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Gradually Varied Flow (GVF)

* The flow in a channel is termed GRADUALLY VARIED, if the
flow depth changes gradually over a large length of the
channel.

The cross- sectional shape, size and bed
slope are constant
* Assumptions

= The channel is prism®/

" The flow in the channel is steady and
and non-uniform.




" The channel bed- slope is small.

" The pressure distribution at any section is hydrostatic.

"The resistance to flow at any depth is given by the
corresponding uniform flow equation. Example: Manning’s equation

Remember: In the uniform flow equations, energy
slope S is used in place of bed slope S . When
Manning’s formula is used we get
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Differential Equation of GVF

* The total energy H of a GVF can be
expressed as:
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* Differentiating both the sides of the
above equation w.r.t x

e e

Represelr;;s energy slope Represents bottom slope

—=-5 dz
f - _g
dx 0

Represents the water surface
slope w.r.t the channel bed




* Further,
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* So we can rewrite Eq. 1 as

e — o 49y (QZT)dy
Sf = =50 dx gA3) dx

2
or NOTE: % = F,.Z, where F,. is Froude Number

Differential Equation of GVF




Classification of Flow Profiles

*If Q,n and S, are fixed, then the normal depthand the
critical depth y_ are fixed.

Depth obtained from uniform flow

equations
* Three possible relationships that may exist between y, and y,
are:
"Yo > Yc

"Yo < Y




* Further, y, does not exist when:

"The channel bed is horizontal. §, =0

= The channel has an adverse slope. 59 <0

* Based on these, the channels are classified into 5
categories as:




1. Mild Slope (M) - yy > y. Subcritical flow at normal depth

2. Steep Slope (S) - Yo < ¥, Supercritical flow at normal depth
3. Critical Slope (C) - yo = y. Critical flow at normal depth

4. Horizontal Bed (H) - So = 0 Cannot sustain

—uniform flow

5. Adverse Slope (A) - S < 0 |




* Lines representing the critical depth (CDL) and the normal
depth (NDL), when drawn in the longitudinal section, divide the
flow space into the following 3 regions:

=" Region 1 — Space above the topmost line.

" Region 2 — Space between the top line and the next lower
line.

=" Region 3 — Space between the second line
and the bed.




Critical slope

Mild slope
S5p=+ve

(i) (iii)

Horizontal bed Sy=-ve

0~ Adverse slope

(iv) (v)
Adapted from Subramanya, K. (1986). Flow in Open Channels. Tata McGraw-




Channel Region Condition Type
y>50>J. M,
Mild slope 12 Vo> >y, M,
Wo>Y.>y M,
b V> Ye> g S,
Steep slope 2 V.>¥> Y, .1
Ye>h>Y S,
1 =
Critical slope { y>n=J G
3 Y<h=1J. C,
2
Horizontal bed { y=Je H,
: y<J. H,
Adverse slope {2 y=Je A
3 y<J. A

Adapted from Subramanya, K. (1986). Flow in Open Channels.

Tata McGraw- Hill Publishing Co. Ltd.




Mild Slope

Horizontal Adapted from Subramanya, K. (1986). Flow in
asymptote

Open Channels. Tata McGraw- Hill Publishing

Co. Ltd.

(a) Mild slope




Steep Slope

Horizontal Adapted from Subramanya, K. (1986). Flow in

asymptote Open Channels. Tata McGraw- Hill Publishing

—_— Co. Ltd.

(b) Steep slope




Critical Slope

Horizontal Adapted from Subramanya, K. (1986). Flow in
-~ C 75yrnptnte Open Channels. Tata McGraw- Hill Publishing
.
T~ ! V_ Co. Ltd.

(c) Critical slope




Horizontal Bed

Horizontal Ho Adapted from Subramanya, K. (1986). Flow in
Open Channels. Tata McGraw- Hill Publishing
\K Co. Ltd.
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(d) Horizontal bed




Adverse Slope

Horizontal Adapted from Subramanya, K. (1986). Flow in

Open Channels. Tata McGraw- Hill Publishing
Co. Ltd.

