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Abstract. This article examined the problem of improving the accuracy of water metering at water-metering
facilities in irrigation systems operating under variable head conditions and subject to intensive siltation. The
relevance of this research stems from the need to ensure accurate water flow measurement under unstable hydraulic
conditions and the accumulation of bed sediments, which significantly affect the reliability of the structures and
the efficiency of water resource allocation. The accuracy of water metering is of vital importance to agriculture,
as it affects compliance with irrigation regimes, the rational use of water and the sustainable water supply to the
agricultural sector. Insufficient measurement accuracy can lead to water wastage, disruption to irrigation schedules
and reduced crop yields. The aim of this study was to develop and provide a hydraulic justification for an improved
diaphragm design that ensures measurement stability and reduces the impact of sediment. The study utilised
methods of hydraulic calculation, comparative design analysis and modelling of the structure’s operation under
various flow regimes and head levels. The influence of the orifice geometry, the position of the bottom opening
and the diaphragm configuration on the flow pattern and sediment accumulation processes was assessed. The
results showed that, to improve the accuracy of water metering, it is advisable to use two types of diaphragm: a flat
plate with an adjustable bottom opening and a design with a fixed opening. It was established that the adjustable
opening reduces silting, prevents the cross-section from becoming blocked and stabilises the flow characteristics.
The design with a fixed orifice is effective under stable operating conditions. Calculation data confirm a reduction
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in measurement error, an increase in the stability of the flow coefficient and an improvement in the long-term
operational reliability of the structure. The practical value of this work lies in the ability to adapt water metering
units to various conditions without complicating the design. The proposed solutions contribute to improving water
use efficiency and enhancing water distribution management in irrigation systems

Keywords: water metering structure; adjustable diaphragm; bottom outlet; sedimentation; water metering

accuracy; Chiy Valley

Introduction

Rational management of water resources is a key fac-
tor in the sustainable development of agriculture in
Kyrgyzstan, where agricultural production is direct-
ly dependent on irrigation systems and limited water
resources. The efficiency of water supply affects crop
yields, economic stability and food security, and in the
context of climate variability, there is a growing need
for accurate water metering and rational water distri-
bution. Research by M. Ubaydullaev et al. (2024) shows
that the main problems relate to the dilapidated state
of irrigation networks, insufficient funding and short-
comings in water management, which reduce the ef-
ficiency of land use. Consequently, there is a need to
modernise existing systems, develop new irrigation
networks and improve funding mechanisms. According
to FAO (2022), over 90% of agricultural production in
Kyrgyzstan depends on irrigated land. The intensifi-
cation of climate change is leading to water shortag-
es, which have already caused significant crop losses
during periods of drought. This is linked to rising tem-
peratures, increased water consumption by crops and
a reduction in river flow. Under these conditions, the
role of modern monitoring systems, which enable more
accurate accounting of water resources, is becoming in-
creasingly important. At the same time, the operation of
irrigation canals involves complex hydraulic processes,
including fluctuations in water levels, backwater effects
and the accumulation of bed sediments. Siltation of the
canals alters the flow pattern and reduces flow capacity,
which adversely affects the accuracy of water-metering
facilities. Additional errors arise due to changes in hy-
draulic conditions, under which traditional measuring
devices do not always function correctly. The operation
of irrigation systems is accompanied by complex hy-
draulic processes, including fluctuations in water levels,
non-uniform flow velocities and the influence of head
in the lower reach. A significant factor is the transport
and accumulation of bed sediments, whilst the silting
up of river channels reduces flow capacity and alters
the hydraulic characteristics of the flow. Water gauging
structures are particularly sensitive to these changes,
as the accuracy of water flow measurement depends
on their precise operation. In his research, K. Beishek-
eev (2010) notes the need to develop improved water
gauges for channels with extremely turbulent flow and
proposes a new design, the effectiveness of which has
been confirmed by laboratory studies.

N. Li et al. (2026) established that the presence of
bed sediments in the vicinity of water-measuring devic-
es leads to a distortion of the flow velocity profile and
a redistribution of energy, causing deviations in actual
water flow rates from calculated values. Backwater from
the downstream reach also has a significant effect, al-
tering the hydraulic flow regime and reducing the reli-
ability of measurements. In this regard, water-metering
structures must not only meet accuracy requirements
but also ensure strength, stability and durability when
subjected to hydraulic loads, filtration processes and
possible deformations, which is a prerequisite for their
effective and safe operation in irrigation systems. The
paper notes that sediment deposition is one of the key
factors affecting the accuracy of water metering in ir-
rigation canals. The authors established that sediment
concentration determines the thickness of the depos-
its, whilst the hydraulic parameters of the flow - dis-
charge and bed gradient - regulate the rate at which
they accumulate. At the same time, sediment accumula-
tion leads to a rise in the water level and a systematic
overestimation of the calculated discharge, with errors
potentially reaching significant values under unfavour-
able hydraulic conditions. The results obtained confirm
that channel siltation significantly distorts the relation-
ship between water level and discharge, a factor that
must be taken into account in the operation and design
of water-measuring structures.

