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&IA hydraulic jump is a phenomenon in the sciencengiéiraulicswhich is frequently observed
in open channel flowuch agiversandspillways When liquid at high velocity discharges into a
zone of lower velocity, a rather abrupt rise occurs in the liquid surface. Théyridgpidng
liquid is abruptly slowed and increases in height, converting some of the flow's initial kinetic
energy into an increase in potential energy, with some energy irreversibly lost through turbulence
to heat. In an open channel flow, this manifestshe fast flow rapidly slowing and piling up on
top of itself similar to how ahockwavdorms.

The phenomenon is dependent upon the initial fluid spe#tk ihitial speed of the fluid is
below the critical speed, then no jump is possible. For initial flow speeds which are not
significantly above theritical speed, théransition appears as an undulating wave. As the initial
flow speed increases further, the transition becomes more abrupt, until at high enough speeds,
the transition front will break and curl back upon itself. When this happens, the jump can be
accompanié by violent turbulence, eddying, air entrainment, and surface undulationgyes

There are two main manifestations of hydraulic jumps and historically different terminology has

been used foeach. However, the mechanisms behind them are similar because they are simply

variations of each other seen from different frames of reference, and so the physics and analysis
techniques can be used for both types.

The different manifestations are:
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http://en.wikipedia.org/wiki/Hydraulics
http://en.wikipedia.org/wiki/Open_channel_flow
http://en.wikipedia.org/wiki/Rivers
http://en.wikipedia.org/wiki/Spillways
http://en.wikipedia.org/wiki/Shock_wave#In_supersonic_flows
http://en.wikipedia.org/wiki/Supercritical_flow
http://en.wikipedia.org/wiki/Wave
http://en.wikipedia.org/wiki/File:Tryweryn-raft.jpg
http://en.wikipedia.org/wiki/File:Tryweryn-raft.jpg

1 The stéonary hydraulic jump rapidly flowing water transitions in a stationary jump to
slowly moving water as shown in Figures 1 and 2.

1 Thetidal bore- a wall or undulating wave of water moves upstream against water
flowing downstream as shown in Figures 3 and 4. If considered from a frame of reference
which moves with the wave front, you can see that this case is physically similar to a

stationary jurp.

A related case is a cascadewall or undulating wave of water moves downstream overtaking a
shallower downstream flow of water as shown in Figure 5. If considered from a frame of
reference which moves with the wave front, this is amenable to theasetysis as a stationary
jump

[« 8

T -

Irl I
An object moving through a gas or liquid experiencé&s@ein direction opposite to its motion.
Terminal velocityis achieved when the drag force is equal in magnitude but opposite in direction
to the force propelling the object. Shown isplneran Stokes flow, at very loiReynolds
number

Look uplaminar in Wiktionary, the free dictionary.

Laminar flow , sometimes known agreamlineflow, occurs when a fluid flows in parallel
layers, with no disruption between the layerdluid dynamics laminar flow is a flow regime
characterized by higlmomentum diffusiorand low momentunaonvection It is the opposite of
turbulent flow In nonscientific terms laminar flow is "smooth,"” whileliulent flow is "rough.”

Thedimensionles®eynolds numbes an important paraner in the equations that describe
whether flow conditions lead to laminar or turbulent flow. In the case of flow through a straight
pipe with a circular crossection, Reynolds numbers of less than 2300 are generally considered

to be of a laminar type; however, the Reynolds number upon which laminar flows become
turbulent is dependent upon the flow geometry. When the Reynolds number is much less than 1,
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Creeping motiorr Stokes flowoccurs. This is an extreme case of laminar flow where viscous
(friction) effects are much gresatthan inertial forces.

For example, consider the flow of air over an airplaire). Theboundary layers a very hin
sheet of air lying over the surface of the wing (and all other surfaces of the airplane). Because air
hasviscosity, this layer of air tends to adhere to the wing. As the wing miovesrd through
the air, the boundary layer at first flows smoothly over the streamlined shapeaofdhieHere
the flow is calledaminar and the boundary layer idaminar layer Prandtlapplied the concept
of the laminar boundary layer to airfoils in 1904

Laminar and turbulent water flow over the hull of a submarine
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.

