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Summary: 

A special impact generator was constructed in order to prcd~ce 
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. 

Even 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 
veloci ty v; but they were lower than 10 % of the v.Jater hammer 
pressure Q·v·c. 

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

Considerations about the effect of air content in connection 
with the effects of exnsnsion show that shock pressures can be 
explained by a dampinp; of water hammer pressure by a small air 
content. Some evaluations of the test material are Given to this 
point. 
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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; especi ly the ve

locity of the impact is limited by the size of the wave channels, 

for waves up to .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 DE~~ ( 3) 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 sensi ti vely 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 rigld 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 ( c) 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 thEm 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. 
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2. THEORETICAL CONSIDERATION 

Taking into account only the elasticity of water (by the 

densi ty Q and the velocity of sound c in pure water), von KARtIAN" 

( 7 ) gave the simple solution for maximum pressure during an 

impact 

Pmax = Q' V' C ••••••••••••••••••••••••••••• ( 1 ) 

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 asticity always can be re~roduced 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 Ea like 

E 
l~ a 

= 1£)')00 ••• ., •••• ., ... ., .............. ., ... ., ....... ., ., (2) 

Ii'rom this it can bee Geal tbat 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 dampinE to the pressure of impact. 

Contrary to the phenomenon of \·mter hammer effects in ripes, 

a free jet of water has no fixed boundaries on the sides. There

fore free expansion can take place at the circumference 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. 

control yolumen 

lines ofequo/ pressure 

formation 
of air cushion expansion 
--~ 

Fig. 1. Air entrain:1ent and expansion during impact 
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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)). 

~(t)) dp + A (t)·v .dt .•.............•.• (3) . e e 

( ' fl ,(compression of) In ow) , . 
alr and water 

( outflow. by) 
expanslon 

Here A is the area and v is the velocity of impact, D the represen

tive thickness of the air cushion, E (t) the adiabatic elasticity 
a 

of the air corresponding to pressure and time, E the con ant 

elasticity of water, x the unknown length of water in axis of the 

nAppe compressed by dp; Ae(t) the (average) area of expansion with 

the (average) outflow velocity v due to expansion. e 

From momentum equation for the direction p leI to the 

wall a relation between the expansion velocity ve and the pressure 

p can be given by 
2 

K u-A = Q.C,v = Q.A·v or 
~ e ue e e e 

Ve ;::: • ., ................ #> .......... '" ......... "6O .. (i+) 

It shall be mentioned that, because of the nonuniform dis

tribution of pressure p over the impact area A and the expansion 

velocity ve over the expansion area Ae' equation (4) can give 

only an ~oroximation for the average values. 

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

rential equation for pet): 

( 
r \ 
-~ I 

................ II .,,1 ..' 

Cinflo~ (compression of air\ 
and water ) 

(outflow by') 
\expan on / 

A complete solution is not possible because of the many unknown 

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

only the peak pressure u is desired; p is the maximum of 
~max max 

pet) during impact and is given by the condition 

£1? dt ::: 0 
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which gives with equation (5) the simple relation 

A·v == Ae" VPma/ Q .......................... (6) 

( . 1'1 '(ou tflo1rJ by) In OW) . expanslon 

:For the moment of maximum pressure Pmax during impact, inflo1tl 
in the control vollli~e is equal to outflow on the sides by 

expansion. Before maximum pressure, the outflow is lower than 

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

Equation (6) can be solved for p and r'ives - - max 0 

2 
2 ( A "Pmax :::: Q·v . f) 

~e 
(6) 

Hor Ae(t) can be written A (t)==U.x(t) and for the time p(t)==n e - max 
A :::: U·x; A/u == H is the hydraulic radius of the impact area. e 
So equation (6) becomes 

2 (H,2 
Pmax :::: Q"V • x) ( '7\ 

I ) 

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 = 0 

( beginning of impact) and p == p ,it can be shovm easily that max 
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 is mostly connected with the accidental air content in 

the contact area, R with irregularities in the face of the im
pinging nappe. 
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3. EXPERIMENTAL RESULTS 

On Fig. 2, the experimental equipment can be seen, which 

weir 

measufinf area 
1m .. 

for producing 
a water depthd 

nozzle with deflector 
(adjustable) 

o 

presrure cells 

Fig. 2. Impact generator in the FRANZIUS-INSTITUrj' 

measuring 
; area 

2m 

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 ex between the jet axis and the measurement aIBa, 
a strong plane steel plate with 8 electronic pressure cells in 

distances of SO 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 jet angle ex 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. 3 shows these two angles at the face of the nappe. 

1 
(J / 

Fig. 3. Jet angle a and front 

angle B 

For a constant velocity 

v == 8.3 m/sec 

(this would correspond to the 

impact velocity of a wave about 

3 m high) a series of 6 x 100 

tests were carried out for 

different jet and front angles; 

the results are summarized in 

the table on page 8 and in 

Fi . 4 to 9 on the following 

pages. 

