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AHHOTaNA. YIIOy Makojaaa peall Cyrokiaukiap tapkuouma 0,5-2,5 ¢ous MUKIOpUAA dpUMaraH
rayiap MaBXyMJIUTH TAIKUKOTIAp OWjaH acocinaHagd. Pean CyrOKIMKHU KyBypiiapia rasiiu
CYIOKJIMK OKMMH JKaHJIUTWHU HHOOATra oiul KyBypJjapHU THApaBIMK 3apbara xucobiamiia
3ap0a TYIKMHU TapKJIWII TE3TMTMHU aHMKJIAIl WIMHH axamusaT kacO stamu. By mmima 6ocum
KyBYpH Y3YHJIUTH OYiiMYa Ta3iu CYIOKJIWK OKHMHIAa OOCHM ¥3rapraHia ra3 Ba CYIOKIHUK
XKMIIapU(3UWINKIIAPU) Y3rapuiuiapy Xucoora OnuHUO THIPaBIMK 3ap0a TYJIKWHH TapKaJHII
TC3JIMTUHU aHUKJIAll YIYH OOFJIaHUIII OJIMHTaH.

Tassnu nbéopanap: ruapaBiIuk 3apda TYIKUHU TapKaJIUII TE3JIUTH, ra3jid CYIOKJIUK OKMMH, ra3
Ba CYIOKJIWK 3WWIMKIApH, pean(EMuIKoK) cyrokiaukiap, Ilyaccon kosdduumentu, KyBypaa
0ocuM y3rapranjia ra3 Ba CyIOKJIHK XaKMJIApU Y3rapuilii, 3puMarad ra3, 60cuM KyBYypH, Hacoc
CTaHIIMSICH, CYIOKJIWKHHHT JJIACTUKIUK MOIYJIH, KyBYp MaTEpUaTUHUHI SJACTHKIMK MOJYIH,
CYIOKJIMKHUHI COJIMIITUPMA OFUPJIUTH.

AnHoTanmusi. B cratbe 000CHOBaHO B peanbHOW >kuakoctH coxaepxutrcs 0,5-2,5 %
HEPAaCTBOPCHHBIC Ta3bl, KOTOPBHIC HM3BECTHO M3 MPOBEACHHBIX HccienoBanuii. [Ipu pacyere
HAIIOPHBIX TPYOOIPOBOJIOB HA THAPABIMYECKHUE yIap B Ta30’KUIKOCTHOM ITOTOKE OMpPEICIICHNE
CKOpPOCTH PAaCIpOCTPAHEHHUs yJApHOW BOJHBI MMEET Hay4yHOE 3HaueHHe. B pabote mosryueHo ¢
Y4eTOM M3MEHEHHS 00heMOB (TUIOTHOCTH) Ta3a M KUIAKOCTH ITPU H3MEHEHUE JIABJICHUS 110 JUTHHE
HAIIOPHOTO TPYOOIPOBO/IAa ONPEACICHUE 3aBHCUMOCTH CKOPOCTH PAaCHpPOCTPAHCHHS YAapHOTO
JABJICHUSI B TA305KUIKOCTHOM MTOTOKE.
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KirwueBbie c¢jioBa: CKOPOCTb PacIpOCTPAaHEHHS! YHAPHOM BOJIHBI, T'a30’KUJIKOCTHBIN MOTOK,
IUIOTHOCTH Ta3a M JKUIKOCTH, pealbHas (BA3Kas) XKHUIKOCTh, Kodddumment Ilyaccona,
npupamcHue o0beMa raza u KHUIKOCTU IIPpHU HU3MCHCHHC JIaBJICHHA, HepaCTBOpeHHI)If/i ras,
HATNIOPHBINA TPYOONPOBO/I, HACOCHAS CTAHIUS, MOYJIb YIPYTOCTH XKUAKOCTU, MOYJIb YIPYTOCTH
mMarepuaia TpyO, yaeIbHbIA BEC )KUAKOCTH.

Abstract. The article substantiated in real fluid contains 0.5-2.5% undissolved gases, which are
known from the conducted studies. When calculating pressure pipelines for hydraulic shock in a
gas-liquid flow, determining the velocity of propagation of a shock wave is of scientific
importance. In this work, taking into account changes in the volumes (density) of gas and liquid
with a change in pressure along the length of the discharge pipe, we determined the dependence
of the velocity of propagation of shock pressure in a gas-liquid flow.

Key words: shock wave propagation velocity, gas-liquid flow, gas and liquid densities, real
(viscous) fluid, Poisson’s ratio, gas and liquid increment with pressure change, undissolved gas,
pressure pipe, pumping station, liquid elastic modulus, material elastic modulus pipes, the
specific gravity of the fluid.

