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main contributors. Through the use of PRAs, it has been
possible to identify accident sequences and components

Passive safety systems are commonly considered tmportant to safety. Although the risk impact of redun-
be more reliable than active systems. The lack of mechanlancy has been explicitly modeled and quantified, the
ical moving parts or other active components drasticallyrole of safety margins is not taken into account.
reduces the probabilities of hardware failure. For pas- Safety margins are used to deal with uncertainties
sive systems, it is necessary to introduce the concept dlated to the concept of functional failures. A functional
functional failure, i.e., the possibility that the loads will failure is defined as the inability of a system to perform
exceed the capacity in a reliability physics framework. Inits mission due to deviations from its expected beha¥ior.
this paper we analyze the passive cooling of a gas-cooled/ithin a reliability physics frameworka functional fail-
fast reactor, and we use an importance-sampling Montere occurs whenever the applied “load” exceeds the com-
Carlo technique to propagate the epistemic uncertaintieponent “capacity.” Sufficient safety margins are, therefore,
and to calculate the probabilities of functional failures. defined as the margins that guarantee a negligible prob-
The results show that functional failures are an impor-ability of functional failure. The role of functional fail-
tant contributor to the overall failure probability of the ures is simplified in PRA practice by assuming that their
system and, therefore, should be included in probabilistiprobability is equal to zero whenever deterministic ac-
risk assessments. A comparison with an alternative aczeptance criteria are met and is equal to unity otherwise.
tive design is considered also. The results show that thi current-generation reactors, which rely on active safety
active system can have, for this particular application,systems, the impact of this simplification is minimal,
better reliability than the passive one. because existing margins are indeed sufficient to guar-
antee negligible probabilities of functional failures.

In view of the important role that passive systems
may play in future reactors, the quantification of func-
tional failures and their explicit inclusion in PRAs may
be necessary. Concerns arise because of the uncertainties
involved in the operation of passive systems. In addition,
the quantification of functional failures may help in ad-

The nuclear industry has relied on the concept ofiressing the concerns that have been raised regarding
defense in deptiDID) and safety margins to deal with margin erosion in current reactors due to power uprates
the uncertainties associated with the design and operar license renewdl.
tion of nuclear facilities. This approach uses redun- In this paper, we analyze a case study involving nat-
dancy, diversity, and large safety margins to ensure thatral convection cooling in a gas-cooled fast reat&fFR)
the probability of undesired events is small. The develunder a post—loss-of-coolant accidéh®©CA) condition
opment of probabilistic risk assessmefffRA9 hasim-  to quantify the role of functional failures. First, we high-
proved our understanding of the safety of nuclear facilitiesight the difference between hardware and functional fail-
by quantifying the risk due to hardware failures, humarures. The model used in the case study is presented in
actions, and natural phenomena and by determining itSec. Ill, and the numerical results are shown in Sec. IV.
These results are obtained by propagating the uncertain-
*E-mail: apostola@mit.edu ties through Monte Carlo methods with importance

I. INTRODUCTION
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sampling. We provide a discussion of the results in Sec. \subject of study in the past several years at the Massa-
highlighting some characteristics of functional failures.chusetts Institute of Technology within the framework of
Conclusions are offered in Sec. VI. the I-NERI project Development of GEN IV Advanced
Gas-Cooled Reactors with Harder&ést Neutron Spec-
trum. The studies by Okano et 8lEapen et al?,and
Il. HARDWARE FAILURES AND FUNCTIONAL FAILURES Williams et all® have confirmed the possibility of using
natural circulation to remove the decay heat in case of an
Recent analyses by BurgaZ#iand Jafari et & have accident. A number of identical loops have been consid-
shown that particular care has to be given to the quantgred in the analysis. In addition to the passive system,
fication of uncertainties and their role when dealing withwhich operates in natural convection at 1.65 MPa, an
passive safety systems. active version Wlth blowers provu_jlng the necessary flow
In passive systems, because of their design, mechafate and operating at atmospheric pressure has also been
ical failures, e.g., pipe failures, are very unlikely to hap-considered. _
pen. Thus, the probability of failure of the overall system  In case of a LOCA, long-term heat removal is en-
calculated as a function of hardware failures of its comsured by forcedin the active systeinor natural(in the
ponents is very low. However, the uncertainties involved?@ssive systeitirculation in each loop. To achieve the
are usually larger than in active components, and it i§igh pressure necessary for natural circulation, the pri-
possible that the loads will exceed the capacities, even [pary system is contained in a guard containment de-
margins are present, thus causing the system to fail. THagned to maintain the necessary pressure.
latter type of failure has been referred to by Burgazzi A GFR decay heat removal configuration is shown
functionalfailure. schematically in Fig. 1, where only one loop outMfs
To clarify the distinction between a functional fail- Shown. The hot gaghelium) from the reactor core pro-
ure and a traditional hardware failure, let us define théeeds through a top reflector and chimney to the inner
two concepts considering the example of a pump whosgoaxial duct and then upward to the hot plenum of the
mission is to provide a specified flow rate. The pump isemergency cooling syste(ECS heat exchangetHX),
Supposed toworkin a given environment’ defined by théVhere It tranSfer.S heat to natura”y CIrCUlatlng water on
temperature and pressure of the fluid. Hardware failuréhe secondary side. Cold gas from the HX flows down
of a component or system is said to occur when one dfifough a check valve to the outer coaxial duct, which
more subcomponents physically breaks, disabling the confyings it back to the reactor vessel, where it proceeds
ponent. In the example of the pump, a mechanical failurérough the downcomer back to the core, as indicated by
of the rotor shaft would be classified as hardware failure@rfows. A check valve is installg@tem 15 in the figurg
This type of failuré is included explicitly in the PRA.  to prevent backflow through the ECS HX during normal
If there are no uncertainties regarding the model deoperation. Ablower is mounted in the downcomer below
scribing the system and the numerical values of its imthe HX to provide cooling during shutdown since the
portant parameters, then only hardware failures have t9afety grade ECS HX is used for both shutdown cooling
be considered. The only epistemic uncertainties in such@d post-LOCA heat removal. The blower can also be
case are those associated with the numerical values gf€d for forced circulation in post-LOCA scenarios butis
failure rates. However, because of the existence of thes&Ot credited for passive decay heat removal.
uncertainties, it is possible that even if no hardware fail- 70 achieve a sufficient decay heat removal rate by
ure occurs, the system may not be able to accomplish ifgatural circulation, itis necessary to maintain an elevated
mission. In this case, a functional failure is said to haveressure even after the LOCA. This is accomplished by a
occurred. In the example of the pump, a failure to acguard containment, which surrounds the reactor vessel
complish the mission due to uncertainties in the temper@nd power conversion unit and holds the pressure at a
ature and pressure of the fluid would be classified as Vel that is reached after the depressurization of the

