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TOPICAL DIRECTIONS AND TASKS FOR RESEARCH IN THE FIELD OF
CREATING MATERIALS FOR EXTREMAL PERFORMANCE

Skorokhod V.V.
Frantsevich Institute for Problems of Materials Science of NASU, Kiyv, Ukraine
Krzhyzhanovsky Str. 3, Kyiv, 03142, Ukraine

Extremal conditions for  operation
structural and functional materials and articles are
specific for many types of modern technique,
specifically, the extremal conditions are
determined by temperature and operating
mechanical stresses, as well as another factors, e.g.
chemical activity for external ambient; radiation,
abrasion-erosion or electromagnetic effects, etc.

The heat insulating materials for aviation
and rocket-space technique, electrical contacts in
high-current switches of high voltage, electrodes
for arc welding, nozzles of plasmatrons, work
blades of high-temperature gas turbins, friction
materials of aircraft brakes, materials for friction
assemblies working in space vacuum etc., all these
are classical examples of objects operating under
extremal loads.

Traditionally, the main criterion in slecting
materials for operation under high temperature and
mechanical loads is considered to be the set of both
kinetic and thermodynamic indices of material
stability. However, the most often the system
“material-medium that interacts with it” is opened
by definition and obeys the laws of nonequilibrium
thermodynamics. Moreover, the transfer processes
in such systems are as a rule of not-steady state
nature. Therefore, in selecting materials for
operation under conditions of external extremal
action the integral criterion of survivability
becomes principal, which defines the maximum
possible time interval for which material keeps its
function.

In each specific case, this time internal
depends on the nature of damage (failure or
accumulation of internal defects) material structure
and properties, operation regime, and it may be
from tens of second to tens of hours.

The main types of surface or local
catastrophic failure of material should be
considered the following:

1) thermal failure under effect of supercritical
heat fluxes due to change in aggregate
state of material substance (melting,
evaporation, sublimation);

2) mechanical fracture in frictional contacting
or due to impact with making solids or

dispersed particles (seizing, abrasive

erosion, cutting);

3) chemical destruction in reaction with
aggressive media (liquid or gaseous)
accompanied by formation of fireable or
volatile products of reaction.

The cause of accidental damage of articles
may be also gradual accumulation of defects
within the volume of material, which occurs upon:

1) cyclic mechanical loading (fatigue);

2) thermocycling, including transition over
the  temperature  of  polymorphic
transformation, i.e, with cyclic variation of
internal thermoelastic stresses by both
magnitude and sign (thermal fatigue);

3) intense effect of radiation or bombardment
by high-energy ions (radiation swelling);

4) chemical decomposition of compounds or
metastable solid solution accompanied by
formation and active release of gaseous
products of reaction.

Under extremal conditions, such a critical
accumulation of defects may occur for sufficiently
short time period.

The combined action of thermal and
mechanical effects, or chemical and mechanical, or
radiation and thermal, or thermal and chemical
etc., can be specifically danger from the viewpoint
of material survivability.

In many cases, it is possible to find that
help in considerable increase in material service
capacity even such sever conditions.

For example, the rate of normal ablation
damage of heat-protecting polymeric-matrix
composite coating of increase sharply if crumbly
carbomized layers are formed in destruction of
polymeric matrix, which then are mechanically
removed by gas flow.

This effect can be eliminated if the
formation of solid refractory compounds can be
assured due to reaction between the products of
thermal destruction of polymeric binder and
specially introduced filler. As a result, the
mechanical removing of material decreases
considerably and ablation of it occurs as far as
aggregate state of material changes.



Another examples may be rapid failure at
relatively low temperatures of a number of carbon
materials (pyrocarbon, high-densegraphite) in
uxidizing air ambient, which have high erosion
resistance in neutral gaseous media even at
extremely high temperatures.

An efficient means protecting graphite
from oxidation is silicomizing that requires
formation of silicon carbide not only on the
surface, but also inside carbon material.

Similarly, the rate of high-temperature
corrosion (oxidation) of heat-resistance alloys can
increase sharply with simultaneous erosion effect
of abrasive hard particles that damage protective
oxide film. The directed alloying can be used as a
means for protection of material from catastrophic
corrosion-erosion  damage, which increases
hardness and wear resistance of the oxides formed
in combination with dosed pre-oxidation of the
alloy. The effect can be enhanced by small open
porosity in material.

