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UDC 66.048.37: 661.715.3 This paper is devoted to the issues of designing and experimental research of a pilot-

industrial rectification plant intended for the complex separation of propane-butane
DESIGN mixtures obtained during the preparation of natural gas and its liquefaction. The
OF A RECTIFICATION topic is considered relevant due to the urgent need to use environmentally friendly
PLANT natural refrigerants, such as propane (R290) and isobutane (R600a), which are

becoming increasingly popular in refrigeration technology. The authors emphasize
FOR THE COMPLEX the importance of deep processing of hydrocarbon raw materials. Thus, multi-stage
SEPARATION processing allows to significantly increase the added value of the final product -

OF PROPANE-BUTANE | ?"opane and high-purity butane. A theoretical justification for the choice of the

technological scheme is provided in the paper. During preliminary calculations, it

MIXTURES was established that due to the significant difference in the thermophysical proper-

ties of binary systems (propane-isobutane and propane-propylene), the use of one
Turii M. Symonenko rectification column is ineffective. The designed plant includes two columns with
iu.symonenko@gmail.com different geometric parameters, filled with an irregular mesh packing, which en-
ORCID: 0000-0002-7827-0591 sures effective heat and mass transfer. Particular attention is paid to an innovative

approach to the heat and cold supply system organizing. The developed system inte-
Bohdan H. Hrudka grates two vapor-compression refrigeration units directly into the technological
bogdangennadievich@gmail.com cycle of the columns. The evaporators of the refrigeration machines, built into the
ORCID: 0000-0003-1200-5442 column condensers, allow to create a flow of reflux necessary for rectification, and
Eduard V. Matvieiev the condensers of the machines supply heat to the column cubes. This approach

allows to maintain stable pressure in the devices and flexibly regulate temperature
levels. Experimental plant testing during the processing of "dirty" propane con-
firmed the design expectations: 99.9% purity of the target product was achieved.
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(Odesa National University The technical possibility of further propane purifying to 99.96% by means of re-
of Technology, peated distillation in the second column was shown. The plant has high flexibility,
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65039, Ukraine tane, isobutane and propylene as independent commercial products by changing the

operating temperature modes. The obtained results demonstrate the high efficiency
of the proposed technical solutions for production facilities.
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Introduction

The modern development of global refrigeration and air conditioning technology is at the stage of
global transformation, driven by the strict requirements of international environmental agreements. Thus, ac-
cording to the provisions of such documents as the Montreal Protocol, the Kigali Amendment and European
regulations on fluorinated greenhouse gases (F-gases) [1], it is necessary to almost completely phase out not
only ozone-depleting substances, but also hydrofluorocarbons (HFCs), which have a high global warming po-
tential (GWP). In these conditions, a return to natural refrigerants is of particular relevance, among which pro-
pane (R290) and isobutane (R600a) occupy leading positions. They have zero ozone depletion potential
(ODP=0) and negligible global warming potential (GWP<3), and also demonstrate excellent thermodynamic
and thermophysical properties [2], which often exceed the indicators of synthetic analogues. The source for the
industrial production of such refrigerants is a wide fraction of light hydrocarbons, in particular the C,, fraction
[3], which is released during the preparation of natural gas (NG) for main transportation or immediately before
its liquefaction (LNG production). The composition of the initial propane-butane mixtures, in addition to the
main components, usually includes a wide range of other associated hydrocarbons: ethane (R170), ethylene
(R1150), propylene (R1270) and normal butane (R600) [4]. Each of these compounds is a high-value raw mate-
rial for the petrochemical industry or a promising component for low-temperature working fluids. The current
state of development of the gas processing industry requires a transition from simple combustion or the use of
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propane-butane mixtures as low-quality fuel (LPG) [5]. Economic analysis of deep processing of hydrocarbons
clearly indicates that sequential multi-stage separation allows to dramatically increase the added value of the
final product. Passing 4-5 stages of separation and purification of raw materials increases the market value of
the obtained high-purity components by 810 times compared to the initial gas [6].

