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Termodinamika prenosa energlje s stisnjenim zrakom

Thermodynamics of Energy Transmlisslon by Compressed Alr

FRANC VIDERGAR — FRANC RUNOVC

0. UVOD

Rudnik! so bill vedno veliki porabniki mehan-
skega dela, zato je razumljivo stalno Iskanje virov,
ki naj omogotajo pokrivanje potreb po vse vetjih
moéeh.

Iznajdba, all bolje razvoj parnega stroja do
uporabne stopnje sta povzrotlla pravo Industrijsko
reveluclje ¥ mnoglh prolzvednlh panogah.

Okolia¢ine pri rudnidkem, predvsem jamskem
delu so pri tem terjale dolotene posebnosti. Za upo-
rabo parnega stroja v rudarstvu je bilo odloéilnoe:

— prepoved pridobivanja pare v parnem kotlu
v Jamskih prostorth zaradl nevarnostl potara, ve-
llkih koll®in dimnilh plinov pa tudl zaradl porabe
kizika; pridobivanje je bilo tako omejeno samo na
zemel jsko povréje;

— razvod vrote pare s povrija v obmodja jam-
skih deloviié ni bll mogod.

Uporaba parnith strojev v rudnikih je bila po
navedenem mogoda le na povréju za pogon izvakal-
nlh strojev, &rpalk, strojev v pomoZnih obratih
Ipd., Jamska delovii®a pa so ostala brez tega udin-
kovitega vira mehanskega dela.

Re&itev mnoZinske oskrbe dislociranih dela-
viz¢ z mehanskim delom je prinesla tehnina iz-
vedba posredne uporsbe parnega stroja, tako da je
stisnjen zrak prl normalni temperaturl okolice
primeren za pogon strojev.

Agregatl s kompresorji, ki so jih poganjali
parni stroji, so se uporablll tudl v drugih panogah,
ne samo v rudarstvu.

Za delo na jJamskih deloviZ&ih, ki jih je bilo
mogote z razvejanim cevovodnim omre? jem tudl
na vellke razdalje oskrbovatl & stisnjenim zrakom
Iz glavne kompresorske postaje na povriju, so bila
posebe] dobrodozla vrtalna In odkopna kladiva ter
motorjl za transportne stroje.

Na prvem mestu je treba poudariti prednosti
strojev na stisnjen zrak:

— razmeroma preproste In cenene Izvedbe po-
gonov, z vrtenjem in premim gibanjem all obojnim;

— robustne, vzdrZljilve In necbéutljive kon-
strukcije z nezahtevniml popravill In preprostim
vzdrZevanjem:

— za upravljanje s samimi napravaml niso
potrebnl posebej usposobljent strezniki;

0. INTRODUCTION

Mines have always been great consumers of
mechanlical work, therefore, the steady search for
sources to meet the greater power demand s
understandable.

The discovery, or rather the development of
the steam engine, Up to the application stage,
caused a real Industrial revolution In many pro-
duction branches.

Here, the circumstances In which the mining
works above all those underground are performed,
require certain particularities. For the application
of the steam engine In mining the following polnts
were decislive:

— prohibition of steam productlon In a steam
boiler in mines because of the danger of fire, great
amounts of flue gases and because of oxygen con-
sumption, as well. Thus, steam production has
been limited to the surface only,

— hot steam supply from the surface to the
underground faces of work wasn't possible.

According to the facts cited above the appli-
cation of steam engines to the mines was possible
on the surface of the earth to winding engines,
pumps and machines In accessory plants only,
whereas the mine faces of work remalned without
this Important source of mechanical work.

The solution of supplying mechanical work In
great quantities to dislocated faces of work was
brought about by the technical accomplishment of
indirect steam engine application so thet at normal
surrounding temperatures, compressed alr |Is
sultable for driving the working machines.

The aggregates, with compressors driven by
steamn engines, have been used not only In mining,
but also In other branches.

For the work on mine faces, which by means
of a ramifled pipeline network could ber supplied
with compressed alr from the maln compressed
alr stations on the surface also to long distances,
the hammer drills, pneumatic plcs and engines for
transportation machines were especlally welcome.

Firstly, emphasis must be placed on the
advantages of compressed alr engines:

= comparatively simple and low—priced
designs of drives with rotary and stralght move-
ment, or both;

= robust, endurable and Insensitive construc-
tions with modest repairs and simple maintenance;
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— precejénja oziroma zadostna specifina mot;

— popolno eksplozijsko varno obratovanje;

— izrabljenl medi] Ilzboljguje jamsko klimo.

Razvo) elektrotehnike je najprej omogodl] za-
menjavo parnega stroja za pogon Kompresorja 2
elektromotor jem.

Takrat, verjetno pa 2e poprej, so spoznall, da
je prenos energlje = stisnjenim zrakom povezan 2
vellkiml Izgubami,. gaj se v delovnlh strojih lzrabl
le majhen delet dela, ki ga dovajamo na pogonsko
gred kompresorja. Nadaljn)l razvo) je prispeval k
razdel jevanju elektri¢ne energlje do samih jamskih
delovi&® In zamenjavl motorjev na stisnjenl zrak
z elektriéniml. Tudl pri vrtalnl tehnikl je celo na
podroé ju udarnega vrtanja prizlo do uvedbe elektro-
hidravliénih sklopov namesto pogonov s stisnjenim
zrakom, vendar gre v tem primeru za razmeroma
vellke agregate.

Glede na omenjene prednostl uporabe stisnje-
nega zraka ostaja za jamsko rudarjenje $e vedno
zanlmly pogon udarnih kladiv, avtonakladalnikov,
premikalnth naprav, predvsem pa za pnevimatskl
transport In zasip.

Prednosti morajo odtehtatl predvsem eko-
nomskl vidik, kajtl po vseh lzboljsavah, predvsem
pa gospodarnostnih kompromisih tudi v sedanjem
¢asu lahko ratuname samo z 10 do 30-odstotnim
Izkoristkom mehanskega dela.

V eelotnem lzkoristku:

— especlally trained operators are not needed
for operating the devices;

— a substantial or satisfactory specified
power;

— fully explosion—proof operation;

— the used medium Improves the mine
climate.

The development of electrical engineering
enabled the replacement of the steam engine with
the electromotor as the compressor drive.

