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Introduction:

This spherical vessel is designed for use under ASME VIII-1 service. The sphere and its supports are
subject to IBC 2009 seismic and wind loads. The support structure is analyzed by Finite Element
Analysis. The rules of VIII-2 are used with VIII-1 allowed stresses to determine the acceptability of the
sphere and support structure under all load conditions.

Summary Conclusions:

Materials
Vessel material strength properties used in this report are obtained from ASME IID, Table 1A, and are
suitable for VIII-1 components. The rules of ASME VIII-2 are used to set the stress limits of the vessel
materials. Material properties are shown for SA-299 A and SA-516 70. These ASME material strength
limits change based on the load combination (see local case limits).

Additional structural materials A252-2, G40.21-350W, and A-500 C have structural compression and
tension limits calculated based on AISC "Specification for Structural Buildings Steel Buildings" 2005.
These limits remain the same for all load combinations.

Model Information
The general model used in this report for all analyses represents the full spherical vessel with supports.
A global 10" to 12" curvature based mesh is used for the sphere and a 3" refinement is applied to the
bracing and support to shell attachments. This second order, tetrahedral solid mesh reduces the
reported error to less than 5% for general areas (see general error plots).

Restraints & Loads
The bottom of the leg supports are fixed to prevent rigid body motion. This vessel is assumed to be
mounted on a ring beam type foundation which will prevent differential leg settling. Various pressure,
seismic and wind combinations are applied to the model based on ASME VIII-2 load combinations. The
seismic and wind loads are calculated per IBC 2009 for San Diego California, USA (with wind load
increased to 130 mph). Further loading combination details can be found on the section dividers of this
report.

The following load cases will be included in this report:
-Case 1 - Determination of Frequency and Period (P + Ps + D Horizontal) - Filled with Propane
-Case 2 - ASME VIII-2 Table 5.3 Load Combination 1 (P + Ps + D) - Filled with Propane
-Case 3 - ASME VIII-2 Table 5.3 Load Combination 6a (0.9P + Ps + D + 0.7E) - Filled with Propane
-Case 4 - ASME VIII-2 Table 5.3 Load Combination 6b (0.9P + Ps + D + W) - Filled with Water
-Case 5 - Additional Case Based on Experience (0.9Pt + Pst + D + 0.25W) - Filled with Water
-Case 6 - Additional Uplife Check based on Experience (D + W) - Empty

D-Vessel Dead Weight, P-Pressure, Ps-Static Pressure, E-Earthquake, W-Wind, De-Empty Vessel
Dead Weight, Pt-Test Pressure, Pst-Static Test Pressure

Additional load cases exist in the ASME VIII-2 Table 5.3. These load cases will produce lower loads
than the ones studied here and are not included in this report.
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Results

Through the Finite Element Analysis we found the displacements of each case to be as expected and
the magnitude acceptable. Stresses analyzed in each case met the criteria provided by ASME VIII-1/VIII-
2 and the IBC 2009 code. Local vessel and upper stub stresses are below the respective ASME code
allowables for each case and the structural elements are below the tension and compression limits.
There is no column uplift in any of the load cases.

Case 3 - Seismic has the highest loads in this model and is analyzed in more depth than the other load
cases.

Analysis Conclusion:
The spherical vessel is acceptable for IBC 2009 seismic and wind load combinations outlined in ASME

VIII-2 Table 5.3. All seismic factors are based on data for San Diego, California, USA, wind speed has
been increased to 130 mph.
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General Information Applicable to Multiple Load Cases

This section covers
Stress Limits for braces and legs
Model Dimensions
FEA Mesh Information (the same mesh is used for all runs)
Error Plots
Restraints
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Tension & Compression Limits - General ver1.00 Page 7 of 75

Column - Calculated at 20"Dia for full height Component
AISC "Specification for Structural Buildings Steel Buildings" 2005

Material Inputs:
A252-2 Material
60,000 Fu psi - tensile strength at temp.
35,000 Fy ppsi - yield strength at temp
28,800,000 E ppsi - modulus at temp
ASTM 252 Source

Geometry Inputs:
[ Circular Tube| Type
20.000 D n - outside diameter
19.000 d g - inside diameter
272.00 L (n - length of brace
1.00 U - geometry efficiency
0.65 K-(16.1-23)

Tension Limit: Chapter D

L1 psip = Fu*U/2 60000*1/2 = 30,000

L2 psi = Fy/1.67 35000/1.67 = 20,958

Ten psi = Min(L1,L2) MIN(30000,20958) = 20,958

Bend ppsi = Ten*1.5 20958*1.5 = 31,437
Compression Limit: Chapter E

r i = SQRT(D"2+d"2)/4 SQRT(2072+1972)/4 = 6.897

Fe psi = TTA2*E/(K*L/r)"2 3.141592772*28800000/(0.65*272/6.8965571)"2 = 432,506

Fcrl psi = (0.658™N(Fy/Fe))*Fy (0.658"(35000/432506))*35000 = 33,834

Fcr2 psi = 0.877*Fe 0.877*432506 = 379,308

Comp psi = If(Fe>=0.44*Fy,Fcrl,Fcr2)/1.67

IF(432506>=0.44*35000,33834,379308)/1.67 = 20,260

U=1 - See Appendix 1

Drift Limits for Wind and Seismic: ASCE 7 -2005 Table 12.12-1
481.80 H jin - vessel height
0.020 DL - drift limit factor (table 12.12-1)

Max Drift i = H*DL 481.8*0.02 =
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General Moment of Inertia ver2.4 www.pveng.com  29-Oct-10 Page 8 of 75
Propane/Butane Sphere <- Vessel
Cross Braces 2x 8x4x3/8 <- Description
L il
—_—b
2.000) /3000 4@d0 5.000 6.000 | f4000 8.000 d
——
L' | 5
h
ltem Width Depth X Y Area A*X  A*XN2 A*Y A*Y"2 lo Depth  lo Width
a 0.375[ 8.000( 0.000{ 0.000 3.00 0.00 0.00 0.00 0.00 16.00 0.04
b 0.375[ 8.000f 2.625( 0.000 3.00 7.88| 20.67 0.00 0.00 16.00 0.04
c 2.250| 0.375] 1.313| 3.813 0.84 1.11 1.45 3.22] 12.26 0.01 0.36
d 2.250| 0.375] 1.313| -3.813 0.84 1.11 1.45] -3.22| 12.26 0.01 0.36
e 0.375[ 8.000( 4.000{ 0.000 3.00] 12.00] 48.00 0.00 0.00 16.00 0.04
f 0.375[ 8.000f 6.625( 0.000 3.00] 19.88] 131.67 0.00 0.00 16.00 0.04
g 2.250| 0.375| 5.313| 3.813 0.84 4.48| 23.81 3.22| 12.26 0.01 0.36
h 2.2501 0.375| 5.313] -3.813 0.84 4.48| 23.81) -3.22| 12.26 0.01 0.36
I
i
k
I
m
Sum| 15.375] 50.93| 250.88 0.00| 49.06 64.04 1.56
A AX AXtwo AY AYtwo loD low
Axis X-X Properties
Centroid xx = AY/A = 0/15.375 Cxx = [0.000
CmaxXX = Max(MaxY-Cxx,Cxx-MinY) = Max(4-0,0--4) CmaxXX = 14.000
Ixx = AYtwo+loD - Cxx*Ay = 49.056+64.04 - 0*0 Ixx = 1113.096
rxx = sqrt(Ixx/A) =sqrt(113.096/15.375) rxx = |2.712
AXxis Y-Y Properties
Centroid yy = AX/A =50.93/15.375 Cyy =(3.313
CmaxYY = Max(MaxX-Cyy,Cyy-MinX) = Max(6.813-3.313,3.313--0.188) CmaxYY = |3.500
lyy = AXtwo+loW - Cyy*Ax =250.876+1.564 - 3.313*50.93 lyy = |83.736
ryy = sqrt(lyy/A) = s(rt(83.736/15.375) ryy = (2.334
AXis Z-Z Properties (twisting)
Centroid zz = Max(MaxA,MaxB,MaxC,MaxD) Czz = |5.315
I1zz = Ixx + lyy =113.096 + 83.736 Izz = 1196.832
rzz = sqrt(lzz/A) = sQrt(196.832/15.375) rzz = |3.578

Use CmaxXX, CmaxYY and Czz for beam stress calculations
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Tension & Compression Limits - General ver1.01 Page 9 of 75

Dual 8x3x3/8 Cross Brace Component

AISC "Specification for Structural Buildings Steel Buildings" 2005

Material Inputs:
G40.21-350W or A-500 C Material

62,000 Fu psi - tensile strength at temp.

50,000 Fy ppsi - yield strength at temp

28,800,000 E ppsi - modulus at temp

ASTM 500 Source

Geometry Inputs:

Other| Type

2.334 r (n - least radius of gyration

368.00 L n - length of brace (knot to knot)

1.00 U - geometry efficiency

0.65 K - (16.1-23)

Tension Limit: Chapter D

L1 sy = FU*U/2 62000%1/2 = 31,000
L2 sy = Fy/1.67 50000/1.67 = 29,940
Ten psi = Min(L1,L2) MIN(31000,29940) =
Compression Limit: Chapter E
Fe s = TA2*E/(K*L/r)A2 3.141592772*28800000/(0.65*368/2.334)"2 = 27,056
Ferl psi = (0.658™(Fy/Fe))*Fy (0.658"(50000/27056))*50000 = 23,070
Fcr2 sy = 0.877*Fe 0.877*27056 = 23,728

Comp psi = If(Fe>=0.44*Fy,Fcrl,Fcr2)/1.67

IF(27056>=0.44*50000,23070,23728)/1.67 = 13,815
U=1 - See Appendix 1

Notes: G40.21 350W(50W) - 65,000 psi tensile, 50,000 psi yield
A-500 C - 62,000 psi tensile, 50,000 psi yield
For this report the lower strength material option will be used to analyze the cross braces.
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Model - General ver4.06 Page 10 of 75

!

843

Cross
Bracing

Shell panels
modelled as
simplified rings

18 Equator
Plates

WW'A‘!‘ ! 9 legs

Fig-A An overall view of the model -

See drawing 4225-0-0 for specific dimensions used. A compled model

of the vessel was used for the Finite Element Analysis. The vessel is 60' inside diameter, varying

Conical
transition

thicknesses aproximating 1 1/2".

V plates are
welded directly
to the equator

Dual 8x3 tube
reinforcing

Fig-B A view showing more details on the legs. The shell material is SA-299 A carbon steel. The leg and

attachment material is SA-516 Gr 70.
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Model - General ver4.06 Page 11 of 75

Fig-A A bottom view of the vessel. 9 legs are used on a 600 inch pitch diameter.

