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A study was conducted to select a modeling scheme for the process of preparing hydrocarbons for transportation by supersonic
separation. Modeling was performed in the HYSYS environment, which allowed obtaining optimal parameters for effective
removal of moisture and heavy hydrocarbons. The influence of pressure and temperature changes on the efficiency of heavy
hydrocarbon extraction was analyzed. The most effective modeling scheme was selected, which provides high prediction ac-
curacy. The results obtained can be used for further optimization of gas purification technological processes and their adaptation
to industrial applications.
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OO0rpyHTyBaHHSI BUOOPY CXeMHU MOAEJIOBAHHS MPOIECy MiATOTOBKHU BYTJie-
BOJIHIB /10 TPAHCIIOPTYBAHHSI METOIOM HA/I3BYKOBOI cenapaii
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IIpoBeneHo aHasi3 METOIIB MiATOTOBKY BYTJIEBOIHIB IO TPAHCIIOPTYBAaHHS Ta OOTPYHTOBAHO BUOIp CXEMH MOJIETIOBAHHS MPO-
Iecy HaJ3BYKOBOI cemapaiiii. Ll TexHOIOTIS 103BOIISE epEeKTHBHO BUAAISATH BOJIOTY, Bakki ByrieBoaHi Ta CO2, mo 3Ha9HO
MOKpAIye€ SIKICTh T'a3y Ta 3MEHIIy€e HeraTHBHUH BIUIMB Ha JOBKI/UIA. BHKOHaHO 4KceIbHE MOJETIOBAaHHS B IIPOTPAMHOMY Ce-
penosunti HYSYS, sike 103BonuiI0 OTpUMAaTH ONTUMAJIBHI TapaMeTpH mpouecy. JJocnimKeHo BILIMB KIIFOYOBUX (akTopis, Ta-
KHX K THCK, TeMIIepaTypa Ta MIBHIKICTh HOTOKY, Ha e()eKTUBHICTD cenaparii. OTprUMaHO 3aJIeXHOCTI, 0 IEMOHCTPYIOTh, 10
30inbIIeHHsS THCKY 10 12,5 MIla migsuiiye eheKTHBHICTh MPOIECy, OJHAK MOJANbIIE HOro 3pOCTaHHS HE Ta€ 3HAYHOTO MOK-
pamenHs. [IpoBeneHo MOPIBHSIBHUN aHANI3 JBOX CXEM MOJIETIOBAHHS, B PE3yNbTaTi IKOTO JOCATHYTO BHOOPY ONTHMAIBHOL
MOJIeNi, 10 3a0e31edye BUCOKY TOYHICTh IPOTHO3YBaHHS Ta MiHIMi3y€ 00UHCITIOBANIbHI BUTpaTH. Br3Ha4YeHO, 110 3aIpOIIOHO-
BaHa cXeMa JI03BOJISI€ HAUOUIBII TOYHO BiATBOPUTH (Di3HUHI MPOIIECH, SKi BiIOYBAIOTHCS B HAI3BYKOBOMY CEIIApaToOpi, BKIIO-
Yaroud PO3MIMPEHHs MOTOKY, (a3oBHii mepexil, po3AiIeHHs pinkoi Ta ra3oBoi da3 i audysiro. [IpoananizoBaHO 0OMEKEHHS
Cy4acHMX MoJieJIel, 30KpeMa IXHIO YyTJIMBICTb 0 PIBHOBOXXHUX NMPUIYIIEHb. BCTaHOBIEHO, 110 IS MiJBUIIEHHS TOYHOCTI
MPOTHO31B HEOOXIHI MOJANBIII YIOCKOHAICHHS METOIB MOJICIIOBAHHS, OCKUTHKH peabHUM TPOIIEC € HepiBHOBAKHUM. J[o-
CSITHYTO BHCHOBKY, 1110 BUKOPHUCTAHHS HaJ3BYKOBOTO CemapaTropa MOXe 3HAUYHO MMiIBHIIUTH €(eKTUBHICT MiATOTOBKU MPH-
POAHOTrO ra3y Ta 3a0e3NeYnTH J0JaTKOBE BIITyUeHHs KOHAeHcaTy. OTprMaHi pe3yibTaTH MOXYTh OyTH BUKOPHCTaHI IS 1O-
JabIIO] ONTHMIi3amii TEXHONOTIYHNX TIPOIIECiB OYMIIEHHS ra3y Ta iXHBOI aJanTarii 10 MPOMICIOBOTO 3aCTOCYBAaHHS.

