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Appendix A

EFFICIENCY AND COST ESTIMATES
FOR CAVITY RECEIVERS - PARAMETRIC ANALYSIS

EFFICIENCY

Consider the receiver cavity shown in Figure A-1 with incident solar flux
of q5. The absorbed thermal power is given by

Rso. = 9 e (A1)
where qs = incident solar flux (MW/m2)
ae'-' effective absorptivity of the aperture

- 2
a, = S , area of aperture

If the solar absorption process inside the cavity is assumed diffuse, then

= \ -1
Ole = [l-%(l-a)] (A-2)
where A= area to tubed surface = S2 + 45d

O(= tubed surface absorptivity

The average surface temperature in the cavity can be approximated by

Tr L -

where 1;| = sodium peak temperature

\
— (A-3)
Ur

TL’ sodium inlet temperature

UT= tube wall conductance

A-1
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The tube wall conductance is given by

T " LL(T—'st?ﬁ + fﬁ"‘[‘q’m

where hN = sodium heat transfer coefficient

S = tube wall thickness

do = tube 0D

Kw = thermal conductivity of wall

} (A-4)

The average surface temperature is used to compute the radiation losses as
follows:

Qe = e[ TH-To]

where 0_2 Stefan Boltzmann constant

(A-5)

-l
Ee"‘ [' —%(l -é)] = effective emissivity

T"\ = air temperature

similarly the connection losses are given by
Qeowv= h: A (T-Ta)
The total thermal power transferred to the sodium is

Qr = Qo —Qrap — Qony

Receiver efficiency is given by
”'L = Q-
E 8

A-3

(A-6)

(A-7)

(A-8)
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Tables A-1 and A-2 show the application of these equations to the flat receiver, .
glass heliostat case.

As the depth of the receiver increases, panels are added to cover the four
sides of the box (d x s). The cost of each panel including insulation is ap-
proximately $90,000 and each panel requires an additional EM pump for flow con-
trol ($200,000). The structure to support these panels also increases in size.
These costs increase the receiver/collector system cost as shown in Tables A-3
and A-4.

A-4
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‘ Table A-1

CAVITY RECEIVER PERFORMANCE INPUT DATA

Fint Recawer., Ginss NeUosTaT (g table 3.2-¢)

Incoent wer, 401.28 MWt
@onvecnon Loss - 3.9z,
KapiaTion Loss -1l .40
Kereenon) Los s —20.06
HenT To Sopitml 36s. 9
RP TekMALTVPUT IxCR * €. 10
Tower Brse 37Z.00 My

< = 40128 /(20.3)% = 927 W/ w*

S = 208 W

0 = \74€-8 Bin /120 R
h = 29 B(R/‘&r()t“F

Ta = R2.6°F

T = WogeF

T = 726F

A= 93¢

€ = .9

@ = .03’

do= |-°0 “«

ha = 7000 Bt for 6*“‘:'
Kw= 10 B/ [t °F

Ur = 27286 Hin [1™€

A-5
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Table A-2
CAVITY RECEIVER PERFORMANCE SUMMARY

d (m) 0O & o IS 28I
T [°F) 104 9 452 W7t ane
O () %0 974 B2 R7 9o
Ec (%) o ¢ %3 arz A%
QoL (M) 84 390 343 Hel 3973
Gy (Mwy) 107 94 @4 27 $.6
Qeowv (M) 33 7o . 33 170
Qror (M) 248 3m¢ 253 3W1 317
’Vl (%) Q.4 B3 Bs B2 qg

A-6
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‘ Table A-3

CAVITY RECEIVER COST MODEL
Flar Recever_, Giass devostar Cef fhle 3.2-4)

Co= .38 & (Rec's, bwefl vison /doyom Cower,
pwmps, feld, lond, wice § fixed cod)

Qo= .Ra6€6 Mk  anvual towsen Mencv%

0ot og{ﬁl‘?aV\e\s I.Ss2s /17 = .09028 M

.09%24 (I7+4n)

wmber of pamel Loidthg u;((,,w\
d/l-ZZlH w

Cosl of Sfm_cl'mg. assume this sufnoaacltw

Cstrucr = . 903 M N d?« z(\'rf = 0378 {d*+S7T}
z(m*

Qost of pumps 200,000# {n 2ol additiond em pump
Comps = 3.38 + [2.507 + .034 (T+#)] (_%9,5
+ @) .20 ™Mb

Comer
N

AC = Canet~Connel  + Csmrver - Caucr + Coomp = Comp

\Ac = 2002 (4n) +.90% ({11 d/s7s -1) + q.qus(”l/ﬂﬂ
[c= C+AC)

Q= &. O/,

~

® (6= C/R T Frune o hovit

A-7




o

GENERAL D ELECTRIC

Table A-4 .
CAVITY RECEIVER COST AND PERFORMANCE SUMMARY
d (m) o 4% 91 WA 223\
Y] o 4 { 2 7
M () A4 Pz B/s B2z U
AC (mé) o 43 asn WA 2
C (my) B .a BN ks Dsz

G (ueh) P S g6 963 857
fom &owh) @2 L1 R4 R 0T

Qo = .GA6 le){k
Co= 70.%%3 M}
1(0 = 9.4 %

A-8
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Appendix B
ABSORBER LOSS CALCULATIONS FOR PARAMETRIC ANALYSIS

Temperature distributions are shown in Figures B-1 through B-4 for the
four cases of flat and cylindrical receivers at 1100 F and 1300 F. The inset
in these figures gives the data used to compute the temperatures in nodes 1
and 9; the temperatures in nodes 2 through 8 were obtained by linear inter-
polation. The panel flowrate, W, was obtained by summing the heat input for
all nodes and dividing by the product of Cp AT.

W= v%| s Axay /Cp/(Tu- <) (-1)

where q. € = heat flux from flux plots

C? = sodium specific heat

sodium peak temperature

Tu
Te

sodium inlet temperature

The losses computed from these temperature distributions are given in
Tables B-1 through B-4,

A1l calculations were performed on the Hewlett Packard-65 programmable
calculator using the equations described in Section 3.3.2.

The tube sizes selected are not standard. The size was set to fill the
space provided by the panel width and to provide a pressure drop in the hot

panel (No. 1) of less than 10 psi.

B-1
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Table B-1
SUMMARY - NORTH FIELD - 1100 F

Convective Radiative

Panel Losses Losses

No. MW MWy
2 0.1758 0.6319
3 0.1731 0.6072
4 0.1692 0.5684
5 0.1635 0.5194
6 0.1580 0.4735
7 0.1524 0.4349
8 0.1479 0.4036
9 0.1447 0.3827
1.2846 4.0216
x 2 x 2
2.5692 8.0432
1 0.1757 0.6338
Totals 2.7449 8.6770

Table B-2
SUMMARY - NORTH FIELD - 1300 F
Convective Radiative

Panel Losses Losses

No. MWt MWy
2 0.1883 0.7669
3 0.1856 0.7391
4 0.1813 0.6971
5 0.1758 0.6448
6 0.1701 0.5950
7 0.1647 0.5539
8 0.1604 0.5214
9 0.1570 0.4967
1.3832 5.0149
X 2 X 2
2.7664 10.0298
1 0.1890 0.7757
Totals 2.9554 10. 8055
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. Table B-3

SUMMARY - 360° FIELD 1100 F

Convective Radiative
Panel Losses Losses
No. MW MWy
1 0.0745 0.7293
2 0.1757 0.7230
3 0.2198 0.7123
4 0.2332 0.6999
5 0.2312 0.6852
6 0.2114 0.6693
7 0.1158 0.6484
8 0.0685 0.6269
9 0.0705 0.6104
10 0.0757 0.6009
11 0.0951 0.5977
12 0.1118 0.5971
1.6832 7.9004
X 2 X 2
Totals 3.3664 15.8008
Table B-4
SUMMARY 360° FIELD 1300 F
Convective Radiative
Panel Losses Losses
No. MWt MWy
1 0.0809 0.9361
2 0.1906 0.9299
3 0.2385 0.9166
4 0.2533 0.9033
5 0.2513 0.8862
6 0.2300 0.8689
7 0.1261 0.8453
8 0.0748 0.8227
9 0.0772 0.8044
10 0.0828 0.7935
11 0.1040 0.7900
12 0.1222 0.7893
1.8317 10.2862
X 2 X 2
Totals 3.6634 20.5724
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Appendix C
SMALL ELECTROMAGNETIC PUMPS FOR PARAMETRIC ANALYSIS

The small electromagnetic (EM) pump heads were calculated using the ana-
lytical model detailed in Figure C-1. The pressure between any two points A
and B (where flow is assumed to go from B to A) is given by

B-t%h = 02517 Wa _!Lé) L (c-1)
§ d  dgt / WA

+(@n-%05 + ABger
144

oo+ S0

where = fluid density

w = mass flowrate

J ® pipe diameter
- elevation (see Figure a)
g = friction factor
Le= equivalent length of pipe
3 = constant

V= rflid speed

This method is the same as that used in Task 4 (see Section 5.3.4 for more
details). The calculated values used in Task 2 are contained in Tables C-1 and
C-2 for the north field configuration at 1100 F and 1300 F respectively. Pres-
sure losses in the 360° field cases were assumed equal to the corresponding north
field cases.

c-1
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Figure C-1. Analytical Model for Receiver Subsystem Pressure Estimates
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. The pressure differential calculated across the EM pumps APp = (Pp - Pp)
and other components corresponds to full flow in the hot panel fFow orrections
must be made to this reference value to account for:

e Changes in system temperature

e Changes in flowrate from panel to panel in the receiver

o Changes in tower height which directly affect the riser downcomer
friction and density head terms

These changes were made by applying appropriate corrections and the pump
heads for all of the parametric cases were calculated. The flowrates in each
individual panel were established in the receiver loss calculations. With flows
and heads known, the required pumping power can be calculated by the following

relation:
MWe = \%Lé.lz x S.423E€-3 (€-2)
K¢

where W= mass flow of fluid
AP= pressure drop across pump
§ = fluid density
”l: pump efficiency (50%)

Part of this electrical input is lost to stator cooling air (20%); the rest
goes into the sodium as mechanical work and thermal heating.

Figure C-2 was used to establish the capital costs for the EM pumps. The
cost of the pumps is obtained by entering with the gpm flowrate and interpolating
for the pump head. Table C-3 Tists the detailed results of these calculations
and shows the total receiver pumping power and pump cost for each of the para-
metric cases.
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. Table C-3

PUMPING POWER AND PUMP COST FOR RECEIVER SUBSYSTEM
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Table C-3 (Cont'd)
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. Appendix D
TOWER COST ESTIMATES FOR PARAMETRIC ANALYSIS

In Task 2 Kaiser Engineers designed three receiver towers on the basis of
the receiver weights estimated by GE (Section 3.3.2). Cost estimates for these
towers were developed by Kaiser Engineers; the details of these estimates are
listed in Tables D-1 through D-3.
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Table D-1
COST OF 150 METER TOWER
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o Table D-2

COST OF 225 METER TOWER
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D LABOR MATERIAL TOTAL
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Table D-3 .

COST OF 300 METER TOWER

LABOR MAT'L
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GENERAL B ELECTRIC

‘ Appendix E
RISER/DOWNCOMER COST ESTIMATES FOR PARAMETRIC ANALYSIS

In Task 2 Kaiser Engineers designed and cost estimated six riser/downcomer
combinations corresponding to the 1100 F/1300 F temperature levels and the three

tower heights (150 meters, 225 meters, and 300 meters). The details of these
cost estimates are given in Tables E-1 through E-6.
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Table E-1
RISER/DOWNCOMER COST - 1300 F, 150 METERS
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‘ Table E-2

RISER/DOWNCOMER COST - 1300 F, 225 METERS

UNIT COST
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Table E-3
RISER/DOWNCOMER COST - 1300 F, 300 METERS
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Table E-4
RISER/DOWNCOMER COST - 1100 F, 150 METERS

UNIT COST
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Table E-5
RISER/DOWNCOMER COST - 1100 F, 225 METERS

UNIT COST
DESCRIPTION GUANTITY [ 1 om ] MAT'L LABOR MATERIAL | TOTAL
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Table E-6

RISER/DOWNCOMER COST - 1100 F, 300 METERS

UMIT COST

DESCRIPTION CUANTITY L/‘;;—(_J;. _H_/;T"L LABOR MATEP.H‘\L.! TOTAL j
0D 2T Swirgim
%4 Toweys
(300 Mries)
" Dowcovmer
31688 Ya" el
24", WHele Row LISSLF 3 7 1w 45030 ®wO0D  LLhHLnD
Tiser "
A3IC Yot Walls
24@ Hellcl Row  LISSLF 227 1507 00D 20R003  W4ooe
. ety - —— o a - - - [ [ -
\_—\WWD‘Z\/}
SIJT:\A:'—- T P, :
@ SO g Pie ion 25 EA LT T 10T 3000 25000 280D
T T athon o
: (2" Tk o/ f ‘
’ Alvii o docket 20LF T w0 T (7000 16200 129000
MS/TI Divectks 'DQ;L]W - 141 000 \2A\T090 {35200
Tover o MNad'T (6% i 13000
_~CQV\'\'\I ..L%C Y\/\c\:v‘er_“;z 2y 2oLl D
l e
i
. Tl ot f g L6300
! : ! |

E-7




GENERAL B ELECTRIC
‘ Appendix F
TRANSIENT THERMAL ANALYSIS OF SODIUM/IRON STORAGE
As a result of this study, a paper has been prepared on the transient

thermal behavior of sodium/iron storage for submission to Solar Energy Journal.
The text of this paper is reproduced in full in this appendix.
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THERMAL ENERGY STORAGE IN A PACKED BED OF IRON

SPHERES WITH LIQUID SODIUM COOLANT

B.D. Pomeroy

Corporate Research and Development
General Electric Company

Schenectady, New York

ABSTRACT

In sodium/iron storage three principal factors cause broad-

ening of the thermocline. They are:
1. Conduction resistance in the iron
2. Convective resistance between the sodium and the iron

3. Axial conduction in the sodium and iron

It is assumed that a uniform fluid velocity profile is achieved
in the storage tank by appropriate flow distributor design and that
heat losses through the tank wall are negligible in comparison

with the thermal power extracted from the tank.

This paper identifies the major design parameters which
control thermocline broadening, and a procedure is described

for estimating the tank outlet temperature as a function of time.

These relations show that it is possible to design a sodium/iron
storage device which limits thermocline spreading to less than

20% of the nominal discharge time.
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1. INTRODUCTION

Sodium has been identified as an attractive heat transfer
medium for solar central receiver power plants because of its high
temperature capabilities and high convective heat transfer coef-
ficient. If sodium is used to cool the receiver, it would seem
advantageous from the viewpoint of system simplicity to use it
for heat storage as well. The disadvantage of this approach
is the high cost of the storage vessels and sodium required.

One solution to this problem is to fill the tanks with iron spheres,
which would improve the volumetric heat capacity by a factor

of three or four, and would greatly reduce the sodium inventory.

It is generally understood that during the discharge of
packed bed storage devices the hot and cold regions of the vessel
are separated by a transition zone called the thermocline. A
narrow thermocline is desirable because it permits delivery of
peak temperature liquid to the electrical power generation sub-
system (EPGS) throughout the discharge cycle. A wide thermocline
results in lower averade temperatures, and a correspondingly

lower efficiency in the EPGS.

In sodium/iron storage three principal factors cause broad-

ening of the thermocline. They are:
1. Conduction resistance in the iron
2. Convective resistance between the sodium and the iron

3. Axial conduction in the sodium and iron




It is assumed that a uniform liquid velocity profile is achieved
in the storage tank by appropriate flow distributor design, and that ‘
heat losses through the tank walls are negligible in comparison

with the thermal power extracted from the tank.

This paper identifies the major design parameters which
control thermocline broadening, and a procedure is described

for estimating the tank outlet temperature as a function of time.

2. ANALYSIS

Consider the storage tank pictured in Fig. 1 during a dis-
charge cycle. 1Initially it is filled with sodium and iron at
a uniform temperature Ty. At time t = 0 flow is initiated which
injects cold sodium at temperature Ti into the bottom of the
tank. What is the liquid outlet temperature TL(L,t) as a func-

tion of time?

As might be expected, the complete mathematical formulation
of this problem, which includes all three factors cited above,
cannot be solved analytically. Schmidt and Szego [1l] have
plotted numerical solutions for the complete formulation over
a range of parameters appropriate to water/rock systems; however,
the sodium/iron system parameters are generally outside the range
of these solutions because of the very high sodium heat transfer
coefficients. The inapplicability of these solutions has mo-
tivated the present study in which several special cases have
been investigated to identify the major design variables for

the sodium/iron system.




Case 1 - Ideal Heat Transfer. Assume that the spheres

‘ are perfectly conducting and that there is no convective resis-
tance or axial conduction; then the liguid and solid temperatures

are identical and the governing equation is

Q
[«
»h
>

EES o€

with initial and boundary conditions

e(glo)
6 (0,7T)

(2)
(3)

The solution can be obtained with Laplace transform techniques,
and when evaluated at ¢ = 1 the tank outlet temperature is found

to be a step function.

6 (1,1) = {:O 0 <1< 1

1 T> 1 (4)

This is the ideal thermocline; it moves through the tank at a

speed which is slower than the average fluid speed, and it exits

CeV
1+ <5-S—C-SVS-) (5)
Pr-LVL

In the more complex formulations of the problem this time

from the tank at time

el

constant remains the basic scaling parameter. Even when the
thermocline is dispersed, the spread is roughly centered about
this time as shown in Fig. 2. Thus t* can be used as a first

approximation for the duration of the storage discharge cycle.

Case 2 - Convective Resistance Effects. Assume that there

is a finite convective resistance but that the spheres have uni-

. F-5




form temperature and there is no axial conduction; then the

governing equations for the liquid and solid are:

30 a6
L ut* L
- byt* (64 - 6;) + - =0
3T 1 S L L 3L (6)
a0 g .
Py + b2t ( 6g ~ o) = 0 (7)

while the initial and boundary conditions are

OL (0,7) = 1

(9)
Laplace transform techniques are applicable to these equations
and result in the solutions quoted by Yang [ 2] . Evaluating
the liquid solution at £= 1 yields the tank outlet temperature

as a function of time:

eL(l,T) =0 for [0 < 1T < (L/ut*)] (10a)
~— f - * %
=e™® (e 1y 120s)™/?) 4y 37} for [r> L/utt]l g0
where:
s = blL/u
q = b2 (t* T - L/u)

q
bt = S e ® 15 [2(s9)1/21 a ¢

The function V,** has been evaluated numerically and plotted
by Rizika [ 3] . However, the graphs obtained were intended to
be used for estimating dynamic performance of heat exchangers

and piping systems and are not really applicable to most thermal
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storage devices. Rizika considered 0 <s < 5 whereas the sodium/iron

storage has s values in the order of 5000.

Fortunately, for s >500, eqn (10) can be simplified con-
siderably, yielding a very compact expression for the time de-
pendence of the outlet temperature. From this it is possible

to deduce a closed form expression for the thermocline spread

(24T) shown in Fig. 2.

For large values of s the first term in egn (10b) can be
shown to be vanishingly small. The integral in the second term
can be simplified by noting that, for large values of s, the
integrand is very small everywhere except in the vicinity of
T = 1, where the argument of the Bessel function is very large,

and the following approximation holds

Ig(X) = e (11)
0 (2 1% )1/2
Substituting this into the integral and changing the integration
* %
variable yields wz in terms of an error integral. 1In fact

the tank outlet temperature can be seen to be closely approx-

imated by

[1 - erf( 2] ] p/

A
(]

(12a)

N

eL(l,T ) =

[ 1+ erf (2)] Z (12b)

N =
v
o

where: 7 = ql/2 - 51/2
Inspection of tabulated values for the error function shows that
the entire thermocline in (12) is contained between Z = -2 and

Z = +2, Relating this back to the dimensionless time 1 yields
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G R Ve (13)

Thus s and y are the design parameters controlling thermocline

spread due to convective resistance.

Case 3 - Axial Conduction Effects. Assume that there is

axial conduction, but that the spheres have uniform temperatures
and there is no convective resistance. Then the temperatures
of the liquid and the spheres are identical at every point and

the governing equation is:

2
8 =2 258 _ 30 (14)
ot 3g2 3k
The initial condition is
p(&,0) = 0 (15)

The inlet condition is evaluated by postulating a very small
mixing zone whose temperature is determined by the energy balance
between heat added by the cold liquid at temperature Ti and the
heat outflow due to convection and conduction into the packed

bed. This yields:

a L& (0,1 =86 (0,7) -1 (16)
£
At the outlet heat is extracted only by hot tluid leaving the

tank; that is, no heat is conducted out of the tank at &= 1.

This translates into

QL (1,71) =0

5E (17)

F-8




These equations are very difficult to solve exactly because of
the outlet condition (17). In a well-designed storage system
the axial heat flow will be small compared with the axial energy
transported by liquid flow. Under these conditions the effect
of (17) on the outlet temperature is likely to be small. That
is, the solution at £= 1 for (14) (15) (16) and (17) will be
approximately the same as the solution for an infinitely long

tank where we require only that

6(E,t ) = finite as £+ (18)

Cabelli [4 ] gives the solution to (14) (15) (16) and (18),
which yields the following expression for the outlet fluid tem-

perature

fI 1 1 1 2
' - —_— .__— /_ —
g (l,1) ] {(Wa¢)l/2 exp [4a <<b —7%)J

(19)

1/a 1 1
_e o S - §
55— erfc [2/5<¢ + /$>] dé

In the sodium/iron system the parameter a is very small, and
this leads to a simplification of (19) similar to that demon-

strated in Case 2. First, note that the function
1

v + 73
has a minimum value of 2 for 0 <¢ < « ; thus, the argument of
the complementary error function in (19) is everywhere large

when a is small. This permits the approximation

erfc (i) = exp [-x2]
Y1 X
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Substituting this into (19) and noting that the integrand peaks
sharply near ¢ = 1 and is almost zero elsewhere yields the fol-

lowing approximation for the outlet temperature:

¢ (L, t ) = % [1 - erf ( |y] )] for (1 < 1) (20a)
1 [1 - erf (Y)] for (t > 1) (20b)
2
where y = ( T—l)/(4a)l/2

As in Case 2, we note that in (20) the entire thermocline is
contained between y = -2 and y = +2. Converting this to the
equivalent values of 1t yields

1/2

2 At = 8a (21)

This demonstrates that a is the primary design parameter which

controls thermocline spreading due to axial conduction.

Case 4 - Effect of Nonuniform Temperature in Solid Spheres.

The question to be answered here is, "How small must a sphere
be to achieve 99% heat extraction in the time it takes for the

thermocline to pass the sphere?"

The problem of one-dimensional transient conduction in
a sphere is well known and the solutions are given in numerous
textbooks. Based on the solution given by Arpaci [ 5] the frac-

tion of heat extracted in time t is

. 2
oo (sin M, - M, cos un) :

Q _ _ _ 2
or = 6 3 (1 exp [ Mo Fol)

i = Mg (v, - sin u, cos upn)

(22)
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where ¥ n are the zeros of

‘ Up €Os u, = (L - Bi) sin up (23)
In the sodium/iron system the Biot number (Bi) is usually quite large.
In the limit of infinite Bi (23) gives the eigenvalues

Mp = nm, n=1, 2, .iee, o

and (22) reduces to

Q _ 6 - 1 - exp [—(nn)2 Fo]
;Z;

o o 24)
This relation gives Q/Qi > 0.99 when Fo > 0.42; thus the size
of sphere which delivers 99% of its energy in time t is given
" R2 < S <_t_> (25)
— PrgCq 0.42
Given the thermocline speed as computeé in Case 1, the time re-
quired for the thermocline to travel one sphere diameter is
£ = 2R(1+ y)
u (26)
Combining (25) and (26) gives the relation of sphere radius to
the other design parameters
k
R <4.8 psis (l;Y) 27)

3. EXAMPLE OF SODIUM/IRON STORAGE DESIGN PROCEDURE

Table 1 shows these relations applied to a sodium/iron
storage unit designed for operation over the range of tempera-
tures from 588 K (600 F) to 977 K (1300 F).

First it is necessary to select a discharge time which
establishes the value of t* according to the analysis in Case

1. Then the liquid flow speed, u, is computed using (5).



After u is computed the next step is to estimate the sphere
size required to prevent thermocline spreading due to internal
conductive resistance in the spheres. This maximum allowable
radius given by equation (27) is shown in Table 1 to be 0.012 m

(0.47 inch). The design radius selected is 0.0065 m (0.26 inch).

Finally (13) and (21) give estimates of the thermocline
spread which results from convective resistance and axial con-
duction effects during the discharge cycle. Convection alone
would cause a thermocline spread (2 At) that is 9% of the nom-
inal discharge time. Axial conduction alone would account for
a spread of 11%. Both effects are driven by temperature gradients
in the region of the thermocline. Thus when both act, the con-
vection effect would be decreased because of the decrease in
temperature gradients caused by thé axial conduction effect and
vice versa. Thus the thermocline spreading when both effects

act should be less than 9% + 11% = 20%.

4. CONCLUSION

It is possible to identify the major design parameters
for a sodium/iron packed bed thermal storage device by consider-
ing several simple mathematical models for the transient heat
transfer effects. These models give estimates for the maximum
allowable sphere size, equation (27), and the storage discharge
time constant, equation (5). Equations (13) and (21) provide
estimates of the thermocline spreading due to convective resistance

and axial conduction.




The relations show that it is possible to design a sodium/iron

storage device which limits thermocline spreading to less than

20% of the total discharge time.

NOMENCLATURE

EA/(upLCLVL

AS + AL

(VL/L)

(VS/L)

total surface area of spheres in bed
hA*/(pLCLVL)

hA*/(pSCSVS)

Biot Number = hR/kS

average specific heat of liquid

average specific heat of solid
k

S t
2

Fourier Number =
P R

heat transfer coefficient between solid and liquid
average thermal conductivity of liquid

average thermal conductivity of solid

(kSAS + kLAL)/A = average axial conductivity
length of tank

b t* 1 - L/u)

9

radius of solid spheres
blL/u
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t*
T, (Xst)

TS(X.t)

NOMENCLATURE (Cont'd)

time

tank time constant (equation (5)) = % (1+ v)
temperature of liquid in tank

temperature of solid in tank

TL(X,O) = TS(X,O) = 1initial temperature

inlet liquid temperature

liguid speed in bed

volume of liquid in tank

volume of solid in tank

liquid mass flow = DLALu
axial distance from inlet of tank
( r-—l)/2al/2

q1/2 - s

1/2

PsCsVs/ (PrCrVy)

(T - TO)/(Ti - TO) = dimensionless temperature
X/L = dimensionless distance

average density of liquid

average density of solid

t/t* = dimensionless time

t-x/u [ Xblb20 l/Z}
-b.,0 2| ———
b, j‘ exp [ 9 ] I, < = > do
0
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Table 1. Sodium/Iron Storage Example

Tank Size 5 m (dia) x 20 m (L)

Material Properties (at 800 K)

Sodium Iron
. 3
Density (kg/m™) 800 7880
Thermal Conductivity (W/m-K) 70 35
Specific Heat (J/kg-K) 1250 630
Volume Fraction” (%) 26 74
Heat Transfer Coeff. (W/mzK) 11,000 --=
Design Procedure
Equation
Number Function Performed Result
- Select nominal discharge time t* = 2 hours
(5) Estimate liquid flow speed u = 0.042 m/S
(27) Estimate maximum sphere size R < 0.012 m
Select sphere size R = 0.0055 m
(13) Estimate convection effect 2 AT = 0.09
on thermocline spread
(21) Estimate axial conduction 2 A 0.11

effect on thermocline spread

Tassumes hexagonal close packing of spheres




TANK OUTLET
TEMPERATURE: T, (L,1)

Q—X:L

IRON SPHERES
o~ TEMPERATURE:
TsiX,f)

I

L IQUID SODIUM
TEMPERATURE: T;
MASS FLOW: W

Fig. 1. Packed Bed Storage Device

THERMOCLINE SPREAD
= 2AT

|=—CASE |

DIMENSIONLESS OUTLET TEMPERATURE §(1,7)

l
I
l
1
!
DIMENSIONLESS TIME (7)

(=]
o

Fig. 2. Tank Outlet Temperature vs Time
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GENERAL @D ELECTRIC

’ Appendix G

DETAILS OF FIELD FABRICATED STORAGE VESSEL COST
ESTIMATES FOR PARAMETRIC ANALYSIS

Tables G-1 through G-6 are the original tank price estimates prepared by
Kaiser Engineers. These tables have been modified as shown to account for
several design changes made during the parametric analysis. In Tables G-1,
G-2, G-5, and G-6, the packing density of the iron storage medium was increased
to 75 percent by volume. The price of iron was also increased to $0.45/pound
to reflect the change from cast iron, which is not compatible with sodium, to
carbon steel which is compatible.

In Tables G-3 and G-4, the design pressure was changed from 150 psig to
50 psig based on a design change which allowed the tanks to operate at pump
inlet pressure rather than pump discharge pressure.

Tables G-7 and G-8 describe the scaling performed to generate estimates
for Concepts 3 and 4.
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TANK PRICING - CASE Ila
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Table G-2
TANK PRICING - CASE IIb
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Table G-3
TANK PRICING - CASE IVa
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Table G-4
TANK PRICING - CASE Va
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TANK PRICING - CASE VIlIa
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. Table G-6

TANK PRICING - CASE VIIb
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Appendix H
STEAM GENERATOR HEAT BALANCES FOR PARAMETRIC ANALYSIS

The analytical model used to obtain the steam generator heat balances in
Section 3.4.6 is illustrated in Figure H-1.

The enthalpy of the water entering the evaporator is obtained from a heat
balance on the water side mixing tee where the return feedwater joins the re-
circulation flow leaving the steam drum:

LWe = (Ws +Ws)] h{, + (Ws +We) New =We heo

Dividing through by Wg and letting R = Wg/Ws the water inlet enthalpy hg, be-
comes :

h(—:o= [l—--li(\'*' \%2)‘:“1; + (\1‘%)%“%} (H-1)

Values for all of the water side flows, temperatures, enthalpies, and
pressures in Task 2 were taken from the turbine heat balance which is detailed
in Figure H-2. In addition, note that R = 1.15, Wg/Wg = 0.10, he = 743,08 Btu/
hour and hpy = 524.9* from which hg, = 534.4 Btu/pound and Tg, = 539.2 F.

The sodium side heat input must balance the steam side output in the super-
heater/reheater:

WuCp ( T =Tua) = Ws Chsy —hso) + We (e, ~hro )

where: Cp = specific heat of sodium. Solving for Tng:

R4=m"‘w.§___(h|~»\so)— hri = h
o s %;,&Ep( R\ R.o> (H-2)

The evaporator heat balance between sodium and steam requires that:

WeCr(Tha —Tas) = We (he —heo)

*Blow-down flow is used to heat feedwater before going to condenser.

