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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 lOMWe pilot plant. 

Studies(l) have shown that the 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 receiver 

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 advantage of the flux distribution 

from a biased North field collector sub-system. Final steam temperature is 

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

(1) Numbe~s in parenthesis refer to references at end of report. 

* One receiv,er was designed for two pressures at the same -nominal power 
li.\ve1.{640 MWt). 

J - J 



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 designed, i for 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 $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. 

• 

• 

• 
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Steam Flow 

Table 1.1 

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

Thermal Power 

126 kg/s(lx10 6 1b/hr) 321 MWt 

252 " (2x106 1b/hr) 640 " 

378 " (3x106 1b/hr) 933 " 

* 1979 dollars 

Table 1.2 

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

Turbine Power 
MWe/Press. 

100/12.4 (1800) 

200/12.4 (1800) 

200/16.5 (2400) 

300/16.5 (2400) 

Reheater Steam -6 
Flow kg/s (lb/hrx10 ) 

73.1 (.58) 

171.3 (1.36) 

142.4 (1.13) 

228.0 (1.81) 

+Does not include reheat steam leads. 

*1979 Dollars 

Cost 

$13,900 

23,380 

31,600 

Reheater 
Cost 

2,400 

5,200 

4,500 

7,000 
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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 lOMWe pilot plant. 

Studies(l) have shown that the 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 receiver 

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, 

wbich 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 advantage of the flux distribution 

from a biased North field collector sub-system. Final steam temperature is 

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

(1) Numbe~s in parenthesis refer to references at end of report. 

* One receiv,er was designed for two pressures at the same ·nominal power 
le,ve1.(640 MWt). . 
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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 designed<ifor 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 $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. 

1- t... 
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Steam Flow 

Table 1.1 

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

Thermal Power 

126 kg/s(lx10 6 1b/hr) 321 MWt 

252 " (2x10
6 

1b/hr) 640 " 

378 " (3x106 1b/hr) 933 " 

* 1979 dollars 

Table 1.2 

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

Turbine Power 
MWe/Press. 

100/12.4 (1800) 

200/12.4 (1800) 

200/16.5 (2400) 

300/16.5 (2400) 

Reheater Steam -6 
Flow kg/s (lb/hrx10 ) 

73.1 (.58) 

171.3 (1.36) 

142.4 (1.l3) 

228.0 (1.81) 

+Does not include reheat steam leads. 

*1979 Dollars 

Cost 

$l3,900 

23,380 

31,600 

Reheater 
Cost 

2,400 

5,200 

4,500 

7,000 
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1.3 Background 

4It The central receiver design for the 100MWe Pilot Plant at Barstow, and 

• 

the proposed 100MWe commercial plant design, consist of an external receiver 

o 0 
producing 515 C (960 F) 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 100MWe(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 above 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 

basis, from a cold start, stress now becomes cyclic. An1aysis(3) of the 100MWe 

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. Boiler 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-through storage reheat 

3. Supercritical primary receiver--lOO% 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) 

Th.e above options are discussed below: 

) - ~ 

• 

• 
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1.4.1 BoilerOptions--A drum-type forced-circulation boiler design was 

chosen from the various boiler options available in Table 1.3. The selection 

of this boiler configuration·was made to avoid problems 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 through 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 ratio required. 

A test program (Task 10) was designed to both obtain rifled tubing 

performance data at the high heat flux levels associated 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 

to erect than a cavity type, due to its modular panel construction. (1) 

1.4.2 Turbine Pararileters--A receiver operating with RFP Category II steam 

conditions was selected. Category II defines final steam temperatures and 

o 0 pressures as those greater than 10.3 MPa (1500 psi) and 515 C (960 F). Higher 

pressure, higher temperature, reheat cycles, inherently have better heat 

rates; thus, for a given electrical power output, fewer heliostats would be 

o 0 
required. For example, a 16.5 MPa (2400 psia) , 538 C (1000 F) turbine cycle 

with reheat to 5380 C (lOOOoF), and a gross cycle efficiency of 43%, would 

theoretically require a collector field size 20% 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 

1-7 



No. 

1. J 
2. 

2a. (see above) 

2b. 

Table 1.3 

Receiver Boiler Options 

Description 

Once-tarough (single pass) sub-cooled liquid to 
superheated steam. Can be used for sub-critical 
steam pressures, but required for supercritical 
(continuous phase) pressures. 

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

Natural circulation. Depends on density gradients 
between down comers and risers to provide circula­
tion in boiling circuits. 

Forced circulation. Uses pumps to provide circulation 
in boiling circuits. Independent of density gradients. 

1- g 
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Cycle No. 

1 

2 

3 

4 

RFP Category 

I 

II 

II 

II 

• • 
Table 1.4 

Turbine Cycle Parameters 

Pressure Main Steam Temp. RH Temp. 
MPA(psia) oK (oF) oK (oF) 

10.34 (1500) 789 (960) none 

12.4 (1800) 811 (1000) 811(1000) 

16.5 (2400) 811 (1000) 811 (1000) 

24. (3500) 811 (1000) 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 ~he 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 ~ower 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 supercritica1 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--So1ar Reheater, 

for the same power rating. Option 2--So1ar Reheater, was therefore chosen as 

the preferred arrangement. 

High temperature storage units were included in most of the options 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% (100oF) 

higher than 538C (1000F). This required 593C (llOOF) steam from the receiver. 

It will be shown later that this temperature requirement:impacts the material 

selection and fatigue life of the absorber panels. 

• 

• 

• 



• 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 

I 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 Supercritica1 receiver primary loop--100% Fig. 2.11, 2.l1A 
power pass~through storage to sub-critica 

• steam cycle w/reheat . 

• 
/-11 



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 192.8 192.8 192.8 192.8 192.8 192.8 192.8 192.8 174.3+ 174.3+ 174.3+ 
Generated, MW 

2. Energy Collected by 4633 5362 6077 4647 5361 6076 5367 6086 4456 5142 5828 
Receiver MW-hr 

3. Energy to Turbine, 3574 3574 3574 3574 3574 3574 3580 3580 3428 3428 3428 
Mlv-hr 

'I. Energy Stored, MW-hr lO58.€ 1787 2502 1072 1787 2502 EJ.rlu J%r6 1036 1713 2398 

5. Electrical Energy 1543 1543 1543 1543 1543 1543 1543 1543 1394 1394 1394 
Generated (RealTime) 
MW-hr . 

...... 6 • Real Time Efficiency, 43 43 43 '43 43 43 .::; 43 43 41 41 41 
% ..0 

<lI .-
7. Electrical Power 73 73 73 138 138 138 ,~ 138 138 192.8 192,8 192.8 

Generated from .-! 
0-

~ 

Storage, MW ~ 
8. Thermal Power 327 327 327 389 389 389 '"' ~. ~ 447 447 i447 

Requried from 0 z 
Storage, MW 

9. Hours of Operation 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 35.6 35.6 35,6 43 43 
1
43 

Efficiency,% 
11. Electrical ENERGY 237 399 559 381 634 887 428 589 443 733 1033 

G,"nerated from 
Storage, MW-hr 

12. Overall Efficiency,% 38 36 34.6 41 40.6 39.9. 36.7 35.0 41 41 41 
-- --, - ~ ..... J...."'44"""""""''''' _&: '1- ... ,..1.. ................ ... .... _ .................. e .......... 1.... .... & __ .... ' .................... . ............. 

+corrected for supercritical pump power. 

• • • 
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1.4.4 Receiver/Turbine/Storage Size Selection 

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

the receiver power rating (MWt) for a "commercial" plant size. For Reheat/ 

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 

aile 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 (lxl06 , 2xl06, 3xl06 lb/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 receivers 

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 thereheater 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 

Th.e external receivers were designed for an asymmetrical flux distribution, 

with a North ~ide peak flux of 0.85 MW/M2 and a South flux of 0.3 MW/M2. 

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, 

/-/3 



ID No. 

3 

4A 
'---' 

4B 

5B 

5C 

• 

TABLE 1.7 

. 
Steam Flows Required from Receiver Kg/s (lb/hr) 

Turbine Nominal Power (MW ) Solar Mu1tin1e 
100 200 250 1.3 1.5 1.7 

10.1 MPa 811/811~ 
(I465 psia ) Delete for reasons of less efficient than 12.4 MPa (1800 psia.) 
1000/1000 F 

12.5 MPa 811/811 e815 psia ) 
1000/1000 F 

12.5 MPa 811/811K e815 psia ) 
1000/1000 F 

6.6 MPa 811/8nN 
(2415 psia ) 

1000/1000 F 

6.6 MPa 811/811K 
2415 psia ) 

( 1000/1000 F 

-.... '. 

(1,774,240) (2,047,200) (2,320,000) 
223.55 257.9 292.3 

(873,600) (1,008,000) (1,142,400) 
110.07 127.0 143.94 

(1,706,000) (1,968,000) (2,231,000) 
214.95 247.96 281.1 

(2,070,000) (2,389,:000) (2,707,000) 
260.8 301.0 341.07 

• 
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Table 1.8 

Summary of Selected Receiver Parameters 

Design Turbine Cycle Steam Flow ! Rec. Power Reheat Option Boiler Option 
No. No. kg/s(lb/hr) I MW(t) No. No. 

1 2 126 (lxlO
b

) 320.8 2 2b 

2 2 252 (2xl0
6

) 641.7 2 2b 

3 3 252 (2xl06) 621.7 2 2b 
---.-. ". 

4 3 378 (3xlO6) 932.6 2 2b 

\--IJ\ 



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 is approximately twice that of smooth 

tubing. this is offset by the advantages resulting from the prevention of DNB 

at the design conditions. Rifled tubing allows optimization of the circulation 

system for minimum pumping costs. 

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 clouds, and 2) transient thermal 

stresses due to the rates of heating 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 fro,m the 

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

/ .. J !,. ... 

• 

• 



• 
Table 1.9 

RECEIVER TUBE PANEL MATERIAL SELECTIONS 

Nominal Midwa11 Tem.pera.ture 

Panel ASME Spec. No. Composition @ 700MPa (10,000 psi) 

Evaporator SA-213 T11 1Jz; Cr-~Mo-.75Si 516C (960F) 

1st Stage SA-213 T22 2Jz; Cr-1Mo 518C (965F) 
Superheater 

2nd Stage SA-213 TP-316H 16Cr-INi-2Mo 6I8C (1145F) 
Superheater 

• Preheater SA-I92 0.12C 4I0C (770F) 

Reheater SA-213 TP-3I6H I6Cr-INi-2Mo 618C (1145F') 

• 
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the peak temperature to a minimum, consistent with 593C (llOOF) outlet 

• steam temperature. The analysis pro·cedure involved an elastic analysis 

simulation of an inelastic problem. As such, the results are 

conservative, because relaxation of the 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 is a conservative approach, 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 temperature charge of 

o 0 .. 
222 C (400 F) per hour. The result of this analysis was also 30,000 

cycles. Higher rates would reduce 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-year 

• 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 life cycles. There are unknown aspects such as, the magnitude 

of strain range caused by various cloud intensities ·and their frequency of 

occurance. A specification of life cycle performance is needed in order to 

certify a design for meeting the life time requirement. 
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2. SystemsAnalysisartdSelection of Preferred System 

2.1 PrelimirtaryAnalysis 

This section describes the preliminary analysis and baseline assumptions 

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 recirculation 

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. 
o 0 

Both arrangements involved only low temperature 316 C (600 F) 

storage. Latter arrangements 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 

2 
unit with the North side maximum heat flux equal to 0.85 MW/m , 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 similar to 

that recommended, as a means to avoid the DNB problems in the 100MWe commercial 

plant. (3) 

;2. -I 
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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 high incident 

flux levels on the north side(3). 

The baseline assumption for fatigue life includes 50,000 full temperature 

range cycles, consisting of 10,000 diurnal 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 literature(3). 

This model probably predicts low convective losses. The accelerations used 

in the seismic loading of the receivers 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. In 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 Selection 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. In 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 below, 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 inuicated problems 

with the coupling and the heat transfer analysis resulted in a larger receiver 

(lower flux). 

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 receiverz 

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 receiver 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/960oF/non-reheat). The 

• 

• 

• 



• 

• 

• 

o 
original C-E proposal was for the 16.55 MPa/SllK/SllK (2400 psia/lOOO F/ 

o 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 3l50 C (600oF) Storage Sub-system, Figure 

2.1, and,2) a separate solar reheater mounted on the receiver tower, with a 

low temperature 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 receiver 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 2.1'1. 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. In 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 unit, 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 cycle in the storage mode would suffer no 

')..-7 



. 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 

.1 2 Solar reheater with high temperature and Fig. 2.2, 2.7, 2. ZA, 
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.l0A 
temperature storage unit dedicated to .' 

reheat. 

4 Supercritical receiver primary loop--100% Fig. 2.11, 2.llA 
power pass-through storage to sub-critica 
steam cycle w/reheat. • 

• 
2- g 



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 

(molten salt and liquid metals). It thus appeared that two possible 

arrangements employing high temperature storage could be utilized 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 S.M.=l.3, the receiver 

and heliostat field are approximately 30% larger than those required to supply 

only the turbine thermal power. The balance of the excess power generaLley is 

used tocbarge 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) cycle. 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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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. In 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 100% 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 modules. 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.=l.3 is not possible. A potential 



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 HTILT 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 arid 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 conditions, 

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.a 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.$. 

• 
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Table 2.~ - Comparison of Daily Efficiency - 8 hr Charging 

No.1(Fig.2.4) No.2 (Fig. 2.7) 

Arrangement Live Steam Solar Reheat 
Description Reheat/LT Storage HTILT Storage 

Solar Multiple 1.3 1.5 1.7 1.3 1.5 1.7 

1. Electrical Power 192.8 192.8 192.8 192.8 192.8 192.8 
Generated, MW 

2. Energy Collected by 4633 5362 6077 4647 5361 6076 
Receiver MW-hr 

3. Energy to Turbine, 3574 3574 3574 3574 3574 3574 
MW-hr 

4. Energy Stored, MW-hr 1058. { 1787 2502 1072 1787 2502 

5. Electrical Energy 1543 1543 1543 1543 1543 1543 
Generated (RealTime) 
MW-hr 

6. Real Time Efficiency, 43 43 43 43 43 43 
% 

7. Electrical Power 73 73 73 138 138 138 
Generated from 
Storage, MW 

8. Thermal Power 327 327 327 389 389 389 
Requried from 
Storage MW 

9. Hours of Operation 3.24 5.46 7.65 2.76 4:6 6.43 
from Storage 

10. Storage Operation 22 22 22 35.6 35.6 35.6 
Efficiency, % 

f-381 II. Electrical ENERGY 237 399 559 --- 634 887 
Generated from 
Storage, MW-hr -12. Overall Efficiency,% 38 36 34.6 41 40.6 39.9 

- - ~_ ...... 4. _ •• _ .... ___ .- '-- gn temp. storag 
+Corrected for supercritica1 pump power. 

.... •• _ .... -..,~ ..... .t:: ...... _ ..... -"(..... .... __ _ 
p .. -.: ... 

No.3(Fig.2.9) 

Hi Temp Reheat 
Pass-Thru (HT/LT) 

1.3 1.5 1.7 

192.8 192.8 

5367 6086 

3580 3580 

E1rlr€ ~ 
1543 15l1T 

~ 43 43 
~ 
.,-i 138 138 
r-l 
0. 

~ 
..... ~ ~ 0 z 

3.1* 4.27* 

35:0 ~:o 

428 589 

36.7 35.0 

• 
No.4(Fig.2.1l) 

Supercritica1 
Receiver - 100% 

Pass Thru 

1.3 1.5 1.7 

174.3+ 174.3+ 174.3+ 

4456 5142 5828 

3428 3428 3428 

1036 1713 2398 

13~4 1394 1394 , 

I 

I 
41 41 41 

192.8 192.8 192.8 

441 441 1447 

2.3 3.8 5.36 

43 
1

43 143 

443 733 1033 

41 41 41 
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TABLE 2.3 

Steam Flows Required from Receiver Kg/s (lb/hr) 

Turbine Nominal Power (MW ) SolarMu1t~le 

100 200 250 1.3 1.5 1.7 

10.1 MPa 811/811 
(I465 psia ) Delete for reasons of less efficient than 12.4 MPa (1800 psia.) 

1000/1000 F 

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 

12.5 MPa 811/811~ (873,600) (1,008,000) (1,142,400) 
(1815 psia ) 110.07 127.0 143.94 

1000/1000 F 

6.6 MPa 811/8111< (1,706,000) (1,968,000) (2,231,000) 
CZ415 psia ) 214.95 247.96 281.1 

1000/1000 F 

6.6 MPa 811/811K (2,070,000) (2,389,:000) (2,707,000) 
1-2415 psia ) 260.8 301.0 341.07 

( 1000/1000 F 

• • 
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Design 
No. 
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Turbine Cycle 
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Table ~J4 

Summary of Selected Receiver Parameters 

Steam Flow Rec. Power Reheat Option Boiler Option 
kg/s(lb/hr) MW(t) No. No. 

126 (lxl06) 320.8 2 2b 

252 (2xl06) 641. 7 2 2b 

252 (2xl06) 621. 7 2 2b 

378 (3x106) 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 

o 0 0 0 
temperature is 593 C (1100 F), based on 538 C (1000 F) superheat and reheat 

temperatures in the turbine steam cycle, and 55.6
0

C (lOO~F) 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 cyclindrica1 receiver. The program 

can evaluate preheat,' evaporator, superheater, and reheat tube panels. It 

can also evaluate 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 • 



Cycle No. 

1 

2 

3 

4 

TABLE 3.1 

CONCEPTUAL ADVANCED WATER/STEA}f CYCLES 

Receiver Outlet Temp. 593°C (llOOoF) 

Steam Flow Turbine Throttle 
Kg/hr (lb/hr) Pressure 

MPa (psia) 

.45xlO 
6 (lxl06) 12.4 (1800) 

.91xlO 6 (2xl06) 12.4 (1800) 

.9lxlO 6 (2xl06) 16.5 (2400) 

1.4xlO 6 (3xl06) 16.5 (2400) 

• 

• 

• 



• 

• 

• 

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 external central receiver. The final steam temperature of 

o 0 0 0 . 593 C (1100 F) was determined by adding 56 C (100 F) total terlll1.nal 

temperature difference to the required turbine throttle temperature of 

00.00 The 56 C (100 F) 1ncludes 28 C (50 F) on each side of the 

high temperature storage unit. 

Figures 3.1 through 3.4 show the baseline receiver heat and mass balances 

for the 4 advanced water/steam cycles outlined in Table 3.1. Steam generation 

is based on controlled recirculation water/steam circuitry. The feedwater 

input conditions to the preheater (or economizer) are dictated by the turbine 

cycle. The temperature at the exit of the preheater is set at 560 C (lOOoF) 

less than the drum saturation temperature. This gives about 28°C (50oF) 

subcooling at the circulation pump suction to satisfy NPSH requirements. The 

drum pressure is set at 3.10 MFa (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 

heliostat field, creating a north side maximum flux of .85 MW/m2 (270,000 BTU/hr-ft2) 

and a south side minimum of .28 MW/m2 (90,000 BTU/hr-ft2). The north to south 

side flux ratio is 3:1 



Figure 3.1 

RECEIVERHEAT AND MASS BALANCE 

CYCLE No.1 

1 x 106 W 
1100 T 
1950 P 
1539 h 

(453,590 W) 
(593.3 T) 
(13.45 P) 
(3579.7 h) 

423 x 106 BTU/HR 

(446 x 106 KJ/HR) 
S. H. STEAM FLOW • 1 x 106 LB/HR 

553T 
551 h 

1116 h 
2250 P 

(289.4 T) 
(1281.6 h) 

107 x 106 BTU/HR 

(113 x 106 KJ/HR) 
PREHEAT 

1 x 106W (453,590 W) 
2345 P ( 16.17 P) 
444h (1032.7 h) 

(2595.8 h) 
(15.5 P) 

TURBINE INLET 
PRESS. ·1800 PSIA 

T sat = 653 (345) 

x = .50 

CR=2 

EVAP. 

CIRC PUMP 

LEGEND 

W · LB/HR (Kg/HR) 

T · of (OC) 

P · PSIA (MPa) 

h · BTU/LB (KJ/Kg) 

3-4 

563 x 106 

BTU/HR 

(594 x 106 

KJ/HR) 

• 

• 

• 
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Figure 3.2 

RECEIVER HEAT AND MASS BALANCE 

CYCLE No.2 

2 x 106 W 
1100 T 
1950 P 
1539 h 
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553T 
551 h 
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(2595.8 hI 
( 15.5 P) 

STEAM FLOW ·2 x 106 LB/HA 

TURBINE INLET 
PRESS. ·1800 PSIA 

T sat = 653 (345) 

CIRC PUMP 

X= .50 

CA=2 

EVAP. 
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W • LB/HR (Kg/HRI 
T . OF (oC) 

P . PSIA (MPal 

h . BTU/LB (KJ/Kg) 

1126x 106 
BTU/HA 

(1188x106 

KJ/HR) 



Figure 3.3 

RECEIVER HEAT AND MASS BALANCE 

CYCLE No.3 

2x 106 W 
1100 T 
2650 P 
1519 h 

942 x 106 BTU/HR 

(994 x 106 KJ/HR) 

588T 
595 h 

1048 h 
2850 P 

(309 T) 
(1384 h) 

274 x 106 BTU/HR 

(289 x 106 KJ/HR) 
PREHEAT 

2 x 106 W 
2950 P 

458 h 

(907,180 W) 
(20.34 P) 
(1065.3 h) 

S. H. 

(907,180W) 
(593.3 T) 
(18.27 P) 
(3533.2 hI 

(2437.6 hI 
(19.65 PI 

STEAM FLOW - 2 x 106 LB/HR 

TURBINE INLET 
PRESS. - 2400 PSIA 

T sat = 688 (364.4) 

CIRC PUMP 

X=.50 

CR=2 

EVAP. 

LEGEND 

W - LB/HR (Kg/HR) 
T - OF (OC) 

P - PSIA (MPa) 

h - BTU/LB (KJ/Kg) 

906 x 106 

BTUtHR 

(956 x 106 

KJ/HRI 
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Figure 3.4 

RECEIVER HEAT AND MASS BALANCE 

CYCLE No.4 

3 x 106 W 
1100 T 
2650P 
1519 h 

(1,360,770 WI 
(593.3 TI 
( 18.27 PI 
(3533.2 hI 

1413 x 106 BTU/HR 

(1491 x 106 KJ/HRI 
S. H. STEAM FLOW ·3 x 106 LB/HR 

1048 h 
2850P 

(2437.6 hI 
(19.65 P) 

TURBINE INLET 
PRESS. ·2400 PSIA 

T sat = 688 (364.41 

588T 
595h 

(309 TI 
(1384 hI 

411 x 106 BTU/HR 

(434 x 106 KJ/HRI 
PREHEAT 

3x 106W 
2950P 

458 h 

CIRC PUMP 

(1,360,770 WI 
(20.34 PI 
( 1065.3 hI 

X= .50 

CR=2 

EVAP. 

LEGEND 

W . LB/HR (Kg/HR) 
T . OF (OCI 

P . PSIA (MPa) 

h . BTU/LB (KJ/Kg) 

1359 x 106 

BTU/HR 

(1434 x 106 

KJ/HRI 
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Several vertical flux profiles shown in Figure 3.6 were developed for 

parametric investigations. The baseline vertical flux profile, indicated 

as profile B, results from a 5-point aim strategy. 

corresponds to the radial flux values in Figure 3.5. 

The peak flux, I , 
max 

The radial integrated 

average of I in Figure 3.5 is .57 MW/m2 (190,000 BTU/hr-ft2). The max 

average of the vertical profiles in Figure 3.6 is .735 I ,giving an max 

overall receiver average incident flux of .42 MW/m2 (140,000 BTU/hr-ft2). 

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 he1iostat field limitations, profiles A and C may 

not be reproducible by the he1iostat field. 

3.2.1.3 Aspect Ratio--The baseline receiver aspect ratio (LID) 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 LID of about 1.5. 

Figure 3.7 shows pressure drop and mass velocity scaling parameters based 

on total steam flow for receivers with constant LID. 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 LID 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 
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receiver efficiency is assumed to be 90 percent for parametric design 

pur.poses. 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 coefficient 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 preheaterlocated on the south side of the 

receiver in the llowest i.flux 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 midwa11 temperature for a given tube material is the temperature 

corresponding to the allowable stress level of 70 MPa (10,000 psi). Tube 

material selections for the different tube panel actions are presented in 

Table 3.2. 



• 
Table 3.2 

RECEIVER TUBE PANEL MATERIAL SELECTIONS 

Nominal Midwall Temperature 
Panel ASME Spec. No. Composition @ 700MPa (10,000 psi) 

Evaporator SA-213 Tll 1\ Cr-!:2Mo-. 7 5S i 516C (960F) 

1st Stage SA-213 T22 2\ Cr-lMo 518C (965F) Superheater 

2nd Stage SA-213 TP-316H 16Cr-lNi-2Mo 618C (1l45F) Superheater • Preheater SA-192 0.12C 4l0C (770F) 

Reheater SA-213 TP-3l6H l6Cr-lNi-2Mo 6l8C (1l45F) 

• 



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 once-through 

type). Pressure drop therefore is critical for the selection of circulation 

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 avoid 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 this solar receiver application, this circulation ratio would be 

prohibitive from either the large pressure drop of small tubing, or the 

excessive metal temperatures of larger, thick walled tubing. 

For this application, rifled tubing is being considered for the high heat 

flux environment of the evaporator section. In some lower heat flux environments, 

rifled tubing has been shown capable of eliminating the DNB critical quality 

throughout the entire quality region to saturated steam. Data was not available, 

however, for the high heat flux of this application and a 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 and 

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 desired 

bulk quality at the panel out1et._ The influence of tube size is 

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.) aD tube size produced excessive 

3 2 metal temperatures at mass velocities below approximately 2.44 x 10 Kg/m -S 

6 2 (1.8x10 1b/hr-ft). All tube sizes are quoted on the aD 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 various 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. aD). Not much improvement 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.) aD. 

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.) aD to be an upper limit from the temperature aspect. 

The above runs 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 outlet 

quality with q/A as the parameter. In these runs, the STPP code wa~ run with 

the C-E correlation for DNB. All data points to the right of the dashed line 
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Figure 3.11 

• RECIRCULATION EVAPORATOR TUBE METAL TEMP. vs TUBE SIZE 
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represent runs that exhibited DNB at some quality point in the panel. The 

runs to the left of the dashed line showed no DNB. These 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 the need for rifled tubing, where it is anticipated 

that a quality of at least 50% will be obtained without DNB at the 0.85 WiJ/r<­

(270,000 BTU/hr-ft2) incident flux. 

Figure 3.13 shows the tube crown temperature for an evaporator panel with 

0.85 WiJ/r<- incident flux, assuming a rifled tube and 50% outlet quality. 

Table 3.3 lists panel thermal efficiency for various flux levels and circulation 

ratios. 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 assumed 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 plotted in Figures 3.14 and 

3.15 for the first and second stage superheaters, respectively. 

The second stage superheater tubes are TP-3l6 stainless steel. An 

absolute metal temperature limit of l200
0

F is superimposed on Figure 3.16. 

This selected limit is less than a l3000 F limit for 316 stainless based on 

corrosion and metalurgica1 considerations. The selected limit of l200
0

F is 

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 WiJ/m2 (160,000 BTU/hr-ft2). Even at the lowest flux level of 

5 -'21 
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Outlet 
Quality 

33% 

50% 

75% 

TABLE 3.3 

EVAPORATOR THERMAL EFFICIENCIES 

Incident} Flux, WW/m2 (BTU/hr-ft2 ) 

.85 .63 .47 
(269,500) (200,000) (150,000) 

.91 .93 .92 

.95 .92 .91 

.92 .92 .91 

.32 
(100,000) 

.90 

.90 

.89 

.24 
(75,000) 

.88 

.89 

.88 



Figure 3.14 

FIRST STAGE SUPERHEATER MAX. TUBE CROWN TEMP. vs HEAT FLUX 
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Figure 3.15 

SECOND STAGE SUPERHEATER MAX. TUBE CROWN TEMP. vs HEAT FLUX 
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Figure 3.16 

FIRST STAGE SUPERHEATER TEMPERATURE PROFILE 
(HIGH FLUX ZONE) 

NOTE: NOT FINAL DESIGN SEE SECTION 5. 
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.28 m/m2 (90,000 BTU/hr-ft2) on the south side of the receiver, tube crown 

temperature will reach nearly 626°C (1160oF) 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 important 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. In the middle of the tube length, the crown temperature 

rises more 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 I in the constant flux region. This observation 
max 

implies that if the transition to decreasing flux 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 temperature 

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 

o 0 of almost 28 C (50 F) compared to the baseline profile B. Profile A shows 

no reduction in crown temperature mainly because the maximum flux in this 

distribution is higher than in profiles Band C. An optimum vertical flux 

profile is concluded to be one which exhibits a flux distribution biased 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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SECOND STAGE SUPERHEATER TEMPERATURE PROFILE 
(HIGH FLUX ZONE) 

NOTE: NOT FINAL DESIGN. SEE SECTION 5. 
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Figure 3.18 
COMPARISON OF TEMPERATURE PROFILES IN SECOND STAGE SUPERHEATER 

(HIGH FLUX ZONE) 

NOTE: NOT FINAL DESIGN. SEE SECTION 5. 
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Figure 3.19 

FIRST STAGE SUPERHEATER MAXIMUM TUBE TEMPERATURE DIFFERENCE 
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Figure 3.20 

SECOND STAGE SUPERHEATER MAXIMUM TUBE TEMPERATURE DIFFERENCE 
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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 second 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 the finishing superheater 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. In order to minimize the pressure drop while using 

small tubes, the mass velocity must be minimized. This can be done by 

providing parallel flow staging in the superheater. 

• 
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TABLE 3.4 

SUPERHEATER·THEMERALEFFICIENCIES 

Incident Flux MW/m2 (BTU/hr-ft2) 

Tube Size .52 .44 .38 .28 
cm (inches) . Stage (165,000) (140,000) (l20,OOO) (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 .81 

• 
~-'l3 



Figure 3.21 
FIRST STAGE SUPERHEATER PRESSURE DROP 
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Figure 3.22 

SECOND STAGE SUPERHEATER PRESSURE DROP 
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Figure 3.23 presents what is considered an optimal superheater staging 

arrangement using small tubes (~1.9l cm. 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/parallel 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 to 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 10
6 

Kg/hr (3xl0
6 

lb/hr) receiver layout with the 

superheater located next to the evaporator, and with the superheater located 

on the south side, respectively. 

With the superheater located on the south side, the maximum incident flux 

2 2 on the second stage .is about.46 MW/m (145,000 BTU/hr-ft). Based on 

results in Figure 3.15, small tubes (~1.9l cm. or .75 in.) limit the maximum 

o 
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 

superheater panel of the 1.4 x 106 Kg/hr (3xl06 lb/hr) receiver with a tube 

size of 1.59 cm (.625 in.). 
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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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2 
The selected tube panel has an average incident flux of .55 MW/m 

(173,000 BTU/hr-ft2). On the northern most tube of the panel however, the 

lateral flux gradient increases the incident flux to .60 MW/m2 (190,000 

BTU/hr-ft2). The average steam outlet temperature in the tube panel is 

Results of the study indicate that without orificing individual tubes, 

the bul~ steam temperature on the northern tube would be approximately 

64l
o

C (1185
0

F). The southern most tube in the panel would subsequently 

o 0 
exhibit an outlet temperature of about 546 C (1015 F). 

An outlet steam temperature of 64l
o

C (118s
o

F) is unacceptable because 

the corresponding increase in tube crown temperature would ultimately 

result in premature tube failure. Therefore, individual tubes located in 

the second stage superheater must be orificed to maintain an outlet temperature 

of 11000F 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 s930C (llOOoF) outlet temperature. 

32.4 Reheater Study 

The analysis for the solar reheater parallels that for the superheater. 

The concept for the solar reheater involves a separate unit, located at 

some point 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 

losses are much less than in the superheater. 

• 
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Figure 3.26 

TYPICAL SUPERHEATER ORIFICING REQUIREMENTS 
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The proposed circuit arrangement 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
0

C (lOOOoF) 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. 

000 The reheater outlet temperature of 538 C (1000 F) is less than the 539 C 

o 
(1100 F) required 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 

o order to maintain maximum tube crown temperatures to less than 649 e 

• 

• 

(1200
0
F), the maximum peak flux should be approximately .20 MW/m2 (65,000 BTU/hr-ft2~ 
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4. Supercritical Receiver Parametric Study and Ccnceptual Design 

4.1 Inttcduc ticn' 

This section presents an analysis cf a supercritical sclar central 

receiver. This is Reheat/Stcrage Opticn No.. 4 frcm Table 1. 5. Daily "average" 

efficiency cf this cpticn was equal to. that cf Opticn No.. 2--Sclar Reheater, 

which was the final design selecticn. The purpcse cf this secticn is to. 

dccument the analysis cf the supercritical receiver and to. discuss scme cf 

the pctential prcblem areas which led to. the ultimate rejecticn cf this 

cpticn. The steam co.nditicns at the o.utlet cf the receiver are 593cC (llOOo.F) 

and 24.1 MPa (3500 psia). The receiver cutlet steam is passed thrcugh thermal 

stcrage and then recirculated to. the receiver thrcugh a clcsed lccp circuit. 

The baseline thermal stcrage system is assumed to. ccnsist cf a high tempera­

ture mo.lten salt which sto.res sensible heat. The turbine cycle cperates directly 

fro.m thermal sto.rage at all times. Energy can be supplied ccntinuo.usly during 

evening cperatio.n cr during perio.ds o.f intermittent clcud co.ver. An impcrtant 

advantage cf the supercritical cycle is its ability to. prcvide ccntinucus steam 

to. the turbine generatcr. 

A parametric study o.f the cycle laycut and receiver ccnfiguraticn is 

presented, and critical design areas identified. The critical design areas 

relate to. 1) high tube cro.wn temperatures cn no.rth facing panels, 2) heat 

exchange limitaticns in thermal sto.rage, and 3) pump limitatio.ns in the receiver 

circulaticn lccp. 

Two,ccnceptual cycle arrangements are presented. The receiver parametrics 

are based cn steam co.nditio.ns dictated by the cycles. Limitatio.ns impcsed by 

heat transfer to. and frcm thermal stcrage, and by circulatio.n pump requirements 

are also. detailed. Receiver design parametrics including flux distributicn, 

metal temperature, pressure drcp, aspect ratio., and tube size are explo.red with 

regard to. cptimum design. 



4.2 Combined Cycle Analysis 

4.2.1 
o 0 Overview--An outlet temperature of 593 C (1100 F) was chosen based on 

superheat and reheat temperatures in the turbine cycle. The molten s.a1t 

temperature is 5660 C (1050oF) allowing a 2~C(50oF) temperature differential 

on the 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 supercritica1 

region. The specified receiver outlet pressure is 24.1 MPa (3500 psi.a). 

The above restrictions provide the basis for the supercritica1 cycle 

analyses. Primary areas of concern in the cycle investigations are heat 

transfer limitations in the storage heat exchangers, and pumping requirements 

for the receiver circulation 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 (1050oF) is extracted from the top of the tank, 

and passed through a discharging heat exchanger, whereby heat is transferred 

into hhe turbine cycle steam. Relatively cooler molten salt is extracted from 

the bottom of the storage tank to be heated to 566°C (1050oF) 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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Figure 4.1 

SUPERCRITICAL RECEIVER CYCLE REQUIREMENTS 
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In the turbine cycle, feedwater is heated to superheated steam in the 

discharging exchanger. Much of the heat transfer occurs at 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 (1100 F). 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 593°C (llOOoF) 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 C (700 F). 

Figure 4.3 illustrates the temperature relationships for a single thermal 

storage tank operating between 360°c (680°F) and 566°C (1050
o
F). The 

turbine cycle is based on 538°C (lOOOoF) 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°C (50°F) 

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 C (20 F) between 

the salt and the supercritical steam. A lowering of the"steam outlet temperature to 

below 404°C (760°F) 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°C (760°F). 

• 

• 

• 
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As the steam temperature is lowered to less than 404 C (760 F), the 

• enthalpy drop per degree of steam temperature 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 change process in the region 

above the steam dome. It is desirable to lower the supercritical steam 

o 0 temperature to less than 404 C (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
0

C (6750 F) 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 BPa (2400 psia) to 12.4 HPa (1800 psia). There is a 

o 0 
pinch point to 14 C (25 F) between both the low temperahure salt and the 

main steam, and between the high temperature salt and supercritica1 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 supercritica1 steam outlet 

o 0 temperature to less than 357 C (675 F) would require lowering turbine 

throttle pressure to less than 12.4 HPa (1800 psia) . 

• 
4-1 
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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 rates. 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 

pump 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 

receiver 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 

o 0 
of 16.5 MFa (2400 psia) and 538 C (1000 F). 

4-10 
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The steam density leaving the charging exchanger is about 128 kg/m
3 

(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.4l 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 1,3llm (4300 ft) of head at a 

volumetric flow rate of 6.3 m3/s (lxl0
5 

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 specific requirements for this particular supercritical application. 

4.2.5 Conceptual Cycle B--The alternate cycle configuration shown in Figure 4.7 

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
0

C (675
0
F). 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 

3 3 591 kg/m (36.9 lb/ft ). The steam is pumped directly up the tower creating 

an elevation 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 

by nearly an order of magnitude to .63 m3/s (lxl04 GPM). The required pump 

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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TABLE 4.1 

Compai"isoIiof 
Circu1atioIiPtimpReqtiiremeIits 

For Cycles AaIid B 

Suction Press., MPa (psia) 
Suction Temp., °c (oF) 
Steam Density, kg/m3 (lb/ft316 
Mass Flow, kg/hr (lb/hr)x 10 
Volume Flow, m3/s (GPM x 10-3) 
Pump t>P, MPa (psi). 
Required Head,m (ft) 
Isentropic Pump Power, KW/Hp 

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) 

• 

• 

• 
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Tentative discussions with pump manufacturers indicate that a modified 

boiler feed pump could supply the required capacity and head 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 Supercritica1 Re-heat Option--An alternate configuration utilizing 

a supercritica1 re-heat exchanger was explored for minimizing the. elevation 

head loss in the tower. Figure 4. 8 shows this concept incorporated into 

the supercritica1 circulation loop. 

The:supercritica1 steam is effectively pumped in the liquid phase as 

shown previously. However. it is re-heated to a higher temperature before 

being re-circu1ated up the receiver tower. The required reheat energy is 

provided by 593
0

C (11000 F) 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 offset by 

the increased circulation flow rate and additional heat exchanger hardware. 

4.2.6 Alternate Configurations 

4.2.6.1 Multiple Salt Tank Storage--Additiona1 salt storage tanks over different 

temperature ranges could be employed to provide better heat exchanger characteristics 

and provide a further lowering of supercritica1 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. 

