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Abstract. The application exergy method of the thermodynamic analysis for determining the energy
loss of the operating fluid in the intake system of the automobile piston pneumatic engine using
experimental data of its engine test rigs has been considered. The analysis of the performed exergy
calculational and experimental research on the evaluation of energy loss in the intake system of the
engine for current modes of its operation has been presented. The sample of a piston pneumatic
engine for a combined automobile power unit created at the ICE Department of KhNAHU requires
further improving and developing especially such components and systems as those connected to the
burn process. A compressed air intake system is one of them. Compressed air is not only some
working fluid for a pneumatic engine but the energy source for its intake system. The energy loss
factor like reliability and durability is referred to the performance and efficiency factors. The object of
the study is a pneumatic engine created by converting a gasoline four-cylinder four-stroke ICE at the
ICE Department of KhNAHU. The experimental research was carried out by laboratory engine test
rigs of the pneumatic engine with speed characterization provided that two thermodynamic
parameters of compressed air at the intake were kept constant for each characteristic: pressure
ps = idem and temperature T, = 293 K. In each test mode all external parameters of the pneumatic
engine were recorded and indicator diagrams of the first cylinder were taken. Each speed
characteristic consisted of 6—8 modes p,= idem and T,= 293 K = idem with changing the rotational
rate of the crankshaft n, rpm, from minimally stable (about n=200 rpm) to maximum possible n =
1000 = 50 rpm. It should be noted that there is an operating fluid pressure drop in the intake system
chamber due to available inconvertibilities: throttling in the test port, hydraulic loss along the intake
port as a result of fluid friction, swirls and other gas-dynamic phenomena. The exergy loss of the
operating fluid enthalpy in the intake system D,,=FEg-E, ..with the intake pressure p; = 0.5 MPais
13.3 kW, with the intake pressure p, = 0.7 MPa is 15.0 kW, with the intake pressure p; = 0.9 MPa is
16.9 kW, with the intake pressure p, = 1.1 MPa is 19.7 kW.

Key words: piston pneumatic engine, intake system, energy loss, enthalpy exergy, maximum efficient
power modes.

Introduction

The sample of a piston pneumatic engine for
a combined automobile power unit created at the
ICE Department of KhNAHU requires further
improving and developing especially such
components and systems as those connected to
the burn process. A compressed air intake
system is one of them. Compressed air is not
only some working fluid for a pneumatic engine
but the energy source for its intake system. The
energy loss factor like reliability and durability
is referred to the performance and efficiency
factors.

The method of determining the energy loss
of the compressed air in the intake system of the
pneumatic engine using the experimental data

[1] and well-known exergy method [2, 3] has
been considered in the paper.

Purpose and Tasks

The purpose of this computational and
experimental study is to develop a technique for
applying the well-known exergy method to
determine the energy loss of the operating fluid
of the piston pneumatic engine in the intake
system and the energy loss of operating fluid
(compressed air) as its enthalpy exergy loss in
the intake system of the piston pneumatic four-
cylinder engine with intake operating pressures
ps=0.5-1.1 MPa at the modes of the maximum
possible efficient power N."** at given pressure
levels ps according to speed characteristics
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ps=1idem with in take constant temperature
T=293 K.

Analysis of Publications

Nowadays there are many publications
devoted to the fundamentals of the exergy
analysis and its application in various fields of
technology. Last decade of the twentieth century
the work on creation of a mathematical
apparatus of exergy analysis in solving
optimization problems in the field of improving
currentequipment and designing new equipment
and technologywas completed. The
fundamentals of exergy analysis are mostly
generalized and fully described in the works of
V. M. Brodyansky [2], G.N. Kostenko [3],
A. R. Kotin [4], G. D. Rem [5]. The issues of the
exergy method application in the field of heat
engineering are studied by A. Il Andryu-
shchenko [6 and others].

Almost all the studies on the exergy method
published since 1964 are referred to the exergy
applications in heat engineering, chemical
technology, metallurgy, cryogenic engineering
and economics. The discussions about the
necessity of this section in thermodynamics and
correctness of its main principles were left in
past. In the 21" century the exergy method got
known to many specialists of various fields of
technology. They considered it as a convenient
tool for solving their specific tasks. The main
advantages of the exergy method of
thermodynamic analysis are its simplicity and

universality [2]. It is possible to determine both
absolute and relative values of energy loss due
to inconvertibilities for any process or its part
using the exergy balance.

