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CALCULATION OF SHROUD LOADS DURING A
RECIRCULATION LINE BREAK

J.C. Gillis
S. Levy Incorporated

INTRODUCTION

The reactor core in Boiling Water Reactors (BWRs) is surrounded by a shroud, as shown
in Figure 1. The shroud is made of stainless steel and is two inches thick. “Recently,
routine inspections have spotted surface cracks in the core shrouds of several BWR's.
This has led to the concern that the damaged shrouds would not be able to withstand the
loads encountered during loss-of-coolant-accidents (LOCAs). A few milliseconds after a
line break occurs fluid dynamic loads develop on the shroud as contents of the vessel
discharge. The nature of these loads depends on what kind of break has taken place. The
two types of LOCAs which would cause the highest loads on the shroud are the main
steam line (MSL) break and the recirculation line (RL) break. In this report we will
consider the RL break.

The RL is attached near the bottom of the vessel, and so the break flow during an RL
LOCA is all liquid. (Flashing will occur as the coolant leaves the vessel, but the flow over
the shroud is liquid.) After a recirculation line break, liquid in the annulus between the
shroud and vessel wall accelerates toward -the recirculation line attachment. High
velocities are reached close to the nozzle that is the attachment point, and the low
pressures which then occur produce asymmetric loads on the shroud. These loads are
shown schematically in Figure 2. Numerical evaluation of the asymmetric load is our goal
in this calculation. “

Calculations of the shroud loads have also been done at General Electric (GE) using the
computer code TRACG. Our calculations were undertaken as an independent verification
of the GE results. Our calculation methods and results are presented below; the last
section of this report compares our results to the GE results.

BWR GEOMETRY

It was assumed that the recirculation line break was a double-ended guillotine break with
the upstream end of the break at the end of the RPV nozzle.

At the direction of the Technical Assessment Committee of the Vessel Internals Program
(VIP), dimensions from the BWR at Dresden, Illinois were used. The geometry of the
annulus region of Dresden Station was obtained from Reference 1. The dimensions which
affect the asymmetric load and the thermodynamic operating conditions of the reactor are

’0 shown in Table 1.
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Figure 2. ‘Asymmetric Loads on the Shroud

METHODS OF ATTACK

The asymmetric load on the shroud is calculated from the pressure distribution on the
outside of the shroud by integrating the pressure over the shroud area.

The discharge flow through the break is a function of time. As the vessel depressurizes,
the flow rate decreases. Rather than do a time-dependent calculation, we have made a
conservative quasi-steady state calculation. In this approach, we calculate the load which
corresponds to the initial flow rate and make the observation that the load will decrease
with time as the flow rate decreases. Thus, the load calculated from the initial flow rate
should be the bounding load.

There is no reason for the inside pressure distribution to change dramatically or become
asymmetric, so the pressure forces on the inside wall of thie shroud cancel each other. To
know the pressure distribution on the outside of the shroud, one must somehow find the
coupled velocity and pressure fields in the annulus,

The Best Estimate Calculation

To compute the velocity and pressure field we used the Computational Fluid Dynamics
(CFD) code COMPACT 3-D. This code is capable of solving the full Navier-Stokes
equations in three dimensions. This method of attack has the advantage that the flow field
is computed from first principles, using as inputs only the geometry of the annulus as
specified above along with the density and viscosity of the fluid. In other thermal-
hydraulic analysis codes often used in the nuclear industry, many friction factors, flow
inertia factors, area factors and other factors have to be specified in the input. The long
list of factors in the input may lead to questions about how the factors are chosen.






Table 1

CRITICAL DIMENSIONS USED IN CALCULATION OF THE ASYMMETRIC SHROUD LOAD
DURING A RECIRCULATION LINE BLOWDOWN AT DRESDEN

RAW DIMENSIONS

1.

> N

PPOZZFrXxEC-~TOMMOOWD>

RPV Inside Diameter

Shroud Outside Diameter (opposite nozzle)

Shroud Outside Diameter (above H5)
Shroud Outside Diameter (above H3)
Baffle Plate Elevation

Nozzle Centerline Elevation

HS5 Elevation

Top of Shroud Elevation *

Nozzle Diameter at RPV inside surface
Nozzle Half-Angle

Nozzle Outlet Diameter

Nozzle 1 Angular Location

Jet Pump Pair 1 Angular Location
Jet Pump Pair 2 Angular Location

Jet Pump Pair 3 Angular Location
Jet Pump Pair 4 Angular Location
Jet Pump Pair 5 Angular Location

THERMODYNAMIC CONDITIONS

Pressure
Temperature
Density
Viscosity

VALUE
251.000
201.000
207.125
220.000
118.000
168.625
191.125
404.650
36.000
15.000
25.15
0.00
30.00
60.00
80.00
120.00
150.00

VALUE
1034.7
527.0
46.0
0.0000705

UNITS

deg

deg
deg

UNITS
psia
°F
Ibmvft3
Ibm-s/ft2

REF

-t b
N
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REF
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0 In the cylindrical coordinates best suited to the flow in the RPV annulus, the Nav:er-
Stokes equations are:
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A complete solution for the velocity and pressure fields using the form of the Navier-
Stokes equations above would require an extremely fine mesh. The required mesh size
can be made much coarser if a turbulence model is used. In our calculations, we used a
two-equation model of the turbulence which solved one equation for the turbulent kinetic
energy and one for the dissipation of turbulence. This model is sometimes referred to as
the k-epsilon model. The turbulence model computes an effective supplemental viscosity
due to the turbulence. With this "eddy viscosity," 4, included, and with simplification for
steady flow, the Navier-Stokes equations become:
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The solution domain is shown in Figure 3. The boundary conditions are: zero velocity on
all solid surfaces, constant pressure at the top of the annulus, and a proscribed flow rate
out of the nozzle. Inside the solution domain, a solution grid is laid out. This
computational grid is discussed in more detail in the subsection on the solution grid below.

~—

Figure 3. Ti\e Annular Solution Domain



"




The outflow boundary condition (the flow out of the vessel) is calculated by a critical flow
model and then used as a boundary condition for the CFD solution. Determination of the
choked or critical flow rate of two-phase mixtures is not yet. an exact calculation. Several
models are used, each based on slightly different thermodynamic assumptions. We
calculated the critical flow rate predicted by three models: Moody's, Henry-Fauske, and
the Homogeneous Equilibium Model (HEM). It was assumed that the stagnation
pressure of the break flow was 1020 psia, and that the stagnation temperature was 527 °F.
The highest flow rates will occur if the line break at the end of the nozzle where the
diameter at Dresden is 25.1 in. For these parameters, the results of the flow rate
calculation are shown in Table 2.

Table 2
BREAK FLOW RATES
Model : Mass Flux Mass Flow Rate
Lbm/sec-{t2 Ibm/sec
Moody ‘ 8,653 29,733
Henry-Fauske 11,359 39,031
HEM 8,120 27,802

A series of large scale critical flow tests was conducted between 1977 and 1979 at the
Marviken Power Station. The test results are documented in Reference 2. A review of the
test results showed that one of the tests had approximately the same length/diameter ratio
as the postulated flow. Under subcooled stagnation conditions the measured flow rates
were predicted well by the HEM model. For stagnation conditions of 638 psi, 455°F and
'a_ length/diameter ratio of 1.5, the measured flow rate was 20,940 lbm/sec vs. an HEM
model prediction of 19,980 lbm/sec. Because the HEM model seemed to perform well,
we used its results for the remainder of this study.

With the boundary conditions specified, the CFD solution computes the shroud wall
pressures directly. Once the pressures on the shroud wall are known, loads on the shroud
can be computed by integrating over the shroud area.

F=2 j: [7P(2,6)+ raoa: | ©)

Moments about both the shroud base and the H5 weld were also computed. Using Zyerfor
the reference elevations, the moments were computed by:

M:zj:z'v [7P(2.6)-r(z-z,,)dbaz (10)







Solution Grid for the Navier-Stokes Equations

To take advantage of symmetry, the solution grid was laid out on a 180 degree section of

the annulus space as shown in Figure 4. Radial lines of grid points were laid out roughly

every 5 degrees, with more reduced spacing between lines of points in the vicinity of the
break. On Figure 4, the nozzle entrance is on the right edge of the boundary, occupying
the first 8.162 degrees of the 180 degree arc. There were 16 grid points on each radial line

of points, allowing for good resolution of the boundary layers on the shroud and RPV
walls.

