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Findings. A new method for the LLV longitudinal stability ensuring is proposed, and a
computational method for the design parameters of vibration dampers sets is developed by using the
combinatorial algorithm of exhaustive search at the complete uncertainty of the longitudinal
oscillations attenuation parameter (decrement) of LLV structure.

The originality. A new method has been developed to ensure the LLV longitudinal stability either a
tandem or package composition, belonging to the medium and heavy class. For moments of time
sensitive to the loss of longitudinal stability, the possibility of effective use of longitudinal
displacements of the layers of the fuel tanks liquid filler that arise as a result of the interaction of the
liquid masses of the fuel and oxidant with the walls and bottoms of its tanks experiencing
deformations during the occurrence of longitudinal oscillations of the liquid fuel tanks structures. A
generalized method of the optimal parameters calculating for the location of the proposed damper
sets for longitudinal oscillations has also been developed. The calculations were first carried out by
using an unconventional combinatorial exhaustive search algorithm.

Practical implications. The researches allow us to develop a new design of the calming longitudi-
nal oscillations means to the tandem and packet package of LLVs that are classified as medium and
heavy, and, with a sufficient accuracy for the practical application, to calculate the optimal values of
the design and positional parameters of the longitudinal vibration dampers for such LLVs , so that
with the minimum values of its own weight, the goal was achieved of the longitudinal stability fully
ensuring of the above-mentioned LLVs even at the start point of their designing.

Keywords: liquid launched vehicle (LLV), liquid-propellant engine (LPE), longitudinal mode, shock
absorber, firmness, decrement, dampener, fuel tank, combinatorial algorithm, computer.
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THE HYDRAULIC IMPACT AND ALLEVIATION PHENOMENA
NUMERIC MODELING IN THE INDUSTRIAL PUMPED PIPELINES

Meta. Po3pobka MareMaTHUHOI TiJpOAMHAMIYHOI MOJEI MepeXiIHUX MPOLECiB MOTOKY pobo-
40i PIAMHU B CUCTEMI IIPOMUCIIOBOTO TPyOOIPOBOLY, IO MICTUTH HAacoc 1 AeMiidep, 3 BpaXyBaHHIM
KOPCTKOCTI Ta IIOPCTKOCTI HOTro CTIHOK MpH iMiTawii pi3Koi 3yNHUHKH IIbOIO MOTOKY LUIIXOM 3a-
KPUTTS 3aCIIIHKK Ha WOTO BiIJaJICHOMY KiHIII, 3 MOJAIBIIAM BIPOBAKEHHSM I11€1 MOJEII ISl BH-
KOPUCTaHHS y BUTJISI MPOrPaMHOT0 KOMITJIEKCY Ha OCHOBI y400BOi Bepcii makety Matlab.

Metoauka gocainkeHHsi. Po3paxyHOK mepexiIHUX MpOIECiB Ta YaCTOTHHX XapaKTEPUCTHUK
JUTBHUI TPyOOIIPOBOAY BEIMKOI TIOBXKUHH, B T'1IPOMEXaHIYHY CHCTEMY SIKOTO MiJIKJIIOYEHO POTOP-
HU Hacoc Ta nemidep, moOynoBaHO Ha 0a3l HENIHIMHOI MaTeMaTU4YHOI MOJeNi MOJIU(IKOBaHUX
piBHsaHb Hap’e-CTokca. MozentoBaHHs IIBUIKOTO MEPEKPUTTS NMOTOKY MPOBEIEHO 3 BUKOPUCTAH-
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HSIM MaTeMaTHYHOTO MOJICITIOBAHHSI POOOTH MPOMHUCIIOBHX 3aCIIIHOK 4epe3 eKCIIOHCHINIadbHUN 3a-
KOH 3MEHIICHHS IUIOIII TOMEPEYHOTO NMEPETUHY TPyOOIpOBOY.

OCHOBOIO YHCEIHHOTO MOJICTIOBAHHS € METO]| XapaKTEePUCTHK, KU 3aCTOCOBAaHO ISl BHPI-
IIeHHs BKa3aHUX piBHsAHb HaB’e-Crokca. OTpuMaHi B pe3yabTaTi MepeTBOPEHb HEMiHiiHI audepe-
HIIIHI PIBHAHHS BUPINIYIOTHCS 32 JOTIOMOTO0 METOMY KIHIIEBUX PI3HUIIb MIEPIIOTO POIY.

