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A mathematical model describing the heat transfer processes in
an instrument for cold drawing of reinforcement steel with round
cross-section is performed. The model includes the system of non-
linear differential equations of heat conduction, heat transfer and
the necessary set of boundary conditions for all details of the in-
strument. Some model solutions for different regimes of the used
machine are obtained and presented. The comprehensive software
package MAGMAsoft! is used for this purpose. The influences of
the geometry and intensity of the cooling on the temperature of
the working surface of the nozzle are investigated and discussed.
The obtained results are analysed and the main conclusions as a
result of the made investigations are presented.
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1. INTRODUCTION

Currently, there are a wide variety of methods which form articles of metals
and alloys. A great deal of them are the various casting methods of casting
formation, such as low-pressure die-casting [1, 2], gas counter pressure casting
[3, 4], centrifugal casting [5, 6, 7] and methods forming new casting materials
[8, 9]. Together with the development of innovative technologies in these fields
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more progress is achieved by methods of mathematical modelling [10, 11],
computer simulation [12] and optimization [13, 14] of technological solutions.

Another group of methods uses cold and hot plastic deformation to create
articles of metals and alloys. One of the most widely used of them is the
cold-drawing method of reinforcement iron.

The process of drawing of reinforcement steel through a nozzle is charac-
terized by heat emission generated by two separate sources: one is due to
the surface friction between the drawing tool and the material being drawn;
the second is generated by the high rates of plastic deformation due to the
reduction of the material cross-section diameter.

These two heat emissions lead to increased temperatures for both the drawn
material and the nozzle, which reflect negatively on the nozzle strength, dura-
bility and ultimately its lifetime. Therefore, the investigation of the temper-
ature regime of the assignment tool is very important for optimization of the
technological process and for increasing its productivity and efficiency.

This article presents the results of mathematical modelling of processes
of heat transfer in the system of parts involved in the drawing block. The
temperature problem is solved for different regimes of the instrument.

2. BACKGROUND OF THE PROBLEM

The main components of the drawing tool are tungsten carbide nozzle and
bushing made from steel 45X. They are joined by a shrink fit. Geometrical
dimensions of the nozzle are presented in Fig. 1 and a cross-section of both
components of the instrument is pointed out in Fig. 2.

The boundary condition for the temperature problem on the working sur-
face of the nozzle is determined following the approach proposed in [15]. As
discussed there, the force needed to draw reinforcing steel with circular section
through a conical nozzle can be defined by the formula:

F = S(BSy + Rox)(So — $)(1 + fetga), (1)

where R82 is the tensile strength of the reinforcing steel before draw; Rgy —
tensile strength of the reinforcing steel after draw; Sy — cross-section of the
reinforcing steel before draw; S — cross-section of the reinforcing steel after
draw; f — friction coefficient between reinforcing steel and working surface of
the nozzle; a — the angle between the generatrix of the conical surface of the
nozzle and axis of rotation symmetry (Fig. 1).

(© Umnxenepuu nayku, rog. LV, 2018, Ne 1 32 © Engineering Sciences, LV, 2018, No. 1



Ly=4.75mm
L3;=2.25mm
Ly=1.5mm

{
H=17mm \\

a=6°
p=20°
¥=30" =

&
‘%—_\\\R-‘
L,

L,

L, L,

2y

Fig. 1. Drawing of the nozzle

Taking into account equation (1) the power required for withdrawal should
be determined by the formula:

P = Fuv, (2)

where v is the draw velocity. Part of this power is separated in the form of heat
due to internal friction in the material as a result of its plastic deformation.
According to the research [16], this heat remains almost entirely in reinforcing
steel. Another part of the power is consumed to overcome the friction between
the surface of the reinforcing steel and the working surface of the nozzle. It
is also converted to heat. One part of it is given to the instrument and the
other one is taken away from reinforcing steel.

In [15] the following estimation of the magnitude of the heat flux entering
in the nozzle through its working surface is obtained:

_ 5006% + 5Vdv Py

n = ; 3
e 3dv + 5vVdv Sw ®)
where g g
0 —
p— 4
5 S ) ( )
P; =1.2(0.77 — V3)P, (5)

Sy is the area of the working surface of the nozzle in mm?; v — the draw

velocity in m/min; d — the final diameter of the reinforcing steel in mm (pointed
out in Fig. 1).
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Fig. 2. Cross-section of the instrument

Constants in formula (3) have such kind of dimensions that lead to dimen-
sionless value for the first fraction there.

Technological parameters of the used machine for draw provide stable pro-
cess by v = 180 m/min. Consumed standard lubricant provides the following
coefficient of friction: f = 0.06. Using the values above and also the specific
geometrical dimensions aligned in Fig. 1, after substitution into equations
from (1) to (5), for the magnitude of the heat flux on the nozzle working
surface the following value is obtained:

g =3.6810° w/m’ (6)

This value is used as a boundary condition of the temperature problem of the
instrument. The standard assumption that the heat flux direction is perpen-
dicular to the work surface is accepted.

