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Introduction of the Project Manager 

In September 1980, a contract has been signed between the 

Operating Agent of the SSPS Project on the one hand and a 

Consorti um of Italian companies on the other hand, providing the 

delivery of an "Advanced Sodium-Cooled Receiver (ASR)" to the 

SSPS CRS Solar Power Plant as an in-kind contribution of the 

Italian Contracting Party. 

The design of this receiver is different from the one used with 

the original equipment of the plant (cavity receiver). The ASR 

is an open receiver, having five flat panels in the aperture 

plane, and is designed for flux densities roughly twice the 

values of the cavity receiver. 

The experiences gained with the ASR will lead to a concept of 

open receivers that can be part of a commercial solar power plant 

using the same design principles as used in the ASR. Therefore, 

it is a step forward into a commercial use of solar power for high 

temperature applications. 

The ASR will be installed on Site during the first half of 1983 

to be tested and investigated during the second half of this 

year. 

Careful preparations and calculations have been done during 

design and construction of the ASR, highlights of this process 

have been documented in a series of so-called topic reports. 

These papers are published to give a comprehensive overview of 

the main features and characteristics of the Advanced Sodium 

Receiver. 

- W. Grasse -
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FOREWORD 

This report is a compilation of the work accomplished 

by the Italian Consortium SNAMPROGETTI/F.TOSI/ENEL 

for the Operating Agent (Deutsche Forshungs und Ver

suchsaustalt fuer Luft und Raumfahrt) of the Interna

tional Energy Agency (IEA) from april to september, 

1981. 

The aim is to present the ORS heliostat field output 

in connection with the use of the Advanced Sodium

Cooled Receiver (ASR). The subject was already discus 

sed in the Topic Report n. 1 (March 1981), but, after 

the change of the heliostat total error (beam quality 

and tracking) from the "expected" value 2.6 mrad to 

the "in field" value 3.1 mrad, updated and revised re 

sults are required, in order to go on with the detail 

ed design of the receiver. In fact a deeper approach 

to problems like stress analysis and life evaluation 

is heavily conditioned by the accuracy of the thermal 

input. In consequence of the reduced heliostat preci

sion, aiming points should be shifted towords the tar 

get center, in order to control the spillage, but the 

flux peak increase has to be kept as small as possible. 

As the margin is not so wide and the adjustment iscri 

tical, it becomes necessary a new and exhaustive eva

luation of the flux distribution on the target. Taking 
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into consideration the OA's information deriving from 

the direct experience in Almeria, the assumption of a 

total error of 3.5 mrad is checked too and the result 

presented. 

A full treatment of the flux distribution transient, 
, 

resulting from a cloud passage, taking into account 

the suggestion of OA/Interatom, is also included and 

detailed result shown. In order to maintain the consi 

stency with the already presented analysis, the total 

error is maintained at the previous reference value 

(2.6 mrad). 
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1. 

INCIDENT FLUX MAPS ON TARGET 

The task comprises estensive computer-aided analysis 

to establish the new interface between the Heliostat 

Field Subsystem and the ASR. Starting from the adop

ted field layout and focal zones, the updated total 

error value of 3.1 mrad is adopted. The center tar

get point is heightened (from 43 to 44 m.) in order 

to take into account the receiver piping and connec 

tion arrangements. Mirror reflectivity is .915. 

The last release of Helios program (March 1981), chec 

ked and modified by SP, is used in this computation. 

The program outputs (nodal point fluxes at target pl~ 

ne, door plane and protection refractory plane, 11x11 

matrix) are graphically presented in order to make e~ 

sier the evaluation. The cross aiming strategy (see 

fig. n. 1.1) is maintained, but the B1 and B2 aiming 

points are shifted t·o the center ( 10 cm both in x and 

z direction). This value is choosen according to the 

need of containing spillage and flux peak increase 

within acceptable bounds. The target dimension is 

3 x 3 m, whereas the present dimensions of ASR is 

2.75 x 2.85 m. The reason is to compute the flux va

lues also on the refractory wall frame and not only 

at the boundary. Consequently the ASR incident flux 

interception is over-estimated and the spillage value 

under-estimated. 
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Flux patterns at target plane are computed on the ba

sis of the corrected aiming point positions. The con

sistency of the preliminary results with the basiline 

specification of Report n. 3 (May, 1980) is verified 

and the results presented for the instants below indi 
cated: 

- Day 80 (spring equinox), noon (design point) 
(fig. 1.2.1.7) 

- Day 80, 10.30 a.m. 

- Day 80, 7.15 a.m. 

(fig. 1.8+1. 10) 

(fig. 1.11+1 .13) 

- Day 172 (summer solstice), noon (fig. 1.14+1.16) 

- Day 172, 9.30 a.m. 

- Day 172, 6.15 a.m. 

( fig. 1 • 17 + 1 • 19) 

(fig. 1.20+1.22) 

- Day 355 (winter solstice), noon (fig. 1.23+1.25) 

- Day 355, 9.30 

- Day 3 5 5 , 8 • 15 

(fig. 1.26+1.28) 

( fig. 1.29+1.31) 

In all the calculations"the direct insolation is read 

on the reference graph (SSPS Report dated 3,1978). 

The facet curvature is the nominal one (144, 202, 164, 

324 m. of radius) as the effect of ambient temperatu

re on curvature radius and consequently on flux distri 

butions has been already analized in Progress Report 

n. 6 (December, 1980). As shown, the differences caused 

-
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in peak flux and spillage are small. 

Fig. n. 1.33, 1.34, 1.35 shown the flux peak value, 

the incident thermal power and the spillage vs time 

for summer and winter solstice and equinox. 

The starting time in the morning must be selected 
, 

considering the thermal balance of the receiver and 

the operational constraints. In the present analysis, 

the assumption "sun at 10 degree above the horizon" 

is adopted, linking the sun elevation through the lo 

cal time, with the direct beam (fig. n. 1.32). 

This hypothesis corresponds to a direct beam in the 

range 250 - 300 W/cm2 and to incident power on the 

target spreaded from 400 to 600 KW, in consequence on 

the different working points and efficiency of mirror 

field. 

Fig. 1.36 through 1.38 show respectively the minimum 

and the maximum spillage, the flux peak on the tar

get and on the frame and the maximum power incident 

on the target in the day vs the day in the year. 

At design point (Day 80, noon) and at a maximum spil 

lage condition (Day 172, h. 6.15), in order to anal~ 

ze the system reply to subsequent total error adjust 

ment, flux distributions on target are computed again 

with the same aiming point position but with an error 

of 3.5 mrad.(fig. 1.39 to 1.46). 

Fig. 1.41, 1.42, 1.43 allow the comparison with the 

previous error hypotheses; 3.5 mrad error results are 

reported on the previously shown figures too ( £ ). 

-
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Computations at door plane (5x5 m target, 3.1 mrad er

ror, Day 172, noon and 6.15 a.m.) are accomplished, in 

order to evaluate the thermal flux impinging on door 

limb and structure (fig. 1.47 to 1.58). 

Likewise for a 45 deg. angled lateral bard of refracto 
' ry protection, incident fluxes are computed at max. 

spillage condition (3.1 mrad error, Day 172, noon and 

6.15 a.m.; .3.5 mrad, Day 172, noon) (fig. 1.59 to 1.73). 

Fig. 1.74 to 1.81 show the thennal flux impinging on 

the receiver casing, 30 cm. before the absorber plane. 

The result can be summarized (3.5 mrad value in paren

thesis)~ 

¢ max ( W/cm2) Incident power (KW) 

21/6, noon 21/6, 6.15 21/6, noon 21/6, 6.15 

Door frame 1.5 2.0 
( 2. 1) 

Receiver 
contour 7. 1 4.6 23 34 
(right side, (7.75) (47) 
45°) 

Receiver 
casing 4.5 4.75 
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HEL 5 T. NO. 93, RlM. NO. 3 • 

~ N'.JOL. KW/M2 ,925 STD.DEV. MR90. 3, 10 

OR, NO. 172, INC.POW. KW 24.50, 

TIME HR. 9,30 RVERG.IPEAK ,30 

TOWER HEIGHT M 4 4.. SPILLAGE % 3,99 

TARGET DIM. M 3,0X3,0 

·FI~.1.17 INCIDENT FLUX CJN FLAT TARGET lW/CM2) 

SNF,MPRCIGETT I 
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24. 

ASA-ALMERIA 3.1HRAO ERR~R 2\/b H6.l5 

,80 I, 78 2,81 S,80 S,70 S,85 S,19 2 ... , 1.83 1.32 1,01 

1,1&3 3,05 l&.87 S,H 5,93 8,09 5,31 
"· 18 

3, 17 2,1&3 1.11 

2,28 11,73 7,18 8,12 8,81 8,35 8,28 8,52 5,08 ,.oo ,. o, 

3,22 6,1&8 9,10 10,8 11,8 13,O ll,6 8,211 7,'l2 5,77 "• H 

l&,03 7,80 10,9 12,3 "·' 18,0 1,.s 11,8 9,67 7,1&2 ll,95 

E. W. ll,55 8,33 11,3 12,9 15,3 17,5 18,l 13,3 tl, t 8,38 S,26 

l&,69 e.01 10.6 12.1 11&.7 17,1 16,0 13,ll lt,3 8,60 S,09 

I&, 142 1.00 9,03 10.11 12,9 1S,2 111,1& 12.1 10.s 8,01 l&,52 

3,78 5,55 8,91& 8,12 10.2 12,2 11, 7 9,93 8,81 6,78 3,70 

2,91 3,9" lt,78 5,71 7,32 8,86 a,sq 7,26 6,62 5,15 2,73 

1,99 2,ll9 2,95 3,61 l&,81 S, 77 S,55 11,80 ''- l&6 3,116 1, 77 

BOT. 

HELST. NO. 93, AIH. NO. 3, 
INSOL. KW/112 ,SlC S10.DEV. MRAD, 3. 10 
ORY NO. 172, INC.POW, KW 71.18, 
TIHE HA. 6 ,15 AVEAG./PEAI{ ,25 
TOWER HEIGHT H 41.t, SPILLAGE t. 20,72 
TARGET OIM. H 3,CX3,0 

F I G .1 . 20 I N C f DE N T F L U X (j N F L A T T A R G E T ( ~ / CM 2 ) 



X 

RSA-ALMERIA 3.tHARO ERROR 21/6 HS.15 

AIMING PCUNT, + (-.soa-,30) 

x ,.so,-,so> 
v ,.ooa ,oo, 

IY 

25. 

X 

FIG.1.21 EQUIFLUX LINES,SPACING CM/CH2) 2,5 

SNAHf"ft8GETTI 



ASA-ALMERIA 3.lHRAD ERROR 21/6 HS.15 

-1.so -.so 
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0 
• :, -
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W/CN•2 

.so 

FIG.1.22 AVERAGE SOLAR FLUX ON VERTICAL STRIP 
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27. 

H '..311 - H L M U1 I H 3 • l MR U 2 l / l 2 NOON 

,OS I 9 .49 . 93 I, 3S 1 I 55 I. 3S ,92 . 1m i 9 .OS 

,22 ,72 I. 79 3,47 5,21 5.37 5.20 3,45 1. 78 . 71 • 22 

·-
,60 2, 01 s. l 6 I 0, 2 I 5, 7 18,2 15. 7 10,2 r· 

J. i0 I, 33 , GO 

·- .. --·-·--- -·- - ---- - - --- - -- --·--

1, ~s 4,50 12, 2 24, s 3 7, S 43, I 37,5 ., t I 12, I 4,45 l, 29 ... ... .., . 

-- ·-· _, -· ·-·- .... __ ,,. ·----- ·- ·- ._, --·--

2, 04 8, i8 24, 3 4 9. I 70,5 78,0 72, 2 52,0 24, i:, 8,23 .., 16 .... 

--- ----·------ ·-----

E . 2;S8 11, 5 37,4 76,9 101. 105. 106, r,.. ., 
J'i f '- 39.3 12, 0 2, 714 rJ • 

-·-·-+------~------ -------- -· --

2,45 11. 7 40,2 3'3, 1 102. I 01, 110, 92,6 44, 0 12, 4 2.61 

----- ----·- ---- ·----·-·-- -··- -

1, 72 8,28 213. 2 S7,0 68, l 66, 7 73,S 6'3,9 30,'3 8,74 1, 66 

----······ 1,.-.-----·-··· ,, ___ ______ ,, __ -·-·-- ----·- --,-------· -------- ·-····- --··--···---- ------ -·-------- .. 

, Fi6 3. >ia 12,3 23, 7 28, >i 28,6 30, 7 26,2 12,9 4,08 ,96 

_____ :.,__ ____ 
··--~--·-- ---·--

,29 I, 18 '3, 38 6, 16 7,94 8,32 8, 13 6,47 3, :~g 1, 25 ' 34 

-------· ----- ----- ··----"- -·----·-· ~-- ---•-- ---··---- _____ ,,. ___ --·----

,06 ,24 , 6Li 1, I 6 I, 62 1, 78 l, 60 1 • 16 , 63 , l6 ,07 

-------- ------- ,__ ___ -·--··- ----- ___ ,,, ____ . -- . ---- ---------

BOT . 

HELST. NO. 93, AIM. NO. ,'3 ' 
!NSOL. KW/M2 , 750 STD.DEV. MRAD. 3, l 0 
DAY NC,. 3135, INC.POW. KW 2270, 
TIME HR. 12, AVERG.IPERK ,23 

TOWER HEIGHT M 44, SPILLAGE I, ,77 
TARGET DIM. M 3,0X3,0 

F I G . 1 . 2 3 I t~ C I D [ N T F L U X O N F L R T T R R G E T ( W I C M 2 ) 

SNC,M"Rt'.'G( TT l 



28. 

RSA-ALMERIA 3.1 MR• 21/12 NOON 

X X 

F1IM!NG POINT: + (-,50;····,JOl 

X (,S0;-,J0J 

y (, 00; • 00) 

FIG .1.24 E.QU I FLUX LINES, SPRC I t~G (W/CM2) 5, 0 



- - - -- --------··--

RSR-AL~:ERIR 3. l MRO 21/12 NOON 
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30. 

RSR-RLMERIR 3. 1 MRO 21/12 H9.30 

• 05 . i8 ' 4 lj ,83 I, 21 I, 3S 1, 24 , S9 . S 3 ,26 . 11 

--- -------- •----------- .. - ------·-

,20 , 63 i, 54 2, 9 I 4, 28 " r (:; 
'i, ") - 4,29 3, [!2 I, 74 'tJS • JG 

--- -- -------- ' - - --

, 51 I. 68 4, 21 8, l 3 l 2. l 13,5 11, 9 •j, 21 4,64 2. 2[1 • Fjg 

---------" ------- 1--------

1. 04 3,62 9, 61 18. 8 27,3 ][!,2 26, 7 18, 13 10,3 4,53 1. 69 

---- - ------- ------~ 

l, 68 6, 3 lj I 8, 4 3G,3 49,[! 52, I 48. 4 3G, i 19.2 7. 71 2.S3 

--·--- - --·---·------ - ----- - - - --

E -~ I 5 8,68 27,3 S4, ll 6'3, i 68, 7 67, 7 ["'• I 2'3. 3 i o. 3 ),OC W. . '-, ;J't, 

-- ---~ ---~--- -··------- ---·----- . --------~- - ---

'l 15 :l, 65 28, 3 r· ~ "1 69. Li 66,9 68, i 57,6 30.3 j o. lj 2. 75 '-, ~I, L 

1. 68 fi, 6 I 2(1, 2 40,3 43,9 46, 2 47, 1 41, 0 21, 9 7,3'3 l, 63 

-----

1. 05 3,69 I 0, I 19, 0 23, I 22,.1 22. 1 19,0 10.2 3,Sl , 91 

1------- ·------ --------- --· ---- - ----------- ------~-- ---·------ ~---- --·--·- -- - - ----- ·--

, 51 1, sa 3, 75 fi,29 7,46 7, S7 7,n r-

"· 76 1,09 I• I I • HJ 

-- - ---··--·- ---------

, 18 ,5(! 1, 05 1. Sfi 1. GO 1. 91 1,75 1.24 .64 • 21.i ,07 

BOT . 

HELST. NO. 93, AIM. NO. 3. 
INSCIL. KW/M2 • 610 STD.DEV . MRRD. 3, I 0 
DAY NCI. 3 rj 5, INC.POW. KW JGUO, 
TIME HR. 9,30 ~1 V [ R G . / P [ R K ,26 
TOWER HEIGHT M 44, SP 1 LUiGE % I. 76 
TARGET DIM. M 3, on. o 

FIG.1.26 INCIDENT FLUX ON FLAT T8RGET (W/CM2) 



31. 

RSR-RLMER IR 3. 1 MR• 21 / l 2 H9. 30 

X X 

fdMING POINT: + l-,50;-,30) 

X (,50;-,30l 

y (,00;,00) 

FIG .1.27 EQU I FLUX LINES, SPRC I NG (W/CM2) 2,5 

SNFi'1"'il'IGf TT I 
- ------·--·- ----- - --- -----·---·----- --·----- ------· ----------- ·-· -·---···----------------- - ·----·--·-- -------------· ---- ------ - ----



RSR-RLMERIR 3.1 MR• 21/12 H9.30 
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33. 

ASR-RLMERIR 3.1 MAD 21/12 H8.15 

,04 , 11 ')[" . '"" • I.IS ,63 • 72 , 69 . 56 • i.10 2r· . .., , 11.1 

-· 

, I 3 ,3G , GO I.I.ID 1, 9".l 2,21 2.03 J, 60 I, 11 , 66 , 34 

,32 • 9(1 2,01 3,sa I.I, 97 5.40 4, 137 3, 76 2.47 1,38 , 66 

, 63 i, 62 I.I, 22 7, 1.10 9.'32 10,7 9. 75 7. ljl.j I.I, 62 2,38 1.05 

• 9'".l 2,37 7, I I.I 12, 3 i5,6 1 7, I 1 6, I 12, 3 7, 3G 3,S3 i. 43 

~------- ----------~ '-"------- -·-- f-- --~ ------- --
E • 1, 22 3,79 9. 30 16,0 20,0 21, I.I 20,9 16,6 9, 79 Li, 49 1, 71 w. 

~------ ------·- ---· ·-··-·------··- --------- ------ -- --- - ·- ---- 1--..-----·-- ------. 
I , 2 0 3, 73 9,08 l 5. 6 19,G 2(1, 6 2(1, 6 I 7, 0 IO. 3 4,66 l , 71 

----~--~ . - ·------- - ·- -·· -----·-

, 97 2, ~j8 6,76 11, 7 1 Li, 6 15, l 15,0 12,3 s.os 3,65 1, 33 

, 67 1. 65 Li, 04. 6, 70 8,32 8, LIO 8, 17 7,07 4,47 2,05 ,75 

--

, 41 1,02 2, 0L! 3, 11 3,.66 3,66 3,46 2,68 1. 76 ,79 ,30 

, 21 ,47 , 66 1. 20 1. 28 1. 26 1. 17 ,69 .49 • 21 ,08 

1 
--L-----~'-----

BOT. 

HELST. NO. 93, RIM. NO. 3, 
!NSOL. KI-J/M2 ,300 STD.DEV. MRRO. 3, 10 
DAY NCI. 3SS, INC.POW. KW 557, 
TIME HR. 8,15 RVERG./PERK ,29 
TOWER HEIGHT M 44, SPILLAGE 1/. 3,30 
TARGET DIM. M 3,0X3,0 

F I G ;1. 29 I N C I D E N T F L U X O N F L R T T R R G E T ( W / C M 2 ) 

SNRMrRC!GETT i 



- ----- ·- --·---- ·------- --- ·-- - -- . ·------ ---- -·- -------------------- - ------ --- ·--- - -------

34. 

RSA-ALMERIA 3.1 MRO 21/12 HB.15 

X X 

AIMING POINT: + (-,50;-,30) 

X (,S0;-,30) 

y (,00;,00) 

FIG.1.30 EOUIFLUX LINES.SPACING (W/CM2) 1,0 
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RSR-RLMERIR 3.1 M90 21/12 HS.15 
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40. 
i 

RSR-RLMERIR 3.SMRRO ERROR 21/3 NOON 

' 14 ,42 ,35 1. 63 2,3G 2. SL! 2. 3S 1. 67 ,94 ,42 14 

-•.s~------ --- ·---··-. -- ---- -- ~ ·- ------·-··-- - -- ---- - ---

• l.16 1, 3] 2, 3>J 5,3S 7,66 9,G4 7,65 5. )lj 2,37 I, 32 ,46 

--~ 
1 , 12 3,25 7, 51 l 3, l_i 2(1,0 22, 7 20,0 13,S 7,50 3,26 1, l LI 

--t---- l-----------l------ ·-
2. 19 fj, 75 16, 3 ) (l, l l.13, 1 48,5 Ll'3, I 3(1, l 16, 3 5. 'jQ 2.25 

3,S2 l., ·) 
'--. '- 3 i, 6 58,2 7'3, 5 85, 0 78, 3 sa.o 3 i, 5 12, 2 3,65 

----- -·--

E. W. 4, 5Ll 17,9 51, l 93, l_i 117, 119, I 16, 92,9 50,7 I 9 , [1 4. 71.J 

---·---- -------- ~--------• --··· ---- --- -·-·--- -- --------- --------·- - --- - -- --- -- . -- ----•- ---

l.j. !:>7 19,'.:i 58,9 108, 127, 123, 125, 106, S 3, 3 i 9, G 4, GO 

3,52 14, 6 43, 7 79,4 9(1. 9 38, l 90,0 77, 5 4 3, 3 i 4, 3 3, 7Ll 

i ----- ------------

2,0C I 7, :::;5 2(1, 2 3LI, 3 41, 6 41, 9 41, 4 34, 7 20,2 7, 70 .., 
I 7 <.' 

I 
I 

,79 2,58 6,05 10, I 12, 9 13,6 12, S 10, l 6, 13 2,69 , 69 

-------- --

·"J ,6<' I, 3':i 2,26 3,04 3, :3':i 3, 04 2,27 l.B ,GG , i:?4 

-- -- -·----- ----- -- ----··---·--·- .__ _______ ----- ----- - ------

BCJT. 

HELST. N Cl. 93, A IM. NC!. 3, 
INSOL. KW/M2 ,920 STD.DEV. MRAD. 3,50 
DRY NCI. 80, INC.P('.IW. KW 2860, 
TIME HR. 12, AVERG.IPEAK ,25 
TOWER HEIGHT M 44, SPILLAGE % , l 2 
T9RGET DIM. M 3, OX3, 0 

F I G . 1.39 I N C I D E N T F L U X O N F L A T T AR G E T ( W / C M 2 l 



41. 

ASA-ALMERIA 3.SMRRD ERR•R 21/3 N•• N 

I' 

X X 

RIMING POINT: + (-,50;-,30) 

X (,50;-,30) 

y (,00:,00) 

FIG.i.4O [QUIFLUX LINES.SPACING (W/CM2) 10,0 



RSA-ALMERIA 3.SMRRO ERROR 21/3 NOON 
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RSR-RLMERIR 3.SMRRD ERROR 21/3 NOON 
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4:,. 

ASR-ALMEAIA 3.SHRAD EAR~A 21/6 HS.15 

.91 t.87 2.89 s.eo 3,73 3.70 3,27 2.59 t,83 1,q2 l,oa 

1,59 3,17 ,.sq 5,81 S,83 8,08 S,38 "·28 3,28 2.S'2 1,es 

2,•n 1' 1 82 7,05 e.01 8,70 s, 19 8,22 8,51 5, lll 11.os s.0" 

s,•n 6,116 s.1:s 10." 11,8 12.6 11," 9, 18 7,37 5, 71 ll,12 

IA,20 7,68 10.e 12.1 n,0 15,ll tit, t 11,S 8,1'5 7,26 11,62 

E. W. ~.67 e, 11 u,o 12,8 ts,o 16,8 15,8 n.o 10.e 8,22 s.so 

"· 7il 
7,85 10,3 12.0 tll,ll 16,5 1s.5 13,l u.1 8 ...... 5,18 
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BOT. 

HELSl • t:O • 93, Aitt. Ne. 3, 

I -
WSfiL. KH/H2 ,955 510.DEV. KRAD. 3,50 

I 
DAY NO, 172, INC.PISW. KW 1380, 
llKE HR. 6 ,15 AVERG,/PEAK ,ij9 

TOWER HEIGHT t1 l!ij. SPILLAGE X ,30 
lARGET DIK, H 3,0X3.0 

FIG.1.44 INCIDENT FLUX CJN FLAT TARGET (H/CM2) 
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ASR-ALHERIA 3.SHRAO ERROR 21/6 HS.15 
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48. 

ASR-ALMERIA 3.1 MR• 21/6 NOON DOOR PLAN 
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BOT. 

HELST. NO. 93. RIM. !\JO. 3. 

INSOL. KW/M2 ,355 STD.DEV. Mqi:m. 3, 10 

DRY NO. 172, INC.POW. ~w 2810. 

TIME Hq. 1 2' ' CW ERG. /PEAK • 11 

TOWER HEIGHT M .14. SPILLAGE % -.08 

TARGf.T DIM. "1 s.oxs.o cs::s::sJ DOOR APERTURE 

FIG .1.47 I NC I OE"NT FLUX ON FLAT TARGt~T C W/CM2) 
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ASR-RLMERIA 3.1 MR• 21/6 NOON DOOR PLRN 

" "' "" "" 
" 
'-._ 

' 

" 

" 
" 

"' 
"' 

' 

" "-"'- ' ' ' ' .--- - -- - _ _._ 

AIMING POINT: + (-.50,-,30) 

X ( . 50 ; - . 30 l 

y ( . 00 ; . GO l 

"" 

. 
" ' 

-- -- -

' ' ' 

""' ' 

" ' 
'-._ 

' ; 

' ' 

~ 
i 

~-, 

' ' '"' ; 
"' 
' ' 

" " 
' "'- I 

"- I 

- - -•· - - --- -·--
__ __J 
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RSR-RLMERIR 3.1 M~O 21/5 NOON DOOR PLRN 

-,83 

0 
(D 

D 
0 

a 
'st 

0 
0 

0 
N 

0 

W/CMllE?. 

