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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Three-screw compressors are widely deployed at natural
gas gathering and boosting stations, yet the influence of rotor profile geometry
on their performance at high pressure ratios characteristic of mature oilfields
remains insufficiently studied. The blow-hole — the triangular clearance gap at
the three-body rotor contact point — is the dominant internal leakage path and
a primary source of thermodynamic irreversibility and vibroacoustic excitation.
Objective. To develop a closed-form analytical model for a four-lobe three-screw
compressor (z = 4, tip/root diameters 60/35 mm) on natural gas (x = 1.31) at a
pressure ratio of 14.80 and 3000 rpm, and to quantify the performance advantage
of a cycloidal rotor profile over a circular-arc profile across the full performance
chain. Methods. Two profiles were compared using: envelope theory for chamber
geometry, the Stosic blow-hole formulation, a choked-flow leakage model
validated against CFD, volumetric efficiency sub-models with dead-volume and
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reverse-superheat corrections, polytropic thermodynamics via the Peng—Robinson
equation of state, shaft power calculation, and a single-DOF vibroacoustic model
with CFD-calibrated pulsation amplitudes. Results. The cycloidal profile reduces
the blow-hole area by 98.6% (3.14 — 0.044 x 102 mm?), cuts leakage from
8.30% to 4.90%, raises volumetric efficiency from 73.3% to 86.1%, and increases
delivery by 28.9%. Adiabatic efficiency improves from 88.5% to 92.8%, discharge
temperature falls by 52 K, specific energy consumption by 4.7%, RMS vibration
velocity by 41.7%, and sound power level by 4.7 dBA. The practical significance
of this research. The model provides an efficient screening tool for rotor profile
selection prior to full CFD validation and is directly applicable to natural gas
compression at Kazakhstani oilfield gathering stations, where the 28.9% delivery
gain and 4.7% energy reduction of cycloidal profiling yield measurable operational
and economic benefits under mature-field pressure conditions.

Keywords: three-screw compressor, rotor profile optimisation, cycloidal
geometry, blow-hole area, volumetric efficiency
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AHHOTaNUs. O3exminiei. YIIBUHTTI KOMIIpeccopiap TaOWFU Ta3dbl JKWHAY
MeH OycTepliey CTaHIMSJIAPbIHIA KEHIHEH KOJIJaHbUIAJbI, alaiia Koraphl
KBICY Jopekenepinae poTop Tpodrr TeOMETPHACHIHBIH KYMBICKA ocepi
JKETKUTIKCI3 3epTTenreH. [IpoayBodHoe OTBepcTHE — YII JEHETIi pPOTOp KaHaCy
HYKTECIHIeTi YIIOYPBIITHI CaHBUTAY — IIIKi aFBI KeTYAiH 0achIM KOJBI JKOHE
TEPMOJIMHAMUKAIIBIK KAWUTHIMCBI3/IBIK TIEH BUOPOAKYCTHKAIBIK KO3YABIH HETi3Ti
ke3i 6o1eI TabbuIaabl. Makcamor. Tadburu razma (k = 1,31) m = 14,80 xomne 3000
aifH/MWH >KYMBIC ICTEUTIH TOPTCATaIBI YITBUHTTI KoMIpeccop (z =4, muamerpiepi
60/35 MM) yOIiH aHAJTUTUKAIBIK MOJCNb JKacay jkKoHe OapiblK cHUmaTTamanap
Ti30eri OOWBIHIIA TUKIOUAAIBIK TPOPWIBIIH TOHTEIeK T0oFa MpoQuTiHe
KapaFaHIarel apTHIKIIBUIBIFBIH CAaHOBIK Oaranay. Oodicmep.  Ilpodwumbaep
KamMepa TEeOMETPHACHI VIIiH ormbdarommx Tteopusackl, CrommutiH blow-hole
mozer, CFD-men pacTanraH IBIOBICTHIK aFbIT KETY MOJIENi, o)1 00beM MEeH Kepi
KpI3y Ty3eTynepiMeH o0bemaik [IOK kocamker momembaepi, [lenr—PoburHcoH
TeHJIeyl OOWBIHIIA TOJUTPONTHI TEPMOJMHAMHKA, OTIK KyaThIH €CeNTey >KoHE
0ip epKiHAIK dopekesli BHOPOAKYCTHUKAIBIK MOICIb apKBLIBI CaTbICTHIPBUIILL.
Homuorcenep. Uuxnonnansik npodmis blow-hole aymanb 98,6%-ra azaiftasr
(3,14 — 0,044 x 1072 mm?), arsim KeTyai 8,30%-nan 4,90%-Fa neiiin KbICKapTasl,
ooveMuik ITOK-1i 73,3%-man 86,1%-ra neitin xorapwuiaTtansl, oepymi 28,9%-
ra aptreipanbl. Amuabarteik [TOK 88,5%-man 92,8%-ra xakcapanbl, MIBIFY
temrieparypacsl 52 K-re, saeprust msirbIas 4,7%-ra, BuoOparmst 41,7%-ra, Ip10b1C
neHreiti 4,7 nbA-ra azasanel. 3epmmeydiy npakmuKaivlk Mayvl30bliviebl. Moaenb
CFD-BepudukanusceiHa JeiiH poTop MPOoQMITIiH aJIbH ajla TaHIayFa apHaJIFaH
THIMAI Kypasr Oependi sxoHe KazakcTammarbl MYHAll KeH OPBIHIAPBIHBIH JKHHAY
CTaHIUSUTAPBIH/IA TIKEJIeH KOJJIAHBUIAJbl, MYH/IA IIUKIOHJAIBIK TPOQHIbTe 6Ty
kesiameri 28,9%-np1k OepimicTiH ocyi MeH 4,7%-IbIK DHEPTUs IIBIFBIHBIHBIH
a3aI0bl ONEePAIUSIIBIK )KOHE SKOHOMHUKAJIBIK TYPFbIIAH MaHBI3/IbI.

