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Summary:

A special impact generator was constructed in corder to produce
water impacts with velocities which are not available in scale
models with waves.

The water impact was generated by a Jet suddenly striking
upon a measuring area.

Iven under same conditions of impact, stochastic scattering
of the peak pressures was observed; but for all test series the
distribution of frequencies of the pressures was found to be nor-
mal-logarithmic.

The generated shock pressures by an impact velocity v came
higher than 10 times the maximum pressure of steady flow of equal
velocity v; but they were lower than 10 % of the water hammer
pressure g*v-cC.

Even by a thin sheet of water on the measuring area the shock
pressures were damped nearly completely.

Considerations about the effect of alr content in connection
with the effects of expansion show that shock pressures can Dbe

explained by a damping of water hammer pressure by a small air
content. Some evaluations of the test material are given to this

point.




1. INTRODUCTION

Most of all experimental investigations on the problems of
shock pressures generated by wave impact have been done in model

wave channels.

The advantage of these test arrangements is, that the con-
nection between the wave characteristics and the impact condition
can be studied directly. On the other side, it is not possible to
control the impact conditions systematically; especially the ve-
locity of the impact is limited by the size of the wave channels,
for waves up %o .5 m high the impact velocities only range be-—

tween 1 and 2 m/sec.

Furthermore, it is well known after the comprehensive study
by DENNY ( 2 ) that impact pressures only can be described by
stochastic laws. Using a wave channel, it is only possible to
measure the superposition of wave and impact statistics. Already
in the classical work by BAGNOLD ( 2 ) he noted how sensitively the
appearance of impact forces changed with very small differences in

the wave generation.

In order to seperate between wave conditions and the dynamics
of impact, it was felt necessary to construct a special impact
generator. This impact generator should simulate the prototype

conditions as nearly as possible.

Shock pressures by impact occur by a sudden stopping of a
moving mass of water by a rigid wall. This process can be recon-
structed in a laboratory by a Jet which is deflected in a very
short time upon a measuring area representing the rigid wall.

The present paper deals with such special tests with an im-
pact generator. It is of interest that GAILLARD ( ° ) as early as
1904 described experiments with a similar impact generator. His
results, however, were, that by an impacting mass of water with
the velocity v no higher pressures could be measured than by a
steady flow of same velocity. The reason was that the spring pres-
sure meters used by him could not indicate the short-time rise of
pressure which is characteristic for all shock pressures; the lack

of electronic devices was responsible for this result.




2. THEORETICAL CONSIDERATION

Taking into account only the elasticity of water (by the
density ¢ and the velocity of sound ¢ in pure water), von KARMAN
(7 ) gave the simple solution for maximum pressure during an

impact

Ppax = C°V°C S P 6D

BAGNOLD (2 ) first showed the high influence of entrapped air in
the contact area between water and the rigid wall. The air in this
contact area may occur in form of one or more cushions or bubbles;
its influence on elasticity always can be resroduced by an average
thickness D of a thin layer of air of equal volume.

For atmospheric pressure, the elasticity of water E stands in

relation to the elasticity of air E_, like

\

15 = 45500 v (D

From this it can bee seen that the elasticity of the structure or of
the wall in most cases can be neglected. Even a very thin layer
of air gives a considerable damping to the pressure of impact.

Contrary to the phenomenon of water hammer effects in pives,
a free jet of water has no fixed boundaries on the sides. There-
fore free expansion can take place at the circumfeirence U of the
impact area A; air entrainment and free expansion together pro-
vide shock pressures to rise till the magnitude of water hammer
pressures.

In Fig. 1, the moment of impact of a free nappe of water

is shown schematically for the case of a plane parallel front

of the nappe before impact.
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Fig. 1. Air entrairment and expansion during impact




With application of the law of continuity for each time element
dt for the control volume in Fig. 1, it can be written (see

also (4)).

Z

Aevedt = (& f 2x(8)y a0 4 A4 (8)ev .at ()
E’(t) T p e e B

compression of> <outflow by)

inflow) X
( / <alr and water expansion

Here A 1s the area and v is the velocity of impact, D the represen-
tive thickness of the air cushion, Ea(t) the adiabatic elasticity
of the alr corresponding to pressure and time, E the constant
elasticity of water, x the unknown length of water in axis of the
nappe compressed by dp; A (t) the (average) area of expansion with

the (ave¢age) outflow v e¢001ty Ve due to expansion.