The main components of the process of heat transfer in the tool are pre-
sented in Fig. 2. The free surfaces of the instrument are cooled by air convec-
tion. The intensity of this heat flux is denoted by g¢. Cooling with intensity
of the heat flux gy is supposed to act on ambient surface of the steel bushing.

After a sufficient period of time, temperature field in the tool reaches steady
state and the temperature on Sg occupies its important operating value, re-
spectively.

The present work aims to obtain steady-state of the temperature field and
the operating temperature on Sg.
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For this purpose the 3D heat transfer equation:

O(cppT
HPT) _ giv(rgrad(T)), (7)
ot
is solved for all spatial areas of the instrument.
The problem is solved under the following initial and boundary conditions:
1. Boundary condition of heat flow that heats the nozzle through its working

surface Sg: o7
The intensity of heat flux and the derivative of the temperature field are
supposed as normal to that surface.
2. Boundary condition for free convection on surfaces which are in contact
with ambient air:

oT
& o =ao(Ty—T
A5, = ac ac(Ty—Tg), 9)

where g¢ is the heat flow in these areas (Fig. 2); ac — the heat transfer

coefficient of convection; 17 — the temperature at the corresponding points of

the free surfaces; Tp — the air temperature of the environment.

3. Boundary condition in the area of thermal contact in the shrink fit between
the two bodies:

—Alg—i = aps(Tp1 — Tpo) = —)\22—27
where Tp1, Tpo are the temperatures of the two surfaces in contact; A1, Ao —
the corresponding coefficients of thermal conductivity of the two bodies; ay,
— the heat transfer coefficient in the shrink fit.

In many cases of practice the instrument is placed in a cooler. For these
cases the following boundary condition should be added:
4. Boundary condition of the contact surface between the steel bushing and
the cooler:

(10)

)‘g_z; =qw = acooling(TZ - Tcooling)a (11)
where gy is the intensity of heat flow given from steel sleeve to the cooling;
Qleooling — the heat transfer coefficient on the bushing-cooler boundary; T —
the surface temperature of the steel sleeve in contact with the surface of the
cooler; Tioo1ing — the temperature of the cooling fluid.

Some of the necessary thermal parameters are taken from the literature
[16-18] and others from the database of the software package MAGMAsoft.
Most of these parameters are nonlinear functions of temperature. The data for
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the heat transfer coefficient «,, is obtained by averaging the results published
in [19] and [20]. Database of MAGMAsoft is used for the determination of

Qcooling

3. NUMERICAL SOLUTIONS OF THE MODEL

The mathematical model mentioned in previous section (equations 7-11) is
used to calculate the temperature field of the instrument (named “calibration
block” below) shown in Fig. 3. It includes:

e nozzle (Part 1);

e steel bushing (Part 2);

e system for mounting and cooling (Part 3) the whole tool into the drawing
machine.

Temperature fields are obtained for all parts of the tool in different modes
and different types of coolers. The results are used for identification and
analysing the thermal load of the tool at different modes of drawing and dif-
ferent cooling schemes. The results obtained for three different cases of the
cooling are given below.

A) Case 1

This case includes a water cooler in the form of a hollow cylinder (ring)
covering the bushing (Part 2, from Fig. 3). Geometric configuration used in
this option is implemented in Fig. 3 schematically in a cross-section. For the
heat flux through the surface of the nozzle the value from (6) is taken. Some
control points at different radii from the axis of symmetry are chosen. Their
values for considered three cases are given in Table 1.

TABLE 1
No T T s T, T s
R [mm] 3.2 4.2 5.2 6.6 10.02 10.02
Case 1 201.3 157.7 138.5 119.3 95.41 61.96
Case 2 T [°C] 219.6 175.5 156.4 137.5 113.9 73.0
Case 3 382.4 341.3 323.3 305.2 282.6 244.1
No 17 T3 Ty Tho 111
R [mm] 13.0 14.8 18.0 21.0 25.0
Case 1 45.23 42.18 36.19 33.23 29.81
Case 2 T [°C] 65.2 60.6 55.9 52.5 49.3
Case 3 236.2 231.8 228.1 224.5 221.8
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The flow rate of cooling water is kept at 1 m? /h and the temperature of
incoming water is taken as 25 °C.

Under the conditions described above, the temperature problem formulated
in Section 2 is solved using MAGM Asoft software. The steady state is reached
in a relatively short time — less than 1 min. Figure 4 presents the obtained
steady state of the temperature field in the Part 1.