.83 
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RSR-P.LMERIR 3. 1 Mq• 21/6 NOON DOOR PLRN 
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RSR-RLMERIR 3.1M~D 21/6 H6.15 DOOR PLAN 
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BOT. 

HELST. NO. 93. AIM. 1\10. 3. 
INSOL. KW/M2 ,510 STO.O[V. 1'1"\AD. 3, !O 
!JAY NO. 172, INC.POW. KW 924, 
TIME HR. 6 ,15 AVERG./P[AK ,24 
TOWER HEIGHT M 44. SPILLAGE 1/. 2.07 
TARGET DIM. '1 s.oxs.o rs::::s:SJ DOOR APERTURE 

FIG.1.51 INCIDENT FLUX ON FL.AT TARGET (W/CM2) 
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RSR-ALMERIA 3.!MRO 21/6 H6.15 DOOR PLRN 
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FIG.1.52 EQUIFLUX LINES.SPACING (W/CM2) 1.0 
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ASR-ALMERIA 3.lMRD 21/6 H6.15 DOOR PLAN 
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PSR-RLMERIR 3. lMRO 21/6 H6.15 DOOR PLRN 
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56. 

ASR-ALMERIA 3.5MRD 21/6 H6.15 DOOR PLAN 
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BOT. 

HELST. NO. 93. AIM. NO. 3, 
INSOL. KW/M2 ,510 STD.DEV. MRAD. 3.50 
DAY NO. 172, INC.POW. KW 922, 
TIME HR. 6.25 AVERG.IPEAK .24 
TOWER HEIGHT M 44, SPILLAGE 1/. 2.28 
TARGET DIM. M s.oxs.o ts::SSI DOOR APERTURE 

FIG.1.55 INCIDENT FLUX ON FLAT TARGET (W/CM2) 
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RSR-RLMERIR 3.5MRO 21/6 H6.15 DOOR PLRN 
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ASR-RLMERIR 3.SMRO 21/6 H6.15 DOOR PLRN 
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ASR-RLMERIA 3.1 MRO 21/6 NOON REC.CONT . 
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BOT. 

1-JELST. NO. 93. RIM. NO. 3. 
lNSOL. KW/M2 .955 STD.DEV. MRAD. 3. 10 
DAY NO. 172, INC.POW. KW 23. 
TIME HR. 12. AVERG. /PEAK 2c . .., 
Trn.JER HEIGHT M 44. SPILLAGE 1/. 99.20 
TRRGET DIM. 11 ,'1X3.0 

FIG .1.59 1 NC l DENT FLUX ON FLRT TARGET ( W/CM2) 
( RIGHT SIDE) 
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ASR-ALMERIA 3.1 MRO 21/6 NOON REC.CONT. 
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62. 

ASR-ALMERIA 3.1 MR• 21/6 NOON REC.CONT. 

+ 

FIG.1.61 THREE-DIM. VIEW OF INCIDENT FLUX ON TARGET 
( RIGHT SIDE) 



RSR-RLMERIR 3.1 M~D 21/6 NOON REC.CONT. 
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RSR-RLMERIR 3.1 MR• 21/6 NOON REC.CONT. 
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FIG .1.63 SOLAR FLUX ON TPRGET SEC Y -Y 
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ASR-RLMERIR 3.lMRO 21/6 H6.15 REC.CONT. 
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BOT. 

!iELST. NO. 93. P. l M. NO. 3, 

INSOL. KW/M2 .s10 STD.DEV. 11"\AO. 3, 10 
ORY NO. 172. INC.POI-J. ~w 34. 
TIME H~. s .ts AVERG,/PEAK .59 
TOWER HEIGHT M .14. SPILLAGE % 96,38 
TRRGET DIM. ,., .~x3.o 

FIG.1.64 INCIDENT FLUX ON FLRT TARGET (~/CM2) 
( RIGHT SIDE) 
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RSR-RLMERIR 3. lMRO 21/6 H6.15 REC.CONT. 
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FIG .1.65 EQU IF LUX L 1 NES. SPRC I NG ( W/CM2) • 3 
C RIGHT SIDE) 

66. 



67. 

ASR-ALMERI~ 3. lMRO 21/6 H6. 15 REC.CONT. 

+ 

FIG .1.66 TH~EE-01 M. VI Eh OF I NC l DENT FL_UX ON TARGE. T 
( RIGHT SIDE) 
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RSR-RLMERIR 3.lM~O 21/6 HG.15 REC.CONT. 
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FIG. 1.68 SOL RR FLUX ON TRRGE T S[C Y - Y 
C RIGHT SIDE) 

1 .sn 
L/M 

en 
U) 

SNA:'TDRCGf.TTl 



E. 

---------------------------------

ASR-ALMERIA 3.SMRD 21/6 H6.15 REC.CONT. 

1.31 1.26 1 • ? 1 1 . I Fi I. 12 t .(17 l ,02 .98 .93 .8'.J 

------- ------· 
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BOT. 

HELST. NO. 93. RIM. NO. 3, 
INSOL. KW/M2 .510 STD.DEV. MRAD. 3.50 
DAY NO. 172- INC.POW. KW 47. 
TIME HR. 6.25 AVERG./PEAK .so 
TOWER HEIGHT M 44. SPILLAGE 1/. 95,(11 
TARGET DIM. t-1 ,4X2,9 

FIG .1.69 I NC I DENT FLUX ON FLAT TARGET C W/CM2) 
C RIGHT SIDE) 
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RSR-RLMERIR 3.SMRD 21/6 H6.15 REC.CONT. 
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FIG.1.70 EQUIFLUX LINES.SPRCING <W/CM2) .5 
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72. 

RSR-RLMERIR 3.SMRD 21/6 H6.15 REC.CONT. 
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FIG .1.71 THREE-DIM. VI Ehl OF I NC I DENT FLUX ON TRRGE T 
(RIGHT SIDE) 
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RSR-RLMERIR 3.lM~D 21/6 NOON RECEIV.CRS. 
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2. CLOUD PASSAGE SIMULATION 

The effect of a cloud passage over the heliostat field 

and the consequent flux distribution and power tran

sients are computed and analyzed, simulating a progre~ 

sive strip by strip heliostat darkening. The thermal 

flux behaviour at each target point (the velocity of 

chanee) durine the transient and the flux profile dis

torsion depend on the direction of cloud and on time. 

Owing to the adopted cross aiming strategy, the verti

cal flux distribution simmetry is roughtly maintained . 
when the heliostat field is shaded, as is quite unlik~ 

ly that clouds darken in average more B1 aimed helios

tats than B2 or viceversa. 

Further the darkening of the last row heliostats, pro

jecting on the target the largest images, produces a 

more uniform flux decrease than the one caused by the 

front row. 

To show this effect the North-South cloud passage (and 

viceversa) is analyzed. The heliostat field is subdivi 

ded in five parallel strips,normal to the North-South 

axis, with different heliostat number but equal N-S 

width (~x = 25m) (see fig. n. 2.1). 

Taking into account the Operating Aeent's indication 

and the Tabernas Metco Data Analysis Results (SSPS Tech 

nical Report n. 1/81 by Belgo Nucleaire), the East-Nest 
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cloud direction is con 

bility of E-W (or W-E) wind is greater than 60% (fig. 

2.2) at Tabernas site n.·,;d ,·1ouds are supposed to have 

the same direction of wind at ground level. 

This is an assumption that has to be verified, since 

at altitude wind direction Rnd velocity generally dif 

fer from the same values at ground, depending on 

ered too. In fact the proba 

the local oroeraphy. Jn orc!er to simulate the E-W 

cloud passage, the five strins are parallel to N-S 
axis and 29.5 m. wid 

For each field st:rir F,.o ei 1:::rence time, the incident 

flux distributions are computed usine; Helios program; 

<~) ( lly = 29. 5) • 

then the zone maps a:re ov 

by step heliostat field 

time step ( 6. t ) depending on cloud velocity V and 

Jied, following the step 

Lng ( or lighting), each 

strip width ( !), x or ,1y). 

Usine the simple relation l\t ~ V ( or - --.;-- ) the 

time step At and the whole transient time AWT = 5. At 

can be computed, once a wind velocity is settled ~able I). 

Disregarding the mutual interf'erence between conti-

L\x J.y 

guous zones is the only approximation as far as inci

dent flux evaluation by means of overlapping is con-
cerned. 

In fact, as each zone is considered alone, 

shading and blocking effect between different strips 

are not included. The resulting error depends on ti

me (minimum at noon in summer) ar1d on field partition 
(E-W or N-S). 

Undoubtedly the grater approximation in the described 
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model consists in the cloud simulation. In fact we 

assumed the cloud as sketched by a black sheet ful 

ly opaque and without thickness, covering the he

liostat field and passing exactly either in North

South (fig. 2.4) or in East-West direction (fig. 

2.5). The straight and step limb, together with 

the lack of thickness, is a poor approximation of 

a cloud, but it is required in order to semplify 

the cloud shape. These assumptions steep the flux 

transient, decreasing the time length. As a possi 

ble vertical component of motion is disregarded, . 
the velocity of the cloud is equal to the veloci

ty of its shadow on the ground (sun rays are paral 

lel) and indipendent of sun position. Vertical mo 

tion effect can be included, adding however the func 

tional dependance on sun elevation angle 0. 

(V = V + V /tg 0 ), i.e. on time. or ve 
At low sun height the shadow velocity on the ground 

can be largely increased by vertical motions; luc

kily the direct beam at the same time is low. 

Six different transients are computed and presented 

N-S/S-N passage at design point (Day 80, noon) 

E-W/W-E passage at design point (Day 80, noon) 

E-W/W-E passage at equinox, 9.30 a.m. 

This last condition is considered as it shows a mar

ked dissimetry in the heliostat field together with 

a high direct beam value. 



The flux distribut:i0•; 

N-s or S-N (;Joud PH:3 

point (Day Bo, noon). 

ti:s resq.l ting from a 

.J.~5 evaluated at design 

The time step inte,•v~l i,v cwi be obtained :from 
fig. 2.6, once the 

shows the comparison 

target incident f1ux er> 

passage; fig. ?.El t::,1 

peak :flux and 

plete set of flux vaJ 2s on 

transients are :presc,r t c 

(11:arch 81). 

The step by step shad 

tains the flux distribut 

the vertical ~arget a~i 

tortion is qu:ite un1 

This different behaviour 

South ... North transtent ear, 

L 

ty is :fixed. Fig. 2.7 

our of the center 

i\' ... s vs s .. -N cloud 

e behaviour of 

t e target. The c~ 

e nrget du:rtng the 

parallel strip main 

y relatively to 

1irofile dis-

fig, 2,10, 2,11 with 2,12, 2.13 (the Profiles are 

presented at subsequent t). e 1areest £'1ux va

riation occurs at the third t ·•· step, and, for both 

cloud passage directjous, ls reughl.y 48 M/cm
2 

/ <1t 

( at center target J. As t, t depends on wind velocity, 

the maximum time gradient ve wi11d velocity at diUe 

rent positi~s on the target in plotted herewith, see 

fig, 2, 14 • Table II presents an ov era} 1 review of 
N-S/S-N results. 

ted comparing 

86. 
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Flux distribution transients in consequence of E-W 

or W-E cloud passage are evaluated at design point 

(Day 80, noon) and at Day 80, 9.30 a.m. 

Fig. n. 2.15 show the time step values vs wind ve 

locity; fig. 2.16 ~ 2.20 display the incident flux 

(peak or central target) and the incident power vs 

time step during a cloud passage at noon and at9.30 

a.m. 

The complete flux distributions are collected in 

Appendix; the overall results are summarized in fig. 

2.21. 2.28. Some general aspects can be pointed out: . 
At noon E-W and W-E transients are quite similar 

but not the same, because although the heliostat 

working conditions are symmetrical relatively to 

N-S axis, the images on the target of s~etrical 

strips are not equal but specular (see fig.A~26,A.50). 

At time different from noon, the mirror field un -

symetry relatively to N-S axis (the heliostats fa

cing sun and tower work better) increases the flux 

unsymetry between the E-W and W-E cloud passage 

(also the power reflected by equal but N-S symme

trical strips is different; See fig. A.79, A.104). 

When the E-W passage at 9.30 a.m. is compared with 

a W-E one at 14.30 p.m., the unsymetry again ap~ 

pears, owing to the deforming heliostat image in

terception by the target plane. 



Table III, 1V show th 

te that the maximum f]~y 

occurs at noon ( 

88. 

tn and evidentia 

lo ion in a time step 

~ er target point, 

45 W/cm'2/~ t for peak va1tu:c)" Aga:Ln the maximum flux 

time gradient can be 

velocity, using the de 

m/v. The resu1 te r;:re 

v,i. 

a function of wind 

f:, t :::: A y/V = 29. 5 

i Y1 g. n. 2.29. 

Fig. 2.30 shows the normall~';&?d 11ower incident to the 

target vs time st 

target flux bPbr,v:ic,,:, 

(compare with fig. 2. 

peak and center 

]<5 " 2.31, 2.32 
i-' ,,,. n fc, JJ ] d ) :dJT' i,--,:)1 ,,-~ c .. ou passage • 
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TABLE I 

Whole transient time /lWT vs cloud velocity V 

Cloud velocity N-S/S-N E-W/W-E .Measured* (Km/h) computed computed 
(sec) { sec) ( sec) 

10 45 53. 1 54 . 

23 19.6 23 .1 24 

50 9 10.6 11 

* Letter n. 68.04215 from Interatom, dated 21/8/81. 
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N-S/S-N cloud. paEr.;a(·>,~ , .. r .,, 

flt = Ju_ = 
V V 

6 ¢p ! v ,/1 

(W/cm2) r., I ( ·-'ct,), I 
I: --------------t ... 
I 

100 l 
-------------·-··+·· 

54321 129 13 

I 

go I 
! 
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100 
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w T ~w T 

(KW) (KW) % 

2810 450 100 

2360 720 84 

1640 702 58 

938 535 33 

403 403 14 

'"""f,"''''' .. ,.,-,.~-~, ,-- ~-, '''«-• --,,-~~· .,..,,.,_~---.------.------. 

N-S D. ¢p 

( W/cm2 ) 

12345 129 12 

1234 117 16 

100 

1 ¢ct 1 ¢c'.r 
(W/cm2) (W/cm2) % 

1
, . ., ,, 

<. l 

' 

17 100 

6WT 
(KW) 

2810 't50 

91 I 1 1 i '..'> 8 6 2 4 00 5 3 0 

% 

100 

85 I ! _, ,. 
-1-23----t---10_1 ___ 2_5_---t-_7_8---1, _ nl ___ !J-1 p-. --·--·-----59---1-6_7_0_7_0_0 ___ 66--

i 
12 76 3s s9 24 I 19 20 1110 12s 42 

_1 ___ -'--_J_B _ _.__J_B _ __;.__2_9_,_ ____ ~ .... ., .L... 5 4 4 42 4 42 16 

¢p = peak flux value 

¢cT = center target flux value 

WT = power incident on the target 
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TABLE III 

E-W/W-E cloud passage, noon 

£\t = ~ _ 29.6 m 

V - V 

E-W ¢p fl ¢p ¢cT lJ. ¢CT W ·T L\W T 

( W/cm2 ) ( w/cm2 ) ,,, (W/cm2 ) (W/cm2 ) 'lo (KW) (KW) 'fa 

12345 134 15 100 124 22 100 2860 420 100 

2345 119 25 89 102 27 82 2440 620 85 

345 94 45 . 70 75 27 60 1820 780 64 

45 49 26 37 48 25 39 1040 622 36 

5 23 23 17 23 23 18 418 418 15 

W-E ¢p A¢p ¢cT b.¢cT W T AW 'T 

(W/cm2) (W/cm2) 'f,, (W/cm2 ) (W/cm2) % (KW) (KW) % 

12345 134 11 1. 124 23 1 • 2860 420 1 • 

1234 123 34 • 92 101 25 • 81 2440 620 • 85 

123 89 35 • 66 76 25 • 61 1820 780 • 64 

12 54 31 • 40 49 27 • 40 1040 622 • 36 

1 23 23 • 17 23 26 • 19 418 418 • 15 
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1 • 

ABSTRACT 

The report deals with the analytical determination 

of steady state temperature distribution in the ASR 

absorber panels. 

The heat losses from the receiver are calculated. 

These include reflection of incident solar flux, I.R. 

radiation due to absorber surface temperature and con

vection to the atmosphere. 

The approaches used in this study are presented. 

The most important results and graphs are shown. 



2. 

1. INTRODUCTION 

The absorbing surface analysed is flat, vertical, 

with rectangular shape, 2.73 m wide, 2.85 m high (fig. 

1 ) • 

The piping arrangement is composed of 5 equal pa

nels (fig. 2); each panel- has 39 vertical side by side 

tubes with OD 14 mm and thickness 1 mm. Stainless steel 

AISI 316 Lis the tube material. 

Panels are connected in series and the flow is in 

the upward direction for all tubes (fig. 3); sodium 

first flows on lateral panels, than on intermediate p~ 

nels and finally on the central panel. 

The surfaces of the tubes exposed to solar flux are 

coated by Pyromark paint, having a solar absorptance 

of .95 and I.R. emittance of .90. 



2. ANALYSIS 

2.1. Basic_design data 

Design point: equinox noon 

Max power input: 2.7 thermal MW at design point 

Receiver sodium inlet temperature: 270 °c 

Receiver sodium outlet temperature: 530 °C 

- Design pressure: 6 bar 

2.2. Incident heat flux maps ----------------------

3. 

The thermal analysis reported hereafter refers to 

heliostat field data and solar incident flux map shown 

in fig. 4, desumed from fig. 2.5 of Ref. 1. 

Maximum heat flux on the absorber surface is 131 

w/cm2. Average heat flux is 30 w/cm2 • Fig. 5 shows the 

distribution of average solar flux on the absorber ver 

tical strips. 

2.3. Model features 

Temperature distribution in the absorber tubes and 

performance of the receiver, considering reflected inso 

lation, infrared radiation and convective losses, have 

been investigated. 



4. 

For this purpose an iterative numerical technique 

has been emploied and the active length of each tube 

has been subdivided into 19 finite elements. Each pa

nel has been characterized by 741 nodal points. 

For each element, heat transfer processes taken 

into account for heat balance are: 

radiation absorption and emission 

conduction through tube thickness 

convection tube-to-sodium inside the receiver tubing 

- convection tube-to-air outside the receiver tubing. 

In the tube axial direction the heat transfer is as 

surned to be due to sodium mass flow only. No axial heat 

conduction has been taken into account. 

The computer code developed for the absorber tubing 

thermal analysis, calculates the whole absorber (5 pa

nels) in a single run taking into account the hydrauli 

cally coupling of panels and connection piping layout •. 

2.4. Heat_transfer_and_removal:_specific_equations 

Sodium outlet temperature and metal temperature are 

calculated by solving heat balance equations for each 

node at the absorber surface. 



s. 

Consider a short section of the tube active length, 

the incident solar flux will be assumed not to change 

in the axial direction of this element. The heat flow 

into the element will substant:ially be radial. 

A heat balance may be written for the case of stea

dy state heat transfer as follows: 

(incident power)= (reflected power) + 

+(reradiated power) + 

+(convection power losses)+ 

+(absorbed power) 

[1] 

To evaluate the temperatures of metal and coolant 

at any one cross section of the tube, a heat balance 

in the axial direction must be written too: 

(absorbed power)= (sensible heat gain by 

sodium) 

Let us now consider each bracketed term of equations 

[1] and [2] separately. 

• Incident power = F • Ap 

where 

F Incident solar flux (w/m2 ) 

Ap Node area = Llx • llz (m2) 

Ax Node width= tube O.D • ( m) 

.A z Node height ( m) 



6. 

• Ref lee ted power = F • Ap • RO 

RO Tube coating reflectivity. For Pyrornark paint 

the value .05 is assumed • 

• Reradiated power= &•fr• Ap(TTE4- Ta4 ) 

£. Tube coating I. R. erni t tance, for Pyrornark paint 

the value .90 is assumed. 

G" Stefan-Boltzrnan constant = 5.73. 10-8 (w/rn2/°K4) 

TTE Outside tube wall temperature (°K). 

Ta Ambient air temperature= 293 (°K) • 

• Convection power losses= H(TTE - Ta) • Ap 

H Outside tube surface film coefficient (W/rn2/°K). 

H takes into account both natural convection 

(Hn) and forced convection (Hf). 

The flat plate heat transfer correlations used 

£or Hn and Hf evaluation are reported in Ap-
" 

pendix A. 

• Absorber power= U • S ( TTE - TFM) 

TFM Average sodium temperature (°K). 

U Overall tube thermal conductance referenced to 

the tube OD, de. 



• 

s 

1 -u = 

Effective heat transfer area= 

de 
d· h + 

1 

di Tube ID (m). 

h Sodium film coefficient calculated from the 

Skupinski correlation (Ref. 2) 

Nu = 4.82 + 0.0185 • PeO.B27 (W/m2/0 r.) 

Tube conductivity (W/m/°K) 
(see Appendix B fo~ SS AISI 316 L) • 

• 
Sodium sensible heat gain= M CP (TFO - TFI) 

• flow rate (Kg/sec). M Sodium 

CP Sodium specific heat (J/Kg/r.). 

TFO Sodium outlet temperature (°K). 

TFI Sodium inlet temperature ( 0 r.). 

From equations [1] and [2] it is possible to determi 

ne: 

TTE Outside tube wall temperature ( 0 c). 

TTI Inside tube wall temperature (°C). 

TFM Average sodium temperature ( 0 c). 

TTM Average tube wall temperature (°C). 



TEMAX 

DTMAX 

Maximwn outside wall temperature (°C) •. 

Maximum temperature difference across the 

tube wall ( °C). 

a. 

For TEMAX and DTMAX a semplified evaluation is per

formed by the code taking no account of circumferential 

conduction and assuming a complete mixing of sodium in 

the section. 

Under these asswnptions the equation [1] (one dime~ 

sional) may be written and solved at any fixed node 

around the tube wall accounting for the circumferential 

heat flux distribution. The code performs this analysis 

for the midpoint node of the tube hot side. 

The results of this procedure were tested by a. two 

dimensional heat transfer analysis performed using the 

finite element computer code FLHE. 

The comparison of the results showed a very good a~ 

cordance between predictions of these two analytical 

procedures confirming the validity of the formulated 

assumptions. 

• 



9. 

3. RESULTS AND CONCLUSIONS 

All 195 tubes of the receiver have been analysed. 

Each tube is identifiable by a progressive number from 

1 to 195 moving from east to west along the width of 

absorber surface. 

Figures from 6 to 20 show the plots of the extreme 

and middle tubes of each panel. For the same tubes 

tables from 1 to 15 summarize the computer input data 

and the predicted thermal performance. 

The same analysis performed at equinox noon has been 

performed at 7.15 and 9.30 on March 21 to evaluate ther 

mal performance of the receiver at partial loads'. The 

resultant curve of receiver efficiency versus absorbed 

power is shown in fig. 21. 

Owing to the flow rate adjustment according to the 

absorbed power, convection and reradiated power losses 

increase in percentage at partial loads significantly. 

Fig. 22 shows the graph of receiver thermal losses 

as function of the absorbed power. 
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M A f P I. IJ E: l f L U 5 S j .J I ~. E T T 0 

•••••••••••••••••••••••• 
) N.FILA rue1 • l 

·················~· .. ··· 
COEF.ASS.T:JBI 0.95 
EMISSIVITA' iJ • :iO 
NUMEFlO Tuer 1.u 
DIAM.ESl.TUBl u.1.1140 11 
DIAM.INT.TUBl u.i;l20 M 
PASSO J.Jl4CI M 

', TEMP .AR 1 A EST• 2LJ.I,) lik.C.ENT. 
VEL.ARlt EST. !>. J M/.;,H 
TEMF.SOCIO IN 2 71.1. J GR.C.C:NT • ., 
LUt-.G .Tuec 2.uSJi> M 
URG.FILA J.0140 H 
VEL. SOD IO lN :...db7 Ii/SEC. 
PRESStCNE s.25 BAii. 
COE FF. CONV • 456B.5 ~/HQC•C. 
REYI\CLOS ~le7B9. 
PEROlTA CARICO u.0.3 UA.R 
RENClMENTO I.J.3711 ·.;, 

T.MEO.METALLO 2n.1 GR.UNT. 
ALLUNG. HEDIO ll.47 i'tK 

N. FTOT• FASS• flii.R• T.StDlOt TTE+ TTlt TT Mt TEMAX+ OTMAX+ 

1 1.1 -17 .1 ~.l 269.9 26«;.0 269 .b 26<;.6 210.1 0.2 
2 13.7 -11.'t 't. 1 269.8 269.2 269.{;; Zl9.6 270. 5 o. ~ 
3 24.0 -1. {: 4.1 2b«;.1 26C:l.6 26~.7 Zf:9. 7 271.3 1.1 
4 '12 .o 15.4 't.2 . 2bS. 9 270.6 270 ·" 270.1 212.e 2.1 
5 6'1.0 ~6.2 4• L 210.2 271.9 27J.c 270.6 2 74. 9 3.3 
6 as. 1i 56.4 4.2 27(,. 7 2 7,J .,, 271.3 271. 4 277. 1 

'1 ·" 7 98 .o l:B • 2 .,. 3 271.2 2 74. 6 27 l. .o 272.1 278.6 5.1 
8 10 4 .1 73.9 4.~ 271. 9 275 .5 27l..1 212 .a c79. 7 5.5 
9 9 0 .o 68.l 'to 3 27'.4 275.B 273 .2 273 .3 219. e 5.l 

10 80.5 51.5 1,,.3 272.9 275.4 27J.5 273.6 278. c; -4. 2 
11 6l:.O 37.B 't. J 2n.2 27!'..0 2 73 .t. 27:?. 7 270.1 

3 ·" 12 45 .o 17.9 4.3 27.;. ', 274.2 273 .l 27? .6 276.5 2.2 
13 32.0 5.6 4-. 3 27:. 't 273.7 273.5 27 2. 5 275.6 1.5 
lit 23.0 -2.r; ',. L 27.; • .t, 273.2 273.Z 273.3 274.e 1.0 ~ 
15 ·1s.o -10.4 't. 2 21.;.3 272.8 273 .1 273.1 2H.1 0.6 
16 10.0 -15.2 4. 2 273.2 272.'t 273 .o 273.0 27'3.6 0.3 (P 

17 7.2 -11.e 
"· 2 

2n. o 272.l 272.0 272.B 273.2 0.1 
18 3.0 -21. 7 4.2 2n.a 271.7 27 l. .s 272.5 272. 7 -0.1 

... 
19 "·" -22.3 -!,. z 212.t: 271.5 272.4 272.3 272.4 -0.1 

'* J 
Kli/HCD 
HCC PIANO EQUIV. 

