


CONFIDENTIAL BUSINESS INFORMATION

April 4, 2011 154.002.009.001

Mr. Daniel Siegfried, Managing Attorney
Alliant Energy Corporate Services

Legal Department

200 First Street SE

PO Box 351

Cedar Rapids, IA 52406-0351

Re: Response to Additional Activities Request
United States Environmental Protection Agency
March 29. 2011 Response to Alliant’s March 23, 2011 Submittal

Dear Mr. Siegfried;

Aether DBS, LLC is responding to additional activities requests A, B and F from the United
States Environmental Protection Agencies (USEPA’s) letter to Alliant Energy Corporation
(Alliant) of March 29, 2011. For completion in our response, the USEPA request is repeated
along with Aether’s response.

A. Conduct a formal dam break analysis based on a catastrophic failure of the Economizer
Ash Pond, with accompanying calculations and reference material, signed by a
Professional Engineer on letterhead.

The calculations and references in support of the dam break analysis summarized in
Alliant’s March 23, 2011 submittal are enclosed as Attachment A. The analysis is based
on the momentum principals of Saint-Venant. The liquefied ash is conservatively
treated as water with no viscosity. The force of the released wave on the clay
embankment at the north end of the Upper Ash Pond is based on the conservation of
energy.

The release of a negative roll wave as presented in Chow, is based on an infinite source
of water (liquefied soil). The equation projects that the flow reaches a constant
thickness forever. The Economizer Ash Pond is not infinite and the spreading of
liguefaction in the Economizer Ash Pond will run out of source at about the same time it
reaches the Upper Ash Pond north embankment. In support of this finite limiting
concept, the TVA Kingston ash pile ran out of source before the entire pond contents
flowed out of the pond area.
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When the flowing ash stops it stops suddenly and reverts to a solid form. From
experience at Kingston the change from fluid behavior to solid behavior occurs at a unit
weight of 70 to 75 pounds per cubic foot. For conservatism, Aether assumed that the
unit weight of the flowing ash was 95 pounds per cubic foot when it contacts the Upper
Ash Pond embankment. The resultant pressure will not move the clay embankment.

Aether trusts that a review of the calculations and references in conjunction with the
Figures showing the true scale variations of site features will assure the USEPA that the
contents of a liquefied Economizer Ash Pond will remain within the confines of the
Economizer Ash Pond and the Upper Ash Pond at the Burlington Generating Station.

The work by Aether was perform by or under the supervision of Mr. Timothy J.
Harrington, P.E. who has over 35-years of engineering experience including significant
work on the liquefaction of soils and the effects of earthquakes on structures founded on
soil. Mr. Harrington directed work at TVA Kingston to remove ash from the Emory
River and is experienced with the ways that ash handles when in a liquefied state. Mr.
Harrington is a registered professional engineer in ten states and is responsible for the
technical content of Aether’s presentation.

. Conduct a hydraulic study that verifies only water is released in the event of an

Economizer embankment failure.

If static liquefaction results in fluidized economizer ash flowing north into the Upper
Ash Pond the flowing ash would displace water and settled fluid ash in the Upper Ash
Pond. The displaced water would flow to the western end of the Upper Ash Pond and
up and over the crest of the Upper Ash Pond. The liquefied mass of Economizer Ash
would be arrested at the Upper Ash Embankment with all motion complete in less than
10-minutes (Attachment A).

Aether estimates that the Upper Ash Pond contains approximately 1,000,000 cubic feet
of water and that 50% of the water will flow to the western end of the pond and 50%
will go over the top of the Upper Ash Pond embankment and enter the Lower Ash Pond,
Attachment B. The rate of flow over the top of the embankment will be proportional to
the arrival of the liquefied Economizer Ash with 90% of the flow in the first three
minutes and the remaining 10% over the next seven minutes.

The water overtopping the Upper Ash Pond will be detained in the Lower Ash Pond and
will result in an increase of the Lower Ash Pond water elevation by approximately 8-
inches. The flow over the Lower Ash Pond discharge weir will increase by three times
the normal flow and the first 25% of the surge of water will take approximately 2.5
hours to discharge from the Lower Ash Pond. Half of the displaced water will take
about 6 hours to discharge and approximately 24 hours to drain approximately 90% of
the displaced water over the lower ash pond weir structure. The retention will provide
more than adequate time for the fluid ash from the Upper Ash Pond to settle prior to
discharge of the water to the Mississippi River.
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Install slope inclinometers in association with the new borings. The slope inclinometer
data should provide locations and magnitude of horizontal movement within the
Economizer Ash Pond embankment and underlying materials. Periodic measurements
should provide data on the rate of movement. This data should be part of a
geotechnical report that describes the actions taken by Alliant to address the
embankment stability issue.

Aether does not understand how the use of slope inclinometers would lower the ash
release risk at the Burlington Station. The failure mechanisms that would lead to
liquefaction flow are either a design level earthquake or a static shear event that causes
static liquefaction of the Economizer Ash Pond. Both of these events would be sudden
without movement of the embankments prior to the liquefaction event. The slope
inclinometers would not show movement prior to the event.

Liquefaction is triggered by sudden increases of pore water pressure in fine sands, silts
or sensitive clays. Sudden means occurring in less than a minute. These increases may
result from the cyclic shearing that occurs in the strong motion of a large earthquake or
by the sudden shearing failure of a slope that is saturated. In both cases the slope will
not be moving prior to the shearing event. At TVA Kingston the slope failed due to
increased seepage pressure and weight from suddenly increasing the hydraulic flow to
the pile.

Aether understands that the hydraulic flow to the Economizer Ash Pond has not
increased and that Alliant is removing Economizer Ash as it accumulates and taking it
off the top of the Economizer Ash Pond.

Aether suggests that we first determine if a clay embankment is present in the eastern
half of the north Economizer Ash Pond embankment before making decisions on the use
of inclinometers as a monitoring tool. The purpose in that case would be to monitor the
relative movements between the embankment and the underlying soil that might be
occurring because of increased loadings.

Respectfully,

Timothy J. Harrington, P.E.

Mark W. Loerop, P.E
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Attachment A
Liquefaction Flow Analysis
Economizer Ash Pond

Burlington Generating Station
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Economizer Pond Dam-Break Problem
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OPEN-CHANNEL HYDRAULICS

VEN TE CHOW, Ph.D.