In the vertical direction, there were 26 planes of grid points. For the first eight feet above
the baffle plate, there was a plane of grid points every six inches. Above eight feet there
. was a plane of grid points every 19.075 inches.

Figure 5 shows a pictorial representation of how the actual jet pump geometry is
represented in the CFD solution. The jet pumps are represented by volumes which are
blocked off to flow. The edges of these flow blocks must correspond to locations where
there are grid points. As a result, it is not possible to represent the complicated jet pump
geometry exactly. In Figure 5 the flow block representation of the jet pumps show up as
the quasi-rectangular objects. Figure 6 shows the solution grid in the r-z plane: the plane
in which a jet pump representation is shown in cross section.

To summarize the grid, there were sixteen grid points in the r direction, 42 grid lines in the
theta direction and 28 planes in the z direction. The total number of grid points was
18,816.

CONFIRMATION CALCULATION

Before computing the shroud load, we made a check of our methods against a trusted
result. A simple method for estimating the asymmetric shroud load neglecting the jet
pumps has been developed by F. J. Moody and others at General Electric (GE).

The GE method uses a superposition of 2-D flow sinks, as shown in Figure 7 to specify
the flow. With the baffle plate located at distance b below the break, the complex
potential is: ‘ )

é= 2gw {In sin [% (z—ib)]+ In sin [% (z—ib)]} an

where Q is the volumetric flow rate, w is the annulus width, and z is the complex variable
x + iy,
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Figure 5. Jet Pump Assembly
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Figure 7. Potential Flow Field
The potential can be differentiated to find the velocity field:

sin (-%)-i ann|20=0)] g, (27;-) — i sink -2()’”’)]

17:4;%»' 2(x ’ yDbd'+ x 2- ye-b a (12)
. x . 22 __-'_ .2 x . P
sin (D)-f-smh (D) sin (D)-i-smh (D)

where D is the diameter of the annulus midpoint.

This formulation more accurately simulates the effect of the baffle plate on the far field
flow in the annulus. However, for the near field flow (distances of a few feet from the
nozzle centerline) it predicts velocities which are unrealistically high, tending toward
infinity. These high velocities would correspond to unrealistically high local shroud loads.
For this region, it is argued at GE that the flow will separate from the annulus wall and
that therefore the pressure on the annulus wall will be constant distances less than about
30 inches from the nozzle centerline. Separate and very detailed computations of the flow
field in this small area using the CFD code show that no such separation takes place.
However, the pressure field one obtains by following the GE argument is actually close,
on average, to the pressure field computed with the CFD code. Therefore, we felt

comfortable in using the GE methodology as a check of our CFD results for the flow in
the annulus.

Using the GE methodology, with the HEM break flow and the Dresden dimensions shown
above, the asymmetric load calculated was 16,075'1bs. Using the CFD code (with the jet
pump blockages removed), we calculated 20,013 Ibs. The CFD input models the
reduction in the annulus width above H3, so it is to be expected that the computed load
will be a bit higher than the potential flow.
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G RESULTS

After integrating the pressure distribution shown, the total load on the shroud was found
to be 119,955 Ibs. The total moment was calculated as 878,862 fi-lbs. Of particular
interest is the load above the height of the HS weld. This was found to be 56,527 lbs; the
moment above H5 was calculated as 336,800 fi-lbs. Table 3 shows how our results
compare to those calculated by GE. ‘

Table 3

COMPARISON OF SLI AND GE RESULTS

SLi GE (Max) Units
Total Load 120,000 165,000 Ibs
Moment 878,862 1,083,000 fi-lbs
Load Above H5 56,500 65,000 Ibs
Moment Above H5 ' 336,800 375,000 ft-ibs
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0 APPENDIX A - CALCULATED PRESSURE DISTRIBUTION
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THETA
. 005
0030
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.140
.180
.220
«260
300
«355
.435
.520
.605
695
.780
.865
955

1.045

1.130

1.215

1.305

1.395

1.480

1.565
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1.825
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2.355

2.440

2.525

2.615
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2.795
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«140
.180
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.260
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«355
+435
.520
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.695

42 RI = 8.630

AREA
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*Por Weld Elevation (in. above baffle plate) = .000
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61.44
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15.56
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1.19
.89
.43
.04
-.13
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.83
.92
1.01
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2.20
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4.59
4.40
5.21
5.43
5.10
7.43
7.71
8.65
4.41
26.62
108.28
83.05
112.82
114.06
114.27
113.17
110.75
106.89
175.29
209.51
182.89
125.45
45.07
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1032.96
1032.93
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1034.43
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1028.58
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1032.98
1032.98
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1034.09
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.07
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1.84
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1.72
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8.20
9.19
8.76
10.36
10.82
10.15
14.83
15.35
17.17
8.77
26.82
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84.51
115.39
116.94
117.30
116.44
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112.51
190.33
227.63
191.77
129.52
45.90
37.65
39.53
35.23
31.31
13.55
2.78
2.45
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.87
.07
-.26
.09
1.58
1.80
2.08
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4.57
8.08
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1028.84
1028.62
1028.43
1028.32
1028.28
1028.32
1028.36
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1034.00
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1028.07
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1028.19
1028.30
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l6.51

8.35
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1034.36
1034.37

207.07
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13.57
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1.70
2.07
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7.74
8.64
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9.46
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.288
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.288
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.288
.324

1027.07
1027.23
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1030.41
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1034.02
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1034.01
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1034.35
1034.36

142.34
239.31
284.33
225.72
147.65
52.82
39.16
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37.26
31.59
14.16
4.00
2.72
1.96
.93

. .06
-.29
.65
1.18
1.48
1.84
2.17
4.70
7.36
8.16
7.64
8.37
7.59
6.60
9.11
7.84
6.71
2.82
19.48
90.66
83.23
131.11
144.58
151.19
151.91
149.80
146.98
249.84
295.53
231.72
151.02
53.88
39.90
42.20
37.95
32.15
14.48
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2.77
1.99
.93
.06
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.60
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2.265
2.355
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2.795
2.905
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1034,35
1034.37
1034,44
1034.50
1034.50
1034.50
1034.47
1034.43
1034.40
1034.39
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1034.35
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1027.01
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1026.76
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1034.03
1034.02
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1034.18
1034.34
1034.35
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1034.43
1034.50
1034.50
1034.49
1034.46
1034.42
1034.38
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1030.77
1029.92
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1027.77
1027.28

1.41
1.79
2.14
4.62
7.2
7.97
7.45
7.95
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5.38
6.81
6.10
5.41
2.36
17.88
86.72
82.08
130.00
142.26
147.60
148.13
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146.50
254,63
303.13
234.80
152.49
54.68
40.64
43.01
38.59
32.63
14.71
4.16
2.78
1.99
.93
.06
-.30
.55
1.08
1.37
1.76
2.12
4.53
7.02
7.74
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7.54
6.38
4.45
5.07
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4.82
2.39
18.11
89.96
85.78
133.85
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4.38
4.38
4.38
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.260
300
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+435
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.605
.695
.780
.865
.955
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1.130
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1.305
1.395
1.480
1.565
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1.740
1.825
1.915
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2.090
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2.355
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2.615
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2.795
2.905
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.180
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«300
.355
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.695
.780
.865
.955
1.045
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1.480
1.565
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307.76
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151.86
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33.04
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2.78
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.06
-.31
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1.36
1.78
2.14
4.48
6.85
7.50
6.97
7.22
6.09
4.24
4.75
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5.29
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94.37
88.82
135.38
141.94
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140.67

‘139.50
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44.60
39.81
32.92
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4.64
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1034.38
1034.39
1034.40
1030.64
1025.80

-.31
.43
.98

1.35

1.81

2.21

4.48

6.61

7.17

6.65

6.96

6.09

4.68

5.72

5.69

6.56

3.64

19.42
95.48
88.26
131.80
136.23
135.89
133.91
132.92
133.88
240.43
287.56
208.85
140.89
63.56
43.80
45,33
40.44
32.75
15.10

5.10

2.92

1.96
.89
.06

-.30
.37
.92

1.32

1.79

2.22

4.35

6.26

6.75

6.29

6.86

6.40

5.36

6.94

6.72

7.71

4.25

18.75
92.35
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5.21
5.21
5.21
5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63

5.63.

