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The first stage of a core degradation—based on the defense-in-depth concept of
nuclear power plant (NPP) safety—is prone to fuel melting due to local blockage. The
flow blockage accidents with no SCRAM happening can lead to a local fuel-clad failure,
consequently affecting the safety of NPP. The present study provides an analysis of
Anticipated Transient Without SCRAM (ATWS), which might lead to a condition of
burning out. The accidents related to the ATWS scenarios, detailed in the case of
VVER-1000/V446 reactor FSAR (Final Safety Analysis Report), include pump failure,
local blockage, relative power increase, and a combination of these transients. In this
research, first, drawing upon MCNPX 2.7 and COBRA-EN codes, a coupling framework
is developed and then validated using an authentic reference point. The obtained results
reveal that the reactor SCRAM does not occur while accidents are being investigated
as there is a 10% difference in the mass flow rate reduction, a 470 kPa in the channel
pressure drop, and a 204◦K in the clad temperature, which constitute limitations under
most pessimistic scenarios. However, under these conditions, a 70% void fraction over
12 min is observed in certain channels. Hence, burnout and local fuel melting could
occur under normal operational and ATWS circumstances. According to uncertainty
analyses, the occurrence of the void fraction above zero is locally definite. The transient
analysis outputs could be deployed as monitoring system inputs and exploited for
identifying weak points in the system.

Keywords: fuel failure, local flow blockage, VVER1000, transient analysis, ATWS accidents

INTRODUCTION

The ratio of heat removal/heat generation to the local or generalized flow reduction is the most
significant and hazardous condition that threatens the safety of a nuclear power plant (NPP). This
could happen locally due to a flow blockage accident, including pump failure, or blockage at the
channel entrance or in the middle of cooling channels between fuel rods. The blockages could
develop as a consequence of the particles remaining from maintenance procedures, broken parts
separated from the reactor structure, or in an otherwise manner through swelling, bending, boing,
or displacement of fuel elements. The local flow blockage accidents have a local characteristic and
do not bring about any changes in total reactivity, core transient flow, or total heat absorption
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FIGURE 1 | Methodology algorithm.
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FIGURE 2 | VVER1000/446 core fuel assemblies’ placement.
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FIGURE 3 | VVER1000/446 core fuel enrichment placement.

1
2                3

4                5               6
7                8               9               10     

11               12              13              14              15
16               17             18             19              20              21

22               23             24             25              26              27              28
29              30             31             32              33              34              35              36

37              38             39             40              41              42              43              44             45
46              47             48             49              50              51              52              53             54              55

56              57             58             59               60                              61              62            63              64               65

