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Simulation Models of the Lower Tailwater Structure of Road Culverts 

 
Abstract. The problem of excess kinetic energy dissipation in the lower tailwater of road culverts [15] and drainage structures is 
considered. The paper presents an analysis of the operating conditions of active-type energy dissipators based on a pressureless 
energy-dissipating diffuser concept. Three fundamental types of dissipator action on the flow — reactive, dissipative, and 
distributive — are reviewed as the theoretical framework [1–3]. The factors determining the effectiveness of a spatial energy-
dissipating diffuser are identified: the flow rate parameter, the relative width of the discharge channel, the throat opening, the wall 
installation angle, and the wall height. A D-optimal experimental design was implemented to obtain statistical models of the 
diffuser operation. Comparative hydraulic model tests of the conventional retaining-wall dissipator and the energy-dissipating 
diffuser were conducted under varying flow discharges and tailwater submergence conditions. Results show that the relative near-
bed velocity downstream of the diffuser is approximately three times lower than that downstream of the conventional retaining-
wall dissipator. 
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Introduction. 

To ensure optimal flow connection and reduce the 

length of the protection zone in the lower tailwater of 

culverts [15] and drainage structures, excess kinetic 

energy dissipators are installed. Studies of energy 

dissipator hydraulics [1–3] identify three fundamental 

types of dissipator action on the flow: reactive, 

dissipative, and distributive. 

The reactive action consists of the dissipator 

protruding above the channel floor and acting against 

the flow on the apron. This leads to the formation (or 

submergence) of a hydraulic jump at depths smaller 

than required by the standard jump equation. 

The dissipative action refers to the influence the 

dissipator exerts on the intensity of the energy 

dissipation process. Slit-wall type dissipators, high-

roughness rib-type elements, and similar structures 

belong to this category. 

In the distributive action, the energy dissipator 

deflects the high-velocity transit jet toward the free 

surface, converting the flow from the bottom to the 

surface mode with a sharp reduction in near-bottom 

velocities, thereby significantly reducing the scour 

potential downstream. 

In practice, the most common dissipators in land 

reclamation and road construction [7] are solid or slit 

retaining walls, combinations of two or more walls, 

high-roughness surfaces, stilling basins formed by 

lowering the bed level, etc. [2–6]. All can be attributed 

to one of these three fundamental types. 

 

Problem statement. None of the known structural 

solutions fully satisfies all the requirements imposed on 

the lower tailwater of road drainage structures, so 

designers are forced to solve “compromise” problems 

[12] – enhancing certain properties at the expense of 

others. A principally new structural design is therefore 

required that addresses energy dissipation while 

meeting the specific service conditions of road culvert 

tailwaters. 

 

Main material and results. An earlier study [4] 

proposed narrowing the cross-section of a turbulent 

flow using high walls set at an angle to the flow – the 

“pressureless energy-dissipating diffuser” (Fig. 1). 

Theoretical and experimental research demonstrated 

that, under plane-flow conditions, this design ensures a 

high degree of energy dissipation under significant 
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water-level fluctuations in the lower tailwater while 

simultaneously allowing floating objects to pass. The 

extension of this concept to spatial-flow conditions 

(β > 1) required further development and is addressed 

in the present paper. 

 
Figure 1 – Design diagram of the energy-dissipating 

diffuser 

 

For the spatial-flow case, the diffuser geometry was 

redesigned. The original configuration caused an 

unacceptable concentration of unit discharges along the 

channel axis at shallow tailwater depths, requiring bed 

protection over a large downstream distance. To 

achieve a uniform transverse distribution of unit 

discharges q, mean velocities u, depths h, and 

turbulence intensity parameters M, the height of the 

converging walls was reduced, enabling partial surface 

overflow and a more uniform velocity distribution 

across the channel width. 

The effectiveness of the energy-dissipating diffuser 

is governed by the following factors: flow discharge Q; 

wall height hst; wall installation angle α; wall length lst; 

relative channel width β = B/b; throat opening width a; 

and the longitudinal position of the walls in the 

channel [8]. 

Wall installation angle. For the plane-flow case, it 

was established [4] that the wall angle α may range 

from αmin to 90°, where αmin is the reflection angle of 

the outermost streamline of the expanding supercritical 

flow from the lateral wall. At α > αmin, dynamic loads 

on the walls increase sharply, so α = αmin is 

recommended for design purposes. For the case of 

sudden channel expansion, the wall angle must be set 

equal to the angle of convergence of the oblique 

hydraulic jumps formed at the channel transition. 