From momentum equation for the direction parallel to the
wall a relation between the expansion velocity Ve and the pressure
p can be given by
2

E = pA = C V= QoA eV T
- £ e Q- e Critg®Ve ©

v, = N BT T (5

It shall be mentioned that, because of the nonuniform dis-
tribution of pressure p over the impact area A and the expansion
velocity v, over the expansion area A_, equation (4) can give
only an gproximation for the average values.

Introducing equation (4) in equation (3), there is a diffe-

rential equation for p(t):

, Aex (%) -
Aevedt = (h (t) ?< ~ dp + A (%)- Vp/ o - dt ...l (5D

dd

<compression of air, /outhow byy

(inflow
) and water / ‘expansion ’

A complete solution is not possible because of the many unknown

variables; this complete solution, however, is not necessary when

x
p(t) during impact and is given by the condition

only the peak pressure Phiax 1s desired; Pha 1s the maximum of




which gives with equation (%) the simple relation

A e = A
Aev ﬁe D

utflow by>

. N O
(inflow)( .
expansion

A

in the control volume is equal to outflow on the sides by
expansion. Before maximum pressure, the outflow is lower than

Por the moment of maximum pressure Dhax during impact, inflow

the inflow; after maximum pressure, outflow becomes higher
than inflow (4 ).

Equation (6) can be solved for Phax and gives

For Ae(t) can be written Ae(t):U-x(t) and for the time p(t)=pmax

A, = Ux; A/U = R is the hydraulic radius of the impact area.
So equation (6) becomes

2 R\
= DAY A e Y s 66 6 08 0 05008
Prnax Q <x’

(72

From the cross section of the impinging nappe, R is known; the
only unknown variable in equation (7) is the length x, the length
on which expansion takes place according to Fig. 1.

In equation (7) the thickness D of the air cushion does not
directly appear. Considering the pressure rise between p = O
( beginning of impact) and p = Prax’ it can be shown easily that
there is a close connection between the length of the expanding
area and the thickness of the air cushion in a manner, that x in-
creases with increasing D. For a higher air cushion, the pressure
rise is lower than for a small one; therefore a greater area for

the expansion effect can be built up which makes x increase.

Stochastic effects are introduced by the variables x and R,
where x 1s mostly connected with the accidental air content in
the contact area, R with irregularities in the face of the im-

pinging nappe.




%3, EXPERIMENTAL RESULTS

On Fig. 2, the experimental equipment can be seen, which
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Fig. 2. Impact generator in the FRANZIUS-INSTITUY

was used to generate shock pressures by impact. The jet (diameter

200 mm) with the deflector mechanism for sudden opening was ad-
Justable to any angle g between the Jet axis and the measurement area,
a strong plane steel plate with 8 electronic pressure cells in
distances of 50 mm; the electronic equipments were selected so that
single processes of only .001 sec and less could be recorded with-
out damping (4 ).

For the front of the nappe, not only the Jjet angle o is of
importance, but also the front angle B which is formed by the
short but not infinite short time of opening the deflector gate;
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Fig. % shows these two angles at the face of the nappe.

For a constant velocity
v = 8.3 m/sec

(this would correspond to the
impact velocity of a wave about
% m high) a series of 6 x 100
tests were carried out for
different Jjet and front angles;
the results are summarized in
the tsble on page & and 1in

Fig., %. Jet angle o and front Figs. 4 to © on the following

angle B pages.

Fach Fig. 4 to 9 shows a series of 100 tests; from the 8 pressure
records on the measuring area the highest pressure Doy Ves taken for
the evaluation. Mostly the pressures were distributed uniformly
over the measuring area and did not differ very much from one to
another; only to the borders of the nappe also the peak prescsures

became lower.
IT tq 1s the time for the pressure rise from zero to Fmax and
t? the time for the pressure drop from Phax to P, (maximum pressure

of the jet with steady flow with v), the records showed

tq between .001 and .002 secs

t2 between .002 and .004 secs

according to a complete duration of sghock pressure ts
ts between .0C% and .006 secs,
the longer durations belonging to low, the shorter to high pressure

peaks as already shown by BAGNOLD (2).

The maximum pressure p, on an area under a Jjet of steady flow

with the velocity v is

2
. .V
pst-é-— ......................... s e e as o e (8)
and for v = const. = 8.% m/sec.

