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1 Introduction and Background 
The Nuclear Regulatory Commission (NRC) in July 1994 issued the Final Safety Evaluation 
Report (FSER) to an application for the final design approval (FDA) and standard design 
certification for the advanced boiling water reactor (ABWR) [1].  In March 1997, revision 4 of 
the ABWR Design Control Document (DCD) was submitted. The NRC granted final design 
certification for the ABWR in June 1997.

NRG Energy/STPNOC submitted a combined construction and operating license application 
(COLA) for two ABWR units at their South Texas site. Toshiba, GE, and Hitachi had worked 
together to license and construct several ABWR plants in Japan. Based on this experience, NRG 
Energy/STPNOC engaged Toshiba to work with GE to license and construct the two units. 

In September 2007, GE submitted licensing topical report (LTR) NEDO-33372 [2] for NRC 
review. This LTR was written to document improvements and corrections to the ABWR 
containment modeling assumptions and the new analysis results for the U.S. ABWR DCD at the 
request of South Texas Project (STP) Units 3 and 4. 

In October 2007, GE notified the NRC that they were temporarily suspending technical support 
for the review of NEDO-33372 and twelve other topical reports supporting an anticipated 
ABWR DCD amendment. Toshiba offered to complete both the licensing and construction 
efforts and subsequently contracted with Westinghouse for assistance with the licensing and 
analysis support effort for the South Texas ABWR plants. 

In June 2009, Westinghouse submitted a post-LOCA containment pressure and temperature 
analysis method for the ABWR containment design [9], reflecting the corrections and 
improvement identified in [2]. The Westinghouse method is based on the GOTHIC computer 
code [3-5].
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2 Purpose
Appendix 3B of the ABWR DCD describes the methodology used to define hydrodynamic loads 
inside the primary containment of an ABWR during Safety Relief Valve (SRV) actuation and a 
Loss of Coolant Accident (LOCA). The methodology is largely based on previously accepted 
methods for Mark II and Mark III containment designs with modifications to account for the 
differences in ABWR design. 

Several improvements and corrections to the DCD were identified in [2] that may impact the 
suppression pool swell and related aspects of the hydrodynamic loads1. As a result of these 
identified changes, it is necessary to define new loading conditions that are applicable for the 
ABWR containment. 

This report describes a methodology that uses the GOTHIC code to define post LOCA pool 
swell analysis for the ABWR containment design. [       
                  ] The drywell pressure transient is a 
specified boundary condition for the pool swell analysis. The drywell pressure transient was 
calculated using the methodology and mass and energy described in [9] with specific changes 
noted in Section 9. Only loads related to suppression pool swell during a LOCA are considered 
here.  Application of pool swell results for structural loads analysis utilizes the previously 
accepted load methodology for the ABWR.

The GOTHIC modeling approach is compared against test data from the Pressure Suppression 
Test Facility [11] and compared with the DCD methodology and the DCD load parameters. The 
objective is to demonstrate that the described methodology gives pool swell results that bound 
experimental values and previously accepted values in the DCD. 

1 No corrections or improvements were identified for the condensation oscillation, chugging or SRV actuation 
related loads analyses. 

U7-C-STP-NRC-090142
Attachment 4



UTLR-0005-NP Rev.0 

 3

3 Pool Swell Phenomena and Related Hydrodynamic Loads 
The ABWR containment is shown in Figure 3-1. The drywell is split into upper and lower 
compartments. Vertical vents (regularly spaced at 36  intervals) run from the upper drywell 
down to the suppression pool. Each vertical vent is connected to the wetwell pool by three 
horizontal vents as shown in Figure 3-1. The lower drywell is connected to the vertical vent and 
there is no direct communication between the upper and lower drywell compartments.  

In the event of a LOCA in the upper drywell, the upper and lower drywell compartments quickly 
pressurize and the water level in the vertical vent is depressed as the water is pushed into the 
wetwell. When the water level drops to the level of the horizontal vents, the steam/gas/drop 
mixture enters the wetwell. During this early phase of the event, the vent flow is primarily 
nitrogen from the drywell. A gas bubble or bubbles form in the wetwell and raise the pool 
surface. The pressure in the bubble depends on the pressures in the drywell and gas space above 
the pool, the hydrostatic head of water above the bubble and the inertia of the water that must be 
accelerated to make room for the bubble. 

