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PREFACE 

This report is submitted by the Energy Systems Group to the 
Department of Energy under Contract EG-77-C-03-1483 as final documenta­
tion. This Conceptual Design Report summarizes the analyses, design, 
planning, and cost efforts performed between October 1, 1977, and 
September 1, 1978. The report is submitted in four volumes, as follows: 

Volume I Executive Summary 
Volume II Sook l, Commercial Plant Conceptual Design 

Book 2, Appendices 
Volume III Development Plan and Pilot Plant Description 
Volume IV Commercial and Pilot Plant ·Cost Data 

ESG-79-2, Vol II, Book 2 
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ADVANCED CENTRAL RECEIVER 
100 MWe SYSTEM SUMMARY DATA 

(Sheet 1 of 2) 

Net Electrical Power (MWe) 
Parasitic Pow~r (MWe) 

Daytime 
Nighttime 

Insolation (W/llf) 
Maximum Solar Power Absorbed (MWt) 
Nominal Solar Power Absorbed for Direct 

Operating (MWt) 
Plant Net Efficiency(%) 
Collector Field Configuration 

Solar Multiple, Equinox Noon 
Number of Heliostats 
Heliostat Shape and Size [m (ft)] 
Number of Towers/Receivers 
Land Area (acre) 

Receiver Mid-Point Elevation [m (ft)] 
Receiver Configuration 

Number of Receiver Panels 
Receiver Height and Diameter [m (ft)] 
Receiver Maximum Heat Flux (MW/m2) 
Sodium Temperatures c0c (°F)J 
Receiver Sodium Flow Rate [kg/hr (lb/hr)] 
Steam Generator Sodium Flow Rate 

(Direct Operation) [kg/hr (lb/hr)] 

100 

12 
6 
950 
390 
260 

22.9 
Single 360°, North Biased 
1.5 
14,100 

-square, 7.38 x 7.42 (24.2 x 24.3) 
1 

780 
174 (571) 
External Cylinder 
24 
16.1 X 16.1 (52.8 X 52.8) 
1.53 

. 288/593 (550/1100) 
3.66 X 106 (8.07 X 106) 
2.34 X io6 (5.29 X 106) 

ESG-79-2, Vol II, Book 2 
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ADVANCED CENTRAL RECEIVER 
100 MWe SYSTEM SUMMARY DATA 

(Sheet 2 of 2-) 

Thermal Storage Capacity (MWth) 
Total Sodium Inventory kg (lb) 
Steam Generator and Reheater Type 

Steam Conditions [MN/m2• 0c (psia, °F)] 
Initial 
Reheated 

Steam Flow Rate [kg/hr (lb/hr)] 
Daytime 
Nighttime 

TSS Sodium flow Rate [kg/hr (lb/hr)] 
Feedwater Temperature [0c (°F)J 
Turbine Back Pressure [MN/m2 (in. Hg)J 
Heat Rejection [MW (Btu/hr)] 

Daytime 
Nighttime 

805 
7,6 X 106 (16,8 X 106) 
Modular Steam Generator 

12.51. 538 (1815. 1000) 
2.72. 538 (394. 1000) 

3.32 X 105 (7.32 X 105) 
3,15 X 105 (6,95 X 105) 
2,31 X 106 (5.09 X 106) 
234 (453) 
0.007 (2.0) 

158 (540 X 106} 

150 (511 X 106) 
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RECEIVER SUBSYSTEM 
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'1'==0- DESIGN DATA SHEET 
TITLE NUMBER 

PREPARED BY APPROVED BY 
Advanced Central Receiver 
Receiver Subsystem PAGE lot 14 

WBS NO. DATE 5/16/78 

NEW 
DESIGN POINT TEN• 

REV. NO. ITEM UNIT VALUE TATIVE FIRM _ REFERENCES ANO REMARKS 

Receiver Subsystem 
Nominal Thermal Power MWt 260 

~aximum Thermal Power MWt 390 

Receiver Temperature 
l'TI 
I.I) 

- In OC (OF) 288 (550) 
en 
I ...... 
'° I 
N . 

- Out OC {OF) 593 (1100) 

Flow Rate - Max Receiver Kg/hr (1 b/ 3.66 X 106 

hr) (8.07 X 106) 
> ~ I 
u, _, 

.... .... . 
- Max Steam Generator Kg/hr (lb/ 2.34 X 106 

hr) (5.29 X 106) 

Volume of Sodium in Subsystem m3 (gals) 341 (90,000) 
CD 
0 
0 
l'C" 

N 

Weight of Sodium in Subsystem kg (lbs) 291,000 (641,0 )0) 

Pump Outlet Pressure MN/m2 2.38 (345} 
(psia) 

Pump Inlet Pressure MN/m2 0.10 (15) 
{psia) 

Total Radiation and Convection Loss % 9% at Peak Pow !r 
12.5% at 50% P >wer 

FORM 706-A REV 2•74 



l'TI 
V, 
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41ti.A---~ T ET TITLE 
... ~Rockwelllntemahonal DESIGN DA A SHE Ad d C t l R ,·ver 

vance en ra ece 
PR£PARED BY APPROVED BY Receiver Subsystem 

=~: IND. ITEM 

Receiver Subsystem (Cont . .) 
Steam Generator Units Sodium Side 

Superheat - Temp In 
- Temp Out 
- Power 

Reheat - Temp In 
- Temp Out 
- Power 

Evaporator - Temp In 
- Temp Out 
- Power 

Pumps - Number and Type 

Receiver - Size and Type 

Large Valves, 61 cm (24"-) Block 
61 cm (24"} Check 
46 cm (18"} Block 
41 cm (16"} Control 
20 cm (8"} Control 
15 cm (6"} Control 

I 
FORM 706-A REV 2-74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,T~~. FIRM 

OC (OF} 593 (1100} 
OC (OF} 462 (864} 

MWt 76.1 
OC (OF} 593 (1100) 
OC (OF} 462 (864} 

MWt 35.3 
OC (OF) 462 (864) 
OC (OF} 288 (550) 

MWt 148.6 
1 

m x m (ft 16.1 X 16.1 
X ft} (53 X 53} 

2 
1 
1 
1 
24 
1 

NUMBER 

PAGE 2 Of 14 
DATE 5/ 16/78 

REFERENCES ANO REMARKS 

Tube and Shell Hockey Stick 

Tube and Shell Hockey Stick 

Tube and Shell Hockey Stick 

Fixed Speed, Double Suction 
Centrifugal, Single Stage 
External 24 Panel 

CS, Riser and Pump Return 
CS, Riser 
SS, Downcomer 
SS, Superheater Control 
SS, Receiver Panel Control 
SS, Reheater Control 
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'!'----- DESIGN DATA SHEET 
TITLE ~--- Advanced Central Receiver 

PREPARED BY APPROVED BY Receiver Subsystem 

WBS NO. 

NEW DESIGN POINT TEN• 
REV. NO. ITEM 

UNIT VALUE ITATIVE 

Receiver Subsvstem (Cont.) 
Large Pipe Length, 61 cm (24") m_ (ft) 305 (1000) 

46 cm (18") m (ft) 366 (1200) 
41 cm (16") m (ft) 18 (60) 
20 cm (8") m (ft) 512 (1680) 
15 cm (6") m (ft) 18 (60) 

Receiver Assemblv 
Diameter m (ft) 16.1 (53) 
Height m (ft) 16.1 (53) 
Receiver Mid-Point Elevation m (ft) 211 (692) 
Receiver Maximum Elevation m (ft) 219 (720) 
Number of Absorber Panels 24 

Receiver Weight, Dry 
Total Kg (lb) 275,000 (606,000) 

I 
Pressure Parts Kg (lb) 60,200 (132,500) 

Total Sodium in Receiver Kg (lb) 66,400 (146,00 ~) 
!Absorber Pane 1 

Height m (ft) 16 (53) 
Width m (ft} 2.1 (6.9) 
Dry Weight, Pressure Parts Kg (1 b) 1,638 (3,600) 
Number of Tubes 110 
Tube OD cm (in.) 1.91 (0.75) 
Tube ID cm (in.) 1.65 (0.65) 

FORM 706-A REV 2-74 

NUMBER 

PAGE 3 of 14 
DATE 5/16/78 

FIRII REFERENCES AND REMARKS 

cs 
CS and SS 
ss 
CS and SS 
ss 
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-'1'=,=::::DMsion DESIGN DATA SHEETA TdlTLE d C t 
1 

R . r vance en ra ece,ve PREPARED BY APPROVED BY Receiver Subsystem 

::~ INO. ITEM 

Absorber Panel {Cont) 
Tube Material 
Solar Surface Coating 
Panel Insulation 
Thermal Expansion 
Absorptivity, Minimum 
Peak Heat Flux 

Outlet Temperature 
Inlet Temperature 
Maximum Tube Surface Temperature 

Tower Assembly 
Construction 
Concrete Height 
Diameter - Base 

- Top 
Wall Thickness - Base 

- Top 
Mat - OD 

- ID 

- Thickness 

FORM 706-A REV 2-74 

WBS NO. 

DESIGN POINT 
UNIT 

I 
VALUE 

CRES 304H 
Pyromark 

cm {in.) I 15.2 (6) 
cm ( i n. ) · 12. 7 ( 5) 

0.95 
MW/m2 

2 I 1.37 (0.84) 
{Btu/in -
sec 
OC {OF) 
OC (OF) 
OC {OF) 

m {ft) 
m {ft) 
m (ft) 
m {ft) 
m {ft) 
m {ft) 
m (ft) 
m (ft) 

593 (1100) 
288 (550) 
635 {1175) 

157 (516) 
24 (80) 
9.1 (30) 
0.46 (1.5) 
0.25 (.83) 
39.6 (130) 
9.1 (30) 
3.0 (10) 

TATNEI FIRM 1-

NUMBER 

PAGE 4 of 14 
DATE 5/16/78. 

REFERENCES AND REMARKS 

Closed-Pore Fiberglass 
Flexible Tube Bends 

Slip formed concrete 
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'l'==~ DESIGN DATA SHEET TITLE. d C l R • , 
Advance entra ece1ver 

... P_R_E_PA_R_E_l)_B_Y ______ -l~A--P __ P .... RO~V--E~O~BY~-------1 Receiver Subsystem 

:::. INO. ITEM 

.Rim' 
Nominal Pipe OD 
Nominal Wall Thickness 
Material 
Design Temperature 
Design Pressure ANSI 831.1 
Maximum !="low Rate 

Velocity at Maximum Flow Rate 

Downcomer 
Nominal Pipe OD 
Nominal wall thickness 
Material 
Design Temperature 
Design Pressure ANSI 831.1 
Maximum Flow Rate 

Velocity at Maximum Flow Rate 

FORM 706-A REV 2-74 

WBS NO. 

I . DESIGN POINT 
UNIT I VALUE ,T~ I FIRM 

cm (in.} 

DC (OF) 

kg/hf 
(lb/hr} 
m/sec 
(ft/sec} 

cm (in.} 

DC (OF} 

kg/hf 
(lb/hr} 
m/sec 
(ft/sec} 

61 (24} 
T80 
cs 

371 (700} 
2.76 (400} 
3.66 X 106 
(8. 07 X 106} •· 
4. 99 (16.3} 

45. 7 _(18} 
T80 
304H 

593 (1100} 
2.76 (400} 
3.66 X 106 
(8.07 X 106} I 

I 

7.45 (24.5} 

\ 
I 
I l 

NUMBER 

PAGE 5 of 14 
DATE 5/16/78 

REFERENCES ANO REMARKS 

I 



'l' A----~ DESIGN DATA SHEET TITLE NUMBER Aockweff lnlernattonal .· 

Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 6 of 14 
WBS NO. DATE 5/ 16/78 

NEW DESIGN POINT TEN-
REFERENCES ANO REMARKS REV. NO. ITEM 

VALUE TATIVE FIRN 
UNIT 

Receiver Pump 
Physical Description 
Quantity 1 

IT1 
V, Number of Stages 2 
Ci) 
I .... 
\0 

Height, w/motor m (ft} 7.6 (25} 
I 

N Tank Size m (ft} 2.3 X 4.2 
w 

l> < I 0 - .... 
0 

(7.8 X 14} 
Inlet Nozzle m (in.} 0.91 (36} -- Outlet Nozzle m (in.} 0.61 (24} 

w 

0:, 
0 

Dry Weight Pump kg (1 b} 44,600 (98,301 } 
0 
7<:' Motor 
N Size MW (hp} 3.36 (4,500} 

Dimensions w/couplirig m (ft} 1.8 X 3.6 
(6 X 11} 

Voltage V 4160 
Cooling TBD 
Weight kg (1 b} 9,545 (21,00} 

FORM 706-A REV 2•74 
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'l'==--- DESIGN 
PREPARED BY APPROVED BY 

NEW 
REV. NO. ITEM 

Pu!!!!:! Oeerating Conditions 
Developed Head 
Flow Rate 

Speed 
Temperature 
Sodium Volume 
NPSH 
Speed Control 
Pump Power ('11= 78%) 

Design Conditions 
Developed Head 
Flow Rate 
Speed 
Temperature 
NPSH (Minimum Required) 
Code 

FORM 706-A REV 2-74 

DATA SHEET 
TITLE NUMBER 

Advanced Central Receiver 
Receiver Subsystem 

PAGE 7 Of 14 
WBS NO. DATE 5/16/78 

OESIGN POINT -TEN-

UNIT VALUE TATIVE FIRM REFERENCES AND REMARKS 

m (ft) 251 (824) 
kg/hr 
(lb/hr) 

3.66 X 106 
(8.07 X 106) 

rpm 700 
OC (OF) 288 (550) 
m3 (gal) 5.9 (1562) 
m (ft) 9.1 · (30) 

% Fixed Speed 
MW (hp) 3.2 (4,321) 

m (ft) 257 (844) 
m3/s (gpm 1.3 (20,000) 

rpm 700 
OC (OF) 300 (600) 
m (ft) 9.1 (30) 

Sect. VIII, Div. 1 



'l' - - _, DATA SHEET TITLE NUMBER 
Aockwell lnlernanonal DESIGN 

Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 8 Of 14 

was NO. DATE 5/16/78 
NIW DESIGN POINT TEN• REFERENCES ANO REMARKS NO. ITEM TATIVE FIRM RIV. UNIT VALUE 

I Steam Generator - Evaporator I· 

Physical Description 
Quantity 1 

..., Type Tube & Shell Hockey Stick 
V, 
In 
I 

Height m (ft) 29.0 (95) 
..... 
<0 
I 

Width m (ft) 4.87 (16) 
N 

w 

> < I 0 - _. 
N 

Shell diameter m (in.) 1.22 (48) 
Heat Transfer Area m2 (ft2) 1305 (14039) 

.... Number of Tubes .... 1100 
~ 

c.a 
Tube Size cm (in.) 1.59 (5/8) 

0 
0 
:,,:-

Tube Wall Thickness cm (in.) 0.19 (0.075) 
N Material 2-1/4 Cr - 1 Ii<> 

Sodium Nozzle OD/Thickness cm (in.) 91/2.5 (36/1.() 
Tubesheet Diameter/Thickness cm (in.) 122/30.5 (48/ 2) 

Steam Nozzle OD/Thickness cm (in.) 201/3.8 (8/1.!) 
Weight kg (ton) 58,000 (64) 

FOltM 706-A ltEV 2•74 



11,--~ DESIGN DATA SHEET TITLE NUMBER 
Rockwell lntemahOnal 

Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 9 Of 14 
WBS NO. DATE 5/ 16/78 

NEW DESIGN POINT TEN-
REV. NO. ITEM UNIT VALUE TATIVE FIRII REFERENCES ANO REMARKS 

Oeerating Conditions 
Sodium Side: 

Flow kg/hr 2.34 X 106 
(lb/hr} (5;29 X 106} 

l'T1 
<n 
m 
I 
'-I 
ID 
I 

N 
V 

Inlet Temperature OC (OF} 462 (864} 
Outlet Temperature OC (OF} 288 (500} 
Pressure Drop MN/m2 0.207 (30} 

::i:,, 
'cf I .... ..... w ..... ..... 
V 

cc:J 
0 
0 ,... 

Duty MWt 148.6 
Water/Steam: 

Flow kg/hr 3.32 X 105 
(lb/hr} (7.32 X 105} 

Inlet Temperature OC (OF} 234 (453} 
N 

Outlet Temperature OC (OF} 341 (646} 
Pressure MN/m2} 15.06 (2185) 
Pressure Drop MN/m2 

(psi} 
2.07 (300) 

Design Conditions: 
Pressure-Sodium Side MN/m2 2.07 (300) 

(psig}. 
Pressure-Steam Side MN/hr2 16.55 (2400} 

(psig) 
Temperature OC (OF} 482 (900) 
Code ASME Section VIII, Div. 1 

FORM 706-A REV 2-74 
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'1' =·='- DESIGN 
PREPARED BY APPROVED BY 

NEW 
REV. NO. ITEM 

Steam Generator - Superheater 

Phlsical Descri2tion 
Quantity 
Type 
Height 
Width 
Shell Diameter 
Heat Transfer Area 

Number of Tubes 
Tube Size 
Tube Wall Thickness 
Material 
Sodium Nozzle 0D/T~ickness 

Tubesheet Diameter/Thickness 

Steam Nozzle·oD/Thickness 

Weight 

FORM 706-A REV 2·74 

DATA SHEET TITLE NUMBER 

Advanced Central Receiver 
Receiver Subsystem 

PAGE 10 of 14 

was NO. OATE 5/16/78 
DESIGN POINT TEN• REFERENCES ANO REMARK.$ 

VALUE itATIVE FIRM 
UNIT 

1 
Tube & Shell Hockey-Stick 

m (ft) 27.7 (91) 

m (ft) 4.57 (15) 

m (in.) 0.76 (30) 

m2 (ft2) 402.8 (4334) 

283 

cm (in.) 1.90 (3/4) 

cm (in.) 0.335 (0.132) 

ss 316 

cm (in.) 45.7/2.54 
( 18/ 1. 0) 

cm (in.) 76.2/20.3 
(30/8) 

cm (in.) 20.3/3 (8/1.2 

kg (ton) 20,000 (22) 
.· 



,1,--- DESIGN DATA SHEET TITLE NUMBER Rockwell .. ..-nahonal 

Advanced Central Receiver PREPARED BY APPROVED BY Receiver Subsystem 
PAGE 11 of 14 

was NO. DATE 5/16/78 
NEW DESIGN POINT TEN• REV. NO. ITEM UNIT VALUE TATIVE FIRM REFERENCES AND REMARKS 

Oeerating Conditions 
Sodium Side 

Flow kg/hr 
{lb/hr) 

1.65 X 106 

{3.61 X 106) 
m 
V, 
en 
I ...., 
'° I 
N . 

:a,. 
cf I .... _. 

U! 

Inlet Temperature OC (OF) 594 (1100) 
Outlet Temperature OC (OF) 462 (864) 
Pressure Drop MN/m2 0.207 (30) 

(psi) 
Duty (MWt) 76.1 --. 

CCI 
0 
0 
7<:' 

N 

Water/Steam: 
Flow kg/hr 3.32 X 105 

(lb/hr) (7.32 X 105) 
Inlet Temperature OC (OF) 341 (646) 
Outlet Temperature OC (OF) 538 (1000) 
Pressure MN/m2 

{psig) 
12.96,(1880) 

Pressure Drop MN/m2 1. 77 (256) 
(psi) 

FORM 706-A REV 2-74 



,1,----- DESIGN DATA SHEET TITLE NUMBER 
Rockwell tnternaoonat 

Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 12 of 14 
was NO. DATE 5/16/78 

NEW 
DESIGN POINT TEN-

REV. NO. ITEM VALUE TATIVE FIRM REFERENCES AND REMARKS 
UNIT 

Superheater (Cont.) 

Design Conditions: 
Pressure-Sodium Side MN/m2 2.07 (300) 

; 

(psig) 

,.,.. Pressure-Steam Side MN/m2 15.2 (2200) 
(/) 
G) 
I ...... 

1.0 
I 

(psig) 
Temperature OC (OF) 593 (1100) 

.. • 

N -- Code ASME, Section VIII, Division I 
> < I 0 .... .... 
O'I -

Steam Generator - Reheat 
Physical Description -. Quantity 1 

m 
0 
0 
7<:' 

Type Tube & Shell Hockey-Stick 

N 
Height m (ft) 20.1 (66) 

Width m (ft) 5.49 (18) 

Shell Diameter m (in.) 0.81 (32) 

Heat Transfer Area m2 (ft2) 309.4 (3329) 

Number of Tubes 163 

Tube Size cm (i.n.) 3.81 (1-1/2) 

Tube Wall Thickness cm {in.) 0.272 (0.107} 
__ , 

-,. 

Material ,ss 316 

FORM 706-A REV 2•74 



'l'--1».- DESIGN DATA SHEET TITLE NUMBER Rockwell lntematlonal 

Advanced Central Receiver PREPARED BY APPROVED BY Receiver Subsystem 
PAGE 13 of 14 

was NO. DATE 5/16/78 
IIEW DESIGN POINT TEN• REV. NO. ITEM 

UNIT VALUE ~TIVE FIRM REFERENCES ANO REMARKS 
Reheat (Cont.} 
Physical Description (Cont.} 

Sodium Nozzle OD/Thickness cm (in.} 30.5/1.9 
(12/.75} 

Tubesheet Diameter/Thickness cm (in.} 8I°.3/12.7 (32, 5) 
l'T1 
V, Steam Nozzle OD/Thickness cm (in.} '16.8/1.5 (6.6, .6) Ii> 
I ...., Weight kg (ton} 22,000 (24) <D 
I 

N Operating Conditions . 
::i,. < I 0 ... .... ...., 

.... .... 

Sodium Side: 
Flow kg/hr 6 0. 755 X 106 (lb/hr) (1.68 X 10 ) . 

OJ Inlet Temperature QC {OF) 594 (1100) 0 
0 
n- Outlet Temperature OC {OF} 462 {864) 
N Pressure Drop MN/m2 0.207 (30) 

(psi} 
Duty MWt 35.3 

Water/Steam: 
Flow kg/hr 2.89. X 105 

(lb/hr} (6.36 X 105) 
Inlet Temperature OC (OF} 342 (647) 
Outlet Temperature OC (OF} 538 (1000) 
Pressure MN/m2 2.so (406) 

(psig 
Pressure Drop MN/m2 0.15 (22) 

(psi) 
FORM 706-A REV 2-74 



'l' A ____ .,._ DATA SHEET TITLE NUMBER 

Aockwell lntemabonal DESIGN Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 14 of 14 
WBS NO. DATE 5/16/78 

NEW 
DESIGN POINT TEN-

REV. NO. ITEM VALUE TATNE FIRM REFERENCES AND REMARKS 
UNIT 

Reheat (Cont.) 
Design Conditions: 
Pressure-Sodium Side MN/m2 2.07 (300) 

(psig) 

IT1 
VI m 

Pressure-Steam Side MN/m2 3.65 . (530) 
(psig) 

I ...... 
\0 

Temperature OC (OF) 593 (1100) 
I 

N .. Code ASME, Section VIII, Division I 

:i:,, < I 0 .... ..... 
CX> .... .... .. 

tu 
0 
0 

""' 
N 

FORM 706-·A REV 2•74 
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'l'==a- DESIGN DATA SHEET 
TITLE 

Advanced Central Receiver 
PREPARED BY APPROVED BY Thermal Storage Subsystem 

WBS NO. 

NEW 
DESIGN POINT TEN-

IIEY. NO. ITEM UNIT VALUE TATNE 

Thennal Storaae Subsvstem 

Storage Material Sodium 

Number of Tanks 2 

Thennal Storage Capacity MWth 812.5 

Maximum Charging Rate MWt 390 

Maximum Extraction Rate MWt 250 

Time at Maximum Extraction Rate hr 3 

Weight of Sodium in Subsystem kg (lb) 7.6 X 106 
(16.8 X 106) 

Temperature - Hot Tank Storage OC (OF} 593 (1100) 

- Cold Tank Storage OC (OF) 288 (550) 

Pump - Number and Type 1 

Large Valves - 46 cm (18 in.) Block 2 

- 46 cm (18 in.) Drag 1 

Large Pipe Length - 46 cm (18 in.) in (ft) 73 (240) 

- 46 cm (18 in.) in (ft) 107 (350) 

FORM 706-A REV 2-74 

NUMBER 

PAGE 1 of 5 

DATE 5/16/78 

FIRM REFERENCES ANO REMARKS 

Includes 62.5 MWht for Startup 
and Shutdown 

Variable Speed, Single Stage 
Centrifugal 
CS and SS 
ss 
CS, Standard Wall 
SS, Standard Wall 



,1,=:,=~ DESIGN DATA SHEET 
TITLE NUMBER 

Advanced Central Receiver 
PREPARED BY APPROVED BY Thermal Storage Subsystem PAGE 2 Of 5 

was NO. DATE 5/16/78 
NEW DESIGN POINT TEN-REV. NO. ITEM UNIT VALUE 11lTIVE FIRM REFERENCES ANO REMARKS 

Low Tem~erature Sodium Tank 
Number 1 
Type Cylindrical API Type 
Diameter m {ft) 30~5 (100) 

ITI 
V, 
Ci) 

Height m (ft) 12.3 (41) 
I 

....... Wall Thickness 
<D 
I 

N Top cm (in.) 0.64 (0.25) . 
> 
~ I 

N .... ... .... 
Bottom cm (in.) 2.5 (1.0) 

Volume m3 (gal) 8,700 (2.3 X : p6) .... . Tank Material Carbon Stee 1 
g 
'7<:' Insulation, Roof and Walls cm (in.) 15.2 (6) Calcium Silicate with Aluminum 
N Weather Protection 

Base Insulation m (ft) 1 (3) Perlitic Concrete 
Electric Preheat-Temperature kw 274 
Maintenance 
Low Sodium Temperature OC (OF) 288 (550) 
Ullage Maintenance Unit 
Ullage Pressure · Pa (psi) 0.0069 (1) 
Pressurization Media Argon 

FORM 706-A REV 2°74 



'1' Atomics-c,._ DESIGN DATA SHEET TITLE NUMBER 
Rock......ell lntemabonal 

Advanced Central Receiver 
'PREPARED BY APPROVED BY ~hermal Storage Subsystem PAGE 3 Of 5 

WBS NO. DATE 5/16/78 

NEW 
DESIGN POINT TEN- REFERENCES ANO REMARKS 

REV. NO. ITEM UNIT VALUE TATIVE FIRM 

High Temperature Sodium Tank 
Type Cylindrical Al l Ty ~e 

Diameter m (ft) 30.5 (100) 

Height m (ft) 13.6 (45) 
IT1 
V, Wall Thickness 
G) 

• ..... 
'° 

Top cm (in.) 0.64 (0.25) 

• N 
w 

l> < 1 
~ N 

N --w 

Bottom cm (in.) 5.1 (2.0) 

Volume m3 (gal) 9460 (2.5 X 1( p) 

Tank Material, Thickness cm (in.) 0.64 (0.25 - Type 304 SS 
2.5 (1.0) 

CD 
0 
0 
~ 

Insulation, Roof and Walls cm (in. 30. 5 (12) Calcium Silicate with Aluminum 
Weather Protection 

N Base Insulation m (ft) 1 (3) Perlitic Com rete 

Electric Preheat-Temperature kw 540 
Maintenance 
Number of High Temperature Tanks 1 

Hi'gh Sodium Temperature OC (OF) 593 (U00°F) 

Ullage Maintenance Unit Argon 

FORM 706-A REV 2-74 

" 
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'l.'-----~ Rock--- DESIGN 
PREPARED BY APPROVED BY 

NEW 
REV. NO. ITEM 

STEAM GENERATOR PUMP 
Phisical Descrietion 

Quantity 
Number of Stages 
Height, W/lllOtor 
Tank Size 

Inlet Nozzle 
Outlet Nozzle 
Dry Weight, Pump 

Motor 
Size 
Dimensions w/coupling 

Voltage 
Cooling 
Waight 

FORM 706-A REV 2°74 

DATA SHEtT 
TITLE NUMBER 

Advanced Central Receiver 
Thermal Storage Subsystem PAGE 4'nf i:; 

was NO. DATE 5/16/78 
OESl.6N POINT TIEN-. 

UNIT VALUE 111TNIE FIRM REFERENCES ANO REMARKS 

1 

1 
' m (ft) 7.3 (24) 

m (ft) l.Q X 3.6 
(3.5 X 12) 

m (in.) 0.61 (24) 
m (in.) 0.46 (18) 
kg (lb) 8,600 (19,000) 

MW (hp) 0.56 (750) 
m (ft) ·1.5 X 3.7 

(5 X 12) 
V 4160 

TBD 
kg (lb) 3860 (8500) 
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,i------Rockwell lnlernabonal DESIGN 
PREPARED BY APPROVED BY 

NEW 
REV. NO. ITEM 

Pume Oeerating Conditions 
Developed Head 
Flow Rate 

Speed 
Temperature 
Sodium Volume 
NPSH 
Speed Control 
Pump Power ("7 = 80%) 

Design Conditions 
Developed Head 
Flow Rate 

Speed 
Temperature 
NPSH (Minimum Required) 
Code 

FORM 706-A REV 2-74 

DATA SHEET TITLE NUMBER 

~dvanced Central Receiver 
~hermal Storage Subsystem 

PAGE 5 Of 5 

WBS NO. DATE ':J/lb/ /O 

DESIGN POINT TEN• 

UNIT VALUE TATIVE FIRM REFERENCES ANO REMARKS 

m (ft) 76.7 (250) 
kg/hr 6 2.34 X 10 6 (lb/hr) (5.29 X 10 ) 

rpm 1160 
OC (OF) 593 (1100) 
m3 (gal) 5. 7 (1500) 
m (ft) 9.1 (30) 

% 10-100 
MW (hp) 0.53 (706) 

m (ft) 76 (250) 
m3/sec 0.95 (15,000) 
(gpm) 

rpm 1160 
OC (OF) 593 (1100) 
m (ft) 7.6 (25) 

Section VIII, Div. I 



11,--01-. DESIGN DATA SHEET TITLE NUMBER Rockwell lnternauonat -

PREPARED BY APPROVED BY 

PAGE 6 
WBS NO. DATE 

NEW DESIGN POINT TEN-REV. NO. ITEM 
UNIT VALUE TillTM FIRM REFERENCES ANO REMARKS 

Drag Valve 
Location Upstream of High Temperature 

Sodium Storage Tank 
Type Stacked Disc 

l"l"I 
V, 
Ci'> 
I ...., 

l,Q 
I 

N . 
Size (nominal) inches 18 
Flow Rate m3/sec 1.26 (20,000) )> < I 0 N ..... u, .... .... 

(gpm} 
Pressure Drop mn/m2 1.74 (253) 

(psi) . 
a, 
0 
0 
~ 

N 

Pressure Rating mn/m2 2.75 (400) 
(psi) 

Temperature OC (OF) 649 -(1200) 
Flow Coefficient, Cv m3/sec/ .955 (1258) 

VnmJm2 

(gpm/ 

vrisff 
Operator Yes--Type TBD 
Insulation in. 8 Ca lei um Si 1 icate 
Material Stainless Steel; lnconel 

Velocity Control Elements 
Pressure Class ANSI 2500 lb 

FORM 706-A REV 2-74 
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'!'===a-, DESIGN DATA SHEET TITLE 

PREPARED BY APPROVED BY 

NEW I I REV. NO. ITEM 

GENERAL 

TOTAL FIELD AREA 
(EXCLUDING CENTRAL EXCLUSION) 

NUMBER OF HELI0STATS 

TOTAL MIRROR AREA 

PEAK POWER@ 950 w/m2 

ANNUAL COLLECTABLE ENERGY 

TOWER HEIGHT 

RECEIVER CENTERLINE aEVATI0N 

HELIOSTAT ARRANGEMENT 

AIM STRATEGY 

PEAK RECEIVER HEAT FLUX 

CENTRAL EXCLUSION DIAMETER 

FORM 706-A REV 2•74 

ADVANCED CENTRAL RECEIVER 
COLLECTOR SUBSYSTEM 

WBS NO. 

DESIGN POINT TEN-
UNIT VALUE TATNEI FIRM 

106m2 3.06 (lo6 ft2) {32.9) 

-- 14,106 

106m2 
(106 ft2) 

.6916 
.'(7 .44) 

MW 390 

MWHt 0.955 X 106 

m (ft) 159 (522) 

m (ft) 174 (571) 

-- RADIAL 
STAGGER 

-- 1-POINT 
EQUATOR 

l,,,,,,m2 I 1.37 

m (ft) I 364 0200) 

NUMBER 

PAGE 1 Of J 

DATE May 19, 1978 

REFERENCES ANO REMARKS 
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'l'==---· DESIGN DATA SHEET 
TITLE NUMBER 

ADVANCED CENTRAL RECEIVER 

PREPARED av APPROVED BY 
COLLECTOR SUBSYSTEM 
(100 MWe SYSTEM) PAGE 2 of 3 

was NO. i : DATE August 20, 1978 

IIIIW 
DESIGN POINT ff• • REFERENCES AND REMARKS 

IIIEV. NO. ITEM UNIT VALUE TAl'M Plllll 

HELIOSTAT 

REFLECTOR SHAPE -- RECTANGULAR 

REFLECTOR ENVELOPE • 7.38x7.42 ., 
(ft) (24.21 X 24.33 

• MIRROR TYPE SECOND SURFACE. 
SILVERED 
FUSION/FLOAT 
LAMINATED 
GLASS 

MIRROR AREA m2 (ft2) 49.05 (528) 
" 

AVERAGE REFLECTIVITY 0.91 
' 

DRIVE SYSTEM 
ELEVATION DUAL SCREW 

JACKS 
3 J, 480V ac 

AZI14JTH HARK>NIC DRIVE 
3 J, 480V ac 

REFLECTED BEAM ACCURACY (mr) 2.83 

DRIVE RATE 
ELEVATION Deg/min 15 

AZIMUTH Deg/min 15 

FOAM 706-A REV 2•74 
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'l'==- DESIGN DATA SHEET 
TITLE ADVANCED CENTRAL RECEIVER 

COLLECTOR SUBSYSTEM PREPARED BY APPROVED BY (100 MWe SYSTEM) 

WBS NO. 

NEW I I DESIGN POINT Tt:N• llfv. NO. ITEM 
UNIT VALUE TATII/£ I FIRN 

CANT RANGE I m (ft) 1190 (3900) 

ELECTRICAL DRAW 
MOTOR RUNNING (STEADY STATE) amp 

I 1.5 
MOTOR START SURGE CURRENT amp 3.0 

TIME AVERAGE POWER DRAW WATTS 
(PER HELIOSTAT INCL ELECTRONICS) 

I .,,39 

INDIVIDUAL HELIOSTAT AVAILABILITY I -- I 0.9999 

FIELD ELECTRONICS 

PRIMARY FEEDER POWER VOLTAGE 4160 

PRIMARY FEEDER CABLE AWG #4 

SECONDARY FEEDER POWER VOLTAGE 480 

DATA NETWORK -- FIBER OPTICS 

FORM 706-A REV 2•74 

NUMBER 

PAGE 3 Of 3 

DATE August 20, 1978 

REFERENCES AND REMARKS 
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<11111111- Atomica--0,,,-. 
.,.~ Aockwell lnlernahonal DESIGN DATA SHEET 

PREPARED BY APPROVED BY 

::: I NO. 

Turbine 
Type 

ITEM 

Rating (kWe) 
Heater Extractions 
Shaft Speed (rpm)· 
Last Stage Bucket Size [cm (in.)] 
Throttle Flow Control Mode 

Generator 
Generator Rating (kVA) 
Power Factor 
Output Voltage (volts) 
Frequency (Hz) 
Cooling 
Exciter 
Shaft Speed (rpm) 

Condenser 
Type 
Surface [m2 (ft2)] 
Tube Material 
Tube Diameter OD [mm (in.)] 
Tube Wall Thickness, 20 BWG [11111 (in.)] 

FORM 706-A REV 2-74 

TITLE 

Advanced Central Receiver 
Electrical Power Generation 
Subsystem 

wes NO. 

DESIGN POINT 

UNIT VALUE 

112,000 
6 
3,600 
58.4 (23} 

135,000 
0.9 
13,800 
,60 
I 

3,600 

8,365 (90,000} 
90-10 Copper-Ni 
25.4 (1.00) 
0.89 (0.035) 

TEN-
TATIVE FIRM 

I I 

I I 

I I 

I I 

I I 

NUMBER 

PAGE 1 of 3 
DATE 

REFERENCES AND REMARKS 

Tandum Compound, Double-Flow, 
Extraction, Condensing Turbine 

I 

I 
Steam Generator/Turbine 
Coordinated Control 

I 

I 
Hydrogen Cooled 
Static Excitation System 

I 

Shell and Tube, 2-Pass 

ASTM BIII, Alloy 706 
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'l'==OI.- DESIGN DATA SHEET 
TITLE 

Advanced Central Receiver 
Electrical Power Generation 
Subsystem 

PREPARED BY APPROVED BY 

::: INO. ITEM 

Condenser (Continued) 
Tube Length, Effect [m (ft)] 
Condenser Pressure [kPa (in. -HgA)] 
Heat Rejection [MW (Btu/hr)] 
Cooling Water Flow [m3 (gpm)] 
Water Velocity [m/s {fps)l 
Cooling Water In [0c (°F)] 
Cooling Water Out [0c (°F)1 
Condenser Air Removal 

Cooling Tower 
Quantity 
Type 
Number of Ce 11 s 
Fan Motor Size [kW (hp)] 
Design Wet Bulb Temperature [0c (°F)] 
Cold Water Temperature [0c (°F)] 
Hot Water Temperature [0c (°F)] 
Circulating Water Flow [m3/s (gpm)l 
Heat Rejection [MW (Btu/hr)] 

FORM 706-A REV 2-74 

WBS NO. 

DESIGN POINT I TEN- I flRN I I 1TATIVE 
UNIT VALUE 

~- 54 (28) 
7 .0 (2.0) 
1. 58 (540 x 10~) 
5.9 (93,100) 
12.18 (7.16) 

28.9 (84.0) 
35.3 (95.6) 

1 

5 

5-150 (200) 

23 (74.0) 
28.9 (84.0) 
35.3 (95.6) 
6.1 (96,000) 

163 (555 X 106 

NUMBER 

PAGE 2 of 3 
DATE 

REFERENCES ANO REMARKS 

Mechanical Vacuum Pump 
(2-full capacity) 

Mechanical Draft, Cross Flow 
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,4jti,. Atomics International Oi"'9lon 
..... ~ Rockwell lnte..national DESIGN DATA SHEET 

TITLE 

Advanced Central Receiver 
Electrical Power Generation 
Subsystem 

PREPARED BY APPROVED BY 

=~~ I NO. ITEM 

Feedwater Heaters 
Low Pressure Heater Quantity 

Deaerator Quantity 

High Pressure Heaters Quantity 

Feedwater Treatment 
Equipment 
- Inline Polishing Demineralizers 
- Makeup Water Demineralizers 
Chemicals 
- pH Control 
- Oxygen Scavenger 

FORM 706-A REV 2•74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,T:.~. FIRN 

2 

1 

3 

NUMBER 

PAGE 3 of 3 
DATE 

REFERENCES ANO REMARKS 

Horizontal, Stainless Steel 
Tubes, Carbon Steel Shell with 
Drain Cooler, Maximum Tube Side 
Pressure: 2.2 kPa (315 psia) 
Stainless Steel Trays and Vent 
Condenser, Carbon Steel Shell, 
Horizontal Cond~nsate Storage 
Section (62.5 m (16,500 gal.)], 
Pressure Rating; 0.45 MPa 
(65 psia) 
Horizontal, Carbon Steel Tubes, 
Carbon Steel Shell with Drain 
Cooler, Maximum Tube Side Pres­
sure: 20.68 MPa (3,000 psia) 

2 Full-Capacity Units 
2 Full-Capacity Units 

Alllnonia 
Hydrazine 
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'l' Al_.,. _ _,°'"'""" llacl_....,_ DESIGN. DATA SHEET TIT~ 

PAEPAAED BY APPROVED BY W\STER CO.NTROL (100 MW) 

WBS NO. 

NEW DESIGN POINT 
T[N• • EY NO, ITEM 

UNIT VALUE TATM FIIIN 

,. N 1 PLANT CENTRAL CONTROL CONSOLE (l) 
LENGTH FT. 25 X 
DEPTH FT. 2 X HEIGHT FT. 4 X 

M 2 CONTROL PROCESSORS (5) 
THROUGHPUT KOPS/SEC 350 X 

PRIMARY STORAGE CAPACITl 16BIT WORD' 48,000 X 
R 3 SECONDARY CONTROL PROCESSOR STORAGE ( 5) 

CAPACITY 1EGABITS .25 X 
ACCESS TIME MSEC. 35 X 
LATENCY MSEC. 15 X . 

N 4 HARDCOPY LOGGER (2) 
CHARACTERS PER LINE 132 X 
SPEED LINES/MIN 300 X 

N 5 RECORDERS, MAGNETIC (2) 
DENSITY BITS/INCH 500/800 X 
SPEED IN/SEC 45 

N 6 SAFING - CONTROL PANEL (1) TDD TBD 
N 7 SERIAL DIGITAL DATA BUS (2) 

THROUGHPUT KBITS/SEC 1500 X 
R 8 COLOR CRT DISPLAYS (5) 

RASTER SCAN NO. LINES 256 X 512 X 
COLORS NO. 4 

ronM IOll•A RLY7·1• 

NUMBER 

PAGE l 
DATE 8-21-78 

REFERENCES ANO REMARKS 

-
-
-
-
-
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'l' ........ _ ....... ~ ,_.,... ___ 
DESIGN DATA SHEET TITLi:. 

PREPARED BY APPROVED BY MASTER CONTROL (100 MW) 

was NO. 

NrW DESIGN POINT TtN• 
•n NO. ITEM 

UNIT VALUE TATIYE FIAN 

N 9 PID CONTROLLERS (100) 
MICROPROCESSOR LOOP UPDATE RATE PER SEC. 3 X 

SCALING % 0 - 100 X 
RESOLUTION BITS 12 
OUTPUT MV 4-20 

N ~o DISCRETE CONTROLLERS (125) 
RESOLUTION BITS 12 X 
OUTPUT MV 4 - 20 

N 1 ANALOG DATA ACQUISITION (350) X 
NORMAL RATE CHAN/SEC 350 
EMERGENCY RATE CHAN/SEC 200,000 
RESOLUTION BITS 12 
MULTIPLEXIHG . TYPE SEQUENTIAL 

N 2 ANALOG OUTPUTS (TDD) TBD TBD X 
N l3 CLOSED CIRCUIT TELEVISION (4) X 

MONITOR SIZE IN 19 
CAMERA TBD TBD 

· AUTO PAN/TILT DEGREES 90 
ZOOM TBD TBD 

N 4 UNlNTERRUPTIBLE POWER SOURCE 
10 INPUT VAC 115 + 10% 

REGULATED 10 OUTPUT VAC 115 + 2% 
STORAGE BATTERY HRS • 'S" 

CAPACITY 
DERATED PO~IER KVA TBD 

, 

I IIIIM ,na-A AL V ,.,. 

NUMBER -

PAGE 2 
DATE 8-21-78-' 

REFERENCES ANO REMARKS 

I 
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"l" Alllfflll:11ftt_l ....... ~ DESIGN DATA SHEET 
TIT1.- NUMBER ' 

, ..... -........ -
~REPAREO ev APPROVED BY MASTER CONTROL (100 MW) PAGE 3 

WBS NO, DATE s-2r-1s-
NIW 

DESIGN POINT TEN• 

IIIV NO. ITEM UNIT VALUE TATM FIRN REFERENCES ANO REMARKS 

N 15 TIME OF DAY REFERENCE 
INPUT-WWV SYNCH. HERTZ 1000 X 
OUTPUT - TIME OF 

DAY BCD FORMAT BITS 32 X 

N 6 ANNUNCIATOR PANEL FUNCTION~ 25 X 

N 17 LOCAL WEATHER STATION WIND MPH 80 X 
DEGREES 360 

BAROMETRIC PRESSURE IN/HG ·26 - 34 
HUMIDITY PERCENT/REL O - 100 
SOLAR RADIATION 9M/CM2/MIN .36 - 2.0 MICRON 
PRECIPITATION IN 20 
TEMPERATURE DEG.F -15, +50 

. OIIM ,no,A RLV ,., ~ 



'l' A---~ · Rockwell lnCemahonal DESIGN DATA SHEET TITLE !NUMBER 

BEAM CHARACTERIZATION PREPARED BY APPROVED BY SUBSYSTEM 
PAGE 1 

WBS NO. DATE 8-21-78 
NEW I I DESIGN POINT TEN-

REFERENCES ANO REMARKS 
REV. NO. ITEM 

UNIT VALUE TATIVE FIRM 

N I 1 I VIDEO CAMERA SYSTEM (4) 
SELF CONTAINED CAMERA I AMBIENT 
INCLUDING ENVIRONMENTAL TEMP °C I -20 TO +60 
HOUSING AND SYNC GENERATOR WEIGHT 

-# I 27 
VOLUME .34 

-M3 
LENS SPEED f 2.8 ,.,, 

V, 

FOCAL 32 - 320 MM C> 
I 

LENGTH ZOOM " 10 
I 

N N 2 VIDEO SIGNAL PROCESSING SYSTEM. w 

:i::,, < COMPOSITE VIDEO INPUT• SERIAL DIGITAL I 0 
OUTPUT. (4) ~ _, 

.... 
A/D CONVERSION WORD I 10 

.... 
w 

LENGTH-Bl ar 
0 

CONVERSION 32 0 
~ 

TIME-µS N 

CONTROLLER TBD 
LINE DRIVER LEVEL - I 0.25 

DIFF VOLT! 
DISTANCE- I 1500 

M. 
N I 31 TARGET PANELS, TOWER MOUNTED 1/4" STEEL, I SIZE - I APPROX. I I I 

PAINTED (4) M. 12 X 12 

FORM 706-A REV 2-74 



'1'==~ DESIGN DATA SHEET. 
TITLE NUMBER 

BEAM CHARACTERIZATION 
PREPARED BY APPROVED 8Y SUBSYSTEM 

PAGE 2 
WBS NO. DATE 8-21-78 

IIIW 
DESIGN POINT Tt:11-

llt:V. NO. ITEM UNIT VALUE TATM FIAN REFERENCES AND REMARKS 

N 5 TARGET INSTRUMENTATION SYSTEM (4} 

RADIANCE SENSORS TBD 
SHUTTER CONTROLLER TBD 
MUX - A/D TBD 

N 6 DATA LINE - RG-ll/U (5) AVG. LENGlH 1000 
M. 

l'T1 
(/) 
G'> 
I ...... 
'° I 
N 

w 

> < I 0 w .... 
'° --w 

c:i 
0 
0 
~ 

N 

FORM 706-A REV 2-74 
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ADVANCED CENTRAL RECEIVER BUILDING LAYOUT, 
100 MWe COMMERCIAL CONCEPTUAL DESIGN 

" 1215 m OUTER BOUNDARY 

ASSEMBLY & WAREHOUSE 
25 m x 25 m (HIGH BAY) 

6.5m 

ADMINISTRATION 
15 mx 15m 
TWO STORY 

.. Rockwell lnternatlonal 
........ Enelv,.,._Gnlup 

700m 

5.5m 
ACCESS 
ROAD 

11 mMAIN 

~ 
N 

RECEIVER PANEL LAYDOWN AREA 
60 m x 100 m FENCED GRAVEL AREA 

HOT STORAGE TANK 
30.Sm•x 13.6 m 

CONTROL ROOM 
12mx 12m 
TWO STORY 

6.6 m ACCESS ROAD 

SODIUM HEAT TRANSPORT PAD 
20mx20m 

COLD STORAGE TANK 
30.&m•x 12.3m 

ACCESS ROAD 



APPENDIX B 

DESIGN DATA SHEETS AND P&I DRAWING FOR 100-MWe COMMERCIAL 
PLANT DESIGN, FOR AIR-ROCK BED STORAGE CONCEPT 

CONTENTS: 

1. Design Data Sheets for Air-Rock Storage System 

2. Piping and Instrument Drawing 

ESG-79-2, Vol II, Book 2 
8-1 
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TABLE 5-4 

.<llllllti.A--~ 

... ~ Aockwell lnternabOnal DESIGN DATA SHEET 
TITLE 

Advanced Central Receiver 
11 henna 1 Storage Subsystem Design 
!Data (Air/Rocks Alternative) PREPARED BY APPROVED BY 

::: I NO. ITEM 

GENERAL 

Thermal Storage Capactty 

Maximum Charging Rate 

Maximum Extraction Rate 

Time at Maximum Extraction Rate 

STORAGE TYPE 

Input Heat Exchanger 

Extraction Heat Exchanger 

Bed Storage Temperature 

Temperature AT for Bed Sizing 

Reduced Power Operation 

Transient Operation 

Time to 10% to 100% or 100% to 10% 

Time to 30% charge to 100% extraction 
or 100% extraction to 30% charge 

*Includes 62.5 MWht for startup and shutdown 

FORM 706-A REV 2•74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,~. FIRM 

(MWht) 

('1Wt) 

(MWt) 

(hr) 

OC (OF) 

DC (OF) 

812.5* to 
3,250 

390 

250 

3.0 to 12.0 

Air/Hot Rocks 
Sensible Heat 

Sodium-to-Air 

Air-to-Sodium 

613 (1135) 

256 (460) 

0% to 100% 

TBD 

TBD 

NUMBER 

PAGE 1 of 9 

DATE 

REFERENCES ANO REMARKS 
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41aii.A--Dlv-. 
..... Rocl<we1t 1nt ... naoona1 DESIGN DATA SHEET 

TITLE 
Advanced Central Receiver 

Thermal Storage Subsystem Design 
Data (Air/Rocks Alter-native) 

PREPARED BY APPROVED BY 

::~ I NO. ITEM 

SUBSYST~~ COMPONENTS 

Storage Device 

Number 

Type 

Active length= width 

Height, overall 

Volume, Container 

Volume, Rock Bed 

Mass, Rock Bed 

Container - Top 

- Bottom 

- Wall 

NOTICE 
;;JNFIDENTIAL PROPRIETARY INFORMATION 
Of ROCKWELL INTERNATIONAL CORPORATION 

FORM 706-A REV 2-74 

was NO. 

I DESIGN POINT 
UNIT I VALUE ,T~~. FIRM 

[m(ft)] 

[m( ft)] 

1 

Square, Rock 
Bed 

85, 280 

11 (36) 

[m~, galsJ 0.080, 21.1 
ft )x 10-q 2.82 

3 [m3, gal st .043, 12.7 
ft X 10- 1.50 

[Kg(tons)] 6.8 x 107 

(75,000) 
Sand and CS 

Rock 

Earth and 
rock 

NUMBER 

PAGE 2 Of 9 

DATE 

REFERENCES AND REMARKS 
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TABLE 5-4 

TITLE I NUMBER 
Advanced Central Receiver DESIGN DATA SHEET 

I I Thermal Storage Subsystem Design 
jPREPARED BY APPROVED BY Data (Air/Rocks Alternative) IPAGE 3 ofi 

I, 

:::. INO. ITEM 

Insulation - Top 

- Thickness 

- Walls and Bottom 

- Thickness 

Temperature - Top of Bed 

- Bottom 

HEAT EXCHANGER 

Type 

Number of Modules 

Size 

Effective Surface Area 

Tube OD 

FORM 706-A REV 2•74 

was NO. DATE 
DESIGN POINT I TEN· UNIT I VALUE TATIVE I FIRM REFERENCES ANO REMARKS 

Sand or soil 

[11( ft)] 3 (10) 

Rock 

[ m( ft)] 1 (3) 

OC (OF) 613 (1135) 

OC (OF) 357 (675) 

Finned tube; 
counter fl ow 
sodium-to-air/ 
air-to-sodium 

54 

[m(ft)] I Parallelepiped~ 
2.4 X 2.4 X 0. 5 
(8 X 8 X 2.8) 

lm2(ft)] 152800 
(568000) 

cm(in.) I 2.60 (1.02) 
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.,4jllli,. Atomlcslnternatlonal~ 

... ~ Rockwell lntemahonal DESIGN DATA SHEET 

TABLE 5-4 

TITLE I rrdvanced Central Receiver !PREPARED ev APPROVED evThennal Storage Subsystem Design 
Data (Air/Rocks Alternative) 
WBS NO. 

NEW I I I 
DESIGN POINT I TEN-REV. NO. ITEM UNIT I VALUE TATIVE I FIRM -

Wall Thickness lrrm(in.) 11.24 (0.049) 

Material I 9% Cr 1% Mo 
Ferritic Steel 

Fin Height nrn(in.) 9.1 (0.36) 

Material 9% Cr 1% Mo 
Ferritic Steel 

Fin Thickness lrrm(in.) I 0.61 co.024) 

Fan 

Number I I 54 

I I I Type I I Vane-axial , 
2 stage, 
Joy Fan Co. 

Size - Diameter I cm(in.) 152 (60) 

Max Air Flow (390 MWt) KG/S (lbs 1580 (3470) 

Nominal Air Flow (250 MWt) KG/S (lbs 1010 (2220) 

Maximum Fan LlP (390 MWt) KPa (psi) J..31 (0.19) 

Operating Temperature OC (OF) > 371 (700) 

Maximum for Power (390 MWt) I MWe I 5.32 

I l 
FORM 706-A REV 2-74 

NUMBER 

PAGE 4 oflt 
DATE 

REFERENCES AND REMARKS 
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TABLE 5-4 

TITLE I NUMBER 

Advanced Central Receiver '1' =,=-- DESIGN DATA SHEET 
I I Thermal Storage Subsystem Design I I 

jPREPARED BY APPROVED BY Data (Air/Rocks Alternative) PAGE 5~~ 

I 

:::. I NO. 

I 
Fan Motor 

Number 

Type 

ITEM 

Power (max) 

Voltage/Phase 

Cooling 

Coupling 

Mixing Tee 1 

Mixing Tee 2 

FORM 706-A REV 2-74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,T~r:;. FIRM 

kW (hp} 

54 

Variable 
speed 

100 (123} 

460 V/3'/J 

Ai.r cooled, 
ducted motor 

TBD 

DATE 

REFERENCES ANO REMARKS 

(Either fixed motor speed plus 
coupling; or variable speed motor 
without coupling.} 

See Design Data Sheet 

See Design Data Sheet 
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.. , ... Atomics Internet- Divi9ion 
•• ,. Rockwell ln,lt:-rnahonal 

PREPARED BY 

DESIGN DATA SHEET 
APPROVED BY 

TITLE 

Mixing Tee -1 
Air/Rock Thermal 
Stor.age System 

WBS NO. 

=~~ I NO. ITEM 
DESIGN POINT I TENVE- I FIRM I I TATI UNIT VALUE 

Mixing Tee -1 (Na) 

Location 

Type 

Size (Run/Branch) 

Wall Thickness 

Max Flow Velocity 

Run Flow/Branch Flow 

Operating Pressure 

Normal 

Maximum 

Design Pressure 

FORM 706-A REV 2-74 

in./in. 

in./cm 

ft/sec 

1 b/sec/ 
lb/sec 

psi 
(mn/m2) 

psi 
(mn/m2) 

psi 2 (mn/m ) 

See Remarks 

Mixing 

18/10 

0.400 (1.02) 

18 

1345/410 

230 (1.6) 

253 (1. 7) 

I 400 (2. n 

NUMBER 

PAGE 6 of 9 
DATE 

REFERENCES ANO REMARKS 

Upstream of Steam 
~enerators - function with 
thermal storage 



'l' =,=-- DESIGN DATA SHEET 
TITLE NUMBER 

Mixing Tee -1 
PREPARED BY APPROVED BY Air/Rock Thermal 

Storage System PAGE 7 of 10 
WBS NO. DATE 

NEW 
REV. NO. ITEM 

DESIGN POINT 

UNIT VALUE 
TEN• 

TATNE flRN REFERENCES ANO REMARKS 

Operating Temperature 

Normal Hot Leg/Cold Leg ~F (°C) 1165/715 
(629/379) 

l'T1 
V) 

Preheat OF (OC) 400 (204) 
Ci'> 
I ...... 
\0 

Maximum °F (°C) 1165 (629) 
I 

N - Oesign Temperature °F (°C) 1200 (649) 
00 < 
I 0 

OC> ..... Material lBody/Liner} Type 304H/ 304H 
.... .... - Code Classification Section VI II Division 1 
00 
0 
0 
~ 

Insulation in. 8 Ca lei um Silicate 

N Size OD X Length in. X ft 18 X 15 

glb:511 

FORM 706-A REV 2-74 



'l' Atomlcslntemat-Divlsion DESIGN DATA SHEET 
TITLE NUMBER Rockwell lnternahonal 

Mixing Tee -2 
PREPARED BY APPROVED BY Air/Rock Thermal 

Storage System PAGE 8 of 9 
WBS NO. DATE 

NEW DESIGN POINT TEN• REV. NO. ITEM 
UNIT VALUE TATIVE FIRM REFERENCES ANO REMARKS 

Mixing Tee -2 (Na) 

Location See Remarks Downstream of Steam 
Generators - function with 
therma 1 storage 

m 
V, 
Ci") 

Type Mixing 
I 

-.J 
1.0 
I 

Size (Run/Branch) in.Jin. 18/10 
N 

V 

0:, < 
Wall Thickness in./cm 0.125/0.317 

I 0 
1.0 .... 

Max Flow Velocity ft/sec --V 

0:, 
0 
0 

Run Flow/Branch Flow lb/sec/ 1755/492 
lb/sec 

7<:' 

N Operating Pressure 

Normal psi 2 (mn/m ) 
100 (0.68) 

Maximum psi 2 125 (0.84) 
(mn/m ) 

Design Pressure psi 
(mn/m2) 

125 (0.84) 

FORM 706-A REV 2-74 



'l' AtomlcslntemetlOMI~ DESIGN DATA SHEET TITLE NUMBER 
Rockwell l~nanonal Mixing Tee -2 

PREPARED BY APPROVED BY Air/Rock Thermal 
Storage System PAGE -9 of 9 

WBS NO. DATE 

IIIW 
DESIGN POINT Tf:N• 

REFERENCES ANO REMARKS 
REV. NO. ITEM UNIT VALUE TATIVI f.lRN 

Operating Temperature 

Normal Hot Leg/Cold Leg OF (OC) 715/600 
(379/316) 

l'TI 
V, 
G') 

Preheat OF (OC) 400 (204) 
I 

"' \0 
I 

Maximum OF (OC) 725 (385) 
N .. 

a, < I 0 .... .... 
0 

Design Temperature OF (OC) 750 (399) 

Material (Body/Liner) --.. 
a, 

Code Classification Section VIII Division 1 

8 
'?':' Insulation in. 5 Calcium Silicate 
N 

Size OD x Length in. X ft 18 X 15 

Slb:511 

FORM 706-A REV 2•74 



r 
<( 

J 

~ 
II 
::I 

Iii 
lJ 0 
i L ! 0 w ~ ~ 2~ WQ: 90: :i;IIJ g jl!I /jjit 0: 

~~ wO: § ;t - u _u 

<( 

<( 

1---' u w 
(./) 

__ ;?:_ ~=:-= -

'• •:,, w 
Iii 

0 II 
.• ~ 

~ 8 

0 
0 
0: 

z 
Q 

~ 
J 

i 
z 

ESG-79-2, Vol II, Book 2 
B-11 

~ " i;-w 0 l) ,0 z ~ 8 
w 
(]J 
4: 
0: 
0 :l I-
(/) w 

~ ~ 
w !Ii 
I ~ 

z 
0 

~ 
> w 0 
__J ,'.. 

w . 
·2 
-" 

_J 

~ <( 

z ,( 

0 u 
f/1 

~ 

hl 
(/) 

11 j 
2 g 
~ I 
~ . 
.S E = !, .. Si 
l: ~ ... i 
~ c 

'?. ~ 



CONTENTS: 

APPENDIXC 

ELECTRIC POWER GENERATING WATER-STEAM SYSTEM 
P&I DRAWING AND EQUIPMENT LIST, 
100-MWe COMMERCIAL PLANT DESIGN 

1. Auxiliary Power Requirements 

2. Equipment List 

3. Piping and Instrumentation Drawing for the EPG system 

4. EPGS Process Data List 

ESG-79-2, Vol II, Book 2 
C-1 



APPENDIX C 

FOH',I f.2. I I 4 
Hl.V. 4,75 

'JvPE~"$E1':;c-,SOH .. t. l>A.71':p ~-2t,"18 

PAGL: __ /_f!(':__! ______ _ 

JOD N0,-~--~-~-1_Z $ _______ ..... OATC--~ /,o f,L _ _____ oy __ !!.,":~------· Ol'K. ______ _ 

,, l'ITc,M,·<'l 01rl · A/'JV,41'/CC/J ~NT,?1111 . .<?£cc-1vF"/( CU.,TCIMC:IL_ ·- . • . ... _____________ PROJC:CT _____ ------ _ ·--- ----- _ ----'----

SUDJ!,;CT r1VX1ll/l~ /'owE"R. 8~(11utREMAJTJ 

l?Er€"1<€1Jce;. 5-~ flcAr~/Jt.At1cE DAc- 01D 'f/!oh! 

I 
2. 

3. 

'I. 
s. 
6. 

7. 

f. 

'1, 

/{). 

JI. 

12. 

,/.]. 