(tJ CIUDI CENT• 



N. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

........................ 
N.FJLA TW!l a 20 •••• ••••• ,. ••••••••• :u••· 

COEF.ASS.TUl!J (J.9!> 
EHJSSIVITll' v.9J 
NU"IERO Tuel 1.u 
DIAM.EST .1ue1 U.Jl'.u H 
DIAM.HIT.TUBJ Cl.iJj,2U H 
PASSO O.JJ.40 H 
TE~P.ARI.A EST. 2u.u li~~CLNl' • 
VEL • .ARIA EST. !> • D H/Sl:C. 
TEMP.SOCIO JN 271).{J Gr<..U,H. 
LUNG.Tueo 2.U51l1J H 
LARC.FJLA u.ul40 H 
VEL.SOClO IN l • 8b 7 M/::.H 
FRESSICNE 5.25 8Ail 
COEFF.COtllVo 454 3J.4 H/'tQD+C. 
REYIICLCS 560t4. 
PERCJTA CAR.ICC u. LIi.i BAR 
RENOIHENTC ().UH 
T.HEC.METALLO 283.b Gfi..CENl' • 
ALLUIIG. HEOJO 14.IJ0 HH 

FTOT• FASS• FUR• 

. 1 7. 3 2.4 4.1 
2 lt. 3 9.0 4.l 
50.8 34.1 '1'.' 

12.:?.4 1C2.7 't.j 
20 5 .o 1 eo .o ,, • j 

2~0.0 U0.3 4.7 
350.0 316 .• <; 4.S 
;80.0 345.l ~-1 
352.0 318. it 5. 2 
290.0 259.5 5.1 
22:?. 3 l S6. 3 5.l 
160.0 l ;6.:? 5.(1 
95.0 H.7 4. s, 
57.8 39.5 4.9 
43.2 25.6 4.9 
29.l 12.2 4.6 
15. 0 -1.1 

"'· 8 9.0 -6.8 4. B 
s.s -9.7 4. 6 

,., Kllf"HQD 
n:o f'JANO EQUIV. 

(+) GIUDI CENT. 

T. SC.DJO+ · lTE+ TT l+ TTM+ TEHAX+ DiHAX I 

27(,~0 ·210.1 270.0 270.0 271.0 O. I 
27C. l 270.5 2 7iJ • 2 210.2 271. 6 l.l 
270.4 212.0 270.6 270.0 214 .a 2. I 
271.3 276. 3 272.5 27 2 .6 280.6 t. I 
27.. • B 281.6 274.9 2 7 5. l 288.6 l O. J 
275. 0 2 87. 7 270.l 278 .4 2<17. 4 15. I 
277. 7 2c;3.1 2BJ. .5 2El.8 ;Olt. 7 l G. I 
2uo. 6 2 1n.4 284.B 205.l 310.0 20. ! 
2U?. 4 2c;a.8 2a1.2 207.5 :no.s 18. I 
2J5.6 29 8. 1 28d.7 268.9 101.e l 5 • I 
2,n.2 2%.7 2tl9.(;, 2C9.0 ~04.:? 11.1 
2Ht. 4 2'l5.0 290 .o. 2c;o.2 300 • 5 8. I 
2Jc;.o 292.6 289.S zc;o.o 2%.l 4. I 
2US.-4 2c;1.3 289.B 2ac;.9 293.~ 2. I 
2 uc;. 6 290.8 289.'3 2ac;.9 292.6 2 • I 
28~.7 290.3 209.8 289.9 291.6 l. I 
2us.1 28«;.6 Z89.7 289.7 290.4 O. I 
209.o 289.3 289.5 zac;.s 209.c; o. ! 
2J9. 6 289.l 289.4 289.4 289.6 O. I ;i 

~ 
I\) 



·····················••t N.FlLA TUfI ~ 39 
•••••••••••••••••••••••• 

COEF.ASS.TUBl U.9!, 
EMISSIVlT-'' (I • ., (I 

f\U"IEP.0 TUeI l.u 
DIAM.EST. TUBI O.t..140 M 
OIA1'1.JNT.TUBJ o.u.1.20 M 
PASSO 0 .vl'-J H 
rEMP.AR IA EST• 2J. u GR.CE~l. 
IEL.-'R1" EST. s.u M/.iH 
rE'4P.SODIO JN 27..i. u r.n..(;lNT • 
• UNG. TU ea 2.u50J M 
.-'RC.FILA OoUl4iJ M 
IEL.SODIO IN .l.. IH, 7 M/.HC 
>RESS IONE 5 • .:. 5 OAR 
:OEfF.CONV. 't5099.l 1UHQD•C. 
~EYNOUJS 5809:,J. 
PEROIT-' CARICO o.oe BAR 
RENCIMENTO .,).1;199 
T.MED.~ETALLQ 301). U GR.CENT. 
ALLUNG. MEOIO 15.00 MH 

N. FTOH FASS* FlRRt T.:iOOIO+ TTE+ TTI+ TTM+ T EMAX • OT MAX+ 
1 22.7 8.7 4.l 270.l 270.5 27J.2 210.2 271. 5 1.0 2 44.7 29.5 4.2 27t'.3 211. a 27J. 7 270.7 273.5 2.2 3 13 s. 2 115.2 't. 4 271.3 276.9 272.7 212 .a 281.6 1.2 4 257.2 230 .6 4.t. -' 11. 3 284.5 276.0 276.3 293.1 13.8 5 S03. 8 463. c; 5.2 277.2 2,;c;. 8 2az.a 28 ~ .3 :116.1 26.8 6 683.3 6!3. 5 5.1 2.J,. 6 313.1 290.2 2C.0.8 3'.35.4 36.3 7 1i35 .o 729.3 6.2 2JE:.6 324.0 ;.;7.l zc; a .3 H9.4 41.5 8 84 !: • 5 7 e6 .1 {;. 6 2J5.5 333.4 305.1 30 5. 7 260. 7 44.6 'J 723.5 6 7(1 • 2 b. o 3Jl.3 333.5 :;09.4 30'i.9 ;57.0 38.1 10 550.0 505. 7 6. 5 .3vs. 6 329.9 3.ll. 8 312 .1 :H7.9 2e.c; 11 -'tlO. 0 372. 9 o.3 3v6. t1 326.7 31.3.3 313.6 ~40.2 21.5 12 25~.7 no.5 6.l 310.8 321.8 313.6 313.7 33Cl.5 1.3. 5 13 1ac;.5 163.9 6.0 312.2 320.0 314.2 314.J 326.4 s.e 14 115.0 ~7.1 5.9 313. U 317. 7 314.2 314.2 321.8 6.0 l 5 83.5 B.4 s. 9 .3.l 2 • .5 316.6 314.? 314.4 319.6 4.1 ll 47.7 29.5 s. jj 31:;. a 315.2 314.1 314 .2 317.0 2.2 1 7 30.0 12. a s.u .Jl3.9 314.5 314.0 314.l 315. 7 1.3 18 15.0 -1.5 5.8 313. '9 313.8 313.8 313.9 ;14.E 0.5 ;1 

19 10.0 -6.2 .5. 8 31:?. B 313.5 313.7 313.7 314.l 0.2 

1.-l KW/MCO 
OJ 

C,.l MQD FIANO EQUIV. 
(+J GA,IOI CENT. 



N. 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

···················-··· r,.flLA 1ue1 • 40 ............................ " .. 
COEF.ASS.TUBI u.95 
EMISSIVITA 1 J.~;, 
r,uMERJ TUeI .... ., 
CIAl'.EST.TUBI . iJ.,H.'tO H 
OIAM.INT.TUBI 1..1.1.1120 H 
PAS SC O.Cll'tC· H 
TEMP.ARIA EST• 2ll. ;J liFl..1.LNl. 
VEL • AR l A EST• 5.0 M/SH 
TEMP.S('!OJO JN 319.: Gi{.C.fNt. 
LUNG. TUBO 2otl5JJ M 
LARG.FILA U.ul41i M 
VEL.SOCIO IN 1.925 H/SH 
PRESSICNE 4.53 SM 
COE FF. CONV. 42825.7 WhlUD•L 
REY~OLCS 16155. 
PERDIH CARICO u • ..ia SAk 
RENCIMENTC O.u7't 
T.MEO.l'ETALLO 4ll.7 G• .CENT. 
ALLUNG. MEOlO 2iJ.!-l :lk 

FTOT• FASS-* FlP.k• 

22.3 0,6 <;. 0 
45.7 22.8 9. l 

13 I:. 2 108.3 9.4 
259.6 224.c; 9. B 
513.3 41:4 .5 10.a 
692. a 633.B ll.7 
eo 1 .1 741.3 l~.5 
87 s. 6 805.3 1.:. 2 
753.6 6€?.4 l:.3 
602. 5 5 ',6 .1 13.1 
'i77. 5 427.6 13.0 
302.7 262 .o 12.6 
242.7 205.1 12.5 
14? .1 110.a 12. 3 
112 .6 81. 'i l.2, 2 

5 b .O 29.3 12. l 
42.0 15.l lZ. IJ 
17.1 -8.4 U.'i 
12.1 -13.2 ll.9 

,. ) ICW.'1U;Q 
MCD PlANO EQUIV. ,., GAAOI CENT. 

I' 

, 

( 

I' 

T .SlOJO+ TTE+ TH+ TTM+ T EMAX • DT"1AX • 1 
379.3 3 7c; • 3 379.3 319.3 380.3 0.1: 

I 

37S. 5 380.6 379.8 319.8 382.3 1. c; 
380 • .5 385.6 ?.81.8 361.9 390 .2 6.6 
~J2. 4 393.Z 385.3 305.3 401.7 13.0 
30£>.S 'i08.6 392 .4 392 .5 .Ji25.l 25.9 2n. u 422.Z 40J.l 400.2 -444.2 34.B 
39[,. 4 433.6 407 .9 4(, 8 • 0 45c;.1 40 • .3 
41.J.5.4 443.5 415.6 415 .a lt71.l 43.'i 
4ll. !i 444.0 420.4 It 2 0 .3 467.8 37.3 
'tlt • .2 442.0 -423.3 4~3.2 461.2 29.1 ( 42c.,.o "40.l 425.5 425.5 455.4 23,4 
422.3 434.6 425.7 425.6 4't 1, • 4 1-'i. 7 
42 ... l 't33.7 426.7 426.7 '141.6 ll.6 
425.0 430,2 426.5 426.4 415.0 6.6 
4:!5 • 7 't29.6 426.6 426.8 lt33.4 5.1 
1t2 b. 0 427.3 426.3 42(;.3 429.3 2.2 
-'t2t.l 426.8 -'t26.3 426.3 428.? 1.5 
426.0 425.6 425.9 425.9 426.4 0.2 

~ 425.9 425.3 lt25.7 425.7 ~25.9 -o.o 
CJ) 

.ta. 



..................... ~·· 
N.FILA TUBl a sc; ,. ................... "*"··· 

CIJEF.ASS.TUBI J.9! 
E"IJSSIVITA• u. :1lJ 
NUME R•) TUl!l l.u 
OJAl'.EST .TUBI U.,H4CI M 
DlAl'.11'.T.TUBI- u.ul2u M 
PAS SC u.ul'tO M 
TEMP.ARIA EST. 2(.).J GP.Cth1T. 
VEL.ARIA EST. 5.U M/!»i:C. 
TEMP.SGDIO lN 379.J LiR.C.ENT. 
LUNG.TU BO 2 • .sSJO M 
LARG.FlLA O.JHJ M 
VEL. SOCIO lN l.•nj M/~EC 
PRESS IONE 4.:,3 BAk. 
COEFF.CONV. 42515.IJ W/M<JD•L 
RE YNCL CS 777 8b. · 
PEROITA CARICO 0 • .111 !lAK 
RENClMENTO u. :397 
T .MEO. METALLO 427.o Gfi...CEUT • 
ALLUNG. MEOIO 2.i.. 77 MM 

N. FTOT• FASS* FUR• T.~LOlO+ TTE+ HJ+ TTM+ TEMAX+ OTMAX • 

l 35.1 13. 5 9.0 375.4 '3 80. l 379.6 379.6 381.'i 1.3 
2 63.6 'i0.5 9.l 37<;. 8 301.7 3130.3 380.3 .384.0 2.8 
3 210.1 l 79.0 9.b 3.sl.3 389.9 383.t. 383.7 396.8 10. 'i 
4 :5 2. 7 313 .6 lu.2 31.l' .. l 31ic;.o 3 Btl .l 38 8. 1 ltl0.5 11.1 
5 650.7 595.2 ll. 4 30~.2 411.6 .:-96.8 396.9 '438.3 32.B 
6 956.7 a 83 • a 12. c; 39t.S 439. 9 4013.3 40 8.3 'i68.8 lt7.7 
7 1122 .5 10'.:9.8 H.l 4\J 6. 0 455.l 419.4 419.3 It 90 .o !>5~'4 
8 126 c; .o 1177.l 15.5 4H.3 471.6 43 1. 5 4;1.3 510. 7 62.0 
9 1097.5 1014.l l!i. b 425.l 472.6 4311.4 4; 8 .1 .506.7 53.5 

10 96'1.3 8E7.'i 15.7 1tn.9 lt74.4 444 .6 444.3 504.5 4t:. a 
11 75 4. 3 668.3 l,5.5 4Jt.s 471.l 4'tl.l.O 447.8 494.8 36.l: 
12 551.7 496.3 15.l 4-t3.3 466.5 449.9 449.7 484.0 26.l: 
13 424.2 315.4 14.9 4• 6.6 464.2 451.t. 451 .4 477.6 20.3 
14 273 .3 2~2. 5 14. 5 448.7 459.6 451.7 451.6 468.3 12.i; 
15 19 8. 3 161 • 5 . 14. 4 . 45u.l 457.6 452.2 452.1 '164.0 9.1 
16 103. 3 il.6 lzt.l' 450. 7 454.l 451.6 451.6 457.4 4.4 
17 70.8 40.d llt.O 451.l 453.0 451.6 451.6 455.3 2.8 
18 Z'i.1 1. c; 1~. 8 4.51.1 451.Z 451.l 451.1 452.2 0.7 ~ 

19 ic;.2 -a.o 13.5 451. 0 4S0.6 450.9 450.9 451.3 0.2 l> 
lP 

(.) 1~~/MQO ln 
MQO PIAt-.0 ECUIV. 

(+) Gil.AO! CENT. 



N. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

...................... ~ . 
N.FILA TUfl = 78 
•••••••••••••••••••••••• 

CCEF.ASS.TUeJ 0.1:,5 
E1'11SSIVITA• v.1.JJ 
t\UMERO TUeJ l • ·J 
OIA1'1.EST.TUBI iJ.Ul40 M 
OIA1'1.JNT~TUBI ~.Ji..20 M 
PASSO IJ.Jl'tU 1'1 
TEMP.ARIA EST. 2u.CJ GP. .UNT • 
VEL.ARIA EST. 5.U H/:il:C 
TEMP.SOCIO IN 3H.:J GR..Ul·H. 
LUNG. TUBO 2.J!iOO M 
LARG.FILA u. lJ~.'tO M 
VEL. SIJOIO IN 1.n.s H/~l;C 
PRESSICNE 't.~3 8Ail. 
CCEFF.CONV. 424l't.lJ W/Hl.lD•C. 
REYNOLDS '18327. 
PEROlT A CARICO o.os BAR 
RENOIHENTC u. '.JC.•'t 
T.MEO.METALLO 433~5 GR.ClNT. 
ALLUNG. HEOJO 22.:>a HM 

fiOT• FASS• f,l:i.R• 

4).9 20 .s 9.1 
71.6 40.6 9., 

201.1 176.7 9.6 
341.l 303. 3 10.1 
62 2 .2 56!1.B ll.3 
90t:.2 S3&. 7 H. 7 

1113.3 l 031. 7 l't.l. 
1313.3 1219.7 l!i. 7 
l 24 8 .3 1157. 2 H.:; 
11q1.s 1108.2 lb. 9 
100 8. 0 S 29. 2 lt,. c;, 

82 l .3 750., 16. 7 
628.8 5f:0.5 lb. 4 
't27. 6 .317. 9 15.9 
297.l 254.'t 1.5.6 
15<l.2 123. 9 15.2 
10 2. 7 70.4 l;i • ..) 
43 .o 14.0 l't. ij 
27 •. 0 -1.2 l't. 8 

C•> KII/HQO 
HCU PIANO EQUIV. 

C+J GRADJ CENT. 

T.:;il.iDJC+ TTE+ TTJ+ TTM • TEMAX+ OTMAX • 

379. 5 380.5 379.7 379.8 382.0 1.7 
37S.9 382.2 380.5 380.5 384.7 3.2 
301.5 389.9 3133.7 383.7 396.7 10.2 
;,!)',-. 1 39 a. 6 387.9 388.0 409. 7 11.1 
.3<.i~. 0 416.2 39o • .3 39~.4 435.9 31.3 
3 Jt. • .5 't36.l 40 7. Ci 4C7.l 464.4 4 5. 2 
4J5.3 454.1 410.6 418.6 4B8.E: 55.0 
415.9 473.3 431.8 431 .6 513.7 64.2 
'tit. l 480.2 441.2 440.0 518.7 60.(; ,I 43!:. 8 487.5 '15) .3 449.9 524.4 57.8 
441. 9 487.2 45().2 45 5. 8 518.5 48.6 
4.5U.5 't85. 5 -46:l.5 460.1 511. l 313.4 
45!.5 482.0 463 .1 462.8 501.7 30.1 
458. 9 '176.5 463.9 463.7 't90.0 20.3 
4ol. l 473.0 464.5 464.4 482.4 13.<l 
4t., • 2 468.0 463.9 4E:3.8 473.1 7.1 
462.8 466.l 4tJ.8 463.7 469.'t 't.3 

~ 402.<i 463.6 .t,.63.l 463.1 465.0 l.3 
1-62. 9 462.9 462.41 462.9 463.8 o.s 

CJ) 

O") 



N. 

1 
2 
3 
4 
5 
6 
7 
6 
9 
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11 
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····················-··· 

COEF.ASS.TUBl :., • '.I~ 
E:-41S SIIJITA' o.9i.J 
NUMERJ TUB] l.u 
OlA~.EST .TUBl o.ul'to •1 
DIAM.INT• TUBI o.u120 M 
PAS SC O. ,>l. 40 M 
TE"IP .AR IA EST• 2J.J Gk. LENl • 
VEL.MUA EST. 5.J M/::.i.C 
TEMP.S0010 IN 44.J. J G?,..u1n. 
LUll:G. TUBO 2.6~JO H 
LARC.FILA u.ul4'l H 
VEL. SOD IO IN l.962 H/.:itt 
PRESSIONE 4.:?.tl BAR 
ca EFF. CONV. . ~O'i93.b W/ltl.lD•t. 
FIEVl,GLCS 88260. 
PERO IT A CAR lCO 0.01 8Ai\ 
RENOJMENTO u.690 
T.MEO.METALLO 501. 3 GR.CEHT. 
ALLUll:C. MED IO 25. 73 HH 

FTOT11 FASS* flH• 

41.b 14. 2 13.6 
71.0 41 • 'i 13.6 

206.5 1(;9.9 H.4 
236.4 2S2. 5 15.1 
608 .o 5'1J .6 lb • .S 
892.0 816. 2 l ts. 3 

1095.3 1007.2 20.1 
1295.3 11 S4. 8 22.1 
1230. 3 11~2.1 2,.9 
llOt.8 108, .0 23. 8 

~97 .3 ·9C9.8 23.7 
816.2 737.9 B.b 
.i:23.7 555.5 23.2 
425.5 3t8.0 22.6 
29 s.o 244.5 22.2 
.158.3 115. 2 21.1 
101. 8 61. 8 21.4 
42.9 - 6.2 21.2 
26.9 -8.9 · 21.1 

C•> Kli/MQO 
l'ICD PIANO EQUIV. 

C+ l GIUDl CENT• 

_) 

T .SGOlO+ TTE • TTl+ TTM+ TEMAX+ OTMAX+ 
\ 

44€.l 'i4B.7 44d.2 448.2 450.1 1.3 ' : ~I ~ ,_ ,' I • 

440.4 450.4 44•~.o 449.0 452.7 2.e 
'i4 S. 5 457.9 452.2 452. 1 464.5 Ii. 5 
452. 5. 466.2 45b.4' 456.3 476.9 15.9 
't5i.3 4B3.0 46.:,.t: 464.4 502.0 29.0 
4b4.5 502.6 475 .4 475.0 530.0 42.4 
411.4 520.l 486.'i 486.3 .553.7 51.7 
'iiJ4. 0 539. l 50 ;J. 1 499.2 578.6 61).6 
-4~4.0 546. l 509.4 508.4 583.7 57.3 
5u::.7 553.8 518.c 517.5 590.0 55.0 
511. 8 553.b 524.4 523.4 584.2 lt6.0 
518.4 552.3 528.6 527.8 577. 4 31.5 
52;.3 548.9 531.1 530.4 568.l 28.4 
52t..6 543.6 531.8 53 l • .3 556.7 19.l 
526.8 540.l 532.2 531.9 549.2 12.~ 
525. 8 535.2 531.4 531.3 540.0 6.5 
53C,. 4 5.33.2 531.3 531.2 536.3 3.8 

~ 530.5 530. 7 530.5 530.5 532.0 1.0 
530.4 529.9 530.2 530.3 530.7 0.2 

(J) 

,cJ 



N. 

1 
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N.FILA TUeI • 98 
•••••••••••••••••••••••• 

COEF.ASS. TUBJ 0.95 
EMJSSIVITA' u.~J 
NUMERO TUi!I l.U 
OIA"1.EST .Tuel o.ul'tu H 
OJAM.JNT.TU8I CI.Ul.20 M 
PASSC l).i.Jl'tO H 
TEMP.4RIA EST. 2tJ • u lifl.ClNT. 
VEL.A!l.I.a EST. 5.i) H/SEC 
TEMP.SOCIO JN '44J. U CiR.CE1H. 
LUNG .TUBO 2. J500 ~1 
LARG.FlLA 0 • .Jl'tll H 
VEL.SODIO IN l.. 9C.2 H/SEC. 
PRESSIONE 't.JC, BAR 
COEJ:F.CONV. 'i1032.. 9 ~,"co•c 
REYNOLDS 87SC,7. 
PERC IT .A CARICO 0.01 BA?. 
flENDlME:ITO u.cl9l 
T.MEC.METALLO 49S.t. r.R.L.ENT. 
ALLUNG. MEDIC 25 • b't HM 

.. 
FTOT• FASS• FHR• · 

42.0 15.0 l3ob 
7 l .O '12 .4 l;.. il 

182.0 147. 2 l't.3 
293 .o 251.9 14.9 
522 .o 46d.O lb.l 
151.0 l:E3. 8 17.5 
'>65.5 885. 5 19. l 

1180.0 1087 .0 ~l • 1. 
121c.o llH.2 2~. j 
1240.0 l l '41. l 2.3. 6 
1087.5 'Vi6 .o 23. Ii 

c; 3 S .o 850. 9 23.9 
717.5 644.9 2.3.5 
500.0 Ii ~9 .o 22.a 
:?42.0 2e9.4 2".4 
184.0 l 't'J .1 21. 7 
117.D 76. 7 21. 5 

50.0 13 .. 4 21.2 
30.5 -5.0 21.1 

,., K.OMCD 
MCO PIANO ECUI V. 

I+ J GIUDI CENT• 

• 

1',1•illf,11 

) 

r.SC.'DlO+ TTE+ TTJ+ TTM+ T EMAX+ OTMAX • 

4Hi.l 4',8.8 't4d.3 448.3 't50.2 1. '1 
·1 4"t(: • S 450.4 449.0 44':l.O '152.7 2.8 

44~. 8 456.7 451.7 451 .6 462.5 e.3 
452.0 463.8 455 .3 ' 455.2 473.l 13.8 ' 45t.l 470.0 '462 • .3 46 2 .1 494.3 24.9 
462. l 494.0 471.2 47C.9 517.3 35.B 
41,~. 9 511.1 -48.1 • 8 481.2 540. 8 45.1 
47~.5 529. 8 49~ .. 2 493.4 565. 9 55.4 -
485.4 540. 7 so .. • !i 503.5 577. 7 !:i~. 5 

'·I 
~99.!> 552.0 515.l 51 't .o 589.8 57.5 
$\Ibo~ 554.l 522 .1 521.('I 58 7. 't 50.2 
5.i.t;.O 555.0 527.7 526.8 583.7 4.3.0 
521.1 551 • .3 53J.7 529.9 573. 4 32.e 

-1 
525.6 545.8 531.8 531.2 561.2 22.6 
.52 e. 2 5'tl.6 532.~ 531.9 552.l 15.1 
52 c;. 5 535.9 531.4 53h3 541.6 7.1 
530.2 533.7 !i3l.2 531. l 537.2 4.5 

~ 530.3 530.9 53J.5 530.4 532.3 1.3 
.530.2 530.0 530.l 5.30 .2 530.8 0.4 CP . 