Probe
location

Probe
location

/4 » Probe
location
20" leg
Probe
location

Fig-B A bottom view of the leg and bracing detail. Leg to shell and Brace to V-Plate details can be seen.
The dual rectangular reinforcing is visible. Probe locations will be used to analyze leg and bracing
compressive and tension loading. Leg bottom shear keys and attachment bolt holes are not modelled.
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Mesh - General ver 4.07 Page 12 of 75

Fig-A A view of the general curvature based mesh applied to model and used for all analyses.
A global mesh size of 10" to 12" is used. The supports are refined to 3".
The mesh is solid, 2nd order and tetrahedral.

10“ - 12“
Global

3" Refined

Fig-B A close up of the mesh used for the spherical vessel analysis. The mesh is auto generated in
SolidWorks Simulation using the alternate curvature based mesher.
Coincident components are treated as "Bonded" and meshed as a single body as seen in Fig-A.
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Mesh - General ver4.07

Maodel name: Sphere Agg
Study narne: Load Case 1
MWesh type: Solid mesh

Fig-A A leg attachment alternate view.

- moar TR

Page 13 of 75

Fig-B A close up of the leg bottoms.
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Error - General ver 4.06 Page 14 of 75

Errar

L 40

L 35

_ 30

L 25

.20

Fig-A A view of the general error plot with the scale set to 5% error.
Areas of error greater than 5% are limited to locations of discontinuity.
The error results are acceptable and the mesh size is appropriate.

Fig-B A close-up of the support attachment area. The error plots are taken from load case 3 - the highest
stressed case.
Note that error results in excess of 5% are limited to locations of discontinuity.
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Restraints - General ver4.06 Page 15 of 75

Fig-A A view of the fixed restraints applied to leg supports. The sphere is assumed to be mounted on a
ring beam type foundation where the legs cannot differentially settle.

Fig-B A close-up of Fig-A.
The fixed restraint prevents translation and rotation in the X, Y & Z directions. The model pads are fully
restrained from rigid body motion in all directions.
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Load Case 1 - Calculation of Frequency and Period:

Loads
The frequency of vibration for the vessel is determined by applying the following loads:

- Internal Pressure
- Fluid weight in the horizontal direction (direction: positive "x")
- 1g horizontal acceleration (direction: positive "x"

Reactions
The theoretical reaction forces closely match the actual reaction forces in all directions. The model is in
balance.

Results
The maximum displacement in the vessel with 1g horizontal acceleration is 1.849". The vessel vibration
frequency is 2.680hz and the period is 0.373s using the vessel center displacement of 1.362 in.

Stress results are not analyzed in this case as it is not an actual load case. This case is only used to
determine the period of vibration.
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Non-Uniform Pressure - Case 1 ver1.00

Conditions:
Load Case 1 Load Case

157.00 P ppsi -Pressure at top of vessel
0.58 sg 1 - Fluid Specific gravity

Acceleration:

aH = 1.0
aVvig=0.0
PressureTo Apply:
P1 psi = 1.00
Coefl psi= P

CoefX psiin = $g*0.0361*aH
CoefY [psiin = -sg*0.0361*aV

Page 17 of 75

1= 1.000

0= 0.000
1.00 = |1.000
157 = [157.000

0.58*0.0361*1 = |0.020938

-0.58*0.0361*0 = {0.000000
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Loads - Case 1 vers.06 Page 18 of 75

Pressure Yalue (psi): |1
+ 157

Fig-A A view of the non-uniform pressure applied to the sphere. The non-uniform distribution increases
pressure in the x direction simulating a 1g horizontal acceleration on the fluid. See previous page for
calculation of coefficients.

Along Plane Dir 1 (in/s"2): [ 386.22
Along Plane Dir 2 (in/s*2): [0
Normal To Plane (infs*2): |0

Fig-B A view of the 1g acceleration applied to the vessel components. This load case is used only to
determine the period of vibration. It is not a structural load case.
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Reaction Loads - Case 1 ver. 1.0 Page 19 of 75

Fluid Inputs:
0.58 SG - specific gravity
360 r i - sphere radius
-1.000 aHf - horizontal acceleration factor for fluid
0.000 aVf - vertical acceleration factor for fluid

D minrs) = SG*1000*0.00003612729 0.58*1000*0.00003612729 = 0.020954

V (i) = 4/3*TT°r"3 4/3*3*360"3 = 195,432,196
Wx1 ) = D*V*aHf 0.021*195432196*-1 = |-4,095,053
Wy1 i) = D*V*aVvf 0.021*195432196*0 = |0

Vessel Inputs:

721,444 VW [y - vessel weight

-1.000 aHv - horizontal acceleration factor for vessel
0.000 aVv - vertical acceleration factor for vessel

Wx2 1) = VW*aHv 721444*-1 = |-721,444
Wy2 i) = VW*aVv 721444*0 = |0
Total Reactions:
WX ) = Wx1+Wx2 -4095053+-721444 = |-4,816,497
Wy ) = Wyl+Wy2 0+0=10

>
>
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Reaction Forces - Case 1 ver4.08 Page 20 of 75

lm

& R

(optons 9

Selection v

Reaction Force (Ibf)

Component | Selection | Entire Madel

Sum X: 0. -4.5109E+006
Sum ¥: 0. 82,359
Sum Z: 0. 32,855
Resultant: 0. 4.3109E-006

| Reaction Moment (Ibf-in)

<

Display Options

bl

|:| Display resultant forces

laaaf

View showing Global Reaction Forces from analysis.
Calculated Reaction Forces = Analysis Reaction Forces
The model is balanced.

X AXIiS: reaction forces on the YZ plane caused by loads in the X direction
0.00 XArea [n2 - Pressurized area on YZ plane
157 P ppsi - Pressure
-4,816,497 XForce s - Added force in the X direction
-4,810,900.0 XReaction s - Reaction force in X direction reported by FEA program

TReactionX s = XArea*P+XForce  Theoretical X reation force 0*157+-4816497 = |-4,816,497

Y AXIiS: reaction forces on the XZ plane caused by loads in the Y direction
0 YArea iz - Pressurized area on XZ plane
0 YForce s - Added force in the Y direction

82.36 YReaction s - Reaction force in Y direction reported by FEA program

TReactionY s = YArea*P+YForce Theoretical Y reation force 0*157+0 = D

Z AXis: reaction forces on the XY plane caused by loads in the Z direction
0 ZArea [nz - Pressurized area on XY plane
0 ZForce pbs; - Added force in the Z direction

32.86 ZReaction [vs - Reaction force in Z direction reported by FEA program

TReactionZ ps) = ZArea*P+ZForce  Theoretical Z reation force 0*157+0 = D

Resultant of reaction forces in X, Y and Z:
TResultant ms) = sqrt(TReactionX*2+TReactionY"2+TReactionZ"2)  Theoretical resultant

SQRT(-481649772+0"2+0"2) = |4,816,497

Resultant i) = sqrt(XReaction"2+YReaction"2+ZReaction2)  Actual resultant

SQRT(-4810900"2+8272+33"2) =
Error ) = 100*(TResultant-Resultant)/Resultant 100*(4816497-4810900)/4810900 =

4,810,900

0.1

CheckError = abs(Error)<2  Error should be less than 2% ABS(0.1)<2 = Acceptable
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Conditions:
Period of Vibration Case

386.22 g iins2) - acceleration applied horizontally (386.22 in/s"2 for earth normal)
1.362 Delta (i - Measured deflection

Period of Vibration:

Period of vibration calculated from static deflection (http://personal.cityu.edu.hk/~bsapplec/natural.htm)
Earth normal gravitation is 386.22 in/s"2 (http://en.wikipedia.org/wiki/Gravitation#Earth.27s_gravity)
This method works for systems that can be analyzed as a lumped mass on a spring
f g = 1/(2*m)*sqrt(g/Delta) 1/(2*3)*SQRT(386.22/1.362) = 2.680

T = Uf 1/2.68 = 0.373

U fin)
Ma: 1.849 1849

1663

1.478

- 1.293

1.108

0.523

0.737

0.852

0.%7

0152

-0.003

Fig-A A 1g horizontal acceleration is applied to both the vessel and fluid. The maximum resulting
displacement in the x direction is 1.849 in. Displacement is magnified 100x

U fin)

Ma: 1.849 1.849
1.663
1.478

. 1,293

—— Node 314812 [0616.2.43,361 in) 1108
=1362 in '

0.923

0.737

0552

0.%7

0.182

-0003

Fig-B The resulting displacement at the center of the vessel is 1.362 in. This value is used to
determine the period of vibration = 0.373 seconds.
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Load Case 2 - ASME VIII-2 Table 5.3 Load Combination 1 - Gravity + Pressure

Loads
VIII-2 Table 5.3 load combination 1 requires the following loads:

Combination: P + Ps + D, k=1 (Vessel weight, full, no external Loads)

- Internal Pressure with static component
- 1g vertical acceleration (direction: negative "y")

Reactions
The theoretical reaction forces closely match the actual reaction forces in all directions. The model is in
balance.

Results
The displacements and stresses due to ASME VIII-2 load combination 1 are acceptable. All stresses are
below the respective allowables based on material and location. The supports and local connected shell
regions are acceptable for this load case. The vertical column reaction forces are equal for each leg.
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Material Stress Limits - Case 2 ver 4.01 ASME VIII-2 Fig 5.1

Material Input Chart:
150 Temperatre rr
1 k - stress intensity factor

Material 1 Material 2 Material 3 Material 4 Material 5
Material =|SA-299 A SA-516 70

Application =|Shell Stub
Sm s =(21,400 20,000
SY Ipsii =
E1=|1.0 1.0
E2 =[1.0 1.0
E s1=128,800,000 28,800,000
v =]0.26 0.26
Therm. Coef =|-
Pmpsi=| 21,400 20,000
Plpsi=| 32,100 30,000
PI+Pb psi=| 32,100 30,000
PI+Pb+Qpsi=| 64,200 60,000
Material 6 Material 7 Material 8 Bolting 9 Bolting 10
Material =
Application =
Sm s =
SY fpsij =
El=
E2=
E s =
VvV =
Therm. Coef =
. ______________________ |
Pm [psi =
Pl s =
PI+Pb [psi=
Pl+Pb+Q [psi =
Prop. Sources ASME Section 11D
Variable Descriptions: viil-25.13
Sm (basic allowable) E (modulus of elasticity) - IID Table TM-1
E1 (weld efficieny) v (Poison's ratio) - 1ID Table NF-1
E2 (casting efficiency) Coef (coefficient of thermal expansion)

Stress Limit Equations: Vii-2 Figure 5.1
Pm = kK*E1*E2*Sm
Pl = 1.5*k*E1*E2*Sm
PI+Pb = 1.5*k*E1*E2*Sm
PI+Pb+Q = Max(3*E1*E2*Sm,2*E1*E2*Sy)
PI+Pb+Q+F = Use fatigue curves

Comments:

Refer to VIII-2 5.14 Table 5.6 for the correct application of the calculated stress limits
Use IID tables 5A and 5B for Sm for VIII-2 studies
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Non-Uniform Pressure - Case 2 ver1.00

Conditions:
Load Case 2 Load Case

0.455 T s - Period of vibration
157.00 P ppsi -Pressure at top of vessel
0.58 sg 1 - Fluid Specific gravity

Acceleration:

aH @ = 0.0
aVig=1.0
PressureTo Apply:
P1 psi = 1.00
Coeflpsi=P

CoefX psiin = sg*0.0361*aH
CoefY ppsiin = -5g*0.0361*aV
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0=
1=

1.00 =
157 =
0.58*0.0361*0 =
-0.58*0.0361*1 =

0.000
1.000

1.000

157.000

0.000000

-0.020938
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Loads - Case 2 ver4.06 | Page 25 of 75

Pressure Yalue (psi): |1

+ o 157

X+ 0.020954
Y+ 1]

HY+ a

X"2+: 0

YA2+: 0

Fig-A A view of non-uniform pressure applied to the sphere. The non-uniform distribution increases
pressure in the -y direction simulating a 1g vertical acceleration on the fluid. The internal pressure at the
top is 112 psi. See previous page for calculation of coefficients.

