
8. General ingpection
b. Electrical checks
Ce Poeumatic checks
d. Equipment checks
- Air cooler
- Pumps
- Foundation cooling
- Support eguipment
- Tank and sump vents
e. Propane supply and ewvaporators
3. Control reom checkout
a. Verify safety equipment
be Heater circuit checks
Ce Data system checks
d. System teamperature verification
@ Valve operation checks
£a Salt level checks
Ze Control panel check and operation set up
4. Test
& Step by step operational sequence for

- Pump usage

- 4ir cooler operation

- Propane heater operation
- Temperature gset points

= Valve positions

- Flow rates

- Tank and sump heighta

- Trace heater control

4s the system wasg operated the procedures were updated to reflect re-
finement in the operation. A4n example procedure for System Operation
{Checkout = Test #4) is included in Appendix F.

Although the procedures are detailed they are not adequate to permit a
novice to operate rhe system. The method of checkout is not detailled
as ro “how” or “where” (f.e., electrical amperage check of the trace
heaters does not define the circuits or where they are lorated). an
operator totally familiar with the sysftem Is necessary for system oper—
ation, especially im case of equipment abnormalities.
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7.3

TEST DESCRIPTION

The following paragraphs describe testing of the SRE and the various
problems experienced with equipment and the testing scemario. It
should be noted however that although several equipmenf problems
occurred during the test, the overall test objectiveg were met and the
system performance was considered very satisfactory. The SRE system
operation and tank cyclic charge/discharge verified the feasibility of
the molten salt thermal storage system.

The major testing of the SRE occurred between January and April 1982,
Construction of the SRE at the CRTF in Albuquerque, N.M. began in May
1981. The foundation and earth work was accomplished in June. The
manufacture of the cold and hot tanks was started in July 1981 and com-
pleted in November 1981 and January 1982, respectively. The remaining
portion of the test items were assembled and installed during the tank
construction span time. The completion and checkout of the data system
was accomplished several weeks after the hot tank completion. A more
detailed schedule of the construction effort is given in Table 6.9-1.
The checkout of the electrical system, trace heaters, pneumatic system
and coolant system occurred before the system was filled with salt.

The thermal performance of the lines, air cooler, and sumps had also
been verified when salt loading was initiated on January 27. The only
subsystem not fully checked out at that time was the data systenm.

Salt pumping into the cold tank began on January 27, Melting and load-
ing the 79,250 kg (174,700 pounds) of salt took three days. The salt
melting was done in batches, with up to 18,180 kg (40,000 1b) of salt
in the melter. It was not possible to melt small batches of salt. The
gsalt height achieved in filling the cold tank was within a fraction of
an inch of the calculated level. The cold sump had also been filled
during this time. During the fill, large amounts of steam emerged from
the cold tank foundation., Although the concrete and the insulating
castable had been poured th: previous summer and were assumed cured,
increasing the foundation temperature to the boiling point of water
liberated large quantities of water vapor. The salt temperature from
the melter was increased to approximately 316°C (600°F) to aid in dry-
ing out the foundation.

The heat loss from the cold tank was greater than expected and addi-
tional trace heating elements were added to the inside of the tank as
immersion heaters. The power of the original trace heaters was 8.6 kW
and the power required for the additional immersion heaters was 8.l

kW. The total power was maintained on the tank for several months and
eventually the inlet salt tcmperature during charge/discharge was
raised to 343°C (650°F) in an effort to dry out the foundation. Event-
ually 24 kW of heater power was added to the coolant loop in order to
heat the water to 119°C (246°F). 1It was apparent that good thermal
performance and good energy balance could not be achieved until all of
the insulating castable material was dry, This was true for both
tanks, since simflar results were experienced with the hot tank when it
was filled with molten salt.
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Although the top of the castable insulation dried sut quickly, the bor-
tom portion did mot become dry until the final week of the test and
consequently the cold tank temperature was not reduced to 288°C (530°F)
until that time.

As the water boiled out of the foundation much of it condensed in the
exterior fibrous insulation. Some of the insulation became saturated;
however the water did not appear tc cause a degradation or collapse of
the insulation. A check of the imsulation at the end of the test re-
vealed very little water.

The first cycle of the cold rank outlet valve (Valve #3) resgulted in
salt leakage past the plug. Thig leakage remained until a new valve
seat was installed when the valve was rebuilt on February 24.

The salt was transferred to the hot tank and stored for one anight. The
transfer of the salt back to the cold tank resulted in two foreign
articles being caught in the hot tank drain valve, (Valve #1). A piece
of brick and 2 combined nut and bolt lodged between the plug aud the
gseat. Cycling the valve would not dislodge them. When the hot pump
was turned on, to transfer the salt leaking past the valve inte the
cold tank, the motor failed. This failure wag due to a faulty wotor
and not to poor design or construction. The leakage of the valve
caused salt to pour from the sump vent and from the salt pump between
the pump mounting plate and main housing. The sump veant had a 0.64 cm
(L/4 fnch) diameter hole to limit the salt loss for this type of fail-
ure. Without this precaution the total salt of the hot tank would have
been lost. To stop the salt loss an atteampt was made to freeze the
galt in the tank outlet line (Line #1) by removing fts insulation.
Freezing was not achieved until the salt flow through the hot sump vent
was stopped and water was hosed over the bare line for several hours.
The total salt loss was estimated at 12,700 kg (28,000 pounds). The
salt leakage was stopped 7 1/2 hours after the valve and moter fail-
ure. Two thirds of the salt had leaked through the hot pump, poured
over the hot sump insulation and frazen on the floor of the sump build-
ing. The remaining salt froze on the ground within the area of the
berm surrounding the SRE. While rebuilding the valve it was found that
the valve body had cracked. The valve had been closed with the hand
wheel as tight as possible. Spraying the valve body with water caused
stresses which may have cracked the valve. The crack was partially
ground out and the body was welded. This failure occurred January 31,
19381,