P, = 3.5m (water column)

for all angles of approach «. The results show that the highest
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Drmax X=90° | X=825°| ;X=75° | X=60° | X=45° | x=30°
m fB=+338°|3=+237° | 3=+18° | B=+36° | B=-175° | [3=-35°
from to Number | Number | Number | Number | Number | Number
10 19
20 28 4
30 39 2
40 49 4
50 59 8
50 69 13
70 79 1 3
80 89 4 1 12
80 g9 4 2 Z 3 3 1.
100 109 75 [} 2 7 4 3
10 19 13 4 2 1 8 8
120 129 14 4 9 2 & 5
130 139 7 73 " 5 7 8
140 149 5 8 2 8 6 3
150 159 7 8 " 10 14 1
16,0 169 7 10 13 8 8 4
170 179 & & 5 8 6 4
180 189 3 8 7 73 & 7
190 14989 3 5 9 4 7 7
200 208 2 4 5 5 4 1
210 2139 2 5 7 3
220 229 3 2 5 5 6 7
230 239 2 3 4 4 7
24.0 249 2 3 2 3 7
250 259 1 2 2 4
260 269 7 1 1 2
270 279 2 1 3 1
280 289 1 7
290 299 2 1 1 1
300 309 2 7
310 313 1 1 1
320 329 7
330 339 7
340 343 1
350 359
350 369 1 1
370 379
380 389 2
350 399 7
400 409 1
410 419
420 429
430 439
440 449
450 459
46,0 469
470 479
480 489
480 439
S= 100 100 100 100 100 100

Table: frequencies of maximum pressures pmay
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yressure peaks are more than 10 times higher than P (highest
e

ssure was D = 40.7 m, see Fig. 5).

O

In Figs. 4 to ©, the original histogram of the frequencies

of Drax -5 to be ceen as well as the integral function of it on
speclal normal-lcg function paper. It can be seen from Figs. &
to 9, that a normal-log distribution is in good agreement with

it should be mentioned that the
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The term x/R represents the relation between the length of
the volume of expansion and the hydraulic radius R of the impact
area; the higher the expansion factor x/R, the lower is the
pressure peak. There are two limits for the expansion factor;
from equation (8) and (7) follows for the case of steady flow

2
_ y.. X _
Py = Q55 & = Y - e cenneaeaas (9)
and from equation (1) and (7) for the case of water hammer
= pevep: X o X
Prax = @ VC3 F = g eeeeeiaeiiiiiiiiiiiieaa. .. (10)

These limits are also shown in Fig. 0.

It can be seen from Fig. 10, that the expansion factor x/R
even for the highest pressures Prax 100 is much higher than for
the water hammer, (equation (10)), but also lower than the constant
value for steady flow (equation (9)). The hydraulic radius of s
jet having a diameter of 200 mm is R = 5 cm; then lie %/R between
the extremes .2 and .8 and the length of expansion x between 1 and

4 cm; for the average of pressures p X ranges between 2.5 and

‘max 50
%2 em. 1t must be noted that x is the effective length of expansion

only for the time of the maximum of pressure.

As the Jjet angle a 1s changing in the 6 series from 900 to
500, the front angle B from +3%.8° to ~550, it 1s surprising that
the results on Fig, 10 do not differ very much. There is a tendency
of increase of x with the velocity v; it may be explained by higher

disturbances at the face of the nappe with higher velocities.

Further experiments were conducted in order to study the effect
of a water layer on the measuring area; this is the condition when
a plunging breaker falls into the backrush water of the forecoing
wave. In these experiments only one pressure cell was used in the

center of the Jjet; the angle of approach was 900.

As shown in Figs. 11 to 1%, for % velocities (5.8 m/sec,
8.% m/sec and 10.4 m/sec corresponding to steady flow pressures
P of 1.7 m, 3.5 m and 5.5 m) the pressure distribution for 100
tests were compared for different depths of water on the (horizontal)
impact area. It can be seen that even a thin layer of water is
capable to give a hig' damping effect on the pressure maxima;

- 16 -
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* %k

for water depths d more than % cm the higher pressures are re-—

duced nearly completely,

That agrees with the results shown in Fig. 10; the length
of the compressed volume of water and air is in the order of this
water depth, therefore the pressure rise does not come till to the

bottom formed by the measuring area.

