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Chapter 11

The Surge Tank

The surge tank is located between the almost horizontal or slightly inclined conduit
and steeply sloping penstock and is designed as a chamber excavated in the mountain.
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Surge tanks serve as a threefold purpose;

1. Upon the rapid closure of the turbine, water masses moving in the pressure
tunnel and in the penstock are suddenly decelerated. Owing to the inertia of
moving masses, F = ma, high overpressures develop at the lower end of the
penstock, which are propagating upwards in the penstock in the form of
pressure wave. The magnitude of the so-called water hammer, caused by the
moving masses by closure, will depend upon the dimensions and elastic
properties of the conduit. The overpressure due to water hammer travels along
the closed conduit and is not relieved until a free water surface is reached.

An important function of the surge tank can be summarized like this. The
turbines to the reservoir is practically interrupted by the surge tank to prevent
the pressure wave due to the water hammer at the free water surface and to
free the pressure tunnel from excessive pressures.

2. The surge provides protection to the penstock against damage of water
hammer. The overpressure depends upon the length of the penstock (the
closed conduit). The surge tank, by interrupting the closed system of the
penstock and of the pressure tunnel, reduces the overpressure due to water
hammer.

3. The third purpose of the surge tank is to provide water supply to the turbines
in case of starting up. The amount of water required during these changes in
operating conditions is supplied by the surge tank installed in the conduit. The
capacity thereof should be selected to ensure the required water supply during
the most unfavorable increase in demand, until the water mass in the tunnel
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has attained the necessary velocity. Air should be prevented from entering the
penstock even in case of the deepest downsurge in the chamber.

The height of the surge tank is governed by the highest possible water level that can be
expected during operation. Variations in demand initiated by a rapid opening or closure
of the valve or turbine are followed with a time lag by the water masses moving in the
tunnel. Upon the rapid and partial closure of the valve following a sudden load decrease,
water masses in the penstock are suddenly decelerated, and one part of the continuous
supply from the tunnel fills the surge tank. The water surface in the surge chamber will
be raised to above static level. In case of rapid opening, the flow in the tunnel is smaller
than the turbine demand to supply water to the turbine. The water surface in the chamber
will start to drop to below of the steady-state level. To establish steady-flow conditions,
the water surface will again start to rise from the low point, but owing to the inertia of
moving water, will again rise over the steady-level. The cycle is repeated all over again
with amplitudes reduced by friction, i.e. the oscillation is damped. The phenomenon
described is the water surface oscillation. The maximum amplitude of water surface
oscillation can be observed when the water demand is suddenly stopped.

A wide variety of types has been developed in practice for the surge tank. According to
the hydraulic design, the following groups can be distinguished.

1. Simple surge tanks designed as basins, which may be provided with overfall.
2. Special surge tanks:

Surge tanks with expansion chambers, which may be provided with overfall.
Surge tank with upper expansion chamber.

Surge tank with lower expansion chamber.

Double-chamber surge tank.

3. Restricted-orifice type (throttled) surge tanks:
Simple restricted-orifice surge tank.
Differential (Johnson type) surge tank.
Double-chamber, restricted-orifice surge tank.
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Simple surge tanks

/ / 7
b _.j /r?——/ 7 ———
Y ry
7 ’, i A
Ve / i
2 7 1 ?’53'777
vy | v 2l 7 A
v v B 2 Py wd” ot inis
— - —— —— — -
77 A R T Y

Surge shafls with expansion chambers
g

YA
7
—-.
O A A A e A

Restricted-orifice type surge fanks

12 13 /A 5
AN _ 1 Az V 1~ _V /v Z
/:"T_-'__.___: - — — e — —— - S -

i o ¥
7
7 7 v A—
“ s A “ P77
‘________/
Bz iz
— —
s ¥ YA LS

/6 17
£ vy v
;';/_l_ — '{’:: —__t%

7 7 7

4 7 7 2

7 ,4

) %

? ,/f

7, Z
% %[4 L — APrrA
—— —— .
W, W A RO EL LTS AT o N e R A

Fig. 3/84. Surge tanks: 1. simple tank, 2. simple shaft, 3. spilling shaft, 4. overllow Lype
tank, 5. shaft with upper expansion chamber, 6. shaft with lower chamber, 7. shaft with over-
flow type upper chamber, 8. overllow type shalt with lower chamber, 9. shaft with two
chambers, 10. inclined shalt with two chambers, 11 overllow type tank with two clhinmbory,
11—12. simple, restricted-orifice type tanks, 4tk with grate type theotthing, 15 16,
differential (Johnron type) tankog 1L differentinl tank with wpper chnmber, 15, double
chamber differentinl tanl, 19, double-chamberdifferentin tanlowith theottled lower ehnmbes
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Water Surface Oscillations in Simple Surge Tank