It was that time, that they probably came to
realize that energy transportation by compressed
alr ls connected with high losses since only a
small share of work supplied to the compressor s
drive shaflt Is fully utilized by working machines.
Further development has contributed to electrical
energy distribution to mine faces and to the
replacement of compressed alr motors with elec-
tric motors. Also In drilling engineering It lead
to the Introduction of electrohydraullc systems
Instead of compresszed alr drives, even in the fleld
of Impact drilling, but the guestion ls of com-
paratively large aggregates in this case,

In view of the advantages of compressed alr
applicatons cited above, the drive of impact ham-
mers, automatle loaders and shifting devices still
reamalns Interesting for undergroung mining, espe-
clally for pneumatic transportation and stowing.

The advantas sbove should compensate for the
economic aspect since with the Improvements and
economic compromises only a 10 to 30 percent
mechanical work efficlency can be reckoned on,
also at the present time.

The total efficlency of:

n=01-103 (1

so zajetl delnl Izkoristkl, kakor so:
— Izkoristek kompresorja:

M = 0609

&e ga definiramo kot razmerje med mocjo teoretic¢-
no potrebnega Indikatorskega dlagrama In modjo,
dovedeno na gred kompresorja. Tu so zajete lzgube
zaradl nujnega podtlaka ob nasesavanju zraka In
nadtlaka pri potiskanju zraka v rezervoar In me-
hanske Izgube zaradl trenja v gibljlvih sklopih.
Vrednostnl Interval je naveden za pogoje, kakrini
so potrebnl za rudniiko obratovanje.

lzkoristek razvoda upoiteva dva uéinka, In
slcer:

— prostorninskl lzkoristek medija (stlsnjenega
zraka) zaradl netesnostl omreija krmilno-regu-
lacl jske opreme in prikljuckov:

comprises the partial efficlencies such as
— compressor efficlency;

(2),

defined as the ratio of the power of the theoretl-
cally required Indicator diagram to the power
supplied to the drive shaft of the compressor.
Herein, the losses due to the Indispensable under-
pressure at the alr suctlon, and overpressure at
alr delivered into the tank, and the mechanical
losses due to friction In hinged joints, are Inclu-
ded. The value interval iz given for conditions
required In mine operation.

The distribution efficiency takes two effects
Into account:

— the volumetric efficiency of medium
(compressed air) due to network leakage of the
control and regulating equipment and fittings:

ny = 0608 (3)
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— lzgube delovne zmoznostl zraka zaradl tlat-
nih izgub. Ce pri delovnem tlaku 7 bar dopustimo
tlafne lzgube do delovnlh strojev na 5 bar, je
ustreznl lzkoristek priblizno;

na =08

Tako je izkoristek razvoda:

Nc = Ny - 2a = 0507

Mehansk! Izkoristek delovnih strojev glede na
robustnost Izvedh v povpreju ne more bitl bolj3i
od;

??md — !'.]..55

Pri delovnih strojih je pomembno da praktiéno
ne morejo obratovatl z minimalno polnitvijo, am-
pak mora bitl le-ta med 70 In 100 odstotkl, s ¢l1-
mer je lzkoristek stisnjenega zraka:

Naq = 0,608

S tem pa je Izkorlstek v delovnih strojih:

Nd ™ Nend - Naa = 0507

Pojasnila:

V posameznlh kompresorskih postajah rudni-
kih obratov &e vedno obratujejo tako starl kompre=
zorjl, e 1z desetletlj prve polovice stoletja, kakor
tudl novejsi izdelki, podobno velja tudi za druge
agregate kompresorskih Instalaclj. Glede na to je
primerno navajanje podatkov v intervalih.

Koristnl u€inkl oziroma Izkoristkl praktiéno
nikoll niso naveden! v oblikl, ki bl ustrezala na%e-
mu namenu, zato jih je na primerni zapis treba e
prevestl.

Izhodiséne podatke povzemamo po enem od
standardnih priroénikov, ki ga svetovno tehniéno
rudarstvo upo&teva In ga praksa potrjuje [1].

— Mavedha celotnega 1zkoristka vlo?ene ener-
glje 0,125—0,143 (1/7—1/8) spada v spodnjo polovico
Intervala (1), kI smo ga dobili kot zmnoZek vseh
definiranih izkoristkov.

= Prostorninske izgube medija naj bi bile v
povpredju 35-odstotne. Ce je dobava zraka do de-
lovnlh strojev po pretezno varjenih cevovodih, so
lzgube seveda manjse. Glede na navedbe In praktic-
ne izkugnje izberemo Izkoristek v Intervalu po
enatbi (3).

— lessenning of working capacity of air due to
pressure losses. If, at a working pressure of 7 bar,
a decrease of pressure loss to 5 bar Ils permitted
as far as the working machines, the corresponding
efficlency Iz about

(4).

Thus, the distribution efficlency is:

(5).

In view of the robustnes of the working
machines their mechanical efficlency cannot be
higher than:

(6).

on AVErage.

With the working machines It |s Important
that practically they cannot practically operate at
the minimum charge, but should operate between
70 and 100 percent by which the compressed air
efficlency ls:

(7).

and herewlth the efficlency the of working machi-
nes hecomes:

(8).

Explanations:

In particular mine compressor statlons both
old compressors, from the first half of this cent-
ury and the newer ones, are still In operation. A
similar statement can be made for other aggrega-
tes of compressor Installations. In view of this the
data quotation In intervals Is suitable. The effec-
tive outputs or efficlency are practically not given
yet in a form corresponding to our purpose, there-
Fure they must stlll be translated to a convenlent
orm.

The starting data Is assumed according to one
of the standard manuals considered by the world
?{]mlnlz engineering and confirmed by the practice

— The quotation of total Input energy effic-
lency 0.125 — 0.143 (1/7—1/8) belongs to the lower

half of the interval (1) obtalned as the product of
all defined efficiencies.

The medium volume losses should be 35—per-
cent on average. If the air 1 predominantly supp-
lied through welded pipelines to working machines,
the losses are lower, of course. With respect to
the quotations and practical experlence the effi-
clency is chosen In the Interval as quoted In equa-
tlon (3).
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= Delovnim strojem je treba zagotovitl tlak
v viZinl vsaj 5 bar. Obléajnoe so v rudarstvu raz-
dalje med mestom pridoblvanja stisnjenega zraka
in mestom porabe tudi nekaj km, zato je naveden|
podatek osnovna zahteva za ureditev ustreznega
razvodisca. Ce je ekspanzijsko delo zraka s tlakom
7 bar 100-odstotno, je zmogl)lvost zraka s tlakom
5 bar samo okoll 80 odstotkov (4],

— Po podatku, da delovnl strojl porabljo za
1 kWh 55—70 m® nasesanega zraka v normalnih
razmerah je, ob upostevanju zatetnega tlaka 5 bar,
mehanskega 1zkoristka In tudi delnth 1zgub medija
v samih strojih, tollk&na poraba mogoca, &e je pol-
nitev 100-odstotna. Ce med delovne stroje vklju-
¢imo tudl Instalacije za pnevmatskl transport In
zasip, prl katerih je del ekspanzije le v cevovodu,
Je optimisti¢no mogote predvidetl tudi 70-odstotno
polnitev. Ce Je politropna ekspanzijska delovna
sposobnost zraka s tlakom 5 bar pri minimalni
polnitvl 1, je prl 70-odstotni polnitvi 0.8 In pri
100-odstotni polnitvl le 0,6. S tem Je dolofena
vrednost Intervala (7).