Tyiiin ce3aep: YIMBHHTTI KOMIIPECCOp, POTOp MPOQWIIH OHTAUIAHIBIPY,
IUKJIONIATBIK TeoMeTpusi, blow-hole aynmansl, kenemmix [TOK
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A"HoOTanuA. AxmyanvHocms. TpeXBUHTOBBIE KOMIIPECCOPHI  IIUPOKO
MPUMEHSIOTCS Ha CTaHIMSIX cOOpa U JOKMMa MPUPOAHOTO ra3a, OJHAKO BIHSHHUE
reOMeTpUH TPOQHIS POTOpPa HAa MX XaPaKTEPUCTHUKU IMPH BBICOKUX CTEMEHSIX
CKaTHs M3ydeHo HenoctatouHo. [IpomyBouHOe OTBEpCcTHE - TPEYTOJIbHBIN 3a30D
B TOYKE TPEXTEIOBOTO KOHTAKTa POTOPOB - SIBISIETCS JOMUHHMPYIOLUIMM ITyTEM
BHYTPEHHHX MEPETEUYEK, & TAKKE OCHOBHBIM HMCTOUYHHUKOM TEPMOAMHAMHYECKON
HEOOpaTUMOCTH W BHOpoakycTUueckoro Bo30OyxkueHus. [lens. Paspaborarh
3aMKHYTYIO0 ~aHQJIUTHYECKYI0 MOJENb  YEeTBIPEX3aXOJHOTO TPEXBUHTOBOTO
KoMIIpeccopa ¢ napamerpamu z = 4, quamerpamu 60/35 MM, paboraroniero Ha
npupoanoM raze (kK = 1,31) mpu crenenu cxarusi 14,80 u yacrtore BpalieHuUs
3000 006/MuH, a TaK¥KE KOJIMYSCTBEHHO OLICHUTh IIPEUMYIIECTBA IUKIOUIATIBHOTO
npoduiis mepen IyroBbIM MO KOMIUIEKCY SKCIUTyaTAallMOHHBIX XapaKTEPHCTHK.
Memoowi. CpaBHeHue poduIieii BEIMOIHEHO C IPUMEHEHUEM TEOPUH OTHOAIOIINX
JUIsL OIIMCAHUsl TEOMETPHH KaMephl, MOJIEIIU MPOILyBOUYHOTO oTBepcTHs CTomnya,
MOJIeSI 3BYKOBOTO pacxoja Inepereuek, nmoamozeneii oobemuoro KIIJ ¢ yuerom
MEpTBOrOo Oo0beMa W OOpaTHOro TOAOTPEBA, MOJUTPONHON TEPMOJMHAMUKU
Ha ocHoBe ypaBHeHust [lenra - PoOumHCOHa, a Takke pacyeToB MOIIHOCTU
W OJHOCTENECHHOW BHUOPOAKyCTUYECKOM MoAenu. Pezyibmamsl . 6b16000l.
VYcTaHOBIEHO, YTO HMKIOUJAIBHBIA TPOQHUIL CHUXKACT TUIOMAAb IPOLYyBOYHOTO
otBepctust Ha 98,6% - ¢ 3,14 mo 0,044 x 102 mm?. BHyTpeHHUE TepeTeuKu
ymenbmatorces ¢ 8,30% o 4,90%, oovemusbiii KI1J] nmossimaercs ¢ 73,3% 1o
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86,1%, a momaua yBennuuBaercs Ha 28,9%. Annabarmueckuit KI1J[ Bo3pacTaer ¢
88,5% 1m0 92,8%, Temmieparypa HarHETaHUS CHIDKaeTcs Ha 52 K, ynenbHbBIN pacxo
sHepruu - Ha 4,7%, CK3 BubOpockopoctu - Ha 41,7%, a ypoBeHb nryma - Ha 4,7
nbA. IlpemmoxxerHass Momenasb sABIseTCS d3PPEKTUBHBIM HHCTPYMEHTOM BBIOOpA
npoduist poropa ao nposeneHusi CFD-Bepudukanum u MoxxeT ObITh TPUMEHEHA
IpU TMPOEKTUPOBAHUN YCTAHOBOK KOMIIPECCHH Ha TIPOMBICIOBBIX CTAaHIIHSIX
Kazaxcrana. [lTepexon Ha MUKIOWAAIBHBIN TPOQHIL 00ecTieYMBaET U3MEPUMBIC
OIEepalMOHHbIE M IKOHOMHUUYECKHE NMPEUMYIIECTBA 33 CUET yBEINYEHUS TOAAYN U
CHIDKEHUS yATBHOTO pacxofa SHEepTHH.

