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Section 1

EXECUTIVE SUMMARY

1.1 INTRODUCTION

This report presents the results of the work done in Phase 1 of a
Department of Energy (DOE)-funded project for developing a cost-effective
molten salt Receiver Subsystem (RS) for a commercial-size Solar Central Re-
ceiver System (SCRS) and providing the commercial fabrication process devel-

opment for molten salt receivers.

The report comprises three volumes. Volume 1, the Executive Summary,
presents an overview of the study, including major results and conclusions along
with a concise description of the RS. Volume 2 presents the discussions, evalu-
ations, and results of work done during Tasks 1 through 7. Volume 3 contains

Appendices A through T--detailed analyses and supporting informationm.

1.1.1 Background

Recent DOE studies have shown?that, technically and economically, molten
nitrate salt (60 wt% NaNO,/40 wt% KNb,) is one of the leading candidates for
a high-temperature, central receiver heat-transfer fluid. The advantages of
molten salt include low cost, chemical stability, low corrosion rates, a low
melting point, a high usable temperature at a low operating pressure, and high
heat capacitykfor thermal storage. It has been used successfully in process

heat applications for many years. However, at the temperature and duty cycle

of an SCRS, it has a limited industrial application and data base.
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Recognizing the attractiveness of molten nitrate salt, DOE has conducted
an extensive program to identify uncertainties and concerns relating to its use
and to develop the data base, technology, and hardware components that are es-—

sential for the development of a commercial molten salt SCRS.

DOE and Sandia National Laboratories, Livermore (SNLL) have been system—
atically developing this data base and the technology for SCRS applications.

This study is an important element in these activities.

In several recent molten salt SCRS studies, the receiver was studied as
a part of the entire plant. Consequent ly, even though a considerable body of
information has been generated, important receiver design, fabrication, and

operating issues require additional investigation.

1.1.2 Project Objective

The overall project objective was to design a reliable and cost-effective
molten salt RS. Specifically, the project was aimed at resolving all critical

design, fabrication, operating, and performance uncertainties.

The work done under this contract (Phase 1) consists of the definition
of the requirements specification, the preliminary design of a 320-MW* molten
salt RS, and a fabrication development task to resolve any fabrication uncer-
tainties, performed in sufficient detail to achieve the objectives of develop-

ing a reliable, cost—effective molten salt RS for a commercial SCRS. .

*Thermal unless otherwise specified.
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1.1,3 Definition of the RS

The RS, shown schematically in Figure 1.1, provides a means of transfer-
ring the incident radiant flux energy from the heliostat field into the molten
salt heat-transfer.fluid. The RS consists of an elevated receiver to intercept
the radiant flux, the tower structure to support the receiver, and the riser and
downcomer piping. The RS also includes the pumps, valves, and control system
necessary to regulate fluid flow, temperature, and pressure and the required
thermal conditioning necessary for ité safe and efficient operation, start-up,

shutdown, and standby.

The terminal points defining components within the scope of the RS are at
the boundary of the tower structure where the riser and downcomer meet the cold
and hot salt lines from the Thermal Storage Subsystem. These terminal points
were selected so that the RS design is not dependent upon the physical layout of

a specific job site.

1.1.4 Technical Approach

The project was divided into 10 tasks. After a review of SNLL's Prelimi-
nary RS Specification (Task 1), the RS Requirements Specification was developed
(Task 2). Based on these Requirements, technical and economic parametric analy-
ses were performed and a configuration was selected (Task 3). Detailed prelimi-
nary design of the RS was made and its performance was evaluated (Task 4).
Fabrication and construction plans were prepared and capital costs were esti-

mated (Task 5). Panel fabrication techniques were developed (Task 6), and a

development plan for Phase 2 was prepared (Task 7). Following a redirection of
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effort by SNLL, the Phase 2 proposal (Task 8) was deleted. Task 9 consisted of
reports and meetings; Task 10, project management and administration. The con-
tract period of performance was from Septembér 1981 through November 1982. An

outline of the contract Statement of Work follows.

Task l1--Review of RS Specification

e Review Molten Salt Subsystem Specification given by SNLL
e Submit changes to SNLL within 15 days after authorization to proceed

e Update specifications, if necessary, as work proceeds.

Task 2--Definition of RS Requirements

® Review literature on molten salt, molten salt receivers, and salt-based
solar central receiver plants

o Develop systemlevel requirements specification for the RS.

Task 3--RS Concept Selection

e Define evaluation criteria

e Perform technical and economic parametric analyses of the potential design
improvements to the baseline RS

e Select concept.

Task 4--RS Design and Analysis

e Prepare Design Analysis Plan
e Analyze receiver operation and define auxiliary equipment required

e Perform thermal/hydraulic (T/H), structural, mechanical, and control design
and analysis, and efficiency analysis.

1-5
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Task 5-—-RS Cost and Fabrication Plans

e Develop shop fabrication and field construction plans

e Estimate RS cost.

Task 6——Receiver Fabrication Process Development

e Prepare detailed Fabrication Process Development Plan

e Develop techniques for tube-to-tube and tube-to-header joining and methods
for attaching panels or panel tubes to support structure

e Evaluate techniques with mechanical tests

e Perform stress analysis to evaluate the effect of stresses and strains aris-
ing from the joining and attaching methods.

Task 7--Subsystem Research Experiment and Development Plan

e Identify Subsystem Research Experiment (SRE) requirements

e Prepare SRE design, plan, and schedule. .

Task 8--Phase 2 Plan and Proposal (deleted)

e Prepare detailed proposal for continuing effort into Phase 2.

Task 9-—-Reports and Data

e Prepare and submit reports and data as specified by SNLL

e Attend contract meetings.

Task 10--Program Management

e Coordinate and direct project effort
Establish budgets and control costs
Conduct independent technical and design reviews
Monitor technical progress

Interface with the SNLL Technical Contract Manager.
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1.1.5 Project Team

To perform the Phase 1 design study, we assembled a team of organiza-
tions with valuable complementary backgrounds in systems and design integration;
design, fabrication, construction, and testing of central receiver solar ther-
mal power systems and components; and operation of utility generating plants.
Foster Wheeler Solar Development Corporation (FWSDC), prime contractor for
Phase 1, had overall responsibility for the project. The team consisted of
our affiliated companies--Foster Wheeler Energy Corporation (FWEC) and Foster
Wheeler Special Projects Engineering and Construction, Inc. (FWSPEC); McDonnell
Douglas Corporation (MDC); Arizona Public Service Company (APS); Sierra Pacific
Power Company (SPP); and Olin Corporation. Table 1.1 shows the team members and

their primary areas of responsibility.

