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Abstract: This study investigates hydraulic-jump processes occurring in the downstream pools
(tailraces) of hydraulic structures and hydraulic complexes, together with the problems associated
with dissipating excess flow kinetic energy. Based on the Froude criterion, changes in the parameters
of the supercritical flow issuing from the structure and its effects on channel-bed stability are analyzed.
Mathematical relationships are presented for classifying hydraulic jumps, determining the relationship
between contracted and conjugate depths, and calculating the kinetic-energy dissipation coefficient.
The results can support the efficient design of energy-dissipation structures, including stilling basins
and downstream aprons.
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Introduction
One of the most complex tasks in the design and safe operation of hydraulic structures is the safe

dissipation of the enormous energy of water released from the upstream pool into the downstream
pool. Water discharging at high velocity through sluice openings and over dam surfaces possesses
substantial kinetic energy. Unless this energy is dissipated over a short distance, the flow may cause
severe erosion of the unprotected earthen channel in the downstream pool, which, in turn, may
undermine the foundation of the structure and lead to catastrophic failures [1,5].

The transition from a supercritical flow regime to a subcritical regime in the downstream pool is
accompanied by a hydraulic jump. A hydraulic jump is the principal natural mechanism for reducing
excess kinetic energy in the flow; within the jump, mechanical energy is converted into thermal
energy through turbulent eddies. Accurate evaluation of the parameters of this process enables the
stable design of downstream structures of hydraulic complexes.

Materials and Methods
The flow state in the downstream pool of a hydraulic complex and the parameters of a hydraulic

jump are primarily evaluated using the dimensionless Froude criterion. For the contracted section
beneath the structure, the Froude number is determined using the following expression:
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• U1 is the flow velocity in the contracted section (m/s);
• h1 is the contracted depth (m);
• Q is the discharge (m3/s);
• B1 is the flow width (m);
• ω1 is the wetted cross-sectional area (m2);
• g is the acceleration due to gravity (m/s2).

For a hydraulic jump to occur, the flow in the contracted section must be supercritical, that is,
Fr1 > 1. The stabilized subcritical-flow depth after the jump (h2, the conjugate depth) is calculated
using the Bélanger equation:

h2

h1
=

1
2

(√
1 + 8Fr1

2 − 1
)

(3)

The amount of specific energy lost (dissipated) in the hydraulic-jump zone because of turbulent
eddies and friction is determined from the energy relationship (Bernoulli equation):
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where E1 is the total specific energy of the flow in the section before the hydraulic jump (the
contracted section), and E2 is the total specific energy of the flow in the section after the hydraulic
jump (the subcritical-flow section).

The energy-dissipation coefficient, Ks, which characterizes the efficiency of kinetic-energy
dissipation in the flow, is expressed as follows:
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According to Appendix 1 to Resolution No. 143 of the Cabinet of Ministers of the Republic of
Uzbekistan dated 30 March 1999, the Upper Chirchiq Water Complex was listed with a maximum
discharge capacity of [22]. A recent field report states that the spillway system consists of 14 gates,
each 7 m wide and 3.75 m high [23]. Due to the limited availability of detailed design and operational
data, the contracted depth and the natural tailwater depth were adopted as assumed parameters for
a scenario-based hydraulic assessment. Therefore, the obtained results should be interpreted as an
illustrative calculation rather than a verified assessment of the current operating conditions of the
structure.

Results and Discussion
Hydraulic calculations and analyses show that the nature of a hydraulic jump and the degree of

kinetic-energy dissipation depend directly and strongly on the incoming Froude number. Within the
study, the flow state was analyzed for different values of :

Table 1. Types of Hydraulic Jumps According to the Froude Number and Energy Dissipation
Efficiency [5,12,23]

Table 1. Types of Hydraulic Jumps According to the Froude Number and Energy-Dissipation Efficiency

No. Froude-number range (Fr1) Type of hydraulic jump Energy-dissipation coefficient (Ks)
1 1 < Fr1 < 1.7 Undular jump Ks < 5%
2 1.7 < Fr1 < 2.5 Weak jump 5% − 18%
3 2.5 < Fr1 < 4.5 Oscillating jump 18% − 45%
4 4.5 < Fr1 < 9 Steady or stable jump 45% − 70%
5 Fr1 > 9 Strong jump Ks ≥ 70%

A specific practical problem arises when the natural tailwater depth in the downstream pool (ht)
is smaller than the conjugate depth (h2), that is, ht < h2. Under these conditions, the hydraulic jump
moves away from the foundation of the structure, producing a swept-out hydraulic jump [16,19].
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This may create deep scour holes in the unprotected downstream reach of the hydraulic complex. To
eliminate this problem, the tailwater depth ht is increased artificially by constructing stilling basins
or installing baffle blocks in the downstream pool, thereby forcing the hydraulic jump to form near
the toe of the structure [17,18,20,21].

