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Abstract

Aims of research. Investigation of a wave of unloading in a cylindrical net-
work of nonlinear elastic fibers. Given the many options for wave propagation in
cylindrical networks, an attempt is made to solve the problem of continuous waves.

Methods. The movement of the network in the axial direction is considered.

To a basis of a cylindrical system are accepted: an individual vector i parallel

to a cylinder axis, ; — an individual vector of a tangent to cross-section section

of the cylinder, £ — an individual vector perpendicular to the previous ones, x —
is the coordinate in the direction of the axis of the cylinder, y — is the length of
an arc of the circumference of the cylinder. The problem reduces to a hyperbolic
system of equations under appropriate conditions. Since the wave speed increas-
es when the net is stretched, the stretch wave will obviously be discontinuous.
In order to study continuous waves, the problem of wave propagation is solved
when unloading a pre-stretched cylinder from a nonlinear basis. The problem is
solved by the method of characteristics.

Results. The results are illustrated with calculations and can be used at cal-
culations of various flexible pipes, including flexible drilling.

Introduction

in cylindrical networks, it is attempted to solve a prob-
lem about continuous waves.

The equation of movement of [1] networks in

space has a form, constructed on the basis of the the-
ory of Rahmatullin. In articles [2—7] waves in net-
works in rectangular Cartesian system of coordinates
were investigated. Here waves in a cylindrical sys-
tem of co-ordinates are investigated. Obviously, du-
ring stretching a cylindrical network is going to be
narrowed. Being placed on a rigid pipe during mo-
tion, it will be exposed to operate a force of a friction
between it and a pipe. In order to avoid it, the net-
work is replaced on a screw pipe of a special profile.
Such pipes are applied, in particular at the process of
drilling of chinks. In practice, these phenomena can
take place in the flexible pipelines.

Aim is research of waves in cylindrical sets.
Considering sets of variants of distribution of waves
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1. The general equations of
movement of a network

The equation of motion of the network, taking
into account the reaction of the supporting body and
the geometric relations will have the form, in con-
trast to [2].

o, .. 0, . orF
8—&(01T1)+8—%(02T2) =(P1+Pz)—a£ + pn;

or or
l+e )T, =—; (l+e,)T,=—. €))
( 1) ! 0s, ( 2) 2 0s,

Here, 7 — radius vector of a particle of a net-
work; p — power of a reaction of the cylinder;

¢, e, — the relative lengthening, corresponding threads;
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s,, s, —Lagranzhevy of co-ordinates of particles of
threads; o, and ©,the conditional pressure defined

as the sum of tension of separate threads of one fami-
ly (crossing a site of a thread of other family), car-
ried to an initial length of a considered element.

Such distribution of weight and efforts is admis-

sible at sufficient dense network, p,+p,— weights of

elements of the network, having corresponding di-
rections on area unit in an initial condition, T,, T,

individual vectors tangents to threads, 7 — a normal
to a surface of the cylindrical basis.

2. Coordinate system

To a basis of a cylindrical system are accepted
(figure 1): an individual vector I parallel to a cylin-
der axis, j an individual vector of a tangent to cross-

section section of the cylinder, & an individual vec-
tor perpendicular to the previous ones, x — is the co-
ordinate in the direction of the axis of the cylinder,
y — is the length of an arc of the circumference of

the cylinder. Then
T,=cosy, i +siny, j; T,=cosy,i +siny, j,  (2)

where 7y, — corners of threads formed with a cylin-

der axis.

Figure 1. Coordinate system

Derivatives:

— e - a
% CosY, 9 s O(cosr) +
0s, 0s, 0s,

i . a :
+siny, ai—i—jM; 3)
0s, 0s,
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— re - a
0s, 0s, 0s,

+siny, i + j—a (smyz ) .