Electroerosion damage of contacts and
electrodes under effect of arc discharge in real
conditions occurs not only due to electrical transfer
of metal ions in arc plasma, but also due to ejection
of liquid metal from the both by ponderomotive
force, which is formed in base spot, as well as due
to formation and breaking of bridges. When using
pceudo-alloys of tungsten-copper type, the directed
alloying of fusible phase is an effective means to
improve its adgesion properties, and therefore to
enhance concervation of the meet in the both by
capillary forces. Such alloying, as a rule, increases
hardness of contact material and decreases
probability for bridge formation.

Under dry friction of metal surfaces in
vacuum or inert gas ambient, an increase in
temperature in zone of frictional contact may result
in formation of seizing areas, local surface tearing-
out of metal, and finally total loss of the working
function of friction assembly. The require of
regular friction with stable friction coefficient and
moderate foreseen wear can be realized through
creation the conditions for structural adaptation of
materials. Large effects have in this case the
thribochemical processes of formation of non-
equilibrium disperse phases in friction zone, which
can be caused by either interaction with ambient
(oxidation) or secondary reactions of base metal
with specially introduced additions
(dichalcogenides).

In all above cases, we have considered
predominantly the means for prevention of surface
failure. It is much more difficult to solve the
problem of accumulation of damages within

material volume, or what is even more tempting, of
searching the mechanisms that govern defect “self-
healing”, i.e. of creation of materials with self-
regeneration effect.

Although there are the more or less
successful approaches for solving above problem
as regards some specific cases (e.g. suppression of
radiation swelling due to introduction into material
of fine (particles), on the whole this problem is one
of the most complicated and wurgent in
contemporary materials science.
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SOME PROBLEMS CONCERNING RESISTANCE OF SPACECRAFT
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Requirements imposed on materials of external surfaces of long-term performance
spacecraft under exposure to environmental factors are examined. Advanced paint thermal control

coatings are presented.

With the increase of spacecraft’s service
life up to 10—15 years, the Russian Federal Space
Program on space systems, complexes, and
scientific and civil means imposes more rigid
requirements on reliability of spacecraft materials.
Service life of a spacecraft, regardless of its type
and purpose, is determined by retaining operational
properties of materials within the admissible limits.
Structurally new generations of spacecraft with
10—15 year and longer service life, that are able to
solve a wide range of tasks, will have, as a rule, no
pressurized equipment capsule that will cause for
the requirements to become tougher.

As for the exposure to environmental
factors, the operation conditions of spacecraft are
varied widely. These are determined by orbits
where the spacecraft operate, namely, low-earth
orbit (LEO), high elliptical orbit (HEO), HEO
with entering the Earth radiation belts,
geostationary orbit (GSO), interplanetary transfer
orbit, etc. Their common feature is an ionizing
radiation effect that produces in outer skin of a
spacecraft absorbed doses from 10” to 10° rad
annually, and UV-radiation of the Sun. Vacuum
and temperature changing from —150 °C to +150
°C are also common factors. When in service, due
to design features of spacecraft and influence of
environmental factors, there occur undesirable
extraneous phenomena, such as electrostatic
charging and generation of a spacecraft outer
atmosphere.

In general, the only basic requirement
imposed on spacecraft materials is not to change its
operating properties in the course of service life
that is unfeasible for most materials, especially
polymeric. Therefore, specific requirements are
imposed on each material in dependence on its
purpose in the spacecraft structure.

These requirements can be summarized

provided the spacecraft materials are grouped
according to their functionality as follows:

- structural materials;

- lubricants;

- thermal control coatings.

This paper examines polymeric materials
being the most degradable if exposed to
environmental factors. The fundamental
requirement imposed on structural materials is a
radiation resistance, decrease in strength at the end
of spacecraft service life by 15—20% with respect
to initial value being permissible. Another
requirement is their outgassing properties (or mass
loss). This is general characteristic for all
spacecraft materials. And much more rigid
requirements are imposed on materials that are
within the field of view of the contamination-
sensitive optical systems. For instance, steady-state
outgassing rate of a number of materials of the ISS
should not exceed 10™* g/sq.cmxs.

The essential characteristic of large-sized
structural materials located on surface of spacecraft
is a degree of electrostatic charging that is
characterized by a specific surface resistance and
should be <Ix10° Q/J. Under such conditions
static electricity drains off without discharging.

Being located under and protected with
material (metal) and friction assemblies, the
lubricants employed are not generally exposed to
intensive radiation. However, their radiation
resistance must be at least 1x10° rad. Radiation
resistance means keeping the endurance and
friction factor to maintain specified lifetime of
devices and mechanisms.

Evaporation of volatile products from
lubricants deteriorates not only the spacecraft outer
atmosphere, but also the properties of the lubricant



itself, therefore requirements here are stringent
enough.

