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Abstract

Screw compressors are critical equipment in oil and gas production and transportation,
where efficiency losses caused by rotor geometry, inlet pressure pulsations, and harsh
climatic conditions can accumulate into substantial annual energy penalties and reliability
degradation. This study provides a quantitative assessment of these coupled effects within
a unified multiphysics framework that combines time-accurate transient CFD simulations
based on a fixed Cartesian immersed-boundary formulation with a climate-calibrated
offline physics-based digital twin—functioning as a digital shadow with one-way data
flow from archival SCADA records—a reduced-order seasonal model with no real-time
updating, calibrated against a full calendar year of SCADA records and validated against
a held-out cold-season dataset (October-December 2022, T,y = —15 to +8 °C); summer-
period predictions rely on calibrated extrapolation beyond the validation window—an
integration not previously demonstrated for oil-flooded screw compressors. Two rotor
profile configurations (Type A and Type B) were analyzed to quantify geometry-driven
differences in static pressure distribution, leakage tendency, and pulsation sensitivity. Tran-
sient suction conditions were modeled using harmonic and quasi-random inlet pressure
disturbances to evaluate pressure amplification, phase lag, leakage intensification, and
efficiency degradation. Seasonal performance was assessed by integrating temperature-
dependent gas properties, oil viscosity behavior, and external heat transfer into an annual
climatic load framework. The results show that inlet oscillations are amplified inside the
chambers (pressure amplification factor I, ~ 1.95; I, up to 2.3 under quasi-random exci-
tation), reducing mass flow and volumetric efficiency by 8-10% and decreasing polytropic
efficiency from 0.78 to 0.69-0.71, while increasing leakage by up to 27% and raising peak
contact pressures to 167-171 MPa. Seasonal variability (+30 to —30 °C) increased suction
density by 38% but raised drive power by ~9% due to viscosity-driven mechanical losses,
producing an energy penalty up to 10.8% and an estimated annual additional consumption
of approximately 186 MWh per compressor, decomposed as: cold-season contribution
~113 MWh (10 MWh, directly field-validated against October-December 2022 SCADA
data) and summer-season contribution ~51 MWh (calibrated extrapolation; additional
uncertainty unquantified and not included in the £10 MWh bound). The full annual
figure of 186 MWh should be interpreted as a model-based estimate rather than a fully
validated result. These findings demonstrate that rotor design optimization and mitigation
of nonstationary suction effects, coupled with climate-aware offline physics-based digital
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shadow operation, represent high-priority levers for improving efficiency and reducing en-
ergy penalties in field conditions; reliability implications require further validation against
summer-season field measurements.

Keywords: screw compressor; rotor geometry; transient flow; volumetric efficiency; leakage
flow; turbulence modeling; climatic variability; energy efficiency

1. Introduction

Screw compressors are widely used in oil and gas production, gas processing, and
transportation systems due to their compact design, stable volumetric performance, and
ability to operate under variable load conditions [1-3]. For example, in the oil production
and transportation industries, oil-cooled screw compressors are often used for associ-
ated gas compression, gas gathering networks, and vapor recovery systems [4]. Their
operational reliability directly impacts production continuity, energy consumption, and
environmental performance [5,6]. Given the high share of compression energy in the total
power consumed by a field, improving compressor efficiency has become a critical engi-
neering challenge [7]. Even minor deviations in thermodynamic parameters—such as a
decrease in volumetric or polytropic efficiency, an increase in leakage rate, or an increase in
outlet temperature—can lead to disproportionately large annual energy losses. Previous
studies have shown that a 3-5% decrease in compressor efficiency can significantly increase
energy consumption, operating costs, and life-cycle costs [8,9]. Furthermore, operation
outside optimal thermodynamic conditions accelerates mechanical wear, increases bearing
loads, and shortens maintenance intervals, which ultimately impacts system reliability
and availability [10,11]. Therefore, understanding the impact of operational factors on
compressor efficiency and service life is of significant practical importance.

Among the key internal design parameters affecting screw compressor performance,
rotor geometry plays a crucial role [12-15]. The rotor profile determines the volume varia-
tion law, sealing characteristics, contact behavior, and leakage paths inside the compression
chamber. Changes in rotor curvature, wrap angle, and clearance distribution directly
affect pressure gradients, vortex shedding, and local mechanical loads [16-18]. Previous
studies have shown that optimized rotor profiles can reduce internal leakage and improve
volumetric efficiency [19-21]. However, most available analyses either focus on geometric
optimization under idealized steady-state conditions or consider structural aspects indepen-
dently of the full thermohydrodynamic interaction. Many computational fluid dynamics
(CFD)-based studies evaluate rotor flow fields under steady-state inlet conditions, which
limits their applicability to real industrial conditions where operational disturbances are
inevitable [22,23].

The studies cited above were conducted predominantly on twin-screw machines,
where the compression chamber is formed between one male and one female rotor in-
teracting with the casing. In that geometry, the critical leakage paths are the interlobe
clearance and the axial tip clearance, and their behavior under steady-state conditions is
now reasonably well characterized. However, the three-screw configuration studied in the
present work comprises one driving male rotor meshing simultaneously with two driven
female rotors—a total of three intermeshing rotors—which introduces a fundamentally
different internal topology. Two independent meshing zones are active simultaneously,
creating additional interlobe leakage channels whose pressure interactions have not been
resolved by CFD. The sealing line geometry and its evolution during rotation differ from
the twin-screw case, and the volumetric compression law governing the driven rotors
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has not been quantified under transient inlet conditions. Furthermore, the sensitivity
of the three-screw configuration to pulsation amplification and climate-driven viscosity
changes remains entirely uncharacterized in the open literature. The present study directly
addresses this gap.

In practical gas transportation and production systems, screw compressors rarely
operate under strictly steady-state inlet conditions. Inlet pressure fluctuations arise due
to pipeline dynamics, inlet flow instability, switching operating modes, and variable well
flow rates [24-26]. These disturbances introduce non-stationary boundary conditions
that affect the internal compression process. Inlet pressure fluctuations can be amplified
inside the working chambers, alter the phase relationships between chamber closure and
discharge opening, and increase interblade leakage [27-30]. Despite the relevance of this
problem, detailed CFD modeling of oil-filled screw compressors under non-stationary
inlet pressure conditions using time-accurate rotating-geometry formulations remains
limited. Many engineering models assume a quasi-steady-state operating regime, which
may underestimate the effects of pulsation amplification and their impact on volumetric
efficiency, polytropic efficiency, and mechanical loading.

An additional operational factor that significantly affects the performance of a screw
compressor is ambient temperature. This is especially true for units operating in regions
with a sharply continental climate, where seasonal temperature variations can exceed
60-70 °C throughout the year. Ambient temperature affects several interrelated processes
within a screw compressor. First, it affects the density of the suction gas, thereby changing
the mass flow rate for a given volumetric performance [31]. Higher suction temperatures
reduce the gas density, which reduces the mass flow rate and changes the compression work
requirements [32,33]. Second, temperature variations significantly change the viscosity of
the oil, affecting the quality of the lubricant, mechanical friction losses, and the effectiveness
of the seal between the rotor blades [34-36]. Third, climatic conditions change the external
heat transfer coefficients and the overall thermal balance of the compressor, affecting the
outlet temperature and the long-term durability of the components [37-39]. Although
offline digital twin (digital shadow) technologies have recently been implemented to model
compressor behavior, many existing implementations do not fully account for climate
variability or its interaction with transient flow conditions.

