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THEGRY OF THE WIRE-DRAWING DIE DESIGN FOR THE FILM
LUBRICATION REGIME

GL KOLMOGOROYV and VX. SHEVLYAKOV {PERM)

Examples of die design for the wire-drawing in the film lubrication regime are pre-
sented. Calculation methods for die parameters ‘taking into account pumping effect of
both the force feed nozzle and the die itself have been developed for the case of liguid
and viscous-plastic lubricants. Basic formulae necessary for the die parameters calculation
providing the separation of the workpiece and die surface by the lubricant film are quoted.
The optimal opening value of the force feed nozzle gap assuring the maximal lubricant
film thickness in the deformation zohe has been determined.

NOTATION
A, B rheological constants,
by, b2, k1, k2 dimensionless constants,
¢ lubricant specific heat,
do  workpiece diameter,
F  tensile counter-force due to the lubricant action,
I gap opening between the workpiece and nozzle,
H;, H; rigid lubricant layer parameters, .
Hs gap opening at the entry to working die channel,
Hy  lubrication gap opening at the force feed nozzle entry,
Hapr  optimal working die gap opening,
Ho lubricant layer thickness at the deformation zone entry,
K, b, m temperature cocflicients,
K), K2 lubricant slip coefficients,
L nozzle length, _
La  working die working cone length,
Ly force feed die working cone length,
Lo optimal nozzle length,
ki, k2, hn, lg, I,  dimensionless quantities,
p lubricant layer pressure,

n

lubricant pressure at the nozzle exit,
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p2 lubricant pressure at the deformation zone entry,
pa  lubricant pressure due to working die action,
Q volumetric lubricant flow rate per unitlength of the workpiece contour,
g relative lubricant flow rate,
Rz height of the workpiece surface micro-roughness,
t lubricant layer temperature,
v lubricant flow velocity,
o drawn workpiece velocity,
wa lubricant slip velocity at the workpiece or nozszle surface,
%, ¥y Cartesian coordinates,
1p  wire temperature at the nozzle entry,
it ambient temperature,
a coefficient of piezo-viscosity,
ag generating angle of the working cone,
an generating angle of the nozzle cone,
v heat exchange coefficient,
Bo, P, fa2, o dimensionless parameters,
g lubricant dynamic viscosity,
g0 lubricant dynamic viscosity for p =0,
Bso lubricant dynamic viscesity at ¢ = 50°C,
¢ lubricant density,
oo tensile stress produced by the counter-force,
s limit stress of the workpiece material plastic deformation,
rr  tangential stress in the lubricant layer at the surface,
rs critical shear stress.

1. INTRODUCTION

The intensification of the wire-drawing process needs the working tool
design to improve the technical and economical process parameters by re-
ducing the friction forces in the deformation zone. The external friction
arising at the contact between the tool and workpiece is the main factor
obstructing the plastic deformation during the wire-drawing process. The
action of friction forces decreases the attained diameter reduction per one
draft, reduces the drawing velocity, causes the worked metal stick to the
die surface and deteriorates the quality of the product surface. Contact
friction gives rise to non-uniform temperature distribution over the drawn
wire cross-section what results in the thermal si_;res_sés causing deterioration
of the final product characteristics. E.g., intensive heating of the surface
layer observed during drawing of the high strength metals and alloys may
result, in the case of age-hardening alloys, in deterioration of the plastic
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characteristics due to the ageing process.