KirouoBi ciioBa: HaJA3BYKOBa cenapauisl, HpHpOI[HI/Iﬁ ra3, MOACIIOBaHHs, CYTYTHbO-ILUIaCTOBA BOJiA, Hi,I(I‘OTOBKa ByI‘.IIeBOIIHiB

Introduction The successful implementation of supersonic separa-

Efficient hydrocarbon feedstock preparation is a cru-  tion requires a thorough selection and justification of
cial stage in the technological processes of the oil and  the modeling scheme, taking into account the thermo-
gas industry. One of the promising methods for enhanc-  dynamic and hydrodynamic characteristics of the flow,
ing the separation efficiency of gas-liquid mixtures is  phase state changes of the components, and the influ-
supersonic separation, which provides high-speed and  ence of key parameters such as pressure, temperature,
selective removal of undesirable impurities such as  and gas flow velocity.
moisture, condensate, and solid particles.
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Despite the significant potential of supersonic separa-
tion technology, its practical application is often limited
by the complexity of process modeling and the lack of
standardized approaches to predicting separation effi-
ciency under different operating conditions. The choice
of a s grounded modeling scheme is essential for opti-
mizing equipment design, improving energy efficiency,
and ensuring the stability of the separation process.
Therefore, this study aims to address these challenges
by providing a justification for selecting an appropriate
modeling scheme for hydrocarbon feedstock prepara-
tion using supersonic separation.

Review of the research sources and publications

The study of hydrocarbon preparation processes in-
volving supersonic separation technology is rapidly
evolving, as reflected in modern scientific publications.
The main focus is on modeling this process, optimizing
the design of supersonic separators, and integrating
them into real technological chains.

In study [1], a Unit Operation Extension (UOE) was
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developed for use in the HYSYS environment, enabling
effective modeling of supersonic separation processes.
Specifically, the study examined in detail the processes
of dehydration, heavy hydrocarbon fraction removal,
and decarbonization in high-carbon-content natural
gas.

A similar approach was applied in study [2], where an
HYSYS model was developed to simulate the operation
of a supersonic separation module. This research pro-
posed a design solution that ensures stable nozzle per-
formance even under varying inlet pressure or gas com-
position. In particular, it was demonstrated that the sys-
tem can maintain the dew point with a deviation of no
more than £2.5 °C from the established criteria, even
with inlet pressure variations of £18%. The impact of
natural gas composition changes was also analyzed,
confirming the system's high stability under such fluc-
tuations. The computational scheme of the supersonic
separation process is presented in figure 1.

{Compressor Unit

Figure 1 — Calculation scheme

In addition to its use in natural gas dehydration and
heavy hydrocarbon removal, supersonic technology has
significant potential for industrial application. One of
its important applications is decarbonization, i.e. the
extraction and utilization of CO2 from gas mixtures
with a high carbon concentration, such as natural gas or
exhaust gases from internal combustion engines. Effec-
tive reduction of CO2 emissions using this technology
opens up opportunities not only to reduce environmen-
tal risks, but also to provide economic benefits through
further storage and use of carbon dioxide. Research ac-
tivities in the field of supersonic separation cover nu-
merous aspects: experimental studies of flow proper-
ties, mechanisms of intraphase transition condensation,
as well as structural features of devices. In particular,
eddy flows [3], diffusion recovery processes [4], dehy-
dration efficiency of separation tubes [5] and optimiza-
tion of nozzle designs using CFD (computational fluid
dynamics) [6] have been studied.