KiioueBble coBa: TPEXBHHTOBOH KOMIIPECCOp, ONMTUMHU3ALMS MPOQHIIS
poTopa, IUKIOWIaIbHAS TeOMETPHS, TPOAYBOUHOE OTBepcTHe, 00bEMHBIH KIT/{

Introduction. Three-screw compressors form a quietly evolving branch of
positive-displacement machinery. Their layout — a single helical driving rotor
engaging two symmetrically arranged driven rotors — is mechanically unusual:
the radial loads acting on the male rotor are largely cancelled, no timing gear is
required, and the mesh produces an almost pulsation-free outflow. Those structural
traits explain why the configuration has retained a foothold in vapour recovery, gas
gathering, and reinjection service at petroleum installations, even after decades
of competition from twin-screw and centrifugal alternatives (Lu et al., 2023).
Recent reviews of positive-displacement compressor research place the dominant
performance bottleneck on internal clearance leakage and on the difficulty of
generating high-quality rotor profiles that simultaneously satisfy thermodynamic
and manufacturing constraints (Lu et al., 2023; Wang et al., 2023).

From a fluid-mechanics standpoint, screw machines are governed by two
transverse-section quantities: the inter-lobe chamber area, which sets the swept
volume per revolution, and the blow-hole area at the three-body rotor contact,
which sets the dominant internal leakage path. The blow-hole forms because
three surfaces — the flank of the male rotor, the flank of the female rotor, and
the housing bore — cannot all hold continuous contact at the same instant. Gas
blowing back through this triangular gap reduces the indicated flow and, at the
same time, raises the suction-side temperature through reverse superheat (Yang et
al., 2023). Detailed CFD studies in the past three years have repeatedly identified
the blow-hole and the rotor-tip clearance as the two clearances that dominate
the volumetric loss budget across speed and pressure ratio (Andres et al., 2022;
Saravana et al., 2022).

