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Owing to pipe thinning, fatigue damage, and aging, pipes, valves, and devices installed in the primary and secondary systems of
nuclear power plants may leak high-temperature/high-pressure reactor coolant. Thus, a system must be developed to determine if
the leakage is exceeding the operating limit of the nuclear power plant, thereby mitigating any loss of life or economic loss in such
cases. In this study, a validated numerical analysis method was established to initially simulate the leakage behavior and
subsequently to evaluate the small amount of leakage in the compartment. For this purpose, a vapor-jet collision test in the
compartment and a vapor-jet test in the pipe were performed; numerical analysis was conducted, and comparative analysis was
performed to verify the validity of the established method. The evaluation results suggested that the proposed numerical analysis
method could optimally simulate the flow characteristics of the steam jet. Notably, compared to the existing evaluation method,
the proposed approach simulated a more detailed behavior of the jet formed at the leakage point. In future research, the results of
this study (data) will be used to inform the design of the second phase of the leak-capture system and will be served as the

foundation for a performance-optimization study on the capture system.

1. Introduction

The primary and secondary systems of nuclear power plants
consist of several pipes, valves, and equipment. Thus, accidents
involving leakage of the reactor coolant under conditions of high
temperature and pressure may occur owing to thinning of the
pipes, fatigue damage due to vibration of equipment, and aging
of nuclear power plants [1-3]. In 2008, in the Kori Nuclear
Power Plant Unit 3, which was in its normal operational state,
a leak occurred at the drain valve weld on the B side of the steam
generator. In particular, a leak occurred in the pipeline, and
measures were taken to manually stop the reactor [4, 5]. Thus, if
a small amount of leakage occurs that exceeds the operational
limit of the nuclear power plant, then such a mishap may cause
economic loss due to the shutdown of the nuclear power plant or
even result in harm and loss of human life due to the leakage of
radioactive material.

In the existing pressurized light-water reactor, in
accordance with the regulatory guidelines (KINS/RG-
N06.01) for detecting a small leak at the level of 1 gpm
within 1hour, the leakage is detected by measuring the
radioactivity in the air of the containment building, the
humidity change, and water-level change in the water
tank. However, recent cases of leakages in nuclear power
plants have demonstrated that the small-leakage moni-
toring performance of the existing reactor-leakage
monitoring system is insufficient, and technical im-
provement is required in the field of small-leak moni-
toring [6]. Accordingly, a small leak detection system is
being actively researched for its development. The Korea
Atomic Energy Research Institute has developed an
acoustic leak-monitoring system over three years of
research, initiated in 2006, and in 2012, they developed
a leak-monitoring technology for nuclear power plants
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using video signals. Recently, a leak-detection technol-
ogy has been developed for the real-time monitoring of
unidentified leaks in the reactor-coolant system [6].

When a trace amount of leakage occurs in a structure or pipe
under high-temperature/high-pressure conditions, the leakage
characteristic can be classified as overheated, saturated, and
undercooled, and supersonic jets can be formed in the leakage.
The supersonic jet flow is formed as an overexpanded flow when
the pressure at the nozzle outlet (rupture) is lower than the back
pressure, and the pressure at the nozzle outlet increases as the
pressure upstream of the nozzle increases. If this pressure is
higher than the ambient pressure, an underexpanded jet is
formed [7, 8]. When the nozzle pressure ratio (NPR) is small, the
shape of the jet is formed as a continuous cell structure. On the
contrary, when NPR increases as the nozzle upstream pressure
increases, a highly underexpanded jet with complex physics
occurs as shown in Figure 1 [8, 9]. The flow discharged from the
nozzle rapidly expands owing to the imbalance caused by the
high pressure, and an expansion wave is generated. As the
generated wave propagates, it encounters the outer boundary of
the jet and is reflected, and these waves combine to generate
barrel shock. In addition, the Mach disk occurs at a distance of
more than several times the nozzle diameter, and the flow after
the Mach disk is subsonic. However, a supersonic speed is
maintained downstream of the barrel shock. In view of such
a complex physical phenomenon occurring in the leakage
section, before developing a leakage-detection technology,
a numerical analysis technique considering the physical char-
acteristics of the compressible flow should be established to
evaluate the leakage behavior.