0) 



N. 

l 
2 
3 
4 
5 
6 
7 
8 
9 
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11 
12 
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·················~·-··· 

CCEF .. ASS.TUBI o. \I~ 
EMIS SI VIT iP 0.9ll 
NIJMERJ TUl!l l • iJ 
OIA".EST.TUl!l lloU14i) M 
OIAM.INT.TUBI o.u12i, M 
PAS SO o.ul'tO M 
TEMP.AR IA EST• 2LI.~ CF..U.Nl" • 
VEL.ARIA EST. 5. I.I H/~lC. 
TEMP.SOCIO IN 44.J, U .;R.CEIH • 
LUNG. Tueo 2 .l:l~Ut; M 
LHG.FILA o.ul't.J M 
VEL, SOD JIJ IN l.9b2 H/~EC 
F:lES SIGNE 't.~CI DAR. 
CfJEFF. C'.JNV. ,40<;97.2 W/1-HolD*C 
REY~CLDS 88 2 37. 
PERO IT A CARI CO 0.01 BAil 
RENCIMENTO O.b9l 
T .MEO. METALLO 501.i. liF..CENT. 
ALLUNG, MEDIC 25. 72. aM 

FTOT• FASS* f H~• 

4 l .6 15,0 l;. b 
71,0 42. 7 u.a 

205.0 16~.3 H,4 
.::3 3 .a 2c;o.e 15.0 
l:Cl 3 .O 544,B l t.. 5 
8ti4.0 809.6 Ul.; 

1086.<; 1(10.J .3 2c.o 
1286.4 111!7. 4 22.0 
122€:.4 1129.5 22.a 
1186 .. 8 1090. 8 23. 7 
'i% .a 91').4 23.7 
81 !: .3 7.33,l 23,t. 
622,8 555. 7 23,2 
424.b 3t3.l 22.b 
294,6 2'i5.l .?,,2 
158,3 116 .2 21. 6 
1:n.0 62.7 21.'t 
42,9 1.1 Zl.2 
26.9 -t3.0 21.1 

,., Kh/l'QO 
HQO FlANO EQUIV. 

(•) GRAOJ CENT. 

) 

T,SLDlO+ Tll:+ HI+ TTM+ T EMAX + OTMAX+ 

4't8,l lt4B,O 44:3.3 441!.3 450.l 1.~ 
4'tSo5 450.4 4't9 .o 449.0 452.8 2.8 
449,9 457.9 45.?., 452.1 464.4 9.5 
'tJ,. 5 466.1 456.4 456.2 476.7 15.8 
457,3 482.8 4U.5 464.:3 501.6 2e.a 
4j',,4 502.2 475.2 47 4,B 529.4 42 .o 
47:,,:3 519,6 48b,7 466.0 552.9 51.3 
4133. 8 538.6 49~.8 498.9 577 .8 . 60.2 
49Z. B 545, 7 509,l 508 .1 50~.2 57.1 
5iJ:, 5 553.6 518,4 517.3 589.8 55.0 
511.6 553.4 524.l 523.l 583.9 li6.0 
!ilE.2 552,l !,28.4 527.5 577 .1 .37.4 
521,l 548. 7 530.8 520.2 567.8 28.4 
.5Zt.4 54'3.3 531,5 531.1 556.4 19.l 
52 ll. 6 539.9 532.0 531. 7 !:48.9 12 o'i 
52S.o 535.0 531.2 5:n.1 539. 8 t:. 5 
5.3C:.2 533.l 531.l 531.0 536.l 3.8 ~ 53(:,3 530.6 530.:: 530.3 ,31. 8 1.0 
.531.i. 2 529.8 530.1 530.1 530.5 0.2 (J) 

lO 



............ ~··········· N.FJLA TUBJ ~ 118 
•••••••••••••••••••••••• 

{ 

. CCEF .ASS. TU el. 0. '!:I!> 
EMISSJVJTA• "'· 90 
t-UMERO Tuel l.u 
OIA"'.EST. TU el J.Ol't~ H 
OIAII.INT.TUBI u.1,,1:i.20 H 

' .. .' 

PAS SC 1J.u:i.1itu M 
TEr4P.AR I A EST. 20.0 Glo .• CEt~T. 
Vi:L. AR I A EST• 5.J M/Sl;C 
TEMP.SOCIO lN 311.J.7 Gn..CEUT. 
LUNG .TUBO 2.tl~JO M 
LARG.FILA u.uJ.'tll H 
VEL. SOD IO IN l.8J8 H/SEC 
PRESS IONE 't.1b liA~ 
COEFF.CONV. 4383).d to./'tUO•C. 
REYNOLDS .67619. 
PERCH A CAR !CO J.1Ja liAi<. 
RENDIMENTO 0.9lo 
T.HE0.14ETALLO 31.'t.7 GR.LENT. 
ALLUNG. HEOIO 18.'tJ l'IM 

N. FTOT• FASS• H~i\F f .SlDlCJ+ TTE+ TTI+ TTH+ THIAX+ OTMAX+ 

l 41.9 26. 1 5.7 31(.•. '9 312.2 3il.2 311.3 313 • 7 1. i; 
2 7 1. 5 !;4 .1 5.B 3 ... 1.-4 314.1) 312.0 312.1 316.5 3.5 
3 205 .5 lEO.c; c.l .31 ~ • 0 321.7 315.2 31 5.3 328.5 10.6 
4 338.l 306.3 o.5 .3.1. 5 • 6 330.3 .319.3 .31Ci.5 341.4 17.t 
5 616.l 569.2 7.J 3~(,. 5 347.8 32 7 .4 327 .8 ?67.7 32.2 
6 an.1 834.7 e.~ 327. b 367.7 J37.9 3:: 8.4 3Cj6. 3 46.6 
7 110.3. 8 1029. 7 s.. 'r .33t. 5 3 85. 8 ;'t').2 .34 9. 8 420.8 57.l 
8 1303. 3 1217.6 u,.t: 3 1t 7. 0 't05.l ?62.1 3t 2. 7 446.2 66.e 
9 1243.3 lHO.O 11.0 357.0 412.2 371.5 371.9 451.'t 63.4 

10 1197.8 1116 .1 U.5 J.;t. 6 419.8 JBJ.7 38 l .O 'i57.3 60.7 
11 1007.8 935.6 11.5 3/'1. 7 419.Z 386.b 386.8 451.0 51.0 
12 820.2 757.6 ll.4 3.Jl • .3 417 .3 391.0 3c; 1.1 443.3 41.!; 
13 627. 7 575.0 u.1 .38(. • .3 413.7 393.7 3c; ~- 7 lt33.7 31.7 
14 'i2 6. 5 384.4 10.1 3:JS. 6 408.0 ~94.6 3c;4.6 -421.7 21.'t 
15 291;.5 Ul .2 1u.s 391. 9 404.4 39~.3 3c;5.3 -'t14.0 lit.a 
16 1sc;.2 131.2 10.2 3'J3. 1 399.3 394. 7 3S't.8 -404.5 1.1 
17 102. 7 77 .6 10.1 .39::. 1 397.4 394.7 394.7 400.8 4.8 
18 43.0 21. 1 9. 9 39?. 9 394.9 394.2 394.2 396.4 1.7 ~ 
19 21.0 6.0 9.9 394.0 .394.2 39~.o 3c; It .o 395.i o.a CD 

.... , .. KI./MIJD 0 
HCD PIANO ECUIV. 

(+) GR.ADI CENT• 



................... .,,. ... 
N.FJLA TUBl a 137 ...................... #. 

COEF .ASS. TU Bl u. ·;;15 
EMISSJVJT6' Uo'IU 

I\UME~O TUl!l l.J 
OIA,...EST. TUl!l o.ul'tO M 
OlA,...INT.TUBJ O.Jlll) M 
PASSO u.ul~J M 
TE •1P.ARIA EST. 20.'-i GF..1.ENl • 
VEL.ARJ.4 EST. 5.iJ H/!>lt 
TE"1P.S0Cl0 lN 3lJ. 7 e,i;..cun. 
LUNG.TU!!O 2.U5Ull M 
LAIIG.FJLA u.Jl40 M 
VEL.SODlll IN 1. UIHj M/!)H 
PRES SI ONE 4o1b bAR. 
COE FF. CONV. 4H3l.4 ~1/l'IQD•C. 

REYI\CLOS n203. 
P ER C IT A C AR 1 ca u. J::I llAk. 
REI\OIMENTC 1Jo9l.3 
T .MED. •'.ET ALLO 359.l GR.CENT. 
.ALLUNG. MEOIO 111.10 MM 

N. fTOT• FASS• f Hi(• 

l 35.6 t~. 3 5.7 
2 64.4 47.6 s.a 
3 209.4 184. 9 o.l 
4 350.5 313.3 b.5 
5 f:45.9 5,;7 .6 7.4 
6 <;49.4 ee.:+.4 e.5 

7 1114.0 10~'1.5 ~- 'r 
a 125'i.O . 1173.S 10. !> 

9 1090.5 1015.8 lv.5 
10 961.1 8S2.6 10.6 
1l 753.l 6'i5. 3 11).4 

12 551.6 504.3 lCI. i. 

13 'i24 .l 383 .3 10. CJ 

14 273.l 240. 3 '). 7 

15 19 8 .1 10.2 9. t, 

16 103. 3 79. 5 9o4 

l7 70.8 48.1 r;. 3 

18 2«. .. 7 9.7 9.2 
19 19.2 -il.2 9., 

'. > 
K~/HQD 
HQO PIANO EQUIV. 

'•) G~ADl CENT. 

r-

{' 

r 

(' 

( 

T. 5CU10+ TTE+ T"rl+ TTH+ T EMAX+ DTHAX • 

31(; • 9 :n1. a 311 .1 311.l '?13 .2 l.f 

311. 3 31:3.6 311.9 311.9 315.8 3.1 

.312. 9 321.8 315.1 315.3 328.l 10.s 

315.6 330.9 319.5 319.7 342.4 18.3 

-32(1. 7 349.5 3..!3.1 ~2 e.s 370. '? 33.7 

.32t-.3 370.S 339.2 339.8 401.0 49.3 

.33 7. 3 387.1) 35:,.2 350.7 422 .4 57.6 

3~7.4 403.5 362.1 3£,.2.6 443.3 64.6 

3:H.2 404.6 3b:J.9 369.3 439.2 55.c; 

)t,;. 9 406.4 375.1 37 5.4 436.9 49.l 

,3t,C,. 9 . !t0.3.1) 31a.1 37 8.9 427.1 38.4 

3/'; .3 398.3 36 1). 7 381).8 "16.l 28.l 

377. 6 395. 9 382.5 3£. 2 .6 4(19. 6 21.5 

379. 7 391.2 382 .7 382.8 400.0 13.7 

3Jl.2 3 9c;. 2 383.3 383.3 395. 7 c; • E 

.3Jl. 0 385.6 382.8 3112.9 389.1 4. c; 

3tiZ. 3 .384.6 382.9 382.9 387.0 3.2 
~ 3a2.3 382.8 382.5 38 2.5 38~.9 1.0 

382.3 382.3 302.3 382.3 383.l o.s ~ --
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·., 

COEF.ASS.TUBl 
EM ISSI VI H' 
t-.U)o!ERO TUBI 
OJAr,,.esT .TUBI 
DIAM.INT.TUBI 
PASSC 
TE!1P.~RIA EST. 
VEL.A~H EST. 
TE"'-P.SODIO IN 
LUNG. TUBIJ 
LARG.FJLA 
VEL. SOD IO IN 
PRESSlONE 
COE FF. CONV. 
REYNCLCS 
PERCJTA CARICO 
RENDIHENTO 
T.HED.MEHLLO 
ALLUNG. HEOJO 

u.9!. 
u.~;, 
J.. 0 
u. Jl 4CI 

0 • "'· 2() 
O.L.:&.4J 

21).IJ 
5.u 

310. 7 
2.t.!.JU 
O.IJ1.4U 
l.JJll 
4.76 

44229.1.1 -
65llu. 

u.JJ 
U.9u0 

343.~ 
17 .2~ 

"' M 
H 
lii( .CENT • 
l'\/~t(. 
GR.I.ENl. 
M 

"' MISH. 
BAK 
.li/l1QD•1. 

81.R 

GR. CEi'H. 
MM 

nor• FAS'.i* FlRk• 

22.a 3.4 5.7 
46.7 31.l 5. 7 

13t:.2 11,.a !>. 9 
258.3 231.3 6. ~ 
50 c;. 3 4t:S.7 7.0 
t85.8 c)j.4 7.6 
7c; e .6 741. 7 o., 
865.6 804. 7 a.ts 
747. l 6Cj2 .o o. u 
59 o;. 3 5 51 • 7 &.7 
"75.7 434.5 is. 6 
?02. 7 2n. 5 u.3 
242.7 21J.6 ti.' 143.l lB.2 u.o 
112 .6 c;') .3 e.u 

56.0 36.1 7. 9 
42.0 . 23.4 1. ~ 
17.l -0.1 7.8 
12.1 -4.8 7.8 

I• J Ki./MI.O 
MOO PIANO ECUlV. 

l+J GRACI tfNT. 

r 

( 

/ 

r 

T .!iCCJlO+ TTE:t- TTl+ lTM+ TEMAX+ OTHAX+ 

.3l.C,. 8 311. 2 310.Cj 310.9 312.1 0. Cj 
3ll .l 312.5 311 .. 4 311.4 314.2 2.2 
312. 0 317.6 .313.'r 313 .s 322.2 6. Cj 
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APPENDIX A 

Convection power loss correlations ---------------------------------

To evaluate the effect of forced convection the fol 

lowing correlation £or flat plate has been considered 

( see Re£. 3) 

where: Nux Nusselt number at point x 

Pr Prandtl number 

Rex Reynolds number at point x 

TTE Outside tube wall temperature 

Ta Ambient air temperature 

In this expression, to take into account the rough

ness effect of the absorber surface, in comparison with 

the smooth flat plate case·, a roughness factor of 2, 

based on cylind~r correlation (Achenbach's data), has 

been· included. 

A wind velocity at ground w9 = 5 m/sec has been 

considered. At receiver elevation z , the wind velocity 
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has been calculated according to the expression (Ref. 

3) 

W = W • (~)0.15 
g 10 

W = 5 • ( il) • 1 5 = 6 • 2 m/ sec 
10 

The average value of forced convection coefficient 

taking into account absorber temperature distribution 

is: 

To have an indication of the relative contribution 

of natural and forced convection to the total convec

tion power loss, consider tha ratio (Re£. 4, 5) 

where: 

L 

T 

~ 

-

W • L 

v 
Gravity acceleration (m/sec2 ) 

Coefficient of volumetric expansion(1/°K) 

Height of vertical surface (m) 

Surface temperature ( 0 X) 

Cinematic viscosity (m2/sec) 



substituting 

T = 400 oc 

L = 3 m 

v (T = 210 oc) -4 (m2/sec} = 0.36 • 10 

~ ( T= 210 oc) = 2.07 • 10-3 (1/0:r) 

GrL = 
(9.B)-(2.07 • 10-3 )(3) 3 • (380) 

(0.36 • 10-4) 2 

=. (6.2)•{3) 

( o. 36 • 1 o-4) . 

5 = s. 2 • 10 

1.6-1011 _ 
=-----= 0.6 

( 5. 2 • 1 o5 ) 2 

50. 

The tJ. value shows ·the predominant effect of forced 

convection in comparison with natural convection. How

ever' natural convection effect has been taken into account 

according to the expression (Ref. 6) 

H = t H 2+ H 2 n f 

To evaluate the natural convection effect the corre

lation shown in the diagram of £ig. A/1 has been used 

(Ref. 5) 

Pr(T= 210) = 0.689 



11 11 
Gr • Pr = ( O. 6 8 9) • ( 1 • 6 • 1 O ) = 1 • 1 • 1 O 

Nu~ 600 (from diagram of fig. A/1) 

H = n 
Kf Nu = 

L 

(0.037)(600) 

( 3) 
= 7 • 4 w/m2 • ° K 

51. 
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APPENDIX B 

ASTM Type 316 L physical properties ------------------------------

. , 

The data sheet reported in Tab. B/1 and reproduced 

from Ref. 7, summarize the physical properties of ASTM 

Type 316 L austenitic steel. 

This data has been used to perform absorber tubing 

thermal analysis. 



. 

Physical properties 
Density 8.0 g/ cm•, 0.29 lb/ in' 
lfhcrmal conductivity 

Temperature W/m• °C kcaVm·h·°C Btu/ft· h • °F .oc op 

20 68 1S 13 9 
100 210 16 14 9.5 
300 570 19 16_ 10.5 

500 930 21 18, 12 
700 1290 23 20 13.5 

Specific heat capacity, mean values 

. Temperature 1/kg · °C kcaVkg• °C Btu/lb· °F : oc op 

50-100 120-210 500 0.12 0.12 
600-700 1110-1290 630 0.1S 0.1S 

Thermal exp:inslon, mean values. (xlO_.) 

Temperature Per °C Per °F 
oc op 

20-100 68-210 16.0 8.9 · 
20-200 68.....:.390 17.0 9.S 
20-300 68-S10 17.5 9.7 

20-400 68-750 17.8 9.9 
20-SOO 68-930 18.0 10.0 
20-600 68-1110 18.2 10.1 
20-700 68--1290 18.5 10.3 

Modulus of elastidty 

Temperature N/mm' kg/nun' bi oc op 

20 68 200 000 20000 28 500 
400 750 170 000 17 000 24 000 
600 1110 150 000 15 000 19000 

TAB. 0/1 _ PHYSICAL PROPERTIES OF ASTM 
TYPE 316 L AU&TENITIC SiEEL 
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1 • 

ABSTRACT 

The main contents of this report are: 

1) Detailed elastic stress analysis of the most stres

sed tube due to thermal heat flux and mechanical 

loads during normal operations (dayly cycling). 

2) Compliance analysis of the tube stresses with the 

code limits and in accordance to the contract. 



2. 

1 • INTRODUCTION . 

With purpose to introduce the problems studied in 

this report, is usefull to refer to the summary de

scription of the system, reported in the Topic Report 

n° 2, Section 1 • 



3. 

2. TUBE PANEL STRESS ANALYSIS 

The analysis regards the hottest tube, subject to 

thermal flux conditions and to stationary mechanical 

load, corresponding to max. loads. 

we have assumed that attainment of these conditions 

is so slow as not to cause any overstresses; therefore 

the considered stress condition is also the severest 

one. 

2.2. Description of structure and its boundary conditions ---------------------------------------------------
The structure under consideration is the receiver 

tube (De= 14 mm, tichn = 1 mm), restrained in the 

rectilinear portion by means 0£ support, and clamped 

in the header connection points. 

In fig. 1 are shown the 3 kinds of tube, alterna

tely assembled. 

The suitable length of down comer supplies a cold

spring effect in the tubes, in the erection conditions. 
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In the considered running conditions, this cold

spring effect nullifies the stresses which would oc

cur as a result of the different expansion in the tu

bes and in the down comer. 

Another cold- spring e£ £ect has been imposed with a 

misalignement 0£ the two central restraints in respect 

to laterals, with the purpose to reduce thermal stresses. 

In fig. 1 are shown the sketchs 0£ the applied cold

springs. 

2.3. Thermal load basic data ----------------------
The receiver flux map used as a basis for these cal

culations is the equinox noon heat flux map reported in 

Progress Report n° 6 at section 2-7. 

Fi~. 2 shows the trend of the absorbed flux and the 

sodium temperature. 

These data are assumed as a basis £or the thermal 

calculation of section 2.6. 

2.4. Mechanical load basic data ~-------------------------
The mechanical loads which act on the structure are: 



tube and sodium weight (0,424 kg/m); 

- internal pressure (6,11 kg/cm2); 

cold-spring effects (see section 2.2); 

wind load at full power operation. 

2.5. Material basic data ------------------
The receiver tube material is SANDVIK Alloy 3R60 

corresponding to the ASTM 316L type. 

5. 

The material features have been taken from the manu 

facturer's documentation. 

In the Appendix 1 the material is completely speci 

fied. 

2.6. Hypothesis and calculation method ------------------------------
On the basis of the outside flux conditions and in

ternal sodium temperature data given in section 2.3, 

we have determined, by means of a finite elements cal

culation program (FLHE of the BERSAFE series), the tern 

perature field on every point of the section. 

This calculation has been performed on a certain 

number of sections, with the purpose of determining 

the complete temperatures field on the tube. 



-- -------------~ 

6. 

In fig. 3 is shown the 2-D mesh used in these ther

mal calculations. 

In the assumption of linear elastic behaviore of the 

material, the stress condition has been determined by 

means of superimposition of 3 effects: 

1) stresses due to internal pressure; 

2) self equilibrating stresses in every section, due to 

non-linear temperature distribution on the section; 

3) stresses due to partial restraint of expansion and 

deflections on the tube, due to the linear portion 

of temperature; 

4) stresses due to weight and wind. 

Stresses at point 1) can easily be determined by 

formulas. 

Stresses at point 2) can be found by imposing the 

temperature field previously determined on a portion of 

tube isostatically bounded, and discretized by shell 

finite elements, with SAP V structural analysis code 

(fig. 4). 

Resultant displacements allow moreover to determine 

on equivalent linear temperature distribution on the 

section for different flux values. 
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Stresses at point 3) and 4) are determined by a 

flexibility calculation using a beam element discreti 

zation, whose loading condition consists in the pre

viously found linear temperature distribution. 

In fig. 5, 6, 7 are shown the meshs and the defor

med shapes of the 3 types of tube. 

2.7. Results 

In Table 1 are shown the stresses obtained in the 

most stressed structure point (the outer point of max 

flux on the most radiated section). 

Pressure stresses are of little importance; stres

ses due to non linear temperature distribution on sec 

tion are considerable, and cannot be reduced because 

they are not influenced by boundary conditions. 

Stresses due to partial expansion restraint have 

been reduced by suitable disposition and number of 

boundaries, in compliance with other requirements. 
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3. CODE STRESS LIMITS COMPLIANCE 

In compliance with Contract Section A-7.1, since the 

tube is a sodium containing component, the design has 

been carried out by following criteria: 

a) Primary membrane stress is limited to prevent bursting, 

according to par. UG-27, ASME Section VIII, Division 

1 • 

b) An extention of the shakedown limit is imposed on pri 

mary and secondary stresses, to prevent noticeable di 

stortions, that is: P1 + PB+ Q < 3 Sm , according to par. 

4-134, Appendix 4, ASME Section VIII, Division 2. 

c) To satisfy the distortion limits by using an elastic 

analysis, and particularly to limit the inelastic 

strain amount that can occur during the service life 

of the component, Test No. 3, par. T-1324, Appendix T, 

Code Case N-47-17 has been applied. This analysis is 

not strictly required by the Contract, but is neces

sary in order to make possible the use of subsequent 

creep-fatigue analysis on elastic basis. 

d) For component service life time evaluations, that i, 

to evaluate creep-fatigue interaction effects, it has 



been imposed the limit by eq. (5) of the par. T-1411, 

Appendix T, Code Case N-47-17, £or elastic analysis. 

Note 

1. With reference to c) and d) above, some modifications 

have been brought with respect to that requested by 

Code Case, taken in account that we deal with a solar 

receiver and not a nuclear component, as forecast by 

Contract. 

2. The creep-fatigue damage calcµlated hereafter, is 

only the damage portion of dayly cycling; the damages 

due to other operating conditions will be analyzed 

in other documents. 

The trend of the principals parameters during the dax 

ly cycle (referred to 21 March and to the hottest sec

tion of the tube) is reported in fig. 8. 

These data are: 

• metal wall average temperature on the hottest radial 

section of the tube; 

• sodium temperature; 

• absorbed heat flux. 
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3.3. Stress table following ASME criteria ------------------------------------
In table 2 are shown the stresses with their classi 

fication. 

With a large conservatisme, the effects of non linear 

temperature distribution on the cross section of the tu 

be have been classified as secondary stresses Q. 

Actually, part or al! the stresses due to that non

linearity, since doesn't produce any distortion, could 

be classified as F, by definitions in 3213.11 and 

3213.13(b)(2), Code Case N-47-17. 

3.4. Bursting analysis ---------------
The joint efficiency E, requested in UG-27, ASME 

Section VIII, Division 1, is equal to 1. 

The allowable stress value Sm is determined conser

vatively corresponding with the maximum metal wall-avere 

ged temperature on the hottest cross section (see tabie 

3). 

The Sm value is taken as average of the two Sm values 
at maximum and minimum cycle temperatures, as it results 
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from Note (1), fig. 4-130.1, Appendix 4, ASME Section 

VI·II, Division 2, because all secondary stress is a 

thermal stress (see table 3). 

3.6. Ratcheting analysis -----------------
We have excluded the presence of "Elastic follow

op", by which the thermal stresses due to linear temp!:_ 

rature distribution on the tube cross section, respon

sible of the strain, would be classified as P1 for pur

pose of Test No. 3, T+1324, Code Case N-47-17. Such as

sumption is justified in the sallowing points: 

a) The possible plasticity doesn't affect the total tube 

cross section but only a portion; therefore the pla

stic portion cannot reach noticeable strains, because 

of the internal restrains caused by the elastic core 

of the section. 

b) The thermal stress distribution along the tube lenght 

has a quite mooth trend without picks in the most 

stressed section. 

The step by step procedure proposed by par. T-1321 

and T-1324 in the Appendix T of Code Case N-47-17 has 

been followed and the results are shown in table 4. 
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Non axisymmetric loads has been included as axisymme 

tric loads, and the curves of fig. T-1324-1 has been used, 

according with T-1324(a), Appendix T, Code Case N-47-17. 

