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DEVELOPMENT OF A SPRAY DRYER’S MATHEMATICAL MODEL
FOR CONTROL TASKS

The sustainable development paradigm includes the most efficient material and energy resources using in production
processes. One of the ways to achieve this goal is creating the effective automated control systems. At the same time,
such systems effective functioning is impossible without adequate mathematical models for control objects. Thus, the
actual task of this study is to create the control object — a spray dryer -model-, which could be used in the control system.
It was established that one of the main devices in the sodium tripolyphosphate production is a spray dryer in which
the aqueous salts suspension is dried by flue gases. The obtained powdery product which is fed into the calcination
furnace. The work investigated convective drying, where the material is in direct contact with the drying agent —
furnace gas. To drying process control by the drying agent temperature.

The existing works analysis showed that the mathematical model developing process of a spray dryer requires in-
depth research into the physical nature of processes which taking object's operation’s various factors into account.
The object presentation can be carried out with different approaches taking into account various important
production factors, but at the same time it should be as close as possible to the nature of process. The development
of the spray drying process model is carried out for regulation the moisture at the finished product.

The beginning of the research is the structural and parametric diagram creation of a spray dryer taking into account
all input and output values which allow to determine the control disturbance channels. A material balance based on
the moisture and loose matter amount and a gas environment heat balance is compiled. The transfer functions
component calculation is carried out using the Kramer method.

The presented results of the research make it possible to build and analyse the spray dryer mathematical model taking
into account the requirements for the substance moisture content be dried and the control process analysis by the
drying agent temperature changing. The transient characteristics of the spray dryer by the disturbance and control
channels, which are calculated and presented in the research make it possible to compare the control object behaviour
with and without taking heat loss into the environment the assumptions into account.
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Introduction. Among the large number of technological processes, which lead to obtaining particulate materials,
the spray drying is frequently used. The most significant of its advantages are simplicity, ease in operating, the ability
to produce in one step and feasibility [1]. That allow to use this process in a wide variety of industries, for example
predominantly food and pharmaceutical. In another hand, both modelling and automation control of such processes
still are big challenge. Some popular methods, which widely used for control and modelling of industrial processes
could hardly be applied for spray drying. The spray dryer is a complex device, which mathematical modelling should
take into account many different operation factors and internal processes [2]. The research for development the
mathematical model of spray dryer is necessary to take into account the main aspects of the spray drying process, and
the physical principles underlying the of this device operation. The main trend in the spray dryers research and
development is the material and energy costs reduction for the drying process and device quality control. Thus, the
parameters of controlling the heating agent consumption and controlling its temperature to prevent the material
removal and overheating are investigated. [3].

Literature analysis and problem statement. The general aspects of drying processes and modelling of them
are presented at [4]. In industry, the polyphosphates are obtained by neutralizing phosphoric acid with alkali or soda.
First, the phosphoric acid is neutralized with soda to form a solution in which the Na,O to P,Os ratio is 5:3. The
product is dried and dehydrated in rotary ovens at a temperature of 250 — 400 °C. The mixture is dried by combustion
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gases to 300 — 400 °C [4]. Baked particles, the size of which is up to 10 mm, are cooled and crushed. The aqueous
salts suspension is dried in a spray dryer and a powdery product is obtained, which is then move to the calcination
furnace.

The development of the spray dryer’s mathematical model requires in-depth research into the nature of the
physical process, taking into account various factors in the operation of the device. Important aspects analysis of such
modelling is carried out in the [5]. It is shown that the results research on spray towers hydrodynamics detected
dimensional flow patterns of gas and dispersed phase and fluctuations in size of the recirculation zones. There were
made a lot of different attempts for determination agglomeration process mechanism, but none of the particles
agglomeration models were validated. But this work resumed that the progress in flow hydrodynamics and
agglomeration mechanism modelling allow to develop the drying kinetics determination methods, which should be
an important steps towards reliable drying process research.

Similarly, in [6], the development of mathematical model takes into account the simplifications using the modern
methods of experimental research, while the research in [6] is carried out from the point of the introducing drying
product possibility, due to which control is used by changing the temperature of the drying agent. Also, the simulation
takes into account the contact between the device and environment, which is omitted by the authors of [7].