For clarity, let’s consider the classic technological chain: natural gas — ethane — ethylene — polyeth-
ylene — finished plastic products. The market value of pure olefins (ethylene and propylene) is approximately
three times higher than the cost of a mixture of propane and butane. Processing them into polymers (polyethyl-
ene, polypropylene) increases the cost by 7-8 times, and the output of finished products — by 12 times. Obtaining
high-purity propane fractions and isobutane-propane separated products (over 99.5-99.9%) opens direct access
to the high-tech refrigerant market. However, the main scientific and technical problem on the way to obtaining
individual hydrocarbons of propane purity is the complexity of their separation. Since propane-butane fractions
are multicomponent non-azeotropic mixtures with close boiling points of individual components (for example,
propane and propylene), their clear separation by classical methods of single distillation is impossible. It is nec-
essary to use rectification mass transfer devices. Traditional high-power rectification plants used in oil refineries
have huge dimensions, significant metal content and colossal energy consumption. However, for small-tonnage
production, local gas distribution stations or experimental and industrial facilities, flexible, compact and highly
efficient units are required. The use of packed columns (in particular, with irregular mesh packings) allows to
significantly intensify heat and mass transfer processes and reduce the dimensions of the equipment [7].

A separate critical challenge in the design of such small-sized units is the organization of thermody-
namically efficient heat supply and removal. Rectification requires constant heating of the column cube to
evaporate the mixture and simultaneous cooling of the dephlegmator (condenser) to create a reverse flow of
liquid (reflux). The creation of autonomous and energy-efficient heat and cold supply systems that integrate
refrigeration cycles directly into the rectification process circuit is an advanced research direction that allows
to utilize condensation heat and minimize external energy costs.

The paper is devoted to solving the specified scientific and technical tasks, namely the design, opti-
mization and experimental study of a pilot-industrial rectification plant for the complex separation of the
propane-butane fraction of natural gas into components. The main goal is to develop a highly efficient tech-
nological scheme based on two packed columns and an integrated vapor-compression refrigeration machine
capable of providing stable production of promising environmentally safe working fluids for refrigeration
equipment with a high degree of purity.

Design of a rectification plant

Preliminary calculations of packed col- | p.#Pa— TTTITTTTIT] P MPa
umns [6] showed that for the separation of the
propane-butane fraction with the removal of pro-
pane, due to the large difference in the thermo-
physical properties of the binary propane-
isobutane and  propane-propylene  mixtures
(Fig. 1), it is impossible to use a single column. At
least two columns with different diameter-height
ratios for the separation zone are required.

Table 1 shows the main geometric charac-
teristics of the packed columns adopted for manu- 13 L 01 3
facture. Both columns are filled with a mesh sad- A 1_1 [ g
dle-shaped packing 10x10x0.2 mm. The overall ' -
dimensions of the columns were limited by the ¥
funds allocated for their manufacture. ,
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Fig. 1. Equilibrium isobars of the propane-isobutane (a) [8] and
propylene-propane (b) systems [9]
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of the fraction in micro concentrations.
The gaseous fraction (propane purified
from butanes) enters the second column
for the separation of propylene, ethylene,
ethane and lighter components of the
propane-butane mixture.

To ensure the operation of the
column, heat is constantly supplied to the
cube, and an equivalent amount of heat is
removed from the upper part (column
condenser), for example, using an exter-
nal refrigerant. Between the condenser
and the cube, there is a working part of
the packed column, where heat and mass
exchange takes place, filled with an ir-
regular packing. The diameter and height
of the working part are calculated values,
determined by the type of separated mix-
ture, balance equations and the type of
mass exchange surface.

In the column condenser, a lig-
uid that flows down the packing is
formed. The gas fraction contains prac-
tically no high-boiling impurities. The
liquid entering the cube contains almost
no propane. It evaporates when heat is
applied. Similar processes occur in the
second column.