The objective of this study is to comprehensively and quantitatively assess the impact
of geometric, gas-dynamic, and climatic factors on compressor performance. The research
combines three complementary approaches: CFD analysis of rotor profiles, transient simu-
lation of suction pressure pulsations, and thermal analysis under variable climatic loads.
The combination of these methods allows identification of the dominant loss mechanisms
and improves the accuracy of compressor performance prediction under real-world condi-
tions. The results provide a comprehensive engineering assessment and contribute to the
development of more reliable and energy-efficient compressor systems.

The present study differs from existing literature in three specific respects, each defined
against the closest prior work. First, regarding transient pulsation modeling: the most directly
comparable CFD studies of oil-injected and oil-flooded screw compressors—Yang et al. [31],
who simulated internal pressure characteristics of a twin-screw refrigeration compressor,
and Malael and Petrescu [29], who performed a CFD evaluation of an oil-flooded screw
compressor—both impose fixed steady-state inlet boundary conditions and do not model
pressure fluctuations at the suction port. Brinas et al. [12] applied SolidWorks Flow Sim-
ulation to a twin-screw compressor but similarly restricted the analysis to steady-state
flow parameters. A recent review by Li et al. [28] confirms that transient non-stationary
inlet conditions remain an underexplored area in screw compressor CFD. The present
work addresses this directly by imposing time-varying inlet pressure—both harmonic
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and quasi-random—within a time-accurate rotating-geometry simulation using a Carte-
sian immersed-boundary solver, and quantifying the resulting pulsation amplification
factor (I, ~ 1.95-2.3), phase lag, and leakage intensification that steady-state models
cannot capture.

Second, regarding the offline digital twin with climate forcing: Sikibi et al. [40] de-
veloped an Al-driven cognitive digital twin for industrial air compressors that optimizes
energy efficiency, but the model is data-driven and does not incorporate a physics-based
CFD layer or treat ambient temperature as a time-varying seasonal input. Lv et al. [41]
presented a high-fidelity digital twin for an air-source heat pump using a machine-learning
algorithm, but the application is a different machine type and the model is not validated
against a full annual field dataset from a continental-climate installation. In both cases,
climate variability is treated as a fixed or slowly varying scalar rather than a dynamic
meteorological forcing function. The present offline digital twin—a reduced-order physics-
based model with one-way data flow from archival SCADA records and no real-time sensor
feedback—is calibrated against a full-year operational record from a Kazakhstan oil and
gas field. It is acknowledged that this framework operates at the digital shadow tier of the
Kritzinger et al. [42] maturity hierarchy; the novelty lies in the physics-based CFD layer
and the climate forcing integration, not in autonomous self-updating capability.

Third, regarding the integrated multi-scale framework: no study identified in
the literature simultaneously addresses rotor geometry sensitivity, transient pulsa-
tion response, and seasonal climate variability within a single coupled computational
framework for an oil-flooded screw compressor. Individual aspects have been stud-
ied in isolation—geometry optimization [21], pulsation analysis [20], and thermal
performance [38]—but their coupling, which determines how geometry modifies pul-
sation sensitivity and how climate amplifies both effects, has not been demonstrated. This
integration—spanning clearance-level leakage dynamics to annual cumulative energy
penalties of 186 MWh per compressor, implemented as an offline physics-based seasonal
prediction framework—constitutes the primary methodological contribution of the work.

In the present work, the framework is referred to consistently as an offline physics-
based digital shadow, following the Kritzinger et al. [42] maturity hierarchy in which
one-way data flow from a physical asset defines the digital shadow tier. Where the term
“digital twin” is used—for example, when directly comparing with prior studies that em-
ploy that term (Sikibi et al. [40]; Lv et al. [41])—it is always qualified by “offline” to make
the distinction from bidirectional, self-updating implementations explicit. The twin is
constructed in three coupled layers. The first layer consists of high-fidelity transient CFD
simulations (Sections 2.1, 3.1 and 3.2), which generate geometry-specific and operating-
condition-specific response surfaces relating inlet pressure, ambient temperature, and
rotor configuration to the resulting mass flow rate, polytropic efficiency, leakage intensity;,
and discharge temperature. The second layer is a climate-driven reduced-order model
(Section 2.2) that embeds these CFD-derived response surfaces into a seasonal simulation
driven by a full-year ambient temperature record T,y (t) from a Kazakhstan oil and gas
field, with oil viscosity computed from the Arrhenius relation (Equation (8), Section 2.2)
and volumetric efficiency degradation from (Equation (9), Section 2.2). The third layer
is field calibration and validation: the model parameters are adjusted against archival
operational data from the same installation (mass flow rate, discharge temperature, electri-
cal power consumption), and the offline-validated twin is used to predict annual energy
penalties and maintenance intervals. The offline digital twin (digital shadow) in this work
functions as an offline predictive tool—it does not incorporate real-time sensor feedback or
autonomous self-updating logic—and its predictive accuracy is bounded by the validation
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errors reported in Section 3.3 (3.1% for mass flow rate, 3.8% for discharge temperature, and
5.2% for electrical power consumption).

It should be noted that the framework described in this paper occupies the lower tier
of the digital shadow/digital twin maturity hierarchy defined by Kritzinger et al. [42]: it
functions as a digital shadow—a physics-based model that receives one-way data flow
from the physical asset (archival SCADA records for calibration) but does not implement
bidirectional synchronisation, real-time state updating, or closed-loop feedback to the
physical system. In the broader engineering literature, the term «digital twin» is routinely
applied to such offline, physics-informed calibrated models [43], and the compressor DT
studies most directly comparable to this work (Sikibi et al. [40]; Lv et al. [41]) use the same
offline-simulation interpretation.

2. Materials and Methods
2.1. Geometry-Based Analysis of Rotor Profiles

To evaluate the impact of rotor profile design on compressor performance, two geo-
metrically different rotor configurations, designated Type A and Type B (see Figure 1), were
considered. The rotor geometries differ quantitatively in several key parameters. Type A
employs a symmetric profile with a wrap angle of approximately 300°, which promotes a
longer sealing contact line but results in steeper local curvature transitions at the interlobe
region. Type B features an asymmetric profile with a reduced wrap angle (~270°), providing
a more gradual curvature progression along the compression path. The radial tip clearance
in Type B is reduced by approximately 20-25% relative to Type A, improving sealing ef-
fectiveness under steady-state conditions, while the axial end-face clearance is similarly
tightened. These geometric distinctions directly govern the volumetric compression law,
the evolution of the sealing line during rotation, and the susceptibility to leakage under
pressure gradients, as quantified in Table 1 and Figure 2. Both configurations were built
using a parametric CAD system to ensure precise control of geometric parameters and
reproducibility of results.

(a) (b)

Figure 1. Schematic representation of screw rotor profiles: (a) type A rotor with a symmetric profile;
(b) type B rotor with an asymmetric profile. The spatial geometry of the working surfaces and rotor
meshing is illustrated.
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Table 1. Key geometric parameters of Type A and Type B rotor configurations.