Other examples include the study of methods for
modeling such processes using software such as Uni-
Sim Design [7] and HYSYS [8], which allow for in-
creased accuracy in estimating the efficiency of separa-
tion tubes at the design stage. In [9], a one-dimensional
model of a supersonic tube was proposed, which signif-
icantly reduces the computational complexity during
the initial design.

Definition of unsolved aspects of the problem

Although substantial advancements have been made
in this field, a range of persistent challenges continues
to demand attention. One notable issue is the heavy re-
liance of the technology on accurate modeling to
achieve optimal performance. Currently, there is an ab-
sence of a clearly established or universally accepted
computational framework capable of adequately repre-
senting the complexities involved in the supersonic
separation process. This gap highlights the pressing
need for more focused and in-depth research efforts to
address these limitations and enhance our understand-
ing in this area.

Problem statement

The operation of the separation equipment can be
simulated using modern software. However, since the
3S separator is a non-standard separation equipment, it
is necessary to substantiate the model of the supersonic
separation process by comparing the simulation results
for different model variants.

Basic material and results

The literature review examined various schemes used
for simulation. Two main schemes for simulating the
3S separator process were selected for comparison (Fig.
2,3).
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Figure 2 — Equivalent circuit of a supersonic separator in HYSYS (option 1)
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Figure 3 — Equivalent circuit of a supersonic separator in HYSYS (option 2)

The functional stages of liquefaction, separation and
diffusion in a supersonic gas separator require replace-
ment by equivalent processes and simplification in the
HYSYS software used for modeling.

Particular attention should be paid to the fact that the
two separated liquid streams in a real supersonic sepa-
rator are not completely pure gas or liquid. Therefore,
it is necessary to simulate the procedure of redistribu-
tion and recombination of these streams in certain pro-
portions in order to reproduce the real efficiency of the
supersonic separator as accurately as possible. Subse-
quently, two redistributed streams are obtained at the
output. Based on the principles of operation of the su-
personic separator and the functionality of the modules
in HYSYS, the following scheme can be considered an
optimal equivalent model.

In the first section (nozzle), the compressed gas ex-
pands adiabatically, as a result of which the flow veloc-
ity reaches supersonic values, and the temperature and
pressure decrease sharply. This promotes phase transi-
tion and condensation in the target components. The
role of this stage is played by the expansion module,
which forms the effect of cooling and liquefaction of
important components. In the second stage, the formed
high-energy gas-liquid flow is directed to the separa-
tion section, where the droplets are separated through
the side outlet. The equivalence of this phase is ensured
by a modular combination of a separator, tees and mix-
ers. After the separation of the two-phase mixture, the
dry gas is directed to the diffusion segment, where its
speed decreases, and the pressure and temperature in-
crease. In the simulation, this process is reproduced us-
ing a compressor module, ensuring the restoration of
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the physical parameters of the gas at the end of the dif-
fusion section.

In the process of modeling supersonic separation in
HYSYS, several assumptions are introduced to sim-
plify the calculations and more accurately reflect the re-
sults.

For physical properties, the Peng-Robinson equation
of state (PR EOS) is used, which is suitable for gas
preparation. A stable flow regime within the supersonic
separator is taken into account as a basic assumption.

The separator throughput is set to 100 kg/h, which ex-
ceeds the minimum critical value for stable operation.

For the treatment of humid air, the flow distribution
coefficients in the gas-phase and liquid-phase tees are
setto 0.7+ 0.3 and 0.32 + 0.68, respectively. In the case
of natural gas, these figures change to 0.75 + 0.25 and
0.002 + 0.998.

The flow within the entire separator is assumed to be
adiabatic. For equivalent modeling, the adiabatic effi-
ciency of the compressor and expander is set to 99%.

The construction of the equivalent module is aimed at
minimizing energy losses due to the impact of shock
waves and secondary gasification of condensate.

The pressure and temperature at the outlet of the noz-
zles are considered critical parameters that have a direct
impact on the quality of component separation. Thus,
the proposed model in HYSY'S allows for a fairly accu-

rate reproduction of the functional stages of a super-
sonic gas separator and provides the necessary flexibil-
ity for laboratory or industrial applications. [5].