As the drywell pressure continues to rise, more gas is forced into the wetwell and the bubble 
continues to grow, forcing the pool surface higher. The bubble starts to rise relative to the rising 
water above the bubble due to buoyancy forces. The liquid slug above the bubble thins as some 
of the water above the bubble moves laterally and returns to the lower part of the pool. 

As the liquid slug rises, the gas space volume is reduced and the gas space pressure increase 
opposes the lifting force and eventually decelerates the rising slug. As the slug slows the bubble 
continues to rise and breaks through the slug, forming a froth region that rises above the break 
through level. 

Equipment that is located between the initial pool surface and the maximum slug height will be 
subjected to impact loads, followed by drag loads from the rising slug. In addition to the normal 
drag load from a steady velocity field, there will be an additional load due to the accelerating 
fluid moving past the equipment. 

Equipment in the froth region will experience impact and drag loads although they will be lower 
than those in the slug regions because the mixture density of the froth is substantially lower. 

After the bubbles have cleared the pool surface and the vent flow becomes predominately steam, 
the equipment in the slug and froth regions will be subjected to reverse drag loads as the water 
falls back to the pool. These loads will typically be substantially smaller than those due to the 
rising water because the fall back velocities are lower. 

During the pool swell period, the pool walls, floor and ceiling will be subjected to increased 
loads due to the high bubble pressure, gas space pressure and the hydrostatic pressure.  
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Figure 3-1 ABWR Primary Containment 

U7-C-STP-NRC-090142
Attachment 4



UTLR-0005-NP Rev.0 

 5

4 GOTHIC Capabilities for Pool Swell Phenomena 
GOTHIC solves the hydrodynamic equations for three separate phases: vapor (steam/gas 
mixture), liquid (water in continuous phase) and drops. A finite volume approach is used with 
the fluid pressure calculated at the cell center and the fluid velocities calculated at the cell faces. 
The momentum balance for each phase includes the fluid inertia, pressure gradient, body force, 
frictional drag from solid surfaces and interphase drag. The equation and constitutive models are 
described in detail in reference [4]. 

The behavior during the pool swell is controlled by fluid inertia, body forces (resulting in 
buoyancy), the interphase drag and the pressures in the bubble and gas space. There is also drag 
on the fluid from the wetwell walls and structures but these are ignored in the ABWR analysis to 
maximize the pool swell. As discussed in Section 5, the GOTHIC model for the bubble growth 
and pool swell is essentially one dimensional. It is recognized that the pool swell process 
involves multidimensional flow and that the one-dimensional modeling approach may not give 
realistic or best estimates of the pool swell phenomena. The one-dimensional model is 
constructed to provide bounding estimates for the maximum pool swell height and the swell 
velocity. In this context, the following describes how the multiphase, separated flow models in 
GOTHIC work within the one-dimension modeling approach and the GOTHIC modeling 
limitations to give a bounding estimate for the pool swell. 

Figure 4-1 shows a control volume for the vapor phase momentum equation for the case of a 
collection of dispersed bubbles moving upward in a continuous liquid field. The indicated force 
terms include the pressures applied to the top and bottom of the volume, the momentum transport 
into and out of the volume, the body force due to gravity, and the interphase drag term. In the 
complete formulation there are additional force terms for the wall drag, viscous and turbulent 
shear and momentum transfer due to phase change that do not come into play in this analysis. 

Figure 4-2 shows a similar momentum control volume for the liquid phase. The terms are the 
same except that the areas and volumes are defined by the liquid volume fraction ( l) rather than 
the vapor volume fraction. The magnitude of the interphase drag force is the same as that for the 
vapor phase but in the opposite direction. 

The momentum balance for the vapor and liquid phases gives 

v
vvv F

t
u

V  (4.1) 

l
lll F

t
u

V  (4.2) 

where Fv and Fl refer to the individual force terms shown in Figure 4-1 and Figure 4-2. 