Heat Oy and Qyx, removal from
the column dephlegmators is carried out
at temperatures 5—7 degrees lower than
the condensation temperature of the main
low-boiling component at operating pres-
sure (Fig. 3).

At the first stage, when obtaining
propane, cascade refrigeration cycles on
ammonia, propane or propylene in the
lower cascade can be used as a source of
cold [10]. When purifying from propyl-
ene — on propylene, ethane or ethylene. A
promising method of cooling at this stage
may be machine-free devices for transfer-
ring cold from a lower temperature level
(for example, from liquid nitrogen)
through an intermediary substance (ther-

mosiphon [11]).
However, the search for equip-
ment with specified characteristics

showed that it is possible to provide the
necessary cooling parameters (Table 2)
by using only a serial refrigeration unit.

Table 1. Geometric characteristics of rectification columns (mm)

of the pilot plan
Dimensions Dimensions of heat exchangers
Device name of the packing part Height Diameter
Height, # | Diameter, d Ly Ly Dp=Dx
Column K1 4000 200 1300 1800 400
Column K2 6000 250 1300 1800 400

D — column condenser (dephlegmator); K — column cube

Target =
component | |
Initial Low-

oW
mixture

boiling

High-
boiling

HE

10000

3700

Fig. 2. Simplified scheme (a) of obtaining propane from a mixture of C,.
hydrocarbons and the control panel of the plant (b), located in the lower
part of the cold unit:

K1, K2 — packed rectification columns; HE — recuperative heat exchanger
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Fig. 3. Selection of refrigerant for the column cooling system [2]:
AT, and AT, — temperature difference between the condensation temperature
of propylene in the upper part of the column K2 and the refrigerant

Table 2. Operating parameters of the refiigeration machine
in different operating modes of the plant

. Column

No. Technological process First | Second
1. Propane obtaining

1.1. Temperature level,°C | -30...-35 | -35... 40

1.2. Cooling capacity, kW 15 30...45
2. Propylene purification

2.1. Temperature level,°C | -38...-45 | -38... 45

2.2. Cooling capacity, kW 15 30..45
3. Isobutane obtaining

3.1. Temperature level,°C -5 -10

3.2. Cooling capacity, kW | 10...15 25...30
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The heat and cold supply system (HCSS) of rectification units is developed on the basis of a vapor
compression refrigeration machine (VCRM) with a regenerative heat exchanger (RHE, Fig. 4, 5 [10]), built
into the rectification plant.

The working substance is compressed in the compressor (process 1-2) and enters the condenser of
the refrigeration machine, where it is liquefied (process 2—3). To increase the throttling effect, heat exchange
between the direct and reverse flows in the RHE is used (process 3—4). After throttling (process 4-5), the
working substance enters the VCRM evaporator located in the column condenser (process 5—6). The gas
heated in the RHE (process 6—1) is supplied to the column compressor for compression. To cool the column
condensers, an evaporator of the corresponding refrigeration machine is built into each of them. Due to this,
part of the substance condenses and a flow of reflux that irrigates the packings is created. To evaporate the
reflux in the cube zone, refrigeration machine condensers built into the column cubes are used. The heat of
the working substance condensation is supplied to the product.

Condenser

5 La(P) T /
3/ Process in condenser
3; 1 Qu=iz—is |
PRV Sl il 2 N B Y A i
Compressor 4 3J/1K, P«_Process in L \ ]
1,

condenser
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5 Cooling capacity

throttle

§ (Process in evaporator)
5 o to, Po 6

4 L6 5Process in evaporator] |1 Q
Throttle Qo =i — is Lizig—ih s
valve i

Evaporator b
. . . . . a
Fig. 4. Traditional refrigeration

system diagram Fig. 5. Refrigeration cycle in IgP-i (a) and T-s (b) diagrams

The cooling capacity Q, =i, —i; corresponds to the given heat flow required to cool the column
condenser QOy. The heat flow from the VCRM condenser Q, =i, —i; is supplied to the column cube.