The modeling working environment is equipped with
all the necessary components to solve the task. It in-
cludes raw material components, material and energy
flows, technological equipment, process control and
regulation tools, as well as logical operations and utili-
ties. The Peng—Robinson equation of state was chosen
as the thermodynamic method in the modeling. For the
correct implementation of the 3S separator device
model using standard tools, it is necessary to reflect
three key physical processes occurring in the device: —
expansion of the gas input flow with its subsequent
cooling; — separation of the resulting gas condensate
flow into gas and gas-liquid fractions; — compression of
the separated gas flow after separation.

It is also necessary to make a reservation that the soft-
ware environment gives the most accurate results when
modeling equilibrium processes. Since the process oc-
curring in the supersonic separator is non-equilibrium,
this method of modeling is considered as a first approx-
imation to the actually occurring processes. To justify
the choice of the model type, a study was conducted for
weathering gas. The study was conducted for both
models. Model options 1, 2 (Fig. 4,5).
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Figure 4— Option 1 of the separation process modeling

The influence of pressure on the extraction of target
components. For the raw material stream, the depend-
ence of the extraction of the C3 + fraction (% wt.) Into
the condensed phase of the gas-liquid flow (gas— liquid

SET-1 W SET-2 w

E-100

Figure 5 — Option 1 of the separation process modeling

phase) on the pressure at the inlet to the 3S— separator
in the range of 7-15 MPa in 1 MPa increments at a raw
material temperature of +10 ° C was studied. The re-
sults of the studies for the two options are shown in the
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figures 6-9. For options 1 and 2, the data obtained dur-
ing the study on the dependence of the extraction of the
C3 + fraction on the pressure of the raw material allow
us to conclude that in the considered pressure range, the
extraction of the target components increases non-line-
arly. At a pressure of 12.5 MPa, the content of the C3
+ fractions practically does not change. This is con-
firmed by Fig. 8, in which the mass of condensate per
year, starting from a pressure of 12.5 MPa, almost does
not change. The dew point temperature for moisture
and hydrocarbons of the extracted gas meets the re-

Gas fraction extraction
efficiency C3+, %

11

13

quirements of the Code of the Gas Transportation Sys-
tem of Ukraine. For all considered raw material flows,
the deviation of the graphs from linearity is insignifi-
cant. It should also be noted that temperature, unlike
pressure, has an anti-battery effect on the yield of the
liquefied product. Therefore, it can be stated that both
schemes show convergent results, since the nature of
the distribution is the same. Further use is possible for
both option 1 and option 2. We choose scheme 1 for
further modeling, since it has fewer components.

15 17 19

Gas temperature at the inlet to the separator, C
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Figure 6 — Extraction of target components C3 + from the pressure at the inlet
to the apparatus at P =10 MPa
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Figure 7 — Gas and condensate extraction at the pressure at the inlet to the apparatus at P = 10 MPa
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Figure 8 — Extraction of target components C3 + from the pressure at the
inlet to the apparatus at Tc =283 K
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Figure 9 — Gas and condensate extraction at the pressure at the inlet to the apparatus at Tc =283 K

The object of modeling was chosen as the hydrocar-
bon preparation system at the gas condensate field. It
has a capacity for: gas — 2 million m*/day, gas conden-
sate — 150 t/day, formation water — 52 t/day.

The component composition of the gas is given in Ta-
ble 1.