1'{, 

,s. 
I~ 

/11Ak, GU"'-R.• _Lo~ D (7'11/U)r/'1£ /fAi/J,16) / / 2 1 O 00 /<vJ f:' 2 ''Jlptf 
IJ'r>o P.516- /oo.~ooo ·;:- 7//~orn.E. rLl)vJ 731,eoo '-J//#t: 

801t. -=~ Fl: El) pv;vif> 2.100 

CVA/l). 1-lo,wcu... />(JM~ l ~o 

C//<CV£A T/,Nt':, WA 7E'}l /'VM/J.S /B 7o 

Coe,~ 1,vb ro,~€'~ r"'111..! B So 

Co ,t..• t:, E" ,JS t:7< \/Ac vv...vi. />IIMf 35_ 
Gt..ri,-,D S7£·,r.M Cr:,t.1t,~")J_;E7l E'A#Av~r~ S' 

GE?vE/<4 70/,:( l'Af>Nt FXr,f.A~'T'OI< 5 

t~VI/J/'lt:-?.IJ'! Ce<;,L~gC:, WA n,,t> ,"v,._.,p 20 
I 

BEARll./6 C-oo~ 0.1 G, 1//A TE°~ /'11N1 f' 'fo 

I/.I.JT/t'V/1,11::-J./r '11R ("oMl'/U:·:sc,e Jo 

Sc/..'VICE /1/.P._ C 0"'1/'/i~~:; a~ 4o 

tf A~J U-(.47~ /'VM,:' io 
Coot.o/<, rDc,J£72 M4l<Et.ll' PvM/-' J5 
WAT/.m. T1(~//rtllG::. 'J/S TE"l-1.! (Lor) ZS 
r'L-'9nT 1///AG 175 
MISC. A ,c.. lOO 

TOTA(.. ~u:,,.. Pol.A.IE~ (FP<; S) S5 '/-o 

If. 9'f X 

ESG-79-2, Vol II, Book 2 
C-2 

kw I..VP:/T TO A-1,rro1e 

J<w 

o,r:- ,5/to~.! 6CAl~/!/l~o/l,J 



EQUIPMENT LIST 
(ELECTRICAl POWER GENERATION SUBSYSTEM) 

PROJECT 100 MW Advanced Central Receiver 
JOB NO C-20325 . . ------=---
REV./DATE O /s-1-78 CUSTOMER_A_l~/_DO_E ________ _ PAGE 1 OF___,;1~1 __ 

PHASE I - CONCEPTUAL DESIGN 

EQUIPMENT QUANTITY I.D. 
DESCRIPTION REMARK& NUMBER 

Turbine - Generator 1 112,000 kW Tandum Compound Double Flow (TC2F), re-
heat, condensing turbine with 58.4 cm (28 in) last ,,, 

V, 
Ci) 
I stage blades, 3600 RPM. Inlet Pressure 12.51 MPa ..... 

1,0 
I (1815 psia), Iniet Temperature 538°c (1000°F), re-N 

V heat temperature 538°c (lOoo°F). Turbine exhaust 
C") cf I 
w ..... pressure 6.77 kPa (2.0 in. Hg. A). Turbine rating .... .... (max. guar.} 112,000 kW. Max. Expected Output V 

c:, 
0 .ll6...!I1 1,lJ "+ D::i ._-_, o.,,.., .,,..,,. V,o l ""'" IJi ,1,. nn,.n 0 
~ Generator: 135,000 kVA, 0.90 P.F., 13,800 V., 
N 

Hydrogen Cooled, Static Exciter, 3600 RPM. 
Accessories: 

--· 
T ·no Gl;inrl <;tp;im rr,nrlPn<:a .. w/~vh;i11c::+ .... 

Generator Vapor Extractor 
A.C. Lube Oil Pump 
D.C. Lube Oil Pump 

Lube Oil Reservoir w/Exhauster 
Lube Oil Coolers 
Generator Hydrogen Coolers 
Electro-Hydraulic Control System 



EQUIPMENT 

Condenser 

rr, 
(/) 
G) 
I ...... 
'° I 
N 
w 

n < 
I 0 --- . - --

4'o _, 

- ·--·-··· -w 

0:, - -
0 
0 
~ 

N 

Condenser Vacuum Pumps 

Cooling Tower 

Circulating Water Pumps 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver 

CUSTOM~R_A~I/_OO_E'----------­
PHASE I - CONCEPTUAL DESIGN 

REV./OATE O /8~1-78 

PAGE 2 OF 11 

QUANTITY I.D. DESCRIPTION REMARK8 
NUMBER 

1 8365 m2 (90,000 ft. 2) surface condenser, H.E.I. Std. 

2-pass, 25.4 mm (1 in.) 0.D. x 20 BWG, 90-10 Cu-Ni 

Tubes x 8.54m (28 ft.) Effective Length, 158 MWt 

(540 x 10b Btu/hr) 
Heat Rejection, 6.77 kPa (2.0 in. Hg A} 

Design Pressure, 28.9°c (84.0 F) inlet 

Water Temperature, 5.9 m3/s (93,100 GPM) 

Circulating Water Flow, 2.18 m/s (7.16 fps} 

velocity •. 

2 0.35 mj/min. (12.5 SCFM}@ 25.4 mm (1 in. HgA} H.E.I. Std.· 

Nash Mechanical Vacuum Pump, 700 RPM, 37 kW (50HP} Ea. Full Size 

460 V. - 3 Ph. - 60 Hz. motor 

1 5-Cell, Mechanical Draft, Cross Flow, 150 kW C.T.I. Std. 

(200 H.P.} Fans, per cell, 163 MWt (555 x 10b 

Btu/hr Heat Rejection, 23°c (74°F} Wet Bulb, 5.6oc (100F} Approac. 

6.1 ml/s (96,000 GPM} Circ •. Water Flow 

2 Horizontal, centrifugal, double suction. single Ea. Half Size 

staae, Cast Iron Case. Bronze Impeller, 3.05 m3/s 
- -· . . - .. 



EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM} 

PROJECT 100 MW Advanced Central Receiver 
CUSTOMER_A_I_/OO_E ________ _ 

JO~ NO. C-20325 
REV./DATE O /s'-1-78 
PAGE 3 OF 11 

PHASE I - CONCEPTUAL DESIGN 

EQUIPMENT QUANTITY 1.0. 
DESCRIPTION REMARK8 NUM8ER 

Circulating Water Pumps (Cont'<} 2 (48,000 GPM} @ 23.2m (76.0 .ft.} Head, 930 kW 
(1250 HP}, 4160 v., 514 RPM Motor 

ITI 
VI 
G') 
I ..... 

ID 
Condensate Hotwell Pumps 2 Vertical Turbine Can Type, Steel can, Ea. Full Size 

I 
N cast iron bowls, bronze impellers, stainless steel w 

(") cf I -. shaft, 5 stages, 0.10 m3/s (1540 GPM},@ 136m 
U'I .... 

.... .... ......... (446 ft.} Head, 186 kw (250 H.P.), 460 V., 1800 
w 

RPM Motor 
CCI -0 
0 
7<:' 

N Boiler Feed Pumps 2 Horizontal centrifugal, double case barrel Ea. Full Size 
type, carbon steel outer case, alloy steel inner 
case and impellers, stainless steel shaft, 9 
stages, 3440 RPM, 0.115m3/s (1825 GPM} 

@ 1681m (5515 ft.} head, 80.5% Efficiency, Hy-
draulic coupling. Variable speed drive, 2250 kW 
(3000 HP) 4160 V., 3600 RPM Motor 

Equipment Cooling Water Pumps 2 Horizontal, centrifugal, double suction, single Ea. Full Size 
stage, cast iron case, bronze impeller, 0.015 m~/s 
(2365 GPM)@ 9.2m(30 ft.) head, 22.5kW (30 H.P.), .. . . . . 
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V, 
Ci) 
I ...... 
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I QUIP ME NT 

Eauioment Cooling Water Pumps 
Cont'd 

Condensate Transfer Pumps 

--

~--
·-· 

Low Pressure Heater No. 1 

Low Pressure Heater No. 2 

Deaerator Heater No. 3 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 -------

REV./ DATE O / 8-1-78 PROJECT 100 MW Advanced Central Receiver 

CUSTOMER--'-A=I/~D=OE=----------­
PHASE I - CONCEPTUAL DESIGN 

PAGE 4 OF_l_l _ 

QUANTITY I.D. DESCRIPTION REMARKS 
NUMBER 

460 V., 1800 RPM motor 

2 Horizontal End Suction, Centrifugal, Cast Iron 
case, bronze impleller, single stage, 0.019 m3/s 

(300 GPM)@ 67m (220 ft.) head, 25 kW (30 H.P.), 

460V., 3500 RPM motor. 

1 Horizontal, Shell & Tube, Carbon Steel shell, ASME Code 
Stainless Steel Tubes, with drain cooler, 185ml Sett. VIII 
(1990 ft.l) surface, 2.2 MPa (315 PSIA) Tube Desig1 

Pressure, (Located in Condenser neck). 

1 Horizontal Shell & Tube, Carbon Steel Shell, ASME Code 

Stainless Steel Tub~s, with drain cooler, 197m2 Sect. ·VIII 

(2120 ft. 2) surface. 2.2 MPa (315 PSIA} Tube 

Design Pressure 

1 Horizontal, Spray-Tray Type with internal stain- ASME Code 

less steel vent condenser and trays, 363,000 kg/hr Sect. VIII 
caoacttv. 0.005 ec/ltter o., in Effluent. 



EQUIPMENT LIST 
(ELECJ:RICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver 
CUSTOMER_A_I_/_D0_E ________ _ 

REV./DATE O / s-1-78 
PAGE 5 OF 11 PHASE I - CONCEPTUAL DESIGN 

EQUIPMENT QUANTl1Y I.D. 
DESCRIPTION REMARKS NUMBER 

Deaerator Heater No. 3, Cont'd Horizontal Storage Tank 62.5m3 (16,500 gal.) capa-
city, 0.45 MPa (65 PSIA) Design Pressure. l'TI 

V> 
Ci') 
I ..... 
'° 

High Pressure Heater No. 4 1 Horizontal, shell & tube, carbon steel shell and ASME Code I 
N 
~ tubes, with desuoerheat section and drain cooler Sect. VIII -

(") < 
I ~ ..... .. -·- ~•· section, 266 m.2(2865 ft.2) surface, 20.7 MPa ..... (3015 PSIA) Tube Design Pressure. ..... ,-- ---·· 

~ 

0, 
0 
0 
:;,,;- High Pressure Heater No. 5 1 Horizontal, shell & tube, carbon steel shell and ASME Code ' N 

tubes, with desuperheat section and drain cooler Sect. VIII 
section, 212 m2 (2280 ft.2) surface, 20.7 MPa 
(3015 PSIA) Tube Design Pressure. 

High Pressure Heater No. 6 l Horizontal, shell & tube, carbon steel shell and ASME Code 
tubes, with desuperheat section and drain cooler Sect. VIII --", section, 293 m2 (3150 ft. 2) surface, 20.7 MPa 
(3015 PSIA) Tube Design Pressure 

-~'"\' I 

Condensate Storage Tank 2 378 m3 (100.000 Gal.) Carbon St-oal w/Pl111•dt-P 
Linfog 8.5m (28'-0") Dia. x 6.7m x (22'-0") Hi •• 
Wt. 24 1 000 kg (53,000 lb.) . . . - . 
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N 

EQUIPMEN:T 

Turbine Lube Oil Filter Set 

Turbine Lube Oil Purifier 

Turbine Lube Oil Storaqe Tank 

Turbine Lube Oil Transfer Pump 

Makeup Demineralizer System 

Inline Demineralizer System 
Cooling Tower Acid Tank 

Cooling Tower Chlorinator 

Cooling Tower Chem Feed Tank 
Bearing Water Heat Exch 

Cooling Tower Chem. Feed Pump 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) 

PROJECT 100 MW Advanced Central Receiver 
JOB NO. C-20325 

CUSTOMER_~A~l/~OO=E;._ _______ _ 
REV./DATE O /S-1-78 

PAGE 6 OF_____:! 

PHASE I - CONCEPTUAL DESIGN 

QUANTITY 
I.D. DESCRIPTION REMARKS 

NUMBER 

1 Cartridge Type, Dual Filter Pump Set 0.057 m3/min. 

(15GPM). Gear Pump 0.5kW (3/4HP), 460V.-3Ph-60Hz. 

Motor 
1 Centrifuge Separator,0.057 m3/min.(15 GPM), 0.75 

kW (lHP), 460V.-3Ph-60Hz. Motor 

1 22.7 m3 (6000 Gal.), 2 Compartment, Carbon Steel 

4.3m{l4 1 -011
) x 2.4m(8 1 -0 11 )x 2.4m(8 1 -0 11

), Wt. 4,550 

kg (10,000 lb). 

1 0.19 ml/min. (50GPM) Gear Pump 0.75 kW (lHP) Motor 

2 0.38 ml/min. (100 GPM) Capacity Ea. Full Size 

2 0.076 m3/s (1200 GPM) Capacity Ea. Full Size 

1 22.7 m3 {600Q Gal), Horizontal 2.4m.(8 1 011
) Dia x 

(16 1111
) Str. Shell 0.95 cm. (3/8 11

) PL, Wt. 3950 kg 

(8700 lb) 
1 2,720 kg/day {6000 lb/day) V-Notch Chlorinator w/ 

Evaporator 

1 0.19ml {50 Gal.), Type 304 Stainless Steel 

2 Horiz Shell and Tube, Carbon Steel Shell, Cu-Ni Ea. Full Size 

Tubes, 0.038 m3ts>(600 GPM) 

2 0.0075 niJ /hr (2 GPH), Posit. D1sp1. w/0.19kW (1/4 

HP}. D.C. Motor Ea. Full Size 
- .. 



EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver RE~./DATE O / 8-l-Z8 
CUSTOMER_A_I/_OO_E _________ _ PAGE 7 OF-1.! 
PHASE I - CONCEPTUAL DESIGN 

EQUIPMENT QUANTITY 
,.o. 

DESCRIPTION REMARKS NUMBER 

Bearing Cooling Water Pumps 2 Horizontal, End Suction Centrigufal, Single Stage, .Ea. Full Size 
22kW(30HP), 460V.-3Ph.-60Hz. Motor 0.038 m3/s 

ITI 
V, 
en (600 GPM)@ 39.6m (130Ft.) TOH 
I 

-...i 

'° 
Bearing Cooling Water Head Tank 1 Vertical Tank, 0.6m (2'-0") 0.D. x 1.2m (4'-0") Hi 

I 
N . Potable Water Pump 2 Horizontal, End Suction, Centrifugal, 0.19mJ/min. 

n < 
I 0 (50GPM)@ 18.3m (60 Ft.) TDH, 1.lkW (l.5HP) Motor 
'° ..... 

.... Potable Water Heater 1 0.57 m3 (150 Gal.) Electric 440V.-3Ph.-60Hz. .... . Potable Water Storage Tank 1 37.8 m3 (10,000 Gal.) Vertical 3.65m (12'-0") Dia. 
0:, 
0 
0 
7<:' x 3.65m (12'-0") Hi (Lined) 0.95cm (3/8") PL Wt. 
N 6800 kg (15,000 lb) 

Sewage Treatment Plant 1 4000 GPD, Aeration Unit 
Service Air Compressor 2 9.9 m3/s (350SCFM)@ 0.79 MPa {115 PSIA), Recipro- Ea. Full Size 

eating, Double Acting, Two Stage, 56kW(75HP)Motor 
Service Air Aftercooler 2 Shell and Tube Type with Moist. Separator Ea. Full Size 
Service Air Receiver 1 4.2m3 (150 CU.Ft.) Carbon Steel ASME Code, Wt. 

1720 kg (3800 lb) 
Instrument Air Compressor 2 8.5 m3/s (300SCFM)@ 0.79MPa (115 PSIA), Recipro- Ea. Full Size 

eating, Double Acting Single Stage, Oil-Free Air, 
38kW(50HP) Motor, 460V.-3Ph.-60Hz. 

Instrument Air Aftercooler 2 Shell and Tube Type with Moist. Separator Ea. Full Size 



IT1 
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EQUIPMENT 

Instrument Afr Receiver 

Instrument Air Dryer 

Instrument Air Prefilter 
Instrument Air Afterfilter 

Raw Water Clarifier (Lime Soft.) 

Make-up Demineralizer Sand Filter 
Demineralizer Caustic Storage Tark 

Demineralizer Caustic Pump 

Demineralizer Acid Storage Tank 

Demineralizer Acid Pump 

Feedwater Chem. Feed Tank 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver 
CUSTOMER_A~I/_OO_E ________ _ 

REV./DATE O / 8-1-78 
PAGE 8 OF_ll __ 

PHASE I - CONCEPTUAL DESIGN 

QUANTITY I.D. DESCRIPTION REMARKS 
NUMBER 

1 4.2mJ (150 Cu.Ft.) Carbon Steel. ASME Code. Wt 

1720 kg (3800 lb) 

2 8.5 m3/s (300SCFM) Desiccant Type, Dual Column. Ea. full Size 

Electric Regeneration, -40°c (-40°F) Dew Point, 

ASME Code 

2 8.5 m3/s (300SCFM) Cartridge Filter, ASME Code 
2 8.5 m3/s (300SCFM), Cartridge Filter, ASME Code 

1 0.11 m3/s (1800 GPM), 15.2m(50'-0") Dia. 

2 0.38 m3/min. (100 GPM), 2.0m (6 1 -6 11
) Dia. 

l 22.7m~ (6000 Gal.} Carbon Steel. Horiz. 2.4m 

(8'-0") Dia x 4.9m (16'-l"}, Shell 0.95 cm. (3/8") 

PL, Wt. 3950 ko (8700 lb) 
4 0.45 m3/hr (120 GPH), Posit. w/0.56kW (3/4 H.P.), 

460V-3Ph-60Hz Motor 
1 27.7 m3(6000 Gal} Carbon Steel, Horiz. 2.4m (8'-0" 

Dia. x 4.9m (16'-l") Shell 0.95 cm. (3/8") PL. Wt 
3950 kg (8700 lb) 

2 0.38 m3/hr (100 GPH) Posit Displ w/0.56kW (3/4 HP) In-line Demin. 

460V-3Ph-60 Hz Motor 
2 0.19m3 (50 Gal.l. Tvne 304 S.S •. Hvdrazine and Amnl nia 
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EQUIPMENT 

Feedwater Chem. Feed Pump 

Fire Pump (Motor Driven) 

Fire Pumo (Enoine Driven) 

Jockey Pump (Fire Maint.) 

Diesel Generator 

Station Batterv 
Battery Charger 

Evaporative Cooler 
Demineralizer Acid Pump 

Raw Water Pimp 

Clarified Water Pump 

Demineralizer Feedwater Pmp 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver REV./DATE O /s-1-78 
CUSTOMER __ AI~/_DO_E ________ _ PAGE 9 OF-1.! 
PHASE I - CONCEPTUAL DESIGN 

QUANTITY 1.0. 
DESCRIPTION REMARKS NUMBER 

3 0.0075 m3/hr (2 GPH), Posit. Oisol. W/0.19 kW 1 Soare 
(1/4 H.P.), 460V-3Ph-60 Hz Motor. 

1 0.095 m3/s (1500 GPM)@ 97.Sm (320Ft) TOH, Horiz. NFPA Code 
Centrifuoal 150 kW(200HP), 460V-3Ph.-60Hz. Elect. 
Motor 

1 0.095 m3/s ClSOO GPM) @ 97 .Sm (120 Fi- ) TOH Hori7 N~PA rnrl .. 

Centrifugal lSOkW (200HP) Diesel Enoine 
l 0.19 m3/min. (50 GPM)@ 97.Sm (320 Ft) TOH, Horiz. 

Centrifugal 7.5 kW (10 HP) 460V.-3Ph.-60Hz. Motor 
2 500 kW Diesel Engine Generator Unit, 4160V. Emero. Shutdown 
l 125 V.o.r.. 4nn Arnn - 1-11" 

1 75 Amp 125V.O.C./460V A.C. 3-Ph-60Hz. 
4 33m3/s (70,000 CFM) EA. Unit 
2 0.76 m /hr (200 GPH) Posit, Oispl., 0.75kW(l HP), Makeup Demin. 

460V-3Ph-60Hz Motor 
2 Vertical Turbine, 0.13 m3/s (2000 GPM)@ 30.Sm Ea. Full Size 

(100 Ft.), 56kW(175 HP) Motor 
2 Vertical Turbine, 0.12mJ/s (.1800 GPM) @ 24.4m Ea. Full Size 

(80 Ft.), 37 kW (50 HP) Motor 
2 Hor1z. End Suet., 0.016 m3/s (250 GPMl@ 33.Sm 

(110 Ft) 11.2kW (lS··H.P.) Motor . 
' .. . . ' 



EQUIPM&NT 

Boiler Water Sample Panel 

Control Room Air Conditioner 
l'T'I 
V, 
C> 

Cooling Tower Acid Feed P1.111ps -, 

I ....., 
10 
I 

N . Lime Silo 
n 

~ I .... _, 
N .... .... lime Unloadina/Convevfna System . 

CD 
Lime Feeder 

0 
0 lime Slaker 
~ 

N Clarifier Chem Feed Equinment 

Turbine Rnnm CrAnA 

Aux. Steam Boiler 

Fuel Oil Storage Tank 

-

Main Power Transfomer 
Aux. Power Transfol"ller 

Start-Up Transfonner 

EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. __,;:C::...-20=:.32::::::5~,__--

PROJECT 100 MW Advanced Central Receiver 

CUSTOMER _ ___;_;A~l/~DO~E~------­
PHASE 1·--cONCEPTUAL DESIGN 

REV ./DA TE O /s-1-78 

PAGE 10 OF ---1.l_ 

QUANTITY I.D. DESCRIPTION REMARKS 
NUMBER 

l Bofler Water Sampling & Monitoring Panel 

l 40 Ton Chiller Unit 
2 0.01 m3/hr (3 GPH), Posit. Dfspl., 0.56 kW (3/4 l Spare 

HP), D.C. Motor 

1 113 m3 (4000 Cu. Ft.L 5.Sm (18'-0"\ nia Y 10 '-m 

(35'-011
) Hi, carbon steel 

1 Lot - Railcar and/or Truck Lime Unloadfno System 
2 453 kq/hr (1000 lb/hr l Spare 
2 453 kg/hr (1000 lb/hr • 1 Spare 

Lot Polvmer/Coaqulant/Alum. Feed Equipment 

1 1Fi ?RR lco (/Jn Tnn\ Rri,1,.,. r ........ Hi ?m (l::n•-n11 \" 

Span. 9.070 kg (10 Ton) Aux. Hook 

l 22,680 kq/hr (50,000 lb/hr), 310 kPa(45 PSIA), 

Oil-Fired. ASME Code. 
1 Vertical Above Ground Tank, 7.6m (25 1 -011

) Dia x API Std 650 
5.5m (18 1 -011

} Hi. 250 m3 (65.Q40 r.ill.} No. 2 Fuel 

Oil ' 

l 130 MVA, FOA, 115-13.2 kV, Wye Grounded-Delta 

1 10.0/13.3/16.6 MVA, OA/FA/FA, 13.2-4.16 kV, Delta-I ye Resistance 
Grounded. 1 

1 10,0/13.3/16.6 MYAt_OA/FA/FA, H5-4-.16 kV, Wye Grofnded, Wye 
.. 

Re!l1stance Armmded 



EQUIPMENT LIST 
(ELECTRICAL POWER GENERATION SUBSYSTEM) JOB NO. C-20325 

PROJECT 100 MW Advanced Central Receiver REV./DATE 0 /8-1-78 
CUSTOMER AI/DOE PAGE--1! OF 11 
PHASE I - CONCEPTUAL DESIGN 

EQUIPMENT QUANTITY I.D. 
DESCRIPTION REMARKI NUMBER 

4160 Volt Switchgear 1 Metal Clad Switchgear with 22-5kV, 1200A., 
250 MVA Circuit Breakers rr, 

V) 
Ci") 

;480 Volt Load Center 2 Load Center, Double-Ended, 2-1250 kVA,4160-480V. T ans formers I ...... 
<0 480 Volt Load Center i Load Center, Double-Ended, 2-1250 kVA,4160-480~. Tl"ansformers I 
I\) 

y Outdoor Oil Circuit Breaker 1 12lkV.1200 Amo .• 20.000 Amo. short circuit current n < I 0 .... .... w -
Disconnect Switches 2 12lkV.1200 Amo •. 3 Pole Gana Ooeration 
Steel Structure 1 For 2-12lkV. 1200 Amo. Disconnect Switches & Circu t Switcher -y 

a, 
0 
0 
,0:--

Circuit Switcher 1 115kV, 1200 Ampere 
I\) 

480 Volt Motor Control Center 2 Circuit Breaker·& Circuit Breaker·Combfnation Star ers. 

480/120/208 V. Transfonner 6 30kVA, Dry Type, 3 Phase 

1201208V. Distribution Panel 9 
D.C./A.C. Inverter 2 15kVA, 480 V., A.C., 3 Phase, 125 V.D.C. 
Isolated Phase Bus l l5kV, 6000 Amo •• with Surae Protection & V.T. Cubi, le. 
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APPENDIXD 

DESIGN DATA SHEETS AND P&I DRAWING FOR 281-MWe 
COMMERCIAL PLANT DESIGN 

CONTENTS: 

Design Data Sheets 

ESG-79-2, Vol II, Book 2 
0-1 



281 MWe COMMERCIAL PLANT 

RECEIVER SUBSYSTEM 

ESG-79-2, Vol II, Book 2 

D-2 



ADVANCED CENTRAL RECEIVER SYSTEM 
281 MWe COMMERCIAL PLANT 

SUMMARY DATA 

Net Electrical Power MWe) 
Parasitic Power (MWe) 

Daytime 
Nighttime 

Insolation (W/m2) 

(Sheet 1 of 2) 

Maximum Solar Power Absorbed (MWt) 
Nominal Solar Power Absorbed for Direct 

Operating (MWt) 
Plant Net Efficiency(%) 
Collector Field Configuration 

Solar Multiple, Equinox Noon 
Number of Heliostats 
Heliostat Shape and Size [m (ft~ 
Number of Towers/Receivers 
Land Area (acre) 

Receiver Mid-Point Elevation·[m (ft~ 
Receiver Configuration 

Number of Receiver Panels 
Receiver Height and Diameter [m (ft)] 
Receiver Maximum Heat Flux (MW/m2) 
Sodium Temperatures [0c (°F)j 
Receiver Sodium Flow Rate [kg/hr (lb/hr)] 
Steam Generator Sodiu, Flow Rate ] 

(Direct Operation) lkg/hr (lb/hr) 

281 

31 
16 
950 
1084 

723 
25 
Single 360°, North Biased 
1.5 
40,591 
Square, 7.38 x 7.42 (24.2 x 24.3) 
1 
2220 
268 (879) 
External Cylinder 
24 
22.8 X 22.8 (74.8 X 74.8) 
1.94 
288/593 (550/1100) 
10.2 X 106 (22.6 X 106) 

6.82 X 106 (15.0 X 106) 

ESG-79-2, Vol II, Book 2 
D-3 



ADVANCED CENTRAL RECEIVER SYSTEM 
281 MWe COMMERCIAL PLANT 

SUMMARY DATA 
(Sheet 2 of 2) 

Thermal Storage Capacity ~MWth) 
Total Sodium Inventory [kg (lb~ 
Steam Generator and Reheater Type 

Steam Conditions [MN/m2, 0c (psia, °F)] 
Initial 
Reheated 

Steam Flow Rate [kg/hr (lb/hr)] 
Daytime 
Nighttime 

TSS Sodium Flow Rate lkg/hr (lb/hr)] 
Feedwater Temperature r C (0F)] 
Turbine Back Pressvre [MN/m2 (in. Hg)] 
Heat Rejection [ MW (Btu/hr)} 

Daytime 
Nighttime 

*Includes 180 MWt for startup/shutdown 

2350* 
23 X 106 (50,4 X 106) 
Modular Steam Generator 

16.6, 538 (2400, 1000) 
538 (1000) 

9,3 X 105 (20.5 X 105) 
8,80 X 105 (19.5 X 105) 
6,82 X 106 (15,0 X 106) 
242 (468) 
0.007 (2.0) 

442 (1500 X 106) 
420 (i430x 106) 

ESG-79~2, Vol II, Book 2 
0-4 
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ll'==Divlllap DESIGN DATA SHEET ;kT1L~e c011111ercial 
PREPARED BY APPROVED ev Advanced Central Receiver 

Receiver_ Subsystem 

==~ INO. ITEM 

Receiver Subsystem 
Nominal Thennal Power 
Maxim1JR Thennal Power 
Receiver Temperature 

- In 
- Out 

Flow Rate· - Max Receiver 

- Max Steam Generator 

Volume of So~i.um in Subsystem 
Weight of Sodium in Subsystem 

, 
Pump Outlet Pressure 

Pump Inlet Pressure 

Total Radiation and .Convection Loss 

FORM 706-A REV 2-74 

WBS NO. 
I DESIGN POINT TEN 

UNIT I VALUE IT-~ 

MWt 
MWt 

OC (OF) 
OC (OF} 

723 

1084 

88 (550} 
93 (1100} 

Kg/hr 0.2 x 106 
(lb/hr} 22.6 x 106}. 
Kg/hr 7 x 106 
(lb/hr} 15 x 106) 
m3 (gals} 59 (121,400) 
kg (lb) 37xI06 (.823xlb~} 
MN/m2 2.69.(390} 
(psia} 
iMN/m2 

(psia) 
% 

0.10 (15) 

p,;@ Pe~k Power 
2.5%@ 50% Powf!r 

FIRM 

NUMBER 

PAGE 1 of 14 
DATE 5/16/78 

REFERENCES AND REMARKS 
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'l'==~ DESIGN DATA SHEET 
TITLE 

281 MWe Commercial 
NUMBER 

PREPARED BY APPROVED BY 

::.1NO. ITEM 

Receiver Subsystem (Cont.) 
Steam Generator Units Sodium Side 

Superheat - Temp In· 
- Temp Out 
- Power 

Reheat - Temp In 
- Temp Out 
- Power 

Evaporator - Temp In 
- Temp Out 
- Power Each Unit 

Pumps - Number and Type 

Receiver - Size and Type 

Large Valves, 97 cm (38) Block 
97 cm (38) Check 
71 cm (28) Block 
61 cm (24) Control 
31 cm (12) Control 
25 cm (10) Control 

FORM 706-A REV 2-74 

Advanced Central Receiver 
Receiver Subsystem 

PAGE 2 of 14 
WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,T~~. FIRM 

OC (OF) 593 (1100) 
OC (OF) 462 (864) 
MWt 212 
OC (OF) 593 (1100) 
OC (OF) 62 (864) 

MWt 98 
OC (OF) 62 (864) 
OC {OF) 88 (550) 
ftl,lt 06.5 

1 

m x m ~2.8 x 22.8 
(ft x ft) K74.8 x 74.8) 

2 
1 
1 
1 

24 
1 

DATE 5/16/78 

REFERENCES ANO REMARKS 

Tube and Shell Hockey Stick 

Tube and Shell Hockey Stick 

Tube and Shell Hockey Stick 

Two Units 
Fixed Speed, Double Suction 
Centrifugal, Single Stage 
External 24 Panel 

CS, Riser and P1111p Return 
CS, Riser 
SS, Downcomer 
SS, Superheater Control 
SS, Receiver Panel Control 
SS, Reheater Control 
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ll'==- DESIGN DATA SHEET TITLE 281 ftlle Conmerci~l 
Advanced Central Rece1ver 

r.P~R:-::E~PA~R~E~D-::8~Y~------t-:A:-:P:=P-=Ro=:v~E::D:--::8::-Y---------1 Receiver Subsystem 

::: INO. ITEM 

Receiver Subsystem (Cont.} 
Large Pipe Length. 97 cm (38) 

52 cm (22) 

30 cm (12) 

Receiver Assembly 
Diameter 
Height 
Receiver Mid-Point Elevation 
Receiver Maximum Elevation 
Number of Absorber Panels 

ReceivH Weight 
Total 

Pressure Parts 
Absorber Panel 

Height · 
Width 
Dry Weight, Pressure Parts 
Number of Tubes 
Tube OD 
Tube IO 

FORM 706-A REV 2-74 

WBS NO. 

DESIGN POINT 
(,.~1,11111 UNIT I VALUE 

m {ft) E (1600) 
m (ft) 9 (1800) 

m (ft) (500) 

m (ft) r(74.8l m (ft) .8 (74.8) 

m (ft) 68 (879) 

m (ft) 0 (918) 

24 

Kg (lb} ,1! X 103 (1.34J; X 
0 } 

Kg (1 b} 

m (ft} ~2.8 (748) 
m (ft} .o (9.8) 

kg (1 b) 

cm (in.) 
cm (in.) 

NUMBER 

PAGE 3 Of 14 

DATE 5/16/78 

REFERENCES AND REMARKS 

cs 
CS and SS 
ss 

3.2 (1.25} 

2.9 (1.15} 
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.. --~ ......... --- DESIGN DATA SHEET TITLE 281 MWe Conmercial 
Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

::.1NO. ITEM 

Absorber Panel (Cont.) 
Tube Materia 1 

Solar Surface Coating 
Panel Insulation 
Thermal Expansion 
Absorptivity, Minimum 
Peak Heat Fl ux2 

(Btu/in -
sec) 

Outlet Temperature 
Inlet Temperature 
Maximum Tube Surface Temperature 

"Tower Assembly 
Construction 
Concrete Height 
Diameter - Base 

- Top 
Wall Thickness - Base 
- Top 

Mat - OD 
- ID 

- Thickness 

FORM 706-A REV 2•74 

WBS NO. 

DESIGN POINT 
UNIT 

cm (in.) 
cm (in.} 

flt,l/m2 

OC (OF} 
OC (OF) 
OC {OF} 

m (ft} 
m (ft) 
m (ft} 
m (ft) 
m (ft} 
m (ft} 
m (ft) 
m (ft) 

I 
VALUE 

CRES 304H 
Pyromark 
15.2 (6) 
18.3 (7.2} 
0.95 
1.60 

593 (1100} 
288 (550) 
635 (1175} 

248 (813) 
{130) 
(50} 
0.5 (1.7} 
0.3 (.9) 
61 (200) 

23 (75) 
4 (13) 

TATNE I FIRII 1-

NUMBER 

PAGE 4 of 14 
DATE 5/16/78 

REFERENCES ANO REMARKS 

Closed-Pore Fiberglass 
Flexible Tube Bends 

Slip Formed Concrete 
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<1111111 ... Atomics ~ DMolon 
., ... Rode.wet! lntemabonal DESIGN DATA SHEET TITLE 281 MWe Co111nercial 

Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

::: I NO. ITEM 

Riser 
Nominal·Pipe ID 

Nominal ·Wall Thickness 
Material 
Design Temperature 
Design Pressure ANSI B31.1 
Maximum Flow Rate 

Velocity at Maximum Flow Rate 

Downcomer 
Nominal Pipe ID 

Nomina,l Wall Thickness 
Material 
Design Temperature 
Design Pressure ANSI B31.1 
Maximum Flow Rate 

Velocity at Maximum Flow Rate 

Surge Tank 
Diameter 
Height 
Wall 

FORM 706-A REV 2-74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE i,.~. FIRM 

cm (in.) 197 (38) 
TBD 

cs 
OC (0F) 1371 {700) 

2.76 {400) 
kg/hf 10.2 x 106 
(lb/hr) (22.6 x 106) 
m/sec 4.42 
(ft/sec) {14.5) 

cm {in. ) I 52 { 22) 
TBD· 
304H 

0c {°F) j593 {1100) 
'2.76 {400) 

kg/hf 10.2 ~ 106 
{lb/hr) (22.6 x 106) 
m/sec 14.3 
{ft/sec) {46.9) 

m (ft) 
m {ft) 
cm {in.) 

7.6 (25) 
4.5 {15) 
1 (.5) 

NUMBER 

PAGE 5 of 14 
DATE 5/16/78 

REFERENCES ANO REMARKS 



l'T1 
(I) 
Ci) 
I ..... 

ID 
I 

N -
c'cf 
I _, .... o_ --

0::, 

8 
7'I:' 

N 

'l' =,=~ DESIGN DATA SHEET 
TITLE 281 MWe Conmercial !NUMBER 

Advanced Central Receiver 
Receiver Subsystem PREPARED BY 

::: INO. 

Receiver Pump 
Physical Description 

Quantity 
Number of Stages 
Height, w/motor 
Tank Size 
Inlet Nozzle 
Outlet Nozzle 
Dry Weight Pump 

Motor 
Size 

APPROVED BY 

ITEM 

Dimensions w/coupling 
Voltage 
Cooling 
Weight 

FORM 706-A REV 2•74 

PAGE F. nf 14 

WBS NO. DATE r:../1 F./7A 

I DESIGN POINT 
UNIT I VALUE ,~ I FIRM REFERENCES ANO REMARKS 

1 
1 I I I Double ·suction 

m (ft) 10·.6 (35) 
m (ft) 4 (13. 7) 
m (in.) 97 (38) 
m (in.) 97 (38) 
kg (lb) 117,132 (258,0fO) 

MW (hp) 13 (18,000) 
m (ft) 2.6/3.3 (8.6/lf) 
V 4160 

TBD 
kg (lb) 116 (30,000) 
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'l'==Olv-. DESIGN DATA SHEET 
TITLE 281 MWE COlllllercial 

Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

WBS NO. 

NEW I I 
I 

DESIGN POINT 
I TEii· REV. NO. ITEM 

UNIT I VALUE TATIVE I FIRM 

Pum2 02erating Conditions 
Developed Head Im {ft) 310 {1016) 
Flow Rate kg/hr 6 10.2 X 106 {lb/hr) 22.5 X 10 
Speed rpm 1130 
Temperature OC {OF) 288 {550) 
Sodium Volume m3 (gal) 10.3 (366) 
NPSH m {ft) 9.1 {30) 
Speed Control % Fixed Speed 
Pump Power ( ~ = 78%) kW (hp) 12.6 {17,000) 

Design Conditions 
Developed Head m {ft) 325 {1066) 
Flow Rate m3/s (gpm 3.8 {60,000) 
Speed rpm 1130 
Temperature OC {OF) 300 (600) 
NPSH (Minimum Required) m (ft) 9.1 {30) 
Code 

.J 
FORM 706-A REV 2-74 

NUMBER 

PAGE 7 of 14 
DATE 5[16/78 

REFERENCES ANO REMARKS 

Sect. VIII, Div. 1 



l'TI 
en cp ..., 
<O 
I 

N . 
?~ ........ 
N ..... ..... . 

&1 
0 
7<:" 

N 

'l'==o,_, DESIGN 
PREPARED BY APPROVED BY 

NEW 
REV. NO. ITEM 

Steam Generator-Evaporator 
Phisical Descrietion 

Quantity 
Type 
Height 

Width 
Shell diameter 
Heat Transfer Area 
Number of Tubes 
Tube Size 
Tube Wall Thickness 
Material 
Tubesheet Diameter/Thickness 
Weight 

. 

FOAM 706-A REV 2-74 

DATA SHEET 
TITLE~Ol l'IWe Cotrmerc,al NUMBER 

Advanced Central Receiver 
Receiver Subsystem 

PAGE 8 of 14 
was NO. DATE 5/16/78 

DESIGN POINT TEN-
REFERENCES ANO REMARKS TATM FIRM 

UNIT VALUE 

2 

Tube & Shell Hockey Stick 
m (ft} 29 (95) 
m (ft) 4.9 (16) 

' 
m (in.) 1.6 (62) 
m2 (ft2} 1812 (19500) For each unit 

1530 For each unit 
cm {in.) 1.6 {5/8) 
cm (in.) .21 (0.082) 

12-1/4 Cr - 1 Mc 

cm (in.) 157/36 (62/14) 
kg (ton) a2,ooo (9o) 
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4111-A--oiv-. 
.,._~ Rockwell lnter-nataonal DESIGN DATA SHEET TITLE281 MWe C01T111ercial 

Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

::: INO. ITEM 

Operating Conditions (Evaporator) 
Sodium Side: 
Flow 

Inlet Temperature 
Outlet Temperature 
Pressure Drop 
Duty Each Unit 
Water/Steam: 
Flow 

Inlet Temperature 
Outlet Temperature 
Pressure 
Pressure Drop 

Design Conditions: 
Pressure-Sodium Side 

Pressure-Steam Side 

Temperature 
Code 

FORM 706-A REV 2-74 

wes NO. 

DESIGN POINT I~ I FIRM I I 
UNIT VALUE 

kg/hr 6 6.8 .X 10
6 (lb/hr) (15 X 10 ) 

OC (OF) 462 (864) 
OC (OF) 288 (550) 

MN/m2 0.207 (30) 

MWt 206 I I I 
kg/hr 0.92 X 106 

(lb/hr) (2.02 X 106) 
OC (OF) 242 (468) 
OC (OF) 364 (687) 

MN/m2 19.50 (2830) 

MN/m2 2.07 (300) 
(psi) 

MN/m2 I 2.01 (3oo> 
(psi) 
MN/hr2 I 20 (2900) 
(psig) 
OC (OF) 1482 (900) 

I I I 

NUMBER 

PAGE O ,..~ 1n 

DATE 5/16/78 

REFERENCES ANO REMARKS 

2 Units 

ASME Section VIII, Div. 1 
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,4Jlil,. Atomics-~ 
., .... Rockwell lnternabOnal DESIGN DATA SHEET TITLE 281 MWe COlllllerci a 1 

Advanced Central Receiver 
Receiver Subsystem 

NUMBER 

PREPARED BY APPROVED BY 
PAGE 10 ...nf...J 4 

WBS NO. DATE 5/16/78 
:::. I NO. ITEM 

I DESIGN POINT 
UNIT I VALUE ,T~I flRN REFERENCES AND REMARKS 

Steam Generator - Superheater 
Physical Description 

Quantity 1 
Type I I I Tube & Shell Hockey-Stic~ 
Height m (ft) 27.7 (91) 
Width m (ft) 4.57 (15) 
Shell Diameter m (ft) 1.02 (40) 
Heat Transfer Area m2 (ft2) 735 (7920) 
Number of Tubes 620 
Tube Size cm (in.) 1.6 (5/8) 
Tube Wall Thickness cm {in.) 0.3 (0.135) 

' Material ss 316 
, Tubesheet Diameter/Thickness cm (in.) 1.01 X 28 (40 ~ 11 

Weight kg (ton) 38,000 (36) 

FORM 706-A REV 2-74 
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,1,--~ DESIGN DATA SHEET TITL~81 r-Me Conmercial NUMBER 
Rockwell lnternaoonal 

Advanced Central Receiver 
PREPARED BY APPROVED BY Receiver Subsystem 

PAGE 11 Of 14 
WBS NO. DATE 5/16/78 

NEW DESIGN POINT TEN· 
REV, NO. ITEM UNIT VALUE TATIVE flRtl REFERENCES ANO REMARKS 

Ooeratina Conditions - Suoerheater 
Sodil.111 Side: 
Flow kg/hr 4.6 X 106 

(lb/hr) (10.25 X 106) 

Inlet Temperature OC (OF) 594 (1100) 

Outlet Temperature OC (OF) 462 (864) 

Pressure Drop MN/m2 0.207 (30) 
(psi) 

Duty (MWt) 210 

Water/Steam: 
Flow kg/hr 9.2 X 105 

(lb/hr) (2.02 X 106) 
Inlet Temperature OC (OF) 353 (668) 
Outlet Temperature OC (OF) 538 (1000) 

Pressure MN/m2 17 (2500) 
(psig) 

Pressure Drop MN/m2 1.77 (256) 
(psi) 

FORM 706-A REV 2•74 
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'l'==-- DESIGN 
PREPARED BY APPROVED BY 

NEW 
NO. REV. ITEM 

Sul!erheater: (Continued) 
Design Conditions: 

Pressure-Sodium Side 

Pressure-Steam Side 

Temperature 
Code 

Steam Generator - Reheat 
Phvsical Descriotion 

Quantity 
Type 
Height 
Width 
Shell Diameter 
Heat Transfer Area 
Number of Tubes 
Tube Size 
Tube Wall Thickness 
Material 

FORM 706-A REV 2-74 

TITLE NUMBER DATA SHEET 281 MWe Conmercial 
Advanced Central Receiver 
Receiver Subsystem PAGE 12 Of 14 

WBS NO. DATE 5/16/78 
DESIGN POINT TEN• 

REFERENCES AND REMARKS TATM FIRM 
UNIT VALUE 

MN/m2 . 2.07 (300) 
(psig) 
MN/m2 19.3 (2800) 
(psig) 
OC (OF) 593 (1100) 

ASME, Section VIII, Division 1 

1 
Tube & Shell Hockey-Stick 

m (ft) 21. 9 (72) 
m (ft) 4.27 (14) 
m (ft) 1.02 (40) 
m2 (ft2) 521 (5610) 

264 
cm (in.) 3.49 (1-3/8) 
cm (in.) 0.28 (0.11) 

ss 316 
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411itr>Atom1cs--~ 
.,.,,. Aockwel lnteToahonal DESIGN DATA SHEET TITLE 281 MWe Conrilercial !NUMBER 

Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

NEW 
REV. INO. ITEM 

Reheat (Continued) 
Physical Description (Continued) 

Tubesheet Diameter/Thickness 
Weight 

Operating Conditions 
Sodium Side: 

Flow 

Inlet Temperature 
Outlet Temperature 
Pressure Drop 

Duty 
Water/Steam: 

Flow 

Inlet Temperature 
Outlet Temperature 
Pressure 

Pressure Drop 

FORM 706-A REV 2•74 

PAGE 13 Of 14 
WBS NO. DATE 5/16/78 

~ _ OESl~N POINT IT~~~ I FIRM 
UNIT VALUE REFERENCES ANO REMARKS 

cm (in.) I 10lx15 (40x6) 
kg (ton) · 36,000 (40) 

kg/hr 6 2.15 X 106 {lb/hr) 4.74 X 10 
OC {OF) 594 {1100) 
OC {OF) 462 {864) 
MN/m2 0.207 (30) 
{psi) 
MWt I 98 

kg/hr 8 X 105 
{ 1 b/hr) {17 .6 X 105) 
OC {OF) 342 {_647) 
OC {OF) 538 {1000) 
MN/m2 
(psig) 

3.36 {487) 

MN/m2 l .18 {26) 
(psi) 
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'l'==lllv-. DESIGN DATA SHEET TITLE281 MWe Comnercial 
Advanced Central Receiver 
Receiver Subsystem PREPARED BY APPROVED BY 

::: INO. 

Reheat (Continued) 
Design Conditions: 

ITEM 

Pressure-Sodium Side 

Pressure-Steam Side 

Temperature 
Code 

FORM 706-A REV 2-74 

was NO. 

I DESIGN POINT 
UNIT I VALUE I-~ I FIRM 

MN/m2 

(psig) 
MN/m2 

(psig) 
OC (of) 

2.07 (300) 

3.65 (530) 

593 (1100) 

NUMBER 

PAGE 141? nf 14 

DATE 5/ 16/78 

REFERENCES ANO REMARKS 

ASME, Section VIII, Division 1 



281 MWe COMMERCIAL PLANT 

THERMAL STORAGE SUBSYSTEM 

ALL-SODIUM STORAGE 

ESG-79-2, Vol II, Book 2 
D-19 
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.. --~ ....... ---- DESIGN DATA SHEET TITLE 281 MWe Conmercial 
Advanced Central Receiver 
Thennal Storage Subsystem PREPARED BY APPROVED BY 

::: INO. ITEM 

Thennal Storage Subsystem 
Storage Material 
Number of Tanks 
Thennal Storage Capacity 

Maximum ChJrging Rate 
Maximum Extraction Rate 
Time at Maximum Extraction Rate 
Weight of Sodium in Subsystem 

Temperature - Hot Tank Storage 
- Cold Tank Storage 

Pump - Number and Type 

Large Valves - 97 cm (38) Block 
- 52 cm (22) Drag 

Large Pipe Length - 97 cm (38) 
- 52 cm (22) 

FORM 706-A REV 2-74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ~:. FIRM 

Sodium 
2 

MWt hr I 2350 

MWt 
MWt 
hr 

kg (lb) 

OC (OF) 

OC (OF) 

m (ft) 
m (ft) 

1084 

723 

3 
6 22.16 X 10 6 (48.75 X 10) 

593 (1100) 
288 (550) 

1 

2 

1 

91 (300) 
122 l40o) 

NUMBER 

PAGE 1 _af_· r; 
DATE 5/16/78 

REFERENCES ANO REMARKS 

Includes 180MWth for Startup 
and Shutdown (15 min. 0 723 MWt) 

Variable Speed, Single Stage 
Centrifugal 
CS and SS 
ss 
CS, Standard Wall 
SS, Standard Wall 
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•1111---~ PJ..• RockweH lnternabonal DESIGN DATA SHEET TITLE 281 MWe Conmercial 
Advanced Central Receiver 
Thennal Storage Subsystem 

PREPARED BY APPROVED BY 

::: INO. ITEM 

Low Temperature Sodium Tank 
Number 
Type 
Diameter 
Height 
Wall Thickness 
Top:, 

Bottom 
Volume 

Tank Material 
Insulation, Roof and Walls 

Base Insulation 
Electric Preheat-Temperature 
Maintenance 
Low Sodium Temperature 
Ullage Maintenance Unit 
Ullage Pressure 
Pressurization Media 

FORM 706-A REV 2•74 

WBS NO. 

I DESIGN POINT 
UNIT I VALUE ,~~ I FIRM 

m (ft} 
m (ft} 

cm (in.} 
cm (in.} 
m3 (gal} 

1 

42.7 {140} 
213 (70} 

0.64 (0.25} 
4.4 (1.75) 
3.05 X 104 

(8.05 X 106) 

cm (in.) 15.2 (6) 

m (ft} I (3) 
kw I 274 

OC (OF) I 288 (550) 

Pa (psi} I 0.0069 (1) 

Argon 

NUMBER 

PAGE _2__Qf 5 

DATE 5/16/78 

REFERENCES ANO REMARKS 

Cylindrical API Type 

Carbon Steel 
Calcium Silicate with Aluminum 
Weather Protection 
Perlitic Concrete 



'1' =:,::=~ DESIGN DATA SHEET TITLE e omnerc1a !NUMBER 

Advanced Central Receiver 
PREPARED BY APPROVED BY Thennal Storage Subsystem 

PAGE 3 of 5 
WBS NO. I DATE 5/16/78 

NEW I I I DESIGN POINT I TEN· REV. NO. ITEM 
UNIT I VALUE TATIVE I FIRM I REFERENCES ANO REMARKS 

High Temeerature Sodium Tank 
Type I I Cylindrical 

API Type 
Diameter Im (ft) 142.7 (140) 

ITI Height m (ft) 21.3 (70) 
V, 
m Wall Thickness ' ..., 
'° Top cm (in.) 0.64 (0.25) I 
N .. Bottom cm (in.) 4.4 (1.75) 

C < 
m3 (gal) 3.05 X 104 ' 0 Volume Includes capacity for receiver N _. 

N (8.05 X 106) subsystem plus 10% ullage .... .... .. Tank Material Type 304 SS 
CD 
0 Insulation, Roof and Walls cm (in.) 30.5 (12} Calcium Silicate with Alumin1111 0 
~ Weather Protection 
N 

Base Insulation m (ft} 1 (3} Perlitic 
·concrete 

Electric Preheat~Temperature I kw 540 
Maintenance 
Number of High Temperature Tanks 1 I I 

High Sodium Temperature OC (OF} 593 (U00°F) 

Ullage Maintenance Unit Argon 

FORM 706-A REV ?-74 
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.. ~ __ .,.._ ....... Rock--- DESIGN DATA SHEET TITLE 281 tlle Colllnercial 
Advanced Central Receiver 
Thennal Storage Subsystem PREPARED BY 

:: fNO. 

-•STEAM GENERATOR PlJM> 

Physical Description 
Quantity 
Number of Stages 
Height. w/motor 
Tank Size 
Inlet Nozzle 
Outlet Nozzle 
Dry Weight. Pump 

1
Motor 

Size 

APPROVED BY 

ITEM 

Dimensions w/coupling 

Voltage 
Cooling 
Weight 

FORM 706-A REV 2•74 

was NO. 

I DESIGN POINT 
UNIT I VALUE I-~ I FIRII 

1 

1 
m (ft) 10 (34) 

m (ft) 1.6 (5.4) 
m (in.) 97 (38) 
m (in.) 71 {28) 

kg {lb) 14,.000 
(31.000) I I I 

MW (hp) 2.2 (3000) 
m (ft) 2.2 X 5 

(7.2 X 17) 
V 14160 

TBD 
kg (lb) I sss6 

(12,240) 

NUMBER 

PAGE 4 nf '-

DATE 5/16/78 

REFERENCES ANO REMARKS 



ITI en 
lj> ...., 
'° I 
N . 

Cj' ~ 
N _. .,. ... ... . 
r 
~ 

N 

'l'==-- DESIGN DATA SHEET TITLE 281 MWe Corrmercial 
Advanced Central Receiver 
Thennal Storage Subsystem 

NUMBER 

PREPARED BY APPROVED BY 
PAGE 

5 of 5 
WBS NO. DATE 5/16/78 

NEW I I DESIGN POINT TEN-
IIEV. NO. ITEM UNIT VALUE TATNE flRN REFERENCES ANO REMARKS 

Pum2 02erating Conditions 
Developed Head Im (ft) 65 (215) 
Flow Rate kg/hr 7 X 106 

(lb/hr) (15 X 106) 
Speed rpm 1160 
Temperature OC (OF) 593 (1100) 
Sodium Vohne m3 (gal) 8 (2000) 
NPSH m (ft) 9.1 (30) 

' Speed Control % 10-100 
Pump Power ( "1 = 85%) MW (hp) 2.64 (2510) 

Design Conditions 
Developed Kead tm (ft) 176 (250) 
Flow Rate m3/sec 2.63 (42.000) 

(gpm) 

Speed rpm 1160 

Temperature OC {OF) 593 (1100) 
NPSH (MiniDIIIII Required) m (ft) 7.6 (25) 
Code I I I S.ection VI II• Div. I 

FORM 706-A REV 2-74 



,1,==.=-- DESIGN DATA SHEET TITLE 281 MWe Coomercial NUMBER 

PREPARED 8Y APPROVED 8Y 

PAGE 

WBS NO. DATE 

IIEW DESIGN POINT TEii· REV. NO. ITEM 
UNIT VALUE TAlNE FIRM REFERENCES ANO REMARKS 

Drag Valve 
Location Upstream of High Temperature 

Sodiwn Storage Tank 
Type Babcock-Wilcox Drag Valve with ,,, Velocity Control Elements V) 

Ci) Type SL 11 J ...... 
\0 Size {nominal) inches 22 I 
N . Flow Rate m3/5 3.79 (60,000) 

0 < (gpm) I 0 N _. 
u, Pressure Rate mn/m2 2.24 {326) -- {psi) . 

a:, 
0 
0 

Pressure Rating mn/m2 3.44 {500) 
{psi) :,,:'" 

N Temperature OC {OF) 649 {1200) 
Flow Coefficient, Cv ~ 2.52 {3323) 

mn/m 
{gpm/ 
Vpsi) 

Operator Yes--Type TBD 
Insulation inches 8 Calcium Silicate 
Material Stainless Steel; lnconel 

Velocity Control Elements 
Pressure Class ANSI 2500 lb 

FORM 706-A REV 2-74 



281 MW COMMERCIAL PLANT 

COLLECTOR 

ESG-79-2, Vol II, Book 2 
D-26 
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'l'==.._ DESIGN DATA SHEET TITLE _ 
ADVANCED CENTRAL RECEIVER 
COLLECTOR SUBSYSTEM PREPARED BY APPROVED BY 
(281 MWe SYSTEM) 

was NO. 

NIW I I DESIGN POINT 
TEN" IIIV. NO. ITEM 

UNIT VALUE TATM!I FIIIII 

GENE.!!!:_ 

TOTAL FIELD AREA 10§..2 I 8.86 
(EXCLUDING CENTRAL EXCLUSION) (1o6 ft2) (95.3) 

NUMBER OF HELIOSTATS -- 40,591 

106m2 TOTAL MIRROR AREA 1.989 
(106 ft2) (21.4} 

PEAK POWER 8 950 w/ra2 MW 1,087 
ANNUAL COLLECTABLE ENERGY MWHt 2.685 X 106 

TOWER HEIGHT m (ft) 249.5 (J318} 
RECEIVER CENTERLINE ELEVATION m (ft) 268 (879} 
HELIOSTAT ARRANGEMENT -- RADIAL 

STAGGER 
AIM STRATEGY I -- IMUL TI POINT 

VERTICAL AIM 
PEAK RECEIVER HEAT FLUX ltftl/m2 I 1.60 

FORM 706-A REV 2•74 

NUMBER 

PAGE 1 Of 3 
DATE August 20, 1978 

REFERENCES AND REMARKS 
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'l'===oi.... DESIGN DATA SHEET TITLE 
ADVANCED CENTRAL RECEIVER 
COLLECTOR SUBSYSTEM 

PREPARED BY APPROVED BY 

NEW 
REV IND. 

HELIOSTAT 

REFLECTOR SHAPE 

REFLECTOR ENVELOPE 

MIRROR TYPE 

MIRROR AREA 

ITEM 

AVERAGE REFLECTIVITY 

DRIVE SYSTEM 
ELEVATION 

AZDIJTH 

REFLECTED BEAM ACCURACY 

DRIVE RATE 
ELEVATION 

AZIMUTH 

FOAM 106-A A~V 2•74 

(281 MWe SYSTEM) 

was NO. 

I DESIGN POINT 
UNIT I VALUE ,~ I ••11 

RECTANGULAR 

II , 7.38 X 7.42 
(ft) (24.21 X 24.33] 

SECOND SURFACE!, 
SILVERED 
FUSION/FLOAT 
LAMINATED 
GLASS 

.2 (ft2) 149.05 (528) 

0.91 

(mr) 

Deg/11fn 

Deg/11fn 

DUAL SCREW 
JACKS 
3 J, 480V ac 
HAIUl)NIC DRIVE 
3 9, 480V ac 

2.83 

15 

15 

NUMBER 

PAGE 2 Of 3 

DATE August 20, 1978 

REFERENCES ANO REMARKS 
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"l'==a- DESIGN DATA SHEET 
TITLE NUMBER 

ADVANCED CENTRAL RECEIVER 
PREPARED BY APPROVEO BY COLLECTOR SUBSYSTEM 

(281 MWe SYSTEM} PAGE 3 of 3 
WBS. NO. DATE August 20, 1978 

NEW DESIGN POINT TEN· IIEY. NO. ITEM 
UNIT VALUE TAIWE FIRN REFERENCES AND REMARKS 

CANT RANGE m (ft) 00 

ELECTRICAL DRAW 
MOTOR RUNNING (STEADY STATE) amp 1.5 
MOTOR START SURGE CURRENT amp 3.;0 

TIME AVERAGE POWER DRAW WATTS "'39 
(PER HELIOSTAT INCL ELECTRONICS) 

INDIVIDUAL HELIOSTAT AVAILABILITY -- 0.9999 

FIELD ELECTRONICS 

PRIMARY FEEDER POWER VOLTAGE 4160 

PRIMARY FEEDER CABLE AWG 14 
SECONDARY FEEDER POWER VOLTAGE 480 

DATA NETWORK -- FIBER OPTICS 
r 

I 
FORM 106-A REV 2•14 



281 MW COMMERCIAL PLANT 

ELECTRIC POWER GENERATION 

ESG-79-2. Vol II. Book 2 
D-30 
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-41 ... ---~ .,.,~ Rodwell ln1ernah0flal DESIGN DATA SHEET TITLE 281 MWe Conmercial 
Advanced Central Receiver 

NUMBER 

PREPARED BY APPROVED BY 

::: INO. ITEM 

Turbine 
Type 

Rating 

Initial Pressure 
Initial Temperature 
Reheat Terrperature 

Heater Extractions 
Shaft Speed 
Last Stage Bucket Size 
Throttle Flow Control Mode 
Heat Rate 

Generator 
Generator Rating 
Power Factor 
Output Voltage 
Frequency 
cooling 
Exciter 
Shaft Speed 

Condenser 
Type 
Surface 
Tube Material 
Tube Diameter OD 
Tube Wall Thickness, 20 BWG (m (in.}] 

FORM 706-A REV 2-74 

Electrical Power Generation!-__ -----------, PAGE Sub~stem 
WBS NO. 

I DESIGN POINT 
UNIT I VALUE IT~I FIRM 

fa (psig) 16.5 (2400} 
C (Of) 538 (1000} 

OC (Of) 538 (1000} 
kWe 312,200 

rpm 
cm (in.) 
Btu/KWH 

(kVA} 

volts 
Hz 

rpm 

7 

3,600 
85.1 (33. 5) 

7,907 

365 
0.9 

22,000 
60 

3,600 

m2 (ft2) lf~~978oo) 
iq-fo Copper-

28. 6 (1.125) 
0.89 (0.035} 

lof 3 
DATE 

REFERENCES ANO REMARKS 

Tandum Compound, Double-Flow, 
Extractroon, condensing Turbine 
"I= .4316 

Steam Generator/Turbine 
Coordinated Control 

Hydrogen Cooled 
Static Excitation System 

Shell and Tube, 2-Pass 

ASTM 8111, Alloy 706 
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Condenser (Continued) 

Tube Length, Effect 
Condenser Pressure 
Heat Rejection 
Cooling Water Flow 
Water Velocity 
Cooling Water In 
Cooling Water Out 
Condenser Air Removal 

Cooling Tower 
Quant;ty 
Type 
Number of Cells 
Fan Motor Size 
Design Wet Bulb Temperature 

Cold Water Temperature 
Hot Water Temperature 

Circulating Water Flow 

Heat Rejection 

FORM 706-A REV 2-74 

Electrical Power Generation I I 
Subsystem PAGE 2 of 3 

WBS NO. 

