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ABSTRACT 

A new advanced safety feature of DVI+(Direct Vessel 
Injection Plus) for the APR

+ 

 

(Advanced Power Reactor plus), 
to mitigate and to prevent an ECC(Emergency Core Cooling) 
bypass phenomena, is presented for an advanced DVI 
system(DVI+). A protective ECC flow down channel from a 
high-speed cross flow in a downcomer, a 4-duct which is called 
an ECC extension duct is installed on the outside of a core 
barrel. In this study, the feasibility of DVI+ has been tested. 
They include: (1) 1/5-Scale air-water test, (2) DVI+ duct 
vibration test, (3) full scale duct injection test. The other design 
verification tests are also performed. They include:  (1) Full 
scale 3-Fuel assembly cross flow test, (2)1/5-Scale reactor flow 
distribution test (to be performed, under construction), (3) Core 
simulator calibration developing test for core flow test. The 
duct vibration test and the ECC intake fraction tests are 
performed using full scale DVI duct test facility. The ECC 
bypass fraction is measured under the condition of the steady-
state and direct ECC bypass. The water level of reactor 
downcomer is controlled at a lower level to prevent the sweep 
out phenomena from the free surface of collapsed water. A 
CFD (Computational Fluid Dynamics) analysis was also 
performed for the simplified scaled model using commercial 
CFD code. The test results show that the ECC direct bypass 
fraction is much reduced when the DVI+ duct is applied. The 
DVI+ ECC extension duct is a good feature to mitigate and to 
prevent the ECC direct bypass.  

INTRODUCTION 
 
An ECC direct bypass depends on the geometrical 

configuration of the DVI nozzle and its location in the 
downcomer (T.S. Kwon et al., 2003, H. Glaeser, 1992, 1993). 
The entrainment of ECC water in a downcomer is strongly 
dependent on the relative azimuthal angle between the broken 
cold leg and the ECC injection nozzle. Therefore, this 
azimuthal angle effects induce a different ECC bypass 
characteristics versus the number of ECC injection nozzle. In 
some case, the ECC bypass fraction of 4-EDG (Emergency 
Diesel Generator) system would be increased when compared 

to that case of 2-EDG system. The new DVI+ Emergency Core 
Cooling System (ECCS) is different from the current DVI 
system which are applied to the APR1400, AP1000, or US-
APWR combined injection system, which uses both a DVI and 
Cold Leg Injection (CLI) system. In an advanced pressurized 
water reactor APR+, a DVI extension duct which is installed on 
an outer surface of core barrel is newly applied into the 
downcomer annulus to prevent strong steam-water interaction 
in the reactor downcomer during a postulated loss of coolant 
accident. The major design goal of the DVI+ system is to 
mitigate the direct ECC bypass for a 4-EDG (T.S. Kwon et al., 
2003). The relative azimuthal injection angle of a DVI nozzle is 
defined as the angle from the broken cold leg to the hot leg. 
The current DVI azimuthal injection angle of APR1400 is 15 
degrees. A high relative azimuthal angle gives a low ECC 
bypass fraction in general (T.S. Kwon et al., 2003, 2004).  

 
 

SEPARATE EFFECT TESTS 

ECC BYPASS PERFORMANCE TEST FOR DVI+ DUCT 
 

The direct ECC bypass and sweep out behavior in the 
reactor downcomer annulus is strongly dependent on the Wallis 
parameter.  Because the downcomer gap of the APR+ is 
reduced by the ECC duct in the downcomer annulus, the 
circumferential steam velocity is increased when compared to 
that of the APR1400. However, the developing test of DVI+ is 
performed on the 1/5-Scale air-water test facility DIVA for the 
APR1400. Therefore, to evaluate the ECC bypass behavior for 
the APR+ based on the 1/5-scale DIVA air water test results, 
the Wallis parameters for each plant is compared. The 
increased Wallis parameter for APR+ drives the ECC bypass 
increasing though the geometrical conditions such as the 
downcomer gap and its height, pipe diameter of hot leg and 
cold leg, and the break size are not changed except the core 
power increased by 7% in the APR+. However, the ECC 
bypass fraction of the APR+ does not increase because the 
DVI+ duct prevents the steam-water interaction in the 
downcomer annulus. In this scaling parameter comparison, the 
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dimensionless circumferential velocity j*
g,ent and j*

l,ent

 

 are 
compared by equation(1).  

