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TRANSLATOR t S~ PREFACE 

The f o l l o w i n g  i s ,  b u t  a ~.: p a t t i  a l  r'~;FS£qS3JttiOn ~ 0~ : BerKeron's  ? paper ,  

and,  f o r  ~hi8  reason ,  au ~ o u t l i n e  Of  ~.the o n ~ r o p a p e r  was.  o e ~ i l o d .  ,by . t r a n s -  

l a t i n g  d i v i s i o n  and : s u b d i v i s i o n  ho~ding s*~and::is2'£nOluded~°~indtOat° ~ h e  :" 

o o n t e n t e  o t h e r  ~han the  : par~8 ~ which  :: have been ~.trans lated.~  

The only  major par'4;e ~ r a n e l a t e d  were :ohapter  I ,~w~Loh,doals:wi~h 

g e n e r a l  p r i a o i p l e  s and ohapter  5 whioh;  d e a l s  : w i t h  ~ a p p l t o a t i o n s  : of' , 'these 

p r i n e i p l e s  t o  k ~ d r a u l i o  prob lems .  

The l a s t  paragraph o f  t h e  o r i g i n a l ! p a p e r  h a s : , a l s o  been  ~ trans la ted  

beoause  o f  the  g e n e r a l  na ture  o f  i t s  ~oonten~so 

Undersoors d words,  i n  ~thi s ~ r a n s l a t i o n  ~are : i ta l io ised:~words .  : ::in "~he 

o r i g i n a l  a r t i o l e .  
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Applications • 
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1.  Genera l  d i s s u a s i o n  

In  our u n i v e r s e  a l l  phenomena a r e  p r o p a g a t e d  £ r~n  p l a o e  .to p l a o s ,  

i n  the  mmdima where  t h e y  a re  p roduoed ,  i n  t he  ~orm of  a wave whose a p p e a r -  

• nee i s  f ~ n i l i a r  t o  .us o~' a w a t e r  sur£aoe  o r  • l o n ~  a oord  under  s l i g h t  ~ten- 

s i o n .  whioh  has  been a E i t a t e d  a t  one o£ i t s  e n d s .  

In  • g r e a t  number o f  oases  where  t h e  wave i s  n o t  8ubJeo ted  ~ de- 

formation during its propa~tlon, it is oalled (plane), :t re~alns Iden° 

tloal to itsel~ ~orever i~ the :. modium is homogeneous and li~Itless~ but the .: 

medium is a lways  l lmi%ed,  and eaoh l i m i t  imposes p a r t i o u l a r  o o n d i t i o n e  whioh  

r e £ r z o t ,  r e f l e o t ,  o r  ~ r a n e ~ r m  t h e  waves upon t h e i r  a r r i w z l .  

In  o t ~ r  oases  t h e  wave8 undergo • d e f o r m a t i o n  a r i s i n s  . i t em- the  

homo~neous  medium i t l e l f  i n  p r o p o r t i o n  t o  the  advance  ~of :,the-wave. ,This 

n o d i f i a a t i o n  i s  t h e n  o o n ~ n u o u s ~  b u t ,  one san  somet imes oon0eive  o f  : i~ ,,as 

be ing  produoed by sudden ~umps a t  p o i n t s  i n  .spaoe,  : e q u i d i s t a n t  and i s u f f i -  " ; 

o l e n t l y  o l o s e ,  and t h u s  one s o n s • r u s t s  a n ~ a p p r o x ~ t ~ o n  whl0h fa l l s~  on .the 

p r e o e d ~  ease  w h e r e - t h e  l i m i t s  w o u l d b e  . the l o o • ~ i o n s  o £  the  ~.sudden ~umps. 

In  p r i n o i p l e ,  a wave i~ ..then a ~ p h y s i o a l  phenomenon in .motion~ 

s t a r t e d  from s o ~  ~ .  i~t r e u ~ i n s ~ t h e  S ~  ~o_~r,:a~n o b s e r v e r  who t r a w s l s  

w~th i t s  v e . l o o i t y ,  and t h i s  v e l o o i t y  i s  , ,oon~tant  ~between t h e  l i L t t 8  o,~' t h e  
= m m ~ m m  _ 

homogeneous medium where  t he  phenomenon has  ooourre :d;  

Bvory p h e n o ~ n o n  i-s o h a r a o t e r i s o d  by t h e  . ~ r i a t i o n  o f  ~m~ p l~ys ioa l  ~= 

d imens ions  or  v a r i a b l e s , - w h i c h  s h o u l d  de~ lne  the  s t a t e . o f  t h e  bod ies ,  o o n -  

s i d e r e d  s t  any  i n s t a n t ,  and,::not ,by •.ny s i n g l e  d i ~ e n ~ o n ,  • s ~ a , : s ~ r f ~ o l a l  

 .wor =hi s ott  o n e  to   b ile.. z t  i .  f o r  t h i s  reason: t 

l i q u i d ,  o r ,  more . g e n e r a l l y ,  i n  any medium o f  e l • e r i e  m a t e r i a l , . . •  i£orce. ~"IS 
a l w a y s ~ : i n d i s s o l u b l y - o o n n e o t e d  .wi th  • y e l o o ~ t y .  ~Thess ,~two d ~ a e n s i o n s  a r e  t h e  

p r e s s u r e  and '~he  d i s o h a r g e  i n  a w a t e r  s end• t i t !  ~he  " ~  ~for_._oe and 

t h e  ve loo i%y o f_f l o n ~ t u d i n a l  d~splaoenmnt  o f  • ~ t ranaverse  ,.wave i n  .It ~ t a l  

bars  t, he_~rantrverse £ o r o e  and t h e  Telo~tty_ ~°£ t r a n s ~ _ r s e  d i s p l a c e m e n t  o£ • 

- I "  
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s e c t i o n  normal to  the  a x i s  o f  a t i g h t  cord~ t h e  tors ions . i . .  moment, and. :%he ',.::'~.. '~ 

a n g u l a r  v e l o o i t ~  o f  a s e c t i o n  normal  to the a x i s  o f . a  b a r i n ~ r o t a t i o n ~ ,  ~' ".The: ,i£! 
same is true along an electric conduit where:the ~nslon (volts) Is ,ion- ,~ 

neoted with the current (amperes). 
s 

In a d d i t i o n ,  t h e s e  two d i m e n s i o n s  are .  a lways  ~the . ones :w~ ieh  e n t e r  i. 

i n t o  the  e q u a t i o n  o f  e q u i l i b r i u m  o f  the  , sys tem b e i n g ; : s t u d i e d o  T ~ # r e f o r e ,  ~ 

the  d e s i r e  to  o o n s i d e r ~ a l o n e ,  f o r  e x a m p l e ,  a t e n s i o n ' w a v e ,  as  on~i r e & d i l y  ~ 

does ,  i s  a pure a b s t r a c t i o n  w h i c h  warps Judgment  b e c a u s e i t  has  ~no more 

r e a l i t  T than  t o  w i s h  t o  • t a l k . o n l y  o f  o r d i n a t e s  .,of a .°urve and., ~;o i g n o r e  i t s  . !!i 

abscissa. There is no phenomenon which i~ • simple propags~tle:n of:a tenaion ~! 

wave .  There are o n l y  phenomena o f  t e n s i o n , i n t e n s i t Y ,  pree, su~/~-'dlso~,arge,, . .,. -~ ~: 

force-velocity, aud so forthl ''and it is the return-.~to ~te a~d~:re&l ~i 

c o n c e p t  w h i c h  i 8  the p h i l o s o p h y  o f  t h e  m e r g e d w h i c h  w e . a r e  g o i n ~  to  , d i s c u s s .  ~ 