A variety of viscous liquids (water, oil, and fuel oil) are often pumped through pressure pipelines
along with gases. In pressure pipelines of water supply systems, oil pipelines, hydrotransport,
irrigation, etc. at atmospheric pressure and a temperature of 10-150 ° C, 0.5-2.5% undissolved air
is contained [4,5]. The softening effect of undissolved air was pointed out by N.E.Zhukovsky
when describing experiments performed under his supervision at the Alekseevsky pumping
station [1]. Therefore, a method for determining the propagation velocity of a hydraulic shock
wave in gas-liquid streams is of interest. In particular, the work [2] is devoted to this issue.
However, the author [2], when deducing the calculated dependence for determining a, neglected
the change in the volume of gas in the pipe with a change in pressure during the impact process
and took this circumstance into account only when determining the flow density. It is difficult to
agree with this, since it is known that the presence of even a small volume of gas in a liquid
significantly reduces the velocity of wave a, mainly due to the compressibility of gases [1-11],
while the flow density does not change significantly.

In [3, 4], a dependence is given for determining the velocity of a shock wave in a three-
phase liquid. This dependence for the gas-liquid flow has the form

[E18
|
¥
a=—= . (1)
| 1-pu<)D ] ¥ REy
f 1+ : —
|m1[ ES i Sy ap

|

where €1 — modulus of elasticity of a liquid (volumetric), KN/m?; y; — specific gravity of the
liquid, N/m?; m; and m; — concentration of liquid and air in the gas-liquid stream, fractions of a
unit; p — Poisson's ratio of pipe material; D and 6 — pipe wall diameter and thickness, mm; E —
modulus of elasticity of the pipe material, KN/m?; y — specific gravity of the gas-liquid flow,
N/m?; Ap — impact pressure, N/m?;
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Potip
po — initial pressure, N/m?; y — the adiabatic index (y=1,41).

Formula (1) is suitable mainly for low gas contents. The use of the formula is
unsuccessful because it does not indicate whether the concentration of ms gas refers to
atmospheric pressure pa or to the initial pressure po. In the first case, the formula should take into
account the change in gas volume with increasing pressure from pa to po, and in the second case,
the value m; is variable and difficult to use when calculating pressure pipelines of pumping
stations for hydraulic shock.

In [3,4], for the first time, the effect of gas on the flow of the hydraulic shock process in a
liquid was taken into account, which is a great merit of the authors of [3,4].
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When deducing the formulas below, it can be assumed that the hydraulic shock in the
pipeline with gas-liquid molasses occurred due to a decrease in velocity by A9 (see Figure),
while the pressure increases by Ap. The increased pressure (p +Ap) began to move along the
length of the pipe at a speed of; by the time t, it had reached section 2, and by the time t + At, it
had reached section 1. At the same time, the volume of compartment 1-2 (W) increased and
became equal

W =w+AW. (3)

The increment of the mass of the gas-liquid flow in compartment 1-2 during the time At
is equal to the difference between the mass entering during this time through section 1 (m;) and
the mass exiting through section 2 (my), i.e.

AM=M—M=m —m,, 4)

where M1 and M are the masses of the gas—liquid flow in compartment 1-2, respectively, at
pressures (p +Ap) and p.

The mass M1 can be expressed by the formula

Ml = pDILWQK, + pJVV(?’ (5)

where p  and p, - densities of liquid and gas in compartment 1-2 at absolute pressure (p + Ap),

kg/m3; W _and W, - volumes of liquid and gas at the same pressure, m>.
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Using the theory of elasticity, we can write that

' i

Pac = Py TA P = Do (1+£)- (6)
r_ _ apy _ _ (ptap)

p:=p. tAp. =p; (1 + E) B (7

where A p,. and A p. - increment of liquid and gas densities as pressure changes; p,. - the

density of a liquid at absolute pressure p (it is assumed that it is the same at atmospheric pressure,
T/m?); E,. and E, - elastic modulus (volume) of liquid and gas, kN/m?.

Here, the isothermal process of changing the volume of gas with a change in pressure is
adopted. Apparently, it would be more correct to use an adiabatic process, as it was done by
other authors [3,4], however, as calculations show, this refinement does not give a significant
difference in the final result and at the same time significantly complicates the form of the
formula if extended to the case of not only small but also large gas contents.

In the case of an isothermal process, formula (7) assumes £, = p.