This study for evaluating the trace leakage in the com-
partment is segmented into two stages. The first step involves
the establishment of a proven methodology of numerical
analysis for simulating the leakage behavior, and the second
step is a performance evaluation and optimization study of
the collection system to collect the leakage through this
system. In this study, as the first step in the development of
the technology for evaluating a trace amount of leakage in
a compartment, a numerical analysis methodology was
established to simulate the leakage behavior, and the analysis
methodology established for the leak-simulation test was
used to validate this methodology. Thereafter, numerical
analysis based on computational fluid dynamics (CFD) was
performed under the same conditions as those of the ex-
periment. The established analysis methodology was vali-
dated through a comparison of simulation results with CFD
analysis results and a comparison with the existing evalu-
ation model for the jet range of influence (ZOI).

2. Numerical Analysis Method

2.1. Governing Equations. When a crack forms in the piping
or piping joint of the coolant system of the reactor, the
coolant leaks through the crack, and a supersonic steam jet
may be formed. When the supersonic steam jet is emanated
into the surrounding atmosphere, a supersonic under-
expanded jet is formed, which is marked by the onset of
compressible flow characteristics, such as a barrel shock
wave and Mach disk. Essentially, the governing equation for
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FIGURE 1: Schematic of a supersonic underexpanded jet.

numerically evaluating this compressive flow comprises
a continuity (equation (1)), a momentum (equation (2)), and
an energy (equation (3)) as follows:

op -
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In equations (2) and (3), 7 denotes the stress tensor,
which is calculated using equation (4) as follows:

_ 2
7= y[<V7 + 7T> - gv-m]. (4)
The vapor was assumed to be an ideal gas (y = 1.3 [10]),

and the total pressure and total temperature for the com-
pressible flow were calculated as follows:
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To account the effect of turbulence on supersonic steam
jets, the standard k-¢, realizable k-¢, and k-w shear stress
transport (SST) models are widely used because of their
excellent convergence and stability among the Reynolds-
averaged Navier-Stokes (RANS) equations-based turbu-
lence models. The standard k-¢ model tends to slightly
overestimate the flow direction characteristics and un-
derestimate the thickness of the flow/temperature boundary
layer, and thus, this model is primarily suitable for simu-
lating the strong-level turbulent flow phenomenon. The
realizable k-&¢ model can predict the dissipation rate
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FIGURE 2: Grid system with dynamic gradient-based mesh adaptation: (a) initial (2D), (b) initial (3D), (c) final (2D), and (d) final (3D).

distribution of planar and circular jets more accurately than
the standard k-¢ model via its improved method for cal-
culating the turbulence viscosity. Notably, the boundary-
layer properties can be better predicted than the standard
k—¢ in large pressure gradients, separation, and recirculation
flows [11]. Moreover, the k-w SST model is advantageous as
it can be widely used for a relatively wide range of turbulence
intensity (Re number); this is because this model selectively
leverages the boundary-layer approximation equation
according to the flow conditions. In this study, to establish
an appropriate methodology for simulating/evaluating the
leakage behavior, sensitivity analysis was performed on the
aforementioned turbulence model, and an appropriate
turbulence model was selected. The sensitivity analysis re-
sults are described in Section 4 herein.

2.2. Main Numerical Analysis Techniques. Steady-state
compressible flow analysis was performed via ANSYS
Fluent v18.0, which is a CFD code based on the finite
volume method. A two-dimensional analysis domain was
employed in the analysis of the steam-jet collision exper-
iment (Section 3) in the compartment under axisymmetric
conditions, and a numerical calculation was performed
using a three-dimensional analysis domain in the analysis
of the steam-jet leakage experiment (Section 4) in the pipe.
Additionally, by using the dynamic gradient-based mesh-
adaptation technique, the initial grid (Figures 2(a) and
2(b)) was divided into the region where the pressure
gradient was large during the calculation process, and
a denser grid (Figures 2(c) and 2(d)) was automatically
constructed. Generally, density-based solvers are recom-
mended for compressible flow analysis; however, they can
only be applied to single-phase flows. Considering this
drawback, in this study, an analysis methodology was
established using a pressure-based solver to expand the
analysis methodology for two-phase flow in the future. In
addition, the coupled algorithm was applied as a pressure-
velocity coupling technique. The coupled solver offered
excellent numerical stability and yielded a high efficiency
for the phenomenon in which the compressible and in-
compressible flows existed simultaneously [12]. The nu-
merical analysis technique used in this study was verified
on the basis of a benchmark study of the Marviken jet
impingement test [13] conducted by the Electric Power
Research Institute (EPRI; United States) and their verifi-
cation analysis of the experiments [14].