1

2

3 4

5

6

7 8

9 10

11 12

13

14

15 16

17 18

19 20

21 22

23 24

25

26

27 28

29 30

31 32

33 34

35 36

37 38

39 40

41

42

43 44

45 46

47 48

49 50

51 52

53 54

55 56

57 58

59 60

61

62

63 64

65 66

67 68

69 70

71 72

73 74

75 76

77 78

79 80

81 82

83 84

85

86

87 88

89 90

91 92

93 94

95 96

97 98

99 100

101 102

103 104

105 106

107 108

109 110

111 112

113

114

115 116

117 118

119 120

121 122

123 124

125 126

127 128

129 130

131 132

133 134

135 136

137 138

139 140

141 142

143 144

145

146

147 148

149 150

151 152

153 154

155 156

157 158

159 160

161 162

163 164

165 166

167 168

169 170

171 172

173 174

175 176

177 178

179 180

181

182

183 184

185 186

187 188

189 190

191 192

193 194

195 196

197 198

199 200

201 202

203 204

205 206

207 208

209 210

211 212

213 214

215 216

217 218

219 220

221

222

223 224

225 226

227 228

229 230

231 232

233 234

235 236

237 238

239 240

241 242

243 245

246 247

248 249

250 251

252 253

254 255

256 157

258 259

260 261

262 263

264 265

266

267 268

269 270

271 272

273 274

275 276

277 278

279 280

281 282

283 284

285 286

287 288

289 290

291 292

293 294

295 296

297 298

299 300

301 302

303 304

305 306

307 308

309 310

311 312

313 314

315 316

317 318

319 320

321 322

323 324

325 326

327 328

329 330

331 332

333 334

335 336

337 338

339 340

341 342

343 344

345 346

347 348

349 350

351 352

353 354

355 356

357 358

359 360

361 362

363 364

365 366

367 368

369 370

371 372

373 374

375 376

377 378

379 380

381 382

383 384

385 386

387 388

389 390

391 392

393 394

395 396

397 398

399 400

401 402

403 404

405 406

407 408

409 410

411 412

413 414

415 416

417 418

419 420

421 422

423 424

425 426

427 428

429 430

431 432

433 434

435 436

437 438

439 440

441 442

443 444

445 446

447 448

449 450

451 452

453 454

455 456

457 458

459 460

461 462

463 464

465 466

467 468

469 470

471 472

473 474

475 476

477 478

479 480

481 482

483 484

485 486

487 488

489 490

491 492

493 494

495 496

497 498

499 500

501 502

503 504

505 506

507 508

509 510

511 512

513 514

515 516

517 518

519 520

521 522

523 524

525 526

527 528

529 530

531 532

533 534

535 536

537 538

539 540

541 542

543 544

545 546

547 548

549 550

551 552

553 554

555 556

557 558

559 560

561 562

563 564

565 566

567 568

569 570

571 572

573 574

575 576

577 578

579 580

581 582

583 584

585 586

587 588

589 590

591 592

593 594

595 596

597 598

599 600

601 602

603 604

605 606

607 608

609 610

611 612

613 614

615 616

617 618

619 620

621 622

623 624

625 626

627 628

629 630

631 632

633 635

636 637

638 639

640 641

642 643

644 645

646
647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

Fuel rod                 311

Guiding channel   18

Central tube            1

Tube for NTMC      1

66              67             68                               69                70                               71        72              73
74              75              76              77              78              79              80              81           82              83               84 

85              86              87              88              89              90              91              92           93              94               
95             96             97              98              99             100            101            102             10 3           104           105 

106            107                             108            109                             110                            111            112             
113           114           115           116                             117            118             119           120   121            122

123           124           125           126           127          128            129             130           131        132
133           134           135           136             137            138           139            140           141      142             143

144           145           146           147           148            149                               150           151   152
153           154                            155              156                            157             158             159             160

161           162            163                             164             165           166           167             168 169
170           171           172           173           174           175             176             177           178      179            180

181           182            183            184           185           186           187           188             189      190
191           192           193           194           195           196                               197           198    199            200

201           202                             203                             204            205                             206            207
208           209           210           211            212           213           214            215           216        217            218

219           220           221            222           223                              224            225            226  227
228           229           230           231           232           233             234             235           236      237            238

239           240           241                             242            243                              244            245            246
247           248           249           250            251                              252            253           254   255            256

257           258           259           260           261            262           263            264            265       266
267           268           269           270            271            272           273             274            275

276           277           278           279            280            281           282             283
284           285           286           287            288            289           290

291           292           293           294            295            296
297           298           299           300            301

302           303           304           305
306           307           308

309           310
311

1
2 3

4 5 6
7

8
9 10

11

12
13 14 15

16 17
18

FIGURE 4 | Local blockage accident location.
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TABLE 1 | Input specifications for COBRA-EN code.

Number of
coolant channels

163 # Number of spacer
grid positions

10 #

Inlet temperature 546.15 K Average inlet mass
flux for fuel
channels

4,158.4 kg/s/m2

Exit pressure 15.7 MPa Inlet Boron
concentration for
coolant channels.

1,162 ppm

Number of rods in
assembly

311 # Number of coolant
channels in
assembly

657 #

TABLE 2 | Input specification for MCNPX 2.7 code.

No. Fuel assembly 163 # Core height 355 Cm

Clad material Zr + Nb Fuel material UO2

Control rod material B4C + Dy2O3TiO2 Core power 3,000 MW

TABLE 3 | Reactor SCRAM conditions.