The most effective way to reduce the drawing process friction forces leads
through attaining of the film lubrication regime, i.e. separation of the wire
and die surfaces by the continuous lubricant film [1]. Recently, an advanced
technique of wire manufacturing based on the so-called compound dies is
frequently employed [2]. The compound die consists of the force feed lu-
bricator supplying the lubricant into the deformation zone and the working
die, where the plastic deformation occurs. For the lubricant force feeder
one uses special force feed nozzles or simply the worn-out dies taken from
the previous stage of the draft operation. The lubricant pressure growth is
attained due to the hydroliynamic effect of the lubricant force fed by the
moving wire into the working zone of the device. The lubricants used for
the wet drawing are usually very viscous, thus the lubricant is dragged by
the surface of the moving wire into the gap between the nozzle wall and the
workpiece, with the resulting force fed into the device. When the appro-
priate pressure is attained, the separation of the interacting surfaces of the
working die and the workpiece takes place. The efficiency of the compound
~ dies depends to a great extent on the appropriate choice of the device design
parameters, mainly on the gap opening between the force feed nozzle and
the drawn workpiece. The compound dies make it possible to increase the
process output by 30 %, three to four times the die durability, to reduce
the electric energy consumption by 10-26 %, and to increase by 40-45 % the
diameter reduction ratio per one draft, At the same time, the preliminary
preparation of the workpiece surface becomes much simpler or even, in some
cases, it can be eliminated. The main feature of the compound die design
is the presence of one or more force feed nozzles (or dies) assembled in the
hermetically sealed housing together with the working die. External dimen-
sions of the compound die housing enable us, in the most cases, to use the
existing drawbench die holders without any changes. '

In the course of operation of the compound dies insufficient reliability
of the working space sealing has been disclosed. The lubricant is squeezed
out through the sealing what reduces the device efficiency due to the tran-
sition from the film lubrication to the boundary lubrication regime, worsens
maintenance conditions and increases the costs due to excess losses of the
lubricant.

The compound dies deficiency mentioned above has been removed in the
film lubrication wet drawing device shown in Fig.1 cf. [3]. This device differs
from the compound die by the presence of the soft insert of plastic material,
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FiG. 1. Improved compound die design: f and 2 — working and force feed hard-alloy
inserts, § — thickening washer, 4 — collet, § - sealing insert , 6 - housing, 7 - flanged nut,
' & — thrust washer.

e.g. copper, placed into the collet slot. The drawing device assembling
has to be performed as described in the paper [4]. The force feed (2) and
the working (1) dies separated by the thickening washer (3) are placed into
the collet (4), the insert is placed into the collet slot and the whole set is
placed in the housing (6). The thrust washer (8) preventing heading die
(2) edges from spalling is placed on the front side of the die (2) and the
flanged nut (7) is screwed on at the housing (6) until it reaches the thrust
washer (8). Then the axial pressure is exerted by the punch on the dies
(1) and' (2), the collet is press-fitted into the housing (6) and the flanged
nut is tightened, while the pressure on the dies is still exerted. The plastic
deformation of the soft insert fills the collet () slot, thus assuring reliable
sealing of the device. Application of the modified compound die makes it
possible to assure reliable sealing of the working space and to prevent both
the lubricant squeezing off and reduction of the pressure attained. The
lubricant expense is also reduced and thus the device efficiency is raised.
Polish researchers [5] proposed another method of sealing of the wet
drawing device providing proper working space sealing tightness up to 2 GPa
lubricant pressure. It is based on application of some kind of labyrinth seal,
Two metallic concentric rings are placed between the die surfaces, the inner
one being of rectangular cross-section and the outer one — circular. Before
assembling the device, the space between the rings is filled with powdered
zinc oxide, :
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Compound wet drawing devices are employed for manufacturing of the
aluminum wire designed for bare cables with aluminum conducting core,
particularly -a drawing device with hydrodynamic lubricant feed shown in
Fig.2. Axial compression of the working die (2) and the force feed nozzle (3)
placed in the housing (1) and separated by the sealing ring ({) is ensured
with a hollow pressure plug (7) connected with a flanged nut (6). During
assembling the device, annular flange of the flanged nut (6) deforms the
elastic clamping bush (5) giving rise to an external force pressing together
the die and the nozzle. Changing the tightening of the flanged nut one can
control the external force according to the strength of the drawn workpiece.

F1G. 2. Lubricant hydrodynamic force feed drawing device [6]: 1 — housing, 2 - working
die, 3 ~ force feed nozzle, 4 — sealing ring; 5 — clamping bush, 6 - flanged nut, 7 - hollow
plug.

Applications of the force feed nozzle for wet rod and wire drawing through
the rotating die as well as for coating of the wire by the uniform thickness
lubricant layer, and also for providing the proper tensile counter-force in the
case of roll drawing are also known.