functional failure. system. _
The average core power to be removed is assumed to

be 12 MW, equivalent to 2% of full reactor power
IIl. THE CASE STUDY (600 MW). Thus, significant reduction in decay heat would
have to happen before reaching this scenafio.guar-
antee natural circulation cooling at this power level, a
pressure of 1650 kPa is required.

The reactor used in the case study is a 600-MW GFR
cooled by helium flowing through separate channels in aThjs reduction will be due to heat storage in core materials,
silicon carbide matrix core. This design has been thenelium from accumulators, and a short-time cooling safety
system, before natural circulation can be established.
aWhile we focus only on hardware failure throughout the paper®During normal operations, there is atmospheric pressure in-

human action failures are also to be considered in this categoryside the guard containment.

I1I.LA. System Description and Operating Conditions
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Fig. 1. Schematic of GFR decay heat removal loop.

The multiple loops are identical in geometry andloop dimensions have been selected so that the design
characteristics. The secondary side of the cooler is asatisfies the requirements to keep the calculated outlet
sumed to have a constant wall temperature 6290 temperature below 1200 in the hot channel and 850D

The design is dimensioned so that only two loopsin the average channel. The geometry of the design is
will be sufficient to cool the corg50% loops. The reported in Table I, where the section numbers in the
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TABLE |
Geometry of the System
Hydraulic
Diameter Flow Area Length Height K Loss Roughness
Section (m) (m?) (m) (m) Coefficient (m)

1 0.6 7.2571 7.7 -5.3 1 4.50E-052

2 7.4 43.008 1 0.5 0 4.50E05

3 0.0145 1.65E04 1 1 0.5 1.00E 05

4 0.0145 1.65E04 1.7 1.7 0.25 1.00E05

5 0.0145 1.65E04 1 1 1 1.00E-05

6 7.4 4.30E-01 3 3 0 4.50E-05

7° 5.4 2.29E+01 6 6 0.1 4.50E 05

8 0.8 5.03E-01 4 0 1.23 4.50E05

9 1 2.24E+00 2 2 0 4.50E-05
10 1.6364 5.40E00 15 15 0.1 4.50E05
11 0.15 1.35H8-00 1.25 -0.5 0.23 4.50E05
12 0.003055 9.81E06 0.3 -0.3 1.23 1.00E 05
13 0.15 1.35H8-00 1.25 -0.2 1 4.50E-05
14 1.526 8.20E-00 1 -1 0 4.50E-05
15 1 3.76E-00 3 -3 13.23 4.50E 05
16 1.526 8.20E-00 1 -1 0 4.50E-05
17 0.25 3.63E-01 3 0 1 4.50E-05
18 2.0253 2.29E00 5.4 -5.4 0.5 4.50E-05

@Read as 4.5 10°°.
PThe loop geometry begins at section 7 and ends at section 18.

first column correspond to the flow path numbers on  To obtain a steady-state solution, the code balances
Fig. 1. the pressure losses around the loop so that friction and
Itis important to note that the subject of our analysisform losses are compensated by the buoyancy term, while
will be the quasi-steady-state natural convection coolingt the same time maintaining the heat balance in the
(or active if blowers are usedhat takes place after the heater and cooler. The heat balance between the inlet and
LOCATtransient has occurred. The measures we calculatmitlet of every node is calculated through E).
in the following sections refer to this steady-state period o _
and are conditional on the successful inception of natural Qi = M Co.i (Towri = Tini) = S (Twani = Tounci)
convection. Therefore, the analysis does not take into (1)
accountthe failure probability of not starting natural con- )
vection or the probability of failure to build up and main- whereQ); is the heat fluxkW), iy is the mass flow rate
tain a high pressure level in the guard containment.  (kg/s), ¢, ; is the specific heat at constant pressiké/
kg K), T, is the temperature in degrees Kelymeasured
at the outlet, the inlet, the wall channel, and the coolant
bulk), S is the heat-exchanging surfat®?), andh; is
To simulate the steady-state behavior of the systenthe heat transfer coefficiettkW/m?K). The indexi re-
athermal-hydraulic code developed at MRef. 10 has fers to the different sections.
been used. This code treats all multiple loops as identical. Equation(1) states the equality between the enthalpy
The whole loop is subdivided in sections that are definedhcrease between the flow at the inlet and the flow at the
by their length, hydraulic diameter, area, height, formoutlet in any sectior(first equality and the heat ex-
loss coefficient, and roughness. The heéteactor core  change between the channel wall and the bulk of the
and cooler(heat exchanggrsections have been further coolant(second equality
subdivided into separate nodes to calculate the tempera- The heat transfer coefficiefitis a function of fluid
ture and flow gradient with sufficient detail0 nodes characteristics and geometry and is calculated through
have been used for this analysiBoth the average and appropriate correlations covering forced-, mixed-, and
hot channel are modeled in the core so that the increageee-convection regimes in both turbulent and laminar
in temperature in the hot channel due to the radial pealitow, including transitions between individual regimes
ing factor can be calculated. and flows, as reported in Williams et ¥ Different