Professor of Hydraulic Engineering
University of Illinois

McGRAW-HILI, BOOK COMPANY
New York Toronto London
1059
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where w 1s the unit weight of water, T is the top width, and & is the surge height.
The kinetic energy of the element is evidéntly equal to

. wViHT

EE. = %9 (1947}

where y is the depth of water and V is the velocity of flow. By Eq. (19-23) or Eq.
(19-19), as the case may be, the above equation may be reduced to

p KB, = 20T (19-48)
Assuming a surge of small height,
e=~/gy
and the above equation becomes
‘ K.E. = Xuwh'T S (19-49)

The total energy of surge per unit length is, therefore,
E =PE. + EE. = whT (19-50)
19-4. Negative Surges. Negative surges are not stable in form,

because the upper portions of the wave travel faster than the lower por-
tions (Art. 19-1). If the initial profile of the surge is assumed to have a

Assumed ?
Assumed Assumed surge profile
profile profile immediately
ofter 2¢ sec after t sec after creation

S

L i e i G e

Fic. 19-8. Propagation of a negative surge due to sudden lift of a sluice gate.

steep front, it will soon flatten out as the surge moves through the
channel (Fig. 19-8). If the height of the surge is moderate or small
compared with the depth of flow, the equations derived for a positive
surge can be applied to determine approximately the propagation of the
negative surge. If the height of the surge is relatively large, a more
elaborate analysis is necessary as follows: '
Figure 19-9 shows a type D surge (Fig. 19-2) of relatively large height,
retreating in an upstream direction. The surge is caused by the sudden

lifting of a sluice gate. The wave velocity of the surge actually varies

from point to point. For example, V., is the wave velocity at a point
on the surface of the wave where the depth is ¥ and the velocity of flow
through the section is V. During 2 time interval dt, the change in y1is dy.
The value of dy is positive for an increase of ¥ and negative for a decrease

INFORMATION =®ariDLY vm:o UNSTEADY FLOW 567

of . By the momentum principle, the corresponding change in hydro-
static pressure should be equal to the force required to change the
momentum of the vertical element between y and y + dy. Considering
a unit width of the chanrel and assuming 8, = 82 == 1,

SV —F U Td) =T @B VAV (1950
Simplifyi'ng' the above equation and neglecting the differential terms
of higher order,

dy = — f—*;ﬂ v (19-52)

As described previously (Art. 19-1), the whole wavefront can be
assumed to be made up of a large number of very small waves placed

Vi—o- b

LI OEL AL (2, A 4

Fra. 19-9. Analysis of a negative surge.

one on top of the other. The wvelocity of the small wave at the point
under consideration may be e};:pressed according to Eq. (19-11) as

Vo= gy —V | (19-58)
Similarly, the velocity at the wave crest is
Vo: = V/gys — Va (19-54)
and, at the wave trough, '
Vr = Vg — Vi {19-55)

When the surge is not too high, a straight-line relation between V.
and V,; may be assumed. Thus, the mean velocity of the wave may be
considered to be -

v, = Vot Ve ns Var (19-56)
Now, eliminating V. between Eqgs. (19-52) and (19-53),
&~ 4V S
Gy _dv 19-57)
vy Vg ( .
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Integrating this equation from y; to y and from V. to V, and solving
for V,

V=V:+2Vgy:— 2 Vgy (19-58)
From Eq. (19-53), .
Ve =3Vgy —2 Vgys — Vo (19-59)
Thus, the wave velocity at the trough of the wave is
le = 3 / gy1 — 2 vV JY: — Vz (19"60)

Let ¢t be the time elapsed since the surge was created or, in this case,
since the sluice gate was opened. At ¢ =0, the wavelength X = 0.
After ¢ sec, the wavelength is equal to

A= (Vur — Vi)t {19-61)
The above analysis can be applied similarly to a negative surge of
type C.

Example 19-6. Show that the equa.tion of the wave profile, resulting from the
failure of a dam is in the form of

z=2gy — 3 Vey (19-62)

where z is the distance measured from the dam site, 7 is the depth of the wave profile,
y» is the depth of the impounding water, and ¢ is the time after the dam broke.

Solution. Since the impounding water has zero wvelocity, or ¥; = 0, the wave
velocity by Eq. (19-59)is ¥V, = 3 vVgy — 2 A/gyz. Since Vo is in the negative direc~
tion of z, £ = —V.i; which gives Eq. (19-62).

Vw2 n/ 0%z

] Center line of
- I’/th_e dam

'Y
/Rotl wave
1 -“Vw!=2-\/€|—¥2
o LTSS 7 e I 7 7

Fic. 19-10. Wave profile due to dam failure.

Equation (19-62) represents a parabola with vertical axis and vertex on the channel

bottom, as shown in Fig. 19-10. At the site of the dam, z = 0 and the depth v, =
4y./9. Owing to the.channel friction, the actual profile takes the form indicated
- by the dashed line. This profile has 2 rounded front at the downstream end, forming a
bore (see Example 18-1). At the upstream end, the theoretical profile thus developed -

has beer checked satisfactorily with experiments by Schoklitsch [12].

18-5. Surge in Power Canals. Engineers are interested in the deter-
Inination of the maximum stage of water that could be developed as s

INFORMATIQN BAFIDLT VARIED UNSTRADY FLOW 569

result of a sudden rejection of load in a power canal. This information is
required in the design of the canal for establishing the height of wall
necessary to prevent overflow. .

Figure 19-11a shows the condition of steady flow in a power canal.
The flow profile and the friction loss can be computed. When the load

' veloclty Profile of
=t head the original
‘ i steody flow |
Reservoir — /
: Ve |
. -l To power
" | plont

()

()]

Surge profile when the wave
- frant reaches the reservoir

|
|-
!

Moximum stoge
of the rejectien
surge

i .
%J_ .
(e} 4

F1e. 19-11. Development of rejection surge in frictional channel.

is suddenly thrown off, a rejection surge advancing upstream is produced,
as shown in Fig. 19-11b. According to usual observations, the water
surface @b downstream from the wavefront is approximately level. Thus,
when the wavefront reaches the reservoir, the water surface throughout
the entire canal becomes level (Fig. 19-1lc). However, a steadily

7
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FOREYORD

This Research Mote reports the findings of The Hydrologic Engineering
Center on appropriate methodologies for calculating and routing floods re-
sulting from suddenly-breached dams.