Each Fig. 4 to 0 shows a series of 100 tests; from the 8 pressure 

records on the measuring, area the hir)~est pressure D was taken for 
t_ ~ max 

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 preSEures 

became lower. 

If t1 is the time for the pressure rise from zero to rand - -'-max 
t~ the time for the pressure droD from p to p (maximum pressure c.: " max s 
of the jet with steady flow with v), the records showed 

t1 between .001 and .002 secs 
+- between .002 and .004 secs LJ2 

according to a complete duration of shock pressure t s 

t between .003 and .006 secs, s 

the longer durations belonging to low, the shorter to high pressure 

peaks as already shm·m by BAGNOLD (2). 

The maximum pressure p on an area under a jet of steady flow s 
with the velocity v is 

2 v ::::: Q. ............... a ................... (8) 

and for v = const. :::: 8.3 m/sec. 

Ps :::: 3.5 m (water column) 

for all angles of approach a. The results show that the highest 
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I Pmax 0(-900 lX"'82S'1 ex: 75° cx"'60° I CX-45° I cx=30o 
, , 

I 

I m j3" +33,8° fJ-+23.7 11 I (3=+18° f3 =+3,6 11 1 j3c-17.5 11 I (3 =-3511 

I I I from to ~mber Number I Number Number I Number Number I I 
I 

19 
I, 

10 II I 

2.0 2.9 II 4-
3.0 3.9 )) 2 
4.0. 4.9 

II 

4 ,I 
ii 5.0 5.9 II 8 

6,0. 6,9 II 13 
7.0. 79 

II 
1 3 

8.0. 8.9 4- 1 13 
9.0. 9.9 i! 4- 2 2 3 3 12 

10.0 10.9 15 6 2 1 4- 3 
11.0. 11,9 13 4- 2 1 8 8 
12,0. 12,9 14 4- 9 2 6 5 
110. 13.9 7 1'3 11 5 7 8 

I 14.,0. 14,9 5 8 2 8 6 3 
I 15,0. 15.9 7 8 11 10. 14- 1 
! 16,0. 16.9 7 10. 13 8 8 4 

I 
17,0. 17,9 6 6 5 B 6 4 
18.0 18,9 3 8 7 13 6 1 
19,0. 19.9 3 5 9 4 7 1 

I 20.0. 20.9 Ii 2 4- 5 5 I 4 1 
" no. 21,9 II 2 5 7 3 I 

22.0. 22,9 3 2 5 5 6 1 
230. 23,9 2 3 4- 4 1 
2{o. 24.9 2 3 2 3 1 
25.0. 25.9 1 2 2 4-

I 26.0. 26,9 1 1 1 2 
I 270. 279 2 1 3 1 
I 2B,o. 28,9 1 1 
I 23,0. 29,9 2 1 1 1 

30.0. 30.,9 I 
2 1 

31.0. 31,9 1 I 1 1 
32,0. 32,9 1 

I 33,0. 33.9 1 
i 34,0 34,9 1 

35,0. 35.9 
36,0. 36,9 1 1 
370 37.9 I 
38,0. 38.9 

I 
2 

I 39.0. 39.9 1 

4l)O 4Q9 1 
41.0. 419 
42.0. +2,9 
43,0. 43.9 
44,0. 44,9 
45,0. 45.9 
46,0 46,9 
47.0. 479 
48,0. 48,9 

I 49,0. 49,9 
! 

L= 
II 

100 100 100 100 I 100 
I 

100 I 
I I 

Table: Frequencies of maximum pressures Pmax 
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pressure peaks are more than 10 times higher than Ps ( chest 

pressure was p = 40.7 m. see Fig,_,. 5). 
~ ~ max ' 

In Figs. l-l- to '3, the original histogram of the frequencies 

of D is to be reen as well as the inte~ral function of it on 
.L max C 

speci81 norm8l-1cc function paper. It can be seen from Figs. L',. 

to 9. that a nor~~l-log distribution is in good agreement with 

experimental 

o.f t.his 

resul~s; it should be mentioned that the 

distribution must be limited by the water hammer 

pressure (>v·c. 

n 
n:;<: /1\.)' ·l::"'ma~x 

are shown; ~hese are e preS2UrE'~;, ',; lcll a.ce not exces(}cci by 

tests; i'ur~;;e,::'more the hiF:hest pre ssure 10, and out of 1 

~easured aurlnE 1 tests is Eiven on eac~ 0] 

(-:. 
/ . ated equation (/') II n t~cse Drassures are eva 

(7' UJIIlI ................. .,. •••••• «t\ ) 

e I 
or x/R, can be otted aGainst the 

L21paet veloei v DErpendlcular to t plane, correspon-

tL a~ e of approach 0. 
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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 

p s == Q. ;2 ; ~ == 12 ............................. ( 9 ) 

and from equation (1) and (7) for the case of water hammer 

Pmax = QOv·c; ~ == J~ ........................... (10) 

These limits are also shown in Fig. 10. 