Turbulence in théip vortexfrom anairplanewing

In fluid dynamics turbulence or turbulent flow is a fluid regime characterized by chaotic,
stochastigroperty changes. This includes lowomentum diffusionhigh momentum
convection and rapid variation gfressurendvelocityin space and timélobel Laureate
Richard Feynmadescribes turbulence as "the most important unsolved problem of classical
physics.®! Flow that & not turbulent is calleminar flow While there is no theorem relating
Reynolds numbeto turtulence, flows with high Reynolds numbers usually become turbulent,
while those with low Reynolds numbers usually remain laminar. For pipe flow, a Reynolds
number above about 4000 will most likely correspond to turbulent flow, while a Reynold's
number below2100 indicates laminar flow. The region in between (2100 < Re < 4000) is called
the transition region. In turbulent flow, unsteady vortices appear on many scales and interact
with each otherDragdue toboundary layeskin friction increases. The structure and location of
boundary layer separation often changes, sometimes resulting in a reduction of overall drag.
Althoughlaminarturbulent transitions not governed bireynolds numbeithe same transition
occurs if the size of the object is gradually increased, origleesityof the fluid is decreased, or
if the densityof the fluid is increased.

Turbulence causes the formationeoidiesof many different length scales. Most of the kinetic
energy of the turbulent motion is contained in the large scale structures. The energy "cascades”
from these large scafgructures to smaller scale structures by an inertial and esseintialyid
mechanism. This process continues, creating smaller and smaller structures which produces a
hierardy of eddies. Eventually this process creates structures that are small enough that
molecular diffusion becomes important and viscous dissipation of energy finally takes place. The
scale at which this happens is t@mogorov length scale

Turbulent diffusion is usually described by a turbulifftision coefficient This turbulent
diffusion coefficient is defined in a phenomenological sense, by analogy with the molecular
diffusivities, but it does not have a true physical meaning, being dependent on the flow

conditions, and not a property of the fluid itself. In additithe turbulent diffusivity concept
assumes a constitutive relation between a turbulent flux and the gradient of a mean variable
similar to the relation between flux and gradient that exists for molecular transport. In the best
case, this assumption islgran approximation. Nevertheless, the turbulent diffusivity is the
simplest approach for quantitative analysis of turbulent flows, and many models have been
postulated to calculate it. For instance, in large bodies of water like oceans this coefficiemt ca
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found usingRichardsofs fourthird power law and is governed by tledom walkprinciple. In
rivers and large ocean currents, the diffusion coefficient is given by variations of Elder's formula.

Although it is possible to find some particular solutions ofNbegierStokes equations
governing fluid motion, all such solutions are unstable at large Reynolds numbers. Sensitive
dependence on the initial and boundary conditions makes fluid flow irregular both in time and in

space so that a statestl description is needeBussiarmathematiciarAndrey Kolmogorov
proposed the first statistical theaf/turbulence, based on the aforementioned notion of the
energy cascade (an idea originally introduce®mhardsoh and the concept of sedimilarity.

As a resul theKolmogorov microscalesere named after him. It is now known that the-self
similarity is broken so the statistical description is presently mod#iestill, the complete
description of turbulence remains one of timsolvel problems in physic#ccording to an

apocryphal storyWerner Heisenbergas asked what he would aSkd giventhe opportunity.

His reply was: "When | meet God, | am going to ask him two questions:r#¥éditwity? And

why turbulence? | really believe he will have an andaethe first.*3! A similar witticism has

been attributed tblorace Lamlk{who had published a noted text lkamn Hydrodynamic¥d his
choice beinguantum electrodynamig¢sstead of relatiiy) and turbulence. Lamb was quoted

as saying in a speech to tBetish Association for the Advancentsnf Science"l am an old

man now, and when | die and go to heaven there are two matters on which | hope for
enlightenment. One guantum electrodynamicand the other is the turbulent motion of fluids.
And about the former | am rather optimisti€.A more detailed presentation of turbulence with
emphasis on higReynolds number flowintended for a general readership of physicists and
applied mathematicians, is found in the Scholarpedia article by R. Benzi and U. Frisch

