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1. GENERAL 

1.1 Scope - This specification defines the requirements for the design, 
fabrication, operation, and maintenance of a 320 MWt molten salt 
receiver subsystem (RS). 

1.2 System Characteristics and Description - The function of the Receiver 
Subsystem (RS) is to transfer the incident radiant energy fr~ a 
Collector Subsystem into the molten salt working fluid, and transport 
the hot and cold molten salt to and from the storage subsystem 
(Figure 1.2-1). The R.S. comprises the following major components: 

1.3 

1.3.1 

a. Quad-Cavity Receiver, including shop-fabricated modular 
absorbing panels, non-absorbing cavity enclosure, 
interconnecting piping, structural supports, aperture frames and 
doors, door supports and actuation mechanisms, instrumentation 
and controls, valves, an inlet surge tank, an outlet collection 
tank, insulation and sheathing, radiation-shielding of external 
structures and components, access provisions, and service 
cranes, etc. 

The Quad-Cavity Receiver will intercept reflected solar 
radiation from a surrounding heliostat field, through its four 
apertures facing North, South, East and west, respectively. 

b. The Tower, which provides an elevated support for the receiver, 
and houses the riser, downcomer, elevators, miscellaneous piping 
and valves, and ancillary equipment. 

c. High-Pressure Booster Pumps, located near the base of the tower1 

d. An energy dissipating system, whose function is to control 
static head at receiver outlet and to dissipate the potential 
and kinetic energy of the salt as it leaves the downcomer. 

The design of the Receiver Subsystem is to be consistent with the 
requirements of Repowering/Retrofit systems typified by the Saguaro 
Power Plant Solar Repowering Project. Its principal design features 
are to be adaptable to other solar thermal applications as well, 
including industrial processes. 

Definition of Terms and Abreviations 

Definitions 

Aim Point - The common centroid of flux patterns produced by several 
heliostats on a target plane1 or the point of intersection of the 
centerlines of the beams produced by several heliostats. 

Aim Point Strategy - The specified distribution of aim points on a 
target to achieve a desired flux pattern on the receiver absorbing 
surfaces. 
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-e 
Aperture - The opening through which the reflected solar energy from 
the collector field passes into the receiver cavity. 

Availability - Ratio of period of time in operation to the total time 
when the direct normal solar insolation is above the threshold 
value. Availability is usually quoted on an annual basis. 

A • Number of Hours of Operation 
Number of Hours of Sufficient Insolation for Operation 

Cold Salt - Molten salt nominally at 288C (5500,). 

Collector Subsystem - An array of individually controlled heliostats, 
including the wiring and controls, that redirects the available solar 
insolation onto a receiver. 

De-focusing (of Heliostats) - The act of moving the aim point of 
heliostats from the target to the standby point. 

Design Point - The time of the day and year for which the system 
performance is specified. 

Direct Insolation - The solar energy incident on a surface that comes 
from within the solid angle subtended by the solar disk. It is to be 
distinguished from the diffuse or multidirectional component of solar 
radiation. Only the direct part of the insolation can be focused by 
an optical system. 

Direct Normal Insolation - The direct insolation on a surface 
perpendicular to the sun's rays. 

Diurnal - Pertaining to the daily cycle. 

Distributed Digital Control - Digital control system located at the 
process (receiver) to be controlled, as opposed to a centrally 
located control system for several processes. 

Downcomer - The pipe carrying the hot molten salt down the tower. 

Pail-over - Automatic or manual switch-over from prime to backup 
computer in case of failure of the former. 

Plux (Radiant) - The time rate of flow of radiant energy. 

Plux Density - The radiant flux incident per unit of area. 
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Focal Length (of Heliostat) - The distance along the centerline of 
the reflected beam, from the heliostat to the point where the 
reflected rays from various elements of the heliostat converge. It 
is achieved by a combination of curvature and canting of the mirror 
facets comprising the heliostat. 

Focusing (of Heliostats) - The act of moving the aim point of 
heliostats from standby to the target. 

Heliostats - A combination of mirrors, support structure, drive 
mechanism, and mounting foundation that tracks in two axes of motion 
to continuously reflect the sun's rays onto the receiver. 

Hot Salt- Molten salt nominally at 565C (IOSOOF). 

Peak Point - Time of the day and year at which the solar power to a 
specified cavity (North, South, East or West) is a maximum. 

Receiver Control Zone - A flow circuit associated with a controller 
and a control valve. 

Reliabililty - The probability that an item will perform its required 
function under specified conditions for a specified time. 

Repowering - The retrofitting of existing fossil-fueled electric 
utility or process heat power plants with solar energy collection 
systems in order to provide the capability to displace a portion or 
all of the fossil fuel normally used. 

Riser - The pipe carrying the cold molten salt fluid up the tower. 

Sacrificial (Material or Structure) - Allowed to be destroyed. 

Slant Range - The distance from a heliostat to the target. 

Slew Rate - Maximum angular speed of heliostat reflective surface (to 
be differentiated from Wtrack rateW which refers to angular speed 
during sun tracking). 

Solar Noon - The instant the sun reaches its zenith. 

Spillage (Radiation) - Radiation reflected from the collector 
subsystem which misses the aperture of the receiver. 

Standby Point (Heliostats) - Off-target aim point of heliostats from 
which rapid focusing (or defocusing) onto the target can be achieved. 

~ - A position or act of reaching a position of storage for the 
heliostats. 

A-6 



1.3.2 

Survival - State of damage that may require repairs before returning 
to operation. 

Threshold Insolation - Minimum insolation required for operation at 
lOt of the rating specified under 3.1.1, or 400 w/m2. 

Turndown Ratio - Ratio of maximum to minimum operating power. 

Abbreviations 

BB£ - Distributed Digital Control 

!£ - Beliostat Controller 

!!£ - Beliostat Field Controller 

!! - Receiver Subsystem 

l!! - Thermal Energy Storage Subsystem 

l!e - TO Be Determined 
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2.0 APPLICABLE DOCUMENTS 

2.1 General - In addition to this specification, the equipment, 
materials, design, and construction of the receiver subsystem shall 
comply with all federal, state and local regulations, laws, codes, 
and ordinances currently applicable at the power plant site. These 
shall include, but not be limited to, the government and 
non-government documents listed below. If there is an overlap in, or 
conflict between, the requirements of these documents and the 
applicable federal, state, county, or municipal codes, laws, or 
ordinances, a satisfactory resolution will be formulated on the basis 
of sound engineering practices. 

2.2 Government Documents 

a. Specifications 
- Regulations of the occupational Safety and Health 
Administration (OSHA) 
- International System of Units, 2nd Revision, NASA SP-7012 

b. Standards 
-Nuclear Regulatory Commission Guides 1.60 and 1.61 

2.3 Non-Government Documents 

a. Standards and Codes 
- Uniform Building Code, 1979 Edition by International 
Conference of Building Officials (For tower seismic design, the 
1973 Edition shall be used to select the seismic zone in 
accordance with ACI-307-79) 
- ASME Boiler and Pressure Vessel Codes Section VIII, Div. 1 
(Pressure Vessels) and applicable Code Cases. 
- Institute of Electrical and Electronic Engineers (IEEE) Codes, 
as applicable 
- National Fire Protection Association (NFPA) National Fire 
Codes - 1975 
- National Electrical Safety Code (NESC) - 1981 
- National Electrical Code (NEC) - 1981 

b. Design, Construction and Fabrication Standards 
- Standards of ACI (American Concrete Institute) 
- Standards of AISC (American Institute of Steel Construction) 
- Standards of ASTM (American Society of Testing Materials) 
- Standards of NEMA (National Electrical Manufacturer's 
Association) 
- ANSI B31.1-Power piping 
- ANSI AS8.1-Building Code Requirements for Minimum Design Loads 
in Buildings and Other Structures. 
- ANSI B16.34-Steel Valves, Flanges and Buttwelding Ends. 
- ANSI C37-.20 Switchgear 
- ANSI CS7.12 Power Transformers 
- Standards of AWS (American Welding Society) 

c. Subsystem and Interface Specifications 
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d. Reference Documents 
- -Measurements of Typical Insolation variation at Daggett, 
California:, Volumes I and II, Aerospace Report No. ATR-80 
(7747)-1, 1 March, 1980 
- -Pilot Plant Environmental Conditions--Aerospace Report No. 
ATR-78 (7695-05)-05, Revision 1, 15 August, 1978 

- -Saguaro Power Plant Solar Repowering Project-, Final 
Technical Report, July 1980. Report No. DOE/SF 10739-4. 
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3.0 REQUIREMENTS 

3.1 Receiver Subsystem Design and Performance Requirements 

Performance requirements are: 320 MWt with 565C (1050OF) salt 
outlet temperature, 288C (550oF) salt inlet temperature, at 90.0% 
receiver thermal efficiency. 

3.1.1 Thermal Design and Performance 

3.1.1.1 Thermal Rating - The as shall be designed for 320 MWt output overall 
thermal rating at the design point. 

3.1.1.2 Insolation Rating - 950 W/M2 direct normal insolation at the design 
point. The receiver shall be capable of accepting all reflected 
energy without heliostat defocus for insolation levels up to 1100 
W/M2. 

3.1.1.3 Efficiency - The thermal efficiency of the receiver -defined as the 
ratio of thermal output to solar energy passing through the receiver 
apertures - shall be equal to, or exceed, 90% at the design point. 

3.1.1.4 Heat Losses During Hot Standby and Nighttime Shutdown - Thermal 
losses during hot standby shall be sufficiently low that auxiliary 
heating will not be required for at least six hours. 

3.1.1.5 Radiation Geometry - The geometrical configuration of the receiver 
cavities shall conform to the following requirements: 

a. Maximum absorbed fluxes on absorbing surfaces shall not exceed 
those identified on Figure 3.1-1 at the design point. 

b. Incident fluxes on non-absorbing surfaces inside the cavities 
shall not exceed 2000 BTU/HR-FT2 on 2 1/4 Cm-lMo surfaces, 
10,000 BTU/HR-FT2 on 304 SS surfaces painted with white 
pyromark. 

c. The aperture efficiency -defined as the ratio of reflected solar 
energy that passes through the apertures to the total reflected 
energy incident on the aperture planes - shall exceed 98% at the 
design point. 

3.1.1.6 Incident Flux Distributions - The thermal design of the as shall be 
consistent with the following incident flux distributions derived in 
accordance with 4.1:" 
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a. Absorbing Surfaces - Steady State Operation 
- North cavity - Design Point : Figure 3.l-2a 

East and West Cavity - Design Point : Figure 3.l-2b, A, and B 
South Cavity - Design and Peak Points : Figure 3.l-2c 
North Cavity - Peak Point : Figure 3.l-2d 
East and West Cavity - Peak Point : Figure 3.l-2e, A, and B 

- North Cavity at East Cavity Peak Point: Figure 3.l-2f 
East Cavity at North Cavity Peak Point: Figure 3.l-2g 
South Cavity at East Cavity Peak Point: Figure 3.l-2h 

b. Absorbing Surfaces - Operational Cloud Cover Transients: 
- Figures 3.l-3a through 3.l-3c, with complete loss of 
insolation to the heat absorbing surfaces during a -100% cloud-. 

c. External Non-absorbing Surfaces - Steady State Operation 
- North Aperture Spillage : Figure 3.l-4a 
- East and West Aperture Spillage : Figure 3.l-4b 
- South Aperture Spillage : Figure 3.l-4c 

d. Internal Non-absorbing Surfaces - Steady State Operation 
- North Cavity : Figure 3.l-4d 
- East Cavity : Figure 3.l-4e 
- South Cavity : Figure 3.l-4f 

3.1.2 Operating Life - The RS components shall be designed for a 30 year 
operating life. 

3.1.3 Beat Transfer Fluid - The heat transfer fluid shall be molten salt 
consisting of 60% sodium nitrate (NaN03) and 40% potassium nitrate 
(IN03) by weight, with thermophysical properties as shown in Table 
3.1-1. 

3.1.4 Molten Salt Temperatures - The RS shall be capable of sustained 
operation within the temperature ranges and conditions specified 
below: 

3.1.4.1 Steady State Operation 

a. Salt inlet to RS : 288 ± l5C (550 ± 270F) 

b. Salt leaving RS : 565 ± SC(1050 ± 100F) 

3.1.4.2 Operating Cloud Cover Transients - Cloud cover can cause the inlet or 
outlet salt temperature to go beyond the range specified for steady 
state operation. For this condition, the operator can continue to 
operate or go to hot standby. If the salt temperture falls to 
28SoC (550Op) the system will automatically go to hot standby. 

3.1.4.3 Bot Standby -With the use of auxiliary heating the plant will be 
capable of indefinite operation, with salt temperature staying above 
2460C (4750F). . 
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TABLE 3.1-1 THERHOPHYSICAL PROPERTIES OF COtI1ERCIAL GRADE HOLTEN SALT MIXTURE 

(607. NaNOl + 407. mOl BY WEICHT) 

Specific Heat. BTU[LB-F : 

Cp - .4464 ~ 8.644 x 10.5 T 

Density, LB[FTl : 

- 129.4 - 2.119 x 10-2 T 

ViSC08ity, LB/FT-HR : 

- 50.07 - 0.1339 T + 1.292 x 10-4 T2 - 4.268 x 10-8 T3 

Thermal Conductivity, BTU/FT-HR-F 

~. 0.2532 + 6.27 x 10-5 T 

Helting Temperature Range (Onset to Complete Helt). F: 

T - 429 - 47) m 

Heat of FU8ion. BTU/LB : 

Hf - 46.8 

NOTES T • Temperature in F; Equations and Data Valid from Helt Temp. to 1100 F 

MAXIMUM ALLOWABLE TRACE ELEMENTS BY PERCENT WEICHT 

CI 0.)0 A120) 0.0) 
504 0.23 Ca : 0.03 
CO] 0.11 Si02 : 0.02 
Alkali 0.10 Fe 0.01 
OH 0.21 Insolubles 0.10 
H2O 0.50 

e 



3.1.5 Turndown Ratio 

3.1.5.1 Steady State and Operating Cloud Cover Transients - The RS shall be 
capable of meeting the temperature requirements specified under 
3.1.4.1 and 3.1.4.2 at part load conditions ranging from 25% to 115% 
of the rating specified under 3.1.1. 

3.1.5.2 Minimum Absorbed Thermal Power - The RS shall be capable of sustained 
operation (with salt flow) at a minimum absorbed power of 10% of the 
rating specified under 3.1.1.1, with inlet salt temperatures as 
specified under 3.l.4.l.a, and outlet temperatures not exceeding 
those under 3.l.4.l.b. 

3.1.6 Operating Modes-Normal - The RS shall be capable of functioning in 
the following operating modes, within the constraints specified 
herein. 

3.1.6.1 Operating Definitions - The normal operating modes involve 
combinations of 20 major operational sequences labeled a through u on 
Figure 3.1-5. The sequences pertaining to any given operational mode 
and their order of execution, are indicated by the numbers in the 
matrix blocks. Some of the sequences are only used on an as required 
basis as shown on the figure. 

a. Cold Startup 
This operation brings the receiver from a dry and empty state at 
ambient temperature to quasi-steady state operation, through the 
eight sequences (a through h) shown on Figure 3.1-5. 

b. Diurnal Startup 
This operation entails the five sequences indicated on Figure 
3.1-5, and brings the RS from hot standby to steady state 
operation. 

c. Sustained Operation 
This mode includes all steady state operation specified under 
3.1.5 and 3.1.5. 

d. Operating Cloud Cover Transien~ 
This transient entails operation during intermittent cloud 
passages between periods of steady state operation. Generally 
it involves repetitions of sequences j-l-m-n-h-i of Figure 3.1-5. 

e. Hot Standby During Prolonged Cloud Passage. 
The flexibility shall be "provided to use alternate combinations 
of sequences o,p,q,r,s and u (Figure 3.1-5), depending on the 
duration of the cloud passage. The combinations shall include 
(in order of decreasing durations of the cloud passage) : 
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h. Establish "desian conditions" (set point temps. 1 8 5 S S I 

1. Steady susta:1Ded operation (clear sky or _haze) 1 6 6 
• -
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k. Sequence deleted .. 
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maintaining outlet temperature 
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t. Drain IS into rES 5 

·u. Heliostats to stow position 6 6 6 



- Sequance o-p-q-r-s-u (as shown on Figure 3.1-5) 

- Sequance o-p-q-r-s 

- Sequence o-p-s 

f. Hot Startup Following Cloud Passage 
This sequence is same as diurnal startup. 

g. Diurnal Shutdown and Overnight Hold 
The sequences are identical with those of prolonged cloud 
passage of very long duration where the system is put on hot 
standby. (Figure 3.1-5). 

h. Prolonged Shutdown 
The object of this operation is to drain the RS and allow it to 
cool down to ambient temperatures. (Sequences o-p-q-r-t-u on 
Figure 3.1-5). 

3.1.6.2 Constraints on Operating Modes 

- Freezing of salt, including the formation of dispersed solid 
particles shall be prevented by insuring that the fluid transport 
equipment in contact with the salt is preheated to at least llC 
(20oF) above the incipient freezing point of the salt (246C or 
4750 F) • 

- The amount of salt discharged into the hot storage tank at RS 
outlet temperatures below those sepcified under 3.1.4.1 shall be 
controlled by the operator. 

- Entrapment of air pockets in the heat absorbing panels of the 
receiver shall be prevented. 

- Metal temperature in contact with salt shall not exceed 600 C 
(1112oF) during steady-state operations. 

- Peak tube metal temperatures shall not exceed 649 C (1200 0 F) during 
steady state operating conditions. 

3.1.6.3 Cycles for Cyclic Operation 

Cyclic Qperation 

Cold Startup and Prolonged Shutdown 

Diurnal Startup and Shutdown 

Operating Cloud Cover Transient, and 
Hot Standby and Recovery 
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3.1.7 

3.1.8 

3.1.9 

3.1.10 

Operating Modes - Emergency - The RS shall be capable of safe, 
automatically controlled shutdown (without operator attention) 
resulting from the following emergency conditions. In combination, 
the total cycles for these events shall not exceed 200. 

No. of Events 
a. Molten salt pump trip 100 
b. Heliostat field scram 100 
c. Loss of electrical power to the heliostat field 10 
d. Failure of any molten salt pipe 10 
e. Failure of a panel tube 10 
f. Loss of receiver, collector, or salt flow control 5 
g. Loss of site electrical power 5 
h. Failure or improper operation of isolation, relief, 20 

or control valves 
i. Loss of pneumatics 10 

Availability and Reliability - The RS shall be designed for 95% 
availability, based on reliability and maintainability assessments 
exclusive of insolation conditions. Consideration shall be given in 
the design to achieving high reliability by providing design and 
operating margins and utilizing sound engineering design practices. 

Maintainability 

a. The Receiver Subsystem shall be deSigned so that potential 
maintenance locations can be easily reached and components such 
as electronic units, motors, drives, etc. can be readily 
replaced. 

b. Elements subject to wear and damage, such as supporting wheels, 
gears, etc., should be easily serviced and replaced. 

c. The subsystem should be capable of being serviced by personnel 
of skills typical of those utilities currently employ for 
maintenance, and should require a minimum of specialized 
equipment or tools. 

d. Individual tubes and panels shall be replaceable. 

Thermal Coating Requirements 

a. Heat absorbing surfaces shall be coated with high temperature 
black paint (pyromark 2400 or equivalent) having the following 
properties on installation: solar absorptivity • .95 ± .02, 
thermal emissivity • .90 ± .02. 

b. Reflective coating on external surfaces exposed to induced 
environments per 3.2.9 shall consist of high temperature white 
paint (pyromark 2400 series or equivalent) having the following 
properties on installation: solar absorbitivity • .32 ± .02, 
thermal emissivity • .84 ± .02. 
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3.2 

3.2.1 

3.2.2 

3.2.3 

3.2.4 

3.2.5 

Environmental Conditions for Design, Operation, and Survival 

Reference Site - The reference site shall be Barstow, California (As 
specified in ·pilot Plant Environmental conditions - OPDD Appendix 
C·, Aerospace Report No. ATR-78 (7695-05), Revision 1, 15 August 
1978. 

Insolation - Refer to 3.1.1.2. 

Dynamic Performance 

a. The maximum rate of change of incident flux shall be assumed as 
that which would result from passage of an opaque cloud across 
an otherwise clear sky where the sharp leading or trailing edges 
of the shadow move across the collector field at a velocity of 
13 meters per second (29 MPH). 

b. The definition (per 3.l.l.6-b) and modeling of cloud transients 
for purposes of control subsystem and thermo-structural design 
shall be based on the insolation variation data reported in 
Aerospace Report No. ATR-80 (7747)-1, 1 March 1980. 

Sun Angle 

The sun azimuth and elevation angles assumed for the design point 
shall be those associated with the time of the day and year at which 
the solar power to the receiver is at a maximum (for the given field 
layout), at the insolation levels given by 3.2.2. 

~ 
a. Design Point - Performance requirements shall be met for wind 

speeds up to 3.5 m/sec (8MPH) at a reference height of 10 m (33" 
feet) 

b. Wind Speed/Frequency Specification - at reference height of 10 
meters: 

Speed, mls 

0-2 
2 - 4 
4 - 6 
6 - 8 
8 - 10 
10 - 12 
12 - 14 
14-

FreqUencY/percent 

29 
21 
19 
14 

8 
5 
3 

Less than 1 

c. Wind Velocity Profile - Shall be assumed to vary exponentially 
with height to the 0.15 power, where the reference height is 
taken as 10 m (33 feet), according to the following model: 

A-36 



3.2.6 

where: Vh. mean wind speed at height h 
Vl • wind speed at reference height hl 
hl • reference height (assume 10 meters) 
c • 0.15 

d. Receiver hot salt temperature requirements shall be met for wind 
speeds up to 14 m/sec (31 MPH) over ambient temperature ranges 
of 0 to SOC (32 to l22oF). 

e. Maximum Operating Wind Speed - 16 m/sec (36 MPH) at the 
reference height. At wind speeds higher than maximum operating, 
the plant shall be shut down, with the cavity doors closed. 

f. Survival - The receiver subsystem shall be capable of surviving 
winds with a maximum reference speed, including gusts of 40 m/s 
(90 mph). 

g. The reinforced concrete tower shall be designed for a basic wind 
pressure of 30 psf (per usc map area), in accordance with ACI 
307-79, -Specification for the Design and Construction of 
Reinforced Concrete Chimneys.-

Ambient Temperatures 

a. Design Point - Wet bulb: 23C (740 F)1 Dry Bulb: 28C 
(82.60 F). 

b. Range of Performance - the receiver subsystem shall be capable 
of meeting performance requirements over the ambient temperature 
range from 0 to SOC (32 to l22oF). 

c. Operation - There is no minimum temperature for operation of the 
RS. 

3.2.7 Snow, Hail, Rain and Ice 

The receiver subsystem shall survive a static snow load of 248 Pa (5 
lb/ft2) and a snow deposition rate of 0.3 m (1 ft) in 24 hours. 

The receiver subsystem shall survive hail impact up to the following 
limits: 

Diameter 
Specific Gravity 
Terminal Velocity 
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3.2.8 

3.2.9 

The receiver subsystem shall survive the following rainfall 
conditions: 

Average annual - 750 mm (30 in) 
Maximum 24-hr rate - 75 mm (3 in) 

The receiver subsystem shall survive freezing rain and ice deposits 
in a layer 50 mm (2 in) thick. 

Earthquake - The reinforced concrete tower shall be 'seismically 
designed in accordance with ACI 307-79. ·Specification for the 
Design and Construction of Reinforced Concrete Chimneys,· for UBC 
(1973) Seismic Zone 3 with a Use Factor of 2.0. For the resulting 
tower design, seismic response spectrum analyses of a tower and 
receiver model shall be made to determine the horizontal and vertical 
design accelerations at the receiver level. For these analyses, the 
horizontal and vertical response spectra provided in U.S. Nuclear 
Regulatory Commission Regulatory Guide 1.60 shall be normalized to 
peak ground accelerations of 0.10 9 and 0.25 9 for the operational 
and survival earthquakes, respectively. Damping for the tower shall 
be taken as 0.01 and 0.02 of critical damping for the operational and 
survival earthquakes, respectively. The seismic forces on piping and 
equipment shall be statically computed by multiplying the mass of the 
component by the horizontal and vertical accelerations derived from 
the tower response spectrum analyses. The distributions of the 
seismic forces shall be in accordance with the distribution of weight 
throughout the component. 

Induced Environments - The receiver subsystem shall be capable of 
surviving the following solar flux levels on its external surfaces: 

a. Spillage, with intensities up to levels not exceeding 23,000 
BTU/HR-FT2 on aperture frame (must be 304 ss painted with 
white pyromark), and distrubutions as shown on Figure 3.l.4a, b, 
and c. 

b. Flux patterns generated along the path of heliostat images 
between the standby point and aim points during power ramp-up, 
shutdown, scram, and other focusing and de-focusing operations, 
for the combinations of intensity and exposure times represented 
by the curve on Figure 3.1-6. 

c. Fluxes due to stray heliostats (as a result of possible pointing 
errors or heliostat pointing system malfunctions), up to levels 
not exceeding 1.46 w/m2 (5000 BTU/FT2_HR). 

d. Fluxes resulting from loss of electrical power to the heliostat 
field and subsequent drifting of the aim points due to the 
motion of the sun, as depicted on Figures 3.l-7a, 3.l-7b, and 
3.l-7c, for the North, East (as shown, west opposite), and South 
apertures, respectively. 

The receiver subsystem shall be capable of surviving conditions a, b 
and c above without damage. Sacrificial materials may be used, as 
required, to provide thermal protection during d to minimize damage. 
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3.3 

3.3.1 

3.3.2 

3.3.3 

3.3.4 

Molten Salt Compatibility Requirements 

Drainability - The receiver subsystem, including heat absorbing 
panels, headers, interconnecting piping, surge- and collection tanks, 
the riser and the downcomer shall be completely drainable to the cold 
or hot storage tanks. 

a. The drain paths shall be carefully laid out with due 
consideration to the time required for the boundary layer flow· 
phase of the draining process. Drain lines shall have a minimum 
slope of 1 cm/m. 

b. All valves shall be drainable valves. 

c. The drain paths shall be insulated, and provided with trace 
heating that is not adversely affected by a subsystem or station 
electrical power failure. 

d. Al~ valves shall be equipped with manual override capability, so 
that they can be opened in case of electrical power or control 
system failure. 

e. Provisions shall be made for the detection and/or elimination of 
accumulation of frozen salt due to valve leakage downstream of 
the drain valves, so that the drain path may be kept free 
throughout the operation of the RS. 

Freeze and Thaw Considerations 

a. The RS shall be designed to handle salt in" the liquid phase only. 

b. The design of the RS shall be such as to prevent incipient or 
bulk freezing of the salt in any and all parts of the subsystem. 

c. Local thawing shall not be relied on as an expedient means of 
correcting a freeze-up situation. If thawing becomes necessary, 
careful consideration shall be given to the fact that the 
melting of the salt mixture results in a significant increase in 
salt specific volume, thus creating a potential for failure of 
closed containers. 

Heat Tracing - Heat tracing shall be provided as required to prevent 
freezing of salt within fluid transport equipment during fill, drain, 
and standby operations, consistent with the requirements of 
Paragraphs 3.1 and 3.3. 

Salt Chemistry - Control of Degradation 

a. The blanketing atmosphere above high-temperature molten salt 
shall be air, free of carbon dioxide and water vapor. 

b. COntinuous purging of molten salt containers with gases other 
than air is not acceptable. 
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3.4 

3.4.1 

c. Provisions shall be made in the design of the RS for periodic 
sampling of molten salt for chemical analysis. 

Subcomponent Requirements 

Fluid Transport Equipment 

The fluid transport equipment may consist of the following components: 

Heat Absorption Panels, Screen Tubes, Headers, and Connecting Piping 
Surge/Buffer Tank, 
Collection Tank and Recirculation Pipe 
Riser, and 
Downcomer 

The design temperatures, pressures, and materials of fabrication for 
each of these components are listed in Table 3.4-1. The detailed requirements 
for the design of these components are identified below. 

3.4.1.1 Heat Absorption Panels, Headers, and Connecting Piping 

a. Configuration - The heat absorption panels shall be arranged in 
4 parallel circuits or control zones, each consisting of 
multiple vertical passes. Each pass will consist of multiple 
tubes assembled into a membrane wall panel as shown on Figure 
3.4-1. 

At each end of the membrane wall the tubes will be welded into a 
header. Panels shall be arranged in a four cavity configuration 
consisting of four double -wing- walls and a central -box- core 
of panels heated from one side only. The panels are hung 
independently from each other by supporting the top headers from 
the upper structure leaving them free to expand longitudinally 
downward. Each panel butts against the adjacent panel to 
provide a relatively light tight enclosure. 

Provisions shall be made to drain and vent all panels and 
interconnecting piping. Drain lines will conduct the flow into 
the collection tank. 

b. Thermal Hydraulic Design 

Parallel panel flow paths shall be designed to maintain metal 
temperature gradients within structurally acceptable limits and 
salt outlet temperature within the specified range. 

c. Structural Design 

Pressure Boundary - The panels (including interconnecting 
piping) shall be designed and fabricated to Section VIII 
Division I of the ASME Pressure Vessel code. Supplemental 
requirements for cyclic-elevated temperature modes will-be 
applied as necessary. 
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TABLE 3.4-1 DESIGN TF.HPERATURES, PRESSURES, AND MATERIALS 

TEMPERATURE 
0C " (F) 

Heat Absorbtion Panels 649 (1200) 

Screen Tubes 649 (1200) 

Panr.l Headers & Connecting Piping 593 (1100) 

Surge/Buffer Tank 438 ( 800) 

C~llection Tank 593 (1100) 

Riser (From Surge/Buffer Tank) 316 (600) 

Downcomer (To Collection Tank) 593 (l100) 

PRESSURE 
PSI 

"400 

400 

400 

500 

80 

500 

80 

HATF.RIAL 

Alloy 800 H 

Alloy 800 H 

304 SS 

Carbon Steel 

304 SS 

Carbon Steel 

304 SS 
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Panel/Structural - The heat absorption panels and supports shall 
be designed to sustain internal pressure, deadweight, wind 
loading, and applicable seismic loading conditions. Lateral 
supports will be applied as necessary to restrict lateral 
deflection of the panels. 

Interconnecting Piping - The design of the interconnecting 
piping shall allow for differential expansion loads (mechanical 
and thermal). The stress limits will be in accordance with the 
ASME, SPV Code, Section VIII, Division 1. 

Corrosion Allowance - 10 mils on all pressure boundary parts. 

3.4.1.2 Surge/Buffer and Collection Tanks 

Code Requirements - The collection and surge/buffer tanks shall be 
designed to meet Section VIII Division 1 of the ASME Pressure Vessel 
Code. 

Capacity - Surge/Buffer Tank - The capacity of the surge/buffer tank 
shall be consistent with the requirement to provide emergency cooling 
to the absorption panels in the event of loss of site electrical 
power, with heliostat defocusing provided by the movement of the sun 
only. 

Capacity - Collection Tank - The collection tank capacity shall 
provide (in conjunction with the surge/buffer tank) sufficient 
thermal storage to sustain salt circulation in the panels during hot 
standby, for periods not exceeding 8.0 hours. The maximum storage 
temperature shall be 4270C (8000 F). 

SUpplemental Source of Heat - A supplemental source of heat of 
capacity TBDshall be provided to extend hot standby capability to 
TBD hours. 

Thermal Insulation - Both tanks shall be insulated with 8 inches of 
calcium silicate block insulation with aluminum lagging. 

3.4.1.3 Riser and Downcomer Piping 

3.4.2 

The riser and downcomer piping will be designed to provide a maximum 
of 125' of design flow to and from the receiver in the top of the 
tower. Both riser and downcomer shall be routed with multiple 
expansion loops as required to compensate for thermal expansion. 
Supports for the piping will be designed to sustain deadweight and 
seismic loading conditions. The piping will be designed to conform 
to the rules of ANSI B31.1, Power Piping. 

An energy dissipation device in the form of a collection tank level 
control valve will be provided. The location of this device shall be 
at the base of the tower. 