4- '-' 
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4.2.6.2 De-rated Turbine Throttle Temperature--The turbine throttle temperature 

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

exchangers. Figure 4.9 shows the combined effects of lowering turbine throttle 

temperature to 5l0
o

C (950
o
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 the 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 e~hibit 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 as 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 

at higher operating pressures. F1gure-4_.IOshows 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 ~Wa 

(1800 psia) turbine cycle and a derated turbine throttle temperature of 

5l0
o

C (950
o
F). The outlet supercritical steam temperature is 3570 C (6750 F). 

4-l0 
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The re-heat inlet temperature has been lowered from 332 C (630 F) to 

• 2600 C (SOOoF) 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 shown 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 Overview--The supercritical receiver parametric study is based on 

the inlet and outlet conditions of the receiver in Cycle A. Cycle A is considered 

• 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 receiver. 

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 fluX 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 bas'ed on analyses of the north facing 

panel. 
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4.3.2 Flux Distributions--Several combinations of radial flux distribution 

and trapezoidal flux profiles were investigated. Due to the uncertainty 

in heliostat filed limitations, these flux profiles may not be reproducible. 

The radial flux distributions investigated are shown in Figure 4.12. 

Distribution I is the base profile used in the subcritical parametric 

study (Section 3). Distribution 2 has the same integrated average flux. 

2 However, the maximum peak flux has been reduced from .85 to .72 MW/m 

2 (270,000 to 230,000 BTU/hr-ft ) 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/hr-ft2). 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 OD Maximum Tube Overall Pressure 
Run No. Distribution LID Ratio em (in) Crown Temp. °c (oF) Drop. MPa (osi) 

1 I-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) .242 (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) 

• 



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 temperature along the tube length. Crown 

temperature increases most rapidly in the increasing flux region of the 

vertical flux trapezoid. The crown temperature continues to rise in the 

constant flux region, and then falls off as the flux decreases towards the 

tube outlet. 

There is a strong relationship between the tube crown temperature 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 D.D. tubes show a greater slope due to larger tube 

wall thickness. 

Figure 4.14 can be used to approximate flux limitations in the supercritica1 

receiver. A maximum temperature line of 510°C (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 on the tube. The point of maximum 

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

flux profile. An additional l390 C (250°F) temperature rise occurs along 

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

o 0 
tube crown temperature of 649 C (1200 F). This temperature limit is 

somewhat arbitrary since it does not guarantee the fatigue life of the tube. 

":-,,6 
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Each curve corresponding to a different tube size intercepts the 

limiting temperature of 5100 C (950
o

F) at different incident 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 standpoint, Figure 4.15 can be used to match tube sizes 

with an allowable maximum incident flux. Smaller tubes can withstand 

higher incident flux. With the smallest recommended tube size of 1.91 cm. 

(.75 in.) OD tubes, the supercritica1 receiver would be limited to a 

2 2 
maximum peak flux of about .52 MW/m (165,000 BTU/hr-ft ). 

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

lowering the required circulation pump head. Figure 4.16 shows friction 

head loss vs. mass velocity for various tube sizes in the supercritica1 

receiver 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 function 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 ondthe 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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Figu re 4.17 
PRESSURE DROP vs LID RATIO (NORTH PANEL) 
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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 receiver, 

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: 

L 
D 

(4 •. 2) 

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

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 shown in Figure 4.15 constrains the supercritical receiver 

design to a maximum north panel flux of somewhere near .52 MW/m2 (165,000 

BTU/hr-ft
2
). On this basis the flux distributions I-A, l-B, l-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. o Profile C yields a maximum tube crown temperature about 75 

less than Profiles A and B • 

4-3.5'" 
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TABLE 4.3 

COMP ARISON OF 
MAXIMUM TUBE CROWN TEMPERATURES * 

Run No. Flux Distribution 

1 

2 

3 

* 

1-A 

1-B 

1-C 

LID = 1.5-2.0 
Tube OD = 3.81 em (1.50 in.) 
Panel ~p < .276 MPa (40 psi) 
Outlet Temp. = 593°C (11000 F) 

4 -37 

° ° TCROWN C ( F) 

895 (1643) 

884 (1623) 

844 (1552) 



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 624°C (1155 0 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 

o 0 maximum differential along the tube length is nearly 111 C (200 F). 

4.4 Conceptual Receiver Design 

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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Figure 4.20 
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Figure 4.21 

TUBE TEMPERATURE DIFFERENTIAL vs PANEL LENGTH 
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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. Figure 4.22 shows the trade-off between pressure drop and tube 

crown temperature as the L/D is varied. 

The conceptual supercritica1 receiver has a length and diameter equal 

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 

o 
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 supercritica1 receiv~r ranges 

near 84-85 percent. Relative to a sub-critical water/steam receiver of 

similar thermal output the supercritica1 receiver exhibits lower overall 

absorption efficiency for several reasons. The most important effect on 

absorption efficiency is the average flux level on the receiver. The 

receiver 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. 

4-42 
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TABLE 4.4 

Preliminary Design Characteristics 
of a Supercritical Receiver 

Nominal Plant Rating, MW 
Solar Multiple -6 
Supercritical Steam glowo kg/hr (lb/hr)xlO 
Outlet Temperature, C ( F) 
Outlet Pressure, MPa (psia) -6 
Heat Absorbed, KJ/hr (BTU/hr)xlO 
Flux Distribution· 2 2 
Maximum Incident Flux, MW/m (BTU/hr-ft) 
Overall Surface Area, m2 (ft2) 
Receiver Height, m (ft) 
Receiver Diameter, m (ft) 
Aspect Ratio 
Approx. Tower Height, m(ft) 
No. of Panels 
Overall Absorption Eff., % 
Tube OD, cm (in) 
Tube ID, cm (in) 
Number Tubes/Panel 
Panel Width, m (ft) 
Tube Material 
Nominal Pressure Drop, MPA (psi) 

o 0 Maximum Tube Crown Temp., C ( F) 

4-44 

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-3l6H (stainless) 
.689 (100) 
624 (1155) 

• 

• 
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Another important factor relating to overall absorption efficiency is 

• the once through nature of the receiver. Each once through parallel panel 

o 0 
in the receiver will see an 593 C (1100 F) 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 supercritica1 cycles were presented. Cycle A utilizes 

a single salt storage tank coupled to at 16.5 MPa (2400 psia) and 

o 0 538 C (1000 F) turbine cycle. The circulation pump requirements in 

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

Cycle B is a high and low temperature salt storage system coupled to 

an 12.4 MPa (1800 psia) and 53SoC (1000oF) turbine cycle. Discussions 

with pump manufacturers indicate that a standard design boiler feed 

pump could fill 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 supercritica1 receiver steam. 

c) Several alternatives were presented to explore options in the cycle layout. 

These alternatives included 1) supercritica1 re-heat after the circulation 

pump, 2) multiple salt tank storage, 3) derated turbine throttle temperature, 

4) eutectic salt storage, and 5) increased supercritica1 operating pressure • 

• 



d) 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. 

e) Results of computer analyses were used to generate incident flux and tube 

size limitations in the receiver design based on a maximum allowable tube 

crown temperature of 6480 C (1200oF). At a tube size of 1.91 cm. (.75 in.) OD 

2 2 
the maximum allowable peak flux is about .52 MW/m (165,000 BTU/hr-ft ). 

f) The minimum recommended tube size for the supercritical receiver is 1.91 cm 

(.75 in) OD based on limitations imposed by tube corrosion and fouling in 

a once through unit. 

g) 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. 

h) Flux distribution 3-C is the only combination of radial and trapezoidal 

o 
profiles which limits maximum tube crown temperature to less than 648 C 

i) A generalized receiver 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, etc. 

j) It is desirable to design the supercritical receiver at an aspect ratio (LID) 

of greater than unity to effectively increase the inside film coefficient 

thereby reducing tube crown temperatures. Increasing the LID however increases 

the pressure drop in the receiver and thus a higher LID can become limited by 

circulation pump head and capacity. The preliminary conceptual receiver design 

is for an LID equal to unity due to pressure drop limitations. 

• 

• 

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

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

5.1 Introduction 

5.1.1 Sys tem Requirement s 

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 single pass design. These 

requirements are identified below: 

1) 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 storage 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. 

2) 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 3D-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 . 

S-J 



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 internal 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. 

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

the collector field is required to assist the receiver in its function, 

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. 

• 
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4) Master Control Sub-System--This system integrates the operation of various 

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 rece;ivers 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 

significantly 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 

dur;ing other times, in order to gain the maximum benefit from the available 

;Lnsolation, the system must respond primarily to the input power (solar 

insol~tion) and not the electrical generation demand. The optimization of 

these control modes is beyond the scope of this project. 

In order to meet the receiver 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 Contro1--In the solar plant, insolation must 

be used when available and is not always available on demand, 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 output energy to that coming from the collector field. This 

system requires a steam control valve at the superheater outlet, which 

responds to a pressure signal from the drum. This valve defines the limit 

of the receiver sub-system. Beyond this valve, steam is delivered either 

to the turbine or the storage, or both, by proportioning valves. Although 

not a part of the control system, the required safety valves 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 Contro1--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. In 

addition to 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 cloud 

transients and when operating at lower pressures. Start-up conditions will 

be described later. As shown in Figure 5.1 the first stage superheater will 

require a metal temperature control to slew he1iostats 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 superheater 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, 

a'nd appears to be the component which would limit the start-up rate. An 

o 
initial guess of 400 F/hr. produced approximately 30,000 cycles which is 

adequate for normal diurnal cycles. o 0 
A 222 C (400 F/hr) average rate 

requires 3 hours to achieve full temperature. No problem 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 reheater • 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 a 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, economizer, and evaporator. The • east side will still be receiving heat. The receiver designs are split along 

a N to S axis, to allow some mixing to occur due to such a situation. The 

economizer and superheaters are divi.ded but join a single evaporator at the 

drum interface. A N to S 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 

m~.gnitude of the time consultants under certain assumed conditions. Results 

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

• 



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. o 0 The receiver outlet temperature of 593 C (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 evaporator, 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 ~~a (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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pressure. The receivers are symmetric about the north/south axis. 

Description of receiver designs herein will be for the symmetric half of 

the receiver 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 evaporator. 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 superheater 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 

o 0 
be orificed to provide 593 C (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 

side views of the 1. 45xl0
6 

Kg/hr (3xl06 lb/hr) receiver. Figure 5.9 shows 

the exploded panel arrangement for the same receiver. Physical configurations 

6 6 6 6 
for the .9lx10 Kg/hr (2xlO lb/hr) and .5 x 10 Kg/hr (lxlO lb/hr) receivers 

are similar to those in Figures 5.7 through 5.9. 

• 

• 

• 
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TABLE 5.1 

Overall Receiver Conceptual Design Data 

Cycle No. 1 2 3 4 

Steam Flow, kg/hr (lb/hr) x 10 -6 .45 (1.0) .91 (2.0) .91 (2.0) 1.4 (3.0) 

o 0 Final Steam Temp., C ( F) 593 (1100) 593 (1100) 593 (1100) 593 (1100) 

S.H. Outlet Pressure, MFa (psia) 13.4 (1950) 13.4 (1950) 17.6 (2550) 17.6 (2550) 
, 

o 0 F.W. Inlet Temp., C ( F) 239 (462) 239 (462) 246 (474) 246 (474) 
U\ , F.W. Inlet Press., MFa (psia) 16.2 (2345) 16.2 (2345) 20.3 (2950) 20.3 (2950) -~ Heat Absorbed, KJ/hr (BTU/hr) x 10 -6 1153 (1093) 2306 (2186) 2239 (2122) 3358 (3183) 

Flux Distribution 1-C 1-C 1-C 1-C 

2 2 Overall Surface Area, m/ft 846.3 (9110) 1696 (18,255) 1643 (17,690) 2465 (26,535) 

Receiver Height, m (ft) 20.1 (65.96) 28.5 (93.37 28.0 (19.91) 34.3 (112.56) 

Receiver Diameter, m (ft) 13.4 (43.97) 19.0 (62.24) 18.7 (61.27) 22.9 (75.04) 

Receiver Circumference, m (ft) 42.1 (138.1) 59.6 (195.5) 58.7 (192.5) 71.8 (235.7) 

Aspect Ratio 1.5 1.5 1.5 1.5 

Number of Panels 22 22 20 20 

Drum Diameter, m (ft) 18.3 (60) 18.3 (60) 20.1 (66) 20.1 (66) 

Drum Length, m (ft) 12.2 (40) 17.7 (58) 14.0 (46) 18.7 (61.5) 

Drum Pressure, MFa (psia) 15.5 (2250) 15.5 (2250) 19.7 (2850) 19.7 (2850) 



TABLE 5.2 

Evaporator Design Data 

Cycle No. 1 

-6 
Circulation Flow, kg/hr (lb/hr)x10 .91 (2.0) 

Circulation Ratio 2 1 

Exit Quality, % 50 

No. of Parallel Panels 

U1 Panel Width, m (ft) 

~ No. Tubes/Panel 

Tube OD, cm (in) 

8 

1.97 (6.46) 

62 

3.18 (1.25) 

Tube ID, cm (in) 2.49 (.98) 

Tube Material SA-2l3 TIl 

2 . 2. -6-: 
Ave. Mass Flux, kg/m s (lb/hr-ftxlO) 1130 (.837) 

-6 
Heat Absorbed, KJ/hr (lb/hr) x 10 594 (563) 

2 2 
Overall Surface Area, m (ft) 316.6 (3408) 

o 0 
Max. Tube Crown Temp., C ( F) 474 (886) 

• 

2 

1.8 (4.0) 

2 1 

50 

8 

2.79 (9.14) 

88 

3.18 (1.25) 

2.49 (.98) 

SA-213 T11 

1600 (1.18) 

1188 (1126) 

634.2 (6827) 

468 (875) 

• 

3 

1.8 (4.0) 

2 .: 1 

50 

6 

2.98 (9.77) 

94 

3.18 (1.25) 

2.34 (.92) 

SA-213 T11 

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) 

• 



• 

Cycle No. 

Flow Arrangement 

-6 Steam Flow, kg/hr (lb/hr) x 10 
o 0 Inlet Temp., C ( F) 

V\ 0 0 , Outlet Temp., C ( F) 

...J Inlet Press., MPa (psia) 

Outlet Press., MPa (psia) 
-6 

Heat Absorbed, KJ/hr (BTU/hr) x 10 
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, em (in.) 

Tube Material 
2 2 -6 Ave. Mass Flux., kg/m -s (BTU/hr-ft xlO ) 

o 0 Max. Tube Crown Temp., C ( F) 

• 
TABLE 5.3 

1st Stage Superheater Design Data 

1 

Parallel Panel 
Up flow 

.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 3 4 

Parallel Panel Parallel Panel Parallel Panel 
Up flow Up flow Up flow 

.91 (2.0) .91 (2.0) 1.4 (3.0) 

345 (653) 364 (688) 364 (688) 

371 (699) 379 (715) 379 (715) 

15.5 (2250) 19.7 (2850) 19.7 (2850) 

14.8 (2150) 19.0 (2750) 19.0 (2750) 

224 (212) 249 (236) 373 (354) 

153.7 (1654) 162.0 (1744) 243.0 (2616) 

2 2 2 

2.70 (8.86) 2.89 (9.49) 3.54 (11. 62) 

85 76 93 

3.18 (1. 25) 3.81 (1.50) 3.81 (1.50) 

2.41 (.95) 2.69 (1.06) 2.69 (1.06) 

SA-213-T22 SA-213-T22 SA-213-T22 

3240 (2.39) 2916 (2.15) 3570 (2.63) 

469 (877) 527 (980) 522 (971) 



\.r, 
\ 

C):', 

Cycle No. 

Flow Arrangement 

-6 Steam Flow, kg/hr (lb/hr) x 10 
o 0 

Inlet Temp., C ( F) 
o 0 Outlet Temp., C ( F) 

Inlet Press., MFa (psia) 

Outlet Press., MFa (psia) 
-6 Heat Absorbed, KJ/hr (BTU/hr) x 10 

2 2 
Overall Surface Area, m (ft) 

No. of Parallel Panels 

Panel Width, m (ft) 

No. Tube/Panel 

Tube OD, em (in) 

Tube ID, em (in) 

Tube Material 
2 2-6 Ave. Mass Flux, kg/m -s (lb/hr-ft x 10 ) 

o 0 Max. Tube Crown Temp., C ( F) 

• 

TABLE 5.4 

2nd Stage Superheater Design Data 

1 2 

Parallel Panel Parallel Panel 
Up flow Up flow 

.45 (1.0) .91 (2.0) 

371 (699) 371 (699) 

593 (1100) 593 (1100) 

14.8 (2150) 14.8 (2150) 

13.4 (1950) 13.4 (1950) 

334 (317) 669 (634) 

383.7 (4130) 768.3 (8270) 

10 10 

1.91 (6.26) 270 (8.86) 

150 189 

1.27 (.500) 1.43 (.563) 

.99 (.39) 1.12 (.44) 

TP-3l6H TP-3l6H 

1090 (.804) 1360 (1.00) 

619 (1146) 617 (1143) 

• 

3 4 

Parallel Panel Parallel Panel 
Up flow Upflow 

.91 (2.0) 1.4 (3.0) 

379 (715) 379 (715) 

593 (1100) 593 (1100) 

19.0 (2750) 19.0 (2750) 

17.6 (2550) 17.6 (2550) 

770 (730) 1155 (1095) 

810.1 (8720) 1215 (13,080) 

10 10 

2.89 (9.49) 3.54 (11.62) 

202 223 

1.43 (.563) 1.59 (.625) 

1.07 (.42) 1.17 (.46) 

TP-3l6H TP-3l6H 

1400 (1.03) 1590 (1.17) 

612 (1133) 614 (1138 

• 



• 

Cycle No. 

Flow Arrangement 

-6 F.W. Flow, kg/hr (lb/hr) x 10 
), 0 0 u\ Inlet Temp., C ( F) 

, 0 0 
:Q Outlet Temp., C ( F) 

Inlet Press., MPa (psia) 

Outlet Press., MFa (psia) 
-6 Heat Absorbed, KJ/hr (BTU/hr) x 10 

2 2 Overall Surface Area, m (ft) 

No. of Parallel Panels 

Panel Width, m (ft) 

No. Tube/Panel 

Tube OD, em (in) 

Tube ID, em (in) 

Tube Material 
2 2 Ave. Mass Flux, kg/m -s (BTU/hr-ft 

o 0 Max. Tube Crown Temp., C ( F) 

• 
TABLE 5.5 

Preheat Panel Design Data 

1 

Single Stage 
Up flow 

.45 (1.0) 

239 (462) 

289 (553) 

16.2 (2345) 

15.6 (2260) 

113 (107) 

69.6 (749) 

2 

1.73 (5.68) 

68 

2.54 (1.0) 

2.01 (.79) 

SA-l92 

x 10 -6) 2,930 (2.16) 

337 (638) 

• 

~ 2 3 4 

Single Stage Single Stage Single Stage 
Up flow Up flow Up flow 

.91 (2.0) .91 (2.0) 1.4 (3.0) 

239 (462) 246 (474) 246 (474) 

289 (553) 309 (588) 309 (588) 

16.2 (2345) 20.3 (2950) 20.3 (2950) 

15.6 (2260) 19.7 (2860) 19.7 (2860) 

226 (214) 289 (274) 434 (411) 

139.4 (1501) 170.8 (1838) 256.0 (2756) 

2 2 2 

2.45 (8.04) 3.05 (10.0) 3.73 (12.24) 

77 96 98 

3.18 (1.25) 3.18 (1.25) 3.81 (1.50) 

2.41 (.95) 2.26 (.89) 2.69 (1.06) 

SA-l92 SA-l92 SA-192 

3,580 (2.64) 3,270 (2.41) 3,390 (2.50) 

353 (668) 367 (692) 383 (721) 
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The primary objective in the four conceptual designs was to limit 

• tube crown temperatures in the superheater while limiting pressure drop. 

Table 5.6 presents a summary of maximum tube crown temperature 

in the final superheater designs. By utilizing small tubes and 

parallel flow panels in the second stage, maximum.tube crown temperatures 

o 0 are limited to less than 621 C (1150 F) in all superheater tube panels. 

Superheater pressure 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 design 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 and 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 function 

of ambient back radiation and convection losses. Back radiation 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 

2 0 2 0 17 W/m - C(3.0 BTU!hr-ft - F) was used for calculating convection losses. 

Table 5.7 presents thermal absorption efficiencies tabulated for the 

conceptual designs. Overall receiver absorption efficiencies are approximately 

• 
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• 
TABLE 5.6 

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

Max. Crown Temp. Temp. Differentia1* 
Receiver No. Panel No. °c (oF) °c (oF) 

1 7 619 (1146) 49 (88) 
8 614 (H37) 38 (73) 
9 610 (1130) 26 (59) 

10 609 (H28) 29 (52) 
11 607 (H24) 28 (51) 

2 7 617 (1143) 41 (74) 
8 613 (H35) 38 (68) 
9 609 (H28) 31 (56) 

10 606 (H22) 24 (43) 
H 605 (H21) 26 (47) 

3 6 612 (H33) 34 (61) 
7 607 (H24) 25 (45) • 8 603 (H18) 20 (36) 
9 600 (lH2) 13 (23) 

10 599 (lH1) 12 (22) 

4 6 614 (H38) 38 (69) 
7 606 (H23) 28 (51) 
8 604 (H2O) 21 (37) 
9 601 (H13) 14 (26) 

10 600 (H12) 14 (26) 

* Tube temp differential = TCROWN - T
FLU1D 

@ max. crown temp. 

• 
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TABLE 5.7 

TUBE PANEL EFFICIENCIES 

Receiver No. 

Panel No. 1 2 3 4 

1 r~ 
.932 { .925 .925 

2 .933 .932 . Evap. .925 .924 

3 Evap. .932 .931 .924 .924 

4 .931 .930 Preheat .942 .938 

5 Preheat :-rnr -:wi4 :9I4 :-9'n8 
6 .926 -:9I9 .883 .881 

7 .877 .876 S.H . .870 .868 

8 S.H. .862 • 862 .850 .850 

9 .842 .842 .825 .824 

10 .816 .818 .820 .818 

11 .814 .815 

• *Ave. Evap. .93 .93 .92 .92 

*Ave. Preheat .95 .94 .94 .94 

*Ave. S.H. .87 .87 .87 .87 

*Overa11 Receiver .92 .92 .92 .92 

*Averages are flux weighted. 

• 
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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. In 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 designs are presented in 

Appendix D. The pumps selected are standard wet motor boiler circulation 

pumps with a 1.15 service factor. 

6 6 
It is noted that pump specitifications for the .45xlO Kg/hr (lxlO 

lb/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/DowncomerDesign 

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-3l2 stainless due to the 593
0
C (llOOoF) 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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TABLE 5.8 

Circulation Pump Requirements at Full Load 

Receiver No. 1 2 3 4 

Receiver Steam Flow, Kg/hr (lb/hr) 
6 6 .45x10 (lx10) 

6 6 . 91x10 (2x10) 6 6 .91x10 (2x10) 6 6 
1. 4x10 (3x10) 

Turbine Throttle Pressure, MPa (psia) 12.4 (1800) 12.4 (1800) 16.5 (2400) 16.5 (2400) 

~ 
Pump Suction Pressure, }~a (psia) 19.86 (2880) 19.79 (2870) 15.65 (2270) 15.58 (2260) 

VJ Pump Suction Temperature, °c (oF) 343 (650) 343 (650) 321 (610) 321 (610) a 
Required Head, m (ft) 155 (508) 95.1 (312) 47.2 (155) 20.1 (66) 

Total Volumetric Flow, m3/hr (GPM) 4,379 (19,280) 2919 (12,850) 2716 (11,960) 1358 (5,980) 

Available NPSH, m (ft) 735 (2410) 725 (2380) 628 (2060) 622 (2040) 

• • • 
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TABLE 5.9 

Main Riser/Downcomer Design Specifications 

Receiver Steam Turbine Throttle 
Flow Pressure Outer Dia. Inner Dia. 

kg/hr (lb!hr) MFa (psia) cm (in) cm (in) ASME Spec. 

6 6 
.45x10 (lx10) 12.4 (1800) 32.4 (12-3/4) 25.7 (10.1) SA-106B 

6 6 (carbon) 
MAIN FEEDWATER . 91x10 (2x10) 12.4 (1800) 45.7 (18) 38.9 (15.3) " 

RISER 
6 6 (TI • 9lx10 (2x10) 16.5 (2400) 45.7(18) 37.3 (14.7) " 

irJ 6 6 16.5 (2400) 50.8 (20) 41.4 (16.3) " f...,) 1. 4x10 (3x10) 

MAIN STEAM 6 6 . 45x10 (lx10) 12.4 (1800) 45.7 (18) 38.4 (15.1) TP-316H 
DOWN COMER 6 6 (stainless) 

. 91x10 (2x10) 12.4 (1800) 61. 0 (24) 51.3 (20.2) " 
6 6 .91x10 (2x10) 16.5 (2400) 61.0 (24) 49.0 (19.3) " 
6 6 1.4x10 (3x10) 16.5 (2400) 66.0 (26) 53.1 (20.9) " 

• • • 
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TABLE 5.10 

Reheater Riser/Downcomer Design Speci~ications 

Nominal Plant Turbine Throttle 
Rating Pressure Outer Dia. Inner Dia. 

(MW) MPa (Esia) cm (in) cm (in) ASME Spec. 

100 12.4 (lS00) 50.S (20) 4S.4 (19.2) SA-106B 
(carbon) 

200 12.4 (lS00) 66.0 (26) 63.2 (24.9.) II 

REHEATER 
RISER 200 16.5 (2400) 61.0 (24) 57.7 (22.7) II 

V, 
I 

300 16.5 (2400) 71.1 (2S) 67.1 (26.4) II 

~ 

100 12.4 (lS00) 50.S (20) 4S.S (19.2) SA-335 P22 
(ferritic) 

200 12.4 (lS00) 71.1 (2S) 6S.1 (26.S) II 

REHEATER 
DOWN COMER 200 16.5 (2400) 66.0 (26) 62.2 (24.5) II 

300 16.5 (2400) S1. 3 (32) 76.7 (30.2) II 



approximately 183m (600 ft) and 335m (1100 ft). Reheater locations are also 

shown in Figure 5.24 based on the reheater 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 downcomer 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 selection 

of a ferritic steel for the steam downcomer is based on the 538
0

e (10000 F) 

reheat steam temperature. Pipe sections 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 Structurci1Support Design and Analysis 

5.2.6.1 Introduction--A design study was performed for the solar receiver • support structure. Support structures were designed based on receiver steam 

6 6 6 106 flows of .45 x 10 kg/hr (1.0 x 10 1b/hr), .77 x 10 kg/hr (1.7 x 1b/hr), 

6 6 
and 1. 4 x 10 kg/hr (3.0 x 10 1b/hr). The .77 x 10

6 
kg/hr (1.7 x 10

6 
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 (AISe) 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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Steam Flow 
kg/hr (lb/hr) 

6 
.45 x 10 6 
(1. 0 x 10 ) 

6 
.77 x 10 6 
(1. 7 x 10 ) 

6 
1.4 x 10 6 
(3.0 x 10 ) 

TABLE 5.11 

Overall Receiver Dimensions 

Receiver Height 
m (ft) 

19.8 (&5) 

38.7 (127) 

34.3 (112.6) 

Receiver Diameter 
m (ft) 

13.3 (43.5) 

17.1 (56) 

22.9 (75) 

Support Tower 
Height 

m (ft) 

185 (607) 

242 (794) 

321 (1052) 

• 

• 

• 
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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 

minimizes the amount of secondary steel bracing from the solar tube 

panels to the main support structure, 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.l5a). Intermediate levels have radial members connecting the outer octagon 

to a smaller inner octagon. (Figure 5.l5b). Eight main outside columns 

transmit the load to the base of. the structure; These ,are diagonally 

braced (Figure 5.l5c). 

The complexi.ty· of the s·tructure depends upon the number of levels needed 

to support the panels·. The horizontal buckstay spacing determines this. The 

distance between bucks·tays is a function of the panel flexibility, and panel 

tube size determi.nes thi.s flexi.bility. Table 5,12 shows the assumed receiver 

sizes and corresponding panel tube sizes. These selected tube sizes may not 

necessarily agree with the final design tube sizes. 

Flexibi.lity was determined by calculating an equivalent plate thickness 

based on moment of inertias. From 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. 



r-. 
A* 

C· .. 

B* 

*Reference FigureS 
5.14a 
5.l4b 
5.l4c 

Figure 5.15 Octagonal Support Structure 

, • A 

Top of 
Tube Panels 

B 

'--__ Bottom of 
Tube Panels 

Top of Main 
Support Tower. 
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• Figure 5.15a Top Support, Section A-A 



• 

• 

Figure 5.l5b Intermediate Support Level, Section B-B 

• 
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Top of Main 
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Figure S.lSc Columns and Diagonal Bracing, View C 



Steam Flow 
kg/hr (lb/hr) 

. 6 
• 45x10 6 
(1.0 x 10 ) 

6 
. 77x10 6 
(1. 7 x 10 ) 

6 
1.4x10 6 
(3.0 x 10 ) 

Figure 5.16 Level Spacing and Horizontal 
Buckstay Spacing 

13.1m (43 :5t) 

Horizontal 
Buckstay 
Spacing 
m (ft) 

2.51 (8.25) 

1.83 (6.00) 

3.49 (11.46) 

L"'"-4'! = .V 

....-,. _Top of 
Tube Panels 

~--------~upport Level Spacing 

Horizontal Buckstay 
Spacing 

Bottom of 
~ Tube Panels 

t-----74.37m (14.33 ft) 
- All Cases-

~TOP of.Main 
Support Support Tower 
Level 

Spacing 
m (ft) 

5.03 (16.5) 

3.66 (12.0) 

6.99 (22.92) 

• 

• 
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TABLE 5.12 

Panel Tube Sizes 

Tube Size, cm (in) 

Economizer Evaporator Superheater 
Steam Flow 

kg/hr (lb/hr) OD ID OD ID OD ID 

6 3.18 2.44 3.18 2.51 3.18 2.42 .45 x 10 6 
(1. 0 x 10 ) (1.25) (0.96) (1. 25) (0.99) (1. 25) (0.953) 

1.91 1.50 
(0.75) (0.59) 

6 1.27 .76 1.27 .76 1.27 .76 .77 x 10 6 • (1. 7 x 10 ) (0.50) (0.30) (0.50) (0.30) (0.50) (0.30) 

6 
1. 4 x 10 6 3.81 2.69 3.18 2.36 4.45 3.18 
(3.0 x 10 ) (1.50) (1.06) (1.25) (0.93) (1. 75) (1. 25) 

2.54 1.88 
(1.0) (0.74) 

• 



A height of l3.lm (43 ft.) was maintained from the bottom of the panels 

to the top of the main support tower to acconunodate 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 program~2) 

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 changed 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 for each design are 

shown i.n Tables 5.13, 5.14, and 5.15 • The two largest loadings were the 

drum 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. 

• 

• 

• 
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TABLE 5.13 

6 Component Weights 
.45xlO kg/hr (1.Oxl06 1b/hr)Steam Flow 

KN (kips) 

Drum, Water and Downcomers 1,370 (308.1) 

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) 

• 



• 
TABLE 5.14 

6 Component Weights 
.77xlO kg/hr (1.7xl06 lb/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) 

• 
s- 4(0 
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TABLE 5.15 

Component Weights 

1.4x106 kg/hr (3.0x106 1b/hr) 'Steam Flow 

KN (kips) 

Drum, Water and Downcomers 2,522 (567.1) 

Panels, Headers and Extensions 6,260 (1407.4) 

Horizontal and Vertical Buckstays, Bracing 568 (127.6) 

Circulation Pumps 273 (61. 3) 

467 (105.0) 

489 (110.0) • Piping and Valves 

Platforms 

Connections 374 (84.0) 

Crane 445 (100.0) 

Stairways 148 (33.2) 

• 
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210.9 1b/i 42.12 K 

184.4 1b/in 

S.!. Conversion: 

1b/in x 1.216 = N/m 

KIP x 4.448 = KN 

404.4 1b/in 

80.76 k 

80.76 k 80.76 k 

Drum 

308.1 kips 
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245 1b/in 

Figure 5.17 
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273 

273 1b/in 

S. I. Conversion: 

1b/in x 1.216 = N/m 
KIP x 4.448 = KN 

62.7 k 

273 1b/in 

62.7 k 

Drum 

432 kips 

62.7 k 

273 1b/in 

Figure 5.18 

Panel Weights and Applied 
Loading to Structure 

62.7 k 

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

273 1b/in 

N 



548.5 1b/in 

189.0 k 

178.8 k 178,8 k 

Drum 

443.4 1b/in 152.8 k 567.1 kips '. 152,8 k 

S.1. Conversion 

1b/in x 1.216 = N/M 
KIP x 4.448 = KN 

'. 

201.6 k 

584.9 1b/in 

Figure 5.19 
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Loading to Structure 
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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 wind North-South 

4. Dead weight plus ice plus wind East-West 

5. Dead weight plus ice plus wind South-North 

6. Dead weight plus ice plus wind West-East 

Dynamic earthquake loads were applied to the structure. The applied 

accelerations were determined from the following equations provided by Sandia 

Laboratories. For lateral acceleration: 

4.4 

where 

HT = height of support tower, ft 

WR = weight of receiver, kips 

For vertical acceleration: 

= 0.75 for x 
g 

= 0.25g 



Steam Flow 
kg/hr (lb/hr) 

6 
.45 x 10 6 
(1.0 x 10 ) 

6 
.77 x 10 6 
(1. 7 x 10 ) 

6 
1.4 x 10 6 
(3.0 x 10 ) 

TABLE 5.16 

Ice and Wind Loading Conditions 

421 (94.6) 

667 (150) 

Ice Load 
KN (kips) 

59.2 (13.3) 

116 (26.0) 

1,240 (278.7) 207 (46.5) 

*Wind load along outside of horizontal octagonal member. 

S'-5?, 

Wind Load* 
N/m (lb/in) 

76.2 (62.7) 

69.3 (57) 

133 (109.2 

• 

• 

• 
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666 
The .45 x 10 kg/hr (1.0 x 10 1b/hr) and the 1.40 x 10 kg/hr 

(3 x 10
6 

1b/hr) receiver base accelerations were based on the 'survival' 

ground acceleration, x , of .25g. Using the equation for lateral acceleration, . g 

the calculated accelerations based on final receiver weights are: 

.45 x 106 1b/hr (1.0 x 106 1b/hr) 

1.4 x 106 1b/hr (3.0 x 10
6 

1b/hr) 

xTT = .43g 

.46g 

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. 

The .77 x 10
6 

kg/hr (1.7 x 106 1b/hr) receiver was designed based on 

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 19 accelerations. 

A modal analysis using the Househo1der-Ortega-Wei1andt 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 conditions): 

5-53 
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TABLE 5.17 

Modal Frequencies (cycles/sec) 

6 6 6 .45 x 106 kg/hr .77 x 106 kg/hr 1.4 x 106 kg/hr 
Mode (1.0 x 10 1b/hr) (1.7 x 10 1b/hr) (3.0 x 10 1b/hr) 

1 .397 .506 .261 

2 1.23 1.61 .728 

3 2.03 2.74 1.08 

4 2.71 2.75 1.51 

5 3.31 2.76 1.91 

6 3.75 3.89 2.24 • 
7 3.78 5.19 2.28 

8 3.86 5.78 2.71 

9 5.94 6.31 3.44 

10 6.42 7.36 3.5 

• 
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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 

It. Dead weight plus 'negative pseudo-y' earthquake load 

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

5.2.6.4 Boundary Conditions 

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 

transmitted). The main drum support girders and the secondary drum support 

steel were also pin connected. The eight outside vertical columns were 

assumed to be fixed supports. 

5.2.6.5 Results 

The 12 static and dynamic loads were applied to the structures and 

the member sizes were selected. 

The sizes of every member is not presented. however for each 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 • 



. W16 x 58 
W16 x 88 
W24 x 145 

W16 x 58 
W16 x 88 
W24 x 145 

W16 x 58 
W16 x 88 
W27 x 160 

W36 x 160 
f--------r----...--..:J~. W36 x 300-'------r------~ 

W14 x 43 
W16 x 88 
W24 x 145 

W24 x 76 
W27 x 94 
W30 x 90 

. W12 x 40 
W16 x 88 
W21 x 127 

Order, kg/hr. (lb/hr): 
~~ i 

• 45x10~ (1. Oxio~)'J. 
.77x106 (1.7x106) 
1.9x10 (3.0x10 j 

W49 x 16 (Plate Girder) 

W12 x 40 
W16 x 88 
W21 x 127 

S.l. Conversion: 

W14 x 43 
W16 x 88 
W24 x 145 

W12 x 40 
W16 x 88 
W27 x 145 

in. x 2.54 = em. 
1b/in. x 1.216 = N/m 

Figure 5.22 Member Sizes Top 

5-5f' 

• 

• 

• 



• 

• 

• 

Order, kg/hr (lb/hr): 

6' 6 
• 45xl06 (1.Oxl06) 
.77xl06 (1.7xl06) 
1.4xlO (3.0xlO) 

W14 x 13 
W6 x.15 
W8 x 31 

Figure 5.23 
Typical Member Sizes 

Intermediate Support Level 

W6 x 15 
W8 x 24 
W6 x 20 

Inside Octagonal 

W8 x 10 
W8 x 35 

WlO x 21 

W8 x 24 
WlO x 33 
W12 x 65 

S.I; Conversion: 

in. x 2.54 = cm • 
lb/in. x 1.216 = N/m 



Order, kg/hr (lb/hr): 

6 6 
.45x106 (1.0x106) 
.77x106 (1.7x106) 
1.4x10 (3.0x10) 

~~ __ +-__ ----Diagona1 Bracing 

W8 x 28 

Figure 5.24 
Typical Member Sizes 

W8 x 3S 
W12 x 65 

Co1unms 

W14 x 53 
W24 x 100 
W24 x 160 

S.l. Conversion: 

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

• 

• 

• 
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Steam Flow 
kg/hr (lb/hr) 

6 
.45 x 10 6 
(1. 0 x 10 ) 

6 
.77 x 10 6 
(1. 7 x 10 ) 

6 
1.4 x 10 6 
0.0 x 10 ) 

TABLE 5.18 

Structural and Total Dead Weight 

Structure Weight Component Weight Total Weight 
KN (kips) KN (kips) KN (kips) 

623 4,982 5,604 
(140) (1,120) (1,260) 

1,401 6,227 7,628 
(315) (1,400) (1,715) 

2,980 11,324 14,304 
(670) (2,546) (3,216) 



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 5.25. 

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. 
2 A maximum incident flux of 65,000 BTU/hr-ft 

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 cycle requirements on 

a MWe basis. The reheater requirements are independent of the four 

receiver sizes which are on a Kg/hr (lb/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 boiler 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. 

• 

• 

• 
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Figure 5.25 

REHEATER STAGING 

(TO LP TURBINE) 

.. ~ 

..~ 

~ . 

