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Abstract

The process of pipe deformation under the influence of increased pressure during a hydraulic
hammer caused by a flow interruption, the stress state of a pipe with an outer and inner
diameter under load, and the differential equations of motion for elastic deformations were
determined. A mathematical model of a pressure system resistant to hydraulic hammer and
parameters for determining the minimum pipe wall thickness, taking into account the
deformation of the pipe material, were developed.
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Introduction

PACYET ITPOYHOCTHU TPYBOITIPOBOJA IPU TUAPABJIMYECKOM YJAPE
I.T.H., mpod. Y. JKoHkoOmios
acc. 1. Xymmues
PhD, nou. C.2KonkoOuios
PhD, mgom. V.PaxxaboB
PhD, acc. B.JKonkoounos
crap. npen. 3.Py3umypaion
acc. lll.baxogupon
KapummHckuii rocy1apCTBEHHBIM TEXHUYECKUNA YHUBEPCUTET

AHHOTAIUA

Ompenenensl mpotiece nedopmainuu TpyObl MO BO3ACHCTBHEM IMOBBIIICHUS JaBICHUS MIPU
TUAPABIMYECKOM y1ape, BBI3BAHHOM MPEPhIBAHUEM MTOTOKA, HAMIPSKEHHOE COCTOSIHUE TPYOBI
C Hapy)XHBIM M BHYTPCHHUM JIMaMETPOM IOJ HArpy3kou, auddepeHimaibHbie YpaBHCHUS
JBIWDKEHUS JUIA YIpyrux aedopmanuii. PaspaboTansl Maremarndeckass MOJENb HAIOPHOU
CUCTEMBbI, YCTOMYMBBIX K THAPABIMYECKUM YyJapaMm, M IapaMeTphbl I ONpeaeiCHUs
MUHHMMAJIBHOW TOJIIIMHBI CTEHKH TPYOBI ¢ y4eTOM JedhopMaliuu MaTepraia TpyOsbl.

KuroueBble cjoBa: ['mapoynap, NOBBILIEHHE JaBieHud, aedopmanus, paguanbHOE U
yHOpyToe HanpshKeHUe, yrnpyras aepopmarius, TOJIMHA CTEHKU TPYOBI.

Introduction

Water hammer occurs in the pressure pipelines of a pumping station, causing damage to
pressure pipes, check valves, the pumping station building, and pumping units [1-5]. During
pump switching processes, that is, during start-up and shutdown periods, a pressure surge
associated with water hammer occurs in the pressure pipelines. When the motor stops, the
pump speed, water flow, and pressure decrease, and after a while, the flow reverses. In cases
where the flow in the pipeline is interrupted, the pressure surge is even greater [1-5].
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Fig.1.
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During a hydraulic shock accompanied by a rupture of the flow continuity, two pressure surges
are formed during the pressure increase phase [2]. Let us consider the process of pipe
deformation caused by the action of instantaneous pressure increases along its internal
boundary. Let us assume that at the moment of time t=0 the pressure instantly increases by
the value p1 and remains constant until the moment of time t=t;, and at this moment a second
pressure increase occurs, which remains constant until the moment of time t=t;+t>, when the
pressure is instantly removed. It is necessary to determine the stress state of a pipe with an
outer diameter R and an inner diameter ro, under the action of the above load (Fig. 1) [1].

In [1], a problem was solved for plane deformation of a pipe, the material of which is assumed
to be incompressible, under instantaneous application of a pressure p, which subsequently
remains constant. The problem we posed differs from the problem presented in [1] in the short
duration and stepwise nature of the applied load [2].

Research methodology
From the condition of incompressibility of the pipe material we have [2-5]:

ou u
—+—=0, 1
or r M
Where u(r,t) - radial displacement of pipe points, r - distance of a point from the center of the
pipe.

