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RESUMO

As pecas tubulares com uma superficie externa com troca de calor aletada sdo geralmente produzidas
pelo laborioso método de corte em tornos. Além disso, existe um método para a fabricacdo de aletas de alto
desempenho por serrilhado a frio com serrilhados em anel o que, comparado com o corte, reduz a intensidade
de trabalho de duas a seis vezes com um aumento significativo nas propriedades operacionais do produto. A
desvantagem do método de serrilhado a frio com serrilhas de corte em anel pode ser defeitos de superficie
indesejados e deformacdes de todo o produto. A obtencéo de superficies com alhetas em blanks de anel com
alta qualidade superficial durante a serrilhagem requer um calculo preciso da proporcdo de deformagdes
longitudinais e transversais. Os fatores mais importantes que determinam a relacéo entre as deformacdes
longitudinais e transversais (rolling-out e rolling-off) sdo o comprimento e a largura da superficie de contato.
A necessidade de uma avaliacdo quantitativa dos parAmetros das deformacdes longitudinais e transversais
determinou a finalidade deste manuscrito. O objetivo desse estudo foi desenvolver uma metodologia para
calcular a superficie de contato de uma serrilha com um anel em branco (tubo) ao serrilhar com serrilhas de
corte em anel. A metodologia proposta para calcular a superficie de contato da serra com um tubo ao serrilhar
com serrilhas de corte em anel permite estimar a gama recomendada de tamanhos de tubos para serrilhar.
Com base nas dependéncias mencionadas no manuscrito, 0os tamanhos-limite para tubos vazios foram
calculados para garantir uma alheta de alta qualidade. Experimentos com o uso de aletas a frio em tubos com
diferentes proporc¢des de comprimento e didmetro foram realizados, confirmando a possibilidade de utilizar a
metodologia proposta para calcular a superficie de contato da serrilha com um tubo ao serrilhar aletas de
troca de calor com serrilhas de corte em anel.

Palavras-chave: alhetas externas, tubos vazios, zona de deformagéo.
ABSTRACT

Tubular parts with an external finned heat-exchanging surface are usually produced by the laborious
method of cutting on lathes. Besides, there is a method for the high-performance manufacturing of fins by cold
knurling with ring-cut knurls, which, compared with cutting, reduces labor intensity by two to six times with a
significant increase in the operational properties of the product. The disadvantage of the cold knurling method
with ring-cut knurls can be unwanted surface defects and deformations of the entire product. Obtaining finned
surfaces on ring blanks with high surface quality during knurling requires accurate calculation of the ratio of
longitudinal and transverse strains. The most important factors determining the ratio of longitudinal and
transverse strains (rolling-out and rolling-off) are the length and width of the contact surface. The need for a
guantitative assessment of the parameters of longitudinal and transverse strains determined the purpose of
this manuscript. This study aimed to develop a methodology for calculating the contact surface of a knurl with
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a ring blank (pipe) when knurling with ring-cut knurls. The proposed method for calculating the knurl's contact
surface with a tube when knurling with ring-cut knurls allows for estimating the recommended range of pipe
sizes for knurling. Based on the dependencies mentioned in the manuscript, the limiting sizes for blank pipes
were calculated to ensure high-quality finning. Experiments on cold rolling of ribbing on pipes with different
lengths and diameter ratios were carried out, confirming the possibility of using the proposed methodology for
calculating the knurl's contact surface with a pipe when knurling heat-exchanging finning with ring-cut knurls.