It can be seen from Fig. 10, that the expansion factor x/R 

even for the highest pressures Pmax 100 is much higher than for 

the water hammer, (equation (10)), but also lower than the constant 

value for steady flow (equa on (9)). The hydraulic radius of a 

jet having a diameter of 200 mm is R = Scm; then lie x/R between 

the extremes .2 and .8 and the length of expansion x between 1 and 

4 cm; for the average of pressures Pmax SO x ranges between 2.S and 

3 cm. It must be noted that x is the effective length of expansion 

only for the time of the maximum of pressure. 

As the jet angle a is changinc in the 6 series from 900 to 

300
, the front angle B from +33.80 to -35 0

, it is 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 fore inc 

wave. In these experiments only one pressure cell was used in the 
o center of the jet; the angle of approach was 90 . 

As shown in Figs. 11 to 13, for 3 velocities (S.8 m/sec, 

8.3 m/ sec and 1 O. L~ m/ sec corre sponding to steady flow pre ssure s 

Ps 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 (horizont ) 

impact area. It can b~\ seen that even a thin layer of water is 

capable to give a hi~ damping effect on the pressure maxima; 
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** 

for water depths d more than 5 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 is the fact that for d == v the median 

Pmax SO is not increasing with velocity; the distribution be
comes more uniform for the upper veloc ies. Because in these 
series only one pressure cell was used, a direct comparison with 

the results of Figf~ 4 to 9 is not possible, but it agrees with 

the tendency of x/i{ versus v in Fig. 10. 

4. DISCUSSION OF THE RESULTS 

For application to the problems of wave attack, the test 
material was evaluated in a previous paper (FUlffiBbTER (4» into 

a semi-empirical formula derived from eauation (5) 

Wc P = Q·VoC- -"6 -max v • • • • • • • • • • • • • • • • • • • •• ( 1 1 ) 

with the dimensionless impact-number 
k 2 

6 == (~a • ~)3 ." ••....•..•.••.....• 0 ••• 00 •• (12) 

which was found from the tests to be for p 50 max 

61)0 == 0.00245 

tith the relations corresponding to the normal-log distribution 
of p max 

Pmax :::: 0.65 . Pmax 10 50 

Pmax 50 == 1.00 . Pmax 50 

Pmax :::: 1.5 · Pmax 90 50 

Pmax 99 
::::: 2.1 · Pmax 50 

Pmax 99.9 
:::: 2.7 · Pmax 50 
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The time of pressure rise t1 is given by 

R 
t1 = \/-:::;}. r;: ................... . (15 ) 

In this solution all the results of the 600 testr; given in Figs.4 

to 9 are utilized. 

Here, only the physical aspect of the results shall be taken 

into account, which is given by ~he 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 rna itude of R: 

X rv R 

with a tendency of increase for higher values 0f v. 

NAGAI (0,) found 
-' 

tanks a length of 3 to S 

his comprehensive tee~s in model wave 

cm of water column 1tlhich 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 HE; for waves with HE 
of 20 cm therEdore abJut 4cm. In the tests of the FRANZIUS-INS'I'ITUl 

the corresponding le~gtb x - here defined aE the length of the 

expansion area be al so lie s in -:::-h6 1'8i.l.t,e between 1 a~d 4 cm 
-f' 
.1. rom tn R = Scm. 

It shall be mentioned here, that the hydraulic radi" c~ of im

pace areas of breakinr waves is of the order of half the breaker 

height HB" For model VV8ves about 20 cm high the hydraulic radius 
is not different very much from R = 5 cm in the tests of the 
FRANZ IUS- 'TU1 • 

A simple explanation for the fact 

can be given by F 1. Because of the high velocity of sound c 

in water (compared >Ji th 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 givel 
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a pressure about 0 inside the jet during all phases of impact. 

"Contrary to the theory of NAGAI (9), al so with the effect 

of expansion a water hammer pressure Qov'c 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 t1 ::: R/c 

due to the beginning of expansion. 

For the idealized case of a complete parallel front of the 

nappe to the wall, it 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 c . After arriving to a a 
certain distance from the wall, the escaping velocity of air 

v becomes equal c and remains constant for the last time till a a 
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) 

J)rv ( 16) 

must be included between the (parallel) front of the nappe and the 
\·,rall. 