Pe3yabTaTn aociaigkenHsa. Po3pobieHo MaTeMaTH4Hy MOJENb Ui MPOTHO3YBAHHS MIKOBHX
aMIUTITY]l TUCKY, III0 BUHHKAIOTh Yepe3 JIII0 PI3HUX TaJIbMIBHUX YHMHHHKIB, SIKI CIIPUYHHSIOTH 3BO-
POTHBO-TIOCTYNAIBHUN MAaCOBHUU MOTIK poOOYMX PiAUH. 3 BUKOPUCTAHHSAM Li€] MOJENI CTBOPEHO U
HAJIarO/KEHO MPOTPaMHHUI OOYHCITIOBAILHUI KOMILICKC, SIKHH OBEJICHO O MOEIIOI0YOro IMpo-
rpamuoro 3a6e3nedenHs (I13) pobGouoi cranmii Ha 0a3i MEPCOHAITBHOTO KOMII FOTEpa 3 BCTAHOBJIC-
Hoto onepariitHoro cuctemoro (OC) Windows Vista, Windows 7, 10.

HaykoBa HoOBHM3HA. 3amnporoOHOBaHI METOJM YHCEIBHOTO IHTETPYBAaHHS CHUCTEMHU PIBHSHB
Hag’e-CTokca Ha IpOCTOPOBO-YACOBIH CITIII 32 JOIIOMOTOI0 METOAY XapaKTEPUCTUK JTO3BOJIIIN Tie-
pPEUTH 10 MPAKTHYHOTO YUCEITHHOTO MOJICIIOBAHHS Ta OTPUMAaHHs 3HA4Y€Hb NapaMeTpiB Tedii podo-
YHUX PiUH B TPYOOIPOBOIAaX BEIHMKOI JJOBKUHH 3 BpaXyBaHHSM I'PAaHUYHUX YMOB JIJISi CTUKOBUX IIe-
pETHHIB, 10 BU3HAUYAIOTh MOBENIHKY HACOCIB, diadparm, 3aciliHOK, AeMII(YIOUYUX MPUCTPOIB, SKi
M IKJTI0YAI0ThCS /IO BKa3aHUX MEPETHUHIB BKA3aHOTO TPYOOIIPOBOY.

IIpakTnyne 3HavyeHHs. [IpoBeneHi MpakTHYHI PO3paxyHKH TMOKA3alH iX MOBHY MPHIATHICTH
JUIS OTPUMaHHS HEOOXIJHUX OLIHOYHUX 3HAYEHb MapaMeTpiB Tedil MpU YHCIOBOMY MOJICITIOBAHHI
MepexiTHUX MPOIECiB Ta BU3HAUYCHHI MPUIHATHUX TapaMeTpiB AeMIipepHOro mpucTporo, He0OXia-
HOTO JIJIsl TaCiHHS TIAPOYIApPHUX SIBHII, 1[0 MOXYTh BHHUKATHU IPH PANITOBOMY 3aKPUTTIO MPOXiJ-
HOTO TIEPETUHY TPYOOIPOBOAY 3a JOIMOMOTOK0 3aCiHKH, [0 BCTAHOBJICHA HA BIIJAJICHOMY KiHIII
BKa3aHOTO TPYOOIIPOBOY BEJIMKOI JOBKHHH.

Knrwouosi cnosa: npomucnosuti mpybonpogio, demngep, npoepamue 3abesnevenns (113), oo-
yucnosanvra 2iopoounamika (CFD), onepayitina cucmema (OC), nepexionuti npoyec, memoo xa-
paxmepucmuxk, komn tomep (I1K), epaghiunuii inmepgpeiic kopucmyesaua.

Preamble. The issues of the hydropercussion phenomena mathematical model-
ing in the industrial pumped piping systems, with the pumps and dampeners included,
to determine the impact absorbers effectiveness on the amplitude-frequency charac-
teristics of these hydro-mechanical systems are considered. It’s still actual and many
authors are still looking for the systems CFD issues research and resolution, see [6,
7]. Method of calculating the transient and frequency characteristics of the pipeline
that contains a pump and a dampener, is based on nonlinear mathematical model.
Simulation of overlapping stream with using industrial valves is provided by intro-
ducing the exponential law of diminishing cross-sectional area of the pipeline. The
basis of calculation is the method of characteristics applied to the simplified Navier-
Stokes equations. The resulting nonlinear differential equations are solving by using
the finite difference method of first order.