Table 1 — Component composition of hydrocar-

bons
Name and chemical for- Component con-
mula tent, % vol.
Methane CH4 86,607
Ethane C,oHg¢ 5,739
Propane CsHs 1,253
i-Butane iCsH1o 0,154
n-Butane HC4H o 0,198
neo-Pentane neoCsH» 0,007
i-Pentane iCsH» 0,063
n-Pentane HCsHi» 0,041
Hexane+thigher CeHist 0,204
Oxygen (0)} 0,000
Nitrogen N» 0,240
Carbon dioxide CO, 4,494

The process of gas and condensate preparation at the
installation for further transportation includes: gas col-
lection at the unit of the input threads of the installation;
gas separation at the input separators of the first stage,
pre-cooling at recuperative heat exchangers (for gas
from high-pressure wells) throttling and separation at
low-pressure separators of the second stage, heating at
recuperative heat exchangers (for gas from high-pres-
sure wells) before feeding into the main gas pipeline;
separation of gas condensate from associated formation
water from condensate in the dehydratorl; final separa-
tion of associated formation water from gas condensate
in the dehydrator B-1; degassing of gas condensate in
the degasser B-2; final degassing of condensate on the
ladder and in condensate storage tanks.

Gas preparation is carried out on two technological

lines (high-pressure and low-pressure) with a total de-
sign capacity of 2 million m*/day. Additionally, a meas-
uring technological line with a capacity of 300-600
thousand m3/day is provided for the performance study
of wells.

The gas-water-condensate mixture from the produc-
tion wells of the gas condensate field is supplied to the
unit of the input threads of the installation using gas
pipelines-loops, where the technological mode of oper-
ation of the “formation-well-loop” system is set using
regulating fittings. Also, at the input string node, gas
(wells) is distributed into high-pressure and low-pres-
sure technological lines or to a measurement line for
performance monitoring.

The gas obtained as a result of the technological pro-
cess is sent to the commercial metering unit and then
transported to the gas pipeline connecting to the main
gas pipeline.

The condensate obtained after stabilization to atmos-
pheric pressure and separated from the sub-product wa-
ter is shipped from the condensate park tanks to tanker
trucks.

The associated formation water, which was separated
from the condensate as a result of the technological pro-
cess, is sent via a bypass to the formation water storage
tank. The results of the calculation using a supersonic
separator are shown in Figure 10.

The figure shows the input parameters of the gas
along 3 lines and shows the parameters of the prepared
gas, winding gas, condensate and formation water.

The ventilation gas at the installation can be utilized
immediately: from the separator of another stage it is
directed to the low side of the ejector, from the degasser
tank the condensate is sent to the compressor, also
when necessary. It is possible to direct the ventilated
gas from the separator to another stage and from the
degasser tank to the condensate to the compressor or
ejector.
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Figure 10 — Equivalent calculation scheme of a complex gas preparation installation

Also, when connecting to the compressor, it is possi-
ble to direct the gas supply to the power gas separator.
Whenever there is a supply of gas, excess gas from the
gas separator is discharged to the flare. It is advisable
to install a supersonic separator at the installation, and
if there is a presence of winding gas, direct it not to the
torch, but to this separator. The results of modeling an
improved scheme for the preparation of carbohydrates
are shown in Figure 4.3. It can be seen that additional
condensate of 1070 t/year was recovered, but not much
was recovered, and gas can also be supplied to the su-
personic separator, which is sent to the propane refrig-
eration unit of another gas treatment unit. After super-
sonic separation of the gas, this gas is determined by
the dew point temperatures of the liquid and carbohy-
drates.

Conclusions

The simulation of the supersonic separation process
was performed in the HYSYS environment, which al-
lowed obtaining optimal parameters for the extraction

of heavy hydrocarbons from natural gas. The effect of
pressure on the efficiency of the separation of target
components was studied. Data were obtained that when
the pressure was increased to 12.5 MPa, the efficiency
of the process increases, however, a further increase in
pressure does not provide significant advantages. A
comparative analysis of two modeling schemes was
carried out, as a result of which the optimal option was
selected, which has fewer components and provides
sufficient prediction accuracy.

The limitations of existing models were analyzed, in
particular their sensitivity to equilibrium assumptions.
Using the example of an existing gas preparation plant,
it was proven that the use of a supersonic separator con-
tributes to increasing the efficiency of natural gas prep-
aration and additional condensate extraction. The re-
sults obtained can be used to further improve natural
gas purification technologies and their adaptation to in-
dustrial application.
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