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IIposedeno amnaniz Qyuxuionyean-
HA euUnapHuxié adCcopoOUilHO-X0J100UNLHUX
ycmanoBox 010Ky emopunmoi xomdencauii
munoeozo 0as Ykpainu azpeeamy cunmesy
amiaxy. Qo0rpynmosana neodxionicmo mini-
Mizauii memnepamypu emopunmoi xomoemn-
cauii 3a paxynox cmeopeHuss agmomamu3o-
8anoi adanmueHoi cucmemu onMUMAILHOZ0
npozpamnozo ynpasiinns. Bcmanosaenipie-
HAHMA 0Nl MUCEbHOI OUIHKU HeusHave-
HOCMI Menji06020 HABAHMAICEHHS BUnap-
HuKa ma Koediuiecumy mennonepedaui.
Pospobaeno anzopummiune 3abe3neue-
HA w000 po3e’azanns 3adau idenmuirxa-
uii ma cmeopenns mamemamuuioi mMooeJi.
Busnauena mexniuna cmpyxmypa agmoma-
muzoeanoi cucmemu 0 ix peanizauii

Kniouosi cnoea: eupoonuymeo amia-
KY, 6MOPUHHA KOHOEHCAUisl, Mamemamuy-
He MO0e0BAHH NPOUECI8 MenaoodMiny,
asmomamu3zoeana cucmema

[m, u |

IIpogeden ananusz Qyuxyuonuposanus
ucnapumeJeii adCOpOUUOHHO-X0TL0OUNLHBLX
YCcmamnosox 010Kka 6mopuuHol KOHOEHCayuu
munoeozo 0as Yxkpaunol azpeeama cunme-
3a ammuaxa. O6ocrnoeana Heodxo0umocmo
MUHUMUIAUUU MmeMnepamypol 6MOPUUHOU
KOHOeHCauuu 3a cuem CO30aHus aémoma-
MUUPOBAHHOU AOANMUBHOU CUCMeMbl ON-
MUMATLHO20 NPOPAMMHO0 YNPAGIEHUL.
Yemanoenenvt ypasnenus 0as uucaen-
HOU OUEHKU HeOnpedeieHHOCMU Menao6ou
Hazpy3ku ucnapumens u xkod3PQuuyuenma
menaonepedawu. Paszpabomano anzopum-
Mureckoe obecnevenue 0 pewenus 3a0au
udenmuuxayuu u cozoanus mamemamu-
yecxoil modeau. Onpedenena mexnuueckas
CMpYyKmypa asmomamuaupoeantou cucme-
Mol 051 UX Peanu3auuu

Knouesvte croea: npouzeodcmeo ammu-
aka, 6Mopu1Has KOHOEHCAUUsL, MameMamu-
yecKoe MoOeUposanue nPoueccos menioo-

6.M8Ha, asmomamu3uposannas cucmema
u] =,

1. Introduction

One of the main products of chemical industry is syn-
thetic ammonia. A continuous increase in the manufacturing
of this product is caused by the need to improve the yield
of crops through the introduction of nitrogen-containing
fertilizers into soil. This necessity, in turn, is associated
with an anticipated growth of the global population of up to
9.6 billion by 2050 [1]. Given this, as well as the large amount
of arable fertile land, ammonia and fertilizers in Ukraine will
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always be a strategic commodity that determines the eco-
nomic security of the state.

Almost all modern units for ammonia synthesis, including
those operating in Ukraine, are complex energy-technological
complexes with capacity of 450 thousand tons per year, with
many branches and interrelations between them [2]. Under
such circumstances, even a slight change in the values of
technological parameters in a separate unit or at a facility
may cause significant economic losses due to the impact of
external disturbances. One of such units of aggregates of series
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AM-1360, operating in Ukraine, is the secondary condensa-
tion unit. In this unit, the circulating gas (CG) is cooled in the
evaporators of the absorption-refrigeration units (ARU), while
the regeneration of cold and separation of condensed ammonia
occurs in the condensation column. Such a unit operates under
conditions of a constant change in the external heat load on
evaporators and is characterized by instability. As a result of
this, a temperature of CG cooling ©,,,; varies in a rather wide
range from — 8 °C to 5 °C [3]. According to available studies,
an increase in this temperature even by 1 °C decreases energy
efficiency of the synthesis aggregate due to an increase in the
consumption of natural gas by the additional steam boiler by
307.3 thousand nm?® per year. This steam boiler enables ob-
taining high pressure water vapor (10.5 MPa), which is used to
drive a centrifugal compressor of nitrogen-hydrogen mixture
(NHM) and CG compression [4]. That is why minimization
of the CG cooling temperature mode in evaporators of ARU
through creation of high-quality automated adaptive system
of optimal control becomes especially relevant for improving
energy efficiency of ammonia production.

2. Literature review and problem statement

Construction of a high-quality automated adaptive sys-
tem for the optimization of the operation mode of a control
object under modern conditions is solved using a systems
approach [5]. From the perspective of this approach, solu-
tion to the problems on minimization (optimization) of the
CG cooling temperature mode and on increasing economic
efficiency of production requires creation of a mathematical
model of the evaporator.