Keywords: external finning, blank pipes, deformation zone.
AHHOTALUA

Tpybuatble pgetann C HapyxHon opebpeHHOW TennoobMEHHON MNOBEPXHOCTbIO  OObLIYHO
N3roTaBnMBaT TPYAOEMKMM METOAOM pe3aHus Ha TOKapHbIX CTaHkax. [oMumo aToro, cywectByeT cnocob
BbICOKONPOW3BOAMUTENBHOTO M3rOTOBMNEHMS OpebpeHns nyTeM XOMO4HOro HakaTbiBaHWS ponuvkamu
KOMNbLIEBOW HApPE3KOM, KOTOPLIA MO CPABHEHWIO C pe3aHueM NO3BONSAET CHU3UTbL TPYAOEMKOCTb B ABa-LIECTb
pa3 nNpu 3HaYNTENbHOM MOBbLILLEHWUN 9KCMyaTauuoHHbIX CBOMCTB n3genus. Hegoctatkom MeToa XonogHoro
HakaTblBaHUSA POMNMKaMW C KOMbLEBOW HAPE3KOM MOIYT ABMATLCA HexenaTternbHble AedeKTbl MOBEPXHOCTU U
Aedopmaumm Bcero nsgenus. [na nonyvyeHns Ha KonbLEeBbIX 3aroToBkax opebpeHns ¢ BbICOKMM KayeCTBOM
MOBEPXHOCTU B Mpouecce HakaTbiBaHUs TpebyeTcs TOYHO pacCyMTbiBaTb COOTHOLUEHWE MPOLONBHON U
nonepevHon pecdopmaumin. BaxHenwwmmmn daktopamu, onpenensrownumMm npuM  9TOM  COOTHOLUEHUE
NpoaoNbHON M nonepeyHon aedopmaumii (BbITSXKKM M pacKkaTKu) SABMASOTCA AMMHA M LUMPUMHA KOHTaKTHOW
noBepxHOCTU. HeobXxoauMOCTb KONMMYECTBEHHOW OLIEHKM MNapaMeTpoB MNPOAOMLHOM M MonepeyvyHomn
Aedopmaumii onpegenuna uenb Hactoswen paboTel. Lieneto gaHHOro nccnegoBaHus siBnanack paspaboTtka
MEeTOAMKN pacyeTa NnapaMeTpOB KOHTAKTHOM MOBEPXHOCTU POSIMKa C KOMbLIEBOW 3aroToBKon (Tpybow) npwu
HakaTbiBaHMM OpebpeHns ponukamm ¢ KonbLEBOW Hapeskomn. [peanoxeHHasa B paboTe meToamka pacyerta
KOHTaKTHOM NOBEPXHOCTW pornuka ¢ Tpybon npu HakaTbiBaHUN OpedpeHns PONnKamMmn C KOSbLIEBOW Hape3Kkon
no3BoMnseT OUEeHUTb PEKOMEHAyeMbl Amana3oH pa3mepos Tpybbl nog HakaTbiBaHNe opebpenus. Micnonb3ays
nonyyeHHole B paboTe 3aBMCMMOCTM BbINOMHEH pacyeT MpedenbHbIX pa3mMepoB rnagkux Tpyob,
obecneuynBaroLLMX Ka4eCTBEHHOE HakaTbiBaHNe Ha HUX opebpeHus. [poBeaeHbl AKCNEPUMEHTbLI MO XONOLHOM
npokatke opebpeHus Ha Tpybax C pasnuyHbiM COOTHOLLEHMEM AfWHbI U AuameTpa, nogTBepxgatoLine
BO3MOXHOCTb MCMOSb30BaHUA NPEANOXEHHON METOAMKN pacyHeTa KOHTaKTHOM MOBEPXHOCTU ponnka ¢ Tpyoon
Npu HakaTbIBaHWMKN TENNTOOOMEHHOrO OpebpPEHNst poNIMKamMm C KONbLEBOW Hape3KoW.

KnrouyeBble crioBa: HapyxHoe opebpeHue, enadkue mpybbi, oyae dechopmauuu.

1. INTRODUCTION: frequently. The material from which the inner

part of the structure is made is resistant to

Pipes with the external finned heat-
exchanging surfaces (Figure 1) are used in
many industries (Carija et al., 2014; Kuzma-
Kichta et al., 2007; Galushchak, 2017; Filippov,
Cherepennikov and Leshchenko, 2010; Kim and
Lee, 2013). The main areas of application for
finned tubes are the machine-building industry
uses them in refrigeration units, oil coolers, and
compressors; chemical, oil refining, and
petrochemical - in condensers, gas heaters and
gas coolers; nuclear power - in gas coolers,
intermediate refrigerators, steam air heaters,
drying towers; in technology for air conditioning
and in heat exchangers.

Finned tubes are monometallic or
bimetallic structures consisting of two elements:
an inner tube and outer ribs. The inner tube is
a supporting element, through the inner cavity of
which the working medium moves. It is made
from metal, most often from steel. Cast iron and
non-ferrous metals are wused much less

temperature extremes and high pressure and
has anti-corrosion properties (Sawicki and Dyja,
2010). The outer ribs can be made of steel, cast
iron, and non-ferrous metals. The outer ribs
efficiently transfer heat from the carrier.

To achieve the desired performance
properties of the finned tube, appropriate
materials are used. Ribbed tube heating
elements are made of the following metals: cast
iron (with magnesium and cerium); stainless
steel, copper, brass, aluminum. In the
manufacture of a bimetallic tube for heat
exchangers, the layout of materials can be as
follows (support tube + ribs): steel + aluminum;
aluminum + aluminum; brass + aluminum
(Wang et al., 2013). The fins are often covered
with a heat-resistant coating, which makes it
possible to increase the heat transfer rate up to
55%. The previously degreased finned tube is
coated with magnesium oxide, and subsequent
annealing ensures heat resistance. Finned
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bimetallic pipes are often coated with copper to
prevent corrosion (Paquet, 1993).

There are several options for producing
ribbed pipes (Kocurek and Adamiec, 2013).
Depending on the method, the purpose of the
products also differs. Ribbed tube heating
elements are carried out in three main ways:
rolling, winding, welding. Also, pipes with the
external finned heat-exchanging surfaces are
often obtained by cutting on screw-cutting
machines and lathes. However, the complexity
of finning, in this case, as a rule, is high.

Meanwhile, a known method of high-
performance finning is cold knurling by ring-cut
knurls. Compared with cutting, this method
allows for reducing the complexity in two to six
times with a significant increase in the
operational properties of the product (Olejnik
etal., 2020). External finning of thin-walled
products is usually done by ring-cut knurls. The
process is based on the principle of self-
tightening (screwing knurls into the turns). In this
case, the billet or tool moves along with its axis
at a constant distance between the axes of freely
rotating knurls. The axes of the knurls are
located at an angle corresponding to the
elevation angle of the finning. Depending on the
diameter of the billet, knurling can be done with
a different number of knurls; their number
increases with the increasing diameter of the
billet. The first two to three turns of the knurling
head are made with forced axial feed to ensure
capturing the billet with -the knurls—further, billet
self-tightens. Plastic deformation is done mainly
by the tapered lead (conical) and partially
calibrating (cylindrical) part of the knurl.

