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ABSTRACT

_ El—G:mml?

The cbjective of this work is to investigate the effect

! © the relations of continuity, mementum; and . energy
one-dimensicnal flow. The significant e€ffect of.ked
is included in the preseni theoreticsl work. This

expressions to obtzin the jump properties such

=il

¢f bed roughness on properties of the hydraulic 3

characteristics of the jump are theoretically znalysed using

ump. The

for the
roughness
provides

as the

relative length of the jump and rolier, the conjugate depth

ratio, the loss of energy in the roller, the loss of
in fricticn and the relative integrated hed shezr force

rough beds. These expressions are alsc presented
graphical form.
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2 Tmomrica. Aevmoacy

The theoretical stody of the free hydraviic Juap over
rough bed reguires the "simpiification of the hydravlie
tormulation of the pProblea. This is aade with the followving
assumptions: the velocity distributions before and after the
Juap are uniform, the turbolence effect and  the  alr
entrainment  are negligible, and the  channel . has a
zcciangulax €ross-section of sufficient width, and / or the

Iroughness is so great relative to the side wall reughm .,
to pliminate any Appreciable side-vall effect.

The present approach assumes a steady flow and adopts the
folleving governing equations in the analysis

(1) the 1av of Consetvation of wmass (the continujty
equation in one dimeasional flov), : ' ‘

{2} the law of cinservation of momentum (Nevton's Second
lav of motion in one Zimensional flow), and - L

(3) the 1lav of consexrvation of ¢hergy {Bernculll’'s.
equation in one dimensional flev). e

- The definition sketch of the hydraulje Jump In a
Prismatic horlzontal‘rgctangulax channel is presented ir Fig.

TEL ®

Fig. ¢33 Homentum and Energy Equations Applied Lo Hydrzulic 3 unyy
in a Rough Horizonta} Prismatic Reclangular Channel.
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2.1 The Uonjugate Depth Ratios over Rough Bed Chz~hia)

When Newton's Szcond law of wmoticn is applied to the
hydraulic jump the momentum equation can be derived. Hence,
the summation of all external forces on a control volume of a
liguid in ary particular direction is equal to the change in

momentum f£lux in that direction. ;

' pr = ApgqUu) - (1)

+Referring to Fig. 1 and considering the rontrol volume,
Eg. 1 may be expressed as o

Pi - Pz - Pr = p'g {(Uz - U1) (Z)

where,
P1 2nd Pz are the pressure forces per unit width at s=ctions
1 and 2 of the control volume respectively,
Pf is the bed integrated shear force per unit width over the
jump length on the control volume adjacent +to the channel
bed, '
P is the mass density of vater,
Ut is the averaqge supercritical velocity at the beginning of
the jump, and
Uz is the average subcritical velocity at the end of the
jump.

The vzlues of P1 and Pa are calculated from the Jlaws of
hydrostatics, assuming linear pressure distribution at hoth
ends of the hydraulic jump

1 z
P2 = -—— 3 hs (3}
2
1 2
Pz = -t L2 {4)
vhere,
¥ is the specific welght
fecording to Rajaratnam |
28T unit width, pr may be obtzin
mezsurad bed shesr stress oro

L)
vhere,
T, 1is the local shear stress on the channel bed
However, in the present study the valuve of + s zalculated
o
from the following eguation

[o5)
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ssioan s C, along the
ien iation of €, with the dimensionlzss
: !
nce NG the channel bed X/h2, where hz js the
tical sequent depth oaf the Jump  is pleotteg by
tham [7}] Zor the Smeoth beds and shown in Fig. 1.
0g that the same {rend of varlation is also velid in
channels znd o straight line approximation is made tgo
Perimental data vyith & maximum wvalue of Cf1 gt the
ing of the Jump and an approvimately ~0 value gof ¢

