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JOHN H. NEILSoN, ROBERT A. CRAWFORD

Glasgorv*

An Analysis of the Unsteady Discharge Process from a Cyliniler

In this paper relationships are derived for the expansion of a high pre§sure fluid from a cylinder

of constant or variable volume acro§s a nozzle into a constant pressure atmosPhere. This Process has

many applications in applied thermodynamics. For example tlre discharge of steam in feedheater sPaces

through the turbine when the turbine 1oad falls, This is particuiarly important in large power station

turbinęs wlrere the energy of the steam causes overspeeding of the machine. The expressions develoPed

allow for heat transfer and internal irreversibilities in the cylinder and in the nozzle, A comparison
is then made of this unsteady flow process with a similar non flow equilibrium proce§S in a cylinder
and with a proce§s of free unrestrained expansion in a cylinder. Using the concept of high grade energY,

it is shown that ail three processes may be analysed in the same manner.

Nomenclature

c - velocity,
F - force in the piston rod,
ł - specific enthalpy,

HGE - high grade energy,
M - nrass and original mass
Mo-- mass discharged,
ł - number of layers,
P - pressure and pressure in

Ł - constant presśure of the
unding the system,

P"_

P*-
Q"-

a pressule lying between the initial
plessure in the cylinder atd Po,
totai restraining pressure at the piston,
external heat per unit mass,

q7 - itterna1 or frictional heat per unit mass,

s - specific entropy,
7 : temperature,
l - time,
z - specific internal energy,

Y ,* tota1 volume of the cylinder,
u - specific volume.

Additional suffixes

a - denotes conditions in the mass dischar-
ged from ihe nozzle,

c - denotes cylinder,
z - denotes tozzle,
o - denotes total head conditions.

in cylinder,

the cylinder,
ffuid surro-

1. Introduction

One function of this paper is to.analyse the unsteady process which takes place when

a high pres§ure system inside a yessel is allowed to expand and dischargę mass across a

nozz7e fitted to the vessel. Amongst the practical applications of this problem arę the

* University of Strathclyde.
t57]



J. H. Nęilson, R. A. Crawford

discharge of gas through the ports of an engine cylinder and the discharge of steam from
feedwater heaters in turbine plants when, on load shedding, the steam in the heaters passes
through the turbine to the condenser causing overspeed of the turbine rotor. It is however
also the intention of the authors to show clearly tlre relationships that exist between this
unsteady flow process and similar steady flow and non flow processes with a view to il-
lustrating the fact that the circumstancęs in which a system undergoes an expansion are
incidental to the application of thermodynamic principles.

For an ęlemental part of a non flow process where a system contained witlrin an errgine
cylinder is allowed to expand slowly, the energy equation may be written as

dq"łdqr:du*Pdu. (a)

Here dq. is the external heat crossing the system boundary, du is thę change in intęrnal
energv and Pdtl is the total work done by the system. During the process a part of the
total work done is dissipated by friction forces and the energy thus destroyed is reabsorbed_
bY the system as a frictional heat quantity dq, so that the net work done by the system is

Netd(WD): Pdu-dqr. (b)

Of the net work done, part of it appears as useful work done at the piston rod and the
remainder is absorbed in displacing fluid which surrounds the system.

For the elemental process the change in entropy is given by

J_ dq"łdq,ds: -LT (c)

During this non flow process the system in the cylinder pa§§es through a series of state
Points so fixing a process path. Suppose now that tlre samę system passes through the
Same Process path in a steady flow process. This expansion could take place in a static
nozzlę or in the rotating nozzles of a reaction turbine. For the flow process it may again
be shown that equations (a) and (c) appiy. With regard to equation (b) however a different
interpretation mu§t be given to the terms in the relationship. The equation may now be
wriiten as 

t \l^a ,,l t^r\' Netd(HcE):pdu_dq1, (d)

where high grade energy (HGE) is the sum of all forms of work energy produced in the
Proce§s together with the change in kinetic energy in the proce§s. For a finite process
frorrr state point l to state point 2 in either the static or moving nozzles, the work done
on surrounding fluid is Prur-Pyl_ which for the elemental process is d(Pu) and thęre
will be a change in kinetic energy (cdc). For the rotating nozzles there will also bę work
done (WD) at the turbine shaft. Thus in general equation (d) may be written as

