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Abstract

In this paper, we consider the results of a long-term study of the effect of prolonged stay
(more than 30 years) of elements of capillary intake devices - mesh phase separators in the liquid
propellant components (and under vapors) on the change in their working parameters (characteristics).
In the process of research, the following types of work were carried out: extracting mesh phase
separators from the propellant tanks of the missile stages to be detected after they were neutralized;
analyzing the chemical composition of the substances located on the grids of mesh phase separators;
determining the capillary holding capacity of the mesh, measuring the geometric dimensions of the
mesh by the optical method; and performing metallographic studies of the mesh patterns.

As a result, the authors determined the decrease in the capillary holding capacity of the
screen of mesh phase separators for 31 years of their stay in the liquid propellant components and
under their vapor. The analysis of the main factors was made that influenced the change in the design
parameters of the capillary intake device: uniform corrosion damage and local changes in the
microstructure of the structural material of the meshes, as well as a change in the value of the contact
angle of the propellant with the mesh material.

Introduction

Progress in space exploration is largely going along the path of creating and
launching new spacecraft, as well as expanding the existing (International Space
Station) and creating (in the future) a new space infrastructure for their maintenance
and operation. The increase in the scale of space activity and its ever-increasing
commercial orientation put forward special requirements for spacecraft, which
determine the development process in this area. This is the possibility of reusable
use and long-term operation of spacecraft [1].

The development of reusable spacecraft landing on Earth or transporting
goods in space with a launch from low Earth orbit presents new requirements for all
nodes and units, including mesh (capillary) phase separators, as the main functional
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elements of capillary intake devices included in the system for ensuring the
continuity of the supply of propellant components at the entrance to liquid rocket
propulsion systems [2, 3].

At the same time, the following questions are becoming urgent: studies of
near and far space, the study and development of planets and bodies of the solar
system (moon, Mars, the sun, planetary satellites, asteroids, etc.). This will require
the creation of [4-7]:

- research and observation satellites;

- space tugs of reusable use;

- space shuttles for the delivery of people and goods with the ability to land
on the planet and return to the orbital station;

- long-running infrastructure facilities: space and orbital stations of various
kinds, equipped with docking facilities, tugboats, tankers, propellant depots and
personnel modules.

The creation, operation and maintenance of the above objects entails the
need for permanent storage at orbital stations of various technical fluids transported
from the Earth, including high-boiling liquid propellant components: an oxidizing
agent - dinitrogen tetroxide N2Os (AT) and combustible - unsymmetrical
dimethylhydrazine (CHs):N.H, (UDMH), followed by filling them with orbit
spacecraft. At present, these propellant components are widely used in rocket
technology, in particular, in Proton, Cyclone, Titan, Arian rocket launchers, liquid
ICBMs, in propulsion systems of manned ships, satellites, orbital and interplanetary
space stations.

Obviously, their refueling and operation will occur under microgravity
conditions. Therefore, it is advisable that the propellant tanks of space stations and
spacecraft be equipped with capillary intake devices. Capillary intake devices and
their elements will have to be able to work with large numbers of “filling-emptying”
cycles (100 or more) and with a long active period of work in space (more than
15 years) [1].

Thus, at the present stage of development of space programs, the following
requirements will be imposed on storage systems and liquid withdrawal in general
and on capillary intake devices, as their integral part [1]:

- the possibility of reusable use;

- long period of operation;

- performance in aggressive environments.

At the same time, the operation of functional elements of systems (including
mesh phase separators of capillary intake devices), when all of the above
requirements are implemented, should take place without significantly reducing their
operating parameters (characteristics) throughout the entire period of operation [1].

In this article, the authors present the results of many years of research on
the effect of long-term storage (more than 30 years) of net phase separators in
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components and under pairs of liquid propellant components (AT and UDMH) on
the change in their operating parameters (characteristics).

Object of research and parameters studied

In this work, the object of research was the main functional element of the
capillary intake device, which ensures the multiple launch of the propulsion system
of the spacecraft under zero gravity conditions and the reduction of undeveloped
residues of propellant components, the principle of which is based on the capillary
forces of the surface interaction - mesh phase separator [8-10].