Preliminary analysis established that: (a) the inlet 

headwall has virtually no effect on the hydraulic 

characteristics of the free-spreading zone; (b) for pipe 

lengths exceeding 7d, the pipe length has a negligible 

influence on the spreading pattern. A pipe length of 9d 

and a flared inlet head were therefore adopted in all 

subsequent experiments, removing these parameters 

from the factor space. The Froude number Fr, which is 

a two-valued function of discharge for circular pipes, 

was replaced by the flow rate parameter Пq, a single-

valued, directly controllable variable. 

The five primary factors governing the operation of 

the pressureless energy-dissipating diffuser were 

identified as: (1) flow rate parameter Πq; (2) relative 

channel expansion β = B/b; (3) relative throat 

opening a/d; (4) relative wall angle α/αpr; and 

(5) relative wall height hst/d. Research was conducted 

for the most demanding operational case: maximum 

spreading-zone dimensions and maximum flow 

velocities. The three dimensional factors were non-

dimensionalised using the pipe diameter d and the 

limiting angle αpr corresponding to complete flow 

spreading. The wall position was fixed at the full-

spreading cross-section Lₚₜ and was not treated as an 

independent variable, as it correlates with β and Пq. 

Additional experiments were conducted to 

determine αpr and Lₚₜ/d as functions of relative 

expansion. Results are given in Table 1. 

 
Table 1 – Effect of relative channel expansion  

on αpr and Lₚₜ/d 

βpr 3.0 4.0 5.0 6.0 7.0 8.0 

αpr, ° 15.2 12.3 12.9 13.9 14.8 16.0 

Lps/d 1.04 1.30 1.76 2.15 2.63 3.16 

 

The flow rate parameter Кnq was defined as the 

ratio Кnq=exp(Пq)/exp(Пqmin), where Пqmin is the 

boundary value at which fully-developed oblique 

hydraulic jumps first appear. Its variation range and the 

corresponding Пq values for three channel widths are 

given in Table 2. 

 
Table 2 – Variation range of parameter Кnq and 

corresponding flow rate parameter Πq 

 

Кnq 

Flow rate parameter Πq 

β = 3.0 β = 5.5 β = 8.0 

2.234 0.904 1.060 1.250 

1.617 0.508 0.740 0.926 

1.000 0.100 0.258 0.446 

 

The factor variation intervals used in the experiment 

are summarised in Table 3. 

 
Table 3 – Factor levels and coded values 

Factors Factor levels 

Natural Code −1 0 +1 

Кnq X₁ 1.000 1.617 2.234 

β X₂ 3.0 5.5 8.0 

a/d X₃ 0 0.5 1.0 

α/αpr X₄ 1 2 3 

hst/d X₅ 0.2 0.5 0.8 

 

Optimisation parameters. To characterise 

dissipator effectiveness as an energy dissipation device, 

the following parameter was adopted: 
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 Y₁ = (W − Wₚ) / W, (1) 

where W is the required bed protection area for free 

spreading of the supercritical flow without the diffuser, 

and Wₚ is the protection area with the diffuser installed. 

The larger Y₁, the greater the reduction in required 

protection length. To verify the objectivity of Y₁, 

additional tests on a mobile-bed model (3 m long, 0.5 m 

deep) established a close relationship between Y₁ and 

the relative scour volume: 

 Y₂ / Y₁ = (V / Vₚ)²·⁵, (2) 

where V and Vₚ are scour volumes without and with the 

diffuser, respectively. This confirmed the validity of Y₁ 

as the primary optimisation criterion, allowing all 

subsequent experiments to be conducted on fixed-bed 

models. 

The second optimisation parameter, which 

characterises the diffuser as a flow-distribution device, 

is defined as: 

 Y₂ = sign · Σ[(uₐ − ūₐᵢ)² / (Uₑ (n − 1))]¹ᐟ², (3) 

where uₐ is the actual mean near-bed velocity in the 

measurement cross-section; Uₑ is the mean outflow 

velocity at the pipe exit; n is the number of 

measurements across the section; and sign assigns a 

positive or negative value depending on whether near-

bed velocities are higher along the axis or near the 

channel wall (“+” when axis velocity exceeds wall 

velocity, “−” otherwise). The reference cross-section 

for Y₂ was taken at a distance of B from the end of the 

diffuser. 