Net d(HGE):Pdu- dTr:d(WD)+ cdc+ cl(Pu)

Rearranging equation (e) as

- uclP : d lW D) * cclc ł ctq.r

grres tKe tątni\its te\atios.sKip krrtst. ąs §ę "§§§t§ęŃ§Ń' equa\rstr rtr \ilŃrc\ §ę

(e)

ff)

\§aT§,

q



An Analysis of the Unsteady Discharge Process from a Cylinder

,-,;_. is the work done against friction forces and is at the samę time the heat generated
:." iiiction.

We see therefore that the non flow process or its similar steady flow process may both
-,:" ireated in exactly the same way using equations (a), (") and either (b) or (e) and that
: . the concept of high grade energy which allows one to treat the processes in a similar
-;]ner ignoring the circumstances of the proce§s.

For further diseussion of the need for a friction terrn in the energy equation, of the
:i:ct of friction in various proce§se§ andof the concepi of higlr grade energythe reader
, leferred to references [l, 2] and [3],

2. The general case of the discharging process

Consider the piston-cylinder arrangement shown in Fig. 1 where the cylinder head
, irttedrvitha nozzle. At a giventime l a mass Moccupies a volume Łbetween thepiston

_:,d thę cylinder head and in this space the instantaneous valuęs of pressure, specifi.c
, ,-.lume, internal energy, enthalpy and velocity are P, u, L!, 1,1 and c respectively. During
:-re interval ó/ mass dM is discharged across thę ttozzlę to a flnal constant pressure Ę

._J in the same time the volume Zincreases by óV while the piston motion is restrained
:_. atr external force corresponding to pressure P,, where Ą is due to the combined effects
:: a force in the piston rod and external fluid pressure. During timę 6tlet óq"" be the ex-
.:rnal heat crossing the cylinder per unit mass inside the cyiinder and iet óq r" be the cor-
:.ponding frictional heat duę to dissipation of HGE inside the cylinder. Once the mass

+cru,Pą

Fig. 1. Arrangement for the discharging
plocess

:l be discharged crosses thę inlet section of thę nozzle the tim,e that it then takes to pass

":rough thę nozzle does not depend on ór but is a function arnongst other things ofthe
,;ngth of thę nozzlę. Thus, while 6q"" and óqr" are in the limit differentials, thę internai
.nd external heat quantities involved during the passage af 6M througlr thę nozzlę
.:e fi.nite. Let the external and internal heat quantities per unit mass discharged be ąn
,.ld q7n respectively,

If wę consider the process to which mass ,M -6M remaining in the vessel is subjected,
, :eIl for M-6M

Óqn"*Óq7":óu+Póu:Tós, (1)

.,, 1rerę ós is the change in specifi.c entropy and T - the temperature. Thus the speciflc

]

]<_.- t/



J. H. Neilson, R. A. Crawfold

HGE produced in this elementbl process is obtained as

óqn"- óu:Póu- 64*. (2>

If we now consider the process to which the discharged rna§s is subjected then for
óM

Óq""* óq 1,ł Q",ł 7In:uo- u + I PdD,

where 4 is the flnal state after expansion to pre§sure Pu. Thus the specific HGE produced
in this process is

óq""* q",* u - u,: f oo, - {óqrł qr,) .

Pressure-specific volume diagrams for the two processes are shown in Fig. 2. If there
were no frictional effects the sum of the areas under these process lines (multiplied by
their respective masses) would give the total HGE produced. With friction the total HGE
produced may be obtained from equations (2) and (4) as

(M - óM)(óq""- óu)+óM (óq""l q",łu -uo):
, :(M_'6M)(Póu-'óqp)+óM tI pav-@qs"łQp)). (5)

The total HGE produced may also be obtained as the total increase in kinetic energy
plus all the displacement work done on the surroundings.