The mesh phase separator under study was made of steel mesh No. 008 (steel
grade AISI 321), which is a twill weave fabric with square cells, having the following
characteristics according to the technical specifications [11]:

- wire diameter 55*% microns;

- nominal cell size in the light of 80 microns;

- permissible deviations of the arithmetic mean cell size + 13%;

- permissible deviation of the size of an individual cell + 75%;

- allowable deviation of the size of especially large cells 50-70%;

- the permissible number of especially large cells is not more than 9%, on a
grid with an area of 1 m2,

A schematic representation of a twill weave of wire cloth with square cells
is shown in Fig. 1.

Fig. 1. Schematic representation of a twill weave of wire mesh with square cells
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Since the principle of operation of the mesh phase separator is based on
capillary forces acting in the grid cells at the gas-liquid phase boundary, the main
parameter of its operability is capillary holding capacity.

Capillary holding capacity is the ability to prevent the penetration of free
vapor-gas inclusions through a mesh phase separator under external power
influences on propellant components. This parameter depends on the cell size,
surface purity and wire material, type and temperature of the propellant components
[1, 12-13].

The value of the Capillary holding capacity of the mesh phase separator is
determined by the formula [12-15]:

k-o
p-g-b

where Kk is a coefficient that take into account the geometry of the mesh cell;
o is the coefficient of surface tension of the propellant components; p is the density
of the propellant components; g is the longitechnical specificationdinal acceleration;
b is the mesh cell size; 6 is the contact angle between the propellant and the grid
material, which is assumed to be equal to zero under nominal conditions for the
propellant under consideration.

In spacecraft that have been in a charged state for a long time (15 years or
more) under the influence of aggressive propellant components (AT and UDMH),
the operational parameters of the mesh phase separators of capillary sampling
devices can change.

The reasons for the change in the design parameters of the mesh phase
separators of capillary sampling devices include the formation of films, gels,
precipitation grids on the surface of the wire as a result of corrosion processes, with
prolonged exposure to aggressive propellant (AT and UDMH) on the construction
materials of meshes, which, in addition to measuring the change in the geometric
dimensions of the wire and mesh cells can affect the value of the contact angle and
lead to a decrease in the capillary holding capacity.

Since there was no experimental determination of the change in the contact
angle, it was not possible to theoretically evaluate the influence of this factor on the
capillary properties of fine-meshed meshes.

Based on the foregoing, in order to determine the effect of a long stay of
elements of capillary intake devices in the components of liquid propellant
components on their parameters, we studied the changes in the capillary holding
capacity of the mesh phase separators of the screen meshes of the propellant
components that were in the liquid phase (AT and UDMH) and under them in vapors
for a) 15 years, b) 17 years and 6 months, ¢) 20 years, d) 20 years and 10 months, €)
23 years and f) 31 years, being in the propellant systems of refueling and ampouled
space stages of rocket.

The work was carried out in stages in the period from 1997 to 2016.

AH = - cos @
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According to the adopted test program, the work was performed in the
following order:

1) removing the mesh phase separator from the propellant tanks of the
vehicles being and analysing the chemical composition of substances located on the
screen of the mesh phase separator;

3) determining the capillary holding capacity of the mesh phase separator;

4) measuring the geometric dimensions of the screen of the mesh phase
separator with an optical method;

5) doing metallographic studies of screen mesh patterns of the phase
separator.

Moreover, in addition to the detectable mesh phase separators, the work in
items 3) and 4) was first carried out on new meshes No. 008 in order to obtain
reference data for the existing test conditions, experimental designs, and working
fluids.

1.1 Analysis of the chemical composition of substances located on the
screen of mesh phase separators after its removing from the propellant tanks

After neutralization, the propellant tanks were opened and the mesh phase
separator was dismantled.

Three samples of mesh No. 008, located in different parts of the tank, both
in the liquid phase of the propellant components and under its vapor, were extracted
from each propellant tank.

The following methods were used to determine the composition of
substances found on the networks of phase-separated meshes: X-ray fluorescence,
X-ray structural, atomic absorption, potentiometric, IR Fourier spectroscopy and
chromatography-mass spectrometry.

Thus, the studies showed that the composition of cations on mesh of oxidizer
and fuel tanks is almost the same. The detected metal cations correspond to the
elements that make up the alloy of aluminum and steel - the main structural materials
of the defective fuel system. However, due to the small amount of the substance on
the mesh in contact with UDMH, it was not possible to establish its composition by
the methods listed above.

