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1. INTRODUCTION 

The OECD Nuclear Energy Agency’s Committee on
the Safety of Nuclear Installations (CSNI) and its
Working Group on the Analysis Management of
Accidents (WGAMA) have been dealing with general
reactor issues, containment thermal-hydraulics as well as
new issues such as the application of computational fluid
dynamics (CFD) to nuclear reactor safety (NRS)
problems. Following the initiatives of the CSNI and the
International Atomic Energy Agency, international experts
have recently been focusing on the application of CFD to
NRS problems [1]. They have analyzed the status of
CFD technologies developed in technical fields other
than the nuclear thermal-hydraulic field. They have also
drawn up the best practice guidelines (BPG) for dealing
with NRS problems [2,3], the assessment of CFD

application to a single-phase flow [3], and the extension
of CFD to a two-phase flow relevant to NRS problems
[6]. These activities have led to the identification of some
important issues and the future directions pertaining to the
application of CFD tools to NRS problems. 

Six NRS topics were considered for the CFD code
application to two-phase flow problems. All the topics are
high priority issues (as indicated by ongoing investigations);
they all have a chance of being successful (maturity of
present tools to handle the issue); they all have available
data (of a CFD grade); they apply to all water reactors and
all flow regimes; and they do not overlap with other
activities of the WGAMA [4]. The six topics are dry-out,
DNB, pressurised thermal shock, pool heat exchanger,
steam discharge in a pool, and fire analysis. They
selected a limited list of benchmarks for each NRS topics
and evaluate the present capabilities and limitations with a

Thermal mixing by steam jets in a pool is dominantly influenced by a turbulent water jet generated by the condensing
steam jets, and the proper prediction of this turbulent jet behavior is critical for the pool mixing analysis. A turbulent jet flow
induced by a steam jet discharged through a vertical upward single hole into a subcooled water pool was subjected to
computational fluid dynamics (CFD) analysis. Based on the small-scale test data derived under a horizontal steam discharging
condition, this analysis was performed to validate a CFD method of analysis previously developed for condensing jet-induced
pool mixing phenomena. In previous validation work, the CFD results and the test data for a limited range of radial and axial
directions were compared in terms of profiles of the turbulent jet velocity and temperature.  Furthermore, the behavior of the
turbulent jet induced by the steam jet through a horizontal single hole in a subcooled water pool failed to show the exact
axisymmetric flow pattern with regards to an overall pool mixing, whereas the CFD analysis was done with an axisymmetric
grid model. Therefore, another new small-scale test was conducted under a vertical upward steam discharging condition. The
purpose of this test was to generate the velocity and temperature profiles of the turbulent jet by expanding the measurement
ranges from the jet center to a location at about 5% of Um and 10 cm to 30 cm from the exit of the discharge nozzle. The
results of the new CFD analysis show that the recommended CFD model of the high turbulent intensity of 40% for the turbulent
jet and the fine mesh grid model can accurately predict the test results within an error rate of about 10%. In this work, the
turbulent jet model, which is used to simply predict the temperature and velocity profiles along the axial and radial directions
by means of the empirical correlations and Tollmien’s theory was improved on the basis of the new test data. The results
validate the CFD model of analysis. Furthermore, the turbulent jet model developed in this study can be used to analyze pool
thermal mixing when an ellipsoidal steam jet is discharged under a high steam mass flux in a subcooled water pool.
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view of promoting the progress of CFD tools.
On the topic of steam discharge in a pool, a CFD

method of analysis was developed to calculate the local
pool temperature distribution for a steam jet is discharged
in a subcooled water pool. This method was used for a
safety analysis of an in-containment refueling water storage
tank (IRWST) of the Advanced Power Reactor 1400

MWe [5-8]. The CFD analysis was also used to assist the
development of empirical correlations for a simple
prediction of the velocity and temperature of a turbulent
water jet induced by the steam jet condensation process
[8]. The developed correlations may be effectively used
to evaluate the thermal-hydraulic load on the IRWST wall.