— Za Izkoristek kompresorja upostevamo, da
mora oskrba g stlsnjenim zrakom ustrezatl dasov-
no zelo spremenljivl porabl In zato v veéinl kom-
presorskih posta) obratuje po ve# batnih kompre-
sorjev; da so kompresorjl razlitnlh starostl po-
konénl In vodoravni. Mehanski Izkoristek (p.,)
pokonnih kompresorjev je 0,90—0.95, vodoravnih
pa 0,85—0,92. Ce naj skupno zajamemo mehanskl
izkoristek kompresorjev, je ta: 0,86-095. Raz-
merje med teoretiénim diagramom p=V in Indi-
katorskim diagramom (Indiciranl izkoristek n,) je
0.,84—0,958. Izkoristek kompresorjev ny, = n..-m 2
zaokroZzenima mejnima vrednostima Je s tem po-
dan z enatbo (2).

Delovnl =strojl 20 rezmeroma manjil in po
funkeciji zelo razlicnl (npr.: vrtalna kladiva, mo=-
torjl nakladalnih lopat nakladalnikov, zasipnl stro-
Y, za njlhov skupnl mehanskl Izkorlstek ocenimo
lzkorlstek, kakrien velja za majhne kompresorje
[2] in takega navajamo v enacbl (6).

Pri pridoblvanju stisnjenega zraka ne uposte-
vamo lzkoristka morebitnega mehanskega prenosa
{pogonskl motor — kompresor), pa tudi ne elek-
triénega Izkoristka pogonov, zato se v enathl (1)
navedenl Izkoristek nana%a na Izkoristek modl, ki
Je dovedena na gredl kompresorjev.

V wvseh navedenth izkoristkih pa ml zajet
termodinamiénl Izkoristek celotnega procesa, ki Je

predmet tega ¢élanka in ga Zelimo kakovostno In
kolikostno nedvoumno doloitl.

Ob stalnem prizadevanju po zniZevanju lzde-
lavnih strodkov je razumljive, da tam, kjer je upo-
raba stisnjenega zraka nujno potrebna, posebe] bode
v ofl njegova Izredno vellka energljska razsipnost.

— A pressure of at least 5 bar should be
ensured to working machines. The distances bet-
ween the place of compressed alr production and
that of Its consumption are usually several km
long, therefore, the cited data is a basic require-
ment for arranging a corresponding distribution
system. If the expansion work of alr at a pressu-
re of ¥ bar Is 100 %, the capacity of alr at a pressu-
ra of 3 bar 1= only about 80 % (4).

— According to data, 35 to 70 m* of alr sucked
up In normal conditions Is consumed by working
machines for 1 kWh; taking Inte account the Initlal
pressure of 5 bar, mechanical efficlency and also
partial medium losses In the machines themselves,
the consumption of such welght is possible , If the
charge Is 100 percent. If also the pneumatic
transportation and stowing Installations, In which
the expansion occurs In plpelines only, are num-
bered among to working machines, a 70—percent
charge can also be optimlistically anticipated. If the
polytropls expanslon working capacity of alr at a
pressure of 3 bar 15 1 a minimum charge, It 1s 0.5
at 70 percent charge, and only 0.6 at a 100 percent
charge. By this the value of the Interval (7) Is
determined.

— As for compressor efficlency, the fact that
the compressed alr supply must correspond to the
high consumptlon varlations with time and that,
for this reason, several reciprocating compressors
operate In the majority of the compressed alr
stations, Is taken Into account and so s the fact
that the compressors of diferent ages are either
upright or horizontal. The mechanical efficlency
(9 ) of the upright compressors 1s 0.9—0.95, and
that of the horlzontal ones Is 0.85—0.92. The
mechanleal efficlency of all compressors together
1= 0.85—0.95. The ratio of the theoretical p-V
diagram to the indicator diagram (the indicated
efficlency n.,) I1s 0.94-0.95. Thus, the com-
pressors efficlency ny = 7, . 77, with the two
limit values rounded up is glven ﬁy the equation
(2).

The working machines are comparatively
small and Intended for wvarlous functlons (e.g.
hammer drills, motors of mechanlcal shovels and
loaders). Thelr total mechanical efficlency Is con-
sidered to be that of small compressors [2]., and

as such Is given In equatlon (6).

In compressed alr production the efficiency of
eventual mechanical transmission (drive motor-
compressor) Is not taken into account and nelther
I= the electrical efflclency of drives. Therefore,
the efficiency glven In equation (1) Is related to
the efficiency of power supplled to the compressor
shaft.

But the thermodynamic efficlency of the
whole process which Is the subject of this paper
and whose quality and quantity we wish to unam-
bipuously determine, 15 not Included in all the
efficlencies cited above. At constant efforts are
made to lower to production costs it Is understan-
dable, that In places where compressed air is Iindis-
pensable the extraordinarily high waste of energy
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Z vsemi mogotimi ukrepl se poskusa zvetatl lzko-
ristek celotne Instalacije. Posebej v zadnjem &asu
Je slizatl mnenje uporabnikov In & temn porajajote
upanje, da bi bilo z ratunalniZkim vodenjem mogo-
e dosefl Imenitno gospodarno Izbol j&anje.

Madaljnje natanéno definiranje termodinamié-
nih razmer s kolikostno oceno, kakréne so navede-
ne za lzkoristke v (2) do (8), Ima konénl cilj, da
bomo analizirali, kje &e lahko pri¢akujemo kakino
Izbol j&avo In v kolik&nl merl.

