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JOHN H. NEILSON, ROBERT A. CRAWFORD

Glasgow *

An Analysis of the Unsteady Discharge Process from a Cylinder

In this paper relationships are derived for the expansion of a high pressure fluid from a cylinder
of constant or variable volume across a nozzle into a constant pressure atmosphere. This process has
many applications in applied thermodynamics. For example the discharge of steam in feedheater spaces
through the turbine when the turbine load falls. This is particularly important in large power station
turbines where 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 process in a cylinder
and with a process of free unrestrained expansion in a cylinder. Using the concept of high grade energy,
it is shown that all three processes may be analysed in the same manner.

Nomenclature
¢ — velocity, gy — internal or frictional heat per unit mass,
F — force in the piston rod, s — specific entropy,
h — specific enthalpy, T — temperature,
HGE — high grade energy, t — time,
— mass and original mass in cylinder, u — specific internal energy,
¥V -— total volume of the cylinder,
— number of layers, v — specific volume.

— pressure and pressure in the cylinder,

M
M, — mass discharged,

n

72

P, — constant pressure of the fluid surro-

Additional suffixes

unding the system, a — denotes conditions in the mass dischar-
P, — a pressure lying between the initial ged from the nozzle,

pressure in the cylinder and P,, ¢ — denotes cylinder,
P, — total restraining pressure at the piston, n — denotes nozzle,
g. — external heat per unit mass, o — denotes total head conditions.

1. Introduction

One function of this paper is to analyse the unsteady process which takes place when
a high pressure system inside a vessel is allowed to expand and discharge mass across a
nozzle fitted to the vessel. Amongst the practical applications of this problem are the

* University of Strathclyde.
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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 the 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 circumstances in which a system undergoes an expansion are
incidental to the application of thermodynamic principles. ]

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

dq.+dq,=du+Pdy. (a)

Here dg, is the external heat crossing the system boundary, du is the change in internal
energy and Pdv 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)=Pdv—dq, . (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

_dgq.+dq,
e

ds ()
During this non flow process the system in the cylinder passes through a series of state
points so fixing a process path. Suppose now that the same system passes through the
same process path in a steady flow process. This expansion could take place in a static
nozzle or in the rotating nozzles of a reaction turbine. For the flow process it may again
be shown that equations (a) and (c) apply. With regard to equation (b) however a different
interpretation must be given to the terms in the relationship. The equation may now be

written as
Netd (HGE)=Pdv—dq,, (d)

where high grade energy (HGE) is the sum of all forms of work energy produced in the
process together with the change in kinetic energy in the process. For a finite process
from state point 1 to state point 2 in either the static or moving nozzles, the work done
on surrounding fluid is P,v,—P,v, which for the elemental process is d(Pv) and there
will be a change in kinetic energy (cde). For the rotating nozzles there will also be work
done (WD) at the turbine shaft. Thus in general equation (d) may be written as

Netd (HGE)=Pdv—dq;=d(WD)+cdc+d(Pv) (e)
Rearranging equation () as
—0dP=d(WD)+cdc+dg, ' 6))

gives the familiar rladionship kaowm as e “monenium’ copaiion in Wi e Aerm

1
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43 is the work done against friction forces and is at the same time the heat generated
v friction.
We see therefore that the non flow process or its similar steady flow process may both
treated in exactly the same way using equations (a), (c) and either (b) or () and that
is the concept of high grade energy which allows one to treat the processes in a similar
=—anner ignoring the circumstances of the process.
For further discussion of the need for a friction term in the energy equation, of the

==ct of friction in various processes and of the concept of high grade energy the reader
s referred to references [1, 2] and [3].

J
41

2. The general case of the discharging process

Consider the piston-cylinder arrangement shown in Fig. 1 where the cylinder head
s fitted with a nozzle. At a given time 7 a mass M occupies a volume V between the piston
and the cjrlinder head and in this space the instantaneous values of pressure, specific
wolume, internal energy, enthalpy and velocity are P, v, u, h and c¢ respectively. During
time interval 7 mass oM is discharged across the nozzle to a final constant pressure P,
and in the same time the volume V increases by 0V while the piston motion is restrained
ov an external force corresponding to pressure P,, where P, is due to the combined effects
of a force in the piston rod and external fluid pressure. During time J¢ let d¢,. be the ex-
ternal heat crossing the cylinder per unit mass inside the cylinder and let dg,. be the cor-
responding frictional heat due to dissipation of HGE inside the cylinder. Once the mass

