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In the passive containment cooling system of AP1000, the condensedwater is expected to
flow down on the inner surface of the steel wall of the containment, and recover to the in-
containment refueling water storage tank (IRWST), therefore, to maintain the long-term
coolability of the passive residual heat removal system. However, there are attached
bulging plates on the inner surface for various engineering needs, such as supporting, and
the impingement of condensed water film on these bulging plates can reduce the amount
of the recovered water. In this article, a 3-D Eulerian wall film model in FLUENT was used to
study a series of flow behaviors when a water film impinged on the bulging plate on a plane
surface. The loss ratio of falling film impinging on attached plates of different sizes under
different flow rates were calculated and in good agreement with the experiment results.
Four stages of the film behavior during the impingement were identified and analyzed; in
addition, the influences of the bulging height of attached plate and flow rate were studied.
And a correlation between the loss ratio of impinging water film, the bulging height of the
attached plate, and the Weber number was obtained.
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INTRODUCTION

In the design of AP1000, the Passive Residual Heat Removal (PRHR) system and Passive Containment
Cooling system (PCCS), as shown in Figure 1, will play an important role in the long-term cooling
process under severe accident scenarios. In this process, water vapor released from the primary loop or
produced from the In-containment Refueling Water Storage Tank (IRWST) forms condensate on the
inner wall of the containment and eventually returns to IRWST through the designated collecting water
channels, which ensures the water utilization of IRWST and thus maintains the long-term coolability of
PRHR. However, there are attached bulging plates on the inner surface for various engineering needs,
such as supporting, the impingement of condensed water on these bulging plates can reduce the
recovery. Therefore, predicting the loss of condensate recovery under impingement condition is
important for PRHR long-term coolability (Cummins et al., 2003).

The flow behavior of falling liquid film on the outer surface of the containment vessel has been
closely studied: Ambrosini et al. (2002), Wei et al. (2012), and Guzanov et al. (2018) studied the water
film falling down a flat plate experimentally; Ye and Yan (2006) reviewed studies of the stability and
breakdown of falling film; Wang et al. (2016) studied evaporation of falling film; and Tian and Li
(2006) and Yang (2018) studied falling film on a wall numerically.

However, there were only few studies on the flow behavior of falling film impingement on the
attached plate on the inner surface of the containment vessel (Wang et al., 2013) (Tang et al., 2017);
one of the reasons for this is no validated simulation method to effectively estimate the loss. The
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Eulerian Wall Film (EWF) model in the software FLUENT has
the advantages of high computational efficiency and good
simulation of liquid wall film flow (Ye and Yan, 2006) (Yang,
2018), and when a EWF model is used to simulate the full size
model, computational expense is relatively small comparing to
other models, such as volume of fluid model (VOF). Therefore, in
this study, the EWF model was used to simulate impingement of
water film on a small attached bulging plate on a vertical plane

surface, and the results were validated with experiment results,
thereafter an empirical correlation was developed between the
loss ratio of impinging water film, the bulging height of the
attached plate, and the Weber number.

NUMERICAL MODEL

Numerical Model and Boundary Conditions
The numerical model was developed based on tests carried out on
Water Film Test (WAFT) facility. The schematic of WAFT
facility is shown in Figure 2. A steel plate was carefully
manufactured to maintain a good planarity, and then painted
with nonorganic zinc paint (Carbozinc 11 HSN). The water-
delivery system consists of a supply tank, a flow meter and valves,
a distribution box and drain. When performing theWAFT, water
was evenly distributed to the upper part of the plate through the
water film distribution box, and then spread on the plate as a
flowing film. Then the film impinged on the attached burging
plate at the lower part, while part of the water film splashed away
from the plate, the rest part was collected through the recovery
trough and weighed to evaluate the loss ratio.

FIGURE 1 | AP1000 passive containment cooling system. (Image
courtesy of Westinghouse Electric Corporation).

FIGURE 2 | Schematic of WAFT experiment facility.

FIGURE 3 | Schematic of test plate and attached plate.
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The experimental plates and their welding methods are shown
in Figure 3. The plate is 5 m long and 1.2 m wide, the end of the
plate is provided with a recovery trough with an open width of
0.1 m, and an attached plate is disposed 3 m downstream the
water distribution box. The measuring errors of the flow meter
and the weighting sensor were less than 1%.