2.3. Entrance Condition. When a pipe ruptures, the flow rate
of steam passing through the rupture possesses a specific
critical value depending on the condition of the upstream
pipe. In particular, if the back pressure (P,) decreases, while
the upstream pressure (P,) of the flow passing through the
fracture is constant, the flow rate gradually increases, and
when the back pressure reaches a certain pressure, the flow
rate attains its maximum value, i.e., the flow does not in-
crease further. This state is called critical flow, and the flow
rate and back pressure under the critical flow state are called
the critical mass flux (G.) and critical pressure (P.),
respectively [15].

To directly simulate such a critical flow phenomenon in the
CFD analysis, the shape and physics inside the fractured pipe
must be considered; thus, this consideration may considerably
raise the computational resources required for this analysis.
Therefore, in this study, the critical flow rate and critical pressure
at the pipe breakage were obtained via separate calculations, and
these parameters were set as the flow-rate boundary condition
and the breakage pressure condition in the CFD analysis.

To obtain the flow rate and pressure of the critical flow
passing through the pipe break, a homogeneous equilibrium
model (HEM) was utilized. HEM can accurately predict the
critical flow rate and throat pressure under high qualities
[16]. These models are used in ANSI/ANS-58.2 (1988) by
predicting well the critical flow rate of saturated and two-
phase jet flow well [10, 17]. In particular, iterative calculation
of equation (6) was required for evaluating the critical flow:
the critical flow rate (G,) and critical pressure (P,) could be
obtained by numerically processing the process of de-
termining the point (inflection point) at which the flow rate
(G) was maximized, while the P, decreased under the
condition of P,/P, = 1. The X (equilibrium thermodynamic
quality) can be calculated using equation (7) [18] as follows:

2
¢ vy (Py) + Xvgy (Py) (ho iy (Po) = Xhg (Pb))) ®)

:So‘sf(Pb)
sfg(Pb)

>

(7)

where v represents the specific volume, the subscript f
denotes the saturated water, subscript fg depicts the dif-
ference in state variables of saturated steam and saturated
water, and subscript 0 symbolizes the stagnation condition
or inlet condition.
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FIGURE 3: Experimental setup: (a) experimental facilities, (b) test section, and (c) measuring device.

3. Experimental Analysis of the Steam-Jet
Impact in the Compartment

3.1. Experimental Equipment and Conditions. A steam-jet
collision experiment was performed to yield comparative data
for validation of the numerical analysis technique (as reported in
existing papers). The experimental equipment consists of
a boiler, pressure vessel, electric heater, receiver tank, rupture
disk, collision plate, steam pipe, on/off valve, and various
measuring equipment (refer to Figure 3). Water preheated
through the boiler is transferred to the pressure vessel, and the
steam generated by the electric heater installed in the pressure
vessel is stored in the pressure vessel and the receiver tank.
Moreover, a rupture disk is installed at the end of the steam-
injection pipe connected to the receiver tank (refer to
Figure 3(a)), and when the internal pressure of the receiver tank
attains the target pressure, the valve in front of the rupture disk is
opened, thereby rupturing this disk (refer to Figure 3(b)), and
the steam jet is sprayed onto the collision plate (refer to
Figure 3(c)). The vapor stored in the receiver tank is maintained
in a saturated vapor state.

The inner diameter of the pipe in the test section where
the steam is injected is 73.7 mm. The steam jet is injected into
a disk-shaped impact plate installed with a measuring device,

and the diameter of the used impact plate is 2m with
a thickness of 5mm. During the experiment, the pressure
generated by the jet collision was measured by attaching 7
pressure gauges in the radial direction onto the surface of the
collision plate.