Nozzle
C e
P B * 9en
: Pu,v, h,
G =97, —= M, Py
Piston
=
: y : motion J d99¢.
Fig. 1. Arrangement for the discharging T ]
process e V———s]

t0 be discharged crosses the inlet section of the nozzle the time that it then takes to pass
through the nozzle does not depend on J¢ but is a function amongst other things of the
length of the nozzle. Thus, while dg,. and dq,, are in the limit differentials, the internal
and external heat quantities involved during the passage of JdM through the nozzle
are finite. Let the external and internal heat quantities per unit mass discharged be g,
and g, respectively.

If we consider the process to which mass M —JdM remaining in the vessel is subjected,
then for M —oM

0qe.+0q;,=0u+Pév=Tos, (@h)

where ds is the change in specific entropy and 7 — the temperature. Thus the specific
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HGE produced in this elemental process is obtained as
0q,.—0u=Pov—0oq,,. .‘ 2)

If we now consider the process to which the discharged mass is subjected then for
oM

5qec+5qfc+qen+qfn=un_u+ deU, (3)

where a is the final state after expansion to pressure P,. Thus the specific HGE produced
in this process is

0Gee+ Gen+u—u,= | Pdo—(8q,.+q ;). 4

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_éM) (5qec_5u)+5M (5Qec+Qen+u '—ua):
. =(M—0M)(Pov—0dq;.)+0M (deV—(éqfc+qfn)). 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.

A vprrrd

For mass oM
For mass M v

Fa

g v c v b
Specific volume Specific volume

Fig. 2. Process lines for the mass in the cylinder and the discharged mass elemen-
. tal cylinder process

The increase in kinetic energy is

(c+6c)®> SMc2 Mc> SMc* SMc>
M—6M -+ —— =Mcoc— - 6
( ) . . e 8 (6)
and the displacement work is
POV +6MP,v,. @)

Thus from equations (5), (6) and (7) the total HGE output is
(M o 5M) (5Qec T2 5”) +oM (6q»ec +tqentu— ua) =

2 2

¢ oM,
=Mc5c—5M7+ 3 +P.0V+OMP,v,. (3)
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Neglecting the products of small quantities equation (8) may be rearranged to give

2

c . ;
oM (ua+Paua+ -2—>=5M <u +% +qe,,>—I—Méqw—Méu—(Mcéc-FPxéV). 9

From equation (1), Mdu may be written as

Mou=Méq,, + Méq ;.— MP3v -y
or
Méu=MTSés— MPov. (11)
Now
¥ =My (12)
and
8V =(M — M) (v+6v)— Mo (13)
. PSV=MPSv—8MPv (14)

Substituting for MPdv in equations (10) and (11) from equation (14) gives

Mou=M3dq,.+Mdq;.—OMPv— Pov (15)
or
Moéu=MT3és—OMPv—PoV. (16)

Replacing Mdu in equation (9) from equation (15) gives

S M(Sqfc-!_Mcéc (P, Biok 7
b e
wfeidngl 0 B M
and replacing Mdu in equation (9) from equation (16) gives
= ]VIéqec+MT55 Mcéc+(Px—P)5V 18)
=311 o ke ::
d= N w0 o

Further analysis of equations (17) and (18) is possible if one now considers only the
clemental process to which the system of mass M or (M —0M) is subjected. For mass
M the net HGE output for the elemental process is

MPév—Méq;,.=P,6V+Mecdc+oMPv, (19)

where dMPu is the displacement work done by the system on the surroundings at the

nozzle inlet section.
From equation (19)

‘MPSv—SMPy=P_0V +Mcdc+Mdq;. - (20)
and from equations (14) and (20)
: PSV =P, 8V +Mcdc+Méq,.. 1)

From equation (21) it will be seen that the expression inside the brackets in equation
(17) is zero. The expression inside the brackets in equation (18) can also be shown to
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be zero. The relationships of equations (17) and (18) have been included as shown be-
cause the form of these equations is identical to corresponding relationships for the case
where mass is charged into a vessel across a nozzle. For the charging case however it
is not possible to reduce the terms inside the square brackets to zero. An analysis of the
charging process is given in reference [4].