SPRAY .. /' ... 
• • 

(FROM IP TURBINE) 

~ ~ 

. ~ 

I 

FINISHING HEADER 

REHEAT CO 
HEADER 

OUTLET 
HEADER 

REHEAT 
PANELS 

INLET 
HEADER 

NNECTION 



Nominal Plant Rating, MWe 

Turbine Throttle Press., MPa (psia) 

Flow Arrangement 

-3 Reheat Steam ~lowo kg/hr (lb/hr) x 10 
Inlet Temp., C ( F) o 0 Outlet Temp., C ( F) 
Inlet Press., ~fPa (psia) 
Outlet Press., MPa (psia) 
Total ~P Avail., MPa (psi) 

-6 
Heat Absorbed, KJ/hr (BTU/hr) x 10 2 

, Max. Incident Flux, MW/m2 (BTU/hr-ft ) 
I" 
c'\ No. of Parallel Panels -3 
,,!, Steam Flow/Panel, kg/hr (lb/hr) x 10 
~' Panel Length, m (ft) 

Panel Width, m (ft) 

Overall Width, m (ft) 
No. Tubes/Panel 
Tube OD, em (in) 
Tube ID, em (in) o 0 
Tube Cond., W/MZ K (BTU/hr-f~- F)_6 
~fuss Flux, kg/m -s (lb/hr-ft x 10 ) 

Panel Header OD, em (in) 
Panel Header ID, em (in) 
Header Length, m (ft) 

o 0 
Max. Tube Crown Temp., C ( F) 

• 

TABLE 5.19 

Solar Reheater Design Parameters 

100 

12.4 (1800) 

Single Stage 
Up flow 

263 (580) 
336 (636) 
538 (1000) 
2.83 (411) 
2.70 (392) 
.282 (41) 

120.3 (114.0) 
.20 (65,000) 

5 
52.6 (116) 
18.3 (60) 
3.11 (10.2) 

15.5 (51.0) 
163 

1.91 (.75) 
1.75 (.69) 
277 (160) 
352 (.26) 

35.6 (14) 
31.8 (12.5) 
3.11 (10.2) 
599 (1110) 

• 

200 

12.4 (1800) 

Single Stage 
Upflow 

617 (1360) 
331 (628) 
538 (1000) 
2.83 (411) 
2.70 (392) 
.282 (41) 

286.3 (271.3) 
.20 (65,000) 

11 
56.2 (124) 
18.3 (60) 
3.35 (11.0) 

37.0 (121.3) 
176 

1.91 (.75) 
1. 75 (.69) 
277 (160) 
352 (.26) 

35.6 (14) 
31.8 (12.5) 
3.35 (11.0) 
593 (1100) 

300 

16.5 (2400) 

Single Stage 
Upf10w 

513 (1130) 
333 (632) 
538 (1000) 
3.87 (562) 
3.68 (533) 
.386 (56) 

244.9 (232.1) 
.20 (65,000 

7 
73.0 (161) 
24.4 (80) 
3.38 (11.1) 

23.7 (77.9) 
178 

1.91 (.75) 
1. 75 (.69) 
277 (160) 
461 (.34) 

40.6 (16) 
36.3 (14.3) 
3.38 (11.1) 
579 (1075) 

400 

16.5 (2400) 

Single Stage 
Upf10w 

821 (1810) 
333 (631) 
538 (1000) 
3.86 (560 
3.66 (531) 
.386 (56) 

396.2 (375.5) 
.20 (75,000) 

11 
74.8 (165) 
24.4 (80) 
3.51 (11.5) 

38.4 (126.0) 
184 

1.91 (.75) 
1. 75 (.69) 
277 (160) 
461 (.34) 

40.6 (16) 
36.3 (14.3) 
3.51 (11.5) 
579 (1075) 

• 
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The reheater aspect ratio (H/W) affects pressure losses in the tube 

panels. The 12.4 MFa (1800 psia) and 16.5 MFa (2400 psia) turbine cycles 

limit reheater loop pressure drop to .284 MFa (41.2 psi) and .387 MFa (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 heat 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 

o 0 near 593 C (1100 F). Thermal absorption efficiency in the reheater designs 

is approximately 78 percent. 

5.2.8 Tube Panel Life Analysis--An elastic fatigue analysis was performed 

6 6 
on the second stage superheater panel No.6 in the 1.4 x 10 kg/hr (3.0xlO 

lb/hr) receiver. This tube panel is considered the most critical panel in 

o 
the receiver because it exhibits the highest tube crown temperature - 615 C 

The fatigue analysis is based on the following conditions: 

Tube OD, cm (in.) 

Tube ID, cm (in.) 

2 2 Maximum Heat Flux, MW/m (BTU/hr-ft) 

Internal Tube Pressure, MFa (psia) 

o 0 
Bulk Steam Temp., C ( F) 

2 0 2 0 
Inside Film Coefficient, KW/m - C(BTU/hr-ft - F) 

1.59 (.625) 

1.17 (.46) 

.242 (76,760) 

19.0 (2750) 

576 (1069) 

15.0 (2642) 

A complete cycle in this analysis is considered a single startup and 

shutdown sequence from cold conditions, 2l
o

C (70
o
F). This is not 

representative of actual receiver operating conditions. Most thermal 

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



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). 

-3 The I pseudo I plastic strain range was calculated to be 1. 8xlO , .producing an 

estimated fatigue life of 30,000 cycles. This is a first cycle strain range, 

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 

were estimated in detail for the .45xl0
6 

kg/hr (1 x 10
6 

lb/hr) and the 1.4 

6 6 6 
x 10 kg/hr (3xlO Ib/hr) receivers. The costs for the .9lxlO kg/hr 

(2xl0
6 

lb/hr) receivers are interpolated according to an average power law 

scaling factor developed from the detailed cost estimates of the other 

receivers and listed in Table 5.20J. There are actually two receivers for 

6 6 
.9lxlO kg/hr (2xlO lb/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 introduced 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 3l6H stainless steam 

downcomers. 

... 

... 
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Table 5.21 lists 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 84.7 kg/s (671,956 lb/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 lb/hr). If, 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 lb/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 . 



TABLE 5.20 

Advanced Water/Steam Receiver Costs* (thousands$) 

(Delivered and erected) 

Receiver Steam Flow Receiver Only Water Riser/Steam 

126 kg/s (1 x 10
6

) lb/hr 11,650 2,250 

252 " (2 x 10
6

) " 19,600) 5,100 ) 

378 " (3 x 10
6

) " 23,450 8,150 

+Scope of Equipment: 

1. Evaporator System 
2. Superheater 
3. Economizer (Preheater) 
4. Pressure Parts Support Steel 
5. Casing and Buckstays 
6. Setting, Insulation, Lagging 
7. Circulation Pumps, Valves and Drives 
8. Platforms and Stairways 
9. Complete Structural Steel 

10. Valves and Accessories 
11. Solar State Steam Temperature Controls 
12. Shop sub assembly 

* 1979 Dollars 

• 

Downcomer Total 

13,900 

23,380 

31,600 

• 

• 
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Panel 

TABLE 5 . .21 

Estimated Replacement Panel Costs+ 
(in thousands) 

Receiver Steam Flow 

126 kg/s (lxl06lb/hr) 378 kg/s (3xl06lb/hr) 

Preheater Panels wi Headers (SA-l92) 119 219 
" " wid " 93 187 

Evaporator Panel wi Headers (T-ll (rifled tubes) 132 380 
" w/o " " 114 348 

Superheater Panel wi Headers (T-22) 128 284 
" " w/o " 95 235 

Superheater Panel wi Headers (3l6H-SS) 303 838 
" " w/o " 266 586 

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

+ 1979 Dollars 



Turbine Power 
MWe/Press. 

100/12.4 (1800) 

200/12.4 (1800) 

200/16.5 (2400) 

300/16.5 (2400) 

TABLE 5 • .22 

Estimated Reheater Costs (thousartd$)+ 
(Delivered and Erected) 

Reheater Steam -6 
Flow kg/s (lb/hrx10 ) 

73.1 (.58) 

171.3 (1.36) 

142.4 (1.13) 

228.0 (1. 81) 

* Does not include reheat steam leads. 

+ 1979 Dollars 

Reheater 
Cost 

2.400 

5.200 

4.500 

7.000 

• 

• 

• 
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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
0

C (1100
o

F) to charge high temperature storage. Based on a 16.5 MPa 

(2400 psia) 538oC/538oC (1000oF/1000oF) reheat cycle, a 15% reduction in 

collector-field requirements would be expected, over that in the Barstow 

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 a KW basis is not possible without taking into account storage multiple . 

·66 If it is assumed that the .454 x 10 kg/hr (lx10 1b/hr) receiver could 

power a buffer only storage plant, approximately 157 MWe could be generated. 

The unit installed cost for the receiver, 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" supercritica1 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 supercritica1 receiver requirements are more like those for a 

superheater than an evaporator • 

,"-\ 



6.2 Potential Limitations 

There are two major areas of uncertainty inherent in the designs of 

these 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 absorption, 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 research 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 receivers 

should be explored. 

The other major design uncertainty of the high temperature receivers 

is meeting the anticipated 3D-year plant life time based on creep-fatigue 

interactions. Results of an e1astic-'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 diurne1 cycles were considered, 10,000 

would be sufficient for 30 years. The open ended question is how' to assess 

cloud effects. In the original 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. 

G-l" 
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• 
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The other unknown is how various clouds, their shading intensity, and 

frequency, will affect operation. For some, controls will be able to 

handle operation with minimum cycling of the receiver. How much damage 

these "smaller" clouds will do is presently unknown. It seems that a 

large number of operating sCl.enarios would have to be investigated to 

asses~ this effect. The solar industry heeds a detail specifica~ 

tion 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 insolation 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 (400
o
F/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 generation. It would appear that a mid­

afternoon re-start would be impractical, even during summer solstice. Hence, 

2 full cycles due to clouds would be a maximum to11erated 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. 

Of course, the above scenario is not 100% 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 is required • 

b-3 



6.3 Recommendatioris for Future Work 

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

6 
life of the receiver is to show 10 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 fatigue life study, it is 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 final 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 lO--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. 

• 

• 

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

optimized. 

Other Analyses: 

1. Part-load and Transient Analysis. 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. 

2. 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. 

3 . An investigation of the effect of receiver LID on the collector field 

requirements and on tower designs should help optimize the interface 

between these sub-systems. 

4. Institutional restraints should be investigated for specific sites, 

as their effects may be different from site-to-site • 
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7.'0 Rifled Tubing Test Program - Task 10 

7.1 Introduction and Sunnnary 

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/m2 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 nearly 100% 

saturated steam was obtained before experiencing a DNB temperature excursion. 

In other cases, evaporators may still be operated with lower circulation 

ratios (CR) than 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. One 

unique feature of the KDL test loop is the ability to apply heat to the test 

o 
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 conditions. 

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 

'7. ) 



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 eiement analysis. A discussion 

of the data reduction program is included in Appendix F. A complete 

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

Final DNB test data show DNB critical steam qualities to be over 80% for 

2 heat flux levels of up to 1.26 Mw/m (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+% steam quality over a broad range 

of mass flow. 

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

For recirculation (subcritical) boiler, a circulation ratio of 2:1 is desirable 

for control purposes. This circulation ratio yields a maximum quality of 50%. • 
At the high flux levels encountered in the solar 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 • 
7 " ,L 
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can be switched quickly from one to the other by means of blocking flanges. 

The test loop has approximately lMWe connected power capability, including 

power for preheat and the test sections. The steam pump, (Figure 7.1) 

which recirculates saturated steam from the drum to the test section inlet, 

provides the equivalent of 2MW additional connected 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 

total tube sections are 6.55ni (21.5 ft) long, consisting of 2.858cm. 

(1.125)in. O.D. rifled tubing as shown in Figure 7.2. Each individual 

section;lis approximately 1. 22m (4 feet) long, separately controlled for heat 

input. The heat is applied over 1800 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 highly packed boron nitride material. 

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 378cm (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 

pump located below the test section. Flow is measured by means of orifices 

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

• 

• 

• 
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low-range pressure drop. Flow through eachpreheater is controlled by 

individual control valves. Steam from the drum is routed 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 HTCTL 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 temperatures 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 others (drum water level, circulation and 

pump motor winding temperatures, etc.) are connected to the loop safety system 

which functions to protect the loop whould an unsafe situation occur. A complete 

instrumentation list follows (Table 7.1) showing the data scanner 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 



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 Output Conditioning 

Short pO 
PTO 01 Steam Orifice Pressure Transmitter 01 0-3000 psig 4-20 ma I/V 0.7-3.5 VDC 

TET 02 Steam Orifice Temp. RTD 02 0-1000
0

F 4-20 ma I/V 0.7-3.5 VDC 

FTO 03 Steam Orifice DP Hi 03 0-300 in H2O 4-20 ma I/V 0.7-3.5 VDC 

FTO 04 Steam Orifice DP Lo 04 0-30 in H2O 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. RTD 06 O-lOOOoF 4-20 ma I/V 0.7-3.5 VDC 

FTO 07 Water Orifice A DP Hi 07 0-3000 in H2O 4-20 ma I/V 0.7-3.5 VDC 
.....::; 

FTO 08 Water Orifice A DP Lo 08 0-30 in H2O 4-20 ma I/V 0.7-3.5 VDC 
'':'/"j, 

FTO 09 Water Orifice B DP Hi 09 0-300 in H2O 4-20 ma I/V 0.7-3.5 VDC 

FTO 10 Water Orifice B DP Lo 10 0-30 in H2O 4-20 ma I/V 0.7-3.5 VDC 

TET 11 Mix TEE Water Inlet Temp. RTD 11 O-lOOOoF 4-20 ma I/V 0.7-3.5 VDC 

LTO 12 Drum Water Level DP 12 0-50 in H2O 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 l7A & Test Sections A & B Inlet RTD 17 O-lOOOoF 4-20 ma I/V 0.7-3.5 VDC 
TET 17B 

• • • 



• 

Instrument 
Tag No. 

TET 18A & 
TET 18B 

CTO 19 

JTO 20 

JTO 21 

JTO 22 
~ JTO 23 -
-.Q JTO 24 

JTO 25 

JTO 26 

JTO 27 

JTO 28 

JTO 29 

JTO 30 

JTO 31 

JTO 32 

JTO 33 

JTO 34 

• 
TABLE 7.1 continued 

INSTRUMENT LIST 
Heat Transfer & Corrosion Test Loop 

Sandia & CC-Rifled Tubing Tests 
Projects 900255 

Description Scanner 
No. 

Test Sections A & B Outlet RTD 18 0-1000oF 

Circ. Water Conductivity Transmitter 19 0-10 Mhos 

SCR A-1 Power Preheat A 20 0-120 Kw 

SCR A-2 Power Preheat A 21 0-120 kw 

SCR B-1 Power Preheat B 22 0-120 kw 

SCR B-2 Power Preheat B 23 0-120 kw 

SCR B-3 Power Test Section B1 or ~ A1 24 0-120 kw 

SCR NM6 Power Test Section B-1 25 0-40 kw 

SCR C-1 Power Test Section B-2 or A-2 26 0-250 kw 

SCR C-2 Power Test Section B-3 or A-3 27 0-250 kw 

SCR C-3 Power Test Section B-4 or A-4 28 0-250 kw 

SCR NM-7 Power Test Section A-1 29 0-40 kw 

SCR NM-8 Power Test Section A-2 30 0-40 kw 

SCR NM-9 Power Test Section A-3 .. _31 0-60 kw 

SCR NM-10 Power Test Section A-4 32 0-60 kw 

SCR NM-5 Power Spare 33 0-40 kw 

SCR A-3 Power Test Section ~ A-1 34 0-120 kw 

Output 

4-20 IDa 

20-100 mv 

0-24 mv 

0-24 mv 

0-24 mv 

0-24 mv 

0-24 mv 

0-40 mv 

0-5v 

0-5v 

0-5v 

0-40 mv 

0-40 mv 

0-5 v 

0-5 v 

0-40 mv 

0-24 mv 

• 
Page 2 
Date: October 8, 1979 
Rev: 00 

Signal 
Conditioning 

I/V 0.7-3.5 VDC 



Instrument 
Tag No. 

TEO 40 

TEO 41 

TEO 42 
~ TEO 43 

-- TEO 44 
0 

TEO 45 

TEO 46 

TEO 47 

TEO 48 

TEO 49 

TEO 50 

• 

TABLE 7.1 continued 

INSTRUMENT LIST 
Heat Transfer & Corrosion Test Loop 

Sandia & CC-Rif1ed Tubing Tests 
Projects 900255 

Transducer 
Description Scanner 

No. Range 

Short 35 

Short 36 

Short 37 

Short 38 

Short 39 

Ambient Temp TC 40 

Steam Pump Winding TC 41 Type K 

Water Circ. Pump Winding TC 42 Type K 

Test Section 1 Heater TC 1 43 Type K 

Test Section 1 Heater TC 2 44 Type K 

Test Section 2 Heater TC 1 45 Type K 

Test Section 2 Heater TC 2 46 Type K 

Test Section 3 Heater TC 1 47 Type K 

Test Section 3 Heater TC 2 48 Type K 

Test Section 4 Heater TC 1 49 Type K 

Test Section 4 Heater TC 2 50 Type K 

Short 51 

Short 52 

• 

Output 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

Page 3 
Date: October 8, 1979 
Rev: 00 

Signal 
Conditioning 

• 



• • • 
TABLE 7.1 continued 

INSTRUMENT LIST Page 4 
Heat Transfer & Corrosion Test Loop Date: October 8, 1979 

Sandia & CC-Rif1ed 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 mv 

Short 59 

TEO 60 Test Section 2 Tube TC 1 60 Type K mv 
-..J TEO 61 Test Section 2 Tube TC 2 61 Type K - mv -- TEO 62 Test Section i 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 mv 

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 TC 4 68 Type K mv 

Short 69 

TEO 70 Test Section 4 Tube TC 1 70 Type K mv 



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 

TEO 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 

TEO 77 Tube TC Cross TC 4 77 Type'.,K mv 

-.l TEO 78 Tube TC Cross TC 5 78 Type K mv 

tv 
TEO 79 Tube TC Cross TC 6 79 Type K mv 

Short 80 

. TEO 81 Preheat A Discharge Fluid Temp. TC Type K mv 

TEO 82 Preheat B Discharge Fluid Temp. TC Type K mv 

TEO 83 Test Section Leg B Discharge Fluid Type K mv 
Temp. TC 

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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Instrument 
Tag No. 

TEO 88 

TEO 89 

TEO 90 

TEO 91 

TEO 92 

TEO 93 

TEO 94 

......) 
TEO 95 

- TEO 96 

"'" TEO 97 

TEO 98 

TEO 99 

TEO 100 

PIO 101 

PIO 102 

PIO 103 

PIO 104 

PIO 105 

• 
TABLE 7.1 continued 

INSTRUMENT LIST 
Heat Transfer & Corrosion Test Loop 

Sandia & CC-Rifled Tubing Tests 
Projects 900255 

Description Scanner 
No. Range 

Test Section B-4 Heater TC 3 Type K 

Test Section A-I Heater TC 3 Type K 

Test Section A-2 Heater TC 3 Type K 

Test Section A-3 Heater TC 3 Type K 

Test Section A-4 Heater TC 3 Type K 

Test Section B-1 Tube TC 5 Type K 

Test Section B-2 Tube TC 5 Type K 

Test Section B-3 Tube TC 5 Type K 

Test Section B-4 Tube TC 5 Type K 

Test Section A-I Tube TC 5 Type K 

Test Section A-2 Tube TC 5 Type K 

Test Section A-3 Tube TC 5 Type K 

Test Section A-4 Tube TC 5 Type K 

Drum Pressure Gauge 0-5000 psig 

Loop Hydrostatic Test Pressure Gauge 0-10,000 psig 

Instrument Air Pressure Gauge 0-200 psig 

Dynapump Discharge Pressure Gauge 0-100 psig 

Reboiler Pressure Gauge 0-60 psig 

Output 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

mv 

visual 

visual 

visual 

visual 

visual 

• 
Page 6 
Date: October 8, 1979 
Rev: 00 

Signal 
Conditioning 
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.... --

Instrument 
Tag No. 

PlO 106 

PIO 107 

PIO 108 

PIO 109 

• 

TABLE 7.1 continued 

INSTRUMENT LIST 
Heat Transfer & Corrosion Test Loop 

Sandia & CC-Rif1ed Tubing Tests 
Projects 900255 

Description 

Dyna Pump Inset Pressure Gauge 

MDC Water Pressure Gauge 

Water Circ. Pump DP Gauge 

Steam Pump DP Gauge 

Scanner 
No. 

• 

Transducers 

Range 

0-60 psig 

0-100 psig 

0-300 psid 

0-50 psid 

Output 

visual 

visual 

visual 

visual 

Page 7 
Date: Octotier 8, 1979 
Rev: 00 

Signal 
Conditioning 

• 
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• 

flow/instrumentation diagram, Figure 7.1 • 

7.3 Data Acquisition/Reduction 

7.3.1 Data Acguisition--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 channels 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 

console 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. 

After the 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 output printout showing instrument outputs, errors and results 

of flow and temperature calculations is printed out at the terminal for immediate 

reference. The entire process, from completion of the automatic data scan to 

completion of the output 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 

'7 j I!J-
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paper tape was also retained as a further backup. 

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

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 teslt. 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 reduce the data. 

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

Test section outlet pressure is given in psia. Total flow (A, B 

circulating flows and steam flow) is given in lb/hr. Rifled tube mass flow 

2 is given in lbm/hr/ft. 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 1800 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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Test Section Outlet Fluid Properties 

• With test section outlet pressure and temperature, fluid properties 

were obtained through 1967 ASME steam. table subroutines and functions. 

Listed properties are shown below: 

Subroutine 
Fluid ProEert;y or Function Unit 

Saturation Temperature TSL of 

Steam Specific Volume SRSORT Ft 3/lb 

Water Specific Volume SRSORT Ft 3/lb 

Steam Viscosity VISV lb/ft-hr 

Water Viscosity VISL lb/ft-hr 

Surface Tension TENS lb/ft 

Steam Thermal Conductivity CONDV BTU/hr-ft-F 

Water Thermal Conductivity CONDL BTU/hr-ft-F 

• Steam Saturated Enthalpy SATUR BTU/lb 

Water Saturated Enthalpy SATUR BTU/lb 

The constant file (TAPE88) used to reduce the data is also included. 

This date would ordinarily correspond with 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 

__ ot _t:lle testP-rogram, 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: 



Pressure 

Test Section Heat Flux 

Test Section Outlet Steam 
Quality 

Test Section Mass Flux 

2100 psig and 2850 psig 

100,000 to 400,000 BTU/hr/ft2 

o to 100+% 

0.2 to 1.9Kl06 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 sectiQn 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. 
2 

The 400,000 BTU/hr/ft 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 calibrations 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-(RTD) 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 •. 

7,'ZD 
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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 ca1ibrate~ 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 constants 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 conducted 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 determined 

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 



·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 

temperature 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 

and 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 tube 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 strip 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 temperature, 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 occur in the lower three test sections. 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 
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o 0 
elevation which first exhibits a 2.8 C (5 F) 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 (4
o

F) • 
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C-E KREISINGER DE~ELUPMENT LABORATORY 
PROJECT _900255 SANDIA SOLAR RECEIVER RIFLED TUHf ONH TlaT 

TEST * 149 TJME 1230 DArE 11/26/79 

TEST SECTION CONDI TIONS 
UUTLET PRESSlJRE 2821,5 
TOTAL ~LOw .36921+04 
RIFLED MASS FLOW .92"1E+06 

fCN ELI:. " n.fI'!P HEAr FLUX AT fC 
(Jill) (1000 HTI.l/Hf<-!' T 2) 

n 200. 811. 291.7 +/- 5.b 
72 188. 81b. 297.7 +1- 5.b 
71 176. 806. 2(17 .7 +1- 5.b 
70 1b4, 807. 2en.7 +1- 5.n 
68 1~8. HO', • ~SOt),8 +1- ').5 
b7 13b. 81 Q • 300.8 +1- 5.5 
66 124. 1:112. 300.8 +1- 5.5 
65 112. 82 8 , 301l.8 +1- 5.5 
b3 96. 791. 2'10,8 +1· 5.1 
b2 1:\41, 7/9. 190.8 +/- 501 
b1 72. 800. 2<)0.8 +1 .. 5.1 
bO bOo 7P.9. 2QO.8 +1- '5.1 
5~ 44. SH. 292.R +1" 5,1 
')7 32. 7<U,. ?9t?11 +1- 5.1 
50 20. 829, 292.1\ +1- S.1 
55 ~, H32. 29~.1\ +1- 5.1 

PRESSUk£ DROPS 
IJICA T ION INLET (JUAL ITY 

(PCT ) 
TOTAL TEST SECTIUN 
UPPER TEST SECTIUN 

H.t +1" 3.9 
'j6.4 +1- 3,9 

NIH TEMP~RAIURf PRUFILt 
806.b 732.1 822,6 

TEST SECT HN OUTU T FLlJ I!) 
SAT TEMPE~A TURE:: 
S n. A") SPEC VOL 
Iroj A HI< SPEC VOL 
STE.AM VISCUSITV 
WATER VISCOSITY 
SURfACE HNSIUfII 
STE:lI.M T'1ER~1 CONDUCTIVITY 
wllTf:R THE~I\" CUfo/Due TI V IT v 
BTlAM SAT ENTHALPY 
WATER SAT EIHHALPY 

CONST FILE DATE 12/1q/'9 M 

PIU1P~!HI[S 

bHb.l 
.to115 
,0315'1 
.01:>400 
.1391;2 

.000101 
.1020 
.22Q9 

to")2.61 
773 .h7 

+/.., 2.0 
+1- •. BEtOl 
+1- ,82E+04 

QUAL T TV liT TC 
(peT) 

19.1 +/ .. 3.Y 
7'l.9 +1- 3.9 
72.7 +1- 3,9 
1:>9,4 +1- 3.9 
67.3 +1- 3.9 
64.0 +1" 3.9 
1'10. '1 +1- 3.9 
57.5 +1· 3.9 
55.3 +1- 3.9 
52.2 +1- 3.9 
49.0 +1- 3. 9 

45.8 +1- 3.9 
tl3.7 +1" 3.9 
ao.*, +1- 3.9 
3'1. a t/· 3.9 
3 ii.2 +1'" :i. q . 

OIJTLET (WAL.lTY 
(peT) 

80.2 +1.. 3.9 
80.2 +1- 3.9 

+1- • 1 
+1- ,00018 
+1- .00002 
+1- .00004 
+/- .00011 
+1- .000001 
+1- .0001 
+1- .0001 
tI- t .H 
+1- .28 

KDL PRUJ LEAO£R • • • • • • OAT£:: • • 1 , I •• 

PSlA 
L~/t-tR 

LB/f~R .. FT2 

F 

DNa 

PHfSSUllE [)"'Of' 
(fiSH) 

0.00 +1- .ui 
0.00 +1- ,08 

FO/LH 
F T3/LB 
L8/FT-HR 
Lt</FT .. HR 
LI:\/FT 
Ii TU/HR .. n .. F 
f;lTU/HR_n_F 
tHLJ/LfJ 
IHU/Li1 

80/01lt';). 
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C.E K~ErSlNGER DEvELOPMENT LAbORATORY 
PROJ~CT *9002~5 SANDIA SOLAR RECEIVER RIFLED TIJBE DNH TfST 
TE~T. 1~9A rIME 1255 DATE 11/26/79 

TEST SECTION CUNnI TlIJI~S 
OIiTLET PRESSURE". 283b.2 +1- 1.7 
TOTAL fLOw .3121E+0~ +1- I LlIH- +02 
RIFLED MASS FLU'; .71:1~"'E+Ob +1- .1 if.+OS 

TC# ELtv r["tP HEAT FLIJX AT re QUALITY Ar Te 
( IfJ ) (10110 b T"/flH-F 12) (peT) 

'73 200. il57. 
·72 11:18. 1j~)Q. 

71 lU •• 1i~7. 
-70 l&LI. dl3. 
b8 1~8. 1:\07. 

'07 Ubi 820. 
1)6 124. IiH. 
b5 112. ",29. 
'h~ 'lb. 742. 

h? 1;4. ",fill. 
bl 12, IH) 1 , 
bO t,O, 790. 
5H " q , 1<1(1. 
57 :~t' • 197. 
5b 20, d~(). 

5~ II, IlB. 

Pk'ESSUloCt PfoI()PS 
LOCATION 

TOUL TfST SECTION 
UPPER T[ST SErTlu~ 

29&.7 t/- 5.1 95.1 +1- b.S 
296.7 +1- 5.1 91.2 +1- b.S 
29/).7 +1- ".1 IH •. ~ +1- 6.5 
2'11).7 +1- ~ .1 83." +1- b.5 
300,0 +1- 5.1 80.9 +1- ~.5 
300.11 +1- ".1 71:..9 +1- b.S 
300.0 +1- e; • 1 73,0 +1- b.S 
300.0 +1- 5.1 69.1 +1- b.S 
290.<; +/- 5.0 66.6 +1- b.5 
290.') +1- ".0 62.8 +1· b,'5 
2 9 0.5 +1- 5.0 59.0 +1- b.C, 
2 9 0.5 +/- 5. 1) 55.2 tl_ b.S 
.:!93.b tI- S. t 'J(!.b +1- b., 
293,6 +1- 5.1 4~.fI +1- b.5 
293.6 +1- 'J.l 45.0 +1- 6.5 
2q3.6 +1- 5.1 IJ 1 .2 tl- h.5 

INLET WUALJT~ OUTLET WUALITY 
(PCT) (peT) 

39.9 +1- 6.11 
b7.8 +1- b." 

96,4 +1.. o.S 
qb.1I +1.. 6.5 

PSIA 
Ll;i/HR 
LH/Hk_f-T 2 

I)rvb 

l)'IIh 

I),'lb 

IJM& 
f)lr5 

PRf.SSIH'E UIWP 
(PSlf) 

0,00 +1-
0.00 +1-

RId TENP~R4'UHE PRUFILE 
807.4 732.9 873.4 IllO.! HOO.!l 

TEST S~Clr0N UllTLfT ~LUII) 

sAT rU.PERIITIJkF. 
STt::AM SPtC \lOl. 
wATEk SPEC vOL 
SHAM VISCOSITY 
wATfk VISe(1sITY 
SUHf- ACE THiS J[JI, 

SH_AM Tlit-.Ri'l CtI"JourT I VI TV 
wArEK HH:'R"" cONouCnVIlY 
STEA~ SAT E~T~ALPY 

WA'~R SAr ENTHALPY 

CONST FILE UATE ll/1ul79 M 

KOL PROJ L~AD~R • • • • 

prWPERTJES 
b8t>.9 

.099F!5 

.03177 

.ob ln1 

.13905 
.OOOOQ6 

.10?9 

.2292 
10e;0.34 
175,75 

+1-
+1 .. 
+1-
+1 .. 
+1" 
+1-
+1-
tl_ 
+1-
+1 .. 

• 1 
.o/JOtS 
.00002 
.00001.1 
.00009 
.000001 
.0001 
.ooot 
.2e. 
.24 

• I,ATE • • 1 • I •• 

F-
FT3/LH 
FT3/L8 
LIi/FT-HJ.f 
LH/FT-HI-< 
L!;/FT 
fHU/HR"fT -f 
tnU/HH-f'l .. F 
tHU/l'" 
iHU/LH 

80/01/15 • 



C.E KRElSINGER DEVELOPMENT LABORATURV 
PROJECT #900255 SA~DIA SOLAR ~ECEIVER RIFLEU TUBE ONR TEST 

TEST # la9ri TIME 1310 DATE 11/2&/79 

TEST SE:CTION CONDIT IONS 
OUTLET PRES,'iURE 2835,5 
lOU L FL()n • 3705E+O/4 
RlfLf.u MASS FLO~ .93151:+06 

ft# E:LEV TEMP HEAT fLUX AT TC 
(IN) (1000 flTU/HR-FTZ) 

H 200. IH2. 
72 188. 817. 
71 176. 1:108. 
70 161.1. 1:108. 
68 tLltl, 801. 
bf l.H, , 820. 
61> 121.1. 813. 
65 112. 1:12 9 • 
63 9&. 791. 
62 81.1. 7130. 
61 72. 801. 
nO bOt 790. 
58 £14. ill". 
51 32. 797, 
56 20. 830. 
55 8, ~:B. 

PRESSURE DROPS 
LOCATION 

TOTAL TEST SECTION 
UPPEN TEST SECTION 

296.7 +1- S.l 
296.7 +1- 5. t 
,?96.7 +1- 5.1 
29!,.7 +1- 5.1 
300.0 +1- S .1 
.500.0 +1- 5.1 
30U.O +1- 5.1 
.300.0 +1" 5.1 
290.3 +1- 5.0 
21# 0.3 +1- 5.0 
2QO.3 +1- 5.0 
290.3 +1- 5.0 
292.8 +1- 5.1 
?92.fJ. +1- '5,1 
2q2.~ +1- S,l 
292.R +1- I) ,1 

INLET (JUAUTV 
(peT> 

33.0 +1- 4,8 
56.5 +1- (j,M 

RIB TEMPERATURE PROFILE 
807.t 7.\2.8 823.2 

TEST SECTION lHJlL ET FLUI!) PNI1PElH I E S 
SAT TEMPERATURE bbb,R 
STEAM SPEC IIDL .09991 
wATER SPEC vOL .03177 
SHAM VISCUSITY ,06430 
WATlH VIS~UStTY .13908 
SURf-ACI:. H:NSrUN ,000097 
STEM1 THER"" COIljOUCTIVITY .1029 
WAfE" THE.NI"I CONDUC Tl V IT V .2293 
ST£AM SAT ENTHALPY 1050. IJ5 
WATER SAT t.IH HALPY 17S. "., 

+1 .. 1.3 
+1- ,I.!OE+02 
+1- .10E+OS 

(~UAL tTy AT TC 
(PCT) 

79.1.1 +1" £1.9 
76.1 +/- 4.1# 
72,9 +/- 1.1.9 
a'l./} +1- LI.9 
&7.1.1 +1- 1.1.8 
1:14.2 +1- 1.1.8 
60.9 +1- I~. 8 
57.6 +1- a.8 
55.1.1 +1- 1.1.8 
52.2 +1- a.8 
49.0 +1- 4. 8 
1~5. 8 +1" 4.t\ 
<13.7 +1" LI.8 
ao.s +1'" a,l3 
H.3 +1- 4,8 
31' • 1 +1- 4.8 

OUTLU QUALITY 
(PeT ) 

80,5 +1- 4.9 
80,5 +1- £1,9 

+1- .1 
+1- .000tl 
+1- .OOQO~ 

+1- .OOOO~ 
+1- .00007 
+1- ,000000 
+1- .0001 
+1. .0001 
t/- .20 
tI- t 18 

PSIA 
L!1/tiR 
L6/HR-FT2 

F 

DNB 

PRESSl.J~E DROP 
(PSII» 

0.00 +1- ,02 
0,00 +1.. .06 

F13/L1i 
FB/LB 
L~/FT-Hf.( 
LB/FT .. HR 
LI1/FT 
bTlIn1R-FT-F 
IHlJ/HR-FT-F 
!HU/LH 
.HU/L!; 

CONST FILE OATE 12/14/79 M OATA REDUCED 10.34.02. 80/01/15, 

KOL PNUJ LEADER • , , , , • OATf • • 1 • I •• 
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C-f K~FIS[NG~~ D~v~LOPMENT LAHURATORY 
PHOJECI #qoul55 SANDIA SOLAR RECEIVER MIFLEU TUHE ONH TEST 
TEST. 151 11MI' 1320 DATE 11/2b/79 

TEST SEC TI ON C ll~JIJ I Tl (lNS 
UU1LI:T PRESSURE i!'81.13,~ 

TOTAL FUI~I .7tQQE+OLl 
IOFL~1) MASS n.[1.; .1197Et01 

TCIi tLtV TFMI-' liLA T Fl 1.1)( AT Ir. 
(I N) (1I}OO I-ITU/Hh'-F12) 

73 20U. 8tO. 2 1n .1 +1- 5,1 
72 H\~. 811, 2 en .1 +1- 501 
71 1110., i:\06. 297.1 +1- 'j • 1 
10 16u. 8(lB. 2(17 ,I +/- ., , 1 
oM 1410). ;307. 2(H~.b +/- '.l, 1 
&7 1 ~6. 820, 29"'.6 +1- 5.1 
&6 121.1. 813. <'914,6 +1- 5, I 
b5 112. 82'i, 2'HI.n +/ .. ":i, I 
63 'lb. 7<:12. 290.'1 +/- 5,0 
&2 81.1, '781. ?:'IO.9 +1- 5,0 
61 12, 8C11, 290. 'J +1- 5,0 
611 bU. 190. 290,9 +/- 5.U 
'HI 41.1. 1:I!i, • 296."- +/- 5.1 
57 .P, 7'1'1, 2'16." +1- 5,t 
50 2V. 1:\32. 2<16,H +1- ~. I 
5&; R, ~'dh • ?<lI).i'> +1- 5.1 

P~tSSURI.:" Of./UPS 
L(JCAffUN li"~LE, T iJilALI TY 

(pen 
fllTAl n:s r l3E.C r lfHl 
UPPEk fEST SI;C' lot. 

21,6 +/- 5. 0 
3".0 t/- S.o 

IHti TEf'lPf:RATUloir f'I<OFlLt 
807.3 135.1 823.3 

TE S T $t:-.cT IUi~ DUlL!:T FlIIIll 

SAT InlPt_I"l/1 TUHf 
STE,AM SPi::C \till 
... AHti SPfC. vUL 
STEAn" IIISCLISITY 
;oIAH.1{ VISCOSITY 
St)kI'ACE TI:"'SION 
S TF:. A,,, T ~lt R"" CONIJUCTtVl TV 
wAfER TriER-l c: mll)lJC T I v J TV 
SHAM SAT ENTHIILPY 
1'Ib lER SAT tNTHALPY 

COIIJSl ~ rtf !lAH 12/14179 ,.. 

