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ABSTRACT

This study presents the analytical modelling, design, andéhydraulic validation of a submersible
threshold hydraulic micro-dam for rfural hydroelectric ‘production on non-diverted low-head
rivers. Installed directly in the river, this micro-dam offers a technically and economically viable
solution to meet the growing eléetricity demandin rural sub-Saharan communities, particularly
in the Republic of Congo, “while” promoting renewable technologies and sustainable
development. This work's contribution is, the development and validation of a simplified
analytical model derived‘from/the 1D,Saint-Venant equations, systematically compared with
two-dimensional numerieal simulations in COMSOL Multiphysics, applied to a case study of
the Douni River in'the Republiciof Congo. The analytical model enables the estimation of flow
speed distributionsy, pressuresinand hydraulic power along the micro-dam channels. Results
indicate average flowyspeeds of 4.46-9.82 m/s per channel, far exceeding the measured river
velocity?6f10.297 m/s. Hydraulic power outputs of 7.13 kW to 28.96 kW per channel (14.26-
57.92 kW for a twe-channel system) for water depths ranging from 0.22 m to 0.10 m under
supereritical flow, conditions. The average relative deviation between the analytical and the
fumerical simulation results remains below 5%, confirming the validity of the proposed
simplified' method for preliminary design. These values correspond to a maximum slope of 21.8°
(40%per channel) and a minimum drop of 1 m. The submersible threshold hydraulic micro-dam
demonstrates potential as an integrated hydraulic-hydroelectric solution for small rivers in rural
villages, where conventional flow diversion is limited by the absence of natural slopes and high
banks. This study is limited to two-dimensional simulations and uniform steady-state flow
assumptions and provides a reliable basis for designing low-cost, sustainable micro-
hydroelectric systems for electrification in remote areas.
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INTRODUCTION

Rural electrification is a central issue in Africa, where nearly 600 million people lack
consistent access to electricity, and the average rural electrification rate in sub-Saharan Africa
is only 34%. In the Republic of the Congo, the situation is more critical despite an estimated
hydroelectric potential of 27,000 MW; only 1% is currently exploited in 2025, and
electrification rates were 49% in urban areas and only 12% in rural areas. This significantly
hinders the development of the economic and social environment in isolated regions, as grid
extension to remote areas remains technically and economically challenging [1], [2].The
resolution of these problems also requires an off-grid electrification approach that exploits local
resources. Decentralized systems based on renewable energies offer a credible alternative.
Among them, micro-hydroelectricity occupies a privileged position due to its gontinuous
production and low carbon footprint. Hydropower is both one of the most widely used
renewable energy sources and the largest single contributor to global electricity genetation,
supplying approximately 14.3% of global power generation in 2024 andssupporting\power
system flexibility in more than 150 countries [3], [4]. The global hydropower flcet,expanded
by approximately 24.6 GW in 2024, including both conventional andpumped-storage capacity,
underscoring its enduring role in the energy landscape.

Hydroelectric microsystems offer a sustainable and reliable¢ theans of directly harnessing
hydraulic resources near villages, particularly rivers with very low or*me‘head. Among the
technologies, the submersible threshold hydraulic micro-dam(STHMD) offers the advantage
of minimizing environmental impact while ensuring continuous energy production adapted to
local needs [5], [6]. They represent an innovative selution forenergy recovery in very low-fall
rivers (h<0.2 m), as the geomorphological configuration of the watercourses makes it
challenging to construct traditional diversion$ or leakage channels due to high banks, dense
vegetation, and strong seasonal fluctuations in water level'{7]. A submersible sill is a concrete
structure at the riverbed that creates a cofitrolled bedy.of water without interrupting flow. This
type of dam avoids the environmental impactstassoctated with conventional dams, promoting
ecological continuity. With twogpatallel flow ‘channels, the studied network provides a
controlled distribution of flow t0 turbines, thereby increasing hydraulic stability and reducing
energy losses due to turbulenee [8]: The first design studies of submersible thresholds have
highlighted the complexity, of the imteractions among upstream load, partial flooding, and
energy dissipation [9]4[10]. Experimental and numerical approaches have made it possible to
identify the transient flow regimes between free and submerged threshold, notably via the
Villemonte submerged-weir diSeharge equation 1947 [11], [12], and recent studies based on
computational fluid dynamies (CFD) allow us to revisit this approach by explicitly resolving
the transition between free and submerged flow regimes [13], [14]. Work on modelling gently
sloping fectangulary channels has evolved toward integrating the k-¢ turbulence-coupled
averaged Navier;Stokes equations to estimate the speed distribution and distributed head loss
[15]*These validated models in software such as COMSOL and ANSY'S Fluent enable analysis
of,the stability of the water profile as a function of slope and roughness [16]. Despite the
progiess, the study noted that the configuration examined is underrepresented in the literature.
Several'authors have explored single-channel configurations with forced lines, sometimes very
long, on sites whose geomorphology favors overflows, falls, or natural elevations ranging from
3 to 5m [17], [18]. In addition, little research addresses the short double-channel configuration
with a submersible threshold placed directly in the river, oriented downstream, creating an
artificial fall greater than 0.50 m as an integrated system, which constitutes the main
contribution of this study. Flow control in each channel is typically achieved using flat steel
gates [19]. The complete modelling of this STHMD with two identical channels in parallel
presents the challenges of precise calculations of the flow distribution influenced by the
geometry of the threshold and the pressure losses, the prediction of the non-uniform flow
regime and dynamic submersion conditions, and the evaluation of the hydraulic power
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available for each channel before mechanical conversion. These aspects require a Multiphysics
approach that couples the flow and energy equations through experimentally validated CFD
simulations. Several commercial and research tools are commonly used for open-channel flow
analysis and hydraulic design, including numerical modelling software such as HEC-RAS,
MIKE 21, ANSYS Fluent, and COMSOL Multiphysics. These tools provide detailed
simulations of flow behaviour, often using multidimensional numerical methods. However,
their application generally requires advanced computational resources and specialized
expertise, which may limit their use in rural or resource-constrained environments. In this
context, the present study aims to model and design a STHMD under real operating conditions
and to develop a simplified analytical hydraulic model for predicting flow behaviour in such

