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1. Introduction 

 

SMART (system-integrated modular advanced 

reactor) is a small sized integral reactor with a thermal 

power of 365 MWt, which is developed by the Korea 

Atomic Energy Research Institute (KAERI) to supply 

power and desalinated seawater [1]. SMART adopts a 

fully passive safety system, which consists of a 4-train 

independent passive safety injection system (PSIS) and 

a 4-train independent passive residual heat removal 

system (PRHRS) using steam generators (SGs) and 

secondary system lines.  

Techniques used in the SMART design need to be 

verified through various tests including thermal-

hydraulic validation tests. An integral-effect test loop 

for SMART (SMART-ITL) was designed to simulate 

the integral thermal-hydraulic behavior of SMART [2].  

The objectives of the SMART-ITL are to investigate 

and understand the integral behavior of reactor systems 

and components, and the thermal-hydraulic phenomena 

occurring in the system during normal, abnormal, and 

emergency conditions. The integral-effect test data are 

also used to validate the related thermal-hydraulic 

models of the safety analysis code such as TASS/SMR-

S [3], which is used for a performance and accident 

analysis of the SMART design.  

The TASS/SMR-S code was developed to analyze 

thermal hydraulic phenomena under various transient 

and accident conditions. The 5-equation code having 

non-equilibrium two-phase flow thermal-hydraulic 

model was developed from the TASS/SMR-S V1.1 to 

improve a prediction capability of the thermal-hydraulic 

behavior of two-phase flow. The 5 governing equations 

consisted of mixture mass, liquid mass, mixture 

momentum, mixture energy, and steam energy 

conservation equations with various thermal hydraulic 

models. The integrity of the code should be checked 

and verified. This paper describes the validation results 

on the single-phase natural circulation (SPNC) test in 

the SMART-ITL facility. Used experimental data for a 

validation of the TASS/SMR-S code is from the 

reference [4]. The scaling and nodalization of SMART-

ITL is described in Section 2.2. A modeling of 

SMART-ITL for the TASS/SMR-S code and a 

validation results for the SPNC test are produced. 

 

2. Scaling and Nodalization of the SMART-ITL 

 

2.1 Scaling of the SMART-ITL 

 

Table I: Major scaling parameters of the SMART-ITL 

facility 

Parameters Scale Ratio Value 

Length l0R 1/1 

Diameter d0R 1/7 

Area d0R 2 1/49 

Volume l0R  d0R 2 1/49 

Time scale, Velocity l0R 1/2 1/1 

Power, Volume, Heat flux l0R -1/2 1/1 

Core power, Flow rate d0R
 2 l0R 1/2 1/49 

Pump head, Pressure drop l0R 1/1 

 

The SMART-ITL which is a thermal-hydraulic 

integral effect test facility for SMART has been 

constructed at KAERI. The SMART-ITL has the same 

integral features as SMART except for the external 

installation of SGs and is designed according to the 

volume scaling method to simulate various test 

scenarios as realistically as possible. It is a full-height 

and 1/49-volume scaled test facility with respect to the 

SMART plant. 

The fluid system of the SMART-ITL consists of a 

primary system, a secondary system, a passive residual 

heat removal system (PRHRS), a safety injection 

system (SIS), a shutdown cooling system (SCS), a 

break simulating system (BSS), a break measuring 

system (BMS), and auxiliary systems. The primary 

system has an integral arrangement except for the steam 

generators and is composed of reactor pressure vessel 

(RPV), reactor coolant pump (RCP), steam generator 

(SG) and primary connecting piping between RPV and 

SG. The secondary system of the SMART-ITL is 

simplified to be of a circulating loop-type and is 

composed of a condenser, feedwater and steam lines, 

and related piping and valves. All of the safety system 

features of the SMART plant are incorporated into the 

safety system of the SMART-ITL, which is composed 

of PRHRS and SIS. In the SMART-ITL test facility, 

over 1,500 instrumentations are installed to investigate 

the thermal-hydraulic behavior in the simulation of the 

various test scenarios.  