1. TERMODINAMICNI PROCESI

Termodinami¢nl proces komprimiranja, rez-
voda In porabe zraka Zellmo Izlocitl od drugih vpli-
vov, & tem bomo lahko tudi termodinamiénl lzko-
ristek celotnega procesa dolo€lll kot elementarnl
Izkoristek, ki izhaja iz naravnlh danostl, brez ka-

krénihkoll dodatkov, ki pogosto povzrotajo zmedo
In dvoumnaost.

Prehod na &lsto termodinamiénl proces Jem-
ljemo kakor, da se vse delovne faze odvijajo brez
kakranihkoll Izgub, tako snovnih kakor energljskih

zaradl mehanskega trenja Inuporov. S tem prevze-
mamo, da so vrednostl vseh popre] definiranth

lzkorlstkov (2) do (8) enake 1.

Tako Izlotenl proces bi bil natelno lahko tudl
termodinamiéno povraéljiv, zate bome v nadalje-
vanju analizirall tudi tako, wvsaj teoretitno in
primerjalno pomembno domnevo.

1.1 Povraéljive precbrazbe

Z upostevanjem povedanega bl bila povraclji-
vost celotnega procesa doseZena na dva natlna:

1. Kompresljo zraka od zatetnega do konénega
stanja bl morall dosegat! po 1zotermli In v delovnem
stroju bl morala ekspanzija potekati Izotermno od
konénega do zacetnega stanja. S tem bi bili preo-
brazbl kompresije In ekspanzije po Istl lzotermi
=naprej« In =nazaj« brez kakranlhkoll energljskih
lzgub. Prakti¢no bl se morala kompresija dosegatl
ob izdatnem hlajenju, ekspanzija pa ob intenzivnem
ogrevanju. Ker gre za lzmenjavo toplote z okolico,
bl bilo zadostno hlajenje In ogrevanje mogote le,
¢e bl obe preobrazbi potekalli zelo potasi. To pa
prakti¢no Izkljutuje kakersnokoll tehni¢no upora-
bo.

2. Kompresija poteka od zafetnega stanja z
adlabatno precbrazbo In prav take ekspanzijo od
kontnega do zatetnega stanja dosegamo po Izentro-
pl. Da bi bil tak proces povratljiv, bl morali biti
Izpolnjenl pogo)l:

— pri adlabatnl kompresijl se vse vloZeno delo
spremenl v notranjo energljo stisnjenega zraka;
zato se njegova temperatura ustrezno zvisa;

Is particularly noticeable. Taking all the possible
measures into account it Is hoped that the efficlen-
cy of the whole Installation will Increase. Espe-
clally in recent times the opinion of consumers Is
that by computer conducting it would perhaps be
possible to attain a remarkable economical Impro-
vement from which new hopes can arise.

The analysis of the questlon where and In

what depree any Improvement can still be expected
Is the final target of further specifications with
quantity estimates as glven for efficlencies In
equations (2) to (8).

1. THERMODYNAMIC PROCESS

We wish to Isolate the thermodynamic proce-
a3 of compression, distribution and consumption
of air from other influences In order to determine
the thermodynamic efficlency of the whole process
in this way, as an elementary efficlency origl-
nating from the natural conditions free of whate-
ver additlons frequently cause confusion and
amblguity.

The transition to a pure thermodynamic
process In considered as If all working phases
develop free of any losses, both the matter and
energy loss as well, due to mechanical driction of
resistances.By this it Is assumed that all effi-
clency values defined In equations (2) to (8) are
equal to 1.

The process isolated in this way might also
be thermodynamically reversible In principle,
therefore, such an assumption theoretically and
comparatively Important at least, will also be
analysed In the continuation.

1.1 Reversible Transformations

Taking into account all of the facts clted above the
reversibility of the whole process would be attal=-
ned In two ways:

1. The alr compression from the Initial to
final state should be attained following the Iso-
therm, and the expanslon In the working machine
should run Isothermally from the final to Initlal
state. Thus, the compession and expansion trans-
formations following the same Isotherm =for-
wards« and »backwards« would be free of any
losses. Practlcally, the compression should be
attained aat efficacious cooling and the expansion
at Intensive heating. As previously, the question Is
of heat exchange with the surroudings, a satis-
factory cooling or heating would only be possible
If both transformations took a very slow course.
This condition however, practically excludes any
technical application.

2. The compression develops with adiabatic
transformation from the Initlal to final state, and
likewlse, the expansion from the final to initial
state Is attalned following the Isentrope. In order

for the process to be reversible the following con-
ditions should bo satisfled:
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— ta visoka temperatura mora ostatl kon-
stantna pri razvodu zraka, tako da ob adiabatni
ekspanzijl v delovnem stroju dobimo iz notranje
energlje nazaj vse vleZeno delo, s &lmer se uporab-
ljenl zrak vrne v prvotno stanje.

Prakti¢no nl mogote od zatetka Kompresije
do konca ekspanzlje vzdrievati popolno toplotno
Izoliranost celotne naprave. S tem tudl ta razliél-
ca povradljivega procesa nl tehniéno lzvedljiva.

1.2 Termodinamiénl prikaz dejanskega
procesa

Za zatetek postavitve termodinamiénega mo-
dela je primerno vzetl v dolo¢eni merl ldealizirane
preobrazbe, nakar bodo opravljenl popravkl, da se
bo model &mbolj priblizal stvarnostl.

Zaradi jasnosti bomo veli¢ine ponazorill tudi
kolikostno, pri ¢emer bomo upostevall praktiéne
omejitve.

In zaletno stanje vzamemo:

— prostornina V, = 1 m*® zraka,

— temperatura T, = 273 K,

— tlak p, = 1,01 bar,

— gostota nasesanega zraka je s tem p1 =
= 1,20 kg/m?,

— masa zraka v procesu m = 1,20 kg.

Iz zatetnega stanja se dosele lzentropna
kompresija na tlak p, = 7 bar, tako da je kompre-
sljsko razmerje € = p,/p, = 7.

Po doseZzenl kompresijl prevedemo zrak iz
stanja »2« v stanje »3«, tako da ga pri Konstantnem
tlaku ohladimo na zafetno temperaturo, torej:

T, - T, = T,. v bistvu se doseZe lzobarna kompre-

slja 1z atmj:; »2« v stanje »3«.