Along Plane Dir 1 (infs*2): |386.22
Along Plane Dir 2 (infs*2): [0
MNormal To Plane (in/s*2):. |0

Fig-B A view of the 1g acceleration applied to the vessel components.
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Reaction Loads - Case 2 ver. 1.0 Page 26 of 75

Fluid Inputs:
0.58 SG - specific gravity
360 r i - sphere radius
0.000 aHf - horizontal acceleration factor for fluid
1.000 aVvf - vertical acceleration factor for fluid

™ = pi() PI0) =

D sy = SG*1000*0.00003612729 0.58*1000*0.00003612729 =
V g = 4/3*T*r"3 4/3*3*360"3 =
Wx1 iy = D*V*aHf 0.021*195432196*0 =
Wyl m = D*V*aVvf 0.021*195432196*1 =

Vessel Inputs:

721,444 VW - vessel weight

0.000 aHv - horizontal acceleration factor for vessel
1.000 aVv - vertical acceleration factor for vessel

Wx2 i = VW*aHv 721444%0 =

Wy2 ) = VW*aVv 721444*1 =
Total Reactions:

WX 1 = Wx1+Wx2 0+0 =

Wy ) = Wyl+Wy2 4095053+721444 =

<<

3.141592654

0.0210

195,432,196

0

4,095,053

0

721,444

0

4,816,497
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@ Reaction force

(") Free body force

©® N o 0 M w

Contact/Friction force

l
|
‘ Remote load interface force
1

§
«

10

>

i
11 |I| Reaction Force (ibf)

12 Component |Selection |Entire Model
13 Sum X: | 0. -21713
Sum ¥: : 0. 4.3141E+006
14 SumzZ: : 0. 30.021
15 Resultant: | 0. 4.38141E-006
16
17 ! Reaction Moment (Ibf-in) ¥ [
18 - - 1
Display Options A | j

19

[F Display resultant forces
20

21

22
23

24 View showing Global Reaction Forces from analysis.

25 Calculated Reaction Forces = Analysis Reaction Forces

26 The model is in balanced.

27 X AXIS: reaction forces on the YZ plane caused by loads in the X direction

28 0.00 XArea [n2 - Pressurized area on YZ plane

29 157 P [psi - Pressure

30 0 XForce [bs) - Added force in the X direction

31 -2.2 XReaction ms] - Reaction force in X direction reported by FEA program

32 TReactionX s = XArea*P+XForce  Theoretical X reation force 0*157+0 = D

33

34 Y AXIS: reaction forces on the XZ plane caused by loads in the Y direction

35 0 YArea iz - Pressurized area on XZ plane

36 4,816,497 YForce s - Added force in the Y direction

37 4,814,100 YReaction ms - Reaction force in Y direction reported by FEA program

ss  TReactionY s = YArea*P+YForce  Theoretical Y reation force 0*157+4816497 =

39

40 Z AXis: reaction forces on the XY plane caused by loads in the Z direction

a1 0 ZArea [nz - Pressurized area on XY plane

42 0 ZForce [bs) - Added force in the Z direction

43 30.02 ZReaction [bs) - Reaction force in Z direction reported by FEA program

44  TReactionZ s = ZArea*P+ZForce  Theoretical Z reation force 0*157+0 = ICI

45

46 Resultant of reaction forces in X, Y and Z:
47 TResultant ms) = sqrt(TReactionX*2+TReactionY"2+TReactionZ"2)  Theoretical resultant

48 SQRT(0"2+4816497/2+0"2) = |4,816,497

49 Resultant s) = sqrt(XReaction"2+YReaction"2+ZReaction™2)  Actual resultant
50 SQRT(-2.2"2+481410072+30.02"2) = 14,814,100
51 Error ) = 100*(TResultant-Resultant)/Resultant 100*(4816497-4814100)/4814100 = 0.0

52 CheckError = abs(Error)<2  Error should be less than 2% ABS(0)<2 = Acceptable
53
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Displacement - Case 2 ver4.06 Page 28 of 75

Maodel name: Sphere Assembly FEA Full
Study name: Load Case 2 - Full

Flot type: Static displacement Displacementi
Deformation gcale: 200

URES (i)
0.269

0.242

0215

_ 0188

0.162

0135

0.103

0.0a1

0.054

0.027

0.000

hlaw: 0.269

X7

Fig-A A view of the displacement plot. Results are magnified 200X. Displacement of the sphere is radially

outwards due to internal pressure and down from gravity.

hodel name: Sphere Azsembly FEA Full
Study name: Load Case 2 - Full

Plot type: Static displacement Displacement 200x iUndisplaced URES (i)
Deformation scale: 200
0.269
0.242
0.215
. 0188
Leg is 0.162
bending 0135
out from
internal 0108
pressure 0.081
0.054
0027
0.000

Fig-B A view of the vessel normal to the xy plane.
The legs can be seen bending out due to inflation of the sphere.
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Stress - Case 2 ver4.06 Page 29 of 75

von Mises (psi)
Model name: Sphere Assembly FEA Full

Study name: Load Case 2 - Full

Plat type: Static nodal stress Membrane 21,000 200x
Deformation scale: 200

21000

15500

16800

14700

12600

10500

. 5400

6300

4200

2100

0

Fig-A A view of the stress plot (von Mises) with the scale capped at the SA-299 A Shell 21,000 psi
allowable. Shell stresses are near their allowables.

Maodel name: Sphere Assembly FEA Full
Study name: Load Case 2 - Full

Node 1142 (5.73,360,34.6 in)

=19206 psi wan Mises (psi)

21000

Plat type: Static nodal stress Membrane 21,000 200x Mode 1351850 {14.8,221,286 in) 18900
= 20886 psi
16800
_ 14700
12600
Mode 372496 (-1.05 -17.6 361 in)
= 20680 psi 10500
_ 5400
5300
Mode 1442040 (-97.3,-255 237 in) 4200
=21117 psi
Mode 1420886 (-41.9 -314,174 in) 2100
=21285 psi
7 ]

Fig-B A view of probed general stress values. The shell thicknesses are set by standard ASME VIII-1 code

calcualtions. The measured shell stresses do not deviate more that 1% from the allowed values. See the
code calculation report for shell thickness requirements.
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Stress - Case 2 ver4.06

Page 30 of 75

tadel name: Sphere Assembly FEA Full

Study nare: Load Case 2 - Full

Plot type: Static nodal stress M+8 31,500 200
Deformation scale: 200

[von Mises (psi)
31,500
283480
25200
22040
18,900
15,740
12600
9,450
5,300

3,150

0

Fig-A Complete vessel outside view of stresses up to the Membrane +Bending (1.5x = 31,500 psi )
allowable local stresses. No outside areas exceed the local attachment stress limit

Model name: Sphere Assembly FEA Full
Study name: Load Case 2 - Full

Plot type: Static nodal stress M+B 31,500 200x
Deformation scale: 200

[von Mises (ps)
31500
28350
25200
22050
18,200
15,780
12500
9,450
5,300

3,150

]

Fig-B Inside view of leg and v-plate attachment stresses at the 1.5x M+B limit. The iso-clipped inset shows
the extent of stresses above this limit - the local areas are acceptable, but see the next page for details on

the peak stresses.
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Cycle Life ver4.03 Page 31 of 75

60 foot propane storage sphere Drawing Number
60 foot propane storage sphere Study Name
[CcL_Fig51101_80ksi| graph - Select graph
46,824 Str psi - Enter stress value
30,000,000 ET psi - Modulus of elasticity at operating temperature

von Mises (psi)

18,900
A 15 740
12 B0

| Max: 45,524

Model narme: Sphere Assembly FEAF
Study name: Load Case 2 - Full

Plot type: Static nodal strese
Deformation scale: 200

31,500
28,350

25200

22,080

9 450
6,300
3,150

0

The peak stress (found on the inside surface at the V-plate to shell attachment) is 46,824 psi.
Expected cycle life = 5,300 full cycles.
The cycle life is acceptable, peak stresses are acceptable.

Salt sy = 1/2 * Str 1/2 * 46824 = 23,412
EG psi = PVELookup("EgTable","Lookup","Eg",graph) 30,000,000
Se [psii = Salt*ET/EG 23412*30000000/30000000 = 23,412

Stress vs Cycles

1,000,000
4\
100,000
w
wv
()]
S
=
n 0
10,000 o s -
[ s .
[
[
1,000 . . . h— . . . . . .
— o o < wn (Vo] ~ o0 ()] (@] -
o o o o o o (@] o o — —
+ + + + + + + + + + +
— — — — — — — — i — —

Cycles

Cycles = PVELookup(graph,"CycleLifeLookup”,Se) |47,348 .
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Stress - Case 2 ver4.06 Page 32 of 75

von Mises (psi)
20260
I 18234
16208
14182
12156
I 10130
8104
BO07a

4052

2026

1]

Fig-A Stress in all legs is less than the code allowed 20,260 psi limit for the 20 inch diameter legs.

von Mises (psi)
20260
I 18234
16208
_ 14182
12156
I 10130
8104
6073
4052

2026

1]

Fig-B Leg detail. The leg stresses are less than the code limit of 20,260 psi. Leg stress is acceptable.