H-1
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Figure H-1. Analytical Model for Steam Generator Heat. Balance
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Figure H-2. Approximate Steam Cycle Heat Balance
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Solving for Tyg:

Tus = Tae — We (he‘l - he‘o) (H-3)
WaCe )

Figure H-3 shows a plot of sodium and water temperatures vs. steam enthalpy.
Using the slope of the sodium temperature line:

Tha -TNS ~ Tor — Tns
her - heo hs — heo

(H-4)

But from Figure H-3, Typ = Tgy + AT. Using this and Equation (H-4) to solve
for Tna:

T = Ts (1 — t‘;‘_ \b:io) + (Ter + BT ___._hé‘ :’C\Z) (H-5)

Substituting Tyg from Equation (H-3) into Equation (H-5):
Tva = (e +AT) + WE _ Cher —he) (H-6)
But
= = h + -
he hf +X h{g ¢ '!rl hfﬁ (H-7)
where hfg = heat of vaporization of water at the drum pressure.

Toe = (Ter+DTY 4+ We hgg (H-8)
CeWy K

Setting Tygq from Equation (H-8) equal to Tys from Equation (H-5) and solving
for the sogium flow Wy:

W = Ws (hsi —hso) + We (hey —hro) + We hea /R (H-9)
Cp [Ty —(Tar +AT)]

H-4
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In Task 2 an evaporator pinch point temperature of AT = 40 F was selected. .
Small values of AT led to large evaporator surface area requirements but also
result in a large temperature differential and Tow flow rates on the sodium
side. Large differential sodium temperatures Ted to small storage requirements,
so the selection of the pinch point should be the subject of an optimization
of evaporator cost vs. storage cost; however, this subject was not addressed
in Task 2 because of time limitations.

In Equation (H-9) the numerator represents steam side conditions, all of
which are known from the turbine heat balance. Once the inlet sodium temperature
Ty1 is selected the sodium flow rate, Wy, can be calculated. Two operating con-
ditions were studied in the parametric evaluations of Task 2, namely:

1050 F from which Wy = 6.606 x 108 pounds/hour

TNt
Typ = 1250 F from which Wy = 4.157 x 105 pounds/hour

To avoid thermal unbalance at the sodium mixing tee, the superheater and
reheater outlet temperatures were made equal:

Thz = Tuz = Thd (H-10)

Using the respective values of sodium flow rate and sodium inlet temperature
from above, the following calculations are possible in the order Tisted:

from Equation (H-7),
h

g1 = 1080.2 Btu/pound for T 1050 F

N1
hE] = 1080.2 Btu/pound for TN] = 1250 F

from Equation (H-6),

TNZ = TN3 = TN4 = 840.1 F for TN1 = 1050 F
TN2 = TN3 = TN4 = 915.2 F for TN.l = 1250 F
from Equation (H-3),
TN5 = 627.5 F for TN.| = 1050 F
TN5 = 577.1 F for TN] = 1250 F

The sodium flow rates in the superheater and reheater can be calculated
from the respective heat balances:

H-6
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Waee Cp (T = Tvz) = We (hey —hre)

(H-11)
WR = Wa[hm "]flEo}
Ce L Ty — Taz
Whe Cp (715\"‘ Tl:!S) = Ws ( het - h$°> (H-12)

Wes = Ws [ hsi —kso}

CF’L,'Thl"Tks
from which:
Mg = 2.118 x 10% pounds/hour for Ty, = 1050 F
My = 1.333 x 10° pounds/hour for Ty, = 1250 F
My = 4.488 x 10% pounds/hour for Typ = 1050 F
My = 2.824 x 10% pounds/hour for Ty, = 1250 F

With the data obtained above, the steam generator heat balance calculations
are complete.

IHX HEAT BALANCE

For simplicity, insulation losses and pump power inputs to the storage
subsystem were ignored. Thus the inlet and outlet temperatures to the shell
side of the IHX are the same as the steam generator shell side temperatures.

1100 F 1300 F
System System
TN5-IHX shell inlet temperatures 627.5 F 577.1 F
TN]-IHX shell outlet temperature 1050 F 1250 F
Wy IHX shell side sodium flow* 9.909 x 10° 1b/hr 6.235 x 106 1b/hr
TT1 IHX tube inlet temperature 1100 F 1300 F

(by definition)

*IHX flow = steam generator flow x 1.5 (solar multiple)

H-7
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Except for the unknown tube side outlet temperature T1p, a heat balance
would be possible.

WiCe (To—Tas) = Wr Cp (Tri —Tr2)
which becomes

wT = WH Lml"‘T;JS>
(T —T=2)

(H-13)

where
TT] = temperature of sodium at the downcomer connection to the IHX
TT2 = temperature of sodium at the riser connection to the IHX

The tube side outlet temperature Typ must be arbitrarily selected. A high
value increases the log mean temperature difference (LMTD) which leads to a
small surface area requirement. But a high value means that the tower flow
rate will increase and a higher pump power will increase and a higher pump power
will be required. Optimization of Tr2 was beyond the scope of this study; there-
fore, the following values were arbitrarily selected:

TT1 = 725 F for 1100 F system
TT] = 680 F for 1300 F system
Using these numbers in Equation (H-13) gives the following values for tower
flow rate:
Wy = 11.223 x 10° pounds/hour for 1100 F system
Wy = 6.235 x 10% pounds/hour for 1300 F system

System losses were set equal to zero between the IHX and the absorber panels
in Task 2. Therefore the flows and temperatures in the absorber panels are the
same as listed above for the IHX, i.e.,

Total flow through the absorber panels (pounds/hour) = Wy
Absorber panel outlet temperature (OF) = T

Absorber panel inlet temperature (°F) = Tro

H-8
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Appendix |
HEAT EXCHANGER COST ESTIMATES FOR PARAMETRIC ANALYSIS

COST OF MATERIALS

Table I-1 shows a material cost breakdown for ten identical steam generator
modules assuming that these are the first ten modules of this type ever built.
The estimate was prepared on 20 February 1976. The design is the same hockey
stick design used in the study and has the following characteristics:

Vessel diameter, D = 49 in.

Number of tubes, Ny = 757

Tube pitch to diameter ratio, P/d = 1.95

Tubing outside diameter, d = 0.625 in.

Tubing wall thickness, & = 0.109 in.

Shell design pressure, Pgg = 500 psi

Tube design pressure, Pyg = 2600 psi

Active tube length, Lp = 46 ft

Since the Advanced Central Receiver System steam generators differ from the
characteristics above, the material costs in Table I-1 must be adjusted. In
general the cost adjustments were made on the basis of weight. Table I-1 con-
tains columns labeled NT/757, Pgs/500, P75/2600, (D/49), (D/49)2, (D/49)3, and
La/46. These headings refer to the scaling characteristics of each cost item.
If a design remains the same as the reference design in all respects except
length, then the cost of materials affected by length would be multiplied by
(Lp/46). Those components in Table I-1 affected by length are identified with
an X in the (LA/46) column. The total cost effect of length can be obtained
by adding all the costs with X in the (La/46) column and multiplying the sum by
(La/46). Similar logic was applied to the other design parameters listed. Omit-

ting for the moment the pressure effects, Pss/500 and P75/2600, the resulting
tabulation is:

$mg = 366890 (D/4a) + 29455q (D/49)>
+ 3744098 (D/49)°> + 300 (Nt /157) (1-1)

+ 1059075 (D/42)" (La/46)

The escalation factor for costs between 2/76 and 6/78 is:

0106) (1 + 0.06 (442)) = L14¢  (Zyr-4Mo)  (1-2)

I-1
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A general overhead adder of 18% must also be applied. Correcting Equation (I-1)
for this and for escalation and dividing by ten to obtain the single module cost

results in:

M, = 103D +16.59D° + 4.327D°

+0.0536 Ny + 1.2967 D La (1-3)

+1.65 Nrla + 0.17Z2D Lj

This equation needs further adjustments to account for different tube size,
different design pressures, and materials other than the 2-1/4 Cr - Mo used
throughout the reference cost estimate. To do this, the following cost break-
down was used:

$4

.0568

10°

= Total Tubing Cost

$4
$4
$4

.0568
.0568
.0568

X X X X

105
105
109

x 30%
x 50%
x 20%

$7

4216 x

105

= Total Remaining

Material Cost

$7
$7
$7

4216 x
L4216 x
.4216 x

109
105
105

x 50%
x 20%
X 30%

% of Total
Material Cost
= $1.217 x 10° (Material)) 10.6
= $2.0284 x 105 (Manufacturing) 17.7
= $0.8114 x 105 (Administration) 7.1
= $3.7108 x 10° (Material) 32.3
= $1.4843 x 105 (Manufacturing) 12.9
= $2.2265 x 105 (Administration) 19.4
Total % 100.0

Any change in material will therefore impact on the material fractions of the
total component part cost plus the cost impact of using a material which is
more difficult to machine weld, etc. In the latter case, an adder to the manu-
facturing cost is required.

The tubing incremental cost is calculated as follows:

where:

A/Ag
A$/$

A$‘$ N o°l06[(%n)cm—l]

o
]

(1-4)

M ($/1b) for new material/($/1b) for 2-1/4 Cr - 1 Mo

tubing cross sectional area ratio = 17.78 (&8d - 62)

incremental cost adder for tubing material change
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Table I-1

PRODUCTION MATERIAL LIST
FOR TEN STEAM GENERATOR MODULES

(Date of Estimate:

20 February 1976)
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The associated increase in tubing manufacturing cost was set equal to the fol-
lowing expression:

A$ - O.|'7'7[ _4_)%(2-_‘_?_“. 4 Cme -l] (1-5)
k3 675 b

where: Cyg = cost of manufacturing new material divided by cost for
MF
2-1/4 Cr - 1 Mo.

It was arbitrarily decided that manufacturing costs for thicker or thinner wall

tubes should be larger but as a weak function. Therefore the (1/4) exponent
was chosen.

Adding Equations (I-4) and (I-5), a final expression is obtained. This
can then be applied as a correction to Equation (I-3).

$ar = $mo (1 + (52))

(A_#)T = 182 (84 -8*)Cu + 0.03087(d/8)Cope (1-6)
= 0.23274¢

For the remainder of the material, the following correction was applied:

(.éﬁ) = 0.323(Cm-1) + 0.129 Cone-D)  (1-7)
#/r

The effect of pressure levels on material cost was estimated to follow
the following general rules:

1. Roughly one-quarter of the material will increase in thickness and
weight by the factor P1g/2600.

2. Roughly three-quarters of the material will increase in thickness and
weight by the factor Pgg/500.

(%l_t): 0.323 x L [ /2600 - 1+ 0.323x3 [Rs /oo -]

- -4
thus (%ﬂ) = 3lix10° Prs +485x10 By - 0.32336 (1-8)
P

I-6
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Summing (A$/$)1 plus (a$/$)g plus (4$/$)p,

(&) = 182(5d-5%) Con + 0.114 (d/$)™ Cue
$ /m

+0.323 Con + 0.123 Coar + 3.11x10° Rrs
(1-9)

+48sx104 Pss — 10575

This correction is applied to the cost estimate as follows using $M0 from
Equation (I-3):

$y = Bo (1 +(28/8)m)

COST OF FABRICATION AND INSPECTION

Fabrication and inspection costs were not detailed in the 20 February 1976
cost estimate, but the total costs for subassemblies were given. A breakdown
for these costs is detailed in Table I-2. Figure I-1 shows a learning curve ap-
plied to the reference units. Note that the cost of the Nth unit shipped is
0.729 times the cost of the fourth unit shipped. The reference costs are based
on the fourth unit shipped; therefore, the 0.729 factor applies.

Using these overall cost numbers as a rough guide the fabrication and
inspection, labor costs were detailed further using rough percentages of total
cost for each operation. The results for one module escalated to June 1978
and corrected for the learning curve out to the Nth unit are detailed in
Table I-3. Upon summation of all factors in the table, the fabrication and

inspection labor costs became:

$e = 1000 [235(D/A)Z + 30 (DAY’ + 10(D/4) + S(La/f4e)
+403 (Nt /157) +165 (D) (Las46) + 295 (D/43)(La/46)
+1T0 (La /86) (e /757)  + S0 (D/4AY>(Nr /157)
+ 20 (0/43) (La/46) (e /757 + 100 (D/AR) (Nr/frs7)  (1-10)

which reduces to

$er= 204D + 979D* + 0.255D™ + 109 La + 532 Nv
+ 149D La + 131 DLa +458 ANy +0.0275D Nr

o + 0.0072Dlalr + Z7DNy

I-7
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Table I-2

FABRICATION AND INSPECTION COST BREAKDOWN
FOR TEN HOCKEY STICK STEAM GENERATORS
(Date of Estimate: 20 February 1976)

Component Subassembly Man-hours Cost
Shroud Assembly 47,722 $ 1,551,753
Shroud/Shell Assembly 42,507 3,487,195
Tube Bundle 144,806 5,243,988
Loose Equipment 8,283 1,717,377
Final Assembly 154,229 5,104,839
Test 21,450 631,119
Totals 418,997 $17,736,271

1-8
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Table I-3 o

REFERENCE LABOR COSTS FOR FABRICATION AND INSPECTION OF ONE MODULE
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. Table I-3 (Cont'd)
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As the unit sizes increase, the cost of fabrication decreases because over-
head costs are spread out and overall handling cost percentages decrease. This
effect is not included in Equation (I-10). The logic developed for incorporat-
ing this effect is as follows.

Let R= 'ibF'//thI

(I-11)

where -ﬁF‘_[= reference fabrication cost.

Let $Fo = $fr + (*FI ‘*F)(F/"-Rx (1-12)

where F) FR = extrapolation factors for hew design and old
design respectively, e.g., (D/49), (N/757),
(Lpa/d6), etc.

Equation I-12 indicates that the new cost of fabrication is some base cost at
zero size factor (F/FR) and this is increased with size by the difference
($F1 - $¢). Combining Equations I-11 and I-12:

$r = Réber + *ex (-0 Fl (1-13)

A value of R=0.333 was chosen as the zero intercept value. Using this value
and applying Equation I-13 to Equation I-10,

#c, = 493840 + 65.5D" + 0.17D% + 136D +73 L4
+356 Nr +0.994D% |5 + 74 Dla+ 326Ny (1-18)

+0.0183D*Nr +0.0072 DPLaNT + 18DNr

Equation I-14 still remains uncorrected for tube size effects, design
pressures (massiveness of parts), and material changes on the fabrication
costs. The details of these correction factors are contained in Table I-4.
The result is:

Adhe = 601200 d* + 316800 + 200Fes + 992 Bs  (1-15)

+ 753000 Cone — |.S6 x10©
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Table I-4

EFFECTS OF TUBE SIZE, DESIGN PRESSURE,
AND MATERIAL TYPE ON FABRICATION COST
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Table I-4 (Cont'd) ’
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ADDITIONAL COSTS FOR TOOLING CHARGES AND HANDLING

The additional charges listed below were also included in the 20 February

1976 cost estimate:

Rate Tooling

Tooling Design
Tooling Fabrication (including materials)
Tooling Maintenance

Totals

Materials Handling

Fabrication (including materials)
Handling Labor

Handling Equipment and Maintenance
Packaging and Shipping
Manufacturing and QC Equipment

Totals

Man-hours

810
57,096
6,749

64,655

12,900
17,228
4,343
1,845
-0~

36,316

Cost

$ 21,083
1,847,320

206,465

$2,074,868

$ 490,739
488,494
97,614
252,465

234,315

$1.563,627

Dividing these total costs by 10, applying the Nth module factor, and
escalating costs to June 1978, the following equations were developed to ex-

press tooling and handling charges.

$ro = 0.065% ( $¢ +Em)
$y = 0.049% ($¢ +$m)

(1-16)
(1-17)

Equations I-16 and I-17 assume that the costs associated with tooling and

handling are a fixed percentage of the total cost of the module.

SUMMARY OF HEAT EXCHANGER COST ESTIMATING PROCEDURE

In summation, a cost estimate for any Advanced Central Receiver System
steam generator or IHX of the general hockey stick configuration is given with
a reasonable degree of accuracy by solving the following equations in order;

1-15
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®
Bmo = 1013D + (659D +4.327D> + 0.053¢ Ny
+1.29%7D*La + I1.65 Nrla + 0.172D Lo
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‘ Equation (I-18) provides the total delivered cost of the heat exchanger
being designed and tested.

$r= $m t e+ $o + ¥y (1-18)

PARAMETRIC STEAM GENERATOR COSTS

The eight steam generators required for the Task II parametric study
were evaluated for cost using Equation (I-18) and the design data from
Section 3.4.6. The values for material cost adders were assumed to be as
shown in Table I-5.
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Table I-5
MATERIAL COST FACTORS

Material Material
Material Cost Multiple Labor Cost Multiple

Used (Cn) (CME)
Evaporator - 1100 F System 2-1Cr - 1 Mo 1.0 1.0
Evaporator - 1300 F System 2-1Cr - 1 Mo 1.0 1.0
Superheater - 1100 F System I-800 5.1 1.25
Superheater - 1300 F System 1-625 6.0 1.25
Reheater - 1100 F System I-800 5.1 1.25
Reheater - 1300 F System 1-625 6.0 1.25
IHX - 1100 F System 1-625 6.0 1.25
IHX - 1300 F System 316SS 3.82 1.25
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Appendix J

COMPARISON OF MOLTEN SALT AND SODIUM
AS SECONDARY LOOP FLUIDS

To assess the potential of using draw salt as a storage medium, a detailed
comparison of sodium and salt was made using the Concept 3 storage configuration.
The particular salt used in this comparison is described in Table J-1. It was
assumed that this salt would cost $0.20/pound FOB in the Southwestern United
States based on a verbal quote from Park Chemical Company.

The components analyzed in this comparison are shown in Figure J-1, and
the results of performing a heat balance on the steam generators for both sodium
and salt are presented in Table J-2.

A preliminary design for the sodium heat exchangers yielded the tube sizes
and heat transfer coefficients listed in Table J-3. To estimate the changes in
heat transfer for salt, the correlations given by Fraas and Ozisik* were used.
For sodium:

.8
Mo = 7 + .025 (RenFrn) (3-1)
i S
Nus = 023 Tes &s‘& (3-2)
where N(L = Nusselt Number

Reynolds Number

Ke
173

If we assume the salt heat exchangers are designed to have the same tube diam-
eters and flow speeds as the heat exchangers using sodium, then

Prandt1l Number

Nus = hskan i
Nun  he ks -3

Substituting Equations (J-1) and (J-2) into this relation gives

04' ‘8
hs = ks) .023 Fes (._Z.)_”) (1-4)
n LRu/  TRed? + .028 Bw® \Ds

*A.P. Fraas and M.N. 0zisik, Heat Exchanger Design, John Wiley and Sons, New
York, 1965,

J-1
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Table J-1
PROPERTIES OF DRAW SALT

Chemical Composition 54% KN03, 46% NaNO3
Melting Point 484 K (430°F)
Special Heat (solid) 0.22 cal/gm-K (Btu/1b-°F)
(liquid) 0.37 cal/gm-K (Btu/1b-°F)

Thermal Conductivity 0.49 Kcal/h-m-X (0.33 Btu/h-£t-°r)
Heat of Fusion 19.3 cal/gm (35.0 Bru/lb)
Temperature Density Viscosity"w
K (°F) gm/cm3 (1b/£t3) Centipoise
533 (500) : 1.93 (120.5) 4,00
589 (600) 1.89 (118.0) 2.80
644 (700) 1.85 (115.5) 2.05
700 (800) 1,82 (113.6) 1.65
755 (900) 1.78 (111.1) 1.45

} 811 (1000) 1.74 (108.6) 1.00 J

J-2
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Table J-2
SYSTEM STATE POINTS BASED ON STEAM GENFRATQR HEAT BALANCE

STaTs Temr | Ress  |Vowrere | ENTHFPY
BT °F = To/he | Blu/le.
St
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1 eRs 2 %00 745071 | 054.2
|z Sld | Z2%00 | 5031
1 L sRo | 200 | I WT,532 SA1.§
0 68S | 2200 h 770.1
a B . T
LooP FLom SoDmF(;L"LWQR‘ES{-\L:T
l loso 6.28USEL | S.09HTEG
Z | R18 o i ] = 46933
g To6 I . ! }
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Table J-3
HEAT TRANSFER CHARACTERISTICS OF SODIUM SYSTEM HEAT EXCHANGERS

ho hi Uwal1 U
Heat Tube 0D Wali Btu Btu Btu Btu
Exchanger (in.) (in.) hr-ftZ-°F  hr-ft2-°F  hr-ft2-°F  hr-ft<-°F
(Na) (H20)
Superheater 0.625 0.407 6046 2765 965 569
Reheater 1.050 0.950 2861 384 2557 276
Evaporator 0.625 0.407 6838 19260* 1208** 949
Economizer 0.625 0.407 7033 3860 1217** 734
(Na) (Na)
IHX 0.970 0.88 4097 8236 2785 1357
he = heat transfer coefficient on outside of tube
hi = heat transfer coefficient on inside of tube
Uyall = tube wall conductance
U = total tube conductance

*Assumes 50/50 split between nucleate/film boiling.

**Tncludes Ufou]ing = 3721 and Utube = 1810 econ./1790 evap.

J-5
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where k = thermal conductivity .
D)= viscosity
+7 = heat transfer coefficient

Applying this relation to the heat transfer coefficients in Table J-3 yields
the coefficients for comparable salt heat exchangers listed in Table J-4.

These data were then used to estimate heat exchanger surface area required
for both the salt and sodium systems. These results are summarized in Table J-5.

Pressure drops were then evaluated for both loops by scaling from the so-
dium results. In the heat exchangers (Table J-5), where most of the pressure
drop is caused by momentum effects, the scaling was done by

AP - f5 - 22¢ (3-5)
Af

where AP = pressure drop
€ = fluid density

which assumes the same flow speed in salt and sodium exchangers.

In piping runs, the pipe diameter was allowed to vary in order to maintain
the same flow speed for salt and sodium. Pipe sizes, lengths, and numbers of
fittings are listed in Table J-6, along with the pressure drops computed. The
Toop AP shown in this table includes gravity head effects due to the height of
the storage tanks, and the heat exchanger pressure drops.

Pumping powers shown in Table J-6 assume an electromagnetic pump for the
sodium (50% efficiency) and a centrifugal pump for the salt (81% efficiency).

The storage volume for 3MWeh/MWe was found to be 392,145 cubic feet for
sodium and 140,719 cubic feet for salt. This includes two percent allowance
for cover gas. The mass of storage medium required was 19.22x106 pounds for
sodium and 15.59x106 pounds for salt, which includes a two percent adder for
thermal losses and turbine startup.

These comparisons are summarized in Table J-7 where the relative sizes of
salt equipment have been expressed as ratios with respect to the sodium case,
The material selection shows that the salt case is identical to the sodium case
except in the cold leg storage tank and piping. Incoloy 800 must be used in
the superheater and reheater of both systems to avoid water side stress corrosion.

The factors in Table J-7 were used to scale the costs of Case S3 (Section 3.4.7)
Costs for the salt and heat exchangers as well as the pipe, fittings, and valves '

J-6
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Table J-4

HEAT EXCHANGER CHARACTERISTICS OF SALT SYSTEM HEAT EXCHANGERS

Tube Tube ho hi Uwat1 U
Heat 0b ID Btu Btu Btu Btu
Exchanger (in.) (in.) hr-ftZ-°F) \ hr-ftZ-°F) \hr-ftZ-°F] \hr-ft<-°F
(Salt) (H20)
Superheater 0.625 0.407 907 2765 965 371
Reheater 1.050 0.950 429 384 2557 178
Evaporator 0.625 0.407 1026 19260 1208 461
Economizer 0.625 0.407 1055 3860 1217 531
(Salt) (Ma)
IHX 0.970 0.88 614 8236 2785 47
Table J-5
HEAT EXCHANGER SURFACE REQUIREMENTS
Heat Surface Area Effectiveness Pressure Drop
Exchanger (ft2) (%) (psi)
(Sodium) (Salt) (Sodium) (Salt)
Superheater 6271 9615 86 9.6 21.7
Reheater 4373 6767 89 3.9 8.8
Economizer 13,238 21,07 83 12.7 28.7
Fvaporator 3684 6579 84
THX 10,299 26,650 90 7.2 16.3

J-7

)
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Table J-6
PIPING AND LOOP PRESSURE DROP AND PUMPING POWER

Pipe Diameter Length

D D, Ly L No. of

(in.) (in.) (ft) (ft) Valves

Sodium 24.0 18.0 400 900 4
Salt 14.4 10.8 400 900 4
Piping AP Loop AP* Volume Flow Pump Power
(psi) (psi) (gpm) (1MW)
Sodium . 112 144-165 23,499 2.292
Salt 288 360-407 2448 1.310

*Range shows effect of storage tank fluid level variations.

J-8
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‘ Table J-7

COMPARISON OF SODIUM TO MOLTEN SALT

1100 F CASE
Sodium Molten
Storage Salt Storage
Secondary Loop Schematic Concept 3 Concept 3
Containment: Hot Leg 316SS 316SS
Cold Leg 2-1/4 Cr-1 Mo Carbon Steel
Hot Tank 316SS 316SS

Cold Tank 2-1/4 Cr-1 Mo
Superheater Incoloy 800
Reheater Incoloy 800
Evaporator 2-1/4 Cr-1 Mo
IHX 316SS

Equipment Sizes:
Storage Volume
Area: Superheater

Evaporator

1
1
Reheater 1
1
IHX 1

Storage Material Sodium
Weight 1
Cost ($/1b) 0.33

Main Pump
Type EM
Volume Flow 1
Head 1
Power
(Electric) 1
Cost -

—t

Pipe Length

—

Diameter

J-9

Carbon Steel
Incoloy 800
Incoloy 800
2-1/4 Cr-1 Mo
316SS

0.359
1.533
1.547
1.634
2.879

Sait
0.813
0.20

Centrifugal
0.360
2.571

0.572
$2.77/gpm/psi
1
0.6
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were obtained by applying the Table J-7 factors directly to the Case S3 costs .
of Section 3.4.7. The pump cost for salt was estimated using previous data for
sodium centrifugal pumps. Salt storage vessel costs were scaled from the field

assembled tank cases IVa and IVc in Appendix G. This scaling is shown in
Table J-8.
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Table J-8
COST OF MOLTEN SALT STORAGE TANKS - SCALING FROM SODIUM CASE S3

Coco Tank. 149,344 $4*  scole frown Do V/Vo= 1436
alse coxbanstl. ¢ - .sas
2Y4Cc-1tie §

:‘JIE Hor Taux. 144,344 13 scale fom T VAo = 1436

o of tonk angos e = (Vi) = 1273

T ~@) N. - @)

Tank 2 176 Po < 730 000 x 1.436 277 700 167900 x1.4%6x.545
675 900 25 o 615 o0 450 000
Trsouation e g x 1273 x L27s
SUPPIRTS 25000 PS o000 500 P50
TRACE Henting 219 000 453 a% 2000 453 om
3895 700 3615 M0
x1.273 x1273
Sfr"D;Q 4 P4626 as5M m 4M4 625 257200 7301 %6
TAx 573948 155839
IR 62372 o $40 2K
=S S
Lost Bw Tank # 3747 # 2102049
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‘ Appendix K

PARAMETRIC ANALYSIS OF STEAM CYCLES .
STEAM GENERATOR HEAT BALANCES

The analytical models for both single and double reheat steam cycles are
described in Figures K-1 and k-2. The 10°F jump in the steam curve at the on-
set of nucleate boiling is an approximation to account for the fact that boiling
starts while the water is still somewhat subcooled. Solving Equations 1 through 5
in Figure K-1 yields the boxed expressions for the unknown flows and temperatures.
Similarly Equations 1 through 6 in Figure K-2 can be solved to derive the results
listed.

These equations were programmed for the Hewlett Packard-67 calculator and
were used to derive the output listed in the Tower part of Table K-1. The upper
part of this table gives the steam cycle input data for these calculations.

COST AND PERFORMANCE MODELS

The cost and performance models are described in Section 3.5. The equations
for these models are shown in Figure K-3.

K-1
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Figure K-1. Steam Generator - Single Reheat Cycles
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‘ Swele KeweaT - cont'd

Walz Qs + Qeu + Qevar
Co(Tw ~Te — AT )

Tl= Ty - (@SR +QQH)
Co VNN

ij = C'an
Covin( Ty =TH)

Tol= Te + AT — Qecon

CL) Y'Y]N
wheve &su = heat Supef heate
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Wy = sodiwwn, flowvote
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s = Stewm Flowrvake
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HR = steawm aycle heot ate

Arn Steawn %Ptow "{WCC\&V\ n RH

Figure K-1 (Cont'd)
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Figure K-2. Steam Generator - Double Reheat Cycle
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DovgLe Renest — cont'd.

we = _P-HR
h, - e + %, (ha-hz) +(hs -he)

th = éZsu* ka + anz + @evmv
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..
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Cy YNy
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Cu ‘ﬂ"lrd

wheve 4 = sediuwm flow SFH‘ B wheoter #\
(j"- = h W . " 0 42
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Figure K-2 (Cont'd)
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Table K-1

STEAM CYCLE PARAMETRIC HEAT BALANCES

CAsE No €P
Cye e DeseriPr. | 1450 /1000 [1000
Ws  (MB/MHR)

Agn ov X .R60S

Yz -

HR (B /KWH) 152

h, (8w/8) 1491.¢

hz " 135€.0

hs n 1526.9

hs " 429.9

hs " 695.4

he " N68.7

h'] " -

hg v -

Te ("F) SRy

Qsa (MW 72.14
Qm\l " 32.46
QRaz u —
Qevap * (22.04
Recon " 21.27
W (F) 100 1300
M (me/m) | 5347  3%08
4 Y4 6890

Yz -

T (F &77 R_7
T (F) 526 494

£€rz
1200/ 10001000

£613

i6
14%0.¢
330
1525.2
446 9
6A |
145.8

675

74 .45
35.63
iz.¢o
47.60

oo 1300
S.449 3.8m
764

Q70 a7
S46 So08

EVP3
2400 {1000 {1000

8623
7356
‘o7
124.0
5224
4728
704 -8
10%.4

—

é6S

R1.3l

39.9
R7AT
51.63

1100 300
5,58 3.1s
4 %)

©3 934
570 520

EP4
24m/\00 /000 RARP

Qi

662,
{4604
799.6
1523.8
Siz2.€
774.0
1019.0

674
25.00
47.24

nma
47.1)

oo 1300
S.641 3,815
. bbT6

243 920
589 543

EPs

Z4m[ioso/\eso HARP

L

7543
1443.2
3700
1544.7
4494 .7
724.0
1079.0

674

7,37
39,12

74.%
4Q.37

noo 1300

5.506 319
6304

g3 43

5e4 536

2 /10501050 fios0

STt
S
Nk
Ts4g
Ka3.2
1401. 3
1536.2,
t40s .3
1553. |
542.3
724.0
1074.0
oT4
Q.S
24.3¢
23,16
7s5.56
3K.68

oo \300
ST 3.90|
796
JATo7
%23 04
©08 o571

. P=413 Mwe

b. Cu= .3 Bru/B°F

. AT = 10°F

31419313 €3 1vHINI9




GENERAL &3 ELECTRIC

Clm#)| = 12\,4o<H&_ L+ 58.2) _‘ﬂg) + 1.4
HQO m&)o

+ 20.24 + ACevss

wheve: HR, = R01¢ BTu /Kt

My, = 5.440 MBAHR @ 1100°F
3,209 MLB/HR @ 1300°F

Alemes = —,19m &P
o EPZ
+ 4o EP3
+ 1,76 MI% EP4
+ 229 Ers
+ 4.9 344

P(Mwe)|= 113 Me —\.78 (%% - 5.8<%< :ﬂ;lw ) - 533
1.1 Mo
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Appendix L
MATERIALS EVALUATION AND SELECTION

Cost comparisons in the parametric analysis were made on the basis of the
preliminary materials selection summarized in Table L-1. This selection was
reviewed in Task 2 with respect to the following criteria:

a. Alloys must possess documented mechanical properties which form a
sound basis for design. Materials approved by the ASME Code or Code
Cases are regarded as preferred candidates. Materials which Tack a
widespread data base may be considered as candidates for a future
cost improvement program, but will not be selected for the first
commercial plant.

b. Alloys must be compatible with system working fluids.

c. Alloys selected must be readily available and not overly difficult
to fabricate. Preference will be given to metals which are frequently
used in industry, and (or) which are available in a wide variety of
product forms.