For the discharging process therefore equations (17), (18) and (21) give

ilOa = }20 + qen i (22)v

Equation (22) shows that the steady flow energy equation may 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 across
the cylinder and with or without irreversibilities within the cylinder although these will
affect the instantaneous values of enthalpy during the process. The equation may also
of course be applied with or without irreversibilities in the expansion within the nozzle.

Equations (17), (18), (21) and (22) are alternative expressions for this general case
where mass is discharged, where the piston moves and where there is external heating
and irreversibilities in the cylinder and nozzle. 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 problem is one of discharge from a cy-
linder of constant volume. Here &V is zero so that equation (21) reduces to

Még,.= —Mcébc. (23)

Where JV is zero there can be no question of the mass in the cylinder moving with a
common bulk velocity ¢ and local velocities would only be developed to any degree within
the cylinder if the cylinder volume was small compared with the size of the nozzle. For
a large cylinder and small volume therefore no kinetic energy will be developed and hence
from equation (23) we see that there can be no question of irreversibilities in the container
under these circumstances.

Thus where 0V is zero, ¢ and dqy. are each also zero and equation (9) gives

OMh,,=0Mu—Mbu+5Mgq,,+ Mdq,, . (24)
Equation (2) now becomes :
. hOa = h + qe” (25)
and may be written as
2
M (Pa o %")=<5M(u —u,+q,)+5MPy. (26)

Here oM (Pav,,+c:/2) is the total HGE produced under these circumstances and the term
OM(u—u,+q.,) is equal to

OM (area dabc in Fig. 2. — dsn) @7
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and is thus the total HGE which could be expected from oM 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

OMPv=MPév=M (area 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 0M, as M crosses the inlet
section of the nozzle.

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

Where ¢, is also zero the processes in the cylinder and nozzle are each internally
reversible. The total HGE produced is then given by

total HGE=M (area hefg in Fig. 2)+0M (area dabc in Fig. 2). (29)

Here the effects of external heating in the container and nozzle are accounted for automa-
tically by the way in which the heat supplied varies the appropriate specific volume.

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

P

P P
2
J = aus J(h—ua—i—qen)dM— _fpauadM, (30)
P P

2

where P, is the final pressure in the cylinder and 4 the variable enthalpy in the cylinder.
If external heating in the cylinder and nozzle are such that the process path is the same
for the discharged mass and for the mass remaining in the cylinder then v, in equation
(30) is a constant. For these circumstances the appropriate pressure volume diagrams
are shown in Fig. 3 and the total kinetic energy produced is

Total kinetic energy

" =(M—M,)(area hefg)+ M,(area dabc)— M,(area abij), 31)

where M is the original mass in the cylinder, M, — the mass discharged and M, (area abij)
P,

is the term | P,v,dM in equation (30) which is the total external displacement work
. ,

which the discharged mass does on the surroundings as it exhausts from the nozzle.
Under the same circumstances let mass be discharged until the pressure inside the
cylinder is P,. The pressure-volume diagram for the mass remaining 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 heat quantity ¢,, though it will be noted that part
of ¢, is supplied to the discharged mass while the latter is inside the cylinder. Considering
Fig. 4 and applying equation (31) under these circumstances, the total kinetic energy
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produced at nozzle exit is
Total kinetic energy =M (dabc)—M,P,v, (32)
and using the energy equation this gives
Total kinetic energy =M (u—u,+q,,)—M,P,v,, (33)

where u is the initial internal energy in the cylinder.

h
- d
: For Md
e P . e p
p P
For M-Md J e e e a j
S e e LB il
Specific volume Specific volume Specific volume
Fig. 3. Process lines for a finite process in the cy- Fig. 4. Process line for expansion
linder to atmospheric pressure in the cy-

linder

Now the mass remaining in the cylinder after expansion to P, is

My
M_lwd:— 5 (34)

a

v
L MM (1 —~> . (35)

Uq

Hence from equations (35) and (33) the total kinetic energy may also be expressed as
total kinetic energy=M (u—u,+q,,—P,(v,—v))=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 *“instantaneous” steady flow energy equation. Here in order to obtain
the kinetic energy one must first calculate the instantaneous value of 4 by expressing
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 pressure P,. Suppose as shown in Fig. 5 that the wall which is fitted with the
nozzle becomes a piston and that the nozzle is closed so that no mass is discharged. A res-
training force F is 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 force F below its initial value. If this is done slowly by gradually reducing the force
F by small amounts then equilibrium will be maintained in the cylinder and no kinetic
energy will be developed. In the absence of internal irreversibilities in the expansion the
work done against the restraining force F is given by area dak in Fig. 5. It will be seen
that this work quantity is the same as the total kinetic energy developed at nozzle outlet
in the previous section i.e. that given in equation (36).

