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Abstract The analysis of indicators of the distillation units for the separation of
mixtures that operate at close values of the residual pressure of the top is considered.
To reduce the cost of conducting vacuumpumps, itwas proposed to replace individual
vacuum pumps with a liquid ring vacuum pump. Using the Unisim software, the
calculated models of the column and the vacuum overhead system were synthesized,
as well as a feasibility study of the proposed solutions.
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Abbreviation
CCC Chemically contaminating condensate
MEA Monoethanolamine
DEA Diethanolamine
TEA Triethanolamine
LRVP Liquid ring vacuum pump
SEP Steam ejector pump
VOS Vacuum overhead system
UMP Universal modeling program
P Pressure mm Hg
T Temperature °C
V System volume, m3
B, C Coefficients depending on the pressure inside the evacuated system
W The amount of sucked air, kg/h
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Indices
* Calculated values
N Initial
K Is finite normal standardized
sl Service liquid

1 Introduction

Currently, when designing complex technological objects, the methods of cyber-
physical modeling are actively applied, which allows you to virtually simulate a real
technological object, reduce the design time and improve the quality of the proposed
design solutions [1]. However, when modeling such objects, the question of the
adequacy of the developed mathematical model and its “connection” with the real
object must be carefully worked out, otherwise, the results will be unreliable.

In addition, during the stages of studying the properties of the object and the
optimal conditions for its operation, it is necessary to determine the range of variation
of the input process variables, which must coincide with the conditions in which the
modeling object will be operated.

This chapter discusses the problem of reconstructing a vacuum system in distilla-
tion columnsof the process for the productionof ethanol-ammonia hydroxyethylation
ammonia using water as a catalyst. Due to the low thermal stability of the compo-
nents to be separated, as well as to the rather stringent requirements for the products
obtained, the rectification process is carried out under vacuum, while the residual
pressure reaches 5 mmHg. It is advisable to carry out the solution to this problem
using computer facilities and specialized software systems designed for modeling
complex chemical-technological systems.

2 Structural Analysis of the Considered Production Facility

To create an adequate cyber-physical model, it is necessary to conduct a structural
analysis of the studied object [2]. At the production facility in question, the separa-
tion of the amine mixture into the target products is carried out in three distillation
columns- K-40, K-56, and K-92, equipped with four-stage Steam Jet pumps, the
working medium of which is medium-pressure water vapor. The structural diagram
of the production facility in question is presented in Fig. 1.

In the pipe space of the SJP intermediate capacitors, “cooled” circulating water
is supplied, and condensate and non-condensed gases are discharged from the
annular space. Thus, during the operation of SJP, the following energy resources are
consumed—water vapor and recycled water. Since the working fluid and the pumped
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Fig. 1 Structural diagrams of the existing a and proposed b blocks. Streams: 1—the bottom product
of column 29; 2—MEA stream; 3—DEA brand B; 4—MEA + water; 5—DEA brand A; 6—TEA;
7—TEA brand A; 8—the remainder; 9—gas flow to the VS from the columns; 10—total flow to
the VS

medium containing ethanol-amines are displaced in the ejector, the condensate
leaving the SJP can be considered as chemically contaminated.

Based on all of the above, it can be concluded that concerning the production
facility under consideration, the SJP is obsolete and non-environmentally friendly,
so replacing itwith amodern energy-efficient and environmentally friendlyVOS is an
urgent task. When assessing the feasibility study of the proposed solution to improve
the existing VOS, it is necessary to take into account the costs of the enterprise for
the production of steam and circulating water, as well as for utilization of the CCC.
Prices for these resources are presented in Table 1 [3].

Based on the experience of carrying out such works [4–6], the most optimal
solution for the reconstruction of existing VOSs is to replace SJPs with a single
VOS, based on the Liquid Ring Vacuum Pump, for all the columns. The proposed
block diagram is shown in Fig. 1b.

To determine the layout of the proposed VOS, it is necessary to calculate the flow
rate and composition of the mixture supplied to the suction of the vacuum pump, that
is, determine the load on the VOS. This load will be determined by the condensation
conditions in the annular space of the “tail capacitors”,which depend on the operating
conditions of the installation. The parameters that determine the effectiveness of the
condensation of the medium are the temperature and pressure in the annulus, which
are not directly measured and not controlled at the facility. Therefore, these tuning

Table 1 Energy prices

Resource name Value Unit

Water vapor 1070 Rub/Gcal

Circulating water 1.5 Rub/m3

Electric power 3 Rub/kW

Cleaning chemically contaminated condensate 11.6 Rub/m3
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parameters of the mathematical model are selected according to the results of the
installation survey [6–9].

