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I. Introduction and Executive Summary

1.1 Objective

The objective of this project was to develop a conceptual design of an

advanced water/steam solar central receiver, which would be more cost
effective than the present design employed in the Barstow 10MWe pilot plant.

(1)

Studies have shown that tﬁe major cost in a solar thermal central
receiver plant is the collector sub-system (heliostats). The number of
heliostats required for a given electrical power output is a function of,
among other things, the efficiency of the conversion of heat energy to
electrical energy (cycle efficiency)., This fact justifies the search for
improvements in the receiver/storage/electrical generation systems of the
plant, with the potential for an overall cost benefit via a reduction of
collector sub-system size. This project is directed to an advanced receivef
sub-system primarily, and is limited to water/steam substance as the heat
absorbing medium.

An experimental program was included in the project to determine the
feasibility of using rifled tubing in the high heat flux environment of the
proposed solar receiver evaporator section. Rifled tubing has been shown
to enhance the boiling heat transfer mechanism at lower heat flux levels in

conventional boilers.

1.2 Summary and Conclusions

Conceptual designs of four* external water/steam receivers were developed,
which consist of drum type boilers, with forced circulation evaporators using
rifled tubing to maintain efficient nucleate boiling. Evaporator, Preheater,
and Superheater panels are arranged to take advantagé of the flux distribution
from a biased North field collector sub-system. Final steam temperature is

866K (1100F), to be compatible with a high temperature storage sub-system.

(1) Numbems in parenthesis refer to references at end of report.

% . One receiver was designed for two pressures at the same nominal power
. lavel. (640 MWt). P=1



Reheaters are located low on the receiver tower, and are powered by a
dedicated ‘portion of the North field. VTable 1.1 lists the estimated cost .
of three receivers and Table 1.2 lists separate reheater costs. Figure 1.1
shows the relative physical sizes of these units. These receivers will
serve a range of turbine sizes from 100MWe to 300MWe and Solar Multiple
from 1.3 to 1.7,
Major conclusions from this project are:
1. A drum-type boiler with forced circulation evaporator using rifled
tubing can be designedifor the high heat flux of a North field collector
without the porblems associated with DNB (departure of nucleate boiling).
2. Fxisting boiler techmology and materials can be used to design an
advanced water/steam receiver.
3. Rifled tubing has been shown by test data to provide protection to

evaporator panels at peak heat flux levels 30% greater than the design

point of these receivers.

4. Estimated budgetary type costs of these receivers vary from $10 per
pound of steam, for the large receiver to $13 per pound of steam for
the smaller unit.

5. Fatigue life has been conservatively calculated.to be 30,000 full strain
range cycles. This is adequate for the diurnal cycling, plus some
cloud cycling over a 30-year period,

6. It is possible that the allowable creep-fatigue cycles may be increased
to 40,000-50,000 by an inelastic stress analysis. This analysis has been
recommended for future work and will be required to resolve the cyclic
lifetime of these receivers.

7. Additional analysis is also needed to resolve receiver and plant control

systems.




Table 1.1

Advanced W/S Receiver Costs* (thousand$)
Delivered and Erected

Steam Flow Thermal Power Cost

126 kg/s(1x106 1b/hr) 321 MWt $13,900
252 " (2x106 1b/hr) 640 " 23,380
378 " (3x106 1b/hr) 933 " 31,600

# 1979 dollars

Table 1.2

Estimated Reheater Costs* (Thousand$)
Delivered and Erected+

Turbine Power ’ Reheater Steam  _ Reheater

MWe/Press. . Flow kg/s (1b/hrx10 ) Cost
100/12.4 (1800) 73.1 (.58) 2,400
200/12.4 (1800) 171.3 (1.36) 5,200
200/16.5 (2400) | 142.4 (1.13) 4,500
300/16.5 (2400) ~228.0 (1.81) 7,000

+Does not include reheat steam leads.

%1979 Dollars



I. Introduction and Executive Summary

1.1 Objective

The objective of this project was to develop a conceptual design of an
advanced water/steam solar central receiver, which would be more cost
effective than the present design employed in the Barstow 10MWe pilot plant.

Studies(l)

have shown that the major cost in a solar thermal central
receiver plant 1is the collector sub-system (heliostats). The number of
heliostats required for a given electrical power output is a function of,
among other things, the efficiency of the conversion of heat energy to
electrical energy {cyecle efficiency)., This fact justifies the search for
improvements in the receiver/storage/electrical generation systems of the
plant, with the potential for an overall cost benefit via a reduction of
collector sub-system size. This project is directed to an advanced receivef
sub-system primarily, and is limited to water/steam substance as the heat
absorbing medium,

An experimental program was included in the project to determine the
feasibility of using rifled tubing in the high heat flux enviromnment of the
proposed solar receiver evaporator section. Rifled tubing has been shown

to enhance the boiling heat transfer mechanism at lower heat flux levels in

conventional boilers.

1.2 Summary and Conclu;ions

Conceptual degsigns of four® external water/steam receivers were developed,
which consist of drum type boilers, with forced circulation evaporators using
rifled tubing to maintain efficient nucleate boiling. Evaporator, Preheater,
and Superheater panels are arranged to take advantagé of the flux distribution
from a biased North field collector sub—-system. Final steam temperature is

866K (1100F), to be compatible with a high temperature storage sub-system.

(1) Numbers in parenthesis refer to references at end of report.

* . One receiver was designed for two pressures at the same nominal power
. lavel., (640 MWt). I-1




Reheaters are located low on the receiver tower, and are powered by a

dedicated portion of the North field, Table 1.1 lists the estimated cost .
of three receivers and Table 1.2 lists separate reheater costs. Figure 1.1
shows the relative physical sizes of these units. These receivers will
serve a range of turbine sizes from 100MWe to 300MWe and Solar Multiple
from 1.3 to 1.7.
Major conclusions from this project are:
1. A drum-type boiler with forced circulation evaporator using rifled
tubing can be designedifor the high heat flux of a North field collector
without the porblems associated with DNB (departure of nucleate boiling).
2. Existing boiler technology and materials can be used to design an
advanced water/steam receiver.
3. Rifled tubing has been shown by test data to provide protection to

evaporator panels at peak heat flux levels 30% greater than the design

point of these receivers.

4, Estimated budgetary type costs of these receivers vary from 510 per
pound of steam, for the large receiver to $13 per pound of steam for
the smaller unit.

5. Fatigue life has been conservatively calculated to be 30,000 full strain
range cycles, This is adequate for the diurnal cycling, plus some
cloud cycling over a 30-year period.

6. It is possible that the allowable creep-fatigue cycles may be increased
to 40,000-50,000 by an inelastic stress analysis. This analysis has been
recommended for future work and will be required to resolve the cyclic
lifetime of these receivers.

