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Abstract. Currently, due to the increasing trend of water scarcity, it is necessary
to use water resources efficiently and to develop and implement effective water
accounting methods and automated water resource management systems. This
study aims to develop an effective and adequate method, compared to existing ones,
for calculating water flow for automated water resource management systems.
The presented work examines existing groups of direct and indirect methods of
water accounting, identifies their main limitations and characteristic errors that
significantly reduce the accuracy of measurements. Results. Existing groups of
direct and indirect methods and tools for water accounting were analyzed, and
their inaccuracies, which lead to reduced precision, along with certain limitations,
were identified. For more accurate and adequate water accounting in conditions
of uneven, gradually varying water movement in a non-prismatic channel with
horizontal and reverse bed slopes, an effective water accounting method is
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proposed. Scientific novelty. The equations used for a more accurate calculation of
water volumes in the channels of irrigation systems in various water flow regimes
based on the developed computational scheme for uneven, gradually varying water
movement are provided. It is assumed that taking into account the characteristics of
real water flow will improve the accuracy of water metering in automatic systems.
Practical value. The proposed method was tested under the conditions of the
K-19 channel in the Turkestan region and demonstrated its efficiency and required
level of accuracy. The method can be integrated into intelligent automated water
management systems, improving water accounting in irrigation systems.

Keywords: water accounting, irrigation systems, automated water resource
management systems (AWMS), direct methods, indirect methods, uneven gradually
varying water flow
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Annotanus. Kasipri yakpiTTa cy TamIIbUIBIFBIHBIH ©CY TEHICHIMICHIHA
OallJTaHBICTBI Cy PeCypCTaphlH THIMI MaimanaHy, CyObl €CENKe aTyAbIH THIMII
TOCUIACPIH JKOHE Cy PEeCypCcTapblH aBTOMAaTTaHIBIPBUIFaH OacKapy JKyHesepiHn
a3ipiey JKOHE eHTI3y KakeT. bysl 3epTTeyiH MakcaThl KOJJIaHBICTAaFbl 9[iCTepMEH
CaJIBICTBIPFaHZIa, Cy PpEeCypCTapblH aBTOMATTaHIBIPbUIFaH Oackapy >Kyienepi
YILiH, CyABI €CeNTEYAiH TUIM/I KOHE aJIeBaTThIFbI XKOFAPhl TACUTIH d3ipiiey OOJIBII
TaObuIaAbl. ¥CBHIHBUIFAH XXYMBIC CyIbl €CEIIKE alylblH TIKeJeH XoHE j>KaHama
oflicTepiHIH KOJIAHBICTAaFbl TONTAPBIH 3€PTTEHIi, ONMapIblH HETI3r MIeKTeyaepiH
YKOHE OJTIIIeMICP T H TJAIT1H Al TapIBIKTal TOMEHIACTCTIH CHTIATTAMAITBIK KaTeJIepi
aHbIKTalbl. Homuowcenepi. Cyapl ecenTeyliH TiKeled j>KOHE KaHama ofjicTepi
MEH KYpaJAapbIHbIH KOJJAHBICTaFbl TONTAPBl TANJAHAIbI, OJAPIbIH JQJIITTHIH
TOMEH/JICYiHE OKeJIeTiH KaTelepi MeH KehOip miexTeynepi aHbIKTanasl. KenneHeH
XKOHE Kepi TYyOi eHictepi Oap MpHU3MaTHKaJbIK €MeC apHaJarbl OipKeski emec,
OIpTIHIEM TeTic ©3TePETiH CYy KO3FAIBICH PEKUMACPIHIE CYIbI KOJEMIH AIIipEK
JKOHE aJICKBATThI CCENTEYMIH THIMJI 9JiCi YCHIHBUIFaH. FblIbilMU JICAHANBIEDL.
Cy arbIHBIHBIH OPTYPIl PEXKUMJICPIHJETI Cyapy >KYHWEeNepiHiH KaHaJIapblHIarbl
Cy KOJIeMiH JQIlipeK ecenTey VIIIH KOJJaHBUIATHIH TeHIeyaep OipKenki emec
OipTiHZET ©3TepeTiH Cy KO3FaJbIChl YIIIH KYPBUIFAaH €CeITey cXeMachl HeriziHie
YCBIHBUIFaH KOHE cumnarranrad. HakThl cy aFbIHBIHBIH CHIIATTaMaJIapblH €CEIKe
ally aBTOMATThl JXYHeNepAe CyAbl €cCelKe alydblH ASJAIriH KaKcapTajpl Jem
Oomkanyna. [Ipakmuxanvix KyHObLIbIK. ¥ CBIHBUIFAH CY ecenrey Toci TYpKlCTaH
obnbiceinaa K-19 kananbl skarnaiiblHia ChIHAKTAH OTIiN, OHBIH THIMALIIIT MEH
KXKETTI JONIIK JEHreiH KamMTaMachl3 €TeTiHI aHBIKTaNgbsl. by omic cyapy
KYHENepiHAeri CyIpl ecemlKe ayabl KEeTUIipe OTBIPBIN, CyAbl OacKapyablH
WHTEJUIEKTYal bl aBTOMATTaHBIPBUIFaH Kylesnepine OipiKTipilyl MyMKiH.