However, in the process of cold knurling,
the finning itself can be deformed, its dimensions
can change (Figure 2), as well as the diameter
of the part's hole. This can be avoided by
selecting the proper design of the hollow parts
and using rigid mandrels inserted into the holes
of the knurled part along with the sliding fit.
Mandrels cause an increase in auxiliary time and
often lead to their “being bit” during knurling.
Also, difficulties often arise when removing
mandrels.

Thin-walled hollow parts (pipes) can be
finned by increasing the diameter of the billet,
then the diameter of the billet is approximately
taken equal to the average finning diameter.
However, finning ring blanks with minimal ovality
and high surface quality require accurate
calculating the ratio of longitudinal and
transverse strains at knurling. The most

important factors determining the ratio of
longitudinal and transverse strains (rolling-out
and rolling-off) are the length and width of the
contact surface. This problem has defined the
purpose of this manuscript.

This study aimed to develop a
methodology for calculating the contact surface
of a knurl with a ring blank (pipe) when knurling
with ring-cut knurls.

2. LITERATURE REVIEW:

An important mechanical engineering
task is to reduce the amount of machining by
cutting upon getting a billet approaching in shape
and size to the finished product (Hakansson,
2015; Hitomi, 2017; Zheng, 2014; Semenov et
al., 2019b). As a result, there is the development
of additive and hybrid shaping technologies,
including  pressure  processing  methods
(Semenov et al., 2019; Kopp, 1996; Kulikov et
al., 2016; Kulikov et al., 2017). Simultaneously,
engineers and technologists face tasks of
increasing the efficiency of new technologies
and reducing their implementation cost. The
choice of a particular technology is determined
by the design features of the manufactured
product and economic feasibility and productivity
(Alexandrov, Sheptunov, and Sannikov, 2019;
Cherkashina, 2019).

Various technological methods can be
used for external finning (Kulikov et al., 2017).
One of the external finning methods is the plastic
deformation of metal in a hot or cold state (Sakai
et al, 2014). Using the plastic deformation
method reduces processing waste, tool
consumption, and labor costs. Thus, in most
cases, the net cost of technological operations of
external finning by cold knurling is much lower
than cutting (Jiang, 2011). The reason for this is
higher productivity of the method, a higher
utilization rate of the processed material, lower
costs for equipment depreciation, and
replacement of the processing tool (Strycharska,
2019). If various defects often arise on the
working surface during hot knurling as a result of
heating and cooling the billet (scales, cracks,
etc.), these defects are absent during cold
knurling (Johnson, 2000; Liu, Tang, and Gu,
2014). Besides, cold plastic shaping has several
significant technical advantages compared to
cutting methods (Olejnik et al., 2020).

Under pressure exceeding the stress
value of the plastic flow of the processed
material (Jiang, 2011), plastic deformation
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(Johnson, 2000) occurs in it at room
temperature, thus resulting in not only shaping
but also a significant change in the material
properties of the billet (McDowell and Moyar,
1991). A change in the properties of a deformed
material is associated with changes in its
structure that occur at various scale levels during
the shaping of the final product (Karkina,
Zubkova, and Yakovleva, 2013; Yakovleva,
Karkina, and Zubkova, 2011; Qiao, Gao, and
Starink, 2012). Peening at cold knurling helps in
achieving an increase in the hardness and
strength of the surface layer of the metal (Bower
and Johnson, 1989; Yoshimi et al., 2009). This
greatly increases the wear resistance of the
finning (Merkulov, 2008). The wear resistance of
products obtained by plastic deformation is 30—
40% higher than that obtained by cutting, and the
strength characteristics are 10-20% higher
(Song, Liu, and Tang, 2014). In addition to a
significant change in the processed material
properties under the influence of a smooth and
practically non-deformable tool, the roughness
of the processed surface decreases (Li, 2018).

External finning by cold knurling is not
associated with heavy loads but is accompanied
by a deformation of the metal. The maximum
allowable deformation during cold knurling is
determined by the plastic properties of the billet's
material (Johnson, 2000). The metal extruded by
the knurling tool flows upward. At the same time,
as a result of feeding the knurls or the billet, the
deformed metal flows axially in both directions,
forming a wave in front of itself. Thus,
manufacturing products with a finned heat-
exchanging surface have the geometry of the
knurled profile, which depends not only on the
geometry of the knurling tool, but also on the
laws of the metal flow process, which makes it
necessary to analyze the processes occurring in
the deformation zone during cold knurling
(Salunke et al., 2016).

3. MATERIALS AND METHODS:

This study seeks to solve the problem of
determining the shape and area of the knurl's
contact surface with a ring blank in the following
formulation. The model approximation assumes
that the elastic deformations of the tool and part
are small. The knurl's contact surface with a ring
blank is formed in the deformation zone from the
cylindrical and conical parts of the tool. The
generatrix of the contact surface of the ring blank
and the knurl with ring turns is a broken line in
longitudinal section ai, a, as ... ai (Figure 3).

The generatrix of the knurl's contact
surface with the billet for its taper lead (conical)
part is denoted by a straight line AB, located at
an angle a to the billet's axis. The generatrix of
the knurl's contact surface with the billet for its
calibrating (cylindrical) part is denoted by a
straight line BC parallel to the billet's axis.