A number of works dedicated to the mathematical modelling of individual salinities of the specified process
should be noted separately. For example, the work [8] is dedicated to the modelling of the process of alumina drying
at spray dryers. The this work established that with temperature and humidity changes in gas chamber dryer, changes
in moisture or gas and increases in air flow, due to droplets moisture evaporation and enter the moisture to gas
observed and gas temperature decreasing. It could also due to required energy supplied for evaporation of droplets
moisture in gas flow. The paper [9] is dedicated to the modelling of computational fluid dynamics of air flow. The
mathematical models, proposed by authors, are complicated enough, but could be successfully used in different spray
dryer geometries. The results of the research showed that velocity had both positive and negative effects on the
deposition rate on the spray dryer walls.

In the paper [10], development of model for a mine dryer is discussed. The author's approach to the created model
consisted in reducing the dynamic values as constant, for the created flexible model, thus the moisture content of the
drying agent is simplified.

The deep analysis the large number of paper about mathematical modelling of spray drying processes are carried
out in [11]. The models introduced in these works are an essential step for the development of mathematical modelling
of spray drying processes. However, their use in automated control systems is complicated due to the specificity of
the methods used by the authors. The mathematical model developed in this research is aimed at solving the researched
process automatic control problems and takes into account:

— Dboundary conditions, which are expressed in the flow parameters at the entrance to and exit from the

apparatus, such as temperature, fuel gas humidity, fuel gas speed of, dried material characteristics;

— physical processes occurring in the dryer, both mass exchange and heat exchange;

— dryer geometry, the drying chamber shape and size, the disperser type and size,

— sprayed material particle size.

The purpose of the article is to develop the mathematical model of a spray dryer taking into account the
requirements for the moisture content of the dried substance and to analyse the control process of the drying agent
temperature change.

Presenting main material. One of the main apparatus in the sodium tripolyphosphate production, is a spray
dryer. It this apparatus an aqueous salts suspension is dried with the help of flue gases at a temperature 320 — 480 °C
and a powdery product is obtained [4] The calculation scheme of the spray dryer is shown at figure 1.

Figure 1 shows the following parameters: G — suspension consumption; wc — suspension relative moisture
content; 7¢; — suspension temperature; c.. — specific suspension heat capacity; G.>— dry matter consumption; wes —
dry matter relative moisture content; 7., — dry matter temperature; G,. — fuel gas consumption; wg | — input fuel gas
relative moisture content; 7,1 — input fuel gas temperature; ¢, — fuel gas heat capacity; w,» — output fuel gas relative
moisture content; 751 — output fuel gas temperature; V' — the volume filled with fuel gas; p; — fuel gas density; V. —
the dryer volume occupied by the suspension (material to be dried); p. —suspension density; Kr — heat transfer
coefficient; S — the heat exchange surface area between the suspension and the combustion gases; » — specific water
vapour formation heat capacity; Kt1 — heat transfer coefficient to the environment; S — the heat exchange surface area
between the combustion gases and the environment; Tgny — environmental temperature.
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Fig. 1 — Calculation scheme of the spray dryer [4]

At the research the convective drying process is studied, where the material is in direct contact with the drying
agent, in our case, combustion gas. In the process, the flue gas transfers its heat to the material and cools as it’s
moisture content increases. To control the drying process, the consumption of the drying agent is controlled, or its
temperature, which is more expensive compared to the first option. In our case, we considered the option in which an
increase in the consumption of fuel gas can cause the introduction of material. Therefore, the process is controlled by
changing the temperature of the drying agent.

Control of the drying process is carried out either by changing the drying agent flow rate or by changing its
temperature. The last option is economically less profitable, but it’s used in the study. After all, a change in the drying
agent flow rate can lead to removal the material. To simplify the model, we accept the following assumptions:

— the relative moisture content of the suspension at the entrance to the dryer, the relative moisture content of
fuel gas at the input, and the temperature of the suspension at the entrance to the dryer are constant w. =
const, wg 1 = const, 7.1 = const;

— the dryer is an apparatus with a linear distribution along the height the following parameters: the dried
substance humidity, the flue gases humidity and temperature and the dried material temperature;

— the moisture drying process takes place from the surface of the material into the gas environment and is
decisive for this process speed;

— neglecting the change in flue gas consumption due to the increase in humidity;

— the heat from the combustion gases went not only to evaporation, but also to the heating the dry substance
from 7. to T¢2, and the wet substance from 7t to Tg..