The w r i t i n g  o f  t h e  e q u a t i o n s  of .~he ~ p h y s i c a l  phenomena provoked  : in } 

a c o n t i n u o u s  medium i s  n e v e r  done w i t h o u t  c o n s i d e r A n g  ~!~he ~ d i ~ n s i o n s ~ : o z ~  

variables i.nquestlon,-and It is:only in the dlscussi~ns of the ~8olut~on.*~hat ~i 
-i 

t h e y  are  o f t e n  d i s s o c i a t e d .  :i 

These equations are well known~.and, although i:tls easy and per- :i 

haps  p r e f e r a b l e ~  as we s h a l l  s e e ,  t o  n e g l e o t ~ h e m , .  'we w ~ l l  r e c a l l  t h e m f i r s t  " ~i 

i n  order  to  s h ~  t h e  c o n n e c t i o n  w h i c h  l i n k s : t h e  g r a p h i c a l : m e t h o d ,  w h i c h  i s  

the object of this, study, to the former algebraic,,methods. • ; 
- )2 

2 .  General  e q u a t i o n s  

I f  one c o n s i d e r s  an i n f i n i t e l y  t h i n  s l i c e  dx. o f . a  w a t e r  c o n d u i t  - 

and w r i t e s  t h e : e q u a t i o n  o f  t h e  fo~.oes act ing,  and. %he eq luat ion  o f  c o n t i n u i t y ,  
1 

one s e t s . u p  the f o l l ~ i n g  two d i f f e r e n t i a l . e q u a t i o n s :  

1Sees L. A l l i ~ v i ,  T h e o r i e  du coup de b e l i e r  (Donod).j L, Bergeron ,  Revue 
General d'Eleotrlolt~, 14 mal .,19S2, Bulletin .des rln~ llleurs CIV~'I8, 
mat 1 9 2 6 , - C o n g r ~ s - d e  Meohanique de L i e g e ,  1 9 3 0 , , ,  

~!/i: ~ : .~ - :  

"T" 

dh l dv 
W- 

-.wl~;re h is  t h e  pressm, e in  meters o f  wa l~ r  lind v the v e l o o i t ¥ ~ o f  ~ o w ,  



~ e  ~ , 

AlOng an e l e o t r i o  l i n e ,  i by o o n s i d e r i n 8  ! t h e ' ' l i n e a r  ~oapa~ity C and ~ I ~ ":r ~ ' ~  

t h e  . l i n e a r  l n d u o ~ = o e - o f  t h e ~ l  i=e',  one se ts  u p ' t h e  e q u a t i o n s  '~ ~ ~ '!.~ 

d u _ _  u | ; . . . .  . . . . . . . . . . .  . . . . . . . . . ; . . .  i (21 ~,~ 

~ h e r e  u i s  the  v o l t a g e  ,.end t the  ourren%. -!';i 

I t  l .  a p p a r e n t  t h a t - t h e s e  two s y s t e m s  : -are . ; ident ioa l  :and : t h e  ~zae::  . ~:,::) 

i s  t r u e  for  a l l  t h e  o a s e s  o i t e d  p r e v i o u s l y  (where  we wi l l i : } i ee  t h a t  t h e : ~ -  ~:: 

dtum does n o t  undergo d e f o r m a t i o n  d u r i n g  ,.the propa, g a r t o n - O f  :the p h e n o a e n e ~ ) .  ~i ': :: :~:I: 

The -: s o l u t i o n  o f  t h e s e  e . q u a t t o n s ~ t s s  i: 

u -  u o ÷ F ( x -  a t ) *  f : ( x  ÷ a t )  . . " , . . . . . . , , i .  . . . . . . . . . . . . . . .  ( ~ ) :  

( ) " 

4 , ,: +.K" T ( x . . + a t  - - , = - : a  . . . . . .  • . . . . . . . . . . . . . .  . . ' ' "  m ~ 
i O • 

where ~ U o and i o  are  t h e  . va lues  Of  the  , ~ o  ~yarlables - ;or  . . . . .  e h a ' ~ t e t e r i ~ , t o  ~ r~ 

s t a t e  p r e o e d t n g  t h e  v a r i a t i o n : w h i c h  : o c n s t i t u ~ s  t h e  p h e n o ~ o n  ,to b e t s t u d ~ e d l  :" .>, 

In  t h e s e  e q u a t i o n s  F and f are  £ ~ n e t i o n s ~ w h ~ o h  o a n b e  

no l i m i t  i s  imposed  on t h e m  exeep~  ~ t h a t , t h e : t n d e p e n d e n ~  v a r i a b l e s ,  , epees  ~and '!~! 

tame x ,  t ,  s b a l l ; ~ l w a y s : b e  ~ r o ~ p e d b y  t h e  r e l a t i o n  ~x ~ , a t  ~hers::~: )& i h~s  

the  d imens ions  o f ~ a  v e l o o i t y . . I t  i s  e a s y  t o  s~e '.,that .tht:s 

i ~ l i e s  the f o l l o ~ i n g  pb~sloal:faot:. .. .: 'i2~-": 

The • f~notlon F (x ,-. ~&t). :-has ;~a ~.eonstant .val,ue for -.._~, :."~n: ,~ , : 

o b s o r v e r w h o  t r a v e l s  a t . . the  v e l o o i ~ y  ~a, s t n ~  i £0 r ~m'r' :':':al:" " " '" . . . . . .  

x o a t ,  w i t h  t h e  ..result t b ~ t  x -.:at,:= : ;0  .~and ~thus i.eup, -..::~L~E.~ ,~ :~ ' '~ "~ ' 

p r e s s e s  any  varia1~ton Of the' f u n c t i o n  ,:.F, !~:: " - : :~':;:ili 

L i k ~ I s e .  ~%he , f t ~ o t l o n  f~(X ÷ : a t )  has , a  o o n ~ t  : '  ::i,:~)i ~ 

wa I ue for - an ..ohe e r r o r  who ~xavel-s :at  ~the,Te I o olty. " " ( " S:) 1"1-- " ' ; ' ": :~: ....... :. " ~ )~ ~ ; '::.~ 

beoanse t h i s  .-.makes: x .+ a t = O ,  

from p l a o e  '%o p ] j~ee~wl thout  o h a n ~ n g ,  w l t h  t h e  r e l u l t  that .  : ;0 :~  t l ~  ;(~.) ,; :i~i%~ 



+ 
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(4) simply express the £ollowln~-double physical fact: ~:~ ~ + + '~'~I 

(a) The Increase (u -,u o) +of the+.tension~or volta8 e ~I 

at any.plane M is, at a time t ,  .equal to the~ sum of,,:any "i':ml 

tWO waves (of tension) which cross each other Lat,thi8 placer• • .*I 

at this ti me. ! 

(b) At the same+tlme, the increase (i - i o) ofthe i 

intensity is K times the,dif£erenoe between the same-two I 

w a v e s ,  w h e r e  K depends  on t h e  p r o p e r t i e s  o f : t h e  p ~ s i e a l  .i 

medium belnE oonsi~dere  d-  !• 

Thus t h e  t w o  d i m e n s i o n s  u and i a r e  + i n d i s s o l u b l y  c o n n e o ~  ed~idur-  

l n g  t h e  p r o p a g a t i o n  o f  the same phenowsnon. :  I n  t h e  i n v e s t i g a t i o n  Of.:t l ;~ 

w a v e s  F and f o f  t e n s i o n ,  - t h i s  i s  o n l y  a s t e p .  t o w a r d  a . + o o m p l e t e k n o w l e d g e :  . 

o f  u ~ i ,  b u t  f o r  o o ~ u t a t i o n  t h i s  step, is n e c e s s a r y  .and o n e . c a n - ~ l y  

c o n t i n u e  b y  . a l w a y s  l. knowing  t he  w a v e s  F a n d ~ £  i n  terms, Of~ttmeo-..However. .... 

t h e  r e f l e c t i o n s  and r e f r a c t i o n s ,  w h i c h  t a k e  p l a c e  ~-+ a t  ' t h e  +~ l i m i t s ,  o r  +changes  :~ 

i n  t h e  medi urn, r a p i d l y  make : t h e  • c a l c u l a t i o n s  ~ i n e x t r  i o a b l e  a n d  t h ~  ~ more , s e -  

• r l o u s  ro~-~gh e r r o r s  can  o c c u r . w i t h o u t  t h e  o p e r a t o r ' S m  k n o w l e d g e .  O n e r o u s . s a y  

t h a t  t h i s  d i f f i c u l t y  i s  i n v a l i d a t i n g  and t h a t  t h e  c a l o u l a ~ i o n  i i s / . i m p o s s i b l e  

b e c a u s e  one  has  t o  d e a l  w i t h  o o ~ l e x  , g r o u p i n g s  : and  w i t h  c o n d i t i o n s  ~at a n y  

limits. 