Since the width of each gate is 7 m, the total effective spillway-front width was determined as:

B = 14 × 7 = 98 m (6)

The calculation assumes that the reported maximum discharge capacity is distributed uniformly
across all 14 gate openings. Using the adopted total clear width of the gate openings, the unit
discharge was calculated as follows:

q =
Qmax

B
=

2000
98

≈ 20.41 m2/s (7)

For the present scenario-based hydraulic assessment, the contracted flow depth beneath the gate
was assumed to be h1 = 1.5 m. The mean flow velocity in the contracted section was calculated as:

v1 =
q
h1

=
20.41
1.85

= 11.03 m/s (8)

The following result was obtained when the Froude hydrodynamic criterion was calculated:

Fr2
1 =

v2
1

g h1
=

11.032

9.81 × 1.85
≈ 6.71 (9)

Fr1 =
√

6.71 ≈ 2.59 (10)

The calculated Froude number, Fr1 = 2.59, falls within the range 2.5 < Fr1 < 4.5, indi-
cating the formation of an oscillating hydraulic jump characterized by a moderate level of energy
dissipation[13,15]. Using the Bélanger equation, the second conjugate depth (h2) was calculated as
follows:
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E1 = h1 +
v2

1
2g

= 1.85 +
11.032

2 × 9.81
≈ 8.05 m (13)

E2 = h2 +
v2

2
2g

= 5.91 +
(3.45)2

2 × 9.81
≈ 6.52 m (14)

∆E = E1 − E2 = 8.05 − 6.52 ≈ 1.53 m (15)

Ks =
∆E
E1

=
1.53
8.05

≈ 0.19 = 19% (16)

The obtained value of Ks = 19% indicates a moderate level of kinetic-energy dissipation within
the hydraulic jump.

To evaluate the downstream hydraulic conditionwithin the adopted scenario, the natural tailwater
depth was assumed to be ht = 4.50 m. This value was adopted as an input parameter and does not
represent a verified field measurement.

Comparison of the assumed natural tailwater depth with the calculated conjugate depth gives
the following relationship:

ht < h2 (4.20 m < 5.91 m) (17)
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Under the adopted assumptions, the natural tailwater depth is smaller than the calculated
conjugate depth. This condition indicates the potential formation of a swept-out hydraulic jump and
possible downstream-bed scour.

Table 2. Results of the Scenario-Based Hydraulic Assessment for the Upper Chirchiq Water Complex

Indicator Symbol Value
Reported maximum discharge capacity Qmax 2000 m3/s
Total clear width of gate openings B 98 m
Unit discharge q 20.41 m2/s
Assumed contracted depth h1 1.85 m
Velocity in the contracted section v1 11.03 m/s
Froude number Fr1 2.59
Conjugate depth (calculated) h2 5.91 m
Assumed natural tailwater depth ht 4.20 m
Velocity after the hydraulic jump v2 3.45 m/s
Specific energy before the jump E1 8.05 m
Specific energy after the jump E2 6.52 m
Specific energy loss ∆E 1.53 m
Energy-dissipation coefficient Ks 19%

Under the adopted hydraulic scenario, the calculated conjugate depth exceeds the assumed
natural tailwater depth. Consequently, the hydraulic jump may not remain fully contained within
the concrete-lined stilling-basin section and may shift toward the downstream natural channel. Such
a condition could increase the potential for riverbed erosion and scour-hole formation. Therefore,
additional energy-dissipation or tailwater-control measures may be required. However, their final
design should be based on verified field measurements and official design and operational data.

Conclusions
Efficient dissipation of kinetic energy in the downstream pools of hydraulic complexes is directly

related to maintaining the hydraulic jump in a stable position.
For the considered hydraulic scenario, the calculated Froude number was, corresponding to

an oscillating hydraulic jump. The energy-dissipation coefficient was approximately, indicating a
moderate level of energy dissipation.

At hydraulic structures where the natural tailwater depth is insufficient, additional energy
dissipators, baffle blocks, or tailwater-control structures may be required to stabilize the hydraulic
jump and reduce downstream-bed erosion.

Under the adopted scenario, the calculated conjugate depth exceeded the assumed natural
tailwater depth. This relationship indicates the potential formation of a swept-out hydraulic jump
and possible downstream-bed scour. The results represent a scenario-based assessment and should
be verified using detailed field measurements and official design and operational data.
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