7. Additional analysis is also needed to resolve receiver and plant control

systems.
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Delivered and Erected

Steam Flow Thermal Power Cost

126 kg/s(lxlO6 1b/hr) 321 MWt $13,900
252 " (2x106 1b/hr) 640 " 23,380
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* 1979 dollars
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Turbine Power ' Reheater Steam  _ Reheater
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100/12.4 (1800) 73.1 (.58) 2,400
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1.3 Background

The central receiver desigr for the 100MWe Pilot flant at Barstow, and
the proposed 100MWe commercial plant design, consist of an external receiver
producing 515°¢ (96OOF) steam temperature at 10.3 MPa (1500 psia) turbine
throttle pressure. The flow path through the receiver is once-through, from
feedwater to final superheat in a single-pass, up-flow circuit. >The turbine
is a single expansion, non-reheat machine. Estimated net turbine cycle
efficiency is 33.6% for the 1OOMWe(2). The receiver thermal efficiency at design
point, is estimated at 90%, based on the incident power at the receiver,
including the estimated convective and radiation losses to the atmosphere.

A design review of the ahove receiver was conducted in 1978 by C—E(3).

The significant result from that study showed_that the proposed once-through
design of the 100MWe commercial plant was subjected to severe thermal stress
due to a critical heat flux condition (DNB) followed by a stable film Boiling
condition with a highly degraded heat transfer. The result is a large increase
in tube crown temperature at the stable film boiling location.

Due to the asymmetrical heating of the external receiver panels, this
temperature gradient (heated side to non-heated side), causes thermal stresses
in the panels at the points where the panels are constrained by guides and
supports. This stressed condition is a maximum at rated operating conditions
of the receiver, and is independent of the time rate of heating and cooling.
Since it is presumed that rated conditions will be achieved almost on a daily

(3} of the 100MWe

basis, from a cold start, stress now becomes cyclic. Anlaysis
plant showed that the proposed design, in the high heat flux environment, would
have a fatigue life of the order of a few years, instead of the 30-year design

objective. The result is independent of any other contributory factor in

fatigue life analysis.



1.4 Technical Approach

The selection of the preferred advanced water-steam receiver design
was made by considering the following options:
I. Beoiler Types (Table 1.3)
a. Once-through (single pass to superheat)
b. Drum-type
1. Natural circulation
2. Pumped circulation
II. Turbine Cycle Parameters (Table 1.4)
a. Category I
1. Throttle Pressure,
2. Main steam temperature
3. Non-reheat

b. Category II

1. Throttle pressure
2. Main Steam Temperature
3. Reheat temperature
III. Reheat/Storage Options (Table 1.5)
a. Low temperature storage '"live steam'" reheater.
b. High temperature storage
1. Solar reheater
2, Partial pass-throﬁgh storage reheat
3. Supercritical primary receiver--1007 power pass through storage.
IV. Receiver/Turbine/Storage Sizes Combinations (Table 1.6)
a, Turbine size range (100MWe-300MWe)
b. Turbine throttle pressure (1800-2400)

c. Storage Multiple (1.3~1,7)

The above options are discussed below:

»
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1,4.1 Boiler Options--A drumrtype forced-circulation boiler design was

chosen from the various boiler options avaii;ble in Table 1.3. The selection
of this boiler configuration was made to avoid problgms of DNB and instability
which can occur in once-through (single pass to superheat) units. Density-wave
instabilities are not likely to occur where the liquid and vapor phases are
separated,

By providing pumped circulation, protection of the evaporator circuits
under high heat flux conditions can be assured th:ough the use of rifled
tubing and by orificing the flow circuits according to the heat flux require-
ments. Rifled tubing allows optimization of the circulation system for
minimum pump costs by reducing the circulation ratic required.

A test program (Task 10) was designed to both obtain rifled tubing
performance data at the high heat flux levels assoclated with the north
side receiver evaporator section, and to verify the selected design
circulation ratio.

An external receiver configuration was chosen for this project. Previous
studies indicate that the external arrangement is lighter weight and easier

1

to erect than a cavity type, due to its modular panel construction.

1.4.2 Turbine Parameters--A receiver operating with RFP Category 1II steam

conditions was selected. Category II defines final steam temperatures.:and
pressures as those greater than 10.3 MPa (1500 psi) and 515°¢ (96OOF). Higher
pressure, higher temperature, reheat cycles, inherently have better heat
rates; thus, for a given electrical power output, fewer heliostats would be
required, TFor example, a 16.5 MPa (2400 psia), 538°¢C (lOOOoF) turbine cycle
with reheat to 538°C (10000F), and a gross cycle efficiency of 43%, would
theoretically require a collector field size 207 less than a Category I plant.
Turbine cycle parameters for various options are listed in Table 1.4. The

final selection of turbine cycles (nos. 2 and 3) included both the 12.4 MPa and
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Table 1.3

Receiver Boiler Options

No. Description
B )
Once-tnrough (single pass) sub-cooled liquid to
1. superheated steam. Can be used for sub-critical
steam pressures, but required for supercritical
—

(continuous phase) pressures.

mjﬂ

Drum~type boilers. These separate the steam/
water phases in a drum. Saturated steam is
collected and passed through a separate superheater,

2,
Natural circulation. Depends on density gradients
between down comers and risers to provide circula-
2a. (see above) tion in boiling circuits.
1 Forced circulation. Uses pumps to provide circulation
2b.

in boiling circuits, Independent of density gradients.

- &



Table

Turbine Cycle

1.4

Parameters

Cycle No. RFP Category Pressure Ma%n Sgeam Temp. RH Tgmp
. MPA(psia) K (F) K (F)
1 I 10.34 (1500) 789 (960) none
2 II 12.4 (1800) 811 (1000) 811(1000)
3 II 16.5 (2400) 811 (1000) 811 (1000)
4 II 24, (3500) 811 (iOOO) 811 (1000)




16.5 MPa (1800 & 2400 psia) pressures, as turbines operating at these
pressures are generally available in the plant power size range contemplated
(100-300MWe). The gain in cycle efficiency between the 16.5 MPa (2400 psia)

reheat cycle, over the 10.3 MPa (1500 psia)} cycle is 15%.

1.4.3 Reheat/Storage Options--Table 1.5 lists the various reheat options

considered, and their relationship to the storage and electrical generation
sub~systems., These are described in detail in Section 2. The first three
options involve a sub-critical pressure receiver, while the fourth one employs
a supercritical pressure receiver in a separate, primary loop. In this unique
arrangement, 100% receiver power passes through the storage sub-system, which
acts as a buffer between the receiver and the electrical generation sub-system.

Each option was evaluated on the following operation scenario:

1) eight hours operation at full power plus changing of storage at specified
multiples, then, 2) operation from storage until the storage energy was
exhausted.

A daily average plant efficiency was calculated for each option listed.
Results indicated that Option Nos. 2 and 4 gave the highest efficiencies,
each option having about the same efficiency, (table 1.6). Before a preferred
selection was made between these two, a supercritical receiver primary loop was
analyzed thermally. These analyses are described in Section 4. Results showed
Option No. 4 to be more complex and larger than Option No. 2--Solar Reheater,
for the same power rating. Opt%on 2--Solar Reheater, was therefore chosen as
the preferred arrangement.

High temperature storage units were included in most of the optioms in
Table 1.5. In order to generate rated steam temperature from the storage
operating mode, the charging side steam temperature must be 55.6% (1000F)
higher than 538C (1000F). This required 593C (1100F) steam from the receiver.
It will be shown later that this temperature requirement :impacts the material

selection and fatigue life of the absorber panels.

1 ¢ ™




Table 1.5

..Reheat/Storage Options

No. " Description Reference Fig. Nos.