RCP pump failure Loss of feed water flow

Drop of pressure differential
RCPS from 0,245 to 0,392

+

MPa for the time less than 5 s

DNBR is less than 1,2 + +

Pressure above the core is
more than 17,5 MPa

+

The temperature in any hot leg
exceeds t nom + 8◦C

+

capacity. Local flow blockages reduce the coolant channel cross-
section, which subsequently first there would be a decrease
in the heat transfer coefficient followed by a rise in the local
temperature. What is noticed is that the clad temperature rises
to supersaturation level, the DNBR (departure from nucleate
boiling ratio) limit is broken, bubbles form in the coolant, and
the void fraction rises above zero. Eventually, fuel and clad parts,
having more power generation density, come to melt locally like
in a candle; molten fuel may enter the coolant and form a solid
mass. Reduction in the cooling flow rate increases the hydraulic
resistance, leading to the continuation of the above events,
which, in turn, causes more fuel melting. This positive feedback
can cause the melting to continue up until the system reaches
local equilibrium or expands till the occurrence of a SCRAM
situation (Nakamura, 2014). Zhang et al. (2019) reported that
heat fluctuations, steam creation, and biphasic could bring about
fractures in the fuel cladding, which alternately, could generate
further blockage in the system. Lewis et al. acknowledged the
difficulty of simulating and diagnosing a local blockage accident
due to its local nature. Diagnosing a local blockage accident is
possible when it is extended affecting the coolant flow or the core
reactivity. Therefore, existing monitoring systems are unable to
diagnose local blockage mishaps (Lewis, 1977).

The following section devoted the literature review makes
a survey of those studies which deal with local blockage

TABLE 4 | ATWS scenarios.

Event No Scenario abbreviation Event frequency

ATWS 1 One RCP pump failure 3 time/Reactor cycle

ATWS 2 Relative power increase up
to 17%

10−1 time/reactor cycle

ATWS 3 90% Blockage in hot
channel entrance

Common

ATWS 4 Relative power increase up
to 17% + 90% blockage in
hot channel middle

8 × 10−2 time/reactor cycle

ATWS 5 One RCP pump
breakdown + 90%
Blockage in hot channel
entrance

6 × 10−2 time/Reactor cycle

ATWS 6 One RCP pump
breakdown + 90%
Blockage in hot channel
entrance + Control rod fail
in drop down

10−2 time/Reactor cycle

ATWS 7 Two RCP pump
breakdown + 90%
Blockage in hot channel
entrance

10−1 time/Reactor cycle

TABLE 5 | Validation of steady-state model.

Parameters Current study Arshi et al., 2010 FSAR

Mean coolant
temperature along the
core (K)

581.7 583.05 579

Mean coolant
temperature at core exit
(K)

594.4 595.24 594

Maximum fuel enthalpy
(J/kg)

256,000 275 171 <963,000

Ave. pressure drop
along the core active
length (Pa)

– 114,500 NA

Fuel surface maximum
temperature

886.7 887.8 883.4

Minimum DNBR in the
hot leg

1.92 1.86 >1.75

TABLE 6 | Uncertainties in results.

Parameter uncertainty Parameter uncertainty

Pressure ±1% Flow rate ±1%

Sub-channel area ±0.5% Single-phase
mixing coefficient

±42%

Power ±1.5% Inlet temperature ±1.5’K

Two-phase mixing
coefficient

±24% Equilibrium
distribution
weighing factor in
the void drift

±14%

accidents. Roichwooderi et al. identified local flow blockage
accidents affecting the performance of the fuel pin in the
LMFBR reactor. The study concludes that severe safety hazards
do not occur up to the time when six adjacent fuel rods are
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FIGURE 5 | Core relative power during ATWS scenarios.

FIGURE 6 | Maximum coolant temperature during ATWS Scenarios.

burned out (Roychowdhury et al., 2000). Liu et al. analyzed
five blockage accidents for a liquid metal reactor using STAR-
CCM + software, taking into consideration the effect of keeping
the clad temperature below melting point (Liu et al., 2020).

Rahm et al. (2019) proposed a new design for liquid metal
reactors resistant to instantaneous local blockage accidents based
on a BETINa calculation code. Dow et al. examined the local
flow blockage accident in sodium cooling reactors using the
ATHAS-LMR code (Du et al., 2019).

Gharari et al. conducted an investigation into the local
flow blockage accident at the 446/1000-VVER reactor coolant
channel entrance using COBRA-EN and RELAP5 for detecting
the presence and absence of the crossflow. Their obtained
results indicated serious safety problems at the channel
entrance with local flow blockage and cross-flow disruption

(Gharari et al., 2016). Dehjourian et al. inspected the effects of
fuel rod displacement and deformation on the fuel and clad
heat transfer coefficient and temperature, for 446/1000-VVER
reactors using ANSYS code. The results they obtained show
that with an increase in both the amount of bloating and
displacement as well as an increase in the clad temperature, some
fuel surfaces tend toward drying, which accident occurs in excess
of safety standards. In the latter case—happening as a result of
an inherent disturbance in the flux and pressure in these points—
the probability of local flow blockage is augmented in the network
maintenance points (Dehjurian, 2015).