Applying these criteria to materials considered resulted in the recommend-
ations indicated in Table L-2. In summary, state-of-the-art commercially
available, code approved materials have been selected for the 1100 F design.
These materials are Incoloy 800H for the superheater, reheater, and absorber
panel tubing; type 316 stainless steel for the hot-leg piping and the hot
storage tanks; carbon steel for the cold-leg piping and the cold storage tanks;
and 2-1/4 Cr - 1 Mo for the evaporator tubing. For the 1300 F concept, Incoloy
800H is not suitable for the hot components in contact with sodium due to ex-
cessive corrosion at 1300 F. Type 316SS has adequate sodium corrosion re-
sistance at 1300 F, is code approved and, therefore, is a qualified candidate
for all hot components with the exception of the steam generators due to sus-
ceptibility to water-side stress-corrosion cracking (SCC). The use of type
316 SS for the hot storage tanks may prove too costly due to its very Tow
strength at 1300 F, requiring excessively thick sections. Inconel 617 has
been identified as a potential candidate material for the hot components of
the 1300 F design, but no data are available on its compatibility with sodium.

The evaluation and analysis that led to the above recommendations is de-
tailed below:

STAINLESS STEEL

Type 316 (Grades 316 and 316H)* stainless steel is a qualified material
under the ASME Boiler and Pressure Vessel Codes, and its creep and fatigue
properties have been established (Table L-3). Although its strength decreases
rapidly between 1100 F and 1300 F, there are no mechanical reasons why this
alloy cannot be used at 1300 F, so long as thicker sections can be tolerated.

*Type 316SS in this appendix is used in a generic sense to include grades
316 and 316H.

L-1
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Table L-1

MATERIALS INITIALLY CONSIDERED IN THE
PARAMETRIC ANALYSIS

Peak Sodium Temperature

Component 1100 F 1300 F
Cold Leg Piping 2-1/4 Cr - 1 Mo 2-1/4 Cr - 1 Mo
Hot Leg Piping 316SS Inconel 625
Absorber Panels 316SS Inconel 625
Storage Tanks (Hot) 316SS Inconel 625
Storage Tanks (Cold) 2-1/4 Cr - 1 Mo 2-1/4 Cr - 1 Mo
IHX 316SS Inconel 625
Evaporator 2-1/4 Cr - 1 Mo 2-1/4 Cr - 1 Mo
Superheater Incoloy 800 Inconel 625
Reheater Incoloy 800 Inconel 625

L-2
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Table L-2

MATERIALS SELECTION
CONCEPTUAL DESIGN ANALYSIS

Peak Sodium Temperature(a)

Status of
Material
Component 1100 F 1300 F Selected
Cold Leg Piping Carbon Steel Carbon Steel Qua1ified(b)
Hot Leg Piping 316SS 316SS Qualified
Inconel 617 Test Program Required
Absorber Panels(c) Incoloy 800H 316SS Qualified
Inconel 617 Test Program Required
Storage Tanks (Hot) 316SS 316SS Qualified
Inconel 617 Test Program Required
Storage Tanks (Cold) Carbon Steel Carbon Steel Qualified
Superheater(d) Incoloy 800H -- Qualified
and Reheater Inconel 617 Test Program Required
Evaporator 2-1/4 Cr -~ 1Mo 2-1/4 Cr - 1Mo Qualified
(a) Selected temperature is 1100 F; however, system cost may be reduced if

(d)

1300 F can be achieved with Inconel 617. Type 316SS is suitable for all
components at 1300 F except storage tanks (too costly, low strength) and
superheater and reheater modules (water-side corrosion).

Qualified means that there are sufficient strength and compatibility data
available to assure that the indicated components can be successfully de-
signed and operated. Additional test programs will be necessary in some
cases to define and verify the required design data base.

Incoloy 800H selected at 1100 F because of superior creep/fatigue resis-
tance relative to type 316SS; type 316SS or Inconel 617 must be used at
1300 F because Incoloy is incompatible with sodium at 1300 F.

300 series stainless steels are not recommended because of water-side
stress corrosion.
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Table L-3

ABSORBER TUBES

Maximum Allowable Stress Values in Tension
(Section 8-Div. 1)* (in kpsi)

Temperature (OF) 800 800H _316 316H
1100 13.0 10.0 12.4 12.4
1150 9.8 9.8 9.8 9.8
1300 2.0 5.4 4.1 4.

Design Fatigue Values, Code Case 1592

Tables T-1420-1C Incoloy 80CH
Tables T-1420-1A, 1B 316, 304

Al;i?ZE]e e¢(Strain Range) Temperature (°F) Alloy
104 0.0021 1100 800H
104 0.00221 1100 316
106 0.00112 1100 800H
106 0.000963 1100 316
104 0.00159 1300 800H
104 0.00186 1300 316
106 0.000937 1300 800H
106 0.000834 1300 316

*ASME Boiler and Pressure Vessel Code
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Table L-4

CORROSION RATE OF VARIOUS ALLOYS
IN FLOWING SODIUM

1300 F 1150 F
Alloy (mils/year) (mils/year)
304 0.70 0.15
316 0.55 0.15
Incoloy 800* 1.0 0.25
347 0.75 0.2

Oxygen in Na: Less than 10 ppm (3-4 ppm)

Velocities : 10-17 ft/sec

AT : 445 to 500 F

Specimen Geometry: (a) 0.5-in. OD x 0.035-in. wall
(b) 0.875 in. OD x 0,035 in. wall
(c) 0.250 in. OD x 0.015 in. wall

*A1 = 0.30, Ti = 0.44 w/o

Reference: L-4
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Type 316 has been used in sodium systems which have operated successfully
for a number of years. Test loops with 316SS piping were operated for up to
30,000 hours with no evidence of deterioration. Smaller scale experiments
have demonstrated Tow corrosion rates for type 316 at temperatures up to 1300 F
(Table L-4). At these temperatures, type 316SS has lower corrosion rates than
the other stainless steels tested, and is therefore the preferred candidate.

However, these alloys (300 series) are not compatible with water/steam.
Type 316 is subject to stress corrosion cracking in both chlorine-containing
and caustic media (Ref. L-7, paper 4.2.1), Refs. L-12, L-13A) and therefore
is not recommended for the superheater and reheater design. The most recent
(and dramatic) example is the failure of sodium-heated superheater and reheater
units at the United Kingdom's Prototype Faster Reactor (PFR) facility. The
tubing in these units was constructed from 316 stainless steel and failed be-
cause of severe water-side stress corrosion.

Stainless steels are frequently used in large industrial equipment, and
are available in all of the shapes required for the Advanced Central Receiver
plant, i.e., pumps, valves, and pipe fittings. A variety of 316SS components
have been manufactured and used successfully in sodium, e.g., the core internals,
pumps, and large diameter piping and valves now in operation at the PFR facil-
ity and the Phenix reactor (France).

Thus type 316 stainless steel is recommended for all hot-leg components
at both 1100 F and 1300 F and 1300 F except the steam generators. Stainless
steel storage vessels constructed for 1300 F service would probably be so
thick-walled if made of type 316 as to be uneconomical, but there are no crit-
jcal materials problems with such a design.

INCOLOY 800/800H*

Information regarding the mechanical properties of Incoloy 800H has been
adequately developed and documented in the ASME code (Cases 1325-9 and 1592-10).
From the viewpoint of ASME Code allowable stresses, Incoloy 800H is about equal
to 316 stainless steel (Table L-3). However, it is well known that the strength
of type 316 deteriorates by as much as a factor of eight when held in tension
for long periods of time during low cycle fatigue testing (Refs. L-8, L-9).

The mechanisms that lead to this behavior are believed to be less effective in
Incoloy 800H. In Tow cycle fatigue tests in air, Incoloy 800H has been found
to be slightly better than 316 stainless steel (Ref. L-13B). It remains to be
demonstrated that this superiority is maintained in sodium with Tong hold times.

Long term general corrosion test data for Incoloys 800 and 800H in water/
steam environments have been available for some time, including data under
heat transfer conditions at very high heat fluxes (Ref. L-11). This informa-
tion has been verified by workers at GFK, Karlsruhe, Germany. Although Incoloys
800 and 800H are not immune to stress corrosion in water/steam, they are much
more resistant to this kind of attack than the 300 series stainless steels
(Refs. L-2, L-6, L-10, L-14).

*Incoloy 800 has 0.10% (max.) carbon; Incoloy 800H has 0.05-0.10% carbon and
average grain size coarser than ASTM No. 5.
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The corrosion rate for Incoloy 800 in sodium was measured at 1300 F in a
15,000 hour test and found to be equivalent to a uniform loss of one mil/year
(Table L-4). This result is somewhat misleading however, because the sodium
selectively leaches out the grain boundary constituents, thus greatly reducing
strength and fatigue resistance. In less than 5000 hours at 1300 F, the cor-
rosion had penetrated along the grain boundaries to a depth of three mils. Sim-
ilar tests at 1150 F (Table L-4) showed material losses of 0.25 mils/year with
no indications of grain boundary attack. Although there are no data on cor-
rosion of Incoloy 800H in sodium, its behavior is expected to be similar to
Incoloy 800.

Incoloy 800 is more resistant to carburization in sodium than are the 300-
series austenitic stainless steels (Ref. L-13). This is an important consid-
eration when ferritic materials such as 2-1/4 Cr - 1 Mo and carbon steel are
to be used in the same sodium loop with austenitics.

Incoloys 800 and 800H have had many years of successful experience in
superheated steam. General Electric used Incoloy 800 in the mid-1960s to fab-
ricate nuclear fuel elements for service in superheated steam {Refs. L-1 and L-2).
General Atomic Company replaced the superheater section of the Peach Bottom
Unit I gas-cooled reactor with Incoloy 800 in 1966, following SCC failure of the
original 304H tubing which occured prior to reactor startup. This plant was
operated trouble-free for seven years. Beginning about 1960, trial installa-
tion of Incoloy 800 and 800H were placed in the superheaters of Philadelphia
Electric, Wisconsin Edison, Baltimore Gas and Electric, several American Elec-
tric Power Corporation plants, Ohio Power (Muskingum), Electric Energy (Joppa,
I11inois), and Southern California Edison (Huntington Beach). A1l of these
installations have demonstrated trouble-free service, and many were followed
by full superheater sections of Incoloy 800 or 800H (Ref. L-13C). Superheater
and reheater sections of the Fort St. Vraine (Colorado) gas-cooled reactor
power plant are tubed with Incoloy 800.

The selection of Incoloy 800H over Incoloy 800 was primarily based on the
former's inclusion in Code Gas 1592.

European reactor manufacturers (Kraftwerk Union) have used Incoloy 800
for their pressurized water reactor steam generators. Canadian vendors are
also using this material for their steam generators, although their field ex-
perience in this application is 1imited. The fact that Incoloy 800 is rapidly
being considered to replace other alloys for constructing water reactor steam
generators means that vigorous activity will be maintained to expand the de-
sign data base. This additional information would benefit not only nuclear
plants but would improve solar plant reliability as well.

Incoloy 800 is available in a variety of wrought product forms, including
forgings and castings. Recently, 15 tons of this material were purchased in
the form of forged rings up to 26 inches in diameter by 2 inches thick. Based
on the experience gained regarding its weldability, a test was devised and
used successfully as part of the purchasing specifications with no price
penalties.

Due to severe intergranular corrosion by sodium, Incoloy 800H cannot be

considered a candidate for 1300 F service. However, this material exhibits
acceptable sodium corrosion behavior at 1100 F, and provides the water-side
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stress corrosion resistance needed for a successful steam generator design.
It has also been selected for the absorber panel design, based on early in-
dications that its Tow cycle fatigue strength is superior to that of 316H
stainless steel.

INCONELS

Initially, Inconel 625 seemed a logical candidate for the 1300 F application
because of its use by U.S. industry since 1962, good weldability, availability
of a fair data base, and acceptance by the ASME code, Section VIII. However,
a review of the available information revealed that this alloy suffers from
excessive loss of ductility after exposure at 1000 to 1400 F for long periods
(Ref. L-14). Corroborative findings have been obtained in test runs of Inconel
625 tubing at the Eddystone Power Plant. On this basis Inconel 625 has been
dropped as a potential candidate for the 1300 F design.

Inconel 617 (Nickel-base alloy), which was developed for high temperature
strength and oxidation resistance to 1800 F has been selected as a potential
candidate material for the 1300 F design. The thermal stability of this alloy
has been studied and found to be adequate. Soaking at 1100 - 1500 F for times
in excess of 20,000 hours shows that the early drop in ductility begins to
recover after about 4000 hours (Ref. L-16A). The minimum toughness observed
was about 40 foot-pounds (Charpy V-notch), which increased after 4000 hours.
This compares with about two foot-pounds for Inconel 625, which showed no
evidence of recovery.

The corrosion rate of Inconel 617 in sodium has not been measured. Its
behavior might prove to be similar to other high nickel alloys tested in sodium,
such as Incoloy 800 cited earlier. OQOther nickel-base alloys such as Inconel
718, Inconel 706, and PE-16, when exposed to sodium at 1300 F, displayed cor-
rosion to 1-1.5 mils after 2000 hours (Refs. L-15 and L-16). However, because
Inconel 617 offers the promise of significant plant cost reductions, it should
not be eliminated from consideration until its corrosion rate in sodium is
established from actual measurements. The use of Inconel 617 will require
ASME Code qualification as well as vendor qualification for production of
tubing. Most of the current production experience with this alloy is for plate,
sheet, and bar products. However, based on the Timited experience in produc-
tion of Inconel 617 tubing and related experience from similar materials,
production of Inconel 617 tubing is not expected to present problems.

LOW ALLOY AND CARBON STEELS

The evaporator module will be constructed from 2-1/4 Cr - 1 Mo steel. A
sizeable data base has been established for this alloy (Refs. L-17, L-18, L-19),
and it is accepted by the ASME boiler and pressure vessel codes.

Compatibility with sodium at the temperatures of interest (600-950 F) has
been established, and large components have been constructed and operated suc-
cessfully. These components include the steam generator for the Experimental
Breeder Reactor II (14 years operation in the U.S.), steam generators, and pip-
ing for the Prototype Fast Reactor (4 years operation in Great Britain), steam
generators for the KNK reactor (4 years operation in Germany), and evaporators
for the BN350 reactor (4 years operation in the USSR). Steam generator proto-
types made of 2-1/4 Cr - 1 Mo are now under test at Henglo, Holland (50 MW), '
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‘ Les Remardieres, France (49 MWi), Oarai, Japan (50 MW¢) and at General Electric
(2 MW¢). Smaller experimental facilities in the United States, Germany, Russia,
Japan, Great Britain, and France have operated for as long as five years, suc-
cessfully demonstrating the compatibility of 2-1/4 Cr - 1 Mo with flowing sodium.

For cold-leg components not exceeding 650 F, lower grades of steels can
be selected to reduce costs. This is particularly advantageous in the cold
storage vessels which require large quantities of metal, and where the more
rigorous welding practices required by 2-1/4 Cr - 1 Mo could complicate field
assembly. For 2-1/4 Cr - 1 Mo, welds must be preheated to 350 F and post-
treated at 1300 F with no cooldown between welding passes. Carbon steel, on
the other hand, requires about 300 F preheat with no limitation on cooldown
between passes; in addition, the post weld heat treatment at 1100 F can some-
times be eliminated on sections less than 1.5 inches thick.

Tests at temperatures in excess of 1100 F with carbon steel and 2-1/4 Cr - 1
Mo indicated that decarburization and corrosion rates were about the same for
the two materials. Since 2-1/4 Cr - 1 Mo is acceptable at lower temperatures,
carbon steel is expected to be acceptable also.

Carbon steel has been used in the construction of the sodium dump tank
for the Clinch River Breeder Reactor (CRBR). This component is 28 feet in
diameter, 24 feet high, and is made of one inch thick SA515 grade 60 (0.27 per-
cent max.) carbon steel. Other major sodium service components made of carbon
steel include the sodium/water reaction products tanks along with connecting
piping about 18 inches in diameter. Experiments were performed at General
Electric's Advanced Reactor Systems Department to ascertain whether the base
or weld material graphitization (Ref. L-20). Using a Larson/Miller extrapola-
tion, it is estimated that the material can be operated at 950 F for at least
3000,000 hours without graphitization. The maximum cold-leg and cold storage
tank design temperature for the Advanced Central Receiver concept is about
640 F.

The specific grade of carbon steel to be used will be determined during
Phase II after in-depth evaluation of existing data. SA515, grades 60 and 70
and SA637, class 1 will be included in this evaluation. Cost estimates in
Phase I were based on SA515, grade 70.

L-9




GENERAL @ ELECTRIC

REFERENCES

Incoloy 800 and Type 316SS

L-1.
L-2.
L-3.

L-4.

L-13A.

L-13B.
L-13C.

Materials for Nuclear Superheat Applications, GEAP-3875, January 5, 1962.
Nucleonics, Vol. 21, No. 9, September 1963.

Microstructural Evaluation, Aging, Mechanical Properties, GEAP-4794 and
GEAP-4751, January and February 1965.

Effects of Sodium Exposure on the Corrosion and Strength of Stainless
Steel, GEAP-10394, August 1971.

Data for Use in Design of Gas Cooled and LMFBRs - Huntington Alloys,
October 1975.

Review of the Behavior of Alloy 800 for Use in LMFBR Steam Generators,
WNET-115-R1, February 1976.

Petten International Conference on Alloy 800, The Netherlands, March 1978.
(a1l topics: corrosion, low cycle fatigue, stress corrosion).

G.J. Zema and D.L. Smith, "Low Cycle Fatigue Behavior of Types 304 and
316 Stainless Steel Tested in Sodium at 500°c," Argonne National Labora-
tory.

D.R. Dierks, "A Compilation of Elevated Temperature, Strain Controlied
Fatigue Data on Type 316 Stainless Steel," ANL/MSD-77-8, October 1977.

P. Bergeand and J. Donati, INCO Power Conference, October 4-7, 1977,
Lausanne, Switzerland, paper No. 1, Figures 8 and 9.

W.L. Pearl, E.G. Brush, G.G. Gaul, G.P. Wozadlo, "Corrosion of Incoloy
800 in Simulated Superheat Reactor Environment," Journal of Nuclear

Applications, June 1965, p. 235.

W.L. Pearl, G.G. Gaul, G.P. Wozadlo, Nuclear Science and Engineering,
Vol. 19 (1964), p. 274,

LMFBR Heat Exchanger Materials Development Program, GEAP-13919-2,
December 1972, pp. 3-4.

P.P. Snowden, Journal of Iron and Steel Inst., Vol. 197, (1961), p. 136.

C.E. Taske, W.T. 0'Donnel, Trans. ASME, November 1977, p. 548.

F.N. Mazandarany and R.L. Rittenhouse, "Effects of Service Environments
on the Behavior of HTGR Steam Generator Sturctural Materials," GA-A13553,
July 1975.




GENERAL &D ELECTRIC

Inconel 625 and Inconel 718

L-14.

L-T6A.

Effects of Elevated Temperature Aging on the Mechanical Properties and
Ductility of Ni-Cr-Mo-Cb Alloy 625, Gulf-GA-A12683, October 1, 1973.

Corrosion Considerations in Alloy Development, Trans. International
Conference on Liquid Metal Technology in Energy Production, Seven Springs,
Pennsylvania, May 2, 1976, p. 738.

W.G. Brehm and R.P. Anantatmula, "Corrosion Considerations in Alloy De-
velopment," International Conference on Liquid Metal Technology in Energy
Production, Seven Springs, Pennsylvania, May 2, 1976, p. 738.

0.F. Kimball, G. Lai, and G. Reynolds, Met. Trans., Vol. 7A, Dec. 1976,
p. 1951 and private communication with G. Lai of General Atomic Co.,
San Diego, Ca.

Alloy 2-1/4 Cr - 1 Mo

L-17.

Carbon

L-20.

J.S. Armijo, J.L. Krankota, C.N. Spalaris, K.M. Horst, and F.E. Tippets,
"Materials Selection and Expected Performance in Near Term LMFBR Steam
Generators," British Nuclear Energy Society Meeting, March 1974, London,
United Kingdom.

C.N. Spalaris, K.D. Challenger, D. Dutina, and P.J. Ring, "Sodium Heated
Steam Generators - Near Term and Projected Information Needs - Ferritic
Steels," BNES, May-June Meeting 1977.

G.J. Licina and J.F. Copeland, "A Review of 2-1/4 Cr - 1 Mo Steel for
Steam Generator Applications in CRBRP," GEAP-20589, October 1974,

Steel

L.V. Hampton, "Final Report Graphitization Experiments," ARSD, Materials
Engineering Internal Memorandum, April 6, 1978.






GENERAL @D ELECTRIC

Appendix M
HYDRAULIC ANALYSIS OF ABSORBER CONCEPT

EFFECT OF GROSS AIMING ERRORS ON SOLAR FLUX

This analysis was performed to determine the sensitivity of the absorber
panel performance to displacements of the heat flux along the panel length
due to gross aiming errors. The heat flux step function values given along
the length of the panel (Figure M-1) were used as a starting point, but were
found to be much too coarse for such a study. Therefore, the coarse grid for
the hot absorber panel was revised as shown in Figure M-2. The average values
of heat flux over each meter of length in Figure M-2 were made to agree with
the coarse one-meter length increments shown in the original flux plot.

Method of Solution

It is assumed in Figure M-2 that the flux plot is symmetrical about the
panel centerline. If the solar flux curve is then displaced from the bottom
half of the panel (down-flow region) to the upper half (up-flow region) by
some amount (e.g., 0.2 meter), then the top half will have a change in total
heat input of

AQu = (+1.87 -0.0S5) %‘Ig x 0.2m x2.0944m
(M-1)
= +0.76027 Wy ( gain heod)

The numbers +1.87 and -0.046 th/m2 result from Figure M-2 when the entire
abscissa is shifted to the right by 0.2 meter.

The corresponding change in total heat to the down-flow half of the panel
is found in a similar manner using centerline symmetry.

AQp = (=137 + 0.046) MW « 0.2m x 2.0944m
m’t

(M-2)
= —0.76404 MW, ( liss n heot)
The overall panel change AQy in incident energy is:
AGr = AQu + AQp
(M-3)

= —0.00377 MW¢

For each increment of gross aiming error, a similar procedure can be fol-
lowed to produce the data shown in Figure M-3. This figure shows that although
the energy shifts for a given gross aiming error are large between the top and
bottom half of the panel, the effect on total panel power is small.
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‘ Note that the ratio between the absorbed energies top and bottom is

Qe = MuwWuCe(Tu-613)
Qp Mo Wo Ce (T - 613)

-ru,TD - respective panel outlet temperatures for the (M-4)

where: - upper and Tower panel halves (OF)

«lu ,"lp = panel efficiencies

Wu,Wp = up-flow and down-flow in the panel (1b/hr)

Letting Wy = Wp and assuming for simplicity that n, = np, Figure M-4 was
developed to show how a gross eccentricity in the solar flux might affect the
outlet temperatures from the two halves of the hot panel. The difference in
the two temperatures constitutes a heliostat error control signal which is
used to hold the heat flux profile centered on the solar panel. This illus-
trates the extreme sensitivity of the control to small eccentricities in solar
flux.

HOT BACKFLOW IN LOWER HALF PANELS

Since the flow direction in the lower half panel is against the free con-
vection, there is a possibility at lTow flows of hot fluid flowing upward toward
the center of the panel. This would cause the controller to sense a false low
outlet temperature; it would react by reducing flow still further and over-
heating the panel which would shut down the absorber.

To assess the possibility of having hot backflow, a zeroth order estimate
was made of the magnitude of buoyant vs. viscous forces acting on the hot fluid.

If a spherical globule of hot fluid escaped from the panel outlet region
and started moving upward, it would experience a drag force given by

z z
Fo= $§eUrfr (TR Cp (M-5)
2
where: §¢ = density of surrounding fluid
UfF = speed of fluid with respect to globule

R = radius of globule

' Cp.= drag coefficient (10.4)

M-5
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The buoyant force driving it upward would be

Fe= (§-§)4mR%g (M-6)
3

where: f; = density of fluid in globule

3 = acceleration due to gravity

Tc prevent upward movement of the globule, the drag force must be greater than
the buoyant force. Thus

2
o = (3) SeUeCo . ]
2=@) ray (-)

This ratio was computed for three flow levels in the high flux panel (north
side) and the results are plotted in Figure M-5. Since the globule tempera-
ture was taken to be 1100 F and the fluid temperature was set at 612 F, these
calculations overestimate the buoyant force and are considered conservative.
Since under normal conditions the flow in any panel is unlikely to go below
20 percent of its design point value, we concluded on the basis of this calcu-
lation that hot backflow is unlikely to occur in any of the panels on the ab-
sorber at even the lowest operating flow rates.

OBTAINING A BALANCE BETWEEN UP-FLOW AND DOWN-FLOW IN THE ABSORBER PANELS

The density heads in the absorber panels cause down-flow pressure heads
in both halves of the panel. Since this augments flow in one half and retards
flow in the other, it is necessary to address the problems of (a) how much flow
unbalance this causes (b) what should be done to balance the two flows over the
full range of operation.

The flow differential pressure calculations for the top of the tower are
presented in Table 5.3-12 of Section 5.3.4 for a case where full tower flow
was used and the hot panel pressure loss was evaluated. Using the data con-
tained in this table, it is possible to work around the up-fliow and down-flow
circuits, where P37 = Ppg is imposed as a control requirement, and obtain an
expression of the form:

M-7
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Figure M-5. Analysis of Hot Backflow on North Absorber Panel
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7.24 (Wu /We) + 6.35 (Wu/We)"? — (7.244R0) (Wo/We)"
-5.38 (Wo/WR)"® + 6.790 =o (M-8)
Wu =  up-flow in panel (1b/hr)
Wp=  down-flow in panel (1b/hr)
W R= reference hot panel up-flow or down-flow at 100% power -

where WD = Wy = WR (1b/hr)

on = resistance term for an orifice placed in the down-flow
leg to balance the flow at 100% power

The key segment numbers and their respective pressure loss component as
used in Equation (M-1) are repeated in Table M-1. Note, however, that the
friction losses associated with local resistances (W2 dependent) and pipe re-
sistances (W1-8 dependent) are separated. Equation (M-8) results from summing
the resistances around the respective circuits for up-flow and down-flow and
can be used universally to evaluate any panel referenced to hot panel flow, Wp.

Pressure Loss In Flow Balancing Orifice

The term Ry in Equation (M-8) represents the resistance in an orifice
placed in the down-flow side of the panel to balance the two panel flows. The
pressure drop across this orifice is given by:

APp = Ro (Wp/WR) ™ (M-9)

Solving for R, in Equation (M-8) and substituting in Equation (M-9):

AR = 724(Wn/We)~ + 6.35 (Wu/Wr)"~
- 5.38 (Wp/we)"® - 724 (Wo/We)~ (M-10)

+ 0.7M0

Assuming a flow unbalance, AW exists in the panel favoring the bottom
half over the top half:
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Table M-1
HOT PANEL FLOW BALANCE EVALUATION

Segment Velocity- Static- APfriction
A B Head Head W2 W8
14 13 -1.602 0.0 0.93 -
13 12 0.0 1.265 - 1.77
12 1 2.702 0.0 0.33 -
11 10 -0.132 0.0 0.08 -
10 9 0.0 10.319 - 1.632

9 8 +0.115 0.0 0.02 -
16 8 +0.115 0.0 0.02 -
17 16 0.0 -10.500 - 1.632
18 17 -0.132 0.0 0.08 -
19 18 702 0.0 0.33 -
20 19 0 -1.757 - 1.77
21 20 -1.602 0.0 0.93 -
22 21 051 0.0 - 0.61
23 22 0.0 0.0 - 1.98
25 23 -0.0563 0.0 2.19 -
15 14 0569 0.0 0.61 -
24 15 0 -23.051 - 2.95
25 24 -0.0563 0.0 2.19 -
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Wi /Wr= (W/We) (1 = Aw/w) (11

Wo/Wr = (W/WR) (1 + AW/ W) (H-12)

Substituting Equations (M-11) and (M-12) into Equations (M-8) and (M-10)
produces the following two equations, which can be used to evaluate flow un-
balance in the panels.

. .3
7.2 (W/wR) (= AW/W)? + €.35 (WiWR) - AW/w)
. .3
=(7.28 +Ro)(W/WR) (1 + AW/W)" - s.at(w/w&)' T‘( 14AW/w) (M-13)

+079% = (@)

z * . 2
AP = 7.2 (W/WR)(1- AW/W)” +6.35 (W/we) (1~ Aw/w) (M-14)

-5.59(w/w&)"x(|+mu/w\l'g + 0.790

Panel Flow Unbalance With a Fixed Size QOrifice

The use of a fixed size orifice in the panel would be the simplest solu-
tion to balancing the panel flows. An analysis was made to determine the mag-
nitude of the flow unbalance.

Using the hot panel (No. 1) at 100 percent power (W/WR = 1) where W, = Wp
= W, it was found in Table 5.2-12 that APp = 1.76 psid. Therefore R, in Equa-

tion (M-13) can be set equal to 1.76 and held constant for this evaluation.
Also note that

Q/OR = (WCPAT)/(WRC‘PATR) = W/we (M-15)

Using Equations (M-14) and (M-15), the following flow unbalances were calculated:

WWR  Q/QR /W
1.0 1.0 0.0

0.9 0.9 0.00392
0.8 0.8 0.00906
0.7 0.7 0.01599
0.6 0.6 0.02710

M-T1
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W/Wp Q/QRr AW/W (Cont'd)
0.5 0.5 0.0444
0.4 0.4 0.0750
0.3 0.3 0.1390
0.2 0.2 0.3130
0.15 0.15 0.5480
0.12 0.12 0.8450

These data are plotted in Figure M-6. Notice that between 40 percent and
100 percent power the flow unbalance is relatively small, but below 40 percent
power it becomes severe. The effect of this type of flow unbalance with a
control system which maintains constant outlet temperatures in the two panel
halves would be to introduce a heat flux eccentricity through the heliostat
control. Figure M-3 shows that small gross heat flux eccentricities produce
large heat input unbalances between the two halves without degrading the total
incident energy on the panels. This indicates that large values of AW/W could
be accomodated. However, the plant may be operated with partial cloud cover
where the cold panel (No. 12) power may be quite low; therefore, it was con-
cluded that a fixed orifice was inadequate for balancing the flows in the
panels.