Parameter Symbol Unit Type A Type B
Wrap angle (male rotor) ©Ow deg 300 270
Number of lobes (male/female) Zm/ Z¢ — 3/5 4/6
Outer diameter (male rotor) Dm mm 60.0 60.0
Root diameter (male rotor) Dy mm 384 36.0
Profile asymmetry index — — symmetric asymmetric
Interlobe clearance (radial) Or mm 0.08-0.12 0.06-0.10
Tip clearance (axial) da mm 0.10-0.15 0.08-0.12
Length-to-diameter ratio L/D — 1.5 1.5
Rotor length (male rotor) L mm 90.0 90.0
Nominal rotational speed n rpm 3000 3000
Nominal compression ratio s — 3.5 3.5

(b)

Figure 2. Cross-sectional geometry of (a) driven rotor and (b) driving rotor. Indicated diameters: outer
diameter D = 60.0 mm (Type A)/60.0 mm (Type B); root diameter D; = 38.4 mm (Type A)/36.0 mm
(Type B). Working profile contours reflect the symmetric (Type A) and asymmetric (Type B)
lobe geometries.

Both configurations share the same nominal operating conditions: rotor length
L =90.0 mm (derived from L/D = 1.5 and Dy, = 60.0 mm), rotational speed n = 3000 rpm,
inlet total pressure p;j, = 0.32 MPa, inlet total temperature Tj, = 285 K, and nominal com-
pression ratio 7t = 3.5 (corresponding to a discharge pressure of 1.12 MPa); these values are
held constant across all simulations in Sections 3.1 and 3.2 and serve as the reference point
for the offline digital twin seasonal analysis in Section 3.3.

2.1.1. Computational Grid Generation and Mesh Geometry

The computational domain was generated directly from the 3D CAD geometry of
both rotor configurations (Type A and Type B). The solver automatically constructs a
structured Cartesian mesh with local refinement and cell-based boundary processing,
ensuring accurate representation of the rotor’s curved surfaces and narrow clearances.
Figure 3 shows a schematic representation of the structure of the computational grid used
for numerical modeling.
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Figure 3. Three-dimensional computational mesh used for numerical simulation of flow within the
interlobe chamber of the screw rotors.

The mesh-based approach allows for accurate no-slip conditions at liquid-solid inter-
faces without introducing excessive distortion typical of unstructured meshes.

To ensure numerical reliability, convergence stability, and transient solution robustness,
a comprehensive mesh-independence study was conducted using three progressively finer
mesh densities. Computational meshes consisted of approximately 1.2 million cells (coarse
mesh), 2.4 million cells (medium mesh), and 4.1 million cells (fine mesh), respectively. A
comparative analysis showed that the relative deviation between the medium and fine
meshes remained below 1.5% for all monitored quantities. The coarse grid showed slightly
larger discrepancies, particularly in the prediction of the leakage mass flow velocity and
pulsation amplitude, indicating insufficient resolution of the gap-induced vortex structures.
Given the minor differences between the medium and fine grids and the significant in-
crease in computational costs associated with the fine grid, the medium grid configuration
(~2.4 million cells) was adopted for all subsequent transient simulations.

To provide a transparent record of mesh sensitivity, the relative deviations of key
monitored quantities across all three mesh configurations are summarized in Table 2. As
shown in Table 2, all quantities converged monotonically with mesh refinement. The
coarse mesh exhibited deviations of up to 4.1% in leakage mass flow prediction relative
to the medium mesh, confirming insufficient resolution of gap-induced vortex structures
at this density. In contrast, the medium-to-fine deviation remained below 1.5% for all
quantities, satisfying the standard convergence criterion for engineering CFD applications.
The medium mesh (~2.4 million cells) was therefore selected for all subsequent simulations
as the optimal compromise between numerical accuracy and computational cost.

Table 2. Mesh independence study: relative deviation of key monitored quantities between
mesh configurations.

Monitored Quantity Symbol Unit Coarse vs. Medium, % Medium vs. Fine, %
Mass flow rate m kg/s 3.2 0.8
Volumetric efficiency Ny — 2.8 1.1
Peak chamber pressure Pmax MPa 3.7 1.3
Leakage mass flow Meap kg/s 41 1.4
Maximum local velocity Vmax m/s 3.9 1.2
Discharge temperature Tadis K 1.6 0.7
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The numerical settings applied throughout the mesh independence study and all
subsequent transient simulations are as follows. Convergence criterion: within each time
step, iterative convergence was declared when the normalised residuals of the continuity,
momentum (X, y, z), energy, k, and w equations all fell below 1 x 10~%; this threshold
was reached within 15-25 inner iterations per time step for the medium and fine meshes.
Time step: rotor rotation was advanced at 2° of shaft rotation per time step, corresponding
to At =1.11 x 10~* s at n = 3000 rpm (one full revolution = 180 time steps, trey = 20 ms);
time-step sensitivity was confirmed by halving At to 1°/step, which changed the cycle-
averaged discharge pressure by less than 0.4%. All reported results were obtained after
the solution reached a quasi-periodic state, verified by the condition that the cycle-to-cycle
variation in mass-averaged discharge pressure between consecutive revolutions was below
0.2%; in practice this was achieved after 8-12 revolutions, and all monitored quantities
were averaged over the final 3 complete revolutions. Near-wall resolution: SolidWorks
Flow Simulation 2022, SP3.0 (version 30.3, Dassault Systemes SolidWorks Corporation,
Waltham, MA, USA) employs a Cartesian immersed-boundary (IB) discretisation in which
the conventional y* metric is not applicable because the mesh does not conform to the wall
surface. Near-wall accuracy is instead governed by the local IB cell refinement level in the
clearance regions: for the medium mesh, the minimum cell edge length in the interlobe
and tip clearance zones was set to 8. = 0.02 mm, corresponding to approximately one-
third of the tightest radial clearance (5, = 0.06 mm for Type B), which provides at least
3 computational cells across the gap—the minimum recommended for the IB two-layer
wall treatment to resolve the near-wall velocity gradient without relying on wall functions.
Monitored variables: the six quantities listed in Table 2—mass flow rate m, volumetric
efficiency 1y, peak chamber pressure pmax, leakage mass flow Thgap, maximum local velocity
Vmax, and discharge temperature T4;;—were selected as monitors because they represent
the primary integral and local outputs reported throughout the paper. Each quantity was
evaluated as a cycle-average over the final 3 revolutions; the deviations reported in Table 2
represent the relative difference between cycle-averaged values on successive mesh levels.

2.1.2. Governing Equations

The transient compressible flow inside the screw compressor was modeled by solving
the Reynolds-Averaged Navier-Stokes (RANS) equations in conservative form.
Continuity Equation:

9p _
§+V~(pu)—0 (1)
Momentum Equation:
%)
(gt“) + V- (pun) = =Vp+ V- | (5 + ) (Vu+ V' )| 2)
Energy Equation:
d(ph d
%—l—V{puh) = a—f—i—V- [(k+kt)VT] 3)

where: p—density, u—velocity vector, p—pressure, y—molecular viscosity, y—turbulent
viscosity, h—specific enthalpy, k, ki—molecular and turbulent thermal conductivity.