Tyiiin ce3mep: <cy ecemTey, cyapy  OKyHemepi, Cy pecypcTapbiH
aBTOMaTTaHABIpbUIFaH Oackapy sxyhenepi (CP ABX), tikeneit Tacingep, xaHama
TaCLIIEp, CY aFbIHBIHBIH OIPKEJIKI eMec OIpTiH/CH 63repeTiH KO3FaIbIChl
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AHHoTanus. B HacTosiiee BpeMs B CBSA3U C TEHICHLMEH pocTa e pruiuTa BOIHBIX
pecypcoB HeoOXoanMo 3G PEKTHBHO HCIONB30BaTh BOAHBIX PECYpPCOB, pa3padoTarh
1 BHeAPUTH 3PPEKTUBHBIX METOAOB BOAOYYETa U aBTOMATH3HMPOBAHHBIX CHUCTEM
yIpaBieHHs BOIHBIMH pecypcaMu. Llenbio HacTOSIIEro McciaeqoBaHus SBISIETCS
paspaboTka 3(p(HEeKTHBHOTO M aJEKBATHOIO, MO CPaBHEHHUIO CYLIECTBYIOLUIMMU
cnoco0amMM, MeEToIa pacdyeTa pacxoda BOABI JJIsl  aBTOMAaTU3UPOBAHHBIX
CHCTEM YIpaBJCHUS BOOHBIMH pecypcamu. B mpencrasienHold pabore
MOABEPTAIOTCST  aHAJM3y CYLICCTBYIOUIME TPYNIbl NPSAMBIX M KOCBEHHBIX
METOJIOB BOJOYYETa, BBIBICHBI MX OCHOBHBIC OIPaHHYECHUS M XapaKTEpHBIC
MOTPEIIHOCTH, CYIIECTBEHHO CHW)KAIOUIME TOYHOCTb HM3MepeHHWH. Pesymbrarsl.
[Ipoananu3upoBaHbl CyIIECTBYIOIINE TPYMIbI MPSIMBIX M KOCBEHHBIX METOHOB
U CPEICTB BOJOYYETA, BHISBICHBI UX MOIPEIIHOCTH, MPUBOSIINE K CHHKCHHUIO
WX TOYHOCTH, WU HEKOTOpble orpanuyeHus. s mposeneHusi Oonee TOYHOTO U
aJICKBaTHOTO BOJIOYYeTa B PEXHMMaxX HEPAaBHOMEPHOIO IUIABHO H3MEHSIOIIErOCs
JBIDKCHHST BOJbl B HEMPU3MATHUECKOM PYClI€ C TOPU3OHTAIBHBIM M OOpaTHBIM
YKJIOHaMH JHA MpeaioxkeH 3QQeKTUBHBIA MeTon Bojoyuera. HayduHas HOBH3HA.
[IpuBeneHb! ypaBHEHUsI, UCTIONB3YEMbIE [l OoJiee TOYHOrO pacyeTa 00bemMa BOJbI
B KaHAJIaX OPOCUTEIIBHBIX CUCTEM B PA3JIMYHBIX PEKUMAaX TEUCHUs BOABI HA OCHOBE
CO3JJaHHOW paCYETHOM CXEMBI IBUKEHUS HEPAaBHOMEPHOT'O IUTaBHO M3MEHSIOIIEr0Csl
nwkenus. [Ipeamonaraercs, 4YTo y4€T OCOOEGHHOCTEH peEaIbHOTO BOAHOTO
MOTOKA IMO3BOJIUT MOBBICUTH TOYHOCTH BOAOYYETa B aBTOMAaTHUYECKUX CHUCTEMax.
[Ipaktuueckas ueHHOCTh. [IpeanokeHHBI METON MCIBITAH B YCIOBUSIX KaHasa
K-19 TypkecTtanckoii 00;1acTH U 1MoKa3al cBOIO 3(PPEKTUBHOCTh U HEOOXOAUMBIN
YPOBEHb TOYHOCTH. MeToJ MOXKET OBbITh MHTETPUPOBAH B HMHTEIUICKTYaJbHBIC
aBTOMATH3MPOBaHHbBIE CHCTEMbI YINPABJICHHS BOIHBIMH pPECypcamM, YaydIas
BOJOYYET B OPOCUTENIBHBIX CUCTEMAX.

