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Purpose. Formulation and solution to the problem of rational centering of the casing under the complex configu-
ration of well axis using elastic-rigid centralizers.

Methodology. The model of the “casing-well” system is under consideration. In the simulation system, the col-
umn in the hole is loaded by two sets of forces: the forces of gravity, distributed along the axis of the pipe and pressure
forces caused by the complex configuration of the well axis and distributed between the centering devices. The influ-
ence of structural peculiarities of the cyclically symmetric “bow” type centralizers on their rigidity and toughness
characteristics has been taken into account. The solution of the problem will be considered found when the allowable
minimum value of a gap in the “casing-well-wall” system is provided.

Findings. The dependencies to determine the distance between the centralizers and allowable gap have been deter-
mined on the basis of the solution of the problem of rod bending on the elastic-rigid supports. With the increase in
zenith angle due to increased transverse component of gravity, the distance between centralizers reduces. Moreover,
for small zenith angles it is even smaller, due to greater downforce. For large zenith angle as well as for large pressing
forces, their influence on the distance between the centering devices is offset due to activation of the stop. In particu-
lar, it was determined that the stop of a centralizer provided it has sufficient strength can guarantee the required gap at
considerable loads on the column. The results of the research have been approved by the engineering calculations for
specific sizes of casing and well.

Originality. New dependencies to calculate the distance between the elastic-rigid centralizers used in casing the
well taking into consideration groups of factors that determine the wellbore profile and centralizer specifications have
been established.

Practical value. The obtained results provide for optimizing the exact number and intervals of equipping the casing
with centering devices and thereby avoid the formation of dead zones in the annulus. This will give the opportunity to
achieve high-quality cement job and make casing of the well of any configuration reliable and time-proof.
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Introduction. The casing of oil and gas wells is one of
the most important stages in their construction. The
quality of plugging operations influences the perfor-
mance of oil and gas production tasks by the well. When
constructing directional and horizontal wells complica-
tions associated with poor cement job of casing strings
may arise. Despite purely industrial problems (inter-
reservoir cross flows, mud springs, intercolumnar pres-
sures etc.) such complications may lead to severe envi-
ronmental and financial consequences. The eccentric
placement of the casing in the wellbore is the main rea-
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son for the complications in the process of cementing.
In the narrow gaps between casing and borehole wall
washing fluid is not replaced by cementing slurry, result-
ing in the formation of a zone of unilateral cementation.
The process of formation of such zones is affected by the
quality of the preparation of the wellbore for cementing,
casing accessories, the number, and characteristics of
the centering devices and intervals between their instal-
lation, the quality of cement slurry and other factors.
Despite the wide range of engineering solutions
aimed at improving the reliability of well casing, the
problem of centering the casing today remains relevant
to the oil and gas industry, particularly in connection
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with the increase in volumes of directional and horizon-
tal drilling. Reasonable equipping of the casing with a
centering device is intended to contribute to its equidis-
tance from the walls of the well and thus should not pre-
vent the descent of the pipes to the prescribed depth.
Thus, the quality of cementing the annulus will improve,
which will ensure the efficient architecture of the wellbore.

Various types of centering devices are used to center
a casing in an open hole. When drilling vertical and di-
rectional wells cyclically symmetric “bow” type central-
izers [1] are most widely used. A number of recommen-
dations are given in literary sources and in current guid-
ance documents for application of balloon-type central-
izer or using other construction. There is a method for
calculating casing string for directional drilling present-
ed in [2]. [3] describes the distance between the central-
izers from the condition of the allowable arrow of curve
for casing, [4] — discrete values of the distance between
the centralizers, depending on the diameter of the string,
[5] — centering of the with a hydromechanical module,
[6] — the distance between the centralizers with the ex-
pectation of curve of casing pipes, zenith angle values
and rigidity of casing pipes.

An inadequate rationale for the definition of location
intervals and a number of centering devices, the mis-
match between their elastic characteristics and the real
load cause complications in the process of running cas-
ing into the well and have a negative influence on the
quality of cementing. This can also lead to the overuse of
centering devices in one interval and their insufficient
number in other intervals.

This study aims at formulation and solution to the
problem of rational centering of the casing under the
complex configuration of a well axis using elastic-rigid
centralizers.