The validation stage of CFD analysis with small-scale
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Fig. 1. The GIRLS Facility [12]

Table 1. Experimental Conditions [12]
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the nozzle exit (cm)
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center (cm)

Table 2. Measuring Devices and Uncertainty [12]

Temperature of pool wall side (6 EAs), local  (10 EAs) and turbulent jet (1 EA)

Steam pressure at the vertical upward hole

Mass flow rate of the steam jet

Velocity of the turbulent jet

Resolution of the local position

K-type TC

Rosemount 3051P

Rosemount 8800A

Pitot tube

3-D Traverse System

0.6 ºC

0.5 kPa

1.35 %

±2 %

0.01 mm

Measuring parameter Measuring device Uncertainty



test data shows that a high turbulent intensity value (of 30%
to 40%) of the mean velocity of the turbulent jet may be
developed during the steam jet condensation process [8].
This high turbulent intensity may widen the turbulent jet
boundary, and then the diffusion process may also increase
the momentum and heat transfer along the radial direction
of the turbulent jet [8,9]. This process can quickly increase
the local velocity and temperature around the jet width
boundary which in turn may affect the local temperature
of the subcooled water at the outer region of the jet that
flows into the steam jet. The final goal of the safety
evaluation of the IRWST pool is to define the location
and temperature of the local hot spot. The hot spot exists
around the steam jet because the water heated by the
thermal mixing that flows into the steam jet may yield an
unstable steam condensation [10]. Therefore, it is necessary
to quantify the effect of the turbulent intensity on the
velocity and temperature distribution in the turbulent jet
induced by condensing jets.

In a previous test, we could only measure the velocity
and temperature profiles of a turbulent jet between the jet
center and the jet width boundary along the radial direction
and at a distance of about 8 cm to 16 cm from the exit of
the steam discharge nozzle along the axial direction [11].
Moreover, the turbulent jet behavior and thermal mixing
phenomenon of that test failed to show an exact
axisymmetric flow pattern because the steam jet through
the horizontally single nozzle was discharged in only one
direction in the subcooled water pool. We therefore
performed another small-scale test to obtain precise
velocity and temperature data of the turbulent jet from the
jet center to the end of jet width boundary and at a distance
of 10 cm to 30 cm from the exit of the steam discharge
nozzle. This test involved the discharge of a steam jet
through a vertical upward single hole into the subcooled
water pool [12].  

2. SMALL-SCALE VALIDATION TEST 

2.1 Experimental Facility and Matrix
A series of the steam jet discharges through a vertical

upward single hole into a subcooled water pool was
performed in a steam mass flux ranges of 450 kg/m2s to
900 kg/m2s. Fig. 1 shows vertical upward single hole; it
also shows a quasi-steady state of a general investigation
rig for liquid/Steam (GIRLS) jet direct condensation
facility with a pool temperature in the range of 30ºC to
85ºC (Table 1) [12]. The diameter of the vertical upward
single hole is 10 mm. The subcooled water tank has a
diameter of 1.8 m and a height of 1.5m. The height of the
free surface in the tank is maintained at 1.3m by means of
a drain device. All the cases of the steam mass flux and
pool temperature in the test belong to the stable condensation
region of the condensation region map [13]. A 3-D traverse
system with a movable pitot tube and thermocouple (TC)

spool was continually moved to measure the velocity and
temperature data along the axial and radial directions
(Table 1). The temperature of the pool water was calculated
by averaging the results of six TCs near the water pool
wall. The uncertainty values of each measuring device
are shown in Table 2.