1.2 Determination of capillary holding capacity of mesh phase
separators

Tests of the mesh phase separator were carried out in a pilot plant. The
experimental device is shown in Fig. 2.
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Fig. 2. Scheme of the experimental device for determining the capillary holding
capacity of the mesh phase separators

In Fig. 2 is shown: 1 — cylindrical container; 2 — a partition; 3 — CPS;
4 — porthole; 5 — fitting with a calibrated nozzle; 6, 7 — piezometers; 8 — filling and
drain fitting; 9 — valve for the removal of vapor of the working fluid; 10 — valve
dosed gas supply; 11 — valve boost the upper compartment; 12 — video cameras.

In Fig. 3, as an example, photographs of a single breakthrough of gas bubbles
and a mass breakthrough in whole groups of cells are presented.

To obtain the reference data, control samples of mesh phase separators using
standard technology from the same mesh roll were prepared. Tests of the reference
mesh phase separators were carried out according to the same procedure.
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Fig. 3. Photographs of the single breakthrough of gas bubbles (A) and the mass
breakthrough over whole groups of cells (B)

More than 56 samples of meshes (including reference ones) that were in the
liquid phase of the propellant components and under their vapor for a period of a) 15
years, b) 17 years and 6 months, ¢) 20 years, g were tested. d) 20 years and 10
months, e) 23 years and f) 31 years, as part of the propellant systems of refueling
and amplified space rocket stages.

AT and UDMH were used as working fluids, which are identical to those
normally supplied to rocket propellant systems.

The tests were carried out in the temperatures range:

—plus 1 —plus 18 °C — for AT;
—plus 1 —plus 16 °C — for UDMH.

In total, it was carried out:

— 364 tests to determine the capillary holding capacity of mesh phase
separators at AT;

— 337 tests to determine the capillary holding capacity of mesh phase
separators at UDMH.

The array of experimental data obtained as a result of the tests was
approximated by linear dependence by the least squares method.

Fig. 4 summarizes the test results to determine the capillary holding capacity
of the mesh phase separators, mesh samples after 15-31 years of their presence in
the highly toxic and aggressive components of liquid rocket propellant and under
their vapors — AT (A) and UDMH (B) depending on temperature.
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Fig. 4. Dependence of the capillary holding capacity of the samples of the mesh phase
separator at temperature: A — for AT; B — for UDMH

In Fig. 4 shows: 1 — the upper limit of capillary holding capacity, calculated
in accordance with the data on the permissible deviations of the geometric
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parameters of the mesh No. 008; 2 — approximation of the test results to determine
the capillary holding capacity of the reference mesh patterns; 3 — approximation of
the test results to determine the capillary holding capacity of the mesh phase
separator after a long stay in the fuel components; 4 — the lower boundary of the
capillary holding capacity, calculated in accordance with the data on the permissible
deviations of the geometric parameters of mesh No. 008; x — the values of the
experimental determination of the capillary holding capacity of the reference mesh
samples; o — the values of the experimental determination of the capillary holding
capacity of the mesh phase separator after a long stay in the propellant components.

1.3 Optical method for measuring the geometric dimensions of mesh
phase separators

To draw conclusions about the presence and magnitude of corrosion of the
wires of the mesh phase separator, their initial geometric parameters (dimensions)
must be known. For this, the dismantled mesh phase separators and reference mesh
samples No. 008 were investigated by the optical method.

Measurements were made uniformly over the screen area in several zones
not lying along the same wires. In each zone, in two perpendicular directions, “wire-
cell-wire ...” measurements were performed in succession, 10 pieces of each
element.

The main geometric parameters of the dismantled mesh phase separators and
reference mesh samples are shown in Fig. 5.
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Fig. 5. The main geometric parameters of the dismantled mesh phase separators and reference mesh
patterns: A - the basic geometric parameters of the wire mesh AT; B - the basic geometric parameters
of the wire mesh UDMH; C - the basic geometric parameters of the cells of the grids of the AT;

D - the basic geometric parameters of the mesh cells UDMH
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In Fig. 5 shows: D ave. — the arithmetic mean of the diameter of the wire;
D min — the smallest value of the diameter of the wire; D max — the largest value of
the diameter of the wire; b ave. — the arithmetic mean value of the cell size; b max —
maximum cell size; P*b — the relative number of cells that go beyond the upper
tolerance limit of the nominal cell size.

From the graphs shown in Fig. 5 (C, D), it can be seen that the cell sizes of
all mesh phase separators correspond to technical specification.

