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Overview of the Topical Report 
 
 Title: Fluidic Device Design for the APR1400 

 1. Introduction 

2. Development Program of the Fluidic Device 

3. Detailed Design of the SIT-FD 

4. Performance Verification Tests 

5. Applicability 

6. Summary 
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Ch. 2 Development Program of the Fluidic Device 
 
 
 

 2.1 Background of the Fluidic Device Development 
 New Design Features of APR1400 

 Four mechanically independent trains for the SIS  
 Each SIT has a Fluidic Device(FD) 

 

 
 FD passively controls the 

injection flow rate of ECC water 
into the RCS during refill and 
reflood phases of LB-LOCA. 

 Each SIT has a Fluidic Device(FD) 
 Injection of ECC water from LP-

SIPs is not necessary. 
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Ch. 2 Development Program of the Fluidic Device 
 
 
 

 2.1 Background of the Fluidic Device Development 
 System configuration of the SIS of the APR1400 

 

CONTAINMENT

SIT

#4

SIT
#3

SIT
#1

SIT

#2

 

 
 

S/G
#1 RV

S/G
#2

 

 

SIP
#4

 

SIP
#2

 

SIP
#1

 

SIP
#3

IRWST

RCP
#1B

RCP
#2A

RCP
#1A

RCP
#2B
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Ch. 2 Development Program of the Fluidic Device 
 
 
 

 2.2 Working Principles of the Fluidic Device 

Structure of the SIT with Fluidic Device(SIT-FD) 

TS 
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Ch. 2 Development Program of the Fluidic Device 
 
 
 

Large flow rate Small flow rate 

Typical flow patterns inside the vortex chamber 

 2.2. Working Principles of the Fluidic Device 
 Refill phase: a low flow resistance and a high injection flow rate 

when a water is above the stand pipe 

 Reflood phase: a high flow resistance and a low injection flow rate 

when a water is below the stand pipe 
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Ch. 2 Development Program of the Fluidic Device 
 
 
 

 2.3 Design Requirements of the SIT-FD 
 The design requirements were quantified by performing a 

hypothetical LB-LOCA analysis with conservative assumptions. 

 The RELAP5/MOD3.3 code was used. 

 Design requirements for large flow injection period 

 

 

 Design requirement for small flow injection period 

TS 

TS 
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Ch. 3 Detailed Design of the SIT-FD 
 
 
 

 The detailed design was finalized after full scale 
performance verification tests had been carried out. 

 Safety Injection Tank 
 The geometrical specifications are almost 

identical to those of VAPER SIT. 

 Fluidic Device 
 The geometrical specifications are identical to 

those of VAPER FD except the following two 
parameters: TS 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.1 Test Facility (VAPER) 
 Full scale SIT & Fluidic Device 

 SIT I.D.: 2.74 m (8.99 ft) 
 SIT Height: 11.9 m (39.2 ft) 
 Volume: 68.13 m3 (2406 ft3) 

 SIT  is pressurized by an air 
compressor up to 5 MPa (725 psi). 
 

 Final Goal 
 Verification of the pressure loss 

coefficient (K-factor) of the SIT-
FD, which is used to evaluate the 
ECC water injection flow rate in 
the safety analysis code. 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.1 Test Facility (Dimensions of Fluidic Device) 
 

 Ref. FD FD-S 

D. of Vortex Chamber 

H. of Vortex Chamber 

W. of Supply Nozzle 

W. of Control Nozzle 

Angle btw. Nozzles 

I.D. of Throat 

Height of Stand Pipe 

I.D. of Stand Pipe 

FD-S: FD used for the 
sensitivity studies of 
stand pipe height and 
max. manufacturing 
tolerances. 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.2 Test Conditions 
 Four cases of tests were carried out. 

 Case-01 tests 
 Three identical tests at the reference test condition to check the 

repeatability. 
 One low pressure test to check the sensitivity of pressure difference 

on the FD K-factor. 
 

 Test ID Initial SIT Pressure 
[kPa(g), (psig)] 

Initial SIT  
Water Level 

[m (ft)] 

Initial SIT 
Temperature 

[oC (oF)] 
Case-01-01 

Case-01-02 

Case-01-03 

Case-01-04 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.2 Test Conditions 
 Case-02 tests 

 To check the sensitivity of stand pipe height. 
   

 Three identical tests to check the repeatability. 
 