The development of mathematical models in this study is based on two different additional assumptions. In the

first one, assumed that there is no heat loss to the environment. In the second — that the heat loss to the environment
is proportional to the temperature difference between the combustion gas in the dryer and the external environment

. T+ T,
and is equal to K, S, T—Tm .

The main flows for which the balance equations are compiled are suspension and fuel gas. Material balance
according to the moisture of the bulk substance amount:

K, S( T, +T,, _ I.,+T, =V p i Wea T Weo
r 2 2 e dt 2
Material balance according to the moisture in the fuel gas amount:

Gc.lWL‘.l - GL‘.ZWC.Z -
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K.S(T, +T, T, +T. d(w, +w,,
Gg.wg.l_Gg.ngdl_ ; (g 2 = .12 2 ZVnggE . 2 £

Heat balance for the dried material:
T +T
Gc.zc T +KT_S[ g.1 g2 Tc.1 +Tc_z]: Vc_pc_cc_i(Tc'l +Tc_zj

G.c.T

cl”c el

e 2 2 e\ 2
Heat balance for the fuel gas:

T,,+T,, T +T, d(T,,+T,,
Gg.cg-Tg.l_Gg.cg-T:g.Z_KT.S( . B £ '12 -zjzl/g.pg-cg.z(%

Heat balance for the drying gas taking into account the heat loss to the environment:

T, +T,, T +T T, +T, d(T  +T
G, T, -G,cT _KT.S[ el 82 el C'ZJ_KTLSl[ £ 2 £2 _TEmrJ:I/g_pg_Cg_E[ = g.zj

g8 8l 878782 2 2 )
Thus, to develop a mathematical model for automated control tasks, we accept:
— state parameters: dried substance temperature 7.,; combustion gas at the outlet temperature 7g»; relative
moisture content of fuel gas at the output wy2; relative moisture content of dry matter w.» (controlled value);
— control action: temperature of fuel gas at the entrance Ty 1;
— disturbance: suspension flow rate G..i;
— variables to be linearized: Gc.1, Tc2, Tg.1, Tg2, We2, Weo.
To obtain equations in linearized deviations [12], take:

K, S(T,+T,, T +T. d(w, +w,
G W, =G W, — ; [glz - .12 .zsz"'pc'E( ‘12 .zj

Build similar:

K K K A
AG,, (2w, —2w,,)-Aw,, (2G.,)-AT,, [ T-SJ—ATg2 [ T—Sjmrcz [;Sj _y p, dAwe) (1)
' ' ' ' ' ' r ' r ' r ST dt
Reduce to the canonical form and adopt the following notations:
T - V.p.
2 2GC-2
K
KT Iwa, T'S
g2/ We2 ZVGC'Q
— KTS
To2/Wer ZrGsz
— W('.l _Wc.2
Ge1/Wes GC-2
— KTS

T, /wen
“ ’ 2rG('.2
Substitute these notations in (1) and obtain a linearized equation in deviations in the canonical form:
T d(Aw,_,)
We2 dl
Perform the Laplace transformation:

Twl WP Wes (p)+w.,(p)+ KTA,YZ/W(,2 T,,(p)- Kz oW T.,(p)= KGA e G.(p)- KTgvl/wl , T,, (p)
Sum the similar terms and get the fourth equation in the variables:

(Tlv(,l p + 1) WC.2 (p) + KTgvz/w( 2 Tg.2 (p) - KT( 2/ W, ]—;.2 (p) = KG(_I/W( 2 Gc.l (p) - KY;,_I/W( 2 Tg.l (p) (2)
Consider the second equation:

- KQ,I/W}Q

AT,

+Aw,, + KTg el

AT,, _KT(,Z/WLZA]Z‘.Z = KG(_l/w(,vaG

2w T g el
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T, +T,
GclccTLl GLZC( ]12+K S g.z_];ll—‘r]:.z =I/cpccci 7:l.1+7;l2
2 2 TE T dt 2

Build similar:

K, S K, S K, S d(Aw,,)
Aw,, (2G, )+AT,, ( ; j+ AT, ( ; j— AT, ( ; j =V, p, Tg (3)
Reduce to the canonical form and adopt the following notations:

T = Vgp g
Wg2 2Gg

[{vaz/wuv2 = KTS

s 2rG,

_ K. S

T.a/wgs 2”Gg.