8211,1 

PI{I)lJI'IH I ES 
hB7 •. ~ 

.09<119 

.0311\7 

.Ob41l8 
,131-165 

.01)00911 
,tU311 
.221\9 

IOI.lQ.lb 
170.82 

+1 .. 2,4 
+1- .82E+U2 
+/- .2tt.+O':! 

lWAlI TY AT TC 
(PCT) 

45.9 +1- S.n 
IHI.2 +1- 5,0 
1.12,5 +1- 5.\) 
"0.1"\ +1" .,.il 
'9, ., +1- 5.0 
.~8, 0 +/ .. 5.0 
36.3 +/- 5,0 
34," +1- <;,0 
:B,4 +1- 5.u 
.H ,1 +1- ~.I) 
:SO,l +/- 5.0 
21\,'1 +/- S,(l 
27,3 +1- 5.() 
?S,b +1· ".0 
23.9 +1- <;.0 
22.2 +/- 1).0 

IJ\JTl.H lJUALllY 
(PCT) 

116,5 +1- S,I) 
46.5 +/. S,lI 

PSlA 
LH/HR 
lli/HI<-FT2 

LJ"JH 

~j:<ESSII.H VI-HlP 
(PSW) 

11.2Q +/- .01 
6,51.1 +1- .06 

(\00.1 

+1- ,1 f 
+1- ,OOO?1 F B/l t1 

+/- ,nooo .~ FTVLk 
+1- .0000" lH/FT-IiR 
+/- ,ooon LH/FT-HR 
+/- ,0000111 lfj/l'T 
+1- ,0002 bTlI/HR-H-f 
+1- .0001 fHII/HR-FT-F 
+1- , .~f\ tlTiJ/UI 
+/. .35 I;lrll/LR 

80/111/15 • 

KOL PRUJ LEAlltR • • • • O~lE • ,I • I, • 
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C.E KREISINGER OEV~LOPMENT LABORATORY 
PROJECT #900255 SANDIA SOLAR RECEIVER RJFLtD TLI8E ONS TEST 

TEST # 151A TIME 1350 DATE 11/26/79 

TEST SECTION CONI) IT WillS 
OIJTLU PRESSURE 2835.1 +/~ 1.9 
TOTAL FLOW .3822£+04 +1- .37E+02 
RIFLED MASS ".LOW ,<l607E+06 +1- .9L1E+04 

TCtI ELEV TEMP HEAT FLUX AT TC t~UAU TV AT TC 
(IN) (1000 BTU/HR ... F!,» (PCT) 

n 200. 837, 290,8 +1'" 5.1 tl4,4 +1- 4.5 
72 PIA, H39, 29b,~ +1- S • I 1:\ 1.2 +1- IJ.S 
71 176, 1i1J1. 290,1:1 +1- S.l 78,0 +1 .. 4.5 
70 164. ~12. 29b.~1 t/- 5.1 74.~ +1- '1,5 
613 148. 1107. 29/'1.3 +1- 5,1 72,8 +1- 4,5 
,,1 136. ~19, 298,3 +1- S .1 69.6 +1" LI.S 
66 124. fit? 29K._~ +1- 5.1 b6,LI +1- 4,5 
65 112. 828. 29H.3 +1- S.1 63.2 +1- IJ.S 
63 qt., 791. 290.7 +1- S.O 61. I +1- 4.5 
62 I:ILI. 780. 290.7 +1" 5.0 58,0 t/- 4.5 
61 72. 13 0 1 • 290.'1 +1- S.o 55.0 +1- 4,5 
1,0 60, 7qO, 2QO.7 +1- 5.0 51. 9 +1- 4.5-
58 44. ~16. 2Q8.4 +-1- '5. t 49.8 +1- LI,5 
57 32, 7'19. 2Q8,4 +1- S.l 46,6 +1- 1I.S 
5t. 20. l:I:n. 298.4 +1- S. 1 !i3.4 +1" /.I.S 
5S 8. 836, 296.1J +1- S.l IJO ,2 t/. IJ,S 

PRESSURE. DROPS 
LOCATHIN I NLE T (WAL I TV iJUT I.E T QUA LIT Y 

(PCT) (PCT) 
TOTAL TEST SECTIUN 
UPPER TEST SECTll)N 

39,2 +1- a,S 85.4 +1- 4.5 
b2.2 +/- 4,5 85.4 +/- 4.5 

RI8 TEMPEHATIJME PHOFILf 
80~.6 732.4 8?~.Q 

TEST Sf:C1IUN UUTLI:-.T FLUID 
SAT TF.:lvJPfI<AlU>lE. 
STEAM SPEC VUl 
wATER SPEC VIlL 
STEAM VISCOSLTY 
wATER VlSCilSlTY 
SURFACE HillSION 
STEAM Tl1tRM CONOUCTJVITY 
WAlE!< rHER~ CONDUCTIVITY 
STEAM SAT ENTHALPY 
wAH:R SAT E.NTHALPy 

80Y.3 

PRIJPI:.RTIES 
680,9 +1- , t 

.oqqqO +1- .00017 
,03177 +1- .OOQo2 
.061.130 +1- ,00004 
.1-590k +/- .0001,' 

,000097 +1- .000001 
.1029 +1- .0001 
.1'293 +1- .0001 

1050,42 +1- .2 9 
1"lS.b7 +1. .27 

PgIA 
LIUHR 
LB/HR·fT2 

r 

ONH 

OlliS 
Dr~b 
fJNI3 
OAIfj 

PRESSURE I>RU~ 
(PSIO) 

o,no +1- .112 
0,00 +1- ,07 

FT3/ll~ 

F BIll:' 
Lt'/FT-HR 
l.R/FTwHR 
LH/FT 
BfIJ/HR-FT-F 
tlTU/HR-Fr .. F 
l-ITU/LB 
KTU/l.B 

CONST FILE DATE 12/1"179 M OATA REDUCED lQ,34,05, 80/01/15. 
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C-E KRElS1NGE~ nEVEL()PM(NT LAhOHATURV 
PROJECT #900255 SANDIA SULAR ~ECEIVER RIFLED TU~E hNR TEsl 

TEST * l~IH TIME 1415 DATE 11/26119 

TEST SECTIUN CONDIT IOi~S 
UUTLI:.T PRE.SSURE 283~.1 
lIJTAL FLlliI • lit 8/)E+04 
RIFLED MASS FL (lIN ,1052fH7 

TCIi fU:.V TEMP HI:.AT FLUX AT TC 
( 1 N) (t 000 HTlI/HR.FT~D 

n 200. !:lU, 
72 188. SIll, 
71 170, 80B, 
70 1t)/j, ROB. 
61S 148. flO.,. 
67 136, f>1 9 • 
",b 124. fll? 
05 t12, P,2f1. 
&3 96. 791. 
62 B4. 7R O, 
61 72. 801. 
60 bOo 7f19. 
51l 44. 81"', 
57 32. 7qq • 
56 20. 1i3.$. 
5~ A • 1'136. 

~RESStJkt ()I<UPS 
LOCATIUN 

TOTAL lESl 5tC1JIJ~ 
UPPlk T~ST SfCTIU~ 

ZQH.il +1- ';.1 
29 R • 11 +1- 5.\ 
29H,II .,- S. ! 
29 M," +1- ~,l 
~99.4 +1- 5.1 
199.£1 +1- S.l 
299,4 +1- 5,1 
299.4 +1- 5.1 
291.(1 +1- ,; • 0 

291.0 +1- 5,0 
c91 ,II +1- 5.0 
?91.fI +1- 5.0 
2911.b +1- 5.1 
298./l +1- S.l 
298.", +1- S. 1 
29/',.b t/- 5.t 

I NU". T 'WALl TV 
(peT) 

36,h +/.. 4.0 
<:'1,6 +1- !l.O 

NIH TEMP~HATURF PRLIFIlf 
~06,9 732.S 823,0 

TEST SECT1l)'~ IltlTL!::T FLIJII> PfWP~RTJES 
SAT IF. ""PEw A 1 UHE (>1;I6.8 
STE.AM SPEC VOL .09Q9C; 
1'IATER spt.C V!JL ,0.H71) 
STEAM V 15C1151 TV ,Uh1.l29 
.. ATER VISCIISI TV .13Q 11 
SURFACE TEI\SIOIII .0000 4 7 
STEAl"i THf.RM COI\JUlICTlVITV .1028 
"AnM TH£W1 CONDlJCTIVITY .2293 
S TE A~I SAT t-.NTHALPV 1050.51 
"'ATER SAT tNTHALPV 175.59 

+1- 2.1 
+1- • 37f.+02 
+1- .9'SE+01I 

'mAL IT '( AT Te 
(PCf) 

77.9 +1- ".U 
75.0 +1- 1.1.0 
72.1 +1- 1l.0 
1.9.2 +1- 1l.0 
07,3 +1" 4.0 
1)4.4 +1- 4,0 
hl.5 +1" 1.1.0 
5f1.5 +1- 4.0 
~t).b +1- u,u 
S3,1l +1- ",0 
51.0 +1- u,O 
'Hj.2 +1- 4.0 
116,2 +1- 1.1.0 
43,3 +1- ".Il 
40.4 +1- £1.0 
:s7. S t/- 4.0 

(JlJTLET 'WALITY 
(peT) 

7f'..9 +1- 1.1.0 
70.9 +1- 1.1.0 

PSI4 
It:!IHR 
LtI/Hk_FTi:! 

OrHi 

P"ESSIi~I:. LH<fJF 
(PSI!) 

0.00 +1- .o~ 
n.oo +1- ,\)7 

tiOO.3 

+/- • 1 f 
t/- ,00019 Fn/LR 
+1- ,000113 F B/LIi 
+1- .00005 LR/FT -Hk 
+1- .00011 lti/FT-HIoI 
+1- ,000001 lti/FT 
+1- .!l001 !:IHI/Hk-FT-F 
+1- .0001 HTU/,HI_FT-f' 
+1- ,33 ~TU/lrl 

+1- ,30 bTU/l.B 

CUNST FILE DATl 12/14/79 ~\ [lATA REOUCED 10,34,Ob. 80/01/15. 

KDL PROJ LEAD~H • • • , OAT!: • • 1 • I •• 



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-ft
2 

heat flux would be attainable with the Sandia loop 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. 

One 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 100% (i.e. superheated steam). This 

is a physical impossibility due to the nature of boiling heat transfer and 

prompted an investigation of the steam quality calculation. 

From the post-test instrument calibration, it was determined that the 

low-flow differential pressure cellon B line (FTO 10, Figure 7.l) 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 completion of the test program using new constant 

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

• 

• 

• 
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FIGURE 7.9 

ZERO DRIFT OF DIFFERENTIAL PRESSURE CELL No. 10 

vs HTCTL OPERATING TIME 



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 Sandia program a problem was noted in the 

pressure drop measurements which are printed out on the data reduction 

program oubput 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 spanned 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 fluxes 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/m2 /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. This 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. 

• 

• 

• 
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At the higher pressure 19.7 MPa (2850 psig) DNB is 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
0 

heat input had not been investigated for 

heat fluxes in excess of 0.63MW/m2 (200,000 BTU/hr/ft2). The Sandia testing 

has significantly extended the available data in this area. 

The test data confirms that the selected 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 correlation. 

Those pressure measurements taken outside the calibration range of the pressure 

drop DP cells have been removed from the final oufput as described in Section 

7.3.4 

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

in Appendix G. 

/.31 
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FIGURE 7.11 

EFFECT OF MASS FLUX ON DNB QUALITY 
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FIGURE 7.12 

EFFECT OF MASS FLUX ON DNB QUALITY 
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FIGURE 7.14 

EFFECT OF MASS FLUX ON DNB QUALITY 
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EFFECT OF MASS FLUX ON DNB QUALITY 
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EFFECT OF MASS FLUX ON DNB QUALITY 
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7.7 Heat Flux Analysis of Rifled Tubing 

A two-dimensional heat conduction 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 

of 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
0 

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 

of the tube material below the heater, and a bulk fluid temperature of 68SoF. 

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 comparative purposes: (1) all heaters on and 

(2) one heater off, (3) all heaters on, w/Al coating and crown located at 

the interface of the thick and thin tube wall sections, (4) all heaters on, 

w/A1 coating and the crown located at the center of the thick tube wall section, 

• 

• 

• 
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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 loss 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 SOOoC (931°F) to 496°C (92S
o

F) 

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 

4960 C (9240 F) to 4390 C (823°F). Isotherm plots for cases 1 through 6 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 

2 0 
on the inside surface; a uniform film of 500 BTU/(hr-f -.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. 7.3! 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 of steam in the 

grooves are due to water contact with the sides of the ribs. The unconnected 

triangular data points are the result of applying the low film to the sides 

of the ribs instead. 

Figures 7.32.. to 7.'34- are isotherm plots with the outside crown temperature 

indicated for each of the three cases. 

'l,~' 



TABLE 7.2 

Variation of Thermocouple Neasurement • 
Case If ThermocouEle Heasurement Description 

of 

1 924.31 Tic located at interface 
of thick and thin tube wall 
sections; no Al coating 

2 823.39 " Same as Case 1 but Hith 
adjacent heater turned off 

3 928.05 Same as Case 1 but with Al 
coating 

4 931.61 Tic located at center of 
thick tube Hall section; 
with Al coating 

5 925.11 Tic located at center of • thin tube wall section; with 
Al coating 

6 920.0 Cosine Fluid Distribution 

• 
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Figure: 7.14 

(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 554°C (1030oF); a nT of 

° ° ° ° 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 corre"c"tibn 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 & CONDo 



A-2 

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

hD 8 -if = .023 Re' 

2. Two-phase, nucleate boiling region: 

hi=10,OOO Btu/hr ft 2 of 

3. Film boiling region: (Groeneveld Correlation) 

4. Transitional boiling region (From DNB point to point of h . ) 
ml.n 

A linear interpolation is made between h. = 10000 and h 
l. i 

from the Groeneveld Film Boiling Correlation. 

5. Supercritical Region: 

Uses C-E's Supercritical Film Coefficient correlation. 

h . , 
ml.n 

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

h = a !£ [Reg (x + ,;pg (I-X))] b Prc yd f/Je 
D pI w 

where h = film coefficient, BTU/hr ft 2 of 

-4 a = 1.85 x 10 ,const. 

Kg sat. steam conductivity, BTU/hr ft 2 of 

D = tube diameter, feet 

Reg = Reynolds Number at sat. steam condition 

x = local quality 

pg density sat. steam 

pI density sat. liquid 

b = 1. 0, const. 

Pr Prandtl Number evaluated at wall temperature 
w 

c 1. 57, const. 

y see below 

d -1.12, const. 

f/J heat flux, BTU/hr 
' 2 

inside surface = ft , 

e .131, const. 

• 

• 

• 
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Y = 1 - .1 ( __ ~}.4 (1 _ x)·4 
pg - 1 

and ~ is given by 
min 

.045 + .048 
2.3 .01 p 

where: p = pressure, is· in bars 

XDNB = Quality at DNB point 

~ = 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: 

where 

Also, by: 

where: 

Ct 
S 

Ct 
S 

T 4) - h (T. - T ) 
o ext S1 0 

2 
absorbed heat flux, BTU/hr ft 

2 
incident solar flux, BTU/hr ft 

solar absorptance 

o = Stefan-Boltzmann Constant 

E 

h 
ext 

Tsl 

T so 

qabs 

Ctabs 

Tsl 

T
f 

Do 

Di 

hi 

K 

'I' 

infrared emittance 

external convection coefficient 

absolute surface temperature oR 

absolute ambient temperature oR 

(Tsl - Tf ) / [D = 'I'/hi Di + (Do/2K) Ln (~~ '¥)] 
crown absorbed heat flux, BTU/hr ft

2 

o 
absolute surface temperature R (Tube Crown temperature) 

absolute fluid bulk temperature oR 

tube outside diameter, inches 

tube inside diameter, inches 

inside film convection coefficient, BTU/hr ft 2 of 

2 0 
tube conductivity BTU in/hr ft F 

correction factor for 2-D heat flow. 

A··3 
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These 2 equations can be combined into a quartic equation in T 1. This is 
.s 

then solved by formula from a standard math reference: 

Tsi 
4 

+ {hex/O'E + l/O'E [Do 'I'/hiDi + (Do/2K) Ln (Do 'I'/D:i]} Tsl 

ex /O'E + h 
s ext To/O'e + T04 + Tf/O'e [Do 'I'/hiDi + (Do/2K) Ln (Do 'I'/Di~J = 0 

The 2-D correlation, '1', is calculated by an equation of the form: 

'I' = Bl + B2 (BIOT)B3 

where: Bl, B2, B3 are constants that depend on the diameter ratio. 

BlOT = HT 
K 

where: H inside film conductance 

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: 

where M mass flow rate 

~hf change in enthalpy 

~A incremental area of the element 

The program then calculates fluid quality. If this quality lies between 0 

and 1, the critical 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. 

• 

• 

• 
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Though the correlation to be used must be specified, the criteria for use is: 

Thompson - Mac Beth Correlation for P < 2000 pSia 

C-E Correlation for P > 2000 psia 

The C-ECri tical Quality Correlation is confidential for company use. 

The Thompson - Mac Beth Correlation is described as follows: 

1. 
6 2 The low velocity correlation for G <.03 x 10 lbm/hr ft : 

1 
) 

.51 
= .00633 H D-· (~ 

fg 106 
(l-x) 

where qcrit critical heat flux (BTU/hr ft 2
) (inside surface) 

Hfg heat of evaporation (BTU/lbm) 

D tube LD. (in. ) 

G mass flux (LBH/hr ft
2

) 

x = critical quality 

II . 
6 2 The high velocity correlation for G > 0.3 x 10 lbm/hr ft : 

Al _ 1/4D -6 
(G x 10 ).x H

f - g 

where: Al and Cl contain Y constants based on pressure ranges. 

Constants (Y) were determined at 1550 psia 

.• Al = 36D· 509 (GxlO-6)-.109 [1 - .19D+0.24(GxlO-6)+.463D (GXlO-6il 
and Cl = 41. 7D. 053 (G x 10-6) .0109[ 1+.23lD+.0656(GxlO-6)+.1l7D(GxlO-6)1 

In the program, a linear interpolation is made between 1150 psia and 2000 psia 

for the above (Y) constants. 

Finally, the pressure drop (~P) 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: 
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f = 0.46/Re·
2 

where: f friction factor 

Re Reynold's Number 

l'.P
f

. . = 4 rlctl0n. 

where l'.l incremental tube length 

where 

Di inside tube diameter 

v average specific volume in increment 

G mass flow rate per unit area per tube. 

-11 2 
l'.P = 1.667 x 10 (v2 - vI) G momentum 

v
2 

element outlet sp. vol. 

vI element inlet sp. vol. 

l'.P gravity 
l'.l 

144 v 

l'.P = l'.P + l'.P + l'.P . total friction momentum gravlty 

Pressure at the increment's exit is then simply: 

P = P - l'.P in total 

Brake Horsepower is calculated as 

where l'.P 

v 

BHP = 8.551 x 10-5 l'.P V M 

pressure 

specific 

drop (psi) 

3 volume (ft /lb) 

M mass flow rate (lb/hr) 

The program recalculates the above variables for each increment 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 recalculate 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
0

F of the specified TDESN or .01 of the 

• 

• 

• 
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specified quality. Mass flow rate is adjusted as follows: 

For Temperature: 
Enthalpy Out - Enthalpy In 

M = M * ~~~~----~~~~~~~---= __ (Enthalpy at TDESN - Enthalpy In) 

For Quality: 

M=M* Outlet Quality 
Specified Design Quality 

Once the final solution is obtained the program calculates panel efficiency 

as follows: 

N 
M* (H - H. ) out J.n 
Q absorbed* Absorption Area 

where N = panel efficiency 

Rout panel outlet enthalpy (BTU/lb) 

R. panel inlet enthalpy (BTU/1b) J.n 

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

flux curve. 

1 
2 

(1 - L1 + L2) X 0 
LT LT "'max 

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. 

14·/ 
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Solar Program General 
Flow Chart 

Super­
critica 1 

Read 
Genera 1 
Input 

Read Case 
Input 
Write Input 

Initialize 
Parameters 

Calculate 
Insolation 

Single Phase 
Inside Film 
Co ef. (hi) 

Solve 
Quartic 
Equation 

4-8 

Two Phase 
hi for 

DNB 

Two Phase hi: 
for Nucleatei 

. boiling ! 
Oil RI"Lo1\:> "t? ..... t:): 1~/11.f72 

• 

• 

• 
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Call 
Fi 1m 

Super 
critical 
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Thompson­
r·lac Beth 
Correlation 

Pressure 
Drop 
Calculation 

Calc 
Efficiency 

C E Crit 
Qual ity 
Correlation 

L = L+ >--..., 
lIL 

Correction 
to Flow 

Write Output 



• 

APPENDIX B 

STPP TYPICAL COHPUTER PRINTOUTS 

• 

• 



?:-

t 

'lJILFR PA~fL ~~. 

(l,;Sr~~ rH ..... ~r Sr~.I-H:\C3ETH CORRELATICitn 

;)~t.SS Tf.' ~p £NTnALPY Ll 
,T 

L2. 
FT' 

:JO.TUBE~ ILifF 08 'TJHr 10 TU3E LeTH !f CFr~:.:.IT 
:JSIA F f-'Tli/L-1 IN 1'1 F" T FT 

~21u. t I. 1S:?7. 5.6 37.4 ~2 1.25 •• 31.1 IS (, • 1 .... 

':~UDUCTIVrTY r~T.CGrF; '(P4IS~rV!TY ~8~OPFTArJrr '4M~.TrMr f,~t.':l.S~ILj.1: FLUX 
eTU hiP -}~;:- T 3-IN/M-.~F-F ~/Y-£F-F 

21 

T JolE Ph~ ·~S 
.. :;TI-I 

=r 
._." l • " ~ 

? • ,.,.:) 
~. ~ "I 

~ . ~-;.. 
) Il ~ :.; 

,. 
7 •• r.. 

; . 
j .. '~ .. : 

. 11).:· ,j 
11. .~ 

1 ? ... ',I 

n. :., 
1 ~ •. 
15 •. ' ... ' 
1; • ,.; 
! 7 • r ') 

1 ~.:" t' 
1 ~ • " 
2; • 

Ir S 1 A 

2~'-~.7 

2: ': ,..4 
2 2C. Sf. , 
2;'J· ~,.7 

2;: ':" .• " 
~ .... 'i ,~ • 1 
2. 2(" I. t·, 
'2::.f; /.5 
2 ;;,:c, 7.2 
22~:.J,.9 
22~h.h 

2~( ,.3 
2;'" .;. , 
2.""-t-: '~,. 7 
~;~S'i.4 

'2. ,,:~. 1 
;: ~? ·:.;.6 
2~'~.t;.5 

~ .:'::" 'oj.. 2 
2 2~" • ,: 

2l. ~! 2~~~.7 

22 •. ' 2~~j.~ 
23.w: 2~~~.2 
2\. 2;;;",3-
25. 1,1 '~c'·?8 
2:' .. · '.f 22'-2.5 
27 •. 1., 2 ..... '""".3 
.2~. 2ZC, ~.1 
?,., j 22(.' j,.~ 
3~. 2::',1.7 
3 1 •. 'J 2:"~,.i.. 5 
3 2 •• ,..: 2 Z ~ ..I.. :"5 

33. '. J 22:--.1..1 
3l.~) 22~ Ie? 
35 •. } 2:',') .• 7 
3,. 2:~ .:;. 
37. ,I 2;;'- .... 3 
3-j.~J 2::' ;.1 
3?··j 2:fS"J. l

) 

4:."J;.~~.1.7 

41.~'.~ '?~~).5 

42 •. ,1 2;~';;'::.3 

43. 2.:..~'j.l 

4'10. 2.::=>j.~\ 

45 ..... 2~Shb 
't:.. ... 2::"- '" .• 6 

• 

3 • 

hl!LK [.iiTH~LrY 
Tr~p 

F DT~/LE 

f..l -; ... 
f- 1 1 • 
f 1 '5 .. 
~1~,. 

f' 1 h .. 
~: .:: . 
t ;. ~ .. 

(::-'9. 
(.·32. 
t':35. 
('39. 
(..:,,2 • 

r-~5. 

l:-ld.~ ,. 

f- fl. 
f' ~~ 4 .. 
~,!.", 4 .. 
(,:; 4. 

6~4 .. 
F.~lj • 
f ~::lj • 
i~4. 

~: 4 .. 

£: ~4 .. 

65l.i .. 
f':3. 
€ 23. 
f. ~~ .. 
? 5! • 
(-.':;:3 .. 

{-.~. 3 .. 
f~ 3-. 
f-':l3. 
f r:-,:3 .. 
f j: • 
6~ 3 • 
h~3. 

h::13 .. 
6'= 3 • 
.:: '.:,,3. 
r r:? .. 

f. r-:~.,. 

(. ~ ~ . 
3. 
3. 
3. 

~22 .. 
6: '3 I .. 

~~, 2 .. 
e: ~. 
f.':' .• 
:. ~ (, .. 
C j 1 .. 
/:I~7. 

:. S .-~ • 
65C: • 
57:'. 
Sf 1. 
6~ 7' .. -
€-::;.;;. 
:':18. 
7.:r4 .. 
71 ~ .. 
716. 
72::: •. 
72 (5 .. 
73., .. ,.' 
74~. 

751 • 
75'7.-
7 f-l.3 .. 
7~. ': • 
77 r;;. 
7,:}1. 
7':'.,7. 
7S"::' .. --
7q~. 

P. 't .. 
~ i , .. 
~ 1 {~ .. 
,. 2 i • 
~,2 P,. 
~;_? 4 .. 

e 3~"'. 
"." ::, . 
bo 
6{;. ~"" 

" . f. I). 

b;!J. 

."59' . 

lNSIC[ 
f~llM C'J[F 
B/H-SF-r 

2231. 
2239. 
'2242. 
~2~7. 

~2~:'. 

;: 2 h:) .. 
~21i,. 

22 .y~ .• 
231 ;. 

. ~32·;~. 
23;+~~ .. 
2311 .. 
23~(., . 
24.?3. 
2455. 
249': .. 

1 . II, ~'. 
1 
L-
11, r;,J.,j. 

1 

.1 ' '; • 
\ . ' .. 

1,' 
1 . V ~ 'i. 

1,-

1 
1 _.' ~ 
J., i.i.l 

:. 
) 1 .' • 

'1 '..i~' • 

1 .' '. 
1 ' i:, .:. 

l' 
1 

I 
1 

; ,;. 

" , .J' 

, . 
. -.;. .v· 

'"' .. : .. 

c 

-;: .. s: ~- •.. -.-.. ····2' 7 ' .' ~ .... 

OUTSI~E 
,;E .1 T r L liV 

fi/l--i-SF 

TJE 'CRQII~ 3lJLK 

3: b:,;\ • 
74 ~~7'1. 

11~-4H.>. 
1!:, ,:;::11 .. 
:::. L( t: 61 .. 
~2f.f.43 .. 
~llt(".';2·1. 

? ... ~723. 
24C.:'73. 
2,.t.lb12. 
24Q6~J3. 

:- 4': 7 -'F.. 
~4~~48. 
24 r-Ll l

j. 

24r">3t':t'+. 
24S.5/~4. 

~'.:.\1 ;", 1. 

TF" t·1." 

F" 

55, 

594. 
739. 
7e4. 
:; 2 ':.I. 
?l75. 
3 .3. 
3 : b. 

9: ,9. 
31~. 
Si14. 
'11 f,. 
911;.· 
92, • 
?2 2. 
3? 3. 
b 4~. 

2~12~5. 849. 
~'~l~b • ···-"-"--~4:;;. 
2:';1273. 
:'-:~l ~!)(:. 

:?~J31·;. 

2~133~~'. 

~~13~.}. 

2~1373.·"· 

;'? ~ j :'5~H-i. • 
,. 1417. 
2 143~'. 

'"'! 2 't~ 4 • 

2 1471. 
:; 1 4fd. 
2. l:~'). 

2=-1~,23. 
2:',! f!4~'. 
2::,:557. 
:-'1;" 1 :.7?,. 
.2~,1:·S- • 
2~~~c3. 

231653. 
~~P~(2.· 

22'·,?7. 
2~lq7k. 

~ 27~7. 

1~474~. 

IhSLSS. 
~'t74~., 

349. 
~ 49. 
; q os. •. 

e't c:! • 
:s4', • 
34r.;;~ 

34°. 
84~. 
849. 
~ ': ',:.,. 

3 If 'j" 

& 4 0:;;" 

g it '.1. 
84 '"J. 
~4 ';'. 
~t; 9. 
04 ''"J. 

.- "P.4(j. 

8.'1::.. 
BH. 
l!.3J. 
.... ;; J~ • 

H 1 c.. 
":'1 1 J .. 
::S 'J. 
75th 
791. 

rlUIJL 

''':';'.1 R 

-.18 
-.17 
-.16 
-.1 ::-. 
-.14 
-.13 
-.1 1 
-.1'-
-. "·n 
-. -7 -.. ;,'[,) . , . 
-. ",.3 
-·Jl 
--l •• 

'> :3 
,I" , ~ 

J. ,; 6 
~. - 7 

.. ,:., " 9 
..... .] -
., .12 
:~ .13 
" • t­
<i. J. -' 

.1 F 
i.17 
, .1 ~; 
~.2 

"j;. 2;? 

.;.2 :3 
;,;.2:, 
:.2 r, 
.27 

,0 
.' ,.. '- . 
,.3 
... 32 
G.37 
....34 
J. 3 ~~ 
.37 

, • ~ E 
~ .3'; 
'. It . 
.", ., 4 ~ 

C1 IT 
'JUtL 

, .. 
", .. 
I. j. .. , .. '. 

• L 

.. 
'}. " 

, ' 

2 
'., 3 
'e '.5 

"1. ~ E, 

"; .. ' 7 
q 

' .. J '. 
') .. l?. 
). ~ ~ 
---"", ~ 5 
j. 1 /':) 
~j. 17 . 
: ~ j CJ 

"'. '" 
• 2~" 

!. 2 3 

• ~'5 
'.<' ;~, 
' .. -: 7 

.~r"j '. -: 

.32 
1\ .:;.3 
~. "!: 4 ....... 

• .T.~ 
• :t" 

". :' p, 
' ... :l:;r; ... ~ 
'i.4 : • 

EYAPORA-roR PAN~ L 

rll~ULAT]vr "F,cSSURE },J' 
FR]CTIJN MOMl~TU~ ~R'V!TY 

r) :~ I 

.;'. ;..12'" '1 

l" , 
..,. :: 75 ", 
.1 . 2 
.1?54 

~.1 /:1,8 

.17(.4 
· .;:. '22 
~: .. 2?f,2 
· .P S4 4 

- .21:. /") 
~'.3 71J 
'.3 't4 ~1 
~.3('15 

'.? C /-''] 
- • 41 f.- f, 

".44~·~ 

:.4·U e 
;':.5 C:'7 
'·'.~44~ 

·.srq 1 
~ .f') 1. 97 
• • f, l, J 
r,. 7 ~'4 

~:'.7il.~'7 
.. 7 ':.~ 2 ':-

· .l-: il. P 
:' • ~~ C1 "I 

.. :; .; ~: -S 
·.3~f2 

1. ~l~ 
2.1 ~3 

1.1()[·7 
.::;- '];J 

1 .2 ;-.) 
1.3 F< ~ 
1.4 r:, ~. 

1.4 4! 
1.,:-~,~7 

1.~-~71 

1.7!1~ 

1" 7 J..'''' 

l.f\ i-.4 :41 

j .;. '132 
~.' ;; ~.4 
2.1 ~] 

rSI 

.. 'j-" C .: " .3 
..... : 11 

2 .~ 
'." "39 
.• " t 5~: 

, • ~ fl3 
• ~ 1 j 1 

' •. 139 
'. "17 " 
.• '-'2 "11 
" • ~ 233 

'2" ~ 
'.. 3' If 
" : 34 "; 

~:::l 
:.. .~'44 3 

•. b67 

• ~~ 5-
.1 L 5 

..• L~24 
.. ] ~4 3 

',,1 7 (;2 

• ~ ~ ~ J 
.2;: 

'.242 
'.2(·3 
.• :U-':' 2 
-'. ~ ·78 
~., .. 5:-:~'7 
,; .3:: 1 S 
: .! 73 r.) 

,,?~'55 

• ':'-1 :' :; 
, • 4 ~ ':' 4 

." (. j 4-
(, C -:: T · ,,) 

• ~ :~ :3 
".:::-?h'"'i 
.,.5473 
.~ ~rs 

).~'~'C7 

' ... (~ ~ 1 
..6229 
• r .~ ~., 'J 

: II r-,:d, 1 
.• i 71 h 

:"">51 

~ .2)5~ 
' .. 50. 71 

". f'79:"i 
1.1'7 ,2 
!.4~?3 
1.74;] 
2. ~ '+ 
2.~!lJ 

2. ::,"9 S 
2.bt ~~', 
3.13'?::' 
3.4 :,~ 

3.(7;t;­
~.e4 .~ 

't ,,2 ~ 1 " 
4.4573 
l;. • 'i ? 7 
4.~3,~ 
5.1~,'2 

7i.3555 
:-.53"2 
5.7354 
:1 .. °11:; 
Eo.· " ,:< 
;.~ljl:; 

.c; .. ~ ;< So ~1 

t:..':l:53 
';.{,RS~ 

f-,,~'~'Sl 

f:..:-3::-
1. ~7~ 

7.;: 11!. 
703:11" 
7 ."4?>~ 
7.:~d~ 

7 • '~71 _ 
7.777; 
7.~o12 

7.3822 
s. ,~,S 
,~. -; 7 1 
S. 7i3 
f··. ',37 
6.'+:)~2 

3.:'ot32 
P..63.!. • 

i;>:j 
I 

I-' 



'" 

tl> 

t) 

D, 

~ 

i) 

~ 

, 
~ 

, 
, 

I:fO 

• , w.,' 

• 
.. j • .11 

't-;,. 
• 1. 
~,. 

..;; 2:;r. ~ .6 
J ,~- '.4 

:H ... 

" ........ 
:; 1 .. 
:'2 •. 
55 •. 
:, ~ .... .... 
:. j .... J 

5; .. ":J 

~ I: :'- ~ 
53'. 

2.;" .. 2 

2 ~:: i .9 
2 cL. "1 .. 7 
c'~~.7.5 
2 .... r. 7 .. 3 
~::jl.l 

2 ~~ I. 
2 2~., .. b 

2;' :,J .. f, 
;;'2 ~.4 

2~ .:1.3 
5.' ... 2~'::;· .1 
fl • .! 2:':::'" .9" 
62 .... ~2r: .7 
;S~ "2~ .'~ 
0:..·., ~~ _u 
&5. .::~ .. 2 
s.~ ... ,. 22 

(. ~ 3 • 
f ~- "1', .. 

t' ~ ~ , 
f ~ :3 .. 
~, ~, .. 
t.:::':-: .. 
f :. 3 " 
(:f". 3 • 
~ ~' . .3 .. 
f~d .. 
'";~. ~ .. 
(;~ 3 .. 
(.:- ~ " 
tC,:', ') " 

(-. ,. :-z: .. 

6~~ 3 .. 
f.:l~. 

~~ :3 .. 
r~: 3. 
f~' 3 .. 
f-::- 3" 

r·/ 
81,!.. 
277. , .-
j :.\~! " 

tri"l. 
85] • 
E'1 ~" 
.~:;t=- " 
~3~. 

3.1. 
9 ~ 3" 
5 __ ~" 
".7" 
:; .. ' f: .. 

91 '" 
9:i1. 
512. 
91 ~ .. 
, 1 .li " 
913. 
S13. 

~ASS FLJ~ =~.27~1[ j~lB/HR 

"'!!'4 I ~~ = 

1~'JDUT :,:.,ll!) 

'JT 
< • . 
';KASE' 

~rOR~ 
~1 

Tel 
'n 
j: 
:;; 
ELL 
T:}E:''J 
-HJlSt. 
~~ti 
::~a S··· 
4L;>~ 

L 

I' -, 
L2 
I 7 
~. "I' r; 
<T ",r 
<~. FL[ 
~ 

S:\LI~A.X 

~'L I ~J 

." ~:'I"J=(-'SF';"~ 

DECK JAH: 

~c 

')27 .. : 

1 ~ 

2~ 

27' 

f" - 7" 

£..2"'. 

21 

1.~' ': .. -:. ~ 
1 .. ' 

. ' 
.BS 

... ':j 7) 

, .. 
( ... ;:.. 

37'."'t, 
f.. t ... 

1 

.~-

" 
" 

1· " .. '.'" 
1 J ~ "" 
1 . i":. 'J .. 

LJ. 
1 i,.' 
1 ,..; '.'" 
1 {. ~ ... 
1 ;:.~ '." 

.,-
1 ,- '" ." "," 

1 v V " 
1. II .. '. .. 

1 ' .' , . 
1, .' '" ... 
I' 

1 

...... 
1 h ~ j 'I· .... .. 
17 f. ".;,4 

} I. ~ f:. f 
1f:.~::..7 
! ~,l ~ ( ';) " 
1"i:::~3G. 

]:l~~e1. 
124';95,,' 
117,S3. 
1 f· ~ ( 

:-C? t-f.~ .• 
~·t..b~~. 

~ i!~ 
~ ~~- " 

4S" " 
47bH"~ 
~ $, c. 4&" 
:5 ' 5~.3" 
21 !- (' : " 
13,2,. 

4844 .. 

. , 
7 ~ t',,, 
7 ':'; 1-
7 r, 4 .. 

7 '! ;.~. " 

77 J " 
764 .. 
, 5 'I. 
7 r:: ... 
7 g (;." 

7 3 7, 
731. 
724. 

. 7 J!. 
7 ~ .1" 

7 4. 
f-. 'j 7" 
09 
5l- .~" 
;77. 
57· 

- & b 3 .. 

.~~. 7" 

G =~,R'7cr f~L9/H~-SC FT 

• 
d 

. ,,41 

.4' 
.• '4~ 
1 .. 44 
",.4~ 

t:. 4 S 
:';.46 
~ .I~ 1 
~~ ,,1'+ 7 
1 .. .1+ A 

~.4 P 

' ... 4 ,? 
.4S 

.\" ~ , 

.~ 

... b 
.51 

; .. 51 
' ... 5:i 
.~1 

." ~ 1 

· , 
• 4 

: .. IJ ! 
.42 

"" 4 ~ 
t" 4 A 

\ .. 45 
'.4 'i 
~.4f. 

' .. L 7 
;" tj"1 

'. I. b 
:.'-8 

: .• 49 
.4(1 

" . ~' 
•• I:'. 

'I. : 

,.~, 1 
: • :" 1 
", r., 

'. : 1 

• ~ ! 

1 "."", ? 
:' .. ' ;'.! 4 
2.1 :-- J 
~ .. ~ ,i- ~. 

?~7~;: 

2.?·: 7t· 
?4lr.41 

2.~~1f 
?(.;-- 1 
:"' .. 7 .~; f-
2.7'<::9 
~.~cl; 

:'.3R28 

:- •. 7;- 3 
?"dr..r It 

:-. ~ t...:!.., 
3.3;:;'':' 
3.4:, 'I) 
31.54~4 

~·64; I, 
~1.73'··7 

~.t"'3J: 
~,.9:(7 

~AN[,L O~LTA P: l~. r31 e!-l f :: 

.' .. 
• r "'~ 1 
• I" 7:: t, 

. • t- r: r, :3 
.7 3 

.• ll~5 
• 7 2~ .. 
,.7 '!J7 7 

oJ .14;' &,' 

,.7 .... r; 'J 
.7([:3 

.777 
,.7 ;',4 ~I 

.; :' 4 :~_j ,2 ,~, 

".~, ~ 3 
• ~ ~ 2 

.' • F~ 1 .\ .. ! 
... t.: 1,,6 
" • ;. i. ~', 4 

• ~-;-'! 3 
,i ~ 25 
.P::'29 

b. ,!"I ~ 
P~N[L [~F' = ~ .PSOR~E~ '0 =j.7~7~t i'~3TU/Hk r. rl\CT~p = 'I. ! :.$ 

- .. lot 'J ',.:, 

.~i.t3? 

