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and si_nce the depth .r varies alo
ng _1he chan~~I, thc flo

w
 is no

t fully developed. T
hus 

veloc11y vanes alo
ng the channel 111 no

num
form

 flow
. 

· · thc 
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A
n open channcl now

 m
ay be stead

y o
r unsteady. lam

in
ar o

r turbulent. and it m
ay in

volve any liquid. F
or exam

ple. if you topple a can o
f m

oto
r 01I o

n a slo
ped

 pavcm
cn1. a 

shcct o
f oil w

ill flow
 dow

nhill and create a !am
m

ar, un
con

fined o
pcn channel flow

. O
n 

thc other hand. the flow
 in a river is

a turbulent. confincd
 o

p
en channcl fiow

. E
ither of 

1hese flow
s m

ay be stead
y or unsteady depending o

n thc c
ircu

m
stances. 

T
he im

portant param
eters govem

ing an o
pen chann

cl flo
w

 are rcvealcd by a di
m

cnsional analysis. T
he D

A
 of open chan

nel flo
w

 begins by recogn
izing that fora gi,cn 

channcl geom
etry. the im

portant facto
rs are the dcnsity an

d viscosity o
f the fluid. the 

speed of the flow
 V

, gravity. a leng
th scale L

. and surfacc tcnsio
n a

. A
f ter a dim

cn,ional 
analysis has becn perfonned. the dim

ensio
n less param

eters are fo
und to be thc R

c) nold, 
num

ber R
e =

 
p

V
 L

/µ
. the Froude num

bcr 
F

r =
 V

/ ../g[.. 
and the W

eber num
hcr 

W
e =

 p
V

2L
/a

. 
C

onsider first the role of surfacc tensio
n in o

pen channcl flo
w

. T
he W

eber num
he1 

m
ay be thought of as the ratio of flow

 kin
etic energy p V

2 I.' to
 thc su

rface encrgy rT I' 
associated w

ith the surface tensio
n. W

ith the exceptio
n o

f a thin ,heet o
f liqu

id nm
, ing 

dow
nhill. as in the case of spilled m

oto
r oil m

entio
ncd carlier. the W

eber num
hcr, of 

open chann
el flow

s are very !arg
e. For ex

am
ple. fo

r w
atcr at 6

0. F flow
ing at I ft/, in

 a 
river w

ith a hydraulic radius of 20 ft w
e find

: 

w. -
p

V
2R

11 
-

(1.938 slugs/ft 3)(1.0
0

 ft/s)~
(20.0 ft) 

e -
-

-
-
-
-

-::",:-=
-
-
---=--

-
'
-
-
-
-

=
 77

10 
a 

5.03 x 
JQ

-
3 lb

r/ft 

T
hus the surface cnergy is negligib

le in com
parison to the fim

, kinctic cncrg). and \\C
 

can safely ignorc surfacc tension cffects in largc-scale o
pen channel flow

s. 
T

he value ?fthe R
eyno

ld
s num

ber is im
portant in pred

icting w
hether an open ch.111· 

nel fl?w
 is !am

m
ar or turbulent. In m

ost cases o
f interest, R

e is rclatively !arge and thc 
now

 1s turbulent A
s a rule of th 

b 
· 

. 
. 

· 
um

 
, an o

pcn chann
el flo

w
 m

ay b
e assum

ed 10 he l.11111-
na~ lor R

e based on hydraulic radius of less than 500 nnd 1urbule111 if R
e excecd, I 25(X

l 
U

s111g the data ju
st given for the river, R

e is fo
und to be 

R
e

11 =
 

P
 V

 R11 
=

 
( 1.938 slug

s/ft 3
)( I ft/s)(2

0
 ft) 

b 

. 
. 

J.l 
2.344 x 

10-s (lb
r-,J/ft2 

=
 1.7 x 

10 
T

h1s 1s w
ell into the turbulent n 

flo 
d 

I 
h 

. 
ow

 range. O
b,c

rvatio
n suggests th

at a flo
w

 in a i.:uh t'fl "r 
o 

contro 
c annel 1s also l'k I 

b 
·1 

later tlle 1· · 1 -
1 , 

· 
. 

1 e Y
 10 

e turbu
lent. A

s w
ill be disc

ussed in m
ore (k

l.Il 
• 

nc 10na 
,orccs 111 !arge R

 
· 

·1 
on the rough 

f I 
e o

pc
n channcl fio

w
s are fo

und 10 dcpcntl pn111.1n ) 
ness o 

t 1e channcl w
alls· th 

. 
11 

num
be · 

• 
. 

· 
cy

 arc ncarly llldcpc
nd

ent of R
e. T

lrns. R
c) n, 1 '

'
 

r 1s not as 1m
portant l1

l O
 

h 
T

he Froud 
b 

pen c 
anncl flo

w
 as in o

thcr flo
w

s yo
u havc s1utlied. 

e num
 er proves to b 

11 
. 

. 
. 