Table 1.1 Team Responsibilities

Organization Responsibility

FWSDC Overall project management and coordination, receiver design
and analysis, fabrication process development, SRE conceptual
design

FWEC Fabrication plan and cost estimates, receiver mechanical design

FWSPEC Design of receiver tower and piping system, specification of
salt pump and auxiliary equipment, construction plan and cost
estimates

MDC Development of system—level requirements and specifications,

selection of preferred receiver configuration, definition of
incident fluxes, performance estimates, control system, SRE

plan
APS, SPP Provide utility engineering review
Olin Molten salt technology advisor.

1-7
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1.2 SELECTION OF THE RS

1.2.1 Trade—-Off Studies

Absorber configuration trade-off studies included parametrié analyses of:

e Absorber surface arrangement, e Allowable flux levels
including tilted vs. vertical
orientation e T/H stability
e Absorber materials e Panel geometry, arrangement, and flow
routing

® Tube dimensions
Other trade-offs that were made in parallel include:

e Aperture door configuration e Feed pump arrangement
and size
e Receiver protection

e Overnight conditioning

The output of these analyses was used to complete the definition of the
RS equipment, cost, and performance and to provide data for the final configu~-
ration selection. For those configurations that were most attractive, we esti-
mated receiver losses, rescaled the collector field and tower configurationms,

and calculated annual energy delivered to thermal storage.

We defined the auxiliary equipment required for overnight conditioning,
start-up, shutdown, and emergency operation. In these analyses we investigated
options for keeping the panels hot overnight as opposed to draining them over-
night and preheating them before early morning start-up. The requirements for .

overnight heating were assessed and the trade-offs between electrical trace and

1-8
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radiant heating of the panels and the circulation of heated salt were investi-
gated. We compared the fill and drain of the downcomer with overnight hold.
In all of these cases, we addressed both equipment costs and parasitic power
requirements. Surge tanks and selected pumping or pressurizing schemes were
sized to provide emergency coolant flow in the event of a power or receiver

feed-pump failure. We also identified options for the aperture door.

Dominant factors in the initial screening of absorber cohfigurations were
minimum area consistent with peak heat flux, with heat flux levels near the out-
let where high salt film (I.D.) temperatures occur, and with heat flux gradients
across the panels. Tube characteristics were selected to satisfy a combination
of high-temperature thermal structural (i.e., peak heat flux) capabilities, ease
of fabrication, and low cost. Flow routing was selected primarily because of
the need for low heat flux in the high-temperature panels and to ensure a low
pumping power requirement and good T/H stability over a wide load range. The

selected absorber configuration ultimately embodied all these factors.

At SNLL's request, we investigated overnight drain and either preheat
with the aperture door closed or preheat with heliostats (no door required)
before fill and start-up. The analysis indicated that, by utilizing the helio-
stat field to preheat the panels, a start-up delay of 19 minutes and thus a loss
of 1.3 percent of the annual collected energy would result, compared with a
saving of 0.7 percent in auxiliary electricity if the receiver were not heated

overnight. The major impact on annual energy will be caused by time lost from

1-9
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either door problems in the heated case or fill problems in the unheated case.
While door reliability/availability has not been assessed, the panel preheat
analysis has shown that substantial differences in panel temperatures are likely
for a partial cavity configuration gnd that a slow and careful heat-up will be
required to preheat the panels in a safe manner. The complexity of this proce-
dure is such that its application to commercial practice is questionable. 1In
addition, some fraction of operating time beyond initial morning hours may be
lost as a result of inability to fill. Final resolution of this trade-off study
appears to depend on the reliability and cost of the aperture door. In this
study we decided to use the door/no-drain/heated option and proceed with the ef-
fort to generate a detailed door design and cost estimate. These data, along
with door reliability data from Phase 2, will be used to reevaluate this trade-

off for future commercial receiver designs. .

1.2.2 Selected Configuration

The cavity configuration was selécted primarily to minimize thermal
losses during operation and overnight or cloudy-day shutdown. It is a partial
cavity absorber with 20 vertical up-flow panels (Figure 1.2). This arrangement
combines high performance with low-cost fabricatiom and construction based on
modular replaceable panels. There are 18 internal panels and two semi-external
"wing" panels--one on each side of the aperture at an angle of 45 deg to the
aperture plane. Because they are low-temperature panels, the wing panels re-

duce spillover without major increases in losses.

1-10
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The receiver feed pump arrangement-—-three half-capacity pumps (two op-
erational and one spare)--was chosen on the basis of reliability and to mini-
mize auxiliary power--especially at the low loads common during early morning

and evening operation.

Primary requirements for the door include good sealing to minimize heat
loss through air convection, rapid closing (by gravity) to protect the absorber
in the event of loss of salt flow and the inability to defocus the heliostat
field because of either power or control system failures, and ability to with-
stand incident flux in the closed position without permanent damage. We se-
lected a fast-closing two-section door that could close either mechanically or

by gravity. v

The criteria most important in the evaluation of the overnight condi- .
tioning approach were cost, reliability, ease of installation, and maintenance.
The selected approach utilizes an aperture door with double seals, radiant ca-
vity heaters, trace heating of all salt piping, and thermal energy from the
Outlet Surge Tank (OST). Radiant heaters were selected because of operating
simplicity, low capital cost, and inherent redundancy in the modularity of the
units. This approach was selected because it offers the greatest flexibility,
provides for morning start-up without heliostat preheat of the panels, and pro-
vides for receiver protection in the event of a power failure, using the aper-

ture door. .

Receiver protection included considerations of redundancy, use of proven

components, and cost. Features include 1 minute of emergency salt flow from the

1-12
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pressurized Inlet Surge Tank (IST), rapid heliostat field defocus, diesel gen-
erator backup power, aperture door with sacrificial ablator on the outside, and
three half-capacity pumps that will permit operation to continue if one pump

fails.

The most serious failure is the loss of salt flow to the abéorber panels
under solar incident flux, which could result in tube failure, warping, or re-—
duction in panel life. In this case, the heliostats must be defocused from the
receiver while the emergency flow supply from the IST maintains some coolant
flow. As long as the collector field can oﬁerate, such an approach is adequate;
however, if the heliostats cannot be defocused because of either power or con-
trol system failures, the length of time required for the earth to rotate to
reduce incident fluxes is too long to prevent damage to the absorber panels.
Protection during this combination failure is provided by the quick-closing

door with ablative face and emergency salt flow from the pressurized IST.