However, a :very large simpli floati on ,whi oh leads :di-reetl~'. ,,.to ithe~+ ~:. 

:~graph ioa l  method  i s  o b t a i n e d  b y  n o t i n g  t h a t : t h e  d o  - ~!~ 

.quW+ions (s)+.rid (+)reeolveo I t - ~ P ~ I n ~  a:"__~ + ~iiiiii~ 
n - o ~  w m . c h  ~ , , , + y e s  F , , , . d  :++. , , . r e  e U m i m ' . t e d + r o '  ' _  - -  . . . . . . . . . . . .  . . - - - -  _ _ :++i~!+_ 

w i t h  t h e  v e l o o i ~  ~ ~ e .  w a v e s .  ' i:~i+~ 

I n  effect, let M +be+,~y  p o i z t  I n + t h e  ~d i 'mm-+XY,  flS u~e#i:::(whleh,.. +.+ • - • +~ " 

could b e ,  f o r  e x a m p l e .  - -  e leo4~"iC c o n d u i t ) ,  where t h e  i .oharao++r+tstic+ . ? d i -  +:+~i 

,,,anslons u ..mr i : ~ v e  the . , , .1~s u ~  and +~ .  at ,,,m,~-ti,,., t . . . .  

7 ++: : " 

Eqmtions++,:($) . and + (4) give t h e  r e l a t i o n s  "+ 

, , . , + ) . + + , .  ++ . . . . . . . .  . . . . . .  . . . . . . . . . . . . . . .  . . . . . . .  
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.:Lee us •suppose ,  .now, ~hat .an observer.  :'le~ves '..M ~at ~.ti~e .~  i)fo~;loW~) : '!! 

. " ~ , X  2 

( u - % ) - " F  N * : f  . . . . .  . - . . . - . ' - " " ' " ' " ' " " ' " ' " ' " "  

@ . ,  ( ~ .  ~o) . .  f - F ~  . . . . . . . . .  - - . .  . . . .  . " "  . . . .  " ' " " ' "  ,,,,,.., : . . .  " . 

$ubt raot ln l  ~ (5)  .from" ( 7 ) ,  :~l~n .(6) :~rom ~(8), 

,finds, 

(u N- u) --~ (~. 
an equat ion - f rom which  -F 

. v  "<: 

-law, rei~eeented bY the line tM:B t .with .the angular eoe£fiolent ........ 

- ~ ( ~ g .  21.  - .. , 

LiMewise, for .;~oeher': observer;;i:leaving"M :~at'.time..!t i and IOAA : 

ing the wave f tM ,  the . .eq~tfcl~|  [ ( ' S ) i ~ d - ( 4 )  . . . .  ~ i l  ~,ive:~ '~'-:'-..*I i.' : 

(u - . % ) - - .  F ~ : ~  ' ' " ' " ' " "  :i 
• ee e~ .eeeee Q e e e e e e o e e e e e  - = :~k  OeOOQO 

• .: .i , ~ : 

" ...... " ' " "  ...... " ' " " ' " ' " ' "  " 

- " ~,.i- ":" , . . . . . .  

( , , ~  - u ) . . - . .  . ' : ( t - - : .  ) . . . . . . . . .  . - - . - - . - " - - , ' " , ' . . . ~  . . . . .  

, ::':::~i ~ :~..;..: . ~: 
:.:represen~d by-~ ."flee ~ Nt !(~g" '::Z) ~h ~,aa~lar  ..eee~fi~ent ........ 

, ~ " ..... I ,..:,.~Nt!is, .s~mI~i~oal--.~o .:.~N~ pre.oo.d~nl~.one 

,. , i!..il i 

..5 



.. ...~ 

For .an observer who~travels at the velocit~ of the waves, ....... ? 

t h e  i n c r e a s e  l n ~ u  and . the  ~ ' . increase_._ .  _-.--in i -.--are~lways- __--in a -----c°n" - ~ .  ~, 

_ -stant ~rati°' --°r, in other words,~'the~ .-~----physlcal dimension ~u_ ~ex . . . .  :, ii 

~ . e s s e d  a s  a f ~ n c t i o n  o f  t h e  . d i m e n s i o n  i l i e s  on a 

strai ht llne which passes throughthe ~fl urative ~point_ t M of • . -, 

the re~imen u at time ~%~ and .at position M of .the ~ 

The coefficient.ofproportlonallty, that is, the ulope!'~f .this fin , ..... ;~,~ii 

I %he s i g n  d e p e n d i n g  on : the  s e n s e  o f  d i s p l a c e m e n t  o f  t h e  o b s e r v e r , ,  .i:!.!~i 

The t e r m  K i s  a c o n s t a n t  o f  t h e  medium i n w i d t h  t h e  p h e n o ~ n o n ~ i s  p r o d u c e d .  

In attempting to c ~ s o l i d a t e  t ~ ,  law on, must r e a l i z ~  ~ t  id= lng  ii:!il 

its propagation a wave F stays constant, but, at the moment~of :'~its passage " ~..=. 

t h r o u g h ~ a  p l a c e  w h e r e  i t  e n c o u n t e r s  a n o t h e r  p h e n o m e n o n ,  w h a t e v e r  i t  m a y ! b e ,  =-.! 

the dimensions u and i at this place change because .of the meetln~, not in ~!iiii~i 

a haphazard manner but .change linearly wlth.:respes% %0 ~ths magnitudes which -- 

have been .established -previously or which will be established ~le.~er by the ..~. 

wave under consideration, ~ 

If the phenomenon encountered ~is .another ~ wave f .olrculatln~ in ~!~ 

an i n v e r s e  s e n s e ,  i t  i m p o s e s  an : i d e n t i c a l  l a w . a n d  t h e  . d i ~ n s i o n s  u .and i -!i 

will be-given, at the moment~ and place of encounter, by the;polnt .:of ..inter- : .'i.:i~!..:~: 

s e c t i o n  o f  t h e  two s t r a i g h t  l i n e s ,  one . r e£e r r in~ .  t o  ~'wave F and t h e  o t h e r  . ~::!~... ~ 

Then, :the :~wo ~waves s e p a r a t e  /and:~con- :?i 

• -.-;~co wave f b e c a u s e  the  t w o  w a v e s ,  . b e i n g ~ . o o e x i s t e n t  a t , t h e  same :pla~ ~. :..:~:~ 

have there the same . regimen.  u ,  i. . - ii 
constant and always ' tes.tifylng that !i t i n u e  t h e i r  c o u r s e s ,  a l w a y s  r e m a i n i n g  - -~--. : .  " !i:" 

the dimensions u and ~i .are on their :ree~ Otive i.lines .}but at othe.rr~pOlnts 

w h i c h  d e p e n d  on t h e i r ,  new . . , a d v e n t u r e s .  ~ . I £ ,  . f o r  example. ,  ~.%he wave. i F..~does 

n o t  e n c o u n t e r  a n y t h i n ~  m o r e ,  t h e  d i m e n s i o n s  u and  i a t  . the  i -pass ing  . . po in t s  

~aMs on a~'~in the-,.values which oharaoterlsed the..,st~rtin~. ~ polnt,:.whi.oh .ihows. i:~i. 

c l e a r l y  t h e  p e r p e t u i t y  O f  t h i s  wave, s u b j e c t  to ~.all . the  m o d i f i o a t i O n s  .:0£ :-:: !i~ii!i~. 

r e  gimen . p r o v o k e d  b y  i n c i d e n t s  a l o n g  t h e  ~ r o u t e ,  -i.i!i: 

If, finally, the wave F e n c o u n t e r s  a i limit, .it will .always be .. 

defined by a function of two dimensions u, i. If it is-an e~pli~t ..rune- " ..~ 



if. 

tion u-¥(i), the regimen Uy, i~ at.the instant of the arrival-of the ~ 

wave at~the limit will ~be given by the 'intersection,of. theY"fin es referring ~i 

to the wave F and the function T .  Butlthat is the end of ~the wave ~ ' F ,  Or, ,~ 

more properly, it breaks into one or~more waves ~which pass ~.through ~the., ~ ~ 

limit, one of which returns (partial reflection)or,even returns co~letely ~:i~ 

( t o t a l  r e f l e c t i o n ) .  I n  any: :case  i t  wou ld  be u s e l e s s  t o  :oalcula te :~  w h a t  b e -  • ]~ 

comas of it because, the point ~u~, :iy being/known, the lines referring to "?~i.~ 

new waves before all of them pass by'this.:point ~will ~ be -perfectly deter- , 

• ~ depends only .on .the medium of ..... ~i 
mined since their angular ooe£fioient ! 

p r o p a g a t i o n  and i s  n o t  i n f l u e n c e d  b y  t h e  ~ l i m i t i n g  c o n d i t i o n  :Y. 