Section - Load Case 3 ver4.00 Page 33 of 75

Load Case 3 - ASME VIII-2 Table 5.3 Load Combination 6a - Seismic + Pressure, Vessel Full

Loads
VIII-2 Table 5.3 load combination 6a requires the following loads:

Combination: 0.9 P + Ps + D + 0.7 E, (Seismic)

- 0.9 times internal pressure with static component
- 1g vertical acceleration on vessel components (direction: negative "y")
- 0.7 times IBC 2009 horizontal acceleration for earthquake (direction: positive "x"

Reactions
The theoretical reaction forces closely match the actual reaction forces in all directions. The model is in
balance.

Results
The displacements and stresses due to ASME VIII-2 load combination 6a are acceptable. All stresses
are below the respective allowables based on material and location. Compression cross members take
the majority of the horizontal seismic load and required a shift of stress to the tension member. The
supports and local connected shell regions are acceptable for this load case. The column reaction forces
report changes in the vertical forces and horizontal shear forces. This is expected with the application of
seismic accelerations. The force patterns are as expected and no uplift is experienced by the vessel.
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Shell Stress Limits - Case 3 ver 4.01 ASME ViII-2 Fig 5.1

Material Input Chart:
150 Temperatre rr
1 k - stress intensity factor

Material 1 Material 2 Material 3 Material 4 Material 5
Material =|SA-299 A SA-516 70

Application =|Shell Stub
Sm s =(21,400 20,000
SY Ipsii =
E1=|1.0 1.0
E2 =[1.0 1.0
E s1=128,800,000 28,800,000
v =]0.26 0.26
Therm. Coef =|-
Pmpsi=| 21,400 20,000
Plpsi=| 32,100 30,000
PI+Pb psi=| 32,100 30,000
PI+Pb+Qpsi=| 64,200 60,000
Material 6 Material 7 Material 8 Bolting 9 Bolting 10
Material =
Application =
Sm s =
SY fpsij =
El=
E2=
E s =
VvV =
Therm. Coef =
. ______________________ |
Pm [psi =
Pl s =
PI+Pb [psi=
Pl+Pb+Q [psi =
Prop. Sources ASME Section IID
Variable Descriptions: viil-25.13
Sm (basic allowable) E (modulus of elasticity) - IID Table TM-1
E1 (weld efficieny) v (Poison's ratio) - 1ID Table NF-1
E2 (casting efficiency) Coef (coefficient of thermal expansion)

Stress Limit Equations: Vii-2 Figure 5.1
Pm = kK*E1*E2*Sm
Pl = 1.5*k*E1*E2*Sm
PI+Pb = 1.5*k*E1*E2*Sm
PI+Pb+Q = Max(3*E1*E2*Sm,2*E1*E2*Sy)
PI+Pb+Q+F = Use fatigue curves

Comments:

Refer to VIII-2 5.14 Table 5.6 for the correct application of the calculated stress limits
Use IID tables 5A and 5B for Sm for VIII-2 studies
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IBC-2009 Base Shear - Case 3 ver1.00

IBC-2009 Section 1613, ASCE-7-2005 Section 11.4 - 12.8

Conditions:

Case 3 -

ASME VIII-2 Table 5.3 Load 6a Load Case

0.373

12.000
4,816,497

200,000

141.30

0.58
3.00

Il
1.25

1.040
0.343
D
1.08
1.71
0.70

T 151 - period of vibration

Tl [s1 - long period transition period (ASCE 7 Fig 22-15)

W 5 - weight of vessel

Wm v - weight of misc items

P [psi -pressure at top of vessel

sg p - fluid specific gravity

R - structural system coeficient (ASCE 7-2005 Table 15.4-2)
Group

| § - importance factor (1.0 or 1.25)

Ss | - short period range seismic coefficient
S1 g - long period range seismic coefficient
Site class

Fap- ASCE 7 Table 11.4-1 Accelerations
Fv 1 - ASCE 7 Table 11.4-2 Accelerations
Lr g - load case reduction factor

Seismic Constants: IBC-2009 1613.5.4, ASCE 7-2005 11.4.3

SMs g = Fa*Ss
SDs = (2/3)*SMs
SM1 g = Fv*S1
SD1 = (2/3)*SM1
Seismic Periods: ASCE 7-2005 11.4.5

To s1 = 0.2*SD1/SDs
Ts s = SD1/SDs

1.08*1.04 =
(2/3)*1.127 =
1.71*0.343 =
(2/3)*0.588 =

0.2*0.392/0.752 =
0.392/0.752 =

Design Response Spectrum

32.0

8 -
52 0800
Z o
& 0600 -
T
=)
S S 0400 -
a <
w
0.200 -
0-000 T T T T T T T 1
0.1 0.1 0.3 0.5 1.0 2.0 4.0 8.0 16.0
Period T (sec)

Base Shear: ASCE 7-200512.8.1-12.1.1
Csl g = SDs*I/IR
CsMax1 g = SD1*I/(T*R)
CsMax2 g = SD1*TI/(T"2*(R/I))
CsMax (g = if(T<=TI,CsMax1,CsMax2)
CsMinl g = 0.5*S1*I/R
CsMin2 g = 0.01
CsMin g = min(CsMin1,CsMin2)
Cs 1 = Max(CsMin,(Min(CsMax,Cs1)))
V bs) = Cs*(W+Wm)
Va bs) = V*Lr

0.752*1.25/3 =
0.392*1.25/(0.373*3) =
0.392*12/(0.373"2*(3/1.25)) =
IF(0.373<=12,0.438,14.076) =
0.5*0.343*1.25/3 =

0.01=

MIN(0.071,0.01) =
MAX(0.01,(MIN(0.438,0.313))) =
0.313*(4816497+200000) =
1570944*0.7 =

Page 35 of 75

1.127
0.752
0.588
0.392

0.104
0.521

e Curve 1
e Curve 2
Curve 3
---- SDs
---- sl

—— T

0.313
0.438
14.076
0.438
0.071
0.010
0.010
0.313

1,570,944

1,099,661
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IBC-2009
Acceleration:
aH g = Va/W
aViig=10
PressureTo Apply:
P1 psi = 1.00
Coefl psi=P

CoefX psiin = sg*0.0361*aH
CoefY ppsiin = -5g*0.0361*aV

Gravity To Apply:
Vert finisrz) = 386.22
Hor (insr2) = Vert*aH

Page 36 of 75

1099661/4816497 =
1=

1.00 =

141.3 =
0.58*0.0361*0.228 =
-0.58*0.0361*1 =

386.22 =
386.22*0.228 =

0.228
1.000

1.000

141.300

0.004780

-0.020938

386.220

88.178
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Loads - Case 3 ver4.06 Page 37 of 75

OO

Pressure Value (psi): |1
+ 141.3

Kt o 0.00478
Yoo -0.020938

a
K72+ a
0

Fig-A A view of non-uniform pressure applied to the sphere. The non-uniform distribution increases
pressure in the -y direction and positive x simulating a 1g vertical acc. and a 0.228g (seismic) horizontal acc
on the fluid. The internal pressure at the top is 0.9 x 157 psi. See previous page for details.

@

| Alog Plane Dir 1 (infs"2): [38.178
14long Plane Dir 2 (infs"2): |386.22
MNormal Ta Plane (in/s"2): |0

Fig-B A view of the 1g vertical acc. and the 0.228g (seismic) horizontal acc. applied to the vessel
components.
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Reaction Loads - Case 3ver. 1.0 Page 38 of 75

Fluid Inputs:
0.58 SG - specific gravity
360 r i - sphere radius
-0.228 aHf - horizontal acceleration factor for fluid
1.000 aVvf - vertical acceleration factor for fluid

™ = pi() PI0) =

D sy = SG*1000*0.00003612729 0.58*1000*0.00003612729 =
V g = 4/3*T*r"3 4/3*3*360"3 =
Wx1 iy = D*V*aHf 0.021*195432196*-0.228 =
Wyl m = D*V*aVvf 0.021*195432196*1 =

Vessel Inputs:

721,444 VW - vessel weight

-0.228 aHv - horizontal acceleration factor for vessel
1.000 aVv - vertical acceleration factor for vessel

Wx2 ) = VW*aHv 721444*-0.228 =

Wy2 ) = VW*aVv 721444*1 =
Total Reactions:

WX ) = Wx1+Wx2 -934947+-164714 =

WYy [ = Wyl+Wy2 4095053+721444 =

<<

3.141592654

0.02095
195,432,196

-934,947

4,095,053

-164,714

721,444

-1,099,661

4,816,497
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« ¥

Options

N

bl

@ Reaction force
Remote load interface force

() Free body force

©® N o 0 M w

Contact/Friction force

Selection

<

10

o

1 Reaction Force (Ibf)

12 Component | Selection | Entire Model

13 Sum ¥ 0. -1.0983E+006
Sum ¥: 0. 48109E+006
14 sumZ: 15647

0.
15 (O 0. 4.9347E-006

16

£

17 | Reaction Moment (ibf-in)

accelerations exist in
the x and y directions

18

bl

Display Options
|:| Display resultant forces

19

20
21

| PP}

22
23

24 View showing Global Reaction Forces from analysis.

25 Calculated Reaction Forces = Analysis Reaction Forces

26 The model is in balanced. Note that the x reaction is equal to 0.7 times the seismic base shear.

27 X AXIS: reaction forces on the YZ plane caused by loads in the X direction

28 0.00 XArea [n2 - Pressurized area on YZ plane

29 101 P ppsi - Pressure

30 -1,099,661 XForce s - Added force in the X direction

31 -1,098,300.0 XReaction s - Reaction force in X direction reported by FEA program

2 TReactionX ms) = XArea*P+XForce  Theoretical X reation force 0*101+-1099661 =

33

34 Y AXIS: reaction forces on the XZ plane caused by loads in the Y direction

35 0 YArea iz - Pressurized area on XZ plane

36 4,816,497 YForce s - Added force in the Y direction

37 4,810,900.00 YReaction [ibs) - Reaction force in Y direction reported by FEA program

s TReactionY ps) = YArea*P+YForce Theoretical Y reation force 0*101+4816497 =

39

40 Z AXis: reaction forces on the XY plane caused by loads in the Z direction

a1 0 ZArea [nz - Pressurized area on XY plane

42 0 ZForce [bs) - Added force in the Z direction

43 -15.65 ZReaction s - Reaction force in Z direction reported by FEA program

44  TReactionZ s = ZArea*P+ZForce  Theoretical Z reation force 0*101+0 = D

45

46 Resultant of reaction forces in X, Y and Z:
47 TResultant ms) = sqrt(TReactionX*2+TReactionY"2+TReactionZ"2)  Theoretical resultant

48 SQRT(-109966172+4816497/2+0"2) = |4,940,435

49 Resultant s) = sqrt(XReaction"2+YReaction"2+ZReaction™2)  Actual resultant
50 SQRT(-109830072+4810900"2+-16"2) = 14,934,675
51 Error % = 100*(TResultant-Resultant)/Resultant 100*(4940435-4934675)/4934675 = |0.1

52 CheckError = abs(Error)<2  Error should be less than 2% ABS(0.1)<2 = Acceptable
53
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N

todel name: Sphere Assembly FEA Full
Study name: Load Case 3 - Seismic

Plat type: Static displacement Displacement 200x URES (in)
Deformation scale: 200

o N o 0o~ W

10
11
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14
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17
18
19
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N}
i
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29
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31
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34
35
36
37
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39
40
41
42
43
44
45
46
47
48
49
50
51
52

; Qua

0.553

0.493

0.442
- 0387
0.332

hlax: 0.542

0.2
0.166

Eafth 0111

D, 0.085

0.000

Fig-A A view of the displacement plot showing inside and outside the sphere. Displacement is magnified

200X. The horizonal acceleration pulls the vessel in the x direction as expected.