The actual length of the contact surface
along the finning surface exceeds the nominal
length of the contact surface of the cylindrical
and conical sections. To account for this
difference, it is relevant to introduce two
proportionality — coefficients that separately
consider the excess of the contact surface length
for the conical ncon and cylindrical ncy. parts of
the knurl, respectively. The length excess
coefficient for the contact surface on the conical
part of the knurl ncon is defined by Eq. 1:

Neon = LICON ! Licon (Eq. 1)
where L'icon is the length of the actual contact
finned surface along with the knurl's taper lead
in the longitudinal section; Licon is the length of
the straight conical section along with the apices
of the forming tool in the longitudinal section.

The full application of the screw profile in
the billet's metal is possible when its outer
diameter is equal to or slightly less than the
nominal diameter Dcon: Of the conical part mouth
of the tool along with the cutting dents. The
actual length of the contact surface, in this case,
is determined by Eq. 2:

Licon = &, +Nggy (azas + a3a4) (Eq. 2)
where ncon is the number of turns of the conical
section; ncy. coefficient considering the excess
the contact length of the cylindrical section on
the knurl's calibrating part is determined by Eq.
3:

Mey = I-‘ch /Lev (Eq 3)
where L'cyc is the actual length of the contact
finned surface along with the cylindrical part of
the knurl;
Lcye is the length of the cylindrical part of the
knurl and the finning apices of the tool.

Provided that the screw profile of the tool
is completely filled with the billet's metal, the
length of the actual contact surface in the
longitudinal section L'cy.is determined by Eq. 4:
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I-Icw_ =Ney (Bbl + b1b2) (Eq. 4)

where ncy. is the number of turns at the
cylindrical (calibrating) part of the tool.

Next, it is relevant to determine the
contact surface of the billet with a smooth roller
(i.,e., to a first approximation, without ring
cutting). In the process of continuous longitudinal
movement of the billet, the generatrix of the
contacting conical section AB (Figure 4), before
meeting the next knurl, will take the position A'B'.
With a sufficient degree of accuracy, then it can
be assumed that the generatrix of the billet's
conical section, A'B', is a straight line.
Accordingly, AA'is the axial feed of the billet S
to one knurl, and BB' is the total linear
displacement of the metal equal to the product of
Sz-Musz, where ps is the total rolling-out of the

tubular billet in the longitudinal section,
determined by Eq. 5:
iy =Dgyte /Doyt (Eg. 5)

where Dgu is the mean diameter of a billet to be
knurled; Dpy is the mean diameter of a knurled
part tg is the wall thickness of the billet; tp is the
wall thickness of the processed part.

The contact surface of the smooth roller
and the ring blank is formed by the intersection
of the following surfaces: billet's cylinder/cone of
the smooth roller; ring blank cone/knurl cone;
ring blank cone/knurl cylinder. Accordingly, the
contact surface is divided into sections
L;, L and L3, each of which is determined
according to Egs. 6a-c:

|-1:Sz (Eq 63.)

LZ: DB —ZDO_DP —SZ:tB _tF’ +A—SZ (Eq. 6b)
tga tga

Ly=5, 1y (Eg. 6¢)

where L;is the length of the smooth knurl's
contact with the ring blank at the AA' section;
L. is the length of the smooth knurl's contact with
the ring blank at the A'B section; Ls is the length
of the smooth knurl's contact with the ring blank
at the BB' section.

The total length of the contact surface L
is obtained by summing L1, L, and Ls:

I_:

(D, - Dy )(ts —t. +1) b5 = Aty +1)

+S
2tga tga i

(Eq. 7)

where Ats = tg - tp; A = (Do - Dp)/2.

The expression of the total length of the
contact surface is valid for the case when the
generatrix of the conical and cylindrical sections
of the contact surface in a longitudinal section
are straight lines. In this case, the generators of
the conical and cylindrical sections have the form
of broken lines corresponding to the cross-
section of the profile of the turns of the knurls. In
particular, the profile of the knurl (Figure 3) can
serve for finning in the form of an isosceles
triangle with an angle between the sides of 55°
and with rounded peaks of radius r and spacing
S.

To determine the contact surface of the
ring blank with a ring cut knurl, it turns to
Figure 4, which shows a longitudinal section of
the deformation zone and a vertical projection of

the longitudinal section of the contacting
sections. In the process of continuous
longitudinal movement of the billet, the

generatrix of the contacting conical part of the
knurl, before meeting the next knurl, will assume
a position similar to processing with a smooth
roller. The only difference is that the generatrix
of the conical and cylindrical sections of the knurl
is a broken line.

Thus, the total rolling-out of the tubular
billet in the longitudinal direction can be
determined by Eq. 8, which is similar to Eq. 1,
but has different values of some parameters
included in it:

+_Deuls Eq. 8
he = o (Eg. 8)
where u's is total rolling-out of ring blank in the
longitudinal direction at knurling finning by the
ring-cut knurls; D'sm is the mean diameter of a
ring blank; D'pm is the mean diameter of a knurled
heat-exchanging part, determined by Eq. 9:

D/, = Doy, +t, /4 (Eq. 9)
where Depy is the mean radius of the pipe without
threading; t2 is the finning height.