A concrete tower was selected because of its lower capital and mainte-

nance costs.

1.2.3 Materials Selection

The material for the absorber panels and headers was selected after a re-
view of high-temperature mechanical properties and a number of SNLL's corrosion
testing programs. These tests determined the degrees of susceptibility of vari-
ous alloys to general corrosion and stress corrosion in a molten salt environ-

ment.

1-13
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Uncertainty fegarding creep-fatigue data exists not only for molten salt
receivers but for all types of solar receivers. Lack of appropriate data will
create uncertainty in the life of the receiver components, especially the ab-
sorber panels. Extensive creep-fatigue tests with hold times of 1 to 6 minutes
on tubes of varioﬁs materials in a molten salt loop are recommended. However,
while these tests would be very useful in the long term, data would not be gen-
erated in time to meet the schedule for this program. In our opinion, the best
alternative would be to design the receiver so that panels or individual tubes
can be replaced easily and to accept the fact that tube life in certain criti-
cal, high-temperature zones in the receiver might be less than the desired de-

sign life,

In view of these considerations and to meet the 30-year design life re-
quirement, Incoloy 800 material was selected for the high-temperature absorber
panels.. fhe Incoloy 800 was selected over the austenitic stainless steels be-
cause it is much stronger at elevated temperatures and has good low-cycle fa-
tigue strength and ductility. Type 316S8S could have been used in the high-
temperature panels, but our analysis indicated that it would not meet the
30~year design life. For the low- and medium-temperaturé panels, Types 304SS

and 31655 alloys were selected.

For panel modularity, which would minimize the number of spares re-
quired by the utility, one option was to have all absorber panels made of
Incoloy 800. The other option was to have identical panels made of differ-
ent materials: Types 304S8S and 316SS and Incoloy 800 for the low-, medium-,

and high-temperature panels respectively. Because the "all-Incoloy 800"

1-14
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option imposes a very high cost penalty, we selected the "multiple materials"
option--panels identical in all respects but materials. Thus the utility can
still have a minimum number of spares made of Incoloy 800 to use as a replace-

ment for any receiver panel.

As shown in Figure 1.2 the panel tubes are Type 304SS for Passes 1 and 2,
Type 316SS for Pass 3, and Incoloy 800 for Passes 4 and 5. The inlet transfer
pipe, primary riser, and cold surge tank are carbon steel. The outlet transfer
pipe, primary downcomer and hot surge tank are Type 304SS. Downcomers between
passes are l-1/4%Cr-1/2%Mo for Pass_l, 2-1/4%Cr-1%ZMo for Pass 2, and Type 304SS

for Passes 3 and 4.

1-15
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1.3 RS DESIGN ANALYSIS

The conditions to which the molten salt RS is designed are defined in the
RS Requirements Specification, which was prepared based on the requirements in
the revised specification from Task 1, the data obtained in the literature re-
view, and the experience of the team members. It was updated at the end of
Task 3 and was compiled in final form at the end of Task 4. The document de-

fines the following:

e RS scope

e Applicable codes and standards

e Technical requirements

e Interface requirements «

e Environmental requirements,
The design conditiomns are summarized in Table 1.2.

1.3.1 Design Point

Since the best collector field perfo;mance occurs at or near noon on
February 19 (day 50 in DELSOL numbering), we selected this time as the design
point. Maximum performance on February 19 rather than winter solstice (best
field cosine time) results from decreased shadowing and blocking losses, which

more than compensate for the reduction in field cosine.

RS operation without defocus was limited to 1000 W/m2 (317 Btu/heft2). .
This limit results from analysis of 4 years of detailed direct normal insola-
tion data for Barstow. These data show that, on the average, only 12.5 per-

cent of the days have insolation above 1000 W/m2? (317 Btu/heft?), whereas over

1-16
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DATE:

Table 1.2 RS Design Data Summary

Reference site

Configuration

Aperture midpoint elevation
Heat-transfer fluid

Service life

Availability and reliability
Maximum transportation length
Design point

Design point insolation
Maximum insolation

Absorbed power

Minimum absorbed power at rated
conditions

Maximum incident flux
Salt flow rate

Salt inlet/outlet temperature

Overnight salt temperature

Barstow, California

Partial cavity.

Replaceable modular panels (20).
All up-flow panels.
Gravity-closing aperture door.

216 £1.0 m (709 #3.3 ft)
Molten nitrate salt

30 years

0.95, exclusive of insolation
35 m (115 ft)

Noon, February 19 (Day 50)
950 W/m* (301 Btu/h°ft?)

1000 W/m? (317 Btu/h°*ft?)

320 MW (1092 x 10° Btu/h)

80 MW (273 x 10® Btu/h)

0.65 MW/m? (0.206 x 10° Btu/h°*ft?)
760 kg/s (6.018 x 10°® 1b/h)
288/566°C (550/1050°F)

288°C (550°F)
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50 percent of the days have insolation above 950 W/m? (301 Btu/heft?), and none .

have insolation greater than 1069 W/m? (339 Btu/he ft2).

Results of a preliminary trade-off between the energy gained by increas-
ing receiver size to accept higher powers and additional annual energy and the
energy lost from increases in receiver losses because of its larger size in-
dicated that the trade—off is very close between 950 and 1000 W/m? (301 and
317 Btu/heft2). Because of the potential for operating errors and the reli-
ability of measured insolatiom, 950 W/m? (301 Btu/heft?) was chosen as the de-

sign point for a first-of-a-kind plant.

As a design margin, peak tubewall temperatures for stress analysis were

also calculated at the maximum insolation conditions—-1000 W/m2 (317 Btu/heft?).