Yuchuan et al. simulated the local flow blockage between the
JPR-3M fuel plates for fuel assemblies with a measure of blockage
from 30 to 95% through RELAP5/MOD34 code. Their results
indicated that local blockage occurrence neither leads to any
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FIGURE 7 | Core pressure during ATWS scenarios.

FIGURE 8 | Outlet coolant mass flow rate during ATWS scenarios.

damage to the fuel up to 70% of the channel width blockage
nor does it cause any severe damage up to 95%. In blockages
beyond 95% of the channel width, the damage is quite severe
giving rise to rupture and fuel melting. They emphasize that local
flow blockage cannot be diagnosed until significant changes occur
in the reactor’s major parameters (Guo et al., 2018). Thus, the
accidents referred to above can bring about weaknesses to the
point of creating initial conditions for severe accidents.

Sehgal (2011) mentioned that the clad surface burn out,
deformation, and melting range limit is 1,500 degrees. The
IAEA (international atomic energy agency), in its Severe
Accident Management Guideline Development, emphasized the
importance of predicting, preventing, mitigating, and reducing
consequences of any accident that might lead to severe accidents
(Khamis, 2017). Analyzing local accidents, especially local flow

blockages, is of crucial importance as they can help identify these
types of accidents that cause disruptions in safety standards. To
this end, this study uses COBRA-EN computational code to carry
out relevant analyses.

In general, the current study set out to perform a transient
analysis of accidents that might lead to the loss of COBRA-EN
thermal-hydraulic calculation code coupled with MCNPX 2.7
Monte Carlo neutron code.

MATERIALS AND METHODS

To accomplish a transient analysis of local flow blockage
accidents, this section is divided into four sub-sections dedicated
to explaining the research procedure, tools, and case studies. First,
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FIGURE 9 | Exit void fraction during ATWS scenarios.

FIGURE 10 | Maximum void fraction during ATWS scenarios.

the research methodology is specified; then, a general overview of
simulation using COBRA-EN code is presented. Next, based on
such neutronic calculations as flux distribution, peaking factors,
and relative power are described with the help of MCNPX
2.7. Additionally, the fourth stage provides specifications related
to a VVER1000/446 reactor including SCRAM conditions,
uncertainties, accident scenarios, and model validation.

Methodology
The relevant methodology algorithm is illustrated in Figure 1.
In this study, the primary boundary conditions alongside core
sub-channels based on the FSAR for an MCNPX 2.7 model are
implemented. Then, after validating the model, the neutronic
steady-state conditions are calculated. The obtained results
are considered as the initial and the boundary conditions for

COBRA-EN model computations. The boundary conditions are
updated by COBRA-EN while transient analysis is in progress.
After implementing and validating the model in COBRA-EN,
accident scenarios are applied and the outputs are extracted.

Thermal-Hydraulic Simulation Model
The COBRA-EN code is employed as a thermo-hydraulic code
for “core analysis” and “sub-channel analysis” calculations.
This code performs calculations based on discretization of the
domain starting its calculations from a steady-state condition. Its
relevant input parameters, e.g., axial and radial power peaking
factors originate from the MCNPX 2.7 code. The core thermo-
hydraulic calculations, while considering correction coefficients,
are carried out based on two-phase governing equations of
mass, energy, and momentum. As calculations related to the
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FIGURE 11 | Maximum fuel temperature during ATWS scenarios.

heat flux, void fraction, and slip ratio are performed, in
compliance with EPRI (Electric Power Research Institute), the
Levi correction coefficients are applied. To perform enthalpy
calculations in a two-phase mode, the slip ratio and the steam
quality equations are obtained through applying Zuber-Findlay
correction factors (Constantin and Foias, 1988; Kataoka and
Serizawa, 1989).

In order to acquire the calculation results on the critical
flux and temperature; in the hot channel- the critical heat flux
correlation coefficient can be used as part of the surface heat
transfer model (Ammirabile, 2010). However, EPRI correlation
coefficients are exploited to approximate the heat transfer
between the nuclear boiling point and the subcritical boiling
(Reddy et al., 1982).

Figure 2 shows the numbering related to fuel channels and
rods for COBRA-EN code input. The number of fuel rods in the
middle of the circles is indicated in black, while the number of
cooling channels between the sides is represented in red. Figure 3
displays a general map of the core and the calculations performed
as a sub-channel analysis along with details related to each of the
rods and channels. There are 311 and 657 fuel rods and coolant
channels in the assembly, respectively.