An important avenue for improving the efficiency
of water use is the refinement of the designs of wa-
ter-measuring structures used in irrigation canals, as
traditional devices, such as diaphragms and weirs, do
not always ensure accuracy under unstable hydrau-
lic conditions, siltation and variable head. W. Liang et
al.(2026) highlight the need to develop new or upgrad-
ed design solutions. As a promising approach, a defor-
mation device has been developed for measuring flow
rate in open channels, combining accuracy, portability
and low cost. A theoretical model demonstrated a para-
bolic relationship between velocity and the square root
of deformation, whilst the optimal plate parameters
ensured an average error of less than 5%, outperform-
ing traditional propeller flowmeters. Such a device is
particularly relevant for Kyrgyzstan’s irrigation systems,
where outdated hydraulic structures lead to water loss-
es, uneven flow and limited controllability, thereby re-
ducing the overall efficiency of water use.
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Recent studies, including the work of A. Batyko-
va et al. (2024), note that soil cover forms the basis of
sustainable agriculture and depends to a large extent
on rational water management. Disruptions to irriga-
tion regimes lead to waterlogging or water shortages,
causing salinisation, soil degradation and a decline in
soil fertility. These problems are particularly acute in
irrigation systems with non-steady-state flow regimes,
where fluctuations in water levels and flow rates make
it difficult to regulate water supply accurately. Inade-
quate accuracy in water metering under such condi-
tions leads to uneven water distribution and exac-
erbates negative processes in the soil. In this regard,
improving the design of water metering structures that
operate effectively under non-steady-state hydraulic
conditions is a key area for enhancing the accuracy of
water metering, optimising water distribution and en-
suring the sustainability of irrigated land. In the work by
A. Sabitov & I. Uraiimov (2023), it is noted that the use
of accurate and real-time methods for measuring water
flow in open channels and pipelines is key to the effec-
tive management of water resources. One such method
is point-based flow measurement in trapezoidal chan-
nels and circular pipes, which enables the collection
of real-time data for adjusting water distribution and
improving the accuracy of metering under actual oper-
ating conditions. Research by A. Batykova et al. (2023)
notes that organising the efficient use of land and wa-
ter resources within a system of water users’ associa-
tions requires a comprehensive approach combining
rational land use and sustainable water distribution. In
the current context, the development of irrigation sys-
tems is focused not only on improving organisational
management mechanisms (such as hydro-units and
water users’ association service zones), but also on the
introduction of innovative engineering solutions.

The development of irrigation systems in the Kyr-
gyz Republic requires the introduction of modern water
resource management technologies and the improve-
ment of hydraulic structures. In this regard, the devel-
opment of innovative engineering solutions aimed at
improving water use efficiency and the sustainability
of irrigation systems takes on particular significance.
Of particular importance in this regard is the develop-
ment of water-metering devices capable of adapting to
changing flow conditions and ensuring the stability of
hydraulic characteristics in irrigation networks. Taking
into account factors such as variable head, channel sil-
tation and flow irregularities is becoming an important
part of both the technical and organisational aspects of
water management. Despite the progress made, issues
concerning the operational stability of water metering
structures when exposed to these factors remain insuf-
ficiently studied, which necessitates further research
aimed at improving the accuracy of metering and the
rational allocation of water resources in irrigated ag-
riculture. A number of studies have examined the use

of new types of flow meters. In their paper, Y. Sun et
al. (2024) note that the vane flowmeter offers an effec-
tive method for measuring water flow in small-diame-
ter channels. Thanks to its simple design, resistance to
silting and the stable relationship between deflection
angle and flow rate, this device demonstrates high po-
tential for improving measurement accuracy.

The aim of this study was to provide a hydraulic
justification for improved designs of water meter dia-
phragms, aimed at enhancing their operational stability
and the accuracy of water flow measurement under con-
ditions of variable hydraulic regimes and severe silting.

Materials and Methods

The study was conducted under laboratory and semi-in-
dustrial conditions to assess the hydraulic efficiency of
improved designs for water-metering structures with
diaphragms, intended for measuring water flow in open
irrigation canals. The experimental part of the study
was carried out on a hydraulic test rig simulating the
operating conditions of on-farm irrigation systems in
the Kyrgyz Republic, taking into account the charac-
teristic parameters of channel flow, sediment content
and water level variability. The experimental setup
comprised inlet and outlet channels with rectangular
cross-sections, a water-measuring diaphragm with ad-
justable and fixed water-passage openings, water-level
gauges for determining the hydraulic parameters of the
flow, and a device to ensure a submerged flow regime.
The length of the test section was 6.0 m, the channel
width was 0.8 m, and the average flow depth varied
between 0.30 and 1.00 m. The water-level gauges were
installed in the upper and lower reaches directly adja-
cent to the diaphragm, and water-level readings were
taken after the flow had stabilised, i.e. once a steady-
state flow regime had been reached for each specified
opening of the outlet. The flow velocity was regulat-
ed by varying the head and the water discharge in the
system. As part of the study, two modifications of the
diaphragms were developed and tested.

An adjustable diaphragm in the form of a flat metal
plate 3-5 mm thick, fitted with a rounded lower element
of radius R=0.15 m, designed to reduce turbulence and
minimise local hydraulic losses. A non-adjustable dia-
phragm in the form of a fixed wall, made of metal, rein-
forced concrete or concrete, with a separately mounted
rounded element secured by bolted connections.

The geometric characteristics of the structures
were determined taking into account the typical oper-
ating conditions of the irrigation canals in the Chiy Val-
ley. The height of the water outlet varied between 0.30
and 0.40 m, whilst the length of the outlet was taken
to be equal to the width of the channel at the bottom,
which prevented lateral compression of the water jet.
The radius of curvature of the lower edge was calcu-
lated based on the maximum water depth in the upper
reach and determined by the following equation:

50 Bulletin of the Kyrgyz National Agrarian University, 2026, Vol. 24, No. 3



R= O'ZHBmaxr (1)

where R is the radius of curvature of the lower edge, and
Hg,ox 1S the maximum water depth in the upper reach.

The experimental studies were carried out sequen-
tially in several stages. In the first stage, the initial hy-
draulic parameters of the flow were determined: water
discharge, depth, flow velocity and the head difference
between the upper and lower reaches. In the second
stage, the diaphragm structure under investigation was
installed and various flow regimes were modelled, in-
cluding free-flow and submerged-flow conditions. The
submerged flow regime was created and maintained us-
ing a weir and a depression in the riverbed in the lower
reach; the submerged nature of the flow was monitored
visually by checking the water level in the intake sec-
tion of the structure relative to the weir crest eleva-
tion before each series of measurements. During the
third stage, multiple measurements of flow parameters
were carried out at various values of the orifice opening
and head level. The study is based on an analysis of
existing water-measuring structures with diaphragms,
the hydraulic behaviour of flow through openings un-
der submerged conditions, and calculations of the dis-
charge coefficient using formula (1): The main param-
eters measured were: water discharge (Q, m3/s); head
(Z, m); height of the water passage opening (h_(op), m);
effective cross-sectional area of the flow (w, m?); dis-
charge coefficient (p); stability of the hydraulic regime;
and the rate of sediment accumulation upstream of the
structure. The water discharge Q at each measurement
stage was determined by calculation using Equation (1),
based on directly measured values of the head Z and
the effective cross-sectional area w, whilst the obtained
values of the discharge coefficient u were used for the
subsequent assessment of the hydraulic efficiency of
the diaphragm structures under investigation.

