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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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Advanced W/S Receiver Costs* (thousand$)
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
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/hrxl0 ) Cost
100/12.4 (1800) 73.1 (.58) 2,400
200/12.4 (1800) 171.3 (1.36) 5,200
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300/16.5 (2400) . .228.0 (1.81) 7,000

4Does not include reheat steam leads.

%1979 Dollars




_ Figure1,t’
DESIGN RECEIVER AND TOWER ARRANGEMENTS

r 1200
350 |- , RECEIVER
300 | 1000}
\ K SUPPORT TOWER
n
20 I soof— ' =
g 200 ~ & ' \ DOWNCOMER
- - T
E "I- 600 |- 1n
Q Qo
w @
T wo - T EXPANSION
' LOOP
400 - |
100 (- REHEATER
200}~ '
50 | |
1
—)
.0. L_ Q
STM. FLOW, Kg/HR {LB/HR)-  .45x 108 - 91 x 108 .91 x 108 1.4 x 108
B “(1x 108 (2 x 105) - (2x 106) {3 x 109
CYCLE PRESS,, MPa (PSIA)  12.4 (1800)  12.4(1800) 16.5 {2400) 16.5 (2400)




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.
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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.
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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

2400 P
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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

AZ-2

(S.I. pnits) SM=13
HP -
584,5405 W 4
593 T 538 T |
.27.58 P 16.65 P
_ 511,857.3W
3h ’
. 34455h 33983 ’ S38 T
3.48P
1 3533.2 h
REC.
v 566 T : 7
CHGX
SALT STM. REHEATER
GEN.
3BT ' ‘f
‘[ ? 1 ? 333 T
S| =P 387P
3054 h
389 T 57,1192 W
CIRC. PUMP 24.13 P » 3.68 P
2440 h ~ 584,540,5 W 3054k
2456 T : ‘
z ) 2,312,0185W 1065.3 h '
"20P No.7




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 increase pressure drop as seen in
Figures 3.21 and 3.22., 1In order to minimize the pressure drop while using
small tubes, the ﬁaés velocity must be minimized. This can be done by

providing parallel flow staging in the superheater.
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TABLE 3.4

SUPERHEATER THEMERAL EFFICIENCIES

Incident Flux MW/m? (BTU/hr—ftz)

Tube Size .52 JAab .38 .28
cm (inches) ‘Stage ~{165,000) (140,000) {(120,000) (90,000)
1.91 (.75) First .90 .89 .88 .86

Second .86 .86 .85 .83
2.54 (1.00) First .89 .88 .87 .85
Second .86 .87 .86 .82
3.12 (1.25) First .88 .87 .87 .84
Second .86 .86 .85 .81
3.81 (1.50) First .88 .87 .86 .84
Second .86 .86 .85 .31
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Figure 3.23 presents what is considered an optimal superheater staging
arrangement using small tubes (> 1.91 em. or .75 in.) in the finishing stage.
The superheater consists of 2 stages. For illustration the superheater is
comprised of a total of 6 equal width panels. The second stage consists of
the small tube/paraliel flow configuration in order to minimize both pressure
drop and tube crown temperature.

The first stage consists of a single panel with larger tubes. This is
a conservative design which minimizes the effects of any deposits due to
carryover during abnormal operation. Superheated steam entering the small
tubes of the second stage is thereby ensured tc be free of any carryover

deposits.

3.2.3.2.4 Superheater Location--The most desirable location for the superheater

is in the lower flux region of the south side of the receiver. Figures 3.24
and 3.25 show a 1.4 x 106 Kg/hr (3x106 1b/hr) receiver layout with the
superheater 1oca£ed next to the‘evéporator, and with the superheater located
on the south side, respectively.

With the superheater located on the south side, the maximum incident flux
on the second stage .1Is about.46 MW/m2 (145,000 BTU/hrhftz). Based on
results in Figure 3.15, small tubes (< 1.91 cm. or .75 in.) limit the maximum

tube crown temperatures to less than 1200°F.

3.2.3.2.5 Lateral Flux Gradients--The effect of lateral flux gradients is

most severe in the finishing superheater stage due to high metal temperatures,
A study was done to determine the effect of such gradients in a second stage
gsuperheater panel of the 1.4 x 106 Kg/hr (3x106 1b/hr) receiver with a tube

gsize of 1.59 cm (.625 din.). >




Figure 3.23
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Figure 3.24
RECEIVER LAYOUT WITH SUPERHEATER IN LOW FLUX REGION
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Figure 3.25

RECEIVER LAYOUT WITH SUPERHEATER IN HIGH FLUX REGION
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The selected tube panel has an average incident flux of .55 MW/m2

(173,000 BTU/hr—ftz). On the northern most tube of the panel however, the : .
lateral flux gradient increases the incident flux té .60 MW/m2 (190,000
BTU/hr—ftz). The average steam outlet temperature in the tube panel is
593°c (1100°F).
Results of the study indicate that without orificing individual tubes,
the bulk steam temperature on the northern tube would be approximately
641°¢ (11850F). The southern most tube in the panel would subsequently
exhibit an outlet temperature of about 546°¢C (10150F).
An outlet steam temperature of 641°C (11850F) is unacceptable because
the corresponding increase in tube crown temperature would ultimately
result in premature tube failure. Therefore, individual tubes lccated in
the second stage superheater must be orificed to maintain an outlet temperature

of 1100°F in all the tubes in the panel. Figure 3.26 shows orificing

requirements to control steam flow to the individual tubes and thereby

maintain a uniform 593°C (11000F) outlet temperature.

32.4 Reheater Study

The analysis for the solar réheater parallels that for the superheater.
The concept for the solar reheater involves a separate unit, located at
some poiﬁt on the tower below the receiver proper. A portion of the north
field would be dedicated to reheater duty exclusively.

Recognizing that reheat piping up and down the tower could be a major
cost item, it is desirable to locate the reheater as low as possible to the
ground. An additional constraint is the low pressure drop dictated by the
turbine cycle. The allowable reheater panel pressure losses and piping

A)

losses are much less than in the superheater,
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The proposed circuit arréngement is single stage with individual panels
in parallel flow. The reheater is directly coupled to the turbine steam .
cycle. The reheater outlet temperature is 538°¢C (10000F) as required by
the turbine cycle.

The primary consideration in the reheater design is the trade off between
maximum tube crown temperature and pressure drop when varying the tube size.
The reheater outlet temperature of 538°C (1000°F) is less than the 539°C
(llOOOF) trequired in the superheater. On this basis, tube temperature
constraints are somewhat reduced relative to the superheater.

Figure 3.27 shows reheater pressure drop as a function of both tube
size and mass velocity. Pressure drop in the reheater is higher than in
the superheater for a given mass velocity, because the lower operating pressure
results in lower steam density and higher steam velocity.

Pressure drop in the reheater can be minimized by designing the reheater

at a reduced aspect ratio. Heliostat field limitations imposed on the reheater
aspect ratio are unknown. Preferably the reheater aspect ratio should be
less than unity to reduce pressure drop.

Figure 3.28 shows the effect -of aspect ratio on maximum tube crown
temperature in the reheater. Reducing the reheater aspect ratio increases
the maximum tube crown temperature. This is caused by a reduction in mass
velocity which decreases the inside film coefficient. There is a trade off
between decreased pressure drop and increased metal temperature when the
reheater aspect ratio is reduced.

Based on flux profile parametrics developed under the superheater study,
the vertical flux profile C is the best profile for the reheater design. In
order to maintain maximum tube crown temperatures to less than 649°¢

(lZOOoF), the maximum peak f£flux should be approximately .20 MW/m2 (65,000 BTU/hr—ft2
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4, Supercritical Receiver Parametric Study and Conceptual Design‘

4.1 Introduction’

This section presents an analysis of a supercritical solar central
receiver. This is Reheat/Storage Option No. 4 from Table 1.5. Daily "average"
efficiency of this option was equal to that of Option No. 2-~Solar Reheater,
which was the final design selection. The purpose of this section is to
document the analysis of the supercritical receiver and to discuss some of
the potential problem areas which led to the ultimate rejéction of this
option. The steam conditioné ét the outlet of the receiver are 593°C (llODOF)
and 24.1 MPa (3500 psia). The receiver outlet steam is passed through thermal
storage and then recirculated to the receiver through a closed loop circuit.

The baseline thermal storage system is assumed to consist of a high tempera-
ture molten salt which stores sensible heat. The turbine cycle operates directly
from thermal storage at all times. Energy can be supplied continuously during
evening operation or during periods of intermittent cloud cover. An important
advantage of the supercritical cycle is its ability to provide continuous steam
to the turbine generator.

A parametric study of the cycle layout and receiver configuration is
presented, and critical design areas identified. The critical design areas
relate to 1) high tube crown temperatures on north facing panels, 2) heat
exchange limitations in thermal storage, and 3) pump limitations in the receiver
circulation lopp.

Two{conceptual cycle arrangements are presented. The receiver parametrics
are hased on steam conditions dictéted by the cycles. Limitations imposed by
heat transfer to and from thermal storage, and by circulation pﬁmp requirements
are also detailed. Receiver design parametrics including flux distribution,
metal temperature, pressure drop, aspect ratio, and tube size are explored with

regard to optimum design.



4,2 Combined Cycle Analysis

4.2.1 Overview—-An outlet temperature of 593°¢ (llOOoF):was chosen based on
superheat and reheat temperatures in the turbine cycle. The molten salf
temperature is 566°¢C (1050°F).allow1ng; ZékKSODF) temperature differential
on thé charging and discharging heat exchangers. Figure 4.1 is a schematic
of the cycle requirements.

Tube wall thickness is a concern with regard to metal temperatures. In
order to minimize the tube wall thickness, the system design pressure was
specified no higher than necessary to maintain the system in the supercritical
region. The spécified'receiver outlet pressure is 24.1 MPa (3500 psia).

The above restrictions provide the basis for the supercritical cycle
analyses. Primary areas of concern in the cycle investigétions are heat
transfer limitations in the storage heat exchangers, and pumping reguirements

for the receiver circulétion pump.

4.2.2 Thermal Storage Limitations—-Energy collected in the receiver is

stored as sensible energy in the molten salt. A temperature gradient called

a thermocline is developed between the inlet and outlet of the molten salt
tank. Molten salt at 566°C (lOSOoF) is extracted from the top of the tank,
and passed through a discharging heat exchanger, whereby heat is transferred
intoc the turbine cycle steam. Relatively cooler molten salt is extracted from
the bottom of the storage tank to be heated to 566°C (10500F) in a charging
exchanger. The molten salt transfers sensible energy in a linear temperature-

enthalpy regime (i.e. constant specific heat).
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In the turbine cycle, feedwater is heated to superheated steam in the
discharging exchanger. Much of the heat transfer occurs aé constant steam
temperature during evaporation.

A similar relationship is exhibited in the charging exchanger because
the supercritical steam passes through a quasi phase change as it is cooled
from 593°C (11000F). The non-linear heat transfer characteristics in both
the charging and discharging heat exchangers create pinch points with the
molten salt.

Figure 4.2 shows the non-linear temperature relationship which exists
as supercritical steam at 5930C (llDOOF) is cooled to varying temperatures
leaving the charging heat exchanger. The non-linearities become more severe
as the outlet temperature is lowered to below 371% (700°F).

Figure 4.3 illustrates thg temperature relationships for a single thermal
storage tank operating between 360°¢C (6800F) and 566°C (10500F). The
turbine cycle is based on 538°¢C (IOODOF) superheat and reheat temperatures, and
a pressure of 16.5 MPa (2400 psia) at the turbine throttle. The hot and cold
salt temperatures are set by the restriction of a minimum 28°¢ (SOOF)
temperature differential at the inlet and outlet of the charging and discharging
exchangers.

Referring to Figure 4.3, there is a pinch point of 11°% (ZOOF) between
the salt and the supercritical steam. A lowering of the’steam outlet temperature to
below 404°C (7600F) would further reduce the pinch point differential resulting
in more inefficient heat transfer. The supercritical steam temperature
leaving the charging exchanger is thus limited to a minimum of about

404°%¢ (760°F).
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As the steam temperature is lowered to less than 40400 (7600F), the
enthalpy drop per degree of steam temperatﬁre increases rapidly. The
supercritical steam shows an effective phase change in this temperature
range. Corresponding to the increased drop off in enthalpy is a rapid
decrease in specific volume. The decrease in specific volume indicates
a quasi phase change from vapor to liquid. Figure 4.4 is a pressure-
enthalpy diagram which shows the quasi phase éhange process in the regibn
above the steam dome. It is desirable to lower the supercritical steam
temperature to less than 404°¢ (760°F) to increase the enthalpy drop,
and consequently lower the circulation mass and volume flow rates,

Figure 4.5 shows an alternate arrangement for lowering the steam
outlet temperature to 357°C (6750F) and to effectively bring the steam
into a liquid phase. The arrangement utilizes high and low temperature
salt storage tanks, and a steam cycle with the turbine throttle pressure
reduced from 16.5 MPa (2400 psia) to 12.4 MPa (1800 psia). There is a
pinch point to 14%¢ (25°F) between both the low temperature salt and the
main steam, and between the high temperature salt and supercritical steam.
Re-heat steam is generated entirely in the high temperature storage.

The turbine throttle pressure was lowered to decrease the steam saturation
temperature, thereby allowing a greater temperature differential between
the molten salt and the steam. A further lowering of supercritical steam outlet
temperature to less than 357°C (675°F) would require lowering turbine

throttle pressure to less than 12.4 MPa (1800 psia).
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4.2,3 Circulation Pump Requirements—-A receiver circulation pump is required

to pump feedwater or steam up the tower to the receiver. The pump must be

capable of providing sufficient head at the high flow rates encountered in
the receiver circulation loop.

Standardized boiler circulation pumps generally provide only several
hundred feet of head at flow rates typically encountered in circulation
boilers.

The overall circulation loop pressure drop is estimated to range up to
a maximum of about 2.76 MPa (400 psi) depending on the design specifications.
The steam conditions at the suction of the pump determine the head required
to satisfy the overall pressure drop in the circulation loop. The pump
suction conditions are approximately the steam properties on the outlet of
the charging exchanger.

The circulation pump can generally supply a greater head at lower

volumetric flow fates. Ideally, the steam should be sub-cooled at the pump .

suction to attain the maximum pump head. On the other hand it is desirable
to circulate the fluid up the tower in a low density state to minimize
elevation head loss.

Two conceptual cycles have been arranged based on the heat transfer
configurations shown in Figures 4.3 and 4.5. Pump requirements are respectively
based on both the "low" density and “high" density steam conditions at the

pﬁmp suction. Cycle details are explored in the following sections.

4,2.4 Conceptual Cycle A--Figure 4.6 presents a schematic of a super critical

recelver plant utilizing the single salt tank storage system. The nominal
plant rating is 200 MWe with a solar multiple of 1.5. Heat exchanger characteristics
are presented in Figure 4.3. The turbine cycle is based on throttle conditions

of 16.5 MPa (2400 peia) and 538°c (1000°F). .
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Figure 4.6
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Figure 4.6a
SUPERCRITICAL RECEIVER — ONE STORAGE TANK (2400 PSIA STEAM CYCLE)
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The steam density leaving the charging exchanger is about 128 kg/m3
(8.31 lb/ft3). The supercritical steam is effectively in a vapor state.
The steam is re-circulated up the tower resulting in an elevation head loss
of about.41 MPa (60 psi). The total pressure drop in the circulation loop
is about 1.72 MPa (250 psi).

A major problem with this configuration is the: capability of the
circulation pump to provide a required 1,311m (4300 ft) of head at a
volumetric flow rate of 6.3 m3/s (lxlO5 GPM). The capacity and head
required of the pump are out of the range of present commercial circulation
pump capability. Significant pump technology development would be required

to satisfy the gpecific requirements for this particular supercritical application.

4.2.5 Conceptual Cycle B--The alternate cycle configuration shown in Figure 4.il
is intended to minimize circulation pump limitations. Two salt storage tanks
(high and low temperature)} are utilized to reduce the outlet steam temperature
to 357°C (6750F). The heat exchanger characteristics are those presented in
Figure 4.5. The turbine throttle pressure is subsequently derated from 16.5 MPa
(2400 psia) to 12.4 MPa (1800 psia).

The steam density at the outlet of the second charging exchanger is
591 kg/m> (36.9 1b/ft°). The steam is pumped directly up the tower creating
an elevapion head loss of about 1.72 MPa (250 psi). The total circulation
loop pressure drop is approximately 2.76 MPa (400 psi).

The overall circulation flow rate however is less than half of the
circulation flow rate in Cycle A, while the volumetric flow has been reduced

4 GPM). The required pump

by nearly an order of magnitude to .63 msls (1x10
head is about 488m (1600 ft). Table 4.1 shows a comparison of circulation
pump requirements in Cycles A and B. The isentropic pump power required in

Cycle B is less than 25 percent of that required in Cycle A,
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Figure 4.7
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TABLE 4.1

" Comparison of

Circulation Pump Requirements

For Cycles A and B

Suction Press., MPa (psia)
Suction Temp., C (' F)

Steam Density, kg/m3 (lb/ft3l
Mass Flow, kg/hr (1b/hr)x 10
Volume Flow, m3/s (GPM x 10~3)
Pump AP, MPa (psi)

Required Head, m (ft)
Isentropic Pump Power, KW/Hp

4 -16

Cycle A

23.4 (3400)

404 (760)

133 (8.31)
3.135 (6.912)
6.54 (103.6)
1.72 (250)
1,320 (4,330)
11,100 (14,900)

Cycle B

23.4 (3400)
357 (675)

591 (36.9)
1.145 (3.209)
681 (10.3)
2.76 (400)
475 (1,560)
2,630 (3,530)




Tentative discussions with pump manufacturers indicate that a modified
boiler feed pump could supply fhe required capacity aﬁd.héad in Cycle B.
The pump would require a thicker suction casing to compensate for higher
operating pressure. However, the modifications can be readily adapted

to the present standardized pumps without major pump development.

4.2.5.1 Supercritical Re~heat Option--An altefnate configuration utilizing
a supetrcritical re-heat exchanger was explored for minimizing the elevation
head loss in the tower. Figure 4.8 shows this concept incorporated into
the supercritical circulation loop.

The :supercritical steam is effectively pumped in the liquid phase as
shpwn previously. However, it is re—heatéd to a higher temperature before
being re-circulated up the receiver tower. The required reheat energy is
provided by 593°¢ (llOOOF) extraction steam from the receiver. Reheating
the steam lowers steam density thereby reducing elevation head loss in the
tower. The overall pressure drop in the circulation loop is reduced by
approximately 25 percent from 2.76 to 2.07 MPa (400-300 psi).

However, the required flow rate in the circulation loop more than
doubles to accommodate reheating. There is a trade-off between the lowered
pressure drop in the loop and the increased circulation flow rate. The
advantages gained by lowering the pressure drop in the loop are bffset by_

the increased circulation flow rate and additional heat exchanger hardware.

4.2,6 Alternate Configurations

4.2,6.1 Multiple Salt Tank Storage——Additional salt storage tanks over different

temperature ranges could be employed to provide better heat exchanger characteristics
and provide a further lowering of supercritical steam temperature at the outlet

of the charging exchanger. The storage system cost and complexity would however
increase with additional storage tanks. Cost parametrics must be developed to show

the cost effectiveness of a multiple tank energy storage system.
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- Figure 4.8
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Figure 4.8a
EXTRACTION STEAM REHEAT OPTION
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4,2.6.2 De-rated Turbine Throttie,Température——The turbine throttle temperature

could be de-rated to provide better temperature characteristics in the heat .

exchéngers. Figure 4.9 shows the combined effects of lowering turbine throttle
temperature to 510°¢ (950°F), while using a 3-salt tank storage system. The
turbine throttle pressure is 16.5 MPa (2400 psi). Re-heat is accomplished in
the high temperature storage.

Lowering the throttle temperature decreases the cycle efficiency, while
increasing the throttle pressure increases efficiency. The net efficiency
gain in this configuration must be compared against fhe additional cost of

a third storage tank.

4.2.6.3 Eutectic Salt Storage--A eutectic salt could be used to take advantage

of phase change temperature characteristics. The turbine main steam as well
as the supercritical steam eghibit change of phase temperature profiles. A

eutectic salt might be developed to follow the steam temperature during phase

change. A single molten salt storage system could then be used to lower the
supercritical steam in the circulation loop to a desired temperature., Eutectic
salts should be considered ags a development item in the supercritical receiver

cycle.

4,2.6.4 Increased Supercritical Operating Pressure--The temperature-enthalpy

relationship of supercritical steam should theoretically become more linear
ag higher operating pressures. Figure 4.10shows the storage heat exchanger
profiles for a 34.5 MPa (5000 psia) supercritical receiver cycle. The
configuration consists of only one salt storage tank combined with a 12!4 MPa
(1800 psia) turbine cyecle and a derated turbine throttle temperature of

510°¢C (950°F). The outlet supercritical steam temperature is 357°¢C (6750F).
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Figure 4.9
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The re—-heat inlet temperature has been lowered from 332°¢ (630°F) to
26Q°C (500°F) to minimize the pinch point between the re-heat and the molten
salt. The reheat could be cooled in a feedwater heater before entering
the re—heat.exchanger.

The temperature profiles showm in Figure 4.10 are acceptable for
efficient heat exchange. However, due to the higher operating pressure
greater wall thickness in the receiver tube panels would promote higher
tube crown temperatures. The design problems associated with higher metal
temperatures must be weighed against the operational savings derived out of

a single salt tank storage system.

4.3 Receiver Parametric Study

4.3.1 Qverview——The supercritical receiver parametric study is based on

the inlet and outlet conditions of the receiver in (Cycle A. Cycle A is comnsidered
more conservative with regard to receiver parametrics than Cycle B, since the
inlet receiver steam temperature in Cycle A is higher. The parametric curves
presented in this section show where design limitations exist in the recelver.

The basic receiver configuration is presented in Figure 4.11. An external
panel receiver is assumed. The receiver shape is cylindrical with the tube panels
located around the circumference. A symmetric flux profile is assumed to exist
radially around the north-south axis of the receiver. A trapezoidal flux profile
is assumed to exist vertically along the tube panels. |

Tube crown temperatures are sensitive to the flux intensity on the tube
panels. The highest fluk intensities encountered are on the north facing panel
of the receiver. The north panel is thus the limiting panel with regard to tube
crown temperature. The north panel also has the smallest diameter tubes (to

minimize metal temperature) and the greatest steam flow. To this extent the

north tube panel is also limiting with regard to overall receiver pressure drop. The

receiver parametrics which show relationships between tube crown temperature, flux

intensity, and pressure drop are subsequently based on analyses of the north facing

panel. 4723 .
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4.3.2 Flux Distributions——Several combinations of radial flux distribution
and trapezoidal flux profiles ﬁere investigaied. Dué to the_uncertainty
in heliostat filed limitations, these fluxrprofiles may not Be reproducible.

The radial flux distributions investigated are shown in Figure 4.12;‘
Distribution 1 is the base profile used in the suberitical parametric
study (Section 3). Distribution 2 has the same integrated average flux,
However, the maximum peak flux has been reduced from .85 to .72 MW/m2
(270,000 to 230,000 BTU/hr—ftz) on the north panel. Distribution 3 was derived
from Distribution 1 by reducing the flux levels by half. The integrated
average flux is .28 MW/m2 (90,000 BTU/hrnftz). The lower average flux
level requires increased receiver surface area for a given receiver thermal
output,

The vertical flux profiles were investigated in Section 3 and are
presented in Figure 3.6. Combinations of the radial and trapezoidal flux
profiles were investigated to determine parametric effects on the receiver
design.

Temperature and pressure drop analyses were performed using the STPP
code developed previously and summarized in Appendix A. Table 4.2 presents
the thermal analysis matrix and results summary for the north facing panel
of the receivers designed using various combinations of flux profiles. This

matrix is the basis of the supercritical receiver parametric study.

4.3.3 Metal Temperatures--Maximum metal temperatures occur on the tube outer

surface at the tube crown. High tube crown temperatures promote metalurgical
instability and a reduction in the creep resistance and fatigue life of the
" tube panel. Creep/fatigue interactions are not considered in this preliminary

analysis.
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TABLE 4.2

MATRIX OF THERMAL ANALYSIS RUNS

"AND RESULTS SUMMARY

Flux Tube 0D Maximum Tube Overall Pressure
Run No. Distribution L/D Ratio - em (in) Crown Temp. -C (°F)  Drop, MPa (psi)
1 1-A 1.5 3.81 (1.50) 895 (1643) .255 (37.0)
2 1-B 1.5 3.81 (1.50) 884 (1623) .248 (35.9)
3 1-C 1.5 3.81 (1.50) 844 (1552) .259 (37.6)
4 1-C 1.0 3.18 (1.25) 808 (1487) 245 (35.6)
5 2-C 2.0 1.91 (.75) 663 (1225) 1.585 (229.9)
6 2-C 1.5 3.81 (1.50) 800 (1472) .194 (28.2)
7 2-C 1.5 1.91 (.75) 669 (1236) 1.074 (155.8)
8 2-C 1.0 1.91 (.75) 674 (1246) .610 (88.5)
9 2-C 5 1.91 (.75) 692 (1277) L2842 (35.1)
10 3-C 2.0 3.81 (1.50) 687 (1268) 294 (42.7)
11 3-C 2.0 3.18 (1.25) 663 (1225) 470 (68.1)
12 3-C 2.0 2.54 (1.00) 634 (1174) .709 (102.9)
13 3-C 2.0 1.91 (.75) 614 (1138) 1.652 (239.6)
14 3-C 1.5 3.18 (1.25) 667 (1233) .328 (47.5)
15 3-C 1.5 1.91 (.75) 619 (1147) 1.107 {160.6)
16 3-C 1.0 2.54 (1.00) 644 (1192) .285 (41.4)
17 3-C 1.0 1.91 (.75) 624 (1155) 632 (91.7)
18 3-C .5 1.91 (.75) 632 (1170) .250 (36.2)
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Tube crown temperature is strongly dependent on the local incident heat

flux at the tube surface. Figure 4.13 illustrates a typical relationship

between flux level and tube crown tempgrature_along the tube length. Crown
temperature increases most rapidly in the increasing-flux fegion of the
vertical flux trapezeid. The crown temperature continues to rise in the
congtant flux region, and then falls off as the flux decreases towards the
tube outlet.

There is a strong relationship between ﬁhe tube crown temperafure and
the flux level in the increasing flux region of the trapezoid. Figure 4.14
shows test results from a variety of runs with different flux profile
combinations. Tube crown temperature increases linearly with the incident
flux level. The larger 0.D. tubes show a greater slope due to larger tube

wall thickness.

Figure 4.14 can be used to approximate flux limitations in the supercritical

receiver. A maximum temperature line of 510% (950°F) is super-imposed in .
Figure 4.14., This is the highest temperature allowed at the point where

the maximum incident flux is attained oﬁ the tube. The point of maximum

flux corresponds to the onset of the constant flux region on the vertical

flux profile. An additional 139% (250°F) temperature rise occurs along

the tube in the constant flux region (approximately), to reach a limiting

tube crown temperature of 649°C (1200°F). This temperature limit ié

somewhat arbitrary since it does not guarantee the fatigue life of the tube.
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Each curve corresponding to a different tube size intercepts the
limiting temperature of 510°¢ (9500F) at different incideﬁt flux levels.
Figure 4.15 shows the intercept points plotted as the maximum allowable
flux vs. tube diameter,

A design range is shown for the maximum peak heat flux and tube
diameter. Boiler operating experience indicates that receiver tube sizes
should not be less than 1.91 cm (.75 in) OD in a once through system.
Smaller tubes could ultimately pose a problem with tube and orifice fouling.

From a design stan&point, Figure 4.15 can be used to match tube sizes
with an allowable maximum incident flux., Smaller tubes can withstand
higher incident f£lux. With the smallest recommended tube size of 1.91 cm.
(.75 in.) OD tubes, the supercritical receiver would be limited to a

maximum peak flux of about .52 MW/mz (165,000 BTU/hr—ftz).

4.3.4 Pressure Drop--Minimizing the receiver pressure drop is impbrtant for

lowering the required circulation pump head. Figure 4.16 shows friction
head loss vs. mass velocity for various tube sizes in the supercritical
recelver panels.

The overall tube panel pressure drop is dependent on the panel length,
For a receiver of given thermal output, the panel length is a functioﬁ of
the receiver aspect ratio (L/D). Figure 4.17 presents overall pressure drop
vs..aspect ratio for different size tubes. The pressure drop results shown
in Figure 4.17 are for the flux distribution profiles 2-C and 3-C. There

appears to be little effect of flux distribution on.the panel pressure drop.

A generalized single phase pressure drop analysis was performed to calculate

the pressure drop through any tube panel in the receiver. The resultant pressure

drop relation is shown as Equation 4.1. A complete derivation of Equation 1

and the implied assumptions are presented in Appendix A.
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Figure 4.17
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The frictional pressure drop in any tube panel can be calculated
in terms of the thermal and dimensionsl characteristics of the receilver,
and in terms of the local flux intensity on the panel. Figure 4.18 shows
Equation 4.1 in non-dimensional form for estimating the north panel
pressure drop in a receiver with flux distributions 2-C and 3-C.

The relationship between the receiver aspect ratio and overall

diameter can be expressed as:

2
1 _Q
'Bz- X ( aTTL ) 7 (4.»2)

The non-dimensional curves shown in Figure 4.18 are intended for

|
1

estimating frictional pressure drop in the north panel for various design
conditions., Pressure drop estimations outside of the range of assumptions

used in Figure 4.18 should be calculated directly from Equations 4.1 and 4.2.

4.3.5 Optimized Flux Profile Combination--The maximum allowable peak flux

estimations ghown in Figure 4.15 constrains the supercritical receiver
design to a maximum north panel flux of somewhere near .52 M.W/m2 (165,000
BTU/hr—ftz). On this basis the flux distributions 1-A, 1-B, 1-C, 2-A, 2-B,
and 2-C are out of the range for design consideration in the supercritical
receiver.

Table 4.3 shows the effect of the vertical flux profile on the maximum
tube crown temperature. Profiles A and B result in the highest tube crown
temperature. Profile C yields a maximum tube crown temperature about 75°

less than Profiles A and B.
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TABLE 4.3

* COMPARISON OF
MAXIMUM TUBE CROWN TEMPERATURES*

Run_No. " "Flux Distribution TCROWNOC (OF)
1 1-A 895 (1643)
2 1-B 884 (1623)
3 1~C 844 (1552)

*L/D = 1.5-2.0
Tube 0D = 3.81 em (1.50 in.)
Panel AP < ,276 MPa (40 psi)
Outlet Temp. = 593°C (1100°F)
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Profile C is the best vertical profile for minimizing tube crown
temperature. Based on this result it appears that an optimum vertical
flux profile is one which exhibits rapidly increasing flux near the panel
entrance. The incident flux should begin decreasing from the maximum
flux somewhere near the tube panel mid-point.Effectively the normalized
flux profile should be shifted away from the tube panel exit and towards
the entrance where bulk steam temperatures are the lowest.