Since the midline of the profile is
approximately symmetrical to its height, the
value of t's is determined by Eqg. 10, where tp
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denotes the minimum wall thickness of the ring
blank at the finning:

th=t,+t,/4 (Eqg. 10)

Using the above formulas, the final
dependence for determining the total rolling-out
of the rolling-out in the process of finning on it is
obtained (Eq. 11):

, D/, t
Hz — tBM B t
(DPM + sz(tp + sz

The contact surface of a roller having an
annular cut with a tubular billet is formed by the
intersection of the surfaces of the cylindrical part
of the billet and the conical part of the knurl; the
conical part of the ring blank and the conical part
of the knurl; the conical part of the ring blank and
the cylindrical part of the knurl. Therefore, by
analogy with (6), the contact surface can be
conditionally divided into sections L'y, L'> and L's,
the length of each of which is determined in
accordance with Egs. 12a-c:

(Eq. 11)

L =S/z (Eqg. 12a)
, Dg=Dy-D, S t;-t,+A At;+A S

= -== = -= (Eqg. 12b
5 2tga z tga tga (Eq )
L;=Su,/z (Eq. 12¢)

where S is the finning spacing; z is the number
of knurls in the knurling head.

After adding the lengths of the sections
L'y, L'2 and L's, it is obtained the total length of
the contact surface (Eq. 13):

At +A S
= +—Hs
tga z

L!

(Eq. 13)

Considering the coefficients of exceeding
the lengths of the contact surface, Eqs. 12a-c
can be rewritten in the following form (Eqgs. 14a-
c):

Li =Sncon /2 (Eq 143.)

, At +A S
L, =Mcon [ tg_; _;j (Eq 14b)
L =Hy Ny S/ 2 (Eg. 14c)

After substitution and transformations,
Eq. 13 for determining the total length L' takes
the form of Eq. 15:

At; +A n Sy Neyt
tga z

L=

(Eqg. 15)

Mcon

Final determination of the contact surface
length of the knurl with a thin-walled ring blank
requires expressing the unknown coefficients
Ncon and nNeye in terms of the known parameters
of the knurl, i.e. through r, €, H, S (Figure 5).

Determining the contact length of the
cylindrical section in the longitudinal section
does not present significant difficulties if one
singles out the profile of one turn, designating its
elements in the most general form (Figure 5a).
This requires determining archs BM, oEB:F
and uNB;, and segments ME and FN. Following
Figure 5, one can write the geometric
dependences (Egs. 16a-c), which ultimately
allow for obtaining the dependence (Eq. 16d):

OG = EGsing/2 = rsing/2 (Eqg. 16a)
H

GG = ra (Eqg. 16b)

CO=GG-0G (Eg. 16¢)

CO=H/n+r(1-sine/2) (Eqg. 16d)

where n defines CB; distance.

Knowing CO, it is easy to find that
EC = AM = ND can be expressed by Eq. 17:

co  (H/n)+r[1-sin(e2)]

EC = =
cos(&/2) cos(&/2)

(Eq. 17)

Since the segment ME = AC - 2EC, then
EM is expressed by Eqg. 18:

Mo S (H/n)+r[1-sin(e/2)]
2sin(e/2) cos(e/2)

(Eq. 18)
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Figure 5a shows that JBN = VEB1F /2 =
= uNB., i.e. it is sufficient to determine only one
of these values (Eq. 19):

LEGF =2(90°—¢/2) =180°—¢ (Eq. 19)

Thus, Eg. 20 is obtained, and the contact
length of one turn in the cylindrical section,
respectively, is expressed by Eq. 21:

enp . 2R(180°-8) _ar(180°—e) 0
ST 3600 180° (Eq. 20)
L., =2(ME +EBF) (Eq. 21)

Substituting the previously found values
(Eqg. 18) and (Eq. 20) into Eq. 21, it is obtained
the dependence (Eq. 22):

, S

2H In)+2r|1-sin(e2 o_
L +( )+ 2r[1-sin )Lnr(lSO )
sin(e/2)

cos(&/2) 90°

(Eq. 22)

After substituting the L'cy. value in Eq. 3,
taking into account the number of turns of
the profile on the cylindrical part, it is found
the excess coefficient of the contact length of
the cylindrical section in the deformation zone
(Eq. 23):

(Eqg. 23)

MNeve =

where ncyLis the number of turns at the
cylindrical section of the knurl.

Léve = SNeye (Eq. 24)

By substituting the found values into Eq.
23, and the following is obtained (Eg. 25) after
the transformations:

1 A +2rh[1-sin(g/z)] ar
flow = sin(e/2) Sheos(&/2) 90

Z(180°-¢) (Eq. 25)

It is often more convenient, without
setting the parameters r and H, to find the ncy.
value through the parameters S and €. In this
case, Eq. 25 will take the following form (Eq. 26):

b s-osfeR)] aise)  S-desfe) (
nCVL_sin(/z) Noos(e /2)ctg(8/2) o 23n[ctg( 2)-cos(e)|

Eq. 26)

The final values of the parameters H and
r are determined in S and & since the
transformations are simple and cumbersome,
the intermediate derivation of Egs. 27a and 27b
is not presented:

H =S/2ctg(e/2) (Eq. 27a)

B S —2cos(&/2)
~ 2nctg(e/2)[ 1-sin(e/2) |

(Eq. 27b)