Between February 12 and February 23, four cycles of salt transfer were
made between the two tanks. The last cycle included dual transfer
simultanecus charge and discharge. The hot tank temperature was raised
to 504°C (940°F). System operation and checkout occurred during this
period. Minor problems continued to occcur. Both Valve #1 and Valve #2
continued to have small leaks. Valve #4, which was the control valve
for the flow through the propane heater, severely chattered and re-
gulted in the valve stem guide unscrewing and limiting ite abilicty to
fully open. All the valves experienced chatter, (vibration) at some
portion of their operational travel.



Valve #3 was rebuilt with a new valve seat which stopped 1ts leakage.

A failure of the trace heater on Line #1 caused the line to freeze.

Two of the three parallel heaters on the line were on one circuit which
electrically opened. The third heater burned out. The heater which
burned out was probably caused by rough physical usage it had experi-
enced when Valve #1 was taken apart and rebuilt. The cause of the
failure of the two parallel heater circuits was never determined. When
all the electrical checks were made the heaters were operational. They
operated without problems for the remainder of the test. After Line #1
froze, Valve #1 was cut out and sent back to Denver, The valve body
was rewelded and seat threads were remachined. The portion of the stem
which had been bent was cut off and a new section was added. The plug
was machined and a new valve seat was installed. The rebuilt valve was
sent back to Albuquerque and no leaks were experienced thereafter.

»e

The first time Line #1 froze it was thawed out using welding torches.
The 1line insulation had been removed and, as the line was heated from
the valve toward the tank, the insulation was reinstalled over the
thawed area. The trace heaters were left on so that, in combination
with insulation, the line would remain above the salt freezing tempera-
ture. The second time Line #1 froze it was thawed by turning on the
trace heaters with the line fully insulated, A portion of the line
next to the valve had been heated and drained, such that a void volume
of pipe existed. The vertical section of pipe penetrating the hot tank
foundation required heating with the welding torch to thaw the salt,

No trace heaters were installed in this section.

Subsequentl;, the salt was stored in the hot tank overnight and week-
ends. In the event of extended power loss the tank outlet lines would N
freeze. It was considered safer to have salt freeze in the hot tank
outlet line since stainless steel is more ductile than mild steel.

Three discharge - charge cycles of the hot tank were performed between
March 10 and March 12. The hot tank was discharged to a residual level
of 0.4 m (16 inches) and then the salt was pumped back to the hot tank
at a temperature of 566°C (1050°F), All the salt possible was drained
from the cold tank. This completed the Heat Up Hot Tank - procedure #3.

From March 15 through March 17 the three discharge - charge cycles of
the System Operation Checkout procedure #4 were accomplished. During
this time Valve #4 was repaired twice. This first repair was to

tighten the stem guide. The second time was to replace the valve stem/
bellows which had failed.

Two simultaneous charge/dischare cycles were performed over the next
two days. The cycle consisted of discharging the hot tank to its re-
sidual level and then, charging and discharging the hot tank at appro-
ximately equal rates for one hour. Following this the discharge was
terminated and the hot tank was charged until the cold tank was empty.
During the second cycle the plug of valve number four sheared off the
valve stem and leakage developed through the bellows. Draining of the
salt from the propane heater after shut down took 12 hours as con-~
trasted to the normal 20 minutes because the plug fell into place on
the valve seat. Approximately two thousand pounds of salt flowed out

through the stem on to the ground during this time because of the
failed bellows.
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It was decided that Valve #4 would mot withstand the flow dynamics aad
should be replaced with an erifice. The valve was modified so that the
stem and plug could be removed and the valve seat waz wodified to hold
an orifice. Another charge/discharge cycle was run with simultanecus
charge and dfscharge. This completed procedure number four, Systea
Operation Checkout.

Evaluation of the value failure lead to the conclusion that the plug
should have a lateral coastraint. This was based on the folleowing
facts:

a) Four failures had occurred on valves on this and the previscus test.

b) The vibration mode was heard when the valves were approximately 25
to 40 percent opea.

¢) Valve chatter was worse when the valves were downstream of a pump
but chatter also occurred in the tank ocutlet valves.

d) Valves chattered without vertical movement of the stem.
e) Chattered resulted with flow over or under the plug.

£) When valve #4 had a rigid stem constraint the plug was fractured
off of the stem.

Between March 24 and March 31 the five cyclic charge/discharge cycles
were performed. The hot tank was discharged to approximately 0.4 m (lb
inches) salt height. Then dual transfer was performed for one hour.
Charging the hot tank at 566 °C (1050°F) until the cold tank had a salt
regidual of 0.4 m (16 inches) completed the c¢ycle. Both charge and
digcharge rates were approximately 3 MW. This completed procedure # 8,
Daily Charge/Discharge.