... (.3 f, 

.71 = 7 

.; 1:1 
3,:i~j, 

~.:~S75 
q. 4:)2 
9.~;~", 
:~ & ~. , ::. 

9.~";j7 

9.~S71 

t.I.q44i-l 

.~2 , 
• ~ '} 1 

.S7 
=i&7J :; 
:;;.': 2:;:: 
~.'j l~. 

::. • '; 7; ~ 
'e' ~ 1 q 

& ~ " :, ~, 

• ~' ! 

::Rr<lr< :ClJ~:: 

• 

Cd 
I 

N 

c 

( 

c 

c 
( 

• 
• 
• 
( 

< 



G;) , 
.f:' 

:jlLr~ ~~~fL N~. ~ 

cusp::· 1'·,1"ir!-(,~!-r-:i,Cpt. TH COhFEL4TICU) 

.,~:ss T:- f r · E~."T,",ALI'Y Ll 

;. ... i .\ ~ Tel U-· F T 
L;: ·H'.TUC[~ lUfF CD 'rUof I(1 TURE LSTH I'.CRE!"ENT 
FT' IN IN FT FT 

2.34.5" "~2 •. ~4~. 5:.,,6. 3. . .7.4. t";:, 1 .• (; ~._ 

oue l l·.' ITy fYT.CG~~F"F l' ... ISSIVITY kPSCHi Tt..~~CE" 
;':_Ir·/~; .. :"'r_r t IH-<':F-F 

3:=!:" • 

T J~:L Fi~:: ~:)­

LoTH 
F" T ~ ~: 1 :'. 

1. 2;4 ..... 5 
2 ... " 2:··4~11., 

3 • .!. .~ ... : ... 4 

~. ) 2:::~ .. '? 
; . ~:-_.4 
, . ~ ~<'; , . . 
7 • 2:'~~.3 

~... 2~~.6 
3~ 2~4.~ 

1.: I-

1.l. 
l? • 
1! • 
1!; • 
i 3 • 
1; .. 

2 / ~ .- .. (:. 
;:: .. ~ .• "3 
~ -:- ~ . ., 
r .. -,: . .: ,. ..: 

'2:'.? T .. 7 

," 
2:':·::-· .7 

! 7 .. .:. .:: .... . ;, 
..I.~ ... ',,-~':-~J.t.. 

19 •. ' ~~-:.:;-:,.. .. l 
;;:~ •. :.' :':''':w_;:' 
2L. 2~"!'1tl 

.22. 2 ::.:', .... r:. 
23~ 2:~·· 

~tt~ 

~ J ... 
~:;,. 

27 • 
'0 ':'.J .. 

2., • 

:. c. 

2 72, 

r~ ... ~ ... ',) 

• J 
~"l" .. 4 
..., ~-.. . (; -' .. ':' 
2 'l ~ • Cf. 

~ ;.. ,,2 • :.' 
, ' ~ " .. • to 

.3 • '"' ;;;. I. P, 
j ?~ 7.3 
3 2 ~ .8 
~~p 

:, 7 ~ 
.~ ~ . 

? 
",'J' L _. 

d 

• e, 
,.3 

3 j • .2.""' .::. -+ ... .:.., 

1.0.: • 2 ";::) 1 • 2 
41. ;:':,;""\:,..7 
"+ 2 • ;;: :,.. ., • 2-
43. -,.7 
4:;.. 2 ~.).< 

L.j. ~~ .... r 

40, • ;. ; .? 
47. 
I~~, ~ 

, ,~~.' -; • 7 
.0 

:: . 
f ILLK 
FI,P 

r 

~i,THAL.'Y 

l. I 1 .. 
lL ~ 1 ... 
". 2. 
41""';- .. 

q 2 .. 
l.,: ; • 

('( Ci; .. 

Ac ~, .. 

L" [. ~ 

{;: 7 • 
l.!;' e .. 
l; .:' c .. . ' 
4'-1 .. 

4', 2 .. 
4c~ 3 .. 
i. { 4 .. 

4~: 
L L: (, ... 

1.;" 7 .. 
u~'b • 
4~:'9 .. 

1 • 
'. 

['. :.,. 
c. '-. 

[:. P .. 
: j r .. . ; ~ . 
r: 4 .. 
~, 1 ("~ .. 

:-.R. 

:':2 .. 
. "-,::: 3 .. 

,;.:: 5 • 
~ ': 7 .. 
~,. 

~ 'I, 1 .. 
r:::32· 
r. ?4 • 

';:.~ . 
~ '"! 7. 
~ ::t • 
r~'t . 

, £.1 .. 

~"2, •. 
t=. 4:a: ~ 

f'llil L 0 

444. 
4<+::. 
44S. 
447. 

"4~. 
'+51. 
If ':1 ~. 
45: • 
"") h .. 

45 
"()? • 
4S4. 
4£:':: .. 
lJ.(.",; .. 

...71. 
473. 
47~ .. 
6.77. 
4P 

4 t.;.2 .. 
4H4. 
42b • 
4~ f • 
4 q l. 
4 ~i.3. 
1I,:<'1,. 

4717. 
4'1c., • 
~ ~ . 

·4. 
t:: (". 

:- f'. 
<1 

:' 1.3. 
51~' • 
~!'! 

5 ~ a. 

5 ~ ~ • 
~ '" '1 
",~ -. 

~, . 
, . 
c; • 

531. 
';7: '. ..... ..;.. 
5 3~ • 
~?: t·. 
~"~ 7 • 
~?: "~. 

• r. ~ 

I~SID[ 

~Il~ Cc:r 
h/~_~F_r 

47 } 
47 ! 
4 I] 

4" 1 ~ " 
471 rj. 
1.1.716-
A 7 : ~~ .. 
l:. 7:: • 
47;4, 
47; 7. 
475 
47,;" 4., ':;!1 • 

.:;. 7 .s'.:. 
4/43. 

414,(. 

47<+i?" 
I.; 7 ~ ,3 _ 

47;)~. 

47,," • 
47b3. 
47 t) 7. 
1.>7 f , • 

" 1 7 ': .. 4., .:" j • 

4 7 i'~~'" 
'+ 'f 'j C:. • 

~ 7';;' • 

4 ~~ 4. 
b.:~ '} 

4 p, ;' • 
lIf.::'" 

4 g 2 tJ. 

4,):: ! ~ 

4 P 37 .. 
4 " ,~ :"' .. 

4?~ U. S .. 

4 U. ~') ~. 

.tI ti '~d • 

4 f: ~).5 • 
"" .... 1 r p • 

4~, -: 3. 
4?7i. 
4c"~1 •. 
4 t. ~ .. :::, • 
.tI;', '1. 

lf6'~:; _ 
" f' ;, ~ • 

'-t, 

"UT~IDf 
PFty ~LUX 
P/~-~F 

~ :i. ~ 1:\. 
L:: 1. C:. 7. 
c:t~t; • 
~ t! 'f"t,. 
SL;~Fl. 

;,,~, 4 f &.t • 

(, ':',f: • 
7' ~47(. 

.c' 4 .s3~ .. 
2 £P7. 
2 :;S 
::. l2~. 
~, c. ~'~ ~ .. 

4 ;. 7~'" 
:: 4 t.,f- ';! .. 

? . r- c:2):.' • 
'" I'~ (. ~ 1 .. 

~t:~ 
:: 4741:.'. 
2,:~3;_,. 

2 r..,~ ~ 

..., ~ tlh. 
..., IJ,' H. , .-
~~ :'-;4~. 

4';J 1 '/ • 
4 H~\I.. 

~'4: 7 .. 
; ~·,tdf.:. 

':' r: 12( • 
l.I t 81 • 

~ :' L 4' .. 
£. .. ,..~ '" ... 
4t.c .... 

.~ ~S23. 

~~ . t.. l) f,::: .. 
t. Lff·, : .. 

I.. ~1 7. 
! 447. 

:l>~l'~t· • 
:t7(:.]l. 
17~'.3.3~. 

17~'d;;. 

H f" ~f,7. 
J~c"22. 
1~··~A,2. 

:,44~'(-~\. 

1:': 7 71.:. • 
';, ,j (" .. 

.J.7) <;6. .1. ;!j. 

'~"B.TEMP MAX.SCLAR fLUX 
F . BTU/~F-SQFT 

TJ3~ 'eRM:r·) 
TE r~p 

F 

41J<.f. 
516. 
533. 
5~1. 

56 t. 
:' ~:. ;" . 
5 :3 7 .. 

. ~ Q2. 
5?~. 
6 
S , ';'. 
5. 
IS ',' c.. 
6, 3. 
& 4. 
S _ f,. 
5 .7. 
';) f":, 
6 .2 .. 
hi 
.; 11. 
£1 j 2. 
61 Z,. 
61 4 , 

h 1 ''';' .. 
S 1 t~·, .. 

62 " , 
62.:'. 
62'+ .. 
S 2 f·. 
:,;: c .. 
6;: ~? 
';31. 
:;:3 3. 
S35, 
5~". 
f· ~~ /-" .. 

"'S"3 C,' 

S 3 /-.• 
;33. 
531. 
62,). 
f,;;: b. 

6.2 ct. 
!)~l. 

61 C"" 

b 17. 
614. 

2!7.;~:1. 

CULK 
au ,\L 

CUT 
QUAL 

-.6~ I, 

-. f., 7 , .... 
-. S 7 
-.f..7 
-. f, ~ 
_. (, t. 

-.6 ~; 
-.65 
-.44 
-.S3 
-.6:3 
- .. (, 2 
- .. ,; 2 
-.61 
-.t., ' 
....6 , 
-.59 
-.:''J 
-.:) f:-

-.56 
-.57 
-.5 (~ 
-.5-:" - .. ._-
-.5.5 
-.5 it 
-.~3 

-.~3 

-~52 

",~2 

-.51 
- .. 51 
-.5 
- .. q9 
-.4'1 
-.4 t, 
-,4P 
...... It 1 
-,,47 
-.4f 
-.46 
-.4t> 
-.4: 
-.4.4 
-.44 
-.43 

~. ' 

~. ',' 

;1. ' 

). I 

". i' 
) .. f 

' .. 
" ... 

'/- ." 

" ... , 
~ .. 
"I. ( 

'. I. , . 
" · , , · ,. 
: . ~ 

" . 
\ " · , 

.; , "-
1. I 

0" _ 

'1. \ 

" . 
. .. ~ 

i!. '. 

,; .... 
'1. ~ . 

,,' 
..:.. ~ ... 

It r. 

-; .. , 

',. ' .. : , . .. , .... " .... 1. " 
.. ; 

-.lt3 I .. ~ 

-.43 ••• 

PRE'H I;AI t>A~ E' L ....... . 

CUMULATIV[ PRESSURE DqO~ 

FRICTION MOMENTUM GRAVITY 
PSI PSI PSI 

.• 1 t:: 9 ' 
.33':, : 

·,.5 f, 

• .; 76 t, 
'.8451 

1. '.< 1'+.2 
1.1 J:d4 
1.3527 
1.5::::2'~ 

!.6 c 15 
1.8?·1' 
2'. ':" t 
?2 . 3 
2.37 
2.5 ~,c9 
2.7 99 
2 .. B~~ . 
:3 .. 'J:' 
3.22' I/. 

3. ~f", f. 
::.5(·~~, 

.~ .. 7 ~ 1 t;; 
:).9 ;:-t~ 

4.q735 
I.h2446 
4.41 h . 
4 .5 e 7 & 
~,1:'?3 

4.9:-·14 
5.1 ~f; 

5.27(·1 
':',.44t8 
5.f; 2 18 
5. 7 e :. :. 

S·9b}o'4 
6.14;2 
b.31f2 
6.4(): '+ 
(:.f,C4~ 

(;.'3 ~S' 1 
7. ,147 
7.1P<?9 
7 .. 3h~4 
7.5411 
7.717,1 
7.,Rn;:,1 

8.c6"4 
F.. 2 4: q 

I.'. {" r·., 4 

~; ..... :. 11 
,; .. w " 21 
';.' :'33 
',. " ,47 

. ':,3 ',. 
\..i" ' 31 

98 

~ .. 115 
133 

,).: 1 ~ 1 

• 11' 
• 188 

.• .i2 (; 
'j. :,225 
t'!.(l2'+4 

"2"3 
"2';2 
3 2 
322 

..... 342 
.,362 

..~ ~9 

,; .. ~;425 
; •. 4 ~ 1 
'1."457 
;.:.. c ,:.:5 3 
f: .. ",S7U 
~ •. : (, ·,7 

• .. L 45 
1. "f.. t .. 2 
"'" "72", 
: •. 7'5.7 

797 
..• ' R 37 

• 871 
".~417 

~. ~S, 6 
".~~'~i4 
1 .. 1 "32 
:-.1 '·8 
, .] 1 '2 
) .1135 
,.11 e 1 
• .1197 
.• ! 22 7 
.1~57 
.1284 

Jot 3524 
c.7c~8 
1.,571 
1 ~4"93 
1.7613 
:!.1132 
2.4548 
2.PlS:.i 
3·1&7; 
3.5177 
3. SG-9 j 

4.21SJ 
4 .. ~677 

4. q 17 ) 
5.266" 
5.611+7 
5" ~63 '! 

6031.9 
6.6585 
7. ,'~56 

7.3524 
7,,69B8 
P ... ~ 4 7 
8.39' 
F.73~s 
9. 7 j4 
9 • ..,21& 
9.764 J 

1'.1.'57 
1 .... 44~7 
1.,.78L 
11-1255 
11.4(,53 
11.f:';34 
12.14 '. < 
12·4773 
12.8132 
13.1482 
13.4[<26 
l3.6153 
14.1492 
1':' .4816 
14.P133 
15.1444 
15.475J 
15.8":5,j 
16.1344 
16.463,. 

tr' 
w 

• 



!) 

It 

D 

t) 

, 
D 

~ 

51 

D 

~ 

> 
~. , 

• 
> 

~ 

, 

• 
.1. 
40>. 4, . 
51. 
31 • 
:- 2. 
~) .. 
5~. 

55. 
~~. 

-:'7. 
:- 3 .. ::, .. 
£ .• 
61 • 
62. 
63 .. 
;~. 

E;. 
1.1~ .. 

· , 
• :> 

2 "71 -: .7 
2:: ~ ";" .. :&. 

2;:: 1 , ,,(1 

~ 7. ~ i" 1 
:. ,'! ,. & 
',"71~.1 

2: i ') • (, 
,. "; . 
.: _ ~ ." .l. 

;:: ~: 
'" ~ , . ' . • t 

',,4 

2! ~ .", of £. 
£ ~] 'f.l 
<-: 1 .:: .6 
,.....". 1 
Co ~ * .... 

2-:~ 1..: , ~ 
2?~.2.1 

:::: 1 .... ~ 
~"'f: •• 1 

v'#'S~,.rL-, 

~"1!~; = 

~. ~ '!-- .. 

~"4 • 
t, :; .. 

~.£;(,. 

':1.7· 
~. ~;~ .. 
t.. .... '3 .. 

'" r: 1 .. 
: c I • 
r;~ 2 .. 
:-.~, ~ .. 
:.. ::·2 .. 
r. ~~ .. 

~~ 3" 
:. ~', 3 .. 
~:,' 3 .. 

":.:! • 

~- :' ,. .. 
f.i ~~ ,~ .. 
54 , 
:141. 
542. 
544" 
t;: 4: ... 
5~ f';" 
'34':. 
547. 
:- 4- i", .. 

~4<::. 

:'4 c,,, 
53 , 
55 
ft-
'; S! • 
551. 
~. 51 .. 
~51 .. 

,;',~,.t411{,:: ..:t:Lb/t-lt;.,. 

,1:1 H/H~-SF-F 

1'~PUT C\~O OrCK J~TA: 

\T R~ 

~: 

'''!r':'_~,S . 
\.COkR 
:;-, 

T'l 
-I ~ 

D 
. J r 
') ~~L L 
T"':'c. ,...I'" 

"n:J C::, i; 
~:.X T 
~:,:. I S­
ALP .:>. 
T· 
< 
L' 
i... .~ 

Lf . ~; ;. ~: 

KTE~T 

<GIFLf. 

" ~.l.N~Y 
GLIM 

1 

5 

?? 4 r .. 

4 E.:? .. 
444. 

1 • 
.1~ 

: 5 ~ • 

3. 
,,~ 

• G~_ 
l' 
3:':;· .. 

r. ~ c' _ 
37 .. 4 
€. ,: • 

2~7' 

':''', ,',. 
4 ~. ~,( • 

4-:: 

l. Cj 1j. 

4:1 f, .. 

.t;ry lh 

.:. ':~ : 1. 
01 S ! 3. 
4C,j'S. 

4 J; i •• 
4 ').~ 

, .:. A_ 1 .., ... ~ . 
4~:3. 
4)24. 
49~~. 

432~. 
4')27. 
4() .:~: .. 

49.211. 
.. 9~,:' • 

: .. -; il 
:::.. ~ it. 

~~:S::. 

.I " .:., 1 • 
~. 11 f) • 
1 ~t, 3. 

t ~ 7( ~ . .'. 
r'.~_f2. 

r 1 P9 .• 
-/ II 41 , 
t 712:5 • 
I: j 1 'j ") • 
~.?4f(· • 
';71~7. 

... ... f; 3~2 .. 
';·::'45;'; • 
, ~ ~ 'I .., 

'- ~ ",-'~ .. 
1~;.4:. 
, ? , 2 
~ ':'~'~ . 

c,J i. 

614. 
(111. 
~ ~. 

6 :-. 
6 ::.-. 
~ .. 
S -; 7. 
594. 
5~ .. 
~ ~\ 7. 
'\ p.,. 
SRI. 
51h .. 
574. 
5 7 ~ .. 
5 ~ 7. 
363. 
:if 
55 f,,. 

G = •• 22ci[ OLElHR..,.SQ FT 

• 
- .: .. .--., .. .:.', 

.... 4~, 

-.4, 
-.4:2 
-.42 
-.41 
-. >4 1 
- .. 41 
-.It .. 

-.4 '-' 
.. • 4 ~' 

-.4 
- .. 4 ) 
- .. 4 '; 
....'3') 
-.3::: 
-.39 
-.3 'J 
-.::9 
- .. :;g 

,. . : 
. , 

;1 • ~ 

- ", .. ' .. \.. ". , 
'. :,.1 
..: -' 

'J .. ~_ 

~'" ( ,. " 

!. 
. .. 
c • 

' .. 

; • ,"' - J 

P,. (t;,'i 

F.24:C! 
P.42~6 

a .. 5S'9~, 
i!. .. 7 7 (,:' 
P,.9!"i37 
9dnl 
9.3 ~.~ 

".4 t.J:-, 1 
C: .. 6 f 35 
9.e417 

1 ,'i .l.,]9 f. 
1 _1977 
1 ~_37~:P 
1 · .. 5~"4" 
1 .73,2 

. .91,. 5 
11.~lf8S 

11.2673 
l.l.44~6 

PANEL DELTA P= 3!.9PSI 

. I 

• ~ ~ ') 7 
'.1~'g4 

• L~ 11 
'., -1 335 
~'· .. 1:':'5B 
:-1 ~b) 

r. • 1 lj ,; ~, 

'\.1419 
,'. i 4!.. 7 
... llf 5 3 

: .1 4 €,I.l 
·:.1482 
,.14'~4 

-;.] 5 .5 
:.1~14 

.,.1521 
~.1527 
,'.1~"31 

·.:534 
.~~3,) 

8.Hr= 36.8rlP 

1 -~ .;, ), 
1(, .. )!l~4 

1 r:. • 4td 4 
If.791h 
]7.1138 
17.447q 
J7 07H 6 
JP.I.'14 
1~ .. lf219 
lq.75lf ) 
19.· Bt 
1Q .4.54 
19.73,;7 
2~.'55S 
2e038';; 
2-.7';53 
21_,2 g 9, 
21.3543 
21.6767 
22 .. :,: ·~29 
22.3272 

ERROR .. COOE:= _._.C 

rAI~t~L rr;:- :: : .95 'BS'R9~J G =~.;5.4E 08HTU/HR Q FACTO~ = P.7~3 

• 

td 
I 

.;-



1ft , 
:f~ 

?OILER PA~[L NO. 7 
IUSING T~~MPSGN-MACB[TH CORRELATION) 

~RESS Tf~~ ENTHALPY Ll 
~SIA F BTU/LB FT 

L2 NO.TUBES TUBE 00 'TUBE 10 TUBE LGTH INCREMENT. 
Fro IN IN FT FT 

215"_ G=:13. 1222. 5.6 37.4 15; t.5 ': .. 39 66. 1.00 

CD~DUCTIVITY EXT.CCEFF EMISSIVITY ABSORPTANCE '4MB.TEMP MAX.SOLAR FLUX 
.B-IN/H-,f.F 6/H-SF-F' F BTU/HR-S~FT 

le.~. 3. 

TUE-E PrE,S 
L G TH 

eliLK (r,THALPV 
H~.P 

FT PS r A F BTUILS 

I'JD 2143.1 
2.,,0214 0 01 
3. ~ 2::'47.2 
~. ',I 2]4h.2 
5 ...... 2l45.2 
; •. J 2144.1 
1.;.,u 21 4 3.1 
9.·~ 214".:) 
3 .... ~ 214 J.9 
Ih'~ 2133.a 
11.:.:, 2~~S.; 
12. ~ 2J37.S 
13.i,L 2!3o • .q. 
l~.!.>J 213~.2 

15.:'; 2134.1 
1;.}i.I 213.2.8 
17a ') 2131.6 
l~. ~J 213 :.~ 
1:;.".1 21~7.1 
2';' •. ,C 2l27.9 
2.1 •. :I,J 21':::'&.6 
22 • .:,-:;' 2125.2 
23.~C 21.23.9 
24. ~;j 212~.6 
25 •. ~ 2121-2 
2o., .. ~ 2~lj.8 

27 •.. .;. 2:1~;.q. 

2~ .... l.I 2Z17.') 
21."Jil 211:::l.6 
3J.'.211401 
31 ... ~ 2112.6 
32".11 2111.2 
33 • .;;..1 21<1S1,.ft 
3:r.~.:; 21"2.1 
35 ... .,; 21'0.6-
3S, •• J 21·~.ll 

37.,," 21 3.4 
35 .. J 21'1.& 
33. lU 21" ... 2 

~99 • 
7,'1· 
7 l 3. 
7 '.6. 
71 f: • 
715. 
72 ~t. 
7~6 • 
732. 
7.39. 
745. 

752. 
7t;:9. 
7~6. 

773. 
7tt. 
7tA. 
7'; 5. 
P':'3. 
f]1 • 

P19. 
P2R. 
P36. 
845. 
8~3 • 
862. 
;'71 • 
PiE, 0' • 
F:t9. 
F!9P. 
i? i. 8. 
917. 
927. 
'336 .. 
':146 .. 

9'::5. 
965. 
975. 
98 If. • 

~~._o 2~91.6 9~3. 

41 • .J:) 2: '=' h • 9 1 ,;' 1. 
42.~~ 2~9~.3 l~lO. 

~3.~~ 2·~3.6 1 :8. 
'+4.:,~ 2 ~1.9 1"'25. 
,+l.UU 2~9 ~.2 1"33. 

• 

1223. 
1225. 
1228. 
1232. 
1237. 
1243. 
125 ';. 
12=7. 
1263. 
12 7~. 
1277. 
1283. 
129 ':. 
12"7-
13)3. 
131 v. 
1317. 
1323. 
133 c. 
13.57. 
1343. 
135 :i. 
1357. 
1363. 
1370. 
1376. 
13P.3. 
1389. 
1396. 
liJ J 3. 
14 ~.'3. 
1416. 
1422. 
H29. 
1.35. 
1"42. 
1448. 
1454. 
1'16.1. 
14b6. 
~472. 

1477. 
14il2. 
1407. 
1492. 

O.S9 L' .95 

INSIDE OUTSIDE 
FILM COEF H(AT FLUX 
B/H-SF-F 8/H-SF 

1772. 
1766. 
1753. 
1734. 
111 ,. 
168 '. 
1647. 
161 ~ • 
157€. 
154~. 
1519. 
14S3. 
1468. 
1445. 
1424. 
14.5. 
]386. 
137 .;. 
1354. 
134-). 
1327. 
1315. 
13 ;4. 
12S4. 
1284. 
127'5. 
1260. 
126; • 
1254. 
124B. 
1242. 
1237. 
1233. 
122S. 
122'5. 
1222. 
1219. 
1217. 
1215. 
1213. 
1212. 
1211. 
121" • 
121;J. 
12,:9. 

1?633. 
4231'~. 

(, ~ 248. 
1: f ~ ~2 • 

11' tie.; 10 

13,e49. 
14734 ':'. 
14724,.\. 
147115. 
14(673. 
14£48~. 
1'1'Sc;2. 
1" E-oCj.35. 
1 4 ('134. 
1'fDa. 
14~876. 
14~716. 

14~4b3. 

14~445. 
14 ~ 25<j.. 
144b98. 
144833. 
144720. 
1'·371. 
1443D. 
144L25. 
143779. 
14Zb12. 
14~2S7. 
143i..33. 
14~7~:'. 

142t:.67. 
142345. 
142:..En. 
101667. 
14157'~. 

141363. 
137S99. 
132807. 
1~74C3. 

12<'182. 
1:<·981. 
111b84. 
If 61t2~1. 
1'.1128. 

10l. 161~QO. 

TJBE 'CROWN BULK 
TFMP QUAL 

F 

717. 
739. 
762. 
786. 
B 11. 
838. 
858. 
865. 
872. 
8 " --'.' .. 
8dB. 
891.. 
S loI4. 
912. 
92:1. 
928. 
937. 
945. 
954. 
~ 63. 
9710 
981j. 
989. 
998. 

1 G~' 7. 
1 C 1 b. 
1 ; 2 5. 
1 Q 3 5. 
1 r; 4 'I. 
1053. 
1 j 6 3. 
1 ,.j 72. 
1 ;)82. 
1,.,91. 
11 .> 1-
111,;. 
112 ;. 
1126. 
113 G. 
1133. 
1136. 
11.38. 
114 ". 
1142. 
1144. 

1.22 
1.23 
1.23 
1·24 
1.25 
1.27 
1.2 G 
1.3 iI 
1.31 
1.33 
1.34 
1.36 
1.37 
1.39 
1.40 
1.41 
1.'103 
1.44 
1.46 
1.47 
1.4 q 
1.5\1 
1.52 
1.53 
1.55 
1.56 
1.5 -f 
1.59 
1.60 
1.62 
1.63 
1.64 
1.66 
1.67 
1.69 
1.7 C 
1.71 
1.73 
1.74 
1.75 
1.76 
1.77 
1.78 
107., 
1.80 

CR IT 
QU~L 

a. (' 
C. C 
0.. (; 

D. '" o. r 
o. ~ 
0,. 1. 
J. l 
0 .. [I 

J. w 
I). :.; 

''I. [: 
Clot 
iJ. C 
n. c 
,. c 
o. c 
~. z 
C. (J 

1.e 
!'I.(; 
J. C 
~. G 
9.t 
O. C 
0"';. t­
il. \: 
I). C 

0. " 
0.0 
O.L 
J. ~ 
j. C ,. (; 

O. C. 
1. (' 
G. t 
~. 0 
{.,. " 
~. (J 

o. ~ ._. 
n.o: 
~J. C 
0.0 
n. c 

• 

s.l{.pe]~ ij EA"::r:£'J~_ ... PA~EL. 

CUMUlATIV[ PRESSURE DROP' 
FRICTION MOMfNTUM GRAVITY 

PSI 

~.89;·(, 

1.1 R 36 
2.6835 
3.5918 
4.511 r 
5.4435 
~.3924 
7.3576 
1l.3393 
9.3376 

,lC·3529 
11.3851 
12.~344 

13.5Ul1 
14.5850 
15.6864 
16.Bt55 
17.9422 
19.,,%6 
2 •• 26<;;, 
21.4594 
22.6678 
23.8945 
25.1393 
26.4"25 
27.684 c, 

28.9841 
:3 ~1.3 ~~b 
3106398 
32.9955 
34.369", 
35.7631 
37.17:,'J 
38.6-;58 
4'I.{:553 
'H.5238 
43.~112 
44.5172 
46.('415 
47.5834 
49.1424 
50.7178 
52.3:~1 

53.915~ 
55.5365 

>'SI 

•• :1088 
G.i,;'288 
c. ~6 ';3 
).1 ~5" 
J.le:i35 
').2334 
:; .31 : . .-7 
~.3B53 , 
(.4628 
C .54 '2 
0.6li'4 
;.6943 
J.7724 
,1.8495 
0.9279 
1 • ~ 06 2 
10 ~ 83 7 
1·1622 
1.24 ~9 
1.319b 
1·3%2 
1.4765 

~ .. 1.eS52 
1.6337 
1·71~4 
I.HI0 
1.8694 
1.9479 
2.:.259 
2.H4U 
2.1816 
2.2593 
2.:337C 
2.4H5 
2.492 C 
2.5&Sl 
2.6"58 
2.72 ,7 
2.7929 
2,Bh23 
2.9287 
2.9917 
3.~518 

3.1 ~92 
301638 

PSI 

J. '~:!14 
D. :527 
u • .::930 
':'.1246 
•• 1550 
\,:.185l: 
C.21~& 
: .• 2436 
;..2722 
0.3"03 
'),3280 
L.3~53 

:j.38~1 
;:;. 4 i:te5 
L.4345 
O.45fil 
(;.4853. 
1.51°2 
(;.5347 
v.5569 
•• ~827 
0.6362 
U .6294 . 
u.f.523 
~.67lJ8 
;).6971 
~.719J 
(j.HC7 
C.7621 
0.7&33 
~.P042. 
0.82 4 8. 
C.A452 
~.f.653 

O.P3S2 
Ls.J;49 
u.9243 
u.9436 
... 9626 
0.9814 
1.CJ'~r, , 
1.0185 
1. ~368 
1.'J:;5v 
1.~73a 

• 

OJ 
. f' 

\J1 

( 



• • • 
;. . , , ~, I. • f 1 ; /; ~ • t. ".i 7 1 ."; 1 (".5 

0"; "'3 .. • I~ 1 : ,.';. j, 4d? : 2 1 . 12 J t-,f
'
4. 114 ;. 1.7/\ ':. i S;::.j '(~l 3. 'J~lA 1. "368 "If. 0 2 ~'1.9 1 "';5. Bah 121 ;. 1 f £ 42 /1 • 1142. 1.7., 0.0 53.91··~ 3.1'g2 1.·;·S5J 

", ... .,) 2i9.1.2 1"33. 1432. 129. 1.112R. 1144. 1.Il:' ~'l o;5.53~5 3.16SB 1. J 7.3.) 

D ftb • .; .2.~l-'t\.5 1 ~9. lit96_ 12 J9. C;~ 97 2 .. 1145. 1.8l D •• .., 51.1115 3.2155 1. r .. 9i1R 
It 1 .. c;.i 2 L s:: IS .8 1 r .. (, .. 15 J '" 12,9. Yr~e3. 1146. 1.82 0.1 58.8197 3.2644 1·1J86 
,.~ ... .;; 2,0:..1 1';'2. 15 ~4. 12,9. b~4('7. 1146. 1.83 !l. I.: 6 C.~B ~!7 3.3104 1.1262 

f) '1,,,,1l 2C!";3 .. 3 le58. 15,;8. 12~8. B f 158. 1146. 1.84 G. C 62.1536 3.3531 1. H37 
5).,~ 2r~1.6 lr63. 1511. 12 ;9 .. 7 5 2r~ .. 114 b. 1.84 :'I. \; &3.8578 3.3932 1.1(,11 
5:.::: 2','7~.9 1 (68 .. 151lf. 12 ;9. 0'31,,6. 1145. 1.85 D. r 65.5~?7 3.~ 3~~ 1017B3 

II 52.,.; 2 .. 7,;1.1 1:73. 1517. 12:~. t.·46fL5. 1144. 1.85 ~. t 67.2'3;7 3.4649 1.1955 
53"'0 2,76.3 IL77. 152 J. 12 ~ 9. 5~b15 .. 1143. 1.86 Il. ~ 68.9521 3.4967 1-2127 
5~.~~ 2~74.6 IrEl. 1523. 12 :':;. ;4285. 1141. 1.86 ·1. t 70.6753 3.5257 1.2297 • 55 •.. ~ 2~7<-8 1"f.5. 1525. 12,; 9. it'.:t179. 1139. 1.87 J. r- 72.4':'bb 3.5519 1.2457 
S;.·'J .2.71.J 1 ,f8. 15270 12:9. 4 4 13' • 113 &. 1087 rt. Li 74.1454 3.57~~ 1.2636 
57 •. ·0 2 6'702 1 '? 1. l529. 12~9. 3~'951f • 1134. 1.8B ". ~ 75.e911 3.5%2 1. 2B a,.q. • S3 • ': J 2 .; 7. it 1('93. 153':. 12 ;j 9. ~3~S5. 11310 1.8.l ,l. I. 77.6429 3.6142 10 2972 
53 •. " 2.65.7 1"75. 1532. , 12 'j9. 2B716. 1127. 1088 :.I. i. 79.q :'j'3 3.6295 1.3139 '. 
bu.',,, 2.,63.9 1"1j7. 1533. 121 '. 23717. 1123. 1.88 1. L 81.1~25 3.642C 1.33 &6 

~ 61.JD2G6:2·1 1~98. 1533. 121 •• 10611. 1119. 1.88 ~. ~ 82.929 C 3.&518 1.3473 
62.~~ 2:6~.3 l r 99. 1534. 12(c. 1347fl. 1114. 1.88 ~. C e.4.6991 3.6587 1.3639 
6~ .·0 2::S().S lIt· O. 1534. 12 :. __ ';0. b53B. 11" 9. 1.8 i.~ lor 86.4721 3.6629 1"3a05 • S~ .... ~ 2'~~b.7 11 ~O. 1535. 12:5. ~491. 11 \" 4. loB8 o.~ 88.2H4 3.6642 1.!t971 
&5.':) 2 s:,..r) 11 .. 0. 1535. 12 .9. -1724. 1 ., '7 8. I.BP. It. f" 9r..1)242 3.6628 1.4136 .. 
6D.r" 2:53.1 11")99. 

• 
1534. 12 w9. -£.&24. 1.92. 1·88 o. t 9108 Q2 C 3.6586 1.43~2 

~ASS FL:lW =~.13('7E C6LB/HR G =J.l"9,[ 07LB/HR-SQ FT PANEL DEL TA P= 9('."PSI BHP= 25ti.1HP ERROR. CODE: 0 -
~ .. It, = c..o B/HR-SF-F PANEL EFF = Q.871 ABSORBED Q =~.~269E ~8STU/HR Q FACTOR = ~. 7 33 

t>:j 

I 
a-

t? , 
..J IN?UT CARD OECK DATA: 

~T 15 " 
KI 1 
~KAS[ 1 
~CORR 1 
~l 215 ~.C" 
TFl 699 •. ;:; 
~1 1222 •• u 
!)O :'1.5.: 
JI -.• 39 
uELL 1. ;J U 
no ,,~ llC:.(J 
'iIDESN 1 \" ~ ) '"'. !. C 
>itO 3 • ..:1.,0 

EMIS '!.i:9 
4LPS I'. C;~ 
TO 1 [t G. -:::,. 
~ 16;j.~j 

Ll ~.6 v 
L2 37.4~ 

LT 66.£.:":' 
NPAN 7 
K TEST e 

~RIFL[ 

~ 1" I'l:lt' "I. ;' oJ 
~ 

SilL MAX 161iO~.,)1i 
QLII'- :'l. oJ • 
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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 ~rcy-Weisbach equation as: 

liP = ftii) 
V2 

p 
2g 

liP 
l6f e) m2 1 

=mr di di4 x--2gp 

The mass flow rate through any tube in a receiver panel 

can be derived from any energy balance on the tube: 

Therefore, 

m = 

Substituting Equation 4 into Equation 2 and rearranging 

yields: 

liP 
l6fn2 

112 (
10 \3 (do )2 (1-)2 
di) di lIh 

1 
x 2gp 

By defining the receiver aspect ratio R = LID, Equation 5 

can equivalently be expressed as: 

liP 
l6frf 

'ITz x 

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

receiver dimensions to the thermal output of the receiver: 

- - - - 2 Q = n·I·A = n·I.A = n·I·'!T·R·D 

c -, 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 



C -2 

Defining a = III and rearranging Equation 7 to solve 

for I: 

I (8) 

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: 

LIP 
1 

x--
2gp 

Equation 9 can be expressed in non-dimensional form as: 

= l6f 
a

2
1T " 

(9) 

(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. 

<: -1.-

• 

• 

• 
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Variable 

A 

At 

di 

do 

D 

f 

g 

llh 

I 

I 

L 

m 

n 

n 
Q 

p 

R 

V 

NOMENCLATURE 

Definition 

Ratio of average flux to local flux (1/1) 

Overall receiver surface area. 

Nominal surface area of single tube 

Tube inner diameter 

Tube outer diameter 

Receiver diameter 

Moody friction factor 

Gravitational constant 

Enthalpy rise of fluid through the receiver 

Local flux on tube 

Average flux on the receiver 

Receiver or tube length 

}~ss flow through single tube 

Local absorption efficiency on tube. 

Average absorption efficiency on the receiver 

Overall thermal output of receiver 

Average fluid density in tube. 

Receiver aspect ratio (L/D) 

Fluid velocity in single tube. 
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Proposal Reference: 9C114-2228 

;;f Project: Solar Boiler BCP's 
<r 
~ Concept A 
UJ 

<!J Number of Pumps Required per lloiler:_2 __ 

/Xl 

Zl'" a f-
- Z I- UJ '" ~ .., UJ 

<r 
u. 

""1
6 

UJ UJ CL Q;: 
<n 

t..> 

CLI "'I 
~ I-

:::> '" Cl... c:::o 

c:::o 

~I,~I 
:~'t=I 

Number of Boilers: 1 

Fl ui d Handl ed: Iloiler Water at Specific Gravity: ____ _ 

Design Pressure: 
Fluid Temperature: 

Pump Inlet Pressure: 

Hydrotest Pressure: 

NPSHA: 

Inlet Pipe Diameter 0.0.: __ _ 

Outlet Pipe Diameter O.D.; ---

MPa 
C 

MPa 
MPa 
m 

mm 

mm 

PSIG ---:-:-:;--- F 

DSIG 
----- PSIG 

ft. 

in. 

in. 
Vol tage/Phase/Frequency: Vol ts __ 3 _ Phase --2Q... Hz 

SINGLE PU~P PERFORMANCE 
TWo Pumps One Pu.:np 
Operating Operating 

Flowrate: 

154.<J m 
2191 .m3

/h I 9640 GPM II m3/h 

Total heaa: 508 Feet 
----"""' 

NPSH Required: 17.7 .m 58 Feet 
Power Shaft - Hot: flP 

Power Shaft' - Cold: ~HP 

Design Pressure: 21.6 .HPa ~ psi 
Design Temperature: ~.c 705 F 

Hydrotest Pressure: ~MPa ~ psi 

~\otor Des i gn: 

'Service Factor: 
~ole. ~Iet squirrel cage; 60 Hertz 

1.15 

Starting Current: 

,Speed: 
960 A 

ua 1760 rpm 

o 1170 rpm 

m 

m 

___ GPM 

___ Feet 

Feet 

Power Output 

,Current 

Voltage 

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

PROPOSAL DATA SHEET 
BOI,LERCIRCULATING PUMP 

• • 

Date: January 9, 1989 

Pump Type: Boiler Circulating Pump 

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

RATED 

. '1500 HP 

208 A 

4160Volts -

M/lXlmUI1I Power R!!qufr,d. 
S of Rated 

ll5 

BCP-023-79A 

Page 3 .of • 
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c:x: 
0'> I': 
...... 0 

I .,... 
(T) +' 
N U 
0 w • I r-
0- c:> 
U V) 
W 

0-
U 

"W ., 
g~ 
.. cO ........ 
"'0 tv) 
a: 
~ 

'" ... .... " 0 ., 
"" .r, 0 0 .. .. 
"- I>-

.' 

