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ABSTRACT- Ihis research work provides analytical solution of the
positive surge waves, prapagating either upstream or downstream
based on the momentum principle. The solution based on Lhe nume-
rical solution of the governing equations of motion {the charact-
eristics method) is alse highlighted.

Experimentsl work was carried out to make a comparative study
between the actual measurements and the corresponding theoretical
relationships for a horizontal plain bed channel. The effect of
bed roughness on the shape and characteristics of such waves was
under consideration.

INTRODUCTION

Engineers are interested in the determination of the maximum
water level that could be devegloped as a result of sudden gate
closure in an 1crigation canal dr sudden rejection of load in a
power canal for establishing the height of walls necessary to pre-
vent flooding.

If the flow in a channel is decreased or stoepped abrupltly by
a partial or complete closure in the cpening of sluice gate, the
formed wave travels upstreem of the gate. Such waves, having
significant heights, are known as surges Or surge waves.

Surge waves are classified ynto two kinds, the positive sur-
ge and the negative surge A surge is known as positive when it
causes an increase in water level in the direction of 1ks travel,
advancing rcither upstream (rejection surge in power canals) oc
downstream {surge due to @ dam Failure) with stable wave fraont. A
negative surge iz the one which causes a decrease in water depth
retresting either upstream {demand sucge in power canals) or
downstream (surge due to the closing of head gete in & canal or at
the tailrace of a hydroplant) with unstable wave front.
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THEORETICAL STUDIES
{A) Mementum Principle

(i) Sudden partial closure, Fig.(1).
The continuity equation (5} is given by,

AT(U1 + 0} = AZ (u2 +C)y {1)
Au, - c(A, - A )
or u, = 11 7 Z L (2)

The momentum esqualtion 1s

gA-l }"1 = gnz YZ + A1(U1+C)(U1-U2) =0 L. {3)
whece §1 and §2 are the respective depths of cenires of walter areas
A1 and AZ.
from equation (2) and equation (3) we have:
- . Ay 2
g(Azyz - ﬂ1y1) _— (u1 + )
A1(A2 - ﬂ1)
] e
(ALy, - A.y.)
or e gh [_L_LJ__ Ce (o)
A1 (AZ - A1)

for a rectangular channel,
A=zb.y; ¥y = y/2

Hence eguation (4} becomes 12

"oy {y, + v,)
o= L 2 Z 1] -us e (s)

2z Y,
Continuity equation gives . Al
c ly, = yyr =y -0 e (6)
Qout © j U N (7)
cly,myad= gy, = Jugyy = ougyy (1 -0 9
From which;
PR & j] u (8)

" y .....
Y27 ¥4 171

Equating equation (5) and equation (8}we have:
1/2

(——1—3———111 N L RV S
Y, - ¥q i1 T Tzy T et 1

1

{1 - f)y qy &

1{1+—_—1—]:~—2L(y2+y1)
Yz © ¥4 Yy
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u ¥oq - ¥ ¥
—2— = fr, = —aii—n—i———-[———g—-(y /vy 1)] ..... (9)
T 2y 2
¥ 9%, Yo Iy, 1

(ii} Sudden increase in water discharge, fig.{(2),
Similar to case {2}, momentum and continuity equations vield
the condition for a positive surge propagating downstream.

9y, W2 ]
o = 2y1 [yz > y1} UL e {(10)

Continuity equation gives
Uy * Clyg oyl = oyouy, e {11)
clyy = ) = ypugy - vy

Asguming the water discharge is increassed by a certain ratio 2 )
hence

C(yz - y1) = é usY, {12)
Equations(10) and (12) yield the conditiaon
4 V2
uiYy ay,
—_— = (yz + \‘,f,l) + U.I
Yo = ¥, 1y,
4 v
Y Yq
u, (— D - 1) = ygy1 (yZ/y1 + 1)
Y2 © 0 ¥4

From which;

u, Y, - ¥ y
Fr, = z ! —z Cyyly+v)0 | eenn (13}

Yay, Ayyori=ya vy

(8) Hethod of Characteristics

(i) Upstream positive surge
- complete closure

The method of characteristics leads to the following equation
for horizental frictionless channel (1) fig.(1).

up o+ 2C1 T U, o+ 2C2 ..... Jl4a)
uy = 0 For a complete closure
u, + 2 fay; = 2 9y, e {1%5)
Dividing throughout by ay,
u ¥
I R {__1_
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‘u

y
- Fey = 2 2y (16)
~av, Y,

- Partial clesure
Qut = I Qn © ~i”1y1 YUz e (73

Equation (14) becomes-f
1

¥au
171
U1+279Y1=T+299Y2 ,
u ¥ SV
—1— (1 - f-{):z(\/f—-n ..... (18)
Y ay, 2 1

wave celerity

The wave celerity ¢ for anupstream positive surge ranges between
up - 79y, aad Ygy,

C il
S ] o (19
Yq Fry

which is valid for subecritical flow

e A IT7 Ay 1 -
u = erz’}1

ar =

Uy 1 ¥ 2 FI‘.i .