2.2 Experimental Results and the Modeling of the
Turbulent Jet
In this study, the experimental results of the steam jet

mass flux of 900 kg/m2s and the pool temperature of 30ºC,
45ºC and 60ºC (Fig. 2) are compared with the CFD results
of the previously developed turbulent jet model; the
conditions for the test data include a steam mass flux of
1000 kg/m2s and a pool temperature of 15ºC to 47ºC
under a horizontal steam discharging condition [8]. Fig. 2
shows the characteristic length of the turbulent jet width
(yc), the maximum velocity (Um), and temperature (Tm)
along the jet centerline, as well as the velocity and
temperature profiles along the radial direction. As indicated
in Fig. 2(a), the definition of yc is the length along the radial
direction from the centerline to a location that represents
50% of Um. The theory of Tollmien’s axisymmetric source
[14] is mainly applied to a submerged turbulent flow that
resembles a turbulent flow induced by the steam jet
condensation in a subcooled water pool. This theory
assumes that the turbulent jet flow starts from the point
source and that some of the axial flow moves upward due
to the turbulent shear stress while the turbulent jet propagates
axially. The similarity method (Table 3) which was
introduced to solve Tollmien’s model depends on the
coefficient of a which is related to a mixing length model
[14].

To predict the maximum velocity (Um) of the turbulent
jet along the axial direction with Eq. (1), we need a priori
knowledge of the characteristic length of the jet width (yc).
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The results of applying the correlation predicting yc (Eq.
(2)) into the test data show that the agreement between
the predicted values and measured values in the test data
has an error rate ±10% (Fig. 2(b)). This is because x-L is
the length from the end of the steam jet penetration length
(L) [15] to the measured location (x) along the axial
direction; moreover, it accounts for the variation of the
mass flux of the steam jet and the temperature of the tank
water. As shown in Fig. 2(c), the maximum velocity (Um)
between the test data and the values predicted by Eq. (1)
are also in good agreement (with the error of ±10%)
because the yc term in Eq. (1) governs the accuracy of the
predicted value of Um. However, the maximum temperatures
of the turbulent jet (Tm) along the axial direction are not
accurately predicted by the correlation in Eq. (3), which was
previously developed for a horizontal steam discharging
condition at a distance of 8 cm to 16 cm from the exit of
the steam discharge nozzle. Thus, we propose the new
correlation in Eq. (4) which has an error rate of about ±10%
when compared to the test results (Fig. 2(d)). Fig. 2(e) and
2(f) compare the normalized radial velocity and temperature
between the test results and Tollmien’s theory [8,14] for
an expansion coefficient, a, of 0.082 (Table 3) at the axial
locations of 10 cm, 20 cm, and 30 cm from the exit of the
steam discharging nozzle. 

Using Tollmien’s theory, we found good agreement
with the test data for the predicted velocity profiles
(U/Um) along the radial direction with a = 0.082 and for
the predicted temperature profile (∆T/∆Tm) at 10 cm but
not for the normalized radial temperature profiles at the
axial locations of 20 cm and 30 cm with a = 0.082; the
latter values are about 10% to 15% higher than the test data.
However, this difference may be neglected because the
average pool water temperature (Tpool) in the experiment
was usually increased by 2ºC to 3ºC during the measuring

period in each test run due to the high enthalpy of the
steam jet and the rather limited volume of subcooled water
pool. This change of average temperature may affect the
normalization process of the test data along the radial
direction at each axial location, whereas Tollmien’s theory
assumes a constant value for the pool water temperature.
We can therefore conclude that the turbulent jet induced
by the steam jet discharged thorough the vertical upward
nozzle can be modeled by the empirical correlations and
Tollmien’s theory with a coefficient of a = 0.082; these
were developed on the basis of horizontal steam jet
discharge condition. This coefficient value is about 10%
to 30% larger than the recommended coefficients for a
single phase jet [14]; the increase is due to the effect of
entrainment and expansion phenomena developed in the
steam jet condensation process. The correlation of the
predicted maximum temperature of the turbulent jet
along the axial direction was modified on the basis of the
new teat data.

3. CFD ANALYSIS

3.1 Modeling Strategy and Grid Model
A previous CFD analysis [7,8] shows that ANSYS

CFX-11 [16] can be used with a model of the steam
condensation region to predict the velocity and temperature
of a turbulent water jet produced by a condensing steam
jet discharged into a subcooled water pool. The CFD
prediction for the velocity and temperature of the turbulent
jet over a distance of 8 cm to 16 cm from the exit of the
steam discharge nozzle with a 1 cm diameter is mainly
dependent on the turbulent intensity value given at the inlet
condition; the inlet is located at the outlet of the region
defined by the model of the steam condensation region [8].
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Table 3. Similarity Method for Tollmien’s Theory [15]

Flow field Heat transfer
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Fig. 2. Comparison of the Predicted Values by the Correlations and Tollmien’s Theory with the Test Data for a Steam Jet of 900
kg/m2s (Where x is the Distance from the Exit of the Steam Discharge Nozzle and L is the Steam Penetration Length.)