So in the recently published work [7] the
simplicity and accuracy of determining the
energy loss of the operating fluid in case of its
inconvertible leakages using the exergy method
were  presented. This  paper  shows
determiningthe dependence of the exergy
characteristic — enthalpy exergy loss due to
external conditions: pressure and temperature of
the supplied compressed air at the intakeof the
power unit p, and Ty were found using
experimental data and theoretical dependences
between the burn process parameters.

Object of Study

The object of the study is a piston pneumatic
engine with specifications presented in Table 1.
The considered pneumatic engine was created at
the ICE Department of KhNAHU by converting
a gasoline four-cylinder four-stroke ICE. The
experience of this conversion is described in
detail in [1].

In accordance with the aboveformulated
purposethe specific object of the study in the
experiment and calculations is the intake system
of the pneumatic engineprototype sample. Each
cylinder of the engine has the same intake
system through which the process of filling the
cylinders with the incoming charge of
compressed air is carried out.

Table 1 — Specificationsof a piston pneumatic engine with spool-type air distribution —prototype sample
designed and created at the ICE Department of KhNAHU in 2008

Parameter Notation | Dimensions | Numeric value
Cylinder diameter D mm 76
Piston stroke S mm 66
Number of cylinders Z - 4
Included angle of cylinder block Y degree 90
Cylinder displacement Vi dm’ 0.2994
Volume ofclearance space Vo dm’ 0.280
Relativeclearance volume Ey=V,/V, E, - 0.935
Filling volume Z dm’ 0.0862
Filling rate E,=V/V, E, - 0.288
Volume of reverse compression start V3 dm’ 0.147
Degree of reverse compression E;=V;/Vy, E; - 0.491
Fullflowareaattheintakeline f e m’-10° 3.14
N

Fullflowareaattheexhaustline fimax m’-10° 3.14
Adiabatic exponent of dry air k - 1.40
Adiabatic exponent of humid air, relative humidity =100 % [9] k, - 1.32

This process is not adjustable. It is performed
by a structurally specified period of filling the
cylinder with the incoming charge of com-
pressed air. The process of filling lasts up to 58
degrees of crankshaft turn: three degrees before-

top dead centre (TDC) and 55 degrees after
TDC.

The cylinder in take system includesan in
take port of circular cross-section with a
diameter of 20 mm and a length of 800 mm, two
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test ports of the same cross-section: the first is
on the outer cylindrical rotor surface of the
spool-type air distributor and the second is on
the inner cylindrical stator surface at the
beginning of the intake port. Test ports are
partially or fully matched during the filling.
Their combined flow area varies from zero to a
maximum that is equal to the area of an open
port.

The volume of the internal chamber of the
intake system alongside with the object above
the piston space at the top dead centre is so-
called dead volume that increases the flow
density of compressed air g., kg / (kW/h).

Experimental Techniques

The experimental study was carried out by
laboratory engine test rigs of the pneumatic
engine with speed characterization provided that
two thermodynamic parameters of compressed
air at the intake were kept constant for each
characteristic: pressure p, = idem and
temperature 7, = 293 K. In each test mode all
external parameters of the pneumatic engine
were recorded and indicator diagrams of the first
cylinder were taken. Each speed characteristic
consisted of 6-8 modes p,= idem and 7,= 293 K
= idem with changing the rotational rate of the
crankshaft n, rpm, from minimally stable (about
n=200 rpm) to maximum possible » = 1000 + 50
rpm. The method of pneumatic engine testing to
take the speed characteristics of the pneumatic
engine is described in detail in [1].The whole
experiment comprised four speed characteristics
for intake pressures of the compressed air (being
the subject of the greatest scientific and practical
interest), p, = 0.5; 0.7; 0.9 and 1.1 MPa, at
constant temperature 7, =293 K.