To solve the problem we need to find the distance
between the centralizers so that the smallest gap in the
“casing-well” system exceeded the allowable minimum
value necessary for high-quality cementing.

Statement of the problem. Let the casing be equipped
with the spring centralizers with a nonlinear characteris-
tic of radial rigidity. Now let us consider possible options
for the location of column section in a well (Fig. 1).

Hereinafter let us adopt the following definitions and
symbols: r, is a well radius; ., is a radius of a centralizer
in an non-deformed state; ., a casing radius (in some
cases we should keep in mind that r., = r,.is a collar
radius); 0,,, iS the biggest (even gap); J, is the tiniest (in
a circle) gap between a casing and a well when a central-
izer touches the wall; § is the tiniest (in a circle) gap be-
tween the loaded column and the well; y is column axis
movement relative to the well axis in the direction of the
axis y (positive upwards) after selecting play r,, — r,,;.

A column in the well is loaded by two systems of forc-
es: forces of its own weight, distributed along the axis of
the pipe and pressure forces caused by a complex configu-
ration of the well axis and distributed along centralizers.
Under the influence of these forces lateral movement of
the column arises, which consists of displacements ca-
used by the deformation of the centralizers and the elastic
displacement of the axis of the pipe pertaining to central-
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izers. Such movements lead to gap d narrowing. Fig. 1, ¢
features the worst situation when the displacements
caused by pressure forces and dead load have the same
direction (in this case downward). The walls of the well by
assumption are considered to be absolutely rigid.

The problem of effective centering of the casing is to
find the distance between the centralizers so that the small-
est gap in the “casing-well” system exceeded the allowable
minimum value necessary for high-quality cementing

ming 2[5]. (1)

To evaluate the dependence of d on casing load let us
consider a model problem.

Suppose that on some spudded interval the orienta-
tion and location of the borehole axis vary slightly. As-
sume that on this very interval they expect to install sev-
eral centralizers. Then gravity and pressure forces can be
considered as uniformly distributed, and consider the
periodic problem of bending of infinitely long columns,
placed on an elastic-rigid supports (Fig. 2). The corre-
sponding diagram for the calculation is shown in Fig. 3.

Fig. 1. The cross section of the well with a column
equipped with a centralizer:
a — a perfectly centered column; b — location of a column
with a centralizer touching well walls; ¢ — location of a
bowed column on a deformed centralizer

Fig. 2. Scheme of casing loading
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Fig. 3. Computational scheme to study the transverse dis-
placement of a column

The figure features: z — pipe axes; L — the distance
between centralizers which is considered to be far small-
er than the radius of the well curvature; p — the distrib-
uted pressure force; pL— pressing force applied to the
centralizer; y — the weight of a unit length of the pipe in
the cement slurry; ¢ = ysina — the transverse compo-
nent of weight force; a — zenith angle of well axis.

Elastic-rigid centralizer has specified characteristics
of stiffness or compliance (Fig. 4). At this stage of the
study, we believe that depression of centralizers does not
change the values of the pressure force p. We also ignore
the influence of axial forces on the transverse displace-
ment of the column.

P=C(A) A=A(P)
Ayt
0 A, A O P
a b

Fig. 4. Model characteristics of non-linear stiffness (a)
and compliance (b) of elastic-rigid centralizer

L — periodic boundary problem of a transverse bend-
ing of the casing is presented in the following way

ﬂw:o; ze(kL,(k+1)L); keZ: (2)
dz*

O(kL+0)-0Q(kL—0)+pL+C(y(kL))=

E T

c c

M (KL+0)- M (kL-0)=0; )
9(kL+0)-9(kL—-0)=0; (5)
y(kL+0)-y(kL-0)=0; keZ. (6)

Here y is transverse displacement of the column; Q is
transverse force; M is bending moment; ¢ is angle of ro-
tation; z is set of integers; F, 1, is stiffness of the column
bending.

Boundary condition (3) relates the response in elastic-
rigid support to its displacement, boundary conditions
(4—6) ensure the continuity of the moments, rotation an-
gles and displacement when moving through the support.