Cvb
Specific volume

Fig..2. Process lines for *" 
TT;;,,*Jtl;];:rr. 

the discharged mass elenren-

The increase in kinetic energy is

(M _ 6M)k 
+ 6c)z 

+6M 
cl _yI : M,6o _6Y", *u!!,22222

and the displacernent work is .

P,6Y +óMP,o,.

Thus from equations (5), (6) and (7) the total HGE output is

(M -óM)(óq""- óu)+ 6M (óq..+ q",łu-u"):

:Mc6c-óM 
+ -ry-p*6v +6Mpouo,

(3)

(4)

(6)

(7)

(8)
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Neglecting the products of small quantities equation (8) may be rearranged to give

z c]\ / c2 \
óM|u"+par,*t; 

):u*(r* l 
*r",)*Móq""-Móu-(Mc6cłp,óv). (9)

From equation (1), Móu may be written as

i\,Ióu:M6q,,"+ Móqr"- M Póu (10)

or
Móu:MTós_ MPóu. (11)

Now
V':Mu G2)

and
óV:(M-6M)(u+6u)-M, (13)

:. PóV:MPóy-6MPy (14)

6l

Substituting fot MPóu in equations (10) and (11) frorn equation (14) gives

M óu : M óq",ł M óq r" - óM Pu - Póu

or 
Móu:MT6s-óMPI-PóV -

Replacing Móu inequation (9) from equation (15) gives

f Mós_," , Mcóc, (P,- ĄóV1
hoa:llo+q",-l_ 

ó-rvt 
+ óń* óM - J

and replacin g Móu in equation (9) from equation (16) gives

hoo:hołs",-|-r'ł#",*W-#*",'u#'u'7 (18)

Further analysis of equations (I7) and (18) is possible if one now considers onlY the

elemental process to which the system of mass M or (M-6M) is subjected. For mass

M the net HGE output for the elemęntal process is

(15)

(16)

(17)

MPóu- hlóq7":P,6V * Mc6c+óMPu,

whęrę 6MPu is the displacęment work done by the system on the

nozzle inlet section.

From equation (19)

' MPóu - 6MPu a P *óV * Mcóc ł Móq 7"

and from eluatiols (l4) and 

x?,'r:o_u, łMc6cłMóq,",

(19)

surroundings at the

(20)

(2I)

From equation (21) it will be seen that thę expression inside the brackets in equation

tt7) is zęro. The expression inside the brackets in equation (18) can also be shown to

bL
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be zero. The relationships of equations (17) and (i8) have been included as shown be_
cause the form of these ecluations is identical to corresponding relationships for the case
where mass is charged into a vessel across a nozzlę. For the charging case however it
is not Possible to reduce thę terms inside the square brackets to zęro. An analysis of tlre
charging process is given in reference [4].

For the discharging process theręfore equations (l7), (l8) and (21) give

hoo: hoł q o, . {22\
Equation (22) shows that the steady flow energy equation nray be applied_ to this unste-

adY flow Problem Provided the instantaneous values of the appropriate enthalpies etc.,
are used. The relationship may be applied with or without external heat transfer acro§s
the cYlinder and with or without irreversibilities within the cyiinder although these wiłT
affect tlre instantaneous values of enthalpy during the process. The equation may also
of course be applied with or without irreversibilities in thę expansion within thę nozzlę_

Equations (17), (l8), (21) and (22) are alternative expressions for this general case
where mass is discharged, where the piston movęs and where there is external heating
and irreversibilities in the cylindęr and nozzlę. These equations will now be applied to
particular cases.

2.1. Discharge from a cylinder of constant volume

Where there is no movement of the piston the problern is one of d"ischarge from a cy-
linder of constant volume. Herę óV is zero so that equatiorr (21) reduces to

Móqr": -Mcóc. (23}

Wlrerę ÓV is zero there can be no question of the mass in the cylinder moving with a
common bulk velocitY c and local velocities would- only be developed to any degree within
the cYlinder if the cYlinder volume was small conpared wlttr ttre size of the nozzle. For
a large cYlinder and small volume theręfore no kinetic energy will be developed and hence
from equation (23) we see that there can be no question ofirreversibilities in the container
under these circurnstances.