1.3.2 Thermal/Hydraulic Design Analysis

The major T/H design analysis tasks were:

e Steady state e Thermal conditioning

e Transient e Performance

The T/H analysis was based on the revised molten salt properties received
from SNLL during Task 3. At the desigﬁ point heat flux, receiver power out-—
put is 320.04 MW (1092.04 x 10 Btu/h). Performance calculations show that
the required receiver output to meet the RS rated power of 320 MW (1091.88
x 108 Btu/h) is 318.3 MW (1086.08 x 10¢ Btu/h); the difference is made up by
1.7 MW (5.8 x 106 Btu/h) of viscous dissipation in the downcomer and drag

valve.
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The maximum absorbed heat flux and peak front-to-back tube AT--0.614 MW/m?
(195 x 10%® Btu/heft?) and 153°C (275°F) respectively--occur in the center tube
of Panel 4, Pass 2. The peak tubewall (0.D.) and salt film (I.D.) temperatures--
633°C (1171°F) and 601°C (1114°F) respectively--occur in the left tube of
Panel 9, fass 5 (Figure 1.3). At this location the absorbed peak heat flux is
0.381 MW/m? (121 x 10* Btu/heft?)., Thus the recommended maximum salt film (I.D.)

temperature--593°C (1100°F)--is exceeded in Pass 5.

At the point of maximum salt film (I.D.) temperature, the salt bulk tem-
perature is 554°C (1029°F), which results in a salt AT (I.D. temperature minus

bulk temperature) of =47°C (=84°F). To meet the recommended maximum, we will

PASS S/PANEL 9/STRIP 1
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Figure 1.3 Temperature Profile of Absorber Hottest Tube
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have to reduce the heat flux at this location by about 17 percent--a reduction

that could be difficult to achieve within acceptable cost limits.

Experimental programs at Olin show that some alternatives exist that
should solve the salt decomposition problem, such as physically adding nitrates
or oxidizing the nitrites to nitrates to restore the original salt composition.
These molten salt stabilizer research methods have been demonstrated by Olin
under laboratory test conditiomns, but further testing is required under condi-

tions at pilot plant scale.

The quantity of salt exposed to this temperature is oniy a small fraction
of the total salt flow rate, and it is exposed for only a short period of time
because of the velocity of salt through the tubing [about 3 m/s (10.1 ft/s) in
the outlet panels] and the resultant turbulent mixing. As a solution, we recom-
mend that the required salt outlet temperature be reduced by 14°C (25°F) to
552°C (1025°F) for the first commercial plant, unless mefhods to make the sait
fully compatible with the higher temperature limit have been fully demonstrated

by that time.

The sensitivity of salt flow and of salt outlet and tubewall temperatures
to variations in heat flux across the panels was investigated at full- and part-
load conditions at the design point. The results indicate that changes in salt
flow rate and outlet temperatures for the worst variation in heat absorption
(Pass 1) are not‘significant at or near full load. The coldest tube within that

pass has approximately 1.8 percent less flow than the average tube. Conse-

" quently, salt flow through the panel tubes is very insensitive to heat flux
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_ variations across the panel width, and each tube within a given panel has es-
sentially the same salt flow rate. This is not the case for 10-percent flow,
where the assumption of equal flow per tube is no longer valid. Because of
this and the possibility of being in the transition region, we do not recom-—
mend operation with less than 25-percent full flow. From 0 to 25 percent is

considered start-up.

The RS performance was calculated for both annual average operating con-
ditions and design point conditions. The receiver was analyzed for spillover,
reflection, reradiation, convection, and conduction losses; using the results of
these analyses, the RS efficiency was calculated. Table 1.3 summarizes the de-

sign point and annual average losses/efficiency for the RS.

Table 1.3 RS Performance

Design Point Annual Average
(MW) (10° MWh)

Incident power at aperture plane 363.3 849
Spillover -14.7 -34
Reflection - 6.4 -14
Reradiation -10.0 -32.1
Convection -13.6 » -42.9
Conduction - 0.3 - 2.6
Viscous dissipation + 1.7 + 4.0

RS output power at base of tower 320.0 727.4

RS overall efficiency 0.88 0.86
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The RS heat loss rate during overnight shutdown with the electric radiant
and trace heaters maintaining the salt at 287.8°C (550°F) was calculated as
=560 kW (1.91 x 10¢ Btu/h) at the design point ambient temperature and wind

speed.
Table 1.4 summarizes the T/H data.

1.3.3 Stress Analyses

Those sections of the receiver subjected to radiant heating (i.e., the
absorber panels) are the most critical component from the thermal-stress and
creep-fatigue points of view. Hence we analyzed the panels extensively to de-
termine the severity of the thermal stresses and their impa;t on the structural .

integrity and creep-fatigue life of the receiver.

. In the design of the pressure boundary, all requirements of the ASME

Boiler and Pressure Vessel Code, Section VIII-Division 1 were satisfied. In

addition, because of the highly cyclic nature of receiver operations, the
fatigue criteria of Section VIII-Division 2 for temperatures in the sub-creep
regime were satisfied. For elevated temperature design, we analyzed for creep-
fatigue based on the linear damage addition approach of Code Case N-47. Strict
adherence to Code Case N-~47, however, is too conservative for solar applications
and will result in severe economic penalties. Hence the approach in Code Case
N-47 was used with some modifications. One modification that we have proposed
for use with solar applications is the use of inelastic fatigue curves (Fig-
ure T~1420-1C of Code Case N-47) in conjunction with inelastic strains approxi-

mated from an elastic analysis.
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Table 1.4 Thermal/Hydraulic Performance Data Summary

Heat-transfer fluid

Maximum absorbed power

Nominal absorbed power

Peak absorbed heat flux

Average absorbed heat flux

Design point RS efficiency

Annual average RS efficiency

Peak tubewall (0.D.) temperature
Peak salt film (I.D.) temperature
Peak front-to-back tube AT

Salt flow rate

Salt inlet/outlet témperature
Salt Reynolds number, minimum to maximum
Salﬁ velocity, minimum to maximum

Salt film coefficient, minimum to maximum

Receiver frictional pp

Feed pump inlet pressure

Feed pump outlet pressure

Inlet surge tank operating pressure

Outlet surge tank operating pressure
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Molten nitrate salt

336.8 MW (1149.3 x 10¢ Btu/h)
320.0 MW (1092.0 x 10¢ Btu/h)
0.614 MW/m2 (195 x 10% Btu/heft2)
0.254 MW/m? (81 x 10° Btu/heft?)
0.881

0.859

633°C (1171°F)

601°C (1114°F)

153°C (275°F)

760 kg/s (6.018 x 10¢ 1b/h)
288/566°C (550/1050°F)

34,800 to 114,700

3.0 to 3.4 m/s (9.7 to 11.2 ft/s)

5780 to 10,250 W/m?«°C
(1020 to 1800 Btu/heft2«°F)

1517 kPa (220 1b/in2?)
345 kPa (50 1b/in2g)
6895 kPa (1000 1lb/in2g)

2410 kPa (350 1b/in2g)

103 kPa (15 1b/in2g)
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We estimated the creep-rupture life using the rupture life curves of
Code Case N-47. However, only the pressure stresses (as opposed to thermal
plus pressure stresses as recommended in Code Case N-47) were used in evalu-
ating the rupture life. We added the creep and fatigue damage fractions and
limited this value to 1. This analysis showed the receiver life requirements

were satisfied for diurnal and cloud cyclic operation.