Based on the results of parametric analyses, flux profile 3-C may
be satisfactory for supercritical receiver design within the specified
metal temperature limitations.

Figure 4.19 shows panel absorption efficiency vs. length for flux
profile 3-C. An average absorption efficiency of 85.1 percent is
indicated.

Variations of tube crown temperature with length along the tube is
shown in Figure 4.20. Tube crown temperature increases most rapidly in
the increasing flux region, and then increases more slowly in the constant
flux region- A maximum tube crown temperature of 62400 (1155°F) is shown.

Figure 4.21 shows variations in temperature differentials between
the tube crown and bulk steam temperatures. Thermal stresses developed
in the tube are a function of crown/fluid temperature differentials. The

maximum differential along the tube length is nearly 111% (ZOOOF).

4.4 Conceptual Receiver Desgign

A preliminary conceptual receiver design has been developed based on
the Cycle B design conditions (Figure 4.7}, and flux profile 3-C. This
design is preliminary since additional analyses in the areas of creep

resistance and fatigue life of the tube panels need to be performed.
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A receiver aspect ratio (L/D) of unity was chosen for a design basis.
The primary concern with selecting an L/D is the overall receiver pressure
drop, which should be minimized. A larger L/D increases the receiver
pressure drop. However, the inside film coefficient also increases with
an increasing L/D, and subsequently maximum tube crown temperatures are
reduced. TFigure 4.22 shows the trade-off between pressure drop and tube
crown temperature as the L/D is varied.

The conceptual supercritical receiver has a length and diameter equai
to 33.28m (109.2 ft). There would be 30 parallel panels located on the
circumference of the cylindrical receiver. Each panel would have a
width of 3.99m (11.44 ft). Table 4.4 presents a summary of the preliminary
conceptual design characteristics.

The tube size chosen is 1.91 cm. (.75 in.) OD which is the minimum
recommended size based on fouling and corrosion considerations in a once
through receiver. The tube material would be TP-316H stainless steel.

It is emphasized that the creep resistance and fatigue life of this material
at maximum tube crown temperatures approaching 1160°F requires further
analysis,

The receiver circulation pump for the receiver design can be supplied
by a standard boiler feed pump with some modifications to the suction casing.
The pump requirements were outlined in Table 4.1,

The overall absorption efficiency of the supercritical receiver ranges
near 84~85 percent. Relative to a sub-critical water/steam receiver of
similar thermal output the supercritical receiver exhibits lower-overall
aﬁsorption efficiency for several reasons. The most important effect on
absorption efficiency is the average flux level on the receiver. The
recelver size is effectively doubled by designing the receiver for flux profile
3-C as opposed to flux profile 1-C. By designing for a lower flux level,

absorption efficiency is sacrificed.
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Preliminary Design Characteristics

TABLE 4.4

of a Supercritical Receiver

Nominal Plant Rating, MW
Solar Multiple

Supercritical Steam Flow6 kg/hr (1b/hr)x10"

Outlet Temperature, °c (F)
Outlet Pressure, MPa (psia) _
Heat Absorbed, KJ/hr (BIU/hr)x10
Flux Distribution

Maximum Incident Flux, Mw/m2 (BTU/hr—ftz)

Overall Surface Area, m? (£t?)
Receiver Height, m (ft)
Receiver Diameter, m {ft)

Aspect Ratio

Approx. Tower Height, m(ft)

No. of Panels

Overall Absorption Eff., %

Tube OD, em (in)

Tube ID, em (in)

Number Tubes/Panel

Panel Width, m (ft)

Tube Material

Nominal Pressure Drop, MPAo(ps%)
Maximum Tube Crown Temp., C ( ¥)
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200

1.5

1.456 (3.209)
593 (1100)
24.1 (3500)
2610 (2474)
3-C

.43 (135,000)
3,480 (37,460)
33.3 (109.2)
33.3 (109.2)
1.0

268 (880)

30

85

1.91 (.75)
1.30 (.59)
183

3.49 (11.44)
TP-316H (stainless)
.689 (100)
624 (1155)




Another important factor relating to overall absorption efficiency is
the once through nature of the reéeiver. Each once through parallel panel
in the receiver will see an 5930C (11000F) outlet steam temperature.
Compared to a water/steam receiver, the supercritical receiver will exhibit
significantly higher average metal temperatures resulting in greater back

radiation and convection losses.

4.5 Summary and Conclusions

A preliminary cycle evaluation and parametric analysis was performed to
scope out the feasibility of a supercritical solar central receiver. The
following is a summary of the major results and conclusions of the study:

a) Two conceptual supercritical cycles were presented. Cycle A utilizes
a single salt storage tank coupled to at 16.5 MPa (2400 psia) and
538°¢C (10000F)'turbine ¢ycle.. The circulation pump requirements in

Cycle A are out of the range of present standardized pump design.

Cvcle B is a high and low temperature salt storage system coupled to
an 12.4 MPa (1800 psia) and 538°c (1000°F) turbine cycle, Discussions
with punp manufacturers indicate that a standard design boiler feed
pump could £ill the pump requirements dictated by this cycle.

b) The thermal storage heat exchangers are limited by pinch points developed
from non-linear temperature/enthalpy characteristics in both the main
turbine steam and supercritical receiver steam.

c¢) Several alternatives were presented to explore options in the cycle layout.
These alternatives included 1) supercritical re-heat after the circulation
pump, 2) multiple salt tank storage, 3} derated turbine throttle temperature,

4) eutectic salt storage, and 5) increased supercritical operating pressure.



d)

e)

f)

g)

h)

i)

i)

A parametric study was performed based on the receiver operating conditions

in Cycle A, Flux distributions, tube crown temperature and pressure

drop were explored in detail for different receiver designs. Tube crown
temperature and pressure drop data were generated using an in-house
computer program designed to perform tube panel thermal analyses.

Results of computer analyses were used to generate incident flux and tube
gsize limitations in the receiver design based on a maximum allowable tube
crown temperature of 648°C (lZOOoF). At a tube size of 1.91 cm. (.75 in.) OD
the maximum allowable peak flux is about .52 MW/m> (165,000 BTU/hr-ft2).
The minimum recommended tube size for the supercritical receiver is 1.%1 cm
(.75 in) OD based on limitations imposed by tube corrosion and fouling in

a once through unit,

It is desirable to shift the incident flux under the vertical profile

towards the lower half of the tube panel where bulk steam temperature is

the lowest. This reduces the maximum crown temperature on the tubes.

Flux distribution 3~C is the only combination of radial and trapezoidal
profiles which limits maximum tube crown temperature to less than 648°¢C
(1200°F).

A generalized recelver pressure drop correlation was presented. The
correlation can be used to develop the relationship between the frictional
pressure drop in the tube panels and variables such as flux level,

receiver aspect ratio, tube size, etec.

It is desirable to design the supercritical receiver at an aspect ratio (L/D)
of greater.than unity to effectively increase the inside film coefficient
thereby reducing tube crown temperatures. Increasing the L/D however increases
the pressure drop-in the receiver and thus a higher L/D can become limited by

circulation pump head and capacity. The preliminary conceptual receiver design .

is for an L/D equal to unity due to pressure drop limitatioms.



k) A fatigue life assessment must be performed to evaluate tube panel life

. expectancy in the preliminary'conceptual design.
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Conceptual Design and Cost/Performance Estimates

5.1 Introduction

5.1.1 System Requirements

This project has been limited to the receiver sub-system design.

The preferred design is a Category-II, subcritical, recirculation,

drum-type electric generation, and master control, sub-systems are somewhat

different in detail from the once-through singie pass design. These

requirements are identified below:

1)

2)

Steam Turbine--A reheat turbine requires the appropriate flow of steam
at the particular temperature and pressure of the selected steam cycle,
plus the required reheat flow and steam conditions. Turbines usually
require constant steam temperature over the upper half of the load
range. Steam must be supplied from either the receiver, storage, or

a combination of the two. When operating from stofage alone, the high
pressure turbine stage is idle, as steam pressure generated from

storage is not high enough to be admitted to the high pressure unit.

Receiver Sub-System—-Basically, a boiler requiring a design that
accepts solar heat flux from the collector field and transfers it to
the steam in an efficient manner, with a 30~year lifetime based on
creep-fatigue damage due to the transient and cyclic nature of the
solar insolation. This requirement is based on 10,000 diurnal cycles

plus some undefined cloud cycles.
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The high temperature portions of the superheater and reheater are

critical areas for the creep-fatigue damage. Materials and designs

of these sections have been selected to minimize the thermal stresses

~due to the one-sided heat flux. Allowable creep-fatigue cycles due to

this phenomena were calculated to be 30,000 based on a conservative
analysis. Start-up and shut-down transients can be controlled so that
the critical areas identified throughout the plant do not exceed a
calculated temperature change rate. In addition, this boiler must be
mounted atop a tower and survive dynamic loads including wind and seismic

at the particular site.

This receiver design requires a control system which, in addition to
its own intermal loops, must regulate the heliostat field under certain
conditions, to satisfy the receiver requirements. The receiver design

requires some control of the collector sub-system as a conventional

boiler requires a control of the fuel firing system to meet the requirements
of the boiler. The control system will be described conceptually in

the next section.

Collector Sub-System—-For this design of Advanced water/steam receiver,

the collector field is required to assist the receiver in its functioﬁ,
rather than merely accept and concentrate whatever insolation is available.
Due to the reheat requirements of the system, a portion of the collector
field is required to be solely dedicated to the reheater as if it were a
separate receiver, In addition, under certain conditions during start-up
the distribution of heat required by the receiver is different than that
needed at full operating power. Receiver integrity requries selective
control of portions of the collector field during this time, and also

during certain cloud transients and emergency conditions.

5



4) Master Control Sub-System—--This system integrates the operation of wvarious
sub-systems above to achieve the required overall plant performance
objectives. The receiver loop control system must react to and provide
inputs to the master control sub-system. A definition of the proposed

receiver control requirements is contained in the next section.

5.1.2 System Performance and Control Requirements

The receivers designed under this project were sized to provide design
point (full load) conditions to meet the proposed steam cycle conditions of
temperature and pressure. The power ratings were = selected

to cover a range of power ratings to meet a combination of turbine-generators

and solar storage requirements. Extensive partial load performance calculations

were not deemed necessary. The receiver controls requirements will be defined

in a general way.

Some performance requirements are unique for this application, and differ

gignificantly from those of a once—-through design. Solar plants,

in general operate differently from conventional plants because of the transient

nature of solar insolation. As an example, most fossil-fired plants require
that the boiler follow the turbine load demand, and maintain constant steam
temperature over the upper half of the load range. The boiler, in turn
demands the required power input from the fuel firing system,

In a solar plant, this may be the requirement part of the time, but
during other times, in order to gain the maximum benefit from the available
insolation, the system must respond primarily to the input power (solar
insolation) and not the electrical generation demand. The optimization of
these control modes is beyond the scope of this project.

In order to meet the receilver performance requirements, the controls
for the receiver are shown schematically in Figure 5.1. These sub-loop

control systems are as follows:
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5.1.2.1 Receiver: Pressure Control--In the solar plant, insolation must

be used when available and is not always available on deménd, or is wasted
if modulated as in a conventional firing system. In this case, the drum
pressure control is revised., It is proposed to modulate the steam flow to
match the ocutput energy to that coming from the collector field. This
system requires a steam control valve at the superheater outlet, which

" respondé to a pressure signal from the drum. This valve defines the limit
of the receiver sub-system. Beyound this valve, steam is delivered either
ta the turbine or the storage, or both, by proportioning valves. Although
not a part of the control system, the required safetyrvalves on the drum
and superheater, as dictated by the ASME Boiler Code, will be available

to protect the pressure parts from over-pressure during an upset condition.

5.1.2.2 Receiver Steam Temperature Control--At the design point, the

final superheat outlet temperature is obtained by the superheater surface

if the insolation is as assumed. Interstage spray desuperheaters are
provided to control final superheat temperature if the heat absorption is
too high. It is not planned to utilize spray water continuously at the full
load design point. The spray is intended to be a trimming operation. 1In
addition te spray desuperheating, it will be necessary to have some control
over a portion of the collector field. It may be necessary to slew certain
heliostats to protect the superheater panels under conditions of cloﬁd
transients and when operating at lower pressures. Start-up conditioms will
be described later. As shown in Figure 5.1 the first stage superheater will
require a metal temperature control to slew heliostats for over-temperature

protection.



5.1.2.3 Drum Water Level Control--This sub-loop is similar to a conventional

plant, and will probably consist of a 3-element controller. The feedwater
control valve responds to the drum water level as a primary signal, plus
it will require a signal from the steam flow and from the feedwater flow

rate measurements as a feed-forward anticipatory type of control function.

%

5,1.2,4 Start-up and Shut—down Transients--During start-up, the receiver
pressure will be increased along with the final temperature along lines
indicated on Figure 5.2, which shows the steam state points on a pressure
vs. enthalpy diagram. It becomes apparent that at pressures less than the
design point, the balance between the heat absorption for the economizers,
evaporator, and superheatef changes. At low pressures, the evaporator requires
a larger percentage of the total absorption. In drum-type units, fixed state
points are required. Thus, during start-up, the collector field must be
biased to adjust the heat absorption distribution as needed. This may not
be matched, so certain heliostats will have to be slewed to accommodate
the start-up. Similar actions are needed during a regular shut-down.

The rate of start-up/shud-down will be controlled by the critical
component in the system regarding thermal stresses, varying with time.
The superheater outlet lead was checked to determine the maximum rate of
temperature rise, This is the heaviest wall pipe in the superheater,
and appears to be the component which would limit the start-up rate. An
initial guess of 4OOOF/hr. produced approximately 30,000 cycles which is
adequate for normal diurnal cycles, A 222%¢ (AOOOF/hr) average rate
requires 3 hﬁurs to achieve full temperature. No probiem with the evaporator

is forseen due to the forced re-circulation design.
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5.1.2.5 Reheater Control--Reheat steam temperature controls are separate

and function in the same manner as the superheat control. Since the reheéter
has a dedicated field, this should be no problem during normal start-up and
shut-down. The entire reheater field must remain slewed until reheat flow
has been established after starting the turbine. These requirements will
have to be further studied and incorporated into the master control system

functions.

5.1.2.6 Cloud Transients--Response to cloud transients is difficult to

analyze due to a lack of a definitive input. In some respects, a re-circula-
tion receiver may be more difficult to control during a2 cloud transient than
a once-through receiver, This is due to the segregated nature of the heat
absorbing components located around the circumference of the receiver, As

an example, a sharp-edge cloud approaching west to east will first shut off
insolation to a portion of the superheater, economizef, and evaporator. The
east side will still bé receiving heat. The receiver designs are split along
a N to § axis, to allow some mixing to occur due to such a situation. The
economizer and superheaters are divided but join a single evaporator at the
drum interface. A N to § cloud would be worse as it would selectively
imbalance the evaporator and superheater during the time requried to trans-
verse the collector field. A quick-look analysis was made to determine the
magnitude of the time consultants under certain assumed conditions. Results

are reported in the Appendix, Further analysis needs to be done in this area,

o
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5.2 Water Steam Receiver Subsystems

5.2.1 Receiver Subsystems Requirements

The receiver designs are based on results generated in the parametric
study. The primary design requirement is to minimize tube crown temperatures
on the high temperature superheater and reheater surfaces. Tube panel
fatigue life and creep resistance are increased by minimizing tube crown
temperatures.

The conceptual designs for four advanced water/steam receivers have
been developed based on the nominal cycle conditions shown in Table 3.1.

The receiver heat and material balances are presented in Figures 3.1 through
3.4, The receiver outlet temperature of 593°¢ (1100°F) is the basis of
the advanced water/steam receiver design.

The radial flux profile assumed for the design is presented in Figure
3.5, Trapezoidal profile C, shown in Figure 3.6, is the assumed vertical
flux distribution along the tube panel length.

An overall receiver absorption efficiency of 90 percent was assumed
in sizing the receiver. This efficiency was also assumed for calculating
the required evaporétor, superheater and preheater surface areas. The
actual efficiencies developed from STPP computer runs vary slightly from
the assumed 90 percent efficiency. The correction for actual efficiencies
would result in a minor correction in surface area calculations. Actual
efficiencies developed from computer runs can be used in a final receiver

design.

5.2,2 "Receiver Design—--Figures 5.3 and 5.4 show plan views of panel geometry for

the 12.4 MPa (1800 psia) and 16.5 MPa (2400 psia) cycles, respectively. The
relative evaporator surface area is greater in the 12.4 MPa (1800 psia) steam

cycles because the phase change enthalpy (hfg) is greater at lower saturation
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Figure 5.4
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pressure. The recelvers are symmetric about the north/south axis.
Description of receiver designs herein will be for the syﬁmetric half of
the recelver defined by the north/south axis.

The evaporator section is located on the north side of the receiver in
the highest incident flux region. The preheat panel is located adjacent
to the evaporatbr. The superheater is located on the south side of the
receiver in the low flux region, to promote low tube crown temperatures.

The evaporator and preheat panel sections are single stage, parallel
flow panels. The superheater is 2-stage with a single panel first stage.
The second superhéater stage consists of small tube, parallel flow panels.
Figures 5.5 and 5.6 show details of the superheater staging for the 12.4 MPa
(1800 psia) and 16.5 MPa (2400 psia) receivers, respectively.

Steam flow to individual panels in the second stage superheater would
be orificed to provide 5930C (1100°F) steam at the outlet header of each
panel. In addition, steam flow to individual tubes in the second stage
superheater panels would be orificed to ensure uniform steam temperatures
at the outlet of each tube. Tube orificing requirements are based on
results of the lateral flux gradient analysis presented under Section 3.2.3.

A tabulation of design parameters of the overall receiver, as well
as for evaporator, superheater, and preheat panel sections are presented in
Tables 5,1 through 5.5. Figures 5.7 and 5.8 show detailed plan views and
'éide views of the 1.45::106 Kg/hr (3x106 1b/hr) receiver. Figure 5.9 shows
the exploded panel arrangement for the same receiver. Physical configurations
for the .911{106 Kg/hr (2x106 1b/hr) and .5 x 106 Kg/hr (lxlO6 1b/hr) receivers

are similar to those in Figures 5.7 through 5.9,




Figure 55
SUPERHEATER STAGING
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_ Figure 5.6
SUPERHEATER STAGING
16.5 MPa (2400 PSIA) STEAM CYCLES
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Cycle No.
Steam Flow, kg/hr (1lb/hr) x 1078
Final Steam Temp., °c (OF)
S.H. Outlet Pressure, MPa (psia)
F.W. Inlet Temp., -C (°F) ;
F.W. Inlet Press., MPa (psia)
Heat Absorbed, KJ/hr (BTU/hr) x 10 °
Flux Distribution
Overall Surface Area, m2/ft2
Receiver Height, m (ft)
Receiver Diameter, m (ft)
Receiver Circumference, m (ft)
Aspect Ratio
Number of Panels
Drum Diameter, m (ft)

Drum Length, m (ft)

Drum Pressure, MPa (psia)

TABLE 5.1

Overall Receiver Conceptual Design Data

1
.45 (1.0)
593 (1100)
13.4 (1950)
239 (462)
16.2 (2345)
1153 (1093)
1-C
846.3 (9110)
20.1 (65.96)
13.4 (43.97)
42.1 (138.1)
1.5
22
18.3 (60)
12.2 (40)

15.5 (2250)

2 3
.91 (2.0) .91 (2.0)
593 (1100) 593 (1100}
13.4 (1950) 17.6 (2550)
239 (462) 246 (474)
16.2 (2345} 20.3 (2950)

2306 (2186) 2239 (2122)
1-C 1-cC

1696 (18,255) 1643 (17,690)

28,5 (93.37 28.0 (19.9L)

19.0 (62.24) 18.7 (61.27)

59.6 (195.5) 58.7 (192.5)

1.5 1.5

22 20
18.3 (60) 20.1 (66)
17.7 (58) 14.0 (46)
15.5 (2250) 19.7 (2850)

4
1.4 (3.0)
593 (1100)
17.6 (2550)
246 (474)
20.3 (2950)
3358 (3183)
1-C
2465 (26,535)
34.3 (112.56)
22.9 (75.04)
71.8 (235.7)
1.5
20
20.1 (66)
18.7 (61.5)

19.7 (2850)
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Cycle No.
Circulation Flow, kg/hr (1b/h1:)x;10-6
Circulation Ratio
Exit Quality, 7%
No. of Parallel Panels
Panel Width, m (ft)
No. Tubes/Panel
Tube 0D, cm (in)
Tube ID, cm {in)

Tube Material

Ave. Mass Flux,kg/mzs(1b/hr—ft2x16§5”

Heat Absorbed, KJ/hr (1b/hr) x 10_6

Overall Surface Area, m? (ftz) .

Max. Tube Crown Temp., °c (OF)

Evaporator Design Data

TABLE 5.2

1
.91 (2.0)
2: 1
50
8
1.97 (6.46)
62
3.18 (1.25)
2.49 (.98)
SA-213 T11
1130 (.837)
594 (563)
316.6 (3408)

474 (886)

2
1.8 (4.0)
231
50
8
2.79 (9.14)
88
3.18 (1.25)
2.49 (.98)
5A-213 T11
1600 (1.18)
1188 (1126)
634.2 (6827)

468 (875)

3

1.8 (4.0)
241
50

6
2.98 (9.77)

94
3.18 (1.25)
2.34 (.92)
SA-213 TI1
1990 (1.47)
956 (906)
500.6 (5388)

513 (956)

4
2,7 (6.0)
2% 1
50

6
3.65 (11.96)
115
3.18 (1.25)
2.34 (.92)
SA-~213 T11
2440 (1.80)
1434 (1359)
750.3 (8076)

510 (950)
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Flow Arrangement

Steam Flow, kg/hr (1b/hr) x 10~

Cycle No.

Inlet Temp., °C (°F)
Outlet Temp., °c (OF)

Inlet Press., MPa (psia)

Qutlet Press., MPa (psia)

Heat Absorbed, KJ/hr (BTU/hr) x 10_6
2 2

Overall Surface Area, m (ft )

No. of Parallel Panels
Panel Width, m (ft)
No. of Tubes/Panel
Tube OD, cm (in.)

Tube ID, cm (in.)

Tube Material

2 . -6
Ave. Mass Flux, kg/mz—s (BTU/hr~-ft %10 )
Max. Tube Crown Temp., °c °m

6

TABLE 5.3

lst Stage Superheater Design Data

1

Parallel Panel Parallel Panel

Upflow

.45 (1.0)
345 (653)
371 (699)
15.5 (2250)
14.8 (2150)
112 (106)
76.7 (826)
2
1.91 (6.26)
75
2.54 (1.00)
2.01 (.79
SA-213-T22
2660 (1.96)
448 (838)

2

Upflow

.91 (2.0)
345 (653)
371 (699)
15.5 (2250)
14.8 (2150)
224 (212)
153.7 (1654)
2
2.70 (8.86)
85
3.18 (1.25)
2.41 (.95)
SA-213-T22
3240 (2.39)
469 (877)

3

Parallel Panel

Upflow

.91 (2.0)
364 (688)
379 (715)
19.7 (2850)
19.0 (2750)
249 (236)

©162.0 (1744)

2
2.89 (9.49)
76
3.81 (1.50)
2.69 (1.06)
SA-213-T22
2916 (2.15)
527 (980)

4

Parallel Panel
Upflow
1.4 (3.0)
364 (688)
379 (715)
19.7 (2850)
19.0 (2750)
373 (354)
243.0 (2616)
2
3.54 (11.62)
93
3.81 (1.50)
2.69 (1.06)
SA-213-T22
3570 (2.63)
522 (971)



TABLE 5.4

" 2nd Stage Superheater Design Data

Cycle No.

Flow Arrangement

Steam Flow, kg/hr (1b/hr) x 10_6
Inlet Temp., °c (OF)

Outlet Temp., °c (OF)

Inlet Press., MPa (psia)

Outlet Press., MPa (psia)

Heat Absorbed, KJ/hr (BTU/hr) x 10
Overall Surface Area, m2 (ft2)

No. of Parallel Panels

Panel Width, m {ft)

No. Tube/Panel

Tube OD, cm (in)

Tube ID, em {(in)

Tube Material

Ave. Mass Flux, kg/mz—s (lb/hr—ft2 x 10
Max. Tube Crown Temp., °c (OF)

6

)

1

Parallel Panel
Upflow
.45 (1.0)
371 (699)
593 (1100}
14.8 (2150)
13.4 (1950)
334 (317)
383.7 (4130)
10
1.91 (6.26)
150
1.27 (.500)
.99 (.39)
TP-316H
1090 (.804)
619 (1146)

2

Parallel Panel

Upflow

.91 (2.0)
371 (699)
593 (1100)
14.8 (2150)
13.4 (1950)
669 (634)
768.3 (8270)
10
270 (8.86)
189
1.43 (.563)
1.12 (.44)
TP-316H
1360 (1.00)
617 (1143)

3

Parallel Panel
Upflow
.91 (2.0)
379 (715)
593 (1100)
19.0 (2750)
17.6 (2550)
770 (730)
810.1 (8720)
10
2.89 (9.49)
202 ‘
1.43 (.563)
1.07 (.42)
TP-316H
1400 (1.03)
612 (1133)

4

Parallel Panel
Upflow
1.4 (3.0)
379 (715)
593 (1100)
19.0 (2750)
17.6 (2550)
1155 (1095)
1215 (13,080)
10
3.54 (11.62)
223
1.59 (.625)
1.17 (.46)
TP-316H
1590 (1.17)
614 (1138
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Cycle No.

Flow Arrangement

F.W. Flow, kg/hr (1b/hr) = 10_6
Inlet Temp., °c (OF)

-Qutlet Temp., °c (OF)

Inlet Press., MPa (psia)

Qutlet Press., MPa (psia)

Heat Absorbed, KJ/hr (BTU/hr) x 10
Overall Surface Area, m2 (ftz)

No. of Parallel Panelé

Panel Width, m (ft)

No, Tube/Panel

6

Tube OD, cm (in)

Tube ID, cm (in)

Tube Material

Ave. Mass Flux, kg/mz—s (BTU/hr—ft2 x 10 _6)
Max. Tube Crown Temp., °c (OF)

TABLE 5.5

Preheat Panel Design Data

1

Single Stage
Upflow
.45 (1.0)
239 (462)
289 (553)
16.2 (2345)
15.6 (2260)
113 (107)
69.6 (749)
) .
1.73 (5.68)
68
2.54 (1.0}
2.01 (.79
SA-192
2,930 (2.16)
337 (638)

L2
Single Stage
Upflow

.91 (2.0)
239 (462)
289 (553)
16.2 (2345)
15.6 (2260)
226 (214)
139.4 (1501)
2 .
2.45 (8.04)
77
3.18 (1.25)
2.41 (.95)
5A-192
3,580 (2.64)
353 (668)

3

Single Stage
Upflow
.91 (2.0)
246 (474)
309 (588)
20.3 (2950)
19.7 (2860)
289 (274)
170.8 (1838)
2
3.05 (10.0)
96
3.18 (1.25)
2.26 (.89)
SA-192
3,270 (2.41)
367 (692)

4

Single Stage
Upflow
1.4 (3.0)
246 (474)
309 (588)
20.3 (2950)
19.7 (2860)
434 (411)
256.0 (2756)
2
3.73 (12.24)
98
3.81 (1.50)
2.69 (1.06)
SA-192
3,390 (2.50)
383 (721)
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The primary objeﬁtive in the four conceptual designs was to limit
tube crown temperatures in the superheater while liﬁiting pressure drop.
Table 5.6 presents a summary of maximum tube crown temperature

in the final superheater designs. By utilizing small tubés and
parallel flow panels in the second stage; maximum tube crown temperétures
are limited to less than 621°C (11500F) in all superheater tube panels,
SuperheaterrpreSSure drops are within design limits.

Another design objective was to prevent DNB in the evaporator tube
panels. This objective has been confirmed in rifled tube testing. Figures
5.10 and 5.11 show DNB test points plotted against steam quality and mass
flux, The deéign evaporator mass flux ranges for the 12.4 MPa (1800 psia)
and 16.5 MPa (2400 psia) receiver cycles are respectively superimposed on
Figures 5.10 an& 5.11., Results show that mass fluxes are in the safe region

and DNB will not occur.

5.2.3 Receiver Losses

Thermal absorption efficiencies in the design receiver tube panels have
been calculated with the STPP computer code., Receiver losses are a fﬁnction
of ambient back radiation and convection losses. Back radiatlon losses are
calculated in the computer code by assuming a panel solar absorptivity (a) of
.95 and infared emissivity (e) of .89. An assumed outside film coefficient of
17 W/m2 - oC(3.0 BTU/hr—ftzvoF) was used for calculating convection losses.

Table 5.7 presents thermal absorption efficiencies tabulated for the
conceptual designs. Overall receiver absorption efficiencies are approximately

92 percent.



Figure 5.10
EFFECT OF MASS FLUX ON DNB QUALITY
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Figure 5.11
EFFECT OF MASS FLUX ON DNB QUALITY
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TABLE 5.6

2nd Stage Superheater - Maximum Tube Crown
Temperatures and Tube Temperature Differentials

Max, Crown Temp. Temp. Differential#*
Receiver No. Panel No. °c (OF) °¢ (OF)
1 7 619 (1146) 49 (88)
8 614 (1137) 38 (73)
9 610 (1130) 26 (59)
10 609 (1128) 29 (52)
11 607 (1124) 28 (51)
2 7 617 (1143) 41 (74)
8 613 (1135) 38 (68)
9 609 (1128) 31 (56)
10 606 (1122) 24 (43)
11 605 (1121} 26 (47)
-3 6 612 {(1133) 34 (61)
7 607 (1124) 25 (45)
8 603 (1118) 20 (36)
9 600 (1112) 13 (23)
10 599 (1111) 12 (22)
4 6 614 (1138) 38 (69)
7 606 (1123) 28 (51
8 604 (1120) 21 (37)
9 601 (1113) 14 (26)
10 600 (1112) 14 (26)

* Tube temp differential = T @ max. crown temp.

CROWN ~ VFLUID

-
G’j; .




Panel No.

TABLE 5.7

TUBE PANEL EFFICIENCIES

| =

.934
.933
Evap. .932
.931

v~ M-

376
.877
S.H. 4 -862
842
.816
.814

= OO 0o~ Oy

T~

*Ave. Evap. .93

*Ave. Preheat .95

*Avye. S.H. .87

*(Overall Receiver .92

*Averages are flux weighted.

Preheat 2950

[ro

.932
.932
.931
.930

.919
.876
.862
.842
.818
.815

]

.93
.94
.87

.92
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Receiver WNo. -
3

.925

- Evap. {.925
.924

Preheat .942

51z

.883

.870

5-H. .850

.825

.820

.92
.94
.87

.92

. 850
. 824
.818

.92
.94
.87

.92



5.2.4 Circulation Pumps

The evaporator recirculation loop configuration is shown in Figure 5.12. -
Evaporator circulation is maintained by 2 parallel circulation pumps; each .
pump supplying one~half of the design flow. 1In the event of a single pump
outage, sufficient flow would be maintained by the other parallel pump
to provide evaporator cooling.