The working fluid—compressed air, used as a surrogate for natural gas in the CFD
module—was treated as a compressible gas with non-ideal equation of state; density was
computed from p = p/(ZRT), where the compressibility factor Z was evaluated as a function
of local pressure and temperature using the truncated virial equation of state (Z = 0.91 at
suction, Z = 0.84 at discharge, as detailed in Section 2.1.4 (i)). All other thermophysical
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properties (viscosity, thermal conductivity, specific heat) were updated as polynomial
functions of temperature at each iteration.

2.1.3. Turbulence Modeling

To capture these effects, two turbulence models were evaluated:
Standard k—-¢ Model
The k—& model solves transport equations for turbulent kinetic energy k and dissipation

rate &: ok
(p)—I—V-(puk):V-Kﬂ—i—yt)Vk}—ka—ps )
ot Oy
d(pe) _ Ut € €2
ot +V-(pue)—v- |:<"Ll+a€ Ve +C1EGk*C2p? (5)

The k—¢ model is computationally efficient and robust for high-Reynolds-number
internal flows.

k-w SST Model

The k-w Shear Stress Transport (SST) model combines the near-wall accuracy of the
k-w model with the free-stream independence of the k—¢ model. It solves:

a(g;v) F V- (puw) = V- [(1 + 0wt Veo] +a%pk_ﬁpw2 .

The k-w SST model was selected for all reported simulations based on both phys-
ical and comparative criteria. From a physical standpoint, the internal flow in a screw
compressor is characterized by three concurrent regimes that demand different turbu-
lence treatments: (i) high-Reynolds-number bulk compression flow in the chamber core
(Rechamber = 1.1-1.4 x 10°), well-handled by k-¢ [44]; (ii) low-Reynolds transitional flow in
narrow interlobe clearances (Reje, &~ 3.5-8.0 x 103), where near-wall accuracy of k-w is
essential [45]; and (iii) separated shear layers at the rotor tip and discharge port, which in-
volve adverse pressure gradients requiring the SST blending function to prevent premature
reattachment prediction [46]. The k—w SST model [47] is specifically designed to blend the
near-wall k—w formulation with the free-stream k—& behavior through a smooth switching
function based on wall distance, making it uniquely suited to this multi-regime internal
flow. Quantitative comparative testing between k—¢ and k-w SST showed negligible differ-
ence in global integral parameters (mass flow, compression ratio: <2%), confirming that
bulk flow is insensitive to the choice; however, SST provided 8-12% better resolution of
local vortex core structures in the meshing region and more physically consistent leakage
jet trajectories, which directly affect the accuracy of leakage mass flow prediction—a key
output of this study.

2.1.4. Model Assumptions and Boundary Conditions

The following assumptions govern the numerical model:

(i) Compressibility treatment: The working fluid (natural gas mixture, approximated
as air for the CFD component) was treated as a compressible gas with non-ideal equation of
state and pressure- and temperature-dependent thermophysical properties. Compressibility
is non-negligible in this application: the local Mach number reaches Mamax = 0.21-0.26 in
constricted inter-rotor regions (chamber Re ~ 1.1-1.4 x 10°; quantified in Table 3), and
density variations across the compression path exceed 300% (from ~5.4 kg/m? at inlet to
~22 kg/m?3 pre-discharge in transient regimes). The incompressible assumption, which is
sometimes adopted for low-speed compressor components, would introduce unacceptable
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errors in mass flow prediction and pressure amplification calculations. The compressibility
factor Z was evaluated as a function of local pressure and temperature using the truncated
virial equation of state, decreasing from Z = 0.91 at suction to Z = 0.84 at discharge.

Table 3. Comparative flow and performance parameters for Type A and Type B rotor configurations
under quasi-steady frozen-rotor simulation conditions: pj, = 0.32 MPa, T, = 285 K, pout = 1.12 MPa
(7t = 3.5), n = 3000 rpm, mid-compression angular position. AP denotes the peak-to-trough spatial
pressure variation within the interlobe chamber at the captured angular position; it is not the global
inlet-to-outlet compression rise (pout — pin = 0.80 MPa) 2.

Parameter Symbol Unit Type A Type B
Pressure rise AP Pa 9.7 x 10° 1.05 x 10*
Volumetric efficiency v —(dimensionless) 091 0.88
Pulsation coefficient Kp — 0.064 0.081
Chamber Reynolds number Re — 1.1-1.3 x 10° 1.2-1.4 x 10°
Leakage Reynolds number Rejeak — 3.5-6.8 x 103 4.0-8.0 x 103
Maximum Mach number Mamax — 0.21 0.26

2 Symbol definitions: AP—spatial peak-to-trough pressure variation in the interlobe chamber (Pa); ny—instantaneous
volumetric efficiency at mid-compression angular position (-); K,—instantaneous pulsation coefficient, defined as
the ratio of chamber pressure fluctuation amplitude to mean chamber pressure (-); Re—bulk chamber Reynolds
number based on rotor tip speed and hydraulic diameter (-); Reje,x—leakage-channel Reynolds number based on
clearance gap and local velocity (-); Mamax—maximum local Mach number in constricted inter-rotor regions (-).

(ii) Boundary conditions: At the inlet, a time-dependent total pressure boundary condi-
tion was imposed: pin(t) = 0.32 MPa (steady), pin(t) = 0.32 + 0.038-sin(27-12-t) MPa (harmonic),
or a band-limited Gaussian white-noise pressure signal (quasi-random). The stochastic signal
has mean p~ = 0.32 MPa, root-mean-square amplitude o = 0.038//2 = 0.02687 MPa (equal to
the RMS of the harmonic excitation, ensuring identical total fluctuation energy in both cases),
and a flat power spectral density Sy = 0%/ (frigh — flow) =241 X 10~7 MPa? /Hz over the fre-
quency band 1-3000 Hz. The upper frequency limit was chosen to encompass the chamber
acoustic eigenfrequency fy, ~ 2.1 kHz (Section 3.2) while remaining below the Nyquist
limit of the simulation time step (fnyquist = 4505 Hz at At =1.11 x 10~* s). The signal was
generated as a discrete zero-mean Gaussian sequence, scaled to the target RMS, and applied
as a time-varying total pressure boundary condition at each time step. Statistical quantities
under stochastic excitation were accumulated over 25 rotor revolutions after quasi-periodic
convergence and averaged over the final 10 revolutions; the coefficient of variation of mass
flow rate and pulsation amplitude over consecutive 5-revolution blocks did not exceed
2.1%, confirming statistical stationarity. Inlet total temperature was held constant at 285 K.
At the outlet, a static pressure boundary condition of 1.12 MPa was prescribed, consistent
with the nominal compression ratio of 3.5. Rotor surfaces were treated as no-slip, adia-
batic moving walls with rotational velocity prescribed from the kinematic constraint. The
casing walls were modeled with a convective heat transfer boundary condition using the
temperature-dependent external heat transfer coefficient hext(Tamp), Wwhich was adapted
seasonally in the offline digital twin module (hext(Tamp) evaluated from a combined natu-
ral and forced convection fit to the 2022 field casing surface temperature measurements:
hext = 10.4+(288/ T, K)*12 W/ (m?2-K), yielding hext = 9.6 W/(m?-K) at Topp = +35 °C and
hext = 11.4 W/(m?-K) at Tymp = —30 °C; the seasonal range is consistent with the measured
casing heat loss fractions of 14-18% (Table 8)).