With regard to material properties, both Types 304SS and 316SS are quali-
fied materials under the Code, and their creep and fatigue properties are well
documented. Although Incoloy 800 is an accepted Codebmaterial, the Code does
not list its creep and fatigue data. However, the Code has rupture life and
allowable cycles graphs for Incoloy 800H. Because the material properties are
very similar for Incoloy 800 and 800H at the absorber panel design temperatures,

the creep-fatigue data for 800H were used.

Transient temperature distribution and stress analyses were done for the
receiver panels for several start-up and shutdown transient conditions. Essen-

tially, five transients were evaluated:

e Morning hot start-up e Emergency shutdown
e Noon hot start-up e Cloud-cover

e Hot shutdown

Of the three locations chosen for creep-fatigue evaluation (Pass 2--Type 304SS,
Pass 3--Type 316SS, and Pass 4--Incoloy 800), we selected Pass 2 and Pass 4 for

transient analysis. We did not perform the analysis for Pass 3 because the
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effect of transient stresses is primarily on fatigue, and Pass 2 fatigue con-
ditions are more severe than those in Pass 3. [The fatigue properties of

Type 304SS (Pass 2) and Type 316SS (Pass 3) are identical.]

At no time during the transient event do the tubewall temperatures and

ATs~--and thus the stresses-—exceed the corresponding steady-state values.

1.3.4 Mechanical Design Analysis

The major mechanical design tasks were:

e Absorber panels e Receiver structure
e Surge tanks and interconnecting piping e Tower and tower foundation
e Absorber door e Riser and downcomer piping

Component-level drawings were prepared in sufficient detail to allow preparation

of RS fabrication and construction/erection plans and cost estimates.

The RS mechanical design was performed in accordance with the RS Require-
' 1

ment Specification. All pressure parts were designed in accordance with the ASME

Boiler and Pressure Vessel Code. The structural analysis complies with all the

requirements of the Uniform Building Code (UBC), the American Institute of Steel

Construction (AISC), and all other applicable codes and standards.

The design salt flow rate was used to size the riser/downcomer pipes.
It is a conservative assumption, since the average salt flow rate will be less
than the design value. The primary riser was sized to minimize combined costs

for both pumping and piping. The optimum riser size was determined as 0.41 m

1-25



FOSTER WHEELER REF.. 84-2292C
TER , DEVELOPMENT CORPORATION REF:  November 1982

(16 in.) 0.D. Since pumping costs are independent of downcomer size, the down-

comer was sized to dissipate a large percentage of the gravity head at the design
flow rate. A 0.30 m (12 in.) O.D. was selected; it will dissipate *75 percent of
the gravity head by friction. The remainder is dissipated by the drag valve and

the field return piping to the Storage Subsystem.

Piping materials were selected based on results of the material selection
work. The carbon steel riser carries cold salt at 288°C (550°F). The Type 304S5S
downcomer carries hot salt at 566°C (1050°F). Piping wall thickness was calcu-
lated in accordance with the American National Standards Institute (ANSI) B31.1
Power Piping Code. Insulation thicknéss was chosen from Foster Wheeler design

manuals.

1.3.5 Operation and Control Analysis

Six major operating modes were identified--cold drained, hot drained,
hot standby, derated operation, rated operation, and overnight standby--and the

oy e . ’ 4 o e
transitions between these modes were developed. These transltions are:

e Cold drained to hot drained e Rated operation to derated operation
e Hot drained to hot standby e Derated operation to hot standby
e Hot standby to derated operation e Hot standby to overnight standby
e Derated to rated operation e Overnight standby to ﬁot drained

e Overnight standby to hot standby Hot drained to cold drained

The operating procedures for the RS were specified to aid in the design

and selection of the RS control system.
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The control system response was analyzed in three sequential stages. The
controller was modeled using a state variable representation of an analog con-
troller. During this stage only a l0-percent cloud variation was modeled using
back tubewall temperatures for feed-forward information. Subsequent to this
analysis, the controller models used in the simulation were updated to represent
more accurately the type of controller proposed for the RS. The new controller
model simulates a Beckman controller with simple derivative filtering. Using
this updated controller model, we addressed both a 10- and a 50-percent cloud
and considered both back tubewall temperatures and flux gages for feed-forward
information. Because the results were preliminary, a final analysis of a

50-percent cloud was performed.

The results indicate that 50-percent step changes in power level will
producs transient temperature variations of approximately +10/-15°C (+18/-27°F)
damping down to *3°C (25.4°F) in approximately 150 seconds. The flux gage data
showed a slight advantage [=3°C (=5.4°F) less undershoot in temperature]. Both
systems appear promising based on the simulation results. Actual test data will
be essential to validate the simulation models for the key physical processes

and the simulation results.

1-27



REF.. 84-2292C
FOSTER WHEELER SOLAR DEVELOPMENT CORPORATION A November 1962

1.4 RS SUMMARY DESCRIPTION

The receiver is located south of the heliostat field, atop a reinforced
concrete tower. Figure 1.4 shows the front and back views of the receiver; con-

figuration data are summarized in Table 1.5.

The right and left sides of the absorber are symmetrical, mirror images.
The panels on each side form two independent parallel-flow circuits. Each cir-
cuit comprises 10 pamels connected into five passes (Figure 1.2). Upward flow
in the panels minimizes the possibility of T/H instability. Four control valves
(two per side) maintain the desired outlet temperature by controlling both the

amount and distribution of salt flow.

The absorber panels are fabricated in individual modules or subassemblies
to facilitate handling during fabricatiom, shipment, and erection. Panel con-
figuration is basically very similar to that of a typical, conventional utility
boiler panel. The panels are made of 88 tubes continuously welded to adjacent
tubes with spacer strips to form three solid subpanel sections 28, 32, and
28 tubes wide. Each subassembly--consisting of the panel tubes, inlet and out-
let headers, buckstays, support struts, and strongbacks—--is shop-built and -
shipped as a unit. Insulation and sheathing are added during erection. 1In-
cluding insulation, the gross weight of an entire subassembly is 10,900 kg

(24,000 1b).