directly in the river, validated through a two-dimensional numerical simulation in"COMSOL
Multiphysics, ensuring its reliability for engineering applications. By systemati¢ally aring
analytical predictions with numerical results, this work provides a reliable

low-cost, sustainable micro-hydropower solutions for rural hydroel
MATERIALS AND METHODS

This section presents the methodology adopted in th , Imcluding the description of
the study site, the hydrological data used, and the modelling ‘approaches applied. It outlines the
main assumptions, analytical formulations, and at 1 tools employed to investigate the
hydraulic behaviour and hydraulic energy potential ¢ proposed micro-dam system.

Presentation of the site and hydrologi at

The studied submersible threshold hydraulieymicro-dam is intended for a river, the Douni
(Figure 2), non-navigable with ve hydraulic head (<0.2m), typical of rural areas in the
northern part of the Republi'g 01 in' the basin department, in the sub-prefecture of

Makoua, at the village of Isson

Y X< A e

Figure 2. River Douni-village Issongo, Cuvette, Figure 1. Study area, River Douni-village
Republic of the Congo. Issongo, Cuvette, Republic of the Congo. Google map.

The system's measurement and installation area on the Douni River is located between two
bridges: an old bridge on which the measurements were carried out, and the new bridge. The
map (Figure 3) of the Douni River catchment illustrates the origin, quantification, and
dynamics of the water that will supply the mid-dam with a submersible threshold.
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Figure 3. Map of the watershed of the river Douni. From Institut de Recherche
en Sciences Exact et Naturelles (IRSEN) Congo.

This map indicates that basin characteristics determine téservoir size and hydraulic safety
at the operating point (Issongo village) upstredam ofithe Dikouala Mossaka River. The
measurement materials are specified in the methodology [20]. Different materials were used:
the gauging method with a 25 kg Moulinet ‘and assalmon (streamlined lead weight used in
current metering) (Figure 6), consistingdof a device with diameters of 125 and 100mm, a
propeller from 0.125 to 0.500m, an eleetric pulse counter, and the electro-carrier cable wound
on a winch (Figure 5). The movements are made‘along the vertical (depth) and horizontal axes.
Distances via the winch throat for'salmen gauging and a pole for pole gauging [21]. The salmon
was attached to the winch mounted’on ‘aseantilever. The relationships for determining the
average flow rate and thefavetrage, veloeities, various measurements are given as follows,
(according the Figure 4).]22}, |23}

Q =LlHV (1)
which can also be written as,given below:
Q=AV (2)

where [ is the width of the section in meter m, H is the average depth in m, V'is the average speed
in nus ', Avis the stiFface of the wet section in m?, and Q is the average flow rate in m3.s7.

Figure 4. Representation of the speed area method, measuring

flow rates and speeds [22]
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Figure 5. Manual winch used during

measurements.

This enabled obtaining the following average values after several measureme Mnonths
of observation in Table 1.
@ age

Table 1. Average flow and speed of the Douni

Variables Symbol U ‘.‘ﬂk s measured
Average flow rate Q m3/s N 1.178
Average speed Vi 0.297
Wet section Sm 3.41
Width river 7
Max depth r 0.9

The average speed obtained ffom ‘yariousymeasurements was too low to drive turbines, and
be complex during floods or periods of water

Figure 8) y haying: two rectangular smooth concrete channels, identical in water depth
in the ,t) with i = 1,2, a length L, a width b, and a bottom slope S,; of a
bmexsi hold of width B, of height hg(x,t).