Auxiliaries - Molten salt receiver subsystem auxiliaries include cold 
salt booster pumps, off line piping, valves, heat tracing, 
insulation, and auxiliary electric power equipment. Requirements for 
these auxiliaries are described in the following subsections. 
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3.4.2.1 Cold Salt Booster Pumps - The cold salt booster pumps shall be 
located inside the tower on a platform at an elevation of 10.7 meters 
(35 feet) above the tower base. Two half capacity pumps shall be 
provided. The pumps shall take suction from the discharge piping of 
the salt circulating pumps and deliver cold salt to the receiver. 
Each pump shall be provided with a total developed head sized to 
overcome the piping and static losses plus a lS% design margin. Pump 
performance shall be in accordance with Pigure 3.4-2. The pumps 
shall be capable of draining by gravity a drainage sump. 

3.4.2.2 Off Line Piping - Receiver subsystem piping shall be designed to meet 
the code requirements of ANSI B31.1. Hot salt piping shall be Type 
304 stainless steel. Cold salt piping shall be ASTM Al06 Gr B carbon 
steel. Pipe wall thickness shall be selected based on design 
pressure and temperature conditions. Pipe size shall be selected 
based on providing reasonable fluid velocity and pressure loss. 

3.4.2.3 Valves - Valves shall meet the code requirements of ANSI B16.34. Hot 
salt valves shall be 316SS. Cold salt valves shall be carbon steel. 
Valves SOmm (2 inches) and smaller shall be socket welded; those 
larger than SOmm (2 inches) shall be butt welded. 

3.4.2.4 Heat Tracing - Heat tracing, consisting of trace heaters and controls 
shall be provided for piping and equipment to meet the following 
requirements. 

a. Trace heaters shall be electrically powered with 480 volt supply. 

b. Trace heaters shall be mineral insulated (M.I.), Inconel 
sheathed type for surfaces of high (S72C, 106l0 p) operating 
temperatures. 

c. Trace heaters shall be flexible, self-limiting, parallel circuit 
type with a monitor conductor for surfaces of low (6SC, l490 p 
maximum) operating temperature. 

d. Controls shall be provided to disconnect electrical power to 
trace heaters when maximum operating temperatures are exceeded. 

e. Monitoring shall be provided for heat trace temperatures during 
startup, shutdown and transient operation. 

f. Controls shall be provided to maintain a minimum molten salt 
temperature of 277C (S300 p) during process non-operating 
condition. 

g. Controls shall be provided to de-energize heating cables at 
approximately 288C (S500 P) during process operating condition. 
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3.4.2.5 Pipe Insulation - Pipe insulation shall be calcium silicate with 
aluminum jacketing. The thickness of hot salt piping insulation 
shall be lsOmm (6 in.) and cold salt piping insulation shall be 
l40mm (5.5 in.). 

3.4.2.6 Auxiliary Electric Power Equipment - The auxiliary electric power 
system shall provide for the distribution of electric power to RS 
components. The system shall be designed to meet the power 
requirements of all RS loads during start-up, shutdown, and the other 
operating modes of the solar plant. The electrical equipment in this 
system shall be selected to meet the following requirements. 

3.4.3 

a. Motor starting 

b. Short circuit duty 

c. Load current duty 

d. Voltage regulation 

e. Future load additions 

f. Alternate power supply sources 

The voltage levels selected shall be 4160 volt switchgear for motors 
and loads of 261 kW (350 hp) and UPI 480 volt secondary unit 
substations for motors and loads above 75 kW (100 hp) and below 261 
kW (350 hp)1 480 volt motor control centers for motor-operated 
valves, motors and loads of 75 kW (100 hp) and less. 

Receiver Support Tower - The receiver support tower shall be designed 
to support the solar receiver, withstanding gravitational, wind, and 
seismic loads as designated in 3.2.8. Also, the tower shall be 
designed to provide support for the molten salt piping and electrical 
cables in the receiver subsystem. 

The tower shall be constructed of reinforced concrete. It shall be 
ISS meters (508'6-) tall and have a tapered, circular shell with a 
larger base than top. The tower foundation shall be a reinforced 
concrete mat, supported if necessary by piles. The foundation shall 
be designed to meet the following requirements. 

a. No uplift will be permitted on any portion of the foundation 
under lateral loadings. 

b. The maximum settlement over the life of the solar plant shall 
not exceed 0.02sm (1 inch) total or 0.019m (0.75 inches) 
differential between points across the diameter of the 
foundation. 

c. The bearing stress on the soil shall not be permitted to exceed 
the allowable bearing stressl otherwise, piles shall be used. 
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Tower accessories shall include an elevator, caged ladder, equipment 
room, pump platform, lighting, communication equipment, and lightning 
protection. The elevator and ladder shall provide access to both the 
equipment room and the receiver. 

3.4.4 Controls and Instrumentation 

3.4.4.1 Functional Requirements 

a. Control salt outlet temperatures within limits specified under 
3.1.4.1 and 3.1.4.2 by controlling the salt flow rate to the 
heat absorption panels to match variations in solar input. 

b. Monitor peak metal temperatures -determined by a combination of 
direct (radiometer) and indirect (calculation from other 
available temperature data) measurements- and provide warning 
and alarm signals to the Operational Control System. 

c. Protect the receiver from overtemperature by the incorporation 
of an override feature that automatically increases the salt 
flow rates to values above those required by heat balance if 
safe local temperatures are exceeded. 

d. Provide time-integrated absorbed energy and temperature data to 
the Operational Control System as inputs to salt management 
decisions. 

e. Provide thermal cycle count information to the Operational 
Control System as inputs to life management decisions (including 
shutdowns during intermittent cloud passages). 

f. Monitor static or quasi-static salt temperatures during hot 
standby, and provide temperature warnings and alarms to the 
operator and Operational Control System. 

g. Provide remote and local manual override capability for all 
control functions. 

h. Detect failure modes (e.g. loss of salt flow, loss of pump 
pressure, salt overtemperature, etc.), provide warning and alarm 
signals to Operational Control, and initiate safe shutdown in 
case of failures. 

3.4.4.2 System Description - The control subsystem shall be of the digital 
type comprising the following major components: 

a. Flow sensors 

b. Temperature sensors 
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,c. Flux sensors (sun sensors in the heliostat field and/or 
radiometers with view of the absorbing panels) 

d. Pressure sensors and differential pressure sensors 

e. Analog-to-digital converters (including thermocouple reference 
junctions) 

f. Multiplexers 

g. De-multiplexers 

h. Control equipment necessary for the implementation of the 
control algorithm 

i. CRT's and other data display equipment (located in the central 
control room) 

j. Data bus. 

k. Terminal boards, linking the sensors to the A/D converters, and 
the De-multiplexers to lIP converters for control of the valves, 
and to contactors or relays for control of electrical equipment. 

3.4.4.3 Physical Requirements 

a. Flow sensors shall be wedge type or equivalent to facilitate 
draining. 

b. Acceptable types of thermocouples: 

1. Mineral-insulated metallic-sheathed thermocouple probe 
assemblies to measure molten salt temperatures at receiver 
inlet and outlet and within headers. The probes shall meet 
the folloiwng requirements: 
- Sensor: Type K (Chromel Alumel), ungrounded, 
- Sheath Material, Size: Inconel 702 (or equivalent), 
0.125- OD x 0.017 to 0.023- wall (approximately). 
- Termination Style: SCrew Cover Head 
- Immersion Length: As required to penetrate through 1/2 
pipe diameter 
- Total Length: As required to assure that the screw cover 
head is exposed to ambient in order to maintain its 
temperature below 371C (700~). 
- Mounting Method: replaceable weld joint 
- Response: Time constant not exceeding 1 second. 

2. Ungrounded, sheathed thermocouples, with tabs welded to 
tubes, pipes, headers, or structures, for long-life 
operational duty. 

A-52 



3. Grounded thermocouples, directly welded to tubes, pipes, 
headers or structures, for temporary duty (e.g. engineering 
data), used in conjunction with: 
- Data-loggers, or other data acquisition equipment that is 
not susceptible to grounding-noise. 
- In conjunction with MV-to-I converters, when the signal 
is used by a control computer. 

4. Connecting wire shall be sheathed 16 AWG 
-thermocouple-grade- (premium) chromel-alumel wire. 

c. Redundancy shall be included as appropriate to protect from 
catastrophic failures 

e. Thermocouple locations shall be consistent with structual and 
functional requirements. 

f. The attachment of thermocouple junctions to tubes, pipes, and 
headers shall be by welding, except when thermowells are used. 

g. Dual data buses with automatic fail over shall be used. 

h. Control equipment shall incorporate dual microprocessors and 
memories with automatic fail-over. 

i. Control equipment shall be provided with uninterruptable power. 

j. All control valves shall be pneumatically connected for fail 
safe operation. 

k. Electronic circuitry shall be protected from adverse 
environmental conditions (overheating, dust, etc). 

3.4.4.4 Interface Requirements 

3.4.5 

a. Data processing, conversion to engineering units and recording 
shall be the function of the Operational Control System 

b. Emergency shutdown (scram) signals generated by the RS control 
subsystem shall be processed and executed by the Heliostat Array 
Controller (HAC) 

c. The Operational Control System shall have the capability to 
override (by pre-programmed or manual control) the RS control 
subsystem 

d. The controller-to-process interfaces within the RS are 
represented by the terminal boards described under 3.4.4.2 k. 

Structural Steel 
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3.4.5.1 Codes, Material, Loads 

a. Codes - All structural steel and connections shall be designed, 
detailed, fabricated, and erected according to the following 
codes and standards: 

AISC - (American Institute of Steel Construction) 
ANSI AS8.1 
AWS 

- (American National Standards Institute) 
- (American Welding Society) 

AS'Dot - (American Society for Testing 'and Materials) 
OSHA - (Occupational Safety and Health Act) 
USC - (Uniform Building Code) 

Local Building Codes 

b. Materials 

1. Structural steel shall be fabricated from ASTM A36 or AS72 
GR-SO steel. Structural steel includes columns, beams, 
base plates, diagonal bracing, gusset plates, door frames, 
kickplate, ladders, safety cages, etc. 

2. Anchor bolts shall be made from A307 steel. 

3. Connection bolts shall be A32S, type 1, high-strength steel. 

4. Grating for platforms, walkways, and stairs shall be made 
of rectangular, welded steel with 1 1/4- x 3/16- bearing 
bars spaced on 1 3/16- centers and cross bars on 4-
centers. Abrasive nosing shall be provided on the head of 
all stair treads. 

a. Grating shall be made from ASTM AS69 steel and painted 
according to Section 3.4.5.5. 

b. Clips for fastening grating sections to the support 
steel shall be attached using 1/4- self-tapping lag 
screws. 

5. Checkered plate shall be 5/16- thick A283D steel and 
painted according to Section 3.4.5.5. 

a. Checkered plates shall be attached to the support 
steel using 3/8- x 2- long slotted, flathead 
counter-sunk machine screws with heavy,nut. Screws 
shall be made from A307 steel. 

6. Handrails shall be made from 1 1/2- diameter ASOl schedule 
40 pipe and painted according to Section 3.4.5.5. 
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c. Loads - The steel shall be designed to support and transmit to 
the tower all loads which it is subjected to, including: 

1. Dead loads, which include the weights of all components 
permanently attached to the structure such as siding, 
roofing, absorption panels, pumps, piping, steel, 
platforms, etc. 

2. Wind Loads - Per Section 3.2.5. 

3. Earthquake Loads - Per Section 3.2.8, except that all 
members in the braced frame shall be designed for 1.25 
times the earthquake load. Connections shall be designed 
for the earthquake load without increasing the allowable 
stresses by one-third. 

4. Snow and Ice - Per Section 3.2.7. 

5. Operating Loads - Includes pressure, transient pressure, 
friction, and live loads. The live loads for floors 
(access platforms and receiver floor) shall be 100 lbs./sq. 
ft. and for the roof, 25 lbs./sq. ft. (or snow and ice 
load, whichever is worse). Stairs shall be designed for 
125 lbs./sq. ft. or a concentrated load of 100 lbs. at the 
center of the stairs, whichever is greater. Maximum 
deflection due to live load shall be 1/360 of the member 
span. 

6. The steel shall also be designed for the heat flux 
requirements of Section 3.2.9. 

3.4.5.2 Platforms and walkways 

a. Access platforms shall be provided for all equipment requiring 
regular maintenance and inspection. Access platforms shall be 
accessible from walkways, temporary or permanent ladders, 
stairs, or scaffolding. 

1. Access platforms shall have a m1n1mum of 3'-0· clear space 
around those parts of equipment requiring access. 

2. Walkways shall be a minimum 3'-0 in width. 

3. A minimum headroom of 7'-0 in required above all platforms 
and walkways. 

b. The receiver floor shall be equipped with access hatches for 
removal and installation of receiver components. 
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3.4.5.3 Cavity Enclosure - The cavity enclosure consists of a roof, floor and 
sides located around the absorbtion panels and aperture door frame. 
The cavity enclosure shall conform to the following requirements: 

a. The cavity enclosures shall withstand dead, live, wind, ice, 
snow, and seismic loads as defined elsewhere in this 
specification. 

b. Heat Flux Spillage (See Section 3.2.9). 

c. Cyclic loadings defined in Par. 3.1.6 and 3.1.7. 

d. Cavity design temperature to be used shall be 7000 F. 

e. Cavity enclosure shall be insulated to minimize heat loss and 
protect the support steel from excessive heat. 

f. The roof shall have sufficient drainage. 

g. Access openings shall be installed in the roof and floor. 

h. Consideration shall be given in the design of the floor and roof 
for absorbtion panel replacement. 

i. The thermal coating requirements are identified in Para. 3.1.10. 

3.4.5.4 Connections 

a. Structural steel shall be connected using 7/8- diameter ASTM 
A325 high-strength bearing type bolts with threads excluded from 
the shear plane. 

b. All connections shall be designed to resist all shears, moments, 
and axial forces resulting from the loads in Section 3.4.2.l-C. 
The ratio of actual stress to allowable stress for connections 
shall be limited to 1.00 for all load combinations. 

c. Anchor bolts shall be designed for a minimum uplift of 81 kips 
with no increase in the allowable stresses permitted. 

3.4.5.5 painting 

3.4.6 

a. Structural steel shall be cleaned to Structural Steel Painting 
Council SP6 specifications before it is painted. 

b. All structural steel grating, checkered plate, and handrails 
should have one shop coat of heat-resistant primer (TBD) applied 
before shipment to the field. 

c. All steel not covered with insulation shall be painted with 
(TBD) after erection. 

d. All paints and primers shall be applied according to 
manufacturer's specifications. 

Cavity Aperture and Door 
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3.4.6.1 Aperture - The receiver apertures shall be designed to meet the 
thermal requirements of 3.l.l.5d, 3.l.l.6c, and 3.2.9. During normal 
operation, the aperture frame shall be designed to protect hardware 
on the cavity from spillage effects. An arrangement providing 
adequate protection with minimal maintenance requirements shall be 
designed for this purpose. 

A system of sacrificial shielding shall be included with the 
capability of protecting the molten salt system pressure boundary and 
the major structural steel components from damage resulting from the 
conditions of 3.2.9d. 

3.4.6.2 ~ - The cavity doors will be designed to meet the following 
requirements: 

a. Withstand maximum seismic and wind loads. 

b. Protect heat absorption panels from high wind loads. 

c. Restrict heat loss from the cavity during nightly shutdowns. 

d. The main door structure and the thermal insulation shall be 
totally separate in order to prevent warping. 

e. The door shall be as light as possible. 

f. In order to restrict heat loss from the cavity due to 
infiltration, the design of the doors will incorporate a seal 
arrangement that meets the following: 

1. The sealing surfaces should be protected from the solar 
radiation and thermally outside the cavities. 

2. A high temperature elastomer seal such as silicone is 
acceptable. 

3. Redundant seals shall be used. 

4. The seal surfaces should be adjustable relative to the door 
and receiver structure to assure good mating surface and 
allow adjustments to account for tolerances. 

5. There should be no rubbing on the seal during door opening 
or closing. 

6. After closing, a distributed force is required on the seal 
to be effective. 

g. Locate tracks to avoid direct impingement of solar flux. 
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4.0 

4.1 

4.1.1 

4.1.2 

4.1.3 

lNTERFACE DEFINITIONS AND REQUIREMENTS 

Collector Subsystem - The Collector Subsystem shall reflect solar 
radiation into the receiver in a manner which satisfies receiver heat 
flux requirements. The final definition of the Collector Subsystem 
interface shall be based on an iterative process between the Receiver 
Subsystem and the Collector Subsystem contractors, involving the 
following elements: 

Total Reflected Power - 355 MWt at the design point, with 950 w/m2 
insolation. 

Geometrical Interface - The heliostat field shall be of the 
surrounding type, with approximate dimensions as shown on Figure 
4.1-1. The distribution of incident power on the four cavities, 
expressed in percent of thermal rating, shall be approximately as 
follows: 

North Cavity: 
South Cavity 
East Cavity 
West Cavity 

Functional Interface 

Design Point 
38.5 
13.3 
24.1 
24.1 
100.0 

Peak Points 
44.3 (Day 355 Solar Noon) 
13.3 (Day 172 Solar Noon) 
25.9 (Day 172 14:00 Hours) 
25.9 (Day 172 10:00 Hours) 

a. Aim Point Strategy - See Addendum A for exact tables of Aim 
Point Strateties 

North - Table A.l 
East - Table A.2 
South - Table A.3 

b. Standby Point Coordinates - Standby point locations shall be 
specified at safe distances from the receiver to permit access 
of personnel to the tower top with the heliostats at standby. 
Possible drifting of the standby points as a result of loss of 
power to the heliostat field (refer to 3.2.9 d) shall not result 
in overheating of the external structure of the RS. 

c. De-focusing (normal field power) - The collector subsystem shall 
have the capability to de-focus all heliostats from the receiver 
within 30 seconds following a scram command initiated by the RB, 
Operational Control System, or by manual override. 

d. De-focusing following loss of field power - The collector 
subsystem controls shall be designed to allow for flexibility 
with respect to receiver safety. This design shall allow 
execution of anyone of several predefined safety 
strategies--these strategies should be selectable as options at 
collector start-up, and the capability should exist for the 
operator to select a new option anytime while the system is 
running, except while a particular option is being exercised. 
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In the situation where the full field loses power all field 
controllers (HFC) and heliostat controllers (HC) lose memory and 
the collector subsystem controller shall automatically 
reinitialize both the HFCs and RCs when power is restored and 
implement the preselected scram strategy. 

The collector subsystem shall have as a minimum the capability 
to execute any of the following scram strategies: 

OPTION 1: within 60 seconds of power restoration, all 
heliostat must be automatically removed from the 
receiver. 

OPTION 2: within 120 seconds of power restoration, all 
heliostat must be automatically removed from the 
receiver in a preset incremental approach. This 
option combines HC initializaton in groups of 256 
HCs followed by a de-focus command. This 
combination would be repeated 32 times for up to 
8192 heliostats. The time alloted includes 7 
seconds for HFC initialization and command 
retries in addition to central processing and 
disk overhead. 

OPTION 3: This option would allow for the optimum 
combination of initialization and de-focus 
commands as defined in Option 2. By stacking the 
initialization commands together (back-to-back in 
groups of 256) and then issuing the de-focus 
command, the scram time will approach the 60 
seconds given in Option 1. This optimum strategy 
should be defined by a joint eff~rt between the 
collector and receiver contractors. 

e. Power Ramp-up - The collector subsystem shall be capable of 
re-focusing the heliostats from standby to aim in a 
pre-programmed and continuous fashion in 6 minutes. This is not 
recommended following a power failure. 

f. Warmup Heliostats - The capability shall be provided to preheat 
the receiver absorber panels with reflected solar energy without 
overheating,· by the use of pre-selected groups of heliostats. 
Warmup must be possible for any insolation condition. 

4.2 Energy Storage Subsystem - The interfaces between the· receiver 
subsystem and the energy storage subsytem consist of hot and cold 
salt flows through piping at the common subsystem boundary. Warmup 
must be possible for any insolation condition. 
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4.3 Master Control Subsystem 

- The receiver control is resident within the MeS and interfaces with 
the receiver through high and low level signal lines. These consist 
of 

a. Thermocouple measurements, 
b. Flow transmitters, 
c. Level transmitters and switches, 
d. Pressure transmitters and switches, 
e. Analogue control signal driving valve actuation. 

All digital to analogue, analogue to digital conversion and signal 
conditioning will be performed within the MCS. Similarly, the valve 
actuations, transmitters and switches are part of the receiver 
subsystem and not the MCS. 

4.4 Electric Power Supply Subsystem - The interfaces between the receiver 
subsystem and the electric power generation subsystem consist of 
electrical wiring at the subsystem boundary, including: 

a. Auxiliary Electric Power System 
-Normal AC power and alternate or backup supply 
-Uninterruptible power supply 

b. Grounding 
c. Communications 

The power supply will be 4,160 Volts and 6,500 KVA (maximum subsystem 
demand). The interface point for the incoming line will be 0.305m 
(1 ft) outside the tower at grade elevation. 
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5.0 FABRICATION REQUIREMENTS 

5.1 Fabrication Quality Assurance - Quality Assurance for fabrication of 
the receiver pressure boundary components shall be based on the 
requirements of the ASME Code. Quality Assurance for fabrication of 
the receiver structural steel shall be based on the requirements of 
AISC. Quality Assurance for concrete Work and erection shall be 
based on the requirements of ACI, USC and local building codes. 

5.2 Fabrication Process - The pressure boundary components of the 
receiver subsystem shall be shop welded, assembled, pressure tested 
and ASME Code stamped. Final subsystem pressure testing shall be 
performed as a field procedure. Pressure testing must precede Code 
Stamping. 

Heat Treatment - The need for heat treating after forming operations 
shall be evaluated and if necessary, temperature, hold times, and 
heat up and cool down rates in heat treatment procedures shall be 
specified. 

Surface Finish - The finish of surfaces subject to non-destructive 
examination shall be in accordance with Code requirements. Unless 
otherwise determined by the Supplier, all other surfaces shall be 
acceptable in the -as-formed- condition. Pressure boundaries shall 
not violate minimum wall thickness requirements. 

Welding - Welding materials used for fabricating shall comply with 
the requirements of the ASME Code Section VIII, Section I, Section 
IX, and applicable welding procedures. 

5.3 Cleanliness - Care shall be taken to prevent unnecessary 
contamination of surfaces by dirt producing operations such as 
machining and grinding. Surfaces to be welded shall be clean and 
free of scale, rust, oil, grease, and other foreign material. 
Equipment shall be suitable for installation at the user's site 
without additional cleaning. 

5.4 Painting - Where appropriate, components shall be painted before 
shipping. 

5.5 Spare Parts/Tooling - A list of spare parts for operation shall be 
developed. The list of spare parts to be stocked at the site shall 
include those parts and tools likely to be damaged or expended during 
delivery and/or operation. 

5.6 Shipping and Handling - Shipping rigs and/or containers shall be 
provided to secure and protect components during shipment to the 

·user's site. Open nozzles shall be sealed with temporary plugs or 
caps. Procedures for off-loading and lifting components shall be 

. defined in the Operation and Maintenance Manual. 

A-62 



6.0 MAINTENANCE 

Provisions shall be made for dry layup, inspection, and panel repair 
for the components of the receiver subsystem. Chemical cleaning of 
the system is not considered necessary. 

6.1 Dry Layup - During system shutdown when the receiver subsystem or any 
part of it is to be drained of salt, provisions shall be made to 
provide a pressurized air atmosphere free of carbon dioxide and 
moisture within the system. 

6.2 Inspection - Provisions shall be made to make the cavity absorption 
surface accessible during plant shutdown for visual inspection of the 
external surface. These examinations will allow detection of any 
evidence of: 

• Salt leakage. 
• Deterioration of tube base metal or welds. 
• Gross deformation of panels caused by thermal stress, wind, or 

seismic loadings. 
• Deterioration of the special purpose paint. 

Ready access to pumps, valves, and the drive mechanisms associated 
with the cavity doors shall be provided in order to facilitate 
routine inspection and maintenance of these components. 

6.3 Absorption Panel Repair - In the event of a tube failure, two methods 
of repair shall be available: 

• Local repair in place 
• Panel replacement 

The technique for local repair shall consist of either spot weld 
repair or replacement of the defective section of tube. Specialized 
weld preparation, welding, inspection, and repainting methods will be 
part of this procedure. 

The technique for replacement of a single absorption panel will 
include methods for removing the defective panel from the cavity, 
lowering it to the ground, and erecting and re-installing a 
replacement panel. Equipment and access required to perform this 
repair technique (including a crane of suffici~nt capacity and access 
hatches into each cavity) shall be incorporated into the receiver 
subsystem design. 

6.4 Spare Parts/Tooling - The spare parts to be stocked at the site shall 
include those parts and tools likely to be damaged or expended during 
delivery and/or operation. 

A-63 



7.0 SPECIAL REQUIREMENTS 

7.1 Certification - Marking and certification of pressure vessels shall 
conform with code requirements. 

7.2 Operation and Maintenance Manual - An operation and maintenance 
manual shall be provided. This manual shall include instructions for: 

a) Unloading and receipt inspection; 
b) Installation and post-'installation inspection and checkout; 
c) Testing, startup, and operation; 
d) In-service inspection; 
e) Preventive maintenance and trouble shooting; 
f) Corrective maintenance and post-correction check-out; 
g) Limits and precautions to be taken during filling, testing, 

startup, shutdown, and layup operations. 

7.3 Safety - The receiver subsystem shall be designed to m1n1m1ze safety 
hazards to operating and service personnel, the public, and 
equipment. Electrical components shall be insulated and grounded. 
All components with elevated temperatures shall be insulated against 
contact with or exposure to personnel. Any moving elements shall be 
shielded to avoid entanglements, and safety override 
controls/interlocks shall be provided for servicing. 
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ADDENDUM A TO THE 

RECEIVER SUBSYSTEM AND REQumEMENTS 

SPECIFICATION 

HELIOSTAT AIMING STRATEGY 
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ADDENDt1H A - Table AI: H)RTR APER.TtJRE 
• 

BELlOnA! COORDINADS 

ROW NO AIM NO X ( I ) Y(I) 
------------------------------------

02 00 83.37. 3882.86 
02 00 249.96, 3875.71 
02 00 416.10. 3861.40 
02 00 5S1.49. 3839.9S 
02 00 745.79. 3811.47 
02 00 90S.72. 3775.94 
05 13 103.02, 3598.28 
05 13 257 .41 • 3590.54 
05 00 411.2S. 3576.17 
05 00 564.43. 3555.24 
05 00 716.53, 3527.71 
05 00 S67.2S. 3493.72 
05 00 1016.46. 3453.27 
05 00 1163.73. 3406.45 
05 00 130S.91, 3353.34 
05 00 1451. 66. 3294.05 
05 00 1591 . 71 • 3228.73 
05 00 172S.S5, 3157.41 
OS 13 71 .59. 3333.46 
OS 13 214.60. 3327.32 
OS 13 357.25. 3315.05 
08 13 499.21. 3296.65 
OS 13 640.25. 3272.20 
OS 13 7S0. 14. 3241.69 
OS 13 918.56. 3205.21 
OS 13 1055.30. 3162.S2 
OS 00 1190. 11 • 3114.63 
08 00 1322.72. 3060.66 
OS 00 1452.S7, 30010 05 
08 00 1580.36. 2935.92 
08 00 1704.93. 2865.39 
08 00 1826.36, 2789.57 
OS 00 1944.40, 2708.60 
08 00 2058.90. 2622.61 
OS .00 2169.56. 2531.S3 
08 00 2276.25. 2436.35 
11 OS 88.45. 30S8.64 
11 08 220.93, 30S2.02 
1 1 08 353.05. 3069.6S 
11 08 484.4S. 3051. 70 
1 1 08 615.02. 302S.0S 
11 08 744.45, 2998.8S 
1 1 08 872.50. 2964.17 
1 1 08 998.94. 2923.98 
1 1 00 1123.51. 2818.41 
1 1 00 1246.05. 2827.52 
1 1 00 1366.29. 2771.42 
11 00. 1483.97. 2710.24 
1 1 00 1598.96. 2644.03 
1 1 . 00 1710.97. 2572.97 
1 1 00 1819.83. 2497.15 
1 1 00 1925.37. 2416.74 
1 1 00 2027.34. 2331.83 
1 1 00 2125.56. 2242.66 
14 09 61.42, 2860.79 
14 09 184.18, 2855.51 
14 09 306.59, 2844.98 
14 09 428.44. 2829.20 A-66 



14 09 549.47, 2808.20 
14 09 669.51, 2782.02 
14 09 188.31, 2150.12 
14 09 905.66, 2114.34 
14 09 1021. 35, 2612.91 
14 08 1135. 16, 2626.61 
14 08 1246.84, 2515.49 
14 08 1356.25, 2519.62 
14 08 1463.11, 2459.06 
14 00 1567.37, 2394.00 
14 00 1668.68, 2324.51 
14 00 1766.94, 2250.73 
14 00 1861. 92, 2172.81 
14 00 1953.49, 2090.89 
17 09 75.88, 2650.07 
17 09 227.39, 2641.37 
17 09 378.18. 2624.05 
17 09 527.68. 2598.10 
17 09 675.52, 2563.65 
17 09 821. 09, 2520.80 
17 09 964.00, 2469.69 
17 09 1103.73. 2410.47 
17 08 1239.85. 2343.38 
17 08 1371.90. 2268.57 
17 08 1499.46. 2186.36 
17 08 1622. 13, 2096.99 
17 00 1739.45. 2000.73 
17 00 1851 .09. 1897.91 
20 10 93.67. 2452.66 
20 10 233.86. 2443.31 
20 10 373.29. 2425.92 
20 10 511 .48. 2400.59 
20 10 647.99. 2367.39 
20 10 782.41. 2326.42' 
20 10 914.23. 2277.83 
20 10 1043.10. 2221.79 
20 09 1168.49. 2158.47 
20 09 1290.11, 2088.07 
20 09 1407.46. 2010.84 
20 08 1520.22. 1926.98 
20 08 1628.00, 1836.85 
20 08 1730.43. 1740.69 
23 11 65.03, 2271 .04 
23 1 1 194.88. 2263.59 
23 11 324.08. 2248.76 
23 11 452.23. 2226.51 
23 10 578.90. 2196.99 
23 10 703.67, 2160.28 
23 10 826.11, 2116.48 
23 10 945.85, 2065.72 
23 03 1062.52, 2008.21 
23 03 1175.67, 1944.14 
23 09 1284.99, 1873.66 
23 09 ,390.", 1797.06 
23 09 1490.66, 1714.58 
23 00 1586.33, 1626.46 
26 1 1 80.28, 2102.37 
26 1 1 240.38, 2090.13 
26 11 399.08, 2065.72 
26 . 11 555.44, 2029.27 
26 04 708.59, 1980.98 
26 03 851.60, 1921.17 A-67 