1 Live steam reheater with low temperature Fig. 2.1, 2.4, 2.4A
storage 2.5, 2.5A

2 Solar reheater with high temperature and Fig. 2.2, 2.7, 2.7A,
low temperature storage units. 2.8, 2.8A

3 High temperature and low temperature Fig., 2.9,°2.94, 2,10,
storage units. A portion of the high 2.10A
temperature storage unit dedicated to
reheat,

4 Supercritical receiver primary loop--100%| Fig. 2.11, 2.11A

power pass—through storage to sub-critical
steam cycle w/reheat.

/-1




Table 1,6 — Comparison of Daily Efficiency - 8 hr Charging

&

No.l(Fig.2.4) No.2(Fig.2.7) No.3(Fig.2.9) No.4(Fig.2.11)
Supercritical
~ Arrangement . Live Steam Solar Reheat Hi Temp Reheat Receiver - 100%
Description - Reheat /LT Storage HT/LT Storage Pass~Thru (HT/LT) Pass Thru
Solar Multiple 1.3 1.5 1.7 1.3 1.5 1.7 | 1.3 1.5 1.7 1.3 1.5 1.7
1. Electrical Power .. }J192.8 | 192.8f 192.8 } 192.8 [192.8}]192.8 192.8 [192.8 |} 174.3+|174.3+|174.3+
Generated, MW )
2. Energy Collected by | 4633 | 5362 | 6077 4647 [5361 | 6076 5367 | 6086 | 4456 5142 |5828
Receiver, Mi~hr )
3. Energy to Turbine, 3574 |} 3574 t 3574 3574 [3574 | 3574 3580 | 3580 3428 | 3428 13428
MW-hr
4. Energy SFored, MWw-hr | 1058.6 1787 | 2502 1072 1787 | 2502 Eggﬁgié 3 156 1036 1713 2398
5. Electrical Energy 1543 | 1543 + 1543 1543 [ 1543 | 1543 1543 '} 1543 1394 11394 1394
Generated (RealTime)
MW-hr ‘
6. Real Time Efficiency,] 43 43 43 43 43 43 % 43 43 41 41 41
% : (4]
7. FElectrical Power 73 73 73 138 138 138 - 138 138 192.8 |192.8 |192.8
Generated from a
Storage, MW 3‘
8. Thermal Power 327 327 327 389 389 389 2 §2,%§§” §2,%§§' 447 447 447
Requried from = :
Storage, MW
9., Hours of Cperation 3.24 | 5.46 | 7.65 2.76 [4.6 6.43 3.1% [ 4.27% § 2.3 3.8 5.36

) from Storage - :

10. Storage Operation 22 22 22 35.6 [35.6 |35.86 35.6 [ 35.6 43 43 43
Efficiency,Z%

11, Electrical ENERGY 237 399 559 381 634 887 428 589 443 733 1033
Cenerated from -
Storage, MW-hr :

12. Overall Efficiency,Z } 38 36 34.6 41 40,6 §39.9 36.7 135.0 41 41 41

L'_*Eased on exhaustion ol high temp. storage unit before lo temp. unit’

+Corrccted for supercritical pump power,




1.4.4 Receiver/Turbine/Storage Size Selection

The last step in the receiver design selection process was to determine

“commercial' plant size. For Reheat/

the receiver power rating (MWt) for a
Storage Option No. 2, the daily "average" efficiency does not vary significantly
with the solar multiple. See Table 1.6. Typical turbine heat balances
were used to obtain the required steam flows for plants with 100 to 250 MWe
output. A table was constructed of receiver steam flow requirements for
these typical turbine cycles with solar multiples of 1.3, 1.5, and 1.7. Results
abke shown in Table 1.7. From this table, four receivers were selected, two
for a pressure of 12.4 MPa (1800 psia) and two for 16.5 (2400 psia) having
steam flow capacities of 126, 252, and 378 kg/s (1x106, 2x106, 3x106 1b/hr).
These four receivers are capable of covering the entire power/solar multiple
design range. The 252 kg/s steam flow receiver includes both 12.4 and 16.5
MPa (1800 and 2400 psia) pressure levels.

Table 1.8 summarizes the receiver parameters for the four recelvers
selected for conceptual design and cost estimating. The receiver steam
flow ratings listed, include the main receiver, (main steam plus storage),
but do not include the reheat requirements. The reheater is independent of
the solar multiple and is sized for the selected turbine requirements. The
physical location of the reheater in Reheat Option No, 2, is conceived to be

located on the main receiver tower at approximately one third the tower height,

and powered by a dedicated position of the North field heliostats.

1.4.5 Conceptual Design Summary

The external receivers were designed for an asymmetrical flux distribution,
with a North side peak flux of 0.85 MW/M2 and a South flux of 0.3 MW/MZ.
Parametric analyses of the receiver thermal and hydraulic performance indicated
that the evaporator should be located on the North side, with the finishing super-

heater on the South side. By matching of heat flux with heat transfer rates,
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TABLE | 7

Steam Flows Required from Receiver Kg/s (1b/hr)

L Turbine Nominal Power (MW ) Solar Multiple
ID No. 100 " 200 = 250 1.3 1.5 1.7
3 10.1 MPa 811/811k
(1465 psia Delete for reasons of less efficient than 12.4 MPa (1800 psia.)
1000/1000 F :
4A 12.5 MPa 811/811K (1,774,240) (2,047,200) | (2,320,000)
1815 psia 223.55 257.9 292.3
1000/1000 F . .
43 12.5 MPa 811/811% (873,600) (1,008,000) (1,142,400)
1815 psia 110.07 127.0 143.94
1000/1000 F
58 6.6 MPa 811/811K | (1, 706,000) (1,968,000) (2,231,000)
‘ 2415 psia : 214.95 247,96 281.1
1000/1000 F :
5C L6.6 MPa 811/811k| (2,070,000) (2,389,000) (2,707,000)
: 2415 psia 260.8 301.0 341.07
\ 1000/1000 F :




st

Table 1.8

Summary of Selected Receiver Parameters

Design Turbine Cycle Steam Flow Rec. Power Reheat Option Boiler Option
No. No. kg/s(1b/hr) MW (t) No. No.
1 2 126 (1x106) 320.8 2 2b
2 2 252 (2x106) 641.7 2 2b
3 3 252 (2x106) 621.7 2 2b
A 3 378 (3x106) 932.6 2 2b




materials selection were made to minimize metal temperatures.

Table 1.9 lists the materials selected for the various components
of the receivers. Maximum mid-wall temperatures are listed for an
allowable stress of 700MPa (10,000 psi).

The rifled tubing test program (Task 10) results showed that the
proposed rifled tubing performed satisfactorily with a good reserve margin,
from DNB relative to the design point selected for the evaporator. Figure 1.2
shows the test points marking the DNB threshold for the parameters indicated.
The design point for the receiver evaporator is seen to lie in the ''safe"
zone. Pressure drop for the rifled tubing was found to be as predicted.
Although rifled tubing pressure drop 1s approximately twice that of smooth
tubing, this is offset by the advantages resulting from the prevention éf DNB
at the design conditions, Rifled tubing allows optimization of the circulation

system for minimum pumping costs. i.