The evaporator operates under conditions of seasonal
and daily changes in external heat load, which causes uncer-
tainty of the basic relation parameter of the mathematical
model — a heat transfer coefficient. That is why numerical
assessment of such an uncertainty requires development of
the automated adaptive system for parametric identification
of heat exchange processes in the evaporator under existing
operating conditions.

The purpose and the place of the mathematical model are
illustrated visually by the generalized structure of the adap-
tive system of optimization of operation mode of the control
object, which is shown in Fig. 1 [6].
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Fig. 1. Generalized structure of adaptive system for
the optimization of operation mode of control object:

s:[x(t)—x""‘(t)] — deviation; Y*(¢) — control influence,

which corresponds to vector X™ (¢); AY*™(t) — correcting
control influence; ¢ — time

As regards the evaporator, a problem on the synthesis of
an algorithm for the minimization of CG cooling tempera-
ture under certain restrictions can be in general shown in
the following way:

¢(x,Y,z) - min (extr) = x”", €))
sz(Y,z), 2)

where ¢ is the objective function; x, zare the vectors of
coordinate in accordance with the state of the object and
disturbances of certain dimensionality; Y is the vector of
control influences; F is the operator of the mathematical
model of an evaporator.

Evaporators are pipe-casing heat exchangers of the im-
mersion type with U-shaped pipes. CG is cooled in the pipe
space due to ammonia, which boils in the inter-pipe space.
A peculiarity of the process of liquid ammonia evaporation
(refrigerant) is connected to the fact that it arrives to the
evaporator with water admixtures. To extract water, the
process of phlegm drainage out of the evaporator is im-
plied [7]. In this case, insufficient phlegm drainage causes
water accumulation in the evaporator. The latter leads to
a decrease in ammonia concentration, an increase in pres-
sure and temperature mode of cooling and, consequently,
a decrease in cold production. Excessive drainage causes
a loss of refrigerant, which decreases cold production and
temperature mode of cooling. Thus, phlegm consumption
M, (t) is one of the main control vectors that determines
the optimal state vector x*. However in periodicals there
is virtually no information as for determining of quantitative
dependence of influence of consumption M ,(¢) on efficien-
cy of the heat exchange process, and therefore, temperature
mode of CG cooling. This absence is caused by a wide use
of ARU with small low cold productiveness. In such units,
phlegm is periodically drained and the impact of this process
on the cost of production is not so significant [8]. For ARU
with high cold productiveness, of more than 3 MW, which
are used in ammonia production, this effect can be quite
significant. Solution of the problem of determining of quan-
titative dependence of the influence of control vector M, (¢)
on optimal vector of state x”* requires construction of the
mathematical model and implementation of identification
heat exchange processes of the evaporator.

Another feature of evaporators, as well as of the second-
ary condensation unit in general, lies in operation condition,
in particular constant changes at the external heat load
inlet as a result of application of primary condensation of air
cooling of the CG flow at the previous stage. In this case,
temperature of CG and ammonia concentration in CG at
the unit’s inlet varies respectively in the ranges of 35+45 °C
and 9+12 % by volume, and therefore at the ARU evaporator
inlets. It was found in the previous research into condensa-
tion columns that an increase in this concentration affects
not only an increase in heat load, but also an increase in
heat transfer coefficient due to formation of additional con-
densation thermal resistance [4]. In this case, uncertainty
of the latter can be numerically evaluated by statistical
methods when there is information about the magnitude of
voluminous ammonia concentration in CG at the evapora-
tor inlets at certain moments of time agj, .

The easiest way to resolve this uncertainty would be the
application of an automatic analyzer. However, application of
this method is prevented by the conditions of measurement,



in particular presence of ammonia in the form of vapor-lig-
uid mixture and too high CG pressure. In this regard, it is
significant that in existing synthesis units, measurement of
ammonia concentration in CG is carried out using periodic
lab tests only once a day. Under such conditions and at
existing daily fluctuations of atmospheric air temperature,
this method causes complete uncertainty of ammonia con-
centration in CG at the inlets of the evaporators. This leads
to impossibility of providing for real-time identification of
heat processes in description of the mathematical model of
the evaporator, and therefore the necessary correction of the
optimal vector of state x”*(¢). Thus, the problem of identifi-
cation of processes of the mathematical model is complicated
by the presence of interconnected uncertainties, the solution
of which requires numerical assessment.

An analysis of the stated above indicates that numerical
estimation of uncertainty can be performed by construct-
ing a mathematical model. For this, it is possible to use the
existing database of lab tests for a certain period of time on
ammonia concentration in CG at the outlet of the primary
condensation unit, and therefore at the evaporator inlet.