Thus where 6V is zero, c atd óqr" are ęach also zero and equation (9) gives

6M hoo: § 1y1 lł - M 6u + óM q 
", 
ł M óq"".

Equation (2) now becomęs

hoo: h + qnn

and may be written as

Here ÓM(P"u,+c:lz) is the total HGE produced under these circumstances and the term
6M(u-u,-lq.") is equal to

au (r 
" 
r, + *) 

: rr r" - u o + q.,,) + óM pu .

(24}

(25),

(26\

óM (area dabc in Fig, 2. - Qł,) (27}
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and is thus the total HGE wlrich could be expected from óM due to its "own" expansion.
From equation (26) we see that this HGE is less than the total actually produced.

From equation (26) or equation (14) the extra HGE produced is

óMPu:MPóu-M (arca hefg in Fig. 2). (28)

Thus the extra HGE produced is due to the expansion of M which provides the displace-
ment work, sometimes called the flow work, done on mass óM, as ÓM crosses th.e inlet
section of the nozzle,

2.2. Discharge from a cylinder of constant volume for internally reversible flow

Where 47n is also zero the procęs§es in the cylinder and nozzlę are each internally
reversible. The total HGE produced is then given by

total FIGE:M (arca hefg in Fig.2)+óM (area dabc in Fig. 2). (29\

Here the effects ofexternal heating in the container and nozzlę are accounted for automa-
tically by the way in which the heat supplied varies the appropriate specific volumę.

The total kinetic energy produced at nozzlę exit in a finite time interval may be obta-
ined from equation (26) as

(30)

rvhere Pn is the final pressure in the cylinder and h the variable enthalpy in the cylinder-
If external heating in the cylinder and nozz7e are such that the process path is the same

for the discharged mass and for the mass remaining in the cylinder then uo in equation
(30) is a constant. For these circumstances the appropriate pressure volume diagrams,

are shown in Fig. 3 and the total kinętic energy produced is
Total kinetic energy

:(M-M)(area hefg)łMo(area dabc)-Mo(area abij), (31)

where M is the origina| mass in the cylinder, Mo - t};'e mass discharged and Mo(arcaabij)
P"

is thę term t P,o,dM in equation (30) which is the total external displacement work

which the discharged mass does on the surroundings as it exhausts f-rom the nozzle.
Under the same circumstances lęt mass be discharged until the pressure inside the

cylinder is Ę. The pressure-volume diagram for the rnass iemaining inside the cylinder
and for the discharged mass is the same and is shown in Fig. 4. In addition the external
heat per unit mass supplied to the discharged mass and to the mass remaining in the cy-
linder is the same and we shall call this hęat quantity q"nthough it will be noted that part
of q"ois supplied to the discharged mass while the latter is inside the cylinder. Considering
Fig. 4 and applying equation (31) under these circum§tances, the total kinetic enęrgy

63
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64 J. H. Neilson, R. A. Crawford

produced at nozzlę ęxit is

Total kinetic energy : M (dąbc)- M oPoDo

and using the energy equation this gives

Total kinetic energy : M (u -uoł q"n) - M dPoD,,

where u is the initial internal energy ilr the cylinder.u

h

(32)

(33)

Lcvb
Specific v,oLume

Fig. 4. Process line for expansion
to atmospheric pressure in the cy-

linder

(34)

(35)

g f , i
Specific voLume

Fig. 3. Process lines for a finite
1inder

cb
V

Specific voLune

process in the cy-

Now the mass renlaining in the cylinder after expansion to Ę is
MuM-Md:-,
u"

.-.Mo:M(,-;)

Hence from equations (35) and (33) the total kinetic energy may also be expressed as

total kinetic energy:M(u-ua+qen-P"(uo-u)):M (area dak in Fig. 4). (36)

This same result for the total kinetic energy produced may also be obtained using equation
(25) i.e. using the 'oinstantaneous" steady flow energy equation. Here in order to obtain
the kinetic energy one mtlst fi.rst calculate the instąntaneous valuę of ł by expressing D
in terms of the initial conditions knowing the process line.