Attempts were made to correct the problem by over-orificing at 100 percent
power (APp > 1.76 psid) without success. Also, orificing was added to the up-
flow side of the panel to make the density head effect a smaller fraction of
the total pressure drop. This helps but requires much more pumping without
totally eliminating the flow unbalance at very Tow power levels.

Variable Orifice

By varying the orifice resistance as power changes, it is possible to
maintain the up-flow equal to the down-flow in a panel. With the flows bal-
anced, the solar flux is centered on the panel and the two outlet temperatures
are equal. Equation (M-14) was used to evaluate the orifice pressure loss
where AW/W = 0 and Q/Qp = W/WR. The results are tabulated below:

WM Q/R 8Pp
1.0 1.0 1.760
0.8 0.8 1.439
0.6 0.6 1.177
0.4 0.4 0.976
0.3 0.3 0.901
0.2 0.2 0.844
0.1 0.1 0.805
0.05 0.05 0.7994
0.01 0.01 0.79024
0.005 0.005 0.79007
0.0 0.0 0.79000

These data are plotted in Figure M-7.
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Figure M-6. Effect of Fixed Orifice on Flow Mismatch Between
Upper and Lower Panel Halves
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Figure M-7. Variable Orifice Pressure Differentials Required
to Balance Flows in Two Panel Halves
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To maintain equal up-flow and down-flow in a panel over the full power
range, it is necessary to devise a variable orifice with the flow characteris-
tics outlined above. If this is done, the heat flux eccentricity will be zero
and the maximum possible power will be realized.

DESIGN OF VARIABLE ORIFICE

The analytical model used in designing the variable orifice for balancing
flows in the solar panel is shown in Figure M-8. This orifice is fitted with
two springs. The first spring is designed to allow the orifice area to open
rapidly at low flow rates. The second spring takes over and adjusts the pres-
sure drop as required at the higher flow rates.

The orifice pressure loss characteristic as shown in Figure M-7 can be
expressed as:

AP,, = 0.7 + K. y_": = 079 + _K{Wp /2600)% (M-16)
29 29(R/144)% © « 144

But APp = 1.76 psid when the orifice is wide open (A = Ay) and the flow rate is
equal to the full flow in the hot panel (Wy = WR = 0.2341 x 106 pounds/hour).
Using this information in Equation (M-16), Ay and Do can be obtained:

A0 = 10.75 square inches; D0 = 3.70 inches

Again from Figure M-7, the pressure loss can also be expressed as:

AB = 0790 + 0.970 (Wp/le )1(A°/HY'

Designing First Spring

Contact with the second spring was arbitrarily set such that the annular
area mDg(X1-Xg) = Ag. Solving for (X1-Xp):

X,~Xo = Doj/4a = 0.92S5 (M-18)

The pressure drop across the variable orifice applied over the area of the plug,
A, produces a force which compresses the first spring:

Z\Fi>‘\o = F(Esl X
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‘ But APp = 0.790 at X = Xg (at Q/Q = 0.0 in Figure M-7, the orifice is closed).

K$| = 07‘?0 X Ae
Xo (M-19)

AR = Ks1/AoX = 0.7 (X /%a) (-20)

The following table can be generated using Equations (M-17) and (M-20)
and Figure M-7.

W/WR APp A X/Xg X

0 0.790 0 1.000 13.533
0.01 0.7902 4.279 1.0003 13.537
0.05 0.7944 5.911 1.0056 13.609
0.10 0.8050 6.952 1.01899 13.790
0.20 0.844 7.724 1.06835 14.458

The last column X was determined from Equation (M-18) and the ratio X/Xg. Note
that at W/WR = 0.20, X - Xg = 14.458 - 13.533 = 0.925 inch. This value of W/Wp
was arbitrarily chosen as the cut-off flow rate where contact is made with the
second spring. The orifice plug would be shaped to the A vs. X values listed
above.

The spring constant for spring No. 1 is from Equation (M-10):

Ks\ = 0.790 = 1015 /13.533 = 0.4275 */in. (M-21)

Designing the Second Spring

After the second spring starts to compress, the drag force of the orifice
plug must equal the compressive force of both springs in parallel.

AP = (KsiX + Ksz(x-%)) /Aq (W-22)

When APp = 1.76 at 100 percent flow rate, assume that spring No. 2 will com-
press another 1.0 inch or X3 = Xg + 0.925 + 1.0,

Xz = 13533+ 0925 + |0 =15.45%
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Solving Equation (M-13) for Kg» .

Ksz = q.220 #/in.
Equation (M-13) becomes

AR = 041 X - (2,400 (M-23)

Using Equations (M-17) and (M-23), a second table can be generated:

W/WR APp A X
20 .844 7.724 14.458
30 .901 8.455 14.521
.40 .976 8.970 14.603

.069 9.344 14.704
177 9.700 14.822

.300 10.019 14.956
.439 10.283 15.108
.592 10.532 15.275
.760 10.750 15.458

~ OO0 OO0OO0OO0O
o O
o O

—_ e e e OO O

The above relationship between A and X describes the shape of the remain-
der of the plug required to balance the flow in the two halves of the panel
for panel powers Q/Qgp between 20 percent and 100 percent.

Determining the Shape of the Plug

To find the shape of the plug (D vs. L) is a complex geometry problem be-
yond the scope of this study. However, the rough shape can be determined from
applying the following relationships:

= Ao -T H*

A 7 D

D= (4T (A-Ad) (M-24)
L= X-YX, (M-25)

The plug diameter D at depth L will be given by Equations (M-24) and (M-25).
Figures M-9 and M-10 are plots of the plug characteristic.

The plug shape illustrated in Figure M-8 was drawn using the D vs. L co-
ordinates from Table M-2. This shape is not exact since, for the plug position

M-18
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Table M-2

SHAPE CHARACTERISTIC FOR PLUG USED

IN THE VARIABLE ORIFICE

M-21

Orifice Spring Plug Plug
Flow Compression- Depth Diameter
Area-A X X-Xo* D
(in.2) (in.2) (in.) (in.)
0.0 13.533 0.00 3.700
4.279 13.537 0.004 2.870
5.911 13.609 0.076 2.482
6.952 13.790 0.257 2.199
7.724 14.458 0.925 1.962
8.455 14.521 0.988 1.709
8.970 14.603 1.070 1.505
9.344 14.704 1.171 1.338
9.700 14.822 1.299 1.156
10.019 14.956 1.423 0.965
10.283 15.108 1.575 0.771
10.532 15.275 1.742 0.527
10.750 15.458 1.925 0.000
*Xg = 13.537
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shown in Figure M-8, the minimum flow area for the orifice is not necessarily .
in the plane of the orifice opening as was assumed in Equation (M-24). Before
building such a plug, a more rigorous geometric evaluation is required.

Mechanical Design of the Variable Orifice

The two spring constants can be supplied either by coil springs (Figure M-8)
or by a cantilever beam with the plug mounted on the end. The cantilever beam
design would be very similar to a drag flowmeter and could be easily designed
for a dual function, i.e., balancing the panel flows and measuring the flow
rate. For this reason the cantilever design was selected as the reference.
Figure M-11 shows one possible configuration. Cantilever spring No. 1 would
be installed with a heavy preload to provide the characteristics calculated
above. Spring No. 2 would take over above 20 percent power and carry most of
the drag load on the plug.

This device would require a development program to ensure that the desired
characteristics were present.

Flow induced vibrations are a possibility in a design of this type. Careful
attention must be given to this possibility in the final design.

At near zero flow, the flow balance will be very sensitive. To avoid the
possibility of operating with no down-flow in the panel, it may be desirable to
drill a small hole through the centerline of the plug to ensure a Tow flow at
very low powers.

M-22
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Appendix N

TECHNIQUE FOR ESTIMATING AIR SIDE
CONVECTION COEFFICIENT ON ABSORBER

Table N-1 describes the method used to compute the convection coefficient
for the receiver loss estimates given in Section 5.3.2. The method accounts
for mixed free and forced convection effects and includes corrections for the
effect of roughness. The data and arguments used in developing this estimation
technique are summarized below.

COMBIMED CONVECTION

A measure of the relative importance of forced and free convection is
given by the quantity Gr/Re2. This ratio is about 5 for the advanced central
receiver, indicating that free convection cannot be ignored in estimating the
best transfer coefficient.*

The effects of combined natural and forced convection on various surfaces
have been studied by several authors. Among the relevant investigations are
papers by Churchill (Ref. N-1), Churchill and Chu (Ref. N-2), and Oosthuizen
and Taralis (Ref. N-3). Unfortunately the results of these studies are not
applicable to the combined natural and forced convection problems on vertical
cylinders in the range of Reynolds and Grashof numbers needed for the present
study. Therefore, Churchill and Usagi's correlation (Ref. N-4), which uti-
1izes the asymptotic behaviors of a function at limiting values of the inde-
pendent variable z at z - 0 and z > » is employed here to compute the combined
natural and forced flow effect. In the present case, the function under ques-
tion is the Nusselt number. The limiting value of the Nusselt number when the
independent variable Re (Reynolds number) tends to zero is given by the natural-
convection situation for which several correlations are available (Ref. N-2).
For the asymptotic behavior at large Re, the variation of Nusselt number is
given by the purely forced convection flow, for which very good correlations
and experimental data are available for smooth and rough cylinders (Refs. N-5,
N-6, and N-7). Therefore, the combined natural and forced convection problem
is expressed as

n n L
N = ”kr—‘ + Nu» (N-1)

where Nu is the Nusselt number and the subscripts F and N represent respec-
tively the limiting conditions of purely forced flow (no natural convection)
and purely natural convection (no forced flow). The exponent n usually has
values in the range 1 < n < 4, although it can take on other values as well.
According to Churchill and Usagi (Ref. N-4), Equation N-1 can be used when-
ever the functions Nu_. and Nu, are uniform functions of the independent varia-
ble (in this case, thg Reyno]ﬂs number) with second derivatives that do not
change sign. For the combined natural and forced convection problem for a

*Ref. N-1A, p. 358

N-1
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Table N-1

CALCULATION OF CONVECTION COEFFICIENT
FOR CONCEPTUAL DESIGN RECEIVER
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horizontal cylinder, Churchill (Ref. N-1) has found the value n = 3 to be
appropriate. Professor Qosthuizen (Ref. N-3) in a verbal communication with
General Electric recommended the use of n = 2 for the correlation.

Smooth Cylindrical Surface

For a vertical cylinder, the equation determining Nu, as a function of
the Grashof number is the same as for a smooth vertical s”rface. The latest
available correlation is that given by Churchill and Chu (Ref. N-2):

Nuw = Jog25 +_0-387 (Gﬁﬂl)w’ 2 (N-2)
[1 +(0.49Z /P Y16 ] ¥/21

where Gr and Pr are the Grashof and Prandtl numbers respectively. This cor-
relation fits all available data accurately up to Gr 4 x 1012, Since no
data at all are available for higher Grashof numbers, the errors involved in
using this correlation to extrapolate to the advanced central receiver case
cannot be assessed at this time.

In purely forced convection flow over circular cylinders, the correlation
that fits all available data including those of Achenbach (Ref. N-6) and
%danavichgyus (Ref. N-8) most accurately is that of Churchill and Bernstein

Ref. N-5):

Nup = 0.3 + 062(Re Re'> {l *(Ke )5/3}4/5

2/31V.
[1+ (0.4/R)*/3] Y 282000 (he3)

This equation provides a lower bound on the observed values of Nu_ for
all Re<Pr > 0.4. 1In the range of Re*Pr of present interest, it fits tﬁe data
accurately, with deviations of less than %3 percent.

By using Equations N-2 and N-3, the values of Nu as computed from Equation
N-1 have been plotted in Figure N-1, with Groshof number as a parameter.
Since n is not known, calculations have been carried out for three assumed
values n = 2,3, and 4. These results are shown on the graph. The combined
natural and forced convection effect is largest in the range of operating
Reynolds numbers for the receiver. Since the heat transfer coefficients pre-
dicted by using the various values of n do not differ from one another very
much, any of the three values could be used. In the present study we have
chosen n = 2, which predicts the Targest loss from the receiver.

Rough Cylindrical Surface

The only data on rough cylindrical surfaces in forced flow are those of
Achenbach (Refs. N-6, N-7). These data were obtained by measurements on a
cylinder (0.15 meter diameter) in a wind tunnel (0.9 meter in width).

N-3




GENERAL ED ELECTRIC

WusseLt
NumBerR,

10°

GR. = Z.SxIOM'

—— —

N T

1 ' i I T A | ] | I I N I Y |

106

07 1
Keynocps Mumaer,

Figure N-1. Application of Equation (N-1) to Convection on Smooth Cylinders
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Figure N-2 shows Achenbach's data* replotted to show the enhancement due
to roughness as a ratio of the rough Nusselt number to the smooth one. Since
the orignal data did not include a curve for the roughness (e/D = 60 x 10‘5),
this curve has been determined by interpolation and is also shown in Figure
N-2. The design point Reynolds number is 1.7 x 10° and the enhancement of
heat transfer is shown to be 1.74 in the figure. To obtain the forced con-
vection coefficient for the advanced central receiver, these enhancement fac-
tors were applied to a smooth cylinder Nusselt number derived from Equation
N-3.

The surface presented to natural convection due to the tubes welded on
the receiver surface is not rough in the usual sense of the term. It has
been assumed that Equation N-2 is still applicable for the evaluation of the
Nusselt number without a roughness correction, even though the surface has
depressions and elevations. No experimental data relating to such a surface
have been found in the literature.

The use of Equation N-1 for the combined effect of free and forced con-
vection now becomes questionable since Nu. is no longer a smooth function of
Re. Nevertheless, Equation N-1 provides Fesu]ts of reasonable accuracy because
Nu. is a uniform function of Re in a piece-wise manner. So, the equation
shgu1d be usable for calculating Nu in each region of continuity of NuF.

*Reference N-7, Figure 4.

N-5
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Appendix O
ABSORBER LOSS COMPUTER PROGRAM

A computer program based on the analysis described in Section 5.3.2 is
listed in Table 0-1. The program is written for the General Electric MARK III
time sharing system. A variable list defining the symbols used in this pro-
gram is given in Table 0-2, and sample output for the conceptual design is
listed in Table 0-3.
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Table 0-1
ABSORBER LOSS COMPUTER PROGRAM

100 REAL KN,KT,N,NU

110
120 &
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710

DIMENSIUQ W(l2) es(12,8),ET¢12,8),INA(12,8),TN(8),HN(12,8),KT(12,8),U(12,8),
TT(|2 8), QR(IZ 8), QC(I2 8), EFP(|2) QIP(IZ) QRP(IZ) OCP(IZ) WP(IZ) TIP(12,8)

FILENAME FLUX

DATA DX,DY,CN,TH,TC,P1/1.0,2.0944,.30353,1097.22,612.95,3.14159/

DATA ET/96*0.90/

DATA TT/96%1100./

DATA DL,D,N,SIG,EPS,ALPHA/.75,.65,108.,.1714E-8,.90,.95/

PRINT, “AIR TEMP.,CONV. COEFF.,Cl®

READ, TA,HT,C!

PRINT,"FLUX PLOT FILENAME"

READ, FLUX

READ(FLUX,500) ((@S(I,J),I=1,12),J=1,8)

500 FORMAT (4X,12F6,3)

20 PRINT,"FULL PRINT(YES=1,NO=0)"

READ,L

DO 160 M=1,5

WR=0.

QIR=0.

QRR=0,

QCR=0.

DO 150 I=1,12

SUM=0.

DO 120 J=1,8

SUM= SUM + QS(I,J)*ET(I,J)

120 CONTINUE

W(I)= SUM*DX+*DY+*3.413E6/CN/(TH-TC)

WP (I)=2%HW(I)

IN(1)= TC + QS(1,1)*ET(I,1)*DX*DY*3,413E6/W(1)/CN

TNA(T, )= (TC + TNC1))/2.

DG 130 J=2,8

TN(J)y= IN(J=1) + OS(I,J)*ET(I,J)*DX*DY*3,413E6/W(1)/CN

TNACI J)= (TN(J=-1)+IN(J)) /2,

130 CONTINUE

QIP (I)=0.

QRP(I)=0.

QCP(I)=0.

DG 140 J=1,8

KN= 125.3-12.74%ALOG(TNA(I,J))

PE= 48.*W(I1)*CN/(PI*D*KN*N)

NU= 7.0 + .025%(PE**(.8))

HN(I,J)= KN*NU*12,/D

KT(I,J)= 6.7 + 004705 *{INA(I,J)+TT(1,J))/2.

UCI,J)= DL/HN(I,J)/D + DL/24./KT(1,J)*ALOG(DL/D)

UtI,J)= 1.70(1,0)

QT= C1*QS(1,JI*ET(I,J)*3.413E6/10.7636

TT(I,J)= INA(I,J) + QT/U(1,J)

TIP(1,J)= TNA(I,J) + QT/U(I,Jd)/CH

QR(I,J)= SIGXEPS*DX*DY*10,7636%((TIT(1,J) + 460.)**4 = (TA + 460.)**4)/3.413E6

QC(I,J)= HT*DX*DY*10.7636*(TT([,J) - TA)/3.413E6

ET(I,J)= ALPHA -~ (QR(I,J)+QC(1,J))/QS(1,J)/DX/DY

QIP(I)= QIP(I) + QS(I,J)*DX*DY

QRP(I)= QRP(I) + QR(I,J)

QCP(I)= QCP(I) + QC(I,Jd)

140 CONTINUE

QIP(I)= 2.,%QIP(I)

QRP(I)= 2.%QRP(I)

QCP(I)= 2,.*%QCP(I)

EFP(1)= ALPHA = (QRP(I)+QCP(I1))/0IP(I)

WR=ANR + WP(I)*2,

QIR=QIR+QIP(I)I¥*2,

QRR=QRR+QRP(I)*2,
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. Table 0-1 (Cont'd)

720 QCR=QCR+QCP(I)x2.

730 150 CONTINUE

740 QREF= QIR*,05

750 EFR= ALPHA-(QRR +0OCR)/0QIR

760 160 CONTINUE

770 PRINT 510,#R,QIR,QRR,QCR, OREF ,EFR

780 510 FORMAT(1X,"RECEIVER SUMMARY"/1X,"FLOW=",E13.6,"LB/HR"/

790 & 1X, "INCIDENT=", FB, 2, "MK "/
800 & 1X, "RAD. LOSS=",F8.2, "MW/
810 & 1X,"CONV, LOSS=",F8,2,""Na"/
820 & 1X,"REFL. LOSS=",F8.2,"Mi"/
830 & 1X,"EFFICIENCY=",F6, 4/10")

840 PRINT 520
850 520 FORMAT(1X,"PANEL",2X,"FLUW",9X," INCIDENT",2X, "RADIATION",2X, "CONVECTI 3N" ,2X,"EFFICIENCY"/
860 & 8X, "LB/HR" ,8X, MH AN BX, MMM, OX, TMHT)

870 PRINT 530, (I,WP(I),QIP(I),QRP(1),QCP(1) ,EFP(I),I=1,12)
880 530 FORMAT(1X,12,5X,F8.0,5X,F8.3,2X,F3.3,3X,FB.3,4X,F7.4)
890 PRINT 540

900 540 FORMAT ("0DUTSIDE TUBE TEMPERATURES(DEG. F)m)

910 PRINT 550, ((TT(I,J),I=1,12),J=1,8)

920 550 FORMAT(1X,12F8.1)

930 PRINT 560

940 560 FURMAT("ONODE EFFICIENCIES(P.U.)")

950 PRINT 570, ((ET(I,J),1=1,12),J=1,8)

960 570 FORMAT(1X,12F8.4)

970 IF (L.EQ.0) GO TO 200

980 PAUSE

990 PRINT 580

1000 580 FORMAT("OINCIDENT FLUX(MH/SN,M)")

1010 PRINT 590, ((QS(I,J),I1=1,12),J=1,8)

1020 590 FORMAT(1X,12F7.3)

1030 PRINT 600

1040 600 FORMAT ("ORADIATION LOSS(Mi)")

1050 PRINT 570, ((QR(I,J),I=1,12),J=1,8)

1060 PRINT 620

1070 620 FORMAT(MOCONVECTION LOSS(M#)")

1080 PRINT 570, ((QC(I,J),I=al,12),J=1,8)

1090 PRINT 640

1100 640 FORMAT("ONODE SODIUM TEMPERATURES(DEG, F)")

1110 PRINT 550 , ((TNACI,J),I=1,12),J=1,8)

1120 PAUSE

1130 PRINT 660

1140 660 FORMAT("QSODIUM HEAT TRANSFER COEFFICIENTS(BTU/HR*E*ET#x2)")
1150 PRINT 550, ((HN(I,J),I=1,12),J=1,8)

1160 PRINT 680

1170 680 FORMAT("OTUBE CONDUCTANCE(BTU/HRAF*FT#%2)")

1180 PRINT 550, ((U(I,J),I=1,12), J=1,8)

1190 PRINT 700

1200 700 FORMAT("OTUBE WALL CONDUCTIVITY (BTU/HRAF*FT)")
1210 PRINT 710, ((KT(I,J),I=1,12), J=1,8)

1220 710 FORMAT(1X,12F7.1)

1230 PRINT 720

1240 720 FORMAT("OPEAK TUBE TEMPERATURE (DEG. F)")

1250 PRINT 550, ((TTP(1,J),1=1,12),J=1,8)

1260 200 CONTINUE

1270 PRINT,"CONTINUE ITERATION? (YES=1,N0=0)"

1280 READ,LI

1290 IF(L1.EQ.1) GO TO 20

1300 STOP

1310 END
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Table 0-2
VARIABLE LIST FOR ABSORBER LOSS PROGRAM

ALPHA = absorptivity

CI = heat flux factor to account for two dimensional tube wall conduction
CN = average specific heat of sodium

D = tube i.d.

DX = panel width

DX = node length

EFP(I) = efficiency of panel i

EFR = efficiency of receiver

EPS = emissivity

ET(I,Jd) = efficiency of node i in panel j

HN(I,J) = sodium side heat transfer coefficient

HT = air side convective heat transfer coefficient
KN = sodium thermal conductivity

KT(I,J) = tube wall thermal conductivity

N = number of tubes per panel

NU = Nusselt number of sodium

PE = Peclet Number of sodium

QC(I,J) = convection loss from node i in panel j
QR(I.J) = radiative loss from node i in panel j
QS(1,J) = incident solar flux on node i in panel j
QCP(I) = convective loss from panel i

QCR(I) = radiative loss from panel i

QIP(I) = incident power on panel i

QIR = solar incident power on receiver

QRP(I) = radiative loss on panel i

QRR = radiative loss from receiver

SIG = Stefan Boltzmann Constant

TA = ambient air temperature

TC = sodium inlet temperature

TH = sodium outlet temperature

TN(I) = sodium temperature at outlet of node i, TN(0) = TC

TNA(I,J)
TT(I,J)

]

average sodium temperature in node i of panel j

average tube wall temperature in node i of panel j
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. Table 0-2 (Cont'd)
U(I,d) = tube conductance
W(I) = sodium flowrate in one half of panel i
WP(I) = sodium flowrate in panel i
WR = recejver sodium flowrate

0-5
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Table 0-3
DESIGN POINT ABSORBER LOSS OUTPUT

RECLOSS 11 339EST 11727778

AIR TEMP.,CONV. COEFF.,Cl1?783.,2.0,.6366
FLUX PLOT FILENAME?FLUX!

FULL PRINT(YES=1,N0O=0)?!

RECEIVER SUMMARY

FLOW= 0.856792E+07LB/HR

INCIDENT= 414.14Md

RAD. LOSS=  19.60MN 00
CONV. Loss= 4 B3N Hear 1 Sobwm 349.0 MW,
REFL. LOSS= 20. 71 MW

EFFICIENCY=0.8910

PANEL FLOW INCIDENT RADIATION CONVECTION EFFICIENCY
LB/HR MW MW MW
! 474851, 22.628 0.841 0.204 0.9038
2 452795, 21.623 0.837 0.204 0.9019
3 431586. 20.655 0.832 0.203 0.8999
4 410449, 19.692 0.827 0.203 0.8977
5 388861. 18.707 0.822 0.202 0.8952
6 367449, 17.731 0.818 0.202 0.8925
7 346319. 16.768 0.813 0.201 0.889
8 324987, 15.796 0.809 0.201 0.8861
9 303940, 14.837 0.805 0.200 0.8823
10 282316. 13.852 0.801 0.200 0.8777
1 260880. 12.876 0.798 0.199 0.8726
12 239525, 11.905 0.795 0.199 0.8665

OUTSIDE TUBE TEMPERATURES(DEG. F)
897.5 889.8 881.9 874.2 866.3 858.4 850.3 842.6 834.6 826.5 818.8 810.7
995.9 990.7 985.0 979.5 973.8 968.3 962.9 957.3 951.8 946.7 941.6 936.5
1045.5 1042.7 1039.1 1036.0 1032.7 1029.8 1026.6 1023.7 1020.6 1018.4 1015.5 1013.3
1072.5 1070.,9 1069.1 1067.6 1066.0 1064,2 1062.6 1061.3 1059.8 1059.0 1057.9 1057.4
1088,9 1088.1 1086.9 1086.4 1085.4 1084.6 1083.7 1083.!1 1082.6 1082.4 1082.1 1082.3
1097.1  1096.6 1096.0 1095.7 1095,1 1095.0 1094.3 1094.4 1094.0 1094.1 1094.1 1094.5
1098.9 1098.7 1098.4 1098.3 1098.0 1098.0 1097.7 1097.7 1097.6 1097.6 1098.0 1098.1
1098.9 1098.6 1098.5 1098.2 1098,1 1097.8 1097.8 1097.6 1097.4 1097.3 1097.2 1097.2

NODE EFFICIENCIES(P.U.)
0.9383 0.9381 0,9377 0.9374 0.9370 0.9366 0.9361 0.9356 0.9349 0.9342 0.9334 0.9324
0.9306 0.9300 0.9294 0.9286 0.9278 0,9269 0.9259 0.9248 0.9235 0.9220 0.9203 0.9182
0.9160 0.9147 0.9133 0.91i18 0.9101 0,9083 0,9062 0.9038 0.9012 0.8982 0.8943 0.8902
0.8905 0.8878 0.8853 0.8825 0.8793 0.8754 0.8714 0.8670 0.8620 0.8556 0.8489 0.8410
0.8505 0.8458 0.8411 0.8364 0.8303 0.8242 0.8170 0.8088 0.8008 0.7894 0.7779 0.7634
0.7830 0.7738 0.7666 0.7575 0.7464 0.7376 0,7240 0.7130 0.6957 0.6775 0.6565 0.6318
0.6428 0.6287 0.6166 0.5963 0.5814 0.5608 0.5427 0.5118 0.4885 0.4484 0.425! 0.3725
Oé4240 0.3904 0.3720 0.3310 0.3083 0.2574 0.2434 0.1809 0.1454 0,0853 -0.0106 -0.0670

PAUSE

LINE CALLING-ROUTINE
980  RECLOSS
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Table 0-3 (Cont'd)
INCIDENT FLUX(MW/SQ.M)
1.821 1.742 1.663 1.586 1,507 1.428 1.349 1.272 1.194
1,404 1,344 1,283 1.223 1.161 1.101 1.042 0.980 0.920
0.901 0.862 0,822 0.784 0,745 0.707 0.668 0.630 0.591
0.549 0.523 0,501 0.478 0.455 0.429 0.406 0.383 0.360
0.341 0.325 0,310 0.297 0.281 0.267 0.252 0.237 0.224
0,207 0.196 0,188 0.179 0.169 0.162 0.152 0.145 0.135
0,113 0,108 0.104 0.098 0.094 0.089 0.085 0.079 0.075
0.066 0.062 0.060 0,056 0.054 0.050 0.049 0.045 0.043
RADIATION LOSS (MW)
0.0337 0.0329 0.0321 0.0314 0.0306 0.0299 0.0291 0.0284
0.0449 0.0442 0.0435 0.0429 0.0422 0.0415 0.0409 0.0402
0,0515 0.0511 0,0506 0.0501 0.0497 0.0493 0.0489 0.0485
0,0553 0.0551 0,0548 0.0546 0.0544 0.0541 0.0539 0.0537
0,0578 0.0576 0,0575 0.0574 0.0572 0.0571 0.0570 0.0569
0.0590 0.0589 0.0588 0.0588 0.0587 0.0587 0.0586 0.0586
0.0593 0.0593 0,0592 0.0592 0.0592 0.0591 0.059t 0.0591
0.0593 0.0592 0,0592 0.0592 0.0592 0.059F 0.0591 0.059!
CONVECTION LOSS(MW)
o0.,0108 0.0107 0,0106 0.0105 0.0103 0.0102 0.010t 0.0100
0.,0121 0.0120 0.0119 0.0118 0.0118 0.0117 0.0116 0.0115
0.0127 0.0127 0,0126 0.0126 0.0125 0.0125 0.0125 0.,0124
0.0131 0.013t 0.0130 0.0130 0.0130 0.0130 0.0129 0.0129
0.0133 0.0133 0,0133 0.0133 0.0132 0.0132 0.0132 0,0132
0.0134 0.0134 0,0134 0.0134 0.0134 0.0134 0.0134 0.0134
0.0134 0.0134 0.0134 0.0134 0.0134 0.0134 0.0134 0.0134
0.0134 0,0134 00,0134 0.0134 0,0134 0,0134 0.0134 0.,0134
NODE SODIUM TEMPERATURES(DEG. F)
697.7 697.9 698.0 698.3 698.5 698.7 698.8 699.2
847.2 847.9 848.2 848.7 849.2 849.8 850.3 851.1
953.0 954.0 954.2 94,9 955.5 956.4 957.1 958.0
lolg.1 1019.1 1019.4 1020.1 1020.8 1021.6 1022.3 1023.4
1056.8 1057.6 1057.8 1058.6 1059.2 1059.8 1060.4 1061.3
1079.,2 1079.8 1079.9 1080.6 1080.9 1081.5 1081.8 1082.7
1090.8 1091.,2 109t.3 1091.7 1091.9 1092.4 1092.5 1093.1
1095.8 1096.0 1096.0 1096.2 1096.2 1096.4 1096.4 1096.6
PAUSE

LINE CALLING-ROUTINE

1120 RECLGSS

0-7

1.115 1.038
0.860 0.799
0.554 0.512
0.335 0.312
0.208 0.194
0.126 0.117
0.069 0.066
0.040 0.036

0.959
0.739
0.474
0.289
0.179
0.108
0.060
0.034

0.0277 0.0270 0.0264
0.0396 0.0390 0.0384
0.0481 0.0478 0.0474
0.0535 0.0534 0.0532
0.0568 0.0568 0.0567
0.0585 0.0586 0.0586
0.0591 0.0591 0.0591
0.0591 0.0590 0.0590

.0098 0.0097
.0114 0,013
.0124 0.0123
.0129 0.0129
.0132 0.0132
.0134 0.0134
.0134 0.0134
.0134 0.0134

699.4 699.8 700.4

9 854.2

958.9 960.5 962.0
1024,2 1025.9 1027.2
1062.1 1063.6 1064.7
1083.3 1084.4 1085.3
1093.4 1094.1 1094.8
1096.7 1096.9 1097.3
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SODIUM HEAT TRANSFER COEFFICIENTS(BTU/HR*F*FT*%2)

7625.4 7542,2 7461.7 7380.5 7296.6
7278.9 7195.8 7116.0 7035.2 6951.9
7068.4 6985.6 6906.4 6826.1 6743.2
6949.8 6867.4 6788.7 6708.6 6626.1
6882.9 6801.1 6722,6 6642.8 6560.7
6845.2 6763.9 6685.7 6606.1 6524,6
6825.9 6745.1 6667.0 6587.9 6506.7
6817,7 6737.2 6659.3 6580.7 6499.7
TUBE CONDUCTANCE (BTU/HR*F*FT%%2)
1726.7 1719.6 1712,5 1705.4 1698.1
1773.9 1767.0 1759.9 1752.8 1745.4
1800.3 1793.6 1786.6 1779.8 1772.5
i815.1 1808.4 1801.7 1794.9 1787.8
1823.8 1817.1 1810.,4 1803,7 1796.6
1828.5 1821.7 1815,0 1808.3 1801.1
1830.2 1823.5 1816.8 1810.1 1802.9
1830.8 1824.0 1817.4 1810.5 1803.4
TUBE WALL CONDUCTIVITY(BTU/HR*F*FT)
10.5 10.4 10.4 10.4 10.4 10.4
1.0 1.0 11.0 11.0 11.0 11.0
1.4 11.4 11,4 11.4 1.4 11.4
11.6 1.6 11.6 1.6 1.6 1.6
.7 .7 1.7 1.7 .7 1.7
11.8 1.8 1.8 i1.8 11.8 it.8
11.9 11,9 11.9 1.9 1.9 1.9
1.9 11.9 11.9 1.9 1.9 1.9
PEAK TUBE TEMPERATURE (DEG.
1011,% 999.3 986.8 974.7 962.2
1080.8 1072.2 1063.0 1054,2 1044.9
1098.3 1093.4 1087.5 1082.3 1076.8
1103.6 1100.5 1097.5 10%4,6 1091.8
1107.2 1105.5 1103.5 1102,2 1100.4
1107.3 1106.2 1105.1 1104,4 1103.2
1103.4 1103.0 1102.5 1102.0 1101.5
1100.7 1100.2 1099.9 1099.4 1099.1
CONTINUE ITERATION?(YES=1,N0=0)?0

PROGRAM STOP AT 1300

7212.5
6868, 1
6659.8
6543.3
6478.4
6442 .5
6424.8
6418.3

1690.6
1738.0
1765.3
1780.5
1789.3
1794.0
1795.7
1796.1
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6360.9
6343.6
6337.3
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1746.2
1747.6
1747.6
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982.8
1041.6
1073.5
1091.3
1099.0
1099.5
1097.0



GENERAL D ELECTRIC

Appendix P

STEAM GENERATOR CONCEPTUAL DESIGN ANALYSIS —
COMPUTER PROGRAM OUTPUT

Tables P-1, P-2, and P-3 list the output from computer program "STMGEN"
used to design the steam generator modules described in Section 5.3.5.

