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ABSTRACT:

This paper presents the use of the first ordealdiiy method (FORM) to analyze the reliability sblar tower
power plant (STPP). The main steps of the HL-RFRatten method, used in FORM, have been developdd an
listed. The example of hypothetical solar tower poplant (STPP) has been introduced in this stadydler to
illustrate the FORM method. The developed matherabthodel of hypothetical STPP example is usednais |
state function of the studied system. Results atdithat FORM is more suitable to analyze the béitg of the
STPP. So, FORM has the ability to correct the firsiposed design, then to give new safe design.
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1.INTRODUCTION

In engineering design, the traditional determinigtesign reliability model has been successfullgliad to
systematically reduce the failure probability angprove quality. However, the existence of uncetiagnin
either engineering simulations or manufacturingcpsses calls for a probabilistic reliability mo@@RM) for
reliable and safe desigfis4].

The study of structural and mechanical reliabilgyconcerned with the calculation and predictionthod
probability of limit-state violations at any stadaring a system'’s life. The probability of the og@mce of an
event such as a limit-state violation is a numénigaasure of the chance of its occurring. Onceptiodability
is determined, the next goal is to choose desitgrraltives that improve system reliability and mriize the
risk of failure.

The most methods used to assess the structuraimenthanical reliability and safety are: the firsder
reliability method (FORM]5-8] and the second order reliability method (SOR®)

In the field of CSP systems, much fewer referemtissuss the STPP reliability evaluatifi0]; after all, the
STPP reliability is very important. To this end, BH reliability analysis is developed in this workarder to
evaluate the reliability and failure probability the system. In this study, first order reliabilihethod (FORM)
has been treated. Therefore, detailed analysisQRN has been presented in this study. An example of
hypothetical STPP has been provided to illustdaite method.

2.DESCRIPTION OF THE SOLAR THERMAL POWER TOWER PLANT (STPP)

As shown inFig. 1, the solar thermal power tower plant under comsititen consists mainly of a heliostat field
subsystem, a central receiver subsystem, a steagrajer subsystem and a power cycle subsystenhidn t
study, the receiver is of a cavity receiver typd #me heat transfer fluid (HTF) is a molten salcomposition
60% NaNQ and 40% KNQ.

In this plant, solar energy is collected by heldsstthat reflect solar energy to a single receatep of a tower.
The enormous amount of energy focused on the rec&wsed to generate a high temperature to heaitan
salt (HTF). By mean of the molten salt, the heatoalbed by the receiver is transferred to the stganerator
subsystem. The temperature of the molten salteatateiver is of the order of 566.

In the steam generator subsystem, the working,flwltch is water, is pumped at a temperature of Z39n
the steam generator, water absorbed the heat dreecfby the HTF leading to the generation of dupated
steam. The temperature of this superheated steafrthe order 552C. It is this steam that is used to drive the
turbine generator for electricity production.

After going through the steam generator, the madehtemperature drops to 290. It is then pumped back to
the receiver to start the next thermal cydlg]. The main design characteristics considered irptheent work
are reported iTable 1
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Fig. 1 — Schematic of a solar tower power p[aaf

Table 1

Main design and exploitation characteristics of BTP
Parameters Value Unit
Tube diameter 0.019 m
Tube thickness 0.00165 m
Tube conductivity 23.9 W/m.K
Emissivity 0.8 -
Reflectivity 0.04 -
Insulation layer thickness 0.07 m
Aperture area 1n? -
View factor 0.8 -
Maximal heliostat aperture area 4751 m?
Maximal net electric power 100 kw
Inlet temperature of molten salt 290 °C
Outlet temperature of molten salt 565 °C
Inlet temperature of water 239 °C
Outlet temperature of steam 552 °C
Ambient temperature 20 °C
Steam mass flow 0.3 kg/s
Beam radiation (DNI) 800 Wm?

3.HASOFERLIND - RACKWITZ FIESSLER (HL-RF) METHOD
Hasofer and Lind proposed a general iterative ntefoo computing reliability indexvhich was extended by
Rackwitz and Fiessler to include distribution imf@tion of random variables, which is called the RE-

method[13-17]. This method involves five steps to estimate thebability of failure based on the HL-RF

method as:

Step 1 Define the appropriate limit-state functionkd. (1)

3)

g(X): g({ X, &)ﬁ}T): 0

Step 2 Compute of the mean and standard deviation oktthévalent normal variables basedEugs. (2) and
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Where, f‘(‘) and F‘(‘) are the probability density function and the maadji cumulative function
respectively, at the MPP point.

Step 3 Compute the safety indgkusingEg. (4) and the direction cosine or sensitivity factomfrgq. (5).
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The direction cosine of the unit outward normalteeés given as:
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Wherea; expresses the relative effect of the correspondimglom variable on thtal variation. Thus, it is
called thesensitivity factor
The initial § is computed using the mean-value method (Coraétg-index): 5 = H, /Jg

Step 4 Compute a new design poiKt and Uk (Egs (6) and (7), function value, and gradients at this new
design point.