The oscillating movement starts as soon as the pressure wave due to a change in the
turbine reaches the surge tank after traveling the length penstock.
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Placing manometers at the upper and lower end of the penstock, it will be seen that the
two react differently to sudden changes in turbine discharges. The lower manometer will
be the first to indicate the pressure wave starting from the lower end of the penstock. The
upper manometer will indicate the low-frequency oscillations and will also show the
water level fluctuations at the same cycle with the surge tank. Waves are damped by

roughness conditions.
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Figure. Undamped oscillations in the surge tank if frictionless conditions
are assumed in the pressure tunnel
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In the pure theoretical case when no friction is assumed to occur in the pressure tunnel,
the water level in the surge tank is on the same elevation as the reservoir whatever the
discharge of the system is. Therefore, hydrostatic and hydrodynamic levels are identical.
The axis of the undamped oscillation is the hydrostatic (and at the same time
hydrodynamic) equilibrium level. The penstock is supplied through a surge tank from the
frictionless pressure tunnel. The reservoir level may be considered unchanged.

F = Surge tank cross-sectional area,
f = Pressure tunnel cross-sectional area,
1 = Pressure tunnel length.

It will be assumed that the time of opening or closure turbine valves is zero
(instantaneous). With the above fundamental assumptions, the expressions for the four
basic cases are given without derivation.

1. Instantaneous total closure from the maximum discharge of Qg (so-called
total load rejection).

It is evident that the total closure at maximum turbine discharge results in the greatest
possible surges. This highest value of the ymax surges occurring in the tank upon rejection
of different loads will be distinguished by the notation Ymax. The flow velocity in the

Q
-

The absolute value of the widest amplitude in case of the undamped mass oscillation, i.e.

the so-called maximum surge is,
Ymax :VO If (m)
\/ gF

The departure of the water level from its initial position at any arbitrary time t
(considering the downward branch of the axis y as positive);

pressure tunnel for the discharge Qo is V, =

y= —YmaXSinz—”t (m)
T
The varying velocity of water flowing in the pressure tunnel at any time t is,
2
Vv :VOCOS?t (m/sec)

At the time t = T/4 (quarter period), the velocity in the tunnel is V = 0, the direction of
the flow in the tunnel changes.

The velocity of the water level in the surge tank is,

ﬂ = —iVOCOSz—”t (m/sec)
dt F T
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The time of the total cycle, i.e. the period of the mass oscillation is,

T=2x Ii (sec)
\ of

Example: The pressure tunnel length is 1 = 10 km with a cross-sectional area of f= 10 m”
and steady flow velocity Vo = 2 m/sec at a hydroelectric power plant. Cylindrical surge
tank cross-sectional area is F = 100 m”. In case of instantaneous closure, compute the
maximum surge height and the period of the oscillation assuming the ideal fluid
(frictionless).

Solution: Maximum surge height,

v oy, 1L gy (1000010 o) 50
gF 9.81x100

The period of mass oscillation,

T=2rx I£=277 —IOOOOXH)O =~ 640sec
gf V' 9.81x10

Velocities at the maximum surge height in the tunnel and the surge tank are,

t=12@2160860
4 4

\Y :VOCosz—”tzszos @xmo =0
T 640

U :ﬂ:—l—OXZXCOS(@X16OJ =0
dt 100 640

The water will stop at t = T/4 time for the maximum surge case and will begin to drop in
the tank.

2. The surge amplitude in case of partial instantaneous closure, from the
maximum discharge Qo to an arbitrary Q; value is,

I
Y=(v,-V,) oF ™

Where, V| = Qi/f is the velocity for the reduced discharge. The position of the water
level at any time t is given by the expression,
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Velocity in the pressure tunnel is,

.2
=-YSin—t
y T

V=V, +(V,-V, )COSZT—”t

Velocity in the surge tank is,

The period of oscillation is also,

T

=2z \/E (sec)
gf

Example: Using the values given in preceding example, compute the maximum surge for
the closure from maximum discharge Qg to 0.5Q.