Volumes W, and W, from equation (5) during the isothermal process, we express

o W
{(p+sp)ioo’ (®)
v P v P oW _pﬂ' Pa
We=W —W =W P o+ ap)i00 =W [1 + ~ P Toorap ) ®)

where the expression known from the theory of elasticity is used

w'=w(1+2). (10)

New designations are used in the latest formulas: ¢ is the gas content, % of the volume W,
reduced to atmospheric pressure; E — the modulus of elasticity of the pipe material, kN/m?.

Taking into account the expressions (6), (7), (8) and (9) equation (5) after transformations
takes the form
Ay

’“‘PD PPa Ap | Ap®D Ppalp Pop
M, = pxcW [1 +  100(p+Lp) + Ear + EyES  100Ey(p+ip) + paclool (11

Reasoning similarly, one can obtain

_ _ P, Poo
M= pyW (1 100p + pxl{]ﬂ)' (12)

The difference between the masses entering the compartment during the time At and
leaving it at the same time is approximately equal to

my —my ¥A 9w A tp,,, (13)
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where o is the living cross—sectional area of the pipe at absolute pressure p, m% p,_, - density of
the gas-liquid flow at the same pressure, T/m?.

Substituting expressions (11), (12) and (13) into equation (4), after transformations and
exclusion of terms of high order of smallness, we obtain

APy (K + %) =A 19}9:;.1{- (14)

where accepted

__4pD gpa ap
KT B 100p+ap) | By (15)
W=wAl=waAt, (16)

where Al is the length of compartment 1-2 (see figure).

The density of the gas-liquid flow, taking into account the above dependencies, can be
approximated using the formula

where indicated

Ap=28 (18)

Pxc

Equation (14) includes two unknowns a and Ap, therefore, the well-known formula of
Professor N.E.Zhukovsky, written for a gas-liquid flow, should also be used to solve it,

Ap= ”-‘ﬁﬁp;.u- (19)

Formula (16) is substituted into equation (18), then

‘ip{l+%)

T av p,,r(1+x+—zl'g;° )

(20)
After substituting formulas (17) and (20) into equation (14), the latter takes the form

gp(1+%)2 (w%) =£~.1f'2px(1 +x+%)2. Q1)

At ¢ =0, i.e. in the absence of gas in the liquid, a joint solution of formulas (20) and (21)
leads to the well-known formula of N.E.Zhukovsky for determining the velocity of propagation
of a shock wave in a liquid [1]
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go— VP (22)

1+ —EMD

Eo

As an example of the application of equations (20) and (21) and to compare them with
the formulas of other authors, an example calculation is given below.

A gas-liquid steam is pumped through a pipeline (D=400 mm, 6=8 mm, steel material) at
t = 20°C at a speed of 9 = 1.03 m/s. The absolute pressure developed by the pumps at the
beginning of the pressure pipeline, p = 4035 kN/m?. Gas content ¢ = 19,8 %. The density of the
liquid px = 0.885 T/m’, the density of the gas at a given temperature po = 0.00072 T/m?, the
modulus of elasticity of the liquid Ex = 1.4*106 kN/m?. When the gate is suddenly closed at the
end of the pipeline, the velocity drops to zero, that is, 3=30-A9=0, and therefore A3=1.03 m/sec.
In this case, the pressure throughout the pipeline first increases to a value of p, and then begins to
fluctuate around this level with an amplitude of +Ap. It is required to determine the values of Ap
and a.

As a result of solving equation (21), we find Ap = 660 kN/m? and according to formula
(20) a =746 m/s.

According to the formula of N.E.Zhukovsky (22), we determine that a = 1091.2 m/s.

Given by the formula in [2], we can calculate

9E,
Y
a= = 1195 m/ceK,

E DE DE
c| X )K—1+—’K<ﬁ—1> +14+—=
Y, XP OE \Y, oE

where C = 0,21 - gas content, fractions of a unit.

According to formula (1), assuming that m;=0.79 and m»=0.22, and also considering that
the specific gravity of the mixture is y = yim; + ysmj3 and using formula (19) as the second
equation, we obtain a=205 m/s and Ap=143 kN/m?. Such a small wave velocity was obtained
mainly because formula (1) was derived for small gas contents.

Based on the above analysis and comparative calculation, conclusions can be drawn:

1. The formula in [2] gives a completely complete result, since according to it the velocity of the
shock wave, taking into account the gas, is even higher than for a homogeneous liquid according
to formula (22), which, of course, is unrealistic.
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2. The given dependence (21) for calculating the propagation velocity of a hydraulic shock wave
in gas-liquid streams can be used in the design of pressure pipelines for water supply systems, oil
pipelines, hydraulic transport, irrigation, and others.
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