External coatings of spacecraft are the
elements of passive or active thermal control
systems and are applied on external surfaces and
structure members.

Mainly, the external coatings of spacecraft
are fabrics for optical purposes (upper layer of
EVTI mat), photovoltaic cells of solar arrays,
thermal control coatings.

External coatings of spacecraft are intended to
ensure the design values of external thermal loads
caused by solar and planetary light (passive
systems) and to remove heat into space.

In addition to standard process parameters
like good spreading capacity, adhesion, etc. there
are a number of other requirements imposing on
external coatings of spacecraft with long-term
lifetime,

- stability of As in operation conditions under
exposure to damaging environmental factors and
thermal cycling;

- low outgassing level with Am/m < 1,0% and
content of volatile condensable material < 0,1%;

- low specific volume resistance (p, <10° Qxm)
for coatings of spacecraft that may enter the Earth
radiation belts.

The advanced thermal control coatings of ECOM-
1, ECOM-2, ECOM-I1P type and new ones being
developed on their basis meet the above specified
requirements.
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The reliable heat protection is one of
primary factors ensuring successful operation of
reusable transport space systems. It is obvious that
a weight—efficiency ratio of heat protection is of
special significance. Then on development of
passive systems of heat shielding the preference is
given to high-porous materials with a low thermal
conductivity. These materials have great ability to
dissipate heat radiation on optical inhomogeneities
(pores, particles, and fibers). Despite of long-time
research in this field, the problem of determination
of thermophysical properties of heat-shielding
materials at high temperatures remains actual.

The process of heat exchange in high-porous
materials has a complicated combined character.
For mathematical modeling of such a process it is
necessary to solve a problem of radiation—
conduction heat exchange with taking into account
a dependence of material thermophysical
properties on pressure and temperature of an
external medium. However there is another way.
This is based on the use of so-called effective
coefficient of thermal conductivity describing total
radiation—conduction heat transfer inside of
material. Such an approach essentially simplifies
mathematical models used for thermophysical
computations. However the technique of
determination of the effective coefficient requires
experimental reproduction of the extreme
conditions of a material operating.

The present work is dedicated to
investigation of temperature dependence of
effective thermal conductivity of three various
materials provided by EADS Company: 1) silicon
dioxide-based fibrous material (SiO,) with a
filament diameter of about 3 microns and density
of p=90, 105, and 120 kg/m’ (porosity of a
material is 96,1, 95,4 and 94,8% respectively); 2)
alumina-based fibrous material (Al,O;) with a
filament diameter of about 3 microns and density
of p=79 and 113 kg/m’ (porosity of a material is
98% and 97% respectively); 3) molybdenum-based

cellular material with density of 300 and 800 kg/m’
(porosity of a material is 97% and 92%
respectively).

The investigation technique is based on a
solution of two-dimensional inverse coefficient
problem of a heat conduction with the use of data
of full-scale experiments.

Experimental samples were tested on
radiation heating plant "Uran-1", which allows to
generate a focussed beam with a radiation energy
of a density up to 6:10° W/m? on a 12 mm diameter
spot. Experimental samples of the cylindrical form
are placed in the hollow graphite cylinder with a
wall thickness of 5 mm. This cylinder is used for
creation of a radial heat flow. Chromel-alumel or
tungsten-rhenium thermocouples in amounts of 6-7
were installed in a sample. Before realization of
each experiment, its duration and coordinates of
thermocouples were determined from a solution of
a two-dimensional problem of optimum planning
of temperature measurements. The automatized
system consisting of the computer and the
industrial controller with a 16-channel analog-to-
digital converter carried out the collection of the
thermocouples indications during experiments. The
frequency of channels inquiry is 77 Hz. The
thermograms obtained in this way were used for
calculation of effective thermal conductivity. For
this purpose an inverse coefficient problem in
extreme statement was solved numerically. In so
doing were found the temperature dependences of
thermal conductivity of investigated material
which lead to a minimum of quadratic functional
of discrepancy between experimental and
calculated values of temperature.