(ii) Downsiream positive surge, Fig.(2):

The negative characteristics yield

u, - 2:1 = U, - 2c2 ..... (21,
Uy - 2% 9y, = Y, - 2 9Yy

u —_—
! = 2(1 - '1y2/y1) . oSe— (22}

QY1 ~ 9Y -
upyp = (3 + 41) Y979

ugy
(1 + Q ) . (23)
1 yz

Equations (22) and {(23) yield the condition

u

2

(e L)y v,

.S = 2(1 1

- yz/y1)+
9y ay,

from whichg
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vy 21 Tyz/y1 - 1)

Fr = = Y ..... (2&)
1Yy (1 + ?1)y—‘-1

i

wave celerity

Wave celerity ranges between

- fg)\',‘

i _c . 3 (
i.e. Ty = 1 o+ Fr1 ...... 2571

and ¢ = u, + hfgyz
Uy = 1 ¢ 11) Y9Y9
2 = o Uy /Yy

Y. ¥
(1 + i ) el + gy,

[=
"

[»]
Ll

-l
|

1 ¥q
2 -(1+’l)—y—1——+—1—']’/ (26)
1 Yo Fr, Yty o e

UNDULAR SURGE

There are two forms of the positive surge. [he first one is
a roller, mobile hydraulic jump. In order to create such a rollers
the free surface of surge above the initial water depth should be
more than 20%of the average initial depth {(1}. When the incident
wave height is smaller the second btype cccurs, the fromt of the
surge remains a smooth and continuous surface as it propagates.

Lamb {1} introduced the following equation for am undulating
hydraulic jump Fig. (&).

29r ¥ 1.
e = (=8 panp "2y (27)
T L
1n whichg
L wave length;

[nd
Y2

On the other hand, these undulations may have a Cnoidal char-
acter as in Oraison (fFrance)} power canal (3}, Fig. (4).

wave celerilty; and
mean weter depth.

nonn

The Cnoidal wave celerity can be expressed by:

gh
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The parameter % is vuniquely related to wave amplitude a, the
wave length L and the depth,h at the wave trough., 1ig.{%) gives
k versus Ursell parmeter{al”™ ) (4).

EXPERIMENTAL WORK h

Experiments were caonducted in a horizontal rectangular pers-
pex walled flume 5.0 w long 150 mm depth and 75 mm wide. A sluice
gate was used to ereate upstresm positive surges. Water depths
were measured by using electrical point gauge.

Three different sizes of gravels were used to study the effe-
ct of boundary resistance on the characteristics of surge. The
mean diameters of gravels used are size (1) of 7 mm, size (2Z) of
12 mm and size (3) of 15 mm. Gravels of each size were arranged
in the channel bed on @ line given by yvalin 18).

A step in the channel floor is usuvally assumed to simulate
the effect of bed slope (2). A set of steel plates each of 8 mm
height were used at the upstream end of the channel to get super-
critical flow canditions.

Photographs were taken for undular surges for measuyring wave
lengths and wave amplitudes. Mean wave celerities were measured
by using stop watches having an accuracy of 1/100 second.

RESULTS AND ANALYSES

fheoretical curves for upstream positive surges under diffe-
rent degrees of gate closure { ) based on the momentum and con-
tinuity equations, are given in Figs. (6,7), Fig.(8) and Fig.(9)
for the relationships between y2/y1 and Fr1. ¥ /y1 and c/u, and
between c/u, and fr,, respectively. Eorrespnn%ing graphs for
dawnstream positive surges, Flood waves, under different degrees
in water discharge ( f )} are given in figs. (10, 11), Figs.{12,
13) and Fig. {14) respectively. In Figs.{10,11), the curves are
asymptotic to horizontal lines at values of y,/y, equal to(1+4h ).

bl

Figures (15) and (16) exhibalt the relationships between y, /vy
and fr, and between ¢/u., and Fr, respectively, using both the fiom-
entum principle end the charactﬁristicﬁ methaod. Carresponding
curves for downstream positive surges are given in Fig.(17) and
fig. (18) respectively.