2.3, Equilibrium expansion of the mass in the cylinder

Consider the same mass M inside the cylinder at pressure P with the surroundings
again at pres§Lrre Ę. Suppose as shown in Fig. 5 that the wall which is fitted with the
nozzle becomes a piston and that thę nozzlę is closed so that no mass is discharged. A res-
training force Fis then needed on the piston rod to prevent the piston from moving down
the cylinder. The mass M may then be allowed to expand down the cylinder by reducing
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the fórce .F below its initial value. If this is done slowly by gradually reducing the force

F by smalt amoults then equilibrium will be maintained in thę cylinder and no kinetic

energy will be developed. In the absence of internal irreversibilities in the expansion the

rvork donę against the restraining force F is given by area dak in Fig. 5. It will be sęęn

that this work quantity is the same as the total kinetic energy developed at nozzle outlet

in the previous section i,e. that given iń equation (36).

VeLocitt1
Pressure

65

c

Fig. 5. The

Vb
Votume

equilibrium expansion process Fig. 6. The free expansion proce§s

6q"": T' 6s + cóc ł (P *- P) óu

or replacing.7ós by 6u*P6ll this gives

2.4. The free non-ąuilibrium expansion of . the mass in the cyliniler

If the piston in Fig. 1 is allowed to move but no nozzle is fitted to the cylinder head

thęn óM is zero and equation (l8) reduces to

6q.":6r+ 
"6c* 

P,óu

energy equation.

6 Q r 
" 
: Póu - (P, óu ł cóc)),

(37)

(38)

which is one form of the

From equation (17)

(39)

where Póu is the total specific HGE which is ever produced in the elemęntal process and

P,óułcóc is the net HGE produced.
It will be seen from equation (39) that if internal friction and velocity effects are negli-

gible then P,:P. Now Ą is due to the ćombined effects of a piston rod force F and ęx-

ternal fluid pfessure such as Ę. For P,:P then expansion is only possible if Fis graduallY

reduced so that the expansion is slow, no kinetic energy is generated and equilibrium is

5 Praee IMP z. 69
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66 J. H. Neilson, R, A. Crawford

maintained. Under these circumstances if expansion proceeds to pressure Ą then as
shown in the last section of the work done at the piston rod is given by equation (36).

Consider now the case where P*:Poso thatthere is no restraining force in the piston
rod. Here before expansion begins a stop must be fitted to prevęnt the piston from moving
down the cYlinder. With the stop in position equilibrium exists inside the cylinder, the
state Properties are all uniform throughout mass 11 and there is no velocity. When the
stoP is removed the piston will move down the cylinder and particles in contact with
the Piston will acquire the speed of the piston, while those at the cylinder hęad will have
zero velocitY. At any given time t aftęt the stop is removed the various state properties
will each have different values throughout the systern. Taking pressure as an example,
then for zero piston mass, the pressure on the piston face inside the cylinder will be Ę
and the Pressure will incręase from the piston face to the cylinder head. As illustrated
in Fig. 6 small laYers of fluid only may be regarded as having uniform properties. While
equations (37), (38) and (39) cannot be applied to the whole of mass M they may be ap-
plied to each of the layers involved.

Let the mass of a given layer be óM then from equation (39)

óM 6 q, ": §1,4 Póu - óM P * óu - M c6c

so that for all the layers cornprising the total mass M

i ururr":
1

where n is the number of layers
SuPPose now that expansion proceeds until the pressure in the cylinder is uniform

at pressure Ą. Then, from equation (41),

óMc6c. (42)

If heating effects are uniform throughout the system then each layer follows the same
process path so that equation (42) may be written as

lnl

Z 6Mpóu_ | autr,au_ |11T

P_onPotlpanpan

l T, óuóql":_J 

' 
6MPóu_ f 2 aur,,ar_ i IPrPl ptPL

Pd Pa
fPnMqt":MIrar_| 7"JJr

PP

P.