. 
• · 

opcn channel flo
w

 U
 • 

h 
. 

e 
le Slllgle s1g111ficant d

im
ensio

nless param
eter 111 

· 
sm

g I c n
ver data given carlicr. th

e F
roudc n

u
m

ber is calculat,·d .i, 

F
r

=
 ~
 _ 

I ftls 
.Jil[;; -

~
~

===::;;
=

=
=

 -
0 0

4
 

g R
u 

J
(32.2 ftls 2)(20 ft) -

. 

m
 e

v 
\11 

I"(\ 1J 
L. 
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) 
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A
s w

ill be explaincd furthcr in thc nex1 section. 1his ,,du,· corrc,pond, tll \\h
at" ,,1llcd 

subcritical now
. C

ritical Hm
, occur, at F

r =
 

I. and ,up.:rent1cll lhm
 rnr / r 

I T
h,· 

value of thc Fro
udc num

bcr i, i111phca1cd in a num
bcr lll 1111erc,1m

g phenom
cn., 111 ,11icn 

channel flow
. including now

 over a bum
p o

r depre"111n. thc heh.1, u1r lll ,,.1,c, ,in
 .1 lree 

surface. thc respo
n,c of thc llo\\ 10 a chang<! 111 channcl .1rea .. m

d the phen<1m
ennn 

know
n as hydrau

lic jum
p. Thi~ \\ ill be dem

on,trated 111 <111r d1'cU
"lllll lll the,,· 1<>p1c, 111 

S
cctions 15.3. I throug

h I S.3.-1 \\e heg111 b) ,ho\\ m
g 1h.11 the re,pon,e 01 an ,1p.•n ,han

ne! no
w

 to a bum
p or deprc,,ion m

 the hed o
l 1he ch.m

nel dqicnd, on "hethcr thc 1l11\\ 
is subcritical or ,upcrcritical. 

15.3.1 
F

lo
w

 o
ver a S

um
p o

r D
ep

ression 

C
o

nsider ,tcatl) open ch,m
ncl lhm

 m
 .1 h<1n10111.1I rect,IIH

!ul.ir d1.m
ncl ,,1 "1dth " 

1h.tl 
has

a
 bu

m
p in the ch,1nncl hed. To focu, ,olcl) ,,n thc di'ects ,,1 the hum

p 1111 thc 11,,". 
w

e w
ill ignon: fric11on. T

he geom
etr) ol 1he d1.tnncl h.:d and co11rd111.11e, u,ed 111 de 

scribe the flm
, o

, e
ra

 hum
p .1re ,h,m

 11 in hgurc 15.1 ~
r\ The ilqu1d depth al .m, lnc.1 

tion I alo
ng thc channcl is g1,en h) , 1

, I .• m
d thc he1gh1 n

i 1he d1.m
nel ned .ih,\\e .in .11-

bitraril) d10,cn datum
 de,.ttll111 1, gl\en h) /,( 1 l. 1 he d1annel bnl .1nd 1ts hu111p .tre 

dcscribcd b
y

:=
 lt(rl. and thc frec ,urface 1, g1,en Il\ 

, 11, 
/1111 

l p,tre,1m
 ol 

thc bum
p at ,1a11011 11 

111 the honw
ntal ,ec1111n. the depth ,,1 th,· ,trs.1111 1, , 

. the hed 
height is :1 =

 /,( 1 l. the unifonn ,ct11i:1t) 1, \ 1 .• m
d the lim

, .ir.:.1 1, 
I, =

 
, 1

11 
\1 ., 

do
w

n~trea111 ,1a11on lncatetl at 1. the dep1h ot the ,tre.un 1' , 11 1 the hed he1gh1 1, 
: =

 h
(x

). theu
nifonn ,clrn:it) 1, l'(1l.and1hc lkl\\ Jre.11, 

\111 
,11 )11 

O
m

 gn.1I 1, 
to predict thc d,·pth. J..1111\\ lllg the ,tl.lp<' ol thc channd 11<:d .m

d the up,1re.1111 c1>11d11111n, 
T

hu
~ thc problem

 1, 1,, hnd the tuni:11011 , I I
l "1th the lun.:1111n /111 I Jnd the up,trc.1111 

tlo
w

 condi11011, i-.!lll\\ll. 
A

pp
l) ing .1 ,tcatl~ thl\\ 111a" bJl.u11:e 10 thc cnntrul ,11lu111e ,h

,"' n III l 1gure I :i 12 \. 
w

c havc ,I/ =
 r \ 1 .I 1 =

 
1 , \ 

( I l \ ( 1 l. "h1ch altc1 ,uh,11tutlllg lor thc lhl\\ .m
:J, Jnd 

divid
in

g
b) thctlcn

,n
) g

l\e, (} =
 \1\1U

 =
 I 111,11111 

lhu,\\e,.111\\nte 

'~
~

Il 
':'21 

/J\1)1 
-

-
-

\'1\'1 
\'(.1

)=
 

\
(
I
l 

.. I 

t J .. 
L

 
';_ 

\ 
,11, 

l I ~.➔
l 

~
 .. 