Different attached bulging plates with various bulging height
and length were tested, and attached plates were fixed on the plate
surface with corner welding. The height of the welding foot is h,
and the height of the attached plate is H, and the ratio of welding
foot height is defined as follows:

δ � h/H (1)

During the experiment, the influence of various factors on
liquid film splashing were tested by changing the flow rate, the
flow temperature, the size of the attachment plate, and the ratio of
the welding foot height separately.

In the numerical study, the test plate surface and the three-
dimensional space above it with a height varying from 0.1 m (for
10 mm attached plate) to 0.15 m (for 40 mm attached plate) were
selected carefully to eliminate its effect on the loss ratio. In the
simulation, each part in the experiment was modeled and
calculated in exact proportion to the experiment. The side
view of the model is shown in Figure 4.

Model specification and experimental parameters are shown
in Table 1. The boundary condition of surface above the test plate
was set as the pressure outlet. In the calculation domain, liquid
film flowed in from the upper inlet and spread on the wall surface.
After the liquid film was fully developed downstream from the
inlets, it impinged on the attached plate at the lower part of the
test plate. The liquid lost from splashing is ejected away from the
upper pressure outlet, and rest of the liquid collected in the
recovery trough with an open width of 0.1 m. The specification of
boundary conditions is shown in Table 2.

The following three assumptions were made in the modeling:

1) The fluctuation of liquid film was not considered due to
limitation of EWF model.

2) Mass energy exchange between liquid film and air is not
considered; in other words, the evaporation loss of liquid
film during impingement and flow process was not
considered.

3) The filter was not considered in the modeling, and the
filter was on the opening of the recovery trough which in
the experiment has negligible effect on the loss ratio.

Governing Equations
Since only the flow and splashing behaviors of falling film on the
large plate was studied in this article, the heat transfer and energy
equations were not considered. Assuming that the fluid is

FIGURE 4 | Side view of the 3-D model.

TABLE 1 | The geometric dimensions of the 3-D model.

Parameter Value

Plate length (mm) 5,000
Plate width (mm) 1,200
Attached plate width (mm) 1,200
Attached plate length (mm) 150, 250, 650
Attached plate bulging height (mm) 10, 20, 40
Recovery trough opening size (mm) 100X1200

TABLE 2 | Boundary conditions.

Boundary condition Value

Experimental pressure (Pa) 101325
Inlet film flow rate (m³/h) 100, 500, 1,000
Wall surface roughness (μm) 6.3
Experimental temperature (°C) 10, 50
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incompressible, its steady-state continuity equation is written as
follows:

z

zxi
(ρui) � Smax (2)

Here, ρ is the fluid density, ui is the fluid velocity in the i direction,
and Smax is the source term.

The momentum equation can be described as:

z

zxj
(puiuj) � − z

zxi
+ z

zxj
[μ(zui

zxj
+ zuj
zui

− 2
3
zij
zui

zxj
)]

+ z

zxj
( − ρu′

iu
′
j) + Smom−i

(3)

In Eq. 3, p is the pressure, μ is the dynamic viscosity, μ is the
Kronecker function, Smon−i is the source term, and ρu′iu

′
j is

Reynolds stress based on Boussinesq Assumption.
As the impinging loss is not sensitive to the turbulent model,

realizable k-ε turbulence model is chosen based on the
experiment result to describe the turbulent flow of the liquid
film, and the simulated k and ε transport equation of turbulence
model is given separately as:

z

zxi
(ρkui) � z

zxj
[(μ + ut

σk
) zk
zxi

] + Gk + Gb − ρε � Sk (4)

In Eq. 4, k is the turbulent kinetic energy, Gk is the turbulent
kinetic energy generated by the mainstream velocity gradient, Gb

is the turbulent kinetic energy generated by buoyancy lift, σk is the
Prandtl number of k equation and the value is 1.0, and ε is the
turbulence dissipation rate.

z

zxi
(ρεui) � z

zx1
[(μ + μt

σE
) zε

zxi
] + ρC1Sε − ρC2

ε2

K + ��
vε

√

+ C1ε
ε

k
C3εGb + Sε (5)

In Eq. 5, μ is the volume-weighted viscosity coefficient and μt
is the turbulent viscosity coefficient.

c1 � max[0.43, η

η + 5
], η � S

k
ε
, C2 � 1.9 σε � 1.9

C1ε � 1.44 μt � ρCμ
k
ε2

Here, Cμ is a coefficient sensitive to average flow and turbulence
variation, it is not a constant in the model used in the article, and
its specific calculation method can be referred from the study by
Shih et.al (1995) (Shih et al., 1995).