K, S

KTgil/wg}z = 2]"G
g.
Substitute these notations in (3) and obtain a linearized equation in deviations in the canonical form:

d(Aw
T, % +Aw,,
62 t .

-K

Tyo/Wga

AT, +K, , AT,=K, , AT

E‘.Z/ng Tgvl/}vgl gl

Perform the Laplace transformation:
ngvzp'wg,z(p)"’ w, 2(17) KT 2/Wes gz(p)+KT Iwgate 2(17) KT weat g 1(17)
Sum the similar terms and get the fourth equation in the variables:
(T p+1) w,,(p)—K - s T,,(p)+K, g T,(p)= T g T,,(p) 4)

Consider the third equation:
T, +T,
G.e.T. ~G.,e.T,+K S( 2 _Tatl, ] —Vpe L (—7:'~1 ”1'-2]

olfelel 2 2 " dt 2
Build similar:
d(ATz)

AG,, (2c T., —2cT, ) AT, (2GC_2cL,_ +KT_S)+ATg_1 (KT_S)+ATg_2 (KT_S):VK_pC_cC_ 7

cel crcl

6]
Reduce to the canonical form and adopt the following notations:
V.p.c.
=T 2G e+ K S
— KTS
Tgl/Td 2G('.ZC('. + KTS
2c, (TLl -T, )
KGL.I/];',Z =
2G ¢, +K, S
K, S
KT,II/TZ
¢ 2G.,c, +K, S
Substitute these notations in (5) and obtain a linearized equation in deviations in the canonical form:

dAL) A7k

T, dt c2 Tyo /T 5

K

AT,,=Kg v AG, +K, . AT,

g.1

Perform the Laplace transformation:
TTMP T,(p)+T.,(p)— KTE,Z/T‘,,2 Tg.Z (p)= Kc; T, e G.,(p)+ KT N e T,,(p)
Build similar:
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(TTC.ZP + 1) Lo(P)=Ky i T2 (P) =K G (D) + Ky 1 T, (D) (6)
Consider the fourth equation:

G T —-G.cT, ,-K S(Tg.1+7;_z_71_1+];_2J_Vp d[]jg.l“djg.zj
T.

g ¢ g1 g g g2 B B s g-cg-E )
Build similar:
d (AT d
AT, (2G,c, ~K,S)-AT,,(2G,c, + K, S)+AT,, (K, S)=V,p,c, %Jr V, Py M (7

Reduce to the canonical form and adopt the following notations:

T. = Vgp 2. S
" 2G ., +K, S
- kS
Ta/Ten —
2G,c, +K, S
2G,c, -K, S

K, Ty
“re 2G,c, + K. S
Substitute these notations in (7) and obtain a linearized equation in deviations in the canonical form:
d(AT,,) d(AT,,)
Ty dtg +AT§~2 _KTc.z/ngATC-Z :KTgl/QzATg-l _TTg.Z dtg

Perform the Laplace transformation:

TTglzp ) Tg.Z (p)+ Tg.z (p)- KTM/Tg‘2 T.,(p)= KTgJ/Tg2 Tg.l (»)- TTgizp : Tg_l (p)
Build similar:

(7, P+ )P =Ky To(P) =Ky i, =T 2) T (P) ®)
Equation (5) with taking into account heat loss to the environment.

Ty1+Ty, T.1+T, Ty1+ Ty,
Gg.Cg.Tg.l_Gg.Cg.Tg.z_KT.5<g 2 22— Clz Cz)_ T1. 1(%_7}111;)_

d Tg.l + Tglz
= V‘?-pg-CgE( 2 )

Deviations of variables in the static mode are entered in parentheses:
AT, (2G,c, -K,S-K, S,)-AT,,(2G,c, +K, S-K,,S,)+AT,, (K, S)=
d(AT,,) d(AT,,)
dt dt