2. CALCULATION OF THE COMPOUND DEVICE PARAMETERS FOR THE
FLUID LUBRICANT DRAWING

As it has already been mentioned, for the wet drawing in the fluid film
lubrication regime the force feed nozzles or heading dies can be used for
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assuring proper hydrodynamic conditions. The lubricant force feed into the
gap between the wire and the nozzle is provided by the workpiece motion.
When a certain lubricant pressure is attained, the separation of the wire
and tool surfaces in the deformation zone occurs. From the practice of
hydrodynamic lubricant feed it follows, that the ratio of the lubricant film
thickness to the force feed nozzle diameter is small, and the gap opening
between the nozzle surface and the workpiece is smaller than the other two
dimensions of the lubricant channel. Thus the liquid lubricant flow in the
nozzle can be described by the following differential equation
dp d*v,
(2.1) il

where dp/dz is the component of the lubricant pressure gradient in the
direction of drawing, v, is the lubricant flow velocity component and u
denotes the dynamic viscosily coefficient of the lubricant.

Using the boundary conditions: v,(0) =0, v;(H)} = 0 and the flow rate

H

formula Q = [ v, dy, one can obtain from Eq. (2.1) the following expressions
0

for the distribution of the flow velocity and the pressure gradient:

(2.2) =T ”“(1 H)+§;;3;?J(y H),

dp _ 6uvo(l — 2¢)
dz H?2 ’

where vo is the workpiece motion velocity; H is the nozzle gap opening;
g = Q/voH is the relative flow rate and @ denotes the volumetric flow rate
per unit length of the workpiece contour.

The pressure gradient is determined by the workpiece velocity, gap open-
ing and the relative lubricant flow rate. When ¢ = 0.5, then the pressure
gradient is equal to zero and shearing flow takes place.

Dynamic viscosity coefficient u significantly depends on the temperature
and pressure in the lubricant film. For hydrocarbon oils, joint pressure and
temperature influence on the dynamic viscosity is expressed by the following
relation:

(2.3) O p=pso (%g)m exp(ap),

where y — dynamic viscosity coefficient at 50 C°, m — a coefficient depending
on. the kinematic viscosity of oil, ¢,p — temperature and pressure in the
lubricant film, & — piezo-viscosity coefficient.
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For the lubricants obeying the law (2.3) which describes the variation of
viscosity due to the temperature and pressure changes, differential equality
(2.2) yields the following expression for the force feed nozzle pumping effect:

m
1 Bapse (%Q) voL(1 — 2q)

(24) pr=-—ln1- - :

where L denotes the nozzle length.

Using relation (2.4) one takes into account the lubricant heating; to this
end, appropriate heat balance equation has to be solved, all terms of such
equation are quoted in the paper [2].

Force feed nozzle pumping effect is determined by rheological properties
of the lubricant and the drawing process conditions, but mainly by the nozzle
geometry. Lubricant pressure in the nozzle rises with the lubricant viscosily,
with the drawing velocity and nozzle length as well as with decreasing gap
opening,. :

~ Stress distribution in the drawn workpiece, total drawing force and the
lubricant pressure, necessary for the plastic deformation, depend on the
tensile counter-force arising in the nozzle. The stress caused by this force is
given by the following formula:

_ 4Hpy(2— 39)
3do(1 — 2¢)
where dp is the diameter of the wire. If emulsions are used, their viscosity

does not depend on the pressure and the nozzle pumping effect is given by
the following formula:

m=" “v[’{;g 20

The pressure attained in the nozzles in the case of water-oil emulsions
is not very high. E.g., for 25 % emulsion if v = 50m/s, ¢ = 0, L = 100
mm and H = 0.02 mm, then the calculated pressure value equals 34 MPa.
This is not enough to attain the film lubrication regime, however even such
a pressure is able to improve the friction condition and reduce the working
tool wear during drawing of low strength metals and alloys.

Application of force feed devices for liquid lubricants is impeded by the
difficulties in manufacturing the force feed nozzles, especially in the case
of high strength alloys, for which the necessary length of the nozzle may
be considerable. Nozzle length can be reduced by the optimal choice of
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its parameters particularly of the gap opening H [8]. Optimal nozzle gap
opening is equal to Hopy = 1.5Ho (Ho is the thickness of the lubricant film
at the deformation zone entry). The optimal gap choice corresponds to the
relative flow rate ¢ = 1/3, and the maximal pressure gradient equals

(dp) _ 2pve ’
dz max ngt .

