52 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro nomitexHiyHOro yHiBepcutety, 2019. Bum. 3(59) ISSN 2223-3814 (online)

UDC 621.644.8

0. Butenko, PhD, Assoc. Prof.,
A. Karamushko, PhD,

T. Podufala
Odessa National Polytechnic University, 1 Shevchenko Ave., Odessa, Ukraine, 65044; e-mail: butenko@opu.ua

THE COEFFICIENT OF EFFICIENCY
OF ACOMPLEX HYDRAULIC CIRCUIT

O.I. Bymenxo, A.B. Kapamywrxo, T.C. Ilodypana. KoedinienT edexTHBHOCTI ckiaaHoi rigpaBiiunoi mepexi. Y crarti
PO3DIAAETHCS. OMH 3 MOXKIIMBUX METO[IB OL[HKH €(peKTHBHOCTI BUKOPHCTaHHs SHEpril y CkiagHiil rigpasmiuHii mepexi. [Tokasano, mo
JUISL XapaKTEPHCTHKU EHEePreTHYHOI JOCKOHAIOCTI CKJIaHOT IiIpaBIigHOT MEpexi He MOXXE BHKOPUCTOBYBATHCS JIHIIE KOe(illieHT KOPHCHOT
J1if HACOCHOT YCTAHOBKH, OCKIJIbKM BiH HE BPaXOBY€ yCiX MOMIIMBHUX TiIpaBIidHUX BTPAT Ta B3A€EMHOTO BILUIMBY €IEMEHTIB CHCTEMH «HACOC —
TpyOorpoBimy». Jl1g wi€l MEeTH 3ampOIOHOBAHO BUKOPUCTOBYBATH KOC(]ILIEHT SHEPreTHYHOI JTOCKOHAIIOCTI MEPEKi, KUK € BiIHOUICHHAM
MOTYKHOCTI MOTOKY PIAMHHM Ha BHUXOJi 13 TiApaBiidHOI Mepexi J0 MOTY)XKHOCTI Ha Baimy Hacoca. Lleil moka3sHHMK BpaxoBy€ BTPaTH SIK y
€JIEMEHTaX HACOCHOI YCTAHOBKU TaK i B TPpyOONpPOBiAHIM CHCTEMI 1 3aBISIKH LIbOMY J1a€ 00’€KTHBHY 1 KOMIUICKCHY OLIHKY €HepreTH4Hil
eexkTuBHOCTI 1i€i cuctemu B Hijomy. LLInsgxoM BUKOpHUCTaHHS OaaHCy MOTYKHOCTEH €JIEMEHTIB CUCTEMU BUBEICHO (OPMYITY pO3paxyHKy
LBOTO MOKA3HUKA JUISl PO3TaTyKEHOI TipaBIiqHOI MEPEeXi, 0 CKJIANAETHCS 13 MOCIIIOBHHUX 1 mapajeilbHUX AUITHOK. [IpoBeneHuii aHami3z
oTpuMaHoi (hOpMyIH, KOTPUH MOKa3aB, IO MEPEBAror0 3aNpornoHoBaHOI GOpMyJIM € BpaXyBaHHs NMPHXOBAHOI B3a€MHOI 3aJIeXHOCTI MiX
BEJIMYMHAMH, 1[0 BH3HAYAIOTh KOS(]ILi€HT EHEPreTUUHOI TOCKOHANOCTI. 30KpeMa (opMysa BpaXxOBYe BILIMB ONOPY CKJIAJHOI TiAPaBIiYHOL
Mepeki Ha po0odi mapameTpu Hacoca (Hamip i mojaBaHHs) 1 Ha foro koediuieHT KopucHoi aii. [TokazaHo, 0 y NesSKUX BHIAIKaX 3pOCTAHHSI
TiZPaBIiYHOTO OMOPY MEPEXi, a OTKE I BTPAT MOTYKHOCTI y CHCTEMi, KOMIIEHCYETbCS 3POCTAHHSAM HAropy, IO PO3BHBA€E HACOC, i
3pOCTaHHAM HOro KoedilieHTa KOpUCHOI 1ii. TakuM YMHOM MOBENEHO, 1110 HEraTHBHA [isl y TPYOONPOBIAHII CHCTEMI MOXKE TAKMM YHHOM
BIUIMHYTH Ha NOKa3HMKU HACOCHOI YCTaHOBKH, IO KOE(DILiEHT EHEPreTHYHOI JOCKOHAIOCTI MEpEeXi He TUIBKM HE 3MEHIIMTHCS, a i 3pocTe.
dopMmyna 103BONS€ MOPIBHIOBATH EHEPIeTUYHY JOCKOHANICTh CKIAJHUX TiIpaBliYHMX MEpPEX 3 PI3HUMM MHapaMeTpamMu i pi3sHUMH
HACOCHUMH YCTaHOBKAMH Ta 03BOJISIE IPOBOUTH ONTHMI3aLi0 CHCTEMH 38 CyMapHUMH CHEPrOBHTPATAMHU.