The water flow rate was determined using the fol-
lowing relationship:

Q= nwy(292), )

where Q is the water flow rate (m?/s), u is the discharge
coefficient, w is the effective cross-sectional area of the
flow (m?), g is the acceleration due to gravity (9.81 m/s?),
and z is the difference in water levels between the up-
per and lower reaches, m.

To improve the reliability of the measurements,
each experiment was repeated at least five times, af-
ter which the mean values of the measured parame-
ters were calculated. The reproducibility of the results
was verified by comparing the experimental data from
repeated tests and analysing measurement deviations.
The permissible error in determining water flow did
not exceed *3-5%, which meets the requirements for
hydrometric studies of open irrigation channels. A
comparative assessment of the effectiveness of the
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proposed designs was carried out according to the fol-
lowing criteria: the value of the discharge coefficient
(u); stability of the hydraulic regime; the extent of lo-
cal energy losses; resistance to silting; accuracy of wa-
ter flow measurement; and operational reliability of
the structure. Methods of hydraulic analysis, compar-
ative modelling and statistical processing of experi-
mental data were used to analyse the results. Calcu-
lations and the processing of measurement data were
carried out in Microsoft Excel, which made it possible
to identify patterns in the variation of the discharge
coefficient under different operating conditions of the
structure and to verify the results obtained by com-
paring them with existing hydraulic models and data
from recent studies.

Bernoulli’s equation was formulated for cross-sec-
tions 1-1 and 2-2, which pass through the free surface
of the flow in the upper and lower reaches, respectively.
The reference plane 0-0 was taken at the level of the
excavation (sump) of the water-measuring structure. To
analyse the hydraulic conditions, a free-flow scheme is
considered, reflecting the main characteristics of flow
motion in the absence of head. Figure 1 shows the free-
flow scheme.
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Figure 1. Free-flow diagram
Source: compiled by the authors

The flow rate of the submerged flow through the
water meter:

Q = Uwyy/2gz, (3)

where Q - water flow rate through the water metering
structure, m*/s; u - discharge coefficient; w, - area of
the outlet orifice, m?; z — effective head, m; g - acceler-
ation due to gravity, 9.81 m/s2.

Results and Discussion
Traditional diaphragm designs used in open-channel
water metering structures are characterised by a num-
ber of design features that limit their hydraulic efficien-
cy. These features include the presence of a sill beneath
the flow opening, jet constriction around the perimeter
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of the opening, and a relatively short length of the
opening relative to the channel width. Taken togeth-
er, these factors lead to a reduction in the structure’s
flow capacity and a decrease in the accuracy of water
flow measurement. Hydraulic studies of water-meter-
ing structures have noted that the presence of a sill
and sharp edges causes additional local energy loss-
es, as well as contributing to an uneven distribution of
velocities within the flow. Recent laboratory studies by
Z.Wenzheng et al. (2024) also confirm that the geom-
etry of the restricting elements and the nature of the

-1

|

inlet weirs significantly influence velocity distribution,
turbulence and the actual flow rate in critical sections
of the channels, leading to flow rates lower than theo-
retical values, all other things being equal.

A schematic diagram of an improved water-meas-
uring structure with a diaphragm, comprising inlet and
outlet channels, a depression in the riverbed, a dia-
phragm with a water-passage opening, and level gaug-
es installed in the upper and lower reaches. Figure 2
illustrates the structural features of the structure and
the relative positions of its main components.

4
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Figure 2. Schematic diagram of an improved water-measuring structure with a diaphragm
Note: 1 - inlet channel; 2 - outlet channel; 3 - recess in the channel bed; 4 - diaphragm; 5 - water passage; 6 — water level
gauge in the upper reach; 7 - water level gauge in the lower reach

Source: developed by the authors

The design features of the improved formwork devel-
oped by M.V. Butyrin, as well as its spatial configuration

0

and main elements, are shown in Figure 3, which illus-
trates front and side views of the structure.

— = Scm l.—.__

Figure 3. Improved shield designed by M.V. Butyrin

Note: a - front view; b - side view
Source: prepared by the authors

To ensure a submerged flow regime, special design
solutions are employed to regulate flow conditions and
enhance the stability of the hydraulic regime. Figure 4

shows diagrams of the device for ensuring a submerged
flow regime, including a sluice gate and a depression in
the riverbed.
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Figure 4. Schematic diagrams of devices for ensuring a submerged flow regime

Note: 1 - sluice weir; 2 - depression in the riverbed
Source: compiled by the authors

The paper by A. Nicosia et al. (2023) demonstrates
that the outflow process from a linear constriction
under free-flow conditions can be modelled using
dimensional analysis and conditions of incomplete
self-similarity. The proposed equation relating flow
rate to the stage is characterised by an exponent
close to 2 and a coefficient dependent on the angle
of inclination of the device’s side walls relative to the
channel bank, which provides an accurate estimate of
the flow rate with an error of less than *3% in 93.7%
of cases. In conventional water-meter diaphragm
designs, the water flow passing through the orifice
experiences jet compression along the vertical and
horizontal boundaries, which leads to a reduction in
the effective flow area. The presence of sharp edges
and weirs increases flow turbulence and energy loss-
es. This is particularly noticeable in irrigation canals
with high levels of bed sediment: sediment deposi-
tion upstream of the weir gradually alters the geom-
etry of the structure and impairs flow conditions. The
proposed linear constriction device is characterised

by its simple design, ease of installation, low cost and
high measurement accuracy, making it an effective
solution for practical water metering.