This study was prepared for the U.S. Army Engineer Haterways Experiment
Station, Vicksburg, Miss. with funding provided by the Defense Huclear
Agency under subtask L19HAXSX337, "Above Ground Structures," work unit 07,
"Damage of Dams," and by the 0Office, Chief of Engineers under DA project
4A762719AT40, task Al, work unit 006,

The material contained herein is offered for information purposes only
and should not be construed as Corps of Engineers policy or as being re-

commended guidance for fie1d offices of the Corps of Engineers,

9/84
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CALCULATING AND ROUTING A DAM-BREAK FLOOD
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RESEARCH HOTE MO. 5
GUIDELINES FOR CALCULATING AMD ROUTING A DAM-BREAK FLNOD

1. Introduction. Planning and design requirements for a wide range of pro-
jects, such as emergency preparedness and siting of nuclear power plants,
have generated widespread interest in dam break floods. Much academic re-
search and some laboratory research have been accomplished on this topic.
Generalized analytic techniques for calculating and routing such floods,
particularly in non-prismatic valleys, have not been readily available.
Furthermore, prototype verification data are almost non-existent. This re-
port describes procedures necessary to calculate and route a dam break flood
using an existing generalized unsteady open channel flow model. The recent
Teton Dam event was reconstituted to test the model's performance on such a
highly dynamic wave. The procedures outlined herein relate, primarily, to
partial breaches. Some deficiencies in the model were identified which will
require some further research and programming to improve the applicability
of the program to dam break flood events.

2. Summary. The special projects memo cited as reference {a) established
four objectives for this study. The first two, a) level of accuracy of
existing techniques and b) sensitivity of calculated results to n-values and
breach size, are summarized below and presented in detail in Appendix A. The
third objective, c) description of physical phenomena controlling depth and
travel time and a discussion of pertinent field data, is presented in the
body of this report. The fourth objective, d) documentation of the method-
ology, is included in Appendix B. Computer programs utilized in the meth-
odology, references (b) and (c), may be obtained from The Hydrologic

Engineering Center.

The computer program of reference {c) was applied to the Teton Dam data set
to demonstrate the level of accuracy one might expect in such analyses.

The results are shown on pages A-26 through A-28 of Appendix A and, in
general, appear reasonable. This test case demonstrates the usefulness of
a generalized computer program because the methods proposed in references
(d) and (e) were not applicable to the Teton data set for reasons given in

paragraph 10,
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Regarding sensitivity to breach size, pages A-<22 and A-23 show the two
breach sizes considered, The breach that developed at Teton was estimated,
by others, to be 40 percent of the dam embankment., Geometric data were not
available to verify this, therefore, our best estimate of the final Teton
breach geometry, page A-22, js based on photographs. The breach shown on
page A-23 has the same side slope as that on page A-225 §.6 on 1, but it
has zero bottom width, This seemed a 1ikely intermediate congitfon, but

no field data were available at the time of this study to establish an
observed intermediate condition,

The calculated outflow is shown on page A-24, The hydrograph labeled
“trapezoidal breach" assumed the 40 percent breach size, page A~22,
developed instantaneously. The hydrograph labeled "triangular breach"

was determined in a similar manner for the 30% breach size. The third
hydrograph on page A-24 was calculated for the trapezoidal breach (labeled
40% breach size on page A-22), but an observed reservoir drawdown curve

at the dam, page A-20, was used which impifes a gradual development of
the breach rather than instantaneous failure. The last-approath was con-
sidered hest in_estimating the discharge hydrographfrom Teton reservoir
given the data set and analytical techniques available to us. )

The sensitivity of calculated outflows to breach size and rate of development
is illustrated on page A-24. It is summarized.in the following table together

with pertinent elevation data for an n value of 0.04,

Table 1: Sensitivity to Breach Size and Rate of Development

Final Breach Sizel Rate of [Calculated Peak Calculated Peak Elevations
¢ of Total Dam |DevelopmentiWater Discharge TS
at Dam Axis p "
6 At Dam Axis |Miles Downstream
100 ¢Fs (1) from Dam Axis
e o 5 10
AT (7] .8 (3] 7173 ROTd [ 4937
0% instanta- 2.4 5151 5015 | 4933
neous
an% instanta~ 3.4 5175 5020 { 4935
neous

(1) HMultiply by 0.02832 to get Cubic Meters Per Second

(2) Actual rate of development was unknown so the observed reserveir
drawdovm curve, page A-20, was used to approximate outflow

conditions,

s et e -
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(3) The actgal peak discharge, as estimated by personnel of the Walla
Walla District, Army Corps of Engineers from observed data in the
Teton Canyon three miles downstream from the dam, was 2,300,000 cfs.

From these results it {is apparent that neither the size of breachs tested
nor the rates of failure assumed were very significant in predicting peak
elevations five miles downstream from the dam,

The calculated peak flood elevations, near the dam, were very sensitive

to n-values. Increasing n from .03 to .06 raised the peak F¥ood elevation
ok feet at the dam, as illustrated on page A-8, Table 3, At 5 miles
dovmstream the calculated difference was only 8 feet. Differences continued

" to diminish with distance.

Calculated Travel Times are shown on page A-29, They correspond to the
discharge hydrograph labeled "simulated from observed data" on page A-24
and nsvalues of 0,04,

Searching for a simplified approach in place of references {d) and (e} led to
a trial application of the Modified Puls routing technigue. The hydrograph
labeled "simulated from observed data” on page A-24 was routed and a water
surface profile calculated for the resulting peak discharges. A comparison
of the results with the observed elevations and the peak elevations computed
with the full equations is shoum on pages A-30 through A-32, Additional
investigation is needed to establish the range of applicability of this

method.

3. Physical Phenomena and Field Data. Analysis of the dam-break flood
involves understanding the physical processes before applying analytical
techniques which approximate those physical processes. Three distinctly
different processes are involved: the process of structural failure
causing the breach to develop; the process of setting water into motion
in a reservoir; and the process of flood wave attenuation,

The size, shape and rate of breach development are primarily responsible
for the peak rate of outfTow from the reservoir. Yet, of the three physical

"processes, this one is the most difficult to quantify. With the exception

of man-made breaches, it is difficult to visualize the instantaneous develop~
ment of a breach. Some have occurred, however. The St. Frances Dam, a

high head concrete gravity structure, apparently suffered an abutment
failure which resulted in virtually the instantaneous failure of the entire
stpructure. The Johnstown flood of 1889 was caused by the complete failure
of an earth fi1l dam, Reports indicate that less than half an hour was
required for overtopping flow to breach the structure. The recent Teton
failure, a full depth-partial width breach of an earth fi1l dam, is estimated
to have developed in less than two hours. Since natural failure of a major
structure is so {mprobabie, establishing a mode of failure requires a policy
decision rather than an analytical technique. In general, instantaneous
failure of the entire structure produces the largest flood wave,
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The second physical process results from the depth of water above the breach
invert. That 1s, a reservoir has a total energy head equal to the elevation
of the water surface. If the dam {is breached, the force of gravity will set
water into motion. The effect will propogate, as a negative wave, to the
upstream end of the reservoir at a velocity equal to /gy where g is
acceleration of gravity and y is water depth, Because of the great depth

in a reservoir, very little frictional resistance 1s mobilized during the
passage of this negative wave. As a result, water gains specific energy
rapidly as it moves toward the breach. In instantaneous breach development,
the peak outflow will occur within a minute or two after breach1nq.”