The SMART-ITL facility [2, and 5] has the 

following characteristics: (a) 1/1-height, 1/49-volume, 

full-pressure simulation of SMART; (b) geometrical 

similarity with SMART including an integral 

arrangement of the primary systems; (c) a maximum 

30% of the scaled nominal core power. 

Scientific design of the SMART-ITL was accomplished 

from the viewpoints of both a global and local scaling 

based on Ishii’s three-level scaling methodology [6]. 
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Major scaling parameters of the SMART-ITL facility 

are summarized in Table I. 

 

2.2 Nodalization of the SMART-ITL 

 

The TASS/SMR-S code is capable of simulating the 

thermal-hydraulic behaviors of the SMART systems 

using conservation equations. Basically, the code 

models the plant as a set of nodes and paths to 

calculates the thermal-hydraulic behavior of the system 

such as the core power, core heat flux, coolant 

temperature, coolant pressure, and flow rate. 

The nodalization for the SMART-ITL with the PSIS 

is presented in Fig. 1. The RCS, secondary system from 

the feedwater control valves to the turbine trip valves, 

SITs, CMTs and the PRHRS are modeled with nodes 

and paths.  

The reactor coolant system consists of the heater for 

the core simulation, upper plenum, RCP, SG primary 

side, downcomer, core bottom region, and the PZR. The 

heater rods are modeled with 10 nodes, while the core 

bypass region is modeled with 3 nodes. The PZR is 

modeled with 10 nodes to predict a complex behavior 

during the early stage of a violently transient 

phenomenon such as LOCA.  

The secondary system consists of the feedwater 

isolation valve, feedwater pipe, SG secondary side, 

steam pipe, and the steam pipe isolation valve. The four 

SGs are modeled with 12 nodes for each. The feedwater 

is set as a boundary condition using the feedwater 

model of the TASS/SMR-S code, while the steam lines 

are only modeled up to the turbine control valve.  

The PRHRS is connected to downstream of the 

feedwater isolation valve and upstream pstream of the 

steam isolation valve. The PRHRS heat exchangers are 

modeled with 4 nodes arranged in axial direction, and 

the emergency cooldown tank (ECT) is modeled with 

14 nodes to simulate overall circulation in the ECT.  

The PSIS is connected at the RCP discharge side of 

the RPV. The CMT and SIT of the PSIS are modeled 

with 5 nodes for each component. The pressure balance 

line (PBL) and SIL are modeled with 8 nodes and 4 

nodes, respectively. 

 