(iii) Oil injection: In the oil-flooded screw compressor, the injected oil serves as coolant
and dynamic seal. For the CFD simulations, oil was modeled as a continuous liquid phase
with Arrhenius-type viscosity dependence (Equation (28)). The oil injection mass flow rate
was set to maintain an oil-to-gas mass ratio of 3:1, consistent with typical field operation.
The two-phase interaction was handled through a homogeneous mixture model, which
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is appropriate given the high oil volumetric fraction and the dominance of viscous forces
over interfacial tension at the relevant Reynolds numbers.

(iv) Moving boundaries and chamber volume change. It is noted that although the
term “moving mesh” is sometimes used loosely to describe any transient simulation of
a rotating machine, the present solver employs a fixed Cartesian grid throughout. Rotor
motion is accounted for via the immersed-boundary method, in which cell activation
states are updated at each time step to reflect the new angular position of the rotors. This
approach is time-accurate and fully captures the transient compression kinematics, but the
mesh itself remains stationary. Rotor rotation and the associated continuous reduction of
the interlobe chamber volume were handled using the Cartesian IB method implemented in
SolidWorks Flow Simulation. In this approach the computational mesh is a fixed Cartesian
grid that does not move or deform at any point during the simulation.

At each time step the rotor geometry is advanced by the prescribed angular increment
A8 = 2° (corresponding to Af = 1.11 x 10~* s at n = 3000 rpm). The solver then re-evaluates
every Cartesian cell to determine whether it lies inside the solid rotor body or in the
fluid domain at the new angular position. Cells that transition from solid to fluid are
activated and their flow variables (velocity, pressure, temperature, turbulence quantities)
are initialised by weighted interpolation from the surrounding fluid cells. Cells that
transition from fluid to solid are deactivated. At the boundary between active fluid cells
and the immersed rotor surface, the solver applies a flux-correction scheme that enforces
the no-slip, no-penetration condition on the instantaneous rotor wall without requiring
explicit mesh regeneration. Conservation of mass, momentum, and energy across the IB
interface is maintained to machine precision by the flux-correction procedure.

The instantaneous interlobe chamber volume V4, (0) is not extracted from the CFD
mesh directly but is evaluated geometrically at each time step from the parametric CAD
representation of the rotor profiles at the current shaft angle 6(t) = n-t-27t/60. The resulting
Vn(0) time history defines the compression kinematics and is used to construct the indicator
diagram and to evaluate the indicated work per cycle via Equation (19) (L = ¢ p dV). As
an internal consistency check, the CAD-computed V,(0) was compared against the CFD-
integrated fluid cell volume at the same angular positions over one complete revolution;
the maximum relative discrepancy was 0.8% for Type A and 0.6% for Type B, confirming
that the IB reconstruction faithfully captures the volumetric compression law of both
rotor profiles.

2.2. Climate-Aware Offline Digital Twin (Digital Shadow) Framework

To assess year-round operational performance under varying ambient conditions, a climate-
adaptive offline physics-based digital twin (digital shadow) was constructed. The twin inte-
grates three coupled layers: (i) CFD-derived response surfaces (Sections 2.1, 3.1 and 3.2),
which map inlet pressure, ambient temperature, and rotor configuration to mass flow
rate, polytropic efficiency, leakage intensity, and discharge temperature; (ii) a reduced-
order seasonal model driven by the measured ambient temperature record T, (t); and
(iii) field calibration against a full-year operational dataset from a compressor installa-
tion in the Atyrau region, Kazakhstan. The twin is an offline predictive tool—it does not
incorporate real-time sensor feedback or autonomous parameter updating.

Ambient temperature was represented as a harmonic-regression fit to hourly meteoro-
logical data T, (t). Lubricant viscosity was modelled by the Arrhenius expression:

#oit (T) = poexp (IfT) 8)
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where g = 1.62 x 107> Pa-s and E/R = 2336 K (E = 19.4 k] /mol) are determined analytically
in Section 2.2.2. The cold-regime volumetric efficiency degradation is modelled as:

1o(T) = Moref — a1k (T) — a28Wipeen (T) )

where a; and aj are calibrated in Section 2.2.2. Annual energy consumption and the climate
load index are:

1 year
Eyeur = /0 P(t) dt (10)

1 year
Ky = /0 (Tumb(t) - Tref)zdiL (11)

with units °C?-h when T is in °C and t in hours; at the Atyrau installation the computed
annual value is K = 1.87 x 106 °C%-h (Tt = 20 °C, the regional annual mean).

2.2.1. Field Data Sources

The calibration dataset comprises N = 8760 hourly SCADA records from a full calendar
year (2022) at the field installation. Five quantities were recorded: (a) ambient temperature
Tamp—Pt-100 RTD, £0.5 °C; (b) gas mass flow rate h—ultrasonic transit-time flowme-
ter, £1.5%; (c) discharge temperature Tg;—type-K thermocouple, 1.0 °C; (d) electrical
power N—three-phase digital analyser, +1.0%; (e) suction pressure pij,—piezoelectric
transducer, £0.5%. Gas composition (CH4 88 mol%, CoHg 6%, CsHg 3%, Ny 2%, CO,
1%) was obtained from quarterly chromatographic analysis. The dataset was partitioned
chronologically: January-September 2022 (N_cal = 6570 records, 75%) for calibration, and
October-December 2022 (N_val = 2190 records, 25%) as a held-out validation set.

2.2.2. Calibration Protocol

The model contains four free parameters: the pre-exponential factor iy and activation
energy E in the oil viscosity model (Equation (8)), and the empirical degradation coefficients
a1 and ap in the volumetric efficiency model (Equation (9)).

The Arrhenius constants iy and E were determined analytically from two viscos-
ity reference measurements reported in Section 3.3: p_oil = 0.018 Pa-s at 60 °C and
p_oil = 0.041 Pa-s at 25 °C. Solving the resulting two-equation system yields
o = 1.62 x 107° Pa-s and E/R = 2336 K (E = 19.4 k] /mol); these values reproduce both
reference points exactly and are held fixed throughout.

The coefficients a; and a, were determined by least-squares minimisation over
three cold-regime operating points (Tyy, = 0, —20, and —40 °C), using ny values from
Section 3.3 and Ny, values from Table 9. The leakage term mh_leak(T) was evaluated from
a clearance-widening model: differential thermal contraction between the cast-iron casing
and steel rotors widens the interlobe clearance by approximately 0.04 mm per 35 °C of
cooling below the +15 °C reference (consistent with the 0.03-0.05 mm range reported in
Section 3.3), with the resulting leakage estimated via the 1.5-power slot-flow scaling from
the nominal clearance §_ref = 0.08 mm (Type A, Table 1) and the steady-state reference
leakage mye,i ref = 0.161 kg /s (steady-state leakage mass flow from the stochastic simulation,
reported later in Table 6). The mechanical loss increment AW .., (T) was taken directly
from Table 9, with Npech ref = 28 kW at the +15 °C reference. Calibration was restricted to
cold-side points because warm-side efficiency reduction (T > +15 °C) is governed by oil
thermal degradation, a mechanism not represented in Equation (9). The calibrated values
are aj = 0.516 (kg/s) ! and ap = 5.34 x 10~* kW1, reproducing all three calibration points
with a maximum residual of 0.010 in 1y and a mean residual of 0.006.