Ker gre domnevno za sistem brez snovnlh In
energljskih 1zgub zaradl trenja In uporov, lahko Iz
stanja =3« proces neposredno nadaljujemo z adia-
batno ekspanzijo do stanja »4«, ki je doloteno s
tlakom, enakim zatetnemu: p, = p,. 1z stanja »4«
se proces krozno vrne v zafetno stanje »l«, tako
da zrak prl konstantnem tlaku segrejemo na zacet-
no temperature T,, torej T, = T,, all drugate: |z
stanja »4« se doseZe lzobarna ekspanzija v stanje
],

Maveden| kro¥nl proces v koordinatnem siste-
mu p=-V¥ z navedbo velléin stanja ponazarja slika
1, ki v bistvu prikazuje Jouleov kroZnl proces [31.

Iskane vrednostl nekaterih vell¢in stanja ugo-
tovimo Iz znanih razmerl] za lzentropne spremem-

be stanja.

— at an adiabatic compression all input work
changes In the Internal energy of compressed alr;
therefore, its temperature Increases correspon-
dingly;

— this high temperature must remain cons-
tant In air distribution such that all input work Is
retrieved from the Internal energy at adiabatic
expansion In the working machine by which the
used air 1s returned to Its original state.

It 1s practically Impossible to maintain a
perfect heat Isolatlon from the beginning of comp-
ression till the end of expansion. Thus, also this
alternative of the reverzsible process I2 not technl-
cally practicable.

1.2 Thermodynamic Representation of the
Actual Process

At the biginning of =setting up the thermo-
dynamic model it I convenient to take the trans-
formations Idealized to a certain degree, where-
upon the corrections will be performed such that
the model will as real as possible,

For clarity the magnitudes will also be repre-
sented by thelr quantities, whereat the practical
liminations will be taken Into account,

For the initlal state we take:

= volume: V, =1 m® of alr

— temperature: T, = 273 K

— pressure: p, = 1.01 bar

— density of the sucked up air: p,= 1.20 kg/m’

— mass of alr In the process: m = 1.29 kg

From the Initlal state the Isentroplc compre-
ssion to a pressure of p, = 7 bar 13 attalned such
that the compression ratio becomes £ = p,/p, = 7.

After the attalned compression the alr is ren-
dered from state »2« into state »3« so that at
constant pressure It Is cooled to the Inltlal tempe-
rature, viz.: T, = T, = T,.

Essentlally, the isobaric compression from
state »2« to state »3« Is attalned.

Since, supposedly, the questlon Is of a system
free of matter and energy losses due to friction
and resistances, using the adiabatic expansion
the process can be directly continued from state
»d« to state »4« defined by a pressure that equals
the initial one: p, = p,. From state =4« the cyclic
process reverts to the Initial state »l« in such a
way that at constant pressure the air Is heated to
the Initial temperature T, le. T, = T, or In
another way: from state »4« the lsobarle expan-
slon Into state »l« Is attained.

The cited cyclic process in the p-V coordinate
system with the quotation of state quantities Is
Illustrated In flg. 1 showing essentlally the Joule
cycle [3].

The values of some state quantities searched
for are found from the known ratlos for the
isentropic state changes.
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Sl. 1. Diagram p-V procesa prenosa energlje s stisnjenlm zrakom.
Fig. 1. p-V diagram of the process of energy transmission by compressed alr

=l
E-(P_z)T_E%'
T1 -p1
z__-‘l-
T.=T.. ¢*

T, = 273+ 7% = 476 K

Pri tem je x = c,/c, = 1.4 eksponent adlaba- where x = c, /c, = 1.4, the adiabate power for
te za dvoatomske pline oziroma razmerje speciflié-  two-atoms gases or the ratlc of specific heats:

nih toplot:
V= (F, ):fx (1)1}(1.1
A Py r]
( 1 ]lfl.i.
V,= ¥ =
141714
V,=10(3) " = 0209 m?
Za lzobarno kompresljo od stanja »2« v stanje For the 1sobaric compression from state »2«
wde velja: to state »3« It applies:
Yy Vo
T, T,
Inker je Ty = T,, sledl: and as T, = T,, it follows;:
T, 273 .
Vs T, V. % 0.249 = 0,143 m".
Za adlabatno ekspanzijo od stanja »3« v stanje For the adiabatic expansion from the state
»d« pa velja: »d« Into state »4«, however, It applies:
T, (p‘ )tx-n/x
T, Py :

kerso T, =T, p, = p, In p, = p, ; sledi: As Ty = T,, py = p,, and p, = p,, It follows:
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Py (=107 2 1 \o,zas
T,=T, (—) = J73 (F) = 156 K,

V. (Pa )l!x
Py .

143
V‘-Va(fz) _v3 'I--""?f|I
Py

V, = 0,143 - 7" = 0,574 m?,

Z navedeniml podatkl lahko opravimo energlj-
ske bilance precbrazb (energijske vellélne zaokro-
Zlmo na dve mestl):

1. Kompresija
Po prvem glavnem zakonu termodinamike se

ob kompresijl =2, ker je preobrazba adiabatna,
delo spremenl v notranjo energljo. S5 tem je pro-
storninsko delo W,,:

Using the clted data the energy balances of
transformatlons can be done (the energy quantities

are rounded up to two decimal places):

1. Compression

According to the first law of thermodynamles
at the compression 1—2 the work Is changed Into
internal energy, as the question Is of an adiabatic
change. Thus volumetric work W, 1s :

W,=AU=me, (T, -T,) (9),

te je c, = 720 J/kgK specifitna toplota zraka pri
konstantnl prostornini:

if the specific heat of alr at constant volume, c,, =
720 J/kg K we have:

W, = 1,29-720- (273 - 476) = - 1.9-10°J.

Ob lzobarn! preobrazbl od stanja »2« v stanje
wdu je dovedeno dodatno prostorninsko delo:

At the lsobarle changes from state »2« to
state »3« an sadditlonal volumetric work Is
supplied;

Wys = pp- (V- V,)=707-10° - (0,143 -0,249) = - 0,7 - 10° J.

Obe dell sta »dovedeni« In s tem po dogovoru

negativnl [4].
Celotno vloZeno prostorninsko delo prl pre-

obrazbl 1-3 Je:

Both of the two works are ssuppliede, and,
as agreed, they are negative [4].

The total Input volumetric work In transfor-
matlon 1—3 Is:

Wy = Wyt Wyy=(-18-07)-10"=-26-10°J.

Ob stanju »3« ima zrak zatetno temperaturo

T, = T,, kar smo dosegll tako, da smo ob Izobarnl
prechrazbl odvedll toploto @Q,,:

Q. mcp{T_g -T)

¢e je c, = 1010 J/kgK specifiéna toplota zraka pri
Izobarnl precbrazbl.