These equations are solved simultaneously together with the mass and energy balances for each 
phase to give the phase volume fractions, temperatures, densities and the fluid pressure. 
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Figure 4-1 Vapor Phase Momentum Control Volume 

Figure 4-2 Liquid Phase Momentum Control Volume 
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The interphase drag is a controlling determinant in many multiphase applications. To determine 
the interphase drag, there must be some estimate of the local geometry of the phases. For this 
purpose, GOTHIC uses a simplified flow regime prescription that is based primarily on the vapor 
volume fraction in a cell and the surrounding cells. The possible flow regimes include a pool 
surface, small bubbly flow, mixed small and large bubbly flow, churn-turbulent flow, stratified 
horizontal flow and film flow. 

GOTHIC first examines the vapor volume fraction in the cell and the surrounding cells to check 
for a pool surface. If the z-gradient of the vapor volume fraction is large, with vapor above and 
liquid below, such as in level 7 in Figure 4-3 then a pool surface is assumed. Otherwise, the logic 
proceeds to determine which of the other flow regimes is appropriate. If the vapor volume 
fraction is less than 0.2, then it is assumed that the vapor phase consists of a collection of small 
bubbles dispersed in the liquid phase. The diameter of the bubbles is given by a critical Weber 
number criterion of 10 using a relative velocity that is the smaller of the GOTHIC calculated 
phase velocities, the terminal velocity for distorted bubbles and 1.2 ft/s (0.37 m/s). As the vapor 
volume fraction increases above the 0.2 small bubble limit, the additional vapor is assumed to 
form larger bubbles. The assumed upper limit on the large bubble diameter is the smaller of 6 
inches and twice the cell hydraulic diameter. The small/large bubble mixture regime is assumed 
for vapor volume fractions between 0.2 and 0.5 and the interphase drag coefficient is a weighted 
average of the separate drag coefficients for the small and large bubbles. 

If the vapor volume fraction exceeds 0.8, a film flow geometry is assumed. For vapor fractions 
between 0.5 and 0.8 a churn-turbulent regime is assumed with large and small chunks of 
interspersed liquid and vapor. In this regime, the interphase drag is interpolated from the 
small/large bubble mixture drag and the film flow drag using the vapor phase volume fraction as 
the interpolating factor. 

The details for the drag coefficients in each of these flow regimes are included in Section 8 of [4]. 

Conceptually, the bubble in the suppression pool may look something like that shown in Figure 
4-3. A 1D grid is overlaid on the diagram. Consider first the top of the bubble that has just 
entered level 5. Here the actual flow regime is what might be called an inverted pool regime with 
vapor below a liquid surface. GOTHIC does not include an inverted pool regime in its regime 
map. In GOTHIC, the small amount of vapor in the cell would be assumed to exist as small 
bubbles. At the interface surface at the top of the bubble, the vertical velocity of the liquid and 
vapor phases are equal. In the GOTHIC separated two-phase model, this is equivalent to having 
a very large interphase drag coefficient. Moving upwards away from the surface, the liquid 
vertical velocity would decrease as some of the liquid moves laterally to the sides of the bubble. 
The effective drag coefficient over some region that encompasses the inverted pool surface 
would therefore be large, but small enough to allow some relative velocity between the vapor 
and liquid phases. The small bubble regime in GOTHIC has this same characteristic. The 
effective drag coefficient in this region allows a relative velocity of no more than 1.2 ft/s (0.37 
m/s) under steady conditions. Consequently the water in the cell with the bubble surface is forced 
to move upward at a velocity that is slightly less the velocity of the expanding bubble surface. 

Consider now the GOTHIC flow regime and interphase drag for cell 4. Here, the horizontal 
component of the bubble surface is predominately responsible for lifting the water while larger 
vertical phase slip is allowed on the vertical component of the interface. The GOTHIC flow 
regime map does not include this specific flow geometry but the interphase drag effects are 
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similar to the small/large bubble regime where the combined effects of the small bubbles provide 
additional upward drag on the liquid phase while the reduced drag on the large bubbles (relative 
to the vapor volume) allows more slip between the liquid and vapor phases. 