:Vg-pg-cg~ +I/g~pg~cg~

Build similar:

d(AT,
V. p.c, %+ AT, (2G,c, +K,S—K;, S, )~ AT, (K, S) =

©)
=AT,,(2G,c, -K,S—K,,S,)-V, 4(AT,)
- g.l( ¢ Cq — L0 — By 1)_ g.log_cg_T
Reduce to the canonical form and adopt the following notations:
T — Vg-pg-cg~
P 2G ¢, +K; S—K,, S,
K, S
Kmr =536 - vk s-K.5
g.g. T. T1.>1
2G,c, - K, S
K, T, 2D S =
gl 2G,c, + K, S-K;, S,
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Substitute these notations in (9) and obtain a linearized equation in deviations in the canonical form:

d(AT,,) d(AT,,)
TTgsz d—tg+ ATg.Z - Kz Z/TngA]w('.Z = KT“/TL,ZDATg.l - TTgsz Tg

Perform the Laplace transformation:
TTg,ZDp.T'g.Z(p)+ 2(17) KT 2 /Ty Lz(p) KT /T, zD (P) T 7Dp 1(17)
Sum the similar terms and get the fourth equation in the variables:

(TT Dp+1) T,,(p)—K;, VT, D T,(p)= ( T, /T,, TTg_ZDp)TgJ(p) (10)

We use Kramer's method to find the component transfer functions. Define numeric characteristics without
taking into account heat loss to the environment. The matrix of system with columns we., Wg2, Te.2, Tg2:

T, p+l 0 Ky Ko,

0 TWMP +1 Kz 2/ _KTgvz/Wg.z

A= 0 0 L,p+l =K; o,
0 0 ~K; o, Tp,p+l1

Determinant of the system:

A= o+ )| (1 )(((T )T 1))~ (Ko Ko )

Transposed coefficients column vector by control 7, :

T
Tg-l = |:_KTg.1/Wc.2 KTg.l/wg.Z KGU.I/TLJ (KTg.l/Tg.z _TT zp):|

The algebraic additions matrix by control:

_KTg.u/wz..z 0 —Ki s KTg.z/wz >

KTg,l/ Wy ng.z p+ 1 KTuz/ We2 _KTg.z/ We2

A= Ko, 0 I,p+l =Ky,
(KTHJ/THZ _Trgvzp) 0 _KTA_Z/TM TTH,ZP +1

Determinant of the system by control:
A :_(Krgb,/rg‘2 _Tr& )|: (T p+1)(( T3/ W, KT 2T, ) (Kr s (T P+1))):|

oy (T 1)Ky K ) =Ko K ))]+
{1 1) (1) (K AT 1)~ (K K )

Transposed coefficients column vector by perturbation G, :

T
G, = I:ch,l/wu2 0 KGI_]/TLZ O:I
The algebraic additions matrix by perturbation:
KG< 1/Wea O —K

TealWes KT;,: IWea

Ten

0 TWv.z p + 1 KE.Z/W:.z _KT:.z /Wy 2
“ K, 0 I,p+l K o,
0 0 _KTz.z/T 2 TT.zp+1

Determinant of the system by disturbance:
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|AG(,1 | =K, [(T w, P Y 1) ((KG(.MWK.YZ : (_KT“/T(Z )) - (Kzg.z/m K, ))} +

+(TTMP +1)[(ng.zp+ 1)((KG<».|/W<.2 '(Tﬂ.zp + 1)) _(_KTr,z/W(z Keom, ))]

Define the same characteristics with taking into account heat loss to the environment. The matrix of system
with columns we.2, We2, Te2, Tg2:

dep +1 0 _KTLIZ/WM KTY.z/WL,z

0 Tw 7p+1 KT /W, 5 e T
AD — 82 c2/Weg2 g2/ We2
0 0 TZ.zp +1 _KT,_Z/E._Z
0 0 _KTL.Z/Tg.zD TTngp"'l

Determinant of the system:

|AD|=(T,,_p+ l)|:(ng2p (7 2+ 1)-(T5 0 41)) = (Ko, .KTM,T“D))}

Transposed coefficients column vector by control 7, :

T
Tg-lD = |:_KTg,1/Wcz KTg,l/W KG{,I/Td (KTg.l/Tg.zD - TTg.sz):|

9.2

The algebraic additions matrix by control:

_KTg.l/w(‘.Z O - Tealves Te2/Wer
A T/ Wea ng.z p +1 KIZ.Z/W,;.Z - Ty2/Wga
7,0~ _
«! Ko o, 0 I,p+l -K; 7,
(KTg../Tg.zD ~T; oP ) 0 Ko T+l