The hydraulic jump is a natural phenomenon that occurs when supercritical flow is forced
to change to subcriticaldv by an obstruction to the flow. This abrupt change in flow
condition is accompanied by considerable turbulence and loss of energy. The hydraulic
jump can be illustrated by use of a specific energy diagram as shown in Figure 6.1. The

flow enters the jumpt supercritical velocity, M and depth, ythat has a specific energy of
E =y + V1/(29). The kinetic energy term,/{29), is predominant. As the depth of flow
increases through the jump, the specific energy decreases. Flow leaves the jump area at
subcritical velocity with the potential energy, y, predominant.

Figure 6.1. Hydraulic Jump
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The Bureau of Reclamation (USBR, 1987) has related the jump form and flow
characteristics to the Froude number for Froude numbers greater than 1.7, as shown in
Figure 6.2. When the upstam Froude number is between 1.7 and 2.5, a roller begins to

appear, becoming more intense as the Froude number increases. This is the prejump range
with very low energy loss. The water surface is quite smooth, the velocity throughout the
cross section uform, and the energy loss in the range of 20 percent.

When the upstream Froude number, Fr, is 1.0, the flow is at critical and a jump cannot
form. For Froude numbers greater than 1.0, but less than 1.7, the upstreasnoinly
slightly below critical depth and the change from supercritical to subcritical flow will result
in only a slight disturbance of the water surface. On the high end of this range, Fr
approaching 1.7, the downstream depth will be about twicetloening depth and the exit

velocity about half the upstream velocity.

Figure 6.2. Jump Forms Related to Froude Number (USBR, 1987)
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An oscillating form of jump occurs for Froude numbers between 2.5 and 4.5. The incoming
jet alternately flows near the bottom and then glthve surface. This results in
objectionable surface waves that can cause erosion problems downstream from the jump.

A well balanced and stable jump occurs where the incoming flow Froude number is greater
than 4.5. Fluid turbulence is mostly confined te jhmp, and for Froude numbers up to 9.0
the downstream water surface is comparatively smooth. Jump energy loss of 45 to 70
percent can be expected.

With Froude numbers greater than 9.0, a highly efficient jump results but the rough water
surface may caus#ownstream erosion problems.

The hydraulic jump commonly occurs with natural flow conditions and with proper design
can be an effective means of dissipating energy at hydraulic structures. Expressions for

computing the before and after jump depth ratamjiegate depths) and the length of jump

are needed to design energy dissipators that induce a hydraulic jump. These expressions are
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related to culvert outlet Froude number, which for many culverts falls within the range 1.5
to 4.5.

The hydraulic jump in anshape of horizontal channel is relatively simple to analyze
(Sylvester, 1964). Figure 6.3 indicates the control volume used and the forces involved.
Control section 1 is before the jump where the flow is undisturbed, and control section 2 is

after the junp, far enough downstream for the flow to be again taken as parallel.
Distribution of pressure in both sections is assumed hydrostatic. The change in momentum
of the entering and exiting stream is balanced by the resultant of the forces acting on the
control volume, i.e., pressure and boundary frictional forces. Since the length of the jump is
relatively short, the external energy losses (boundary frictional forces) may be ignored
without introducing serious error. Also, a channel may be considered hatimprib a
slope of 18 percent (10 degree angle with the horizontal) without introducing serious error.
The momentum equation provides for solution of the sequent deptmd/downstream
velocity, V.. Once these are known, the internal energy lossegpamefficiency can be
determined by application of the energy equation.

Figure 6.3. Hydraulic Jump in a Horizontal Channel

The general form of the momentum equation can be used for the solution of the hydraulic
jump sequentepth relationship in arghape of channel with a horizontal floor. Defining a
momentum quantity as, M =/QA) + AY and recognizing that momentum is conserved
through a hydraulic jump, the following can be written:

(6.1)

Q/(gAL) + ArY1 = QY(gA2) + A2Y>

where,

Q = channel discharge, mq/s (ft:/s)
Ai1,A; = cross-sectional flow areas in sections 1 and 2, respectively, m: (ftz)
Y1,Y2 = depth from water surface to centroid of cross-section area, m (ft)