Fig
ure 1

5
 -1

2 (A
) Flo

w
 o

ver a bulllp. (B
l Fl11\\ o, t·r .1 dcprc"1"11 
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W
e can solve this problem

 by ap
plying r-, 

velocity, w
idth, and depth are Vi, w

1, and Y
l, a

n
d

a
 p

o
in

t d
o

w
n

stream
 w

h
 

ity, w
idth, and depth are V

2 , w
2, and Y2 as sh

o
w

n in
 F

ig
u

re 
15

.18
. W

rit~
;e the veloc-

betw
een these points gives 

g E
q. 15.13 

.. , ... ;;, S
q

. 15
.13 b

etw
een

 a p
o

in
t u

p
stream

 w
here the 

-
-

+
y
z
=

-+
Y

1
 

I 
[V

1
)'1W

1
]

2 

V
1 2 

2g 
Y

2W
2 

2
g

 

M
ultiplying by Yi and rearranging w

e o
b

tain the cu
b

ic eq
u

atio
n

 

, [V{ 
] 

I 
[

V1
Y

1W
1 ]

2 

) '~ -
y; 

-
+

 )'I 
+

 -
-
-
-

=
 0 

• 
• 

2
g

 
2

g
 

W
z 

A
fter inserting the data, w

e have .Yi -
y

i[l.0
6

2
 ft) +

 0
.1

1
0

4
 fl =

 0
, w

hich cao be 
solved 10 obta10 the three soluuons: -

0
.2

86 ft, 0
.4

1
2

 ft, an
d

 0
.9

3
6

 ft. T
he negative 

cao be irnm
ediately discarded o

n physical gro
u

n
d

s. N
ex

t w
e calcu

late th
c do

w
nst/

001 

.
. 

d 
d'

F
d

 
b

e
f
 

eam
 

veloc1ues an 
correspon 10g 

rou e 
num

 
rs 

o
r each

 o
f th

e p
o

sitiv
e roots. 

For 

)'2 =
 0.412 ft w

e find: 

V
,=

 V
iy1w

1 =
 (2 ft/s)(I ft)(4

 ft) 
_ 

-
)'2W

2 
(0.41

2
ft)(3

ft) 
-

6
.4

7
ft/s 

and 

V
i 

6
.4

7
 ft/s 

F
ri=

 -ffei-gy-1 =
 -✓;=<3=2=.2=f=t/s=e2 =)(1 ft) =

 1
.1

4
 

F
o

rn
 =

 0.936 ft w
e flod

: 

Vz =
 Vi )'1 W

1 =
 (2

 ft/s)( I fl)(4
 ft) =

 '.! ~l~ ft/s 
Y2W

2 
(0

.9
3

6
 ft)(3

 ft) 
. 

and 

F
i =

 ~
 =

 
2

.8
5

 ft/s 
=

 0
.5

0
 

,./gyi 
J
(3

2
.2 ft/s

2)(1 ft) 

C
alculatiog the upstream

 F
roude num

ber, w
e find 

V1 
2 ft/s 

F
ri =

 -
-

=
 -,c

=
=

=
===a;====== =

 0
.3

5
2 

,./gyi 
J (3

2
.2

 ft/s 2)( I ft) 

hence the flo
w

 is subcritical. S
ince the d

ep
th

 a
f a su

bcritical fo
r flo

w
 m

u
st d

ecrease in a 
contraction

, the correct depth dow
nstream

 a
f the co

n
traction is 0

.9
3

6
 ft an

d
 the corre

sponding flow
 speed is 2.85 ft/s. 

• 

\'n 

_\ +
 ..\y 

(A
) 

..:.,i ..L
 

v .. 
-
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It is clear that the bchav

io
r a

f a flo
w

 th
ro

ug
h a c

hann
el a

f varying w
id

th i;. ,im
ilar 

in m
any resp

ccts to th
e flo

w
 o

v
cr a b

u
m

p o
r d

ep
ression

. B
o

th invo
lve a ch

an
g

e in flow
 

area. lf w
e ca

m
p

are the co
rrespondin

g cq
u

atioos fo
r 1he d

ep
th ,tap

e in flow
 th

ro
u

g
h

 an
 

o
pcn chan

nel o
f

vary
iog w

idth as give
n by E

q
. 15.14. 

d
y
 =

 ( V
2 /g

w
)(d

w
/d

x
) 

d
x
 

I -
F

r
2 

w
ith thc co

rrcspo
n

d
ing re

,ult fo
r the d

ep
th slopc in n

o
w

 ovcr a b
u

m
p

 o
r d

cp
res,io

n
. 

E
q

. 15.9a. 

d
y
 

-
d

h
/d

x
 

d
x
 =

 
I -

F
r

1 

w
c sce that a co

ntraction (d
w

/d
x
 

<
 0

) is ,im
ilar in its effcct o

n
 d

ep
th

 slopc 10 .1 b
u

m
p

 
(d

h
/d

x 
>

 
0

). and an
 ex

p
an

sio
n (d

w
/d

x
 >

 
0

) is sim
ilar 

111 
effcct 

lO
 a 

dep
ression 

(d
h

/d
x
 <

 0). In bo
th types o

f tlow
. kn

o
w

in
g

 thc valu
c o

f th
e F

roudc n
u

m
b

cr allo
,"

 
us to m

ake a q
ualitativ

e p
redictio

n o
f thc c

h
an

g
e in d

ep
th

 and b
d

1
a, ior o

f thc frce 
su

rface. 