I Pdu-MP"(uo- u)_^-l2
P

Mc2óMP*6u__

óMcóc,

(40)

(41)

(43)

Here ÓMP,6u is displacement work done by one layer on another layer during expansion
and thus 

pa

for the complete process. Substituting from equation (44) into equation (43) gives

M4t"=M (45)
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Now if there is no internal friction (and since we are ignoring mechanical friction
between the piston and the cylinder this means fluid friction) causing the degeneration
of kinetic enęrgy into heat, then from equation (45)

67

P"

Y:*, trar-rro(u"-'u).
P

(46)

The pressure-volume diagram and the process path under these circumstances are
shown in Fig. 7 . Each layer passes through this process path though different layers take
different times to do so. From equation (46) we see that the kinetic enefgy generated is

Kiiretic energy:M(aręa dak in Fig. 7). (47)

This quantity of kinetic energy is the same as that produced at thę nozzle exit for the case
rvhęre the cylinder volume is constant and mass is discharged across a nozzlę (see equa_
tion (36)) and is also equal to the work done against the piston rod for the case of equi_
librium expansion of the mass in the cylinder (area dak in Fig. 5).

The fact that the kinetic energy generated for the free expansion is the same as that
produced at no,zzle exist for the case of discharge acfoss a nozzle from a cylinder of con-
stant volume is a result which would be expected. This is so because the removal of the
restraining force in the piston rod in effect means that we open to the system a nozzlę of
area equal to the cylinder area. Since the kinetic energy generated is independent of the
nozzlę size the result with this large nozzlę is the same as that with any other nozzle.

Fig. .7. The process line for the internally reversible
free expansion process 'rbSpecific volume

When the pressure finally reaches Ą uniformly throughout the cylinder, if we then
prevent further motion of the piston by inserting a stop, the kinetic energy which has
been developed must be destroyed, A frictional heat quantity Mqr" equal to Mc2l2 in
equation (46) would then heat mass M al constant volurne. Alternatively we may allow
:he frictional heat to heat mass M at constant pressure Ę by flrst ol all destroying the
łinetic energy by inserting the stop and then removing the stop while the heating takes
place.

We see then that such a process where the piston is allowed to freely expand down
ihe cylinder only becomes internally irreversible jf some or all of the kinetic energy ge-
rerated during expansion is degenerated by viscous forces into heat. With no external
ieating the actual expansion process could be as nearly isentropic as that in a well designed
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nozzlę. In addition if there were some means of removing from the different layers the
kinetic energy generated during expansion then the process would be an efficient one.
Since this is not a practical proposition, the system retains this kinetic energy which must
all be degenęrated to heat when the piston finally comes to rest and it is this fact which
makes the free expansion in effect an irrevęrsible process.

3. Concluding Remarks

The relationships derived above for the unsteady discharge across the nozz|e, for tlre

slow expansion in thę cylinder and for the free expansion in the cylinder have one theme
in common. This is that the process path of a given mass of a system, which is flxed by
the quantities of external heat and internal heat of friction involved, determines the qu-
antity of high grade energy made available in the process, This high grade energy may
appear in a number of forms depending on the actual circumstances in which the expan-
sion takes place. For the slow equilibriurn expansion in the cylinder the HGE appeafs
as work done at the piston rod and as displacement work done on surrounding fluid.
For the expansion in the cylinder or for the casę of discharge across a nozzle the HGE
appears as kinetic energy and as displacement work on surrounding fluid. For the ex-
pansion across a nozz|ę the process path of the mass remaining in the vessel may be
different from that of the mass which is discharged from the vessel but again when
these process paths are known the total quantity of HGE made available from both
masses is determined. For the slow equilibrium expansion in the cylinder the process
would be internally reversible if there was no mechanical friction between the piston and
the cylinder during the process. Similarly for the free expansion in the cylinder the process
would again be internally reversible if during the process none of the kinetic energy de-
ve}oped was dissipated by friction. For the free expansion proces§ it is only the fact that
there is no means of removing the kinetic energy (remaining when the proce§§ ceases)
from the system that makes the process inherently irreversible.
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An Analysis of the Unsteady Discharge Process from a Cylinder