The solution to equation (1) will be

t

ulr,r) =29 )

,
For small plastic deformations, the differential equation of motion has the form:
do, o0,-0, 0’u
r + r — , 3
or r Po ot? ©)
Where 6:and oy - radial and hoop stresses, respectively, po - density of the pipe material.
For elastic deformations

o -0, = 2A(a—” —EJ _ 4400 )

or r r?

and equation (3) is transformed to the form:
0 V(¢ t
O-r_ Ocl()+4Acl()’

oo r r’
Where A - Lame coefficient.
Integrating (5) under the boundary condition 6«(R,t)=0 we obtain:

)

r R —7r?
o, =pOC{/(t)h1E—2AWcl(l‘). (6)
On the inner surface of the pipe at 0<t<tl, the stress o:(ro,t)=-p1, therefore
R R* -7}
P :pOcl//(t)ln_+2A2—2()cl (1. (7
7, Ry,

From expression (7) one can determine the function c(t) satisfying the initial conditions
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¢ (0)=¢/ (0)=0,

arising from natural initial conditions

u(r,,0) = [u(ro,0>]

The solutlon to equation (7) will be

p1’”0
()= 72—)1 cosa)t (8)
2AR
Where
24R* -1}
* (& - 1) ©)

B porlR*(InR-1nr,)

From equations (4), (8) and (9) we determine the stresses o and co:

. i
2 2
o R P E—— e - )lnr R | cosor
r 1Y 27 52 - >
R -7 r* R R*r? lnﬂ R*r?
"o
c i (10)
R
2 2
Cy = —r02R2 p 1+ 1 (R o )mr+R2_r2 cos wt
0~ p2_ 281 T o 2 2 :
R -7, r* R Rr? lnﬁ R°r
L "o _

Let us assume that at the moment t=t; the pressure instantly increases by the value p> and
becomes pi1+p2. Then for ti<t<t;+t; on the inner surface of the pipe the radial stress will be

o:(ro,t)=-p1-p2 and according to equation (6), taking into account that o:(R,t)=0, we obtain:
2 2

R
Py tp,= pocz(l‘)h’l—+2A Ry Cz(t) (11)

O 0
To obtain the initial conditions, we use the fact that at times t;-0 and t;+0, c;=c> and

. .
¢, =c,, thatis:

Cz(tl +0)zcl(tl _0):

2 p2 (12)

Cé(l‘l +0):Cl/(t1 —0) ﬂﬁsm wrt,
0

The solution of equation (11) taking into account conditions (12) will be represented in
the form:

[p (1-cosart)+ p,(1-cosa(t —1,))]. (13)

Differentiating c2(t) twice and substituting the values c»(t) and cé/ (¢) instead of ci(t) and

¢/ (t) in equation (6) we obtain
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lnE
o, =— ; [p1 cosat + p, cosa(t —tl)]—
In—
. (14)
R _ 2 p2
ST r%[p1 (1-cosart) + p,(1—cosa(t —t,))]
0
and taking into account equation (4)
lnB
o, =——2L[p cosawrt+ p, cosa(t —1,)]+
In —
. (15)
R +r 7]
Wr% [p,(1=cosat) + p,(1-cosa(t —1,))}
0
Elastic vibrations are possible under the condition
44
0'r—69|:c—22(t)<200, (16)
r

where oo - elastic limit.
From expression (16) it follows that the plastic state of the pipe material begins from the
inner surface of the pipe (r=to) at the moment of time t*, determined by the equality:

}"2
P+ D, +00(1—R°2J

sin(t, +t )= - - , (17)
\/p1 + p; +2p,p, cosar,
Where
. + A
sin @r, = ———21L " P2 COS (18)

Vpi + pl+2p,p, cosar,
It is obvious that the transition of the pipe material to a plastic state is possible at t'<t;+t,.
From expressions (17) and (18) it follows that time t* depends on the duration of the first

increase in pressure -t; and on the values p1 and p».

It is of interest to determine the value of t1 at which t* reaches a minimum. This makes it
possible to determine the most unfavorable load. For this purpose, the right-hand sides of
expressions (17) and (18) are expressed in terms of t;.