The depth from the water surface to the centroid of the-sed#on area can lukefined as
a function of the channel shape and the maximum depth: Y = Ky. In this relationship, K is a
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parameter representing the channel shape while y is the maximum depth in the channel.
Substituting this quantity into Equation 6.1 and rearranging tgieigs:

AL Kiyi- Az Ko yo = (1A, - 1A)QAg
Rearranging and using## V1:/(gy1) = Q /(A gy1), gives:
AL Kiyr- A Koy = Frig Apys (A /A, -1).
Dividing this by A y1 provides:

(6.2)

Kz Az Y2 /(A]_ y]_) - K]_ = Fr12 (1 - Aj_ /Az)

This is ageneral expression for the hydraulic jump in a horizontal channel. The constants
K1 and K and the ratio AA> have been determined for rectangular, triangular, parabolic,
circular, and trapezoidal shaped channels by Sylvester (1964). The relationships for
rectangular and circular shapes are summarized in the following sections.

For a rectangular channel, substituting®Kz = 1/2 and A /A2 = y1 /y2 into Equation 6.2,
the expression becomes:

Y22 /yl2 -1= 2Fr12 (1 -Y1 /yz)

If y2 /y1 = J, the expressiomf a hydraulic jump in a horizontal, rectangular channel
becomes Equation 6.3, which is plotted as Figure 6.4.

(6.3)

1
J-1- EFrf['l—j]

The length of the hydraulic jump can be determined from Figure 6.5. The jump length is
measured to the downstream section at whiciméan water surface attains the maximum
depth and becomes reasonably level. Errors may be introduced in determining length since

the water surface is rather flat near the end of the jump. This is undoubtedly one of the
reasons so many empirical formulas determining jump length are found in the literature.
The jump length for rectangular basins has been extensively studied.

Stilling basin design is a common application for hydraulic jumps in rectangular channels
(see Chapter 8). Free jump basins can Isggded for any flow conditions; but because of
economic and performance characteristics they are, in general, only employed in the lower
range of Froude numbers. Flows with Froude numbers below 1.7 may not require stilling
basins but may require protectisach as riprap and wingwalls and apron. For Froude
numbers between 1.7 and 2.5, the free jump basin may be all that is required. In this range,
loss of energy is less than 20 percent; the conjugate depth is about three times the incoming
flow depth; andthe length of basin required is less than about 5 times the conjugate depth.
Many highway culverts operate in this flow range. At higher Froude numbers, the use of

35



baffles and sills make it possible to reduce the basin length and stabilize the jump over a
wider range of flow situations.

Figure 6.4. Hydraulic Jump - Horizontal, Rectangular Channel
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Design Example: Hydraulic Jump in a Horizontal, Rectangular Channel (SI)
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Determine the height and lengthaohydraulic jump in a box culvert with a 2.134 m span.
Also, estimate the range of flows for which a jump would be triggered as discharged to a
trapezoidal channel. Given:

 s=02%
 ©0=11.33mis
 Vi=579mis
T yv1=0.914m
T Fr=19

For the trapezoidal emnel:

T B=3.04m
I Side slopes = 1V:2H
f n=o0.03
 s=0.04%

Solution

Step 1.Find the conjugate depth from Figure 6.4.

J=y,ly1=2.2
y=2.2(0.914)=2.011m

Step 2.Find the Length of jump from Figure 6.5

L/iy;1=9.0
L =0.914(9.0) = 8.226 m

Step 3.Calculate the after jump velocity

V, = Q/A; = 11.33/ [2.134(2.011)] = 2.64 m/s
Velocity reduction is (5.79 - 2.64)/5.79 = 54.4%.

Step 4.Develop a Q vs. stage curve for the downstream trapezoidal channel using either
HDS No. 3 (FHWA, 1961) or Table B.1 tletermine the relationship with conjugate depth
(see below).

Step 5.Review sequent depth requirements. The plot shows that excess tailwater depth is
available in the downstream channel for discharges up to approximately-/3.6an
larger dischargeshe jump would begin to move downstream. The assumption in this
example is that normal depth in the downstream channel is obtained as soon as the flow
leaves the culvert. In a real case, a stilling basin (see Section 8.1) will normally be required
to geneate enough tailwater depth to cause a jump to occur or the culvert will need to be
designed as a brokdrack culvert (see Chapter 7).