26 03 1001.63, 1850.17 
26 " 03 1139.78, 1768.42 
26 10 1271. 34, 1676.32 
26 10 1395.49, 1574.49 
29 12 99.01 , 1944.10 
29 12 247.01, 1930.88 
29 12 393.53, 1906.44 
29 1 1 537.79, 1870.88 
29 04 678.90, 1824.42 
29 04 816.03, 1767.33 
29 04 948.45, 1699.95 
29 02 1075.32, 1622.68 
29 02 1195.95, 1535.94 
29 09 1309.60, 1440.24 
32 12 68.70, 1799.29 
32 12 205.74, 1788.82 
32 12 341.53. 1767.92 
32 12 475.39, 1736.72 
32 12 606.46, 1695.42 
32 04 733.98. 1644.24 
32 04 857.24. 1583.48 
3"2 04 975.48, 1513.47 
32 04 1088.08. 1434.69 
32 04 1194.31, 1347.52 
35 06 84.74. 1663.86 
35 06 211 .38, 1652.54 
35 06 336.81 , 1631.61 
35 06 460.26, 1601.19 
35 06 581 .03, 1561 .40 
35 05 698.42, 1512.55 
35 05 811.74, 1454.90 
35 05 920.30. 1388.76 
35 04 1023.54, 1314.52 
35 04 1120.82, 1232.63 
38 06 97.90, 1536.83 
38 06 253.54, 1518.94 
38 06 406.56, 1485.32 
38 06 555.37, 1436.33 
38 05 698.45, 1372.46 
38 05 834.27, 1294.41 
38 05 961 .47 , 1202.94 
38 05 1078.73, 1099.00 
41 06 72.37, 1420.95 
41 06 216.37, 1406.25 
41 06 358.13, 1376.98 
41 06 496.19, 1333.48 
41 06 629.13, 1276.17 
41 06 755.54, 1205.63 
41 05 874. 10, 1122.62 
41 05 983.S5, 1028.01 
44 07 89. 14, 1311.63 
44 07 221. 95, 1295.78 
44 07 352.4S, 1266.52 
44 OS 479.32, 1224.16 
44 OS 601.21, 1169.15 
44 OS 71S.89, 1101. 99 
44 OS 825.15, 1023.45 
44 OS 924.89, 934.31 
47 07 61.71, 1211.70 
47 07 184.51, 1199.17 
47 07 305.41, 1174.20 
47 07 423.12, 1137.09 
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47 06 536.48. 1088.21 
47 06 644.25. 1028.07 
47 06 745.40. 957.30 
47 06 838.80. 876.60 
50 07 75.92. 1116.98 
50 07 226.34. 1096.44 
50 07 372.60. 1055.76 
50 07 512.00. 995.62 
50 06 641 .99, 917.21 
50 06 760. 19, 821 .91 
53 07 93.21, 1027.38 
53 07 231. 36, 1005.34 
53 07 365.25, 964.78 
53 07 492.42, 906.49 
53 06 610.52, 831.5 
53 06 717.41, 741.30 
56 07 64.30, 946.08 
56 07 191.70, 928.70 
56 07 315.58, 894.21 
56 07 433.66, 843.30 
56 07 543.76, 776.89 
56 07 643.89, 696.19 
59 07 77.89, 858.42 
59 07 231.10, 830.40 
59 07 376.77, 775.25 
59 07 510.10, 694.81 
62 07 93.40, 770.43 
62 07 230.51, 741. 03 
62 07 360. 10, 687.46 
62 07 477.95, 611 .44 
65 07 62.66, 690.77 
65 07 185.96, 668.20 
65 07 303.18. 623.84 
65 07 410.49. 559.11 
68 07 72.87, 601.08 
68 07 214.37, 566.27 
68 07 ·343.43. 498.65 
71 07 83.99. 517.68 
71 07 205.25. 482.61 
71 07 314.60. 419.58 
74 07 87.04. 427.03 
74 07 217.58. 377.59 
02 00 -83.37. 3882.86 
02 00 -249.96. 3875.71 
02 00 -416.10, 3861.40 
02 00 -581.49, . 3839.98 
02 00 -745.79, 3811. 47 
02 00 -908.72, 3775.94 
05 13 -103.02. 3598.28 
05 13 -257.41, 3590.54 
05 00 -411.28. 3576.17 
05 00 -564.43, 3555.24 
05 00 -716.53. 3527.71 
05 00 -867.28, 3493.72 
05 00 -1016.46, 3453.27 
05 00 . -1163.73, 3406.45 
05 00 -1308.91, 3353.34 
05 00 -1451.66, 3294.05 
05 00 -1591. 71. 3228.73 
05 00 -1728.85. 3157.41 
08 13 ~71. 59. 3333.46 
08 13 -214.60. 3327.32 
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08 13 -357.25, 3315.05 
08 13 -4'99.21, 3296.65 
08 13 -640.25, 3272.20 
08 13 -780.14, 3241.69 
08 13 -918.56, 3205.21 
08 13 -1055.30, 3162.82 
08 00 -1190.", 3114.63 
08 00 -1322.72, 3060.66 
08 00 -1452.87, 3001. 05 
08 00 -1580.36, 2935.92 
08 00 -1704.93, 2865.39 
08 00 -1826.36, 2789.57 
08 00 -1944.40, 2708.60 
08 00 -2058.90, 2622.61 
08 00 -2169.56, 2531. 83 
08 00 -2276.25, 2436.35 
11 08 -88.45, 3088.64 
11 08 -220.93, 3082.02 
11 08 -353.05, 3069.68 
11 08 -484.48, 3051. 70 
11 08 -615.02, 3028.08 
11 08 -744.45, 2998.88 
11 08 -872.50, 2964.17 
11 OS -998.94, 2923.98 
11 00 -1123.51, 2878.41 
11 00 -1246.05, 2827.52 
11 00 -1366.29, 2771. 42 
1 1 00 -1483.97, 2710.24 
11 00 -1598.96, 2644.03 
11 00 -1710.97, 2572.97 
11 00 -1819.83, 2497.15 
11 00 -1925.37, 2416.74 
11 00 -2027.34, 2331.83 
11 00 -2125.56, 2242.66 
14 09 -61.42, 2860.79 
14 09 -184. 18, 2855.51 
14 09 -306.59, 2844.98 
14 09 -428.44, 2829.20 
14 09 -549.47, 2808.20 
14 09 -669.51, 2782.02 
14 09 -788.31, 2750.72 
14 09 -905.66, 2714.34 
14 09 -1021. 35, 2672.97 
14 08 -1135. 16, 2626.67 
14 08 -1246.84, 2575.49 
14 08 -1356.25, 2519.62 
14 08 -1463.17, 2459.06 
14 00 -1567.37, 2394.00 
14 00 -1668.68, 2324.51 
14 00 -1766.94, 2250.73 
14 00 -1861. 92, 2172.81 
14 00 -1953.49, 2090.89 
17 09 -75.88, 2650.07 
17 09 -227.39, 2641.37 
17 09 -378.18, 2624.05 
17 09 -527.68, 2598.10 
17 09 -675.52, 2563.65 
17 09 -821. 09, 2520.80 
17 09 -964.00, 2469.69 
11 09 -1103.73, 2410.47 
17 08 -1239.85, 2343.38 
11 08 -1371. 90. 2268.51 
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17 08 -1499.46, 2186.36 
17 08 -1622.13, 2096.99 
17 00 -1739.45, 2000.73 
17 00 -1851.09. 1897.91 
20 10 -93.67, 2452.66 
20 10 -233.86. 2443.31 
20 10 -373.29. 2425.92 
20 10 -511.48, 2400.59 
20 10 -647.99. 2367.39 
20 10 -782.41, 2326.42 
20 10 -914.23. 2277.83 
20 10 -1043.10. 2221 .79 
20 09 -1168.49. 2158.47 
20 09 -1290. 11 • 2088.07 
20 09 -1407.46, 2010.84 
20 08 -1520.22, 1926.98 
20 08 -1628.00, 1836.85 
20 08 -1730.43. 1740.69 
23 1 1 -65.03. 2271.04 
23 1 1 -194.88, 2263.59 
23 11 -324.08. 2248.76 
23 11 -452.23, 2226.51 
23 10 -578.90. 2196.99 
23 10 -703.67, 2160.28 
23 10 -826. 11 , 2116.48 
23 10 -945.85. 2065.72 
23 10 -1062.52, 2008.21 
23 10 -1175.67. 1944.14. 
23 03 -1284.99. 1873.66 
23 03 -1390.11. 1797.06 
23 09 -1490.66, 1714.58 
23 00 -1586.33. 1626.46 
26 1 1 -80.28, 2102.37 
26 1 1 -240.38. 2090.13 
26 1 1 -399.08. 2065.72 
26 1 1 -555.44. 2029.27 
26 04 -708.59. 1980.98 
26 03 -857.60. 1921 . 17 
26 03 -1001.63. 1850.17 
26 03 -1139.78. 1768.42 
26 10 -1271. 34. 1676.32 
26 10 -1395.49. 1574.49 
29 12 -99.01. 1944.10 
29 12 -247.01. 1930.88 
29 12 -393.53. 1906.44 
29 11 -537.79. 1870.88 
29 04 -678.90. 1824.42 
29 04 -816.03, 1767.33 
29 04 -948.45, 1699.95 
29 02 -1075.32. 1622.68 
29 02 -1195.95, 1535.94 
29 09 -1309.60, 1440.24 
32 12 -68.70. 1799.29 
32 12 -205.74. 1788.82 
32 12 -341.53. 1767.92 
32 12 -475.39. 1736.72 
32 12 -606.46. 1695.42 
32 04 -733.98. 1644.24 
32 04 -857.24. 1583.48 
32 04 -975.48. 1513.47 
32 04 -1088.08. 1434.69 
32 04 -1194.31, 1347.52 
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35 06 -211.38. 1652.54 
35 06 -336.81. 1631.61 
35 06 -460.26. 1601. 19 
35 06 -581.03. 1561.40 
35 05 -698.42. 1512.55 
35 05 -811.74. 1454.90 
35 05 -920.30. 1388.76 
35 04 -1023.54. 1314.52 
35 04 -1120.82. 1232.63 
38 06 -97.90. 1536.83 
38 06 -253.54. 1518.94 
38 06 -406.56. 1485.32 
38 06 -555.37. 1436.33 
38 05 -698.45. 1372.46 
38 05 -834.27. 1294.41 
38 05 -961.47. 1202.94 
38 05 -1078.73. 1099.00 
41 06 -72.37. 1420.95 
41 06 -216.37. 1406.25 
41 06 -358.13. 1376.98 
41 06 -496.19. 1333.48 
41 06 -629.13. 1276.17 
41 06 -755.54. 1205.63 
41 05 -874.10. 1122.62 
41 05 -983.65. 1028.01 
44 07 -89.14. 1311.63 
44 07 -221.95. 1295.78 
44 07 -352.46. 1266.52 
44 06 -479.32. 1224.16 
44 06 -601.21. 1169.15 
44 06 -716.89. 1101 .99 
44 06 -825.15. 1023.45 
44 06 -924.89. 934.31 
47 07 -61. 71. 1211.70 
47 07 -184.51 • 1199. 17 
47 07 -305.41. 1174.20 
47 07 -423.12. 1137.09 
47 06 -536.48. 1088.21 
47 06 -644.25. 1028.07 
47 06 -745.40. 957.30 
47 06 -838.80. 876.60 
50 07 -75.92. 1116.98 
50 07 -226.34. 1096.44 
50 07 -372.60. 1055.76 
50 07 -512.00. 995.62 
50 06 -641.99. 917.21 
50 06 -760.19, 821 .91 
53 07 -93.21, 1027.38 
53 07 -231.36, 1005.34 
53 07 -365.25, 964.78 
53 07 -492.42. 906.49 
53 06 -610.52, 831.5 
53 06 -717.41. 741.30 
56 07 -64.30, 946.08 
56 07 -191.70, 928.70 
56 07 -315.58, 894.21 
56 07 -433.66, 843.30 
56 07 -543.76. 776.89 
56 07 -643.89. 696.19 
59 07 -77.89. 858.42 
59 07 -231.10. 830.40 
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AIM = 
I)' 
oz. ", "., oS"' 0, 
"7 ., 
0' 
10 
1/ ,,,. 
13 

00 

• 

~9 0'/ 
59 07 
62 07 
62 07 
62 07 
62 07 
65 07 
65 07 
65 07 
65 07 
68 07 
68 07 
68 07 
71 07 
71 07 
71 07 
74 07 
74 07 

1.0 
0.0,0.0,2. 
0.0,0.0,4, 
0.0,0.0,6. 
0.0,0.0,8. 
0.0,0.0,10. 
0.0,0.0,12. 
0.0.0.0,14. 
0.0,0.0,-2. 
0.0.0.0,-4. 
0.0,0.0,-6. 
0.0,0.0,-8. 
0.0,0.0,-10. 
0.0,0.0,-1. 
0, ,0.) O. 
x y z 

-3'/6.11. 
-510.10. 
-93.40. . 

-230.51, 
-360.10, 
-477.95. 
-62.66, 

-185.96, 
-303.18, 
-410.49, 
-72.87, 

-214.37, 
-343.43, 
-83.99, 

-205.25. 
-314.60, 
-87.04, 

-217.58, 

AIM POINr COORDINATES 
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7'/~. :l~ 
694.81 . 
770.43 
741.03 
687.46 
611. 44 
690.77 
668.20 
623.84 
559. 11 
601.08 
566.27 
498.65 
517.68 
482.61 
419,58 
427.03 
377.59 



. . 
ADDENDUM A. - Table A.2: EAST APERTORZ 

. - . 

. HELIOSTA:r COORDnw:ES 
ROW NO AIM NO X ( I ) Y(I) 
------------------------------------

10 01 2292.16, 2187.80 
10 01 2383.96, 2087.41 
10 01 2471.39, 1983.15 
10 01 2554.23, 1875.24 
13 01 2109.49, 2042.49 
13 01 2195.22, 1950.07 
13 01 2276.91, 1854.05 
13 01 2354.40, 1754.60 
13 01 2427.56, 1651. 92 
13 01 2496.23, 1546. 18 
13 01 2560.30, 1437.61 
13 01 2619.65, 1326.36 
13 01 2674.18, 1212.71 
16 01 1993.51, 1848.96 
16 01 2096.07, 1731.87 
16 01 2191.71. 1609.07 
16 01 2280.19, 1481.02 
16 01 2361.22, 1348. 15 
16 01 2434.48, 1210.81 
16 20 2499.77, 1069.54 
16 20 2556.89. 924.73 
16 20 2605.61 • 776.93 
16 20 2645.80. 626.53 
19 01 1825.17. 1733.77 
19 01 1921 .40, 1626.49 
19 01 2011.29. 1513.89 
19 01 2094.63. 1396.31 
19 01 2171.10. 1274.16 
19 21 2240.46. 1147.85 
19 21 2302.47, 1017.77 
19 09 2356.93. 884.34 
19 09 2403.68. 748.02 
19 09 2442.52. 609.28 
19 09 2473.40, 468.50 
19 09 2496. 16, 326.21 
19 09 2510.73, 182.84 
19 09 2517.10, 38.88 
22 01 1705.85, 1589.74 
22 01 1794.01 , 1489.52 
22 20 1876.29. 1384.43 
22 20 1952.44, 1274.79 
22 21 2022.19, 1160.98 
22 21 2085.31, 1043.36 
22 06 2141.61, 922.33 
22 18 2190.85, 798.28 
22 09 2232.95, 671. 61 
22 09 2267.72, 542.74 
22 09 2295.05, 412.10 
22 09 2314.87, 280.08 
22 09 2327.10, 147.14 
22 09 2331. 73, 13.75 
22 09 2328.68, -119.68 
22 09 2318.02, -252.75 
22 09 2299.78, -384.97 
22 09 2273.99, -515.94 
25 01 1564.68, 1486.33 
25 20 1647.19, 1394.37 
25 20 1724.26, 1297.82 
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25 09 1861.26. 1092.34 
25 06 1920.71. 984.04 
25 18 1973.86. 872.53 
25 10 2020.58. 758.13 
25 10 2060.64. 641. 30 
25 10 2093.97. 522.34 
25 10 2120.41. 401.64 
25 10 2139.93. 279.66 
25 10 2152.40. 156.76 
25 10 2157.85. 33.33 
25 10 2156.24. -90. 19 
25 10 2147.55. -213.45 
25 10 2131. 80. -335.95 
25 10 2109.10. -457.41 
25 10 2079.47. -577.36 
25 22 2043.02. -695.37 
25 22 1999.88. -811.14 
25 22 1950.17. -924.23 
28 01 1470.42. 1352.97 
28 09 1569.31. 1236.89 
28 09 1659.07. 1113.60 
28 22 1739. 18. 983.85 
28 17 1809.13. 848.35 
28 10 1868.58. 707.90 
28 10 1917.10. 563.35 
28 1 1 1954.47. 415.48 
28 1 1 1980.49. 265.22 
28 11 1994.96. 113.42 
28 1 1 1997.78. -39.04 
28 1 1 1988.99. -191. 30 
28 1 1 1968.61 • -342.42 
28 1 1 1936.75. -491.56 
28 11 1893.64. -637.82 
28 22 1839.48. -780.37 
28 22 1·774.62. -918.39 
28 21 1699.39. -1051 .04 
28 21 1614.28. -1177.58 
31 21 1344.21. 1268.82 
31 21 1437.09. 1162.58 
31 22 1521.54. 1049.63 
31 22 1597.16. 930.53 
31 17 1663.46. 805.99 
31 1 1 1720.09. 676.80 
31 1 1 1766.71, 543.66 
31 1 1 1803.03, 407.34 
31 1 1 1828.85, 268.63 
31 1 1 1844.01, 128.38 
31 11 1848.40. -12.60 
31 1 1 1842.07. -153.54 
3f 11 1825.01. -293.57 
31 1 1 1797.29. -431.88 
31 1 1 1759.13. -567.71 
31 22 1710.71, -700.19 
31 22 1652.34. -828.63 
31 22 1584.33. -952.22 

e 31 22 1507. 10. -1070.26 
31 21 1421. 08. -1182. 11 
31 21 1326.79. -1287.03 
34 21 1257.96. 1157.47 
34 17 1342.57. 1058.16 
34 17 1419.34. 952.71 
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34 16 1547.72, 725.75 
34 1 1 1598.57, 605.60 
34 1 1 1640.10, 481.95 
34 1 1 1672.09. 355.44 
34 1 1 1694.30, 226.90 
34 12 1706.70, 97.01 
34 12 1709.13. -33.40 
34 12 1701.59. -163.65 
34 1 1 1684.17. -292.94 
34 11 1656.90. -420.53 
34 1 1 1620.03. -545.66 
34 23 1573.70. -667.61 
34 23 1518.19. -785.69 
34 23 1453.85. -899. 17 
34 22 1381.05. -1007.44 
34 21 1300.18. -1109.83 
34 21 1211.76. -1205.76 
37 17 1177. 15. 1055.79 
37 16 1278.33. 930.73 
37 16 1366.29. 796.02 
37 04 1440. 11 • 653.08 
37 12 1499.00. 503.37 
37 12 1542.40. 348.45 
37 12 1569.83. 189.93 
37 12 1580.98. 29.46 
37 12 1575.80. -131.33 
37 12 1554.31. -290.78 
37 12 1516.71. -447.21 
37 12 1463.43. -599.01 
37 23 1395.00. -744.58 
37 23 1312.12. -882.47 
37 22 1215.67. -1011. 24 
40 04 1096.02, 966.36 
40 04 1188.54. 849.99 
40 04 1268.75. 724.83 
40 12 1335.81. 592. 18 
40 12 1389.09. 453.37 
40 12 1427.97. 309.90 
40 12 1452.05, 163. 19 
40 12 1461.14. 14.83 
40 12 1455.07. -133.73 
40 12 1433.94. -280.87 
40 12 1397.98. -425.13 
40 12 1347.56. -564.95 
40 . 24 1283. 19. -698.94 
40 23 1205.53. -825.71 
40 23 1115.37, -943.92 
43 04 997.00, 909.57 
43 03 1084.27, 803.57 
43 03 1160.29, 689.26 
43 02 1224.33. 567.78 
43 02 1275.67, 440.45 
43 02 1313.83, 308.56 
43 02 1338.37. 173.46 
43 02 1349.10, 36.58 
43 02 1345.82, -100.69 
43 02 1328.63, -236.91 
43 02 1297.69, -370.66 
43 02 . 1253.30, -500.62 
43 02 1195.95, -625.35 
43 02 1126.20. -743.63 
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43 04 1044.84, -854.22 
46 04 934.96, 824.37 
46 03 1013.90, 725. 12 
46 03 1082.34, 618.33 
46 02 1139.55, 505. 18 
46 02 1184.99, 386.77 
46 02 1218.16, 264.37 
46 02 1238.70, 139.24 
46 02 1246.44, 12.63 
46 02 1241. 29. -114.07 
46 02 1223.28. -239.60 
46 02 '1192.60. -362.66 
46 02 1149.56. -481.95 
46 02 1094.67. -596.25 
46 03 1028.40. -704.39 
46 03 951. 50. -805.24 
49 03 875.25. 745.69 
49 03 968.10. 620.43 
49 02 1043.13. 483.75 
49 02 1098.97. 338. 18 
49 02 1134.63. 186.38 
49 02 1149.43. 31. 17 
49 02 1143.06. -124.64 
49 02 1115.70, -278.15 
49 02 1067.80, -426.54 
49 02 1000.28, -567.05 
49 03 914.36, -697.17 
52 03 786.97, 709.87 
52 02 875.74, 596.84 
52 02 948.45. 472.86 
52 02 1003.73, 340.22 
52 02 1040.51, 201.28 
52 02 1058.19. 58.66 
52 02 1056.38, -85.04 
52 02 1035.16, -227.20 
52 02 994.90. -365. 15 
52 02 936.37. -496.39 
52 03 860.59, -618.50 
52 03 769.02, -729.26 
55 03 739.43, 637.23 
55 02 818.82. 531. 33 
55 02 883. 19, 415.68 
55 02 931.29, 292.35 
55 02 962.29, 163.68 
55 02 975.58, 31.95 
55 02 970.95, -100.29 

. 55 02 948.45. -230.74 
55 02 908.49, -356.95 
55 02 851. 86, -476.57 
55 03 779.55, -587.43 
55 03 692.90, -687.52 
58 02 661.74, 596.91 
58 02 736.44, 501.90 
58 02 797.56, 397.63 
58 02 844.02, 286.09 
58 02 874.96, 169.26 
58 02 889.82, 49.34 
58 02 888.31, -71.52 
58 02 870.46, - 191.04 
58 02 836.60, -307.05 
58 02 787.39. -417.42 
58 02 723.68, -520.11 
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bts 02 641).l)b. -1)13.2b 
61 02 615.48. 514.46 
61 02 698.02. 395.30 
61 02 757.77. 263.22 
61 02 792.74. 122.57 
61 02 801. 86. -22.11 
61 02 784.80. -166.04 
61 02 742. 12. -304.56 
61 02 675. 19. -433.13 
61 14 586.21 • -547.57 
64 02 567.48. 445.96 
64 02 638.48. 336.58 
64 02 688.61. 216.17 
64 02 716.30. 88.71 
64 02 720.56. -41. 63 
64 02 701. 30. -170.60 
64 02 659.15. -294.06 
64 14 595.47. -407.87 
64 14 512.36, -508.36 
67 02 487.56. 407.54 
67 02 570.79. 279.23 
67 02 620.99. 134.78 
67 02 635.20, -17.52 
67 02 612.62, -168.76 
67 14 554.55, -310.23 
67 14 464.36. -433.75 
70 02 441 .07. 332.51 
70 02 507.74, 217.48 
70 02 545.01 • 89.89 
70 02 550.68, -42.95 
70 02 524.47. -173.26 
70 14 467.91 • -293.57 
73 02 360.63. 295.30 
73 02 435.49. 166.17 
73 02 465.68. 19.95 
73 02 448.09. -128.31 
73 14 384.54. -263.38 
76 02 330.51, 179.92 
76 02 375.39, 26.18 
76 02 352.26. -132.31 

AIM = 1.0 
01 0.0,0.0.0.0 
ooz.... 0.0.-2.25.10.0 
oJ 0.0.-2.25.8.0 
0,# 0.0.-2.25.6.00 
,,~ 0.0.-2.25,4.00 
0' 0.0.-2.25.2.00 0' 0.0.-2.25.1.00 
01 0.0.-2.25.-1.0 ., 0.0.-2.25.-2.0 
10 0.0.-2.25.-4. 
II 0.0.-2.25.-6. 
''1. 0.0.-2.25.-8. 

" 0.0.-2.25.-10. 
11 0.0.2~25.10. 
It' 0.0.2.25.8. 
,~ 0.0.2.25.6. 
" 0.0.2.25.4. 

" 
0.0.2.25.2. 

" o . 0 • 2 .25. 1. • 0.0.2.25.-1. 
U 0.0,2.25.-2. 
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tzz.. u • u , ~ . ~~ , -4 • 
2) 0.0,2.25, -6. 
~f 0.0,2.25.-8. 
~l- 0.0,2.25,-10. 
DO fJ., o. ,D. 

x Y I: 
AlH POIRT COOIDIRATBS 
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ADDENDtIM A - Table A3 : SOU'l'B APERTURB , -
. - .. .BBLIQSTAt CO<lmINATES ..... 

ROW NO AIM NO X(I) Y(I) 
------------------------------------

31 00 1259.60. -1352.84 
31 00 1152.77. -1444.96 
34 00 1148.87. -1265.83 
34 00 1049.00. -1349.75 
34 00 943.00. -1425.84 
34 00 831.52. -1493.58 
34 00 715.18. -1552.64 
34 07 594.68. -1602.67 
37 00 1077.51. -1157.30 
37 00 954.38. -1260.78 
37 07 821. 32. -1351.23 
37 07 679.78. -1427.71 
37 08 531. 19. -1489.38 
37 08 377.13. -1535.64 
37 08 219.12. -1566.02 
37 08 58.89. -1580. 16 
40 00 977.42. -1086. 14 
40 00 862.00. -1179.84 
40 07 737.66. -1261. 34 
40 08 605.70. -1329.74 
40 08 467.45. -1384.40 
40 08 324.37, -1424.75 
40 08 177.92, -1450.31 
43 00 919.64, -987.72 
43 07 814.52, -1076.07 
43 08 700.98, -1153.23 
43 08 580. 18, -1218.49 
43 08 453.37, -1271.15 
43 08 321. 88. -1310.65 
43 08 187.04. -1336.57 
43 0.8 50.26. -1348.64 
46 07 833.82. -926.56 
46 08 735.36. -1006.48 
46 08 629.29. -1076.00 
46 08 516.69. -1134.37 
46 09 398.78, -1180.99 
46 09 276.70, -1215.41 
46 10 151. 77 , -1237.22 
49 01 783.55, -841.53 
49 01 662.49. -939.82 
49 02 529.23, -1020.79 
49 09 386.28, -1083.02 
49 10 236.18. -1125.31 
49 10 81.76, -1146.93 
52 02 699.96. -795.76 
52 03 585.89. -883.13 
52 03 461. 02. -954.29 
52 04 327.65. -1007.89 
52 04 188.29. -1042.93 
52 04 45.47. -1058.85 
55 02 627.95, -747.30 
55 03 521. 09. -825.38 
55 04 404.62. -888.31 e 
55 04 280.71, -934.86 
55 05 151.64. -964.26 
58 02 588.61, -669.15 
58 03 492.68. -742.64 
58 04 387.66. -802.45 
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58 05 158.33. -877.02 
58 05 38.22. -890.38 
61 03 516.07. -614.13 
61 15 397.11. -696.97 
61 15 265.19. -757.08 
61 05 124.64, -792.44 
64 04 447.47, -566.33 
64 15 338.22, -637.59 
64 15 217.98. -688.05 
64 06 90.58, -716.07 
67 13 378.74, -510.23 
67 13 245.86, -585.95 
67 1 1 98.72, -627.72 
70 15 351.08. -426.44 
70 15 239.04, -497.96 
70 06 113.12. -540.64 
73 05 281.56, -371.45 
73 06 149.67. -441.43 
76 05 235.27. -293.70 
76 06 91. 80. -364.92 
31 00 -1259.60. -1352.84 
31 00 -1152.77, -1444.96 
34 00 -1148.87. -1265.83 
34 00 -1049.00. -1349.75 
34 00 - 943.00. -1425.84 
34 00 - 831.52. -1493.58 
34 00 - 715.18. -1552.64 
34 07 - 594.68, -1602.67 
37 00 -1077.51. -1157.30 
37 00 - 954.38. -1260:78 
37 07 - 821.32. -1351.23 
37 07 - 679.78. -1427.71 
37 08 - 531.19, -1489.38 
37 08 - 377.13. -1535.64 
37 08 - 219.12, -1566.02 
37 08 - 58.89. -1580.16 
40 00 - 977.42, -1086. 14 
40 00 - 862.00. -1179.84 
40 07 - 737.66, -1261. 34 
40 08 - 605.70. -1329."74 
40 08 - 467.45, -1384.40 
40 08 - 324.37, -1424.75 
40 08 - 177.92, -1450.31 
43 00 - 919.64. -987.72 
43 07 - 814.52. -1076.07 
43 08 - 700.98, -1153.23 
43 08 - 580.18, -1218.49 
43 08 - 453.37, -1271.15 
43 08 - 321.88, -1310.65 
43 08 - 187.04. -1336.57 
43 08 - 50.26, -1348.64 
46 07 - 833.82", -926.56 
46 08 - 135.36, -1006.48 
46 08 - 629.29, -1016.00 
46 08 - 516.69, -1134.31 
46 09 - 398.18, -1180.99 
46" 09 - 216.70. -1215.41 
46 10 - 151.11. -1237 .• 22 
49 01 - 183.55. -841.53 
49 01 - 662.49. -939.82 
49 02 - 529.23. -1020.19 
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49 10 - 236. 18, -1125.31 
49 10 - 81.16, -1146.93 
52 02 - 699.96, -195.16 
52 03 - 585.89, -883.,13 
52 03 - 461.02, -954.29 
52 04 - 321.65, -1001.89 
52 04 - 188.29, -1042.93 
52 04 - 45.41, -1058.85 
55 02 - 621.95, -141.30 
55 03 - 521.09, -825.38 
55 04 - 404.62, -888.31 
55 04 - 280.11, -934.86 
55 OS - 151.64, -964.26 
58 02 - 588.61, -669.15 
58 03 - 492.68, -142.64 
58 04 - 381.66, -802.45 
58 14 - 215.52, -841.53 
58 OS - 158.33, -877.02 
58 OS - 38.22, -890.38 
61 03 - 516.07, -614.13 
61 14 - 397.11, -696.97 
61 14 - 265.19, -757.08 
61 05 - 124.64. -792.44 
64 04 - 447.47. -566.33 
64 14 - 338.22. -637.59 
64 14 - 217.98. -688.05 
64 06 - 90.58, -716.07 
67 12 - 378.74. -510.23 
67 12 - 245.86. -585.95 
67 1 1 - 98.72. -627.72 
70 04 - 351. 08. -426.44 
70 OS - 239.04, -497.96 
70 06 - 113.12, -540.64 
73 OS - 281.56, -371.45 
73 06 - 149.61, -441.43 
76 OS - 235.27, -293.70 
76 06 - 91.80, -364.92 

AIM =1.0 

'" 0.0,0.0,1.0 
oz... 0.0,0.0.2.0 
01 0.0.0.0,3.0 0" 0.0,0.0,4.0 
()~ 0.0,0.0,5.0 
DC, 0.0,0.0,6.0 
0' 0.0,0.0,-1.0 
01 0.0,0.0,-2.0 0' 0.0,0.0,-3.0 
10 0.0,0.0,-4.0 
II 0.0,0.0,0.0 
'1. -5.0,0.0,0.0 

" 5.0,0.0,0.0 
" -5.0.0.0,5.0 ,r 5.0,0.0,5.0 

(JtJ D. > D. , D. 

z "1 z 
AIM POm COORDmADS 

A-S2 



AppendixB 

Elevated Temperature Analysis 

B-i 



TABLE OF CONTENTS 

PAGE 

ELEVATED TEMPERATURE ANALYSIS 

Summary •••••••••••••••••••••••••••••••••••••••••••••••••• B- 1 

1. Creep/Fatigue Evaluation - Solar 100 Analysis •••••••••••• B-1 

2. Simplified Inelastic Creep/Fatigue Procedure 

for Sandia Receiver Panels •••••••••••••••••••••••••• B-2 
" ~. 

3. Assessment of Membrane Wall Program •••••••••••••••••••••• B-3 

4. Effect of Membrane Wall Construction ••••••••••••••••••••• B-5 

5. Thermal Hydraulic Analysis ••••••••••••••••••••••••••••••• B-8 

6. Stresses at Critical Section ••••••••••••••••••••••••••••• B-11 

7. Leading Cycle ..•.••••••••••••••••••...••••••..•.•..•.•••• B-18 

8. Elastic Analysis by CREEPF Program ••••••••••••••••••••••• B-20 

9. Inelastic Analysis by Simplified Method •••••••••••••••••• B-23 

References ............................................... B-29 

CREEP-FATIGURE ANALYSIS USING SUPPLEMENTAL ELEVATED 
TEMPERATURE RULES •••••••••••••••••••••••••••••••••••••••• B-30 

CREEP RATCHETING EVALUATION ••••••••••••••••••••••••••••••••••• B-31 

SUPPLEMENTAL ELEVATED TEMPERATURE RULES FOR SECTION VIII 
DIVISION 1 •••••••••.•••••••••••..••••••.•..•.•••••••.••.• B-73 

B-ii 



Summary 

The design of the receiver panels for cyclic elevated temperature 

service, which includes creep-fatigue effects, is a vital part of the 

mechanical design analysis. Thermal stresses and strains are produced in the 

panels by high, nonuniform incident heat fluxes which are cyclic in nature. 