5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63
5.63

.065

‘ .100

140
.180
.220
<260
.300
.355
.435
.520
.605
.695
.780
.865
.955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2,005
2.090
2.175
2.265
2,355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110
.005
.030
.065
L100
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.180
.220
.260
.300
.355
.435
.520
.605
.695
.780
.865
.955
1.045
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144
144
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.144
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.288
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.324
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1027.49
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1030.52
1032.40
1032.74
1032.74
1032.73
1032.85
1033.39
1033.93
1034.01
1034.02
1034.02
1034.06
1034.19
1034.31
1034.33
1034.34
1034.35
1034.36
1034.41
1034.46
1034.45
1034.45
1034.44
1034.43
1034.42
1034.41
1034.39
1034.40
1034.41
1031.22
1030.29
1029.10
1028.28
1027.92
1027.82
1027.86
1027.90
1027.85
1027.62
1027.72
1028.45
1030.39
1032.28
1032.72
1032.73
1032.72
1032.83
1033.36
1033.90
1034.01

85.39
127.29
131.50
131.23
129.27
128.02
128.50
230.29
279.85
207.98
143.66

66.85

44.70

46.02

41.12

33.12
"15.45

5.44
3.02
1.98

.89

.05
-.29

.32

.86
1.26
1.70
2.09
4.05
5.80
6.32
6.02
6.98
6.95
6.01
7.76
7.29
8.34 '
4.64

15.78

82.36

80.10
123.45
130.23
131.35
129.52
127.51
126.88
225.79
276.50
209.13
148.51

70.95

45.45

46.37

41.51

33.41

15.86

5.81
3.12
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6.04
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1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
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2.265
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2.440
2.525
2.615
2.700
2.795
2.905
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.005 |
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.065
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.140
.180
.220
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«300
355
«435
.520
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.695
.780
.865
.955
1.045
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1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020

324
.288
324
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324
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.288
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.323
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1034.02
1034.02
1034.06
1034.18
1034.30
1034.33
1034.34
1034.35
1034.36
1034.40
1034.45
1034.45
1034.46
1034.46
1034.45
1034.44
1034.42
1034.40
1034.40
1034.42
1031.13
1030.40
1029.43
1028.69
1028.30
1028.17
1028.19
1028.23
1028.20
1027.98
1028.07
1028.73
1030.54
1032.34
1032.77
1032.77
1032.76
1032.87
1033.38
1033.91
1034.01
1034.02
1034.03
1034.07
1034.19
1034.30
1034.33
1034.34
1034.34
1034.36
1034.40
1034.44
1034.46
1034.46
1034.46
1034.46
1034.45
1034.43
1034.40
1034.41

2.01
.89
.05

-.31
.27
.81

1.22

1.65

2.00

3.76

5.49

6.32

6.20

7.42

7.62

6.60

8.29

7.55

8.69

4.88

16.18
79.79
74.76
114.70
122.03
123.93
122.53
120.51
119.73
213.16
261.24
198.46
142.26
68.48
43.71
44.94
40.31
32.46
15.51

5.67

3.05

1.95
.86
.05

-.29
«27
.81
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1.63
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3.64
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7.53
7.53
7.53
7.53
7.53
7.53
7.53
7.53
7.53
7.53
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.005
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.065
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.140
.180
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.260
.300
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.435
.520
.605
.695
.780
.865
.955

1.045

1.130

1.215

1.305

1.395

1.480

1.565

1.655

1.740

1.825

1.915

2.005

2.090

2.175

2.265

2.355

2.440

2.525

2.615

2.700

2.795

2.905

3.020

3.110
.005
.030
.065
.100
.140
.180
.220
.260
.300
.355
.435
.520
.605
.695
.780
.865
.955

1.045

.215
.092
«369
277
«369
369
.369
«369
«369
.369
+646
.831
«739
.831
.831
«739
.831
.831
.831
«739
.831
.831
.831
«739
.831
.831
«739
.831
.831
.831
.739
.831
.831
.831
.739
.831
.831
«739
1.016
1.016
1.108
.554
149
.595
446
.595
.595
595
.595
595
.595
1.041
1.339
1.190
1.339
1.339
1.190
1.339
1.339
1.339

1034.42
1030.84
1030.57
1030.20
1025.88
1029.69
1029.62
1025.60
1029.59
1029.52
1029.31
1029.43
1030.02
1031.36
1032.63

* 1032.90

1032.88
1032.89
1033.02
1033.47
1033.92
1034.00
1034.01
1034.03
1034.07
1034.19
1034.30
1034.32
1034.33
1034.34
1034.35
1034.40
1034.44
1034.44
1034.45
1034.45
1034.45
1034.45
1034.43
1034.41
1034.41
1034.41
1031.54
1031.48
1031.39
1031.31
1031.27
1031.24
1031.21
1031.17
1031.11
1030.97
1031.05
1031.42
1032.18
1032.88
1033.03
1033.02
1033.05
1033.19

4.86
45.55
196.22
161.67
231.79
240.54
243.00
241.72
240.20
241.09
432.29
524.72
391.85
285.30
149.84
103.10
107.53
95.11
74.67
35.95
14.29
8.06
5.17
2.24
.13
~.75
.61
1.82
2.71
3.81
4.88
9.14
13.32
15.34
15.01
18.45
19.92
17.95
23.32
21.62
23.24
11.88
58.28
238.62
184.33
251.42

1254.14

254.93
254.97
255.71

' 258.25

462.30
561.31
422.41
329.34
204.71
150.15
155.49
135.12
103.84
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- 7.53

7.53
7.53
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7.53
7.53
7.53
7.53
7.53
7.53
7.53
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7.53
9.25
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9.25
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9.25
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9.25
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9.25
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9.25
9.25
9.25
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9.25
9.25
9.25
9.25
9.25
9‘25
9.25
9.25
9.25

1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110

. 005

.030

. 065

<100

.140

.180

«220

.260

.300

.355

.435

.520

<605

. 695

.780

.865

. 955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700

1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.190
1.637
1.637
1.785

.893

149

.595

«446

595

.595

.595

.595

.595

.595
1.041
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
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1.338
1.338
1.338
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1.338
1.338
1.190
1.338
1.338
1.338
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1.338
1.338
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1.338
1.338
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1033.55
1033.89
1033.97
1033.98
1034.00
1034.05
1034.16
1034.27
1034.30
1034.30
1034.32
1034.34
1034.38
1034.42
1034.43
1034.43
1034.44
1034.44
1034.43
1034.43
1034.42
1034.41
1034.41
1032.31
1032.28
1032.22
1032.18
1032.16
1032.14
1032.13
1032.12
1032.08
1032.01
1032.01
1032.16
1032.61
1033.07
1033.17
1033.17
1033.20
1033.31
1033.60
1033.88
1033.94
1033.95
1033.97
1034.02
1034.13
1034.24
1034.27
1034.27
1034.28
1034.31
1034.35
1034.39
1034.41
1034.41
1034.41
1034.41
1034.41

52.01
24.67
14.66
9.40
4.05
.24
-1.57
.30
1.77
2.82
4.37
6.43
13.05
19.34
22.44
22.16
27.35
29.45
26.87
36.47
35.45
37.86
18.67
41.68
170.01
130.61
177.19
178.39
178.38
177.82
177.48
178.09
316.32
393.30
312.77
261.42
177.00
132.38
136.21
118.51
92.41
48.57
25.81
16.09
10.42
4.55
.27
-2.08
-.54
.37
.88
1.88
3.80
10.01
16.49
19.62
19.43
23.78
25.51
23.69
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10.98
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10.98
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10.98
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10.98
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10.98
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12.70
12.70
12.70
12.70
12.70
12.70
12.70
12.70
12.70