When determining the contact length of
one turn of the profile on the conical section of
the contact surface in the deformation zone, it
should be remembered that the generatrix of the
conical section, having an angle a with the
knurl's axis, somewhat distorts the profile of the
turn. It has to be determined the maximum value
of the contact length of one turn of finning, taking
into account the distortion of the latter in the
conical section. Consider the profile of a single
turn (Figure 5b-c) for this. Since the turns profile
on the knurl's conical part is inclined relative to
the profile of the turn of the cylindrical part,
provided that the finning spacing S and the
rounding radius of the vertices r and dents on
both parts of the knurl are maintained, the sides
of the profile of the turn at the finned heat
transfer strand will have different tilt angles
relative to the centerline CC" €12 and €. It is
known that the angle between the tangent and
the chord is measured by half of the arc enclosed
inside the central angle. Therefore, the straight
line E1F4, resting at the tangency points on two
chords located symmetrically to the chord EF
intersects each chord at the point of tangency at
an angle of a/2. If one assumes that Eic> = EO
and considering that the intersection angle
equals to /2, then the equation
620 =~ EO-tg(a/2) can be written like that, but
since EO = r-tg(a/2), then
620 = r-cos(e/2)-tg(a/2). The value Eic, can be
specified in the following way:
Eic2 = EO - EE" = r(cos(&/2) - sin(e/2)-tg(a/2)).
At that, EE"~ 20 -tg(e/2). Accordingly, the
unknown angle Zo»Eiiz (Figure 5¢) one defines
by equality (Eq. 28a), and the analytical value of
the angle is expressed through the inverse
trigonometric function (Eq. 28b):
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cos(e, / 2) = 6,e/2 = cos(e/2)—sin(&/2) tg(a/2) (EQ. 28a)
g = 2arccos[cos(a/2)—sin (8/2)tg(a/2)] (Eq. 28b)

The unknown angle Zo:Eii; will be
defined in the same way, with the purpose of
what one preliminary defines KzFi:

K,F=FO+F'F = r[cos(s/2)+sin(g/2)tg(a/2)] (Eq. 29)

Since FO = r-cos(e/2), a
F'F1 = E"E1 = r-cos(e/2)tg(a/2), then the
analytical value of the €, angle will be expressed
as the inversed trigonometric function (Eq. 30):

g, :2arccos[cos(8/2)—sin (8/2)tg(a/2)] (Eq. 30)

The obtained expressions (Eq. 28b) and
(Eqg. 30) allow for determining the length of the
contact arcs of the profile turn on the conical part
of the knurl (Eq. 31a) and (Eq. 31b):

After that, taking into account the number
of turns on the conical part of the knurl, one finds
the value of the coefficient of the contact length
excess of the conical section in the deformation
zone (Eq. 34):

Neon = LiconNeon _ Ly conNcon €OS @ (Eq. 34)
Licon S Neo

where ncon is the number of turns at the conical
section of Lcon = S:necon. In the end, Eq. 34 will
take the form shown in the appendix (Eq. 35).

The width of the contact surface bx can
be determined using the following formula (Eqg.
36):

Dd
b, =,/6t, ——
* N D+d

where Dis the knurl's engagement diameter,
calculated according to the formula
D=D1-¢&Dn—-di); dis the engagement
diameter of the finning, which is equal to
d=d; — (D —d1); dtxis the reduction in the
section; ¢Eis the engagement coefficient
depending on the profile; Dy is outer diameter
along with the vertices; D; is the knurl's outer

(Eq. 36)

nre
UEa, =UNja, = _3601’ (Eq. 31a)
mre
UFa, =UN,a, =—2
1% 1% = 3600 (Eq. 31b)

The lengths of the contact lengths are
expressed in terms of known values by Egs. 32a
and 32b:

MLE :Stga+2H(1—2/n)—4r[1—sin(sl/2)] (Eq. 323)
t 2cos(e, /2) '

v _ Stga+2H (1-2/n)-4r[1-sin(e, /2)]
L 2c0s(e, /2)

(Eq. 32b)

The maximum contact length of one turn
of the profile on the conical section L'con: can be
determined by Eq. 33a. After substitution in Eq.
33a of values MiE; 1 FiN1, Eq. 33b is obtained:

Leow =2V ER,+2UFa, +EN, +EM, (Eq. 33a)
diameter; d; is the inner diameter along with the
dents.

It is known that the rotation from the
knurks to the deformable part during the knurling
is transmitted without slipping only in section
along the height of the profile. The diameters of
the knurls and parts corresponding to this
section are the engagement radii. Suppose one
assumes that the specific forces during plastic
deformation on the contact surfaces are equal
along the entire profile. In that case, the
magnitude of the engagement diameter is
determined from the condition of equality of
sliding friction over sections of the profile that lie
above and below the engagement radius.
Therefore, calculation of the width of the contact
surface uses the engagement diameters
presented in the formula D u d.

Reduction size at the borders of the
sections L; and L. (Figure 4), respectively, will
be determined by Eq. 37a, and at the borders of
the sections L, and Lz — by Eq. 37b.

Ot = Mngoy tga (Eq. 37a)

5t = M NeonMeve (Atz + A)tga
2

= (Eq. 37b)
Ncon (Atz + A) +m (Hznch ~Mcon )tga
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Further, analyzing the ratio (Eq. 38)

5t, ps (At, +A)
3, _ Eq. 38
o, (AL +A)+m(m, —1)ig (Eq. 38)

At A=0 and Dg = Dp, Us = tB/tp. Then
Ota/dty = tg / (tp + miga).