S, 0s,
Considering
G _ai _, d_ simp,
os, 0s, 05 ro
0 _ siny, F
0s, r '

From (3) we will get

@: a(coSYl)lf_(sinyl)2 E+a(sinyl)j. @
0, 0s, r 0s,

o, d(cosy, ) = (siny, )2 P d(siny,) 7
0s, 0s, r 0s, ‘

Also considering 7 = xi +rk we have

oF ox. ok oOx- .
—=—1i+tr—=—1+roj,; ®))
ot ot ot ot

oF 0x- © - o

—S =i tr—j+tro—

ot~ ot ot ot

or

or 0x-

- 27
yzyl +7rg +rw k,

where ® — angular speed; € — angular acceleration.

3. The equations of movement of
a cylindrical network

Having substituted (4) and (5) in (1) we will get

ail(clcosyl)f—%(sinyl)z]€+a%l(clsinyl) 7+
+i(c cosy )f—ﬁ(siny )k +——(o,siny, ) j =
0s, R r ? 0s, S
2

a s e 7 —
:(Pl"'pz)gfl +(p1+p2)l”8] +(Pl+p2)r®2k+lm;
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0 0 0’
a—Sl(cslcosyl ) +8_sz(62COSY2) =(p,*p, )an,

0 . 0 )
—(cslsmy1 ) + —(cszslm(2 ) = (p1 +p, ) 7€, (6)
S, 0s,

—%(siny] )2 —%(simf2 )2 =(p,tp, ) re’ + p.

Next is the symmetrical arrangement of the right
and left fibers. Then the equations (6), considering

6,=6,=0, v,=—v,=7Y, ©®=0, £=0 will become:

0 o’
25(00057) = (pl+p2 )gf,
2%(siny)2 =—p. (7

Geometrical correlations

Let's define a derivative of a radius-vector 7
with respect to s. Having designated 7 = xi + rk .

or ox- ok ox- Oy -
—=—i+—r=—i+—=].
Os Os Os Os Os

Where according to (1) and (3)

(1+e1)cosy1f+(l+el)siny1]:g;
0s,
- . - 81”
(1+e,)cosy,i +(1+e,)siny, j =—;
0s,
(1+e)cosy:%; (®)

(1+e)siny =—. 9)

>

As the network does not rotate, then y = const.

6((1 +e) siny) o
ot -
or

(I+e,)siny,=(1+e)siny, (10)

TEOPUA YMPYFOCTU

where ¢,also vy, are values of parameters in an ini-

tial condition.

Using (8) of the first equation (6) it is possible
to write:

oc 1 oOx 0 1 ox 0 x
:( 1 2)

60— —— —

Os 1+e Os Os\1+e Os ot’
| door 1 dedx o &x_
1+e Os Os (1+e)28s88 1+e Os?

0°x
(P1+Pz)67>
o dedx 1 dedx, o &x_
1+e Os Os (1+e)2 Os O0s l+e s’

O’x
=(p1+p2)¥’
o __© 1 sz(é_x)z_l_ o @_
I+e (1+e)2 l1+e 0s* \ Os l+e 0s”

0 x
=(p1+p2)87. (11)

From (11) we will get the following equation:

o ___o (@%L ox_
(1+e)2 (l+e)3 Os l+e |Os?

2
~(pr+p.) 25 12

Last equation represents quasilinear equation in
partial derivatives.

‘= [(12)2_(1;)3}(%T+ﬁ'

2
Here e:\/(%) +(1+¢,)siny, —1; s:@;
s

Os
(ﬁxj .

o| — |1t 1s set.

Os

If we take o,6" in the following way

2
15
o= a(@_x} ;0 = ZQ(—XJ , we get the above given
Os Os

plot.
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Figure 2. The graph for dependence
between quantities € and a(g)

Let's consider another case.