Purpose of the article was to develop the mathematical model of hydrodynamic
flow of the working fluid in a long discharge pipe considering slackness and rough-
ness of its walls in imitation of a sharp stop this flow by closing the valve at its distal
end with the further implementation of this model in a software package based on the
Matlab package university version (actually it is the Computational Fluid Dynamics
(CFD) problem). On the basis of the mathematical model the task to create a software
package, which includes user-friendly graphical interface allows you to use the re-
sults of this development in the form of an executable .exe program. In the future,
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this program is intended for estimations of the damping devices effectiveness of dif-
ferent parametric configurations on the long lasting industrial pressurised pipeline
systems, the characteristics of which input at working procedure through the Win-
dows OS based PC as a workstation by trained personnel of the damping devices
manufacturer.

These developments have been carried out under the framework of a scientific
mission to the Liquid Dynamics int'l inc company, headquartered in Wilmington ar-
ea, NC — World wide manufacturer and exporter of damping devices, and on the in-
structions and order of Dnipro’s National Mining University, Ukraine.

Analysis of existing achievements and publications. In this article the prob-
lem of the damping devices impact estimation to smooth the peak amplitudes of pres-
sure in the hydraulic fluids industrial pipelines under the simulated conditions of hy-
dropercussion processes when the modified method of characteristics are used are
considered [1]. The software part of the project was implemented using the built-in
programming language of Matlab software package [2].

The main part of the research. Method of calculating the transient and fre-
quency characteristics of the pipeline contains the pump and dampener is based on
nonlinear mathematical model. Simulation of overlapping stream with using industri-
al valves is provided by introducing the exponential law of diminishing cross-
sectional area of the pipeline. The basis of calculation is the method of characteristics
applied to the simplified Navier-Stokes equations. The resulting nonlinear differential
equations are solving by using the finite difference method of first order.

To the problem resolving the method of characteristics [3] has been used. The
method of characteristics converts partial differential equations, for which the solu-
tion can’t be written in general terms (as, for example, the equations describing the
fluid flow in a pipe) into the equations in total derivatives. The resulting nonlinear
equations can then be integrated using the methods of using the equations of finite
differences.

Hydraulics equations that embody the principles of conservation of angular
momentum and continuity in the one-line pipe, respectively, are as follows:

Py _ fVV|
= +VVy +V -0t -sina + =0

+ip 2D (1, 2)
PP, + P,V + p-a® -V, =0x 4

These equations can be combined with the unknown factor of A and obtain the
equation:

}{PX(V +;j+ F{}+B/X6/+p-a2/1)+vt]—g-sina+f;/g/:O (3)

0

The arbitrary choice of two different values of A give two independent equations
in the variables P(x, t), V(X, 1), is equivalent to (1) and (2). With a suitable choice of
A the simplification is possible. In particular, since P and V are functions of x and t,
then if we assume that x - a function t, then:

174



Tipnuyi mawunu i 2eomexniuna mexamika

dP(xt) _ OP dx 0P dt de ot

dt X dt otdt Xdt 4)
dv(xt) _aV dx dx oV dt _v, dx v
dt ox dt ot dt Xt
dx 1
If —=V+—=V + 5
it P pa’a ()
then equation (3) becomes an ordinary differential equation:
id—P+d—V gsina+ M (6)
dt dt
Solving (5), we obtain: 4 = i dx =V +a - downstream,
= i, dx =V +a - upstream (7)
pa dt
Substituting equation (7) (6), we obtain a system of total differential equations:
d—P+pad— pagsma+pa M (8)
dt dt
dx
— =V +a, 9
ot (9)
dP dv . fVV|
—— — =0, 10
dt ~ dt 2D (10)
dx
—=V —a. 11
ot (11)

Finite-difference scheme. For solving of the nonlinear equations (8) - (11) a fi-
nite difference method is used.

A
AX
T

A
v

T+AT P

v

Fig. 1. Spatial - temporal grid

Spatial - temporal grid (Fig. 1) describes the state of the liquid at various points
in the pipeline at time t and t + At. Pressure and velocity at points A, C and D, which
correspond to time t, are known either from the previous step, or from data on the
steady flow. States at R and S correspond to the time t and should be calculated from
the values at points A, C and B. State at the point P corresponds to the time t + At is
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determined from equations (8) - (11). Let us to write the equations (8) - (11) in finite
differences and multiply it by an increment of time:

Pp—PR+paR(Vp ) paggsina(t, —tg)+ pag RNR( ):0’ (12)