Whereas the total energy head setting the water into motion {is the specific
energy {i.e., the initial water depth) above the breach invert, the energy
which must be dissipated in the downstream channel is equal to the specific
enargy from the downstream channel invert to the initial pool elevation,
The fact that the water surface elevation drops down rapidly at the dam
axis does not reflect a corresponding loss 1n energy head. UYhen flow
begins, that specific energy above the breach invert is transformed into
three components: a pressure head, a kinetic energy head and an inertia
head.  (The relative size of each of these energy head components is
discussed more fully in sections 4 and 5.) Friction loss is relatively
small and may be neglected unless the reservoir bottom {s extremely rough
(more than 5% or 10% of the water depth).

The third physical process, flood wave attenuation, involves energy
dissipation and valley storage. As the flood wave moves downstream, the
peak discharge tends to decrease, the base of the flood wvave will become
Tonger and the wave velocity will decvease. Hear the dam, energy dissipation
is primarily responsible for behavior of the flood wave. However, valley
storage soon becomes the primary factor in flood wave attenuation. e

key to the transition from energy dissipation to valley storage control is
the rate at which the slope of the total energy gradient, a line which must
intersect the initial pool elevation at the dam, is reduced to that of a
major rainfall flood in the downstream valley. It seems obvious that the
total energy at any cross section in the valley should not exceed the initial
reservoir elevation, and yet some analytical techniques occasionally violate
that constraint., It is good policy to always check the total energy, as

well as the water volume,in a calculated flood wave.

The rate of energy dissipation is governed primarily by friction loss,
Minor losses from bends and contractions-expansions are often included in
the n-values.

The volume of water in the reservoir is the final piece of field data required,
This volume strongly influences the peak elevations at downstream points.
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4,  Energy Components and Peak Outflow from Complete, Instantaneous Breaches.
It 1s useful to develop the relative size for each energy component in the
flow at the dam axis and to compare all of them to the more common case of
steady state critical flow at a contraction.

Ry assuming a rectangular cross section, zero bottom slope and instantaneous
vemoval of the entire dam, Saint-Venant developed an analytical solution for
the elevation of the free surface, reference (f), page 755, Utilizing that
equation, the depth of flow at the dam axis was determined, by Saint-Venant
and others, to be 4 Y, where Y, is the original water depth at the dap.
Also, the velocity corresponding to the peak outflow was shown to ma?; VgYO.
Combining these relationships leads to the equation for peak discharge

_ .8 ,
max = 27 Yo * V9o (1)

Yo is the initial water depth at the dam

g is acceleration of gravity

Ynax is peak water discharge in cfs/ft

Since this equation was developed for a rectangular section, the total
discharge may be calculated hy multiplying Yax by the width,

Using the relationships referenced above, the velocity head (i.e., the
kinetic energy head component of the specific energy head) was calculated
to be & Y,. Since, in the absence of friction and other losses, inertia
is the on?y remaining term in the basic, unsteady flow equations of Saint-
Venant, it may be calculated as follows.

Y =h1.+—-vo+%v (2)

These components are shown in Figure 1 along with the energy components
for critical, steady state flow.

This figure shows that in the dam break flood analysis, as well as steady
state critical flow at a contraction, the velocity head is half the pressure
head. However, the inertia head component is zero in Figure la because flow
is steady state,
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Figure 1. Components of Specific Energy Head.

The drawdown in water surface elevation to 6—Y0 at the dam axis, Figure 1b,
does not reflect a corresponding energy loss, Experimental results obtained
by Schoklitsch, reproduced on page 755 of reference 1f, show relatively
1ittle friction loss in flow approaching the dam axis. As might be expected,
the model results showed friction to he very significant downstream. Tests
reported by WES in reference (:g)showed no impact from friction loss at the
dam axis. However, the UES flume sloped at 0.005 ft/ft, whereas the flume

in Schoklitsch's experiment had zero bottom slope.

The significance of this point is that all three energy components, pressure
head, kinetic energy head and inertia head, are significant in complete,
instantaneous hreachings. Consequently, investigators encourage the use of
the complete routing equations, often referred to as the Saint-Yenant
equations, Simplifications of the complete equations, such as Muskingham,
Tatum, Straddle-Stagger and Modified Puls, are not recommended because the
empirical coefficients would invariably be developed from rainfall floods
and would reflect different values of energy components relative to Yo.

5. Instantaneous, Partial Breaches. Partial breaches are classified,
according to hydraulic performance, as full depth-partial width, partial
dépth-full width or partial depth-partial width. A separate equation has
been developed for calculating the peak water discharge for each class,
page 25 of reference (g).
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—

Full Depth-Partial Width 1
4
= --8- b * [ B
Qax =77 " P Yo © () Vb, (3)

B is width of channel, feet
b 1s width of breach, feet

partial Depth-Full Width 1

3
Y
Quax = 79 * B+ VG Vor (4)

y s depth of water above bottom of breach

max

Partial Depth-partial Width 1 X
Y
Oy ™ Seby. (%) qes Vay (5)

An empirical equation for partial depth-partial width breaches was reported
in references ?g) and (h).