368

370

322

331

340

390
366

367

380

379

371

376

377

389

372

373

374

375
319

320

323

324

325

326

327

328

329

330
378

SIT

CMT

381

382

387

388

383

384

385

386

333

334

335

336

337

338

339

321

369

451

452
397 398

406

438 439

440

442

443

448

449

461

444

445

446

447
385

386

388

389

390

391

392

393

394

395

396
450

SIT

CMT

453

454

459

460

455

456

457

458

399

400

401

402

403

404

405

387

441

427

428
375 376

384

414 415

416

418

419

424

425

437

420

421

422

423
363

364

366

367

368

369

370

371

372

373

374
426

SIT

CMT

429

430

435

436

431

432

433

434

377

378

379

380

381

382

383

365

417

403

404
353 354

362

390 391

392

394

395

400

401

413

396

397

398

399
341

342

344

345

346

347

348

349

350

351

352
402

SIT

CMT

405

406

411

412

407

408

409

410

355

356

357

358

359

360

361

343

393

45

44

43

42

41

40

39

38

37

36

35

34

33

32

5
1

5
0

4
9

4
8

4
7

39

40

41

42

43

44

45

46

47

48

49

50

53

54

55

56

57

58

31

53

38

60

51

68

67

66

65

64

63

62

61

60

59

58

57

56

55

7
4

7
3

7
2

7
1

7
0

64

65

66

67

68

69

70

71

72

73

74

75

78

79

80

81

82

83

54

76

76

77

100

99

122

1

63

85

88

110

113

135

139

140

141

142

143

144

145

146

147

148

149

150

151

152

137

152

153

154

155

156

157

158

159

160

161

162

163

164

184

185

186

187

188

189

190

191

192

193

194

195

196

197

206

207

208

209

210

211

212

213

214

215

216

217

218

229

230

231

232

233

234

235

236

237

238

239

240

241

242

260

261

262

263

264

265

266

267

268

269

270

271

272

274

275

276

277

278

279

280

281

282

283

284

285

286

287

314

315

316

317

318

319

320

321

322

323

324

325

326

182

1
5
5

156

1
6
3

167

1
6
4

1
6
5

166

4
6

5
2

52

59

6
9

77

7
5

84

173

175

125 124

1

2

3

4

5

6

7

8

9

10

1
1

1
2

1
1

1
2

124

14

1
3

1
3

15

16

17

18

19

20

21

22

2
3

2
4

2
5

2
6

2
3

2
4

2
5

2
6

2
8

2
8

2
7

2
7

2
9

2
9

3
0

3
0

123 123

2

3

4

5

6

7

8

9

10

15

13

12

11
137

16

17

18

19

20

21

24

25

26

27

28

29

30

31

32
33
34
35

36

112

87 37

61

86

111

136

62

22

23

139

1
6
1

1
6
0

1
5
9

1
5
8

1
5
7

180

172 179

171 178

170 177

169 176

168

168

169

178

170

171

172

173

174

176179

180

181

177

182

183

184

186

187

188

189 196

195

194

192

191

190

1
9
7

1
9
8

1
9
9

2
0
1

2
0
2

138

183

228

273

150

204

258

312

151 205259313

317

199

167
153

198

243

288

166

220

274

328

165 219273327

2
0
0

2
0
8

212

2
0
9

2
1
0

211

218

220

2
0
6

2
0
5

2
0
4

2
0
3

2
0
2

225

217 224

216 223

215 222

214 221

213

222

223

232

224

225

226

227

229

230233

234

235

231

236

237

238

239

240

242

243 250

249

247

246

245

244

2
5
1

2
5
2

2
5
3

2
5
5

305

138

14

154

114

113

112

111

110

109

108

107

106

105

104

103

102

101

1
2
0

1
1
9

1
1
8

1
1
7

1
1
6

114

115

116

117

118

119

120

121

122

123

124

125

128

129

130

131

132

133 126

1
2
1

1
1
5 127

134
91

90

89

88

87

86

85

84

83

82

81

80

79

78

89

90

91

92

83

94

95

96

97

98

99

100

105

108 101

102

109

9
7

9
6

9
5

9
4

9
3

103

104

106

107

9
2

9
8

136

227

272
FW

149

257

311

244

289

275

329

2
4
5

2
5
3

257

2
5
4

2
5
5

256

263

265

2
5
1

2
5
0

2
4
9

2
4
8

2
4
7

270

262 269

261 268

260 267

259 266

258

276

277

286

278

279

280

281

282

284287

288

289

285

290

291

292

293

295

296

297 304

303

302

300

299

2983
0
5

3
0
6

3
0
8

3
0
9

2
9
0

2
9
8

302

2
9
9

3
0
0

301

308

310

2
9
6

2
9
5

2
9
4

2
9
3

2
9
2

315

307 314

306 313

305 312

304 311

303

330

331

340

332

333

334

335

336

338341

342

343

339

344

345

346

347

349

358351

350 357

356

354

353

3523
5
9

3
6
0

3
6
2

3
6
3

221

365

136

FW
203

317 318318

365

426
450

414
438

378
402

366

126

127

128

129

130

140

141

142

143

133

132

397

131

134

135

144

145

146

147

148

201246291

174

1
6
2 181 219

2
0
7 226

264

2
5
2 271309

2
9
7 316

185

1932
0
0

2
5
4

241 248

3
0
7

294 301

3
6
1

348 355

2
5
6

3
1
0

3
6
4

175

228

283337

332

 
Fig. 1. SMART-ITL Nodalization for TASS/SMR-S model 

 