THE RESULTS OF RESEARCH ARE
PRESENTED IN FIGURES 1—3.
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Fig. 1. Dependence of an effective thermal
conductivity of high-porous fibrous SiO, based
material on temperature: 1 — p = 90 kg/m’; 2 —
105;3-120

As can be seen, for fibrous materials the
effective thermal conductivity increases with
temperature. It is reasonable that for such high-
porous materials radiation component contributes
significantly to effective thermal conductivity at
high temperatures. This is confirmed indirectly by
the possibility of good approximation of obtained
dependencies by a cubic polynomial one on
temperature. Of interest is the fact, that above 700
K a thermal conductivity SiO,-based material with
a smaller density grows faster (Fig. 1).
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Fig. 2. Dependence of an effective thermal conductivity

of high-porous fibrous AlL,O; based material on

temperature: 1 — p =79 kg/m®; 2113

The effective thermal conductivity of a
molybdenum cellular material has a non-
monotonic behavior. It seems likely that such a
behavior is a result of a competition of two
processes: conductive heat transfer through a solid
hull of material and radiation heat transfer over
porous space.
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Fig. 3. Dependence of an effective thermal conductivity

of cellular molybdenum material on temperature: 1 — p
=300 kg/m*; 2 — 800
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FUNDAMENTALS OF PRODUCTION TECHNOLOGY FOR CARBON-
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The improvement of present-day facilities exployed
under extreme conditions is based on the development
of novel structural materi-als which are to withstand
thermomechanical loads in an oxidizing medium under
heating up to 1700 °C without strength losses.

The reinforcement of ceramics as the most heat- and
oxidation-resistant material by car-bon fibers creates
prerequisites for obtaining heat- and shock-resistant
composites. Silicon carbide as a matrix material is
characterized by an optimal thermal compatibility with
carbon fibners. However when obtaining carbon-car-
bon-silicon carbide composites (CCSCC) a number of
materials-science and technological problems arise. The
direct combination of SiC with carbon fibers is
impracticable insofar as SiC has actually no flowability
when heating up to the temperature of active
sublimation and dissociation.

The mathod of obtaining CCSCC developed by
NIIGrafit consists in thermochemical con-version of
carbon plastic into a carbon-carbon composite followed
by conversion of its car-bon matrix into a silicon
carbide one under di-rect interaction of liquid silicon
with carbon (Fig. 1).

The specific feature of the production tech-nology for
high-quality large-size articles from CCSCC is to ensure
a uniform and stable im-pregnation of a carbon-fiber
filler with a poly-mer coke-forming binder, infiltration
of a car-bonized preform with pyrolytic carbon and im-
pregnation with liquid silicon, while avoiding contact
with the carbon fibers, as well as to en-sure the preform
stable carbonization under si-liconizing without internal
stresses, including preforms of thin-walled articles
design exam-ples whereof are presented in Fig. 2.

The siliconizing process is most considerab- ly
affected by the structure perfection, type and parameters
of the carbon body porosity, as well as by the
temperature of its interaction with liquid silicon.

The main provisions of CCSCC formation concept
are based on the theory of carbon ma-terials
siliconizing:

e Carbon fibers increase crack resistance and stability
of strehgth indices of CCSCC, and a silicon carbide
matrix protects carbon fibers against oxidation;

e  Under siliconizing it is the carbon matrix of the
carbonized carbon-carbon preform that will convert
into SiC due to its higher thermodynamic activity
as compared to the carbon fibers;

e The nonuniformity of the binder content and the
number of locally nonresiinified areas of carbon

fibers in the starting car-bon plastic are to be
minimum,;

e  Under carbonization of the polymer ma-trix, coke
with an open porosity of inter-communicating type
will be formed;

e The carbonized preform internal surface will be
coated with a film-barrier against carbon diffusion
into the siliconmelt;

e The adhesive interaction between the car-bon filler
and the silicon carbide matrix in CCSSCC will be
of a mechanical cohesion type.

The solution of problems from the devel-oped
concept standpoint at each of the produc-tion stages
makes it possible to obtain high-quality articles from
CCSCC.
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A linear equation of heat conductivity is usually
used for calculation of warm-up of a material with
constant thermal and physic properties:
2
a—T =a 0 I . (D)
ot oy
At ablation of mass from material surface, it can be
presented as:

2
T_ AT, T
ot oy oy
In accordance with Fourier hypothesis (law), the

heat stream drifting to warm up internal layers of
material looks like:

oT
q, = —7\‘@

3)
Here T is the temperature, 7 is the time of heating,
a is the temperature conductivity factor, y is the

coordinate, V  is the linear speed of ablation, A is

the thermal conductivity factor.

As any type of the boundary conditions is finally
reduced to (3), the temperature profile near the
surface with the constant A (absence of radiating
heat transmission etc.) may differ only in value of
the temperature gradient (0T /oY) .