However, the CFD analysis of the test results was not
validated in previous works because the measured test data
were derived solely from the inner region of the turbulent
jet width (yc) [8,11]. For a complete validation of the CFD
method of analysis, we therefore need to undertake a CFD
analysis with the recommended flow field and numerical
models derived from previous CFD results [8]. The test case
for the new CFD analysis includes conditions of a steam
mass flux of 900 kg/m2s and a pool temperature of 45ºC.

These values differ slightly different from the conditions
of the previous research [8]: namely, a steam mass flux
of 1000 kg/m2s and a pool temperature of about 30ºC.      

An axisymmetric grid model that has a fine hexahedral
mesh with a cell length of 1 mm to 10 mm (Fig. 3) is used
because the turbulent jet behaviour has an axisymmetric
flow pattern from the center of the vertical upward steam
discharge hole in the experiment. The axisymmetric
calculation also saves computational time. In the grid
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Fig. 3. Axisymmetric Grid model

Fig. 4. Inlet Boundary Conditions Values at 10 cm from the Exit of the Steam Discharge Nozzle



model, we exclude the turbulent jet boundary and the flow
region from the vertical upward steam discharge hole to
an axial location of 10 cm with a radius of about 2 cm in
the radial direction inside the steam. These values are
excluded so that the CFD calculation can be started from
the turbulent jet region at the axial distance of 10 cm. The
purpose of this modeling is to evaluate the CFD
prediction values against the test data for axial locations
in the ranges of 15 cm to 30 cm. We perform this
evaluation before applying the CFD calculation to other
regions in the subcooled water pool so that we can get a
better understanding of the overall thermal mixing
behavior in a pool. The CFD analysis of the turbulent jet
is performed in a transient state because the local thermal
mixing pattern of the pool water is in proportion with the
discharge time of the steam jet. However, it is difficult to
simulate the entire steam discharge time in the test, and
the local velocity and temperature behaviour at x = 10 cm
to 30 cm may be less dependent on the steam discharge
time. Accordingly, we performed a transient calculation
of 10 s calculation with a time step of 0.0001 s. 

3.2 Boundary Conditions and Governing Equations
The inlet boundary condition, the Dirichlet condition

[16], was set at an axial location of 10 cm with a length
of 4 cm in the radial direction (Fig. 3). Fig. 4 shows the
velocity and temperature distributions of the test data at
an axial location of 10 cm. The value of the turbulent
intensities at the inlet was set as 40% of the mean velocity
because the eddy motions are very actively generated
when the steam jet is discharged into the subcooled water
through the steam discharge nozzle. The entrainment model
of the subcooled water [7] was introduced to simulate the
subcooled water flowing into the steam jet at the boundary
region of the steam penetration length. The pressure outlet
boundary condition, the Neumann condition [16], was set
for the upper region of the pool, which only allows an
outflow of air.

On the basis of previous CFD results [8], the
behavior of the turbulent jet induced by the steam jet in
the subcooled water pool was treated as an
incompressible flow, a free air surface over the pool
water, a turbulent flow, and a buoyancy flow. Therefore,
the governing equations (Eqs. (5) to (8)) used in this
study are the Navier-Stokes equation and the energy
equations with a homogenous multifluid model under a
coupled algorithm [16]. The turbulent flow is simulated
by the shear stress transport model (Eqs. (9) to (11)) and
the buoyancy is modeled by the full density model [16]. A
high resolution model is used for the numerical model of
the convection term [16]. In the homogenous model, the
interphase mass and heat transfer is neglected. Each
transport quantity in the governing equations except for
the volume fraction is summed over all the phases to
provide a single transport quantity. As a calculation
method, 10 to 20 iterations were performed with a time

step of 0.0001 s until the mass, enthalpy, and velocity
residual of the water reached a value of less than 1.0E-04.