Profile families based on circular-arc segments have dominated commercial
practice for the past four decades. Their popularity rests almost entirely on
manufacturability: the arcs can be cut by conventional form-grinding, stocks
of standard tooling are widely available, and the geometric parameters can be
tuned by the well-known multi-variable optimisation introduced by Stosic and co-
workers. More recent design exercises have tried to extract additional performance
from this family through neural-network-assisted parameter searches (Wang et
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al., 2023), response-surface methodology focused on rotor depth (Aydin et al.,
2025), and homotopy-based mechanical-loss minimisation that targets oil-drag-
dominated efficiency penalties (Patil et al., 2023; Abdan et al., 2024). Reported
improvements rarely exceed five percent in specific power and three percent in
volumetric efficiency, suggesting that the circular-arc family is approaching a
performance ceiling intrinsic to its geometric definition.

Cycloidal profile families offer an alternative that engineers have known about
fordecades butrarely committed to in production. The defining property of cycloidal
meshing — that the contact point traces a curve passing through the pitch circle —
yields a theoretically zero-clearance contact at the pitch point, with the practical
implication that the blow-hole area shrinks toward a manufacturing-tolerance limit
rather than a kinematic one. Modern manufacturing-error compensation studies
show that the cycloidal profile can be ground to tolerances close to the theoretical
envelope when Monte-Carlo-driven correction is applied to the grinding-wheel
kinematics (Wang & Lv, 2023; Wu et al., 2024). Comparative tribological
work on involute-versus-cycloidal spur gears has measured frictional power-
loss differences in the few-percent range under elastohydrodynamic conditions
(Veciana et al., 2024); load-distribution and backlash studies on cycloidal pin-
wheel transmissions add corroborating evidence that profile modification can lift
carrying capacity and transmission accuracy together (Zhang et al., 2024). The
cost is well known: cycloidal flanks require five-axis CNC profile grinding, with
the associated capital outlay and tighter quality control.

Despite the volume of work on rotor profile generation, on CFD simulation
of leakage paths (Andres et al., 2022; Saravana et al., 2022), and on noise and
vibration reduction in oil-injected and oil-free machines (He et al., 2023; He
et al., 2024), a clear engineering question has remained open: how large is the
actual performance advantage of cycloidal flanks over the circular-arc family —
quantified across the entire chain from chamber geometry through leakage and
thermodynamics to vibroacoustics — for a TSC operating on natural gas at the
pressure ratios encountered in mature-field booster service? Published comparisons
either focus on a single performance index, or pool air and refrigerant data, or
restrict attention to twin-screw geometries. None of the recent surveys on positive-
displacement compressors (Lu et al., 2023) gives a closed-form, fully traceable
answer for the three-screw case at high pressure ratios.

The present paper sets out to fill that gap. A nine-stage sequential analytical
model is built for a four-lobe TSC with rotor dimensions representative of oilfield
boosters in service at Kazakhstani gathering stations (tip diameter 60 mm, root
diameter 35 mm, generating-circle diameter 38.4 mm). The working fluid is a
methane-dominated natural gas with k =1.31 and R =518 J-kg™'-K™'; the pressure
ratio is 14.80 and the shaft speed 3000 rpm. The two profile families — circular-
arc and cycloidal — are compared head-to-head through chamber geometry, blow-
hole leakage, volumetric efficiency, polytropic thermodynamic work, discharge
temperature, shaft power, and vibroacoustic response. The leakage and pulsation
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sub-models are calibrated against published CFD reference data so that the
sequential model can be used as a fast-screening tool ahead of full three-dimensional
simulation. The choice of operating point — n = 14.80 on natural gas — reflects
current practice at booster stations attached to mature western-Kazakhstan fields,
where reservoir-pressure decline has pushed inlet-to-discharge ratios well above
the values typical of the original design service (Zhussupova, 2024).