The EWF model can be used to predict the production and
flow of thin liquid film on the wall surface; in addition, the
model can also be used to simulate the phenomenon of liquid
droplet splashing, stripping, and film separation. In its
assumption, thickness of the film is small compared to the
radius of curvature of the surface so that the properties do not
vary across the thickness of the film and that films formed are
thin enough so that the liquid flow in the film can be
considered parallel to the wall, with an assumed quadratic
shape (ANSYS, Inc., 2013).

Conservation of mass for a two-dimensional film in a three-
dimensional domain is given as follows:

zh
zt

+ ∇s · [hV→l] � ms

ρl
(6)

In Eq. 6, V
→

l is the mean film velocity andms is the mass source
per unit wall area due to droplet collection, film separation, film
stripping, and phase change.

Conservation of film momentum is given as follows:

zhV
→

l

zt
+ ∇s · (hV→l V

→
l) � −h∇sPL

ρl
+ ( g→τ)h + 3

2ρl
τ→fs − 3vl

h
V
→

l + q
ρl
(7)

where PL � PGas + Ph + Pσ , Ph � −ρh( n→ · g→),
Pσ � σ∇s(∇sh)

In Eq. 7, the terms on the left-hand side represent transient
and convection effects, respectively. On the right-hand side, the
first term includes the effects of gas-flow pressure, the gravity
component normal to the wall surface and surface tension; the
last three terms represent the effect of gravity in the direction
parallel to the film, the viscous shear force at the gas-film
interface, and the viscous force in the film, respectively.

During the simulation, the EWF model was enabled both in
the boundary setting of the plane surface and the attachment
plate, and at the same time, the discrete phase model (DPM)
option, which is to track the splashing droplets, at the attachment
plate and welding is set to reflect, while the option of the plane
surface is set to trap, to ensure that the liquid film flows on the
plate before impinging on the attachment plate.

Grid Independence
Structured grid division was adopted to divide the calculation area.
Due to the application of the standard near-wall model, the y + value
of the first layer grid close to the experimental board remained at

FIGURE 5 | Film losses with different mesh numbers.
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about 20, while the y + value of the first layer grid near other walls
remained above 20. In this article, different grid models are chosen to
verify the grid independence by evaluating the water film mass loss in
10min. The grid independence verification results are shown in
Figure 5. To integrate the computational efficiency and accuracy,
the model of 480,000 grids was selected in this study.

RESULTS AND DISCUSSION

Comparison Between Simulation and
Experiment Results of Film Loss
To verify the capability of the current numerical model to predict
the film loss, simulation results were compared with the
corresponding experimental results under different test
conditions. As shown in Figure 6, the loss after film
impinging on the attached plate at a small flow rate was very
small, and the calculated value was in agreement with the
experimental value. In the case of medium flow (500 m³/h)
and large flow (1,000 m³/h), the liquid film loss ratio increased
significantly, and the error between the calculated value and the
experimental value also increased and reached 8%.

Analysis of Impinge Behavior of Falling Film
As shown in Figure 7, the whole process of falling film impinging
on the attached plate can be divided into four stages: stage of film
impinging attached plate, the first stage of film reaggregation,
stage of film separation, and the second film reaggregation.

The results of film thickness and velocity are shown in
Figure 8. The velocity range of film flow in the first three
figures is 0–1 m/s; the velocity range in the last one is 0–2 m/s,
all the velocity direction is along the plate.

At the first stage, when water film impinged on the attached
plate, it would change the flow direction and flow along the
welding line. At the second stage, the film begins to flow in three
main directions. According to the assumption of no slip
condition, the viscous sublayer still flows close to the wall
because it remains relatively stationary with the wall, and the
liquid in the turbulent core area was affected by the surface

tension and internal force of the liquid. Most of the liquid flows in
the direction of the welding line for a certain distance and then
continues to flow back to the surface of the attached plate, while a
small part of the liquid droplets overcome the influence of surface
tension and then escape.

At the first stage of film reaggregation, when the length of the
attached plate is short and the height of the welding seam is high
enough, the liquid film may not be able to complete the first
reaggregation on the attached plate after impacting on the attached
plate and directly flow into the return tank in the form of jet flow. It
can be seen from the distribution of the liquid film thickness on the
attached plate is less than that before the attached plate.