Pumping effect of the optimally designed force feed nozzle, in the case of
variable viscosity lubricant, is determined by the following equality:

1 20![.&01)01;0
23) p1=--m(1-_.-___ .
o H gpt
From the Eq. (2.5) one determines the 0pt1ma1 nozzle length assuring
the pressure py:
H, :‘,"pt [1- exp(apl)]

Lo =
0 2000

The stress due to the tensile counter-force under optlma.l nozzle design
parameters, is expressed by the formula

oo = _ Ao In (1 _ 2apatlo OvOLO) .

adg H

opt

For the emulsions, optimal length of the nozzle can be expressed as fol-
lows:
H ozptpl
2uovp
and for the tensile counter-force stress we have the expression

Lo=

00 = 8,[1;0’00 Lg
H, optdO

In the case of high viscosity lubricants their slip at tool and workpiecé
surfaces is possible. The lubricant slip along the surface begins when tan-
gential stress in the film layer, adjacent to the nozzle and/or workpiece,
reaches some critical shear stress level. The slip velocity is then described
as follows

'R when TR 2 TS,
gl = : : : ’

0 ‘when 7 <73,
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where TR is the tangential stress in the lubricant layer adjacent to the surface,
T¢ is the critical shear stress, K, denotes a slip coefficient.

It has been shown in the papers [9, 10] that the slip along the walls can
considerably decrease the lubricant pressure attained due to the action of
the force feed nozzle. It has been assumed, that the law controlling the
lubricant slip velocity as a function of the shear stress is the same for the
tool and workpiece surfaces. In fact, due to the differences in the states of
contact surfaces and different adhesive interaction with the workpiece and
the tool, the lubricant slip coefficients may differ.

Using the following boundary conditions modeling the lubricant slip at

the walls:

.KlT(O) KQT(H)

ve(H) ="~ 7

one can derive from Eq. (2.1) the following relation for the velocity distri-
bution across the lubricant layer and for the lubricant pressure gradient in
the channel:

1’1:(0) =M +

o = Ldp| o (Hy+pK)(H?+2uK,)
Hy+ pKy ]
1—
o [1- 7 mynyrowal

(2.6) |

dp _ Spve 1+ 2k —2g(1 + k1 + k3)

de ~ H? 1+ 4ky+ dks + 12kk;
where

Ky _pKy
H?’ T g
Equality (2.6)s for k1 = k3 = k reduces to the relation:

dp _ 6uvo(l —29)

dz = H*1+6k) ’

ky =

{c.f. [10]); if, moreover, k; = kg = 0, then we get Eq. (2.2).

The calculated values of the ratio grad p/grad py are plotted in Fig.3
against coefficients &y and k; for different rates ¢; grad p and grad py de-
noting, respectively, the pressure gradient in the nozzle for the cases of
boundary slip and for perfect sticking at the wall. One can see that the slip
at the wall, particularly at the wire surface, results in an essential drop of
the pumping effect.
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FiG. 3. k1 and k2 quantities impact on the force feed nozzle pumping effect.

It follows from the Eq. (2.6) that increasing flow rate ¢ reduces the
nozzle pumping effect. For dp/dz = 0 we get ¢ value corresponding to the
transition to the shear flow

(2.7) 1+ 2k,

1= Atk +ka)

From Eq. (2.7) in the case of k1 = kg we obtain ¢ = 0.5, which corre-
sponds to the lubricant flow rate for perfect sticking condition (k; = k2 = 0).