Determinant of the system by control:
A _(KTg.l/Tg.zD_]}g-sz) |:_(r“’g-2p+1) ((KTd/“iaz 'Kng/Trz ) _(Kng/“iaz .(T7<=2p+1))):|+
+KT<»z/ngD [(r‘k-zp+l)((KTs1/“i».z 'Kng/Td )_(KTM/W«-Z 'KGM/TLZ ))}+

{11 (T 1) (KTt ) (e Ko )

Transposed coefficients column vector by perturbation G, | :

GC_ID:[KGM/WM 0 KGLI/T;.Z 0:'T

The algebraic additions matrix by perturbation:

T..D|

KGz 1/ Wea O _KTz 2/Wen KTg.z W5
A, 0 L.p+l K .. K.,
| K, 0 I,p+l -K; .,
0 0 _Kﬂ.z/Tg.zD TTgszp-i-l

Determinant of the system by disturbance:

|AGMD| =K .0 |:(ng.2p + 1) ((KG(_I/m '(_Krg,z/z,z )) - (Krg,z/w;_z K, )ﬂ +

(T ) (T2 ) (Ko (B 1))~ (Ko K )

The obtained transfer functions by disturbance channels (Dc) and control channels (Cc) are summarized in
Table 1.
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Transient characteristics of the control object according to the disturbance and control channels are presented in
figures 2 and 3. The characteristics are determined taking into account (red solid line) and without taking into
account (blue dashed line) the assumptions about heat loss to the environment.

Table 1 — Transfer functions

with taking into account heat without taking into account
loss to the environment heat loss to the environment
control Argvlo‘ ATH.I
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Fig. 2 — Transient characteristics of the control object for the control channel Tg1—w..
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Fig. 3 — Transient characteristics of the control object for the disturbance channel Ge.1—w..2
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Conclusions. The presented research results made it possible to develop and analyse a mathematical model of a
spray dryer taking into account the requirements for the moisture content of the dried substance and the analysis of
the control process by changing the drying agent temperature. The spray dryer’s transient characteristics calculated
and presented in the research by the disturbance and control channels made it possible to compare the control object
behaviour both with and without taking into account the assumptions.

Further research prospects. The further research, the resulting mathematical model of the spray dryer would
be used in a control system synthesis with different types of regulators. The control ensures only the entire system
stability without any disturbances, but the adaptive system compensates the disturbances effects. In order to solve the
issue of disturbances compensation and resource consumption optimization, it is necessary to develop the adaptive
system structure for controlling the spray dryer operating mode.
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Cumnikoe O. B., Cknaoannuit /]. M., Coxonos K. I.
PO3POBJIEHHS MATEMATHYHOI MOJEJII PO3IIUJIFOBAJIBHOI CYIIAPKH JIIS 3AJIAY KEPYBAHHSA

IHapaduema cmanozo po3eumky, sika Cmae npogioHoI0 Y CYYACHOMY C8inti, BKIIOUAE Y cebe MAKCUMANLHO ehekmugHe
BUKOPUCMAHHS MAMEPIATbHUX A eHEPLeMUYHUX Pecypci8 Y 6upobHuyux npoyecax. OOnum 3i wiisixie 00CseHeHHs.
Makoi mMemu € CMeOpeHHs eheKMUGHUX ABMOMAMU308AHUX CUCMeM KepyeanHs. Y mou oice uac, epexmushe
DYHKYIOHY8AHHSA MAKUX CUCTHEM HEMOIICTUBE Oe3 A0eKBAMHUX MAMeMAMUYHUX Modenell 06 ckmis kepyeanus. Taxum
YUHOM, AKMYATbHUM 3A60AHHAM OAHO20 OOCHIONCEHHS € CMBOPEHHSA MO0l 00 €KMY — PO3NUTIOBANLHOL CYUAPKLL,
SAKY MOACHA 6YNI0 6 BUKOPUCMOBYBAMU 8 CUCEMI KEPYBAHHSI.

