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The purpose of this paper is Lo examine the effect of some physical proper-
tieg of hvdraulic pipelines, in parvicular the relative thickness and elasticity,
on the accuracy of determining the propagation velocity of pressure shock
wave. _onsidering the two—direction state of stress. which occurs in pipeline
walls. the improved formula for the propagation velocity of pressure wave was
derived. In the final part of the paper suitableness of the derived formula
for hydrodynamic and strength calculations was verified. The calculations
concerned water hamrver phenomena in pipelines manufactured of different
constructional matenals. It was assumed that strains did not exceed the
elastic range.

List of symbols

— internal radius of the thick-walled tube conduit,

— cross—section area of the tube,

- external radius of the thick-walled tube,

-~ modutus of the fluid compressibility,

- mean fluid velocity,

internal diameter of the tube,

- deformation of the tube wall in the radius direction,
- elasticity modulus (Young) of the tube wall materiai,
-~ relative thickness of the tube wall,

- pressure,

-~ radius,

time,
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o ~ pressure propagation velocity of shock wave within thin-
walled tube,

u; — presssure propagation velocity of shock wave in a thick-
walled tube,

é - thickness of tube walls,

v — Poisson number of the tube wall material,

o - fluid density/thickness,

o - stress,

Ap - pressure increment due to the water hammer phenomenon.

1. Introduction

Pressure increment Ap, for a simple water hammer, caused by inertia of the
moving fluid molecules is expressed by the following formula {2,12]

Ap = pu(co - ¢) (1.1)
where
% - propagation velocity of the pressure wave,
¢~ mean flow velocity of fluid in steady state motion,
¢¢ — mean flow velocity of fluid at instant t.

From the presented expression it follows that the pressure increment Ap at
the moment of shock depends to a great extent on the propagation velocity of the
pressure shock wave. To determine the pressure shock wave propagation velocity
advantage is taken of the following dependence [3,7,10]

o -

(1.2)

u =

B+

In this equation account has been taken of the conduit deformability and the
fluid instantaneous compressibility and the following simplifying assumptions have
been made [2,12]

o epergy dissipation due to the viscosity of the flowing fluid, as well as inte-
raction of the forces of gravity is neglected,

¢ thickness of the tube walls during the water hammer is not subject to chan-
ges,
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» within the tube walls there occurs one-directional state of stress (omnly cir-
cumferential stresses), and the vaiue of it throughout the conduit cross—
section 1s constant.

The assumptions confine the applicability of eq.(1.2} to thin-walled tubes, iz
which the ratio of the wall thickness to the radius of curvature §/r < 40, hence
the state of stresses due to the fluid pressure is satisfied by the Laplace equation
[4], utilized in the linear membrane theory of shells [1].

2. Pressure wave propagation velocity in thick—walled tubes

The stress effect in radial direction which results in variation of the pipeline
wall thickness should be also taken into consideration in the relaticuship descn-
bing the pressure wave propagation velocity in thick-walled tubes. This ieads in
consequence to an increase of the hydraulic pipe flow area. For this reason, during
the water hammer phenomenon, the fluid flowing through the tube will be stopped
at instant dt, along a shorter interval dl.

In order to derive a more precise dependence, enabling to determine the pres-
gure wave propagation velocity in thick-walled pipelines the following assumptions
have been made

o the effect of the gravity forces, and energy dissipation due to the fluid visco-
sity is neglected,

¢ the instantaneous fluid compressibility and the deformability of the pipeline
are of primary significance as far as the pressure wave velocity is concerned,

e within the walls of the conduit a two—dimensional state of stress occurs
(circumferential and radial stress) of nonuniform distribution across the wall.
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Taking into account the deformability of the pipeline, and the instantaneous
compressibility of the fluid, the propagation velocity of insignificant disturbances
in a horizontal conduit ( Fig.1.) can be expressed by the following equation [6}

dp
w=A—. (2.1)
VY'Y
Denoting by
Ap -~ pressure increment, which accompanies the water hammer
phenomenon,
dA - density variation of fluid due to compressibility,
expression (2.1) can be presented in the following form
é
Abp (2.2)

uf = ,
(p+ dp)(A +dA) - pA

Having neglected term dp dA as a very small one and after dividing the nume-
rator and the denominator of right hand side of the equation (2.2) by pAAp, we
obtain

1
2 )
1= 3 3 (2.3)
L5+ %%
From compressibility definition [2]
dp
— = BA
. p
therefore -
i
u? (2.4)

For the increment of the flow cross—section radius equal to e, the expression

dA  xde 4e

B T g
A = d

is valid. Hence
PR S—
4e 1
o(B+%4;)

In the walls of a thick-~walled tube — in compliance with the assumptions —
there occurs a two-directional state of stress, namely, the radial stress §,, and the
circumferential one o;.