1.4 Metallographic studies of mesh phase separator

The purpose of the metallographic study was to determine the state of the
screen of the mesh phase separators after prolonged exposure to propellant
components.

For a metallographic study, samples (fragments) were cut out of the working
part of the screen of mesh phase separators for the preparation of microsections, the
studies of which were carried out using a metallographic optical microscope, which
allows direct visual observation and photographing with an increase of 50 to 1000
times. The study revealed the presence of corrosion lesions and changes in the
microstructure of materials in the samples.

Fig. 6 presents, as an example, the photographs of non-etched macro sections
and the micro-structure of steel, indicating the absence of corrosion damage and
changes in the microstructure of the structural materials of the mesh after a long stay
in the propellant components — AT and UDMH.
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Fig. 6. Photographs of non-etched micro-sections and micro-structure of steel:

A — non-etched micro-section of a mesh from the AT propellant tank; B — non-etched micro-
section of a mesh from the UDMH propellant tank; C — microstructure of a mesh from the
AT No. 1; D — microstructure of a mash from the UDMH No. 1; E — microstructure of a
mesh from the AT No. 1; F — microstructure of a mesh from the UDMH No. 1

2. Analysis of the research results

The main factor determining the change in the design parameters of capillary
intake devices after a long stay of its structural elements in the liquid propellant
components (AT and UDMH) and under their vapors is a change in the
characteristics of the capillary holding capacity of the mesh phase separators
compared to reference patterns of meshes.

Capillary holding capacity, in turn, depends on the following factors (see
formula):

a) physico-chemical properties of the propellant used;

b) propellant temperature;

¢) geometric dimensions of the mesh (wire diameter and mesh cell sizes);

d) contact angle of the propellant with the mesh material.

Moreover, the parameters a), b), ¢) and d) are mutually dependent on each
other and have a complex effect on capillary holding capacity.

Based on the obtained experimental data (see Fig. 5 (A, B)), a linear
regression of changes in the approximate values of the parameters of capillary
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holding capacity for 31 years of the stay of the elements of capillary intake devices
in liquid propellant components (AT and UDMH) and under vapors with
superimposed regression of the change in the parameters of capillary holding
capacity under the condition of speed corrosion of stainless steel — 1-10% mm/year
was constructed, which is shown in Fig. 7 (A, B).

Changes capillary holding capaciry, AH %

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Time of being in the propellant and under vapors, year

Fig. 7. Linear regression graph of changes in the approximated values of the parameters
of capillary holding capacity over the 31 years of the stay of elements of capillary intake
devices in liquid propellant components and under its vapors with superimposed regression
of changes in the parameters of capillary holding capacity properties under the condition
of steel corrosion rate - 7710 mm/year

In Fig. 7 shows: 1 — the curve of changes in the parameters of capillary
holding capacity for the screen of the mesh phase separator located in the AT,
approximated by the results of experimental data; 2 — the curve of changes in the
parameters of capillary holding capacity for the screen of the mesh phase separator
located in the UDMH, approximated by the results of experimental data;
3 — the curve constructed on the basis of the corrosion rate of stainless steel —
1-10* mm/year; experimental values of arithmetic mean values of capillary holding
capacity: x — AT, o — UDMH.

As can be seen from Fig. 7 for 31 years of being in the propellant components
and under their vapors, the average approximated value of the capillary holding
capacity for the screen of the mesh phase separator located in the AT has decreased
by ~ 6.3% with respect to the reference mesh, and for those in UDMH — by ~ 18.5%.

The results of chemical analysis of samples of propellant components (AT
and UDMH) discharged from propellant systems after long-term operation showed
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that they practically did not change their indicators compared to the initial values
given in the standards.

Therefore, the influence of changes in the physico-chemical properties of the
fuel used on the capillary holding capacity can be neglected.

The effect of temperature was taken into account by using temperature-
averaged values of capillary holding capacity.

Deposits found on meshes from a propellant tank of an oxidizer (AT) during
defect detection hydrated nitrates of metal, are mainly aluminum and iron. Also, in
the composition of the deposits, there are oxides, metal chlorides and water in small
guantities. The formation of deposits occurred during technological operations
(draining of propellant components, neutralization, opening of propellant tanks
during fault detection) and cannot fully be a consequence of corrosion changes in the
microstructure of the structural materials of the mesh phase separator due to its long
stay in the AT.