In later designs of water-measuring diaphragms,
improvements were proposed aimed at eliminating
these shortcomings. In the improved designs (Fig. 3),
the sill beneath the orifice was completely removed,
and the lower edge of the orifice was formed as a
smooth radial curve. The radius of curvature is taken
to be approximately R = 0.2H,..., where Hy .. is the
maximum water depth in the upper reach. Furthermore,
the length of the opening was increased to match the
width of the channel at the bottom, which made it pos-
sible to virtually eliminate lateral compression of the
jet. These design modifications significantly improved
the hydraulic performance of the structure.

Furthermore, box-type spillway stabilisers are
widely used in the irrigation systems of the Kyrgyz Re-
public; these stabilise the water flow and reduce lo-
cal hydraulic losses. The use of such devices ensures
a uniform distribution of flow even when the water
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level in the canal fluctuates. Mathematical modelling
of the proposed spillway stabiliser has made it possi-
ble to determine a pressure range of H,_,./H,,,= 3.0 and
a hydraulic coefficient of c=2 m/s. The results of the
study confirm the high efficiency of the stabilisers in re-

ducing turbulence and maintaining a steady water flow

rate, complementing the effects achieved by improved
water meter diaphragm designs. Based on experimen-
tal measurements of flow rates and water levels, flow
coefficient values were obtained for various operating
modes of the structure. The results of the calculations
are presented in Table 1.

Table 1. Results of determining the discharge coefficient

Experiment No. Head difference Z, m Opening height h_(op), m Flow rate Q, m3/s

1 0.20 0.30
2 0.25 0.30
3 0.30 0.35
4 0.35 0.35
5 0.40 0.40

Area w, mz Discharge coefficient p
0.125 0.090 0.95
0.145 0.090 0.96
0.180 0.105 0.97
0.205 0.105 0.98
0.240 0.120 0.99

Source: developed by the authors based on the results of experimental studies

As can be seen from Table 1, the obtained values of
the discharge coefficient lie within the range u=0.95-
0.99,which confirms the high hydraulic efficiency of the
proposed designs. There is a consistent trend towards
an increase in p as the head difference increases and
the orifice parameters are optimised. The calculations
presented directly confirm the experimental and the-
oretical principles of the research methodology and
demonstrate its applicability for evaluating the perfor-
mance of water-measuring structures with a rounded
lower edge and box-type structures.

When analysing water flow through a diaphragm,
Bernoulli’s equation, expressed for the cross-sections
upstream and downstream of the nozzle, is taken as the
basis. Since the pressure in both cross-sections is the
same (atmospheric), and given that, with a submerged
outlet, the water depths in the upper and lower reach-
es are similar and the channel width remains constant,
the velocity head at the inlet can be disregarded. As
a result, the equation is significantly simplified. Under
these conditions, the difference in water levels between
the upper and lower reaches is effectively equal to the
head loss. In other words, the entire difference in water
levels is expended on overcoming local resistance as
the flow passes through the nozzle. Energy losses are
determined by the total coefficient of local resistance,
which is the sum of the resistance at the inlet to the
nozzle and at its outlet. For the design under consider-
ation, this coefficient is small (approximately 0.13), in-
dicating relatively favourable hydraulic flow conditions.
By equating the difference in levels to the head loss,
an expression for the average flow velocity within the
nozzle is obtained. Analysis shows that the velocity is
slightly less than the theoretical (ideal) velocity of free
flow. This reduction is accounted for by the velocity co-
efficient, which in this case is approximately 0.94. Since
there is no jet compression (the compression coefficient
is taken to be equal to one), the discharge coefficient
coincides with the velocity coefficient. Consequently,
the actual flow rate through the nozzles is approxi-
mately 94% of the theoretical value, which indicates a

sufficiently high hydraulic efficiency of the design un-
der consideration. Consequently, when determining the
flow rate of submerged flow, there is no need to take
into account the approach velocity v, Knowing the flow
equations for free and submerged flow, it is possible to
determine the head H, in the upper reach of the weir,
since under actual operating conditions it is precisely
through this value that the construction height of the
hydraulic structure with the weir can be determined.
The head (or water depth) upstream of the diaphragm
is determined at the maximum flow rate of the hydrau-
lic structure as the sum of the difference in water levels
between the upper and lower reaches and the water
depth downstream of the nozzles (in the intake section
of the structure). Thus, the water level upstream of the
diaphragm depends on both the hydraulic head and
the conditions in the lower reach. The head difference,
in turn, is related to the water flow rate through the
opening (nozzles), with the flow rate being determined
taking into account the discharge coefficient, which
reflects the effects of jet compression and hydraulic
losses. The geometric characteristics of the opening, in
particular its area, also have a direct influence on the
structure’s flow capacity.

The opening in question is rectangular in shape,
with its width taken to be equal to the width of the
channel, which ensures a uniform flow and simplifies
the hydraulic calculations. The water depth in the lower
reach (intake) is determined as the sum of the so-called
service depth in the discharge channel and the addi-
tional depth resulting from the operating conditions of
the intake section of the structure. The design depth
is determined using established hydraulic equations
for uniform water flow, in particular using equations
of the Chazé type, which take into account the effec-
tive cross-sectional area, the hydraulic radius and the
channel gradient. The depth of the receiving section,
given a fixed outlet height, must ensure that the in-
take is submerged from the downstream side even at
minimum flow rates. This condition is important for the
stable operation of the structure and accurate water
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metering. O. Baev (2023) notes that, when designing
and operating irrigation canals and water-metering
structures, it is necessary to take into account the inter-
relationship between the hydraulic parameters of the
flow and the structural characteristics of the structures,
drawing on classical methods of hydraulic calculation.
In particular, research into the hydraulics of irrigation
canals has demonstrated the applicability of various
types of design problems, enabling the determination
of flow capacity, gradient, roughness coefficient, flow
depth and the dimensions of the canal’s cross-section,
which together provide a reliable description of the hy-
draulic regime. Under steady-state flow conditions in
the inlet, the intake depth must be determined taking
into account the geometric parameters of the structure,
the normal water depth in the channel and an addition-
al depth margin, as specified by regulatory guidelines.
This margin is necessary to ensure that the inlet is fully
submerged and to prevent disruption of the hydraulic
regime. Overall, the analysis carried out shows that
the flow parameters, including water depth, discharge
and channel characteristics (including the roughness
coefficient), are interrelated and must be considered
holistically - taking into account both the hydraulic be-
haviour of the flow and the structural features of the
water-measuring structure, which is in line with mod-
ern approaches to the calculation and design of irri-
gation systems. The energy state of the water flow in
the nozzle can be determined by comparing the height
of the orifice (nozzle)a with the critical depth, which is
determined using the following formula:

a-q?
hop = |55, )

where h, is the critical flow depth; « is the Coriolis co-
efficient, «=1.08/52/; g is the specific water flow rate,
9= 9 is the acceleration due to gravity,g=9.81 m/s2.