Three cooldown transient tests of the hot tank were preformed in suc-
cesgion. Thelr durations were 5 days, 3 days and 5 davs, respectively,

Although the iunitial salt temperature of the tests were different, the
first two cooldown rates were the same. The third coeldown had a
slower cooldown rate due to the dried foundation. Heating the founda-~
tion coolant to 119°C (246°F) had finally forced the foundation temper=
ature above the boiling point of water. Thus, the objectives of proce-
dure # 9, Transient Cooldown — Full Hot Tank, was achieved.

It was necessary to use the cooldown data to determine the heat loss
from the hot tank. Three of the seven heater circuitg in the hot tanks
had fafled before fnstallstfon and the other four had failed just prior
to the traansient test. Insertion of a new heater inside the hot tank
was not congidered due to the time, difficulty and cost.



7.4

During the cooldown test of the hot tank, steady-state tests were being
performed on the cold tank., The foundation of the cold tank was being
dried out during the first two tests. During the second steady-state
test temporary insulation was added to the exterior of the storage tank
foundations to exzpedite drying of the castable insulation. The founda-
tion insulation was covered with a plastic film. The temporary insula-
tion soon became impregnated with water.

During the first two steady state tests there was a large drop in the
tank temperature during windy periods. Probable causes were; 1) air
infiltration through the tank sheathing and insulation and 2) air in-
filtration through the teamporary insulation and evaporation of en-
trapped water. Some of the large gaps in the cold tank sheathing were
caulked prior to the third test. The third steady-state test showed
improved thermal performance of the cold tank. The windiest day of the
steady-state test occurred during this third test but the large tank
temperature drop experienced at high winds during the first two tests
wag not seen. Both the caulking and the drying of the temporary insula-
tion were considered respousible for the better performance.

The last test performed was a second cyclic test. With the foundations
dry, better thermal performance of the test was possible. Three days
of the test had the following scenario:

— Discharge of hot tank to 0.4 m (16 inch) salt height
= Dual charge and discharge for 1 hour
= Charge of hot tank until cold tank salt residual was 0.4 m (16 inch)

After the last test all the salt possible was placed in the cold tank.
Salt remained in the cold and hot sumps but the hot tank had been emp-
tied. The power into the cold tank was reduced to 8.6 kW and the heat-
ing of the foundation coolant system w.s stopped. The outlet line from

the cold tank wasz the only line filled with salt. The last test day
was April 16, 1982,

A summary of the test log is given in Appendix G. The occurrences of
each day of testing is described including salt transfer and equipment
problems.

THERMAL PERFORMANCE

Ihe thermal performance (heat loss) of the system included the follow-
ng:

1) Hot tank

2) Cold tank

3) Cyclic test with comparison to analytical model
4) Thermal siphon heat transfer in lines

The thermal performance of all the support equipment (sumps, lines, air
cooler) was as predicted. The temperatures required for the support
equipment was provided with trace heating.



7.4.1 Hot Taak

Steady state testing was not possible due to the failure of the imter-~
nal electrical heaters. Three cooldown tests were performed. The tem-
perature history for the testsg are shown in Figure 7.4.1-1. By the
third test the castable insulation of the foundation appeared to have
dried out, which accounts for the slightly better thermal performance.
The point taken for the analysis should be as hot as possible amd still
allow consistent thermal gradients through the ifngulation. The heat
loss from the hot tank was analyzed at a time approximately two days
after the start of the third cooldown. The heat loss from the taunk wasz
baged on the temperature rate of change and heat capacity. The teaper-
ature change of 0.86°C/h (1.34°F/h) was derived by averaging the zmalt
temperature data at times of + 4 hr around the time used for the ther-
mal analysis. The salt weight was 53,365 kg (117,403 1b) and the heat
capacity of the salt was taken as 1.53 joules/g-"C (.366 Btu/lb="F).
The salt temperature was 53146°C (957°F) with a heat loss of 19.40 kM. 4
corresponding heat lose of 21.36 ki would exist at 566°C (1050°F). The
thermocouples on the liner, shell and sheathing were placed ian a radial
line. The temperatures at the analyzed condition shown in Figure
7.4.1-2 are placed in their corresponding vertical hefght of the taunk
and sequentizlly in order of north, east, south, and west. Some team~
perature variation due to insularion performance was seen bhut im gen—
eral the temperatures im each avea were ccnsistent.

Flgure 7.4.1-3 shows a temperature profile at the liner, shell and
gheathing. The liaer had 2 nearly consztant teamperature vertically
within the salt. The ullage section of the liner was approximately 8°C
(14°F) coocler than the liner contacting the salt. The wall temperature
of the shell was 268°C (514°F) adjscent to the liner., The shell tem-
perature within the attic area was 160 °C (320°F).