15.3.3 
P

ro
p

ag
atio

n
 o

f S
u

rfa
c

e
 W

aves 

T
he behav

io
r o

f ,urfacc w
av

es in opc
n chan

ncl n
o

" i, a
b

o
 g

o
va

n
c
d

 b
) th

c
, alu

c o
f thc 

lo
cal F

roudc nu
m

ber. W
c can

 d
cm

o
n

,tratc th
i, im

p
o

n
an

t rc,u
lt b

) con>1
d

cring a ho
ri

m
otal rectang

u
lar ch

an
oel o

f w
idth. w

. tillcd w
ith liqui<l al rö

t to
a
 u

n
ifo

rm
 <lcpth. ·'. A

 
vcn

ical w
all at the lc

fl end o
f this ch

an
n

cl i, sudden!) g
iv

en
 a ,m

all co
n

,talll ,clo
cit) 

V
ll'i to th

e rig
ht. creating a surfac<

' w
av

e o
f heig

lH
 6

.y that p
ro

p
ag

atc
, d

o
" n the ch

an
n

cl 
as sho

w
n in F

igurc 15
.19

A
. N

otc that th
c d

cp
th

 o
f th

c liq
uid b

e h
in

d
 thc \\a

, e i, v +
 ~

, 
an

d
 th

at the w
ave p

ropag
ates at a co

n
sta

nt ,pce<
l c. T

h
e lluid ahea<l o

f thc "
a
,c

 "
.11 re,t. 

and the lluid b
e h

ind thc w
a, c m

ust b
e all m

o
v

iog to thc rig
ht at sp

ccd
 \'11 a

, ,h
o

\\ n 111 
F

ig
u

re 15.19
A

. lf y
o

u
 arc w

ondering ab
o

u
t th

is hL,t ,tm
cm

cnt. think ab
o

u
t h

o
w

 thc m
o

, -
in

g w
all is p

ush
ing th.: liq

u
id to thc rig

ht. S
incc thc liq

uid can
n

o
t be co

m
p

,c"c<
l. ,111d thc 

d
cpth b

ch
in

d
 thc w

av
e i, uniform

. the liq
u

id b
ctw

ccn
 th

c w
u

ll and 1he 
\\'1

\'l' front m
u

,1 
be m

o
v

ing to the rig
ht at the sam

e spccd
 a~ thc w

all. 

C
 

--
V

 

\l=
O

 

y 
\ 

. 
.l, 

(B
l 

c -
V

u
 

-A.,., A
,u

1
 

i------, 
I 

I 
V

 

: 
'---------~ 

' I ' I I ' 

<
 

-"'" 
Pin 

Fig
u

re
 1

5
.1

9
 T

h
e m

o
v

ing end w
all w

ith lA
) a fixcd

 refcrcncc fram
e and lB

) a 1110,ing rc
l\.·rl."ncc fram

c
. 
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W
e w

ish 10 analyze this_ m
odel o

f w
av

e m
otion an

d
 p

red
ict th

e relationshi 
5 

tw
een w

ave speed c. w
ave he1ght A

y
, and th

e other phys1cal p
aram

eters o
f th

e p 
pb be

S
ince the w

ave is propagating along the channel. the flo
w

 is u
n

stead
y

 for an o
b

 ro lem
. 

R
 th 

server· 

a fixed reference fram
e attached tt> the ch

annel. 
a 

er th
an

 an
aly

ze this u
nst 

d 
in 

· 
· 

"th th 
ca Y

 flow
 

w
_e can use a reference fra"'.e that 1_s m

ov
m

g
 w

1 
e w

av
e ~s _sh_ow

n in
 F

igure 15_ 1 
• 

S
m

ce 1h1s reference fram
e 1s m

ov1ng at const_ant v
elo

c1ty. 1t 1s m
ertial. In th

e m
 

~

8

-
fram

e Jiquid appears 10 b
e approaching the stauonary w

av
e fro

m
 the right at sp 

d 0

' ing 
m

oving al speed c -
Vw

 to the left after passing through th
e w

av
e. T

h
u

s th
e 

e~ 
c. and 

locity vector o
n the upstream

 side o
f the stationary w

av
e is u =

 -
c
i an

d
 0~~~ o

m
i ve

stream
 side it is u =

 -
(c -

Vw
 )i as show

n in F
igure I 5

. I 9
B

. T
h

e flow
 is st . de dow

n
fram

e. 
ca Y

 1
0

 thi~ 

A
pplying a steady flow

 m
ass balance to the con

tro
l v

o
lu

m
e sh

o
w

n
 1·n F

" 
. 

. 
1g

u
re 15 19B

 

w
e obtam

 -
pcA

;n +
 p

(c -
V

w
)A

ou, =
 O

. w
here th

e m
let an

d
 o

u
tlet flo 

· 
· 

b
e 

. 
w

 areas can be 

seen to 
given by A

;n =
 w

y and A
ou, =

 w
(y +

 .C.y
). T

h
us th

e m
as 

b I 
s 

a an
ce can be 

w
ritten as 

-p
c
y
 +

 p
(c

 -
V

w
 )(y

 +
 .C

.y) =
 0 

and w
e can solve for the w

ave speed 10 lind 

V
w

(Y
 +

 .C
.y) 

c
=

 
Å

)' 

( 15.15) 

(15.16) 

A
t this point, the w

ave height A
y is unknow

n, so this sin
g

le cq
u

atio
n is n

o
t su

fficient 1o 
determ

ine the w
ave speed. A

llem
ately w

e can use E
q. I 5

.1
6

 to w
rite 

c
A

y
 

V
w

=
-
-


y +
 Å

)' 

(15.17) 