Key features of the absorber panel are:

e Modular shop assembly simplifies transportation, erection, and replacement.

e All panels are identical except for tube/header materials and insulation
thickness.

1-28




6C-1

FRONT VIEW

Figure 1.4

SERVICE CRANE —___

OUTLET SURGE TANK—__
UPPER DOOR SECTION
SERVICE ELEVATOR—___
PANELS (20)
DOWNCOMER—

CAVITY FLOOR
INLET SURGE TANK.__

- LOWER DOOR SECTION

RISER—

BACK VIEW

320-MW Molten Salt Solar Cavity Receiver

‘3lva

7861 19quaAoN

NOILVHOdHOO LNINDOTIAIA HVTIO0S HITIIHM H3 LSO

"d34

JT67T-%8




Table 1.5 Configuration Data Summary

Receiver

Overall [height x depth (N-S) x width (E-W)] 55.2 x 25.6 x 32.0 m (181 x 84 x 105 ft)
Cavity (width x height x depth) 19.8 x 25.8 x 17.4 m (65 x 84.5 x 57 ft)
Aperture (width x height) 19.8 x 25.8 m (65 x 84.5 ft)

Aperture area 510.2 m* (5492 ft?)

Total frontal area including wing panel 592.2 m* (6375 ft?)

Total exposed (active) area 1258 m® (13,542 ft?)

Total wet weight 1341 x 10° kg (2950 x 10° 1b)

Absorber Panels

NOLLVHOJHOO .LNEINdO"'IEI\BO HYTI0S H3133HM 431504

Construction type Continuously welded tubes with a spacer
n strip between
3 Tube material 3048S/316SS/Incoloy 800
Number of panels ' 20
Number of tubes per panel 88
Overall length x width 28.4 x 2.44 m (93.4 x 8.01 ft)
Distance between header centerlines 27.5 m (90.25 ft)
Exposed (active) length ‘ 25.8 m (84.5 ft)
Exposed (active) surface 62.9 m® (677.1 ft?) g
Tube 0.D. x wall thickness ’ 25.4 x 1.65 mm (1.0 x 0.065 in.) Mo
Spacer strips, thickness x depth 2.381 x 11.1 mm (3/32 x 7/16 in.) o oo
Design pressure 3463 kPa (350 1b/in’g) g %
Panel weight (empty) 10,000 kg (24,000 1b) §§
Ao
—
o]
®
N
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e Swing links eliminate frictional restraint of expansion, but provide excel-
lent strength.

e Vertical splits in panel reduce forces required to keep panel straight and
in plane.

e Horizontal expansion is controlled by limit stops between buckstays and tube
lugs.

e Jumper tubes permit differential thermal expansion.

The cavity floor and ceiling are uncooled surfaces consisting of Fiber-
frax Duraboard weatherproof insulation anchored to carbon steel plate. The
floor supports radiant heaters for absorber thermal conditioning to prevent
salt from freezing during shutdown. The floor and ceiling are made of sec-
tions that can be lifted out by an overhead crane. Flexible seals between

the floor and absorber panels minimize thermal losses from the cavity.

A skeletal structure supports the absorber and associated equipment.
There are two major platform levels (one at the top and one at the bottom) and
two intermediate levels. The height of the structure was determined by the
travel of the upper door section. A bridge crane runway and machine room for

the elevator are located at the top level of the structure (Figure 1.4).

Key features of the receiver structure are:

e Four major support columns that comprise part of the four major braced bents
e Bent arrangement that minimizes torsiomal loading on rear of structure
e No obstruction to lifting and positioning of panel modules

e A service crane to complete receiver installation when basic structure is
erected.
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One of the major advantages of our design is the ability to remove com—
plete panel modules for maintenance. The 15-ton overhead crane can travel
across the receiver, remove sections of the roof and floor, pick up any panel/
strongback module, and lower it through the center of the receiver and tower to
the ground. The overhead crane can also be used during construction, as soon as
the structure is erected. During receiver operation the crane will be stored in

the rear of the structure, away from the hot air coming from the cavity aperture.

The aperture door is a two-section guillotine-type with a hollow core for
heat dissipation within the door structure to prevent it from warping. It mini-
mizes thermal losses when the receiver is not in operation and protects the re-
ceiver in the event of feed pump or power failure. Each section of the door
spans the receiver aperture horizontally. When the door is opened and closed by
a cable drum-type hoist mechénism, the sections move up and down parallel to the
receiver aperture on vertical tracks. The lower section counterbalances the up-
per section, minimizing the power required for opening and closing it. The two
sections are similar in comstruction, but the upper section is larger and heavier
to permit closing by gravity in the event of a power failure. The aperture side
of the door is faced with a layer of Fiberfrax blanket insulation. The front
side is protected by a layer of ablative material to protect the door (and the
absorber) during an emergency until the motion of the earth moves the incident

solar flux away from the receiver or the heliostats are otherwise defocused.

Key features of the door are:

e Fabricated truss plus corrugated sheet surface give light and rigid door.

e Maximum free area through door structure assists convective cooling of door.
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e Four-point spherical bearing attachment to trolleys eliminates binding as
a result of distortion.

e Double seal minimizes convection losses when receiver is '"bottled up.”
e Short and direct load path exists from door rails to structural steel.
e Operation is simple and reliable compared with multiple-section or "up and
over" doors.

The receiver tower is a slip-formed, reinforced-concrete structure rising
193.7 m (635.5 ft) above ground level. The tower contains an internal elevator,
lightning protection equipment, aircraft warning lights, and receiver auxiliary
machinery. The primary salt riser and downcomer are supported along the inside

of the tower shell with expansion loops at appropriate intervals.

The energy transport loop consists of the primary riser, the primary
downcomer, IST, OST, the receiver feed pumps, valves, and associated instru-
mentation. All energy transport loop equipment is fully drainable, heat traced,

and insulated.

Figure 1.5 illustrates thé overall flow schematic. Cold salt at 288°C
(550°F) is pumped from the Cold Storage Tank (CST) through the field supply
piping and tower riser to the receiver. At the inlet to the receiver, the
salt flow is divided in two, one stream for each half of the absorber. Each
proceeds through 10 panels in both series and parallel paths, heating in the
process to 566°C (1050°F). The hot salt then flows by gravity through the
tower downcomer, drag control valve, and field return piping to the Hot Stor-
age Tank (HST). Downcomers are provided after each pass through a panel or

set of panels so that all panels have upward flow. Separate control valves
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Figure 1.5 RS Flow Schematic

downstream of Pass 3 control the outlet temperatures of Passes &4 and 5 by dis-
tributing the flow in proportion to the absorbed power. In addition to outlet
temperature data, flow control uses feed-forward information on input power
changes (either flux gage data or temperature data) to anticipate rapid flow

changes required during partly cloudy conditionms.