Then using the obtained experimental data
we constructed the dependences graphs of the
efficient power N,, kW, on the rotational speed
of the shaftn, rpm and determined the maxima of
the functions N, (n) —the modes of the indicated
power of the pneumatic engine for the
corresponding pressure level p, at the
temperature 7,, corresponding to the ambient
temperature 7, .= 293 K.

The operating fluid energy loss in the intake
system of the pneumatic engine was determined
only for these four modes N,™™ mentioned
above (being of exceptional interest).

Results of the Computational and
Experimental Study and Their Analysis
Using the Exergy Method

The main results of this experimental and
computational study are presented in Table 2

and fig. 1. They are the results of the second
stage of the study, the starting points for which
are the results of the first stage devoted to the
determining the operating fluid energy loss at
the very beginning of the working chamber of
the pneumatic engine— in the spool-type air
distributor due to leakage of incoming
compressed air D,,,, kKW [7].

Thus the starting point for the second stage
of the study is the level of exergy of the
operating fluid enthalpy at the beginning of the
intake process equal to the enthalpy exergy of
Es, kW, supplied to the engine, minus the energy
loss for leakage.

Eu=E, — Dy, kKW. (1)

After that we defined the level of exergy of
the operating fluid enthalpy at the end of the
intake, i.e. at the end of the filling process, Eyan,
kW, that was dependant on the thermodynamic
parameters of the air condition at that moment,
primarily on its pressure p,,, and temperature
THan-

It should be noted that there is an operating
fluid pressure drop in the intake system chamber
due to available inconvertibilities: throttling in
the test port, hydraulic loss along the intake port
as a result of fluid friction, swirls and other gas-
dynamic phenomena.

The analysis of the obtained indicator
diagrams during the engine test rigs allowed to
determine the cylinder pressure values while
filling. Table 2 shows the pressure values in the
working chamber at various levels of
compressed air intake pressure p, for maximum
power modes according to speed characteristics.
The thermodynamic parameters (enthalpy and
entropy) were determined according to the level
of air pressure and temperatureusing tables [8].
The performance was calculated as the specific
enthalpy exergy ey, kJ/kg, and the mass for the
gas flow Eyan, kKW.

It should be noted thatchangingtemperature
of the operating fluid while filling provided that
the compressed air is supplied into the engine at
ambient temperature 7,= T,. = 293 K may be
neglectedon the basis of little heat exchange
with the environment due to the absence of
temperature difference and extremely short
filling process (milliseconds), absence of
expansion and contraction processes, and
present throttling process occurred with a
constant gas enthalpycan cause as known [10] a
Joule-Thompson effect not exceeding the
temperature drop by more than 1 K, i. e., within
the accuracy of temperature measuring.
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All this allows us to calculate the exergy of
the operating fluid enthalpy at the end of the
filling process according to its pressurepy.., MPa
and temperature Ty, = To.= 293 K taking into
account known dependences[2 u 5]:

— specific exergy

eHan:(hHan - ho.c.) - To.c.(SHarl - SO.C), kJ/kg (2)
— air flow at the end of the filling process

Euan = Gnone3'eHar{a kW, (3)
where Gioes= G — Gy, kg/s — mass second
compressed airflowefficiently used; G, kg/s —
compressed air flow supplied into the pneumatic

engine; Gy, kg/s —experimentally found mass
yr

flow of compressed air for leakage inthe given
pneumatic engine, depending on its parameters
at the intake; Ay, hoc, kJ/kg —air specific
enthalpy respectively for the given pressure pyan
and temperature Ty, and for ambient
parameters p.. and T, 7T.., K— ambient
temperature; Sqan, Soc; kJ/(kg K) —air specific
entropy respectively in terms of pyay, Tyan and in
terms of p,.and T,

The exergy loss of the operating fluid
enthalpy in the intake system is equal to the
difference in its exergy levels at the beginning
and at the end of the process

DBI‘[ = EBn_ EHarla KW (4)

Table 2 — Experimental data on the heat loss of the operating fluid in the intake system of the piston pneumatic
engine during its operation according to speed characteristics p; = idem and constant intaketemperature of

compressed air 7,= 293 K at maximum power modes N, , according to [1]