In level 3, GOTHIC would be approaching the film regime and the drag would be close to what 
would be expected on the vertical portion of the bubble. 

In application to the 1D pool swell model described in Section 5, GOTHIC gives typical liquid 
phase volume fraction profiles in the wetwell like those shown in Figure 4-4. Here, the nitrogen 
is injected into the wetwell at about 3 m above the bottom of the pool. The resulting profiles at 
two times following the start of the LOCA event are shown. The profiles show the liquid slug 
that is lifted by the expanding bubble. The shape of the bubble is to some extent dictated by the 
imposed 1 dimensional model and may not be representative of the actual bubble. Nevertheless, 
the 1 dimensional model can be configured to give conservative estimates for the pool swell and 
swell velocity as shown in Appendix B. In the one-dimensional model for pool swell, the overall 
drag between the bubble and the water is over estimated as evidenced by the under prediction of 
the thinning of the rising slug above the pool (see Appendix B). This contributes to a 
conservative prediction of the pool swell and the swell velocity. A multidimensional model 
would allow for lateral movement in the liquid above the rising bubble and more realistic bubble 
modeling.
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Figure 4-3 Conceptual Picture of Bubble Growth in an ABWR Suppression Pool 
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Even though GOTHIC flow regime logic does not include flow geometries that are specific to a 
large expanding and rising bubble, the flow regime logic and associated drag models can 
reasonably simulate vent clearing, bubble growth and pool swell. GOTHIC gives good 
agreement for the vent clearing and pool swell in the Marviken tests as shown in Figure 4-5 and 
Figure 4-6. In these figures, the symbols are the measured data and the lines are from the 
GOTHIC simulation. A sequence of frames from an animation of the 3D simulation of the pool 
swell can be seen in Figure 4-7. The animation shows the vertical vent system and suppression 
pool in the Marviken containment following a pressure vessel blowdown in the connected 
drywell. The vents clear at about 1.5 seconds and the air bubble begins to grow. Between 2.4 and 
2.6 seconds, the main air bubble detaches from the bottom of the vent pipes and starts to rise 
through the overlaying pool. This is about the time that the pool surface reaches its peak level 
and when the vent flow becomes predominantly steam. Although the Marviken geometry is 
similar to a Mark II BWR containment, the test demonstrates the fundamental capability of 
GOTHIC to model the dominant phenomena during pool swell in an ABWR. Further, GOTHIC 
has been validated for a wide range of related applications [5]. Inertia, momentum transport, drag 
effects and gas compression are validated with experimental data from the Battelle Model 
Containment, HDR, Marviken, the Edwards pipe blowdown tests and others. 
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Figure 4-7 GOTHIC Simulation for Marviken Test 18 Pool Swell 
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5 GOTHIC Model Description for ABWR Pool Swell 
The ABWR DCD identifies four parameters related to pool swell that are used to define 
hydrodynamic loads: 

1. Maximum swell height 

2. Maximum velocity of the rising water slug 

3. Maximum bubble pressure during the pool swell phase 

4. Maximum gas space pressure during the pool swell phase 

A GOTHIC model for the ABWR pool swell was constructed that is intended to provide a 
conservative estimate of the pool load parameters listed above. The modeling approach is similar 
to the approach outlined in the DCD. [        
     ] The drywell pressure transient is a specified boundary condition. 

The overall noding diagram is shown in Figure 5-1. [      

              ]

5.1 Model Specifics 

The basic geometry input for the ABWR model is listed in Appendix A. The modeling specifics 
and assumptions are: 
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The predicted slug elevation versus time curve is constructed from GOTHIC output for the cell 
liquid volume fractions versus time. Points on the curve are determined by noting the time 
when the liquid volume fraction at a given level passes through 0.5. A post processing script is 
used for this purpose. The reported peak is the highest elevation attained while the slug is in its 
initial assent. Subsequent to this peak the water level may oscillate up and down over a narrow 
range while the bubble is breaking through the slug but the slug velocities are near zero during 
this phase. 