At (mtga) < Ats the ratio is (82 / 8tp) > 1,
i.e. the minimum reduction corresponds to the
section limits L, and Li. The width of the
deformation zone at the border of each section
(Eg. 39a) and (Eq. 39b):

b = J@ (Eq. 39a)
mD, 15 NeonM At, +A)tga
, LimMsNeon CYL( s ) (Eg. 39b)

- 2Mcon (Atz + A) +m (Plzncvl_ ~Ncon )tg(x

Thus, Egs. 1-39 determine all the
characteristic dimensions of the metal contact
surface of ring blank with knurls, the horizontal
projection of which resembles a curved trapezoid
in shape.

4. RESULTS AND DISCUSSION:

The main task when introducing the
process of rolling ribs is to achieve the required
accuracy of the workpiece. The main reason for
the formation of defects during the technological
process of rolling is associated with the
conditions for forming rib profiles. Extrusion of
the profile is carried out due to the redistribution
of elementary volumes of metal, displaced by the
working turns of the forming tool. In the process
of extrusion of the profile, both symmetric and
asymmetric deformation may occur. The nature
of the deformation depends on the path of the
working turns of the rolling tool along the surface
of the formed rib. The formation of defects at the
top of the rib profile is possible due to symmetric
deformation. However, defects on the rib profile
can have a different location, depending on the
amount of displacement of the tool profile in the
deformation cycle. Controlling deformed metal
flow is an important condition for the rolling
process (Jiang et al., 2010; Feng and Wang,
2004; Zhang et al., 2014; Aljabri, Jiang and Wei,
2014).

The experimental studies of the imprints
of the contact surface of the knurled billet
confirmed the correctness of the proposed

methodology and formulas for calculating the
contact surface of metal with the knurl. Since in
oractice mncon << Ncon(Ats+A)/tga, i.e. Li <<
L. + Ly, then, without a large error, the sides of
the trapezoid can be straightened, and then the
vertical and horizontal projections of the contact
surface of the billet's metal with the knurl are
determined by Eqgs. 40a and 40b:

8ty +h,0t, +(by +h, ) (AL, +ASt, - dt, )

VERT —
2

(Eq. 40a)

F :(L1b1+L3b2)+ L,(b,+b,)/2 (Eq. 40D)

2

As it can be seen from Figure 5, filling
strands in the deformation zone depends on the
billet's diameter: the larger its diameter, the
larger the filling strands is, and the more contact
has the billet with the knurl, and the larger the
billet coverage perimeter of the knurl is. and the
higher the ncon and ncy. coefficients are.
Accordingly, for certain ratios of diameter to wall
thickness, the diameter of a thin-walled pipe
should vary from D'smin to D'suwax (Figure 6),
where D'smin is the minimum outer diameter of
the blank pipe to be knurled; D'smax is the
maximum outer diameter of the blank pipe to be
knurled. In this case, the minimum diameter of
the pipe D'smin should, accordingly, be in the
range from the minimum outer finning diameter
d'omin to the maximum finning diameter d'gmax. If
the minimum outer diameter of the pipe is
determined by the outer largest mouth diameter
of the working solution Dconi of the knurl's
conical part during their installation (Figure 6),
then Dgmax < Dconi. Thus, the larger the billet's
diameter, the greater the ncon and neyw values in
Egs. 12a-c, and since nNcon > 1 and ney. > 1, the
contact surface length L increases with
increasing billet's diameter.

Analysis of Egs. 37a, b allows for stating
that with an increase in the billet's diameter, the
amount of compression at the boundary of the
sections L; and L, as well as L, and Lz also
increases. Thus, the length of the contact
surface with a certain ratio of diameter to wall
thickness increases with increasing billet's
diameter from minimum to maximum. Similarly,
with an increase in the length of the contact
surface, the number of compression increases.
The reduction, according to Egs. 37a, b
increases with increasing billet's diameter from
minimum to maximum. It is known that the
knurling force Proy directly depends on the width
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and length of the contact surface, i.e. ProL = pFc,
where p are specific pressing forces at knurling;
Fc is the contact area. Respectively, at p = const
there are the following ratios of the forces:
ProL > ProL at F > Fc;  ProL < ProLat F <Fc.
Thus, the knurling force will increase with
increasing length of the contact surface, which is
ultimately proportional to the billet's diameter
(in a wide range of diameter to wall thickness
ratios).

Cold plastic deformation has a significant
effect on the physical and mechanical properties,
macro- and microstructure of the processed
metal. As a result of cold deformation, the initial
metal, which had properties approximately the
same in different directions and a chaotically
oriented structure, receives a directionally
oriented fibrous structure and increased
anisotropic mechanical characteristics. The
change in metal properties depends on the
degree of plastic deformation, with an increase
in which all characteristics of the metal's
resistance to deformation increase, namely, the
strength of the metal increases, and the
hardness and fluidity increase. At the same time,
the values of plasticity decrease: the relative
elongation and impact strength decrease. The
effect of cold plastic deformation on the surface
guality of parts is especially significant.

5. CONCLUSIONS:

Method for the high-performance
manufacturing of fins by cold knurling, compared
with cutting, reduces labor intensity by two to six
times with a significant increase in the
operational properties of the product. The
disadvantage of the cold knurling method with
ring-cut knurls can be unwanted surface defects
and deformations of the entire product.
Obtaining finned surfaces on ring blanks with
high surface quality during knurling requires for
accurate calculation of the ratio of longitudinal
and transverse strains.