D_ Pl

u’= aliale IS OP“cosd, = Ba. (6)
g, '

x'=py +poa, (i=12,..n) )

Step 5 Calculate the failure probability.
The probability of failure based on the FORM carebtmated akq (8):

P, =&(-5) (®)

4. SIMULATION RESULTS AND DISCUSSION

The iteration results are summarizedTiable 2 The safety-indey is 1.9899. Since the limit-state function
value at MPP Te sur= 569.3662,Mst= 3.2336 Aresur= 0.7442 A0 = 23.3876) is close to zero compared to the
starting value, this safety-index can be considexgdhe shortest distance from the origin to thatistate
surface. The new design point at MPP is the optitealgn parameters ensuring the objective fungfign=20
%).
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In order to investigate the variation of the prabgbof failure, we must vary the unsatisfactorgrformance
factor (Ryp) from 0.1 to 0.9 following the same HL-RF algonttprocedure mentioned previously.

Table 2: HL-RF iteration results for STPP example

Iteration number 1 2 3 4 5 6 7
g ( xk) x10’ 0.3741 -0.7365 1.1570 0.0040 0.0001 -0.0000 -0.0000
Og (Tre,sur) x10* 1.0611 0.0260 1.3286 0.7671 0.7743 0.7734 0.7734
Og (mst) x10P -2.3456 -2.3782 -1.8585 -2.3582 -2.3588 -2.3588 35&8
Og (Are,sur) x10’ 1.0877 0.0337 1.2792 1.0166 1.0333 1.0333 1.0334
Og (/hube) x10P 4.5099 3.3721 4.6387 3.2053 3.2644 3.2613 3.2612
£ 1.9064 -8.0096 1.9997 1.9894 1.9899 1.9899 1.9899
T -0.3244 -0.0190 -0.3588 -0.2579 -0.2569 -0.2566 2566
a,. 0.3585 0.8689 0.2510 0.3964 0.3912 0.3913 0.3913
ay, . -0.8312 -0.0616 -0.8637 -0.8545 -0.8570 -0.8571 8571
e -0.2746 -0.4908 -0.2495 -0.2146 -0.2157 -0.2155 2185
'|'re’sur2 °C 562.8977 609.1404 556.9489 569.2148 569.3317 569.36569.3662
Mst kg/s 3.2050 0.9121 3.1506 3.2366 3.2336 3.2336 3.2336
Ae 2 m? 0.7623 1.0740 0.7409 0.7450 0.7442 0.7442 0.7442
Awbee WM K 0.7623 28.5974 23.3038 23.3897 23.3871 23.3876 878.3
uTre 2 -0.6184 0.1523 -0.7175 -0.5131 -0.5111 -0.5106 1@65
umst 0.6834 -6.9596 0.5018 0.7887 0.7785 0.7786 0.7786
uAe,surZ -1.5846 0.4935 -1.7272 -1.7000 -1.7053 -1.7055 0857
uﬂmbeZ -0.5234 3.9309 -0.4989 -0.4270 -0.4292 -0.4288 2884
€ - 5.2015 1.2497 0.0052 0.0003 0.0000 0.0000

Fig. 2 shows the probability of failure function or cumative distribution function (CDF) of the unsatisfary
performance factor (). This plot can be used to predict the probabitityr,, being less (or more) than a
particular value, or between two values. For examipl this graph, there is approximately a 60 %bphility
that R, will be less than 50 % and 40% probability thgt Will be greater than 50 %. There is approximately
0.6 — 0.1= 0.5 (50%) probability thagfwill be between 30 % and 50 %. In other words,grabability of risk
(40%) is too high so it is important to decreass pinobability. In this case we must know the degigrameter
influencing on this probability. To this end it mecessary to analyze the sensitivity faatgrthe parameter
representing the high sensitivity factor is thegoagter which has a great influence. In this exarti@eeceiver

surface aredve suris the parameter having the highest sensitivityjra(czxAre,sw)Z: 0,7346.

4
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Fig. 2— Failure function of the STPP unsatisfactory perfance factor
for Aesu=1 n?

TheFig. 3 another simulation example whekg sur= 0.9 nt in the initial design point. We notice that, thése
approximately 80 % probability thatwill be less than 50 % and 20% probability thaf \Fill be greater than
50 %. So in this case the probability of risk ismased by 20%.

We can also reduce the probability of risk by mgidig the parameters which represent the followigrgsttivity
factor in decreasing orde(amst)zz 0.1531 anc(aTre,suT)Z: 0.0658 are the following sensitivity factors in
decreasing order, but practically we cannot mottigse two parametermSt andTe su) becausdTstis related

to the consummation (output energy) angku related to the solar energy (input energy). Theesfthe only
parameter can be changeds,..
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Fig. 3— Failure function of the STPP unsatisfactory perfange factor
for Aresur= 0.9 n?