Experiments were performed according to the initial
pressure inside the receiver tank and the jet distance. As the
steam jet was injected, the pressure inside the receiver tank
decreased, and the internal pressure of the receiver tank at
the time the rupture disk was fully opened was employed as
the CFD analysis condition. The six experimental conditions
used for the CFD analysis are summarized in Table 1, in
which the vapor is saturated.

3.2. Verification Analysis Result. CFD analysis was per-
formed using the numerical analysis method under the same
conditions as those for the jet-collision experiment per-
formed in the compartment. In addition, the pressure dis-
tribution on the collision plate’s surface was calculated using
the jet model of ANSI/ANS 58.2 for the same conditions. The
jet model of ANSI/ANS 58.2 was evaluated by developing
a Python-based program in accordance with that reported in
the prior state of the art [10].
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TaBLE 1: Conditions of the validation analysis for the in-compartment jet-collision test.

Test name vessel pIrI::lstslzlre (bar) mass g&tl(clzlg /m’s) Target distance (mm) Data time (s)
Jet-Al 20 1493.64 500 (6.78D) 11.884
Jet-A2 20 1445.83 1,000 (13.57D) 11.500
Jet-A3 20 1443.25 1,500 (20.35D) 11.190
Jet-A4 40 1307.70 500 (6.78D) 15.344
Jet-A5 40 1584.61 1,000 (13.57D) 14.586
Jet-A6 40 1584.61 1,500 (20.35D) 15.422

For the verification of the CFD analysis method, the
radial pressure distribution of the surface of the collision
plate of the experiment, CFD analysis, and the jet model of
ANSI/ANS 58.2 were compared with each other. In Figure 4,
the X-axis is the radius from the center of the collision plate,
and /D=0 is the center of the collision plate. The Y-axis
represents the dimensionless collision pressure based on the
upstream pipe pressure (Po) at the collision plate (equation
(8)).

P(r)- P,
-~ P,-P

p* , (8)

o0

where P, is the ambient pressure outside the rupture.

Although the pipe upstream pressure (Py) at the time of
evaluation differs for each analysis condition, as the jet-
collision distance (L) increases, the jet-collision pressure
applied to the center of the collision plate decreases and the
collision range tends to increase. The jet model of ANSI/ANS
58.2 underestimates the pressure at the center of the collision
plate compared to that in the experiment and predicts
a rather wide range of jet influence. In previous studies, the
jet model of ANSI/ANS 58.2 oversimplified the structure of
the jet [19], overpredicted the expansion of the jet, and
underpredicted the distance at which the supersonic effect
than the actual jet flow [20]. In addition, it was also found to
underestimate the central pressure of the jet at 45D and
6.6 D in the axial distance [17]. Therefore, the CFD analysis
result predicted the jet impact pressure distribution more
similarly to the verification experiment than the jet model of
ANSI/ANS 58.2. The condition simulated in this study is that
the collision distance of the jet is 6.78 D-20.35 D, which is
remarkably long compared to the inner diameter of the pipe.
Accordingly, as reported in previous studies, when the
collision distance is extremely short, the collision point
pressure is not rendered lower than the jet boundary [13, 14].
If the collision distance is shorter than this experimental
condition, the aforementioned phenomenon is expected
to occur.

4. Analysis of Steam-Jet Leakage Test in Piping

4.1. Experimental Equipment and Conditions. An experi-
ment was performed on the phenomenon of a small amount
of vapor leaking from the pipe, and verification was per-
formed via CFD analysis under the same conditions, and the
results were compared. Figure 5 illustrates the test section of
the trace-leak steam-jet experimental apparatus. The ex-
perimental device consists of a leak-simulation pipe,

a steam-supply nozzle, an outer pipe cover, and pressure-
and temperature-measuring equipment. Saturated steam
with a target pressure of 7 MPa or 10 MPa is sprayed through
the nozzle to the outer cover of the pipe, and the inner
diameter of the steam-supply nozzle is @ 1 mm. The outer
diameter of the leak-simulation pipe is @ 88 mm, the inner
diameter of the pipe outer cover is @ 100 mm, and the length
of the pipe and the outer cover is 700 mm. The experimental
apparatus was configured to adjust the gap between the
leaking part and the outer pipe cover, and the experiment
was performed by changing the upstream pressure for the
cases of 3 and 6 mm. Saturated steam at 7-10 MPa is sup-
plied to the front of the leaking nozzle, and the saturated
steam supplied to the outer cover is discharged through the
nozzle. To measure the pressure and temperature of the
discharged steam, five pressure sensors were installed at an
interval of 90 mm from the center of the nozzle to its left and
right sides, and four thermocouples were installed 45 mm
apart from the pressure sensor to measure the temperature.