The design point circulation pump requirements are presented in Table 5.8.
Circulation pumps selected for the receiver desipgns are presented in
Appendix D. The pumps selected are standard wet motor boiler circulation
pumps with a 1,15 service factor.

It is noted that pump specitifications for the .45x106 Kg/hr (lxlO6
1b/hr) receiver are omitted from Appendix D, This is because the head and
capacity requirements for the small receiver are slightly below the standard

range for boiler circulation pumps. Discussions with the pump manufacturer

indicate that a similar but modified boiler circulation pump could be

supplied for the small receiver.

5.2.5 Riser/Downcomer Design

The main feedwater riser and steam downcomer design specifications are
presented in Table 5.9. Due to the low feedwater temperature, the main
feedwater riser is SA-106B carbon steel. The steam downcomer however must
‘be SA-312 stainless due to the 593°C (1100°F). final steam temperature. Both
main riser and downcomer sections would be constructed of seamless welded
pipe. Expansion sections would be incorporated into the design to account
for thermal elongation.

Figure 5.13 shows approximate tower heights for the 4 conceptual receiver

designs. Corresponding main riser and downcomer lengths range between
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Figure 5.12
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5

Receiver No.

Receiver Steam Flow, Kg/hr (1b/hr)
Turbine Throttle Pressure, MPa (psia)
Pump Suction Pregsure, MPa (psia)
Pump Suction Temperature, °c (OF)
Required Head, m (ft)

Total Volumetric Flow, m3/hr (GPM)

Available NPSH, m (ft)

TABLE 5.8

Circulation Pump Requirements at Full Load

.45x106 (1x106)
12.4 (1800)
19.86 (2880)
343 (650)

155 (508)
4,379 (19,280)

735 (2410)

2

.91x106 (2x106)

12.4 (1800)
19,79 (2870)
343 (650)
95.1 (312)
2919 (12,850)

725 (2380)

3

.91x10% (2x10%)

16.5 (2400)
15.65 (2270)
321 (610)
47.2 (155)
2716 (11,960)

628 (2060)

4

1.4x10% (3x10%)

16.5 (2400)
15.58 (2260)
321 (610)
20.1 (66)
1358 (5,980)

622 (2040}




A Figure 5.13
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MAIN FEEDWATER
RISER

MAIN STEAM
DOWNCOMER

Receiver Steam

TABLE ‘5.9

Main Riser/Downcomer Design Specifications

Turbine Throttle

Flow o Pressure Outer Dia. Inner Dia.
kg/hr (1b/hr) MPa (psia) : em {(in) cm (in) ASME Spec.
.45x106 (lx106) 12.4 (1800) 32.4 (12—3/4)‘ 25.7 (10.1) SA-106B

6 6 (carbon)
.91x10° (2x107) 12.4 (1800) 45.7 (18) 38.9 (15.3) "
.9lx106 (2x106) 16.5 (2400) 45.7(18) 37.3 (14.7) "
1.4x10% (3x10%) 16.5 (2400) 50.8 (20) 41.4 (16.3) "
.45x106 (lx106) 12.4 (1800) 45.7 (18) 38.4 (15.1) TP-316H

6 6 (stainless)
.91x10° (2x107) 12.4 (1800) 61.0 (24) 51.3 (20.2) "
.91x10° (2x10%) 16.5 (2400) 61.0 (24) 49.0 (19.3) "
1.4x106 (3X106) 16.5 (2400) 66.0 (26) 53.1 (20.9) "




REHEATER
RISER

REHEATER
DOWNCOMER

Nominal Plant

Reheater Riser/Downcomer Design Specifications

TABLE 5.10

Turbine Throttle

Rating Pressure Outer. Dia. Inner Dia.

(M) MPa (psia) cm (in) cm (in) ASME Spec.

100 12.4 (1800) 50.8 (20) 48.4 (19.2) SA-106B
(carbon)

200 12.4 (1800) 66.0 (26) 63.2 (24.9) "

200 16.5 (2400) 61.0 (24) 57.7 (22.7) "

300 16.5 (2400) 71.1 (28) 67.1 (26.4) "

100 12.4 (1800) 50.8 (20) 48.8 (19.2) SA-335 P22
(ferritic)

200 12.4 (1800) 71.1 (28) 68.1 (26.8) "

200 16.5 (2400) 66.0 (26) 62.2 (24.5) "

300 16.5 (2400) 81.3 (32) 76.7 (30.2) "



approximately 183m (600 ft) and 335m (1100 ft). Reheater locatioms are also
shown in Figure 5.24 based on‘the rehea£er being located 1/3 of the way up
the main tower. The corresponding reheater riser and downcomer sections
range between approximately 61m (200 ft) and 113m (370 ft).

The reheater riser and downcomér design specifications are shown in
Table 5.10. The pipe sizing is based on pressure drop limitations imposed
in the reheat cycle. Section 5.2.7 contains additional details of reheater
design. The main reheat riser is made from carbon steel. The seiection
of a ferritic steel for the steam downcomer is based on the 538°C (lOOOOF)
reheat steam temperature. Pipe sectioﬁs would be constructed of seamless
welded pipe. Expansion sections would also be located in the reheat

riser and downcomer to account for thermal elongation.

5.2.6 Receiver Structural Support Design and Analysis

5.2.6.1 Introduction——-A design study was perforﬁed for the solar receiver
support structure. Support structures were designed base& on receiver steam
flows of .45 x 106 kg/hr (1.0 x 106 1b/hr), .77 x 106 kg/hr (1.7 x 106 1b/hr),
and 1.4 x 106 kg/hr (3.0 x ].O6 1b/hr). The .77 x 106 kg/hr (1.7 x 106 1b/hr)
receiver was analyzed prior to the final selection of receiver size based on
steam flow for receiver conceptual designs. The structures were designed

based on static and dynamic loads to meet the requirements of the 1969 American

Institute of Steel Construction (AISC) code for W-type members.

5.2.6.2 Design Procedure

The solar receiver is located on top of a support tower (Figure 5.14).
Table 5.11 shows the assumed receiver dimensions used in the support structure

design and analysis.
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TABLE 5.11

Overall Receiver Dimensions

Support Tower

Steam Flow Receiver Height Receiver Diameter Height
kg/hr (1b/hr) m (ft) m {(ft) m (ft)
45 x 1066 .

(1.0 x 107) 19.8 (65) 13.3 (43.5) 185 (607)
.77 x 1066
(1.7 x 107) 38.7 (127) 17.1 (56) 242 (794)
1.4 x 1066
(3.0 x 107) 34.3 (112.6) 22.9 (75) 321 (1052)




The basic structural configuration for each receiver support tower
was kept constant with the number of support levels being varied. An
octagonal symmetric structure was chosen {(see Figure 5.15). This shape
ninimizes the amount of secondary steel bracing from the solar tube
panels to the main support struﬁture, while minimizing the complexity of
the structure.

Most of the dead weight loading is concentrated on the top level. The
drum and downcomers are supported from the top level by two large members.
The tube panels are hung from the outside members of the top octagon (Figure
5.15a). Intermediate levels have tadial members connecting the outer octagon
to a smaller inner octagon. (Figure 5.15b). Eight main outside columns
transmit the load to the base of.the structure. These are diagonally

braced (Figure 5.15c).

The complexity of the structure depends upon the number of levels needed
to support the panels. The horizontal buckstay spacing determines this. The
distance between buckstays is a function of the panel flexibility, and panel
tube size determines this flexibility. Table 5,12 shows the assumed recediver
sizes and corresponding panel tube sizes; -These selected tube sizes may not
necessarily agree with the final design tube sizes.

Flexibility was determined by calculating an equivalent plate thickness
based on moment of inertias. TFrom the Uniform Building Code (UBC) the panel
wind loading is 1.47 KPa (.213 psi) at 290m (950 ft.). The buckstay spacing
was based on maximum panel deflection of 1.27 cm. (.50 in.) in the most flexible
panel due to this wind loading, Calculated stresses due to these deflections
are well below the allowable stress. Figure 5.16 shows the calculated buckstay

spacings.,
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Figure 5.15a Top Support, Section A-A
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Figure 5.15b Intermediate Support Level, Section B-B

3
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Top of Main
Support Tower

Figure 5.15c Columms and Diagonal Bracing, View C
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13.1m (43 ft)

Figure 5.16 Level Spacing and Horizontal

Buckstay Spacing

<"g___“TQp of

Tube Panels

Support Level Spacing

Horizontal Buckstay
Spacing

\7“

Bottom of
Tube Panels

4.37m (14.33 ft)

A

L - All Cases-
L
-
Top of Main
Steam Flow Horizontal Support Support Tower
kg/hr (1b/hr) Buckstay Level
Spacing Spacing
m (ft) - m (ft)
4sx10®
(1.0 x 107} 2.51 (8.25) 5.03 (16.5)
.77x106 6
(1.7 x 107) 1.83 (6.00) 3.66 (12.0)
1.4x106 6
(3.0 x 107) 3.49 (11.46) 6.99 (22.92)
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TABLE 5.12

Panel Tube Sizes

Tube S5ize, cm {(in)

Economizer Evaporator Superheater
Steam Flow
kg/hr (1b/hr) ) ID oD D oD ID
.45 x 1066 3.18 2.44 3.18 2.51 3.18 2.42
(1.0 x 107) (1.25) (0.96) (1.25) (0.99) (1.25) (0.953)
1.91 1.50
(0.75) (0.59)
J7 x 1066 1.27 .76 1.27 .76 1.27 .76
(1.7 x 107) (0.50) (0.30) (0.50) (0.30) {0.50) (0.30)
1.4 x 1066 3.81 2.69 3.18 2.36 4.45 3.18
(3.0 x 107) (1.50) (1.06) (1.25) (0.93) (1.75) (1.25)
2.54 1.88
(1.0) (0.74)




A height of 13.1m (43 ft.) was maintained from the bottom of the panels
to the top of the main support tower to accommodate the circulation pumps
(see Figure 5.16).

The design of the basic structure for each receiver is similar to the
structure presented in Figure 5.15. For each design, the member sizes for
each case were determined using the member selection feature of the STRUDL
computer programﬁz)

Static and dynamic loads were applied to the structure and the individual
structural member sizes were selected. The selected members were then
code checked. The selection of member sizes is an iterative process. After
the individual members are selected, based on one of the defined loadings,

a new stiffness analysis of the entire sturcture is performed. The loads
are then redistributed within the structure, and a code check usually reveals
some failed or undersized members. These members are changéd and a new

stiffness analysis is performed. This process is repeated until the members

of the structure pass the code.

5.2.6.3 'Loading Conditions——The structure was designed based on static

loads (dead weight, component weights, wind and ice) and dynamic loads
(earthquake).

Static component weights applied to the structure fpr each design are
shown in Tables 5.13, 5.14, and 5.15. ‘The two largest loadings were the
rdrum weight and the panel weights. Figures 5.17, 5.18, and 5.19 show the
drum and panel loading, and point of load application for each size solar

receiver.




TABLE 5.13

6 Component Weights
.45%x10 kg/hr (1.0x10°9 Ib/hr)Steam Flow

KN (kips)
Drum, Water and Downcomers 1,570 (308.15
Panels, Headers and Extensions 1,997 (449.0)
Horizontal and Vertical Buckstays, Bracing " 286 (64.2)
Circulation Pumps 273 (61.3)
Piping and Valves 266 (59.7)
Platforms | 141 (31.7)
Connections 155 (34.8)
Crane 445 (100)
Stairways 50.3 (11.3)
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TABLE 5.14

6 Component Weights
.77x10° kg/hr (1.7x10° 1b/hr) Steam Flow

KN (kips)
Drun, Water in Drum 1,922 (432)
Panels, Headers and Extensions 2,037 (458)
Horizontal and Vertical Buckstays, Bracing 534 (120)
Circulation Pumps : 289 (65)
Piping and Valves 311 (70)
Platforms | 334 (75)
Connections 222 (50)
Crane 445 (100)
Stairways 133 (30)




Component Weights

TABLE 5.15

l.4x106 kg/hr (3.0x10" 1b/hr) ‘Steam Flow

6

Drum, Water and Downcomers

Panels, Headers and Extensions

Horizontal and Vertical Buckstays, Bracing

Circulation Pumps
Piping and Valves
Platforms
Connections

Crane

Stairways

5-47

KN (kips)
2,522 (567.1)

6,260 (1407.4)

568

273

467

489
374
445

148

(127.6)
(61.3)
(105.0)
(110.0)
(84.0)
(100.0)

(33.2)



404 .4 1b/in

80.76 k
404.4 1b/in | 404.4 1b/1in
80.76 k 80.76 k
Drum
210.9 lb/ilr 42,12 K 308.1 kips ; 42.12 k {210.9 1b/in .
184.4 1b/in 36.82 k 36.82 &k 184.4 1b/in
48.92 k
245 1b/in
S.I. Conversion:
1b/in x 1.216 = N/m .
KIP x 4.448 = KN Figure 5.17

Panel Weights and Applied
Loading to iStructure

.45x106 kg/hr (1.0 x 106 1b/hr) Steam Flow




273 1b/in

27

273 1ib/in

62.7 k
3 1b/in

62.7 k

273 1b/in

62.7 k

Drum

62.7 k 432 kips

62.7 k | 273 1b/in

62.7 k

273 1b/in

§.I. Conversion:

1b/in x 1.2
KIP x 4.448

16

= N/m
N

62.7 k

62.7
273 1b/in

273 1b/in

Figure 5.18

Panel Weights and Applied

Loading to Structure

.77x106 kg/hr (1.7 x 106 1b/hr) Steam Flow




 548.5 1b/in

189.0 k
518.8 1b/in 518.8 1b/in
178.8 k ' ’ 178.8 k
Drum
443.4 1b/in 152.8 k 567.1 kips . 152.8 k 443,4 lb/in
176.8 k 176.8 k
513.2 1b/in : 513.2 1b/in
201.6 k
584.9 1b/in
§.I. Conversion -
1b/in x 1.216 = N/M
KIP x 4.448 = KN . N
Figure 5.19

Panel Weights and Applied
Loading to Structure

1.4x10° kg/hr (3.0 x 10° 1b/hr) Steam Flow . -
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Static ice and wind 'live' loads were applied in conjunction with the

component weights to the structure. The ice loading was assumed to be 5.1 cm.

(2.0 in.) of ice on all the panels and top platform. The wind loadings

were based on UBC pressure load due to wind at an elevation of 290m (950 ft).

The winds were applied in the

North-South and East-West directions. Table 5.16

shows the calculated loads applied in each case due to ice and wind.

The static dead and live

loads were combined as per normal design

procedure. The following static loads and loading combinations were applied

to the structure:

1. Dead weight (structure and component)

2. Dead weight plus ice load
3. Dead weight plus ice plus
4. Dead weight plus ice plus
5. Dead weight plus ice plus
6. Dead weight plus ice plus

Dynamic earthquake loads

accelerations were determined

wind North-South

wind East-West

wind South-North

wind West-East

were applied to the structure. The appiied

from the following equations provided by Sandia

Laboratories. TFor lateral acceleration:

- 1 g
XTT = 1.05 Xg + 25 HT Wx 4.4
where
'HT = height of support tower, ft
» WR = weight of receiver, kips

For vertical acceleration:

XTT = 0.75 for Xg = 0.25g



TABLE 5.16

Ice and Wind Loading Conditions

Steam Flow Ice Load Wind Load*®
kg/hr (1b/hr) KN (kips) N/m (1b/in)
.45 x 1066
(1.0 x 107) 421 (94.6) 59.2 (13.3) 76.2 (62.7)
17 x 1066
(1.7 x 107) 667 (150) 116 (26.0) 69.3 (57)
1.4 x 1066
(3.0 x 107) 1,240 (278.7) 207 (46.5) 133 (109.2

#Wind load along ocutside of horiiontal octagonal member,




The .45 x 106 kg/hr (1.0 X 106 1b/hr) and the 1140 X 106 kg/hr
(3 x lO6 1b/hr) receiver base accelerations were based on the 'survival!
ground acceleration, Xg’ of .25g. TUsing the equation for lateral acceleration,

the calculated accelerations based on final receiver weights are:

I

45 x 106 1b/hr (1.0 x 106 Ib/hr) x .43g

TT

i

1.4 x 10% 1b/hr (3.0 x 10° 1b/hr)  x .46g

TT

Because each receiver tower weight was estimated for the dynamic analysis,
a base lateral acceleration of .5g was applied to the structures. The
vertical acceleration applied to each structure was .75g.

6 1b/hr) receiver was designed based on

The .77 x 106 kg/hr (1.7 x 10
the 'operational' ground acceleration of .15g. Using the lateral acceleration
equation, the calculated acceleration was .315g. This acceleration was
applied in the lateral and vertical directions.

The horizontal and vertical design response spectra are taken from the
Atomic Energy Commission(AEC) Regulatory Guide 1.60 (for seismic design of
nuclear power plants). Figures 5.20 and 5.21 are plots of the response
spectra scaled to lg accelerations.

A modal analysis using the Householder-Ortega-Weilandt method was performed
for the first ten modes using the appropriate accelerations and response
spectra. Table 5.17 lists the modal frequencies for the three designs.
Equivalent pseudo static loads in the x, y, and z directions were calculated
based on combining the modal results using the RMS (root mean square) method.
These 'static' loads were then applied to the structure in combination with

the real static loads. Additional loading combinations applied to the structure

were (continuing from the previous loading conditioms):
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TABLE 5.17

Modal Frequencies (cycles/sec)

.45 x 102 kg/hr 77 x 102 kg/hr 1.4 x 102 kg/hr
(1.0 x 10 1b/hr) (1.7 x 10" 1b/hr) (3.0 x 10" 1b/hr)
.397 .506 .261
1.23 1.61 .728
2.03 2.74 1.08
2,71 2.75 1.51
3.31 2.76 1.91
3.75 3.89 2.24
3.78 5.19 2.28
3.86 5.78 2.71
5.94 6.31 3.44
6.42 7.36 3.5

-Sb

Uy



7. Dead weight plus 'pseudo-x' earthquake load

8. Dead weight plus 'pseudo-y' earthquake load

9. Dead weight plus 'pseudo-z' earthquake load
10. Dead weight plus 'negative pseudo-x' earthquake load
11. Dead weight plus 'negative pseudo-y' earthquake load

12. Dead weight plus 'negative psuedo-z' earthquake load

5.2.6.4 Boundary Conditiomns

The receiver support structure was analyzed as a space frame (this
allows arbitrary three dimensional deformations). The column diagonal
bracing and the horizontal radial bracing were assumed to be pin connected
(this allows only axial loading in the member and no moments will be
transmittedj. The main drum support girders and the secondary drum support
stéel were also pin connected. The eight outside vertical columms were

assumed to be fixed supports.

5.2.6.5 Results

The 12 statiec and dynamic 1oads were applied to the structures and
the member sizes were selected.

The sizes of every member is not presented, however for éach boiler,
a representative member size is presented in Figures 5.22, 5.23, and 5.24
for the basic components of the structure. Table 5.18 shows the final

weights of the structure and components that were calculated.

5.2.7 Reheater Design

The solar reheater is an independent tube panel section located on
the main tower at some distance below the main receiver. A portion of the

north heliostat field would be reserved exclusively for reheat duty.

5-57



Wlé x 58

Wlée x 88

W24 = 145
- Wl6 x 58
Wle x 88
W24 x 145

W36 x 160

W36 x 300

WL6 x 58
Wie x 88
W27 % 160

N

W49 x 16 (Plate Girder)

Wl4d x 43 W24 x 76
Wle x 88 W27 x 94
W24 x 145 W30 x 90

Wld x 43
Wil6 x 88

W24 x 145 .

.

W12 x 40
JW12 x 40 Wl6 x 88
Wit x 88 W27 x 145
W21 x 127
W1l2 x 40
W16 x 88
w2l x 127
Order, kg/hr (lb/hr): . S.I. Conversion:
.45x102 (1.oxlbg§“'l in. x 2.54 = cm.
.77x106 (1.7X106) 1b/in. x 1.216 = N/m

1.9x10° (3.0x10

Figure 5.22 Member Sizes Top
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Ingside Columns

We x 15
W8 x 24
W6 x 20

Inside Octagonal

w8 x 10
w8 x 35
W10 x 21
Wl4 x 13
We x. 15
W8 x 31
W8 x 24
wWi0 x 33
W12 x 65
Order, kg/hr (1b/hr): S.I. Conversion:
.45x102 (1.0x102) in. x 2.54 = cm.
.77x106 (1.7x106) 1b/in. x 1.216 = N/m
1.4x10° (3.0x107) ' '
Figure 5.23

'Typical Member Sizes
Intermediate Support Level
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. Order, kg/hr {1b/hr):
.45X102 (l.OXlOg)
.77x106 (1.7x106)
1.4x10° (3.0x107)

L______—-Diagonal Bracing
W8 x 28
w8 x 35
Wl2 x 65

'Columns

L Wl4 x 53

W24 x 100
W24 x 160

5.1. Conversion:

in. x 2.54 = cm,
1b/in x 1.216 = N/M

Figure 5.24
Typical Member Sizes




TABLE 5.18

Structural and Total Dead Weight

Steam Flow Structure Weight Component Weight Total Weight
kg/hr (1b/hr) KN (kips) KN (kips) KN (kips)
45 x 1066 623 4,982 5,604

(1.0 x 107) (140) (1,120) (1,260)

T7 x 1066 1,401 6,227 7,628

(1.7 x 107) (315) (1,400) (1,715)

1.4 x 106 2,980 11,324 14,304

(3.0 x 107) (670) (2,546) (3,216)

576



The reheater consists of multiple, single pass, parallel tube panels,
Final reheat steam temperature is controlled with spray de;superheating
prior to the reheat inlet header, Reheater layout is presented in
Figure 5.125.

Reheater conceptual design specifications are presented in Table 5.19.
The conceptual design selection is based on reheater parameters such that
maximum tube crown temperatures and pressure drop developed in the reheater
are within acceptable limits. ‘A maximum incident flux of 65,000 BTU/hr—ft2
is the basis of reheater design. Trapezoidal profile C is the vertical
flux profile along the tube panel length.

-Several points should be made about the conceptual design. First,
the reheaters are sized for the respective turbine c¢ycle requirements on
a MWe basis. The reheater requirements are independent of the four
receiver sizes which are on a Kg/hr (1b/hr) of steam basis, because the
reheater does not carry a solar multiple.

The second point concerns reheater pressure drop. The turbine cycle
fixes the available pressure drop to 10% of the extraction pressure, which
must include the reheater tubes, headers, piping, valves, etc. A guide-line
used in beiler practice recommends that 50-60% of the total pressure drop
be in the reheater panels, with the remainder in the piping, etc. Calculations
have shown that the pressure drop available for the steam piping from the
turbine up the tower, and back, is adequate, and poses no physical restriction
on the maximum height from the ground. The cost will be affected by the
height, however, and it is suggested that the minimum height which will
satisfy the field be selected, and then the piping can be optimized for minimum
cost. Reheater steam piping size selections are presented in Section 5.2.5 based on

the reheater located 1/3 of the way up the main tower.




Figure 5.25
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o) =

Nominal Plant Rating, MWe
Turbine Throttle Press., MPa (psia)

Flow Arrangement

Reheat Steam Flowb kg/hr (1b/hr) x‘lO_3

Inlet Temp., og ( g)
Outlet Temp., C ( F)
Tnlet Press., MPa (psia)
Qutlet Press., MPa (psia)
Total AP Avail., MPa (psi)

Heat Absorbed, KI/hr (BTU/hr) x 100
Max. Incident Flux, MW /m? (BTU/hr-£ft~)
No. of Parallel Panels -3
Steam Flow/Panel, kg/hr (1b/hr) x 10
Panel Length, m (ft)

Panel Width, m (ft)

2

Overall Width, m (ft)
No. Tubes/Panel
Tube 0D, cm (in)
Tube ID, cm (in)o o
Tube Cond., W/Ms K (BTU/hr-fi— F)_6
Mass Flux, kg/m -3 (1b/hr-ft™x 10 )

Panel Header 0D, em (in)
Panel Header ID, cm (in)
Header Length, m (ft) o o
Max. Tube Crown Temp., C ( F)

TABLE 5.19

Solar Reheater Design Parameters

100 200 300 400
12.4 (1800) 12.4 (1800) 16.5 (2400) 16.5 (2400)
Single Stage Single Stage Single Stage Single Stage

Upflow Upflow Upflow Upflow
263 (580) 617 (1360) 513 (1130) 821 (1810)
336 (636) 331 (628) 333 (632) 333 (631)
538 (1000) 538 (1000) 538 (1000) 538 (1000)
2.83 (411) 2.83 (411) 3.87 (562) 3.86 (560
2.70 (392) 2.70 (392) 3.68 (533) 3.66 (531)
.282 (41) .282 (41) .386 (56) .386 (56)
120.3 (114.0} 286.3 (271.3) 244.9 (232,1) 396.2 (375.5)
.20 (65,000) .20 (65,000) .20 (65,000 .20 (75,000)

5 11 7 11

52.6 (116) 56.2 (124) 73.0 (161) 74.8 (165)
18.3 (60) 18.3 (60) 24.4 (80) 24.4 (80)
3.11 (10.2) 3.35 (11.0) 3.38 (11.1) 3.51 (11.5)
15.5 (51.0) 37.0 (121.3) 23.7 (77.9) 38.4 (126.0)

163 176 178 184
1.91 (.75) 1.91 (.75) 1.92 (.75) 1.91 (.75)
1.75 (.69) 1.75 (.69) 1.75 (.69) 1.75 (.69)
277 (160) 277 (160) 277 (160) 277 (160)
352 (.26) 352 (.26) 461 (.34) 461 (.34)
35.6 (14) 35.6 (14) 40.6 (16) 40.6 (16)
31.8 (12.5) 31.8 (12.5) 36.3 (14.3) 36.3 (14.3)
3.11 (10.2) 3.35 (11.0) 3.38 (11.1) 3.51 (11.5)
599 (1110) 593 (1100) 579 (1075) 579 (1075)




The reheater aspect ratio (H/W) affects pressure losses in the tube
panels. The 12.4 MPa (1800 psia) and 16.5 MPa (2400 psia) turbine cycles
limit reheater loop pressure drop to .284 MPa (41.2 psi) and .387 MPa (56.2 psi)
respectively. Panel lengths were selected to limit pressure drop based
on turbine cycle operating pressure. The reheater panel widths were then
selected based on the required reheater heét'load. Resultant reheater
aspect rates vary between .5 and 1,2 in the four reheater designs. The
selected tube size for all the reheaters is a nominal 1.91 cm. (.75 in.) OD,
The maximum tube crown temperature developed in the reheater designs is
near 593°¢C (llOOOF). Thermal absorption efficiency in the reheater desipns

is approximately 78 percent.

5.2.8 Tube Panel Life Analysis——An elastic fatigue analysis was performed
' 6

on the second stage superheater panel No. 6 in the 1.4 x 106 kg/hr (3.0x10
1b/hr) receiver. This tube panel is considered the most critical panel in
the receiver because it exhibits the highesF tube crown temperature - 615°¢C
(1139°F).

The fatigue analysis is based on the following conditions:

Tube OD, cm (in.) 1.59 (.625)
Tube ID, cm (in.) 1.17 {.46)
Maximum Heat Flux, MW/m? (BTU/hr—ftz) .242 (76,760)
Internal Tube Pressure, MPa (psia) 19.0 (2750)
Bulk Steam Temp., C (°F) 576 (1069)

Inside Film Coefficient, KW/mZ—oC(BTU/hr—ftZ—OF) 15.0 (2642)

A complete cycle in this analysis is considered a single startup and
shutdown sequence from cold conditionms, 21% (70°F). This is not
representativé of actual receiver operating conditions. Most thermal

cyeling will be over a partial load excursion as clouds temporarily block

£-b5



portions of the heliostat field. The complete analysis procedure has been

outlined in Appendix G. .

The maximum elastic effective stress was calculated to be 252MPa (36,600 psi).
The 'pseudo' plastic strainrange was calculated to be 1.8x10_3, producing an
estimated fatigue life of 30,000 cycles. This is a first eycle strainrange,
and relaxation of this stress with time has not been accounted for.
Therefore 30,000 cycles is a very conservative fatigue life. A more
representative plastic analysis would result in a greater calculated fatigue

life,

5.3 Cost Estimates

Cost estimates for the main receivers are listed in Table 5.20. Costs
6
were estimated in detail for the .45x10 kg/hr (1 x 106 1b/hr) and the 1.4
X 106 kg/hr (3x106 1b/hr) receivers. The costs for the .91x106 kg/hr

(2x106 1b/hr) receivers are interpolated according to an average power law .

gcaling factor developed from the detailed cost estimates of the other
receivers and listed in Table 520). There are actually two receivers for
.91x106 kg/hr (2x106 1b/hr). One was sized for 16.5 MPa (2400 psia) and
one for a 12.4 MPa (1,800 psia) steam cycles. The dimension of these two
receivers are close, and no great error is introcduced by this method.

In Table 5.20, the steam downcomer and water riser piping are listed
separately. These costs are a significant part of the total receiver costs,
In the large unit, these leads amount to 26% of the total cost. These
costs are for carbon steel feed water risers and 316H stainless steam

downcomers.




Table 5.21 1ists the estimated replacement.costs for various panels, with
and without headers, for the large and the small receiver. These-costs
are on a delivered, but not erected basis. Panel attachments are included,
but no structural attachments. Reheater costs are listed in Table 5.22. The
reheater does not store energy. There is no solar multiple involved. As
such, each reheater in Table 5.22 is sized for the particular steam cycle
listed. The steam flows, pressures, and temperatures were taken from the four
cycles listed. This means that a given reheater cannot be associated one-to-
one with a given main receiver and tower. As an example, consider the |
selection for a 100 MWe plant with a solar multiple of 1.3. The turbine steam
flow would be B4.7 kg/s (671,956 1lb/hr), with a reheat flow of 73.1 kg/s
(579,832 1b/hr). For a solar multiple of 1.3, the receiver would be sized
30% larger, 110 kg/s (873,543 1b/hr). 1If, for the same turbine cycle, a
solar multiple.of 1.7 was desired, the main receiver would be sized for
143.9 kg/s (1,142,325 1b/hr), a 70% increase., The reheater size for these
two cases would not change. The reheater location on the tower would be
a function of the plant rating and the collector field requirements. The
interface with the collectors field was not investigated in this study.
Consequently, the costs quoted in Table 5,22 does not include reheat

steam leads.
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TABLE 5.20

Advanced Water/Steam Receiver Costs* (thousands$)

{Delivered and erected)

Receiver Steam Flow Receiver Only Water Riser/Steam Downcomer Total
126 kg/s (1 x 106) 1b/hr 11,650 2,250 13,900
252 " (2 x 106) " 19,600) 5,100, 23,380
378 " (3 x 106) " 23,450 8,150 31,600

tScope of Equipment:

Evaporator System

Superheater

Economizer (Preheater)

Pressure Parts Support Steel

Casing and Buckstays

Setting, Insulation, Lagging
Circulation Pumps, Valves and Drives
Platforms and Stairways

Complete Structural Steel

10. Valves and Accessories

11. Solar State Steam Temperature Controls
12. Shop sub assembly

.