1.4.6 Creep Fatigue Life

The receiver developed in this project was designed to avoid the high
frequency temperature oscillations due to DNB and dynamic instability phenomena,
plus the diurnal stresses due to film boiling in the evaporator. The critical
areas relative to creep fatigue life involve: 1) superheater panel thermal
stresses due to one-sided heating; which became cyclic stresses due to daily
start up and shut down, plus effects of ¢louds, and 2) transient thermal

stresses due to the rates of beating and cooling thick metal sections. These

two phenomena were analyzed for critical areas in the receiver. These areas
included a finishing stage superheater panel for 1) above, and a superheater
outlet header for 2) above. Details of the analyses are presented in Appendix G.

The panel creep-fatigue analysis was conducted on that portion of the finishing .

stage superheater which indicated the highest metal temperature from the

thermal analysis. Section 3 dascribes the parametric analyses performed to reduce



Table 1.9

RECEIVER TUBE PANEL MATERIAL SELECTIONS

Nominal Midwall Temperature
Panel ASME Spec. No. Composition @ 700MPa (10,000 psi)
Evaporator  SA-213 T11 1% Cr-}Mo-.7581 516C (960F)
1st Stage
Superheater S5A-213 T22 2% Cr-1Mo 518C (965F)
2nd Stage o4 913 TP-316H  16Cr-1Ni-2Mo  618C (1145F)
Superheater _
Preheater SA-192 0.12C 410C (770F)

Reheater SA-213 TP-316H 16Cr-1Ni-2Mo : 618C (1145%)
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Figure 1.2
RIFLED TUBE DESIGN PERFORMANCE CURVE
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the peak temperature to a miniﬁum, consistent with 593C (1100F) outlet
steam temperature. The analysis procedure involvedran elastic analysis
simulétion of an inelastic problem. As such, the results are
conservative, : because relaxétion of ﬁhe stresses was not considered.
With this procedure, 30,000 life-cycles were predicted for the panel using
Stainless 316 material, which in this case, was better than Incoloy 800,
Since this 1s a conservative approaéh, it is probable that an inelastic
analysis would increase the allowable cycles to 40,000. The transient
problem was analyzed using an average rate of steam femperature charge of
222°¢C (400°F) pgr.hour; The result of this analysis was also 30,000
cycles. Higher rates would reduée this value.

The assessment of these results in terms of achieving a 30 year lifetime
is subject to unknown cloud effects. The calculated allowable fatigue
cycles above are more than enough to satisfy the diurnal cycles for a 30—yeﬁr
period, which are estimated as 10,000, The remaining 20,000 cycles are
allocated to various cloud effects, which are difficult to assess, in terms
of fatigue 1ife cycles. There are unknown aspects such as, the magnitude
of strain range caused by various cloud intensities and their frequency of
bccuranée. A specifiéation of life cycle performance is needed in order to

certify a design for meeting the life time requirement.
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2. Systems Analysis and Selection of Preferred System

2.1 Preliminary Andlysis-

This section describes the preliminary analysis and baseline assumptioné
used in the beginning of the conceptual design development of an advanced
water/steam receiver. The analysis consisted of a preliminary steam cycle
evaluation involving several proposed arrangements of a recirculatipn |
receiver. Initially, two ways of incorporating reheat into the system were
considered. One was the live steam reheater, and the other was the solar
reheater. Both arrangements involved only low temperature 316°¢ (600°F)
storage. Latter afrangements incorporated high temperature storage.

Results of these preliminary analyses indicated that the 16.6 MPa (2400 psia)
cycle with reheat gave a 15% heat rate improvement over the 10.3 MPa (1500
psia) non-reheat cycle. The receiver arrangement presented in this section
was the base starting point., " Further analyses resulted in modification to

the original concept. These will be discussed in subsequent sections.

2.1.1 Receiver Concept Arrangement

Figure 2.1 shows the arrangement of the 16.5 MPa (2400 psia) receiver,
with a "live steam'" reheater, and Figure 2.2 shows the same receiver with a
solar heated reheater.

The baseline concept for the receiver configuration consists of an external
unit with the North side maximum heat flux equal to 0.85 MW/mz, and a 3:1
flux profile, North to South. With essentially the same heat input as the
100 MWe commercial plant, the electrical power output in this case will be
approximately 120 MWe. By starting with a known incident energy and working
toward the electrical output, the interface requirements with the heliostat
field should be minimized. The panels are arranged in a manner gimilar to
that recommended, as a means to avoid the DNB problems in the 100MWe commercial

plant.(3)
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In this concept, the individual panels are arranged to absorb the
highest heat flux in the evaporator, which is designed with rifled tubing
to eliminate the DNB. Superheater and reheater panels are then placed:
in regions of lower heat flux. This type of arrangement was shown to cause
no significant loss in receiver efficiency, while retaining the highrincident
flux levels on the north side(3).

The baseline assumption for fatigue life includes 50,000 full temperature
range cycles, consisting of 10,000 diurmnal cycles, and 40,000 cloud cycles
over a period of 30 years. The convective and radiant heat loss model assumes
natural convection coefficient based on existing data from the 1iterature(3).
This model probably predicts low convective losses. The accelerations used
in the seismic loading of the recelvers atop their respective towers were
calculated from a tower formula developed for Sandia by Stearns-Rogers. A
linear extrapolation was made for the taller towers above 180 m. 1In the area
of controls, it was assumed that the recirculation receiver requirements for
control purpose would be feasible, although different from those required for
control of a once-through unit.

Figure 2.3 shows a preliminary distribution of the panels based on their
calculated heat absorption profiles. The matching of panels with the various
regions of heat absorption is not exact, and some adjustments may be necessary

to balance the heat absorption to discrete panels. This graph gives an idea

of the concept employed in this receiver study.
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2.2 Sélection of Preferred System

2.2.1 Selection Criteria

The selection process for the preferred system involves selecting the
preferred cycle arrangement from the four different arrangements presented
below. The selection was based on a calculation of a daily overall efficiency
taking into account the power generated from storage in each of the four
arrangements presented below, The absolute values of the efficiencies reported
are turbine cycle efficiencies and do not include what would be feed pump
power and boiler losses. 1In the case of the supercritical primary receiver,
the supercritical circulating pump power was subtracted from the net electrical
generation when operating in real time. The turbine cycle is still calculated
on the same basis for all arrangements. As shown bélow, two arrangements were
about equal in performance under this scenario. The preferred selection of
the subcritical receiver vs. the supercritical was made on the basis of a study
of the supercritical receiver presented in Section 4. This indicated problems
with the coupling and the heat transfer analysis resulted in a larger receiver
(lower fiux).

The selection of the preferred power rating of the receiver was not made
in this project. Rather, a selected range of receiver power ratings (sizes)
was conceptually designed and costed. This information will be input for
others who will conduct overall plant follow-on system analyses. Four receiver:
sizes were picked from a matrix of plant power level and solar multiple combina-
tions as being representative of the range of sizes required. One receiver

size satisfies several different combinations of power and solar multiple.