The slug velocity is determined by analytically differentiating a polynomial least squares fit to 
the calculated top of slug elevation vs. time data set. 

Maximum bubble and gas space pressures are defined as the pressures that occur at the first 
significant local maximum which occurs just before, or as, the bubble breaks through the pool 
surface.

U7-C-STP-NRC-090142
Attachment 4



UTLR-0005-NP Rev.0 

 16

Figure 5-1 Overall Noding Diagram 

Figure 5-2 Wetwell Noding for 2D Model 
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6 Comparison of GOTHIC Methodology with the ABWR DCD 
Methodology 

The GOTHIC ABWR modeling assumptions and methods are compared with those used for the 
DCD in Table 6-1. 
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Table 6-1 Comparison of DCD and GOTHIC Modeling Assumptions and Methods 

DCD

Initial water in vertical and 
horizontal vent pipes Ignored

Vent location Gas injected at elevation of 
top of top vent 

Vent area Sequential addition of vents 

Injection Pressure Drywell pressure transient 

Injection Composition 100% N2  perfect gas 

Injection Temperature Drywell from isentropic 
compression 

Vent Path Pressure Loss Friction

Vent Choking Unclear

Gas Temperature in Bubble Drywell temperature 

Pool swell drag Ignored

Gas Temperature above Pool – 
Maximum Swell 

Polytropic compression  
PVn const (n 1.2) 

Gas Temperature above Pool – 
Maximum Pressure

Isentropic compression  
PVn const (n 1.4) 

Pool swell region 80% of wetwell 

Rising water slug Constant thickness 

Conservative multiplier on 
maximum swell velocity 1.1
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7 Comparison with Test Data 
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8 Comparison of GOTHIC Results with the ABWR DCD Results 
The methodology described in Section 5 was used to construct a model for the case described in 
the DCD. The model geometry and initial condition input are the same as given in Appendix A. 
For this case the specified boundary condition pressure transient matches the results for the 
drywell pressure transient for the Feed Water Line Break (FWLB) in the DCD. For the DCD 
comparison, the temperature of the incoming nitrogen was assumed constant at 120°F (49°C). 
The results for the pool load parameters are shown in Table 8-1. 

Except for the gas space pressure, the GOTHIC modeling approach gives more conservative 
estimates for the loading parameters than those listed in the DCD. The maximum gas space 
pressure is slightly lower than the value reported in the DCD. This may be due, in part, to the 
small amount of interphase heat transfer at the pool surface that is allowed in the GOTHIC 
model.

Table 8-1 Comparison of GOTHIC Methodology with the DCD Values 

 Parameter DCD GOTHIC 
Methodology 

Max Swell Height (m) 7.0 7.4 

Max Slug Velocity (m/s) 
with 1.1 multiplier 

6.0 7.0 

Max Gas Space Pressure (kPag) 108 106 

Max Bubble Pressure (kPag) 133 141 
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9 Results for ABWR Design 
The methodology described in Section 5 was used to construct a model for the ABWR 
containment design. Except for the drywell pressure transient, the model is the same as the one 
used for the DCD comparison in Section 8. [        

                     ] Appendix A 
provides the key input parameters for the model. 

The results for the pool load parameters are summarized in Table 9-1.  

These values are all substantially higher than those listed in the DCD. The GOTHIC models for 
full containment used to generate the drywell pressure transients include the corrections and 
improvements from NEDO-33372 as well as other Westinghouse specific design modifications 
resulting in higher drywell pressures compared to the DCD. Furthermore, as noted above, the 
limiting pressure transient during the pool swell phase comes from a MSLB case which was not 
considered in the DCD.
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Figure 9-1 Drywell Pressure Transient for ABWR Pool Swell Design Analysis 

Table 9-1 Suppression Pool Load Parameters of ABWR Design 

Parameter Design Case

Maximum Pool Swell Height (m) 8.8

Maximum Liquid Velocity (m/s) 10.9

Maximum Gas Space Pressure (kPag) 146

Maximum Bubble Pressure (kPag) 195
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9.1 Pool Swell and Velocity 

The elevation of the water slug surface versus time is shown in Figure 9-2. The swell level 
appears to rise above the reported peak value of 8.8 m above the initial pool level (15.8 m above 
pool bottom) after 2.5 seconds. This is when the initial slug is breaking up and the higher values 
are from the oscillating slug and the developing froth zone. These higher levels are ignored for 
maximum pool swell considerations. 