For further study, condition (3) should be rewritten
in terms of the compliance function. Taking into ac-
count mutual convertibility A(C(x)) = x, we have
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(kL) +A(Q(KL+0))-Q(kL-0)+pL=0; keZ.(7)

Given that for any k all sections of the pipe are in the
same conditions, from problem (2, 4—7) we switch to a
boundary problem on the interval

4

Eclc%w:o; ze(O,L); 8)
y(0)+A(Q(0)—Q(L)+pL)=o; )
M(0) = M(L); (10)

9(0) = O(L); (11)

¥(0) =y(L). (12)

Here (9) is condition of depression of support, ad-
ditionally loaded by force pL; expressions (10—12) are
the periodicity conditions.

Analytical solution. The solution of the problem
(8—12) was built by the method of initial parameters.
The general solution of the inhomogeneous differential
equation (8) provides expressions for the force and geo-
metric factors

0=0)—qz
2

z.

Z
M _MO +Q()E_q53

1 2 Z3
19=190+ECIC 01' QO__q3

1 zz -
y= y0+901+E1 051 +0, 3'—q4 (13)

Unknown variables Q,, M,, ..., y, (initial parameters)
were obtained, substituting (13) into boundary condi-
tions (9—12)

Yy +A(Q0 -(9, —qL)+pL) =0;

L2
My =My +QyL =4

1 r v
9, =9, +—E I (MOL+Q0§—q§J,

c

1 I? 1:3 rt
y0=y0+190L+ECIC{ 0~y Y QO 3' 4'J’
or
YotA((g+p)L) =
L2
QOL—qEZO,
rr
M,L+0Q, = 0 —q?:0,

1 I r r
9°L+ECI{ ) Q"?_qm}
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Therefore
0 <. y - 9L
0~ 2 ’ 0~ 2 >
8y=0;yo=—A((g*p)L). (14)

Expressions (13, 14) give the complete solution of
the formulated problem of the bending. In particular,
the greatest displacement of the pipe in the module is
observed in the middle of the span

L) ql!
y(;j-—/\((g+ p)L)——384EC]C : (15)

The first summand means the depression of the cen-
tralizer under the influence of the pipe weight force as
well as pressing force. The second summand shows pipe
sagging in relation to the centralizer under the action of
the weight force.

Subsequent to the results of (15) from the condition
(1) and Fig. 1, ¢ we obtain the constraints for the dis-
tance between the centralizers.

In fact,

mind = min(50 + y) =3, +miny =4, +y(£}

2
min5=50—A((q+p)L)—%. (16)
Then
S, +y(§j >[s],
and finally
A((ﬁPﬂF%S%—[ﬁ]- (7)

Given admissible [0], from the irregularity (17) it is
possible to find the necessary distance between central-
izers on a given interval with peculiar ¢ and p. What we
have to do is to specify the expression A for elastic-rigid
centralizer.

Evaluation of stiffness of nonlinear elastic centralizer.
On the basis of the solution of problems of contact inter-
action of the element of the centralizer with the well wall
the influence of structural peculiarities of the cyclically
symmetric “bow” type centralizers on their rigidity and
toughness characteristics was studied [7].

Relationship between the force of interaction between
the centralizer and well wall may be presented as follows
P=C_.A. Real rigidity of the centralizer C, lies in the range

3
C, <C,<C,,where C, = 6% = %Eb[?j is the rigidity
of the centralizer with the free sliding of the leaf springs
3
along the axis of the pipe, C, = 256% = 63—4Eb ?] is
the rigidity of the centralizer in the absence of sliding of
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the leaf springs along the axis of the pipe, EJ is bending
rigidity of the working element of the centralizer of a
rectangular cross section b X A.

In case of equipping the rod of the centralizer by ad-
ditional stop its radial displacements will be limited

A<A,,

where A, = f—f;; fis a boom of a bow-shaped element
of the centralizer; f; is the height of the stop.

Then non-linear characteristic of this elastic-rigid
centralizer will look as follows (Fig. 4, a)

p_c(a)= Gt ASA,
=C(4)= P>C.A, A=A,|

Analytical characteristic of the radial compliance of
the centering device (Fig. 4, b) will be

PPy,
a=a(p)=]
P b
Bys =24
c

or

A=A(P)=C£H[AO —CﬁjmoH[Ci—Ao} (18)

4

where H(...) is Heaviside function.