It should be noted that 1y and Ny, used as calibration targets for a; and ap, are
model-derived intermediate quantities rather than direct field measurements. The coeffi-
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cients are therefore identified within the modeling framework and are not independently
constrained by a dedicated measurement of volumetric efficiency or shaft mechanical loss
power. The practical consequence is that the seasonal decomposition of 1y loss (Section 3.3)
and the magnitude of mechanical loss penalties should be interpreted as model-consistent
estimates rather than directly verified results. The ultimate validation of the offline digital
twin rests on the agreement between model predictions and the four directly measured
SCADA quantities—mass flow rate, discharge temperature, electrical power, and suction
pressure—over the held-out October-December 2022 period, as reported in Section 3.3.

2.2.3. Uncertainty Analysis and Update Logic

Model predictive accuracy was assessed on the held-out validation period (October—
December 2022). The mean absolute relative deviations between model predictions and
measured field values were 3.1% for mass flow rate, 3.8% for discharge temperature, and
5.2% for electrical power consumption. The largest discrepancies (6—7%) were observed
in October-November and attributed to fluctuations in gas humidity and compositional
variability not represented in the quarterly-average gas composition used by the model.

The uncertainty in the primary derived output—annual additional energy consump-
tion AEyear—was estimated by propagating the power-consumption model error through
the annual temporal integration (Equation (10)). Since AEyear = JP(t) dt and the sys-
tematic model error on P(t) is +-5.2%, the propagated uncertainty on AEyear is +5.2%,
corresponding to 10 MWh on the reported value of 186 MWh per compressor per year
(i-e., AEyear = 186 £ 10 MWh). All other scalar outputs in Tables 7-9 carry relative uncer-
tainties in the range £3-5%, consistent with the spread of individual validation errors.

It should be noted that the held-out validation dataset covers only the cold-side
operating window (Tymp = —15 to +8 °C). Model predictions for the summer operating
range (+35 to +40 °C) therefore rely on calibrated extrapolation and carry higher uncertainty
than the £5.2% bound established over the validation period. Decomposing the annual
energy penalty by season (Section 3.3), the validated cold-side contribution (~61% of AEyear)
provides a robust lower bound on the annual penalty, while the summer extrapolation
component (~27%) is subject to additional model uncertainty that cannot be quantified
without summer field measurements. Users applying this framework to installations
with a different seasonal temperature distribution should treat the full annual figure with
corresponding caution.

Regarding update logic: the offline digital twin (digital shadow) in this work is an
offline seasonal prediction tool. Model parameters (1, E, a1, ap) are fixed at the values
calibrated against 2022 field data and are not updated automatically during operation. The
twin receives the ambient temperature record T, (t) as a time-varying input and outputs
annual performance forecasts without any closed-loop feedback from real-time sensors. Pe-
riodic manual recalibration using updated field data is recommended whenever significant
changes in gas composition, equipment condition, or operating regime are detected, but no
automated recalibration mechanism is implemented in the present framework.

2.3. Integrated Coupling Strategy

The core novelty of this study lies in the integration of geometry, transient gas dynam-
ics, and climatic variability within a unified framework.

First, geometry-specific CFD simulations established baseline flow characteristics for
Type A and Type B rotors. These results defined geometry-dependent response functions
for pressure gradients, leakage rates, and dynamic sensitivity.
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Second, unsteady simulations quantify how inlet pulsations propagate and amplify
within the chamber. Geometry-dependent amplification sensitivity was evaluated as:

K,
Sgeom = m (12)
indicating how rotor design influences susceptibility to external disturbances.

Third, climate-induced variations in gas density and oil viscosity were introduced into
the dynamic framework. Cold conditions increase gas density and oil viscosity, altering
both inertial response and lubrication behavior. Consequently, pulsation amplification
becomes temperature-dependent:

Kp(T) = Ky ref ¥ (T, poir) (13)

Finally, annual performance comparisons between rotor types were conducted through
integrated energy evaluation:

AEyear = Eyear,A - Eyear,B (14)

This coupling strategy allows quantification of how geometry modifies sensitivity
to pulsations, how pulsations interact with climatic conditions, and how environmental
variability alters the relative efficiency of different rotor profiles.

All reported differences between rotor configurations and operating regimes were con-
firmed across three independent simulation runs with varied initial conditions, confirming
the robustness of the observed trends. The coefficient of variation for key integral quantities
(mass flow, volumetric efficiency) across repeated runs did not exceed 0.4%, confirming
numerical stability of the reported results.

3. Results and Discussion
3.1. Influence of Rotor Geometry on Internal Flow Structures

Numerical modeling of gas-dynamic processes was performed using the SolidWorks
Flow Simulation module. The computational domain included the inlet manifold; com-
pressor working chamber; outlet channel; and internal casing volume. Air, considered
a compressible Newtonian gas, was adopted as the working fluid. The calculations in
this section were performed using a quasi-steady frozen-rotor formulation at a fixed mid-
compression angular position, taking turbulence into account. This approach captures
the instantaneous pressure and velocity fields at a single compression phase and supports
qualitative comparative geometry assessment; it does not provide cycle-averaged ther-
modynamic performance and should not be interpreted as equivalent to a full transient
simulation. Conclusions drawn from this section are therefore directional in nature. Full
time-accurate transient simulations using the Cartesian immersed-boundary formulation
are applied in Sections 3.2 and 3.3, though these were conducted for a single rotor configu-
ration focused on pulsation response rather than on a symmetric comparative assessment
of both profiles. The numerical modeling enabled a detailed investigation of the working
fluid flow characteristics within a three-screw compressor for two rotor geometry vari-
ants. The analysis covered the spatial structure of gas movement, the nature of velocity
changes, the intensity of vortex formations, and the distribution of static pressure both
within the working chamber volume and on the rotor surfaces. A consistent transition from
evaluating kinematic parameters to considering force factors allowed for a comprehensive
understanding of the influence of the screw profile on hydrodynamic processes.

https:/ /doi.org/10.3390/app16073359


https://doi.org/10.3390/app16073359

Appl. Sci. 2026, 16, 3359

15 of 33

111,058 .82
110,085 53
108,112.14
108,138.75
107,165 35
108,191 96
108,218 57
104,245 18
103,271.78
102,298 39
101,325.00

Pressure [Pa]

Flow Trajectories 2

Figure 4 shows the quasi-steady static pressure distribution combined with a visual-
ization of the flow streamlines within the working chamber of a three-screw compressor
for two rotor profile configurations (type A and type B). The color scale represents the
static pressure (Pa), and the streamlines illustrate the instantaneous flow organization,
including interblade recirculation, leakage-induced jets, and vortex structures at the outlet.
A comparative analysis reveals that rotor profile geometry significantly influences pressure
changes, leakage intensity, and dynamic pulsation behavior.
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(a) (b)

Figure 4. Static pressure field and flow streamlines in the working chamber of a three-screw com-
pressor: (a) Type A (symmetric profile); (b) Type B (asymmetric profile). Quasi-steady frozen-rotor
simulation at mid-compression angular position (~180° from suction port opening). Operating
conditions: pj, = 0.32 MPa, T, =285 K, n = 3000 rpm, 7t = 3.5 (pout = 1.12 MPa). Color scale shows
static pressure (Pa); note that the pressure ranges differ between panels (a,b), reflecting the higher
peak pressure in Type B. Streamlines illustrate instantaneous flow organisation, including interblade
recirculation zones and leakage-induced jets near the discharge port.

