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General Notes

1) The current Splash version number appears in the window handle, and for this test set should be Version 3.0.

2) Generally increasing the pressure iterations will improve the solution, although the user is encouraged to
experiment with both small and large values of the allowed number of pressure cycles to observe the effect on a
particular solution. The default number of allowed pressure cycles is 40. This number can practically be
reduced to as few as (5), and to greater than (1000) or more. It is the program user’s responsibility to assure that
critical problem variables are not affected by solution convergence parameters or assumptions.

3) Depending on the size of the solution, once the Sola Vof algorithm has completed, several seconds of output
processing time will be required before data files will be available for review.

4) The printed output report is only interactively available from the last run of the model. Changing the
filename or rereading the input file for a particular model will not update the available interactive output results.

5) A more benign way to determine the sloshing frequency of a vessel is to provide a single fluid cell against the
left or right side of the wall instead of a step change to the middle. Each method can excide the fundamental
sloshing modes of the vessel but the user should adjust the critical tolerances to be sure that they do not have an
effect on the solution. Critical tolerances may be: 1-Cell Flow Imbalance (0.001 recommended), 2-Full Cell
Tolerance (1e-8 recommended) 3-Maximum Allowed Pressure Iterations (10 or 2000).

6) Virus scanners can interfere with the file handling. It is not unusual to close and reopen Splash in between
runs to make sure that virus scanners have not locked intermediate files for access.
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Problem #1:

Using the geometry of the emergency water tank described in reference 2, “A Seismic Analysis of the
Emergency Water Tank”, Hu Yong Tao, Gu Tang Yu, PVP-Vol 314, ASME 1995, enter the following
data into “Splash”.

Diameter = 8.6 m.
Liquid Height =10.8 m.
Fundamental Period = 3.066 sec.

From Reference 2, the first sloshing mode should be approximately (1/3.066) = 0.326 Hz. The model
for this tank and its input is shown below. The default value for the kinematic viscosity of water is
0.000001 m*/sec.

% "BOS Fluids - SPLASH - 2d CFD 2.2" - File:c:\BOS Runsisplashiex1iex1 . Advanced Data Input

CFD Filename = Files Spectum | Max Pressure | Avg Pressura| Shear ‘ Moment | Fepart | Highsst Frequency of Interest (Hz)  [1
Samples at highest Frequency of Interest. [7p
Tank 5
g Sloshing r Isl::;gafllbnw ¢ User Defined Maximum Frequency Plotted (Hz] |5
i S G GridMulipier [5
luid S pecific Gravity 1.00
| Welocity Display Multiplier g 02
Kinemalic Viscosiy [sqm./s] [g.000007 Stating Tie St o )
arting Time Step (sec.)  [p.005
Tatal Solution Time [z2c.] a0
Cell Flow Imbalance (0.540-0.001) [ googi
Tank Height [m.] ,12— Full Cell Tolerance (0.4-t0-1E-10]  [18
Fluid Height (m.] h 08 taxirmurn Allowed Pressure Iberations 100
5 . .
T B I —— ! :mqum (H: 4 s Minimum Mowed Time Step (Sec)  [1a6
Step Height (m ] T — ' Movie Frames per Time Step [
I Disable Program Control of Time Step
Advanced Movie | Run || Exit ‘ v g:‘;ﬁf‘flmta Model Depth(m) 86
P e e S i L s / \ [~ Madel Plan View [Disable Gravity in Y Direction]
Period (sec.]
Marimum Periodic Acceleration(g's) I \ Plot Display Type: 207 (Defaull]
Elcentro Horizontal g Scals Factor — / l Flot Refiesh Rate  [10
Elcentio Yerlical g Scale Factor \_\’ [ Disable Runtime Base Shear Plotting
Elzentro Horizontal Time Scale Factor | I Send Plots To Clipboard
0.0 041 02 03 04 05 06 07 08 05 10 T ]
Eleentio Wertical Time Scale Factor = #z) r i:toev;g\:fa\\fgrg;tiressure i FinshedHere ¢
requency (Hz.)
Deceleration Loading
Apply Maw Seismic or Periodic Ramp [s=c]
7 7 Top Plotta Bottom Plot to r
0 o |1 Report Repart g load as constant force Duration [sec]

The total solution time is 30 seconds.

Paulin Research Group Houston, Texas
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To trap the lowest frequency at 0.326 Hz. the Fourier analysis must be focused in this range.

The maximum plotted frequency will be set to 5 Hz. This will limit the plot size and make it easier to
see the low frequency range. Other parameters on the Advanced Data Input screen are set to produce
an accurate solution. Plotted results are shown below:
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Frequency (Hz.} Frequency (Hz.)