I DESIGN POINT 

UNIT I VALUE ,~' FIRM 

[m (ft)] 
[kPa (in.-HgA)] 
[MW (Btu/hr)] 
[m3/s (gpmn 
[m/s (fps)] 
[OC (OF)] 
[OC (OF)] 

[kW (hp)] 
[OC (OF)] 

[OC (OF)] 

(°c (°F)] 

[m3/s (gpm)] 
[MW (B.tu/hr}] 

9.75 (32.0) 
6.77 (2.0) 
453 (1546 X 10 6 

16.8 (266,500) 
2.1 (7.0) 
28.9 (84.0} 
35.3 (95.6} 

1 

15 
5-150 (200} 
23 (74.0} 
28.9 (84.0} 
35.3 (95.6} 
17.4 (275,800) 
469 ( 1600 X 106 

DATE 

REFERENCES AND REMARKS 

Mechanical Vacuum Pump 
(2-full capacity) 

Mechanical Draft, Cross Flow 
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WBS NO. DATE 
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I DESIGN POINT 

UNIT I VALUE 1,.~. FIRM REFERENCES ANO REMARKS 

Feedwater Heaters 
Low Pressure Heater Number 

Deaerator Nl.lllber 

High Pressure Heaters Number 

Feedwater Treatment 
Equipment 
- Inline Polishing Demineralizers 
- Makeup Water Demineralizers 
Chemicals 
- pH Control 
- Oxygen Scavenger 

FORM 706-A REV 2-74 

3 

•·· 
1 

3 

Horizontal. Stainless Steel 
Tubes, Carbon Steel Shell with 
Drain Cooler, Maximum Tube Side 
Pressure: 2.2 kPa (315 psia) 
Stainless Steel Trays and Vent 
Condenser, Carbon Steel Shell, 
Horizontal Condensate Storage 
Section 165 m3 (43,600 gal) 
Pressure Rating; 0.45 MPa 
(65 psia) 
Horizontal, Carbon Steel Tubes, 
Carbon Steel Shell with Drain 
Cooler, Maximum Tube Side Pres­
sure: 27.6 MPa (4,000 psia) 

2 Full-Capacity Units 
2 Full-Capacity Units 

Anlllonia 
Hydrazine 
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N(W DESIGN POINT TtN• .,,, NO. ITEM 
UNIT VALUE TATM FIIIN 

N 1 PLANT CENTRAL CONTROL CONSOLE (1) 
LENGTH FT. 25 X 
DEPTH FT. 2 X 
HEIGHT FT. 4 X 

N 2 CONTROL PROCESSORS (6J 
THROUGHPUT KOPS/SEC 350 X 

PRIMARY STORAGE CAPACITI 16BIT WORD 48,000 X 
N 3 SECONDARY CONTROL PROCESSOR STORAGE (6) 

CAPACITY MEGABITS .25 X 
ACCESS TIME MSEC. 35 X 
LATENCY MSEC. 15 X 

N 4 HARDCOPY LOGGER (2) 
CHARACTERS PER LINE 132 X 
SPEED LINES/MIN 300 X 

N 5 RECORDERS, MAGNETIC (2) 
DENSITY ~ITS/INCH 500/800 X 
SPEED IN/SEC 45 

N 6 SAFING - CONTROL PANEL (1) TDD TBD 
N 7 SERIAL DIGITAL DATA BUS (2) 

THROUGHPUT KOITS/SEC 1500 X 
COLOR CRT DISPLAYS (6) N 8 

256 X 512 RASTER SCAN NO. LINES X 
COLORS NO. 4 

r CJIIM IOll•A ALV 1,U 

NUMBER 

PAGE 1 
DATE 8-21-78 

REFERENCES AND REMARKS 

-
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N 9 PIO CONTROLLERS (100) 
MICROPROCESSOR LOOP UPDATE RATE PER SEC. 3 X 

SCALING s 0 - 100 X 
RESOLUTION BITS 12 
OUTPUT MV 4-20 

N 10 DISCRETE CONTRO_LLERS (125) 
RESOLUTION BITS 12 X 
OUTPUT MV 4 - 20 

N ~1 ANALOG DATA ACQUISITION (350) X 
NORMAL RATE CHAN/SEC 350 
EMERGENCY RATE .CHAN/SEC 200,000 
RESOLUTION BITS 12 
MULTIPLEXING TYPE SEQUENTIAL 

N ,2 ANALOG OUTPUTS (TOD) TBD TBD X 

N l3 CLOSED CIRCUIT TELEVISION (4) X 
MONITOR SIZE IN 19 
CAMERA TBO TBD 
AUTO PAN/TILT DEGREES 90 
ZOOM TBD TBD 

N 4 UNINTERRUPTIBLE POWER SOURCE 
10 INPUT VAC 115 + lOS . 

REGULATED 10 OUTPUT VAC 115 +·2S 
STORAGE BATTERY HRS .5' 

CAPACITY 
DERATED POHER KVA TBD 

··•• .... A DI. V ,.,. 

NUMBER 

PAGE 2 
DATE 8-21-78 
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N ~5 TIME OF DAY REFERENCE 
INPUT-WWV SYNCH. HERTZ 1000 X 
OUTPUT - TIME OF 

DAY BCD FORMAT BITS 32 X 

N 6 ANNUNCIATOR PANEL FUNCTION~ 25 X 

N 17 LOCAL WEATHER STATION WIND X 
BAROMETRIC PRESSURE MPH 80 

DEGREES 360 
HUMIDITY IN/HG 26 - 34 
SOLAR RADIATION PERCENT /REI 0 - 100 
PRECIPITATION 9M/CM2/MIN .36 - 2.0 MICROI S 
TEMPERATURE IN 20· 

DEG F -15, +50 
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NUMBER 
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I. INTRODUCTION 

This study considers various aspects of the steam generator system for 
the Advanced Central Receiver Power System (ACRPS). The ACRPS employs sodium 
as a heat transfer medium, so the steam operators are sodium heated, Require­
ments for the steam generator system are somewhat similar to those of the 
Liquid Metal Fast Breeder Reactor (LMFBR) systems resulting in a broad base 

for design of the steam generator system for the ACRPS. However, the ACRPS 
steam generator application places some new requirements on the steam gener­
ator system and on the steam generator modules in particular. These re­
quirements in the areas of steam cycle, transients, startup/shutdown, and 
component design are discussed in this report .. 

II. STEAM CYCLE CONSIDERATIONS 

A. PAST TRADE STUDIES 

Previous trade studies and applicable reports on the subject of re­
heat and steam cycle selection were reviewed. The earlier AI studies 
always showed the sodium reheat cycle to be .the most advantageous, but the 
desire for a high probability of success led DOE to select a non-reheat 
cycle approach in 1972 for the demonstration plant. Since that time sodium 
reheat has not been seriously considered by AI for LMFBR application. A 
brief synopsis of several reports and trade studies follows. 

1. "Reheat vs Nonreheat Trade Study," November 1971 (Reference 1) 

This trade study compared sodium reheat, steam reheat, and nonreheat 
cycles with the objective of presenting relative merits regarding the 
selection of the steam cycle for the FBR Demonstration Plant. The sodium 
reheat cycle was shown to have advantages relative to (1) efficiency and 
(2) capital and operating costs relative to· the steam reheat and nonre­
heat. The steam reheat cyele traded off risk in sodium components for risk 
in steam components, while the nonreheat cycle was shown to have·an advan­
tage in control and operational simplicity. 

FORM 719.P REI( 3.75 

ESG-79-2, Vo 1 II, Book 2 

E-4 



Atomics International NO N272Tl000002 
PAGE 3 

The study considered five cycles: 

1) sodium reheat (2500 psig/900°F/900°F) 

2) live steam reheat (2400 psig/900°F/635°F) 

3) extraction steam reheat (2400 psig/9oo°F/600°F) 

4) no reheat (2400 psig/9oo°F) 

5) no reheat (1450 psig/90o°F) 

The fourth cycle, high pressure/nonreheat. was eliminated due to required 
turbine development and extemal moisture separator complexity required 
for that cycle. The fifth cycle, low pressure/nonreheat, was found to re­
quire the minimum overall sodium-to-steam heat transfer surface area due to 
larger sodium-to-steam temperature difference. 

It was concluded that the only cycle considered that could employ a 
standard turbine was the sodium reheat cycle. The other cycles would 
require significant changes to standard turbine designs. 

The report also sunmar1zed previous studies, showing that most prior 
studies had concluded that conmercial plants should employ sodium reheat 
because of improved overall economics. This sunmary is presented 1n 
Table 1. 

2. "Status of LMFBR Reheat in Western Europe - 1972" (Reference 2) 

This trip report discuiised the findings of a US delegation during a 
trip to France, Germany, Netherlands, and UK. The purpose of the trip was 
to determine the status of European LMFBR sodium/steam cycles as input to 
US selection for the Demonstration Plant (CRBRP). 

Initial use of sodium reheat by the Europeans was based upon the 
availability of turbines. (As noted in the prior trade study, sodium 
reheat was necessary to utilize a standard turbine.) Subsequent re­
evaluation of the selection of sodium reheat was made by the SNR con­
sortium and the French, and showed both economic and reliability advantages 

FORM 711.P REI( 3.75 
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of steam reheat over sodium reheat. Nonreheat was considered too costly an_ 
option. 

Turbine development for steam reheat was not considered to be a sig­
nificant problem, and in fact a steam reheat turbine was considered to be 
lower in cost than a sodium reheat turbine. 

3. "Steam Pressure Selection for Demonstration Plant," 
January 1973 (Reference 3) 

This trade study assessed the effects of steam pressure on the steam 
generator design and performance, and ·reconmended a reference AI steam 
pressure for CRBRP. Sodium reheat was excluded from consideration, but not 
based upon Al's technical conclusions. Nonreheat, extraction-steam reheat, 
and main-stream reheat were considered. Steam pressures of 1450, 1800 and 
2400 were considered. 

The recommended steam cycle for the Demonstration Plant was 
2400 psig/900°F with extraction-steam reheat. The second choice was the 
1450 psig/9oo°F nonreheat cycle (which was selected for CRBRP by WARD). 

Main-steam reheat was rejected because of the opinion that the higher 
temperature and pressure moisture separator/steam reheater design represented 
considerable extrllpolation from proven LWR experience. High pressure (above 
1800 psi) nonreheat was rejected because of high moisture in the turbine 
exhaust. 

4. "PLBR/CBR Design Point Trade Study," July 1976 (Reference 4) 

This trade study selected the design point for PLBR, Phases I and 11. 
The design point was selected based upon detailed evaluation of economics, 
safety and lfcensabflfty, reliability and availability, maintainability, 
inspectability, operability, risk, development requirements, and schedule. 
From a consideration of all these constraints, reactor outlet temperature, 
steam cycle, and material selections were made. Reactor outlet temperature 
was the dominant feature selected, and steam cycle was selected second. The 
steam cycle studies excluded sodium reheat, as a result of the general 
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swing away from sodium reheat throughout the world, and the desire of DOE 
not to consider sodium reheat for the comnercial LMFBR program. Steam 
reheat and nonreheat cycles were considered ranging in steam pressure from 
1300 to 2400 psig and in steam temperature from 750 to 9so°F. 

The selection of reactor outlet temperature included consideration of 
overall economics, fuel cycle cost and breeding gain variations, upper 
internals considerations, reliability and availability, maintainability, 
and structural analysis. Economics, including fuel cycle costs and the 
effects of unavailability and inelastic analysis, favored operation at the 
highest possible reactor outlet tell1)erature {lOSo°F). Optimizing the 
breeding gain for mature CBR's with advanced cladding alloys suggested a 
reactor outlet temperature of about 940-950°F. Upper internals problems 
favored low temperature operation. The component activity due to·mass 
transfer in the primary loop is minimized at low reactor outlet tempera­
tures. The design flexibility consideration suggested a reactor outlet 
temperature of 9S0°F or lower. Also, the plant should generally be easier 
to license at lower temperatures. -Considering all these ~actors, a re­
actor outlet temperature of 9S0°F was selected for PLBR/CBR as the best 
compromise. {Subsequent program. decisions modified this number to 93o°F.) 

Economic optima for the various steam cycles studied are shown in 
Figure 1. For the recommended PLBR/CBR reactor outlet temperatures of 
9S0°F, optimum economics narrow the desirable steam cycles t~ those with 
the following turbine conditions: 

1) 2400 psig/800-8S0°F steam 

2) 1800 psig/800-85o°F steam 

3) 1100 psig/saturated steam 

The prime advantage of the 1100 psi cycle is that is uses available 
LWRt:urbine technology. However, this cycle was rejected because of (1) 
the desire to utilize the developed LMFBR steam generator technology, (2) 
to minimize steam generator tube wall thennal stress, and (3) to minimize 
thermal pollution. 
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In the remaining cycles, sso°F steam is preferred over soo°F steam 
because thermal stresses, thermal pollution arid plant control requirements 
are minimized. Factors affecting the pressure selection include relative 
economics, steam generator tube-to-tubesheet weldability and turbine 
generator availability. Relative economics, as seen in Figure 1, slightly 
favor the 2400 psi cycle (5.5 x 106 1976 dollars). Only Allis Chalmers 
has indicated interest in developing a large 1800 psi/850°F tandem com­
pound turbine for delivery to PLBR/CBR whereas Allis Chalmers, GE, and 
Westinghouse all indicated that. they could supply 2400 psi tandem compound 
turbines. Therefore, it appears at present that a 2400 psi/8S0°F turbine 
with steam reheat would be preferrable. (Subsequent program decisions re­
sulted in a selection of 2200 psig/850°F steam conditions.)·· 

8. CONSIDERATIONS FOR ARCPS STEAM CYCLE SELECTION 

Due to the relatively high capital cost of the ARCPS, high efficiency 
is a strict necessity. For this reason, high temperatures and sodium re­
heat are strongly favored. The selection of the 2200 psi/850°F steam 
cycle with steam reheat for PLBR is based upon significantly different re­
quirements, and thus is not necessarily indicative of the direction in 
which the ARCPS stream system should proceed. 

Consideration of four factors is made here for use in steam cycle 
selection in the ARCPS: 

1) Steam generator material selection 

2) Effect of sodium reheat/steam reheat/non reheat 

3) Benson vs Sulzer Cycle 

4) Steam cycle pressure 

1. Steam Generator Material 

Th.e structural materials listed in Table 2 are considered as candidate 
materials for steam generator construction. Reviews of alternate structural 
materials are given in References 4, 5, and 6. The selection of material 
for the ARCPS steam generator modules is more difficult than for the current 
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TABLE 2 
STRUCTURAL MATERIAL CANIOATES 

2-~ Cr - 1 Mo, unstabilized 
Advanced Ferritics (9 Cr) 

304 stainless steel 
316 stainless steel 

Nickel Base Alloy 800 H 

generation of LMFBR's since the trend there is to lower temperatures (<900°F) 
in the steam generator system, while for ARCPS the desired temperatures are 
ll00°F sodium and l000°F steam. 

Unstabilized 2-1/4 Cr - 1 Mo ferritic material has had the greatest 
application inlMFBR steam generators both in the U.S. and abroad. This 
is due to its excellent chloride stress corrosion cracking (SCC) resistance, 
thermal properties, relative economics, and experience. It is ASME coded to 
1200°F, but due to poor properties at the higher temperatures it has little 
design application for normal operating temperatures in excess of 9S0°F. For 
this reason, it is unacceptable as a material in the ACRPS steam-generator 
modules except for use in an evaporator module. 

Advanced ferritic materials have been extensively used in European 
steam generators. The advanced ferritic alloys of interest are 8-14%-Cr. 
Specifically, the European alloys are 9 Cr alloys (R-8 and EM-12) and 
12 Cr alloys (HT-9). A development program (Reference 6) at CE is being 
conducted to optimize the 9-12 Cr ferritic steel composition. CE has 
found that EM-12 and HT-9 have excessively low ductility. This and other 
factors such as poor weldability and higher Cr usage have eliminated the 
12 Cr alloy from consideration. At present, the CE study ·indicated 
9 Cr - 1 Mo to be the preferred candidate. 

The advanced ferritic 9 Cr - 1 Mo appears to be an attractive alter­
nate to 2-1/4 Cr - 1 Mo for temperatures in excess of "'900°F. The limiting 
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design temperature for 9 Cr - l Mo is higher than that for 2-1/4 Cr - 1 Mo, 
but may not be much over 1000°.F. Thus, it is not clear whether the 
9 Cr - 1 Mo alloy would be acceptable for other than evaporator application. 
In addition, 9 Cr - 1 Mo will probably take 5-10 years to develop· as an 
ASME Section III Class 1 material. While the steam generator for the ACRPS 
system will probably be designed to Section VIII of the code, critical 
components in the steam-sodium pressure boundary will be analyzed to- the 
intent of 1592, so a complete set of material properties will be required. 
Advantages of 9 Cr - 1 Mo relative to 2-1/4 Cr - 1 Mo include similar sec 
resistance, higher strength, similar conductivity, and less inelastic 
analysis. 

The austenftfc materials, types 316 and 304 stainless steel, are 
excellent materials for the ARCPS steam generators from the standpoint of 
the high operating temperature. In addition, they are state-of-the-art 
steels with well established records.· A significant problem exists with 
austenftic materials - they are prone to chloride and caustic sec. This 
requires that if they are used in a steam generator application, careful 
consideration must be given to water chemistry. Slight through wall cracks 
in a sodium-heated steam generator have been shown to grow, and eventually 
lead to sudden large leaks (Reference 7). Under normal operating con­
ditions the feedwater in a plant can be controlled to maintain very low 
chlorine content, ·but off normal operation and startup would make use of 
austenitics in the evaporator module unwise. The use of austenftfcs would 
be feasible in a superheater or reheater unit ff special precautions were 
taken. Since chlorine is almost 1nsoluable in steam, a steam separator 
could be used to minimize the amount of carryover by water droplets from 
the evaporator to the superheater. In addition, protective sleeves could 
be used in the steam inlet end of the superheater and reheater to collect 
the remaining chloride carried over into these units. 

The nickel based alloy 800H provides both elevated temperature 
strength and improved resistance to chloride stress-corrosion cracking. 
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The resistance to sec is higher than that of the austenitics, but worse than 
that of 2-1/4 Cr - 1 Mo. Thus, it would seem that the same sec protective 
measures would be taken for alloy 800H as would be applicable to the 
austenitics. Also, the cost of alloy 800H is significantly greater than that 
of the other materials. While prototype material costs would not vary 
significantly with alloy selection, the costs for multiple plant unit type 
production are expected to vary as shown in Table 3. Material costs for 
alloy_800H appear to be excessive, and alloy 800H doesn't appear to have a 
significant advantage over stainless steel. 

Considerations for material selection are su11111arized in Table 4. 

TABLE 3 
RELATIVE MATERIAL COSTS 

Material 

2-1/4 Cr - 1 Mo 

9 Cr - 1 Mo 
316 stainless steel/304 stainless steel 
Alloy 800H 

2. Reheat 

Material Cost 

. 1.0 (base) 
2.0 
2.0 
6.0 

Fabrication Cost 

1.0 (base) 
1.0 
0.8 
0.8 

Reheat, and in particular sodium reheat, is evaluated in this study 
from the standpoint of its effect on steam generator design. Sodium reheat 
is considered necessary, along with high inlet temperatures, to produce high 
efficiencies and minimize the capital cost of the plant. The steam cycles 
considered in this study have gross efficiencies from 42 to 44%, utilizing 
1100°F sodium to produce 1000°F steam and a single reheat. 

The use of a second, low pressure reheat stage could be employed to 
boost efficiency, or alternatively decrease sodium temperatures without 
decreasing efficiency. For example, a cycle has been designed (Reference 
8) that would produce 42% efficiency wtth a sodium inlet temperature of 
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Yes N . 
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goo°F and two reheat stages. Such a cycle would allow use of 2-1/4 Cr -
1 Mo throughout much of the sodium systems, but would increase the size 
of the heat storage system. Additionally, the low pressure reheater 
would require a new design, perhaps looking similar to a FFTF DHX, and 
the turbine may require development if a second reheat stage is not 
standard. 

3. Optimization 

Optimization studies were performed for three representative steam L 

cycles selected from Reference 9, which are presented in Table 5. The 
cycles are called the 2400, ·1soo, and 1450 psig cycles in this report. 
The steam generator module designs were optimized for these three cycles 
on the basis of capital cost. The steam generator designs were calculated 
using the STEAM subroutine of SOC-II, and the capital cost were calculated 
with the COSTSG subroutine of SOC-II (Reference 10). The following 
assumptions were made in the optimization process: 

1) Evaporator material is 2-1/4 Cr - 1 Mo. 

2) Reheater and superheater material is either 316 SS or I-800H. 

3) Only costs considered are the evaporator, superheater, and 
sodium reheater. 

4) The efficiency with and without sodium reheat is assumed 
the same for purposes of sizing and costing the steam 
generator modules since this information was not 
available. This produces a maximum error of 5%.for a 
2% efficiency improvement. 

Three system arrangements were employed, as shown in Figure.2. 
For sodium reheat, only a separate evaporator/superheater arrangement was 
considered, since the inlet steam temperature to the reheater is signifi­
cantly hotter than the desired sodium cold leg temperature (550°FJ. The 
separate evaporator and superheater concepts are called Sulzer arrange­
ments, although these cycles ~ould be operated in either the once through 
(i.e., slight superheat in the evaporator) or in the True Sulzer Mode 
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FIGURE2 
ALTERNATIVE SYSTEM ARRANGEMENTS 
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TABLE 5 
STEAM CYCLES CONSIDERED 

Cycle# (Reference 10) 1 2 6 

Throttle Pressure (psig) 1450 1800 2400 

Throttle 1emperature (°F) 1000 1000 1000 

Throttle Flow (lbm/h) 776.417 765.396 762.350 

Reheat Pressure (psig) 374.1 440.6 528.7 

Reheat Temperature (°F) 1000 1000 1000 

Reheat Flow (lbm/h) 681.474 668.601 671.385 

Final Feedwater Temperature (°F) 433.1 449.7 467.5 

Gross Cycle Efficiency(%) 42.25 43.09 43.94 

(5-10% moisture in the evaporator exit steam). The combined evaporator and 
superheater arrangement is called the Benson arrangement. Temperature pro­
files for the with and without sodium reheat are presented 1n Figure 2A. 

Results of the economic evaluation for· steam pressure. Benson vs 
Sulzer. sodium reheat. and superheater/reheater material are shown in 
Figure 3 and Table 6. Figure 3 su11111arizes the economic trends for the six 
variations of the above variables. Sodium reheat is shown to cost an 
additional $1 - 3 million in module costs. but this does not take into 
account other system costs. such a~ sodium valves (for the sodium reheat 
cases) nor the loss in efficiency. higher turbine cost. or steam reheater 
costs (for the non-sodium reheat cases). For non-sodium reheat. the 
Sulzer arrangement is most attractive economically. since it can employ 
a 2-1/4 Cr - l·Mo evaporator. where as the steam generator unit in the 
Benson arrangement is all of I-BOOH or Type 316 stainless steel. Alloy 
800H is significantly more expensive. by $1-4 million. than Type 316 
stainless steel as a material for construction in the superheater and 
reheater modules. 
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FIGURE 2A 
STEAM GENERATOR 
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FIGURE 3. 
ECONOMIC COMPARISONS AS 

FUNCTION OF STEAM PRESSURE 
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Table 6 gives a breakdown of the module costs for each option 
considered as well as sizing information. Optimum tube sizes are shown in 
the table for each case. Due to the high temperature of operation, the 
tube wall thicknesses for the superheater are significantly greater 
(20-30%) with the Type 316 stainless steel material than the wall thick­
ness that is welded on the CRBRP steam generator (0.109-in) with an auto­
genous - butt weld from the ID. Tube-to-tubesheet weld development is 
probably necessary for either Type 316 stainless steel or I-BOOH, but 
additional measures such as using larger than optimum diameter tubes 
may be necessary for the Type 316 stainless steel superheater. 

Results of an evaluation of sodium loop ~T as it affects the steam 
generator module cost are shown in Figure 4 and Table 7. Economics 
tends to favor the lower steam pressure due to the larger sodium-steam 
temperature difference that exists at saturation in the evaporator. For 
the same reason, the lower sodium loop ~T (higher cold leg temperature) 
is favored. 

III. OPERATING CONSIDERATIONS 

A. NORMAL POWER OPERATION 

Normal power operation of the solar plant steam generator system 
will be desirable over a wide load range, probably 20-100% power. The 
steam generator modules should have no difficulty achieving this require­
ment, but the lower limit in operating range will probably be set by 
flow meters. pumps. and valves. In the solar plant, the sodium inlet 
temperature to the steam generator system is essentially fixed at 
storage temperature, or noo°F, for normal power operation, and sodium 
flowrate can be adjusted for part power operation. 

For the Sulzer cycle, operation at part power will result in the 
outlet steam temperature approaching the sodium inlet temperature (because 
sodium inlet temperature is fixed). 
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FIGURE 4. 
EFFECT OF LOOP 6T ON STEAM 

GENERATOR ECONOMICS 
(1100°F HOT LEG) 
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Benson/ Sodi1111 
Sulzer"' Reheat 

Sulzer Yes 

Sulzer Yes 
Sulzer Yes 
Sulzer Yes 
Sulzer Yes 
Sulzer Yes 

Sulzer No 

Sulzer No 
Sulzer No 

Sulzer No 

Sulzer No 
Sulzer No 

Benson No 

Benson No 
Benson No 
Benson No 
Benson No 
Benson No 

* 

TABLE 6 
DESIGN AND ECONOMIC OPTIMIZATION SUMMARY 

(Sheet 1 of 2) 

Material OptfRIIIII Tube Sfze 
Steam 

EV SH RH Pressure EV SH RH 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 2400 5/8 X 0.082 5/8 X 0.135 1-3/8 X 0.110 
2~1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1800 5/8 X 0.075 3/4 X 0.132 1-1/2 X 0.107 
2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 5/8 X 0.070 7/8 X 0.132 1-3/4 X 0.108 
2-1/4 Cr - 1 Mo 1800H 1800H 2400 5/8 X 0.1)82 5/8 X 0.123 1-1/4 X 0.096 
2-1/4 Cr - 1 Mo 1800H 1800H 1800 5/8 X 0.075 3/4 X 0.121 1-1/2 X 0.098 
2-1/4 Cr - 1 Mo 1800H 1800H 1450 5/8 X 0.070 3/4 X 0.112 1-1/2 X 0.093 
2-1/4 Cr - 1 Mo Type 316 SS - 2400 5/8 X 0.091 5/8 X 0.135 -
2-1/4 Cr - 1 Mo Type 316 SS - 1800 5/8 X 0.087 3/4 X 0.132 -
2-1/4 Cr - 1 Mo Type 316 SS - 1450 3/4 X 0.092 3/4 X 0.122 -
2-1/4 Cr - 1 Mo 1800H - 2400 5/8 X 0.091 5/8 X 0.123 -
2-1/4 Cr - 1 Mo 1800H - 1800 5/8 X 0.087 5/8 X 0.111 -
2-1/4 Cr - I Mo 1800H - 1450 3/4 X 0.092 3/4 X 0.112 -

Type 326 SS - 2400 5/8 X 0.135 -
Type 326 SS - 1800 5/8 X 0.121 -
Type 326 SS - 1450 .5/8 X 0.113 -

1800H - 2400 5/8 X 0.123 -
1800H - 1800 5/8 X 0.111 -
1800H - 1450 5/8 X 0.103 -

Used to denote cori>fned SH/EV or separate EV and SH 

OptilllUIII 
Tube len'th Nuimer Tubes 

(Active 
EV SH RH EV SH RH 

78.1 77.7 58.3 1491 376 160 
78.1 67.6 52.9 1100 276 156 
78.3 67.1 56.9 775 220 132 
78.1 78.4 52.4 1491 367 192 
78.1 71.7 53.6 1100 252 152 
78.3 55.4 47.1 775 296 184 

78.5 65.4 - 874 444 -
77.9 59.8 - 866 320 -
78.0 46.9 - 684 372 -
78.5 71.3 - 874 392 -
77.9 46.7 - 866 464 -
78.0 49.8 - 684 340 -

77.8 - 1868 -
77.8 - 1658 -
78.2 - 1322 -
77.6 - 1846 -
78.0 - 1632 -
78.l - 1301 -
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Benson/ Sodf..n 
Sulzer* Reheat 

Sulzer Yes 

Sulzer Yes 

Sulzer Yes 

Sulzer Yes 

Sulzer Yes 

Sulzer Yes 

Sulzer No 

Sulzer No 

Sulzer No 

Sulzer No 

Sulzer No 

Sulzer No 

Benson No 

Benson No 

Benson No 

Benson No 

Benson . No 

Benson No 

TABLE 6 
DESIGN AND ECONOMIC OPTIMIZATION SUllttARY 

(Sheet 2 of 2) 

H.T. Area 
Material Shell Diameter (Ft3 X 10•3) 

Steam 
EV SH RH Pressure EV SH RH 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 2400 54.4 31.3 31.0 19.1 4.B 3.4 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1800 48.1 30.5 32.3 14.1 3.7 3.2 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 42.3 30.3 33.3 9.9 3.4 3.4 

2-1/4 Cr - 1 Mo IBOOH IBO0H 2400 54.4 31.1 31.5 19.1 4.7 3.3 

2-1/4 Cr - 1 Mo IBOOH 1800H 1800 48.1 29.6 31.9 14.1 3.5 3.2 

2-1/4 Cr - 1 Mo 1800H 1800H 1450 42.3 31.3 34.6 9.9 3.2 3,4 

2-1/4 Cr - 1 Mo Type 316 SS - 2400 44.0 35.0 - 11.2 4.8 -
2-1/4 Cr - 1 Mo Type 316 SS - 1800 43.9 34.7 - 11.0 3.8 -
2-1/4 Cr - l Mo Type 316 SS - 1450 43.7 35.6 - 10.5 3.4 -
2-1/4 Cr - 1 Mo 1800H - 2400 44.0 34.0 - 11.2 4.6 -
2-1/4 Cr - 1 Mo 1800H - 1800 43.9 35.6 - 16.0 3.5 -
2-1/4 Cr - 1 Mo • 1800H - 1450 43.7 35.3 - 10.5 3.3 -

Type 316 SS - 2400 60.0 - 23.8 

Type 316 SS - 1800 57 .1 - 21.1 

Type 316 SS - 1450 52.1 - 16.9 

1800H - 2400 59.7 - 23.4 

1800H - 1800 56.7 - 20.8 

1800H - 1450 51.8 - 16.6 

"tlsed to denote combined SH/EV or separate EV and SH. 

Capital Cost 

Total EV SH RH Total 

27.3 3.38 1.51 1.30 6.19 

21.0 2.70 1.33 1.32 5.35 

16.7 2.09 1.23 1.30 4.62 

27.1 3.38 2.74 2.40 8.52 

20.8 2.70 2.36 2.47 7.53 

16.5 2.09 2.19 2.43 6.71 

16.0 2.36 1.65 - 4.01 

14.8 2.33 1.48 - . 3.81 

13.9 2.13 1.39 - 3.52 

15.8 2.36 2.90 - 5.26 

14.8 Z.33 2.68 - 5.01 

13.8 2.13 2.46 - 4.59 

23.8 4.73 - 4.73 

21.1 4.22 - 4.22 

16.9 3.40 - 3.40 

23.4 9.03 - 9.03 

20.8 7.95 - 7.95 

16.6 6.28 - 6.28 

..., 
. )> 

G) 
m 

N 
N 

~ 
~ 
~ 
5'" 
S" ; 

z 
0 

z 
N ..... 
N .... -8 
0 
0 
0 
N 



l'T1 
V, 
G> 
I ..... 
'° I 
N .. 
< 

l'TI 0 
I ..... 

N 
U1 ..... ..... .. 

a:, 
0 
0 
~ 

N 

~ 
JI 
~ ... 
~ .. 
;, 
JI 

"' " ... 
.:, .. 

Benson/ Sodtia 
Sulzer Reheat? EV 

Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 

Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 

Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - l Mo 

Sulzer Yes 2-1/4 Cr - l Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 

Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - l Mo 

Sulzer Yes 2-1/4 Cr - 1 Mo 
Sulzer Yes 2-1/4 Cr - l Mo 
Sulzer Yes 2-1/4 Cr - l Mo 
Selzer Yes 2-1/4 Cr - l Mo 

TABLE 7 
EFFECT OF SODIUM LOOP 6T ON STEAM GENERATOR DESIGN AND COST 

(Sheet 1 of 2) 

Material Sod1in 
Opt1- Tube Size 

(1n.) 
Steam L'fJ/,{11 SH RH Pressure EV SH RH 

Type 316 SS Type 316 SS 2400 550 5/8 X 0.082 5/8 X 0.135 1-3/8 X 0.110 
Type 316 SS Type 316 SS 2400 500 5/8 X 0.085 5/8 X 0.135 1-3/8 X 0.110 
Type 316 SS Type 316 SS 2400 450· 5/8 X 0.090 5/8 X 0.135 1-3/8 X 0.110 

Type 316 SS Type 316 SS 1800 550 5/8 X 0.075 3/4 X 0.132 1-1/2 X 0. 107 
Type 316 SS Type 316 SS 1800 500 5/8 X 0.079 3/4 X Q.132 1-1/2 X 0. 107 
Type 316 SS Type 316 SS 1800 450 3/4 X 0.096 3/4 X 0.132 1-1/2 X 0.107 

Type 316 SS Type 316 SS 1450 575 5/8 X 0.068 7/8 x 0.132 1-5/8 X 0.105 
Type 316 SS Type 316 SS 1450 550 5/8 X 0.070 7/8 X 0.132 1-3/4 x 0.108 
Type 316 SS Type 316 SS 1450 500 3/4 X 0.083 7/8 X 0.132 1-5/8 X 0.105 
Type 316 SS Type 316 SS 1450 450 7/8 X 0.099 7/8 X 0.132 1-5/8 X 0.105 

1800H 1800H 2400 550 5/8 X 0.082 5/8 X 0.123 1-1/4 X 0.096 
1800H 1800H 2400 500 5/8 X 0.085 5/8 X 0.123 1-1/4 X 0.096 
1800H 1800H 2400 450 5/8 X 0.090 5/8 X 0.123 1•1/4 X 0.096 

1800H 1800H 1800 550 5/8 X 0.075 3/4 X 0.121 1-1/2 X 0.098 
1800H 1800H 1800 500 5/8 X 0.079 3/4 X 0.12i 1-1/2 X 0.098 
1800H 1800H 1800 450 3/4 X 0.096 5/8 X 0.111 1-1/2 X 0.098 

1800H 1800H 1450 575 5/8 X 0.068 7/8 X 0.121 1-5/8 X 0.096 
1800H 1800H 1450 550 5/8 X 0.070 3/4 X 0.112 1-1/2 X 0.093 
1800H 1800H 1450 500 3/4 X 0.083 3/4 X 0.112 1•5/8 X 0.096 
1800H 1800H 1450 475 7/8 X 0.099 3/4 X 0,112 1•5/8 X 0.096 

~ 

i 
Opt1run Tube lrmh Nllllber Tubes 

EV SH RH EV SH RH I 
78.1 77.7 58.3 1491 376 160 
78.7 71.2 54.6 515 376 160 
63.1 65.8 51.4 436 376 160 

78.1 67.6 51.9 1100 276 156 
70.0 63.9 49.9 624. 276 156 
66.7 60.7 47.3 436 276 156 

78.2 68.8 ·53.2 1257 220 156 
78.3 67.1 56.9 757 220 132 

·70.l 64.3 ,9.0 5i4 220 156 
'67.5 61.7 46.6 392 220 156 

78.l 78.4 52.4 1491 367 192 
"78.7 77.5 49.1 515 332 192 

"D z • 0 c:) 
m 

63.1 71.7 46.1 436 332 192 

78.1 71.7 .53.6 1100 252 152 N z w N 
70.0 67.9 50.6 624 252 152 ..... 

N 
66.7 47.5 48.0 436 400 152 -I .... 

0 
78.2 72.2 53.9 1257 204 152 0 

0 
78.3 55.4 47.1 757 296 184 0 

0 
70.2 52.9 49.7 524 296 152 N 

67.5 50.6 47.3 392 296 152 
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TABLE 7 

EFFECT OF SODill'I LOOP AT ON STEAM GENERATOR DESIGN AND COST 
(Sheet 2 of 2) 

Material Sodi .. Shell Di-ter H. T. Area (Ft x l0-3) 
Stl!illl (ID) (in.) 

Pressure L~ AT 

EV SH RH 
( F) EV SH RH EV SH RH Total 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 2400 550 54.4 31.3 31.0 19.1 4.8 3.4 27.3 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 2400 500 37.0 31.8 31.2 6.6 4.4 3.1 14.1 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 2400 450 36.6 32.3 31.4 4.5 4.0 3.0 12.5 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS -1900 550 48.1 30.5 32.3 14.1 3.7 3.2 21.0 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1800 500 39.5 30.9 32.5 7.1 3.4 3.1 13.6 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1800 450 38.2 32.0 32.7 5.7 .3.3 2.9 11.9 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 575 50.8 30.1 33.9 16.1 3.5 3.5 23.1 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 550 42.3 30.3 33.3 9.9 3.4 3.4 16.7 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 500 40.2 31.4 34.2 7.2 3.2 3.3 13.7 

2-1/4 Cr - 1 Mo Type 316 SS Type 316 SS 1450 450 39.5 32.6 34.4 6.1 3.1 3.1 12.3 

2-1/4 Cr - 1 Mo 1800H 1800H 2400 550 54.4 31.1 31.5 19.1 4.7 3.3 27.1 

2-1/4 Cr - 1 Mo 1800H 1800H 2400 500 37.0 30.5 31.7 6.6 4.2 3.1 13.9 

2-1/4 Cr - 1 Mo 1800H 1800H 2400 450 36.6 31.2 32.0 4.5 3.9 2.·9 11.3 

2-1/4 Cr - 1 Mo 1800H 1800H 1800 550 48.1 29.6 31.9 14.1 3.5 3.2 Z0.8 

2-1/4 Cr - 1 Mo 1800H 1800H 1800 500 39.5 30.5 32.1 7.1 3.4 3.0 13.5 

2-1/4 Cr - 1 Mo 1800H 1800H 1800 450 38.2 33.0 32.4 5.7 3.1 2.9 11.7 

2-1/4 Cr - 1 Mo 1800H 1800H 1450 575 50.8 29.6 33.5 16.1 3.4 3.5 23.0 

2-1/4 Cr - 1 Mo 1800H 1800H 1450 550 42.3 31.3 34.6 9.9 3.2 3.4 16.5 

2-1/4 Cr - 1 Mo 1800H 1800H 1450 500 40.2 31.7 33.8 7.2 3.1 3.2 13.5 

2-1/4 Cr - 1 Mo 1800H 1800H 1450 475 39.5 32.6 34.l 6.1 3.0 3.1 12.2 

Capita 1 cgst 
(SxUr) 

EV SH RH Total 

3.38 1.51 1.30 6.19 

1.71 1.47 1.27 4.45 

1.51 1.46 1.26 4.23 

2.70 1.33 1.32 5.35 

1.84 1.31 1.31 4.46 

1.62 1.33 1.28 4.23 
,. 

2.87 1.23 1.,2 5.42 

2.09 1.23 1.30 4.62 

1.76 1.23 1.28 4.27 

1.60 1.27 1.28 4.15 

3.38 2.74 2.40 8.52 

1.71 2.60 2.34 6.65 

1.51 2.56 2.32 6.39 

2.70 2.36 2.47 7.53 

1.84 2.38 2.44 6.66 

1.62 2.41 2.40 ,:i.43 

2.87 2.18 2.44 7.49 

2.09 2.19 2.43 6.71 

1.76 2.19 2.38 6.33 

1.60 2.22 2.37 6.17 
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the steam outlet temperature will rise from 1000°F power to 1100°F at 
part load. Unless this is acceptable to the turbine, attemperators will be 
required on the outlet of the superheater and sodium reheater. 

The Benson cycle is advantageous. in that the steam and sodium flows 
can be adjusted to produce the desired power level and steam temperature 
at part load without use of an attemperator. 

B. TRANSIENTS 

Plant transients that affect the steam generator are listed in 
Table 8. These were obtained by reviewing the CRBRP transient lists. 
Most accident events that affect the receiver portion of _the plant will not 
directly impose a transient, other than a normal shutdown, on the steam 
generator system, because the steam generator takes sodium from the storage 
tank. Operation of the steam generator system is not required in the solar 
plant following an accident event, as it is in an LMFBR to provide decay 
heat removal. The preferred approach following an accident event in the 
steam generatot system is to stop both the sodium and steam flows, thereby 
mintmizing any down transients for the hot end of the superheater and 
reheater or up transients for the cold end of the superheater and reheater 
and the evaporator. The large loop ~T (550°F) poses the potential for 
severe transients, but the number of such transients can be minimized by 
stopping flows. 

C. STARTUP/SHUTDOWN 

Startup and shutdown of the steam generator system is desired (from an 
overall plant viewpoint) on a daily basis. The preferred approach from the 
standpoint of the steam generator system is to continue steaming during the 
night hours using stored heat, since this would greatly reduce the number of 
startup and shutdown events. The steam generator modules can be shut down 
leaving them hot by a rapid stoppage of flow from a low power condition. 
Termperature profiles will not significantly change in the fo1lowing 12-hour 
period due to heat losses through the insulation. For example, cooldown 
rates of a typical superheater module are shown in Figure 5. Using 12-in of 
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TABLE 8 
PRELIMINARY TRANSIENT LIST FOR THE STEAM GENERATOR SYSTEM 

NORMAL 
1. Dry System Heatup and Fill 
2. Startup/Shutdown 
3. Load Swing 

UPSET 
1. Loss of Sodium Pump Power 
2. Isolation and Slowdown of Evaporator 
3.. Isolation and Slowdown of Superheater 
4. Isolation and Slowdown of Reheater 
5. Inadvertent opening of steam relief valve 
6. FW Throttle Valve fails open 
7. Loss of FW flow 
8. Loss of Power 

EMERGENCY 
TBD 

insufation, the hot end of the superheater decreases by 100°F in the 12-hour 
period. 

Startup would therefore be simplified as the component would be 
"at temperature," and once proportional flows were established, power 
level could be increased rapidly. 

IV. REFERENCE SYSTEM DESIGN 

The reference steam cycle was selected based upon overall system 
considerations as the 1800 psi steam cycle with sodium reheat and a sso°F 
sodium loop ~T. (Reference 11). A description of the steam generator 
design and operating conditions is presented in Table 9. 
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FIGURE 5. 
SUPERHEATER COOLDOWN 
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TABLE 9 
DESIGN AND OPERATING CONDITIONS FOR THE 

STEAM GENERATOR MODULES 

Evaporator 

Phlsical Descrietion 

Quantity 1 
Type Tube & Shell 

Hockey Stick 
Height (ft) 95 
Width (ft) 16 
Shell Diameter (ID) (in:) 48 

Heat Transfer Area (ft2) 14039 
Active Heat Transfer Length (ft) 78 
No. Tubes 1100 
Tube Diameter (in.) 5/8 
Tube Wall Thickness (in.) 0.075 
Material 2-1/4 Cr - 1 Mo 
Tubesheet Diameter (in.) 48 
Tubesheet Thickness (in.) 12 
Module Weight Dry (Tons) 64 

Oeerating Conditions 

Sodil.111 Side: 
Flow (lbm/h) 5,542,000 
Inlet Temperature (0g) 864 
Outlet Temperature ( F) 550 
Pressure Drop (psi) 30 
Duty (MWt) 155.7 

Water/Steam Side: 
Flow (lbm/h) 765,396 
Inlet Temperature (0g) 450 
Outlet Temperature ( F) 64§ 
Pressure Drop (psi) 30 

2170 Outlet Pressure (psia) 
Exit Steam Velocity (fps) 27 

*Includes Orifices 

FORM 719•P REV. 3.75 
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Superheater 

1 
Tube & Shell 
Hockey Stick 
91 
15 
30 
4334 
78 
283 
3/4 
0.132 
Type 316 ss 
30 
8 
22 

3,785,000 
1100 
864 
30 
79.7 

765,396 
646 
1000 
256 
1865 
250 

Reheater 

1 
Tube & Shell 
Hockey Stick 
66 
18 
32 
3329 
53 
163 
1-1/2 
0.107 
Type 316 ss 
32 
5 
24 

1,757,000 
1100 
864 
30 
37.0 

668,601 
657 
1000 
22 
463 
250 
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The best choice for evaporator material is clearly 2-1/4 Cr - 1 Mo, 
considering operating conditions and economics. The choice of material 
for the superheater and reheater is more difficult. Type 316 stainless 
steel was selected due to the significant cost advantage it shows over 
alloy 800H. However, alloy 800H remains a viable alternative, especially 
in light of its increased resistance to sec. It is recommended that a 
thorough evaluation of the candidate materials be carried out by the 
Materials and Processes group during preliminary design· of the steam 
,generator system. 

The steam generator modules should ·be designed and constructed in 
accordanc~ with Section VIII, Class 1 of the ASME BPVC, with·adders included 
to cover analysis of critical components for cyclic events and construction 
of the steam-sodium boundary. The critical components should include as a 
minimum the tubes and the tubesheets. 
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INTRODUCTION 

The central receiver solar power system is planned to have a central 
tower placed in the midst of a field of mirrors. The mirrors are moved 
by heliostats throughout the course of the day and year such that sunlight 
is continuously reflected to the receiver at the top of the tower_ 
(258 meters above the ground). The receiver analyzed is comprised of 
2,640 tubes of 3/4 in. OD, vertically oriented and forming a cylindrical 
shape, 16 meters in diameter, and 16 meters in height (reference config­
uration at the time that the analysis was performed). 

The tubes are sodium cooled. That is, cool sodium (e.g., sso°F) 
I 

enters at the bottom, is heated by the concentrated solar heat flux 
directed to the tube surface, and hot sodium (e.g., 1100°F) leaves at 
the top. Sodium inlet/outlet temperature pairs of 6So0;1200°F, 1so0;1300°F, 
and 850°/1400°F are also considered. The receiver has a high-temperature 
surface area of approximately 8,664 ft2, exposed to winds and "seeing" 
the surroundings at ambient temperature. Part of the concentrated solar 
heat flux incident on the surface of the receiver does not get absorbed 
in the sodium stream--it is lost. 

The losses occur by three modes: 1) reflection of a portion of the 
solar radiation heat flux incident on the receiver, 2) thermal radiation 
emitted from the receiver surface, and 3) thermal convection, either 
forced (wind) or natural. 

Sodium flow in the tubes is assumed to be adjusted such that the 
desired inlet/outlet temperatures are maintained. However, there is a 
temperature drop across the tube wall and sodium film dependent on the 
magnitude of the heat flux. Thus, at high power, the outside surface 
temperature of the tubes is somewhat higher (and consequently somewhat 
higher losses) than at lower powers, for the same sodium temperature 
distribution within the tubes. 

FORM 719.P JIEV. 3-75 

ESG-79-2. Vol II. Book 2 
F-5 



Atomles International NO 

PAGE 

N272TI000004 
5 

SUMMARY 

Calculations of heat losses from the receiver of the Central Receiver 
Solar Power System have been made. Three modes of heat transfer are 
considered: 

1) Reflection of heat flux radiation incident on the receiver 
(absorptivity. ol.. = 0.95). This amounts to 52: of the 
incident thermal energy. 

2) Thermal radiation from the surface of the receiver 
(effective emissivity£• 0.90). 

3) Convection,- both forced convection (for wind velocities up 
to 16.3 meters/sec• 53.4 ft/sec= 36.4 mph) and natural 
convection. 

A range of sodium inlet/outlet temperatures for the receiver is taken 
into account. The reference condition is for sodium inlet at the bottom 
of the receiver tubes.at 550°F, and sodium outlet at the top of the 
receiver tubes at 1100°F. The sodium flow rate in the various tubes is 
varied so as to maintain the desired inlet/outlet temperatures. Cases 
with sodium inlet/outlet temperatures of 65o011200°F, 750°/1300°F, 
and 850°/1400°F are also investigated. 

Heat flux distribution to the receiver surface is based on University 
of Houston data (Reference 1). Axial and circumferential heat flux 
distribution for "equinox noon" is used. but total heat loads to the 
sodium stream ranging from 100 MWt to 429 MWt are accounted for. 

Values of heat losses (in MWt) are determined. with a summary 
presented in Tables X-a, X-b, X-c. and X-d of the appendix. 

Heat losses. as a percentage of thermal power incident on the 
receiver surface are shown in Figures 5, 6. and 7. Figure 5 has 12 plots. 
Heat loss percentage versus heat absorbed is shown for the three individual 
modes of heat loss. Each sheet is for a different wind velocity and 
sodium temperature profile. 
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Figure 6 has four plots. Percent total heat loss is shown versus 
wind velocity for various sodium absorbed powers. Each sheet is for a 
different sodium temperature 9rofile. 

Figure 7 has three plots. Percent heat loss versus sodium opera­
tion temperature range is shown for various sodium abosrbed powers. 
Each sheet is for a different wind condition. 

The heat loss percentage is quite high for the low power conditions. 
This is because for a given operating temperature condition, the heat 
loss variation as a function of incident power is small. Thus, at low 
incident power levels, the heat losses are a sizable fraction of the 
totali wheras, at high operating powers, the loss can be a relatively 
small fraction of the total. 
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ANALYSIS 

The heat flux distribution has been obtained by the University of 
Houston researchers, Reference 1. It is shown in a normalized fom in 
Figure 1. The nomalized heat flux is shown as a function of axial 
position and by quadrant (circ1111ferential position) on the receiver. 
The normalization is based on having the heat flux equal to 1.0 at 
mid-elevation on the north face. The curves were based on "equinox 
noon," and the heat flux is lower at other times of the day and year. 
However, it has been assumed that the nonnalized curves maintain the 
same relative position to each other, regardless of the actual magnitude 
of the heat flux. 

In the three charts of Table I (I-a, I-b, and I-c), the heat flux 
curves are integrated. The axial temperature distribution of sodium 
in the tubes is detemined on the basis of assuming that the thermal 
power entering the sodium is proportional to the local heat flux. 
(This neglects the fact that the upper portion of the tube has higher 
heat losses due to its higher temperature.) On Page A-5 of the appendix, 
the fraction of the total power going into each quadrant is detennined, 
as well as the sodium flow rate required for a sodium thermal power of 
429 t-Mt and temperature rise of sso°F. The calculations are carried 
out on the basis of assuming four quadrants on the receiver. (Actually, 
the receiver cylinder is fonned of 24 flat panels, each with 110 tubes.) 

Because of the heat flow from the tube surface to the sodium within 
the tube, there is a surface-to-sodium temperature drop. This is made up 
of sodium film convection drop, and a conduction drop through .the tube 
wall. 

The effective heat transfer coefficients for conduction and sodium 
convection have been detennined on Pages A-7 through A-9. They are 
tabulated in Table II for each quadrant, and at three locations axially. 
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In Table III, the "1T (wall and Na) are detemined for each quadrant, 
at a series of axial locations. The AT values. indicate how much 
hotter the outside tube surface is relative to the local sodium temper-· 
ature. Figure 2 shows this AT value versus a.xial- position, by quadrant. 
Figure 3 presents the axial temperature profiles.for·the receiver for the 
inlet/outlet sodium temperatures Qf sso011100°F, for a heat input to the 
sodium of 429 t-Mt. The solid lines represent the sodium temperature, as 
deter,nined in Tables I-a, I-b, and I-c. The dashed curves represent 
the receiver external surface temperatures for a 429 MWt heat input to 
the sodium {Tna(x) + "1T(x)), that is, the "Full Power" condition. 
The so 11 d curves represent th_e receiver surface temperature for 
Q(Na) • O, that is, the "No Power" condition. Of course, the "No 
Power" condition has no steady-state significance; it is used 1n making 
linear interpolations for intermediate powers; Q(Na) between O and 
429 MWt. 

In Table IV, the axially averaged temperatures of the receiver 
are detemined. (T(Na)) represents the surface temperature at the "No 
Power" condition, and T(surf) represents the surface temperature at 
the "full power" condition. For example. consider the calculations 
for the North quadrant. Table IV-(a-1) shows the mean sodium and full 
power surface temperatures for 20 axial segments. The table applies 
to the sodium sso°F inlet/1100°F outlet case. (For higher inlet/outlet 
temperatures, it is assumed that the same profile shape is maintained, 
merely raised the appropriate number of degrees.) Then, on Table IV-(a-2), 
the axially averaged temperatures are determined. Notice that different 
mean temperatures are obtained for convection and for radiation calcula­
tions. The mean temperatures are defined by: 

T(co~v): 
OF 
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where n • 20 (20 axial segments). Axially averaged temperatures are 
detennined for both convection and radiation, for "no power" (Q • 0) and 
"full power" (Q • 429) conditions, and for a series of sodium inlet/ 
outlet temperatures. This is done for all quadrants. 

In Table V, the effective mean surface temperatures for the receiver 
are detennined. Actually this repr.esents the circumferential averaging. 
Thus, for each sodium inlet/outlet temperature condition, the mean 
convection and mean radiation temperatures are detennined and shown. 

On Page A·20, the calculation of radiation heat losses are set up, 
and the results are shown in Table VI.· Radiation heat losses are shown 
for sink temperatures of 60°F and o0 R. The 60°F sink temperature results 
are circled, and used in further tabulation and plots. The O~R s-ink 
temperature calculations •re made merely to show that radiation heat 
losses are very insensitive to the assumed sink temperature. 

On Page A-22, calculations are made for the natural convection heat 
loss coefficients. A value of h(Nat. :Conv.) • 1,40 Btu/hr ft2 °F 1s to 
be used for all cases. 

Figure 4 shows a forced convection heat transfer correlation for 
vertical cylindrical geometry. The plot goes to rather high Reynolds 
numbers. Thi-sis necessary because of the large characteristic length 
(D • 16 meters= 52.5 ft) of the receiver. Even so, some extrapolation 
was required. The data is extracted from References 5 and 6. 
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The Reference 5 data (Achenbach) given Nusselt number for several 
surface roughness conditions. The receiver surface, being composed of 
3/4-in. OD tubes, has an equivalent surface roughness of 60 x 10-5• 
The Nu vs Re curve for surface roughness of 100 x 10-5, with an extra­
polation, was used in the forced convection calculation. 

On Pages A-25 and A-26, forced convection heat loss coefficients 
are detennined for a variety of wind speeds, using the correlation of 
Figure 4. 

As a.mater of conservatism, it was assumed that both natural and 
forced convection heat losses could occur siwltaneously. If either 
natural or forced convection were to be used alone, there 1s the possi­
bility of un~erestimating the convective heat loss. Therefore, an 
effective convection heat loss coefficient was determined according to 
the expression 

h • Vh2 

effective forced 
tonvection conv. 
loss 

+ h2 

nat.· 
conv. 

In Table VIII, the calculated convection heat losses are shown. 
There are the "combined convection" losses. Values are shown for a 
range of wind velocities, and sodium inlet/outlet temperatures. Three 
different wind velocities have been considered: 5.70 meters/sec, 
16.28 meters/sec, and an intermediate velocity. The lower and upper 
limit velocities are based on "ground" (elevation• 10 meters) velo-,, 
cities of 3.5 and 10.0 meters/sec. There, velocities are translated to 
the receiver elevation of 258 meters by the expression: 
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This gives limiting ~ind velocities of 5.70 meters/sec (18.70 fps) and 
16.28 meters/sec (53.42 ft/sec) as shown on Page A-25. 

In Table IX, the combined radiation and convection heat losses are 
shown. "No power" and II ful 1 power" cases are shown (which refer to 
different tube surface temperatures due to temperature drop across the 
tube wall and sodium film). A range of wind velocities and sodium 
inlet/outlet temperatures are covered. 

In Tables X (Xa through Xd) additional heat loss calculations are 
made. Sodium input powers from 100 t-Mt to 429 MWt are considered. For 
these intermediate powers, linear interpolations were made of the heat 
loss values in Table IX. Heat losses by radiation and convection are shown. 
In addition, the heat loss by reflection from the receiver surface (based 
on as• 0.95) is also shown. The total heat loss and the total heat 
power incident on the receiver surface are determined. Heat losses are 
also shown as a percentage of the thermal power incident on the receiver 
surface. Calculations are shown for a range of wind velocities and 
sodium inlet/outlet temperatures. 

In Figure 5 (12 plots). heat 1 osses as a percent •.of incident power 
are shown as a function of thermal power input to the sodium. Heat 
losses by convection, reflection and radiation are plotted, as well as 
the total loss. Each plot is for a different combination of wind velocity 
and sodium inlet/outlet temperature. 

In Figure 6 (4 plots), heat losses as a functfon of wind velocity 
are shown for various sodium thermal power inputs. There is one plot 
for each sodium inlet/outlet temperature condition. 

In Figure 7 (3 plots), heat losses vs sodium inlet/outlet temper­
ature ranges are shown. There is one sheet for each wind velocity 
considered. 
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Notice that the plots of Figutes s. 6, and 7 ate all absed on the 
data ptesented in Tables x. with the data crossed plotted in different 

ways. 
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CONCLUSIONS 

The results of the analysis are presented in Tables X (4 charts) and 
Figures 5 (12 plots), Figures 6 (4 plots), and Figures 7 (3 plots). 

It is observed that convection heat losses are relatively low, so 
that wind velocity is not a particularly strong contributor to receiver 
operation degradation. Radiation losses tend to be higher than convec-

·• tion losses, particularly when the receiver is being operated at the 
higher temperatures. Reflection loss is constant at 5% of the total 
losses (as a direct consequence of assuming a• O. 95). 

The percentage heat losses increase markedly with decreasing 
system power. This is because even when the total thermal power 
incident on the receiver decreases sharply, the sodium flow is assumed 
to be adjusted so that the inlet/outlet temperatures remain unchanged. 
Thus, the receiver surface temperatures and the heat loss remain approx­
imately the same. But now, this essentially unchanged heat loss becomes 
a much higher percentage of the greatly reduced incident power •. Therefore, 
one observes that the receiver thermal efficiency declines substantially 
as the system operating power goes down. 
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FIGl1RE 5- ( C - 2) 

HEAT LOSSES FROM RECEIVER 

Wind Velocity: 3 €>. I :rt/sec 
Na Temperature: 750°F - 1300•r 
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A pebble bed thermal storage device has been proposed for possible 
use in a central receiver solar power system. The device is to be com­
posed of a bed of rock pebbles, each of diameter d. The bed configura­
tion is a right circular cylinder of diameter-», and vertical height L. 
The heat transport medium is air at atmospheric pressure. The air flow 
is downward through the bed during the charging process (heating rocks: 
hot air in, cool air out), and upward during discharge (cooling rocks 
and heating air; cool air in, hot air out). 

In this report, correlations are selected and calculational method 
established to determine a pebble bed's heat transfer (UA), pressure drop 
(8P), and fan (blower) electrical power parameters. The pebble diameter 
and sphericity, pebble matrix porosity (void fraction), bed theoretical 
energy content, thermal power rate (of energy removal or insertion), 
pebble bed diameter, rock and air properties, and the operating temper­
ature range are among the system parameters taken into consideration. 

The variables to be determined include the bed height, mass, and 
total surface area; air flow rate, velocity, transit time, Reynolds 
number and pressure drop; fan (blower) electrical power; heat transfer 
coefficients hand U, and bed UA (U timestotal pebble surface area). 

A number of correlations for a fixed pebble bed pressure drop and 
heat transfer coefficient were investigated and are discussed. The cor­
relations and basic equations employed are shown, as well as logic and 
listing of the time share computer program set up, and a su11111ary of 
results from several cases run. 
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II. HEAT TRANSFER CORRELATIONS 

A number of heat transfer correlat.ions for gas flow through a fixed 
pebble bed have been considered for use in this analysis. These correla­
tions are shown in Appendix A in the fonn that they are presented in the 
referenced documents. Also shown in Appendix A are the algebraic steps 

8 
taken to try to reduce all the correlations to the same form: Nu == a..Re. 

In Appendix A. as well as in Table I. a summary of these heat trans­
fer correlations is shown. Unfortunately. there appears to be some dis-
agreement amon9 them. particularly with respect to the influence on heat 
transfer coefficient of particle sphericity and particle diameter. Note 
that heat transfer coefficient (h) varies with the (+0.6). (-0.5). 
(-0.31). (+0.3). (+0.08). and (-.41) power of particle diameter. depend­
ing on the equation used. As far as bed porosity ( E) and particle 

· sphericity (0) are concerned. t_he several correlations show h increasing. 
decreasing. or unaffected by increasing E and (tll. 

In the experiments from which some of the correlations were derived. 
only one value of particle diameter was employed. Furthermore. in some 
of the cases. E and 0 were not even considered as parameters. but they 
appear when the equations were manipulated in Appendix A in order to put 
them. as much as possible, into the same form for comparison. 

In attempting to arrive at a compromise correlation, the possible' 
effect of E and 0 on heat transfer correlation was omitted because of 
the contradictions among the several correlations. Close scrutiny of 
the correlations suggested the selection of an h varying with the -0.3 
power of particle diameter as a reasonable compromise. Thus, as shown 
in Table I and Appendix A, the heat transfer correlation used in this 
analysis is: 
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Nu= 0.5 Re· 7 (2a) 

k W d 0.7 W 0.7 -0.3 
h = 0.5 d (x~> = 0.5 k (u) d (2b) 

Figure 1 shows a comparison of the correlations for the case where 
d = 1.0", £ = 0.39, and 9 = 0.80. 

The correlations discussed are based on having a bed composed entirely 
of a· single pebble size. The correlation does not consider any influence 
of sphericity, "• (see Appendix 8) on the heat transfer coefficient. How­
ever, sphericity does affect the total surface area. such that UAsur is 
affected by the value of 8, 

FORM 719,P REV. 3,75 
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III. PRESSURE DROP AND FAN POWER CORRELATIONS 

Pressure drop correlations are shown in Appendix C. There are two 
correlations shown, which turn out to be basically in agreement with one 
another, though presented in different forms. The correlation employed 
in this analysis is: 

2 2 
AP = 200 L {l-E)"" ~ + 2.33 L o~-~> _PVo (3) 

9c ~ dr gc ~ --r-
where Vo= superficial air velocity. 