(e) Adverse slope




Problem- 1

* Find the rate of change of depth of water in a rectangular
channel 10 m wide and 1.5 m deep, when the water is
flowing with a velocity of 1 m/s. The flow of water through
the channel of bed slope 1 in 4000, is regulated in such a way
that energy line is having a slope of 0.00004.

Solution: b=10m y=1.5m V=1m/s
So=1/4000 S =0.00004




A=bxy=10x1.5=15m? Q =AV =15m?3/s

1
dy _ 305 dy _ 000~ 909904 Y —2.25x107*
dx ;| _@r dx ~ 4 152x10 dx

“ga3 9.81x153
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Problem- 2

* A rectangular channel with a bottom width of 4 m and a bottom slope of 0.0008 has a
discharge of 1.5 m3/s. In a gradually varied flow in this channel, the depth at a certain
location is found to be 0.30 m. Assuming Manning’s n = 0.016, determine the type of

GVF profile.
Solution: b=4m y=0.03m Q=15 m3/s
So =0.0008 n=0.016
Q 15 m3 _ (q* 1/3 _ (0.3752 1/3
Now,;—T—0.0375T/m Ye = (g) — ( 981 )

= 0.243m




_ 1 ,n2/3c1/2 _ 1 4y, 1%/3 1/3
Now, @ = - AR?/3S, 1.5 =——4xy, L+zy0] (0.0008)
1.5 = —— x 42/3 x (0.0008)1/2 Yoy
' 0.016 ' (4+2y0)2/3
2/3
Yo _

@i2y)2 0.0842

From trial and error
Yo = 0.426 m
Yo > Ve (Mild slope)

Also Yo=Y > Y,




Class Question

A wide rectangular channel has a Manning’s coefficient of 0.018. For a discharge

3
intensity of 1.5 mT /m, identify the possible types of gradually varied flow profiles

produced in the following break in the grade of the channel.
So1 =0.0004 and Sy, = 0.016

. 3
Solution: Discharge intensity g = 1.5 mT /m

Critical depth y,. = (qz/g)1/3 = (1.52%/9. 81)1/3

=0.612m

Normal depth y, : For a wide rectangular channel R = y,




3/5
1 93 1p _[nq PP 0.018 x 1.5
CI—_)’O)’O S() Yo = |—F— Yo =
n /SO /SO
0.0004 1.197
0.016 0.396
0.612 1.197 0.396

Type of grade change : Mild to Steep

y Ny

Wones

Ui




The resulting water surface profiles are:

M, curve on Mild Slope and S, curve on steep slope

Yo1=1.350 m- CDL ------.. e .=0.618m

3
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Rapidly varied flow




Rapidly varied flow




Hydraulic Jump

*  For Rapidly varied flow (RVF) dy/dx ~1
 Flow depth changes occur over a relatively short distance. One such

example is hydraulic jump
* These changes in depth can be regarded as discontinuity in free
surface elevation (dy/dx = o)

* Hydraulic jump results when there is a conflict between upstream and
downstream influences that control particular section of channel




Hydraulic Jump

E.g. Sluice gate requires supercritical flow at
upstream portion of channel whereas
obstruction require the flow to be subcritical

Hydraulic jump provides the mechanism to make
the transition between the two type of flows

Sluice Gate




Hydraulic Jump

* One of the most simple hydraulic jump occurs in a horizontal,
rectangular channel as below

________________ S~ h Energy
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Hydraulic Jump Geometry




Hydraulic Jump Assumptions

 The flow within jump is complex but it is reasonable to assume that flow at
sections 1 and 2 are nearly uniform, steady and 1D

* Neglect any wall shear stress t,, within relatively short segment between the
sections

* Pressure force at either section is hydrostatic




Hydraulic Jump Derivation

 x-component of momentum equation for control volume is
written as

F,.-F, = pQ(\, -V,) = pV,y,b(V, -V,)

2 b 7/y
F = PuA = 7}/21 P = 71
%,b _N2

F, = P A = 7y22 Pe2 2

b is the channel width




Hydraulic Jump Derivation

* Momentum equation can be written as

yi oy VY,
5 5 0 (Vz 1) q

 Conservation of mass ( continuity ) gives

y,bV, = y,bV, =Q Eq. 20

* Energy conservation gives

1 2g 2 2g

n hL Eq. 21

h,_is the head loss




Hydraulic Jump Derivation

* Head loss is due to violent turbulent mixing and dissipation that occur during
the jump.