The following assumptions have been held: 

• the total allowable creep-fatigue damage is D = 1 , for 

elastic analysis (T-1431(b)); 

• the factor K' = o. 9 has been neglected in the evalua

ti.on of effective creep-fatigue damage, for the deter 

mination of 'the allowable time duration Td ( table 

T-1411-1); 

• allowable number. of cycles to use in equation (5), 

T-1411, is taken from curves of fig. T-1420-1B, Code 

Case N-47-17, removing excessive conservatisme of cur 

ves of fig. T-1430, according to the Contract state

ment (see point A-7.1); 

• the step by step procedure suggest in T-1410 in the 

Appendix T of Code Case N-47-17 has been carried out 

and the results are described in table 5. 

Note: 

The elastic analysis rules applied in this note may be 

used because elastic ratcheting rules have been satisfied 

as shown in 3 .6 • 



13. 

4. CONCLUSIONS 

All tests are complied, particularly the tube is 

prevented against the creep-fatigue interaction, which 

is the most dangerous failure mechanism for the compo

nent under examination. 

Available margins of safety allow to foresee the 

component withstands accidents, at present not underta 

ken. 

Points of particular conservativisme will be stres

sed as follow: 

elastic analysis has been applied; 

- creep in compression has been considered as dangerous 

as creep in tension; 

creep-fatigue verification has been carried out consi 

dering relaxation-fatigue as dangerous as creep-fati 

gue. The actual-phenomenon on the tube is relaxation

fatigue which has been demonstrated to be less dange

rous (1) then creep-fatigue. 

(1) E.P. Esztergar-Oak Ridge National Laboratory 
"Creep-fatigue interaction and cumulative damage 
evaluations £or type 304 Stainless Steel" 
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STRESSES (i<s/cmz) 

SHAPE A SHAPE B SHAPE C 

Thermal stresses due to nonlinear 
distribution 0£ temperatures -14.49 -9.21 o -14.49 -9.21 0 -14.49 -9.21 0 

Pressure o.n o.34 o o.n 0.34 o o.n. o.34 o 

Restraint stresses due to equiva-, 
lent linear distribution 0£ tempe- -9.58 0 
rature on the tube 

Cold spring effect n° 1 ( increase 
.. 

6 mm in center di-stance 0£ the -0.11 0 

headers) 

Cold spring effect n° 2 (misalign~ 
ment of 5 mm of the two central 1.42 0 

res train ts) 

Weight 0.06 0 

o -9.4 0 0 . ..:9.68 0 

a - a,14 o o - o.o9 o 

0 1.45 0 0 1.40 0 

0 0~06 0 0 0.06 0 

Wind Neglegibles 

-TAB. 1 _ 

0 

a 

0 

0 



Stresses in the most stressed point on the cross 

section, corresponding to the highest metal temperatu

re during the dayly cycling. 

Loads Axial Circum£. Radial Classif. 

Weight 0.06 o. o. Pm 

Pressure 0.17 0.34 o. Pm 

Restraints -9.68 o. o. Q 

Thermal -14.49 -9.27 o. Q 

Cold spring -0.06 o. o. Q 
effect n° 1 

Gold spring 
0.93 o. o. Q 

effect n° 2 

Highest metal temperature in a point of cross section: 

T = 596 °C max 

~: the stresses due to cold spring effects have been 

reduced to+• according to .3672(g) of N47 Code Case. 

- TABLE 2 -



BURSTING ANALYSIS -----------------
Maximum metal wall-averaged temperature 
on the hottest hoop section •••••.••••••••• Tmaxh = 566 oc .s. 
Maximum allowable stress at Tmaxh •••••• • s. 

Sm= 7.62 Kp/mrn2 

Minimum required t~ickness of shell ••••••• t 

Design pressure ••.•••••••••••••••••••••••• P = 0.0611 Kp/mm2 

Inside radius of shell •••••••••••••••••••• R = 12 mm 

Circumferential stress: t = _P_R __ = __ o_._0_6_1_1_x_1_2 __ = 0.10 mm 
S-0.6P 7 .62-0.6 X 0.0611 

Longitudinal stress 
PR O .0611 X 1 2 

: t = ---- = --------- =O .o 5 mm 
2S+0.4P 2 X 7 .62+0.4 XO .0611 

The actual tube tickness is: ta= 1mm 

SHAKE DOWN ANALYSIS ----------~--------
Highest metal temperature in a point 
of the cross section ••••••••••••.••••••••• Tmax = 596 °C 

Lowest metal temperature in a point of 
the cross section ••••••••••••••••.•••••••• Tmin = 270 °C 

Maximum allowable stress at Tmax ••••••••• Sm(Tmax)=7.48Kp/mm.2 

Minimum allowable stress at Tmin • • • • • • • • • Sm( Tmin) =9. 84 Kp/mm2 

Allowable stress for TEST B . . . . . . . . . . . . . . . Sm= 8.66 Kp/mm2 

PL+PB+Q = 14.49+9.68-0~17-0.06+0.06-0.93 = 

= 23.07 Kp/mm2 < 3 Sm= 3 x 8.66 = 25.98 Kp/mm2 

- TABLE 3 -



REATCHETING ANALYSIS 

Maximum metal wall-averaged temperature 
on the hottest hoop section ••...••••••••••• Tmax = 566 °C 

Minimum metal wall-averaged temperature ••.• 

Yeld stenght at Tmin . . . . . . . . . . . . . . . . . . . . . 

y = 

Tmin = 270 °C 

Sy = 8.45 Kp/mm2 

K = 1 + Ks ( 1 - P1 ) z 1 + Ks ( *) 
T St 

. 
' I<s = ex. ( K - 1 ) ; 

K = 1.27 (from ASME Section III, Appendix A, Table A-9221 (a)-1); 

~ = 0.5 KS = 0 • 5 (1 • 2 7 - 1 ) = 0 • 1 3 5 

Pt Pb OR IT X y z C 

0.34 o. 24.17 1 .135 0.04 2.86 0 .114 1 • 21 

~ c = 1 .25 Z Sy 

Entering the isochronous stress-strain curves at tempera

ture 566 °c, and £or any time, by · f, c, we read no signi

£icant strain,% due to creep. 

(*) Srnallnes 0£ P1 justifies this position. s; 

- TABLE 4 -
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I 

FATIGUE ANALYSIS 

~ = .207E-2 
t 

T • 596 °C 

Nd = 13172 by T-1420-1A,1B 

n = 3270 
I'\ 

~ n 
Nd = 0.248 

s .. 
1 = 

s 

K = 1 

~ = • 207E-2 
n 

€,,c = 0 

€. = 0 
F 

-

CREEP.ANALYSIS 

T . = 270 °C 
min CREEP DAM.AGE OF .AN HALF CYCLE OF A,DAY 

~ 

T = 567 °C 
max 

S /K = 9. 7 6 Kg/ mm 
2 

P /K = 0.34 Kf!./mm2 
m . 

S /K = 23 Kg/mr/ 
r 

2 
(PL+PB+Q)ss = 22.80 Kg/mm 

Time 
1 interval 

: 6.30-7 .1 
' 
I 

7 .15-8 
i 8 - 9 

9 - 10 
10 - 11 
11 - 12 

2 : PjK + 0.5 S/K = 11 .87 Kg/mm 11 

-- ·----·----"······ - ·-----·---L. 

SK = 12.2 Kg/mm
3 

Number of years : 10 
Number of sunny days : 182 
Number of cloudy days: 145 

Interval 
T (°C) len.;i:ht :t 

0.75 h 510 
o. 75 525 
1 540 
1 555 
1 566 
1 566 

.E ..!_ = 2x (6.7E-6)x 182x 10 + 2x (6.7E-6)x : 45 x 10 = 0.034 
Ta 2 

TOTAL CREEP-FATIGUE DAMAGE 

D = 0.248 + 0.034 = 0.282 

- TABLE 5 -

Td t/Td ,, 

5000000 1. 5E-7 
2500000 3.E-7 
1800000 5-5E-7 
770000 1.3E-6 
450000 2.2E-6 
450000 2.2E-6 



Mechanical characteristics of 

tube material 

27. 

APPENDIX 1 

In the thermoelastic calculations the following as

sumptions are made: 

• density: the values are assumed from phisical proper

ties in the SANDVIK 3R60 fish reported in Annex 1; 

• thermal conductivi,!l: as before; 

• specific heat capacity: as before; 

• istantaneous coefficient of thermal expansion: the va 

lues are assumed from Table I-14.8 of ASME Code Case 

N47-17; 

• modulus of elasticity: the values are assumed from 

SANDVIK 3R60 fish reported in Annex 1. 

In the code compliance analysis the following assump

tions are made: 

, yield strenght: the values are assumed from fig. 1 in 

Annex 2; 



28 • 

• allowable stress Sm: the values are represented in 

fig. A1/1 as the minimum value between: 

- 1/3 of the tensile strength at temperature; 

90% of the yield strenght at temperature but not 

exced 2/3 of the specified minimum yield strenght 

at noon temperature; 

the yield and the tensile strenght are desumed from 

fig. 1 and fig. 2 in Annex 2; 

• fatigue curves: the values are assumed from fig. 

T-1420 1B of ASME Code case N47-17; 

• isochronous curves: the values are assumed from fig. 

T-1800-B of ASME Code Case N47-17; 

• minimum time to rupture: the values are assumed ad 

the lower bound of the curves represented in fig. 3 

in Annex 2. 





SANDVIK 3R60 
ASTM type 316 L 

Austenitic stainless ELC-steel 

Sandvik • Sandvlken • Sweden 

SANDVIK 3R60 is a molybdenum-alloyed austenitic ELC~ 
steel. 

On request the material can also be supplied in a variant for 
·· the urea industry, Urea Grade, which has a guaranteed low 

ferrite content and meets the requirements in Huey-testing 
according to ASTM A262, practice C. This has been achieved 
by means of a well balanced chemical composition and an 
extremely low impurity content. 

The steel is also delivered in a nitrogen-alloyed variant having 
higher strength, SANDVIK 3R69. See data sheet 1,846 E. 

This data sheet gives information on mechanical properties, 
corrosion resistance and welding. For data on chipforming 
machining of SANDVIK 3R60 hollow bar, please refer to the 
data sheet 1,45 E - 3R60. 

Chemical composition (nominal), % 

C 
max 

Si Mn P 
max 

s 
max 

Cr Ni Mo 

0.030 0.6 1.7 0.030 0.030 17.55 13.5b 2.7 

•Cr= 17% for welded tube and pipe; b Ni= 13% for welded 
cube a.ad pipe 

Specifications 
ASTM A213, A249, A269, A312, A511 
BS 3605 
DIN 17440, 2463, 2464 

Type of steel 

ASTM AJSI DIN W.-Nr. BS SIS 

TP316L 
MT316L 316L 

X 2 CrNiMo 18 12 1.4435 316S14 2353 
(1.4404) 316$22 

AFNOR Z 2 CND 17.13 

Forms of supply, finishes and dimensions 

Seamless tube and pipe 
Tube and pipe are supplied in the quench-annealed and whitc

-=tickled or in the bright-annealed condft1oo.·-Th~ latter ~I-
ernaf1ve applies as_a _nile_to_~mall sizes. The principal size 

range canbe-see-n from Figure Cbut "a1socertain other sizes 
can be delivered on request. 

Hollow bar 
These tubes are supplied quen_ch-annealed and_ whit.e::p.i.ckied 
in the size range 32-250 mm (1.3-9.8 inch) 0.0. 

SANDV~~< 
Tube 

11842 E 
SANDVIK steel catalogue 

FSI, September 1975 
Cancels edition of September 1971 
(1,8 E - 3P.60) 

Welded tube and pipe 
Longitudinally welded and calibrated 
Tube and pipe are delivered quench-annealed and white
pickled or bright-annealed. In the range above 10 mm (0.4 
inch) I.D. tube and pipe can be supplied internally bead 
rolled. The principal size range can be seen from Figure 2, 
but also certain other sizes can be delivered on request. 

Longitudinally welded and cold-drawn 
The tubes are supplied quench-annealed and white-pickled or 
bright-annealed with maximum O.D. = 87 mm (3.4 inch). 

,/ ,. 
/ 

0 
0 , ___ _ 

0 50 
0 2 

100 
4 

' ' ~ 

' ' ' ·' 

150 200 250 
6 8 10 

Outside diameter, mm (inch) 
Figure 1 Size range for seamless tube and p:pe 
Solid line = hot-worked 
Broken line = cold-worked 

Wall thickness, mm (Inch) 
0.16 4 

0 

Figure 2 
and pipe 

25 50 75 100 150 200 
1 2 3 4 6 8 

Outside diameter, mm (inch) 
Size range !or longi1udinally welded, calibrated lube 

f 
I 



I ~kated 
~lt'arting material is annealed and white-pickled sheet. 

The size range of wbe is: 

I 

outside diameter = 205-1200 mm (7.9-47 inch) 
wall thickness = ~2.5 mm (0.1 inch) 

I Pipe is made according to ANSI B36.10 and B36.19 in the 
following size range: 
nominal pipe size = 3½ "-24" 

I wall thickness = Schedule S-'-Schedule 80 

Spiral-welded 
I Starting material is annealed and white-pickled strip. 

1 

Size range: 
I outside diameter = 90-S08 mm (3.S-20 inch) 
9t'al1 thickness = 1.5-5 mm (0.06---0.2 inch) 

I 

Pipe fittings 
Fittings are available in SANDVIK 3R60 comprising butt• 
weld fittings according to ISO and ANSI standards, as well 
as SANDVIK couplings. 

Sizes In stock 
Seamless h1be and pipe 
Seamless tube and pipe are stocked in a large number of sizes 
according to ISO R1127, ISO R65 medium series and ANSI 
836.19. See our brochure 1,10 E. 

HoUow bar 
Hollow bar are stocked in a large number of sizes. 

Longitudinally welded tube and pipe 
Longitudinally welded tube and pipe are stocked in sizes 
according to ISO R1127. See our brochure 1,10 E. 

Fabricated tube and pipe . 
These types are stocked in frequent sizes. 

Pipe fittings 
Sandvik's pipe fittings are stocked in a large number of sizes 
and finishes. See our brochures 1,13 E, 1,14 E and 1,15 E. 

Mechanical properties 
At 20°c (68°F) 
Metric units 

Yield strength Tensile strength Elong. • Hardness 
0.2% offset 1.0% offset A5 Vickers 
N/mm• kg/mm• N/mm• kg/mm' N/mm• kg/mm• % 
min min min min min nom. 

195 20 . 235 24 . S00-650 51-66 45 150 

• AS corresponds to 5.6Syfo 

1

1be impact energy at -60°C is min 157 J, 16.0 kgm, and the 
transition temperature (transition from ductile to bri.tle frac:• 
ture) is lower than -200°C. 

1

English units 

1

Yield strength 
0.2% offset 1.0% offset 

Tensile strength Elong. • Hardness 
AS Vickers 

N/mm' L:si N/mm• ksi N/mm' ksi % 
l:nin min. min min min nom. 

19S 28 235 34 500-650 73-94 45 150 

IJ'he impact energy at -7S°F is min 157 1, 116 ft-lb, and 

I

t.he tr:insition temperature (transition from duciile to brittle 
fracture) is lower than -330°F. 

At high temperatures 

Temperature 

100 210 
200 390 
300 570 

400 750 
500 930 
600 1110 

Yield strength 
0.2% offset 
N/mm• kg/mm• ksi 
min min min 

172 17.S 24.9 
147 1S.0 21.3 
128 13.0 18.5" 

118 12.0 17.1 
108 11.0 15.6 
98 10.0 14.2 

Physical properties 

1.0% offset 
N/mm' kg/mm' 
min min 

206 21.0 
177 18.0 
157 16.0 

147 15.0 
137 14.0 
128 13.0 

ksi 
min 

29.9 
2S.6 
22.8 

21.3 
19.9 
18.5 

Density 8.0 g/cm', 0.29 lb/in' 

Thermal conductivity 

Temperature W/m•°C kcal/m • h · °C Btu/ft· h · °F 
•c •p 

20 68 15 13 9 
100 210 16 14 9.5 
300 570 19 16. 10.5 

500 930 21 18, 12 
700 1290 23 2~ 13.S 

Spedfic heat capacity, mean values 

Temperature J/kg · °C kcal/kg· °C Btu/lb· °F 
•c op 

50-100 
600-700 

120-210 S00 
1110-1290 630 

0.12 
0.15 

Thermal expansion, mean values (xlO"') 

Temperature 
oc op 

20-100 
. 20-200 
20-300 

2~00 
20-500 
20-600 
20-700 

68-210 
68-390 
68-570 

68-1S0 
68-930 
68-1110 
68-1290 

Modulus of elasticity 

Temperature 
•c op 

20 
400 
600 

68 
1S0 
1110 

N/mm' 

200 000 
170 000 
150 000 

Per °C 

16.0 
17.0 
17 • .S 
17.8 
18.0 
18.2 
18.5 

kg/mm• 

20000 
17 000 
15 000 

0.12 
0.1S 

Per °F 

8.9 
9.S 
9.7 

9.9 
10.0 
10.1 
10.3 

Jcsi 

28S00 
24000 
19000 

0 

0 

0 

0 

o· 
... 

0 

0 

f 
~ :i 
i(, 



-----------

/-.. , •. •c l"FJ 
800 

) 

- (1470) 

700 
(1290) 

600 
(1110) 

600 
(930) 0.1 0.5 

'AISI 316 
-~ 

1.0 5 10 50 100 

21•2b 

-

300 
Time, h 

) Figuro 3 1TC-diagram for SANDVIK 3R60 (AISI 316L) and AISI 316. 
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Corrosion resistance 

General corrosion 

SANDVIK 3R60 has good resistanco to 

organic ·acids, e.g. citric, lactic, formic, tartaric and acetic 

acids, at high concentrations and temperatures 

inorganic acids, e.g. boric, phosphoric, nitric and sulphurous 

acids, at moderate concentrations and temperatures. The steel 

can also be used in sulphuric acid at low temperature and 

concentrations below 10% or above 90% 

salts, e.g. sulphates, sulphides and sulphites 

solutions of carbamate in urea processes. 

SANDVIK 3R60 is unsuitable for use in hydrochloric acid. 

Pitting 
Resistance to pitting improves with increasing molybdenum 

content and SANDVIK 3R60, containing about 2.7% of 

molybdenum, has substantially higher resistance to pitting 

than steels of the 18/ 8 type. 

lntergranular corrosion 

Thanks to its low carbon content SANDVIK 3R60 has better 

resistance to intergranular corrosion than steels of type AISI 

316. 

The TIC-diagram - Figure 3 - shows the results of corro

sion testing for 24 hours in boiling Strauss-solution (12% 

sulphuric acid, 6% copper sulphate). As can be seen in the 

diagram the resistance to grain boundary attacks is much 

better for SANDVIK 3R60 than for a corresponding steel 

with higher carbon content (AISI 316). This is of course an 

_advantage in complicated welding operations. 

Stress corrosion cracking 

Austenitic steels are susceptible to stress corrosion cracking. 

This may QCcur at temperatures above about 70°C (160°F), if 

the st,el j5 subjected to tensile stresses and at the same time 

comes into contact with certain solutions, particularly those 

containing chlorides. Such service conditions should therefore 

be avoided. Also when plants are shut down the conditions 

must be considered, as the condensates which are then fo1med 

can develop a chloride content that leads to both stress corro

sion cracking and pitting. 

Mechanical stresses are set up e.g. in bending or welding. 

Therefore, the risk of stress corrosion cracking can be reduced 

bv stress relieving bends and welds. 

Where good resistance to stress corrosion cracking is required, 

the choice should be another stainless steel, e.g. a ferritic or 

a ferritic-austenitic steel or a material of high nickel content. 

Heat treatment 

Stress relieving 

850-950°C {1560-1740°F), 10-1S minutes, cooling in air 

Quench annealing 

1000-1100°C (1830-2010°F), 5-20 minutes, rapid cooling 

in air or water. 

Welding 

The weldability. of SANDVIK 3R60 is good. Suitable fusion• 

welding methods are manual metal-arc welding with coated 

electrodes or gas-shielded arc welding, with the TIG and MIG 

methods as first choice. No preheating is required in normal 

cases, and as a rule post-weld beat treatment is not necessary. 

Since the material has low thermal conductivity and high 

thermal expansion, welding must be carried out with a low 

heat input and with welding plans well thought out in advance, 

so that the deformation oi the welded joint can l:e kept under 

control. If, despite these precautions, it is foreseen that, Jhe 

residual stresses might impair the functioning of the structur~, 

we recommend that the entire structure be stress-relieved. 

As filler material for gas-shielded arc welding we recommend 

wire of SANDVIK grades 2R61 (AWS ER 316L), 3RS63 

(A WS ER 316L Si) or, when 11 ferrite-free weld metal is 

desired, SANDVIK 3RS69 (AWS ER 316L Si). In manual 

metal-arc welding we recommend coated electrodes of type 

ESAB OK 63.30, SMIT Arosta 316L, PHILIPS RS 316 or 

OERLIKON Inox: BWL. In the urea industry filler metal 

of the type 19Cr/15Ni/MnMo, e.g. SANDVIK 3RM69, is 

often used for welds in contact with the process solution. 

Bending 

Annealing after cold bending is not normally necessary, but 

this point must be decided with regard to the degree of bend· 

ing and the operating conditions. Heat treatment, if any, 

should take the form of stress relieving or quench annealing. 

see those headings. 

Hot bending is carried out at 1100-850°C (2010-1560°f-) 

and should be followed by quench annealing. 



ANNEX 2 

The annex hereafter consists of a part of the 

SANDVIK document No~ K0605/3. 
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1.5 ~tructure micrographique 

2. 

· - grosseur du grain: 3-7 avec la possibilite de !'ouI'rtit' tubes 

avec grosseur du grain 8. 

CARACTERISTIQUES MECANIQUES 

Les caracteristiques mecaniques pour SANDVIK 3R60 a la 

temperature ambiante- (20°c) sont 1ndiquees dans paragraphe 

2.1 et pour temperatures elevees dans paragraphe 2.2. 

Toutes les valeurs representent des valeurs m1n1males que 

nous pouvons garantir. 

2.1 R ~ 490 MPa 

E 0,2%~ 172 MPa 

A5~ 40 '% 

2.2 Les valeurs minimale~ aux temperatures elevees que nous 

pouvons garantir sont indiquees en fig. 1 - limite elastique 

et en fig. 2 - resistance a la traction. Interpolation 

entre 500 et·6oo0 c donne les valeurs minimales suivantes 

at 550°c 

R~378 MPa 
E 0,2'%~ 85 MPa 

. 
2.3 Fluage 

• I 

4 coulees differantes de SANDVIK 3R60 ont ete soumises ! des 

essa1s de fluage a 550°c, 600°c et 700°c. 

Fig., indique les contraintes conduisant a la rupture. 

A la temperature de 550°c une extrapolation jusqu'a 100.000 

heures donne la valeur 165 MPa pour la contrainte moyenne 

condui~ant a la rupture. 

Fig. 4, indique les contraintes donnant 1 % d'elongation' en t 

heures pour temperature T.' Les vaieurs representent des 

valeurs moyennes. 
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TENUE A LA CORROSION VIS A VIS DU FLUIDE 

La. tenue a la corrosion vis a vis du sodillill en contact a 
550°c est tr~s bonne. 

',.. ~ R&Terences: - Faisceau tubulaire des echangeurs intermediai-

res de Phenix. 

a.A. WHITLOW, J.C. CWYNAR, s.L. SCHROCK -
·•sodium corrosion behavior of alloys for fast 
reactor application" - Proceedings Symp, 

Detroit, Michigan, Oct 19-20, 1971 

- E. BERKEY, G.A. WHITLOW - "Microstructural and 
compositional changes in sodium exposed stain
less steel by scanning electron microscopy"-id-

SOUDAGE 

- P.A. BACUE, L.J. CHAMPEIX, E.T. HONNORAT -
•compositionnal changes in austenitic steels 
atter ?orrosion in sodium at 700°c" -id-

- A. LAFON - "Compatibilite d'aciers austenitiques 
avec le sodium dynamique a 700°c" - "Q,uelques 
aspects metallurgiques" -·R. STRS 029 - Fev. 73 

Le SANDVIK 3R60 a une bonne·soudabilite. Pour tubes avec 
une ~paisseur de paro1 de l mm on recommande soµdage automa-•· 

tique ou manuel selon la methode TIG. Comme metal d'apport 
on recommande du fil en SANDVIK 2R6l (AWS ER 316L), 3RS63 
(AWS ER 316L Si) ou quand le metal depose ne doit pas contenir 

de ferrite, 3RS69 (AWS ER 316~ Si) • 
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1. 

Foreword 

This report concerns the work about ASR dynamic analysis and control per

formed from february to may 1981. 

With reference to the situation described in ASH report n. 6 (Dec. _1980), 

the following developments have been made: 

The receiver model has been completed: a more accurate calculation of 

the friction losses and the eduations for the feed pump with its associa

ted driving motor have been included. 

- The transfer functions needed for control system design have been obtai

ned; they relate the temperature variations at the outlet of each radia

ted panel with pump speed. 

A preliminary study has begun with the aim of making a choice among dif

ferent possible control strategies. Regulator parameters have been comp~ 

ted for many possible receiver operating conditions and simulations are 

being done to ch'.:!cl: the b2h~wi<1ur of the control led system. 

1. Dyn;1:n i.c r:,or1e l 

Hereafter a brief summary is reported of modeJ characteristics, which 

we~e described with more detail in report n. 6 (Dec. 1980) . 

• 
The model consists of the following subsystems (see fig. 1): 

,, 
- Radiated pipes (one average pipe for each of the five panels) 

- Connecting pip~s among the five panels 

- Inlet and outlet headers 

- Riser and downcomer tubes 

- Receiver feed pump 

- Drivin~ motor 

- Rc.~u lc1 tors. 



I 
I 

I 
I 

2. 