Calculating the distance between centralizers. Using
the result (18) of the preceding subparagraph and ex-
pression (17), let us set the value for the distance be-
tween the centralizers, which provides the gap sufficient
for a high-quality cementing [0]

c c

(pra)L
C

c

gL’
+A H 8 [*35ar T <gy-[5]. (19

The results of calculations by formula (19) lead to the
laws shown in Figs. 5—10.

Let us analyze the quality picture, under the condi-
tionthat §,=1; Ay =1/3; q/(384E.1.) =1;q/C,= 1.

Accounting the centralizers elasticity leads to a con-
siderable reduction of the distance between them (curves
2 to curves 1 in Figs. 5, 6). Fitting the centralizer with
additional stop increases the allowable distance between
the centralizers (curves 3 to curves 2 in Figs. 5, 6) in the
range of small acceptable gaps [0] < d — Ay and does not
change the result in case you need a better centering (the
range [0] <& — Ay). In the latter case, the stop does not
have time to come unto action: curves 2 and 3 merge.

For a given transverse component g from weight force,
additional pressing forces do not affect the distance be-
tween the centralizers at small gaps (9), if the stop is acti-
vated, and naturally reduce L at large (0) (Fig. 7). Addi-
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tional loading ¢ at given pressing force naturally leads to
the convergence of the centering devices (Fig. 8).

Influence of the zenith angle for the directional well
was analyzed with an allowable gap [d] = §,/3 being
fixed (Fig. 9). With an increase in zenith angle due to
transverse component of the weight increase distance L
decreases, therefore at a <17° because of the pressing
force buildup p. For a <17°, as well as for significant
pressing forces their influence on the distance between
the centering devices is mitigated as the stop is put into
operation (Fig. 10).

Graphical results were obtained for A, = §,/3, as
well as for the assumption: the rigidity of the centralizer
is such that under the action of weight force and in the
absence of the pressing force the maximum deflection
of the pipe in relation to the supports is equal to the
elastic subsidence of the centralizers. Having different
basic data we will receive other quantitative indicators,
which, however, will not change the established picture.

According to the above method, the calculations of
the desired distance between the centralizers obtained
from equation (19) at p = 0, ¢ = ysina for different val-
ues of zenith angle and several variants of the admissible
gap were performed.

L \\\
~
\ \\\
0.7< \ ~\
— \\
. — 3
05 T \‘\ p
..
2 IR \
0.25 N
0
0 02 0.4 0.6 08 1 [5]

Fig. 5. Dependence of distance between the centralizers
and allowable gap in a column loaded by its own
weight without additional pressing:

1 — rigid; 2 — elastic; 3 — elastic-rigid centralizer
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Fig. 6. Dependence of distance between the centralizers
and allowable gap in quazivertical site (q = 0) at press-
ing forces (p = 0):

[—rigid; 2— elastic; 3— elastic-rigid centralizer; 0y=7 .,y — Vegns
q — maximum possible radial movement of the centralizers
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Fig. 7. The influence of additional pressing force on the cal-
culated distance between the elastic-rigid centralizers
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Fig. 8 The influence of the transverse component of the
weight of the column on the calculated distance be-
tween the elastic-rigid centralizers

L
2.5
=0 p=o0.1
2
p=0.5
1.5 K
1 \\
—
0.5
0 15 30 45 60 75 O, deg.

Fig. 9. The dependence of the distance between the cen-
tralizers on zenith angle under different pressing forc-
es(g=vysina)

According to the results of calculations, bigger dis-
tances between the centralizers are observed in case of a
low-quality centering with a significant deviation from
the standard ([6] = 0.46,) in comparison with a high-
quality centering ([6] = 0.6 9,).

Conclusions.

1. The problem of efficient casing centering was for-
mulated. The aim of the problem was to find the dis-
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Fig. 10. The dependence of the distance between the cen-

tralizers on the pressing force for different zenith angles

tance between the elastic-rigid centralizers to provide
the smallest gap between well and casing necessary for
high-quality cementing.

2. Based on the solution of the problem of bending of
arod in elastic-rigid supports by the forces of weight and
the specified pressing forces, the equation to determine
the distance between the centralizers was obtained. The
influence of structural peculiaritiecs of the cyclically
symmetric “bow” type rod centralizer on the character-
istics of their rigidity and strength was taken into ac-
count.