The first term is referred to as the "laminar" tenn as ft dominates 
at low velocities (Reynolds number). The second term is referred to as 
the "turbulent" tenn as it dominates at high velocities (Reynolds number). 

The "laminar" and "turbulent" terms correspond to f .. 100/Re and 
f = 1.165, respectively, as shown in Appendix C. 

The fan {blower) electrical power is determined by the expression: 
. 

p = -=A::.ipc.....;.;.W____,~ 
fan Pair (eff); 

This fan power is determined in kWe for both the upper and lower 
limit air temperatures. 

FORM 719-P REV, 3•75 
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Based on the heat transfer and pressure drop correlations presented, 

calculations have been set up to detennine heat transfer and .air flow 

parameters of the pebble bed. Of particular interest are the heat trans­

fer parameter, UAsur (Btu/hr°F), air pressure drop, Ap (lbF/ft2), and 

fan power, Pfan (kWe). 

A time-share computer program has been set up to detennine these 

quantities. In Appendix D, the analysis procedure is shown. The input 

infonnation includes the pebble bed maximum theoretical energy, the sys­

tem operating power level, the upper and lower temperature limits, bed 

diameter, particle diameter, pebble sphericity, bed porosity, and material 

properties. 

Among the calculated parameters are the pebble bed mass, volume and 

height; air flow rate, velocities, and transit time; total heat transfer 

surface area; Reynolds and Nusselt numbers; film and overall heat trans­

fer coefficients, hand U; heat transfer coefficient correction due to 

conduction into pebble (see Appendix E); system hAsur' UAsur' and NTU; 

and air flow pressure drop and fan power. Part a of Appendix D shows 

the equations used to detennine these parameters. A time-share program 

has been set up to carry out these calculations, and a listing is shown 

in Appendix F. 

In Part b of Appendix D, expressions are developed showing the 

influence of the various input variables (system power, bed energy 

capacity, bed diameter, particle diameter, system AT, sphericity, 

porosity, fan efficiency, and material properties) on the system param­

eters hA, Ap, and Pfan· These expressions are useful in making a judge­

ment as to what influence on system behavior will result from a proposed 

change in one or more of the bed characteristics. For a summary, see 

Sheet 9 of Appendix D. 

FORM 719,P REV. 3.75 
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V. CALCULATIONAL RESULTS 

On the bas.is of the analysis procedure set up, calculations have 
been made for four cases: (1) ENG= 190 MW days, POW= 286 MWt; (2) ENG• 
150 MW days, POW= 286 MWt; (3) ENG= 450 MW days, POW= 286 MWt; (4) 
ENG= 550 MW days, POW• 250 MWt. All four cases have~= 0.39, 8 = 0.80, 
Thot = 1100°F, and Tcold • 600°F where ENG denotes the system maximum 
theoretical energy and POW.denotes the system operating power. 

Of course, there are just a few of the wide variety of possible cases. 
Plots of fan electric power (kWe) vs bed UA (Btu/hr°F) are shown in Figures 

- -- --- 2a tl'lrough 2d. The plots shown are an ext_ract from a considerable amount 
of data calculated. For the reference case (ENG= 190 MW-days, POW= 
286 Mwt), the calculated output is shown in Appendix G for all the bed 
diameter and particle diameter combinations. All the system parameters 
calculated are shown. Appendix G also serves as an example output for 
the computer program of Appendix F. 

The material properties used for afr and rock are shown in Appendix H. 

FORM 719.p REV, 3.75 
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11 ,:-:.:·,;c 
1 1,=.-:-:oc 
11 f:;:'1"1( 
11 ·::01 or 
11 :::,1 (1(: 

11?40C 
11 :::~;oc 
11 ?!:i5C 
1:?O10C 
12O2Oc 
1 ·?O:?OC 
1:?11•K 
J::•1:?0C 
1?1'30C 
1:?221C 

nr.:i-:it•iS ( r ) ~~ Fl .O~J l"PAN:-:; IT TI ME ' SF.CONOS 
I..'< I ':i -= !TFFCTI I..JF OUERALL. HEAT TRAl"iSFER COEFF T. CI EMT 

1,?2c.·2r 
1?:?:?.3C 
1.~·21-wc 
1 ::<?.1 oc 
1?t:,10C 
1 :?62(1( 
1?7MC 
1·-;.oonc 

l_lfl( r) ,.: TOfftL. UA FnR P.ED' RTIJ,,'HR F 
Ut~F:P == UA: t1l_.lG BET~JEEN Hf'IT f, COL[l 
t_i1V T _:, •= Sl.lPEPFTCIFtL l)[LOCITV FT/HP 
I_IOS'. T) '" ::;UPF.PFJCIRL. 1.JEl...OCIT'r' FT /SEC: 
1):3( l-:, ,: t"llJFPA13E ACTUAL. 1 .. IFLOCI.T'.-' FT/SEC 
1 JIJLl1FO = '-'OU.IMF OF BED , FT3 
l,.tA t P ::: t1 JP. FLOU RATE • LE:M.-·'HR 
~'.1 • ?2 ,,. PARAM IM ~ P Ct1LC: , LBF HR2/LBM 
?PFP. = ?:+'PfRJ.OD = <MCP: POCV)/(~IAIP*CP1 ATP) HP.S 

- - - - - - - - - - - - - - - - - -
?'' n f:'O PP nn .. 
. ;-,·,op1 PPH~T. 
:::·r,o:-:::? PPHff. 
:"='O O c-:3 PP. J MT .. 
::on O 90 PR It-IT • "r:·11Pf)S ITV I: , 
20091 RFRP, F, OS 