f
0.0 1 at  the jump ens. According to  the above

fssumptions the vaviation of +h local coefficient of

friction Cr ¥ith the distance x ray be expressed by the
relation . X

[nd = - ) 8

: te (1 T3 i (8}

in which, C“is the skin friction coefficient at the Ssump

toe.
The substitution from Eq. &8 into Eg. 7 ana upon integration,
ve have,

cC

pr = %pUix Lj (57

and Eg. § into Eg. 2?2 vwe get,

i Frouds Humber,

tly written as

4




s simple cublc eguation and therefore, it has

Bg. 12 is = TG three
roots. It iz expected that at least two real roots exist
representing supercritical aznd subcritical depths, bnt no
complex roets ar possible as they  may appear In  pairs
- ref.[(2}. This will lead to the fcllowing result,
S ne
ed by (8%74) - (a%/27) £ 0 ' {17}
lyg. 1 .
lid  in In case vhere {B°/4)] - (A%/27)< 8, three unegqual roots may
ade to found in th= form,
t the - . A . & + 2nHo .
Jo= 2 ¥ 5 Cos | - $18)
o3+ c . 2 H - 4
! where, n = 0, 1, and 2
above -4 -B 1
and & = COS [. {1%)
1t > £

2/
'y the Ag/27

The first root ({where n=0) is - a realistic solution,
representing the existence of a subcrltlcal conjugate depth

(8} at section (2) of Fig. 1 .
= Jump The secend tooct (where n=1) gives a negative value of tThe
conjugate depth. This solutien is physically impossible, &nd
B therefore can be discounted.
-ation, The third root (when n=2) repzresents the case where the
hydraulic jump does not form in the . control wvolume, and
{s) instead it will nccur downstream of section 2, and hence the

flow within the control volume is entirely supercritical.
Therefore the real solution for the conjugate depth
ratio is given by

(10) J =2+ % cos [4?——] (20}
Feq. 20 may be written in the functional form
ra 3 = % (i1, Ft, Li/ha} : (21)

In crder to calculate the values of the conjugate depth
ratic J, at diffezrent values cf the inlet Froude number [
and the average resistance ceefficient (Darcy-Weisbach) =at
the jump inlet f:, the relative Jump length Li/kd must be
. tnown. Therefore, another relation for the relative Jump
(1) lerngth is regulired to anable the determination of the
o con]uqata depth ratio J.

HY
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2.2 Graphical representzation of Pessible Solutions of Generzl
Eguation of The Hydraulic Jump over Rough Badcs

; T}e solulions of gensral eguatior of the hydra 1?0 Jump
g over rough beds (Eg. 12) is agivern by the relat;on lg.
- kegiecting the negative root, &1 ih :at}o J 1?
Eg. 1& is calculated with The compater and
11e tha rasults are plotted in Fi L gstyeﬁm F‘?fd?
T numbax Tz for botih the uubhzl i nd 2 percritical fiov
at the end of the centrel vol Yok Thase curves
are plotted for diffarent vzl = f£1 Lifhe,

Letween 0 and 10.
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f the perehelic curves represent >
subcritical conjugate depth while the lower part of the
curves represent & onexistent supercritical conjugate depth
at section 2. The vertex of the curves are the thecretical
1imit which indicate that the tailwater is critical. It is te
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te noted that the of the bed roughness {D>D) causss 2
dgcrease in the conjugate Gepth ratic J _below its
~orresponding walus for the hydrzulic jump over a smooth bed

(D=0}.

2.3 The Relative Lengiii of Jump over Rough Ded CLishid

A description cf the rydraulic jump remains incomplete
without mentioning its length. In 1976, Hehrotra published A
pzper about the length of the hydraulic jump (51, in which he
claimed that he mads the Firs attempt foxr an analvtical
treatment of the prebism. His vreticzl expression for the

length of roller was based cn assumption thait the roller
accounts For ail the loss of e gy in the jump.

In the en tudy, the zompiion that all the icss of
snergy in hyt ¢ Sump is due to rolier only would be
incorrect rough bed frictional resistance cannot
e ignore

Theare ss 5f energy in the Jomp i g to be
dividad i wo componenkts, the figst onge 15 the lezs =of
energy in the turpulent rellsr which comprises enerqyY
containing eddles according to Heprotra i5i-
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¥ 9 Eu =y g Ee ¥ g E {22)
“higre, ‘ - R .
¥ g Ex = the total amount of energy d&isszipation Dby the
jump, : :
v a the loss of energy in tuvrbulent roller, znd
¥ @ Bf = the loss of energy by Erictioen  on the channel
bad, ’
Tne qetermsination
eguation 22 is present