For R ::: 5 cm, v = 8.3 m/sec and ca ::: 331.6 m/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) 

E 
E a 

::: 1SS00 •• '" • '" '" '" ........ '" .. '" • '" ........ '" • • • • .. ... ( 2 ) 

it can be shown that this content of air in the compressed volume 

of the length x is able to explain the damping of water hammer 
pressures QOv·c to the ~alues 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 

to the pressures in it,thBt is 

A·D '( r' .Ii. X-... ·) 
E + 

:::: or 

....................... (17) 

** 1 +(~ -
s. 

Evaluating the pressures p . 10' P r, , D r 90 and p 100 max max \i ~aX max 
on Figs. 4 to 9 by eqUEltl.on (--; ~J) 'eli Ll equation (2), Fig. 14 gives 

the results for the dime':lsion:es3 rol,'io j)/x be-cween the thickness D 

of the air cushion and the 1 eLctll oj' expaYJsio:r: J.:. 

....... i .4 .... 

t----......l~ '''~- .. ,"--'-- ,I'V'-~ 
-~' -- . --~ -- / "--

" /~ 
----, Jp ...... 

• L • ~- ~-
____ -,.--- _',_ PrJU!.tG 

"'" 

!lCl2! 

17;0' 
.1-" -'-0 • ,/-1- • f • 

.t"1.lr 
.. / 

- L'/ X 

.From :FiC. ~: ~\,~: v; [JE; fOund about 

.~) II = 2. S em; • 1h it (~an be 

seen that a thickness D is necesFnry of 

D A.i 1 mm 1'0 r T' 
~ I'1 ay "1 I., 

order to explain the relation betwpc~ observed shock pressure 

and water hammer pressure; for the:; l'i,'rest observed pressures from 

100 tests it gives with x!p about .~ !J~m FiC. 10 ond nix about 
.02 from Fig. 14 

mm for T) -"max 
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Here it is 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. 

Fi~. 10 shows for the eauation (7) with p = p (v2 ) an 
u ~ max max 

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 D/x indicate a slight increase with v; 

that means that the rise of peak pressure is even lower than the 

power 1 of v (equation (1~7». The range of observation is too small 

to give a clear relation here; from both FiC. 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 also a correlation between x and D 

as mentioned before, as a high D also may give a higher value of x; 

by superposition of the stochastic processes in both, it is 

not p02sible here to sene e them. Because the stochastic variable x 

in equation (7) as well as the stochastic variable D in equation (17) 

are in the denominal or, the ah,:ays stated normal og distribut ion 

p can be explained. - max 

the 

It seems to be sure that the shock pressures do not follow 

law of Ii'HOUDE as already stated by ALLEN (1), BAGNOLIJ (2), 

JOHNSON (6) and MINIKIN (8); RIC (10) recently gives a 

theoretical approach for the scale-up of shock pressures in models; 

more experimental data are necessary also for this formula. 

Because the surface tension of the water is the same in the 

model as in nature. it is to be expected that scale effects occur 

in a manner t emoll model waves with considerably smooth fronts 

have lower air content 1 r waves in nature. 

information about 

paper will give a 

~or hieh imnact velocities, there is a 

e shock pressures produced by them. 

contribution to this problem. 
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. LIST OF SYM~OL3 

::: 

== 

= 
::::: 

::: 

u :::: 

c ::: 

d = 

p 

Pmax :::: 

p.mnx 10 ::: 
D = - max 50 
n ::: 
- m:gx 90 
P!Y;'-IX 10(1 :::: 

.l.~4('_' .. 

x 

E 

(:; 

c: 
Q a 

::: 

::: 

::: 

Area of impact 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 ::: Q • c2 

elasticity of air::: Q ·c 2 a a 
height of breaker 
inflow of the jet ::::: A • v 

outflow through the area of expansion Ae 

A/U ::: hydraulic radius of impact area 

circumference of the area of impact 
velocity of sound in water 

== A • v e e 

= 1485 m/sec for 0 0 C and atmospheric pressure 

velocity of sound in air 

= 331.6 m/sec for 0 0 C and atmospheric pressure 

water depth on the measuring area 

gravitational acceleration::: 9.81 m/sec2 

pressure 
maximum of pressure during impact 

pressure not exceeded 

pressure not exceeded 

pressure not exceeded 

by 

b;y 
bv 

" 

1(' . ,-I 

50 
90 

';";) from 
'J from /0 

~s from 

100 tests 

100 tests 

100 test,s 

hichest pressure measured during 100 tests 
maximlh11 pressure of steady flo'!:l l,vi th the velocity v 

time of pressure rise from a to p=p - 'max 
time of pressure drop from n=p to p=p - max s 
t1 + t2 = total duration of impact 

2 v ::: c:. 

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 area in axis of the jet 

jet angle or angle cf approach (Fi;. 3) 
front angle (Fig. 3) 

dimensionless number of impact given by equation (12) 

density of water 
density of alr 
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