Flat nonlinear elastic, in other words,

2
c=aq, -Z—)SC+ a, (%) , system (8), (9) and (10) can

be reduced to one quasilinear equation of the second
order.
From (6) follows

0 0*
2~£(ocosy):(pl+p2)-§f;

o ox ox Y 0%x
2-—|a,-—+a,| — | [cosy=(p,tP,) —;
as( ' s z(asj] v=(Ptpa) 2

0 ( 6x) 0 (asz
2-—| a, -cosy +2-—1| a, -cosy =
oS Os oS Os

2

o’

(13)

:(p1+p2)'

2
2-0, 8_x dcosy + 2-(xlcosya—§+
oS Os
2
g (axj ocosy +4-a,co5 Ox 0°x Ox_
os oS 0s Os
~(pyps) 22 (14)
or?
From (8)
1 ox
Cosy =——— 15
v l+eds’ (15)
dcosy 1 deox 1 0’x

oS (1+e) B s (1+e)¥' (16)
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From (8) and (10)

0°x

(1+€)2 cos’y =7

(1+¢,)’sin’y,=(1+e)’sin’y;

2
aS +(1+e,)’sin’y,=(1+e). (17)

From (17)

2
2(1+ )% = 2%6—
Os Os Os*

or

Oe 1 0x d*x

== ZzZ. 18
0s  (l+e) 0s 0s’ (18)

Using (15), (16) and (18) in (14) we will get
ax 1 (&)267): 1 o'x) 1 axox

L7 I A=) 2t 5 c |t
s\ (I+e) \as/ Os° 1l+e 0O 1+e Os Os

(ax)z 1 (ax) x 1 x| 2 axaxdx
+o | [—] |- =
Os (I+e)y \as/ o5 1+e o5 l+eds &5 s

(pp,) O,
_ Ly

2
oo (6_xj362x+ 2 ox2’x),
"\ (Q+e)Y\as) 0s* 1+eds 05’

. (6_xj482x+ 3 (6_x)282x _
| +e)Y\os) os* 1+elds) os?
:(pl+p2)_62x
2 otr’

2

PP,
Last equation can be represented in the above

2
Here, a, =

given form:

1 ax\[ox\ 1 ax\ax)|o'x
- a+o,—||—]| + 20, 430, —|— ||/ =
(1+e) " 0s)\0s (I+e) " 0s) Os Os”

_(otp) o'
2 o

ox ) 0%x 0 x
(ﬁsj 0s® a0.87' (15

The last equation is a quasilinear partial diffe-
rential equation.
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2
. X . . .
The coefficient at 8_2 in (19) increases with
N

0
the growth of a—x, therefore speed of waves with
s

deformation growth increases, conducts to the for-
mation of shock waves [8].

Continuous waves will occur when unloading
a pre-stretched cylinder. Here, too, the method of
characteristics is used (figure 3).

o(e)

a(e))

Figure 3. The method of characteristics

From a point 0 wave extends with the maximum
speed a(eo) as waves with smaller deformation ex-

tend with smaller speed and will not influence a con-
dition at the front.
Let the cylinder to locate in the stretched condi-

tion ¢, .
On border the cylinder unloads, in other words,

its end moves with a speed of &
Characteristics of the equation (19) have a form:

ds = adt. (20)
ds = —adlt. 1)

Conditions on characteristics

dx, = adx, (Z_x =x, % = x{j (22)
A

TEOPUA YMPYFOCTU

and

dx = —adx ; (23)

a=a,|l - oto, —|[{—| + 20, +30, —|— | |
\/{ (1+e) o)\ és (1+e) os) as

The front of an unloading wave moves with

a speed a(eo). In the field of SOA (figure 2) a rest

condition. From a condition on negative characteris-

tic BC followsx, Z—Iadxs; differentiating in
0

Xs
a direction of the positive characteristic we have
dx = —adx_.
Comparing with (22) we get X, =const,
x, =const . In other words, on positive characteris-
tics x,, X, are constant.