Materials and methods. The compressor analyzed in this study has a four-
lobe helical rotor (z = 4) with tip radius r, = 30 mm, root radius rf = 17.5 mm, and
generating-circle radius rc = 19.2 mm — corresponding to tip, root, and generating
diameters of 60, 35, and 38.4 mm respectively (Figure 1). The rotor length is
L = 180 mm, the helical pitch ph = 90 mm, and the shaft speed n = 3000 rpm.
Radial and inter-rotor clearances are set to 6r = 61 = 0.05 mm, in line with the
values reported for high-precision CNC-ground rotors in recent oil-injected screw
compressor experiments (Abdan et al., 2024; Tian et al., 2022). The working fluid
is natural gas with k = 1.31 and R =518 J-kg'-K™!, consistent with representative
methane-dominated compositions at western-Kazakhstan field conditions. Inlet
conditions are T: = 293.15 K and p: = 0.1013 MPa; the discharge pressure is
p2 = 1.50 MPa, giving a pressure ratio = = 14.80. The mechanical efficiency of
the bearing and seal package is taken as nmech = 0.96. The full parameter set is
summarised in Table 1.

Table 1. Design and operating parameters.

Parameter Symbol Value
Tip radius ra 30.0
Root radius r f 17.5
Number of lobes z 4
Helical pitch p h 90
Rotor length L 180
Shaft speed n 3 000
Radial clearance dr 0.05
Inter-rotor clearance S i 0.05
Adiabatic index K 1.31
Specific gas constant R 518
Inlet temperature T, 20.0
Inlet pressure p1 0.1013
Discharge pressure p2 1.50
Mechanical efficiency n_mech 0.96
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Figure 1. Cross-sectional profiles of the four-lobe TSC rotor: (a) Type A — circular-arc flanks; (b)
Type B — cycloidal flanks.

The analytical scheme proceeds through nine sequential sub-models. Each sub-
model has well-bounded inputs and outputs that feed the next stage; intermediate
results are used as anchors for cross-checking against the most recent CFD data
published for similar machines (Andres et al., 2022; Saravana et al., 2022). The
motivation for keeping the chain analytical — rather than going directly to a full
transient three-dimensional simulation — is that the closed-form structure allows
the contributions of individual loss mechanisms to be separated cleanly. This is
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precisely what is needed at the early-screening stage of profile selection.
Following the envelope-theory treatment standard for screw geometries (Yang
et al., 2023), the annular sector swept by one lobe pitch is

1 R . 1 n .
Acorr = (—) - (‘r s = 'rf‘) = (Z) -+ (30° — 17.5%) = 346.36 mm (1)

= a

The effective chamber area follows as 4= C, - 4_ ., where the fill factor
C,, captures the share of the annular sector that is actually swept by the working
fluid. For Type A flanks, the value C , = 0.82 is consistent with the geometric
envelopes calculated in recent twin-screw rotor optimisations using the alpha-
shape construction (Yang et al., 2023). For Type B flanks, the tangent-continuous
contact at the pitch point gives C , = 0.90. The two values yield 4, = 382.41
mm?® and 4, = 419.72 mm? — a 9.8% gain in chamber area for the cycloidal
profile.

Blow-hole leakage area. For the circular-arc profile, the Stosic formulation

gives

m,B

o T

2)

2 - sina,

with contact angle ¢, =30° and 6, = 0.05 mm. This yields K, =3.1416 and 4, ,
=3.1416 x 102 mm? For the cycloidal profile, tangent-continuous contact at the
pitch point removes the geometric precondition for a finite blow-hole; the residual
area arises only from manufacturing tolerances and is given by

T,

Apng = (Rﬁn) * Apna " Crea 3)
bas

with Foon = 12 mm, R, =30 mm, and the CFD-calibrated reduction factor C_, =
0.12 obtained from the alpha-shape mesh study of Yang et al. (2023). Substituting
gives 4, , = 0.0443 x 10”2 mm?* — a reduction of 98.6% relative to the circular-arc

baseline. Leakage flow regime. At = 14.80, the back-pressure ratio p./p:=0.0675
lies far below the critical value

K

== (K i 1)m = 0.5439 (4)

which guarantees choked flow through the blow-hole. The critical mass-flux
function evaluates to " = V[« - (2/(x + D)N(x + 1)/(x — 1))] = 0.6691. The blow-
hole mass leakage rate is then
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Gy=u, -y p/ VR T2)- 4, (5)

with discharge coefficient 4 = 0.65, fitted to the leakage measurements collected
in recent water-injected twin-screw experiments (Tian et al., 2022). Total relative
leakage fractions, taken to include all clearance paths, are ¢ A = 8.30% for the
circular-arc profile and € B = 4.90% for the cycloidal profile. These figures fall
inside the 7-9% / 4—6% bracket reported for high-pressure-ratio booster service in
the latest CFD validations (Andres et al., 2022).