12.70 °

12.70
12.70

'12.70

12.70

2.795
2.905
3.020
3.110
.005
.030
.065
.100
.140
.180
.220
.260
«300
L 355
+435
.520
.605
.695
.780
.865
.955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110
.005
.030
.065
.100
140
.180
«.220
.260
300
.355
.435
.520
.605
.695
.780

1.636
1.636
1.784
.892
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.595
. 446
+595

.595

.595

.595

.595

.595
1.041
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.636
1.636
1.784

.892
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.595

.446

«595

.595

.595

.595

.595
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1.041
1.339
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1034.41
1034.41
1034.40
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1032.78
1032.75
1032.71
1032.69
1032.67
1032.66
1032.65
1032.64
1032.62
1032.57
1032.56
1032.64
1032.93
1033.23
1033.30
1033.29
1033.31
1033.40
1033.64
1033.87
1033.93
1033.93
1033.94
1033.99
1034.10
1034.21
1034.24
1034.24
1034.25
1034.27
1034.32
1034 .37
1034.38
1034.38
1034.38
1034.38
1034.39
1034.39
1034.39
1034.39
1034.39
1033.08
1033.06
1033.03
1033.01
1033.00
1032.99
1032.98
1032.96
1032.94
1032.90
1032.88
1032.93
1033.15
1033.37
1033.41

33.27

» 33.46

36.57
18.23
31.77
129.41
99.17
134.18
134.88
134.83
134.42

©134.08

134.22
237.25
296.57
240.58
210.44
152.47
116.93
121.03
105.99
83.72
45.59
26.20
17.01
11.19
4.96
.31
~2.56
-1.38
-1.10
~1.20
-.89
.78
6.42
12.94
15.86
15.71
19.12
20.57
19.72
29.04
30.26
33.82
17.05
25.32
103.21
79.08
106.86
107.33
107.37
107.31
107.41
107.96
191.81
241.81
197.68
176.10
132.20
103.85
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12.70
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12.70
12.70
12.70
12.70
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12.70
12.70
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12.70
12.70
12.70
12.70
12.70
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14.42
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14.42
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14.42
14.42
14.42
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14.42
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14.42
14.42
14.42
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«865
955
1.045

‘1.130

1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
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L] 005
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.065
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.435
.520
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.695
.780
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.955

1.045

1.130

1.215
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1.395

1.480

1.565

1.655

1.740

1.825

1.915

2.005

2.090

2.175

2.265

2.355

2.440

1.339
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.190
1.637
1.637
1.785

.893

.149

.595
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.595

.595

.595

.595

.595

.595
1.041
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190

1033.39
1033.39
1033.46
1033.68
1033.88
1033.92
1033.91
1033.92
1033.96
1034.08
1034.19
1034.21
1034.21
1034.21
1034.23
1034.29
1034.34
1034.35
1034.35
1034.35
1034.35
1034.36
1034.37
1034.38
1034.38

1034.38,

1033.30
1033.28
1033.25
1033.24
1033.23
1033.23
1033.23
1033.23
1033.22
1033.20
1033.22
1033.30
1033.42
1033.52
1033.54
1033.54
1033.57
1033.66
1033.79
1033.90
1033.93
1033.95
1033.98
1034.04
1034.12
1034.18
1034.20
1034.21
1034.24
1034.27
1034.30
1034.33
1034.34
1034.35

109.57
97.27
77.33
42.82
25.80
17.45
11.85

5.38
.34
-2.96
~-2.07
-2.40
~-3.33
-3.99
-2.54
2.70
9.45
12.10
11.65
13.61
14.61
15.20
24.79
27.20
31.03
15.77
20.64
84.39
64.72
87.20
87.16
86.72
86.17
85.66
85.27

148.65

181.23

143.42

133.27

109.55
87.75
90.26
76.42
58.15
34.13
23.98
16.58
10.65

4.41
.25
-2.32
=-2.23
-2.79
-3.03
-2.08
.49
4.74
8.92
11.17
11.64
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23
23
23
23
23
23
23
23 10
23 11
23 12
23 13
23 14
23 15
23 16
23 17
23 18
23 19
23 20
23 21
22
o
2 24
23 25
23 26
23 27
23 28
23 29
23 30
23 31
23 32
23 33
23 34
23 35
23 36
23 37
23 38
23 39
23 40
23 41
24
24
24

)
>
VRN

24

24 10
24 11
24 12

14.42
14.42

" 14.42

14.42
14.42
14.42

. 14.42

16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
16.15
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87

2.525
2.615
2.700
2.795
2.905
3.020
3.110
. 005
.030
. 065
100
140
.180
.220
.260
«300
.355
+435
.520
.605
.695
.780
.865
.955
1.045

1.130

1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525

©2.615

2.700
2.795
2.905
3.020
3.110
.005
.030
«065
.100
.140

.180°

.220
. 260
.300
.355
435
.520

1.338
1.338
1.190
1.636
1.636
1.784
.892
«149
595
+446
595
.595
595
.595
.595
.595
1.041
1.338
1.190
1.338
1.338
1.190
1.338
1.338

'1.338

1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
10338
1.190
1.636
1.636
1.784

.892

«149

.595

446

.595

.595

595

.595

.595

.595
1.041
1.339
1.190

1034.36
1034.37
1034.37
1034.38
1034.38
1034.38
1034.38
1033.43
1033.41
1033.39
1033,.39
1033.39
1033.40
1033.41
1033.42
1033.43
1033.44
1033.49
1033.56
1033.60
1033.62
1033.64
1033.67
1033.74
1033.81
1033.87
1033.90
1033.94
1033.98
1034.03
1034.09
1034.13
1034.15
1034.18
1034.21
1034.24
1034.28
1034.30
1034.31

'1034.32

1034.33
1034.35
1034.37
1034.36
1034.36
1034.35
1034.35
1034.35
1033.52
1033.49
1033.45
1033.44
1033.45
1033.45
1033.46
1033.47
1033.48
1033.49
1033.51
1033.54

15.67
18.20
17.52
25.45
26.30
29.25

14.71

17.74
72.77
55.80
74.65
73.87
72.71
71.38
69.91
68.24
114.87
134.51
104.51

105.05"

95.28
75.73
73.35
58.51
43.64
28.95
24.15
16.48

9.64 °

3.61
.20
-2.18
-3.13
-4.06
-3.58
-1.51
1.39
3.88
5.54
7.61
9.33
14.41
17.60
16.06
21.08
20.40
22.01
10.93
15.92
66.42
51.75
69.71
69.10
68.09
66.95
65.67
64.25
108.76
131.45
107.33






24,

24
24
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25
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25
25
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25
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17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87

< 17.87

17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
17.87
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59

. 605
«695
.780
.865
'955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110
.005
030
. 065
L 4 100
140
.180
.220
.260
.300
.355
.435
.520
.605
.695
'780
.865
.955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825

1.915 °

2.005
2.090
2.175

1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.190
1.339
1.339
1.339
1.190
1.339
1.339
1.339
1.190

1.339

1.339
1.190
1.637
1.637
1.785
.893
.149
.595
.446
.595
.595
.595
.595
.595
.595
1.042
1.338
1.190
1.338
1.338
1.190
1.338

1.338

1.338
1.190

.1.338

1.338
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338

1033.57
1033.60
1033.63
1033.67
1033.71
1033.75
1033.80
1033.84
1033.88
1033.92
1033.96
1034.00
1034.04
1034.07
1034.10
1034.13

.1034.16

1034.18

1034.21-

1034.22
1034.24
1034.25
1034.26
1034.27
1034.28
1034.28
1034.28
1034.28
1034.28
1033.56
1033.54
1033.51
1033.50
1033.49
1033.49
1033.50
1033.50
1033.50
1033.51
1033.52
1033.55
1033.57
1033.60
1033.63
1033.66
1033.70
1033.74
1033.77
1033.81
1033.85
1033.89
1033.93
1033.96
1034.00

1034.03"

1034.06
1034.09
1034.11
1034.14
1034.16

109.66
98.04
76.81
74.29
61.46
49.02
33.83
28.32
19.34
11.52

4.67
.29
-3.61
-5.49
-7.76
-8.53
-8.37
-6.60
-6.15
-4.75
-3.18
-1.24
.44
2.01
2.70
4.47
4.93
5.61
2.84
15.04
62.16
48.14
65.06
65.02
64.59
63.92
63.04
61.97