4.2. Verification Experimental Equipment and Experimental
Conditions. The CFD analysis area is represented by the area
between the leak-simulation pipe and the outer cover of the
pipe. As the analysis shape is symmetrical, numerical cal-
culations for the 3D analysis domain were performed using
a symmetric condition. The upstream conditions measured
in the verification experiment and the conditions applied in
the CFD analysis are demonstrated in Figure 6 and Table 2.
Considering that the center (left side) of the area between the
leak-simulation pipe and the outer cover possesses a left-
right symmetric shape, a symmetric boundary condition was
applied (refer to Figure 6(a)). On the right side of the
analysis domain, a pressure boundary condition was applied,
and an absolute pressure of 1 atm and a temperature of 25°C
were implemented. Insulation conditions were applied to the
outer wall of the pipe and the inner wall of the outer cover.
Moreover, considering that the shape of the pipe is sym-
metric when viewed from the side (lateral symmetry),
a symmetric boundary condition was applied to the cor-
responding surface (refer to Figure 6(b)). The gap between
the pipe and the outer cover was 3 mm and 6 mm, and the
verification analysis was performed under the conditions of
7 MPa and 10 MPa upstream pressure, respectively.

4.3. Results and Discussion. Figure 7 illustrates the jet-
collision pressure results corresponding to the steam-jet
leaks in the pipe under the condition that the upstream



6 Science and Technology of Nuclear Installations
0'40 '\ T T T T T T T 0'40 T T T T T T T
\
0.35 1 1\ . 0.35 - .
\
030 F i e 0.30 -
a' 025 1 025} -
& &
= 0.20 13 0.20 ¢ 4
7 o
& 015 1 & o0ls .
I Il
A 0.10 4 & o010 .
0.05 1 0.05 .
0.00 o = 0.00 o e
1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8

Radial Position (r/D)