Experimental design. An approximate D-optimal 

experimental design was used to obtain polynomial 

regression models [14]. Because a preliminary analysis 

suggested that the response surface might exhibit 

significant nonlinearity, a five-factor B5 fractional 

factorial plan with three centre-point replicates 

(29 experiment runs) was adopted as the starting 

design. According to the statistical assessment of 

Hartmann et al. [13], this plan combines near-optimal 

D- and G-optimality properties. 

 
Table 4 – Initial B5 fractional factorial plan (coded 

factor values) 

 
 

The experimental values of the optimisation 

parameters obtained from the B5 plan are given in 

Table 5. 

Statistical model selection. Initial fitting of a 

standard second-order polynomial to the B5 plan 

results showed that the model was inadequate: the 

variance of adequacy S²ₐ exceeded the variance of 

reproducibility [11] S²ₑ by a factor of approximately 

250, indicating that the response surface contains 

significant higher-order effects. 

 
Table 5 – Experimental values of optimisation 

parameters (B5 plan) 

 
 

Following sequential augmentation of the experimental 

plan with additional points at which the prediction error 

was highest, incomplete cubic interaction terms of the 

form Bᵢ Xᵢ²Xⱼ and triple interactions were progressively 

added to the model. A statistically adequate model was 

obtained: 

Y₁ = 1.6434 + 0.2010X₁ − 0.5376X₂ − 

0.0573X₃ − 0.1627X₄ + 0.0082X₅ + 

+ 0.0791X₁X₂ − 0.0624X₁X₃ − 0.0940X₁X₄ + 

0.0558X₁X₅ + 

+ 0.1790X₂X₃ + 0.1164X₂X₄ − 0.1494X₂X₅ − 

0.4194X₃X₄ − 0.2983X₃X₅ + 

+ 0.1865X₄X₅ − 0.2391X₁² + 0.2611X₂² + 

0.2833X₃² − 0.1951X₅² + 

+ 0.2275X₁²X₄ + 0.3316X₄²X₃ + 0.1611X₄²X₅ 

− 0.1482X₅²X₁ + 

+ 0.2371X₁X₂X₅ + 0.1020X₁X₃X₄ − 

 − 0.2459X₃X₄X₅. 

(4) 

The adequacy check gave F=S²ₐ/S²ₑ= 

0.01992/0.00985 = 2.02, which is less than the 

tabulated value F(6; 32) = 2.4. The model therefore 

does not contradict the experimental data.  

Flow kinematics downstream of the diffuser. An 

analysis of the influence of each factor on the near-bed 

mean velocity profile in the discharge channel (Fig. 2) 

yielded the following main findings. Increasing the 

flow rate parameter from X₁ = −1 to X₁ = +1 

substantially changes the near-bed velocity 

distribution: in the flow-connection zone (x = 0.6–1.2), 

relative near-bed velocities at minimum discharge are 

1.5–2.0 times higher than at maximum discharge, while 

beyond x = 1.2  the pattern reverses and velocities at 

minimum discharge drop to roughly one-third of those 

at maximum. 

Increasing the relative channel expansion β from 3 

(X₂ = −1) to 8 (X₂ = +1) reduces near-bed mean 

velocities throughout the connection reach: the larger 

the relative expansion, the lower the near-bed mean 

velocity at any given cross-section. The relative throat 

opening a/d (factor X₃) has only a minor influence on 

the mean velocity profile, except that a fully closed 
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throat (X₃ = −1) produces a slight non-monotonic 

velocity distribution in the zone x = 0.6–0.9, attributed 

to overflow over the walls when no throat gap exists. 

 

 
Figure 2 – Influence of governing factors on the near-

bed mean velocity profile (X = 0 baseline and ±1 

variants) 

Increasing the relative wall angle α/αpr (factor X₄) 

raises the near-bed mean velocity by 20–30 % and 

makes the profile monotonically decreasing beyond 

x > 0.6. Reducing the wall height (factor X₅) produces 

a moderate decrease in mean velocities due to more 

uniform transverse discharge distribution resulting 

from overflow over the shorter walls. 