One can  now f o l l o w  t h e s e  waves anew and .  w i t h o u t  knowing t h e m b u t  

kn~ving  t h e i r  c h a r a c t e r i s t i c  l i n e ,  can f i n d  d i r e c t l y  :~-the r e g i m e n  u , / i  a t  

every place where they pass, as in the preceding ,ease. = ..... 

This  i s  t h e  p r i n c i p l e  o f  t he  g r a p h i c a l  m e t h o d .  T h e  phenomenon .,.:, 

taken at its kncmn origin Us, i ° will be followed by one .:or more observers ~. 

who travel though'the medium being considered in the ~same time as :the wavea ' i i  

and see with their owneyes whet happens to~the regimen :u, ~i .in terms .of ~?~_ 

time and space without ever computing the magnitude of ~the:waves ,that ~they 

are foll~ing because the line referring to these waves will. always ~be known .i 

to them from the r eg imen  u~, i.y, determined at the last limit left,by the ,:.: 

observer. 

Although a calculation permits h i m . t o  also find, w~th~:,the sa~e 

equations, the regimen ,u, i :one can see that the method:whose:prlnoiples 

have Just been sketched differs greatly from a computation. This ~utiliza- 

t i o n  o f  a p h y s i c a l  : law, 1 u n i v e r s a l  f o r  a l l  mediums w h e r e  a~phenomenon i s  

iW;--excuee o u r s e l v e s  f o r  p e r h a p s  a b u e l n g  t h e  word p h y s i c a l ,  b u t  i t  i s  .. 
m a i n l y  the-  p r o p e r t y  o f ' t h e  method ~.belng~propos ed  t o , a v o l d  e v e r y  a b a t r a o t i C n  , 
and t o , f o l l o w  ~the , e v e n t s  I n ~ t h e l r  r e a l i t Y  -and n o t . b y ~ h e  a i d  ,o f  m~thomat i ; ;  

c a l  s y m b o l s .  ~ • 
• a i I I i ~ - -  

p r o p a g a t e d  . i s  a p p l i c a b l e  fo r  a m o b i l e  o b s e r v e r  ~who t r a v e l s  w i t h  t h e  v e l o ~ i t y  

o f ~ p r o p a g ~ t i o n  and s e r v e s  much b e ~ t e r  ~than a :me thod  o f  c a l c u l a t i o n  ~o~ut~e ~it 

i s  a v e r i t a b l e  r e a l  e x p e r i e n c e  t h a t  t h e  o b s e r v e r  c a r r i e s . o u t , a n d  t h a t  be ~ n ,  

8 

:<,~. 



t e r p r e t s  by p ropo r t i on  wi th  ru le  and s~uare.  The operation~:has a concrete  ~iil 

reality for him which excludes every possibility of error and~renders it iili! 

practical for every engineer, ~ven the nonspeoialist. It is eminently a i~ 

method for engineers ar, d not for savants, even though it is absolutely : 

rigorous and permits a resolution of problems of a oompleXlty before which .-if 
the greatest calculators would be oblised to declare themselves forfeit. i 

Let us add that the trace of the ~diagre~:s by .the repeated appli- 

cation of the same law does in a way assist experience itself and makes It ~ 

so that no detail of the phenomenon passes without notice. This develops 

intuition so well that after having resolved several varied oases, the en- ! 

gineer can foresee with great sureness the effects .resulti~ from such and ~.~ii~ 
such modification to the system; his faculty for research or inventlo~ is 
enriched by it. 

V~e will now develop this method for several fields of meohanlcs 

by establishing it each time through a simple demonstration, usln~ only the 

fundamental theorems and the elements of mechanics. 

r • 

~r 
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CHAPTER V 

Pressure waves along a pipe full of liquid, otherwise called water 

hammer. I 

lit is in this ~ield that the gr~?~oal method appeared. L~wy, who gave 
it in his book, Druokschwankung in Druckrohrleitung (1928) attributed 
it to Kreitner! then O. Schnyder developed it and applied it to cen- 
trifugal pumps in an article in Waeserkraft und ~asserwirtsehaft in 
1931, and it is there that we knew it, Since then, O. Sohnyder has first 
published his extension to conduits with multiple characteristics, that 
is, variable section, or with branches, and rendered account of head 
l o s s e s  i n  Wasaer u.  Wasse rwa t .  Nee.  5 end 6 (19~2) and No. 12 (1955) .  
However, we have discovered these e~tensione on our own without kncaving 
of the later works of Schnyder and we have given demonstrations and ~a 
different present~tion, more physical than algebraic, in one memoire %0 
t h e  S o o i e t ~  Hydro teohn ique  de F r a n c e ,  Ray. Gen. de 1 '  HYd~ iNos. 1 and 2, 
and these demonstrations have led us little by little to the generaliza- 
tion for all the fi~Ids of mechanics that we are presenting today under 
a form which has arrived, we hope, at its definitive simplicity. 

Let figure 25 be a section of  pipe XY o f  cross-sectional a r e a  

S and of constant thickness e full of a fluid under a pressure of h o 

meters of w~ter and flowin~ wlth an initial steady velocity Co. If, due 

to any cause, the velocity at IX is made to ch~e from C o to C1, the 

t o  h + F and t h i s  d i s t u r b a n c e  w i l l  p r o p s -  
pressure will change from h o o 

gate itself toward Y at the speed a. It is shown on the figure at AB 
! 

over a length at and a second a~terwards appears a meters farther &t 

! e a A B It is the -2 case as paragraph 4, at each second cylinder of 

p$, changes from the velocity C O 
length a, of section S, of mass g 

to the velocity C I. The variation per second in the momentum of the water 

oolu~m is -~ aS (C O - CI), and the magnitude is equal to the sumof the 
g 

external forces so%in8 on %he column, viz., 

~'.,(ho ÷F) s'~h os = ~FS 

Simplifying this, we get 

-el) - F 
(48) 

o e e o  p e  e i O o o  e • o o  o e o @ e @ o e e  e e ' °  ° ° ° °  e ° i  ° e e e e e ~  
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L .  

f r o m  C~ t o  G a ~ a  rune p=-~=o- ,~  

o~nge £e prop~l~ ated t ~ a ~ d s  % 

per ,eoond is ----=S (C I ) ,  

n ~ l  .eoree8 ( h  + 

= (c z c ) - - t  ~ 
g 

Aa~ (4e) a ~  ( ~ )  

eli F) S -  = (~o  * ~ ÷ ' = ( ' ~ f ' -  ] v ~ o ~  Ovo== 

i e e e e o @ o , o ~ e , ~ o  o @ e ~  e o  o ~  • • o o  ~ e  ° ° ~ @ °  e e °  

. - - - ( c  - c ) = z - t  
~ 0 

a n d  8 £ n c e  t h e  

o m  e e e e o o @ 6 e  @ o . ~  o ~  @ @ . o e  • • e ~ @ @ o @  

t o  ,h ° -  + F ' ÷ F  " " h i . s  e q u a l  t o t ~ l  p r e o s u r e  

h-h -F+f 
o 

),.!:/ 

. .  , ; : ( 5 1 )  
@ @ e o o o  e o e  @ o e  o . ~  @ ~ 4 0 @ ~  e @ , o  o e o  o e  e o e e  e ~ @ ' °  ° °  e ~ @  

x A B 

ho+ F -->',-->'1' a'L' .. I.<-,,<_ '-_ :h o ,"'~ V)(/~,:..~,~ .~'/]~ . . . . .  _ : . '  I,|..l" 
i / I 

.> J. ID 

C 1 , " 

< - -  K 

:a. .~., 
X A B . . . . . .  > "~ 

X 

1 , I 
X ,~" B"' 7 

! 
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/ 
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We again have ~he ~o general equationao but fOrr " ~oonvenienee in 

,wz~l.tton 

(% q) (F f) . . . . . . . . . . . . . . . . . . . . . . . . .  (5~) 

~0~ ~ake a~r point M (fi~. 26) where the ~reglnmn ~I h.., ; ~  at ti~ :i, 

~represented  b y  t h e  p o i n t  i M o f - o r d i n a t e  h i and a b l o t B 8 a  ~ . i  ~, T ~ s 1 

r'O,,,~ .-..~it. ~-o.0 t~. p,..~, o~ ~ o  ,,~.- F:,. and e~ ,,~oh o~o.. 

each o t h e r  at  M. ' " r P" " 

% * . ! .  