Ki1roueBble ci10Ba: BOgOyUYeT, OPOCUTENBHBIE CUCTEMbI, aBTOMaTU3UPOBAHHBIC
CHCTEMBI YIIpaBiieHus BoIHbIMU pecypcaM (ACY BP), npsimble MeTObI, KOCBEHHBIE
METO/Ibl, HEPABHOMEPHOE [UIaBHO U3MEHSIOLIEECs ABHKEHUE [T0TOKA BOABI

Introduction. The water resources of the Republic of Kazakhstan are
characterized by their scarcity compared to many other countries. The majority
of water resources are supplied by the country's surface waters. Of these, 56% are
formed locally, while the remaining 44% come from the runoff of transboundary
rivers from Russia, China, Uzbekistan, and Kyrgyzstan. This indicates Kazakhstan's
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dependence on transboundary rivers flowing in from neighboring countries
(Yespolov et al., 2022). This situation significantly increases the importance of
regulating transboundary flows to address the country's existing and potential
water-related issues. Additionally, water resources for irrigation in Kazakhstan are
distributed unevenly, and some regions experience water shortages for irrigation
during summer.

In recent years, the growing trend in water consumption and the declining
availability of water resources pose a threat of increasing shortages, especially
in the irrigation systems of the southern regions of the country. If the efficiency
of water accounting and management systems is not improved, water scarcity
will intensify in the coming years, negatively affecting the water supply for the
population, irrigation systems, and the state of the environment.

To improve the efficient use of water resources in Kazakhstan, it is necessary to
establish reliable accounting for the collection, transportation, and distribution of
water at all levels of water management facilities. This should be based on effective
water accounting methods and automated water resource management systems
(AWMS). However, since issues of uncertainty and fuzziness of some initial data
often arise, AWMS needs to be supplemented with elements of intellectualization
to ensure their efficiency. In this regard, developing an effective water accounting
method for creating AWMS is a relevant scientific and practical challenge for
Kazakhstan. This situation motivated this study, dedicated to developing an
effective water accounting method, compared to existing methods (Bochkarev,
2012; Masumov, 2015). for use in the creation of intellectualized AWMS.