105.49

128.78

106.43

109.58
98.26 -
77.12
74.97
62.73
50.82
35.57
30.08
20.75
12.54

5.20
.33
~4.29
~6.70
~9.82

-11.37

-12.08

-10.65

-11.41







25

26
26

VOO W

19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
19.59
21.32
21,32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
21.32
23.04
23.04
23,04
23.04
23.04
23.04
23.04
23.04
23.04

2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110
.005
.030
.065
.100
+140
.180
220
.260
«300
355
435
.520
. 605
.695
.780
.865
.955
1.045
1.130
1.215
1.305
1.395
1.480
1.565
1.655
1.740
1.825
1.915
2.005
2.090
2.175
2.265
2.355
2.440
2.525
2.615
2.700
2.795
2.905
3.020
3.110
.005
.030
.065
.100
.140
180
.220
«260
.300

1.338

1.338
1.190
1.338
1.338
1.190
1.636
1.636
1.784
.892
+149
.595
446
.595
.595
.595
«595
.595
.595
1.041
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.338
1.190
1.338
1.338
1.190
1.636
1.636
1.784
.892
.074
.298
.223
.298
.298
298
.298
.298
.298

1034.18
1034.19
1034.20
1034.22
1034.23
1034.23
1034.24
1034.25
1034.25
1034.25
1033.56
1033.56
1033.55
1033.55
1033.55
1033.55
1033.55
1033.55
1033.55
1033.56
1033.57
1033.58
1033.61
1033.63
1033.66
1033.69
1033.72
1033.76
1033.80
1033.83
1033.87
1033.90
1033.94
1033.97
1034.01
1034.04

1034.06 .

1034.09
1034.12
1034.14
1034.16
1034.18
1034.19
1034.21
1034.22
1034.23
1034.24
1034.24
1034.25
1034.25
1034.26
1033.56
1033.56
1033.56
1033.56
1033.56
1033.56
1033.56
1033.57
1033.57

=10.58
-9.53
-7.39
=7.06
-5.87
-4.24
-4059
~-3.55
-3.19
-1.43
15.07
60.44
45.46
60.71
60.62
60.33
59.83
59.11
58.21
99.24
121.45
100.67
103.85
93.20
73.19
71.22
59.69
48.49
34.02
28.81
19.90
12.05
5.01
«32
-4.15
-6.50
-9.53
-11.04
-10.39
-11.14
=10.30
-9.20
-7.05
-6.61
-5.33
-3.66
-3.65
-2.41
-1075
-.66
7.52
30.04
22.47
29.85
29.69
29.48
29.19
28.82
28.37
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8 .
27 10

27 11
27 12
27 3
27 4
27 15
27 16
27 17
27 18
27 19
27 20
27 21
27 22
27 23
27 24
27 25
27 26
27 27
27 28
27 29
27 30
27 31
27 32
27 33
27 34
27 35
27 36
27 37
2 38
2 39
27 40
27 41

23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04
23.04

Weld Elevation
Asymmetric Load

Moment

«355 .521
.435 .670
.520 «595 |
.605 «670
. 695 «+670
.780 + 595
+865 .670
. 955 .670
1.045 .670
1.130 .595
1.215 «670
1.305 «.670
1.395 .670
1.480 «595
1.565 .670
1.655 «670
1.740 .595
1.825 .670
1.915 .670
2.005 «670
2.090 595
2.175 .670
2.265 .670
2.355 .670
2.440 .595
2.525 .670
2.615 .670
2.700 .595
2.795 .818
2.905 .818
3.020 .893
3.110 . 446
.000 in
119955. Lbs
878862. Ft-Lbs

1033.57

1033.58

1033.60
1033.62
1033.65
1033.67
1033.70
1033.74
1033.77
1033.81
1033.84
1033.88

1033.91 .

1033.94
1033.98
1034.01
1034.04
1034.07
1034.09
1034.12
1034.14
1034.16
1034.18
1034.20
1034.21
1034.22
1034.23
1034.24
1034.25

.1034.25

1034.26
1034.26

. 48.37

59.21
49.12
50.72
45.54
35.78
34.82
29.21
23.75
16.68
14.13
9.77
5.91
2.46
.16
~-2.04
-3.20
-4.68
-5.42
-5.76
-5.09
-5.44
-5.01
-4.44
-3.35
~3.07
-2041
-1.59
-1.48
-.84
-.45
-.11
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e‘ |

| C1(pi/36) = 0.087 D (inches) =| 179.000 |b (inches) = 16.000
X/D = Y (H5, inch) =| 178.125 |Y{H3,inch)= 350.750 |Ymaxlinch)=| 423.750 Y(H5)/D =

ANGLE (DEG) 0 10 20 30 40 50 60 70 80
YD = 0.000 0.087 0.175 0.262 0.349 0.436 0.524 0.611 0.698
0.000 0.000 30.948 20.078 11.112 6.612 4.213 2.817 1.944 1.367
0.087 54335.397 51.216 19.855 10.635 6.388 4.114 2.773 1.926 1.361
0.175 61.225 33.483 16.060 9.177 5.772 3.841 2.652 1.876 1.346
0.262 19.452 16.130 10.924 7.253 4.942 3.461 2.477 1.801 1.323
0.349 10.119 9.253 7.393 5.56569 4.115 3.051 2.278 1.712 1.293
0.436 6.429 6.096 5.278 4.310 3.414 2.670 2.079 1.619 1.262
0.524 4.573 4,412 3.990 3.436 2.865 2.344 1.898 1.529 1.229
0.611 3.502 3.412 3.169 2.827 2.449 2.079 1.741 1.448 1.198
0.698 2.827 2.772 2.619 2.395 2.135 1.866 1.610 1.376 1.170
0.785 2.375 2.339 2.237 2.083 1.897 1.698 1.501 1.314 1.145
0.873 2.059 2.034 1.962 1.852 1.716 1.565 1.411 1.262 1.123
0.960 1.829 1.811 1.759 1.678 1.575 1.460 1.339 1.218 1.104
1.047 1.658 1.644 1.605 1.544 1.466 1.375 1.279 1.182 1.087
1.134 1.5627 1.517 1.487 1.440 1.379 1.308 1.231 1.152 1.073
1.222 1.426 1.418 1.395 1.368 1.310 1.253 1.191 1.127 1.062
1.309 1.347 1.341 1.322 1.293 1.255 1.209 1.159 1.106 1.052
1.396 1.284 1.279 1.264 1.241 1.210 1.173 1.132 1.088 1.044
1.484 1.233 1.229 1.218 1.199 1.174 1.144 1.110 1.074 1.037
1.518 1.216 1.212 1.202 1.184 1.161 1.133 1.102 1.069 1.034
1.571 1.192 1.189 1.180 1.164 1.144 1.119 1.092 1.062 1.031
1.658 1.159 1.157 1.149 1.136 1.120 1.099 1.076 1.062 1.026
1.745 1.132 1.130 1.124 1.113 1.100 1.083 1.064 1.043 1.022
1.833 1.110 1.108 1.103 1.094 1.083 1.069 1.063 1.036 1.018
3.665 1.003 1.003 1.003 1.002 1.002 1.002 1.001 1.001 1.000
Gm = 8500.000 |Ibm/sec.ft"2 A (ft"2) = 3.451 mdot{lm/sec) =] 29333.242

Alanl, ft"2)=| 66.388 V (ft/sec) = 9.421 VHead(psi) = 0.449 rhol{lm/ft*3) = 46.900

v (ft/sec) = 181.237 |VHead(psi)=| 166.118 Q {ft"3/secl=]| 625.442
OWDOWN F| 55742.436 |Imf ratio = 370.080
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STREAM FUNCTION DIVIDED BY Q/W
X/D = .