3. The dependences of the distance between the
centralizers and the allowable gap for a variety of loads
acting on the casing were determined. Accounting of
centralizer elasticity leads to a significant reduction in
this distance. The increased zenith angle due to the in-
crease in the transverse component of weight force leads
to the reduced distance between centralizers. This is
especially true for small zenith angles. For a large ze-
nith angle, as well as for considerable pressing forces their
influence on the distance between the centering devices
is offset as the stop is activated. In particular, it was found
that the stop of the centralizer provided it is of sufficient
strength might guarantee a sufficient gap at high loads on
the column.

4. An example of the calculation of the column cen-
tering for the real parameters of the well was consid-
ered.

Clarification of the obtained results can be achieved
considering the influence of axial forces on the bending
of the casing, as well as through consideration of spatial
pattern of its deformation.
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Meta. @opMyJTIOBaHHS Ta pO3B’SI30K 3a1adi eek-
TUBHOTO LIEHTPYBaHHSI 00CaIHOI KOJIOHU Y CBEPJIOBU -
Hi MPY>XKHO-XKOPCTKMMU LEHTPATOPAMU 3 YPaXyBaHHIM
TpaTopa.

Metomauka. JIOCTiIXKYyETbCSI MOAEIb CUCTEMU ,,00-
caJlHa KOJIOHa — CBEPIJIOBUHA®, IPUYOMY KOJIOHA Ha-
BaHTAXYETbCS IBOMAa TpynaM{ CWJI. CUJIOK BJIACHOI
Baru, po3IOAiIEHOIO B3IOBX OCi, Ta TPUTUCKHUMU CH-
JIaMH, BUKJIWKAaHUMU CKJIATHOI KOH(irypamieo oci
CBEPIJIOBUHU I PO3IMOALIEHUMHU IO LIEHTPYBAJIbHUX MPH-
CTPOSIX, SIKMUMU OCHallleHa KOJIOHA. YpaXxoBaHUIT 3B’S-
30K €(PEeKTUBHOCTI LIEHTPYBaHHSI 00CaaHOI KOJIOHU 3
KOHCTPYKTUBHUMHU OCOOJMBOCTSIMU LIMKJIIYHO-CHUME-
TPUYHUX CTPYKHEBUX LIEHTPATOPIB ,,JTIXTAPHOTO“ TUITY
Ta XapaKTepUCTUKOI IX KOPCTKOCTI i MiHOCTi. Bu-
XiTHOIO YMOBOIO PO3B’SI3KY 3a1aui MpUIHSTO 3a0e31me-
YeHH$S1 MiHIMaJIbHO JOIMYCTUMOIO 3a30py B CUCTeMi
,00CaHa KOJIOHA — CBEPIJIOBUHA®.

Pe3ynbTaTu. Ha nincrasi po3B’s3Ky 3agadi mpo 3ruH
CTPMXKHSI Ha TIPYKHO-XKOPCTKUX OMOpaxX BCTAHOBJIEHO
CIiBBiTHOILLIEHHS JUIs1 BU3HAUEGHHS 3aJeXXHOCTEH Bil-
JIajli MiX LIeHTpaTopaMHu Bil JOIMYCTUMOIO 3a30py.
VYpaxyBaHHSI NPYKHOCTi LIEHTPAaTOPiB MPU3BOIUTH 10
3HAYHOT'O 3MEHIIIEHH Bimmasi Mixk HUMH. 3i 3pocTaH-
HSIM 3€HITHOTO KyTa BHACJiI0K 30iJIbILIEHHS TMonepe-
YHOI CKJIaIOBO1 CUJIM Baru BiJjiajib MixX LIEHTpaTOpaMu
3MEHILYETHCS, MPUUOMY JISI MaJIMX 3€HITHUX KYTiB
TUM CUJIbHilLIE, 1110 Oijbllia MPUTUCKHA cuia. s Be-
JINKOTO 3€HITHOTO KyTa, a TAKOX JUISI 3HAYHUX CHUJI TTPHU-
TUCKAHHS, IXHili BIUIMB Ha Biggajlb MiX LIEHTPYBaJlb-
HUMM TIPUCTPOSIMU HiBETIOETHCS Yepe3 Te, IO CIpa-
IILOBYE YITOp. 30KpeMa, BCTAHOBJICHO, IO YITOp IIeH-
TpaTropa, 3a YMOBM MOro IOCTaTHbOI MillHOCTi, MOXe
rapaHTyBaTU JIOCTAaTHii 3a30p NMpU 3HAYHUX HaBaHTa-
JKEHHSIX Ha KOJIOHY. OTpHUMaHi pe3yabTaTh J0CiIKeHb
anpo0OOBaHO iHXEHEPHUMU po3paxyHKamMu IJIs1 KOH-
KPETHUX TUTIOPO3MipiB 00cagHOI TPyOH i1 CBEpAJIOBUHU.