Py S
Layer
|
peraEey
Pg P
Piston
P motion J
‘ Velocity ———+ P
Pressure
Pa
s v b
Volume +—— [Djstance
Fig. 5. The equilibrium expansion process Fig. 6. The free expansion process

2.4. The free non-equilibrium expansion of the mass in tl_le cylinder

If the piston in Fig. 1 is allowed to move but no nozzle is fitted to the cylinder head
then M is zero and equation (18) reduces to
0q,.=T0s+coc+(P,—P)ov 37
or replacing 79s by' ou+ Pdv this gives
0q,.=0u-+coc+P, v (38)

which is one form of the energy equation.
From equation (17)

0q;.=Pov—(P,6v+cdc), (39)

where Pov is the total specific HGE which is ever produced in the elemental process and
P.dv+cdc 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 P, is due to the combined effects of a piston rod force F and ex-
ternal fluid pressure such as P,. For P, =P then expansion is only possible if F'is gradually
reduced so that the expansion is slow, no kinetic energy is generated and equilibrium is

5 Prace IMP z. 69
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maintained. Under these circumstances if expansion proceeds to pressure P, 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,= P, so that there is no restraining force in the piston
rod. Here before expansion begins a stop must be fitted to prevent 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 M 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 head will have
zero velocity. At any given time 7 after the stop is removed the various state properties
will each have different values throughout the system. Taking pressure as an example,
then for zero piston mass, the pressure on the piston face inside the cylinder will be P,
and the pressure will increase 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 M then from equation (39)

Mg ;,=S6MPSy—SMP, Sv— Mcdc (40)

so that for all the layers comprising the total mass M

Z 0Méq ;.= Z SMPSy— Z OMP, 5v— Z dMcéce, 4D

where # is the number of layers. :
Suppose now that expansion proceeds until the pressure in the cylinder is uniform
at pressure P,. Then, from equation (41),

P, n Bs=n Pyin

j Z 5M5qfc—§ Z 5MP51)—§ Z SMP. 5v—§ Z oMedc. . . (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

2

i M
quc=prdo~f 5 5Mpxau-—Tc. 43)
il

Here dMP, dv is displacement work done by one layer on another layer during expansion
and thus

P,

J OMP, Sv=6MP,(v,—v) (44)

P 3 ;
for the complete process. Substituting from equation (44) into equation (43) gives

M 2
Mg,,=M Pdu—MPa(u,,A—v)—-Tc. .(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 energy into heat, then from equation (45)

P,
2
MTC=MJPdu—MPa(va—v). Y e
P

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 energy generated is

Kinetic energy= M (area dak in Fig. 7). “7

This quantity of kinetic energy is the same as that produced at the nozzle exit for the case
where the cylinder volume is constant and mass is discharged across a nozzle (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 nozzle exist for the case of discharge across 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 nozzle of
area equal to the cylinder area. Since the kinetic energy generated is independent of the
nozzle size the result with this large nozzle is the same as that with any other nozzle.

Fig. 7. The process line for the internally reversible c 0 b
free expansion process Specific volume

When the pressure finally reaches P, 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 My, equal to Mc?/2 in
equation (46) would then heat mass M at constant volume. Alternatively we may allow
the frictional heat to heat mass M at constant pressure P, by first of all destroying the
kinetic 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
the cylinder only becomes internally irreversible if some or all of the kinetic energy ge-
nerated during expansion is degenerated by viscous forces into heat. With no external
heating the actual expansion process could be as nearly isentropic as that in a well designed
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nozzle. 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 degenerated to heat when the piston finally comes to rest and it is this fact which
makes the free expansion in effect an irreversible process.