The manuscript proposed a method for
calculating the knurl's contact surface with a pipe
when knurling with ring-cut knurls, which allows
for estimating the recommended range of pipe
sizes for knurling. Based on the above-listed
dependencies, the limiting sizes for blank pipes
were calculated to ensure high-quality finning.
The authors experimented with cold finning on
pipes with different length and diameter ratios,
confirming the possibility of using the proposed
methodology for calculating the knurl's contact
surface with a pipe when finning with ring-cut

knurls. The main reason for the formation of
defects during the technological process of
rolling is associated with the conditions for the
formation of rib profiles. Extrusion of the profile
is carried out due to the redistribution of
elementary volumes of metal, displaced by the
working turns of the forming tool. It should be
noted that the most important factors
determining the ratio of longitudinal and
transverse strains (rolling-out and rolling-off) are
the length and width of the contact surface.
No defects are observed at the ribs under the
recommended rolling conditions.
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_ar(e, +e,) 2H(1-2/n)-Stga—-dr[1-sin(e,/2)] 2H(1-2/n)+Stga+4r[1-sin(e, /2)]

ot = Eq. 33b
oo =" pgpe T 2¢c0s(¢,/2) ' 2cos(e, /2) (Eq. 330)

_ar(g +&,)cos(a/S)

MNeon = 180° + W
. . (Eq. 35)
cosa | 2H (1-2/n)—Stga—4r[1-sin(g /2)] 2H(1-2/n)+Stga+4r(1-sin(e,/2))
= +
2S cos(e, /2) cos (&, /2)
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Figure 2. Possible unacceptable defects at cold knurling
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Figure 5. Profile of a turn of a ring-cut knurl: @) in a cylindrical section; b), ¢) - on the cylindrical and
conical sections (diagrams of the relations of the geometric dimensions of the profile of the turn)
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Figure 6. Dimensions of the deformation zone depending on the billet's diameter
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8. APPENDIX:
THE LEGEND OF ABBREVIATIONS:

bx — the width of the contact surface;

b; — deformation zone width at the
border of the 1st section;

b, — deformation zone width at the
border of the 2nd section;

d — engagement diameter of the finned
surface;

di — inner diameter of the finned
surface along with the dents;

d'omin — Minimum outer diameter of the
finned surface;

d'omax — maximum outer diameter of
the finned surface;

D — the knurl's engagement diameter;
D, — the knurl's outer diameter;

Dswm — the mean diameter of a billet to
be knurled;

Devax — maximum diameter of a billet
to be knurled;

D'sm — the mean diameter of a ring
blank;

D'smin — minimum outer diameter of a
blank pipe to be knurled;

D'smax — maximum outer diameter of a
blank pipe to be knurled;

Du— outer diameter of the finned
surface along with the vertices;

Dpm — the mean diameter of a knurled
part;

D'pm — the mean diameter of a knurled
finned part;

Dconi — nominal mouth diameter of the
conical portion of the tool along with the dents;

Fc — contact area at knurling;

Fror— horizontal plan of the billet metal
contact surface with the knurl;

Fvert— Vvertical plan of the billet metal
contact surface with the knurl;

H — theoretical height of the initial
triangular profile of the forming tool,

L —the total length of the smooth
knurl's contact surface and the ring blank;

L. — the length of the smooth knurl's
contact with the ring blank at the AA’ section;

L. — the length of the smooth knurl's
contact with the ring blank at the A'B section;

Ls — the length of the smooth knurl's
contact with the ring blank at the BB' section;

L — total length of the pipe billet and the
ring-cut knurl;

L'i — length of the pipe billet's contact
surface and the ring-cut knurl;

Licon — the length of the straight
conical section along with the apices of the
forming tool;

Lcve — the length of the cylindrical part
of the knurl along with the apices of the
forming tool;

L'1icon — the length of the actual contact
finned surface along with the knurl's taper
lead;

L'cyL — the actual length of the contact
finned surface along with the cylindrical part of
the knurl;

Ncon — the number of turns of the
conical section;

Ncy. — the number of turns at the
cylindrical (calibrating) part of the tool;

ProL — the knurling force;

r — the rounding radius at the finning
apices at the processing knurl;

Sz — spacing equal to the length of the
L, section of the contact surface of the smooth
roller and the ring blank;

S —fin spacing at the processing knurl;
t; — finning height;
ts — the wall thickness of the billet;

tr — minimum wall thickness of the
billet;

z—the amount of knurls in the
processing head;

Ats — the difference between tg and tp;

A — half of the
between Do and Dp;

difference

Stx — reduction;
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o —the angle between the billet's axis
and billet's forming surface contacting the
knurl;

¢ —the pressure angle at the apex of
the initially finning triangle at the process tool;

&— the engagement coefficient
depending on the finning characteristics;

Ncon — the proportionality coefficient,
considering the excess length of the contact
surface for the conical part of the knurl;

Ncye — the proportionality coefficient,
considering the excess length of the contact
surface for the cylindrical part of the knurl;

Ms — total rolling-out of the pipe billet in
longitudinal section;

u's — total rolling-out of ring blank in the
longitudinal direction at knurling finning by the
ring-cut knurls;

p — specific pressing forces at knurling.
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