3. Test and Calculation Results 

 

3.1 Test results of the SMART-ITL 

 

A natural circulation behavior of the RCS takes 

important role to reduce the thermal energy during 

transient situation with RCP trip and is generally driven 

by the buoyancy and gravity between heat source and 

sink. It is helpful to understand a practical natural 

circulation on the SMART what carries out and 

analyzes robust-bounding tests using SMART-ITL 

facility. A single phase natural circulation test using 

SMART-ITL was carried out through 4-step test 

procedure as startup operation, heatup operation, steady 

state operation, and single phase natural circulation 

(SPNC) test. After steady state operation for 15% core 

power (STDY-15P), natural circulation (NC) test began 

as soon as reactor coolant pumps (RCPs) stopped. 

Three NC tests were sequentially conducted during 3-

step core power reduction as 15% (SPNC-15P), 10% 

(SPNC-10P), and 5% (SPNC-5P).  

Individual tests should be to maintain a quasi-steady 

operation for a while. Some variables such as PZR 

heater power, feedwater flow rate and temperature 

should be precisely controlled for a constant 

temperature and pressure of reactor coolant system 

(RCS) until all of conditions are reached at steady state 

condition. As a result, once the RCS NC flow rate that 

satisfies heat balance between RCS and secondary 

system is reached, this state is maintained for a certain 

time. The initial conditions and procedures for the 

SPNC test is shown in Table II and III, respectively. 

Target values in Table II stands for the nominal 

operation condition to apply the scale ratio of the 

SMART-ITL. Most of the measured values are satisfied 

with the target ones within 5% difference except the 

core power, RCS flow rate, and feedwater pressure. The 

measured core power is 15.92% higher than target one 

because the core power in the test should include the 

heat loss on the structures. To satisfy the temperatures 

of the core and SGP under this special situation, the 

given RCS flow rate should be higher than the target 

one. It is revealed that the heat balance between the 

RCS and secondary system is well maintained as 

showing the heat transfer rate on the secondary side of 

the SG is similar to the target core power. The target 

feedwater pressure means the pressure for the rated 

flow rate. The actual feedwater pressure is proportional 

to the feedwater flow rate and could not be satisfied 

with the target one about 15% flow rate. Table IV 

shows individual core powers for SPNC test such as 

15% core power with RCP (STDY-15P), 15% core 

power without RCP (SPNC-15P), 10% core power 

(SPNC-10P), and 5% core power (SPNC-5P). The 

SPNC test was continuously carried out by stepwise 

reducing the core power and feedwater flow rate as 

listed in Table III. STDY-15P as the test ID represents a 
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steady state test as an initial condition for SPNC test. 

SPNC-15P means a quasi-state SPNC test result for 

15% core power after the RCP trip.  SPNC-10P and 

SPNC-5P mean the results of quasi-state SPNC tests for 

10% and 5% core power with appropriate reduction of 

feedwater flow rate after stepwise decreasing the core 

power, respectively [4]. 

 

Table II: Initial Condition for 15% core power  

 

Table III: Procedures for SPNC test 

Event Remark 

Initial Condition  15% Operation 

STDY-15P  Steady State  

RCP trip 

FW Flow Rate Control 
Manual Control 

SPNC-15P  Quasi-Steady ( > 10 min.) 

Core Power 

FW Flow Rate Control 

10% Operation 

Manual Control 

SPNC-10P  Quasi-Steady ( > 10 min.) 

Core Power 

FW Flow Rate Control  

5 % Operation  

Manual Control 

SPNC-5P  Quasi-Steady ( > 10 min.) 