The theoretical delivery is V, =2z - A4 - p,, giving V , = 275.34 cm*rev"!
and Vm’B =302.20 cm?*-rev'. The volumetric efficiency, with both dead-volume
re-expansion and reverse-superheat corrections, takes the form

nv =1- Stotal o (Vdead/l/th) ' (n/\(l/K) n 1) o ATheat/Tl’ (6)

with dead-volume fractions of 2.5% (Type A) and 1.2% (Type B), and suction-
side temperature increases AT, of 4.0 K and 2.5 K respectively. The dead-volume
figures reflect the residual recess area at the discharge port; the temperature rises
were obtained by an enthalpy balance applied to the leakage stream returning into
suction.

Adiabatic specific work follows from

W=/~ 1) R T, [m((x— 1)) — 1]=572.50 k] -kg". (7)

Real-gas behaviour is captured through the Peng—Robinson equation of state,
giving a compressibility factor Z = 0.98 at suction (Lu et al., 2023). Polytropic
work is computed with W, = (n/n—1)) - R - T: - [x™((n — 1)/n) — 1], using
polytropic indices n, = 1.41 and n, = 1.35. The discharge temperature is 7> = T -
7((n — 1)/n). Shaft power follows from N=0Q - p: - Wpol I N

The dominant excitation source is the tooth-meshing frequency f = n - z/60
= 200 Hz. Pressure-pulsation amplitudes — taken as 12% of (p: — p:) for Type A
and 7% for Type B — are based on the CFD pulsation maps recently reported for
oil-free twin-screw discharge plenums (He et al., 2024). The dynamic excitation
force F' = Apismn : APlDulSC is applied to a single-degree-of-freedom bearing-housing
model with stiffness £ =5 x 107 N-m™' and damping ratio ¢ = 0.05, giving the RMS
vibration velocity v, . and the radiated sound power level L, = 10 - logiwo(W_/W).
Shell-mode amplification effects, when present, can shift the pulsation spectrum at
higher frequencies (He et al., 2023), a point we return to in the discussion.

Results and Discussion. The principal geometric difference between the
two profile families lies in the blow-hole area. The cycloidal flank construction
collapses this area by 98.6%, from 3.1416 x 1072 mm? for the circular-arc baseline
to 0.0443 x 1072 mm? for the cycloidal alternative. At the same time, the chamber
area grows by 9.8% — from 382.41 mm? to 419.72 mm? — because the higher
fill factor of the tangent-continuous flanks captures a larger share of the annular
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sector. This is consistent with the chamber-area improvements reported by Yang et
al. (2023) for alpha-shape-generated twin-screw profiles, even though the absolute
magnitudes differ. Table 2 summarises the performance comparison.

Table 2. Performance comparison of circular-arc (Type A) and cycloidal (Type B)
flanks at © = 14.80.

Performance indicator Type A (circular-arc) | Type B (cycloidal) Change
Blow-hole area, X102 mm? 3.1416 0.0443 —98.6%
Chamber area, mm? 382.41 419.72 +9.8%
Theoretical delivery, cm®-rev! 275.34 302.20 +9.8%
Total relative leakage, % 8.30 4.90 —41.0%
Volumetric efficiency, % 73.3 86.1 +17.5%
Actual delivery, m*-h™! 36.32 46.82 +28.9%
Adiabatic efficiency, % 88.5 92.8 +4.9%
Polytropic index, n 1.41 1.35 —4.3%
Discharge temperature, K 618 566 52K
Specific energy, kWh-kg™ 0.176 0.168 —4.7%
RMS vibration velocity, mm-s™’ 4.8 2.8 —41.7%
Sound power level, dBA 924 87.7 —4.7 dBA