Y 
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By , a p p l y i n g  e q u a t i o n s  (50)  ~'and . (52 . , ) . ,a t - th is  :place. :.at .time. ~i:, . . . . . .  

f o r  an observer  who. : foI lows  t h e  wavo :F i one .~finds, ,:in o p e r a t i n g  as  *-~,or :"/'}/~': 

equations _:(5) to '(5):, ' ~ ! 

h i ~ t~ q) ................... .-.,,. ' 

whloh Is the law relating h an~: q ,:for this obse_~-~rer~' :..This .law :is :repre- -~:i 

. e ~ e d b y  the  line AN. with a slope *:~ s~d,~iees',-.throug~:.-the :point .: ..:: 

i M o f  t h e  re~inma at: 'the ~.tinm a n d  p l a c e  o f  t h e  .depsr~tur, e ' .o f  :the .:obaerver,.o*-....,:: .... " :'::::i 
In l i k e  r u n n e r ,  :for .:ano#.her , 0 b s e r ~ e . r : l e a v t n g  ':M. ~. ~ but  - 

following %he wave fl" one f i n d s '  ~he'~law . " : 

- ..: . . . . . . . . . . . . .  

, r e p r e s ~ : ~ d  ,by 'the llne 

:":i.. : : ,~der  the pressure rise F the p l ~ : . e x p o n d s  by .; 

:,:: _~: ,,receive a .velum :.D:~"-a or ~eUpp!~ntary water 
'ii:_ :U~S whtch:must .~absorb 1;he e x o o s s  d i s o b a r ~ e  ?~d:.one::has; 

q~ti~ o f  CoS e n t e r s  ~through :the s, 

(c 1 - Co,)s ,is t h e ~  ~ o ~ u l a t e a  i n  , t ~ _ . _  _ 

advances  dur in~  t h i s  t ime  '.by t h e  o o m p ~ u s i o n  /~" o f - . 1  : 

.- :sure l n e r e a s e s  by F o v e r  a l l  . the l e n g t h  a and t h ~ e  

s a m  p o i n t  i M, ~ t  i s .  s y ~ m s t r l o a l  ~o ~ : "  

I t  w i l l  be n o t e d  t h a t  i the  . sense  o f  :the v e l o e i t y  C 1 w a s  o h o s e n  : ~ii 

as  p o s i t i v e !  sO t h e - s l o p e  o f  t h e  ~iine i i s  n e g a t i v e  f o r t h e  observer:: ,who - :~"-ii:i I 

t r a v e l s  i n  t h e  d i r e o t i o n o f ' t h e  * v e l o o i t y  a n d  p o s i t i v e  i f o r  t h e  :one"~who~. : -:?~! 

travels in ~ o p p o s i t e  :direetlon. The posltlvei~ues ,o f  :h oorrespond. I 

.to a p r e s s u r e  r i s e .  :.- .... : :::?:?: 

14 .  C a l c u l a t i o n  o f  .~he . : ve loo i ty  . a .  ":: ?: ~- 

i~Let ous re turn  .to f . igur 25 and o o n s i d e r  the: .~ey~nder  A A ~  A ,, - i, : 



+ , +  , i - + .  ; ;  ,+  ,: 

. . ,,• , - + , +  

J+ 

!.,+.+ 

S + a D ~ , "  a . =  S(O o '0 )  

Prom the law o~ eluticit~, 

o f  elastieity o f  the  fluid. 

. . . . . . . . .  .:(55) 
,o I el e ee e el e e e leo e l~e'l • e ' @ ~ e e l e e ~ e e ~  

-+ j, 

(raP) :a,, w h e r e  ¢ is the ooe£f~Oient ;...:++S 
~).,m ~E.+ - i C +- 

+ +  

+~n o r d e r  (to +'' l e t  us r e o a I 1  t h a t : ~ h e  :i 

.+,:! 

i~:+. +;` 

iY;:/ 

where E -is the coefficient o+f elastloity :o f  the;~iLO01~ X +  
of  t h e  p i p e .  I n s e r t i n g  t h e s e  q u a n t i t i e s  ' in~(55! )  a n d + ~  k in~  - - - ,  .... 

(48), one b~s, after simplification " 

. i + I i i I i  I + I I  1 1 4 1  1 1 1 1 1 1 1 1 1 1 1 @ 1 4 1 1 1 1  1 . ~ m D 
a + W )  

• +++ ,~:.5 
i %r :4 ¢ / ; :  

. :  +C+" 

+++ 

+ -  

15. Applications -+: ~ +~i 

We have already ~Iven +s large number of. ,examples• of all kinds - ': 

in t~e -Revue General d' Eleetrioite" :of :May 14, :19~2! in ~os. I and 2 of : 

t~e-Revue Generals de l,l~draullque," in ,the .Technique Moderne" of Mar. 

1 ,  19~5 ,  and i n  t h e  , , T e c h n i q u e  Moderne" .of  j a n u a r y  a n d  . . ~ 1956,+ • .  :-,~!~:~:~: 

Some cases, s~h ..as equallsin£+ stacks and alr aooumula~ors,.~, deserTed,to,~ . .,~. ~-~": ~,~>~ 

be t r e a t e d  b y  t h e  method :that we have ! i n d i . o a t e d : f o r  a + ~ s s  , f a l l i n ~  on a . .+":~ 
.chord a~d for  . f l y w h e e l s  on ,a _ r e v o l v i n ~  i,,.ia ,method ,~that We ~had +n6t . :~....L 

c o m p l e t e d  a t  t h e  t i m e .  I t  s o l v e s  . a l s o  t h e  p r o b l e m  o f  +the aooumulator+.;i,~+, .- w ~ h  + ~! 

In the present ~study we will confine .ourselves :to :givlng ~ i  .~: ~ /< 

i n t r o d u o i n g  : f l rs~  the phenomenon o f  e a r l  t e f l o n ,  w h i e h .  ! i :a ~P e '  : ~ ; i  : i~i~ii  e ~ p l e s ,  new 
o u l i a r  t o  b ~ a u l i o s ,  and s e o o n d ,  e n e r ~  l o s s  w h i c h  o ~  :be a p p l i e d  i n  ~ I 1  . : r ~ . . . . . . . .  ~ ~ ~:~. 
the o t h e r  ~ields. ~ ~. . 0 :~ ~,~!:~.~i:~ ~!!i 

. ~ ~ - -  . a m p  ~ - ~ -  

o o ~ e ~ a t r O M e .  Sh own ~in ~il~ ure:L2? i s  a o o n d u i ~ : A : B  o f  i e e n g t h ~  :,~. &./,,wht~oh... :..:. -':.i !. ,.~ " "+~:;"" 

,d~eehar~ee  4,nto a~mospbere  a t  A - ~ l t h  a d i e o b ~ r ~ e  :;~. ~ n d e r - a  .oonsta~nt .:- 

:i~+b~d h+o" :: . . . . .  -<~- +~:?+. 
• , - + ' + : . ,  ' • ; • + ++t+~+~ 

• . " ' + : + . : + k + + :  + : + . , : + m ~ 4 ~ , ~ + ~  
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w l l l t ~ e  t h e  case  where  ,the l o s s  o ' h e a d  due %o ~ f r i o t i o n  o n  t .  " ~';:!.!;: • e " - - ' " . . . .  ' ,. ' ', 'S~ .... i II. 
-. .... ~e +.ha loss :of ,head :Is.a ~-~..~xI Pro....- :. 