NameofValue Npta- Dimen- Pressure P, MPa
tion sion 0.5 0.7 0.9 1.1

Supplied (spent) amount of compressed air G Kg/s 0.0339 | 0.0656 | 0.1000 |0.1583
Supplied (spent) thermal energy of the operating H; KW 9.91 19.17 29.17 | 46.08
fluid in the form of its enthalpy H=G"h; % 100 100 100 100
Supplied (spent) operative heat energy — E; KW 4.59 10.69 18.77 | 31.72
enthalpy energy % of E 100 100 100 100
The content of non-operative heat - enthalpy By KW 5.32 8.48 10.36 | 14.36
energy in the supplied heat (in the compressed % of Hj 53.7 44.2 35.5 31.2
air enthalpy)
Efficient consumption of compressed air Grones Kg/s 0.0324 | 0.0577 | 0.0860 |0.1396
Gnone3 = G — GyT
Specific enthalpy of compressed air under the hy kJ/xg 292.3 292.4 291.3 | 290.0
conditions at the intake of the pneumatic engine
The specific entropy of compressed air under S kl/kg'K | 6.382 6.288 6.213 | 6.156
the conditions at the intake of the pneumatic
engine
Air specific enthalpy according to Ao kJ/xg 293.2 293.2 293.2 | 2932
environmental conditions
Air specific entropy according to environmental Sovc. kl/kg'K | 6.847 6.847 6.847 | 6.847
conditions
Specific exergy of air enthalpy under the terms €s kJ/xg 135.4 163.0 187.7 | 200.3
of pneumatic engine intake
The pressure in the working chamber at the end P, MlIla 0.395 0.495 0.580 | 0.640
of the filling process (intake)
The specific exergy of the operating fluid €1ran kJ/xg 116.5 135.3 150.7 | 155.6
enthalpy at the end of filling
The exergy of the operating fluid enthalpy at the Eu KW 4.38 9.40 16.14 | 27.98
beginning of the intake Ey=E; — D,,,, KW % of E, 95.4 87.9 86.0 88.2
The specific exergy of the operating fluid €1ran kJ/xg 116.5 135.3 150.7 | 155.6
enthalpy at the end of the filling process
The exergy of the operating fluid enthalpy at the Eran KW 3.77 7.80 21.95 | 21.72
end of filling Eun=Grones” €xamy KW %of E; | 82.1 73.0 69.0 68.2
Exergy loss of the operating fluid enthalpy in Dy, KW 13.3 15.0 16.9 19.7
the intake system Dy =FE—E\an, KW %ofE; | 116.5 135.3 150.7 | 155.6
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Fig. 1. Diagrams of absolute D,,, kW, and
relative Dy,, % changes from E;, exergy loss
of the operating fluid enthalpy due to
reducing gas-dynamic loss of the pressure in
the intake system during the filling while
operating the pneumaticengine at maximum
power N,™ with speed characteristics
dependant on the level of pressure p,, MPa

Fig. 1 represents the increase of the energy
loss of the operating fluid in the form of its
enthalpy exergy loss in proportion to the
increase of the supplied compressed air pressure
at the engine intake ps not linearly, but by some
increasing intensity. This is quite logical and is
explained by the fact that with an increase in the
pressure ps of the crankshaft rotational speed n,
at which the maximum power N.is achieved,
and shifted towards higher frequencies.
Definitely this issue, first, I eads to increasing
the hydraulic resistance in the intake and
exhaust air ports.

Conclusion

A technique for applying the well-known
exergy method to determine the energy loss of
the operating fluid of the piston pneumatic
engine in the intake system with intake
operating pressures p,= 0.5-1.1 MPa at the
modes of the maximum possible efficient power
N.™ at given pressure levels ps according to
speed characteristics p,=idem withintake
constant temperature 7,=293 K has been
developed.

The scientific significance of this work is the
development of a technique for applying the
well-known exergy method to determining the
energy loss of the operating fluid of the piston
pneumatic engine in the intake system.

The practical and scientific significance of
this work is the following: for a particular type
of piston automobile pneumatic engine with a
spool-type air distribution the level and patterns
of changes in the energy loss of the operating
fluid in the form of the enthalpy exergy loss in
the intake system depending on the compressed
air supplied pressure at the intake in the most
important operating range of p, = 0.5-1.1 MPa
at constant air temperature equal to ambient
temperature 7, = T,~ 293K have been
determined.