W00~ v in P o ho

-

* 1979 Dollars
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TABLE 5.21

Estimated Replacement Panel Costs+
(in thousands)

Panel Receiver Steam Flow

126 kg/s (lxloslb/hr) 378 kg/s (3x1061b/hr)

Preheater Panels w/ Headers (SA-192) , 119 219
" " W/ " 93 187
Evaporator Panel w/ Headers (T-11 (rifled tubes) 132 380
" w/o " " 114 348
Superheater Panel w/ Headers (T-22) 128 284
" " w/o " 95 235
Superheater Panel w/ Headers (316H-SS) 303 838
" " w/o " 266 586

% Delivered, but not erected.
Includes panel mountings and buckstay supports.

+ 1979 Dollars
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TABLE 5.22

Estimated Reheater Costs_ (thousand$)+

(Delivered and Erected)

Turbine Power Reheater Steam -6 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




6. Assessment of Commercial Scale Advanced Water/Steam System, and
Recommendations for Future Work

6.1 Potential Improvements

The receivers designed in this study were selected to power a high
temperature/high pressure stand alone solar plant with high temperature
storage capability. Receiver outlet steam temperature was selected as
593°¢C (liOOOF) to charge high temperature storage. Based on a 16.5 MPa
(2400 psia) SBSOCISBSOC (1OOOOF/1OOOOF) reheat cycle, a 15% reduction in
collector-field requirements would be expected, over that in the Bérstow
low pressure plant. This is based on the differences in turbine and
receiver cycle efficiencies between the two systems. Costs of these high
performance receivers varies from $10.53 per pound of steam for the larger
unit, to $13.90 per pound of steam for the smaller unit. Since this study
not relate a given receiver power to a specified turbine power, a comparison
on 2 KW basis is not possible without taking into account storage multiple.
If it is assumed that the .454 x lO6 kg/hr (lxlO6 1b/hr) receiver could
power a buffer only storage plant, approximately 157 MWe could be generated.
The unit installed cost for the reéeiver, including steam and water leads,

but exclusive of tower, would be $88.55/kwe.

It is noted that the preferred system is a sub-critical receiver
feeding a sub-critical turbine. A study was done to develop the requirements
for a "primary loop" supercritical receiver feeding a sub—critical cycle.
Results discussed in Section 4 show that this arrangement has serious
problems with the heat transfer equipment and requires a larger receiver,
with practically all stainless surface to produce the same power. In
essence the supercritical receiver requirements are more like those for a

superheater than an evaporator.
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6.2 Potential Limitations

There are two major areas of uncertainty inherent in the designs of
thesé high temperature receivers, which may impose limitations on operation
efficiency and/or lifetime.

There is presently no design data for convective heat losses from
these larger external receivers. Since a large amount of surface in the
superheater and reheater operates at high temperatures, convective and
radiation losses may be significant, especially at lower loads (power
level). At some point in the load range, the convective and radiant
losses may be greater than the heat absorptionm, and , power level would
be curtailed. Radiation losses can be calculated with some degree of
assurance, but the degree of confidence in the convective determination
is lacking. A Fesearch program and/or test data from Barstow will help
solve this problem.

For external receivers, some method of minimizing wind circulation
and vertical natural circulation over the face of external recelvers
should be explored.

The other major design uncertainty of the high temperature receivers
is meeting the anticipated 30-year plant life time based on creep-fatigue
interactions. Results of an elastic-"pseudo' plastic stress analysis
indicated that the high temperature superheater would have a fatigue life
of 30,000 full strain range cycles. This value is conservative. It is
probable that with a full inelastic analysis, where the stresses are allowed
to relax, would produce 50,000 cycles or more. Even so, the question
" of lifetime is still open. If only diurnel cycles were considered, 10,000
would be sufficient for 30 years. The open ended question is how to assess
cloud effects. 1In the origiqai requirements for this study, it was thought
that 50,000 full range cycles would be sufficient. This was based on 10,000
diurnal and 40,000 clouds (4 full shut-downs a day), which is purely arbitrary.

b-




The other unknown is how various clouds, Eheir shading intensity, and
frequency, will affect operation. For some, contrels will be able to
handle operation with minimum cycling of the receiver.r How much damage
these "smaller" clouds will do is presently unknown. It seems that a
large number of operating scenarios would have to be investigated to
asses$ this effect. The solar industry heeds a detail specifica-
tien in this area so that designers can work from the same base point.

As an example, by considering the following scenario, it may be argued
that 30,000 full range cycles is sufficient for 30 year's life. If it is
assumed that plant maintenance (scheduled) outages, and the fact that
some days are too low in insclation to start up, only 75% of the
year is available for operation. This accounts for 274 days/year, or 8,213
diurnal cycles in 30 years. If it requires 222 °c/hr (4000F/hr) assumed
start up and shutdown rate, and a dense cloud shut down operation
by noon, it would take 2 hours minimum to regain full temperature, and
depending on the time of year, shutdown would have to be initiated around
4 p.m, This drastically reduces geﬁeration. It would appear that a mid-
afterncon re~start would be impractical, even during summer solstice. Hence,
2 full cycles due to clouds would be a maximum tollerated during an operating
day. Adding these to 8213 diurnal gives 24,639 cycles, which meets the
30,000 available cycles determined by the above analysis.

0f course, the above scenario is not 1007 representative of all conditions,
There will be days when operation at derated steam conditions will be possible
for either running or charging storage. Hence, the metal is not working

at the high temperatures, and a different analysis 1s required.



6.3 Recommendations for Future Work

Fatigue Analysis: It may be concluded that the only way to assure 30 years' .

life of the receiver is to show 106 cycles or greater in analysis. Certainly
this would include most all types of operation. However, until a more
definitive design criteria for cloud effects is established, 30,000 full
range cycles might also be sufficient for 30 years' life.

With respect to this fatipgue life study, it i1s recommended that:
1. Further stress analysis be undertaken to more accurately define the
cyclic lifetime. This would involve an elastic-plastic analysis, which
allows stresses to relax; 2. A study be conducted to determine the amount
of lifetime gained by lowering the finél outlet steam temperature. This
should be traded off against the decrease in cycle efficiency,

There are other areas requiring further analysis to more completely

define the advanced water/steam system begun here. Under the present

contract, approximately 50% of the funds were allocated and expended in
Task 10--Rifled Tubing Test Program. This allocation reduced the amount
of funds available for the analysis/design tasks. In addition to the stress

analysis requirements mentioned above, the following items are identified:

Test Data Analysis: Results of these tests are included in Volume II of

this report. The data was plotted for the DNB tests, and listed for all
runs. No analysis was included due to time constraints. Analysis should
be completed to develop a correlation suitable for computer application
to predict DNB performance of the rifled tubing. Pressure drop data
should be analyzed to develop an equivalent roughness factor to be

applied to the subject rifled tubing pressure loss calibration.

LN
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With the above design information, the circulation system could be further

optimized.

Other Analyses:

1,

Part~load and Transient Analwsis. Performance of the subject receivers

under part-load operation and during transients should be studied to
define control requirements and establish detailed operating procedures.

This requires development of a transient model of the system.

Stability Analysis. This design should not be prone to either dynamic

or static stability but a low load analysis should be performed to
verify this and to aid in selection of orificing for matching flows to

heat flux.

An investigation of the effect of receiver L/D on the collector field
requirements and on tower designs should help optimize the interface

between these sub-systems,.

Institutional restraints should be investigated for specific sites,

as their effects may be different from site-to-site,



700 Rifled Tubing Test Program - Task 10

7.1 Introduction and Summary

The test program described here was included in the conceptual design
phase in order to assess the feasibility of designing a high heat flux solar
water/steam receiver without the attendant problems associated with DNB and
film boiling heat transfer. The objective of these tests was to determine
the DNB limits (critical quality and mass flux) for the high peak heat flux
associated with the solar receiver. The circulation ratio would then be
selected to avoid the DNB and film boiling regions. Test data on the
performance of rifled tubing was not available at the 0.85 MW/mz maximum
north-panel flux levels. At lower flux levels, rifled tubing has been shown
to eliminate DNB and film boiling in evaporators. In some tests mnearly 1007
saturated steam was obtained before gxperiencing a DNB temperature excursiom.
In other cases, evaporators may still be operated with lower ciréulation
ratios (CR) thaﬁ would be possible with smooth tubing. This has the effect
of significantly reducing pump size and pumping power required. Successful
performance of rifled tubing in this solar receiver application will hopefully
result in an evaporator with a maximum CR = 2:1. Retention of the high heat
flux allows a smaller, more efficient receiver for the same output power.

The test program described in this section was developed utilizing an
existing heat transfer loop at C-E's Kreisinger Development Laboratory. Cne
unique feature of the KDL test loop is the ability to apply heat to the test
tubing over 180° of tube surface. By applying heat to only one side of the
tube, the test results are felt to more accurately represent tube behavior
under actual operating conditioms.

A two-dimensional finite-element heat transfer analysis was also conducted.
Temperature profile and heat flux were modeled for the selected rifled tube
in order to gage the effect of the rifling geometry .on the tube crown temperature

measurement. The model was solved with computer program MARC Heat, and the
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results used to determine thermocouple placement on the tested rifled

tube.

The following sections describe the test loop, test matrix, loop
operation, final results and finite element analysis. A discussion
of the data reduction program is included in Appendix F. A complete

collection of the reduweed test data is included in Volume II.

Final DNB test data show DNB critical steam qualities to be over 80% for
heat flux levels of up to 1.26 Mw/m2 (measured at the tube interior) for the
general range of mass flows expected in this design. Low pressure, low
heat flux tests were able to achieve 95+7 steam quality over a broad range
of mass flow.

The test results in general show critical qualities in excess of 70Z.

For recirculation (subecritical) boiler, a circulation ratiovof 2:1 is desirable

for control purposes, This circulation ratio yields a maximum quality of 507%. .
At the high flux levels encountered in the sblar receiver, the rifled tubing

increases the critical quality for DNB by a factor of almost 2 over a smooth

tube and reaches a critical quality well above that which will be obtained at

the design circulation ratio.

7.2 Test Facility Description

The test program under Task 10 was carried out at Combustion Engineering's
Kreisinger Development Laboratory. The Heat Transfer and Corrosion Test Loop
(HTCTL) was modified specifically for high heat flux--high mass flow testing.

The test loop is in effect an electrically heated, forced circulation
boiler designed for sub- and super-critical steam generation. It is a closed

loop, (Figure 7.1) with heat rejection to a pair of three-stage condensers.

Two different tube segments may be set up at the same time and loop operation .
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can be switched quickly from one to the other by means of blocking flanges.

The test loop has approximately 1MWe connected power capability, including

power for preheat and the test sections. The steam pump, (Figure 7.1)
which recircﬁlates saturated steam from the drum to the test section inlet,
provides the equivalent of 2MW additional comnected power. Test section:
and preheater power is provided by resistance heating elements operating
at 480 volts a.c.

The rifled tube test element is divided into five sections, the first
an unheated entrance section, followed by four heated test sections. The 7
total tube sections are 6.55m (21.5 ft) long, consisting of 2.858cm.
(1.125)in. 0.D. rifled tubing as shown in Figure 7.2. Each individual
section is approximately 1.22m (4 feet) long, separately controlled for heat
input. The heat is applied over 180° of circumference of the tube as shown

in Figure 7.2. Heater rods are arranged around half the tube with dummy

rods on the remaining half. The heater rods contain high flux density heater
wire on a central core, surrounded by highl& packed boron nitride materiai.
The units are swaged into the shape shown in the figure. Power leads exit
from each end of the heater.

Figure 7.3 shows the tube thermocouple detail for one test section. The
basic tube thermocouple pattern includes one tube crown temperature measurement
at 30.5cm (12 in.) axial intervals with an additional set of radial thermocouples
at elevation 378em (149 in.). Pressure taps are provided at the entrance,
exit, and center of the test segments to measure the pressure drop during
testing.

A flow diagram including loop instrumentation is shown in Figure 7.1.

Saturated water from the drum is pumped into the preheaters by the circulation

in the flow lines and two pairs of differential pressure cells for high and

r"] ) x‘..j

pump located below the test section. Flow is measured by means of orifices .
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low-fange pressure drop. TFlow through each preheater is controlled by
individual control valves. Steam from the drum is‘routéd to the condensers
(one reflux) or to the steam pump. Use of the steam pump to deliver
saturated steam to the test segment inlet allows higher steam qualities and
mass flows than would be possible with the electric preheaters alone. Steam
flow is regulated by pneumatically actuated control valves and measured by
an orifice as in the case of the water flows. Mixing of the streams takes
place in a mixing tee before the test segment inlet.

All control valves are pneumatically actuated from the operator's console.
Loop pressure is automatically controlled by regulation of the flow of cooling
water to the condensers. A small feedwater pump provides makeup water to the
system for any loss which may occur during operation, and a chemical feed

pump is available to provide for water treatment.

Instrumentation

The HETCTL is fully instrumented for the departure from nucleate boiling
(DNB) and pressure drop testing that is part of the Sandia program. Test
section tube wall metal tempefatures are measured at 12 inch intervals as
are the exterior surface temperatures of the electric heater elements.

Absolute pressures and temperatures at each flow orifice are measured by
pressure cells and a platinum resistance thermal device (RTD). Input electrical
power is measured by watt transducers attached to the silicon controlled
rectifier (SCR) power controllers which are used to set individual test

section and preheater power input.

Some of these instruments, plus otﬁers (drum wéter level, circulatioen and
pump motor winding temperatures, etc.) are comnected to the loop safety system
which functions to protect thé loop whould an unsafe situation occur. A complete
instrumentation list follows (Table 7.1) showing the data scammer channel number,
a brief description of the measuring instrument and its range. The "Instrument

Tag Number" in Table 7.1 corresponds to the circled instrument numbers on the

1.7



TABLE 7.1

INSTRUMENT LIST Page 1
Heat Transfer & Corrosion Test Loop Date: October 8, 1979
Sandia & CC-Rifled Tubing Tests Rev: 0
Projects 900255
Transducer
Instrument Description Scanner Signal
Tag No. No. Range Cutput Conditioning
Short ‘ 00

PTO 01 Steam Orifice Pressure Transmitter 01 0-3000 ﬁsig 4-20 ma I/V 0.7-3.5 VDC
TET 02 Steam Orifice Temp. RTD 02 0-1000°F 4-20 ma I/V 0.7-3.5 VDC
FTO 03 Steam Orifice DP Hi 03 0-300 in H20 4*20 ma I/v 0.7-3.5 VDC
FTO 04 Steam Orifice DP Lo 04 0-30 in HZO 4-20 ma I/V 0.7-3.5 VDC
PTO 05 Water Circ. Pump Discharge Pressure 05 0-4000 psig 4-20 ma I/V 0.7-3.5 VDC
TET 06 Water Cir. Pump Discharge Temp. RID 06 0-1000°F 4-20 ma I/V 0.7-3.5 VDC
FTO 07 Water Orifice A DP Hi 07 0-3000 in HZO 4-20 ma I/v 0.7-3.5 VDC
FTO 08 Water Orifice A DP Lo 08 0-30 in H20 4-20 ma I/v 0.7-3.5 VDC
FTO 09 Water Orifice B DP Hi 09 0-300 in H20 4-20 ma I/v 0.7-3.5 VDC
FTO 10 Water Orifice B DP Lo 10 0-30 in H20 4-20 ma /v 0.7-3.5 VDC
TET 11 Mix TEE Water Inlet Temp. RTD 11 0-1000°F 4-20 ma  I/V 0.7-3.5 VDC
LTO 12 Drum Water Level DP 12 0-50 in H,0 4-20 ma I/V 0.7-3.5 VDC
PTO 13 Drum Pressure Transmitter 13 0-3000 psig 4-20 ma I/V 0.7-3.5 VDC
PTO 14 Test Section Outlet Pressure . 14 0-4000 psig 4-20 ma I/V 0.7-3.5 VDC
PDT 15 Full Test Section Pressure Drop (DP) 15 0-20 psid 4-20 ma I/v 0.7-3.5 VDC
PDT 16 Half Test Section Pressure Drop (DP) 16 0-10 psid 4-20 ma I/V 0.7-3.5 VDC
TET 17A & Test Sections A & B Inlet RTD 17 0-1000°F 4-20 ma 1/V 0.7-3.5 VDC

TET 17B
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TABLE 7.1 continued

INSTRUMENT LIST Page 2
Heat Transfer & Corrosion Test Loop Date: October 8, 1979
Sandia & CC-Rifled Tubing Tests Rev: 00
Projects 900255. e
- . Transducer
Instrument Description _ Scanner _ o Signal
Tag No. ' No. . .. Range .  Output = Conditioning
TET 18A & Test Sections A & B Outlet RTD 18 0-1000°F 4-20ma 1/V 0.7-3.5 VDC
TET 18B
CTO 19 Circ. Water Conductivity Transmitter 19 0-10 Mhos 20-100 mv
JTO 20 SCR A-1 Power Preheat A 20 0-120 kw 0-24 mv
JT0 21 SCR A-2 Power Preheat A 21 0-120 kw 0-24 mv
JTO 22 SCR B-1 Power Preheat B 22 0-120 kw 0-24 mv
JTO 23 SCR B-2 Power Preheat B 23 0-120 kw 0-24 mv
JTC 24 SCR B-3 Power Test Section Bl or % Al 24 0-120 kw 0-24 mv
JTO 25 SCR NM6 Power Test Section B-1 25 0-40 kw 0-40 mv
JTO 26 SCR C~1 Power Test Section B~2 or A-2 26 0-250 kw 0-5v
JTO 27 SCR C-2 Power Test Section B-3 or A-3 27 0-250 kw 0-5v
JTO 28 SCR C-3 Power Test Section B-4 or A-4 28 0-250 kw 0-5v
JTO 29 SCR NM-7 Power Test Section A-1 29 0-40 kw 0-40 mv
JTO 30 SCR NM-8 Power Test_Section A-2 30 0-40 kw 0-40 mv
JTO 31 SCR NM-9 Power Test Section A-3 .31 0~60 kw 0-5 v
JTO 32 SCR NM-10 Power Test Section A-4 32 0-60 kw 0-5 v
JTO 33 SCR NM-5 Power Spare ‘ 33 0-40 kw 0-40 mv

JTO 34 SCR A-3 Power Test Section % A-1 34 0-120 kw 0-24 mv



Ol

TABLE 7.1 continued

INSTRUMENT LIST

Heat Transfer & Corrosion Test Loop

Sandia & CC-Rifled Tubing Tests

Projects 900255

Page 3
Date: October 8, 1979
Rev: 00

Transducer
Instrument Description Scanner Signal
Tag No. ' No. Range Output Conditioning

- Short 35

- Short 36

- Short 37

- Short 38

- Short 39
TEQ 40 Ambient Temp TC 40
TEO 41 Steam Pump Winding TC 41 Type K mv
TEO 42 Water Circ. Pump Winding TC 42 Type K mv
TEO 43 Test Section 1 Heater TC 1 T 43 Type K mv
TEO 44 Test Section 1 Heater TC 2 44 Type K mv
TEO 45 Test Section 2 Heater TC 1 45 Type X mv
TEC 46 Test Section 2 Heater TC 2 46 Type K mv
TEO 47 Test Section 3 Heater TC 1 47 Type K mv
TEC 48 Test Section 3 Heater TIC 2 48 Type K mv
TEO 49 Test Section 4 Heater TC 1 49 Type K mv
TEO 50 Test Section 4 Heater TC 2 50 Type K mv

- Short 51

—_ Short 52
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Heat Transfer & Corrosion Test Loop

TABLE 7.1 continued

INSTRUMENT LIST

Page 4
Date:

October 8, 1979

Sandia & CC-Rifled Tubing Tests Rev: 00
Projects 900255
Transducer
Instrument Description Scanner Signal
Tag No. No. Range Output Conditioning
- Short 53
- Short 54
TEO 55 Test Section 1 Tube TC 1 55 Type K mv
TEO 56 Test Section 1 Tube TC 2 56 Type K mv
TEO 57 Test Section 1 Tube TC 3 57 - Type K mv
TEO 58 Test Section 1 Tube TC 4 58 Type K ny
- Short 59 -~ —
TEO 60 Test Section 2 Tube TC 1 60 Type K mnv
TEO 61 Test Section 2 Tube TC 2 61 Type K mv
TEO 62 Test Section 2 Tube TC 3 62 Type K mv
TEO 63 Test Section 2 Tube TC 4 63 Type K mv
- Short 64 -— -—
TEO 65 Test Section 3 Tube TC 1 65 Type K nv
TEO 66 Test Section 3 Tube TC 2 66 Type K mv
TEO 67 Test Section 3 Tube TC 3 67 Type K mv
TEO 68 Test Section 3 Tube TIC 4 68 Type K mv
- Short 69 — -
TEQ 70 Test Section 4 Tube TC 1 70 Type K nv
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TABLE 7.1 continued

INSTRUMENT LIST Page 5
Heat Transfer & Corrosion Test Loop Date: October 8, 1979
Sandia & CC-Rifled Tubing Tests Rev: 00
Projects 900255
Transducer
Instrument Description Scanner Signal
No. No. Range Output Conditioning
TEO 71 Test Section 4 Tube TC 2 71 Type K mv
TEO 72 Test Section 4 Tube TC 3 72 Type K mv
TEQ 73 Test Section 4 Tube TC 4 73 Type K mv
TEO 74 Tube TC Cross TC 1 74 Type K mv
TEO 75 Tube TC Cross TC 2 75 Type K mv
TEO 76 Tube TC Cross TC 3 76 Type K mv
TEOQ 77 Tube TIC Cross TC 4 77 Type'K mv
TEO 78 Tube TC Cross TC 5 78 Type K mv
TEO 79 Tube TC Cross TC 6 79 Type K mv
- Short 80
"TEO 81 Preheat A Pischarge Fluid Temp. TC -— Type K mv
TEO 82 Preheat B Discharge Fluid Temp. TC - Type K mv
TEO 83 Test Section Leg B Discharg%CFluid - Type K mv
Temp.
TEO 84 Test Section Leg A Discharge Fluid —-— Type K mv
Temp. TC
TEO 85 Test Section B-1 Heater TC 3 - Type K mv
TEO 86 Test Section B-2 Heater TC 3 — Type K mv
TEO 87 Test Section B-3 Heater TC 3 — Type K mv
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TABLE 7.1 continued

INSTRUMENT LIST Page 6
Heat Transfer & Corrosion Test Loop Date: October 8, 1979
Sandia & CC-Rifled Tubing Tests Rev: 00

Projects 900255

. Transducer
Instrument Description Scanner Signal
Tag No. ‘No. '~ 'Range Output Conditioning

TEO 88 Test Section B-4 Heater TC 3 ‘ Type K v

TEOQ 89 Test Section A-1 Heater TC 3 Type K mv

TEO 90 Test Section A-2 Heater TC 3 Type K mv

TEO 91 Test Section A-3 Heater TC 3 Type K b\

TEQ 92 | Test Section A~4 Heater TC 3 Type K mv

TEO 93 Test Section B-1 Tube TC 5 Type K mv

TEO 94 Test Section B-2 Tube TC 5 Type K my

TEO 95 Test Section B-3 Tube TC 5 Type K nv

TEO 96 Test Section B—4 Tube TC 5 Type K mv

TEO 97 Test Section A-1 Tube TC 5 Type K mv

TEO 98 Test Section A-2 Tube TC 5 Type K mv

TEO 99 Test Section A-3 Tube TC 5 Type K mv

TEO 100 Test Section A-4 Tube TC 5 Type K mv

PTIO 101 Drum Pressure Gauge ' 0-5000 psig visual

PIO 102 Loop Hydrostatic Test Pressure Gauge 0-10,000 psig visual

PIO 103 Instrument Air Pressure Gauge 0-20C psig visual

PI0O 104 Dynapump Discharge Pressure Gauge 0-100 psig visual

PIO 105 Reboiler Pressure Gauge 0-60 psig visual
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TABLE 7.1 continued

INSTRUMENT LIST

Heat Transfer & Corrosion Test Loop

Page 7
Date: Octdébet 8, 1979

Sandia & CC-Rifled Tubing Tests Rev: 00
Projects 900255
Transducers
Instrument Description Scanner Signal
Tag No. No. Range Output Conditioning

PIO 106 Dyna Pump Inset Pressure Gauge 0-60 psig visual
PIO 107 MDC Water Pressure Gauge 0-100 psig visual
PIO 108 Water Circ. Pump DP Gauge 0-300 psid visual
PIO 109 Steam Pump DP Gauge 0-50 psid visual




flow/instrumentation diagram, Figure 7.1.

7.3 Data Acquisition/Reduction

7.3.1 Data Acquisition--When a selected test condition is attained the

data acquisition system is activated to record the loop condition for
subsequent reduction by the HTCTL computer code. Most instrument signals
from the measuring transducers are in the form of a varying amperage output.
These signals are conditioned to a variable voltage output by a signal
conditioning device and then recorded by an automatic data scanner. Data
from the loop are simultaneously recorded on punched paper tape in the C~E
central computer system. There are 80 chanmels of data recorded five times
at one minute intervals during each complete data scan. -Some information
(test number, observed DNB elevations, time-of-day, barometer, etc.) are
entered manually by the operators.

Individual channel voltages may be monitored by the operator at the
conscle or at the data scanner. A schematic of the data acquisition/reduction

process is shown in Figure 7.4.

7.3.2 Data Reduction Procedure--The data reduction procedure used to reduce

raw data from the data scanner file to engineering terms is described below.
Most data reduction was performed on C-E's CDC Cyber 172 computer using the
NOS time sharing system,

Afterrthe data scan was completed at the test loop a procedure is initiated
by the loop operator at the timesharing terminal located near the test loop.
The data reduction computer program is used to reduce the stored raw inputs to
usable form. An ocutput printout showing instrument outputs, errors and results
of flow and temperature calculations is printed out at the termingl for immediate
reference. The entire process, from completion of the automatic data scan to
completion of the cutput printing requires about four minutes. All raw data was

saved on disk memory in the CDC system for future use or reference, a copy on
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paper tape was also retained as a further backup.

7.3.3 Data Reduction Program (HTLREDl)--The data reduction program HTLRED1

uses the above data files to produce a data output sheet for each test point.

A sample output appears in Figure 7.5.

Reduced Data Output
Heading |

The top two lines characterize the test by identifying the laboratory
doing the work, the project number, and the type of test.

The next line gives the test number of that particular test, the time,
and date of the test. This test date should correspond to the constant file
date listed at the bottom of the page to assure that the proper instrument
conversion constants were used to treduce the data.

The test section conditions are listed for each test as follows:

Test section outlet pressure is glven in psia. Total flow (A, B
circulating flows and steam flow) is given in 1b/hr. Rifled tube mass flow
is given in lbm/hr/ftz. This is the flow per unit cross sectional area in
the tube. For rifled tube, major (root) diameter is used as a representative
diameter.

The test section temperatures are next given with thermocouple numbers,
heat flux to the test section at the location of each thermocouple, quality
at same location and indication of DNB. Heat flux is calculated at the root
diameter based on 180° of heat input to the fluid.

Pressure drops at various test section locations are given with corresponding
inlet and outlet qualities.

Also given is the test section quality at the inlet and outlet of each

pressure drop measurement zone.,
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FIGURE 7.5
REDUCED DATA OUTPUT SHEET

C £ KREISINGER DEVELOPMENT LABRNRATORY
PROJECT #900285% SANDIA SOLAR RECEIVER RIFLED TUBE LNB TLST
TEST &# 127 TIMF 1020 DATE  11/20/79

TEST SECTION CUNDITIONS -
QUTLET PRESSURE 21U5,4 +/- Hed FSLA

TOTAL FLUOW J4BUIEA0U 4/ m +3BE+02 LB/HR
RIFLED MASS FLUw JJOGZEHNT /= WISE+04 Lh/HRaFT2
TC#® ELEV TEMP HEAT FLUX AT IC NUALTITY AT TC il
C(In) (1600 BTU/HikeFT2) (PCT)
75 200, 769, 30%.,6 +/= 5,1 51,7 /= 2,4
Te 188, 772, 03,6 #/= 5,1 43,9 /= 2,4
71 174, 768, 303,6 /= 5,1 48,2 +/= 2,3
70 14, 77t, 303,86 +/= H 1 Ub,H +/= 2,3
68 148, TeH, 30141 #/= 5,1 A5 ,3 +/= 2.3
67 136, 778, 301,1 /= 5,1 43,5 +/= 2,3
o 124, 772, 301,1 +/= 5,1 4l .8 +/= 2,5%
by 112, T7n4, 3011 +/= 5,1 4,0 +/%= 2,5%
b 96, 780, 295,2 +/= 5,1 BH.G +/= 2.7
b2 B4, T36, 249%,2 /= 5,1 37,2 +/= 2,2
61 72 759, 99,2 +/~ 5,1 35,5 /= 2.2
Y] 6V, T7T5%, 295 ,2 +/= 5.1 33,8 #/= 2,2
58 44, Te7, 290,60 +/= 5,2 32,6 ¥/= 2.2
57 32, 752, 29it,b +/= h,2 31,0 +/= 2,2
1) 20, 734, 20 b +/im H, 2 29,3 t/= 2,2
5% 4, TR7, PUUa6 +/= 85,2 Plab #/= 2,2

PRESSBUKE DRUPS

LOQCATION INLETY  QUALITY LWTLET WUALITY PRESSURE DROP
(PCT) (PETS (PSLD)

TOTAL TEST SECTIun 2T,1 +/w 2,2 Lood ¢/~ 2,3 Bal3d #/m= olu

UPPER TEST SECTION 39,8 +/= 2,3 Y263 ¥/m 2,3 B4,95 ¢/= T,

R1A TEMPERATIHRE PROFILE
Tob,? 6d9 .6 T835,8 TR, ¢ T79,.,7 T12,1 763,3%

TEST SECTION ONTLET FLUIL PROPERTIES

S5AT TEMPERATUKE hd3,1 +/= Py F
STEAM SPEC VIIL 1 743] /= W N0GLY  FIS/LMm
wATER SPEC VilL <2618 +/~ L0003 FTR/L8
STEAM vISCUSITY e 0D4U3T 4/ = 20005 Le/bTeHR
WATER VISCUSTTY 17039 /= +00021 LB/FTmHi
SURFACE TeEmMKRION «2V0039R +/= LN0D0NZ L /FT
STEAM THEKA CUnNRUCTIVITY LDBB] +/= 20002 BTU/HR=F | =
WATER THERM CONDUCTIVITY ChE /= 20003 BTU/HR=F T=F
STEAM SAT ENTHALPY 1130,10 +/» o 4 HTU/LH
WATEK SAT EHTHALPY GEA, U /= X BTU/L K
CONST FILE DATE 12714779 & DATA REDUCED 09,38,%%, BO/ul/24, .

KDL PRiL LEADER |, o o o « o DATE o of o« 76 «
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Test Section Outlet Fluid Properties
With test section outlet pressure and temperature, fluild properties
were obtained through 1967 ASME steam. table subroutines and functions.