From (20) we have, considering a constancy x
on the characteristic

x=a(t—t,). (24)

At x=0 we choose to and define €.
From (24)

X
t,=t—=
a

and accordingly

=5 (1,)
8=3, (t—z). (25)
a
. T
Let's consider an example: 7Y,= Z and
yis
Yo:g, e, =0,1; a, =5000wm/c.

The plot of (a(x,)=a(e)(x, =€), f(g) is
shown on figure 3 and the plot of p(s), m(S) is

manifested on figure 4.
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Figure. 4 The graph for dependence between quantities €,k and f(g),a(k):

n
(y“=—; e =0,1; au=5000M/c)
4

0.7 075 08

085 09 095 1

Figure. 5. The graph for dependence between quantities €,k and f(g),a(k):

T
’Yoz—; el)=
6

Let the cylinder on border s =0 unload with
a speed V().
From (25)

€

Ht)=— j a(x, )dsx..

€9

(26)

Where 4 is a function of the top limit of an integral.

154

0,1; a, =5000 M/C)

The equation (26) is the equation for defining an
axial deformation of a network x = ¢ (unlike de-

formation of fibers ¢).
Approximately having presented integral (19) in
the form of the sum, we have:

9=~ [ atmdn

€9

27
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) or §=f(¢)
9= [atvych; | . y
. inverse relationship € =& on border. As positive
9, = a(g,)A; characteristics are rectilinear, it is possible to define
€ in all area of movement. Functional dependence
9 =(a(e)) +a(e))- Ag; f speed of _ speed of d def
1 0 1 of speed of movement — speed of a wave and defor-
9, = (a(go) +a(e)+ a(gz)).Ag; mation for the given example is presented in the ta-
bles 1 and 2.
4 = f(g,—¢). (28)
9, =(a(e,)+a(e)+---+a(e,)) Ae " 0
Table 1
T
Calculated values of the utilized parameters (for Y, =—)
4
€0 &1 &2 &3 &4 & &6 &7 €8 &9 €10 &1
0.778 0.770 0.762 0.754 0.746 0.738 0.730 0.722 0.714 0.706 0.698 0.690
e(%0) e(€1) e(€2) e(&3) e(g4) e(&s) e(g6) e(€7) e(&s) e(%9) e(£10) e(en)
0.1 0.094 0.089 0.083 0.078 0.072 0.067 0.061 0.056 0.050 0.045 0.040
Jo 9 N J) 93 ¥ 95 Y6 97 s Y9 S10 I
T4710° | 1493-10° | 2237-10° | 2.980-10° | 3.721-10° | 4461-10° | 5.199-10° | 5936:10° | 6.672:10° | 7.406-10° | 8.139-10° | 887-10°
a(eo) a(er) a(e2) a(es) a(es) a(es) a(ee) a(er) a(es) a(ev) a(g1) a(en)
7.753-10* | 7.732-10* | 7.711-10* | 7.689-10° | 7.667-10" | 7.644-10* | 7.621-10* | 7.598-10* | 7.575-10* | 7.551-10* | 7.526-10* | 7.502-10°*
Table 2
n
Calculated values of the utilized parameters (for Vo = ;)
&0 €1 &2 &3 &4 &5 &6 &7 &8 &9 €10 €11
0.953 0.950 0.947 0.944 0.941 0.938 0.935 0.932 0.929 0.926 0.923 0.920
e(%0) e(e1) e(€2) e(e3) e(g4) e(&s) e(g6) e(€7) e(&s) e(g9) e(€10) e(en)
0.230 0.228 0.225 0.223 0.221 0.219 0216 0.214 0212 0.209 0.207 0.205
S0 9 R ) I3 4 s 6 97 s Y9 S10 3
866.7 | 1.732:10° | 2.597:10° | 3.461-10° | 4324-10° | 5.186'10° | 6.048-10° | 6.908:10° | 7.767-10° | 8.626:10° | 9.483-10° | 1.034-10°
a(eo) a(er) a(e2) a(e3) a(es) a(es) a(ee) a(er) a(es) a(ev) a(g10) a(en)
8.667-10* | 8.658-10%| 8.648-10*| 8.639-10° | 8.630-10* | 8.621-10* | 8.612-10* | 8.603-10*| 8.593.10*| 8.584-10° | 8.575-10*| 8.566-10°
Conclusions Depending on distribution of speed on the bor-

Setting on border speed of movement of the end
of a network as a time function it is possible to de-
fine deformation as time function on the end of
a network and to the above-stated form everywhere
in area SOt.