The primary condensation unit, which includes air cool-
ing apparatuses and the separator for condensed ammonia
separation make up a stochastic object. A change of ammonia
concentration in CG at its outlet takes place under condi-
tions of constant influence of random disturbing factors
(atmospheric air temperature and humidity). This causes
the random nature of pressure P,. and primary condensa-
tion temperature ©,, which as it is known, determine the
amount of concentration ayy, at the outlet of the unit, and
therefore at the evaporator inlet. In the end, parameter agy
due to this influence has a probabilistic character [9]. Under
such conditions, to solve the problem of numerical evalua-
tion of uncertainty of ammonia concentration in CG, it is
most advisable to use the statistical method of mathematical
modeling, sufficiently tested under practical conditions
[10]. However, in this publication, like in the others [11], the
method of statistical modeling is used for numerical evalua-
tion of uncertainty of only one parameter. In this case, nu-
merical estimation of uncertainty of ammonia concentration
at the evaporator inlet ayy, -~ influences uncertainty of heat
transfer coefficient K. However, information on numerical
evaluation of related uncertainties was not found in liter-
ature and requires development of a separate algorithm of
research in terms of possibility of its application for creation
of an adequate mathematical model.

Thus, the established relationship of uncertainties of
heat transfer coefficient and ammonia concentration in CG
at the inlet and numerical estimation of uncertainties ac-
quires special significance in the overall process of creation
of an automated system for operative obtaining of the math-
ematical model of the evaporator.

3. The aim and objectives of the study

The aim of present research is to create an automated
system for identification of the heat exchange process of
evaporators ARU and operatively obtain its mathematical
model. This will provide for a possibility to develop an auto-
mated adaptive system of minimization of temperature oper-
ation mode of the evaporator, and therefore increase energy
efficiency of the secondary condensation unit in ammonia
production.

To accomplish the set aim, the following problems are to
be solved:

—based on the data of industrial operation, to study
efficiency of heat exchange processes of the evaporator with
determining of its basic indicator — heat transfer coefficient;

— to establish in the process of solution of the problem
of identification of the mathematical model of the evapora-
tor the equation for numerical evaluation of uncertainty of
heat transfer coefficient and condensing thermal resistance
coefficient;

— to establish the equation for numerical evaluation of
uncertainty of ammonia concentration in CG at the outlet of
the primary condensation unit, and therefore at the evapora-
tor inlet, and analyze the possibility of using the equation for
identification of the heat exchange process of the evaporator
at the existing relationship of this concentration and con-
densation thermal resistance;

— to develop algorithmic support for solving the problems
of identification and operative creation of the mathematical
model of the evaporator with determining of the technical
structure of the automated system for implementation.

4. Materials and methods for studying condensation units

The studies were conducted on the sections of primary
and secondary condensation of the industrial synthesis unit
of AM-1360 series by the method of passive experiment [12].
Obtaining of information about parameters of functioning
of these sections was carried out using the microprocessor
information and control complex TDC-3000 (USA) of the
central control point and laboratory analyses.

The composition of circulating gas was determined
through laboratory analyses by the generally known tech-
nique, considered in detail [3]. In this case, due to the fact
that under existing industrial conditions, sampling for labo-
ratory testing was made only once a day, frequency of collec-
tion of all the other data on operation parameters was also
once a day. Numerical evaluation of uncertainties was car-
ried out at two stages. At stage 1, the equation for calculation
of ammonia condensation in CG at the outlet of the primary
condensation unit was established. At stage 2, efficiency of
the heat exchange process with establishment of equations
for calculation of heat transfer coefficient was determined.

4. 1. Technique for numerical evaluation of uncertain-
ty of ammonia concentration in circulating gas

Sampling of up to 100 modes is previously formed
by the database of the information and control complex
TDS-3000. Frequency of getting of concentration Ay, to
the extreme quantum v is determined from the plotted dis-
tribution histogram. Assigning probability P,=0.95 that
during N observations, variable ay, ~will be found at least
one time both in the upper and lower quanta, distribution
parameter A is calculated from somewhat converted Pois-
son formula:

P =(1-e™). 3)

On condition that data collection period 1=24 h ac-
cording to lab tests and frequency v according to the his-
togram, average frequency of getting 8 of variable ay, to
the extreme quantum per unit of time is determined from
equation:



d=v/1. 4)

Complete time T (h) and the required number N of obser-
vations will be derived from the following equations:

T=2%/8; ©)
N=T/. (©6)

Evaluation of quality of obtained information was veri-
fied based on satisfaction of a condition for a measurement
error, which should not go beyond the range of measurement
of technological parameters.

Reproducibility of the process (homogeneity of varianc-
es in the sampling) was verified by the Cochrane criterion,
which is calculated from formula:

G. =M (7

51=Y0!(a), ®)
2 1 < (i i 2
Gf(ﬂ)=7_1’2(“ ‘“)’ )

(10)

where i=1+k is the number of series, into which experimental
data in the sampling were divided; j=1+m is the number of
experimental data in each series; a is the ammonia concen-
tration in CG.

Calculation value G, was compared to table value G, at
the number of freedom degrees &, m and level of significance
of 5%. In case G.<G, the process should be considered re-
producible.

Process stationarity was verified by the Fisher criterion,
which takes the form of the dispersed ratio and is determined
from the following equation:

F.=c; /oy, (1)
c,=S/k, (12)
SR i

o= Z(a a’), (13)
N ) J—

”:%-Zai. (14)

The resulting value of F, was compared to table value F;
at the number of degrees of freedom (k—1) and k-(m—1) and
significance level of 5 %. The process is considered station-
ary if F.<F,.