3.3 Discussion on the CFD Results
To compare the CFD results of the transient state with

the test results of the quasi-steady state, we need to check
the time dependency of the CFD results. The velocity,
temperature, and normalized velocity distributions along
the radial and axial directions at 8 s, 9 s, and 10 s are shown
in Figs. 5 to 6. The local phenomena at the region between
the inlet and the free surface show no dependency on the
simulation time except for the temperature distribution at
the outer region of the turbulent jet width (that is, A in Fig.
6(e) and B in Fig. 6(e)). As shown in Fig. 5, the turbulent
jet discharged from the inlet propagates up to the free
surface and changes direction towards the tank wall before
finally moving downward due to a strong entrainment flow
that develops around the steam jet. This circulation flow
mixes the turbulent jet with the subcooled water well, and
then the local temperature at the outer region of the
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turbulent jet width is continually increased as shown in A
in Fig. 6(e) and B in Fig. 6(e). However, this temperature
increase may be neglected because the positions of the
temperature extracted in the CFD computation domain
are located around the boundary of the turbulent jet. The
important data to be compared with the test data are
located inside the boundary of the turbulent jet. Furthermore,
the test data at the same locations increase with time due
to the strong circulation flow, which is driven by the
steam jet discharge. A comparison of the normalized
velocity profiles along the radial direction at the different

axial locations of x = 15 cm and 25 cm shows that the time
dependency can be neglected. We therefore selected the
CFD results at 10 s for comparison with the test results.

A comparison of the normalized velocity and temperature
profiles along the radial direction at the axial locations of
15 cm, 20 cm, 25 cm, and 30 cm are shown in Figs. 7 to 8.
These figures also plot the prediction results of Tollmien’s
theory with a = 0.082. The comparison shows that the CFD
results accurately predict the local phenomenon of a turbulent
jet downstream of a steam jet with an error rate of 10%
except for the temperature at the outer regions of the
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Fig. 5. Velocity and Temperature Distribution of the CFD Results (Steam Mass Flux = 900 kg/m2s; Pool Temperature = 45ºC)
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Fig. 6.  Normalized Velocity and Temperature at the Jet Centerline and Axial Locations of 15 cm and 25 cm
(Steam Mass Flux = 900 kg/m2s; Pool Temperature = 45ºC)



turbulent jet width (that is, the A, B, C, and D regions of
Fig. 8). Thus, as shown in Fig. 7, the results confirm that
the 40% turbulent intensity value given at the inlet region
of the turbulent jet plays an important role in enlarging the
boundary of the turbulent jet width through the momentum
diffusion process along the radial direction. According to
a comparison of the temperature (Fig. 8) in the CFD results
and the test results, the CFD results also  accurately predict
the test data because the turbulent temperature field is
calculated from the velocity results by using the turbulent
Prandtl number of 0.9 [16,17]. However, a further discussion
of the temperature difference between the CFD results and
the test data is not helpful because the temperature values
of the outer regions of the turbulent jet width (the A, B, C,
and D regions of Fig. 8) in the experiment were not measured
at the same time. The movable pitot tube and TC spool
were moved from the outer region of the turbulent jet
width to the jet center, and the velocity and temperature at
each location were measured for a 5 s period. Thus, the
temperature measured at the outer region of the turbulent
jet width in the experiment was reported as the value of
the initial pool temperature. The CFD results extracted

for comparison with the test data were all measured at 10
s. In addition, the average pool temperature was increased
in a short time due to the strong circulation flow induced
by the turbulent jet. This time difference produced the
temperature difference shown in the A, B, C, and D regions
of Fig. 8. In general, we can conclude that the CFD analysis
offers a reasonable simulation of the local phenomenon
of a turbulent jet downstream of a steam jet but only when
the CFD analysis reflects the physics of a high intensity
of the turbulent jet induced by condensing jets.