Analiza proce§u przejściowego wypływu z cylindra

s treszczenie

W niniejszej pracy wyprowadzono zależności opisujące ekspansję płynu pod wysokim ciŚnieniem

z cylindr.ao o stałej lub zmiennej objętości, ptzez dyszę do atmosfery o stałym ciŚnięniu. Proces ten znaj-

duje wiele zastosowań w termodynamice stosowanej. Jednym z nich jest na przykład wypływ pary z Pod-
grzewacza pary przez turbinę przy spadku obciążenia turbiny. Jest to szczegÓllie ważne

w dużych turbinach, gdzie energia pary powoduje rozwinięcię przęz maszynę nadmiernej
prędkości obrotowej. Wyprowadzone wytażeńa uwzględniają wymianę ciepła oraz wewnętrzne

efekty nieodwracalne, w cylindrze i w dyszy, Dokonano następnie porównania tego PrzejŚciowego
procesu przepływu z podobnym nie przepływowym procesem w równowadze w cylindrze otaz z rro,
cesem swobodnej nieograniczonej ekspansji w cylindrze. Wykorzystując ideę energii wYsokiego rzędu

pokazano, że wszystkie trzy te procesy można alalizować w ten sam sposób.

Arrałus nepexoAnoro rlpoqecca ncTeIIeHEn lr3 IłIJIIIHĄ)a

PesIoIue

B gacroxqerrł TpyĄe BbIBoAfTc, 3aBIłcI{MocTlł, omłcblBa}oulue 9l(ctra}lctrro xnAKocTIł, Haxo.4f[IetO'

troA BBlcoKIłM AaBJIeHIIeM, tg wJIII-F'Epa IIocTorHHoro IŁ,IIi [epeMęElloro o6relła, qepe3 coIIJIo B aTMoc-

tĘpy nocrornrroro AaBJIeIłtr . 3ror npoqecc MEoroKpaTHo npnłerrxercx B npErnaArroft T€pMoAIIHaMIiK€.

O,Ęł16u tr3 llpfiMepoB IIpfiMeH€HI{, trłoxer 6rrrr I{cTeqeHIłe pa6ouero E.apa IB traponeperpeBaTer qęPe3

Typ6wły npa c6poce ee Earpy3KI{. 3ro .nsł_rercx oco6erłrło naxrroft npo6nervroft B.6ofibmlD( [apoT}'p-

6rgnrx ycTarłoB(ax, rAe olreprtrfi [apa BbI3bIBaeT qpe3Mepno 6orrrmoż pocT cKopocTlr BpaĘeĘns poTopa

ryp6ruu. B sqBeAefiHrx 3aBlłcllN{ocTflx ytIIłTbIMeTc, Tełrroo6lłeu n rrryrpenlrlłe HeoTBpaTIłMbIe s(ltferrrr
B rTEnIłHApe fi B coIIJIe. 3arelł nponoArłTc_fi.cpaBgenfie 9Toro [epexoAlIoro npoqecca Teqegtrjl c lloxoxlłM
EeIIpoToqHbIM paBIłoBecI{bIM npoq€ccoM B IItrJMI{Ape Il c [poqeccoM cnodo1rroź EeorpanlłqeHHofi src-
traHcIilł B IIiłJIIIEApe, flonrayrcr uAeeń saeprruł BblcoKoro troprAKa yKaBr,IBaeTcfi, ltTo Bce 9TIl TpI{ Epo-

Ilecca Moxllo aHaJII{3IlpoBaTb TaKtrM xe cnoco6otrł.
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