®m  Experiment (P =20 bar)
O Experiment (P =40 bar)
—— ANSI (P =20 bar)
~~~ ANSI (P,=40 bar)

(a)

—— CFD (P,=20 bar)
--- CFD (P,=40 bar)

0 1 2 3 4

5 6 7 8

Radial Position (r/D)

®m  Experiment (P =20 bar)
O  Experiment (P =40 bar)
—— ANSI (P=20 bar)
--- ANSI (P =40 bar)

(b)

0.40 : : : :
035 |
030 |
025 |

0.20 |

(P-P)/(P-P )

0.15 |

p*=

010 |
005k

0.00 |-

0 1 2 3 4

5 6 7 8

Radial Position (r/D)

®  Experiment (P =20 bar)
O  Experiment (P =40 bar)

—— CFD (P,=20 bar)
--- CFD (P =40 bar)

—— CFD (P,=20 bar)
--- CFD (P,=40 bar)

—— ANSI (P,=20 bar)
--- ANSI (P =40 bar)

(c)

F1GURE 4: Impinging jet pressure on the target plate: Leyrge = (a) 500 mm (6.78 D), (b) 1000 mm (13.57 D), and (c) 1500 mm (20.35D).

pressure (Py) is 7MPa and 10 MPa. In the analysis, the
saturation temperature condition was applied at the up-
stream pressure condition for the steam. Moreover, the
impact pressure of the jet acting on the inner surface of the
outer pipe cover was evaluated for each upstream pressure
condition, and the pressure evaluated in the experiment was
compared with the evaluation result of the jet model ob-
tained via ANSI/ANS 58.2. The characteristics of pressure
distribution on the surface point of collision with the jet tend
to differ slightly depending on the collision distance of the
jet. When the jet impact distance is short (L/D = 3) and the
upstream pressure is 7 MPa, the pressure is maximal at the
center of the impact surface, and a locally high pressure is

formed at approximately 2.5D in the radial direction. This
increase in the local pressure is attributed to the effect of
compression waves formed at the boundary of the jet [8].
When the upstream pressure is increased to 10 MPa, the
impact pressure increases, and as the range of influence of
the jet increases, the location of the local-pressure increment
tends to increase from 2.5D to 4 D. In particular, the CFD
analysis results and the collision pressure results of the
ANSI/ANS 58.2-simulated jet model exhibited similar
trends; however, the ANSI model failed to simulate the local-
pressure increment at the jet boundary. Notably, in the
experiment, the pressure was evaluated at a level approxi-
mately 50% lower than that of the CFD analysis. When the
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FIGURE 5: Schematic of the jet experiment: (a) front-view and (b) side-view.

TABLE 2: Analysis conditions.

Gap-3mm-70 bar Gap-3mm-100 bar Gap-6 mm-70 bar Gap-6 mm-100 bar

Upstream conditions Pressure (MPa) (PT-B-01) 6.94 9.69 6.82 9.69
P Temperature (°C) (TF-B-01) 277.44 303.27 278.31 300.60
Type Mass flow Mass flow Mass flow Mass flow
Critical mass flux (kg/mzs) 9890.19 14028.25 9714.05 14028.25
Quality (-) 1.0 1.0 1.0 1.0
Inlet conditions Hole diameter (mm) 1.0 1.0 1.0 1.0
Mass flow rate (kg/s) Vapor* 0.0038839 0.0055089 0.0038147 0.0055089
Throat pressure (MPa) 4.06 5.73 3.99 5.73
Temperature (°C) Tat Toat Tat Tat
Outlet Opening, 1 bar, 25°C
Boundary conditions  Pipe outer wall and casing Adiabatic wall
inner wall

distance between the nozzle and the collision point is
proximate to the level of 3 mm, the maximum pressure
appears at the center of the jet, and presumably, a particu-
larly low pressure appears because the center is not perfectly
aligned with the pressure sensor because of the abnormal
behavior of the jet. Even if the center of the steam jet differs
slightly by approximately 1-2mm from the impact point,
a large difference can occur in terms of the impact pressure.

When the collision distance of the steam jet is long (L/
D =6), the pressure distribution at the center of the collision
surface exhibits a flat shape in CFD analysis. In the case of an
upstream pressure of 7 MPa, the pressure distribution ap-
pears to be higher at the jet boundary than at the center.
Presumably, this pressure distribution is because of the
formation of a recirculation region between the Mach disk
and the collision surface and the formation of an outer jet in
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FIGURE 7: Impinging pressure on the inner surface of piping covers: (a) gap 3 mm, Py=70bar, (b) gap 3 mm, P, =100 bar, (c) gap 6 mm,
Py=70bar, and (d) gap 6 mm, P,=100 bar.
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FiGgure 8: Distribution of the Mach number on the front-view: (a) gap 3 mm, Py="70bar, (b) gap 3 mm, P,=100bar, (c) gap 6 mm,
Py=70bar, and (d) gap 6 mm, P, =100 bar.



10

o

: Standard k-¢

4 3.0

5 Realizable k-¢

rdinate (L/D)

E
o - »
S55
Vertical coordinate (L/D)
b wa

Vertical coordinate (L/D)

Standard k-

Radial coordinate (L/D)

()

(b)

(d)

Science and Technology of Nuclear Installations

FIGURE 9: Distribution of the Mach number on the side-view: (a) gap: 3 mm, Py=70bar, (b) gap: 3mm, P,=100bar, (c) gap: 6 mm,

Py=70bar, and (d) gap: 6 mm, P, =100 bar.

the boundary region of the jet. Under this condition, the jet
model of ANSI/ANS 58.2 predicted the pressure at the center
of the collision plate to be larger than that predicted via CFD
analysis, evaluating the jet-collision range rather narrowly.
In addition, the core pressure results are determined to be at
a similar level in the experiment and CFD analysis. More-
over, as a result of the previous study, Oh et al.’s study [14]
revealed that, under the condition of the jet-collision dis-
tance of 10D or less, the conical subsonic pocket was not
formed and the jet spreads in the radial direction. The