" aD, t, T ~  .eZx-eo~ . . . . . . . . . . .  . ' .  
pipe AB is impor~ • . .. - ....:. .~.~--: .~-e~Iv~ ~: 
s u r e  p ropor%iom~l  %o t h e  s q u a r e  ,of  ' the  d i ~ o h ~ r g  e.,.='%a~n~ p A ~  ~ " "  . . . .  ~ " ' 

over the entire length :A~B~- One"oem conceiveof it as due ~%o an....~n£ini~e ...... " ii 

number of  dlscontlnuities, s o & t ~ r e d  regul~rly..:along A B,. each one,.of...... . • 

which  i m p o s e s  a d rop  Ah = k q 2 ~ I romone  s i d e  tO t h e  ,o ther  .:of ~ s  , d i s o o n -  .".:~ 

tlnuity. One vdll o b t a i n  an approxi~ati°nbY •subs~i'tuti:ng r= ii~~""-s"~In ii~ i 

o f  d i s c o n t i n u i ~ i e s  a l i n d t e d ~ n u n ~ e r  :which iprod uoe:~:%he ?i~a~e .: !i~i~i•~ ..... 
f~nlte number 

The simplest scheme would -be a .single di-soontinui%Y orea~'~E ~e-.-:%ot~l.:: 

l o s s ,  £or e x a m p l e ,  a ,un ique  d~aphcagm : p l a o e d : a t  B. .~: 
.... o f  the :phenomenon alon~ .:~ ..entlr~: ' '~'~ 

up is t o o  ooarse to r e s t o r e  the reaT~.%~r ~ith a c c u r a c y  the effbCt 
length A B, .but i t  w~ll allow ::us ~to ..nnd '°f:~he'~.: :.~-... r.":.:"~(.::: 

- The :~eservol i. ~/:~ 
loss on damplng~ and thls will suffioe £or the Flrst example-: 

a ,discontinuity .whose ~.~uatlon:i S, - . .':, 
and : the ~ iaphra~m ~ o n s t i : ~ u ~  , . . ... . ... .i.: " : ...... . : .:~ 
• q2 • - ....... --' :. - ~: " . :i 

h - h  o z --' : . .... ": . .:,": :!!ii 

~ep=It, S :.~..Si.~" ..=~_ ........ .re~ere tO '~OW ,t . ~: - ]~:"" ' " " ' '?':~ n-~ t i r e  f rom A toward- iB .  T h i s  X u n o ~ o n ~ f s - r e - - ~ : : ,  
'N M a n ~  M . 

. .p resen ted  on t h e  g r aph  ( f i g .  2 8 a )  b y ~ o  p a r a b o l a s  . ~, ..: • : 

~he 1 ~ q ~ o n ~  

The ~ o r t f i o e  A i s  a d i s o o n t i n u i t y w i t n  
p mt 

-where h is t h e  pressure in the .eondUlt ,at .the last aeo~ion of dlue~r/d"i 

ill 
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• f 

in front of the orifice. It is represented by the parabola ~Yo" The ,ini--- .! 

tial permanent regimen is given by point 0 A, the intersection of the'so -? 

" tWO O u r v e s .  "- ' ~..i~ 

For an observer who arrives at A coming :from B the oharaoterlstio . ~: 

llne wall be OAP which passes through 0 A end whioh~has a slope ~of. " g$ ~ i! ;ili 

If this observer arrives at Just the momen t of the ~closure, ~he w~' l l  see a 
! 

zero discharge, that is, the reglmen given b y .  point 0 AJ ~on the: axis .of : 

the ordinates. The ordinate of ,this point fixes-the :pressure:zise .from " ii 

sudden closure. For 'the observer returning to B the characteristic rillne. ... 

passes through 0 A and its slope is +,--..~.. Upon-his arrlv~l a t  ~B in 
& time --~-, chosen as uni~y, the characteristic curve .of the disoontinui.ty 

is N M I the figurative p o i n t  for the regimen w i l l b e  ~the intersection .l B - i 

of the line and the curve. 

Returning to A, the observer will have as the: characteristic line :a ::~ :/:if! I 

l i n e  p a r a l l e l  to  OAP passing th rough I B"  Having a r r i v e d  a t  K ,at U .  , :~ .i I 

2, he will find the orifice closed, but the abscissa o f  t h e  characteristic 

l i n e  c o r r e s p o n d s  t o  an  i n v e r s e  d i s c h a r g e  :which  i s - n o t  opposed  by  t h e  . c losed .  : ~::i 

ori floe. This inverse discharge having taken ;place;:, ~ the pressure ~wi~l'l de- "II : ~::~,.,, 
crease and will have as a limit zero pressure, ,wi~th ~the. result that the '~ .,.;~: 

characteristic curve of the discontinuity at A ~s ~now the horizontal of ~!:~}, 

ordinate - h a - -10m, ~5 (~.9 ft,~) or rather the vapor tension, of.the ~ 

fluid. The figurative point of the regimen wi,ll ibe ,the point ~2 A"-: The :: 

intersection of  these ~o lines and  the value of t h e  inverse,.dis.ol~trge a t  .. 

A will be given by  the abscissa of this point. At this disoha~ge a :oaTity 

begins to form, as indi.cated in figure 27. -: 

From t h i s  moment t h e  g o i n g s  and s u c c e s s i v e  r e t u r n i n g s  o f  ~he  o b s e r v e r  
I | I " " !  . . . . .  

' 3li, :4A" 6B ,  6A,, who.lle. correspond to the trace of the broken :line 2 A, :~. : 
0 - . 

peaks are alternately on N M N and on the horizontal -ha., ;S.. 
• "z! 

The c a v i t y  a t  A c o n t i n u e s  t o  i n c r e a s e  up t o  t a m e  10 a t  w h i c h  t i m e  } 

the discharge changes suddenly from inverse dis.charge I0 A to direct die- " 
| 

c h a r g e  10 A. The a p o s t r o p h e  i n d i c a t e s  t h a ~  t h e  r e g i m e n  e x i s t s  a t  t i m e  ii!~ 

16 
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i0 + e, the absence of the apostrophe that .it exists at time ii0 ,-,!~. 

Let us trace on figure 29 the curve of dissharge as a :functlon of ti~.. 

The cavity at A will be ;given by the area of this curve. It increases 

from time 0 to time iS. then diminishes by =the appearance of ithe ~posi- 

t i r e  p o r t i o n  c o r r e s p o n d i n g  to  d i r e c t  d i s c h a r g e .  In  c o n f u t i n g  ' i t  ~by ~'pro- 

p o r t i o n ,  w h i c h  i s  easy  s i n c e  t h e  i n t e r v a l s  o f  t ime are  ,equal~', one f i n d s  

that it is zero at timB 19.5, t~at iso the cavity closes up ~at ~this ~im- 

s t a n t .  

At ti~s 19.~-e the figurative point was 19.3A ~on the horizontal 
! ! 

-h a and on the characteristic line 17 B '~18 A' which is ~alid for time 

18. This latter is still the characteristic line for an observer who ar- 
:: , 

rives at A at tiw~ 19,~ ÷ ~, but at this instant, ~the oavlty bein~ closed,=. 

the discharge is zero and the regimen beoo~ss suddenly that of point 19.3 A 

on the axis of the ordinates, but this regimen will last only :until t~ 

20. At ti~e 20+¢, returning to A, the firztobserver who left A at 

t i m  

6 

1 8 + ¢ ,  p o i n t  18A,  a r r i v e d  a t  B a t  t i n w  1 1 9 , ÷ s ,  ~po int  1 9  B'  and 

The d i a E r s ~  c o n t i n u e s  i n  f i g u r e  •28 b b y  n o w  h a v i n g  a isecond •observer  i I 

who l e a v e s  A a t  t ime  1 9 . 3 ,  whereas  t h e  f i r s t  one l e a v e s  t h e r e ~ a t ~ t i n e ,  " 

20 ,  and t o  e a c h  one t h e r e  corresponds  a broken l i n e  ( f i g .  28ib'), t h e  i : i .  ' ~ , :  ~!~i 

o a v l t y  r a c e - - n o e s  and c l o s e s  r @ i n  t h i s  e a s e  a t - . t i ~  55 ,  w h l o h  !! 
! :" :.} 

pressure rise of point 35 A and ~requires the presence of ia third. • ~ , ~ 

to continue the diagram. Anew cycle starts which finlehes at ~tlme 48,5111 ..... ~! 
! 