API 650 (Reference. 3) also gives an equation for the fundamental period of large storage tanks in it’s
Appendix E
T = k(D)

Where D is the tank diameter in feet, and “k” is a factor from Figure E-4 which can be approximated
by:

k=0.6 for D/H = 2.2 or less
k =(0.6) + (0.045)[(D/H) - 2.0] for D/H greater than 2.2 and less than 8.0

Reference (4) also gives the following equations for the sloshing modes in tanks:
w = 1/[(2)(3.14)] [ L(2/R) tanh( L H/R ) ]**

Where L is the 1.841 for mode 1, 5.331 for mode 2 and 8.536 for mode 3.
g is the acceleration due to gravity.

Using these equations for the tank system analyzed above:

From API 650:
D =8.6m (28.215 ft.)
D/H = 8.6/10.8 =0.7963

k = 0.6 for D/H less than 2.2
T =(0.6)(28.215 **) = 3.18 sec. (which corresponds to a frequency of 1/3.18 =0.314 Hz.

From Ref. 4 “Guidelines for the Seismic Design of Oil and Gas Pipeline Systems”, ASCE Technical
Council on Lifeline Earthquake Engineering, ASCE, 1984, the second sloshing frequency can also be

obtained.

L1=1.841
g/R=322/14.11=2.2825

Paulin Research Group Houston, Texas
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H/R=10.8/4.3=2.512

wi = 1/[2)3.14)] [ (1.841)(2.2825) tanh[ (1.841)(2.512) 11°°
=0.3262 Hz.

wa = 1/[2)3.1H)][ (5.331)(2.2825) tanh[ (5.331)(2.512) 1 1°°
=0.555 Hz.

Increasing the size of the step height introduces more energy in the potentially higher modes, and the
resulting plots are obtained that show the presence of the predicted second mode. Results from the
“ex2” run are shown below:

A N A
lllr'l 2\
\.} ‘-\{\-\__,...__._ / ' | e
0 1 2 3 4 5 00 02 04 06 08 10 12 14 16 18 20
Frequency (Hz.} Frequency (Hz.)

Values obtained from the API Code and simplified theory (0.326 and 0.318 Hz.) are very close to the
frequency calculated by SPLASH (0.3 Hz.)

Paulin Research Group Houston, Texas
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Problem #2 Seismic Response of Storage Tanks

Taken from “Seismic Design of Liquid Storage Tanks”, George W. Housner and Medhat Haroun,
Preprint 80-085 American Society of Civil Engineers, Portland ASCE Convention April 14-18, 1980.

Example (1) from the paper:

Consider an open top tall tank whose dimensions are:

R=24 ft. (7.32 m), L =72 ft (21.96 m), and h = 1 inch (2.54 cm). The tank is assumed to be full of
water and to be subjected to the N-S component of the 1940 El Centro Earthquake. The fundamental
natural frequency of sloshing is calculated from the paper Equation (2), and for this tank is 4 seconds,
(0.25 Hz.).

The maximum free surface wave height is given by the paper Equation (3) and is found to be: 15.91 in.
(0.386 m.). The maximum base shear is found from the paper Equation (10) to be 22.98E6 N. These
values are found from the SPLASH solution and compared.

This model is stored in folder: \ex3, and the job named: “example” contains the results for the seismic
analysis. The job named “exampleH” contains the results for the sloshing frequency analysis.

The plot below shows the SPLASH interactive pressure and shear load plot. The effect of the seismic
excitation is seen in the left portion of the plot, and the harmonic motion in the tank that occurs after
the seismic shaking forces have stopped are seen on the right side of the plot.

El Centro Seismic Event Stops

||||.| || 1l | |||b|l

Tank Behaves as Sloshing Fluid

Seismic Shear Loads at Base of Liquid Filled Tank

Paulin Research Group Houston, Texas
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Tank Liquid Height Profile at Approximately Maximum Waveheight.

The maximum liquid height during the seismic time history is shown in the above plot. As can be seen, there is
approximately one cell of increase in height, where one cell is 0.5 m. For the accuracy of the example problem
this is considered a suitable result. The estimated height from the Reference 5 paper is 0.4 m.

\J\A . ]
VIiY W/ \/
0.0 04 02 03 04 05 06 O0OF 08 0% 1.0
Frequency (Hz.)

Transformed frequency plots from the “sloshing” analysis in problem “ExampleH” are shown above. The
highest modal peak occurs at 0.25 Hz. In a tank of this size and depth there are many low sloshing modes as can
be seen by applying the equation from Reference 5: 0.25 Hz, 0.433 Hz, and 0.538 Hz. (Note that for this depth

Paulin Research Group Houston, Texas 6
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ratio, the frequency expression in Reference 5 simplifies to: 1/[(2)(m)] [(Xj)g/R]l/z, where 1, is a mode multiplier,
equal to: (1.841 for the first mode), (5.331 for the second mode), and (8.536 for the third mode.)