11.B. Thermal-Hydraulic Model
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Nusselt number correlations are used in the different restandard deviation is proportional to the estimated
gimes to obtain a value for the heat transfer coefficientuncertainty?

The mass flow rate is determined by a balance be- The uncertainties regarding parameter values are the
tween buoyancy and pressure losses following(@ff:  following:

L, 2 m2 1. power, with an estimated standard deviation of
igH; +f — + K; 2 9
D R Py Y @ N
2. pressure, with an estimated standard deviation of
The indexi refers to the different sectiong,is the cool- 7.5%

ant density(kg/m?3), H is the height of the sectiom), f
is the friction factorL is the length of the sectioim), D
is the hydraulic diameter of the secti@m), mis the mass

flow rate (kg/s), A is the flow area of the sectiom?), The factore that represents model uncertainties is
andK is the form loss coefficient. assumed to be normally distributed with mean value equal

Equation(2) states that the sum of buoyan@yrst  to unity (as stated aboveand standard deviation as
term), friction lossegsecond terrn and form losseghird  fo|lows:

term) should be equal to zero along the closed loop.

The summation is carried over all sections and over 1. Nusselt number in forced convectids®%
individual nodes for the heater and cooler. The friction
factorf is a function of the fluid characteristics and ge-
ometry and is calculated using appropriate correla-
tions1%11An iterative algorithm is used to find a solution
that satisfies simultaneously the heat balance and pres-
sure loss equations.

3. cooler wall temperature, with an estimated stan-
dard deviation of 5%.

Nusselt number in mixed convectidtb%
Nusselt number in free convection.;5%
friction factor in forced convectionl%

friction factor in mixed convectiont0%

o gk~ wDN

o friction factor in free convectioni.5%.
l1l.C. Uncertainties

) ) The choices are elaborated on below.
The thermal-hydraulic model that we use to find the

steady-state solution is a simplified description of whaliII C.1. Power
happens in reality. The correlations it uses are subjectto”

prediction errors. That is, the results of the correlations  According to industry practice and experience, an

are subject to errors: error of 2% is usually considered in the determination of
the power level, due to uncertainties in the measure-
y=f(xe, (3 ments. Assuming that this error defines the 95% confi-

) ) _ dence interval,we have accordingly set the standard
wherey s the real value of the quantity to be predictéd  yeyiation equal to 1%.

or f), f(x) is the result of the correlation, ardis the
prediction error. This error is modeled as being normallyI
distributed with mean value equal to unity and standard

deviation to be determined below. This error represented  The system pressure before the accident is kept by
in Eq.(3) is commonly classified asodel uncertainty®  the control system within a small percentage of the nom-
Itis present because the correlations are approximate.inal value. However, the post-LOCA conditions are de-
Also, some uncertainty exists regarding the value ofermined not only by the pressure level in the primary
parameters, such as the power level, the pressure in the
guard containment, and the wall temperature in the cooleérhe choice of normal distributions is mainly driven by the fact
Both model and parameter uncertainties are called epithat the calculations involved in the particular Monte Carlo
stemic(or state-of-knowledgaincertainties and are meant algorithm we use are simplified using normal distributions.
to describe our current state of knowledge through prob-However, one problem of using normal distributions is that
ability distributions?-12-14The epistemic probability dis- negative values of the parameters are possible. We overcome
tributions used in our study are normal distributions whosethis difficulty by cutting off the tail of the distribution so that

mean value corresponds to the nominal value and whos@nly positive values are considered. This trick does not affect
the results because negative values are at least 10 standard

deviations far from the mean.

dAcceleration losses are not considered in the equation béFor a normal distribution, the two-sided 95% confidence in-
cause they cancel out over a closed loop. They are considereterval lies at+1.96 standard deviations from the mean value;
only to determine the flow split between the hot and the av- therefore an error 0o£2% corresponds roughly to a standard
erage channel. deviation of 1%.

I1.C.2. Pressure
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system and guard containment before the accident bil. RESULTS

also by the energy stored before the accident, the energy

absorbed by surrounding materials, the dynamics of thp/.A. Nominal Conditions
accident, and the leakage rate of the gas from the guard

containment. All these uncertainties accumulate in théVv.A.1. Failure Limits

final pressure value in the guard containment. Therefore, , )
By using nominal valuesfor all parameters, the out-

its uncertainty in post-LOCA conditions should be rela- : -
gt temperatures under nominal conditions can be calcu-

tively large, and the 95% confidence interval has been s&% e
to +15%. ated. The limits imposed on the coolant outlet temperature

are 850C for the average channel and 12QGor the hot
channel. “Failure” occurs whenever the calculated tem-
perature value is larger than the limit. The limit of 880