(fig., 280) with the pressure rise 48.5 A and requires.a fourth observer- 

Figure 28 d gives the fourth cycle whlch ends at time ~ ~60.6 and :~one : Could 

continue it. Figure 29 represents the pressures and disohargesaa a :f~no- 

t i o n  o f  t i m e ,  and i t  can  be  s e e n  t h a t  t h e  d u r a t i o n s  o f  the  p r e s s u r e  r i s e s  . , 

2 J  are  ,always - - - - - ,  but  the  d u r a t i o n  o f  the  ~pressure drops  d e c r e a s e s  i-in ~geo- 
& 

~ t r i o  p r o g r e s s i o n ,  and t h i s  i s  due t o  the  l o s s .  ~of *head w h i c h  o a n o e l s i ,  eaoh~ , ,  

t i m e ,  t h e  Sa~e p r o p o r t i o n  o f  ,the k i n e t i c  e n e r g y  p l a c e d  i n  a c t i o n  ;by c o n -  

t r a c t i o n  of  the  p i p e .  The mean o r d i n a t e  o f  the  p r e s s u r e  r i s e s  d e c r e a s e s  ~ .... ,, ~ 
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f o l l o w i n g  the  s w  g e o m t r i o  p r o ~ r e s s i o n ,  and f o r  ~the smne reason .  ,However, ~ ~.'~t 

during the durati on~ of a pressure .rlse there appears .some ~notohlng which :~!'!'~::':~I 
arises from the 1~ot that the duration of ~the oaTity Is ,mot a multlpYe of  . ,,i~)ii?;i 
2..~J and t h i s .  i n  each  c y c l e ,  i n c r e a s e s  bY ~ittY ~the number of  o b s e r v e r s  and :~ ~=~" :::ii!ii!::~i::i 

• that .of n o t c h e s .  
This r e c o n s t r u c t i o n ,  o b t a i n e d  s o  s ~ l y ,  o ~ , a  :phenomenon s o  oozq~li, o a t e d i :  ~:i~i ~ 

is very instructively oonflrmed ~in the osoi.llograms picMed up ~by E; A. :,,'~ii 

5angevln, with the aid of.pieaoelectrlc q uartz'l Figure ~0 ..repreeents'i i one.:.. :"~ii 

I s e e  A. Langevin ,  : B u l l e t i n  de I '  Union t eohn lque  du Bat lmnt~: (192  ) -  ~i/~ 

of these os~illoE rams~ The analogy -Is -striking even in the notches, of the ::ii 
zones  o f  !pressure r i se . ,  which  i n d i c a t e s  t h e  e x p l a n a t i o n  o f  one .o£ ~:theiri.. ~ ;~':' 

o&USeBe 

(b) Sudden _inflow_ ~ sudden s~ppressi°n~°--~ f :fl~;i_.nn ~ : o a n ~ ! .  The e l o w  ~ !~ 

in this case- occurs' " .in £ree air, whloh implies 'very .diffferent basic : oondi" "::;,:;"_./., 
tions from those whlch define flow in a pipe, Nevertheless,..,~on e has the i; I:~:~ 

same ~ u a t i o n s .  sub~eot  to t h e  f o l l ~ w i n ~  re  s e r v a t i ° n s ' w h i ° h ~ O ° n s ~ u t e  ,an : /! ~iii::~:ir: I' 

approximation which is sufficiently close .for problems.~, ~ener.ally..,~, ,met. in prao ......... ,, ~,.~' 
f loe; ( I )  the h e i g h t  of  the  wave@s S mal~l o o ~ p a r e d t o  t h e : d e p t h  H , o f  :~he i~ 

cana l  and (2") the  v e l o c i t y  o f  ~flo~ o o f  :the water  i n t h e  c a n a l - i s  sinai1. ' •.. i :•: 

-pa~ed to ~he v e l o o i t y  of  t h e  w a v e s .  . :. 

A c~nal of :width b shown on fi~ur.e -~i,i in which the velooity changes ::,:i ~:i:' 
dlst oe A s e c o n d   ater - 

,~ CO to C 1 in AB, the surface ,rises, ~by '!~;'~;!' 

t h i s  ohanE e w i l l  be  reproduced at  A ~B a t  a d i s t a n c e  o f : a  m e ~ r s ,  a,: ~ ' ~ i n g  . . . . . . .  i ~ '' 'i~,~:__~ 

the v e l o o i t y  ot the wave. ' 

:2~Beoause one neglects C I, oo~q~ared, to.wave velooity. -.~: 

- ' :~ . ~ •will be ~ n  

e q u i l i b r i ~  w i t h  ,~~he force :(mF.)',(b :H) due to the r i se  ~in ~mter +,surfa°e'~ . : ~  

~Th~e~iv-l~e i s  o b ,  ined bY n e g l e o t l ~  Che f o r c e  exerted ,on the ,heisht F : ,'~ 

o f  t h e  w a v e .  i i 



/, 

and ~rom %hi8 resul%8 

, , C c  o~ - c z )  : 
- - -  nu o e # e e . e e  8 ~ e e  o e o e • • t o , o e  • -~p'O ' o  ' ~ ' l j ' t  ~o o ' ~ ' e  e ~ ' e '  = ~° '=~ ~ e ' °  

.... 

~:::~ ::: !i ~!:~ ~,ii~ ....... ~:"~i 

:.., 

• . 'Lk 

:;:.'. ::' . . . , ... 

l , 
: ,r: • 

L _ 
~::~ • ~ ~Pi ~re ,~:o J. 

"- , - ,! J :t:t" 

..In like m~ntm.r, Lf .ghe. ,,veloc~ty~ oI~. es. ~Om. r :'8_ =" tO ,: ~ c " " '~_ ":'A J :B " : 

~" s"" 

":., . i ~ : :.. 

_~___ -_,~.~p~ .'.... ,: . "~ ~i' " ~' 
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(c~ c) . .i(58) 

and a'ddin~ (67) to (aS)~ . . : , / ._ . ~i!ii 
- ~ - ( c  o c) - F -  f 

. o r  " " • " " - : : t - ~  : " -; " 

O 

w h e r e  S i s  t ~ e  e r o a s - a e o t £ o n ~ l  ~ r o a  b H of,.<-the :o~oa: l ,  .,::i' 
h e i g h ~  h ,  " " : ~ " '  " ::2: 

oql .~))q)- .eql) : :O e;4 a)'e ' . • -:"!" 
h - H = F + f . . . . . . . . . . . . . . . . . . .  " . . . . . .  : '  . . . . . .  >' 

e q u a t i o n s  a s  t h e  p r e c e d i n g  o n e s .  . . . . . . . . .  -:i:':.! 
wh~; o]'1 t h e  s s .~e  

t h e  ~ d ~ : f f Q r ~ 0 0  
On t h e  other h ~ d ,  t h e  volume :(C ° - C ) (~bH)  

-10btaiMd by ne-'eo"n - g x  ~= ~; F oo'-"re ~ -- ~0 :H ~n eeO~£On 'B " " " ' . + " r " ~: : a 

~ , .~ :L  ;=4 . ¥ .  ,,ol):..r :, ~ ] ~ ( ; h  
i n  ~L£soharge  ,:at B .and  a t  B h a v i n g  gone  , i n t o  b ~ m > . . s e  :-:: 

Be~ 
• . , . ~:':•~ 

o l z e  h&S ) 

. . . . . .  " i i  ( c  o - ~ i ~ ) b , ~ - , - . i ~ -  ~ • ' . . . . .  : i 

e ~ d  by  r . e ~ l ~ o £ n g  F b y ' , ( 6 ? )  - . : . ~ ' . - i / , i< : : .  ,~ - 

O ~ ,  . ~ ) * e ) #  . . * e o o  . e . ~ ) : .  ) e o , e , .  o , . . .~e  e . ,  • ) * ) e_- ) e "  " .  . . . .  " i:: ~ " .  "~:>:" ' : ." "" " ": " '~"  .' !i: ':!~ 

' We o ~ n  now t p p l y . i n  .A;hls o~ae.. . : e x ~ o t l y '  .. s m m  < e o ~ s . ~ o A : ~ o n : : w e  :..found ',-.. 

f o r  o o n d u i t s ,  L e t  u s - s t u d F ,  n ow:~, 'he , . . , s o - a h o w ~  ::  : :~ :  ..... '"" " ' "  ~,i-. 