Knouosi crosa’ ckiafHa rinpaBiiyHa Mepexa, KOPUCHA MOTYXHICTb, MOTY)XKHICTh Ha Bajly, OIIp MEpexi, KoedilieHT eHepreTuaHOl
JIOCKOHAJIOCT] Mepexi

O. Butenko, A. Karamushko, T. Podufala. The coefficient of efficiency of a complex hydraulic circuit. The article discusses one of
the possible methods for assessing of energy efficiency in a complex hydraulic network. It is shown that to characterize the energy excel-
lence of a complex hydraulic network, only the efficiency of the pumping unit cannot be used, since it does not take into account all possible
hydraulic losses and the mutual influence of the elements of the “pump pipeline” system. For this purpose, it is proposed to use the coeffi-
cient of energy perfection of the network, which is the ratio of the power of the fluid flow at the outlet of the hydraulic network to the power
on the pump shaft. This indicator takes into account losses both in the elements of the pumping unit and in the pipeline system and, therefore,
gives an objective and comprehensive assessment of the energy efficiency of this system as a whole. By using the power balance of the sys-
tem elements, a formula for calculating this indicator for an extensive hydraulic network consisting of sequential and parallel sections is
derived. The analysis of the obtained formula, which showed that the advantage of the proposed formula is to take into account the hidden
mutual dependence between the quantities that determine the coefficient of energy perfection. In particular, the formula takes into account
the influence of the resistance of a complex hydraulic network on the operating parameters of the pump (pressure and flow) and its efficien-
cy. It is shown that in some cases, the increase in the hydraulic resistance of the network, and hence the power loss in the system, is compen-
sated by the increase in pressure developed by the pump and its efficiency. Thus, it is proved that the negative impact in the pipeline system
can thus affect the performance of the pumping unit, that the coefficient of energy perfection of the network will not only not decrease, but
also increase. The formula allows you to compare the energy excellence of complex hydraulic networks with various parameters and differ-
ent pumping units and allows you to optimize the system with total energy consumption.

Keywords: complex hydraulic circuit, useful power, shaft power, resistance of the circuit, coefficient of the energy perfected circuit

Introduction. In today's world, hydraulic networks have a length of millions of kilometers. They
have varying degrees of complexity (branching) and provide water for both domestic and industrial
needs. As a rule, fluid energy in these networks is transmitted from electrically driven pumps. Several
tens of billions of kwWh of electricity are consumed each year to power them. Despite such considera-
ble amounts of electricity consumed in hydraulic networks, designers do not use any universal indica-
tor that would generally characterize the efficiency of conversion of electrical energy into hydraulic
and the efficiency of use of this hydraulic energy.
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Analysis of recent publications. To characterize the energy efficiency of hydraulic networks,
the efficiency of the discharge equipment has traditionally been used. This significantly complicates
the optimization of the hydraulic criterion of the hydraulic network parameters in its design or verifi-
cation calculation and is methodologically incorrect [1]. Designing hydraulic networks (including
branching) consists of several basic steps. According to the terms of reference, the diameters of the
water sections of individual sections are selected from the standard series, then the power required to
pump a given flow rate of fluid through the piping system is calculated and, finally, a discharge unit is
selected that is capable of providing the specified power with maximum efficiency [2]. Even when it
comes to optimizing energy costs for fluid transportation, it is only the pumping installation that is
considered [3, 4, 5, 6]. In particular, it is proposed to use as a criterion electricity costs per unit volume
of pumped liquid. This is also methodologically incorrect, since the distance to which the fluid is
pumped is not taken into account. This, as we see, takes into account the efficiency of the conversion
of mechanical energy on the shaft into the hydraulic energy of the fluid in the pump, but does not con-
sider the efficiency of the use of this hydraulic energy during the movement of the fluid through the
pipeline to the end consumer. In other words, the performance of a system is judged by the corre-
sponding indicator of only one element, which is a flawed approach.