The model uses the inner wall temperature in thé" the core-average outlet temperature is driven by con-
cooler as a boundary condition. Water with inlet andc®ns of unacceptably high thermal stresses in the cooler
outlet temperatures of 26 and 85C, respectively, is and in the stainless steel cross ducts connecting the re-

proposed as the secondary cooling medium. The desig?'Ftor vessel and the cooler. This limit is rather arbitrary

of the secondary cooling system has not been finalizecﬁnd is based on designers’ concerns. No stress calcu_la-
hence, a uniform inner wall temperature of°@0was tions have been performed to support its value at this

used in the model as a first approximation. Independent] asibility study Ieve_l. Future mechanistic analyses could
of the detailed design of the water cooling system, thi$noW that the 85T limit may have to be corrected. The

wall temperature will carry uncertainties stemming fromationale for the hot-channel limit derives from the need
fouling of heat transfer surfaces and from the heat trand® limitthe fuel temperature to avoid excessive release of
fer coefficient on the water side, as well as uncertaintie%‘ss'o_” gases. A limit of 160 is commonly accepted

in the inlet water temperature, which arrives from the!OF SiC-coated fuel pellets in modular high-temperature

water storage tank outside the guard containment and &S réactoreMHTGRS). However, the type of fuel in the
affected by ambient conditions in the reactor building GFR differs from that of the MHTGR, and a 12@limit

Considering the secondary system uncertainties, a 95%;1 the coolant outlet temperature for the hot channel has

confidence interval of=10% on this value has been P€€N imposed conservativélyAn additional rationale
considered. behind the hot-channel limit is given by the limit on

thermal stresses on above-core structures due to non-
mixed flow.

[11.C.3. Cooler Wall Temperature

[11.C.4. Nusselt Number and Friction Factor

Correlations used to calculate values for the NussefY-A-2- Results
number and friction factor are obtained from experimen- | Table 11, the calculated nominal values for differ-

tal databases. They have different functional forms degnt numbers of loops are reported. Safety margins de-
pending on the geometry, fluid characteristics, boundarfined as the difference between the limit and the outlet
conditions(uniform heat or uniform temperatyreand  temperature are reported in parentheses. With the exclu-
regime(forced, natural, or mixed convectipHeatingin  sjon of the single-loop caseall other designs provide a
vertical piping and the forced-flow regime has been expositive safety margin for both the hot and the average
tensively studied because of its practical importance ighannel. For comparison, the margins of the actively
power production, and the correlations involved are quit¢goled systemwith blowerg are shown. The active
precise. On the other hand, natural and especially mixe&ystem has an identical design for each loop but uses
convection correlations are not supported by extensive
experimental results, and the resulting correlations suffefin our example, given the choice of normal uncertainty dis-
from larger uncertainty. The uncertainty distributions that triputions, nominal values happen to be both mean values and
we have used represent the current state of knowledge. linedian values.
is conceivable that they may be reduced in the future a&The 1200C has been imposed as a conservative limit be-
more experimental data are obtained and better correlalieved to lie below the real failure point for the fuel. A com-
tions are developed. plete pr.ob.abilistic risk assessment should alsq quantify _the
Starting from correlation errors available in the open Uncertainties on the limits and propagate them in a way sim-
literaturé’® 16 and depending on the applicability of the ilar to that done for the calculated maximum temperatures.
correlation used, we have estimated the error on the Nusﬂowever, data about the relevant uncertainties are quite dif-

It ber t f . f1 d ficult to obtain, and in the present study we limit ourselves to
selt number to range from a minimum of 10f6rce the propagation of uncertainties in the calculated maximum

convection to a maximum of 30%mixed convection temperatures and use as limits conservative values.
Slmllal’ly, the error on the friction factor ranges from aiUnsatisfactory performance of the Sing]e-]oop case is ex-
minimum of 2% forced convectionto a maximum of  pected, since the system is designed to satisfy the limits for
20% (mixed convection 2 X 50% loops in operation.

134 NUCLEAR TECHNOLOGY VOL. 149 FEB. 2005



Pagani et al. THE IMPACT OF UNCERTAINTIES ON THE PERFORMANCE OF PASSIVE SYSTEMS

TABLE 1l
Calculated Outlet Temperature for Nominal Conditions*
One Loop Two Loops Three Loops Four Loops Five Loops
Passive design
Average channel 1085 616 489 438 413
(N/A) (234 (361 (412 (437
Hot channel 1226 871 620 529 492
(N/A) (329 (580 (671 (708
Active design
Average channel 1158 562 428 390 371
(N/A) (288 (422 (460 (479
Hot channel 1227 870 520 457 432
(N/A) (330 (680 (743 (768

*Safety margins are in parentheses.

blowers placed in the cold legection 15 in Fig. L. The  configuration has a probability of 4.76% to have temper-
active system operates at atmospheric pressure so thatires above the limits. This failure event is due to epi-
there is no need for backup pressure, and the blowetemic uncertainties on the values of parameters and
power has been chosen to have the same margin for tleerrelation results.
hot channel as the passive system in the two-loop design. The failure probabilities for the passive design, al-
though lower than the estimates provided in the exam-
ples by BurgazZ and Jafari et aF,are far from being
negligible. These results show that together with hard-
Even if the nominal calculations show that theV\{arefaillures,func_tional failu_res__should be explicitly con-
sidered in evaluating the reliability of the overall system.

multiple-loop designs are capable of performing their ;
cooling function, the uncertainties associated with bot On the other hand, the results for the active system show

the model and the parameters do not rule out the possiat for multiple-loop designs, the functional failure prob-

bility that the system will behave differently from the abilities are negligible and can be ignored. Very low val-
simulated one and will possibly fail to cool the reactor 4> for the active design are due to the fact that the

: . : : system is less sensitive to uncertainties, as the results
g;;(taén:hls event will lead to a functional failure of the from a one-way sensitivity analysis sha@able IV).