Y 0.28

= Chew . (B0 Vay (6)
Upay = 029+ by - (f y )

For breach sizes in the following range,

Y
1<(b--y—°)fzo (7)

Since the discharge equations for partial breaches are similar, in form,

to that for a full breach (1), the total specific energy has the same three
basic components, However, their size, relative to initial water depth,

is considerably different from that shown in Figure 1, There is no analytical
solution for partial breaches, therefore, experimental results, presented in
reference(y), were used to calculate the individual energy head components.
The following table presents experimental results for full depth breaches
ranging in width from 10% to 100% of the flume width in columns 1, 2 and 3.
Fractions of initial water depth, calculated with equation 3, are shown in
columns 4 and 5, A sample of the calculations is presented in the paragraph
following the table. This sample calculation utilizes equation 3 and a 10 A
breach size {i.e., full breach) to demonstrate that the relative value.of gach
energy component is the same as the respective value produced by equation 1,
the analytical, full breach equation, when egquation 3 is carried to its

upper limit,
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(1)

Table 2: Relative Size of Enerqy Components in Partial Width Breaches
Test Breach Pressure Yelocity Inertia
No Size Head Head (2) Head (3)
% Bof Y, % of Y, % of Y,
(1) (2) (3) (4) (5)
1.1 Rl 48 22 34
2.1 60 0 12 18
3.1 30 82 12 6
4.1 15 89 (4) - -
5,1 10 94 (4) - -

Motes: 1. Values in columns 1 and 2 are from Table A, page 8, reference
{g)and values in column 3 are from experimental results from
Tables 1 through 5, Station 200, reference (g).
2, VYelocity head is calculated with equations 8 and 9, following.
3. Inertia head is Y5 ~ {pressure head + velocity head).

4, Caleculated values exceeded 100 percent of Y,, which probably
reflects scatter in experimental results,

Omax
Ymax © B+ y (8)
where:
y = depth of water at dam axis
b = hreach width
Oy from equation (3) 1
8 B Eﬂjr——ﬂ
V 3 ..2_.7... . b . YO ('5) gYO (9)
max h - ¥
For the full breach, b = 1,08 and y = %.Y
0
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1
T
8 B
v _27 ‘Y (I.OB) 9,
max ] (10)
7' Yo
_ 2
Viax = 3 VaY, (1)
2
Vmax = 4 g¥p (12)
29 979
= 2 (13)
§'Yo

This agrees with section 4 and shows the pfocedure followed in completing
Table 2. The inertia head, column 5 in Table 2, was calculated assuming
7ero energy loss upstream from the dam.

. 2. .4
YR hy B Y (14)
hy =3 (15)

Because of the decrease in relative significance of inertia head and even
velocity head, it is satisfactory to apply simplifications of the full
Safnt-Venant equations to partially breached dams, -

§., Attenuation of tha Flood Wave, As a flood wave moves downstream,
friction and other 1o0sses change the relative size of the three energy
components. Even floods from fully breached dams eventually take on the
characteristics of a rainfall flood and may be routed with a simpiified
vouting method such as Modified Puls, Major areas of uncertainty are 1)

how much distance is required for this transition, 2) how does this distance
vary when considering partial breaches and 3) what is the maximum breach
size to consider as a partial breach.

7. Proposed Analytical Technigue. The guidelines presented in Appendix

B of this report are developed for the computer program "Gradually Yaried
Unsteady Flow Profiles". It is a solution of the basic Saint-Yenant
equations for unsteady flow and may be used to calculate the outflow
hydrograph through any size or shape of breach, as wall as to route that
hydrograph downstream and provide water discharge and water surface elevation
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hydrographs at any number of computation points up to 45, The maximum
discharge, maximum elevation and maximum flow velocity are summarized for
each computation point.

Sufficient information is printed out so the time of arrival, time of peak
and duration of the flood may be plotted. :

This computer program accounts for the movement of the negative wave through
the reservoir, for the tajlwater submergence at the dam, for the three
components of energy presented earlier, for friction loss and for storage

in the reservoir and the downstream valley.

Cross sections need not be rectangular or prismatic., A companion program,
"Geometric Elements from Cross Section Coordinates", is available to
transforn complex cross sections into the required geometric data set for
the routing program.

These computer programs are generalized. That is, they are sufficiently
flexible and adaptable to be used without code changes. They are portable
from one computer to another and documentation is available, from The

Hydralogic Engineering Center.

8. - Program Limitations.

a. Routing with the Gradually Yaried Unsteady Flow Profiles computer
program requires a large high speed computer (50,000, 60-bit words) and
parsonnel who are experienced in applying mathematical models.

b, Any breach size may be modeled, but the program assumes
instantaneous development.

c. A1l channels must be wet initially. That is, computations cannot
he made if any portion of the model is dry. This is overcome by prescribing
a base flow; however, the computer program has difficulty in establishing
this profile. :

d. Movement of the negative wave through the reservoir causes no
computational problem until it reaches the upstream end of the reservoir.
Computation nodes tend to go dry and abort the computer run,

e. The analysis of multiple failures would require manual intervention
to stop and restart the calculation process as each new structure is brought
into the system.

f.  The program assumes a horizontal water surface transverse to the
flow, whereas a great deal of transverse slope can exist in the actual
prototypa situation,

11
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9. Proposed Areas of Research. A1l of the program lTimitations viere
circumvented in analyzing the Teton Data Set. The trade-off, however, was
analysis time. Seven weeks were required to set up the data, debug it and
perform the analysis. The two tasks requiring the most time, probably 75%,
were establishing initial base flow conditions for the model (8c) and
stabilizing the computations when the negative surge reached the upstream
boundary {8d). Both of these problem areas can be overcome by additional
grogramming. The improvements would reduce analysis time to four or:

jve weeks. -

Instantaneous breach development, 8b, could be replaced by equations which
let progressive development take place. In the absence of a theory, the rate
of development would have to be prescribed with input data. o '

Developing the capability to handle multiple dam failures (8e), especially
in tandem, will be a major modification,

This analytical technique is a one-dimensional model and will always have a
horizontal water surface transverse to the flow. At present, two-dimensional
modeling is not feasible.

10. Alternate Analytical Procedures. Alternate analytical procedures were
proposed in references (d} and {e). Neither were applicable to the Teton

. Data Set.

The dimensionless curves were developed from numerical solution of the St.
Venant equations and include special treatment of the wave front as it moves
along a dry channel. By knowing reservoir volume, valley cross section at
the dam, initial reservoir elevation, stream slope and stream roughness ,
the curves will provide three propéerties of the flood wave:

1. Time of arrival at downstream points

2. Maximum depth profile in the downstream channel

3. Time of maximum depth at downstream points.

The curves extend for distances ranging up to fifteen times the reservoir
length. The outflow hydrograph at the dam is not needed to use these
curves. It was assumed, in developing the curves, that the entire dam

is breached instantaneously and that the valley is prismatic. Meither
condition was satisfied by the Teton case.

The procedure in reference (e}was developed for smaller structures and the
Teton Data Set was completely beyond the range of nomographs and curves
presented there. In any case, the procedure does not route the flood wave
downstream. Only the outflow discharge hydrograph is calculated at the
dam axis. The procedure can handle a wide range of breach sizes, but it

1
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1s designed with partial breaches in mind, It has the advantage of tail
water correction, which is essential when breaching of a low dam coincides
with a high flow condition in the stream. The procedure is well documented
and is easily applied.