If the orifice height a>h, , the flow condition in the
nozzle is laminar; if a<h,, it is turbulent. The energy
state of the flow in the nozzle can also be determined
by the Froude number - Fr. In the case of turbulent flow
in the nozzle below the diaphragm, the task of measur-
ing flow rate becomes more complicated, as a hydraulic
jump occurs in the lower run-out section of the water
meter. When the surface roller of the hydraulic jump
is positioned above the orifices of the proposed water
meter, a flow regime known as “submerged flow” aris-
es, which is intermediate between free and submerged
flow. In this regime, the flow rate for submerged flow is
determined by the formula:

Q= p-a by2g-(Hy—hy), 5)

where Q is the volumetric flow rate of the fluid; u is the
discharge coefficient; a is the orifice height; b is the
orifice width; g is the acceleration due to gravity; H,is
the head taking into account the approach velocity in
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the upper stilling basin; h, is the depth at the outlet of
the nozzle.

As can be seen from the equation, determining the
flow rate under this flow regime becomes ambiguous.
In addition to the dimensions of the orifices a and b, the
flow coefficient of the nozzle and the geometric head
in the upper reach H, it is also necessary to know the
approach velocity v, (which, in the case of a submerged
flow, has practically no effect on the determination of
the flow rate) and the depth at the centreline of the
hydraulic channel h,. When considering the hydraulic
scheme of a submerged outflow through the proposed
water-measuring device with a diaphragm and bottom
nozzles, the elimination of the trapezoidal channel
cross-section presents certain specific challenges. In
particular, the bottom nozzle is limited by the width of
the channel at the bottom, i.e. it has a cross-sectional
dimension of a- b, whilst the side sections on the chan-
nel slopes are covered by an impermeable diaphragm.
When analysing the flow scheme, these additional side
walls must be taken into account, as they may lead to
a slight reduction in the flow meter’s discharge coef-
ficient. Parabolic flume channels and the structures
installed within them possess specific hydraulic char-
acteristics, and their actual flow capacity depends on
the roughness coefficient of the watercourses, as well
as the design features of the bottom inserts and dia-
phragms. The authors emphasise that, when designing
and operating water-metering, water-release and net-
work structures, it is necessary to take into account the
influence of lateral constraints on the accuracy of water
flow measurements, which is particularly important for
the sustainable operation of irrigation systems in the
Kyrgyz Republic (Mambetov et al., 2022). If the bottom
orifice of the nozzle extends across the entire lower
part of the channel cross-section, i.e. has a trapezoi-
dal shape, then the theory presented here also requires
refinement, as the flow rate through a narrow orifice
cannot be determined using the small-orifice model
when a<0.1H. In this case, the flow rate through a large
trapezoidal orifice can be determined using:

Q=uy2g ), b 274, ©)

where Q is the fluid flow rate (volumetric flow rate,
m3/s); u is the discharge coefficient; g is the accelera-
tion due to gravity (=9.81 m/s?); H, and H, - integration
Llimits corresponding to the head at the upper and low-
er edges of the orifice (nozzle); b, - variable width of
the trapezoidal orifice; z - current depth.

The results of hydraulic studies show that the use of
rounded lower edges on water-measuring diaphragms
and the use of box-type spillway stabilisers make it
possible to reduce local energy losses and increase
the discharge coefficient. Most experimental studies
note that the discharge coefficient in designs with a
rounded edge can increase by 5-10% compared with

Bulletin of the Kyrgyz National Agrarian University, 2026, Vol. 24, No. 3 55



Research and improvement of water metering structures...

designs with sharp edges. Calculations carried out as
part of this study confirm these findings: the obtained
values of the discharge coefficient lie within the range
u=0.95-0.99. This indicates the high hydraulic efficien-
cy of the proposed solutions and their stability under
various flow conditions, whilst the combined use of a
box-type stabiliser provides additional flow stabilisa-
tion and reduces pressure fluctuations.

A diagram of the improved water-measuring struc-
ture with a diaphragm is shown in Figure 2. The design
comprises inlet and outlet channels, a recess in the
channel bed, a diaphragm and a water passage. Water
levels are monitored using level measuring rods in the
upper and lower reaches. The depression in the channel
bed ensures a submerged flow regime. The submerged
regime is considered one of the most stable operating
regimes for water gauging structures, as the influence of
external factors on the flow rate is reduced by the head,
which stabilises the flow. Under these conditions, the
discharge coefficient becomes more constant and is less
dependent on fluctuations in water levels, whilst the
error in discharge measurement is reduced by 10-15%
compared with free flow. This is particularly important
for water metering in irrigation systems. For instance,
in their paper, P. Sultanbekova et al. (2025) note that,
in conditions of freshwater scarcity, there is a growing
need for the rational use of collector-drainage water,
significant volumes of which, if managed inefficiently,
can deteriorate the ecological and land-improvement
conditions of the areas concerned. Similar patterns are
observed in closed irrigation systems. For instance, J. Is-
hanov (2025) notes in his work that the uniformity of
water distribution in pipelines is determined by their
diameter, length, flow rate, pressure and the gradient of
the terrain. The proposed mathematical model, based
on the 10% criterion, enables the optimisation of wa-
ter distribution and an increase in the efficiency of ir-
rigation systems. Despite the improvements made, is-
sues relating to the detailed design of the diaphragm
remain insufficiently studied. In existing solutions, the
main focus is on the geometry of the orifice, whilst the
design and methods of fixing the diaphragm are con-
sidered only to a limited extent. As part of this study,
two modifications of the diaphragms have been devel-
oped, differing in design and operational characteristics.