Figure 7. Representation of the flow profile in the channels and at the submersible
threshold during flood periods.
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Figure 8. Conceptual representation of the studied network:
(STHMD)

Design methodology of the micro-dam

The design of the submersible threshold hydraulic microsdam(STHMD) is based on a coupled
hydraulic and energy approach that accounts for the specific'éonstraints of non-diverted rivers.
First, the site's hydrological characteristics are defingd based on field measurements, including the
average flow rate and the initial average flow speed.¥Iheseparameters constitute the input data
for the hydraulic modelling. The geometry of the miero-dam, as shown in Figure 7, including the
threshold height, channel slope, and their cross-seetional dimensions, is then determined to create
an artificial head while maintaining flow,contiuity. Rarticular attention is given to ensuring that
the structure remains submerged under normal flew conditions, thus minimizing environmental
impact. The STHMD was designed in SolidWeorks for accurate dimensional representation.

The flow distribution in the two pafallebehannels is evaluated using an analytical model based
on the Saint-Venant equations,which allows the estimation of flow speed, hydraulic power,
Froude number, and the waterdsurface’ profile along the channels. Based on these hydraulic
parameters, the available hydraulic power for each channel is calculated, accounting for head
losses and flow cenditions.*Fhiststep enables assessment of the system's energy production
potential.

Modelling of the hydraulic micro-dam with a submersible threshold

Considenthémetwork of the hydraulic micro-dam represented in Figure 7 and Figure 8
and the conceptual representation below (Figure 8), which consists of two channels and a
submersible threshold. The prismatic rectangular channels are indexed by number i(i = 1,2),
for each channel it has been admitted: h; is the height of the water column (m), Q; is the flow
rate of water in the channel (m%/s), L is the length of the channel (m), b is the width of the
channel (m), B is the submersible sill width (m), and [ the river width (m).

Formulation of fluid dynamics equations on the model STHMD

The three-dimensional design of micro-hydraulic dams for electric power production
requires rigorous modelling of flows governed by the Navier-Stokes equations [24], [25]. For
a turbulent flow where all the transverse forces z, vertical y, and longitudinal x act on the fluid
with a velocity having components V,, V;, and V, with V;(x, y, z, t), the water flow behavior at
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the channel sections and the submersible sill can be modelled by the generalized form of the
developed Navier-Stokes dynamic flow as follows :

d ApVx(xy,zt) | 0pVy(xy.zt) = 9pVy(xy,zt)
ap + PVx\X,y + y + pPVz\X,y =0 (3)
ot ox ady 0z

I(,O {avx(zls,,z,t) + an(;c,i/,Z,t) +V, 6Vx(;c,;l,z,t) s 6Vx(966.zy,z,t)} = k,
avy(,;ty,z,t) + OVy(;c,:,z,t) n Vy aVy(;c.;,z,t) 1y, aVy(;cjz,z,t)} -k 4)
kp {avz(,;,ty,z,t) +V aVZ(J(;,;/,z,t) +V, avz(z,;/,z,t) s aVz(J;,;/,z,t)} = k,
with,
(fer = w +pgx + UV (%, y, 2, t)
{ky = - PEXZD 4 gy + UV, (6, 2, D) ®)
Lk, = —ZE22D 4 pg, + uv?Vglx, 3, 200)

where: , is the density of water (kg.m'3), gy is the accel€ration aleng the axis of the Cartesian

mark (m2.s), P(x,y,z,t) is the pressure (N.m?), and u isdthe dynamic viscosity of water
(kg.m.s).

The equation represents the conservation of. water, momentum as it flows over the
projections of the Cartesian coordinate system.“Fhese equations enable linking the forces and
dynamics of water by integrating the effects of gravitys pressure drops, and buoyancy forces to
predict the actual behavior of water it our hydraulic structure. They are therefore essential for
the design of hydraulic micro-d@msiywith @ movable threshold, where the distribution of
velocities in the channels and‘pressures,directly influence energy efficiency and hydraulic
stability [26], [27]. The equation represents the conservation of mass, also called the continuity
equation. It links velocity variations to/€hannel geometry, thus allowing the determination of
local speeds from wetdsections and flew rates, which provide the basis for modelling flows in
our channels and jets for the.implementation of cross-flow turbines [28].

Modelling of the channels of the studied network

Modelling, the flow channels of the studied network involves establishing the 1D Saint-
Venant equations=For the studied network, different assumptions are considered for applying
the Nawvier-Stokes equations to the hydraulic network shown in Figure 8. Flow projection in
theychannelsiis performed longitudinally. Since water is an incompressible Newtonian fluid,
the viscosity remains constant regardless of the applied stress, and the volume remains constant
per unit, with respect to the bottom slope italicized, the frictions are turbulent and modeled by
the hydraulic slope S¢; ; lateral contributions are treated as inputs (rains, etc.) per unit of length
with q;;(x, t) lateral flow and v;;(x, t) lateral speed. The transverse and vertical speeds are
considered very low compared to the longitudinal speed along the channels, relative to the
bottom slope S, . By applying the different assumptions mentioned above and assuming the
vertical hydrostatic profile, with the integrations on the wet section A;(x, t) = b;h;(x, t) on the
longitudinal Navier-Stokes component, the one-dimensional dynamic equations of flows, the
new equation, which is the equation of Saint-Venant 1D, is given by [29], [30], [31] :
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ohi(xt) | 0Qitxt) _
Qi) | 4 9 [e(, t)] oh; (x D _ g
5 +blax nD) + gbih;(x,t)——=k
with,
k' = gb;h;(x, t)(So - Sf,i) + q,: (x, vy (x, t) (7