The hypothesis about normality of empirical distribution
was verified by goodness-of-fit test, according to which this
hypothesis is accepted in case of satisfaction of the following
conditions for random asymmetry A and excess E:

|A]<3\s(A), (15)
|E|<5,/o(E). (16)

Random asymmetry and excess, as well as theoretical
variances of asymmetry G(A) and excess G(E), are calcu-
lated from the following formulas:

R —

A= Giuz:}(au—au), A7)
—

E=— ofl;(‘l —au) -3, (18)
__ 6(N-1)

ol )_(N+1)-(N+3)’ 9

o(E)= 24-N-(N-2)-(N-3) 20)

(N+1)°-(N+3)-(N+5)’

where o, is the root-mean-square deviation of the input
parameter relative to the average one.

Numerical estimation of ammonia concentration in CG
at the outlet of the primary condensation unit was carried
out from for preliminarily established functional depen-
dence:

aI{I]\]]-[;, =f(PP07®PC)' (21)

Determining of quantitative characteristics for this de-
pendence was performed using the methods of correlation
and regression analyses. Verification of the regression equa-
tion was carried out using the Fisher criterion according to
the following variance ratio:

(22)

In this regard, residual variance 0'§ is determined from
equation:

N
21

TN b1

2
)

(a,-a)) (23)

u=1

where b=2 is the number of factors; a_ is the magnitude of
concentration by the resulting regression equation accord-
ing to dependence (21); u is the observation for a certain
mode.

The resulting value was compared to table value F, at
the number of degrees of freedom N—1 and N-b—1 and sig-
nificance level of 5 %. The regression equation makes sense
if F,>Fy,.

4. 2. Determining efficiency of heat transfer process
in evaporators

Efficiency of the heat transfer process was assessed
by heat transfer coefficient Kr (W(m?K)) from the fol-
lowing equations, sufficiently tested under practical con-
ditions:

Ki=®,/ F-A0,,), (24)
D,=M, C(A '(@w(; _®2c<;)+

+Mcs ‘Cc/" '(@1(:(; - 62(:(;)+
+Mc'rA+MV’C‘;\‘(G)w(;_@zcc)r (25)



M =0,771-Vo (all¥ —alo™), (26)

where @, is the cold productivity, W; Fis the heat transfer
surface of the evaporator, m?; A®@yp is the mean loga-
rithmic temperature difference, °C; Mg, Mcs, Mc, My are
the mass consumption of correspondent gas phase of CG,
average of ammonia condensate, condensed ammonia and
vapor phase of ammonia in CG, kg/s; C2, C!, C; are the
average specific thermal capacities according

to gas phase of CG, ammonia condensate and

of ammonia condensation, kJ/kg; ®1cg, Oaca

quency v=0.08. Then for probability Px=0,95 according
to formula (3), parameter A=3.68. According to the ex-
isting information collection period t=24 h, duration T of
collection of experimental data in accordance with equa-
tions (4) and (5) will be 1,115 hrs. According to formula
(6), N=50 modes will be obtained within this time, that
is, 50 days is enough to obtain the sampling, and the array
can be updated monthly.

are the temperatures of CG at the evaporator

Table 1
ammonia vapor, kJ/(kg-K); 7 the average heat Experimental data on the operation modes of primary condensation unit and
evaporator
Mode numbers
1 2 3 4 5% 6* 7

inlet and outlet respectively, °C; Vg is the vol- Parameters

. . 3 VIN vour
umetric CG consumption, nm°/s, ay;, , ayy,

are the concentrations of ammonia vapor in
CG at the inlet and at the outlet respectively,

Consumption
Voce 1073, 639.2 | 638.4 | 643.4 | 631.0 | 623.4 | 640.0 | 634.8
nm?/h

% by volume.
To assess differences between the estimat-

Pressure Pec, | 994 | 990 | 229 | 220 | 227 | 204 | 24

ed and actual indicators of heat exchange effi- MPa
. . E o0 )
ciency, tota]h thermal resistance R; (m*K/W) Temperature 98 36 99 30 | 25 29 99
was determined from the formula: CGat Opc, °C
L T1 1 outlet of ay | 557 | 560 | 556 | 568 | 57.2 | 56.2 | 56.2
Rf=— | —+—|. (27) | primary
K, |o, o, condensa- "
tion unit ay, 18.9 189 | 19.2 | 176 | 188 | 19.5 | 20.0
In this case, the value of thermal efficien- Sg;fgg
cy coefficients from the circulating gas (pipe o by’ acy, | 84 83 | 87 | 88 | 80 | 77 | 84
space) o, and boiling ammonia (inter-pipe volume
space) o, was determined by the generally ay 6.9 69 | 67 | 68 | 69 | 68 | 73
known equations of Krausold and Kupriyanov,
accepted at design. Basic equations for calcu- ay,, | 101 9.9 98 | 100 | 9.1 98 | 81
lation of thermal efficiency coefficients have
the form: atevaporator |6 | 93 | 45 | 18 | 13 | 18 | 18
CG tem- inlet ®;cg °C
— A.TWO8. 4702 erature !
o,=A-W,"-dy", (28) | P at evaporator | - 1] 8| 26| 3 4 6

Op = 272"]2'7 '})1%21’ (29)

A=16,28-(hee /uls)-(Pr/0,73)",  (30)