Theoretical analyses show thalt at the critical flaw for an

upstream positive surge, yszT = 1.17 and c/u, = 0.855 and y,/y,

= 2.0, FI‘1 = 0.866 and c/U; = 1.0. This is for applying the mom-
entum principle, using the characteristics method, y2/y = 2.225,
and c/u, = 1.5 at fr,.= 1.0, and at y, /y, = 2.0, Fr,%= .83 and
c/u1 valuea range beaween 0.21 and 1.71. For surge due to partial
clogure ¥ = 0.9, at critical flow y./y, = 1.37 and c/u, = 0.276.
Ysz = 2.0 accurs at Fr1 = 1.575 an% c/u, = 0.0998. The charact-

erisaics method provides y,/y, = 1.365% and c/u, = 1,168 at critical
flow, whilst at y./y, = 2.8, Er = 1.506 and c}u = D.94. Cansi-
dering the downstfFeam positive surge, for 1 = 0.1, 1.0 and 2.0 at
critical flow, values of y,/y. using the momentum principle, are
1.089, 1.43 and 1.78 respectively. Ffor 4 = 2.0, yz/y1 = 2.0
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cccurs at Fr, = 1.732 and ¢/u, = 2.0. The corresponding values of
c/u, are 2.037, 2.32 and 2.5?3 respectively. The characterialing
metnud gives values of 1.049, 1.43%% and 1.79 for y,/y: and 2.073,

2.592 and 3.014 for c/u, respectively. For L= 2.0°, yo/yy = 2.0
occurs at fr, = 1.657 and c/u, = 2.3%4. However yzfy‘ ragio dep-
ends on the value of 4 , far{ = 1.0, yZ/y1 = 2 at’™fr s and for
4=1.1, yz/y1 = 2 et Fr, = 17.32,

For the upstream surge, the momentum principle and the chara-
cteristics method provide nearly identical results (y, /vy, versus
Fr.) kill Fr1 £ 0.6. As the Froude number increases, the mare
divergence hetween solutions exists. In case of the downstream
surge, an increase of discharge of 10% has a negligible difference
between solutions using both the momentum principle and the chara-
cteristics method. With more increase in4 . discrepancies exist,
which depends also on the value af Fr1 Fig.{17}.

The characteristics equations are the numericsl solubtion of
St. ¥Yenant equatiaons, the dynamic and continuity equations of mot-
1on. These equations are not valid within the surge, since verti-
val accelerations are not negligible, the pressure distribution is
not hydrostatic and certain amount of energy s dissipated in hig-
hly turbulent roller. Based on these reasons, the characteristics
method could only be used in the analysis of an upstream positive
surge for low values of Fr, in the region of subcritical flow
(Fr, < 0.6). As the Froude number increases(in the region of
supercritical flow) the error in using the characterstics solut-
ion will be very pronounced.

The wave front of the downstream surge extends over a longer
distance than the corresponding distance of the upstream surge.6}.
Ihis could decrease the effect of vertical accelerations. the
deviation of pressure from being hydrostatic and the dissipatiaon
of energy at the wave front. Ffor these reasons error between the
two solutions will be less in case of the downstream surge Fig.(17),
than the corresponding one in the case of the upstream surge Fig.(12).

As the posilive surge travels upslream due Lo a sudden gale
closure, the downstream waler level must keep rising if the surge
height is to remain constant. This effect is to slow down the
motion of the surge (6). Also-it is nnt correcet to assume Lhal
the water downstream of surge is always stationary with horizon-
tal surface. There will be a slight water slope with a slight
downstream movement of the water. Deviations between the actual
measurements and theoretical relationships between yZ/;.r1 and Fr1
and between c/u1 and fr, are given in Fig.(19) and Figs.(20,21)
respectively.

Owing to the presence of the channel friction the front of
the surge changed from turbulent and broken roiler to undular
waves, Experimental relations lor different degrees ol bed rou-
ghness, between yz/y1 and Fr, and between c/u, and fr, are given
in Fig.(22) and Fig. (23) respectively. IL seems that at low
values of Fr, the bed roughness has, to some extent, a slight
effect on the relation between csu, and Fr, . Haowever, in very
shallow water, viscosity will become siqni}iuant‘ but friction
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Fforces may be ignored apart from the question of drag on gravela

(7).