The calculated shell temperature at this conditien should have heen
240°C (463°F). This data indicates that the performance of the brick
was not zs good as expected. In comparing the brick and the fibrous
tasulation, the fibrous insulation performed clozer to exupected thermal
conductance. The shell temperature withim the attic space was 160°C
(320°P) which was cooler than desired. This was due to the fact that
the analysis did not take into accouat the correct area of the attic in
the heat transfer from the top of the tank. It was desired to malntain
the shell at a constant temperature to reduce stregses. The maxlaum
temperature difference allowed between the roof and the wall was 80°¢C
{(176°F)}. 1In this test however, the temperature gradient was within the
wall and not at the wall/roof junmction. It was comcluded that the
effect of the attic on the thermal performance is much greater in this
gmzll taank thaao in a larger tank.
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The sheathing temperature profile inm Figure 7.5.1-3 included both ther-
mocouple data and data obtained using an infrared optical scanmner.
Figures 7.4.1-4 shows the pictures taken of the tank which are overliaid
with their assoclated temperature profiles. The gurface of the tank
scanned i{s located by the line at the right. The relative teaperature
scale is 30°C (54°F). As the scan linme (a serles of red dotg) moves to
the left, the teaperature of the surface scanned was increasing in tem—
perature., The infrared scanner had a floating lower temperature which
was the lowest temperature it detects and indicates only relative tem-
peratures. The infrared scanner used was a ThermAtrace by Barnes Engi-—
neering Company. These infrared regults were plotted along with the
thermocouple data (taken at the same time) ag seen in Figure 7,4.1-5
and Figure 7.4.1-6. The infrared scan was overlaid on the thermocouple
data tc obtain the best correlation of the two. Generally there was
good agreement. The digcrepancies could have been caused by inaccuracy
of the thermocouple location definitions. At the perlod of time that
the infrared scans were taken the system was not at the desgign coadi-
tion. However; the relative temperature profileg should remain con-
stant for other time pericds. The use of this infrared scan was con-
sidered very helpful im the analysis of the tank thermal performance.

Evaluation of the tank thermal performance was made by couparing the
total tank heat loss with that of the computer wmodel. The input to the
thermal model described in mectiocn 3.0 wag updated to include the cor-
rect areas of the tank and to account for penetration. The tank model
which wag developed to analyze varicus materials and thicknesses of in-
sulation was a2 simple model to minimize computer cost, Where the model
did not account for various heat losses the fnput was wodified rather
than change the model. To account for penmetrations, such as brick
ghelves and insulation support risg, the thermal conductivity of the
appropriate insulation was fncreased. To account for the large shell
area associated with the attic the conductivity of the exterior i{asula-
tion was increased appropriately to result ia the correct total heat
logs. The derived external film coefficlient (both radiatiocn and con-
vection) with the alr was entered ianto the program and the correct am-
bient and foundatlon temperature were used. With the above corrections
the model predicted 18.1 kW of heat loss with the salt at 508°C
(957°F). This value 1z less than the actual loss of 19.40 kW by about
7 percent which is very good for heat transfer caleculastors.

To determine which portions of the tank contributed to the increased
heat logs, the tank was further anslyzed. Using the temperature pro-
file of the tank, potential heat losses were calculated by two

methods. The first method was to calculate heat loss through the tank
insulation and supports using their advertised thermal properties and
the measured temperatures. This analysis was more detailed than the
computer model and was more accurate. This calculated heat loss was
17.48 k¥ and will be referred to as the calculated heat loss. The
gecond method was to use the actual heat loss of 19.6 WW and appropri-
ate it to the various tank areas by using the temperature gradient from
the sheathing to the ambient. This heat loss is called the actual heat
loss. The heat loss was divided into various sections as shown in
Figure 7.4.1-7. 1In order to define the heat loss from each ares it is
necessary to have know values of temperature and thermal resistance.
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(a) Eastside 7:15 a.m. 16 April (b) Eastside 10:45 a.m., 16 April

(<) ‘Northside 7:30 a.m. ril () Northside 7:30 a.m. Apri

The line at the right shows which portion of the picture is scanned.

The temperature at the scan line represents the coldest temperature "seen".
The line at the left is 309C (54°F) hotter than the right lime. A linear
scale of 30°C results.

Ulgure 7.4.1-4  Temperature IR Scan of Hot Tank
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Since the effective thermal conductance of the separate areag was te bhe
determined, the heat loss from thoge areas was estimated by using con-
vection and radiation from the sheathing. The gummation of losses from
the sheathing can be adjusted to match the total tank heat loss. This
accounts for variation in the film coefficient and the surface radia-
tion. The detailed analysiz is in Appendiz H.

During the test the foundation cooclant loop was being heated to 119°C
(246°P) by thermostatically comtrolled heaters. Thus the heat loss
from foundation was not determined by the heat rise of the coolant as
originally intended. The temperature gradient across the brick and the
insulating castable material were counzistent with amalysis, including
edge effects. It was concluded that the heat loss through the founda-
tion was close to the predicted value.

The heat loss through the foundation was added to the imitlal calcu-
lated convective losses from the sheathing. This total was slightly
greater than the known logss. The convective losses were then praopor-
tionally adjusted so that agreement with the actual loss was made,

This wae considered reasonable hecause of the uncertainty of the con-
vective film coefficient, and the variation in the sheathing emit-
tance. These adjusted convective logses were considered to be the
actual heat losses and are compared with the calculated logs through
the insulation in Table 7.4.1-1. The greater the difference the poorer
the ifnsulation performance. The heat loss from the hot tank is shown
in Pigure 7.4.1-7. The support riug, penetrations {(veats, heat trace,
{nstrumentation), lower ring and the foundation are small comparved to
the total tank heat loss. The difference of eleven percent was consid-
ered reagonable. Some of this variation can be reduced as discussed
below.

icble 7.4.1=1 Kot Tanx Heat Loss

Calculated Loss Adctual Loss

Watts Beu/h Watts Beu/h
Attic 578 1974 1156 3948
Upper INS. Support :

Ring g1 312 ; L33 454
Penetrations 47 160 47 j 160
Upper wall 920 3139 7187 ; 2685
Wall 13877 47363 15338 ! 52349
Lovwer Ring & Edge 352 1200 427 i 1459
Foundation 1573 5367 1519 5169