12 The Loss of Energy in The Turbulent Rolle
e

Tha energy flux lost in the roll
[5] was given by

. g -
_— 1 (J=+1) //L' = N a
¥ g B~ =y ¢ Fr hs — 1l —i) + {3 - 1
5T
£ J

is equsl to 35,000 i51. - S ;

wheré&, ki = dimensionless constant fer the Jamp tength vhic

Less of Energy due to Ths Friction on The Choannel ded-

The Jump lost enerqgy dus to tlie fricticn on the bed WY
be calculated from the work done per sscénd to overcome bhe
friction force on the rough bed. Thus, we have
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Assuming that this relation is alsoc wvalid for the mean
velocity in rough channels. Referzing to Fig. 12 one may
deduce the relabion for the variation of the measn wvelecity
along the length of the jump

U= Us - (U - U2) (=) (28)
Lj
Inseriting Loth Eg. 5 and Eg. 28 intc Eg. 27 we obtailn
ied -
- o W 2 . - .
vooomo= BX T e e Fyiue ua-vay (2 lax (23)
= A 4 f4 Lj Lj J



Analysis.

‘he mean
ane may

veleocity

{28}

Y obe i Len &8

s s i T 1 1
v Er = ; Hi ~——= Fi(——3}) 2 & T 3
¥ g Ei Y g Hi -iEFI,(h:)}_ 3 J . (30)

A2 The Total loss of Energy in The Hudraulic Jump:

The total znergy dissipated in the jump can be calculated
from the difference of enexgy of tha flow at the Jump
upstream and dowvnstream sectlions. Hence, applylng Bernoulli's
2quation between sections (1) and (2} of the hydraulic Jjump
{Fig. 1}, we get . .

¥ @ EL = p q (Bt - E=z) (31)

vhere, » g Bz is the total energy loss per second,
B+ is the specific energy at the Jump  upstream

E2'is the specific enargy at the Jjump downstrean
section,

#g. 31 may be expressed in terms of Froude Number F: and the
conjugate depth ratio J as, ’

. 1 2 1 't on
YO ELo= oy hadl- J += Py I - = {22}
2 . L2
e <
klso, imserting Egs. 23, 30 and 32 inte Eq. 22 2n4d
simplifying. The relation may put in the general form 2s,
e )
( f1.2_4_s 17 4 1 . © e, Q. #
iy (5= Fe J §2 4 =i ~- P (941} 7 b —=I2dy
.!. 48 ¢ g Kr,i he
. = 7

IS 3
[ 1 r .
1 3 12,2 z 1 ;L
SR QL3 L LTSRN SOR S S SRR IR L RPN § PR TP
24 2 { J4 hs
S = = J

= 0 (33}
2g. 33 conly one subscript

€ & time in the right order.
‘ ¢ Jength of rolier or the length of jump.
Q. 33 «can be written in the focllowing form

a8 X*-bX+c=a0 (34
where, ‘ . 1
1 i 1 e | .
a = krd{(§i42F14=6f 2+ = f - :a‘;intd1j, {35}
i 38 E' [¥] _! Ll
L.
{ 5 - 1 1)
P T N P I S-SR 1y el o o ]
= K=t 4 phrel bl t—s— Pz e TR iEa { £ = 1
8] k=t t-—.zqi— {1 ) 5 S -é { 3 _ijr
S 1D



Lr,j

( e ) . {38)

Eg. 34 is a guadratic equation and therefore has two roots.
The solution cf Eg. 34 is in the fcrm :

i}

and X

+ ST -
Lr,j - b-+¥b5 -4ac . (3°)
K ht 2 a -
It is to be noted here that one of the two roots of Eg. 34 is
the real soliution ( when the negative sign of Eg. 39 is
considered). The otherx soluetion wvould be physically
impossible. Thus the real sclution of Eq. 34 is given by -

Lr,j_ b -+%b° - 4ac '
Ry - 7 3 ¢40)
Dividing both sides of Egq. 40 by hz/hz, wve get the
expression for Lr,j develeoped by Mehrotra [5) for the smocih
bed case (fa=3),

.2 2 -2
R R —%i {1~ Di)]]

Kr i 2
Lr,j _ Al L h ?
- 4 o)
* ] P e
12
ht 2 h=z 2
- (25l g 41
{ z’ hi } {41
Eg. 40 may be written in the functionzl form
Lr,i a » ; 7
et T 2 (f£1,F4, 3, kr,)) . (421