To calculate the probability of functional failuréass 'Lhrﬁ tgrb;fu‘:‘gg?g’r t:if;el\?;r\i/;ti\cl)ini?]tlOanrsacr;ft;[theer Taallﬁgm;@r
defined by the limits given in Sec. IV)Awe have per- P 0 P :

. : .. example, a 1% change in the pressure will change the
formed 10000 Monte Carlo simulations for each design. .
The calculated failure probabilities and their err@asr- maximum temperature by a factor of 0.011245 o881

. : . The active design is not subjected to pressure uncer-
0,
Tristﬁgqﬁlng to a 95% confidence leyere reported in tainty* (because it operates at atmospheric pregsure

As previously stated, the values in Table Il are con L0 uncertainties associated with mixed convectibe-

ditional on the fact that naturdbr forced in the active cause it operates in the forced regintherefore, the

design convection has already been established and d§t2! Uncertainty on the outlet temperature and corre-
spondingly the functional failure probability are smaller.

not take into account the initial transient phase. For in- The sinale most important Uncertainty is the one on
stance, the two-loop design steady state in its passiy, 9 p ty
the pressure value, which affects the final result both

i . . . . . because of the large sensitivitJable IV) and because of
By performing Monte Carlo simulations, itis possible to prop- e associated standard deviation. For the hot channel the

agate model and parameter uncertainties and calculate tﬁ% . : :
distribution of the outlet temperatures and thus the probabilitTtect of this uncertainty is about 7% larger than for the

of observing a temperature value above the defined limit. Th@verage channel, and, in fact, the observed failure mode
application of a simple sampling Monte Carlo algorithm would
require a prohibitively large number of simulations to obtainkWe note that uncertainties on the pressure head provided by
low errors for estimated values, on the order of 10r even the blower could also be modeled and taken into account.
lower. Therefore, it was necessary to use a variance-reducingHowever, we have assumed the blower to be conservatively
technique such as importance sampling to obtain small errorsdesigned, and we have not modeled the uncertainty on the
in the results with a limited number of simulations. pressure head.

IV.B. Probabilistic Calculations
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TABLE Il
Probabilities of Functional Failure

THE IMPACT OF UNCERTAINTIES ON THE PERFORMANCE OF PASSIVE SYSTEMS

Probability of Failure

One Loop Two Loops Three Loops Four Loops Five Loops|
Passive design 9.93E12 4.76E-2 4.05E-4 7.19E-6 9.58E-7
+3.39E-2 +2.24E-3 +4.02E-5 +8.72E-7 +8.40E-8
Active design 9.92E1 <1lE-11 <1lE-11 <1lE-11 <1E-11
+2.95E-2
3Read as 9.9% 107 .
TABLE IV

One-Way Sensitivity Analysis for the Two-Loop Design: Relative Variation of the Outlet Temperature
for a 1% Variation of the Uncertain Parameter

Passive Design

Active Design

Parameter Hot Channel Average Channel Hot Channell Average Chan
Power 0.011763 0.008732 0.02333 0.011279
Pressure 0.011245 0.010583 — —
Cooler temperature 0.003594 0.003807 0.004362 0.00289
Nusselt number

Free convection — — — —

Mixed convection 0.002055 0.002057 — —

Forced convection 0.000236 0.000273 0.003979 0.002374
Friction factor

Free convection — — — —

Mixed convection 0.00541 0.002565 — —

Forced convection 6.96E052 0.000356 0.010267 0.003633

aRead as 6.96< 1075,

is due exclusively to a hot-channel outlet temperaturd. DISCUSSION OF RESULTS
above the limit. This behavior is observed even if the
safety margin for the hot channel actually appears to b p. safety Margins as Reliability Measures
larger than that for the average chan(ilble Il). This is
because of the large sensitivity of hot-channel flow rate

to kinematic viscosity. Due to small helium flow rates
under natural circulation, the flow in the core channels ihvance safety. Their importance lies in the fact that they
in the laminar regime, where the friction factor is in- are simple and measurable. They are often interpreted
versely proportional to the Reynolds number and thugas an indirect measure of the unquantified system per-
strongly dependent on kinematic viscosity. Kinematicformance; i.e., the larger the margin, the safer the sys-
viscosity(v = u/p) increases strongly with temperaturetem is considered to be. However, this interpretation is
(roughly asT%?), and because temperature in the homnot always accurate. It is possible to have two systems

of System Performance

el

Large safety margins are commonly used to en-

channelis higher than in the average channel, the frictiowith the same safety margin but different probabilities
factor in the hot channel is increased, reducing the flowof failure, and vice versa. The results from Table llI
The smaller the flow in the hot channel, the higher theshow that indeed the probability of failure for the two-

coolant temperature rise will be, leading to an earliefoop active design and the two-loop passive design are

attainment of the hot-channel temperature limit.
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Small LOAD CAPACITY In the case of hardware failures, the larger reduction
uncertainty ~—~—_ in failure probability can be achiev_ed with .ideal indepen-
dence among components. In this special case, the re-
Large

duction of the failure probability with the number of
redundant components is

Poi=p", (4)