Inspection of the screen of mesh phase separators from UDMH propellant
tanks showed that the surface of the samples did not change compared to the initial
one, there was neither darkening of the surface, nor the presence of deposits, or
deposits.

Metallographic studies of samples of reticulated mesh phase separator that
have been in the AT for a long time and in UDMH showed that the structural material
of the presented samples of mesh of local corrosion lesions (intergranular, pitting,
contact, crevice corrosion, cracks) was not detected.

Thus, one of the main factors affecting the change in the parameters of
capillary holding capacity can be considered the change in the geometric dimensions
of the mesh (excluding mechanical damage to the main structural material of the
mesh), due to uniform corrosion.

Available domestic and foreign data on the rate of uniform corrosion for
stainless steel indicate [16-18]:

- corrosion rate in AT at 50 °C < 1-10 * mm/year;

- corrosion rate in UDMH at 50 °C < 1-10 * mm/year.

It should be noted that for AT, the given values of the corrosion rate are an
upper estimate, since they do not take into account the influence of super-blow gases
and storage temperature regimes of charged and amplified upper stages of spacecraft.

So, nitrogen, which is the boost gas in this case, reduces the corrosion rate
by 8 times in comparison with atmospheric air. And the corrosion of steel stored in
non-leaking AT residues if nitrogen is used as boost gas is 10 times lower than when
the air is used.

For the screen of mesh phase separators located in the AT and UDMH, the
capillary holding capacity parameters decreased by ~ 7.2% over a period of 31 years,
which would correspond to a decrease in the nominal wire diameter (55 microns) at
6.2 microns. This indicator is close to the values of the minimum diameters of wire
meshes measured by the optical method (see Fig. 5 (A, B)).
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For the screen of mesh phase separators located in the AT, the change in the
parameters of capillary holding capacity over a period of 31 years does not contradict
theoretical calculations about the corrosion rate of stainless steel in the liquid phase
of AT and under its vapors. Over the course of 31 years, due to a corrosive change
in the geometric dimensions of the mesh cells, the capillary holding capacity of the
mesh phase separators has decreased by ~ 7.2%, while according to experimental
data, the capillary holding capacity has decreased by ~ 6.3%.

For the screen of mesh phase separators found in UDMH, the change in the
parameters of capillary holding capacity over a period of 31 years significantly
exceeds the possible change in the value of capillary holding capacity due to
corrosion ~ 18.5% against ~ 7.2%.

This may indicate that the main change in the parameters of capillary holding
capacity occurs due to a change in the contact angle ().

Based on the assumption that the value of the contact angle (6) is not equal
to zero, using formula and the experimentally obtained value of the change in
capillary holding capacity which is equal ~ 18.5% of the value for the reference
mesh, we define the arithmetic mean value of 0 in the 31 year, and it will be ~ 28.6°
[1, 12, 13, 19, 20].

The reasons for the proposed change in the contact angle require additional
study and analysis, as well as the reasons for the capillary holding capacity to exceed
the upper tolerance limit calculated in accordance with the data on the allowable
deviations of the geometric parameters of mesh No. 008 in accordance with the
technical conditions (see Fig. 4 (A), curve 1), both for mesh phase separators that
have been in the liquid phase of AT and under vapors for a long time, and for
reference meshes, since it cannot be fully explained by grid cells impurity. An
increase in the parameters of capillary holding capacity is not unambiguously a
positive factor and should be considered within the framework of the operation of
the entire pneumohydraulic system of the stage, since it can lead to an increase in
the resistance of the mesh phase separator.

Conclusions

The results of a long-term study of the effect of a long stay (more than 30
years) of elements of capillary intake devices — mesh phase separators in the
components (and under their vapor) of liquid propellant components (AT and
UDMH) on the change in their operating parameters (characteristics), detail that:

- for the 31-year stay in the liquid propellant components and under its
vapors, the average approximated value of the main parameter that determines the
operability of capillary intake devices — the capillary holding capacity of the mesh
phase separators for the mesh located in the AT decreased by ~ 6.3%, with respect
to the reference mesh, and for those in UDMH — by ~ 18.5%;
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- the most likely reason for the decrease in capillary holding capacity for the
mesh phase separators located in the AT is the uniform corrosion of the structural
materials of the mesh because its value is close to theoretical, which is ~ 7.2% for
31 years;

- for the mesh phase separators found in UDMH, the decrease in capillary
holding capacity over a period of 31 years is significantly higher than expected as a
result of uniform corrosion (~ 18.5%, against ~ 7.2%), which may be due to an
increase in the arithmetic mean of the contact angle (0) from zero to a value of
~ 28.6°. The reasons for the change in the contact angle require further study and
analysis.