3 Design Diagrams of the Basic Elements of the Unit

The design scheme of the distillation unit. After the distillation of water and residual
ammonia in the K−20 apparatus, the dehydrated stream of ethanolamines is supplied
between the second and third sections of the nozzle of the K−40 column and is
divided into mono-ethanolamine (distillate) and B grade diethanolamine (bottoms).
Non-condensing vapors in the reflux condenser enter the tail condenser, which is
cooled by the flow of a refrigerated refrigerant. Those gases that were not condensed
in the tail condenser are pumped out by a four-stage steam ejection vacuum pump,
which creates a vacuum in the distillation column.

As noted above, the distillation unit was simulated in the Unisim universal
modeling program (UMP), in which the design scheme (cyber-physical model) of
the columns was synthesized (Fig. 2).

The main task of computer modeling of this process was to determine the compo-
sition and flow rate of gases entering the VOS. To calculate the column in the
program database, there are various modules of distillation columns, whose inherent
mathematical descriptions differ from each other. Based on the recommendations
of the program, the Distillation column module was used to calculate the column.
For the convergence of the calculation, the following data must be entered into
the module specifications: column pressure, differential pressure, the number of
theoretical plates, condenser, and cube operating modes.

Fig. 2 The design scheme of the block separation of mixtures of amines synthesized in UMP
Unisim
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The pressure in the columnwas set based on production data. Since the capabilities
of the module allow you to enter the parameters of contact devices, and the database
contains the geometric and mass transfer characteristics of various nozzles, the type
of nozzle was set in the module, and the efficiency and pressure drop in the column
were calculated by the program. Tail capacitors were set by Separator and Cooler
modules, in which final temperatures of heat carriers were set. It was this module
that formed the flow going to the VOS.

Next, the bottom residue of the K−40 column enters the K−52 column, which
is designed to produce grade A diethanolamine, which is removed from the unit by
side distillation. Vapors of water, MEA, and DEA from the top of the column are
condensed in a reflux condenser and discharged to a collection tank, from which part
of the condensate is returned to the type of reflux irrigation. Non-condensing vapor
in the reflux condenser enters the “tail” capacitor, which forms the final load on the
VOS. The heat required for the rectification process is supplied to a film evaporator
heated by steam.

The distillation unit was simulated using the same modules as the K−40 column,
except that side sampling, which was set by the sampling plate and mass flow rate,
was added to the specification of module 2. Numerical values were set in such a way
as to ensure compliance with production values.

The K−92 column is designed to produce grade A triethanolamine with improved
performance in appearance from the bottom liquid of the K−56 column. Power
is supplied to a distribution plate located between the layers of the nozzle. Heat
is supplied through a film evaporator, vapors from the column enter the reflux
condenser, condense and drain onto a blank plate. The resulting liquid is partially
returned to the column as reflux, and the distillate is removed from the installation.

A comparison of design parameters with production data is presented in Tables 2
and 3.

The calculation data is in concordance with the technological parameters of the
column, therefore, we can conclude that the models are adequate and the calculation
data is correct as per the studied range.

Table 2 Technological parameters of the column and calculation data for the K−40 column

Stream
name

Composition, mass. fraction. Temperature,
°C

Consumption,
kg/hrWater MEA DEA TEA

Distillate 0.001–0.2 0.98–0.999 0.009–0.07 – 30–40 900–1340

Distillate* 0.001 0.99 0.009 – 35 1247

Feed 0.0004 0.502 0.317 0.1806 60–100 1900–2700

Feed* 0.00037 0.501 0.313 0.181 90 2554

Bottom
residue

0.0001–0.003 0.015–0.037 0.55–0.72 0.39–0.48 141–150 1000–1360

Bottom
residue*

– 0.0158 0.621 0.361 142 1285

* denotes simulation data
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Table 3 Technological parameters of the column and calculation data for the K−56 column