sPHFP r c n--..· os '?" 
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;?(1100 F,PJ1'1T. "T:·1~nT:-. T<(Ol.[1) '"·::••• 
::--r, 1 n 1 r; Ft:in, r:: t .:i , T ,:- :2::, 
~0200 no 100 1~1 ,2 • 
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;:,021 1:, , r·< 1: :• " •.. <39 ., .• ~iOF-1:is?1o:T< r > + • 11+F-07!1i·T< 1 H,:+:2 
;~•n::=20 t·•II~ n :·, . (,:~•::i9.; + • 63~GE--0 1+:+:T( I) - • Pfl+F.-07.+'T( Dl'=•-2 
20230 ~<Ii~ .01~3 + .206E-04*T(l) - .2F-08:+'T(I):+'*2 
?i:.?1• 11 Pf-10< I:, == ?9. 6!:',t371f/(T< I H4'59. f:,9) 
:?(1:?!'50 PP.(T) = t,IIJ·:·r)'tCP<t)/1::'(J) 
:oo::-60 PP3<T) = PF.•i:'I):+!li:(t./3.) 
?IJ150 1 no (Ot-JTTf--11.IF 
?O ~ 1 1 T 1 '" T ( 1 ) 
:::"0 51 ? T;? '" T < ;~· ) 
)0520 ~TAIP ~ T1-T? 
~~~30 ~PRR = .239 + (.9E-0$/?.)f(T1+T?) 
2n531 ~PRP = rPrP + (.14F-A7/~.>•<T1:+':+'2+T1=•.T2+T2:+':+'2) 
21 '5 t 1.:i F'P I t~T. 
?1 "'i11 PPJ~H • 
.7' 1 '.;, 1 :? F'P I f'JT ~ " ... ... ··· ... - - . ·· - ·· ... ·· ·· - ·· ... ·· ·· - - ·· ·· .. ·· ' 
?1 ':'<1 '?. PPitff, 
::··15p~ PPif'JT. 
? 1 51 ':i PP HIT ?O 1 • T •:· I ) • T {:? > 
?151··.:, ?01 FPPMAT ('' T:HOT =".F9,,1," T:COLD ,~",F''i'.1," f~") 
?1513 PP.INT ~n2, rTATP . . 
;:•1 <::t •:i ::•n:? rnPMAT •'" nn .. TEMP ==" ,F9. 1 , " F" ·) 
?1MO PPHff, 
??11 I) PPI~ff, " flJP PPOPFRTIE'S:" 
??:?00 PPH• T, '' HOT COLD" 
22210 PRINT 511, TC1). T<2) 
;:-:::,211 1::;11 FOPMtH (FP. -i, Fn. 1, " rrMP: RTF', F'') 
?2220 PPINT 512, rP(1), CP(2) 
?i.'221 ·0:1;2 Ff•RMAT ·:·Ft3J, oF13. t:,, '' CPn-=tJP PTI.VU:!M F" ':i 
;::-;::,:::,:-;n F'Ptt-11· ~:;1?., Ml.t::1), MU(?) 
;:•;2~::-31 ":i13 f('lJ;:•t·1AT •:'Ft~.r;.Ft:?,.6." 1.1r•3cosrp,.1:nrp LBM✓'l·1P FT") 
??240 PR tr-ff 51 1~ , f;•,-uv 1 ) , F,'Hf:l (;~ ::, 
???1+1 ~:p+ FT'.'PMAT (FJ;:o:.1;,r=n.1:,,' 1 DFNSJTl/:f=!IP LF:t'1----'F"r7,") 
~2?50 PRINT ~1~. PPC1), PP<:?) 
?2251 515 FnPMAT (F1:?,,6,F1J.6," PPANnTL:AJR 11 ) 

~?260 PPINT 516, PP3(1>,PR3(2) 
:?2261 516 F(!PMAT (F13.i::.,,r-13.i:-o" PPi+'*1--<3") 
~2270 PRINT 517, ~-('I), ~(2l 
?'?,?7·1 1-:-;17 FCtPMAT ,::Ft 3. 6 ,F13. 6," (:Ot·IOIJCTil.tITV: ATP. 8TIJ .. ,·1-1p FT F 11 ) 

22300 PRINT 518, CPBR 
?2301 518 F(1RMAT ( "o-tlt13 t• IR' CP :," ,F9. E,," BTIYL.BM F") 
c'2509 PP.INT, 
;?;;:'51 r) PRit'lT. " POCI::' PPOPERTIFS~" 
.?2!530 RHOBEO == ·:· 1 • - f::) :+'RHORK 
?2•:- 1 I) PP t NT !';21 , ,-·pp!( 
??1; 1 1 •:;:21 FOPMAT C FR. I.I , " CP C Pf'('I:') f!TIJ/L 13M F" ) 
?:.?r:,20 PP I NT ~~;::-:;? • !?HOPk 
:?;?6? 1 '522 FC1PMffr ;- r:=:. J," DENS I P,J OF SOLID POCI(, LBt·VFT:?,") 

48 
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22f.:,30 PR Hff 523 , P.HOBE'O 
2::!63 1 "i::3 FORMAT < Ft-=1. 3 , n MF.:AN BED DENS I TY , l.13M/FT3" ) 
?2i;4n PR I NT 524 , E 
;;•:?641 5,:1+ FOP.MAT ( F8. 3 , 11 POROS t TY" ) 
?2(;50 PR I NT '525 , OS 
?:":!651 '525 FOP.MAT <F8. 3, 11 :-:PHERICITY") 
::?:?,S60 PR I NT '5::6 , l<RI( 
:=·21.;E, 1 '526 FOR~1AT ( r-13. 3 , " CL)NDUCT 11) t TY: ROCK flTI _l.,..HR FT F 

11 
) 

:?5000 ::''5 COtffll• l.lE 
,?5011 PP.INT. 

49 

2501? PP.INT, 
25015 PRINT. " .. ... .• .• - .• .. .. .. .. - .. .• .• - - .• .• .. .. .. .• ... .• _ _ . 

?5021 PPll·ff, 
:?'302::? PPWT, 
:?'.:; 1 0 9 PR WT • ' 
?5"110 Pf.'Hff, "P! .. fitff Ml,J-flAYS,<THl:OH OPERATtt--113 MWT?

11 

;~51 11 f.•EAD , . ML•JDA1IS • POPER . 
:::51 53 IF <POPER. LE. 0 • 0 ) f30 TO 61+ 
25210 ENG= MWDAYS * 24.0 ~ 3.413E+06 
25211 IF (E~G.LE.O.O) AO TO 64 
25220 MRED = ENG/(CPPK*DT~IR) 
?5225 MBEDTN = MBED/2000. 
;?::;;?30 PHOBFD = < 1 • ·• F) •RHORI::" 
?'521f0 U•)LBED = MBED--~PHOBEO 
?5310 ORIP = 3.413E+OG*PDPFR 
253,?0 (,Jt, IR == 011 IR.•··< CPBR*DTt, IR) 
?'.5330 :?PER ~0 ( 1-!RFO!IICPRK),., ( ~IA I P*CPBR) 
27060 PP.INT 531 • MWDAYS 
??(It=, 1 531 FOPMt,T < 11 •"::TOPAGE FOR" • F8. 2, 11 MW-C"IA'IS, THEO 

11
) 

??I) 80 PP J l·•T ";32 , POPFR 
;;:71181 •,:;32 fl)PMAT ,:- Fr=i. 2 , " r,11,JT RED rm1r:::P RATE"> 
27110 PPI~T ~41 • ENG 
271 1 1 '51~ 1 FflRMAT ( 1 PF 1 3. 6 , " THEO FNERG'I STOR GAP , BTIJ 

11 
.., 

27120 PPTNT 542 • MBED 
:?71 21 •::; 1+2 FOP.MAT <1 PF 11. i; , " Mt~i:.s OF P.ED , LBM'' > 
:?71?5 PPH•T 545 • MBFOTt• 
:?71;?,=, '.', 1+5 FORMAT <F 1 3. :2 , 11 MASS OF BED , TONS" ) 
:?7131] PP INT "'i1+3, PHOBEO 
271 31 '.51+:3 FORMAT < F 1 3. 5 , " MEt,li BFO DENS IT'.' , LF.<t-1/FT~" ) 
;::071'tll PP HIT 5 1+4 • 1,.ll)L BEO 
:?71111 r::;1+4 r-OPMAT ( 1 PF1 ?.. 6, '' F:F["I l.JOIJJME, FT3") 
???10 PPIIH ':-51 , 01,IR 
:?7,? 1 1 r:;51 FflPMAT < 1 PF P. 6 • 11 HF.AT PATF. , BTIJ/HR 11 

".t 

?::"?,?(1 PP J NT ";5;? , l•lA r R 
?7?:::'1 ':=:•c,2 Fi:tRMfiT (1F'FJ::-:.E,," f=IIR FL.Ol•I RATE, l.f!M/HP") 
?7230 PPINT ~~3, ?PFR 
;':'?.?31 ·;;r:;3 FOPMAT i'.Fl'.3.5," ?*PFPIQO = MCP:Rt-(/~JCP:AtP. HRS") 
:?950 0 -:.:o COIH I l·!IJF . 
2'?1980 PP I I IT • 
2·:.i~:.a81 pr,:, WT , 

•• •• •• •• •• O•• •• •~ •• •• - ••OM•••• O• o •• ao,o, ••••• ••• ............... ---• ••••• ••··•••" ...... ---••••• •••H•------•· H•• ..... - .. ,-ao,oo,•o,·H .. 0 .. -- .... -
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29982 F'PINT, 
?•,191?,-::: PP I ~'T • 

.. 5 .• 

N272TI000003 
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29985 PPINT, 11 
- - - - = = ____ = = = = = = = _ = _ = = _ = = =" 

:7::·,91~.-:, F"PINT, '' ·· ·· - ·· ·· ·· ·· ·· - - 11 

?•-:!9::,::q PR It--tT. 
:?9'.";191) PP I t--tT • 
:?';19(l1 PRINT• i 

:,,)10':I PRI~lT, 
30·111) PPll• T, ''PFD OTRM (FT)'?" 
~0111 PFAn, OBED 
30130 IF <DBFD,l.E,0.0) GO TO 63 
30160 LBED = C4.~PI)t<UOLBED✓DBED*!IE2) 
3021 ,:, PRINT ~35, DBl:D ,LBED, 1.JOl..R.E[) 
30:?11 535 FORMAT ( "F:F[I: 0=" ,F7. 1 , " FT 
::~rno 0 f~CRE ~~ ( p I ,··· 1+. ) * ( DBED!+:!IEe") .A+35i;o • 
30400 PRINT 536,ArRE 

L==",F9. 1f, 11 I..JOL=", 1PF13. €,," FT~ 

:::::o 1+o 1 •:;36 FQRMAT < F 13. '.5 , 11 t1CRE'S OF .LAND AREA" ) 
1.31100 33 CONTINUE 
33109 PPINT, 
13110 PPI~~T, 11 P~-=tPTtCLE OIAM, INC_H ? 11 

33111 RFAD, DPIN 
33130 IF COPIN.LE,0,0) GO TO 62 
::?3150 DP ,a nrrn.-··1 :?. 
33210 t-=tl.PHH :a i;, ::fi;•:: 1. ·•Do---OP 
33220 M 1 RK '" ( P J/i;. ) iH OP!IOIE3) !IE< RHORIO 
:<3:?30 MRI( == MBED/M1 RK 
33240 A1RK = Plt(OP*!IE2) 
33241 R1Rt:'. = A1RK/OS 
33:?':"ili f~STOT = NRV:+iA 1 RI< 
~3;:-(;0 Al3f.'Fl. :: ( P L···1t. ) 'f <DBEO!fi!!IE2) 
:?3:"?70 f:iliTFL = t113RFL !fi:E 
33280 (30 == Mt1tR/AfiRFL. 
?-3510 PRINT 561, OPIN 
33511 5,_; 1 F11PMAT ( "Rf.l(:I( SIZE =" ,Ft 2. 6," INCH") 
33513 PRHff, 
33513 PRINT 570,. 1•11 PK, 111 PV, OS 
33516 570 FORMAT <11 nNE POCK: MS=",F9.7," LBM 
335~?0 PR I NT 56:~ !I fiLPHA 

11= 11 ,F9. 7," FT2 FO~ OS=" ,Fi 
/F, 

335::: 1 562 FORMt-=tT ( F 1 3. 5 , " t1L.PHA = t,: SURF /UOL. FT2/FT3") 
33530 PRINT 563, NRK 
33531 :::;,;3 FORMAT <1 PE 13. 6 , 11 t~IJMBER OF ROCKS" ) 
33540 PRINT 564, ASTOT 
:~351+ 1 564 F11RMAT ( 1 PE 1 3. ,_; , " TOTt,L SURFACE AREA , FT2 11 ) 

33550 PRINT 565, AGRFL 
33551 565 FOP MAT ( 1 PF 1 3, 6 , 11 ~:iUPERF IC I FIL FLml AREA , FT:2" ) 
33560 PR I !'ff 566 , 11NTFL 
33561 ".ii.;6 FORMAT ( 1 PE 1 3. E, , " nr-:r FLOW AREA , F'r2" > 
33570 PR INT !";,;7 , 130 
33571 ~567 FORMAT <F 13. '.5 , " ~l/11 SUPEP.F IC I AL , 
39000C - - - - - - - - - - - - - - - - - -
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N272TI000003 

.. 6 .• 
Page F-6 !:a_! 

EMMOO 3 CONTI NIJFO 

:,:i:9210 
1-IO 110 
'+ 1120 
1·t1130 
'-11135 
1.;11 i=.:o 
1n111 
1n121 
1+3210 
'+3?20 
1+?311) 
1+5140 
1+r;:;151 
1t5180 
1·15190 
1f"i'51 0 
1+?~20 
1f":o53ft 
1Vi111) 
1-11;1 ?O 
l-1(:,130 
1+13999 
491 lil 
ll')l50 
'31) ·101 
50110 
c:01:::0 
'30 11+0 
501'+ 1 
"{t1':':0 
-:=:n 1 ~;1 
';(116(1 
•~o 1 i:.1 
'50?10 
'30:?11 
'3(1;::1+0 
50,?1+1 
~0250 
~ft:?51 
"':I°! :?(,0 
~C•:?E,1 
S0:':'70 
502'71 
50?80 
50281 
~:-0:?90 
50291 
~(1;?95 
50:?9E, 
50100 

KO:< = ? • 7,1<1m1c ... r,p 
00 200 I :.: 1 ,? 
UO(I): GO/PHOCI) 
IIQS(I.) :: I_IO<J)-<%00. 
1 IS (t ) :::: Ut.)'.3 ( I) , .... 1=.· 
TTRANi:;,: I) = Ll:~E[Vl.JS( D 
?1 ~ CLBED/GC)*(200.l(1.-F)*if2)/CE**3) 
72 ~ ~LBED/GC)*<2.33*<1.-F))/(E**3> 
MELPL<I) = Z1t~J(I)*UO(I)/((0S*DP)**2> 
nELPT<I) = Z2*PHOCI)*(UO<I>**2)/(0S*DP) 
OELP(I) = DELPL(l) + QELPT(I> 
PE( I) == DP*GO/MU( I) 

tllJ(l) = O.~;';;t,:(RE(D*!f;7) 
H(I) "'HU<I):+if::'(I)..--DP 
HA(I) ~ H<I>•ASTOT 
UP(J) = (1.tHCI)) + <1.~KD~) 
ll ( I) == 1 • fl.IP< I) 
UA( I) :::: 1..1< I )i+-t71STOT 
PFN-'.I) = OELP<I>*WAJR/CRHO(I)*EFF) 
PFHP(I) ~ PFN<J)/(550.*3600.) 
PFKWCI) = PFN(I)/(778.16*3413.) 
?00 COl·lTJNIJF: 
Ul1BR = (Ut:i< 1 HUA0::2) )/2. 
t'fflJ == U1:iBP,·· ( ~-JA I R*CPBP) 
PPHff, 
r-·P I t·n • " HOT COLD 11 

PR HlT . ~ 11 , H 1 ) • T C:D 
PRINT 584, UOS(1)~ UOS(2) 
S81+ FOPMAT (Ft:::.,; ,Fl:?.:. 6," ,:;IJPFPFJCIAI. UFLOCITV, FT/~";EC") 
PRINT ~85, U8(1), l~;c2) 
':-i85 FORMAT ( F 1 3. 6 • F 1 ::::: • 6, " f\l.JERRGE l.lFL.OC I TV, FT ..-'SEC 11

) 

PPINT 586, TTPANS(1), TTRRNS(2l 
58,; FOPMAT (F13. ?! ,Ft 3. 3," FL 014 TRANSJ T TTME, ';Ee'') 
PRJtlT ~-01 , r~E.-: 1 >, r,:E(2) 
601 FORMAT <F13. 1~,F13. 1+," PFl .. lmL..os r·m. "> 
PRINT 604. NIJ(1), NUC2) 
l':,04 FOPMAT <Fl 3. 4 ,F13. 4, " NUSSEL l, NU = • 5*RE!IE*, 7") 

PRINT 605, H(1), H(2) 
1:,05 FC•RMAT CF13. 1+ ,F1 :?.:. 1+." H: HT TRt1NS COl:FF, P.TIYHR FT::: F 11

) 

PRINT 621, KDX, KO~ 
t~.;:: 1 FORMAT < F 13. 1t , F 13. 4 , " f</0)< F.FF OF ROCK , BTU/HR FT2 F 11

) 

PRINT •~-:?2. IJ(1), IJ<2> 
(,~=·2 FC:PMAT ( F 1 -: • 4 , F 1 ::::: • •~ , '' U: O1 .. JFRALL HT TPt·IS COEFF , BTLI/HR FT2 F 11 

) 

PPINT ~23, HA(1l, HA(2) 
623 FOPMAT (1PF13.6,1PE13.6," HA:BEO BTU/HR F11

) 

PRINT r:,24, UA< 1), l_lf~(2) 
624 FORMAT <.1PE1.1.E,,1PE'12'..E-.," Uf-HBED BTI_I/HR F"l 
PR nn 6:::5 , Ut=tBR 
(;;_;::5 FOf.:'MAT C 11 

", 1PE13. E,," UFt: Al.JG, BTI.VHR F 11
) 

PP I t·lT t:,26 , t~TU 

....................... ·- ......... ·- ........... ••· ....... ·- ...... ·- .................... ·- ............. -·-- .. / ........ -........... ·- ·---.. - ...... -...... - ... - ......... ----.. --··· ··- --
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''i0301 1:,:?6 F1·1PMAT .:'" ",F13.~f," MTU") 
':"O 111) PP l l~T ,:.11 , ilE'LPL < 1 ) , DEi.. PL ( :.:.·) 
~0111 G11 FORMAT <F13.5,F13.5," DEL Pl LAMtN PSF") 
50320 PPil'ff (,12, DELPT< 1 >, OELPT•;;?) 
'30 32 I ,~ 1 2 FC•PMAT ( F 1 3. 5 , F 13. 5 , " r.JEL P: TURBT PSF 

11 
) 

~;o ~30 PP mr f~. 13. OELP( 1 > , DELP ( 2) 
~0331 613 FORMAT (F13.5.F13.5, 11 TOTAL DELTA PRESS PSF

11
) 

::,0360 PPHIT 616, PFl<l~0::1>, PFl(l-J(2) 
50361 (:, 1 tS FOPMAT <F13. 3 ,F13. 3, 11 FAN POWER, VW') 
'50 1f(I O PR Hff ,,; 1 9 • FFFPr.T 
50401 ~19 FOPMAT ( 11 FAN EFF = 11 ,F~.1 , 11 %") 
~9990C - - - - - - - - - - - - - - - - - - - - - -
G81(1(1 ~1 GO To 33 
60 :~·O O t:.:? GO TO 30 
i:.1)300 1.:-3 130 TO 25 
1.=,0 1+on ~-4 COMTHllJF 
q'.399,;, END 
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P~lRfJSir',' E, .. 3PHEP.ICIT't' 1:lS ? 
_nwun :c-i:•r:1•~1 

. ,, 
:? • 3,3, • a 

TCHOT), TCCOLO) =J 
IfiPUn :'-'(' 1 0 1 

~:~ \\(I(' 1 i:,(10 

T:HOT = 1~00.0 T:CPLD -
DEL TEMP= 500.0 F 

AIR PROPEt:ffffS: 

6(1(1. 0 F 

~OT COLO 
11bo.o 600.0 TEMP= AIR, F 

N2J2TI000003 

p~~ 

A~G )~4 

CALC'OLATIONAL --7'··---.... _. __ . . ·-
y1.1,- _PuT 

E.NG: \90 MW do.vi 

fOW -:: 2 8<o MW,. 

c = o. 39 
~~ O.BO 

0.26Sa4o 0.249440 CP:AIR 8TU(LBM F 
0. (t 92232 1:,. 0 72.792 1.JI SCOS ITY: Ar R LBIVHR FT 
0.025427 0.037425 DENSITY:AIR LBMtFT3 
0.731036 0.728037 PRANOTL:AIR 
0.900837 0.899603 PR**1(3 
0.033540 0.024940 CONOUCTIUITY:AIR BTU/HR FT F 

AUG AIR CP = 0.257057 BTUILBM F 

v ROCK PRDPEPTIES: 
0.2500 CPCRPCI<) BTU!LBM F 

1 ,;5, 0 0 0 DEliS I TY fJF-" SDI.. ID R~lCf( , L.BM!FT3 
1 0 (1. i6'50 11EA1i BED DENSITY, LBIVFT3 

(1 • 3~(1 PPROS IT'I 
o.aoo SPHERICITY 
1,000 CPNDUCTIUITY:ROCK BTU(HR FT F 

PLAtff 1·114:-[lAYS , ( 1"HEO :i ; OPE RAT I liG l1lff? 
HlPUT: ~-~51 1 1 
? 19(1, 2a.; 

STORAGF. FfJR 1~0.00 MW:-OAYS, THE!'..l 
2::l6. 1}(1 l'll·lr BF.D POl•IER P.A1"E 
1.55~328E+10 TH~P ENERGY STOR CAP, BTU 
1.245062E+oa 11ASS OF BED, L.BM 

62253.00 MASS OF BED, TONS 
100. 65000 MEAi-i BED DEJiSITY, L.Bl1(F1"3 

1 , 23?0 ~ 1 r:: +(1 6 BED UOL.ll~IE , FTJ 
9. 7.; 1 1 :?,(IE +(I 8 HE Ar RATE , B1"U(HR 
7. 5945?4E+(16 AIR FL.(lW RATE, L.Bl'IIHR 

1"5.94406 Z*PF.RIDD = MCP:Rl(IWCP1AIR HRS 

= = = = = = = = = : = = = = = = = = = = = = = = -
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IliPUn 3(' 1 l 1 
? 225 

BED: D= 225, 0 Fr L.= 31, 1116 IJOL.= 
O, ':' l 27::l ACRES f.\F l..AliD AREA 

PARTICL.E DIA11, INCH ? 
IliPU1": 33111 
? 1 

c.l~ 1.0 

ROCI< SIZE= \, 00000(1 It'ICH 

" 

1, 237021 E+06 FT:-' 

"'D=- '2'2.5' 

ouE P.ocr: 11s=c1• 0499'-:164 1-s11 A=c,. 0272.70a FT2 FOR PS• o. aoo 
43,,2000 AL.PHA = A:SURF(UPL. FT2!FT3 

2.490304E+09 NUMBER OF RPCl<S 
,:, • 79 l 24 9E +O? 1"1:lTAI- SURF-'ACE AREA , F1'2 
3. 971:',(1?8,E+(14 SUPERFICIAL. Fl-PW AREA, F-"1'2 
l,5506?0E+04 NET FL.PW AREA, FT2 

191,00667 W(A SUPERFICIAL., 1-BM!HR FT2 

HOT CPL.D 
l\00.0 600,0 TEMP1 AIR, F 

2. (I 8663(1 1 • 41770 5 SUPERFICIAL. UEL.PC HY , FT :"'SEC 
5.350333 3,635142 AUERAGE UEL.OCIT'v', FTtSEC 

5 Pl~ 8,559 FL.PW TRANSIT TIME, SEC 
P2 ;;~1 ;;;~18, 6672 REYNOL.DS 1'10, 0

1S:40°1°S 21,?179 liUSSEL.1", liU = ,5*RElll!IE,7 
7.4064 6,4997 H: HT TRANS COEFF, BTU!HR FT2 F 

N272TI000003 

92. 40 0 0 92. 4(10 0 K!D~ EFF PF RPCI<', BTU(HR FT~ F 
S. 8567 6. 0726 U: DVERRl-1- HT T~tfS CPEF-"F·, 81"U/HR Fr2 F 

5.029837E+oa 4,414138E+oa HAIBED BTU!HR F 
4,656587E+oa 4,124039E+08 I.IAIBED BTU(HR F 

4. 3903\ 3E+oa !JAi AW3, B1"U!HR F 
224. 8864 !'ffU 

14.59223 7.8,2464 
39,476~0 26.14170 
53.06853 33.96634 
7957.441 3460.395 

FAN EFF = 75.0 % 

PARn CI-E DI AM ' mcH ? 
I liPUT: :n 1 11 
? .75 

DEL. P: I-AMIN PSF 
DEL. P: TURBT PSF 
TOTAL. DEL.TA PRESS PSF 
FAli POWER, l<W 

RfJCI< SIZE = 0. ?50000 Ir• CH \ '' c = D. 75 
DliE R(Wt(~ l1S=1·1.o:~~11)922 I-BM A=O. (I 153398 FT2 FOR f-lS= 0. aoo 

58,55000 AI-PHA = A~SURF/UOL. FT2!FT3 
5,902942E+09 NUMBER OF ROCKS 
9, 054999E+07 Tf.\TAL. SUf:-1FACE AP.EA, FT2 
3~97607SE+04 SUPERFICIAL FL.OW AREA, FT2 
1,5506?0E+04 NET FL.PW AREA, FT2 

191. 00667 l•l!A SUPERFICIAL., L.BM(HR Fr2 

' HOT COLD 
11~0.0 600.0 TEMPt AIR, F 

2,086630 1,41?705 SUPERFICIAL. UEL.OCITY, FT!SEC 
5,350333 3.635142 AUERAGE VEL.PCIT'v', FT(SEC 

5. 1:115 e. 559 FL.OW TRA!iSIT TIME, SEC 
129.4336 164.0004 REYNPL.DS ND, 
15.0454 17.7567 NUSSELT, NU= ,5*RE**•7 
8.0739 7,0856 H: HT TRANS COEFF, BTU!HR FT2 F 

123.2000 123,2000 KtDX EFF OF ROCK·, BTU!HR FT2 F 
7.5774 6,7003 U: DUERAL.L. HT TRNS COEFF, BTU(HR 

7.310~5SE+oa 6.~16021:lE+oa HAIBED BTU!HR F 
6, $6131:r 1 E+(n~ i:;, ,:16709\ E+08 UAt BED BTU!HR F 

6,464196E+08 UA:AUS, ,BTU(HR F 
331 • 11 :;os 1m.1 

25.94174 13.91047 
51.3~1?4 34,85560 
77.24348 48.76607 

11582.390 4968.lSO 

DEL. P: 1-AMili PSF 
DEL. p: TURBT PSF 
TOTAL. DEL.TA PRESS PSF 
F-"AN POWER , KW 
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PARTICLE DIAM, INCH? 
IliPUYI 3'31 11 

:? • 5 

RPCI< SIZE= 0 .'500000 I!iCH 

PNE RPCK: MS=0.0062496 LBM A=0.0068177 FT2 FOR OS= o.aoo 

N27UIOOOOO::I 

87. 84rJO O ALPHA = A: SURF fU!'..lL FT2(FT3 ~ ~ '2. r-, S, 
l.992243E+10 NUMBER OF POCKS v , 
1.358250E+08 TOTAL SURFACE AREA, FT2 
3.97607QE+04 SUPERFICIAL FLOW AREA~ FT2 
l.550670E+04 NET FLOW AREA, FT2 ~-~ 

191.00667 W(A SUPERFICIAL, LBMtHR FT2 

HPT CPLD 
1100.0 600.0 TEMP: AIR, F 

2.086630 l.417705 SUPERFICIAL VELOCITY, FT(SEC 
5.350333 3.635142 AVERAGE UELPCITY, FT(SEC 

5.815 S.559 FLOW TRANSIT TIME, SEC 
86,2890 109.3336 REYNOLDS NP, 
11.3276 13.3690 NUSSELT, NU= .5*RE**•7 
9.1183 8.0021 H: HT TRANS COEFF, BTU(HR FT2 F 

\84,S060 184.8000 KfDX EFF PF ROCK, BTU(HR FT2 F 
8. 6895 7. 670(1 u: OUERALL HT TRliS CPEFF·, B1"U(HR 

1.23S491E+09 1,0S6888E+09 HA:BED BTU(HR F 
1.lS0255E+09 1.041777E+09 UA:BED BTU(HR F 

1.111016E+09 UA:AUG, BTU(HR F 
569.0996 NTU 

58.36891 31.29855 
76.95261 5? ?8j41 

135.32152 aJ:sa195 
20290.990 8515.094 

FAli EFF = 75. 0 ~: 

PARTICLE DIAM, INCH J 
IliP''."'::Bl 11 
? l .25 

ROCK SIZE= 1. 250000 HlCH 

DELP: LAMIN PSF 
DEL p: TUF~BT PSF 
TOTAL DELTA PRESS PSF 
FAN POWER,, KW 

d: 1.25" 
!'.,lfiE F-~ocr:: f1S=O. 0 976 1+92 !-Bf•1 ·r~=O, (I 42E, 106 FT2 F!'.,lR !'.,lS= 0. 8(10 

35.13600 ALPHA= A:SURF!UOL FT2(FT3 
1,275t35E~CQ NUMBER OF ROCKS 
5. 4330r)OE+07 TOTAi- SURFACE AREA, FT2 
3.976078E+O~ SUPERFICIAi- FLOW AREA, FT2 
1 • 550 6?0 E +O 4 NET F~,!'.Jl4 AREA , FT2 

191.00667 W!A SUPERFICIAL, LBM!HR FT2 

HOT COLD 
11bo.o 600.0 TEMP: AIR, F 

2.086630 l.41??05 SUPERFICIAi- UEI-OCITY, FT!SEC 
5. 350333 3. 635142 A1JERf:l6E VELOCITY, FT!SEC 

5.815 8,559 FLPW TRANSIT TIME, SEC 
215.?226 273.3340 REYNOLDS NP. 

21.512S 25.3a96 NUSSELT, NU= .5*RE**~7 
6. '?268. 6. (1789 H: HT TRANS COEF-"F, BTU/HR FT2 F 

FT2 F 

7:~. 920 (I 73. 920 0 l<(O~ EFF OF ROCK, Bi-LI!HR F1"2 F 
6. 3333 5. 6170 u: OVERALi- HT 1"RfiS CPEF-'F, BTU(HR FT2 F 

3, 76331 ::!EH•f~ 3. 302653E+08 HA: BED BTIJ(HR F 
3.440S85E+OE! 3.051694E+.oa .UA:BED B1"1J(HR F 

3. 24629(1E+oa UA: AUG, B1"Ll(HR F 
166. 2~57 Ii TU 

9.33903 5.00777 DEi- P: LAMIN PSF 
30.78104 20.91336 DELP: TURBT PSF 
40.12007 25.92113 TOTAL DELTA PRESS PSF 
6015. 864 2640. 772 FAfi PfJWER, KW 

FAN EFF = 75.0 % 
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61 II .... I • ·•' ~• 1 I I 
• • t,E.1"1 t)i,~ .. , N272TI000003 
7 250 

BEUi D= 2'5(1. (1 FT L= 25. 200'+ ll(\L= 1. 237(121 E+(l6 Fr:3 
1 • 1 :?.68~ ACRES OF LANCl AREA 

PARTICLE DIAMi INCH:? 
IliPUTI J":t 11 1 
? 1 

Rf.IC!< SIZE = 1 .(1(1000(1 INCH d ,, 
= 1.0 

PliE RPCr.: MS=O. 0499%4 ~.811 A=O. 0272708 FT?. FOR OS= 0.8.00 
43. 9"20(1(1 ALPHA = A: SURF(t..lPL F1"2(FT3 

2. 49(130 4E +(19 !-IUl1BER PF P.OCl<S 
6. 791 2~9E +(1 '? TOTAL SURFACE AREA , F1"2 
4.908739E+04 SUPEJFICIAL FLPW AREA, F1"2 
1. 9144'.18E+04 liET FLPI~ AREA, FT2 

154.71540 W!A SUPERFICIAL, LBl1(HR FT2 

HP1" COLD 
1100.0 6(10.0 TEf1P1 AIR, F 

~~zso' 

1.G90170 1.148.341 SUPERFICIAL t..lELPCITY, FT(SEC 
4.33377(1 2.944%'5 AIJERA8E _VEWCITY, F1"(SEC 

5.815 S.559 FLOW TRANSIT TIME, SEC 
1 J9. 78~3 1 77. 1 20 4 REYNOLDS fiO. 

P5. !:l?S1 1 ~. ?395 lilJSSEL T, liU = • S!IERE!ll!II. 7 
t>. 3906 5. E-084 H: HT TRAliS COEFF, B1"U(HR FT2 F 

92. 4(1(10 ·:~2. 40 0 0 t<(OX EFF !'..lF RfJCI( ; Brll(HR FT2 F 
5.97??. 5.28?1* U: OVERALL Hr TRNS COEFF, BTU(HP. FT2 F 

4. 34rJ03?E+08 3. 1:l08.77t-E+08 HA: BED BTU(HR F 
4.059286E+OS 3.5908.25E+08 UA:BEO BTUtHR F 

3.8250'56E+08 UAIAt..10, BTU!HR F 
195.9320 t-1TU 

'3. 5?396 5.133?4 DEL P: LAl1IN PSF 
20. Ll-47::)9 13. 89277 DEl,. p: 1"1JRBT PSF 
30.02185 19.02652 TOTAL DELTA PRESS PSF 
4501. 671 1 ·?38.. 368 FAtl POWER, l<W 

Ali EFF = ?5. 0 % 

PARTICLE DIAMi INCH:? 
IliPU1": 33111 

:? .75 

ROCK SIZE= 0. ?5000(1 I 1-ICH d ~ o.7s" 
ONE ROCK: MS~0.0210922 LBM A=0.0153398 FT2 FOR OS= o.aoo 

59.56000 ALPHA= A:SURF/UOL FT2!FT3 
5. 90294:'.~E+09 fiUMBEP. (lF RC\Cl<S 
9. (l 54999E +fJ? TOTH~. SURFACE AREA, F1"2 
4. 9(1::l?39E+(•4 SUPERFICIAL· FLOW AREA·, FT2 
1. 914408E+04 liET FLOW AREA, FT2 

154.71540 W(A SUPERFICIAL, LBMtHR FT2 

HOT COLD 
l100.0 600.0 TEf1P1 AIR, F 

1.i:,9(1170 1. 1 '-+8341 '3UPERFJCIAL VELOCITY, FT/SEC 
4. :~33?7(• 2. 944465 AVERAGE lJELPC I TY, FT t'SEC 

5.815 S.559 FLOW TRANSIT TIME, SEC 
104. 8412 132. 8403 REYliOLDS N!'.l. 
12.9820 15.3215 NUSSELT, NU= .5!11RE**•7 
6.%67 6.113':l H: HT TRAliS COEFF, BTLl(HR FT2 F 

123.2000 123.2000 K:"DX EFF OF ROCK, BTU(HR FT2 F 
t-. 5938 5. 8248 IJ: OVERALL H1" TRliS CDEFF , BTIJ(HR FT2 F 

6.308322E+oa 5.536124E+08 HA:BED BTU!HR F 
5.970693E+oa 5.274379E+08 UA1BED BTU(HR F 

5.622536E+OE! IJAIAt..lG, Brll!HR F 
288. 0049 liTIJ 

1?. 02(137 ':l. 12t-66 DEi- p: LAIHN PSF 
27.26385 18.52370 DELP: TUR8T PSF 
44. 28422 2?. 65(135 1"!:lTAL DEL YA PRESS PSF 

• ... I I A. - ... ·• .... ... • ,. •'l,I I ~. ......... • .. ,, .. , ...... 1,l'I I 
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PARTICLE DIAM, INCH 'J 
I NPUT: 33 l 11 

N272TIOOOOU~ 

'J • 5 
Ps,V 

ROCK SIZE= 0. soooc,o INCH c\ = o.s" 
PNE ROCKI MS=0.0062496 LBM A•o.oosa177 FT2 FOR PS• o~aoo 

S?.a4000 ALPHA• A:SURF(UDL FT2trT3 
l. 99224JE+M li1111BER C.lF ROCKS 'i"\. 1 

1. 35:3250E+(1~ TOTAL SURFACE AREA, f-"1"2 ,J.I & '2 50 
4. 9(1873'3E+1)4 SUPERFICIAL FLOW AREA, Fr2 
l.914408E+04 NE1" FLOW AREA, F1"2 

l 54, ;• 1 540 Wt A SUPERF IC I FIL, LBM,,,.HR Fr2 6 · 5· 

HOT COLD 
1100,0 600.0 1"EMP1 AIR, F 

l.690170 1,148341 SUPERFiqIAL UELPCITY, FTtSEC 
4.333770 2,944465 AUERA6E ~ELDCITY, FTtSEC 

5. a15 a. 559 FLOW rRANSIT TIME, SEC 
69,8941 98.5602 REYNOLDS NP, 
9.7741 11.5355 NUSSEl-1", NU= ,5*RE**•7 
7.8678 6.9047 H: Hr 1"RANS COEFF, BrUtHR F1"2 F 

184,8000 1:~4.8000 KtDX EFF PF ROCK, 81"UtHR FT2 F 
7,5465 6.6560 U: PUERALL Hr TRNS COEFF, 81"UtHR FT2 F 

1.068642E+09 9,3?S307E+oa HA18ED BTU(HR F 
1.025003E+09 9.040525E+08 UA:BED BTU/HR F 

9,645279E+08 UA:AU6, BTU/HR F 
494. 0632 rm.1 

38,29584 20.53498 DEL p: LAMIN PSF 
40.89577 27.78555 DEL Pl ruRBr PSF 
79.19161 48,32052 1"0TAL DEL1"A PRESS PSF 

11~74 ~06 49?2 7~9 FAN POWER, KW 
FAN EFF ;-75.0 '.,; ·-. -

PARTICLE DIAM, INCH? 
IliPUn 331 1 1 
? 1. 25 

ROCK SIZE= d=-t.2s" 
PliE RC.lCf(: l~S=1). 097€,492 LBl1 A=O. 0426106 Fr2 HlR C.lS= (1 • 8(10 

35.1~600 ALPHA= A:SURFtUPL F1"2(FT3 
1.275035E+09 NUMBER OF ROCKS 
5.433000E+07 TOTAL SURFACE AREA, FT2 
4. 90873"3E+04 SUPERFICIAL FL.PW AREA 1

, Fr2 
1. "3144'J8E+Cr4 liET FUll-l AREA, FT2 

154.71540 WtA SUPERFICIAL, LBMIHR FT2 

HOT COLD 
11~0.0 600.0 TEMP: AIR, F 

1.690170 1,148,141 SUPERFICIAL UELDCITY, FT(SEC 
4,333770 2.944465 AUERA6E UELPCITY, FT!SEC 

5,815 a.559 FLOW TRANSIT TIME, SEC 
174,7353 221.4005 REYNOLDS NP. 
18.,5625 21.9076 NUSSELT, NU= .5*RE**•7 
5,9768. 5.2452 H: HT TRANS COEFF, BTU!HR FT2 F 

73.9200 73.9200 K!DX EFF OF ROCK, BTU(HR FT2 F 
5. 5297 4. 8.977 U i OUERALL HT l"RNS COE FF , E.lrlJ!HR FT2 F. 

3.247211E+08 2,S49722E+oe HA:BED B1"U(HR F 
3.004297E+O~ 2.ti60909E+08 UA:BED BTU(HR F 

2,832603E+08 UA:AUG, BTU/HR F 
145. 0953 IHI.I 

6 1?733 ~ ?assn 
16:Js9j1 11:11422 
22.48,564 14.39981 
3371.644 1'•67.013 

FAli EFF = 75. 0 ~ 

DELP: LAMIN PSF 
DELP: TURBT PSF 
TOTAL DELTA PRESS PSF 
FAN POWER, KW 
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LJIL.U ._, .. I Ill 'r I ,I.' 

ltiPU.1": 3(1 1 11 
? 275 

BED& D= 275, (1 FT 1-= 20, E:261:.! lJ(lL= 1, 237(121 E+(16 FT:3 
1 • :~6354 ACRES f..lF LANO AREA 

PARTICLE DIAM, INCH? 
INPUT: 33111 

:? 1 

ROCI< SIZE= 1 , (11) 0 (I (IO INCH 

OliE R(lC~:: r-1~:=(1, (149-:i,:i,=:;4 LBM A=O. (12727(18 FT2 FOR (lS= (1, aoo 
43.~2000 Al-PHA = A:SURF!UOL FT2!FT3 

2.490304E+O~ NUMBER OF ROCKS 
6,791 ;;;~49E+1P TOT~L. SURFACE AREA, FT2 
5. 93·~5?4E+04 SUPERFICIAL FLOW AREA•, FT2 
2,31~434E+04 NET FLOW AREA, FT2 

127. $6397 14/A SUPERFICIAL , LBM!HR Fr2 

HOT COLD 
1100,0 600,0 TEMP: AIR, F 

1,396835 0,949042 SUPERFICIAL VELOCITY FT!SEC 
3,581621::l 2,433442 AUERAGE UELPCITY, FftSEC 

5,815 8,559 FLOW TRANSIT TIME~ SEC 
115.5275 146,3805 REYNOLDS NP, 
13,8947 16,3987 NUSSELT, NU= .5~RE**•7 
5.5923· 4,9078 H: HT tRAf'IS CO-EFF, B1"U!HR FT2 F 

92. lfOOO 92, 4000 K!DX EFF PF ROCI<·, Bl"U(HR FT2 F 
5. 2732 4, i::,603 U: OVERALL H1" TRNS COEFF·, B1"U(HR 

3. 797·'9(12E +(1 ~ 3. 3330 0 3E +0 8 HA: BED B1"1J/HR F 
3,5S115:3E+OE! 3,1:S4900E+08 IJAIBED a1·u>-HR F 

3,373029E+08 UA:AUG, BTU!HR F 
1 72, 777? f'ffl_l 

i::,,53914 3,50642 
11.54230 7,S42w11 
1S,OS144 11,348.52 
2711,249 1156.156 

FAN EFF = ?5,0 % 

PARTICLE DIAM, INCH? 
INPllr: 33111 
? ,75 

ROCI< SIZE= 0.750000 INCH 

DEL p: L-AMili 
DELP: TURBT 

TOTAL. DELTA PRESS 
FAN POWER, t<W 

PSF 
PSF 

PSF 

ONE ROCK: MS=0,0210922 LBM A=0.0153398 FT2 
5S.56000 ALPHA= A~SURF!VDL FT2!FT3 

5, 902942E+1)9 NUMBER OF ROCKS 
9,054999E+07 TOTAL SURFACE AREA, FT2 

FOR PS= o.aoo 

5, 939574E+04 SUPERFICIAL FLOW AREA·, FT2 
2,316434E+04 NET FWW AREA, FT2 

127,86397 W!A SUPERFICIAL, LBM!HR FT2 

HOT COLD 
1100,0 600.0 TEMP: AIR, F 

1,396835 0,949042 SUPERFICIAL VELOCITY, FT!SEC 
3,581628 2,433442 AVERAGE UELPC~TY, FT/SEC 

5,E:115 8,559 FLOW TRAl'ISIT TIME.,. SEC 
86,6456 109,7854 REYNOLDS NP, · 
11,3604 13,4076 NUSSELT, NU= ,5*RE**•7 
6,0964 5,3502 H: HT TRANS COEFF, BTU!HR FT2 F 

N272TI000003 
P9.~e 

FT2 F 

123,2000 123,2000 K!DX EFF OF ROCI<, BTU!HR FT2 F 
5,8090 5. 1275 U; OVERALL HT TRHS CPEFF•, BTU!HR f-"T2 F 

5,52031SE+oa 4,844579E+08 HA1BED BTU!HR F 
5,260030E+OS 4,642951E+oa UA1BED BTU!HR F 

4,951491E+OS UA:AUG, BTUfHR F 
253,6318 · r-iru 

11 ,1:>2514 6,233.;3 DEL. P: LA1'1IN PSF 
15,38973 1~.45~14 DELP: TURBT PSF 
27.01488 16.68977 TOTAL DELTA PRESS PSF 
U(I -.,1 _ 7'A~ I "NI (r "N1? C:QN Dfll.lC:0 VI.I 
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PARTtCt..E DIAM, INCH? 
INPUT: 33111 

N272TI000003 

? .50 ~-2 
ROCK SIZE= 0.500000 INCH 

PliE R(lCI<: MS•£•. 0062~96 I-BM A=O. (1068.1 ?,7 F1"2 FOR OS• 0. 800 
a?,84000 AI-PHA • A:SURF!UPI- FT2!FT3 

1. 9~2243E+ H.' tillMBER OF f'.!tlCKS 
1, 358250E+oa l"ClTAI- SLIRFACE AREA, . Fr2 ~ ' 
5.939574£+(14 SUPERF·ICIAl. n.DW AREA, Fn~ 1,,.1 -=- '2 75 
2. 316434E+C14 tiH Fl,.OW AREA·, Fr2 

127. 86397 W!A SUPERFICIAi.., t..BtVHR Fr2 G,. 7 

HOT COI..D 
1100.0 600.0 TEMP: AIR, F 

1.396835 0.949042 SUPERFICIAi- VEUlCITY-,·· F1"/SEC 
3.581628 2.4:33442 AUERAGE UEf_OCHY, FT(SEC 

5.815 8,559 Fl-OW TRANSIT TIME, SEC 
57.7637 73.1903 REYNOI..DS ND. 
8,5532 10.0946 NUSSEt..r, NU= .5*RE•t.7 
6.8850 6.0422 H: Hr TRANS CPEFF, BTU(HR Fr2 F 

1 a4. 80(1(1 184. 8000 f((DX EFF (lF RtlCf<,, BTU(HR Fr2 F 
6. 6377 5. 8509 U: PIJERAl..f.. Hr TRNS CDEFF·, BrUtHR FT2 F 

9.351531E+OS 8,206816E+oa HA:BED BTU(HR F 
9.015640E+oa 7.946982E+oa UA:BED BTU!HR F 

S.481311E+oa uA:AUG, BTU(HR F 
434.44(19 IHI.I 

26.15658 14.02567 DEi- P: I-AMIN PSF 
23.08460 15.68422 DEi- P: rURBT PSF 
49.2411 7 29.70988 rorAt.. DELrA PRESS PSF 
7383.542 3026.759 FAN POWER, l(W 

FAN EFF = 75.0 ~ 

PARTICt..E DIAM, INCH? 
I liPUn 3311 1 
? 1. 25 

ROCK SIZE= 1. 250(100 I!iCH d ~ ,.2s" 
ONE ROCK: MS=0.0976492 I-BM A=0.0426106 F1"2 FDR PS= o.aoo 

35.13600 ALPHA= A:SURF!UDf.. FT2!FT3 
1 • 275(1 35E +O ~.) NUMBER PF RDCl<S 
5.433000E+07 TOTAi- SURFACE AREA~ Fr2 
5.939574E+04 SUPERFICIAL Ft..DW AREA, FT2 
2. J 1,:;4 34E +O 4 NET FUll,J AREA, FT2 

127.86397 W!A SUPERFICIAL, t..BM!HR FT2 

HOT CDI..D 
1100.0 600.0 rEMP: AIR, F . 

1.396835 0.949042 SUPERFICIAi- IJEf..PCirY, FrtSEC 
3.581628 2.433442 AUERAGE UEI..DCITY, FT/SEC 

5.815 8.559 Ft..DW TRANSIT TIME, SEC 
144.4094 1e2.9756 REYNDI..DS ND. 

16.2438 19.1710 NUSSEt..r, NU= .S*RE**•? 
5.2302 4.5900 H: HT TRANS CPEFF, BTIJ!HR F1"2 F 

73. 9200 ?3. 9200 K!DX EFF 'lF RDCI<•, B1"U!HR FT2 F 
4. 8846 4. 321 7 U: 'llJERAl-1- HT TRNS CDEFF, Brl.l!HR FT2 F 

2.841595E+08 2.493749E+OS HA:BED BrU1HR F 
2.65381~E+08 2.347954E+08 UA:BED BrU!HR F 

2.5008S4E+oa UA:AIJG, B1"U!HR F 
128. 1 (136 til"U 

4,18505 2.24411 DEi- P: I-AMIN PSF 
9.23384 6.27369 DEi- P: rURBT PSF 

1].41889 a.51779 rDTAf_ DEi-TA PRESS PSF 
20 I 2. 116 867. 769 FAN P'lWER, l(W 

FAli EFF = 75. 0 ~: 
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N272TI000003 

PARTICLE DIAM, INCH? 
IMPUTI 33111 
? .375 

ROCI< SIZE= 0. 375(1(1(1 INCH c\ ... 0.375" 

HPT COLD 
1100.0 600.0. TEMP: AIR, F 

1 • 396a35 0 . 9490 42 SUPERFICIAL VELOC•I TV , FT (SEC 
3. 581628 2. 4 33442 AVERAGE VELOCITY, E-"T (SEC 

s.at5 a.559 FLOW TRANSIT TIME, SEC 
43,3228 54,8927 REYNOLDS NO. 
6. 9931 8. 2533 t'IUSSEL T , NU. = • 5!1ERE**. 7 
7,5056 6,5868 H: HT TRANS COEFF, BTU(HR FT2 F 

246, 4000 2'~6. 4000 . !<!DX EFF OF ROCK, BTU!HR FT2 F 
7. 2837 t5. 41 53 U: OVERALL HT TRNS COEFF , BTLl!HR 

1.359262E+09 1.192875E+09 HA:BED BTU(HR F 
1,319081E+09 1. 1•51$.17E+09 IJA:BED BTLl(HR F 

1.240449E+09 IJA:AU6, BTIJ!HR F 
635.3992 NTU 

46.50058 24.93452 
1i:~~~d~ ~g:a~ii3 

11587.873 4670.743 
FAN EFF = 75.0 % 

·D_EL P: LAMIN PSF 
DELP· ruRBT PSF 
TPTAL

0

DELTA 'PRESS~ PSF 
FAN POWER, t<W 
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INPUr: 30 l 1 l 
:? 300 Nial! 11UUUUUJ 

BED: D= 3(11),,:1. FT L= l?.5003 ~-'!)L= l.:237021E+06 FB 
l.~227~ ACRES PF LAND AREA 

PARTICLE DIAM, INCH 1 
It'fPUT: 33111 

~) 1 

ROCK SIZE'= 1. 00(1000 INCH d .. 1.0·· 1) = 300' 

PtfE ROCK: MS=Cr. (ll.f99964 LBM A=(I. 0 2?27(1(4 FT2 FOP. fJS"" f.1. ~00 
43.92000 ALPHA= A:SURFtUOL FT2tFT3 

2.490304E+09 NUMBER OF ROCKS 
6.791249E+07 TOTAL SURFACE AREA·, FT2 
?,068SSJE+04 SUPERFICIAL FLOW AREA, FT2 
2, 756?48E+c14 NET FLOW AREA·, FT2 · 

107.44125 W(A SUPERFICIAL, LBMtHR FT2 

HOT COLD 
1100,0 600.0 TEMP: AIR, F 

l.1~3?29 0.797459 SUPERFICIAL VELOCITY, FT!SEC 
3. 01) 9562 2. (144767 AVERAGE VEl-!'.)C l' TY, F-"Tt~'.EC 

5,815 S.559 FLOW TRANSIT TIME, SEC 
9?.0752 123.0003 REYNOLDS NO. 
12.3012 14,51?9 NUSSELT, NU= ,5*RE**•7 
4.9510 4.3449 H:. HT TRANS COEFF, BTUtHR FT2 F 

92.4000 92,4000 K!DX EFF OF POCK, BTU!HR FT2 F 
4.6992 4.1498 U: OVERALL HT TRNS COEFF, BTU(HR FT2 F 

3.362325E+oa 2.950745E+oa HA:BED BTU(HR F 
3.191l28E+08 2,S1S224E+OS UA:BED BTU(HR F 

3,(104776E+08 UA:AUG, BTU!HR F 
153. 9146 liTU 

4.61707 2.475?6 DEL p: LAMili PSF 
6.84796 4.65266 DELP: TURBT PSF 

11.46503 7.12843 TOTAL DELTA PRESS PSF 
1719.141 726,224 FAN POWER, KW 

FAN EFF = 75.0 % 

PARTICLE DIAM~ INCH? 
HIPUT: 33111 
? .75 

ROCK SIZE= 0. 750000 INCH 

ONE RDCK: MS=0.0210922 LBM A=0.0153398 FT2 FOR OS= o.aoo 
SS.56000 ALPHA= A:SURFtUDL FT2tFT3 

S, 902·~42E+09 Nllf1BER f.lF ROCKS 
9.054999E+07 TOTAL SURFACE AREA, FT2 
?,06S5S3E+04 SUPERFICIAL FLDW AREA~ FT2 
2. ?56?4SE+04 liEr FI..OW AREA, FT2 

107,44125 WtA SUPERFICIAL, 1-BMtHR FT2 

HDT COLO 
1100.0 600,0 TEMP: AIR, F 

1 , l ?3?29 (I, ?97459 SUPERF IC I Al- UEWC-ITY, FT.,·SEC 
3. C09'562 ;~. 044767 AVERA0E VELOCITY I FT(SEc' 

5.815 8.559 Fl-PW TRANSIT TIME, SEC 
72. 80 64 92. 250 2 REYNOLDS liO. 
10.0575 11,8699 NUSSELT, NU= .5*RE**•? 
5.3972 4,7366 H: HT TRANS COEFF, BTU(HR FT2 F 

1 23. 20 0 (1 1 23, 20 0 0 l<!DX EFF OF ROCK , BTIJtHP. FT2 F 
5,1707 4.5612 u: DUERALL HT TRNS COEFF, 8TU!HR 

4,8S7200E+O~ 4.288961E+oa HA:BEO BTU(HR F 
4,682083E+Oa 4,130171E+Oa UA•BED BTU(HR F 

4.406127E+OEI UA:Ava, BTU(HR F 
225. 6964 liTU . 

8.20813 4.40136 
9.13061 6. 20355 

r?.33874 10 •. 1::-,.1+91 
'''-QCI· · AA"-'· l (1 Afr~--~~ 

DELP: LAMIN PSF 
DEL,; P: l"LIRBT PSF 
TCffAL DEL TA PREss· PSF 
FHN POWER, KW 

ESG-79-2, Vol II, Book 2 
G-62 

FT2 F 

P~. i' 



PARTICLE DIAM, INCH? 
IttPl.ln ~:.tl 11 

N272TI000003 

? • 5 

RPCt< SIZE'.= (I. 500(10(1 IttCH d" o.s'' 
PttE P.PCt<: MS==0.(1062496 LBM A•0.006a177 FT2 FDR PS= o.aoo 

87.84000 ALPHA= AtSURF(UDL FT2(FT3 
1,9922~lE+10 NUMBER PF ROCKS 
1. 35:~250E+08. TOTAL SURFACE AREA, FT2 
7, 068.583E+c14 SUPERFICIAL FLOW AREA, FT2 J) ~ ~ OO I 
2.756?48.E+04 NET FLOW AREA, FT2 _., 

10?.44125 W(A SUPERFICIAL, LBM(HR FT2 

P9. !_2. 

HOT COLD G, ·IO 
1100.0 600.0 TEMP: AIR, F 

1.173729 0.797459 SUPERFICIAt VELOCITY FT!SEC 
3.009562 2.044767 AUERAGE VE OCITY, FftSEC 

5,815 8.559 FLO~ TRAttSIT TIME, SEC 
48.,537€- 61.5001 REYfiPLDS NP, 
7. 5722 8. 93b8 liUSSEL T, NU = • 5~RE!I!*. 7 
6.0954 5.3492 H: HT TRANS COEFF, BTU(HR FT2 F 

1'::14,8.000 18.4.8.0(10 l<!C.lX EFF OF Rf.lCI<, BTU!HR F1"2 F 
5, 9007 5. 1987 U: OVERALL HT TRNS COEFF1, BrtJyHR FT2 F 

S,279016E+08. 7.26558.?E+oe HA:BED BTU(HR F 
S.014664E+08. ?.061193E+08 UA:BED BTU!HR F 

? • 53?'?:29E +O 8. UA: Al.lG , BTU!HR F 
3E!6, 1177 r-n-u 

1 :~. %~29 ':l, 9(1 J(16 DEL P: LAIHN PSF 
13,b9591 9.30532 DELP: TURBT PSF 
32. 1 i:,420 1':'.208.38. 1"0TAL DEL TA PRESS PSF 
48.22.909 1956.8.95 FAN POWER, KW 

FAN EFF = 75.0 % 

PARTICLE DIAM, INCH? 
IliPUrt 33111 
? .375 

ROCK SIZE== 0.3?5(1(1(1 INCH 

OliE P.f.lCf'.: MS=C1 • 0026365 LBM A=O. 0038350 FT2 Ff.lR f.lS= (1 • 8.00 
\17.12000 ALPHA= A:SURF!VOL FT2(FT3 

4.722353E+10 NUMBER OF ROCKS 
1 ,8.1 \OOOE+08. TOTAL SURFACE AREA, FT2 
7. 0 6El5E!3E +O 4 SUPERFICIAL FLOW AREA1, FT2 
2.75674SE+04 NET FLOW AREA, FT2 

10?.~4125 W(A SUPERFICIAL, LBM(HR FT2 

HPT COLD 
\100.0 600.0 TEMP1 AIR, F 

1.1?3729 0.?97459 SUPERFICIAL UELOCITY, FT(SEC 
~.009562 2.044767 AUERAGE VELOCITY, FT(SEC 

5.E!15 8.559 FLOW TRANSIT TIME, SEC 
36.4032 46.1251 REYNOLDS NO. 

6.1911 7.3068 NUSSELT, NU= .5*RE**•7 
6.6448 5.8314 Ht HT·TRAttS COEFF, BTU(HR FT2 F 

246.4000 246.4000 K!DX EFF PF ROCK~ BTU(HR FT2 F 
6,4?03 5.6966 u: OUERALL HT TRttS COEFF, BTU(HR FT2 F 

1.203369E+09 · l.056066E+09 HAtBED BTU)HR F 
1.171770E+09 1.031650E+09 UA:BEO BTU~HR F 

1.101710E+09 UAtAUG, BTU!HR F 
564. 3325, liTU 

32.8.3251 1?.60543 DELP: LAMIN PSF 
18.26121 12.40710 DELP: TURBT PSF 
51.09373 30.01253 TOTAL DELTA PRESS PSF 
?661 . 326 3(15?. 592 FAN POWER', KW 

FAli EFF = ?5. (1 % 

.. 
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? 325 BE'D DIAM. N272TI000003 

BED• D• 325.0 FT L= 14.9115 UOL= l.237021E+06 FT3 
t l • ':1~1445 ACRES PF LAliO AREA 

PARTICLE DIAM, INCH? 
IliPIJTl:33111 
? 1 

R~lCI( SIZE = 1. 000000 Il'ICH d ~ 1. o ,. 
PliE ROCK: MS~0.0499964 LBM A=0.0272708 FT2 FOR OS= o.aoo 

43. •~2(1(10 ALPHA = A: SURF(VPL H2(FT3 
2.490304E+09 NUMBER PF ROCKS 

Ps,2! 

6.79l249E+fJ7 TOTAL SURFACE AREA, FT2 e:,-,, 
8.29576SE+04 SUPERFICIAL FLOW AREA, FT2 
3.235350E+04 liET FLOW AREA, FT2 

91.54757 WA SUPERFICIAL, LBMtHR FT2 

HOT COLD 
l l O O • 0 60 0 • 0 TEl'tP1· A IR , F 

1.000101 0.67':1492 ·suPERFI~IAL VELOCITY, FT(SEC 
2. 564 361 l • ?42297 AlJERA8E VELPCHY, FT (SEC 

5.S15 · S.559 FLOW TRAliSIT TIME, SEC 
82.7149 104.$050 REYliDLDS NP. 
10.9971 12.9789 NUSSELT, NU= .5*RE**•7 
4.4261 3.8843 H: HT TRANS CPEFF, BTU(HR FT2 F 

92.4000 92.4000 KtDX EFF PF ROCK~ BTU!H~ FT2 F 
4. 2238 3. 7276 u: OVERALL HT TRNS COEFF', Bl"U(HR Fr2 F 

3.oosaaaE+oa 2.637939E+oa HA1BED BTU!HR F 
2,868483E+oa 2.531519E+OS UA:BEO BTU(HR F 

2.700001 E+OS UA: AlJG, BTU!HR F 
1 38. 3(1 JO fffU 

3.35211 1.79747 DEL p: LAMili PSF. 
4.23632 2.87825 DELP: TURBT PSF 
7,58843 4.67572 TOTAL DELTA PRESS PSF 

1137. ass 476. 349 FAN POWER, KW 
FAli EFF = ?5. 0 % 

PARTICLE DIAM, INCH? 
I tiPUT: 33111 

~? • 75 

RPCI< SIZE= 0.?50000 INCH d II 

~ 0,75 
PliE ROCK: MS=0.0210922 LBM A=0.0153398 FT2 FDR OS= o.aoo 

SS.56000 ALPHA= A:SURFtUPL FT2!FT3 
5.902942E+09 NUMBER PF ROCKS 
9.0S4999E+07 TOTAL SURFACE AREA~ FT2 
a.29576aE+04 SUPERFICIAL FLOW AREA, FT2 
3. 235350E+04 t'IET Fl.PW ARER, FT2 

91.54757 W(A SUPERFICIAL~ LBM!HR FT2 

HOT COLD 
1100.0 600.0 TEMP: AIR, F 

l.(100101 O. 679492 SUPERFICIAL VEUlCI TY, FT (SEC 
2.564361 1.?422a7 AVERAGE VELOCITY, FT!SEC 

5. 815 . 8. 559 FLOW TRAt'ISIT TIME, SEC 
62,0362 ?$.6037 REYMPI..DS NP. 

a.9913 10.6116 NUSSELT, f'iU = .5111RE**•7 
4.9251 4.2344 H: HT TRAtiS CPEFF, BTU(HR FT2 F 

123. 2000 123•. 2000 t<tD>< EFF QF RPCK 1, BTU!HR FT2 F 
4. 6432 4. 0937 Ui OVERAU. HT TRNS CPEFF·, BTLl(HR FT2 F 

4.369112E+OS 3,834291E+oa HA1BEo··. BTU(HR F 
4 .• 20't446E+oa 3. 706aS4E+08 · UA.t BED BTU(HR F 

J. 955665E +O 8 UA:. A.VS , BTU!HR F. 
202. 6.223 · tint 

5. 95931 3. t.9$50 DEL P: LAl1IN PSF 
5. 6'+f;l42 3. 83767 DEL p:. . TURBT PSF 

11 • 60 7'73 7. 0 331 7 TOTAL. DEL TA PRESS ' PSF 
i .,u,, c:~a · ? 1 . .:. "'i 1 q F-"AH POWER • KW 
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PARTICLE D IAl'I , HICH ~-> 
HIPLIT: 33111 
? .5 

ROCK SIZE = O. 5!)00(1(1 HICH d:: o.s" 
OliE f,',1cr: MS•0.(1(162496 UlM A•(t,(l(lt-E!1?7 Fr:~' F-"OR 

a?.~4000 ALPHA~ AISURF(U~L rr21FTJ 
1.?,2243~+10 NUMBER PF Roers 
1. 35S;~50E+(18, TPTAI. SI.JFWACE AREA, Fr:~ 
a. 29576$E+04 SUPERF·ICIAL F-"L~lW AREA•, Fr2 
3.235350E+04 HET FLPW AREA, Fr:2 

91.54757 N!A SUPERFICIAL, LBM(HR FT2 

HOT COLD 
1100.0 600.0 TEMP: ~IR, F 

1.000101 O. 67-9492 SUPERFICIAL l.)EWCITY, Fr!SEC 
2.564361 1.74228.7 AVERAGE UELPCITY, FT(SEC 

5.815 8.559 FLPW TRAHSIT TIME, SEC 
41.3575 52.4025 REYNOLDS NP. 
6.7695 7.9e94 NUSSELT, NU= .5*RE**•7 
5. 4492 4. 78.22 H: HT YRANS C(.lEFF', BTl.1/HR FT2 F 

18,4.8000 184.8.000 K(DX EFF OF ROCK, BTU(HR FY2 F 

N272TI000003 

5.2931 4.6615 u: OVERALL Hr YRNS CPEFF, BYU!HR FT2 F 
7.401364E+08. 6.495368.E+oa HA:BED · BTU(HR F 
7. H!93?1E+08. 6.331524E+08. UA:BED Brll!HR F 

6,7604't7E+08 UA:Al,113, BJU(HR F 
346.2,25 NYU . 

13.U08,44 7.18.98.7 DELP: LAMIN PSF 
a. U7263 5. 7565(1 DEL Pl ruRBr PSF 

21.SS107 12.94637 TOTAL DELYA PRESS PSF 
328.0,990 1318,.940 FAN POWER, KW 

FAN EFF = 75.0 % 

PARTICLE DIAM, INCH J 
INPU1": 33111 

:? ,375 

RPCK SIZE= O. 375000 HlCH d.., o. 31s·· 
ONE ROCK: MS=0.0026365 LBM A=0.0038.350 FT2 FDR OS= 0.8,00 

11?,12000 ALPHA= A:SURF!UDL FT2(FT3 
4.722353E+l0 NUMBER PF ROCKS 
1.S11COOE+D8 TOTAL SURFACE AREA, FT2 
a. 295?68.E+Ct4 SUPERFICIAL FLPW AREA,, Fi2 
3.235350E+04 NET FLOW AREA, FT2 

91~54757 W(A SUPERFICIAL, LBM!HR FT2 

HOT COLD 
1100.0 600.0 TEMP• AIR, F 

1.000t01 0.679492 SUPERFICIAL UELPC1TY, FT!SEC 
2.564361 1.742287 AUERAGE UELPCITY, FTtSEC 

5.$15 $.559 FLOW TRANSIT TIME, SEC 
31.0181 39.3019 REYNOLDS NO, 
5.5348 6.5322 NUSSELT, NU= .5*RE**•7 
5.9404 5.2t32 H: HT TRANS CPEFF, BTUtHP FT2 F 

246.4000 246.4000 KtDX EFF PF ROCK, BTU!HR FT2 F 
5.8005 5.1052 u: OUERALL HT TRNS CPEFF, BTU(HR FT2 F 

1.075S01E+09 9.441133E+O$ HA:BED BTU(HR F 
1,050475E+09 9.245520E+oa UA:BED BTU(HR F 

9,875140E+O$ UAtAUG, BTU(HR F 
505. 8374 ,~ru 

23.83723 12.78.198 DEL Pl LAMIN PSF 
11.29684 7.67534 DEL p: TURBT PSF 
35.13407 20.45732 TOTAL DELTA PRESS PSF 
5261:!. 231 20 8.4. '34 FAti P(lWER, t<W 

FAN EFF = 75. 0 '.,: 
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/, ! 'l' Rockwell lntematlonal 
Atomics lnt1mation1I Division 

AP?END\X H 
MATERIAL PROPERTIE.5 

(Ref. ~, 9 ) 

C / BTU - S -7 2 
p\lb .. •'r)= 0.239 + 0,90><10 T + O.14-x\0 T 

11.::,,,ivvvvv.J 

--
-·- \-\-\ 

-4 -7 2 
0.0'399'-' + O.b33~)(10 T - 0,1441(10 T 

k 1 ~) = ('. 0\~3 + 0.20b>< I0-
4 T 

\h,- ft •'f 

f ( :t:• ) - 3 .9 • h S 8 7 4/( T -+ + 5 9. lo?) 

Pr= cp 1-.1 
k T - °F 

R OC K : ( Ref. 5 } 

(No Vo,o~) 

ESG-79-2, Vol II, Book 2 
G-66 

- 8 2. - o.z.x 10 T 



APPENDIXH 

A COMPARISON OF ALTERNATIVE WAYS OF RECOVERING 
THE HYDRAULIC HEAD FROM THE ADVANCED 

SOLAR RECEIVER TOWER 
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I. INTRODUCTION 

The reference design is shown in Figure 1. In this design, the hot 
and cold storage tank ullages are at atmospheric pressure. The expansion 
tank liquid level elevation is 221 m (724 ft) above the average level in 
the storage tanks. The energy represented by this elevation difference 
is dissipated in the drag valve during operation. The idealized hydraulic 
energy converted into heat in the drag valve is approximately 2.2 Mw. 
This energy is supplied by the Receiver Pump P-1 and represents about 18% 
of the hotel load or 2.2% of net plant output. 

All of this energy is not wasted since about 43% of it is reconverted 
back into electricity in the plant cycle. What remains to be recovered 
is 57% of 2.2 Mw or 1.25 Mw. 

The purpose of this study is to compare the cost effectiveness of 
alternate ways of accomplishing this recovery and to make a recommendation 
for the selection of one of them for the short term and indicate if 
additional improvement might be possible in the longer term with additional 
development work. 
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II. SUMMARY CONCLUSIONS AND RECOMMENDATIONS 

An earlier trade study (Reference l) examined the possibility of 
recovering the head by utilizing a high-pressure loop and a low-pressure 
loop thermally coupled by a heat exchanger (Figure 2). It was determined 
that the value of the power savings was less than the cost of the heat 
exchanger. This system was judged rot cost effective. An additional 
eight other methods. were examined, These schemes, their summary evaluation, 
and recommendations are as follows. 

A. SUMMARY OF ALTERNATE SCHEMES 

Scheme Result 

1. Elevated Hot Tank Not cost effective 
2. Elevated Cold Tank Not cost effective 
3. Parallel Storage Tanks Not cost effective 
4. Reduced Downcomer Diameter Net savings $0.6 x 106 

5. Sodium Turbo Pump Addition Net savings $0.8 x 106 

6. Jet Pump Addition Net savings $0.85 x 106 

7. Magnetohydrodynamic (MHD) Addition Net savings $1.2 x 106 

8. Helical Rotor Generator Addition Net savings $1.2 x 106 

B. RECOMMENDATIONS 

For the near term, Scheme 4 is recommended with Scheme 6 as the 
"fallback" scheme. 

For the long term, Scheme 7 is the recommended approach and Scheme 8 
the "fallback" scheme. 

3 
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III. DISCUSSION· 

A. GENERAL 

The rough cost estimates given include factors for capital costs, 
opera~ing and maintenance costs, and changes in the plant capacity 

· factor. 

B. ALTERNATE SYSTEMS 

1. Elevated Hot Tank (Figure 3) 

By elevating the hot storage tank by 61 m (200 ft), it is possible 
to eliminate the P-2 pump and the power required to operate it. The 
cost savings derive from decreasing the auxiliary power requirements and 
eliminating the cost of the P-2 pump. The estimated savings are $0.53 x 
106 due to plant size reduction, $0.64 x 106 due to an improvement in 
plant capacity factor, and $0.5 x 106 due to. eliminating the pump. The 
total is approximately $1.67 x 106. The additional cost of the tower to 
·support the tank at the 61-m (200-ft) level is estimated (Reference 2) 
at $1.75 x 106. The added tank support cost is estimated at $0.5 x 106 

for a total additional c9st of $2.25 x 106. The operational aspects of 
this arrangement are excellent; however, because of the higher cost, it 
is considered to be not cost effective. 

2. Elevated Cold Tank (Figure 4) 

By elevating the cold tank 85 m (280 ft), it is possible to divide 
the tower head between the two Pumps P-1 and P-2. This arrangement allows 
the P-1 pump to be changed from a two-stage design to a single-stage design 
and divides the engineering, QA, and spare parts costs between the two. 
The savings accruing from the coR111onality are estimated at approximately 
$0.5 x 106• From the Case 1 cost estimate for elevating the tank, it 
is clear that this scheme is not cost effective. 
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3. Parallel Storage Tanks (Figure 5) 

In this scheme, the storage system is bypassed on direct operation, 
thus, all of the available tower head is conserved. The energy savings 
is 1.2 MWe whi.ch translates into approximately $1.2 x 106 of capital 
cost on plant size reduction and approximately $0.5 x 106 (the pump will 
be running on standby) due to improved capacity factor for a total 
savings of $1.7 x 106. To retain the feature of being able to operate 
from storage while charging to storage ~imultaneously requires that the 
P-2 pump develop the same head as the P-1 pump. The additional cost for 
this change is estimated at $0.5 x _106 (P-1 pump cost less P-2 pump 
loss, less the pump conmonality, savings of $0.5 x 106, see Scheme 2). 
An additional cost for control values to regulate this together with the 
control system is estimated at $1. O x 106. The net savings is about 
$0.2 x 106. However, the thermal buffering benefit of the large sodium 
storage tanks is lost. It is judged that this benefit is worth more 
than the cost saving, thus, this system is judged not cost effective. 

4. Reduced Downcomer Diameter (Figure 6) 

In this scheme, the pipe velocity limit is increased to 17 m/sec 
(56 ft/sec) (this velocity limit is greater than "conventiona 1 practice" 
for sodium flowing in pipes but less than sodium pump velocity practice 
of 60 m/sec (200 ft/sec] or sodium jet pump successful experience 20 m/sec 
(65 ft/sec], Reference 3.) The savings are obtained by reducing down­
comer pipe diameter. The savings on the installed downcomer pipe is 
approximately $0.5 x 106. The drag valve savings is approximately 
$0.1 x 106 for a total savings of $0,6 x 106• This approach appears 
cost effective. 

5. Sodium Turbo Pump Addition (Figure 7) 

In this scheme, a sodium driver turbine is installed in the down­
comer which drives a directly connected pump located in the riser. This 
pump acts as a booster pump in series with the P-1 pump. The arrangement 
decreased the peak power requirement by approximately 1.81 MWe, however, 

8 

ESG-79-2, Vol 11,Book 2 
H-11 



rrr 
~ 
I ..... 
'° I 
N .. 
< :c 0 

I _, ... N ..,. .... .. 
ICICI 
0 
0 
~ 

N 

RECEIVER 
I, ,;... 

'° 

PUMP P-' 

HOT 
STORAGE 

FIGURE 5 
PARALLEL STORAGE TANKS 

PUMP P-Z 

-• 

L..---+----



RECEIVER ,, ... 

fTI I I< HOT 
lp ~ ST~E , )--• ...., 
\0 

X< ~ 
~ ~ m J PUMP P-.2 

I O --~ . w -- -• 0 ~ 
0:, 
0 
0 
~ 

N 

L----+----
FIGURE 6 

REDUCED DOWNCOMER DIAMETER 



a: 
w 
;?!: 
w 
frlu----t 

w 
C, 

1-ct oa: 
:r:o 

t; 

a: ---------------

11 

ESG-79-2, Vo.1 II, Book 2 

H-14 

I 
I 
I 
I 
+ 
I 
I 
I 

J 

..... 
LLJ 

°' i -u.. 

0. 
E :::, 
0. 

j 

°' i= 
u.. 
0 

z 
0 -... -C 

~-



it is only effective down to about 70% of flow beca.use of the fact that 
the power of the turbine under throttled operation decreases as the cube 
of the flow. In addition, full credit cannot be taken for the 1.Rl MWe. 
Approximately 43% of this is recoverable as heat energy which can be 
reconverted to electricity in the conventional part of the plant. The 
effective power savings amounts to 0.66 MWe which improves the plant 
capacity factor, resulting in a reduction in the levelized bus bar cost 
of 0.446 mils/kWh. This is the equivalent of $0.8 x 106 of capital 
outlay. The reduction in plant size at peak load is 1.0 MWe. This 
reduction in auxiliary power capacity is worth approximately $1 x 106 

The total installed cost for this equipment is estimated at $1.0 x 106. 
Thus, the net savings is approximately $0.8 x 106. This system is cost 
effective if the sodium turbopump component can be installed as a developed 
item. Maintenance of this unit requires entrance into the sodium system. 

6. Jet Pump Addition (Figure 8} 

This scheme is similar to Scheme 3 except that the storage capacity 
is coupled to the loop through the jet pumps which function automatically 
except at startup when the P-2 pump bypass line is used to "bootstrap" 
the system into operation. As shown in the figure, Jet Pump 2 is driven 
by the downcomer head and provides a high inlet pressure for the centri­
fugal pump. This arrangement functions as a two-stage pump which raises 
the outlet pressure of the P-2 pump. The higher outlet pressure increment 
is transferred through the steam generators and supplies the driving head 
for Jet Pump 1. The output head of Jet Pump 1 adds to the head of the 
P-1 centrifugal pump. Because of the realtively low efficiency of the 
jet pump, the expected savings in power will be no more than 0.746 MWe 
(1000 hp) (Reference 4) but additional benefits accrue since the tower 
lift can be shared between the two centrifugal pumps as in Scheme 2. 
Th'is is similar in function to the t•Jrbo pumped system but with less hydraulic 
efficiency. The jet pumps are simpler mechanically. They have no moving 
parts and, thus, should have a higher reliability. The expected savings 
are estimated to be $0.42 x 106 due to plant size reduction and $0.34 x 106 

due to capacity factor improvement. Pump simplification and commonality 
savings amount to $0.5 f 106. The cost of tne jet pumps is estimated at 
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$0.1 x 106• The net savings is $0.85 x 106• Sodium jet pumps are con­
sidered to be existing technology. This system appears to be cost 
effective. 

7. Addition of Magnetohydrodynamic Generator (Figures 9 and 10) 

In this scheme, an alternating current liquid metal magnetohydro­
dynamic (MHD) induction generator replaces the drag valve. This device 
acts like an electromagnetic brake on the system and converts the tower 
head to ac power.. It would be operated in the constant voltage mode with 
flow control affected by varying the load on the unit. The electrical 
conversion efficiency is similar to the Scheme 5 turbo pump except that 
the unit operates over the entire flow range;' ·The effective electrical 
savings is 1.0 MWe or o:67 mills/kWh due to the improvement in capacity 
factor. This is equivalent to $1.2 x 106 of capital outlay. There i~ 
also a reduction in plant size due to reducing the auxiliary power 
requirements. This unit also replaces the drag valve which is estimated 
at $0.5 x 106. The total savings is $2.1 x 106. The estimated cost of 
the unit is $1.5 x 106. The net savings is then $1.2 x 106• This 
system is cost effective provided that the unit is installed as a 
developed item. The system has no moving parts and the stator can be 
designed to be removable for repairs without entering the sodium system 
(Figure 8). 

8. Helical Rotor Generator Addition (Figures 11 and 12) 

In this scheme, a helical rotor generator replaces the drag valve. 
The unit can generate direct current power which is converted to ac power 
or ac power directly if a variable speed coupling is used. The tech­
nology is simjlar to that of the helical rotor pumps, Reference 6. The 
economics are; similar to those of the MHD unit and appears cost effective 
provided it is installed as a developed item. The electrical part of 
this component operates in air and may be removed for maintenance without 
cutting into the sodium system. It operates at low speed f-5 rps), thus, 
generating low frequencies which lead to low electrttal losses in the flow 
passage walls. This in turn permits increasing this wall thickness to 
standard tube dimensions and should enhance reliability. 
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IV. CONCLUSIONS 

The scheme that represents the least departure from the reference 
system that is cost effective is Scheme 4. This scheme should require no 
R&D and should save at least $0.6 x 106. It would appear to be the best 
short-term choice. An alternate candidate is the jet pump scheme which 
also requires no R&D and is cost effective. 

For a longer range approach requiring some R&D, the MHD generator 
appears to be the most cost effective. The helical rotor generator 
appears as attractive but does involve rotating parts and would be 
expected to show a lower reliability than the MHD unit. 
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February 17, 1978 

Atomics International Division 
Rockwell International · 
8900 DeSota Avenue Re: C-20325-13 
Canoga Park, California 91304 

Attention: Tom Springer 
Project Manager 

SubjecF: Central Receiver Tower Study 
Advanced Central Receiver Power System 

Reference: AI Contract NJll-0002 FX 
DOE Contract EG-77-C-03-1483 

Dear Tom: 

I 

Enclosed herewith please find the results of our central receiver tower 
sensitivity analysis recently completed, The following data is enclosed: 

1. Receiver tower model with design criteria used in the 
analysis, dated February 6, 1978, including the following 
tables of results: 

Table 1 - Tower and Hat Dimensions 
Table 2 - Dynamic Response (Seismic) 
Table 3 - Tower and Mat Material Quantity 

2, Plot of tower cost vs. tower height and receiver w.ci&ht, 
dated February 14, 1978, 

-3, Cost Estimates for the sixteen tower height and receiver 
wcieht combinations conr.idercd, 

Plen:ic be ndvlncd thnt the rcr.ultn of thin Htudy nhow11 the relative co:it 
o[ tower:, v:i. tower hcl,:ht for vnrlour. rccelvcr wci1~ht:1; however we have 
not attcm,pl:cd to uptf.rnf.:t.e tower coot for nny npccl(lc tower hci,:ht/ra­
cclvcr wcl1~ht comblnatlon, 

71111 r1111T1111•;11, ,.,, l•flY ,,,,11n, 1111111111 ('/II 1111111,111•0•11, 1°111,111 f"ll'II l',1111:1;• • IV/If flllt •111 M'd 1111 If 114~ '•"' 
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$tear11s-Rogcr .. ,. •• __ 2 __ 

Atomics Internntlonnl Dlvlolon 
cano&a l'nrk, California 91403 
ATTN: 'l'om S1>rinuer 

February 17, 1978 

Please let us know if you have any questions, or require additional 
information. 

AWHc/vr 

Enclosure 

Very truly yours, 

STEARNS-ROCER ENCINEERINC CO. 

(1_1,l) yYJ c.(/.lo..M,, t..a.... 
A. W. McKenz e · 0 
Project Engineer 

cc: (w/encl.) 
G. c. 
w. R. 
R. E. 
J. R. 
A. w. 
R. K. 

Coleman - 1-IDAC 
Lang 
Williamson 
Linger/R. J. Colasanti 
McKenzie 
Jones/ Job File 
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TOWtR 
HEIGIIT, 
METERS DIMCNSION$ 1 FT,* 

100 Dn 
DTo 
TTT 
TTB 
OMO 
~I 

200 brr 
~B 

TT 
TTe 
DMO 
DMI 
TM 

300 Dn 

rn 
Tre 
~o 
T~I 

400 .Dn 
Dre 
Tyy 
Tye 
DMO ti 

*Refer to Figure 1 

0 

20.0 
53.0 
0.5833 
0.9167 

90.0 
o.o 
8,0 

40.0 
106,0 

0,8333 
1.5 

160.0 
52.0 
11.0 

60.0 
169.0 

1.0 
2.0 

220.0 
98.0 
15.0 

80.0 
212.0 

1.25 
2,5833 

284.0 
140.0 
15.0 

RECEIVCR WEIGIIT I KIPS ,,. 
500 - 1500 .1Q.QQ. 

20.0 20.0 20,0 
53.0 53,0 53.0 
· 0,5833 0.8333 1.0 

0.9167 1.25 1.5 
90.0 100.0 106,0 
o.o o.o o.o 
8.0 9,0 .. 10.0 .. 

40.0 40.0 40.0 
106.0 106.0 106.0 

0,8333 1,0 1.25 
1.5 1.875 2.25 

160:0 168.0 170.0 
52.0 44.0 42.0 
11.0 11.0 14.0 

60.0 60.0 60.0 
159.0 159.0 . 159.0 

1.0 1.125 1.25 
2.0 2.25 2.5 

220.0 224.0 230.0 
98.0 94.0 88.0 
15.0 15.0 15.0 

80.0 80.0 80.0 
212.0 212.0 212.0 

1.25 1.25 1.25 
2.5833 2.5833 2.5833 

284.0 284.0 284.0 
140.0 140.0 140.0 
15,0 15.0 15.0 

TABLE 1 

ADVANCED CENTRAL RECEIVER - JOO NO. 20325 
TOWER MD MAT DIMEIISIOIIS 

STEARNS-ROGER 
FEBRUARY 6, 1978 
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TOWER 
HEIGIIT 
METERS PARAMETER RECEIVCR WEIGIIT 1 KIPS* 

ij 0 500 1500 3000 

100 Fund. llor. Freq •• llz 1.25 0.83 0.62 0.50 
Rev. Hor. Accel., G's 1.35 0.73 0.49 0.39 
Rev. llor. Defl., In. 4.61 6.18 7.36 8.75 
Fund. Vert. Freq., llz 10.49 8.77 7.34 6.23 
Rev. Vert. Aeecl., G's 0.86 0.90 0.85 0.81 
Rev. Vert. Defl., In. 0.07 o.n 0.14 0.19 

200 Fund. Hor. Freq., Hz 0.65 0.59 0.53 0.47 
Rev. Hor. Aeeel., G's 1.39 1.48 0.96 o. 71 
Rev. Hor. Defl., In. 10.43 12.29 12. 71 13.30 
Fund. Vert. Freq., Hz 5.36 5.20 5.00 4.74 
Rev. Vert. Aeeel., G's 1.08 1.09 1.10 1.09 
Rev. Vert. Defl., In •. 0.32 0.35 0.38 0.42 

un. or. req., z 0.44 0.43 0.41 0.38 
Rev. Hor. Aeeel., G's 1.26 1.89 1.38 1.03 
Rev. Hor. Defl., In. 16.66 19.26 19.68 20.09 
Fund. Vert. Freq., Hz 3.63 3,59 3~53 3.45 