       (1) 

 
 

where, 

 

 

 

  
and, the subscripts 

         g           gas phase 
         f            fluid 
         CL        cold leg 
         D/C      downcomer 
 
 

The DVI nozzle and ECC extension duct are designed to 
open without any mechanical connections. A pipe connector is 
completely removed from between each direct vessel injection 
nozzle and each injection extension duct installed on an outer 
surface of the core barrel, which are opposite to each other.  An 
emergency core cooling water intake port, through which the 
water is injected from each direct vessel injection nozzle, is 
formed on the surface of each injection extension duct facing 
an axis of each direct vessel injection nozzle.  Thereby, the 
emergency core cooling water is injected into the intake hole of 
the ECC extension duct from the direct vessel injection nozzle 
by a hydraulic flow momentum. 

The injection extension duct, which protrudes from the core 
barrel toward the reactor vessel, preferably has a radial distance 
limited to a range less than 1/5 of the downcomer gap.  This is 
because, in the case in which the radial distance must be 
smaller than the minimum inner diameter of the upper 

alignment key portion of the reactor vessel and the inner 
diameter of the hog leg. No interference occurs when the 
reactor vessel and the core barrel are assembled or when the 
neutron monitoring capsule is withdrawn.  

As shown in Fig. 1, the lowest outlet of the ECC extension 
duct is designed to be open, and the highest cap of the ECC 
extension duct is closed, and it includes at least one air vent so 
that gas can be discharged when the nuclear reactor vessel is 
filled with water.  The ECC water intake port is located on the 
axial line of the DVI nozzles.  The diameter of the emergency 
core cooling water intake port is about one to two times of the 
inner diameter of the DVI nozzle in consideration of a 
deflection of the jet by means of gravity when the jet of the 
DVI nozzle has small spreading and flow rates.  Thereby, the 
emergency core cooling water is can be entered more easily 
into the ECC extension duct. 

 
 

 
(a) ECC duct           (b) ECC Deflector 

 
Fig. 1 ECC duct installation location 

 
 

AIR-WATER ECC BYPASS TEST CONDITIONS 
 
To evaluate the ECC bypass performance of the ECC duct 

and the ECC deflector systems, the air-water 1/5-scale reactor 
downcomer model of the APR1400 is applied. The test loop has 
4 cold legs, 2 hot legs blunt body, and 4 DVI nozzles.  The 
reference plant is the APR1400 which is 2-loop pressurized 
light water reactor. The RCS of the APR1400 consists of 2 hot 
legs and 4cold legs. The DVI water injection velocity is fixed at 
0.72 m/sec. The air velocities of 3 cold legs are varied from 5 
m/sec to 20 m/sec The water level of the downcomer was 
controlled at low level.  
 

 
AIR-WATER ECC BYPASS TEST RESULTS 
 

The ECC direct bypass fractions with injection nozzle 
variation are compared in Fig.2. The black solid squared 
symbol represents the DVI-2 and DVI-4 combination for the 
1/5-scale air-water model of the original APR1400 without the 
DVI+ duct. The total bypass fraction is about 42% at a velocity 
of 20 m/sec. The ECC direct bypass fraction hits about 68% for 
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the combination of the DVI-1 and DVI-4 of 4-EDG system at 
the cold leg velocity of 18 m/sec. The ECC direct bypass is 
strongly mitigated when compared to the combination of the 
DVI-1 and DVI-4 injection. The results for the DVI+ duct 
system show that the ECC bypass performance of the 4-EDG 
system is lower than that of the 2-EDG system when the single 
failure assumption and the maintenance concept are applied at 
the same time during LOCA. 

Fig. 3 represents the performance of the ECC deflector 
system. The ECC deflector has the role of an ECC momentum 
directional controller. The direct bypass fraction of the ECC 
extension duct is about 10% for the velocity range of 0~15 m/s. 
while the ECC bypass fraction is increasing very sharply over 
50~60 %. 

In figures, the ECC bypass performance between the ECC 
deflector and the DVI+ duct are compared.  As shown in 
figures, the ECC bypass fraction of the ECC deflector is higher 
than that of the DVI+ duct in the velocity range of 15~20 m/s . 

 

 
 

Fig. 2 Comparison of ECC Bypass fraction 
 
 

 
 

Fig. 3 ECC Bypass of ECC Deflector 

VIBRATION TEST 
 

In this study, the modal tests and analyses for two types of 
duct surfaces have been carried out as shown in Fig. 4. Since 
the DVI duct has a thin shell of 5 mm thickness, so that the 
harmonic responses of the RCP blade pressure perturbation of 
240 Hz should be checked. The dominant passing frequencies 
are known to be 120, 240, and 480 Hz. The natural frequencies 
of the full scale duct in a few low modes were obtained by a 
numerical simulation and modal test. The fundamental modes 
coincide within the narrow band except that of the arch duct 
under water; the numerical simulation gave 50.2 Hz while the 
modal test yielded 38.9 Hz. The Fig. 5 shows the frequency 
response of duct in the water. The Fig. 6 shows the low 
frequency modes of the arch duct in air by CFD.  
 