*  One obvious solution is y,=y, and h;=0 = NO JUMP

* Another solution : Combine Eq 19 and 20 to eliminate V,

2

2 2
y1 . y :V1y1 (Vlyl _Vl) :V1 Yi (yl _ yz) Eq. 21b
2 2 g Y gy,




Hydraulic Jump Derivation

(22)? + (P2) - 2Fr? =0 £q. 21c
Yy, Y

Where Fr, is upstream Froude number

Question : Obtain Eq. 21c from Eq. 21b

*Using quadratic formula we get

ﬁ:%(—li\/(um:rf)

Y1




Hydraulic Jump Derivation

e Solution with minus sign is neglected ??, Thus

1
ﬁza(—1+\/(1+8Fr12) Eq. 22

Y1

 We can also obtain h;/ y; by using Eq. 21
* Theresultis

1[1( )]




Hydraulic Jump Derivation

4




Hydraulic Jump Derivation

* h, cannot be negative since it violates the law of thermodynamics

* This means that y,/y, cannot be less than 1 and Froude number upstream Fr, is

always greater than 1 for hydraulic jump to take place.

A flow must be supercritical to produce discontinuity called a hydraulic

jump.




Classification of Hydraulic Jumps (Ref. 12)

Fr, ¥2/¥1 Classification Sketch
<1 1 Jump impossible Y
—— Vl Vg = Vl i
1to 1.7 1to 2.0 Standing wave or undulant jump —
ty, T Y2
1 —— ¥ )
1.7 to 2.5 2.0 to 3.1 Weak jump " —
N
2510 4.5 3.1 to 5.9 Oscillating jump m
2 /
— % —
4.5 10 9.0 5910 12 Stable, well-balanced steady jump;
insensitive to downstream conditions ﬁ
M
=>9.0 =12 Rough, somewhal intermittent strong jump
DT =
LT T

e




Examples of hydraulic jump




Examples of hydraulic jump

Submerged jump

L L L L L L

- B

Submerged hydraulic jumps that can occur just downstream
of a sluice gate




Class Question

In a flow through rectangular channel for a certain discharge the Froude number
corresponding to the two alternative depths are F, and F,. Show that
213 2+ F22

(Fz/ Fl) = 2
Solution: 215

let VY., and Y, be the alternative depths.

The specific energy E = E,




Y, vy
V| 1+ j=y (1+ : j
1( 29y, ’ 29y,

Since V: o : ’
— = F° = Froude number y, 1+F, /2 2+ F,
ay = -

Y, 1+ F12/2 2+ |:12

Also

2 2
F* = 2Q ~ and F, = ZQ -
B gy, B gV,

Where Q = discharge in the channel and B = width of the channel, Hence

Y, _(F2) _2+F;
y, \F° 2+ F’




Class Question

« Water on the horizontal apron of the 30 m wide spillway shown in Fig. has a depth of
0.20 m and a velocity of 5.5 m/s. Determine the depth, after the jump, the Froude

numbers before and after the jump.

b = width = 100 ft

Spillway apron AV

r”dj er__._ VE g -_-:::'_"_-::::E:
- PE AR

\ — V= 1815 |

¥ = '3 60 ft Downstream
obstacles




Class Question

b = width = 100 ft
‘:mlIh.ﬂ.lrajg.lr apron AV4

V) = D 60 ft Downstream
obstacles

Conditions across the jump are determined by the upstream Froude

number F , -

V,
YT Joy, +/9.8%0.2

Upstream flow is super critical, and therefore it is
possible to generate hydraulic jump