The effects of creep and fatigue become significant because of the elevated 

temperatures involved, the duration, cyclic characteristic, and peak levels of 

the thermal loading. A detailed creep/fatigue analysis of the Sandia solar 

receiver panels was conducted based on the ASHE Code Case H-47 and the elastic 

and inelastic creep/fatigue evaluations of the SOlar 100 receiver panels. The 

evaluation involved a temperature and stress analysis of the tube-web finite 

element model using the Membrane Wall computer program. The results are used 

in conjunction with the computer program CREEPF and the inelastic fatigue 

curves of Code Case N-47 to calculate the total damage. The worst panel 

examined under direct heating was found to have a combined creep-fatigue 

damage that fell within the damage envelope. The geometrical configuration of 

the absorption panels was therefore acceptable for the given heat flux 

distribution and the design life of the receiver. 

(1) Creep/Fatigue Evaluation - Solar 100 Analysis 

The Creep/Fatigue Report on the receiver panel tubes of Solar 100 by K. 

B. Bsu (Ref. 1), provides a detailed study using elastic, single element 

uniaxial inelastic and three dimensional inelastic methods. The basic 

analytical procedure consists of five steps: 

1) A thermal-hydraulic analysis to predict salt temperatures inside 

the tubes and net absorbed heat fluxes. 

2) A two-dimensional thermal finite element analysiS to predict the 

tube metal temperature distribution. 



3) An elastic analysis and elastic creep/fatigue evaluation to locate 

the critical section of the tube. 

4) An inelastic analysis to predict stresses and strains for the given 

temperature distribution. 

S) A stress/strain evaluation to predict the creep and fatigue damages. 

These analyses required extensive work using computer programs GRID(91349), 

ABTA (91349), FETAP (91447), FESAP (91424), CLASS (914l7),CREEPF (09017), and 

ADINA (09019). The GRID program generates the finite element tube model to be 

used for the analysis. ABTA and FETAP create the temperature distributions 

around the tube for input to FESAP, which obtains the thermal stresses. The 

CLASS program resolves the stresses into membrane, bending, and peak 

components for use in CREEPF, which calculates the strains and the creep and 

fatigue damage factors. The ADINA program calculates the inelastic stresses 

and strains for creep and fatigue evaluations based on the Code Case N-47 

inelastic rules. 

(2) Simplified Inelastic Creep/Fatigue procedure for Sandia Receiver Panels 

Based on a conclusion'from the Solar 100 Creep/Fatigue Report, a 

simplified inelastic creep/fatigue evaluation procedure was proposed. This 

study shows that the procedure can be used in conjunction with the Membrane 

Wall Program (157) for performing creep/fatigue analysis of the Sandia solar 

receiver panels with the following provisions: 

1) The Membrane Wall Program (MWP) contains its own model and also 

generates temperature distributions and stress results in the same 

output run. The use of program 157 eliminates tedious computer work 

,using GRID. ABTA, FETAP, and FESAP finite element programs. 

2) Stresses from the MWP have been checked with those results from 

FESAP in order to verify and warrant its use. 
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3) The receiver panels of Solar 100 consist of ~angent tubes as opposed 

to the membrane wall construction of the Sandia receiver panels. A 

correlation between the two has to be made in order to demonstrate 

the insignificance of the web with regard to the critical section of 

the panel wall. 

4) The stress results from the MWP can be linearized and resolved into 

components by hand. Therefore, the CLASS program will not be needed. 

5) In the proposed simplified inelastic creep/fatigue evaluation, the 

fatigue damage usage fraction is determined from the total strain 

range using the elastically calculated fatigue curves of Code Case 

N-47. This procedure is used in analyzing the Sandia panels with 

references to the SOlar 100 Report as needed. 

(3) Assessment of Membrane Wall Program 

Comparisons of the MNP and PESAP results are shown in Tables 1 and 2. 

The proximity of these stress results implies that the MNP gives an adequate 

assessment of the thermal stress distribution in the absorption panels. 

B-3 . 



IWNE ... ·1 

Babcock & Wilcox 
ENGINEERING CALCULATIONS 

ri,,/11 (1:)tt!,,/::;:-/C!/eAir-= //~ ~ ~- /71-¥ 

::5/?G.7" :re~r6 C.,;? 7ZJi2e = 8 rES ~ 

7~8t.E 1 
rvae

sriZFS:!- (b~po,u eN; ~ ell C20..., iii 

~()..J~c.E. cr; 
/Y'Je1Y/812AAJ lr 

wi!Ji.L. PI2~ 0 
{fir. z. ~ 

F&sI9P 2'17 
(/?t:F. l) 

~9.s'" - ~c. ~-r z 
.:38.:!9s. 

vt 0;' 

- !acp/ .. -.:3'S9Z. 

-77'.;;,9 - -3&98 

.e-rtJ 
/lE/l'/ ,r:-~vy ~ 8..3...::aCJ;VI!!·rT·''F 

~:n.l 

r/LA'J I?JErr/~/eAh"" := /26"'Y "yR-,PT" ~ 

::;<J~TT&~;97i1.R~=_ /0/2 CF 

7Aeu: 2. 

/J&",.e2AAltfr 

/J?19J( 
~TI?eSS . 

/N'TcA.Js-"T)/ 

... ~P~£9~ .- ·_·0 .. -. ···-.y9.31·· 
C~. z~ 

/71 21ol.s-

ZID/::[ - ./f1"fz _ -c -(:J,07Z.. -0 7.2% ~/rr,;e~/LJC~ 
2101.$ 

B-4. 



(4) Effect of Membrane Wall Construction 

Table 3 shows stress results for tangent tubes vs. a membrane vall under 

the same conditions. Stresses are given for the various panel locations in 

Figure 1. The critical section for either panel configuration occurs at the 

tube crown. The presence of a web affects the circumferential gradient of the 

tube and hence the stress pattern, particularly at the tube-to-web juncture. 

However, it does not alter the location of the worst stress, nor does it alter 

greatly the magnitude of the maximum stress in the panel. 
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(5) Thermal-Hydraulic Analysis 

A functional analysis of the receiver subsystem provides 

thermal-hydraulic data for input into the MWP. Molten salt temperatures,. 

inside tube film coefficients, and heat flux distributions are provided in 

Table 4 and Figure 2. The two panel areas that are most likely subjected to 

the most severe creep and/or fatigue damage are those exposed to the highest 

heat flux and those that see the highest metal temperatures. Both of these 

cases were tested for creep/fatigue damage in the Solar 100 report, with the 

worst case being the panel receiving the highest heat flux. It is perceived 

that the most critical conditions (as far as creep and fatigue are concerned) 

o for the Sandia receiver exist in Panel 2, North Cavity (Tsalt • 600 F, 

Flux =0 155.000 Btu/Br-Ft2). 
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(6) Stresses at Critical Section 

For the previously mentioned conditions, the steady state thermal 

stresses at a section through the tube crown are given in Table S. These 

values are generated by the MWP for the tube model shown in Figure 3. The 

stresses through the section are resolved into membrane, bending, and peak 

components by linearization (see Figures 4, 5, and 6). This is required for 

input to the CREEPF program. 
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(7) Loading Cycle 

In order ~o simplify the complex operating history to which the receiver 

panels will be subjected, a repetitive cycle similar to the one used in the 

Solar 100 analysis is proposed. The cycle is assumed to ramp up to full power 

for a duration of 2 hours, then ramp down to hot standby at the end of the 

cycle. The panels are assumed to be subjected to 50,000 of these cycles 

thoughout its design life of 30 years or 100,000 hours. The thermal cycle 

used in CREEPF is shown in Figure 7. 
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(8) Elastic Analysis by CREEPF Program 

Table 6 contains a list of stress components for input to CREEPF. The 

purpose of CREEPF is to perform a creep-fatigue analysis for components 

operated in an elevated temperature environment. Using the elastic analysis 

option of the program, the maximum equivalent strain range is calculated along 

with the fatigue and creep damage fractions. The total damage factor exceeds 

the Code Case N-47 allowable of 1.0 by a large margin. The elastic method of 

analysis for creep/fatigue evaluation is very conservative as compared to the 

inelastic procedure. 
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(9) Inelastic Analysis by Simplified Method 

Using the simplified solution suggested in the Solar 100 report, the 

maximum equivalent strain range calculated in the program is used in the 

inelastic fatigue curve of Figure T-1420-1C (for Alloy 800R). Using log 

interpolation and the tabular values of Table T-1420-1C, Hd (the number of 

allowable cycles), for a temperature of 8790 F and a strain range of 0.001833 

in/in, is calculated to be 61,000 cycles. Using 50,000 as the number of 

applied cycles results in a fatigue damage fraction of 0.818. The creep 

damage is regarded as being insignificant due to the ·low· metal temperature 

o (879 F). Therefore, the total damage is due almost exclusively to fatigue 

and falls within the allowable damage envelope in Figure 8. The receiver 

panel geometry and flux pattern identified on this contract are acceptable. 
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CASE (continued)' 

N-47-17 
CASES OF ASME BOILER AND PRESSURE VESSEL CODE 

10-4~~----~~~~~----~----~~----~~~~~----~----~~~~~~ to' 2 , 102 Z :I la' Z :I 104 Z , la' Z , la' 
NUMBER OF ALLOWABLE CYCLES. Nf 

Fit- T-142Q.;C DIIign tatit-1tNin,... ft. fM Ni·Fe-Cr AlJoy 800H 

Table T-142Q.1C 

Design Fatftue Strain Range. ft. fM Ni·Fe.cr Alloy 800H 

Nd 
Number ft. Strain RantI CinJln.1 at Temperatun 

of 

eve .. • 800 F 87<1 900F 1000F 1100 F 1200F 1300F 1400F 

10· .0513 .0498 .0468 .0378 .0308 .0263 .0231 
2xl0· .0328 .0313 .0298 .0243 .0198 .0168 .0129 
,xl0· .0218 .0208 .0190 .0163 .0130 .0113 .00866 

lOS .0139 .0129 .0119 .01 .00823 .00725 .00566 
2xll)l .. .0103 .00939 .00861 .00722 .00603 .00535 .00426 
'xlOS .00777 .00699 .OOMI .00542 .00463 .00405 .00331 

10' .00537 .00489 .00441 .00392 .00328 .00285 .00254 
2xl0' .00427 .00379 .00351 .00312 .0026) .0023 .• 00209 
4xl0' .00347 .00314 .00291 .00259 .00213 .00195 .00176 

10· .00277 .00249 .00233 .0021 .00174 .00159 .00143 
2xlG- .00242 .00219 .00201 .00182 .00155 .00142 .00125 

'-IIIIIO~ 
'xlG- .00215.00197.00193 .0018 .00162 .0014 .00127 .00109 ___ .o~! . 

10' • 00187.OQ .00164 .00151 .00139 .00122 .00115 .GOO959 
2XIO' .00169 .00149 .00141 .00128 .00113 .00105 .000919 
4xl'" .00157 .00139 .00129 .00121 .00108 .000987 .000aa9 

.10' .00139 .00129 .00119 .00112 .00103 .GOO937 .000869 

·Cycllc IUaia nae: lXlcr' Ua./Ua.I"c, 
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CREEP-FATIGUE ANALYSIS USING SUPPLEMENTAL ELEVATED TEMPERATURE RULES 

The criteria for creep-fatigue analysis as outlined in Code Case N-47 

contains a detailed procedure which emphasizes the particular needs of the 

nuclear applications for which they were developed. However, special 

construction, diverse loading conditions, and difficult modes and consequences 

of failure of solar power systems are among some of the reasons for the 

necessity of the development of alternate design rules. Consequently, the 

Supplemental Elevated Temperature Rules for ASME Section VIII, Division 1, has 

been developed to eliminate some of the conservatisms built into Code Case 

N-47, and also to account for some failure modes which may not be considered 

.as important for nuclear systems. The major design features of the 

creep-fatigue criteria include: 

1. Using an equivalent strain range in the less conservative inelastic 

design fatigue curves as also proposed in the simplified inelastic 

creep-fatigue evaluations of K. H. Hsu. 

2. An upper bound of the primary plus secondary stress is set as the 

yield strength rather than the 25% increase of the yield strength 

suggested by Code Case N-47. 

Complete rules and commentary are found in this Appendix. 

The Sandia absorption panels were further analyzed for creep-fatigue 

damage using the supplemental design rules. Two cases were analyzed, and the 

total damage fraction in either case did not exceed the ,allowable established 

by the damage envelope for Alloy BOOH. Further investigation of the available 

flux and stress data indicated that the panel design and heat flux 

distributi~n are acceptable using the creep-fatigue criteria of the 

Supplemental Elevated Temperature Rules. 
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CREEP RATCHETING EVALUATION 

Significant creep ratcheting strain, by 3251.2(a), occur. 
5 above the temperature where Sm equals St at 10 hours. For Alloy 800B, 

this is at 10700F from Figure 3251.2.2. The combination of X and Y 

parameters for primary and secondary stress range at and above this 

temperature will result in an Weffective creep stressW considerably less than 

yield stress. At an Weffective creep stress· equal to yield, the accumulative 

strain for 105 hours at 11000F will be less than 1/2' as compared to an 

allowable limit of 1-1/2'. 
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SUPPLEMENTAL ELEVATED TEMPERATURE RULES 

FOR SECTION VIII DIVISION 1 

Introduction and purpose 

The basic design code for the SGS components is Section VIII Division 1 of 

the ASME COde. For elevated temperature service this code does address a 

primary creep failure mode due to pressure and dead loading conditions. 

There are however other creep related effects which should be addressed, 

therefore supplemental rules have been developed for guidance. 

References 20, 22 and 14 are the principal references used in the 

development of the rules. Some of the material in paragraphs 3252 and 3260 

are contained in reference 14, "An Interim Structural Design Standard, Jan. 

1979." In the following paragraphs, the supplementary rules are presented, 

followed by a brief commentary on the development of the rules. 
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~VISION ~ISION PREPARED 

NO. ll'TE DESCRIPT ION BY 

0 Ck:t. 30,1981 Original Issue EML 

1 March 19,1982 Redefined stress parameter under 

3251.1 

Revised criteria for total creep 

damage in 3252.3 

Revised the procedure for creep damage 

calculation in 3252.3 (d) 

Added section 3262.3 for time EM'-

dependent buckling 

Added values for yield strength in 

Table 3251.1 

Added Figure 3252.3.5 for creep-

fatigue damage 
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-3000 

-3100 

-3111 

-3200 

-3210 

-3220 

DESIGN 

SUpplementary Elevated Temperature Design Rules 

For Section VIII-Division 1 

GENERAL REQUIREMENTS FOR DESIGN 

ACCEPTABILITY - An acceptable design is one which meets the 

requirements given below. 

(a) the design satisfies the general design requirements of -3100 

and the appropriate component rules in -3200. 

DESIGN RULES (VESSEL) 

GENERAL - The design of the pressure vessels and the vessel parts 

shall confoDm to the design requirements of -3200. 

BASE DESIGN RULES 

The design shall confoDm to the requirements of Section 

VIII-Division 1 of the ASME Boiler and Pressure Vessel Code. 

Additional requirements stated in -3250 shall also. be met. 



-3250 ADDITIONAL REQUlREMENT5 - The additional requirements of -3251 and 

-3252 shall be satisfied if -3220 is used. 

The buckling limits of -3260 may be used for those configurations 

and loading conditions for which buckling rules or charts are not 

provided in Section VIII-Division 1. 

3251 CREEP ~TCHETING ~LUATION - Ratcheting requirements for shells 

can be considered met for normal operating cycles if the limits of 

3251.2 is satisfied. Each cycle may be evaluated independently in 

determining the final accumulated strain. 

3251.1 Parameters 

(a) The following definitions apply to 3251.2 for stresses across 

a shell thickness. 

x=~ 
Sy 

where Op is the primary pressure membrane stress and 5y is 

the average of the 5y values at the maximum and minimum 

wall-averaged temperatures during the operating cycle being 

evaluated. Table 3251.1 lists values for 5y• 

. Q r y= --. 
5y 
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where Qr is the maximum range of secondary stress occuring 

with X during the operating cycle being evaluated. 

(b) The following definitons apply to 3251.2 for stresses across 

the shell cross section. 

where Op + l~~ is the primary membrane and primary 

bending adjusted for bending distribution 

Q, 
y=--s 

y 

where QR is maximum range of secondary stress occurring with 

X during the operating cycle being evaluated. 

(c) The secondary thermal stress from radial gradients shall be 

based on the linearized radial gradient. 
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3251.2 Ratcheting Limits 

(a) The procedure in this paragraph may be used for shells remote 

from geometric and material discontinuities to show that the 

limits for creep ratcheting are satisfied for the stress 

parameter of X and Y (3251.1) occurring at temperatures in the 

creep regime. These temperatures are defined as those for 

which Sm equals St for 105 hours and where Sm and St 

are as defined in the ASt-E Code case N-47. Figures 3251.2.1 

and 3251.2.2 give these temperatures for Type 304 and Alloy 

800H. Non-axisymmetric loads such as the bending of a pipe or 

vessel may be included as axisymmetric loads and the rules 

applied. 

The elastically calculated primary and secondary stresses are 

used to determine an "effective creep stress" Oc' which in 

turn is used to determine a total ratcheting strain. The 

effective creep stress Oc' for any combination of loading is 

given in Figure 3252.2.2 in dimensionless form. 
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-3252 

(b) The isochronous stress strain curves of T-18oo in Appendix T 

of Code case N-47 may be used to obtain the creep'ratcheting 

strain. The total service life may be subdivided into 

temperature-time blocks and the strain increment for each 

block may be evaluated separately. The strain increments for 

each time temperature block shall be added to obtain the total 

ratcheting strain. The resulting value shall be limited to 

1.5%. 

CREEP-FATIGUE EVALUATION - The following requirements on 

creep-fatigue evaluation apply to elevated temperature service. 

-3252.2 RULES TO DETERMINE NEED FOR CREEP-FATIGUE ANALYSIS - A 

creep-fatigue evaluation need not be made provided the total number 

of significant load cycles is less than 25. If this condition is 

not met, a detailed creep-fatigue analysis shall be made in 

accordance with -3252.3. The load cycle is significant if any of 

the following is true: 

(a) The range of the elastically calculated primary stress 

intensity is greater than 1.25 times the maximum allowable 

stress in Section VIII-Division 1. 
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(b) The range of the elastically calculated, secondary stress 

intensity range is greater than 1.5 times the maximum 

allowable stress in Section VIII-Division 1. 

(c) The range of elastically calculated peak stress intensity 

range using a stress concentration factor of 2.5 at local 

structural discontinuities, unless otherwise specified, is 

greater than twice the allowable stress amplitude at 106 

cycles from the design fatigue curves in Figures -3252.2.2.3. 
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-3252.3 CREEP-FATIGUE ANALYSIS 

(a) All significant load conditions shall be evaluated for 

accumulated creep and fatigue damage including hold time and 

strain rate effects. For a design to be acceptable, the creep 

and fatigue damage shall satisfy the following relation: 

t[n] +t[tJ '::'D 
J =1 Nd J k=1 Td k 

where 

o = 
n = 

t = 

total creep-fatigue damage from Figure 3252.3.4 

number of applied cycles of loading 

condition, j. 

number of design allowable cycles of loading 

condition, j. Nd is determined from one of 

the design fatigue curves in Figures -3252.3.1 

or 3252.3.2 corresponding to the maximum metal 

temperature during the cycle. The design 

fatigue curves were determined from completely 

reversed loading conditions at strain rates 

greater than, or equal to those noted on the 

curves. 

time duration of the load condition, k. 
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allowable creep rupture time at a given stress 

or an effective stress from load, k. Td 

values are obtained by the procedure outlined 

in -3252.3 (0). 

(b) Equivalent Strain Range Calculation - An equivalent strain 

range is used to determine No. When the Design 

Specification contains a histogram delineating a specific 

loading sequence, the strain range shall be calculated for the 

cycles described by the histogram. If the sequence of loading 

is not defined by the Design Specification, then an 

appropriate method of combining cycles· shall be applied. The 

equivalent strain range is computed according to one of the 

following procedures: 

Procedure 1 -General Case 

Step 1 - calculate all strain components for the strain 

history (&x, &y, &z , Vxy , VyZ , Vzx versus time) for the 

complete cycle. 

Step 2 - Select a time when conditions are at an extreme for 

the cycle, either maximum or minimum. Refer to this time 

point by a subscript i. In some cases it may·be necessary to 

try different points in time to find the one which results in 

the largest value of equivalent strain range. 
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step 3 - Calculate the history of the change in strain 

components by subtracting the values at the time, t, from the 

corresponding components at each point in time during the 

cycle. For example: 

, 
Step 4 -calculate the equivalent strain range for each point 

in time. 

A&equlY - "; [( A&x-A&y) 2 + (A&y -A&z)2 

+ (A&. -A&x)2 + t( AV;y + AV:. + AV:x )]1/2 (2) 

Procedure 2- Applicable Only When the Principal Strains do not 

RJtate 

step 1. No change from Step 1 of Procedure 1. 

step 2. Determine the principal strains versus time for the 

cycle. 
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step 3. At each time interval of step 2, determine the strain 

differences &1- &2 ' &2 - &3 ' &3 - &1 

i 

step 4. Determine the history of the change in strain 

differences by subtracting the values at the time, t, from the 

corresponding values at each point in time during the cycle. 

Designate these strain difference changes as: 

6 (&1- £2) = &12 - &12i 

6(&2" &3) = &23 - &23i 

6(&3~&1) = &31- &3li 

step 5. Compute the equivalent strain range as: 

(c) Fatigue Damage Evaluation 

1) For the fatigue damage term the strain range &r is used 

with the design fatigue curve Figures 32?2.3.1 and 

3252.3.2 to determine Nd• 
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2) The maximum total equivalent strain is obtained from the 

following: 

where 

tT = the derived maximum strain for the loading 

condition 

tt = the elastic strain in the region under 

consideration, exclusive of strain concentration 

K t = the theoretical elastic strain-concentration 

factor 

tp = the inelastic strain in the region under 

conSideration, exclusive of strain concentration and peak 

thermal strains 

tF = peak thermal strain associated with the peak 

thermal stress intensity 
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The value, t p' is determine by subtracting the elastic 

strain component; tt from the calculated total nominal 

strain, tequiv. tequiv. can also be expressed as the 

total nominal strain, tn' and is the sum of the 

load-controlled strain and deformation-controlled strain, 

exclusive of strain concentration and peak thermal 

strain. The load-controlled strain is determined by 

entering the appropriate isochronous stress-strain curve 

at a stress intensity equivalent to the load -controlled 

stress intensity in the region under consideration. The 

deformation-controlled strain is determined from the 

elastically calculated stress intensity due to the 

applied deformation. 

tn = tload-controlled + (Sstrain-controlled/E ) 

3) Equation (4) results in a conservative value of the 

maximum srain tt' relative to the nominal strain 

level t'equiv. or tn when compared to the values 

obtained by the use of the Neuber equation. A more 

accurate and less conservative value may be obtained by 

following the procedure in Paragraph T-1432 (d) of 

Appendix T of ASME code case N-47. 
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(d) Creep-Damage Calculation -Creep damage calculations may be 

done by the following procedure for elastic analysis. The 

quantities are defined as: 

Pm = Primary stress intensity 

51 = Primary + secondary stress intensity for sustained 

operating conditions in the load cycle k 

Sy = Minimum yield strength 

Sk = stress quantity used to determined the allowable 

creep rupture time Td 

0eff = Effective stress for the sustained operating 

conditions in the load cycle k 

o i = Principal stresses 

k = Subscript of load condition 

step 1 - calculate and determine the following stress 

quantities: 

1) (Pm + D.5 Sl)k 

2) SYk is the minimum yield strength at the average wall 

temperature for the sustained operating condition being 

analyzed in the load cycle condition k. 

Select the lesser of 1) and 2) as SKl 

step 2 - calculate the following stress quantities: 

1) Effective stress: 

O.ff = * [( 01- O2)2+ (02 -03)2 + (03- 01)2] 1;2 
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~3260 

-3261 

2) The largest principal tensile stress component of the 

primary-plus-secondary stresses during the sustained 

portion of the load cycle k being analyzed. 

Select the larger of 1) and 2) above and deSignate as SK2' 

If this value is less than SKI from step 1, use this 

quantity as ~ in step 3. If this value is greater than 

SKI' use SkI = Sk in Step 3. 

step 3 - Enter the stress-to-rupture curves in Figure 3252.3.3 

and Table 3252.3.3 or Figure 3252.3.4 and Table 3252.3.4, with 

Sk from Step 2 to determine the value of allowable time 

Td• 

BUCKLING INSTABILITY LOADS 

GENERAL REQUIREMENTS 

(a) Scope of Rules -_The stability limits in Section VIII-Division 1 

and 2 pertain only to specific geometrical configurations under 

specific loading conditions. These limits include the effects of 

initial geometrical imperfections permitted by fabrication 

tolerances. The rules in paragraphs -3131, and -3132 of Code Case 

N-253 provide additional limits which are applicable to general 

configurations and loading conditions that may cause buckling or 

instability. 
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(b) Load-Controlled and Strain-Controlled Buckling - For the limits 

specified in -3262.2, distinction is made between load-controlled 

buckling and strain-controlled buckling. Load-controlled buckling 

is characterized by continued application of an applied load in the 

post-buckling regime leading to failure, as exemplified by collapse 

of tube under external pressure. Strain-controlled buckling is 

characterized by the immediate reduction of load due to 

strain-induced deformations. Even though it is self-limiting, 

strain-controlled buckling shoulo be avoided to guard against 

failure by fatigue, excessive strain, loss of function due to 

excessive deformation, and interaction with load-controlled 

buckling. 

(c) Interaction of Load-Controlled and Strain-Controlled Buckling -

For conditions under which strain-controlled and load-controlled 

buckling may interact, as exemplified by elastic follow-up, the 

higher load factors applicable to load-controlled buckling shall be 

used for the combination of load-controlled and strain-controlled 

loadings. 
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(d) Effect of Initial Geometry Imperfections - For load-controlled 

buckling, the effects of initial geometrical imperfections and 

tolerances shall be considered in the time-independent calculations 

according to the requirements of Paragraph -3262.2. In calculating 

the instability strain under pure strain-controlled buckling, the 

effects of geometrical imperfections and tolerances, whether 

initially present or induced by service, need not be consioered. 

(e) Strain-COntrolled Buckling - The evaluation of strain-controlled 

buckling is not mandatory. However, the strain-controlled buckling 

limits provided in -3262.2 may be used if such evaluation is deemed 

necessary. 

(f) Creep Buckling - The evaluation of time-dependent buckling is not 

mandatory • 

-3262 BUCKLING LIMITS (Time-Independent) 

-3262.1 8Jckling limits of Section VIII-Division 1 or Division 2 shall 

apply. These rules provide buckling charts which are 

applicable to limited geometrical configurations under 

specific loading conditions. For general configurations and 

loading conditions, and for materials and temperatures for 

which limits of Section VIII-Divisions 1 or 2 do not apply, 

the limits of -3132 of Code case N-253 may be used. 
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-3262.2 For load-controlled buckling, the load factor, and for 

strain-controlled buckling, the strain factor, shall equal or 

exceed the values given in Table -3262-2. 

Loads 

Desigl 

Testing4 

Table -3262-2 Buckling Limits 

Load Factorl 

3.02 

2.25 

Normal Operating 

Steady State 3.0 

lLoad (Strain) = Load (strain) which would 

cause instant instability 

at the design or actual 

service temperature 

Strain Factor 1,3 

1.67 

1.67 

1.67 

Design or expected load 

(strain). 

2 Changes in configuration induced by service need not be considered in 

calculating the buckling load. 

3 For thermally-induced strain-controlled buckling, the strain factor is 

applied to loads induced by thermal strain. To determine the buckling 

strain, it may be necessary to artificially induce high strains concurrent 

with the use of realistic stiffness properties. The use of an "adjusted" 

thermal expansion coefficient is one technique for enhancing the applied 

strains without affecting the associated stiffness characteristics. 

4 These factors apply to hydrostatic, pneumatic, a~d leak tests. 
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-3262.3 Time-Dependent Buckling - To protect against load-controlled 

time-dependent'creep buckling, it shall be demonstrated that 

instability will not occur during the specified lifetime for a 

load history obtained by multiplying the specified Service 

Loading by the factor given in Table 3262.3. A design factor 

is not required for purely strain-controlled buckling because 

strain-controlled loads are reduced concurrently with 

resistance of the structure to buckling when creep is 

significant. 

Table 3262.3 

Time-Dependent Load-Controlled Buckling 

Factors 

Service Loadings 

Normal Operating 

Steady State 1.5 
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Table 3251.1 

Yield Str .... h V.,.,.. Is.,. IlL T.mpereture 

NI·Fe-Cr 
T_ .... F 3IMSS 311SS Alloy IOOH 

(St,_ in bi Unltsl 

RT 30.0 30.0 25.0 
100 28.8 29.2 24.3 
200 25.0 25.8 22.5 
300 22.5 23.3 21.1 
400 20.7 2U 20.0 
500 19.4 19.9 19.0 
600 18.2 18.8 18.3 
700 17.7 18.1 17.5 
750 17.3 17.8 17.2 
800 16.8 17.6 17.0 
850 16.5 17.4 16.6 
900 16.2 17.3 16.5 
950 15.9 17.1 16.2 

1000 IS.6 17.0 16.0 
1050 15.2 16.7 15.8 
1100 14.7 16.5 15.6 
1150 14.4 16.4 IS.5 
1200 14.1 16.2 15.3 
1250 13.7 15.8 15.1 
1300 13.2 15.3 14.1 
1350 12.5 14.9 14.5 
1400 11.6 14.4 14.0 
1450 10.6 13.8 13.5 
1500 9.5 13.1 13.0 

·IS5O 12.0 
1600 11.2 
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Table 3251. 2.2 
Ni-Fe-cr (Alloy BOOH), Smt Allowable Stress Intensity Values, Ksi 

- ---T_o, , ... ,. ... .... ,.. ... _ ... , ...... 3ODO'" '0 ....... . ....... , ........ .. ....... - 15.1 11.3 11.3 15.1 IU 1-5.3--r-I~ ~----- Hi.:' 11.3 IU 15.:1 
ISO 15.1 15.1 15.1 15.1 15.1 15.1 15.1 U.I 15.1 15.1 15.1 - 14.' 14.' 15.' 14.11 14.11 14.11 14.' 14.11 14.' 14.. 14.11 
tsO 14.6 14.6 14.6 1406 14.6 ... " 14.6 14." 1406 14.6 1406 .. 