Normal Channel Depth - Conjugate Depth Relationship
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Design Example: Hydraulic Jump in a Horizontal, Rectangular Chann&U)

Determine the height and length of a hydraulic jump in a box culvert with a 7 ft span. Also,
estimate the range of flows for which a jump would be triggered as discharged to a
trapezoidal channel. Given:

T s=02%
T Q=400ft/s
T wvi=191t/s

T wi=30ft

 Fr=109

For the trapezoidal channel:
1 B=101t
I Side slopes = 1V:2H

T n=0.03
 sS=0.04%

Solution

Step 1.Find the conjugate depth in a rectangular basin from Figure 6.4.

J= Y2 /y1 =22
y»=2.2(3.0) = 6.6 ft

Step 2.Find the Length of jump from Figure.

L/y1=9.0
L=3.009.0)= 27 ft
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Step 3.Calculate the after jump velocity

V, = Q/A; = 400/ [7(6.6)] = 8.7 fi/s
Velocity reduction is (19 - 8.7)/19 = 54.2%.

Step 4.Develop a Q vs. stage curve for the downstream trapezoidal channel using either
HDS 3 (FHWA, 1961) or Table B.1 to determine the relationship with conjugate depth (see
below).

Step 5.Review sequent depth requirements. The plot shows that excess taileyters
available in the downstream channel for discharges up to approximatelyl&eoft larger
discharges, the jump would begin to move downstream. The assumption in this example is

that normal depth in the downstream channel is obtained as stenfesv leaves the
culvert. In a real case, a stilling basin (see Section 8.1) will normally be required to generate
enough tailwater depth to cause a jump to occur or the culvert will need to be designed as a
brokenback culvert (see Chapter 7).

Normal Channel Depth - Conjugate Depth Relationship

600
s
500
1’4
[ye]
= 400
)
Z Y/
< 300 —
R Conjugate /
(=] Depth /4
200 —<
Aownstream Depth
100"
3.0 4.0 5.0 6.0 7.0 8.0 9.0
STAGE. FT

6.2.2 Circular Channels

Circular channels are divided into two cases: wheige greater than the diameter, D, and
where y is less than D. Forxyess than D:

(6.4)

(K2 Y2 C2 /(y1Cy)) - K1 = Frz(1 - C1 /C))
For y» greater than or equal to D:

(6.5)

(y2C2/(y1C1)) -0.5 (Cz D/(C1 Y1)) - K1 = Fr12 (1 - C1/C2)
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C and K are functions of y/D and may be evaluated from the Table 6.1.

0.410 0.413 0.416 0.419 0.424 0.432 0.445 0.462 0.473 0.500
C 0.041 0.112 0.198 0.293 0.393 0.494 0.587 0.674 0.745 0.748

c 0.600 | 0.800 | 0.917 | 0.980 1.000 | 0.980 & 0.917 0.800 | 0.600

In Equations 6.4 and 6.5, s computed using the maximum depth in the channel. Figure
6.6 may be used as an alternative to these equations.

Alternatively, the designer may calculate a Froude number based on hydraulic depth, Fr
V/(gym)=. Where y, = (C/C")D or y» = A/T. For the first expression, C' is taken from Table
6.1. For the second expression, A is the ceesdional area of flow and T is the water
surface width. Figure 6.7 is the design chart for horizontal, circular channels using the
hydraulic depth in@mputing the Froude number.

The length of the hydraulic jump is generally measured to the downstream section at which
the mean water surface attains the maximum depth and becomes reasonably level. The
jump length in circular channels is determined usirgyig 6.8. This curve is for the case
where y is less than D. For the case whesésygreater than D, the length should be taken
as seven times the difference in depths, i.g5 I(y> -y1).