 
Test ID Initial SIT Pressure 

[kPa(g), (psig)] 

Initial SIT  
Water Level 

[m (ft)] 

Initial SIT 
Temperature 

[oC (oF)] 

Case-02-01 

Case-02-02 

Case-02-03 

TS 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.2 Test Conditions 
 Case-03 tests 

 To check the sensitivity of manufacturing tolerance of vortex 
chamber height. 
   

 Three identical tests to check the repeatability. 
 

 
Test ID Initial SIT Pressure 

[kPa(g), (psig)] 

Initial SIT  
Water Level 

[m (ft)] 

Initial SIT 
Temperature 

[oC (oF)] 

Case-03-01 

Case-03-02 

Case-03-03 

TS 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.2 Test Conditions 
 Case-04 tests 

 To check the sensitivity of manufacturing tolerance of control nozzle 
width. 
   
   

 Three identical tests to check the repeatability. 
 

 
Test ID Initial SIT Pressure 

[kPa(g), (psig)] 

Initial SIT  
Water Level 

[m (ft)] 

Initial SIT 
Temperature 

[oC (oF)] 

Case-04-01 

Case-04-02 

Case-04-03 

TS 

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.3 Test Results 
 SIT & stand pipe water levels 

 g
PgHh

airw

airw
SIT )(

)(
ρρ

ρρ
−

∆−−
=

Case-01 ~ 04 Tests 

TS 

Case-01 Tests 
(Reference tests) 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.3 Test Results 
 ECC water injection flow rate 

 

Repeatability Reproducibility 
(Manufacturing Tolerance) 

t
tththA

dt
tdhAtW

SITSIT
SITwtr

SIT
SITwtrECCW

∆
∆+−

≅

−=

)()(

)()(

ρ

ρ

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.3 Test Results 
 Fluidic Device K-factor 

 

Repeatability Reproducibility 
(Manufacturing Tolerance) 

2

2
1400,2

ECCW

APRpipew
FDFD W

A
PK

ρ
∆=

TS 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.3 Test Results 
 Air discharge flow rate 

 )()()(

)()()(

tVttm
t

ttmtmtW

airairair

airair
air

ρ=
∆
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Ch. 4 Performance Verification Tests 
 
 
 

 4.4 Uncertainty Evaluation 
 The uncertainty of FD K-factor was analyzed at a 95% confidence 

level in accordance with the guidelines of ISO [1] and ANSI/ASME [2]. 

 The systematic uncertainty of FD K-factor was evaluated through a 

propagation of the elemental uncertainty sources. 
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Ch. 4 Performance Verification Tests 
 
 
 

 4.4 Uncertainty Evaluation 
 The systematic uncertainty of ECC water injection flow rate was 

also evaluated through a propagation of the elemental uncertainty 

sources. 
 



 1
5th

 P
re

-a
p

p
li

ca
ti

on
 M

ee
ti

n
g

 
 A

C
R

S
 M

ee
ti

n
g

 (
D

ec
. 1

4
, 2

0
16

) 

21/37 APR1400-N-A-EC-16001-NP 

Non-PROPRIETARY 

Ch. 4 Performance Verification Tests 
 
 
 

 4.4 Uncertainty Evaluation 
 The systematic uncertainties of 𝑾𝑾𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 & FD K-factor 

 
 FD K Factor  ECC water injection flow rate TS 
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Ch. 4 Performance Verification Tests 

 4.4 Uncertainty Evaluation 
 The random uncertainty of FD K-factor 

 PK  = ± t95 SK  
       = ± 2.179 SK 

Large injection 
flow rate 

Small injection 
flow rate 

SK 

PK 

TS 
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Ch. 4 Performance Verification Tests 

 4.4 Uncertainty Evaluation 
 The total uncertainty of FD K-factor 
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Ch. 4 Performance Verification Tests 

 4.5 Summary of the Performance Verification Tests 
 The VAPER SIT-FD showed sufficient repeatability with regard to 

its performance.  
 The initial SIT pressure, the height of stand pipe, and the expected 

manufacturing tolerances had only minor impact on the FD K-
factor.  

 FD K-factor satisfied the design requirements. 

Avg. FD 
K-factor Uncertainty Final FD 

K-factor 
Design 

requirements 

Large flow 
injection 

Small flow 
injection 

TS 
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Ch. 5 Applicability 

 5.1 Representative Pipe Area for FD K-factor 
 Throat diameter is generally used as a 

representative diameter for Cd of venture nozzles. 
 Definition of the representative diameter has a 

flexibility. 
 In LB-LOCA analysis, the diameter of SI piping 

line is more suitable for the evaluation of total K-
factor. 