The efficiency of the supercharger is the ratio of the useful power N, to the power on the shaft N;:

— N“
Mp = Ne
Useful power:
Nu=pgQpH,,

where p — the density of the pumped liquid, kg/m?;

Qp and H, — flow (m*/s) and pump head (m).

The pressure of the pump directly in the pipeline part of the network is spent on overcoming the
static height Hg and on losses Ah = SQ2 (S is the resistance of the hydraulic network, s*/m°). That is,

for a simple pipeline [6]:
Hp = Hst + SQ’% .

This means that an increase in the resistance of the network and consequently a loss of energy in
the pipeline part of it always leads to an increase in the useful power of the pump and in certain modes —
to an increase in its efficiency. Since this increase in power is spent on losses, it is impossible to find it
useful. This contradiction is one example of the fact that it is not enough to use the parameters of a
pumping installation alone to characterize the overall energy efficiency of a hydraulic network. In ad-
dition, in pipelines running “from the reservoir”, i.e. the flow occurs under the action of hydrostatic
pressure, due to the absence of the pump this indicator cannot be used in principle.

In article [7], for the general characterization of the energy efficiency of the hydraulic network,
the authors introduced a new concept — the efficiency of its individual elements and, as a result, pro-

posed the formula:
k 2
i:iJrz(i_ljﬂ, (1)

where ns, My, N, — efficiency of the hydraulic system as a whole, the pump and the n-th element of the
system respectively;

w; 1 w; — cross-sectional areas of individual sections.

Formula (1) makes it possible to estimate the energy efficiency of the hydraulic system, but is not
very convenient for real networks where the number of elements can reach polynomials. In addition,
for example, when closing a valve, its efficiency is zero, which results in the need to divide by zero.

Alternatively, for the overall energy efficiency of the hydraulic network, work [8] proposes a
network energy perfection coefficient (NEPC) &, which is the ratio of the output power from the hy-
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draulic network Ni,, to the power input N, which is the power on the pump shaft. Since the output
power is equal to the difference of the useful power and the power loss in the pipeline AN, = pgSQ3,

and the power on the shaft:

N, = P9QsHp ’
Mp
then NERC is obtained for a simple pipeline:
SQf
= —_ . 2
€ np[ H, J 2

The first factor in it takes into account the energy efficiency of the pump, and the second — the
pipeline part of the network.

The purpose of the work is to find a general indicator of the efficiency of transportation of fluid
over a complex (branched) hydraulic network, which would generally take into account the losses both
in the pumping equipment and in the elements of the pipeline part of the network.

Main part. If we consider a pipeline consisting of series-connected sections in which the total re-
sistance is the sum of the resistances of these sections, then (2):

T il
e=mp|l- I-I|:1 : ‘ {
p

S, St S

Consider a complex hydraulic net- 5
work with n consecutive and k-m parallel
sections (Fig. 1).

Power losses in successive sections,
the volume flow of which is equal to the

supply of the pump Q,,

Fig. 1. Schematic of complex hydraulic network

AN,
AN,

p9SQ3
pgS,Q3

AN, = PgSan

where Sy, S,, S, — hydraulic supports of corresponding consecutive sections, s/m’;
Power losses in parallel sections:

AN, = Pgstr%
ANpa = pgSmiaQ3

ANy = pgScQ}

where Sy, Sme1, Sk — hydraulic supports of corresponding parallel sections, s#/m®;
Qnm, Qme1, Qx — the volumetric flow in them m®/s.
Then the total power loss in the branched hydraulic system:

n Kk
ANs = >pgSiQi + > pgS;Q3 .
i=1 j=m

Based on the definition of NERC and the considerations above:
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. Ny — AN; _ Np (P9QpH, — ANs) _ p(l—A—NSJ-
Ns PgQpH, PIQpH,

The sections of the pipeline system are considered to be parallel if they have two points in com-
mon. The condition of pressure equality P,=P.1=...=Py. corresponds to this definition. Then:

SmQf = SmiQfa =+ = Sk Q¢ -

Where
Qm+l - QmJSm+l
Qm+2 - desmz .
/Sm
Qk - Qm Sk
Then

k Sm Sm
ngszJSng(SmQrgﬁ+Sm+1Qr%+1+---+stk2)Zpg{SmQr%+Sm+1(Qm S J*’---*‘Sk(Qm S_j}

j=m m+1 k
And after simple transformations:
K K Sm
D pgSiQ3 =pgSaQ3| 1+ > = |.
j=m j=m+1 Si