At the stage of film impinge, the escaped droplets after
impinging on the attached plate is the main source of film
loss, for example, film recovery loss.

At the stage of film separation, it can be seen that the boundary
layer of liquid film presents an obvious separation phenomenon
in the process of wall surface separation, according to O’rourke’s
liquid film separation criterion (O’Rourke and Amsden, 1996):

FIGURE 6 |Comparison of simulation results and test results of film loss.

FIGURE 7 | Schematic of film impinging on the attached plate.
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cs
ρl[(ul − vw)t1]2 sin θ

1 + cos θ
> Pgas (8)

where cs is a constant affected by the shape of pressure distribution
along the wall, ul is themean velocity across the separation edge, vw is
the wall velocity, and t1 is the unit vector whose direction is tangent of
ul − vw. As shown in Eq. 8, the main influence factor is the mean
relativefilm velocity ul − vw when film separates on the edge, which is
consistent with what the velocity field shows.

At the second stage of film reaggregation, because of the
difference of film velocity, the time required for the liquid
after exiting the edge to return to the main board for
reaggregation is different, which results in the uneven film
thickness distribution on the plate below the attached plate. In
addition, it can be found that the film thickness on the plate below
the attached plate is larger than that on the attached plate, because
some of the droplets participating in the second aggregation
directly flow over the attached plate and back to the plate after
impinging on the attached plate.

Study of Influence of Film Flow Rate on Film
Loss
As shown in Figure 9, the film loss ratio defined in Eq. 9 was
small with small flow rate, and with increasing the film flow, the

film loss ratio slightly decreased after increasing when impinging
on the no.2 and no.3 attached plate. The dimensions of the
attached plate are listed in Table 3.

ηloss � (1 − _mtrough

_minlet
) b

a
(9)

FIGURE 8 | Analysis of falling film thickness and velocity field.

FIGURE 9 | Influence of film flow rate on the film loss ratio.
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where _mtrough is the mass increasing rate in the recovery trough,
_minlet is the inlet flow rate, and a and b are the length and width of
the attached plate.

According to O ′Rourke et al. (O’Rourke and Amsden, 1996)
and Wu p K (Wu et al., 1995) et al., the process of film separation
and droplet stripping from the film is mainly affected by the
Weber number, which is also the main reason that affects film loss
ratio after impinging on the attached plate. Therefore, the
relationship between film loss ratio, the attached plate height,
and the Weber number is studied. Then the splashing space
number He is defined as follows:

He � H
L

(10)

where L is the open width of the recovery trough and H is the
attached plate height. By comparing the relationship between liquid
film loss ratio and the Weber number and the He number, the
relationship is obtained based on simulation results, which includes
more than 18 loss ratios for attached plates of different sizes as shown
in Table 3, and under three flow rates100, 500, and 1,000m3/h.

ηloss � 0.25He0.721n(We) + 1.33He0.78

(0.02≤We≤ 0.76, ·0.1≤He≤ 0.4) (11)

And the predicted film loss ratios were compared with the test
results of large flow rates (500 m3/h and 1,000 m3/h, for the lower
flow rate which is 100 m3/h film is not distributed evenly in the
tests), and they were in good agreement within 10% relative error
as shown in Figure 10.

CONCLUSION

In this study, the flow behavior of the falling film impacting on an
attached burging plate on a plane surface was analyzed
numerically. The numerical scheme of the falling film
impinging behavior of the falling film was established using
the code FLUENT. The film recovery loss was in good
agreement with the experiment results. It was found that the
behavior of the falling film impingement can be divided into four
stages: stage of film impinging attached plate, the first stage of film
reaggregation, stage of film separation, and the second film
reaggregation. By studying these four stages, conclusions are as
follows.

When the liquid film impinging on the attached plate at a
small flow rate, the general loss rate is small, while at medium and
large flow rates, the impinging process has a large film loss ratio,
and the film loss ratio is affected by the size of the attached plate.
The correlation between the loss ratio and the Weber number,
and the nondimensional height of the attached plate was formed
as ηloss � 0.25He0.721n(We) + 1.33He0.78.
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TABLE 3 | Sizes of different attached plates.

Attached plate number Attached plate length
(mm) (along the length

of the test
plate)

Attached plate bulging
height (mm)

1 150 40
2 250 20
3 650 10

FIGURE 10 | The comparison between experiment loss ratios and
predicted ones.
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