1- 1404 1404 1404 14.4 1404 14.4 14.4 14.4 1404 14.4 14.4 
10511 IU 14.3 IU 14.3 14.3 IU 1403 14.:1 IU IU IU 
1I0it 14.1 14.1 14.1 14.1 14.1 14.1 14.1 14.1 IU 11.7 10.3 .. ---
lise IU 13.9 13.' 13.9 IU 13.9 13.9 12.0 10.5 '.1 ••• I_ 13.' 13.' 13.' 13.11 13.' IU 10.9 9.4 '.2 7.2 '.4 
1250 13.5 13.5 13.5 IU 11.5 '.11 U 7.5 6.& S.I 5.1, 

1- 13.2 13.2 12.4 10.5 '.1 7.9 U 6.11 5.:' 4.6 4.1 
1350 12.0 11.4 9.' '.4 7.4 ".4 5.6 4.9 4.3 3.7 3.3 
1- 11.0 U '.0 "'.11 6.0 5.2 U 4.0 3.5 3.' 2.6 ---. --

Figure 3251.2.2 Smt - Ni-Fe-Cr (Alloy BOOH) 
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Table 3252.3.1 
Design Fatigue Strain Range, Et, for 304 SS 
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Figure 3252.3.1 Design Fatigue Strain Range, Et, For 304 SS 
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Table 3252.3.2 
Design Fatigue Strain Ranqe, tt, For Ni-Fe-Cr, Alloy BOOH 
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Figura 3252.3.2 Desiqn Fatique Strain Ranqe, tt, For Ni-Fe-Cr 
Alloy BOOH 
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'1'&1)18 3252.3.3 
Expected Min!muIII Stre.s-'l'o-Rupture Values For Type 304 SS, Xiii 
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Table 3252.3.4 
Expected MinimWII Stre •• -'l'o-R\lpture Value. For Ni-Fe-cr Alloy 800H, !Csi 
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Commentary to the Supplemental Elevated Temperature 

Rules for Section VIII Division 1 

Introduction and Purpose 

The basic design code for the SGS and receiver components is Section VIII 

Division 1 of the ASME Code. For elevated temperature service this code 

does address a primary creep failure mode due to pressure and dead loading 

conditions. There are however other creep related effects which should be 

addressed, therefore supplemental rules have been developed for guidance. 

References 20, 22, and 14 are the principal references used in the 

development of the rules. Some of the material in paragraphs 3252 and 3260 

are contained In reference 14, "An Interim structural Design Standard, Jan. 

1979". 
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-3251 Evaluation for the potential"ratcheting of the main shell pressure 

boundaries is necessary for several reasons: 

1) There is very little creep-fatigue data existing for 

conditions where the mean strain may be continually rising. 

When ratcheting occurs the mean strain continually rises 

leading to unknown effects on creep-fatigue damage. 

2) In low temperature design by Section III, the limit of 3 Sm 

assures shakedown and therefore the determination of peak 

fatigue stress ranges by elastic analysis will be valid. 

Although for elevated temperature the 3 Sm limit need not 

apply, there should be some assurance that shakedown limits 

are not" excessively exceeded in order again that elastically 

calculated peak stresses can validly be used for fatigue 

evaluations. 

3) The ratcheting evaluation results of accumulated strain are 

needed for comparison to safe limits for progressive 

distortion. 

O'Donnell in Reference 21 points out that the procedure in his 

report (and incorporated in N-47) does not account for strain 

hardening and could be approximated by using a higher effective 

yield strength. In these supplementary rules strain hardening 

could be accounted for by using a value of yield exhibiting strain 

hardening. However, until strain hardening values are available, 

the yield strength values given in reference 20 will be used. 
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-3251.2 The requirements of paragraph T-1324 of Appendix T (Reference 20) 

limits the ratcheting rules to locations away from structural 

discontinuities. This is consistent with the development work done 

in Reference 21. O'Donnell in Reference 21 has developed the L4Jper 

bound accumulated strain due to creep-ratcheting using the concept 

of interacting circumferential principal stresses for the thermal 

stresses and membrane pressure stress. Since there will not in 

general be primary bending across the vessel wallS, the procedure 

will apply to cylindrical or spherical shells having primary 

membrane stress and secondary thermal bending stresses through the 

vessel wall. Therefore, the creep-ratcheting procedure in the 

supplementary rules will apply only to cylindrical and spherical 

shells at locations removed at least an attenuation length of 

2.5YRT away from geometric or material structural discontinuities. 

O'Donnell in Reference 21 uses the maximum surface stress as the 

linearized stress and states that this is conservative. In the 

supplementary procedure the actual linearized value will be used. 

Reference 20 limits the elastic stress ratcheting procedure to 

loading cases where at least one stress extreme is below the creep 

regime. In the supplementary rules this requirement is deleted, 

and the procedure will be used without this restriction. The 

reason being that an elastic analysis alternative is not available, 

therefore it can be used without restriction and consider the 

effect in setting the limits. 
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The procedure can also be used for circular cross-sectional bending 

and lorgitudinal pressure membrane, e.g., piping or shells. In 

this case, there could be primary bending in addition to primary 

membrane. The expression for the stress parameter X in this case 

is based on using a bending distribution factor of Kt = 1.27 for 

thin tubes as discussed in Section 5.4 of Reference 22. 

3251.2 (b) (1) CC N-47 requires that the effective creep stress 0c be 

increased by 1.25. This is a result of baSing the 

evaluation on minimum isochronous curves and making the 

assumption that they will be 25% lower than the "average" 

curves given in T-1800 of N-47. This is discussed in 

Reference 22 Section 6.4.2. In this procedure the 

evaluation will be based on the average curves, therefore 

the 1.25 will be replaced by 1. 

(2) O'Oonnell in Reference 21 concludes the residual stresses 

relax, therefore do not influence long term effects. 

However, because of the uncertainties of weld material 

properties and degree of residuals, strain limits for 

weld was recommended to be reduced by an arbitrary amount 

of oneoohalf. The resulting limits were set to e 1% for 

base metal and 1/2% for weld metal. However, Section 

6.2 of Reference 20 sets a limit 1% for membrane strain 

and 2% for bending. The stress parameters for the 

ratcheting rules are both membrane and bending. 
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3252.3 (c) 

Therefore, this procedure will allow for this by setting 

the limit at an averge value of 1.St. The concern for 

welds has not been conclusively proven and since there is 

conservatism in the rules, the limit of 1.5~ will also 

apply to welds. 

(3) CC N-47 in paragraph T-132(d) requires consideraton of 

stress "elastic follow-up". As discussed in Section 9.3 

of Reference 22, this concern is addressed mainly to 

piping where the system can have significant unbalanced 

stiffness. This section cites that a "built-in" cylinder 

is another example, however, admits that requiring it to 

be included as a primary bending source is conservative 

and not fully justified. Therefore in this procedure, 

this conservative follow-up requirement will not be 

applied. 

(1) The effect of fatigue life due to slow strain rates or 

cycling with hold times has not been well defined or 

quantified. One of the factors known to be involved is 

the relaxation of peak residual thermal stresses. In 

this supplementary prodedure fatigue will be evaluated 

using the continuous cycling fatigue design curves in 

lieu of the conservative hold time fatigue curves,and the 

effect of the peak residual thermal stresses will be 

include in determining the creep life-fraction ratio. 

This will avoid double counting creep that may be done by 

using hold time curves. 
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3252.3(d) 

(2) The equation for determining the maximum strain is from 

Reference 21 Section 7.72. This equation is considered 

to be the most appropriate for these simplified rules and 

is judged to provide adequate conservatism in accounting 

for plastic strain concentration. 

In section 7.7.3 of reference 22 the philosophy and 

assumptions are given for the rules developed for determining 

the time fraction of creep damage. Because of residual stress 

relaxation it was assumed that an upper bound of primary plus 

secondary stress during a sustained condition would be the 

yield strength. The rules as written in N-47 Appendix T-l433 

required a factor of 1.25 to be applied. A surmise is that 

this factor is to adjust the minimum values of yield strength 

to an average value. In the Supplementary rules the factor is 

reduced to 1. The reason for this is that the stress to 

rupture curves used in finding the allowable time are based on 

minimum times to rupture, therefore the additional 

conservatism of applying the 1.25 factor is not required in 

order to have a safe analysis. In other words, it is 

consistant to use minimum.yield strength for correlation with 

minimum stress rupture data. 
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There are test data results cited in Section 4 of reference 14 

that show for types 304 and 316 stainless steels, only the 

tensile stress contributes to creep damage. However, 

insufficient data are available to verify this for Incoloy BOO 

material, therefore the "effective stress" should be used. 

The Supplementary rules provide steps for analyzing either 

case to assure that the most valid quantity is considered. 

Appendix T-1431 of reference 20 limits the total creep-fatigue 

damage to unity for an elastic analysis. In the Supplementary 

rules the total creep-fatigue damage is limited to the more 

conservative creep-damage envelope based on Figure T-1420-2 of 

reference 20. The reason for this change is that the 

Supplementary rules allow the use of the less conservative 

inelastic fatigue curves, therefore any unaccounted for cyclic 

hold time creep will be covered by the additional conservatism 

in the damage envelope. 
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Glossary 

T • required temperature of salt leaving receiver (set-point) 
asp 

mn - demanded salt flow rate 

T - mid-point temperature measurement m 

T - mid-point temperature reference (set-point) 
m 

r 

T - end-point temperature measurement a 

T - end-point temperature reference 
or 

Cl,ET - control gains a 

~t - sample period 

QE - estimated absorbed power 

m - measured salt flow rate 

C • aB/aT for salt p 

m - mass of salt in receiver 

To • temperature of salt leaving receiver 

Ti - temperature of salt entering receiver . 
T - differential of temperature w.r.t. time 

N - number of panels in the receiver 

m - mass of salt in panel n n 

T - temperature of salt leaving panel n 
on 

m - valve stem position, mE [0,1] 

R - valve rangeability (assumed - 50) 

a. - fractional open of valve, aE [0,1] 

p - density of salt 

AP - the pressure drop across the valves fully open vmin 

QFFC - Quasi-Feedforward Control 

OQFFC - Optimal Quasi-Feedforward Control 
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SummarY 

This report documents the results of a study into the control of a 

thermal receiver. The study was centered on a quad-cavity receiver and 

analyzed the effect of passing cloud on performa~ce. The result for 

an advanced control algorithm show the receiver to be controllable 

within the temperature constraints imposed even in a worst case 

envirolllDent. 
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1. INTRODUCTION 

1.1 Previous Control System Analysis 

The development of the ·Moken· Salt Receiver Subsystem (RS). control 

system has been based on previous work performed by Martin Marietta. 

The past analysis made use of a computer simulation to predict 

performance using two control concepts: two point temperature feedback 

(ref 1) and quasi-feedforward control (ref 2). In each case, the aim 

was to control salt outlet temperature from the receiver while random, 

unmeasured solar fluxes impinged onto the receiver. 

The first technique, two point temperature feedback, uses two reference 

points on the receiver to generate error for control command. The 

errors in the salt outlet temperature and salt temperature measurement 

part way along the receiver are both used to determine the required 

salt flow. As will be shown, this technique suffers two draw backs. 

First, the mid-point temperature reference is sensitive to changes in 

the spacial distribution of flux. Secondly, the flux disturbance 

period tends to be significantly faster than the salt residence time 

between temperature measurement locations. These two problems present 

a conflict in setting control gains that will be both stable and 

effective in minimizing the errors. 

One method of eliminating this problem is to measure salt temperature 

at the header of every panel on the receiver. This ensures a residence 

time between measurements that is sufficiently smaller than the flux 

disturbance period. These measurements are used to estimate absorbed 

thermal power which in turn is used to set the control demand. This 

quasi-feedforward control (QFFC) has been demonstrated using both 

simulation techniques and the Salt Receiver Experiment at Sandia Labs, 

Albuquerque. Figure 1.1 show results from the SHE where a simple form 

of QFFC was employed. 
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With the QFFC developed during the present program, deviations··from set-points are 

minimized even with the most severe cloud transients. The development 

also illustrated the ability of QFFC to ensure against overheating the 

receiver. tubes during severe transients. 

1.2 The Cloud Transient Problem 

The analysis of the· RS control problem has been centered on what is 

considered to be the most severe transient. This is represented by a 

cloud moving off a field of heliostats such that the flux pattern is 

varied not just in time but in space also. 

This presents two severe problems for the control system. First, the 

salt flow through the receiver (with the cloud over the field) 1s 

initially low resulting in very large residence times and a consequent 

tendency towards instability. Secondly, the variation in flux patterns 

that increase in magnitude affects an overheating of the receiver. As 

the thermal design is so close to limits, such deviation 'could be 

damaging and are thus undesireable. 

Analysis has been generally limited to this worst case condition as 

defined in paragraph 1.4.4. It will be shown that such a cloud 

transient is controllable using an advanced form of QFFC. 

1.3 The Receiver Configuration 

The Receiver schematic shown in Figure 1.2 shows the configuration 

considered in this study. The essential features are: 

a. The salt flow through each of the four sets of panels (control 

zones) can be controlled independently. 
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b. The salt flow through a panel is controlled by two parallel acting 

valves which work independently using a common set-point (flow 

rate). This ensures against one valve sticking, with the risk of 

damaging a panel through overheating. 

c. Each control zone consists of 10 panels. 

It has been assumed throughout the study that the pressure head across 

the surge tank and collection tank is constant. Therefore, the maximum 

flow rate capability between the two remains constant. 

1.4 Control Requirements 

Paragraph 1.2 presented the type of cloud transient which the control 

system must be capable of handling. As such, it forms part of the 

control requirements. The remaining requirements used in the control 

system evaluation are outlined below. 

1.4.1 Steady State Operation 

a. Salt inlet to RS: 288 ± 15°C (550 ± 27°F) 

b. Salt leaving RS: 565 + 5°C (1050 ± 10°F) 

1.4.2 Operating Cloud Cover Transients 

a. Salt inlet to RS: 288 + 15°C (550 ± 27°F) 

b. Salt leaving RS: 565 + 30°C (1050 ± 53°F) 
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1.4.3 Load variation: The RS shall be capable of meeting the temperature 

requirements stated in paragraphs 1.4.1 and 1.4.2 at part load 

conditions ranging from 25% to 116% of the design rating. 

1.4.4 Cloud Transients: The RS shall be capable of controlling a transient 

in the flux distribution caused by a cloud or clouds traversing the 

heliostat field a speed no greater than ,13 m/s. 

1.5 Control Techniques 

The initial aim of the analysiS was to investigate the application of 

two-point temperature feedback and QFFC to the cloud transient problem 

as applied to a quad~cavity receiver. As will be shown, the two-point 

temperature feedback scheme was soon discarded due to its inability to 

tightly control a dissimilar cloud transient. 

Quasi-feedforward was then developed with the following objectives: 

1) Apply QFFC such that standard PID controllers can be applied to 

control salt-flow, 

Ii) Introduce an override in QFFC such that the salt, temperature does, 

not exceed 1080°F, 

iii) Introduce an additional override in QFFC such that the panel 

wall exterior temperature does not exceed 1200°F, 

iv) Investigate the use of an optimal control strategy. 

Objectives ii) and iii) are not part of the control requirements 

outlined in para. 1.4, but were included as a means to safeguard the 

operation of the receiver. 
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• 

Objective iii) also required the development of an optimal filter to 

minimize numerically induced noise. Objective iV) was proposed to 

improve control by minimizing salt temperature error leaving the panel, 

thus steering the control such that it was less prone to hit the 

temperature limits and induce control overide. 

Each of the techniques derived by the objectives have been investigated 

and their relative performances compared. 

1.6 Method of Analysis 

By using salt flow through the panels to control salt outlet 

temperatures, the process becomes non-linear as the outlet temperature 

is inversely proportional to salt flow. Although analytical techniques 

can be used to investigate such a system, it was deemed expedient to 

use simulation alone for the study. The reasoning behind this decision 

is centered on the availability of MITAS as an accurate simulation 

tool to predict temperatures across the receiver. To achieve this, it 

is necessary to include the control algorithms as subroutines in this code. 

To this end, a simple FORTRAN program was written which predicts 

receiver performance witn su£ficient accuracy (MITAS) for the purposes 

of this ~evelopment. The control algorithm was developed as a subroutine 

within this simple program and on completion transferred to the MITAS 

program for evaluation. This technique led to an efficient method of 

control design minimizing the effort required using the more expensive 

MITAS program. 

References 

1. Solar Central Receiver Dynamic Control Study, July 1981, Martin 

Marietta Corp. Rep. No. R81-44002-1. 

2. Control Simulations of a Molten Salt Solar Thermal Central Receiver, 

Martin Marietta Corp. De Rocher, Melchior, McMordie 
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2. NO POINT TEMPERATURE FEEDBACK 

2.1 Description 

The control configuration is illustrated in F.lgure 2.1. This diagram 

shows the control system superimposed onto the receiver panel assembly. 

The control algorithm uses two temperature measurements: the end pOint 

and a midpoint. These are compared with references, operator set

point, 'and are used to generate a demanded salt flow rate. This demand 

is formulated using the control law described below: 

m • d 
~t L Cl(T -T j + ~t r: °ET

or 
{ 

'T-T 

m mr 0 

where: md 
T 

m 
T 

mr 
T o 
T 
or 

CI,tT o 
At 

- demanded salt flow rate, 

• mid-point temperature measurement, 

• mid-point temperature reference (set-point), 

• end-point temperature measurement, 

• end-point temperature reference, 

• control gains. 

• sample period. 

As described in the introduction, the demanded salt flow rate is used 

to position Flow Control Valve 2 (FCV2) and the salt-flow rate error is 

corrected via Flow Control Valve 1 (FCVl). This will be further 
explained later in the text. 
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The control algorithm works in two ways. An error in the temperature 

profile is first noted by the mid-point term, Tm-Tmr' This error 

is integrated to correct the salt flow rate for thermal balance. Due 

to cloud induced changes in the spacial distribution of flux, the 

reference temperature, Tmr , set by the operator will often be in 

error. To correct for this, the output temperature error, To-Tor' 

is integrated twice so that in steady-state, it will outweigh any error 

introduced by using an incorrect mid-point temperature reference. 

Three control limits are p1acedon this law, modifying 2.1 to: 

The RBS limits the maximum salt flow acceleration demanded; this 

prevents the control from becoming divergently unstable. 

The limit on .the LBS is to prevent the control law from demanding 

either less than 25% or greater that 125% of the full-load salt flow 

rate. The minimum level limit, 25% has a two fold purpose: 

a. It ensures flow rate when a cloud moves onto the field. 

b. As flow reduces, the residence time increases. Too large a 

(2.2) 

residence time produces instability~ which is prevented by this limit. 

2.2 Simulation Results 

Figure 2.2 shows the results from using the control law (2.2) to 

compute flow using a self-similar transient. This type of transient is 

C-l3 



t-
0 

t-
E 0 

0 

/0; 
.... 

U 
0.., 
~ 
1ft 

U U 
II ., 
." ." 0 
0 0 0 
Q .. ~ -..., .., u 
VI 1\1 &AI 

." -.. .. 
&AI 

~ ~ 
z: -• • 0 0 

0 t-
~ ~ 0 0 

0 1ft .. .. 0 
Q 0 1ft -Q - • 
.. t-

0 

c.=I z '" - 0 
:a Q 

." .. 
0 

~ 
~ 

a: 
~ - 0 
z: 0 - .., 
." 

I 
"-
~ 
&AI 
." 

0 
0 
N 

8 -
o 

8 
1ft 

8 .. 

TWO POINT TEMPERATURE. FEEDBACK: SELF SIMILAR LOAD S\~ING Fi.gure 2.2 



I 

I 
" 0 

" 0 en 
.. 

I 
" 0 co 

T 
I 
" U'\ 

i 
I . 
" 0 

- i 
I E -en 

I M 
U'\ 

i ~ 
Z 

I I 
M 
U'\ 

I 'i 
1 

, 

"-

I 
M 
U'\ co N 

.1 
I 
~ en 
I 

lh 6 Lh 0 ... ... 
(MW) H3MOd CI3mfOSav 

PANEL WISE FLUX DISTRIBUTIONS Figure 2.3 
C-15 



hypothetical in that there is no distortion in the flux spatial 

distribution. In this case, the flux was held at 10% of the design 

point until 300 secs, and then ramped up to 100% in 40 seconds. The 

control gains for this rQn Were set heuristically and represent the 

best achievable performance. 

The mid-point temperature reference was set assuming the distribution 

of absorbed power shown in Figure 2.3. The same mid-point reference 

was then used for a second simulation run this time with the power 

level attenuated to a distorted profile. This profile is shown 

superimposed onto Figure 2.3, and is an arbitrary choice, not 

representative of any particular cloud but used solely for 

investigatiQn of performance. The results are shown in Figure 2.4. 

As can be seen in Figure 2.4, the temperatures converge onto the 

set-points relating to the 100% power level, but an attenuation to the 

distorted levels of Figure 2.3 results in an error in the salt outlet 

temperature. The error is corrected by reducingET. as shown, but this 

tends to upset stability. 

These results are pessimistic in that a hypothetical distortion in the 

flux distribution is used to simulate cloud cover. Figure 2-5 shows 

results for the MITAS model using a realistic cloud. The results show 

the same effect, which although not so severe, show the algorithm to be 

unable to control when clouds cover part of a field of he1iostats. 

2.3 Conclusions 

The justification for the control algorithm defined by 2.1 .is based on 

a brief analysiS of a suitable Liapunov function. Further detailed 

analysis would have been warranted had the results been more 

promising. Consequently, no further analysis was performed as the 

quasi-feedforward control, described in the next section, promised 

better performance. 
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3. QUASI-FEED FORWARD CONTROL 

3.1 Basic QFFC 

The pr,incip,le of QFFC is to estimate the thermal power absorbed .by the 

receiver in order to set the required salt flow rate by thermal 

balance. The algorithm used to estimate the absorbed power is comaonly 

called an observer, and in this application can be expressed as: 

QE - mC (T -T i ) + me T pop 

~here: QE· estimated absorbed power 

m ... measured salt flow'rate 

C .. specific hea~ of salt p 
m ... mass of salt within the node 

T ... temperature of salt leaving 
o 

the node 

:i ... temperature of salt entering the node 

T ... differential of .salt':temperature with .respect to time. 

Equation 3.1 is an accurate means of calculating absorbed thermal power 

during steady state when the outlet temperature is constant. During 
• 

(3.1) 

transients it is a first order approximation as long as ~ is approximately 

the same throughout the Dode. Therefore, a panel-wise application 

of equation 3.1 can be used to calculate absorbed power during both 

steady-state and transient operation. 

To thermally balance the receiver we use: 

where T • required temperature of salt leaving receiver (set-point) o sp 

~ - demanded salt flow rate 

C-l9' 
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Figure 3.1 illustrates the application of this method to the receiver. 

As shown, the temperature of each header is used with the mass of salt 

in each panel to calculate the absorbed power using: 

QE N • 
- • meT -T) + L m T 
Cp oN in_I n on 

where: N - number of panels in the receiver 

mn - mass of salt in panel n· 

T • temperature of salt leaving panel n o 
n 

Using equations 3.2 and 3.3 the salt flow demand is determined. This 

demand is used to control two parallel operating valves as before, one 

operating open loop via a function generator, the second operating 

using flow feedback to correct flow errors. This arrangement ensures 

correct salt flow should one of the two valves jam. 

To emulate the control system in the computer model, equation 3.3 was 

expressed in digital form as: 

N [Ti (th·Ti (t+~t )~ 
QE/C - meT (t)-Ti (d) + L mi . ~t 
pOi_I 

where: ~t - sample period (set at 1 second). 

This control algorithm was then evaluated against an E-W cloud moving 

off the heliostat field - a worst case: Figure 3.2 shows the total 

absorbed power as a history. 
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Figures 3.3a and 3.3b show the results, the notation for these diagrams 

is given in Table 3.1. The figures show a receiver starting from warm 

standby (550°F) with flux instantaneously focused onto the panels from 

a field partially covered by cloud. The receiver is allowed to heat-up 

after which the cloud is removed from East to West after 10 minutes. 

The history of salt outlet temperature shows a stable response with 

minimal overshoots. This is to be compared with two-point temperature 

feedback, Figure 2.4, where the temperature overshoots and suffers 

steady-state errors. 

Figure 3.3a also shows the parallel valve action. The valve operating 

open loop uses a position function which assumes the second valve is 

50% open. It then moves with salt flow demand. The flow feedback 

valve moves only to correct small errors in salt flow moving about the 

50% position. 

Figure 3.3b shows the salt-flow and salt flow demand coefficients 

(normalized by maximum salt flow rate). The demand never reaches the 

maximum limit (1) and the flow always follows the demand closely. 

The main conclusion to be drawn from these results is the need to 

minimize the overshoot in salt temperature shown in Figure 3.3a. It is 

desirable to keep the salt temperature below 1100°F. 

3.2 QFFC with Salt Temperature Limitations 

One method of minimizing the temperature overshoot is to move the 

minimum salt flow rate according to the temperature of the salt in each 

header. Using the same observer and thermal balance equation we have: 

QE 
C (t,n) - ia· 

p 

N 
(TN(t)-T (t» + L mi n i"""11+1 

for the observer, and for the thermal balance 

where TM&X • maximum salt outlet temperature 

rTi (t)-Ti (t+~t) 
L t.t 

Tk • salt temperature of header to panel k 
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TABLE 3.1 - nGCRE CONVEN'lION OF SIMDLATION RESULTS 

Figure a: 
• 

Receiver Outlet Temperature 

Peak Ketal Temperature 

Valve, open loop 

feedback loop 

Figure.b: 

Peak Ketal Temp. to be controlled 

Estimate of controlled Ketal Temp. 

Normalized Flow Demand 

Normalized Flow Keasured 

Normalized Flow Demand 

Normalized Kiniaum F10~ Level 
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Equation 3.5 is used to calculate the power absorbed from panel n to 

the end of the zone. Equation 3.6 is used to calculate flow for 

thermal balance from panel k to the end of the zone. Fora receiver 

with N panels, there are N values for mk , and the largest must be 

chosen i.e., 

Note the absolute minimum flow rate of 25% of the design flow (m2S%)~ 

In flow diagram form, this new algorithm is shown in Figure 3.4. This 

algorithm was tested against the E-W cloud transient (Figure 3.2), 

results are shown in Figure 3.Sa and 3.Sb. As can be seen, the salt 

temperature overshoot is effectively limited. However,~gure 3.Sb 

shows the history for the minimum flow rate (FCOEFFM). There is 

oscillatory motion during transients and a filter on demanded flow is 

required to dampen the effect on demanded flow. A more stable response 

would allow the salt to reach the limit (set-point) 1080°F • 

3.3 QFFC with Salt and Wall Temperature Limits 

(3.7) 

As pointed out in the Introduction, one of the objectives of the control 

technique is to provide overrides to prevent excess metal temperatures. 

Consequently, an adaptive model has been defined to predict wall 

temperatures. Figure 3.6 illustrates this model where measured wall 

temperature, via a radiometer, is correlated with absorbed power, salt 

flow rate and salt inlet temperature. 

The heat transfer equations for the control mode are: 

(3.8) 
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6~(T -T ) + G (T -T ) - 0 
• S w. W W w. 

n 1 0 1 

G (T -T ) + Q • 0 
W Wi Wo 

hence: 

riC (T -T ) = Q' + Q" 
P sn. si 2 

Equations 3.8-3.11 yield the model form: 

L@. T 
W 

o 

lj(O 'ffi") Ic G +G 
= T + Z P + Q' S W 
54' G G ... m s W 

From equation 3.12 we define aD adaptive model. 

(kl 
T "" T + [Q/Cp l • 11 + k2) 

we Si 

The radiometer measurements of wall. temperature is used to generate 

samples, Tw , and the terms kl and k2 are determined as 
m " i\ 

regression coefficients kl , k2 using as a cost function: 
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1. 
J ~ E (T -T ). 

• w w J 
J m e 

Renee, the optimal predicted wall temperature is 

Equation 3.17 can be rewritten in the form: 

where: m • minimum salt flow rate min 
T • wall temperature limit (maximum) w 

o 
QE1 • power absorbed before panel being controlled 

Q~ • power absorbed by panel being controlled 

and the minimum flow can be computed using the header temperature 

feeding the controlled panel. Renee, the biggest minimum-limit flow is 

chosen as for the salt limit control case (equation 3.7). The observer 

is again used to determine the .fluxes. 
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Figure 3.7a and 3.7b show results with the algorithm predicting wall 

temperature alone. Figure 3.7b compares peak metal temperature (~) 

wi th that predicted by equa don 3.17 (.t.. ). As can be seen, the 

algorithm requires some time to settle during transients. 

The limit applied for Figure 3.7 was l400°F. To see the effect of wall 

temperature limiting, this was reduced to l200°F, the results are shown 

in Figures 3.8a and 3.8b. Comparison of Figures 3.7b and 3.8b show the 

wall temperature to be limited to l200°F as desired, where before it 

peaked at l250°F. Comparison of Figures 3.7a and 3.8a show the salt 

temperature during startup to asymtotically converge on the set point 

with no overshoot. This is due to l200°F being a design point for the 

panel being controlled. Further comparison between the two runs shows 

the noisy effect wall temperature limits had on flow and valve 

demands. These effects were minimized by replacing the suboptimal 

filters with optimal filters. 

3.4 Optimal Filters 

The wall temperature control introduced too much noise into the control 

for sub-optimal filters. Consequently, optimal filters were employed 

for the type: 

9 (t) ... e(t ) + [t-t ] e (3.19) 
e 0 0 

and the variable to be filtered compared with ge using the cost 

function 

hence 
aJ aJ A A 

!!I.e • ~ • • 0 .... eo and e 
g 0 ~& 
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giving the filtered variable: 

~ 

e (t) 
A ~ 

= e(t ) + [t-t ] • e (3.22) 
e o 0 

This filter was used on each estimate of absorbed power and the 

demanded flow to smooth numerically induced noise. 

3.5 Optimal Control 

Suboptimal control used a thermal balance across the receiver to 

achieve the correct salt temperature at the outlet(ref. equations 3.2 

and 3.4). This technique is susceptible to errors during transients 

when shifts in flux distribution causes distortions in the temperature 

spacial profile. Such distortions cannot be absolutely controlled. At 

best, the consequent errors in outlet temperature can only be 

minimized. This leads to an optimal control strategy where an optimal 

flow rate is defined as that which minimizes the sum of the square of 

the predicted outlet temperature errors from each panel header in a 

control zone. This is described mathematically by the cost function: 

J 

wker. 

N 

-k (T -T ) 
°sp 0 n 

~ • number of panels 

n = panel 

T • outlet temperature set-point 
o sp 

T • predicted outlet temperature from panel n 
on 

The outlet temperature is predicted by the steady state thermal balance 

equation. 
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0: T 
i 
n 

where 
" d . t = observed absorbed power between panel n an eX1 

1 ' , • salt temperature at pane n 

Substituting 3.24 into 3.23 the cost is minimized w.r.t. the control 
• 

variable, m (salt flow rate), hence 

dJ 
_D dm 

.. 

Equation 3.25 constitutes Optimal Quasi-FeedForward Control( OQFFC). 

Results from the implementation of the control are shown in Figure 

3.9. These can be compared with their sub-optimal equivalent in 

Figures 3.7. The comparison does not show significant difference other 

than the period 2 to 4 minutes. In comparison to the sub-optimal, 

OQFFC is less prone to· be driven by the salt-temperature limit control; 

this can be seen in normalized flow history for demand and minimum 

flows. 

There are definite advantages in using this type of optimal control; as 

yet, insufficient work has been performed to fully realize.them. Areas 
I 

for future investigation should include: 

a. use of weighting factors in equation 3.23 to better minimize the 

outlet error, 

C-40 
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b. integration of salt temperature limits into equation 3.23 to 

"steer" the receiver away from limiting temperatures. 

The latter feature, b, was attempted using a barrier function, but this 

led to undesirable effects on stability and was abandoned. 

3.6 Maximum Thermal Load 

The baseline design does not use the maximum feasible thermal power 

generated by the heliostat field at midday. With all the heliostats 

operating, a maximum relative power would be 116%. Using this as a new 

level, the same cloud transient was re-run to determine whether a flow 

rate maximum of 125% design load would be sufficient. 

Figure 3.10 show the results which should be compared with the standard 

run shown in F.Lgure 3.8. Note that the wall temperature limit of 

l200°F was again applied as shown in Figure 3.l0b. 

Figure 3.l0a shows the salt temperature to overshoot and not be 

controlled to 1080°F as defined by the limits set point. The cause of 

this is obvious from the valve histories of KONE and MTWO. As can be 

seen, the higher flux level of 116% requires the feed forward valve to 

be fully open. This results in a flow error, illustrated by the flow 

and demand histories shown in Figure 3.l0b. This error drives the 

feedback controlled valve which corrects the error. It can be seen 

from the response of that valve that there is scope for improvement. A 

revision to the control of the parallel valves would enable the salt 

temperature overshoot to be reduced. 

However, even without the revision to the control systems, the receiver 

was safely controlled through this extreme transient. 
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3.7 Group Cloud Transient 

The partial cover cloud transient was considered a worst case due to 

the distorted flux profile producing large temperature overshoots. In 

addition to this a further transient has been investigated; the group 

cloud transient. 