The basic assumptions have been the following: 

•- The incident heat flux in every section of the radiated tubes is st1pposed 

as circwnfercntially uniform, equal to the average value of the actual 

circumferential flux distribution. Owing to this assumption, only the 

average metal temperature in every section is computed, The exact radial 

.and circumferential temperature distribution can be computed by other 

codes which make use of the real incident flux and of the sodium tempe

rature computed by means of the present model. 

The flux map used in nominal conditions is reported in fig. 2. 

- Sodium properties are considered as temperature functions and vary with 

time and tube spatial coordinate. 

a 

Sodium flow rate is considered only as a time function (uncompressible 

flow) and, at every instant, is the same in every radiated pipe (total 

flow divided by the number of tubes in each panel). 

For what concerns th~ thermal field computation, radiated pipes and con

necting pipes have been considered as distributed para~etcr, one dimen

sionnl sys terns. He ark rs h;-wc been cons Ldercd ns a s inglc lu:,;p in ,..,hich 

a per feet mixing is ei~;surr.cd. Tl1e th,_::rraol behaviour of the l'i::;er t11bu has 

not been taken into account because it is considered that temperature va

riations of the sodium in the riser represent only a low frequency disturb 

for·the receiver, 

Hereafter the last developments performed are reported. 

2. Friction losses and flow rate computation 

For flow rate computation, the following relationships have been used: 

1) d.. lj/ 

dt 
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3) 

4) 
kN-f V--52 

1,-, ... ,2 

Equations 3) and 4) and the numerical values of the associated constants are 

the same used by INTSR~TOM for the simulation of the first receiver loop. 

For the computation of frj_,::-:;~_011 l~sses Ll fa. we have: 

with 

L). h "./l 
1 

=, _f i, 1111. '-= -d. V(/ ?,. .[ L L. 
r .2.. .D S 2 • fi 

L\ pee .... f c e - _::L W 2- t° l '-
'J_ o, e s~ f '"· 

Ll pc. T -- }_ ~ r i: _:L f_W-- yz _j_ 
2 i. 5tr\,'l \ n.) r~· 

tip q_ .t __ k ri. r{. \,\'/ 2. 

Coefficients /;r;,.,t. and / c e depenc" on t:1c tube relativz roughness and Rey

nolds number. 

Pres::,,ure drop::; 
_,\ /.. I t d f .. ' , - v in · ".:-': ::..· 2,n,.' ,· ~i·. ·;.,co;,;.:},.~ tubes 1)::tve been compu c rom 

data reported in IN'n':HATO:: C~S ".ocu:,i(.;,-:.:J 2105 .1. 

A diagram of total friction losses as a function of sodium flow rate is 

shown in fig. 3. 

From Fig. 3 it can be seen that friction losses can be considered as a pa

rabolic function of the sodium flow rate 
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3. Thermal field computation in case of a sudden flux increase 

This situation occurs when clouds which cover the sun suddenly disappear. 

In this case it is convenient to obtain the maximum allowable power from 

the receiver without causing too fast temperature increases which could 

give rise to unbearable stresses. 

Since the speed of flux increase depends not only on cloud speed but also 

on heliostats control strategy it. may be interesting to calculate the ther-
1 

mal field on the receiver for different values of the flux speed. This will 

serve as a basis for thermal stress computation in the most critical points 

of the receiver. 

The results of the simulation are shown in figures 4 + 12. 

· The flux is supposed to increase from zero to its maximum (nominal) value 

linearly in 10 seconds (fig. s 4 .;. 6) , 20 seconds '(fig. s 7.!.- 9) and 30 seconds 

(with the same ratio in every point of the receiver) (fig.s 10...;.12). 

The initial temperature in the whole receiver has been suppoed to be equal to 

the sodium inlet temperat{ire (270°,C) owing to the absence of flux. 

The sodium flow rate has been supposed to vary from 10% (technical minimum) 

to its maximum value with an average speed related to the heat flux speed. 

This t1as been obtained by using the measure of flux as a feedforward action 

(PD) to drive the pump motor. 
0 

The maximum temperature gradients have been found to be near the outlet of 
• 

each panel; in fig.s 4, 7, 10 are shown the temperatures at the outlet of 
V • 

the 5th panel for the three assumed flux increase speeds; in fig.s 5, 3, 11 

and 6, 9, 12, the sodium flow rate and flux increase are shown, respectively. 

The simulations give a preliminary information about the transient behaviour 

of the temperatures; it seems desirable, however, to take into account the 

effect of the shape of the flux map, which may vary during the trLnsient. 
:, 

The thermal stress computations will be made on the basis of these new si ... 

mulations. 
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4• £..r.£.l.!!!l.in~1'y studi.cs for contrnl syr;tem dcsien 

The main design goals for receiver control system are: 

-· during start-up, to reach as soon as possible the desired operating con

ditions (maximum allowable power), while keeping temperature gradients 

not too high; 

- during steady state (or quasi.. steady state), to compensate the disturban

cies due to cloud passages, to keep temperature variations at receiver 

outlet as low as possible. 

The control system must be fast and stable from technical minimum to maxi

mum load; to improve system performances it may be convenient to use tem

perature measurements not only at the outlet but also in intermediate points 

of the receiver and a feedforward signal bound to heat flux measure. 

The first step necessary for control system design is to evaluate the tran

sfer functions between the temperatures and the control variable (pump dri

ving motor voltage). 

This has been done as described below. 

5. Transfer function con:put:::tic-1:. 

The computation has been done following two different kinds of approach; 

this has allowed to accurately verify the obtained results. 

The first method is based on linearization of system equations about fixed 

equilibrium points (which may vary from 10% to 100% of receiver power). The 

second method is based on the identification of model responses: starting 

from a steady state condition, a step variation is given to the control 

variable (pump motor voltage) and the time responses of these-

lected sodium ternper[1tures are recorded; a suitable L-transform is then 

assumed for these responses and, by a numerical code based on the Fletcher 

and Powell ~1lgori. lhm, the values of poler:;, zeros and puce lag~" ;_1r0 cor,1putccl 

which minimize the difference between the ti me bchaviom· of the assumed fun-
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tions and that of the temperatures given by the model. The fitting is very 

good, if the form of the L-transform has been properly chosen. 

5.1. First method (Linearization) 

For the radiated tubes, the energy equations have been written in the 

following way: 

5) 

6) 

with 

!
- -r O ) o.>j 7 ) 5 -+ O. 025 f.?e r-z. J 0 

In 5) and 6) the sodium s9ecific heat C. density f and heat tran-

sfer coefficient r are temper2.';ure functions and vary \;/U;h time 

and space; the same is true for the abso .. ~bed power cl l 'i\.-1- {x/ t) . 
j 

Writing equatj_ons 5) nnd 6) for a sho.ct pipe se;-,pcn'~ of lengh t -{ , 

the pco:·ameters C. f '~ · , rf and the input can b'e as-

sumed as constant along the segment. Linearizing 5) and 6) about an 

equilibrium point we obtain: 

6') 

whe1·e 

[l I (YI t) 6 T ()( I i: j 

6 Otrvlt ('J.,-l:) ~ Q ,.',vi. ('<,t) - t.~,·nz. (y/ tJj 
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L-transforming 5') and 6 1
) and solving the resulting space equation, 

we obtain: 

7) _g_ Q-Ltrz -w C.vv 

8) 
,1 T (f, s) ---r:(j_ + T.rrn/r: a_. ) S 

e d.. + ~--z:...,..., 
D.T(Dis) 

where -c:- :=. AP€ 
' w 

-C--....,-::. C •'lYI A ~ f""' "'[.: a. - c.AP 
;rw ,) rw 

and the overlined variables refer to steady state values. 

The transfer function between the sodium flow 1~a·cc and the te1,;;::crature 

at a panel outlet can be obtained dividing the tube in a suitable num

bc~ of nodes (fig. 13) . 

• 
For the node l, we h;::ive: 

I: c?' . 11.-r {x ,·, s) ==- - !:--- . , Ii. It ~ 
W C.tW 

10 .> + 6 T (xi-1.Js) /J- T ~ ( 1 + T.-y,., /·ca.[_ ) s 
-i::. do + s. 7..- ,,,,,, 

Thus, L\ T {L 1 ::.) ;an be cor.1puted in a recu:..0 :.:;j_v:~ \·10.y 

is known. 

For every radiated ·;,/.:ie: L1 T {>t'o,S) represEm<.:s the b~r,1;:,erature · 2.t the 

outlet of its inlet he2.dc;.~. The !1eaGers _;,;·.,:,:, '.)~en cons::.6cred as a single 

lump, for which the following rela~i.ons ,;r.-; 0• ··,,n usec,: 

11) /4,,,,.., c"""' +~t. = - a' Sz. (T'Yv-1 r: - Ti, .. l,) 

12) 'v ~ • (····· "'"l- ) ( I ) ) <J C · .::> 1,. 1 m, c. - I t._ c + \.•V 1I t'. t:. - L ll ',/ 
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Linearizing 11) and 12 we have: 

• 
11') 

==: ls._f ~- ( 1i Th, l, 
cove.. 

, + J'-(r~c. >_ Tu c.)~ w 

12 I) 
• 

b T II\-

Since/,'- -7~c is zero at steady state, the last term in 12') is zero 

and the header outlet temper~ture can vary only if the inlet tempe
t\ , .. 

rature u .. varies. Lapl2,ce transforming 11') and 12') we obtain: 

13) -· :f. + s 7:;:-;3. 
------- -------~----- -- ---·---------
-r 1 r ~ s 2. + 7::- :J. --C2 ..,_ T,, "T. :> + -Z:'2.T ~ .s -I- 1 

"1: '2. 
with 

. 
..J ) 

For the connecting pipes among the radiated panels equations 5), 6), 

7) and 8) stil 1 hold, "with the incident hec1t flnx: 8ct to zero. 

As for the headers, also in this case the outlet ~0mperaturc vories 

only for variation of the inlet tem~0rature of the tube. 

Since at steady state the temperature and ~;he sodium properties are 

uniform along the tube, it is not necessa.ry to divicfo the tube into 

nodes and the transfer function between inlet and outlet temperature 

is given by eq. 7), in which repre:::;cnts now the total lenght of 

the considered tube. 

Taking into account the cascade connection' of these elements in the 

receiver, the global transfer function b~tween receiver outlet tempe

rature and sodium flow rate has been computed with a recursive ~roce

dure; it is worth noticing that in this way it is possible to compu

te the transfer- function between any selected temperature and the • o

dium flow rate, by simply stopping the procedure at the desired point. 
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', 

Since the control variable is not sodium (lo~ rate but pump driving motor 

voltage, the transfer function 6 \X/ / /i V. has been computed too, by linea

rizing eq.s 1), 2), 3), 4). 

A block diagram which graphically represents the frequency domain behaviour 

of the receiver is shown in fig. 14. Here, the inlet temperature of the re

ceiver has been considered constant and so the main variable affecting re

ceiver tempc~ratures are the absorbed heat flux per unit lenght Q,'r,,rz, and the 

pump motor voltage V 
Crw v repreoents the transfer function between sodium flow rate and pump 

driving motor voltage; it is of the type: 

___A V"/V 

(✓j_ -1- -S -Z:-/0-.,)--:(:--·/ +-5-=l ,-p_-., } ...... 

( "Cp1 = 0.88 sec, T(->J. = 0,166 sec at maximum load). 

6-rw1., Crrw2,,, GrW3.1 C:i-rwt,,,, C7TW'5 are the high frequency components of 

the transfer functions between the temperatures Tl, T2, T3, T4, T5- (at the 

outlet of panels 1, 2, 3, 4, 5) and sodium flow rate. The$e five functions 

are very similar among them, the only differences being due to fluid phisi

cal properties variation along the receiver and to the sh• pc of thermal flux 

map on each panel. 

The static gains of the five functions, which are proportional to the thermal 

power absorbed by each panel, are (at maximum load): 

;,i-rw1- ~ f'--r w2. ::::. 4. 5 [ ° C / 1<11 s] 
/UrW~ "-/,,t..-rW4 ~ /f O .[ "C/ k'f Is] 
;£1.rw£ :;:- 12.1. [oc/kfl~ _] 
Cr,Q -I CrTG..!.,, 6-rQ. ~ ..... Cr7Q r

0
Cfrq s are the nigh frequency components of _the tran-,, 

sfer functions between the temperatures at the outlet of the five panels and 

the absorbed thermn.l power per unit lenght. These five functions are vccy 

similar to the other group of functions Cr,'llvt., Cr7lv2/ CrTiv ~ ... Cr, Wi/ .1 tr r.vs 

nnd their static gains ,H'C proportional to !' 1'-V" (t·r > L ·-
I .,.. ""// ... 'rv:C.. ,l/L'.13 /1-.- 11, 1 /i.,.,,.,s~ 

' ·;· )1•'.'f '''-')/'/,, --

respectively. 
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GT21, G'f32, GT43, GT54 are the transfer iunctions betw~·en the outlet tem

perature of a panel and that of the preceding one. They essentially descri

be the mass transport phenomena across the connecting tubes, the headers 

and radiated tube. More precisely, the pure lag is much higher than the 

transport delay (mass divided by flow rate) because of the presence of the 

. metal and of the high heat transfer coefficient between sodium and metal. 

For example, in a radiated tube one has T'd- == 2. 7 T d. e , .vhcre T: 1.(_ is 

the true lag and T de the lag due to transport. 

The who1c computation has been done by a numerical. program, developed for 

this purpose1 which gives modulus and phase of the required functions in 

a selectable frequency range. 

In figures 15, 16, 17, 18, 19, are shown the modulus and phase dia-

grams for the temperature at the outlet of panel 5, 4, 3,2, 1( respectively. 

5.2) Second method (Identification) 

In Fig.20 is shmm the time rP-sponsc (obtained L-om the digital model) in 

a selected point of the receiver (outlet of pnncl 4) ~o a step input (ne

gative) voriation of Lhe conLrol variable. Before Ll1is p~rturbation the re

ceiver was at steady state, full loo.d (100%). This curve can be considered 

as the sum of two responses: the first (fig. 21) is delayed with respect 

to the step of about 2 sec and has then a very fast rise follo

wed by a flat zone. It represents only the effect of the initial unba-

lancihg between sodium flow rate and heat flux on panel~ (no temperature 

variation at inlet of panel has still occurred). 

The second response (fig. 22) is delayed of about 16 sec with respect to 

the step and has a slower rise; it represents the temperature wave coming 

from p.:inels 1 , 2 ') ' ' ~· 
It has been 2ssumcd th~t response of fig. 21. can be approximated by a third 

order systPm plus a pure lac, and rcijponsc of fig.22 witl1 a second order 

system pluu another (larger) pure lag. 
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11. 

The automatic identification code, starting from initial tcntutlvely chosen 

Values for the eigenvalues and the pure lags of the two systems, compute~ 

the final values of these parameters wl1ich give the best fitting between 

the model response and the response of the assumed simplified systems. 

The differences found are negligible. 

In the example shown, the required transfer function found is the following: 

' ~6 : sr- j -2. 6 sf ,., I :) + ''•?_ 4_ ·• _ ~.I __ ? .. _ :/, · 7J 
(S+v.if).)21 (,!;-+ <J.irz)~ e -1- s.-1- OJ':/ 

I 

+ (). CJ/oj- -13.tl s ~-- e 
~ +0.0t; . 

In fig. 23) . are shown the Bode diagrams (modulus and phase) of the 

function computed in this way; with reference to the diagrams 

of fig. 16,· the differences are negligible, 
- . 

and this fact represents a good check for the digital simulation program. 

The same kind of computation has been performed for other operating condi-

tions of the receiver • In fig. 24 and 25, are 

shown, for an example, the Bode diagrams for the receiver outlet tempera

ture, obtained analitically with reference to operating points of 

10% and 50%. 

6) Concluding remarks 

The work done till now is the basis on which thi synthesis of the tempera-
o 

ture regulator is being carried out. 

From the Bode diagrams shown, quantitative information about the frequency 

domain behaviour of the receiver and about tRe required characteristics of 

o the control system can be drawn. Thus, for ins":,-': . .:..:-~, since the frequency banrL 

of the transfer functions becomes narrower at low loads, it seems necessary 

to use regulators with load varying :',)n".':::r.e·l:e~~o, in order to better match the 

load-varying receiver response; this will be done by means of the heat flux 

measure, which will be used to vary regulato6 gains according to a single func

tion which has been computed on the basis of receiver frequency responses at 

various ope·rating points. In order to avoid unstc.1billtfes, a pcccise mec.1sure 

at the heat flux is needed. 
• 



Symbols list 

1. = Tube spatial coordinate 

t = Time 

c,... = Specific heat capacity of metal 

C = Specific heat capacity of sodium 

A..-...= Tube metal cross section 

A = Sodium flow cross section 

p.~ = Metal density 

r = Sodium density .. 

w = Tube inner perimeter 

0 = Metal to sodium heat transfer coefficient 

Qin = Absorbed power per unit lenght 

1/V'f'\ = Metal average temperature 

T = Sodium temperature 

A = Sodium conductivity 

D = Tube internal diameter 

w = Sodium flow rate 

" i-h, = Moss of header metal 

/-,. 
bender ...... t., - Internul s1 tr face 

T;.nc = Metal temperature of the header 

,...,c. = Sodium outlet temperature of the header 

\J, = 

hi,= 
\-1\.\.,~ 

~,., = 

rY/ = 

'} = 

L~ = 

Header 

Sodium 

Sodium 

inner volume 

inlet enthalpy 

outlet enthalpy 

Pump head 

Pump efficiency 

Gravity acceleration 

i-th tube lcne;ht 

b,.~CL = Total pressure drop due to friction 



_0. = Angular velocity of the pump 

S)_VI. = Nominal angular velocity of the pump 

6. ptrit-= Pressure drop due to 

l\}o<t = Pressure drop due to 

~fb- = Pressure drop in the 

bp,d, = Pressure drop due to 

rii = Ratio between sodium 

flow rate 

= Motor torque 

'\(--M1 1 K'h12 = Motor constants 
• 

\/ = Motor voltage 

friction in radiated tubes 

friction in connecting tubes 

headers 

friction in downcomer and riser 

flow rate in a radiated tube and 

tubes 

total sodium 
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FIG. 4 - Panel 5 sodium outlet temperature. 

Flux ro111p lenght JO S (°C). 
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Sodium flow r-c.1te (l<h/s). 

Flux ramp lencht 10 s. 
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FIG. 6 - Flux ramp in the middle of panel 5 (W/M). 

fl.U.550 A M!:TA P.\N;r 5 
XIAIN= ·o. f/.!LI" o. y X IY IX Xi.\AX~ .;,-.>poo1:: 01 {/.IA;(~ 2,0000E 04 

o. o. I I .-----------------------------o. I ,OJOI:: 00 I 2 . 
I. 585E OJ 2.0001: 00 4 J I . 
J, 185E OJ 3.000t.: 00 7 4 I 
4,786E OJ 4.000l: 00 · 10 5 I 
6.3661; 03 5.0J,)I:: 00 13 6 I 
7,Y<J71:: 03 o,OOQE 00 16 7 I 
9.5811:: OJ / ,O'J(}I:: 00 . Iii 8 I 
I, 1 l'>E 0•I d.O•JOI:: Q() 22 9 I 
1.27YE 04 9.000!: 00 25 10 I 
1,43',1[: 04 I.OXll.: 01 29 11 I 
I .599!: 0'1 1.100:.: 01 32 12 r 
1,60IE 04 I .2001: 01 32 13 I 
1,6011::04 1.3.Jvt: 01 32 14 r 

,601E 0'1 1,400:C 01 32 15 r 
,60IE 04 I .~001: 01 32 16 I 
.6011:: 0-1 I .cOJE 01 32 17 I 
.6011:: 04 I. 700L 01 32 18 I 
,601 c 04 I ,oOOI:: 01 32 19 I 
,601E 04 I .90ui::: JI 32 20 I 
,6011; O•I 2.01:)1:: 01 32 21 r 
.601 I:: 04 2. I'),)~ 0 I 32 22 r 
.601E O•I 2.;.>.JOr: 01 32 23 I 
.6011:: 04 2.J.J;Jc. 01 32 24 [. . 
.601E 04 2,t.JJt: 01 J2 15 I 
.601 I:: 04 2 .:'I.JO;:-. ;JI 32 26 r 
.oOIE 0•I ,',c,()Ji.: 01 32 .'.7 I 
.61'111: il·• .!. 7 ";,JI: '.JI 32 2" ,, I 
,601E 1),1 2.~ 10:: ,) I 32 2-J I 

I .601 le iH 2.?•')i)c 01 12 J:J I 
I .601[: o., J.C)Jc 01 32 JI r 
1.601 I: 04 3. I '}.)I: 01 32 )2 I 
l.601E 0'1 J.2')01: 01 32 33 I 

0 1,6011.: 04 3.JOO,: 01 )2 34 r 
l.601E 04 J. <,JOI:: 0 I 32 35 I 0 
1,6011:: 04 J,':,:JOc 01 32 36 I 
1,601!:: 04 3,6')01: 01 32 J7 I 
1,601 E 04 3. 7·JOl: 01 32 38 I 
1.0011:: 04 3.8::JOf.: 01 32 39 I 
1,601 I: 04 3.YOOi: 01 32 40 I ·---·-···--· ·----· 

O' 

0 



I 

I 

I 

I 

I 

I 

11 

I 

I 

. 

I'll•,' w ' 1•,\;!,I '.l 1\i\:11 ,\ l·l.d '"" 
,''.) ; ~ I ... : I 

"" x,.,11, 4 "· 11.: I 11·• }, \lll),11: o.! 

'( X IY IX ,\,'.\,\.( j 'J, •),.:l),.I 1. '" '/A\,\,(·· ''• idi),)L (' I ,. 

l, /POI: 0 0, 0 -----. -------··---------------------
i., /(HII: 0 I ,<\).Ji: (10 6 2 
.! • /1)()1. (), ,!,l\1111· 110 6 J 
2 .• /001: 0 J,(\hli; ()() 6 4 

•'·• /Olli; 0 .1.,\11 1 ,ll·. ()() 6 
.. 
.J 

,t. /1)()1; I), 1_,,(l,1ul; uo 6 6 

,!., /1)\)\: (),> (>.0,1,)\: O() 6 
., 

i,. ()<J•)l: 0~ /, \l.hll. 00 0 tl 
J! .()1) /H (),! tJ,,.l.hll·. (I() 6 y 

,! , /<\(1 (; lll '/ .. l'i'dl; 00 6 10 

l, /'.,Ill: Oi 1.,0,hll: 01 '/ 11 

,?,11')11' 02. I, l:)Oc: 01 tl 12 

l.LOdJL: O.! I. ;',JJt:: 01 10 IJ 

'.l., 262G 02. I .J,llll: 01 12 1-1 
.J., 3H:'l: O.! l,OUL: lll 13 15 

J,443t: O,! I .~,.JOL 01 (,\ 16 

.J.. ,\ '/OE 02 I .• (,,lJl: Ul I 4 I/ 
J .• 4,!41.: 01. I.. 70,)l: 01 l•I 13 

..3.,4\/4E 02. l .. $,lOl 01 ),I 19 

.J.501( 02. l .• v·.),H: 01 lo\ 20 . i 

.J.,'.>Oll 0,1 2,l'l)llt 01 I 4 21 

_l,51 IE o.• ~~ .• I \.lVl~ 01 I 4 22 

.J.,i:;1 7E 02. 2.. Llllll: 01 14 2J 

..1,,:;34[: 01. •'· JclOl: 01 14 24 

. J,565l' 02. ;_,,.:oul 01 15 2') 

..3..61 'TF. O? ~ .• 5.JUl: 01 15 26 ~ : 

..l.6:Jtil: o~~ .2 • ..:()1JL: 01 16 n -~ 
.J., "/6Jl: 01. ,l, "/,Ji.Jl 01 I 1 2tl 

.l,dJ21: 02 2.:JJLli: 01 I 7 2Y !• 

..l,091 E 02. 2.Yll<ll: 01 Ill JO '·• 

..l,YJ9E 02 J,ll,JJi: 01 10 JI 

.3 .• Y"/\IE 02 J. 1,1,11:: 01 IY 32 

4-,01 •I[ 02 .J.. ~Jul: 01 19 33 .. 
4..0'161: 02 .3.,J:JOE 01· 19 J4 

4.0NE 02 J.4JOE 01 20 35 

4. II 5E 02. 3.5)01:: 01 ,20 J6 

4. 15~;1:: 02 .J.o,JOl: 01 21 .37 

-4 .• 199E 02 .J., 7,luE 01 21 38 . 
-4.. 24 7[ 02. J. c:101: 01 21 39 

4~ 2<)61: 02 .3 .• 900E 01 22 -40 

-4. • .J o\6 E 02 4.0<JOl 01 22 41 

-4 .• 3?51: 02 4, luOi: 01 23 42 
4., 44 IE 02 t.,?.JOl 01 23 43 

-4 .• 486E 02 4. DOE 01 24 44 

4..52'/E 02 l~ .• ~JL)t: 01 24 45 

4 .• :,6"/I: 02 4.:>J0i.: 01 25 46 . . 
-4.,604E O.! 4.c,JJi: 01 25 47 

4,oJ91: 02 4. ·,\Jdi..: 01 25 411 

4.,6'/3E 02 4 .ilJJI:: 01 26 49 

.... '(Q'jl: 02 4 ,9:JOi: 01 26 50 

4, 7361: 02. :,.C.J0l 01 2j 51 

4 .• 'f6',I: 02. S. IJtH, 01 26 52 

4 .• "/93E 02 :,.2 JOI: 01 27 53 

-4..8?.0E 0.! S.JJt1l 01 21 5-J 
4..a,rJ'-: 02. '), ~:,Jt 01 27 :>3 
4, i]l,91: 02 :>. 7>-~0t: 01 2-, :,6 

4. ;J) 1': 1J2 :'\. t. Jw.:: JI 2~ 'll 

4 .91 JC: 0.1 ").-,.,u:: 01 2a :,J 

4.,9JJ•: Ol ") • ~: Jl).:, 01 ZJ 'JC/ 

4.,9:,2t: (1/ :.i .·) =.er. 01 21J -~O 

4.Y tO-._:.. V;! 5.C J• ... H.:. GI 2:l 61 

4-9(3'/C: 0;! 6.1,·JL: 01 n c,2 

:i..OO~E 02 6.2J.)c 01 V 6J 0 

s .• 01 91:: 02 6. J•)Ol 01 29 64 
s..oJ,iE 02 6.4JGL: 01 29 65 

0 

5 .• 049E 02 6.:,:J'.)I:: 01 2'} 66 

5.0621: 0.! 6.6-Yll 01 n 67 

s .• o7SE 02 6,700E 01 JO 60 

.:>--OBOE 02 o.cuOI:: 01 JO 69 

.5 .• IOOE 02 6 .• 9'l0t: 01 JO 70 

:,, 1 I 2E 02 7..0j'Ji.: 1)1 JO. "/I . 
0 

5.,1231:: 02 ·1, l<~OE 01 30 '12 
5-, I JJE 01. 7.~JuE 01 JO 73 

'5, 144E 02 7 .• JjlJ[ 01 JO 74 
5.1531:: 02 ., .4:101:: 01 30 75 

5.1631: 0l 7 .500t 01 JO 76 

!)..1721: 02 ·1.v)()i: 01 JO 17 
!;, !HOE 02 7. 7"l01: 01 J l 79 
!>, IUYE 02 7 ,d.lUl: 01 JI 19 
5, 1961: Ol '/ .'Fl/Jc 01 31 dO 
!>-, 20<11.: 02 d.UJUI..: 01 JI di 

!:i,211 E Ol <l, I ')lll::. 01 31 c\2 

!:i,l llJE 02 d.2;0l: 01 JI t!J 
5, ;>;>51: 02 d,3001: 01 JI U4 

5.231l: O] J.t; :UL. 01 31 cl'l 

!,;.. 2J'/1.: Ol u. :iou1; 01 31 .;6 :o 
:,.,/.4]1·. UI. ,!,l1UI: ()I JI <J"I 

5,l4dE 0/. u,r,01: 01 JI il8 

:>. ?'J.-:t:: 01. (J.,:·Hn·. 01 JI d'} 

~. 2rJ')E Ol d ,''J'J01c 01 JI '10 
';) .~CIJ[ UI. •J,0'Hjl 01 JI ')I 

:. .• ;,r,ci•; Ol •;. I 'Ji1I: 01 JI '12 
5,i./21; U2 •;.;,,·,01. IJI JI ')J 
:,,;(lt,l: 0:,, ·J.Y)Jl,; /JI JI ')4 

~. ~-1.1ot: O;! '), ,; J(Jl: 01 J). 'l'j 

~. ;,:.1~li 01. •J. ~/J()l: fll n ?6 • 
\>, ,!>i /l; tll. '). (, ';i)i..:. CJI 32 'JI 

!>, l'IOt o, '), '/'J'.Jla 01 n 'J3 
',, -''l:'11' <II ·1. ~!;,<II Ill V ,,,, 

1nr.. 7 
Panel 5 sodium outlet temperature (°C). Flux romp leneht 20 s. 