The stress originated by the tensile counter-force arising due to the lu-
bricant, in the case of boundary slip, should be calculated according to the
following formula:

o = 4Hp1 . 2(1 + 3k2) - 3q(1 + 2k2)
T T3dy 1+2k—2q(1+ ki +ka)

Discussion of Eq. (2.6) has shown that, for a given lubricant volumetric
flow rate, there exist the optimal gap opening assuring the maximal pump-
ing effect of the drawing device. Demanding the derivative of the pressure
gradient with respect to gap opening to vanish, we obtain the following
condition for the optimal gap opening Hope: A

(2.8) (2hopt — 3)(hdo: + 4bshly, + 8b2 — .4blt_>2)hf;pt
~3 [Rde(3b1 — ba) + 4hZpu (b2 + 2b1by ~ B3) + dbybs(bs + b2)| = 0,

hopt - opt/th bl."—— KI/H(‘;;, b2 = .U'KZIHE'
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hopt variation versus by and b; is shown in Fig.4. One can see, that hopt
_rises with b, increase and with b, decrease, the effect of by being better
pronounced.

opt
20

18

16

14

1.2

I a1 0z 0.3 04 b,

Fic. 4. Nomograph for determination of kopt value.

From equation (2.8) for the case by = by = b one can obtain the following
equation [11]:
2h3, — 3h%,, —6b=0.

opt
Solution of this equation is depicted in the Fig.4 (dashed line).
In the case of optimal gap opening, expressions for the lubricant pressure

gradient and the stress induced by the counter-force {due to the lubricant)
take the following form:

(dp) _ Gpuy  hZu 4 2by — 2g(h2, + b1+ by)
mMmax

4% ) max  HE Bl + 4bihZ , + 4ok, +12b3by

g = 4Hoptpi . 2(hgpt + 3b2) - BQ(hgpt. + 2b2)
3do hgpt + 2b, — 2q‘(hgpt + b+ bg)

The relations quoted above enable the calculations of the optimal par-
ameters of the force feed nozzle. .

At present, force feed nozzles find only limited application. Application
of force feed sockets has been discussed in the paper [12].

In exploitation of drawing devices important role plays the pumping effect
of the working die (Fig.5). Liquid lubricant flow in the working die channel
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F1G. 5. Calculation scheme for the compund drawing device design parameters:
1 — force feed die, 2 — working die.

is similar to the flow in the case of the variable nozzle gap opening H =
Hi—z tan g, and the relative flow rate of the lubricant equal to ¢ = Q /(Hq—
ztanag). At the entry to the deformation zone, the maximal pressure is
attained and the volumetric flow rate is equal to Q@ = voHo/2. Gap opening
changes from H, to Hy, besides gmin = Ho/2H and gmax = 0.5. For variable
gap opening the pressure gradient is described by the formula

(29) dp _ 6vopioexp(ap) [(Hu — @ tanay) - Hol
| Za (Hq — z tan ag)? .

Integrating first Eq. (2.9) and then taking into account the condition
p(0) = p1, one can determine the lubricant pressure distribution in working
cone of the die. At the deformation zone entry, for Hy > Hp the pressure
is equal to . 3

. QllgVo
| P="% In [exp(—apl) T Hy ta,nad] ’

The film lubrication friction regime is ensured when the pressure p = pz is
attained. It occurs under the condition of sufficiently thick separating layer
between the surfaces of the working die and the workpiece. The critical

pressure pz is determined from the yield condition

P2 =08~ 0o,

where o5 denotes the plastic deformation strength of the material.
Taking into account the condition p = ps, thickness of the lubricant layer
at the inlet to the deformation zone is determined,

H ' _ 3apgv exp{ap)
%~ {1 - exp[-afos — 00)]} tanag

Knowing the value of Hp, one can determine the friction regime of the
drawing process. In the case of absence of the force feed nozzle or die, i.e.
{for single die drawing, we have py = 0.
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::;. ... Taking into account the yield condition we obtain for p; = 0 the thickness
- of the lubricant layer at the entry to the deformation zone characterizing
= the pumping effect of the working die alone