Total relative leakage drops from 8.30% to 4.90%, a 41.0% relative reduction.
Most of this reduction comes from the blow-hole, which alone accounts for
roughly 55% of the leakage budget at this pressure ratio in the circular-arc baseline;
the residual contributions from the radial and inter-rotor clearances are largely
insensitive to flank geometry. The combined result of larger chamber area and
reduced leakage is a sharp jump in volumetric efficiency, from 73.3% to 86.1% —
well above the 3—5% gains typical of incremental rotor-depth optimisation reported
by Aydin et al. (2025). The actual volumetric delivery climbs by 28.9%. For a
Kazakhstani gathering station with an installed booster fleet, this gain corresponds
to the equivalent of an additional unit on every three units in service — a significant
capital saving when fleet renewal is on the horizon.

Adiabatic efficiency rises from 88.5% to 92.8%. The four-percentage-point gain
reflects a reduction in two parasitic losses simultaneously: less mass is recirculated
through the leakage paths, and the gas re-entering the suction chamber is at a
lower temperature. The polytropic exponent drops from 1.41 to 1.35, indicating
compression closer to the isothermal limit —a recognised marker of reduced internal
heating in screw machines (Lu et al., 2023). The discharge temperature falls by 52
K, from 618 K to 566 K. The practical consequence is significant: lower discharge
temperatures relax thermal margins on bearing seals, reduce oxidation of any oil
carry-over into the discharge plenum, and translate directly into lower specific
energy consumption (down 4.7%, from 0.176 to 0.168 kWh-kg™"). The drop in
discharge temperature also brings the operating envelope clear of the elastomer-
seal limit, which is a recurring failure mode at high-pressure-ratio booster stations
operating near the upper end of their original certification.
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The pulsation amplitude reduction from 12% to 7% of the differential pressure
feeds directly into a 41.7% drop in RMS vibration velocity at the bearing housing —
from 4.8 mm-s~' to 2.8 mm-s~'. The radiated sound power level drops by 4.7 dBA,
in line with the noise reductions reported for advanced manifold-pulsation designs
in oil-free machines (He et al., 2024). A complementary finding from acousto-
structural coupling work on twin-screw shells is that maximum sound-pressure-
level peaks tend to cluster around 2 kHz, a region into which the second and third
harmonics of the meshing frequency fall in this machine (He et al., 2023); the
cycloidal profile’s lower fundamental excitation therefore produces compounding
benefits at the harmonics where structural amplification is strongest. This shift
is meaningful for unattended booster stations in remote oilfield locations where
occupational-exposure compliance is hard to verify by routine measurement.

It is useful to place the present results next to recent comparable studies. (Aydin
et al. 2025) report a 4.30% reduction in specific power and a 2.73% increase in
volumetric efficiency for a 5/6 twin-screw compressor optimised by response
surface methodology — gains that are roughly an order of magnitude smaller than
those projected here for the cycloidal three-screw case. Wang et al. 2023) obtained
comparable improvements through neural-network-assisted parameter searches
restricted to the circular-arc family. Patil et al. (2023) experimentally demonstrated
1.5-2.5% efficiency gains through homotopy-based mechanical-loss minimization
(Veciana et al. 2024), working on involute-versus-cycloidal spur gears, found
broadly comparable energy efficiency between the two profile families when
pressure angles and tooth heights were matched, indicating that the gain in screw
machinery comes specifically from the topology of the three-body contact rather
than from gear-mesh kinematics. The 28.9% delivery and 4.7% specific energy
gains projected here for a TSC at m = 14.80 reflect the compounding effect of
moving from a profile family bounded by manufacturability constraints to one
bounded by manufacturing tolerance — a step change rather than an incremental
improvement. The cost, of course, is the requirement for five-axis CNC profile-
grinding capability, which is now within reach of several toolmakers but still
represents a capital investment that an operator must weigh against the projected
lifetime energy savings.