W
e can obtain a second equation by applying a steady flo

w
 m

o
m

e
n

tum
 balancc in 

the x direction to the control volum
e show

n in F
igure I 5

.1
9

B
. W

e w
ill n

eg
lect fn

ction 
on the bed surface and assum

e that the pressure distribution
s o

n
 tlle inlel and exil ,u

r
faces 

are 
hydrostatic. T

he resulting surface fo
rces can

 
th

en 
he 

calculated
 

10 
be 

-w
y
(p

A
 +

 p
g

y
/2

)i on the inlet flow
 area, w

(y
 +

 .C
.y){pA

 +
 [p

g
l y +

 .C.y
) l/2

)i on the 
outlet flow

 area, and a contribution -
P

A
 w

.C
.y

i from
 the free su

rfacc al atm
o

,phcric 
pressure. T

he m
om

entum
 balance in the x direction is 

p
c

2w
y -

p
(c

 -
V

w
>

2w
(y +

 .C.y
) 

=
 -w

y
 [P

A
 +

 p
~

y
] +

 w
(y

 +
 .C

.y) [PA
 + p

g
(y

; 
.C

.y)
] 

-
J
)A

W
Å

)' 

W
e can w

rite the flux term
 at lhe outlet as 

-
p

(c
-

V
w

) 2w
(y

 +
 A

y) =
 -p

w
(c

 -
V

w
)[(c -

V
w

)(y +
 .C.y

)] k 
by C

)' 
then use the m

ass balance, E
q. 15. I 5, to replace th

e ten
n

 in
 th

e sq
u

are b
rac ets 

genin
g 

-p
(c

 -
V

w
) 2w

(y
 +

 .C
.y) =

 -p
w

c
y

(c -
V

iv
) 

1
5

.3 
T

H
E

 IM
P

O
R

T
A

N
C

E
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F
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H
E
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R

O
U

D
E

 N
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M
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E
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T
h

us the tw
o flux ten

n
s g

ive p
c

1
w

y
 -

p
w

c
y
(c

 -
1'11

) =
 p

u
•c

y
V

11
• A

dding an
d

 ,im


plify
in

g thc th
rce surfacc fo

rcc ten
n

s. w
e obtain u

,t!,,y(p
g

_, +
 p

g
t!i.y/

2
): th

u
, thc 1110-

m
entum

 b
alance is 

p
w

c
y
V

u
 =

 w
t!i.y 

p
g

y
-
~
 

S
o

lving for the w
ave spced w

c have 

[ 
Pr:ör] 

c
=

-
l+

-
ge.,. [ 

~-,·] 
V

11 
2y 

<
 15.18) 

E
q

uatio
ns 15

.16 and 15
.18 can no

w
 b

e u
,cd

 10 detenrnnc 1hc \\a
,c

 ,p
ec

J ,· ,llld
 \\,t\c 

hc
ig

ht t!i.y that d
escribc the w

avc produced \\h
cn

 a \\all m
m

c
, .11 ,i:1oc11) 

I 11 
T

he m
o

v
ing w

all co
ncept \\ a

, introduccd
 a1 the bcg111n111g o

f our an.il) ,i, ,h
 ,11npl) 

th
e easie~t w

ay 10 visualize a w
ave propag

ating along a frcc ,urt.1cc 
\t 1h1, pnint \\c' can 

dispensc w
ith thc rno

ving w
all. T

h
at is. w

c can 110\\ ,11npl) 
1111.igrnc 

,l ,0l11.ir) 
''-"

 c 
p

ropag
atin

g at som
c w

avc spced c. w
ith a w

avc hcight u 1
. "1th 1hc h4u1J bchinJ 1hc 

w
av

c m
oving in thc sam

e dircction at sp
ccd V

u
. T

h
e prcceding ,111.tl) ,,, ho

ld
, lor 1h1, 

iso
lated w

avc. T
h

us. u,in
g

 E
q. 

15.17: 
1'11 =

 c
u

r 
(.1

 +
 u, l. 10 d1rn111.11c· 

I 
II 

tr,m
1 

E
q. 15.1

8. w
e find thm

 the w
avc ,p

eed
 o

b
cy

, thc cquation· 

c
=

 
g

y
 

I
+

......:.... 
1

,-
-

[ 
Ö\'][ 

~'] 
\ 

~y 
_\ 

t 15 1 1)) 

T
his equatio

n applie, 10 a \\.l\e 1110,ing 111 cn
h

er dircc1io
n. E

q
u:111011 15 19 ,l1'>1" th

.11 
w

av
c ,pced incrcasc, ,is

 thc w
a, c hcight. ~

.I. 1tK
"re.1se,. i\l,o

. h
) E

q. 15 17 .• 1 "
,I\ c' 1tm


e

lin
g

 
a

l 
~pccd 

c 
in

 
,ta

t1on
ai:, 

,,·:.n
e

r 
l'aU

!\c, 
thc 

\\a
tc

r 
to

 
m

c.nc 
at 

., 
,p

ccd
 

V
w

 =
 c

t!i.y
/
(y

 +
 6

y
l in thc d

ircction o
f w

a,c propagation. 
lf

1hc
a
m

p
li1

u
d

c
o

fa
\\a

,c
1

,,u
n
k

ie
ntl) ,111all.i.e .. u

1 
1 <, 

I.E
q

. l.5.19,1111pl1-
tics 10 

C
 =

 ,0
(\' 

t 1.5.20) 

\V
e scc that a ,m

all :11n
plitudc \\avc trave!, at a ,p

ccd
 that i, dL

·lcrrnm
cd b

, thc "a
tc

r 
d

cp
th 

in 
w

h
ich

 
it 

is 
propagating. 