2.2.2 System Analyses

The recelver designs for this analysis are all in Category II, i.e.,
the steam temperatures and pressures are higher than those for the first

generation Barstow plant; 10.34 MPa/789K (1500 psia/9600F/non—reheat). The
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original C-E proposal was for the 16,55 MPa/811K/811K (2400 psia/1000°F/
1000°F) reheat cycle, covering the power range of 100 MWe to 300 MWe. Two
separate component arrangements were originally proposed: 1) a "live steam
reheater" coupled to a low temperature 315°¢ (GOOOF) Storage Sub-system, Figure
2.1, and,Z) a separate solar reheater mounted on the receiver tower, with a
low temperatufe storage sub-system, Figure 2,2, The proposed "live steam
reheater" consisted of a heat exchanger to transfer heat to the reheat
steam from the receiver steam. In this arrangement, the recelver would be
sized to include the reheater thermal power requirements. Reject heat from
the "live steam reheater' would be utilized to charge the low temperature
storage unit. The solar reheater would be equivalent to a separately fired
reheater in a boiler.

Shortly after the beginning of the program, it was decided to investigate
high temperature storage sub-systems as a means of improving the steam cycle
efficiency when operating from storage (Table 2.%'. In addition, a high
temperature molten salt storage unit might allow steam to be reheated in the
storage unit, without the requirements of a separate "live steam reheater."
This concept appeared to be initially beneficial, and two additional cycles
were proposed in addition to the original two cycles described above. Also,
a supercritical receiver with 100% pass-through of energy through a high
temperature storage was proposed for study. 1In this arrangement, the super-
critical receiver (single phase) would become a primary loop, discharging
the entire heat pick-up to a high temperature storage unit. The entire
plant would then operate from the high temperature storage unig, including
the reheat. This arrangement would provide a thermal buffer between the
cyclic nature of the solar heat flux and the constant steam temperature

requirements of a steam turbine eycle in the storage mode would suffer no
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‘Table 2.1

Reheat/Storage Options

No. Description Reference Fig. Nos.

1 Live steam reheater with low temperature Fig. 2.1, 2.4, 2.4A
storage 2.5, 2.5A

2 Solar reheater with high temperature and Fig. 2.2, 2.7, 2.7A,
low temperature storage units. 2.8, 2.8A

3 High temperature and low temperature . Fig. 2.9, 2.9A, 2.10,
storage units. A portion of the high 2.10A
temperature storage unit dedicated to -
reheat.

4 Supercritical receiver primary loop--100%{ Fig. 2.11, 2.11A

power pass—through storage to sub-critical
steam cycle w/reheat.
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loss of efficiency which would otherwise occur if other storage arrangements
were selected. In this context, the supercritical receiver is more in

line with other advanced receivers using other heat absorbing substances
(moiten salt and liquid metals). It thus appeared that two possible
arrangements employing high temperature storage could be utiliged in
conjunction with an advanced Category II receiver.

A simplifeid analysis procedure, based on an 8-hour changing time, was
applied to each of the above four cycle arrangement. The objective was to
determine their relative daily efficiencies. Although not an actual opera-
tional scenario, it serves as a comparison tool. This scenario consisted
of full power operation for 8 hours, then storage operation for the time
required to exhaust the energy stored during the first eight hoours. Calcula-
tions were made for several values of the solar multiple. This parameter
is the ratio of the receiver thermal power to the thermal power required to
operate the turbine at full load on the '"best" :solar day. This ratio represents
the amount of power put into storage. Thus, with a $.M.=1.3, the receiver
and hellostat field are approximatély 30% larger than those required to supply
only the turbine thermal power. The balance of the excess power generally is
used to charge storage.

Figure 2,4 to 2,11 include the heat and mass balances for the four
arrangements described above. For clarity, separate balances are shown
for solar operation and storage operation. Figure 2.6 shows the turbine
expansion line for the 16.5 MPa (2400 psia) chle. Turbine operation from
the low temperature storage unit would require steam admission at the point
indicated on Figure -2.6. This is near the end of the turbine expansion line
and is responsible for the very low turbine cycle efficiency when operating

in this mode.
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LIVE STEAM REHEATER
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LIVE STEAM REHEATER
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LIVE STEAM REHEATER
FIGURE 2.5A (STORAGE POWERED)
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HIGH TEMPERATURE STORAGE/SOLAR REHEAT

FIGURE 2.7 (RECEIVER POWERED)
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HIGH TEMPERATURE STORAGE/SOLAR REHEAT

FIGURE 2.7A RECEIVER POWERED
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HIGH TEMPERATURE STORAGE/SOLAR REHEAT

FIGURE 2.8
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HIGH TEMPERATURE STORAGE/SOLAR REHEAT

{STORAGE POWERED)

FIGURE 2.8A
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HIGH TEMPERATURE STORAGE/REHEAT
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HIGH TEMPERATURE STORAGE/REHEAT

o Rl
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HIGH TEMPERATURE STORAGE/REHEAT
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HIGH TEMPERATURE STORAGE/REHEAT
FIGURE 2.10A (STORAGE POWERED )
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SUPERCRITICAL RECEIVER — ONE STORAGE TANK
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SUPERCRITICAL RECEIVER — ONE STORAGE TANK

FIGURE 2.11A  100% PASS - THRU STORAGE
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Table 2.2 summarizes the results of the efficiency calculations described
above. The quoted values of the efficiencies are the turbine cycle values,
without consideration for feed pump power and boiler losses. These are values

to be used for comparison purposes. Item 6, the real time efficiency, is

the same for all cases except the super-critical, since the same turbine cycle

is used. 1In that case, the supercritical pump power is subtracted. Item 10,

storage operation efficiency, is a function of the way the storage is connected

to the turbine cycle. These efficiencies vary from 22% to 43%. The lowest
value, 22% is a result of the low temperature storage. When high temperature
storage is incorporated, the efficiency goes up to 35.6%, The supercritical
primary loop cycle has the best efficiency because of the 1007 pass-through.
In the storage mode, the cycle efficiency is not reduced by the supercritical
pump power. Storage efficiency is better than the real-time efficiency. The

bottom line, 12, shows the "daily integrated' efficiencies according to the

assumed scenario. These also are a function of solar multiple, as well as
cycle arrangement. Note that the overall efficiency decreases with increasing
solar multiple (except for the supercritical primary receiver). The magnitude
of this decrease depends on the storage operation efficiency. This is logical,
because a large SM means more time running from storage. If a larger time is
spent operating at a lower efficiency, it follows that the overall integrated
efficiency will be reduced. The high temperature reheat pass-through cycle

(No. 3) is a special case. Although employing high temperature storage, the
daily efficiencies are not much better than the low temperature storage (No. 1),
This is due to the mis-match between the high temperature and low temperature
storage madules. Note that the high temperature unit exhausts before the low
temperature unit. This in effect, wastes the low temperature energy, resulting
in degradation in efficiency. This reduced efficiency is reflected in Table 2.3.

Due to the reheat pass-through in No. 3, a S.M.=1.3 is not possible, A potential
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solution to this problem would be to transfer this heat into the feedwater
heating train, or reject the heat to the condenser, This would require
extensive revision of the standard turbine extractions and feed heaters, or
a substantial increase in the size of the final heat rejection system.

It is therefore concluded that (excluding No. 4 - supercritical primary
loop)Option No. 2 - Solar Reheat with HT/LT Storage produces the best overall
efficiency. The remainder of this project was directed toward receiver

design with separate solar reheaters.