VI ...... 
VI 
0 
0-
~ 
:::> 
0-

:z 
0 ...... .-
u 
:::> 
~ .-VI . 
:z 
0 
u 
~ 
0 u... 
Cl ...... 
VI 
:::> 
...... 
CO 

0 
I-

.-
C> 
:z 
V) 
z 
0 ..... 
Vl 
z 
LU 
4 ...... 
Cl 
i< 

K 

Terminal,' 
~Box 

~:r-J=-
I ~ tllu-~I;=l!I. 

i 
_. ~+Outlet 
;. High 

Pressure 
Cooling 

Water 
from 

Motor 

DIMENSION~ - 'rom 

A 950 

B 530 

C 1300 

Ds 
Suction 

500 LD. 

Dd 
Discharge 

350 1. D •. 

E 2200 

F 920 

G 1000 

K 4910 

, -

TOTAL WEIGHT = 27,500 L'B. 

"'7 YU' 
--t ~ .Inlet High Pressure Cooling 

J:' V W~ter to Motor 
(Require-d for Removal) 

~ ........... '7T--... '~'" W'7;;----.."'C" 
BCP-023-79A 

2, 3 
Page •••• of •••• 
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~ 

~a.. 
w C> 
::c :z: <I) _ 

c::~ 
I- ..J 
<:::> 
A 0 

0: 
.J -c:: u 
tI) 
o 0: 
0.. UJ o ..J 0::: _ 

a..~ 

ti z .. 
- 0 

• co> 

0'" 
0° 

:C 0.. 
:E Z 
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Proposal Reference: 9014-2228 
Project: Solar Boiler BCp t 5 

Concept B 

Number of Pumps Required PCI' nOiler:_2 __ 

Number of Boilers: 1 ---
Fluid Handled: Boiler Water at Specific Gravity: ___ _ 
Design Pressure: 
Fluid Temperature: 

Pump Inlet Pressure: 
Hydrotest Pressure: 
NPSHA: 
Inlet Pipe Diameter 0.0.: __ _ 

HPa 

C 

~'Pa 

HPa 
m 

mm 

_...:... __ .PSIG 
651 F 

2867 DSIG 

PSIG 
-~=--ft. 

-...::..:=-- in. 
Outlet Pipe O~ameter O.D.; mm in. 

Voltage/Phase/Frequency: Volts --.L Phase ~. Hz 

• 

SINGLEPU~P PERFORMANCE 

Flowrate: 

Total "eaa; 
NPSH Required: 

Power Shaft - Hot: 
Power Shaft - Cold: 
Des i gn Pressur.e: 
Design Temperature: 
Hydrotest Pressure: 

Two Pumps 
Operating 

1460 .m3/h 
95 • .1. m 

.In-.2-.
m 

-- liP 

625 . HP 

~.MPa 
374 .C 

3'2:'3 MPa 

6ill-GPM 
312 - Feet 

<;, feet 

3130 psi 
·705 F 
4690 psi 

~Iotor Des i gn: 
Service Factor: 

~po1e. wet squirrel cage·; 60 Hertz 
1.15 

Starting Current:· 

Speed: 
.539 A 

IiJ 1760 rpm 

o 1170 rpm 

::E-KSB PUMP CO. INC. 
NEWINGTON. N.H. 03801 

One Pump 
Operatinq 

m3/h 
m 

_______ .m 
HP 

HP 

GPM 
Feet 
Feet 

Power Output 

Current 

Voltage 

PROPOSAL DATA SHEET 
BOILER CIRCULATING PUMP 

• 
Date: January 10, 1980 

Pump Type: Boiler Circulating Pump 

Motor Type: 6/4 l"Q-50-416 

~ 
.. ~Hl' 

98 A 

4160 Volts 

Maximum Power R~ulred 
% of Rated 

115 
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I 
" :::D+Outlet 
i. High 

Pressure 
Cooling 

Water 
from 

Motor 

DIMENSION* 111m 

A 900 

B 530 

C 1200 

Ds 
Suction 500-

1.0, 

Dd 
Discharge 300 I, D. ' 

E 1900 

F 920 

G 950 

K 4310 

Terminal,' 
i Box TOTAL WEIGHT = _ 26,400 LB 

,t'l~-':: .-., 1-' 
i ~ l~,~--~I;=e,~ . . -I} 

-I ., ~ J"'et High P,em,e 
~ ~, Water to Motor 

(Requirai for Removal) , 

~ .... '~.7T .. -~,,"T~n-.;"t:' 
bob 

Cooling 
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Proposal Reference: 9014-2228 
Project: Solar Boiler BCP' s 

Concept C 

Number of Pumps Required per Boil er:--2-
Number of Boilers: 1 

Fluid Handled: Boiler Water at Specific Gravity: ___ _ 
Design Pressure: 
Fluid Temperature: 

Pump Inlet Pressure: 
Hydrotest Pressure: 
NPSHA: 

MPa 

C 
~lpa 

MPa 
·m 

.PSIG ----,,.......,;--
610 F 

2268 o5IG 

PSIG 
2060 ft. 

.Inlet Pipe DiameterO.D.:. mm in. 
Outlet Pipe DiameterO.ll; mm in. 

Vol ta'ge/Phase/Frequency: Vol ts _3_ Phase .....2Q.... Hz 

S~NGLE PU~P PERFORMANCE 

Flowrate: 

TwO Pumps 
Operating 

1359 .m3/h 5980 GPM 

u Total hellci: 47 m 155 Feet 

16.2 .m 53 Feet 
-- __ . HP 

I NPSH Requ ired: 

tj ~j Power Shaft - Hot: 
ci: ~ . Power Shaft - Cold: 

Design Pressure: 
Design Temperature: 
Hydrotest Pressure: 

290 HP 

21.6 .MPa --' 
....J1..LC 
32.3 MPa 

3130 psi 

-2JJ5F 
4690 psi 

Q 

I 

'~I ~I 
~lotor Design: ~ole; wet squirrel cage; 60 Hertz 
Service Factor: 1.15 

:r: ~ Starting Current: 285 A 

Speed: 0 1760 rpm 

o 1170 rpm 

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

• 

One .p~9f\P 
Operatinq 

___ m3/h 
___ m 
___ .m 

GPM 
__ ~ Feet 

~ __ Feet 

___ HP 

Power Output 

Current 

Voltage 

PROPOSAL DATA SHEET 
BOILER CIRCULATING PUMP 

• 

Date: January 10,1980 

Pump Type: Boiler Circulating Pump 

Motor Type: 5/4 EQ25-4l6 

ElliQ. 

335 HP 

50 A 

~Volts 

Maximum Power Required 
,; of Rated 

115 

BCP-023-79C 
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DIMENSION* . IIJIII 

A 850 

B 510 

C 1100 

Ds Suction 450· 1.D. 

Dd Discharge 300 1.D .. 

E 1900 

I 
. ......Outlet 
i Jl High 

F 920 

G 900 
Pressure 

Cooling K 4240 
Water 
from 

Motor .. 

TOTAL WEIGHT = 25,900 LB 
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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 Q. simple first order system. In this way the simplicity of a lumped 

model has been kept, while the use of several sub-sections can help approach 

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 [QUAR'+ TFO; TFI - TEX] 
dt (MCP\;X 

and r [ (MCP)F 

TFO L TEX + TFI UA 
/ 

where 

QR = Heat input 

UA Overall heat transfer factor 

TFO Fluid exit temperature 

{ ./ 

[

(MCP)F 

UA + 11~ 



E-2 

TFI = Fluid inlet temperature 

TEX Heat exchanger metal temperature 

MCPEX 

MCPF 

Heat exchanger heat capacitance 

Fluid heat capacitance 

The evaporator 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: 

and 

dTEVAP 
dt 

HEXIT 

where 

TEVAP 

UA 

MCPEV 

QEV 

TBOIL 

HEXIT 

HIN 

MREC 

For the drum, 

dTDRUM 
dt 

VA 
MCPEV 

QEV 
UA 

+ TBOIL - TEVAP 

VA 
MREC TEVAP - TBOIL + HIN 

Evaporator metal temperature 

Overall heat transfer factor 

Evaporator heat capacitance 

Heat input 

Saturation temperature in evaporator 

Outlet fluid enthalpy 

Inlet fluid enthalpy 

Fluid flow through evaporator 

U~RUM 
MDP

DRUM 
TSAT - TDRUM 

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 preliminary 

and were not intended to reflect an actual design or operation situation. 

The model appears to respond as anticipated and could be a valuable 

tool 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 superheater and #1 superheater in that 

order. The heat input was not intended to represent an actual cloud 

situation 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 steam 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 first "the .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 

flo~l falls. Final outlet superheater tubes could approach 1100C .(2000F) 

under these conditions. 

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



E-4 

Figures E-7 to E-lO 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 wate:r to the steam 

circuic j·e£0re the fini.shing 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 600e (llOOF) set-point. Outlet 

steam from #1 superheater, however, rose to nearly 760e (1400F) with peak 

metal temperature nearly 700e (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-lO 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 

temperature changes are to be avoided. 

if unreasonable metal 

• 

• 

• 
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1600. 

1400. 

12.00. 

9F 
1000. 

800.0 

600.0 

400.0 

2.00.0 

o. 
0.0 

PLOTTER SYMBOL- 1 
locati~n Inlet 

2.0.0 

2. 
Center 

40.0 60.0 

3 
Outlet 

E-9 

80.0 

#1 S.H. Metal Temperatures # 
Controlled Responses 

100.0 12.0.0 140.0 160.0 

TIME (sec.) 

180.0 2.00.0 



2.000. 

1800. 

1600. 

1400. 

12.00. 

of 1000. 

r;1 , 800.0 1-~. 
i 

600.0 

400.0 

2.00.0 

o. 
0.0 

PLOTTER SY~BOL- 1 
Location Inlet 

2.0.0 40.0 

? 
Center 

60.0 

3 
Outlet 

E-IO 

80.0 100.0 

Finishing S.H. Metal Temperatures 
Controlled Response 

12.0.0 140.0 160.0 180.0 

TIME (sec.) 

2.00.0 



• 

• 

• 

,1ARE:'PORTABLE (VfkSJON 2.2) FIGURE E-ll 
• COMPUTER MODEL INPUT SOLAR 

[X?ERIM[r.T>lL V[Rner,... TRANS1ENT PROBLEM IE. O'BL EMS 'ARt::· fNCOUNTCRED-.;--TONTA.,.Cr;-.... - .... --.. -. -.. -_ .. _.-............. - ..... ; .... --~--
f NEERING SCIENCE' DEPflRTMENT ... \,.., .; 
6 1.DJNG 22. WINDSOi'{.· '.' 

..~~~ .. -~- .. ,-."',.,.,. 

:t01 
PR OC ED WD r ST"'= WF IN, H2SI-lf) 3'; FS [T,HFlJ, yo::: S ,WSTv. H I t·IT ,HOU h D IFH----·.7T'· 
'" DE S TM = (. D [S - (\<iF! r) * (HSET -H 2SH.3 +HGUT) -.fSPhH l:'ir) IHF I.i) "..J.-«i , 

-'. ~ -:. 

\. 

C ~.~*.*** DIFFERENTIAL D~MPING ~~ 
"-~"~"'--"""""l"" ,p.S"l.<'( • (OIFf-i"~rFHJ)nH,,-SHO~-Hn) , 

.:.\.-. 

IHi.J!'L~.LT.().) CO TO 2'; 
JF(~D[S.GT.(-WDESTM» GO TO II 

.. ---.-2T'\W ES =' ['. .. 
, WD [S T M :: O. 

10 COtJTU:UE 
:.< . 

£"NO t:J·RO·· _.- ---." -> .,-... ----.0 .. ---.. . .-.-... -..... ~--'.- ... 

PR0CED DIFH = H2SH~3 
DLYSH2 = DELAY(H2SH~3.2.,rT,16,H2SH03) 
O"IFH =" (H2SH03-Dl-YStf2) 12~-' .. - .. ,," .. ~".--

ENOf'RO 
PROCFD HSfT = P2SH 

C·-_·· *,u'-*~!:,:, CAL CUL A1T"rrHl-'A LPY-SrT-iJHJ T 
HSET = rlSH[AT(11:O •• P2SP,CP) 

ENOPRO 
- T -.' .-> ------.... --.. Ii 0 ES.· ::: W 0 CST M- '----.... -.-......... _._ . ..,._ ...... -

C ~**'** CALCULATE RATE Cf Cf-lANGr'FOIl FfEOIJATER FLOY 
A' \JFW. = (;J8TM-Vn:) + 0.3+( lR78·~.-~!Sl) 
"~'''''''?R O'CElT QEC, (jfV, G2SH. r rSf-f-· .. ··_· ....... _- ... -- .. , 

(' *h"'" VAUATI(IN FO HFAT I~LUT \-lITH TUIE 
IFIT.GL.I0.l QEC = 42192. 
IF(T.GE..4G.) QEV =·-1"2535;:-.... --~-.--- ........ -'--. 

IF (T.G[.70.) C2SH = 35Crn. 
IF(T.GE.lDI.) nlSH = 9~9~~. 

['NO PRO'" "-~'---''''- ........ - ---- .. 

( H.... RA1[ OF CH~NGE O,F ECONOMIZER 

C 

T[(1. :: lJAF:C/[~jCFEC-~ (GFC/4 .1 U"':C+( T:::C; 1+TFI/ ) 12 .-Te C1 ) 
-- "'TEC2. =-u AEC IEMCPfC'*·(QTCI4./UAE C+( E C 3 2+H(,C2) 12 .-TE C2 ) 

TEC3. :: IJAfC/EMCPEC*{GECIt;./UAEC+(TECU3+TFCf3)/2.-TEC3) 
H~C4. = UAEClEMCFEC* (GECl4 ./UAEC+ C ECD4+TLCE4) 12 .-TE (4) 

.... Ff (' . =11 FV" CPPiO I VA E'C""'''''-' 
d>,H flUID TEMPFRATURfS TI-'RNIEH rCOfiOMIZEf; 

H:C01 =CTEC1+TFW *(F[(-.5» /(FF(+.:) 
"TECO? =(TEC2+TEC[2~rF~C-.5)l/(F[C+.5) 

TEC03 ::(TEC3+TECE3*(FEC-.5)}/(FEC+.5) 
TECQ4 =(TEC4+TECE4wCFEC-.5»/CFF(,+.5) 

·c- .... · ..... -;.H+;.' ORUH T01PCRA.TUflF CHAt,G[' 
TO"U". =LI~ nkUM/ fM(pnM" (TSAT-TLIW1'·) 

•••• **+ E~'THALP~ ENTERI~G DkUM 
HnM :: (~R[C.HIN + WFW~HErO~)/(WREC+JFW) 

c ;'"H+ 'STrAM CWt.LITY 
GL = (HU"-HSl)/HFr; , 

------- ~.--- C· 
~H,h i~ASS liATF OF CHM,GE' HI orUM o I- S L • :: I ~j R E C ~ W F .' H, ( 1 • - r, Ll - ~. f\ E C 

~! ~!. T [" :: (~, R E r + \IF \,1 ) * ( 1 • - r.) L ) - ~.R E C 
W~S. =-VSL'WSLTEM(VSS 
~SSTE~=-VSL~WSLTrM/VSS 

c ***- ~TE~M FOLW FROM DRU~ 
-'--"-"-WSTM :: GL ... (WFTC+OiFW)· .. ·1WSSTEf" 

C .*~-. PRIMATY SUPCRHEATER METAL 
'T 1 (' H 1 .:: I' 0\ , r. p / r. r r ,. (""~., ... f ro 1 t" l.' ' • .1 II , ~ 1 l':' I'" (T ~ C" I ' 1 J .,.. 1 ,... t! r- 1 , I "'. _ T .. ,... I 1 , 

e--If 



. t 
(: 
C 

T 1 ~ Ii .3 .:; L: A 1;1 ',r r l' t1 ' ( r. 1 : H 'j ./l ~ 1 ~ : l+ ( T i~' '. i 1 ':,~; !':, ) I ~'. - T J :; "' 3 ) 
.......... u ..... Ct.LlJULATIONS or ~P[CIFIC HLk",) ~ND OUTLET TEMDERATURES 

PERHEATF KS 
FRGCEO CnSH.i.. TlSfJCl=T1SfTl.TjSHl,WSTr.-"U"lSH,Pl<;H 
LND PRO C AL~ T UiP X !T 1 S H G 1 t T1 :; h F: 1 ,T 1 S HI • t,l 8T r"~.u ~,l~H_ • I' ~:<:.';~~ F_l_~.':!..L~ ________ • 

• " ..• ' .•.. ' ... < ... PROCEO CF1SH2. T1SHC2=T1SHE2.T1SH2,WSTM,UA1SH.~lSH 
CALL TEMPX(Tl~HD2,T1SHE2,TlSh2,WST~,UAlSH,PlSH.CPl~H2) 

•••• 
---~- nm r R u-' . . ---.-. . "'- . 

FRO C foe F1 S H j , T 1 S H L3 = T1 S H f 3 • T 1 ::. H3 , \I S HI, IJ 1\ 1 S H , ;', 1 S H 
CALL Tl~1F'X(TlSHD3.T1SH<:3.TISH3.~;SH~.UA ISH., lSH,CPlSH:t) 

-=c--- '-r:NOPRO' - .... --... ---.- ...... -.... 

PROCED CP2SHl. T2SHG1~T2SHE1,T2SH1,WFJr,UA2SH.~?~H 

CALL T[~PX(T2SH~1,T2ShEl,T2SH1,WFr~.UA2SH,F2SH,CP2SHl) 
---. ....... ---CkDP R C·--·- ....... -- --.................. ---- .. . 

PROC fD rF2SH:::, T2SHC·2=T2 SHf2.T '::SH2, \iFI f" UA2SH •• ·2:'/i 
CALL TLMPX(T2SHC2.T2SHE:2,T2SH2.WFIN.UA2SH."2SH,CP?SH::» 

-.,.,....".~-::-::rND P f\ 0 ... ----- -. . .. .......... --- ... -... . -.-- --.------- --.----.... . 

PROCED CF2SH3, T2SH03=T2SHE~.T?SH3.WFIN,U.~SH.P?SH 

CALL T U'rPX <T 2SH(d. T2SHE 3 ,T :>Sh3, ~.FI I'"U ~ 2SH ,r-·2SH. CP;> ~H n 
...... '--"'",....-........ ,..!. ..... N·UP K ;J-.d- - - .... --.- ------ ----.-- ....... -.... -.-... - d' 

C *.~,**~.~ nESUPERHEAT[R COLCULATI0~S 
~FIN = ~O[S + WSTM 

-,----·---··--·---vC'L;T::- ( WOE S ... · HFI~-+--E S H''f fir NT r/WFI\I 
C *.* FH!!SHING SlWFRH(ATEP f>:ETAL TPPERATURrs 

T2SHl.=LA2SH/ECP2SH*(Q2S~/~./U'2SH+(T~SH~1+T?SHEl1/2.-12SHl) 
- ........ --·--· .. ~2SH2 • ::{!A2SH/ETP2S-H~m2SH 13. IUA 2·S~ .. CT2 SH C 2" T2 SHE?) 12.- T2 SH2) 

T;:>SH3.= l.:A2:'H ItCP2SH* (Q2S H/3./U,<\ 2SH+( T2 SH G3+T2SH(3) 12.- T 2SH3) 
C .~.*.+. DELAYS IN Ecn~CMIZ£R 

-..,.,..,--...,- ""PRDcro-' 'TEe E2 :::TE'c-~T' f1[LEC-.. ·----·-·--··~-.. --

. -~ 

TECE2= DELAYCTECC1.DELLC,DT,1 ,TE(01) e-'" --·-~~~~:g...-TrCE3.=TEC:;:>, [ELrc .. -·-- ... -..... . - .. _---
Tf CF:3= DELAY( TEC '~2. CrL[C ,fll,2 .TEC 1'2) 

EfoIOPfW 
- --- -- DELE C ;::. 8 .R25A-555 .56ItJFiJ--"· 

OELE~ = 1.77-5~5.S~/WFW 
PROCED TECE4=TECJ3,OELEC 

TECE4=D[L~Y(TECG~,DEL[r.CT.3".T~C~3) 
O!CPf\n 

C *_ •••• * CALCULATE SH D[LAY~ 
~---:-..,.,-......,..---.----- [TEL 0 l~: :: -'-.- 33 *5~; 5.5 6IWSTW-­

rELISH :: .R*5~5.~6/WSTM 
DELS12 = .33-S55.56/WFIN 

L-'';c·*.-i~'''''- [JrLAY IN·SIJDERRAETfIl.S 
~RJC[Q T13hFl=TDRUM,rELDlS 

TlSHrl=UEL~Y(TORU",DELDlS.DT.4 
--'D!DPR,,'-- -.. _--.-- ..... 

.TDflllM) 

PRaCED Tl~H[2=TlSHr].OELlSh 
T]~H[2=OELAY(TlSHbl,DEL1SH,DT.5 ,T1SH~1) -------r: fJ [1 P R rj .. _- .. _- ----".-----.------ ,.- ... .-.--- -.--- --_ ... 

,'RlCED T1SH[3=Tl~H 2.~~LlSH 
TIS H :'.::: (1 [ LAY t 1 1 S H' 2 , [) f LIS H. D T .6 • T 1 ~) H" :' ) 

ENDPRO 
[lfL2SH :; .:.""55~)."b/WFIN 

PROCED T2SHE2=T2SH"1,JEL2SH 
--~-------"--'-" T 2 Sl-'f2::r,r.u'\Y CT2SH--::cr. f)EL 2Sh, nT, T • T 2 SH '·1 ) 

c 

PROCEr T2St'F3=T2SH 2,nfL~S~ 
--T2S~[3=DELAY(T2SHU2,DrL2S~,rT.B ,lJ33.) 

END?P(' 
•••••• CALCULATE rVAPORATOR METAL Tr~PEI!AUHrE RATE OF CHA~GE 

-T[I.'l. ·:l:AEV/Ulcr'fV':CO[V/lj./UAEV+TPr'JTL-TEVll 
1[V2. ::LJAEV/EI'CPfV«OEV/4./Uf.EV+TRiJIL-TEV,,?) 

•... ---. 

• 



• 

• 

• 

- -
bEVD? =UAEV/WREC *(TEV2 - lBOIL) + H~VC2 
HfV"3 =lAEV/WRFC ·(TFV~ - lBGIL) + HEV[3 
HEV04 =UAEV/WPEC *(TEV4 - T80IL) + HEVEq 

.- .. ~- C----.... '" * ... E DELAYS-IN- EVAPq-RATOR--CI RCUTT--·----·-· 
e,:~ PROCED HIN=HEV04,DELBD 
. 'g:'>' -~~~N D PRO"~ I i~.~?EL AY (H EV 04'~ E LBO_.'E T, Cj ,HEV'4) 

PROCED HEVE4=HEV03,DELBLR 
HEVE4=DELAY(H[Vr3,OEL~LR,DT,lC,H[V03) 

. ---'---EN 0 P RO'~-'- -.,-' .. -.--... -. -----.. '. .. ..----.. -,-. ."."....,---- -.. 

. PROCED HEVE3=HEV02,DELBLR . . 
HEVE3=DEL AY <HEV 02,OELBLP. DT, 1 hHEVO 2) 

'---'-"""'-........ -"--'--t:N D PRO--··------ .~' --- .... --. -----'-'--'- .-. .---' -' .. - .-. 

PROCED HrVE~=H[V01.D(LBLR 
HEVE2=DELAY(HEVD1,OELELR,DT,12.HEVOl) 

""""'''''''''''''''---ENOPRC- . -.--- ---.--... -.-.. -.----.. -•... ';;lft,' PROCEO HEVE l=HSL,DLlOB 
H(VE1=DELAYCHSL,OELD~,DT,13.HSL) 

~N D PR 0 . ..... ..-.----

DELRLR :: 1.42~.1111.1/kREC 
DELBD= 1.36*1111.1/UREC 

.-- D.ELDR--·-=~ 7-;4"6".1-1 1 i"'.--rl-WR EC----'" --.--,.-------

C ****-** STEAM PROPCPITIES 
PROCEO HSL,HSS,VSL,VSS=TORUM 

.. _. HSL= ENSATLCTDRUMT' .. -...... -._.-. 
HSS= ENSATS{TORUM) 
VSL= VESATLCTORUM) 

----V S S=- VESA TS<TORljr-n''''---''­
ENDPRO a:' PR.OCED HINT=HlSH03.0ELS12 

"' ___ ......... ----. H P'T ::DELAY (Hl~Hi!3'~DEL 512, (;T';T4, HI SH ~13) 
END PRe 

PFG = HSS-HSL 
.-.--.--.~-.--~-. ---·----TBO-IL- = TSAT-------------- ------------.--_ .. -

.}(~:::"-' 
, PROCEO TSAT=PDRUM 

<\;> TSAT=EXPC.22151*ALOG(PORUM) + 4.77123) 
-----'(1'H' PRO .. ---.-.. ------.-........ -..... - -.. . 

PROCED ~lSH~3::P1SH,TlSH~3 
H15H;3= HSHEAT(T1SHD3,PlSH,(P) 

~"--""'--."~E:~D PRO--··-·-----·· .. ···--··--···-- .. 
c.;~ 

PROCED T2SHE1=HOUT .P2~H 
T28HE1= TSHEAT(HOUT ,P2SH,CP) 

'---TIIJDPRC 
PROCED H2SH.3=T2SH13,P?SH 

~2SHC3=HSHEAT(T2SHD3,P2SH,CP) 
'EIIJDPRO' ..---.. - .. -.--.. -.. - -- ... -. --. 
PROCED HEC'4=TEC04 

C ****-... CORRECTION OFOR PRESSURE 
....... -.. ---..... I-'EC ~A =[~SATL (TEC(T4-) 
FNOPRD 
PROCED ~ECC~=HEcr4,D[L[R 

HECON" DELAY (HEC il4',OELEB .OT, 15 ,HE:04) 
CWPRO 
PROCED HFW=TFW 

.--.. --- •. - C-- '* ~ id.t • * CO" R E eT! OtIO F OP, ~R rs SU h [ 
~ "Fh/::. f.NSATL< IF II) - 5. L 
" ;w' pm F" R (I 

--' -_ .. . $f -

rl~CTION ENSATL(lEI) 
C *** •••• -. ENTHALPY OF SATURAT£D LIQUID -'-----_._ ... - ...... PRI=;;. 

FNI=0. 
\I(IT:-:-"· ,,:' '1 ~. 7 



(' : L L ;~. t I' l~I' J • ,- " ! • 1 i l. V 1.)<., [1 • '" • \ :', i~ to _ ,r Tn) 

n:Sft TL ::FN I 
Rt:.TURN 
P'D 

rllf;CTICi· [t-.SA1S(TfJ) 
. -yo "---'--~T*-Ji' .. ,,-,,*-*r- 1,-N TIfA [fTl Or;5! f\UkJrT fD--S1ITLA-'N e\ PHI ::(1 • 

._._.-----. --* 
. ,'; nJI::.l • . 

----VG r :: 0 • 

X\-ID:: 1 • 
CtLL ST[p(3,PRr.ENI,Trl.VUIIXWD,s,aMD~.CP.ETAI 

.-. DISA TS= Pi r--------- .-----.... 

RfTUHN 
U'D 

-FlnCTIOli VrSflTL <Tcr r--' 
(' , .. .". ~P£:.rTFIC VOLU~\f OF STTIJRt.HO LIOllTD 

r'<I=C. 
-'-Ern= n •. 

vaI::~. 
n! 0= 0 •. , J u 1 

- -''C It L L S It P ( 3, PRJ ,nn-" ET. V IT J • X !.'O·, S • A'" D A • C P , r T A ) 
VrfATL=\lC'] 
RETUR"j 
END ... - .-._._-_.-- . ~'-'----'-'--'--

FUNCTIr~ VFSATSfTEI) 
C ** .... SPECIFIC V()LU~'E OF STTUHATED STEAM 

-':""--'--- '-'---PR T=.". - -----------.-.--- ...... ---.-------

ENJ=~. 
va I = ~, • 

---Yl,! 0 =1 • --..-------

CAL L 5, T [P ( 3 • P R I • E N J • Tn. v 0 I , X WD ,s , A t-", D A • C p, [ T A ) 

. ~. ___ .. _____ .. __ ._._~~ ~ t, ~ ~= v (J I __ . ___ ... 

f N D 
FUNCTIa~ TSrlEaT(r~I,PRI,rp) 

------C------- ;- *. "TCf1rERTlJRE OF SUPTRHEATfD'-STEAM" 
vor=l). 
>:\.JD= G- • 

. . ----. TE J =c: • 
c -** I~ TOO HOT, APPLY BANe-AID AND C()~TINUE 

IF(Ern .n.HSHEAT<l20i;.,PRJ ,CPDUM}) :>0 TO 1 
-. ----CAL CSTEP£3',PI\ r, ENT'TET' VOT, XIJD,~,A '~OA. Cf', ET 11.)-- ... 

TSHE.AT= TEl' 
IF(CP.[G.o.) cr::.Ol 
RETUR f,! ... _.-.. --.----~---

1) HUM = HSliLilT(120'.l.,FRI.CP) 
HCI,M = HSHEAT(1201.,PRJ.CP) 

-------TSHEAT :: '120U~--"(ENT";HLTM)/CP----­
R f' TLJP "J 

EN 0 
·----"FIJNC TJ 0 ~~ H SHE'lq CTF-T.T R {,cn----" --.-

r •••• -.* [~T~ALPY OF SUP[R~EATlD STFAM 
rm=' • 

----v 0 I = ~ • 
x ~ 0:: :i • 

r ••• IF TOO HOT, APPLY BANO-AID AND CO~TINUF 
--------- - -I r <T [I • roT • 1 2 O} .) r. 0 TV1 ~--....-... 
~ ·Ct'LL STEP(3,PRr,[NI.Tfr.vnI ,XWD.S,~I',OA.C;:.ET~} 
~ f' .SH r: T = E f-r 

----.----.- ---- R f:'T URN 
lJ cp:: .621 

C/1LL STEP(3,PRI,ENJ,12GC •• VOI,XIID,S,l\f~DA,CiOUM,ETA) 
-~~--'------------H~HE AT' ='CF * CT Fl-rzcrrro) .. or 1'--------.--.. 

RnUR'J 
r. !';n 

_ .• 



• 

• 

• 

2() F=~I*::P/U 

TOUT = <T LX + TIN * (F -.5 I ) I (F + • ~ I 
DELT = <TOUT-TINI*.25. 

---~- ---.- T2 = TI N+ 0 E L r--- .: .-- - .------ -- . -. --.- .-'-------------~-:-I)'; ~" , T3 = T2 + OEL T "',, 
:;'011';''\'< .. ',' <, T4 = T3 + OEL T .j' 

r-n· ... 'H HfTE"GRA1E- SPECTFTC"HF:AT' OFvrR~T01PERATURf. ,{AN(T 

ENI = hSHEAT(TIN,P,CPll 
EN! = HSHEATCT2,P,CP2) 

'"""-""-~'--··-'~"rr-"",--.. ·(~U EAT CT3, p,-cY:n--.,-- . --.-,.,..., .... 'l1I'.j ...... 
,.;-" . 