However the S-shaped temperature profile has
been set up in a non-stationary warming-up mode
for samples of opaque alloyed quartz glass
ceramics (QGC) close to the rupturing surface. It
exponentially changes in a stationary mode and is
well described by the equation for a stationary
warm layer following from (2) at T — co. Thus it
has been proved, that the establishment of a
stationary warm-up mode practically up to any
isotherm of the temperature field occurs at the
moment when the thickness of the ablated layer is
equal to the depth of occurrence of the isotherm
limiting the warmed layer. It resulted in a solution
which represents linear superposition of solutions
for the linear equations (1) and (2):

at S(t)<y<y,

v [y—sm]}, )

T(y,1)=T, +(-]Tw _To)exp|:__oO
a
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at y>y,

- v,
Ty, =T, +(, —TO)GXP(—?“J[V - S(T)]J><

y {1 _ erf{ é:/a_yr H

Here y, ~S(t)+93,; =2S(1) is the coordinate
which is counted off from an initial surface and
determines the bottom border of the stationary
warmed layer; S(t) is linear mass ablation; &, is

)

the thickness of the stationary warm layer; T, and

T, is the temperature of a cold material and the

w
established temperature of the surface; V, is the
stationary speed of the linear ablation.

The design-experiment investigation, for example,
fig. 1, has discovered that the experimental data
will be in harmony with the calculation on (4) and
(5), while the S-shaped temperature profile appears
owing to rather sharp differentiation of the
stationary and non-stationary areas of the
temperature field. The depth of the bottom border
occurrence of a stationary warmed layer is equal to
the thickness of a material layer ablated from the
surface.

However, proceedings [1] presents experimental
data that give grounds to assume that the S-shaped
temperature profile is available in the alloyed QGC
specimens in the case when ablation of a melting
film from the material surface can be neglected.
The conclusion that has been drawn above is not
obviously the unique reason for occurrence of the
S-shaped temperature profile.

Provided that in this variant of heating, occurrence
of the S-shaped profile follows from any wave
disturbance, the results obtained in fig. 2 may be
apparently explicable.

Fig. 2 shows designed and experimental
temperature profiles in the alloyed QGC,
constructed for the time of heating t<1t,, where
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1, is the time of achieving the established
temperature for a rupturing surface.

T:10%,K

1
0 4 8

1
12 y-103,m

Fig. 1. Comparison of designed and experimental
temperature profiles in the alloyed QGC for 50
second of heating at V., = 0.05-10° m/s,

T, =1400 K, a=0.65-10"°m’ /s: 1 - calculation on
(4),2-on(4)at S(t)<y<y, and on (5) at
y2>Y,,3-o0n(6),4 - position of the surface being
heated, point - experiment.

T-107%,K

1
8 y-10,m

0 1 1 1
2 4 6

Fig. 2. Comparison of designed and experimental
temperature profiles in the alloyed QGC at time of
heating t<t; and T, =const: 1 - 4 calculation
on (6) on 2, 4, 8 and 13 seconds of heating, points -

experiment ('FW=1350 K, a=0.6-10"m?s,

=13 c).

All cases observe quite satisfactory congruence of
experimental and calculated data designed for the
established value of the temperature surface under
the formula received from (1) for the half-space, at
T, = const :
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T -T

. - y |_ K
0 N —erfc(%/;j—erfc(zj. (6)

w 0

The depth of the warmed layer limited to an
isotherm with the dimensionless temperature 0" is
subjected to an equation Yy = K\/a . Hear K is a
coefficient that characterizes the moving rate for

various isotherms and depends only on 6" and the
law of change T,. From here follows, as the

coefficient K at T, =const provides the highest

moving rate for isotherms in comparison with
other boundary conditions, the formation of the
temperature field is not dependent on the heating
process. It is immediately determined as an
established (maximal) value of the surface
temperature even at times of heating when this
temperature has not been achieved at all
Apparently, the heat stream, which value exceeds a
critical level of the acceptable thermal energy for
non-destructive heating of this material, sets the
depth of heat penetration that corresponds to a
boundary condition T, = const since the moment

of heating, i.e. immediately determines the highest
rate of the isotherm motion.

The similar conclusion has been made in [1]. It is
established that various conditions of heating and
close values of an integral-average heat stream
give almost equal mass ablation rates, though the
evaporating share of the material ablated from the
surface differed 8 times. The same proceedings
takes an example of asbestos-reinforced laminate
to show that at an identical calorimetric (initial)
thermal stream position of the bottom border of the
coked layer in a non-stationary mode warm-up is
equally spaced from an initial surface. Tests of
asbestos-reinforced laminate specimens were
carried out in streams of air, nitrogen and radiating
heating, and mass ablation rates differing thrice as
much.