CG consumption at evapora-
tor inlet Veg-1073, nm3/h

outlet ®ycg °C

319.6 | 316.2 | 321.7 | 315.5 | 311.7 | 320.0 | 317.4

CG Pressure Pcg, MPa 235 | 230 | 23.0 | 22.7 | 23,5 | 238 | 24.8

where W, is the specific velocity of CG per
unit of surface in the pipe space, kg/m?s;
d,, is the internal diameter of pipes, m; ¢, is

Pressure of re-
frigerant boiling| 0.19 0.25 | 0.17 | 0.20 | 0.20 | 0.25 | 0.20
P]p, MPa

the specific thermal flow, W/m? A, is the
thermal conductivity of CG, W/(m-K); p is
the dynamic viscosity of CG, Pa-s; Pr is the

Temperature
of refrigerant -13 -8 -15 | -13 | -8 -2 | -12
bOiliIlg Brp, °C

Prandtl criterion. . Refrigerant
concentration
Inter-pipe |, the inlet e 0.989 | 0.991 | 0.993 | 0.995 | 0.997 | 0.996 | 0.995
5. Results of research into numerical space of kg/kg
evaluation of uncertainties rz\gr)(;t Phlegm con-
connection | sumption Mg, | 0.902 | 1.158 | 0.541 | 0.465 | 0.102 | 0.142 | 0.937
Based on the results of experimental re- |to circuit of t/h

search, sampling by 100 and 15 operation | two ARU
modes was formed in accordance with the
primary condensation unit and the evaporator
of the secondary condensation unit, some of

Consumption
of refrigerant at
the inlet MY,
t/h

15.995 [19.174(16.885(17.507(10.878(10.410(17.313

which are shown in Table 1.

Fig. 2 shows the histogram of ammonia
concentration distribution in CG ay, at
the outlet of the primary condensation unit

for sampling by 100 modes. Analysis of the

Temperature of

liquid refriger-

ant at the inlet
oY, °C

26 28 29 27 20 25 27

distribution histogram indicates that fre- Note: * — only one ARU was in operation



20 .
As it is seen from Table 2, the process on the selected
18 period of time is quite reproducible and stationary, and em-
16 pirical distribution almost obeys the normal law.
z The results of calculations by equations (24)—(30) are
2 14 brought to Table 3, in which the mode numbers correspond
3 12 to numbers in Table 1.
7
(]
= 10 Table 3
E 8 — Indicators of efficiency of heat exchanger process of ARU
E 6 | evaporator by experimental data
Mod: b
4 Indicator ofe number
) 1 2 3 4 5 6 7
0 Cold pro-
S A T 9 o o A T 9 x o ductivity | 4.59 | 5.53 | 5.01 | 524 | 3.38 | 323 | 522
(=)W= N (o) (o) (o) (=) (=) [ [ —
2 22 2 = Do, MW
Ammonia concentration at the outlet of primary Average
condensation unit, % by volume consump-
Fig. 2. Histogram of ammonia concentration distribution in tion of
. . . ammonia | 19.11 | 16.78 | 189 | 18.04 | 16.18 | 17.78 | 13.21
CG at the outlet of the primary condensation unit for conden-
100 modes sate Mcs,
t/h
. . Thermal
Comparative analysis of the ranges of measurements of efficiency
the sampling’s parameters showed that the range of mea- | oefficient| 1310.3| 1581.6 | 1360.5| 14532 1069.3| 1085.3| 1448.8
surement errors prevails. Separate generalized results of ap,
verification of reproducibility, stationarity and normality  |W/(m?K)
of empirical distribution, observed for concentration aﬂ,s, Thermal
are presented in Table 2. In this case, the sampling was di- efficiency
vided into four data series at three averaging in each series coeffi- |3917.3|3889.63932.1|3779.7| 3783.9| 3915.8 | 3929.7
(i=4, j=3). cient ap,
W (m?>K)
Table 2 Total
Generalized indicators of quality of obtained information th‘erma]
resistance | 8.2631(6.2330 | 6.4841|6.4540 | 5.1315 [6.9836 | 5.3671
Indicator Designation | Numeric value R 1074,
— 2,
Mean value of concentration a; 9.85 (m>K)/W
Heat
Maximum sample variance for a o (a) 045 transfer
separate series ! ’ coefficient| 541.6 | 660.4 | 610.1 | 625.7 | 584.2 | 533.2 | 673.8
K
Total of variances s? 1.002 W/(rrb;’Q.K)
calculation G, 0.4491
Co_(;hrgnc As Table 3 shows, heat transfer coefficient under actual
criterion table G, 0.6841 conditions K is on average by nearly 1.8 times lower than
.. _ 2. p .
Reproducibility variance o2 0.25 cocfflclan Kp=1130,4 W/(m?-K) calcu.latcd according from
the equations (28-30), accepted at design and total thermal
Residual variance o; 0.2041 resistance RL at the level of 0.000356 (m*K)/W. Such a
- mismatch, according to existing research [3], can be caused
calculation F 0.8164 .. . .
Fisher criterion by the presence of additional condensation thermal resis-
table F, 8.84 tance.
asymmetry 4] 1.037-10°3
Sample : : N :
excess |E| 2.999 6. Discussion of results of research into numerical
estimation of uncertainties of heat transfer coefficient
Condition for asymmetry 3y0(4) 0.644 and thermal load
theoretical
Varlances excess 5(o(E) 2.064 Obtained calculation indicators in Table 3 indicate that
Variance of parameter relatively o 0577 there is a non-random dependence between general thermal
to mean a : resistance coefficient Rf and average consumption of am-
Residual variance o 0.4358 moniac cpndensate Mcs. Based on results of processing of
these indicators by the method of least squares, the following
calculation F, 1.324 equation was obtained:
Fisher criterion I
tabl ,Z 1.24 ~
e ‘ R =(0,0956- M2 —2,5111- M, +21,081)-10".  (31)