Plot type: Static displacerent Displacement? x

Earthquake Load

Direction (x) U (in)
Center Displacement > 0.538
0.307" hlax: 0.533 044
0430
0378

e 367646 (5.27 -2.57 361 in)
/ in 0322

0.265
0215
0.161
0.107
0.0a3

-0.001

Fig-B An alternate view of Fig-A normal to the xy plane. Only x direction displacement is shown. The
direction of the displacements is as expected and the magnitude is acceptable per the 9.64" drift limit
calculated in the general section of this report (page 6).
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Stress - Case 3 ver4.06 Page 41 of 75

Model name: Sphere Assembly FEA Full
Study name: Load Case 3 - Seismic
Plat type: Static nodal stress Shel Membrane
Deformation scale: 100

von Mises (pai)

21400
19260
1720

_ 14850
12540
10700
5560
6420
42580
2140

]

Fig-A A view of the stress plot with the scale capped at the SA-299 A general membrane allowable of
21,400 psi. Stress exceeds the general membrane limit near the attachments. See below for local limit
analysis.

Model name: Sphere Aszembly FEA Full
Study name: Load Case 3 - Seismic
Plot type: Static nodal stress Shell Membrane Local
Deformation scale: 100

von Mizes (psi)
32100
25890
25680
. 22470

19260

16030

12840

aE30

6420

3210

0

Fig-B A view of the stress plot (von Mises) with the scale capped at the SA-299 local membrane allowable
of 32,100 psi. The inset shows no elements exceed this stress. The stresses are acceptable.
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Stress - Case 3 ver4.06 Page 42 of 75

MWodel narme: Sphere Assembly FEA Full
Study nare: Load Case 3 - Seismic
Plat type: Static nodal stress Leg Membrane 13,815 200x
Deformation scale: 200
von Mises (psi)
13815
I 12434
11052
Braces to
be 971
analyzed g2a9
I 6503
5526
4145
2763
1382
0
N
L.

Fig-A A view of the stress plot (von Mises) with the scale capped at the leg compression limit = 13,815 psi.
The highest stressed pair of braces is selected for further analysis.

Fig-B A view of the stress plot (von Mises) with the scale capped at the SA-516 70 local membrane
allowable of 30,000 psi. The peak seismic stress is not used in fatigue analysis. All upper stub stress are
acceptable.



© o N o O A W N B

NNNN NN NN R R R R R R R R R
N o A W N B O © ® N O A~ W N B O

28
29
30

31
32
33

34
35
36
37
38
39
40
41

Stress Transfer - Case 3 ver1.00 Page 43 of 75

Tension
Probe
Location

Mizes (ps

13815

12434

11052

- 9671

§289
. B905

. 59826

Compression
Probe Location

4145
2783
1382

1]

Fig-A A view of the highest stressed tension and compression locations for the highest stressed braces.
Compression stresses exceed the limit and must transfer load to the tension member. The stress results
are acceptable with a 6,274 Ib transfer of load.

Inputs:
29,940 Ten psi - tension limit

13,815 Comp ppsi - compression limit

4,895 At [psi - average tension across member

20,089 Ac ppsi - average compression across member

6,274 TF psi - stress to transfer from compression

Stress Transfer: 350w "Handbook of Steel Construction” 7th Edition, 27.4.2.1 Bracing Systems

OS [psi = Ac-Comp compressive stress over limit 20089-13815 = 6,274
AtTF psi = At+TF modifed average tension stress 4895+6274 = 11,169
ACTF s = Ac-TF modifed average compression stress 20089-6274 = 13,815

CP 1 = 100*AcTF/(AtTF+ACTF) 100*13815/(11169+13815) = 55.3
ckALTF = AtTF<=Ten 11169<=29940 = Acceptable
CKACTF = AcTF<=Comp 13815<=13815 = Acceptable

ckCP =CP>=30 55.295 >=30 = Acceptable



1

© ao~N o 0~ W

11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50
51
52
53
54
55

Column Reactions - Case 3 ver1.00 Page 44 of 75
Case 3 - 0.9P+Ps+D+0.7E - Seismic Description

Inputs:
enter absolute values

1,098,300 XReaction s - X reaction force from fea - in direction of horizontal load

4,810,900 YReaction [bs - y reaction force from fea - vertical

16 ZReaction s - Z reaction force from fea - out of plane from horizontal load

Leg X [ibs] Y [ibs] Z [lbs] XZ [Ibs]
1 -190,930 534,550 -42,764 | 195,660
2 -162,020 783,450 36,067 | 165,986
3 -98,375 916,450 18,033 [ 100,014
4 -121,640 870,310 -38,260 | 127,515
5 -187,710 667,160 -7,010 187,841
6 -161,860 402,060 81,528 | 181,233
7 -53,541 198,810 81,035 97,125
8 -16,336 152,900 -29,078 33,353
9 -105,900 285,240 -99,566 | 145,355

sum | -1,008,312 | 4,810,930 | -15 |

Column Pad Reactions
1,000,000

800,000

600,000

400,000

200,000

-200,000

-400,000

Hx My Wz Hxz

The graph above shows the reaction forces occurring at the based of each column. Note that the y reaction
remains positive for all columns. There is no up lift on the legs.
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Reaction Force Checks:
Xtotal ) = ABS(Sum(x))
XError ) = 100*(XReaction-Xtotal)/Xtotal
ckXError = ABS(XError) <=2
Ytotal i = ABS(Sum(y))
YError w = 100*(YReaction-Ytotal)/Ytotal
ckYError = ABS(YError) <=2
Ztotal ) = ABS(Sum(z))
YMax o) = Max(y)
XZMax [ = Max(xz)

ABS(SUM(x)) =
100%(1098300-1098312)/1098312 =

1,098,312
0.0

ABS(0) <Acceptable

ABS(SUM(y)) =
100%(4810900-4810930)/4810930 =

4,810,930
0.0

ABS(0) < Acceptable

ABS(SUM(z2)) =
MAX(y) =
MAX(xz) =

14.7

916,450

195,660
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N

van Mises (psi)
20260

18234

©® N o 0 M w

16208

10 _ 14182

1 12156
12
10130
13

14 g104

15 6078

16

4052
17

18 2026

19 . o
Highest stressed

leg for analysis

20

21
22

23

2 Fig-A A few of the legs have local stresses above the 20,260 psi limit for the 20 inch diameter legs. See
25 below for analysis.

26

27

28 Results 3
2 D
30 Unity Check
31 Bending = (Max-Min)/2
S = (22107-18320)/2
3 3221 = 1894
z: 3;; 1 >= Comp/MaxComp + Bend/MaxBend
% 3;3; 1>= 18320/20260 + 1894/31437
37 76 1>= 0.964
@ || ol Acceptable
39 32220 16765 30541 312 52935 Segment Z4 -1 57 | ‘ L H h
eg Highest
P | —— A Stress Location
41 Value
42 Sum 7.6944e+00 psi
Avyg 18320 psi
43| Max 22107 psi
44 Min 15566 psi
RMS 15423 psi
45
46
o [Bonoptens 2
w |da el L
49

a1

o Fig-B Highest stressed leg detail. Average stress = 18,320 psi vs 20,260 allowable. Max bending = 22,107,
51 Max bending allowable = 31,437. The leg passes unity check, the leg load is acceptable.
52



Section - Load Case 4 Page 47 of 75

Load Case 4 - ASME VIII-2 Table 5.3 Load Combination 6b - Wind + Pressure, Vessel Full

Loads
VIII-2 Table 5.3 load combination 6b requires the following loads:

Combination: 0.9 P+Ps+D +W

- 0.9 times internal pressure with static component
- 1g vertical acceleration on vessel components (direction: negative "y")
- 1 times IBC 2009 horizontal acceleration for wind loads (direction: positive "x"

Results
The calculated wind load is less than the seismic load. All other loads are identical to case 3 - seismic +

Pressure case. The stresses and reaction loads from this case will be less than case 3. This case is not
run.
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ASCE Vessel Wind Load - Case 4 ver 4.00

ASCE 7-02 [1], Moss - Pressure Vessel Design Manual - 3rd Edition [2]
Wind Loads - as called-out by IBC Description

Dimensions:
4,816,497 W (i -Weight

843.000 h i - Height

723.000 D [n - Diameter or length

1.100 Dm - Diameter multiplier

Wind:
0.85 G - Gust effect factor

Il Cat - Structure Category

130 V mpn - Velocity

D Ecat - Exposure Category

1.34 Kz - Pressure Exposure Coeficient

1.00 Kzt - Topographic Factor

0.95 Kd - Wind Directionality Factor

1.00 Lr -Load case reduction factor

Constants:
hD = h/D
Cf=0.9

Page 48 of 75

843/723 =
09=

| = IF(Cat="1",0.87,if(Cat="1I",1.00,if(Cat="11",1.15 If(Cat="IV",1.15,na()))))

Checks: Vessel must be rigid to use this method
Classification = if(hD<4,"Rigid","Flexible")
CheckRigid = Classification = "Rigid"

Base Shear and Moment:
Af n2= h*D*Dm/144
gz ps1 = 0.00256*Kz*Kzt*Kd*V"2*|
F 1oy = qZ*G*Cf*Af
M (i) = F*h/2
aH = (F/W)*Lr

843*723*1.1/144 =

0.00256*1.34*1*0.95*130"2*1 =

63.34*0.85*1*4655.82 =
225585*843/2 =
(225585/4816497)*1 =

1.166
0.9
1.15

Rigid
Acceptable

4655.82
63.34

225,585

95,084,120

0.0468




Section - Load Case 5 ver4.00 Page 49 of 75

Load Case 5 - Case Based on Experience - 1/4 Wind + Hydrotest

Loads
The experience load combination for case 5 requires the following loads:

Combination: 0.9 Pt + Pst + D + 0.25 W, k=1.3

- 0.9 times internal test pressure with test fluid static component (0.9*157*1.3=184psi)
- 1g vertical acceleration on vessel components (direction: negative "y")
- 0.25 times IBC 2009 horizontal acceleration for wind loads - Lr = 0.25 (direction: positive "x"

Reactions

The theoretical reaction forces closely match the actual reaction forces in all directions. The model is in
balance.