(Xp - XR) (VR +aR)(tp —tR) (13)
Pp — P + pag (Vs —Vs ) - paggsina(tp —ts) + pas f SNS(( ~t5)=0, (14)
(xp —x5)=(Vs +ag tp —ts), (15)

We have used a constant time step - a special time interval.
Special time interval. We will write the equations (12) and (14) as:

Pp =Cp —pagrVp (16)
Pp =Cy + pasVp (17)
where
g fAtNR‘
Cp=Ps + V| 1+ = Atsina— 18
p=Pr+ 2R RL Ve D (18)
g ] fAtNS‘
Cry =Ps — Ve|l+ = AtSIna——=1 19
M =Ps — pag s( Vs b (19)
From Fig. 1 and (13): X¢ R _VC=VR 90y, - vC—XC_XR (Ve =Va)

Xc —Xa Ve —Va XC = XA
Xc —Xg =Xp —xgr =(Vg +ag \tp ~tr)
We substitute this expression in (20): (Ve +ar)tp ~tr)_Vc ~Vr =>
Xc — XA VC —VA
=>[VRr(tp —tr) +ar (tp —tr) Ve —Va)=(Vc —Vr Nxc —XA),
VR (tp —tr)(Vc —Va)+agr(tp —tr)(Vc —Va) =Vc (Xc —Xa) —VR (Xc —XA),

VRl(tp —tr Ve —Va)+Xc —xa]=Vc (xc —xa)—agr (tp —tr)Vc —Va),
_Vc(xc —xa)—ar(tp —tr)(Vc —Va) *)
(tp —trR)(Vc —Va) +Xc — XA
Divide (*) by (xc — x4), giventhat t, — tgz = At,x; — x, = Ax:

At
y :Vc aRA(VC VA):VC_GKR(VC ~V,) 1)
L AL (e V) 1+ 0V —Vu)
A Ve —Va
At
Q=" 22
A (22)
At
—ap — =6a 23
SR =AaR PR (23)
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Similarly, from Fig. 1 and (15) shows:
Xc —Xs _Vc —Vs
Xxc-xg Vc-Vg'

Xc —Xs =Xp —Xs = (Vs +ag Ntp-ts)

(Vs +as)(tp—ts) _Vc —Vs _
Xc —XB VC —VB ’
=> Vs (tp —ts) —as (tp —ts) Ve —VB)=(Vc —Vs Nxc —xg),
Vs(tp —ts)(Vc —VB) —as(tp —ts)(Vc —VB) =Vc (Xxc —XB) Vs (Xc —XB),
_Ve(xc —xg)+ag(tp —t5)(Vc —Va) (%)
(tp —ts)(Vc —VB) +(Xc —XB)
Given that tp —tg = At, Xc — Xg =—Ax divide (**) in (Xc —Xp)

Combine these two expressions:

Xc —XB tp —tS
Ve -~ +as > (Vc—VB)
Vg=  Xc=X8 X =8 _Vc-¢s(Vc -Va) (24)
Xc—X, tp—1s (Ve —Vg) 1+6(Vc —Vp)
Xc —XB Xc —XB
Similarly, XCTXR _ e - =>Pr =P _u(pc —Pa) (F%%)
Xc —Xa Fc—Pa XC — XA

X=XR _*P~*R  from Fig. 1. Substitute in this expression (13)
Xc — XA  XC —XA

XC —XR (VR +aR )(tp —tR) At At
Xc—XA XC_XA ( R+aR)AX+aRAX R R+§R

Substituting this expression in (***), obtain: Py =Pc —(VROg + &R NPc — Pa) (25)

Similarly, X =Xs _Fe=Fs _p _p  XCTXS p _py(emnny,
xc—xg PFc—Ps Xg — XC

XC=Xs __XC=X __*PTXS e substitute this expression in (15):
XB —*C Xs —XB XC —XB

xc —xs _ (Vs +ag)tp —ts) _ (Vs —aS)(tP _tS):VS ﬁ_as i)ths@s &

Xg — XC Xc — XB Xg — Xc AX
We substitute this expression into (****): Pg = Pe +(Vg6s — &5 P —Pg) (26)
To save the convergence of these equations imply satisfaction with the Courant
a

conditions: & SV (27). These conditions imply that in Fig. 1 points R and S are

+a
located between points A and B. Solving the equation (16) and (17) with the a;=as we

get the pressure at point P: Pp = CP;CM (28)

To calculate the rate of Vp can be any of the equations (16) and (17). This com-
pletely determines the state at all interior points of the pipeline. Note the use of linear
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interpolation of the pressure and velocity of the liquid in the pipeline. To maintain
accuracy in the calculation of nonlinear systems, values @ and & must satisfy the
Courant inequalities that involve interpolation only a small step of the grid.