Fig. 4 shows the Probability of failure function of the B unsatisfactory performance factor Agysu= 0.9 nt

and Aube = 23 W/m.K. We notice that, there is approximat@b/% probability that & will be less than 50 %
and 15% probability that,f will be greater than 50 %. So in this case thébabdity of risk is decreased by
25% than the first cagéve sur= 1 n? and A, = 23.9 W/m.K).
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The graph of Fig5 shows the variation of the reliability function éR1-F) with the variation of unsatisfactory
performance factor . When Rpincreases, the reliability of STPP decreases (Whgn 10%, R = 1 and when
Fup> 70%, R = 0). Physically, the reliability of anystgm decrease when there is loss of performances.
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Fig. 4— Probability of failure function of the STPP unstidory performance factor
for Ave.sur= 0.9 nf andA,,,,. = 23 W/m.K
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Fig. 5— Reliability function of the STPP unsatisfactoryfoemance factor
for Aresur=1 nt

The different optimal safe designs with the vaoatbdf K, are summarized ifable 3. When [k, increases,
Tre.sun Avesur aNd A4, iNCrease. Indeed, the augmentation of the recasivdace temperature and the receiver
surface area generates higher heat losses bytiefleand emission. However, the augmentation ofttie

conductivity causes higher conductive heat lodsethe other hand, the steam mass Bt decreases when
Fup increases. The steam mass flow is used to cadcthat net output energy given by the receiver. Whgn
increases, an important part the absorbed receivengy will be lost (energy losses). Therefore, bt output

energy from the receiver will be reduceﬁ"%t decreases).
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Table 3: Different optimal safe designs with the variatidrig,

Fup 10% 20% 30% 40% 50% 60% 70% 80% 90%
g(Xk) x10 0.0000 -0.0000 -0.0000 0.0000 -0.0000 -0.0000  @OOO 0.0000 0.0000
Og (Tre,sur)x104 0.7852  0.7734 0.7547 0.7262 0.6840 0.6217 0.5290 3878. 0.1798
Og (mst) x10P -2.3590 -2.3588 -2.3583 -2.3576 -2.3565 -2.3544 35@5 -2.3408 -2.2986
Og (Are,sur) x10’ 1.1529 1.0334 0.9159 0.8001 0.6848 0.5678 0.4446 3078. 0.1475
Og (/hube) x10° 3.3068 3.2612 3.1889 3.0778 2.9103 2.6581 2.2730 6691. 0.75862
4 24731 1.9899 1.4005 0.6708 -0.2491 -1.4336 -2.995%.0866 -7.7077
a; -0.2395 -0.2566 -0.2736  -0.2895 -0.3022 -0.3083 3004 -0.2602  -0.1462
a, 0.3598  0.3913 0.4275 0.4699 0.5205 0.5837 0.6673 7853.  0.9346
aAe,sur -0.8791 -0.8571 -0.8302 -0.7973 -0.7564 -0.7038 6312 -0.5155 -0.2999

e -0.2009 -0.2155 -0.2303 -0.2443 -0.2561 -0.2625 2570 -0.2231 -0.1229
Tre sur2 °c 564.461 569.3662 577.0068 588.3495 604.5163 628.5853.9945 679.4207 667.6276
My, KO/s 3.2669  3.2336 3.1796 3.0946 2.9611 2.7490 2.4003 8016. 0.8388
Ae,surz m? 0.6739 0.7442 0.8256 0.9198 1.0283 1.1514 1.2836 3938. 1.3468
Atber W/m K 23.3063 23.3876 23.5146 23.7041 23.9762 24.3497 82p2. 25.2559 25.0317
Ur -0.5923 -0.5106  -0.3832 -0.1942  0.0753 0.4419 @899 1.3237 1.1271

i 0.8897  0.7786 0.5988 0.3152  -0.1297 -0.8368  -1.99943.9947  -7.2040
Uy, .2 -2.1741 -1.7055 -1.1628 -0.5348  0.1884 1.0090 D891 2.6223 2.3117
U 5 -0.4968 -0.4288 -0.3225 -0.1639  0.0638 0.3763 @770 1.1346 0.9471
£ 0.0000  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0000.  0.0000

5. CONCLUSION
The main steps of the HL-RF iteration method, uselORM, have been developed and listed. The exawipl
hypothetical STPP has been introduced in this stodyrder to illustrate the FORM method. The depeld
mathematical model of hypothetical STPP exampleided as limit state function of the studied system.
Receiver surface temperatui@e(u), Steam mass flow{st), receiver surface areAd su) and tube conductivity
(A:upe) have been used as the random variables in thiediate function. In the same tiniBesur, Mst, Aresur
andAl.,;,. are the coordinates of the wanted most probabte fdPP). Unsatisfactory performance factqs 5
used as the objective condition in the limit statdtion. After seven iteration the limit-state ftina value at

MPP (Tre,sur= 569.3662,Mst = 3.2336,Are,sur= 0.7442 A1 .= 23.3876) is close to zero. This point at MPP is
considered as the new design point. The graph&septing the variation of the probability of faduand the
reliability function versus §, for different values ofve sur, have been commented.
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In the basis of these results we can concludelieaFORM seems suitable to analyze the reliabilitthhe STPP
and it can be used as a guide to identify the mestable point (MPP). So, FORM has the ability dorect the
first proposed design, then to give new safe design
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