From the energy balance of the refrigeration cycle it follows that

b =iy = (I —is) + (i, — 1)
or
Ox =0, +L, )
where L is a compressor operation.

The formulas show that more heat is removed in the refrigeration cycle than can be obtained in the
cold in the VCRM evaporator. If this balance does not correspond to the set one required for the rectification
process, excess heat may form in the column. As a result, the reflux will gradually evaporate, and the pres-
sure in the rectification apparatus will increase. To achieve stability in the column, part of the heat of the re-
frigeration cycle should be removed to the external water condenser, which is part of any refrigeration unit.

As a result of the conducted research, a serial compressor-receiver unit on R-22 AKR-50 was
adopted to ensure the rectification process [12].

As was shown above, the waste fractions obtained in the process of propane extraction contain other
valuable components. The main ones for the heavy fraction are butane and isobutane, for the light fraction -
propylene. For their processing, it is necessary to change the temperature level of cooling of the column con-
densers and supplying heat to the cubes (see Table 2).

Results of experimental studies

The results of propane purification with a purity of about 90% in a pilot plant are given in Table 3,
and Table 4 shows the parameters of the columns and HCSS.

A sample certificate for a multicomponent mixture used to obtain propane is shown on Fig. 6, a. The
plant's productivity for the initial mixture at the first stage corresponded to the design one — 30 nm’/h, the
purity of the product propane — 99.9%.

To obtain a product of 99.96% (Fig. 6, b), double distillation (further purification from propylene) is
required in the second column.
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Table 3. Results of "'dirty"’ propane processing

Table 4. Column operating parameters supported during the

Composition purification process
. Product:
of the model mixture: Parameter Column K1 | Column K2
Methane — 0.31% Propane of 99.9% purity Column pressure (head) kg/cm” 2.62 2.57
Ethane — 0.49% Impurities: Pressure of refrigerant R22
Propane — 89.6% ethane 351.18 ppm at the inlet to the VCRM 1.88 0.55
i-Butane — 4.2% propylene 325.18 ppm evaporator (p.5, fig.4) kg/cm®
n-Butane — 5.4% isobutane 323 ppm Cooling temperature of K (°C) 256 (-17) 243 (-30)

Propane productivity — 1200 kg per day
(50 kg/h=24.8 nm*/h)
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Fig. 6. The initial product (a) and chromatogram of propane obtained during processing
in a pilot-scale rectification plant

Conclusions
Propane-butane mixtures, as a rule, also include other hydrocarbons that can be used as natural

working fluids of refrigeration machines. Since binary mixtures formed by the components of the mixture
are non-azeotropic, the extraction of each individual component is possible by phase separation methods. For
given conditions (low consumption), it is rational to use two columns filled with an irregular packing.

The system of supplying heat to the cube of the columns and removing heat from the condensers is
organized on the basis of two vapor-compressor refrigeration machines built into the technological cycle.

Testing of the pilot plant during the supply of the initial propane-butane mixture with a given pro-
ductivity showed that as a result of processing it is possible to obtain propane with a purity of 99.9%. The
purity of propane can be increased by repeated distillation in the second column.

The developed plant allows for waste-free processing of raw materials to obtain butane, isobutane
and propylene. To do this, it is needed to change the temperature level of cooling the column condensers and
supplying heat to the cubes.
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ITpoexTyBaHHs peKTU(DIKALIHHOT yCTAHOBKH /LIl KOMILIEKCHOTO PO3/iJIeHHSI TPONAaH-0yTAHOBUX cyMilleii
0. M. Cumonenko, b. I'. I'pyaka, E. B. MaTBeeB

Opnecbkuii HallOHALHUM TEXHOJIOTIYHUN YHIBEPCUTET,
65039, Ykpaina, m. Oneca, Byn. Kanatna, 112