The “Advanced” Form input used for this problem is shown below:

& Advanced Data Input

Highest Frequency of Interest (Hz) ,17
Samples at highest Frequency of Interest, ’227
Maximum Frequency Flatted [Hz) ’27
Grid Mulkiplier ,17

Welocity Display Multiplier lgggi

Starting Time Step (sec.] ’W

Cell Flow Imbalance [0.5-+0-0.001) W
Full Cell Talerance (0.4-ta-1E-10) ’19.97
Mavimum Allowed Pressure lterations 222
Minimum Allowed Time Step (Sec.] ’19_57
Movie Frames per Time Step ’17

[ Disable Prograrm Control of Time Step

Check to Enter Model
i~ Depth in (] Depth m] {1464
[~ Model Plak View [Dizable Gravity in v Direction]
Flat Dizplay Tupe [ 2000 [Default] -
Plat Refresh Rate  [q

I Disable Runtime Base Shear Plotting
[~ Send Plats Ta Clipboard

r Show Real Time Pressure
instead of Yelocity

Deceleration Loading
o o R
Apply Max Seismic or Periodic i 3]
g load as constant force Diuration [gec)

Paulin Research Group Houston, Texas 7
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Problem #3 Baffle Loading

1.8 deg Pitch Amplitude
16.3 sec Pitch Period 42m.

Liquid Level

Maximum horizontal sloshing load = 17 kN
Length to centerline of pitch axis =42 m.
1.8 deg total pitch amplitude

16.3 sec. pitch period

4.9 m. diameter vessel

19 m long vessel

Half filled with SG = 0.9

20% baffles (open area/total area = (.2)

3 baffles equally spaced

Baffle Height = 3.6 m.

Vessel axial movement (x) can be described by: x = RO sine (2nomt).

The acceleration in the (x) direction is the second derivative of the displacement with respect to time:
Acceleration in (x) = d’x/dt* = ©’R sine (2not).

Amplitude of the acceleration = »°R6.

RO = (42 m)(1.8 deg)(n/180) = 1.319 m.

Frequency (Hertz) = 1 / period = 1/16.3 sec = 0.0613 Hz.

Frequency (Radians/second) = (0.0613)(2r) = 0.38547 rad/sec.

®’RO = (0.38547%)(1.319 m.) = 0.196 m/sq.sec.

The acceleration amplitude in g’s = 0.196 mpss / 9.81 = 0.01998 g’s.

The general Splash model for this problem can be visualized in the sketch below:

Paulin Research Group Houston, Texas
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Perforated Baffle Model (“example4h”)

The total volume of liquid in the contained space is:
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(19)(4.9)(4.9)(0.5)(1000 kg/cu.m)(0.9 SG) = 205,285 kg.

The load applied in the horizontal direction due to a static 0.02 g acceleration is:
(205,285) kg (0.02 g)(9.81 m/sq.s) = 40,277 N.

The Splash program allows for any specified periodic or spectral load to be applied in a ramped
manner with a fixed duration. This can be used to validate the method by slowly ramping any

66 9

maximum horizontal “g” load and then leaving this load applied for a constant period. The ramp time
should be significantly longer than the sloshing period of the container.

The basic sloshing period for this vessel estimated using the Equations in Reference 4 is 5.6 seconds.
Use 80 seconds as the ramp time (80/5.6 = 14) to eliminate dynamic effects and run a simulation for
100 seconds. The advanced data input and user defined geometry for this problem is shown below:

= Advanced Data Input g@@|

Highest Frequency of Interest (Hz] ’507
Samples at highest Frequency of Interest. ,47
M aximum Frequency Flotted [Hz) ,257
Grid Multiplier ,17

Welocity Display Multiplier 'UDZi

Starting Time Step [sec.) ’W

Cell Flow Imbalance [0.5-t0-0.001] W
Full Cell Talerance [0.4-to-1E-10] ,13.57
Magimum Alowed Fressure lterations 200
Minimurn Allowed Time Step [Sec.] ,13.57
Movie Frames per Time Step ’17

[ Disable Program Control of Time Step

Check to Enter Model
M. Depthin m) Depth m.] ]4.55
[ Model Plan View [Dizable Gravity in v Direction]
Plot Display Type [ 206y [Default) -
Plot Refiesh Rate |10

" Disable Runtime Base Shear Platting
[~ SendPlots To Clipboard

Show Real Time Pressure
instead of Welociy

Finished Here

Deceleration Loading
v Apply Max Seismic or Periadic Riamp [sec] [0

v g lnad as constant force Diuration [zec] (1119

50000

40000 anlpri

30000 M.#‘"'

20000
dr’"

10000

Gasc Bhear (W

|3 3 e & [l A 50 140

Time (sec.}

-10000

“example4c Base Shear Result”
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The resulting shear load on the vessel due to the static horizontal load is shown in the figure above.
The 40,000 N result matches the hand calculation to within the precision of the plotted result.