P-1




¢=d

CASE NO.

NAMELIST
NPRINT=
XLNGTH=
TNAIN =
PSTMIN=

DRODSH=
NBAF

WBAF

NDGUB
PDNAG
NDEMG
ROUEGH1
NBUND
XDPRAT
GAPO

RECIRC
XLSHD
MATSHD=
XDNBCOO=
$ END

TNAIN
859.100

859.100

859,100

859.100

o © oo

o000 ©0 000

o 0000 O

Table P-1

EVAPORATOR DESIGN CALCULATIONS -- COMPUTER PROGRAM "STMGEN" QUTPUT

1 *x SOLAR STEAM GENERATOR SI1ZING xx*
CASE 1 xx EVAPORATOR
INPUT DATA
DATAA
1,
69000000E 02, DXL =
.85910000E 03, TNAQUT=
.2700000CE 04, HFGOUL =
2, HXTYPE=
. 12660000E 03,
600,
.52500000E 00, CORR =
126350000E 02, XLMARG=
83812000E 06, WTNAG =
15,
. 10381000E 04, DRODSC=
) DRODIN=
2,
. 83334000E-~02, BAFSPA=
0,
.63000000E 01, DPDNAC=
.64000000E~04, ROUGH2=
1,
f PHE =
B GROVE =
f PDRUM =
s

0,

MM INDEX= 50
MM INDEX= S0
MM INDEX= S50
MM INDEX= 50

TNACGUT TSTM(1) TSTMOUT
612,00000 530.377 674.138
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50 .
612.00000 530.384 675.539
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
612.00000 530.385 675.881
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
612.00000 530.386 675,935
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50
MM INDEX= 50

00O0

000

000 O O O oo

1,

TUBE L

71.980 2700.000

69,483 2700. 000

68.086 2700.000

. 10000000E 0O,
.61200000E 03,
.57140000E 04,

. 19000000E-01,
. 11000000E 02,
.57120000E 07,

s

3

. 25000000E 01,
. 890000000E 02,

.64000000E-~-04,

3
]

3

PSTMIN
80.563 2700.000

DOTUBE=
TSTMIN=

XKIN
XLIN

DRODNB=
DROUDOT=

DITUBO=

PNA
PSTMOU
TFW

DP-STM
105.416

74.500

67.014

65.833

0.5712E 07

0.5712E 07

0.5712E 07

0.862500000E 00, P1TCHO= 0.12200000E 01,
0.52890000E 03, TSTMOT= 0.673%0000E 03,
0. 78000000E 02, XKOUT = 0. 100000C00E 01,
0.58Q0C000E 01, SUBDOW= 0. 10000000E 01,
0. B DRODFB= 0. ,
0. [

0.39700000E 00, HSTMI L = 0.52280000E 03,
0. f DMID = 0. f
o. f DPSTMT= o, B
0. B DGSHD = 0. f
DP-NA TUBE NO. PITCH STM-FLOW NA-FLOW
15.501 600 1.2200 0.8381E 06

10.131 700 1.2200 0.8381E 06

8.924 734 1.2200 0.8381E 06

8.778 740 1.2200 0.8381E 06

0.5712E 07

91419313 € 1vHINI9




€-d

CASE NO.

Table P-1 (Cont'd)

1 xx SOLAR STEAM GENERATOR SIZING xx
CASE 1 xx EVAPORATOR

INPUT DATA
EVAPOR

HEAT LOAD PER UNIT
TUBE LENGTH ACTIVE
ALLOWABLE LENGTH VARIATION
TUBE ©D
TUBE CENTER PITCH
TEMPERATURE, SGDIUM INLET
,SODIUM GUTLET
,STEAM INLET
, STEAM GUTLET
ENTHALPY , STEAM GUTLEY
PRESSURE s STEAM INLET
FOULING FACTGR
DECARRCINIZATION FACTOR E
ON TUBE STRENGTH
TUBE CORROSION ALUSWANCE

126.5768 MWT

69,

00

0.100
0.62500
1.22000

859,
612,
530.
0.
1038.
2700,
5714,

10
oo
40

35
00
oo

0.52500

0.01900

FEET
FEET
INCHES
INCHES
F

F’

F

F
BTU/LBM
PSI
BTU/HR-F-FTxx2
FACTION

I NCHES

91419313 €3 1vHINI9



P-d

RN
“QOVWOENOGDON~

N =t s
COMNIALLON

NN NN
DN =

SECT
TYPE

SuUBC
SuUBC
SuBC
suBcC
SuBC
SUBC
SUBC
SUBC
suBC
SuUBC
suBc
suec
suBC
suBC
SuBC
SUBC
SUBC
sSuBC
suBC
suBC
NSUB
NSUB
NsuB
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
NUCL
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM

*% SOLAR STEAM GENERATOR SI1ZING
CASE 1 xx EVAPORATOR

OUTPUT DATA

ACTIVE
LENGTH
FT

T~NA
E

612,
617.
622,
627.
632,
637.
642,
647,
652,
657,
662.
687.
672.
677.
682.
687.
692,
697.
702,
707.
707.
712.
717,
720.
725.
7380,
735,
740,
745,
750,
755,
760,
765.
770.
775.
780,
785,
790.
795.
800.
805,
810,
8185,
820.
82%,
830.
835,
840,
845,
850,
855,
859,

2000 ONNNNNONONNNNNNNANNNNNNNNOPOEOOL00000CQOO0000000C00

T-06D
WALL

603,
608,
614,
619,
624,
630.
635.
640.
646,
651,
656,
661,
667,
672,
677.
682,
687.
692,
697,
702,
703,
707.
71
714.
718,
722.
726,
731,
735,
739.
743.
747.
752,
756.
760.
769.
773.
778.
782,
787.
791,
795,
800.
804.
809,
813.
817,
822.
826.
830.
835,
838.

LROAN=CLONVOUA=NRLOUIAR—"ONALX—"QCOANNANTAANALDL W —OOPARWOON-0UTI—0ON

T-1D
WALL

$72,
578.
585,
S92.
$98.
605,
611,
618,
624,
630.
636,
€42,
648.
654,
660,
665,
671.
676,
681.
686,
686,
688,
689.
690,
692,
693,
694,
696,
697,
689,
700.
701.
703,
704,
706.
729.
731,
734,
736,
738.
740,
743,
745,
747.
749,
751.
754,
756.
758.
760,
762.
764.

SN~ ROFABNONT=NN=NROI=NVOROOINVO AW NINANCOODA YN N=ANO

T-WAL

FOUL
ID. F

586 .
563.
571,
578.
585,
593,
600.
607.
613,
620,
627,
633.
639.
645,
6351,
657,
663.
668,
673.
€78,
678.
679,
679,
679,
679,
679.
679,
679.
679.
679,
679,
679,
679,
679.
679.
710.
711,
713.
714,
71S.
716,
718,
718,
720.
721,
722.
724,
724,
726.
727,
728.
729.

—“OLAP_CONQW-OODOOONOOINNONUADRONONN~OONOAUNOIOOOU—~NOOOOWOHWWOA

x %

T-STM

$30.
539.
547.
556.
564.
573.
581.
$89.
597.
604,

676,
€76,
676.
676.
676.
676.
676.
676.
676.
676,
676.
675.

WOOOO—=—==—NNNOWALAGNUTINNOINNOPRTROOO—"O0OWNOON—="NO~“OIONLONOIONDL

Table P-1 (Cont'd)

U-OVER
BTU/HR~
FTxx2-F

1083.
1085,
1088.
1090,
1092.
1083.
1095,
1087,
1098,
1100.
1101,
1103,
1104,
1105.
1106,
1107.
1108.
1108,
1109.
1110,
1110.
1272.
1414,
1488,
1491.
1493,
1496,
1497,
1500.
1500.
1502,
1508,
1504.
1504,
1508,
1045.
1054,
1054.
1057.
1061,
1065.
1067,
1070.
1074,
1075.
1079,
1079,
1086,
1084,
1087,
1089,
1093.

S“NNLOQOUURABRINOBOOVRDBLRLOVOVOOVRANRPOWNNUOONAMARMRWD-OROONYPO—0OO

H-NA

10262,
10247.
10233.

10219

10205.
10191,
10177,
10163,
10149.
10135,
10121,
10108,
10094,
10080.
10066,
10083,
10039.
10028,
10012,
9998,
9966.
9983.
9969.
Q961 .
9948,
9934.
9921.
9908 .
9894,
9881.
9868,
9855,
9842,
9829,
9815.
9803,
9790,
9777.
9754,
9751.
9738.
728,
9712,
9700.
9687.
9674.
9€62.
9649.
9636,
9624 .
9611.
9603.

SPWOU—=NA—ONURONNNOO-NLOIG~RO—~QUOCUONNADODNDANOOOUOIA A:nbxm<nc

H-WAL

2815,
2812,
2809,
2807.
2804.
2801.
2799,
2796,
2793,
2790.
2788,
2785.
2782,
2779.
2776,
2774,
2771.

2768

2766.

2766

2763,
2763,
2759,
2759.
2759,
2755.
2755,
2752.
2752,
2749.
2749.
2746.
2746.
2743.
2743.
2732.
2732.
2728.
2728,
2724,
2724,
2720.
2720.
2716.
2716,
2712.
2712.
2708,
2708,
2704.
2704.
2700.

D22 00~ " VWWWNN~-=—NNADLONAINNOVOVYWOOOONLA—ONANOOOIA—_DOIWOON

H-STM

3388.
3418.
3442.
3468,
3494.
3519.
3544,
3567.
3590,
3613,
3634,
3655,
3675.
3694,
3712.
3730.
37486,
3761.
3776.
3788.
3790.
6714,
14408.
29130,
30780,
32331.
33820,
35233.
36600,
37903.
39172,
40387.
41577.
42717,
43838,
3189,
3277,
3288,
3317,
3362,
3406.
3430.
3468.
3514,
3528.
3585.
3587.
3671.
3647.
3694,
3719,
3768.

WNROQOUONUPOWOOWONWVOAWUANR—"NORIR="NPOWOLAONANWRONNOOIOO O~

95305305)9()9‘30(DO!DO()P(DO(DO()O(DO(DO(DO()O(JC)O(DO(30(30()0()0(30(30(30(30

QUAL

.0324
. 0648
. 0971
.lzed
.1616
. 1838
. 2259
. 2580
. 2900
. 3220
. 3538

3851

.4169
.4487
.4808
.5122
. 5439
.5758%
.6071

5386

.6701

7016
7330

. 7544

7958

. 8271

5584
8801

P-8STM DP-STM VELGO

P81

2673,
2673.
2672.
2671,
2671.
2670.
2669,
2668,
2667,
2666.
2665 .
2664.
2663,
2662.
2661,
2660,
2659.
2658,
2657,
2656,
2655,
2654,
2653,
2653.
2652,
2651.
2650,
26350,
2649,
2648,
2648.
2647.
2647.
2646.
2646,
2645.
2644,
2643,
2643,
2642,
2641,
2641 .
2640.
2640.
2639.
2638,
2638,

‘2637,

2637.
2636.
2636.
2635.

QON—ONNWOOINOA—~ONTOONNOPWOOINONIQROPOONWIININRCOQOONINRRORAN®D

PSI

24,
24,
24,
24.
25.
25.
25.
25.
26,
26,
26,
27.
27.
28,
28,
28.
29.
29,
30.
30,
30.
31,
31.
32.
32,
33.
33.
33.
34.
34.
35.
35.
36.
386,
37.
37.
38.
39.
33,
40,
40.
41,
42.
42,
43.
43.
44.
44.
as.
45,
46.
46.

FRN=NNN_2UNOUORARD"ANNNNOBODROUONOCRRDOPRADOU—=NWOOINOOIDOOAN

FT/SEC BTU/LBM

COVVWOOOOPEOPPO®® B~ N~

.87
.66

74

.83

92

.02
12

23

.35

46
59
72
87
(¢4
18
35
53
73
94

7
.20
.46
.74
.92
.94
.97
.99
.02
.04
.07
. 0%
11
.13
.16
.18
.18
.21
.24
.26
.28
.31
.33
.36
.38
.41
.43
.45
.48
. B0
.58
.54
.24

H~-STEAM HEAT FLUX

§22.
533.
544,
554,
565,
575.
586.
596,
607.
617.
628,
638.
649,
659,
670,
680.
691,
701,
712.
722.
724.
734.
745.
751,
761,
772.
782,
793.
803.
813.
824.
834,
845,
855,
865,
875.
886,
896,
207,
g17.
927,
938.
948,
958,
269.
979.
ag9,
1000,
1010.
1020.
1031.
1038.

(¢ X'+

QANOWUINOUANQUI—PA-NQOALOONODLOO =W~ OING—O-~NNNNDNRNNNNO -0

BTU/HR-

FTxx2

88439,
84469.
80614,
76883,
73287,
65838,
66548.
63429,
60458,
57713,
55181,
52874.
50811,
49007,
47481,
46254,
45383 .

44838

44673,

45203,

45303,

52982,

60638.

65221,

72800.

80531.

88223,

95856,
103545.
111164,
118847.
126448.
134125.
141712,
149388.
108876,
115143,
120499.
126167,
131958.
137845,
143425,
149293.
155197,
160775.
166873.
172300,
178844,
183925.
159953,
195788,
200216,

NNUOURNLBNDOAMANBBANONUQUOPRANOONUWRONWOOANLBMARUROWONA—GO®
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G-d

(]
™
=
m
-
=
Table P-1 (Cont'd) @
xx SOLAR STEAM GENERATOR SIZING xx ::
CASE 1 xx EVAPORATOR g
]
OUTPUT DATA =
TUBE ©OD 0.62500 INCHES Lx]
TUBE WALL THICKNESS 0.114000 INCHES
REQUIRED TUBE WALL o, INCHES
TUBE 1D 0.39700 INCHES
NUMBER OF TUBES 740
ACTIVE TUBE LENGTH 69,09 FEET
ACTIVE HT. TRANSFER AREA,ID 5313.62 FTxx2
STEAM FLOW RATE 0.8381E 06 LBM/HR
STEAM MASS VELOCITY 365.989 LBM/SEC-FTxx2
FOULING FACTOR 5714.00BTU/FTxx2-HR
DNB QUALITY 0.38506 FRACTION
DNB MARGIN -128.%56 PERCENT
HYDAULIC DIAMETER, SGDIUM G.166744 FEET
SODIUM INLET VELGCITY 5.98 FT/SEC
SCODIUM OUTLET VELGCITY 5.76 FT/SEC
SODIUM FLOW RATE PER UNIT O0.5712E 07 LBM/HR
SGDIUM PRESSURE DROP 8.778 PS1
NA PRES DROP IN SUPPORTS 7.542 PSI1
STEAM SIDE PRESSURE DROP 6%5.828 PS1
INLET PRESSURE DROP 24.224 PSI

SUBCOOLED PRESSURE DROP , 7.821 PSI
NUCLEATE BOILING PRES DROP, 5.623 PSI
FILM BOILING PRESSURE DROP, 8.833 PSI
SUPERHEAT PRESSURE DROP o. PSSl
GUTLET PRESSURE DROP 19.307 PS!

SEDIUM SIDE DATA

TUBE SUPPORT MINIMUM WEB THICKNESS 0. 1000]NCHES,
DISTANCE BETWEEN SUPPORTS 2.5000 FEET
SGDIUM PRESSURE DROP COEF PER SUPPORT 1.35349

TUBE SUPPORT USE NA FLOW HOLES THAT ARE MIX ©F BOTH TYPES
WiITH BROKEN EDGES

DIAMETER OF EQUIVALENT HBLE IN SUPPGRT 0.611 INCHES
MAXIMUM SODIUM VELOCITY IN SUPPORTS 9.83944 FT/SEC
TEMPERATURE, STEAM INLET 530.40 F

TEMPERATURE, STEAM GUTLET 674.84 F

TEMPERATURE, SODIUM INLET 859.10 F

TEMPERATURE, SGDIUM GUTLET 612.00 F

ENTHALPY, STEAM INLET 522.90 BTU/LBM

ENTHALPY, STEAM GUTLET 1038.35 BTU/LEM

ENTHALPY, SODIUM INLET 414.36 BTU/LBM

ENTHALPY, SODIUM OUTLET 338,73 BTU/LBM

SECTION AVERAGE PROPERTIES

SECTIGN L&G MEAN TEMP OVERALL U TUBE SEC. LENGTH
DEGREES F BTU/FTxx2-HR-F FEET
SuBC 60,78 925.69 44.23
NUCL 69.69 1497.29 13.02
FILM 139.96 1068, 22 11.84

SUPH 0. 0. 0.




9-d

Table P-2
SUPERHEATER DESIGN CALCULATIONS -- COMPUTER PROGRAM "STMGEN" QUTPUT

CASE NO. 1 %% SOLAR STEAM GENERATEOR SIZING *x
CASE 2 xx SUPERHEATER
INPUT DATA

NAMELIST DATAA
NPRINT= 1,
XLNGTH= 0.33650000E 02, DXL = 0. 10000000E 00, DOTUBE= 0.62500000E 00, PITCHO= 0. 12200000E 01,
TNAIN =  0.11000000E 04, TNAOUT=  0.85910000E 03, TSTMIN=  0.67390000E 03, TSTMOGT=  0.10038000E 04,
PSTMIN=  0.25800000E 04, HFGUL =  0.10000000E 21,
MAT = 3, HXTYPE= 2,
MWUNIT=  ©.80830000E 02,
NTUBES= 600,
ECARB = 0.52500000E 00, CORR =  0.19000000E-01, XKIN =  0.50000000E 0O, XKOUT =  O.10000000E 01,
XLOUT =  0.12650000E 02, XLMARG=  0.21700000E 01, XLIN =  0.58000000E 01, SUBDEBW=  0.10000000E 01,
WTSTMO=  0.72880000E 06, WTNAG =  0.38030000E 07,
NCASES= 15,
HSTMGT=  0.14604000E 04, DREDSC= 0. , DREGDNB=  O. s DRODFB= 0. s
DRODSH= 0. , DRGDIN= O, , DREDOT=  O. s
NBAF = 2,
WBAF =  0.83334000E-02, BAFSPAz  0.25000000E 01,
NDOUB = 0,
PDNAG =  0.63000000E 01, DPDNAG=  0.90000000E 02, DITUBG=  0.39700000E 00, HSTMII=  O.10820000E 04,
NDEMO = o,
ROUGH1= 0, 64000000E-04, ROUGH2=  0.64000000E-04,
NBUND = 1,
XDPRAT= O, , PHE = O, , PNA = O, , DMID = O, ,
GAPE = O, , GROVE = O, , PSTMOU= O, , DPSTMT= O, ,
RECIRC= © , PDRUM = © , TFW = 0. , DOSHD = O, ,
XLSHD = O ,
MATSHD= 0,
XDNBGO= O, ,
$BEND

TNAIN TNAGUT  TSTM(1) TSTMOUT TUBE L PSTMIN DP-STM DP-NA TUBE N&. PITCH STM-FLOW NA-FLOW

1100.000 859,10000 672,393 1005.204 32.652 2580.000 98,687 3.047 600 1.2200 0.7288E 06 O©.3803E 07
1100.000 859,10000 672.372 1004.964 33.314 2580.000 105.917 3. 241 582 1.2200 O0.7288E 06 0,3803E 07

1100.000 859, 10000 672,359 1004,820 33.681 2580.000 110.242 3.356 572 1.2200 0.7288E 06 0.3803E 07

91419213 ) 1v4INID




L-d

CASE NO,

Table P-2 (Cont'd)

1 *x% SOLAR STEAM GENERATOR SIZING *x

CASE 2 x* SUPERHEATER
INPUT DATA
SUPERH

HEAT LOAD PER UNIT
TUBE LENGTH ACTIVE

ALLOWABLE LENGTH VARIATION

TUBE ©D
TUBE CENTER PITCH
TEMPERATURE, SGDIUM INLET

,SODIUM QUTLET

,STEAM INLET
,STEAM OUTLET
ENTHALPY,STEAM GUTLET
PRESSURE ,STEAM INLET
FOULING FACTOR
DECARBONIZATION FACTOR E
ON TUBE STRENGTH
TUBE CORRGSION ALLOWANCE

80.7996 MWT
33.6% FEET
0.100 FEET

0.62500 INCHES

1.22000 INCHES

1100.00 F

859,10 F

672.77 F

0. F

1460.39 BTU/LBM
2580.00 PS!
0.10E 21 BTU/HR-F~FTxx2
0.52500 FACTION

(1. 01900 INCHES

(34
™
=
™
o
>
-
™
-
m
[ x]
-—f
-
L]



COENOUADON~

8-d

Table P-2 (Cont'd)

*xx SOLAR STEAM BENERATOR SIZING xx
CASE 2 xx SUPERHEATER

OUTPUT DATA

SECT ACTIVE T-NA T-0D T-1D T-WAL T-STM U-GOVER H-NA H-WAL H-STM QUAL P-STM DP-STM VELO H-STEAM HEAT FLUX

91419313 €3 1vuINI9

TYPE LENGTH WALL WALL FOUL BTU/HR~- BTU/HR~
FT F F F 1D. F F FTx*2-F PSI PS1 FT/SEC BTU/LBM FTxx2
FILM 0. 859.1 839,11 708.6 708.6 672.4 972.2 9074.5 1391.3 5009.5 0.9931 2572.9 6.8 50.65 1082.0 181550.4
SUPH 0.18 860.8 841.6 716.9 716.9 672.3 923.4 9070.4 1395.5 3804.0 1.0000 2572.7 7.0 50.85 1084.7 174037.4
SUPH 0.73 865.8 846.4 720.5 720.5 673.9 915.6 90%58.3 13985.5 3770.4 1.0000C 2572.1 7.6 52.23 1092.6 175702.4
SUPH 1.28 870.8 851.2 724.4 724.4 675.7 910.6 9046.3 1401.2 36%50,9 1,0000 2571.%5 8,1 53,60 1100.5 177628.3
SUPH 1.82 875.8 856.0 728.5 728.%5 677.8 902,7 9034.3 1401.2 3528.1 1.0000 2570.9 8.7 54,98 1108.4 178746.2
SUPH 2.36 880.8 860.9 733.0 733.0 680.0 896.3 9022.3 1407.4 3396.9 1.0000 2570.3 8.3 56.39 1116.3 179941.2
SUPH 2.89 885.8 865.8 737.7 737.7 682.6 887.2 9010.4 1407.4 3271.7 1.0000 2569.7 9.9 57.79 1124.2 180278.5
SUPH 3.42 890.8 870.7 742.9 742.9 685.5 879.9 8998.5 1413.9 3143.7 1,0000 2569.0 10.5 %9.23 1132.0 180681 . 1
SUPH 3.96 895.8 875.7 748.2 748.2 688.5 871.7 8986.6 1417.3 3027.1 71,0000 2568.4 11.1 60.67 1139.¢ 180708.5
SUPH 4,49 900.8 880.7 7%53.7 753.7 691.7 863.2 8974.8 1420.8 2914.1 1.0000 2567.7 11.7 62.13 1147.8 180462.9
SUPH 5.02 905.8 885.7 759.2 759.2 695.2 955.4 8963.0 1424.3 2813.7 1,0000 2567.0 12.4 63.%9 11%55.7 180160.9
SUPH 5.56 910.8 890.7 764.9 764.9 698.8 847.8 8951.2 1427.9 272%1.7 1.0000 2566.4 13.0 65.05 1163.6 179727 .1
SUPH 6.09 915.8 895.8 770.7 770.7 702.7 840.0 8932.4 1431.5 2631,0 1,0000 2565.6 13.7 66.53 1171.4 179018.5
SUPH 6.63 920.8 900.8 776.6 776.6 706.7 833.1 8927.7 1435.1 2554.3 1.0000 2564.9 14.4 68.01 1179.8 1783840.2
SUPH 7.17 925.8 905.9 782.%5 782.5 711.0 826.6 8916.0 1438.8 2484.3 11,0000 2564.2 15.1 69.50 1187.2 177549.6
SUPH 7.71 930.8 811.0 788.5 788.5 715.5 820.5 8904.4 1442.5 2420.2 1.0000 2563.4 15.9 70.89 1195.1 176652.4
SUPH 8.26 935.8 916.1 794.7 794.7 720.3 814.5 8892.8 1446.2 2359.4 1.0000 2562.6 16.6 72.50 1202.9 175567.5
SUPH 8.81 940.8 921.2 801.0 801.0 725.2 B808.5 8881.2 1450.0 2300.7 1.0000 2561.8 17.4 74.01 1210.8 174280.1
SUPH 9.36 945.8 926.3 807.4 807.4 730.5 602.7 8869.6 1453.9 2246.0 1,0000 2561.0 18.2 75.53 1218.6 172860.4
SUPH 9.92 950.8 931.5 £14.0 814.0 735.9 797.2 3858.1 1457.8 2195.5 71,0000 2560.2 19.0 77.06 1226.5 171299.8
SUPH 10.48 955.8 936.6 820.6 B820.6 741.7 792.0 8846.6 1461.7 2148,7 1.0000 2559.3 19.9 78.60 1234.4 169594.5
SUPH 11.05 960.8 941.8 827.4 827.4 747.7 787.1 8835.1 1465.7 2105.4 1,0000 2558.4 20.7 80.15 1242.2 167748.2
SUPH 11.63 965.8 947.0 834.2 834.2 7%4.0 782.7 8823.7 1469.7 2066.3 1,0000 2557.5 21.6 81.71 1250.1 165789.2
SUPH 12.21 970.8 9%2.2 841.1 841.1 760.5 778.5 8812.3 1473.7 2030.2 1.0000 2556.6 22.6 83.29 1257.9 163698.6
SUPH 12,80 975.8 957.5 848.2 B848.2 767.3 774,7 8800.9 1477.8 1997.9 1.0000 2555.6 23.5 84.87 1265.8 161500.9
SUPH 13.40 980.8 962.,7 855.3 855.3 774.4 771.3 8789.6 1481.9 1968,7 1.0000 2554.6 24,5 86.46 1273.6 159190.5
SUPH 14,01 985.8 967.9 862.5 B862.5 781.8 768.3 8778.3 1486.1 1942.7 1.0000 2553.5 25.5 88.07 1281.5 156754.8
SUPH 14,63 990.8 973.2 869.7 869.7 789.4 765.7 8767.0 1490.2 1920.0 1.0000 2552.5 26.6 89.67 1289.3 154252. 2
SUPH 15.25 995.8 978.5 877.0 877.0 797.2 763.6 8755.8 1494.4 1900.,2 1.0000 25%51.3 27.7 91.298 1297.2 151657.9
SUPH 15.89 1000.8 963.8 884.4 884.4 805.3 761.9 8744.6 1498.6 18863.4 1.0000 2550.2 28.8 92.91 1305.0 148970.9
SUPH 16.54 1005.8 989,11 891.8 891.8 813.6 760.5 8733.4 1502.9 1869.3 1.0000 2549.0 30.0 94.%4 1312.9 146196.0
SUPH 17.21 1010.8 994.4 899.3 899.3 822.1 759.7 8722.2 1507.1 1858.0 1.0000 2547.8 31.2 96.18 1320.7 143336, 9
SUPH 17.88 1015.8 999.7 906.8 906.8 830.9 7%59.2 8711.1 1511.4 1849.3 71,0000 2546.5 32.5 97.83 1328.5 140393.5
SUPH 18.58 1020.8 1005.0 914.4 914.4 839.9 759.1 8700.0 1515.7 1843,0 1.0000 2545.1 33.8 99.48 1336.4 137366.3
SUPH 19.28 1025.8 1010.4 922,0 922.0 849.0 7%9.5 8689.0 1520.0 1839.2 1,0000 2543.7 35.2 101.14 1344.2 134254.0
SUPH 20.01 1030.8 1015,7 929.7 929.7 858.4 760.2 8677.9 1524.4 1837.7 1.0000 2542.3 36.6 102.80 1352.0 131054.9
SUPH 20.75 1035.C 1021.1 937.5 937.5 868.0 761.3 8667.0 1528.8 1838,4 1.0000 2540.7 38.1 104.47 13%9.9 127766.8
SUPH 21.51 1040.8 1026.4 945.3 945.3 877.7 762.8 86%56.0 1%533.1 1841.2 1.0000 2539.2 39.7 106.15 1367.7 124387.0
SUPH 22.30 1045.8 1032.4 956.8 956.8 887.7 735.1 8645.1 1539,0 1680,9 1.0000 2537.5 41,3 107.83 1375.85 116234.0
SUPH 23.14 1050.8 1037.8 965.1 965.1 897.8 733.6 8634.2 1543.5 1668.,1 1,0000 2535.7 43.1 109.52 1383.4 112253.6
SUPH 24.01 1055.8 1043.3 973.4 973.4 908.0 732.2 8623.3 1548.1 16%56.2 1.0000 2533.8 45.0 11t.21 1391.2 108189.1
SUPH 24.91 1060.8 1048,7 981.7 981.7 918.5 731.0 8612.5 1552.7 1645.1 1.0000 2531.8 47.0 112.81 1399.0 104043.4
SUPH 25.85 1065.8 1054.2 990,1 980.1 929.0 7?729.9 8601.6 1557.3 1634.8 1.0000 2529.7 498.0 114.682 1406.9 99818.9
SUPH 26.83 1070.8 1059.7 998.83 998.5 939.8 728.9 8590.9 1562.0 1625.3 1.0000 2527.4 51.3 116.34 1414.7 85518.8
SUPH 27.86 1075.8 1065.2 1007.0 1007.0 950.6 728.1 8%80.1 1566.6 1616.% 1.0000 2525.1 53.6 118.06 1422.5 91146, 2
SUPH 28.94 1080.8 1070.7 1015.5 1015.5 961.6 727.3 8569.4 1571.3 1608.3 1.0000 2822.5 56.1 119.79 1430.3 86703.8
SUPH 30.08 1085.8 1076.2 1024.0 1024.0 972.7 726.7 85%8.7 1%76.0 1600.8 1.0000 2519.8 58.8 121.54 1438.2 82194.4
SUPH 31.28 1080.8 1081.7 1032.6 1032.6 983.9 726.2 8848.1 1580.6 1593.9 1,0000 2516.9 61.7 123.29 14458.0 77621.3
SUPH 32.55 1095.8 1087.3 1041.2 1041.2 995.2 725.8 8537.5 1585.4 1%587.5 1,0000 2513.8 64.8 125.03 1453.8 72987.8
SUPH 33.68 1100.0 1091.9 1048.5 1048.5 1004.8 725.5 8%528.6 1589.3 1582.6 1.0000 2511.0 67.6 126,35 1460.4 69054 .1
DIV CHECK AT LOCATION 076216
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Table P-2 (Cont'd)

*x SOLAR STEAM GENERATOR SIZING xx
CASE 2 xx SUPERHEATER

OUTPUT DATA

TUBE OD 0.62500 INCHES
TUBE WALL THICKNESS 0.114000 INCHES
REQUIRED TUBE WALL 0. INCHES
TUBE 1D 0.39700 INCHES
NUMBER OF TUBES 572

ACTIVE TUBE LENGTH 33.68 FEET
ACTIVE HT. TRANSFER AREA,ID 2002.46 FTxx2
STEAM FLOW RATE 0.7288E 06 LBM/HR
STEAM MASS VELOCITY 411.724 LBM/SEC-FTxx2
FOULING FACTOR 0.10E 21BTU/FTxx2-HR
DNB QUALITY 0. FRACTION
DNB MARGIN 0. PERCENT
HYDAULIC DIAMETER, SODIUM 0.166744 FEET
SODIUM INLET VELOCITY 5.36 FT/SEC
SODIUM OUTLET VELOCITY $.15 FT/SEC
SODIUM FLOW RATE PER UNIT 0.3803E 07 LBM/HR
SODIUM PRESSURE DRGP 3.3%6 PS1

NA PRES DROP IN SUPPORTS 2.898 PSI
STEAM SIDE PRESSURE DROP 110.244 PS1
INLET PRESSURE DROP 6.796 PSI
SUBCOOLED PRESSURE DROP » 0. PS1
NUCLEATE BOILING PRES DROP, 0. PSI

FILM BOILING PRESSURE DROP, 0.212 PSI
SUPERHEAT PRESSURE DROP 60.573 PSI
COUTLET PRESSURE DROP 42.663 PS!