The group cloud transient consists of a number of clouds sequentially 

crossing the field distorting the flux profile by casting shadows which 

traverse the receiver. The consequent effect on absorbed power is 

illustrated by the history shown in Figure 3.11a. 

The results are shown in Figures 3.11, b, c, and d. As can be seen, 

the control algorithm successfully cycles the salt flow to match 

absorbed power and the salt outlet temperature is kept will within 

tolerable limits. Comparison of flow demand and the minimum flow level 

show the effect of salt temperature limit in minimizing the temperature 

overshoot. 

In conclusion, it can be seen that the group cloud transient can be 

controlled well within limits. 
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4. CONTROL POR STARTUP AND OPERATION 

4.1 Salt Plow Control Punctions 

The general controls for the receiver are shown in Figure 4.1. The 

control functions include: 

a) Collection Tank level control. ensuring single phase flow of salt 

in the downcomer and dissipating excess fluid energy across the 

valve (09). 

b) Inlet Tank level control is used to minimize the parasite power of 

the cold salt feed pumps. 

c) Minimum Flow controls using valves 10 and 11 ensure a minimum flow 

through the feed pumps (they could also be used to control the 

temperature of the salt returned to thermal storage such that the 

salt could be dumped into the cold salt tank if required). 

d} Recirculation Pump control is used during overnight standby to 

circulate salt. 

e} Inlet Tank pressure control is bang-bang type used for initial 

pressurization and emergency usage. 

f} During hot salt generation. the salt flow through the receiver is 

controlled by valves 01-08 as explained in the next section. 
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4.2 Salt Flow Control During Receiver Operation 

The previous chapter described the use of QFFC and it's application to 

the thermal receiver. The control function diagram as applied to one 

zone is shown in F.1sure 4.2. Included are additional features for 

system redundancy. These minimize the down-time due to failures as 

well as maximizing the safety of the receiver. These features are: 

a) Beader Temperature Auction selects the median value of three 

independent measurements of each header temperature. This level of 

integrity can include the low-level signal sensor and A-D converter 

by inputting each measurement on independent boards. Bence, any 

one of the three measurements of header temperature from the 

thermocouple through to the A-D converter can fail without loss of 

control of that panel. Process controllers generally include the 

necessary firmware to implement this strategy. 

b) Flow Sensor Redundancy is achieved by measuring the flow from the 

inlet tank feeding all four zones. This can be used to back-up any 

one of the flow sensors related to the eight FCV's. Identification 

of a failed flow sensor is made via the knowledge of inlet tank 

pressure and the position of each FCV. 

c) Flow Control Valves are redundant in that even with one FCV out of 

commission, the control can be reconfigured to control flow using 

the remaining parallel valve. 

4.3 Receiver Warm and Fill Procedure 

The startup of the receiver requires the following steps. 

1) Warm the receiver with trace heating and heliostats. 
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2) Fill the receiver with cold salt (@ SSO·F). 

This prewarm of the receiver, step one, requires feedback to the 

operator indicating panel temperature. For this purpose the 

thermocouple probes situated in the panel headers can be used. But 

additional measurements of the tube temperature will be required. T~ 

this end radiometers situated in each cavity will be focused on 

specific panels areas which are indicative of the receiver temperature 

(three in each cavity should suffice). The trace heaters used for 

prewarm also require thermocouple measurements: up to ten trace heaters 

will be used with two thermocouples measuring the control temperature. 

In total, instrumentation for prewarm, required in addition to that for 

control, can be summarized as: 

i) 3 radiometers per cavity, 

ii) up to 20 thermocouples. 

Having warmed the r.ceiver, the fill procedure can be commenced. This 

sequence of events is summarized by Table 4.1 and assumes salt flow to 

the pumps has been established. 
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STEP 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE 4.1 - RECEIVER FILL PROCEDURE 

FUNCTION 

Start pumps with V09-l0 open and Vll controlling 

m1nimum flow through constant speed pumps. 

Open VOl-08 and Vl2-50. 

Enable collection tank level control via V09. 

On stabilizing tank levels: 

Close VOI-08, V13-29 and V31-50. 

Change V09 level setpoint to empty drain/fill line. 

Close V30, then reset V09 level set point. 

With stable collection tank level, apply inlet Tank 

level control to VIO and variable speed pump control. 

Pressurize Inlet Tank via Vl2. 
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4.4 Receiver Trip Conditions 

The trip conditions outlined in Table 4.2 will first alarm the operator 

when they exceed certain bounds. If the condition continues to 

deteriorate and exceed a second bound,.the receiver will trip. The 

consequences of a receiver trip will be the immediate defocus of the 

heliostats. 

All of the instrumentation requirements for the trip function are 

covered by those of the startup and normal operation of the receiver. 
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TABLE 4.2 - RECEIVER TRIP CONDITIONS 

1. Inlet Tank; pressure loss, low level 

2. Cold Salt Pumps; pressure loss, low cold salt sump level 

3. Outlet Tank; level too high 

4. Pneumatic Power; excessive valve positioning error due to loss of 

pneumatic power 

5. Receiver Panels; excessive heating (temperatures) 

6. Receiver Door; accidental closure 

7. Instrumentation; mUltiple failures 
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5. CONTROL HARDWARE 

5.1 Salt Flow Control Valves 

In choosing the type of flow control valve it is necessary to consider 

the linearity of the installed flow characteristics •• The following 

analysis pertains to the parallel valves FCVl and FCV2 configured as 

shown below: 

... ~?" • .. ~? 

where: m. - salt flow rate 

A p - pressure drop across valves v 
A p - total pressure drop to atmospheric 

k - receiver pressure drop constraint of 

The flow through both valves is defined by: 

a2.C (p.1P )~ 
v v 
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where both valves are sized to give the same Cv at 100% open, and 

a* • fractional open of valve, a e [0,1] 

P • density of salt 

the pressure drop across the whole is: 
I 

!::.P .!::.P + tan2 
V 

Defining the non-dimensionilized flow as 

and substituting 5.3 into 5.4, we have: 

AP-AP 
j1 = AP-AP v 

vmin 

where AP is the pressure drop across the valves fully open. vmin 

From equation 5.1 and 5.2 we have: 

4 

Hence, equatioDs 5.4, 5.6 and 5.7 yield: 
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combining 5.5 with 5.8 

(5.9) 

From equation 5.9 the linearity of a valve set can be investigated. 

For this two types have been considered: 

Linear Valve: 

Equal % Valve: 
11-1 

a • It 

,.-here: 11. valve stem position. 11 t [0,1] 

It • rangeability (assumed • 50) 

(5.10) 

(5.11) 

Figures 5.1 and 5.2 ShOWD the flow characteristics for both types of 

valves. Comparing the two figures it can be ~oncluded the equal 

percentage valve give the best flow vs position characteristics for the 

following reasons: 

a) Linear Valves have a large stem travel to achieve full flow, stelll 

travel should be minimized. 

b) Linear Valves give non-linear flow characteristics over the 

mid-range of operation and a low gain over the high-flow range. 

c) Equal percentage valves need only be operated between 40% and 100% 

open due to the 25% minimum flow operation. 

d) Over the majority of working range (50-100%) the equal percentage 

valves yield good linearity, simplifying feedback control • 

• For these reasons, equal percentage valves should be used for receiver 

flow control. Hence. the flow characteristics described by Figure 5.2 

were implemented in the control subroutine used for the KITAS results. 
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5.2 Hardware for Control Algorithms 

The general controls outlined by Figure 4.1 consist of standard PlD 

type controls and can be realized using hardware readily available. 

The receiver flow control algorithm, however, is non-standard as it 

consists of a specialized control algorithm. 

There is the option to use one of three possible control algorithms: 

simple OFFC, OQFFC with a limit on salt temperature and OQFFC with 

optimal filtering and the control of panel wall temperature. The first 

two cases can be solved using PID controllers as will be shown, but the 

optimal filtering and wall temperature control require software more 

advanced than a PlD. 

The simple QFFC and OQFFC with salt temperature limit both use a PlD 

type algorithm to construct an observer. Recall, the digital form of 

an observer Is: 

c p 

N 
m(T -T.) + [ 

o ~ n=1 

(T (t+Dt) - T (t» 
n n 

The digital form of the PlD controller Is: 

[
.1t TD ( • )l e = kp £ + Tl E t + Llt •. e:(t+Llt) - s(t) J 

As can be seen, the two forms can be equated making the following 

observations: 
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e 
0 

.... h~re 

6 .. .... 

... k 

k p 
E: 

= 

k 
P 

£ 

k 

S 
P 

= m (adaptive gain) 

., (T -T.) 
o 1 

p Itk (t+Atl 

= 

= T n 

-10 
(F:k(t+':'t) +-

At 

To = ~n (constant) 

- &k (tl)] 

k _ panel reference (1 through ~) 

(5.14) 

(5.15) 

- f: .. (t+.6 t) (5.16) 
.... 

The remainder of the blocks used in the simple QFFC and OQFFC with salt 

temperature limits are found in the standard software of digital 

controllers. 

The application of panel wall temperature control requires the use of 

data histories of the optimal filters and adaptive model. These take 

the form of FILO stack holding a limited number of samples forming the 

history. This type of software is not generally available in the PID 

type controllers. However, this control can be applied when either 

multi-loop controllers or a larger computer are used for direct digital 

control. Also, some manufacturers such a Westinghouse provide a 

calculator type card which could be used for this control. Similarly, 

Bailey (Network 90) will soon be marketing a micro-processor which can 

be mounted in the distributed control rack and programmed in BASIC (it 
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is not limited to specialized software as are the control cards). 

Consequently, although the panel temperature control algorithm cannot 

as yet be realized in distributed type systems, it is envisaged that 

this limitation of hardware will be short lived and would not cause a 

real problem long term. 

5.3 Instrumentation for Control and Data Acquisition 

The controls defined in the text and for the configuration illustrated 

in Figure 4.1 have been listed in Table 5.1 and summarized in Table 5.2. 
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ITEM MEASUREMENT 

1 

2 

3 

4 

Collection 
Tank Level 

Downcomer 
Level Switch 

Flow through 
variable 
Speed Pump 

Flow through 
Constant 
Speed Pump 

5 Inlet Tank 
Level 

6 Flow from 
Inlet Tank 

7 

8 

9 

Inlet Tank 
Pressure 
SWitches 

Inlet Tank 
Pressure 

Flow to FCV's 

10 Salt Temper
ature 

TABLE 5.1 - INSTRUMENTATION LIST 

RANGE FUNCTION 

Level feedback to V09 

ON-OFF Emptying Fill/Drain line 
duriqg start-up 
operation 

i) Minimum flow though 
VIO 

ii) Variable speed 
control 

Minimum flow through VII 

Level feedback to vari
able speed pumps for 
trim of flow control 

i) Provides redundancy 
to flow measurements 
through V01-08 

ii) Control of variable 
speed pumpS 

ON-OFF Bang-Bang control of 
pressure in inlet tank 

Used in the FCV redun
dancy scheme 

Flow feedback on V01-08 

Used by the absorbed 
power 'Observer' 
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QTY COMMENTS 

1 

1 

3 Assuming three pumps 
in parallel, one flow 
sensor is required for 
each 

I Assuming the constant 
speed pumps feed a 
common header, only 
one sensor is required 

1 

1 

2 Generally only used 
during start-up and 
emergencies. 

1 

8 Each of the four 
zones requires two 
flow sensors 

144 Each header has 
three sensors which 
are auctioned to 
provide redundancy. 
These are 
thermocouple probes. 



· TABLE 5.1 - INSTRUMENTATION. LIST (C()N1'INUED) 

ITEM MEASUREMENT RANGE 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

Trace Heater 
Temperature 

Wall metal 
temperatures 

Status of ON-OFF 
Isolation 
Valves Vl3-S0 

Status of ON-OFF 
Isolation 
Valves VSl-S2 

Status of ON-OFF 
Isolation 
Valves VS3-S4 

Position of 
FCV's VOl-08 

Position of 
FCV's V09-ll 

Position of 
V12 

Motor Speed 
for variable 
speed pumps 

Vatiable 
speed pump 
pressure 

Constant speed 
pump pressure 

FUNCTION 

Monitor prewarm 

QTY COMMENTS 

20 10 independent mea
surements 

i) Monitor for trip con- 12 Radiometers must be 
ditions and failures used for this mea-
during Hot Salt gener
action 

Ii) Monitor for pre
warmup by heliostats 
and trace heating 

used during start-up and 
shut down procedures. 

using during warm stand
by 

Remote isolation during 
failures 

Used by redundancy 
scheme 

DA only 

DA only 

DA only 

Failure condition 

Failure condition 
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surement, 3 per zone. 

37 

2 

6 

8 

3 

1 

3 assuming three pumps 

3 assuming three pumps 

3 assuming the first 
stage consists of two' 
series pumps. 



TABLE 5.2 - INSTlUJMENrATIOH SUMMAltY 

ITEM QUANTITY 

Thermocouples 164 
Radiometers 12 
Flow measurements 13 

Pressure measurements 10 

Level measurements 2 

Pressure switches 2 

Level sWitches 1 

Valve pOsitions 12 

Valve status (open/closed) 45 

Motor speed 3 
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6. CONCLUSIONS 

6.1 Quasi-Feedforward control should be used in preference to two-point 

temperature feedback control. Two-point temperature feedback control 

is very sensitive to discomparity between temperature set-points and 

flux distribution as well as being prone to instability. In 

comparison, QFFC uses the one set-point and is thus insensitive to the 

distortions in flux distribution caused by cloud coverage. In addition 

to this advantage, QFFC is easily adapted and can be used to limit the 

peak salt temperatures by over-riding the main control. 

6.2 Peak metal temperatures on the panel surface can be limit controlled 

using a radiometer for temperature measurement. The control uses the 

temperature measurement of the point to be controlled to continuously 

update an adaptive model. The model is then used to predict the panel 

temperature in order to control it by over-riding the salt flow rate 

control. As in the case of salt-temperature limiting, thi~ control is 

an extension of QFFC. 

6.3 The control hardware required to implement QFFC is readily available. 

The PID controller can be adapted for QFFC to implement both QFFC and 

OQFFC with salt-temperature limiting. However, the availability of a 

high-level language programmable controller would improve the 

efficiency and reliability of control as fewer hardware components 

would be required. Furthermore, this type of controller is required to 

implement the optimal filtering used for metal-temperature control. 

The requirement for high-level language for control limits the scope of 

hardware available if fully distributed control is a further 

requirement. However, there is no such limitation with DOC and the 

high-level language type controllers are becoming more available with 

distributed control hardware as time proceeds. Consequently, 

implementing the more advanced control algorithms is not considered to 

be problematic. 
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6.4 The analysis has shown that a quad-cavity receiver can be tightly 

controlled, comfortably within the requirements. 

the area of optimal control would be beneficial. 

Further analysis in 

Such study would be 

aimed at further reducing deviation in salt outlet temperature by 

modifying the cost function used for optimal control. Further 

attention to the control of parallel valves would also affect better 

control. 
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1. BACKGROUND AND PURPOSE 

The pu~.e of this .n.ly.i. i. to det.rain. the ch.ng. in ..xt.u. 

.tre •• and in the .tr ••• di.tribution for .k.wed he.ting froa the 

nor.al-to-the-panel h •• ting a •• u.ption. The effect th.t shading h.. on 

the t.~rature .nd .tr ••• di.tribution i. included in the evalu.tion. 

Initi.l analy ••• of the .. ~r.n. w.ll tube •••• u..d the h •• t flux 

nor.al to the panel, thu., the ..xiau. te~r.ture. and .tr ••••• occur .t 

the tube crown and at the aidpoint of the web .urf.ce. In it. true 

.nvirolUMnt, howev.r, •• ch .. abr.ne w.ll tube .xperi.nc ••• unique h •• ting 

condition rel.tiv. to it. loc.tion in the c.vity. Th. aaxt.ua he.t flux 

i •• t an .ngl. (.k.wed) to the p.nel .nd the di.tribution .round the tube 

i. not an .r •• function (i ••• , co.ine di.tribution). Also, shading of the 

w.b and parti.l .h.ding of the tube can occur. Be.ting at any given 

loc.tion i. not liaited to on. angle of incidenc., but i. a function of • 

range of .ngl •• with h •• t-flux .. gnitude. v.rying throughout this r.ng •• 

Thi. multi-.ngl. of incidence effect. both the aaount of shading and the 

non-co.in. di.tribution. 

Two loc.tion •• re .v.lu.ted in this report (identified •• loc.tions 2 

and 3) which .re repre.ent.tive of aaxiaua skewed h •• ting condition •• 

Martin Mari.tt. (MMC) r.-developed the .kewed heating d.t. for loc.tion. 2 

.nd 3 (figur. 1) ba.ed on the fin.l h.liost.t at.ing strategy for 

d.sign-point, .te.dy-stat., two .ided h •• tilig. 
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To accurately study the effects of skewed heating, a tWO tube model 

is necessary, because neither the tube crown nor the centerline of the web 

is a symmetry line for temperature distribution. This is caused by the 

maximum heat flux being at an angle to the tube crown (figures 2 and .3). 

The shading problem is also defined graphically in figures 2 and 3. 

Figure 2 (and to a lesser extent Figure 3) shows that the angle of 

incidence of the heat flux causes the left hand tube to shade the web and 

the right side of the tube. Therefore there is little or no heat flux 

directly to the web or to the tube at the left side of the web. Actual 

heat flux distributions show some heat flux to the web because there are 

multi-angles of incidence. 
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2. GEOMETRY AND MODELS 

The 2- O.D. tube with 0.065 wall thickness is analyzed. The web 

dimensions are 0.218 inches wide by 0.125 inche~ thick. The complete 

geometry consists of two tubes connected by a web and two half webs on 

either side of the pair of tubes (figure 2 or 3). The use of a two tube 

model (rather than 3, 4, or more) should give reasonably accurate results, 

provided that the boundaries are not totally constrained. The blend 

radius of 40 mils connects the web surface to the tube. 

A 2D plane body FETAP model is used for determining the temperature 

distribution and a 3D one element high FESAP model is used to calculate 

the resulting thermal stresses. A 3-D model is required to obtain 

longitudinal stresses. A very refined grid is used for the FETAP analysis 

to obtain accurate temperatures in regions where shading occurs. 928 

8-Node elements with 3207 nodes comprise the 2-D FETAP model. 

The 3D F~SAP Model is generated from a 2-D (plane body) grid 

consisting of 216 elements (figure 4a). This 2D Model is layered to 

create the 3-DFESAP model, one element, 3/16- high (figure 4b). The 

model has 216 20-node elements and 2009 nodes. The addition of 1064 beam 

elements to one surface provided uniform axial growth generalized (plane 

strain) condition. 
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3. BOUNDAR! CONDITIONS 

The PBSAP analysis has generalized plane strain boundary conditions 

(the top and the bottoa surfaces remain plane and parallel). This is 

obtained by restraining the top nodes against motion in the axial (Z) 

direction and tieing the nodes on the bottoa surface so that they all have 

the same axial displacement. A system of beam elements is used to tie the 

nodes, instead of the FESAP tie-node option, because this restricts the 

size of the solution matrix of equations within the FESAP program and 

savea considerable run time on thia type of model. 

Por the in-plane motions (figure 5), the four midside nodea of the 

web ends (the upper and lower surface, left and right sidea of the model) 

are reatrained in the direction normal to panel (Y). Thia permits some 

lateral bowing, but recognizea that theae pointa are common to another 

tube. The aame two nodea on the left aide are alao restrained in the 

lateral direction (X) permitting in-plane (or lateral) growth. 
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4. THERMAL ANALYSES 

The design point heat flux at locations 2 and 3 (figure 1) is the 

thermal load considered in this analysis. Location 2 is on panel 3 and 

location 3 is on panel 6, both are 2 feet above the aperture centerline. 

The heat flux distribution was developed by Martin Marietta and is 

presented in figures Al, A2, Al, and A4 of Appendix A. These figures show 

a slightly different heat flux to the two tubes plus the left side of the 

left tube is not shaded. The change in the distribution from one tube to 

the next tube is slight, therefore, the heat flux data given for the right 

tube is used in this analysis. Complete shading is evident for the east 

aperture of location 2 on a portion of the tube and web. The remaining 

sides display a lesser degree of shading with a variety of distribution 

occurring on the web. The heat flux is presented at eleven locations 

(16.360 increments) around the tube and at 4 locations in the web. 

Maxiaum heat flux values and corresponding angles of incidence were 

obtained by plotting the Martin Marietta data in polar coordinates 

(figures AS, A6, A7, and A8 of Appendix A). Unlike direct heating 

conditions, maximum heat flux does not occur at the tube crown but at some 

angle from the crown. Por location 2, the maximum heat flux is 165,000 

at an angle of 410 from the crown (figure AS of Appendix A), the value 

at the crown is only 107,700 Btu/Brpt2• Por location 3, the maximum 

heat flux and the angle of incidence are not as extreme as location 2. In 

polar coordinates the distribution is non-circular, therefore, the heat 

flux distribution around the tube is not a cosine function. The cause of 
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the non-cosine function may be that the presumed angle of incidence for 

the heat flux is actually multiple angles of incidence acting in 

combination with the presence of shading. 

An accurate definition of the distribution was obtained by plotting 

the data on rectangular coordinates (Figure 6). Note that these figures 

normalize the heat flux to the maximum heat flux. 

Figure 6 shows that the heat flux is discontinuous in going from the 

tube to the web. The heat flux in the tube appears to be converging to 

zero at the zero angle; whereas, the heat flux in the web is increasing as 

it approached the zero angle corner. We have no explanation for the 

discontinuity. This problem is further complicated by the blend radius 

problem that is discussed in the next paragraph. 

The heat flux curves (figure 6) provide input data for the tube 

surface and web surface, but does not account for the blend radius which 

actually joins the tube and web. There is no direct means for obtaining 

the distribution, so some assumptions are needed. The distribution across 

the blend radius is also a function of the range of angles of incidence; 

but there is no means of directly determining these angles. Therefore we 

have used one angle of incidence; we have assumed this to be the angle at 

which the maximum heat flux occurs. This angle of incidence is used with 

an extrapolated heat flux value; i.e., the heat flux distribution in the 

web is extrapolated to the web-to-tube corner; in a similar manner, the 

heat flux in the tube is extrapolated to the tube-to-web corner. The 

angle of incidence is projected through each node on the blend radius to a 
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web or tube location. The heat flux at that tube or web location is 

assumed to act at the blend radius node. This heat flux is then adjusted 

for projected area; i.e., the blend radius area associated with the node 

is projected to the angle of incidence. A typical distribution is shown 

in Appendix B. 

The plot of Q/Q MAX (figure 6) along the surface of one tube and the 

web provided the input to PBTAP. Carefully reading values from the curves 

at the angle that defines the location of each surface node maintains the 

accuracy of the analysis. Por the blend radius, values are calculated as 

described above and are tabulated in appendix B in a manner convenient for 

PBTAP input. Reducing the chance of error during input preparation, a 

table of weighted nodal areas was assembled using the order of input 

identical to the table containing the normalized heat flux data. The 

output is a file of nodal temperatures to be later input to PBSAP for 

calculating stress. 

Additional input to PETAP includes fluid temperature and film 

coefficient; Table 1 contains the data used in the analysis. The standard 

Material properties Library is used for conductivity, heat stored capacity 

and density. 

Two grids are used in the analysis. The finer plane body grid for 

temperature distributions takes into account the presence of shading where 

sudden changes in heat flow might occur. A courser 3D grid is used for 

stress analysis. Before inputting the temperature output from PETAP into 

PBSAP, the temperature output had to be sorted by PETERP. The node 
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locations of the course grid were developed to be identical with nodes of 

the fine grid; thus no interpolation is needed and no accuracy is lost. 

Next, a 3-D temperature deck had to be created from the 2-D FETERP 

output. Since the 3 layers of nodes (3D Model) all have the same heat 

flux input, the in-plane temperature distributions are identical. Program 

THERM provided the 3-D temperature deck suitable for FESAP input by 

layering the plane node temperatures. 
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TABLB 1 

DA'1'AI'OR PB'l'AP 

" 

LOC. 2 LOC. 3 OHI'l'S 

°1 1145.8 1048.6 B'l'O/Br-IN 2 

°2 1270.8 1000.0 B'l'O/Br-IN2 

'1' 652 837 op 

h '30 1200 Btu/BrPt2 
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s •. RESULTS 

Results include a displacement plot of each of the locations (figure 

7), temperature contour plots (figures 8 and 9), and maximum, minimum, and 

effective stress contour plots (figures 10 and 11). The temperature and 

stress output of the Membrane Wall Program are also discussed and compared 

tp the FESAP results. 

The displacement plots (figures 7a and 7b) show that the tubes 

thermally expand as one would expect and they are compatable with the xy 

boundary conditions. There does appear to be some lateral bowing; this is 

further evaluated in figure 7c. 

The isotherms (figures 8 and 9) give a clear picture of the 

temperature distribution. The maximum temperatures occur at the points 

(i.e., north and east sides of tubes) of maximum heat flux. The web for 

location 2 is substantially cooler than the tube due to the almost 

complete shading on one side and the low heat input from the other side. 

At locations 3, the web may be cooler than the tube, but not by a 

substantial amount because there is appreciable heat into it. The 

temperature contours into the web are smooth, indicating that the 

assumption of heat flux distribution around the blend radius is reasonable. 
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It is interesting to note that only a through thickness gradient 

occurs at the point of maximum heat flux. Moving away from the point of 

peak hea~ing, the circumferential gradient becomes evident. At 900 from 

the point of peak heating, the cool region is found. At this point, no 

temperature gradient is apparent and the tube is at the fluid temperature. 

Temperature contour plots of location 3 (figures 9) show similar 

characteristics. Cool regions again develope where shading occurs, 

however, heat from the web traveling circumferentially tends to restrict 

their growth. In the web vicinity, nearly linear gradients are prevalent 

where the rate of change is gradual. Unlike location 2, location 3 has no 

heat transfer across the web to the adjacent tube. 

Stress contour plots (figures 10 and 11) are presented for locations 

2 and 3, for maximum and minimum principal stresses, and for effective 

stress. The stresses are presented for the two half tubes plus web and 

for the web-blend radius detail. The direction 'of the maximum and minimum 

stress can not be determined from these plots. In the following 

discussion, the term ·Maximum stress· refers to the absolute value of 

maximum principal stress. 

D-24 



For location 2, the maximum stress occurs at the location of highest 

heat fluXI the output data indicates that this is a compressive stress. 

The maximum effective stress occurs at the same location, but is lower, 

reflecting the lower in-plane stresses. The maximum web stresses are 

substantially lower· than the maximum tube stress (28 ksi vs. 44 kSi), 

which is due to decreased temperature from the shading effect. Also, the 

web .aximum stress is an in-plane stress rather than an axial stress, but 

even this in-plane stress decreases in going from the tube, to the web, 

through the web, to the opposite tube. 

The stress levels for location 3 are generally lower than at 

location 2. The maxiaWl stress in the tube is an axial stress and it 

occurs at the location of maxi.WI heat fluX. The maximum effective stress 

also occurs at the location of maximum heat flux, but the distribution is 

very co.plex. There are a number of locations where the effective stress 

approaches themaximua, which reflects the high in-plane stresses (i.e., 

the maxi.um in-plane stresses in the tube approach the maximum axial 

stresses) and the effect of cold spots due to shading. As with location 

2, the effective stresses decrease in going from the tube into the web, 

again reflecting the decrease in heat flow to the web. 
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6. DISCUSSION OF RESULTS 

6.1 General 

The skewed heat flux causes a temperature distribution that is not 

symmetric about any axis including the tube crown and the web center, 

which are the geometric axes of symmetry. This causes a bowing in the 

lateral direction, which has been investigated for location 2. The center 

of the middle web displaces .0013 inches relative to the outer boundary 

(figure 7c). For continuous bowing of an entire panel, the accumulated 

deflection is 0.14 in. This is considered negligible. 

The axial displacements revealed less than a l' spreadJ therefore, 

the beam elements are effective in tieing the nodes together. The 

convergence of stresses is within l' (same node, diffe~ent elements); the 

difference in stress between the two tubes is under 3' (symmetry check). 

Table 2 contains the maximum temperatures from FETAP and the Membrane 

Wall Program. The FETAP temperatures result from maximum heating at an 

angle off the crown; the Membrane Wall Program's maximum temperatures 

occur at the crown;i.e., in both cases the maximum temperatures occur 

where the heat flux is maximum. Comparing the maximum temperature of 

FETAP to those of the Membrane Wall Program, a difference is only one to 

two degrees is noted; i.e., the temperatures are essentially the same 

indicating that maximum tube temperature is solely a function of the heat 

flux and through thickness gradient and is not affected by changing the 

angle of incidence. 
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TABLE·2· 

SUMMARY OF TEMPERATURES 

I'ETAP VS. MEMBRANE WALL 

Location 2 3 
SIDE 1 2 1 2 

Heat Flux 165,000 183,000 151,000 144,000 

FBTAP 924.7 957.8 1043.4 1034.6 
Tube Te-:, 

Membrane Wall 926.9 956.8 1045.2 1035.6 

FBTAP 701 868 
Mean Te .... 

Membrane Wall 836 964 

FBTAP 750 990 
Web Temp 

Meabrane Wall 1046 1131 
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Table 2 also compares the mean tube wall temperatures of both 

programs. For location 2, the difference in mean temperatures is 135 F. 

For location 3, the difference is 96 F. In each case the greater mean 

temperatures occur for direct insolation; i.e., the Membrane Wall Program 

gives a higher mean temperature. The stresses are a function of the 

temperature difference between the temperature at a point and the mean 

temperature. Since skewed heating decreases the mean temperature, without 

changing the maximum, one would expect an increase in the maximum 

compressive stress. The decrease in mean temperature, due to skewed 

heating, results from shading; i.e., any angle of incidence Causes some 

shading and a resultant cold region. 

The angle of inci~ence accounts for most of the increased temperature 

difference (decreased mean temperature) but the non-circular plots (polar 

coordinates) of the heat flux distribution (not a cosine function) are 

also responsible for a decrease in the mean temperature. The area within 

the polar coordinate plot is a measure of the total heat input; the cosine 

function (circle) is a greater area (and thus heat flux) than what was 

obtained. Therefore a cosine distribution is not conservative in this 

application since a circular plot offers a lower ratio of maximum heat 

flux to total heat flux. The higher ratio contributes to a lower mean 

temperature and therefore higher compressive stress. 

Maximum web temperatures (see table 2) are much less for skewed 

heating (FETAP) than values computed for. direct insolation (Membrane Wall 

Program). Web temperatures appear to decrease as the angle of incidence 

increases. This undoubtedly is due to increased shading with increased 

angle of incidence. 
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6.2 STRESSES 

A summary of stresses is presented in Table 3 with additional detail 

in Tables 4, 5, and 6. Str.ss.s in Table 4 are froa the lower .urface 

(tube crown) of the mod.l, whereas, Table 5 stresses are maximum for the 

entire geometry. The maximum, minimum, and effective .tresses in the tube 

for location 2 are 30.5, -46.5, 41.9 KSI, for location 3, these stresses 

are 25.6, -27.8, 24.9 KSI respectiv.ly. The minimum stresses are the 

maximum compr.ssiv •• tres •• s, they are axial principal stresses. The 

maxiaum stress.s are the maximum ten.ile .tresses, they are also axial 

principal .tr.ss.s. Tabl. 6 compar.s maxiaum tube str.ss of FBSAP and MNP 

and includes the maximum .ffective str.s. obtained fram the MMP. 

The tube .tr ••• es for location 2 are con.iderably higher than the 

location 3 str...... The maximum heat flux i. greater for location 2 by 

l8t, the maximum COIIpr.ssive str.s. i. 67, greater. .Maxi ... effective 

stress is also greater for location 2 by approximately the s... amount, 

(68t). Location 2 also has higher angles of incidence (410 and 340 

versus 340 and 200
). Thus, we would expect the percent incr.a •• in 

stress to be greater than the percent increase in heat flux which it is. 