Remove the slow ramp and expose the vessel to the horizontal shaking force. Three run results are
reported:

1) Result for no baffles
2) Result for solid baffles (2)
3) Result for 20% perforated baffles (2)

Time = 2.42762 sec.
Interactive Velocity Plot — No Baffles

iEH

Time = 43.24918 sec.

Interactive Velocity Plot — Perforated Baffles (20%)

Paulin Research Group Houston, Texas
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w, "BOS Fluids - SPLASH - 2d CFD ¥3.0" - File:C:\BOS Runs\splashlex4\example4k

CFD Filehame |s:ampledk Files Spectrum‘ Max Pressure | dyg Pressure‘

Tank Slug Elbow ;
Sloshing - Imp%ct t User Defined 20000
. - . 80000 ™ Py
Fluid 5 pecific Gravity ||3_9
. - . S 40000 /\ I\ {\
Kinematic Yiscosity [sq.m./z] | 0000071 2 / \ I \ \
- W 20000
Total Solution Time [sec.) |4D = ‘\ / \| l
]
0
o
. 3 VAN !
Harizantal Length [m.) [19 & -20000 \ / \_/-'J
Wertical Length [m.] [4.3 -40000 L7y
Harizomtal Mo, of Cells [152 -50000
Time (zec.)
Wertical Mo, of Cells [40
Fluid Height [m.] [2.45
Advanced | Uzer Layout | Movie ‘ Run‘ Exit ‘
Periodic and Seizmic Loadings
Period [zec.] 1.3

M aximum Perodic Acceleration(g's) 0.0z

Example4k maximum shear plot. F =62376 N. (From Report)

w. "BOS Fluids - SPLASH - 2d CFD ¥3.0" - File:C:\BOS Runs\splash\ex4\example4g20p

CFD Filename examplzdg20p Files Spectrurm ‘ Max Pressure | Awg F'ressure|

Momenl‘ Repart ‘

Tank ~ Slug Elbow

Slozhing Impact + User Defined 60000
Fluid Specific: Gravity 0.9 40000 T = P
Kinematic Viscasity [s0.m./s) - |0.000001 Zj 20000 / \ / \ / \1
Tatal Solution Time [zec.] |4EI % 0 \\] / \‘ //
a E
Horizontal Length [m.] |19 § ~Zooan . ‘1\ }1 - 25‘\ 7 T )
Yertical Length [m.] |43 =L i
Horizontal Mo. of Cells [152 -50000 E——
Yertical No. of Cells |40
Fluid Height [m.] |2.45
Advanced | ser Layout | Movie | Run ‘ Exit ‘
Perniodic and Seizmic Loadings
Period [zec.) ,153—

t awirmum Periodic Acceleration]g's) nnz

“Example4f” with Perforated Baffles. Max shear (From Report) = 45,271 N.

Paulin Research Group Houston, Texas
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w, "BOS Fluids - SPLASH - 2d CFD V3.0" - File:C:\BOS Runs\splash‘\ex#\example4g

CFD Filename |eampledg Files Spectrum| b ax Pressure | g F'ressure| Moment| Report |
ol ¢ SugElbow 0\ Defined 40000
Sloshing Impact &er Ueline r/\ "
_ i _ 30000
Fluid Specific Gravity |g_9 T ’ \l / \ \
Kinematic Yiscosity [sq.m./z) |D.DDDDD1 % 10000 .’ \ { \_ ;l
Total Solution Time [zec.] |4U E 0 \ ’ ‘l I
@
§ -10000 ‘1 14 I = .
Harizontal Length [m.) |'|9 = 000 \\ A "
‘Wertical Length [m.] |4.9 -30000 "V/ \
Harizontal Mo. of Cells |-|52 -40000
Time (sec.)
Wertical No. of Cells |4D
Fluid Height [m.) |2_45
Advanced | Uzer Layout | Movie | RUF‘I| Exit |
Periodic and Seismic Loadings
Period [sec.) 1E.3
Marimurm Periadic Acceleration[g's] nnz

“Example4g20p” — Solution with Solid Baffles. Shear = 39,215 N. (From Report)

The effect of two baffles can be seen to reduce the maximum shear load on the vessel from 60,000 N
to approximately 40,000 N.

Baffles with 20% openings can also be simulated as shown in the following simulation:
The Reference 4 equations for sloshing frequency are:

L;=1.841 L,=5.331 L;=28.536

fi(Hz) = (1/[2x])[( L;)(&/R) tanh( L H/R) "2

where:

fi = Frequency in Hz.