SODIUM SIDE DATA

TUBE SUPPORT MINIMUM WEB THICKNESS 0. 1000INCHES,
DISTANCE BETWEEN SUPPORTS 2.5000 FEET
SODIUM PRESSURE DROP COEF PER SUPPORT 1.34873

TUBE SUPPORT USE NA FLOW HOLES THAT ARE MIX GF BOTH TYPES
WITH BROKEN EDGES

DIAMETER OF EQUIVALENT HOLE IN SUPPORT 0.6811 INCHES
MAXIMUM SODIUM VELGCITY IN SUPPORTS 8.80834 FT/SEC
TEMPERATURE, STEAM INLET 672.77 F

TEMPERATURE, STEAM GUTLET 1002.69 F

TEMPERATURE, SODIUM INLET 1100.00 F

TEMPERATURE, SODIUM OUTLET 8%59.10 F

ENTHALPY, STEAM INLET 1082.00 BTU/LBM

ENTHALPY, STEAM OUTLET 1460.39 BTU/LBM

ENTHALPY, SODIUM INLET 486.87 BTU/LBM

ENTHALPY, SODIUM OUTLET 414.36 BTU/LBM

SECTION AVERAGE PROPERTIES

SECTION LOG MEAN TEMP GVERALL U TUBE SEC. LENGTH
DEGREES F BTU/FTxx2-HR-F FEET
suBc 0. 0. 0.
NUCL 0. 0. 0.
FILM 187.61 972,32 0.18
SUPH 136.%56 1006. 70 33.%0

91419313 § 1veIN39
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Table P-3

REHEATER DESIGN CALCULATIONS -- COMPUTER PROGRAM "STMGEN" OUTPUT

CASE No. 1
CASE 2 xx REHEATER
INPUT DATA
NAMELIST DATAA
NPRINT= 1,
XLNGTH=  0,35480000E 02, DXL =
TNAIN =  0.11000000E 04, TNABUT=
PSTMIN=  0.41700000E 03, HFOUL =
MAT = 3,  HXTYPE=
MWUNIT=  0,40570000E 02,
NTUBES= 268,
ECARB =  0.52500000E 00, CORR =
XLOUT =  0.12650000E 02, XLMARG=
WTSTMO=  0.59110000E 06, WTNAD =
NCASES= 15,
HSTMGT= 0, 1523B000E 04, DRODSC=
DRODSH=  O©. ) DRODI N=
NBAF = 2,
WBAF = 0.83334000E-02, BAFSPA=
NDOUB = \
PDNAO =  0.63000000E 01, DPDNAO=
NDEMO = o,
ROUGH1=  0.64000000E-04, ROUGH2=
NBUND = 1,
XDPRAT= 0 , PHE =
GAPG = O, , BROVE =
RECIRC= 0 . PDRUM =
XLSHD = O ,
MATSHD= o,
XDNBO®= O .
$BEND
TNAIN TNAGUT  TSTM(1) TSTMOUT
1100.000 859.10000 571.919 1000.625
1100.000 859.10000 571,941 1000,685

1100, 000 859.10000 571.986 1000.809

OO0 O O 0O 00 OO0

*x SOULAR STEAM GENERATOR SIZING *x

. 10000000E €O,
. 85910000E 083,
. 10000000E 21,

3'

. 19000000E-01,
. 22700000E 01,
. 19088000E 07,

’

. 25000000E 01,
.90000000E 02,
. 64000000E-04,

Il
)
]

TUBE L PSTMIN
36.2%59 417.000
36.018 417.000
35.484 417.000

DOTUBE=
TSTMIN=

XKIN
XLIN

nn

DRODNB =
DRODOT=

DITUBG=

PNA
PSTMOU
TFW

DP-STM
36.310
34,626
31.133

0. 10S00000E
0.57250000E

0.50000000E
0. 58000000E

0.95000000E

[=NoNel

DP-NA TUBE NG. PITCH

0.226
0.216
0.196

o1, P1TCHO= 0.20500000E 01,
03, TSTMOT= 0. 10003000E 04,
00, XKOUT = 0. 10000000E 01,
o1, SUBDOW= 0. 10000000E 01,

f DRODFB= 0. ,

00, HSTMI 1 = 0.12896000E 04,
. DMID = Q. :
) DPSTMT= 0. s
s DUSHD = 0. )

STM-FLOW NA-FLOW
266 2.0500 0.5911E 06 0. 1908E 07
272 2.0500 0.5911E 06 0. 1909E 07
286 2.0500 0.5911E 06 0.1808E 07

91419313 €3 1vu3N39
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CASE NO,

Table P-3 (Cont'd)

1 *% SCULAR STEAM
CASE 2 xx REHEATER

INPUT DATA
REHEAT

HEAT LOAD PER UNIT
TUBE LENGTH ACTIVE
ALLOWABLE LENGTH VARIATIGN
TUBE GD
TUBE CENTER PITCH
TEMPERATURE, SODIUM INLET
,SODIUM OUTLET
,STEAM INLET
, STEAM OUTLET
ENTHALPY, STEAM OGUTLET
PRESSURE ,STEAM INLET
FOULING FAECTOR
DECARBGNIZATIGN FACTOR E
ON TUBE STRENGTH
TUBE CORROSION ALLOWANCE

GENERATOR SIZING xx

40,5549 MWT
35.45 FEET
0.100 FEET

1.05000 INCHES
2.05000 1INCHES
1100.00 F

859.10 F

572.44 F

0. F
1523.76 BTU/LBM
417.00 PS!
0.10E 21 BTU/HR-F~FTxx2
0.52500 FACTIGN

0.01900 INCHES

91419313 &3 1vuINI9
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CONRADLON =

10

*x SOLAR STEAM GENERATOR SI1ZING

CASE 2 xx

OUTPUT DATA

SECT ACTIVE
TYPE LENGTH
FT

SUPH 0.

SUPH  0.49
SUPH 0.98
SUPH  1.47
SUPH 1.97
SUPH 2,48
SUPH 2.99
SUPH  3.81
SUPH 4,03
SUPH  4.86
SUPH 5.10
SUPH 5.64
SUPH  8.20
SUPH 6.76
SUPH 7.32
SUPH 7.90
SUPH 8,48
SUPH  9.07
SUPH 9.68
SUPH 10.29
SUPH 10.91
SUPH 11.54
SUPH 12.19
SUPH 12.84
SUPH  13.81
SUPH  14.19
SUPH 14.88
SUPH 15.5¢
SUPH  18.31
SUPH 17.04
SUPH 17.80
SUPH 18.56
SUPH  19.35
SUPH 20.15
SUPH 20.97
SUPH 21,82
SUPH 22.68
SUPH  23.57
SUPH 24.48
SUPH  25.41
SUPH 26,37
SUPH 27.36
SUPH  28.38
SUPH  29.43
SUPH  30.52
SUPH 31.64
SUPH 32.80
SUPH 34.01
SUPH 35.28
SUPH 35,48

DIV CHECK

T-NA
F

859.1
864.1
869. 1
874.1
879.1
884.1
889.1
894.1
899.1
904.1
909.1
914.1
919.1
924.1
929.1
934 . 1
939.1
944 .1
949.1
954.1
9%8.1
964.1
969. 1
974 .1
979.1
984.1
989.1
994, 1
999.1
1004.1
1009.1
1014.1
1018.1
1024.1
1029.1
1034.1
1039.1
1044.1
1049.1
1054.1
1089.1
1064.1
1069. 1
1074, 1
1079.1
1084.1
1089.1
1094.1
1099.1
1100.0

AT L

REHEATER

T-0D
WALL

832.8
838.0
843.2
848.9%
853.7
8%59.0
864.2
869.5
874.7
880.0
885.3
890.6
895.9
901.2
906.5
911.8
917.1
922.4
927.7
$33.0
938.3
943 .7
949.0
9%54.3
9%59.7
965,0
970.3
97%.7
981.0
986.4
991.7
897.1
1002.5
1007.8
1013.2
1018.5
1023.9
1029.3
1084.7
1040.0
10485.4
1080.8
10856, 2
1061.6
1066.9
1072.3
1077.7
1083.1
1088.5
1089.5%5

OCATION

T-1D
WALL
F

801.%
807.1
812.8
818.4
824.1
829.7
835.4
841.1
846.7
852.4
858.1
863.9
869.6
875.3
881.0
8866.8
892.5
898.3
904.0
909.8
915.6
921.3
927 .1
932.9
938.7
944 .4
9%0.2
956.0
961.8
967.6
973.4
9798.2
985.0
990.8
996.6
1002.4
1008.2
1014.1
1019.9
1025.7
1031.8
1037.3
1043.1
1049.0
1054.8
1060.6
1066.4
1072.2
1078.0
1079. 1

T-WAL
FOUL
ID. F

801.5
807.1
812.8
818.4
824.1
829.7
835.4
841.1
846,7
8%52.4
8%58.1
863.9
869.6
87%5.3
881.0
886.8
892.5
898.3
904.0
909.8
915.6
921.3
927.1
932.9
938.7
944 .4
950.2
956.0
961.8
967.6
973.4
979.2
985.0
990.8
996, 6
1002, 4
1008.2
1014.1
1019.9
1025.7
1031.8
1037.3
1043.1
1049.0
1084.8
1060.6
1066.4
1072.2
1078.0
1079. 1

076216

T-STM
F
572.

[ X X X K¢ )
--0O0VWD®
WhAO®O

621.
630.

]
[
[

647,

NOOOO O
OWENON
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708.

N~
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844,

OP®O®®
OCONOA
O—-NN®

899,
908,
917.
926.
938,
944,
9%53.
963,
972,

—'-‘ODOO\JQGAQN-'OO\lmab(-)l\)—'O@OOZO(D(D@OEJ.—'.Q.G\IOQ.\I-‘Q;\)ZDEl;\)--'O

990. 1
899.2
1000.8

Table P-3 (Cont'd)

U-GVER
BTU/HR~
FTxx2-F

292.9
293.2
293.4
293.7
294.0
294.3
294.6
295.0
295.4
29%5.7
296. 1
296.6
297.0
297.4
297,.9
298 .4
298.8
299.3
299.8
300.3
300.8
301.4
301.9
302.4
303.0
303.5
304 .1
304.6
30%5.2
305.7
306.3
306.9
307.4
308.0
308.6
309.2
309.7
310.3
310.9
311.8
312.1
312.7
313.2
313.8
314.4
31%5.0
315.6
316.1
316.7
316.8

H-NA

3194.3
3189.7
3185.1
3180.5
3175.9
3171.3
3166.8
3162.2
3187.7
3183.1
3148.6
3144.1
3139.6
3135.1
3130.7
3126.2
3121.8
3117.3
3112.9
3108.5
3104.1
3099.7
3085.3
3090.9
3086. 9%
3082.2
3077.8
3073.%
3069.2
3064.8
3060. %
3056.2
30%52.0
3047.7
3043.4
3039.2
3034.9
3030.7
3026.5
3022.3
3018.1
3013.9
3009.7
3005.5
3001.4
2997.2
2993. 1
2989.0
2984.8
2984 .1

H-WAL

2690,7
269$.1
2708.
2712,
2719,
2726,
2733.
2740.
2747,
27%4.
2761,
2768.
277%.
2781.
2788.
2795.
2802.
2809,
2816.
2823.
2830.
2837.
2844.
2851,
2858,
2865,
2872.
2879.
2887,
2894,
2901.
2908,
2915.
2922,
2929,
2936.
2943.
2950.
29%7.
2964,
2971.
2978.
2985.
2992,
2999,
3006,
3014.
3021.
3028.
3028.

= =000VWOEPNOIOALIALWWOWNN—-—=0C0O0OVOOVRPIOPTPPROOPROVOWOO-NNXARN®D®

H-STM

383,

386,
387.
388,
389.
389.
390,
391.
392.
393.
394.
395,
396.
396.
397.
398,
399,
400,
401.
401,

QuUAL

. 0000
. 0000
. 0000
. 0000
. 0000
, 0000
. 0000
, 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
.0000
, 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
.0000
. 0000
. 0000
. 0000
.Q000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

P-8TM DP-STM VELO

PS1

414.
413,
413.
413.
413,
413.
412.
412,
412,
412,
412.
411,
411,
411.
411,
411.
410,
410,
410.
410,
409.
409.
409.
408.
408.
408,
408.
407.
407,
407.
4086,

WO REONN—TADWOAOWNOWOIONAROWHROPONNNO - OVANO—=WAN®DO

PS

—-— s a2

NN=—==000OOOPRIONNNIONROTANINANABLALADRAOROWWQ

AANOAONIO—O—O~=NNOLONWOINOVIVONIANCOIENONONOCOORINOBGNAW—=O

FT/SEC

160.17
161.9%5
163.72
165,50
167.29
169,08
170.87
172.66
174.46
176.26
178.07
17¢.88
181.68
183.50
185.32
187.15
188.97
190.80
192.63
194.47
196.31
198.15
200.00
201.85
203.71
205,57
207 .44
209.31
211.19
213.07
214,96
216,86
218.76
220.68
222.60
224,52
226. 46
228.41
230.37
232.3%
234.33
236,33
238.3%
240,38
242.43
244 .50
246,59
248,70
250,45
250.7%

H-STEAM HEAT FLUX

BTU/LBM

1289.
1294.
1299.
1304.
1309,
1314,
1318.
1328,
1328.
1333.
1338.
1343.
1348,
1353.
1357.
1362.
1367.

1872

1877.
1382.
1387.
1392,
1396,
1401.
1406.
1411,
1416,
1421.
1426.
1430.
1435.
1440,
1445.
1450.
1455,
1459.
1464,
1469.
1474.
1479.
1484.
1489.

1493

1498.
1503,
1508.
1513.
1518.
1522.
1523.

PO=NAANDO—OAOOO—-NAOGNPO-NDLAVOO—-NILAAOPOONWVAANOOO WAL

BTU/HR-
FTxx2

84108,
83271.
82414.
81540.
80647,
79738,
78812,
77871
76914,
75842,
74957,
73959.
72947,
71924,
70889,
69843.
68786.
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S0811.
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Table P-3 (Cont'd)

*% SOLAR STEAM GENERATOR SIZING xx
CASE 2 *x REHEATER

OUTPUT DATA

TUBE ©OD 1.05000 INCHES
TUBE WALL THICKNESS 0.050000 INCHES
REQUIRED TUBE WALL 0. INCHES
TUBE ID 0.9%5000 INCHES
NUMBER OF TUBES 286

ACTIVE TUBE LENGTH 35.48 FEET
ACTIVE HT. TRANSFER AREA, 1D 2524.03 FTxx2
STEAM FLOW RATE 0.35911E 06 LBM/HR
STEAM MASS VELGCITY 116.633 LBM/SEC-FTxx2
FOULING FACTOR 0.10E 21BTU/FTxx2-HR
DNB QUALITY 0. FRACTION
DNB MARGIN 0. PERCENT
HYDAULIC DIAMETER, SODIUM 0.280274 FEET
SODIUM INLET VELGCITY 1.90 FT/SEC
SOGDIUM CUTLET VELOCITY 1.83 FT/SEC
SODIUM FLOW RATE PER UNIT 0,1909E 07 LBM/HR
SODIUM PRESSURE DROP 0.196 Ps1

NA PRES DROP IN SUPPORTS 0.156 PSI
STEAM SIDE PRESSURE DROP 31.13838 PS1
INLET PRESSURE DROP 2.978 PSl
SUBCOOLED PRESSURE DROP B 0. PSl1
NUCLEATE BOILING PRES DROP, 0. PSI

FILM BOILING PRESSURE DROP, 0. PSSl
SUPERHEAT PRESSURE DRGP 16.538 PSI
CGUTLET PRESSURE DROP 11.616 PSI

SODIUM SIDE DATA

TUBE SUPPORT MINIMUM WEB THICKNESS
DISTANCE BETWEEN SUPPORTS

SODIUM PRESSURE DROP COEF PER SUPPORT

0. 1000INCHES,
2.%5000 FEET
0.5365%59

TUBE SUPPORT USE NA FLOW HOLES THAT ARE MIX OF BOTH TYPES

WITH BROKEN EDGES

DIAMETER OF EQUIVALENT HOLE IN SUPPORT

MAXIMUM SODIUM VELOCITY IN SUPPORTS

1.131 INCHES
2.57844 FT/SEC

TEMPERATURE, STEAM INLET 572.44 F

TEMPERATURE, STEAM OUTLET 1000.17 F

TEMPERATURE, SODIUM INLET 1100.00 F

TEMPERATURE, SODIUM OUTLET 859.10 F

ENTHALPY, STEAM INLET 1289.60 BTU/LBM
ENTHALPY, STEAM OUTLET 1523.76 BTU/LBM
ENTHALPY, SODIUM INLET 486.87 BTU/LBM
ENTHALPY,SGDIUM OGUTLET 414.36 BTU/LBM
SECTION AVERAGE PROPERTIES

SECTION LOG MEAN TEMP OVERALL U TUBE SEC. LENGTH
DEGREES F BTU/FTxx2-HR-F FEET

suBcC 0. 0. 0.
NUCL 0. 0. 0.
FILM 0. 0. o
SUPH 176. 81 310.15 35.48

(1]
m
=
m
=
>
—
m
-
m
[y ]
—
-
[x]
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Appendix Q
CRITIQUE OF CYLINDRICAL STORAGE TANKS

It has been suggested that a cylindrical tank design might be more cost
effective than the spherical concept. The proposed cylindrical concept would
have very low cover gas pressure (inches of water) to allow a thin top, with
sides designed for the pressure of the Tiquid head, and a thin bottom which
would take advantage of backfill to support the pressure loading. Several
questions must be answered to determine whether this concept is feasible:

e How can low cover gas pressure be maintained during all operating
modes ?

o Is a low net positive suction head (NPSH) pump available for the
tower loop?

e Can a cylindrical vessel of this type be designed to meet the ASME
code?

e Does the cylindrical concept meet the advanced central receiver
specifications?

e Is the cylindrical vessel actually more cost effective?

LOW COVER GAS PRESSURE

Consider the change in cover gas pressure as the hot tanks are emptied of
liquid and the cold tanks are simultaneously filled. The initial pressure
may be selected at a low value, e.g., 15 psia. If the gas is confined (i.e.,
none is extracted or added), the pressure when this process is complete is
given by the ideal gas relation

v\ /T
- c)( H) . 356,500\ (1100+460\ _ _
LIaE (VH <T> 15 psia <385,300> <610+460> = 20.2 psia

To prevent this pressure rise, gas must be extracted during the process
and added during the reverse process. If the extracted gas is simply vented
and imported gas used for makeup, the plant would consume about 43,000 stan-
dard cubic feet of gas per day. Argon costs about $0.04/standard cubic foot
in bulk quantities, so this represents an expend1ture of $1720/day or about
$19 million over the life of the plant. This is obviously too expensive. An
alternative approach is to compress the vented gas and store it until it can
be reintroduced on the reverse cycle. To store it at 500 psia would require
a tank about 13 feet in diameter with walls about 1.3 inches thick. The
electric energy requ1red for compression would be about 0.4 MWgh/day, which
translates into a 1.1 MW.h/day equivalent thermal loss from the system. In
addition about 0.3 thhléay are lost in cooling the gas before compression
and heating it before injecting it for makeup. Thus, the total thermal loss
is about 1.4 MWth or 0.2% of the 750 MWth put through storage on the design
point day. This is a small penalty, and the cost of the compressor and gas
storage tank would also be small; therefore, this appears to be a feasible
solution to the gas control problem.
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LOW NPSH PUMP

The Clinch River Breeder Reactor pump design can be made to fit this
application by increasing its speed from 1116 rpm to 1760 rpm and cutting
back the impellor diameter. At this speed the NPSH required is about 3 psig
(suction specific speed = 10,000), which is consistent with a low pressure
tank concept. It is not necessary to use an advanced screw-type, two-stage
impellor to achieve this low NPSH.

ASME CODES

This is a difficult area since the codes can be interpreted in various
ways to cover a multitude of possible concepts, and the effect on cost is not
always clearly discernible. Section VIII of the ASME code does not describe
rules for designing a cylindrical tank such as we are considering here. To
qualify under Section VIII, a detailed stress analysis would most Tikely be
required to demonstrate that the tank had at least a safety factor of 4. If
1iquid metal equipment experience to date may be taken as a guide, it seems
likely that this analysis would cost enough to negate the potential savings
in material costs.

The American Petroleum Institute has a design procedure (API 620) for
0oil storage tanks of this type, but it is unlikely that a utility would ever
purchase a tank for 30 year service at 1100 F which bore only the API code
stamp.

ASME Section III Class 3 (ND-3900) adapts the API 620 rules to the design
of radioactive waste storage vessels and adds the requirement of nuclear qual-
ity control and assurance. Although ND-3900 is limited to operating tempera-
tures below 200 F, the opinion of one code committee member is that higher
temperature vessels could qualify if the allowable stresses from Section VIII
were used in the ND3900 equations. Additional analysis would be required to
account for thermal expansion effects, especially in the tank bottom. It is
our opinion that a tank bearing the ASME Section III stamp would probably be
acceptable to utilities.

ADVANCED CENTRAL RECEIVER

Section 3.1.2 of the Advanced Central Receiver Program Requirements (Rev.
B, 3-16-78) states: "The energy storage subsystem shall be designed to pro-
vide safe and reasonable access for proper inspection, maintenance, and repair
of the structure. . ."

The bottom of the cylindrical tank would rest on a layer of block type
insulation* which rests in turn on sand backfill or a concrete pad. Thus the
bottom could only be inspected from inside the tank. To accomplish this, the
tank must be drained and cooled so that inspectors can enter; this requires a
lengthy plant shutdown. Workers would have to wear protective suits due to
sodium residues and would require an air supply since the tank must be kept
filled with argon. It is our opinion that this is not a safe operating prac-
tice, and that it is inconsistent with a timely inspection and maintenance
program as called for in the Advanced Central Receiver Program specifications.

*Example: Kaowool insulation block, 5 percent compression at 3500 psi. '

Q-2
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COST EFFECTIVENESS

An example of the cylindrical tank design calculated using ASME Section
IIT rules is provided at the end of this appendix.

If all of the hot fluid were contained in one cylindrical tank, this tank
would be 79.12 feet high and 79.12 feet in diameter. The conical top and
flat bottom would both be 0.198 inch thick, which is the minimum allowed by
the code. The vertical sides would taper from 0.260 inch thick at the top to
1.259 inches at the bottom. The weight of stainless steel in this tank, ex-
cluding top and bottom retaining rings, would be about 622,000 pounds. By
comparison, a spherical tank designed to ASME Section VIII rules would weigh
about 496,000 pounds if its walls were continuously tapered from 0.260 inch
thick at the top to 0.835 inch at the bottom. Thus it appears that the cylin-
drical tank concept does not offer a cost advantage over the spherical concept.

CONCLUSIONS

The cylindrical tank concept does not appear to offer any cost advantage
and it introduces maintenance problems and a slightly more complex gas con-
trol system. We conclude that spherical tanks designed to ASME Section VIII
rules are superior for this application.

Q-3
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Appendix R

SODIUM COMPONENT DESIGN
SUPPLEMENTAL CALCULATIONS

R-1 Storage Tank Size Calculations - Pilot Plant

Based on one hour of full power operation of the steam generators from thermal
storage, the sodium volumes required in hot and cold storage were Vyy = 13941 ft3
and VT¢ = 12919 ft3 respectively (See Section 7.2.2.3). The corresponding tank
diameter (assuming the use of spherical storage tanks) can be calculated from:

3| 6Vt
d = —_—

™

For the hot tank (1100°F sodium):

dy = %s E X 13R1 . 39.86 ft.
m

For the cold tank (612°F sodium):

d. = 3| 812919 - 99 4g £t
m

Since the tanks will be fabricated in the ambient condition (~82°F), both tanks
will contract to:

dy = 29.86 (1-10.8 x 107 °(1100-82))
dH = 29.53 ft. (hot tank)

d. = 29.11 (1-10.8 x 107°(612-86))
dC = 28.92 ft. (cold tank )

These diameters will be the shop fabricated sizes.

The hot and cold tanks are joined by a pressure equalization Tine into the
two cover gas spaces. MWhatever mass of sodium is removed from one tank must be
compensated for by an equal mass addition to the other tank. The analytical model
used for the analysis is shown in Figures R-1 and R-2.

The mass of gas is assumed trapped in the tops of the tanks and moves from
one tank to the other as the sodium is displaced AV, in cold tank and AVy in hot
tank. It is further assumed that the gas in the tanks is always in thermal
equilibrium with the sodium in the tank (TC and TH respectively for the cold and
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&PRESSURE EQUALIZATION LINE

T, A, N\ & T

T \" ~ V.
c ch TH
Ve, v = 12919 13 = 13941
T 3
X c h ft
h
COLD STORAGE TANK HOT STORAGE TANK
Figure R-1. Figure R-2.

Analytical Model Used in Establishing Storage Tank Pressures

R-2
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. hot tanks). Since the mass of gas is held constant,

Vchpc + VthH = W = CONST. (1)

But from the gas law:

Pe T PC/RTC and oy = PH/RTH (2)

Introducing (2) into (1) and noting that P. = Py = P, as a result of the pressure
equalization Tine: g

F’g = RWT/(Vch/Tc + th/TH) (3)

The initial conditions in the tanks are cold tank empty (Vcg) and het tank full
(Vhg) from which the initial gas pressure can be derived using eq. (3)

As sodium is displaced from one tank over to the other, mass is conserved:

AV py = AVp (5)
C NC H NH
From figure R-1 note that VC = VC - AVC and VH = VH + AVH from which
equation (3) becomes: h 0 h 0
Py = RUp/ [Vey = AVE)/Te + (Vo + av,)/T, ] (6)
vV T AV AV, T
HO C C H C
Po= (RUT NV (7= )= )t (= +—- 1] (7)
g TC'CO VCO H VCO AVC TH
Substituting (4) and (5) into (7)
v T
P (1+-10 _C
g Yoo Th
g o Te\ L Ve Pie
g 7))y -1
CO 'H Co NH
But aV, = Vco - VCh (See Figure R-1). Thus:
v o T Vv T
h NC 'C HO 'C
P/P, =1/[l+(1-55) (== = -1)/(1+7= )] (9)
o’'g, T 1 Veo PNH TH Veo Th

R-3
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Assuming both tanks operate between 5% and 95% full, and referring to Figures .
R-1 and R-2:

V.. = 12919 x .95 = 12273 (10)
co

Vo = 13941 x .05 = 697.05 (11)

v

HO _ 5. 05680 (12)
Veo

IQ. =612 * 460 _ (oope (13)

T, ~ 1100+ 460

0

Bﬁﬁ'= %%f%—= 1.07905 (14)

Substituting (10) through (14) into (9) gives
-5
Pg/Pgo = 1/[ 75256 + 2.01615 x 10 Vch] (15)

The volume Vcp corresponding to tank depth "h" is given by:

V, =1V

_ T2 -
ch 3 h2(3r¢ - h) (16)

TC

Equations (15) and (16) can be used to determine the gas pressure in the tanks at
any tank depth "h" in the cold tank.