Results
The displacements and stresses due to experience load combination for case 5 are acceptable. All
stresses are below the respective allowables based on material and location. The vertical load direction
place the majority of the stress in the vertical columns. The supports and local connected shell regions are
acceptable for this load case. The column reaction forces report small changes in the vertical forces and
horizontal shear forces. This is expected with the application of a small wind acceleration. The force
patterns are as expected and no uplift is experienced by the vessel.
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Material Stress Limits - Case 5 ver 4.01 ASME viI-2 Fig 5.1

Material Input Chart:
150 Temperatre rr
1.3 k - stress intensity factor

Material 1 Material 2 Material 3 Material 4 Material 5
Material =|SA-299 A SA-516 70

Application =|Shell Stub
Sm s =(21,400 20,000
SY Ipsii =
E1=|1.0 1.0
E2 =[1.0 1.0
E s1=128,800,000 28,800,000
v =]0.26 0.26
Therm. Coef =|-
Pmpsi=| 27,820 26,000
Plpsi=| 41,730 39,000
PI+Pb psi=| 41,730 39,000
PI+Pb+Qpsi=| 83,460 78,000
Material 6 Material 7 Material 8 Bolting 9 Bolting 10
Material =
Application =
Sm s =
SY fpsij =
El=
E2=
E s =
VvV =
Therm. Coef =
. ______________________ |
Pm [psi =
Pl s =
PI+Pb [psi=
Pl+Pb+Q [psi =
Prop. Sources ASME Section 11D
Variable Descriptions: viil-25.13
Sm (basic allowable) E (modulus of elasticity) - IID Table TM-1
E1 (weld efficieny) v (Poison's ratio) - 1ID Table NF-1
E2 (casting efficiency) Coef (coefficient of thermal expansion)

Stress Limit Equations: Vii-2 Figure 5.1
Pm = kK*E1*E2*Sm
Pl = 1.5*k*E1*E2*Sm
PI+Pb = 1.5*k*E1*E2*Sm
PI+Pb+Q = Max(3*E1*E2*Sm,2*E1*E2*Sy)
PI+Pb+Q+F = Use fatigue curves

Comments:

Refer to VIII-2 5.14 Table 5.6 for the correct application of the calculated stress limits
Use IID tables 5A and 5B for Sm for VIII-2 studies

Page 50 of 75
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ASCE Vessel Wind Load - Case 5 ver4.00

ASCE 7-02 [1], Moss - Pressure Vessel Design Manual - 3rd Edition [2]
Wind Loads - as called-out by IBC Description

Dimensions:
7,781,750 W jin] -Weight

843.000 h i - Height

723.000 D [n - Diameter or length

1.100 Dm - Diameter multiplier

Wind:
0.85 G - Gust effect factor

Il Cat - Structure Category

130 V mpn - Velocity

D Ecat - Exposure Category

1.40 Kz - Pressure Exposure Coeficient

1.00 Kzt - Topographic Factor

0.95 Kd - Wind Directionality Factor

0.25 Lr -Load case reduction factor

Constants:
hD = h/D
Cf=0.9

Page 51 of 75

843/723 =
09=

| = IF(Cat="1",0.87,if(Cat="1I",1.00,if(Cat="11",1.15 If(Cat="IV",1.15,na()))))

Checks: Vessel must be rigid to use this method
Classification = if(hD<4,"Rigid","Flexible")
CheckRigid = Classification = "Rigid"

Base Shear and Moment:
Af n2= h*D*Dm/144
gz ps1 = 0.00256*Kz*Kzt*Kd*V"2*|
F 1oy = qZ*G*Cf*Af
M (i) = F*h/2
aH = (F/W)*Lr

843*723*1.1/144 =

0.00256*1.4*1*0.95*130"2*1 =

66.17*0.85*1*4655.82 =
235686*843/2 =
(235686/7781750)*0.25 =

1.166
0.9
1.15

Rigid
Acceptable

4655.82
66.17

235,686

99,341,618

0.00757
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Non-Uniform Pressure - Case 5 ver1.00

Conditions:
Load Case 5 (Hydro Test * 0.9) Load Case

184.00 P ppsi -Pressure at top of vessel
1.00 sg - Fluid Specific gravity

0.00757 aH p - Horizontal Acceleration

Acceleration:

aVvig=1.0
PressureTo Apply:
P1 psi = 1.00
Coefl psi= P

CoefX psiin = $g*0.0361*aH
CoefY [psiin = -sg*0.0361*aV

Page 52 of 75

1=

1.00 =

184 =
1*0.0361*0.00757 =
-1*0.0361*1 =

1.000

1.000

184.000

0.000273

-0.036100
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Loads - Case 5 ver4.06 Page 53 of 75

184 .
0000273 \
-0.0361 -

X

Fig-A Non-uniform pressure applied to the sphere. The non-uniform distribution increases pressure in the -
y direction and +x direction simulating a 1g vertical acc. and 0.00448g (wind) horizontal acc. on the fluid.
The internal pressure at the top is 1.3 x 0.9 x157 = 184psi. See previous page for details.

&long Plane 2923
long Plane Dir 2 (infs"2): [386.22
i . |0

Fig-B 1g vertical and 0.00757g (0.00757x386.22 = 2.923 in/s"2) horizontal acceleration. applied to the
vessel components.
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Reaction Loads - Case 5ver. 1.0

Fluid Inputs:
1.00 SG - specific gravity
360 r i - sphere radius
0.0076 aHf - horizontal acceleration factor for fluid
1.000 aVvf - vertical acceleration factor for fluid
™ = pi()
D minrg) = SG*1000*0.00003612729
V i3] = 4/3*T*r*3
Wx1 ) = D*V*aHf
Wyl ) = D*V*aVf

Vessel Inputs:

721,444 VW - vessel weight

0.0076 aHv - horizontal acceleration factor for vessel
1.000 aVv - vertical acceleration factor for vessel

Wx2 i = VW*aHv

Wy2 15 = VW*aVv

Total Reactions:
WX 1 = Wx1+Wx2
Wy ) = Wyl+Wy2

<<
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PI0) =
1*1000*0.00003612729 =
4/3*3*360"3 =
0.0361*195432196*0.008 =
0.0361*195432196*1 =

721444*0.008 =
721444*1 =

53460+5461 =
7060436+721444 =

3.141592654

0.0361

195,432,196

53,460

7,060,436

5,461

721,444

58,921

7,781,880
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Reaction Forces - Case 5 ver4.0s Page 55 of 75

Remote load interface force
(") Free body force

Contact/Friction force

Selection
|
El [english gp3) =
@
D

g

Update

g

Reaction Force (Ibf)

Component | Selection |Entire Model
Sum X 0. -37091 _4
Sum ¥ 0. 7.I741E-006 E]
sum & 0. -21.291
Resultant: 0. 7.77TH1E+006

| Reaction Moment (ibf-in)

«

Display Options
|:| Display resultant forces

>

View showing Global Reaction Forces from analysis.
Calculated Reaction Forces = Analysis Reaction Forces
The model is in balanced.

X AXIiS: reaction forces on the YZ plane caused by loads in the X direction
0.00 XArea [n2 - Pressurized area on YZ plane

157 P psi - Pressure

58,921 XForce [bs) - Added force in the X direction

37,091 XReaction s - Reaction force in X direction reported by FEA program

TReactionX s = XArea*P+XForce  Theoretical X reation force 0*157+58921 = |58,921

Y AXIiS: reaction forces on the XZ plane caused by loads in the Y direction
0 YArea iz - Pressurized area on XZ plane

7,781,880 YForce s - Added force in the Y direction

7,774,000 YReaction [vs) - Reaction force in Y direction reported by FEA program

TReactionY s = YArea*P+YForce Theoretical Y reation force 0*157+7781880 = |7,781,880

Z AXis: reaction forces on the XY plane caused by loads in the Z direction
0 ZArea [nz - Pressurized area on XY plane

0 ZForce s - Added force in the Z direction

8 ZReaction [ibs) - Reaction force in Z direction reported by FEA program

TReactionZ ps) = ZArea*P+ZForce  Theoretical Z reation force 0*157+0 = D

Resultant of reaction forces in X, Y and Z:
TResultant ms) = sqrt(TReactionX*2+TReactionY"2+TReactionZ"2)  Theoretical resultant
SQRT(5892172+7781880/2+0"2) =
Resultant i) = sqrt(XReaction"2+YReaction"2+ZReaction2)  Actual resultant
SQRT(37091/2+7774000"2+8"2) = | 7,774,088
Error pg = 100*(TResultant-Resultant)/Resultant 100*(7782103-7774088)/7774088 = |0.1
CheckError = abs(Error)<2  Error should be less than 2% ABS(0.1)<2 = Acceptable




N

© 00 N o 0o~ w

11
12
13
14
15
16
17
18
19
20
21
22
23

N}
i

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
44
45
46
a7
48
49
50
51
52

Displacement - Case 5 ver4.06 Page 56 of 75

Model narne: Sphere Assembly FEA Full
Study name: Load Case 5 - Hydrotest

Plat type: Static displacerment Displacernent 200x iUndisplaced
Defarmation scale: 200

URES (in)
0.393
0.354
0.315

. 0.275
0.236
0.197
0157
0.118
0.079

Max: 0.393

0.039

0.000

Fig-A A view of the displacement plot with superimposed original geometry. Results are magnified 200X.
Displacement of the sphere is radially outwards due to internal pressure.

Maodel name: Sphere Agzembly FEA Full

Study name: Load Case 5 - Hydrotest

Plot type: Static displacement Displacement 200
Deformation scale: 200

Center Displacement
0.007 inch U (i)
0,266

0214
Wind Load

Direction (x) 0163

-0

Vv

0.080

0.003

0.043

0.095

0,145

0.195

0.250

Fig-B A of the vessel normal to the xy plane. Only x direction displacements are shown.
X displacement due to wind is not significantly high in this case. The magnitude is acceptable. The center
displacement is below the 9.64" limit from page 6.
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Stress - Case 5 ver4.06 Page 57 of 75

Wadel name: Sphere Azsembly FEA Full
Study name: Load Case 5 - Hydrotest

Plot type: Static nodal stress Shell Membrane
Deformation scale: 100

von Mises (psi)

27820
25038
22256

o 19474
16692
13510
11128
8348
5564
27a2

0

Fig-A The stress plot with the scale capped at the SA-299 A general membrane allowable of 27,820 (21,000
x 1.3). This is not a code limit.