L; = Mode Factor (1.841 for the first sloshing mode)

g = Acceleration due to gravity times the specific gravity of the liquid (9.81 m/sq.s)

R = Radius of the tank (19/2 =9.5 m.)

H = Height of liquid (4.9/2 =2.45 m.)

For the axial sloshing mode in an horizontal vessel the “radius” (R) is equal to half the length of the
horizontal vessel. For the horizontal vessel above:

g/R = (9.81)(0.9) / (9.5) = 0.929
H/R =2.45/9.5=0.258

fi= (1/[2x]) [(1.841)(0.929) tanh[(1.841)(0.258)]]"* = 0.176 Hz.

The period associated with this frequency is: 1/f1 = 5.6 s.

Paulin Research Group Houston, Texas
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Problem #4 Free Fall

This problem is taken from the calculation provided in the manual and validates the solvers ability to properly
evaluate the effect of gravity on a fluid filled region.

The simulation shows that several differently sized droplets falling through 20 meters contact the base of the
tank at the same time and in 2.019 seconds.

The example model is shown below:

= "BOS Fluids - SPLASH - 2d CFD V3.0" - File:c:\BOS Runfl & Advanced Data Input

CFD Filename |etamplef Files Highest Frequency of Interest (H2)  [sp
Samples at highest Frequency of Inberest, lqi
L gﬁ:::;iing - ﬁ;‘;ﬂgbnw i+ User Defined Mawirurn Frequency Plotted [Hz) |257
Fluid Specific Gravity q e
Kinematic Viscozity [gq.m. /z) |D.DDDDD1 ezl Biay bl e W
Total Solution Time [sec.] |1 99 Sliatllig Ve Sl fse] W
Cell Flow Imbalance (0.540-0.000)  [ooor
Horizantal Length () |50 Full Cell Tolerance (0.440-1E-10) [1eg
Yertical Length [m.] |24 M arimum Allowed Pressure [terations lmi
Horizontal Wo. of Cells [100 Mirimum Allowed Time Step (Sec.)  [1e5
Yertical Nao. of Cells |43 tovie Frames per Time Step |17
Fluid Height (m.) o B Lisshe Pragen Ui e S
Advanced | [CifEEIEEIC] M ovie ‘ Run | Exit ‘ - Cheeklo EnterModel — pepymy [T
epth it [m)

Periodic and Seizmic Loadings

. [ Model Plan VWiew (Dizable Gravity in Y Direction)
Period [zec.]

Flot Display Type [ 203 [Default)
Plat Refrezh Fate |‘ID

M aximum Periodic Acceleration[g's]

Elzentro Horizontal g Scale Factor

Elcentro Vertical g Scale Factar [ Dizable Runtime Base Shear Plotting

[~ Send Plots To Clipboard

Show Real Time Pressure
inztead of Yelocity

Elzentro Horizontal Time Scale Factor

Elcentro Wertical Time Scale Factar

Deceleration Loading

Data Prepared Successfully. Starting Run
P . . Apply Max Seizmic or Periodic A=t =]

aload az constant farce Diuration [zec)

Model Input for Free-Fall Control
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1
1 2 2 4 E £ ry 2 2 =)
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Free-Fall User-Defined Model Screen

D D - = 5

Tine = 1.98711 sec.

Interactive SPLASH Screen at Beginning of Simulation (Fluid Droplets Free Surface in Red)

%

Tine = 1.98711 sec.

Fluid Droplets just Prior to 2.0 seconds.
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Problem #5 — Slug Impact on Elbow

Document #20-001-003

This problem is take from the Splash User’s Guide (3.1.22) and the results are compared against a hand
calculation for the typical slug loading on an elbow.

& "BOS Fluids - SPLASH - 2d CFD ¥3.0" - File:C:\BOS Ru

CFD Filename |exampleBE Files

~ Tank

Sloshing Impact

& Slug Elbow

" User Defined

Fluid S pecific: Gravity [1.00

Kinemnatic Viscosity [sg.m. /5] |u_u|j[||j[|‘|

. Advanced Data Input

Highest Frequency of Interest [Hz]
Samples at highest Frequency of Interest.
 awirnumn Frequency Platted [Hz)

Grid bultiplier

Welocity Dizplay Multiplier

Total Solution Time [sez] |05 Starting Time Step [sec)
Pipe ID{m.] |D.5 Cell Flow Imbalance [0.5-bo-0.007]
Bend Radius(m.] [0.7% Full Cell Tolerance [0.4-t0-1E-10)
Inlet Lengthim.] [z F axirnum Allowed Pressure [kerations
Dutlet Length(m.) |D_g Minimum Allowed Time Step (Sec.)
Slug Yelocity (m./s.] [10 Movie Frames per Time Step
Slug Model Input and Advanced Control
30000
25000 ]
o f.ri"
= 20000
i3
2 15000
2 10000
&
5000
0
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e calculated slug load 1s=p = g/m (0. m m/s” =25,
The calculated slug load is = pAV? = (1000) kg/m*(0.25) m? (100) m*/s* = 25,000 N
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Splash — Load Factor Development