Materials and methods. The materials for this study include various sources,
methods, and approaches to water accounting used in water accounting and water
resource management systems within irrigation systems. Since water is one of the
most scarce natural resources in the world, including in Kazakhstan, it is essential
to manage the distribution and usage of water resources efficiently. In the process
of water resource management, water accounting methods and water volume
measurements play a critical role.

Many studies have examined water accounting and water accounting methods
(Pacheco et al., 2020; Albaina et al., 2023; Arregui et al., 2010). For instance,
Pacheco et al. conducted a techno-economic analysis of water accounting devices
(Pacheco et al., 2020) while Albaina et al. explored the effects of various accessories
installed upstream of large water meters (Albaina et al., 2023). These studies
proposed approaches that combine technical and economic research, enabling more
accurate assessments of measurement errors and the influence of various factors on
measurement quality. The technical research includes methodologies for measuring
errors that occur at different flow rates and analyzing the resulting measurements,
while economic studies use various methods to determine when to replace water
meters based on management needs.

Arregui et al. developed a graphical method for calculating the optimal
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replacement period for water meters and proposed tools that integrate observation
data with global databases to enhance data collection for water resource accounting
(Arregui et al.,, 2010) The authors of other studies (Kamienski et al., 2019;
Manimegalai et al., 2020) introduced an loT-based platform for intelligent water
resource management and a smart irrigation system with monitoring. Madias et al.
demonstrated the effectiveness of smart water meters for consumers (Madias et al.,
2023) However, these and other studies do not explore methods and tools for water
accounting that can effectively distribute water resources across irrigation systems
under various water flow conditions (e.g., with straight, horizontal, or reverse bed
slopes).

The tools and methods for water accounting that can be used in irrigation
systems are considered in the study (Bochkarev et al., 2013). According to modern
legal and regulatory documents, direct and indirect methods are used in practice as
standardized measurement methods.

Direct methods of water flow measurement are used for metrological testing,
calibration, and certification of flow meters and other specialized equipment. Direct
methods include volumetric, gravimetric, and volumetric-hydraulic approaches,
which rely on various calculation dependencies. Because volumetric and volumetric-
hydraulic methods require significant financial resources, they are primarily used
for calibration of working measurement tools as per metrological standards. The
volumetric method involves measuring volume and height, but its accuracy heavily
depends on the devices, tools, and the operator’s skill, making it less precise.

The gravimetric method offers higher accuracy compared to other water
accounting methods, with errors mainly arising from determining the weight of the
water, which is measured more accurately.

The channel method involves determining water flow and runoff by observing
water levels at a control section where the relationship between the flow rate (Q)
passing through the section and the corresponding water levels (/) is pre-established:
O=f(H). The channel method does not require the construction of special facilities.
However, it is not operationally efficient, cannot be automated, and measurement
errors can occur due to channel deformation caused by erosion or silting. On fixed
channels, where there are no backwater or recession effects and stable sections exist,
the channel method ensures an acceptable level of accuracy for water accounting.
However, there are specific conditions for applying this method: during water flow
measurements, the bed and banks of the natural or artificial watercourse must be
sufficiently stable. Currently, the channel method remains the primary approach for
water accounting at key irrigation sources, headworks, and accounting points of
main and large canals.

The hydraulic method is applied when water flow through a structure depends on
the fixed dimensions of some of its elements. This method is based on the installation
of hydrometric facilities or devices at specific points in irrigation systems. These
facilities or devices allow the measurement of water flow passing through them.
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Tracer methods involve introducing markers into the water flow, such as floats, salt
solutions, or other materials. In practice, the channel and hydraulic methods are
the most widely used for water accounting. In the next section, the authors of this
study propose and describe a more efficient water accounting method for irrigation
systems designed for automated water resource management systems.

Results and discussion. The following efficient water accounting method
is proposed, which utilizes modern tools to ensure a high level of accuracy and
operational efficiency in measuring water flow within automated systems. This
method involves the use of water level sensors and controller equipment integrated
into an automated water accounting system. For this study, the K-19 canal located
in the Turkestan region, designed for irrigation systems in the area, was selected.
An automated water accounting system was installed at the canal, incorporating
water level sensors and controller equipment for real-time water accounting.