Total 17438 59515 19402 66224
Actual
Calculated = l.11
The salt temperature was 508°C (947°F)
Penetration losses were taken ag calculated values
0217b 7-17 D012¢



Penetration Heater, Vent, T/C~ 0.09 kW

Attic-1.16 kW

Insulation Support
Ring- 0.13 kW

Wall Section
0.78 kW

Ji

Wall-15.33 kW

508°C (947°F)

Lower Ring and
Foundation Edge Loss
Total Loss - 0.43 kW

19.4 kW

1.49 kW
Figure 7.4.1-7 Hot Tank Heat Loss--Actual
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The heat loss through the tank wall was greater tham calculated by 5
percent, The shell tewperature was 268°C (514°F) which was greater
than the calculated shell temperature of 238°C (462°F). The small im-
crease of the effective thermal conductance of the brick may have baen
cauged by some cracks between bricks, insufficient fibroue insulation
in expansions joints, coavection around holes for the anchors, and/or
brick thermal conductivity being different than advertised.

The attic shell temperature was 160°C (320°F). It was desired ro main-
tain the shell (roof, wall, floor) at a2 comstant temperature. The maz-
imum temperature difference allowed hetween the roof and the wall was
80°C (176°F). 1Im this test however the temperature gradient was with
the wall and not at the roof/wall jumnction. The thermal amalysis for
sizing the tank insulatioan thickaness did unot consider the portioca of
the tank side wall which was in the attic area. Thiz resulted in the
lower shell temperature and the increase heat losg. The Incresged heat
loss through the roof was probably due to flat bleck insulation befng
installed on a conical roof which made it difficult to achieve a good
tight convection free fnstallatfion. On a large tanks the roof curva-
ture i3 much smaller thug winimizing thiz problea.

The heat loss through the attic has increased which algo inferred a
greater heat loss through the insulation area of the liner top. This
increased heat logs was counsidered teo be largely due teo coavection ia
and arcund the vertical corrugation of the limer. This convection in-
creagsed the temperature of the inner zurface of the wall bricke above
the liner, which in turn increased the heat loss into the attic and the
radial heat loss through the upper wall. The upper wall was defined as
the wall area with internal brick which was above the suspended deck.
In future applications this convection can be reduced either by elimi-
nating the upper wall by having the brick stop at the suuspended deck ov
by installing insulation inr the vertical corrugations to eliminate con-
vection.

In large tanks the shell attic avea will he zieilar to the suspended
deck area. Corner losses will be less significant that those in the
SRE. Congsequeantly, the unit area heat loss of a large tank will be im~-
proved. Heat loss variance from predicted values have been defined,
thus the heat loss from the tank can be defimed. Future prediction
should be gquite accurate. The tank attic heat loss can be improved by
eliminating problem seen in the SRE.

One phenomenon observed in the hot tank was the lack of stratification
of the molten salt, Figure 7.4.1-8 shows the vertical temperature of
the salt measured by the temperature rakes. This was data taken from
the first cooldown test which is typical for all three cooldown tests.
The temperature profile at the rake in the center of the tank showed
some lower temperatures at the bottom as the days progressed, but the
rake thermecouples near the wall show almost a constant vertically tea~
perature at any given time.
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7.4.2

Cold Tank

The performance data of the cold tank was takea four days after the
gstart of the third steady state test. Figure 7.4.2-1 shows the teamper-
ature history of the tauk during the test. During the fourth day a
very strong wind occurred which caused a decreasse in tank temperature.
Figure 7.4.2-2 shows the tank temperatures for the previcus two steady
state tests. High wind days occurred during both periocds with very
obvious tamk respoases. Between the second and third steady state test
the tank foundatiom was thought to have dried out, some of the shezth-
ing cracks were caulked, and to some degree the temporary insulatioz om
the outside of the foundation dried ocut. The salt ia the tank was at a
einiwem hefght of 0.14 m (5.5 in.) which allowed a faast thermal re-

gponse time.

Power Supply 11.035 kW

360 =
Average Temperatures of Rake at Steady State
= Tank Wall Condition

340
©
o e
:
g 320 =
o Average Temperatures
& T of Rake at Tank Center
&

300 fo

280 —

260 I 1 |

0 1 2 3 &
Time, Days

Figure 7.4.2-1 Cold Tank Temperature Higtory--Steady State
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Figure 7.4,2=2 Cold Tank Temperature History--Wind Effect

Figure 7.4.2-3 shows the temperatures of the tank at the design condi-
tion., The temperatures are shown for the roof, foundation and the four
quadrants of the shell and sheathing of the tank wall.

The infrared scans of the cold tank are shown in Figure 7.4.2-4., These
scang were taken at a different time than the reading used in the anal-
ysis of the tank heat loss. The temperature gradieats measured also
existed at the time of the desizn analysis, so they were considered
ugeful for the heat loss determination. Comparison of the infrareil
scang with the sheathing thermocouple data is seen in Figures 7.4.2-5
and 7.4.2-6. The infrared scans were utilized in establishing the cor-

rect sheathing teamperature profile, which was used in the heat loss de-
termination,
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The time at the right shows which portion of the picture is scanned.
The temperature at scan line represents the coldest temperature 'seen".
The line at the left is 30°C (54°F) hotter than the right line. A linear

scale of 300C results.