According to equation (31), root-mean-square devia-
tion of calculation values relative to experimental value is
1.5-10~% (m*K)/W, and approximation error does not ex-
ceed 14 %.

Based on the results of processing of experimental data
on ammonia concentration ayy in CG (Table 1) using the
software package Statistica, the equation, which takes the
following form, was acquired

aly, =22,068-0,6272- P, +0,05245-0 ... (32)

Results of the equation (32) verification for adequacy by
the Fisher criterion are brought to Table 2 and indicate that
it describes the process adequately enough, and approxima-
tion error is up to 6 %.

This approach to numerical evaluation of uncertainties
R; and ay, makes it possible using the above method
(algorithm) to make periodic adjustments to total thermal
resistance and thermal load at the evaporator inlet taking
into consideration changes in ammonia concentration in
CG. Under such conditions, it is possible to identify the heat
exchange process on the whole.

The final verification of possibility of application of the
proposed identification algorithm was carried out by solving
the equations of the mathematical model, in which a descrip-
tion of uncertainties is determined by a number of assump-
tions. They include the following: ammonia vapor saturation
in the whole volume of the inter-pipe space, heat of hydraulic
losses is negligible, uniform distribution of ammonia con-
centration in the volume of boiling liquid, the absence of for-
mation of non-boiling area in the volume of inter-pipe space
of the evaporator, average logarithmic CG temperature
distribution. At such uncertainties, mathematical descrip-
tion of the evaporator is formed by the known equations of
heat exchange and of material and energy balance. The basic
equations take the following form:

<I>O=MF~iF+M$UT~i$UT—M§(Nvi)I(N, (33)
M)I(N' gy:MF'&F"'MSUT'E.-gUT’ (34
M)I(N=MF+M$UT, (35)
D=0, Fp '(GZID _GIP)’ (36)
CDPzaP'FP'(GéG_@IvY)’ 37
_ A (@W w E
(DW_FW '(GP _GIP)/RT ’ (38)
@gc e (®1cc _®IP)_(®2CG _G)IP) (39)

" ln[(®1cc -0, )/(Gzcc _G)IP)]7

where M., M 3 M )I(N are the mass consumptions of phlegm,
ammonia vapor at the outlet and liquid refrigerant at the
inlet respectively, kg/s; iz, il”", it are the enthalpies of
phlegm, ammonia vapor at the outlet and liquid refrig-
erant at the inlet respectively, kJ/kg; &, €27, EX are
the weight concentrations of phlegm, ammonia vapor at
the outlet and liquid refrigerant at the inlet respectively,
kg/kg; @, O, O, are the thermal flows through the wall
of the pipes, from the inter-pipe and pipe space respectively,
W, Fj, F,, F, are the average surfaces of the wall, inter-pipe
and pipe space respectively, m? 0%, ©), ©,, 0}, are the
average temperature of CG and of the wall from the side of

the pipe space, boiling refrigerant and of the wall from the
side of the inter-pipe space respectively, °C.

Presented equations (24)—(39) along with the formulas
for calculation of thermo- physical properties of substances
and equilibrium relationships constitute the entire mathe-
matical model of the evaporator. The possibility of applica-
tion of this model to solution of the problem of parametric
identification at the above uncertainties was carried out
by verification of the model for adequacy to the actual heat
exchange process. Table 4 presents separate results of calcu-
lation of objective performance indicators of the evaporator
in accordance with the developed identification algorithm.
According to the conducted studies, it is possible to distin-
guish five basic stages in this algorithm:

— sampling formation by evaluation of the quality of ob-
tained information;

— calculation of values of magnitudes Mo, M¢, Mcs,
ap, ap, A®\Lp, Kg, Rf based on the obtained experimen-
tal data;

— determining of functional dependence Rf = f(Mc)
and numerical estimation of concentration ag‘;3 from equa-
tion (32); l

— calculation of objective performance indicators of the
evaporator (heat transfer coefficient, CG temperature at the
outlet, boiling temperature of the refrigerant, cold produc-
tivity);

— calculation of computation error by the model com-
pared with the experimental data.