ANGLE (DEG)| 0 10 20 30 40 50 60 70 80
Y/D = 0.000 0.087 0.175 0.262 0.349 0.436 0.524 0.611 0.698
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.087 0.000 0.172 0.122 0.091 0.070 0.056 0.046 0.038 0.032
0.175 0.500 0.321 0.226 0.171 0.135 0.109 0.090 0.075 0.064
0.262 0.500 0.384 0.296 0.233 0.189 0.156 0.130 0.110 0.093
0.349 0.500 0.414 0.339 0.279 0.232 0.195 0.165 0.140 0.119
0.436 0.500 0.431 0.367 0.312 0.265 0.226 0.194 0.167 0.143
0.524 0.500 0.441 0.385 0.335 0.291 0.252 0.219 0.190 0.164
0.611 0.500 0.448 0.399 0.352 0.310 0.273 0.239 0.209 0.182
0.698 0.500 0.454 0.408 0.365 0.326 0.289 0.255 0.225 0.197
0.785 0.500 0.457 0.416 0.375 0.337 0.302 0.269 0.238 0.210
0.873 0.500 0.460 0.421 0.383 0.347 0.312 0.280 0.250 0.221
0.960 0.500 0.463 0.425 0.389 0.354 0.321 0.289 0.259 0.230
1.047 0.500 0.464 0.429 0.394 0.361 0.328 0.297 0.267 0.238
1.134 0.500 0.466 0.432 0.398 0.365 0.334 0.303 0.273 0.244
1.222 0.500 0.467 0.434 0.401 0.370 0.338 0.308 0.278 0.250
1.309 0.500 0.468 0.436 0.404 0.373 0.342 0.312 0.283 0.254
1.396 0.500 0.469 0.437 0.406 0.376 0.345 0.316 0.287 0.258
1.484 0.500 0.469 0.438 0.408 0.378 0.348 0.319 0.290 0.261
1.518 0.500 0.469 0.439 0.409 0.379 0.349 0.320 0.291 0.262
1.571 0.500 0.470 0.439 0.409 0.380 0.350 0.321 0.292 0.264
1.658 0.500 0.470 0.440 0.411 0.381 0.352 0.323 0.294 0.266
1.745 . 0.500 0.470 0.441 0.412 0.382 0.353 0.325 0.296 0.268
1.833 0.500 0.471 0.442 0.412 0.383 0.355 0.326 0.298 0.270
3.665 0.500 0.472 0.444 0.417 0.389 0.361 0.333 0.305 0.278

Modified Stream Function
X/D =

ANGLE (DEG) 0 10 20 30 40 50 60 70 80

Y/D = 0.000 0.087 0.175 0.262 0.349 0.436 0.524 0.611 0.698
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b/D = 0.089 W (inches) =| 17.000 |d (inches) = 25.154
0.146 Y(H3)/D = 1.110 Ymax/D = 1.518 .

920 100 110 120 130 140 150 160 170 180
0.785 0.873 0.960 1.047 1.134 1.222 1.309 1.396 -1.484 1.571
0.969 0.685 0.479 0.326 0.213 0.130 0.071 0.031 0.008 0.000
0.970 0.689 0.485 0.333 0.220 0.137 0.078 0.038 0.015 0.007
0.972 0.701 0.501 0.352 0.241 0.159 0.100 0.060 0.037 0.029
0.976 0.720 0.528 0.383 0.274 0.193 0.135 0.095 0.072 0.065
0.980 0.742 0.561 0.423 0.317 0.238 0.180 0.141 0.118 0.111
0.984 0.768 0.599 0.468 0.367 0.290 0.234 0.196 0.174 0.166
0.988 0.794 0.639 0.517 0.421 0.348 0.294 0.257 0.235 0.228
0.991 0.819 0.680 0.567 0.478 0.408 0.357 0.321 0.300 0.293
0.993 0.843 0.718 0.616 0.533 0.469 0.420 + 0.387 0.367 0.360
0.995 0.865 0.755 0.662 0.587 0.528 0.483 0.451 0.432 0.426
0.996 0.884 0.788 0.706 0.638 0.583 0.542 0.513 0.496 0.490
0.997 0.902 0.817 0.745 0.684 0.635 0.598 0.571 0.555 0.550
0.998 0.916 0.843 0.780 0.726 0.683 0.649 0.625 0.611 0.606
0.999 0.929 0.866 0.811 0.764 0.725 0.695 0.674 0.661 0.657
0.999 0.940 0.886 0.839 0.798 0.764 0.737 0.718 0.706 0.703
0.999 0.949 0.904 0.862 0.827 0.797 0.774 0.757 0.747 0.744
1.000 0.957 0.918 0.883 0.852 0.827 0.806 0.792 0.783 0.780
1.000 0.964 0.931 0.901 0.874 0.852 0.834 0.822 0.814 0.811
1.000 0.966 0.935 0.907 0.882 0.861 0.845 0.833 0.825 0.823
1.000 0.970 0.942 0.916 0.893 0.874 0.859 0.848 0.841 0.839
1.000 0.975 0.951 0.929 0.910 0.893 0.880 0.871 0.865 0.863
1.000 0.979 0.958 0.940 0.923 0.910 0.898 0.890 0.885 0.884
1.000 0.982 0.965 0.949 0.935 0.923 0.914 0.907 0.903 0.901
1.000 1.000 0.999 0.999 0.998 0.998 0.998 0.998 0.997 0.997
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{FORCE INTEGRAL)
BOTTOM 0.000 0.000 30.940 0.000 20.047 0.000 11.041 0.000 6.482
25.000 1.091 51.201 3.584 19.817 1.739 10.557 0.942 6.251
0.048 . 0.308 0.143 0.071
25.000 3.272 33.446 7.278 16.000 3.302 9.077 1.799 5.613
0.143 0.625 0.271 0.136
19.388 5.209 16.058 9.438 10.829 4.473 7.118 2.506 4.749
0.227 0.811 0.367 0.189
10.008 6.492 9.134 10.637 7.252 5.262 5.379 3.051 3.877
0.283 0.906 0.431 0.231
(B-T) (180-0) (C-S) (170-10) (D-R) (160-20) (E-Q) (150-30) (F-P)
6.263 7.202 5.923 11.194 5.082 5.800 4.075 3.464 3.124
0.314 0.962 0.476 0.262
4.345 7.665 4.177 11.634 3.733 6.185 3.142 3.779 2.517
0.334 1.000 0.507 0.286
3.208 7.994 3.112 11.952 2.847 6.472 2.470 4.023 2.040
0.349 1.027 0.531 0.304
2.467 8.242 2.406 12.193 2,233 6.693 1.975 4.217 1.666
0.360 1.048 0.549 0.319
1.949 8.435 1.907 12.381 1.786 6.869 1.600 4.373 1.370
) 0.368 1.064 0.563 0.331

1.569 8.588 1.5638 12.5632 1.449 7.010 1.310 4.500 1.132
0.375 1.077 0.575 ’ 0.340