Listed properties are shown below:

Subroutine

Fluid Property or Function Unit
Saturation Temperature TSL 0F

Steam Specific Volume SRSORT Ft3/1b
Water Specific Volume SRSORT Ft3/1b
Steam Viscosity VISV 1b/ft-hr
Water Viscosity VISL 1b/ft-hr
Surface Tension TENS 1b/ft
.Steam Thermal Conductivity CONDV BTU/hr-ft-F
Water Thermal Conductivity CONDL BTU/hr-ft-F
Steam Saturated Enthalpy SATUR , BTU/1b
Water Saturated Enthalpy SATUR. BTU/1b

The constant file (TAPE88) used to reduce the data is also included.
This date would ordinarily correspondlwith the date of the test data listed
at the top of the page. Also given are the time and date when the data

was reduced.

7.4 Test Matrix

The test matrix for DNB and pressure drop data was developed to take
the maximum advantage of the heat transfer test loop capabilities. In
general, set—up points were developed to allow measurements of pressure drop

at various flows and test section outlet steam qualities. During the course

-of the test program, as the DNB curves became obvious, additional starting

points were added to "fill in" gaps in the DNB data and to extend the DNB
testing to the maximum mass flux available. For the Sandia test program the

range of loop parameters were as follows:
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Pressure 2100 psig and 2850 psig

Test Section Heat Flux 100,000 to 400,000 BTU/hr/ft2
Test Section Outlet Steam 0 to 100+%

Quality

Test Section Mass Flux 0.2 to 1.93106 lbm/hr/ft2

Loop pressure and test section heat flux were held constant for each
individual test run. Mass flow was then varied manually to determine the
DNB flow rate (see section 7.5.3).

The combined use of the electric preheaters and the steam pump
allowed considerable variation of the test seéfiqn inlet (and therefore
outlet) steam conditions, Steam quality at any point in the test section
is calculated by the data reduction program.

The loop performed within design and safety parameters set up prior
to the test program. The 400,000 BTU/hr/ft2 heat flux level is the highest
heat flux level run to date on the HTCTL and is believed to be the upper

limit for the present configuration and materials.

7. 5 Loop Operation

7.5.1 Calibration--Two complete calibrat?ons of loop instrumentation were
done during the Sandia test program—--one at the start of testing and one at
the completion of the-test plan. Individual instruments were calibrated as
follows:

Platinum resistance temperature devices—-(RID) were calibrated in-a
heated fluidized bed and checked against a laboratory standard RTD. Ice
points were taken during the test program to check for any drift which may
have occurred with time.

Pressure cells were calibrated by a dead weight cylinder for pressures

in the range of the test plan.
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Differential Pressure cells were calibrated against simple manometers
while both were subjected to static pressures in the range of loop operating
conditions.

The watt transducers were removed from the test loop and bench-calibrated
at reduced voltages and loads.

Thermocouples were not separately calibrated, but the tube T.C.'s were
checked during shakedown for uniformity and good contact.

The results of each individual instrument calibration were correlated
by regression analysis which resulted in the constantg used in data file
TAPE88 and in the uncertainties discussed in Appendix F. For the most part,
very little change was seen in the individual correlation constants over the
course of the test program. The one exception was the differential pressure

cell which measured low flow on the B water line.

7.5.2 Shakedown--Loop shakedown for the Sandia test program included heat
loss tests, operator training, and a general checkout of loop operation.

The heat loss tests were con&ucted to determine the relationship between
heater element temperature and test section heat loss, as well as preheater
bulk fluid temperature and preheater heat loss. The coefficients determiﬁed
by these tests were included in the constant file (TAPE88) and used throughout
the test program.

Heat loss testing was performed by first filling the loop and steam drum
with water and pumping up to a hydrostatic pressure of 2500 psig, The preheaters
and test section power controllers were then turned on to supply heat to the
circulating water. Since sub-cooled liquid was used for all heat loss testing,

the amount of heat transferred to the fluid may be measured by comparing test

T2



section and preheater inlet and outlet temperatures and mass flow rates.

Heat input is determined from the watt transducers and the difference is

the heat loss to the test loop surroundings. Heat losses for the total test
section and the preheaters were plotted against heater element surface
temperéture and bulk fluid temperature, respectively (Figures 7.6a and 7.6b).

The heat loss tests were repeated at the end of this Sandia test program.

7.5.3 Test Procedure--Testing was carried out on a 24-hour basis with weekend

an& holiday shutdowns. The test program went smoothly, with only minor
equipment failures, none of which warranted curtailment or delay of the test
program.

The following procedure was used for all test points. First, the
loop is stabilized at the set up or starting point. Heat flux and mass
flow are checked by running the data reduction program for a series of data
scans taken at that point. Once the set up point has been established,
the operator then begins to search for DNB.

The top test section tﬁbe metal temperature thermocouples are connected
to a strip chart recoder as well as the automatic data scanner. To establish
a DNB test condition, the operator reduces water mass flow rate while monitoring
the strip chart recorder output. Test Section Heat flux and preheater power
is normally kept constant. When a DNB point is reached, tube metal temperatures
at that point rise and this is visible on the sﬁrip recorder, After allowing
the condition to stabilize, another data scan is taken with the operator
inputting the observed DNB elevations. As DNB is a function of steam
quality and mass flow at a given femperature, pressure, and heat flux, this
method establishes one such condition under which DNB will occur. Since the
highest steam qualities occur in the top of the test segment, DNB will usually
be observed there first and not 6ccur in the lower three test sectiomns. For
data analysis purposes, however, the temperature profile of the entire tube

is examined and the onset of DNB defined as the conditions existing at that

7.2




£Z -/

HEAT LOSS (KW)

TOTAL TEST SECTION HEAT LOSS vs TEMPERATURE DIFFERENCE

10
| | 1 | | T |
9 — .5"‘-—""' . _
../ - - -
8 — . . / —
- "
7 - .). -— . —
—"z"‘
6 | -
5 p— —
1 | . | | | I |
200 300 400 500 600 700 800 900

(o]
THEATER ELEMENT - TAMBIENT (F)

I | I

100

200 300 400
THEATER ELEMENT - TameienT ©°C)

FIGURE 7.6a

500



hZ -L

HEAT LOSS (KW)

25

20

15

10

PREHEATER HEAT LOSS vs TEMPERATURE DIFFERENCE

/ 7
TguLK FLUID - TamBienT (°F)
| | I N
100 150 200 350

TguLk FLuUID - TamBIENT {°C)

FIGURE 7.6b




elevation which first exhibits a 2.8°C (SOF) temperature departure from the
nucleate boiling level. Using this basis provides a consistant operator-
independent criteria for evaluating the test data. A sample of the strip
chart during two DNB test points are shown in Figure 7.7, 7.8 and listings
of the reduced data printout follow.

The tube metal temperatures that appear on these reduced output
pages are uncorrected outputs from the chromel-alumel thermocouples installed
on the rifled tubes. Due to small variations in the placement and contact
of the individual thermocouple beads, the listed temperatures show variation
over the length of the tube. For this reason‘the printed tube temperatures
should not be used for boiling heat transfer coefficient calculations unless
corrected to a common basis. The temperature at a given elevation does not
vary significantly for fixed pressure and heat flux levels unless the tubing
at that elevation is experiencing DNB during the data scan as can be seen
in the upper elevations of runs 149B and 151B. The accuracy of the

individual thermocouples used here is +2.22C (AOF).
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151B Mags Flow increased until DNB temperature
excursion no longer visible

Outlet Quality 79%

Mass Flow reduced until DNB Temperature
excursion visible, here T.C. #72 and 73
*Note overshoot which occured during approach
151A to DNB point. Sharp peaks at four levels indicate
large portion of tube in DNB. Stable DNB condition

established before taking data scan.
Outlet Quality 857
DNB Quality 75%
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CeE KREISINGER DEVELODPMENT LABURATORY
PROJECT #900255 SANDIA SOLAR RECEIVER RIFLED TuUBE DNB TEST

TESY # 149 TIME 1230 DATE 11726779
TEST SECTION CONDITIONS
OUTLET PRESSURE 2821,5 +/ - 2.0 P3IA
TOTAL FLOW «A692E404 +/= 2 33E+02 LB/HR
RIFLED MASS FLOW dFERIE+Q0E #/» +B2E+04 LB/HR=FT?
TC# ELEV TEMP HEAT FLUX AT TC QUALTTY AT TC pnB
(InN) (1000 BTU/HR=FT2) (PCT)
73 200, 81t, 297,7 +/= 5,8 79,1 +/= 3,9
72 188, 816, 297T,7 +/= 5,6 7.9 #/= 3,9
71 176, 4806, 297,7 +/= 5,06 72.7 #/= %,9
70 164, #o7, 297.7 +/= 5,6 69,4 +/7 3,9
68 148, 807, 300,88 +/= 5,5 67,3 +/= 3,9
67 138, 819, 300, +/= 5,5 bU4,0 +/= 3,9
ab 124, 812, 300, +/= 5,5 60,7 /= 3.9
65 112, 82K, 300,B +/= 5,5 57.5 +/= 3,9
63 96, 79, YO B +/= 5.1 55,3 /= 3,9
b2 a4, 179, 2908 +/= 5,1 92.2 /% 3,9
91 72, 800, 290,58 +/= 5,1 49,0 +/= 3,9
&0 60, TA9, 290,88 +/= 5,1 45,8 +/= 3.9
58 ud, A13, 292,8 +/= 5,1 43,7 +/= 3,9
57 32, 796, 292,88 +/= 5,1 40,6 +/= 3,9
Séa 20, #29, 292,88 +/= 5.1 37,4 ¥/= 3,9
55 8, 832, 92,8 +/= 5.1 34,2 +/= 3.9
PRESSUNE DROPS
LOCATION INLET QuUALITY OUTLET QUALITY PRESIUIE DRUOP
(PCT) (PCT) (#81i)
TOTAL TEST SECTIiIN 33,1 #/= 3.9 BO,2 +/= 3.9 D00 ¢/= 202
UPPER TEST SECTIUN Ka,4 #/= 13,9 BN 2 +/= 3,9 0,00 +/= L8

kK1 TEMPERATURE PROFILE
06,6 732,1 Beeeb 823.,5 H12,5 809,72 T99,9

TEST SECTION DUTLET FLUID PROPERTIES

SAT TEMPERATURE 6B& .1 +/= W 1 £
STEAW SPEC VL w1011 /- <0018 FT3/LB
WATER SPEC vIlL 031859 +/= 200002 FT3/L8
STEAM VISCUSITY 206400 #/= «0000d LB/FTeHR
WATER VISCUSITY 213982 #/= 00031 LE/FTeHR
SURFACE TENSIUN 2000101 +/= 2000001 LB/FT
STEAM THERM CONMDUCTIVITY w1020 +/= U001 HTU/HR=F T=F
WATER THERM CONDUCTIVITY 2299 %/ m 20001 HTU/HReF TuF
STEAM SAT ERTHALPY 1052,61 +/= e 31 BTU/ZLE
WATER SAT ENTHALPY 173,67 ¢/= 28 HTU/LH
CONST FILE DATE 12/14/79 M DATA REOUYCED 10,33,.59, Bo/s01/1%,

KDL PROJ LEADER ¢ o 9 o « o DATE o of o /o

7,28



CeE KREISINGER DEVELOPMENT L AHORATORY :
PROJECT #900255 SAnNDIA SOLAR HECEIVER RIFLED TUBE DNH TEST

TEST & jd9a FTIME 1255 DATE 11726779
TEST SECTION CUNDITIONS
OUTLET PRFSSURFE P83k ,2 +/= 1.7 P514
TOTAL FLOW «3121E+04 +/= JUUF#02 LB/HR
RIFLED MASS FLiIwW JTBURESDE +/=- o 11E+05 LB/HReF T2
TC#2 ELEV TEP  HEAWT FLUX AT TC RUALITY AT 1C Dt
(It (1000 BT /HR=eFT2) (PCT)
T3 200, ART, 296,77 +/= 5,1 95,1 +/= 6.5 Db
-72  1HA,  AL9, 296,7 +/= 5,1 91,2 +/~ 6,5  Oub
71 176, 4&s7, 296,7 +/= 5,1 BT.3 +/= 6.5 IVB
-70  led, 823, 296,7 +/= 5,1 B35 +/= 6,5 ON4
68 148, 807, 300,0 #/= 5,1 B0,9 /= 6,5
67 14is, 820, 3000 +/= 5,1 Th,9 ¢/= 6,5
b6 124, H1Z, IN0,0 +/= 5,1 73,0 +/= 6,5
65 1te, 829, 300,00 +/= 5,1 69,1 +/= A,5
b3 96, Tve, 290,55 +/= 5,0 Bl b +/= b,5
62 ad, IR0, 290,% +/= 5.0 62,8 #/= 6,4
6] T2, HRO1, 290,95 +/= 5,0 S9,.0 +/= b4
60 60, 790, 290,85 +/= 5,0 59,2 /= 0,5
5H ay, w14, 293,06 +/= 5,1 82,6 /= b4
57 42, 797, 293 .6 +/= 5,1 4R, A */= B,5
S56 20, 8B40, 293.6 +/= 5,1 45,0 +/= 6,5
45 4, 833, 93,6 +/= 5,1 4] .2 +/= 6,59
PRESSUKE DROFPS
LOCATION INLET  QUALTTY OUTLET QUALITY PRESSUKE DROP
(PCT) (PCT) (PS51ID)
TOTAL TEST SECTIUN 39,9 +/= b4 bt */= 6,5 0,00 /= U2
UPPER TEST SECTIUN b7, B +/=  b,5 96,4 #/m 6,5 - 0,00 +/= L0t
Rl TERMPERATURE PRUFILE
807,.,4 732,9 Br3.4 Had,.2 B13,5 Ri10,.4 800,68
TEST SECYION UUTLET pLUID PROPERTIES
SAT TEMPERATUKE 686,9 +/m ol F
STEAM SPEC V(L «0FIRS +/= U018 FTE/LH
WATER SPEC vOL V3177 +/= 00002 FT3/LA
STEAM VISCOSITY D043 /= 00004 LB/FTwHR
WATER VISCOSITY 2 i3905 +/= «00009 LA/FET=HE
SURFACE TENSTOM +OUN096 +/w= 00001 LR/FT
STEAM THERM CUNDUCTIVITY 1029 +/= «0001 BTU/HRwF T ~F
WATER THERM COMDUCTIVITY 2292 +/m <0001 BlU/HR=F TaF
STEAM S4T ENTHALPY 1050,% +/= ?6 BTU/LK
WATER SAT EnNFHALPY 175,75 +/m 24 BTU/LY
CONST FILE DATE 12/14/79 M DATA REDUCED 10,34,01, BO/Q1/15,

KOL PROJ LEADER o & o o o o DATE o o/ o 74 »

1.29



CeE KREISINGER DEVELOPMENT LABORATURY
PROJECT #90025% SANDIA SOLAR RECEIVER RIFLEL TUBE DONB TEST

TE3Y # 1494 TIME 1310 DATE 11/26/79
TEST SECTION CONDITIONS
QUTLET PRESIURE FLE L PR /- 1.3 PSIA
TOTAL FLUW ITO8E+04 4/= «HOE+02 LB/HR
RIFLED MASS FLOW W9315E+06 +/m »10E+0S LB/HR=FT2
L% ELEV TEMP HEAT FLUX AT TC QUALTTY AT TC DnB
(IN) (1000 BTU/HR=FT2) (PCT)
73 200, 812, 296,7 +/= 5,1 79,4 /= 4,9
72 188, 817, 296,7 +/= 5,1 Téa,1 ¢/= 4,9
71 176, 8048, 296,7 +/= 5,1 72,9 ¢/= 4,9
70 164, H08, 294,77 /= 5,1 69,6 +/= 4,9
68 148, 807, 300,0 +/= 5,1 67 4 /= 4,8
67 13s, 820, 300,0 +/= 5,1 64,2 +/= 4,48
66 124, 413, 300,0 #/= 5,1 60,9 ¢/« 4.8
645 112, 429, 300,0 /= 5,1 7,6 +/= 4,8
63 96, 191, 290,3 +/= 5,0 55,4 +/= 4,8
62 84, 730, 290,3 +/= 5,0 52,2 ¢/= 4,8
61 72, Ao, 90,3 ¢+/= 5,0 49,0 ¢/= 4,8
60 b0, 790, 290,% +/= 5,0 U5, B +/= 4,8
58 a4, B4, 292,58 +/= 5,1 d3,7 +/= 4,8
57 12, 797, 292,8 +/= 5,1 40,5 ¢/= 4,8
56 20, 830, 2Y2,F +/= 5,1 37,% 4/= 4,8
5% 8, #33, 292,B +/= 5.1 4,1 +/= 4,8
PRESSURE DRUPS
LOCATIUN INLET QUALITY OUTLET QUALITY PRESSURE OROP
(PCTY) (PCT) (PSID)
TOTAL TEST SECTIOM 35.0 +/= 4,8 0,45 +/= 4,9 0,00 +/= 02
UPPER TEST SECTION 56,5 +/= 4,4 80,% +/= 4,9 0,00 4/= W06

RIA TEMPERATUKE PROFILE
07 41 732.98 #p23,2 H2d,0 13,4 a09,8 800,6

TEST SECYION OUYTLET FLUIND PROPERTIES

SAT TEMPERATURE oBh 8 +/= ol F
STEAM SPEC V0L 09991 +/- 00011 FI3/LH
WATER SPEC viiL 2 N3177 +/m «00002 FT3/LB
STEAWM VISCUSITY WN6U430 ¢/« L,0000% LB/FT=Hk
WATER VISCUSITY e 13908 #/= +00007 LB/FT=HR
SURFACE TENSTUN e 000097 +/= «000000 LHB/FT
STEAM THERM CONDUCTIVITY 21029 ¢/= 20001 BTU/HR=F TwF
WATER THERM CONDUCTIVITY 02293 4/= « 0001 BTU/HR=F T=F
STEAM SAT ENTHALPY 1050,48 ¢/= 20 BTU/LB
WATER SAT ENTHALPY 175,65 +/= 18 aTU/ZLRK
CONST FILE DATE 12714779 M DATA REDUCED 10,34,02, BQ/01/15,

KDL PRUJ LEALER , o o o o o VATE o o/ o 74 o

T.30



Cwt KREISINGER DEVELOPMENT LAHBURATORY
PROJECT #900295 SANDLA S8OILAR RECEIVER RIFLED TuUBE DNB TEST

TEST ® 151 TIvE 1320 DATE 11726779
TESY SECTIUN CONDITIONS
UOUTLET PRESSURE 2B43 8 /- 244 P5la
TOTAL FLOW s T149E4QL +/= £82E402 LH/HR
RIFLED MASS FLOw LATITESOT +/e  L21E+05 LH/HR=FT?
TCe FELEV  TFmp  HEAT Frux AT TC WUALITY AT TC DAK
(In) (1000 HYL/HR=FT2) (PCTY

73 20u, 8tn, 297 .1 +/= 5,1 45,9 +/= 5,0

72 188, 817, 297,1 +/% 5,1\ 4g,2 ¢/= H,0

71 176, Aos, 297 .1 +/= 5,1 42,5 +/= 5,0

70 tebd, BB, 297.,1 +/= 5.1 40, B +/= H,0

68 148, Bo7, 298,86 +/= 5,1 39,7 #/= 5,0

67 13, 820, 29H,a +/= 5.1 3R,0 +/= 5,0

66 124, B13, 28,6 +/= 5,1 36,3 #/= H,0

6% 112, BRY, 298 ,6 +/= 5,1 34,5 +/= 5,0

63 96, 792, 290,9 +/= 5,0 33,4 +/=~ h,

62 A4, 781, 290,9 +/= 5,0 31,7 #/= 5.0

L) | 12, 801§, 20,9 +/= 5,0 30,1 ¢+/= 5,0

6l e, 790, P90,9 +/= 5,9 PR, /= 5,0

58 44, Ai1e, 296 ,.,8 +/= 5,1 273 /= 5,0

57 2, 199, PY6,8 +/= 5,1 PH.6 /= 5,0

56 2L, #3132, 296,8 +/= 5,1 23,9 +/= 5,0

54 R, &BHin, 2Us A +/=m 51 22,2 +/= 5,0

PRESSURE DRUPS
LOCATION INLET  wialLITY DUTLET QUALTTY HRESSURE URUFP
(PCT) (PCT) (PS1I1)
TOTAL TEST SECTION 2l,6 +/= 5,0 46,5 +/= 5,0 11,240 +/= 07
UPPEKR TEAYT SECTIOM U0 /= 5,0 46,5 +/= 5,0 6,54 +/m TS
RIuw TEMPERATURE PWOFILE
807,3 735,1 23,3 BRd .1 R13,2 R0O9,9 B0, 7
TEST SECTION DUTLET FLULD PRIPERTIES

SAT TERPERATURFE b8T, 3 +/= ol F
STEAM SPEC vl 209919 4/= 00021 FT3/LH
“ATER SPFC viL «D3187 +/= «N0V03  FTR/LH
STEAM vISLUSITY «VOULE 4 /= 00008 LH/FT=HR
AATER VISCOSITY 113865 +/= 00013 Le/FTwHR
SURFACE TENSTON 2300094 4/ «N0000D1 LE/FT
STEA= THER» CONDUCTIVITY w1034 ¢/= 0002 BTU/HRsF T}
WATER THERM COMDUCTIVITY «PRB9 ¢/ = 0001 BTU/HReF T«F
STEAM SAT ENTHALPY 1049,16 +/= « 3B HTU/LA

WATER SAT ENTHALPY T76.82 +/= « 35 Bru/sLR

CONST FILE DATE 12/14/79 ¥ DATA REDUCED 10,34,04, B0/u1/1%,

KDL PROJ LEADER , 4 4 ¢ & o DATE , o/ o« /4 &

7.31



C=E KREISINGER DEVELOPMENT LABORATORY
PROJECT #900255% SANDIA SOLAR RECEIVER RIFLED TUBE ONH TEST

TEST # 1514 TIME 13%90 DATE 11/26/79
TEST SECTION CUONPITIUNS
OUTLET PRESSURE 2R3, 7 /- 1,9 PSIA
TOTAL FLOW e 3B22E+04 +/= o 37E402 LB/HR
RIFLED MASS FLOW dICOTE+0L +/= «F4E+04 LB/HR=FT2
TCH ELEV  TEMP HEATY FLUX AT TC WUALITY AT TC [N
(IN) (1000 BTU/HKeFT?) (PCY)
7% 200, 837, 296,88 +/= 5,1 wd, 4 +/= 4,5 DNB
72 BB, H39, 296,88 +/= §H,.1 Hi.2 #/= 4,5 DB
71 176, 8ai, 296,48 +/= 5,1 78,0 +/= 4,5 o3
70 164, 812, 29h,4 +/= 5,1 74,9 #/% 4,5 nG
68 48, Hwo7, 2IH, 3 +/= 5,1 72,8 +/% 4,5
&l 136, B9, 29%,3 +/= 5,1 6F .6 +/= 4.5
66 124, B2, 298 ,3 +/= 5,1 bh 4 +/v U5
65 112, #2484, 29H,3 +/= 5.1 63,2 /= 4,5
63 %96, 791, 290 ,7 +/= 5,0 61,1 +/= 4,5
62 s4, 780, 290,7 +/= 5,0 58,0 /= 4.5
61 72, B0L, 2907 +/= 5,0 5.0 */= 4.8
60 60, 730, 20,7 +/= 5,0 51,9 +/= 4,5
54 44, Ris6, 298,44 /= 5,1 49,8 +/= 4.5
57 32, 799, 298,44 +/= 5,1 46,6 +/= 4.8
56 20, R33, 298, 4 +/= 5,1 43,4 +/» 4,5
5% 8, 434, 298 .4 +/= 5,1 40,8 +/» 4,5
PRESSURE DROPS
LOCATIAN INLET  GUALITY  OUTILEY GUALITY PRESSURE DR
(PCT) (FCT) (PSIM
TOTAL TEST SECTIUN 39,2 /= 4,5 BS54 +/= 4,5 N,00 +/= TP
UPPER TEST SECTIOWM 62,2 +/= 4,5 BS .4 +/=  4.% U0 /= 07

RIB TEMPERATURE PHOF [LE
Boha6  732,4  82g,4  R23,4  812,6  80Y,3  400,0

TEST SECTION OUTLET FLUID PROPERTIES

SAT TEMPERATORE 686,9 +/a 1 F
STEAM SPEC v $ 09990 +/= 00017 FT3/LH
WATER SPEC viL 03177 #/=  ,00002 FT3/LB
STEAM VISCUSITY 06430 +/m  L,00004 (H/FTeHR
WATER VISCUSITY 213908 +/= 00010 LB/FTwHR
SURFACE TENSION L000097 +/= 000001 LH/FT
STEAM THERM CONDUCTIVITY 01029 +/= L0001  BIU/HR=FT=F
WATER THEKRM CONDUCTIVITY L2293 4/ L0001  BTU/HR=FTaF
STEAM SAT ENTHALPY 1050,42 +/= 29 BTU/ZLH
WATER SAT ENTHALPY TIS.6T +/= 27 BTU/ZLB
CONST FILE DATE 12714779 M DATA REDUCED 10,34.05, 80/01/15,

KDL PROJ LEADER , 4 + o o « DATE 4 o/ o 74 »

1.32



CeE KREISINGER PEVELOPMENT LABORATURY

e 05
V7

PROJECT #90025% SANDIA SULAR KWECEIVER RIFLED TUusE DNR TEST
TEST # {SiH TIME {4158 DATE 11726779
TEST SECTIUON CONDITIONS
GUTLET PRESSURFK 2839,1 /- 2el PsIa
TOTAL FLOW JULBBE+DY +/~ 3TE+02 LB/HE
RIFLED MASS FLOwW «1052E+07 +/= P3E+DY L /HReFTZ
TCHE  ELEV TEMP HEAT FLUX AT TC JUALTITY AT TC On
(Iw) (1000 BTLU/HRwFTZ2) (PCT)
7% 200, 813, 298,44 +/= 5,1 TT.9 /= a b
72 188, BRiR, 29R, 4 +/= 51 75,0 +/= 4,0
71 176, BQA, 298,4 +/= 5,1 Teal +/= 4,0
70 164, HRDA, 29,4 /= 5,1 AY 2 +/= 4,0
et 148, wKO7, 299,4 +/= 5,1 ale3 +/= 4,0
67 136, B19, 299 ,.d +/= 5.1 ald 4 +/= 4,0
46 124, BR12, 299,44 +/= 5,1 61,5 +/= 4,0
65 112, B&RP28, 299 ,d4 +/= 5,1 56,5 /= 4,0
63 96, 791, 291,0 +/= %, 0 Sb,b t/= u,l
14 i, TRO, 291,00 +/« 5.0 93,8 #/= d,0
61 2, 801, eYvl1,0 +/= S0 51,0 +/= 4,0
A0 60, 789, 91,0 +/= 5,49 dB 2 +/= 4,0
54 44, 81is, 2UH,b /= 5,1 4b,2 /= U0
57 2, 1799, 98,6 +/= 5,1 43,3 +/= 4,0
56 20, #8335, 298 6 t+/= 5,1 40,4 +/= d 0
5% 4, Als, 29M,6 +/= 5,1 37,5 +/+« 4,0
PRESStUKRE ORUPS
LOCATION INLET  QUALTTY OUTLET SUALYITY PRESSURE DROP
(PCTS {(PCT) (BSIH)
TOTAL TEST SECTIUN 3646 ¢/ 4,0 TR, +/= 4,0 0,00 +/=
UPPER TEST SECTI1UN S7,6 /= 4,0 75,9 #/= 4,0 ND,00 +/=
RIs TEMPERATUREF PKUOFILF
Rpb,9  732,% 823,0 RP3,B  B12,9  RO9,6  800,3
TEST SECTINN NHUTLET FLUIL PROPEKTIES
SAT TEMPEWNATURE bHAHHE +/m ol F
STEAM SPEC v 209995 ¢/ m #0019 FT3/LB
WATER SFEC viiL 03176 +/= 00003 FT3/LH
STEAM y[SCHSTTY 060727 ¢/= «000N5  LR/FT =Kk
NMATER VISCUSITY 13911 +/= 200011 LA/FTwHR
SURFACE TENSION 000097 +/= 00000t LB/FT
STEAr THER™ CONUUCTIVITY 21028 +/= 20001 BT /HRwF T=F
WATER THERY CONDUCTIVITY 22293 +/= L0001 HTU/HR=F TaF
STEAM SAT ENTHALPY 1050,51 +/= «33 HTU/L8
WATER SAT ENTHALPY 775,59 +/= + 30 BTU/ZLH
CUNST FILE DATE 12/14/79 M DATA REDUCED 10,34,06, 80/01/15,

KDL PROJ LEADE= , , o

. DATE

7.33
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After scanning and reducing the DNB data point, the water mass flow
rate is increased slightly until the DNB temperature excursions are not
visible on the strip recorder. A data scan is then taken to verify the
status of the loop at the DNB point and to provide a check against which
to compare the tube metal temperatures for evaluating DNB conditions. Set
up is then begun for the next starting point.

During the course of testing it was determined that 400,000 BTU/hr-ft2
heat flux would be attainable with the Sandia locop configuration. Additional
test points were established for this heat flux .level and made up the final
series of tests for the Sandia test segment. After the completion of the
Sandia test program and post-test calibrations, the HTCTL was reconfigured

for post-critical heat flux testing on a slightly different tube segment.

7.5.4 Problems-—-Although the physical operation of the test loop went very
well, several inconsistancies in the reduced data were cause for concern.

Cne problem described in the weekly progress reports was discovered in
the low heat flux DNB testing. Many data runs were indicating steam
qualities at the onset of DNB in excess of 1007 (i.e. superheated steam). This
is a physical impossibility duerto the nature of boiling heat transfer and
prompted an investigation of the steam quality calculation.

Prom the post-test instrument calibratiom, it was determined that the
low-flow differential pressure cell on B line (FTO 10, Figure 7.1) had
experienced a drift in the zero pressure output. When this drift was plotted
against loop operating time, (Figure 7.9) it was found to be linear with
time through the test program. By comparing the pre and post-test calibrations
the drift has been found to affect only the zero pressure reading of that
cell and not the overall cell calibration correlation. All raw data was therefore
reduced again after the complétion of the test program using new constant

files updated for each day of loop operation. The check of the watt transducers

7.4
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and heat loss correlations provided small changes from the pre-~test values

and thus minimal impact on the calculated steam quality. The re-run test

points fell more in line with the expected values.

After the completion of the 8Sandia program a problem was noted in the
pressure drop measurements which are printed out on the data reduction
program output sheet. Investigation showed that the differential pressure
cells (DPT 15 and DPT 16 Figure 7.1) used to measure pressure drop within
the test segment were incorrectly spanmed at the start of the test program.
Under certain test conditions (primarily low heat flux and low mass flow)
the cells would reach the end of their measurement range and "peg' at one
particular reading. This error does not affect the DNB data collected during
the test program and is confined only to those tests where the total test

segment pressure drop is less than approximately 7 psi. Pressure drop measurements

in this range have been deleted from the final output presented in Appendix G.