The level of energy loss of the operating
fluid (compressed air) in the form of its enthalpy
exergy loss in the intake system of a four-
cylinder piston pneumatic engine while its
operating with various intake pressures are: with
intake pressure p, = 0.5 MPa is 13.3 kW
(116.5 % of E;), with intake pressure p, =
=0.7MPa is 15.0 kW (135.3 % of E), with
intake pressure p, = 0.9 MPa is 16.9 kW
(150.7% of E,), with intake pressure
ps= 1.1 MPa is 19.7 kW (155.6 % of E).
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Po3paxyHkoBoO-eKcliepUMEHTAIbHE  BU3HAYEHHS
BTPAT eHeprii pod6oyoro Tijia B cUCTEMi BIYCKY
aBTOMOOUJILHOIO MOPIIHEBOr0 MHEBMOJABHUIYHA 3
BUKOPHCTAHHAM €KCePreTHYHOr0 MeTOLY

Anomauin. Posensinymo memoouKy 3acmocysan-
HSL  9KCEpeemuyH020 Memoody mepMOOUHAMIYHOO
amanizy Onsi GUIHAYEHMs. empam eHepeii pobouozo
mina 6 cucmemi 8nycKy agmomoOiIbHO20 NOPULHEEO-
20 NHEBMOOBUSYHA 3 BUKOPUCHIAHHAM eKCHepUMEH-
MATLHUX OAHUX 1020 CMEHOOBUX MOMOPHUX SUNPO-
byeanv. Buxnadeno awnaniz euxomanozo excep-
2emuyHo20 PO3PAXYHKOB0O-EKCHEPUMEHMANLHO2O
00CHOCEH S 3 OYIHKU BEIUYUH eHeP2OBMpPAm y Cu-
cmemi 6nycKy O0B8U2YHA ONsL AKMYAIbHUX DENCUMIB
11020 pobomu.

Cmeopenuti na kagpeopi /[B3 XHAY ons komoi-
HOBAHOI A8MOMODIILHOI CUNLOBOI YCMAHOBKU 3DA30K
NOPUWIHEB020 NHEBMOO8USYHA MaE nompedy 8 YOOCKO-
HAM0BAHHI U 00800YL, 0COOMUBO Y316 [ CUCMEM,
nog’szanux 3i  30ilCHEHHsAM poboYo20 npoyecy.
OoHi€ro 3 maKux cucmem € cucmema 6NycKy CmucHe-
HO20 nosimpsi. /st nHe6MoO8U2yHA CIUCHeHe NOBim-
Pl € He MINbKU pOOOUUM MINOM, ajle U eHePeOHOCIEM
ona tlozo cucmemu 6nycky. /Jo noxasHnuxie npayes-
oammnocmi U epexmueHoCmi, KpiM HAOitiHOCmi 1l 006-
208IUHOCHI, BIOHOCUMbCS Ul NOKA3HUK Di6Hsl eHepee-
MUYHUX 6MPam.

00 ’ekmom 00CNOMNCEHHS € PO32IAHYMUL NHEG-
Moosueyn, cmeopenuli Ha kageopi B3 XHAIY
WISIXOM  KOHGepmayii OeH3UH08020 HOMUPUYUTIHO-
08020 womupumaxkmuozo /IB3.

Excnepumenmanvue oocniosicenns npoeoounocs
WISIXOM 1AOOPAMOPHUX CIMEHOOBUX MOMOPHUX GU-
npooOysanb NHe6MOOBUSYHA 31 3HAMMAM UGUOKICHUX
Xapakmepucmux, 3a yMo8U NIOMPUMKU HEIMIHHUX
0J1s1. KOJICHOT Xapakmepucmuku 060X mepmoouHamiy-
HUX napamempis CMUCHEH020 NOGIMps HA 6X00L.
mucky pgs= idem i memnepamypu T,= 293 K. Ha
KOJICHOMY DedCUMI BUNPODYBAHL PeeCcmpy8anucs 6ci
306HIWHI napamempu pooomu RHeBMOOBUSYHA U 3Hi-
MAUCst THOUKaAmMopHi 0lazpamu nepuozo YuiiHopa.
Kooicna weuoxicna xapaxmepucmuxa ckradanacs iz
wecmu-gocomu pesicumie ps= idem i T,= 293 K =
= idem 3i 3MiHOI0 yacmomu 0OepmManHHsL KOAHYACMO-
20 6ana n, 00/xe, 6i0 MIHIMANbLHO CMIUKUX (OIU3bKO
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n=200 06/x8) 00
n = 1000+ 50 06/xs.