At state »3« the alr temperature Is Its Initlal
temperature T, = T, attalned by leading off the
heat @,, at Isobarlc transformation:

(10),

If the specific heat of air at Isobaric transforma-
tion Is ¢, = 1010 J/kgK, there Is

@,, = 1,20°1010° (273 - 476) = -2,6°10° J.



STROJNISKI VESTNK — JOURNAL OF MECHANICAL ENGINEERING. LJUBLJANA (38) 1992/1+-3 53

Tudl odvedena toplota je po dogovoru in rezul-
tatu negativna in po energljskl bilancl v skladu z
zakonom o ohranitvl energlje.

Delo W,, pa dobimo tudi takole:

Wi; =

pri cemer Je x eksponent adlabate, W,, , pa teh-
ni¢no delo kompres! je:

X w-lz - w’"?qt

According to agreement and result the led off
heat 15 also negative and by the energy balance It
is In accordance with the principle of energy con-
servation.

The work W), can also be obtained as fo-
llows:

(11),

where x Is the power of adlabate and W,, , Is

the technical work of compression.

wm, & ]rq'{_'lrg}' lﬂs = _E.E']ﬂi.].

Slednje ponazarja slika 2, ki prikazuje celotnl
pretok dela pri Kompresiji.

=]
i
I
i
1

=
T
i
i

This Is Illustrated by Fig.2 showing the whole
work development at compression,

B m e m g
'
P e — Y

¥

Sl. 2. Diagram p-V tehnicnega dela komprimiranja zraka.
Flg. 2. p-V diagram of the technical work of alr compression

Plostina likka 1 —2 —e —f — 1 ustreza vloze-
nemu delu (neg.) W,,, plos¢inalika2—3—d —e—
— 2 Je ekvivalentna vlozenemu delu (neg.) W,,,
ploscina lika 3 —a—c¢ —d — 3 pomeni vieZeno delo
(neg.) za potiskanje zraka v rezervoar: zanj velja:

-py Vy = =7,07-10°

Plo&¢ina lika 1 —b—c —f — 1 pa ob nasesava-
nju ustreza pridobl jenemu delu (poz.) In je enako:

p,-V, = 101-10°-

Z upo3tevanjem predznakov preostane senfena

plo&tina, ki ustreza tehnlénemu delu 'J.ﬂ:ﬂ -

The area of figure 1| —2 —e — f — 1 corres-
ponds to the Input work (negative) W..: the area
of figure 2 —3 —d —e — 2 is equivalent to the
input work W,, (negative); the area of flgure
3 —a—c—d—3 means the Input work (negative)
for feeding alr Into the reservoir; It Is:

0,143 = -10-10°J.

And the area of figure 1 = b —c —f —1
represents the work obtalned (positive) at suction,
which is:

1,0 = 1,0-10°J,

Taking Into account the signs the hatched area Is
left ofer, representing the technical work H-f;z e

Wi o= Wialneg) + W, (neg.) + p,- Viineg.) + p,- V,(poz.)

W, ¢= (-1,9-07-10+1,0)-10° = - 2,6-10°J.
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2. Ekspanzija

Pri adiabatnl ekspanzijl iz stanja »3« v stanje
»4« pridoblmo prostorninsko delo na rafun notra-
nje energlje, torej:

W, = AU=me, (T,- T,)

2. Expansion

At the adiabatic expansion from state »3« to
state =4« the volumetric work 1s obtalned to the
detriment of Internal energy. thus:

(12),

W =1,29-720-(273 - 156) =1,1-10° J.

i

Ob 1zobarni precbrazbl od stanja »4« na stanje
»le« pridoblmo #e prostorninsko delo:

At l=obaric transformation from state »d« to
state =1« the volumetric work 15 obtalned:

W, =p(V-V)=10110°(10-0574) = 0.4-10°J.

S tem Je celotno pridobljeno (pozitivno) pro-
storninsko delo:

By thiz the total volumetric work obtained
(pos.) becomes

Wy = Wy + W, = (1,1+0,4)-10° = 1,5-10%J,

Enako kakor pri kompreslji tudl prl ekspanziji
opravimo energljsko bllanco. Prl lzobarnl ekspan-
zlJl od stanja »4« na stanje =1« je treba Iz okollee
dovestl toploto:

Q.= mcp(T, - T,)

In the same manner as In the case of com-
presslon, the energy balance Is also made for the
expansion. At Isobaric expansion from state »4« to
state »l« heat must be supplied from the surroun-
dings:

(13),

Q,, =1,29.1010 (273 - 156) = 1,5:10°J.

Celotno ekspanzijske delo je podobno kakor
pri kompresijl enako tehniénemu delu:

W, = xW,, = W

Similarly as at compression, the total expan-
slon work Is equal to the technical work:

(14),

34,0

Wy = 14-1,1-10° = 1,5-10° J.

Podobn! diagram pa prikazuje slika 3.

B L I T yemmwe—— Y

A simillar diagram Is shown In Flg. 3

=
e

(4]
af-

'

Sl. 3. Diagram p-V tehniénega dela ekspanzije zraka.
Fig. 3. p-V diagram of the technical work of air expansion
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Ploatina llka 3 —4 —e —d — 3 ustreza prido-
bljenemu prostorninskemu delu W,, (poz.). Plo&tl-
ne llka 3 —=d — ¢ —a — 3 ustreza pridobljenemu
polnilnemu delu p, V, = 1,0-10° J (poz.). Plostina
lika 4 —1—f —e —4 ponazarja pridobljeno prostor-
ninsko delo pri izobarnl ekspanziji p,(V, - V,)
(poz.). Plo&éina lika1 —f —c — b — 1 ustreza lz-
puznemu delu p,- V, = 1,0-10° J (neg.).

Sencenl del dlagrama je torej ekvlvalenten
tehnitnemu ekspanzijskemu delu:

The area of flgure 3 —4 —e —d — 3 corres-
ponds to the obtained volumetric work W,, (pos.).
The area of figure 3 —d — ¢ — a — 3 corresponds
to the work obtained at charging p,. V, = 1.0 . 10°J
(pos.). The area of figure 4 —1—f —e —4 repre-
sents the volumetric work obtalned at Isobaric
expansion p, (V, - V,) (pos.). The area
1—f—c—hb—1 corresponds to the accomplished
work p, . V, = 1.0, 10°J (neg.). Thus, the hatched
part of the diagram Is equivalent to the technical
expansion work:

Wiy, ¢ = Wa, (poz.) + p, Vytpoz.) + p (V, - V,)(poz). + p, V,(neg.),

Wye o= (1,141,040,4 - 1,0)-10° = +1,5-10° J.