=3.92




Class Question

b = width = 100 ft
Spillway apron AV

y; =060 ft Downstream
obstacles

We obtain depth ratio across the jump as

Y2 _ %(—1+ \/(1+8Fr12) = %(—1+ \/(1+ 8*3.92%) =5.07
Y1

y, =5.07*0.2=1.01 n




Class Question

b = width = 100 ft
Spillway apron AV

f#}/f —_ :
\%_— — V, =18 1Us Tz m\/m

V= D 60 ft Downstream
obstacles

We obtain V, by equating the flow rate

~(yV)) 0.2*55
Y, 1.01

Fr, = Vs = LI =0.343 Subcritical Flow

gy, ~/9.8%1.01

=1.08 m/s




Class Question

b = width = 100 ft
Spillway apron AV

VeYa
&_ T — V, = 18 ft/s :Iz _F|_L|\/|T|

y; =060 ft Downstream
obstacles

"'\-\.._\_\__

Head loss is obtained as

V,2 VE:
hL=(y1+$)—(y2+£)

h =0.671 m




Class Question

1) Prove that energy loss in a hydraulic jump occurring in a rectangular channel is

. 3
h|_ — (yz yl) Eq. 24

4y,y,

The loss of mechanical energy that takes place in a hydraulic jump is calculated
by the application of energy equation (Bernoulli’s equation). If loss of total

head in the pump is h;, then we can write by Bernoulli’s equation neglecting
the slope of the channel.




y1+ (Vi/2g) =y, + (V5/29) + hy

hy =y1—y2 + (Vi/2g9) — (V3/29)

" . q* ( 1 1 )
L=Y1— Y2 B =Viyi=V
29 y% y% q 1Y1 2Y2
From Eq 21.c we are putting V; = yi (Fr1 = - )
1

Vo
/

2, .2 2 2
y1yz +y1y2 q° 2q
24 L =E ) 3’13’%+)’%)’2——g =0




y1y3 + yz{yz) ( 1 1 )

h=y—y+<
o 4 yi ¥z

Which Finally gives

(V2 — )’1)3

h, =
g 4y1Yy2

FREE ONLINE EDUCATION % l
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Class Question

If, in a hydraulic jump occurring in a rectangular channel, the Froude number before
the jump is 10.0 and the energy loss is 3.20 m. Estimate (i) the sequent depths (ii)
the discharge intensity and (iii) the Froude number after the jump.

Solution: F, =100 and E, =3.20 m

The sequent depth ratio Y2 :%[—1+,/1+8F12 ]:%[—u\/1+8><(1o.o)1=13.651
Y,

(yz — Y )3
Energy loss E, =
Ay y,




E, (y,/v, =) 320 _(13.651-
Y1 4 (yz /Y1) Y1 4 (13'651)

) 3.20
: =depth before the jump= —""" - 0.0863m
(i)Y, =dep JUmp = - 08

3
1) =37.0

Y, =depth after the jump =13.651x0.0863=1.178 m

(i) F -V 100-__ "
gy, J/9.81x0.0863

V, =9.201L m/s

Discharge intensity 0 =V,Y, = 9.201 x0.0863 = 0.7941 m*®/s/m

Vv, q 0.7941

; F, = = = =01983
(iii) Froude number after the jump ™ @ b\/& 11784981x 1178




Class Question

A rectangular channel has a width of 1.8 m and carries a discharge of 1.8 at a depth of
0.2 m. Calculate (a) the specific energy, (b) depth alternate to the existing depth and

(c) Froude numbers at the alternate depths.

Solution:
let Y, = 0.20m = EXxisting depth

Area A =By, =1.8x0.20 =0.36 m°
1.80

Velocit V:/ === =50m°/s
elocity V, =Q/ A 036

(a) Specific energy




(b) Let VY, =depth alternate to y1

2
_ vV, + (L8) —1.4742 asV.A =V
Then E, =E vy, + 5o =14742 Y, (2x981)x (L8 x o ASVIA =V, A

By trialand error, Y, =1.45

(c) Froude number for a rectangular channelis F =V/\/ gy

For vy =02m, F = 7 8510 5 = 3.57
. X U.
1.80
For o —145m, V,= szz = o7 = 0-69 m/s
0.69

= 0.1829

~ /9.81 <1.45




Class Question

In hydraulic jump occurring in a rectangular horizontal channel, the discharge per unit
width is 2.5 m?>/s/m and the depth before the jump is 0.25 m. Estimate (i) the
sequent depth and (ii) the energy loss

Solution:

g=25m’/s/m and y,=0.25m

V, = 4 _ 29 =10.0m/s
0.25

Y1

Y2




(i) The sequent depth ratio y. /Yy, isgivenby Y, _ %[—1+ \/1+8F12 ]
Y1

Y2 _1[_ 2]
== 1++/1+8x(6.386)

y, = 2.136 m = Sequent depth

(ii) The energy loss £, is given by

= _(v;=v,) _(2136-0.250)°

L= = =3.141m
4y y, 4x2.136x0.250




Class Question

A hydraulic jump occur in a horizontal triangular channel. If the sequent depths in
this channel are 0.60 m and 1.20 m respectively, estimate (i) the flow rate, (ii)
Froude number at the beginning and end of the jump and (iii) energy loss in the
jump.