Stream
name

Composition, mass. fraction. Temperature,
°C

Consumption,
kg/hrWater MEA DEA TEA

Distillate 0.001–0.002 0.29–0.79 0.29–0.79 ≤0.0005 70–90 550–750

Distillate* – 0.11 0.89 – 90 323

Reflux 0.001–0.002 0.29–0.79 0.29–0.79 ≤0.0005 60–80 350–650

Reflux* – 0.11 0.89 – 80 367

Side
selection

0.1 0.006–0.01 0.98–0.992 0.001–0.002 140–160 480–660

Side
selection*

– 0.0012 0.985 0.014 147 546

Feed 0.001–v0.002 0.018–0.035 0.50–0.72 0.38-0.47 95–v105 800–1100

Feed* 0.001 0.035 0.72 0.244 105 1100

Bottom
residue

0.001–0.002 0.001–0.002 0.65–0.9 0.90–0.945 195–205 320–440

Bottom
residue*

– – 0.75 0.925 205 320

* denotes simulation data

The design scheme of VOS (Fig. 3). Existing VOSs are four-stage steam-jet
vacuum systems that are installed on each column. Each SJP is designed to pump out
10 kg/h of the mixture (9.5 kg/h of air and 0.5 kg/h of amines) with a residual pres-
sure at the inlet of 1 mmHg. However, according to production data, at the moment,
the residual pressure in the vacuum columns is 8–12 mmHg, which indicates that
the VOS is currently operated in the zone of significant overload. The most probable
reason for this is the mismatch of production conditions with the characteristics of
VOS [10].

Measurement of the residual pressure at the suction in the VOS with a standard
pressure gauge showed that it is −1 kg/cm2 (gauge), which indicates a “scale” of
the device. Therefore, the assembly of the VOS on the characteristics of the existing
SJP can lead to significant errors.

Fig. 3 Proposed VOS scheme



Modeling of Vacuum Overhead System … 161

As noted above, the optimal solution to the problem of reconstructing VOS at
this production facility is to replace existing SJPs with a single vacuum-generating
system based on the Liquid Ring Vacuum Pump. Since the residual pressure at the
inlet of the LRVP is limited by the pressure of saturated vapors of the service fluid, it
is advisable to install a pre-drawn vacuum pump in front of the LRVP, which would
pre-compress the pumped mixture. Mechanical booster pumps are well suited for
this purpose [11].

The pumped-off mixture enters the suction in a mechanical booster pump N-1,
is compressed and fed into a shell-and-tube vacuum condenser K−1, into which
tube “cold” water is supplied. A part of the water vapor condenses, and the rest
of the vapor is sucked into the Liquid Ring Vacuum Pump, where the distillate of
the vacuum column is used as a service fluid, which is recycled through a T-1 heat
exchanger, into which the “chilled” water is also supplied to the pipe space.

For the right choice of Liquid Ring Vacuum pump, the problem arises of recal-
culating the passport characteristics of the machine to new operating conditions [10,
11]. Various methods, for example, in [11–17, 19], describe the recalculation of pass-
port characteristics when pumping out dry air or air saturated with water vapor at a
temperature of 20 °C, while water is used as a service fluid. Since the composition of
the pumped gas contains a large amount of water and amine vapors, and as a service
fluid, it is most appropriate to use a distillate of a vacuum column.

In the Unisim software package, there is no LRVP model; therefore, in [18], a
cyber-physical study of the processes occurring in the LRVP was carried out, the
results of which were integrated into the calculation process scheme.

4 Calculated Study of the Main Units

Since the suction pressure in the VOSwas not precisely determined, and the required
pressure at the top of the vacuum columns should be no more than 5 mmHg, the
required pressure was fixed at the top of the column, and the condensation pressure,
based on production data, was taken to be 3mmHg. An analysis of the characteristics
of steam ejection pumps according to theGIPRONEFTEASHcatalog [17] shows that
the amount of mixture supplied to the suction in each SJP is 11.5 kg/h of the mixture
at a pressure of 3mmHg. Therefore, the flow rate of leakage gases introduced into the
column in a separate stream was determined based on the conditions for achieving
a flow rate of non-condensable gases equal to 11.5 kg/h. The results of a numerical
study are presented in Fig. 4 a–c.

Thus, 0.6 kg/h of atmospheric air enters the K-40 column, 8.7 kg/h of K-56, and
0.8 kg/h to the K-92 column. Since the K-40 and K-92 columns are close in terms
of their hardware and technology design, the flow of leaking gases turned out to
be almost the same. Column K-56 has an additional lateral selection, therefore, the
amount of leaking air is greater.
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Fig. 4 Dependence of the yield of non-condensed gases on the flowing air for K40 a, K-56 b and
K-92 c at various temperatures: 1—at a temperature of 10 °C; 2—at 13 °C; 3—at 16 °C; 4—at 19
°C; 5—at 22 °C; 6—at 25 °C

5 Defining the Arrangement of Reconstructed VOS

Thus, the total load on the VOS will be 9600 m3/hour of the mixture, which will
mainly consist of air and water vapor. Despite the fact that it is supposed to use a
vacuum column distillate as a service liquid for the liquid ring vacuum pump, the
pump will not develop a residual suction pressure below 30 mmHg, therefore, the
booster pump must be selected so that the compression ratio of the mixture is at least
10–12.

