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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
(B > 1) required further development and is addressed
in the present paper.
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Direct hydraulic
Jump front
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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
dischargesq, mean velocitiesu, depthsh, 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 hg; wall installation angle a; wall length lg;
relative channel width S = 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 o may range
from amin to 90°, where amin is the reflection angle of
the outermost streamline of the expanding supercritical
flow from the lateral wall. At o> amin, dynamic loads
on the walls increase sharply, SO o=omin 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 F,, which is
a two-valued function of discharge for circular pipes,
was replaced by the flow rate parameter I1g, 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 Iy; (2) relative
channel  expansion g =B/b;  (3)relative  throat
opening a/d; (4) relative wall angle a/op; and
(5) relative wall height hs/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 apr corresponding to complete flow
spreading. The wall position was fixed at the full-
spreading cross-section Ly and was not treated as an
independent variable, as it correlates with g and I7;.

Additional experiments were conducted to
determine opr and L,/d as functions of relative
expansion. Results are given in Table 1.

Table 1 — Effect of relative channel expansion
on apr and L/d

Por 30|40 | 50|60 70| 80
1521123 (129|139 |14.8| 16.0
1.04 1130|176 |215|2.63| 3.16

Qpr, °

Lps/d

The flow rate parameter K,q was defined as the
ratio Knq=exp(Ily)/exp(llgmin), Where Ilgmin IS  the
boundary value at which fully-developed oblique
hydraulic jumps first appear. Its variation range and the
corresponding 11y values for three channel widths are
given in Table 2.

Table 2 — Variation range of parameter Knq and
corresponding flow rate parameter I7q

Flow rate parameter I1j
Ko p=3.0 p=355 p=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
Knq Xi 1.000 1.617 2.234
B X, 3.0 5.5 8.0
a/d X5 0 0.5 1.0
o/apr X4 1 2 3
hs/d Xs 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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Yi=(W-W,)/W, 1)

where W is the required bed protection area for free
spreading of the supercritical flow without the diffuser,
and W, is the protection area with the diffuser installed.
The larger Yi, the greater the reduction in required
protection length. To verify the objectivity of Y,
additional tests on a mobile-bed model (3 m long, 0.5 m
deep) established a close relationship between Y; and
the relative scour volume:

Y2/ Y= (V/ Vp)2'5, (2)

where V and V, are scour volumes without and with the
diffuser, respectively. This confirmed the validity of Y:
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:

Yz = sign - Z[(u, — )2/ (U. (n — 1))]12, 3

where u, is the actual mean near-bed velocity in the
measurement cross-section; U, 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 Y> 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)

NeNe | X; Xo Xz X¢ Xs | NoNe | X; Xo X5 X4 Xs
1 S R I 16 1 #1 +1 1+
2 +1 -1 -1 1 -1 17 -1 o 0 o 0
3 -1 # -1 -1 -1 18 +1 o 0 o 0
4 #Ho+ 1 4+ 19 o 1 0 0 0
5 -1 -1 1A -1 20 0 +1 0 o 0
6 +1 -1 +1 1 +1 21 0 0 -1 0 0
7 S 22 0o 0 # 0 0
8 1 +1 + A -1 23 0 0 0 -1 0
9 -1 -1 -1 +1 A1 24 "] 0 0 +1 0
0 |+ 1 1+ o+ 25 o 0o 0 0 A
11 S 26 0 0 0 0
12 +1 o+ -1 +1 -1 27 0 0 0 0 0
13 -1 -1 +1 o+ o+ 28 0 0 0 0 0
14 +1 -1 +Ho+ A 29 0 0 0 0 0
15 o S S N o S |

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 S?, exceeded the variance of
reproducibility [11] S% 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)

NeNe | Yy Y; NeNe | Yy Yo | NeNe | Yy Y;

1 1275200052 | 11 | 2366 |-00279| 21 | 195100287
2 | 262900372 12 | 1002 | 0137 | 22 | 1830 0.0202
3 | 113600096 | 13 | 1232 | 01174 | 23 | 1.839 | 0.0042
4 | 1153 |-00026 | 14 | 1665 | 0.1121 | 24 | 1485 | 01731
5 | 2113|0026 | 15 | 1237 | 00326 | 25 | 1414 0.0622
6 | 1.863 | 00353 | 16 | 0946 | 0.1102 | 26 | 1.397 | 0.0716
7 | 093200033 | 47 | 1175 0.0604 | 27 |1.707 | 0.0359
8 | 0944 | 00606 | 18 | 1545 | 00164 | 28 | 1732 0.0372
9 | 186800363 | 19 | 241500952 | 29 | 168200428
10 | 4176 | -0.0459 | 20 | 1.29 | 0.0126