The first variant consists of an adjustable dia-
phragm in the form of a flat plate (Fig. 4). The design
comprises an upper flat metal plate 3-5 mm thick and
a lower rounded element with a radius of R=0.15 m.
This radius has been chosen on the basis of the average
hydraulic conditions in mountainous and foothill wa-
tercourses, where the water depth is typically between
0.6 and 1.0 m. The rounded element consists of two
short sections: a vertical section and a horizontal sec-
tion. The vertical section is used to bolt the element to
the shield, whilst the horizontal section ensures that
the flow is directed in a parallel jet pattern. A sealing

gasket is used to ensure a watertight connection be-
tween the structural elements. The main advantage of
the adjustable orifice is the ability to vary the height
of the water passage. This allows the structure to be
used not only for measuring water flow rate but also for
regulating water distribution within the channel. Water
flow is determined by the relationship Q (Z, h_(open)),
where Z is the difference in water levels between the
upper and lower reaches, and h_(open) is the height of
the opening. This approach allows for changes in hy-
draulic conditions to be taken into account and enables
the water supply to be adjusted promptly.

The second variant consists of a non-adjustable di-
aphragm in the form of a wall (Fig. 4). The design com-
prises a main wall made of metal, concrete or reinforced
concrete, as well as a separately manufactured rounded
element which is attached to the wall by bolted connec-
tions.Various design options are possible, including rigid
or removable fastening of the element, as well as its in-
stallation on the front or rear side of the wall. A. Churaev
& L. Yuchenko (2022) note that, in the context of open
irrigation networks, the main problems remain the poor
technical condition of water metering points, a lack of
measuring instruments and limited financial resources,
which hinder the implementation of complex and costly
water flow measurement systems. In this regard, it is ad-
visable to use simple, reliable and affordable hydromet-
ric structures, in particular the “fixed channel”type, which
have proven their effectiveness. The main advantage of
the design in question is its ease of operation: unlike
adjustable orifices, it contains no moving parts, which
increases the structure’s reliability and reduces the need
for maintenance. Determining the water flow rate in
this case is reduced to measuring only the difference in
water levels Z, which significantly simplifies operation,
particularly in remote and hard-to-reach sections of ir-
rigation systems, where the use of complex equipment
is difficult or economically unfeasible. A comparison of
the results obtained with data from other studies shows
that the proposed designs offer a number of advantages.
In most previously developed water-metering structures,
the discharge coefficient varies widely depending on
flow conditions and the degree of silting in the channel.
In some cases, its value may fall to p=0.80-0.85. In the
proposed designs, the absence of a weir, the increased
length of the orifice and the rounded lower edge en-
sure a more stable value for the discharge coefficient.

Of particular importance is the structure’s resist-
ance to silting and sediment accumulation. In tradition-
al water-measuring structures, the presence of a sill in
front of the orifice promotes sediment accumulation
and the formation of deposits, which over time leads to
a reduction in the effective cross-sectional area of the
orifice. In the proposed designs, this drawback is elimi-
nated by the absence of a sill and the use of a rounded
edge. The water flow passes freely through the orifice
without creating conditions for sediment accumulation
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(Vatankhah & Ghaderinia, 2018). Practical calculations
and analysis of the hydraulic characteristics show that
the proposed designs maintain a high stability of the
discharge coefficient even under variable inundation
conditions and partial silting of the channel. The dis-
charge coefficient values range from p = 0.95-0.99,
which corresponds to the best performance figures re-
ported in contemporary hydraulic studies.

The proposed design solutions are particularly
promising for on-farm irrigation channels in the Chiy
Valley. These channels are characterised by unsteady
hydraulic conditions, significant fluctuations in water
levels and an intense inflow of sediment. Under such
conditions, the use of traditional water-metering struc-
tures is often accompanied by a reduction in the ac-
curacy of water flow measurements and the need for
regular canal cleaning. As noted in the research by
B. Kurumshiev et al. (2021), the water supply system for
the irrigation networks of the Kyrgyz Republic compris-
es a complex network of hydraulic structures that en-
sure the supply of water from mountain rivers to main
and distribution canals. The authors emphasise that the
parameters of hydraulic structures and water supply
schemes are shaped by natural conditions, topography
and the characteristics of mountain rivers, which deter-
mine the specific nature of irrigation systems’ operation
and necessitate the refinement of engineering solutions
during the operation of water management facilities.
The paper by R. Aliev & A. Djalilov (2024) examines two
methods for determining water flow in open irrigation
systems: the “velocity-area” and ‘gradient-area” meth-
ods, as well as issues relating to the modernisation of
the ‘gradient-area” method with a view to the remote
transmission of parameters and the improvement of
their processing. Based on experimental studies, the
authors demonstrated that the maximum error of the
“gradient-area” method compared with the “velocity-ar-
ea” method is 0.7%, which confirms its high accuracy
and importance for modern water metering systems.
The use of improved diaphragms in water metering
installations makes it possible to further enhance the
reliability of the systems and reduce operating costs.

Improvements to the diaphragm design, achieved
by eliminating the threshold, increasing the length of
the orifice and using a rounded lower edge, ensure a
significant increase in the hydraulic efficiency of the
water metering structure. The proposed adjustable and
non-adjustable diaphragm designs ensure stable op-
eration of the structure under various hydraulic con-
ditions and can be recommended for use in irrigation
systems with high silt content.