Rev. Vert. Aeeel., G's 1.22 1.21 1.22 1.21 
Rev. Vert. Defl., In. 0.77 0.79 0.83 0.86 

400 Fund. Hor. Freq., Hz . 0.34 0.33 0.32 0.31 
Rev. Hor. Accel., G's 1.21 . 2.09 1.70 1.26 
Rev. Hor. Defl., In. 23.41 26.87 27.21 27.61 
fund. Vert. Freq., Hz 2.74 2.72 2.70 2.66 
Rev. Vert. Accel., G's 1.10 1.08 1.08 1.08 
Rev. Vert. Defl., In. ~ .12 1.12 1.14 1.16 

*Accelerations and deflections for "zero-weight" receiver arc referred to top 
of tower. Accelerations and deflections for 500, 1500 and 3000 kip receivers 
are referred to receiver centroid, assumed 0.0811 above top of tower. 

TAnLE 2 

AOVArlC[I) CflllHAI. n[cr.rvrn - JOU 110. 20325 
DYtl~MlC RE5POIISE (SEI'...MlC) 
STtAnllS-ROGER 
FtBRUAl!V G, 1970 
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TOWER RECEIVER WEIGHT 2 K I P S 
HEIGHT. 
MC:iERS .Q.UA~TI_TY_ 0 500 1500 · 3000 

100 T~~-er Concrete, cu-yd 1057.9 1057.9 1452.9 1733.3 
Tower Steel, tons 66.0 75.8 118.4 161.5 
Mat Concrete, cu yd 1885.0 1885.0 2618.0 3268.4 
Mat Steel, tons 103.7 103.7 144.0 179.8 
Soil Excavation, cu yd 2719.0J~ 2719.0 3714.0 4628.0 

200 Tower Concrete. cu yd 6772.6 6772.6 8214.8 9930.6 
Tower Steel, tons 529.0 ·.539.2 674.1 839.3 
Mat Concrete, cu yd 7326.2 7326.2 8411.6 11051.0 

IT'I Mat Steel, tons 402.9 402.9 462.6 607.8 V, 
Ii> Soil Excavation, cu yd 10496.0 10496.0 11443.0 15354.0 I ...... 
'° I 

-N .. 
< 300 .... 0 To'rt-er Concrete. cu yd 19483.0 19483.0 21881.5 24269.1 I .... 

co Tower Steel, tons 1754.8 1772.7 2017.4 2247.5 .... .... ~:at Concrete, cu yd 16927.9 16927.9 18038.0 19703.0 .. 
03 Mat Steel, tons 931.0 931.0 992.1 1083.7 
0 Soil Excavation, cu yd 23866.0 23866.0 24976.0 26641.0 0 
;,I" 

N 

400 Tower Concrete, cu yd 44372.8 44372.8 44372.8 44372.8 
Tower Steel, tons 3880.1 3884.4 3887.9 3874.7 
r-:at Concrete, cu yd 26640.7 26640.7 26640.7 26640.7 
Mat Steel, tons 1465~2 1465.2 1465.2 1465.2 
Soil Excavation, cu yd 35891.0 35891.0 35891.0 35891.0· 

NOTES: 1) Min. Concrete Strength shall be 4000 PSI Compressive-

2) 
Strength at 28 days. 
Reinforcing bars shall be new intermediate grade TABLE 3 
deforr.:ed bars which shall conform to ASTM 615 Grade 60. 

ADVANCED CENTRAL RECEIVER - .JOB NO. 20325 
TOtlER AND MAT MATERIAL QUArITITY 

STEAR~tS-ROGF.R 
FEBRUARY 6, 1978 
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---1--------------1----1-1---1 11 f-1 I I 
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.3 TP_t,.,·~~ STe£(. 

_.3-__ l 1-1AL{)c.1.,.e,{E"re 
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0 PROCESS EQUIPMENT 

E PIPING 
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L PLANT ITEMS 
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P INSULATION 
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V I CRAFT BENEFITS 
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W CONSTRUCTION EQUIP. I I 
I I I I I I 

INDIRECT FIELD COST 

TOTAL FIELD COST '117?,,t.lO{,fi 
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cun TOTAL 
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REV. NO . ..., R[V. t:o\TE ' BY V 

Acri OESCnlPTION ~0l~~} U\UOR I MATERIAL OTHER TOTAL 
A [ART•I\VOBK I C/3o Z.J /(, c, // tc0 7 l31o 'll /3o 
8 CONCHETC /7; 219 2 r..J, 52 5" 799 llS 3 C.79 <-:ro --1---------··--t--'-'-i---l-.::.+C:._;_~.=..::;+--+'-'-..:+..,;..;;-+---+--1--+--+-•--t-'---t-"1--t--+-f C BUILDINGS & STRUCTUf!ES 
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V j CRAFT 6ENEFITS ! 
V CONSTRUCTION CAMP. 

W I CONSTRUCTION EQUIP. I I 
. I I I 
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N INSTRUMENTS & CONTROLS 

P INSULATION 

I DIRECT FIELO cos; 

i I I I I I 
H I FIELD EXPENSE 
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LOCATION 
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BY V 

ACTI DESCRIPTION ~:\,\i·l , LAOOR MATERIAL OTHER TOTAL u-:-,.•p~ 
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C 8UILOING5 & STnUCTURCS I 
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E PIPING I 

F I EL!:.C,RIC:.1. I I ! I 
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L PLANT ITEMS I I I 
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I I 

f DIRECT FIE' n rn<:":' II~,,--,_ / . ~ 
4-<C.l/f(/!) ' <.::, !Lio cr•t-371 Sz.st I I ....... _ - ..., ...... &,.,. I- 7_, 
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TOTAL FIELD COST I ' /3 06'1. 705' 

J ENGINEERING ..DY OTlfE.R..t:; 

TOTAL FIELO & ENG. COST 
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ORDER llO. 2.o.3-Z.5" LOCATION ----------MI\T-,L 

UNIT -1-1/\NI IOURS 

- f\CCOUHT ITEM AND DESCRIPTION QUANTITY UNIT COST UN IT TOTAL $/1-111 

ToL1G'I! . 
J./1:l~.l-JL.: .3oo MFTEl!j -
RG""c~ "'1 r NONE kl/'.S -

-
-- -

A- .5DIL e::t_eAVA-LfQA/ -z.,ii't-'. . ey .OB /,_'lo9 /. 00 - ..a..:_ 
• ' 

--
A- .BAC:.&:.,-FU, /4.offp~~~,s, .fTJilll'/'J ~'J.P.$2.. 

If!..• _z,o~ oo 
Cy •?>S ll -.. -,, • ·----- 'f -;I./ 

'@41€/l C'oNeAG7c - ,11 ;.¥Doo p.sc..; 
--- 3 c,C) - .... 

..8 ,9, l/J>3 .c..r... o- IZ. l"!,3,7'1' ,s-
JC I ----

----- -- --
,g 1o1"'eR .STEEL-,~ s:. IS~-bo _ l.1SS- /()~ lfl/o•..o _L~ z,,o,o 17'!:!! 

-
J:1..A T CoACllG~ _: j} ::: 1/ot,() P ~i 

--~-.I /1,//28 f:Y. o- ,_:L IS"Ztl~ ,s-----
., C . ----

-- -
~ M'1T STEEL -./~. ::G'.Q • £0 ?3/ T!Ns f.Yo~ - B 7,l/Yli 17?::" 

'"l 'q ¥,if£ -
--

.. ---
-----

-
-

: 

ToTAL- 1/,S?U. 

LABOR 

1-z.,910 

2'1. 7rl'o 
.. 

3,_S of. 'i..'"-
I 

3.>~0U'J 
I 

t.. t..J' .r, Z:f, 

/16. ll.<" . 
r. .. ·-.>.~'. 

,,31.'l,5½ 

SHEET No.__./L--..-­
/1_ ~. ti 

BY f;.. u, • ,r: 
D/\TE :/.-/~-7rf' 

MATERIAL OTl!ER T01 
- -

-

- 9310 3Z. 
~ . 

23.6c. cr;9~o ?S-:-• 2 , / ''; .... , I ... " . -
~JJ'lff..9o 

; 
~oC, 

772.,uo • 
,,~ 
li-i So7,fff:_o 

' 
~ 

-
4'oZ6'fo s::~--· 

liZ,7,J, iz.; 
.. 

! . , 
..J-

.. 

.. z,1.1'1,170 f,'Z/0 ~,;: 
_, 
•oAM :aw .. IIIV 



------, CU~• I 'J'lL II A TOM ,,s .i N r·c ll N,1_ r..10 ,V.rl l. rnor No. 
LOCATION JOl' NO. !2 03~ r;' 

'rnCJECT -;Jp1,:,..1~eG1> ---·· C-t:N7~AL , ~G°/'tl~c,C.. 
) 

DATE Z - /3 - 7ef' 
l 300 MErt:A.5 /IF.I <i'/.Jr / bc-:to /<l,P,S DY fJ:- l.4,J • ... -~ 

I 7 ,ev. NO. RC:V. nATE DY 
ACTj DESCRIPTION t:li,\i·, 

LABOR MATERIAL OTHER TOTAL I.Jf'\'P.5 
A CAATIIWOHI< 3 t-17'1 117 t'k Z=5 (..oc 15 ?..10 l' {. l.f'oc 
8 CONCRETE - l/f'1 d"7l {; 7.r.1\- .n...s ... 2. 2.p; o?o J' .rr.z. r.1r 
C BUILDINGS I',, STRUCTURCS 

0 PROC[SS EQUIPMENT 

E PIPING 

F I ELCCTRIC:.L I 
G PAINTING 

l PLANT ITEMS 

N I INSTRUMENTS & CONTROLS 
p INSULATION 

f I ! 
I DIRECT FIELD COS. I 'Itel' 1J'l/f,f /;l>ZJ'.ZIS 21JoJT6"1d ! 1512/ot ~;tl/9 !IS" I 

I I I I I . .. '""'-- .. ,.,, ...... , .. .,~ I 
H ALL RISK, PR T .:.x. BONO 

K CONSTRUCTION SUPPLIES I 
M STARTUP t 
~ TEMPORARY FACILITIES 

V I CRAFT BENEFliS I 
V I C01',;SiAUCTION CAMP. I 
w I COl~STRUCTION EQUIP. I I I I i I 

I I I I I I 
f 1NOIRECT FIELD COST 7c:>lo/o loF .Pl>?.E~T t.P.-.8~( t/j1/Z.'1175"C . 

I I 
TOTAL FIELD COST I 12,1071)86~ 

J ENGINEERING Jly O 711-Ell. <; 

TOTAL FIELD t. tNG. COST 

Q SALES TAX If 1/,, OF l-111 T 't. Ci4,,S_r 92. 7..3o 
R - PflEMIUr.l PAY Nov€" 

ESCALATION Cl/,';.lt'F-Nr (f-.l~/CC:u_~n l.Ae~ R/11'0 
I COIHINGWCY~ J)i '/4 OF i"6T,,(L Fll:"lP_ ,~, h.t/5 SliLES TAJ.--

ry;pZ T ,t'/INI.I.! S V /I eo ..VTN 4 C' 7' Jln. 
!.lJO TOTAL 

.J.!/. !.D '/,f•.r 

I - - ,--rec 5o/,, OF 6t.t/JTn74L i;!!!J. J2f - - - -.. -
I 

TOTAi. 
I I/ 1-~l.'i. /. Z ~ 

--•·1----
,,_ - - ,_ 

- - ·- - - -- ,- - --
I 

.·., I 
'---'-· 

I 
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~ 
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N 
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'?<:" 

N 

: 

: 

i 
! . 
i 
I 
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y 

~ Slei:l!;o-:!:!,oger 

CLIENT AroMIC.S I NTEJtNA:TIOAJ,fL 
ORDER NO, 2O3-Z.S LOCATION , _________ _ 

MAT L 
UNIT HANHOURS 

/,CCOU:ff ITEM AND DESCRIPTION QUANTITY UNIT COST UNIT TOTAL $/ml 

7ot..1J:R • 
Hel(iJ.J'f': 300 NFf E,f _5. 

Rc:CV 4/r S"oo kl/'.S --

A SD/L ~vA-rtDA.J l.>,Jt't //Jo'! 
- .. 

ey - .08 /l.-
'. 

I 

A- . .l:J;ft:,r-FILI /c.DHP--'~~p .frJ(VOJ .t;_C/oo c.y j!...• -~s _ Z,_06.f /Z. •.!' 
... ,, 

··:i1'·/ 
--

.3 "/ch:€~ 4.v~GT&"° - I' ::.tooo PS<.. I'} "I.PJ .CY 
3 C>() /Z- l'!>J"Y/1, 15",/J.: . o-

JC I --- I 

- - --
_g ·rowg.e SrcEL --I! ~ t:i'~.:.bo I, 713_ "To~ fl/o•..!l Jl., 2.//l.1{,_ 

oo 
17 -

..;;: '/ 
. 

~ --
,'vf,.:. r CoAcRG1e -L) = QDDo p$, . 3 ·- ----;?:-

.E ft,., 'fz.p c.y o- ....!L l5"$3,Si 
# c.: . 

J.1'1T STet:L ~,4 ::G'.Q •''°. -- f¥o~ ----· 
_B _1~ ToNs _JL ~1/S'<f . /70_!. 

4•,;;~7-, 
~{.., 

-- --- -

·--
'TbTAL l/11,llft 

LABOR 

.-

Z.Z., °!lo 

Z.'I, 7J'o 
'i - ... . _ ~ 

:,,>o,'jq( 

5'"(1o 

Z/.1'.( 2J't, 

...Llf,fti 
: ; .. r11 

SHEET ·No,-:-</L.....,, __ 

BY Q;. w. ?: .~ 
D/\TE 2-t5-7rf' 

H,'\TERIAL OTHER TOT 
--

-
1,310 - R,'2 

.=..:::;J..::. 

23,&•o .r,<;oo s~ 
2~• ... 0, 

I .. 
S-J '3/, l/9o l/,D'/1 

1,/'D.,/Z.o t,l'I~~ 

-
Jo7 J''lo ~,7/:. , 

1/o'I 61/o SJ~ 

2lz,/t../,~• : 't. : . 

--r -

~3ZJ',lf.S(Zl3of;61o tt°,1-lo l,,'/1 
r . 

FORM 2:?•:ZCII REV 



--

Sll'i•~"-~.=-~og~r tSTIMAH: SUMMAnV 
CU:iHJl\1[1( AroM1ts .lNrc1:1v.1r10,vl'I t. PAUP NO . 
LOC,\TION JOO NO, .!I.03t.5" •. PRCJCCT ~.P //~UJ e;. I> ()FN7~"1L f{P.'Cl:IVC~ 

' 
DATE 2 - /3 - 7d' 

I .3oo MErFll.$ /Ut/(l/.Jr / I. ~-('l(.'I /<IP.!:. ) BY "J.- ,tu. r-7-
tlEV. f\'O." AEV. DATE ., 

BY V 

ACTI DESCRIPTION CHAf·T LABOR MATERIAL OTHER TOTAL H0:•r~ 
A EAHTIIWOHts I/If(, ,P .. n, tJIS'" ~J'•o IS ?t/r 'ld 7(.. o 
D CONCRtTE 4'S"11o7.3 {-, '/2o 31'!, 2. J'lJ" 9 ,(/1/, 210 
C BUILDINGS & STRUCTURES I 
D j PROCESS COUll'MENT I I 
E I PIPING I 
F I ELECTRICAL I 
G PAINTING 

l PLANT ITEMS 

N INSTRUMENTS & CONTROLS 

p INSULATION 

I 
I DIRECT FIEL::> cos. IL//./12£// 6 l'J7oJ/ool ~ e:-u,,1.. 7,:; JC-.CU/c:". q, c;·771q-,= I 

I I I I I I 
H I FIELD EXPENSE I I 
H ALL RISK. PR TAX, BOND 

K I CONSTRUCTION SUPPLIES I 
M STARTUP I 
s TEMPORARY FACILITIES 

V ! CRAFT BENEFITS 

V CONSTRUCTION CAMP. I 
W I CONSTRUCTION EOUIP. I I I I I 

\ I I · I I I I I 
INOIREC1\ FIELD COST I 70lo/~ I of:' .P/i?E~T l-t1-ec--;:.. l/ '8 7 <t'i 2.0c 

\ I 
TOTAL FIE~D COST IL/ l'f /'2...1 Z $" o 

\ 
J ENGINEERII,\, .JJY o Tift.:/!. c; 

TOTAL FIELD·+ ENG. COST 

\ 
a SALl'.STAX if';/,-, OF M-1T 1l Cu.S?" lo/ l,.PI. 5 • 
A f>HtMIUM PAV NoVE: I 

r.scALAT10N c41~~;:""T ~r.H:tf<i AA-'P t..;1e~ R/lrFS t 
CONTIIICil NC:Y 7:.~. /,. OF i'cJT/rt.. r"l~LP {J.fiJr 1-:1..u.e. SA~r, 7/J):-- I - -MIN/1.f .SV/1(.!.AA/Titt?e'T I 08;1Jl.f 

' 
::un lOT/,L IS'('..,,/ !I&. 

- --
I 

V Hf ~ OF s,~;.,r,.,l.-f'- 7,r-0 07.'!_ 

TOTAL 

1£1= ~z -
I 

·I- - I--
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I -w 

0 .... .... .. 
g> 
0 

"" N 

Slea~
0
-;~=!!oger 

CLIENT AroM[l!S INTEll..NA:TIOAJ,f.L 
Ci?DER rm. 'Zo3-z.S LOCATION ----------

MJ\T'L 
UNIT 

· -:.ccotmr ITEM ;,rto DES CR I PT I ON QUANTITY UNIT COST 

To1..1E/l . 
HE:t~1"": 300 N/:TE:~.5 

,f.t:c v. 41 r /, S-c,o kl/'.S 

A I Solt. F":>-eA-.,A-r10A.J 211, '17C, ey -
A JJtfct:-F1l.L (#'He,,u."i, .rr""~ ~t.oc, Cy ~!..• 

.3 7c!.t!E~ t.'c.1.gA&Tc-1' ::..Yooo ~sc. • t. ,, J'J':/_ .C.l::_ 3 
o_o 

o-
✓ C. , ----

-
~ /Cb.Jl:.e .STEEL -~ a. Ci'R-60 .2,,011.~ ~~ 1/1/o•~ 

.. ,. 
. • 

" 
MAT ~AC~Te -L' = 1/ooo p~C: - 3 ·-· _g I~ 03J> c.y o-

,a . ~ 

~ /r1,1r S7ec:L -I~ =G'~ .Co ,., ~1-1.., ToAIS .fto~ 

-·--

TbTAL- -

-M/\NHOURS 

UNIT TOTAL $/r-ut 

--
---
.oe l.'/9J' It.-=. 

.!.1~ _:l,l7o •o ,z-
Ii, l{;,f:· 

/'2. 2/,1..s:f> 'IS
0
~ 

• 
--

l'Z.. ztz.10 /7•~ 

_ _!}_ 162/!,Yz ,s---
__ fL 7,_ 1J.Z . ti'

0 

, 
~r;1011.,,, 
~-

-

l/1,t;ll, 

SHEET NO •~I._ __ 
BY ?;_ .. w .. '2-: 
DATE :/.-/5-7rf' 

LABOR M/\TERI/\L OTHER TOT, 
-

2J,1zs - 1. 7Y'I: 3~-: 

-
-.!:AD~t; z~,d'eo 

' 
{, ~•c: S7, 

: . ,.. l'I, __ : • . ,: ~ . 

J'JJ-fi6C 
-ct---+-

iJt,'160 ~%, 

l/ll,S70 <fJ>7 7Do ~ . T 

2l9J,S?3'. Sl/t.l'/o z,11:, 

13~'/Z.( '13i. G"z..si 511· 
, . I 

( ·f _ _ ;J~ "'" l tv ti, : .. -. 

. . 

'-

l,,170,tkt t.,f"'ll,:,z.s tf'.1l/f. fSJZ, 
FOAM :rz-:ri;e ,i1v 



!,lt!i\':ll.~:~oh1•r CSTIMAl [ SUMMI\UY -ClltilOMf.H ATOMl(S JNT(:/l 11.1,1 r10,v"1 L l'UOI' NO. 

LOC,\TION 

l'ROJlCT ,4p VA Ale r,r, 01="N7X ,4L /:G'CP.ll'E,(. , 
JOII NO. !J 03 ~•'::,~----t 
DATt 2. - /3 - 7ef' 

/ .3 oo Mtfr1:IZS /IF.I ,ti.Jr/ ::!., cro /<II°..'". ) nv -::J- . lv . ---;- ~ 
rv. NO." REV. O.\Tl • ., BV V -~ •. 
I ~",;t- i ACT DESCRIPTION 1-10.• •n~ LA0OR MATERIAL OTHCR TOTAL 

,. t:AR111won11. '111/'ft ~J.:7.'I<" 26 'I"" 11, ·/<Jr.· 'lf.~,.;.;.r:..:··~-<~,.._+--4-~ 
:s:::co:N:c:n:ET:E:::.-.---t-J~o,...J/~'/-o--<.-t--~i6-i'."'t+3~1/i.,..r,• --2+.17-,~-,J'+-2.1-/r,-t--t---t----·t--/o-t-,-//.'."'"/'f'-'!£~--1-+--+--+--t 

C DUILOINGS l.o STllUCTUIUS 

0 I PROCl:SS EOUll'M(NT 

E PIPING 

F ! ELECTRICAL I I I 
G PAINTING 

L PLANT ITEMS 

N INSTRUMENTS & CONTROLS I 
P INSULATION 

I 
I . 

I OIRl:CT FIEL:::J COS-: 5"0,s;,1, 'It./ 7;{.!763cl Z:J'II !6ifol I /{,1'7'/.(i /O!)//.IU.f I 
I 

t I I 

H I FIELD EXPENSE I ! 
H ALL RISK, PR TAX, BONO 

K I CONSTP.UCTION SUPPLIES I 
M STARTUP 

,; TEMPORARY FACILITIES 

V CRAFT BENEFITS I 
v I CONSTRUCTION c;.MP. 

W I CONSTRUCTION EO'.!IP. I ' I I 
I I I I I I 

INOt:tECT FIELD COST I 7c:>I-Yo 0/: ./)/P,,Et:!T /..fl.BC-::.. S"\'3.P II ?H c. I 
I 

I TOTAL FIELD COST . l!i!8CJ716n5 ' 

J ENGINHRIN/j 

TOTAL FIELD t., ENG. COST 
-+----------------------.---------f.;.;_-+--+--t--t--t-t;--t 

o SALES TAX If o/n tiF Mlf T 'I.. IJ.c.rr 
R rR1:M1uMr11v NnJ..JF 

1:r.cAL.,, r 10N c1 .. 11:w1=111 r ~"' ,c E.5~L(!.:.,✓,:.:..:.:::'/)--='-::.:A:.::B::.:•"':;..-l?:..:·~R~//:..:r~a:=-.-·==------+--1--f--1---11-t--r-~ 
cormiJcr 11r.v. 7 .:.;_ /4 ,.,_.r- Tor,: t. Fll:l..P t..u~{r h.1/.t, SALES T,tJ)~ 

Ml l✓/J.I .. :sv/J{!,LJ,VTl'!.4cr I J'/'JY.1.C/.:el.,,;1(~'.) -~-1--t--t 

_v--tt--· _:-. :_·J-:_:-T:C_l-~;..,:-'::l.:.a:,:, ::_0-_F-_-_-_-_.s-_-u:f.,:r.J:T,:o:e.:.,,::L::::::::::::::::::::::::::::~ ... ..!.J.--1"- ~~1-• --+--t--t 

-·t-1-·c_1T_A_L ______________ , ___________ ...__ ft)' (it.:..f>.::;..~.;;,r,_1,--4--+-1-1 
--1-----------------------,--------1:--+--f- -t--1--1--, - 1-------------------------------1---r- --1---jf-•l---t--t 

------· ~_. _/ _______ ..J'--~-...l..-.J.-....J...__. __ 
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V, 
G> 
I ...... 
'° I 
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Ste~!:-:..~:!!,oger 

CLIENT AToMICS I NTE/l..N,tTIOAHL 
Ci<DER rm. 2o3-z.5" LOCATION ----------MI\T--,L 

UNIT 
·,ccou:ff ITEM AND DESCRIPTION QU/\HTITY UNIT COST 

Tot...•t="Jl . -
/-lc'IG/.!r: 300 M FTE:if _s 
RtCV. 4.Jr 3000 Kl/'.S 

f 

-
A- SOIL EA-eAVA-r10JJ -Z.l,, l,l/ I ey -

A. .EA,K-F1LI /4.DHP~~~.D .J'rJ(lll'r. 
f !..o {,

1
too Cy 

J ... , 

.3 ic!-t.!Ell. C'o>.1~GTe - I' ::.-rcoo PSc..; '2-'/,_ t.{,9 3 
oci 

c.:c. o-
JC 1 • 

.t /Owe~ SreEL. -/. =- t;°R.bo 
i-------

2.1..'/J' TE_~ 1/1/o"~ ,-, . 
J:14 r Co.v.:~re .:.p = fooo te~t: 3 •• 

~ /9_703 cy o-
,a I 

--·--.• 
..B /rf,1T STEt=L -:-4 :-qR. 60 . 't°"''I f"oAIS _fito~ 

-

TbTA-l-

-MI\NHOURS 
UNIT TOTAL $/MH 

--
--

.OB z.,n., It:.•.::. 

'$ -- -;-n _.3s z.,-~10 z-
'/f°II I 

It. Z'1~Zld= 
.. ,s- -

_L-Z.. U,'f7b 
' 

n:::. 

--
_ _!1_ 177,'!>l_, ir~ 

--
--~ <f,t72 .111!.!. 

-- ': ~203, 

·---

-
-

S"Off,l.~ 

LJ\BOR 

· ?..I;_S10 

--
27.720 

.-_,·... . ..: 
~3{;J',l/U. 

q5J',~ 

t,&P,.1or 

_!t/?,_9LJ 
I • • : 7 .. . . . , 

SHEET N0 •. ~/1.-,-__ _ 
BY ?:• W. 7-: · 
D/\TE 2.- /~ - 7cf' 

MATERIAL OTHER TOTAL 
--

- /o,3?S' }J}:1, 

U/toc b&oo £0.1, 
l {Ii/, • l. I I.:.':-· . •- . I 

7Z-d',o7o s;r,o,4· ~-
,~,.lt.o ( '1'17.!! 

- ~11.Dfo .3.!Sc<i· 
l I", . 

'l7€.'1[o (l '/.!. 
2 - (- f.i ,r.:_t;/'} ~ 

I/~, 112. ' 

' 

7,617.L¼. z,111,,110 /l,'l'IS' 10,t;r:z 
-t 

FORM n.218 REV IC. 



I Sldc?,~11.~ :.1~. ogcr 1:STll\11\TE SUl\11\1/\nY 

I 

CUSTOM[H A ro,-.ucs .l Nr F. /.! N-1 t! o ,._,,-1 L rRor NO. 

LOCATION JOO NO. ~~ 03~_.5 
rnoJccr AP,~~1AJr(_p (}CN7t!-4'- f:FCF.IVc,e . DATE Z - /3 - ?ef' 

I 

I I-loo METFi!.S /IF.I 6'"1-Jr / /VOtvE. l<IP..<; BY -;:;.. ._w . ..- .r 
REV. NO."" REV. D,\i[ 

., DY V 

ACTj DESCRIPTION Ci.Al 1 LABOR I MATERIAL OTHER TOTAL 
I 

1-'('t•P~ 

A EAnTlfWOIH, 610 Z./ 1? 15< 3{. ~ 2.Jl••c /"!,/ 2.S"c 
8 CONCRETE in·~J'CJcf /3 l'/dc>.3t Lt f/.Pt"\l2C /7 722 2.ro -
C OUILCHNGS I', sTnuCTuncs 

D I PROCESS l:OUIPMENT 

I: PIPttlG I 
F I ELEcn:,::;..L. I I I 

Ci PAINTING 

L PLANT ITEMS 

N I tNSTRUMENTS & CONTROLS 

p INSULATION 

. 
-·-. ... - ..... - ( . ·- r.. .~ -~ ~ ., . , -- ·-- "tJ'\..1--• I f '~ • .. ,<-" ~~ -,,.;;,rr,.- I ,_,.-~.., I f• ._ ~ ·\I- ..... 

I I I I I ! I I I 

H FIELD EXPENSE I I I 
H ALL RISK. PR TAX. BONO 

K CONSTRUCTION SUPPLIES 

\4 STARTUP 

s TEMPORARY FACILITIES 

V CRAFT BENEFITS 

V j CONSTRUCTION CAMP. I I 
W I CONSTRUCTION EQUIP I I 

I I I I 
INDIRECT FIELD COST 70lo/o loF .JJ/;?E~,r /..t'1.BtH!.. CJ 3/cflS"'l 

I 
I TOTAL FIELD COST 1...71/72 D'7Sf 

J ENGINE CRING ..BY OT/felt.~ 

TOTAL FIELo·t, ENG. COST 

0 SAU~Tt,X If "'/n DF Mtf T 'I.. tusr M'D 7?,c, 
R I PIH,MIUM PA y Nov{;'" 

1:scALA110N ~o/.?R~Alr fPR.1cc:s Al.✓P Lrle,>-R RllrES 
CONTINGL11CY J_ ),~ [!, OF loT/.'t. r"/1:I.P {J_l'!.i /-l_t1!, SAt.E$ 7!1)' 

MINt/.5 SV/,'eAA/Tt!4r.T 2 01/_') 7, •. ,,,t 

I r.un TOTAL 2/ 1/n'.1 iju,, 

V 11.r 5 "'/,, lJF ol.ltJTn7.,,f '- I 1/Jo /'),o ---- ~ 
I 

TOTAL ',jo ,1'71 l.ro 

~= 
,-

I 

- 1- ,- --- -

I 
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w ,,,. ---

g' 
0 
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Slea_ns-B 
CLIEHT A·rt2.M1r.s f NTE~NA-1JOAJ,f,L 

---~ 
BY • W. . · 

ontER liO. 2o3-z..S LOCATION DATE 2.-rs-7g> 
MI\T.L 
UNIT M/\NHOURS 

/,CCOU:ff ITEM AHO DESCRIPTION QUAHTITY UNIT COST UN IT "TOTAL $/r-ut L/\DOR MATERIAL OTIIER ro· 
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APPENDIX J 

March 22. 1978 In reply refer to 78AT-2995 

Technical Manager 
Contract EG-77-C-03-1483 
Solar Projects Division. 8132 
Sandia Laboratories 
Livermore. California 94550 

Attention: 

Reference: 

Gentlemen: 

Subject: 

Mr. Ed Cull 

TWX 24 dated February 14. 1978. E. T .. Cull to T. H. Springer, 
"Comments and Action Items from the First Quarterly Review · 
for the Atomics International Advanced Control Receiver 
Program. at Atomics International. Canoga Park. on 
February 9._ 1978" · 

Response to Action Item 4.2 of the Referenced TWX -
"A Comparison of Mechanical and Electromagnetic 
Sodium Pumps" · 

Action Item 4.4 

"AI will furnish a comparison of mechanical and electromagnetic sodium 
pumps by March 10. 1978." 

Response 

The enclosed document briefly describes typical large-scale electro­
magnetic and mechanical pumps, describes their characteristics. notes 
the advantages·and disadvantages of each. and assesses their appli­
cability to the Advanced Central Receiver Power System main sodium 
loops. The conclusions reached 1n this study are:. 

1. 

2. 

The electromagnetic pump head-flow characteristics are not 
suited to the requirements of the receiver system sodium 
loop (P-1 pump). · 

The electromagnetic pump does meet the requirements of the 
steam generator sodium loop (P-2 pump). 
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3. 

4. 

The mechanical pump will meet all system requirements. 

The calculated cost penalty to the use of electromagnetic 
pumps is $4.1 x 106 for the P-1 pump and $0.59 x 106 for 
the P-2 pump. 

Very truly yours, 

~.~-~ 
T. H. Springer 
Project Manager 
Solar Electric Systems 
Atomics ·international Division 

nth:3/3-4 

Enclosure 

cc w/enclosure: Mark Schanfein, DOE 
G. C. Coleman, MDAC 
W. Lang, S-R 
S. Chalmers, SRP 
G. Kaplan, DOE/DSE 
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I. SUMMARY AND CONCLUSIONS 

The performance characteristics and economics of electromagnetic pumps and 
mechanical centrifugal pumps were compared for application to the Advanced Central 
Receiver Power System main sodium loops. The larger size electromagnetic pumps 
appear to have a rising head flow characteristic which makes them less suitable 
than mechanical pumps for high lift variable flow applications. In all aspects, 
except efficiency, the electromagnetic pumps and the mechanical pumps are equally 
suited for application to the steam generator sodium system. 

The lower pumping efficiency of the electromagnetic pumps imposes a cost 
penalty of $4.1 x 106 for the P-1 pump and $0.59 x 106 for the P-2 pump. 

It is concluded that centrifugal pumps should be used in the conceptual 
design of the Advanced Central Receiver Power System main sodium loops. 

lI. OBJECTIVE AND PURPOSE 

The objective of this study is to assess the operational benefits and cost 
differences between electromagnetic and mechanical pumps, as they apply to the 
Advanced Central Receiver System, in order to permit a selection between the 
two types. The pump type with the best cost benefit ratio will be selected for 
the receiver pump P-1 and the steam generator pump P-2 (see Figure 1}. 

III. DESCRIPTION AND PRINCIPLES OF OPERATION 

A. ELECTROMAGNETIC PUMPS(l ,2} 

The pumping action of all electromagnetic pumps is due to body forces on 
the sodium, or other electrically conductive fluid, being pumped. An electric 
current in a magnetic field has a force exerted i1t it. If the current is flowing 
in a. conducting material, the force is effectively exerted on the conductor. 
The total pressure developed is the integral of the flux density times the cur­
rent density throughout the pump duct. 

1 

ESG-79-2, Vol II, Book 2 
J-6 



rr, 
V, 
G) 
I 

"' '° I 
N 

< c.. 0 
I _,. 

"' --. 
c., 
0 
0 ,... 
N 

N 

SODIUM ADVANCED CENTRAL RECEIVER 
R-1 

SODIUM 1=()0LED 
RECEIVEll 
429MW 
(1.5 x 10• BTUlhrl 

R·1 

P.1 
RECEIVER PUMP 
305 m (1.000 ftl TOH 
1.3. niJ,_ 
(20 x 1o3 gpml 
4.7 Mw (6,300 hpJ 

l,--------, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

--------i 
I 
I 
I 

DRAG I 
VALVE 

T-1 

PURIFICATION 
SYSTEM 

T-1 
LDW TEMPERATURE 
SODIUM TANK 
zaaoc(&&OOFI 
8,700 m3 (2.3 X 1ol pll 

T-2 
HIGH TEMPERATURE 
SODIUM TANK 
5900C (1,11JOOFI 
9,500 m3 (2.5 X 1ol gall 
3 hn FULL POWER 

P.2 
STEAM GENERATOR 
PUMP 
81 m 1200 ft) TDH 
1.0 m3/- (15 JC 1o3 gpm) 
0.7 Mw (900 H.P.) 

X-1 
EVAPORATOR 
341oC (6460FI 
15 MN/m2 (2,200 paial 
158MW 

X·2 
SUPERHEATER 
540DC (1,000oFJ 
12.9 MN/m2 (1,855 pligl. 
79.7MW 

,-----,.------------.... At X-3 
REHEATER 
5400C (1,000oFI 
3.2 MN/m3 (483 .-i1I 
37MW 

r-1-~--- • TURBINE" 

I ~-+TURBINE 

I 

--TURBINE 

L - ---- - - - ----- - BOILER FEED PUMPS 0.l~ Rockwell lntemattonal 
A~ia 1-N~ Diwialon Figure 1. Advanced Central _Receiver P&I Diagram 

):arr, 
-::, 

n ..... 
111 0 
c-t- Ill 
... C: 
111, 
, 111 

"' ... ~o 
-I 
I 

N 

'° '° U1 



Enclosure to 
AI Letter 78AT-2995 

EM pumps can be made in an extremely wide variety of shapes limited only by 

the designer's ability to bring electric current into a magnetic field. In addi­

tion to direct acting pumps, impellerless centrifugal force can also be used to 

generate pressure in a conducting fluid which is being rotated by electromagnetic 

body forces. 

For small, low-cost, laboratory or test loop pumps, it is con11,enient to 

generate current outside the pump and pass it through the sodium by conducting 

it through the walls of the duct. This can be done by attaching bus bars to the 

duct, but since large currents at very low voltage are desired, the resistances 

must be kept extremely low. These types of pumps are conduction pumps. High 

currents present problems in large conduction pumps [~soo,ooo amperes at 

6.3 m3/s (10,000 gpm)], so high-capacity units are usually of the type where 

current is induced in the fluid directly by the action of a time-varying mag­

netic field. 

Within the group of pumps called induction pumps, the duct may have dif­

ferent shapes. The two shapes which have been developed and employed most often 

are flat and annular. 

The basic principle of operation of a linear induction electromagnetic pump 

is the same as that of a polyphase, squirrel cage induction motor. In an induc­

tion motor, a moving magnetic field is produced by a distributed polyphase 

winding, wound on the inner periphery of a cylindrical magnetic structure (stator). 

The rotating field induces a voltage in conductors imbedded in the outer periphery 

of a second cylindrical magnetic structure (rotor). Interaction between the mag­

netic field and the currents resulting from the induced voltages produces a force 

on the magnetic structure of the rotor. Since the configuration is cylindrical, 

these forces produce a torque on the rotor. 

1. Flat Linear Induction Pump - FLIP 

In a flat linear induction electromagnetic pump (FLIP), shown in Figure 2, 

the stator structure is similar to that of a motor except that the windings are 

distributed in a flat rather than a cylindrical magnetic structure. Therefore, 

the motion of the field is linear (in a straight line) rather than circular 
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(revolving) as in a motor. The rotor is replaced by a layer of conducting fluid 
confined in a metal envelope of·rectangular cross-section (pump ~uct). Voltages 
are induced in the fluid, and interaction of the resulting current with th& field 
produces a forcP. on the f1uid. The integrated effect of this force along the 
length of the duct is the pressure developed by the pump. These principles are 
illustrated 1n Figure 3. 

In FLIP design practice, two stator structures are used. These are placed 
on opposite sides of the layer of conducting fluid and connected so that the 
fields produced are additive. Note (Figure 3) that the induced currents flow 
across the duct perpendicular to the direction of the linear motion of the mag­
netic field. To complete their paths, the currents must flow for a short dis­
tance (one pole length, maximum) parallel to the direction of magnetic field 
motion. Some gain in efficiency is afforded by providing a low resistance path, 
such as a coppe.r bar for these edge currents, but its attachment is a difficult 
design problem in practice, under the action of thermal shocks, and this feature 
is often omitted. 

2. Annular Linear Induction Pump -ALIP 

The required orthogonal relation of flux and current can be preserved in 
round and annular shapes. Flow in the annulus can be axial, helical, or 
tangential. 

Figure 3 shows an arrow in the "direction of linear motion of magnetic 
field." If one imagines this arrow as an axis and rolls the flat duct into a 
thin, cylindrical annulus surrounding the axis, the result is the annular linear 
induction pump (ALIP) duct (Figure 4). The induced currents have circular paths 
in the sodium annulus and the currents flow in planes perpendicular to the axis. 
Current flow parallel to the axis i·s not present as ft is in the FLIP. 

Axial flow is used in the ALIP or annular linear induction pump. This pump 
was the subject of a patent filed in Germany in 1936 by Albert Einstein and 
Leo Szilard. The magnetic iron is laminated radially. This is convenient in 
the stator outside the annulus, where radial spaces between groups of punchings 
provide convenient channels for gas cooling the electric coils, but is complicates 
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the magnetic lamination structure inside the annulus, The electric coils of the 
ALIP are of uniform size. spirally wound. and shaped like a slice of canned 
pineapple. The currents induced in the sodium flow in circles concentric with 
the pump axis. 

The larger the capacity. the more attractive the ALIP pump. As the diam­
eter of the annulus increases. more space is available for coils and punchings 
inside the annulus. In small ALIP pumps. there is space for only the outer coils. 
This is analogous to a FLIP pump with a stator winding on only one side of the 
duct. The output of a given pump is less with one stator than two due to the 
greater magnetic leakage flux. Also. the slots in two stators can be smaller 
than would be required in the same capacity pump designed for a single stator, 
thereby reducing magnetic reluctance and leakage and producing improved power 
factor. 

3. Annular Duct - HIP 

Spiral flow through the annulus is used in the HIP or helical induction pump. 
The stator winding is of the same construction as for three-phase induction motors. 
The stator induces currents which flow in the sodium parallel to the pump axis. 
At the ends of the stator, the currents must flow circumferentially one pole width 
to their return path under the adjacent magnetic pole. 

The interaction of the induced currents with the magnetic field causes the 
sodium to rotate tangentially the same as an induction motor rotor rotates. No 
net pumping action is produced so a spiral vane (or vanes) is provided in the 
annulus. The vanes cause the sodium to literally screw itself along the annulus 
at a rate determined by the rotational speed of the sodium and the pitch or helix 
angle of the spiral vane(s). Appropriate choice of helix angle allows a wide 
variation in the ratio of pressure to flow in the same annulus excited by the 
same stator. However. the HIP is usually applie6 where ratios of developed 
pressure-to-flow are much higher than required in LMFBR main heat transport 
systems. 

Once the sodium has passed through the annulus in either HIP or ALIP pumps, 
it may take one of three paths. First. it may be ducted to the exit pipe di­
rectly by either a tapered axially oriented conical section as illustrated in 
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Figure 4. or collected fn a toroidal section and fed to a tangential pfpe nozzle. 
Or. ff desired. the sodium can be returned to the entrance end of the pump through 
a central pfpe coincident with the axis of the pump (see Figure 5). The pipe runs 
through a hole provided in the core magnetic laminations on the inside of the 
sodium annulus. This is possible because the flux return path stays near the 
outer circumference and the center is not needed for the magnetic circuit. In 
induction motors. this space is occupied by the shaft. 

In the HIP. a third possibility is to return the sodium to the inlet end of 
the pump through a second annulus. adjacent to the first. with helical vanes at a 
negative angle with respect to the first pass. Thfs is an appropriate design for 
very high ratios of pressure to flow, and is not possible in the ALIP. 

4. Perfonnance Characteristics 

Typical pump curves for the FLIP and the SLIP "straight thru" and "center 
return flow" pumps are given in Figures 6. 7, and 8. It is to be noted that these 
pumps exhibit a raising head-flow characteristic up to nearly 100% design flow. 

5. Advantages of EM Pumps 

The principal advantages of the EM pumps are: (1) they have no moving parts 
and should. following the development period. exhibit a high reliability and a 
long life; (2) they do not require a penetration of the pressure boundary and do 
not require rotating seals or a cover gasi and (3) they have good control char­
acteristics from Oto 100% at full flow in systems with a predominant dynamic 
head-flow characteristic. 

6. Disadvantages of EM Pumps 

The principal disadvantages of EM pumps are:(1) a relatively low pump effi­
ciency; and (2) the requirement that the pump throat section must be kept warm 
during shutdown. to keep from freezing the sodium in ft, and simultaneously the 
stator must be kept cool to protect the winding insulation; (3) a drained pump 
risks burn-out of the pump throat section ff the power is inadvertently turned 
on. and (4) EM pumps tend to have a raising head flow characteristic when the 
flow is somewhat less than the design point. 
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IV. MECHANICAL PUMPS DESCRIPTION AND PRINCIPLES OF OPERATION 

Large sodium systems nearly always use centrifugal pumps for the main pumps 
and EM pumps for auxiliary services where pumping efficiency is not important. A 
typical pump for application to sodium systems is shown in Figure 9. The basic 
centrifugal pump theory, key components, and manufacturing techniques are similar 
to water pumps. One distinct difference is the requirement to provide a cover 
gas over the free surface of the sodium which is passive with respect to sodium 
and the materials of construction. (The cover gas is usually either argon or 
helium.) To conserve the cover gas and to preclude air from the pump ullage, a 
rotating shaft seal is required. The hydrostatic radial bearing that is used ~n 
these pumps is similar to those used successfully on water cooled nuclear reactor 
main circulation pumps. About one-half of the sodium that flows through the 
bearing flows into the pump barrel; the other part flows back to the backside of 
the impeller. Sodium pumps are normally designed to permit the rotating parts to 
be removed from the pump casing without cutting into the system which is the 
reason for the separate center barrel, fixed into the system, and the removable 
inner barrel which supports the rotating parts and the radial bearing. This 
removal feature necessitates a slip seal (labyrinth case seal, shown in Figure 9) 
between the high pressure plenum and upper part of the barrel which is at low 
pressure. Some sodium flows through this seal and adds to the sodium flowing 
from the bearing. This tends to fill the pump upper barrel. Pressuring the 
gas space over the sodium forces the sodium through the overflow connection back 
to the sodium supply tank. 

A. ADVANTAGES OF MECHANICAL PUMPS 

The principal advantages of the mechanical pumps are: (1) they have the 
highest pumping efficiency of any known alternative; (2) the technology is very 
well developed; (3) there are many proven design options which permit the pump 
characteristics to be closely fitted to system characteristics; and (4) the 
control characteristics of these pumps can be well matched to the system re­
quirement. 
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B, DISADVANTAGES OF MECHANICAL PUMPS 

For sodium systems, the disadvantages of mechanical pumps are: (1) they 
are subject to the usual problems of rotatinq equipment, rubbing, shaft binding 
and vibration; (2) they require a controlled free surface; and (3) they require ar 
inert cover gas and a shaft seal where the shaft penetrates the pressure boundary. 

V. APPLICATION OF EM vs MECHANICAL PUMPS 

A, ADVANCE CENTRAL RECEIVER SYSTEM 

The receiver pump (P-1) must provide a high static lift (92% of the total 
head) plus the normal dynamic head loss. This requirement is illustrated in 
Figure 10, which.shows the system curves together with typical curves for EM and 
mechanical_pumps. As can be seen from the curves for the EM pumps, the raising 
head flow characteristic tends to make the flow unstable as the trim valves 
close. (See Section UI, Paragraph A-4 and Figures 6, 7, and 8.) For the 
mechamical pump, which has a falling head flow characteristic, the system is 
self regulating and the flow is stable. 

For systems with a high static lift characteristic, variable speed pumps 
are not reconmended for flow control because of the flat intercept between the 
pump curve and the system curve, the good flow control characteristics of the 
EM pump cannot be exploited for the P-1 pump application. See Paragraph III A~S 

For the mechanical pump, the high head requirement can be achieved by using 
a two stage centrifugal pump. 

The requirements on the Steam Generator Pump (P-2) are more conventional. 
Since 80% of the head is dynamic head, and flow control is required of this 
pump, the EM pump is more attractive in this application than it is for the 
receiver pump application. 

VI. RELIABILITY COMPARISON 

In Reference 3, p 30, if one uses the GEAP estimate for the mechanical pump 
and the current estimate for EM pump, p 31, then the mechanical pump appears to-
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be more reliable. If one takes the "Scientific Associates, Inc." estimate vs 
the GEAP estimate, then the EM pump is the more reliable.· Taken either way, the 
relative reliability is within a factor of two which is not significant for this 
state of the design. The conclusion is that within our ability to estimate 
this quantity, the reliability factor is equal for both pumps. 

VII. MAINTENANCE COMPARISON 

No significant advantage has been'found in terms of. failure rates or repair 
times which would favor either pump. 

VIII. ECONOMIC COMPARISON 

Usually the f,fve aspects of pump costs which are considered in pump economics 
are: {l) capital cost of the pump; {2) capital cost of the.plant to provide 
the additional capacity to power the pump; {3) cost of the power used by the 
pump; (4) cost of plant downtime caused by pump failures; and (5) pump mainte­
nance costs. 

1. CAPITAL COST OF THE PUMPS 

Reference (2), p 77, claims that the mechanical pump cost is approximately 
one-half to two thirds the cost of the EM pump. Reference (3), p 33H, claims 
a 23S advantage for the EM pump in the 4.1 m3/s (67,5000 gpm) size. My assess­
ment of the data given on p 336, scaling down the cost of the 2.12m3/s (33,700 
gpm) CRBRP pump to0.9tm3/s (14,500 gpm), gives about the same price for the 
EM and mechanical pumps (using a 0.6 scaling law). I conclude that, within 
our ability to estimate, the cost of the EM pump approximates the cost of the 
mechanical pump, if both pumps are made of the same materials. This is the 
same conclusion reached in Reference 4. Since we plan to make the P-1 pump 
out of mild steel, we expect to save at least the difference in the cost of the 
materials. Thus for the receiver pump the mechanical pump cost should be· lower. 

For the steam generator pump, P-2, both pumps must be made of stainless 
steel and the two pumps should cost about the same. 

----~~-
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2. CAPITAL COST OF THE PLANT TO PROVIDE THE ADDITIONAL 
CAPACITY TO POWER THE PUMPS 
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Since pumps return energy to the system, this factor was considered in the 
analysis. 

From Reference 1, p 2-14, the pump drive (M.G. set equipment) efficiency 
is given as 0.91. Page 3-13 (ibid) gives a 45% pump efficiency at the best 
efficiency point (B.E.P.), thus the overall efficiency is 40%. This requires 
7.75 MW of electrical power be delivered to the pump. 2.1 MWe is recovered 
from the fluid energy input. From Reference 5, p 3, the mechanical pump effi­
ciency is 82%, the motor efficiency is 95%. Thus, the overall efficiency is 78%. 
This requires 3.9 MW of electri"cal energy to the pump. The recovery is 1.47 MWe. 
The net difference is 2.95 MW electrical. This is 2.6% of the plant gross 
capacity. 

The increase in plant size to accommodate this extra power, scaled to the 
0.8 power. gives an increase of capital investment of $2.42 x 106 for the P-1 
pump and $0.346 x 106 for the P-2 pump. The associated present worth of these 
two amounts is $4.1 x 106 for the P-1 pump and $0.59 x 106 for the P-2 pump. 

3. COST OF THE POWER USED BY THE PUMP 

Since there is no fuel charge in a solar energy system, the consumption of 
electricity difference cost was considered to be insignificant. 

4. COST OF PLANT DOWNTIME 

The Difference in the cost of plant down-time caused by the different pumps 
was considered to be negligible. 

5. PUMP MAINTENANCE COSTS 

The maintenance cost of the two pump types was determined to be approximately 
equal. 
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STATEMENT OF REPORT 

Given: 
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A single run of 20-in. A452, TP304H pipe with a fixed anchor at 
900 ft above grade and the other end at grade. The operating tempera­
ture is 1100°F. The piping will be conventionally supported from an 
existing structure that will impose no unusual loadings on the pipe. 
There is no wind loadings on the pipe. 

Find: 

Data: 

The simplest routing for the piping. 

Allowable Stress SA= 21,600 psi 
Free End Expansion= 155.56 in. (9 ft - 7-1/2 in.} 
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INDEX OF TYPES 

.!l.etl= 

NO 

PAGE . 

Multiple U shape with equal tangents (Sketch 1). 

Type II: 

90° turn (Sketch 2). 

Type I II: 

N272TI000001 

5 

Single tangent with multiple U bends at grade (Sketch 3). 

Type IV: 

Straight through with expansion device (Sketch 4). 
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PAGE 6 

SUMMARY 

All four types are suitable for the intended purposes. 

Type IV is the simplest routing for the piping, but it requires 
the use of a high-price expansion device. 

Type II is a simple pipe routing. It requires about 15 compliance 
supports. These could be counterweight hangers. The cost will depend 
on a detailed study of a reference hanger design. 

Type III is a little more complicated than Type II but it has 
the advantage of occupying less floor space and using fewer snubbers. 
It could also be rerouted to fit the contour of a 150 ft diameter 
building. 

Type I is the most complicated pipe routing. It uses the more 
common pipe fittings and supports; therefore, it would be the easiest 
to set its construction cost. It could be used as a basis for evaluat­
ing the other types. 
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MAINTENANCE. 

All the piping will require access maintenance the full height 
of the tower with platforms at frequent intervals (30 ft). The 
rigging supports used for construction should be left in place for 
major maintenance. 

The frequency of maintenance will vary. Type I should require 
only the visual inspection for leakage and hanger engagement. 

Types II and III will require additional checks to insure 
movement of compliance supports. 

Type IV will require instrumentation to indicate movement. 

r, •·•I.• I 111 I, Ill •I I I•. 
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ENGINEERING 

Type IV will require testing and qualifying of the bellows component. 
If a detailed stress analysis of the bellows is required, this cost 
could be an open end item. 

Types II and III will require design evaluation of the compliance 
supports. The space, structure, and mechanical devices required for 
free movement of the pipe and pipe supports will have to be developed. 

Type I will not require any special engineering studies. 
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There are more types and variations of piping arrangements than 
the four discussed in this report. But within the limitations of 
these four I would recommend the multiple U shape with equal tangents 
(Type I). It is the highest in piping material costs, but this would 
be more than offset by lower engineering and maintenance costs. It 
is the highest in normal operating costs, but it would also be the 
most reliable. 

The 90° turn (Type II) and the single tangent with multiple U bends 
at grade (Type III) are roughly equivalent. The only reason I do not 
recommend either of them ahead of the Type I is because of some doubt 
as to the reliability of the counterweight supports. 

The straight through with expansion device (Type IV) would 
encounter the usual resistance and anilysis cost~ associated with 
a 11 be 11 ows . 
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TYPE I 
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Type I is the most conventional configuration from a pipe routing 
standpoint. It is similar in design to the high-temperature steam 
piping used in petro-chem and large process plants. The principal 
difference is the steam piping is usually in a horizontal plane. 
The Advanced Central Receiver {ACR) downcomer is principally in a 
vertical plane. This does not effect the thermal loadings, the 
anchor locations, or the restraint locations, but it does effect the 
weight supports. The steam piping lateral restraints are the weight 
support elements. The ACR downcomer weight can be carried by the 
anchors and rod supports at points of zero vertical movement {see 
Sketch 1). 

The distance between anchors and the U shape can be optimised 
to give the best support arrangement. The configuration can be 
altered to follow the tower support structure. Rod supports and 
anchors require minimum maintenance. 

Reference Design 

Distance between anchors= 90 ft 

Offset of U bend= 25 ft 

This configuration had a maximum stress of 19,353 psi and required 
only rod hangers and anchors for weight support . 
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TYPE II 

This configuration uses less pipe than Type I. There is no penalty 
in pipe weight even if we assume most of the weight is supported from 
the top. The problem here is the large pipe movement (approximately 
10 ft) at the bend. This will require compliant restraints and 
supports. This excludes spring hangers and sway braces in the vicinity 
of the bend. The design of roller restraints and counterweight supports 
present no special problem. The analysis and maintenance of compliant 
devices would require special consideration. 

Pipe rolls are, in general, used in tunnels and enclosed areas. 
In a controlled environment, they should present no special problems. 
In an outdoor environment they have been known to freeze up. 

The large pipe movements will require an exclusion area. This 
area will have to be sealed off or monitored to prevent interferences. 

Reference Design 

Long leg= 900 ft; Short leg= 250 ft 

Maximum stress 21,945 psi for an unguided arrangement. 

A partially guided arrangement would require a longer "short leg" 
but should result in an overall cost reduction. 
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This configuration is similar to Type II except that it does 
not require compliant restraints on the tangent but it does require 
an extra 50 ft of pipe in the U bend and two extra elbows. The 
co111T1ents on restraints and supports for Type II apply to Type III. 

Reference Design 

A 150 ft offset by 50 ft U shape, guided at 150 ft above grade. 
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TYPE IV 

There are two types of expansion devices in general use, a 
slip joint and a bellows. joint. This application would probably 
use a combination of the two - a slip joint for alignment and 
side loading and a bellows for pressure loading. 

The 10-ft pipe movement presents a special problem. The 
simplest solution would be to break up this movement into, say, 
ten one-ft movements. Then, a commercial expansion device could 
probably be found that would suit this requirement. 

Reference Design 

Nine units equally spaced. 

Axial-movement type expansion joints are quite similar in detail 
to their counterpart in packed joints, with the substitution of a 
bellows seal for the packing. When constructed with machined parts, 
this type of design is obviously expensive and can be justified only 
for special cases where installed location and general system arrange­
ment make it difficult to achieve effective guiding by other means, 
or where a large amount of axial movement must be provided and guiding 
of the bellows assembly against lateral buckling is necessary. With 
an internal arrangement it is also possible to secure maximum confine­
ment of the bellows against abrupt release of contents, and sometimes 
an auxiliary packed joint is provided to further minimize this hazard 
particularly for toxic content services. Sometimes joints of this 
type are fabricated to reasonably close forming tolerances, without 
machining; however, without lubrication, binding is much more likely 
to occur. 
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A. ADVANCED CENTRAL RECEIVER SYSTEM DESCRIPTION 

A simplified flow and control diagram of the baseline conceptual 
configuration of a 100-MWe Sodium-Cooled Advanced Central Receiver 

·Power System is shown in Figure 1. In this system. liquid sodium is 
circulated from a cold tank (T-1) through 24 panels located on the 
surface of a right circular cylinder receiver. located on top of a tower. 
to a hot tank (T-2) by a centrifugal pump (P-1). Sodium is heated in 
the receiver by solar insolation reflected by a large number of heliostats 
which surround the receiver tower. From the hot tank. sodium is circulated 
by a second pump (P-2) through a superheater (X-2) and reheater (X-3). 
configured for parallel sodium flow 1 to an evaporator (X-1) and finally 
back to the cold tank. Under conditions of full solar insolation. the 
flow through the steam generators (evaporator. superheater. reheater) is 
about 2/3 of the receiver flow. Thus. 1/3 of the receiver flow accumulates 
in the hot tank during the day for use at night. Steam. generated by sensible 
heat released by the sodium in the steam generators. is used to drive a 
conventional three-stage steam turbine in conjunction with a conventional 
Rankine cycle. A more detailed description of the sodium-cooled advanced 
central receiver system is contained in Reference 1. 

B. MODEL SCOPE 

For purposes of developing a meaningful representation of the Sodium­
Cooled Advanced Central Receiver Power System. only the normally active 
sodium components physically located fn the flow stream between the cold 
and hot tanks. including the cold and hot tanks. are included in the model. 
The steam generator and Rankine cycle equipment have been previously 
simulated in various LMFBR programs( 2). and their response to a large 
number of transients is well known. More importantly. the large mass 
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capacity of the hot and cold tanks effectively isolates the receiver 
and its associated components from the steam generation equipment. 
Consequently, it is cost effective to consider the receiver and its 
equipment separately since the outlet temperature variation of the hot 
tank and cold tank are insignificant. 

The components comprising the model include: the cold tank, receiver 
pump, riser check valve, riser piping, panel control valves, 24 receiver 
panels and associated manifolding, panel flow controllers, receiver outlet 
surge tank, surge tank level controller, downcomer piping, drag valve. 
and hot tank. Pipes and valves used for filling or draining receiver 
equipment have been omitted from the model but can be inserted if required. 
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The Advanced Central Receiver (ACR) Sodium-Cooled Solar Electric 
Power Plant was modeled using International Business Machine's Continuous 
System Modeling Program (CSMP).(3) CSMP solves coupled sets of first 
order differential equations. If a system of differential equations is 
expressed in terms of time, then CSMP will simulate the response of the 
systems to various perturbations in boundary and initial conditions, 
much like an analog computer. 

A variety of integration routines are available to the CSMP user 
ranging from rectangular to fourth order Remge-Kutter methods. 
Naturally, for simple models, the more stable, sophisticated methods 
require more computer time per solution and are, consequently, more 
expensive. This COll'lllOn dileim,a requires that the user trade off model 

· accuracy against simulation cost. The size of the ACR model, in terms 
of finite element nodes, required that the integration method be among 
the least sophisticated so that reasonably low computer costs result. 

The CSMP format requires that the model be.expressed in three parts. 
Boundary and initial conditions are input directly or calculated in the 
first section called "INITIAL. 11 The coupled differential equations and 
intermediate calculations are contained in a section entitled "DYNAMIC." 
Solution monitoring, time step changes and output instructions are 
located in the "TERMINAL" section. Subroutines, called MACRO's in CSMP, 
are physically located prior to the INITIAL section and can be called 
from either the INITIAL or DYNAMIC sections as required. CSMP also has 
a table look-up capability with several interpolation options. A full 
description of CSMP is well beyond the scope of this report. The 
interested reader is referred to Reference 3 for more detailed CSMP 
information. It is -hoped that the foregoing discussion will allow a 
reasonable understanding of CSMP such that the code listing in Appendix A 
will be understandable. 
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B. MODEL FEATURES, GENERAL DESCRIPTION AND ASSUMPTIONS 

For purposes of thennal analyses, certain large components of the 
ACR system, contained within the previously described scope, are divided 
into finite elements, and each element represented by a node. A nodal 
diagram is shown in Figure 2. The components which are so divided include 
the receiver, the receiver riser piping, and the receiver downcomer piping. 
The hot and cold storage tanks, the receiver outlet tank, the receiver 
pump, and suction pipe and the drag valve and its discharge pipe are 
all treated as single nodes for purposes of thermal analyses. 

The receiver riser pipe is divided into 10 equal axial sodium nodes 
which are considered to be ideally insulated. Each axial node's response 
is determined by first order dynamics and is subject to input only from 
the upstream sodium node. 

The receiver downcomer is similarly divided into five axial sodium 
nodes. The characteristic time constants of the riser and downcomer 
nodes are variable as the hydraulic conditions of the system change. 

The receiver section of the model is more complicated. In the riser 