In 
\\atcr 

o
f 

uniform
 

dq11h. 
a 

,m
all· arnpl11udc 

w
avc propag

atcs at a constant ,p
ccd

. and ,in.:c thc \\ m
 c ,p

ccd
 d

o
c, not Jcpc•nd on u_1. 

the w
avc trave!~ w

i1hou1 ch
ang

c o
f ,hape. lntrodul'ing tht· ,rn.111 arn

plttutlt: .1ppro~1m
a-

1io
n 6

y
/y << I into E

q. 15
.17 ,how

~
 that ,Lt<'h

 a "
,I\ t' c.1u,c

, ., , l'ioc·1t) 
in thc J

1rcc-
1io

n o
f propag

ation o
f 

V
11• =

 ct!i.r/
v. T

he \\av
c cn:a1cd 

111 a ,till pund b) 
to

"o
n

g a 

T
he sp

e
e

d
 o

f a f1nlle a
m

p
h

lu
d

e
 w

ave 1s al
w

a
ys g

re
a

te
r th

a
n

 c =
 J

g
y. Th1s 1s eas1ly 

se
e

n
 by co

m
p

a
rin

g
 E

qs. 15. I 9 and 15.20. 
lf yo

u
 w

e
re

 u
sin

g
 c =

 J
g

y
 to

 est1m
a

te th
e

 
tim

e
 o

f a
rrival 

o
f a 

la
rg

e
 am

plitude tid
a

l 
w

ave m
o

vin
g

 in sh
a

llo
w

 w
ater, yo

u m
ig

h
t 

n
o

t h
ave a

llo
w

e
d

 yo
u

rse
lf e

n
o

u
g

h
 lim

e to
 

escape. 

ro
d

. 
in

to 
1hc 

\\att·r 
1s 

lil..cl) 
10 

,a
ti,t) 

thc 
,m

all 
um

plitude 
a,,u

m
p

lio
n

. 
C

an 
you 

thinl,, 
o

t 
a 

\\a) 
o

f 
de

tcn
n

ining thc \\atC
'r dcpth in pond o

r lal..c h) o
b

,erv
ing the propagation o

f ripplcs".' 
\V

e 
can 

also 
analyL

c 
a 

"
m

 e 
prop.1g.111ng 

o
n 

1hc surface o
f a m

oving ,trt:am
. i.c .. a "

a
, c tra, c

long in 
an o

p
en channcl now

. C
on

,id
cr tir,1 a "

a
, c tra, cling 

upstream
 at ,p

ccd
 c in a ,1rearn m

ov
ing at ,pccd 

\I. 
T

h
i, w

avc can be analyzed h
y

 m
aking u

,c o
f a .:hangc 

I '
,_,_· 
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r o
a

rk
. 111e m

a
c

h
m

e
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o
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E

X
A

M
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L
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-
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S
O

L
U

T
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N
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Figurc 15.20 reprc..,cnts a w
avc-m

aking m
acnrnc ,n uc 

•• -
-
-
·
 

, 

rnoving 1hc w
all into a pool 1.25 m

 Jeep. T
h

e w
av

c am
p

litu
d

c is 0
.3

 rn. F
in

d
 th

c w
a,c 

,p
ccd

 and velocity o
f thc w

atcr bchind the w
ave. 

V
" 

-
-
i
 

F
igure 

1
5

.2
0

 S
chem

atic 
for 

E
xam

plc I 5.-1. 

1 
1.2~ rn 

/ 
0.1/, r· ,~

 I 
I 

V
" 

: --
, I 

T
h

e w
avc ,pccd is given b

y E
q. 15.19 as 
-
-
--

-
-
-
-

c =
 .f,,,. [1 +

 {).y] [1 +
 {).y] 

o
. 

2
y 

y 

lnscrting thc d
ata w

c obtain 

c =
 j

{9.8
1 m

/,2
)( 1.2

5
 m

)I I +
 0

.3 m
/2

(1
.2

5 m
)II I +

 0
.3 ,;

/ I .::¼
I=

 4
.13 m

/, 

lf w
c had incorrcctly a,sum

ed 1hat thc w
av

c is o
f ,m

all am
 ,liw

d
c_ m

J u
,c

d
 E

lj. 15
.20 

(C
 =

 ..fiy). 
W

C
 w

ould havc o
btain

cd
 c =

 ..fiy
 =

 
(9

.8 rn/,' I 1
.2

5
 111 =

 3
.5 m

1'. Il) 
chcckin

g thc ratio o
f w

avc am
plitudc 10 d

cp
th

, i.c., {).y/_r =
 0

.1
11, 

1.25 111 =
 0

.'.:4
. \\,· 

w
ou

ld havc rccognizcd that thc ,m
all am

p
litu

dc ap
p

ro
x

im
atio

n i, ''" ,,ltd an
d

 lt,cl) 
i. 

producc crronco
us rc~uh

!>. 
T

h
e spccd o

f thc w
atcr bchind thc w

av
c. w

hich is th
c ,a

m
c "

' thc w
a

ll sp
ccd

. , ·"' 
b

e fo
und by using E

q. I 5
.17 and thc correct w

av
c spccd c =

 4
.13 111/,. T

h
e rcsu

lt " 

