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Abstract

C.28

The adverse hydraulic jump has been invesligated and analyzed in order to derive the limiting
design paranieters for (his type of jump. The limiting design condition refers to the adverse
jump wlhen il oceurs enlirely on (he adverse slope. A review ol the literalure shows that very
little research has been carried out on this phenomenon. This sludy is earricd out in the

laboratory 1o find nondimensional relationships between the design parameters
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for a hydraulic jump on advcrse sloping rectangular prismatic channels. The upstream Froude
( F, } number is considered to be sufficiently high to avoid undular jumps,

The obtained results show good correlation between the different parameters within the
limitation 2.5 < F; <9, where the slope S, changes from -1/500, to - 1/200. It is noted that
the length of a jump formed on an adverse slope is less than the corresponding one formed in
3 horizontal channel, with thc same approaching conditions. This length is inversely
proportional w the value of the adverse slope. However, the sequent depth ratios in the
adverse sloping jump have lower values than those jumps in  horizontal channels. The
sequent depth ratio decreases as the adverse slope becomes steeper. In addition, thc adverse
sloping jump has lower energy dissipation than the equivalent horizontal one. Finally, the
present results show that the length and depth of the stilling basin are less than those for the
horizontal one and it becomes more economic.

Intreduction

Hydrauiic jump isone of the classical problems in the field of applied hydraulics. In the
design of open channels, the possible occurrence of 1he jumpformedby the presence of some
obstacles, such as stilling basins, slope changes, or bridge piers, changes the nature of the
mathematica! problem formulation and solution,

Hydraufic jump may be seen as an abrupt change in the depth and in the average velocity,
with a sudden loss of specific energy, while mass and specific force of stream are preserved
(neglecting friction).

A lot of hydraulic research engineers have performed experimental and theoretical analyses.
based on the fundamental studies by Backmeteff and Maizke (1936} , Rouse. Siao and
Rajarainam {1959), Valiani {1997), and many others.

A few studies were made on hydraulic jump on adverse slope. This study is carried out in the
laboratory and attempts are made to find the nondimensional relationships between the design
parameters for a hydraulic jump on adverse sloping rectangular prismatic channels,

In the present work, the upstream Froude number is considered to be sufficiently high 10 avoid
undular jumps, according to the limit (Marchi and Rubatta, 1981): F' 2 3.

Knowledge of the surface profile of a hydraulic jump is very important in designing the
stilling basin where the jump takes place. It is also important to determine the pressures on the
floor and vertica) walls of the hasin which are funclions of the surface profile.

Theoretical model of hydraulic i

The prediction mode! for computing the sequent depth ratio and length-depth ratio of the
hydraulic jump formed in an adverse sloping rectangular channel has been developed. It is
based on the application of the one dimensional momentum and continuity equations.
Hydraulic jumps on adverse sloping floor are used to dissipate the excess energy downstream
of hydraulic structures. The Kindsvater (1942) equation for positively sloping hydraulic jump
is modified here for the adverse sloping jump. . .

For jumps in adverse sloping channels, only few studies are available. According to Fig. (1),
to simplify the derivation of the present study model. the following basic assumptions are
considered: { i } conlinuity equation is valid; ( ii ) the channel is prismatic and rectangular
with an adversc sloping bed; ( iii ) the flow is steady and the fluid is incompressibie; ( iv )
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uniform velocity distribution { B, = p; = 1 ) and hydrostatic pressure prevails at both the
beginning and at the end of the jump; and { v ) the frictional resistance of the flume, air
entrainment and turbulence effects are neglected +

Referring (o the sloping bed as the x-axis Figs. (1,2) the momentum equation in an adverse
sloping prismatic rectangular channel may be written as:

B U, Q-Bip U, Q=P - P, - Wisind - Fy M

!

where P, and P, are the hydrostatic forces at the beginning and end of the hydraulic jump,
respectively;

Y H 2

p =1 - =T—‘f' cos8 @
Y. ;

P, =%= T—;'-"—cose '€}

in which Y, and Y, are the conjugate depths of hydraulic jump, measured normal to the
horizontai; H, and H, are the depths at the beginning and the end of the jump respectively,
measured perpendicular o the floor; F; = friction force; U, and U; are the mean velocities
respectively; p is the density of water,  is the discharge; 8 is the channel slope; and (3, and f3,
are the momentwn coefficients. '

The continuity equation is

Q=UiA =UA; )

Kindsvater (1942} and Chow (1959) represented the weight of water { W) between sections
(1) and (2} in sloping channel, Fig. (1}, by :

W=kyL(H, +H,}/2 (5}
in which y = specific weight of water; L = length of the jump ; and the other variables are
defined in Figure.