From here follows, that under the effect of the heat
streams exceeding the critical level necessary for a
non-destructive material heating, permit the
existence of an additional heat transfer, for
example, by wave mechanism.
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THERMOPHYSICAL PROPERTIES OF HEAT-SHIELDING MATERIALS
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The composites with an organic polymeric
matrix find wide application in the most different
areas of engineering. The most capacious customer
of these materials is space-rocket engineering. On
its portion it is necessary more than 50% from
common consumption of these materials in the
world.

The method of heat removal at the expense
of physicochemical transformations is applied to
products of space-rocket engineering in conditions
of affecting of mean and high specific heat flows
(0,5—30MW/m®) already during several decades.
For this purpose the ablative polymers and
compositions on their basis are utilized. A broad
applying these materials have received due to their
capability to absorb, to disperse and to detain a
thermal energy for the account of sacrificial carry-
over of a part of material as a result of passing in it
of the whole complex of physicochemical
transformations during the heating. This complex
of physicochemical transformations is called as
ablation [1].

Using of these materials is impossible
without of the reliable information about their
different performances, including thermophysical,
in a wide range of temperatures and heating rates.

The most important temperature range,
from the point of view of exploitation of heat-
shielding materials (HSM) is the range in which a
process of resin destruction takes place. In this
temperature range the strength and thermophysical
properties of these materials are sharply changed
[1—3].

Now there are a great many of the
publications dedicated production process of
composites with an organic matrix, choice of their
optimal composition, structure, different properties
at low temperatures etc. However, amount of
works dedicated for study of HSM properties at
high temperatures, and especially, at high heating
rates, is calculated literally by wunits. In this
connection, the comprehensive investigation for
influence of different factors on the thermophysical
properties (TPP) of heat-shielding materials
(HSM) with an organic matrix in of high
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temperatures and heating rates was realized. These
ones are modeling conditions of their exploitation.

The technology of determination both
TPP HSM and temperatures of a beginning (Ty)
and ending (T;) of thermal destruction process of
organic resin, included in composition of these
materials, is proposed. This one is based on
experimental temperature fields in samples of
material and methods for solving of inverse heat
conduction problems (IHCP).

The mathematical model (MM) of
heatmasstransfer in HSM is designed. In this one
the influence of heating rate (b) on process of resin
thermal destruction is allowed at the account of
this factor influence on temperatures of a
beginning and ending of this process.

The effective thermal conductivity (K(T))
HSM at different heating rates has the minimum,
which one with growth of heating rate is sheared in
area of high temperatures. The minimum k(T) is
conditioned by maximal speed of resin destruction,
which one is accompanied by formation of
maximal second porosity in material at heating.
The shear of the minimum Kk(T) in area of high
temperatures is connected with shear of resin
thermal destruction in this area. Thus the values
Kmin with growth of heating rate are decreased, and
value of temperature Tymin, at which this minimum
k(T) takes place, are increased.

The algorithm of determination TPP
HSM and both T4 and T, with the help of described
above technology is introduced. It consists of
following stages.

1. Testing of samples of materials, which
have one type of organic resin, in different
conditions of one-sided heating for determination
of temperature fields. An estimation of maximal
heating rate under the indication of the first
thermocouple from a heating surface of the sample.

2. Determination of a thermal conductivity
of investigated materials with the help of methods
for solving of inverse heat conduction problem. At
this stage the volumetric specific heat (C,) is fixed
and sinks (sources) of heat in a mathematical
model of heat mass transfer are equal to zero. The
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temperatures Tymin, at which k(T) has minimum
value, are determined. From different k(T) for
different heating rates one is received the
dependence Tymin(D). On nature of this dependence
the limiting heating rate for the given type resin is
estimated. This temperature with increase of
heating rate increases and after reaching maximum
value remains invariable at further growth of
heating rate.

3. Determination of temperatures of a
beginning and ending of resin destruction as
functions of heating rate in the supposition, that
they are equidistant Typin(D). The temperatures of a
beginning and ending of resin destruction at 0-th
heating rate are determined under the method [4]
or from thermogravimetric analysis of this resin.

4. Determination of specific heat for
investigated materials as functions of temperature
and heating rate. It is carried out with account of
that circumstance, that up to temperature of a
beginning of resin destruction (for each heating
rate) the specific heat HSM is a linear function of
temperature. If one known the composition of
material coke that its specific heat at temperatures
larger T. is calculated under the relationship of
additivity. Since from the previous post Tq and T,
are known, one can connect values of specific heat
at these temperatures and determine temperature
dependence of specific heat HSM at particular
heating rate. It is supposed that a density of
material till T4 and at T>T. is constant, and at
T¢<T<T. it is a quadratic function of
temperature [5].