Jlana poboma npucesiuena numaHHaM nPOEKMyBaHHs U eKCNEPUMEHMATLHO20 00CTIONCEHHSL OOCTIOHO-NPOMUCTOBOT
pexmupikayiiinoi ycmanosku, npusHa4eHoi 01 KOMIIEKCHO20 PO30UIEHHS RPONAH-OYMAHOBUX CyMituell, o 00epIHCYIOMbCs
npu nioeomosyi NpupooHo2o 2asy ma U020 3piodceHHs. AKmyanbHicmvs memu 3YMOGIEHA 20CMPOI0 HeOoOXIOHICIIO
BUKOPUCMAHHSL €KOJ0STUHO OE3NEYHUX HAMYPATLHUX XON000a2eHmax, maxux, sax nponan (R290) ma izooyman (R600a), siki
cmaromu 6ce Oinb 3ampedysaHuMU 8 XOIOOUTbHIU MeXHIYyl. ABMopu HA20IOWLYIOMb HA 3HAYYWOCMI 2TUOOKOT nepepooKu
8yanesoonesoi cuposunu. Tax, baeamocmynenesa nepepooKa 0036019€ CYMMEBO NIOBUWUMU 000AHY BapMIchb KiHyesol
npooyKyii — nponawy ti Oymamny 6ucoxoi yucmomu. Y cmammi Haoano meopemuyme 00LPYHMYBAHHs 6UOOPY MeXHON0STUHOT
cxemu. Y x00i nonepeoHix po3paxyHKie 6CmMaHo6IeHo, Wo Yepe3 3HAYHY PISHUYI0 8 MenIo@I3UYHUX 61ACTHUBOCIAX OIHAPHUX
cucmem  (nponaun-izobymar i nNponan-nponinen) 3acmocysamis OOHIci pexmu@ixayitnoi KOIOHU HeehekmugHe.
Ipoekmosana ycmanoexka 6KmMOYAE O6i KOMOHU 3 DISHUMU 2eOMeMPUYHUMU NAPAMEempami, 3aN08HeHi Hepe2yisApHOI0
cimyacmoro Hacaokoio, wo 3abesneuye epekmusHul meniomacooomin. Ocodoausy yeazy npuoileHo iHHOBAYILIHOMY NIOX00y
00 opeanizayii cucmemu menioxorooonocmavants. Pospobnena cucmema inmezpye 06a napoKOMNpecitini X0I00UTbHI
agpecamu 6e3n0cepeobo 6 MEXHONOSIYHUL YUK KOAOH. Bunaphuxu Xoro0umbHux mauwiuH, 60y008ani 8 KOHOeHCamopu
KOJIOH, 00380JI10Mb CIMBEOPI0GAmU NOMIK hecmu, HeoOXiOHOT Osl pekmughikayii, a KOHOeHCamopu MawuH nioso0sIMb Menjio
00 KybOie Koaow. Jlamuii nioxio 003604€¢ NIOMpUMYSamu CMAabIbHULl MUCK 6 anapamax ma cHYYKo pezyoeamu
memnepamypHi pieHi. ExcnepumenmanbHa nepegipka YCmaHo8Ku nio uac nepepodku «6pyOHO20» Nponamy niomeepound
npoekmHi ouikysanus: docsaeHymo 99,9% uucmomu yinbosozo npodykmy. Ilokazano mexuiuHy MOMCIUBICMb O00UUUEHHS
nponany 0o 99,96% 3a Oonomozoro nO8MOpPHOI nepecoHKU Y Opyeill KOJOHI. YCmaHo8Ka MaA€ BUCOKY SHYUKICTb, WO
YMOANCTUBTIOE DE36I0X00HY NEPEPOOKY BUXIOHOL CUPOBUHU 3 BUOLIEHHAM OYmany, i300ymany i NPONINEHy K CAMOCMIIHUX
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MOBAPHUX NPOOYKMIB WLAXOM 3MIHU POOOUUX meMnepamyprux pedxcumie. Ompumani pe3yromamu 0eMOHCMpPYIOmMb GUCOKY
eexmusHiCb 3aNPONOHOBANUX MEXHIYHUX PilueHb OJist BUPOOHUYUX NOMYICHOCTHEL.
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