Asswning f; = B, = 1, solution for equations {1} and (4) in the form of Belanger [4] equation
may be wrilten as :

H M, = = (JT+8G] -1) ®

in which G, is defined as a modified Froude number. The function G, is given by

N kL tan8 2F, 0

if the friction force ( ;) is ignored then
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F2
1 _ B.F
T t:osB——-—I'(LtEm~E ®
(Hz 'Hl)
or
F!cos’ 6
1 _h Wy 9
Gi 1-2ktan® ©

in which F; 1s the approaching Froude number = J‘J_'_ ; Uy s the supercritical velocity; g
gH,

is the acceleration of gravity; and k being a shape factor.

Rajaratnam (6,8] provided the following empirical expression for G, :

G, = F, 10"%8 (10)

Ohtsu and Yesude [8] analyzed the jumps on sloping {loors for wide range of slopes. They
developed a momentum based equation for computing the sequent depth ratio of D-jump.
Then they recommended the following equation for the design purposes:

%=(o.o??e*-”+1.41)(1-‘,—1)+1 . 4<F <140<8<19° (1)

where Y, and H, have the same definitions as before.
The data of Okada and Aki (1959) were fitted t0 an empirical relationship of the form

LH, = (C,+ C, sind + C, sin®8 ) (F, -2) + D, ( 1+ D, sin*9) (12)

where the empirical constants are:
a) for the L of the limiting jump of J. A, McCorquodale's study (1994) with F| < 9:

C,=725;, (C,=208; Cy=5; D=3 D, =50;
b) for the L of the stabilized jump of QOkada et al. with 9 <F, < 13 :
C,=72;  C,=2I; C,=19; D,=77; D,=175.

In this study, attempts were made to extend the work of Husain et al. (1994) to verify the
coefficients of nondimensional equations for the length and depth of an adverse sloping jump.
They developed nondimensional equations for the profile coefficient k, sequent depth and the
length of jump using multiple linear regression analysis, for a positive sloping jump, in the
form of :

k = 1.152+ 0.0250 + 0.031F, (13}
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HyH,  =-74.85 + 63.305k -0.6958 -0.369F, “(14)
LH, =.393.261 + 337.487k - 7.0118 - 2.019F, (15)
L/H, = -11.492 + 14.65k - 0.6520 - 0.397F, (16)
L/(H, - H) =- 6273 + 11.324k - 0.660 - 0.382F (1n

Energy loss

The equation of energy loss in the limiting adverse jump can be written as :

2

AE=(E£i+H,cm‘.@]—(.’&',l+Cl v
g

2g

2 +H, cos8) (18)

where Z, = L sin® = bed elevation at section (2) relalive to section (1) ; a = kinetic energy
correction factor; the value of a; = 1.03, a; =| ; and E,; and E; are the energies al the
beginning aud the cnd of the jump respectively.

Experimental arrangement and procedure

The experiments were carried out in the Hydraulics Laboratory of Facuity of Engineering ,
Cairo University, Experiments were conducted in a glass - sided re-circutating tilting flume
with 10 m length working section. The flume bed i3 30 cm wide and 45 cm deep and the
maximum negative bed slope is | in 200. The water depths are measured by precise point
gauges mounted in instrument carriages. The discharge is measured using a pre-calibrated
orifice meter which is incorporated in the pump discharge pipework in conjunction with a 1
meter pressurized water inanometer which indicates the flow rate in lhe system provided by
the hand operated control valve, The bed slopes and experimental eonditions are selected
depending upon the limitations of the available facilitics. The channel has a manually
operated screw type jacking system for slope variations, and an electrical driven pumpset
designed to deliver 30 I/s against a towal head of 6 m. The lest procedure consists of the
following steps : (I) the flume is adjusted to the desired slope. (ii) the contro! valve is adjusted
to a vertain opening allowing a specific discharge te pass. (iii) the position of the jump is
adjusted by means of the control gate and the rail gate without affeeting the jump
characteristics. (iv) after stable flow conditions are attained the conjugate water depths,
length of jump, and manometer readings of orifice meter are measured. (v) the procedure is
repeated for each bed slope with different valve openings (different discharges). The readings
are laken when the initizl Froude number is sulficiemly high to avoid undular jumps.
according to the elassical limit (Marchi and Rubatta, 1981) : F? 2 3.