7.6 Test Results/Conclusions

The effect of mass flux and steam quality on the DNB point at various
pressures and heat fluxes is presented in Figures 7.10 to 7.17. There are
four heat fluxes for each of two pressure levels.

At. the lower pressure, 14.5 MPa (2100 psig) DNB qualities range in excess
of 90% at the higher mass flu%es for all tested levels of heat input. Figure
7.10 is representative of the classic DNB curve showing a "plateau" at a
mass flux of 271 kg/mz/s (0.2 1bm/hr/ft2) at which DNB is seen to occur over
a wide range of steam quality and a sharp vertical slope at higher mass flux
levels where quantity is independent of mass flux. Thié trend was observed
in all tests, becoming less defined at the higher fluxes and pressure. The

plateau is not obtained in all tests because at low rates of mass flow

instabilities prevented achieving accurate DNB determinations in these cases. .

7.%6



At the_higher pressure 19.7 MPa (2850 psig) DNB 1s seen to occur at
lower steam qualities and high mass fluxes for similar tube heat input.

Data taken during the Sandia testing is comparable to previous results from
HTCTL testing in similar heat and mass flux ranges. The DNB behavior for
-rifled tubing subjected to 180° heat input had not been investigated for
heat fluxes in excess of 0.63MN/m2 (200,0U0 BTU/hr/ftz). The Sandia testing
has significantly extended the available data in this area.

The test data confirms that the $e1ected circulation ratio (2:1) yielding
an exit quality of 50% will not result in DNB over the range of flux levels
anticipated for this design. An analysis has shown the measured pressure
drop to fall very closely to that of previous testing and experimental correlatiom.
Those pressure measurements taken outside the calibration range of the pressure
drop DP cells have been removed from the final output as described in Section
7.3.4

A complete listing of the Sandia test program reduced data is presented

in Appendix G.
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1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

FIGURE 7,10
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MASS FLUX 100 LBMIFTY/HR
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EFFECT OF MASS FLUX ON DNB QUALITY

PRESSURE = 2100 PSIG (14.5 MPa)
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7.7 Heat Flux Analysis of Rifled Tubing

A two-dimensional heat condﬁction analysis was done to determine the
sensitivity of the tube crown temperature to an orientation over a land or
groove of the rifling and to operating conditions that might exist during
the test. Since it was not practical to exactly orient the tube thermo-
couples with respect to the lands and grooves of the rifling, a knowledge
Qf the difference in readings was desired in order to interpret the
data. It was also desirable to know how the tube crown thermocouple would
respond to a loss of a single heater rod in the vicinity of the thermocouple.
The test rig flux input is uniform over 180° of circumference, whereas
the radiant distribution is a Cosine function. Both input flux distributions
were modeled in this sub-task. Various assumed distributions of inside
film coefficients were run to simulate the physical condition of either
water or steam films in the rifling grooves. The thermocouple location for
this case was directly over the interface between a land a groove.

The heating element was modeled using triangular finite elements on
MARC Heat conputer program (see Figure 7.18). Due to symmetry, only half
of the heating element was modeled. The boundary condition on the tube
contact surface of the heating element was a combined or effective film
coefficient, which included the thermal resistances of the actual film and
oﬁ the tube material below the heater, and a bulk fluid temperature of 685°F.
The remaining three surfaces of the heater were insulated. A plot of the
isotherms through the heating element is shown in Figure 7.19.

The rifled tube was modeled using quadrilateral finite elements on MARC,
both with the aluminum coating (Figure 7.20) and without (Figure 7.21).
Several cases were run for comparétive purposes: (1) all heaters on and
(2) one heater off, (3) all heate¥s on, w/Al coating and crown located at
the interface of the thick and thin tube wall sections, (4) all heaters on,

w/Al coating and the crown located at the center of the thick tube wall section,

1H 6
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HEATER ELEMENT ISOTHERMS

FIGURE 7.19
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(5) all heaters on, w/Al coating and the crown located at the center of the
thin wall tube section, and (6) a cosine distributed flux input to the tube,

Cases 1 and 2 provide a comparison of the inside flux distribution and
how it is effected by the logss of a heater (see Figures 7.22 and 7.23).
Figure 7.24 is a plot of the inside heat flux distribution for case 6, the
cosine distributed applied flux.

The crown temperature varied from 500°¢C (9310F) to 496°¢ (9250F)
depending on whether the thermocouple was over the thick section (land) or
the thin section (groove). The significant difference was due to the loss of
an adjacent heater rod. In this case, the crown temperature varied from
496°C (9240F) to 439°¢C (823°F). Isotherm plots for cases 1 through & are
shown in Figures 7.25 through 7.30,

Three additional cases were modeled for the rifled tube of the subject
contract. The three cases modeled differ in the film coefficient distribution
on the inside surface; a uniform film of 500 BTU/(hr—fz—?F) (steam contact
with tube) on all inner surfaces, a film of 500 in the grooves and 5000 on
the ribs and rib sides and a film of 500 on the ribs and 5000 on the rib
sides and grooves.

Figure 7.3l is a. plot of the inside heat flux distributions for
these three cases. The peaks that occur at the crown and at thirty degree
increments in each direction from the crown for the case Qf steam in the
grooves are due to water contact with the sides of the ribs. The unconnected
triangular data points are thé result of applying the low film to the sides
of the ribs instead.

Figures 7.3L to 7.34 are isotherm plots with the outside crown temperature

indicated for each of the three cases.
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Case #

TABLE 7.2

Variation of Thermocouple Measurement

Thermocouple Measurement

OF

924,31

823.39 -

928.05

931.61

925.11

920.0

7.52

Description

T/C located at interface
of thick and thin tube wall

. sections; no Al coating

Same as Case 1 but with
adjacent heater turned off

Same as Case 1 but with Al
coating

T/C located at center of
thick tube wall section;
with Al coating

T/C located at center of
thin tube wall section; with
Al coating

Cosine Fluid Distribution
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Figure 7,22
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Figure . T7.23
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(REVISED) INSIDE HEAT FLUX DISTRIBUTION — COSINE APPLIED FLUX
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A definite effect was evident depending on where the steam vs. water
boundary was located. Reversing the water/steam distribution caused a
change in crown temperature from 512°C (953°F) to 5540C (10300F); a AT of
42.8°C (77°F). The large change, 554°C (1030°F) to 749°C (1380°F),
occurred when steam filled the entire tube, as would be expected in a minimum

film boiling situation.
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APPENDIX A
SOLAR THERMAL PERFORMANCE PROGRAM

Introduction

The Solar Thermal Performance program described herein performs, as its
name implies, a basic engineering performance analysis of an external solar
central receiver. Given boiler size (tube size and number), certain heat
transfer constants, inlet water conditions and‘incident solar heat flux, the
program calculates requested mass flow for specified outlet conditions. The
program can evaluate economizer, evaporator and superheater units. It can
also evaluate a once thru steam generator configuration. Details of the
program, its input requirements, output and computational options are provided

in this manual.

Program Description

The solar panel thermal performance is determined by a mass and energy
balance made on an incremental length of tube summed along the total tube
length.

The heat conduction equations are written for the axisymmetric flow at
the tube crown. The incident heat flux is assumed normal to the tube at this
point. A correction factor is incorporated into the one-dimensional, axisymmetrical
case to correct the crown temperature for the effect of 2-D heat flux and heat
flow. The pressure drop is calculated assuming the homogeneous model.

The flow of the program is as follows: After reading input, initializing
parameters and calculating fluid properties* and solar insolation, the program
determines the inside convective heat transfer film coefficient in the incremental
section of tube being evaluated. The correlation used in calculating this value
of hi is dependent on the fluid state existing in that particular tube section.

The criteria and corresponding correlations are:

* Fluid properties obtained using STABL3, SPHT, VISCOS & COND.

M-l
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1. Single phase, liquid and vapor: (Dittus-Boelter)

-= = ,023 Re'8 Pr'4

2. Two-phase, nucleate boiling region:

hi=10,000 Btu/hr ft° °F

3. Film boiling region: (Groeneveld Correlation)

4. Transitional boiling region (From DNB point to point of hmin)
A linear interpolation is made between hi = 10000 and hi =h _,
from the Groeneveld Film Boiling Correlation.

5. Supercritical Regiom:

Uses C-E's Supercritical Film Coefficient correlation.

The Groeneveld Film Boiling Correlation noted above is defined as follows:

h = a‘%% Reg (x +i%% (l—x)}] b Pr; Yd ¢e
where h = film coefficient, BTU/hr ft2 °p
a=1.8%x 10_4, const.
Kg = sat. steam conductivity, BTU/hr ft2 °F
D = tube diameter, feet
Reg = Reynolds Number at sat. steam condition
x = local quality
pg = density sat. steam
pl = density sat. liquid
b = 1.0, const.
Pr = Prandtl Number evaluated at wall temperature

c = 1.57, const.
Y = see below

d = -1.12, const.

# = heat flux, BTU/hr‘ftz, inside surface

¢ = ,131, const.
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ol A 4
Y: -, ——— e -
1- 1 (55" a-x
and Xh is given by
min
_ .048
&~ Eyg) 0Bt IS
min
where: p = pressure, is. in bars
XDNB = Quality at DNB point
Xh = Quality at the location of minimum h
min

The program then calculates the absorbed heat flux and tube crown temperature.

The absorbed crown heat flux is given by:

EIabs = et % T OE(TSI4 - Toa) " Bext Tgy = Tp)
where éabs = gbsorbed heat flux, BTU/hr ft2
qinc = incident solar flux, BTU/hr ft2
a, = solar absorptance
o = Stefan-Boltzmann Constant
€ = infrared emittance
Ahext = external convection coefficient
TSl = absclute surface tempegature oR
T = absolute ambient temperature °r
s0
Also, by: éabs = (Tsl - Tf) / [b = ‘l’/hi Di + (Do/2K) Imn (%% ?5]
where: qabs = crown absorbgd heat flux, BTU/hr ft2
Tsl = absolute surface temperature OR (Tube Crown temperature)
Tf = absolute fluid bulk temperature °r
Do = tube outside diameter, inches
Di = tube inside diameter, inches
hi = inside film convection coefficient, BTU/hr ft2 or
K = tube conductivity BTU in/hr ft2 OF
¥ = correction factor for 2-D heat flow.

A-3
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These 2 equations can be combined into a quartic equation imn Tsl' This is .

then solved by formula from a standard math reference:

4
T, +{hext/ca + 1/0e Do ¥/h DL + (Do/2K) In (Do ‘P/Di]} T

: 4 . 7
~{44e /o€ * By, Tofoe + To' + T foe {Do ¥/h,p1 + (Do/2R) 1o (Do W/D:Lj} =0

The 2-D correlation, ¥, is calculated by an equation of the form:
¥ = Bl + B2 (BIOT)B3
where: Bl, B2, B3 are constants that depend on the diameter ratio.
T

B1OT = x

inside film conductance

where: H

T = tube thickness
K = tube conductivity
The incremental increase in fluid enthalpy is then calculated from the absorbed .

heat flux based on the following energy balance:

_ M- Ahf
Yhet in BA
where M = mass flow rate
Ahf = change in enthalpy
AA = incremental area of the element

The program then calculates fluid quality. If this quaiity lies between 0O
‘and 1, the eritical heat flux (Thompson - Mac Beth Correlation)»or the
Critical Quality {(C-E Critical Quality Correlation) is determined and
compared to calculated fluid properties as an indicator of the point at

which DNB occurs.




Though the correlation to be used must be speéified, the criteria for use is:
Thompson — Mac Beth Correlation for P < 2000 psia
C-E Correlation for P > 2000 psia

The G~E Critical Quality Correlation is confidential for company use.

The Thompson - Mac Beth Correlation is described as follows:

I. The low velocity correlation for G <.03 x 106 1bm/hr ftz:

qcrit

6

.51
- 00633 H__ 0" —%) (1-x)
10 & 10

where 9pie = critical heat flux (BTU/hr ftz) (ingide surface)
Hfg = heat of evaporation (BTU/1lbm)
D = tube I.D. (in.)

G = mass flux (LBM/hr ft2)

x = critical quality
. . 6 2
II. The high velocity correlation for G > 0.3 x 10 1bm/hr ft“:

1 - -6
crit AT -1/4D (6 x 10 ) xH

106 Cl

1
where: A" and Cl contain Y constants based on pressure ranges.

fg

Constants (Y) were determined at 1550 psia

.509

. A = 36D (Gx10~

and ¢! = 41.70°9%3@ x 10790209 1+.231D+.0656(Gx10'6)+.117D(<;x10'6)]

64--109 [1- .19D40. 24 (Gx10_0)+.463D (leo_.G)]

In the program, a linear interpolation is made between 1150 psia and 2000 péia
for the above (Y) constants.

Finally, the pressure drop (AP) through the increment of tube length is
determined as a function of frictional, momentum, and gravitational

components. The details of this calculation are as follows:

r‘
£ 5



£ = 0.46/Re’
where: £ = friction factor
Re = Reynold's Number
BP. stion = 4 X 10710 ¢ AL, ¢2
where Al = incremental tube length
Di = inside tube diameter V
v = average specific volume in increment
G = mass flow rate per unit area per tube.
Pooneun = 1+067 % 1071 (v, = vy) o2
where v, = element outlet sp. vol.
vy = element inlet sp. vol.

_ Al
APgravity 144 v

APtotal - APfriction + APmomentum + Apgravity

Pressure at the increment's exit is then simply:

P = Pin - APtotal

Brake Horsepower is calculated as

5

BHP = 8.551 x 10 ~ AP V M

where AP = pressure drop (psi)
V = specific volume (ffallb)
M = mass flow rate (1b/hr)

The program recalculates the above variables for each dincrement of the tube
length. If desired, the program will test the final increment output for

proper outlet temperature or quality. The program will then automatically
adjust the flow rate and récalculate the above parameters until the desired

steam temperature or quality is achieved. In these instances of iterating

for specified fluid outlet properties, the program will correct flow to

obtain a temperature within 5°F of the specified TDESN or .01 of the

A~b
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specified quality. Mass flow rate is adjusted as follows:

For Temperature:
Enthalpy Out - Enthalpy In

(Enthalpy at TDESN - Enthalpy In)

M=M*

For Quality:

Outlet Quality
Specified Design Quality

M=M£*

Once the final solution is obtained the progrém calculates panel efficiency

as follows:

* -
M (Hout Hin)

N= Q absorbed* Absorption Area
where N = panel efficiency
Houp = panel outlet enthalpy (BTU/1b)
Hin = panel inlet enthalpy (BTU/1b)

Q absorbed 1is calculated as the area under the trapazoidal solar insolation

flux curve.

1 L1, L2
Qabs T2 - LT +'E39 X Qmax
Q = Maximum Solar Insolation
max
LT = Overall tube length
L1&L2 = Trapazoid's inflection points

The Absorption Area is defined as the panels projected tube area.
A = NT * Do % LT

where Do

tube outside diamter
NT = number of tubes/panel

Lastly the program writes the output and checks for more cases.
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APPENDIX C

DERIVATION OF GENERALIZED PRESSURE DROP EQUATION:

The single phase frictional pressure drop through a single

tube can be expressed by the Jarcy-Weisbach equation ags:

€
16f 1
(di) X Z_g?p_ 2)

The mass flow rate through any tube in a receiver panel

AP

AP

can be derived from any energy balance on the tube:

mAh = nIAt = nl (doL) (3)
Therefore,

i o= 1dob (4)
Ah

Substituting Equation 4 into Equation 2 and rearranging

162 LY o\ (1 )2 1
AP“T(EJ (a%) (A_h * g )

By defining the receiver aspect ratio R = L/D, Equation 5

vields:

can equivalently be expressed as!

2 2 3
AP = 16fn— do l—) x (6)
di di Ah 2gp

An energy balance on the receiver can be used to relate the

receiver dimensions to the thermal output of the receiver:

Q="1TIA=7%T.A=7.I-mR-D? (7)



c-2

Defining o = I/I and rearranging Equation 7 to solve

for I:

1= — (8)
afmRD2

Equation 8§ relates the thermal output of the receiver and the
receiver dimensions (R and D) to the local incident flux on any tube.

Equation 8 can be substituted into Equation 6 to yield:
ap = 5 (ﬁ)z LY ) 2 L) Ll (9)
o n EN di D AhD 2gp
i
Equation 9 can be expressed in non-dimensional form as:

y mp? V2 16f <n>2d2D3L
AP x 2gp (—Q——) = . a‘z;r—q :r:]" _d—;'l_ d—l 0 (10)

Equations 9 and 10 can be used to calculate the frictional pressure

drop through any tube in the receiver based on the local flux (a)
and the design thermal output and physical configuration of the

receiver.




NOMENCLATURE

. Variable Definition
% Ratio of average flux to local flux (I/I)
Overall receiver surface area.
A¢ Nominal surface area of single tube
di Tube inner diameter
dg Tube outer diameter
D Receiver diameter
£ Moody friction factor
g Gravitational constant
Ah Enthalpy rise of fluid through the receiver
I Local flux on tube

Average flux on the receiver

ol

Receiver or tube length

Mass flow through single tube

Local absorptidn efficiency on tube.

Average absorption efficiency on the receiver
Overall thermal output of receiver

Average fluid density in tube.

Receiver aspect ratio (L/D)

< W o O St S B

Fluid velocity in single tube.

¢ 3



APPENDIX D

RECEIVER CIRCULATION PUMP SELECTIONS




GenERAL - A

i

SPECIFICATION
 REQUIREMENTS

1-q

Proposal Reference; 2014-2228
Project; Solar Boiler BCP's

Concept A

Number of Pumps Required per Boiler: 2
Number of Boilers: : 1

Fluid Handled: Boiler Water at Specific Gravity:

Design Pressure: MPa
Fluid Temperature: c

Pump Inlet Pressure: MPa
Hydrotest Pressure: " MPa

NPSHA: m
Inlet Pipe Diameter 0.D0.: , mm
Qutiet Pipe Diameter 0.03 m

Voltage/Phase/Frequency: —— Volts 3 Phase

SINGLE PUMP PERFORMANCE

TWo Pumps
Operating
Flowrate: 2191 .n/h 9640
Total head: . - 154.8 508
NPSH Required: 17.7 m 58
Power Shaft - Hot: -= HP
Power Shaft - Cold: 1545 HP
Design Pressure: 21.6 Mpa 3130 psi
Design Temperature: 374 ¢ 705

Hydrotest Pressure: 32,3 MPa 4690  psi

otor Design: 4 pole, wet squirrel tage; 60 Hertz

Service Factor: 1.15
Starting Current: 960 A
Speed: : x] 1760 rpm
O 1170 rpm
CE-KSB PUMP CO. INC,

NEWINGTON, N.H. 03801

One Pump
Operating
- malh

[,
m

HP
HP

Power Qutput

PROPOSAL DATA SHEET
BorLer CircuLATING Pump

Date: January 9, 1989

Pump Type: Boiler Circulating Pump
Motor.Type: 7/4 6V 110-416

-0

RATED Maximum Power Required.
1500 HP $of Rated -~
208 p 115
4160yo1ts
BCP-023=79A

Page ... of .2..



BCP-023-79A

Solar BCP Selection

Proposal Reference:

rroject:

*DIMENSIONS NOT TO BE USED FOR CONSTRUGCTION PURPOSES

Cooling Water Outlet from
Thermal Barrier

- i "
I.. Qutlet
i 2> High

-

| Pressure

Terminal}
Box

i .

L el

-

y ey

| (i y—
IH o (g 1 U £

4

(Requfré% for Removal)

}

N

L Cooling
i Water

"TJ from
Motor:
1

Cooling Water Intet to°
" Thermal Barrier

DIMENSION* | ~mm
A 950
. B 530
C - 1300
Dg Su?.;li)(.m 500
D, iefrareq 80
E 2200
F 920
G 1000
K 4910

TOTAL WEIGHT =

Q Inlet High Pressure Cooling
|/ Yater to Motor

(RO s\ a4 3

L3

27,500 LB.

BCP-023-79A
3

Page .2.'.. of ...

CE-KSB PUMP CO. INC.

PROPOSAL DATA SREET

-Boirer CircuLaTING Pump

NEWINGTON, N.H, 03801
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GENERAL - A

SPECIFICATION
RequiremenTs ~

Proposal Reference: 9014-2228 ) Date: January 10, 1980
Project: Solar Boiler BCP's
Concept B
Number of Pumps Required per Boiler: 2 Pump Type: _Boiler Circulating Pump
Nember of Doilers: 1 Motor Type: ©/4 FQ-50-416
Fluid Handled:  Boiler Water at Specific Gravity: o
Design Pressure: MPa ——==___ PSIG
Fluid Temperature: c 651 F
Pump Inlet Pressure: ' MPa _ 2857 _ ogyg
Hydrotest Pressure: MPa w—— PSIG
NPSHA: ) m - 2380 ft.
Inlet Pipe Diameter 0.D.: ©mm —— in,
OQutiet Pipe Diameter 0.D: mn ) —— in,
Voltage/Phase/Frequency:  —— Volts 3 Phase - 60 H2
' . ] SINGLE PUMP PERFORMANCE

Two Pumps -+ . One Pum

Operating ’ Operating
Flowrate: - 1460 .m3/h 6425 GPM m3/h [ GPM &
Total head:; - 95.1 m 312 Feet | m —— Feet +
NPSH Required: . 16.2. M : 51 __ Feet m — FeEL
Power Shaft - Hot: . o= WP e HP
Power Shaft - Cold: ' 625 - HP HP
Design Pressure: " 21.6 .MPa 3130 psi ‘
Design Temperature: 374 ¢ 705 F
Hydrotest Pressure: - 32.3 up, 4690 psi
Motor Design: 4 pole, wet squirrel cage; 60 Hertz , RATED Maximum Power Required
Service Factor: 1.15 _ Power Dutput 670 HP © b 0f Rated
Starting Current:. 539 A Current 98 A 118
Speed: k] 1760 rpm ' _ vVoltage 4160 Volts

O 1170 rpm
nE , PROPOSAL DATA SHEET
SE-KSB PUMP CO. INC. BCP-023-798

NEWINGTON, N.H. 03801 “BorLer CIrcuLATING Pump

Page .. of 3.,



BCP-023-79B

Proposal Reference:

Project: Solar BCP Selection

*DIMENSIONS NOT TO BE USED FOR CONSTRUCTION PURPOSES

Cooling Water Outlet from
Thermal Barrier

22° 30!

}

4

: (Requ{rgé for Removal)

NN

DIMENSION* " mm
S e —— ]
A 300
) 530
C | 1200
Suction .
Ds "y o 500
Discharge
Dd 1.D. 300
E 1900
\_. F 920
- §
. Qutlet
: 9 High G 950
| Pressure -
| Cooling K 4310
) l Water
fﬁf from
. : ;} Motor
o | .
TOTAL WEIGHT = 26,400 LB
S 1L ~ g
Inlet High Pressure Coo]1ng
L/// Water to Motor
\“nn“-vcﬁwr"1v¢ BCP-023~-79B ;
D-b Page .2 of .3..

24 30'

Coo11ng Water Inlet to
" Thermal Barrier

CE-KSB PUMP CO. INC.

PROPOSAL DATA SHEET

BoiLer CIRCULATING Pump

N.H, 03801

NEWINGTOR,
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GENERAL - A

- SPECIFICATION
_RequiReMENTS ~ B

Preposal Reference; 2014-2228 bate: Jamuary 10,1980
Project: Solar Boiler BCP's .

Concept C

Pump Type: Boiler Circulating Pump
Motor Type:; 5/4 EQ25-416

Number of Pumps Reguired per Boiler: 2
Number of Boilers: 1

Fluid Handled: Boiler Water at Specific Gravity: —

Design Pressure: MPa == _ .PSIG
Fluid Temperature: o _61_0..__F
Pump Inlet Pressure: MPa __23_9_@_?516
Hydrotest Pressure: ' - Pa 7 PSIG

NPSHA: T om 2060 ft.
Inlet Pipe Diameter 0.D.: mm ) - in.
Quttet Pipe Diameter 0.0Q; mm . — in.
" Voltage/Phase/Frequency: ~== Volts 3 Phase __60 ' Hz

SINGLE PUMP PERFORMANCE

Two Pumps Cne Pump
Operating Operating
Flowrate: 1359 .m3/h 5980 Py m3/h GPM
Total kead: 47 155 Feet m e FERL
NPSH Required: 16.2 m 53 Feet mn ‘Feet
Power Shaft = Hot: ) = HP WP
Power Shaft - Cold: : 290 WP HP

Design Pressure: 21.6 ._MPa 3130 psi
Design Temperature: 374 .C 705F
Hydrotest Pressure; 32.3 MpPa 4690 ps?

Motor Design: _ 4 pole; wet squirrel cage, 60 Hertz . RATED Maximum Power Required
Service Factor: 1.15 Power Output 335 HP % of Rated
Starting Current: 285 A Current 50 115
VSPEEdi [x] 1760 rpm Voltage ‘51_.60 Volts
O 1170 rpm '
CE-KSB PUMP CO. INC. PROPOSAL DATA SHEET . BCD033-79C

NEWINGTON, N.H. 03801

BoiLer CircuLATING Pump

Page 1 of 3.,

L~



BCP-023-79C

Solar BCP Selection

Propesal Reference:

Project:

Cooling Watér Qutlet from
Thermal Barrier

22°- 30°
A -
22"’- 30!

] |
_ Cooling Water Inlet to”

& Thermal Barrier
a
(=
o'
=1
[+ 18
= DIMENSION* | ~mm
E . — —
2 A © 850
[7¢]
§ 510
[n'
S C 1100
o Suction .
5 Ds "y b 450
Discharge

@ Dg “yp.-| 300
e E } 1900
5 , .
= ! I —-l ! Foo. 920
m 1 .
= ' I Outiet :
S ! Il 2™ High 6 500
g A {4 |lI'l Pressure m—— )
= L : Cooling K 4240
= _ 1 ! Water
* : 'li'.._.v__ﬁi || from

‘ }r( r“"‘c . Motor

TOTAL WEIGHT = 25,900 LB
W1 !.‘mg

A (E Inlet High Pressure Cooling
_ Ed , \/ Water to Motor
- (Required for Removal) '

l I ST TS AR BCP-023-79C

D,% hy.&.ofﬁ"

PROPOSAL DATA SHEET
BoiLer CircuLATinG Pump

CE-KSB PUMP CO.'INC.
NEWINGTON, N.H. 03801
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APPENDIX E

Solar Transient Receiver Analysis

A numerical model of the thermal transient response of a large central
solar receiver has been developed. The model receives inputs of mass flow,
temperature, and solar heat flux and calculates final steam and metal
temperatures. The differential equations describing the model response with
time are solved by the DARE-P computer program. The program produces
listed and graphic data printouts, samples of which are included,

The four heat absorption sections of the steam generator have each
been divided into sub-sections whose characteristics have been '"lumped"
in « simple first order system. In this way the simplicity of a lumped
medel Has been kept, while the use of several sub—sections can help appreach
continuous system performance. The economizer and evaporator sections |
have been divided into four sub-sections, the primary and finishing superheaters
into three each. The steam drum has been modeled separately as one lumped
component. Delays caused by the long flow lengths of the components and
connecting lines are simulated by the DELAY function of the DARE-P program.

The economizer and superheater sections are modeled as simple heat
exchangers with known heat input. The state variable (representing energy

storage in the system) is the exchanger metal temperature, thus

dTEX - UA QR TFO - TFI - TEX
dt (MCP)EX UA 2
and
(MCP)F (MEP)F
TFO = TEX + TFI UA - 1/2 / UA +1/2
where
QR = Heat input
UA = Overall heat transfer factor
TFO = Fluid exit temperature

Pl



TFI = Fluid inlet temperature

TEX = Heat exchanger metal temperature
MCPEX = Heat exchanger heat capacitance
MCPF = Fluid heat capacitance

The evéporator operates at fairly constant (saturation) fluid temperature
with most heat absorption taking place in the phase change to steam. The
evaporator has therefore been modeled to calculate fluid enthalpy change rather

than temperature change. The equations for the evaporator are:

dTEVAP _ UA QEV
It = MCP TA + TBOIL TEVAP
EV
and
HEXIT = UA TEVAP - TBOIL + HIN
MREC
where

TEVAP = Evaporator metal temperature

UA = Overall heat transfer factor

MCPEV = Evaporator heat capacitance

QEV Heat input
TBOIL = Saturation temperature in evaporator
HEXIT = Outlet fluid enthalpy
BIN = Inlet fluid enthalpy
MREC = Fluid flow through evaporator

For the drum,

U
AR DRBE g
DRUM ’

The model equations were coded for solution and are presented in the
following printout. Two runs were performed, one showing the uncontrolled
response of the model to a reduction in heat input, and one with controls

on feedwater and desuperheater flow rate. .



Due to the shift in program emphasis,'further work in this area has
been postponed. The data and results presented here are purely ﬁréliminary
and were not intended to reflect an actual design or operation gituation.

The model appears to respond'as anticipated and could be a valuable
tocl in examining the magnitude of the WSR control problem. -

The program was run twice, with the following results. Figure E-2
and E-6 show the "open-loop' response of the model to an arbitrary change
in the heat input to various sections. Heat input was reduced 50% to the
economizer, evaporator, finishing suﬁerheater and #1 superheater in that
order. The heat input was not intended to represent an actual cloud
situaﬁion but merely to test out the computer model and response times
of the various sections.

Figure E-~2 plots the outlet temperatures of the economizer and superheater
sections. Steam temperatures from the superheaters increase due to the drop
in steém generation that occurs when evaporator heat input is cut. Without
control the steam temperatures are seen to rise quickly to unacceptable
temperatures,

Figure E-3 shows final steam flow rate decreasing slowly as firstrthe economizer
heat input is reduced and then more rapidly as the evaporator heat input is cut.
Although the evaporator heat input rate drops by only 50%, steam generation
is seen to fall over 70%.

Figures E-4 and E-5 show superheater metal temperatures rising as steam
flow falls. Final outlet superheater tubes could approach 1100C (2000F)
under these conditions,

Figure E-6 shows the section heat inputs graphed against time.

E-3



E-4

Figures E~7 to E-10 represent the '"controlled loop" response to the
same heat inputs described above. Two simple controls were added, one .
to control feedwater flow to the economizer to balance the steam generation
rate in the economizer, and another to add desuperheating water to the‘steam-
circuic before the finishing superheater. Neither control was optimized
in any way.

As can be seen from Figure E-7, the desuperheater control acted to keep
final steam outlet temperature close to the 600C (1100F) set-point. Outlet
steam from #1 superheater, however, rose to nearly 760C (1400F) with peak
metal temperature nearly 700C (1300F) as in Figure E-8.

Figure E-9 shows the influence of the desuperheater on the finishing
superheater temperature. No portion of the superheater varys more than
200F during the excursion, but the change is very rapid, particularly in

the inlet section.

Figure E-10 shows the need for rapid desuperheater control if final
steam temperature is to be held constant. Both the final steam and
feedwater flows are shown.