2.2.3 Receiver Size Determination

Due to the large number of potential sizes and solar multiples, interfacing
requirements with the storage and plant electrical generation sub—systems,-it
was decided to concentrate on a few receiver designs that would satisfy a
range of possible combinations of electrical power and storage sub-systems.
Since the simple scenario described in the previous section may not adequately
represent the true annual energy cost picture, for all plant conditionmns,
optimization of these sub-systems would not be required in this program.
Instead, four basic receivers are to be conceptually designed. These were
developed from the matrix of Table 2.3 and are listed in Table 2.4. Three
basic power levels were selected represented by three steam flows, and two
pressure cycles., Information from the General Electric Co. indicated that
standard turbines in the 100 MWe range were 12.4 MPa (1800 psia) throttle
pressure, vs. 16.5 MPa (2400 psia) for the larger sizes. Both pressures
are available in the 200 MWe range. The receiver power ratings (steam flow)
were selected to cover the range of electrical output and solar multiple

of Table 2.3.
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Table 2.2 -~ Comparison of Daily Efficiency -~ 8 hr Charging

L2~ 2

No.1l(Fig.2.4) No.2(Fig.2.7) No.3(Fig.2.9) No.4(Fig.2.11)
Supercritical
Arrangement Live Steam Solar Reheat Hi Temp Reheat Receiver - 100%
Description Reheat/LT Storage HT/LT Storage Pass-Thru (HT/LT) Pass Thru
Solar Multiple 1.3 1.5 1.7 1.3 1.5 1.7 1.3 1.5 1.7 1.3 1.5 1.7
1. Electrical Power 192.8 1192.8] 192.8 |} 192.8 1192.8 | 192.8 192.,8 } 192.8 | 174.3+}174.3+}174.3+
Generated, MW '
2. Energy Collected by { 4633 | 5362 6077 4647 5361 | 6076 5367 6086 4456 15142 5828
Receiver, MW-hr _
3. Energy to Turbine, 3574 | 3574 | 3574 | .3574 {3574 | 3574 3580 1} 3580 3428 [3428 [3428
MW-hr
4, Energy Stored, MW-hr | 1058.4 1787 2502 1072 1787 2502 .EZ;I§TE 3 o 1036 ‘17;3 2398
Electrical Energy 1543 | 1543 | 1543 1543 | 1543 | 1543 1543 | 1543 1394 1394 11394
Generated (RealTime)
MW-hr
6. Real Time Efficiency,|] 43 43 43 43 43 43 :"a.’ 43 43 41 41 41
% o
7. Electrical Power 73 73 73 138 138 138 - 138 138 192.8 1192.8 |192.8
Generated from a
Storage, MW &
8. Thermal Power 327 327 327 389 389 3389 o 189 189 44/ 447 447
. o 99 99
Requried from =
Storage, MW ‘
9. Hours of Operation 3.24 } 5.46 | 7.65 2.76 |4.6 6.43 3.1 14.,27% § 2.3 3.8 5.36
from Storage
10. Storage Operation 22 22 22 35.6 |35.6 | 35.6 35.6 |35.6 43 43 43
Efficiency, 7
11. Electrical ENERGY 237 399 559 381 634 887 428 589 443 733 1033
Generated from :
Storage, MW-hr
12. Overall Efficiency,% | 38 36 34.6 41 40.6 139.9 36.7 }35.0 41 41 41

*Based on exhaustion ol high temp. storage unit belore lo temp. unit.
+Corrected for supercritical pump power.
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Steam Flows Required from Receiver Kgfs (1b/hr)

TABLE 2.3

Turbine Nominal Power (MW ) Solar Multiple \
ID No. | 100 700 250 1.3 1.5 1.7
3 10.1 MPa 811/811
1465 psia Delete for reasons of less efficient than 12.4 MPa (1800 psia.)
1000/1000 F
LA 12.5 MPa 811/811K (1,774,240) (2,047,200) | (2,320,000)
1815 psia 223.55 257.9 292.3
1000/1000 F
>
438 12.5 MPa 811/811K (873,600) (1,008,000) (1,142,400)
1815 psia 110.07 127.0 143.94
1000/1000 F
5B | 6.6 MPa 811/811K (1,706,000) (1,968,000) (2,231,000)
2415 psia 214.95 247.96 281.1
1000/1000 F
5C 6.6 MPa 811/811E| (2,070,000) (2,389,000) (2,707,000)
2415 psia 260.8 301.0 341.07
1000/1000 F
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Table 2{4&

Summary of Selected Receiver Parameters

Design Turbine Cycle Steam Flow Rec. Power Reheat Option Boiler Option
No. No. : kg/s(1b/hr) MW(t) No. No.
1 2 126 (1x106) 320.8 2 2b
2 2 252 (2x106) 641.7 2 2b
3 3 252 (2x10%) 621.7 2 2b
4 3 378 (3x10%) 932.6 2 2b




3. Parametric Analyses

3.1 Introduction

This section documents certain parametric analyses conducted with baseline
assumptions regarding flux distribution. Results reported herein led to a
change in superheater design which is reported in Section 5. The receiver outlet
temperature is 593°C (llOOOF), based on 53800 (lOOOOF) superheat and reheat
temperatures in the turbine steam cycle, and 55.6°C (lOOgF) terminal temperature
difference in the storage sub-system. The receiver design parametrics are based
on four conceptual water/steam cycles which are summarized in Table 3.1. These
were selected as a result of the system analysis presented in Section 2.

The study includes a parametric evaluation of advanced water/steam superheater,
evaporator, and reheat tube panels. Design variables such as aspect ratio (L/D),
flux distribution, superheater location, tube material, tube size, pressure drop,
tube crown temperature, and absorption efficiency were explored.

Lateral flux gradients across tube panels were also studied as they affect
fluid outlet and tube crown temperatures. Panel orificing requirements were
developed.

Tube crown temperature and pressure drop studies were also done to optimize
pressure drop and tube crown temperature.

The primary analytic tool used in the parametric analysis is a computer
program referred to as the STPP Code (Solar Thermal Performance Program).

The STPP Code is a C~E developed computer program for analyzing the thermal
performance of tube panels in an external cyclindrical receiver. The program
can evaluate preheaty evaporator, superheater, and reheat tube panels. It

c;n alse evalﬁate a once~through steam generator configuration. Details of the
STPP Code are reported in Appendix A. Sample STPP computer outputs for

different panel sections are presented in Appendix B.

2



Cycle No.

TABLE 3.1

CONCEPTUAL ADVANCED WATER/STEAM CYCLES
Receiver Outlet Temp. = 593°C (1100°F)

Steam Flow Turbine Throttle
Kg/hr (1b/hr) Pressure
MPa (psia)
45x10° (1x10%) 12.4 (1800)
.91x10° (2x10%) 12.4 (1800)
.91x10° (2x10%) 16.5 (2400)
1.4x10% (3x10%) 16.5 (2400)

3-%




3.2 Water/Steam Receiver Subsystems'

3.2.1 Receiver Design Criteria

3.2.1.1 Heat and Mass Balances

The parametric study is based on an analysis of tube panels in a
cylindrical extermal central receiver. The final steam temperature of
593°C (1100°F) was determined by adding 56°C (1000F) total terminal
temperature difference to the required turbine throttle temperature of
538°C (1000°F). The 56°C (100°F) includes 28°C (50°F) on each side of the
high temperature storage unit.