Thus, the problem of flow in the pipeline is completely solved for interior
points, but there remains the problem of establishing the boundary conditions at the
endpoints, in which neither the Cp nor the Cy are uncertain.

At each end of the pipeline is only one of a pair of equations, i.e. equation (16)
or (17). At the entrance to the pipeline is using the equation (17) and output from the
pipeline - equation (16) (see Fig. 2).

At

B A X
1 M2 N AX/\/s=N+1V
Fig. 2. Spatial-temporal grid for the boundary conditions at the constant cross section
pipeline ends.

In order to determine the pressure and velocity at the ends of the pipeline, it is
necessary to bring the auxiliary equations (boundary conditions), defined by the con-
ditions at the ends of the pipeline.

If the pressure at the inlet or outlet of the pipeline is a known function of time
F (1), then this relation can be combined with equation (16) or (17) to determine the
status of a boundary point.

a I

T N_—]

\ /
/|

Fig. 3. Diagram illustrating the change in the cross section of the pipe.

A known pressure at the inlet to the pipeline:
F(t)-C v

Pap

P, =F().P, =P, P, =C, +pa_V_ =>V_= (29)
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A known pressure at the outlet of the pipeline:
PD = F(t),FU = PD,FU =Cp +anVU =>VU =

The expression of continuity for incompressible fluid AV = ApVp (31),

Cp — F(t) (30)

Where Ay, Ap - cross-sectional area of pipelines.

Assuming the absence of energy dissipation (i.e., the absence of losses) at the
interface of pipelines and equating the full of pressure on each side of the junction,
we obtain:

1.2 1 .,2
Ry =Cp —pau\Wu > Po =Cys —papVp, Ry +§,0VU =PD+§PVD,

1 1
ZPV[% +Cys + papVp - 2,0Vu2 —Cp + payWy =0, (32)

1 1 (A 2 A
2 D 2 D
“oNp+Chr+papVp ——p| —— | -V +Cp + ~—“Vp =0,
2/0 D M DVD 2'0(9 ] D P+ oy ) D

2
VB~ ) +2(ap + fay Wp + p(CM -Cp)=0
2 _
Or A-VD+B-VD+C_O, (33)

A
where f=-D

To obtain a positive rate of flow is necessary to use the positive square root of
the formula:

(34)

Substituting (34) into the (31), (16), (17) we obtain all the necessary quantities at
the interface of the pipelines.

The only assumption made was the neglect of energy dissipation at the junction.
This assumption is quite reasonable for the case of relatively low velocity of fluid
flow in the piping systems under consideration, as well as for the piping systems with
a streamlined shape.

The equation of flow through the diaphragm has the form:

Vp=7./Pob-Ry, Ry =Cp—pauMy.,Pb =Cys + papVp, AUMU = ApVD, (35)

Where Vp determined from the quadratic equation with coefficients

A=1 B= sz(ﬁau +ap),c= rZ(CM —Cp)
Other unknowns are easily found from (31), (16), (17).
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Fig. 4. The joints scheme of various sections of pipelines.

Fig. 4 shows the relative motion between the two elements of the system. If the
size and orientation of the two elements are not identical, in general, in the place of
joining of these elements will be some accumulation or exudation of liquid associated
with a relative displacement of elements.

Equating the rate of accumulation of fluid flowing, and the difference between
the expenditure of the effluent, we obtain:

AuMu —ApVp =-Vs(Ay sina, — Apsinap) (36)

If we assume that the velocity of the design section Vs directed vertically, while
the fluid velocity Vy and Vp directed along the axis of the pipe, oriented at an angle
ay and ap , from the equations (16) and (17)

P, =Py Vu = AVp -Vs(sina, - fsinap) (37)
The action of the pump can be approximated by the pressure jump in the value
of AP, if the size of the pump is small in comparison with other elements of the sys-

tem. The boundary conditions in this case would be the same as in the case when the
pressure is known:

Ry =Cp —payMu . Po =Cm + papVp, Pp =Ry +AP, AuVy = ApVp,

Cp _CM + AP
Cym +papVp =Cp — +AP => Vp =
M +papVp =Cp — pay ANp D= ap + fay)
The damper is a concentrated yielding at a docking site of two elements.
Since the damper is a pressure accumulator (total energy and the amount of lig-
uid in it are the function of pressure), the change in pressure in it is described by a

differential equation. Yielding of the damper is given by: b'= d(\j/g (39)