Iz poteka diagrama na slikl 3 je razvidna pro-
blemati¢nost poteka ekspanzije znotraj delovnih
strojev In zakaj le-tl ne obratujejo z minimalno
polnitvljo.

Ce prekrijemo diagrama s slik 2 In 3 In upo-
Etevamo predznak tehniZnih del kompresije (neg.)
ter ekspanzije (poz.), dobimo ustrezno slikl 1 plo=
&tino Jouleovega kroZnega procesa, ki Z negativnim
predznakom pomenl Izgubl jen! deleZ vioZenega dela:

From the disgram In fig. 3 the doubtfulness of
the expansion development Inslde the working
machines, and the reasor why they dont operate
at a minimum charge can be seen.

If the diagrams from Figs. 2 and 3 are lald on
top of eachother and the signs of technical works
of compression (neg.) and expansion (pos.) are
taken Into consideration, In accordance with Fig.1,
the area of the Joule cycle |s obtalned, which a

negative sign, corresponds to the lest share of the
Input work:

W,:,-ZW”' Wis e+ Wy =(-26+ 15)-10° = - 1,1-10° J.

Ugtrezno natemu namenu definiramo termo-
dinamiénl Izkoristek kot razmerje med pridoblje-
nim In vloZzenim delom:

Wit

In conformity to our purpose the thermodyna-
mic efficiency Is defined as the ratio f the obtained
to Input works:

15.10°

n = =
th W, | 2610°

2. GOSPODARNOSTNE I1ZBOLISAVE

=058 = 0,6 (19).

2. ECONOMY IMPOVEMENTS

Celotni 1zkorlstek Instalaclje za prenos ener-
glje = stisnjenim zrakom z upotevanjem posa-

meznlh Izkoristkov iz enatb (2), (3), (8) in (13)
bl torej bil:

Consequently, taking into account the particu-
lar efficiencies from equatlons (2), (3), (8) and (15)
the total efficiency of the energy transmission,
Installation would be:

N = Nk NeNd Men

n = (0,8-0,9)(0,5-0.7)(0,5-0.7)06 ~ (0,1-0,3)

kakor je navedeno v (1). as clted In (1).



STROJMSKI VESTNK — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (38) 1992/1-3

Iz slednjega je popolnoma razumljive In upra-
viceno vsakrano prizadevanje za zvecanje vrednos-
tl posameznih izkoristkov. Vendar pa se je treba
zavedat|, da vsako gzvetanje vrednostl terja doloce-
no nalozbo sredstev, npr. za bol j#e materiale posa-
meznih strojnih elementov, moé¢nejse dimenzioni=
ranje In tudl dodatne elemente. V vsakem primeru
pa je treba dosedl najugodnejie razmer je,

— Na prvem mestu navedimo Izboljsave, ki
Imajo uflnek na termodinamiénl Izkoristek In so
bile na tem podro¢ju Ze zelo zgodaj lzérpane gospo-
darske In upravitene moznosti.

V fazl kompreslje je z lzdatnim hlajenjem
kompresljsklih prostorov (npr. dvojno oplaséenih
valjev, okrovov ventilov) doseZena politropna preo-
brazba z eksponentomn i = 1,3. Uvedena je stopenj-
ska kompresija, tako da se med dvema stopnjama
zrak v vmesnem hladilniku ohladl na zafetno tem-
peraturo. Ker vsaka stopnja terja dodatne naprave,
kakor na primer valj prl batnem kompresorju in
vmesnl hladilnik, je za razmere v rudniku lz eko-
nomsklh razlogov primerna dvostopenjska kompre-
slja. Po znanl formull za doloéitev politropnega de-
la kemprimiranja v stopnjah:

in
W -2 —
12, pal n-

kler je =z &tevilo stopen], ugotovimo za na® primer
vrednost kompresijskega dela za n = 13 In z = 2:

l"j"'lllz..l?lﬂl- 2 5+

Pri delovanju delovnih strojev ne moremo
pri¢akovatl nikakrsnih termodinamié¢nih izbol jsav,
zato je Z2e ob analizl ugetovljene dele skrajna zgor-
nja meja.

Po definiciji (13) ugotovime nove vrednost:

-|P1 ¥

1 1,01-10%-1,0

From the above statements It can be seen that
any effort to Increase the values of particular
effliciencies are quite understandable and justified.
It should be realized, however, that each increse
of values reguires a certaln Investment of means,
e.g. for better materlals for machine parts,
greater dimenslons, and also for additional
elements. In any case the optimum proportion
should be attalned.

— The Improvements having some Influence
on the thermodynamic efficlency, and those for
which the economical and justified possibllities In
this domain have already been exhausted, will be
mentloned In the first Instance.

In the phase of compression a polytroplc
transformation with the power of n = 1.3 Is attal-
ned by abundant cooling of the compression compa-
rtments (e g. double-shelled evlinders of wvalve
cazes), A gradual compression 12 Introduced such
that between two stages the air Is cooled down to
the Initlal temperature in an Intermediate cooler.
As additional equipment, such as, a cylinder for a
reciprocating compressor and an Intermediate
cooler Is reqlred for each stage, a two—stage
compression is sultable for mine conditlons for
economical resons. According to the known for-
mula for determining the polytropic compression
work In stages:

gl ) (16),

where z ls the number of stages, the value of
compresson work for n = 1.3 and z = 2 Is found
for our case as;

{1,3=1)

(?[2-1,:!]_]) =22.10°).

In working engine operation no thermodyna-
mic Improvements can be expected, therefore the
work slready found by analysls Iz the utmost
upper limit.

According to definition (13) the new value lis
found as

ks ™t il 068%07 (17)
by = = = ()68 =~ 0, 2
Yy Wi pol  22°10°

Dobljena vrednost pomenl najvedjl gospodar-
sko upraviéenl doseZek. Lahko upotovimo, da do-
bljena najvetja vrednost termodinamiénega lzko-
ristka ne vpliva na celotnl Izkoristek, da bl bil
zunaj intervala podanem v (1).

The value obtalned means the highest econo-
mically justified achlevement. It can be stated that
the obtalned maximum value of thermodynamic
efficlency doesnt Influence the total efficlency In
guch a way that It would be outside of the Interval
given In (1).
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Anallzirajmo #e moZnostl izboljEav drugih
izkoristkov.