Considering the negligible contributions along the channels of the STHMD, a conservative
form of equation (6) becomes:

Ohi(xt) | 10Qi(xt)

ot b; 0x =0 )
9Qi(x,t) QF (x.t) dh (x Y _
at +blax h(xt)]+gbh( =5 =k
with,
k" = gb;hi(x,t)(So — Sr.i) (9)

As elucidated above, the equation (8) ensures that any changein the channel flow rate is
compensated by a corresponding variation in the water sectionor itsysize. The second part
allows the water-level profile to be followed and the flow, rate\to be recovered, thereby
determining the speed in each channel. Knowing thatsthe following relation gives the flow rate
per channel:

Qi t) s 4w (x, t) (10)
The equation (8) can be expressed as a function of\water flow speed and height using equation

(10):

%+i[h-(x O Vi(x, )] =0
2 [hy(x, £).Vi(x, )] €7 % [h(aggh). V2 (x, )] + ghy (x, £) ZE25 (“) " (b
w1th,
K" = gh;(x, t)(Spi — So) (12)

These relations™direetly link flow speed to water height in the channel. For each water
depth value, these relations allow the velocity profile along the channel to be determined. This
heightialso varies,with the period of floods or storms. Thus, for each channel, the following
equatignsare:

e Forchanneli =1:

% 2 [hy (6, 0.V, (6, )] =
[hl(x £). Vi (x, )] + bf - [hl(x 0).V2(x, O] + ghy (x, £) ah1<xt) e (13)
w1th,
ki = ghy(x,6)(Sp1 — So) (14

e Forchanneli =2 :
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%Jri[hz(x £).V,(x, )] = 0
(15)
2 [hy (2, £). Vy(x, )] + b3 o [y (2, ). VE (x, )] + ghy (x, £) 252 = k™
with,
ky" = ghy(x, t)(Sf,Z - 50) (16)

The geometric configuration of the two channels being identical and the two channels
being placed in the bed of the river, thus connected to the same upstream basin and te‘the same
downstream, it is admitted that the dynamic parameters are identical; therefore, the free surface
condition is established:

hy(x,t) = hy(x,t) = h(x,t) (17)
Qec(x, ) = Q(x, t) + Qs(2) (18)

where: Q.. (x,t) is the total flow during floods, Q¢(x, t)is thesadditionalyflow through the
spillway (submersible threshold) during floods, and Q(x, t){s the channel set-aside. In the
absence of floods, the flow Q.. (x, t) is assumed to be zeroybecause alhthe load is concentrated
on the channels, the necessary flow, noted as measured flow, can be written:

= [hy (x, ). V(@ D= 0

(19)
b? = [hy (x, 6). V2 (x, OF + ghat, ) 7222 = ey

From the equation (19), the upperpart shows thatthe flow rate becomes constant, implying
that the discharge remains constant along the channel. This reflects a conservative flow, with
neither lateral inflow nor outflow. Based on this result, the equation of gradually varied flow
profiles at the level of the flows'is giwen byathe relation (20) [32], [33] :

dhi WdSo—Sr,i(hi)
dx ¥ 1-F2(hy) (20)

This relationshipy(20) allows, for the analysis of the flow speed profile or speed field as a
function of water heighty where S, and Fr are respectively the friction slope and the Froude

number given by the expressions depending on the depth of water in the rectangular channels:

_ .2 Q@ ( bl —4/3
Sri(h) = n® (bihy)? (M) 21)
Fri(h)) = n? (b - )2 (bih)™V/? (22)

Generally, for Froude numbers near unity, flow in inclined channels can be characterized
as critical, supercritical, or too fast; in the latter case, the regime a subcritical. This value
enables analysis of the fluid speed at the channel outlets.

Determination of flow parameters in the channels

Sizing studies of hydraulic structures with channels are generally carried out in a steady-
state, uniform regime, which a still relatively uncommon in practice but is crucial because it
allows analytically determining the hydrodynamic values at the channel level. In this context,
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the geometric quantities no longer vary with the flow direction and remain constant over time.
Within the studied network, the flow rate, water depth, and wet section remain constant

throughout the channels. However, the flow remains turbulent due to local random fluctuations
in the water, while the overall dynamics remain stable. Therefore, it is noted that the slopes S,

and s, are equal. For permanent, uniform flows, the Manning-Strickler formulation is used to

determine specific quantities for free-surface flows. For uncovered rectangular channels i(i =
1,2) in smooth concrete, the channel roughness (Manning coefficient) n is generally low but
not negligible [34], [35]. Different parameters are determined:

e Flow speed at each channel

Knowing in the context of the studied network, the width of the channels is not significantly
greater; the following relationship can determine the water flow speed at the level of thesicro-
dam channels:

1 bih; 2/3
Vi=2 (bi+2hi) S0 23)
e Flow rate for each channel
1 bih; \2/3 41
Qi - ;bihi (bi+2hi) .SO (24)

This equation also enables the determination of the bottom slope (friction slope) as a
function of the flow rate.

e Pressure losses in the channel

The losses in the channels of theshydraulic miero-dam with a submersible threshold are
due to friction during the flow of fluid (water) along the channel of length z and by singularity
(control valve, protective gray, etc.).