Table 3 also compares the maximum compressive stresses between skewed 

and direct inaolation(Membrane wall Program) •• The maximum stre.ses are 

appreciably higher in th. tube for skewed v.rsus direct insolation, e.g., 

compressive stress increa •• s by 47t for location 2 and 30t for loCation 

3. This str.s. ia primarily due to the difference in temperature between 

the location being analyzed and the mean temperature of the a.sembly. The 
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TABLE 3 

STRESS COMPARISONS 

I'ESAP VS. MEMBRANE WALL 

, 

LOCATION 2 " LOCATION 3 

MEMBRANE MEMBRANE 

I'ESAP WALL I'ESAP " WALL 

ksi ksi ksi ksi 

Max. Tensile 30.5 25.6 

Tube Max. Compressive 46.5 31.7 27.8 21.4 

Max. Effective 41.9 27.8 24.9 18.6 

Max Tensile 24.0 .5 12.0 .1 

Web Max Compressive 15.9 47.7 13.9 36.3 

Max. Effective 25.6 47.4 16.6 36.3 
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temperature difference (maximum temperature ainusmean temperature) is 

l2lF for skewed beating versus 4lF for direct beating for location 2. The 

temperature differences are elF versus l7F for location 3. Therefore it 

is not surprising that the stresses increase substantially. 

Tbe bigh angle of incidence and shading for location 2 explains the 

presence of a tensile stress gradients in tbe web. Wben the effects of 

sbading reduces web temperatures below the .. an temperature, tensile 

stresses occur and increase with increased shading. On tbe other hand, 

tbe web of location 3 displays compressive stresses because web 

temperatures are above the mean teaperature due to tbe decreased sbading 

relative to location 2. Bowever, botb location 2 and location 3 see 

substantial shading so tbe temperatures are reduced. Tbis is reflected in 

a substantial decrease in web stresses (Table 3). 
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STRESS (FESAP) 

LEFT '!'UBE ELEMEN'l' RIGHT TUBE ELEMEN'l' NODE 

LOCATION • 2 

SIG-MAX 29,340 36 28,263 62 178,308 

29,215 35 28,290 61 

29,208 138 28,285 182 

29,312 137 28,258 181 

SIG-MIN 45,340 5 46,492 86 21,426 

45,171 4 46,264 85 

SIG-EFF 40,737 3 41,883 85 16,426 

40,702 4 41,849 86 

LOCATION '3 

SIG-MAX 23,807 35 23,171 61 178,308 

23,547 36 23,016 62 

23,788 137 23,165 181 

23,578 138 23,033 182 

SIG-MIN 27,112 25 27,805 50 126,251 

26,886 26 27,610 51 

SIG-EFF 24,877 35 24,345 61 176,306 

SIG-EFF 24,630 36 24,213 62 

'!'ABLE 4 
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LOCATION '2 

SIG-MAX 

SIG-MIN 

SIG-EPF 

LOCATION f3 

SIG-MAX 

SIG-MIN 

SIG-EPF 

MAXIMUM STRESSES 

30,526 

30,394 

- 46,494 

- 46,264 

41,883 

41,831 

25,564 

25,312 

- 27,805 

- 27,610 

24,894 

24,648 

TABLE 5 
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!2e! 

632 

632 

426 

426 

426 

426 

~ 

632 

632 

251 

251 

176 

176 

ELEMENT 

137 

138 

86 

85 

85 

86 

ELEMENT 

137 

138 

50 

51 

35 

36 



LOCATION '2 

Q • 165,000 

• 410 

= 00 

Q • 183,000 

• 340 

= 00 

LOCATION '3 

Q • 151,000 

• 340 

= 00 

Q • 144,000 

• 20
0 

= 

TUBE STRESS, PSI 

SIG-MIN. 

-39,365 

-24,598* 

-46,494 

-31,715* 

SIG-MIN 

-27,805 

-41,420* 

-25,836 

-19,145* 

* - FRC»l MEMBRANE WALL PROGRAM 

TABLE 6 
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SIG-EFF 

21,355* 

27,783* 

SIG-ER. 

18,631* 

16.607* 



6.3 SUMMARY 

Comparison of results between heating at an effective angle of 

incidence and direct insolation of the Membrane Wall Program reveals 

identical maximum tube temperatures. Maximum tube temperatures develope 

at th, point of maximum, normal heating and are not affected by an 

increased angle of incidence or a non-cosine heat distribution around the 

tube surface. Web temperatures decrease for skewed heating due to the 

shading (or partial shading) effect(113lP/1046F for Membrane Wall versus 

990F for location 3 and 750F for location 2). For location 2, heat flows 
, 

through the web to adjacent tube from the hot side of the tube. 

The tube stresses are considerably higher for skewed heating than for 

the direct heating (46 ksi vs. 32 ksi for location 2). The increase is 

attributed to the lower mean temperature with no change in the maximum 

temperature. Two items are found responsible for causing lower mean 

temperatures, 1) low temperature regions develope due to shading and 2) 

lower total heat flow to the tube than the cosine distribution. 

The web stresses are considerably lower for skewed heating than for 

direct heating(25 ksi versus 48.ksi for location 2). This results from 

lower web temperatures due to shading and the angle of incidence. 
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7. CONCLUSIONS 

1. Skewed heating decreases the mean temperature of the tube with no 

change in the maximum tube temperature but with a substantial 

decrease in the web temperature. 

2. Skewed heating substantially increases the maximum tube stress and 

decreases the maximum web stress relative to a direct heat input 

assumption. The amount of increase or decrease is a function of the 

angle of incidence of the heat flux and the extent that the heat flux 

distribution is a non-cosine function. 

3. The skewed heating will cause some lateral bowing of the panel, but 

it wil'l be a small amount. 

4. The 2 tube Model gives accurate results. 
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8. RECOMMENDATIONS 

1. All future analyses should use actual heat flux distributions rather 

than the crown or average with a cosine distribution. 

2. The membrane wall program should be rerun for the actual specified 

heat flux at the locations analyzed rather than the maximum developed 

in this analyses. 
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PUrpose 

The pu~se of this analysis i. to determine the maxiaum stress levels 

for one-sided skewed heating and ca.pare re.ults to the normal-to-the-panel 

heating analy.i.. The aaxt.ua th.rmal tube stress is also d.t.rained for the 

double wing wall de.ign. The following report .upplement. the earlier report, 

Stress Analysis of the aeat Absorption Tubes for Skewed Beating (two-sided 

heating analysi.), writt.n June, 1982. 

Pra. the .arli.r report, the effect of .kewed h.ating .incr.a.es the tube 

th.cael .tr.... Since ___ iaua h.ating .xists in the north cavity and aaxt.um 

skewed heating occur. in both the north and east (west) caviti.s, it is only 

nec ••• ary to look at Location 2 sinc. it satisfi •• both conditions. The same 

heat flux di.tribution i. used as was u.ed pr.viou. and i. the one supplied ~ 

Martin Marietta. The geo.etry, .ad.l., and boundary condition. remain the 

.... and are described in the pr.viou. r.port • 
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Thermal Analysis 

The method of analysis is identical to the two-sided skewed heating 

analysis for Location '2 except that one-sided heating is applied for the 

north and east (west) cavities. The existing input files were modified for 

single sided heating application by changing the heat flow multipliers to zero 

for the unheated side. 

The Membrane Wall Program is used in the analysis to establish a 

correlation between skewed heating and normal heating. Figure 1 shows the 

values used for the single-sided skewed heating analysis applied to the double 

wall configuration. Figure 2 describes the input to the analysis and 

determination of results. For normal heating, the component of the maximum 

incident flux is calculated knowing the angle of incidence. The design case, 

also shown, identifies the flux values corresponding to either type analysis. 

Two finite element analysis were performed for the skewing heating case. The 

Membrane Wall Program supplied comparitive results for the normal heating 

case. Assuming that tube stress is linearly proportional to heat flux, 

maximum tube stress for the design case is easily obtainable by using the 

Membrane Wall Porgram for the normal heat flux values and then applying the 

above relationship to calculate maximum stresses that actually exist for the 

Skewed heating condition. The stresses here are assumed to be elastic. The 

subject of inelastic stress determination and creep-fatigue is covered in 

another report. Table 1 contains the data used in the analysis. The material 

used in the analysis is 88-163 Incoloy 800H. 
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TABLE 1 

LOCATION .2 

EAST CAVITY NORTH CAVITY UNITS 

Panel 3 4 

Finite Element - Skewed 

Heat Flux 165,000 183,000 Btu/Hr-Ft2-0J' 

Fluid Te.ap_ 652 652 OJ' 

Fila Coefficient 930 930 Btu/Hr-Ft2-0J' 

Membrane Wall Program - Normal 

Heat Flux 124,500 151,700 

Fluid Tellp_ 652 652 

Fila Coefficient 930 930 

Membrane Wall Progrua - Nor_l Design 

Heat Flux 80,000 120,200 

Fluid Temp- 607 652 

Film Coefficient 900 930 



TABLE 2 

LOCATION '2 

Oz - axial tube stress, ksi 
Q - heat flux (max. for analysis) Btu/Br-Ft2-OF 
e • angle of incidence, degrees 

Comearison 

Loc. 2 
N. Cavity 

Loc. 2 
E. Cavity 

Design 

LOc. 2 
N. Cavity 

Loc. 2 
E. Cavity 

Q,e 

183,000 
-.340 

165,000 
- 410 

145,000 

- 34
0 

106,000 
• 410 

Max. Metal Temperatures: 

Oz - normal 

-42.8 
(Q - 151,700) 

-35.1 
(Q - 124,500) 

-35.5 
(Q - 120,200) 

-26.0 
(Q • 80,000) 

Oz -
Oz - skewed Oz -

-57.4 
(Q - 183,000) 

-54.0 
(Q - 165,000) 

-1.34 (35.5) 
- -47.6 

-1.54 (26.0) 
• -40.0 

N. Cavity - Tmax • Tf + TO.D. max. • 607 + 252 • 8590 F 

E. Cavity - Tmax • 652 + 184 • 8360 F 
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Results 

The axial stress of skewed heating is 34' higher than the stress level of 

normal heating for one-sided heating of the north cavity location 2 and the 

corresponding increase for the east cavity is 54'. Axial tube stress, 

therefore, increases for increased skewed heating as expected. The 

controlling axial tube stress is 47.6 ksi (compressive) and exists in panel 4 

of the north cavity. The maximum tube stress in panel 3, east cavity, is 40.0 

ksi (compressive). The results are summarized in Table 2 and include contour 

plots of temperature and effective stress distributions. 

Figures 3 and 4 are contour plots of temperature and effective stress, 

respectively, for the north cavity, Location 2. Because of the similarity 

between these plots and the plots of the2-sided analysis, only two plots are 

included in the report and are representative ofthereaainder. 
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Conclusion 

The maximUm tube stress occurs at Location 2 for one-sided heating of the 

north cavity. The effects of skewed heating increase axial stress. Axial 

stress is notably higher for greater angles of incidence. Web temperatures 

decrease for skewed heating and the gradient is of a lesser severity. Web 

stresses are also noted to decrease. Maximum tube temperatures remain the 

same and are directly proportionate to maximum incident heat flux. 
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1.0 Purpose and SCope 

The creep fatigue analysis (1] of the membrane wall tubes is based on 

generalized plane strain restraint of the tube and a single heat flux 

input (one location). However the heat absorption panels have no 

lateral supports to produce the plane strain condition, also the flux 

distribution varies along the tube length. Since there are no lateral 

supports to hold the tube straight; it will try to bow to relieve the 

axial stress caused by the circumferential gradient. The amount of 

bowing can not be estimated because the temperature gradient varies 

along the tube length. The effect of axial flux distribution on tube 

bowing, (lateral deflection) and axial stress is studied in this report. 

Flux curves for two-sided, direct heating show that a unique heating 

condition exists for each panel in the receiver (i.e. the heat flux 

variation along the length and the front-to-back heat flux imbalance is 

unique for each panel). Six of the most widely varient conditions are 

analyzed. Accurate distributions of fluid temperature/film coefficients 

are incorporated into the analysis. The elements have a high 

length-to-width aspect ratio; this makes it possible to model such long 

tubes with a reasonable number of elements. To check the aspect-ratio 

effect, one case was rerun with the tube length decreased by a factor of 

four. This analysis is based on the original design and heat flux 

distributions, i.e., those contained in the proposal. 

The condition of one-sided heating is considered for panel 7 of zones 

1 and 4. 
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2.0 Geomet;y 

The 2- O.D. tube with a 0.065- wall thickness is analyzed. The web 

dimensions are 1/4- wide by l/S- thick; from symmetry, this gives a l/S

x l/S- web. The tube length varies from about 63 ft to 72 ft (Figure 1). 

It is recognized that the 1/4- web width has been decreased to .21S

maximum; thus the stress results are not directly applicable. 

3.0 F.E. Model 

To obtain temperatures, a two-dimensional (plane body) grid is used with 

S-node elements (Figures 2 and 3). The model is limited to a half tube 

and a half web because of symmetry. The model has eighteen elements 

with the web being element lS. This model is used to generate (steady 

state) temperature distributions in FETAP from flux input corresponding 

to multiple points along the tube length. The 2-D FETAP temperature 

output was processed into 3-D FESAP input data by matching it to the 

FESAP model per the appropriate location. 

The interactive prOgram LAYRIT was used to generate the 3D stress grid 

from the plane body thermal grid. The plane body grid was layered to 

twenty elements for a total of 360 20-node curved solid elements. Since 

the tubes are 63 to 72 ft, each layer is about 3.15 to 3.60 ft. high. 

Identifying output (element and nodal) information is possible by simply 

adding 18N to the element number of the 2-D grid and adding 13lN to the 

nodal number of the 2-D grid where N • the number of element layers to 

the point of investigation along the tube. 
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4.0 Thermal Load 

The problem combines the effect of thermal loading with axial dead 

weight for steady state condition. To decide which panels to analyze, 

all of the heat flux distributions were evaluated. The Saguaro heat 

flux distributions are presented for Panels 3, S, 6, 7, and 8 of Zone 1 

and Panel 7 of Zone 2 in Figure 4; these are the ones chosen for 

analysis. In addition to the two-sided heating shown in Figure 4, Panel 

7 is analyzed for one-sided heating. 

Great difficulty was encountered in trying to decide which panels to 

analyze. Based on previous plane body analyses, the maximum axial 

stress is a function of the magnitude of the heat flux and the imbalance 

in heat flux between one side of the tube and the other. However, both 

the magnitude and the imbalance in heat flux vary along the tube so the 

previous criteria is not valid for judging stress levels. It is 

believed that the area between the two curves may represent the 

imbalance; the average heat flux on either side may represent the 

magnitude. The following evaluation of the chosen panels gives the 

basic reason for our choices. 

Panel 3 has the feature of the north side heat flux always being higher 

than the east side heat flux; Panel 3 may represent the maximum total 

imbalance. 

Panel S is similar to Panel 3 in that the east side heat flux reaches 

the north side magnitude at one point, but it never becomes larger. 

Thus the total heat flux imbalance is lower but the maximum heat flux is 

higher and the imbalance at the maximum heat flux location is higher. 
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Panel 6 has a reversal in heat flux imbalance; i.e., first the north 

side is higher, then the east side is higher, and finally the north side 

is higher. The east side heat flux never becomes much greater than the 

north side and overall this panel could have less imbalance than Panel 

5. It also contains the maximum north side heat flux and the maximum 

imbalance at the location of maximum heat flux. 

Panel 7 extends the heat flux condition of panel 6; i.e., the east side 

heat flux increases while the north side decreases. Overall, the north 

side may have a higher average heat flux but the total imbalance is very 

low. The maximum heat flux is the same as Panel 6 but the comparable 

imbalance is lower. 

Panel 8 further extends the condition to the point where the east side 

may have a higher average heat flux. However the total magnitude for 

Panel 8 is considerably lower than Panel 7. 

Panel 7, Zone 2 is most similar to Panel 5 where the south-side, Panel 7 

replaces the east side, Panel 5 and the east side, Panel 7 replaces the 

north side, Panel 5. However for Panel 7, the south side heat flux (max 

value) exceeds that of the east side, but the east side average heat 

flux is still greater than that of" the south side. 

The deflection and stress results are evaluated in terms of the above 

discussion. 
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5.0 Mechanical Load and Material Properties 

The weight of the lower header, interconnecting piping, and salt (header 

and tube) are applied to the end of the tube as a pressure on the lower 

face of each element. Tube weight is calculated within the program and 

is also considered as an axial load in the analyses. It may be 

important to account for the axial dead-weight load because thermal 

bowing is reduced as this load increases. However, FESAP is a wsmall 

deformat~onw program, so this reverse bending effect is not seen. 

For calculating stresses in FESAP, the standard material properties 

library is used (material code for Alloy 800H is 11). 

6.0 Boundary Conditions 

The FESAP model is permitted to grow in every direction and bow 

laterally along the y-axis. Figure 5 shows the type of constraint used 

in the analysis. By constraining all the nodes at the top in the 

z-direction, the model is free to grow downward but the top surface is 

not permitted to rotate. Next, constraining all the nodes in the 

x-direction (lateral) in a plane normal to the panel and intersecting 

the centerline (symmetry plane) of the tube enables the modeling of half 

a tube. The tube grows in the x-direction from this symmetry planeJ 

these nodes can grow in the y-direction (radial). The x-constraint also 

maintains the assumption that an absorption panel does not bow laterall¥ 

and assures that twisting due to thermal expansion does not occur. The 

remaining constraint is that the midside node of the web at the top and 

bottom of the tube are constrained in the y-direction. The net effect 

of this system of constraints is a fixed connection developed at the top 

of the tube and pinned connection at the bottom. 

E-10 



:.=:\l --- --+
r-.... -

~-:--::-.-
~;----

==J~-- - -
~;~-- -

~-:--

~:: 
f-- n 
f-

r--,--
1--\' 
~
~-

.---"-- t----;-.---+--

~ ---

--j--- --

-- -----t 

:~-

E-ll 

----I- -.~ 

----'-- -..,.---
---~--__ t _.-

---t--- -t--- - - -"--------

--= 
.'-

--t-- --:-:- --:-. 
-+--~:~- ---

----
.- --

___ -r-:: --_. ~::::::: 

--¥---- --::::=: --

- --

--+::--- ._----

f·--

--

- = : .. -

-- ----+-- .:.:=t=== 

___ i- __ _ 

---'--



-
~ ____o__. 

i:- •....•.• 
... . --. -

.::=. 
f-. --i:-=. 

.'-+ 

-~--

:::=;-,
f-- ".
===1[1. 

~= 
3~·-

---r 
'--: -

- . ==--. 
=..: 

= 

I-

I-

:::;::: 
+-

= 

-

-

-

-

-

-

-
:r 

;.-
,~ ... 

c--= 
~. 

-

-'~. 

-

-

-
-

I-- - = 
-

-
-

=== 

-

-

-

-

--
-

-
-

-

- -

-

E-12 

'-
-
-

- - ----,. 

-

-.- -

-
-- I--

- - -
.-

= 
-
-

-
-

- ',....-

- -

== 
-

= 
-
-

I-

=-. 
w' 

-

:-== 
-----
.== 
-
-

-

-

-' 

.-

-

-=-

~= 

-

-
-

-

-. 

-

== 
.== 
-

en 

~ 
8 



-
- -

- -
= 

-~ 

~!--I-~ 

E-13 

-



Inti ~' " jl~I·; I 1/.,1.,1 lUI :)JJ. '1·' WII' ~' .... , ... , .. "llr:' ., " W"·· , "~l!ll" ll1U.llt "!*' !III . !,' ·11"UJl"'·!!'· ',1. 1 I',·' ·,··1 "; ·,1 i;;· il'·llr;-~ ·mlnm1~f~· ;rr ~ITr. . ; '." , . . !'., . . . . .~. ~" '.. 'J' : :: ~ *. . " . tl! : .; I:' 'I' 'I ' , . I ;, I: . . .• .. . . ( , • . ... , ." ".. : i '. • ' ,., " " 1"'" ,. J,IJi' .A'1J·~h .n.';'L I iJ.u I .' 'I., 1--.4,·i· " JJ.,.. .' j"" ... , ,,'I ~" . " " .. 'il ,:1" u. _!..!.!,...' I ~. ! 0 II t. :'.I~' ,~~ • ~, c,..."1f!! f!"1 .. : ~ ... ~I_~. • '- +. . 'to + 'I~ ~, .. 1.. . l :.:. _ .:" ;,.: . ~~. ~_.! '. t:: ;~. I til.- l. . It ".rt t ,tt ...... , ... '. I . • r':"~ '" .,. ...•. rr;"':":~ ,t "~ . ..... , ,. ... :t;'.GH .,~. }jfi ,.. ,,,. I 

II " I" 'I' ,tl i I'· I·,· . . I' i.;j . . .. 1 01· II·' I' II i"· .• ;. . il.· I' 1 'I II il . I' ,'," II·'· .,. .... . rl I ·!~·I· ;.,. .. t, ... ., Ii-7 ~. ...• "., .,; ... II ,. II·' Ii j ' ... .n I 
I . !'. '... .. !.,.: . ·.lil!1 ':',' ' ... ,' ', .. I:' i' ! 'I .. I' ... !, ., •. I ... , , ...... !; •• I· I ,. ';' 1.1·'.· I 'I' ,ii I L 1 o! r-, • • • 0 t I • •• , . I I I ! I I I • , •. I' I. , •• f ., • o. , I ••• I 0 ~ •• • • ~ ~ ... • • t I . • I j I . t j I • . , It! I 

.-. -- -- ---:-r; .... _- -. 

I, I I I i I I ZI I ~ I; I :::;; : ; I ,11.m: t.1·~1 'I·:! I':;;~': II ! :. I! III' ~ j I ; , 1:1; II i : , l' I /oj : ~ i i ,': .. , ~ .. : I :.. . : ! : .. i II~.; Ii:: : Iii J~ I' I' I : 
Li IJ' , ... '''1 ' , .. 1'1 . ,.. :J.i"'J.· J./1o + ~U;I • I ,..... .. .•. • I tl" H II • J t 

t • . ..... 1. :.~:: ~':.l t. : I I '11 .;...~ .: t: .. " I ILY~' .:. l-:. 'i~ :.'. l. ' .... ! .~. __ ~~I .~ __ JI. •• _ I •• 
I, . t , .. , .•..• 1: , r.-: Ht. ;;:;. ". ". I' ,.; • ~~ ." t. .,11. . ..... oIt~!. "t;... ,I+:- H-:, • 

[f!1 I t II ":i I:' ... : .'1 1 , I' I" .... /"'1,," I" j" I 'jl' I 'Ii V: .,' li·1~ ·I··~t 1·" .;0, ·tl' I'i' 11.,m, I !·,l, t· ,: til III III I I I' I :: I it 1 1:' • . , iii, : . iii it!: .::: II ;: : : ,. ., . !, if: II I', : 'H ; Ii, : :. .. . Ii! t I': 11 1 ', I I:: II : I. . ft It 

~ii • ••. ,.. • ....• ,I"~ t ••• "'1 • • r '-,' ,I. ~ I 1"1'· '.~~~J." ,LL ., I I' .,." 
III ,., ~ 'I" . i.L F: :._.:.. .. _~!.~ .L~l! , .l~.~ I": . ". i II I, Ii ·rfi ;.:~., 1 ';t .:.:.: . rrr ~(Or,jrl"J! "'. . . It, • 

1 •• :!.! I. ,I, .... " r. I ! ", ri. II· ~ II-It' I~"" .. ·h "r, ···1 171 •. ;r.·,r , .. II ! t 

1!1tIlIU! : ~i I I f' ::11 ill! .~~;:~~ ~~;i PHiif' fir: OO·j; 'I; I :~. I Ii I itlRfF mit :-:; ;t ! ll: I :1 I :~H ~:~. :Il t' I Pli !!11'lliIUlllliU'lllR 
1/. ~ I ~~l'.~';'; -4~11+t Ii :j,1I It 'ItT i1 ~ -rrfti1 .:' .• l', I t l.nli·_I~' I j.; U. I ,. !I II II HHlllfHH 

f
i r l I' I· ",t , .. '''1 1 I' II i!I" ." "'1 ,'l,1 ... , II 1\ IH"'!I t·, ' 1 " r. . . J .' I' ... ,. , 'I ' 'I' ...... r!' ~ 'I' t .. .• I; ',. ... . III I. !! I I lid l:. :: ii ! I I il Ii. : l; Ii! : t ~ • ~ :;; t .; , . :1 I I ttH 11m I loft tlttt~1 

I
I! :!I· j lif'lI i:: !!ll t";: ::~: :::,' 1. 11 : ttl! ,.::: ;;:i 00:; ":.1 I',·, I'lli' 't~i':' ll. :'\:' ~I ;"\.: :;:,' :itflilli :i·~':!~· !! I i 1:1 t'ill ·111 

,HI:'II !~III I 11'11 :! 1.1: :~; : .; :::: !i!~ J !li\,1;:i :; I ii !u·lll'lli I !IUl ~ lilli,' ~r!: :·\1 'I J.lj~ E!I~7iI01~lll ,I, I!H II'I! :;11111 d It it il llll. ., _., liLLo _ ..• ~_. 1 t. lllil L __ li I~ t .• iW _. I. ~ •. L\;. . LII.I t ~ 

.:luill· ,rl lIn Ui 1m I lI11IH11f1l i ~i '-";-,i{,~ln! t Ii ,Ii rhf'!I' ~i ft r II IHHHH~H 
IHHt" I! ·111· ""1 .. ':; ,,'I I! III ,.1 "'I ' t' .. '~I~lfl ho 'If rTIT , .. , '"T . r· "1.1 I ~ . I ~ ! i ! •. i:: i ::! I: i : ! I :: .: ~ I : '! . t,. ~.. ~'t= f t:· ~ It. !! . : ~ .,. . toto It· . iii I ' I iii. i·.. ..!i .. . I., 1,.. ii" , , . 1"1 r • . Ii .. . .. , ' ,. I Ii I It "" Htl " I tt II I 

It:lI. (111i Ii.! iff: ;::f :;1.1· '!II I!II!:; :t:l. :':i ; . ~:I t" ;. . '.: :; ;~!t!:if" !il· rt!· . t:· HHt-IlHtlilU t 
;·1 

III till J'iili i::/ i:! I. I li".r .: 'I.) . ;;~i I' t ft' mtr'~:;1 tlH ·U ff I .: IIHJllHlIHI 
... IU'I1if1 ill . ~f ~H ll:i rl :i 1:·· .. :atl~· .. t 't Ittftrrl: ~1.' 11~· :IIIJH ·'11 I ••• ,;, ,It rt. ft- ·i .. r ., ,. i ,r:j Ii \il. il It ,1:11UlIIIHIIHttHl+tI 

r ~I I. I .. If i1lt' fHi '::! i;-!! II 'I !n. f.!t.1 .j'j- . J .~: ~i'lt· I~H il~: I ·m· LII! In,: ,·1'. It lli . dHllIflmw~ 
H· . ~ II· q ". I •. , "'f .1. ll" .,. '/.., , t .. ~. .. It :,. mil · I ·If ii·· ... .... f --t .. - of . . . +-. t ~j 

~.~ II .• Ii ... , ,., • . : j '.' t->. t . •. , , t' . I! ~ nnll ~I:. IT . It! . "Ii::j !if I I I' tf 'f; It· .. . I; II ·1 II!i: ItA.·1 . 'It . It Iii ""tltt 

". U ~ ~ i· Ii'· Ii· ,I:.' I i I::!~;:l I 1 [!i,· . tt 1 . il· 1 
,\ 1m: !Tn ·H I ~' , It· .. !-H • . .. t , I.. I . I . 1. . ., t . Iii r· . . 

In;i ' t ~I iii ~:...;.t·"'; i , ... . • ~'i ;t' l' I, ... Ii ·t lHlHFFII 
Bllll1t It III I II·. , Iii I it I It .~.t . 1 . It II n ,\ : I t l !r ~\ ~ .; I t I· ~ n Ii,· II . II It It II II . :, ! \ 'I ,. I \! I , It It II 11'111 

, I ,.' . I: , I H t· . f I., I 1 'I if fit!', I \ f~' . Li ~.U1lI1' H 
I II . II i J ,: U H1' ! 1 . , tit t t ,I U. n~l Ii w..l til;' I ill.!· : 

'·HHH+f't1, fl I! .• t 1'1 II IA It t.!' . . I' II· II I! I': r ,. rr I· mTf . 
ill d i ::/Ij [I I rr 1 . .. .~t III Ii I Ii, iii , Iii ih I 1 . i II 

Ull
·lil :. I!~ !;flf;i· 1 ~l· 1 . .~!.' ~j ... ~ ITlIFT!: ifT~ ii:: I rt If f~ IP :; . ,. 1,1 i., tt.. ··'It.. l·IIIIIH " 1\, 

~\ .:! ~l. !.~. ~·t . J. rl r .. • t 'tH+;-!." 't6: ~; • .~! 
1t++HtH . '. I '·;;i .,. ... HI' I I' !,'I!!!! rt r.,., ',' :' , f 11 1 d "d 1111 i : i ; i ! J I t q l! 11; I : 1 ~ I'" :;! ~::: ~ : Wi I j ri ~1 . i HIlt 

,It ·u IIU .. .d U It n It ·;H d ~ ~ iU~ Id i ·IL 
Iii 1111 I U I t .~!. . . ~ 1 II ttl·U Ii . w tm· fH· U IHUttttU 

j 
'I 

,. 
illllHI 

,R 
,m 

ItH++_. ~tmmtml1It·.mll·!I.fl·IUllii I I . . ,. "I 1"1 
t I..!. _~---..:. I . r 

liUllmltHlIIIHtllnUHlllltllmWmUI1'HHlOOU1lf1 
mmmnrrrmmnn mm ffiTIl1TImffi TI111lT1I1mUu 

1~~'"III~lIffilli"~_OO~~_j 
llimm_m!lIIllIllIlI!lmltl~l! f!tt l!~~: tth [Ii :!II~II_~llir 

FIGURE 4d - T FLUX aJRVES 

e e 



.. 

... --.... ~--. ~-'-~ --. ' . . - -' 
... ~. 

- -t-
~. 

==3.~ -- --'- ---1---- .. --~ ~.-"---- "-'--
-T --1---- -

-:-.j:-,-~~ ----
--3~1- -.. ,:: =: -.- -----. . .. ., . .. - ..... ....... ...... 

1--- ~1-:' --. ---<----- 1--- _ 

f=---1-'-- i 
t-:-"...=t;:-1 1---.;-
~'--~ -+-
t-=.+- i'I '--' 1----.--. . __ 

."'!' 

0-
. .. ~ .. - ........ 

I=-=::~ ~ -::-:.:t:-:.= f=";':---~ t---I---

1-----1 . - -- - .-- -~.,- --- --~ -1---" . -.~. -. - \---.- -.- .-
-,--- -~-I· -;"r-:-- - -- --<--

~"::i= ~;::t::::;:. F'=+---
~ ::--4-1-- .--

........ ..... ,. 

_ .. -+-

~~-... -.. 
-t...,.:"~· 

~" .-..... I-W-'-.- ...... ; ....... -- ........ 
~ .. ~I-' . 

.. ~ 

-' ~---,;;:;-: 
-.~.... --.-~. 

.... 

. ~-#t. 

E-15 

:'r--- -r.--i---
1-

t-"""': 
.~. 

:::::::::r--= .--t--._. 

--
-::-: r--- -.- . 

--I--

--.. '-- •.. ........ 



~:.~~ :~--:: 

t?~;):-~~~ _. 

--

_. 
--

t= --
t--
I---~-

1=---
f=:=: ' 
t=":.-

--' 

-+--j! -

.-
-

-

-

--

-

-
-

-

--
- - --+- -

-

- +-

= +--

-
- -
- -

-

-

-

-

-
+-

.... .,... 

-

-

E-16 

I-

-

r:--
-t---.,.-. 

_ . .,...,.-

-j::::::: l' 
_ .. _-'/. 

~ ...• 

. - .....-;:'. :::! : . -
.- -.:: .. ....,. 
----1' 

I-

-
-

-
- -
-
- -
-

-
- -

-

-
'-

-

-I 

+-.....,. 
~ 

-

-~ . :-= 
l-

.--
.:;;... 