= ! =L » WherePR,; is the probability of failure of the system
with n independent components apds the probability
Fig. 2. Uncertainty on load. In the case study only uncertaintysf fajlure of a single component. This value constitutes
on the load is considered; the capacity is described by, |o\wer hound to the failure probability of a redundant
a point-estimate value. system. However, this lower bound for reduction in fail-
ure probability does not apply to functional failures.
Let us consider the results of Table Ill. For the case of a
. ) single loop, the probability of failure is 0.993, while for
are the sameAlso, despite the fact that for all designs the redundant system with two loops the probability of
the margins for the average channel are smaller thagjlure is 4.76E-2. The decrease in failure probabiiity
those for the hot channel, the hot channel is the causue to the additional loop is larger than in the ideal case
of failure in all designs. o _ of perfect independence; in fagt2 = 0.99% = 0.986>
While the above observation is fairly well known in 4 76 -2 = P,." In Table V the results for all the con-
reliability physics? it is useful to highlight the fact that figurations are compared with the theoretical results cal-
safety margins are a measure of the “distance” betweegylated assuming perfect independence and treating
the load and the capacityFig. 2). While this measure fynctional failures as if they were hardware failures.
provides a first approximation of functional reliability, For the one-, two-, and three-loop configurations, the
ranking different systems on safety margins alone cagecrease in failure probability obtained by adding an

lead to erroneous results. The knowledge of the distancgyditional loop is larger than the gain that would have
from failure in terms of safety margins is not sufficient to resylted assuming independence.

evaluate the risk of a system; the capability to cover that
distancethe breadth of the uncertain distributias the
other important part of the assessment.

V.C. Inclusion of Functional Failures in PRAs

The objective of a PRA is to identify all possible
V.B. Effects of Redundancy on Functional Failures accident scenarios and quantify their frequencies. To
achieve this result, a logic model of the system is devel-
Employing redundancy is a common way to reduceoped, in the form of event trees and fault trees, that de-
the probability of system failure. The effect of redun-scribes the system as a function of its components. By
dancy on hardware failures can be modeled using anassigning frequencies to accident initiatdisitiating
lytical tools such as fault trees. The dependence amorgyents and failure probabilities to components, it is pos-
component failures is taken into account using approprisible to quantify the failure frequency of the overall sys-
ate common cause failuf€CF) modelst” On the other tem. While hardware failures are naturally included in
hand, functional failures are due to uncertainties that cathe model as probabilities of failure of the individual
affect different components at the same time and depergbmponents, functional failures should be dealt with at
on the overall system sensitivity to these uncertaintieghe success criteria level.
Uncertainties that affect all loops in the same wsych Success criteria are normally defined on the basis of
as power and pressure leveteduce the benefits due to deterministic analyses that rely on the concept of suffi-
redundancy! while changes in system sensitivity could cient safety margins. Satisfying these requirements
both improve or reduce them. The gain in functionalcan theoretically imply a small functional failure proba-
reliability due to redundancy follows completely differ- bility; however, they are usually treated as full successes
ent rules and can be substantially different from the corin PRAs, assuming implicitly a negligible probability
responding gain in hardware reliability. of functional failure. The reason for this assumption is
that active redundant safety systems, such as the ones
' As discussed in Sec. IV.B, the failure mode is the hot-channe!
temperature being above the limit; thus, the margin on thi€ This result should not be unexpected,; in fact, the system has
value is to be considered an appropriate measure of the safetypeen designed so that a single 50% loop is expected to fail its
margin. mission, while two or more loops will be able to accomplish
MA discussion on the correlations that epistemic uncertaintiesit. This example is intended to stress the fact that probabilities
introduce in the analysis of redundant components can beassociated with functional failures cannot be treated in the
found in Apostolakis and Kaplal¥. same fashion as probabilities of hardware failures.
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TABLE V
Comparison of Failure Probabilities Obtained from Simulations and Calculated Assuming Independence
Probability of Failure
One Loop Two Loops Three Loops Four Loops Five Loop$
From simulations 9.93E1% 4.76E-2 4.05E-4 7.19E-6 9.58E-7
(P1) (P2) (P3) (Pa) (Ps)
Assuming independence — 9.86H 1.04E-2 2.99E-5 3.72E-7
(P?) (P3'?) (P37 (P2)

aRead as 9.9% 107 L

installed in nuclear plants, are not sensitive to uncertain-  Given the previous estimates, it is possible to make

ties to such a degree as to worry about functional failuresa comparison with the actively cooled systéemith blow-

The results of Table Ill show that indeed functional fail- ers operating In this case blower failures have to be

ure probabilities for the active systethlowers operat- included, while functional failures are negligible.

ing) are negligible(below 1071%). We assume a mission time of 72 h and a failure to run
A completely different approach should be taken forfrequency ranging from 10 to 10~ # per hour To take

passive systems. Recent studies by Burgazand Jafari  into account common-cause failures, the multiple Greek

et al® have shown that functional failures can be impor-etter (MGL) model has been used. Realistic values for

tant in risk assessment involving passive systems. the parameters have been estimated from Marshall and
To show how much functional failure can affect the Rasmuso#’ and are the followingg

risk assessment of a passive system, let us quantify the

risk of two-, three-, and four-loop designs considering B =0.035,
functional failures. The passive system design has no — 0.65
hardware components that can fatherefore, only func- Y T
tional failures due to epistemic uncertainty contribute taand

its unreliability. 5= 0.7

For each configuration, there is a probability of func-

tional failureF;, given by the results of Table IIF; is the Using the rare-event approximation, the total prob-
conditional failure probability given that natural convec- .y ot tailure of the three- and four-loop systems is
tion has occurred and is due to epistemic uncertalntygiven by the formulae
Including these functional failures, we can write the total

failure probabilities of the systems as P,a=2(1-8)g+8q,

_ _ —2
Por=F,=476X10"° , Psa=3[(1-B)ql*+ 3B(1—-vy)q+Byq ,

PB,F = F3 =4.05X% 10_4 y and

and Pan=4[(1— B)q]® +4B(1— B)(1 - 7)q?