The friction losses, also calledndistributed losses Af gistriputea (M) are modelled by the
Manning formulation:

—4/3
_ n27 172 (_bili
Rraiseributea = N°LiV; (bi +2hi)

(25)
The singulaf Tosses‘at the/channel level, also called local losses, noted hy,. ; are measured by
the following,relationship:

V2

hloc,i = KZ (26)

where: K represents the specific coefficient of the singularity, with j(j = 1,2, ...), the
number of singularities.
By summing equations (25) and (26), one can easily deduce the total losses for each channel

by the following relation:

_ ¥ 27 2 (_bihi \"*3
hy = K-+ 2L, (m) 27)

e Hydraulic power for each channel

Journal of Sustainable Development of Energy, Water and Environment Systems 10
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The two-channel submersible threshold micro-dam allows for a partial retention of the flow
required to drive turbines by optimizing channel slope, thereby increasing flow speed. The
difference in heights noted H,, ; between the upstream and downstream of the channels makes
it possible to estimate the hydraulic power in each channel after substitution of losses by the
following relationship [36] :

Pn; = pgQiH,, (28)

where: H,, ; is the proper height between the water intake point and the channel outlet point.
Given the relationship between specific energy and channel depth, the useful power is written
as a function of local losses (grid and valve) and specific energy. This difference gonstitutes
the useful hydraulic load:

Py = pgQ; [hi + (1 -K) Z_lg] (29)

Modelling of the spill: Submersible threshold

In the context of the studied micro-dam, the submersible threshold is a spillway. It is
constructed of smooth concrete and is directly integratedvdntowthe riverbed. In this
configuration, the threshold regulates the upstream level and flow tate, thereby maintaining a
sufficient hydraulic load to supply the two flow chananels leading to the crossflow turbines. The
modelling of the threshold is generally done for@ normal exploitation, in a free flow (non-
submerged) regime according to KINDSVATER and CARTER (1957) [37] by the following
relation:

Q5= CyB[2gH.” (30)

where: C,; represents the ceefficient ef the large peak spillway. For our study, the
submersible threshold is designéd for freée-flow baseflow; however, temporary flooding during
flood periods is normal and@éeeptable. In the event of temporary flooding, for a few hours or
days, the downstream levelxisesto Hy. Fhe regime then becomes half-free until the excess flow
is evacuated and H, falls back, accending to equation (30) associated with the coefficient of
Brater and King (1976), Thus, the threshold is modelled by:

Qsier = CdB\/ZHf/Z [1 B (Z_i)

where: @ ¢ répresents the flow rate at the level of the submersible threshold during
temporalfloods. This relationship enables a thorough analysis of the influence of floods on the
spillway, which'ean reduce the available payload.

| (31)

Determination of the Reynolds number and flow regime

To characterize the flow regime within micro-dam channels, the Reynolds number (Re) is
commonly evaluated using the channel height and flow velocity. This dimensionless parameter
provides essential insight into the nature of the flow and allows distinguishing between laminar,
transitional, and turbulent regimes. Its determination is also necessary to justify the choice of
the turbulence modelling approach adopted in analytical equations and in numerical
simulations. It is calculated by the following equation (32) [38], [39] :

ViDhi
R, = p" (32)
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where: Dy, is the hydraulic diameter of the channel (m).

Two-dimensional numerical modelling using COMSOL Multiphysics

The 2D numerical simulation was performed in COMSOL Multiphysics to validate the
analytical model. Using the analytical approach, the 1D model assumed a permanent, uniform,
gradually varied flow with an average speed distribution. The numerical model implemented
enables the analysis of complex spatial effects, including turbulence, recirculation zones, and
localized energy losses at the channel level, with high precision. Unlike unidirectional
modelling, in which the flow is assumed to be uniform over the entire section, a 2D simulation
was performed, enabling the resolution of 2D equations and the capture of spatial variations in
velocity and pressure fields for equations (3) and (4). This simulation provides @& complete
representation of speed, pressure, and turbulence fields at the channel level, along with their
associated values.

The STHMD numerical model was developed in 2D using the COMSOL, Multiphysics
environment for steady-state simulation (Figure 9). It consists of a river, a dam,‘and,a eoncrete
flow channel with a free water surface exposed to the atmosphere, withmegligibleinflows. The
boundary conditions applied to the model are as follows: the inlet boundaty cenditions have a
prescribed uniform flow speed corresponding to the measured/fiversflow V) = 0.297 m.s™?
on site. The outlet boundary is defined with a fixed atmospheri¢ pressures

Channel Upper walls R

o] ! HHH /\\ i // Bl
- / 7

Outlet — s>

02 Inlet

dam
Figure 9. Two-dimensional numerical domain of the STHMD in
COMSOL Multiphysics showing boundary conditions.