The pressure on the tank wall at any elevation “H" (See Figure R-1)} is ob-
tained from:

Py = Pg + (h - H) pyc/144 (17)
The volume in the hot tank can be calculated from noting the conservation of
sodium mass between tanks:

+V v

Yenene * Vunenn = VrcPac (18)
The total tank volumes in each case are:

Ve = Von ¥ Ve @nd Vo = Vi * Vi (19)

R-4
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From (18) and (19)

_ oNH _ oNH
Veh = Vg v - VY

Substituting (20) into (15)

Pg/Pgo = 1/(1.01304 - 1.86845 x 107° V)

(20)

(21)

Equation 21 permits an evaluation of the gas pressures for the hot tank, whereas,

equation 15 only applies to the cold tank.

R-5
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R-2 PUMP PERFORMANCE EVALUATIONS

The pump head was calculated in psi and the pump flow rate in 1bs/hr.
Respective conversions to pump head in ft. of sodium and flow rate in GPM can be

obtained from:
H =144 AP/p
GPM = 0.12468 W/p

(22)
(23)

The pump mechanical power required can be calculated as follows:

MA, = 3.02058 x 1072 (GPM) (H) (p)
The electrical power expenditure is:

Mwe = wa/
and n = nynpiug

For the tower pump nyg = 1.0 since there is no speed control.
for all of the calculations above is listed below:

GPM

Pumnp flow rate in gallons per minute
W = Pump flow rate in 1bs/hr

o = Density of liquid pumped, 1bs/ft3

AP = Pump head expressed in psid

H = Pump head expressed in feet of liquid

(24)

(25)

The nomenclature

MW_ = Mechanical energy expended in raising the fluid pressure, th

MW_ = Electrical energy supplied to the pump drive motor, Mwe

y = Electrical to mechanical energy conversion efficiency in

drive motor

"M = Combined efficiency of motor generator set and hydraulic coupling

used in controlling pump speed

np = Mechanical efficiency of pump

n = Combined overall efficiency of pump, motor and speed controller

R-6
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The specific speed of the pumps was calculated from:

N = RPM GPM/N

> (g

Where: NS Specific speed of pump
RPM

Rotational speed, RPM
N =Single flow N = 1, double flow N = 2

NST = Number of stages used in pump

The suction speed of the pumps was calculated from:

_ RPM VGPM/N

S
3/4
(Hg/N7)

Here the term Hg is the net positive suction head given by:

Hg = 144 Py /o + (V2/29)/144 - 154 P

S saT/®
where: S = Suction specific speed

Hg = Net positive suction head, ft

PIN = Pump inlet pressure, psia

V = Flow velocity at pump inlet nozzle, ft/sec

PSAT = Saturation pressure of fluid at pump inlet temperature, psia

R~7
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R-3 EM PUMP HEAD ‘

In order to generate pump head data for each EM pump it is necessary to do a
detailed analysis of the absorber system piping and the associated pressure losses.
Using Figure R-3 as a rough analytical model the following calculations were made
for the pressure differential across each pair of points in the system:

L V2

MPeprer = T ~%ﬂ» 55-7%1- (Friction pressure loss) (28)
0.02517 a2 g% |
APVEL == o L T 7 ] 144 (Pressure loss due to area change)(29)
dp dg
= - Y (30)
Adding the three pressure loss components
Pg = Pa = APyg + APz + APrppcy (an)

In order to avoid sign errors the flow must always move from point "B" to point
"A" when setting up individual calculations. The resulting system pressure calcu-
lations are shown in Table 7.2.2-14 (see Section 7.2.2.4.5).

In equation (28) there is an equivalent pipe length "Leq" which in the case
of pipe flow consists of the summation of all straight lengths of pipe plus
equivalent adders for elbows, valves, etc. In the case of area changes or tee
connectors, the equivalent length approach was also used. Therefore, the APFRICT
column in Table 7.2.2-14 (Section 7.2.2.4.5) can be divided into elements
that vary as the flow rate raised to the 1.8 power and others which vary as the
square of the flow rate.

Using Table 7.2.2-14, it is possible to separate out specific pressure losses.
For example, between points 3 and 5

Py - Ps = 1.0878 (Fh7 + 0.3881 (97 + 1.1602 ()18 (32)
\ \/__B_,’ — Ry Ry
j ¥
APyEL APepicT PeprcT
(AREA CHANGES) (STRAIGHT PIPES)

where: W = Flow rate in any panel, #/HR

NR = Flow rate in the hot panel, #/HR
using the same principle between points 6 and 14

_ Wy2 Wy2 W,1.8
P6-P]4 = -0.79760 (WE) + 1.0995 (WE- + 3.9327 (WE- + 8.0361 (33)

R-8
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adding egs (15) and (16) together:

_ W\ 1.8 W2

(P6-P5) + (P3-P]4) = 5.0969 (WR) + 1.7778 (WR) + 8.0361 (34)
But from Table 7.2.2-14 (Section 7.2.2.4.5)

(P3—P]4) = 6.1038 - 2.7415 = 3.3623 (35)

At full power for which this analysis was performed the pressure in the three
headers 3,14, and 21 (see Figure R-3) remain constant for all panels. Therefore,
the value above (P3-P14) = 3.3623 is constant for all panels operating at full
power. Note, however, that this number must be adjusted as power changes since
the flows in the remainder of the receiver piping will change with power level.

Since the EM pump head is by definition (P6-P5) as defined in Figure R-3:

APy = (Pg-P5) (36)
Substituting (35) and (36) into (34) produces the final expression for pump head
. W2
Pey = 5.0969 (W§91 8 v 1.7778 (WE) + 4.6738 (37)

If W= W, in equation (37) as would be the case for the hot panel flow rate then
APpy from equation (37) (where W/Wp = 1) should agree with (Pg-Pg) from Table
7.2.2-14 (see Section 7.2.2.4.5). Both values agree at 11.5485 psid.

R-9
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R-4 REHEATER DESIGN CALCULATIONS

In the reheater the low value for the steam side heat transfer coefficient is
the controlling parameter in setting the overall heat transfer coefficient. The
tube wall coefficient in both plants will be almost identical except for tempera-
ture effects since the same tubing is used for both plants.

The steam side coefficjents (based on tube I.D.) for the commercial plant
reheater were (in BTU/HR/FT¢/°F units based on tube I.D.)

h = 366.5, h

inlet - = 401.4, have = 384

outlet
The equation used to calculate these steam side coefficients is:
0.84 PR0.333)

_ Ks
hi = 37-(0.0133 Re

V= W/(N ;%)

Re = Vdi o/u

P = Cp u/Ks

where: h; = Steam side coefficient based on tube I.D., BTU/HR/FT2/°F
K. = Conductivity of steam, BTU/HR/FT/°F

n = Viscosity of steam, lbs/ft-hr

p = Density of steam, 1bs/ft3

C_ = Specific heat of steam, BTU/1b/°F

= Number of tubes in reheater

Steam flow rate in all the tubes, 1bs/hr

< = =z T
[}

= Steam flow velocity, ft/hr
Re = Reynolds Number

Pr = Prandtl Number

the number of tubes in the pilot plant reheater. Thirty tubes were found to have
an avsrage coefficient of 385.1 BTU/HR/FT</°F which agrees well with the 384 BTU/
HR/FT</°F for the commercial plant. Therefore, the pilot plant reheater will have
thirty tubes.

Table R-1 shows a tabulation of hin]Et, hout]%t, and hgve as a function of

The tube wall conductance will be almost the same for the two plants since
the tubing is identical and only the effect of temperature on thermal conductivity
will change it. Listed below are the average steam temperatures and average
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sodium temperatures for the two plants. The tubing will operate somewhere ‘

between the steam and sodium temperatures.

TABLE R-1
Steam Side Heat Transfer Coefficients

In The Pilot Plant Reheater
As A Function Of Number Of Tubes

Number h * h *

of Tubes inlet outlet
25 434.3 463.5
30 372.6 397.7
35 327.4 349.4
40 292.6 312.3

*BTU/HR/FT2/°F values based on Tube I.D.

Commercial

Plant
Average Steam Temp. °F 786.38
Average Sodium Temp. °F 979.55

It was conctuded that the average wall conductance from the
STMGEN computer runs would be sufficiently accurate for use
reheater.

h. = 2690.7 + 3028.1

ave.

448.9
385.1
338.4
302.5

Pilot
Plant

804.6
990.02

commercial plant
on the pilot plant

W 5 = 2859.4 BTY/HR/FT/°F (Based on I.D.)

The sodium side heat transfer coefficient was evaluated from the Graber and

Rieger correlation:

Nu=A+B (Pe)"

where: A =0.25 + 6.2 (P/d)
B = -0.007 + 0.032 (P/d)
n =0.8-0.024 (P/d)

P/d = Pitch to diameter ratio for the tubing

array

Pe = Peclet No. = Reynold's No. x Prandtl's No.

Nu = hod/K = Nusselt's No.

R-12
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. The values of the sodium heat transfer coefficient hg, calculated for the pi-
lot plant are as follows, where the units are BTU/HR/FT2/°F based on the tube 0.D.

ho = 3237.2 Inlet; h0 = 2961.0 outlet
The average value is hy, = 3099.

The overall coefficient can now be calculated from

_ 1.05 1 1 1 20
Uo =555 L 3s5 1+ 78507 1 + 399 = 279-41 BTY/HR/FT2/°F

The active length of the reheater can be determined by solving for "L" in the
following overall heat balance expression for the reheater.

Q

L:._(__Q_)__
Uy (nd NLMTD

UOAOLMTD = Uo(wdoLN) LMTD

where: Q = Heat duty for the reheater, BTU/HR
LMTD = Log mean temperature difference for the reheater, °F
N = Number of tubes in the reheater
U0 = Qverall heat transfer coefficient based on tube 0.D.,
BTU/HR/FT2/°F
d0 = Tubing 0.D., ft.
L = Nominal active length required, ft.

Substituting values:

2.946 (3.413 x 106)

279.41 (ﬂl%%§-30) 182.2

= 23.95 feet

This length is the nominal length requirement based on nominal heat transfer con-
ditions which have error tolerances. A 7% margin for heat transfer uncertainties
was added to the commercial plant reheater; therefore, the pilot plant should be
similarly treated:

Ly = 23.95 (1.07) = 25.6 feet

R-13
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The LMTD approach to heat exchanger design is based on fluids on both shell .
and tube side which have constant specific heats. Normally superheated steam
varies greatly in specific heat as can be seen from Figure R-4. However, for the
reheater, the steam follows line A-B which is sufficiently near to being constant
as to justify the use of the LMTD design method.

In the case of the superheater design, Cp changes radically and the use of
LMTD leads to inaccurate results. However, wﬂere used for small extrapolations,
and where accuracy is not paramount, the use of LMID can be excused. This was the
approach used to size the pilot plant superheater.
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. Appendix S
PILOT PLANT HEAT BALANCE EVALUATIONS

To compensate for the lower turbine throttle conditions in the pilot plant the
steam was throttled (independently from the turbine throttle) in the Tline between
the superheater and the turbine. Figure S-1 details this constant enthalpy process
where the superheater steam outlet temperature is unknown. By interpolating the
steam tables the temperature was established at 1004.0°F.

It should be noted that all the evaluations presented here are for full power
operation. No part-load calculations were made,
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TURBINE
THROTTLE THROTTLE VALVE
(CONSTANT ENTHALPY PROCESS)
H = 1461.2 Btullb
P = 1465psia
T - 950°F

SUPERHEATER

H = 14612
P =2470
T =1004.0

S/H STEAM OUTLET TEMPERATURE FOR H = 1461.2 AND 2470 psia

Figure S-1. Constant Enthalpy Throttling Process Between Superheater and Turbine Throttle
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‘ The turbine heat balance shows the feedwater return conditions without the
effect of the 10% steam drum blowdown as being:

W = 85400 #/HR flow rate

P = 1831 psi pressure

H = 461.9 BTU/# water enyhalpy

T = 477.6°F feedwater temperature

The blowdown flow is taken from the steam drum and routed to the condenser hot well
through a regenerative heat exchanger with return feedwater as a coolant. After
joining the condensate stream it passes through a full flow dimeneralizer and the
feedwater heaters. Since the overall heat lost from the system in this process is
negligibly small, a simple heat balance of the type detailed in Figure S-2 will
suffice for the evaluation of the final feedwater return temperature, After

S-3
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ACTUAL PATH

ASSUMED PATH
FOR HEAT
BALANCE

@

0.10 x 85400 = 8540 Ib/hr.
7445 BTU Btu/lb

T =6739

(10% BLOWDOWN

FROM STEAM DRUM)

I
I
|
I
—
I
u

® °
TURBINE HEAT W = 85400 W = 93940
BALANCE WITHOUT P = 1831 : =lz:;16
H = 4619 - 487

BLOWDOWN
© T =477.6 T = 499.7

8540 x 7445 + 85400 x 4619 _ 49759
93940

Figure S-2. Calculation of Impact of 10 Percent Drum Blowdown and Cleanup
On Feedwater Thermal ConditionF

S-4
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calculating the new enthalpy (H = 487.59) from a mixing heat balance the corres-
ponding return temperature to the steam generator subsystem was found to be
499.,7°F.

Figure S-3 shows the feedwater stream as it interfaces with the recirculation
pump and the steam drum. The recirculation ratio will be held at R = 1,15 which is
prototypic of the commercial plant.  Recirc, ratio is defined here as the ratio
(evaporator flow rate/steam flow rate) and is the reciprocal of the steam quality
exiting the evaporator. Thus the exit steam quality is 1/1.,15 = 0.8696 from the
evaporator. Of the flow passing through the evaporator 15% (with respect to steam
flow) exits as water which is separated from the steam in the steam drum, Of this
10% is blown down to the condenser for cleanup and 5% is recirculated as indicated
in Figure S-3. Since the steam drum is operated at 2600 psia to be prototypic of
the commercial plant it is necessary to throttle the 5% recirculated flow stream
(point B to point C) as indicated in Figure S-3 in order to match the return feed-
water pressure at 1831 psia. This constant enthalpy process occurs at H = 744.5
BTU/1b as indicated. Since the water was initially saturated the steam quality
after throttling was calculated to be X = 0.1853, This stream (point C) then mixes
with the cold feedwater (point A) and enters the pump (point D) with a mixture
enthalpy of H = 498.8 BTU/# and a corresponding subcooled temperature of
T = 509.0°F. Details of the calculation are shown in Figure S-3.

In passing through the recirculation pump energy is added to the fluid. A
pump efficiency of 80% and a motor efficiency of 95% were assumed giving an overall
efficiency of 76%. Since the pressure must be raised from 1820 psia to 2716 psia
the head required is AP = 896 psid or 2661.8 ft of head. This combined with the
flow rate and efficiency allows the pump power (wa = 0,09845) and the electrical
power (MWg = 0.12954) to be calculated. Of the electrical energy entering the motor
5% is lost to the cooling air. Of the remainder 20% is dissipated as frictional
heat in the pump itself and raises the water temperature, The remaining 80% of the
energy is potential energy which is dissipated throughout the system as frictional
pressure drop. Since the system is heavily insulated all but 5% of the electrical
energy represents heat added to the system. For simplification all of this added
heat energy was considered as added to the fluid as it passes through the pump.

The details of this calculation are shown in Figure S-4, It was found that the
temperature rose from T = 509°F to T = 512.3°F in the process, Thus the tempera-
ture and enthalpy of the fluid entering the evaporator are 512.3°F and 503.1
BTU/#.

Figure S-5 details the heat balance on the water side of the evaporator,
Conditions at the evaporator inlet have been fully defined, At the outlet end only
the flow rate and pressure level are known, But the exit steam quality is also
known from the recirculation ratio set earlier. Steam quality and exit pressure
are used to calculate the exit enthalpy. With steam/water flow rate, inlet
enthalpy, and outlet enthalpy known the evaporator power can be calculated as de~
tailed in Figure S-5. The result is a power level of 15,395 th.

From the steam drum the separated steam flows over to the superheater inlet
under constant enthalpy conditions as detailed in Figure S-6, The exit steam
conditions were established earlier (see Figure S-1). The power level generated
by the superheater can now be calculated as detailed in Figure S-7,
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STEAM

EVAPORATOR

10% DRUM BLOWDOWN
W = 0.05 (85400)

P = 2600
H = 7445
T =6739

[ ———— —

10% BLOWDOWN _4_1| BL::SC;:VN

—
oL
u DEMING—s]  F-W. HTR. : 010 °

-9
| SYSTEM w =9 _

P = 1831 W = 98210
L H = 487.6 P =1820 RECIRC PUMP

T - 4997 H =49838

’ T =509.0
x o H—H;=7445-6522 _ .00, _ 4270 x 7445 + 93940 x 487.6

Hfg 498.07 98210

I
(]

498.8 Btu/lb

Figure S-3. Mixing Tee Heat Balance for Evaluation of Recirculation Pump Inlet Operation
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RECIRC PUMP

t
® W = 98210
® P =2716
W = 98210 H =4988 + 428 = 503.1*
P =1820 T -5R.3
H = 4988
T =509.0

*Assumes al MWe pump energy is recovered in
fluid pumped except 5% motor loss to atmosphere.
- Part of this absorbed energy in fluid would be

v

y istri i i fricti i .
AP =896 psi dls::l’)uhted 'f“ recirc |I'°ip riction, but is concen
n = 0.76 tra ere for simplicity.

GPM = 252.6

Hp = 26618 ft

MW, = 0.09845 PUMP

MW_ = 0.12945 ELECT.

MW_ = 0.12306 (95% RETURN TO SYSTEM = 420 x 10% Btu/hr}
AH 420 x 10°/98210 = 4.28 Btu/lb

Figure S4. Recirculation Pump Heat Balance

S-7
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EVAPORATOR ———— \
W = 98210
P = 2600 N\ h—— ®
H = 1038.1
W &
x - —TEAM _ 866 [
WEvAP <
T
o]
0.
H = Hf 4 fog ;
w =
H= 7445 + 0.8696 (337.6) = 1038.1 w A UNKNOWN
H, =338.77 (PROTOTYPE)
= o
A T, =612°F (PROTOTYPE)
. 2
w = 98210
EVAP. POWER = W(H H ) P =2716
ouT— N 6 H =503.1
= 98210 (1038.1-503.1)/3.413 x 10 :
T =5123

15.39477 MWt

Figure $-5. Water Side Heat Balance on the Evaporator
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® e

SUPERHEATER

W = 85400
P = 2580

H =1082.0
T =67394

Figure S-6. Constant Enthaipy Expansion From Steam Drum to Superheater
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SODIUM IN

—— 9 \
W = 85400 'ﬁ
P = 2470 A —~-
H = 1461.2
T = 1004.0 &
'..
<
w
I
o
w
a
2
72
SUPERHEATER POWER: d
MW = W(H~, ~—H, /3413 x 108
S/H ouT TIN'/®
85400 (1461.2—1082.0)
= 6
488333:4::\;Vx * W = 85400
=9 ! P = 2580
H = 1082.0
T = 67394
Figure S-7. Superheater Water Side Heat Balance
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. Before leaving the evaporator and superheater it is a good idea to perform
an overall heat balance on the steam drum as a final accuracy check. This check
is detailed in Figure S-8. The results were close enough to provide confidence
that the earlier calculations were correct.
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STEAM

85400 Ib/hr
1082.0 Btu/lb

T =
i

STEAM DRUM

10% BLOWDOWN

5% RECIRC
98210

1038.1 Btu/lb

I =
I

W = 8540 Ib/hr w
7445 Btu/lb H

4270 Ib/hr
7445 Btu/lb

I
u

85400 + 8540 + 4270 = 98210 Ib/HF FLOW CONTINUITY CHECKS
8540 x 7445 + 4270 x 7445 + 85400 x 1082.0 = 98210 x 1038.1

1.0194 x 108 =1.0195 x 108 HEAT BALANCE CHECKS

Figure S-8. Calculation Check on Steam Side Heat Balance
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Figure S-9 shows the heat balance on the steam side of the reheater module.
The conditions at points "A" and "B" were given by the turbine heat balance. Due
to'line losses Py > Ppy and Pc > Pp. In passing through the reheater there is
another pressure loss where Pp < B . These pressures at points “C" and "D" were
estimated based on Task 4 data. As the design progresses these pressures must be
adjusted. They do not affect the heat balance since the processes A-D and C-B are
constant enthalpy throttling, However, the temperatures at "C" and "D" will be
affected by the pressure level and this in turn affects the required surface area
in the reheater. Using the estimated pressures and using constant enthalpy
throttling the temperatures T¢ and Tp were determined, From the steam flow rate
and enthalpy change across the reheater the power level was calculated to be
2.946 MWy as shown in Figure S-9, Combining this power level with the evaporator
(15.395 MW¢) and the superheater (9.488 MW{) the total power transmitted through
the steam generator system is 27.829 th.

Table S-1 shows the inlet and outlet sodium temperatures and enthalpies to the

steam generator subsystem. Also detailed is the calculation of the total flow
through the steam generators which was found to be 6,413 x 102 1bs/hr.

TABLE S-1
SODIUM SIDE HEAT BALANCE INPUT DATA

Sodium Sodium
Temperature Enthalpy

_ R (erund)

Sodium Cold Leg 612°F 338.77

Sodium Hot Leg 1100°F 486.89
6

W o g x 3413 x 10° 57,899 x 3.413 x 106

M - -

Ma ~ TR = FegLp) (486.89 - 338.77)

My, = 6.4127 x 105 Tbs/hr
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W = 63600 c
P =275 €®—| REHEATER
H = 15600.6 W = 63600
T =950 Po-2m1 ) SR E—
H = 1500.6
B T =956.7
HP
TURBINE
A®
W = 63600
P =325
H = 13425 >
T =653.1
D W = 63600
P =319
H = 13425
T =6525

REHEATER POWER LEVEL
MWR/H = W(HoyuT—H|N)/3.413 x 106
= 63600 (1500.6—1342,5)/3.413 x 106
= 2.946 MWt

Figure S-9. Reheater Heat Balance
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The flow rate split between the superheater and reheater can be arbitrarily
set at any value as long as the sum of the two flows equals the flow rate in the
evaporator. However, most flow splits will produce a mismatch in the three tem-
peratures at the mixing tee connecting all three steam generator modules. This
can be avoided, however, by adjusting the flow split to a value that makes the
evaporator inlet temperature equal to the exit temperature at both the superheater
and reheater. This avoids a potentially serious mixing tee design problem at the
design point and provides the conditions for completing the heat balance. The
temperatures may become mismatched, however, at off-design power condition. The
sodium side heat balance in the evaporator (designated E/V) is given by:

6

MW / 3.413 x 10

ey = Wy (Hpy = Hoyr)

Noting that all the sodium flow (6.4127 x 105) passes through the evaporator and
solving for HIN'

6
) MW . x 3.413 x 10
Hin = Hour + —ELV .
E/V
- 338.77 + 15.395 x 3.413 x 10°
6.4127 x 10°

420.72 BTU/1b

The corresponding temperature is 880.03°F, The sodium inlet and outlet enthalpies
and power levels are now known for all three modules. The flow rates in the super-
heater and reheater are calculated from:

6
wS/H = MwS/H X 3.413 x 107 Superheater flow rate
(Hoyt - Hi)
- 9.488 x 3.413 x 10° = 4.8942 x 10° 1bs/hr
(486.89 - 420.72)
6
and wR/H = MwR/H X 3.413 x 107 _ Reheater flow rate
mOUT - HIN)
Wo/h = 2,946 x 3.413 x 10% = 1.5197 x 10° 1bs/hr

(486.89 - 420.72)

As a final calculational check, flow continuity at the mixing tee must be
assured:
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Wy = Ws g+ Wp/y

5 5 5
6.4127 x 10° = 1.5197 x 10° + 4.8942 x 10
6.4127 x 10° ¥ 6.4139 x 10° 1bs/hr

This final accuracy check was considered sufficiently close to consider the heat
balance correct.
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Appendix T
BACKUP DETAILS FOR COST ESTIMATE

This appendix contains additional details for the first commercial plant
cost estimate. Because of the large volume of backup information generated in
preparing this estimate, it has not been possible to include in-depth details
for all cost categories. Only those categories which include advanced equip-
ment have been reported here.

SODIUM AND STEAM PIPING (Accounts 4250.3, 4250.23, 4520.1, 4520.2, 4520.3)

Tables T-1 and T-2 give the steam and feedwater piping cost breakdown.
Note that account 4250.3 also includes the sodium piping which inter-connects
the steam generators. Table T-3 lists the sodium piping runs for which cost
estimates were prepared. Tables T-4, T-5, and T-6 describes the cost estimates
for the sodium piping items in account 4250. Table T-7 Tists the sodium valve
costs used in these estimates. :

MASTER CONTROL SUBSYSTEM (Account 4350)

Table T-8 presents a breakdown of the master control subsystem cost esti-
mate. These numbers were based on a verbal quote by the Honeywell Corporation
for the solar plant concept.

ABSORBER PANELS (Account 4511)

Table T-9 shows the breakdown of absorber panel manufacturing costs. The
total does not include the cost of special fixtures and furnaces that might be
required to braze the panels. This cost estimate was made on a cost-plus-fixed-
fee basis. It includes $6000 for quality control, which is normal for a quota-
tion of this size, but does not include nuclear-type quality control, which
could be very costly.

Table T-10 gives details of the material costs for each absorber panel.
Weld inspection costs are about $240,000 for 24 panels. This includes 100 per-
cent X-ray inspection of the critical outlet header welds, and 10 percent X-ray
inspection of the less critical inlet header welds, as shown in Table T-10.
The outlet header is more critical because it may cycle rapidly between 1100 F
and 612 F during cloud passing incidents. The tube/header joints used in this
cost estimate are described as "current method" in Figure T-1. Alternate methods
(2 and 3) were considered to reduce the number of weld and inspection points.
Neither of these methods were selected, however, because they both require one-
inch-thick forged headers, which add about $100,000 to the absorber cost and
about 24,000 pounds to the weight.

SODIUM PUMPS (Accounts 4513.1, 4513.5, and 4562)

Table T-11 gives a cost breakdown for the electromagnetic pumps used on
the absorber panels. Note that the duct is designed to ASME Section VIII, Divi-
sion 1 rules; however, the cost is not very sensitive to the code selection in
this case because the pressure parts in the duct represent only a small propor-
tion of the cost.

T-1
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Table T-12 gives a similar breakdown for the two centrifugal pump cost
estimates. Factory labor and material costs were estimated on the basis of a
vendor quote for similar pumps built to ASME Section III, Class 1 (plus RDT)
specifications which yielded a cost of $41/pound. These nuclear-type pumps
were quite heavy due to requirements for radiation shielding and a long shaft
to accommodate the shielding. The approach used here to remove the nuclear
cost penalties was to re-estimate the pump weight based on a Section VIII,
Division 1 design and apply the $41/pound to this Tower weight. The costs
listed in Table T-12 also include vendor engineering and motors to drive the
pumps. The steam generator pump has a motor-generator set to provide variable
speed operation and a pony motor for very Tow flows.

STEAM GENERATORS (Account 4561)

Table T-13 gives a breakdown of the steam generator costs. Cost data for
these estimates were obtained by scaling current costs for nuclear-type units
of similar design. The nuclear units are designed to the ASME Code, Section III,
Class 1 (plus RDT standards); this imposes significant cost penalties due to the
stringent quality assurance and analysis requirements of these standards. For
the solar application, it will be sufficient to obtain an ASME Section VIII stamp.
However, due to the sodium/water reaction hazard, it will be necessary to perform
quality assurance procedures and thermal stress analyses not required by Sec-
tion VIII. The effort and cost involved will be roughly equivalent to that re-
quired by Section III, Class 3.

STORAGE VESSELS (Accounts 4611, 4612, 4660)

Table T-14 describes the storage tank specifications used in preparing this
cost estimate. Tables T-15 and T-16 give a detailed breakdown of the cost esti-
mates for the cold and hot tanks respectively.

Figure T-2 shows the tank foundation concept used in preparing the estimate
in account 4660. This foundation was designed to support the tank static Toad
and to resist earthquake overturning movements. The soil bearing capacity was
assumed to be 2000 pounds/square foot.

T-2
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. Table T-1

STEAM AND FEEDWATER PIPING - STEAM GENERATORS
(Account 4250.3)

Pipe Quantity*

Diameter Length Field Field Labor Field Material Total
Component (in.) (ft) Man-Hours Cost ($) Cost** ($) ($)
Sodium Piping
Reheater Inlet Pipe 8 —_ 58 1,043 4,434 5,477
Superheater Inlet Pipe 9 — 173 3,111 15,634 18,745
RH to Mix Tee 10 — 114 2,050 78,262 80,312
SH to Mix Tee n — 150 2,699 9,695 12,394
Mix Tee to Evap. Inlet 12 — 469 8,435 30,40% 38,836
SG Vent Lines 23 — 206 3,705 66,991 70,696
SG Pump Dump Line 25 — 83 1,493 34,251 35,744
SG Dump Line 26 — 379 6,816 106,427 113,243
Evap. to Cold Tank 13 — 1,720 30,934 80,048 110,982
SG to RP Tank N —_ 498 8,957 25,610 34,567
Steam/Water Piping

RH to LP Turbine 15.5 280 845 15,197 44,734 59,931
HP Turbine to RH 14 240 649 11,672 30,621 42,293
SH to HP Turbine 13.5 280 747 13,435 83,444 96,879
Steam Drum to SH 10 260 41 7,392 13,881 21,273
Evap. to Steam Drum 9,2 100 240 4,316 16,373 19,689
Recirc. Pump to Evap. 12 200 413 7,428 28,307 35,735
Steam Drum to Recirc. Suct. 2 140 95 1,709 1,695 3,404
Pipe Cleaning and Testing —_— — 145 2,608 892 3,500

4250.3 Totals 7,395 133,000 670,700 803,700

*If no length is given, the number under "Diameter" refers to the piping run number in Table T-3. If a length
is given, the number under "Diameter" is the weighted average diameter of pipe in the segment quoted.
**Includes insulation, weld metal, pipe, valves and fittings.

T-3




GENERAL @D ELECTRIC

Table T-2

STEAM AND FEEDWATER PIPING - HIGH PRESSURE STEAM AND FEEDWATER TRAIN
(Account 4250.23)

Component

Cooling Water Make-up

Heater #4 to Recirc. Pump

Blowdown-Steam Drum to Heater #8

Cooling Water-Cond. to Cool. Tower

Heater #1 Through Heater #4-FW Pipe

LP Turb. to Heater #]

Cond. to Heater #1

LP Turb. to Heater #2

Drain, Heater #1

Drain, Heater #2

Drain, Heater #3

Drain, Heater #5

Drain, Heater #6

Drain, Heater #7

Drain, Heater #8

HP Turb. to Heater #4

HP Turb. to Heater #5

HP Turb. to Heater #6

HP Turb. to Heater #7

Blowdown Ht. Ex. Piping

Pipe Cleaning and Testing
4250.23 Totals

Pipe Quantity

*Weighted average diameter of pipe in the segment quoted.
**Includes insulation, weld metal, pipe, valves, and fittings.