Insezting BEg. 42 into Eg. 21 we get the

(]

unctional form

Jo=ow (f:, F1, 5, Kkj) (43)
Eg. 43 is an implicit funciticn of J which mzy bg solved for
given wvalu=ss oaf Fi ! Fz by iterstive prccedure.
Consegquenily, the solution may be substituted into Eg. 40 to
give the values of Lr,i/h4. Then other characteristics af the
hydraulic jump may be deiermined.
2.4 The Reisltive Inlegrated Bed Shear
The relative integrated bed shear
for  hydravlic junmps ccurxing in
zectangular oh 3 i rough bed, 1u
between the te e ¢f the junmp may be given by
P \
e Me - M¥a 144
Where,
. . . 2 H
H = the momantum {unciion givan by (g /ghk + h /25,
~143-
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2.8 The Turbulisnl Ro

Pf = the 1ntegrated bed shear force, .

1 and 2 are the suffix correspending to s;ctiows at toe
and heel cof the jump respectively, and

¥ = the specific wveight of vatex.
Eg. 44 may be put in the form

2 ’ 2
Pt I 9 - ha* ‘
z - 5
7 tgm f 2 ) bRt ) (43
Simplifying Egq. 45 we get 2 L .
' P/Ps = (J-1) [ 2? - ,(14-3)] (46)

vhere,

P1= the hydxcsta§¢c prnasure force at the JLH) t.oe vhich
is given by (0.5 yha"},

For the case of smocoth bed (when pr= 0), Eq. 45 reduces to
J= 0.5(¥Y1 + 8F¢s° -1 ) {17)

which is the familiar eguation of a hydraulic Jjurp in
rectangular channel derived by Bélanger.

2.5 The Total Relative Energy Loss

The relative cnergy dissipated in the hydraul;c jump in a
horizontal rectangular channel Ev/h: may be expressed as,

Er/hu = {1'— S mz[ 1 - -—ij]} ' (48]

The relative specific energy at the inlet sesction of the jump
may be expressed as,

!.‘1/)1.:.:—%-—( 2 + Py (49

Dividing Eg. 48 by Eg. 43 and rearranging we get the relative
gnsxgy loss Eo/Da,

EL/E1 = 1 ~ 11 { 2 3 v F ] 1503
z 5 a

!
Y
Diviging E¢. 23 by pghs v

Y
!




2.3l ficienty of lumn

The ratis of the specific energy after the jump +o that

be oxe the jump iz Aefineg &s the efficiency ci ¢the jump.
¥ aca .

v ! m = Ea/Es = 1 - EL/BR« {53)

nserting Eg. 50 into Eq. 53 we get the following expression

for the hydraulic jomp efficiency

.3 2 "
n = Bs/Ex = ﬁ;_’ [ z :F:ZF‘ ] (54)

2.9 Solution of The General Equatien of The Hydraulic Fuirp
' over Rough Beds Using Iterative Procedure L
The general equation of the hydraulic jump over rough
beds (Eg. 43) iz to be solved for different values of the
toefficient of friction f. using iterative procedure with the
aid of digital computer. All iterative technigques usegd for
solving algebraic €quations start with an initial estirate
for one of the unknown parameters, In this case, this initial
estimate is made for the value of conjugate depth ratin . Gver
smooth bed for a given wvalue of Frevde number v, This
initial estimate ic imnproved through a sequence of operalions
having a finite number of steps. The improvement is achieved
by the nev estimate in a repetition cf the same sequence of
operations. The cycle is repeated until the desired specifieq
dccuracy is attained. The degree of accuracy may bhe ensured
by caiculating encugh cycies. -

3. GrRAPHICAL REPRESENTATION OF THE THEORETICAL SOLUTION
Eq. 20 and BEg. 40 are solved with the aig of digital
cemputer and the rasulting conjugats depth ratios J, relative

Jump and roller lengths Lri/ht are shown in fige. 5 anpgd 6
respectively. These Curves are computed for tha values of
cosfficient of friction f1 of 0.0, 0.02, 0.1, ang 3.5, znd

Froude Number 7 Varyirg from the value cf 1.5 to 15. 11
jump properties derived in seg. 2 2re computed for the above
mentioned range of f4 and Fz, and zre graphically Iepresented

in the following figures.
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4, OF Te CORETICAT Minisiis
4.1 The Conjugate Depih BEatics

Eg, 20 is vy=sprasented gravhically in Fig. 5. 7This
eguation shows that with the intrease of the value of ihe
coefficient of friction there is a tendency tLowards 2
corresponding decrease in the cenjugate depth ratios for  the

same value of Froude number. For the frictionless bed case
(£2=0.0) Eq. 20 1ezds to the classical hydraulic jump Eg. 16
which is represented by the upper line of Fin. 5 . One may
also conclude that the effect of bed frictioan resuits  in
decrease of the tajlwater depth. o

4.2 The Relative Lengths of Jump and Reller :

The comnron dimensionless parameters used for cdescribing
the Jump and rotler lengths are Lis/hs, Lo /fhz, and
Lijr/{h2-hs}. ) .