Based on the analysis and verification conducted, the proposed water accounting
method demonstrated its efficiency, considering the existing backwater conditions
in the K-19 canal. Graduated tables showing the relationship between flow rates and
water levels were developed, and the consistency of the water accounting process
with the automation requirements for this canal was evaluated. The method was
validated for canals like K-19 that operate under backwater conditions.

The research utilized high-precision, calibrated instruments, including the
Nikon XF laser total station, the dual-frequency GPS GS-1200 navigation device,
and the GR-21M hydrometric propeller.

For calculating water flow, sensors and a tabular flow meter were used to measure
water level and compute flow rates based on predefined relationships between level
and flow.

The velocity regime across the K-19 canal's cross-section was studied using
hydrometric techniques, with measurements of water slope and channel bed slope
conducted using the laser total station and dual-frequency navigation device. The
results showed that factors such as channel bed silting, overgrowth, and obstructing
structures creating backwater conditions significantly influence the canal's average
velocity and throughput capacity. These factors result in a dynamic regime known
as "established uneven gradually varying water flow."

Established uneven gradually varying water flow is characterized by changes
in flow properties along its length. If these changes (e.g., velocity and flow rate)
occur gradually over the flow's length, the flow is described as gradually varying.
The primary task in studying such uneven flow in an open channel is to determine
the variation in depth along the flow, i.e., to construct the curve of the free surface
of the water flow. The computational scheme for uneven gradually varying water
flow is presented in Figure 1.
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J — Pressure line; / — Free surface; a — Kinetic energy coefficient; V' — Flow velocity;
g — Acceleration due to gravity; 7 — Height from the channel bed to the free surface of the water;
i — Variable bed slope; / — Length from the horizontal line O, — O, to the horizontal line O, — O, from
the beginning of the slope to the intersection with vertical line 1 — 1; f — Angle between the end of
the slope and the horizontal line O, — O,; » — Distance between the free surface and the pressure
line; A — Distance from the pressure line to the intersection with the horizontal line from the start
of the pressure line.

Figure 1. Computational scheme for uneven gradually varying water flow

The equation for uneven gradually varying flow in a non-prismatic channel with
a straight sloped bed can be written as:

i 0- 4Q24 + aQ23d~
dh-__ ~CR g-d M
a 1- aQB
a-

where dh/dl — change in flow depth along the channel length; i, — bed slope
of the channel; QO — water discharge in the channel; o — kinetic energy coefficient;
o — flow cross-sectional area; C — chezy coefficient (hydraulic coefficient); R —
hydraulic radius, defined as the ratio of the flow cross-sectional area to the wetted
perimeter; B — width of the channel; g — acceleration due to gravity.

Similar expressions, considering the slope's sign, can be derived for prismatic
channels with horizontal and reverse bottom slopes. In prismatic channels, the
live cross-sectional area of the flow can only vary due to changes in depth. By
substituting dw/dI=0 into Equation (1), we obtain the differential equation for
uneven, gradually varying flow in prismatic channels with a positive bottom slope:
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Introducing the (2) kinetic parameter and using the concept of the flow
characteristic K= ~ Cw/E for an arbitrary depth / of uneven flow, we derive:

.d.b.= [°- QZ/KZ, (3)
d - 1- P«
where K — flow characteristic; I1_— kinetic parameter. Other parameters are as
described above.
Expressing the flow rate O using Chezy’s formula via the flow characteristic K,
which corresponds to the normal depth %, in the channel for a given slope i, we
can write:

dh ;1= (KYK)"

d 1- P«

where K —is the flow characteristic corresponding to the normal depth.
Using the hydraulic index of the channel:

T @

We obtain the equation for uneven flow in prismatic channels of regular shape:

do o jp 1o (hlh) 0
1- P«

For prismatic channels with a horizontal bottom 7,=0:
2

Q
dh- _K
d " 1- P«

For channels with a reverse slope (i,<0)

dn- i+ Q1K
d " 1- P«
When considering differential equations (3) and (4), the flow rate O should
be taken as constant. The variables are the flow characteristic K and the kinetic
parameter I1 , as they depend on the cross-sectional characteristics of the flow w,
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X, B, R, C, which vary along the length of the prismatic channel due to changes
in depth / during uneven flow. It is evident that at certain depth values / the flow
characteristic K and the kinetic parameter II_may take such values that the term in
parentheses in the denominator of the right-hand side of these equations approaches
ZEero0.

For channels with a slope i >0 when the numerator of equation (3) equals zero,
we obtain:

jo - Q2 = O (6)
From this, di/dI=0, which corresponds to the constancy of flow depth along the
channel, i.e., uniform flow (#=h,). This is also directly derived from expression (6),

which represents Chezy's formula (=0 /io for uniform flow. Thus, it is confirmed
that uniform flow is possible in a prismatic channel with a positive bottom slope
i,>0. The derivative divdl=tg0, where 0 — is the angle between the tangent to the
curve of the free water surface and the line N-N of normal depth or the line K—K
of critical depth. Consequently, if the depth of uneven flow in a channel with a
slope i >0 approaches the normal depth 4—#h,, then divdl=1g0—0, meaning the free
surface asymptotically approaches the N—N line.

Based on the theoretical description of established uneven gradually varying
water flow in the K-19 channel, it was determined that to obtain accurate discharge
data while simultaneously considering various factors affecting the hydraulic
flow regime (artificial backwater, backwater in branch channels, siltation, and
vegetation growth), the water flow chart must be frequently adjusted. Thus, the
results of the velocity study along the length of the K-19 channel indicate that
the average velocity and discharge are influenced by the backwater regime created
by obstructive structures along the channel, siltation of the channel bed, and
vegetation growth. Collectively, these factors create a dynamic regime referred to
as "established uneven gradually varying water flow." This type of flow impacts
the velocity regime of water in the channel and leads to changes in discharge at the
same water level. Therefore, it is necessary to continuously adjust the water flow
chart for a backwater-type channel like K-19.

During the research, the installed equipment (a table-based flow meter) in the
pilot project on the K-19 channel functioned properly. Water flow rate calculations
were performed using the provided graduated level/discharge tables. However,
discrepancies in water discharge measurements between the hydrometric propeller
and the installed devices at the head section of K-19 were due to the absence of
corrections in the water flow chart. The graduated dependencies (charts) provided
by the RGP "Su-Metrology" branch did not account for the backwater regime,
indicating that the methodology for constructing these charts should consider
established uneven gradually varying water flow.

Conclusions: The proposed and described method for measuring water flow
in open channels transitions traditional accounting methods into a digital format.
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However, it is essential to calculate and implement adjustments in the water
accounting sensors' programs based on the operational regimes of the channel (e.g.,
backwater, siltation, vegetation growth). The program must automatically adjust
water accounting when backwater conditions arise. This is the primary reason
for inaccuracies in sensor readings. This observation applies to all sensors using
ultrasonic methods to measure water flow levels, regardless of the manufacturer
or brand. These sensors operate based on the following principle: the sensor emits
ultrasonic pulses, the product surface reflects these pulses, and the sensor registers
them again. The time taken for the reflected ultrasonic signal to return is directly
proportional to the distance traveled.

Based on the conducted research, it can be concluded that despite operational
difficulties when using modern water accounting devices in channels with slight
slopes operating in automatic mode, automating the water accounting process
is considered feasible. However, it requires continuous adjustment of the water
flow chart, depending on the flow type and the operational state of the channel.
Regarding the accuracy and reliability of the data provided by the water accounting
sensors studied in the K-19 channel case, it can be affirmed that sensors of this class
and type operate correctly within the specified technical accuracy limits.
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