 

Interpretation of results. Comparative hydraulic 

model tests of the conventional retaining-wall 

dissipator [2, 5] and the energy-dissipating diffuser 

were conducted for two test programmes: (i) varying 

discharge over the range 0.6 < H/d < 1.6 with no 

tailwater submergence; (ii) varying tailwater depth at 

constant head H/d = 1.1. Diffuser dimensions were 

selected at H/d = 1.1 using the design relationships 

derived from the statistical model. 

Under varying discharge without submergence, the 

conventional dissipator produced intense fountain jets 

at each wall and a supercritical regime with repeated 

oblique wave crests along the entire discharge channel 

at all tested heads. A direct hydraulic jump appeared in 

the channel only after substantial tailwater rise. By 

contrast, the diffuser basin exhibited a subcritical flow 

regime at all discharge levels: a transit jet and a well-

developed surface roller were visible inside the basin, 

with fine ripples on the water surface confirming 

subcritical conditions immediately downstream of the 

walls at every tested head. 

As discharge increased (H/d from 1.0 to 1.4), the 

transit jet in the diffuser basin progressively widened. 

At the highest tested head, a “bridge-type” hydraulic 

jump formed — a combination of one direct hydraulic 

jump at the end of the spreading zone flanked by two 

symmetrical oblique hydraulic jumps oriented nearly 

parallel to the converging walls. This stable three-jump 

configuration proved to be the principal energy-

dissipation mechanism of the diffuser at high 

discharges. 

The near-bed relative velocity downstream of the 

diffuser beyond the spreading zone was approximately 

three times lower than that downstream of the 

conventional design (Fig. 3), confirming the qualitative 

flow observations. 

 

 
Figure 3 – Comparison of near-bed velocity profiles: 

energy-dissipating diffuser vs. conventional dissipator 

 

Conclusions.  

The development of active-type dissipators for two-

dimensional turbulent flows, extending an established 

pressureless diffuser concept [4] from one-dimensional 

to spatial-flow conditions, proved highly promising. 

Based on hydraulic research of the two-dimensional 

turbulent flow spreading zone, it was established that 

an active-type dissipator must include two flow-

deflecting walls positioned at the cross-section of 

complete spreading along the lines of convergence of 

oblique hydraulic jumps. Wall height must ensure the 

possibility of surface overflow. 

Statistical models obtained from an approximate D-

optimal experimental design allow selecting optimal 

ratios of structural elements to form a discharge 

channel flow with specified hydraulic characteristics, 

ensuring maximum energy dissipation with maximum 

uniformity of the plan velocity distribution. 

The “bridge-type” hydraulic jump is an effective 

dissipator of excess kinetic energy of a two-

dimensional freely spreading turbulent flow. The 

dissipator structure — two flow-guiding walls set along 

the oblique hydraulic jump fronts allowing surface 

overflow — stabilises the direct hydraulic jump and 

renders it practically independent of discharge 

magnitude and tailwater level fluctuations. 
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Імітаційні моделі роботи конструкції нижнього б'єфу  
дорожніх водопропускних споруд 

 
Аннотація. Розглядається проблема гасіння надлишкової кінетичної енергії потоку в нижньому б'єфі дорожніх 
водопропускних і водовідвідних споруд. Наведено аналіз роботи гасителів енергії активного типу на основі концепції 
безтискового енергогасячого дифузора. Розглянуто три основні типи впливу гасителя на потік [1–3, 11–12]. Визначено фактори, 
що визначають ефективність роботи просторового енергогасачого дифузора: параметр витрати, відносна ширина відвідного 
русла, ширина горловини, кут встановлення стінок та їх висота. Для отримання статистичних моделей роботи дифузора 
реалізовано наближений D-оптимальний план експерименту. Проведено порівняльні гідравлічні модельні дослідження 
стандартного гасника та енергогасачого дифузора за різних витрат та ступенів підтоплення нижнього б'єфу. Встановлено, 
що відносна придонна швидкість за дифузором поза зоною розтікання майже втричі менша, ніж за стандартним гасником. 
 

Ключові слова: гаситель енергії, водопропускна споруда, гідравлічний стрибок, енергогасачий дифузор, нижній б'єф, 
кінетична енергія, дорожнє водовідведення 
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