and downcomer, flow is considered possible only in one direction. The 
receiver panels, each of which is modeled, can experience flow reversals 
if the receiver is isolated from the pump and hot tank. Thus, each 
receiver panel model subsection has reverse flow thermal as well as 
hydraulic capabilities built in. Each panel is considered to be thermally 
independent (i.e., ideally insulated back side) along fts length, but 
is hydraulically coupled at each end. Thus, panel thermal interaction 
is due totally to hydraulically coupled perturbations. 

Each panel is divided into three axial sections, each section 
consisting of a tubing or wall node and sodium node. The differential 
equation describing each node's temperature is derived from an energy 
balance taken around each node. Thermal losses from the wall nodes 
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include reflection, reradiation to ground and sky, and convecti.on to 
air. The film coefficient of the convection loss term can be circum­
ferentially and time .varied to. simulate the receiver boundary conditions 
due to wind variation, if required. The incident receiver flux can 
also be circumferentially, axially, or time varied so simulate heliostat 
field design variations, cloud cover passage, or the effect of various 
aim point strategies. Panel wall node physical properties are assumed 
constant, but sodium properties and film coefficients are allowed to 
vary with temperature. 

Each receiver panel is assumed to empty into the receiver outlet 
tank, and the tank is a small enough volume that it is assumed to mix 
ideally. Ideal mixing is also assumed for the hot and cold tanks. 

Temperature rises of the sodium due to inefficiencies in the receiver 
pump and pressure drop in the drag valve are considered and included in 
the model. Changes in these rises are assumed to occur instantaneously. 

For purposes of hydraulic simulation, three flow sections are 
considered. The first section runs from the cold tank surface to the 
point where the sodium flow splits to each panel. The second section 
runs from where the receiver panels diverge to where they converge. The 
third section includes the sodium from the receiver outlet tank surface 
to the hot tank surface. 

For each section, the derivative of flow is determined from a force 
balance around that section. This method can accommodate reverse flow 
without methodology modification. One force balance is required for· each 
panel •as well as the receiver downstream and upstream sections. At the 
interface of the receiver and its upstream section (i.e., the receiver 
inlet manifold), no free surface and, therefore, no arbitrary pressure 
exists. Therefore, the continuity equation must be utilized to obtain 
pressure. Pressure drops are neglected in the receiver inlet and outlet 
manifolds. 
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For purposes of panel flow and receiver outlet tank level control, 
Proportional plus Integral (reset) plus Oeri'vative control schemes are 
built in. Any combination of the above can be selected. The problem 
of integral wind-up, wherein the demanded valve position is greater than 
open or less than closed is resolved in the model through the use of 
appropriate logic. Valve pressure drop is calculated by means of standard 
equations developed by Kern. (4) 

C. SPECIFIC EQUATIONS 

1. Thennal (Section 3.3) 

All temperatures are derived by integrating the time derivative 
of the temperature developed from a first law or energy balance equation 
for each node generally given by 

{
Accumulation of} 
energy within = 
the system {

Transfer of energy } 
into the system through 
system boundary 

(
Transfer of energy } 

- out of the system 
lthrough system boundary 

+ {
Energy generation} 
within the system 

_ {Energy consumptionf5) 
within the system (1) 

Since there is no significant internal generation or consumption in any 
of the nodes, the last two tenns zero out. For a given node the tenn on 
the left side of the equation becomes 

Accumulation = dMTCp/dt (2) 

where M • mass of node* 
T • temperature of node 
Cp • heat capacity of node 
t = time 

In all cases, the Cp of the node is assumed constant for at least each 
time step, thus Equation 2 becomes 

Accumulation • CpdMT/dt 
*Units are defined in the variable index in A 
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In most cases, the volume of the node is fixed and the density 
assumed to be constant over the time interval of interest. Hence, 
Equation 2 becomes 

Accumulation • MCpdT/dt. (4) 

The exception to this is the tanks, which are either draining and filling 
and, therefore, subject to changing volume and mass. in which case 
Equation 2 become 

Accumulation • Cp(TdM/dt + MdT/dt) (5) 

The right hand terms of Equation 1 including energy transfer to and 
from the system depend upon the node at hand and will be considered on 
an individual basis below 

a. Receiver Tube Nodes (Section 3.3.1.1)* 

Solar energy absorbed·by the nodes is given by 

where 

Qa • Qi a - Qr - Qc 

Qa • Incident power absorbed 
Qi • Incident power 
a • Tube Absorbtivity (constant) 
Qr • Reradiated power 
Qc • Convection power losses 

Qi is determined by 

*Refers to numbering system of Code in Appendix A 
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Pp • Circumferential varying panel power 

pp • RP x NPP 
RP • Total receiver power 
NPP • Panel power fraction 
Pf • Axial position power fraction 

a • Stephan/Boltzman Constant 
Arr• Node reradiation area 
Tg • Ground temperature 
Ts • Sky temperature 
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(8) 

(9) 

Note that a view factor of 1/2 was used for sky and ground, respectively. 

where 

HFA • Receiver outside surface film coefficient 
TA • Ambient Air Temperature 

Energy transferred from the tube nodes to the sodium is given by 

where 

Energy transferred • HARN (T - TN) 

HARN • Sodium film coefficient (variable) x tube sodium 
side area (calculated from the Seban-Shimiyaki 
correlation in a macro) 

• Sodium temperature 
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Combintng Equattons 4, 6, and 11 yields the equation for the 
derivative of tube wall temperature 

dTw/dt = (Qa - HANR (Tw - TN))/(MCp) 

where 

Tw • Temperature of the tubing wall 

b. Receiver Sodium Node Temperature (Section 3.3.1.2) 

(12) 

The energy transferred to a receiver sodium node is equal to the 
energy transferred from the adjacent receiver tubing node and is described 
by Equation 11. 

Energy is transferred from the sodium node by sensible heat gain 
of the sodium leaving the node. 

where 

Energy transferred from system = 1ml Cp (TNI - TNo) 

1ml = Absolute value of flow of sodium through node 
Cp • Sodium heat capacity 
TNI • Sodium node inlet temperature 
TNO = TNr.=Sodium node outlet temperature 

(13) 

If the flow direction in any panel reverses, the physical inlet to 
the node changes. To accomnodate this, the inlet temperature of each 
sodium node ts selected by an input switch function depending on the 
flow directton. Each sodium node is assumed to mix ideally, resulting 
in a uniform node temperature equal to the outlet temperature. Utilization 
of the absolute value of flow keeps the sense of direction of energy flow 
correct since the inlet-outlet temperature difference provides the driving 
potential and energy direction sign. 
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Combining Equations 4, 11, and 13 yields the expression for the 
cterivative of a receiver sodium node. 

where 

VN = Volume of the sodium node 
pN • Sodium density 
Cp = Sodium heat capacity 
TN = Sodium temperature 

c. Riser Piping (Section 3.3.2.2) 

The equation describing the derivative of the outlet temperature of 
each riser piping node is: 

where 

TNR = Riser node sodium outlet temperature 
TNRI = Riser node sodium inlet temeperature 

(15) 

This is the classical equation describing a first order lag-type dynamic 
situation; however, the time constant is allowed to vary with the flow: 
This provides a more accurate picture of the riser dynamics. 

d. Receiver Pum~. (Section 3.3.2.3) 

The temperature rise due to viscous heating is assumed to be a 
quasi-steady-state·phenomenon. The equation describing the outlet 
temperature is: 
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1l • Receiver pump hydraulic efficiency 
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(16) 

The receiver pump efficiency is assumed to be.75 of the normalized 
pump sodium flow. 

e. Cold Tank to Receiver Pump (Section 3.3.2.4) 

The cold tank-to-receiver pump piping temperature dynamics are similar 
to the riser dynamics. The equation describing the dynamics is similar 
to Equation 15. 

f. Cold Tank 

Since the level of the cold tank is variable, the changing mass of the 
cold tank must be accounted for as noted in Equation 5. The equation for 
the cold tank outlet temperature derivative fs: 

where 

!er • Cold tank temperature 
Mi • Cold tank sodium inlet flow 
Ti • Cold tank sodium inlet temperature 
M0 • Cold tank sodium outlet flow 

dM/dt is determined from the continuity equation. 
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The downcomer piping node temperature equations are the same as 
the riser equation. See Equation 15. 

h. Pressure Reducing Device (Section 3.3.2.7) 

The viscous heating of sodium due to pressure drop across the drag 
valve is assumed to be quasi-steady-state process similar to the rise 
across the receiver pump. However, in this case all of the pressure 
drop is converted to heat by the equation 

where 

Tovo = T0vr + Pov x 144/(778PCp) 

TDVO " Drag valve outlet temperature 
TDVI = Drag valve inlet temperature 

Pov• Drag valve pressure drop 

1. Pressure Reducing Device to Hot Tank (Section 3.2.1.8) 

(18) 

The hot tank inlet temperature piping equation is similar to the 
riser piping temperature equation. See Equation 15. 

j. Hot Tank (Section 3.2.1.9) 

The hot tank temperature derivative equation is similar to the cold 
tank equation. See Equation 17. 

k. Sodium Film Coefficients and Properties (Section 3.1) 

The sodium film coefficients for all sodium convective heat transfer 
in the receiver is determined by the Seban-Shimazaki correlation: 
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Nu = 5.0 + 0.025(RePr)·8 

Nu = Nusselt Number 

Nu = 

H. 

D 

K 

Re 
Pr 

H... x D 
K 

= Film coefficient 
• Tube diameter 
= Sodium thermal conductivity 
= Reynolds Number 
= Prandtl Number 
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(19) 

This correlation includes thermal conductivity and is useful at low 
flows. Sodium properties are determined from correlations supplied by 
Reference 6. The correlation for heat capacity is: 

Cp • 0.364 - 0.792 x l0-4T + 0.341 x l0-7T2 (20) 

The correlation for thermal conductivity is: 

K • 54.306 - 0.01878T + 2.09 x l0-6T2 (21) 

The correlation for viscosity is: 

Log1ol-l = 1.0203 + 397.17/T - 0.4925 log10T (22) 

All of the above correlations are handled as macros which are called as 
required from the DYNAMIC sections. These macros are physically located 
in Section 1.0. 
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The flow in a given flow channel is detennined by integrating flow 
acceleration as detennined by a force balance between two points in the 
flow path. The general equation is: 

where 

iF • Ma 

iF = Surrmation of the forces exerted on the fluid 
M • Mass of Sodium between Points 1 and 2 
a = Acceleration of fluid between Points 1 and 2 

which is given by 

a • dV/dt 

Instantaneous velocity is given by: 

V = M/PA 

noting that the mass of the fluid accelerated is given by: 

where 

M = PAL 

V • fluid velocity 
A = Flow area 
L = Flow path length 

,and combining Equations 23, 25, and 26 yields 
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P and.A are assumed constant and Equation 27 becomes 

Ldm/dt •l:F (28) 

d1v1ding by gA to convert to force per unit flow area and lbf to 
lbm yields the expression for flow acceleration 

dM/dt • (gA/L}EF (29) 

where 

g • acceleration due to gravity 

it is often numerically convenient to express·the flow referenced to 
steady-state as a fraction 

. 
Mf140 • M (30) 

where 

. 
~f • Fraction of reference flow 
M

0 
• Reference flow 

. 
Substituting Equation 30 into 29 and dividing through by M yields 

the form of Equation 29 used in the model. 

dMf/dt • (gA/LMO)l:F (31) 

. 
g, A, Land M

0 
are all easily calculated constants or fnftial 

conditions and are lumped into a term called the flow inertia. 

where 

If • Flow inertia. 
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a. Receiver Panel and Rfser Flow (Section 3.2.1,1.1) 

For any receiver panel, the fnlet pressure is the same as any other 
panel sfnce all panels start from a co11111on pofnt and manifold losses are 
assumed to be neglfgfble. The same fs true for the receiver outlet 
pressure. The equation for the ith panel is: 

. 
dMf1/dt • (PIR - POR - FH1 - DPCV1 - SH1)/Ifi (32) 

where 

PIR • C0111110n panel inlet pressure 
POR • C011111on panel outlet pressure 
FH1 • Panel 1 friction head 
DPCV1 • Panel f control valve head 
~H1 • Panel f static head 
Mfi • Panel f flow 

POR is detennfned from the static head fn the receiver outlet tank. 

Each panel friction head fs approximated by 

(33) 

where 

KF1 • steady-state flow friction drop. The absolute value 
function causes the sign of the friction drop to automatically change 
during panel flow reversal. 

The expression for control valve head fs given by: 

oPcv i • ~ Q ~I 1cvc2 

where 

P IPw • Specfffc gravity of sodium 
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Q = Sodium volumetric flow 
eve = Control valve flow coefficient 

(See control model description) 

where 

The equation for panel static head is: 

E
0 

= Panel outlet elevation 
Ei = Panel inlet elevation 
p = Average panel density 

(35) 

The riser flow equation is written in a manner similar to the panel 
flow equations. However, only one equation is required. The equation is: 

where 

POCT = Ullage pressure of cold tank 
Ei = Cold tank level elevation 
E

0 
= Receiver inlet elevation 

KFHR = Steady-state riser friction drop 
HRP = Receiver pump head 

IR = Riser inertia 

b. Receiver Outlet Tank and Cold Tank (Sections 3.2.1.1.2 and 3) 

In these sections the time varying inventories and levels are deter­
mined by a simple integration of the continuity equation 
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c. Receiver Pump (Section 3.2.1.1.4) 

The receiver pump speed is determined by integrating the equation 

. where 

N • Receiver pump speed (normalized) 
~• 1/receiver pump inertia 

'Tm• Receiver pump motor output torque (normalized) 
1'p • Receiver pump torque required (normalized) 

(38) 

The expression for required receiver pump torque was determined by 
fitting the speed-torque-flow curves for a typical sodium pump. The 
expression is 

(39) 

where 

c1, c2, and c3 are the coefficients required to fit the speed­
torque-flow curve. Similarly, the expression for receiver pump head is 

(40) 

where 

c1, c2, and c3 are the coefficients required to fit the speed­
flow-head curve characteristics of the modeled receiver pump. Receiver 
pump head is limited to 120% of the design head. 
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d. Riser Pressure (Section 3.2.1.1.5) 

Detennining the riser outlet/receiver inlet pressure is critical 
to the solution of Equations 32 and 36. _This pressure is detennined 
from the derivative of the continuity equation: 

where 

. 
~R • Riser flow 
Mi • Panel i flow 

taking the derivative of Equation 41 yields 

• 24. 24 • 
dMR/dt • d(l:Mi)/dt • .·t. dMi/dt 

f = .1 , • l 

The left side of Equation 42, when expanded is similary to 
Equation 36. When expanded, the right side of Equation 42 is sfmflar 
to Equation 32. The differences are due to Equations 32 and 36 being 
expressed as normalized flow. When Equations 32 and 36 are multiplied 
through by the reference flow and substituted into Equation 42, the 
result is: 

(POCT + (E1 - E0)P/144 - Mf IM~ KFHR + HRp)/LOGAR • 
24 

(41) 

(42) 

l: (PIR - POR - FH1 - DPCV1 - SH1 )/PLOGA (43) 
f. • 1 

where 

LOGAR • 
and 

PLOGA • 

l'ORM 71~ RIV. 7-11 
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Solving Equatton 43 for the receiver inlet pressure yields: 

24 
PIR " ((24 x POR + l: SHi + FHi + DPCV i )/PLOGA + 

1 • 1 

(POCT + (Ei - E0 )p/144 - Mf jMfjK~ + HRp)/LOGAR/ 

(24/PLOGA + 1/LOGAR) 

which is the fonn used fn the model. Equation 46 fs not used at very 
low or zero riser flow due to numerical methods considerations. At 
low flow. Equation 46 is simplified to: 

24 
PIR • ( l: FHi + SHi + DPCVi)/24 + POR 

f a 1 

e. Downcomer Flow (Section 3.2.1.1.6) 

(46) 

(47) 

The force balance used to describe the downcomer flow is taken 
between the receiver outlet tank surface and the hot tank surface. The 
express ion is 

where 

. 
dMfDC/dt • (POROT - POHT - FHoc - DPov - SHoc)/Ioc (48) 

. 
MfDC • Downcomer fractional flow 
POROT • Receiver outlet take ullage pressure 
POHT • Hot tank ullage pressure 
FHoc • Downcover friction head 
DP0y • Drag valve head 
SHoc - Downcomer static head 

The equations describing the friction, static and drag valve heads 
are the same as those used in the panel friction. static. and control 
valve heads. 
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f. Hot Tank (Section 3.2.1.1.7) 

See "Receiver Outlet-Tank and Cold Tank." 

3. Plant Protection and Control System (Section 3.4) 

The plant protection and control model consists of receiver panel 
controllers and a drag valve controller. Each controller model has 
the capability of simulating any combination of all three control nodes 
(proportion, i ntegra 1 , or derivative). 

a. Receiver Panel Controllers 

The valve position demanded by a given controller is fundamentally 
expressed as a function of receiver outlet panel temperature error is: 

t 
VPOX; • f EIRi x KCil7;' dt + Kcro/T;/dt + KcET; (49) 

where 
0 

VPOXi • Valve position demanded by controller for Panel i 
EIRi • integral error of Panel i 

= ET for O<VPOX;< l 
• 0 for l<VPOXt;O 

(prevents integral windup) 
KC; = Proportional constant for Panel i controller 
~ • Integral time (1/reset rate) Panel i controller 
!]bi • Derivative time, Panel i controller 

Ti = Panel i outlet temperature 
ETi • Panel i outlet temperature error. 

In addition to Equation 49, the outlet temperature of each panel is 
processed by first order dynamics to simulate thennocouple signal lag. 
Also, the demanded valve position is also processed by first order dynamics 
to simulate the valve actuator. The flow coefficient for each valve is 
detennined from the equation: 
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(3.67 x VPi} 
eve • .025 cv (50) 

where 

VP1 • Actual valve position. Panel i 
CV • Design valve flow coefficient. Panel i 

Note the equal percentage valves are used and Equation 50 is a 
curve fit from Reference 7 describing flow coefficient as a function of 
valve position. The values of KCi '1; andt;;i were determined from the 
methodology outlined in Reference 8 and are considered optimum. 

b. Pressure Reducing Device Controller (Section 3.4.2} 

The equations describing the drag valve controller response are 
similar to those describing the panel valve controllers. The only 
difference is that the error is provided by the level of the receiver 
outlet tank. Again. the constants Kc.~% were determined by the 
methodology of Reference a. 

4. Boundary and Initial Conditions (Section 2} 

This section inputs known constants and calculates boundary and 
initial conditions. Initial conditions used in integrals in the dynamic 
section are calculated using equations similar to.the various differential 
equations but with the derivatives set to zero. For example. a typical 
receiver tubing node temperature is: 

(51} 

In this example. the associated sodium node temperature. TN, must 
be known. This requires an iterative solution in this case. Guesses of 
sodium node temperatures are input and the true values are determined 
by converging on the correct value of Qa· In most cases, iterative 
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processes are not required to determine boundary and initial conditions 
since the required inputs have been previously determined, The numbering 
system of the initial section is keyed to that of the dynamic section. 
Hence, the boundary and initial conditions required by Section 3.3.2.6 are 
contained in Section 2.3.2~6. A listi.ng of the model followed by a 
variable and function index, defining all variable and function names and 
units, is located in Appendix A. 
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The transients examined using the ACR model included: A 10% step 
change in incident flux, a cloud cover transient, 25% step-ramp changes 
in incident flux, loss of receiver pump power, accidental drag valve 
function, and an emergency shutdown incident flux ramp. The Cathode Ray 
Tube (CRT) output for each transient is presented in Appendix B-G, 
respectively. The response of the model to each of these perturbations 
will be discussed individually. For each of the transients examined, 
except for cloud cover, the following parameters were graphed as functions 
of time: incident power, absorbed power, riser flow, receiver outlet 
tank temperature, cold tank temperature, pump inlet and outlet temperature, 
receiver inlet temperature; south, east-west and north panel incident 
power; valve positfon, flow, outlet temperature, and mid-plane tube 
temperature, drag valve inlet temperature, drag valve outlet temperature, 
hot tank inlet and outlet temperatures, drag valve position, downcomer 
flow, receiver outlet tank level and error, normalized pump speed and 
head, receiver inlet and outlet pressures, and hot and cold tank levels. 
The CRT's for each run are presented in the previously indicated order 
with a legend at the top of each defining variable names and units. 

Due to computer perversity, the CRT output for the cloud cover 
transient was not generated. The graph presented for this run is a 
hand-drawn plot of digital information obtained from the printed output. 
The significant response parameters for all runs are summarized in 
Table I. 

A. RESPONSE TO 10% STEP CHANGE IN INCIDENT FLUX 

The purpose of this run was to test the response of the panel 
control system. A 10% step change fn control system input is a standard 
perturbation used to test the response of the control system. It is 
important to note that with the ACR system such a transient would never 
occur due to limitation on heliostat steer-off rates. The transient was 
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TABLE I - TRANSIENT PARAMETER SUMMARY 

Drag 
10% Cloud 25% Pump** Valve 

Transient Step Cover Step Trip Failure 

Receiver Outlgt 6 5 6 7400 NA 
Variation ( F) 

Panel Outlet 
Variation (°F) 

12 NA 25 7500 NA 

Tub5 Ramp* 8 NA 20 7160 NA 
( F) 

Max. Receiver 100 NA 150 70 70 
Inlet Pressure 
(psia) 

Receiver Outlet .4 NA 2.5 .2 5 
Tank Level 
Variation ft 

Minimum Receiver 70 70 70 33 70 
Inlet Pressure 
(psia) 

*All controlled tube ramps lasted less than 100°F 
**Uncontrolled transient 

hgw:5/1 
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initiated at 5 seconds, and a total of 100 seconds of system response 
was examined. The Cathode Ray Tube (CRT) graphs of the system response· 
are shown in Appendix B. The overall system response, shown on the first 
sheet, indicates a receiver outlet tank temperature variation of less 
than 6°F. Representative panel responses (Sheets 3-5) show ~verall panel 
outlet temperature variations of less than 8, 10, and 12°F, respectively. 
Ring down of all controlled panel temperatures occurs in less than 3 cycles. 
This indicates that the panel response fs satisfactory and the control 
settings for gain, derivative time, and reset rate are optimum. The 
maximum wall temperature variation fs approximately 20°F in 3 seconds. 
However, ft should be noted that actual step changes fn flux are impossible 
and that these ramps represent the worst case situation. Most realistic 
runs show wall ramps of lower magnitude. The remaining system variations 
in temperature·were of an insignificant magnitude. The response of the 
receiver outlet tank indicated sluggish drag valve function. This was 
corrected by increasing the drag valve controller integral reset rate. 
Due to the closing of the panel valves, the receiver inlet pressure 
increased from 70 to 100 psia. 

B. RESPONSE TO CLOUD COVER TRANSIENT 

The purpose of this run is to verify adequate system response to 
a typical cloud cover. The cloud was approximated by a 1%/sec ramp 
to zero incident power initiated at 5 seconds. The inverse ramp of 
1%/sec to 100% power was started at 105 seconds. Total run duration was 
250 seconds. The overall response of the system was smooth, with the 
absorbed power going negative at low incident power due to reradiation 
and reflection losses. The riser flow follows the ramp and overshoots 
on return to 100% power due to control valve travel limitations. The 
maximum variation in receiver outlet tank temperature was 5°F, indicating 
an acceptable control response. 
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C. RESPONSE TO 25S STEP (STEEP RAMP CHANGES) 

The purpose of this run was to demo"strate the ability of the 

system to follow incident power changes of the type that might be imposed 

by electrical load variations. The ramp rate was 25S power in 15 seconds 

or 1-2/31/second. A total of four changes were applied, two negative, 

followed by two positive. Each change was followed by 50 seconds of 

no change to allow the system to recover. The first change was initiated 

at 5 seconds. Total run time was 265 seconds. The CRT's are shown in 

Appendix D. The overall response of the system was satisfactory, with 

slight overshoots in riser flow and a maximum receiver outlet.temperature 

variation of 6°F. 

The pump outl.et temperature increases approximately 7°F at SOS 

incident power due to increased head and decreased flow. The maximum 

panel outlet temperature variation was less than 25°F and occurred in 

the north panel due to the panel valve opening completely during the 

last positive ramp. This indicates panel interaction can cause non­

linearities in certain circumstances. However, the magnitude of the 

overshoot is acceptable. Wall temperature variations were severe 

in this transient, with the maximum variation occurring in the south 

panel. However, the ramps are not carried more than 100°F, so they are 

acceptable. All other system temperature variations were insignificant. 

The drag valve followed the changes and limited receiver outlet tank 

level error to ±2.5 ft. The maxim1111 receiver inlet pressure achieved 

was 150 psia. 

D. RESPONSE TO LOSS OF RECEIVER PUMP POWER 

The purpose of this simulation was to explore the possibility of 

allowing passive heliostat defocusing during emergency conditions. The 
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pump motor was tripped at 5 seconds, and the flux allowed to follow a 
decay curve, supplied by the heliostat subcontractor, representative of 
a solar image drift-off due to heliostat power failure. 

It was assumed that during this transient the drag valve would fail 
closed and the panel valves fail open. With the receiver isolated by a 
check valve soon after pump trip, natural circulation induced reverse 
flow in the cooler panels. The gradual power decay of the image drift­
off is shown fn the first sheet of Appendix E. Due to the large static 
head of the riser, riser flow decays to zero within 5 seconds of pump 
trip. Due to recirculation, the receiver outlet tank temperature rises 
to about 1soo°F during the run duration of 100 seconds. The pump outlet 
temperature experiences a 30°F spike during pump trip. The receiver 
inlet manifold sodium boils 80 seconds after pump trip. 

The model does not include latent heat transfer. Hence, it is 
invalid past boiling temperatures. However, the model is adequate for 
purposes of showing the response of the system up to boiling. 

The response of the south panel shows a rapid flow decay and flow 
reversal at 4 seconds from pump trip. The sodium in this panel does not 
boil. The east-west panel flow also reverses, although not to the same 
magnitude as the south panel. The sodium in this panel also does not 
boil. The north panel flow does not reverse, but the sodium boils 
15 seconds after pump trip. The tubing temperature plots rise rapidly 
to 1600°F and are meaningless past this point. The remaining system 
temperature variations are insignificant. The minimum receiver inlet 
pressure is 33 psia. 

Clearly, passive defocusing is inadequate to prevent boiling in 
the receiver, an undesirable condition. As will be shown later, 
active defocusing is adequate. Another possibility is to provide an 
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1nventory of cold sodium to prevent boiling. Preliminary calculations 
indicate that 5,000 gallons of sodium heated from 550 to 1500°F would 
suppress all receiver boiling. It should be noted receiver control is 
effectively lost when the pump does not supply adequate receiver inlet 
pressure. 

E. RESPONSE TO ACCIDENTAL DRAG VALVE FUNCTION 

The purpose of these runs was to detennine the time available to 
take action following a drag valve failure. Two cases were considered: 
drag valve failed open and closed. Each failure was init!ated at 5 seconds. 

1. Drag Valve Fails Open 

Over the run duration of 100 seconds, the temperature and flow 
variations were insignificant, and after 100 seconds about 1 foot of 
sodium remained in the receiver outlet tank. Even if no action were 
taken, the tank would merely drain. This would only present a problem 
if the pump failed subsequent to tank draining. The mild response of 
this transient is due to the nearly open steady-state valve position. 

2. Drag Valve Fails Closed 

The run duration was 30 seconds. Again, the temperature and flow 
variations were insignificant. However, the receiver outlet tank filled 
in 25 seconds. Clearly, active steer-off and pump trip measures must 
be initiated within 20 seconds of drag valve closure if receiver flow 
stoppage is to be avoided. 

F. RESPONSE TO EMERGENCY SHUTDOWN 

This transient was initiated at 5 seconds and included a 15 second 
ramp from 100 to 0% incident power (6-2/3%/sec). The run duration was 
20 seconds. Pump trip was initiated at 20% riser flow. 

FOAM 711-P FIEV, 7,78 

ESG-79-2, Vol II, Book 2 
L-34 



,-----------------------~---

'l' Rockwell International 
l!Mr9YS,.._Groull 

NO N272TI000006 
PAGE:· 34 

The maximum temperature variation of the receiver outlet tank 
was a°F, maximum panel outlet temperature variation was 30°F with the 
worst ramp, 12°F/sec carried for less than 20°F. Tube temperature 
ramps of s°F/sec were experienced for less than so°F. This response is 
acceptable. All other temperature variations were insignificant. 
Receiver outlet tank level variation was 1 foot. Maximum receiver inlet 
pressure was 170 psfa. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 

Over the range of transients examined, the controlled receiver 
outlet tank temperature varied less than s°F. The maximum panel sodium 
temperature variation was 30°F, less than 6i of the total panel rise. 
The mal<imum real life tube temperature rainp experienced in a controlled 
transient was less than 15°F/second. In no controlled case were these 
ramps carried for more than so°F. 

It was found that passive heliostat defocusing is inadequate in an 
emergency situation. Emergency power must be available for active 
heliostat steer-off. As an alternative, a cold sodium supply could be 
used to cool the receiver during a pump failure. 

The control methodology of individually controlled panels is adequate 
for purposes of receiver control over the range of transients studied. 
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APPENDIX A 

ADVANCED CENTRAL RECEIVER SIMULATION MODEL 
COMPUTER CODE LISTING AND VARIABLE INDEX 
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SUCONUNUOUS-SVSTEM-HODELING PROGRAM II I VIMl TRANSLATOR OUTPUTSSS 

....I.1.TLE · ADVANCED CENTRAL RECEIVER, SODIUM CQOLEILSOUJUELEC..tRJC oor,o.oo . .__ ___________ _ 
TITLE POWER PLANT SIMULATION MODEL 00000020 
TITLE RUN 04•07 CLOUD COVER SIMULATION, 200 SECONDS 00000030 

* 

FIXED 

CURRENT VERSION DATE 
··••·-·---- .... ___ QQ000090 _______ _ 

JULY ll, 1978, DSN ACRPTH7.DATA 00000050 
00000060 

0000070 
KEEP,I,J,II,JJ,K,H,N,KK,L,LL,HH,NN,IJ,Jl,JK,KJ,IK,Kl,KL 00000080 

00000090 
··--------------------------- -------·. ··- :.._J0000100 ---
•1.0 MACRO STATEMENTS 00000110 

00000120 
!.L..L.l..J SEB,\!i•SHIHAZAKI EQUATION FOR 3001.UN FILH Cilf.EE.. ' 0000.JU.l.U ___________ _ 

00000140 
HACRO CP,HARLKEQ(HDOT,T,AFLOW,O,A) 00000150 
___ · ___ . .TH•T+4bO. _________ . ---· -------- - ------· -- . -00000160---- - .. -·-- - ------ -··- -- ... -

HULOG•t.o2ol+l97.17/TR•o.4925*ALOGto<TR) 00000170 
HU•to. UMULOG/looo. 00000180 

,__ ___ _.R.E.DMtD.OT•D/AFLillt/..1:U.1'-----------------------U.O.O.O.o.t~-------------
KNA• <S4. 306•0. 0 l 878•T+2.0914E•Ob•T••2) /3~oo. 00000200 
CP=o.34574•0.79226E•04•T+O.l4086E•o7•T••2 00000210 

. PR• CP•HU/KNA ______________________ .0.0.0.0022.0 __ _ 
[ NUN•s.o+o.02s•<REO•PR>••·8 00000230 
. H•NUN•KNA/D 00000240 

HA:H•A ---~U~Oi0x0i0~2SLQ,._ _________ _ 
ENDMACRU 00000260 

00000270 
"'AC~_O ____ RHON•RHONAU.~~) ··"·· -----··--------- ___ ...... ___ ····----~--- . ___ QJ)_QQ.Q_2~!L ___________ ·····-----­

RHON•59e566•7•9504E•Ol*TNA••2872E•06•TNA••2+.06035E•09•TNA••l 00000290 
ENDMACRO . 00000300 
------------c-----------------------~OJtil} _____________ ~ 

MACRO CPSOD•CPNACTSOD) 00000320 ~--.. 
CPSOO•O.l4574•0e79226E•04*TSOO+o.34086E•07•TSOD••2 00000330 <l.\ ~ 

EN_DHACAO .. -•·--··------·· ______________________ .. _____________________ 1)0.IIQ.Q:$4_Q ____ . ----------------8 
00000350 o 
00000360 g 
o o O IUll..1.Jl °' -.=z-.~o-------7C-O-.N~ST~A~N~T~S=-;R~U~N:-::P~A~R~A~H=E7T=E=R~S-A~N~O:-;l~N-~l~T~l~A7L-;:C7.0~N7D717T~IO~N~S=----~o~o=ooo]80 

•l.O. L_. - _A.RRH DIHENS10N5 _______ .. ______ ··--- __ 
00000]91) 

---00000400------ .. 
000004 IO 
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STORAGE WNRRC24),HFAC24) 1 NPP(z4),HANRt(2Q),HANR2(24),HANRJ(24), •••00000120 

----=QJ1(24),Ql2(24),QJ](24),PP(24),TNRtOG(2g),JNR2QGCZA) ,.,.onooo430 
TNR30G(24),SH(24) •••• 00000440 
QAt(24),0A2(24),QAl(24),CPHEAN(24),NQAt(24),NOA2(2Q). , •• ,00000450 

... _____ Q~J(2~) ,~NR~ (2~J ,C~t (24).,CP.Zl24-l,CP-ll29) ,RttOt.(20,JU!O.! .. U.Al, __ .-. eOO.OOOIH ______ . ___________ .. 

•2,l 

INITIAL 

RH03(24),IR(24),NQA3(24),CV(24),YPOX(24) 
KC (20, TAU(24) 

T~UD(Z4) 1 KFH(24) 1 KFHC(24),FH(24) 1 0PCY<2ll 

INPUT AND BOUNDARY CONDITIONS 

, ... , 000001170 
••• 00000480 

ooouog 
00000'500 
00000510 

--------00000520 
00000530 
00000'540 

PROCEDURLN.MRR.,.lJUU..O.J..HH20.JliR3C4-IBM..1..0..,.lJUf20..,...IJHilO.SlJll ye ( THR l OG, , • e-0-".0055--------------
TNR JOG, NPP, RP I I PF l I PF 2, PF J, AREEF, MN8 TUS, AFLO, DRTUBE, HART, .~.00000'560 

HFA,ALPHA,ASRA,TG,TS,TA,AR,TNRzoG,TNRIO) 00000570 
___ P.O IO K!(~l,211 .... _________________________ 00000.580 .. --·----·-------·---·------·----

TNRIO(KK) • TNRIOG(KK) 00000590 
TNR20(KK) • TNR20G(KK) 00000600 
JNR3Q (KK) •TNR3QG(KK) OOOQOC, l Q 

CP~EAN(KK)a,30296 00000620 
PP(KK) • NPP(KK)•RPI 00000630 

_____ Q 11 ( ~~ l..•PP ( K_!( J. *!'f.. •~w•trn .OJU.!U1 ll0__ -----

Q 12 ( KK) •PP ( KK) •PFZ•H~BTUS 00000650 
QIJ(KK) • PP(KK)•PFJ•H~BTUS 00000660 
QAl(KK) • Qll(KK)•AREEF 00000670 

----QAZCKK) • OI2(KK)•AREEF 00000680 

QAJ(KK)•QIJCKK)•AREEF 00000690 
_10. QAJ(K~t~QAi(Kl~J_t~_A2~_KKJ • _QOJKK) ___________ _ ______ OntVJJ)_Q _______ . _______ ---· ----· __ _ 

IS DO 20 LL•t,24 00000710 
NNRR(LL) • QAI(LL)/CPHEAN(LL)/550. 00000720 
CPI I ,HANR l l_•LKEQ(WNRR <LL>, TNRto(LL) ,AFLO,DRTUBE,H"ART) ooooono ~ 

TNRIO(LL) • QAl(LL)/NNRR(LL)/CP1l+TNRJO 00000740 ~ 

TRWIO(LL)•QAtCLL)/HANRtl+TNHlO(LL) 000007'50 '-. ~ 
. 

~-
. CPZ I, tiAHRil•LKEQ(~NR~(LL) ,INRZO (LL), AfLO, DRTUBE,'1.ARTJ ____ -- ------ 000007b0 - --· ----- .. -- - ·---- --- - . o 

TNR20(LL)aQA2(LL)/WNRR(LL)/CP2l+TNRtu<LL) 00000770 8 
TR~20(LL)aQA2CLL)/HANR2l+TNR20(LL) 00000780 8 

____ C=P.,J 1, HA .. R_ll =L~l_fil_WN.B.~i .. LL.l..c..l!!ftl.U.LL), AFLJ!.&R .. T.U!lf.1 HART) PJ.9.0.ill..O. °' 
TNR]O(LL):QA3(LL)/WNRR(LL)/CP31+TNRZO<LL) 00000600 
TRN30(LL)&QA3(LL)/HANR31+TNR30(LL) 00000810 

CPHEAN(LL )a: (CPII • CP2J • CP3I>/3 ... ___ ·-----· . ··---- _. __ . -----000008l0 ____ - ___ .. .. . ________ . 
QCRt•HFA(LL>•AR~(TRWlO(LL!•TA) 00000630 
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QCR2•HFA(LLl•AR•(TRW20(LLl•TA) 00000840 
QCR3•HFACLL>•AR•(TRWJ0(Lll•TA> OOQ.O.o..8c.1..1t ___________ _ 

lRWl4•(TRWI0(LL) • 4b0.)••Q 000008&0 
lRW24•(TRW20(LL) • 4b0e)**4 00000870 

_______ J~l,f34S(TR~30.<LL)+_4~0~.1.•_*4 ------ --- ---------- __ o.o..oo.Oti8o 
QRGl•URh(TRWl4•TG) 00000890 
QRG2•ASRA*CTRW24•TG) 00000900 

------"'QR!;3=ASR ~.!.il!U!l..11• JG> OOJUl.09.lO _________ _ 
QRSl•ASRA•(TRWl4•TS) 00000920 
QRS2•ASRh(Tro•20-TS) 00000930 

_____ QRS3=ASRA~_(TRi,134 ... I.S)______________ ---~-oo0094Q _______ ··----------- ----
QRl•(QRSl • QRGl )/2. 00000950 
QR2•(QRS2+QRG2)/2e 000009bO 

____ .QR.l~ilRS.ll.9.B.Jilll2. ooo009LU-----------
NQAICLLl•QllCLL)•ALPHA•QRl•QCRI 00000980 
NOA2(LL)•Ql2(LL)•ALPHA•QR2•QCR2 00000990 

__ ~9 NQA3CLL)•Qll(LL)~~~!"'HA•QJU9'.Q~_B_3 ______________________ 00.001000 _______ .. 

ERRFLG•o.o 00001010 
DO 30 MH:l,24 00001020 

____ .:.E.:.:.R=RQRl •A~S( (NlUI (HH)•QAt (MM) )/(Ut (MM)) OOGO 10 
ERROR2•ABS((NQA2(MH)•QA2(MM))/QA2(HH)) 00001040 
ERROR3•ABS((NQA3(MM)•QA3(MM))/QA3(MH)) 00001050 

____ lF_ (ERRDRt ,.G_!f~_Qo_p _ _!R~f!e.~~•-o ------------'Q.ll.O_j_(l~jt_ _______ _ 

IF CERROR2.GT •• 001) ERRFLG•I.O 00001070 
IF (ERROR3.GT •• OOI) ERRFLG•t.O 00001080 
QA\(HM):NQAl(HH) ____ _ ____________ OQO~O 

QA2(HH):NQA2(HH) 000~1100 
QA3(HH)•NQA3(HH) 00001110 

30 QAl(HH):QAt(HH)~QA2(HH) • QA3(HH)___ 00001120 
If (ERRFLG.G.T .o·;or·c.o··rn ·15 ···-· --- ---· -------- ------- -·-0000"1 llO 
WRITE(b,40) 00001140 

40 fOR_H~ T l54t:i_lf ANg,_--11!.R LL_.!_NR20 TNR30 TRIM l_O TRWZO T lh(~O.l.!.OJLI;..O.l.LS ... !I____ ____________ _ :z 

wR1TE(b,4t)(HH,TNR1o[HH),TNR20(HH),TNR3o(HH),TRWlO(HH), ••• OOOOllbO ::3 
TRW20(HH),TRWJo(HH),HH•1,2a> . 00001170 ~ ~ 

--~· _f0RHAT(Jl,5X,bf8e21. ______________________________________________________ .0000tl61) .. __ .... __ ... ... ... .. _ ~ g 
WRITE(b,42) 000Ull90 o 

__ 
4
_
2 ~~~~~~!~-~~~~:~-~~ 1_c:~LQAZ<":~~a•1r""> ~~!~l.,211> :::~l~-~:. _____________ ----~ 

41 FORHAT(I3,5X,3f9.2) 00001220 
ENDPROCEOURE 00001236 

. PORJaPOROTtSLROT•R_HOD_<:o/_SIN~fT. __ -- ---- _ . --· --·-··--· ------·-··--· ______ 00001241) 
PlRl:POCT+(LNACTO•LRl)•RHORPO/SINSFT•KFHRPtHRPO 00001250 

---·---· 
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LNACTo=HNACTo/RHOCTO/CACT 000012bO 
RHORPO•RHONA ( (TNCTO + TNR I illl..,1..L-------------------.Jl..Q.Q.1~2.Lz-1<.o ___________ . 
RHOCTO=RHONA(TNCTO) 00001260 

00001290 
_ PRO.ftQ!J~_E; ___ KF_!1~_,_IR,_Ve.L ___ •t1JDINT(Kfl:I, lolNRR, f.'LOGA_, lNR LO, Tll!RZO,lttR.50. ___ , • • • OOQDJlOO -- ---- ---

PIRI, POR I, RH, SI NSFT, LBSGPH, TNR IO, CV) OOOOtllO 
DO SO NN•l,24 - 00001120 

---~K="F~H-c--"C~<~N=N~> =J'!NRR { NN) ** 2•Kf.H ( NN l O 0.0.Ull.O _________ _ 
IR(NN)•PLOGA•WNRR(NN) 00001340 
RHOlI•RHONA(TNRtO(NN)) OOOOllSO 

-----=-=-R!:!Ol l~HO~A.Clt!R20JNN1 ).___ _ ____________ ----'- O.OIJO llbO ------ -----· RH03I:RHONA(TNR30(NN)) 00001370 
SHl•RH•(RHOtl+RH02l+HH03I)/3./SINSFJ 00001360 
DPCVI•PIRI•PORI•KFHC(NN)•SHI 0..0.0Jl.l..lY...__ ___________ _ 
RHONRI:RHONA(TNRIO) 00001400 
SGNRI•RHONRl/62.4 00001410 
Ql=NNRR(NN)~LBSGPH/SGNRI ___________ . . 00fOJ42U ---- ----ISRSG•S-QR-TCSGNRi f ---·-- --- - -------- . -- 00001430 
CVCI•QI•ISRSG/SQRT(DPCVI) 00001440 

50 VP I CNN) =t • 00086+ • 27lC>8 t aAlOG(CVC I/CV_(N!~) > 0000 I 1150 
NRITEl&,1001) 0000lAb0 

1001 FORHAT(3bHIPANEL WNRR KFHC IR VPI/) 00001470 
----=---=NR=l=-T~_(b,_l_i_H)JJ!!J!!...lrft!.~~(J'!~-t,KFHC (l\4N), IR (NtO, VPI (I'!~) ,NN•l ,_~'U_____ 000,~0~1_4_6~0 _______ _ 

1010 FORHAJ(13,5X,4F8.2) 00001490 
ENDPROCEDURE 00001500 

oooQJ.5~·,._ __________ _ 
--=p=Ro=c~E~D~U~R~E;--:-W~N~o~=~W~N-O~I-N~T~c=zE=R~O~,-W-N~R-R~)--------------------.......,.0~0~0015ZO 

NNO•ZERO 00001530 
_________ Oil 1020 JI=t,~11________ ________ _____ _____ _ _______ OOO.OJSIIO ______________________ _ 

lOlO WNo=wNo+wNRR(JI) 00001550 
ENOPROCEDURE 00001560 __________________________________ _.._Q.O.Q..11....._ ___________ .......,_ 

00001580 ~ 
KFHRP•KFHRPR•WNO•*l 000015~0 :'t ~ 

___ RHOHT!)~R!:tj)NAtJNtff()) ___ . ----···~- _________________________ 00..tUUt»OQ _______ ------ . _____ ., g 
LNAHTO•MNAHTO/RHOHTO/CAHT 00001610 o 
LROTO=HNROTO/RHOOCO/CAROT 00001020 g 
RHODCO:RHONA(TNROO) 00001610 ~ 
SHDCl=(LROTO+EBROT•LNAHTO)aRHODCO/SINSFT 00001640 
KFHOC:KFHOCR•WN0•*2 00001650 
DPDVl•SHDCl•KFHOC _______ 000016&0 
SGDV:RHODCo/lii~-;f·--·-----·-·------·---- - . ooootb7-o 
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QJDC•NNO•LBSGPH/SGDV 00001680 
____ _..S=R-SGDY•SQRICSGDY) OOOO~o.9.0------------

CVCDV•QIDC•sRSGOV/SQRT(OPDVI) 00001700 
VPDVI•t.00086+.272b8l*ALOG(CVCDV/CVDV) 00001710 

_____ WtTIR~.2..13.~.IOIO,_____________ ·----------- ----- ---00001720 - -- - - ---- --- -
00001730 

•2.1.1.1.1 SODIUM FILM COEFFICIENTS 00001740 
---------------------~=--:-::-~---:"'.".:-=-::---=-::---:----..ull4.0-U-5.u--. ___________ _ 

CONST AFLU•.2535 ,DRTUHE•.0542 ,HART•327.45 00001760 
00001770 

•2.1...__lJ_.._! RECEIV~R P_M'f_~Lf_l,.Jl_W _. __ Jl001ll64\I ___________ .. ________ _ 
00001850 

CONST ,LBSGPM•7.1928 ,RH=SS.48 ,SINSFT•l44. • ••• oono18bO ZERO•o.o 
ONE~ AREEF•. 9 0000 US._.._ __________ _ 

00001880 
• LBSGPM•CONVERSION LBM/SEC TO GAL/HIN 00001890 
• RH• RECEIVER PANEL HEIGHT (FT) 
• SINSFT=CONVERSlciN FACTOR SQ IN-To-s-=-Q· FT 

__ _HOQJ~OO___ __ ___ __ _ ___ _ _______ .. 
00001910 

• PJR•PNESSURE AT RECEIVER INLET (PSIA) 00001920 
---=--=-----,'----------=-:---:---:-""""7"--=--=----=-:~=--=---=---:~-::-::---------_,._.,'-"--0il-3"'-------------TABLE KFH(l)•9.o8E•04,KFH(2)•9.SOE•04,KFH(3)•9•t3E•04 , ••• 00001940 

KFH(4)•8.96E•04,KFH(5)•8.7!E•04,KFHCo):8.39E•04 , ••• 00001950 
_____ KFH(7)a8.02E•04rKFH(~l~~-!_1_}J'._~J~4,KFH(~1•8_i_!)_3E•O~=---------'"-!'OQQOIJ~Q _____ ·-·-------·-

KFH(t0)•7.92E•04,KFH(ll )•7•85E•04,KFHC12)•7.8lE•04 , ••• 00001970 
KFH(13)=7.8SE•04,KFH(14)=7.92E•04,KFH(l5)=8.o3E•04 , ••• 00001qeo 

_____ K-e-'F Ji.U_~>_~_e._._u_E-o q, K F 1:1. <i.l..l!L..2.0~ .. KF 11 < 1-lU~.3~W 11 ........ o o.noi.s ~------------· 
KFH(t9):8.7tE•04,KFH(2o)=8.9bE•04,KFH(21)=q.13E•o4 , ••• 00002000 
KFH(22)•9.50E•04,KFH(23)•9.68E•04,KFH(24):9.68E•04 00002010 

-0-BLi 
____ ·---·-- ______________ -···--. ------·-------------- --.,,------- _______ oovozozo _____ _ 
CV(l•2)•2•7o.,CV(l•5>=l•ll3.,CV(o)•224.,CV(7-9)=3•415. , ••• 00002030 
CV(l0•14)•S•o40.,CVCl5•l7)•3•4t5.,CV(l8)•224. •••• 00002040 

--=--,--,,,-,-,:--=-C~Y_( I 9-21 >•l~l- .cv<z~..2ll•l•76. (lOQO.ZOSIL_ 
TABLE WNRO(l•24>•24*1•0 000020&0 

. 00002070 
_!'~,~..! l_.1.2 ___ ---~f:fU~t;;~_(!UTL~T _ .!!~K ________ _ 

INCON HNROT0•40t58.4 

WONR•WNO 

CONST -C-AROT•-17i;:ff ______ ... -- -----. 

_J)l,l_l)02 l 2!1 ____ _ 
00002130 
00002140 
QllOHl5_0_ 
00002100 
00002170 
00002160 ____ _ 
00002190 

:z 
--N ..... 
~~ 
.. 0 

0 g 
a, 
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.!.2.2.1.1.l COlQ JANK 

JNCON HNACT0•8.IIE06 

COhS°f . NCTl•I .o, -- -- - --------·---------------------
CACT• 7854. 

00002ZOO 
0-0-0-02 
00002ZZO 
OOOOZi30 

_____ QOOO.?Z40- __ _ 
OOOOz.250 
OOOOZZbO 

--------. ·---·--

I w5•~••·••4 "RECEIVER PUMP 000022....._ _________ _ 
OOOOZZBO 

CONST STQa.OZ6~, RTQ• • OZlb 00002Z90 
CONST __ r•~.,~u.,, _ ____1!2~_.J»J333, ___ J."-J~•-2222---------- 0.00.02300 __________ _ 
CONST HAt•1•22694 1 "Az•.05925, HJJ••.28619 00002310 
CONST KRP• .1956, TPT•tooo. 00002320-

1 INCON. NRPO•l• Ul . .ut. _______ _..;.. ___ _ 

00002340 
POCT•POROT OOOOZ350 

------------- ------------ _____ _____ _ ___ OOOOZ3oct ____ ~ -·-· ____ _ 
OOOOZ370 
00002380 

*l,2 1 1.1,5 RISER PREsSURE 00002190 

CONST LRl•b63.o, LRRP•1100., 
____ LRPU'-~ lO.O • 0 , ___ R..el~C~_~f75 .1, 

HRP0•11s.29, POROT•1s.1 

OOOOZ400 
G0 • 32.2, RRPCA:J59.4 •••• 00002410 

KFHRPR•3 .1..5.!~,...._ ______ , • • •. 0.0.0.0Z420 
00002430 
00002440 

1 I NN•WH.O.!LRB.fnf O /RRPC4 +.!ffiO * L RPSP /Co tRPSPC A o O o 0.2.fi . ..__ __________ _ 
l•NRPS•-NO•LRPSP/GO/RPSPCA 00002460 
LOGARalWN/HNO 00002470 

•2.2-~I ~i.&- ----- ·- -· "f>owNCoMER--FLO~ - -- --·------ _ _ _____ 0.0002480 ------
00002490 
00002~00 
000025 flOIH a_f.oft.D! 

00002520 ~ 
IOC•NONR•LRDCP/GO/ROCCA • WDNR•LROVDP/GO/OVDPCA 00002530 :-c~ 

., - ··--- ----~------------- .. ------- . -···-- -- -------- --------- --- ... ___ 00002540 ____ -·- ---- . - - _ s.;; 0 
LRDCP•ttoo., LRDVOP•too.o, RDCCA•2o0.9, OVOPCA•260.9 , ••• 00002550 g 
KFHOCR•7.005E•Oo 1 CVOV:1445., E~ROT•7t8e5 00002560 g 

CONST 

O__llli570 ~ . l NCON 11i>"'"N,..,.O-.-.-.-o---------------'-----------------'00002seo 
•z.z.1.t.7 HOT JANI( 00002590 

-······----· ·----'---1,-.coN HNAHTO•B. 4E06 
-- 000f2b00 ------

00002b l O 
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1 
I 

I 
I ~OI.1..-Q.~ I WHTOR:WCTIR 

00002tl20 
02-4>~0-----------­CAHU1854..G-------------:-------:o:o!ooZti40 

I- *l • )_. l •. 1 --- __REC£ 1 YEH_ tUBL.HO.llf--1.EMPER.#i TURES ---- ----
oooo2ti5o 

.... ---00.002tlb8.,_ __ _ 
0'1002ti7o 
0000Zti80 

f UNCTION RPOWER• (Q. iJl.ll .• Q 9 > , ( 5. ,A.l.l e 09) , ( I 5 .. ,AZ2...0.itL.125.._..llOCl.. 32~_...._.__j)JlDJLZ.6.~-------------
(35 - , 384 - 27),C45 - , 352 - 77), ( 55., 31 Q - 97), ( bS.,2b7.33 >, ••• ooou2ti9I 
(75-,223-b3),(85.,t82eb8),<9S.,t44-89),<t05~,lt3.39), ••• 00002ti92 

______ ( U.S..L.!.t.!t, _( ll~- ,_5!. ~9..lt.1U5.-,ll2e5.Z) ,.U 4.5., 2~-.35.1, __ ••• OOQ112ti.9-=--------------
( I 55-, t 8. 9) 1 ( 165., 11. 02>, Cl 75. ,6. 3>, < t 85. ,0. > 000026q4 

000C1Zt195 
, _____________________________________ __,.......,_..nll.Jl_,._ ____________ _ 

00002710 
CONST ALPHA:o.95 ,ASRA•5-42E•ll ,TG•7-31Eto ,TS=7.31Et0 , ••• 00002120 
______ - ____ U•t>O • _______ , •~~IZO • 17 , M(;f!t~=.78a_U ______ , P.f.l.?.-19t>,q ____ , • • • 0.0U.027.l.O _____ , __ -----------·- ------

TAtsLE 

TAtsLE 

PLOGA: 9 1584 ,HWBTUSa948e06 ,RPl•433-09 00002740 
OCI002750 

HFA<l•24l•24•5.56E•Q4 000027 _____________ _ 
OOC,02770 

NPP(l)=.ot7b,NPP(2)=.ot87,NPP(l)=.o2,NPP(4)=.0211s , ••• 00002780 
___ __,N.,_,_Pp_(Sl•. 0313,.NPP (fll!e0396.,He.1.1)~-0493, Ne.P {8 l :; __ 055.t ____ _. • - .000.0279.Jl _________ _ 

NPP(9)=.ot114,NPP(to>•.o6bt,NPPCtt>•-o7o5,NPP(12>=.0738 , ••• 00002&00 
NPPCt1>=.0105,NPP(14):.06bt,NPPC1s>=.otit4,NPP(1ti)=.oss1 , ••• 00002810 

----~He.tl.1.1..ll. •. UD.1 NP..f..lillt. O.lll- NPP ( I 9 l •. OllJ.., HP....f.120.l.;.. 0 2 !IS , ..... .Q.0..0.o.2 8'-"-----------
N PP C2t)=.02, NPP (22)••0l87,NPPC23) =. 01 i b, NPP (24)=.0t76 0000283u 

CONST 

CONST 

TABLE 
TA8LE 
TABLE 

PF2=-6072 00002840 
_VOQ.Q28.~JJ... .. _ _ _ _ _____________ _ 

PF3:.t9641 000028&0 
00002670 

TNRIOG(t•24)•2~•b58- OOJll0.4=-x-___________ __...:;_ 
JHR20G( 1•20=24•992. OOOOl05U ~ 
TNR30G(l•24)=24*ll00e 000030&0 ~ ~ 

____________ 0_QQl)}Q?~ _ ____ _ _ __ _____ o 
00003060 g 
OOVOl090 g 

•2;3-;.-~2 - -- --- -- ----~E-CEIVER-·sooIUH Nciof .TEMPERA TU-RES 

COi>,jSJ NVOL=4-4l4 , NVOLIH=277 •5 

*2 -,!-~.J_ ____________ ~~CJ;JVER __ !)l,IU,.ELTA!f~ _ _]'_~~f»E_RA n.1RE~ __ 

009.J!)l.00 °' 
UOU03ll0 
00003140 

_____ ______ ___ _ ____ 0_000315!L __ _ 
OOIJOlltlU 
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JNCON TNROo•II OJ .CJ 00003J 70 
. .318.------------

•2.J.2.2 RISER PIPING 00003190 
00003200 

_CONST TAUR~•e._~l ___________________ _ _ _________ . __ C,Q.0032JO _____ _ 

TABLE TNRP0(l•CJ)•CJ•55o.o 

JNCON TNAI0•550. 

00003220 
00003230 

00003250 
00003200 

--~~.}_.l.4 COL.11.__l!_!!_K TO RE~lY~~p 000.0.3.l l Q ___ . _______ _ 

. . 00003320 
CONST TAURPS•1s.s 

INCON TNCT0•54CJ.0 

00003330 

00003350 
00003300 _ !'l.J.z.s ___ ____ _ _ ______ COLILJA.NK. _____________ _ ________ OJJ0.033 70 ... ------ --- --- -·. 
00003360 
00003390 CONST NCTl•I .o, TNCTla54CJ.0 -.....,...-=-_______________________________ _,.,_O.l.ifO..__ ___________ _ 

•Z.l.2.6 OONNCOHER PIPING 00003410 

_C!lN~l____PUP~U.21 
0001)3420 

___ 00001.1110 ______ _ 

TAULE TNDCO(l•4)•4*110t.9 
00003440 
00003450 

--=--:---,,---::---------------------~-----:----------'ULII.All, ... C>c.aO ___________ _ 

•Z.l.2.8 PRESSURE REDUCING DEVICE TO HOT TANK 00003470 

CON~_T _ __ J~U~~.I.!3.94_ 

INCON TNHTJO•uo•.5 

•2.J.2., HOT TANK 

00003480 
---------------- ---- -- ---- _ -- . --- 00003490 

oouo35oo 
00003510 
.llllO.J.Sl.JJ ___________ ~ 
00003530 ~ 

_ JNCO~ ____ JN_~TQ~_l 104 • 5 __________________ ---------- ----- -- --·-- ---
00003540 ~- ~ 

__ QQ0.0355fL___________ ___ ___ __ g 
CONST 

CONST 
HHTO•l.O 

STR•I IOI .ec; ,TAUTC•0.6 , TAUVL v=o • 3 

-------- -------- -------

00003500 g 
00003570 ~ 
_0__000358(1 
00003590 
00003tl00 

_____ 00.003C> 10 ----- __ -- ---·-- --­
OU003fl20 

·----·--
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TABLE KC(t>=.ot42,KC(2>=.0112,KC(3)=.015,KC(4)=.ot3,KC(5)=.o1 , ••• 00003630 
K_C Cb):• QI • KC C 7): • U.LJKl.8.~. Q.1.02.,JU:lll.~ .. O.U.,.KC.!.1.o.1.I..at.l----·•·•·•.00.0 0-30 _____________ _ 
KC(11>=.ot4,KC(12>•.01s1,KC(l3)•.ot4,KC(t4)=.o11 , ••• 00003650 
KC(t5)=.0tt,KC(t6):.0102,KC(t7)a.01t,KC(t8):.01 , ••• 00003660 

----'-'KC.( t 9)~.JH_,_1<~!2o>~.Ol3,KC(.21.)~.01.S.,~.(22)~.ouz -----··· --·-·-•·· • .00003070. ___ . -· --·--- _ 
KC (23•241•2* • 0142 00003.660 

00003690 
TABLE TAU( I )•6-07, TAU(2>=s.eoz, TAU(l)cS.49, TAU(4 )•4 .s..9., JAU(5)•4.27 , • -..J.fl.O_O_l~2~Q~6 ____________ _ 

TAU(6)•l.86,TAU(l)•3.62,TAU(8):3.53,TAU(9)=3.47,TAU(l0)=3.43 , ••• ~0003710 
TAU(lt>=3.4,TAU(l2)•3.39,TAU(ll):3.a,TAU(l4):3.43 ,~.~00003720 

-----=-TAUU~J_!.~•4J_~_U(!.fil..~h~JLTAUOJJ=~2,TAU( 18):;5.86 --· ·--' uel>00"03710 ___ . __ ··---··-· ... __ 
TAU(l9)=4.27,TAU120)•4.84 1 TAU(2l):5.49,TAU(22):5.e , ••• 00003740 
TAU(23•24)•2•6.07 0000375G 

. 0.0..3.fa: ____________ _ 
TABLE TAUD(t>=.9t2,TAUD(2>•.873,TAU0(3)=.826,TAUD(4)=.728 , ••• 00003770 

TAU0(5)=.645,TAU0(6)=.ses,TAUD(7J•.SS,TAU0(8):.s3s , •••• oou3780 
... __ ._TAUD(9) =.• 53, TAUD ( 1 O) = e 524, TAUD ( 11 U.521, TAUO.( 12) :;.._52..._ _ ______ , • • • 00003790 ___ _ 

TAUD(13>=.s21,TAUO(l4>=.s211,tAUDC1s>=.530,TAlJD(t6>•.538 •••• 00003eoo 
TAUD(t7>•.55,TAUD(t8)•.S85,TAUD(t9)•.621,TAUD(20)•.728 , ••• oo003810 
JAUD(21 >=,82b, TAUD(22>=.eu, TAUD(23•24.l.!2..~2 QOll.03.IS~-------------

•2.4.2 

CONST TAUOV:3.0, 
SLRUT•4e50 

00003830 
PRESSURE REDUCING DEVICE CONTROLLER 00003920 

·-- ---- ----- 00.00393.V _________ . 
TAUDVl•69.93, KCDV•0.045, TAUOVD=lleJ •••• ~0003940 

00003950 

------------------------------------~-.. oJ!!.6~------------

•J.o DYNAMIC SEGMENT 

DYNAMIC- SEGHE-Nt ------ --- .... ·-·· ·--- -· 

00003970 
00003986 
_0_!)003-99!) __ . ___ .. 
00004000 
00004010 

!L0.!.020 
00004030 
00004040 

--· __ .J)ooo.,oso 
00004060 

PROCEDURE CPl,HANR1,RHOt,CP2,HANR2,RH02,CP3,HAIIIR3,RH05,WNRA=HANR(WNk, ••• ooo~4U70 

•3.1 INPUT ANO BOUNDARY CONDITIONS 

•_ •3_.a_.l.3.1 ·---· ---··--~OD~UH_F!LH CllEFFIH~_lff~----- __ _ 

-----:-::a--T--clll:;-R.,...l~'--=TNR2, T"'!!!, AFLO,DRTU~_E,HART, WNRR) · Qct00_"!.U8-Jt ______ _ 
DO Soo II=t,24 00004090 
WIIIRA(II):ABS(WNR(II))•WNRR(lI) 00004100 

. _ _ --·- _X 1, Y t=_LKEQ(wll,IRA_I I l), TNRl ( l I), ~FLO, PRJUBE, l'.t~RT) ----·· _ _ ______ OOQ04110 ___ _ 
CPJ(II):Xt 00004120 

·~ 
-.J 
N 

~ ::! -g 
8 
0 
CJ\ 
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HANRl(ll)•Yl 00004130 
Zl•RHONA(TNRl(Il)) 0000414-'>_ _________ _ 
RHOl(ll>•Zl 00004150 
X2,Y2•LKEQ(WNRA(II),TNR2(1I),AFLO,DRTUBE,HART) 00004160 
!=~2Ul>".1_><?._ ___ _____ _ ______________ OOOO~H70 ________________ _ 
HANH2(1I)•Y2 00004180 
Z2:RHONA(TNR2(1J)) 00004190 
RH02CII>•Z2 QQOQ4l~-_.,_ __________ _ 
X3,f3•LKEQ(WNRA(ll),TNR3(ll),AFLO,DHTU6E,HART) 00004210 
CPJ(ll)ax3 00004220 

-------~~NIU(ll)_a_yJ, ________________________ --'---000-04230 -------- ______________ _ 
Zl•RHONA(TNR3(Il)) 00004240 

500 RH03(1I>•Zl 00004250 
ENQPROCEDURE__ ____ --::--------------------------~~~~426-------------

CPIH•CPNA(TNRI) 00004270 
RP•AFGEN(RPQWER,TIME) 00004280 

•-3, 1,-3-. 1-.2, I ----·· -- ----------------------- ---- -- __ 00004290 ______ _ 
RECEIVER OUTLET TANK 00004300 

•3,1,2,5 

CPROT•CPNA(TNRO) 
RHOROf•RHONA(TNRO) 
HCPROT•MNA~OT•CPROT 

00004310 
00004~2-~0 ___________ _ 
00004330 
00004340 

·------·------------------ .lt0.0_0_~_350 _______ ----·---
COLO TANK 00004360 

00004370 
MCPCT•HNACT•CPCT 

-----c=P~c~,~.~C~PNA(TNCT). 
~)8,:_;0._ __________ _ 
00004390 

RHOCT•RHONA(TNCT) 00004401.1 
___________________________________ ooo_o4cito _________________ . ______________ .. 

00004420 
PRESSURE REOUCING DEVICE 00004430 •3,1,2.7 