Figures 3.1 through 3.4 show the baseline receiver heatrand mass balances
for the 4 advanced water/steam cycles outlined in Table 3.1. Steam generation
is based on contrdlled recirculation water/steam circuitry. The feedwater
input conditions to the preheatef-(or economizer) are dictated by the turbine
cycle. The temperature at the exit of the preheater is set at 56°¢C (100°F)
legs than the drum saturation temperature. This gives about 28°¢c (SOOF)
subcooling at the circulation pump suction to satisfy NPSH requirements. The
drum pressure is set at 3.10 MPa (450 psi) above the turbine throttle pressure

to allow sufficient superheater and steam downcomer pressure drop.

3.2.1.2 Incident Flux Distribution--There are both radial (on receiver

circumference)} and vertical (along tube panel length) incident flux distributions
to be applied in the receiver design. The assumed radial incident flux

profile is shown in Figure 3.5. The distribution results from a non-symmetrical

2y

heliostat field, creating a north side maximum flux of .85 MW/mg (270,000 BTU/hr-ft
and a south side minimum of .28 MW/m2 (90,000 BTU/hr—ftZ). The north to south

gide flux ratio is 3:1



Figure 3.1
RECEIVER HEAT AND MASS BALANCE'
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Figﬁre 3.2
RECEIVER HEAT AND MASS BALANCE
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Figdre 3.3
RECEIVER HEAT AND MASS BALANCE

CYCLE No. 3
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Figure 3.4
RECEIVER HEAT AND MASS BALANGCE
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Several vertical flux profiles shown in Figure 3.6 were developed for
parametric investigations. The baseline vertical flﬁx profile, indicated
as profile B, results from a 5-point aim strategy. The peak flux, Imax’
corresponds to the radial flux values in Figure 3.5. The radial integrated
average of Imax in Figure 3.5 is .57 MW/m2 (190,000 BTU/hr-ftz). The
average of the vertical profiles in Figure 3.6 is .735 Imax’ giving an
overall receiver average incident flux of .42 MW/m2 (140,000 BTU/hr—ftz).

The vertical flux profiles A and C are alternate flux profiles used
in the parametric study. These profiles were derived from the baseline
profile B such that the averaged flux values of the profiles are equivalent.
Due to uncertainty in heliostat field limitations, profiles A and C may

not be reproducible by the heliostat field.

3.2,1.3 Aspect Ratio--The baseline receiver aspect ratio (L/D) for the design

was chosen to be 1.5. This selection is based on indications that the heliostat
field can provide optimum focusing on a receiver with an L/D of about 1.5.

Figure 3.7 shows pressure drop and mass velocity scaling parameters based
on total steam flow for receivers with constant L/D. The approximate dimensions
shown are for receivers with an aspect ratio of 1.5. Pressure drop through
the tube panels varys proportionately to the square root of the total steam flow.

If a constant pressure drop were desired, the receiver aspect ratio would
vary. Figure 3.8 shows relative variations in L/D required of the receivers.

The receiver aspect ratio decreases linearly with increasing steam flow to

maintain the same pressure drop in the different receivers.

3.2.1.4 Receiver Size--The heat loads indicated in Figures 3.1 through 3.4

divided by the average incident flux, after correcting for an assumed receiver

efficiency, gives the total receiver surface area required. The overall

-9
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receiver efficiency is assumed to be 90 percent for parametric design
purposes. The total surface is proportioned so that each receiver component
has the correct amount of heat absorption. Panel widths are based on a
constraint that the maximum panel width not exceed 3.6 m (12 ‘feet). This
conforms to current manufacturing standards for shop assembled welded wall

panels.

3.2,1.5 Tube Panel Locations--The recirculation evaporator is located on the

north side of the receiver in the high incident flux region. The evaporator
can maintain a high nucleate boiling film ccefficient with rifled tubing,
thereby minimizing tube metal temperatures in the high heat flux region. Test
results of the rifled tubing test program (Task 10) are presented in Section 7.
The superheater was initially located adjacent to the evaporator in an
intermediate flux region, and the preheater  located on the south side of the
receiver in the lowest iflux region. Results of subsequent metal temperature
and creep fatigue analysis required placement of the preheat panels in the
intermediate flux region and the superheater on the south side in order to

achieve reasonable cycle lifetime.

3.2.2 Receiver Materials Selection~-Tube material selection is based on metal

temperature ranges developed in the different tube panel sections. An allowable
stress level of 70 MPa (10,000 psi) has been chosen as the criteria for sizing
the tubes based on A.S.M.E. Pressure Vessel Code, Section 1. The maximum
allowable midwall temperature for a given tube material isltbe temperature
corresponding to the allowable stress level of 70 MPa (10,000 psi). Tube
material selections for fhe different tube panel sctions are presented in

Table 3.2.



Panel
Evaporator

1st Stage
Superheater

2nd Stage
Superheater

Preheater

Reheater

Table 3.2

RECEIVER TUBE PANEL MATERTAL SELECTIONS

ASME Spec. No.

5A-213 T11

SA-213 T22

SA-213 TP-316H

SA-192

SA-213 TP-316H

Nominal
Composition

1% Cr-Y%Mo-.7581

2% Cr-1Mo

16Cr-1Ni-2Mo

0.12C

16Cr-1Ni-2Mo

e F L
X4

Midwall Temperature
@ 700MPa (10,000 psi)

516C (960F)

518C (965F)

618C (1145F)

410C (770F)

618C (1145F)




3.2.3 Receiver Thermal Performance

3.2.3.1 Recirculation Evaporator Study--The objective of this series of

analyses is to determine the relationships between the major parameters
involved in a recirculation evaporator, (in contrast to a onée—through
type). Pressure drop therefore is critical for the selection of circulétion
pumps and pumping power.

The size of pumps (capacity and head) and the power required, are
influenced directly by the circulation ratio of the evaporator. This is
defined.as the ratio of mass flow in the evaporator circuits divided by the
mass flow of steam desired as output. By this definition a once-through
system would have a circulation ratio (CR) of 1. Bulk quality theoretically
generated is the reciprocal of the circulation ratio. 'The circulation ratio
is selected to avold departure from nucleate boiling (DNB) in the evaporator
panels.

In common boiler practice, a CR of 4:1 is used. Due to the high heat
flux of fhis solar recelver application, this circulation ratio would be
prohibitive from either the largerpressure drop of smgll tubing, or the
excessive metal temperatures of larger, thick walled tubing.

For this application, rifled tubing is being considered for the high heat
flux enviromment of the evaporator section. In some lower heat flux environments,
rifled tubing has been shown capable of eliminating the DNB critical quality
thréughout the entire quality region to saturated steam. Data was not available,
however, for the high heat flux of this application and é test program(Task 10)
was conducted to develop the required data. Rifled tubing test results are
presented in Section 7. It was initially estimated, by linear extrapolation
of existing data, that a CR of 2:1 might be sufficient for this application

using properly sized rifled tubing.