= .;-...... ~= -

-= ~--
+-

~F===== 

~~;=.===== 
-+ -

.-::.:;- I- t==: 

--' 

.- .-~ 

-
-

- -

..=-

===1 r=-=""" 

----
-:-:=-

-

-'--

~-

_. --

-

::::: 

-' =::== 
--

-
--

--:;:::::::::::: 
- --

- I- :::::j 

-':=::::l-- :::':~¥-"-':~ -



BWNE ... ·1 

Babcock & Wilcox 
ENGINEERING CALCULATIONS 

SUBJECT: 

"A" 
L 

n5" 
L 

, " c 
L 

C"N/)17ItJNS 

liB" 
.J 

'e .. 
-.J 

REFERENCE NO. 

PREPARED BY: 

CHECKED BY: 

I I 
S EC7/IJA/ A-A' 

I . 
SEer/oN' c -C I 

PIGURE 5 - BOtIIDARY a.DITIQiS 

E-17 

SHEET NO. 

OF 

DATE: 

REVISION: 



To simulate the pinned connection at the bottom of the tube, tie nodes 

were considered but not used. Their elimination greatly reduces the 

number of equations in the stiffness matrix within the program but may 

affect the accuracy of stresses locally near the bottom of the tube. In 

reality the design of the header support substantially reduces its 

rotation, so the pinned connection is probably not justified. 

7.0 Thermal Analysis 

In order to analyze the tube for the heat-flux distributions, the fluid 

temperature and film coefficients are needed as a function of distance 

along the tube. The fluid temperature was calculated using THASOR; the 

data for Panel 6 is presented in Table 1 and Figure 6. The film 

coefficient is a function (primarily) of fluid flow; the data in Table 1 

is for full flow, i.e., 100% load. 

The temperature distribution in the tube was obtained by a series of 

plane body FETAP analyses, each one representing a nodal plane on the 

full tube model. Thus, the plane body FETAP output data consists of a 

series of 21 steady state temperature distributions based on the heat 

flux at the appropriate elevation. This approach has the built-in 

assumption that axial heat flow is negligible. THERM, a data processing 

program, was created for the purpose of reading the FETAP output for 

each nodal plane an4 generating a single temperature distribution input 

tape suitable for input into FESAP. The heat flux was input to FETAP as 

E-18 



weighted values of heat flow (btu/hr) on every node of the plane body 

grid. Each value was calculated by multiplying maximum heat flux (at 

the tube crown) by the correct nodal function per element and by 

projected area of an element which is a cosine distribution. The nodal 

function for the 8-node element is 1/6 to the corner nodes and 2/3 to 

the mid-side nodes. When a corner node is common to two elements, 1/6 

of the heat flow to each element is input to the node. The cosine 

function gives the heat flux to each element around the tube 

circumference. The net result is a single factor for each node which 

will give the heat flow to that node when multiplied by the maximum heat 

flux to the plane body model. 

Table 2 contains the heat flows used in the analysis. The values listed 

were determined in a FETAP TEST CASE REPORT and were checked by another 

method described in Table 3. Functions 1 and 2 of the FETAP input data 

contained multipliers of the heat flow which yielded correct values at 

any node along a tube and either side. 
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8.0 Stress Analysis Results 

The axial stresses are the stresses of interest for this analysis 

because bowing will affect them; whereas the circumferential stresses 

are a function of the through-thickness gradient and are not affected by 

bowing. Lateral deflections are presented in Figures 7a through 7g for 

the six major conditions evaluated and the check on the effect of tube 

length (Figure 7g) of Panel 7 reduced by a factor of four. Figures 8a 

through 8p present the axial stress as a function of length for four 

locations, i.e.1 the two crown locations and the two web extremity 

locations. Two stress values (same node on different elements) are 

given for each crown tube location as a check on convergence (i.e., for 

a converged solution the values would be equal). In addition to the 6 

panels, the quarter length tube analysis (Panel 7) and a pin-pin 

boundary condition analysis is also presented. 

The two axial crown stresses were averaged and replotted for each panel 

,(Figure 9a through 9f)1 each figure includes both the front and back 

sides (e.g., north and east sides). Table 7 summarizes Figure 9 by 

presenting the maximum axial compressive stress for the six locations. 

From Table 7 the maximum tube stress and the maximum web stress both 

occur on Panel 6. The stress data is again summarized along with heat 

flux data in Table 8. 

All of the stress plots appear to be free of unreliable numbers except 

near the ends of the tube, e.g., axial stress at the pinned end should 

go to zero. 
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TABLE 7 

Axial Stresses, ksi (Compressive) 

Panel 1 2 3 4 5 6 
• 

3 15.0 18.5 58.0 26.0 28.5 63.0 

5 17.0 19.2 63.0 25.8 30.2 65.0 

6 21.0 16.5 67.0 31.2 24.2 67.2 

7 21.0 17.5 55.8 11.2 18.2 49.0 

* 7 19.5 18.2 55.2 14.0 17.0 49.0 

** 7 24.0 20.0 60.2 17.0 20.0 61.0 

8 18.0 20.0 54.0 17.2 11.0 47.5 

(1) (2) Tube Crown, East Side (2 elements, same node) at 
max location. 

(3) Web, East Side at max location. 

(4) (5) Tube Crown, North (South) Side (2 elements, same node) 
at max location. 

(6) Web, North (South) Side at maX location 

*quarter length, zone 1 and 4 
**zone 2 and 3 
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TABLE 8 

Qt Qt 
<5 Panel Qu.ax Qmax Qt 6Q QT ° max ° max Lateral 

(pet side) (2 sides) Xl03 max 1(103 Tube Web <5 (in) 6QT 

3 173 300 5.9 50 1.6 28.5 63 11.4 7.1 

5 191 310 7.8 70 1.4 30.2 65 4.4 3.1 

6 217 335 8.2 100 1.1 31.2 67.2 4.1 3.7 

7 220 370 7.8 70 .6 21.0 55.8 6.6 11.0 

8 191 295 5.9 85 .1 20.0 54.0 6.4 64.0 

7 192 345 5.7 40 1.2 24.0 61.0 2.9 2.4 

NOTE: This table was assembled for the purpose of determining correlation 

onlYJ therefore, units are not shown. 
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9.0 Discussion of Results 

Interpreting the data is difficult, but Table 8 shows 1) Panel 7 has the 

highest heat flux value, from one side and from 2 sides, 2) Panel 6 has 

the bighest tabalance at the location of maximum heat flux, 3) Panel 3 

bas the highest deflection, and 4) Panel 6 bas the highest stress (tube 

and web). Further comparisons of heat flux data to axial stress levels 

do not indicate any predictable pattern. For example, Panel 6 with the 

highest heat flux has the second lowest stresses and Panel 8 with the 

second highest heat imbalance has the lowest stress. 

9.1 Lateral Deflection 

One sided heating of a tube causes the maximum lateral deflection 

of 21.5 inches (Panel 7, peak heating from North), 11.5 inches 

(Panel 3) is the maximum for two sided heatingl maximum deflection 

for Panels 7 and 8 is about 6.5 inches, the maximum for Panels 5 

and 6 is about 4.3- and finally Panel 7 Zone 2 is 2.9-. The 

lateral deflection curves are presented in Figures 71 this data is 

repeated in Figures lOa through 109 with the heat flux tabalance 

curve superimposed on the same graph. 

Neither maximum lateral deflection nor the deflection curve of two 

sided heating is ,easily predictable from the heat flux data given. 

One would expect one-sided heating to produce more bowing than 

two-sided heating because of the greater heat flux imbalance. 

Bowever, Table 8 shows that deflection and total heat flux 

imbalance do not correlate. 
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TUBB LJ:NG'l'H, L/4 (PANEL 7, ZOOB 1 - PEAK HEATlNG) 

FIGURE 109 - HEAT FLUX IMBALANCE, DEFLECTION 
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At first glance, the deflection curves generated using FESAP did 

not exhibit any resemblence to the heating curves responsible for 

their shape. In an attempt to explain the dissimilarity among the 

deflection curves, the heat flux imbalance ( 6Q) was plotted as a 

function of tube length and superimposed on the deflection curve 

for each of the panels. The results (Figure 10) show a high degree 

of similarity. Looking at each case independent of the others, the 

shape of tube bowing can be attributed to the 6Q curve with the 

deflection curve being smoother than the 6Q curve. This is 

particularly noticeable in Figure lOa (Panel 3) where the 

-drop-off- in 6Q might suggest reverse bowing in the deflection 

curve although it does not occur. 
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In Figure lOb (Panel 5), the -drop-off- in 6Q is even greater than 

for Panel 3 and reverse bending does occur. The decrease in 6Q 

should cause a decrease in lateral deflection, which it does (11.4 

vs 4.4). Figure lOc (Panel 6) continues the trend of reduced 

total 6Q plus has a reversal of 6Q from one side of the' tube to 

the other. One might expect an appreciable decrease in lateral 

deflection, but it does not occur (4.4- vs 4.1-). The large 

local 6Q, which corresponds in location to the maximum deflection, 

could explain this. 

Comparing Panel 7 to Panel 6 (Figures lOd and lOc), all 

correlations fall to pieces. Even though the 6Q curves have 

similar shapes and one can argue that the deflection curves follow 

these shapes, there is no comparison between the two deflection 

curves, magnitude or shape. On the other hand, Panels 7 and 8 

compare very well. Panel 7, Zone 2 is somewhat of a unique curve, 

so comparisons are not possible. It is surprising that the shapes 

of the two curves are so similar. 

Thus, we can conclude that the deflection curve, resulting from two 

sided heating closely resembles the heat flux imbalance curve but 

the relationship is very complex. The total heat flux imbalance 

curve of the north cavity Panel 3 was assumed to yield maximum 

lateral deflection, and it did, but entirely out of proportion to 

what could have been predicted. 
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The effects of using a combination of pinned and fixed connections 

for the analyses is obvious for the deflection curve of Panel 7 

(Figure 10d). Releasing the fixed end reduces the maximum 

deflection and permits the curve to more closely follow the heat 

imbalance curve. Neither connection truly represents the actual 

end conditions, yet the error appears to be significant. In 

reality, the header-tube connection and header lateral support 

probably cause a condition closer to fixed-fixed. 

The Panel 7, Zone 1 tube length was reduced to a quarter length 

and analyzed with the same temperature distribution, tube weight, 

and end load. Thus, the axial gradient was compressed to the 

one-quarter length. The shape of the deflection curve is 

unchanged but axial deflection decreases as expected (Figure 109 

vs 10d). Stresses did not differ by much suggesting that the tube 

weight and end load has little impact on lateral deflection of a 

panel. The lack of convergence of stresses also remained upon 

reduction of model length. 

9.2 Axial stress 

The axial stress in the tube crown results from the through

thickness gradient and the circumferential gradient. The 

through-tube wall gradient accounts for part of the total axial 

thermal stress at the tube crown but bowing of the tube does not 

relieve this stress. The circumferential gradient has an 

equivalent thermal moment across the tube cross section that causes 
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tbe bowing and relieves the stress. Tbus it is reasonable to 

assume tbat tbe beat flux or beat flux imbalance causes the 

bowing. Based on the large amount of bowing as demonstrated by the 

deflection curves, considerable relaxation of the axial stresses 

would be expected. 

In comparing the tube stress curves (Figure 9) to beat flux curves 

(Figure 4) one notices a lack of consistency, i.e., the numerous 

peaks and troughs characterizing the beat flux curves fail to 

appear in any of tbe corresponding stress curves. The crown stress 

bits a plateau or levels off1 rapid increases or decreases are 

virtually non-existent. This suggests that much of the stress is 

relieved ~ the tube bowing and the remaining stress is a function 

of some through thickness gradient (Note, the through thickness 

gradient varies along the length.). For example, the maximum crown 

stress of Panel 7, Zone 1, is 21 ksi instead of 31.5 ksi for a 

previous analysis that assumes generalized plane strain. 

No increase in tube stress was noted due to use of a fixed 

connection at the top, therefore, boundary conditions proved 

satisfactory for the analysis. 
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Stress/Flux Correlations 

The data collected in Table 8 contains maximum values of heat flux, 

tube and web stress, and lateral deflection. A careful review of 

Table 8 leads to the conclusion that there is no direct correlation 

between the maximum axial stress and the maximum heat flux or heat 

flux imbalance. The fact that the curve of the crown stress does 

not follow any pattern of the heat input curves suggests that 

stress is a function of the total heating, heating at any level 

along a tube, and the distribution of the heating. Therefore other 

possible correlations were calculated. 

Various heat flux data were determined and are presented in Table 

9. The heat flux (QN and QE) represents area under the curve 

for the north and east sides, respectively. The heat flux was 

determined by summing the values at each of the 41 elevations 

(nodal layers). The total heat flux imbalance ( 6Q) is the 

difference between the two total heat fluxes (QE and QN); it is 

the difference (area) between the two heat flux curves. Ratios 

between total heat flux and heat flux imbalance were then 

determined. 

The significant plots arising from the data in Table 9 are Figures 

11 through 15. In Figure 11, maximum crown stress is plotted 

against heat flux imbalance divided by the total heat from either 

side and then their sum. The curves are not necessarily what one 

might expect; however the uniformity of the curves confirm that 
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maximum axial tube stress is a function of the entire heating 

pattern and not the maximum heating at a single point. The high 

degree of similarity suggests that the omission of the total heat 

flux parameter would yield similar plots (Figures 12 and 13). 

Since axial crown stress consists of two components, one of which 

is not affected by bowing, it seems reasonable that the curve might 

peak at some value of total heat flux imbalance. The higher stress 

values above this maximum heat imbalance point presumably occur 

when the through-thickness gradient controls during high local heat 

flux conditions. 

Maximum web stresses range in magnitude from 2.2 to 2.7 times 

respective tube crown stress values. The web stresses are not 

relieved b¥ bowing; in fact, bowing may increase the web stresses. 

The web stresses are not a function of heat flux imbalance. Unlike 

the crown stress curves, web stress curves are sensitive to the 

total heat flux curves and the local heat flux condition. The web 

stress curves of Figure 13 are very similar differing in magnitude 

by only 6 KSI,·yet the corresponding flux curves in Figure 4e show 

dissimilar curves with a significant 6Q. The total heat flux 

applied to any level of a tube could then be a reasonable indicator 

of the magnitude of web stress present in a membrane wall panel. 
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Effective Stress 

Plots of effective stress for Panels 7 of Zones 1,4 and 2,3 show 

web stress slightly lower and tube stress to be appreciably lower 

than the corresponding axial stresses. Table 10 compares the 

maximum stresses from the plots. 

COmparing the effective stress curves to axial stress and heat flux 

curves shows that both web and effective stress curves closely 

follow the heating curve associated with that side of the tube. 

The quarter length model serves as a check verifying the effective 

stress values. From the results presented, effective stress should 

be consistently lower than axial stress for any thermal loading. 
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10.0 Conclusion 

FESAP results appear to be accurate for analysis of tube bowing and 

axial thermal stress. This is based on reasonable convergence of 

stresses for a node ~n to two elements and the general saoothness 

and consistency of the many plots. 

Maximum lateral deflection for one-sided heating is substantially higher 

(21.5 inches) than for two-sided heating (maximum deflection varied fro. 

4 inches to 11.5 inches). 

Tube bowing causes the lateral deflection and results fro. a difference 

in heat flux curves. This can be demonstrated ~ plotting the heat flux 

imbalance against tube length and superimposing the resulting curve on 

the deflection curve, i.e., a high degree of siailarity occurs and even 

predicts the presence of reverse bending in several panels. The 

magnitude of the lateral deflection is difficult to predict, but a plot 

of heat flux imbalance gives a good approximation to the type of curve 

one might expect to develop. 

For two-sided heating, maxiaum web stress was found to be 67 lSI and 

tube stress, 31 KSI. The stresses are conservative since the peak 

heating curves do not occur at the same time of year. 
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Both web and tube stresses at any location on a panel appear to be a 

function of the entire heating rather than the level at the location. 

Tube bowing does relieve axial crown stress but had little affect on web 

stress. Crown stress displays a somewhat constant stress level; i.e., 

it does not follow the heat flux curve nor the heat flux imbalance 

curve, it truncates the effects of any sudden peak or drop in the heat 

flux curve. 

The web stress increases when total heating increases. 

Effective stress does not exceed the values of axial stress in any of 

the panels although web stress differs only slightly. 

11.0 Recommendations 

Permitting the tube to bow reduces stress levels in the tubes; bowever, 

excessive bowing can cause large deflections. Therefore, heat flux 

curves (two-sided heating) should be properly aligned so that the total 

heat flux imbalance is minimized. 

Since maximum stresses are compressive and end loading causes tensile 

stresses, overall they reduce compresssive stresses. Theoretically, 

increasing the end load should reduce the bowing to a point where 

maximum compressive stresses (plane strain) occur. However, this effect 

is not obtained by FESAP; presumably, it requires large deformation 

theory. 
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The accurate prediction of solar' efficiency* is of great importance in 

establishing the overall first cost of a complete solar central thermal power 

generating system. Over-prediction of the efficiency of a central receiver 

would result in the specification of a disproportionately smaller number of 

heliostats than otherwise would have been required (additional heliostats of 

necessity are far-field heliostats and thus of lower efficiency than average 

in terms of input to the receiver aperture). For example, if total heliostat 

costs for a 100 MMe plant were ,150M and the efficiency were underestimated by 

5', the plant would underperform. The total cost to supply the additional 

helio.tats required to meet performance would cost as much as ,8M (if in fact 

they could be added). Contrarywise, overestimation could lead to an oversize 

plant, the C08t of which may be judged uneconomic. 

An evaluation of receiver efficiency require8 the development of 

analytical techniques. In developing these techniques, thermal 108se8 from 

the cavity were separated into the following mechani8ms: 

• Radiation losses 

--Infrared reradiation 

--Reflection (visible) 

• Convection 

• Conduction 

Methods were determined which estimate individual losses such as natural 
, 

convection, reradiation, reflection, and conduction. The resulting calculated 

108se8 are found in Tables 1 and 2 and Figures 1 and 2. 

*The thermal efficiency of the quad-cavity receiver is defined as the 

ratio of the total energy retained by the working fluid (molten salt to • the to~al energy entering the qpertures. 
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Results 

Receiver efficiency was evaluated at design point conditions with a total 

absorbed power of 320 MWt (1.092 x 109 Btu/hr). Losses were calculated and 

added to the absorbed power to yield the total insolation that must enter the 

apertures if design thermal rating is to be achieved. Methods were determined 

which can estimate individual losses such as natural convection, reradiation, 

reflection and conduction. This section describes these methods. 

The results of these calculations are found in Tables I and 2 and Figures 

1 and 2. Radiation losses were computed by estimating the shading for each 

surface which radiated at an average temperature based upon the average 

radiactive power. Reflective losses were calculated using overall view 

factors, assuming diffuse reflection from the tubes and a reflectivity of five 

percent. Convective losses were calculated for each panel using the 

temperature difference between the average panel temperature and the 

temperature of the air inside the cavity. The cavity air temperature was 

estimated using a convective coupling model suggested by Clausing. (1) 
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\ TABLE 1 

RECEIVER LOSSES IN PERCENT OF TOTAL 

RADIANT 

IT Reradiation 

Visable Reflection 

CONVECTION 

Natural 

CONDUCTION 

Roof 

Floor 

Walls 

Receiver Effioienoy • 91' 

N • North Cavity 

S • South cavity 

E/W • East and West Cavities 

F-3 

N 

1.12 

.38 

s 

.41 

.11 

E/W 

1.79 

.46 

1.5 .67 2.20 

.032 .017 .050 

.021 .011 .030 

.057 .016 .098 

Total 

3.32 

.95 

4.37 

.099 

.062 

.171 

8.97 



TABLE 2 

RECEIVER LOSSES 

Total Receiver Insolation - 1.201 x 109 

Total Insolation Absorbed 

Incident 

Losses 

Total 

Radiant 

1) Re-radiation 

2) Reflection 

3) Shine Through 

Convection 

4) Natural 

5) Forced 

Conduction 

6) Roof 

7) 

8) Wall (panels) 

Percent Loss Per Cavity 

(cavity loss/cavity power) 

N S 

.4197 x 109 .1446 x 109 

.4571 x 109 .1594 x 109 

E/W 

.528 x 109 

.5836 x 109 

.0135 

.00457 (U) 

.018 

.000385 

.000255 

.000688 

.0374 

8.18% 
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.00496 .0215 

.00136 (.85%) .0055 (.94%) 

.0080 

.000200 

.000132 

.000188 

.0148 

9.31% 

.0264 

.000600 

.000400 

.00118 

.0556 

9.53% 
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o PERCENT OF TOTAL RECEIVER INSOLATION 

~ PERCENT OF EACH CAVITY INSOLATION 
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FIGURE 1 . RECEIVER LOSSES BY CAVITY 
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Reflection 

Reflective heat loss is calculated b¥ assuming diffuse reflection of five 

percent of the incident energy. Since most (95') of the reflected energy is 

recaptured when another surface is encountered, it is necessary to use view 

factors to account for the rate of escape (see Pigure 4). The cavity is 

divided into two sections by a flat plane (Pl) placed at the edge of the 

absorbing panels as seen in Pigure (1). The view factors are found for heat 

flow from the panels to plane Pl (P2-Pl) and from plane Pl to plane P2 

(Ppl-P2) where P2 is the aperture. A view factor from the panels to the 

aperture is then calculated as P2-P2 • F2-PlPpl-P2. The total heat 

transport through the aperture is then calculated by equation (8). 

Qreflection = (1 - a) F2,p2 Qtot,incident (8) 

The view factor P2-Pl was estimated to be .8, and Ppl-P2 varied between .3 

and .4.(2) 
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FIGURE 3 . RERADIATION APERTURE MODEL 
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Receiver Efficiency Calculations 

In order to calculate receiver efficiency, it is necessary to estimate 

the losses from convection, radiation and conduction. Tbese losses are then 

added to the total power absorbed by the salt to yield the total required 

. insolation at the apertures. Since the quad cavity receiver has three unique 

apertures, it is necessary to perform three independent calculations for 

cavity losses. 

One begins with the following list of datal 

1) Peak and average normal absorbed fluxes ~ panel. 

2) All geometric data including panel height, width, tube diameter, 

aperture height and width. 

3) Material properties. 

4) Aperture temperature as seen from the panel or incoaing background 

flux (this normally corresponds with a radiative temperature of 

4000 X). 

5) Estimates of ceiling and floor temperatures. These are estimated ~ 

assuming a nominal conduction rate through the wall and balancing the 

average incident and radiant flux. These surfaces are painted white 

having 

aIR • .30 and £visable·. 3 
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Estimate of Peak Tube Temperature 

Peak tube temperatures are found by assuming one-dimensional through 

thickness heat conduction normal to the tube surface and convection into the 

working fluid (molte~ salt). The heat transfer coefficient is calculated 

using equation (1) for developing turbulent flow. 

Nu •• 036Pr· 4 Re· 8 (D/L) 1/18 (1.I /l.1 ) .14 (1) 
b w 

When it is assumed that the peak flux occurs at half the distance up the 

tube, the half of the tube length is used for L. All properties except l.Ib 

and l.I w are evaluated at the film temperature corresponding to the average 

panel salt temperature. 

Once peak temperatures and average salt temperatures have been procurred 

for each panel, it is necessary to find an estimate for the average convective 

panel temperature and average radiative panel temperature. It is assumed that 

the temperature varies with the cosine of the angle between the point of peak 

temperature and the desired location. An integral average of this cosine 

temperature distribution around a tube yields equation (2). 

(2) 

It is assumed that the minimum temperature around the tube occurs at a 

location with negligible flux (i.e. T. • T 1 at the membrane/tube m1n sa t 

interface) and that the peak temperature occurs at the point of peak flux. A 

vertical average of the temperature along the tube is estimated with equation 

(3). 

F-10 



¥ . • T + .8 (T - T ) vert1cal .alt peak .alt (3) 

Where Tpeak i. the absolute peak temperature anywhere on the panel and 

T.alt ia the .alt temperature at that .ame location, Equation. (2) and (3) 

are combined to yield an equation (4) for the panel convective average 

temperature. 

(4) 

The average radiative temperature i. defined a. the temperature that would 

radiate heat fro. a flat plane at the peak. of the tube. which would be 

equivalent to the total heat cro •• ing the plane and radiated by the tube.. In 

order that this value be computed accurately, a computer program was developed 

to perform a parametric .tudy on average radiative temperature. Thi. program 

included the effect. of shading by adjacent tube.. A correlation of the 

re.ult. was made and i. seen here in equation (5). 

(5) 

Combining equation. (5) and (3) yield. the panel radiative average temperature 

a. given in equation (6). 

(6)* 

*Although it is known that the .... averaging technique. i. not valid for 

both convection and radiation, it i. felt that the error introduced i. 

within the accuracy of this analy.i •• 
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It is also necessary to construct temperature estimates for the vertical 

inactive surface area such as aperture side walls since the convective losses 

from these areas can be large. Inactive surfaces are heated by infrared 

radiation emitted by absorber panels and cooled when heat is radiated by the 

surface to the aperture, when,cold air convects heat away and when heat is 

conducted through the insulation., This heat balance at the panel surface, 

provides a good estimate of surface temperatures. 

Estimates are made for the view factors of panel to cavity and panel to 

aperture (the only radiative cooling medium). These factors together with an 

estimate for the average cavity temperature yield a value for the equilibrium 

surface temperature. 

T -inactive 

i,aperture 
T4 F 
aperture i,cavity 

F . 
i,aperture 

Fi . ,cav1ty 

where, T it = average temperature at which the cavity radiates cav y 

to the inactive surface 

(7) 

Taperture • average temperature at which the aperture radiates 

to the inactive surface 

F. • view factor from the inactive surface to the 1., aperture 

aperture 

F. i • view factor from the inactive surface to the cavity 1,cav ty 

• inactive surface emissivity 

The average cavity temperature is weighted toward that of the nearest panel 

temperatures, the floor and ceiling temperatures, since the inactive surfaoe 

sees very little of the panels at the back of the aperture. 
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Re-radiation 

Re-radiation heat loss is calculated on a panel by panel basis using the 

average radiative temperature as described earlier. Configuration factors 

fro. the aperture to the radiating surfaces are estimated such that the sum of 

the factors equals one. This insures conservation on energy in the model thus 

preventing error. that would have resulted when the panels are treated 

independent of the aperture. 

Using figure (2), the configuration factors are found tro. equation. (t) 

- (13). 

a 3 62 
F - ~--~ aperture,absorber 1802 

(t) 

(l-F )ei 
F _ ~~a ... pe~r_t .. u_r_e_, ab;.=.;s-..0 .. r_be--.r_1-. 
aperture,cei1ing 2(91 + a1 + a2 

(10) 

2 

(1 - F ) a aperture,absorber 2 
F - --~~~-~----~----------agerture, floor 2(61 + a1 + a2 

(11) 

2 

(1 - F )a F = __ ~ __ a~p~e-..r_t_ur~e.,~ab __ so_r~b_e~r ___ 1 __ 
aperture,side panels 61 + a1 + a2 

(12) 

2 

F F _. aperture, absorber 
aperture,pane1 Npane1s 

(13) 
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Both black and white painted surfaces are assumed to have an infrared 

emissivity of .85. Since the sum of view factors equals one the heat 

transport is treated as emitting from a black surface at the aperture and 

calculated by equation (14). 

(14) 

Q . A L F (T~ _T4 , ) 
reradiation = aperture cr €i i ~ background 

• 
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FIGURE 4 . REFLECTIVE APERTURE MODEL 
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Convection 

Convective heat loss is calculated on a panel by panel basis using the 

average convective temperature as described earlier. Beat transfer 

coefficients are calculated from a correlation derived by A. M. Clausing, 

Reference 3. The correlation is based upon data from his cryrogenic dry 

nitrogen wind tunnel which simulates the high Grashof numbers and temperature 

differences experienced with solar receivers. 

When analyzing the receiver cavity, it becomes necessary to address the 

question of characteristic temperatures, lengths, and areas since most 

correlations are derived from flat plate experimental data. 

Clausing's correlation 'provides a correction'for large temperature 

differences but is not suited for direct use in a cavity. It assumed that the 

average temperature that the panels convect to (Tbulk) is inside the cavity 

and is at the average of that temperature exhausted from the cavity by buoyant . ' 

(or chimney) force and the incoming air temperature (i.e., Tb • (Tout + 

T. )/2). In order to estimate the bulk air temperature (Tb) a heat In 

balance is performed on a control volume as shown in figure (3). The 

convective energy absorbed by the air is Qconv in equation (15). 

Q = PAaVaCp (Tout - T) conv. 
(15) 

where properties are evaluated at Tb and Aa represents half of the 

aperture area. Va is the average velocity of the mass influx and outflux. 

The convective heat transport can be found from heat transfer coefficients if 

the exit temperature is known. • Therefore, the only unKnowns are V and 
a 

Tput• A linear velocity profile is assumed and is a function of Vmax • 

v •• 5 V a max (16) 
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Since the buoyant forces are dominant in this flow (GT is large), the 

maximum velocity can be estimated by modeling a frictionless fluid element 

accelerating along a path with a linearly increasing temperature. The buoyant • 
velocity is given by equation (17). 

v • (9B(T t - T.)L)~ boyant ou (17) 

where L is the aperture height and B is the isobaric compressibility. 

It is assumed that this is the maximum velocity that the fluid can attain 

and therefore represents an upper limit to the heat transport from the 

cavity. However, the effect of this velocity on the overall~ heat transfer is 

small since the cavity temperature is typically within 30F of the outside 

temperature. This suggests that even if the velocity were 50.' lower, the 
: . . 

overall effect would be a reduction in convective loss by 5', thereby 

effecting the receiver efficiency by less than .3'. 

Issues 

When determining the areas over which the heat transfer takes place, the 

boundary layer thickness-must be evaluated to determine where the major 

temperature drop occurs. In most cases it was found that Nu • 3000. If it is 

assumed that the major temperature drop occurs by conduction in the laminar 

sub-layer then an estimate of the layer thickness is seen in equation (18). 

, L 
a ::.; • .01 ft - 1/8 • 

(18) 
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where Lt is half of the average tube length. It is seen that it would be 

very hazardous to use the projected area for convective calculations. This 

area requires furth.r study, but for the lack of a better estimate, the total 

tube wall ar.a is used for .eabran. walls. 

Unc.rtainties 

Despit. th. best efforts of all that att.apt the prediction of los.es, it 

i. .till hazardous to clata a tol.ranc. bett.r than 3o, on 10..... Until data 

can be tak.n fro. a rec.iv.r with dt.&n.ion. and t .. peratur. diff.r.nc.s on 

th. .... ord.r of magnitude a. the final d.sign, it will be difficult to 

.xtrapolat. the correlation.. Tberefore, it is necessary to e.timat. the 

po •• ible errors a.sociated with convective lo ... s. 

1) Boundary Lay.r Bffect. - V.rtical tubes can be viewed as a flat 

surface with a roughn ••• when the tube diamet.r is small in 

ca.parison to the laainar .ub-layer. with this design, the boundary 

layer is le.. tban 3/16 inch. The value of this thicknes8 i. ...11 

at the botta. of the tube. and large at the top where the flow is 

more fully developed. It is expected that this effect will result in 

a slight reduction (less than 10') in the predicted natural 

convection 108S.S. 

2) The h.at tran.f.r correlation U8ed in this analysis was d.rived fro. 

dry cryrqgenic nitrogen d~ta. Under operating conditions, the actual 

fluid will be a aixtur. of air and a ... 11 percentage of water 

vapor. Property variation. could, therefore, yield a significant 

.rror (+ 20'). 
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3) Since carbon dioxide and water vapor will be present in the air, it 

will be reasonable to expect that infrared radiation from the tubes 

will be absorbed by the air and convected out of the cavity. Tbis 

effort becomes more pronounced as the cavity aize increases and could 

reduce overall efficiency by as much as one percent. 

Conclusions 

It was desired that a method be found and used to estiaate cavity 

receiver efficiency. This work has predicted an overall receiver efficiency 

of 91t. The aajor losses were found to be natural convection with 4.45 

percent of the total insolation and radiation with 4.27t of the total 

insolation. 

It was found that these values could be as much as 30t off of the nominal 

predicted values and that further testing is required on units of large scale. 
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