V
 

c
l!.y 

(4
.13 111/s)(0.3 m

) 
w

 =
 _y

_+_
{)._y =

 -,-1.-:2-5-,-11_+
_0_.3_

11_;_1 =
 Cl.KO rn/, 

E
X

A
M

P
L

E
 1

5
.5 

M
o

,1 o
f thc w

avc, w
c o

b
,c

rvc arc g
cn

er:11cd
 b

y
 thc actio

n
 o

f th
c w

in
d

 o
vc

r thc ,u
r\.,,,· 

o
f thc w

atcr. T
sunam

is arc w
avcs gcncratcd b

y
 scism

ic activ
ity

 su
c

h a
, ean

h
q

u
a~

e, .,u.i 
vo

lcanocs, o
r b

y
 caw

stroph
ic cv

cn
ts such as astero

id
s im

p
actin

g in
 th

e o
cea

n
. A

 1,u
nJ1tt1 

w
ould secm

 quitc h
an

n
lcss if o

b
scrv

cd
 o

n
 thc o

p
cn o

cean
, w

h
erc it.s a

m
p

litu
d

c m
tg

h
'. b,· 

as sm
all as 10 cm

. H
o

w
cvcr thcsc w

aves tran
,m

it a trcrn
cn

d
o

u
s am

o
u

n
l o

f e
nc

rg
y. \\ h,tl 

.....:...._ 

S
O

L
U

T
IO
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V
 1 
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5
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 1969 

is th
e w

a
,e

 ,p
eed 

o
f a tsu

nam
i 1

ra,e
lin

g
 a

crO
'<S th

e P
Jc1fic. \\h

e
re

 .1 t~ptc.11 d
ep

th
" 

-10
0

0
 m

~ C
o

m
p

are th
i~ \\ith

 th
c ,p

eed
 o

f a w
;l\e

 o
l th

c ,a
m

e
 am

pl11ude in
 I m

o
t w

;,1er 

T
h

e w
ave 

i, 
sk

e
tc

h
ed

 in
 F

igu
re 

15.2
1 \ 

C
learl) 

th
c ,m

all ..1.m
phtude Jp

p
rn

'1
m

Jti,1n. 
E

q
. 

15
.2

0
. i< a

p
prop

n31e fo
r th

e h
u

n
am

, in
 th

e ,,p
en

 u
,c,m

 
ln-..:nrnµ th'-' d.11.1 

\\C
 h

~
,c 

c =
 -.,'rf-

=
,
 t9

.l>I 111/,:1(40
0

0
 m

l=
 19),. n

L
, 

w
h

ic
h is o

,c
r 400 m

p
h

' \\'h
en

 th
is \\J

\e
 Jp

p
m

Jc
h

c
, J cn

a,tltn
c. 11 "'Il''"" d

,m
n

 t--.,. 
cau~c the \\J.tcr i, ,haJlo,H

~r. but 1t-. an1plnudc \\tll ~
n

..l\\ h
cL

J.U
"-4! th1.· cncrg.~ llJ

,, "h
1,:h

 
i, a function o

f thc: ,p
ecd JJ1d .im

plitude. h cnn,tant 
T

 ... un.1m
1< .. J.rc ,c:~ 

<l'-.",L
nh..lJ\1. 6 h

c 
cau!\c the

1r am
p

litu
d

e can
 c~

1l~
 c

,c
c

c
J

 ,c
, ~raJ m

eter-. Figur'-." 15 21 B
 ,h

i,\\, th'-· c..·1 fi:1.1 
o

f a tsu
n

am
i 1ha1 ,tru

ck H
J\\JJi 111 1

9
6

0
. 

Fo
ra

 I O
 cm

 .1m
p

li1ud
e ,, a

,e
 m

 I m
 d

ecp
 "a

tc
r. \\C

 co.m
 ..:Jku

l.1ti: th'-." \l...l\ «: ,p
t.~

d tn.,111 

c =
 

J:Y
 

I -
-

I 
=

 
t\l 81 m

/,-
H

 I 111) 
I -

-
-
-

1 -
-

[ 
:-.,][ 

:-.,
] 

• 
[ 

O
l1

1
1

]~l 
O

lm
'J 

\ 
2

, 
, 

\ 
2( I llll 

I 
t11 

=
 3.37 ,ni, 

U
,in

g 
th

e 
,m

JII 
am

p
!ttuu~

 
ap

p
ro

,1
m

J1
to

n
 

c =
,'in=

, (9
.8

1
 111/, 1

11 I m
l 

"
"
 1h1, 

W
J\ c ~

k
id

,
-.,,, ~1,c ".)pe.:d 4,,ll "· I ~ n

\/, ,, h1ch 1
, 111 crru

r h~ on
l) Jb

u
u

t 7
', 

I01.1n 

-lO
O

O
m

 
._
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) 
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F
lg

u
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) S
c

h
c

m
.tt1l· fo

r l:.,u
m

p
h: 15 5

. ( 1:3) l),u
n

ag
..: dul.' U

l ,t 1,u11J1111 thJt ,tr
m

.~
 I It Il 1. I \J

\\;.111. 111 l
1lh

t) 

o
l rcfrn.:ncc lram

c
. F

1g
urc 15

.2::!.r\ ,h
o

,\, the ,,a
,c

 a
, ,c

\.'ll h~ an ,,b,c1,c..•r 11,eJ J
, thu,ll 

111 th
c fra

m
c o

f re
fc

rc
ncc a

ttac
h

cd
 to

 thc l:h
an

n
cl. In

 h
g

u
1l.' 