The simulation of the hydraulic jump has been a challenging problem in hydraulics because of
its complex nature. Moreover, in the design of hydraulic strucrures, it is necessary 1o know the
location, length, conjugate depths, and the height. also the intensity of mixing process, and the
amount of energy dissipated by the jump.

The main purpose of this study is :
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(1) modeling and experimental verification of hydraulic jumps on adverse sloping
channel,

(2) study of some important characteristics of the hydraulic jump on adverse sloping channel,
(3) prediction of a generalized relations for G, which is applicable to adverse sloping jump,
and

(4} to find a practical method for the solution of sequent depth in adverse sloping jump.

In this study, several experiments of a stabiiized adverse jump on slopes of -1/500, -1/400,
-1/300, -1/250, -1/200 were carried out with approach Froude numbers in the range of normal
design for conventional stilling basins to derive the design parameters for a hydrauwlic jump on
adverse sloping rectangular prismatic chanpels,

The experimental sequent depth ratio Hy/H, for different values of F; on the five adverse
slopes is shown in Fig (3). These data indicate that , for a given value of F , the ratio Hy/H,
decreases as the magnitude of the adverse slope increases and for a given slope sequent depth
ratio is directly proportional to F,. The data of Okada et al. (1959) and the data of
McCorquodale et al, (1994) show the same trend. This is good from the point of view of a
hydrmulic structure designer, becawse the height { and consequently pressure is small ) and the
length of hydraulic jump become small as the magnitude of adverse slope increases.

Also, the experimental data of L/H, against F, , Fig.(4) shows that the values of L/H, are
directly proportional to F, for a given adverse slope, but for a given F the values of L/H, are
inversely proporctional to slope i.¢., when F, increases the ratio L/H, decreases, Also, L/H,
has a lower value for the adverse sloping jump than the horizontal jump as shown in Fig. (4 ).
Fig.( 5 ) shows the relationship between F, and the nondimensional mtio AE/E, (the relative
energy loss). It indicates that the energy loss ratio ( the relative energy loss ) due to sloping
adverse jump is inversely propoctional to slope for a given Froude numnber, i.e., the relative
energy loss decreases as the adverse slope increases but the energy loss ratio (the relative
energy loss) decreases as the F| decreases for a given slope because of the part of energy is
converted to overcome the position energy at section (2).

Equations (8), (9) or {10) give suitable values of the modified Froude number G, as compared
by the corresponding values given by the experimental date, with correlation eoefTicient of
0.99. Fig. (6) gives the values of G| versus F, for different slopes. It is elear from the figure
that the modified Froude number G, has approximately the same values for different slopes at
a given Froude number F,. This means that G, can be considered independent on the slope of
the channel and significantly dependent on ¥, on condition that the negative sign for tan 8
must be considered. Also equation (12) gives suitable values for L/H, bul equations (13} to
(L7 do not give reasonably results for adverse sloping jumps as shown in Table (1).

Conclusions

Based on the momentum and continuity principles, more practical and easy applicable
prediction relationships (curves) are developed for computation of the sequent depth and

i



Mansoura Engineering Journal, (MEJ), Vol. 22, No. 4, December 1997. C. 34

lengih ratios of hydraulic jumps. Also the dissipated encrgy can be determined for hydraulic
jumps in adverse sloping as well 25 in honzontal channels.

The obtained results show good agreement between Lhe experimental daa within the
limitation 2.5 <F, <9 , where the slope S, changes from -1/500, to - 1/200. Il is noted
thal the length of an adverse jump is less tban that of the equivalent horizontal jump and it is
also inversely proportional to the adverse slope, with the same approaching conditions. But
the sequent depth ratios in the adverse jump have lower values than those in a horizontal
jump. The sequent depth ratic decreases as the adverse slope becomes steeper.

According to the above resulls. if the bed,of a stilling basin has a limiting adverse slope
without affecting the characteristics of the flow and the hydraulic jump, then the length and
depth of the stilling basin are less than those for the horizontal one and if becomes more
£conomic.
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Fig.(3) Sequent depth ratio, Hy'H, 488 funetion of
Froude number, F,, in adverse sloping channels,
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Fig.(4) lurap length ratio, L/H, , 1 a function of Eroude
number, F|, in adverse sloping channels,
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