The plet of Eq. 49 which represent the variation of
Lir/ht versus the #randa number F4 for different values of
the coefficient of friction f1 is shown in . FPig. 6. Thina
figure shows that the increasing of bed frictjon results - in
the decreasing of both +he Jemp length and the reller lencgth.
It is aisn to he naked here that 2t high valuer of friction
factors the roller length gets closer to the jump  lengih,
¥hen the valua nf f:;=0.0 Eq. 49 gives a similar form to  Lhe

=

equation of Mehratra ysed for  smooth her
channels '

Ancther amp and rotisr  length =
shown in desirahle, hecagsa the
reselting rorye ly fiat Wwrition  for  the
ranges 0f wel] ; Fig. T gives the sape
conclusions for varia L Ljr/hz wvarsus bi, which woo
previously masde from z ¥ velue of f:=0.0 i Fig. 7
gives ths graphical i Eq. 4l which was
derivad by HMehraotra,

4.3 The Relative Inleyrated Zed Shear Force
-

£g. 45, which cf the integrated ibwd
shedr force Lo the the beqginning of the
jump is plotted in s oaf the friction
roefficient. This b the  inftegrated hed
shear force ingre ' increase of the
friction coetfici nst number  #s.  In  the
case of a sacet cha 1 { 0.0}, +ihe relative
integrated ted shaar force is zero and ihis Can be
represented hy the %-3xis. The increasing of the integrateg
bed shea:r forro aceniunts for the resulting decrease ip  Fhe
conjugate derth ratic, shown in rig. 5,

4.4 Th

®g: figs. 3
ang 10 hetwsen
the to = E: £ d the Froude
numnber valuas of the coefficiant of frictien
Es, -

LU
P
I

bt




48

KN This
of Lhe
lowards A
i for LHe
bed case

p Eqg. 16,

One may
sults  in

escribing
hz, ard

ation of
atues of

6. This
sults in
r length,

frietion

lenath.
to Ties
changuiar
rngll in
ERMCE Bhe
foy the

the sawme

iloeh was
Wi, 7
Tieh  was
thed bherd
1ol the
fricition
ted bed
ot  the
In the
relative
Can he
tegratea
in  the

This fligure shows a =ilight increase in the total energy
loss of the hydraulic jump occurring over rough beds compared
with the respective total energy loss on smocoth beds. Fig. 10
displays the relation between the total relative energy 1loss
Ev/E2 8s a function of both Froude number ¥Fi, and the
cosfficient of friction fa.

4.5 The Components of The Relative Energy Loss :

Egs. 51 and 52 ‘are “plotted in Figs. 11 and 12
respectively. Eq. 51 represents the relative energy loss due
to turbulent roller Ee/h1 as a function of the Froude numbex
Ft and the coefficient of friction fa. It is c¢lear from Fig.
11 that with the increasing of the coefficient of friction,
the relative energy loss dvue to turbulent  ro0ller  decreases
with the decrease in the roller iength and consequently in
the total length of the hydraulic jump..In case when the Led
is smooth (f1=0,0} the total energy 1loss iz only due ko
turbulent roller. This case is represented by lLhe upper curve
in Fig. 11.

EqQ. 52 represents the relative energy 1loss due to bed
friction Ef/hs as a function of the Froude number ¥+ and Lhe
coefficient of friction f1. The curves in Fig. 12 show the
increase of relative energy loss due to bed friction with Lhe
increase of the friction coefficient. For the assumed smocth
bed case (%1=0.0) there is no energy loss due to friction,
this is represented by X-axis of Fig. 12 which indicates that
the loss of energy is only due to turbulent roller.

Fig. 13, Fig. 14 and Fig. 15 show the relative enerqgy
lcss components at the different wvalues of the frictisn
coefficient of 0.0, 0.02, and 0.5 respectively,.