Table 4

Calculation indicators of operation modes of ARU
evaporator

Mode numbers*
1 2 3 4 5 6 7

Indicator

Ammonia
concentra-
tion at the

inlet ayy, ,
% by vol.
Cold pro-
ductivity
Do, MW
Heat
transfer
coefficient |576.05[629.04 | 579.74 |603.54 [541.19|544.47 | 681.67
K,

W /(m?K)
Boiling
tempera-
ture of
refrigerant
@IPy DC
CG tem-
perature at
the outlet
Oycq, °C
Total
thermal
resistance
RE 104,
(m*K)/W
Note: * — mode numbers correspond to numbers in Tables 1, 3

9.67 | 10.15| 966 | 984 | 9.14 | 9.54 8.1

464 | 556 | 504 | 528 | 331 | 3.26 | 5.02

—14.35|-10.09| -16.51 [-14.08| —8.06 | —2.87 | -16.67

-4.8 | -1.32| -7.57 | -5.89 | -2.39| 4.03 | —4.38

7125 6.812 | 7.412 | 6.941 | 5.831 | 6.058 | 4.746

The software using the presented identification algo-
rithm and creation of the mathematical model was imple-



mented in MATLAB package, in which the initial approxi-
mation problem at stage 4 was determined on condition that
0,0 £ 0, —4. The magnitude of calculation error was eval-
uated by convergence of thermal balance and accepted at the

level of 0.2 %. The value of approxi-

shown in Fig. 3, must be supplemented by feedback for im-
plementation of the control function after calculations by the
mathematical model through reconfiguring regulators based
free programming controllers.

mation step A®,, with sufficient ac- { 1
f tical calculations was | _ mrRules MATLAB| |
curacy lor prac ! SCADA-system T Rules, | |
selected at the level of 0.11 °C. Com- | HMI | ASI [Knowled-|=—  facts, | Current Mathema-| | !
parison of experimental data, shown | | Query and M| ge base [=—| objects | stath(e)of <—> tlcalfmodel i
in Tables 1, 3 and the data, obtained i R OPC- | Data = Situation | of CO !
from the mathematical model in Table ! S | alient | base [~ | machine_ | . |
) ponse | client | base [=— __“-__~_ OPC-client i
4 shows that calculation error does | i
not exceed approximation error Rf | {} /} i
by equation (31). In this case, the i ________________________________________ IPC |
root- mean-square deviation of cal- | i— P.
culation values ©,.; relative to the | : P.
experimental ones does not exceed | | I_T
0.17 °C This convergence allows us i i &XN
to draw a conclusion about the possi- | OPC- I P
bility of application of the model for | server PLC 10D LS CcO
construction of the adaptive system | | 3
of optimal control for the purpose of i i M
minimizing the temperature mode. : } [ O ]
Information and control complex “f--fF--------------- - O
TDS-3000, existing at ammonia syn- 0 .
thesis aggregates of AM-1360 series, perator Control actions

operating in Ukraine, covers both the
field and the technological produc-
tion control level. It includes tools for
collection, processing and storage of
technological information and tools
of the human-machine interface. In-
formation exchange is performed us-
ing communication devices. However,
it should be noted that TDC-3000 is a control complex of the
“closed” type with installed software. That is why it cannot
be significantly modernized. Solution of the set problem of
construction of the mathematical model in real time scale
and adaptation of the models to a situation with uncertainty
is only possible through the supplementing of the existing
control system with available hardware-software tools of
the “open” type.

Fig. 3 shows the variant of combining TDC-3000 with
the proposed automated system for identification and cre-
ation of the mathematical model of the ARU evaporator.
This approach makes it possible to use TDC-3000 as a
source of operational technological information for filling
the data and knowledge base. It becomes possible by using
OPC (Open Platform Communications) technology, which
enables us to get all required information by using the cli-
ent-server data access method [13]. The function of clients in
the system is performed by the SCADA system and software
environment Matlab. In this approach, the SCADA system
provides for the function of the human-machine interface,
and all the necessary calculations are performed in software
environment Matlab [14]. As a result, control algorithms will
be supplemented with new data regarding the mathematical
model, which will make it possible to provide for solution
of the problem of minimizing the temperature mode of the
ARU evaporator of the secondary condensation unit.

Further studies can be directed to development of the al-
gorithm for minimizing the temperature mode of CG cooling
with determining of the optimal vector of status x* (¢) and
control influence Y*(¢). Considering this, the structure,

Fig. 3. Generalized structure of automated system for identification and creation of
mathematical model of ARU evaporator: HM| — human-machine interface;
ASI and M — automated system of identification and modeling;
CO — control object (evaporator and primary condensation unit);
PLC — programmabile logic controller; IOD — input /output device;

IPC — industrial personal computer

7. Conclusions

1. Based on the results of experimental research, indica-
tors of effectiveness of heat exchange process of the evapora-
tor, such as heat flows, coefficients of thermal efficiency and
heat transfer were determined. It was established that actual
heat transfer coefficient is by almost 1.8 times lower than it
was designed by the project. This is due to underestimation
of the process of ammonia condensation from CG, which
creates additional condensing thermal resistance.

2. The identification of heat exchange process of the
evaporator was performed, by the results of which the equa-
tions for calculation of numerical estimation of uncertainty
of heat transfer coefficient and total thermal resistance were
established. It was shown that these equations unlike gener-
ally accepted ones, take into account condensation thermal
resistance in the heat exchange process. The equation of
material and energy balances takes into consideration a
change in concentrations of refrigerant at the inlet and of
boiling liquid in the inter-pipe space. It creates conditions
for determining of the optimal consumption of phlegm of
the evaporator for minimizing the temperature mode of CG
cooling in the evaporator.