Pipg=F,=7.19%X10° |
R +4By(L—8)a+ Bysq (5)
whereP; ¢, P ¢, andP, ¢ are the total failure probabil- ] » )
ities of the two-, three-, and four-loop designs, respectivelyvhereq is the probability of failure of the blowep, v,
andé are the MGL factors for the blowers, aRd a, Ps a,

°The check valves are the only hardware components that c&1d P, are the total failure probabilities of the two-,
fail. However, the check valve failure probability should be three-, and four-loop active designs, respectively.
considered during the transient leading to natural convectior
(failure to open the check valyeDuring the steady-state PThese values are assumed to be the 5th and 95th percentiles of
operation, once the check valve has opened, it cannot fail. Wethe parameter epistemic distribution. The distribution used is
also note that one of the loops of the passive system could bdognormal.
the location in which the LOCA occurs. In this case, that loop9Epistemic uncertainty has been modeled with lognormal-
would be unavailable. Thus, a four-loop system would be- truncated distributions with error factor equal to 3. The trun-
come a three-loop system, which is analyzed in the paper. cation is necessary to avoid parameter values above unity.
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TABLE VI probability of functional failures is sufficiently low. We
Probability of Failure Results for the Passive have performed an analysis of the role and characteris-
and Active Systems tics of functional failures in the case of passive cooling in

a gas-cooled fast reactor using a simplified steady-state
Two Loops| Three Loops Four Loogs model to perform the necessary calculations. The results
can be summarized in the following points:

Passive design 4.76E22 | 4.05E-4 7.19E-6 .
] ] 1. Deterministic safety measures alone such as safety
Active design margins can provide a misleading evaluation of the fail-
m:ggn g'gggg’ 1225; Z?igg ure probability of a passive system. Systems with the
. . : ' same safety margin can have different probabilities of
5th percentile | 3.00E3 1.68E-4 1.06E-5 f : | fail Additi linf . hould b d
95th percentild 5.70E2 348E-3 | 2.18E-3 unctional failure. itional information should be use

together with safety margins to determine the safety of a
3Read as 4.7& 102 system.

2. The analysis of multiple-loop systems has shown

that redundancies impact hardware and functional fail-

) ) o o ures in different ways. Functional failures depend on the

The epistemic uncertainties have been distribute@enavior of the system with respect to uncertainties, and
through Monte Carlo algorithms, and the results are sumy change in the system such as the addition of a redundant

system is dominated by the common-cause failures of thgifferent way than the corresponding change in hardware
blowers. In fact, an increase in redundancy from three tyjjyre probability.

four loops does not improve the reliability of the system
significantly. 3. The combination of large uncertainties and high
The reliability results are summarized in Table VI. hardware reliability, typical of passive safety systems,
While the passive system is always more reliable than th@akes it necessary to include functional failures in the
active one when functional failures are not considered? RA explicitly. Failure to do this would lead to optimis-
this is not the case if their impact is included in thetic results. Also, due to the functional failure effect, pas-
analysis. Comparing the mean valuehows that the Sive systems are not necessarily more reliable than active
active system is actually more reliable than the passiveystems, as is commonly believed.
one for the two- and three-loop designs. An increase i
redundancy, as discussed in Sec. V.B, is more effective
for functional reliability (affecting the passive system 1. The model considers only steady-state behavior.
than for hardware reliabilitaffecting the active sys- A detailed analysis should include a transient analysis
tem); therefore, for the highly redundant four-loop de-to understand the dynamics of inception of natural
sign the passive system seems to be better than the actigenvection.
one. . S
It should finally be stressed that the calculated fail- 2. The estimates of uncertainties, i.e., standard de-

ure probability refers to the 72-h steady-state period afteYc')?Jt'(;]n:ét‘i"’rﬁ;?eg?cs)??hg?égfvgﬁjggr;lgép&ge;ﬁae Znodf 3{5
the initial transient. The results are conditional on the 219 ' ’ P

; . : epistemic distributions has been chosen so that the cal-
successful inception of naturedr forced convection. culations could be simplified. The functional failure prob-

ability is very sensitive to the tails of the epistemic
distributions; therefore, the values of the standard devi-
VI. CONCLUSIONS ations and the shape of the distributions can affect the
final results. A detailed study of a real system should

Functional failures are not taken into account in riskfocus on the determination of epistemic uncertainties.

assessments explicitly. By satisfying deterministic crite- Finally, it should be noted that the GFR design is

ria such as large safety margins, we presume that thg; i, its ‘early stages of development, with the poten-

tial for further improvement, and our results should be

system because uncertainty is present. Uncertainty on the halr?)fewed as part of the process that will ultimately lead
ware reliability value is described by the 5th and 95th percen: adfénsl d(IESIgrllQ.AFurtthermoret,hlt needs to. be nOtetd th%t
tile values, while uncertainty on the functional reliability comes!N addition 1o outcomes, the economic aspects wi

from the fact that the only possible outcomes are succed3l@y an important role in the final selection of the de-
(corresponding to a functional failure realization of 2eaad ~ Sign. Although the PRA results indicate that passive
failure (corresponding to a functional failure realization equaldecay heat removal having more than three loops could
to unity). achieve substantial reduction in failure probability, it

ome simplifications have been assumed in the paper.
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would be more costly because of the large size of the6. J. JAFARI, F. D’AURIA, H. KAZEMINEJAD, and H.
heat exchangers required to compensate for low he&AVILU, “Reliability Evaluation of a Natural Circulation Sys-
transfer rates associated with natural convection an@m.”Nucl. Eng. Design224, 79 (2003.