The overall pressure increases in the compression chamber, defined as AP = Py, —
Py, was slightly higher for configuration B; however, this increase was accompanied
by more pronounced spatial pressure non-uniformity concentrated at the discharge port,
where intermittent high-velocity leakage jets—driven by the elevated overall pressure
differential—generate intensified vortex structures upon port opening (consistent with
Mamax = 0.26 and K, = 0.081 in Table 3). Similar behavior was observed in previous studies
of screw compressors, where rotor geometry directly influenced pressure gradients and
local turbulence formation [48,49]. Increased local pressure gradients enhance shear layer
development and can increase aerodynamic losses due to increased mixing and dissipation.

Although configuration B produces a slightly higher pressure rise, the increase is
accompanied by stronger spatial non-uniformity in the outlet zone and elevated pressure
pulsations, as discussed in the subsequent section. Increased pulsation levels are typically
associated with enhanced outlet vortex shear layers and leakage-induced shear layers, as
reported in detailed CFD studies of screw compressors and rotary machines.

Velocity field analysis confirms that peak velocity values are observed in the con-
stricted inter-rotor regions, where gas movement is determined by the gradual reduction
in chamber volume during rotor rotation. These zones act as dynamic throttling regions,
where flow acceleration is caused by geometric constraints and imposed kinematic com-
pression. As the rotors advance axially, the local kinetic energy of the gas is gradually
converted into pressure potential due to the compression work, leading to a monotonic
increase in pressure along the compression path.
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Velocity distribution is highly dependent on the rotor surface geometry. Changes
in profile curvature alter local acceleration gradients and shear layer development in the
inter-blade region. Increased curvature and segmented surface transitions contribute to
increased jet deflection and enhanced vortex formation, leading to non-uniform velocity
fields across the chamber cross-section. Conversely, smoother and more continuous surface
geometry reduces local acceleration peaks, reduces shear layer enhancement, and promotes
more uniform gas transport. This behavior is consistent with the results of computational
fluid dynamics (CFD) studies of screw compressors, which show that rotor profile design
directly influences vortex intensity, secondary flow structures, and aerodynamic losses.

Analysis of the static pressure field further reveals significant differences in the com-
pression dynamics between the two configurations. The first configuration exhibits distinct
pressure discontinuities between adjacent working chambers, manifested as localized pres-
sure peaks and steep contour gradients. These abrupt pressure changes indicate uneven
volumetric compression and increased interaction between chambers during rotor rotation.
This behavior can lead to increased mechanical stress on the rotor surfaces and sealing
faces, as well as increased pressure pulsation amplitude.

In contrast, Type B exhibits a more uniform pressure distribution during the mid-
compression phase: the pressure increase along the axial direction is gradual, with reduced
contour discontinuities and smoother transitions between adjacent working chambers. This
uniformity is a characteristic of the mid-compression zone and should be distinguished
from the discharge-region behaviour described above, where the higher overall pressure
ratio generates intermittent high-momentum leakage jets.

This spatial uniformity arises from the gradual curvature of the asymmetric profile,
which distributes compression work more evenly across the rotor revolution cycle. The
reduced local pressure gradient (Vpmax reduced by ~10% relative to Type A) lowers the
instantaneous driving force for inter-chamber leakage, thereby suppressing shear layer
amplification in the clearance gap and reducing dynamic loading on the rotor surfaces.
However, the higher overall pressure ratio maintained by Type B means that when leakage
does occur—particularly during the late compression phase—the pressure differential
across the clearance is disproportionately large, generating high-velocity leakage jets (as
reflected in the elevated Mamayx = 0.26) that contribute to downstream turbulence and
mixing losses. Consequently, the reduction in localized pressure gradient intensity does
not fully translate into lower aerodynamic dissipation, as the energy penalty is redis-
tributed toward intermittent high-momentum leakage events rather than continuous shear-
layer losses.

To provide a structured comparison of the two rotor profiles, key thermodynamic and
flow parameters were quantified and are summarized in Table 3.

Comparative analysis shows that rotor surface geometry plays a critical role in ensur-
ing speed uniformity, shear layer development, vortex formation, and pressure changes
within the working chamber.

The observed performance differences between Type A and Type B can be attributed
to specific geometric mechanisms. In Type A, the steeper curvature transitions at the
interlobe sealing region generate sharper adverse pressure gradients, which promote
earlier boundary layer separation and intensify shear layer instability. The resulting vortex
shedding at the rotor tip contributes to elevated turbulent kinetic energy and enhances
mixing losses in the discharge region, consistent with the higher pulsation coefficient
Ky = 0.064 observed for this configuration. In Type B, the reduced interlobe clearance
(8r = 0.06-0.10 mm) combined with the asymmetric profile geometry produces a more
continuous contact line progression during rotor rotation, suppressing the formation of
discrete leakage jets. The lower leakage Reynolds number range (Rejeqx = 4.0-8.0 x 103 for
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Type B vs. 3.5-6.8 x 10 for Type A under comparable pressure differentials) indicates that
while the absolute leakage channel geometry is tighter in Type B, the higher pressure rise
(APg ~ 1.05 x 10* Pa) drives stronger pressure-driven leakage events when the sealing line
transiently opens during discharge. This trade-off —between improved sealing geometry
and elevated driving pressure differential—explains the counterintuitive combination of
higher pressure rise yet lower volumetric efficiency (ny = 0.88 vs. 0.91) observed in Type B.
Quantitatively, the maximum spatial pressure gradient Vpmax in Type B was reduced by
~10% compared to Type A, particularly near the interlobe sealing region.

While the differences between Type A and Type B observed in the quasi-steady
snapshot—3 percentage points in the instantaneous 1y estimate and a K, difference of
0.017—may appear modest in absolute terms, they are directionally consistent with the
geometric differences in clearance and curvature progression. It should be noted that these
values reflect a single angular position and may not be representative of cycle-averaged
performance; cycle-averaged transient simulations of both profiles under identical con-
ditions would be required to confirm the quantitative ranking. Subject to this caveat, if
the directional differences are sustained over the full compression cycle, their practical
significance could scale considerably at the system level—though the magnitude of such
scaling cannot be reliably estimated without cycle-averaged transient data for both profiles.
These considerations establish that the geometry-driven differences warrant further investi-
gation, and that their potential fleet-level consequences may be of engineering significance
pending confirmation. As will be shown in Section 3.3, when rotor geometry effects are
compounded by climate-induced performance degradation and viscosity-driven mechani-
cal losses, the cumulative annual energy and maintenance penalties per unit reach levels
of clear engineering and economic significance. These considerations establish that the
reported geometry-driven differences, though numerically moderate at the unit level, carry
substantial consequences at the operational and fleet level.