( )

( ) 2

2

2

2

2

SI

pipewtr
FDPipeSI

SIwtr
FDPipeSI

FDPipeSITotalSI

W
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KKK

ρ

ρ
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+=
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,,
Typical venture nozzle (ISO) 

Industrial vortex device 
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Ch. 5 Applicability 

 5.2 Effect of Dissolved Nitrogen Gas on the FD K-factor 
 Some of the dissolved N2 gas comes out of the ECC water when 

the it passes through the vortex chamber and exit nozzle of FD. 
 The N2 gas release rate can be estimated by assuming 

conservatively that N2 gas content reaches the equilibrium state of 
the solubility during the fast pressure transient process through 
the FD. 

( ) ( )[ ] SIthroatFDNinFDNN WPmPmW ,, 222
−=

( )22

2 throatSIoutFDSI
wtr

FDinFDthroatFD UUPPP ,,,,, −+∆−=
ρ

( ) 2646 100423551084063210375781
2

PPPmN ⋅×−⋅×+×−= −−− ...

( ) 2646 109090111054337110232531
2

PPPmN ⋅×−⋅×+×−= −−− ...

0 oC (32 oF) 

40 oC (104 oF) 

Sun et al., 2001, Prediction of nitrogen solubility in pure water ~ up to high temperature, pressure, J. Sol. Chem. 
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Ch. 5 Applicability 

 5.2 Effect of Dissolved Nitrogen Gas on the FD K-factor 
 Estimated dissolved N2 gas release rate was much smaller than 

the air discharge rate during the period of                   seconds. 
 TS 
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Ch. 5 Applicability 

 5.2 Effect of Dissolved Nitrogen Gas on the FD K-factor 
 The FD K-factor was not sensitive to the air discharge rate during                                      
                         seconds period. 
 As a result, we can conclude that the evolution of dissolved 

nitrogen gas does not affect the FD K-factor. 
 

TS 
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Ch. 6 Summary of Topical Report 

 A passive flow controlling Fluidic Device was developed 
and installed inside the SIT for APR1400. 

 The performance of the passive SIT-FD was evaluated in 
the VAPER test facility, equipped with a prototypical 
full-scale SIT-FD. 

 Throughout the repetitive tests, it was verified that the 
performance of the APR1400 SIT-FD satisfies the design 
requirements and the reproducibility of the SIT-FD was 
confirmed. 

 In addition, the highest quality of the experimental 
results was achieved by developing and applying a 
quality assurance program for the Fluidic Device tests. 



 1
5th

 P
re

-a
p

p
li

ca
ti

on
 M

ee
ti

n
g

 
 A

C
R

S
 M

ee
ti

n
g

 (
D

ec
. 1

4
, 2

0
16

) 

30/37 APR1400-N-A-EC-16001-NP 

Non-PROPRIETARY 

Current Status 

 The U.S. NRC staff prepared an advanced Topical Report 
Safety Evaluation (TRSE) for Topical Report, “Fluidic Device 
Design for the APR1400- Rev. 0.” after reviewing the FD TR 
and the responses to the staff’s RAIs. 

 For RAI 2-7371, Questions 13 and 16 are being tracked as 
confirmatory items pending the incorporation of a corrected 
figure and a corrected table in the topical reports. 
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Attachments: Case-01-04 Test Results 
 The injection flow rate is decreased when the pressure 

difference between SIT and end of discharge line is 
decrease, and this results in the decrease in the 
undershoot of the stand pipe water level at the flow rate 
turning point. TS 

발표자
프레젠테이션 노트
From now on, let me explain the test results.

The first one is the water levels of SIT and stand pipe. They were evaluated from the measured pressure difference between bottom and top positions of pressure taps.

First of all, we can confirm the repeatability of the test results from these two graphs.

The SIT water level decreased steeply until the water level reached the top of the stand pipe, then the SIT water level decreased gradually. When the SIT water level dropped below the top of the stand pipe, the water level in the stand pipe was depressed abruptly and reached the lowest level, and then recovered rapidly to about a 1.0 m (39.4 in) elevation, thereafter the water level decreased slowly.

(The base elevation of the SIT water level is the bottom of the SIT, and the base elevation of the stand pipe water level is 100 mm (3.94 in) higher than the top surface of the fluidic device.  As a result, the base elevation of the stand pipe water level is 1,054 mm (41.50 in) higher than that of the SIT water level.)