Figure 1.5 also illustrates the relationship of the surge tanks to the
receiver circuitry. The IST and OST atop the tower buffer the faster acting
control valves from the slower responding salt pump and drag control valves.

Level sensors on these tanks control the feed pump recirculation valve and the
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drag valve at the bottom of the downcomer. Tank levels are set at one-half to
provide a control margin and a ready supply of salt. The pressurized IST pro-
vides an emergency salt flow to protect the receiver in case of feed pump or
power failure. The OST connected to the primary downcomer is located above the
highest absorber panel header for positive filling of the absorber panels and
piping. Compressed air for the surge tanks is supplied by an air compressor

and storage tank located at the base of the tower.
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1.5 PANEL FABRICATION DEVELOPMENT

Welding development was undertaken to resolve fabrication issues and to
develop basic methods for continuous longitudinal welding of thin-walled tubes

to form flat panels and for attachment of support lugs to the panels.
L]

A semiautomatic short-circuiting arc (dip transfer) metal inert gas (M1G)
welding process was chosen for longitudinally welding tubes to form a panel.
This process was chosen because of its ability to produce sound welds in thin

sections with minimal tubewall penetration.

A MIG welding head (Figure 1.6) was designed and fabricated to feed a
consumable bare electrode into the weld zone at a constant rate and supply a
continuous blanket of inert gas to shield the weld zone from atmoépheric con-
tamination. As shown in the figure, the welding head was mounted on a horizon-
tal cross-beam carriage. A drive mechanism moved the head along the carriage

at a constant, predetermined rate.

For trial welding, we bolted a series of scalloped support blocks to a
rigid, flat table. These blocks supported three tubes on the table at 0.15-m
(6-in. ) intervals. Pneumatically activated toggle clamps (also shown in the
figure) held the tubes firmly on the support blocks and prevented them from
moving during welding. The clamps were automatically activated to open at

each clamp site as the welding head traversed the length of the tubes.

Several trial welds were made to determine the best tube-to-tube longi-

tudinal weld configuration. They indicated the need for a spacer strip.
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Several thicknesses of strip were considered and parametrically studied for
thermal stresses. The results of the study indicated that a spacer strip

2.38 mm (3/32 in.) thick was best (Figure 1.7).

Figure 1.7 Cross Section of Welded Panel Tubes

Three 2.44-m (8-ft)-long development panels, 28 to 31 tubes wide, were
fabricated using prototypical tubes. The first panel was fabricated from
25.4-mm (1-in.)-dia x 1.65-mm (0.065-in.)-wall thickness, Incoloy 800 seamless
tubing and a 2.36-mm (0.093-in.) wide x 3.18-mm (1/8-in.) deep, rectangular,
Tncoloy 800 spacer strip. The fixture for welding the tubes was essentially
the same as that used for trial welding. Scalloped support blocks with rec-
tangular grooves for the spacer strip were spaced 0.15 m (6 in.) apart. Pneu-
matic clamps and end clamps restrained the tubes. Weights and 'C' clamps kept
the in-process panel flat. Using welding parameters developed from trial welds,

two-tube subassemblies were fabricated; these subassemblies were then joined to

form a panel 30 tubes wide. A 31lst tube was added separately.
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Two ma jor problems were encountered during this panel fabrication.
First, the spacer strip often bowed in the vertical plane during welding, caus-
ing erratic welding behavior and also contributing to panel distortion. The
second problem was differential expansion of adjacent tubes dﬁring welding,
which contributed significantly to in-plane distortion in the form of "hour-

glassing" (i.e., the panel was narrower at the midpoint than at the ends).

Aside from several fabrication changes, the second developmént panelkwas
fabricated of the same materials and in the same manner as the first panel. The
changes were intended to eliminate spacer strip bowing and to eliminate, or at
least significantly reduce, the differential expansion of adjacent tubes. These
fabrication modifications were partially successful; spacer strip bowing still
occurred occasionally; panel distortion was decreased, but was still considered

too great.

The third and last development panel was 28 tubes wide and was con-
structed of Type 304SS welded tubing of prototypical size and wall thickness
and an 11.11-mm (7/16-in.)-deep x 2.34-mm (0.092-in.)-wide, rectangular, spacer
strip, Type 304SS. We had to use Type 304SS in lieu of Incoloy 800 because of
an unacceptable procurement delay for Incoloy 800 tubes and strip. Spacer strip
depth was increased to retard bowing; the added mass reduced the differential
expansion between the tube and the spacer strip and the added depth stiffened

the strip in the vertical plane.

Distortion was eliminated by welding two-tube subassemblies, welding these

into four-tube subassemblies, and then welding the four-tube subassemblies to

1-39




REF.: 84"22920

FOSTER WHEELER SOLAR DEVELOPMENT CORPORATION R e, November 1982

make up the 28-tube panel, thus maintaining symmetry in the process. In addi-
tion, the fixture for the third panel was modified and made more rigid to reduce
panel distortion. No serious problems were experienced during the fabrication of
the third panel (Figure 1.8). The strip bowing problem previously encountered
was completely eliminated. Out-of-plane distoftion was reduced considerably, and

no measurable in-plane distortion was present.

We evaluated three methods for attaching support lugs to the panely(Fig-
ure 1.9). The first utilized integral welding of the lug and tubes--the lug
legs replaced a section of the spacer strip. In the second, lug legs were butt-
welded to the top of the spacer strips. In the third, the lug legs were placed
inside and in contact with two adjacent spacer strips and were fillet welded to
them. The third method was selected because it is easier to position and to

weld.

Weld quality, tubewall penetration, and overall weld geometry were con-—
tinuously monitored during trial welding and development panel fabricatiom by

both destructive and nondestructive tests and examinations.

Strength tests were conducted at ambient temperature on specimens re-
moved from the first development panel. The tests were designed to subject the
specimens to loading and bending conditions exceeding those anticipated during
normal panel operation. No cracks occurred in the welds or tubes. These tests
showed that the tube-to-tube longitudinal welds were at least as strong as the

tubes themselves.
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Figure 1.8 Welding of Third Development Panel

3.18 mm
(1/8 in.)