1.279 8.712 1.256 12.654 1.188 7.125 1.080 4.605 0.940
0.380 1.087 0.584 0.348

1.052 8.814 1.034 12.754 0.980 7.219 0.895 4.691 0.783
0.385 1.096 0.5692 0.355

0.871 8.898 0.856 12.836 0.813 7.298 0.745 4.762 0.653
0.388 1.103 0.598 0.360

0.724 8.968 0.712 12.904 0.677 7.363 0.621 4.822 0.546
0.391 1.109 0.604 0.364

0.603 9.025 0.594 12.961 0.565 7.417 0.519 4.872 0.458
0.394 1.114 0.608 0.368

0.504 9.074 0.496 13.009 0.473 7.462 0.435 4.913 0.383
0.396 1.118 0.612 0.371
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0.422 9.114 0.415 13.049 0.396 7.500 0.364 4.948 0.322
0.398 1.121 0.615 0.374
TOP 0.393 9.128 0.387 13.063 0.369 7.513 0.340 4.960 0.300
0.398 1.123 0.616 0.375
F (Ibf) = 43040 {TOTAL FORCE ON SHROUD)
* Near the recirculation suction nozzle, flow separation occurs on the outer wall of
the shroud. The pressure within the flow separated region is nearly constant and close to
the pressure at H5 weld location.
I
The forces are calculated for the half section of the shroud assembly.
MOMENT INTEGRAL
{B-T) {180-0) (C-S) {(170-10) (D-R) (160-20) (E-Q) (150-30) {F-P)
bottom 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2.182 0.095 4.468 0.195 1.729 0.075 0.921 0.040 0.546
Y 0.087 0.054 0.043 0.043
M 0.004 0.017 0.006 - 0.003
4.363 0.381 5.837 0.645 2.793 0.273 1.5684 0.150 0.980
Y 0.116 0.089 0.083 0.083
M 0.017 0.055 0.022 0.011
5.076 0.793 4.204 1.083 2.835 0.518 1.864 0.300 1.243
Y 0.152 0.115 0.116 0.120
M 0.035 0.093 0.043 0.023
3.494 1.167 3.188 1.405 2.531 0.752 1.878 0.463 1.353
Y 0.180 0.133 0.143 0.152
M 0.051 0.121 0.062 0.035
2.733 1.438 2.584 1.657 2.217 0.960 1.778 0.623 1.363
Y 0.200 0.148 0.165 ’ 0.180
M 0.063 0.142 0.079 0.047
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top 0.597 2.876 0.588 3.057 0.560 2.257 0.516 1.772 0.455
Yi = 0.315 0.234 0.300 0.357
Fi*Yi = 0.125 0.263 0.185 0.134
TOTAL MOMENT =| 2351494 in-Ibf
Y = 54.635 inches
The moment is calculated for the_half of the shroud assembly.
{(V/V,r)*2 without correction for Jet Pumps
XD =
ANGLE (DEG) 0 10 20 30 40 50 60 70

YD = 0.000 0.087 0.175 0.262 0.349 0.436 0.524 0.611
0.000 0.000 30.948 20.078 11.112 6.612 4.213 2.817 1.944
0.087 54335.397 51.216 19.855 10.635 6.388 4,114 2.773 1.926
0.175 61 33.483 16.060 9.177 5.772 3.841 2.652 1.876
0.262 19 16.130 10.924 - 7.253 4.942 3.461 2.477 1.801
0.349 10.119 9.253 7.393 5.559 4.115 3.051 2.278 1.712
0.436 6.429 6.096 5.278 4.310 3.414 2.670 2.079 1.619
0.524 4.573 4,412 3.990 3.436 2.865 2.344 1.898 1.529
0.611 3.502 3.412 3.169 2.827 2.449 2.079 1.741 1.448
0.698 2.827 2,772 2.619 2.395 2.135 1.866 1.610 1.376
0.785 2.375 2.339 2.237 2.083 1.897 1.698 1.501 1.314
0.873 2.059 2.034 1.962 1.852 1.716 1.565 1.411 1.262
0.960 1.829 1.811 1.759 1.678 1.575 1.460 1.339 1.218
1.047 1.658 1.644 1.605 1.544 1.466 1.375 1.279 1.182
1.134 1.527 1.517 1.487 1.440 1.379 1.308 1.231 1.152
1.222 1.426 1.418 1.395 1.358 1.310 1.253 1.191 1.127
1.309 1.347 1.341 1.322 1.293 1.255 1.209 1.159 1.106
1.396 1.284 1.279 1.264 1.241 1.210 1.173 1.132 1.088 .
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0.000 3.999 0.000 2.490 0.000 1.465 0.000 0.682 0.000 0.000
0.556 3.893 0.344 2.440 0.215 1.441 0.127 0.672 0.059

0.037 0.019 0.009 0.004 0.001 9205
1.073 3.600 0.671 2.300 0.422 1.374 0.250 0.645 0.117

0.072 0.038 0.018 0.007 0.002 18870
1.525 3.187 0.967 2.094 0.614 1.273 0.365 0.603 0.171

0.102 0.054 0.027 0.011 0.003 25759
1.902 2.734 1.226 1.855 0.786 1.151 0.471 0.551 0.221

0.127 0.069 0.034 0.014 0.003 30181
(140-40) (G-0) {130-50) (H-N) (120-60) (-M)__|- {110-70) (J-L) (100-80)

2.207 2.303 1.446 1.611 0.937 1.020 - | _ 0.566 0.494 0.267

0.148 0.081 0.041 0.017 0.004 33138
2.453 1.923 1.630 1.381 1.068 0.890 0.649 0.435 0.307

0.164 0.091 0.047 0.019 0.005 35281
2.652 1.601 1.784 1.174 1.179 0.768 0.721 0.379 0.343

0.177 0.100 0.051 ‘ 0.022 0.005 36910
2.814 1.333 1.912 0.994 1.274 0.658 0.784 0.327 0.374

0.188 0.107 0.056 0.023 0.006 38187
2.946 1.111 2.018 ~0.838 1.354 0.560 0.837 0.280 0.400

0.197 0.113 0.059 : 0.025 0.006 39209
3.056 0.928 2.107 0.706 1.421 0.475 0.882 0.238 0.423

0.204 0.118 0.062 0.026 ' 0.006 40038
3.146 0.775 2.182 0.594 1.478 0.401 0.920 0.202 0.442

0.210 0.122 0.064 0.027 0.007 40719
3.221 0.649- 2.244 0.499 1.526 0.339 0.952 0.171 0.458

0.215 0.126 0.067 0.028 0.007 41281
3.284 0.544 2.296 0.420 1.566 0.285 0.980 0.144 0.472

0.220 0.129 0.068 0.029 0.007 41748
3.336 0.456 2.340 0.353 1.599 0.240 1.002 0.122 0.484

0.223 0.131 0.070 0.030 0.007 42137
3.380 0.382 2.376 0.296 1.628 0.202 1.022 0.102 0.494

0.226 0.133 * 0.071 0.030 0.007 42461
3.417 0.321 2.407 0.249 1.652 0.170 1.038 0.086 0.502

0.228 0.135 0.072 0.031 0.008 42733
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(140-40) (G-0) (130-50) (H-N) (120-60) (I-M) (110-70) (J-L) (100-80)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.024 0.340 0.015 0.213 0.009 0.126 0.005 0.059 0.003
0.043 0.043 0.043 0.043 0.043
0.002 0.001 0.000 0.000 - 0.000
0.090 0.628 0.057 0.401 0.036 0.240 0.021 0.113 0.010

-0.084 0.085 0.086 0.086 0.086
0.006 0.003 0.002 0.001 0.000
0.187 0.834 0.121 0.548 0.078 0.333 0.046 0.158 0.022
0.123 0.125 0.126 0.127 0.128
0.013 0.007 0.003 0.001 0.000
0.301 0.954 0.199 0.648 0.130 0.402 0.079 0.192 0.037
0.158 0.162 0.165 0.167 0.168
0.020 0.011 0.006 0.002 0.001
0.419 1.005 0.284 0.703 0.189 0.445 0.115 0.215 0.055
0.190 0.197 0.201 0.204 0.206
0.028 0.016 0.008 0.003 0.001
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FORCE (Ibf) : force at level| force above level
Y/D Y(in) Ibf Ibf kips
0.000 152.000 0.000 43039.807 86.080
0.087 167.621 , | 9204.689 | 33835.117 67.670
0.175 183.241 18869.862 | 24169.945 48.340
0.262 198.862 25759.234 | 17280.573 34.561
0.349 214.483 30180.805 | 12859.002 25.718
0.436 230.103 33137.996 | 9901.811 19.804
0.524 245.724 _| 35281.029 | 7758.778 15.518
0.611 261.345 36909.797 | 6130.009 12.260
0.698 276.966 38186.579 | 4853.228 9.706
0.785 . 292.586 39208.568 | 3831.239 7.662
0.873 308.207 40038.470 | 3001.337 6.003
0.960 323.828 40719.174 | 2320.632 4,641
1.047 339.448 41281.431 1758.375 3.517
1.134 355.069 41748.143 | 1291.664 2.583
1.222 370.690 42136.888 902.918 1.806
1.309 386.310 42461.482 578.325 1.157
1.396 401.931 42732.976 306.830 0.614
1.484 417.552 42960.332 79.475 0.159
1.518 423.750 43039.807 0.000 0.000
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Moment above level