Conclusions
As a result of the research carried out, two modifica-
tions of water-measuring diaphragms for open irriga-
tion channels were developed and analysed: an ad-
justable diaphragm in the form of a flat shield and a
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non-adjustable diaphragm in the form of a wall with
a rounded bottom element. The proposed design solu-
tions are aimed at increasing the hydraulic efficiency of
water-measuring structures, improving flow conditions
and enhancing the accuracy of water flow measure-
ment in irrigation systems. Calculation of the discharge
coefficient for vertical sluice gates with a wide weir
crest in freely submerged flows using the best-subset
regression method. An accurate determination of the
discharge coefficient is possible by taking into account
both free-flow and submerged-flow conditions, which is
important for irrigation, water supply and the safety of
structures. The hydraulic analysis carried out confirmed
that the main factors in improving the gate’s efficiency
are the removal of the sill in front of the water pas-
sage, increasing the length of the passage to the width
of the channel at the bottom, and the use of a rounded
lower edge to the passage. Calculations showed that
with these design solutions, the discharge coefficient
p reaches 0.95-0.99, which is 5-10% higher than that
of traditional diaphragms with sharp edges and a sill,
whilst the reduction in hydraulic losses contributes to
an increase in flow capacity and greater stability of the
flow characteristic as water levels change. The method
proposed by the authors ensures a high level of calcu-
lation accuracy (coefficient of determination 0.993, root
mean square error 5.04%), which confirms its practical
applicability for the design of water metering structures.

An analysis of flow regimes has shown that ensur-
ing the orifice operates in a submerged mode stabilises
the hydraulic parameters of the flow and reduces the
impact of water level fluctuations on the accuracy of
flow measurement. Under conditions of variable head,
the calculated error in flow rate determination can be
reduced by approximately 10-15% compared with tra-
ditional water meter designs. The proposed adjustable
diaphragm allows the height of the water passage to
be varied within a range of 3-5 cm or more, enabling si-
multaneous regulation and measurement of water flow
according to the relationship Q(Z, h_(op)). The non-ad-
justable diaphragm design is characterised by ease of
operation and enhanced reliability, as determining the
flow rate requires only the measurement of the water
level difference Z. The absence of a threshold and the
presence of a rounded bottom edge also help to reduce
sediment accumulation and minimise the likelihood of
the water meter structure becoming silted up.

The proposed designs are particularly effective for
on-farm canals in irrigation systems, where unsteady
hydraulic conditions and significant sediment inflow
are typical. Under such conditions, the use of the devel-
oped diaphragms can improve the stability of the struc-
ture’s hydraulic characteristics and reduce operational
maintenance costs. The results of this study support
the recommendation to implement the developed de-
signs in the design and reconstruction of water gauging
stations for irrigation systems in the Kyrgyz Republic.
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AHHoTauma. Makanaza e3repme NoAnopAyK pexxMMAepAe KaHa MHTEHCUBAYY blnak 6acyy WwWapTTapbliHAa ULWITEreH
MpPUraLms/ibiK CUCTEMaNapablH Cyy enueedy KypynmanapbliHAA Cyy 3CEGMHMH TaKTbIrbIH KOropynaTyy Macenecu
Kapanat. M3unaeeHyH akTyanayynyry Typykcy3 ruapaBauKasbiK WapTTapAa KaHa TyYMKy YeKMenepayH TonTonyLwy
YYYPYHAA CYYHYH YbITbIMbIH UIUEHUMAYY 3CEMKe anyyHy KaMmcbl3 Kbllyy 3apbiifbirbl MEHEH HErU3AENET, aHTKEHU
6yn dakTopsop KypyaManapAblH ULEHUMAYYYTYHO XaHa Cyy pecypcTapbiH 6enyWTypyYHYH HaTblixanyynyryHa
onytTyy Taacup 3teT. Cyy 3CeBMHMH TaKTbirbl avbll Yapbacbl y4yH e3reye MaaHure 33, cebebu an cyrapyy
PEXUMAEPUHUH CaKTaNbIWbIHA, CYYHY Capamxanayy naiganaHyyra aHa arpapiblk CEKTOpAy TYpYKTYy cyy
MEHEH KaMCbI3[,00r0 TY3[eH-Ty3 Taacup 3TeT. ONueenepiyH KeTULICU3 TaKTbirbl CYYHYH allblkya capnTablillbiHa,
cyrapyy rpaduKTEpUHUH BY3ynyLIyHa XaHa TYWYMAYYAYKTYH TOMOHASLWYHe afbin Keaullu MyMKYH. M3unaeeHyH
MaKCaTbl eN4eenepayH TYPYKTYYNyryH KaMCbi3 KbIJIFaH KaHa YeKMeNepAyH TaaCMpWH a3aiTKaH epKYHASTY/reH
AvadparMa KOHCTPYKLMSCHIH ULITEN YbIryy XaHa aHblH rMApaBAMKaIbIK HermsaeMecuH 6epyy 6onroH. Msunpeene
TMAPABAUKANbIK 3CENTOO, KOHCTPYKUMANApAbl CasbllUThipManyy Tanfoo >KaHa Kypy/lMaHblH ap KaH4ak arbiM
PEeXUMIAEPUHAE >XaHa MOANOP AEHrI3NAEPUHLAE WIUTEOCYH MOAENAee blkManapbl KOAAOHYAraH. TeWWKTUH
rEOMETPUSICbIHbIH, TYMKY ©TMOKTYH XairalyyCcyHyH aHa AuadparMaHbiH KOHPUIYPaLMSCbIHbIH arbiM Ty3yMyHe
)XaHa YeKMenepAyH TONTOMYY MPOLLECCTEPUHE TUIrM3reH Taacupy 6aanaHraH. M3unaeeHyH XblMbIHTIKTApbl Cyy
3Ce6MHMH TaKTbITbIH XOropynaTtyy y4yH AuvadparmanapfbiH 3K TYPYH KONAOHYY MaKcaTka blaibIKTyy 3KEHMH
KOpCOTTY: XOHre CanblHyydyy TYMKy Tewurn 6ap >Xannak KankaH XaHa TypyKTyy Tewuru 6ap KOHCTPYKLMS.
YKeHre canbiHyyyy TewWwuK binait 6acyyHy asaiTbin, 6TMOKTYH XabblibiM KasbllbiH angblH abif, CYy YbIrbIMbIHbIH
MYHO3[8ME/IepYHYH TYpYKTYYAyryH Kamcbi3fai TypraHbl aHbiKTangbl. TypykTyy Tewuru 6ap KOHCTPYyKLMS
3KCNayaTauusiHbIH TYpYKTYY LWapTTapbiHAa HaTblMkanyy 601yn caHanat. SCenTuK MaanbiMaTTap e14ee KaTanapblHbIH
a3aiibllWblH, YbIrbIM KO3I(QOULMEHTUHUH TYpPYKTYYNYryHYH >KOTOPY/MallblH KaHa Kypy/JMaHblH y3aK MeeHeTTyy
ULLEHUMAYYIYTYHYH OCYLIYH TacTbiKTaabl. MWTUH NpakTUKabik MaaHUCK Cyy ©14ee TYiYHAOPYH KOHCTPYKLMUSIHbI
TaTaangawTbipbacTaH ap KaHAai WapTTapra biAaibIKTALWTbIPYy MYMKYHUYYIYHAS TypaT. CyHywTanraH yeuumaep
CYyHy MaipanaHyyHyH HaTblMXKanyynyryH KoropynaTyyra kaHa uppuraumsnbik cuctemManapga cyy 6enywtypyyHy
GaLlKapyyHY XaKLWbIpTyyra KOMeKTeLWeT