Figure 3.9 shows the effect of varying tube size on the mass velocity

and panel exit quality. The STPP code was run with constant heat flux&aﬁd

a constant absorption. The baseline vertical flux profile B was USed. for

a given tube size, the mass velocity shown is that required to obtain a'&esired
bulk quality af the paﬁel outlet, . . The influence of tube éizé;ié

quite large. As tube size is increased, a point is reached where wall thickness
is too large to maintain the tube crown metal temperature within limits for

the selected material. The 3.91 cm (1.5 in.) OD tube size produced éxcessive
metal temperatures at mass velocities below approximately 2.44 x 103Kg/m2—8
(1.8x106 1b/hr—ft2). All tube sizes are quoted on the 0D but each curve shown
implies an ID based on the ASME Pressure Vessel Code, Section I formula for
boiler tubing.

Figure 3.10 shows the variation of pump power and mass velocity with tube

size at wvarious outlet qualities. This plot is based on the same runs made for

Figure 3.9 above. Pump power rises significantly at tube sizes less than 2.54
cm (1 in. ODj. Not much impravement results in tube sizes greater than 3.81 cm
(1.5 in.) OD. This limits the tube size selection to between 2.54 cm (1 in.)
and 3.81 cm. (1.5 in.) OD. |
Figure 3.11 is another plot of the data showing the maximum tube crown
temperature as a function of tube size and outlet quality. This graph shows
2.81 cm. (1.5 in.) OD to be an upper limit from the temperature aspect.
The above rums were made with the assumption that nucleate boiling prevailed
in all cases.
Figure 3.12 shows the effect of varying the heat flux in the evaporator
with a constant tube size. Again mass velocity is plotted against oﬁtlet
quality with q/A as the parameter. In these runs, the STPP code wasd run with

the C-E correlation for DNB. All data points to the right of the dashed line
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represent runs that exhibited DNB at some quality point in the panel. The

runs td the left of the dashed line showed no DNB. Thesé are smooth tube data.

It is obvious that the high flux in the smooth tube would require a very large
circulation ratio in order to allow sufficient margin for preventing DNB.
This curve demonstrates fhe need for rifled tubing, where it is anticipated
that a quality of at least 50% will be obtained.without DNB at the 0.85 MW/M2
{270,000 BTU/hr—ftz) incident flux.

Figure 3,13 shows the tube crown temperature for an evaporator panel with
0.85 MW/M® incident flux, assuming a rifled tube and 50% outlet quality.
Table 3.3 lists panel thermal efficiency for various flux levels and circulation
ratiocs. Subsequent results of Task 10 testings confirmed the selection of a

2:1 circulation ratio.

3.2.3.2 Superheater Study

3.2.3.2.1 Tube Crown Temperature——A range of heat flux values was applied to
superheater panels, employing various tubing sizes. The aésumed baseline
parametric configuration for the superheater is a two-stage unit with parallel
flow panels within each stage. The baseline vertical flux profile B is
assumed. The resultant metal temperatures are ﬁlotted in Figures 3.14 and
3.15 for the first and second stage superheaters, reapectively.

The second stage superheater tubes are TP-316 stainless steel. An
absolute metal temperature limit of 12000F is superimposed on Figure 3.16.
This selected limit is less than a 1300°F 1limit for 316 stainless based om
corrosion and metalurgical considerations; The selected limit of 1200°F 1is
intended for bracketing design parameters.

Lowering the tube size decreases the maximum tube crown temperature
because of a reduction in tube wall thickness and an increase in the inside
film coefficient. The results indicate that a tube size of 1.91 cm. (.75 in)
OD or less is required in the finishing superheater stage at flux levels up

to .50 MW/m® (160,000 BTU/hr-f£t2). Even at the lowest flux level of

221
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TABLE 3.3

EVAPORATOR THERMAL EFFICIENCIES

Incident Flux, MW/m2 (BTU/hr—ftz)

Nutlet .85 .63 .47 .32 .24
Quality (269,500) (200,000) (150,000) (100,000) (75,000)
33% .91 .93 .92 .90 7 .88
507 .95 .92 .91 .90 .89
75% .92 .92 .91 .89 .88
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.28 MW/m2 (90;000 BTU/hr—ftZ) on the éouth side of the receiver, tube crown
temperature will reach nearly 626°C (1160°F) using 1.91 cm. (.75 in.) OD tubes.

Figures 3.16 and 3.17 show typical tube crown and bulk fluid temperature
profiles in the first and second superheater stages‘respectively, with baseline
vertical flux profile B. The impoxtant-characteristic of these curves is
the relationship between the tube crown temperature and changes in incident
flux. Near the tube entrance, crown temperature increases rapidly with increasing
incident flux level. 1In the middle of the tube length, the crown temperature
rises mbre slowly because the incident flux level reaches a constant value.
Tube crown temperature drops off rapidly near the tube exit as incident flux
decreases. |

The point of maximum tube crown temperature is reached where incident flux
starts to decrease from Imax in the constant flux region. This observation
implies that if the transition to decreasing fiux were shifted away from the
tube exit, maximum tube crown temperatures might be reduced. Vertical flux
profiles A and C were developed to investigate the anticipated température
reductions.

Figure' 3.18 compares the second stage superheater tube crown temperatures
of the vertical flux profiles A, B, and C. The results indicate the profile
C is the best vertical distribution, showing a reduction in crown temperature
of almost 28°C (SOOF) comparea to the baseline profile B. Profilé A shows
no reduction in crown temperature mainly because the maximum flux in this
distribution is higher than in profiles B and C. An optimum vertical flux
profile is concluded to be one which exhibits a flux distribution bhiased towards
the tube entrance, where bulk steam temperatures in the tube are lowest.

The bulk fluid/tube crown temperature differential creates axial stresses in
the tube which affect the tube fatigue life. Figures 3.19 and 3.20 show the
effect of tube size and flux level on the tube temperature differential in first

and second stage superheater panels.
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Thermal efficiency in superheater tubes is dependent on the tube crown
temperature profile, which is itself a function of tube size and incident
flux., Table 3.4 shows the variations in absorption efficiency as a function
of both tube size and incident flux. Superheater panel efficiencies can

vary between approximately 80 and 90 percent.

3.2.3.2.2 Pressure Drop~-There is a trade off between minimizing tube crown

temperature and minimizing pressure drop in the superheater. Lowering the
tube size decreases tube crown temperature. However, pressure drop increases
due to an increased mass velocity. The momentum and elevation components of
pressure drop are insignificant in superheater panels. Figures 3.21-and 3.22
show the effect of tube size and mass velocity on the smooth tube frictional
pressure drop in first and secénd stage superheater panels.

A total pressure drop of 3.10 MPa (450 psia) is available between the
steam drum and the turbine throttle based on the heat and mass balances
developed in Figures 3.1 through 3.4. The tube size and superheater staging
arrangement must be selected so that the overall pressure drop is within the

above limit.

3.2.3.2.3 Staging Configuration--Superheater staging configurations were

explored to determine an optimum design. Based on the tube crown temperature
data shown in Figure 3.15, a tube size of 1.91 cm (.75 in) OD or less is
required for the finishing superheat stage. This tube size range would apply
even if fhe finishing superheéter were located in the lower flux region on
the south side of the receiver.

The small tubes however greatly increas