"---:.;",:! : HSHEAT(T4 ,P,CP4) 
HSHEAT(TOUT,P,CP5) 

~~~~-r·n,·t"ST-=--- (CP1+2'-*CP"Z+'2~·"TP 3+Cp1f*'2';" .-CP 5) k :i. 125--"-"'-' .... -. -..:...:.-~--
C ***.* ITERATE UNTIL VALUE CONVfRGES 

IF(ABS(CP-CPTEST).LT.C.OC2)GOTOIO 
....-",...,..,..,,----:-- ---Cp =C PTE sr-- .--. --, --.... -. -'. ------ .---.-.--.... --. 

lL 

GO TO 20 
CP = CPTEST 

-'RE TUR W 
[ ~,[; 

.------;--'----- CA LL' R t:N'--'-' -- "-.-... -.. -.--.... -"-.-.-._.--,, 

C **** •• ***.~* INITIAL CONDITIONS 
END 

"TMAX--= 2"c(J .------.--...... ---. -.---.. -....... ---­

DT = 2. 
Tn: =473.8 
PDRUM-=-285U-.------ --------.-....,--.-.... --... 

pFW = 2%0. 
'. __ NG - UNKNOwN NAMe: Of( DOUBLE.' INITIAL CONDITION 
-~----.---... ~inES ''''.' :;.' .. ....--.--............. --- ...... - .. - ..... -. 

P 1 SH = 2E'5 f, • 

r?SH = 275 ~ • 
---- .. -·-·VSL -= 18 78 () .--

\,ISS = 612;). 
GEC = 84383 

~rc;---- .. --._.- .. 
.. ARNING - INITIAL CCNI1ITION GIVEN FOR DEFltH.O VARIA.BLF 

, QEV = 25 n75r. 
'J~------'-- -_.-- .. -------..... - -_ ...... '--~.------,- .. -- .-- --- ... --...... 

~AR~ING - INITIAL CONDITION GIVEN FOR DEFINED VARIABLE 
WREC = 111101 

---------- '-..... -~: F~: :: 555.5 (, --­
T1SHI :: RP2. 
T1SI12 = 851.2 

--T1 SH 3 . =. 9 .. :3 .4 . 

'HSH 

T2SHI = 1025.1 
T2SH2 :: 1.1'30.1; 

. T2SH3 = 115'1.6-
Q1SH = IP1P.90. 

.'1tRN"I'NG--"-·IN IT I AL' cor; D IT I ON -G I VEN -FOR' 0 EF IN EO' VAR I J\ BL E' 
Q2SH = 79&33. 

':2SH 
/A-~.· , G----I ;HnA.LCOi~D I.T! G.NG IvrWFOR" OfF INEO VAFIABLE' 
f.~' LALC :: 1143.R9 

'': TEC! = 513.3 

~ feE 2 

"'TE(2 =-541.8 
TEC3 = !.:70.3 
TEC4 :: 598.8 

------·- .. ·-CPFI.J = 1.3324 
TFCE2 = 51)2.5 



, 
TECE:3 

T .'- ( .- -, - L. 1 1 C'. :- ...... ,i - ~."J • ~ 
i" 

WARNl~G - INITIAL CONDITION GIVrN 
HeE4 = !:l59.5 

TEC£4 

FUR [)[F n,lD VAP 148L[ 

;.r~. . ...•..•..•.... __ ..... - . _ rT. ] IIr-c o N'O-ITTG/'r-C-IV fllrF OR- [IT.rT rrEu-\1"ARTASL [--
.~\\. ._ .1Df.:U'" = 688. -

........... __ .... _--.. - .- ._---_ ... _----_._ .. _-.-. 
•... .....~::: '. . . U II ] S H = f- 0 6 • 4 -. 
.. . '.- .. --(fA:?S H' :: 2 66 • 11'-'-.----..... --. -. -------... 

U A [. V = 12 :; (j • 

I-'EVEJ = H7. 
H f;:-V.E l:":-~· --------~-. -.--------'-.. -------.- ---,--- --_._. 

WARNiNG - INITIAL CONDITION GIVEN FOR DEFINlDVARIABLE 
HEVE2 = 833.6 --"'---------_._-_ .. _- -- .... _ .. _ ........ _ ... _ .... - .. ---- .... -- --------------

WAR~ING - INITIAL CONDITION GIVEN FOR DEFlNED VARI~BLF 

HfVE:i = b9!l.3 
HE Vt...:5. ----. -_.-.... ,---... -.-----.-.-----~---.----"- .. -- .. ----------. 

~ARNING - INITIAL CONDITION ~IVEN FOR DEFINED VARIABLE 
HfVE4 = 94(,.9 

H1:Vt. 4 
~ARNING - INITIAL C()~OlTION GIVfN FOR O[FINlD VARlABLF 

,- -:; 

lTV1 = 737.854 
---... TfV2 ::--73T;854---·---·-----.. --.. 

TEV3 = 737. 8Sq 
TEV4 = 737.854 

-UA[,R tw--= 45.56 --- .. --.-- ---~ .. --- ----------------­
EMCPFe = 7240. 
[MrpDI~ = 4490 G. 

E C prs H-:3 5 TO ,----- -'. - ------- --------------

. ECP2SH = 2400, 

_~._-_. nro_~C~EV __ =_~~!_!_' ________________ _ 
LIST,WST~,TlSH~1,TlSH~2,Tl~HD3,WSL 

LIST, T1SHUl,TlSHf,2,TlSHG3 
- LIST, 11 SH1.Tl SH2, TfSR3 ,H ISH ~l,H rSHC2.H 1 ~,H;;3 
LIST, T2SHl,T2SH2,T2SH3,H2SHGl,H2SHC2,H2SHC3 

PLOT,TECU4,TlSHC3.T2Sht3 

LND 

----pL"T c,-, ,-- }--!;'STW;\TFlJ,-----lTHr---
PLCTC", ) TlSH},TlSH2.T]SH3 
PLeTC", ) T2SHl.T2SH2,T2Sh3 
PTOTC,-,, -)-~Q F: C,Q EV ,llTS;H, Q2SH----------

ITSAG"E---;-;;- 18'[0 cx--------NtiM[ S-- -----I T A BT~----

2344/800C 31Q/21QO 287/2000 

""""'''''''''.,--- ----------- -
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CPF\f 

CPlSHl 

CPlSH2 

CPlSH3 

CP2SHI 

CP2SH2 

CF2Sl!3 

DELBD 

DELBLR 

DELDB 

DELDIS 

DELEB 

DELEC 

DELS12 

DEL ISH 

DEL2SH 

DlFH 

DT 

ECPISH 

ECP2SH 

EMCPDM 

EMCPEC 

EMCPEV 

FEC 

HDM 

HECON 

.HEC04 

TABLE E-l 

LIST OF VARIABLES 

Specific heat of feedwater (BTU/Ibm) 

Specific heat of steam, 1st superheater section (BTU/Ibm) 

" " " " " " " 

" " " " " " " 

" " " " 2nd " " 

" " " " " " " 

" " " " " " " 

Time of flow lag between EVAPORATOR and Drum (sec) 

Time " " 

" " " 

" " II 

" " It 

" II " 

" 

" 

" 

" 

" 

in EVAPORATOR 

between Drum and Evaporator 

" 

" 

Drum and 1st Superheater 

Economizer and Drum 

in Economizer 

" 

" 

" 

" 
" 

" " 
" " 

" 

" 

" 

" 

between 1st and 2nd (Finishing) Superheaters 

in 1st Superheater 

" " " " in 2nd Superheater 

Rate of change of final steam outlet enthalpy (BTU/sec) 

Time step (sec) 

Heat capacity, 1st superheater (BTU/F) 

" II 2nd " II , 

II " steam drum II 

II " Econotlizer II , 

" " Evaporator " , 

Temporary variable 

Enthalpy into steam drum (evaporator, economizer flows) (BTU/Ibm) 

Enthalpy entering drum from economizer (BTU/Ibm) 

Enthalpy exiting economizer (BTU/Ibm) 

E - 'l.1 



HEVEI 

HEVE2 

HEVE3 

HEVE4 

HEVOI 

HEV02 

HEV03 

HEV04 

HFG 

HFW 

HIN 

HINT 
: .,:'0 .• 

HOUT 

lj:SET 

HSL 

HSS 

HISH03 

H2SH03 

PDRUM 

PISH 

P2SH 

QEC 

QEV 

QL 

Q1SH 

Q2SH 

T 

TBOIL 

Enthalpy entering evaporator sections (BTU/Ibm) 

" " " " " • " " " " " 

" " " " " 

Enthalpy exiting evaporator sections (BTU/Ibm) 

" " " II' " 

" " " " " 

" " " " " 
Heat of vaporization at drum pressure (BTU/Ibm) 

Enthalpy of feedwater (BTU/Ibm) 

Enthalpy entering drum from evaporator (BTU/Ibm) 

Enthalpy of steam entering desuperheater (BTU/Ibm) 

Desuperheater outlet enthalpy (BTU/Ibm) 

Desired final outlet enthalpy (BTU/Ibm) 

Enthalpy of saturated liquid in drum • 
" " " vapor II It 

Outlet enthalpy, 1st superheater (BTU/Ibm) 

Outlet enthalpy, 2nd superheater (BTU/Ibm) 

Drum pressure (psia) 

1st superheater entering pressure (psia) 

2nd superheater entering pressure (psia) 

Economizer heat input (BTU/sec) 

Evaporator heat input (BTU/sec) 

Quality entering drum (Msteam/Mtotal) 

1st superheater heat input (BTU/sec) 

2nd superheater heat input (BTU/sec) 

Time (sec) • Saturation temperature in evaporator (F) 



• 

• 

TDRUM 

TECl 

TEC2 

TEC3 

TEC4 

TECEl 

TECE2 

IECE3 

TECE4 

TECDl 

TECD2 

TECD3 

TECD4 

TEVl 

TEV2 

TEV3 

TEV4 

TFW 
TSAT 

TMAX 

TlSHl 

TlSH2 

TlSH3 

TlSHEl 

TlSHE2 

TlSHE3 

TlSHDl 

TlSHD2 

TlSHD3 

Bulk drum temperature (F) 

Economizer section metal temperature (F) 

" " " " " 

" " " " " 

" " " " " 

Economizer section inlet temperature (F) 

" " " " " 

" " " " " 

" " " " " 

Economizer section outlet temperature (F) 

" " " " " 

" " " " " 

" " " " " 

Evaporator section metal temperature (F) 

" " " " " 

" " " " " 

" " " " " 

Feedwater temperature (F) 
Saturation temperature in Drum (F) 

Maximum time for this simulation (F) 

1st superheater section metal temperaure (F) 

" " " " " " 

" " " " " " 

1st superheater section inlet temperature (F) 

" " " " " " 

" " " " " " 

1st superheater section outlet temperature (F) 

" " " " " " 

" " " " " " 



T2SHl 

T2SH2 

T2SH3 

T2SHEI 

T2SHE2 

T2SHE3 

T2SHOl 

T2SH02 

T2SH03 

UADRUM 

UAEC 

UAEV 

UAlSH 

UA2SH 

VSL 

VSS 

WDES 

WDESTM 

WFIN 

WFW 

WREC 

WSL 

WSS 

WSSTEM 

WSTM 

2nd superheater section metal temperature (F) 

" " " " " 

" " " " " 

2nd superheater section inlet temperature (F) 

" " " " " " 

" " " " " " 

2nd superheater section outlet temperature (F) 

" " " " " " 

" " " II " " 

Drum overall heat transfer factor (BTU/F) 

Economizer overall heat transfer factor (BTU/F) 

Evaporator " " " II " 

1st superheater overall heat transfer factor (BTU/F) 

2nd superheater " " 

Specific volume saturated liquid 

Specific volume saturated steam 

" 

Flow rate, desuperheating water (Ibm/sec) 

Temporary valve storage 

Final steam mass flow (Ibm/sec) 

" 

Feedwater to economizer flow rate (Ibm/sec) 

Recirculation flow rate (Ibm/sec) 

Mass saturated liquid in drum (Ibm) 

Mass saturated steam in drum (Ibm) 

Temporary value storage 

Steam flow from drum (Ibm/sec) 

" 

• 
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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 mi11tvo1ts. 

(I being the instrument index number.) That is, R(I) corresponds to the 

reading of instrument No. r. 

etc. is designated as V(I). 

o The instrument output in psid, psig, F, 

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 to reduce instrument millivolt 

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 

o 
psi, F, 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 (TAPE88). 

Read Orifice Dimensions 

This section reads the orifice pipe diameter, orifice diameter, and the 

measurement error of each value for '.811 the orifice meters. These values are 

contained in the instrument constant file (TAPE88). 
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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 cannot 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. Next, the barometric pressure in 

mmHg and barometer temperature 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. 

• 
F 2 I 
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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. Sl(J) is the 

"sum of the readings" of each instrument for all scans. S2(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 Sl(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. 

F.3. 
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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) for each thermocouple. The standard reading 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 ZOF 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 the total temperature 

error. 



• 
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Pressure Cell Conversion 

Pressures are calculated for each pressure cell in this section. A 

cold leg density VI is calculated for use with the constant C(I,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 linear 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 is 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 

DiiIferential pressures from tap to tap are calculated in this section. 

The cold density, VI, 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 measu~ed 

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 the 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 for ASME Thin Plate Flange Tap orifice meters in accordance with 

standard ASME procedures. 

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 output 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 calculation. 

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 st~am table function TSL. 

• 
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Calculate Heat Loss 

In this section, both preheater and test section heat losses 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 

Figure7.3 ) 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 AI, A2, BI 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 flow 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 

cu~ulative test section electric heat input to that point minus the heat loss. 

F. 7 
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Calculate Test Section Properties 

In this section various test section properties are calculated to 

characterize DNB. 

Galculate ~est Sectiorl Power and Heat Flux 

Heat transfer area is calculated for each test section using inner 

diameter. To simulate the 1800 actual heat input, heat transfer area is 

defined as a half of inner surface area. For rifled tube sections, major 

or rib root diameter is used. Also, the nominal heated 

length (48 in) of the heating elements is used. The unit is also converted 

from square inch to square 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 

2 2 transfer area converted from KW/ft to BTU/ft hr. 

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 

saturated s·team and water, viscosities of steam and water, surface tension, 

both steam and water thermal conductivities and saturated enthalpies. 

• 
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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 - or1:fice d1:fferential pressure (psid) 

p 

T 

D 

- orifice fluid presimre (psia) 

o - orifice fluid temperature ( F) 

-orifice pipe diameter (in) 

DO - orifice diameter (in) 

I - fluid index 1 = water. 2 = steam 

W - the calculated flow rate {lb/hr) 

FH - the calculated fluid enthalpy (BTU/lb) 

SDP .- differential pressure error (psid) 

SP - pressure error (psia) 

f,'l 



o ST - temperature error ( F) 

SD - pipe diameter error (in) 

F-IO 

SDO - orifice diameter error (in) 

SW - flow accuracy (lb/hr) 

SFH - enthalpy accuracy (BTU/lb) 

Subroutine SRSORT 

This subroutine calculates properties of superheated steam and sub cooled 

water. 

P - pressure (psia) 

o R - temperature ( F) 

3 V - the calculated specific volume (ft /lb) 

H - the calculated enthalpy (BTU/lb) 

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 enth~lpy 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 T - temperature ( F) 
one or other input, the other will be returned 

• 
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VF - the calculated specific volume of saturated liquid (ft3/16) 

HF - the calculated enthalpy of saturated liquid (BTU/lb) 

the volume of saturated 
3 

VG - calculated specific vapor (ft lIb) 

HG - the calculated enthalpy of saturated vapor (BTU/lb) 

K - index, indicates whether pressure or temperature input 

I-pressure, 2-temperature, 3-both. 

Subroutine TENS 

This subroutine calculates the surface tension of saturated liquid. 

o 
TIN - temperature ( F) 

S - the calculated surface tension (lb/ft) 
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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. 

(J 

~rift 
4 

The instrument standard error for a particular data run is then 

calculated by combining the calibration error with the uncertainty due to 

drift: 

(J = I (J2 + 
reading '\I cal 

(J2 

drift 

(The (J used here for uncertainty is equivalent to the standard 

deviation used in statistical analysis. For 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.) 

F 1'2. 
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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. 

For a function F with variables Xl' X2 , X3 . X 
n 

with uncertainties °1' °2' °3 . ° 1'1. 

The uncertainty of is given by: 

These uncertainties are calculated by the data reduction program for 

each measured and evaluated value for every test 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 • 

F.ll 



DATA REDUCTION PROGRAM - HTLREDl 

.. ' p.:o: 

00100 CHTL 
OOllO 
00120 

PROGRAM HTLRED 1 1 INPUT, OUTPUT, TAPE88, T APEc,=OUTPUT, TAPE 1, TAPE49. 
DIMENSION PAC(9),k(80),Sl(80),S2(SO),S3(80),SR(80) 

001::::0 
00140 
OOl~;O 

00160 
00170 
001:;;:0 
001';'0 
00200 
00210 
00220 
00230 C: 

DIMENSION Z(80),KCAI80),KP(~),KDP(80),KRTD(5) 
DIMENSION KKWI:::Oi ,'ODT( lq), SODTI 10), CLOSCt':') 
DI11ENSION 0(5),DO(5),8DO(5),8D(5), !IISO) 
DIMENSION CI6.80),SV(SO),V(80) 
DIMENSION H(10,10),SH(lO,10) 
DIMENSION KCMIIO),NSCRII0),KSCRCIO,lO),KE(10),ET(8,8',ETT(lO) 
DIM~NSION DI(10),SD1(10),CKC10),NTCII0),KTC(10, 10) 
DIMEN810N TKW(lO),STKW(10),QACIO),SQA(10', X(10,10).8X(10,10) 
DIMENSIUN DXIlO),SDX(lO) 
DA"i'A IBL, IDNB/:::H , :~:H[lNB/ 

00240 
002::00 
00260 

Rl:::ALJ ( 1. 11 ';:1 ) 1 RUN 
11 ';il r:URMA I" ( 12) 

002/0 C 
002:'::0 
002')0 
00:300 
00310 
00320 
00::::::::0 C: 
00340 C: 
OO:3~10 

o ():360 
00370 
00:380 
003':/0 1 O~, 
00400 
00410 
00420 
004:30 
(10440 
004~:IO 

004/':'0 
00470 C 
004:~O C 
004';"0 
00500 
0051lJ 
00520 
00530 
005<10 
005!:LO 
00560 
00570 
00580 ?O 
00590 
00600 
00610 
00620 
006:30 
00640 
00650 
00660 
00670 ':~)2 

006::::0 

DU 2001 11'51'=1, IRUN 
11~IllALlZE VARIABLES 
Lilt l. 0 r :::·1)- :30 
Z I I ) :,0. 
::;;1(1)=0. 
~::;;2(I)::-O. 

10 CON"I 1 NUE 

::::0 

Ht:.AD CONVER~=;ION CON:::;TANi SAND ZE.RO DATA 
REt..) 11'W :38 
READC::38,1(5) 
HEADC88,120)DATE9E: 
READC88,1(5) 
FORMATIAIO) 
HEAD(88,""') NI 
HEAD C ::::8, ""' ) NCA, C KCA C 1 ) , 1'" 1 , NCA) 
READC::::8, ""')NP, (KPCI),I=l,NP) 
READ (B8, ;,;) NDF', (KDt;-' ( 1 ). l:::: 1, NJjP) 
READ (U8. *) NRTD, (KRTD ( 1 ), I:::' J., NRTD) 
READ C 8:;::, ,., ) 1'4}:::W, (;-:,I<~-j ( I ), 1 = 1 , NK~J) 
H~ADI88,,,",) NCM, CI<CMI1J,l=l,NCM) 

READIEST SEC1ION PROPERTIES 
READ (:38, 1(5) 

READ C 88, ""') NT:;:; 
[10 :;;:0 N·' 1, NT3 
READ(88,.) NSCR(N) 
READISS,.) (KSCRIN, Il, Icl,L) 
CONTINUE 
DU '70' N"" 1. 1\lT:;:; 
RE~,IJ I :~:::;:, ;";) KE, (1\1) $ L=:KE (N) 
READCS::::,.' IE1CN,l), l~ltL) 
CONTINUE 
RE~.D (:;';:8, * IN') S. (iJDl C J\I ) , N:""l, lilY::;) 
READC8S,.) NTS, (SODT(N).N~l,1Il1S) 
READI8S,,,",) N18, (Dl(N).IIl=l,N1SI 
READI8S,MINTS, (SDICN).N=l,NTS) 
READ(~8,.iNTS, (CI«N),N=l,N1'S) 
SET=0.25 • SETT=SURT(2.M(S~1MSET» 
DO 92 N= l, NT!;;; 
READC88,M) NTC(N) • L~N1'C(N) 

HEAD (!:::8, ~::) (l::~-i C:(l\!~ 1) r :l:::;;l, L.) 

READI88,M)lKO,TKI 

F.14 

• 

• 



• 

• 

READ(88,*) (CLOS(~)tN=lt6) 

READ CONVERSIUN CONS1ANTS 
REf.'.D (:::::::, 1(6) 1 FLoC. 

00690 
00700 C 
00710 C 
00720 
007:30 
007l~O 

007:iO 

106 FOkl"li',"/' ( 11 ) 

Oi)770 200 
'Y)7::::0 C 
007';.·JO r" 

UU 200 1,c'1.NI 
REr\[!(:;;;:8, ~I:) (C( .. ..I, 1) t .j:;:·l) 6) 
11':( IFLA .fJ~)'. ':l) ~:'Rlr~l ::~t 111_:(1...1) I) "; Iv " (C:(,);, 1), ,J:~:l, 6) 
CUI\IT11'~UE 

READ URIFICE DIMENSIUNS 
RI::.f.>.D ( :e:::::, 1(5) 
N[ICI=:3 
DU 20!;:, I,cl. NDO 
READ(88,.)Ull),[lU(1),SD(I),SDO(I) 

RE,;D ZERO DATA 
RE.;-"i;D ( :::;::3 r 1(5) 

00:=:00 
0(1::;:10 
00820 
00:'=:::'::0 20~i 

00:;::40 C 
008.':iO C 
OU:3{':'O 
00:;::70 
008:::0 
00:3":.'0 
00900 
00';)10 

207 READ(88r~) Z(KP(I» 

00';:'20 210 
(H)';/::::O C 
00940 C 
OOi';)~50 

009,':'0 
00910 
OO'"i/:30 C 
00990 C 
01000 
01010 
01020 

Du 210- 1::.:; 1 r NDP 
READ(88T~~) Z(KDP(l») 
IF(lFLI'~~ .l=:l). '::/) f--'H:;'i\JT7-'~r 1I;:([.IF)"tl<[if'(I)~2(1<D:='(1») 

CONTINUE 

P CELL SPAN READINGS 
Rt:.,t,[I (::::8, 1(5) 
l'XEAD(::::8,.) (C(!::;i, KP( 1»),1=1, NP) 
IFCIFLi; .Ee!. '/) PRINT*, "KF''', (C(~j,l<P(l», I",l,NP) 

READ MANUAL ::;;CP,NNER DinA 
READ( 1, 120n EST 
READ(1,120) lTIME 
READ(l, 120) DLtATE 
FORMi', I (,; 1 Cl) 
READC1 •• )lFLA.IFLB,lFLS 
READ(l,.)PABS,TBAR 
r;';t':'A[1 ( 1, ;.;) NB, (11 C 1 ). :t":t, NB) 

RE.\[1 ( 1, 1 ::::2) 

o 10::::0 120 
01040 
(l10~jO 

01060 
01070 
01080 
010')0 

1 ::::2 i~"UHMA "I· ( ,:\4 (I) 

N::>=5 
01100 C 
01110 
01120 r' 
011::::0 

IFI1FLA.EQ.9) P~INT .,680 
READ SCANNER INS1'RUMENl DATt 
DO 300 1'" 1 , N:::; 
READ( 1,1:30) 
FORMATCA40) 
READ ( 1, 1::::1 ) 
FORMAT(A40) 
READ ( 1, 19~:d Z 0, R ( 1 ) , R (2) , R( 3) , R I 4) 
IF(IFLA.EQ.9) PRINT .,731,ZO.R(1),RI2),R(3),R(4) 
20=ZO+.0001.(1-3) 
N=-1 

01 ~40 
011!;;'O 130 
01160 
01170 1:.31 
01180 
011','0 
01200 
01210 
01220 1:::::::, N=I\I+5 
01230" IF(N+5 .GE. NI) GO TO 140 
(> 12·40 READ C 1, 1';!~::,) (R (N+r-:: ) , K=' 1, 5) 
012::'0 GO TO 135 
01260 140 N~N+l 
(l12~"'O 

(l12f=:O 1 ':J~L 
KLi\D ( 1 T 1 ';)~5) I: f:~ (~::.) ) t<:; ;\1. 1\:1) 
I:" Of-":M,!::j"";" (~::iF 1 0.3) 



012~/(l 

01300 
01310 
01320 280 
01:3:30 ::::00 
01340 
01350 C 
01:360 C 
01370 
01:3:30 
01:390 
01400 
01410 270 
01420 
014:30 
01440 2!50 

:UU 2:~Kl ,),·1. NI 
S1(J)~SlCJ)+(RIJ)-LU-L(J» 

82CJ)=S2IJl+CRIJI-IO-ZeJ» •• 2 
CONTINUE 
CONTINUE 
IFCIFLA.EQ.9) PRINT *.860 

CALCULA1E AVERAGE AND DEVIA1ION 
DO 270 ,..1=1. NI 

F:EADINGS 

S:3 I J) =:;:;1 (,..I) INS 
SR(J)=8QRT«S2CJ)-Sle~).SlCJ)/NS)/CNS-1» 

IFeIFLA.EQ.9) PRINT .,920.S3CJ),SRIJ) 
CONTINUE 
DO 250 ·,J=l.NI 
R C ,..I ) ~S3 ( ,..I ) 
CONTINUE 

(l14~50 IFOfL.O,.ECl.9) PRINT *,970 
01460 C: 1 NSTRUMENT C:UN'.IERS r ON 
01'+70 C 
014~30 (: 
014'/0 
01500 
01510 
01520 
015::;;:0 
(J15l~O 

E:AROI"1E1 F( 1 C PHC:;'=:U:·~L C(.,U::ULP:r r ON 
'=;PABS=.05/PAB:3 
PABS~ll-.000622.(lBAR-22))~PABS 

PABS=PABS.(.Y99Y924-1.8112~1~-4.TBAR+2.075103E-8*1·BAR*TEAR) 

PAB::;;:"PABS-'.2 
PABS-.0193367617*PABS 
8PABS=SPABS*PABS 

015::10 C 
01560 IFCIFLA.EU.9) PRIN1' .,1080 

C "I HERMOUCOUPLE DATA CONVERSION 01570 
01580 
OlS,;:iO 
01600 
01610 
01620 
016:30 
01640 
01 f':'!:iO 
01660 
01670 
01680 
01690 
01700 :370 
01710 
01720 
017:30 
01740 

017.:';·0 
017"10 
017:30 
01790 
01800 :,3'::'0 
01810 
01820 
01830 
01840 
Ol:3~ .. O 
01860 
01::::70 :39~ 

DAYA PAC/-l.853306327:3E+l.3.891~344612E+l) 1.6645154356£-2. 
.-7.870237448E-~,2.28:357855~7E-7.-3.5700231258E-I0, 
*2.99329091:36E-l:3,-1.2849848798E-16, 2. 2239974:336E-201 

DO ::::'76 1'" 1 , 1',leA 
K=I<CA( I) 
IF(RCK).Ll.-2.6~)GO ~o 396 
IF(R(K).Gl·.40.)GO TO 396 
R ( fo:: , =R ( K ) +SR ( K) 
SVUO =0. 
DO 395 L=I,2 
EI=1000.MCRCK)+2.6621) 
V(K)=.0242*EI 
T=1. 
EL=O. 
[10 :383 ,..I"" 1 , '7 
EL=EL +PAC (,J) ,<>iT 
T=T*VOO 
CONTINUE 
EL=EL+125.MEXP(-.5M««VCK'-127.)/65.)**2») 
IF(ABS(EI-EL).Ll.l.)GO ~o 390 
V(K)=VCK)+.0242.CEI-EL) 
liC! -, 0 :::::70 
CONTINUE 
V(K)=C(V(K).Y.)/~.'+32. 

V(K)=V(K'.CC2.K)*RIK) 
SVCK)=SVCK)+V(KI*«--l) •• L) 
R( K) :::ROO-SR C K) 
1 F ( R ( K ) • 0,. • 40. ) l;O TO ::::'75 
IF(R(K).Ll'.(-2.65» GO 1'0 395 
CON'(,INUE 
R C K , =R ( K , +SR C t::) 

F ,C 

• 

• 

• 



• 

018'YO 
01'YOO 396 
01','10 C 

SVCK)=SQR1CCC6.K)*CC6.K)+SVCK).SVCK» 
Cc.lNTINUE 

01',,20 IF C IFLA. EQ. ',,) PRINT ;';r 1440 
01;'30 C FaD CONVERS I ON 
01'y40 DO 400 1=1, NRTD 
01'y50 
01960 
01970 
01980 
019'YO 
02000 
02010 
02020 
020::::0 400 
02040 C 

i<=¥RTDC I) 
k ( K ) =R <10 -C C 4, K) 
VCK)·C(1,K)+CC2,K);';R(K)+CC3.K).RCK);';RCK) 
R C K) =R C K) +~";F: ( K) 
8VCK)=CCl.K)+C(2.K)*RCK)+CC3 r K).RCK).RCK)-VIK) 
8VCK)=SQRTCCC6,K).C(6,K).SVCK).SVCK» 
RCK)==RCK)-SRCK) 
IFC IFLA .EQ. S') PRIN1;.;, "RTD", f<. V <1<> , ~3VCK) 
CONllNUE 

020~0 IFCIFLA.E(..I.S') PRINl ;.;,lti50 
02060 C PRES!::;URE CELL CONVERS ION 
02070 DU 4 LI!;:. 1=1. NP 
02080 K=KPCI) 
02090 CALL SRSUR1'C700.,V(40),Vl.Hl,ISAT,V2,H2) 
02100 Vl=1./CI728*Vl) 
02110. VCK)=CC1,K).Vl+C(8,K);';RCK)/(C(~.K)-Z(K» 

02120 V(K)=VCK)+CC4,K).SINC3.141~9.RIK)/CCC5,K)-Z(K») 

02130 CALL SRSORTCVCK),VC40),Vl,Hl,ISAT,V2,H2) 
02140 Vl=1.!(1728.*Vl) 
02150 V(K)=CC1,K).Vl+CI3,K);';RIK)/(C(5,K)-ZCK» 
02160 VCK)=VIK)+C(4,K).SINC3.141~9.RCK)/ICI5,K)-ZCK») 

02170 RIK)=RCK)+SRIK) 
02180 8VIK)=CC1,K).Vl+CI3.K).ReK)/ICI5,K)-ZIK» 
02190 SVCK)=SVIK)+CI4,K).SINC3.14159.RIK)/ICI5.K)-ZeK»)-VIK) 
02200 SVCK)=SQRTICC6,K).CI6,K)+SVIK).SVIK» 
02210 VIK)=VIK)+PABS 
02220 R!K)=RIK)-SRIK) 
02230 IFIIFLA .E(;l. 'n PRI,NT*, "P",K.VCfO.SVIK) 
0224;0 44~:; CONTINUE 
02250 
02260 
02270 
02280 
02290 
02:300 
02:310 C: 
0'2320 

CALL SRSORTIV(14),VI40)+.5,8VIT,Hl,ISAT,V2,H2) 
SV11=1./(1728.*SVIT)-Vl 
CP,LL SRSORT I V 1 14·) +SV C 14) • v I 40) , SV 1 P, HI, I :::t':r, V2, H2) 
SVIP=1./(1728.*SVIP)-Vl 
SV1=SQR1CSVIT*SV11+SVIP.SVIP) 
IFCIFLA .EO. 9) PRINT*, "Vl",Vl,~JV~,')I{}(i),~=:V(40) 

IFCIFLA.EQ.9) PRINT .,1810 
023::::0 C D 1 FFERENT I AL PRESSUHE::: CELL CON\!El:~S I ON 
0.23LIO 
023~,O 

02:~:60 

02370 
02~::::O, 

02:'::90 
02400 
02410 
02420 
024::::0 ~50~~) 

02440 
024~50 

':)2460 C 
l)2 q. 70 
U24:;::0 C 

DO 505 I=l.NDP 
1<'''I<[lP ( I ) 
VIK'=CCl,K)*Vl+ICI2.K'+CI4,K)*VC14»+ICI3,K)+CI5,K).V(14».RIK) 
RIK)=RIK)+SRCK) , 
SVCK)=CC1,K).Vl~CC(2,K)+CI4,K).VI14»)+CCI3.K)+C(5,K).VCI4»*RIK) 

SV 1 K ) '<:W ( K ) -v ( K) 
SVCKl=SQRTICI6,K)*CI6,K)+SVIK).SV(K» 
I:::: ( i< )"R C K ) -SR I 1<) 

IF(lFLA .EO. 9) PRINT*,"DP",K,VIK),SVIK),Vl 
COI\ITINUE 
IFCR(15).LT.0.0) V(15)=0.0 

IFIRCI6).LT.0.0) V(16)=0.0 

IF( IFLA. Eel. 9) PRINT *,1';)30 
WATTS TRANSDUCER CONVERSION 



02490 
02500 
02510 
02520 
025:30 
02540 
025~:iO 

02560 
02570 600 
02580 
025-;-'0 C 
02600 C 
02f':'10 
02620 
026:;:0 
02640 
02650 
0261S0 
026~-) 

0:.26:::::0 I':' 1 0 
02i"S90 
U2700 
02710 
02720 
027::::0 
02740 620 

. 027~50 
027/':'0 
02770 
027:30 
o 27'i'O 
02BOO 622 
02::::10 

02:~:~iO 

02':'"110 
02920 
0:;;:';':30 
0294-0 C 
02';'50 C 
02960 
02970 
629::;:0 
021;(I~rO 

0:3000 C 
0::;::010 C 
O~'::020 C 
0:'::0::;:0 C 
0:3040 

0:3060 

DO 600 l=l,Nt<W 
K=I<KW(I) 
VCI<)=C(I,I<)~(C(2,1<)+C(3,K)~ReK)+C(4.K)*R(K).R(I<» 

R(K):.:ReK)+SR(K) 
SV(K)aCel,K)~(C(2;1<)+C(3,K).H(K)+ce4.K).HeK)~R(K»-VeK) 

SV(K)=SQR1"(C(6,K).C(6,K)~SV(K)MSV(K)1 

R ( K ) "':R ( K 1 -SR ( K) 
IF (IFL~ • EQ. ';:/) F'R I NT,':, "f::J"J",. K, V (10, ::W 00 
CONTINUE 
IF(IFLA.EQ.9) PRINT M,2100 

CALCULATE l"!p.:::;:3 ;::LOW 
WA"'WB=-W:::;=:H:::;O""O. 
8WA=SWB=SWS=SHSO=O. 
IF(lFLA.EQ.O)GO 10 610 
DPA=V(7) $ IF(DPA .Ll. 1.0) DPA=VCSI 
~DPA:sv(7) $ IFCDPA .LT. 1.0) SDPA=SV(S) 
CALL FLOW(DPA,V(51,V(6I,D(I),DO(1), I,WA,HPD,SDPA, 

1 SV(5',SV(6),SD(1),SDOC1),SWA,SHPD,IFLA) 
CONTINUE 
IFCIFLB.EQ.O)GO 10 620 
OPB=V(9) $ IFCDPB .LT. 1.01 DF'B=vel0) 
SDPB=sv(9) $ IFCDPB .LT. 1.0) SDPB~SV(10) 
CALL FLoweDPB,VCS),V(6),D(2),DOC2',l,WB.HPD,SDPB, 

I SV ( 5 ) 1 ::N C 6 ) , SD e 2 ) , :,3[10 ( 21 , :=;WB, 3HPD, 1 FI:_A) 
CONTINUE 
IF (IFL.S. EQ .• 0) GO TO 622 
DPs=v(3) $ IF(V(3).Ll".3.51 DPS=V(4) 

• 

SDP::::::8V(3) $ IFeV(:3).L.T.;3.!:') SDPS=SV(4) _ 
CALL FLOW(DPS,V(1),V(2),O(3),DOC3),2,W8,HSO,SDPS,SV(1',SV(2),S~ 

&,SDOC:3),SWS,SHSO,IFLA) 
COnrINUE 
l-.IAB::::(oJA+WB 
I .. H"'loJA+(.JB+I,o.J:3 
SWAE::::::CRT ( ::;i"')A*"'2+SWr::*~2) 
SW1~SQRT(SWAMSWA+SWB~SWB+SWS*SWS) 

GW1R=WTM4.M144./(3.14159-DI(4)MDle4» 
SGW1R~SW1"*GW'R/WT 
IF(I~LA.EQ.9) PRINT .,2270,WA,WB,WS,WAB,Wl.HPD,HSO 

Cf.1LCULA lE 1 NLET F'RE:3SURE 
I" I o~V e 14) +V e 15) ~; PO==V C 14) '!, SF'O=':SV ( 1 I.;.) ,"J; PCID~PO+SPO 

SPI=SQRT(SV(14).SV(14) + SV(151.SV(15») 
rCl=]. 
CALL SATUR ePI,TI,VF,HF,VG,HG.IC1) 

OUTLET !;:;AT TEivlP 
TSA 17'TSl( POl 
SrSA1"=TSAT-TSLepO-Spo) 
TSATD=TSAT + STSAT 
IF(IFLA.EQ.9) PRINT .,2340 

TEST SECTION HEAT LOSS 
DO ,':'1::'0 I~·.!:::.::l i- hITS 
lLOS1~(V(41+2.N)+VC42+2*N»)~0.5 - V(401 
Sl"LOS1:SQRT(o.~*eSV(41+2*N)M*21+0.5.(SVC42+2MN) •• 2) 

1 +SV(40).SV(40» 
1KW(N)=(CLOSC1)+CLOSC2)M1LOS1)/4. 

1=, ,~ 

• 



(j30';;() 
i):.3~OO 

O:~:110 C: 

IF(IFLA .~U. 9) PIUI'lT *, "l'Kw ", "fl<W(N) 
690 sn::w (J\!) o,'::;:C!RT ( (0. 2':;;;"CLO:;:: (2) ;,:;:n LOS 1 ) ;,;*2 ~CLOS(3).CLOS(3)j 

Q:~:L20 C PREhEAT POWER LOSS 
C3130rLOS2=(V(6)+V(11»;';O.5 - V(40) 
Q3140 STLOS2=SQRT(0.5*(SV(6)*SV(6)+O.5*(SV(17)~SV(17»+SV(4OI*SV(40) 

03150 PHP=CLOS(4) + CLOS(5)~lLOS2 
0:311':;,0 IF ( I FLA • EO. ':n PRINT ~;, "PHPLUS::; ''', PHP 
03170 SPHP=SORT«(CLOS(5)*STLOS2)~*2 +CLOS(6)*CLOS(6» 
03 :i. ::::0 C: 
03190 C CALCULA1'E PREHEAT POWER 
03200 PHP=V(20)+V(21)+VI22)+V(23) + PHP 
03210 
0:3220 
0::::2::::(1 C 
u:':::2,<+O C 
O:;:2~.:.iO 

0:;:260 
0::::270 
032::;:0 C 
03290 '--

!)3.310 
):::::320 

'JJ3i ·1U 
O:3:'::~:)u 

0=:::::::·5.·0 
(i:::::~:70 C 
03:]:~~:O C 
''):3:3'~~O r' 
0::::1+00 C 
(1:3410 C 
03420 
0:34::::0 
03440 
O:::A~50 

03460 
0'3470 
0:34:::0 7 ~ 0 
0:34')0 
'")35("<) 
03510 
1):3520 
03530 
0:354·(1 

03560 700 
U3570 C 

036UO 
(i:3(~.:I. U 

0:3620 
0:3630 
03(;.·qO 