We determined the values of pi1, p2 and t; depending on m and e.

p =y, +7§90 —2ey(H,, +1,),

p2:2}/(HCT+hb)’ tl WLXI_E):”
m+l—g

Taking these dependencies into account, equations (17) and (18) are transformed to the
form:
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(m+1)2_*1 2
HCT H 60 rO
+ + -—
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s1na)(t0 +1 )= ; ,
t
m’ -1+ m’ -1+
1+ He, + L He, # \cos ot
1
2(H0T+hb) z(m_,’_l_tlj HCT+hb 1_71
H H
m2—1+t—1
He, + Ky cosot
20H_ +h :
( cT b) 2( +1_1J
sin ot,, = - ad
m2—1+t—1 m2—1+t—1
1+ 2(HHCTh )+ A+ HHCTh + t’u cos wt,
CT+ b 2(m+1_tlj CT+ b m+1_*1
H H
These expressions allow us to determine time
t
+1)7 -1
H, (m+ H Oy ( FOZ]
+ + -—
Z(HCT+hb) Q{m_i_l_tl] 27/(HCT+hb) R2
. 1 .
t =—| arcsin ?
0} 2
mz—lth—1 m’ -1+
1+ He, + £ + He, # \cos ot
¢ 1
2(H,, +h,) 2(m+1_t1J He+h, o 4
H H
t
m* —1+-"
2(HHCTh)+ i + coswt,
+ t
e 2(m+1—1J
— arcsin = a
o mz—lth—1 o mz—lth—1
1+ 2 CTh )+ i I ”h - tlu cosat,
CT+ b 2m+l_i CT+ b m+1_71
H H
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Having plotted a graph of the dependence of t* on ti/p within the range 0<t;<1, we determine
the value ¢ .

The minimum thickness of the pipe wall can be determined from expression (17), assuming
t"=p, that is, considering that the plastic state of the pipe material is achieved at the end of the
impact phase, when the pressure is instantly removed [2].

2
7,
P +Pz+00(1—R2 ]

min

(19)

sin (t, + u)=

VP! +pl+2p,p, cosar,
Taking into account the fact that under short-term loads the elastic limit of steel can be taken
as 200 [1,2,6-9], then the minimum wall thickness of the pipe determined by us using formula
(19) will have a certain margin of safety.
Above we assumed that the pressure in the pipe increases instantly and remains constant in
the time intervals t; and to. Taking into account the elasticity of the medium in which the
pressure increases, it is obvious that it will not remain constant, but will depend on the
displacement u, that is, p=p(u).
Let at the moment of time t=0 the volume of the pipe be equal to Wy and the pressure instantly
increases from 0 to po, and at moments t>0 due to the change in the volume of the pipe and
the compressibility of the medium, the pressure p, the volume W [2].
Then we can write that

w-w, __P~ P

w, K
Where K - bulk modulus of elasticity of the medium.
Considering that W=n(ro+u)’l, we obtain

3

2r0u+u2 _ _P—Dy

roz K
Neglecting the term u? as a small value, we obtain
2ukK
P=Po— - (20)
T

Substituting the value p from (20) into equation (6) and taking into account that on the inner
surface of the pipe the radial stress o,=-p, we obtain

R2 .2
b= 2K _ R o 0 ).
¥, ¥y R°r,

From this expression we determine the function c(t), satisfying the conditions ¢(0)=c/(0)=0

Dy
c(t)=
O=—p s

2.2 2
Ry, ¥,

(1-cosQ),

24

Where
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2 R°r, o
po(lnR~1nr,)

Without defining the stresses or and 6o, we will only indicate that elastic vibrations of the pipe
are possible under condition (16), which in this case will be represented in the form:

Po
2 2
r* R =1,

o R’ Y|

It follows that the pipe material passes into a plastic state from the inner surface of the pipe at

(1-cosQt)<2a,.

the moment in time t*, determined by the equality [2,10-13]:

2
o, 1—’%+£
, Ot R 4

sin = . 21
2 2p, @D

The solution to this problem under step loading can be performed similarly to the previous
one [2].

Conclusion

Theoretical and experimental studies have shown that, during short-term power outages, due
to disruption of flow continuity during a power outage, a pressure greater than the pump's
capacity may develop in a pumping station pipeline. The duration of this pressure is shorter
than the shock phase. A method for calculating the pipeline's strength under dynamic loading
is presented. Pipe strength is determined by the minimum time required for the pipe material
to transition to a plastic state under pressure. The minimum pipe thickness is determined from
expression (21) [2].
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