     
Fig. 4 Vibration test of the full scale duct  
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Fig. 5 Frequency response of duct (in water) 
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Fig. 6 Four low modes of the arch duct in air 

 

FULL SCALE DUCT ECC SPILLAGE TEST 
 

The test was performed at the conditions of atmospheric 
pressure and room temperature. The circular shaped intake duct 
geometry leads lower spillage fraction than that of the elliptical 
shaped intake duct. The scaling parameters are summarized in 
Table 1. The Fig. 7 shows the schematics of test facility. 

The ECC water spillage fraction is defined by Eq. (2). 

ECC spillage fraction (%)= 100×
in

spill

m
m

          (2) 

where, inm  was the integrated injected mass of the ECC water, 

and spillm  was the integrated spillage mass. 
 

The spillage fraction is about 3~4% for the shape of circular 
intake hole. The spillage ratio is summarized in Table 2. Fig. 8 
shows an ECC flow pattern for the circular shaped intake. The 
ECC water spillage fraction increased with the ECC water 
injection velocity, in case the circular shaped intake duct had a 
lower spillage fraction than that of the elliptical shaped intake 
duct. The reflection of the ECC water at the core barrel surface 
was increased when the ECC injection velocity was increased. 
This phenomenon increased the ECC spillage fraction. In the 
case of the circular shaped intake duct, the ECC spillage 
fraction was reduced due to the minimized water reflection 
from the duct when compared with an elliptical shaped intake 
duct. 

 
 

Table 1  Scaling ratio 
Parameter Scale ratio 

Velocity ratio, Rv  1/1 

Mass Injection Ratio, Rm  1/1 

Downcomer gap, DuctRGap ,   1/1 

Duct With , RW  1/1 

Duct Height , RH   1/1 

 

Table 2: ECC water spillage fraction 

ECC Duct 
intake shape 

Average Injection 
Velocity (m/s) 

Spillage 
Fraction (%) 

Elliptical 
1.792 12.102 
1.641 5.886 
1.566 4.770 

Circular 1.757 4.013 
1.584 3.181 
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Fig. 7 Full scale duct spillage test facility  
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Fig. 8 ECC flow patterns ( inv =1.58 m/s).  

ACOP CORE FLOW TESTS 
 

The APR+ has a 257-F/A core configuration. To evaluate 
the core thermal margin, the core flow and pressure distribution 
data are needed. For this purpose, the reactor flow test facility 
was designed based on the conservation of Euler number, 
which is a ratio of pressure drop to dynamic pressure with a 
sufficiently high turbulent region. The ACOP test facility is 
designed linearly reduced to a 1/5 ratio with a 1/2 velocity scale, 
which yields a 1/39.7 Reynolds number scaling ratio. Fig.9 
shows the overall configuration of the ACOP test facility. 
Fig.10 shows the overall configuration of the core simulator. 
All the core simulators are calibrated to have a relationship 
between mass flowrate and pressure drop. Fig. 11 shows the 
cross flow characteristics of the core simulator are evaluated by 
CFD simulation. The flow differences between adjacent F/A 
are + 10%.  The axial flow differences are disappeared with the 
channel cross flow. The general cross flow characteristics are 
coincided well. 

 

 
 

(a) 1/5-scale reactor vessel 

    
(b) Test loop 

 
Fig. 9 ACOP test facility 

 
 

  
(a) Core Simulator configuration 

 

 
(b) 257-Core simulator assembly 

 
Fig.10 Core Assembly 
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Fig.11 Cross flow characteristics 
 

 
CONCLUSIONS 
 

The current status of the thermal-hydraulics R&Ds for 
APR+ at KAERI were reported, which is being performed in 
very close conjunction with the standard

 
design verification and 

developments. The main R&D issues related with thermal 
hydraulic performance tests of DVI+ and core flow tests using 
core simulator for the APR

+ 

 

reactor are briefly introduced. The 
commercial CFD code is also applied to verify the model 
similarity for the flow characteristics of core flow and the 
vibration characteristics of DVI+. The numerical test results 
were applied for the development of preliminary test models. 
The new safety concepts of APR+ will be fully verified in 
terms of their performance and applicability to the safety 
system enhancement.  The core flow test using ACOP test 
facility will be performed by the end of year 2012. 
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