The Neutronic Simulation Model
MCNPX 2.7 code is used to obtain the axial and radial output
power peaking factors, flux distribution, and relative power
calculations as COBRA-EN code input. MCNPX 2.7 code is
one of the beam computational codes based on Monte Carlo
calculations (Waters, 2002). Figure 3 shows the arrangement
of the core originating from the FSAR 446/1000-VVER reactor
together with details on MCNPX 2.7 model placements.

Figure 4 exhibits the location of the current study local
blockage regarded as of the hotspots in the assembly. The latter
point is placed at the location of 3.6% enrichment fuels and at the
rods’ inlet constituting 20% height of the rod.

VVER-1000/446
The study case is a Russian VVER-1000/446 Reactor whose
specifications are presented in Tables 1, 2, functioning,
respectively, as inputs to COBRA-EN and MCNPX 2.7 codes.
As can be seen, Figure 2 represents channel and rod placements
related to the input of COBRA-EN code.

SCRAM Conditions
Scrams related to reductions in the mass flow rate, forming
the major foundation of the present research, are listed in
Table 3 which includes both horizontal rows and vertical
columns. The synchronicity of the two events indicated can
precipitate SCRAM conditions. Crucially, the criteria for SCRAM
conditions occurring mostly depend upon in-core sensors and
how quickly wide-ranging or close events are detected. For
example, MDNBR (minimum departure from nucleate boiling
ratio) estimation is only possible in very limited areas of
the thermometer availability and not being possible in the
case of local mishaps. Therefore, despite the occurrence of
local melting and under 1 for MDNBR, the possibility of
SCRAM happening due to local MDNBR is nearly eliminated
(Automatic Exchange Of Information [AEOI], 2007).

Local Blockage Accidents
Events leading to these accidents are frequently a combination
of Anticipated Transients Without Scram (ATWS). According to
safety limits listed in Table 3, none of the accidents resulted in
exceeding safety limits and prompting SCRAM command.

Three significant events and their combinations, including
basic accidents involving single pump failure (RCP), blockage
due to trapping leftovers from maintenance procedure, fuel
ballooning, and reactor transient operation are among the issues
investigated. Also examined are the effects of some other design
parameters, e.g., grid spacer and cross flows.

The accidents mentioned might lead to a positive void
fraction, the worsening of which can bring about higher vapor
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FIGURE 12 | MDNBR in core heights during ATWS 1.

FIGURE 13 | MDNBR in core heights during ATWS 2.

ratios and local fuel melting. It should be noted that the mishaps
initiate from steady-state conditions, by definition, from 0 to
50 s. Table 4 lists ATWS scenarios for localized flow blockage.
Remarkably, all accidents hitherto referred to could create
aggravated conditions when combined together.

ATWS 1
In the ATWS1 scenario, starting from the 50th to the 80th s and
then jumping toward the 100th s, the mass flow rate is reduced to
82 and 78% of its nominal value due to a single RCP pump failure.
It is to be noted that the relative power level from the 55th to
60th s changes 66% of its nominal value, at which stage it remains
constant based on ATWS documentations. Simultaneously, the
total core pressure, along with the core flow rate, decreases up to
80% of their nominal values in the 100th s. However, due to the

pressurizer’s effect, the pressure starts to jump again to 96% its
nominal value which remains constant until the 140th s.

ATWS 2
In the ATWS2 scenario, the core outlet rate and the inlet flow
rate, in transient analysis, remain constant. The relative power
level reaches 117% from the 55th to the 100th s, at which point
it remains constant. The overall pressure of the core remains
constant and under control.

ATWS 3
As for ATWS3, this is a fixed event from neutronic and thermo-
hydraulic points of view, so the mass flow, power, and reactor
pressure are being constant undergoing no change. All transient
variations amount to local conditions.
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FIGURE 14 | MDNBR in core heights during ATWS 3.

FIGURE 15 | MDNBR in core heights during ATWS 4.

ATWS 4
As was mentioned in the introduction part, the three basic
scenarios are as follows: ATWS1, ATWS2, and ATWS3. The
next four scenarios, ATWS4, ATWS5, ATWS6, and ATWS7,
are considered combined scenarios occurring under reactor
operation conditions which might culminate in grave conditions.
In the ATWS4 scenario, a blockage accident is considered, along
with an increase in the power level to its maximum value. Hence,
the transient flow from the core remains constant. Based on
this scenario, the relative power level increases from the 55th
to the 105th s reaching up to a 117% level, at which point
it remains constant. Based on the ATWS4 scenario, the core
pressure remained constant.