5. Determination K(T) of heat-shielding
materials by IHCP with account in MM Cy(T) and
sinks (sources) of heat.

6. Analysis of influence of the different
factors on k(T) investigated HSM.

The above described know-how of study
TPP is applied to materials with different polymer
matrixes (phenolic, organosilicone, epoxy), filling
agents of the different nature (asbestos, silica,
carbon) and structure (filament, cloth). Samples of
these materials were tested in conditions of
convective (plasma, combustion products of
kerosene in oxygen) and radiative (concentrated
solar radiation) heatings. The experimental thermal
fields in samples of these materials are obtained.
This experimental information is treated with the
help of two methods for solving of inverse heat
conduction problems [5, 6].

Influence of different factors on a thermal
conductivity HSM is shown. These factors are:

- Sort and rate of heating;

- Mathematical model of heatmasstransfer;
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- Type and contents of resin;

- Nature and structure of filling agent etc.

The limiting rate of heating HSM with
phenolic and epoxy matrixes in conditions, which
are simulated a working conditions, is estimated.
After reaching this heating rate the process of resin
thermal destruction is not shifted any more in area
of high temperatures.

On a particular example, it is quantitatively
shown, that the basic source of errors at calculation
of a temperature field in heat-shielding coating of a
product is the mismatch of mathematical models of
a solving of inverse (determination TPP) and direct
heat conduction problems (calculation of a
temperature field) [7]. This error can reach more
than 200%.
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Development of many technologies of materials
working in extreme conditions manufacturing and
treatment, and also of products and materials
utilization needs detail study of galloping high
temperature processes accompanying gas mixture
flows and their interaction with boundary surface
materials. It is necessary to consider these flows
with taking into account heterogeneous phases
interaction, chemical transmutations, change of
phases, etc. Experimental simulation of such flows
is connected both with difficulties of high
temperature flows getting and with problems of
parameters measurement and test  results
interpretation. ~ That’s ~ why  methods  of
mathematical mostly numerical simulation take an
important place at high temperature technologies
development. Mathematical modeling of processes
in technological devices needs coordinated
solution of rather big amount of separate problems.
It leads to the necessity of rational choice of gas
dynamic and heat mass exchange processes that
should be taken into account and to the rational
choice of mathematical models describing these
processes. This work results from one side in
formulation of physical and mathematical models
allowing describing technological process with
completeness enough for practical work and from
the other side in development of algorithms and
corresponding  software  allowing  making
calculations by existing PCs with acceptable
machine time [1].

General principles of creation of unificated
software, which can be used both at separate flows
investigations and at computer simulation of
technological processes in total, are under
discussion in the report. Application of states
proposed in the report for the investigation of the
specific technologies is given by the separate
examples.

Taking into account the fact that simulation
software is as a rule used not by professional
programmers, but by experts in the field of
technological  processes  development and

14

improvement special attention is given to the
problems of insuring possibilities to work with the
software in interactive regime with the use of terms
and definitions from the specific field of the
complex purpose. The tool for it is a specifically
organized interface. This interface together with
other auxiliary programs making service part of the
complex allows to form and to memorize initial
data, to carry out current calculations, to treat, to
store, and to analyze obtained results. It allows to
work with the software without any special
preparations in programming field and without
complex specifications study.

A methodical basis of the development of
unificated algorithms for technological processes
computer modeling is a consistent application of
decomposition approach ideas according to
physical processes and to features of mathematical
equations describing these processes.

Models of various technological processes can
be divided into three groups A, B and C depending
on the mathematical features of equations. Models

of A group are based on the systems of
transcendental algebraic equations and allow
determining  equilibrium  composition  of

chemically reacting multi-component gases and
their mixture with suspended particles, and also the
range of dust particles burnout, gas temperature
and pressure in the given volume. Models of B
group include systems of ordinary differential
equations and describe non-stationary medium-
volume processes or stationary one-dimensional
flows of continuums. Such models describe not
only equilibrium, but also kinematic processes.
Models of C group include systems of differential
equations in partial derivatives, which numerical
solution features are determined by their type:
parabolic, elliptic or hyperbolic.

Great class of problems connected with
technological non-stationary processes is based on
the parabolic type equations. Problems of
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temperature determination in structure elements
and in gas phase, liquid and rigid working bodies;
non-stationary problems of mixture components
concentration determination with taking convective
transfer, diffusion and chemical reactions into
account; and also some stationary problems of
simultaneous convective and diffusive components
mass and energy transfer are concerned with this
class.