Cnio 3a3nauumu, wo 8 NOPOICHUHI CUCTHEMU GNY-
CKY 6i00ysaembcsi NAOIHHA MUCKY PoOOY020 mind
BHACNIOOK HE360POMHUX NPOYeCiq: OpOCeNtOBAHHs 8
KOHMPOIbHOMY OMEOpI, 2IOPAGNIYHUX 6mpam no 00-
BIICUHI 8NYCKHO20 KAHANLY BHACTIOOK mepmsi 2azy 0o
CMIHKU, 306UXPEHb MA THUUX 2a300UHAMIYHUX AGULY.
Bmpamu excepeii enmanonii pobowoeo mina 6 cuc-
memi enycky Dy, = Eg4—F, ., cmanoeusime 0isi Mucky
Ha enycky py=0,5 MIla —13,3 xBm, 011 mucky Ha
enycky ps = 0,7 MIla — 15,0 kBm onst mucky na ényc-
ky ps = 0,9 MIla — 16,9 kBm , o1 mucky na énycky
ps=1,1 MIla— 19,7 kBm.

Knrouosi cnosa: nopuinesuii nHesmMoO8USYH,
cucmema 6nycKy, eHepeemuuHi 8mpamu, excepeis
EeHMANbNIL, PercumMu MakCUMAaibHol eqpekmuerol no-
MYACHOCII.

MAKCUMATIbHO MOAHCTUBUX

O. 1. Boponkos, npo@., aA.T.H., A.I. XapuyeHnko,
aoil., K.T.H., [. M. HikiTuenko, nou., K.T.H.,

€. b. HoBukoga, nou., k.¢p.H., E. B. Tecsienko,
acmipanrt, A. O. Hazapos, acnipant, XHAY

PacueTHO-3KCIIEpUMEHTAJILHOE OMpeIeSIeHIe
TOTEPh YHEPIrUN Padovero Tejia B CHCTEME BITyCKa
ABTOMOOMJILHOI'0 MOPIUIHEBOI0 THEBMOIBUI ATEJISI

€ UCMOJB30BAHHEM IKCEPreTHYECKOr0 MeTOAA

Annomayusn. Paccmompena memoouxa npuio-
JHCEHUST IKCEP2EMUYECKO20 MemoOd MepMOOUHAMU-
Yeckoeo ananusa 07 OnpedeieHus nomepsb IHeP2Uul
pabouezo mena 8 cucmeme 6NYcKa A8MOMOOUILHOLO
NOPUIHE8020 NHeeMOoO8uUcamensi ¢ UCHOIb308AHUEM
IKCHEPUMEHMATLHBIX OAHHbIX €20 CMEHO08bIX MO-
MOPHBIX Uchblmanuil. HM3109cen anaus 6binoIHeHHO-
20 IKCEP2eMUYECKO20 PACHemHO-IKCNePUMEHMATb-
HO20  UCCNeO008anusi N0 OyeHKe  GelUduH
9Hepeonomeps 6 cucmeme GnycKa osueamess Ol
AKMYANILHBIX PEACUMOB €20 pabonbl.