Further work in the area of transient solar modeling is definitely
indicated by even this shortened investigation. Standard steam cycle
controls may be inadequate to cope with the potential load swings which
a central solar receiver may face. Based on these results it may be
necessary to investigate alternate methods of cycle control such as
multiple desuperheaters or mirror defocus if unreasonable metal

temperature changes are to be avoided.




52

SOLAR TRANSIENT MODEL
FIGURE E-1

SPRAY ATTEMP, VALVE 1‘5
w | Qg1
7 ¢ Ty0
C le— Py .
SH No. 1 vy
& 8A
Qgc Qgy
} l I°
1 2l 3 4 5 Qgo
ot—"—e1 ECON |O——T—ao- EVAP | DRUM —3FEH No.2
¢ 18 ""110
el HEVEL RECIRC PUMP
T"’ e— FIELD
22 — OEC
—— p
Q=P+QR
P
L T12
P12
13| COND TURB |12 h 1
2R L~ -1er ®
ECONDARY TURB ATTEMP
SECONDA THROTTLE
?21 VALVE
—— p
BOOST PUMP
20 19
(_9—.— STORAGE



E-2

Qutiet Fluid Temperatures
Open Loop Response

2000 T — —

lSDOI T

1600. T

1400, T

1200. ]

1000. TI'
s 800 .0 4

600 40 Ly — -

400.0 T -

2000 T —

0- i ! | 1 4

0.0 20.0 4040 0.0 80x0 1000 120 .0 140a0 1600 1800 200.0

L
-
—
—I—-
.

TIME (sec.)

PLOTTER SYMBOL- .1 2 -3
Dutlet Fluid Temperature: Economizer #1 S.H.  Finishing S.H.




E-3

600s0 1 - Final Steam Flow

Cpen Loop Response

5500

50040

4500

) 400 .0
1bm/sec

35040

300.0

2500

20010

150a.0

] (] L] 1 — ] i

-+

00 20.0 40.0 60.0 80a0 100a0 1200 140.0 16040 180a0 2000

TIME (sec.)

PLOTTER SYMBOL-— 1 2
Final Steam Flow




2000. T

1800, -+

1600- T

1400. +

1200 . T

10001 ]

800a0

800-0 T

400-0 1T

2000 -+

#1 S_H. Metal Temperatures
Open Loop Response

1

] 1 ] 1
0w T I I 1

0.0 2020 40.0

PLOTTER SYMBOL- 1 2
Location - Inlet Center

Qutlet

1000 1200

TIME (sec.)

14040

16040

18040

20040




2000 ?F
1300,
1800.
1700,
1600,
1500«
1400,
1300
1200«

1100

Finishing S.H. Metal Temperatures
Open Loop Response

] | ] ] 1 ] I 1 1 [ 1

1000a 1
0.0

PLOTTER SYMBOL- 1
Location - Inlet

+

Center

Qutilet

—}
800

1 I I I I I 1 v T I 1

100.0 12040 140.0 . 16G.0 1800 20040

TIME (sec.)




=3000E+06 -

«c700E+06

wed00E+0E —+

2100E+06 -+

Heat Input for
— Open Loop Solution

»1800E+06
S .1500E+06 +
12006406

BTU/sec
.3000E+05 -+

«6000E+05

«30005+05 -

0a
0.0

PLOTTER SYMBOL-
Section

—

1

Economizer

4040

=,

Evaporator

60a0

v W
.

—

1000 120a.0 140.0

TIME (sec.)

4

Finishina S_H.

16040

180 .0

200 a0

®

®




fr-3

i

i

OQutlet Fluid Temperatures
Controlled Response

2000, -
18004 -
1600- e
1400 4
1200 —+
.1.000- T
P
800 a0 +
500 a0 +
400-0 1
20010 -
0. A
Da0 2040 4040
PLOTTER SYMBOL- 1 2
Qutlet Fluid Economizer #1 SiH:

Temperature

Finishing S.H.

800 10040 12040

TIME (sec.)

14040

1600

180.0

2000




E-8

Mass Flow
60040 o Controlled Response

56040
52040
48040
440.0
4000

Tbm/sec 3600

320.0 _
28040 =
240.0 - — —
20040 b f } } f f 1 f F—— } % ] { f t f +—
Ox0 200 4040 600 8040 100.0 120.0 140.0. 1560a0 18C«0. 290040
TIME (sec.)
PLOTTER SYMBOL- 1 2
Mass Flow Feedwater Final Steam




cr

#1 S.H. Metal Temperatures #
Controlled Responses

?.000- T’ - -
1800+« + — —
lGOUu “*L" - -
.1.400- -1 _ -
12.00- "ﬁ”‘ - -

°F
8000 3 >
60040 T - -
40040 T - -
200.0 e — -
0w { } —t— — —  — t } —t H i

0.0 2040 4040 600 80,0 1000 12040 14040 1600 18040
TIME (sec.)
PLOTTER SYMBOL- 1 2 3
Location Inlet Center Qutiet




2000 «
1800,
1500.
1400,
1200,
°F 10004
8000
6000
40040

200,.0

E-10

Finishing S.H. Metal Temperatures
Controlled Response

PLOTTER SYMBOL- 1

Location

T
4 _ -
+ _ —
7_ — —_

(] ] 1 ] 1 1 1 | 1 [ ] i ] 1 i [] A

T T i [ T 1 1 1 T I 1 1 T 1 I L

0«0 20.0 40 40 60«0 80 »0 10040 12040 14040 1600 18040 200 .0
TIME (sec.)
‘. 3
Inlet Center Cutlet

[




- FIGURE E-11
) - "~ (VFK «2) .
AREPORTABLE KSTOM 242} MPUTER MODEL INPUT SOLAR

EXPERIMELTAL VERSICH «s TRANSIENT PROBLEM
ﬁnoswns ARE”ENCOUNTERED T CONTAL T d ™~ R
B

NEERING SCIENCE DEPARTMENTes
. JUCLDING 224 WINDSOR

.- - . A e e . P g et i+
e

301 :
T T PROCED WDFSTY "= WFIN«HASHEZ9FSIToyHFWIWNES S WSTHMoaHINT yHOUTaDIFH 7 775
: NOESTM =(WDES-C(WFIN*(HSET=H28H "3 +ROUT) =dSTHRHINT) FHF ') A0 ’
R A rw o8 NIFFERENTIAL DAMPING 0.5 E
Ty ',(’ < (DIFH*UFINY/{H.SHO2~HF L) ' o T

IF(WDOLS.LTe0a) €O TO 24
IFCRDES.GTo (~4DESTMI) GO TO 1+
2TUDES =7 . - T B o T T
NDLSTM = 0. w0 ' +
10 CONTIRUE S : .
L NU = :{ Q - — e et e ot e e s e b e . - S e e e ——— - e i e e
PRUCED DIFH = H2SH:3
DLYSH2 = DELAY(H2SHIZ9249 [Ty169H25H03)
" DIFH = (H2SHO3=DUYSHZY 225 - ' oo e

ENDPRO
. PROCFD HSET = P2SH \ ' Coe
O Tk kakmss CALCULATE ENTHALPY SET-TOTNT ST T e
HSET = ASHEATC(11:0.2P2SHsCP)
ENDPRO :
TR T DE S T WDESTMTT T B et
s bxxies CALCULATE RATE CF CHANGE FOR FEEDWATER FLOW
NFWe = (USTM=UFE) + 6433(18785w=USL)
TPROCED  QEC g uf Vg GRSH O y§H™ woms mm = T e e
xxsare  VARIATION FO HEAT InLUT WITH TIME
IF(TJGLA104) QEC = 42192,
TIF(TWGEW804) QEYV ZTIREISDY T T T o e
IF (ToGLe7Gs) C2SH = 35600, |
IF(T.GE,100s) 0184 = 9985, o
L \EL‘ PR 0 - - ——— —— e g ek e e b - . P - [P
€ 4%+ RATEC OF CHANGE {F ECUNOMIZER

TEC1, = UVAEC/EMCFEC*LQFEC/4 o/ UALCH+ITICHI+TFY )} /2.=-TCC1)
I T T T UTEC2. TTUAEC/EMCPECH(GECA G JUAECH{TIC 24 TECER)Y /2 4=TEC2) T
TEC3e = UAFC/OMCPECA{GEC/4 /UALCH(TECGI+TECF3) /0 o~TEC3)Y :
TEC4. = UAﬁciL”C¥EC*<GEC/4./UAEC*(T C44+TECE4)/2.-TEF#) :
il =5 ol T WFWrCPFW/UAEC T T e
C KRE % FLUID TEMPFRATURES THROUGH ECONOMIZER
TECNY =(TECI+TFW R(FEC=-.5))/(FFC+e3)

S TECGR S(TEC2+TUCESRCFEC=15)) JIFECH 5) e
W TECCR 2(TEC3I+TECEI*{FEC~u5)) /(FEC+e3)
: TECQ4 =(TECA+TECEA=(FEC~25)) /(FFC+e3)}
TR aveks #¢ 0 DRUM TEMPERATURF CHARGE ™ : : o
TDRUM SUANRUMZEMCPNM LTS AT ~TORI'M)
C eweorwr ENTHALPY ENTERING DRUM
o HOM = (VKEC*HMIN + WUFWAHECGR) ZCWRECHIFY) o
. C LR 2 R/ = STEAM GUALITY
GL = (HU®=HSL) /HF 5
TS U kidkr MASS RATF OF CHABGE IN DRUM - S
e;% WSLe = (WMRECHWEWI®(Ie=GL )= LREC :
. WELTEN = (VREC+UFH) «€(1a=0L)=LREC
WESe =~ VELWSLTEM VES ’
i WSETEMS-VSLAWSLTEM/VSS
. C «x%+  LTEAM FOLW FROM DRUM ,
T TTHETM =z GL#(WRT CHWFWYSKESSTEM 0 0 7 o T
€ ¢x==+  [RIMATY SUPCKRHEATER MFTAL TEMPERATURDS
TACHT , =& PAICH/OrT IO M1 " JPAAC I (T2 00 v T o gra sy J» o Tar 4y

A 1Y




, . TIEHI 2 UALY M CT ISR (LI "o /UALSHe (T O™ 1411041 %)/ Ty = T15H3)
’ E sexrwrmecxs  CALUCELATIONS OF SPECIFIC HCw'd AND QUTLET TEMPERATURES
C PERHEATE RS
FROCCED CE1SHis  TISHOISTISHE1aTiSH1eWSTHyUAISHsF1SH
CALL TEMPX(TISHCI1#TIUKE]TISHI4USTIIUAISHT1SHaCPISH D) .
" ENDPRT - T
" - PROCED CF1SH2s  TISHLZ=TISHE2eTiSH2 9 WSTMyUA1SH P 1SH
, CALL TEMPX(T1SHG29T1SHE25T15H2oUSTVyUAISHIFISHaCPISH)
~FNOPRO e
FROCFD CF1SHJ3 TI1SHL A= TISHE 34 TISHI 9y WRTMe UA1SH4i-1SH
CALL TEMFX(TISHOZeTISHE3sT1SHIWHSTHyUATSHer 155, CPISHE)
TTENDPROT - Tt ommTTm e : - 'WM“'W’M"“m"fﬁ_m
PROCED CF2SHis  T2SHGITT2SHEL +TESHLeWFT! sUAZSH «F D€ i
CALL TUFPX(T2SFO1sT2SFELsTUSKL 9 WFTHyUA2SHF25HsCPOSH D)
rgpRg T2 2 TOSHLYWE SH1)
PROCED CF2SHZs  T2SHUOTTOSHF2eTZSH2 e WFTfy UAZSH oE 230
CALL TLMPX(T2SHC2+T2SHE29T25H2 s KFINe UAZSH Y 2SHyCF2SH2)
—Ewopr o (2esni2sTasHb 2 T25H2 s W . Y
"~ "PROCED CF2S8S13, TSRO 3T 2 Skl e TOSHI« WE TNy URA2SHAPISH :

CaLL TthX{TZSHU&OTZSHES1T”Sh3ahFINsUb°SN1r29HqCP?°H‘)

N !- NDP R D —————— e - e b ——— T ——— e PR e ————— - ——
C xre+rrxsx  NESUPERHEATER COLCULATIOVS
WEIN = WDES + WSTM :
FOUT = (WDES* HFW + RKSTHEHINTYZWFIN - T e e
¢ x++ FINISHING SUFFRHEATEP RMETAL TEMPERATURFS '
T25H1.TLAR2SH/ECPOSHN (Q2SHZ be /UBOSHH(T2SHII+TRSHEL) /2= T28H1)
TOSHZ « SUA2SH/ECPDSHF (G2 SH/ 30 JUAZSH+{T2SH .2+ T2SHE 2) /2 W= T28H2) "
TPSH3 W= UA2SH/ECP2SH*(Q2SH/ 24 /UA2SH+( T2SHU3+T2SHES) /2 4= T2SH3)
C seikwxn  OELAYS IN ECORCMIZER

T UPROCEDT TECTEZSTECIT4NELEC 7~ TR s e

TECE2= DELAY(TECCLsDELECHDT o1 +TEC 41D

. ENDPRO
PR G CED T T TECERSTEC . S4[ELFCT 7 B
TECE3= DELAY(TECUC24CFLECYDTe2 oTECH2)

ENDPRO :
T T U RELEC = BW825 %5558 56/ WFY T T T e e
e DELER 1774508 .86/ UFY :
PROCED TrCE4STECI34NELEC e
T TECEA=DELAY(TEC T 34 DELECyCT 93 ¢« TECG3) - T

ENDPRO y
C *xxx<ax CALCULATE SH DELAYS
TUTORLD IS e IINSEE e WSTH T ST : : T s s e
DELS1I2 = W 33x5%5,.56/7WFIN
R YaxFwra’ [OFLAY IN SUPFRBALCTERS 777 7 ’ T ’ T e
PRUCED T13hF1STDRUMsNELDS
TISHFI‘”ELAY(TWRUHvCrLﬂl%sDTw fTORUM)
‘-—*““f-—_,-f—'"--"-E NGPRN e - . . e - ——
B PROCED T1OLHFEZ2=TISHIMIDELISH
, TISHE2=DELAY(TISHL19DEL JSHsD TS s T1SHED)
NN RO il AL YA L e
PROCEDR TISHEZZTICH 240FL1SH
T1EhHT ?=ﬂiLAYlTIQH’?9P5L1°F~PTv6 yT10H" D)
——e e e ENDPRO ———— .. . .
: DEL2SH = 43%555,56/WFIN
PROCED T2SHE2=T28H1 DL 20K
T T T 2 S KEE =R LAY (TZSHTIANEL CShe i T4 7 3 T25H *1) o

[N

@ ENDORO

T PROCED TPGHFEZZT2SH ZeNfLNGH

T e e e T SRS EDE LAY (T2SHT2 e DFL IS e D TeR 91 333.) T S
ENCPRO

: C  raamst CALCULATE FYAPORATOR MLTAL TEYPERAURTE RATE 0OF CHANGE

ST IS TR o SUARV/ZENCEEVECORV /. JUACVHTRATL-TEV D) ' o

TEV2s ZUAEV/EMCPEVA(QEV/ /4 /UREVHTRCIL-TEV2)

T



REV02 =UAEV/WREC »(TEV2 = TEGIL) + HEVL2
HEVAZ =LAEV/URFC «(TFV3 - TRCIL) + HEVE3
HEVO4 SUREV/WREC »(TEVA = TROIL) + HEVEY
Cowwwx#” £ DELAYS™IN™ EVAPORATOR™CTRCUTT ™ === = - | -
 PROCED HINZHEV(4sDELBD R
HIW=0ELAY CHEV 04 4DELBO 4D T9S yHEV "4)

‘“*'*ENDPRn
PROCED HEVE4=HEVD3+DFLBLR
HEVE 4= nELAY(HFVFS.DELBLR.DTq1rsHLv05> _
e ENDPROTT T T : TR ST
PROCED HEVE3= HFVO2QDFLBLR o o : o
oo HEVEZ DELAY(HEV02;0ELBLF;DT$111H’V92) -
ENDPRQ e i . e
PROCED HEVE Z=HEVD1 «DELBLR
HEVE 2= DELAY(HEVBI90ELPLR:DT912-H*VO]) i
ENDPRG - o - Rt , S
_PROCED REVE1ZHSLa DLLDB " '
' HEVE 1= DELAY(HSL;DELDEqDTslSoP L) '
ENOPRO Nobytl _ e
DELBLR = 1425+*1111+1/KREC '
DELBD= 1436%*1111.1/WREC
TDELOB S Te46#1111.1/WREC— T ¢ : ' oo e
c «xxxnss STEAM PROPCRITIES ' :
. PROCED HSL yHSSyVSL ¢ VSS=TDRUM

——HeL= ENZ ATL(TDPUM)M..w“m._m;;;_.“”,.. e e i
HES= ENSATS(TCRUM)
VEL= VESATL(TDORUM)

VSST VESATSCTORUMY ™7 =TT T U7 s e e
ENDPRO g - o
9 PROCED HINT=HI1SHO3+DELS12 ,
= S Y INTEDELAY{HISHO3 9 OELS1 29 GT 9149 HISHIZ) e e
ENDPRC
HFG = HSS-HSL '
. T TRGIL = TSAT T - B

PROCED TSAT=PDKUM

TSAT=EXP (. 2 lgl*ALGG(PDkUN) * 4 ?7123) .
ENPPRO RS e . : e

PROCED H1SHA3=P1SH,T1SHU3
H1Sm33= HSHEATC(TISHU34P1SHCP)

~—mENOPRO T e : e e e e nn oo
PROCED T2S%El HOUT  «P2SH : - '
g T2QHE1~ TSHLAT(HOUT 1P2§H9CP)
........—i——-—.-.....u.u.....EAND pR L - - L s c—n it b S8 bede A dams . . . e wiee e e am

PROCED H25H.3=T2SHI34FPSH
. H28HLI3= HoHEAT(T2SH?31P2”H9CP)

————— ENDPRO" Y e e ) S
5 PROCED HEC 4=TECQ4 .
C *rkhmnnk CORRECTION OFOR FRESSURE
T T T T REC T SENSATLCTECPSY T =T B, B T ’ -0 . T
ENDPROD '
PROCED RECON=HEC 4 4+00CLER
ST e "~ HECON= DELAY{HECO4 +DELEB+DTe15eHEZDSG) o —
. ’ ENDPRO
PROCED HFW= TFw A
T L T ek ko k © CORRECTICM DFOP PRFSSURE
¢=3 FFU=E ENSATLCTFW) - 5.0
" ENDFRO
.._L_l.__m-........... S;F - . . . . -
B FUMCTION ENSATLCTIEDD ‘
. Lo £ whmwmsrkwn ENTHALPY OF SATURATED LIQUID
FRIZT. ' b e ' S
FNI=R.

{TTeh B E "7



oy CALL S TER O™ Lar DT JoV TaXWDaCatiishemi (170}
ol FESATL=EN] o
RETURN
£MD
UNCTIOH ENSATS(TRT)
TTFFR AR R fNTﬂﬁLFY—GF‘STAFHFTFD"SHTEIN‘””““
PRI—#
ENT = A
,MNGI:h. O e b e
XWD=1.
CELL STEP(34PRICENT¢TEI9VOI4XWD9S oA MDA (CHAETA)
TEMEA TS" FME T e T o mmm e
RETURN
END
TFURCTIGH VESATLCTCIY T 00 T T R
C rx#ws SPECTIFIC VOLUNE OF STTURATED LIGUTD
FRI=C. '
e ENTE (g = T e o e : S
VoI=5. ‘ ‘

XUDZ0 A7 0l : | :
TOTTCALL STEP{IePRISENT G TE T« VDT XWO ¢ Se AMDASCP.FTS) —~ 777 o=
VOSATL=VC]
RETURN
J— ENG U CH
FUNCTION VFSATSITED)
L C kxean SPECiFIC VOLUNF OF QTTURATED STEAM . -
. PRI=" . e e e o e . e e e e e
E£N I--~, .
VOI=C. .
NHUD=1 . T T T T = e - T TR e e
CALL STEFPULI«PRICENTATEI sVOIsXWD «SoAMDASCPETA)

T ' VESATSZVOI
L ., S0 R —— )

END
FUNCTIGHN TEHEATI(PNTePRINCEY
T TEEATUMPERTURE 0OF SUPERHEATEC STEAMS ST T
VOI=1U,
XW=5,
e R TR, T T T . et
C =xx IF TOG HOT o ARPFLY BANDC~AID AND CONTIMNUE
IFCENT «OTWHSHEAT(1200«9FRT yCFDUMY) S0 TO 1

CALUTSTEP{3y PRI ENT;TU!VOT XWOsSyAMDASCIyETAY 7 7700 '"""“'—"""'_l'"""
TSHEAT= TLI

IF(CPaF0e0s) CP=a01’
S e S — e
1)  HLIM = SHUATCI200e9PRISCP)
HGLM = HSHEAT(12C1s9FRTeCF)
TTTTTSHEAT =T1200 T +(ENTSHLUIMY/CPTTTTTTTT T T T e mm——
RETUPY
END
TTFUNCTTON  HSHEAT(TETSFRISCF) ™77~ = S ——

C wwewaxw CHTRALPY UF SUPCRHEATED STFAM
FiIz w

Sy ATE . e e e e e e e
XeD=la

C % IF TDO HOT o APFLY BAND-AILD AHD CO\JTINUF

e TR (TETWRTL 120540 RO TI LT e e e e

™ CALL STEP(34PRISENT+TE LoV gXWD oSsAMDA4CTF(ETAY
Ly MIHFEAT=Z ENI
e R ET RN T T T T T s e e
11 CP = 521

CALL oTrF’(5!?RI!ENI1125(-0VOIo)(k'Dsotl\M’)AtV! DUV\qL_TA)

TTTHEHEAT T UCRR(TEI-I 20T +ENT T o T
RECTURN .
ey



F=WalP /L
TOUTS(TEX+TINC(F=e5) )1/ (F+.7)
DELT = {TOUT=TINY*.25
TINFODELT 7
T2 + DELT -
= T3 + DELT
c'“"*t*ﬂ TMTEGRATE ™
ENI = KHSHEAT(TINsPsCP1)
ENI = HSHEATA({T2+PsCP2)}

-
™
1] ll

4
-2
1

—ENT ="HSHEAT(TIPyCP3I ™~
CENI = HSHEAT(T4 oP9CF4) .
"ENI = HSHEAT(TOUTsPyCP5) *

; CPTEST =7 (CP1+2.%CPZ¥7, *CPS+CP“*2{
C ##*x3+ TTERATE UNTIL VALUE COMVERGES
IF(ABS(CP=CPTEST) ., LT.L-ﬁE2)GOT010

+ CP5)«

L1

~CPECPTEST ™~
60 TO 20
P = CPTEST

- RETURK" e e

PECIFTC HECAT OFVER TEMPERATUPF ?ANfF

ENG
sL

caLL
C L EZEERE &

 END

CTMEXTE
0T

TRy =

PDRUM

PFU =

NG - UNKNOWN NA
TTTTTTTTTULRES

P1ZH

FP?SH
¢

ST
~ARNING =

W8S =

INITIAL CC
QEV

.y # e -
GEVTTT

INITIAL CO

WREC
o WFY =
T1SHI
Ti&hH2

# ARNING =

T28H]
TasH2
T25H3
Q18H

———— et r—— e

"1SH
'IRﬁTNG””‘INITIAL CO
Qz

GT=TTINTITTAL CO
LALC
TEC)

TTEL2
TECS
TECY

_““”""_“_“"‘““““CPFW

TECE2

TECcED

TTISH3 -

RUN T
anw INITIAL CONDITZOAS

2CU. - - 7;” —— T

= D
47348
—=285T%
2551
ME OR DOUBLE INITIAL CONDITION
= 2654,
= 2750.
18780.7 7 T B
6123 .

CEF INED VARIABLFE

NNITION GIVEN FOR
= 5"75?‘-

e b e a4 o mma e

NDITION GIVEN FOR DFFINED VAR IARLE
= 111141
‘555 «56777
Bl
£B51.2
94364
102547
139844
1159, & 77
= (R1E%Q.

[ T L I TR

HDITION"GIVEN "FOR DEF INED VARTABLE

= 79833,

NDITION GIVENTFOUR"DEF INED VARIABLE

b43.89
51343
H4l.8 0 T
783
598.8
1.3324 777 7
= 5H2.5

e S

LU TR F R T ]

ﬁ.izsuhuuwwm.w,

E-1



TECD3
CWARNING -

TECE4

TFCEs = hil-(:g ~

INITIAL CONDITION GIVEN FOUR DEF INED VAFIABLE
TECE4 = 559.5

u“;_wu T

INlllﬂL CﬂNUITTFN"UTVFW“FUR*UFFTWEU“VEWTABLF T

. “TDRUM = 688,
UAISH = 6064

UALV = 1210,
HEVE1 = 777.

-

‘iNITIAL CONDITION GIVFN FOR DEFINLD VARIABLE

“HEVEZ2 = R36.6

REVEZ™
WARNIANG -

INITIAL CONDITION GIVEN FOR DEFINED VARIABLF
HFVE1 = b9ﬂc

HL-V_I. 5

WARNING ' =

INITIAL CONDITION EIVEN FOK DEF INED VARIABLE
i HEVE4 = 946.9

HCVET
“ARNING -

INITIAL COMUDITION GIVEN FOR DEFINLED VARIABLF
TEVL = 737854

“TEV2 =T T73TVB54 . T
TEV3 = 737.354
TEV4 = 737,854

~— UADRUN T Z 45,96 7~ T s s
EMCPFC = 7240
EMCPDM = 44906, :
ECFISH = 3570, 7 —7 T T o
CECP2SH = 2400,
" : EVCPEV = 6577,
& S

LTIST ¢ WETH e TISHG1 e TISHM2 e T1EHEI 4 WSL
LISTe TISHUL«T1ISHNL2e¢T1ISHG

TLTISTs TI1ISHIwTISH2 9 TISHIsHISH T «HISHIZAHILHG]
LISTe TRSH14T25H24T2EH3 9 HASHEL oH2SHE24H28HES
PLOTSTECLEG 9 TISHC3T28HEL

PUOT Ca'e s 7 YT THSTMYWFYWYy — VFIN 77777 7m0 7
FLETCyee T1SH1eT1SH2«TISH3
FLCTCyss ) T2SH1 « T2SEH24T28H3

1]5'5 GE ve
2

T UNAME ST TTTITABL E— ' o =

T44/0800(0 319/2120 28772060

PLOT Cyvae ™ )7 BECYQEVYUGISHyG2SH 77—~ 7~ 77—/~

i




CPFW
CP1SH1
CP1SH2
CP1SH3
CP2SH1
CP2SH2
CP2SH3
DELBD
DELBLR
DELDB
DELDIS
DELEB
DELEC
~ DELS12
DEL1SH
DEL2SH
D1FH
DT
ECP1SH
ECP2SH
EMCPDM
EMCPEC
EMCPEV
FEC
HDM
HECON

“HECO4

TABLE E-1

LIST OF VARIABLES

Specific heat of feedwater (BTU/Llbm)

Specific heat of steam, lst superheater section (BTU/lbm)

Time of

Time *

" n

1"

1

lag

n

"

11 ”" (1) 1L "

between EVAPORATOR and Drum (sec)
in EVAPORATOR
between Drum and Evaporator
" Drum and lst Superheater
Economizer and Drum
in Economizer
between lst and 2nd (Finishing) Superheaters

in 1lst Superheater

in 2nd Superheater

Rate of change of final steam oUtlet enthalpy (BTU/sec)

Time step (sec)

Heat capacity,

"

?

¥

lst superheater (BTU/F)

an A1 u

steam drum
Econonizer

Evaporator

"

"

Temporary variable

Enthalpy into steam drum {evaporator, economizer flows) (BTU/lbm)

Enthalpy entering drum from economizer (BTU/1lbm)

Enthalpy exiting economizer (BTU/lbmf
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HEVEL
HEVE2
HEVE3
HEVE4
HEVO1
HEV02
HEVO03
HEVO4
HFG

HFW

HIN

HINT

HOUT
HSET
HSL
HSS
H15HO3
H2SHO3
PDRUM
P1SH
P2SH
QEC
QEV
QL
Q1SH

Q2sSH

TBOIL

Enthalpy entering evaporator sections (BTU/lbm)

1] " " [} n"
Enthalpy exiting evaporator sections (BTIU/1bm)
[ 1] " u " 4] ’

L " LL) n "

Heat of vaporization at drum pressure (BTU/lbm)
Enthalpy of feedwater (BTU/lbm)

Enthalpy entering drum from evaporator (BTU/lbm)
Enthalpy of steam entering desuperheater (BTU/lbm)
Desuperheater outlet enthalpy (BTU/1lbm)

Desired final outlet enthalpy (BTU/lbm)

Enthalpy of saturated liquid in drum

tt - 1" n " t

vapor
Outlet enthalpy, lst superheater (BTU/lbm)
Outlet enthalpy, 2nd superheater (BTU/lbﬁ)
Drum pressure (psia)

lst superheater entering pressure (psia)
2nd superheater entering pressure (psia)
Economizer heat input (BIU/sec)

Evaporator heat input (BTU/sec)

Quality entering drum (Msteam/Mtotal)

1st superhedter heat input (BTU/sec)

2nd superheater heat input (BTU/sec)

‘Time (sec)

Saturation temperature in evaporator (F)

£ av




TDRUM Bulk drum temperature (F)

TEC1 Economizer section metal temperature (F)
TECZ " " " " "
TEC3 "o " " " "
TEC4 " " " " "
TECELl Ecoﬁomizer section inlet temperature (F)
TECE2 " " " " "
TECE3 o " " " "
TECE4 : " " " " "
TECO1 Economizer section outiet temperature (F)
TECO2 " " " "o "
TEC03 " Y " m "
TEC04 " " " " "
TEV1 Evaporator section metal temperature (F)
TEV2 " " " " "
TEV3 " " " " "
TEVS " " " " "
TFW Feedwater temperature (F)

TSAT Saturation temperature in Drum (F)
TMAX Maximum time for this simulation (F)
T1SH1 1st superheater section metal temperdure (F)
T1SH2 " " " " " "
T1SH3 " " " " " "
T1SHE1 1lst superheater section inlet temperature (F)
T1SHE2 " " " "o " "
T1SHE3 " " " " " "
T1SHO1 1st supérheater section outlet temperature (F)
T15HO2 " " " " " "

TlSHOB " " " " .n ou



T2SH1 2nd superheater section metal temperature (F)

T25H2 " " " " "

T2Z2SH3 " " " " "

TZSHEI 2nd superheater section inlet temperature (F)
T2SHE2 " " " " | " "
T2SHE3 " " " " - " "
T2SHO1 2nd superheater section outlet temperaturé (F)
T2SHO2 " " " " " "
T25HO3 " " " " " "
UADRUM Drum overall heat transfer factor (BTU/F)

UAEC 2 Econcmizer overali heat tramsfer factor (BTU/F)
UAEV Evaporator " " " " "
UALSH lgt superheater overall heat transfer factor (BTU/F)
UA2SH 2nd superheater " " " " "
VSL *  Specific volumée saturated liquid

VSsS Specific volume saturated steam

WDES Flow rate, desuperheating water (lbm/sec)
'WDESTMI Temporary valve storage

WFIN Fiﬁal steam mass flow (1bm/sec)

WFW Feedwater to econémizer flow rate (1lbm/sec)
WREC Récirculation flow rate (lbm/sec)

WSL Mass saturated liquid in drum (1lbm)

WSS Mass saturated steam in drum (1bm)

WSSTEM Temporary value storage

WSTM Steam flow from drum (1lbm/sec)




APPENDIX F

Data Reduction Program Listing (HTLRFD1)

General
A listing of the data reduction program is given in this appendix.
Average instrument readings are designated as R(I) in milldvolts.
(I being the instrument index number.) That is, R(I) corresponds to the
reading of instrument No. T. The instrument output in psid, psig, OF,
etc. is designated as V(I). The measurement errors of the instrument
readings and instrument readings and instrument outputs are designated as
SR(I) and SV(I). In general, any variable with an S prefix is an error
term used in the accuracy analysis. This is used as an aid to distinguish
between calculation of average values and the calculation of errors of the
average values.