Figure 7.4.4-4 Temperature IR Sean of Cold Tank
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The heat foput to the tank was determined from the electrical power to
the heaters. The resistance of the heaters was measured while they
were operatiomal. The voltage was 277 V. Weasuremeatr of the voltage
vas taken at various times but did not show any congistent bizs. Volt-
ages higher aand lower than 277 V were weasured. The total error in
power could be + 3.6 X with a + 10 volt variation. Siace several days
were involved in the steady state condition, use ¢f a near normal volt-
age value was deemed reagsonable. Thus a small error im the actual
power exists. The power into the tank was 11.035 EW.

Calculation of the heat logs was determined in the same manner as used
for the hot tank. Appendix H countains the detailed analysis. The
actual enmergy leost from the sheathiocg (radistion and coavection) was
compared with the calculated energy transferrved through the insula-
tion. The energy losses through the insulation were calculated by
using the known teamperatures and advertised conductivity of material,.
The convective heat losses froa the sheathimg were balanced to agree
with the known loss of 11.035 kW. The tank was divided into various
areas. The walls roof and floor are obvious areas. A fourth area was
the upper ring at the tank eve and a fifth area for the foundation edge
and lower ring. From the sheathing temperature profile the areas asgo-
ciated with the upper aand lower rings are approximately 97 square

feet. The increased tewperature and heat loss of thege two areas was
due to the structural penetrations in the insulation. The calculated
heat losses from these sheathing areas are taken as the actual heast
losses and are shown in Figure 7.4.2-7. Table 7.4.2-1 compares the
calculated heat losses with the actual heat losses. The heat loas of
the penetrations and heaters were taken as calculated since wo {ngtru-
mentation has beean installed in the test to determine this loss.

The difficulty of insulating tightly agalinst the upper rving is consid-
ered the reason for the increased heat less there. Flat block insula-
tion fnstalled on the conical roof resulted in a poor filt which allowed
some convection paths. The 477 imcrease in heat logs was very similar
to the results seen in the hot tank exterlior roof insulation.

The major heat loss difference between actual and calculated was in the
wall ingsulation which Lncrease by 123 perceat. The iunsulation which
wag 0.38 m (15 in.) was imstalled in three layers, with overlappiag
joints. The large uniform surface of this wall should provide good in-
sulation performance. One possible explanatioa for the increased ther=-
mal conductance was the presence of water. When the foundation was
being dried out large amounts of water condensed in the fibrous wall
insulation. Drying of the insulation cccurred over the test period and
a2 visual fnspection of the insulation at the end of the test gave iodi-
cation of very little water. However, a small amouant of water can
traasport large amounts of heat by an evaporation-condensation mecha-
nigsm. The fibrousg insulation can act as a wick and, through capillary
action, pump the water into the hot portion of the imsulation. This
heat pipe action could greatly increase the heat loss through the iasu~
latioas’ but it is not considered representative of future tank perfor-
mance.
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Rake, Vents, Manhole — 0.27 kW

Roof - 1.31 kW

Insulation Support
Ring - 0.24 kW

L
Shell

Trace Heéter Sheathing

Penetration -

0.77 kW Wall - 6.40 kW
Tank Lower Ring
and Foundation
Edge Loss -

- 0.53 kW
@ I
8

Foundation - 1.52 kW
Total Loss = 11.035 kW

Pigure 7.4.2-7 C(Cold Tank Actual Heat Losg--Steady State Condition

Table 7.4.2~-1 Cold Tank Heat Loss

Calculated Loss _Actual Loss
Watts Btu/H Watts Btu/H
Penetrations 177 605 177 605
Heaters 766 2614 766 2614
Upper Ring 74 .- 252 245 838
Tank Top - 875 2986 1321 4509
Lower Ring 480 1638 534 1822
Foundation 1478 5046 1520 5190
Wall 2835 9675 6472 22084
Total 6084 22816 11035 37662

Actual
Calculated = 1.63

The salt temperature was 338°C (641°F)
Penetration and heater losses were taken as calculated values
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7.4.3 Cyclic Tests

Salt Height, m

Figure

(7%

[ ]

The cyclic charge/discharge of the storage tanks will be part of the
normal operation of a solar plant. The analytical wmodel was developed
not only to determine the heat loss from the tamk, but also to deter-
mine the salt teaperature profile during operatioa and the efficiency
of the storage systen.

Two cyclic tests were performed with the SRE. The first test was five
days in duratiom and the second test was three days. The secoad cycles
was performed after the foundation had dried ocut. There was one dig-
charge/charge cycle per day. Figure 7.4.3~1 gshows the salt height of
the hot tanks as a function of time. The SRE flow parameters were used
as imput to the analytical wmodel. From the analysis of the SRE various
tank insulation were wodified to yield the actual heat loss froa the
SRE.

Discharge = 26,136 kg/h (57,500 1b/h)
Charge = 37,430 kgfh (82,350 1b/h)

[ — e ——

!
]
]
!

]

i | | I ! |

2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

7.4.3=1 Salt Height Profile--Cyclic Test
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7.4.4

Figure 7.4.3-2 gives a comparison of the analysis and the actual SRE
results., The temperature of the salt decreased with time during the
early moraing because of heat loss. The discharge of the salt was ini-
tiated at 8:30 am and was terminated at 11:30. There was comcurrent
charging and discharging for one hour as charging was started at 10:30
am. The bulk salt temperature increased during charge/discharge, but
not as rapidly as with a single charge. Due to temperature limitations
of the propane heater, the resulting initial temperature of the hot
salt into the tank was 400°C (750°F). Increasing the salt to 566°C
(1050°F) took 15 minutes. During this time the stored salt decreased
slightly in temperature. This was not predicted analytically since
only a single inlet temperature of the salt was provided for in the
program, This also results in the total temperature profile heing
lower than predicted. The analytical program does not account for the
heat capacity of the f{nsulation, which results in a very swall varia-
tion of the salt temperature after charge. The analytical program pre-
dicted the salt temperature quite accurately and should prove to be a
very useful tool in future analysis.