3. Using the method of statistical modeling based on the
data of passive experiment, the equation for determining
of ammonia concentration in CG at the evaporator inlet
was established. This uncertainty is of probabilistic nature,
which is caused by seasonal and daily fluctuations in air
temperature and humidity. Possibility of application of this



equation for identification of heat exchange process at ex-
isting relationship of this concentration and condensation
thermal resistance was proved.

4. Algorithmic support for solving identification prob-
lems and operative obtaining of the mathematical model
of the evaporator was developed. The use of this algorithm
allows us to determine current parameters of an object

taking into consideration uncertainties and to construct an
adequate model of the evaporator in real time scale. It cre-
ates conditions for formation of control actions on the part
of the control system in regard to an object. The technical
structure of the automated system, which is adapted to the
existing information system of the industrial unit of ammo-
nia synthesis, was determined.

References

1. Heidlage M., Pfromm P. Novel Thermochemical Synthesis of Ammonia and Syngas from Natural Gas // Proceeding: 2015 AIChE
Annual Meeting. Salt Lake City, 2015. URL: https://www.aiche.org/conferences/aiche-annual-meeting/2015/proceeding/pa-
per/517b-novel-thermochemical-synthesis-ammonia-and-syngas-natural-gas

2. Malhotra A. KBR PURIFIER™ Technology and Project Execution Options for Ammonia Plants // 25th AFA International Fer-
tilizer Technology Conference & Exhibition Sustainability Driving the Future. KBR, USA, 2012. URL: http://s3.amazonaws.com/
zanran_storage/afa.com.eg/ContentPages/2565221218.pdf

3. Babichenko A. K., Toshynskyi V. I. Zastosuvannia matematychnoho modeliuvannia dlia diahnostyky pokaznykiv efektyvnosti pro-
tsesiv teplo-i masoobminu v absorberakh teplovykorystovuiuchykh kholodylnykh ustanovok ahrehativ syntezu amiaku // Voprosy
himii i himicheskoy tekhnologii. 2009. Issue 6. P. 107—111.

4. System analysis of the secondary condensation unit in the context of improving energy efficiency of ammonia production / Bab-
ichenko A., Velma V., Babichenko J., Kravchenko Y., Krasnikov 1. // Eastern-European Journal of Enterprise Technologies. 2017.
Vol. 2, Tssue 6 (86). P. 18—26. doi: 10.15587/1729-4061.2017.96464

5. Zhang Y., Fidan B., Toannou P. A. Backstepping control of linear time-varying systems with known and unknown parameters //
IEEE Transactions on Automatic Control. 2003. Vol. 48, Tssue 11. P. 1908—1925. doi: 10.1109/tac.2003.819074

6. Lutska N. M., Ladaniuk A. P. Optymalni ta robastni systemy keruvannia tekhnolohichnymy obiektamy. Kyiv: Lira-K, 2016. 288 p.

7. Galimova L. B, Kayl’ V. Ya., Vedeneeva A. I. Otsenka stepeni termodinamicheskogo sovershenstva na osnove analiza raboty deyst-
vuyushchey absorbtsionnoy holodil'noy ustanovki sistemy sinteza ammiaka // Vestnik mezhdunarodnoy akademiyi holoda. 2015.
Issue 4. P. 55-60.

8. C.O.P Derivation and thermodynamic calculation of ammonia-water vapor absorption refrigeration system / Shukla A., Mishra A.,
Shukla D., Chauhan K. // International journal of mechanical engineering and technology. 2015. Vol. 6, Issue 5. P. 72—81.

9. Demirplak M. Uniqueness of equilibrium in the Haber synthesis of ammonia // Journal of Mathematical Chemistry. 2013. Vol. 52,
Issue 3. P. 899-916. doi: 10.1007/s10910-013-0300-2

10. The use of statistical software in food science and technology: Advantages, limitations and misuses / Nunes C. A., Alvaren-
ga V. O, de Souza Sant’Ana A., Santos J. S., Granato D. // Food Research International. 2015. Vol. 75. P. 270-280. doi: 10.1016/
j.foodres.2015.06.011

11.  Orazbayev B. B., Orazbayeva K. N., Utenova B. E. Development of mathematical models and modeling of chemical engineering
systems under uncertainty // Theoretical Foundations of Chemical Engineering. 2014. Vol. 48, Issue 2. P. 138—147. doi: 10.1134/
s0040579514020092

12.  Brandt S. Data Analysis: Statistical and Computational Methods for Scientists and Engineers. New York: Springer, 2014. 523 p.
doi: 10.1007,/978-3-319-03762-2

13.  Sharma K. L. S. Overview of industrial process automation. Amsterdam: Elsevier, 2016. 492 p.

14. Designing intelligent manufacturing systems through Human-Machine Cooperation principles: A human-centered approach / Pa-
caux-Lemoine M.-P,, Trentesaux D., Zambrano Rey G., Millot P. // Computers & Industrial Engineering. 2017. Vol. 111. P. 581-595.
doi: 10.1016/j.¢ie.2017.05.014