Fig. 13 indicates that the energy loss in the jump is due
Yo turbuvlent roller only. Thus, the curve for the enexrgy loss
Sue toc turbulent roller Ee/hs coincides with the cunve of
total energy loss Eu/h:. This represents the case cf a
classical hiydraulic Jump (free Sump on smooth wide
rectangular channel}.

Fig. 14 shows that for £4=0.02 a small parlt of enezgyy
loss is due to bed friction and the remaining part is due to
turbulent roller which is greater than the loss due to  bed
fxiction.

Fig. 15 shovs that for f12= 0.5 a 1large part of sneryy
loss is due to bed friction and the remainirg part is due to
turbulent roller which is less than the loss due to bed
friction. From the zbove discussicn we may conaclude that Uhs
increase of bed friction causes the decrease of the enexgy
loss due tc turbulent roller. This means that the produced
jump will be shorter and more stable. This also, reduces Lhe
amount of wave formation in the jump.

i Efficlency of Jump

Zg. 54 qives a theoretical relation for th= efficiency of
hydraulic Jjump as a function of Froude unumber Fi and
coefficient of friction fa.



4.7 Comparisen et ween Hydrauvlic Tumps Occurring on ko gh
arnd Smootl: Beds
The present theoreticgl study siso snables Lhe _0“‘?:110“
of the parameters of the hy ZaLllC Jomps occu"'ing on  rough
and smooth beds. These parameters 8re the Jump Iength, the
conjugate depth ratic anpg the erergy loss. ) .
Fig. 17 shows the ratic of jump length Bver a ‘raugh bed
to dump length cver smooth beqd Li/Ljs as & function of Froude

number Fe4 ang the r0ﬁ~r1c‘nn1 of "friction £, This ' ratio
decreasss #ith the Froude number Fa, However, this detrsase
in the ratio of the length of “dumps furmeq uVE' the rough zng
the smooth beds is ornly significant for high wvalues of the
friction factor. For example at PFex 8, wa& read Li/L=0.95
for T¢=0.02, Li/Ljs ~3.62 for £4=0.1, ang Li/Lie=0. 21
£4=0.3, Fig 17 al=o ehuws - that at high wvalues of

number. F<>8 the Tength ratio TeM3ins aporoximg ately  Mnchanged
for thg different values of the friction fac . Thereforg
the length ratio of the Jumps - isg depandent eiily  upon  iLhe
Co*ffi:ienf of . #riction for tphe high Froude number {F:
9re=ter than aboutb 8. ' - _

] Fig.:la =hows of the Conjugats depth ratic over
4 zough bed taq the nding conjugate depth Yatio gver a
smeoth bed a= 3 § the Freude nuamber joc and  tha
Coefficient gf fr A reduction in the  conjugate
“depth ratio of 3 ing over rouch beds Compared  with
Jumps formed aver bed is observed. Therefore a
rzduction in the { h i i

rough bed. This i.

i 2nsErg ratic of

Tie TIlng over rough Znd smocth beg@s The

plays n Leasing trend of the enerqy loss ratijo

intraasing of ¥roude numpers in the rangs froen abount

3 - A&lsz, & =light increase in the eners 9y Ioss ratig g

Ghserved for tre Zasz I+ = 0.062 ang 8.1 in the Frouds numbay
T&nge 1.5 45 3,0 wiiich Te#present undular and weak Jumps.

SIOMS

3]
o]
4]
O
2%
n
2
r+




H

i
a3
b}
i

faugh

Xl
i
oA
[

=
ot oow
a0

e

- -
=]
2]

e

9

4dw L

il ¥}

4o Cl R
s

U

e

oA N
i oo
=] O
IR ]
o oo

H
O
Cul oo

[ T |
M .
[P U S I s

o B e s |
W

P
P

T

‘ratios hzs/n
ro

. B thecretical expression ircluding the tolal bed shear
force has bheen developed te predict the ceningats depth
1 as a function of the friction factor at the jump
tve It, Froude number Fs and the relative jump length Lj/hs,
{Eq. 20}. :
2. The theoretical eguation for the relative jump length
over a smcoth bed derived by Mehrotra {5) iz nmodified to
represent the hydraulic jump formed on rough beds. Therefore,
a theoretical eguation is obtained for the relative Jump
length Lj/h1 as 2 function of Froude numbey Fi2 conjugate
depth ratios hz/ha and the friction factor at the Jump ioe
£1, {(EQ. 490}. : ‘ '

3. & thecretical eqguation for predicting the enerqy loss
dve to bed friction is derived from the principle of work
done of the friction force 2cting on the rough bed of Lhe
hydraulic jemp, (Eg. 30). :

4. For the hydraulic jump occurring on a smookh bed, Lhr
length ¢f Jump iz of no consequence in the determining of the
jump parameters, whereas in rough bed Jumps their lengihs
would play a sigqnificant role.