Solution: The discharge of the full load,

Q, =V, f =2x10=20m">/sec
Q, =0.5Q, =10m*/sec

10
V, =—=1m/sec
=T /

Y = (v, =V, ). T — (2= 1) [10000X10 6 460
\oF 9.81x100

The period of oscillation will not change.

3. Oscillations for the instantaneous partial opening from some discharge Q; to

the maximum Qo (partial load demand) are given by,

Y :(Vo _Vl) —

If
gF

The momentary position of the water leveling the surge tank is given by the function,

. 2
=YSIin—t
y T
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Velocities can be computed from the following relations,

V=V, -V, -V, )cOSz—”

dy f
U= V. -V —t
= Joos

The oscillation period equation is the same.
4. The instantaneous total opening from the rest (Q = 0) to the maximum
discharging capacity of the turbines Q, (total load demand) can be

characterized by the following relations.

The maximum surge is equal to the value obtained for total closure,

If
gF

Yo =V

The movement of the water surface is,
. 27
=Y_ Sin—t
y max T
Velocities are obtained as,
V=V, —vocOszT—”t

U= a_ iVOCos 2—”t
F T

Water Surface Oscillations in the Surge Tank by Taking Headloss in the Pressure
Tunnel (Damped Oscillations)

The frictional resistance developing along the tunnel will be taken into account and its
damping effect yielding damped oscillations will be dealt with. The only case of damped
mass oscillations for which an exact mathematical solution can be found is the total
closure. For other circumstances only approximate mathematical and graphical methods
are available.

For the examination of instantaneous closure consider the Figure below and notations
used therein. The reservoir is connected with a surge tank of cross-sectional area F, by a
pressure tunnel of cross-sectional area f, and length 1, followed by a penstock conveying a
discharge Qo. The hydrodynamic-equilibrium water level in the surge tank for this
operating condition is below the hydrostatic level by,
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Where the static level is equal to that in the reservoir, and Vo = Qo/ f. Hence yy is the
hydraulic resistance of the tunnel at a flow velocity V. This is the headloss due to the
friction in the tunnel computed by the Manning equation as,

12
v, = Lrosr =] Rw(ﬁhj

Whence the friction headloss is,

V.in®l
Ah = %4/3
The resistance factor of the tunnel is,
|-n?
p= RY3

9 Prof. Dr. A. Bulu



In case of instantaneous opening of turbine valves, the discharge for the turbine cannot
be supplied by the pressure tunnel because of the velocity differences among the pressure
tunnel and penstock. This water volume difference will be supplied by the surge tank
initially so that the water level in the surge tank will drop. Air entrance to the penstock
should not be permitted in order not to cause bursting of the penstock. There should be
minimum water height of 1.50 m over the top of penstock in the surge tank for the
minimum water level which is the case of instantaneous opening of turbines for full load.
In order to be on the safe side, manning roughness coefficient n should be selected high
for concrete lining as n = 0.015 to obtain a higher B resistance factor.

Vogt Dimensionless Variables

Tables have been prepared to compute surge amplitudes and periods for the surge tanks
using dimensionless variables.

JL I I 7
g F (Ah)’
\

7=—
VO

o Y
Ah,

Ahy = Head loss for the steady flow case (will get negative values since y values are
taken positive for upward direction).

a) Instantaneous full closure case

Forchhmeir has given for the first maximum surge height for steady flow of Qg discharge

with Ahg headloss,
(1 +gxmj - Ln(l +gxmj = 1+z
& & £

2 2gFAh,
PO

For m = Damping factor,

m =

The equation takes the form of,

(14 Yy )= LN(1+ Y ) = 1+ MAR

m dimensional variables are always negative since &€ dimensionless variables are positive
and y direction is taken positive for upward direction with Ah negative values.
Forchhmeir equation is solved by using the Table.

10 Prof. Dr. A. Bulu



11

Prof. Dr. A. Bulu



12 Prof. Dr. A. Bulu



13

Prof. Dr. A. Bulu



: ) ol o ey § Py Al A o
Table i Valtes Foc Yhe deored of the dinchicae

Y

14 Prof. Dr. A. Bulu



In order to calculate the other extreme surge values after calculation the first y.x value,
Braun equations are used.