3. Concluding Remarks

The relationships derived above for the unsteady discharge across the nozzle, for the
slow expansion in the 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 fixed 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 equilibrium expansion in the cylinder the HGE appears
as work done at the piston rod and as displacement work done on surrounding fluid.
For the expansion in the cylinder or for the case of discharge across a nozzle the HGE
appears as kinetic energy and as displacement work on surrounding fluid. For the ex-
pansion across a nozzle 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-
veloped was dissipated by friction. For the free expansion process it is only the fact that
there is no means of removing the kinetic energy (remaining when the process ceases)
from the system that makes the process inherently irreversible.

Acknowledgements. The impetus to produce this paper was in part due to an ana-
lysis of charging and discharging processes by J. H. Horlock and W. A. Woods in a
paper which is listed here as reference [5]. This paper also contains an extensive collection
of references on this and allied subjects.
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Analiza procesu przejSciowego wyplywu z cylindra
Streszczenie

W niniejszej pracy wyprowadzono zalezno$ci opisujace ekspansje ptynu pod wysokim ciSnieniem
z cylindra, o stalej lub zmiennej objetosci, przez dysze do atmosfery o statym cisnieniu. Proces ten znaj-
duje wiele zastosowan w termodynamice stosowanej. Jednym z nich jest na przykiad wyplyw pary z pod-
grzewacza pary przez turbing przy spadku obciazenia turbiny. Jest to szczegllnie wazne
w duzych turbinach, gdzie energia pary powoduje rozwinigcie przez maszyne nadmiernej
predkosci obrotowej. Wyprowadzone wyrazenia uwzgledniaja wymiane ciepta oraz wewngtrzne
efekty nieodwracalne, w cylindrze i w dyszy. Dokonano nastepnie poréwnania tego przejsciowego
procesu przeplywu z podobnym nie przeptywowym procesem w rownowadze w cylindrze oraz z pro-
cesem swobodnej nieograniczonej ekspansji w cylindrze. Wykorzystujac ideg energii wysokiego rzedu
pokazano, ze wszystkie trzy te procesy mozna analizowa¢ w ten sam sposob.

Anam3 NepexoHOro Npomecca HCTeYeHnsl M3 HWIHHIApPA

Pe3rome

B HACTOSIIEM TPYIE BHIBOAATCH 3ABUCAMOCTH, OIUCHIBAIOLIAE DKCIAHCHIO KHIKOCTH, HAXOMALICHCS
TIOZ BBHICOKMM NABJICHUEM, K3 IUIMHAPA MOCTOSHHOTO MM IEPEMEHHOT0 00heMa, Yepe3 COIIo B aTMocC-
thepy MOCTOSHHOTO AABICHHS. DTOT MPOLECC MHOTOKPATHO IPUMEHAETCS B IPUKIIANHON TePMOIHHAMUKE.
OxHEM H3 IPUMEPOB NPHMEHEHUSI MOXET ObITh HCTEYCHHE pabouero mapa U3 mapomeperpeBaresis 1epes
TypbuHy TpHE c6poce €€ HATpy3Ku. DTO SBISETCS OCOOSHHO BaxkHOM MpobreMoif B GONBMMX HAPOTYp-
GUHHBIX YCTAHOBKAX, IJI€ 3HEPIHs AP BRI3HIBAET YPE3MEPHO OOJIBIIOM POCT CKOPOCTH BPALICHUS POTOPA
TypGuHBL. B BHIBEICHHBIX 3aBUCAMOCTSX YYHTHIBACTCS TEMIO0OMEH M BHYTPEHHHE HEOTBPATHMBIC 9D QEKTE
B IMIMHAPE U B COIUIe. 3aTeM IPOBOIHUTCS CPABHEHHE 3TOTO MEPEXOMHOTO NPOLECCa TEYCHUs C MOXOXKUM
HEIIPOTOYHBIM PABHOBECHBIM IIPOLECCOM B LMIMHAPE H C IPOHECCOM CBOOOAHON HEOTrpaHWYCHHOW JKC-
mancuy B mumHApe. T1oab3yscs Hieel 3HEPraM BBICOKOTO HMOPSIKA YKa3hIBACICsH, YTO BCE 9TH TPHU IPO-
1Iecca MOXKHO aHAJIW3UPOBATH TAKUM K€ CITOCOOOM.