As in the case of relative motion, the rate of accumulation of fluid in the damper
Is equal to the difference between the inlet and outlet pressure:

_dvol dvoldP  ,dR; dR; VUuAu -VpAp
WA VDR = = e e Y b (40)

The results of the calculations. Implementation of this mathematical model to

that shown in Fig. 5 a long pipeline diagrams was carried out by creation and debug-
ging a software using a complex algorithm as an operation and interaction of software

modules.

(38)
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Since one of the problems was the task of creating the comprehensive software
with its user-friendly graphical user interface (GUI), it was decided to carry out a set
of numerical values of the original data through pop-up windows, which contains the
information about the current input parameters with all the necessary explanations
and tips. See Fig 6.

TO OPEN.

% SURGEGUARD PREVENTS A SHOCK FROM Yl
OCCURING IN THE 1ST PLACE so doesn't need 50ms responseé

Wall thickness of the pipe, m

0.009525

Fig. 5. GUI look at the dataset.

Fig. 6 shows the GUI while setting the next value of the current parameter.

B Piping Fiuid Flow Dynamics (computational fluid dynamics)

7S EETSI] vy dampener in the

fi000  [system!

i % Maximum possible time
2e+011 increment figure, sec

N

\

\

i

[Pump head formula coefficient
B2.

[Pump head formula
B3.

Steady state initialization § Start Fluid Flow Dynamics routine § Cancel

Fig. 6. GUI look at the computation procedure. In the boxes the numerical values of
the system parameters for which the current calculation is conducting are displaying.

Following are the results of the trial calculations for water pipe length of
3000 m, with a wall thickness of 9.525mm steel and an inner diameter of 205 mm.
Rated pump head 15bar at nominal input pressure of 1 bar and a nominal flow rate at
the outlet of the pump 1.5m/s (at a steady flow). The mass flow rate of the working
fluid was 27.8 kg/sec (at a steady flow). At the end of the pipe before the valve was
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installed damper. The flap at the end of the pipeline began to close on 5 second. Re-
sponse time to complete closure flap is 1.3 seconds.

Figs. 7, 8 and 9 show the graphs of changes in the instantaneous pressure and
the particle velocity of the working fluid (water in this calculation) in the nodal point
section of spatio-temporal grid nearest to the throttle duct for the three variants of the
dampener parameters which is installed at the end of the pipeline.

Fig. 7. Figure of instantaneous changes in pressure and particle velocity of the
working fluid in the selected section of the pipeline. The pressure and volume of the
dampener gas cushion is 20bar and 5 liters, respectively.

Fig. 8. Figure instantaneous changes in pressure and particle velocity of the working
fluid in the selected section of the pipeline. The pressure and volume of a gas cushion
is 20 bar and 50 liters, respectively.
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Fig. 9. Figure instantaneous changes in pressure and particle velocity of the working
fluid in the selected section of the pipeline. Pressure and volume of a gas cushion is
20 bar and 250 liters, respectively.

As can be seen from Figs. 7, 8 and 9 graphs, obtained for the pump and piping
configurations for different values of the volume of the gas cushion damping device,
when sequentially building a gas cushion volume 5Lt, 50Lt, 250Lt, respectively the
oscillation frequency of the working fluid with the elastic part of the steel pipe wall
varies from 0.1 Hz through 0,067 Hz and at the value of the gas cushion 250Lt the
flow after starting the unit spike of pressure, goes to be "aligned” in close to steady
flow since 25 seconds. It can be concluded that at a pressure of a gas cushion equal to
20 bar, the volume of gas cavity damper should be used 250Lt to "smooth™ flow in
the pipeline and almost complete suppression of the hydraulic impact phenomena
spread in a liguid medium for a given parameters combination such a long pipeline.

Outcome. As a result of the completed research the familiarization with the
methods of mathematical modeling of hydro-mechanical processes was implemented
by using the method of characteristics applied to the modified nonlinear Navier-
Stokes differential equations.

The proposed approach for the numerical integration of the Navier-Stokes equa-
tions on the spatio-temporal grid by the method of characteristics had allowed to in-
put practical computing parameters of the working fluid in long pipelines, with taking
into account the boundary conditions for the butt section of the pipeline, which de-
termine the behavior of pumps, diaphragm valves, dampener devices connected to
these sections.