The uppeér.boundary representing the free water surface is modeled using a symmetry
condition, which imposes zero velocity (V' - n = 0) and zero tangential shear stress (t = 0).
Thisycondition prevents any fluid flux across the free surface while allowing unrestricted
tangential flow, thereby correctly representing the physical behavior of an open-channel free
surface in a single-phase flow simulation.

The flow is modeled using the Reynolds-averaged form of the Navier-Stokes (RANS)
equations, coupled and solved using the Shear Stress Transport (SST) turbulence model. The
SST turbulence model was adopted because it combines the near-wall accuracy of the k—o
formulation with the robustness of the k—¢ formulation in the free stream, making it particularly
suitable for separated and highly sheared flows. Some studies show that three-dimensional
models can correct the overestimates of energy and shear typical of unidirectional models [40].
A two-dimensional representation of the micro-dam and its channels was adopted for the
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numerical simulation. Although three-dimensional simulations can provide more detailed
insights. Figure 10 below shows the extremely fine-meshed (Figure 10.a) and the fine-meshed
(Figure 10.b) of the two-dimensional model.

(a) (b)
Figure 10. Presentation of the extremely fine mesh (a) and the fine mesh (b) of
the two-dimensional model of the micro-dam with a submersible threshold.

The full 3D simulations are significantly moregeomputationally demanding and can be
difficult to manage for realistic geometries and ‘€complex flowsconfigurations. This work is
limited to 2D simulations to maintain computational feasibility and keep the analysis tractable.
The extremely fine meshed was adopted for'the,simulations.

RESULTS AND DISCUSSION

This section presents the results obtainedfrom the analytical model and the two-dimensional
COMSOL numerical simudations, followéd by a comparative discussion of both approaches.

Unidirectional simulations of the flow in channels

The raw river@datardonot support the development of significant, stable hydroelectric power
due to fluctuations in rivers'in rural communities (flow rate, speed, and level). The installation
of a submersible threshold hydraulic micro-dam increases flow speed and stabilizes flow. The
general data‘ef the micro-dam are included in the following Table 2:

Table 2. Geometric characteristics of the studied network and parameters used

Variables Symbol Unit Values

Length of the channel L m 2.7
Width of the channel b m 0.6
Exploitable channel height hexp m 0.45

Channel bottom slope So (° or %) 40%/21.8°
Cross section St m? 0.48
Upstream channel height Ham m 1.75
Downstream channel height Hay m 0.75

Net useful drop height Hy m 1

Threshold height Hs m 2.2

Journal of Sustainable Development of Energy, Water and Environment Systems 13



Koua-Mbani, P., Liassa Nkoy, M., et al.

Analytical Modelling and Design of a Submersible Threshold...

Year 2026
Volume 14, Issue 4, 1140732

Variables Symbol Unit Values
Threshold width B m 2.6
Dam length Ly m 7.5
Height dam zone channels Hy m 2.67
Manning coefficient n - 0.03
Coefficient of singular losses K - 0.2
Density of water p Kg/m? 1000
Gravitational acceleration g m.s? 9.81
Dynamic viscosity M Pa.s 1.0x1073

The previously integrated Saint-Venant equations have been solved numerically4in the
framework of a uniform and gradually varied permanent flow, allowing us to“the,main
hydraulic parameters along the rectangular channels. The analyticalg,calculations were
performed in Excel using an interactive model that included analytical formulas for'the sections
and hydraulic quantities. For these calculations, the above parameters were carefully
considered during the micro-dam's design to ensure realism. Table 3 below shows the values

and hydraulic power per channel, rounded to 102, for water depthStanging from 0.1m to 0.20m.

Table 3. Hydraulic speeds and powers per’ STHMD channel.

Maximum speed

Theoretical hydraulic

Depth (h=y) Mean flow Speed per channel power per channel

per channel (m/s) (ra/s) (KW)
0.10 9.82 10.80 28.96
0.11 8.92 9.82 24.09
0.12 8.18 9.00 20.40
0.13 7.55 8.31 17.54
0.14 701 7.71 15.29
0.15 6.54 7.20 13.48
0.16 644 6.75 12.01
0.17 597 6.35 10.80
0.18 545 6.00 9.80
0.19 5.17 5.68 8.96
0.20 491 540 8.25
021 4.67 5.14 7.65
0.22 4.46 491 7.13

This allowed us to obtain the speed figures, the Froude number, the useful hydraulic

powertand the profile of the water line in the channels. The Figure 11, Figure 12, Figure 13
and Figure 14, present the simulation results given by the following curves:
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Figure 11. Water flow speed-in the channel (m.s™)
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Figure 12. The Froude number depends on the channel's water depth.
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Based on the studied conditions, Table 4 represents the results of Reynold number with the
main values of water depth and flow speed in the channel:

Table 4. Reynolds number and flow regime

Depth . Hydraulic Mean speed Reynolds number
(h) Diameter of the analytical results (m/s) (x10°)
channel (m)
0.10 0.150 9.82 14.72
0.15 0.200 6.54 13.08
0.20 0.240 491 11.78
0.25 0.273 3.93 10,70
0.30 0.300 3.27 9.82
0.35 0.323 2.80 9.06
0.40 0.343 2.45 8.41
0.45 0.360 2.18 7.85