A possible alternative appreach for partial breaches is the Modified Puls
routing technique. Preliminary work with this technique produced the re-
sults shown on pages A-30 through A-32 for the Teton Data Set. A Manning ‘
_n value of 0,04 was used; further details are given in Paragraph 5, Appendix !
A. The advantage of this technique is that readily available and easily =~~~

applied computer programs (e,g,, HEC-1 and HEC-2) can be utilized; total
analysis time would probably be reduced to two to three weeks.

The disadvantage is that the range of application is limited whereas the T
technique presented in Paragraph 7 is generally applicable.

Additional research 1s needed to define the range of applicability of the
Modified Puls technique. The present hypothesis is that the size of the
inertia component, Table 2, would provide a suitable parameter for defining
that range.

This research would not require additional physical modeling. S5tudies re-
ported in references {g) and (h) offer test data for numerical studies,
Other numerical experiments could be performed by using results from anal-
yzing variations of the Teton Data Set with the complete equations. These
results could be obtained while pursuing any of the areas of research pro-
posed in Section 9. :

Computer programs which utilize the Modified Puls routing technique are

available and are presently developed to a higher degree of serviceability

than programs solving the full equations. Water surface profile computations

will be required in conjunction with the Modified Puls routing to produce a

water surface profile. These computations are computerized also. HNo major -
computer program development would be required. The appropriate existing

computer programs, HEC-1 and HEC-2, are well documented,
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b. SEGTION A—A

Fig. 11.43. Hypothetical case. (From Wiegel, 1965.)

The action of the March 27-28, 1964, tsunami at
Crescent City, California, is an example of an event
somewhat of the type described above. There was a
small seawall built within the harbor, and the area
landward of it was filled with sand. The elevation of
the top of the seawall was from about -8 ft above mean
lower low water in the most protected region to 413 ft
in the least protected region. The fill landward of this
wall was from about 410 to +14 It above mean lower
fow water. The highest two tsunami waves apparently
went over the top and flooded the towns as if the wall
were not present. It is evident from Fig. 11.42 that a
scawall, to be effective, must be designed to permit only
a few feet of overtopping for the “improbable” tsunami
and for no overtopping for the “design” tsunami. This
is especially true in light of some laboratory experiments
by Iwasaki (1965) that showed that the height would
be increaséd at a seawall, at least for waves that are
relatively short compared with tsunami waves.

11.92 TSUNAMI WAVE FORCES

Few studies have been made of the forces exerted by
tsunami waves. In the ocean, and in bays, the waves
probably can be treated in the manner of the shorter
progressive and standing waves such as swell and
seiches. Forces exerted by these types of waves will not
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be treated here as there are a number of papers on the
subject (see, e.g., Wiegel, 1964d). The forces exerted
on structures by fsunami waves running onto the land
present a much more difficult problem. No actual
measuiements of these forces have been made, and only
a few estimates of the forces are available,

Matlock, Reese, and Matlock (1962) made a study
of the damage to structures in Hilo, Hawaii, caused by
the May 23, 1960, Chilean tsunami. Tbey treated the
problem as if a bore moved over a dry bed in a manner
similar to a surge running downstream from a dam that
had failed. They used the equation given by Keulegan
(1949) for the approximate speed ¥, of such a surge for
the case in which bottom friction is of major importance:

v, = 2/gd, (11,70)

where g is the acceleration of gravity and d, is the height
of the surge. A further assumption was made that the
water particles, from top to bottom, all moved with the
speed of the surge. They examined the numerous obser-
vations made of the maximum elevation reached by the
highest wave over the land submerged by the highest
wave and decided that the crest was at about 15 ft
above mean lower low water datum. Finally, they took
the vertical distance from the ground to the plus I5-ft
level for each particular point of interest in the region
from the line of maximum inland inundation (d, = 0)
to the line of maximum withdrawal (—7 [t below mean
lower low water, d, =7 4+ 15=22ft) and used this
as d, in Bq. 11,70 to calculate the maximum velocity
at that point. Thus, the speed of the bore, and the water
within the bore, was assumed to move at speeds between
0 and 53 fifsec. The observations made by REaton,
Richter, and Auit (1961) indicated that the bore traveled
from the breakwater to shore, a distance of about
7000 ft, in from 2% to 3 min, at a speed of from 40 to
45 ft/sec. This would fix the upper limit of the surge
speed, which is not too different from the estimate made
by Matlock, Reese, and Matlock. It must be cautioned,
however, that practically nothing is known of the
velocity distribution within a tsunami as it moves over
land.

Matlock, Reese, and Matlock examnined in detail
14 cases of structural failure, or near failure, for which
they were reasonably certain that secondary causes,
such as a drifting log or automobile hitting the struc-
ture, were not involved., In all cases but one, they
neglected hydrostatic forces and assumed that the
horizontal fluid force intensity (pressure) exerted by the
flowing waters on the structure was given by the equation

p=3CopV? (11.71)

The values of C,, used in their calculation were the ones
normally used in steady flow problems in which the
object was completely submerged in a fluid. For one
case, a reinforced concrete wall of a building, they
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included the hydrostatic force. Their approach was to
calculate the forces necessary to cause structural failure
and then to use Bq. 11.72 to calculate the velocity
necessary to obtain this force. They then compared this
velocity with the velocities calculated from Eq. 11.70
and found reasonable correlation,

A theoretical and laboratory study was made by
Fukui, Nakamura, Shiraishi, and Sasaki (1963), and they
found that the tip of a bore advancing over a dry bed,
or in a channel with an initial water depth d, traveled
at a speed of ’

_ (9D(D + d)\'»
v, — (W) (1172

where D is the total depth of water in the bore, H is
the bore height (D — d), and # is a resistance term,
It was found experimentally that s was equal to about
0.85 (equivalent to a Manning’s # of 0.13) for a dry bed
and increased with increasing d/D to a value of about
1.03 at d/D =05 and then remained constant for
greater values of dfH,

For an initially dry bed, d =0 and D = H (ie.,
the equivalent of d.); then Eq. 11.72 becomes

V,~ 1.8V gh = 1.8+ gH = 1.8+ gd, (11.73)

5

which agrees rather well with the approximation given
by Keulegan (Eq: 11.70). It is interestiiig to note that all
of the bore tip speeds, for the case in which there was
an initial depth of water in the channel, were in the
region between V, = 2+/gd. and V, = +/gH. They
found for the case in which there was an initial water
depth in the cbannel that the bore had a relatively steep
front and that the top of the bore was nearly horizontal,
It should be pointed out in regard to the “nearly hori-
zontal” top of the bore that the reservoir in the channel
was of a fairly limited extent. They found the maximum
pressure developed on a vertical wall, which extended
the entire width of the laboratory channel, to be

_ KopgVi /2(V3')
pm“—g,_—dsalfnl \gd. {1174

This can be expressed as
Pmu = '%CDP V}N}? (1 1'75)

where Cpf2 = K, and the Froude number ¥ is given
by ¥/~/gd,. They found for a vertical wall that K, ~ 0.5,
which would be the equivalent of C,, =~ 1.