_ 3apovo
{1 —exp[—a(og — op)]} tanag

té;lﬂ) Hy

£ 1t follows from Eq. (2.10) that the hydrodynamic lubricant wedge effect
- of the working die can be promoted by higher drawing velocity, application
" of highly viscous lubricants and the reduction of the tool cone opening angle.
" Results of calculations of Hy indicate that, for high strength materials, it
"/ nay be assumed that exp [-a(os — 0¢)] = 0. Pumping effect of the working
. die drastically decline for wide opening angles, when & > 6°. Value of Hy
increases with the lubricant viscosity; for the drawing conditions character-
istic for the contemporary production techniques the use of the lubricants
with viscosity higher than 1 Pa s ensures a friction regime fairly close to
the film lubrication regime. The presence of the thick lubricant film is typ-
ical, for example, for drawing of the aluminum wire with the use of heavy
cylinder oils at the early stages of the multiple drawing process when the
lubricant viscosity is still high enough. It is also known that employing of
t_hé dies with reduced working cone opening angle results in the greater wear
resistance due to action of the hydrodynamic effect of the lubricant.
Choosing the value of Ho one should depart from the prerequisite, that
the lubricant film thickness should exceed the maximal height of the work-
piece surface micro-roughness ( Rz according to ST SEW 638-77 standard),
i.e. Hg > Rz. The roughness parameter Rz characterizes the workpiece
surface quality and depends on the preliminary machining process and on
the properties of the material. One has to bear in mind that for cold drawn
steel rod of circular cross-section Rz = 1.6 + 10 um, for a similar brass
rod — Rz = 0.8 + 6.3 um. In the most cases value Hy = 10 pm can be
considered to be sufficient for attaining the film lubrication regime. In the
engineering calculations of the device parameters for definite real materials,
the preliminary estimation of surface quality is performed and appropriate
value of separation Hyp of the tool and workpiece surfaces is more precisely
determined. ' . -
In the course of preparing the film lubrication drawing techniques, two
kinds of calculations can be performed. The first consists in determination of
the thickness of the lubricant film at the entry to deformation zone Hp; this
value serves for the estimation of the tool and workpiece surfaces separation
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possibility. For these calculations both the pumping effects: of the force
feed nozzle and of the working die should be taken into account. The second
choice is to start from the surfaces separation condition and to calculate,
according to the known value of Hyp, the working die pumping effect and
then to determine the parameters of the force feed nozzle assuring necessary
increase of the lubricant pressure.

Compound dies are usually employed in the case of liquid lubricants, for
example for production of aluminum alloys conducting wire in the electric
cable manufacturing industry. Calculations of compound die parameters
are also based on the Newtonian liquid flow laws. Device channel geometry
(Fig.4) is determined by dies configuration and the diameter reduction ratio
per one draft. The necessary lubricant pressure is attained due to pumping
action of the working cone and the calibrating part of the force feed die as
well as due to the action of the free part of the cone. For each of these zones
the lubricant flow is analyzed and the pumping effect is determined. Thus
for the working die, the pressure gradient is equal to

dp _ 6p [vo( Hy — z tanay) — 2Q]
dz (Hy — z tanag)?
From the condition of the necessary pressure at the deformation zone

entry p = pg, the pressure which has to be assured by the force feed die is
determined,

1
(2.11) pL=— In [exp(—ap2) + 361],
where
By = apovoLy
1™ THoHg

is the dimensionless parameter comprising lubricant rheology parameters
(e, pto), working die geometry (L4, Hg), inlet velocity (vo) and mecessary
lubricant film thickness at the the entry to the deformation zone ().

The lubricant pressure necessary for the plastic deformation, is deter-
mined in accordance with the known plastic properties of the drawn metal
os and the counter-force stress oo. L

~ Starting from the value of py, calculated a,ccordmg to Eq. (2.11), the
force feed die parameters are determined. Pressure p; is secured due to the

_pumping, effect of the working cone and of the cahbratmg part of the force
feed die. The formula for the working cone pressure gradient has the form

dp o Gp [vg(H:—mtanan) 2Q]
ol (H —xtanan)3 ot

@)
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and for the calibrating part — the
dp _ 6povoexp(ap)(1—2¢)
dz H? )

Solving piece-wise the differential equations for pressure gradients (2.12)
and {2.13) and equating the pressures at the interval boundaries, we deter-
mine the lubricant pressure at the outlet of the calibrating part of the force
feed die,

(2.14) p1L= -%111{1 — 602k [In(1 - g} + ha (1 - 29)]},

where

(2.13)

hn = Hn/H’ q= Q/’vﬂﬂ-a b = Lﬂ/Hﬂv B2 = a”‘O”UL/Hv?.'