Cozoannviii nHa kaghedpe J[BC XHAIIY ons xom-
OUHUPOBAHHOU ABMOMOOULHOU CUTIOBOL YCMAHOBKU
0bpasey nopuHe8020 NHEEMOOBUSAMEISL HYHCOAEMCsL
6 COBEPUEHCMBOB8AHUL U 00B00KE, OCODEHHO V3108 U
CuUcmem, CBA3aHHbIX C OCyuecCmeneHuem paboue2o
npoyecca. OOHOU U3 MAKUX cucmem sGIAEmcs Cu-
cmema 6nycKka caicamozo 6030yxa. /[ns nneemoouea-
meJis colcamvlil 6030YX AGIAEMC He MOAbKO pabo-
YuUM mMeioM, HO U JHepeoHOcumeaem Oisi €20

cucmemul enycka. K noxasamensm pabomocnocoo-
HOCMU U IPHEKMUSHOCMU, KPOMe HAOEHCHOCTNU U
00/1206€YHOCIU, OMHOCUMMCSL U NOKA3AMeNb YPOGHs.
IHep2emuiecKux nomepb.

Obvexmom uccned08anus A6IsAemcs paccmampi-
8aeMblil NHeeM0o08U2amenb, CO30AHHbII HA Kageope
JBC XHAIIY nymem roneepmayuu 0OeH3UHOB020
uemvlpexyuIuHopo6oeo yemvipexmaxmuozo [{BC.

DrcnepumenmanbHoe Ucciedosanue nposooULOCH
nymem 1abopamopHblX CMEHOO0BbIX MOMOPHBIX UC-
NbIMAHULL NHEBMOOBUSAMENSl CO CHAMUEM CKOPOC-
HbIX XAPAKMEPUCMUK NPU  YCA0BUU NOOOEPHCAHUSL
HEU3MEHHBIX OJIs1 KANCOOU XapakmepucmuKku O8yx
MEPMOOUHAMUYECKUX NAPAMEMPOB CIHCAMO20 B030Y-
Xa Ha exoode: OasiieHUsi ps= idem u memnepamypol
Ty= 293 K. Ha kajcoom pejcume uUCHbIMAaHULl pecu-
CMPpUPOBANUCy B6Ce BHEWHUe Napamempsvl padonvl
NHeBMO08Uameis U CHUMAIUCL UHOUKAMOPHbLE OUd-
epammel nepsoeo yununopa. Kaoicoas cxopocmuast
Xapakmepucmuka cocmosiia U3 Wecmu-80CoMu pe-
oreumos p= idem u T,= 293 K = idem ¢ usmenenuem
4acmomel GpaweHUs. KOICHYAmMOo20 6and N, 00/MuH,
0m MUHUMANLHO Yemouuusvlx (oxono n=200 oo/mun)
00 makcumanvHo 8o3modicHvlx n = 1000 + 50 06/mun.

Cnedyem ommemums, ymo 8 NOAOCHMU CUCHEMbL
6NYCKA NpouUcxooum naoenue 0daeieHus padouezo
mena 8ciedcmeue UMeIOWUx Mecmo Heoopamumo-
cmell: Opoccenuposanus 6 KOHMPOIbHOM Omeep-
cmull, 2UOPABGIUHECKUX NOMEPb O ONUHe BHYCKHO20
KAHAa 6 pesyibmame mpeHus 2d3d O CMEHKU, 3d-
BUXDEHULl U NPOYUX 2A300UHAMUYECKUX SABTEHUIL.
Tomepu sxcepeuu snmanrvnuu pabovezo mena 6 cu-
cmeme eénycka Dy, =E,—FE, ., cocmasisiiom 0ns das-
nenusi Ha enycke ps=0,5 MIla — 13,3 kBm, onsa oas-
aenusi Ha enycke py=0,7 MIla — 15,0 kBm, ons
oasnenust Ha enycke py=0,9 Mlla — 16,9 kBm, ous
oasnenus na snycke ps=1,1 MIla — 19,7 kBm.

Knroueevte cnoea: nopwmesoi nuesmoosucamen,
cucmema 6nycKa, sHepzemuyecKkue nomepu, IKcepeust
IHMANBNUU, PENCUMbL MAKCUMATLHOU IPPHeKmusHol
MOWHOCHIU.

A. U. Boponkos, npod., A.T.H., A.U. Xap4eHnko,
Jou., K.T.H., 1. H. HukutyeHko, go., K.T.H.,

E. b. HoBukoga, aou., k.¢p.H., 3. B. Tecnenxo,
acnupanrt, A. A. Hazapos, acnupant, XHAY