4. CONCLUSION

The velocity and temperature of a turbulent jet in a
subcooled water pool are very important because the
behavior of the turbulent jet give directly affects the local
temperature of the subcooled water that is entrained into
a steam jet; and this behavior consequently affects the
overall pattern of thermal mixing in a pool. If the local
temperature of the entrained water increases above a certain
limit, unstable condensation may occur and damage the
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Fig. 7. Comparison of the Normalized Velocity Along the Radial Direction at the Axial Locations of 15 cm, 20 cm, 25 cm, and 
30 cm (Steam Mass Flux = 900 kg/m2s; Pool Temperature = 45ºC)



integrity of the internal structures and the wall of the pool.
The CFD method of analysis previously developed to

predict the velocity and temperature profiles of a turbulent
jet was validated with the new small-scale test data
performed under a vertical steam discharge condition,
which can accurately simulate an axisymmetric flow
pattern in a subcooled water pool. To extend the
applicability of this method, we compared its
performance with that of a turbulent jet model developed
on the basis of empirical correlations and Tollmien’s
theory with a = 0.082.  

With the recommended model of the high turbulent
intensity of 40% for the turbulent jet and a fine mesh grid
model with a cell length of 1 mm to 10 mm, the CFD
analysis accurately predicted the test results well with an
error rate of 10%. We can therefore conclude that the
turbulent intensity value of the turbulent jet is the most
important factor because it enlarges the boundary of the
turbulent jet through which the momentum and heat
transfer diffusion process actively occur along the radial
direction. This phenomenon strongly affects the length of
the jet boundary along the axial direction. A comparison

of the CFD results and test results of the turbulent jet
behavior confirm that this enlarged momentum diffusion
process is related to the fact that the expansion coefficient
of a = 0.082 in Tollmien’s theory is larger than that of a
single-phase jet. The results confirm that the empirical
correlations used to predict the maximum velocity (Um)
and the characteristic length of the jet width (yc) can be
applied to the new test data with an error rate of 10%.
Here, the correlation used to predict the maximum
temperature (Tm) along the jet centerline was modified on
the basis of the new test data. 

As a further work, new large-scale experiments with
CFD analysis are needed to validate the new method,
particularly with regard to characterization of the overall
circulation phenomena induced by condensing steam jets
in a pool. Ultimately, a new approach to the CFD analysis
of condensing jet-induced thermal mixing in a pool
should be developed for direct analysis of the steam jet
condensation phenomena. The new approach should
ideally obviate the need for simple models, such as a
steam condensation region model which are usually
derived from sophisticated experiments.

392NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.42  NO.4  AUGUST 2010

SONG et al.,   CFD Analysis of Turbulent Jet Behavior Induced by a Steam Jet Discharged through a Vertical Upward Single Hole in a Subcooled Water Pool 

Fig. 8. Comparison of Normalized Temperature Along the Radial Direction at the Axial Locations of 15 cm, 20 cm, 25 cm and 30
cm (Steam Mass Flux = 900 kg/m2s; Pool Temperature = 45ºC)



NOMENCLATURE
a expansion coefficient in jet theory
D diameter of the vertical upward single hole [cm]
yc radial characteristic length from the centerline to the

location of 0.5Um [cm]
k turbulent kinetic energy [m2/s2]
Tpool temperature of the subcooled water pool [ºC]
∆T temperature difference of the steam and jet at an

arbitrary location ( = T (x,y) - Tpool) [ºC]
∆Tm temperature difference of the steam and jet at the

centerline ( = Tm - Tpool) [ºC]
Um maximum velocity at the jet centerline [m/s]
Uo steam velocity at the exit of the steam nozzle [m/s]
x distance from the single-hole center in a horizontal

direction [cm]
y distance from the single-hole center in a vertical

direction [cm]

Greek symbols
ε eddy dissipation [m2/s3]
ν molecular viscosity [m2/s]
νt turbulent viscosity [m2/s]
ρ density [kg/m3]
ω eddy dissipation frequency [1/s] 
λ thermal conductivity [W/mK]
γ volume fraction
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