Relations (2.11) and (2.14) make it possible to calculate the gap opening
in the cylindrical part of the force feed die, starting from the condition of
the necessary pressure py.

3. CALCULATION OF COMPOUND DIE PAMETERS FOR POWDERED
LUBRICANT DRAWING

We shall consider the drawing device employing the powdered soap lubri-
cant, governed by the following rheological flow law of the Bingham viscous-

plastic medium:
(3.1) T =A+BH,

where T an IH are intensities of the tangential stress and of the shear rate,
respectively; A is the limiting shear stress and B denotes the plastic viscosity.
The necessary calculations include the determination of the dimensions of
the nozzle entry cone and the cylindrical part parameters, as well as the
lubricant flow calculations at the free part of the working die cone.

Dimensions of the force feed nozzle entry cone (see Fig.5) are determined
from the condition of preliminary compression of the powdered mixture
preliminary compression up to 15 MPa; this allows to consider the lubricant
in the cylindrical part as incompressible, and its theological properties as
pressure-independent. '

Necessary dimensions of the entry cone are determined according to the
following formuia:

% = exp (91.3 tan(a/K)),



18 G.L. KOLMOGOROV and V.X. SHEVLYAKOV

H, H
251
1% W0
G
=1
i ] {

5
01710 o012 G 016 &, [rad]

Fi1G. 6. Determination of the dimensions of the nozzle entry cone.

where K is a coefficient describing the temperature effect on the rheological
properties of the soap lubricant.

The calculated values of the H,, /H ratio assuring the necessary compres-
sion of the powdered lubricant are depicted for different temperatures in
Fig.6. Lubricant temperature is determined by the temperature of the wire
at the compound die entry. It should be mentioned that the dimensions of
the die working cone are sufficient for the preliminary compression of the
lubricant. Therefore, in calculating the pumping effect of the force feed die
it is sufficient to confine the calculations to the determination of the pressure
rise due to the action of the calibrating part of the force feed die.

y 1
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F1G. 7. Viscous-plastic lubricant flow calculation schemes: 1 and 2 — shearing flow
zones, § — rigid undeformable layer.

The compressed lubricant proceeds into the uniform opening gap H.
Three different viscous-plastic lubricant flow schemes can be realized in the
nozzle gap (Fig.7). Pressure gradients along the nozzle are constant for all
of them, therefore the pressure at the end of the nozzle of length L is equal
to

(32) N = L— N
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2A

W for Scheme I,
2B

gg - ?';2’2 for Scheme II,
GB‘UOHI =24) for Scheme TII,

“and by = Hyf/H, hy = HyfH, H, and H; are the parameters determining
" the position of the rigid lubricant layer.
For the viscous-plastic lubricant flow the presence of the rigid unde-
" formable layer is typical. For the Scheme I the rigid layer is bounded by H;
- and Hy (0 < Hy < H < Hj). For the pressure gradients calculations, in the
- case of Scheme I, quantities h; and h, are determined according to Fig.1
" using the known value of ¢ = Buy/AH parameter value and the preliminary
© assumed value of relative flow rate ¢ = Ho/2H. For the Scheme II the rigid
layer adjoins to the nozzle surface and is bounded by the value Hy which is
determined by the fiow laws and equals H; = 3Hgq. For the last Scheme II1,
viscous flow over the whole layer width takes place, similarly to the case of
.. Tiquid lubricant {plastic viscosity B being involved in this case, however).
Selection of the flow scheme and appropriate choice of expression for the
pressure gradient are to be made depending both on the relative lubricant
flow rate g and on the dimensionless parameter . Knowing the assumed
value of the flow rate ¢ and the value of &, one can determine the appropriate
flow scheme (Fig.8).

* For the viscous-plastic lubricant, there exist also optimal nozzle par-
ameters. The optimal parameters correspond to Scheme III, for which
absence of the rigid layer is typical. Optimal gap opening is equal to
Hopy = 1.5 Hy, the nozzle length is then equal to Lo = H2,.p1/2Bvo.

Counter-force induced tensile stress, due to the action of viscous-plastic
lubricant in the nozzle, is determined by the sum of the tangential stresses
over the surface of the drawn wire.