It is not clear how Egs. 11,74 and 11.75 can be used
in practice, Three pressure cells were used in one set
of tests and six pressure cells were used in another set
of tests. The maximum measured pressure was used to
determine the exponential of ¥, in Eqs. 11,74 and 11.75,
and this maximum might have occurred at a different
ceil for each bore height.

* Dressler (1952, 1954) and Whitham (1955) developed
theories for the speed and shape of a surge moving over
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a dry bottom in which bottom friction plays a major
role. The initial height of water in the reservoir is d,
above the channel, and d is the depth of the surge in
the channel at some distance x from the dam at time .
In the portion of the flow substantially removed from
the tip of the surge, the flow can be considered to be
the same as for the frictionless case, and the set of para-
metric equations for 4 and the speed ¥ at this x and ¢
can be solved fo give the water speed as

V=2+/gd, — 24/ gd - (11.76)

If the flow were frictionless, the speed of the surge
tip wouid be

V, = 2/gd; (11.77)

This, however, is not the case. In fact, the shape and
speed of the tip are controlled largely by the friction of
the bottom, The resuits for the tip speed from the
theories of Whitham and Dressler are very similar,
An average of the results of the two theories is given
in Table 11.5. In this table the ratio of the tip speed to
2+/gd, is given as a lunction of Rra/gfd,, where R is
a dimensionless resistance coefficient (R = g/C?, in
which C is the Chezy roughness coeflicient in the square
root of feet per second).

Table 11.5. Tip SPEED FOR SURGE IN A DRY BED

Rt~/ gldy 0 01 02 03 04 05 06
V2ved; 1.0 048 040 035 032 029 0.26

Cross (1967) made a laboratory and theoretical study
of a surge running over a dry bottom (and also over
a bottom with a film of water on it) and of the forces
exerted by the surge on a structure placed in a channel.
He found that the tip speeds were generally a little
faster than those shown in Table 11.5, using the appro-
priate value of the Chezy roughness coefficient. He
used both a smooth and a rough bottom in his tests and
in his caiculations.

In his studies of the shape of the surge tip, Cross
found that the theory predicted the shape reasonably
well in the iminediate region of the tip of the smooth
bottom after the surge had run several feet down the
channel, However, after the surge had traveled" 15 ft
or so, the depth of the surge became nearly constant
a few feet back from the tip, while the theory showed
a continually increasing depth. It shouid be pointed out
that the reservoir used in the experiment was of fimited
extent, while the theory is for the case of a reservoir of
unlimited extent.

Cross also found that when the channel bed had a
thin film of water over it (0.015 ft deep) the tip became
steeper and the speed of the tip was less, compared with
the dry bottom case.

The theory of Cumberbatch (1960) for the force
exerted by a fluid wedge impinging on a wall was
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Fig. 11.44. Plot of force coefficient Cy vs 8. (From Cross, 1967.)

modified by Cross to include the hydrostatic force and
was given as

F = }pgd? -+ CopVd, (11.78)

where Fis the force per unit width of wall and 4, is taken
as the height of the surge at the structure, if the structure
were not present, Equation 11.78 is for the case of a
surge striking a vertical wall extending the entire width
of a channel. Cross calculated values of Cy as a function
of the slope of the water surface relative to the hori-
zontal ¢, The results are shown in Fig, 11.44, The value
of ¢ for any time # at which the surge would be moving
past the obstruction were the obstruction ot present
can be obtained from measurements, or approximately
by using the theory of a surge given by Cross.

As an example, one set of measurements is shown in
Fig. 11.45, together with the profile calculated from
theory using the measured surge tip speed. In this figure
dy is the original water level in the reservoir prior to
the opening of the gate to cause the surge and ¥, is the
theoretical veloeity of the surge front at the structure
were the structure not present. The term “predicted
from measured surge” refers to the measurement of a
surge that was developed in the channel in a prior test,
under identical conditions, but without the vertical wall
being installed.

Fig. 11.45. Surge profiles (5/26 data) with predicted and measured
force profiles (6/2 data), x = 16.33 ft. {(From Cross, 1967.)
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Several force records are shown in Fig. 11.46, It can
be seen that a force peak occurs at about 0.75 sec after
the initial force rise and that then the force remains at
about a constant magnitude. The reason for this force
peak was studied in detail. The surge, upon striking the
vertical wall, ran up the wail a distance approximately
equal to Fi/g for the wet bottom case and from Fif2g
to V2/g for the dry bottom case. This run-up curled back
to some extent and then fell, hitting the surface of the
reflecting surge. The peak force occurred at the moment
this mass of water hit the surface of the reflecting surge.

If the peak force, described above, is neglected, it
was found that the “steady” maximum force that
occurred (and predicted with a good degree of accuracy
by Eq. 11,78 together with Fig, 11.44) is also equal to
the hydrostatic force computed using the depth of the
reflected surge. Figure 11.44 shows, except near the
immediate tip of the surge, that ¢ is smali enough for

LOWER FORCE METER AT X = I3 33FT. d,=i.2fhL

0 0.5 .0 1, seC.

Fig. 11.46. Typical force profiles; smooth bottom. (From Cross,
1967.)

Cp = | to be a valid approximation. Using the further
approximation that ¥ == 2+/gd, and substituting this
together with C, = | into Eq. 11.78 results in

F=45pgd? (11.79)

Now, consider a surge of depth d, and velocity 24/ gd,
being reflected by a vertical wall. If no energy is lost,
the top streamline will be displaced vertically by ¥2/2¢g
(i.e.,, by 2d,), so that the depth of the reflected surge
should be d. = 3d,, Some previous work by the author
showed that this was approximately correct, and the
studies by Fukui et al. (1963) also showed this to be
approximately correct for a surge moving in a dry
channel. Then,

F=4pgd? = Lpg(3d) = 4.5pgd? (11.80)

which is the same as Eq. 11.77. It must be emphasized
that the surge.depth d, referred to here is taken as the
depth of the nearly horizontal portion of the surge a
few feet to the rear of the tip.