Model name: Sphere Assembly FEA Full ) )

Study name: Load Case 5 - Hydrotest von Mises (psi)

Plat type: Static nodal stress Shell Membrane yld

Deforrmation scale: 100 40000
36000
32000

_ 28000

24000

Max: 72576 20000
16000

12000
5000
4000

0

Fig-B The stress plot (von Mises) with the scale capped at the SA-299 A yield limit for hydro testing.
Isolated elements exceed 40,000 psi.




1

© ao~N o 0~ W

11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50
51

53
54
55

Column Reactions - Case 5 ver1.00
Case 5 - 0.9Pt+Pst+D+0.25W - Seismic Description

Page 58 of 75

Inputs:
enter absolute

values

34,876 XReaction s - X reaction force from fea - in direction of horizontal load

7,774,000 YReaction s - y reaction force from fea - vertical

-10 ZReaction s - Z reaction force from fea - out of plane from horizontal load

Leg X [ibs] Y [ibs] Z [lbs] XZ [Ibs]

1 -6,072 863,870 -67,803 68,074

2 -47,868 871,540 -49,739 69,031

3 -68,593 871,630 -11,002 69,470

4 -61,414 874,430 32,004 69,253

5 -28,656 868,010 62,235 68,515

6 17,557 859,570 65,045 67,373

7 55,846 852,990 35,782 66,326

8 64,926 851,670 -12,505 66,119

9 39,398 855,810 -54,028 66,867

sum | -34876 | 7,769,520 | -11 |
Column Pad Reactions
1,000,000
800,000
600,000
400,000
200,000
0
3 4 5 6 7 8 9

-200,000

Hx My Wz Hxz

The graph above shows the reaction forces occurring at the based of each column. Note that the y reaction
remains positive for all columns. There is no up lift on the legs.
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Reaction Force Checks:
Xtotal ) = ABS(Sum(x))
XError ) = 100*(XReaction-Xtotal)/Xtotal
ckXError = ABS(XError) <=2
Ytotal i = ABS(Sum(y))
YError w = 100*(YReaction-Ytotal)/Ytotal
ckYError = ABS(YError) <=2
Ztotal ) = ABS(Sum(z))
YMax o) = Max(y)
XZMax [ = Max(xz)

ABS(SUM(x)) =
100*(34876-34876)/34876 =
ABS(0) <= 2 =

ABS(SUM(y)) =
100*(7774000-7769520)/7769520 =

34,876

0.0
Acceptable
7,769,520
0.1

ABS(0.1) Acceptable

ABS(SUM(z2)) =
MAX(y) =
MAX(xz) =

11

874,430

69,470
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Model name: Sphere Assembly FEA Full

Study name: Load Case 5 - Hydrotest van Mises (psi)
Flat type: Static nodal stress Shell Membrane yld
Deformation scale: 100 40000

Element “olurme = 0.11 %

36000
32000
- 28000
24000

Miax: 72576 l 20000

_ 16000

12000

5000

4000

0

Fig-A Iso clipped view of the stresses above the yield point during hydrotesting. These areas are very local
in extent. The inset shows a close up of the typical leg to shell attachement. The shell can handle the 1.3x
hydrotest pressure.

7] Flip edge plot Stress measured at leg
Update
Node |Value [psi) |X(in) |V (in} |Z (in) |Components .
3947 18489 19544 151,84 12094 Segment Z4 - [ =]
28215 18629 9414 16184 4218 SegmentZ4 -1 B
3959 18777 79285 161.64 12,435 SegmentZ4 -1
28216 18905 791,62 161.84 12.856 SegmentZ4 -1
3956 19052 290,44 161.54 13.434 SegmentZ4 -1
23233 19174 289.5 361.54 14.048 Segment 74 -
3966 19308 168,64 161.64 14.764 Segment 74 -1
28734 19418 167,86 161.64 15.572 SegmentZ4 -1
3957 19525 18718 161.64 16.461 SegmentZ4 -1 -
Summary
Value
Sum 9.69e+005 psi
Avg 18635 psi
Max 19707 psi
Min 18052 psi
RMS 18643 psi
Report Options

Fig-B The leg stress shown at the 20,260 psi leg stress limit. The maximum leg stress of 19,707 is less
than the limit. The leg can handle the hydrotest weight.
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Load Case 6 - Case Based on Experience - Empty Vessel + Wind

Loads
The experience load combination for case 6 requires the following loads:

Combination: D + W, k=1 (vessel is empty)

- 19 vertical acceleration on vessel components (direction: negative "y")
- 1 times IBC 2009 horizontal acceleration for wind loads (direction: positive "x")

Reactions

The theoretical reaction forces closely match the actual reaction forces in all directions. The model is in
balance.

Results
The displacements and stresses due to experience load combination for case 6 are acceptable. No
significant stress exist in the model for this case. The column reaction forces report changes in the vertical
forces and horizontal shear forces. This is expected with the application of wind accelerations. The force
patterns are as expected and no uplift is experienced by the vessel.
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Material Stress Limits - Case 6 ver 4.01 ASME ViII-2 Fig 5.1

Material Input Chart:
150 Temperatre rr
1 k - stress intensity factor

Material 1 Material 2 Material 3 Material 4 Material 5
Material =|SA-299 A SA-516 70

Application =|Shell Stub
Sm s =(21,400 20,000
SY Ipsii =
E1=|1.0 1.0
E2 =[1.0 1.0
E s1=128,800,000 28,800,000
v =]0.26 0.26
Therm. Coef =|-
Pmpsi=| 21,400 20,000
Plpsi=| 32,100 30,000
PI+Pb psi=| 32,100 30,000
PI+Pb+Qpsi=| 64,200 60,000
Material 6 Material 7 Material 8 Bolting 9 Bolting 10
Material =
Application =
Sm s =
SY fpsij =
El=
E2=
E s =
VvV =
Therm. Coef =
. ______________________ |
Pm [psi =
Pl s =
PI+Pb [psi=
Pl+Pb+Q [psi =
Prop. Sources ASME Section 11D
Variable Descriptions: viil-25.13
Sm (basic allowable) E (modulus of elasticity) - IID Table TM-1
E1 (weld efficieny) v (Poison's ratio) - 1ID Table NF-1
E2 (casting efficiency) Coef (coefficient of thermal expansion)

Stress Limit Equations: Vii-2 Figure 5.1
Pm = kK*E1*E2*Sm
Pl = 1.5*k*E1*E2*Sm
PI+Pb = 1.5*k*E1*E2*Sm
PI+Pb+Q = Max(3*E1*E2*Sm,2*E1*E2*Sy)
PI+Pb+Q+F = Use fatigue curves

Comments:

Refer to VIII-2 5.14 Table 5.6 for the correct application of the calculated stress limits
Use IID tables 5A and 5B for Sm for VIII-2 studies

Page 62 of 75
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ASCE Vessel Wind Load - Case 5 ver4.00

ASCE 7-02 [1], Moss - Pressure Vessel Design Manual - 3rd Edition [2]
Wind Loads - as called-out by IBC Description

Dimensions:
721,444 W [in) -Weight

843.000 h i - Height

723.000 D [n - Diameter or length

1.100 Dm - Diameter multiplier

Wind:
0.85 G - Gust effect factor

Il Cat - Structure Category

130 V mpn - Velocity

D Ecat - Exposure Category

1.40 Kz - Pressure Exposure Coeficient

1.00 Kzt - Topographic Factor

0.95 Kd - Wind Directionality Factor

1.00 Lr -Load case reduction factor

Constants:
hD = h/D
Cf=0.9

Page 63 of 75

843/723 =
09=

| = IF(Cat="1",0.87,if(Cat="1I",1.00,if(Cat="11",1.15 If(Cat="IV",1.15,na()))))

Checks: Vessel must be rigid to use this method
Classification = if(hD<4,"Rigid","Flexible")
CheckRigid = Classification = "Rigid"

Base Shear and Moment:
Af n2= h*D*Dm/144
gz ps1 = 0.00256*Kz*Kzt*Kd*V"2*|
F 1oy = qZ*G*Cf*Af
M (i) = F*h/2
aH = (F/W)*Lr

843*723*1.1/144 =

0.00256*1.4*1*0.95*130"2*1 =

66.17*0.85*1*4655.82 =
235686*843/2 =
(235686/721444)*1 =

1.166
0.9
1.15

Rigid
Acceptable

4655.82
66.17

235,686

99,341,618

0.32669
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Loads - Case 6 ver4.06
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1
|Advancea Al
i [English{lFS] v]
B 1261728 - infsh2

Reverse direction

1 386.22 - infsh2

Reverse direction

e

il 100 e

=

Show preview

Along Plane Dir 1 (infs*2
Along Plane Dir 2 (ins 27
Mormal Ta Plane (inds"27:

1261728

36622

i

Fig-A A view of the 1g vertical acc. and the 0.32669¢g (386.22 *0.32699 = 126.1728 in/s"2) wind horizontal

acc. applied to the vessel components.
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Reaction Loads - Case 6 ver. 1.0

Fluid Inputs:
0.00 SG - specific gravity
438 r [ - sphere radius
0.000 aHf - horizontal acceleration factor for fluid
0.000 aVf - vertical acceleration factor for fluid
™ = pi()
D minrg) = SG*1000*0.00003612729
V i3] = 4/3*T*r*3
Wx1 ) = D*V*aHf
Wyl ) = D*V*aVf

Vessel Inputs:

721,444 VW - vessel weight

-0.327 aHv - horizontal acceleration factor for vessel
1.000 aVv - vertical acceleration factor for vessel

Wx2 i = VW*aHv

Wy2 15 = VW*aVv

Total Reactions:
WX 1 = Wx1+Wx2
Wy ) = Wyl+Wy2

<<
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PI0) =
0*1000*0.00003612729 =
4/3*3*438"3 =
0*351974289*0 =
0*351974289*0 =

721444%-0.327 =
721444*1 =

0+-235686 =
04721444 =

3.141592654

0.0000

351,974,289

0

0

-235,686

721,444

-235,686

721,444
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N

¥

Options

@ Reaction force

bl

Remote load interface force

(") Free body force

©® N o 0 M w

Contact/Friction force

Selection

<

10

o

1 Reaction Force (Ibf)

12 Component | Selection | Entire Model
13 Sum X: 0. -2.348T7E+005
Sum ¥: 0. 7.1897E+005
14 sumZ: 0. 0.27672
15 Resultant: 0. 7.5636E+005

16

17 || Reaction Moment (bf-in)

«
T

18

bl

Display Options
|:| Display resultant forces

19

20
21
22

23 [
24 View showing Global Reaction Forces from analysis.