the need for a guard containment to maintain relatively ; E. APOSTOLAKIS,

high backup pressure. Considering both the PRA resultgnty » proc. workshop on Model Uncertainty: Its Character-
and economics, for this particular example, th&30%)-  jzation and Quantificationpp. 13-22, A. MOSLEH, N. SIU,
loop active emergency cooling system appears to be the. SMIDTS, and C. LUI, Eds., Center for Reliability Engineer-
preferred choice because it exhibits smaller failure probing, University of Maryland, College Park, Marylafii995);
ability than the three-loop passive system and is exalso published as NURE&P-0138, U.S. Nuclear Regulatory
pected to have appreciably lower capital cost than th€ommission, Washington, D.C1994.

o~ ! ; g
40500 ooh Passive Sy wih TIGIYBIESSU U v OKANO, P HEJZLAR and . 3. DRISCOLL "Tner
. o ' S . Thal Hydraulics and Shutdown Cooling of Supercritical £0O

safely in a passive mode should sufficiently high presG1.GcFRs,” MIT-ANP-TR-088, MIT, Department of Nuciear

sure be maintained in non-LOCAs. Thus, a passive sysngineering(2002.

tem that does not require safety-grade power trains may

not necessarily be more economical than an active sys9. J. EAPEN, P. HEJZLAR, and M. J. DRISCOLL, “Analysis

tem, as commonly believed. of a Natural Convection Loop for Post-LOCA GCFR Decay-
Heat Removal,” MIT-GCFR-002, MIT, Department of Nuclear
Engineering2002.

“A Commentary on Model Uncer-

ACKNOWLEDGMENTS 10. W. WILLIAMS, P. HEJZLAR, M. J. DRISCOLL, W. J.

LEE, and P. SAHA, “Analysis of a Convection Loop for GFR

We thank Michael Driscoll of the Massachusetts Institutep |’ | = Decay Heat Removal from a Block-Type Core,”
of Technology for his useful comments. We also appreciate thR/IIT-ANP-TR-O95 MIT, Department of Nuclear Engineeriné
support and comments we have received from Hossein Hang,z()o3 ’ '

hee and Prasad Kadambi of the Office of Nuclear Regulator

Research of the U.S. Nuclear Regulatory Commis$RC). 11, W, WILLIAMS, P. HEJZLAR, and P. SAHA, “Analysis of
Robert Youngblood of ISL, Inc., provided useful insights also.3 Convectional Loop for GFR Post-LOCA Decay Heat Re-
This work is part of a project on the quantification of safety moval,” Proc. 12th Int. Conf. Nuclear Engineering (ICONE

margins that is supported by the NRC under a cooperativgg), Arlington, Virginia, April 25-29, 2004.
agreement with the MIT Department of Nuclear Engineering.

The views expressed in the paper are the authors’ and do nt2. G. E. APOSTOLAKIS, “The Distinction Between Alea-
necessarily reflect the views of the NRC. tory and Epistemic Uncertainties Is Important: An Example
from the Inclusion of Aging Effects into PSAProc. Int. Topl.
Mtg. Probabilistic Safety Assessment (PSA ;9%ashington,
D.C., August 22-26, 1999, pp. 135-142, American Nuclear
Society, La Grange Park, lllinoid999.

1. J. N. SORENSEN, G. E. APOSTOLAKIS, T. S. KRESS, 13 G. E. APOSTOLAKIS, “The Concept of Probability in
and D. A. POWERS, “On the Role of Defense in Depth in gafety Assessments of Technological SysterSsjence 250,
Risk-Informed Regulation,Proc. Int. Topl. Mtg. Probabilistic  1359(1990).

Safety Assessment (PSA '9%ashington, D.C., August 22—
26, 1999, pp. 408—413, American Nuclear Society, La Grange4. R. L. WINKLER, “Uncertainty in Probabilistic Risk As-
Park, 1llinois(1999. sessment,Reliabil. Eng. Syst. Safet§4, 127(1996.

REFERENCES

2. L. BURGAZZI, “Reliability Evaluation of Passive Sys-
tems through Functional Reliability Assessmemyicl. Tech-
nol., 144, 145(2003.

3. S. S. RAOReliability-Based DesigrMcGraw-Hill, New
York (1992.

4. A.W.CRONENBERG, M. V. BONACA, and G. B. WAL-
LIS, “Margin Reductions for Re-Licensintprated Plants and
Risk Implications,”Proc. Int. Topl. Mtg. Probabilistic Safety
Assessment (PSA 'QZ)etroit, Michigan, October 6-9, 2002,
American Nuclear Society, La Grange Park, Illin¢902).

5. L. BURGAZZI, “Evaluation of Uncertainties Related to
Passive Systems Performancéllicl. Eng. Design230, 93
(20049.

140

15. S. W. CHURCHILL, “Combined Free and Forced Con-
vection in Channels,’'Heat Exchanger Design Handbgok
Sec. 2.5.10, G. F. HEWITT, Ed., Begell House, New York
(1998.

16. V. GNIELISNKI, “New Equations for Heat and Mass Trans-
fer in Turbulent Pipe and Channel Flowyit. Chem. Eng 16,
2, 359(1976.

17. F. M. MARSHALL and D. M. RASMUSON, “Common-
Cause Failure Data Collection and Analysis System, Vol. 6:
Common-Cause Failure Parameter Estimations,” INEJ-94
0064, Idaho National Engineering Laboratgfp95.

18. G. E. APOSTOLAKIS and S. KAPLAN, “Pitfalls in Risk
Calculations,’Reliabil. Eng, 2, 135(1981).

NUCLEAR TECHNOLOGY VOL. 149 FEB. 2005