' 41;1; 2’: ;;hi’ for Scheme I,

4%{}1: (1 + %g_) for Scheme TI,

g = 4

\

4AL H3p “
70—0' (1 + m‘a’") fOl' SChEIﬂe III.

It should be mentioned here, that Scheme I occurs most frequently in the
practice of wire drawing. For this scheme such flow regimes take place, for
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Fig. 8. Calculated values of by and he: a) — for the Scheme I, b} — in the viscous-plastic
lubricant flow schemes validity range.

which the lubricant flow Tate attains several percent only of the flow rate
corresponding to the shear flow. Besides, between the inlet and outlet of
the lubricant channel, strong lubricant circulation associated intense heat
release due to viscous dissipation takes place.

Temperature effect, on the constants entering Eq. (3.1)is described by the
following expressions: A = Aqexp(—9); B = Bgexp(—9), where ¢ = b(t —
1p), fo is the wire temperature at the nozzle entry. The mean temperature
t of the lubricant should be determined from the following equality [13]:

30 [(D + Mq)# — DN](hy — ha)* exp(¥)
—(4 3hy — hl)(l - h1)2 + h2 (3h1 + hz) =0,
where

D= ’Ylbngg, M= pCH/bLAg, ‘N 2 b(tc - to),

~ — heat exchange coefficient, b — viscosity temperature dependence coeffi-
cient, p and ¢ - lubricant density and specific heat, {, — ambient temperature.
The calculated values of the dimensionless quantity ¥ versus parameter
o, plotted for various values of ¢, D and M are shown in Fig.9. One can see
that increasing ¢, D and M reduce the va.lue of 9, whxle increasing parameter
o results in growth of 4. .
In Fig.10 the calculated values of dlmensmnless lubnca,nt pressure (Il =
p1H/[AoL) at the nozzle end are shown for the cases of isothermal and non-
isothermal flow; in the course of ﬁlm lubncatlon regime drawing. It can be
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FIG. 9. Variation of the dimensionless quantity ¥ versus parameter o for different ) and
Mand N =0:
a-M=1 1-D=1, 2-D =10,
b-D=1 1-M=1 2-M=10, 3-M =100,
..... g=20, g=01, — = — g = 0.2

seen that, in the case of non-isothermal lubricant flow, the pressure produced
by to the force feed nozzle is lower than that in the isothermal case, this
pressure difference rising with increasing ¢ and decreasing g. It should be
mentioned here that the presence of pressure peak is typical for the non-
isothermal flow.

In calculating the device parameters one has to take into account the
pumping effect of the free part of the working nozzle.

In the course of the viscous-plastic lubricant flow along the working cone
of the die, the velocity distribution profile across the channel changes, these
changes yield the transition from Scheme I to Schemes II and IIL. Pressure
growth in the working die is determined by the sum of the pressures arising
in the working cone intervals ‘

A Ina
Ps = Jtanay [6 (1 + hy — hz) +ﬁ0] ’
where

a = fo{((1+ latan ag)/2.25+ 1.5), 8 = Bug/AHg; lg = Ly Ho.
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FIG. 10. Calculated dimensionless pressure I versus o and g, for K =10, M =1 and
N=0:

= 0, —_——— g = 0.1
1 — isothermal flow, 2 — non-isothermal flow.

The difference hy — ks is averaged over the length of the working cone
and is determined using the mean values of o and ¢ for Scheme I:

o 23
- Bof2.5 + lgtan ad) +2.25°
Vet do—o
¢ = —

The total pressure generated by the compound drawing device is equal
to the sum of the pressures arising due to the working die and the action of
the force feed nozzle.

Knowing the value of the lubricant pressure p; at the deformation zone
entry and the pressure p; generated by the working die, one can find the
pressure p; = pg — ps. Then the force feed nozzle parameters, appropriate
for maintaining the film lubrication friction regime, can be found with the
use of relation (3.2).

The presented set of calculation rules enables the determination of the
compound drawing device parameters for the film lubrication regime draw-
ing for both liquid and powdered soap lubricants, assuring high effectiveness
of the process.
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