A cylindrical tank with free water surface Fig.l1 subjected to horizontal ground acceleration
has two kinds forces by the water. First, when the walls of the tank accelerate a certain amount of
water is forced to participate in the motion, which exerts a reactive force on the tank. The force is
called impulsive force. Second, the motion of the tank excites the water into oscillations which exert an
oscillating force on the tank. The oscillating force is called convective force. In engineering, the
convective force corresponding to the fundamental mode of oscillation of the water is most often
considered (DynaVessel). Computational fluid mechanics (CFD) programs (Splash) include the effect
of multiple modes and the results can be compared with single mode models to guarantee
conservatism of the results.

Figure 1. A tank with free water surface.

For an axisymmetric tank, it is possible to avoid three-dimensional computation by multiplying
the two-dimensional result by a geometric factor. The two-dimensional result is obtained by cutting
one slice of the tank along its cylindrical axis with unit thickness. There are four types of tanks under
consideration as illustrated in the following graphs (Fig.2, Fig.3):

1. Vertically cylindrical tank with flat bottom;

2. Vertically tank with hemispherical bottom;
3. Horizontally cylindrical tank with flat head;
4

Horizontally cylindrical tank with hemispherical bottom.

The graphs are the geometry used in the two-dimensional computation with the unit thickness along
the direction perpendicular to the paper. The vertical tanks are under horizontal excitation while the
horizontally tanks under longitudinal excitation.

Paulin Research Group Houston, Texas 18
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Figure 3. Horizontal tanks with flat head and spherical head

Paulin Research Group Houston, Texas

19



Bos Fluids “Splash” Quality Assurance Examples Document #20-001-003

In two dimensional calculation, we can take one slice of liquid with unit thickness along the
direction perpendicular to the paper and the slice of the liquid has the geometry as shown in Fig. 2 and
Fig. 3. The two dimensional calculation is carried out on this slice of liquid and the three dimensional
results are obtained by multiplying the two dimensional result by aD where D is the diameter of the
cylinder. See Fig. 4 and Fig. 5. Even though the factors in Fig.5 was generated for the case that the
height of the liquid is equal to half of the diameter, they are applicable to the liquid of any height.

The procedures of obtaining Fig.4 and Fig.5 are elaborated in the following:

For example, for a vertically cylindrical tank with flat bottom subjected to ground acceleration
of amplitude a, the maxmum base shear of the tank due to the acceleration is:

12
Pcy :Moa+ﬁM1g‘9h

where M, M, are impulsive mass and sloshing mass respectively which be addressed in the following
section. g is gravity acceleration. ¢, is the maximum rotation angle for the free surface of the liquid

in the cylindrical tank.

Along the axis of the tank, a rectangular slice is taken with unit thickness, which is also the
model used in Splash as shown later. The base shear of the rectangular slice due to the same ground
acceleration can be put in the following form

P, =Ma+M,g0,

rec

where M, M, are the impulsive mass and sloshing mass for the liquid in the rectangular slice
respectively. @, is the maximum rotation angle for the free surface of the liquid in the rectangular tank.
P, . : o
The ratio of —= is the factor used in Splash to convert the result from the rectangular slice into

rec

the result for the three-dimensional vertically cylindrical tank.
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Bos Fluids “Splash” Quality Assurance Examples Document #20-001-003

0.900
0.850
0.800
0.750
0.700
0.650
0.600
0.550
0.500
0.450
0.400
0.350
0.300
0.250
0.200

F}at botFom
|

T T
Sperical bottom

[P T TT LARRE R U T LR | LN | TT[TT LU y[

0510 15 20 25 3. 0 55 60 65 7.0

: H . :
Figure 4. Factor « vs. = used to convert the 2D results into 3D ones for vertically

cylindrical tank where H is illustrated in Fig.2 and R zg
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For the volume of sloshing liquid it should be noted that the impulsive force can be equivalent to
the one exerted by a mass M|, that is attached rigidly to the tank at the proper height 4,. The mass M|,
is attached at a height %, so that the horizontal force exerted by it is the same as the resultant force
exerted by the equivalent water. The convective force is the same the one exerted by a mass M, that

can oscillate horizontally against a restraining spring as show in Figure 8. Table 1 and 2 are the
parameters used to define the equivalent system with respect to different tank geometry.

T 1 M 445

Figure 8. The equivalent system for water tank where M, and M, produce dynamic
forces equivalent to those produced by the water.
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Table 1. Parameters to define the equivalent system for rectangular tank and vertically cylindrical tank.