Conspicuous 1s the fact that for d = v the median
Poox S0 is not increasing with velocity; the distribution be-
comes more uniform for the upper velocities. Because in these
series only one pressure cell was used, a direct comparison with
the results of Fige. 4 to 9 is not possible, but it agrees with

the tendency of x/k versus v in Fig. 0.

4, DISCUSSION OF THE RESULTS

For application to the problems of wave attack, the test
material was evalusated in a previous paper (FUHRBOTER (4)) into
a semi-empirical formula derived from equation (5)

> [c
pmax = Q‘V‘C’ ‘M’;é ® 0 0 @ 5 B 6 6 b B 6 O E B OB * o ® » (41)

with the dimensionless impact-number
N

o
_ (=2 B2
8= (22 )7 i, e (12)

S e P © : o
which was found from the tests to be for Ppax 50

e = 0.00285  toiiiiiiiiiiiiiiii e (13)

vith the relations corresponding to the normal-log distribution

of
Prax

Prnax 10 = 0.65 * Py 50
Pnax 50 = 1-00 ° Prax 50
Ppax 90 = 1.5 Ppoax 50
Prnax 99 = 2-71 " Ppax s0
Pnax 99. 9 2.7 * Ppax 50
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The time of pressure rise tq is given by

t/g:"% R
':\/v-02°VG;

In this solution gll the results of the 600 teste given in Figs. 4

cecettseccenessanses  (15)

to 9 are utilized.

Here, only the physical aspect of the results shall be taken
into account, which is given by the fact, that from all tests till
velocities up to 8. 3% m/sec it was found, that the length of
expansion (in axis of the jet) was of the same order of

™

of marnitude of R:

x~ R

with a tendency of increase for higher values of v.

NAGAT (c;) found in nis comprehensive teess in model wave

tanks a length of 3 to 5 cm of water column which could be re-
lated by momentum equation to the shock pressure; this is in agree-
ment with considerations of BAGNOLD ( 2 ) who found the length of
the participating volume to be about .2 HB; for waves with HB

of 20 cnm therefore sbcut 4cm. In the tests of the FRANZIUS-INSTITUIL

the corresponding liength x - here defined as the length of the

expansion area A, - also lies in the ranpe between 1 and 4 cm
from Fig. 70 with kR = 5 cm.
It shall bve mentioned here, that the hydraulic radir= of im-

height HB. For model waves about 20 cm high the hydraulic radius
[y

is not different very much from R = 5 cm in the tests of the

FRANZIUS-INSTITUT.

4 simple explanation for the fact
xn~ R

can be given by Fig. 1. Because of the high velocity of sound ¢

in water (compared with v), a build-up of pressure only can occur
in a zone of a length x in the order of magnitude like R, because
for longer distances from the wall the side expansion effect give:

-2 -




a pressure about O inside the Jjet during all phases of impact.

*Contrary to the theory of NAGATI (g ), also with the effect
of expansion a water hammer pressure ¢-.vec would occur, when only
the elasticity of water would govern the impact process; but it
would appear only for a very short time in the order of t,3 = R/c

due to the beginning of expansion.

For the idealized case of a complete parallel front of the
nappe to the wall, 1t can be shown, that the escaping of air out
of the volume between the approaching front and the wall is
limited by the velocity of sound in air Cye After arriving to a
certain distance from the wall, the escaping velocity of air
Vg becomes equal Cq and remains constant for the last time till
to the contact of the front of the nappe with the wall. From
this idealized model of the process, it follows that a volume

of air (under atmospheric pressure)

D L X
C

POl

a

nust be included between the (parallel) front of the nappe and the
wall.
For R = 5 cm, v = 8.% m/sec and c, = 331.6 n/sec equation (16)

gives a value of .0012 m or 1.2 mm.

Because of irregularities and disturbances in the front of the
Jet, it may happen, that more air can escape than from the idealized
case of a parallel front; also in opposite direction more air could

be entrained by large cavities in the front.