—

Ln(l - myl ) = (1 - mymax )_ Ln(l - mymax)
Ln(1+my,) = (1+my,)-Ln(1+my,)
I’l(l - my3) = (1 - myz)_ Ln(l - myz)
Ln(1+my,) = (1+my,)—Ln(1+my,)

—my,

—

(1=my,)-
(1+my,)-
(l_myz)_
(1+my,)-

_|_

3
<
N

The following steps are taken for the solution of the aforementioned equations,

1) e dimensionless variable is calculated,

2) Vymax Value is computed by Forchhmeir equation by using the Table for (mAhy) to
get (mymax) value,

3) After calculation ymax, the other y surge values are calculated by using above
giving equations and the Table.

b) Partial Closure of the Turbine Valve
Qo full load discharge may be reduced to nQ for (n < 1). It will be instantaneous full

closure if (n = 0). Frank's Table can be used to calculate the surge values for partial
closure. The values in the Table can be defined as,

WAL
E=—7F7"—3
gF (ah, )

X — ymax

max Aho
t t

T
2w |—
of
The Table has been prepared for circular simple surge tanks.
Example: An hydroelectric power plant with a design discharge Q = 30 m’/sec is fed by
a pressure tunnel with a diameter D = 4 m, length | = 5000 m, and Manning coefficient n
= 0.014. Compute the extreme surge heights for instantaneous full turbine closure in the

surge tank with cross-sectional area F = 150 m?,

a) By using Forchhmeir method,
b) By the help of Frank’s table.

Solution:

a) Physical characteristics of the plant are,

_aD? x4’
4

f =12.57m?
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R _b_ Im
4

V, _Q_300 _ 2.39m/sec
f 12.57

Vol 2,397 x12.57 %5000

Ahy = =255 = R =5.60m

.o IfV,  5000x12.57x2.39* 778
gF(ah, ) 9.81x150x5.60°
m=_2 2 =-0.046

gAh,  7.78x(—5.60)
mAh, = (=0.046)x(—5.60) = 0.257
From the Forchhmeir Table,

mAhy=0.25 — myp. =-0.551
mAhy =0.26 — myp.x =-0.559

mAhy = 0.257 — mymax =-0.557

y 0587
™ —0.046

=12.11m

The first minimum level,

(1 - myl )_ Ln(l - myl ) = (1 - mymax )_ Ln(l - mymax)
(1-my,)-Ln(1-my,)=(1+0.557)—Ln(1+0.557)
(1—my,)-Ln(1—-my,)=1.557-0.443 =1.114

1+maAh, =1.114
mAh, =0.114

From the Frank's Table,

mAhy=0.11 — mymax =-0.399
mAhy=0.12 — mym.x =-0.413

mAhyp=0.114 — mymax =-0.405

 —0.405

- —-8.80m
Y 0.046
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Second maximum level,

(1+my,)-Ln(1+my,)=(1+my,)—Ln(l+my,)
1+mAh, = (1-0.405)— Ln(1-0.405)

1+mAh, =0.595+0.519 =1.114

mAh, = 0.114

The same mAh, value has been obtained coincidentally.

mAhy=0.114 — my, =-0.405

Second minimum level,

(1 - mY3)_ Ln(l - my3) = (1 - myz)_ Ll’l(l - myz)
1+mAh, = (1+0.405)— Ln(1+0.405)
1+mAh, =1.065

mAhy=0.065 — my;=-0.318

~0.318
= =-6.91m
Ys 0.046

Third maximum level,
(1+my,)-Ln(1+my,)=(1-0.318)- Ln(1-0.318)
1+mAh, = 0.682+0.383 =1.065
mAhy = 0.065 — my,=-0.318

_ 186 oim

Y+ = 0,046
b) Franks Table will be used for surge calculations for instantaneous closure, n = 0.