Herusru cespep: Cyy en4eeuy KypyiMa; XeHre canblHyydy aAvadparma; TynKy TelmK; YekmMenep; cyy 3cebuHuH
TaKTbIrbl; Yy epeeny
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AHHOTauua. B crtatbe paccmatpuBaetcs npobsieMa MOBbIEHMS TOYHOCTM BOAOYYETA Ha BOLOMEPHBIX
COOPYXXEHMUSIX MPPUTALMOHHBIX CUCTEM, (DYHKLMOHUPYIOWMX B YCIOBMAX MEPEMEHHBLIX MOAMOPHbLIX PEXUMOB
M MHTEHCMBHOIO 3aumneHus. AKTyasbHOCTb MCCIeLOBaHMS 00yCNOBAEHA Heob6XOAMMOCTbIO 0becneyeHus
[LLOCTOBEPHOrO Yy4yeTa pacxoaa BOAbl MPW HECTAOMMbHLIX TMAPABAMYECKMX YCNOBMSX M HAKOMNEHUM [LOHHbIX
HaHOCOB, UYTO CYLLECTBEHHO B/IMSET HA HALEXHOCTb COOPYXEHWUI U 3DEKTUBHOCTL pacnpeneNeHns BOAHbIX
pecypcoB. TOYHOCTb BOAOYYETA MMEET BAKHOE 3HAYEHME AJI9 CENbCKOTO XO35MCTBA, TakK KaK BAMSIET Ha
cobnofeHNe PEXMMOB OPOLLEHMS, paLMOHaNbHOE MCMO/b30BaHWE BOAbl M YCTOWYMBOE BOAOOLECTeYeHUE
arpapHoro cektopa. HefoctaToyHas TOMHOCTb M3MEPEHMI MOXET NPUBOAMUTL K NMEPEPACXOAY BOAbI, HAPYLUEHUIO
rpaduKOB NOAMBA U CHUXKEHMIO YPOXKAMHOCTK. Llenbto paboTbl 66111 pa3paboTka v rmapaBanyeckoe 060CHOBaHME
YCOBEPLIEHCTBOBAHHOM KOHCTPYKUMM Amadparmbl, obecrneynBatolleid CTabUNbHOCTb M3MEPEHWUIA U CHUXKEHME
BAMSIHUS HAHOCOB. B MccnefoBaHWMM MCMOAb30BaHbl METOAbI TMAPABAMYECKOr0 pacyeTa, CPaBHWUTENbHOIO
aHanM3a KOHCTPYKUMIA M MOAENMPOBaHMS paboTbl COOPYXEHWUS MPU PA3NMYHBIX PEXUMAX TEUEHWUS U YPOBHAX
nogrnopa. OLeHEHO BIUSIHWE FEOMETPUM OTBEPCTUS, MOSMIOKEHUS LOHHOIO NPOEMA U KOHbUrypaumu auadparmbl
Ha CTPYKTYpy MOTOKa W MPOLLeCCbl HAKOMIEHUS HAHOCOB. Pe3ynbTaTthl mMokasanu, YTo ANS MOBbILWEHUS TOYHOCTM
BOLOYYETa LenecoobpasHo MPUMEHEHME ABYX TWUMOB AMadparM: MAOCKOro WuTa C PEryiMpyemMbiM LOHHbIM
OTBEPCTUEM U KOHCTPYKLUMM C HDUKCUPOBAHHBIM OTBEPCTUEM. YCTAHOB/IEHO, YTO PErYIMPYEMOE OTBEPCTUE CHUXKAET
3auneHune, NpeLoTBPALLAET MEPEKPbITUE CEYEHUS U CTaOMAM3UPYET PACXOAHble XapakTepUCTUKKU. KOHCTpYKLMS
C (GUKCMPOBaAHHBIM OTBEPCTMEM 3PMEKTUBHA NPU CTABUNbHBLIX YCNOBMSX 3KChiyaTauuu. PacyeTHble LaHHble
NMOATBEPXKAAIT CHUXKEHME MOrPELIHOCTM W3MEPEHMWI, MOBbILEHUE CTAaBUNBLHOCTM KO3bdULMEHTA pacxoda M
YBEJIMYEHWE HALEXHOCTU (YHKLMOHMPOBAHMUS COOPYKEHUS B [LOMTOCPOYHON nepcnektuBe. [lpakTuueckas
LEHHOCTb paboTbl 3aK/OYAETCS B BO3MOXHOCTM afanTauuM BOLOMEPHbIX Y3/10B K Pa3/MYHbIM YyCNOBUSM Ge3
YCNOXHEHUS KOHCTPYKLMK. MpefnoXeHHble pelleHns CnocobCTBYIOT NOBbIWEHUI0 3DHEKTUBHOCTM UCMOb30BaHMS
BOZbl M YNYYLLEHWUIO YNPABAEHUS BOJOPACNPELENEHUEM B UPPUTALMOHHBIX CUCTEMAX

KnioueBble cnoBa: BOLOMEPHOE COOpYXeHue; perynupyemas guadparma; LOHHOE OTBEPCTUE; HAHOChI; TOYHOCTb
BOAoyYeTa; Yyickas nonmHa
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