Thermal Siphon in Salt Transfer Lines

Thermal siphon is a term defined by Sandia Laboratories for convective
heat transfer from the tank into connecting lines., Figure 7.4.4-1 show
the temperature profile of the outlet from the cold tank after the
electrical trace heater was turned off. The expected cooldown ig rep-
resented by the dashed line. The temperature profiles of poifnts #1 and
#2 were also the profile of the tank temperature as it was being
filled. The analysis shows that the total heat transferred from the
tank into the lines over the four hours was 5920 W/h (20,200 Btu). The
temperature decreased as the distance from the tank jpcreased. The
line 7,3 m (24 ft) away from the tank came to a thermal steady state
condition. This phenomenon will average out variations in temperature
of lines that are trace heated and may be used to eliminate trace heat
as on some lines.
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The initial salt temperature in the tank is 298°C (568°F).
The tank temperature was the same as line temperatures l1&2.

7320
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560
540
280
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g 4
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240
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Figure 7.4.4-1
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8.0 CONCLUSIONS AND RECOMMENDATIORS

The basic coaclusion of the Molten Salt Storage program is that a
Thermal energy Storage subsystem is both technically and economically
feasible. The program has demonstrated that a commercial version of
an internally insulated storage tank for molten salt can be designed
and built.

<
€

. 8.1 HOT TANK

a) Pressure cycling of the one cubic meter test item has demonstrated
that the Techanigaz liner has an excellent fatigue strength margin
when compared to the 30-year operational life criteria. This is in
a molten salt enviromment at 566°C (1050°F). The large margin of
fatigue life above a 30-year usage gives confidence that
creep-fatigue should not produce a failure. It is desirable
however to do further testing In the creep—-fatigue area.

b) The thermal performance of the hot tank was good. The actual heat
loss was only 11 percent greater than the predicted amount.

¢) The pressure limitation of the corrugated Incoloy 800 liner permits
a molten salt height in excess of that allowed based on typical
soil bearing strengths.

d) The ammonia leak test procedure provides an excellent method of
producing a totally leak free liner for molten salt containment.
. The possibility of corrosion resulting from residual ammonia needs
to be evaluated,

e) The developaent and testing done on the liner, internal insulation,
and attachments usged for the SRE gized hot tanks applies to tanks
of any size because these elements do not change az the tank size
increages.

f) The one cublic meter test succesafully demonstrated the removal and
repair of a2 liner segment in the unlikely event of a leak
developing ia the liner.

g) A hot tank shell designed to API standards, incorporating internal
firebrick insulation with a corrugated Incoloy 800 liner to
maintain the steel shell temperature cloge to 288°C (550°F), has
been demonstrated for storage of hot molten salt.

h) No specialized fabrication techniques are required for the shell.
Standard commercial practices may be utilized in fabrication of the
steel shell and in installation of the ifunsulating firebrick and
other tank insulating materials.

- i) Johns Manville J¥ C22ZSL proved, through extensive testing, to be
the best internal insulatinmg firebrick for high temperature

application in a molten salt environment and under cyclical
coapressive loading.

8-1



8.3

»

k)

1)

®)

n)

Improved thermal performance can be achieved by terminating the
internal firebrick at the height of the suspeaded deck. This
possibility should be evaluated.

Knowledge gained from the SRE test will enable improvements to be
made in the analytical model and provide very accurate estimates
for future cank builds.

The use of anchor pins rather than support rings should be
evaluated for future use in supporting external insulatiocn in crder
to reduce the heat loss.

SRE test experience has shown that water is driven from storage
tank castable ingulation. Future zolten salt storage tank dezigns
should consider dehydration of the castable fusulation prior to
shell fabrication, a water vapor venting method ovr a different
insulating material.

The difficulty of achieving a flat bottom of the shell increases
difficulty of installing brick. Bowing of the bottoam can lead to
buckling under load thus fracturimg the brick. Eliminating the
ghell bhottom and using astructure to support the aachor points
ghould be evaluated oa future tanks.

COLD TANK

aj)

b}

e)

d)

A steel cold tank gshell built to API standavrds has heen
demonstrated for wolten salt storage at temperatures of 2887°C
(550°F) with only external insulation.

The external insulation support rings should be replaced by anchor
studs to further reduce heat loass.

Thermal performance of the SRE cold tank was 63 pevrcent worge than
analytically predicted. It fs thought that the absorption of the
water vapor emitted from the castable insulation into the external
fibrous fnsulation may have caused the problem. Steps should be
taken fin future tanks builds to eliminate this problem such as:
change of material, predry blocks of castable material, predry, ot
install vapor barrier.

It is recommended that durfing the summer the S8E sheathing should
be opened to allow any water to evaporate from the insulaticn. The
thermal performance should then be reevaluated.

SYSTEM HARDWARE

a)

)]

Cant{levered vertical pumps performed very well in transporting
molten salt.