HaykoBa HoBH3HA. YTieplile OTpMMaHi HOBi 3aJIeX-
HOCTI JIJIs1 pO3paxyHKYy Biafajli Mix MPY>KHO->KOPCTKU-
MM LIEHTPATOPaMM JJIsI OCHAIIIEHHS 00CaTHOI KOJIOHU 3
ypaxyBaHHSM rpyn (pakTopiB, 1110 BU3HAYAIOTh Mpodi-
Jib CBEPJIOBMHU Ta XapaKTepUCTUKU LIEHTpaTOpa.

IIpakTnuna 3HayumicTs. OnepxaHi pe3ybTaTu na-
I0Th MOXJIMBICTb ONTUMIi3yBaTH Minbip KiJIbKOCTi Ta
iHTepBaJIiB BCTAHOBJIEHHS LIEHTPATOPiB HA 0OcaaHii
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PO3POBKA POAOBMUIW, KOPUCHUX KONAJINH

KOJIOHI Ta, SIK HACJIiIOK, YHUKHYTH YCKJIaTHEHBb Yy
TIPOIIeCi CITYCKY KOJIOHU Ta YTBOPEHHSI 3aCTiHHNX 30H
Y KiJIbLIeBOMY ITPOCTOPi CBepaJioBUHU. Lle 103BoaUTH
BUKOHATHU SIKiCHO TaMIIOHAXHi poOOoTH it chopmMyBa-
TU HaniliHe Ta JOBrOBiUYHE KPIiIMJIEHHSI CBEPAJIOBUHU
Oynb-s1Koi KOH(irypariii.

KmouoBi cioBa: npyxcno-scopcmiuili uenmpamop,
00cadHa KoaoHa, 3a30p, epekmueHe YeHmpy8aHHs

Hem. @opMynupoBKa W pellieHne 3amaan b dex-
TUBHOTI'O LIEHTPUPOBAHMST 00CATHOM KOJOHHBI B CKBAXKU-
HE YIPYro->KeCTKMMU LIEHTPATOpaMM C YYETOM CJIO0XKHO-
CTU KOH(UTYpALIMU €€ OCU U KOHCTPYKIIMY LIEHTpaTopa.

Mertomuka. Mccnenyercst Momenb CUCTEMBI ,,00ca-
Has KOJIOHHA — CKBaXXMHa“, rpu4yeM KOJIOHHA Harpy-
JKaeTcsl ABYMsI IpyINaMu CUJI: CUJIOMH COOCTBEHHOTO
BECa, pacnpenesieHHON BIOJb OCU, U MPUKUMHBIMU
CUJIaMM, BBI3BAHHBIMU CJIOKHOI KOH(pUTrypalueit ocu
CKBaXXWMHBI U PACTIPENCTIEHHBIMU MO LIEHTPUPYIOLIUM
YCTPOIMCTBaAM, KOTOPbIMU OCHallleHA KOJIOHHA. YUTeHa
CBs13b 9(D(HEKTUBHOCTU LIEHTPUPOBAHUSI OOCATHOMN KO-
JIOHHbI C KOHCTPYKTUBHBIMU OCOOEHHOCTSIMM LUK~
JIMYHO CUMMETPUYHBIX CTEPXKHEBBIX LIEHTPATOPOB ,,(po-
HapHOTO“ TUIA U XapaKTepUCTUKON MX KECTKOCTU U
NpoOYHOCTU. MICXOAHBIM YCIOBMEM pELICHUST 3alauyu
MPUHATO 0OecreueHue MUHUMAJIbHO JOMYCTUMOTO 3a-
30pa B CUCTEMeE ,,00caaHasl KOJIOHHA — CKBaXKMHa“.