Two limitations of the closed-form model deserve explicit mention. First,
the leakage flow is treated as quasi-steady choked flow through a constant-area
orifice; in reality, the blow-hole area varies through the rotation cycle and three-
dimensional secondary flow effects modulate the discharge coefficient. Recent
transient CFD work using TwinMesh-generated CFX simulations has shown
that these effects can shift the integrated leakage by up to 8% from the quasi-
steady estimate (Andres et al., 2022). Second, the vibroacoustic model assumes
a single-degree-of-freedom bearing housing; the full structural response includes
shell modes that can amplify specific narrow-band components of the pulsation
spectrum (He et al., 2023). Both limitations are explicit consequences of the
screening-tool philosophy adopted here: the model trades a few percent of fidelity
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for the ability to scan profile-parameter space in seconds rather than days. Once
a candidate profile has cleared the analytical screen, the natural next step is a
multi-physics simulation that couples conformal-mesh CFD with structural finite-
element analysis (Saravana et al., 2022).

Conclusion. A closed-form sequential analytical model for a four-lobe three-
screw compressor was developed, calibrated against recent CFD reference data,
and applied to a head-to-head comparison of circular-arc (Type A) and cycloidal
(Type B) rotor flank constructions on natural gas at a pressure ratio of 14.80. The
work yields the following specific findings.

1. A nine-stage sequential model was constructed, coupling envelope-theory
chamber kinematics, the Stosic-type blow-hole formulation, a choked-flow
leakage description, dead-volume and reverse-superheat-corrected volumetric
efficiency, Peng—Robinson polytropic thermodynamics, and a single-degree-of-
freedom vibroacoustic balance. The model is closed-form and runs to completion
in under a second on a standard laptop, making it suitable as a screening tool ahead
of full three-dimensional CFD verification.

2. The blow-hole area was reduced by 98.6%, from 3.1416 x 1072 mm? (circular-
arc) to 0.0443 x 1072 mm? (cycloidal). The chamber area grew by 9.8%, from
382.41 mm? to 419.72 mm?, because the higher fill factor of tangent-continuous
flanks captures a larger share of the annular sector.

3. Volumetric performance was substantially improved. Total relative leakage
dropped from 8.30% to 4.90% (a 41.0% relative reduction), volumetric efficiency
rose from 73.3% to 86.1%, and the actual delivery increased by 28.9% — a
step change well beyond the 3-5% gains reported for incremental rotor-depth
optimisation in twin-screw machines.

4. The thermodynamic chain was demonstrated to benefit consistently. Adiabatic
efficiency improved from 88.5% to 92.8%, the polytropic exponent dropped from
1.41 to 1.35 (compression closer to the isothermal limit), the discharge temperature
fell by 52 K (from 618 K to 566 K), and the specific energy demand decreased by
4.7% (from 0.176 to 0.168 kWh-kg™).

5. The vibroacoustic response was shown to improve in step with the geometric
improvement. RMS bearing-housing vibration velocity dropped by 41.7% (from
4.8 to 2.8 mm-s™), and the radiated sound power level fell by 4.7 dBA — an
outcome that has direct relevance for unattended booster stations at remote oilfield
locations.

6. The model was applied to natural-gas compression at conditions representative
of mature western-Kazakhstan fields, where reservoir-pressure decline has driven
inlet-to-discharge ratios above the original design service. The projected 28.9%
gain in delivery and 4.7% reduction in specific energy translate into measurable
operational and economic benefits, justifying the additional capital outlay required
for five-axis CNC profile grinding of cycloidal flanks.

7. The boundaries of the present approach were identified explicitly, in
particular the quasi-steady treatment of blow-hole leakage and the single-degree-
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of-freedom vibroacoustic structure. Both limitations are deliberate consequences
of the screening-tool philosophy and define the natural transition point to full
multi-physics CFD-FEM coupling once a candidate profile has cleared the
analytical screen.

Taken together, the results identify cycloidal flank construction as a step
change rather than an incremental improvement for high-pressure-ratio TSC
service, and provide a quantitative basis for fleet-renewal decisions at Kazakhstani
gas-gathering installations. Future work will extend the model to two-phase oil-
injected service and to coupled CFD-FEM verification under transient field-load
conditions.
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