6=7.78—>L:L=0.36

Je T8

The first maximum level for n =0,

=035 — x=-224 , 1=0.293

=040 — x=1.88 , t=0.300

- =

=036 — x=-2.17 , 1=0.294

-
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Oscillation period,

T=2x E =27 —SOOOXISO =490sec
gf 9.81x12.57
Ahg = -5.60m

Yo =X xAh, =(=2.17)x(=5.60)=12.15m
t .. =7xT =0.294x490 =144sec

First inflection point,
L _035 & x=-045 ., 1=0520
7 )
% =040 — x=-041 , 1=0.525
%=0.36 — x=044 , t=0.521

Y = (—0.44)x(=5.60) = 2.46m
L, =490x0.521 =255sec

First minimum level,

=035 — x=+1.63 , t=0.797

SENE

— =040 — x=+1.34 ,t=0.805
Je

=036 — x=+1.57

-

, t=0.799

Yin, =1.57x(=5.60) = —8.79m
Lo, =490%0.799 = 392sec

Second inflection point,

1

—=035 — x=025 , t=1.030
Je

1

—=040 — x=0218 , 1=1.037
Je

1
— =036 — x=0.248 , t=1.031
Je

18
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Yar, = 0.256x(~5.60) =1.43m
tinfz = 490 X 1 .031 = 505 SeC

Second maximum level,
=035 — x=-1274 , 1=1.300
=040 — x=-1.025 , t=1.309

=036 — x=-1224 , ©=1.302

e e e

ymax2 = (_1274)X(_560): 713m
by, =1.302x490 = 638sec

max

Placing the surge values to the table,

y Forchheimer Frank
Ymax 12.11 12.15
yi -8.80 -8.79

The values are close for the both methods.
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Table 18. Discharge increase from nQ to Qo

B=R¢; et

oo jowo|owolocunolowne
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¢) Instantaneous Opening of the Turbines

The discharge increase to the turbines by instantaneous opening is done from nQ to Qg
(n < 1). If the turbines are not running, there will be no discharge feeding the penstock
which is (n =0) case. Instantaneous partial opening case may be computed to find out the
surge heights by using Frank's Table 18.

The column with %z 0 wvalue corresponds to ¢—o. Since 1, f, Vo2, F are physical
£

magnitudes, this e—oo corresponds to Ahy = Spl — 0 which is the ideal fluid case. The x
and t values of this column can only be used for ideal fluids which is no friction losses
would occur in the plant.

Example: An hydroelectric power plant with a pressure tunnel of the length 1 = 5000 m,
diameter D = 4 m, and Manning coefficient n = 0.014 is feeding the turbines. The cross-
sectional area of the cylindrical surge tank is F = 150 m’. Calculate the extreme surge
levels by using Frank tables for,

a) Instantaneous discharge increase from 0 m*/sec to 10 m’/sec,
b) Instantaneous discharge increase from 10 m*/sec to 30 m’/sec.

Solution:

a) Q=10 m3/sec,

2 2
fo XA s
4
R=L_%_1nm
4 4
Vv, _Q_ 10 0.80m/sec
f 12,57

V2Nl 0.80%x0.014% x 5000

Ahy ==L = e = 0.63m

I f V) 5000x12.57 x0.80>
— > = —=68.87
g F (ah)  9.81x150x0.63
1 1

Je  /68.87

S [ [5000x150  490sec
of 9.81x12.57

First minimum surge tank level for n = 0 by using Table 18,

E =

=0.12

21 Prof. Dr. A. Bulu



1

=010 — x=10.10 , 1=0.255

=0.15 — x=6.75 , 1=0.258

S~ 8- 8

=0.12 — x=8.76 , 1=0.256

Yo, =8.76x(=0.63)=-5.52m
7=490x0.256 =125sec

First maximum level,

1
—=0.10 —- x=-5.00 , t=0.760
Ve
1
—=0.15 — x=-2.13 , 1=0.768
Ve
1
—=0.12 — x=-385, t=0.763
Je

ymax1 = (_385)X (_ 063): 243m
7=490x0.763 =374sec

Second minimum level,

1
—=0.10 — x=5.80 , t=1.261
Je
1
—=0.15 — x=3.15 , t=1.272
Je
1
—=O.12 — X:474 5 T:1265
Je

ymin2 =4.74x (_ 063) =~ -3.00m
7=490x1.265 =620sec

b) Instantaneous discharge increase from Q = 10 m’/sec to Qo = 30 m*/sec.

Q0=30m3/sec , f= 12.57 m* , R=1m.

V, = 30 539 m/sec
12.57

h V/n’l 2.39%x0.014° x 5000
A, = RV 143

[ VA 5000%12.57%x2.392
E=——" > = —=7.78m
g F (Ah,)’  9.81x150%5.60

=5.60m
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1 1 10

Je 778 30

Interpolation will be done for the required 1 , and n values using Table 18.