Various applications of the technological
problems solution total methodology are differed
by the range of the physical medium parameters
change, the kind of substance and gas mixture, the
set of physical-chemical transformations, which
take place in technological process, etc. All these
facts are taken into account at software and
algorithms development. Computer modeling
effectiveness is illustrated by examples of specified
problems solutions. They are problems connected
with estimation of parameters of high speed
aircrafts heating protection [2], of thermo-gas-
dynamic parameters of carbons gasification and
power-like iron-ore materials reduction [3], of
problems of material particles acceleration and
heating by gas flow, which are interesting for
various technological applications (flame spraying,
jet mills, abrasive surfaces cleaning, etc.) [4,5].
Problems of recrystallized sheet steel rolls
annealing in bell-shaped furnace parameters
estimation [6], gas-liquid system of technological
devices thermo-stressed elements cooling [7],
thermo-chemical and mass transfer processes of
solid domestic waste utilization are also
considered.

Examples of interactive software complexes for
computer modeling of specific technological
processes are given.

These programs work under Windows and use
its objects maximally. Here programs realizing
numerical algorithms determining data direction of
the entire software complex are used by the service
part as executing file (EXE-file) independently on
the algorithm language, which was used at
program code creation.
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Problems of optimum design of composite
systems with the plane and curvilinear symmetry
and with the required set of properties, interacting
with the wave processes of different physical
nature (electromagnetic, acoustic, temperature,
elastic), are considered. In the variation statement
the problems of optimum synthesis of composite
systems with the given set of properties can be
formulated as the problems of optimum control of
composite systems described by the interdependent
totality of the systems of differential equations.
Besides, solutions of boundary-value problems
have discontinuities on the interface of layers. The
optimization criterion expresses closeness of
functional characteristics of the structure
synthesized to the required ones.

The formulated problems of optimum control
have a number of peculiarities, such as discreteness
of the range of control parameters, which are
physical properties of layer materials (as a set of
materials at designing is, as a rule, finite),
discontinuity of solutions of the corresponding
boundary-value problems describing the wave
process in the composite system, essential
multiextremality, property of incorrectness of the
problems by A.N. Tykhonov, which substantially
hamper the use of the known methods of optimum
synthesis and numerical calculation.

Moreover, the above problems of optimum
control over the composite systems have some
specific peculiarities, which differ them from the
traditional problems of optimum control
considered in the theory of optimum control over
dynamic systems. Phase variables undergo a break
in the points of discontinuity of physical
properties’ distribution along the direction of
medium stratification. Furthermore, the magnitude
of discontinuity obviously depends on the control
parameters, which are physical properties of layer
materials on both sides of discontinuity. Due to
finiteness of a given set of physical properties of
structural materials, the range of control
parameters is discrete. In this sense the problems
considered can be referred to the problems of
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optimum control over the composite systems of a
combinatorial type. Different physical properties of
structural materials are related by the nonlinear
dependence  that causes nonlinearity of
Hamiltonian by control and, consequently,
complication of corresponding optimum solutions.
For the above problems of optimum control
over the composite systems we have developed the
necessary conditions of optimality related to the
nonlocal variations of control parameters. On the
basis of these necessary conditions of optimality
the computational procedures of optimization are
constructed. These procedures allow taking
account of all the totality of parameters
determining structure of an optimum construction:
physical properties of layer materials, thickness of
layers, number of layers, total thickness of the
system of layers, as well as the order of reciprocal
arrangement of layers with different physical
properties in a construction. In addition,
discreteness of the range of some control
parameters, being the physical properties of layer
materials, is effectively allowed for. Numerical
experiments have shown high efficiency of the
computational methods of optimum synthesis of
composite systems with a given set of properties.
Now in many areas of engineering there is an
actual task of creation of perfect designs
possessing high weight efficiency on the one hand,
both high reliability and long-lived service life on
the other hand. The combination of these opposite
requirements results in necessity of consideration
of problems of fatigue and destruction. In
preliminary designing the simplified approaches of
the fatigue analysis (for example, such as
installation of a limit of voltage ratings etc.) are
used, as a rule. The tighter requirements have
resulted in weight of a flight vehicle and its
reliability to appearance of the concept of a safely
damaged design. This concept admits safe growth
of fatigue cracks before their visual acquisition.
The optimization of such design is more composite
task because of following reasons: it is necessary
to determine residual strength after cracking and