The mathematical model for predicting of the peak pressure amplitudes caused
by various inhibitory factors that lead to the return of the mass flow, and then with its
use, program computer’s complex were developed and debugged. For easier use of
the program complex was created a graphical users interface. The program is finished
to working condition and has been used as simulation software for the test work-
station based on the PC with using the operating systems Windows 10.

Implemented calculations have been showing the complete fitness of the results
of these developments for the solution the main challenge goal of the project by cor-
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rect chosen parameters of the alleviation dampener to get proper and smooth fluid
flow in the pumped industrial pipelines and suppress the hydropercussion (water -
hummer) phenomena. The water hummer effect has been numerically simulated by
sudden overlap of flow section of the pipeline and the suppress of the arised pressure
head was numerically simulated by using the dampener mounted to the distal end of
the pipeline.
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AHHOTALIUA

Heab. PazpaboTka MaTeMaTHUECKONH MOJEIN THIPOMEXAHUYECKOTO NEPEXOIHOr0 Mpoliecca B Mo-
TOKE paboyel MKHUIKOCTH CUCTEMbI MPOMBIIUIEHHOTO TPYOONpOBO/a, ColeprKalleil Hacoc U JIeMI-
dbep, ¢ y4eToM KECTKOCTH U IIEPOXOBATOCTU €r0 CTEHOK B MOMEHT MMMTALlUU PE3KOIl OCTaHOBKHU
3TOTrO MOTOKA ITyTEM 3aKPBITUS 3aCJIOHKM Ha €r0 OTAAJIEHHOM KOHIIE, IPU JaJIbHENHIIEM BHEAPEHUN
ATOW MOJENH ISl UCTIOIb30BAaHUS B BUJIE MPOTPAMMHIO KOMILIEKCA C MCIOJb30BaHUEM y4eOHOM
BEPCUU CHCTEMBbI IPOrpaMMHUpPOBaHus nakera Matlab.

Metoauka ucciaenoBanuii. Pacuer nepexoHpIX MPOLECCOB U YaCTOTHBIX XapaKTEPUCTHK y4acTKa
TpyOoInpoBoa OOIBIION JUIMHBI, B CUCTEMY KOTPOTO BKJIFOUEHO POTOPHBIA Hacoc U aemmdep, noc-
TpoeH Ha 0a3e HeIMHEHHOW MaTeMaTH4yecKod Mojenu Moau(UIMpOBaHHBIM ypaBHeHHI Hasbe-
Crokca. Oddekt OpICTPOro MEepeKPHITHS MOTOKA TOCTUTAJICSA C UCIIOIH30BAHUEM MAaTEMAaTHYECKOTO
HKCIOHEHIMAJIBHOI0 3aKOHA YMEHbBLICHUS IIOIIAIN MIONEPEYHOro CeUeHHs TpyOOIpoBoia, YTo IMo-
3BOJIMJIO TIPOMO/IEIMPOBATh pabOTy MPOMBIIITIEHHBIX 3aCJIOHOK.

OCHOBOI YHCJIEHHOTO MOJEIUPOBAHMS ABIISJICS METOJ XaPAaKTEPUCTUK, KOTOPBIM MPUMEHSIICS IS
pelieHus ykazaHHoW cucreMbl ypaBHeHul HaBbe-Croxkca. [loyueHHble B pe3ynbTaTre TaKUX Mpeo-
Opa3oaHuil HenMHeWHbIe AU depeHnnanbHble YypaBHEHUS YHCICHHO MHTETPUPOBATUCH MPH ITOMO-
[ METOJIa KOHEYHUX PAa3HOCTEN MEPBOTo Poa.