ATWS 5
The ATWS5 scenario is a possible combined scenario consisting
of a combination of local blockage at the channel entry point and

a pump failure. In the transient flow from the core, from the 50th
to the 80th s, the mass flow rate is reduced to 82% of its nominal
value. It went back to 78% of its nominal value by the 100th s,
however. Based on this scenario, the relative power level from the
55th to the 105th s reaches a 66% level and remains constant.

ATWS 6
The ATWS6 scenario is a possible combined scenario comprising
one RCP pump failure, 90% blockage in the hot channel entrance,
and control rod failure in the dropdown. As well, it is noted
that total events happening in the case of ATWS1 are observable
in this scenario.

ATWS 7
The ATWS7 scenario is a combination of local blockage at the
channel’s entrance and a failure of two pumps. In this event, from
the 50th to the 80th s, the mass flow rate is reduced up to a 56%
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FIGURE 16 | MDNBR in core heights during ATWS 5.

FIGURE 17 | MDNBR in core heights during ATWS 6.

level due to the failure in two pumps, following which, it reaches
a 50% level in the 100th s.

The Model Validation
In order to validate the performed calculations, steady-state
results are compared with those of other studies and the FSAR
data, given in Table 5. It should be clear that all through these
conditions and the singularity of accidents under investigation,
no approved reference is available to check the data against;
however, appropriate conformity in the steady state and other
accidental conditions do have references available.

Uncertainty in the Obtained Results
It is assumed that the results obtained from COBRA-EN code
calculations might slightly differ from the actual values under
operational conditions. Therefore, uncertainty analyses have

been performed, the results of which are presented in Table 6
(Avramova et al., 2009).

RESULTS

This section provides the research results on the core relative
power, fuel, clad, coolant temperatures, core pressure, void
fractions, and MDNBR quantities during ATWS scenarios
implemented in the COBRA-EN code and MCNPX 2.7.

Core Relative Powers During the Above
ATWS Scenarios
The common point of all accidents investigated consists of stable
system conditions prior to applying the accidents. Figure 5
depicts core relative power during ATWS scenarios. It is
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FIGURE 18 | MDNBR in core heights during ATWS 7.

to be noted that the transient algorithm of relative power
during accidents is attributable to the boundary conditions.
The implemented boundary conditions and the geometrical
conditions are precisely extracted from ATWS and FSAR
documents. Moreover, power peaking factors are considered
based on MCNPx 2.7 output results. As shown in Figure 5,
the relative transient power in ATWS3—related to hot channel
blockage—undergoes no change.

In scenario ATWS6, the amount of power remains constant
as the blockage prevents control rods from falling. Based on
descriptions given for ATWS1 and ATWS5 scenarios, the relative
power sharply declines to a 66% level within 5 s. Incidentally,
in the case of ATWS2 and ATWS4 scenarios, there is a power
rise up to 17%.

The issue of the increase occurred in the form of a ramp slope
from the 55th to the 100th s.

Finally, in the case of the ATWS7 scenario, due to the failure of
two RCP pumps (crossover), the power level reduced up to 52%
of its nominal value.

TABLE 7 | Comparison of SCRAM limits and maximum quantities
at ATWS scenarios.

Parameter SCRAM Criteria
in FSAR

Max quantity
during the
accidents

The mass flow rate
reduction

50% 32%

Pressure drop
reduction during
channel

7% 2%

Entrance coolant
temperature

8’c 7.8’c

DNBR 1.2 1.5

Maximum Coolant Temperature During
ATWS Scenarios
As is indicated in Figure 6, maximum coolant temperatures in
transition conditions eventually reach 598◦K, which value does
not exceed the safety limits and the amount needed for the
activation of the SCRAM command.

Core Pressure During ATWS Scenarios
The core pressure transition scenarios are derived from ATWS
Documents and minor fluctuations are disregarded due to the
main goal of the research. Figure 7 demonstrates that in ATWS2,
ATWS3, and ATWS4 scenarios, the total core pressure does not
change and remains constant. In ATWS1, ATWS5, ATWS6, and
ATWS7, the core pressure reduces to 80, 80, and 55% of their
nominal values. However, due to the pressurizer effect, the stated
values, respectively, return to 96, 96, and 94.0% of their nominal
values. And so, due to a drop in the core pressure, these events
neither exceed safety limits nor satisfy SCRAM criteria.