Cross also made a limited study of the forces exerted
by a surge on vertical wall that extended only part way
across the channel and found that when the width of the
wall was less than about twice the height of the surge,
the force started to decrease rather rapidly, with Cr =~ &
for a section about one-half the surge height in width.
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Laboratory studies similar to Cross’s were made
by Alavi (1964) for the anthor, in which the character-
istics of surges in a dry bed were studied, together with
the forces exerted by the surge on square and circular
plies 0.145 ft in diameter. Owing to the restricted width
of the channel (0.5 ft) compared with the size of the piles,
and owing to the fact that the surge flows are supercri-
tical, the results are only indicative of the forces. The
equation

F = 4CopDd, V? (11.81)

was used to express the force, where D is the pile di-
ameter and C, is the coefficient of drag: It was found
that C, averaged 1.1 for the circular pilg and 1.8 for
the square pile for Reynolds numbers (DV/y, where v
is the kinematic viscosity) between about 10+ and 105,

In these studies, Alavi found that there was a linear
relationship between d, and 4, with d, = 0.26d,, at the
point where he measured 4,, about 20 ft downstream
from the dam. It was found that V, ~ 2+/gd, for values
of d, <02 ft and V, == 2.2/ gd, for 0.2 < d, < 0.35 ft,
It was also found that altbough the maximumn run-up
on a vertical wall was a function of d, (hence, V),
djd, =3,
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Table 10-15. Drag of Protuberances.

Notation: Cp = coefficient of drag of a protuberance for boundary layer
thickness much less than height, h >> &, where 8. is the boundary layer
thickness and h is the protuberance height. The drag force is Fg = Jsuacy
for h >>> 6. A is the projected area A = bh for two-dimensional sections and
rectangular bodies where b is width. See text for drag force for h comparable
to 8. (Refs. 10-99. 10-102, 10-108, 10-107.) Errors in C, of £20% can be
expected. Also see Tables 10-17 and 10-19 and Chapter 11.

Protuberance

Drag Coefficient, Cp
and Remarks

1. Fence Section

h

YL s

1.4
(also see Fig. 10-14)

2. Square Section 1.2
h
Jrmt——om-|
—_— | ry
/)
[l
3. Equilateral Triangle 1.0
Section
> h
4. Right Triangle » 1.3
+ 1.0

5. Gap Section

7 e 777, !
Fd
rerd? T

0.0l h > e > 0.1h
0.25 Bh > e » 20 h
(also see Ref. 10-105)
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Attachment B
Hydraulic Analysis of Lower Ash Pond to
Release of Water from
Economizer Ash Pond

Burlington Generating Station
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LaowsE ASH SToudb
CONFIDENTIAL BUSINESS INFORMATION

GIVEN:
C=3.33
L{ft)= 5.75
h Area of Lower Ash Pond (sf) = 770,000
z Hr=Hy+H_ = 1.052
m Time (hr)  Time (Day) Height; (ft} Qq (ft*/sec)= cHLERP/2 Qg (ft3/sec)  Quomiiqu (f3/5€C)  Viomngu (f}) DeltaH {ft)y=vV/A % ofTotal Cumulative
z 0.0 0.00 1.052
0.5 0.02 1.015 20.66 4,98 15.68 28,224 0.03666 5.6% 5.6%
:. 1.0 0.04 0.981 19.59 4.98 14.61 26,298 0.03415 5.3% 10.9%
1.5 0.06 0.949 18.61 4.98 13.63 24,534 0.03186 4.9% 15.8%
u 2.0 0.08 0.920 17.71 4.98 12.73 22,915 0.02976 4.6% 20.4%
o 2.5 0.10 0.892 16.88 4.98 11.90 21,428 0.02783 4.3% 24.7%
3.0 0.13 0.866 16.12 4.98 11.14 20,059 0.02605 4.0% 28.7%
n 35 0.15 0.841 15.42 498 10.44 18,797 0.02441 3.8% 32.5%
40 0.17 0.818 14.77 4.98 9.79 17,631 0.02290 3.5% 36.0%
u‘ 5.0 0.21 0.775 14.18 4.98 9.20 33,105 0.04299 6.6% 42.6%
6.0 0.25 0.738 . 13.07 4.98 8.09 29,137 0.03784 5.8% 48.4%
> 7.0 0.29 0.704 12.13 4.98 7.15 25,734 0.03342 5.1% 53.6%
— 80 033 0.675 11.31 4.98 6.33 22,800 0.02961 4.6% 58.1%
9.0 0.38 0.648 10.61 4.98 5.63 20,258 0.02631 4.1% 62.2%
: 10.0 0.42 0.625 9.99 4.98 5.01 18,046 0.02344 3.6% 65.8%
u 11.0 0.46 0.604 9.46 4.98 448 16,113 0.02093 3.2% 69.0%
12.0 0.50 0.585 8.98 4.98 4.00 14,417 0.01872 2.9% 71.9%
ﬂ 13.0 0.54 0.568 8.57 4.98 3.59 12,924 0.01678 2.6% 74.5%
4 14.0 0.58 0.553 8.20 4.98 3.22 11,606 0.01507 2.3% 76.8%
15.0 0.63 0.540 7.88 4.98 2.90 10,439 0.01356 2.1% 78.9%
16.0 0.67 0.527 7.59 4.98 2.61 9,403 0.01221 1.9% 80.8%
ﬂ 17.0 0.71 0.516 7.34 4.98 2.36 8,481 0.01101 1.7% 82.5%
n_ 18.0 0.75 0.507 7.11 4.98 213 7,658 0.00995 1.5% 84.0%
19.0 0.79 0.498 6.90 4.98 1.92 6,922 0.00899 1.4% 85.4%
u-' 20.0 0.83 0.489 6.72 4.98 1.74 6,264 0.00813 1.3% 86.6%
21.0 0.88 0.482 6.56 4.98 1.58 5,673 0.00737 1.1% 87.8%
m 22.0 0.92 0.475 6.41 4.98 1.43 5,142 0.00668 1.0% $8.8%
: 23.0 0.96 0.469 6.28 4.98 1.30 4,664 0.00606 0.9% 89.7%
24.0 1.00 0.464 6.16 4.98 1.18 4,234 0.00550 0.8% 90.6%

TOTAL Discharge  452,904.5 90.6%