Ve
Minimum surge tank level for n = 0.333,

n=0 — L:0.35 — x=296 , t=0.272
Ve

n=0 — L:0.40 — x=2.61 , - 1=0.276

Ve

n=0 — L:0.36 — x=2.89 , 1t=0.273
Ve

n=05 — L:O.35 — x=1.83 , 1=0.297
Ve

n=05 — L:O.40 — x=1.06 , 1=0.306
Je

n=05 — L:O.36 — x=1.80 , 1=0.299
Je

n=0333 — L:0.36 — x=2.17 , 1=0.290
Ve

Yain, =2.17x(=5.60)=-12.15m
toin, =0.29x490 =142sec

First maximum surge tank level,

n=0 - =035 — x=052 , 1=0817
Je

n=0 — =040 — x=068 , T=0.833
Je

n=0 - =036 — x=055 , 1=0820
Je

n=05 — =035 — x=078 , t=0.834
Je

n=05 — =040 — x=085 , 1=0853
Je

n=05 — =036 — x=079 , T=0.838
Je

n=0333 — =036 — x=071 , 1=0832
Je
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ymaxI = 071 X (_ 560) = —398m
t =490x0.832 =408sec

Second minimum surge tank level,

=035 — x=1.16 , 1=1.345

=040 — x=1.09 , t=1.370

n=0 - ——=036— x=115 , t=135
Je
n=05 — =035 — x=108, 1=1364
Je
n=05 — =040 — x=104 , 1=1393
Je
n=0333 — =036 — x=110 , =136
Je

nin, =1.10%(=5.60)=—6.16m
t=490x1.36 = 666sec
Stability Conditions of the Surge Tanks
Stability conditions of the surge tanks were first established by D. Thoma and F. Vogt.
They stated that in order to prevent the development of unstable oscillations the cross-

section of the surge tank should exceed a critical value.

According to the Thoma equation suggested in small oscillations, the limit cross-
sectional area of the surge tank is,

F> I:thm = k If (m2)
294,

k = Factor of safety,

Vy = Pressure tunnel velocity for the new dynamic equilibrium level, i.e. to the power

output to be succeeded after opening (m/sec),

B = Resistance factor of the pressure tunnel (sec’/m),

1 = Length of the tunnel (m),

Ho=H - BV,> = H — Ahy = net head (by neglecting the headloss in the penstock) (m).

Substituting the damping factor m,

_29F5
If

m

The minimum value of head succeeding surge stability in case of a given cross-sectional
area F of the surge tank is,
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CKIE mif
29/H, 298

Assuming local headlosses can be neglected with respect to friction losses, and with the
substitution,
2
n°l
B = RY3

[fR*3 RY?f

Fm =K T 2
2gH,n° 1 2gH,n

thm

Is obtained, which can be simplified in case of a circular pressure tunnel cross-section, R
= D/4 as hydraulic radius, f= nD%/4 cross sectional are, to the form of,

D4/37Z_D2

F=k
4" x4x19.62x H n*

A safety factor k of 1.5 to 1.8 may be adopted.

As can be seen from the equation, the lower the friction factor B, the larger the cross-
sectional area of the surge tank. Limit values of F are thus obtained by simultaneous
assumption of the highest safety factor k and lowest Manning coefficient n. Substituting
the pairs of values k = 1.5, n=0.014 as well as k= 1.8, n=0.0106, we obtain,

1 5 D10/3 D10/3
= - X =50
160x0.014> H, H,

10/3 10/3
18 . D' _ 100D
160x0.0106> " H, H,

LSNP
I:l

In case of a concrete lined pressure tunnel, the deviation depending on the choice of the
friction coefficient n, as well as on the safety factor k, is considerable between extreme
F»/F; = 2. For a lining carried out with steel, the mean value n = 0.0143 — 0.0133 may be
applied.
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For great amplitudes the Thoma equation was modified by Ch. Jaeger, demonstrating
that the safety factor can n0O longer be considered constant. According to Jaeger, the

cross-sectional area necessary for stability should not be less than,

If . R¥f

F=k’ =k'——
29pH,  29n°H,

For a circular cross-section,

D'
160n°H,

The safety factor is,

K* =1+0.482 Yme

0

Vmax 1S the amplitude of the undamped (frictionless) surge.
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