For all depths in the channel, the Reynolds number range§ from approximately 7.8x10° to
14.72x10°, confirming fully turbulent (Rel] 40004 flowsconditions throughout. This result is
physically consistent with the conservation of flow tate. Indeed, as water depth increases, the
mean flow speed decreases proportionally,.and the»Reéynelds number decreases accordingly.
This confirms the suitability of the turbglent régime for the analytical approach and of the
Reynolds-averaged Navier-Stokes (RANS) equations:

Unidirectional analysis and discussion

Calculations based ofi the) integrated equations for the studied model enabled the
determination of the mainthydraulie:and energy parameters as a function of water depth varying
between 0.10m and 0:45m. Theesults show a consistent evolution of speed, Froude number,
head loss, and hydraulic'powetacross the study area. The critical depths translate the local
trend of the flow'profileyltiis observed that below the critical depth, the flow is supercritical;
beyond it, the slopesbecomes weakly positive, confirming a gradually varied, stable flow. The
specific head, losses, are low relative to the channels' geometric slope, which supports the
validity, of the quasi-permanent flow assumption adopted in this study. The curve indicates a
marked dectease in average speed with increasing water depth in the channels. For water depths
0£0.10-0.22 m, mean flow speeds of 4.46-9.82 m/s per channel are observed, corresponding to
veloeity amplification of approximately 15-33 times the initial river velocity of 0.297 m/s. This
acceleration confirms the STHMD's ability to generate supercritical flow conditions suitable
for driving crossflow turbines. Therefore, reliable hydroelectric production is achieved [41].
This configuration enabled the theoretical hydraulic power range of 14.26-57.92 kW. After
taking into account the local losses due to the singular losses caused by the grids (trash racks)
and control valves, the net hydraulic powers, which are significant, decrease from 55.08 kW to
13.68 kW between 0.10m and 0.22m for both channels, representing a reduction in losses to
4.9% and therefore a hydraulic efficiency of 95.1%. This result confirms the approach that, for
hydraulic micro-dam systems used for hydroelectricity, limiting head losses to 5% of the net
head height is a good sizing rule. The pressure losses at the channel level in the model studied
account for almost half of the indicated percentage; they are low but not negligible, as for low-
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power run-of-river structures, a rigorous estimation of losses is essential to ensure reliable
production [42], [43]. The other observation is that outside this interval, the theoretical power
gradually decreases until it reaches a stable value of approximately 7.86 kW (starting from
0.45m); this pattern is the same as that observed at the speed level. The results of our model
confirm the validity of the 1D Saint-Venant model for a hydraulic micro-dam channel with a
submersible threshold. Still, it remains overestimated in the absence of three-dimensional
effects. Therefore, in this study, a validation using two-dimensional modelling in COMSOL
Multiphysics is necessary to refine the parameter distribution.

Two-dimensional analysis and discussion

The 2D simulation, combined with the SST turbulence model and fine meshing;, provides
accurate predictions of speed and pressure, sufficient to validate the analytical model andd@ssess
hydraulic performance. The simulation of flows was carried out according to the water level in
the channels with a step of 0.05m to limit the images, unlike the step chosen Wwith analytical
calculations, which allowed obtaining the following speed and pressure fields for the flow
levels & (0.10m, 0.15m, 0.20m, 0.25m, 0.30m, 0.35m, 0.40m et 0.45m) in,Figure\15 bellow :
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Figure 15. Two-dimensional velocity fied (m/s) and Two dimensional pressure field (Pa)
simulated in COMSOL Multiphysics for different flow height h(m) per channel.

The results from analytical modelling and CFD-2D simudations, using COMSOL Multiphysics
demonstrate satisfactory overall consistency for the averagedlow velocities and pressures in
the micro-dam channels at the submersible threshold™*Figureil5 indicates that the simulated
velocities are very close to the analytical rangesyactoss allichannel depths when a step size of
0.05m 1is used, with an average relative errot of less ‘than 5%, confirming the validity of the
theoretical model based on the Saint-Venant mtegratediequations. For the maximum water
height in the channel ( #=0.45m), the simulated averageé speed differs by only 12.8% compared
to numerical calculations. This diffetence gradually decreases with increasing channel depth,
reflecting a convergence of models inyfasterdlow regimes. Relative differences of 6.57% and
1.80%, respectively, in the heights of 0.30m and 0.10m were observed [34]|. These
discrepancies are explaingd “by“the approximations introduced in the unidimensional
formulation, a hypothesis on permanent and uniform flow, which tend to neglect the three-
dimensional effects of turbulence (here observed at the entrance of the channels) and shear
stresses near the wallsy, capturedyby CFD models; the simulation also shows a quasi-linear
increase in pressure with the reduction of water height, from 7.62 kPa to 30.19 kPa respectively
for heights 0:4Smiand 0.10m [44]. This trend reflects the progressive conversion of potential
energy into negativerenergy as the wet section decreases and speed increases. The numerical
results, therefore, confirm the expected behaviour of a gradually varied flow at high slope and
validatesthe assumptions used and the hydrodynamic consistency of the analytical modelling,
thereby establishing the relevance of the method for refining the distribution of velocities and
pressures, iny, the channels of the submersible threshold hydraulic micro-dam. Table 5,
following, confirms the validation of the analytical model by comparing the speed results of
the Figure 9 with the numerical approach, through the extraction speed from the COMSOL
results:

Table 5. Speed analytical results vs speed COMSOL numerical results

Speed from
Depth (h) Mean speed COMSOL results Gap speed
analytical results (m/s) (mis) (%)
0.10 9.82 10.00 1.80
0.15 6.54 7.00 6.57
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Speed from
Depth (h) Mean speed COl\I/)ISOL results Gap speed
analytical results (m/s) (%)
(m/s)

0.20 491 5.00 1.80
0.25 3.93 4.50 12.66
0.30 3.27 3.50 6.57
0.35 2.80 3.00 6.66
0.40 245 2.50 2.00
0.45 2.18 2.50 12.8

A comparison between the analytical model based on the Saint-Venant equations and the
numerical results obtained using COMSOL Multiphysics was carried out fon'different water
depths. The results in Table 4 show a good overall agreement between the two.approaghes, as
shown in Figure 16. The relative deviation in flow speed remains low, generallysbelow 10%,
with most values ranging from 1.8% to 6%. This confirms the analytical model's ability to
accurately predict the mean flow behaviour in the channel.

12 ;
I === [\|ean speed (m/s) analytical results
i Speed from COM SOL results (m/fs)
10 4 [l (5ap speed (%) i

Speed (m/s)

: : e :
010 0,15 0,20 0,25 030 0,35 0,40 045
Depth (m)

Figure 16. Comparison of analytical and numerical approaches results

At lower watendepths (/4 =0.10—0.20m ), as shown in Figure 16, the variation remains very
small_(arfound, 1.8%-6.6%), indicating that the simplified analytical model captures the
dominant flow physics well under shallow flow conditions. However, for the intermediate
depths (& =0.25m and h=0.45m ), slightly higher discrepancies are observed (up to
approximately 12%). These differences can be attributed to the increasing influence of complex
flow phenomena such as turbulence, recirculation zones, and two-dimensional effects, which
are not fully captured by the one-dimensional analytical formulation but are resolved in the
numerical model. Despite these localized differences, the global trend of velocity variation with
water depth is consistently reproduced by both approaches. The analytical model correctly
predicts the inverse relationship between flow depth and speed, as confirmed by the numerical
simulation. These results demonstrate that the analytical model provides a reliable and efficient
tool for preliminary design and engineering estimation of flow characteristics in the proposed
micro-dam configuration.
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CONCLUSIONS

In this study, the methodological approach made it possible to model, design, and analyze
the behaviour of the hydrodynamic flows of a submersible threshold micro-dam intended for
electricity production, based on the Saint-Venant integrated equations, and a 2D numerical
simulation under COMSOL Multiphysics, to validate the theoretical results of the flow in the
channels. Analytical calculations enabled the determination of the speed profiles, Froude
numbers, load losses, and useful hydraulic power for water depths ranging from 0.10 m to 0.45
m. It has been shown that the average speeds in each channel range from 2.18 m/s to 9.82 m/s,
depending on the height of the water column, corresponding to supercritical flow at shallow
depths and subcritical flow at water depths approaching 0.45 m. The theoretical hydraulic
power per channel is approximately 28.96 kW, yielding an estimated total of 57.92&kW across
the two parallel channels, confirming the device's energy potential. The results of the numerical
simulation showed a very good agreement with the analytical values, with an average etror of
4.03% on the speeds. The simulated pressures, ranging from 7.62 kPa to 30:19 kPa, reflect'the
gradual convergence of potential energy, while the velocity field distribution, Supports the
validity of the gradually varied flow hypothesis. These results demonstrate the model's physical
consistency and the relevance of combining an analytical approach'with namesieal simulation
for the design of small-scale hydraulic structures. Comparedstoumicro-dams with diversion
channels and penstocks, whose application is generally limited to sitesswith high head, the
proposed STHMD enables electricity generation from small rivers with very low or nearly zero
natural head in rural communities. Methodologically, this'study combines a simplified model
based on the 1D Saint-Venant equations with a 2Dspumerieal simulation using COMSOL
Multiphysics to validate flow distributions, speed, and hydraulic power in a low-fall river
context. This approach explicitly addresses the shott, double-channel configuration, with a
submersible threshold placed directly in_the tiver, a cefifiguration underrepresented in the
literature. This work demonstrates the potential ofSTHMD as a sustainable, low-cost solution
for rural electrification in sub-Saharan Africajparticularly for rivers that cannot be diverted
conventionally due to geomorphological constraints. The study provides practical guidelines
for designing integrated hydradlic-hydreelectric micro-dams suitable for rural communities
with minimal natural slope and,limited hydraulic heads.
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