This content of air of equation (16) seems to be very small,
but taking into account the relation of elasticities or compressi-

bilities of water and air given by equation (2)

= 15500 sttt iaaannn ceeane c.. (2)

=

a

it can be shown that this content of air inthe compressed volume
of the length x is able to explain the damping of water hammer
pressures @-ve-c to the values of observed shock pressures:
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The relation between the compression of the volume of the
length x may be related (neglecting the expansion volume) directly

Yo the pressures in it,that is

alx=-D) A<D
L

T E
‘a . p-v-cC or
&= I
<X
e Prax
p - /‘I - Q'\F.{‘ ...-.--o.-o....o..o.¢o<17>
- o T e
** max ,}é-(::% - ,.!:).‘_;_
.Jc‘_'i

Evaluating the pressures e D 5
& pres Prnax 10° Puax "¢ Tmex 90 and Phnax 100
on Figs. 4 to 9 by eguation (417) witlh equation (2), Fig. 14 gives

the results for the dimensioniess rovio /X beTtween the thickness D

/

of the ailr cushion and the lencth of expansion .

obe
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¥
Fig. ‘4. Air conbtent/exsansicu len th = L/x
From Fig. 10, isr the pressure Ppay =0t WAS found about
dda -

.5 R o= 2.5 emy with I/x about .u4 to .07 Trem Fig. 14 it can be

cseen that a thickness D 1s necegsgary of

in order to explain the relation between observed shock pressure
and water hammer pressure; for the i rest observed pressures from
100 tests it gives with x/R sbout .7 srom Fig. 10 snd D/x about
from Fig. 14

™ . 4,
v o2 mm for v .
7 “max 100,




llere it 1s to be taken into consideration, that the factor
of equation (2) is variable and decreases with the adiabatic rise
of pressure. So equation (17) can only give an approximate approach,

but there is a good agreement in the order of magnitude.

Fig. 10 shows for the equation (7) with Ppax = Poax (vz) an
increase of the values of x/R with v according to an increase of the
pressure with a lower power of v than 2. From Fig. 14 it can be
seen, that also the values of U/x indicate a slight increase with v;
that means that the rise of peak pressure is even lower than the

wer 1 of v (equation (17)). The range of observation is too small
to give a clear relation here; from both Fig. 10 (equation (7)) and
Fig. 14 (equation (17)) can be seen that the scatter of results
by sTochastic effects is much higher than the dependence from v.
It seems certain that there is aleso a correlation between x and D
as mentioned before, as a high D alsoc may give a higher value of x;
by the superposition of the stochastic processes in both, it 1s
not possivle here to senerate them. Because the stochastic variable x
in equation (7) as well as the stochastic variable D in equation (17)
are in the denominaior, the alwayvs stated normal-log distribution

of Ppay €31 be explained.

It seems to be sure that the shock pressures do not follow
the law of FRCUDE as already stated by ALLEN (1), BAGNOLD (2),
JOHNGSON (6) and MINIKIN (8); RICIHERT (10) recently gives a
theoretical approach for the scale-up of shock pressures in models;

more experimental data are necessary also for this formula.

Becsuse the surface tension of the water is tThe same in the
model as in nature, 1t is to be expected that scale effects occur
in a manner that cmall model waves with considerably smooth fronts

have lower alr content than larger waves in nature.

-

Fspeclally for high impact velocities, there is a lack of
information about the shock pressures produced by them., The present

paper will give a contribution to this problem.
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Area of impect on the wall

Area of expansion at the sides of the Jet

air content, represented by an uniform thickness on
the area A

elasticity of water = ¢ - ¢

elasticity of air = ¢
height of breaker
inflow of the jet = A = v
outflow through the area of expansion Ae = A+ v
AU =
circumference of the area of impact

hydraulic radius of impact area

velocity of sound in water

= 1485 m/sec for 0° C and atmospheric pressure
velocity of sound in air

= %2%31.6 m/sec for 0° ¢ and atmospheric pressure
water depth on the measuring area

gravitational

~
e

acceleration = 9,81 m/sec2
pressure

maximum of pressure during impac?t

from 100 tests

from 100 tests

pressure not exceeded by 10 %
pressure not exceeded by 5C 7%

pressure not exceeded by 9C % from 100 tests

hiphest pressure measured during 100 tests 5
. ~ . . v
maximum pressure of shteady flow with the velocity v = e
time of pressure rise Ifrom D=0 tO P=Prax
A, .
. £ R — oo
time of pressure drop fron P=Ppax to pP=Pg
tq + t, = total duration of impact
[

velocity of impact, perpendicular to the measuring plane
velocity of water due to expansion on the sides of the Jet
escaping velocity of air between the front of the jet

and the wall

length of expansion areaz in axis of the Jet

jet angle or angle c¢f approach (Fi:. 3)

front angle (Fig. %)

dimensionless number of impact given by equation (12)
density of water

density of air
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