Figure 6.6. Hydraulic Jump - Horizontal, Circular Channel (actual depth)
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Design Example: Hydraulic Jump in a Horizontal, Circular Channel (SI)

Determine the height and length dfiydraulic jump in an RCP culvert with a 2.134 m
diameter. Given:

 s=2%
 Q=5.664mis
 vi=5.182mis
T w=0732m
T Frn=19

Solution

Step 1.Find the conjugate depth in a circular channel.

y1/D = 0.732/2.134 = 0.34 (use 0.4)
J =yl y; = 2.3 from Figure 6.6
Y2 =2.3(0.732) = 1.684 m and y./D = 0.78 (use 0.8)
(Using Equation 6.4 with C; = 0.293, K; = 0.419, C, = 0.674, K, = 0.462 yields the same result.)

Step 2.Find the Length of jump from Figure 6.8

Lly1 =19
L;=0.732(19) = 13.9m
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Step 3.Calculate the after jump velocity

For y,/D = 0.78, A/D: = 0.6573 from Table 3.3 and A = 2.99 m:
V, = Q/A; = 5.664/2.99 = 1.89 m/s
Velocity reduction is (5.182 - 1.89)/ 5.182 = 63.5%.

Design Example: Hydraulic Jump in a Horizontal, Circular ChannéCU)

Determine the height and length of a hydraulic jump in an RCP culvert with a 7 ft diameter.
Given:

T s=2%

T Q=200ft/s
T wvi=171ts
T wi=241t
T Frn=19

Solution

Step 1.Find the conjugate depth in a circular channel.

y1/D = 2.4/7 = 0.34 (use 0.4)
J =y, y1 = 2.3 from Figure 6.6
y> =2.3(2.4) =5.5 ft and y,/D = 0.78 (use 0.8)
(Using Equation 6.4 with C; = 0.293, K; = 0.419, C, = 0.674, K, = 0.462 yields the same result.)

Step 2.Find the Length of jump from Figure 6.8

Lily1=19
Lj=2.4 (19) = 46 t

Step 3.Calculate the after jump velocity

For y,/D = 0.78, A/D- = 0.6573 from Table 3.3 and A = 32.2 ft:
V, = Q/A; = 200/32.2 = 6.2 ft/s
Velocity reduction is (17 - 6.2)/ 17 = 63.5%.

6.2.3 Jump Efficiency

A general expression for tlemergy loss (HHa1) in any shape channel is:

(6.6)

HU/Hy =2 -2(y2) + Fre [1 - Az IAZ] [ (2 + Frr2)
where,

Fryn = upstream Froude number at section 1, Fryy = V4/(gym)
Ym = hydraulic depth, m (ft)

This equation is plotted for the various channel shapEgyase 6.9. Even though Figure
6.9 indicates that the naectangular sections are more efficient for the higher Froude
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numbers, it should be remembered that these sections also involve longer jumps, stability
problems, and a rough downstream water sarfac

Figure 6.9. Relative Energy Loss for Various Channel Shapes
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Figure 6.10 (Bradley, 1961) indicates a method of delineating hydraulic jumps in horizontal

and sloping channels. Horizontal channels (case A) were discussed in the previous section.

Slopingchannels are discussed in this section. If the channel bottom is selected as a datum,
the momentum equation becomes:

(6.7)
LIV, - Wl SiN
—I: s = W) =D.5B(ﬁ —y%)c05¢+—( 4)
4 ¥
where,
2 = unit wei gi/ityof water, N/ m
64 = angle of channel with the horizontal

B = channel bottom width (rectangular channel), m (ft)
w = weight of water in jump control volume, N (Ib)

The momentum equation used for the horizontal channels cannot be applied directly to
hydraulic jumps in sloping channels since the weight of water within the jump must be
considered. Theifficulty encountered is in defining the water surface profile to determine
the volume of water within the jumps for various channel slopes. This volume may be
neglected for slopes less than 10 percent and the jump analyzed as a horizontal channel.

The Bueau of Reclamation (Bradley, 1961) conducted extensive model tests on case B and
C type jumps to define the length and depth relationships. This reference should be
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consulted if a hydraulic jump in a sloping rectangular channel is being considered. Model
tests should be considered if other channel shapes are being considered.

Figure 6.10. Hydraulic Jump Types Sloping Channels (Bradley, 1961)
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