In view of the above, displacement e, of an arbitrary point of the wall, situated
at distance r from the tube axis can be determined by means of the Lame’s formula,
which is one of the particular function solutions of the Airy stress [1,5].

(2.5)
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Therefore we shall have

2b2

_ 1-v pua2 - pbb2 (pa - py)a
e'—E(bz—an)[ 1+v (1-v)r ] (2:6)
I
P =0, Pa = Ap, r=a
then the increment of the flow cross-section radius
— Apa 2 2 )
C—E—(bi_—aij[a (1—V)+b(1+l')]. (1..7)
After substibuting for
a= d i b= 4 + 6
T2 T2
into the last equation and some simplifications
Apd a2
= -2?[2—(‘“—“52—)+1+u] (2.8)
or Apd ,
= 1 . (2.
e 4E[6/d+62/d7+2( +v)| (2.9)

Taking into consideration expression (2.9) in equation (2.5) after appropriate
transformations, we arrive at the pressure propagation velocity of the shock wave
in thick~walled tubes.

Thus

1
»

. 2.10
B+ ¥ gz + 201+ v)] o

u =
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3. Analysis of relationship describing the pressure propagation
velocity of shock wave

In order to determine the effect of some physical properties of hydraulic con-
duits, and in particular the relative thickness

m = -j— (3.1

upon the calculation accuracy of pressure shock wave propagation velocity, the
velocity ratio was determined on the basis of formulae (1.2) and {2.10)

{ '
o EB+ 4 . (3.2)
u EB + m+2(1+u)
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Fig. 3.

Subsequently the u;/u = f{m) diagrams were determined (Fig.3.) for conduits
filled up with water and constructed of the following stuctural materials

1 - stzel,

2 — aluminjum,

3 - polymethacrylate,

4 — polyester resin,
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5 - polyamide,

6 — hard rubber (78°Sh) applied in manufacture of high—pressure hydraulic
tubes.

Material constants of respective structural materials were determined during
tests carried out at the Laboratory of Strength of Materials at the Chair of Me-
chanics and Machine Construction Fundamentalg of the Agricultural Academy in
Olsztyn. The results of the material constant being obtained coincide with the
data published in domestic and foreign references [8,9].

From curves 1 and 2 (Fig.3.) for metal tubes it follows that together with
the change of the relative thickness m of 0.05 + 0.95, the velocity ratio u;/u
declines insignificantly (from 0.997 to 0.990 for steel and from 0.983 to 0.970 for
aluminium).

However, in the case of conduits made out of non—metallic materials, an evident
effect of the relative thickness upon the quotient value u;/u can be noticed.

For instance, with a conduit made of hard rubber (curve 6), u;/u varies
between 0.95 for m = 0.05 = 0.55, and for m = 0.95.
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Fig. 4.

Fig.4. presents some charactenstics illustrating the effect of the fluid compres-
sibility upon variation of the u;/u = f(m) function. They were determined for
hydraulic tubes made of the following materials

2 - aluminium,
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4 — polvester resin,
6 — rubber.
A similar shape/outline of curves, drawn for the same structural material con-

firms the insignificant effect of the fluid compressibility upon function u;/u =

f(m).

4. Summary and conclusions

1. The relationship derived in this paper makes it possible to determine more
accurately the pressure shock wave propagation velocity, in particular in the
case of thick-wall tubes.

2. The characteristics illustrated in Figs.3. and 4. prove a considerable influ-
ence of compressibility, and the relative thickness of tube upon the propa-
gation velocity of the pressure shock wave. The presented curves prove the
necessity to make use of the obtained formula in hydrodynamic and strength
calculations concerning the water hammer phenomenon in conconduits made
of non-metallic structural materials.

3. Determination of the pressure wave velocity within thick—walled non—-metallic
tubes, basing on the currently applied relationship (eq.(1.2)) can be burdened
with a substantial error.
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Streszczenie

Celem niniejszej pracy jest okreslenie wplywu niektSrych wlasciwodci fizycznych
przewodéw hydraulicznych, a w szczegdinodci grubosci wzglednej oraz sprezystoéci, na
dokladoéé wyznaczania predkosci propagacji cisnieniowe;j fah uderzeniowej.

Uwzgledniajac dwukierunkowy stan r¢zen, jaki wystepuje w Sciankach rurociagu,
wyprowadzono usciflona zaleznoé¢ na predkos¢ rozprzestrzeniania sig fali uderzeniowe;.
W koricowej czesci pracy sprawdzono celowoé¢ stosowania otrzymanego wzoru do obli-
czeti hydro ynamicznych i wytrzymalodciowych, dotyczacych uderzenia hydraulicznego,
wyst¢pujacego w praewodach wykonanych z réinych tworzyw konstrukcyjnych. Zalozono
przy tym, ze odksztalcalnodé écianek rurociagn miesci sie w zakresie sprezystym. .

Prace wplynela do Redakeyi dnsa 11 grudnia 1990 roks