Test End 
 

 
Table IV: Core power distribution for SPNC 

 

3.2 Calculation results of thetas/SMR-S 

 

Table V shows the results of the tests and 

calculations. The validation analysis for the SPNC was 

independently calculated. Individual calculation results 

have continuity because the previous calculation results 

were used as the initial condition for a present 

calculation. That is, to achieve a quasi-state condition 

for each core power, transient calculation was 

performed by using transient input with the SNAP file. 

The SPNC-15P analysis was begun by the RCP trip 

with the previous result for initial condition, STDY-15P. 

The same methods were applied to the SPNC-10P, and 

-5P with additional control to appropriately reduce the 

feedwater flow rate. The boundary conditions such as 

the core power, feedwater flow rate, and feedwater 

temperature are well given by the input values for all of 

cases. The calculated values such as the pressures of the 

PZR and the steam line, and the temperatures of the 

core inlet and outlet, and steam line are well predicted 

within 2%. The natural circulation flow rate in the RCS 

is slightly under-estimated in the low power and over-

estimated as increasing power within 5%.  

 
Table V: Results comparison with test and calculation 

Value 

STDY-

15P 

SPNC-

15P 

SPNC-

10P 

SPNC-

5P 

Calculation/Measurement 

Core Power 100 100 100 100 

RCS Mass Flow 

Rate 
100 103 101 95 

PZR Pressure 100 100 100 99 

Core Inlet 

Temperature 
100 100 100 98 

Core Outlet 

Temperature 
100 100 100 99 

PZR Temperature 100 100 100 100 

Feedwater Flow 

Rate 
100 100 100 100 

Feedwater Pressure 100 100 100 100 

Main Steam 

Pressure 
100 100 100 100 

Feedwater 

Temperature 
100 100 100 100 

Main Steam 

Temperature 
100 99 102 103 

 

The calculated heat transfer rate in the steam 

generators secondary side (SGS) is in a good agreement 

with the measured one. It is the reasonable results that 

the heat transfer rate in the SGS is proportional to the 

feedwater flow rate. The heat transfer rate of SGS is 

important parameter in the view point of heat removal 

amount. The sum of heat transfer rate and heat loss is 

equal to the core heater power in both of the test and 

calculation as listed in Table VI. It reveals that thermal 

equilibrium is well maintained between the RCS and 

secondary system for each case.   

Parameter 
STDY-15P 

Difference (%) 

Core Power  15.92 

Core Inlet Temperature  0.35 

Core Outlet Temperature 0.24 

SGP Inlet Temperature  0.35 

SGP Outlet Temperature 1.29 

RCS Flow Rate  13.26 

PZR Pressure  0.20 

PZR Temperature -0.12 

Feedwater Temperature 0.06 

Feedwater Flow Rate  -1.13 

SGS Pressure  -0.13 

State 

Core 

power 

(kW) 

Remarks 

STDY-15P 1,295 15% core power with RCP  

SPNC-15P 1,295 
15% core power after RCP 

trip 

SPNC-10P 850.4 10% core power 

SPNC-5P 550.2 5% core power 
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Overall results calculated by the TASS/SMR-S 

shows reasonable prediction for the measured values. 

The capability of the TASS/SMR-S is evaluated using 

the test results of the SMART-ITL with regard to a 

single phase natural circulation (SPNC). 

 

Table VI: Heat balance between test and calculation 

 

4. Conclusion 

 

Validation of the TASS/SMR-S models was 

performed using the test results of SMART-ITL on 

single-phase natural circulation (SPNC).  

The validation results showed that the overall 

thermal-hydraulic behaviors from a primary system and 

secondary system were properly predicted. The natural 

circulation in the RCS was predicted reasonably by the 

code. However, the TASS/SMR code under-predicted 

the natural circulation of the RCS as the core power 

was decreased. 
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Value 

STDY-

15P 

SPNC-

15P 

SPNC-

10P 

SPNC-

5P 

Calculation / Measurement (%) 

Core Power 100 100 100 100 

Heat Removal 

through SG-

Secondary 

100 100 101 101 

Heat Balance (Core 

Power - MSMF) 
100 101 95 96 
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