Test experience with the control valves indicates that future
system should demand very rigid plug support im the valve design.
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8.4

8.5

¢) Very good performance was provided by electrical trace heaters
cables composed of a single heater wire surrounded with mineral
insulation.

d) A very functional piping design was produced using standard ANSI
plping layout and stress analysis.

e) Standard insulation materials and installation techniques provided
goad thermal performance.

f} Cleanliness and interim inspections during salt transfer line
fabrication is wmandatory to prevent valve contamination. Dual
valves and/or traps should be congsidered in the piping design.

TES DESICN

a) The estimated cost of a 480 MWhe (1200 MWht) storage is 13 million
dollars. This results in a cost of 27.1 $/kWhe (10.8 §/kWht).

b) The heat loss of a 480 MWhe storage subsystem on a daily

charge/discharge cycle results in storage efficiency of 99.0
percent. The 2fficiency of the hot and cold tank is 99.3% and
99.7% respectively.

ADDITIONAL RECOMMENDATIONS

a)

b)

c)

Leakage of salt into the iaternal insulation (brick) should be
tested to evaluate detection and repairability.

Less expensive sources of galt should be sought.

A detailed cost comparison of internally insulated tanks and
stainless steel tanks with external insulation zhould be made,
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APPENDIX A
TES SUBSYSTEM DEFINITION AMD SPECIFICATION

A. General Discussion

*e

The present prograz is directed toward developing a TES subsystecm which
utilizes the previously described "dual™ or “hot/ccld” strategy for containing

mnolten draw salt. Typical coapoueats which make up the storage subsystem may
* include:

Hot aud cold stora s tacks

Drain tanks for maintemance

Ullage gas asystem

Ingulation

Storage related salt pumps

Piping in storage area

Tavnk foundatioms and dikiog

. Cooling systems

. Trace heating

10. Storage instrumentation aad control
11, Salt mizing and weltdown equipment
12, Holten draw szlt inveatory

a. Working zalt

b. Hot tank residual salt

c. Cold tank residual zale

d. Storage area piping salt

LRIV E WM
¢« 0

° The storage/EPGS heat exchanger, is not considered part of the storage
subystem and, as a result, should not be consldered in estimating subseysteam
. cost. HNormally receiver/storage heat exchangers are credited to the storage

subsystem but in the present development it should be zssumed that storage is
coupled to a wmolten salt receiver and, as s result, requires no
receiver/storage heat exchanger. Any other heat exchangers regquired in the
proposed storage concept ghould be included im the subsystem cost.

The etorage subsystem shall be capable of fumctioning in the following
operational modes:

1. Cold start-up, fncluding loading and meltdown of solid salt.

2. Diurnal start-up.

3. Charging and dischargieg 2t the maximum and minimum rates as
specified in this section.

4. Cycling betveen charge and discharge.

5. Hold at full aad partizl charge.

6. Normal diurmal shutdown.

7. Emergency shutdown.

8. Maintenance exercises (insulation, inspection, tank drainmage, etc.).



The coatractor shall provide an estimate for a molten salt TES subsystem
for use in a 120 MWe solar thermal central receiver plant for electric pover
generation. Such a plant is similar in gize to concepts currently being
evaluated., The subsystem shall have a storage capacity of four hours. Four
hours of storage is equivalent to the amount of thermal emergy which, upon
discharge from the TES subsystem through the EPGS, could produce the rated
plant capacity (120 MiWe) for four hours. It may be assumed that the net EPGS
cycle efficiency is 40%. Hence, the gtorage capacity in Mwht is 1,200 (120 MK
times 4 divided by an assumed EPGS efficiency of 40%}).

The storage subsystem accepts hot molten draw salt at 1,050 degrees
Fahrenheit from the receiver at a maximum charge rate of 480 MWt. The maximum
discharge rate frou storage is 200 MWt which is sufficient to produce 120 MWE
assuming the 40Z EPGS efficiency, The subsystem shall be capable of variable
charge/discharge rates between 1( and 100Z of the maximum values.

The temperature of salt returiing from the storage/EPGS heat exchanger is

550 degrees Fahrenheit. Hence, the storage capacity of the TES gubsystem
baged on useful energy stored is given by:

1050 F

Subsystem Storage Capacity = HS//’; dT = MWht
550 F

where M; is the working mass of salt in the subsystem and ¢ its specific
heat. Based on a constant specific heat value of -~ = ,371 Btu/lbm - °F
equation (1) predicts that 22.1 x 106 1bm of salt is required to store 1,200
MWht. Depending on the subsystem design, additional salt may be required for
tank residuals,

The hot tankes shall be insulated in such a way as to prevent the average
temperature of galt in a fully charged tank from reaching 1,035 degrees
Fahrenheit (i.e., 15 degrees Fahrenheit drop from 1,050 degrees Fahrenheit)
over a 24 hour peried. Similarly, the cold tanks shall be insulated to
prevent the salt in a full tank from reaching an average temperature of 535
degreees Fahrenheit (i.e., 15 degrees Fahrenheit drop from 550 degrees
Fahrenheit) over a 24 hour period. For both the hot and the cold tanks, thege
specifications imply a maximum heat loss of 36 MWht over a 24 hour period.

The thermal energy storage subsystem specifications described above are
summarized in Table II. The specification for internal tank insulation should
be regarded as a recommendation rather than a requirement for the subsystem.
Other methods which advance the state-of-the~art in molten salt high
temperature containment may be substituted, providing they can be shown to be
competitive with internal insulation on a cost effectiveness/design risk basis.



TAEBLE II
SUMMARY OF 