Read Conversion Constants and Zero Data File

This section reads the constants used te reduce instrument millivolt
. R o
readings to desired outputs of PSI, F, etc.

Read Instrument Index Numbers

The first section reads the instrument index numbers for Chromel-Alumel
thermocouples, pressure cells, differential pressure cells, resistance temperature
devices and watt transducers.

Read Conversion Constants

This section reads the conversion constants to convert millivolts to
psi, 0F, etc. This section also reads the instrument calibration error as
the 6th value of the constants for each instrument. These constants are listed
in the instrument constant file (TAPESS).

Read Orifice Dimensions

This section reads the orifice pipe diameter, orifice diameter, and the
measurement error of each value for :all the orifice meters. These values are

contained in the instrument constant file (TAPES88).

~o



Read Zero Data

This section reads the daily or periodic zero reference readings .
of each cell for use in converting instrument millivolt readings to the
desired output. These values are contained - ~in the instrument
constant file. As a matter of convenience, these
are stored in the constant file as millivolts. The zeros are subtracted
from the average value from the data scanner. The span values of line

1280 are read last. They are also in millivolts.

Read Test Data

Read Manual Scanner Data

Certain data camnot be easily converted to a voltage for recording by
the data scanner. This data is entered manually into the data scanner via

teletype terminal keyboard and is stored as the first items on the data

scanner output tape. This data is then stored in the data file (TAPEL).
The manual data is as follows: A test point identification number,
test time, and test date. This is followed by three index numbers of 1
or 0 which indicate whether there is flow (index number = 1) or not (index
- number = 0). Three flows are circulating water A flow, circulating water
B flow and steam flow, in this order. WNext, the barometric pressure in
mmHg and barometer teﬁperature in °C are given for use in calculating the
barometric pressure. Finally, the number of thermocouples on which DNB
occurred, and corresponding instrument numbers of the thermocouples are

read. If no DNB occurs; then 1, 10 is given.
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Read Scanner Instrument Data

The data recorded by the data scanner is next read. The first data
is the time at which each data scan was recorded with the first scan
being time zero.

The instrument data is next read for instruments Nos. 0 - 80.
Instrument No. 0 is a channel on the data scanner which is shorted and
gives a zero input voltage to the data scanner digital voltmeter. This
zero voltage reading is used as a reference value to be subtracted from
all other readings to account for zero drift of the voltmeter.

Two sums are next calculated for each instrument. S51(J) is the
"sum of the readings" of each instrument for all scans. §2(J) is the
"sum of the readings squared" of each instrument for all scans. These
sums are used later to calculate the average value of readings for
each instrument and to calculate the standard error or scatter of the
readings around the average.

The sum S1(J) is also used to subtract the digital voltmeter
zero reference and each instrument zero from the readings for later

conversion to the desired output.

Calculate Average and Deviation of Readings

The average reading value of all the scans R{J) is calculated for
each instrument. Also, the standard error of the readings or scatter

SR(J) for all the instruments is calculated.

Instrument Conversion

The following sections describe the data reduction procedures for

each type of instrument.
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Barometric Pressure Conversion

The barometric pressure is converted from mm Hg to psia in this
section. The barometer temperature is used to correct for mercury
density changes and scale expansion. Also, a gravitational correction

is made.

Thermocouple Data Conversion

Thermocouple emf readings are converted to temperatures using a
routine obtained from the IPTS-68 standards. These routines have been
modified to determine the error of each temperature calculated as follows.

The average reading R(K) is used to calculate the average temperatures
V(K) fof éach thermocouple. The standard reédiﬁg error‘SR(K) is added to
the average reading R(K) for each thermocouple and a second temperature
is calculated for this total. The standard error, SV(K), of the temperature
is then calculated for each thermocouple as the difference between the first
and second calculated temperatures. This temperature error is then added
to the calibration error to obtain the total temperature error. For this

test, the calibration error is 2°F as recommended in the IPTS-68 tables.

RTD Conversion

Temperatures are calculated for each Resistance Temperature Device (RTD)
in this section. The average temperature is calculated from a quadratic
equation of the average RTD reading.

The temperature error is calculated by adding the reading error
to the average reading; calculating the resulting temperature; and
subtracting the average temperature from this temperature. This error
is then added to the calibration error C(6,K) to obtain theltotal temperature

error.




Pressure Cell Conversion

Pressures are calculated for each pressure cell in this section. A
cold leg density V1 is calculated for use with the constant C(1,K) to
correct for elevation differences between the pressure cell and pressure
tap. The average pressure is calculated as linear function between the
zero and span voltage reading with a sinusoidal nonlinear term added to
the Ilinear function. The elevation correction and the barometric pressure
is then added to each pressure to obtain the absolute pressure in psia.

The pressure errors are calculated for each pressure cell as follows,
The reading error is added to the average reading and a second pressure is
calculated. The average pressure 1s subtracted from this value. This
resulting difference is added to the calibration error to obtain the total

accuracy for each pressure cell.

Differential Pressure Cell Conversion

Differential préssuresfrom tap to tap are calculated in this section.
The cold density, V1, calculated for pressure cell conversion is used to
correct for elevation differences in the tubing connecting the taps to
the differential pressure cell (dp cell). The differential pressure measuted
by the dp cell is calculated as a linear function of the average dp cell
reading. The dp cells used for this test are not sensitive to static case
pressure.

The dp cell tolerences are calculated by adding the reading error to
the average reading, calculating a differential pressure from this value,
and subtracting the average differential pressure to obtain the error due
to reading error.

The calibration error is then added to fhe reading error to obtain the total

error.
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Watt Transducer Conversion

Power input from the SCR to test section is calculated in this
section. For this conversion, also a quadratic equation of the average

Watt transducer reading is used to calculate the power input.

Calculate Mass Flow

Total flow rate of the circulating water A flow,B flow)and steam flow
is calculated using subroutine FLOW. This subroutine calculates the flow
rate fo¥ ASME Thin Plate Flange Tap orifice meters in accordance with
standard ASME prbcedures.
Each flow is calculated independently and summed later. If flow index
is 0 the calculation of that flow is skipped. Calculations of circulating
water A flow,.B flow and steam flow are done using the output from.differential
pressure cells. For low steam flow, if the output from high-flow DP cell
is less than 1.0 mV, then the ocutput from the low-flow DP Cell is used. . .
The FLOW subroutine has been expanded to also calculate the enthalpy
of the fluid flowing through the orifice. The 1967 ASME Steam Table
routines used with an input pressure, temperature, and steam-water index
are used for this caleculation.
The FLOW subroutine also calculates the flow rate accuracy and the
enthalpy accuracy from the errors of various measurements used to determine

the flow and enthalpy.

Calculate Outlet Pressure and Saturation Temperature

Test section outlet pressure is obtained by subtracting total pressure
drop in the test section from the inlet pressure.
Saturation temperature of the test section is then obtained with

above pressure, using the steam table function TSL.
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Calculate Heat Loss

In this section, both preheater and test section héat ilosses are
calculated, To determine a heat loss coeficient, some heat loss
tests were conducted. Heat loss is calculated by multiplying the heat loss
coeficient and temperature difference. For preheaters (A and B),
temperature difference means the difference between an average of
preheater inlet.and outlet temperatures and ambient temperature. And
for each test section, temperature difference is defined as difference
between the average heater element temperature and ambient temperature,
Heat loss coefficient and when it is applied to each test section is
divided by four, i.e. the number of test sections. Thermocouples (see

Figure 7.3 ) are used to measure the heater element surface temperature.

Calculate Total Power and Preheat Power

Total power input is calculated as the summation of the inputs of
total A bus, total B bus and total NM bus watt transducers. The preheat

power is calculated from power input from SCRs Al, A2, Bl and B2.

Calculate Enthalpy

In this section the fluid enthalpy in the preheater and various parts
of the test section is calculated. The preheater inlet enthalpy is obtained
from the water fiow measurement orifices at the inlet of the preheater.

The preheater exit quality is calculated with the inlet enthalpy, fluid flow
rate, and preheat electric input power minus the preheat heat loss,

The test section inlet enthalpy is equal to the preheat outlet
enthalpy. Fluid enthalpies at various points in the test section are
calculated with the test section inlet enthalpy, fluid flow rate, and

cummulative test section electric heat input to that point minus the heat loss.
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Calculate Test Section Properties
In this section various test section properties are calculated to .

characterize DNB.

Calculate Test Section Power and Heat Flux

Heat transfer area is calculated for eéch test section using inmer
diameter. To simulate the 180° actual heat input, heat transfer area is
defined as a half of imner surface area. For rifled tube sections, major
or rib-root diameter is used, Also, the nominal heated
length (48 in) of the heating elementé is used. The unit is also converted
from square inch to squére feet.

Each test section piece has different power source as shown in Figure .
Each power input is decreased by heat loss and, divided by the heat

transfer area converted from KW/ft2 to BTU/ftzhr.

Calculate Quality

Quality is defined as a ratio of enthalpy of fluid minus saturated
liquid enthalpy divided by the enthalpy difference between saturated vapor
and saturated liquid at the test section outlet pressure, Qualities at
various points in the test section are calculated in this section using

this relation and enthalpies obtained in the previous section.

Calculate Fluid Properties (Test Section Outlet)

In this section, fluid properties are calculated based on test section
outlet conditions through subroutines and functions used to formulate the
1967 ASME Steam Tables. Those fluid properties are specific volumes of
gaturated steam 'and water, viscosities of steam and water, surface tension,

both steam and water thermal conductivities and saturated enthalpies.




Printing Results

The print statements along with format specifications are listed in

this section to produce the output data sheet described above.

Writing Results to Storage File (TAPE49)

In addition to the results printed on the output data sheet selected
values are written into file TAPE49 and stored permanently in the computer
for later data analysis. The selected values enable all results to be
calculated from those stored while minimizing the duplication of data stored.
The data stored in file TAPE49 does not contain any of the accuracy values.
The accuracy values are evaluated manually during data analysis using values

from the printout sheets,

Subroutines

The subroutines are listed in this section.

Subroutine FLOW

This subroutine calculates flow rates using the procedures for ASME
Thin Plate Flange Tap orifices. Inputs  and outputs of the routine

follow :

DP - orifice differential pressure (psid)
P -~ orifice fluid pressure (psia)

T - orifice fluid temperature (OF)

D - orifice pipe diameter (in)

DO - orifice diameter (in)

I - fluid index 1 = water, 2 = stean

W - the calculated flow rate (1b/hr)

FH - the calculated fluid enthalpy (BTU/1b)
SDP - differential pressure error (psid)

SP - pressure error (psia)

F.9



F-10

ST - temperature error (OF)

SD - pipe diameter error (in)
SDO - orifice diameter error (in)
SW - flow accuracy (1b/hr)
SFH - enthalpy accuracy (BTU/1b)

Subroutine SRSORT

This subroutine calculates properties of superheated steam and subcooled
water,

P - pressure (psia)

R - temperature (OF)

V - the calculated specific volume (ft3/lb)

H - the calculated enthalpy (BTU/1b)

ISAT index; 1 for non-saturation point, 2 for saturation point VG - the
calculated specific volume of saturated vapor, if ISAT=2.

HG - the calculated enthalpy of saturated vapor, if ISAT=2

Also, if ISAT=2, V and H are specific volume and enthalpy of saturated

liquid, respectively.

Subroutine SATUR

This subroutine calculates properties of saturated steam and water.

P - pressure (psia)
o one or other input, the other will be returned
T - temperature ( F)
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VFV— the calculated specific volume of saturated liquid (ft3/16)
HF - the calculated enthalpy of saturated liquid (BTU/1b}

VG - the calculated specific volume of saturated vapor (ft3/1b)
HG - the calculated enthalpy of saturated vapor (BTU/1b)

K - index, indicates whether pressure or temperature input

l-pressure, 2-temperature, 3-both.

Subroutine TENS

This subroutine calculates the surface tension of saturated liquid.
TIN - temperature (OF)

S - the calculated surface tension (1b/ft)



F-12

Error Analysis

The uncertainty for each output from the data reduction program is .
calculated as follows.

First, for each instrument output an uncertainty is calculated based
on two components—-the calibration uncertainty and the drift during the
data scan. Calibration uncertainty for each instrument is measured during
the pre and post-test instrument calibrations and was found not to change
significantly throughout the test program. The values for each instrument
are stored in computer file TAPE88 as described above. The uncertainty due
to the drift of the measured quantities during the test scan is calculated
by comparint the five readings taken during the data scan for each instrument.
By assuming a normal distribution and calculating a mean value from‘the

five readings, an uncertainty can be determined from the equation.

o] = Ix -
drift —

The instrument standard error for a particular data run is then
calculated by combining the calibration error with the uncertainty due to

drift:

= 2 2
Greadidg AV/Ocal + Udrift

(The o used here for uncertainty is equivalent to the standard

deviation used in statistical amalysis. TFor a measurement with normally
distributed errors, approximately 63% of all the measurements of a particular

quantity will fall within one standard deviation of the actual value.)
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For derived values and functions based on the measured quantities
the error in the evaluated function is evaluated by combining the instrument
errors based on their relative influence upon the final value.

X

For a function F with variables Xl’ X2, X3 - Xy

. O

with uncertainties Oys 02, 03 . n

The uncertainty o is given by:

F
2 2 2 2| %
_ (e ) |
a, = C + 3F + JF oF
F 2'xl ! 3x2 % 2x3 %3 + axn Un

These uncertainties are calculated by the data reduction program for
each measured and evaluated value for everytest point. The calculated | ¢
uncertainties are printed on the computer output next to the primary value. Errors
due to drifting pressure or flow can be recognized quickly by the operators

and the test repeated if necessary.
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COSO0
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CHOED
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O0E20
O0EH0
A4
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ODEED
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| (]

DATA REDUCTION PROGRAM -~ HTLRED1

FROGRAM HTLRED1 (INPUT, QUTPUT, TAFESS, TAFELA=0UTFUT, TAPEL, TAPE4?
DIMENSION FPACCY), R{E0), 510800, 32(20), SL(a0), SR (2a)

CIMEMNSION Z {(30), KCA(RD)  KP{(L), KIF (80}, KERTD{(S)

DIMENSZIUN EREWSO0) 00T 10, S007T010), CLIDECS)

DIMENSION DE), 0003), SDOLSs, s, I 050

DIMEMSION 04, 30), 8V iZ0), VIz0)

DIMENZIOM HOL10, 10), 254010, 1) :

DIMENSION ECMOL0), NSCRO10) , KECRO10, 1Q), KE(LO),ETOR, 8), ETT(10)
DIMENSTON DICIO), =DI010), CRO1D)Y, NTCOLO0), ETC(10, 10)

DIMENSLON TEW(10), STEW(L1OY, GATIOY, SQATLO), XOL1E, 100, X106, 14)
DIMENSTION LX(10), 2DX{10)

ATA 1BRL, LDNB/ZH , SHONB/

REALICL, 11%)1RUN

S FRMAT(IZ)

L 2001 ITHEV=1, IRUN
WNITIALIZE VARLIAEBLES
by 10 1=, 30

FAGS LI

Z1(1)=0.

SECI)=00

CONT LRUE

READ CONVERSION COMETAMIYES AND ZERD DATA
REWIKD =23

READ(2E, 105)

READ(SE, 120)LATEDS

READ (S5, 103)

FORMAT(ALOD)

READN(EE, =) NI
READN(EE, S)NCA, (ELZACL), 1=1, NLCA)
READ (23, ®)NP, (KP(I1), I=1, NP)
READTSR, = )INDF, (EDFOL)Y, =1, NIP)
READN(SE, 2)NRTD, (KRTO4LY, Is3, NRTID
READ (B, w) MW, {epwill, =1, NEWS
READCEE, #) NCM, GLOM{ L), =1, MEFMD)

READ TEST SECTION PROPERTIES
REAL (25, 105)

READ (88, =) NTS

DO O N=1, NTH

READNCEE, ) NSURONDY 5 Lo NSUR (ND
READCER, #) (MLURON, 1), i1, L7
CONT INUE

o707 Ns=1, NTS

FEALNC S, #) KE(M) $ LakEE (N
READ(HE, %) (E7 (N, 1), 121, L)

CONT LNUE

READ (&3, ) NS, (ODT N, M1, NTS)
READCEE, ©) NTS, (SULDT N, N=1, M1S
READ (RS, ®) NTS, (ULIND, N=1, NTSE)
REALDNCES, #)NTS, (SDIN), N=1, NTS)
READ @i, @) NTS, CCHOMY, M=, NTS)
SET=C0, 25 % SETT=SURT (2. s (ShT#EET))
oo e N=1, NTS

READCHE, @) MTUN) 8 LopToOM)
READ (RS, &) (RTC0y 1), 1=, L0

READN(EE, #) TED, TH1
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QOER0
0@700
0071

nn”'u
G070
O0740
Q70

QOG0

uuuﬂu
DRG0
nuwln

[
(I
108
L0
[
[
Sl
[
[
RU7

HJ,()‘)U
l_)],()_;(l
Q1020
1030
1040
01050
O1OED
01070
Q1080
10%0
021100

Q1110

Q1120
01120
01140
Q1150
01150
Q1170
011a0
Q1170
Q01200
01210
01220
QlEE

QL2440
u1‘bu

DIZTO
01250

120

131

L

7 READC

READCSE, =) (CLOZ(NT, N=1, &)

REAL LONVERSION CONSTANTS
READCHE, 104) 1FLA
FORMOTO11)

D 200 1=1, NI

READNCGE, ) (LGN, 1), A5, 8D

IF(LFLA GJEG. %) PRINT =, "ol Iy, 1, (00, 1), =, 80

LONT IMUE

FEAL URIFICE DIMENS1IONS

BEAL (3, 103

o=

iy 200 =1, MO0

REsl (e, )00, 0Ly, ST(X), ZmcI)
CAD 7hHU ”ATA

rl .

Qo o2t

W A Ty f Tl e “F
mEALDY ey ™ F4

IFOLFA 2L ST, TTALIEE, ROPOLY, ZLEDRD )
CONT INUE

FoCELL SFaN READIMGE

READ CEE, 103)

REALDCE, =) (00, KECL YY), [=1, NF)

la(ifLA SR W) PRINTS, "EFR, (C(5, EF0L2), I=3, NF)

REAL manUAL SCAMMNER DATA
READC(1, 120)7E5T

READ(L, 120) TTIME
RE&D(L, 120) TLRATE

FURMAT (AT

READ(L, ®)L1FLA, LFLE, 1FLE
REAL{ 1, = )FALRT, TEBAR
REALDCT, ®)NE, (L1010, 00, nkED
REALCL, 1220

FURMAT (8403

PE=F

IFOLFLALER.®) FRINT =%, 6320
READ ZIAMNMER INSTHRSIEMNT DATE

OO 200 i=1,NS

rREADN(T, 130)

FORMAT L A40)

REALI(L, 17531

FORMAT (A40)

REALDNCL, 195y 20, ROL)Y, R(2), R(2), 1R{4)

IFCIFLALER. )Y PRINT =, 731,20, R{1, RIZ2), RO, R(4)
I0=Z0+,.0001=(I-2)

MN=-1

Me=i+3

IF{N+S JGE. NI) GO T 140

REALICL, 125y (RON-+ED, B=1,5)
E1 T 1ES

M=NA+L

AEACL, 12 (RCED, Bs i, WD

FORMATOSFLID. 3

}



12%0 L 20 =L, NI

13200 CIRENDE CAd+ (RO =202 0U) )
01210 EE(DFEZODF (RO -E0-Z (L)) Yy

01z20 2 i8] CIONT INLE
Ul?jm 200 CONT INUE

240 IF(IFLA.ER. ) PRINT =, 330
Olﬁbn o '
DLIAL L CALCULATE AVERALE AND DEVIATION OF READINGE
21370 . Do 270 J=1, NI
ﬁiuﬁa E30.0 =51 () /NS
12360 ' EH(d)mEERT((CE(J)-SI(d)uﬁlt!)XN“)H(N3~1))
91460 IF{IFLA.ER.%) FRINT #,920,53(J0), SR{D
01410 270 CONT INUE
01420 oo 250 J=1, NI

Q1430 R{ D =530
Q1440 L350 CONT INUE

1450 IF(LFLALER.?) FRINT =, %70

01460 O INSTRUMENT CONMVERZLION

01470 .

01450 0 [EHQMETﬁlf FREDSURE CALSLLAT ION
0140 SPADS JFPARE

21500 FARS: (1" UU“hJJ“'ILAh ~22) YR AR

LS

PABSE{, YPReeR2d~1 .81 124 154 TRAR+Z, OV S LOZE-S#TRARSTEAR)

O1510 FARS

Q1520 FARZ=FAES~. 2

1350 PaRESz, Q193287417 #FARS

1540 SPARS=SPARZ=PARE

1550 0 . .

01550 IF(LFLALERL ) PRINT #, 1020

D170 L OTHERMOUCOURPLE DATA CONVERSION )

01530 UaTA PAC/-1.8533042273E+1, 3. 82183448 12E6+1, 1. 4545154 53548E-2,

OIS0 B702A7448E-5, 2, ZRIETRTRLYE-T, -3, 3700231 2L2E~ 10,

01&00 '”U”l&#h 132 —1.284””4#7'8& 16, 2. 2229374 336E-20/
01410 SeE L1, MIA

01520 e AN )

0O1&30 IF(RGED) S LT, =, &) G0 W0 3948
01540 IF(R(EYLGT W40 G0 T 2095
01450 ROEDI=R(II+3R(E)

01440 SV(E)I=0.

U1&70 oo Z95 L=, 2 ‘

al1&E0 El= 1“00.?(R(h)+2.uhgl)

Q1a%0 V()= 02428E]

Q1700 370 T=1.

31710 EL=0.

01720 [y 283 J=1,7%

017320 EL=EL+PAC (. 1)=T

01740 T=T=V{K)

D170 2RE LOMT INUE

Q1740 EL=EL+125, sEXPA- S8 ( (VKDY ~L127. ) /65, ) wm2) )}
1770 O AF{ABS(EI-EL Y. LY. 1060 T0 320
Q1780 - VIFI= V(D) +. 0242 (EI-EL)

017%0 Glr 1o 370

Q1300 290 LONT I MUE

Q1810 VD)= OV (R s 3/, ) T2,

01320 VD=V R 0 (2, B siR)

01230 SV =EV O V(R = 01 asael)
01240 REY=RK)~TR{K)

1Eh0 IF(ROED) L GTL 4060 7O 295
thmO IF(ROK) LT (2. 685)) G 1G24

1370 395 CONT INLDE
DlﬁHU RO =R (K +E5R (E)

Fo(C



01220 EV IR =SRRT (004, K =LA, B +SV D) =5V (K ))
D100 Iva CONT INLE
Q110 L

01720 IF(IFLALEQ.®) PRINT =, 1440
Q1920 U RTD CONVERSION
01740 oo 400 I=1, NRTD
01250 F=RKRTDCOD)
01240 H(F)“R(h)"ﬁ(4 L)
0170 VORI DL L, B+ (2, BYERED) +0(E, D) @R (ED) 2R OKD
01980 RIK)= R(h)+2.(}1
Q1990 SBVRY=0 0L, B +0 R, D aSROK 00, KDY =R @R -V )
Q2000 SV =ERRT (A, K= (o, K FEVR#EV (R D)
L Q2010 ROK) =R (E) 2R (KD
Q2020 IF(IFLA JEQL. %) PRINT®, "RTD"M, &, VIED), SY(E)

Q2020 400 CONTINUE
Q2040

02050 IF(IFLA.ERN.¥) FRINT =, 15350

Q2050 L FPRESSURE CELL CONMVERSION

Q2070 Do 445 1=1, NP

Q2020 k=P (D)

GO0 CALL BREURT(700., V0403, V1, HY, ISAT, V2, H2)

02100 Vi=l./(17285V1) ,

02110, V) =001, ) sVI+C L KDY 2R/ (0, R)-Z2L{K)?

02120 VMO =R +0 04, KDY #SIN(E. 1410%=R(K) /(C{5, K)=2{K)))
02120 CALL SRSORTVE) ,V(40), V1, H1, I5AT, V2, H2)

021449 Vi=1./(1722.%V1)

02130 LV =001, K VAT CE, KDY =ROED Z (G5, KDY =Z4{K))

Q2150 VIK)Y=VK)+2(4, h)*wIN(J.14159¥R(h)/(L(5 KI=Z () ))
02170 R{E)=R{K)+3SR()

02180 SVIKY=C1, K)sVI+C (R, K)#R(K) /(C (5, K -Z(K))

QILLP0 SV =SV (R +C4, KISSINC 3. 14159=R (K /7 (C(5, K)-Z () ) )=V (K)
Q2200 SV =SGRT (D&, KIS0 (&, KDY +SV R =5V (KD )

QZ210 V{EI=VIE)Y+FARS

Q2220 RAOED =R SR (ED _

Q220 IFCIFLA JER. %) PRINT=, "F", K, VIE), SV D)

Q2240 447 CONT INLE

Q2250 CAaLL SREORT(V(14),V{40)+.5, 21T, HL, ISAT, V2, HZ)
2250 SV1T=1./01723.#5V1T)-V1

O=270 CALL BREORT(V(14)+5V(14),V(40), SVIP, HI, I5AT, V2, H2)
Q280 SVIP=1. /701728, 45VIF) =V

QEZF0 SVI=ZERT{SVIT=EVITHEVIPSEVIR)

02300 - IFCIFLA JEML. 2) PRINT®, "Y1V, V1, 5V, Y 40), 3V(40)
Q210 O '

Q2320 IFCIFLAGEG. ) PRINT =, 1310

C23Ed O DIFFERENMTIAL PRESSURE CELL CONVERSION

O340 Dt =05 I=1, MDF

e had] BRI () :
DRG0 VIR =001, £ SV (0GR, KD 00, B SV 14) )+ (003, KD +0(TF, K sV{14) )R {K)
QZETO RO =ROE)+EROK) ’
QIO SVORD) =001, ) eV T 0002, B 04, KV (14) )+ (0 (3, ED+C(S, KV (14) =R (k)
OZEFQ SV R =BV (KD -V (1)

02400 V(D)=

RRT (2 (&8, BB (6, K +EV (K sSVED )

02410 R =RIE)=SR ()
02420 IF{IFLA JECQ. %) PRINT=, "ODPFY, B, V(E), SV{E), V1
24300 S0k CONTINUE
ﬁ”44@ IF(R(1ISYLLT.0.0) VO15)=0,0
D245 IF(RO1A)LLTL0.0)Y 2{18)=0.0
__3 REE NG ] [
22470 IFCIFLALER.®) PRINT =, 1920
GEGEO T WATTES TRANSILICER COMVERSION
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Q2490
Q2500
02510
QZE2E0
QESBQ
Os
0] "’“.._,)
Q2540
QIT70 400
QZEE0
QXEP0 O
D200 ©
ﬂ"’f.:-lo

QJ&&D
Q2a40
O2E50

E10

n;?nn
G2710
Q27320
Q2730
2740 £330
T RTHO
f'1 “!"7 .,i i“]
QA7 70
OZ7E0
D7)
ﬂZTﬂﬂ
=10
{ ),:_- Syle
CGZEI0

Fa
i

-~ -
l___ll:::llll

e

1 200 =1, NEK
kAT L .
VIR =001, K # (002, E)+C 03, K)sR(R)+0 04, KD #R(K)#R(E)) .
ROED) =R +ER (KD ,
SV =001, KDY (0 (2, K HC0E, KSR +0 04, M)y sR () SRR ) -V (K)
SVIR)=SERTIC (&, )« &, k) +EV () wEVE))
ROE) =R ) —BR(K)
IFCIFLA JEGL %) PRINT=, "RHW", B VR, BV D
CONT INUE
IF{IFLALERLR) PRIMT =, 2100

CALCULATE MASES SLOW
WA= WR=WE = H S0,

SWA=SHE= WS =SHE0=0.

IF(IFLACER. OGO 10 &10

DFA=V{7Y %  IF(DOPA .LT. 1.0) DPA=V(S)

SOFA=EV(7) % IF(OPA JLT. 1.0) SDPA=SV(S

CALL FLLOW(DPA, V5, V03, D01), I L), 1, WA, HPD, STFA,

LOEVIS), SV &), B0, SD0C1), SWa, SHFD, IFLA)

CONT INUE

IFOIFLBLER.OIGD 10 20

OFE=V(%) % IF(DPE .LT. 1.0} me = (10

SOPE=SV(YY % IF(DFE JLT. 1.0) SDFEE=SV(10)

IALL FLOW(DRE, VIS), Vis), T, nn(k,,*,wn HFO, SDFE,

1 OEV(E), BV(E), SO(2), SI0C), SWE, 3rHPT, IFLA)

CONT I MUE

IFCIFLE.EG. Q)G TO &2

DFS=Y(3) & IF{V{.LT.3.5) DFS=V(4)

BOPS=SV(E) & IF(W:::) LTOELE) SOPS=SV(4) ’
CALL FLOWCOPS, V1), V02, D03, DO, 2, Ws, HS0, SOPS, 5VI1), 5V(2), 51
u,ﬂmn(ﬂa,:wa,ﬂﬂ.u IFLA)

oM T INUE

WAE=WA+WE

W= WA+ WE WD

SWALS SHRT (SWas s E+SWERe2) .

SWT s ZORT (SWASSNA+SWESSWE+SWEESWE)

CWTR=WTSE4 . S 144, / (3, 1425901 (4) =D (4))

HW R SWTRGWTR/WT

IFCIFLACER. ¥) PRINT @, 2270, WA, WE, WS, WAE, W1, HPD, HS0

CALCLLATE INLET PRESSURE

FI=Y(14)+V(13) % PO=Y(1l4) ¢ SPO=SY{14) 3 POD=RO+HERPO
HPiﬁ»“hT('Uf*ﬁ)%HV(14) + CSYOLEI#ENV 1)
-

_ALL ZATUR (PRI, TI,VF, HF, VG HG, 1012

DUTLET SAT TEMP

TEAT=TIL (FO)
qﬁuﬁ“”Tr“"*TﬂL(FH—-FD)
TSATO=TIAT + ZTEaAT
1F(TLBQ.UQ W) OPRINT =, 2240

CALDULATE HEAT L