The slug surface velocity versus time is shown in Figure 9-3. This curve was obtained by 
differentiating the polynomial fit for the slug elevation versus time. To obtain a good fit with a 
low order polynomial, the data set was limited to the dark portion of the curve shown in Figure 
9-2. The peak velocity is reached at about 1.6 seconds, well before the slug gets to its maximum 
elevation at about 2.5 seconds. From the shape of the slug elevation versus time curve, it is 
apparent that the slug velocity is near zero when the bubble breaks through. 

The slug velocity versus slug elevation is shown in Figure 9-4. The peak velocity is reached 
when the slug surface is about 11.6 m (38 ft) or 4.6 m above the initial pool surface elevation. 
However, for conservatism, this peak velocity is assumed to exist throughout the entire range of 
the pool swell. 
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 Slug Elevation vs. Time
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Figure 9-2 Slug Surface Elevation versus Time for the ABWR Design Loads 
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Figure 9-3 Slug Velocity versus Time for the ABWR Design Loads 
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 Slug Velocity vs. Elevation

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60

Elevation (ft)

Ve
lo

ci
ty

  (
ft/

s)

Figure 9-4 Slug Velocity versus Slug Surface Elevation for the ABWR Design Loads 
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9.2 Bubble and Gas Space Pressure 

The bubble and gas space pressure are shown in Figure 9-5. The solid line is the gas space 
pressure, the dashed line is the bubble pressure and the dotted line is the specified drywell 
pressure. For the bubble pressure, the local peak just before the peak swell height is reached at 
2.5 seconds is the reported maximum value. For gas space pressure, the local peak that occurs 
before the slug break up at 2.5 seconds is selected as the maximum gas space pressure. The 
bubble and gas space pressure continue to rise beyond these values, but these later values are 
beyond the end of the pool swell phase and are influenced by the assumption that only nitrogen 
is entering the wetwell. In an actual MSLB event, by 2.5 seconds a significant fraction of the 
vent flow will be steam which condenses in the pool. 

Figure 9-5 also indicates the time period where the vent flow was choked. It can be seen that the 
first peak in the bubble pressure coincides with the establishment of choked flow in the vent. At 
this time the slug is near its peak velocity and the limited gas flow is not sufficient to maintain 
the pressure in the expanding bubble. 

0 1 2 3 4 5

Time (sec)

P
re

ss
ur

e 
(k

P
ag

)

0
50

10
0

15
0

20
0

25
0

WW Pressures at Vents and Air Space7

PR1s206 PR1s12 DC1T

GOTHIC 7.2a(QA) Aug/24/2009 17 29 55

Choked Flow

Figure 9-5 Bubble and Gas Space Pressure for ABWR Design Loads 
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9.3 Froth Height 

The froth region is assumed to extend 3.3 meters above the maximum swell height. This value 
was based on PSTF test data and was accepted for the Mark III containment. It was also the 
assumed froth height in the ABWR DCD. This value is expected to be conservative for the 
ABWR design. In the Mark III containment, like the PSTF, the air space pressurization during 
the pool swell is small and the pool slug accelerates until the bubble breaks through. At that time 
the slug is at its maximum velocity and the momentum of the water will continue to carry some 
of it upward into the froth region. In contrast, in the ABWR, the water slug is essentially stopped 
by the high pressure in the gas space before break through. The bubble then rises through the still 
or falling water and breaks through. The water has no upward momentum to carry it into the 
froth region, and the froth is due only to the water that is carried up with the emerging gas 
bubbles. Further, compared to the Mark III containment and the PSTF tests, the higher gas space 
pressure in the ABWR will results in less vapor expansion as the bubbles break through the 
surface and consequently less liquid carry up. 
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10 Sensitivity Studies 
The sensitivity of the pool swell and swell velocity to various GOTHIC input parameters and 
assumptions is discussed in Appendix E. The study shows that there is substantial conservatism 
in several of the modeling assumptions. [        