OOHUM 3 OCHOBHUX anapamis y GUPOOHUYMEI MPUnoaigpochamy Hampiio € poO3NUTIOBATbHA CYWAPKA, 8 AKill 600HA
Cycnemsisi coneti oCyuyemvpcs OUMOBUMU 2a3amu. Y pobomi 00CaioNceno KOHGEKMUBHE CYULIHHSA, KOAU Mamepiai
be3nocepeoHbo0 KOHMAKMye 3 CYWUTbHUM a2eHmom — niunum eazom. Kowmponiosamu npoyec cywinna 3a
memnepamypoio cyuunvHoi pevosunu. I1i0 yac po3pobrenns Mamemamuynux Mooeiet NPUHAMO psio NpUnyujeHs,
SIKL 00360/5LI0MbCSL CIPOCMUMU MAMEMAMUYHULL OnUC npoyecy. Y motl dce uac, MamemamuyHa mooeib pobomi
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PO3POOAAEMBCS BUXO0AHU 3 PO3OLIEHUX YMOB8 — OJIs1 GUNAOKY KOAU 8MPAMAMU Mena 8i0 po3numiosaibHoi CYuapKuy y
HABKOIUWHE CEpedosuuie HEXMYEMO ma Oiisk UNAOKY, KOIU MpPama menia y 306HIUHE cepedosuuye nponopyiina
PI3HUYT MeMnepamyp Midc MONKOBUM 2A30M 8 CYUWApYl i 3068HIUHIM cepedo8ULeM.

Hoyamkom Oocniodicennss € CMEOPEeHHsi CMPYKMYPHO-NAPAMEMPUYHOT CXeMU PO3NUNIOBATLHOI  CYWapKu 3
VPAXYBAHHAM YCIX 6XIOHUX | GUXIOHUX BEIUUUH, WO 00360J5€ GUHAYUMY KaHAIU 30ypeHb KepysaHs. CK1adacmucs
mamepianvHutl 6ananc 3a KilbKicmio 60102U I CUNYYUX PEUOBUH | Menosutl 6aianc 2az06020 cepedoguwya. OcKinbku
Memoio po3pobaenux mooenell € ix 6UKOPUCMAHHI ONIs GUPIUEHHS 3a0ad Kepy8anHs, ¥ pooomi 6UKOHAHO NOGHULL WLISAX
nepemegopens mooenell 0lisk 00epHCAHHS NepedamHux QYHKYIl 3a KaAHalaMu KepyeauHsi ma 30VpeHHs, a came
nineapuzayis, nepemeopenns 3a Jlannacom, ooepicanHs KaHOHIuHO20 6udy mowo. Pospaxynox xomnonenmu
nepedamuux Gyukyiu 30iicniocmocs memooom Kpamepa. Ha ¢hinanonomy emani 00cniodiceHuss 00epicano ma
NOPIGHSIHO NepexiOHi XapaKxmepucmuky 3a KAHaIamMu Kepyeanus ma 30ypents Oiisk CUcCmeM Kepyeanisi, siKi 6y0ymb
npayiosamu Ha OCHOSI po3pobaeHux mooderei. O0epicano Homupu nepexioni Xapakmepucmuku: 3d KAHALIoM
KepYBAaHHsL 3 8PAXYBAHHIM NPUNYUEHHS NPO GMPAmy menjd y HAGKOIUWHE cepedosuule | 0e3 8paxyeanis, ma 3d
KAHAAOM 30YPeHHsL 34 MUX CAMUX NPUNYUYEHD.

Haseoeni pesynomamu odocniddcenns daromov 3mo2y noOyoysamu ma RPOAHATI3Y8amu MAamemMamuyHy Mooeisb
PO3NUTIOBANLHOT CYUWLAPKU 3 YPAXYBAHHAM BUMO2 00 601020CMI PEYOSUHU, WO BUCYUYEMBCA, MA AHANIZY NPOYecy
KepYBaHHsl 3MIHOI0 MeMNepamypu cyuuibHo2o azenmy. Ilepexioni xapakxmepucmuxku po3numnosanibHol cyumapru 3a
KaHanamu 30ypeHHs. ma KepySaHHs, SIKI pO3PAXO8AHI Ma NPeoCmasieHi 6 00CIIONCeHHI, Oaomb 3M02y NOPIGHAMU
noBedinKy 00 €kma Kepy8amHs 3 ypaxyeanHsam i 6e3 empam menida 6 HaBKOIUUHE cepedosuiye.

Knwuosi cnosa: enepeoegpexmugnicmv, po3nuIO8aIbHA CYUAPKA, MAMEMAMUYHA MOOeNb, KAHOHIYHUL 8U2i0,
NiHeapu308aHe PiGHAHHS.
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