formation position of the disk tends to move to the upstream
side. In this study, the collision distance of the steam jet is
less than 6D, and the collision distance was short; thus, the
formation position of the Mach disk tends to move upstream
as in the previous study.

For the sensitivity analysis of turbulence models,
a comparative analysis was performed using the standard
k-e, realizable k-e, and k-w SSTs models among the
widely used series of RANS-based turbulence models
(refer to Figures 7-9). The standard k-¢ turbulence model
overpredicted the expansion of the steam jet at the leak.
Furthermore, the expansion of the steam jet at the leak
predicted by the realizable k—¢ turbulence model was less
than that predicted by the standard k-& however, this
realizable model could not simulate the flow charac-
teristics of the jet, such as the Mach disk or jet boundary.
In contrast, when the k-w SST turbulence model is ap-
plied, the physical phenomena (e.g., Mach disk, barrel

shock, and jet boundary) that occur in highly under-
expanded jets are well simulated, as shown in Figure 1. In
CFD analysis, to simulate the turbulence effect, various
turbulence models exist, and differences in the method of
evaluating turbulence viscosity depend on the turbulence
model. If the analysis was performed under the same
conditions, differences in flow characteristics might
occur, as shown in Figures 8 and 9. In general, the k-¢
model predicts the turbulence characteristics well in the
high-speed region, while the SST model is advantageous
in predicting the turbulence characteristics in the me-
dium and low-speed regions. Therefore, when the k-¢
model was applied in this study, the turbulence effect in
the nozzle exit area was well predicted, and the turbu-
lence effect could have been overestimated in the low-
speed area relatively far from the nozzle exit. In contrast,
using the k-w SST model, the turbulence effect would be
slightly smaller at the nozzle exit; however, it could be
appropriately predicted in the area relatively far from the
nozzle exit. The k-w SST model better simulated the
characteristics of the highly underexpanded jet than
those of other turbulence models (Figures 8 and 9).
On the basis of a comprehensive analysis of the flow
characteristics of the steam jet and the pressure distribution
characteristics on the surface of the collision point, the CFD
analysis was found to afford the behavioral characteristics of
the supersonic underexpanded jet in a physically reasonable
category. On the contrary, the jet model of ANSI/ANS 58.2
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oversimplified the behavior of the steam jet [19], and it was
found that the characteristics of a highly underexpanded jet
did not appear as in the CFD analysis results.

5. Conclusion

In this study, a numerical analysis method was established to
analyze the leakage behavior as the first step in the devel-
opment of technology for evaluating the trace leakage in the
compartment. Subsequently, experimental verification via
analysis was performed to validate the established numerical
analysis. CFD analysis was performed under the same
conditions as the leakage simulation conducted assuming
vapor leakage in the compartment and pipe. In the analysis
of the vapor-jet collision experiment in the compartment,
the jet-collision pressure distribution according to the jet-
collision distance yielded results similar to those of the
verification experiment. In the analysis of the steam-jet
leakage test in the pipe, the flow characteristics of the
steam jet and the pressure distribution characteristics on the
surface of the collision point were evaluated. A numerical
analysis method that could evaluate the behavior charac-
teristics of the supersonic underexpanded jet in a physically
reasonable category were established and verified through
the sensitivity analysis of the turbulence model. Comparing
the numerical analysis performed in this study with the jet
model of ANSI/ANS 58.2, in terms of the range of influence
(ZOI) and impact pressure, the ANSI/ANS 58.2 jet model
oversimplified the behavior of the steam jet, and the changes
in local-pressure characteristics in the boundary region and
changes in load characteristics at the front/rear end of the
Mach disk were not considered. In addition, when the
fracture portion and the jet-collision point were located at
a sufficient distance from each other, the jet model of ANSI/
ANS 58.2 predicted the diffusion angle of the steam jet to be
relatively large; thus, the pressure at the center of the jet was
found to be lower than the simulation and numerical
analysis. Considering the verification and analysis results of
the simulation, the numerical analysis method established in
this study optimally simulated the compressible flow
characteristics of the steam jet, and the numerical analysis
results demonstrated a tendency similar to that in the ex-
perimental results. In future research, we plan to model
a collection system for collecting leaks in a compartment or
pipe and conduct a study on performance optimization of
the collection system in the event of a leak. The results of this
study will aid in comprehending the heat flow characteristics
of steam jets formed in the event of a leak in nuclear power
plants and will serve as the foundation for the performance
evaluation study of the leakage collection system to be
performed in the future.
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