25 Calculated Reaction Forces = Analysis Reaction Forces within 0.3%

26 The model is in balanced. Note that the x reaction is equal to the wind base shear.

27 X AXIS: reaction forces on the YZ plane caused by loads in the X direction

28 0.00 XArea [n2 - Pressurized area on YZ plane

29 0 P psi - Pressure

30 -235,686 XForce s - Added force in the X direction

31 234,870.0 XReaction ms] - Reaction force in X direction reported by FEA program

32 TReactionX bs) = XArea*P+XForce Theoretical X reation force 0*0+-235686 =

33

34 Y AXIS: reaction forces on the XZ plane caused by loads in the Y direction

35 0 YArea iz - Pressurized area on XZ plane

36 721,444 YForce s - Added force in the Y direction

37 718,970.00 YReaction [ibs) - Reaction force in Y direction reported by FEA program

33 TReactionY ppsy = YArea*P+YForce Theoretical Y reation force 0*0+721444 =

39

40 Z AXis: reaction forces on the XY plane caused by loads in the Z direction

a1 0 ZArea [nz - Pressurized area on XY plane

42 0 ZForce [bs) - Added force in the Z direction

43 0.28 ZReaction s - Reaction force in Z direction reported by FEA program

44  TReactionZ s = ZArea*P+ZForce  Theoretical Z reation force 0*0+0 = ICI

45

46 Resultant of reaction forces in X, Y and Z:
47 TResultant ms) = sqrt(TReactionX*2+TReactionY"2+TReactionZ"2)  Theoretical resultant

48 SQRT(-235686"2+721444"2+0"2) = | 758,966

49 Resultant s) = sqrt(XReaction"2+YReaction"2+ZReaction™2)  Actual resultant
50 SQRT(23487072+71897072+0"2) = | 756,361
51 Error % = 100*(TResultant-Resultant)/Resultant 100*(758966-756361)/756361 = (0.3

52 CheckError = abs(Error)<2  Error should be less than 2% ABS(0.3)<2 = Acceptable
53
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Displacement - Case 6 ver4.06 Page 67 of 75

Model name: Sphere Assembly FEA Full

Study name: Load Case 6 - Empty Wind

Flat type: Static displacement Displacerment 500 iUndisplaced URES (in)

Deformation scale: 500
0.087
0.078
0.070

- 0.061
0.0s2
0.044
0.03s
0.026
0.m7
0.009

0.000

Fig-A A view of the displacement plot with superimposed original geometry. Results are magnified 500X.

Wodel narme: Sphere Assembly FEA Full
Study name: Load Gase 6 - Empty Wind
Plat type: Static displacerment Displacement S00x

UX (i)
0.083
0.074
0.066

. 0.053

0.049

Wind Load

Direction (x) 0.041

N
7

0.033
0.025
0.016
0.003

. -0.000
Center Displacement

0.061

A

L.

Fig-B A of the vessel normal to the xy plane. The center displacement is below the 9.64" drift limit
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Stress - Case 5 ver4.06 Page 68 of 75

Model name: Sphere Azzembly FEA Full
Study narme: Load Case 6 - Empty Wind
Plat type: Static nodal stress Shell Membrane Local

Deformation scale: 100 won Mises (psi)

21400
l 19260
L 17120

- 14580

_ 12840

hlax: 9933

10700

_ 8560
G420
4280
2140

]

T

Lo

Fig-A A view of the stress plot (von Mises) with the scale capped at the SA-299 general membrane
allowable of 21,400 psi. This allowable corresponds to the upper columns. There are no significant
stresses in the model.
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Column Reactions - Case 3 ver1.00 Page 69 of 75
Case 3 - 0.9P+Ps+D+0.7E - Seismic Description

Inputs:
enter absolute values

235,686 XReaction s - X reaction force from fea - in direction of horizontal load

721,444 YReaction s - y reaction force from fea - vertical

-10 ZReaction s - Z reaction force from fea - out of plane from horizontal load

Leg X [ibs] Y [ibs] Z [lbs] XZ [Ibs]
1 -40,422 79,980 -6,873 41,002
2 -33,085 129,550 9,001 34,287
3 -19,249 156,260 4,063 19,673
4 -24,280 146,900 -8,908 25,863
5 -39,063 106,410 -3,316 39,204
6 -35,013 53,420 15,040 38,107
7 -13,597 12,763 15,818 20,859
8 -6,165 3,696 -5,703 8,398
9 -23,999 29,987 -19,121 30,685

sum | -234,873 | 718,966 | 0 |

Column Pad Reactions

200,000

150,000

100,000

50,000

-50,000

-100,000

Hx My Wz Hxz

The graph above shows the reaction forces occurring at the based of each column. Note that the y reaction
remains positive for all columns. There is no up lift on the legs.
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Reaction Force Checks:
Xtotal ) = ABS(Sum(x))
XError ) = 100*(XReaction-Xtotal)/Xtotal
ckXError = ABS(XError) <=2
Ytotal i = ABS(Sum(y))
YError w = 100*(YReaction-Ytotal)/Ytotal
ckYError = ABS(YError) <=2
Ztotal ) = ABS(Sum(z))
YMax o) = Max(y)
XZMax [ = Max(xz)

ABS(SUM(x)) =
100*(235686-234873)/234873 =
ABS(0.3) <=2 =
ABS(SUM(y)) =
100*(721444-718966)/718966 =

234,873

0.3
Acceptable
718,966

0.3

ABS(0.3) Acceptable

ABS(SUM(z2)) =
MAX(y) =
MAX(xz) =

0.3

156,260

41,002
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Appendix 1 - U=1 Geometry Factor Justification

Description

Compression and Tension limits as determined for this report use a geometry factor (U) of 1. A factor of
one does not reduce the tension and compression limits. This section of the report justifies the use of this
factor as 1 by comparing standard geometry (rated with U=1) from the AISC code to the actual geometry for

the sphere supports.

Results

The brace to V-plate attachment method is more efficient than the code Table D3.1 Case 4 attachement

method. The Code U=1 for case 4 is used for the brace stress limit.

P

age 71 of 75

TABLE D3.1
Shear Lag Factors for Connections
to Tension Members
Case Description of Element Shear Lag Factor, U Example
1 | All tension members whera the tension U=1.0 _
load is transmitted directly to each of
cross-sectional elements by fasteners or
welds. (except as in Cases 3, 4, 5 and &)
2 | All tension members, except plates and U=1-% e
HSS, where the tension load is trans- il r
mitted to some but not all of the cross- |
sectional elements by fasteners or longitu- |
dinal welds [Alternatively, for W, M, S and =
HP, Case 7 may be used.)
3 | All tension members where the tension U=1.0 _
load is transmitted by transverse welds
to some but not all of the cross-sectional and
elemeants. Ap = area of the directly
connected elements
4 | Plates where the tension load is transmit- (| = 2w ... U =1.0 —
ted by longitudinal welds only. sw=I=15w.. UJ=0.87|2~— —
16w=[l=w...U=075 o e
5 | Round HSS with a single concentric gus- |/ = 1.30...U=1.0 !
set plate D<l=13D..U=1-% 5
= D."r’ﬁ \\\._ ¥
& |Rectangular HSS |with a single con-|/ = H.. .U=1-%,; H
centric gussat plate 82 4 28K —
= FBH) T ©
| S— T
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Square Tube
10" x 10" x 0.5" Wall

"’_Th
Fillet
0.5"
Brace Plate

20" x 22" x 1.25" Thk

m

Fig-A Table D3.1 case 4 A view of the 1/4 model standard attachment type from AISC "Specification for
Structural Steel Buildings" 2005, Chapter D. This attachment is give a geometry factor (U) of 1.

2

2 Rectangular Tubes
10" x 4" x0.375" Thk

Fillet
0.5"

Brace Plate
20" x 22" x 1.25" Thk

Fig-B As used on the sphere bracing. A view of the 1/4 model actual attachment geometry. This
attachment layout matches that of the spherical vessel cross bracing.




Fig-B As used on the sphere bracing. A 1" tetrahedral, second order mesh is used to mesh the actual
vessel geometry.
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Loads - Appendix 1 ver4.06 Page 74 of 75

Fig-A Table D3.1 case 4. The end of the brace plate is fixed and a tension load of 47,000 psi (tube yield
strenght) is applied to the end. Symmetry is applied along the sectioned surfaces.

A gap forces all
loads to act on the
welding only

k

Fig-B As used on the sphere bracing. The end of the brace plate is fixed and a tension load of 47,000
psi (tube yield strength) is applied to the end. Symmetry is applied along the sectioned surfaces.
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SEBFICe ERG Test 3 ILeralit=..,

4 Response Graph a* o =

2

~

File Options Help

Study name: Fixed
Plot type: Nonlinear Displacement Displacement2

040

=}
=

0.20

URES (in]

010

0.00

go0 020 040 058 079 093 119

Time (zec)

—&—  MNode 230

-0.283897, -0.00963657

.

“*

Model name: Brace End Test 3

Studdy name: Fixed

Plat type: Monlinear Dizplacement Displacement2
Plat step: 13 time : 0.5645525 Seconds

URES {ir)

0.093
0.083
0074
_ 0065
0.036
0.045
_ 0037
0.02s
0oms
0.009

0.000

Fig-A Table D3.1 case 4. Non linear displacement vs stress plot for allowed U=1. Local yielding
proceeding to failure begins when the general stress in the tube is 79% of the yield strength.

NP brace ENQ TEST S LLETAUIT ..,

%Respﬂnseﬁraph ®El= B &
File Options Help
Study name: Study 1
Plot type: Nonlinear Displacement Displacement]
0.30
— 020
=
e}
5
010
0.00
000 019 038 058 077 09% 115
Time (zec)
MNode 452
7 0623672, 0.106098

%L

, Mocde 452 (-4 63,20 -5 in)

hodel name: Brace End Test 2
Study name: Study 1
Plot type: Monlinear Displacement Displacement1
Plat step: 19 time : 0.865933 Seconds

URES (i)
0.085
0.0s3
0.076
_ 0.06E
0.057
0.047

. 0.03g

0.023

=0085  in

oma

0.003

0.000

Fig-B As used on the sphere bracing. Local yielding proceeding to failure begins when the general
stress in the tube is 86% of the yield strength. This geometry is stronger than the code standard geometry
allowing U=1 to be used conservatively for the bracing compression limit.