T-4

Diameter*  Length Field Field Labor  Field Material Total

in. (ft) Man-Hours Cost ($) Cost** ($) (%
12 100 572 10,288 145,453 155,741
12 600 1,098 19,750 99,823 119,573
10 150 3n 6,673 16,101 22,774
54 10,292 54,539 980,987 809,813 1,790,800
8 200 762 13,706 13,034 26,740
10 20 95 1,709 3,440 5,149
10 300 1,785 32,106 49,489 81,595
10 20 95 1,709 3,440 5,149
4 25 48 863 1,378 2,281
4 25 48 863 1,378 2,241
3 150 214 3,849 4,158 8,007
6 150 428 7,698 8,604 16,302
6 100 286 5,144 5,873 11,017
4 100 190 3,417 3,785 7,202
6 150 428 7,698 8,604 16,302
10 150 893 16,062 24,916 40,978
10 150 893 16,062 24,916 40,978
10 150 893 16,062 24,916 40,978
10 150 893 16,062 24,916 40,978
4 300 4 12,843 15,300 28,143
-- -- 214 3,849 1,063 4,912
65,459 1,177,400 1,290,400 2,467,800
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RUN
No.

19

20
21
22
23
24
25
26
27
28
29
30
3
32
33

MAX.
TEMP,
FROM T0 (°F)

Tower Base Receiver (Riser) 630
Receiver Throttle Station (Downcomer) 1150
Throttle Station Hot Storage Tank Inlet Header 1150
Hot Tank Inlet Header Hot Tank Inlet Nozzle 1150
Hot Tank Qutlet Nozzle Hot Tank Qutlet Header 1150
Hot Tank Qutlet Header S.G. Pump Suction 1150
S.G. Pump Steam Gen. (S.G.) 1150
Hot S.G. Supply Line Reheater Inlet 1150
Hot S.G. Supply Line Superheater Inlet 1150
Reheater Qutlet Evaporator Inlet Line 900
Superheater Outlet Evaporator Inlet Line 900
Evaporator Inlet Line Evaporator Inlet Nozzle 900
Evaporator Outlet Nozzle Cold Tank Inlet Line 630
Cold Tank Inlet Line Cold Tank Inlet Nozzle 630
Cold Tank Outlet Nozzle Cold Tank Outlet Line 630
Cold Tank Outlet Line Tower Pump Suction 630
Tower Pump Discharge Tower Base 630
Hot Tank Inlet Line Cold Tank Inlet HDR 630
Cold Tank Qutlet Line Hot Tank Outlet Line 630
Throttle Station Cold Tank Inlet Header 630
Tower Pump Discharge Cold Tank Inlet 630
Tower Pump Suction Tower Pump Discharge 650
S.G. Vent Evaporator Outlet 1150
Tower Pump Dump Tank 650
S.G. Pump Dump Tank 1150
S.G.'s Dump Tank 900
Cover Gas Main Between Storage Tarks 650
Cover Gas Branch Storage Tanks 650
Cover Gas Header 100
Cover Gas Supply Lines 100
S.G. Rupture Discs RP Tank 900
Fil1 Line 600
Riser Downcomer (Tower Base Shunt) 1150

*S.0. = shutoff valve, Cont. = control valve
**Selection is consistent with ASME Section VIII, Division 1 code and (or) ANSI B16.34 power piping code.

Table T-3
SODIUM PIPING DATA

DESIGN  MAX. RUN

PKESS. VELOCLTY LENGTH FITTINGS

(psig) (ft/sec) PIPE SIZE _(ft) TEES ELBOWS VALVES*
350 21.9 20" Sch 20 750 - 1 1-20" check
325 24.2 20" Sch 20 800 - 1 -
50 23.5 20" Sch 20 160 7 4 2-8", 2-2" Cont

2-8v, 2-2" 5.0,

15 19.4 12" Sch 20 470 3 - 3-12% s.0.
425 19.4 12" Sch 40 275 3 3 312" s.0.
425 10.8 24" Sch 40 140 4 4 -

475 19.3 18" Sch xs 350 2 6 -

450 18.5 10" Sch 40 30 - 1 -

450 21.6 14" Sch 40 80 - 1 -

450 17.6 10" Sch 20 70 - 1 1-10" Cont.
450 20.6 14" Sch 20 40 - 1 -

450 18.3 18" Schxs 75 2 4 -

425 17.9 18" Sch 20 500 5 12 -

400 17.2 10" Sch 10 290 - 12 3-10%s.0.
35 11.4 16" Sch 20 230 - 12 312" s.0.
35 9.6 30" sch 20 120 2 4 -

300 22.5 20" Sch 20 400 - 12 1-20" s.0.
35 13.5 10" Sch 20 220 - 2 1-10" s.0.
35 20.3 10" Sch 20 220 - 2 1-10" cont
35 15.9 2" Sch 407 1200 - 6 1-2" s.0.
300 n.7 4" Sch 80 120 - 4 1-4" Cont.
300 1.7 4" Sch 80 60 4 4 4-4%s.0.
75 15.9 2" Sch 40 500 3 6  3-2" Cont.
50 n.7 4" Sch 40 30 - 4 1-4" 5.0,
50 12.6 4" sch 40 30 - 4 1-4vs.0.
50 12.1 4" Sch 40 500 3 4 3-4" 5.0,
50 82.0 10" Sch 40 300 6 - 1-10" 5.0.
50 45.0 8" Sch 40 290 - 6  6-8" S.0.
100 -- 4" sch 40 360 6 - -

100 45.0 2" sch 40 600 - - 2-2" 5.0,
200 15.0 10" Sch 40 225 3 5 -

100 12.0 4" Sch 40 200 - 4 1-4" s.0.
325 - 4" Sch 40 26 2 - 1-4"s.0.

COMMENTS

91419213 @B 1vu3IN39

3 Branch Lines
3 Branch Lines

3 Branch Lines

Receiver return to
Cold Tanks for
Startup and Standby

S.G. Standby and
Startup Bypass

Receiver Vent Line

Cold Trap System
3 5.G. Vent Lines

6 Total
Carbon Steel
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Table T-4

RISER/DOWNCOMER, THROTTLE VALVES,
EM PUMP, COOLING AIR DUCTS
(Account 4520.1)

Run Field Field Labor Field Material Total

Component Number*  Man-Hours Cost (%) Cost (§)** ($)
Downcomer 2 6,772 121,822 465,888 587,710
Throttle Valve Station 3 1,643 29,556 456,913 486,469
R/D Shunt 33 24 432 17,210 17,642
Riser 1 4,107 73,881 923,924 997,805
Pump to Riser 17 1,437 25,851 190,946 216,797
Vent Line on Tower Pump 20 257 4,623 35,369 39,992
Cold Trap Piping 22 134 2,4 38,425 40,836
Receiver Piping Installation — —_ — 27,804 27,804
Blower and Duct, EM Cooling — 1,102 19,824 148,521 168,345
Al 4520.1 Totals 15,476 278,400 2,305,000 2,583,400

*See Table T-3
**Includes insulation, weld metal, pipe, valves, and fittings.
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Description

Table T-~5
ABSORBER HEADERS AND PIPE (ACCOUNT 4520.2)

Installed Cost

Wall
Size  Thickness Length
Material (in.) (in.) _(ft)

Outlet Header 316 18 0.312 190.80
Inlet Header A1068 24 0.375 151.05
Panel Outlet 316 3 0.120 10.00
EM Pump Inlet A1068B 5 0.134 20.00
EM Pump Outlet A106B 5 0.134 15.00

* Material based on vendor data.

**Installed cost (material based on vendor data).

Material* Labor Insulation** Trace Heaters**

Hangérs Cost

Unit  Subtotal Unit Subtotal  Unit Subtotal Unit Subtotal
Quantity  ($/ft) () ($/£1) () (§/5t) () 67219)] (%)

2 252.0 48,080.70 23.% 4,407.40 72,2 13,775.50 79.5 15,168.32

1 63.8 9,636.91 39.4 5,951.37 78.6 11,872.43 105.4 15,920.54
48 44.0 440.0 3.40 34,00 13.5 135.00 15.0 150.00
24 8.8 176.0 5.4 108.0 16.6 332.00 24.0 480.00
24 8.8 132.0 5.4 81.0 16.6 249.00 24.0 360.0

Unit Subtotal  Subtotal Total
(87259} (%) (%) (%)
21.8 4,159.36 85,591.29 171,183

29.0 4,380.41 47,761.62 47,762

3.8 38.00 797.00 38,256
6.0 120.00 1,216.0 29,184
6.0 90.00 912.0 21,888

308,273

4520.2  TOTAL 308,000

91419313 €3 1vEINI9
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Table T-6

TOWER TO STEAM GENERATORS INCLUDING STORAGE
(Account 4520.3)

Run Field Field Labor Field Material Total
Component Number* Man-Hours Cost ($) Cost (§)** (%)
Hot Tank Inlet Piping 4 n7 12,898 252,422 265,320
Hot Tank Outlet Piping 5 542 9,751 226,885 236,636
Hot Tank to SG Pump 6 1,448 26,050 71,988 98,038
SG Pump to SG 7 1,267 22,793 91,827 114,620
Cold Tank Inlet Piping 14 388 6,980 111,115 118,095
Cold Tank Outlet Piping 15 828 14,896 162,079 176,975
Cold Tank to Tower Pump 16 1,234 22,200 39,944 62,144
Hot to Cold Tanks Inlet Shunt 18 209 3,760 43,695 47,455
Hot to Cold Tanks Outlet Shunt 19 209 3,760 43,695 47,455
Tower Pump Bypass (Low Flow) 21 97 1,745 14,023 15,768
Tower Pump Dump Line 24 56 1,007 19,032 20,039
Sodium Fill Line 32 17 2,105 16,603 18,708
Cover Gas Lines:
Hot to Cold Tanks, Main 27 473 8,509 24,835 33,344
Hot and Cold Tanks, Branch 28 434 7,808 29,871 37,679
Hot and Cold Tanks, Headers 29 243 4,372 4,782 9,154
Hot and Cold Tanks, Supply lines 30 1,032 18,566 27,404 45,970
4520.3 Totals 9,294 167,200 1,180,200 1,347,400

*See Table T-3.
**Includes insulation, weld metal, pipe, valves, and fittings.

7-8
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Table T-7

SODIUM VALVE COSTS

Pipe Control Valves Shutoff Valves
Size Service Temperature Service Temperature
(in.) 860 F 1100 F 650 F 1100 F
20 -- -- 100,000 --
12 -- -- 35,000 50,000
10 40,000 -- 25,000 --
8 -- 34,000 15,000 27,000
4 -- 15,600 17,000 --
2 -- 12,350 5,000 10,650
NOTES :
1. Commercial valves, designed to ANSI B16.34.
2. Materials:
1100 F  316SS
860 F 2-1/4 Cr-1 Mo
650 F  Carbon Steel
3. A1l valves have provision for remote operator control.
4, A1l valves have freeze-type stem seals.

T-9




GENERAL & ELECTRIC

Table T-8
MASTER CONTROL SUBSYSTEM

Component Cost (%)
1. Core, Yorking Memory and Bulk Hemory, 600,000
500 Analog/500 Digital Channels, Video Displays

2. Performance Calculation (software) 60,000
3. Control Implementation and Definition (software) 300,000
4. Project Management and Staging for Factory Test 40,000
5. Power Supply (uninterruptable) 40,000
Total (material)* 1,040,000

6. Field Installation (30%)** 300,000
4350 Total 1,340,000

*Based on verbal quote for "SEER" system by Process Computer
Systems, Honeywell Corp., Phoenix, Arizona.

**Based on process computer installation cost for a Pressurized
Water Reactor plant.

T-10
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. Table T-9

ABSORBER PANEL COST DETAIL
(24 Panels)

Shop Material $ 58€,800
Shop Labor and Overhead 1,069,160
Incoming Freight 2,880
Total Shop Cost $1,658,840
Design Drafting 58,800
Blueprints 5,000
Contract Control 100,000
Engineering Dept. 12,300
| Estimating Dept. 7,000
| Contract Reserve (4%) 74,500
Purchasing Dept. and QC Manuf. 6,000
\ Total Main Office Cost $ 263,600
Subtotal
\ SGA and Overhead
Fee (8%)
4511 Total

$1,658,840

$ 263,600

$1,922,440
135,579

165,793

$2,223,812
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Table T-10

ABSORBER PANEL MATERIALS AND FACTORY LABOR (ONE PANEL)

Panel Fabrication

Tubing, 0.75-in. dia x 0.049-in. wall
6230 ft @ $1.85/ft, Incoloy 800H

100% X-ray of Tube-to-Stub Welds

Header Fabrication

(a) Inlet Header
Plate, 0.25-in. Thick,
320 1b @ 2.52/1b
Incoloy 8Q0H

Stubs

End Caps, Vents, Drains,
Nipples, Straight Stops,
and Saddles

Dye Penetrant Weld Inspection

10% X-ray Stubs and Headwelds
(b) Outlet Header

Plate, 0.25-in. Thick,

485 1b @ $2.52/1b,
Incoloy 800H

Stubs

End Caps, Vents, Drains
Nipples, and Straight Stops

Dye Penetrant Weld Inspection
100% X-ray Stubs and Head Welds

Support Structure
Carbon Steel @ $0.22/1b

Insulation
Stainless Steel Pins,
Fiberfrax, Aluminum Cover
Expansion Roller Assemblies
Cor-ten, T-22, Incoloy
Parts @ $1.75/1b
Paint
Black and White Pyromark

Brazing Operations and Materials
Nicrobraz Metal, 24 1b @ $25/1b
Furnace Charges

Purge Gases 3 3
N2 32,000 ft~ @ $6.60/1000 ft

H, 32,000 £43 @ $11.00/1000 3

Gas Preheat Charge

Totals (per panel)
For 24 panels

Weight* Material Factory
(1b) Cost ($) Man-Hours
2,490 11,530 644

-- -- 324
320 815 308
85 425 --
175 690 --
-- -- 10
- - M
485 1,225 360
85 425 -
240 1,010 --
-- -- 13
-- - 114
10,360 2,300 414
2,900 840 70
800 1,000 45
50 130 --
-- 600 --
-- 2,500 --
-- 240 --
-- 360 --
-- 360 -
17,990 24,450 2,313
586,800

*Includes an allowance for scrap. Completed panel weight is 16,443 1b.

T-12
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do FABRICATION PROCEDURE
1. WELD STUBS TO HEADER

2. DRILL HOLES IN STUBS

ORBITAL WELD \.B__ K 3. MAKE ORBITAL WELDS

N
N
N

FILLET WELD

2

|

-y4//

L

1. CURRENT METHOD

BRAZED SLEEVE

IBW - \’
SPIGOT —@

/

FABRICATION PROCEDURE
MACHINE SPIGOTS

SLIDE SLEEVES OVER TUBES
MAKE 1BW

BRAZE SLEEVES

i

2. WELD REDUNDANCY METHOD

FILLET WELD

FABRICATION PROCEDURE
1. DRILL HOLES

2. INSERT TUBES

3. EXPAND TUBE

4. FILLET WELD

3. ALTERNATE METHOD

‘ Figure T-1.

Absorber Panel Tube-Header Welds

T-13
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Table T-11
ELECTROMAGNETIC PUMPS - COST BREAKDOWN

Preproduction Production Total

Pump Component Cost 1000 $ Cost 1000 $ 1000 $
Stator 38.5 1358.4 1396.9
Duct 75.8 1591.2 1667.0
Power Supply 8.0 1075.2 1083.2
Subtotal 4147 .1
Fee 386.5
4513.1 Total 4533.6

NOTE: Above costs are based on utilization of the same pump design for all
pumps. although duct geometry will be different for different flow rat-
ings; different duct geometry does not significantly affect the cost.

Costs are based on a 600 gpm pump recently manufactured by General
Electric.
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. Table T-12

CENTRIFUGAL PUMPS - COST BREAKDOWN

Main Tower Steam Generator
Cost Category Pump Cost ($) Pump Cost ($)
Factory Labor and Materials* 2,337,000 1,968,000
Vendor Engineering (15%) 351,000 295,000
Constant Speed Motor Drive 170,000 --
Motor-Generator Set Drive -- 245,000
Pony Motor -- 92,000
4513.5 Total $2,858,000
4562 Total $2,600,000
Weight** Weight**
Pump Part (1b) (1b)
Tank 26,000 22,000
Hydraulics 8,000 6,000
Structure 23,000 20,000
57,000 48,000

*Cost per pound to manufacture production pumps (estimated by Byron
Jackson in 1976 dollars) = $35/1b. Cost in 1978 dollars (escalated
at 8% per year) = $41/1b.

**Based on ASME Section VIII, Division 1 design concept.
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Table T-13
STEAM GENERATOR COST BREAKDOWN

Cost ($1000)

Cost Component Evaporator Superheater Reheater
Vendor Engineering (15%) 536 360 447
Fabrication and Inspection(a) (b) 1,829 1,206 1,513
Materials(P) (€) 1,285 888 1,084
Tooling(d) 260 175 217
Hand1ing(4) 197 132 164
4561 Totals 4,107 2,761 3,425

NOTE: These costs vary with the number of units produced. Costs quoted are
for the fourth units in the series.

(a) 60% reduction from current cost data on nuclear-type units.

(b) Current nuclear units based on 2-1/4Cr-1Mo construction. Incoloy 800
for solar application was assumed to cost twice as much per unit weight
of material. Fabrication effort and costs for the two materials were
assumed to be comparable.

(c) 57% reduction from current cost data on nuclear type units.
(d) Assumed the same for nuclear and sclar applications.
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Vessel Weight* - tons
Vessel Material

Support Legs
Number
Length*/Diameter - feet/inches
Pipe Schedule/Grade
Weight* (including bracing) - tons
Material
Stairs, Material
Weight* - tons
Vessel Insulation
Material (inner)
Thickness/Area* - inches/ft2
Material (outer)
Thickess/Area* - inches/ft’
Aluminum Jacket Area* - ft2
Weight* of Ins. and Jacket - pounds

Insulation on Legs

Material

Length of Preformed Tube* - Feet
Vessel Trace Heating

Heater Type

Length* - Feet

Table T-14
STORAGE TANK SPECIFICATIONS USED IN COST ESTIMATE

Hot Tanks

170
SA240 GR316

20
36/24
160/8
215
ASTM A312 TP316

Carbon Steel
35

Kaowoo]
8/13,000
Thermal Wool
15/14,000
15,000
120,000

Calcium Silicate
w/Alum. Jacket

720

Tubutlar
1/2-in. Diameter

2,320

*Quantities quoted include about 10% scrap allowance.

Cold Tanks

90
SA515 GR70

20
36/24
160/8B

215
ASTM A53

Carbon Steel
35

Thermal Wool
24/13,000

14,000
110,000

Calcium Silicate
w/Alum. Jacket

720

Tubular
1/2-in. Diameter

2,320
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COLD STORAGE TANK COST ESTIMATE

Vessel
Raw Plate
Factory Fabrication
Shipping
Rig at Factory
Field Fabrication
Field Rig

Legs
Raw Pipe and Plate
Factory Fabrication
Shipping
Rig at Factory
Field Fabrication
Field Rig

Stairs
Material
Field Erection

Total (Metal, Fab., Ship., and Inst.)

Total - 3 Tanks

Insulation - Vessel
Thermal Wool
Aluminum Jacket

Shipping

Factory Rig

Field Inst. - Insulation
Jacket

Field Rig

Insulation - Legs
Calcium Silicate
Aluminum Jacket
Factory Rig
Field Inst. - Insulation
Jacket
Field Rig

Total (Insulation)
Total - 3 Tanks

Trace Heating
Heaters

Shipping
Field Installation

Total (Trace Heating)

Total - 3 Tanks

Table T-15
Labor Material
Unit Cost ($) {$)
$ 300/ton -- 27,000
$ 500/ton -- 45,000
$ 100/ton - 9,000
$ 20/ton -- 1,800
$ 600/ton 54,000 -
$ 150/ton 13,500 -
$1,058/ton - 226,600
$ 250/ton - 53,800
$ 100/ton -- 21,500
$ 20/ton -- 4,300
$ 100/ton 21,500 -
$ 100/ton 21,500 -
$1,400/ton - 49,000
$ 530/ton 18,500 --
129,000 438,000
387,000 1,314,000
$ 2.00/Ft2 - 26,000
$ 0.60/Ft° -- 8,400
$0.05/1b - 5,500
$0.01/1b - 1,100
$ 2.00/ft2 208,000 -
$ 1.50/ft2 21,000 -
$ 0.25/1b 27,500 -
$13.00/Ft -- 9,400
$ 5.00/ft -- 3,600
$ 0.25/ft -- 200
$16.00/ft 11,500 -
$ 2,10/t 1,500 --
$ 1.25/ft 900 -
270,400 54,200
811,200 162,600
$10.15/ft - 23,600
5% - 1,200
$ 7.60/ft 17,600 --
17,600 24,800
52,800 74,400
1,251,000 1,551,000

4612 Total - 3 Tanks
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HOT STORAGE TANK COST ESTIMATE

Vessel

Raw Plate

Factory Fabrication
Shipping

Rig at Factory
Field Fabrication
Field Rig

Legs
Raw Pipe and Plate
Factory Fabrication
Shipping
Rig at Factory
Field Fabrication
Field Rig

Stairs
Material
Field Erection
Total (Metal, Fab., Ship., and Inst.)
Total - 3 Tanks
Insulation - Vessel
Kaowool
Thermal Wool
Aluminum Jacket
Shipping
Factory Rig
Field Inst. - Insulation
Jacket
Field Rig

Insulation - Legs
Calcium Silicate
Aluminum Jacket
Factory Rig
Field Inst. - Insulation

Jacket

Field Rig
Total (Insulation)

Total - 3 Tanks

Trace Heating
Heaters
Shipping
Field Installation
Total (Trace Heating)

Total - 3 Tanks

Table T-16
Labor Material
Unit Cost ($) (%)
$3,300/ton - 561,000
$2,500/ton - 475,000
$ 100/ton - 17,000
$ 20/ton -- 3,400
$2,803/ton 476,500 -
$ 150/ton 25,500 -
$3,300/ton - 709,500
$1,702/ton -- 366,000
$ 100/ton - 21,500
$  20/ton - 4,300
$1,000/ton 215,000 -
$ 100/ton 21,500 -
$1,400/ton - 49,000
$ 530/ton 18,500 -
757,000 2,156,700
2,271,000 6,470,100
$ 7.20/Ft2 - 93,600
$ 1.25/ft° - 17,500
$ 0.60/ft2 -~ 9,000
$ 0.05/1b - 6,000
$ 0.01/1b - 1,200
$ 2.00/ft2 192,000 -
$ 1.50/Ft% 22,500 -
$ 0.25/1b 30,000 -
$13.00/ft - 9,400
$ 5.00/ft - 3,600
$ 0.25/ft - 200
$16.00/t 11,500 -
$ 2.10/ft 1,500 -
$ 1.25/ft 900 -
258,400 140,500
775,200 421,500
$10.15/ft - 23,600
5% - 1,200
$ 7.60/ft 17,600 -
17,600 24,800
52,800 74,400
3,099,000 6,966,000

4611 Total - 3 Tanks
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80" D

CIRCULAR CONCRETE
FOUNDATION

20 CONCRETE PADS
EQUALLY SPACED o
8 BOLTS/PAD _[ r1_5'
[ 1 f i | - ?

NOTE: 45 LB OF REBAR/YD?® OF CONCRETE

Figure T-2. Storage Vessel Foundations

T-20




GENERAL @B ELECTRIC

Appendix U
ALTERNATIVE STEAM GENERATOR CONFIGURATIONS

REFERENCE HOCKEY-STICK CONCEPT

The sodium-heated steam generator system is one of the most critical ele-
ments of the plant because of the need for extremely high reliability of the
sodium-to-steam/water boundary and the necessity to make the system capable of
safely accommodating any failure of this boundary. Consistent with these needs
and in consideration of the relatively short schedule currently contemplated
for development of the Advanced Central Receiver plant (commerical plant oper-
ation in the late-1980s), the hockey-stick single-wall tube steam generator con-
cept, nearing completion of development for the Clinch River Breeder Reactor
Plant (CRBRP), was selected as the reference approach.

Development of the hockey-stick concept for sodium-heated steam generator
application was initiated by Atomics International (AI) in the 1960s, culminat-
ing in a test of a 158-tube nominally 30 MW model at the U.S. Liquid Metal
Engineering Center (now ETEC) for over 4000 hours of sodium-heated steaming at
tube powers, sodium temperatures, and steam pressures and temperatures approach-
ing those planned for the Advanced Central Receiver plant. The results from
this test, completed in November 1973, affirmed the basic feasibility and sound-
ness of the design concept. On the basis of the success of this test, along
with completion of other significant developments and an assessment of accept-
able cost potential, the hockey-stick design was selected in early 1974 as the
reference concept for CRBRP.

Following selection of the hockey stick as the reference for CRBRP, a
comprehensive program of development and testing was implemented, including:
(a) materials properties testing and fabrication development, (b) full-scale
shell-side (water) flow distribution and tube vibration test (completed),

(c) large-leak sodium-water reaction tests (currently about 50% complete),

(d) departure from nucleate boiling temperature fluctuation and corrosion tests
(completed), (e) few-tube segment model thermal performance, stability, and
long-term endurance tests (initiated in 1978), (f) part-power performance and
structural integrity test of full-sized prototype plant unit (testing to begin
at ETEC in 1980-81).

By completion of the prototype test at ETEC in the early 1980s, the hockey-
stick concept will have been under continuous development and testing in the U.S.
for over fifteen years. The hockey-stick design is now at the most advanced
stage of development of any design available from U.S. manufacturers, with a
strong commitment from DoE to complete its development as outlined above. For
these reasons, the hockey-stick concept was selected for use in the Advanced
Central Receiver plant.

COILED-TUBE ALTERNATIVE CONCEPT

Although Tlagging behind the hockey-stick steam generator development, two
other sodium-heated steam generator designs are under active development by DoE:
the coiled-tube, single-wall design by B&W and the straight-tube, double-wall
design by Westinghouse.

u-1
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The coiled single-wall design is of particular interest because its devel- .
opment resumes an effort on coiled-tube designs that was actively pursued under
AEC sponsorship for approximately ten years until termination in about 1972.
The planned program now being implemented is similar in scope to the CRBRP
hockey-stick steam generator program and is the next earliest development under-
way in the U.S. Correspondingly comprehensive development programs for the
coiled-tube, single-wall concept are underway by Holland/Germany, Japan, and
France on a schedule ahead of the U.S. program.

Prototype tests of coiled-tube single-wall steam generator designs, roughly
equivalent to the early Al test at 30 MWt of the hockey-stick steam generator,
have been carried out at 50 MWy in the Dutch facility at Hengelo, at 45 MWt in
the French facility at Les Renardier, and at 50 MW; in the Japanese facility at
Oaraii, all at temperatures and pressures approaching those for the Advanced
Central Receiver plant. From the information available to the U.S., it appears
that, in general, the coiled-tube design has been shown by these tests to per-
form satisfactorily.

Development of the coiled-tube steam generator concept is continuing inten-
sively abroad because one of the three loops of the SNR-300 LMFBR under construc-
tion at Kalkar, Germany, will use coiled-tube units, the MONJU LMFBR plant to be
brought into operation in the mid-1980s in Japan will use coiled-tube units en-
tirely, and the SUPER-PHENIX LMFBR plant under construction in France for oper-
ation in the early 1980s, will use coiled-tube units.

A 70 MWy prototype of the coiled-tube design, made of 2-1/4 Cr - 1 Mo, is
being designed now and is planned for installation at ETEC for tests beginning
in 1983 under DoE sponsorship, after the hockey-stick prototype tests.

Although development of the coiled-tube concept is now at the second level
of completion relative to the hockey-stick concept in the U.S., the fact that an
intensive DoE-sponsored development has been implemented, on a schedule that is
currently only two years behind the hockey stick, plus the major commitment to
the coiled-tube steam generator concept by other nations in the LMFBR community,
demand that consideration be given to the coiled-tube, single-wall concept as a
potentially acceptable alternative to the single-wall hockey-stick concept. The
basic feasibility of the coiled-tube concept seems to have been demonstrated and
assessment of its economic potential for application to the Advanced Central Re-
ceiver plant is now needed.

STRAIGHT-TUBE ALTERNATIVE CONCEPT

The apparent simplicity of the straight-tube, single-wall concept suggests
that it may have economies of manufacture relative to both the hockey stick and
the coiled-tube concepts. Tests of a straight-tube, single-wall steam generator
design using a bellows in the shell to provide for differential expansion be-
tween the tubes and the shell were successfully completed at 50 MWy in the Dutch
facility at Hengelo, and two of the three Toops in SNR-300 LMFBR will use this
design. The French have also tested to some degree a 45 MW{ straight-tube model
steam generator at Les Renardier, but have abandoned this design approach in
favor of the coiled-tube design concept.
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. In the U.S., the chief experience with sodium-heated steam generators
using straight-tubes was by AI in the 1960s, before it abandoned this approach
in favor of the hockey-stick design; by the EBR II in Idaho, which has success-
fully employed a double-wall, straight-tube design for more than ten years of
power operation; and the double-wall, straight-tube steam generator develop-
ment now in progress at Westinghouse under DoE sponsorship. The only straight-
tube steam generator development currently active in the U.S. is the work by
Westinghouse on the double-wall concept. The plan for this program includes
design and manufacture of a 70 MW; prototype for test at ETEC. The current
plan for the prototype is to begin testing in the ETEC facility in 1985, which
places the U.S. schedule for straight-tube, double-wall development about two
years behind the coiled-tube development and four years behind the hockey-stick
development, assuming an equivalently comprehensive effort on the respective
designs.

The promise of the double-wall, straight-tube design is an increase in
reliability, specifically in terms of decreasing the likelihood of a sodium-
water reaction. It is expected that this would be achieved at the expense of
increased manufacturing cost compared to the single-wall designs. Also, it is
not evident that such an increase in reliability over the reference single-
wall approach will be necessary for the Advanced Central Receiver plant. For
these reasons, use of the double-wall concept has not been seriously contem-
plated for this application.

Although U.S. straight-tube concept development is oriented toward the
double-wall concept, it has some general applicability to the single-wall con-
cept also. This applicability, along with the fact that the hockey-stick de-
sign under active development is essentially a straight-tube concept (with the
bent region rather than a shell bellows used for accommodating differential
thermal expansion), places the straight-tube, single-wall concept as a poten-
tially viable candidate for the Advanced Central Receiver plant. This is fur-
ther substantiated by the successful 50 MWy test of this concept at Hengelo
and the use of it in the SNR-300 LMFBR. Therefore, any comprehensive reeval-
uation of the steam generator concept selection for the Advanced Central Re-
ceiver plant should include consideration of the straight-tube, single-wall
design.
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