PesyabTathl uccienoBanuii. Pazpaborana maremaTnueckass MOJENb JJIs MPOTHO3UPOBAHUS IH-
KOBBIX aMIUTUTY/ JaBJICHUS, OOYCIOBICHHBIMU PA3THUYHBIMU TOPMO3SIIIUMU MPUIMHAMM, TPUBOIS-
MU K BO3BPaTHOMY MacCOBOMY ITOTOKY H, C €€ HCITOJIb30BaHHEM, ITPOTPAMMHBII BEIYUCITUTEITbHBINA
KOMILJIEKC, KOTOPBIH HCIOJIb30BaH B KaUeCTBE MOAEIUPYIOIIEr0 MPOrpaMMHOro o0ecrieueH s Ha oc-
HOBE MEPCOHAILHOTO KOMIThbIOTEpa, Hcnonb3yomiero OC Windows Vista u Windows 7, 10.
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Hayunas HoBu3Ha. [IpernoxeHHble MOAXOABI IS YMCIEHHOTO MHTETPUPOBAHMS CUCTEMBI ypaB-
HeHull HaBbe-CToKca Ha IPOCTPAaHCTBEHHO-BPEMEHHOM CETKE METOJIOM XapaKTEPUCTUK O3BOJIWIN
HEepEerTH K HEMOCPEICTBEHHBIM BBIYMCICHUSAM IApaMEeTPOB TE€UYEHUs PadOUYUX KHUIKOCTEH B JUIMH-
HBIX TPYOONIPOBOAX, C YUETOM IPAHUYHBIX YCIOBHM JJISi CTHIKOBBIX CEYEHHUH TpyOOIpOBOAOB, KO-
TOpBIE ONPEIEISAIOT MOBEIEHUE HACOCOB, AnadparM, 3acIOHOK, 1eMI(EPHBIX YCTPONCTB, MOJKIIO-
YaeMbIX K YKa3aHHBIM CEUCHUSIM.

IpakTuyeckoe 3HavyeHue. [IpoBeieHHbIC pacyeThl MOKA3AIN MOJHYIO MPUTOJIHOCTh PE3YJIbTATOB
JaHHBIX Pa3pabOTOK IS PELICHHUS 3aJa4yd BbIOOpa MPUEMIICMBIX MMAPaMETPOB JEMI(PHPYIOIIETO
YCTPOMCTBA JUIsl NIOJABJICHUS THUAPOYAAPHBIX SBJICHUN, BOZHUKAIOIIUX P UMUTALMU BHE3AIIHOTO
MEPEKPBITUS TPOXOIHOTO CeUeHHs TPYOONpPOBOAA MPH MOMOIIU 3aCIOHKH, YCTaHABIMBAEMOW Ha
yIaJeHHOM KOHIIE TPyOOTIpOBO/IA.

Kniouesvie cnosa:. npomviuienusiiic mpyoonpogoo, demngep, npozpammuoe obecneuenue (110),
sviyucaumenvuas euopoounamuxa (CFD), onepayuonnas cucmema (OC), nepexoomnoii npoyecc,
Memoo xapaxmepucmuk, komn tomep (I1K), epaguueckuii nonvzoeamenvckuil unmepgetic.

ABSTRACT
Purpose. The mathematical model development of the working fluid flow hydromechanical
transient at an industrial pipeline system containing a pump and a damper, taking into account the
inflexibility and roughness of its walls at the time of simulating a sudden stop of this flow by
closing the valve at its remote end, with the model implementation for further use as a software
program complex on the Matlab system light vertion basis.

The methodology. The transient processes and frequency characteristics numerical modeling of a
long-length pipeline section fluid flow, with a rotary pump and a damper included, had been built
by the nonlinear mathematical model of the modified Navier-Stokes equations basis. The effect of
rapid flow overlap was achieved by using the mathematical exponential law of reducing the pipeline
cross-sectional area, which allowed to simulate the operation of industrial valves.

The basis of the numerical simulation was the method of characteristics, which was used to solve the
specified Navier-Stokes equation system. The nonlinear differential equations obtained as a result of such
transformations were numerically integrated by using the finite-difference method of the first grade.

Findings. A mathematical model for the pressure peak amplitudes predicting due to the various
retarding reasons leading to a recurrent mass flow and, with its use, a software computational
complex that is used as modeling software based on a personal computer under the OS Windows
Vista, Windows 7, 10 has been developed.

The originality. The proposed approaches for the Navier-Stokes equations system numerical
integration on the spatial - temporal grid by the method of characteristics made it possible to
proceed to direct calculations of the flow parameters of working fluids in long pipelines, taking into
account the boundary conditions for the pipe butt joints that determine the behavior of pumps,
diaphragms, dampers, connected to the specified cross-sections.

Practical implications. The performed calculations showed the complete suitability of these
developments results for the acceptable parameters choosing problem resolving of the proper
damping device for suppressing hydrostatic phenomena that occur when simulating the pipeline
cross-section sudden overlap by the valve installed at the remote end of the pipeline.

Keywords: industrial pipeline, dampener, software, Computational Fluid Dynamics (CFD), operating
system (OS), transient process, method of characteristics, computer (PC), graphical user interface (GUI).
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