Solution: \ ~~7 /

/

(i) Consider a triangular channel of side slope
m horizontal: 1 vertical in fig (in the present v

case m=1) y
— - — 2 3 v
P=pressure force= y Ay = y(my )§ =ymy /3 . ) .
M=Momentum flux = A my2

o

.
N7
< )~

N,




For a hydraulic jump in horizontal, frictionless channel P1 + |\/|1 — PZ + M 5

2

ymyr  pQ° _rymy; pQ

3 my; 3 my;
Q*| 1 1 |_gm . s

2 2 3 3 2.,4
On simplifying Q _Mm Y (772 —1)772y1 } where 7 =22
g 3| (-1 Y,

n=32_12/06=20
Yy

Q* 1[(06)(2° —1p? | 3
] 3{ (22 _1) }—0.24192 Q=1541m"/s

|
—
-

In the present problem m=




Q

Il. For triangular channel F = AJg AT as such
2(1.541)°
2 2 2 F°2 — — 6.222
FZZQI:Q (szg’): 2? : ' 9.81x1x(0.6)°
A" gmy"  gmy F, = 2.494
Froude number at the end of the jump:
Since 2 5/2 5/2
F* = 2?5, Bo_[Y2] _[120 _ 5657
gm-y F, |y, 0.60 |

F, = 2.494 /5.657 = 0.441




ll. Energy loss V,’ V.
5y EL:El_E2:LY1+$)_[Y2+£j

A =1x%x(0.6)° =0.36m?

V, =1.541/0.36 = 4.281m/s
A, =1x(1.2)° =1.44m?

V, =1.54/1.44 =1.070m/s

2 2
E, =06+ (4'281) -1 1.2+ (1'070) =1.534-1.258=0.27/6m
2x9.81 2x9.81




Class Question

Water flows in a wide channel at g =10 m3/(s.m) and y; = 1.25 m. If the flow
undergoes a hydraulic jump, compute (a) y, (b) V, (c) Fr, (d) hy, (e) the percentage
dissipation, (f) the power dissipated per unit width, and (g) the temperature rise due
to dissipation if C,, 4200 J/(kg. K).

Solution: yo_ 4 10m?3/(s.m) a0
17y, ” 1.25m m/s

The upstream Froude number is therefore

vy 8.0
" (gyDY?  [9.81(1.25)]1/2

Fr, = 2.285




This is a weak jump. The depth y, is obtained from 22— 14 (1 + 8Fr%)1/2

Y1

2 1
22 _ _1+ (1+8(2.285)?)2 = 5.54

Y1

1

Vs 3.46

V, 2.89
ic Fro = = = 0.496
The downstream Froude numberis I'T2 (gy)Y? ~ [9.81(3.46)]1/2

The downstream velocityis V, = =2.89m/s




3.46 — 1.25
As expected, Fr5, is subcritical, the dissipation loss is hf — ( ) =0.625m

4(3.46)(1.25)

The percentage dissipation relates hs to upstream energy:

£ 82
E; = +—=1.25 =4.51
1=Y1754 T200.81)
Hence percentage loss = (100) 10();05'225) = 14 percent
Eq 5

The power dissipated per unit width is

Power= pgqh; = (9800-) [10° 3] (0.625m) = 61.3 kW /m




Finally, the mass flow rate is 1 = pq (1000 kg/m?>)[10 m3/(s.m)] 10,000 kg/(s m), and the

temperature rise from the steady flow energy equation is

Power dissipated = mc,AT

w
61300— = 10,000 kg/(s m) [4200L.K] AT
m kg

from which AT = 0.0015K

The dissipation is large, but the temperature rise is negligible