Document #20-001-003

Rectangular tank

M : Mass of the sloshing liquid
h : Height of the sloshing liquid
[ : Half length of the rectangle

Vertical tank with flat bottom
M : Mass of the sloshing liquid
h : Height of the sloshing liquid
R : Radius of the tank

tanh(\/g 2) tanh(\/g 1:)
M, M I M R
5l AR
h h
/ R
N ML
O T R A
tanh(\/g J tanh(\/g j
h h
a)Z

£ étanh \/Eﬁ
I\N2 21

R\ 8 V 8 R

2

M, M éi‘[anh \/Eﬁ M (11 2—7£tanh ﬂﬁ
3 V2 h 21 412)\V 8 & V8 R

cosh \/gh -2 cosh ﬁﬁ —13—5

21 V 8 R 88

h, hl1- hl 1-
\/ghsinh fh 27 kgl 270
21 21 8 R 8 R
Kl

2
oM,

2
oM,
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Comments:

Document #20-001-003

1. The above formulae are only applicable to the amount of liquid with %or % <lL.S5.

2. It should be noted here the rectangular tank has unit width and in calculating the force the
calculated force from the above formulate needs to be multiplied by the width of the

rectangle.

3. For vertically cylindrical tank with flat bottom, the height of the sloshing liquid is defined
as h = H while for vertically cylindrical tank with hemispherical bottom, all the above
formulae for the flat bottom can be applied with the height of the liquid ~# replaced by

H - g which is the height of the liquid for an equivalent cylindrical tank.

4. In the case ?or % < 1.5, the calculations of @*, M 1> hy, K, still use the full depth of the

liquid and whole volume of the mass. The calculations of M, A, have to be modified. It

can be considered that at 5,/ =1.5R there is a fictitious bottom. The mass between the
fictitious bottom and the actual bottom just has rigid body motion. For the mass between
the fictitious bottom and the free surface of the liquid the M, 4, has the following

expression.
tanh[ﬁ] tanh(ﬁ}
M, M’ i M—N"7
V3 V3
1.5 1.5
3 V3
hy | 4R 415 4% 1% 1+5[_1
8 3 V3 tanh V3
tanh E 1.5

M'=1.5paR* for cylindrical tank and M'=1.5pL for the rectangular tank.
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Table 2. The parameters used to define the equivalent system for horizontally cylindrical tank.

Tank with flat head

M : Mass of the sloshing liquid
R :Radius of the tank

h: Height of the sloshing liquid

Tank with hemispherical head

M : Mass of the sloshing liquid
R :Radius of the tank

h: Height of the sloshing liquid

7R 7R
defined as —. defined as —.

[ : Half length of the rectangle [ : Half length of the rectangle

L L 2
defined as — definedas — +—R

tanh(\/g }IJ tanh(\/g }le
M, M——" M
3 - 3 -
\/_h \/_h
Nk sl
3h 4 h 3h 4 h
& 3173 Nl FY ) Nl
t h(\/? j t h(\/g j

@° g\/gtanh \/Eﬁ §\/§tanh \/Eﬁ
I N2 21 I N2 21

M, M éi‘[anh \/Eﬁ M éitanh \/Eﬁ
3V2h 21 3V2h

21
cosh fh 135 cosh fh 135
21 88 21 88
h, A1 1
\Fh hfh \Fh hfh
21 21 21 21
K, a)lel a)lel
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Comments:

1. For horizontally cylindrical tank with flat/hemispherical head, a rectangular tank equivalent
to the horizontal tank in terms of the liquid volume needs to be found to analyze the
sloshing effects and the width of the rectangular tank is D if the wet height of the liquid in
the horizontally cylindrical tank is half of the diameter.

2. The formulae listed in the table are for the case in which the height of the liquid is equal to
R

3. Inthe case h > 1.5, the procedure to deal with the rectangular tank in the calculation of

M, and h,as shown in the comments of Table 1 is applicable for the equivalent

rectangular tank.

4. In calculating the impulsive force or convective force, the results from the above formulae
is only for the equivalent rectangular tank with unit thickness and they needs to be
multiplied by the width of the equivalent rectangular tank.

Paulin Research Group Houston, Texas
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When local stresses are of concern, the masses and associated sloshing mode horizontal springs
shall be distributed over part of the basin wall height as shown in Fig. 9. The impulsive mass M, may

be uniformly distributed over a height equal to twice the distance from the bottom of the basin to the

center of mass (Note: It could be the fictitious bottom in the case of % or Li >1.5). The horizontal

e

springs for the sloshing effect shall be distributed over a height from the top of the water surface to the
center of mass. The sloshing mass, M, shall be attached, through a rigid link, to the distributed

springs at the position 4, below the surface of the liquid. The impulsive mass M, and sloshing mass

M, are calculated according to the formulae listed in the previous tables. The procedure for
distributing the mass is as follows:

1.