So

ngpZS +pgQaSn {l+ > s ]
£=1p 1- j=m+1 i ’
PIQpHp

or

Hp  QHp Sk

3 ah
g=1,|1-=2 +QmAhm [1+ Zk: z—mJ ,
i

where Ah; and Ah, — loss of head on the respective sections, m.
Since

Qp =Qn +Qmna +...+Qx,

Qo gy Qe —_1 / \/§
Qm Q Sk Jm+l

and

then
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Q_ 1
” )
R > Sn
j=m+1 Sj
Wherefrom
eE= 1_|=1— ,
Mo H,
or

Q3 +QiSy

T | 3)
p

Formula (3) indicates that the efficiency of a complex hydraulic network will be greater, the greater
the efficiency of converting the mechanical energy of the actuator into hydraulic energy of the fluid (greater
M. ) and the smaller the loss of hydraulic energy as the fluid moves to the consumer (less network re-
sistance). However, given that the quantities included in (3) are partially interdependent, conclusions about
the value of € can be made only on the basis of a complete analysis of the specific problem.

Analysis of the results. Let us analyze the obtained dependence (3) on the example of a
branched hydraulic network in which two consecutive sections (Hgy=2 m, S$;=9 10* s?/m® and Hy,=0 m,
S,=3.5 10" s/m°) and two parallel sections (Hs»=10 m, S,=8 10° s/m® and Hym+1=20 M, S =2.2 10° s/m”).

The pump X45/240 with a diameter of the impeller D,=262 mm, which is often used in systems
of water supply [9]. Characteristic construction (Fig. 2) allows to obtain the following parameters:
Q,=16.1 m%s, Q,=10.3 m%s, Qu+1=5.8 m*s, H,=129 m, n,=0.325. The calculations according to (3)
give the value of the energy efficiency coefficient of the network ¢=0.0297.

H, m

0 T-7 %
n, %= '

A S
140 ~—B
/A
/
8

l
|

oil
/

120 /
/

1g,/

100 / 7
60 ” 3 ’/ /
L ] :
e e -
—] I | I M L Sy

0 2 4 6 8 10 12 14 Q.10° m¥s

Fig. 2. Determination of parameters of complex hydraulic network with pump X45/240: 1 — the head of the first
series, 2 —the head of the second series, 3 — the head of the first parallel section, 4 — pressure characteristic of
the second parallel section, 5 — pressure characteristic of the pump X 45/240, 6 — characteristic of the efficiency
of the pump X45/240, 7 — summary characteristic of two consecutive sections, 8 — summary characteristic of two
parallel sections, 9 — summary characteristic of complex hydraulic network, 10 is the total characteristic of a
complex hydraulic network after increasing the resistance S,
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Let's replace the conditions of the example — double the resistance of the second consecutive sec-
tion (S%=7 10* s¥m®). Now, as can be seen from the graph in Fig. 2 Q',=15.6 m%s, Q',=10 m’/s,
Q'm+1=5.6 m¥s, H',=132.5 m, ',=0.349. The calculations for (2) give the value of the network energy
efficiency coefficient €=0.0358. So, we get a paradoxical result: an increase in the resistance of one of
the branches of the branched network leads to an increase in the NERC, although given the structure
of formula (3) one would expect the opposite result. Indeed, the increase in resistance in this example
quite naturally leads to an increase in total head losses (fractional numerator in brackets), but the shift
of the operating point from position A to position B is accompanied by changes in the pump parame-
ters. In this case, both the pump head and its efficiency increase. This change not only compensates for
the increase in losses, but also outweighs this negative consequence of the increase in S.

It is easy to see that in the extreme case, when the resistance of the elements of the network is ze-
ro (the flow of the ideal fluid), NERC is equal to the efficiency of the pump:

and when all the pump's specific energy is spent on hydraulic losses in the network:

QS +QaSn

lim 1-—= 1|=0.
Ahs —Hp T]p Hp

That is, in extreme cases, the resulting formula gives quite natural and physically reasonable results.

Conclusions. The method of calculating of the complex efficiency index, which is the ratio of the
flow power at the outlet of the hydraulic network to the power of the blower on the shaft, can be used
for the analysis of a complex (branched) hydraulic network. Derived for this case, formula (3) allows
to quantify the value of this indicator. Thus, the optimization of the hydraulics system for the total en-
ergy consumption should be performed not by the efficiency of the supercharger, but by the magnitude
of the energy efficiency coefficient of the network as a whole.
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