U36:,O 
O:':;/;'.{,::.O 
03.:::.70 
036:::0 

SPHP=SG~RT(:::V(2(;)l,:::'J(20) + SV(21)*SV(21) + SV(22)*SV(22) 
1 + 8V(23)*8V(23) + SPHP*SPHP) 

PREHEtl T OUTLET ENTHP,LPY 
HPHO=HPD + 3410.*PHP/WAB 
:3HPHO='3410. ;,;PHP Ilrl/-,\B * :::C!F\T ( (SPHP/PHP) :,.;*2 + (::;:t"JAB/t~AB) :,.;*2> 
SHPHO~SQR1(SrlPD.SHPD + SHPHO*SHPHO) 

TEST SECTIUN INLET ENTHALPY 
HT:;:: I ", C !,~AJ:::~H-lF'i"':O + W::::*HSO) I WT 
SH1Sl~SORTC(SWAB/WAB)**2 + (SHPHO/HPHO)**2) ;,; WAB*HPHO 
:;:;H~!·:32::·:-0. 

IF ( r f U::. Nt::. (; ) :3H1 ~::2·~SG!R"1 ( (::;:W:::: 1[,4:3) **2 + (:::::H~=:O/H:::O) •• ,2 ) • WS*HSO 
::::;"fi S 1 '~:::m':n I :3HT:::: 1 *SH"I ::::L + :;::HT::;:2l,::::HTS2) 
:3HTSI'=SURT( (SH1:3I/hIT/HT:::I )*,,2 + (::::WT/l~"1 );m2) • HTSl 
IFCIFLA .EQ. 9) PRINT *. HPHO. SHPHO,HTSI,SH1"SI 

CALCULA1'E lEST SECTION PROPER1IES 

CALCULATi:, 1E::::1' SECTION POl.-JER p,ND HEAT FLUX 
DO 700 1\1"' 1.. NT:::: 
L=I\I::::CFi ( N ) 
DO 710 I=l,L 
1l<W(N)=1'KW(N)+V(KSCRIN,I» 
IFIIFLA .EQ. 9) PRINT .,TKW(N) 
::::":'i<W ( N ) =STKW ( N ) + I S'J ( f<::::CR ( 1'1 r I ) ) ) **2 
CONTINUE 
STKW C N ) =<::G!RT ( :,::Tl<W IN) ) 
ETT(N)~ET(N,KE(N)-1)-ETIN.2) 

QAIN)~3410*TKW(N)/(3.14159*CK(N)*DICN)*ETT(N)/144) 

::::C!,t.; (N) = (::::"j :<W (N) I Tn .. j (1'1) ) ."*2+( ~::mI (N) IDI (I\!) ) **2 
SQAIN)=SQACN)+(SE1'T/ETT(N»*-2 
SQACN)=QAIN)*SORTCSQACN)) 
IFI1FLA .EO. 9) PRINT *.N.ETTIN),TKWCN),QAIN) 
CDtHINUE 

CALCULA1E QUALITY 
.lel=l 

,,":,6,:_1- ::;::ATUR ( V C 1 Lj. ) • T::;:LO, \IF, HF, \/13, HCi. I C 1 ) 
IFIIFLA.EO.9) PRINl ~,2645,V(14),"SLO,HF,HG 

lC1=1 
CALL :::A "fUR ( V ( 1':: ) +::::V I ,tIl) , :;::T::::LO, SVF, :3HF, ::;:VO, SHCi, I C 1) 

:::VF::SVF-t,iF 'it- ~~:t,/I::'::'- VG-:3VG $. ::n'SLO:::::=;"j ::::LO-T!3LD 
SHF~SHF-~~F ~ SHG~HG-St~G $ SHFSA1'~SHF $ S.:GSAT~SHO 
VGSA1~VG $ VFSA1':~;VF $ H~:SA1·~HF ~ HGSAT~HG 

HFG~I~G-HF ~ SHFG=~SQRT(SHG~S}'~G+SHF'~~SHF) 

X(1,2)=«HTSI-HF)/HFG)HIOO. 

i= I Itt 



036':'/0 
0:::700 
03710 
03720 
037:::::0 
i)37:~·O 

():':i"7~:!U 

1):3760 

'~:::':::3~U 

;)3,:::~2':) 

')':::!3:~:!i) 

~):~::::'~ic-

U:3 '.;:"2 0 

')3~~/~:::iO 

O:~:9/':,O 

03';"70 
0:':;:9::::0 
");:;:'~~J';JO 

040:i.O 
0·40:20 
0·40:30 
040LI·0 
O··q·O~iU 

()4060 
040]0 
U40::::0 
04090 
(J,!I·IGO 
r);·.~::i. 0 

o 4~ 1 :50 :::;20 
041/'::'0 
04:;, ~:"O C' 
04.180 c: 
1:)41')0 C 

.')4200 C 
(l4210 
04220 
04230 
04240 
042~IO C 
U.i+2:.:.0 C 
U4:.2iO 
04280 

iF·(IFLA .:::C! .. '?) i='r1:.u·rr ~t~>:(1~2)1;:::X(-17:::" 

DCJ :::;00 N=·:~.y ~·~T:::; 

~F(~fLA.EQ.9) ?R~Nl- *, 272~iTKW(N)7WT#HFG 
SDXtNlcDXCNI*SQRT«STKW(NI/1KW(N»)**2+(SW1/WT'**2+(SHFG/HFG).*2) 
L ··::i<i:: ( ;'-~ ) -:L 
DO E:l () 1 ;:.:::~., L 
X Ii'.;, 1 / X (1'1> :; -:[ ) +LI X (N) ;H ET ( j\j, I ) -El (1\1> 1-1 ) ) /ETT 
:!.I·:\:~FLA.E.C!.':~;) F'PIbrr .p~1276~:';iX(NI'I)lX(NI'I·-1),DX(N).,E:T(l\llI)lET(Nyl-

~3i: (j\:, 1)~" c. X (N, I) -X (1\1,1-1) ) i;~::;GI~:T( I SDX (N) IDX (1\1») :"';~2 + 
:. 1:::::< (1"1, :t ) / {ET (N, :[ )-E."I" (N, 1-1 ) ) ):"'*2 + (::;ETl lETT) ,»;,,;2) 

';;X(l\I, :l)c'~::;ClI::;:T(~:;;X(:\I, 1·-l):'"~::;Xlj'·!, 1-1) .... ~:;X(I'L I)"~':~X(I\I, I)) 

SX(N+l12)~SX(N1KE(N)-1) 

IFIIFLA.ECl.9) PRINl .,2807,XIN+l,2) 
COl\lrINUE 

C.o.LCUUl;lE THERMAL FILt'1 COEFFICIENT 
DO ::::20 N= 1 , NTS 
L=NTC(N) 
DO :::;::0 1=1, L 
TK~lKO+TK1*VIKTC(I\I,I» 

SlK=TKO+TKl*IV(KTCIN,l))+SV(K1CIN,I)))-TK 
IF<IFLA .Eel. 9) PRINT *," TK,~:;n< ",Tt<,8TK 
rJ(N, 1 )=(VIKTCIN, I' )-TSLO) /GJ.I~,(N) 
SHIN,I)=SQRTISVIKTC(N,I»).!.2+STSLO**2) 
SHIN,l)=SQRTI(SH(N, II.ClAINI/HIN, 1))*.2+ISQA(N)IQACN)).*2) 
:::;H I N, I) =SH (N, I) ·:"H (N, I) 
Hl~(DIIN)/2)*ALOG(ODTCN)/DI(I\I))ITK 

IF(IFLA.E(~.9) PRINT *~2940rHl 
SHl=(ALOG(IDIIN)+SDI(N»)!DIIN))/ALClGI1.5/DI(N))I.*2 
SH1~SQR1·(SH1+(SDI(I\I)IDIIN») •• 2+(STK/TK).*2)*Hl 
1-1 < {\j.,. 1 ) :~·H (i'L I ) '-Hl 
~:::;:-';(Nr:~ ),:-·~::C;';:·l (~3!":<1\!~ 1 )~B~2+~:;l":1?~~*2) 
::::;J-j cr,> 1) "-:;:;,-11 N. I ) *1-1 I j\J, 1) l'f: (1\1, 1) 

~~'(IFL,4 .[G'~. ';:!) PFC(NT ~<~, Hl1 ':;Hl,.!·"I(r·\l., I). SH(N~ I) 
(,,:01\:'"1 1 NllE 
IFIIFLA.EQ.9) PRINT *,3015,K1CIN,L),HIN,L) 
CONTINUE 
IFIIFLA.EQ.9) PRINT -,3030 

C,t,U::ULA lE FLU I D pnOPERT I ES (lE:::rr :::ECI ION (JUTLET) 

VISCOSITY 
V1SG~3600.*VISV(PO,TSAT) 
SV I :;:;13""3600 •• 1,1 I SV (POD, TSATD) -\) I :::;C 
VlSF~3600.-VISLIPO,TSAT) 

SV1SF~VlSF-3600.-VISL(POD,TSA1·D) 

:c:UF:," ACE TENS I ON 
C(-lU TEN::; I T::;.o.T, TE:'l) 
CALL ,'ENSCTSATD,8TEN)' 

• 

• 



• 

042';'0 
04:300 C 
04:310 C 

')43"l·0 
()4:3~~,0 

043,:':,('"' ~.:" 

CONDUC·I r V 1 TY 
CONG=CONDV(PO,·rSAT) 
:':;C:Y·!l3'·· I~:DND\I (POD, 1 SATD ) -CONG 
CONF~CONDL(PO,TSAT) 

SCONF=CONF-CONDL(POD,lSA1D) 

04370 IF(IFLA.EQ.9) PRIN"r ~,3770 
O~380 C DO 960 1=1,3 
043~O c 960 PRINl 950 
04400 C 950 FORMAT(!!!) 
04410 PRINl 970,NI 
04420 970 FORMAl (I * INSTRUMENT READING - MV - #0-*,12) 
044:30 PI~:INT 19~~"ZO, (R(l)+Z(l), l=l,NI) 
04440 PRIN1· 980,NI 
04450 '''80· FORI'1AT<I * INS"IRUMENT OUTPUT *;O-~;, 12) 
04400 
0':;'41"0 

04490 
04~iOO 

Pi~li'.IT 19:;;., ZO, (V( 1),1'=1, NI) 
PRINl ',/90, NI 
FORI'1A·r ( /:', 1 N:;:rrRUMENT STD EF:RO::~ 

PRINT l"':;;"ZO, (SV(I), 1=1,NI) 

FORMA1!/ * TEST LOOP EN1·HALPIES*) 04~; 1 0 ';/')5 

04520 
04~.:30 
O",:~5;40 

IF(lFLA.EQ.9) PRINT 19S,V(14),V(5),PO,V(2),VI6),V(17),V(18) 
CALL SRSORTIV(1),VI2),Vl,hPDS1·M,ISAT,VG,HG) 
CAL~ SRSORTIVI~),V(6).Vl,HPHSTM, ISA1,VG,HG) 
CALL SRSORTIPO,VI1SI,Vl,H1SOST, ISAT,VG,HG) 
CALL SRSORT(PO+V(1~I,V(17'.Vl,Hl·INL,ISAT,VG,HG) 
PRINT 19~,HPDSTM,HPHSTM,HTSOST,HTINL,HFSA1,HGSAT 
PRINl 195,PI,1·I,PO;TSLO,WA,WB,WS 

04560 
04570 
045:30 
045':/(> 
04·600 C 
O·(k.:lU C 
().i;·;.:,2~) 

IfIIF!...A.EQ.9) PRINT 195,Vll),V(5',PO,V(2I,V(6I,VI17j,V(18) 

PR 1 NT i·:Er;U I NGS; 
PRINT 1000 

(: ·'"i· 6:~~': U 1000 FORriAl (///11111 * C E I<J~E lSI NGER tlt~VELDPMEI\IT LAI::OHATORY *) 
P:UNT t010 

046~O 1010 FORMA1"( * PROJEC1#900255 SANDIA SOLAR RECEIVER RIFLED TUBE 
~4660 IB TESTM) 
04670 PRINl 1020,TE~T,1TIME,DDATE 

046bO 1020 FORMAT( * TEST # *.AI0,* TIt1E *, AiO, * DATE *,A10) 
~)46'::jO C 
O,q.7U(l C PRIN1· TEST SECTION CONDITIONS 
04710 PRINl 10:30 
04720 1030 FORMAl(/ • lEST SECTION CONDITIONS*) 
047:30 PRINT 1040,PO,SPO 
04740 1040 FORMAT ( • OUlLET PRESSURE*.14X,F7.1,* +/- *.F6.1,4X,*PSIA* 
04750 PRINT 10S0,WT,SWT 
04760 1050 FORMAT( * TOTAL FLOW *. l1X,El1.4,* +/- *,E9.2, 
(;4770 
041:2:0 
04790 1054 FORMAT( * RIFLED MASS FLOW *, 10X,El1.4,* +/- *,E9.2. 
04800 &* LB/HR-FT2*) 
04BIO PRINf 1060 
04820 I060 FORMAl ( /* TC'1t ELEV TEMP HEAT FLUX AT TC G!UALITY AT 
04830 &C DNB*) 
04240 PRINl 1070 
04850 1070 FORMAl ( M ( IN) 11000 BTU/HR-FT2) 
04860 DO 1110 l~l,NTS 
U4:;:;:iO K"l'·.fr:::+:l-I 



I,) .q.:~!9() 

O':;·';:.lqo 
0,4910 
~::ir':;:J20 

049:30 
(1 .. q. t:?1 ''1' 0 
()·4t~/~:;O 

()4960 
04'~'70 
049::;:0 
04'~)')O 

05000 
O~iOl0 

O;:i020 C 
050:3U C 
05040 

FLX1C~QA(K)/I000. 

SFLXr~SQACK)/I000. 

[10 10'YO L= 1, f:::1 
ICD=IBL 
L 1 "'-r::: 1 + 1 -L 
DU 1075 . ..1=1, NB 
IF ( KTC C K, L1) • Ee!. II ( . ..1» I CD=' I DNB 

107!5 CONT INUE 

• 
1090 PRINT 1080,KTCCK,Ll),ETCK,Ll+2),VIKTCIK,L1»,FLXTC,SFLXT,X(K,L1+~ 

1 ,5X(K,Ll+2),ICD 
1080 FORMAl (8X, I2,2F6.0,3X,F7.1,. +1-.,F4.1,4X,F5.1,. +/-.,F4.1, 

1 :3X, A:3) 
1110 CONTINUE 

O~iOe.iO 1120 

PR I NT PRE:3SURE DROPS 
PRINT 1120 
FORMATIII,5X,.PRESSURE 
PRINT 11:30 

DROPS.) 
050/':'0 
0::,070 
U!::O::::O 
O~:090 

O~':;lOO 

05110 
05120 
051::::0 
05140 
051!:.O 
05160 
05170 

1130 FORMAl C 7X, iOlLOCA-J ION., 12X, 'HNLET QUALITY OUTLET G!UALITY., 
&4X,.PRESSURE DRUP.)' 

PRINT 1140 
1140 FORMATC31X,.CPCT)iOl,11X,iOl(PCT).,13X,.IPSID)iOl) 

PRlNT 1160,XC1,2),SXCl,2),X(4,7),SX(4,7),V(15),SVC15) 
1160 FORMAlC7X,.10TAL lE:3T ::::I::.CTION.,2X,F5.1,* +/- .,F4.1,2X,F5.1, 

&* +1- .,F4.1,3X,F5.2,. +/- .,F5.2) 
PRINT 1170,XC3,2),SX(3,2),XI4,7),SX(4,7),V(16),SV(16) 

1170 FORMAT(7X,.UPPER TEST SECTION.,2X,F5.1,. +/- .,F4.1,2X,F5.1, 
&. +1- .,F4.1,3X,F5.2,. +J- .,F5.2) 

PRINT 1175,V(68),(V(1),I=74,79) 
051::::0 1175 
05190 C 
05200 C 

FORMAT (I, 5X, l~RIB TEMPERATURE PROFILE., /, 4X, 7F8. 1) 

PRINT TEST SECTION OUTLET FLUID PROPERIES 
• 

05210 
05220 
052:30 
0~5240 

052~i'O 
()~5260 

O~i2'IO 

052:;::0 
05:290 
05~:00 

05:310 
05:320 
05:3:30 
05:340 
05::::~jO 

05:360 
05:370 
O::i ::;: !;:: 0 
05390 
05400 
05410 
05420 
054~:O 

05440 
O!:i450 
054/50 
0':5470 
054::;;0 

PR IN',!, 11:30 
1180 FORMA-r( II, 5X, .TEST ::;ECTION OUTLET FLUID PROPERTIES.) 

PRINT 11'~)Or TSAT. STSAT 
1190 FORMAT(7X,.SA1· TEMPERA1URE.,1~X,F6.1,. +/- .,F4.1,6X,.F.) 

PRINT 1200,VGSAT,SVG • 
1200 FORMAT(7X,.STEAM SPEC VOL~r14X,F:3.5,. +/- .,F8.5,2X,.FT3/LB.' 

PRINT 1210,VFSAT,SVF 
1210 FORMAl(7X,*WAlER SPEC VOU>i,14X,F8.5,. +1- .rF8.5,2X,.FT3/LB.) 

PRIN-r 1220, VISG, SVISG 
1220 FORMAT(7X,.STEAM VISCOSITY., 13X,F8.5,. +/- •• F:3.5,2X,.LB/FT-HR.) 

PRIN1· 1230,VlSF,SVISF 
1230 FORM~l'(7Xr.WATER VISCOSI1YM.13X,F8.5,. +/- .,F8.5.2X,MLB/FT-HR.) 

PRIN1' 1240r TEN,STEN 
1240 FORMA1·C7X,.SURFACE TENSION., 12X,F9.6,. +/- .,F9.6,. LB/FT.) 

PRINT ·1250, CONGo ::::C:ONG 
12::'0 FORMAT ( 7X. ;':STEAM -rHERM CONDUCTIVITY., oX, F7. 4,. +1- ., F7. 4, 3 

&X •• Bl·U/HR-FT-F.) 
PRINl 1260,CONF,SCONF 

1260 FORI'1Al(7X."';WATEk lHERM C:ONlIUC1IVIlY •• 6X,F6.4,. +1- .rF7.4r ::=:X, 
g.,.]:ffU/Hf<-FJ-F1>l ) 

PF: I NT 1270 r HGSf.>:r, :3HGSAT 
1270 FORMAT(7X,1>l::::TEAM SAT ENTHALPY.,10X,F8.2,. +/- M,F5.2,5X 

g.:, ,>iE:TU/LE:!o;) 
J.'f( I Nl 12::::0, HFSA -I , :::HFSAT 

12::::0 FORI"IAl (7X, *WATER SAT ENTHALPY., lOX, F:=::. 2,. +/- ., F::'. 2, 5X, 
~.:'~BrU/LB. ) 

CALL TIME (IT) $ C,~LL DATE( DD) 
PRINl 1290,DATE98,Tl,DD 

• 



• 

054';il0 
05500 

1290 FORMA1'(II, 5X, MCONS1' FILE DATE M,AI0,7X,MDATA REDUCEDM,AI0,2X, 
&AI0) 

05510 F'RIN1' 1300 
05520 1300 FORMAT (f , 5X, MKDL F'RO.j LEADER • DA 1 E • • / • I. . M 
05530 F'RINT 1320 
05540 1320 FORMA'r(//I/I) 
055!::iQ C 
O!5560 C PRINl ON TAPE49 
05570 
055:::0 

WRITE(49,1500) TEST, T11ME, DLiATE 
1500 FORMAl (5X,3AI0) 

05590 WRITE(49,1510} PO,WT 
05600 
05610 

1510 FORMATC4X,F7.1.4X,El1.4) 
C 

05620 t S~T DNE PRINl FLAG 
05630 C O=FULL TEST SEClION F'RINT 
05640 C l=DNI::: LEVf:.LS ONLY 
051S:50 C 
05660 IDNI:::P=l 
05670 IF(IDNBP .EGI. 1) WRITEC49,1!,;:,20) NB 
05680 1520 FORMA1'C5X,I2) 
05690 
05700 
05710 
05720 
05730 
05740 
05750 
05760 

DO 1540 I'""l,NTS 
f<=NTS+I-1 
J<l=NTceJ<} 
FLXTC=QA(K}/I000. 
DO 1540 L=I,Kl 
ICD=IBL 
Ll=Kl+1-L 
DO 1525 ,J=I, NB 

05770 
05780 

IF(KTCCK,U} .EQ. II(.j}) ICD=IONB 
1525 CONTI NUE 

05790 
05800 

IF (IDNBP. EQ. 0 • OR. (IONBP. EQ. 1 • AND.ICD. EQ. IONS» WRITEC 49,1530 
1 KTC(K, Ll), VeK1"CCK, L.l», FLx-rc, X (K, Ll+2), ICD 

05810 1540 CONTI NUE 
05820 1530 
05830 
05840 
058~IO 

05860 
05870 1560 
05880 
05890 1580 
05'::'00 
O~5'.-;J 10 1590 
05S"/20 2001 
050;'30 
'--EOR--
05940 CFLOW 

05960 3020 
05970 ::::021 
059:30 
059'70 
(k,OOO 302~, 

06010 
(l6020 
O/S030 3030 
06040 
()6050 
':;/':,060 
06070 

FORMAT(5X,12,3X,F5.0,5X,El1.4,5X,F5.1,5X.A3> 
WRITE(49,1~50) , 
FORMATC f) 
WRITE(49,1060) XCl.2),X(4,7},V(15) 
WRITE(49,1560) X(3.2),X(4,7),VCI6) 
FORMATC4,X, F5.1, 4X, F5.1, 4X, F5.2) 
WRITEC4':;O, 1~,80) lSAT, VGSAT, VFSAT, VISG, VISF, TEN 
FORMAT(/.4X,F~.0,2X,F8.5,2X,F8.5,2X,F8.0.2X,F8.5,2X,F9.6) 

WRHEC49, 1~,90) COr-!Ci, COI\IF, HG8AT, HFSAT 
FORMAl (4X,F7.4,2X,F6.4.2X,F8.2.2X,F8.2) 
CONTINUE 
END 

SUBROUTINE FLOW( [IF', P, T, D, DO, I, W, FH, :3DP, SP, :3T, SO, SDO, SW, SFH, IFLA) 
REAL K,Kl,K2,K3.K4.K9 
REAL f<8 
IF (IFLA. £(;'1. 9) PRINT M, "FLOI.J ROUTINE" 
IF(IFLA.EQ.9) PRINT M,[lP,P,T,D,DO 
IF CDP • LT. • O} GO TO 7320 
TI-TSAT=T • 
IF (P • LE.; 3208.23474) 18AT=TSLC P) 
IF(1.EQ.2) GO TO 3070 
IF(ll .131. TSA1') Tl=TSAT 
CALL SRSORTCP, Tl, V, FH, ISAT, VG, HG) 
CALL SI;;:;::ORT ( P+SP, T 1, VP, FHP, I ::::AT, VCi, HCi) 
CALL SR::;ORT ( P, T 1-8T , liT, FHT, I SAT, VCi, HI]) 

F, 2.:l 



0'':,080 
06090 
(l,;,100 
Ot,110 
06120 ::::070 
(It.':'l :'::0 
(1'':,1'':; (I 

Vlt:',:360U.li:VI:::L (:=0, "11) 
'I-I. 
SY='O. 
GO TO :3090 
CONTll\iUE 
IFIll .LT·. lSA1") l"l~l"SAT 

CALL SRSOR1(P,l l,V,FH, ISA1,VCi,HCi) 
IF(ISAT .EQ. 1) GO 10 3071 
V''-'VCi 
fH"'HCi 

(j,::, 1 ~,O 
06160 
06170 
061::::0 
061 ~~O 
06200 
06210 
0(':'220 
06230 
0624(1 
06250 
06260 
06270 
06280 

:':::071 CONTINUE 

06290 :30'70 
0(':;':300 
(1,:;:,:310 
0,::,:320 3100 
(iC·::::::;:O 
O'':,:~:40 

063,'0 :3120 
06:::::;;:0 

CALL SRSORT<P-8P,Tl,VP,FHP,I8AT,VG,HG) 
CALL SRSOR1"(P, T1+8T, VT, FHT, ISAT, VO, HO) 
IF UFLA. EQ. 9) l='RINT *,5::::25, P, T1, V, FH, FHP, FHT, VG, HG 
VIS=3600.*VISV(P r Tl) 
Y=1.-(".41+.35*(CDO/D).*4.».DP/(1.26.P) 
YD-l.-1.41+.35*«DO/(D+SD) •• 4.».OP/(1.26MP) 
YDd~I.-(.41+.35~«(DO+SDO)/D)*.4.».DP/(I.26.P) 
YDP=I.-C.41+.3SMC(DO}D) •• 4.».(DP+SDP)/11.26·P) 
YP=I.-1.41+.35*I(DO/D)··4.»*DP/ll.26.(P+SP» 
SY-SQRT«YD-Y) •• 2+(YDO-Y) •• 2+IYDP-Y)··2+(YP-Y) •• 2) 
SV='SG!RT ( (VP-\l) * (VP-V) + (VT-V) * (v-r-V) ) 
IFCIFLA.EQ.9) PRINT .,V,VIS,Y 
::WH:·'::::G!R1· ( (FHP-FH);'" C FHP-FH) + ( FHT -FH ) • (FHT -FH ) ) 
FA=.998721+1.78502E-S.'"1+2.39695E-9.Tl.Tl 
FAT:"· 0 'r98721 + 1 • 78502E -~;;.~ ( T 1 +ST ) +2. 396'i/5E -9* (T 1 +ST) * I T 1 +8T) 
SFA='F,'~,T--FA 

B=DO/D 
IF(IFLA.EQ.9) PRINl *rS 
Ko'i'=.6 
K:::::.6 

06390 3150 Kl=O. 
06400 K2=0. 
,),':,410 1<:3"'0. 
064~O K4=0. 
06430 :3160 
·)'S4·'lO 3170 
Cb450 :31:::0 
06460 :31'~'0 

06470 3200 
06480 :3210 
06490 :3220 
06500 :3230 
06510 3240 
06520 3242 
065~:O ::::244 
06540 3246 
O,'s550 ::::24::: 
065.~.O :3250 
0<;;,570 
065:.::0 :3260 
O/,:.5':iO 
0(":'600 3270 

06620 3280 
06630 32';"/() 
06640 
O'SI':'~'() 
066;::;,0 
06670 7:320 

Kl=I.~993+.007/D)+(.364+.076/(O* •• 5»li:CB**4.) 
IF «.07+. 5/D-B). LE •• 0) 130 lO 31 'rO 
K2=.4M«1.6-1./D) •• 5.)*C(.07+.5/D-B)**2.5) 
IFC(.5-B).LE •• 0) GO TO 3210 
K3=-1.009+.034/D)*(1.5-B).*1.5) 
IF CCB-.7).LE •• 0) GO TO 3230 
K4=(65./(D*D)+3.)li:C(~-.7)li:*2.5) 
A=DOMCB30.-5000.li:B+9000.*BMB-4200.*B*B*B+S30./SQR1ID» 
riO=!. E6<.>:DOI 15. 
K8~(Kl+K2+K3+K4)/C1.+A/RO) 

W=1890.MK9*OOli:DOMFA*Y*SQR1"CDP/V) 
R=15.2S.W/(VlS.VO) 
IFCR.LT.l000.) R=1000. 
K-K8l>:(1.+A/R) 

PRINT *,K,A,R 
IF(CABSCK-K';/».LT •• 0001)GO TO 32'rO 
IFCIFLA.EQ.9) PRIN1' *.K,A,R,W 
K':>'-K 
XK9:::;.K9 
GO 10 3244 
X~SI""K9 
SW~.0001+(2·SDO/UO)l>:*2+CSFA/FA)M.2 

SW~SW+(SY/Y)MM2+(.5*SDP/DP)MM2+(.5.SV/V)M·2 

~3l-l"'SG~RT ( :3l-l ) *W 
CONTINUE 

• 

• 



• 06/~,:=:0 

06690 
IFIIFLA.EQ.9) PRINT M,K,R,W,A 

06710 
06720 32Si ti 
--t::OR--

PRINT 9990,K,R,W,A 
FORMATI2X,4Fl0.3) 

Rt::rURN 
END 

06730 C::3.',(SORT 
(6740 SUBROUTINE SRSOR1(P,T,V,H,ISA1',VG,HG) 
06750 ISAT=l 
06760 IF(T.GT.705.47)GO TO 10 
06770 1'1=T 
067:30 PSAT=PSL<Tll 
06790 IFIABS(P-PSATI .LE. l.E-8) GO TO 60 
06800 IF(1'.LE.662.0)GO TO 3(l 
06810 IF(P.GT.PSATlGO "f0 52 
06820 10 
06830 
(l/':,:::L:O 20 

P2:3-=P2:3T ( T ) 
IF (P. m • P23) GO TO 50 
V"'VP"12 (P, T) 
H=H2E<DMY) 
Iit::TURN 
IF(1.LT.2~.0)GO TO 70 
IF ( P • L 1 • PSA 1) GO "1'0 20 
V"'VPTI (P, 1) 

H=-H1E<DMY) 
RETURN 
V"'VPl 3D ( P, 1) 

H=HVT3 ( V, 1) 

RETURN 
V=VP1'3L(P,T) 
GO TO 51 
ISAT=2 
K=3 

06870 :;:(1 
06880 
06::::90 ,'10 
06900 
06'710 
06920 ~:'IO 

06',/80 51 
06',/40 
()6950 52 
06960 
06970 60 
06'780 
06'79.0 
07000 
07010 70 
07020 

CALL SATUR(P,T,V,H,VG,HG,K) 
RETURN 

07030 
--EOR--
07040 CSATUR 

ISAT=3 
RETURN 
END 

07050 SUBROUTINE SATUR(P,T,VF,HF,VG,HG,K) 
07060 GO TO( 10, 20, 30), K 
07070 10 ,'=TSL(P) 
07080 
07090 20 
07100 
07110 :;:0 
07120 
07130 
07140 
07150 
07160 
07170 40 
071::::0 
07190 
07200 
07210 
07220 
'--EOR--
0'1'230 CTENS 
07240 

GO TO 30 
"l"1=T 
P"PSL(Tl) 
IF<l.LE.662.0)G0 TO 40 

. VF"'VP1'F3 ( P, T) 
HF=HVT:.':: ( VF, T) 
VG=VPT03(P,T) 
HO,,-,HVT:3 (\/13, T) 
RETURN 
VF=VPTI (P, 1) 

Hr=H1E<DMY) 
ViJ·'VPl2 ( P, T) 
HG""H2E <DMY ) 
RETURN 
END 

SUBROUTINE TENS(TIN,S) 

F. 2. r-



072tiO 
01260 
072"/0 
072:;::0 
072']0 
01300 
07310 !~i90 

07:320 
07:3:30 
(l'j:~:40 

E.ND Uf" F I I.E 

Dl11ENSION AS (6) 
DATA AS/1.1609368E-l.1.12140468E-3,-5.75280518E-6. 
Cl.2862746~E-8.-1.14911929E.-l1 •• 83/ 
l'K:647.3-(TIN+4~9.67)/l.8 

S=AS(1)M(TK •• 2)/(1.+AS{6)MTK) 
DO :::i'70 1 ''''2. 5 
S=S+ASCI)MCTK •• ]) 
S~6.8~217526E-5.S 

HE'1 URN 
LND 

• 

• 
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Introduction 

A heat transfer and an elastic stress analysis was performed for the 

3.0 x 106 lb/hr solar receiver design. Loading conditions for the super­

heat panel were analyzed. Fatigue lives of the receiver using 316 SS and 

Incoloy BOO were assessed. 

Problem Set-Up 

A finite element model was generated using tube OD .625 inches, and 

ID .46 inches and constraint conditions based on Rockwell International 

Corporation drawing AP77-0B4. An eight-noded isoparametric element was 

used. Material properties for Incoloy BOO and 316 55 were obtained from 

Code Case 1592. Figures 1 and 2 show the geometry. Tables 1, 2, and 3 

shown material properties. Table 4 shows the loading conditions imposed 

on the model. 

Analysis Procedure 

The overall procedure consisted of inputting the heat flux loading 

into }~C Heat and generating steady-state temperature distribution across 

the model for each flux loading. These temperature distributions were then 

input into MARC stress via a post tape. An elastic stress analysis was 

done for each case using the appropriate boundary conditions, pressure 

loading, and material properties. Using the results of these stress runs, 

fatigue life was calculated. 

• 

• 
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A. Heat Transfer 

The flux loading condition analyzed was based on maximum crown tempera-

ture in the superheat panel. The flux distribution was input on the 

tubes using a tube shading program. The model temperatures were put 

on tape to be input into the stress program. 

B. Stress Analysis and Boundary Conditions 

The generated temperature distributions, pressure loads, 'and boundary 

conditons were input into MARC stress. The panel geometry and the 

large front-to-back temperature loading necessitated the use of a 

generalized plane strain finite element. This element allowed the 

element to grow axiall (strained ~TMEAN) without constraint while 

still calculating the thermal strains due to the difference in 

temperature from front to back. 

The boundary conditions placed on the model are illustrated in Figure 3. 

Symmetry between horizontal slide locations cause the middle to be 

placed on rollers in the y direction. The horizontal slide weld point 

allows only x direction movement and symmetry forces the center line of 

tube to move the same amount. The tube rotation is fixed to zero in 

the z direction due to axial constraints. 

C. Fatigue Life Assessment 

An assessment of the fatigue life for each metal was made. Since an 

elastic analysis was performed, cyclic life had to be determined by 

using the calculated elastic strains. However, fatigue life based on 

high elastic strains is very conservative. To fully evaluate the 

fatigue life of a highly stressed component, an inelastic analysis 
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is required to determine the inelastic strain range. However, the 

scope of this design evaluation prevents this type of analysis. 

Due to the high elastic strains calculated, it was necessary to 

modify the elastic strains. J. L. Houtman in the Westinghouse report 

"Structural Evaluation of the In-Vessel FFTF Plant Unit Instrument 

Tree", presented a method to approximate inelastic strain using 

elastic analysis. 

The procedure is as follows: 

Step 1 Calculate the elastic stress. 

Step 2 Calculate the elastic Von Mises effective strain range. 

Step 3 Determine the inelastic strain from the elastic strain 

by multiplying by the appropriate strain correction 

factor K from Figure 4. 

Step 4 Using the determined inelastic effective strain and the 

appropriate fatigue design curve (Figures 5 and 6) 

fatigue damage is evaluated. 

The maximum elastic effective stress calculated was 36,600 psi for 

the 316 SS and 36,500 psi for the Incoloy 800. The corresponding 

-3 -3 strain ranges were 1.22 x 10 and 1.24 x 10 • 

Using the above method, the fatigue life of the two cases were: 

316 ss 'Plastic' Strain Range 

Incoloy 800 

-3 
1.8 x 10 

-3 1.94 x 10 

Cycles 30,000 

20,000 

• 

• 

• 
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This technique calculates the first cycle strain range. Relaxation 

of this stress with time has not been taken into account. This 

method produces a conservative fatigue life. 



FIGURE 1 

6, -(1:1 
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• 
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FIGURE 2 
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CASES OF ASMI> BOII.ER AND I'IU:SSlHtI> VI·;SS.:I .• COOF. • 
Instantaneous Coefficient of Thermal Expansion VS. Temperature 

Instantaneous Coefficient of Thermal Expansion, 
Temp., OF in.lin. -' F X 10' 

Ni·Fe·Cr Ni-Gr·Fo·Cb 
304 SS and 316 SS Alloy 800H 2Y.C, .. lMo Alloy 718 

70 9.ll 
100 9.21 6.6 6.91 
200 9.50 n.lI 6.9 7.43 
300 9.73 8.9 7.35 7.77 
400 9.96 9.0 7.65 i.97 
500 10.20 9.1 7.9 B.09 
600 10.43 9.2 11.1 fl.17 

700 1Il.66 9.3 8.25 fl.26 
750 10.81 
800 10.90 9 . .'; 8.4 1l.42 
850 11.00 9.65 
900 11.11 9.11 U.5 8.69 
950 11.23 10.0 

1000 11.35 10.2 11.6 9.1 :1 

1050 11.46 lOA 9.46 
1100 11.58 10.6 8.65 
USO 11.70 10.8 
1200 11.81 11.0 8.7 
1250 11.93 11.2 
1300 12.04 11.4 
1350 12.16 11.55 
1400 12.211 11.7 
U50 12.39 lUI 
1500 12.50 11.9 
1550 12.0 
1600 12.1 

TABLE 1 • 



CASES OF ASME BOILER AND PRESSliRE VESSEL CODE 

Modulus of Elasticity vs. Temperatura 

Temp., of IStatic) Modulus of Elasticity. psi X 10·' 

Ni·Fe·Cr Ni·Cr·Fe·Cb 
304 SS and 316 SS ~v~ 2% Cr -, Mo AlioV 718 

70 28.3" 28.5 29.9' 
100 29.0 
200 27.7 27.8 29.5· 2S.38 
300' 27.1 27.~ 2'1.0 27.93 
,WO 26.6 21>.8 28.(,' 27.51 
500 21>.1 21>.3 211.U 27.10 
6110 25.4 25.7 27.4 26.69 

700 24.8 25.2 26.6 26.26 
750 
SOil 2·1.1 2,t6 25.7 25.82 
850 23.7 24.1 
9110 23.3 24.1 24.5 25.35 
950 22.9 2:1.11 

1000 2') ~ 23.5 2:1.0 24.84 • ~., 

1050 22.1 23.3 24.56 
1100 21.7 22.9 20.,1 
1150 21.3 22.7 
1200 20.9 22.4 15.6 
1251l 21l.5 22.1 
1300 20.1 21.7 
1350 19.7 21.,1 
J·IOO 19.2 21.1 

B,O JS.7 20.7 
1500 18.3 20.3 
1550 19.8 
1600 19.2 

TABLE 2 

G-9 



CASES O~' ASME BOILER AND PR~:SSURE VESS~;L CODE • 
Expected Minimum Yield Strength VI. Temperature 

Ni·Fe·Cr Ni·Cr·F.-Cb 
Temp.; of 304SS 316 SS Alloy 800H 2% Cr·1 Mo AlioV 718 

(Strlsses in ksi Unitsl 

RT 3u.0 30.0 25.0 30.0 150.0 
100 211.0 29.2 24.3 29.4 148.4 
200 25.0 25.0 22.5 27.0 143.9 
300 22.5 23.3 21.1 26.0 1-10.7 
·lOO 20.7 21.4 20.0 26.6 I ~11.3 
500 19.4 19.9 19.0 26.5 136.7 
600 18.2 10.8 18.3 26.5 135.4 

700 17.7 18.1 17.5 26.5 134.3 
750 17.3 17.0 17.2 26.5 133.7 
800 16.8 17.6 16.8 26.5 133.1 
850 16.5 17.4 16.5 26.3 132.4 
900 16.2 17.3 16.3 2S.6 131.5 
9S0 15.9 17.1 16.1 24.7 1 :IO.S 

1000 15.6 17.0 IS.8 23.6 129.4 

1050 15.2 16.7 15.6 22.1 1211:0 
lIOO 14.7 16.5 15.3 20.4 
lI50 14.4 16.4 15.0 18.4 
1200 14.1 16.2 14.8 16.1 
1250 13.7 15.8 14.5 
1300 13.2 15.3 14.3 
1350 12.5 14.9 14.0 
1400 11.6 14.4 13.7 

1450 10.6 13.8 13.4 
1500 9.5 13.1 13.0 
1550 12.3 
1600 11.0 

TABLE 3 



TABLE 4: LOADING CONDITIONS 

Tube Geometry .625" OD; .46" In 

Tube Material 316 55, Incoloy 800 

Maximum Heat Flux 76,756 BTU/hr-ft2 

Internal Tube Pressure 

Fluid Temperature 

Inside Film Coefficient 

G -If 

2750 lb/in2 

10690 F 

2642 BTU/hr-ft2-OF 
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CASES 01' Al;~n; nOILEI! AND l'I!ESS10l!E n;SSEL com; • 
I I I I 

~ 
FOR METAL TEMPERATURES 

~ 
NOT EXCEEDING 

100 OF i 
........... ~ ~ ~ '~8000F .1 

~ / 900°F 
1000.1200 of 

- '- ............. ~ 8; r:::::: :::-.. II vI'i(BOOOF 
5 

~ t;:: ~ ~ ... -=1 ---- ~ ~ ~r::::: 
2 r-:-::r-- .... 

1--:---: r-=:: • -
5 . --- -- ,-- -- .. - .... - .. _--_ . ...• -_. ----- -

CYCLIC STRAIN RANGE' I X 10-'IN/IN/SEC 

2 -- r- --. ---- .. 

4 

5 10' 5 104 5 105 2 
lO-

la' 2 
NUMBER OF ALLOWABLE CYCLES.N. 

Design fatigue strain range, ft, for 304 SS and 316 SS 

Design Fatigue Strain Range, • t. for 304 SS and 316 SS 

Nd 
Number 

of €r. Strain Range Iin./in.1 at Temperature 

Cycles . 100 F 800 F !l00 F 1000·1200 F 1300 F 

10' .0507 .0~33 .03711 .031 fI .0214 
2x 10' .0357 .0318 .0251 .0208 .0149 
4xl0' .026 .0233 .0181 .0143 .0105 

10' .0177 .0159 .0123 .00971 .(11)711 
2x 10' .0139 .0125 .00961 :OOH,1 .Ol).').')i 
4x10' .0110 .00956 .00761 .0(J:'74 .(HH:II 

10' .00018 .00716 .00571 .0042-1 .003211 
2 X 10' .00643 .00581 .00·166 .00339 .00268 
4x 10' .00518 .00476 .003Hl .00279 .()()22(, 

10' .00·103 .00376 .00301 .O02:!1 .00 I fl6 
2x 10' .00343 .0(;316 .002:;6 .OOIH6 .00162 
·1 X W' .00293 .00273 .00221 .00161 .OOI·1-! 

10' .002·15 .00226 .00 I Bl .U!JI :\(, .00121 
2x 10' '(}()213 .()(JI 96 .00159 .00121 .00 lOB 
4xlO' .oowa .00173 .00139 .00 lIJ9 .OO09~·1 

10' .00163 .00151 .00118 .00096~ .000113,1 

·C'yclic strain rale : 1 X I 0- 3 ill.fin./sec. 

FIGURE 5 
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Nd 
Number 

of 
Cycles-

10' 
2x 10' 
4xlO' 

)0' 
2xIO' 
4x 10' 

10] 
2xl0' 
4xlO' 

1(1' 
2x 10 4 

·Ix 1\1' 

10' 
2 X 10' 
4x )0' 

10' 

CASI':S 01' ASm: BOII.EH ANIlI'ln:SSI;UE \ ESSEI.I:IIIW 

fOR JETAL lEMPLATURls 

I ~ 
NOT EXCElDING 

-GOoof 

'k,900
O

F 

~ ~ ~ 
/; 10OO°F 

1I00of 

~~ 
--....... 

-

'\ ~~~~ to-
- - "-- --

"\ 1200°F 
1300°F ~ _1'4°r -- -

. _.- ----
- I 

CYCLtC STRIlIN RIITE' ? X 10-' INIIN/SEC 

I --1- I 1- J-t-- ..... -.--- - --- --- --

10' 10' 10' 
NUMBER OF ALLOWABLE CYCLES. N, 

Design fatigue ~1rain range, Et. for Ni·Fe·C, AlloV 800H 

Design Fatigue Stnin Range. ft_ for Ni·Fe-Cr Alloy BOOH 

ft. Strain Range On.lin.) at Temperature 

BOO F 900 F 1000 F 1100 F 1200F 1300 F 1400 F 

.0513 .0498 .M611 .0370 .03011 .0263 .0231 

.0328 .0313 .0298 .0243 ,(1198 .01611 .0129 

.0218 .0200 .0190 .0163 .0130 .0113 .00066 

.0139 .0129 .0119 .01 .001123 .lHlf:!;' .OOS66 

.0103 .00939 .00061 .00722 .00603 .OWi35 .110·126 

.00777 .00699 .00641 .00542 .110463 .()040:' .00331 

.00537 .00·169 .OOMI .0113'12 .00328 .IlO2115 .OH:!5·l 

.00·127 .00379 .1l03al .00:112 .Il026 1 .1ll123 .0(12(19 

.01l3H .1103 ].I .00291 ,(10259 .00213 .lllll% .OUl76 

.1l1l277 .01lH9 .01l~:I:l .111121 ,(11117-\ .011159 .0111·1:1 

.00242 .(IU21'1 .(I1WIl .(101112 .0015a .0(11·12 .Onl:.!:' 

.00215 .00193 .0018 .IlU162 .IlIIH .00127 .IlIJlU'I 

.00187 .00164 .00151 .00139 .00122 .01111S .000%9 

.0016'1 .001·19 .00141 .00128 .OU 113 .(lOIOS .001'919 

.001:;7 .00139 .00129 .00121 .00100 .{H109117 .OOOH1l9 

.00139 .00129 .00119 .00112 .{J0103 .000937 .000069 

·Cyclic strain rate: 1 X 1 0- 3 in./in./sec. 

FIGURE 6 
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