              ] A 
smaller pool area factor would result in higher pool swell and swell velocity. However, the 
comparison against the PSTF test data indicates that the pool swell and swell velocity are 
bounded by the GOTHIC methodology without applying any adjustment factor (100% pool area 
factor) to account for 3D effects. Therefore the 80% factor is considered conservative. Based on 
this and the significant conservative margin in the other modeling parameters, the overall 
modeling approach is considered conservative. 
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11 Application of Pool Swell Results for Structural Loads Analysis
Once the pool swell results (i.e., gas space and bubble pressure, swell velocity and height) are 
obtained by GOTHIC analysis, the loads on structures in the wetwell are defined using the same 
methodology as described in the DCD. The methodology was originally developed and accepted 
for Mark II and Mark III containments, and it was also accepted for the ABWR. The detail 
descriptions are found in NUREGs [7, 8] and their references. A brief summary is provided in 
this section.

11.1 Structures in the Wetwell 

Structures that will be subjected to pool swell loads due to LOCA events are: 

Personnel and equipment access tunnels (partially submerged) 

Grating

Wetwell-to-drywell vacuum breakers 

SRV discharge piping above initial pool surface. 

Submerged structures that will be subjected to pool swell induced loads are: 

Submerged portion of SRV discharge piping 

SRV discharge line X-quencher discharge device and its support structure 

ECCS suction lines and strainers. 

Figure 11-1 shows typical arrangement of these structures. 

11.2 Load Application 

11.2.1 Pool Boundary Loads 
During the pool swell phase of a LOCA, the wetwell region (the air space and the pool 
boundaries) is subjected to an internal dynamic pressure loading due to the expanding LOCA air 
bubble at the vent exits. The maximum wetwell air space pressure during pool swell is used in 
conjunction with the bubble pressure loading for structural evaluation of containment. The 
spatial distributions of the pressure loading conditions for use in structural evaluation are shown 
in Figure 11-2. 

11.2.2 Impact Loads 
As the pool level rises during pool swell, structures or components located above the initial pool 
surface (but lower than its maximum elevation) will be subjected to water impact and drag loads. 
The load calculation methodology will be based on that approved for Mark II and Mark III 
containments [7, 8]. 

The impact loading on structures between initial pool surface and the maximum swell height due 
to pool swell is calculated by the following equation: 

))2cos(1(
2

)(
T
tP

tP Max  (11.1) 
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where

P(t) is the pressure acting on the projected area of the structure 

PMax is the temporal maximum pressure acting on projected area of the structure 

t is time 

T is the duration of impact 

Depending on the geometry of the equipment impacted by a water slug moving at velocity 
V(m/s), the pulse duration, T(s) is obtained from the following equations: 

Long cylindrical target of diameter D(m)

V
DT 0463.0  (11.2) 

Long flat target of width W(m) 

smVforW

smVfor
V
W

T
/13.20052.0

/13.2011.0  (11.3) 

The maximum pressure obtained from 

T
I

P p
Max 2  (11.4) 

Ip is the impulse is calculated using 

V
A

MI H
p  (11.5) 

where MH is the effective hydrodynamic mass obtained from the appropriate correlation 
described in [10]. 
A margin of 35% will be added to the impact pressure to obtain conservative design loads.  

11.2.3 Drag Loads 
Following the impact loading, the structure above the initial pool surface (but below the 
maximum swell height) will be subjected to the standard drag loading given by 

VVVCP ADd
2

2
1  (11.6) 

where

Pd is the drag pressure 
CD is standard drag coefficient 

V is the pool swell velocity 
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 is the density of water 

VA is the acceleration drag volume 

V  is the pool acceleration 

The standard drag coefficient, CD and acceleration drag volume, VA, used in the above equation 
are consistent with those defined and used in Reference 10. The velocity is 1.1 times the vertical 
velocity calculated from the pool swell analytical model. 