For an example takes $=>bt then ¢ = f(€)/b.

TEOPUA YMPYFOCTU

der, deformation of a constant on characteristics is
defined (figures 4 and 5).
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HAYYHAS CTATBA

BoJjiHa pa3rpy3ku B HHJIMHAPUYECKON CETH U3 HEJIMHEHHO YIPYTrUX BOJIOKOH

ML.A. PycramoBa
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Annomayus
1lenu. ViccnenoBanue BOTHBI pa3rPpy3KH B HAJIHHAPHYECKON CETH U3 HEIH-
HEIHO ynpyrux BOJIOKOH. [IpennpuHMMaeTcst MONbITKA PEeLIeHus 3aJaud O He-

IIPEPBIBHBIX BOJHAX C YYE€TOM MHOXKECTBA BapHAHTOB PACIPOCTPAHCHHUS BOJIH B
LWIAHAPUYECKHUX CETSX.

Memoowt. Ha ocHOBE ypaBHEHHI JBIKEHHS CETH B OOLIEM CITydae CTPOST-
Csl YpaBHCHUS IBUKCHUSA LLI/IJ'II/IHleI/I‘{eCKOI;I CCTH. PaCCManI/IBaCTCﬂ JABUXKCHHEC
CEeTH B OCEBOM HarpaBJeHUH. 3a 0a3uc HMIHHIPHYECKON CHCTEMBI IPUHUMAFOT-

Kniouesvie crosa:

HEJIMHEWHO yNpyrue BOJIOKHA;
BOJIHA Pa3TPY3KH;
LUWINHAPHYECKAs CETh;

HENPEPBIBHBIC BOJIHbI Csl: €IMHUYHBIA BEKTOp I, NapajuleJbHbIM OCH LWIMHIPA, j — EIUHUYHBIN

BEKTOp KacaTeJbHOM K IONEpEeYHOMY CEUEHHUIO LUIMHIpA, kK — €IMHUYHBIN
BCKTOD, HCpHCHZ{MKyJ’IﬂprIﬁ K NpeabIAylnuM, X — KOOpAWHATa B HAallpaBJICHUU
OCH LMJIMHJpA, Y — JUIMHA YT OKPYXKHOCTH LIMIMHIApPA. 3a7a4a CBOAUTCS K T'U-
nepOOIMYEeCKON CUCTeMe YPABHEHUH PU COOTBETCTBYIOIUX YCIOBUSIX.

ITockoabKy IpU pacTSKEHUH CETH CKOPOCTh BOJHBI yBEJIUYUBAETCS, TO,
OYEBUJHO, BOJHA PACTXKEHHUs OyneT paspblBHOH. C Lesbl0 HCCIENOBAHUS He-
IIPEPBIBHBIX BOJH PEIIAETCs 3ahada O paclpOoCTPaHEHHM BOJH IIPU pasIpy3Ke
IpEIBApUTEILHO PACTSHYTOrO LIIUHJpPA U3 HEIHHEHHOW OCHOBHL 3ajnaua pe-
LIa€TCs. METOOM XapaKTEPUCTUK.

Pesynomamel. Pe3ynbTaThl WILTIOCTPUPYIOTCS pacueTaMu U MOTYT ObITh
UCIIOJIb30BaHbl NIPY BBIYUCICHUU JAHHBIX IJIS Pa3jIMuHbIX THOKUX TpyO, B TOM
qycie OypuibHbIX.
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