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3 noauuii TepmoanHamMikn HeobopOTHMUX NPOLECIB BUKOHAHO aHani3 ocobnmBocTen Npouecy YLinbHEeHHS Tn-
TaHOBWX MOPOLLIKIB TUCKOM. PO3rnsiHyTo BapiaHTX KpanoBmx YMOB PO3BUTKY LIbOro npotiecy. 3anpornoHoBaHO
MOKa3HWUK ANS OLiHKM €HeProeMHOCTI Nif, Yac BUKOHAHHS Npouecy YLWiNbHEHHS TUTAHOBUX NOPOLLIKIB TUCKOM.
KntoyoBi cnoea: TepmoanHamika HEOOOPOTHMX MPOLECIB, TUTAHOBI MOPOLLKK, YLLINTbHEHHS! MOPOLLKIB TUCKOM,
MaTeMaTu4Ha MoAenb, EHEProEMHICTb

C nosnuumn TepMOAMHaMUKN HEOOPaTMMbIX NMPOLIECCOB BLINOMHEH aHanu3 ocoGeHHOCTel npolecca ynroT-
HeHVs1 TUTAHOBbLIX MOPOLLKOB AaBreHveM. PaccMoTpeHbl BapuaHTbl KpaeBbiX YCMOBUIA pa3BUTUSI OaHHOMO
npouecca. MpeanoxeH nokasaTtesb AN OLEHKM S3HeproeMKOCTV Npu NPOBEAEHUM NPoLiecca YNIOTHEHWS! TU-
TAHOBbLIX MOPOLLKOB AABIIEHNEM.

KnioyeBble crioBa: TepMognMHamMyKka HeobpaTMMbIX NMPOLLECCOB, TUTAaHOBbLIE MOPOLUKU, YNIIOTHEHWE MOPOLLKOB
AaBneHneM, maTeMaTmyeckasi MoAenb, SHEProeMKOCTb

From a thermodynamics position of irreversible processes the analysis of features for compression process
of the titanium powders by pressure shaping is perfprmed. The variants of boundary conditions for
development of this process have been considered. A factor for the estimation of energy intensity during
conduction of compression process of the titanium powders by pressure shaping has been suggested.
Keywords: thermodynamics of irreversible processes, titanium powders, compression process of powders by
pressure shaping, mathematical model and energy consumption

Introduction. The task of theoretical model According to the offered model, the stream of
creation for any process is in description of me-  compression energy J, from a motive puncheon to
chanism of energy and matter mass transfer at
specific stage in space-time coordinates, that allows
to provide forecasting of the development for this
process analytically.

Analysis of publications. On the basis of ana-
lysis of driving forces for energy and matter mass
transfer [1-3] in following works [4,5] for the  fYP®:

the surface of the powder system causes emergency
of matter mass stream J, into the depth of this sys-
tem, which in turn provides diffusive transfer of
power stream. Stationary energy- and mass streams
are described by Onsager linear correlations of the

dispersed systems as of their treatment by pressure J,=-L, -gradP ; (D
the diffusive model of such transfer has been J =L -gradP 2)
suggested. P

A model regards the process of treatment of  where L, L,, —Xkinetic coefficients of the baro-
powder materials pressure shaping as bar-diffused
energy and matter mass transfer in a spatial area
with specified form, sizes and finite mean (by sec-
tion) density of the finished product. Such approach
allows to reduce considerably mathematical des-
cription for the progress dynamics of this process in
space and in time, and also to mark the ways of
solving specific engineering’s tasks when forecas-

diffusive of pressure and mass transfer in the pow-
der system, respectively.

Processes of energy and mass transfer of matter
in the powder systems are non-stationary and ir-
reversible. In this relation, local changes of pressure
P and density p in the section of such system in

time t are possible to be described by the system of

ting production conditions for products of the stan- differential equations in terms of P(t) and p(7):
dard quality. P
P

—=—divJ ; 3

ot r ®)

0 .

P divJ, . (4)
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Relationship between pressure and mass den-
sity of powder material in the system is determined
by equation

G _ Ly 0P

=_ - 5
ot Lpp ot ®)

Correlation L, /L, depends on properties of

powder material, relation applied and its value
pressure cannot bee defined in experimental way. In
this relation description of transfer processes is
accomplished in the following order. On the initial
stage, the calculations of the averaged fields of
pressure across the section of the powder system in
time P= fl(x,r) are performed, passing then to
determination of mass density fields for powder Ra-
terial p=f,(z,1) with use either of the known
«equations of pressing» p=@(P) [6,7] or experi-
mental research.