0!)0044=--4,_,U'---------------;~ --------:R::-:H-:--:0::-:N-:,:;D:-:-V-:_R_H,..,.O--,N..,.A..,.(-=T-ND-,---V J-.) ----------------------"-0 00 04 4 5 0 ~ 

CPNOV•CPNA<TNDVI) 00004460 't ~ 

•1.1;2~11 HOT TANK 
------------------- _00004470 ----- -- ------------ ---- _ --~ o 

00004480 g 
00004490 g 

HCPHT•MNAHT•CPHT QOOG.!50:0 °' 
------,C"'P"'""'Hf:CiNA (TNHT) 00004510 

RHOHT•RHONA(TNHT) ~0004520 
------------- --·. -------------···-~-··· ___ 1)0_00_4530 -- ------- _ ·- --- -· 

00004540 
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•J.c! HYDRAULICS 00004550 
__________________________________ ---Jl..ll.l,UCt.5~.._ ___________ _ 

•3.l.l 

*~-• i, !.,J -----

•1.2.1.1.1 

RECEIVER SYSTEM 00004570 
00004580 

-----'R=~CU_Y.f_l! __ UQL.IQ.DIVJ1_.t.O"'-~.UNE.JHS ______________ -···-···---ooo.095qo __ 

RECEIVER PANEL FLOW 
00004&00 
0•)004o l 0 

-------------~----------------'--------"J1Jl..OJl62.0 ___________ _ 
WNR•INTGRL(WNR0,DWNR,24) 00004bl0 
SNARll=RHONA(TNRI) 00004040 

______ SNARI=_SJ,IARU/bc?.all ----------------·-00004b5Q. __ 
OOOOClc,c,O 

PROCEDURE OWNR=OW(PIR,POA,FH,OPCV,SH,IR) 00004070 
____ __.o,....o 2".JL.J.J..!..L-2.~-----------------------0.0.0-ttoso __ --'----------

2000 OWNR(JJ):(PIR•POR•FH(JJ)•OPCV(JJ)•SH(JJ))/IR(JJ) 000046qO 
ENOPROCEOURE 00004700 
.... --· .. ·--· -··- ···-··-·- ------------- --- --- . ·----·--··- _______ {HI00'!70~. _ 

PROCEDURE SH,TSH•STATIC(EBROT,LRI,RHOt,RH02,RHOl,SJNSFT,WNR,ZERO) 00004710 
TSH•ZERO 0000471l 
oo 1201 LL=1,24 oooou..1.-___________ _ 
SH(LL)=(EBROT•LRI)•(RHOl(LL)+RH02(LL)+RH03(LL))/3.ISINSFT 000047l3 

1201 TSH=TSH+SH(LL> . 00004714 
_ ENOPROCEDURE _________ ----~----------- ____ __JU)_QQ~.1)5 ___ _ 

0000471b 
00004730 

PROCEDURE FH,DPCV, TFHR, TFHCV•HEAD( ZERO, KFHC, WNR 1 WNRRLLBSGPl1 1 SNAR_t,~CV)OOOC!.9..I"!..9___ __ _ 
TFHR:ZERO 0~004750 
TFHCV=ZERO 00004700 

. .. . _ _ _ DO 2050 LL: I, 24 ___________ . __ ________ _______ . _ ____ __ . _______ OO_Q04770 
FH(LL)•KFHC(LL)*WNR(LL>•ABS(WNR(LL)) 0000478U 
Q:wNR(LL>•WNRR(LL)•LBSGPH/SNARI · 0~0047qo 

_____ C~~5465•EXP(3 1 &672ql•VP(LL)>•CV(LL) ---------li~QQ ________ _ 
DPCV(LL)aSNARI•Q•ABS(Q)/CVC••2 00004810 . ~ 
TFHN:TFHR • FH(LL) 00004820 ~ ~ 

_ 2050 TFHCV=T.f!'!.CVt9eCHLLJ_______ _____ _____ -··· _ _ ... 0.0004dlO 8 
ENDPROCEDURE 00004840 o 

00004850 g 
_____ WNA=ABS~L-----=--=------------ ----­

PROCEDURE WN:TEST(ZERO,WNI) 
IF (WNI.LT.ZERO)CALL DEBUG(l,o.o) 

. _ WN:L I~I T(ZE~O, 2 • O,_"!_NI_! _______ . 
ENOPROCEDURE 

___ ___,Ou,_OOoll&.~o ___ ----------------·--- --~ 
00004670 
00004871 

______ QO.Q04872 
00004873 

-----·------



rr, 
V, 
Ci) 
I ...... 

ID 
I 

N .. 
< r-o I _, 

U1 
0 --.. 

CD 
0 
0 
:>'I" 

N 

HNJ:INTGRL(HDNO,OWN) 
DHN•(POCT•PI_WL,fil~T•LRIJ•(RHOCT • SNARII)/2./~FJ•WN•WNA• 
KFHRP+HRP•HRPO)/LOGAR/WNO 

00004d80 
L~~=8~9~0 ___________ _ 

ooooq9oo 
000011920 

•J~z. l • l .2 
-·----------

_________ oouo493d _________________________ _ 
RECEIVER OUTLET TANK 00U0494U 

000011950 
. DHNROT•.MNJRJ•WON•WD~U\---------------------.11DBA9h.,_ __________ _ 
1 

PROCEDURE wNJRT•FLOROT(WNRR,wNR,ZERU) 000049bl 
WNIAT•ZERO OOOQ49bZ 

, ____ -1)0.Z.100..XL!!!t,Z4 _________________________ ---'----0000A9b.l-------------
Zl00 WNIRT•WNJRT • HNRR(KL)•HNR(KL) OOOOll9b4 

ENOPROCEOURE 000049~5 
MNAROT•INTGRL(HNROTO,DHNROT) QOOOll9LLJ._ __________ _ 
LROT•MNAROT/RHOROT/CAROT 00004980 
POR•POROT+LROT•RHOROT/SINSFT 00004990 

•J.2.1.1.J COLD TANK 
DHNACT•WCTl•WCTIR•HN•HN 
MNACT•INTGRL(HNACTO,DMNACT) 
LNACT•MNACT/RHOCTICACT 

__________ oo_oo.soo.o _____________________ _ 
00005010 
00005020 

00005040 
00005050 

---------- --- --·---· ."°--00.5_0~--------
•1.z.1.1.4 RECEIVER PUMP 00005070 

00005080 
RPIP•POCT • ~NACT•RHOCT/SINSFT OOu05090 
NRPX•NRP 00005100 
SSRP:JNSW(NRPX,OeO,leO) 00005110 

_____________ UI..L~JNS~_(_NRP,~TQ,RJQ) _____________ -------·-----·----- . _________________ 00005120 _. 
TlMRP•TAl•NRP••2tTA2•WN•NRP • TAJ•WN•WNA 00005130 
TIHRPX•<l.O•RJQ)•TIMRP+TILL 00005140 

-----=D=N~ PcKRP• (JMRf."!ll1ffi.e)() •SSRP DII00-515..0 ~ -
NRP:JNTGRL(NRPO,DNRP) 060051b0 ~ 
HRP•LlHIT(0.,1.Z,HAl•NRP••ZtHA2•WN•NRP • HA3•WN*WNA) 00005170 ,l;::::l 

,- ______ RPOP~RP_If>~_~RP•HRPO -·----------------·-- ________________ 00005180___ ------ --- ----- 8 
• •1.z.1.1.5 RISER PRESSURE 00005190 8 

•0005200 ~ 
----~P~IRFL0•((24.•POR+TSH+TFHR+TFHCV)/PLOGA+(POCT+(LNACT•LRI)• 

CRHOCT+SNARft )/Ze /SlN5_F_f .wN•WNA*KFtHfP+HRP11t-h~P-O j /LUGAR)/.•• 
(Zq./PLOGA • l.lLOGAR) 

•-•-•~!)U05~2e..!l~0~------------
000052ZO 
00005230 

_____ f'IRSO• ( !~~~TFHR_• JFHCV) /24 9 +PUR _________________ _ ---------·----- _ 00005235 
PlRaJNSW(WN•.OOOl,PIRSO,PIHFLO) 0000523b 
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00005240 
____tl__..2.....1....1.. b nnw H .U"-------------------v000-52-5v-------------

000052b0 
DWON:(POROT•POHT•fHOC•OPOV+SHDC)/IOC 00005?70 

____ W_QNA:11A8S(WDNL-------~---- -- ---- ------- --------------0'1005280 ------
WON:INTGRL(WDNO,DWDN) 00005290 
FHOC:KfHDC•WON•wONA 00005300 
~QDC dBS LQQ.cJ /CVCDY•~,.1<...S.----------------D.iJOSJ.1..,__ ________ _ 
SNOV:RHONOV/b2.4 00005l20 
QOC=WDN•WONR•LBSGPH/SNDV 000053l0 

----~c_vcov_~_. 0,25"~'$-~E-~~-u. t>P.7ill•v_e_Q_y~_c_v.Qv ______________ - _-oooo5J4_o ________________ _ 
SHDC=(LROT • EBROT•LNAHT>•~RHOROT • RHUNDV)/2,/SINSFT 00005350 

000053b0 
*3.2.l.l.7 HOT TANK OOtUl.531.-----------'-----

DHNAHT=wDN•WDNR•WHTO•WHTOR OOU05380 
HNAHT=INTGRL(MNAHTO,DM~AHT) 00005390 

----- ___ J,,~AHT~_~N_A':fT (~~o~r [~~HT --- ---- . - --- -- - ___ IHtOOS_IHIO .:._ ___ -

•3,2,1,2 

•1.2.2 

-.3~2.2.1 

ST(AM GENERATOR SODIUM COMPONENTS 

BALANCE OF PLANT 

WATER SYSTEM COMPONENTS 

0(1005410 
00005420 

00005440 
00005450 

---...0.0JlQ_S~-~O- _________ __ 
00005470 
00005080 

------------------------------------~-IUL05!t~9_o __________ _ 
oooossoo 
00005510 •3.3 

-.-l. l,-. 
HEAT TRANSFER 

---- RECEIVER 
___ 00005!120._ 

00005530 
oooo5sqo 

21.-1.-.W RECEIVER TUBE_liODE TEMPERATURES 1UUU>5-5S..._ ___________ ~ 
oooo5Sbo .... ~ 
00005570 v::! 

---------- ---- --------- ----- ______ 00005580_ -- __ ----- _ _g 
00005590 8 
OOOOSbOO g 

TRWl•INTGRL(TRWlO,DTRWt,24) 
________ TRw2:INTGRL<TR1i!~Q,_OIR~l,~~L __ _ 

THw3:JNTGRL(TRWJO,OTRW3,24) 

--=:-=--:=--==-:--=-=----=------==--:-:----==---=-==--=-==--==-:-:-:--:::-::-:::-:-~-=:-:---=-==-=:--:~-=-=:-----=--"~-::-:5~-• o~-------------PROCEDURE Qil,QAl,DTRWt,PP =DTRTl(NPP,TRWt,TNRt,ALPHA,ASRA,fG,TS, ••• ooo05b20 
fA,AR,HFA,HCPTW,PFJ,HANRl,HW8lUS,RP) 00005~30 

_________ DO lOO_l•t,211__ ------------------------- --- ________ 000.05~4!) __ 
PP(l)=NPP(l)•RP 00005~50 
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Qll(l) • PFl•PP(J)•HN8TUS 
QCRt•HEACJ)tAH•CI8WICJl•I4) 
TRWl4• (TRWl(J) • 4b0.)••4 
QRGt•ASRA•(TRHl4•TG) 

____ _..QRSl~ASRAj11-(JRNl4•JS) __ . _________ _ 
QRta(QRSl+QRGl)/2. 
QAt(I)a QJl(JJ•ALPHA•QRt~QCRl 

00005660 
0.0.0.056·~------------
00005680 
00005690 

------ ·---------00005700-----
0U0057l0 
000057Z0 0A005Zl.._ ___________ _ 100 DTRWt (I )aCQAt <U•HANRI O>*(JRWI U )•TNRt Cl)) la.c.eD!. 

ENDPROCEOURE 00005740 
00005750 

___ P-ft~IPJlR.f _ _QJZ,Q-42,PTR!'l2..__!__D_TRJ.21J~2,._tHR2.,__ __ ,LettA,~..SkA .. lG, rs, ____ ... _.0.0005700 _______ ---
TA,AR,HFA,HCPTW,PFZ,PP,HANR2,MWBTUS) 0C005770 

DO 101 J=l,24 00005780 
QI2(J)•PF2•PP(J)•HN8TUS 00005790 
QCR2•HFA(J)•AR•(TRW2(J)•TA) 00005800 
TRN24• (TRw2(J)+4b0.>••4 00005810 

_________ QRG2•A~RA*(T~W24•.!it ________________________ Q.O_lt0582Q_ _________ . ________ _ 
QRS2•ASRA•(TRW24•TS) . 00005630 
QR2•(gRSZ+QRG2)/2. 00005840 
QA2(J)s QJ2(J)•ALPHA•QR2•QCR2 000058 

101 OTRW2(J):(QAZ(J)•H4NR2(J)•CTRN2(J)•JNR2(J)))/HCPTW 000058b0 
ENDPRUCEOURE 00005870 
---- -·. _ ----· ------. _____________________________ 00.0.0588 __ ..__ _____ _ 
PROCEDURE. Qll,QA3,DTRW3 • DTRTl(TRWl,TNRl,ALPHA,ASRA,TG,TS,TA,AR, ••• 00005890 

HfA,MCPTw,Pf3,PP,HANR3,HN8TUS) 00005i00 
----=o=o I Q2 K• I, ~---------------------------U-U-0059 l-111--------------

Q ll (K hPF3•PP (K) •HWBTUS 00005920 
QCRl•HFA(K)•AR•(TRW3(K)•TA) 00005930 

_ ------~ -,T_Rwl~•(TRW}_(K) • ~oo. )J••'I --------------------~-- ------- -- ______ 00.005940 
QRGJ:ASR4•(TRW34•TG) U0005950 
QRS3•ASRA•(TRN34•TS) 00005960 
QRl• ( QRSl • QR~ta_. _____________________ _JLJUUl.5970 :z_ 

----~Q~A~l~(ik:):~Q!!.,Il(K)•ALPHA•QRJ•QCRl U0005980 ~ 
102 OTRW3(K)c(QA3(K)•HANR3(K)•(TRW](K)•TNMJ(K)))/HCPTW 00005990 ~~ 

E~OPRoq:o_u_RE ___ . __ .. _ _ ---··· ------------- --- _ ··-- ···- -- . --------------- ----- ·--- •-· _ll0.0.0&00.0 --------·--···----- . ---------· g 
PROCEDURE Ql,QA•QlASUM(Qil,Qll,QIJ,QAl,QA2,QA3,MW8TUS) 0000b0t0 o 

:!:~:: ::~~::~~ ~ 
----~DO 200 N:1,24 0000&040 

QJ:QJ • (Qll(N) • Qll(N) • QJl(N))/MWBTUS 0000&050 
loo Ql:QA • ( QA I (,..) • QAZ (N) • QAl ( N)) /HWBTUS . ---- ----- -- __ 0000b0&0 --------. 

E~OPROCEDURE . - 0000&070 
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00006080 
------------------'--------------------VU0~9.0------------*]•]•J•2 RECEIVER SODIUH NOOE TlHPERATURE OOUOolOO 

________ l_NRl•INTG~L__( TNRI O,QnfR1 ,211) ____ _ 
TNR2alNTGRL(TNR20,DTNR2,24) 
TNRJ•INTGRL(TNRJO,OTNR3,24) 

00006110 
··--------·---- ... -00006 l 20 __ _ 

OOl)OollO 
000001110 ____________________________________ ___...o.Jl__Q_ftl_..... ___________ _ 

PROCEDURE DTNRl•BKFLOWCZERO,WNR,WNRH,TNRl,TNRl,WN,WNO,TNRPO, ••• 0000bl5l 
NVOLJH,SNARJJ,CPIH) 00006\52 

·----'-H-'..!TNSERsZERO ____ ________ _ ________ U_0-90~15_3_ 
DU 1200 KKsl,24 00006154 

1200 HTNSER=HTNSER • WNR(K~)•WNRR(KK)•JNSW(WNR(KK),TNRl(KK),TNRI) 00006155 
DJ~RJ:(wN•WNO*TNRPO•"TNSER)/(NVOLIH*SNARII•CPIH> OOQO&~ 

ENOPROCEOURE 00000157 
00!)06158 

· · -· - -- - ·------ ------- ·-·-- ---·--·· - -··-- --------- -------·----··----------OOOQ6160_ PROCEDURE DTNRl,DTNR2,DTNR3=0TN(HANRl,HANR2,HANRl,TRWl,TRW2,TRW3, •••00006170 
TNRl,TNR2,TNR3 1 WNR,CPl,CP2,CP3,TNRJ,NVOL,RHOt,RH02,RH03, ••• 00006180 
Thfilu WNRA l OOOQ6 I 85 

00 1000 L=t,24 00006190 
TNRlI•INSWCWNR(L),TNR2(L),TNRI) 0000~195 

_________ _!.)TNRJJL); (H~_~Rl (LJ_*_URW l (L ).-JNR.llLJli~.NR~_(L )~CP.J_{_l.__)_tl_U!.RU!!.e • ._00 .. 00-620.il ___ . 
TNRl(L)))/(NVOL•RHOl(l)*CPtCL)) 00006210 
TNR2I•JNSW(WNR(L),TNR3(L),TNRl(L)) 00006215 

---~'=D~T~l!J? (L > = (HANRnJ..l * C TRWz.{L > •TNR2 <L >) • WNRA CL l •CP2 <L l * < TNk2..c._,,_._. OOOQC.2211 
TNR2CL)))/CNYOL•RH02(L)•CP2(L)) 00~06230 
TNRlI•INSW(WNR(L),TNRO,TNR2(L)) OU~Ob2l~ 

1000 OTNR] CL): (HANR3 (L) * ( TRW3CL) •f.~~;5(_!._U_~WN~~(L )_•CP3 CL,)~JJ_Nlr}I • • • .__QQQQ~24!)_ 
TNR3CL)))/(NYOL•RHOl(L)*CP3(L)) 00006250 

ENOPROCEDURE 0000b2ou 
-----------------------~.no :z PR0C-E=o~u,..,,R""fa--H-T~~I-N~S~H-=-HO-T-c-C W...,,..NR, WNHR, TNR3, TNRO) 00000280 -.... 

HTINSM=o.o 00006290 ~~ 
DO l '500 IJ:t 211 .. . . . . OOOOblOO . . . . .. a . 1500 MlINSM:HTJNS~+iNS-W(r,mRCIJ),TNRO•W-NR(IJ)•W-NRR(IJ)~-fiiR3(fJf•-~------OOOOblfo··- ------ ---- - - - - -- - g 
WNR(IJ)•WNRRCIJ)) OOOOC.311 g 

ENOPROCEOURE 00000320 °' 
00006330 
0000bl40 

____ OO_Qj)~]S_!> : __ _ 
OOOOo3bO -1.1.2 - - ----iNTERCllNECTING ·uNEs;-tA-NKS _A.NO-PU-HPS 
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00006370 

1 
*l,l,l.l RECEIVER OUTLET JANK uooobJ ____________ _ 

00006390 

*l.l.Z.c! 

DTNRO=(HTINSH•WDN*TNRO•WDNR•DHNROT*TNRO)/HNAROT 00006400 
_TNRO=I~T~RL(tNROO,DTJ.JRO)._______ _ ___ . _____ __J)J)006.4l0_ 

RISER PIPING 

KLNR=WNA/TAURN 

00000420 
00006430 

_a_ooo644o 
001)06450 
OOOOt>460 

--------------------

-----'--TNR~=lf".!Hi_~j.J.I_N~~(l__,_QJ:!i~P 9) _______ 00.006470. _________ _ 
TNRPO:INTGRL(TNRIO,DTNRII) 00006480 
TNRI=INTGRL(TNRIO,DTNRI) 00006485 

000Qb~9~0 ___________ _ 
--=-p~R~o-c-E=ou~R~E=-cD~T~N-R~P-,~D~T-N-R~l~l-=-R~IS-E~R-(_T_N_R_P_,_K_L_N_R_,_T_N_RP_U_O_,_T_N_R~l~)----------~0..r..c0006500 

DTNRP(l)=KLNR•(TNRPUO•TNRP(l)) OOU06510 
_________ _!)O JOO IKaz,_, .... __________ ·----------- ___________ O_Q006520 

loo DTNRP(IK)=KLNR*(TNRP(IK•t>•TNRP(IK)) 00006530 
DTNRII •KLNR•(TNRP(9)•TNRPO) 00006540 

ENDPROCEDURE 000Qb550 

*l.l.Z.l 

*l.l.c!.4 

*l.l.c!.5 

RECEIVER PUHP 
0000656(1 
00006570 

· --·- .. _______________________ ,--_______ _..,0006580 _____ ----
TNRPUO= I NSW ( WN•. O t, TNRPUI, TNRPU I-HRP•HRPO•S I NSFT /778. I... 00006590 
RHOCT/CPCT•(le•le/(ETARP • .Ol))) 00006591 
ETARP=,7S•WN 00006592 

00006000 
COLD TAN~ TO RECEIVER PUHP OOU066IU 

___ oo•obo~o 
KLRPS=WNA/TAURPS . . - 000(16630 
TNRPUl=INTGRL(TNCTO,KLRPS•(TNCT•TNRPUI)) 00006640 

00006650 2 

COLD TANK 000060b0 ~ 
00006070 ~ ~ 

. ____ _TNCT•INTCRL(_TNCTO,_(WCTI•TNCTI•WCll_R•WN•WNO•TNCT•OMNACT•lNCI_l/_..,Q_Q.Q0668_0 _ . -"· _ __ ______ ______ l..; 0 
HCPCTJ OOU0668l 8 

00006b90 8 
•1.1.z.6 OOWNCOHER PIPING 00006?00 en 

OOU06710 
KLDC:WONA/TAUDC OOOOb7ZO 

-------~0006730 . ------- -TNDC=IN°TGRLTTNDCO;"r>TNDC--;4> -------- -- 00006740 
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TNOVI•INTGRL(TNROO,OTNDVJ) 

PROCEDURE DTNDC,DTNDVl:DWNCOH(KLDC,TNRO,TNOC) 
DTNDC(l)•KLDC*(TNRO•TNOC(l)) 

.. •-- ...... _ D0_400 KI•lt!L__ ... -... ______ _ 
400 DTNDC(Kl)•KLDC•(TNDC(Kl•l>•TNDC(KI)) 

DTNOVl•KLDC•CTNDC(4)•TNDVI) 
ENDPROCE:DURE 

•l.l.2.7 PRESSURE REDUCING DEVICE 

TNDVO•TNDVl • DPDV*SINSfT/RHONOY/778.16/CPNDV 

00006750 

00006770 
00000780 

____ .. __ ____o_tt .. o6t, .. o 
00006800 
00006810 
00006820 
OOOOt»ISlO 
0000&840 

_ __:__o.oooea .. os1L 
0000t»8C>O 
00006870 

--------· .. ···----·-- ..... _ 

___!_l._L._L8 PRESSURLB.fDUCING PfYICf IQ HOI JANK 0040.D.8.8.D, ___________ _ 
OOC,06890 KLDVHT•WDNA/TAUDHT 00006900 

_ .. - ........... - ......... •--· .- ... __________ .. ___ .... ____ ··--·-------00006910--... - .. --- .... --·--• ... - .. •--TN ... T I•INTGRL CTNHTIO, KLDVHT* ( TNDYO•TNHTI)) 

•l,l,2 1 9 HOT TANK .. 

DTNHT•(WON•WDNR•TNHTl•WHTO•WHTOR•TNHT•D"NAHT•TNHT)/HCPHT 
.................. --J..~~.J .. =INTGHL(TNt:t_H),_DTNHT) .. 

•l;-1~3 EVAPORATOR 

--------------· ------
•l.l.4 SUPERHEA TEH 

00fJ069Z0 
00"06930 
oooob91fQ 
0000Cl950 
OOOOC>960 
9~~t~~7Jl ____ ~_ 
00006960 
00000990 
oooozou. 
00007010 
00007020 

-- ... 0000703Q .. - .. - .. __ _ 
00007040 
00907050 
OOQQ7Q60 iii§ 
00007070 "l~ 
00007080 ~~ 

__ .. ___ .. _ .. ___ .... ____ 000070 .. c!lL ............. __ -..... - __ .. _ ..... __ g 
0~007100 g 

•J.J.~ ............ - ____ REHEATER _ .. ____ .. ____ .......... _ .. _ .. _ 

•J:-:s. 6 HIGH PRESSURE TURBINE• 

00007110 g 
QQ007UA 
00007130 
00007140 

. ---.. 011007150.... 
000071&0 
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TURBINE OO\J07l 70 
__________________________________ __.,......._Q.ll ....... ___________ _ 

00007190 
oooonoo 

•1.1.1 LON PRESSURE 

_ •J~l.J ________ __ _f_EED_~/!TEILtlEAJE~ ... s._ __ _ --·-·-·•--------- _00.0012111_ __ 
00007220 
00007l30 

-----·-- --·-•-·· 

_ _JUULOJ.2,_,._,,e-________ _ 

•l.3.9 oooonso 
00007260 

CONDENSER 

-------------- .c.--..00007 270. 

PLANT PROTECTION ANO CONTROL SYSTEM 
00007280 
00007290 

--::c----------------------------------µ,0-013011-------------'-___ ----- - - - --------. --- 00007310 
•J•" 
•J.11.1 RECEIVER PANEL CONTROLLERS 

00007l20 
PROCEDURE_ ETl•lNlCON(ES,VPOX, Z£R.O,.Ol".t£,_l~U,KC,_SJA,DTNR3J ___________ 00')07330 __ -- --- ---·- --·-. -

DO 2500 JK•t,24 00007340 
ET•ES(JK)•STR 00007350 

--- EIR• NANO(ET,(VPOX(Jk)•ONEJ•NAND<•EJ,<ZER~pnx<JK))))•EJ 000073b0 
2500 ETl(JK) • EIR•KC(JK)/TAU(JK) 00007370 

ENOPROCEOURE 00007l8U 
-----------------------· OJJJ>.Oll.~0------------

00007400 
OOOOHlO 

--====:-=:::---:----::-=---c=c:::-:-:-=c-=-=:---=-=-----c--=:--::----:,---=--:--:----.........,--,----::-::-----'~~7 ... .la!I.------------
PRU EDURE VPX,VPOX•RCONT(IRX,ZERU,ONE,TAUO,KC,ES,STR,VP,TAUVLV,VPI, ••• 00007~30 

DTNRl,~AP> 00007440 
... __ DO 3000 _H•I ,24 . ______ . _ -----·---- ·- _____ . _____________ OOOOH'iL_. 

IRA•LIHIT(ZERO,ONE,IRX(H)) 00007400 
ET•ES(M)•STR 00007470 

DR•TAUO(MhDTNR3(M) 00007480 j6 
VPOX(M):JNSW(NRP,ONE,IRA • KC(H>•CDR+ET)) 00007490 :_; 

lOOO VPX(H) • (LIHJT(ZERO,ONE,VPUX(H))•VP(H))/TAUVLV 00007500 ~~ 
ENDPROCf()M~E -- _ _ --·--· ----- ... -- _ -------·---- _ ··---------· ------- -- _ _ _____ oo_0.07510 _ _ _ _ ------- - ---· - __ 'i g 

00007520 o 
PROCEDURE TNR3X•DLAY(TNR3,ES,TAUTC) 00007530 8 

____ .......::;_D_(}~_Q_ KJ•\,24 015,.eu.i:__ __________ . en 

4000 TNR3X(KJ):(TNRl(KJ)•ES(KJ))/TAUTC 00007550 
ENOPROCEDURE o,oo75b0 

. . -· ·- _ _ _ ... ----·- --------- _ --- -··-. ------- -- ________ 001107.570. ---· 
ESaINTGRL(TNRlO,TNNlX,24) 000075•0 

IRX• INTGRL(VPJ,ETl,lll} 
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. ---·-··. -------------==--------~=------'===-----------

00007590 VP • JNTGRLCYPI,VPX,241 0000760.-.. ___________ _ 

00007610 •l.4.2 PRESSURE REDUCING DEVICE CONTROLLER 00007620 
------------ -----·- . ______ 00007.b.lO ________________ _ 

ELROT•LROT•SLROT 00007640 EROTL•DEAOSPC•o.2s,o.2s,ELROT) 00007650 
____ L.YLS~!.l.HSW < ABS (fROJLl • • oo.L..ZER.O.,..OHt: l OQ O OJtl.b.,__ __________ _ DVE•EROTL 00007670 DVEIX•NANDCOVE,CVPOVOX•ONE)•NANOC•DVE,CZERO•VPDVOX)))*DVE 000U768U ... __ DVEl=OVEIX~KCOVlIAUO\'.l ____________________________ -----00007690, ________ _ 

IROVX•lNTGRL(VPOVl,DVEJ) 00007700 
IRDV•LJMITCZERO,ONE,IROVX) 00007710 

____ ....._DLBU~lWN•WNQ•HPN•HPHB..URHOROI/CAPOI P0007~"'----------_:._ __ DROVC•TAUDVD•DLROT•LVLSW 00007730 VPOVOX:INSW(TPT•TIHE,ZERO,JROV+KCOV*(OVE+ORDVC)) 00007740 __ VPOVX•_CLIHI.T.(ZEB_Q,O~f, VPDVOX1.~.YPQY).lJ~UPV _____________ . _ __ _ ___ 00...007750 _______________________ _ 
VPOV=INTGRL(VPOVl,VPOVX) OGU077b0 

001)07761 
•3 1 4 1 3 RECEIVER PUNP QQQQ7..lft2 

_'!_4.0 

U00U77C>3 TMRP•INSW(TPT•TIHE,ZfRO,ONE) 00007764 ________________________________ ..o.o..o.o7_U~-----

CONTR_OL SIAJEM£NTS_ 

oooo7790 
0000780(1 
QQQQ78IQ 

TIHER DELT•0.03, FINTIM•elO, PRDEL•I.O, OUTOEL•t.O 
00007620 
00007830 
00007640 HETHOO TRAPZ , 

f INISH LROTsZERO,LROT•io~o-;TNRO:i:1700~--- -- --····. . ---oiiooieq"f"-••·- ----·· ··---
00007&50 

•s.o OUTPUT STATEHENTS --------::g~l:~: ~ 
00007880 ~ ~ 

___ UOQ0789-0 _________________ ···-----· -1\:-8 
00007900 o 

•5.J . _ Pf8U~_IN_STrU.ICT.JQN$. _ .. _ . 

Y=DE8UG(1,o.o> 00007910 g _________________________________ __o.ll..O..ltJ_j.il...__ OI 

•5.2 PRINT OUT INSTRUCTIONS 

PRINT TNC r, TNRPuf;-TNRPUO, TNRI ~-of;iiA~i;.N-;-TNRo;·PP < 1 >, vp c" 1 >, WNR < 1 > 

00007930 
00007941) 

. --- 00007950 .. 
, ••• uouo796u 
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--- ---- ---- -

TNR1(1),PP(b),VP(b),WNR(b),TNR3(b),PP(l2),VPC12),WNR(12) , ••• 00007970 
TNRl(l2),TNOVI,TNDYO,TNHTI.TNHT.yppy.wpN.LPQT,ERQJI ,N.B.e..~Re_,J~~-~a~a~o~oL79x8~Q.,_ ___________ _ 
PlR,POR,LNACT,LNAHT,TRW2(1),TRW2(b),THW2Cl2) 00007q90 

00008000 
------------- --------------- ----------------- _______ J)Q008010-------------- -- ---
•5.1 PLOT INSTRUCTIONS 00008020 

- 00008030 
I PAGE XYPLOT _j)O~na_oqu..... __________ _ 

00008050 
LABEL RUN 04•07 CLOUD COVER TRANSIENT, 7•13•78, 200 SECONDS ooooeooo 

---------------------------------0-U0807Q ---- -----
OUTPUT TIHE ,TNCT ,TNRPUI ,TNRPUO ,TURI 00008080 

00008090 
LABEL TNCT • TEMPERATURE OF SUQ..IUH IN COLO TANK CF> 000081~0=0 _______ _ 
LABEL TNRPUI • TEMPERATURE OF sooiuM, RECEIVER PUMP INLET CF) 00008110 
LABEL TNRPUO • TEMPERATURE OF SODIUM, RECEIVER PUMP OUTLET (F) 00008120 
LAg!,. ___ J"~R I ~- JEMPE.RA_{YRE_ QE_S.OP Ill_"!,_R..fi.El~E!LI!'LE Lff) ____ o_ooo~u 3_0 __ -- -- __ ----- _ _ _ 

00008140 
OUTPUT TIME ,QI ,QA , wt, 1 TNRO 00008150 

0000.6_1f>O 

LABEL Ql • TOTAL INCIDENT SOLAR POWER (HWT) 00008170 
LABEL QA• TOTAL ABSORPED SOLAR PUHER (HWT) 00008180 
LAIJEL _wN _• TOTAL RECEIVER ':],-OW_ CLB/Sf"--L. ______________ ~-...OOvCHU9JI _______________ _ 
LABEL TNRO • TEMPERATURE OF SODIUM RECEIVER OUTLET TANK CF) 00008200 

00008210 
I OUTPUT TIME ,PP(l) ,VP(l) 1 WNR(l) 1 TNR3Cl) Ojlj:)_~22.il 

00008230 
LABEL PP(l) • SOUTH PANEL INCIDENT POWEH (MWT) 00008240 
LABEi,. _ VP ( 1) • SOUTH PANEL .VALVE PUSHI_ON (f__R!,C no_~ OPEN)_ ___ ·- __ -- -·--- --- 00008ZSO _ . _ - ---- -- --- --- _ - _ --
LABEL WNR( l ,----;.- SOUTH PANEL FLOW (NORMALIZED TO 36. t 7 LBH/SEC) 000082bO 
LABEL TNRl(l) •TEHPERATURt OF SODIUM~ "SOUTH PANEL OUTLET (F) 00008270 

__________________________________ _..flJlOJi2!10, ______________ ~---

0UTPUT TIME ,PP(b) ,VP(b) ,WNR(CJ) ,TNR3(6) 00008290 <,;:j 
00008300 " _;:j 

LAtlEI,.. PP(b)_~ WEST_PANEL JNCEDENT POWER_ (HWT> __ _ _ __________________ Q0.008.310__ -- -- 8 
LABEL VP(&)• WEST PANEL VALVE POSITION (FRACTION OPEN) 000083l0 o 
LABEL WNR(b) • WEST PANEL FLOW (NORMALIZED 88el5 LOM/SEC) 000083!0 8 
LABEL TNR3(b) •TEMPERATURE OF SODIUM, WEST PANEL OUT~fT CF) 00008340 °' 

00008150 
OUTPUT TIHE ,PP(tZ) ,VP(l2) ,WNR(l2) ,TNR3(12) 000083&0 

--------- ---------- - ------- -- -----------------------------·------0000~37_0 _ 
LABEL PP(lZ) • NORTH PANEL INCIDENT POWER (HWT) 00008180 
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LABEL VP(l2) • NORTH PANEL VALVE POSITION (FRACTION OPEN) 00008390 
_L!l!_EL WNR.U2J • NORTH PANEL FLOW (NQRMAl IZED ID t6I.ebLl.BM.L.S£C) 00008flO-----------· 

LABEL TNR3(12) • TEMPERATURE OF SODIUM, NORTH PANEL OUTLET (F) 00008410 
00008420 

DUTPUt ___ U!"IE __ ___,_lffW.2( lJ ____ ,_Jfilt2-(_b_J ___ ,_IftW2{12l __ ..:_ _____________ ----00008430 

00008440 
LABEL TRW2(1) • HEAN WALL TEMPERATURE, HIDPLANE SOUTH PANEL (F) 00008450 

_ _LA8JL TRN2Cb) • M~L.Lj£HPERUll.RE.,__tU.JlfLANL!I.ES.L..l!.AttELlt:> . QO.D.0.8.4.f:IO. _________ _ 
LABEL TRW2(12) • HEAN WALL TEMPERATURE, MlDPLANE NORTH PANEL (F) 00008470 

00006480 
----- .. --=---~ ----~-::-:--:--=-----=:-:--:-:::=---=-=-=-----:~----------------_00008490 _ OUTPUT TIME , TNOVI , n,ovo , TNHTI , TNHT 00008500 

~,~ 
LABEL 
LABEL 
LABEL 

OUTPUT 

00008510 
TNDVI • TEMPERATURE OF SODIUM, PRESSURE RfD.ut.lfflL.DEYJC.Ll..ML.f...L_f_O_OJL0852 _________ _ 
TNDVU • TEMPERATURE OF SODIUM, PRESSURE REDUCING DEVICE OUTLET F00008530 
TNHTl • TEMPERATURE OF SODIUM, HOT TANK INLET (F) . 00008540 

_J"!"_HT • _TEMPERATURE __ 0':_&0DIUflllt_ __ HQT _TANK (F) ________ --- ------- ___ _90008550 

TIME ,VPDV ,NON ,LROT ,EROTL 
00008560 
00008570 
00008580 -:-L~A=e=EL~--=-v~P~o~v---P~R~E~S~S~u=R=Ec-:=R=ED~U~C~I~N~G~D~E~V~IC~E::-:V~A~L~V~E-=-P~OS~I~T~I~O~N---=(~F~R7AC~T~l~U~N-=o~P~E~N7)_,0~0~008590 

LABEL WON• DONNCOMER FLO~ (NORMALIZED TO 2220el lBM/SEC) 00008b~O 
LABEL LROT • RECEIVER OUTLET TANK SODIUM LEV£L (FT) --------~0008bl0 
L,AHEL-EROTL-~ECEfVER-OUTLET TANK SODIUM LE_V_EL ERffoR 00-008~ZO ______ _ 

ooooeuo 
un,;. ,NRP ,HRP ,PIR ,POR QQ0.0..0-ti--:•"".-o ___________ _ 

00008b5U 
00008bb0 

____ 0.0006UII 
00008b81J 
00008b90 

OUT~T Tl .. ~ 

LABEL NRP 
LABEL HRP 
LABtL PlR 
LABEL PUR 

• RECEIVER PUMP SPEED (NORMALIZED TO 700 RPH) 
""-- REUHE R _PUMP _Hf AO_J_~_Q@.'1AI.._IZEI;) __ T_O_.J!Z4._ Fr> ____ . ____ _ 
• PRESSURE AT RECEIVER INLET lPSlA) 
• PRESSURE AT RECEIVER OUTLET CPSIA) 

-----cc-------,-,-=---------,-,-=-------------------".Q.l).J>.8_1CUI __________ __.%_ 
-···- ,LNACT · ,LNAHT 00006710 ~ 

00008720 !:'I~ 
L~BEL _ LNACT _ .. _J.EVEL_Pf_ SODIUM_.JLCPLD __ t~N~_J_fJJ. ___ ____ __ ___ _ ____ _ _____ _{~0006710 __ ______ _ ________ ~ g 
LABEL LNAHT ~ LEVEL OF SOOIUM IN COLD JANK (Ff) 00008740 

0 
00008750 8 

OUTPUT f IMC. 

--------------------------------------=O!>JiQ__~l_~_l,L O'I 

OOOU87b9 
00008771) * 

• 
VARIABLE AND FUNCTION INDEX 

_______ 0000877 l __ 
00006760 

ill .. -----A=HEA f-TRANSFtif AREA/NODE < su-n) 
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ABS•ABSOLUTE VALUE FUNCTION 00008790 
AFGEN•CSMP ARBl.IRA8.l.....EJNCTIQN GEHElilDA------------~oaeov-----------
A FLO•SODIUH FLOW AREA/PANEL (SQ FT) 00008&10 

* AFLOW•SODJUM FLOW ANEA (SQ•FT) 0~008820 
__ ! . -~LPHA•RECEIV£R_ SURf ~CE_.A8.sOB'-.UVITUE~iss1vuu _____________ -1,oo_o683u .. ___ --~ ... --- --· --· 
* AR•PAOJECTED RECEIVER NODAL SURFACE AREA (SQ FT) 00008840 
* AREEF•JNJTIAL RECEIVER EFFICIENCY GUESS 00006850 

ASRA•RECEIVER SURFACE ALPHA•SIGHA•AREA l9.J.U.LSEC•R••4> QQOQ60.,._,._ ___________ _ 
OOC08870 * 

* BKFLOW•RECEIVER INLET HEADER TEMPERATURE SIMULATION ROUTINE 00008&80 
______ . ___________ .. -------~--'---_oo.ooee9o__ ___ _ 

* CACT•COLD TANK CROSS•SECTIUNAL AREA (SQ•FT> 00008900 
* CAHT•HOT TANK CROSS•SECTJONAL AREA (SO•FT) 00008910 
* CAROT•CROSS•SECTIONAL AREA OF THE RECEIVER OUTLET TANK (SQ•FT> OOQOllZ.z-___________ _ 
* CP•SODJUM HEAT CAPACITY (BTU/LBH•F)(FUNCTION OUTPUT) 00008930 
* CPCT•SODIUH HEAT CAPACITY, COLD TANK (8TU/L8H•F) 00008940 
* CPHT•HOT TANK SODIUM HEAT CAPACITY (8TU/LBH•F) ___ OQ!)_0('9~0 ______ _ 
* - CPIH•RECEIVER INLET HEADER HEAT CAPACiTY (BTU/LBH•F~ 000089b0 
* CPMEAN(I)•PANEL 1, SODIUM HEAN HEAT CAPACITY (BTU/LBH•F) 00008970 
* CPNA•~OOIUH HEAT CAPACITY ROUTINE NAHE 00008980 
• CPNDV•ORAG VALVE"SOOIUH HEAT CAPACITY (BTU/L8H•F> 00008990 
* CPROTaHEAT CAPACITY RECEIVER OUTLET TANK (8TU/L8H•F> 00009000 
_! ____ ~PSOD•SOPHJM __ ~~AT _(:~_p_~~J.U_(BTU/L~~~-L. OQQ09Ul.JL ___ _ 
* CPll•INITIAL sODiuH HEAT CAPACITY, LOWER NODES (BTU/LBH.F) 00009020 
* CP2falNITIAL SODIUM HEAT CAPACITY, MIDDLE NODES (RTU/LBH•f) 00009030. 
• CP.!J.!l!!l!I.!~ SOOl.!l!!_HE.A T CAPACITY, ~E!LfillQES (BTU/LBH•f > QQQQ904"'-,.__0 ________ _ 
* CPICl>•LOWER NODE, PANEL I SODIUM HEAT CAPACITY (BTU/LBH•F) 00009050 
* CPl(l)aHIDOLE NOOE, PANEL I SOOIUH HEAT CAPACITY (8TU/LBH•F> 000090~0 
*. --- ------ _Cpl( I >•UPPER NOPE, eANEL _ _I ___ SODIU!'I. HEAT __ CAPACI_U _ _j_OJ.ULL8t!.~f) __ .oo.o.o9010 __ 
* cvc:CQNTROL VALVE FLOW COEFFICIENT (GPH/PSI) 00009060 
• CVCOY:JNITIAL ORAG VALVE FLOH COEFFICIENT (GPM/PSI) 000090~0 
* CYCJ•INITIAL CONTROL VALVE FLOW COEFFICIENT CGPH/PSI) 00009l0~0:.-__________ __ 
* cvov~6~AG VALVE FULL OPEN FLOW COEFFICIENT (GPH/PSl) 00009110 ~ 
• CV(l):PANEL I CONTROL VALVE FLOW COEFFICIENT (GPH/PSl)(OPEN) 00009120 ~~ 

. _ .... -- ------ ------- _ _ --~----------- ------ _____ 00009130. -- . _ . g 
• D•FLOW PASSAGE DIA"ETER (FT) 00009140 o 
* DEADSP•CSMP OEADBANO FUNCTION 00009150 g 
* OEBUG:CSMP DEBUG FUNCTION 00009lb0 m 
* DELT•CSHP TIME STEP (SEC) OU009l70 
* OLAY:fHERMOCOUPLE DYNAMIC SIMULATION ROUTINE 00009180 
~---- _____ J>LIHH=REC:E I VER OUT LE L..U~.!. 1.,_EV_~_l,,__DE.~ I_VA !I \IE_ ( F.!1.~H) ____________ Q_!HH).91_~9 ______ .. ___________ _ 
* OMNACT•CDLD TANK SODIUM NET INFLOW (L8H/SEC) 00009200 
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* DMNAHTaHOT TANK SODIUM NET INFLOW <L~H/SEC) 00009210 
* DHNROTaRfCEIVER OUTl ET TANK SODimtJl!S.S_DffflYAIIYE <LBH/.8Et..l OQ009.22.u ___________ _ 
* DNRP•RECEIVER PUMP SPEED ACCELERATION (NORMALIZED) 00009230 
* OPCVl•lNITIAL CONTROL VALVE PRESSURE DROP (PSI) 00009240 
~ . -~.PCVj I >=-fl~~ELJ -·~ON.lRQL _ _y~I.YE P.RESSURE__DROP_(p_S.I)___ _ ______ __o_ooo9250 . --· -- _ ------- - ·-- - -- - .. --·-* DPOVl•INITIAL DRAG VALVE PRESSURE DROP (PSI) 00009270 
* DPDVOX=UNLIMITED RECEIVER OUTLET JANK CONTROLLER RESPONSE 00009260 
.! OPDV•DRAG VALVE PRESSURE DROP (PSI) . QQQQ9290 
* * 

OR•CONTROLLER DERIVATIVE RESPONSE 00009300 DRDVC•DERIVATIVE RESPONSE RECEIVER OUTLET TANK LEVEL CONTROLLER00009llo 
* J)R!_U_BE•R~C!.I.YJ~!Lrl,l~LJl!UOE DlA_~ErER (f_TJ __ ~----·-- -- ~.GJJ.!l'Ul\l --- ---- -------····---·····-* OTN•SODIUM TEMPERATURE DERIVATIVE FUNCTION 00009330 
* DTNDC(l)•DOWNCOMER NODE I TEMPERATURE DERIVATIVE (F/SEC) 00009340 
* - DTNDYl•DRAG VALVE INLET TEMPERATURE OERIVAilVE (F/SEC) 000093_5..,._ ___________ ._ 
* DTNHT•HOT TANK SODIUM TEMPERATURE DERIVATIVE (f/SEC) 00009lbO 
* OTNRl•RECEIVER INLET TEMPERATURE DERIVATIVE (F/SEC) 00009370 
* - -·----- DTNRU•RISER DJITLET __ JEM~-~-~~-T.U..RE_P.ERIVAHVE _tf /SECL ______ . __ . _ 00009380 
* DTNRO:RECEIVER OUTLET TANK TEMPERATURE DERIVATIVE (F/SEC) 00009390 
* DTNRP(l)•RISER NODE I TEMPERATURE DERIVATIVE (F/SEC) 00009qOO· 
* OJNRI ( I>•RECUVER PANEL 11 NODE t • .Jll10IUM JEMPERAJIJRLO.f.RlV_.--'U)JU)~il.,_ ___________ _ 
* DTNR2(IlsRECEIVER PANEL I, NOOE 2, SODIUM TEMP. DERIVATlVt . 00009420 
* DTNRl(l)•RECEIVER PANEL 1, NOOE 3, SOOIUH TEMP. DERIVATIVE 00009430 

- * . _DJRT_l=NOOE_L~tCEJ.VEJL..I.U!eiLlE~P_ERATUR€. _ _J)fRIVATlYLBl,.luJINE NM'!Lo_o_oo_Cl.440 ---·-
* DTRT2•NODE 2 RECEIVER TUBE TEMPERATURE DERIVATIVE ROUTINE 00009450 
* DTRT3:NOOE 3 RECEIVER TUBE TEMPERATURE DERIVATIVE ROUTINE 00009qbo • - DTR..~( I.l!PAt!f.Ll_,_J~!UlE 1 WALL TEMP.ER~ JJJ~_f_O.f~lllllYf_(f_lSECJ __ JlQ.Jl.09UJ)_ -- ·--·---* 
* 
* 
* 
* 

OTRW2(I)aPANEL I, NODE 2 WALL TEMPERATURE DERIVATIVE (f/SEC) 00009480 DTRWl(I)=PANEL I, NOOE 3 WALL TEMPERATURE DERIVATIVE (F/SfC) 00009490 DVDPCA•ORAG VALVE DISCHARGE PIPE CROSS•SECTIONAL AREA (SQ•IN) 00009500 OVE•SEE ERO TL - -· - - . -·- . -·- -- ---- - .. . - . -- -- . . . -- (foOo951 O 
DVEI•PROCESSED INTEGRAL CONTROL RtSPUNSE 00009520 

* -____ O_V_,flX~_!-.E.~EL CONTROLLER INT~JiRA.b.._ERRQH (FT) 0001.195_3.__,0'------
* 
* 
* 
* 
* 
* 
* 
* 
* 

0W•RECEIVER PANEL FLOW ACCELERATION ROUTINE NAHE 00009540 OWON•NORMALIZED DOWNCOMER FLOW ACCELERATION (l/SEC•SEC) 00009550 DWN:RISER FLOW ACCELERATION (NORMALIZED) (l/SEC•SEC) 000095bO OWNCOM•DOWNCOHER SODIUH .. TEHPERATURE DERIVATIVE. ROtifIN.E ·--·- OU00957u 
OwNR(J):FLOW DERIVATIVE, PANEL I, NUffHALIZEO (1/SEC•SEC) 00009580 

EBROT•ELEVATION Of' BASE OF RECEIVER OUTLET TANK (FT) 
EIR•PROCESSED PANEL ERROR CF) 
ELROT•RECEIVER OUTLET TANK LEVEL ERROR (FT) 

/ ERDTL=ERROR SIGNAL TO---~ECElVfR. OUTLET TANK·-·LEvfC_c_or:.f~uit.Ek 

00009590 ___ _ 
uoou9ooo 
cooo9oto 

_ OU0.09fl.20 
OOOU9t>30 

:z -~ ..... ,~ 
0 .... 

8 
0 
0 
0 
0\ 

·---

------ ----------------------------------------------·-------------------------·----· 
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• ERRFLG•INITIAL CONDITION ERROR FLAG oooocu,110 

* ~BROR 1 •LO~ER NQQE.8...._AB.SOf:UlfQ PCll:ffB EBKOR Q Q Ullli.5.0 

* ERROR2•HIDOLE NODES ABSORBED POWER ERROR ooooc1t,t,0 

* ERROR3aUPPER NOOES ABSORBED POWER ERROR 00009b70 

* f;SlU•JHE!U!QtQUP-LE_OUJ.ru.LIE~ERAIURE __ ,_ANfL_l_ (£_) _________ _:_ 00009b6Q ----------· -···· ···---

* ET•PANEL OUTLET SODIUM TEMPERATURE ERROR(F) OOQ09ti90 

• ETARP•RECEIVER PUMP EFFICIENCY 00009701) 

* E11,12sPROCEl~E~ INIEGRAL ~RRQB QOQJdJtn -----
000097ZII 

* FHDC•DOWNCOMER FRICTION HEAD (PSI> 00009Hu 

* f_'!!_j_}:=~~N~l,,_Lf.RlCTION DROP <TIME VARyING_>J...P.SP 00009.740 ---------------·--

* FINTIH•RUN FINISH TIME (SEC) 00009750 

* FLOROT•RECEIVER OUTLET TANK NET INFLOW ROUTJNE NAME 00009700 
nonn917n 

* GO•ACCELERATION DUE TO GRAVITY C32e2 FT/SEC•SEC) OUQ09760 
00009790 

_ --~------- ____ _tl•SODJUH flL~ .. @EfflCUNJ_(Jl_tU/.S.Q.f_T~SE.t.~F.l. _______________ ----- 0000960.Q. ______ ------- -----·-------

* HA•SODIUM FllH COEFF.•AREA pROOUCT (8TU/SEC•F)(FUNCTlON 0UTPUT)00009610 

* HART•TOTAL TUBE INSIDE HEAT TRANSFER AREA/NOOE (SQ Fl) 00009820 

* HANRa:§0!)11.!H fJLM COEfF ii•AREA PBOIU.!CI UHL!lSfC•El 00009_8. u - · 

* HANRlI•INITIAL FILM COEF.•AREA PRODUCT, LOWER NODES <BTU/SEC•F)G0009840 

* HANRZl•INITIAL FILM COEF.•AREA PRODUCT, HID. NODES (BTU/SEC•f> 00009650 

--., H~~BH~.INlJJM._f_JLH COEF .~~RE.LeftO!ru£l,---11P.fER~DE5-!.BJU/SEC~f.lOOUO~Bet11 .. -- ------

* HANRl(I>•LOWER AXIAL NODE FILH COEFF.-AHEA PRODUCT (BTU/SEC•f) ooooqa10 

* HANRZ(l):HIODLE·AXIAL NOOE FILM COEFF.•AREA PRODUCT (BTU/SEC•f)00009880 

* HANRl( I )ii:UPPER AXIAL NcmLf.lLH COEFfe•ARELP....BODUCI <BJU/..5.E.C~OJUl~ .. t!crn 

* HAl=RECEIVER PUMP DEVELOPED hEAD COEFFICIENT l 00009900 

* HA2=RECEIVER PUMP DEVELOPED HEAD COEFFICIENT 2 00009910 
* _________ J:t~ l~RECE I VE.~Vfil» ___ QEY.El_gP_EQ __ J:!.E..~_ILCQEEElC.IE!IIJ __ 3. _________ -------- OOOO.'t9ZO________ _ ________ .- . -- . -

* HFA(l)•LUCAL RECEIVER•AIR FILH COEFFICIENT(8TU/SQFT•DEGF•SEC) 00009910 

* HRP:NORHALIZED RECEIVER PUMP HEAD 00(11)CJ9110 

* HRPO=INITIAL RECEIVER PUMP HEAD IPSl) 900~995!.! ~ 

* HYOINT:RECEIVER HYDRAULIC INITIAL CONDITION ROUTINE NAHE 00009%0 ...... 
00009970 ... ~ 

--*-- ---- _IOC=OOWNCOHER lNER!_IA__jPSl•SEH------- _ ------------------- _ -~-------oooo~9JHI -------- ------------ _ .. __ ~ g 
* INITC•INITIAL TEHPERATURE CALCULATION ROUTINE NAHE - OU0099q0 o 

* INSW•CSHP INPUT SWITCH FUNCTION NiHE 00010000 g 
* INTCON:RfCEIVER PANEL CONTROLLER lNTEGRATOR ROUTINE 00010010 ~ 

* INTGRL•CSHP INTEGRATION ROUTINE CALL•UP r,0010020 

* IRA:ACTUAL INTEGRAL CONTROLLER RESPONSE 00010010 

* __________ IRDV=ACJUAL ___ REC.Ein1u::>uru:r__rAN!LLEVEl_CQ_t,.lf~O!..I..E~ _INJEGRAL _REs.0~01ooqo_ _______ ----····--· ....... _ --

* IROVX:RECEIVER OUTLET TANK LEVEL CONTROLLER INTEGRAL RESPONSE 0001~050 

-· 
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·-·------ ---------------
* lRX())aPANEL I, INTEGRAL CONTROL RESPONSE 000100&0 
* ISRSG•SQUARE ROOT RECEIVER_INLEJ se.E..CJUC GRAVITY --'l.QQ.LO_o_._... ___________ _ 
* IR(IJ•PANEL I FLOW INERTIA (PSI•SEC) 00010060 
* IWN=RISER PIPING INERTIA (PSI•SEC) 00010090 

_ *-··----·--IWNRPS•REC.E.I VER .. PUHf._.SJJ.t T JQN.._PJP_E l~fLU!ERt.lA_JP.Sl~SEC ) ______ _o.o.0.10 l.00 __ 

* 
* 
* 
* 
* 
* 
* 

00010110 
KCOV:ORAG VALVE CONTROLLER GAIN 00010120 
KC(l)•PANEL I CONTROLLER GAIN 110010110 
KFHOC:STEAOY•STATE OOWNCOMER FRICTION HEAD (PSI) 00010150 
KFHDCR•DOWNCOMER FRICTION.HEAD PER UNIT FLOW SQUARED 000101&0 

---...cKFHR~=!Nl!JA!.,_JUJi~~__f_~J_(;O{IQ~QRJ).e_{f_Sj.l. ____ ... ·-··-----~Cl.U.U-1~----------·----
KFHRPR:RJSER FRICTION HEAD PER UNIT FLOW SQUARED (PSI/SQ•L8H/S)000l0160 
KFHC(I):PANEL J STEADY•STATE FRICTION DROP <PSI) 00010190 

* 
* 

* KFHCI>=PANEL I STEA~SJ.!Tf FRICTION DffOP/uNIT ELD.ILS.UUARED QQOL0.2.0-..,__ ___________ _ 
KLDC=DOWNCUHER VARIABLE TRANSPORT TERM (I/SEC) 00010210 

* 
* 
* 
* 
* 

KLOVHT:ORAG VALVE DISCHA~GE PIPE TRANSPORT TERM (I/SEC) 00010220 
. KLNR~fHSER __ Pie.ING .. NUDE _VARIABl.E.-1RAliSF!.ORL.TEfULU /SEC ) ______ Q00.10.i!ll) __ 
KLRPS:RECEIVER PUMP SUCTION VARIABLE TRANSPORT TERH (I/SEC) 00010240 
KNA:SODIUM THERMAL CONDUCTIVITY (8TU/FT•SEC•F) 00010250 
KRP•RECEIVER PUMP NORMALIZED INERTIA Ct/SEC) 00Ql021ul. 

00010270 
LBSGPH•CONVERSION LBM/SEC TO GAL/HIN 00010280 

* LI H IT•CSMP LIMITER FUUC_T ION ·---=---:-=--,-:--::------------Q.0.0.llZC!O ___________ . 
* LKfQ:SODIUH FILM COEFFICIENT ROUTINE NAME 00010300 
* LNACT:COLO TANK SODIUM LEVEL (FT) 00010310 
* LNACTQ=_INITJAL COLO TANK SODIIJM LEVEL ffTl 000101~-----------· 
* LNAHT•HOT TANK SODIUM LEVEL (FT) 00010330 
* LNAHTO:INITIAL HOT TANK- SOl>IUH LEVEi: (FT) 00010340 

LOGAR=RIS~R_J~ER_TIA/_!USf;R REFE~ENCE fLOW __ (PSI•SEC•SEC/LBH)__ 00010150 . * 
* 
* 
* 
* 
* 
* 
* 

LROCP:DOWNCOHER PIPE LENGTH (FT) OOOlOlbO 
LRDVOP•DRAG VALVE DISCHARGE PIPE LENGTH (FT) 00010370 
LRI=RECEIVER INLET ELEVATION (FT) QOlll_j)._60 :z 
LROT=RECEI"VER OUTLET TANK LEVEL (FT) 000 l0l90 ...., 
LROTO= INITIAL RECEIVER OUTLET TANK SODIUM LEVEL (FT) 00010400 I\~ 
LRPSP_:RECElll~R _P_UH__P~_SUCTION !>Ief __ L~~-~JJ:LffU. _______________ QJHH_Q_cqo __ ... __ _ --~ g 
LRRP:RISER PIPING LENGTH (FT) 00010420 g 

00010440 i 
.* HCPC T=HAS.§_ CAPAC ITV ,~QI.J~>_LANL11l!U/F) 000 I QllSO 
~ HCPHT:HOT TANK SODIUM HASS•CAPACITY (8TU/F) 000104&0 
* HCPROT:MASS•CAPACITY PRODUCT RECEIVER OUTLET TANK (HTU/F) 00010470 

HCPTW:HASS•_l:iEA T. CAF!ACITY. P~ODUCTITUBLNGDE-1.fHU/DEG FL. ________ 00010980 ..... 
MDOT=SODIUH HASS FLOWRATE (L6H/SEC> 00010490 

* 
* 
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* HDT•MASS•TEMPERATURE PRODUCT•SUMMATlON RECEIVER OUTLET TANK 
* MNACT•COLD TANK SODIUM HASS CLBM) 
* MNACTo•INITlAL COLD TANK SODIUM MASS (LBH) 
* MNAHT•HOT TANK SODIUM MASS (LBM) 

0 
0 

0010500 
JUl.lJt.5 
00105

1~z~o-----------
001os3o 

-*-----•~H.i_A~l~~ 1.tU T l~L __ HOL T ~N~_J_DQ.I.Y!!.._M!SI..J.U'!> --- 0010540 ----·------- --·- --··-
0010550 * 

* 
* 
* 
* 
* 
* 

* 
* 
* 

HNAROT•RECEIVER OUTLET TANK SODIUM HASS (LBH) 
HNROTO•INITl~L HASS OF SODIUM IN THE RECEIVER OUTLET TA~K (L 
HT INSM•HASS•TfHPERAlUB.E........e.fill.DllCT•SIIMHAT ION RECEIVER PIIIlE.Lll 
MTNSER:HASS•TEMPERATURE PRODUCT SUMMATION RECEIVER INLET PLf 
Hu=SODIUM ABSOLUTE VISCOSITY (LBM/FT•SEC) 
'4ULOG•IU.Sf_l O._LOG._DL.V l StOSl TY 
HW8TUS=CONVERSION FACTOR MHT TO BTU/SEC 

MDD(T)•PANfLLHOllllAUZEJLUICIQfNT PQWfR 
NQAl<I>=LOWER NODE, PANEL I, ABSORBED PO~E~ (BTU/SEC) UPDATE 

0010500 
H!L..AOQLJ>5.~----------

00 I 0580 

V 

0 
0 
0 
0 

OOl:>590 
0010000 __ ---
00I0U0 
0010«.20 

-----··-· --- - ----·--

oa1ool0-----------
001ooao 

NQAZ(l)•MIDDlE NODE, PANEL I, ABSORBED POWER (BTU/SEC) UPDATE 0 OOlOCISO 
*·-. ________ NQA3 <I) •UPPER .NOOE, .PANEL._J, -ASSORBEILPO.WEJl_lB.lUI..SEtLUPOHE. -- 0 

0 
0010000_______ . -- _ .. 
UOl0o70 * NRP•NORHALlZED RECEIVER PUMP SPEED 

* NRPX•INTERHEDUTE RECEIVER PUMP SPEED, NORMALIZED 
* NRPO•INITIAL NORMALIZED RECEIVER PUMP SPEED 
* NUN•NUSSELT NUMBER 
* NVOL•SODIUH VOLUME/RECEIVER NODE (CUFT) 
* NV9!-JH•SQ..QJU!t.-Y9LUHf , __ NE..t.~J VER INl,.~~f~OE!L~tJ,IFT J 

* ONE=ONE 
* OuTDEL=OUJPUT INTERVAL (PLOT) 

* 

0 U0htt180 
0 
0 

.0.0.1.JU19 00101:~o~o-----------

0 0010110 
__ o 00l0li:?0_ 

0 0010730 
(I 0010740 
o, iJU.Jtl;-'.'5,.,.0 __________ _ 
0 0010700 
0 0010770 PFl•FRACTION OF PANEL PO~ER INCIDENT UN AXIAL TUBE NODE 1 

* _________ PFZ•FRACTIQN Of _ _!~_NEL PP~.f;~-l~t.lQ~NT_ON ~XJ~L _ _Jv_~E_-~_OQE l _____ O 001078_c, 
0010790 * PFl•FRACTION OF PANEL POWER INCIDENT ON AXIAL TUBE NOOE l 0 

* PIR•RECEIVER TOTAL INLET PRESSURE (PSIA) 0 

* PJRFLO•RECEIVER INL~T TOTAL PRESSURE•Nl}~R F~~.J;_IA) __o_ 

* PIRl•STEAOY•STATE RECEIVER INLET TOTAL PRESSURE CPSJA) C 

* PIRSO•RECEIVER INLET PRESSURE-RISER SHUT•OFF (PSIAJ 0 

* Pl,.OGA:PANEL .. U:NGJh_/GRAV II\' . .A.CCELE.IU l U!N•FLOlrfJ~EA ---- 0 -----·-
* POCT•ULLAGE PRESSURE OF THE COLO TANK (PSIA) 0 

* POHT•HOT TANK ULLAGE PRESSURE (PSIA) 0 

* ~Q~~lOU_~_fi.E.lYEJLD.UJLEJ PRE SSURLte.Sl A' 0 

* PORl•STEAOY•STATE RECEIVER OUTLET TOTAL PRESSURE (PSIA) 0 

• POROT•RECEJVER OUTLET TANK ULLAGE PRESSURE (PSIA) 0 

* .. _ PP( I J•PANf:L. I INCIPENT t'JJWERl._!.M~TL ______________________ ··-· -· ___ O 

* PR•PNANOTL NUMBER - 0 

0010800 
~11-LQ...__________ :z 
0010820 7:r 
OOlOtllO 1'~ 
oo 1 oesqo _____ . ___ ___ _ ____ &. 8 
0010850 . . g 
00106&0 g 
0 .. O.Ul6JJ>,___ °' 
0010880 
00101590 
0010Qi)Q 0010910 ----···--·-·-· ... -·-· 
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* PRDEL•OUTPUT INTERVAL (PRINT) 00010920 __________________________________ __. ...... ~9..3.._ ___________ _ 
* QsPANEL FLOW OF SOOIUH (GPH H20) 00010940 
* QA•TOTAL RECEIVER TUBING ABSORBED POWER (HWT) OU0109SO 
* QAI ( I >•PANEL _I, _JQ!AI,. _ -~~S_Q~~E,D_ e_gwEI_L(l3TU/SEC) ____________ __DOOJ.091,,0 __ 
* - -QAl(I)•LOWER NODE. PANEL I, ABSORBED POWER (BTU/SEC) 00010970 
* 0A2(1)•HIDOLE NOOE, PANEL I, ABSORBED PO~FR (BTU/SEC) U00t09ij0 
* QAllll!U~PER NOQE,_llNf.L...L~SUPJlE..IL.fiLWER_UU.U.LSEC) ooa.1.09Y..u ______________ --
* OCR1•NOOE l CONVECTIVE HEAT LOSS (BTU/S[C) 00011000 
* QCR2•NOOE 2 CONVECTIVE HEAT LOSS (BTU/SEC) 00011010 
* QC!f3~~00E __ l __ tQ_NVEC.lIV.L!-iHLLO.ss_ (~TUI.SEC)----- ---- _____ ,u.oouo20. 
* QDC:DQWNCOHER FLOW (GPM) 00011030 
* QJ•TOTAL RECEIVER INCIDENT POWER (MWT) 00011040 
* QIASUH•JOT.ALB.EUIYER POWER ROIIIltlE 00011..0.S,...,_ ___________ _ 
* QIOC•INITIAL OOWNCOHER FLOW (GPH) OOOllUbO 
* Qll(I)sLOWER AXIAL NUDE, PANEL I, INCIDENT POWER (BTU/SEC) 00011070 
*. ---- __ ---- 012(1_) •~I DOLE ~x I At. _NfJOE, ___ P_A_NEL __ J, _ J~t IDENL_Pm•EIL <tHU/_SECl _ _J)QQJ 1080 
* Qll(l)•UPPER AXIAL NOOE, PANEL I, INCIDENT POWER (BTU/SEC) 00011090 
* QRGl•NODE l RADIATIVE LOSS TU GROUND (BTU/SEC) 00011100 
* QRG2•NODE 2 RADIATIVE LOSS TO GROUND (BTUnfi> 0001111 
* QRG3=NOOE 3 RADIATIVE LOSS TO GROUND (BTU/SEC) 00011120 
* QRS1:NODE l RADIATIVE LOSS TO SKY lBTU/SEC) UOOllllO 
*-----~RS2~_NODE_i_~_AIH!-IIV~ J,.QS$_J_Q_S.KY _ _JJ!_lUlSEC) ________ 0.O..U.U4.IL 
* QRSl=NODE 3 RADIATIVE LOSS TO SKY (BTU/SEC) 00011150 
* QRt:NQDE l TOTAL RADIATIVE LOSS (BTU/SEC) 00011100 
* filR2= NODE 2 TIJTAL RADIATIVE LOSS (BTU/SEC) 000111_,_7_,,__0 ______ _ 
• QR3:NO~E 3 TOTAL RADIATIVE LOSS (BTU/SEC) 000111~0 

* 
* 
* 

00011190 
RCONT=RECE I VER ~ANEL __ CO_f,I_TROLLER __ ROUT !_NE _ _ ___ __________ __!/_QQ l 1200 

- RDCCA=DOWNCOHER CRUSS•SECTIONAL AREA (SU-IN) 00011210 
REO:RlYNOLOS NUMBER 00011220 

_____ :..:;RH:..:..:_R..c.:E~C~nER PA~EIGHT CFT) 0Utl1_230 ___________ :z 
* RHOCT:COLD TANK SODJUH DENSITY (LBH/CU•FT) 00011240 ~ 
* 

* 
* 
* 
* 

RHOCTO•INITIAL COLO TANK SODIUM DENSITY (LBM/CU•FT) 00011250 ~~ 
RHUDCo•ItUTIAL OOWN(;Ofo!ER -~ODIUM _OENSJTY (LBH/CU•F_!l ---- ---- ___ 0001 l2oO 8 
RHUHTsHOT TAN~ SODIUM DENSITY (LBH/CU•FT> 00011270 g 
RHOHTO•INITIAL HOT TAN~ SODIUM DENSITY (lBH/CU•fT) 000112~0 g 

* RHON=SODIUM OE~ITY (Lf~H/CU•FT) 000 UZ90 a, 
RHUNA=Sotiiui11>"EN-STTY ROUTINE NMIE 0001 I 3(}~- -----* 

* RHONOV•DRAG VALVE SOOIUH DENSITY (LBH/CU•FT) 00011310 
Rl10NRI=RECEIVER JNLfJ ___ S!;>DIUH DENSITY (Ll3M/C_U•FT1 _ _ _ ________ UQ011320_ 
RHOROT•SOOIUH DENSITY RECEIVER OUTLET TANK CLBH•CUFT) 00011330 

* 
* 

----------------



* RHORP0•INITIAL RISER PIPE SOOIUH DENSITY (LBH/CU•FT) 00011340 

! RHOII•INITIAL SODIUM LOWER NOOE DENSITY CLBH/CU•FT) 000111~.._ ___________ _ 

* RHU2l•INITIAL SODIUM MIDDLE NOOE DENSITY CLBH/CU•FT) OOOlllbO 

* RHOll•INITIAL SODIUM UPPER NODE DENSITY (LBH/CU•fT) 00011370 

* --- --~H.Ql( J )~L!)W_fR __ !fOOE,JflNEL_L_sm>...I.!J~-.QENS I l.L(Lij~/CU•fT) _______ fl00.1.1380 ______________ . ___ _ 

* RH02(I)=HIOOLE NODE, PANEL I SODIUM DENSITY lLB~/CU•FT) OOOlllqO 

* RHOl(I) • UPPER NOOE, PANEL I SODIUM DENSITY CLBH/CU•FT) 00011400 

:__ __ __,R,,__.IJifRm.S.EJLfJPE TEHPtR!IlJ.RE DERIVAIIYL.RDUllNf OOOl 14LD-------------
! 
* RP•TOTAL INCIDENT RECEIVER POWER (MWT) 00011420 

* RPJ•INITIAL INCIDENT RECEIVER POwER (HWT) 00011430 

* __ Jf'.Je~J~E!;ElY.E~ YJ.!!4P_lNLELP.RESSURL1.eSJ.AL _____ ··--· _00011440 __ 

* RPUP•RECEIYER PUMP OUTLET PRESSURE (PSIA) 00011450 

* RPOWERcINCIOENT RECEIVER POWER FUNCTION NAME 0001l4b0 

* 
* 
___ ___,R=P~S=P~C=A•RECEIYER PUMP SUCTION PIPE CROSS•Sf.t..I..!iltt!.~L---=AR~E~A"'---'(~s~u~•~•l~Nul_..o~o~o~t~l~4~------------

RRPCA•RISER PIPING CROSS•SECTIONAL AREA <so-IN) 00011480 

* RTQ:RECEIVER PUMP ANO MOTOR NORMALIZED RUNNING TORQUE 000ll4q0 

_ ..... ----· -----·•-··---------· --------··------------- _____ 00011soo ________ . __ .. ___ _ 

ITI * SGOY•DRAG VALVE SODIUH SPECIFIC GR~VlTY 00011510 
V, * Ci) SGNRI•RECEIVER INLET SPECIFIC GRAVITY 00011520 
I * ...... 

* \0 
I 

SHOC•DOWNCOHER STATIC HEAD (PSI) 000115lz0 ___________ _ 

SHDCI•INITIAL OOWNCOHER STATIC HEAD (PSI) 00011540 
N * w 

SHI•INITIAL RECEIVER STATIC HEAD (PSI) 00011550 

* < r-o * I .... 
0\ * 
0\ -- * w 

* = * 0 
0 
';I<:' * 

SH( 1):PANEL I STATIC HEAD (PSI> 0!.!Jlll5&0,,__ ___ _ 

sfNsFr=coN-vE°Rs10N FAcroR SQUARE 1NcHEs rn SQUARE FooT 00011s10 
SLROT•RECEIVER OUTLET TANK SET LEVEL (FT) 000115ij0 

SNARl•RECEIVER INLET SODJUH ~PEClf.1!: GRAVITY 00011sqo 
SNARil•RECEIVER INLET SODIUM DENSITY (LHH/CU•FT) 00011&00 
SNOV•ORAG VALVE SODIUM SPECIFIC GRAVITY OOOllblO 

-- SRSGDv=sQu~RE ___ ~QOLPF .. yttf; __ QRAJi-'L~Ln_sOP. IU'LSf>EC_lf.l C..JiR~.V uv __ l}OO 1.loZO __ . 

N * SSRP:RECEIVER PUMP SPEED SWITCH 000llb30 

* STATIC•RECEIVER PANEL STATIC HEAD ROUTINE NAME 000llb40 

! 
* 
* * 

-----'S~T~Q=-:__,_N=O=R~JJlULSJATIC TORQ.UE Of. THE RfCUY£RJ?.I.Lt1e-M!CLJlliIJ)R QOQU.~, .. 5u,Oc._ ___________ ~ 

STR:RECEIVER OUTLET SET POINT (F) . 0001 lbt>O 1' ~ 

00011&70 , ~ 

T:SODIUM .. T~l'1PE~AJ'!JRE_JF) --· ________ ----------·--· _______ , ______ OOO.llo80 ____ .... _ _______ _ _ __ . g 
TA•AHBIENT AIR TfHPERATURE tOEGREES F) OOOllbqO o 

• TAUOC•DOWNCOMER FLOW TIME CONSTANT (SEC) 00011700 8 

* 
* 

TAUOHT•ORAG VALVE DISCHARGE PIPE TIME CONSTANT (SEC) 00011710 en 

TAUDV•DRAG VALVE TIHE CONSTANT (SEC) 00011715 

* TAUOVO•DRAG VALVE CONTROLLER DERIVlTIVE TIME (SEC) 00011720 

* 
* 

fAUOVI:ORAG VALVE CONTROLLER INTEGRAL TIME (SEC) _ -------· ______ OOO_l_l_730 ______ .. 
-T At.io t 11 =i>Eii1 v I uvE- T iM-E~ PANEL1-taN1R·oLLER < si-:c,- oot, 11140 



-~ 
G') 
I ..., 

OD 
I 

N . 
r- < 
I 0 en _, ..., --w 

a, 
g 
~ 

N 

* TAU(l)•INTEGRAL TIHE, PANEL I CONTROLLER (SEC)(I/RESET) 00011750 * TAURN•RISER PIPING NODE TIHE CONST.MiL.i!1US.JJ!..!S.S~..LOL.....SEC> DOD.ill-------------* TAURPS•RECEIVER PUMP SUCTION PIPE TIHE CONSTANT (SEC) 00011770 * TAUTC• PANEL THERMOCOUPLE TIME CONSTANT (SEC) 00011780 ~---'---TAUVLV•f'_M•EL_V~LVLACT.UATOR.S_tHtE . .CONSTANT _(SEC) ____________ QOOl 1790 ___ _ * TAl•RECEIVER PUMP REQUIRED TORQUE COEFFICIENT l 00011800 * TAl•RECEIVER PUMP REQUIRED TORQUE COEFFICIENT 2 00011610 * TA~..llf.lYER PUMP REQUIRED TORQllf. CQ.Eff.1tlf.t<IJ l 00D..LHl2~0 ___________ _ * TEST•CHECK VALVE SIMULATION FUNCTION - 00Ull630 * TFHCV•SUM OF PANEL CONTROL VALVE DROPS (PSI) 0001164U * TFt!B•J~~-~!.~~-.t!- fRJ(;.IUl~_l!~~P._ __ (P_s_u _______________ ooon~S.Q_ ________ ----* TG•EFFECTIVE GROUND TEMPERATURE (R••4) 00011660 * TILL•RECEIVER PUMP INPUT tORQUE FRACTION 00011870 * TIME•TIME 0001 US~ * TIMRP•RECEIVER PUMP REQUIRED TORQUE (NORMALIZED) 000ltd9U * TIMNPX:RECEIVER PUMP REQUIRED NORMALIZED TOR~UE 00011900 __ *-------- _TMR~•-B_Eq l~~R_P_~H~ __ ftQT_QB_ JI_QBHA!,,H_~l?._JJ)RQIJE ________________________ OC>_QJJ9JQ ____ _ * TNA:SODIUH TEMPERATURE (F•) 00011920 * TNCT•COLO TANK SOOlUH TEMPERATURE lF) 00011910 * TNCTj•COLD JANK SODIUM INLET TEMPERATURE (F) 00011940 * TNCTO•INITIAL COLD TANK SODIUM TEMPERATURE (F) 0@011950 * TNOCO(I)•INITIAL OOWNCOHER NODE I TEMPERATURE (F) OOOllqoo * ____ TNDC<lhDOWNCOHER ~QQE: __ LJ_t:~ei~~_JURt:_ (f) _________________ 4)!!_9JJ_q7_g ________________ _ ,,- TNDVT•i>"RAGVA{vE·-sootu·H INLET TEl'IPERATURE (F) 01hH1980 * TNOVO•ORAG VALVE SUOIUH OUTLET TEMPERATURE (F) OOOll'lqO * TNHT•HOT TANK SOOUJ.~MPERATURE CF) (IOQJ.Z.o.o, ... o __ _ ----------- ---------* TNHTl•HOT TANK SODIUM INLET TEMPERATURE (F) 00012010 * TNHTIO•INITIAL HOT TANK SODIUM INLET TEMPERATURE (f) 00012020 • TNHT~•INIT(AL_~IJT TANK_SODIU~ TEMPERATURE _(F) ________________ l)O_Ql20l0 __ * -TNRl•RECEIVER INLET MANIFOLD TEMPERATURE (FJ 0001204U * TNRIO•INITIAL RECEIVER INLET TEMPERATURE CF) 00012050 * TN~O•B_EJ;tivER QU!J.U TANK T~R!.lUB~_(f1-__ __;_______ OJu:.U.Q~.,.__ ______________ jiS * TNROO•INITIAL RECEIVER OUTLET TANK TEMPERATURE (F) 00012070 ..., * TNRPO•RISER PIPING. OUTLET TEMPERATURE (F) 00012080 I\~ * _ _ TNRPUI•RfCE IY.ER _P~MP __ SODI~H _INLET_ IEHPERATURE (F )___ ___ _____ _ OOQ 1209Q __ _ _ ____ __ _"- o * -- --- --- - TNRPUO•RECEIVER PUMP OUTLET TEMPERATURE (F) 000121 OU g * TNRPOCI>•RISER PIPIHG NOOE INITIAL TEHPERATUI.E (F) 000121 lO g * TNRP(I hRISER PIPING NODE I SODIUM TEHP~_l!~!URE CF) OOillJ?._,,_ ________ ----------~-* TNRll=NOOE I SODIUM INLET TEMPERATURE (F) 00012130 * TNR2I•NODE 2 SODIUM INLET TEMPERATURE (F) 00012140 • TNRll•NODE_} ~OOJIJH_JtJLELTEHPE~~TURE ff) ____ ____ ____ _90.012J5U_ * -TNRl(I)•RECEIVER PANEL I, NOOE 1, SODIUM TE~PERATURE (F) uoo12100 
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• TNR2(l):RECEIVER PANEL I, NODE 2, SODIUM TEMPERATURE <FJ 00012170 
• T NRl1.JJ.iiR£.C E I.Y..E.R..__e_At:tEL..L-1illflE_.l,__soQliJtLJ.Et!P.E.R.llJJR.EJ£..U laJt----------
• TNRlOGCJ)cLOWER NOOE, PANEL I, INITIAL SODIUM lEMP• GUESS (F) 00012190 
• TNR20G(IJ:MIDOLE NODE, PANEL 1, INITIAL SODIUM TEMP. GUESS CF) 00012200 
~---• ____ JNR30G(U;UPPER__ NOOE, p_ANEL ___ I, -INIJIAL_SODIUM TUt2-. ~-GUESS (FL_000122 IO-------------
* TNRIO(l)•PANEL 1,AXIAL NOOE I INITIAL SODIUM TEMPERATURE (F) 0~012220 
• TNRZO(l)•PANEL l,AXIAL NODE 2 INITIAL SODIUM TEMPERATURE (F) 00012230 
• TNR30CJ):PANEL I,AXIAL NQ!>E l INITIAL SODIUM TEMPERATURE If) 00012~q~o..__ ________ _ 
* TPT•TJME OF THE RECEIVER PUMP TRIP (SEC) 00012250 
* TR:SOOIUH TEMPERATURE (R) 000122bV 
* TRAP.l•IHJEG!J~ IJOtLMJHOD__{_JJVJ~AZOID.AL.)___ _ _ Q.OOJ227_o_ ----------- - --- ---- ·-
* TRW14•NOOE l TUBE TEMPERATURE RAISED TO FOURTH POWER (R) 00012260 
* TRWZO•NODE 2 TUBE TEMPERATURE RAISED TO FOUPTH POWER (R) 00012290 
• TRN341:NOOE 3 TUBE TEMPERATURE RAl.S_ED TO FOURTH POWER (R> QQQt2J!U). __________ _ 
* TRWt(J)aPANEL I, NOOE l WALL TEMPERATURE (f) 00012310 
* TRM2(t)•PANEL 1, NOOE 2 WALL TEMPERATURE (F) 00012320 
• _____ TRWl(l)~PA~EL i, Nlll:lE_ )_~AL,1,._T_E~~f~~lU~E __ Jf> ___________________ OO.Ol233Q _____________________ _ 
* TRWlO(l)zPANEL 1, AXIAL NODE l INITIAL WALL TEMPERATURE (F) 0001234~ 
* TRW20(J):PANEL I, AXIAL NODE 2 INITIAL WALL TEMPERATURE CF) 00012350 
* TRW30(IJ•PANEL I, AXIAL NOOE 3 INITIAL WALL TEHPERATURE (F) QOOl23b0 
* TS•EFFECTIVE SKY TEMPERATURE (Ruq) 00012370 
* TSH:SUH OF PANEL STATIC HEADS (PSI) 00012380 
• ---- ----- J soo=soo IUM _TEMPER__!JURE._j F > OIUU.23_._9_.._Q ______ _ 

• 
* 
* 
* 
* • 
* 

00012400 
VPOV•ORAG VALVE POSITIO" (FRACTION OPEN) 00012•10 
VPOVI=INITIAL DRAG VALVE POSITION <PERC~l__OP-EN) 000120_'-JI_ ___________ _ 
VPOVX:ORAG VALVE INTERMEDIATE POSITION OEHANO (FRACTION UPENJ 00012430 
VPI(l)•INITIAL VALVE POSITION, PANEL I <PERCENT OF FULL UPEN) 00012qqo 
VPOX ( l):PAHEL l_ CONTROLLER V~LYE POSilION J>EMA~!LJ:PERCEtH OPENJOOQJ2450 
VPX(l):CQNTHOLLER I VALVE POSITION SIGNAL (f~ACTION UPEN) 000124&0 
VP(l)aPANEL I VALVE POSITION (FRACTION OPEN) 00012470 

-----------=-------------------------X-JUL1~4d0 ~ * WCTl=NORM4LIZEO COLO TANK SOOIUH INLET FLOW (LBM/SEC) 00012490 9'--, 
* WCTIR:REFERENCE COLO TANK INLET SODIUM FLO~ (LbH/SEC) 00012500 '\,~ 
• 
• 
• 
* 
* 
* 
* 
* 

WDN:Nl)RMALJZED_OOWN~QMER _fLO~-- _ _ _ __________ _ _____________ 1>001l510 __ _ _________________ g 
"DNA•ABSOLUTE VALUE OF NORMALIZED DO"NCOMER FLOW 00012520 o 
WDNR=OOWNCOMER REFERENCE FLOW (LBH/SEC) 00012530 g 
"ONO•INITIAL DOWNCOHER NORMALIZED FLOW 00012540 °' 
WHTO:NQRHALIZEOHOT TANI< SODIUM OUT LET FLOW 001112550 
WHTOR:HOT TANK OUTLET REFERENCE. FLOW (LKH/SEC) 0001.c!Sb~ 
WHTO•INITJAL HOT TANK NORMALIZED SODIUM INLET FLOW - 0001l570 
WN:Ri SER NOR HAL I ZED -soo11,-11- FL.Oi- - - ---- - - - --- - -------- - -- -,iotl560 
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* WNA:ABSOLUTE VALUE OF RISER FLO~ (LBH/SEC) 00012590 
* NNhNORMAI IZED RISER &OD..lllN fJ ow 00012.UO------------* WNJRT=NET FLOW INTO RECEIVER OUTLET TANK (LBh/SEC) 00012ot0 
* NNRA(J):ABSOLUTE VALUE OF PANEL I FLOW (LBM/SEC) OU012o30 
*---- ___ trl_~R~U )::PAHEL_J_HEf_f.R.EtfCL:IOQIU.!Lf.1.0~ _11.Bl'VSt.C > __ 00012ti41L. 
* NNRO(t)::PANEL I INITIAL NORMALIZED SODIUM FLOW 00012070 
* WNR(I)::PANEL I NORMALIZED SODIUH FLOW 00012075 
* NNO::JNITIAL RISER FLOW (LB/SEC> 0Q0l2b60 
* WNOJNT•INITIAL RISER FLOW ROUTINE NAHE 00012oq0 

00012700 
* ---· xi,~ ANDl=RF;Cf:!_VJ!L!!!J_ALNOOE HEAT C~PAl;l_U_rn_TU~LflH•f) 0QU27JQ_ __ 

00012720 
* Yt,2 AND3=REC. AXJAL NODE FILH•COEFF.•AREA PWODUCT (6TU/F•SEC) 00012730 

* 
* 
* 
•e..o 

ZERO=ZERO 0001275Q 
Zl,2 ANOl•REC. AXIAL NODE SODIUH DENSITY (L8H/CUFT) 000127&0 

_____________________________________________ __jjQOJ217Q__ _____________ _ 
ENO CONTINUE STATEMENTS 00012780 

00012790 ENO 2,._6_.,_ou..__ __________ _ 
- STOP 00012610 

OUTPl,JJ __ yAl~J~l'-L~ _ SEQUENCE _________________________________ _ 
WNAR TRNl0 TRW20 TRW30 TNRlO TNRZO TNR30 POCT RHOCTO LNACTO 
lZ1030 RHORPO WNO KFHRP PIAI RHODCO PORI KFHC IR VPJ 
s~o_y_ __ Q~~SGDV LROTO RHOHTO LNAHTO SHOCI KFHDC DPD~t___c__v_c__~------------------VPOYI INNRPS JWN LOGAR POHT WONR JDC WCTIR WHTOR WN 
CPl RHOl RH02 RH03 SH TSH SNAPII SNARi FH TFHR 
fFHCY RHOROT LROT POR PIRSO RHOCT LNACT WNA HRP P!RFLO PIR -- oPcv· --owt.1R · -·-wNR ----·owN ----..-Nf _____ wN1Rr--011Nii• -r--HNAiiOr-o"'t.iifi ______ _ 
HNACT THRP TJHRP TILL TIHRPX NRPX · SSRP ONRP NRP WONA 
FHOC RHONOY SNDV aoc cvcov OPDV RHOHT LNAHT SHOC DWON 
WON OHNAHT MNAHT HANRl RP QI 1 DTRWl, TRWI PP HANR2 
QI2 DTRW2 TRN2 HANR3 013 0TRW3 1RW3 CPZ CP3 WNRA 
OTNRl TNRl DTNR2 TNR2 DTNR3 TNR5 HJlNSH DTHRO TNRO KLNR 
CPCT ETARP-TNRPUa-·oTNRP-TNRP ---DTNRIJ-TNRPO- -C::PIH ----DTNR·c--TNRI --- ---------- ---
KLRPS ZZ108S TNRPUI MCPCT ZZ1067 TNCT KLOC DTNOC TNOC OTNDVl 
JNOVI KLOVH~ CPNOV TNDVO zz1oq1 TNHTI CPHT HCPHT DTNHT TNHJ 
VPX VPOX ETI IRX TNR3X ES ·VP ELROT EROTL DYE 
IROY OLROT LVLSW OROYC VPDVUX DYEIX OVEI IROVX YPOVX VPOV 
CPROT HCPRO!__RPlp ____ RPOP ___ QU __ QA2 ___ QA3 __ Ol ________ QA _______ Y _______________________________________________ _ 
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SSS TRANSLATION I!Bl.E CONTENTS sss .C.UBB..E.til 
H.AX.lftu,_._ _________________ _ 

HACRO ~NO STATEMENT OUTPUTS 190 1200 
__ U!lEt'IENJ _ _INPUT WORK _ARE~-----~--0415 _____ -- ____ J800_ 

lNTEGRATORS+HEHORY BLOCK OUTPUTS 28 • 0 300 
PARAHETERS • FUNCTION GENERATORS 81 • l 400 
STORAGE VARIABLES+INTEGRAJOR ARRAYS 39 • 12/Z 5~. ---------------
HISTORY AND MEMORY BLOCK NAMES 21 50 
HACRO DEFINITIONS ANO NESTED MACROS 9 lZo 

.. HACRO STATEMENT_$TORAGE ________ 2$. __________________ 200 __ -----------· -- - - ----

LJTERAL CONSTANT STORAGE O 100 
SORT SECTIONS 2 20 
MAXIMUM STATEMENTS IN SECTION 299 9IU_________________ ----

SSSENO Of TRANSLATOR OUTPUTS$$ 

--------------- - ----· ------

--------

---

::z --~ .... 
"~ " .... 8 
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en 
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APPENDIX B 

MODEL RESPONSE TO 101 STEP CHANGE IN INCIDENT FLUX 

FOAM 711-P FIEV. 7°78 

ESG-79-2. Vol II. Book 2 
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~ Cl'HI'+ 100 SEC.,_100 STEP FLUX IXCREASE AT !I SEC,, PIO 
QI • TOTAL 11\Cluo.NT SQ.AR FO€R ltwTI 
QA· TOTAL ~0 SO.AR FO€R IKiTI 
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AUii 0'+-0'1 100 SEC, !OD STEP F'l.UX 0£CA£ASE AT 5 SEC,, PIO 
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111.N O'l-0'1 100 SEC 1.JO%STEP FLUX OECREASE AT !I SEC., PIO 

PPll 1 - SOUTH PN>e.L INCIIX:NT f'0l.£R 111,1r, 
•07l7'38301 L 
050978 0003 

"'°II I - SOUTH PAl-£L VALVE POSITIIJ'I IFRACTIO'I OPENI 
lffll 11 - SOUTH PAl'£L FLOW IIICR1ALIZE0 TO 36. 17 LBM/SECI 
INUI II -TElf'ERATl..f£ OF S001Lt1, SOUTH PN-€L OJTLET IF! 
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