Bushing (Part 2) Nozzle (Part 1)

Water cooling

Supporter (Part 3)

Fig. 3. The parts of the calibration block
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Fig. 4. Steady state temperature field of the nozzle

The grey scale encoding is used for this purpose. Figures 5 and 6 show
the related temperature field of the bushing (Part 2) and of the Part 3 (Fig.
3). Some badges with digital values of the temperatures in different zones are
used for greater clarity.
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Fig. 5. Temperature field of Part 2
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Fig. 6. Temperature field of Part 3

Figure 7shows the steady state temperature distribution in the radial direc-
tion (temperatures at control points from Table 1, Case 1). The typical jump
of the temperature behaviour in the contact zone between Par 1 and Part 2
is observed. The calculated temperature of the surface Sg is approximately
253°C (see the maximum temperature in Fig. 4).

B) Case 2

This case differs from the Case 1 with the geometry of the water cooling.
It is constructed here as cylindrical channels pointed out in Fig. 8. All other
conditions are the same as in Case 1. The temperature problem is also solved
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Fig. 8. Cooling in Case 2

with MAGMAsoft for Part 1, Part 2 and Part 3. The obtained temperature
field of Part 1 is shown in Fig. 9. The comparison whit this one from Fig. 4
shows that the temperature on the work surface at the Case 2 is 16 °C higher
than the respective temperature in Case 1. This result suggests that the cylin-
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drical cooling from Fig. 3 is more efficient than the version with cylindrical
channels (Fig. 8). However, when comparing the time to reach the steady
state, there is no significant difference between the two considered cases.
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Fig. 9. Temperature field of Part 1. Case 2
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Fig. 10. Temperature field of Part 1. Case 3

C) Case 3

This case studies the configuration when the same instrument works with-
out cooling. Only the free air convection to the environment and heat transfer
through mechanical contacts are taking into account. The temperature prob-
lem is also solved with MAGMAsoft for Part 1, Part 2 and Part 3. The
obtained solution for most important temperature field of Part 1 in this case
is shown in Fig. 10. It is seen that the temperature on the work surface of
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the nozzle rises to approximately 435 °C. This temperature is higher than the
operating temperature of Case 1 (Fig. 4) with more than 180 °C and approx-
imately with 166 °C higher than the one in Case 2 (Fig. 9). The steady state
in this case is reached for approximately 3 hours, while water-cooled cases
require only approximately 30 seconds.

4. CONCLUSION

Based on the results above the following conclusions could be made:

e Water cooling reduces significantly the operating temperature of the drawing
tool. Therefore it increases the durability and lifetime of the instrument;

e Additional water cooling provides faster transition from non-stationary to
stationary temperature regime. This fact is important for maintaining con-
stant conditions throughout the whole production process;

e The presented two water cooling designs provide similar operating tempera-
tures. Therefore the choice could be made by other reasons (e.g. structural
or functional);

e The use of additional water cooling is advisable and even imperative for
high performance regimes with high speeds of drawing (see the comparison
between the results of Case 1-2 and Case 3).
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KOMITIHOT'bPHA CUMVYJIAIINA HA TOIIJIOIIPEHOCA
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Pestome. Ilpencrasen e MaTeMaTwaeH MOE, OMIMCBAIIL ITPOTIECH-
Te Ha TOIJIOIPEHOC B MHCTPYMEHT 38 CTYIEHO U3TErJIssHe Ha apMU-
POBBYHA CTOMaHa C KPbBIJIO cedenne. MoaeabT BKIIOUYBA CUCTEMA,
OT HeJIMHEHHN JudepeHIuaJH YPaBHEHUs 38 TOILIOIPOBOIHOCT,
TOILIOIIPEHOC W HeoOXOoJuMUsi HADOp OT TPpAHUYHHU YCJIOBUS 3a
BCUYKH JIETANRIN HA UHCTPyMeHTa. [LoJly9eHn W IPeJCTABEHN Ca
MOJIEJIHM peIIeHUsI 3a Pa3IudHUTE PEXKUMU Ha M3I0JI3BAHATA
MalllMHa. 38 Ta3W I[eJ € H3MO/JI3BAaH IPUTEXKABAIIMAT BUCOKA
crenien Ha obmuocT codryepen nmaker MAGMAsoft. scnensann
U JIUCKYTUPAHU Ca BJIMSHUATA HA TEOMETPUATA U MHTEH3UBHOCTTA,
Ha OXJIAXKJIAHETO BbpXY TeMIeparypara Ha paboTHATa IOBbpPX-
HOCT Ha Jifo3aTa. llojlydeHnuTe pesysiTaru ca aHAJIM3UPAHU, KATO
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Ca IIpeICTaBECHN OCHOBHHUTE 3aKJ/IIOUCHUA B PE3yJTaT Ha HallpaBe-
HUTE U3CJICABaHUA.

Karowoeu dymu: MaTeMaTHIECKO MOJEJINPAHe, TEMIIEPATYPHA 3a-
Jada, CTYJ/IeHO U3TerJsdHe.
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