FIG. 8 
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Sodium flow rate (Kg/s). 

Flux ramp lenght 20 s. 
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irto. g ,r'lux ramp in the middle of panel 5 (W/M). 
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FIG. 11 - Sodium flow rate (Kg/S). 

Flux ramp lenght 30 S. 



FIG. 12 - Fluw ramp in the middle of panel 5 (W/M). 
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I • 6C1J I: O•I .l.1001: 01 32 J2 I 
I ,601 E 01 J.2C<JI: 01 32 )) I 
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l.60IE 04 J,YOOE 01 32 40 l 
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DYNAMIC ANALYSIS AND CONTROL 

Foreword 

In the following paragraphs the planning of the job, the tools up to now 

carried out and the results obtained are briefly presented. 

INTRODUCTION 

The dynamic simulation of the receiver and of the related primary sodium 

circuit allows the most critical conditions of this part of the plant to 

be tested previous to the plant operation. 

Then the aims of the simulation are: 

i. to supply a suitable tool for receiver outlet sodium temperature con

trol system design; 

ii. to study dynamic behaviour in normal operating conditions such as 

start-up and cloud passages; 

iii. to determine the transient thermal field in emergency operating con

ditions, as pump failure or control system failure, so that the compu

tation of thermal stresses on the receiver can be obtained. 

The temperature distribution in the receiver metal and of the sodium is de

termined. 

Two different time scales of the transient phenomena with two corresponding 

models are being considered. 

a) Slow phenomena due to energy transport and storage in sodium and metal 

(the energy diffusion in the receiver pipes metal, can be simplified 

because the time scale of this phenomena is relatively fast (see point 

b) ) . 

b) Fast phenomena related to the energy diffusion in radial and Azimuthal 

direction of a pipe section. 

The model describing fast phenomena, obtained with an analitical-finite dif

ferences method is presented in Ref. /1/. 

Here after we present the model describing slow transient phenomena. 

! 



MODEL FEATURES AND GENERAL ASSUMPTIONS 

The dynamic analysis of the receiver is being performed according to the 

following criteria: 

The whole receiver is divided into subsystems. 

- Each subsystem is represented by an associated set of differential and/ 

or algebraic equations. 

The boundary conditions for every set of differential equations are cho

sen in order to be consistent with the physical coupling among the sub

systems. 

The subsystems considered up till now are: 

- The receiver feed pump 

The riser and downcomer pipes 

- The radiated pipes of each panel of receiver 

The headers at the inlet and the outlet of each radiated panel 

- The connecting pipes among the panels. 

The remaining subsystems (hot and cold storages, valves and temperature con

trollers) will be included in the model in the next future. 

A scheme of the simulated loop is shown in fig. 1. 

For each of the five heated panels an average pipe is considered, with its 

associated incident power and its inlet-outlet headers; the non radiated 

connecting pipes 1-li, lu-2i, 2u-3i, 3u-4i, 4u-5i and 5u-b are also con

sidered. 

The riser and downcomer pipes have been included only for purposes of so

dium flow and pressure drop caldulation but their thermal behaviour has 

not been simulated. It is considered that their temperature will vary slow

ly in time because the storage tanks will almost completely decouple the 

primary and secondary loop. 

Each ~eated pipe and coupling pipe has been divided into a suitable num

ber of nodes (15 nodes for radiated pipes and 10 nodes for connecting pi

pes). 
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For every node, the average metal and sodium temperatures, together 

with their derivatives, are evaluated at every time integration step. The 

partial derivative energy equations for a one-dimensional system are u

sed for this purpose (see paragraph 2 for more detailed description). The 

incident power on the radiated pipes (from which radiation, reflection and 

convection lorses are subtracted) is a function of the abscissa X and time 

and can be varied at any instant to simulate the most typical disturbances 

(I;e. cloud passages). 

The sodium properties are considered as temperature functions and vary 

with time and space. 

The headers have been considered as a single lump in which a perfect mi

xing is assumed. The total sodium flow is considered only a function of 

time and not of space (uncompressible flow). It is calculated, together 

_with jts rlP.rivative, by a momentum equation for the whole loop. An equal 

sodium flow is assumed in each heated pipe (total flow divided by the num

ber of pipes in a panel). 

SPECIFIC EQUATIONS 

A) Thermal 

The same equations hold for radiated pipes and non radiated pipes; in 

the last the incident power is set to zero. 

The energy equation for the pipe metal is: 

The energy equation for the sodium is given by: 

where 

.X.. = tube ax;i.al :::oordinate 

t = time 

C.
111 

= specific heat capacity of metal 

(1) 

(2) 



Am= pipe metal cross section 

f, sodium flow cross section 

C = specific heat of sodium 

P e metal and sodium density, res.oectively \n'll 

W = sodium flow 

W = pipe inner perimeter 

O = metal to sodium heat transfer coefficient 

Q = absorbed power per unit lenght 

Trn,T = metal and sodium temperatures, respectively. 

As it can be seen from equation (2), the axial energy diffusion term 

has been neglected. 

The following relations are used for sodium properties calculation: 

C = 

e 
-4 2 

1436.715 - 0.5805379.T + 4.627274.10 T 

-6 2 
950.0483 - 0.2297537.T - 14.6045.10 T 

o =[5 . R R )o.8 J >,. + 0.025 t ex r D 
where 

sodium conductivity 

Pipe internal diameter 

-2 
92.951 - 5.8087.10 T 

For the headers the energy equations, according to the "perfect mixing" 

assumption, have been written as follows: 

where: 

Mn,= mass of header metal 

Si= internal header surface 

Tn,c.= metal temperature 

(metal) ( 3) 



T IA( = sodium outlet temperature 

Ve = header inner volume 

tc = sodium inlet enthalpy 

tiu = sodium outlet enthalpy. 

The metal to sodium heat transfer coefficient has been calculated 

assuming an average flow in the header given by approximately a fourth 

of the total flow. 

B) Hydraulics 

Sodium flow is calculated by means of a momentum balance applied to the 

whole loop. We have started with the general equation, given by: 

A Ju., A Jll A A:>P f Au! 0 --- -t O U -- + o Q, + - =-- 0 -
\ J t; 1 .) x. 1_ o J:t D \ 2 

where 

l1 = sodium velocity 

~ 
p 
J 
D 

= gravity acceleration 

= pressure 

= friction coefficient 

inner diameter. 

The other symbols have the sa~e meaning already stated above. 

( 5) 

We can integrate equation (5) between two coominates X and X (the ini-
1 2 

tial and final coordinate <1f a single pipe ror instance) and make 

the following symplifying assumtpions: 

- sodium density ~ and velocity LL are not a space function between 

X
1 

and x
2 

and are only function of time, 

- the flow W = ~AU., is not a function of X but only of time. 

Thus, we obtain: 



Writing this equation for every pipe of the loop and summing the equa-

tions, we obtain: 

L· LL_dWi. 
l Ai, dt 

where 6 P is the pump head, Li, the lenght of every pipe segment and 

the subscript i refers to the various pipes. 

for riser, downcomers and coupling 

pipes and ri:: 1/n for the heated pipes (n=41, the number of pipes 

for each panel) we finally obtain: 

(6) 

The expression of the pump head has been deduced by the pump characte

ristics as a function of sodium flow and normalized angular speed n/£20 

( f2 0 = 314.159 rad/s corresponding to 3000 r.p.m.): 

The angular velocity is calculated by: 

J,1 n =-cm - w ~P 
d,t r() en 

where l. 

J = moment of hynertia of pump and associated servomotor 

cm= motor torque 

rri_ = pump efficiency 

The motor torque is supposed to be a function of armature current Ia 

and speed: 

The exact knowledge of the type of motor employed and its characteri

stics will allow to obtain a definitive expression for motor torque. 



NUMERICAL TREATMENT 

The equation system describing receiver and primary loop thermoidraulic 

is solved with a finite-differences numerical method. 

The distributed parameter energy equations, for a heated or a connecting 

pipe, was discretized with a scheme semi-implicit in time and space, in 

detail described in appendix 1. 

We have found that such a scheme is convergent and its stability region 

is very broad. 

The problem considered deals with temperature wave propagation, so an ac

curate solution requires a large number of nodes and consequently a pro

portionally small time integration step is needed for good transient accu

racy. 

The number of nodes was chosen to accurately match, in a wide frequency ran

ge, numerically evaluated responses and analytical responses. 

The last was obtained directly from linearized partial differential 

equation, with uniform heat flux distribution,by Laplace- transform techni

ques. 

Time integration step lenght was analitically evaluated on the basis of 

single node time constants magnitude. 

The momentum equation for the loop, the pump and motor e-

quations, as well as the lumped parameters energy equations for the hea

derswere solved by an explicit method (Euler ) . 

This was deemed the most convenient since the time step lenght, which 

is fixed by the integration of the distributed parameter equations, is 

small enough to assure stability and adequate accuracy . 

.. 



TEMPERATURE CONTROL 

A preliminary study of outlet sodium temperature regulation was 

performed, using standard PID or more general controllers with 

a larger number of poles and zeros. 

The analyzed situation was the following: 

- a single pipe segment, with the same geometrical characteri

stics as the receiver heated pipes; 

- sodium flow rate used as control variable; 

tree different types of heat flux distribution Q 

(see fig. 2) 

a) most of radiation impinging on the first part of the pipe 

b) uniform radiation 

c) most of radiation impinging on the second part of the pipe 

0 a) C) 
.------·7 

b) I ! -----~--~- ----- ---- --- ----·--------1 

--------- ~- --------------•~--x [ 'm] 

Fig. 2 - Heat flux distribution along the pipe. 

The main results of the preliminary study were that: 

1) The thermal power distribution strongly affects receiver dynamics 

and, consequently, controlled system performances. 

Case c) proved to be the most favourable, and case a) viceversa, 

was the most unfavourable, because the negative effects on tempe

rature dynamics due to transport delay and other non minimal phase 

phenomen2 were strongly relevant in it. 

As well known, heat flux distribution of type c) is also prefera

ble for static efficiency reasons and, viceversa, unpleasant with 

regard to thermal stresses. 



In .. this way the need of a joint design for process and control 

system is pointed out. 

2) To achieve a good improvement of controlled system performances, 

more sophisticated control structures seem desirable which, for 

instance, make use of intermediate feedback and feedforward ac

tions, and of load varying parameter regulators (see ref. 2). 

The future work will take into account the above mentioned points. 

RESULTS 

The first transient examined using the model are: a 10% step chan

ge in incident flux and a -10% step variation in pump motor volta

ge, which causes a corresponding decrease in sodium flow. 

For each of the two transients, the following output variables 

are plotted as a function of time: 

1) Panel 1 Sodium outlet temperature, together with header H2 

sodium outlet temperature and connecting pipe lu-2i; 

2) Panel 2 sodium outlet temperature, together with header H4 

and connecting pipe 2u-3i sodium outlet temperature; 

3) Panel 3 sodium outlet temperature; 

4) Panel 4 sodium outlet temperature; 

5) Panel 5 sodium outlet temperature; 

6) sodium flow. 

Other output variables could have been plotted too, as for instance 

the metal and sodium temperature in any node of the radiated and con

necting pipes, pumps speed and head, incident flux. It is also pos

sible to plot some variables as a function of space for any given 

instant of time (metal and sodium temperatures along a pipe and 

incident power). 



Diagrams 1) and 2) were generated to show the non negligible lag 

cause~ by the headers and connecting pipes on the sodium tempe

rature at the end of a radiated pipe. 

This will influence the control system design. 

For both the transients examined the time of the input step variation 

is at t= 1 sec. 

As it can be seen from diagrams la, 2a, 3a, 4a, 5a and lb; 2b, 3b, 

4b, 5b, the temperature at the outlet of the first and second panel 

vary of a low quantity due to the low thermal flux, while the outlet 

temperatures of the other panels are subjected to higher variations. 

The speed of variation, however, is high for the first panel outlet 

temperature; the other temperatures experience an initial fast variation, 

due to the effect of flow or flux variation on the associated panel, 

followed by a flat zone, after which a new temperature rise follows, 

due to the arrival of a wave coming from the preceding panels. 



APPENDIX 

Numerical integratio~ of the one-dimension energy equation for 

sodium and metal 

The integration is performed by means of a finite difference method. 

The equations are: 

The solution is to be obtained in the nodal points of a mesh 

by the lines -t = nDt 
,.,_ 

where the symbol P;· 
T 'YY'I ( )( : JD>< I t = 'Y'\ D t.) 

means the couple of temperatures (1 ( x=jPX It=,,.,._ i,t )_,,, 

(l'l'l•H)Dt 

r,,\,, Dt 

(/)1-1) ot 

p:"-H 
J 
p~ 

J 

J D>< 

P:" J 

~} 

(J-+~) Ox 
The equations were first discretized with respect to time using 

a semi-implicit scheme, where the computation of the time deriva

tive in the point (xi("H1)Dt.) is performed by considering con

stant in every time step coefficients -C ,;-,., 1 T _,1 -Cx _., h... 

which are evaluated at 

Thus, we obtained: 

--C "WI "6.t T ~x =- Q(x 
I
n) _ h., [-r 'TY" (x 

1
1-'i) + t. 6-t, T~ x _ T(X,l'i.)- ( 6.t T ;J 

Dt 

n 
Where b.t; 1.--y,,,x ~ T~ ( ><,"Yl+.i) - T"'rr"I (><_., YL) 



'Y).. ">1. 
This system of two equations in the two variubJes /\t. 7;.: , _j t /,.,..>c 

n. 
was solved by sostitution, eliminating LlGY'Jx 

equation. 

The equation so obtained was: 

from the .second 

and was discretized with respect to space coordinate X by means 

of a semi-implicit scheme: 

Again, by considering constant the coefficients 7,,,.,.,,,,, L,, T ></ I,_ 

between Xj and Xj+ 1 and calculating them at { jl>.><.,,J I\'\. Dt) 
. ,/\ ,-,">'\. a linear equation was obtained in the unknown variable ~t ~~1 

which can be written as a function of the terms Pj~ ~-+0 these 

are known or calculated at the preceding time or space step. 

From the metal energy equation discretized with respect to time 

the unknown variable Jj t. ~ t ,.,.,,,..,. is then evaluated at X::. {f + !} D>< 
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SUMMARY 

ln this report the final design results for Almeria ASR re-

l: ceiver contr-ol system are presented. 

,; First, the basic design goals and the most important system 

constraints ar-e briefly s~ated. The main dynamic and static 

i 
I 
j, 

t ,, 
t 

features of the pr-ocess are then discussed, since they have 

deeply influenced the choice of the control 
I 

system 

structure; the criteria and the operating methods 
employed 

~ 
in carrying out the project are shown too. 

~ Finally, the functional control scheme for ASR temperature 

regulation in shown, together with a series of transients 

t 

\ 

\ 

~ 
I . 

I 
l 

l 

' 
\ 

which are significant to understand and to quantitatively 
e 

evaluate the dynamic behaviour of the controlled system 

under the effect of the most typical dis~urbances • 
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INTRODUCTION 

The receiver function is that of collecting the radiant en-

f ergy coming from t,ie ha1 'asta.t. 1- ield ,:1.nd to deliver- it to 

I 

t 
I , 
! 

I 

the heat trasfer medium. 

The operating condit! !~ular owing to the 

intermittency of the radiant energy available on the mire-or 

field and to the high level of the thermal fluxes on the re-

ceiver. These two effects have to be carefully taken into 

account in the mechanical design of the receiver, since they 

heavily influence its lifetLma. 

t ~~ximizing the en

ergy collected during the yaa~, it is n~cessa~y to avoid too 

high transient temperature peaks cloud passages, 

which cause quick v,H'i.atior: 0
; of im::i.dent that'mal flux. This 

is the main task of the receiver control system, which has 

to limit the transle~t t mpe~atuce va~iations into an ac

ceptable r-ange. 

The r-eceiver- temperilture regulation 1s a very c~itical prob

lem for- many reasons: 

The ther-mal incident energy cannot be continuously varied 

for contr-ol purposes, sincP helio tats movement requires 

too long time as compa~ed with ·the time constants of re

ceiver dynami~s; fu~thecly 1 as stated before, to collect 

at any instant the maximum available ener-gy all the hell~ 

ostats have to be focused on the receiver at any time. 

The transfer function of the controlled variable vs. th~ 
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control variable (sodium flow rate) and vs. the main 

disturbance has strong nan-minimum phase effects owing to 

non negligible transport delays. 

1 

• - The required control range, which spans from 10% to 100% 

f 

! 
f 

I ; 

I 
l 

I 
f 

I 
I 

I ! 

of maximum load, is very wide; owing to process nonline

arity, this implies variations of the order of ten for 

what concerns the receive_r dynamic parametei:-s. Not only 

the amount but also the shape of the absorbed heat flux 

varies considerably during the day, the year or during a 

cloud passage. Therefore a detailed study has been ne

cessary to compare different kinds of solutions, in which 

not only the above mentioned constraints have been taken 

· into account, but a 1 so· other factors such as pi-act ica l 

difficulty of temperature measurements on the radiated 

tubes and ease of implementation and operation. The ana

lyzed regulation structures are derived from a basic 

feedback scheme which satisfies the static specifications 

and in which suitable feedforward actions and further 

feedback signals are added. We have obtained in this way 

a final control structure which has been found very sa

tisfactory for what concerns the compensation of the dis

turbances, with favourable effects on reduction of re

ceiver lifetime consumption. 
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CONTROL PROBLEM STATEMENT 

The temperature control prallem, in the foreseen operating 

condftions, that is with solar flL "9 big i cam 10% to 100% 

of its nominal value, can be state~~ the following terms: 

- Controlled yariab!~; c1ium Lsmp ~ature at receivar out-

let. This temperature must be ~aintained at a set point 

value of 530°C, according to rl~ t design specifications. 

Due to the presence cf Lhe ho~ storage tank, a filtering 

effect is achiQved fa~ slight oscillations of receiver 

outlet temperature ab~ut its sn point value; it is re

qui red, however.', 

frequency. It is nevertheless necessary that the speed 

of response of the control system be very high to limit 

temperature variations which give rise to relevant ther

mal stresses on the ~eceiver. 

vary pump speed tc obtain the ~equired sodium flow r,te. 

- Disturbances: absorbed heat flux and sodium temperature 

at receiver inlet. The absorbed heat flux has to be can

•Sidered as the most important disturbance because of its 

possible high amplitude and its high frequency compo-
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nents. The presence of a cold storage tank limits the 

possible oscillations of receiver inlet sodium tempera

ture, which can be considered constant for what concerns 

control system synthesis. 

0 

I· 
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CHAPTER 2 

eASlC DYNAM!C PROPERTIES OF THE PROCESS 

\ 

Onss 
Gar 

Vn WNR ··+ Tovr M(JT t - Gvw - Gwr 
. 

r - - -. 
-.. 
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FIG. 1 - PROCESS BLOCK DIAGRAM 

The most significant dynamic properties of the process are 

here briefly summarized (see t1J and C2J for a more detailed 

description) because they have had a deep influence on con

trol system design. 

A very synthetic block diagram of the process is shown in 

Fig. 

belcw. 

1. The transfer fuctions represented are described 
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BASIC DYNAMIC PROPERTIES OF THE PROCESS PAGE 2-2 

It has been obtained linearizing the fluid dynamic 

equations about several equilibrium points and then 

L-transforming. It consists of two real poles, the 

first of which is dominant and is due to the large in

ertance of the fluid in the ducts; the second one is 

due to pump and motor inertia. The poles and the stat

ic g~ins are strongly load dependent (see table 1). 

--------------------------------------
I LOAD I g. Ckg/sJ I T1 C~J I T2 CsJ I 
I ( C) I I I I 

--------------------------------------
10 
20 
40 
80 

100 

.07 

.046 
0.033 
0.0275 
0.0265 

6.36 
3.79 
2.09 
1.09 

.88 

.169 I 

.169 I 

.168 I 
• 167 I 
.166 I 

--------------------------------------
TABLE 1 - Transfer function parameters Vs. load 

In order to evaluate this transfer function the re

ceiver has been considered as a series connection of 

radiated pipes (one average pipe for every panel), 

headers and c~necting pipes between the panels. 

• ~'V,,:-,:-_•,c 
. - -·~ ---· ----- --

r.,,,, 
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I 
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BASIC DYNAMIC PROPERTIES OF THE PROCESS PAGE 2-3 

The main physical phenomenon involved is that of sodium 

transport. A sodium flow rate variation in the circuit 

acts on the outlet temperature of the k-th tube both 

directly and indirectly awing to the effects on the 

temperatures of the tubes upstream. 

For small variations about an equilibrium paint we 

haves 

< 1 > b T d k Cs) = G wt k ( s) ~ W ( s) + Gt t. k i r Cs) b Ti k ( s) 

and~Tik Cs) represent the Laplace 

transform of sodium temperature variations at the out

let and at the inlet and6w represents flow rate varia

tion. The function Gwtk takes into account the immedi

ate effect of flow rate variation on outlet temperature 

and the function Gttkir takes into account the sodium 

transport phenomenon along the k-th tube. 

We have1 

(2.) b Tik Cs) = Gttkcon b T k-1 

Where Gttkcon takes into account the sodium t~ansport 

from the outlet of tube k-1 to the inlet of tube k 

along the connecting pipe. 

Recursively applying equation (1) to all the tubes in 

cascade the transfer function far the whale receiver 

can be obtained. 

.. 

I 
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BASIC DYNAMIC PROPERTIES OF THE PROCESS PAGE 2-4 

Th is f u n ct i on can be I:' e p t" t' sen t e d IJ y ~, h (0 f o lJ. ow i n g b l o ck 

diagr-am: 

Sw,u r SJ; 
vwr✓ 

5~~-·-1 .. ~,.,.,b r·_----1 + 
- GrrJj·-~,,,_v-·-f;~(.nr"' r-·· ·- +T r ___ , ~ 

-------i~--- I 
Crrs 

r:--·1 I ---------·-----...... ,_,_., ___ • 1(7 It'," t ..... ____ .J 
..___1 

.._ _____________________________ ~ Gwr.s t--.... 

FIG. 3 

Where theSTk (k=t,S) I'ept'esent tl11;, outlet temper'atuc-es 

of the k-th panel 2nd GTTK ~Gttir•Gtt~~on. 

The dynamic featuc-es of the tc-ansfer functions which 

appear in the block diagram have been discussed in pre

vious repoc-ts [(1) 1 (2)J; haweve~, to emphasize same 

important dynamic cha~acteristics which affect control 

system definition we include also in this report the 
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transient time responses of sodium temperature to a 

step va~iation of sodium flow rate (Fig. 4). 

In all the re~ponses (except for T1) it is evident the 

presence of a. fast component (due to Gwt1<> and of a de

layed one. 

In the fast components, the short initial delay is due 

to the last part of the tubes, which are non radiated; 

they all exhibit similar dynamic characteristics: only 

the static gain is dependent on the heat flux absorbed 

by the considered panel. 