(There was no flow path through the supply port after the water level dropped below the top of the stand pipe, and the pressure drop occurred only through the control ports.  The water level inside the stand pipe was lowered to compensate for pressure drop and to balance the pressure difference between the vortex chamber and the top of the SIT. The stand pipe water level reached the minimum level at the time of the abrupt depression due to the inertia effect.)
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 The QA program(*) for the “FD performance verification tests” was 
developed in accordance with 10CFR50 appendix B and 
ANSI/ASME NQA-1-1994. 

 The QA program covers the QA requirements that are applicable to 
experimental test activities. 

 Test equipment: 
• Control of test and measuring equipment was carried out in accordance with the 

established procedure. The test team has generated and maintained QA records such 
as Measuring & Test Equipment (M&TE) List, M&TE History Cards, and 
Calibration Reports. 

 Test personnel:  
• The FD Tests were conducted by competent and trained personnel. All test personnel 

received a high level of education, and had expertise and experiences in testing in 
thermal hydraulic experiments through performing R&D projects sponsored by the 
Korean Government, etc. 

Attachments: Quality Assurance Program 

* Quality Assurance Manual, APR1400 Fluidic Device Verification Experiment (2003);  
* Quality Assurance Procedures, APR1400 Fluidic Device Verification Experiment (2003)  
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 Test procedure: 
• The FD Tests were conducted in accordance with the documented procedure which 

had been issued after the review of QA personnel. The VAPER test facility was also 
operated in accordance with the established procedure. The Test Procedure(*) was 
developed for the FD Tests 

• The Test Procedure includes test objectives and requires provisions for assuring that 
prerequisites has been met, that adequate instrumentation is available and used, and 
that suitable environmental condition is maintained. The required test items for 
APR1400 were accurately identified and tested in accordance with the Test 
Procedure. 

• Each test process was checked with documented check-list in accordance with the 
Test Procedure. QA personnel also witnessed the selected points for some 
representative tests. 

Attachments: Quality Assurance Program 

* FD Performance Repeatability Experimental Procedure, FD-EP-01 (2004)  
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Attachments 
 
 
 Document No. Title Revision Type ADAMS 

Accession No. 

APR1400-Z-M-TR-
12003-P Fluidic Device Design for the APR1400 0 TR* ML13018A194 

APR1400-K-A-NR-
14005-P CFD Analysis of Fluidic Device 0 TER** ML14164A170 

 List of Submitted Documents 

No. of Questions No. of Responses Not Responded No. of Open Items 

18 18 0 0 

 Summary of RAI 

* TR: Topical Report, ** TER: Technical Report 
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 (Q.11) “What is the effect of dynamic RCS pressure fluctuations on 
the K-factors? Is there additional uncertainty due to this effect?” 
 Resolution: KHNP compared the pressure difference change 

calculated by RELAP 5/MOD3 for APR1400 LBLOCA, and the 
pressure difference changes obtained from the VAPER tests. The effect 
of the pressure difference change of APR1400 is covered by the 
VAPER tests. 

 

 (Q.15) “There is no discussion of whether cavitation occurs in the 
vortex chamber or the exit nozzle.” 
 Resolution: KHNP performed CFD analysis using VAPER data. The 

CFD analysis qualitatively confirmed that vaporous cavitation occurs 
in the center of exit nozzle in both large and small flow periods, and 
also confirmed that the vaporous cavitation effect to the FD K-factor is 
included in the full-scale VAPER test results. 

 

Attachment: RAI Summary 
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 (Q.17-c) “What is the effect of the facing angle uncertainty on the 
K-factor of large flow period?” 
 Resolution: KHNP analyzed the manufacturing tolerance effect using 

CFD code. In the analysis, KHNP varied the facing angle to cover the 
maximum manufacturing tolerance. The CFD analysis confirmed that 
the design requirement bound the computational results. 

 

 

Attachment: RAI Summary 
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Attachment : Acronyms  
 
 
 

 ANSI: American National Standards Institute 
 APR1400: Advanced Power Rector 1400 
 ASME: American Society of Mechanical Engineers 
 ECC: Emergency Core Cooling 
 FD: Fluidic Device 
 LB-LOCA: Large Break Loss of Coolant Accident 
 LP-SIP: Low Pressure Safety Injection Pump 
 RCS: Reactor Coolant System 
 SI: Safety Injection 
 SIP: Safety Injection Pump 
 SIS: Safety Injection System 
 SIT: Safety Injection Tank 
 SIT-FD: Safety Injection Tank with the Fluidic Device 
 U.S. NRC: United States Nuclear Regulatory Commission 
 VAPER: Valve Performance Evaluation Rig 
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