The Mass Flow Rate During ATWS
Scenarios
Figure 8 clearly shows maximum flow rate changes occurring
in the case of the ATWS7 scenario, i.e., a change of 13%. In
the ATWS1, ATWS6, and ATWS5 scenarios, the mass flow rates
decrease to 78% of their nominal values owing to a pump failure.
In the ATWS2, ATWS3, and ATWS4 scenarios, however, the core
flow rate almost remains constant. In ATWS7, the rate decreases
to 50% of its nominal value due to the failure of two RCP pumps.

Maximum Void Fraction During ATWS
Scenarios
As is inferred from the data given in Figures 9, 10, all
these accidents, including the three basic events as well as
four combinations of these accidents have a positive void
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fraction. Figure 10 clearly shows that void fraction forms during
the accidents under investigation, and under most pessimistic
projections- including higher core pressure rate, higher inlet
temperature, and lower flow rate- the result could be a higher
void fraction. Clearly, in more than 40 s, something above 0.6 of
void fraction has occurred in some channels. This cannot trigger
SCRAM conditions. Fuel local melting could happen, however.

Maximum Fuel Temperature Levels
During ATWS Scenarios
Figure 11 clearly shows that maximum fuel temperature occurs
in the ATWS2 and ATWS6 accidents, being almost at 1,298◦K. It
is to be reminded that the safety criteria for the clad deformation
are 1,500◦K (Lewis, 1977) which is a far higher value than
those obtained during the latter events. It is interesting to
note that the temperature ranges reported in Figure 11 are
related to values lying in the vicinity of in-core thermocouple
areas. But, in terms of hotspots, the situation is different and
the temperature rises faster than the melting point during
positive void fractions.

The MDNBR in Core Heights During the
ATWS Scenarios
Figures 12–18 illustrate MDNBR changes during the ATWS
scenarios. As is shown in the latter Figures, the MDNBR value
at the thermometer locations is above 1.2, while the local value is
less than 1, which value can be attributed to local burnout and
melting. Consequently, despite the fact that local burnout and
melting occur, the MDNBR-based SCRAM does not take place.

Comparing SCRAM Limits and Maximum
Quantities at ATWS Scenarios
Table 7 shows SCRAM criteria for quantities under the most
pessimistic circumstances in the case of studied scenarios. It
is revealed that the SCRAM criteria are neither attained nor
exceeded (Automatic Exchange Of Information [AEOI], 2007).
Mass flow rate reduction, pressure drop, coolant temperature,
and MDNBR—in the mentioned order—have 18%, 5%, 0.2’c, and
0.3 distances from meeting the SCRAM criteria.

CONCLUSION

The present study was designed to carry out transient analyses of
scenario accidents that might lead to partial or local melting of the
fuel clad while the reactor was in operation, that is, a situation far
from SCRAM condition. Three main ATWS accidents alongside
four combinations of these accidents are investigated. Similarly
explored are combinations of RCP pump failures, blockages at
the coolant channels, and relative power increases. Thermo-
hydraulic calculations were performed using COBRA-EN code
as well as power distribution profile computations based on
MCNPX 2.7 code. The maximum mass flow rate reduction in all
scenarios observed was 18% less than the SCRAM threshold. The
maximum channel pressure drop in all scenarios was 470 kPa
short of the allowed limit. An investigation of the scenario
events revealed that the maximum temperature of the fuel clad
exhibits a 204◦K difference from the SCRAM high point and
the lowest MDNBR value determined was 1.5, which rate did
not exceed the SCRAM limits. Therefore, SCRAM did not occur
in any of the investigated accidents, but the void fraction was
up in 70% of channels within a period of 12 min. As a result,
under normal operating conditions, there might exist burnout
situations in which local fuel melting could result. It was shown
that under most pessimistic projections, the uncertainty in the
results is 1% – a value quite compelling in uncertainty studies. It
is worthy of mention that a pressurizer effect was also noticeable
in the transient analysis of the accidents. As is shown by the
simulation results in the current study, there is a possibility that
local blockages might lead to fuel melting during the time when
the above scenarios are in progress. This calls for NPPs to have a
local blockage diagnosis system in place.
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