Pe3syabraTbl. Ha ocHOBaHMM pelieHus 3aaauyu U3-
ruba CTep:KHS Ha yIIPYro-XKeCTKUX OMopax yCTaHOBJIE-
HO COOTHOUIEHME JIJISI OTIPENEJIEHUS 3aBUCUMOCTEN pac-
CTOSIHUS MEXY LIEHTPATOPaMu OT IOMYCTUMOTO 3a30-
pa. Yuer ynpyroctTd LUeHTpaTOpOB MPUBOAUT K 3HAUYM-
TEJIbHOMY YMEHBIIEHUIO pacCTOSHUSI MexXay HUMu. C
POCTOM 3€HUTHOTO YIJIa BCJAEACTBUE YBEJIWUYEHUS T10-
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IIEPEYHOM COCTABJISIONICH CIWJIBI Beca pPacCTOSTHUC
MEXIY IIEHTpaTOpaMU YMEHBIIIACTCS, IIPUIEM 1T Ma-
JIBIX 3¢HUTHBIX YIJI0B TEM CHJIbHEEe, YeM OOJIbIIIe TIPH-
KMMHasl cuia. [ 00bIIoro 3eHUTHOTO yIjia, a TaK-
K€ JJIS1 3HAYMTEbHbIX TPUXKUMAIOLIUX CHJI, UX BJIMUSI-
HUE Ha PACCTOSAHUE MEXAY LEHTPUPYIOLIUMU YC-
TpOCTBaMU HMBEIUPYETCS U3-3a TOTO, UTO CpabdaThI-
BaeT yrop. B yacTHocTH, yCTaHOBJIEHO, YTO YIOpP LIEH-
Tpatopa, MpU €ro AOCTaTOYHON TPOYHOCTU, MOXKET
rapaHTUpOBaTh JOCTAaTOUHBINM 3a30p MPU 3HAUYUTEIb-
HBIX HAarpy3kax Ha KojoHHY. [TosyyeHHbIe pe3yibTaThbl
Kccaea0BaHU anpoOupoBaHbl MHXXEHEPHBIMM pacue-
TaM# JUIST KOHKPETHBIX TUIIOPa3MepOB 00CaTHON TPy-
OBl U CKBaXKMHBI.

Hayuynas HoBu3HA. BriepBbie mosydyeHbl HOBBIE 3a-
BUCHMOCTH JIJISI pacyeTa PACCTOSIHUS MEXIY YIIPyro-
JKECTKMMU LIEHTpaTOpaMu ISl OCHAILEeHUsI 00caaHOMi
KOJIOHHBI C YYETOM IPYyMIl (haKTOPOB, OMPEAETISIONINX
NMpoduIb CKBaXKMHBI U XapaKTEPUCTUKHU LIEHTpaTopa.

IIpakTiyeckas 3HaYMMOCTb. [loydeHHbBIE pe3yJib-
TaThl JAIOT BO3MOXHOCTb OINTUMM3UPOBATh MOIOOP
KOJIMYeCcTBa M MHTEPBAJIOB YCTAHOBJIEHUS LIEHTPATO-
pOB Ha obOcalaHOW KOJOHHE U, KaK CJIeJCTBUEe, U30e-
KaTb OCJIOXKHEHU B TIpoliecce CIycKa KOJOHHBI U 00-
pa3oBaHMUS 3aCTOMHBIX 30H B KOJBIIEBOM ITPOCTpPaH-
CTBE CKBaXXMHBI. DTO TTO3BOJIUT BBITIOJIHUTH KadecT-
BEHHO TaMITOHaXXHBIE pabOTHI U c(hOPMUPOBATH HA/IE-
JKHOE U JOJITOBEYHOE KPEIUICHME CKBaXKWHBI JIFOOOI
KOH(pUrypamum.

KioueBsle ciioBa: ynpyeo-scecmkuil yenmpamop, 06-
caonas K0AOHHA, 330D, 3QgeKkmusHoe yeHmpuposanue

Pexomendosano 0o nybaixauyii dokm. mexH. Hayk
1. B. Bocgiokom. llama naoxoodxcenns pyxonucy 11.09.16.
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