0.79 mm
(1/32 in.)

METHOD 1 METHOD 2 METHOD 3

Figure 1.9 Support Lug Attachment Methods
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Two prototypical panel lugs were subjected to a tensile strength test to
show that the lug design would preveﬁt tube distortion under maximum design load
conditions and to determine the maximum load-carrying capacity of lugs and at-
tachment welds. They successfully withstood loading to =32 times their design

load.

Weld repairs were performed on 30.5-mm (1-ft)-long two-tube welded speci-
mens prepared from Type 304SS tubes and spacer strip and Inconel 82 electrode.
Repair welds were made using the same cross-sectional geometry, parameters, and
fixtures employed to fabricate Panel 3, except that the original roller guide
was replaced with a roller guide without a protruding lip. However, rewelding
at these settings tended to distort the tubewalls, causing them to bow inward.
Repair welds were made with a slightly colder setting (lower voltage) than used

originally to minimize distortion.

Weld repairs should not be difficult provided the cavity created when
the weld is removed is fairly precise dimensionally and the cavity is thoroughly
cleaned. Weld repairs should be performed while the in-process panel is still
in the welding fixture. A milling machine could be adapted to ride on the same
cross-beam carriage as the welding head. The welding head used to make the
original weld could also be used to make the repair weld with minimum modifi-

cation.

Figure 1.10 shows the finished third development panel.
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Figure 1.10 Third Development Panel Showing Support Lugs at Each End
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1.6 WEIGHT AND COST ESTIMATES

The receiver weight breakdown--including salt and all components located
above the tower--is shown in Table 1.6. Table 1.7 gives comstruction cost esti-
mate in 1982 dollars for the complete RS including the receiver, concrete tower,

riser and downcomer piping, feed pumps, and ancillary equipment.

Table 1.6 Receiver Weight

Weight
107 kg (107 1b)

Absorber panel modules | 109 240
Roof and floor 65 144
Casing and insulation 93 204
Aperture door 109 240
Piping 50 110
Salt and air storage tanks | 57 126
Controls and miscellaneous equipment 25 56
Platforms and ladders 173 380
Structural steel 327 720
Overhead crane : 50 110
Normal charge of salt : _282 _620

Total estimated receiver weight (wet) 1341 2950
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|
|
Table 1.7 Construction Cost Estimate ($ 1982)
|

Excavation and civil 53,200

Tower and foundation 5,373,400

Structural steel 1,277,500

| Machinery and equipment 10,743,700
Piping and valves 2,930,700

Electrical 308,100

Instruments 620,100

Painting and insulation ’ 588,300

Direct field costs 21,895,000

Indirect field costs 437,700

Total field costs . 22,332,700

Total office costs 2,283,000

i Total field and office costs 24,615,700
Cont ingency 3,047,300

Fee 8% 2,213,000

Total construction cost 29,876,000
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1.7 RECEIVER DEVELOPMENT
The major development issues for the molten salt receiver cover four

broad areas:

e Design e Performance
e Operation ' ® Molten salt and receiver
technology

A considerable amount of development activity has been devoted to these
issues and, based on these activities, a molten salt receiver can be designed,
constructed; and operated. However, residual risks remain relating to absorber
panel design, fabrication, and lifetime; receiver operation, availability, and
maintenance; receiver performance and auxiliary power use; molten salt stability‘

and corrosion; and creep-fatigue design requirements.

During Task 7 the verification status was reviewed, and verification op-
tions idéntified and correlated with the verification issues. Based on these
reviews and a review of test capabilities and requirements, test programs for
each of the major verification options and the risk reductioms resulting from
these programs were identified. Finally, a baseline test program witﬁ several

options was proposed.

Candidate test program options include the following tests at Central Re-
ceiver Test Facility (CRTF) using the basic salt loop elements (with appropriate
modifications) of the Molten Salt Electric Experiment (MSEE):

e Absorber Panel Test--of relatively short duration to verify the panel struc-
tural design and support system under realistic flux/temperature conditions.
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e Cavity Test--would follow the panel test and be longer. It would investigate
RS operability and utilization of available sunshine, overnight conditioning
and door operation, outlet temperature control, receiver auxiliary power use,
performance, and availability. Figure 1.11 gives the proposed SRE cavity con-
figuration.

e Salt Loop Irradiated Panel Test--would be a small sub-loop of the MSEE and
would have the capability for radiant heating of small test panel sections
to investigate high bulk temperature/flux level phenomena in a tightly con-
trolled environment.

In addition to these CRTIF tests, a scale model section of the aperture
door should be constructed and tested in an appropriate test facility. This
test should include extensive thermal cycling of the door, seals, and trolley

mechanism.

The cavity test was given first priority because it is the most compre-
hensive of the tests and it offers important information relating to operability
and usability of insolation and receiver salt control experience--especially
verification of physical modeling of salt flows. Additional data relating to
aperture door and overnight conditioning, performance, and auxiliary power use
will also be obtained; however, because of the limitations of instrumentation
and scale, these data will provide verification of analysis methods more than

verification of design.

The absorber panel test is second in priority because it will provide a
meaningful scale test of the panel and its support structure and, by preheating
the inlet salt, it is possible to operate the panel over the entire panel op-
erating envelope. While past panel tests have provided only limited thermal/
structural data because of limited test time and competing test objectives

(e.g., control), this panel would be operated purely to simulate realistic
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Figure 1.11 Schematic of the SRE Test Cavity
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flux/temperature environments and cycles, which should maximize the useful

thermal/structural design data obtained.

Supp lementing the panel test is the salt loop panel section irradiation
test. This test would use the mixed hot/cold tank salts bleed flows in panel
test sections with radiant heaters. . Both salt decomposition and panel corro-
sion would be moni;ored to provide better design criteria for receiver outlet

pass flux limits.

Finally, included as an option is a subscale aperture door test. This
test, which has not yet been designed, would supplement the cavity configuration
door test in the same way that the panel test supplements the small-scale cavity
panels. By combining the cavity test at small scale with the larger scale com-—
ponent tests (i.e., panel and door), both the overall integration and individual

component problems can be investigated and corrected.

While these tests all offer useful information, detailed cost analyses
of each are beyond the scope of this study. Of the tests considered, the most
general and the one that will provide the best overall data is the cavity con-

figuration test. The other tests, which are optional, can only be evaluated

after better cost estimates are available.
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