5. The conjugate depth ratic {h2/hi) over a rouch bagd i

is
significantly lower than the corresponding depkh ratie gver
the swmooth bed for the flows of Froude nusber F+ 2 8.0 iFig.
5 shows that fexr Ft = 12 the value of hz/hs = 16.5, 15.9,
14.3, and 11.8 for f1 = .0, c.02, 0.1, and 0.5

zespectively). Conscquently the tailwater depth of the lattie
would be higher than tailwater level on the rough bed.
§. The jump length over = rough bed is shorter *han the

~

length of the correzponding jump over a smooth bed (Fig., 17
shows that for Fi= 8, the value of Li/Ljo=0.95 for fa=0.0n2,
Li/Li»=0.62 for f1=0.1, and LifLje=0.31 for £4=0.%).

7. The relative en2rgy loss, EL/Et of +he Jurmp  aver a

rtough bed is greater than the respective energy los
€orresponding jump occurring en the smooth bed (Fig. 10 sho
That for P14 = §.0, Eir/E1 = $3.9%, 70.8, 73.3, and 77.3 for
= 0.0, 0.02, 2.1, and 0.5 respectivaly}.

8. The rough fioor stilling bhasin will there
low exit kinetic cnerqgy when compared with g
with relatively smeooth bed.
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ENDIX : NOTATIONS.

The following symbols are wvsed in this paper,

Symbol efinition

A Parameter given by Eg. 14,

3 Farameter given by Eg. 35.

B rarameter given by Eg. 15.

b Parameter given by Bg. 36.

c Parameter glven hy Eqg. 37. 2

Cf Local skin friction coefficient,ro/O.SpUz.

Cf: 3kin friction coefficient at jump toe.

Cf? Skin fricticn confficient st Jump heel,

D Parameter, EaLi/hy.

1 Speclific energy at section 1-1.

Ez Specilic energy =t saction 2-7.

Ea Energy loss due to turbulent roller.

Ef Eneray loss due to bed friction.

Ry Totsl energy loss over any test bed.

Eio Yotal energy loss over smoolh test bed,

f4 tarcy-%eisbach friction factor at Jump toe.

4 Supercritical Frnuée number, Us/¥ght.

Px Ferve in x-direction acting on the cantrol
volume ccntalnirg the 3ump, Fig. 1.

q Acceleration due to gravity.

ha Bffective depth of flow at the Jump Ltoe,
N

ha Effective depth of fliow a* the Jump heel.
hi Conjugate depth ratios, ha/hs.

ke onstant for rolley igngth

) venstant for jump izngth,

Li Length of Jump, Fig. 1.

Lr Length of reller, Fig. 1.
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Jump b &
vol. 27
Definition
3l cof the Lic Langth of Jemp over smooth : Led
<. paper M The wementum function g;«ﬁr by (q sgh + w7
e P:essure force per unit width al jump hLoe.
cCrav-Hill Dz Prgssura fprce per unit width at jfm? ?? [CRN
anufactire or Integrated bed shear force per unit width
g Discharge per unit width, Q/V%.
Us Average velocity upstream oi the Jump.
, Journal j Ua aversge velocity downstream of the jump.
Y5, proc. | W width of channel.
' ‘ z Urop Meigh of the ¥Welzr Model.
o " | > specific weight of water.
i BEds{’ ‘ A Effective helghit of roughness clements,
2éa, Vol. ) #fficiency of hydraulic jump, Ez/BEs=.
. a An arbitrary function.
1", Tata ‘ o Dynamic viscozity.
1981, pp. v Kinematic viscosity.
o Density.
z Summation.
T Local bed shear stress.
& Parameter given by Eg. 19.
k3 An arbitrary function.
“

An arbitrary function.
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