Equation of potential-conductivity (3) for one

dimensional task in the Cartesian coordinate system
is possible to be written as

oP, o’P.
o e ©)

where a, — a coefficient of potential-conductivity

of the powder system, m”/s; its value is calculated in
different periods of the compression mode with the

use of experimental dependences P. = f(1).

Implementation of transfer processes assumes
the presence of their initial and border conditions.

Initial (temporal) conditions of processes are a
list of data about physical descriptions (initial
density, grain-size composition, temperature state)
of the compacted powder, and also geometrical pa-
rameters (form, sizes) of the powder system in the
initial moment of time (t=0).

Boundary (superficial) conditions of process
determine interaction of surface of the powder sys-
tem with the power system of press; there are
known as conditions of the first, second and third
kind [8].

Solution of equation (6) for an unbounded plate
with a thickness & at the border conditions of the
third kind — constant pressure in source of an energy
compression ( P = const) for the regular mode [9]

looks like

0,=4-U, -exp(-m, 1), )

Where ep = (1_)_1)140711 ) / (}_)0 _])ucm); }_) 4 I_)O — pres-
sure in the system and its value in initial moment of

compression process, respectively; A4 — coeffici-

ent; A =2sinn,/(n, +sinm,-cosm,); m, — a root
of transcendent equation n, /Bi, =ctgn,; Bi, —a
criterion of massiveness at the baro-diffused com-
pression process, Bi, =a,-8/A,; A, — a coeffici-
ent of energy-conductivity of the powder system,
U,=cos(n-z/h); m =23L-9,/h, s L —a fac-

tor of compression; 3, — speed of puncheon mo-

ving; A, , h — current and minimum system of
thickness, respectively.
After taking the logarithm of equation (8), it is

possible to write down

0
In L _l=—m -1 . 9
[Al.-U,J , ©

On the basis of discrete model for mass transfer
process in the powder systems and also analysis of
contact co-operation for particles, M.Yu. Bal’shin
[10] had got «equation of pressing» of a kind

IgP, —lgP=L-(B-1) . (10)

— pressure, corresponding to the maxi-

where P

nax

mal degree of compression of the powder system;
B=V,(t)/V,; V,(1), ¥, — current and minimum

volume of the powder system, respectively.
After some transformations, equation (10) can
be expressed as

P
1n6p=1n(—}=—m-r . (11)

Comparison of equations (9) and (11) allows to
assert that firstly, these equations, having an identi-
cal structure, describe the same mechanism of ener-
gy transfer process in the powder systems, sec-
ondly, equation (11) can be regarded as the special
case of the integrated model [1] which corresponds
to the stage of the «regular» mode for the mean val-
ues of pressure on the section of the powder system.
Analysis of the known models — «equations of
pressing» presented in works [6,7], results in an
analogical conclusion as well..

Problem formulation. The task of this work is
to study compression process features for titanium
powders as well as to reveal criterion for estimation
of energy consumption for the process implementa-
tion.

Using tensometry [11], we investigated distri-
bution of pressure in the volume of electrolytic
titanium powder system of grade PTEM-1 with
faction 0.18 mm in the press-forms of rectangular
form under compression on the hydraulic press
PSC-500. Results of the experiments [12] allowed:
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— to establish that the compression process of
titanium powders by pressure shaping on this press
is carried out at an initial condition

2
P.(z,0)=P, +(§j AR, (12)
and at the boundary conditions of the second kind

oP (z,r)
A, ——==9 -1 ; 13
¢ 0z 7 1

OP ( z,
ﬂ =0, (14)
0z

where P

z,0c %
system, and difference of pressures between a
surface and center of the system in initial moment

AP, — pressure in the center of the

of  its compression, Pa, respectively,
AR, =P, ,—P.,; A, — a coefficient of energy-

intensity, Watt/(m?-Pa); 8, — speed of rise of spe-

cific power stream on the surface of the system,
Watt/sec.

— to suggest a criterion for the estimation of
optimality of boundary conditions for compression
process in terms of minimization of power con-
sumption — coefficient of specific power-intensity
of compression process on mass transfer C,,
(kWatt-sec/m’-(kg/m’).