11.2.4 Froth Load 
Upon reaching the maximum pool swell height, the air bubbles that drive the water slug 
penetrates through the surface, resulting in bubble breakthrough leading to froth formation. This 
froth impacts structures located above the maximum bulk swell height. Structures located at 
elevations up to 3.3 m above the peak pool swell height are assumed to be subjected to froth 
impact loading. This froth swell height is the same as that defined for Mark III containment 
design. The load calculation methodology will be based on that approved for the Mark III 
containment [7]. 

11.2.5 Loads on Submerged Structure 
After the vents are cleared of initially contained water and drywell air forced into the suppression 
pool, and a single bubble is formed around each vent exit. It is during the bubble growth period 
that unsteady fluid motion is created within the suppression pool. During this period, all 
submerged structures below the pool surface will be exposed to transient hydrodynamic loads. 
The load definition methodology for defining the LOCA bubble-induced loads on submerged 
structures will be consistent with the methodology used for prior plants, as described in [10]. 
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Figure 11-1 Structures in the Wetwell 
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Figure 11-2 Pool Boundary Load Distribution 
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12 Conclusions
The described GOTHIC modeling approach for generating suppression pool hydrodynamic load  
parameters provides bounding values for the peak pool swell height, the peak swell velocity and 
peak bubble pressure compared to [             ] and compared to the 
approved DCD load parameters. The peak gas space pressure is slightly lower than the DCD 
value due to variations in the methodology. 

The GOTHIC modeling approach includes several conservative assumptions: 

The suppression pool load parameters calculated for the ABWR limiting design case account for 
the corrections and improvements identified in NEDO-33372 and are expected to conservatively 
bound the actual suppression pool behavior during a design basis accident. 
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Appendix A - Key GOTHIC ABWR Suppression System Input Parameters 
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Table A-1 GOTHIC Input Parameters for ABWR Pool Swell 
English Metric 

Wetwell     

   Height 63.32 ft 19.30 m 

   Volume 338420 ft3 9583 m3

   Width 73.11 ft 22.28 m 

   Depth 73.11 ft 22.28 m 

   Elevation 0.00 ft 0.00 m 

   Hydraulic Diameter 95.14 ft 29.00 m 

Vertical Vent pipe     

   Height 38.39 ft 11.70 m 

   Volume 4509.19 ft3 127.69 m3

   Elevation 0.00 ft 0.00 m 

   Hydraulic Diameter 3.94 ft 1.20 m 

    

     

     

   

     

     

     

    

     

     

     

     

     

Vertical vent to Dry Well     

   Area 121.74 ft2 37.11 m2

   Inertia Length 1.00 ft 0.30 m 

   Hydraulic Diameter 3.94 ft 1.20 m 

Wet Well Initial Conditions     

   Pressure 0.75 psig 5.25 kPag 

   Air Space Temperature 95 F 35 C 

   Water Temperature 95 F 35 C 
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   Relative Humidity      100  % 

   Elevation of Top Pool Surface 22.97 ft 7.00 m 

Dry Well Boundary Specification     

U7-C-STP-NRC-090142
Attachment 4



UTLR-0005-NP Rev.0 

B-1  

Appendix B – Comparison of GOTHIC Pool Swell Methodology with Test Data 
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Appendix C – Drywell Pressure Transient for DCD Comparison 
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Figure C-1 Drywell Pressure for DCD FWLB
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Appendix D – Drywell Pressure and Temperature Transients for Design Analysis 
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Appendix E – Sensitivity Studies 
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E.1 Sensitivity Studies 
Additional cases based on the ABWR design case were run to investigate the sensitivity of the 
pool swell and swell velocity to some of the GOTHIC input parameters. The graphs for the pool 
swell velocity shown below do not include the [ ] conservatism multiplier. 

E.2 Vent Loss Factor 
Figures E-1 and E-2 show the pool swell and swell velocity for 3 values of the horizontal vent 
loss factor. [            

             ]
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E.3 Pool Area Factor 
Figures E-3 and E-4 show the pool swell and swell velocity for 3 values of the assumed pool area 
factor. [            

              ]
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E.4 Vent Inertia Length 
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E.5 Gas Space Temperature 
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E.6 Vent Location 
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