: At '.tL~ ex~ren~y .a  . o f - ~  oanal . . . . . .  . .... "~"' i~i 

' : ~::~'<~i:i.. , i . { , ~ e  - ~ h e  . a l ~ a r . ~ l ~ g  , ~ o d  s t  o p p l x ~  . . . . . . . .  :O f  I t  >]~vdroe~teo,~r:~o,,pi~n~;:'~fori>e~e;l,., •. ,.:..-- :, _-s~. • - : : :  :' ''~ 

. . . .  ': " su~f'~tOe,Of ' ) h e  o a ~ e ; l ;  or"'.r~; .Ke=:;'"ii~ i*:: :i<i?: 
" ~one w i s h e s  t o  ,:f ind ,,the p r o ~ l e - : o f  ,,¢he 
:"  : : " ; ~ m ~ t i o ~  o f  ~ 1 ~ ) .  I n : o ~ d e r " < ~ o ; a  ° ° ° ~  :fOrr~IOse::Of!;~gd:iwe'~r~'l'li'su~O~e " " - :":;:: 

ii.i:: " . : - X ~ t h  - - , d . : ~ ) , h a ~  o ~ o ,  , ,  :o='~o ~.~...tep,_..,for.:.~oh~ ~ e  ._~:~e~: -~ . .> , .  .:- . . . . . . .  
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tween  two c o n e t r i c t i  one ,  
' 3  

The i n i t i a l  r eE tmsn  i s  (Q - 0 ) ,  (h  = H ) ~ o r  w h i c h  t h e  ~ i g u r  a f i r e  ~ii~ 

p o i n t  i s  0 and the  c h a r a c t e r i s t i c  l i n e  f o r  a t l  o b s e r v e r s  l e a v i n E  f rom 

b ,  o ,  d m, a t  t h e  moment :when , t h i s  r e g i m n , e x i s t s  i s  ~00Ai~Wi~h 
a e l o p e  + g--~-- where  $ i s  t h e  c r o s s  s e c t i o n , ' o f  ' t h e  c a n a l  t a k e n , a s ~ r e o t a n E u "  ':~'~ 

l a r  and a - ~ .  I f  t h e  o b s e r v e r s  l e a p  ove r  the  d i a p h r a g m  a t  .which t h e y  ~ 

arrive, the height increase s by k q2, that i s, the ~ ~fi guratlve point ~Is i/~!!! • 

t h ~ n  on the  p a r a b o l a  0 P ,  drawn w i t h  broken~:~line ~froa t h e  o r d i n a t e  i~i~ 

• 2 fo r  a b s c i s s a  Q For  :each r e g i m n  a t  b ,  o ,  :d . ~* . ,~ ."z ,  one ~ 
Y'o " k Qo o" 
w i l l  ,have two p o i n t s  w i t h  t h e  same a b s o l s s a l  one .on ,the . : c h a r a c t e r i s t i c  l l n e  

which is valid up t o  the downstream side of the diaphragmj =the other on ~the ~ 

p a r a b o l a  w h i c h  i s  v a l i d  up t o  t h e  u p s t r e a m  s i d e .  The f i r s t  w i i l l  be d e n o t e d  = 

on the diagram by the inde~ ' and the second by the ilndex ~". 

The r e a d e r  who i s  f a m i l i a r  w i t h  t h e  c o n s t r u c t i o n  o f  t h e  d iagrams  f rom 

t h e  p r e c e d i n g  s tud ies ' /w£11  be a b l e  t o  f o l l o w  :thi:e ~in, t h e  t a b l e  ~No, 32 .  

• e will find only thepoints at time intervals , o f  2~. The dlsoharge ~ 

Q starts at (a) at ti~e 0 and stops at ti~ 6. ~i 
o 

We will designate by YO t h e  vertical at abscissa Q~o which is the 

oharacteristlc curve at (a) ~-om 0 to ti~ 8, inoluslveo and by ~ YIO 

the vertical of abscissa zero which is the characteristic curve at ~)~i /i 

f r o m  t i ~ e  10 + e and b e y o n d .  The a~a~raa~ ie  r o Z l ~ e d  ~ s t  i n ~ t h e  or~der 
i n d i c a t e d  by t h e  t a b l e .  I t  i s  s t o p p e d  a t ~ t i m e  1 0  a t  :~(a) b u t  t h e  c o n -  

s t r u c t i o n  r e p e a t s  i t s e l f  i n  i d e n t i c a l  :form and t h e  r e a d e r  ,can c o n t i n u e  :l~ :~ 

w i t h o u t  any t r o u b l e .  

By t ~ k i n g  a l l  t h e  p o i n t s  w i t h  t h e  same i n d e x ,  one  can  . t r a c e  ~(:-~i~o ~2b') 

the curves of tb~ heiEht of the wave as a function:of till at a~ i:b, o ,  . 

d ,  . . . .  m, wh ich  shows c l e a r l y  t h e  e f f e c t  ~of ithe ~head l o ~ a e s  ~on i~he ~i£orm 

o f  the  wave w i t h  r e s p e c t  t o  ~time and i t s  damping e f f e c t  w i t h ~ e s p e o ~  ~ 

d i s t a n c e .  

. .  i 
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1 9 .  Conclusion 
, : f  

For t h e  m a J o r i t y , , o f  - e n g i n e e r s  a g r a p h  t s  m o r e  e l o , q u e n t t h a n  a 

c o m p u t a t i o n  and  t h i s  i s  s u f f i c i e n t  t o  a r o u s e  a n  i n t e r e s t '  i n  ~the ~ t h o d i ~ w h i e h  • ~: 

has been d e m o n s t r a ~ a .  Ir  a person:  does ,not  have -a t ~ r r o r  o f  e r r o r s  ?in~:'lgn i: 

a n d  o f  t h e  n e r v o u s  t e n s i o n  w h i c h  ' l e a d s  , t o t h e s e  ' ~ e r r ° r s ,  he. ::has . n e v e r  m a d e  . • :~, 

computations. A drawing avoids-all this :in an:absolutemanner ~beoause .,an ~. • 

e r r o r  ,in location of the lines is literally~Im~ °sslble wlth°ut~i~Introdu°In~;. -:~ , .  

into the drawing that which would be ,ap~rent to even lesser englneers. 

~he examples whichhave been given are sufflolent t o : p r o v e  'tha~; :,the .~. 

applioatlon of this method does not require'any special knowledge of mathe- ,i 

rustics but only a knowledge of the principle s of mechanics in order to ~¢!or- 

reotly establish conditions at the limits..It ~i~s !here that ,the possibi1£'ty 
i- 

but the same is true of any:~thOd. Itls therefore w~thln ° 
of error exists, im~he- 
the range of every nonspecialized,engineer and not monopolizedby ~the~ 

matioians. This derives,from the~faot :that the law relating the 4~wo vari ~- 

ables, which define the ~tate of ~the medium, has the simple form of a's~algh t'. 

line with a slope depending only on the medium, for an observermovlng ~wlth 

the wave velocity, and the ,repeated applloatlon :of ~ne method : : l eads  'to ~he 

c o n s t r u c t i o n s : o f  a drawing ,  w h i c h  i s  n o t h i n g . m o r e  t h a n  t h e  . e x e c u t i o n  ~ a t . a  

slower pace of the expe~ienoe being studied. 

For these reasons the graphical method is called upon~to render to 

all wave problems the same servloe ~%hat:graphlcal-statics ren~ers ~o problems 

in the resistance of materials. ~e w~ll be content :if our presentatlon :con- 

~tributes toward prmnotion of its use in research :offices ~where :a number ,of 

engineers will be able to use it to,handle problems which ~would:other~ise 

,:oonfound them. It is fitting to :rec0gni~e ~the men whohave promoted ,this 
L~ l 

method for use in hy~raulios~ the Austrian engineer cmY .and the::Swiss eng~ ~ 

~eer. O. Schnyder whom we have> already cited. ":! 

 ,ke. re .re o  in his book the pre, :o s-.-ork wh=,. 

h a v e  a l r e a d y  r e c o ~ % z e d .  
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