Following sequential augmentation of the experimental
plan with additional points at which the prediction error
was highest, incomplete cubic interaction terms of the
form B; X;2X; and triple interactions were progressively
added to the model. A statistically adequate model was
obtained:

Y1 =1.6434 +0.2010X: — 0.5376Xz —
0.0573X;s — 0.1627X+ + 0.0082X;5 +
+ 0.0791X:1X> — 0.0624X:X; — 0.0940X:.Xs +
0.0558X:.Xs +
+ 0.1790X>X5 + 0.1164X2Xs — 0.1494X:X5 —
0.4194X:X: — 0.2983X:X5 +
+ 0.1865X:Xs — 0.2391X:° + 0.2611X2* + “)
0.2833X:% — 0.1951X5* +
+ 0.2275X:°Xs + 0.3316X4X5 + 0.1611X°Xs
— 0.1482X5°X; +
+ 0.2371X:X:X5 + 0.1020X:X:X4 —
— 0.2459X:XX;.

The adequacy check gave F=82,/S%=
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 Xi=-1 to Xi=+]
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 B from 3
(X2=-1) to 8 (Xz=+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 Xs) has only a minor influence on
the mean velocity profile, except that a fully closed
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throat (Xs=-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.
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Figure 2 — Influence of governing factors on the near-
bed mean velocity profile (X = 0 baseline and +1
variants)

Increasing the relative wall angle a/opr (factor Xa)
raises the near-bed mean velocity by 20-30% and
makes the profile monotonically decreasing beyond
x>0.6. Reducing the wall height (factor Xs) 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.
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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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IMiTauiMHI Mogeni po6oTK KOHCTPYKLT HWKHBOTO 6'edhy

LOPOXKHIX BOJOMPOMYCKHUX Cropyx,

AnHoTauis. PosrnsipaeTbcs npobneMa raciHHS HapJMLLKOBOI KiHETMYHOI eHeprii MOTOKY B HWkHbOMy G6'ethi  JOpPOXHIX
BOLOMPOMNYCKHUX | BOAOBIABIAHUX criopyn. HaBepeHo aHanis poboTu racuteniB eHeprii akTUBHOMO TWUMY HA OCHOBI KOHLIeMUji
6e3TUCKOBOro eHeproracsivoro autysopa. PosrisHyTo TpM OCHOBHI TUMW BrAMBY racuTens Ha noTik [1-3, 11-12]. BusHaueHo takTopw,
LLI0 BU3HAYaloTb eheKTUBHICTb PoBOT MPOCTOPOBOro eHeproracayoro Audysopa: napamMeTp BUTPaTH, BiJHOCHA LLMPWUHA BifBIGHOMO
pycna, UMpWHa FOprioBUHM, KYT BCTAHOBMEHHS CTIHOK Ta 1X BMCOTA. [l OTPMMaHHS CTAaTUCTUUHUX Mogerel poboTh audysopa
peanizoBaHo HabrmwkeHuit D-onTUManbHWA MnaH ekcriepuMeHTy. MpoBedeHO MOPIBHSANbHI FigpaBniuHi MOAENbHI [OCKiMKEHHS
CTaHAAPTHOrO FacHUKa Ta eHeproracavoro Audiysopa 3a pisHUX BUTPAT Ta CTYMeHiB NiATONNeHHs HWKHboro 6'edpy. BctaHosneHo,
LLP Bi{HOCHa MPUAOHHA LLBUAKICTb 3a AMdy30POM M03a 30HOH PO3TiKaHHS MalbkKe BTPUUI MeHLLA, HiXK 33 CTaHOAPTHUM FracHUKOM.

KntouoBi crioBa: racutenb eHeprii, BOGONPOMyCKHa CrOpyAa, rifpaBniuHuiA CTpUBOK, eHeproracauuii oudy3op, HWkKHIA G'ed,
KiIHETMYHA eHeprisi, JOPOXXHE BOAOBIABEAEHHS
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