= lzkoristek kompresorja (2) je odvisen lz-
kljutno od strojnike konstrukcljskih lzvedb sklo-
pov, ventilov In prikljutkov. Ker so Ze uporabl jene
gospodarnostno %e upravicene resitve, nl realno
pricakovatl kakrinekoli pomembne izboljBave,

— lzkorlstek delovnih strojev (6), (7) In (8)
tudl po anallzl praktiéno ne more imeti pormembne
vetje vrednostl; zveta se lahko kvefjemu na spod-
njl mejl Intervala.

— lzkoristkl razvoda (3), (4) In (3) so sestav-
ljen! Iz bistveno razlliénth dejavnikov, Del, ki upo-
&teva znlzanje tlaka (4), je odvisen od dimenzioni-
ranja prerezov cevovoda In razdalj do uporabnikov.
Za dimenzioniranje prerezov je dolofena gospodar-
nostna meja. ¥ odvisnostl od oddaljenostl deloviie
so padcl tlakev lahko tudl majhni, ée razdalje niso
velike, &e pa upoStevamo dejanske razdalje v rud-
nikih In ustreznl postopek optimiranja prerezov
cevovoda, kakor se obltajno dela, je podatek po
(4) praktino optimalen In ukrepl za Izbolj3anje ne
bl bill upraviteni.

Drugi dejavnik, ki upoSteva lzgube zraka
zaradl netesnostl (3), vzbuja ved upanja. Dolgo je
2e uveljavljen ukrep, da morajo bitl dell cevovoda
zvarjenl, vendar e vedno obstajajo v bliZinl delo-
vi3¢ In na njlh zafasno montiranl odseki, kjer so
netesnostl nelzbe?ne. Prav tako se nl mogofe Iz-
ognitl izgubam na armaturah In predvsem na pri-
kljutkih. Ratunalni3ko vodenje bl moglo posedi
prav na to podrotje, In sicer tako, da bi z avto-
matskim zapiranjem ventllov lzkljutevall posa-
mezne razvodne veje, kjer trenutno nl porabe zra-
ka In s tem lzkljuélll lzgubo zaradl netesnostl v
teh vejah.

Taka resitev je mogota samo prl mono raz-
vejanih sistemih In pri selektivni organizacijl dela.
Predvsem pa Ima vellko ve&jl vpliv na dimenzloni-
ranje potrebne zmogljlvostl kompresorske postaje
kakor pa na lzbolj2anje 1zkoristka za vloZeno delo
prl komprimiranju. Vsekakor pa je tak postopek
popolnoma konkreten, zato je treba v vsakem
praktiénem primeru s temeljito anallzo wseh
vplivnth dejavnikov ugotovitl, all se ukrep Izplata
all ne. Tezko Je priéakovati, da bl vse navedeno
moglo Izbolj2atl Izkoristek razvoda (5) nad zgor-
njo mejo Intervala.

Poprejsnja anallza nas lahke prepri¢a, da pri
znanl tehnologljl nl uresnitljivo zvetanje zkorist-
ka celotne Instalaclje za daljinsko energl jsko oskr-
bo s stisnjenim zrakom nad 0.3,

Let us still analyse the Improvement possi-
bilities for other efficiencles.

= The compressor efficlency (2) depends
exclusively on the machine-constructional execu-
tlon of aggregates, valves and attachments. As the
economlcally justified solutlons have already been
used, any significant improvement cant really be
expected.

= The working machine efficlency (6), (7),
and (8), according to the analysis cant have any
important higher value either; they can be In-
creased at the lower Interval limit at the most.

— The distribution efficiencles (3), (4) and (5)
are composed of essentlally different factors. The
part taking Into account the pressure drop (4)
depends on the pipeline crossection dimensions and
distances to the consumers. An economy limit Is
fixed for cross—section dimensioning.

Dependent on the distance from the faces, the
pressure drops may also be small, If the distances
arent long, but If the actual distances in mines
and the corresponding dimensioning method for
plpellne cross-section are taken Into account, the
data according to (4) Is practically optimum and
Improvement measures wouldnt be justifiable.

The second factor, taking Into account alr
losses due to leakages, (3) ralses more expecta-
tionz., For a long time the measure has been In
force that pipeline parts should be welded, ne-
vartheless sectlons exlst near the faces of work
and on them In which leakages are unavoidable,
Liewise, It is Implossible to avold losses at fit-
tings and attachments. Computer control could
help In this very domain, namely In such a way,
that particular distribution branches In which
there Is no alr consumption at the moment,
would be disengaged by automatically shutting
off the valves and thus eliminating the leakage
loss In these branches.

Such a solution Is only possible In highly
ramified systems and In selective work organi-
zation. But primarily, itg Influence on the dimen-
gloning of the required compressor plant capacity
Is much greater than that on the efficiency
Improvement for the Input compression work.
Such a procedure, however, 15 quite concrete at
any rate, and for this reason, In each practical
case It |s necessary to find out whether a measu-
re Is worth the trouble or not. It can hardly be
expected that all the cited facts could Improve the
distribution efficiency over the upper interval
limit.

The analysis already mentioned shows that at
the known technology the Increasing of total
installation efficiency over 0.3 is not feasible for
the remote compressed air supply.
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3. SKLEP

V sestavku smo lzbrall Jouleov kroZnl proces
za model celotnega termodinamiénega dogajanja
pri prencsu energije s komprimiranim zrakom.
Model omogota elementarno in nadrobno anallzo
vseh faz dela z ustrezniml preobrazbaml In na
koncu dovoljuje tudi kakovostno In kolikostno
oceno termodinami¢nega Izkoristka v proces vioZe-
nega dela.

V zadnjem poglavju so glede na poprejinjo
anallzo ocenjene vrednostl odloéiinth dejavnikov v
celotnem Izkoristku, predvsem glede na mo2nost
Izbol j2av. Ugotovitve dovoljujejo sklep, da nl ures-
ni¢éljive zvecanje celotnega lzkoristka v proces
vioZzenega dela nad mejo n = 0.3.

3. CONCLUSION

In the paper the Joule cycle was chosen as the
muodel of all the thermodynamic events In energy
transmission by the compressed alr. The model
makes the elementary detalled analysis of all
work phases with corresponding transformations
possible. Finnaly, It also permits the quality and
quantity estimations of the thermodynamic effi-
clency of work put Into the process.

With regard to the analysis already mentio-
ned the walues of decisive factors in the total
efficlency are estimated In the last chapter, above
all In view of the Improvements possible. From
the findings the conclusion may be drawn that
total efficlency increase over the limit of 5 = 0.3
of work put Into the process is not attainable.
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