Meazured celerities aof t{he undular surges approach the celer-
ities based on the sinusoidal hypothesis. at low values of Fr, the
measured wave celerities may approach the celerities of waves hav-
ing & Cnoidal character. Solitary waves which are a special type of
Choidal wave nive celerities of bigger values than the Cnoidal
wave. Tlable (1} exhibits 2 sample of calculations for the analysis
of wave celeralies of undular surge., Because of the effect of
frietion, the wave front is greatly reduced, on the account of en-
ergy losses, in height and celeriiy.

CONCLUSIONS

Developed charts, based on deduced equations, are presented.
These graphs could be used in relating the different parameters of
advancing surges.

The momentum principle i1s the more accurate method in tackl-
ing any prablem related to advancing surges, than the character-
1stics method. Undular surge waves, gecuring at suberitical flow,
can be explained accurately either by characteristics equations or
the womentum principle.

In case of downstream positive surges, {lood waves, the solu-
tion using the characteristics method approaches the corresponding
solution using the momentum principle. The difference between
solutions using both methods increaseg with the increase of dis-
charge and the initial Froude number.

The Front of surge is undular, even if the bed channel is
smooth, at froude number (fFr,) < 0.6. When the Froude numbert
increases, the undulation will disappear and the surge will have

3 sharp and steep front. The surge wave tends te have a sinusoidal
character. At values of Fr1 less than 0.3, it may have a Cnoidal
character. Characteristics of Lhe undular surge depend on [ roude

number, boundary roughness and water discharqge.
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NOTATION
" The following symbols are used in this paper.

= water ares;
= wave amplitude;
= channel widkth;
= wave celerity;
Froude number;
= dacceleration due to gravity;
= water depth at the wave trough:
= wave parameter;
wave length;
= water discharge;
= Ursell parameter;
= water depthy
= centre of area depth;
time increment;
= degree of jincrease in discharge; and
outflow/inflow.

Mo o9

-
1

- = e B e o T
s

D,"(l
p—
]

ubscripts

= initial; and
= final.

R L
n

labls (1) Samale of unduler surge calcelations, Croidal,Mlewasidal ond sctusl wave colorilios,

Q ¥ h fr u L Ur K Celerity cm/sec, a a_
He. tm’/aee em en cm em 1-‘;" 5;-“ _;f: h 4
LI S
\ . 26487.0 7.% 10,28 0.31 1.71 39.50 2.46 D.41 7B.01 74,29 §B.&3 0,17 0.27
7 T, 23%.4 7.4 9.3 0.8% 1,37 32.60 2.3% D.40 5.68  T4.06 £6.08 0,13 0.19
159 aIsa.e 6.4 T.TV G.46  $.29 33.8% 3.23 0.6 7Z.07 6%.50 &1.40 0.17 0.20
« 27 3200 5.1 st p.at 4.29 268.21 7.56 D.6% 67.95 61.50 53.85 0.25 0.25
s 5 800.3 4.3 a.T1 0.3 3.03 28.45 S.AE 0,60 62.8% 37.71 4p.41 0.27 ©.28
6 ®  sa9.5 3.7 3.86 0.3 0.84 19.75 5.8 0.5% 56.32 $2.02 43.75 0,22 0.23 _
""" 7 TTTI566.0 8.9 0,71 0,42 2.14 ar.25 3.26 0.81 85.55 19.54 64.6) 0.20 0.28
8~  7272.7 8.3 %.43 0.4t 1,71 33.50 .16 0.06 TH.8% 73.61 6&.67 0.18 0.1
9 ? § O1363.7 6.3 6.86 0.35 1.9 3u.B0 8.80 0,56 TE.BZ 68.95 $3.38 M.19 0.20
10 25 937.4 5.6 6.00 Q.31 1.03 30.10 4.3Z G.52 &7.50 64.18 $3.54 0.17 0,38
" %" 669.6 4.7 S.%a Q.76 .63 19.7% .24 0.30 5}.50 $3.72 30.73 D.nB  0.09
173 4%6.7 4.0 3.86 ©.22 0.26 15.10 1.0} 0.27 46.01 A6.B3 a2.48 0.07 0.07




C. 12 Zidan,Abdel Razik Ahmed

0
|
'IY’/)" ‘

&0

] e}
B o— ? =y
30 compiele goir
hmura § 200
0
a
o
\F{K Figi#) Geaerolived celav'3nahipt belwecn 3y and
\ 5 ciutar an upsiream  posiiive furge
10 o —————————— 1
] 20 10 ] 50 ] 70 a0 100
iy
mw
= ]
o ¥, i .
Lhy !
Lo
omplele cloture
1]
UP AL paxlive  Surga

0% a 1%

Trg(9 iRretmmanins belwern ofu, and Fr




Mansoura Engineering Journal (MEJ) Yal, 12, No. 2, Dec, 1987 c.