Based on the fact that when designing a continuity system, the parameters
of the mesh phase separators are determined with a safety factor of 2, the results of
studies of samples of the mesh phase separator indicate that during their long stay in
liquid propellant components (AT and UDMH ) and under their vapors for 31 years,
a decrease in the parameters of capillary holding capacity by ~ 6.3% (for AT) and
by ~ 18.5% (for UDMH) does not violate the design parameters of the mesh phase
separators of capillary filters molecular devices.

The research results indicate that steel mesh No. 008 used as mesh phase
separators fully meets the requirements for liquid storage and selection systems and
for capillary intake devices, as their integral part at the present stage of development
space exploration programs, namely:

- reusable features;

- long period of operation;

- operability in aggressive environments.

The use of steel mesh No. 008 in the functional elements of spacecraft flight
continuity systems (using AT and UDMH as propellant) and space station propellant
storage systems will definitely not lead to a critical decrease in their design
parameters over a period of 31 years operation.
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HNCCIEAOBAHUE BJIUAHUA JJIMTEJIBHOI'O IIPEBBIBAHU A
EJEMEHTOB KAIIWJISIPHBIX 3ABOPHBIX YCTPOMCTB
B KOMIIOHEHTAX ’KHJAKHNX PAKETHBIX TOIL/IUB
HA NX ITAPAMETPBI

A. H. Munau, O. M. Heanos, H. B. Ceovix

B macrosmeit pabote paccMOTpPEeHBI pe3yiabTaThl MHOTOJICTHETO HCCIe-
TOBAHUS BIUSHUS JIATEIBLHOTO MpeObiBanus (0oiree 30 J1eT) 2IeMEHTOB KamvLIsp-
HBIX 3a00pHBIX YCTPOWCTB — KaNWUIAPHBIX (a3opaszaenuTescii B KOMIIOHEHTaxX (U
1o mapaMu) skunkoro paketHoro tTorusa (N2Os u (CHz)2N2H:)) Ha u3mMeHenue ux
paboumx mapameTpoB (XapaKTepUCTHK). B mpoliecce nccienoBaHuil MpoBeIeHBI
paboThl MO W3BIICUYCHUIO KAMMWLLIPHBIX (hazopaszzenuTenieil 3 TOIMBHBIX 0aKoB
neeKTHPYeMBIX CTYTIEHEeH paKeT MMocie X HeUTpanu3aluy, aHaIu3y XUMHYECKOTO
COCTaBa BEIIECTB. HAXOMAIIMXCS HAa CETKaX KamWULIPHBIX (hazopasimenurernei,
OIIPE/ICIICHHIO KaMJUISIPHOH yIep )KUBAIOIIEel CIIOCOOHOCTH CETOK, 3aMepy reoMeT-
PHUYECKUX Pa3MEPOB CETOK ONTHYECKHM METOJOM M MPOBEICHHUIO MeTauiorpadu-
YEeCKHUX HUCCIIeIOBAaHUH 00pa3IoB CETOK.

B pesynbprarte nmpoBeIeHHBIX padOT aBTOPaMH OIpe/ie/ieHa BETMUNHA CHIKECHHS
KalMWUTSIPHON yJepKUBalOLIel crmocOOHOCTH CETOK KamWUIAPHBIX (pazopazaenure-
neii 3a 31 rox ux npeObIBaHUs B KOMIIOHEHTAX JKUAKOTO PaKETHOTO TOILIMBA U TIOA
UX TapaMH, IPOBE/ICH aHAIM3 OCHOBHBIX (DAaKTOPOB, MOBJIMSBIINX HAa U3MEHEHHUE
MPOEKTHBIX TapaMeTPOB KaIWLIIPHOTO 3a00pPHOTO YCTPOMCTBAa: PaBHOMEPHBIX
KOPPO3UOHHBIX MOPAXKEHUH U JIOKATBHBIX U3MEHEHU MUKPOCTPYKTYPBI KOHCTPYK-
IIMOHHOT'O MaTepHaya CEeTOK, a TaK K€ M3MEHEHHIO 3HAYCHUsSI KPaeBOTrO yIiia KOH-
TaKTa TOIUIMBA C MATEPUATIOM CETOK.
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