The mean values of this coefficient can be
defined from balance equation of a kind:

g, F-t=(C,) Ap-V , (15)

where ¢, — a mean value of specific power stre-

am, as per surface of the system «press-form
titanium powder», Watt/sec; F, J — a surface, m’,
and volume, m’, powder system, respectively; AP

— an increase in an averaged density of titanium
powder in evaluated period of compression process
by the volume of this system.

It is supposed that dependence of increase of
density for titanium powder in the system from mo-
ving of motive puncheon has linear character

Ap=p,-9,-1/5 (16)

where p, — an initial density of compact powder,

kg/m’; 9, —speed of moving of puncheon, m/sec.
Upon substituting expression (16) in equation

(15), and its resolution with respect to C,,, one can

write down

c P-4t 17
( em)() pO‘Se ( )

or with the zonal method of calculation

(Con)

Ap,, Ap, — an increase in the density of

. _ G Ap, —C™ - Ap,
ot Ap, —Ap, ’

(18)

where
titanium powder at the beginning and end of zonal
areas, kg/m’, respectively.

Results of coefficient C,, calculations for a
number of the systems «press-form-titanium
powder» are presented on a fig. 1.

Using a notion about coefficient C,,, the fol-

lowing factor of estimation energy-intensity of com-
pression process for titanium powder has been sug-
gested [12]

ey = '§1Ael- , (19)
l:

Aei = Coni — Cuaui = (Cem )pk‘f’“ [5(1) _pH‘”si] ? (20)

Puau

where ey — a total specific energy consumption

in the compression process for powder in the sys-
tem, Watt-sec/m’; Ae; — a specific energy com-
pression in the compression process for powder on
i th stage, Watt-sec/m’; 5(1) — a mean density of

titanium powder in the compression process, kg/m’;

R
5(r)=2RZIz-p(z,r)-dz, z — a current co-ordi-
0
nate in the compression direction; p(z,t) — distri-
bution of density for titanium powder across the
thickness of the observable system in time, kg/m’.
Using definition of p(z,t) , equation (3) can be
expressed as
C
p(z,t):—e-P(z,r) , 21
Cem
where C,, C, - coefficients of specific energy-
intensity for compression process on energy- and
mass transfer, respectively; P(z,r) — distribution
of pressure across the thickness of the system in the
process of compaction of titanium powder, Pa.
Solution of equation of energy-conductivity (3)
with the boundary conditions (12)-(14) accompli-

shed by the method of Fourier-Hanker finite in-
tegral transformations [9] can be expressed as:
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C.., Wat-sec/m’(kg/m’)

Then joint consideration of equations (21) and

500 (22) allows to get:
/ 5(2,1):&- cho+%+$'£5‘F0+§j+
400 /> C,, ’ 3 A, 6
/ 9,8 Fo &
+—2— | Fo’ +———||. 23
300 / 2, -a, [ 8 180) @)
2/ | .
200 Using calculated values of mean density of the
// system p(z,7) and coefficient of specific energy
100 // ! intensity of compression process for titanium
/‘/ powder at any moment of compression cycle time it
J /“ is possible to get quantitative description ey of
S 10 15 20 25 30 35t sec energy intensity of this process.

Picture 1 — Change of coefficient of specific energy in-
tensity for compression process on mass transfer,
kWatt-sec/(m’-(kg/m®), in the system «press-form-
titanium powder» in time; 1,2 - system «press-form-
titanium powder» with sizes 120 x 80 x 60 mm and 180 x
120 x 80 mm, respectivity

AP * 377
P(z,r)zPo(0+—0+£- 8-Fo+8 3214
7 3 A,
9'53 2 4 2
200 Mgy 2 g poy 22, 2 1,(22)
A,ra, |2 28 6 248" 128~ 360

where P, — pressure in the center of the obser-

vable system for the initial moment of compression
process, Pa; a,, A, — coefficients of potential-con-
ductivity, m*/sec, and to the energy-conductivity,
Watt-sec/(m*-Pa), of the system, respectively; Fo —

. . . 2
Fourier criterion; Fo=a,-1/8".

Conclusions

1. The energy-dynamic approach has been
worked out for the study of transfer processes as for
the treatment of the titanium powder-like systems
by pressure shaping.

2. Comparison of mathematical model of sug-
gested approach with those of known earlier models
of this process indicates them to describe the same
mechanism of energy transfer in the powder sys-
tems.

3. A criterion for the estimation of optimality of
boundary conditions of compression process of the
powder systems in terms of minimization of power
consumption at its implementation has been sug-
gested.
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