Calculate the center of the mass and then get the height over which the impulsive mass M
shall be uniformly distributed.

Distribute uniformly the spring stiffness K, to horizontal springs over the height /. which
denotes the center of the liquid mass and the springs are connected through a rigid link to
which the sloshing mass located at the position of 4, is attached.

In the case of % or Li > 1.5, the part of the liquid below the critical depth can be regarded as a

e

solid mass which shall be uniformly distributed over the height between the actual bottom of the basin
and the fictitious bottom. For the part of the liquid between the water surface and the fictitious bottom,
repeat the previous procedure to add the impulsive mass and sloshing mass.

-+——— Top of Basin

Horizontal Springs for
Convective Mass Effects

M,, + M, -+—Fluid Surface
M.l‘q +M92
My + Mg,

M’s +MGH —f-

Rigid Link: L
M, +M,, A

L 4 M38+Mms

l Bottom ot Basin7

Figure 9. Distribution of fluid mass for horizontal seismic response analysis of basins with

local stress problems.
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Examples

1.

A vertically cylindrical tank of R = 24.384 m. radius and 4 = 7.62 m. depth of water as shown
below. Assume the tank to be given a horizontal acceleration in the x direction of amplitude
a =0.01g and let the frequency of the acceleration be 6.41 Hz. which is the first natural sloshing

frequency of the tank. This acceleration persists for 20 sec.

v

Based on the equivalent system to the sloshing liquid as shown in Fig. 8 and the corresponding
formula listed in Table 1 for the cylindrical tank, it is easily to get the vibration equation for single
degree-of-freedom without damping.

¥+ o x = asin(at)
with the following solution

x(t) = #(sin(m) - Ezsin(a)lt)j

In the case of resonance, the solution is expressed in the following format:

a

5 (sin(a)lt) -yt cos(a)lt))
2w,

x(t) =

and the base shear from the sloshing is
P(t)=Kx(t)=M, %(sin(a)lt) — aytcos(myt))
Then it is obvious that the total base shear has the form of

P(t) = M asin(at) + P.(t)

Next, we take one slice of the liquid along the diameter whose direction coincides with the
ground acceleration, regard it as a rectangular tank with unit thickness and apply the formula listed in
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Table 1 for the rectangular tank to calculate the shear force at the base of the tank. As a way of
comparison, we also run the same model on Splash and the results are illustrated in Fig.10. It can be

observed that there is good agreement between the two types of calculations as far as the amplitudes of
base shear are concerned.

100000

T

elo retical relsult
Splash result
50000

-

Base Shear (N)

-50000

-1000000 2 4 6 8 10 12 14 16 18 20

Time (sec.)

Figure 10. Comparison of time history of base shear from Splash and the theoretical calculation for
rectangular tank with unit thickness.

The above results are two-dimensional ones. It can be seen that % =0.625 and from Fig. 4 the

ratio of converting two-dimensional result into three-dimensional case for Z =0.625 is about 0.78,

which means that the base shear from the equivalent rectangular tank or Splash needs to be multiplied
by factor 0.78D to get the base shear for vertically cylindrical tank. Fig. 11 shows the time histories of
base shear from analytical solution and the equivalent rectangular tank which match each other well.
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Figure 11. Comparison of base shear for vertically cylindrical tank with flat bottom resulting

from analytical theory and Splash.

A flat-head horizontally cylindrical tank of R =0.235m. radius, 4 =0.235m. depth of
water and L =0.94 m. length of water. Assume the tank to be given a displacement in the axial
direction of amplitude dx = 0.005 m. and let the frequency of the acceleration be 0.74Hz. which is
the first natural sloshing frequency of the tank. This acceleration persists for 10 sec.

For simplicity, we skip the procedure to calculate the theoretical result since it is illustrated
in the example 1. If one slice of the tank is taken along the axial direction with unit thickness, we
can consider it as a rectangular tank and immediately all the formulae for the equivalent system to
the rectangular tank can be applied. Fig 12. is the comparison of the time history in base shear
from the calculation of rectangular tank and software Splash.
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Figure 12. Comparison of time history of base shear from Splash and the theoretical calculation
for rectangular tank with unit thickness.

It can be seen that h =0.5(= £) and from Fig. 4 the ratio of converting two-dimensional

. . . h . .
result into three-dimensional case for — = 0.5 is about 0.64, which means that the base shear from

the equivalent rectangular tank or Splash needs to be multiplied by factor 0.64D to get the base
shear for horizontally cylindrical tank. Fig. 13 shows the time history of base shear from analytical
solution and the equivalent rectangular tank which match each other well.
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Figure 13. Comparison of base shear for horizontally cylindrical tank with flat head resulting
from analytical theory and Splash.
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