The delayed components exhibit dynamic characteristics. 

which become slower for the downstream panels owing to 
. 

the increase in transpor-t delay from the first panel to 

the considered panel. 

The ratio between the static gains of the fast part of 

the responses and that of the slower one in equal to 

the ratio between the power absorbed by the considered 

pane 1 and the power absor:- bed by the p'ane 1 s 1 ocated up

stream. For this reason the dynamic charapteristics of 

temperature responses are heavily dependent on flux 

distribution. 

It can be noticed that the process is quite non linear, 

since the static gains, the time delays and the time 

constants vary, at a first approximation, inversely 

with flow. This can be seen from Figg.S,6 in which are 

shown th~ process ~esponses at 50% and 10% load, res-



SODIUM FLO~ RATE STEP VAR!ATlON -5% < 100%-)95%) 
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291 .6 ____ ,.__ ____ ·---- ---- -! ·---- l-- --f----·-- l . 
291 ·" 
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10. 20. 30. ~o. so. so. 10. 80. 90. 100. PANEL I OUTLET SODIUM TEMPERATURE TIME <SEC> 
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----1-----
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·-. -----+--.. ·-- -----.--+-----4--~ 
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38-f. 

383. 

382. 

381. 
/ 380. 

I 379. 
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----T-- ---,----___,.------.~----4 
I ---t--- + --- . l ------

+----+-----t:;:,:::::::~~ ~~-., ,. -.--t•-~,·--~ ·-~ ~- -~~~--- - .~.-- •• 

--- I j ---------------_---+-~~:~~ ~= _·::==--~ -~~-~-- . ~ :~~:-~-- .. :_-~ -_- --·----+----4-------1 
-+--+---+----+----1---1---- - ,-~~-~- ~~- L-- 1-.i...- ----+----+---~ 

377. 
10. 20. 30. 40. so. 60. 70. 80. 90. 100. PANEL 3 OUTLET SODIUM TEMPERATURE TIME <SEC> 

0 

I 
t 

iS-4. -----~-~--~i-----·-[--~ -l~~=~:c~-~~:~~=w_ ~-~-:~~ ~-· ---f------+----1 •52. ;---------~ -l---· 
~ •so. -+---+-___/ _ __._v__.,,_ _ _..,_ __ _ 

•~a. -t---/7+-'=--+---+--___,1-----1------1-----+----1-----+----l----1 
•~s. +u---+----+----l---4----+---1-----4-----l----4-------.-----1 

•••• -,---------------,i----+----......---1----1---+----+----' 10. 20. 30. ~o. 50. 60. 70. 80. 90. 100. PANEL~ OUTLET SODIUM TEMPERAruRE TIME <SEC> 

Fig. 4a 
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546, 

SH, 

54i, 

~40, 

~38. 

~!PG, 

~3•, 
~n. 

7 .15 

7.10 

7.05 

7.00 

6,95 

S.90 

6.85 

6,80 

6.75 

316. 

JI -1 • 

312. 

310. 

308. 

306. 

301, 

J02. 

SOO[UM ~LOW RATE STEP VARIATION -5% < 100%->95%> ENEL-OSR-CRA 

L--
:::===== . 

---~ ----
.,,.---

/ 
i 

J 
IO. ;?O. 30. 40. 50. 60. 70. 80. 90. 100. 

RECEIVER OUTLET SOOtUM TEMPERATURE TIME <SEC> 

\ 
'--

10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 
$ODIUM ~LOW ~ATE TU1E <SEC> 

v--

10. 20. 30. 10, 50. so. 70. 80. 90. 100. 
110TOR VOLTAGE TIME <SEC> 

Fig. 4b 
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pectively. 

E~E'l-05~-CRA 
5so . ------r·---·--r·-- -r 
5'18. - --t------ --------+--· 
5'16. I 
511, -----t----·- - ... -- , 
;:~: i --- t~+-: -
538. 

1g ~ :====. -~--~---~--_....,t ___ -----~--~-t~-----~----0-rl-'._-___ -_--::--!-__ -~------+t-~~- -t ... ·t :~~=r,_-_-----~~-~~--~f=--=---~ 
so. ;oo. 1sD. 2c,o. 2so. Joo. :15:i. 1e;c. '150. soo. sso.-

REcE1vER OUTLET SODIUM TE11PER~TURC llME <SEC> 

SOOIU~ FLO~ RATE STEP VAR!Af!ON -5% C50%->~7.5%> ENEL-OSR-CIU 

::~: ....--~ ____ -__ -_-------~ ___ -_:=-1, =jr-=- f--L f~ ,-=-
. I . 

:~;: - --,-~ ~T f- -~l := -_ -{ _ 
532. ---- ---- · + -- - --- - _ t --· ___ J_ 
530. - - , -·· ' - l ··------ ! ··-r--------J __ ...._ _ _, 

20. '10. fiO. 8(1. :O.J. l~'(l, 140. lGO. ,n~_,, 200. 
R£CE!VER OUTLET sooiun TtrPERATlil?[ TlttE <SEC> 

. -

outlet temgeratu~e CGQT)~ 

We define this transfer function by considering a per--

centually uniform variation of absorbed heat flux, so 

that the shape uf the ltJx distribution is left un-
_\ 

changed: 

It is interesting ta compare the functions GQT, with 

0 
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the Gwt. 

For a radiated tube, with any flux distribution shape, 

linearizing the energy equation about an equilibrium 

point, L-transforming respect to time and integrating 

along the curvilinear coordinate we obtain: 

"T n -ew>)e /\'J -6cs)2 H Q Ll (t,5) = e. Ll (o,S) -t e. / (5) -( _r __ 
· 1-+ S'c/"M)C Wo 

-5cs)t r QT /\W(s) - e Cs) cw~ u 

Wheres is the complex Laplace variable and 

. t 
OT = l Oirr (x,o) d:x., 

0 - - . - - . ~ -- lt Bc.s)x . /'cs)= ~ e. . Q,,r[,;:.,o) d.x. 

Bes)~ rt.Os (1 + 'C(;'h /?:t ) 
-L, 1 + 5'cim 

Then we have: 

l\T(e,s) 
6 K (!>) 

-Bc~J~ p,- Or . e. I (5)--_;__ __ _ 

' Gw,(s) =- 6Tce,s) 
!:::.Wts) 

Wo 
GQT ___ 1 __ 
GWT 1--+ s 'c1m 

Q -t s t(WI) C w o 

-B($)t n GT = e (!>) --
C Wo 

~Kcs1 
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frpm the last equdtJon, having in mind the meaning otSK 

(s), J_t can be dochnLd thiit equal relative variations 

pf heat f iux and of sot:iur,; f lo~v t·al::i have the same 

i2itions; t.he dynamic 

stiint 'cn1 is quite negligible in comparison with the 
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CHAPTER 3 

CONTROL SYSTEH DESIGN METHODS AND TOOLS 

As it has been remarked in the preceeding chapters, the pro

cess is non linear, with distributed parameters. 

The synthesis of regulation loops has been performed linear

izing the model equations about various equilibrium points 

and then performing an interpolation among the obtained re

sults. 

The global stability has been v~rified by simulation, using 

the QUmerical code set up for process modelling, in which 

suitable routines for control system simulation have been 

included. 

~or regulator synthesis about an equilibrium point the clas

sic frequency domain techinques for one input on~ output 

~ystems have been used; the final control structure, as it 

will be seen later consists of three cascaded loops~ but 

since they are frequency decoupled, it has been possible to 

synthetize every loop separately. 

Fo~ this purpose a numerical program has ben developped 

which, starting from the transfer functions of temperature 

vs. sodium flow rate obtained from the linearized phisical 

equations, provides Bode and Nyquist diagrams needed for 

0 
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control system design Csee (1) and (2)], 

The results obtained in thi0 way ~ave been checked, in par

ticular cases, against the ~esults obtained using a parame-

tric identif icati:::rn cr1f! f J '1 ~~le~ prn ide5 the process 

transfer functions on the basis of model time responses. 

The regulator design has been carriEd out on the basis of 

the classic dynamic sp~cifica ns (maximum allowable 

bandwidth consistent with r:·easanable ph,c.;se and gain margin). 

The choice of regulator paramete~s has b~en ckecked by simu

lation, for smal 1 var-ietions cd tr' F:~,~:;ure set point and 

incident thermal 

point. 

f l u x a b o u t !:. In~ cu n s i d e i: e "d e q u i l i b r i um 

This procedure has been applied to different control struc

tures, from the simple~t one up to the mo~e complex s6hemds, 

in which further temperature feedbacks have been added. 

In this way a final cuntPol configu~~tian has been found 

which has proved to b,"' much better- tht"'n the others, owing to 
,, 

a suitable feedback signal obtained from inlet and outlet 

temperature measurements at every panel. •As it will be 

shown later this control philosophy allows to obtain very 

good dynamic per· for rn,:i. m.: ~~s and a hi c;;ih i nst?ns it iv i ty to re

ceiver flux distribution shape variation. 
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CHAPTER 4 

CONTROL CONFIGURATION 

According to design specifications the receiver must be nor

mally operating with an outlet temperature held at S30°C; 

for this reason the receiver outlet temperature regulator 

must be at least of type 1 (integral). 

· To avoid flow instabiliiy in the receiver pipes, sodiu~ flow 

rate must be always kept above 1Q% of its maximum value. 

The main disturbances affecting sodium flow rate are the bu

oyancy forces due ta density differences in the riser and 
., 

downcomer pipes and the level differences between cold and 

hot tank. 
~ 

According to these specifications it is necessary to include 

an inner loop for sodium flow rate control, which moreover 

allows to compensate motor nonlinearity. 

These specifications are satisfied using the following very 

simple control structure: 

~vr ____ ':'.'"IH\, 

+ 

. ' ., 

,. 
Tol'T 
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1
,p, 711 1
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However, this structure cannot satisfacto~ily compensate the 

foreseen solar flux variations, owing to the long time dela-

ys present in outlet temperature ~espons s vs. heat flux 

and flow rate v.ar.iations. 

Furthermore, the frequency response of temperature vs. 

rate is strongly dependent on flux distribution map; 

flow 

this 

fact heavily affects the stability 0f the controlled system. 

A good compensation of in.:::idtmt tu,at f 1 ux tt'ansients could 

be obtained if it wet'e possible to rely on an adequately ac

curate measure of the distu~bance itse!i I ta be utilized as 

a feedforward signul. Neved:.h e 1 ess, owing to ·the pr-acti cal 

difficult~ of obtaining a vePy accurate measure of the ab

sorbed heat flux, it is necessary to improve the efiective-

·ness of the feedback compensation. This aim has been re-

ached; adopting a cord.igux.ation based c.rn a particular signal 

C~T) obtained from the inlet and outlet tempeC'atuC'es of 

every panel, as described below. 
0 

As it has been shown in chapter 2 1 the tempeC'ature variation 

at the outlet of a panel k is the sum of a fast and a dela

yed teC'm. This is expressed by C'elation 1 (1) which, setting: 

Srik Gttkir Cs> 

can be C'ewritten in the following way: 

) 

~ W • Gttkir (s) 

Thus, with reference to a sodium flow rate variatianSw, the 
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tempet'atul."'e vat'iation6Tk contains only the fast term, t"elat-

ed to the tt'ansfe~ function ~Ltir <~l. To obtain this sig-

nal, the difference has to be done between the outlet tem

pel."'atut'e of a panel and the temperature at the inlet headet' 

of the panel, the last multiplied by the tt"ansfet' function 

6ttkit" Cs). In Fig. 7, fot' instance, is rept"esented the 
s 

time behaviout' of the signaltT~,LlTk (total sum fat' the five 
. k:.1 

panels) to a sodium flow rate variation, obtained with the 

above explained pt'ocedut'e. 

278. 

276. 
27'1. 

272. 
270. 

.268. 

266. 

26•• 
262. 

SOOluM FLO~ RATE STEP VARIATION -5~ < 100~->95~> 

-
V 

I 
( 
I 
I 
I 

) 

E~El-OSli!-CU 

10. 20. 30. •O. 50. 60. 70. 80. 90. 100. 
TEllPERATUli!E DIFFERENCE TIME CSEC>· 

FlG. 7 

So this signal provides a vet'y t'apid estimation of the tran

sient energy unbalance on the t'eceivet' and can be vet'y.ef

fectively utilized fat' tempet'atut"e contt"ol. Fut'therly, the 

use of this signal allows to obtain a goad insensitivity of 

control system pet'formance ta vat'iatians of flux map shape. 

Suppose, for instance, that a tt'ansient occut's, which does 

not affect the total powet' absorbed, but has the only effect 

of inct'easing the heat flux on some panels and dect'easing it 

on some othet's; in this case the value of the te~msi\Tk vat'-

ies but thei~ sum ~emains unchanged. 
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COMPLETE FEEDBACK CONFIGURATION 

The block diag~am of the control system becomes the one re-

presented in Fig. 8 in which a new intermediate loop has 
5 

b i 1 d d h . h t l ~' . ' '\~\--·· een nc u e , w ic con ro s -:,H? siqn.:' , ,L~' ft. 

K"1 

()tJTlET TEMPE.RllTVIU.S 

Tovr 
PllJ 

.,. 

+ 
r;;-7•" 

• ~7 ' "' ~ ½ ") "' ';, --~-~-<,1"- ~· J 

~ :-.i '-I ~ ~ ~ ~ ~ ~ ~ ~ t;;; ~ Q,, t), ~ ~ 

0 r 

,//1/.U f/Hl'E.RNV,US 
/ . 

FIG. 8 / 

The transfer function Gttir Cs), needed to build up the sig-

nal ~ T, has been evaluated in a simplified way by a first 

order lag and a first order Pade' approximation. 
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The output of the intermediate loop acts as a set point for 

the inner loop, which controls the flow r,1te; the set point 

for the intermediate loop is given by the external regula

tor, which is driven by the difference between receiver out-

let temperature and its reference value. 

As it will be shown later, the intermediate loop is much 

faster than the external loop, thus allowing to consi~erably 

improve system dynamic performances. 

In case of large disturbances due to incident heat flux var

iation, the intermediate loop acts immediately an flow rate 

set point, so as to maintain the required value for 6.Ti at 

lower fr~quencies, the set point forfj.T is changed by the 

external, slower regulator ~o as to maintain the receiver 

outlet temperature at its desired value. 

As it"has been pointed out previously, the dynamic and stat

ic characteristics of the process are approximately a linear 

function of the inverse of sodium flow rate. For this rea

son, and owing to the wide operating range of the receiver 

it is necessary to adapt control system parameters to the 

process, making them vary as a function of sodium flow rate. 

' ,, 
! 

' 

t 
' 

I 
I 
' 



SYNTHESIS OF. REGULATOR PARAMETERS 

6.1 E!Q~ rate regulator 

The ch a I' act er i s t i c s i! rd tlH• 8 o ·, ,gcams of this regu-

later have been already desc~ibed in[C2~. 

A proportional+ integral regulate~ with fixed parame

. tet's has allowt>d to ,..1bt.:dn a tuqh 1.:e,1<l of response with 

good stability margins for all the uperating canditiorls. 

Let Gpi the regulator transfer fun: ti :Jn, we have 

Gpr = KI (i+ 1·• . .,'J --·- -) s ·•· 

with Ki= 37 1 17 tV/~gJ 

T = 1.2 CsJ 

6.2 Intermediate rPgu!ator 5temge~ature difference regulator) 

As shown before, the signal to be controlled is: 

L,. T = Lb.. Tk == LC Tok - Tik Gttkit' Cs)J 

Since all the radiated panels are geometrically equal, 

the transfer functions Gttkir Ck= 1,5) are identical 

and calling Gttir their common expression, we have: 

~T = [Tok-G ttir{S)L.TiK 
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The Bode diagrams of the transfer function Gttir between 

the inlet and outlet temperature of a panel are shown in 

Fig. 9, for loads 10%, and 100%, respectively. From 

the diagcams :t can be seen that tne function Gttir (s) 

can be approximated as follows (with sufficient accuracy 

in a frequency range broad enough for control design 

purposes): 

Gttir- Cs) = 
-1 +To..S 

1 Td.5 

-1 + Td.. s 

• 
·• ·• 10 

180. 

1)5. 

. ,. 
~ ... 
-so. 

•135. 

•180. 

10 

·• ·• 10 10 

1'10. 

1)5. 

~o . 
•5. 

.. ... 
-so. 

•IJ5. 

-,ao. 

10
1 ., 

10 ,o .... 

FIG. 9 Bode diagrams of the transfer function between 

the inlet and the outlet temperature of a panel. 

The time constants T and Td are respectively a linear 

and a quadratic function of sodium flow rate as it can 

be seen from the following table1 

I LOAD (%) I Td [sJ I T~[sJ I 

10 
so 

100 

137.8 
26.8 
7.94 

25 
s. 
2.5 

TABLE 2 
-'·, 

6 

) 

l 
l 
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Once obtained the signJJ~T, ~u Gvaluate the regulator 

parameters it is nece~sacy tu calculate the transfer 

function between the m~nipul~t 

set point> and t~e 

~
d v a r: i a b l :2 :) W 

. 
l • 

<flow rate 

Since-the inner loop is faster than the intermediate one 
,, (' 

it can be supposed~~ =OW. Therefo~~, the transfer func-

tion needed is: 
~ (.6Tcs)') 
~ W(S) 

(3) Gd (s) = 

In Fig. 

luated at 

., 

10 the Bode diagram of l~J is represented, eva-

lni!d 100%. 

1110. 'Eff-fnn-·--,Tnn·-r-i-~Tu· "fij 1)5. ,-+t+it~---1-t r ·/,r-1 r't 
,o. ' --L ._;JjU!J'----L+. ' ~:l.c--r r_+1· 

=RL ,1 1 1 :: I, 1,, ,·. , 11 t1'1 
1'!!, ··+-·1·~- ••- ·-t···.··••n·•-',;----,··•-11·· + I ' ! : 11 I I I : I,: \ • I I I I 

. ,, .. ,J t i+_ ·• -- .,J -··• --+-•- f •·•• ---•-·- --· •. · r H1"'tl • ! . l · ~ '.._1 , i i ' j ) i : I! \ I 'I '. j I I 

--,:, -t--··-J. ··t-+ +-+··'•. -...c_-+-.JJ, 1_ .; .• lJ ... ·\·' ·-1~-+~.' l . . I ; l 'iii i :1 ·· .. ,L.,: i f ' 1 ! '. I( ' i 
•

90
• --t-·rr_··lnT,:1_;.-··r_ ··r·~-t f tT_ iff·--1"·11 ··r· ~I 

• m · -+--- r ·~ rrrn-·-1-1 -~t:t1trr-··fi-J I .. 
"IQO • ..l_+ +-Lt-rtnr-~+-\-,-t·t,-.·~-"4---, · . I t , i , I ,a 

"':0 ~, .. ' 
IQ l!'.,i 10 IQ 

101)£ Dl"'-RM FOliil Tl:11P. 0IFFE~CNCC PANCt. Ii • L0,.11•1.0I 

/ F 16 4 10 

At different loads the diagrams have the same shape but 
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are frequency translated (the 3db bandwidth is propor

tional to load); the static gain is proportional to the 

inverse of lead. Using a regulator with load varying 

parameters (functions of flow rate)a large bandwidth for 

the controlled system can be obtained at every working 

condition. 

In Fig. 11 the l~op transfer functions are shown • 

.. 

., 
10 -1-.. ~.,__ +-+Hfftt--+-+-• 

I ID 

110, ....---~~~~~~rn 
ll5. 

w. +---+--1--+l-
4'. 

-,. 4-----+-!--++++· 
-110. 4--1-,,_. 

··•~- 4-4-+---+--h 

. ,. 

-•ea. -l---+-~~f+.--l--1--.4++++1--4-'-<-++-l+l+I .... ., 
IQ 

. 
IQ 

The regulator transfer function is: 

G1"2 Cs) = c1 + T1 s > <1 + T2s>. Ki/s 

. •• 

The second zero CT2) is used to compensate the phase lag 

of the thermocouple. 

For the other parameters we have: 

-----------------------------------
I LOAD(%) I Ki Ckg/ CS2J I Tt CsJI 
------------------------------------ ') 

.051510 · i<~;• 
1.5610 ,lo_,.! 
5.9510 ._10·1 

25 I 
5 I 
2.5 I 

-----------------------------------
TABLE 3 
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loop, it is 

not necessary t,,;:r.t I:, ,,:; c':,<' --" n ~ lnop be par-ticulaC'ly 

fast, since its main task is to maintain at steady state 

the outlet temper-ature at its nominal value. 

To evaluate external regulator parameters, it is neces-

saC'y to compute the ti•a,1~,;f,!r· f·n,~; iun between the con-

trol variable (set point T) and thE controlled variable 

(C'eceiver outlet t~mprr • n'. 

With reference to Fig. -~essary to evaluate 

the function: 

Let Lw be the cla,;ud lo;;.Jp transter function of the flow 

C'ate loop, that is: 

= 
1 + GR-=,Gvw 

Therefor-ewe have: 

0 

in particular at law frequencies we can suppose Lw = 1 

and GR2LwGd))1 and thus we have: 

(4) GL1 
GwT 
Gct 

Fl:'om (4) it can h n -:~i.c,:,:: tha.t the ~3t::t.ic gain of Gli 

is independent from load, since the static gains of GwT 

and of Gd both vary with load with the same law. 

The Bode diagrams of GU have been plotted about diffec--
:,) 

ent equilibJ:"ium points (Fig. 13 shows the diagr-ams at 

100-X loa.d). On their basis a PIO regulator- has been de-
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signed with an integral gain linearly dependent from 

load and with a zero proportional to the inverse of 

load, as it is shown in the following table: 

I LOAD (%) I Ki Ci/sJ I T1 Cs] I 

10 
so 

100 

6.4 Feedforward ~9~!QD 

• 0048 
• 024 
• 048 

100 • 
20 • 
10 • 

TABLE 4 

The feedforward action obtained from the measure of the 

heat flux is particularly effective for disturbance com

pensation in processes affected by relevant non minimum 

phase shifts. An accurate measure of heat flux is nev

ertheless difficult to be obtained, and so the distur

bance compensation is achieved in large amount by the 

feedback. However-the feedforward action, even though 

imprecise, is necessary to limit temperature peaks dur-

ing rapid and large rises of the solar flux, wHen it 

starts from very low values. In fact in this situation, 

the temperature variation at the outlet of the panels is 

very delayed respect to the rise speed of the flux, 

owing to the very slow speed of the fluid at low flow 

rates. For this reason the final control scheme in-

eludes a feedforward action, as shown in Fig. 14. It 

is worth noticing that considerable improvements in the 

feedback action during the transient described above 

I 

~ 
I 
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could be obtained using temperatu~e measurements in ra

d i;;;.ted sect i ans, .,•i th the sen~ i ng ,:.! l ement located on the 

back wall of the tubes. Such temperature are ~ot af

fected by any transportation delay at any working condi-

tion. 

The results that can be obtained in this way are pre-

sented in AppendixA. 

I 
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APPENDIX 1 

= Absorbed heat flux 

= Incident heat fl U>< 

= Sodium flow rate 

= Pump motet' dr:-iving voltage 

= Receiver- outlet temper:-atur-e 

= Temperatures at the outlet of panel k 

= Temperatures at the inlet of panel k 

= Transfer function between absorbed heat 

flux and receiver- outlet temper-ature 

= Transfer function between sodium flow 

rate and receiver- outlet temperature 

= Transfer functions between sodium flow 

rate and temperature at the outlet of 

panel k (k = 1, 2, 3, 4 and 5) 

I 

I 
I 
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1 
j 

Gttk (s) 

GttkiI' Cs) , ... , 
.. 

\ PAGE 6-9 

Trans! er f u net ion b~~tween tempet'a tur-e at 

the out l. (0 t al pcHlE-' l !,; ·-·1 and temper-a tuI'e 

= Transfer function between temperature at 

the inlet and thv nutlrt a! a r-adiated 

tube 

Gttkcon (s) = Transfer function between temperature at 

th,~ inlPt .,,nd 1, , , ,.1 t 1 '·' t o f a connect i n g 

tube. 

0 



APl'UWIX A 

Herc some transicnls arc shown .,,Jiich are sir,nificant to e:va1uatc the 

controlled system perfor~ances. The transients have been produced using dif

-ferent control structures, in order to put in evidence the improvements that 

can be obtained adding to the simple structure sho~n at pace 4.1 the feedback 

signal /:::.T as proposed for the final control confir,uration. 

0 

0 

Note - All the transients shown have been obtained without using the feed

forward action based on incident thermal flux measurement. 

r 
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APPENDIX Al 

Comparison between time n,sponscs obtai 11,.:d Ubong two different control 

,tructurcs. 1be first (fig. Al-1) n~r ;s b :,imp1c tructurc shown at 

page 4.1. The second (fig. Al 2) 1e[ers to th ca~tr0 structure shown in 
fig, 14. 

transient presente~: Incident heat flux step 10% at maximum load) • 

.. 

.) 
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APPENDIX A2 

Time responses are obtained using the control structure shown in fig. 14. 

Transients presented: A2-1) Outlet temperature set point step variation (57. 

at maximum load). 

A2-2) Incident heat flux ramp variation (from 100% to 

207. of maximum load). 

A2-3) Incident heat flux ramp variation (from 30% to 

1007. of maximum load). 

0 

0 

0 
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APPENDIX A3 

Time responses obtained using the control structure shown 1n fig. 14, but 

with the outlet temperatures measured on radiated tubes. Only the receiver 

outlet temperature is measured on the outtet he.icier, this measure is used by 

the external regulator. 

Transients presented: AJ-1) Incident heat flux ramp variation (from 30% to 

--100% of maximum load). 

NOTE - Compare with the some transient presented 

in _fig. A2-}-

A3-2) Incident heat flux ramp variation (from 100%' to 0 

and then back to 100% of maximum load). 

) 
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