As the compression ratio increases, the volumetric capacity of the pumpdecreases.
Since these data are a trade secret of manufacturers, for a preliminary assessment,
you can take a margin of productivity of about 20–30% and assign a compression
ratio of 12 and use these values to determine the required standard sizes of equipment.

The pairing conditions between the upstream booster pump and the LRVP will
be determined by the temperature and condensation pressure of the annulus of the
K-1 vacuum condenser. Therefore, to determine the size of the capacitor and the
condensation conditions of the mixture, a numerical experiment was conducted in
which the condensation temperature was changed. The results are shown in Fig. 5.

From the graph, it follows that theminimum load on theVOSwill be 300m3/hour.
Topumpout such aquantity ofmedium,LRVP65320 is suitable, the characteristics of
which must be recounted under new conditions. On the computational model, LRVP
was modeled per the provisions of [16]. The temperature of the evacuated gas was
fixed in the model, and for each specific point of the capacitor characteristic (curves
1–3), the performance of the liquid ring vacuum pump was determined (curves 1’
– 3’). The points where these curves coincide are the mating points.

Thus, at the accepted condensation temperature in K−1, t = 20 °C and tsl = 18
°C, the characteristics mate at P = 30 mmHg. This means that the pump N-1 must
provide compression of the mixture to P= 30 mmHg, and the compression ratio will
be 10. However, to achieve these conditions, it is necessary to bring the “refrigerated”
refrigerant to the VOS, which increases the capital and operating costs for the process
of evacuating the system.
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Fig. 5 The output of non-condensed gases from the K-1 condenser and the characteristics of the
LRVP depending on pressure: curves 1, 2, 3—the output of non-condensed gases at temperatures
of 20, 24 and 28 °C, respectively; 1’, 2’ and 3’are the characteristics of the LRVP LPH 56320 at tsl
= 18, 21, and 25 °C, respectively

6 Feasibility Study

To achieve optimal technical and economic indicators, the standard size of the equip-
ment was determined at point 2”. Standard sizes of selected equipment are presented
in Table 4.

Total in total for columns K-40, K-56, and K-90: formed: 0.6 m/h of chemically
polluted effluents; 516 kg/h (0.35 Gcal hr) of medium pressure steam is consumed;
circulating water −30 m3/hr.

The economic effect is planned to be obtained by eliminating the use of water
vapor, reducing the consumption of recycled water, and eliminating the formation

Table 4 Parameters of the selected equipment

Equipment brand Parameters

First stage

Double rotor pump Aerzen GMb17.15HV Productivity: 15,685 m3/h; drive power −30 kW;
working pressure at the suction −3 mmHg

Condenser

Condenser 600 KBHG-2-M1/25G-3-2-U-I Diameter of the casing −600 mm; the number of
moves −2; The length of the pipes is 3 m

Second stage

LRVP SIHI LPH 65320 Productivity: on dry air −300 m3/h; according to
working conditions –490 m3/hr. Drive power −
8 kW
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of chemically polluted effluents. The total energy consumption will be 38 kWh of
electricity and 3 m3/hr of recycled water. The formation of CCC is absent.

With the accepted operating time of the installation of 8000 h, the costs for the
existing VOS will be: steam −2 ,953 ,200 rubles/year; recycled water −357,600
rubles/year; electricity is absent; purification of chemically polluted effluents −
55,248 rubles/year. The total cost of the VOS will be 3,366,048 rubles/year.

For the proposed VOS, the costs will be steam—none; recycled water—17,880
rubles/year; electricity—938 ,144 rubles/year; purification of chemically polluted
effluents—none. The total cost of the VOS will be 956,024 rubles/year.

Thus, the economic effect of the introduction will be −2,410,024 rubles/year.
Estimated capital expenditures will amount to 10 500 000 rubles. Then the payback
period of the project will be 4.35 years.

7 Conclusion

The proposed reconstruction of the VOS unit for the separation of ethanolamines
makes it possible to achieve significant savings using inexpensive energy resources,
and the use of computer simulation tools can significantly increase the accuracy
of calculations and select such standard sizes of equipment at which an acceptable
payback period of the project is achieved. This researchwas funded by theMinistry of
Science and Higher Education of the Russian Federation grant number 075-00315-
20-01 «Energy saving processes of liquid mixtures separation for the recovery of
industrial solvents»
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