Fig(io) Generdlised teinlianships  batwesn yy, and Fy

z 4 8 B 10 12 i 16 18 20 22 £ 28
X i

28

15
.?,f“

U

22

0

Fig(11) Geesrolised relalignshios belween vy and Fr lor adawnsiream ooptve Surge

10 20 0 E W 50

13




C. 14 Zldap,ibdel Razik Ahmed

Fig e} Adlalioniblos  belween ofy, and Fr

— T T - _=._..-_i_?u .\.._..
8 ¥ |
‘/"u‘ljs | —suaden ncieoie m axchorge
124 408
25 122
! 2 A =cegree of lngrease ]
i/, 2 L8 171' . 3
g0 "8 e d o
1k
22
1z
rugden lnorease o 1 N
20 Slechorge 420
" 104 \\
| 106 Yyt
18 fTavs ot i
1oz ——— :
16
) o 1 |
Flgang 4 reigllenah bt
16 k XA, oRB el |
s FlgiinlGenargised ralaliorthipt Between gy and |
e + |
F‘ for adowntl #3m cosilive  A0CQE
—_———————
I 50 100 150 CJ,ulzcn:i
73
Ay
O
" S O
=
= T
‘J.':'!——v-—rv-#ﬂ"-
llend =tva
1 [ 3 ] [ "7 1% % s Fn



Mansoura Engineering Journal (MEJ) Vol. 12, Wo. 2, Dec. 1987

A,

i

£0

- =m—imemenlum methoed

18
—tharacierdilic malhod
3z
18

24

complelr guir cksure
12 /

10 20 10
Flatis) Relofionihior batwarn xty ond Fy, F"’

sl

T

34 —_—

== (hargchwrisly sanig)
- = tharocterhlcs sgn (Y

0

0

19 1] w f,
Figiig) Analylicad rotollonships between Cru, and Frl

wpsiream  positive surge

c.

i5



C. 1& Zidan,Abdel Razlk Ahmed

— gharcciensics meihod

- == mOmERiym hod

-1
u 4:ay
Figo?) Relalipnahipy balwarn WY, and Fu
k_' 0 F) w0 W Fr
= ENTH AU
== tharocteriniks egniisl
= = characieristks agnilgl
memeaana
%
K4 & [ ] 10 12 1 16 B i) 22

Figiis} natytical rercnonshos between wu, and Fr
downziream Losilive Sugs




Manscura Engineering Journal (MEJ) Vol, 12, Ho, 2,Dac, 1987 c. 17

40
d k1
¥
""Y‘
32
v
: 28 e |
|
24 1
0
16 ;
12 m—ihearedical satution
. « actuol measurments (plaln bed)
10 20 30 fr,
Figl19] Actual and theoreticol relatonstip Sebween vy !y, ord Fy I
-~
v
- i .
¥ l ,
‘ :

— ihgoretical solution
o2 » gelual measurmenls

i
|
]

05 _ 19 15 20 R
_ . Figliol Actual ane theacevtal retQiicnahios Detween clu ond Fu N,




c.

18  Zidan,Abdel Razik Anmed

03

C/u| o7

0&

05

03

Q2

a1 — thogeatzat ntulon
»ee e 02igl mraguremems

Figtiliaciygl end thegrerleal relalicoships

Betwenn iy, and Fy

n 15

1

25

K

15

s Agravelsit)
» gravoisil)
= iheoreticol

[l ax

Flg{13) Sifect ol renisiance on

Q1

upshrecm posiive

[+ 34
Fry
wore bahaviour




Mansoura Engineering Journal (MEJ) Yol. 12, No. 2, Dec. 1987

sy
20
0%
n o« ogrowers shzelll
ol orogravels size(?]
’ - Qravels siza(d]
50]
LD
W == lhearelical  solutlon
—— Qclugl measurcmenls
0 02 1 £ =
Fig(13) Exparrrantal and analytizal reldtionshins between ¢y, and Fr, "
APPENDIX -

C.

19

=0.51"
c&r‘:wm )

Upstream Downstream

Propagation of undular surges




20 Zidan,Abdel Razik Ahmed

C.

- [}

ww g-Z| (z) 2218 [3ARID)

pag yinos uo sadins Jeinpun

ww g7 (]) AZ1s SjRARIN

el ]

s