IS
 2

:!B
. lH

1,,c, ,•r 
\\t.' h

.,,c 
changcd 10 a fram

c o
l rd

crcncc ti,eJ
 tn thc urn..11,turbcd ,u

c,1111 n
H

n
 111~ ,ll ,1,·cJ

 \ 
ln 

th
1~ m

o,ing rcfercn..:c lr.1m
c. thl.' ,,,,,t' ,pcc:d 

1
, n

u
"

 
t 

---
\
.
 and thc \\,ll.:r lx·hm

d thc 
,,a,c i, m

u
v

ing in th
c d

irecllo
n u

f ,,.1H
: m

o
llllO

 al ,,x-cd
 \ 

\ R
 

·1 h
c ,,.,,c

 lh
''' h"K1~, 

c
,.tctl) like thc: p

rccc<l111g
 c.:a

,c of a \\~l\c p
ru

p
,l~,1u

n
g

 m
to ,t.ttn_m

,lf~ \\,lh
.·r p

H
l\1JcU

 \\C
 

\\r
itt· 

\
'11 =

 \' -
\'x and rc'-.·og1111c th,1t tl1t..· ,,.t,c

 ,1x·cd m
 tht...· ,t.ittllllM

~ ,,,ttc..·r l.·a,I..'.' 
1
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,uch a, w
avd

cnglh m
ay com

c i nio play in dc1crmi11ing w
avc spccd. For cxam

plc . 
-

· ,is
} nu 

ha1 c ,ccn al 1hc hcach. w
a1-cs break w

hcn 1hcy rcach ,hallow
 w

a1cr. N
cvcn

hclc~ 
be 

, 
, 

'• IIC
 

oncc agam
 ,cc 1ha1 1he 

I aluc of 1hc Froudc num
 ·r 1s ol param

ou111 im
ponanc 

. 

prcdic1ing 1hc bchavior of isol:11cd ,urfacc w
avcs and undcrslanding 1hc now

 of • ~ 111 

-
in,or. 

m
ation in opcn channcl now

. 
The h}dr:111 lic jum

p di,cus,cd in 1hc ncxl scclion can be 1hough1 of as a ~pcc·ial l 
Cil\c 

of a surfocc w
:11 c. H

ow
cvcr. i1~_im

por1ancc in opcn channcl now
 m

erit, a , cpannc lrcai. 

m
cm

 and discu"
1on. A

, you 11
111 k

am
. a hydrauhc JU

m
p can occur only w

hcn lhc n 

i, supcrcritical. 1ha1 is. 11 hcn 1hc Froudc num
ber i~ grca1cr !han onc. 

llll 

15.3.4 H
ydraulic Jum

p 

In Scc1ion 15.1
3

 w
e ,how

cd 1ha1 if a flow
 i, , upcrcritical. disturbanceo, cannot propagaic 

up~1ream
. Tim

, if dow
ns1ream

 condi1ions require 1ha1 :1 s11pcrcri1ical flow
 bccom

c ;ub. 

cri1ical. a , 111001h 1ran,i1ion is im
possiblc. and 1hc flow

 gocs lhrough a phcnom
cnnn 

k11
0

11 n as a hyd
rJulic jum

p. In a hydraulic jum
p. 1he now

 changcs from
 supcrcri1ical 10 

~ubcri1ical in a rcla1ively sho11 distancc. w
ilh an abrnpl dccrcasc in vcloci1y. incrca~c in 

dcp1h. and
a sub,1an1ial hcad loss. A

n cxam
ple of a hydraulic jum

p on a dam
 , pill11 av Ila, 

, how
n in Figure 15.3. b111 you can also crcalc a hydrau

lic jum
p your~clf by running ~l ater 

from
 thc ki1chen faucc1 01110 a na1 or sligh1ly , lopcd surfacc. A

s thc How
 m

ovc, ra<liall) 

oUlw
ard on thc surface. a hydraulic jum

p w
ill occur if lhe llow

rate is largc cnou2h. 

The general charac1eris1ics of a hydraulic jum
p are show

n in Figurc 15.24. A
 hy

drauhc jum
p m

ay occur on :m
 inclincd or horizonial be<l. and in a channcl of any , hapc 

For sim
plici1y. w

c w
ill assum

c a rcctangular hori1.0111al channel. O
b,cr\'alion, ha1c dc

lcrm
ined 1ha1

1he m
axim

um
 lcnglh of aju

m
p does 1101 cxcccd scvcn dow

n,1ream
 dep1h,. 

1hw
, w

e w
il l ncglec1 1he ,hear Slrcs, applicd to lhc 11011 by 1he bed. N

o1c. how
.:1 er. 1hai 

w
c are not a,~um

ing fric1ionlcss flow
. In fac1. our ;m

aly, is m
u~t allo\1 fora head los, duc 

10 , i, cou, di-,ipa1ion in 1he jum
p. A

hhough 1hc 1urbulcn1 veloci1y ficld in a hydraulic 

jum
p is gcncrnlly 3

D
. w

e can arrive al lhc im
por1a111 charac1cri, 1ic;. b) a,sum

ing sicadi . 

uni fom
1 llow

. and applying a m
as,. m

om
c111um

. and energy balancc 10 1hc co111rol ,
0 j. 

um
c as ~how

n in Figurc I 5.24. 

A
 m

a" balancc on 1his C
V

 yiclds M
 =

 p
Q

 =
 p

r\ 1 V1 =
 p

A
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