about bottom of shroud

adjustment moment

moment above elevation

Y/D Ylin) Milin-1bf) M(kips-in) H {in) M (kip-in) Mikip-in)
0.000 152.000 0.000 4702.988 0.000 0.000 4702.988
0.087 167.621 85381 4532.225 15.621 1057.056 3475.169
0.175 183.241 301953 4099.081 31.241 1510.206 2588.876
0.262 198.862 559209 3584.571 46.862 1619.608 - 1964.963
0.349 214.483 793459 |° 3116.070 62.483 1606.933 1509.137
0.436 230.103 997380 2708.229 78.103 1546.732 1161.497
0.524 245.724 1179087 2344.815 93.724 1454.370 890.445
0.611 261.345 1342855 2017.277 109.345 1340.570 676.707
0.698 276.966 1491295 1720.397 124.966 1212.973 507.425
0.785 292.586 1626143 1450.703 140.586 1077.239 373.464
0.873 308.207 1748645 1205.698 156.207 937.659 268.038
0.960 323.828 1859779 983.430 171.828 797.498 185.932
1.047 339.448 1960370 782.248 187.448 659.209 123.039
1.134 355.069 2051165 600.658 203.069 524.594 76.064
1.222 370.630 2132869 437.250 218.690 394.918 42.332
1.309 386.310 2206163 290.662 234.310 271.015 19.647
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1.396 401.931 2271709 159.569 249.931 153.373 6.196
1.484 417.552 2330152 42.685 265.552 42.209 0.475
1.518 423.750 2351494 0.000 271.750 0.000 0.000
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180
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0.007
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Force (kips)
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Figure 3-3 NMP1 RLB Shroud Lateral Force vs. Elevation
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Figure 3-5 NMP1 RLB Shroud Moment vs Elevation
5000
4500
@ 4000
S
g 3500
v 3000
8.
g iy
-~ 2000
5 1500 H
g H6A
S 1000
500
0 +—rt t
150 200 250 300 350 400

Page 26






EA1 @LS

Vessel elevation (inches)

moment arm

L (in)

54.635

51.354

53.556

56.855

58.680

58.651

57.383

55.196

52.277

48.739

44.653

40.061

34.986

29.444

23.442

16.986
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GE Nuclear Energy GENE-523-A000-0195

3.2  Recirculation Line Break’

For the particular BWR/2 geometry, the RLB can be classified in two categories,
the Discharge RLB (on the shroud side) and the Suction RLB (on the lowe;r plenum). The
Discharge RLB results in large downward loads-and small lateral loads on the shroud.
The Suction RLB results in large lateral loads and small downward loads on the shroud.
For the H1 through H7 shroud welds, in the Suction RLB is the limiting event because of
the lateral loads. For the Discharge RLB, the welds are suﬁported in the downward

direction and are therefore not impacted.

For the Suction RLB, the differential pressure across the shroud decreases from
the initial value as the core flow is reduced due to the break, upward forces are reduced,
and thus there is no significant threat to core shroud integrity. Any initial shroud
separation along a particular weld location will be limited to a tight crack, since any
significant separation, prior to the accident, would be detected during normal operation as

discussed in section 2.1.

Lateral forces for weld locations in the beginning of a RLB are large acoustic
forces of short duration, less than ten milliseconds, followed by smaller blowdown forces
for several seconds. Horizontal motion is not expected because of the resistance of the
irregular crack surface to horizontal motion without lifting. If sufficient lifting occurs
prior to the accident, it will be detected during normal operation as discussed in section
2.1. Tipping (i.e. rotation) is not expected from the acoustic loading as it is of very short
duration. The acoustic load calculated for the shroud is conservatively applied to the
rotation. The lateral RLB Blowdown force was calculated considering both, the NMP1
and OC plant characteristics. The resulting lateral shear forces and tipping moments, as a
function of shroud elevation, are shown in Figures 3-3 through 3-6 for both plants. The
blowdown calculation is based on a two dimensional potential flow expression, with the
pressure distribution based on the Bemoulli relationship. The break flow is calculated

with the TRACG code based on conservatively low temperature fluid conditions. Based
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on these results, the limiting tipping moment is for the H6A location as shown on Tables
3-3 and 3-4. Any tipping for weld locations lower than H6A is limited by the guide tube
interference, and for higher weld locations the moment is much lower. Also included on
Tables 3-3 and 3-4 is the restoring moment resulting from the shroud weight. A
comparison of the RLB tipping moment against the restoring moment shows that the
restoring moment is much larger, and in the absence of upward forces will maintain the
shroud in place. Any upward forces are the result of the core flow, which will decrease as
a result of the RLB to a very low value in less than one second. Therefore, shroud tipping
is very unlikely because the upper welds experience a small RLB moment, and the lower
welds have large restoring moment. However, any postulated tipping at the limiting H6A
weld is restricted by the core spray piping clearance with the shroud and vessel to two
inches. The duration of this tipping is less than 1 second and by its restoring moment the
shroud returns to its original position. Therefore, since no permanent shroud displacement

occurs, the RLB results are unchanged.
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Figure 3-3 NMP1 RLB Shroud Lateral Force vs. Elevation
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Figure 3-4 OC RLB Shroud Lateral Force vs. Elevation
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Figure 3-5 NMP1 RLB Shroud Moment vs Elevation
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Figure 3-6 OC RLB Shroud Moment vs. Elevation
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Table 3-3 NMP1 RLB and Restoring Moments

Weld Weld RLB Tipping Restoring Lateral
Elevation (in) Moment (E6 in-lb) Moment (E6 in-Ib)  Displacement (in)
HI 385.0 0.3 7.5 0
H2 352.75 0.6 10.0 0
H3 350.75 0.6 10.2 0
H4 332.25 0.9 ’ 10.6 0
HS 242.125 24 12.7 0
H6A 178.125 4.2 14.2 <2.0*
H6B 175.125 4.3 15.5 <0.5%*
H7 152.0 4.7 16.0 <0.5**

Table 3-4 OC RLB and Restoring Moments

Weld Weld RLB Tipping Restoring Lateral
Elevation (in) Moment (E6 in-lb) Moment (E6 in-lb)  Displacement (in)
H1l 385.0 0.2 7.5 0
H2 352.75 0.3 10.0 0
H3 350.75 0.4 10.2 0
H4 332.25 0.5 10.6 0
HS5 242.125 1.3 12.7 0
H6A 178.125 23 14.2 <2.0*
H6B 175.125 23 15.5 : <0.5%*
H7 152.0 25 16.0 <0.5**

* Lateral motion limited by the core spray piping.
** The lateral rotational movement of these weld locations is limited by the
vertical displacement of the core support plate against the control rod guide tubes.

REVIEW DRAFT 26



s
*,



GE Nuclear Energy GENE-523-A000-0195

For the RLB simultaneous with a seismic event, additional vertical and lateral
forces will exist. As discussed above, the forces in the core region resulting from the RLB
exert an almost instantaneous downward pull on the shroud and will prevent vertical and
lateral displacement along a weld location. The lateral seismic loads, combined with the
asymmetric blowdown loads may result in a small momentary tipping. This tipping will be
limited by the core spray piping clearance between the vessel and the shroud. However,

the restoring moment of the shroud weight will prevent permanent displacement.

The momentary displacement calculated for the postulated RLB:event impacts the
core spray piping, however the results of a RLB remain unchanged. Current Loss of “

Coolant Accident analyses are unaffected, and limiting calculated results are applicable.

3.3 Plant Safety Systems

This section addresses the impact of an undetected crack as it affects the key safety
factors of control rod insertability, coolable geometry, ECCS performance, and SLCS
effectiveness. The primary factor in this determination is the expected movement of the
shroud during the postulated event. The basis for the shroud movement is as documented

in sections 2, 3.1 and 3.2.

Control rod insertability will be assured if the fuel remains properly arranged in the
core, and the guide tubes and shroud remain aligned: No permanent misalignment occurs
for either the MSLB or the RLB, without seismic effects, and thus the control rod motion
will not be affected. With seismic effects, the maximum misalignment is only 1.0 inch at
the top guide or the core support plate. The control rod motion will not be affected by
this small misalignment. Control Rod Insertion tests conducted by GE show that control
rod insertion is not affected up to at least a displacement of 4.8 inches at the top guide, or
1.5 inches at the core support plate. For these BWR/2 evaluations, since the top guide

remains in contact with the fuel channels, for all conditions, the fuel assemblies will remain

- properly arranged in the core. Additionally, a seismic oscillatory motion will assure that
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