3.2. Dynamic Response Under Harmonic and Stochastic Inlet Pulsations

The fluid model in Sections 3.1 and 3.2 is identical to that described in Section 2.1.4
(i): compressed air with density computed from the truncated virial equation of state
(p =p/(ZRT), Z = 0.91-0.84 across the compression path); the transition to multicompo-
nent natural gas properties occurs exclusively in the offline digital twin seasonal module
described in Section 3.3.

Two distinct pressure amplification indicators are used in this paper and should be
distinguished: K, = AP,/Ppeqn is the geometry-based pulsation coefficient reported in
Table 3 for Section 3.1—it characterises the inherent pressure non-uniformity of each rotor
profile under steady-state conditions relative to the mean chamber pressure, independently
of any external excitation; I'l, = AP,/ APj, (Equation (15)) is the transient amplification
factor used throughout Section 3.2—it quantifies how much the chamber pressure pulsation
amplitude exceeds the inlet excitation amplitude, and therefore depends on both rotor
geometry and the frequency content of the inlet disturbance.

Numerical simulations revealed quantitative trends in the thermo-gas-dynamic char-
acteristics of gas compression in a screw compressor subject to transient inlet pressure
fluctuations. The baseline steady-state regime was compared against non-steady-state
cases, including harmonic and quasi-random inlet disturbances, enabling the evaluation of
both integral performance indicators and local flow dynamics.

Under steady-state conditions (mean inlet pressure 0.32 MPa, inlet temperature 285 K),
the compression process exhibited a stable monotonic pressure increase within the closed
working chambers up to 1.12 MPa at the discharge opening. The maximum local gas
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temperature reached 412 K, while the volume-averaged discharge temperature was 398 K,
confirming thermodynamically consistent compression behavior.

When harmonic inlet oscillations were imposed according to p;,(t) = 0.32 +
0.038sin (27 - 12t) MPa, a distinct amplification of internal pressure pulsations was ob-
served. The pressure fluctuation amplitude inside the chambers increased to 0.074 MPa,
exceeding the external excitation amplitude (0.038 MPa). The pressure amplification factor

can be defined as
APy,

N

I1, (15)
where AP, is the internal chamber pulsation amplitude and AP;, is the inlet excitation
amplitude. For the present case, I, ~ % ~ 1.95, indicating nearly twofold amplification
of pressure oscillations due to dynamic interaction between inlet forcing and intrinsic
chamber compression.

Table 4 presents a comparative analysis of the compression process parameters under
steady-state and non-steady suction conditions, highlighting the influence of inlet pressure
oscillations on thermodynamic performance.

Table 4. Compression process parameters under steady-state and non-steady suction conditions.
Baseline: inlet pressure 0.32 MPa, temperature 285 K. Harmonic excitation: amplitude +0.038 MPa at
12 Hz. Stochastic excitation: band-limited Gaussian white noise, ¢ = 0.02687 MPa (= 0.038/+/2 MPa),
bandwidth 1-3000 Hz, Sy = 2.41 x 10~7 MPa?/Hz; statistics averaged over 10 revolutions
after convergence.

Parameter Unit Stationary Harmonic Stochastic Deviation from
Mode Oscillations Fluctuations Stationary, %
Input pressure MPa 0.320 0.282-0.358 0.280-0.360 +10
Pressure in cavities (max) MPa 1.120 1.160 1.180 +3/+45
Pulsation amplitude in MPa 0.031 0.074 0.082 +138/+165
cavities
Pressure amplification 4 1 cionless) 1.000 1.950 2.300 +95/+130
factor I,
Discharge temperature K 398 406 409 +2/+3
Maximum local K 412 428 431 +5/+5
temperature
Density before injection kg/m3 20.400 21.600 22.100 +6/48
Compression ratio 7 — 3.500 3.460 3.420 —1/-2

(average)

Phase analysis revealed a distinct lag between inlet excitation and internal chamber
response. The peak internal pressure was shifted relative to the inlet signal by 38-52° of
rotor rotation, corresponding to a temporal delay of Tj,g ~ 3.6 X 1073 s.

This phase shift arises from the interaction of two concurrent physical processes
intrinsic to the screw compressor working cycle. First, the chamber closure process is
geometrically governed: as the male and female rotors advance axially, the interlobe
volume transitions from an open (suction-connected) state to a fully closed (isolated) state
over a finite angular interval—approximately 40-60° of rotor rotation for the present
geometry. During this closure interval, the chamber remains partially exposed to the
suction port, allowing the inlet pressure disturbance to directly influence the trapped gas
quantity. However, the pressure signal cannot instantaneously propagate through the full
chamber volume due to the finite speed of sound in the compressed gas mixture. At the
mean chamber conditions (T ~ 340 K, p ~ 0.5 MPa), the acoustic propagation time across
the chamber length (~0.2 m) is on the order of 0.5 x 10~3 s, which is non-negligible relative
to the rotor period (~20 x 1073 s at 3000 rpm). Second, the compressibility of the gas
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mixture introduces an additional dynamic delay: as the chamber closes, the trapped gas
must first be compressed from suction pressure to match the rising chamber pressure before
the inlet disturbance can fully manifest as an internal pressure fluctuation. The combined
effect—geometric closure lag plus acoustic propagation delay plus compressibility-induced
pressure equilibration—produces the observed phase shift of 38-52°, with the specific
value depending on the instantaneous phase of the inlet oscillation relative to the chamber
closure event.

Beyond the phase response, unsteady suction conditions also intensified inter-chamber
leakage: local pressure gradients in the rotor meshing region increased from 1.8 x 10° to
2.6 x 10° Pa/m under harmonic excitation, reflecting the amplified instantaneous pressure
differentials driving backflow through the interlobe clearances.

The gas density was computed from the virial-Z equation of state (consistent with the
CFD fluid model described in Section 2.1.4 (i))

p
0= ZRT (16)
with the compressibility factor decreasing from 0.91 at suction to 0.84 at the end of com-
pression. In the transient regime, instantaneous density fluctuated between 5.4-6.8 kg/m3
at the inlet and 18.6-22.1 kg/m?3 prior to discharge, with oscillation amplitudes reaching
14%, directly affecting mass throughput.
The mass flow rate was calculated as

it = /A ov - dA, (17)

yielding 2.40 kg /s in steady operation. Under harmonic inlet oscillations, the mean flow
rate decreased to 2.21 kg/s (—7.9%), while stochastic excitation broadened the instanta-
neous range to 1.94-2.36 kg/s with an average value of 2.17 kg/s. Consequently, the
volumetric efficiency
o = Qactual , (18)
Qtheoretical
declined from 0.91 to 0.83. The maximum reduction occurred when the minimum
inlet pressure coincided with chamber closure, highlighting the phase sensitivity of
volumetric performance.
Indicator diagram analysis showed significant deformation of the compression cycle

under transient suction. The indicated work per cycle,

L= f pdv, (19)

decreased from 5.42 kJ (steady) to 4.97 k] under unsteady conditions. Accordingly, the
indicated power
N;=L"n, (20)

dropped from 326 kW to 301 kW. In contrast, the electric drive power decreased only
to 312 kW—a smaller reduction than that of N;—because the rise in irreversible internal
losses (+23 kW) partially offsets the drop in compression work. The apparent paradox
of simultaneously lower total power and higher losses is resolved by the energy balance:
the 8-10% reduction in mass flow under unsteady suction reduces the required indicated
power Nj by ~25 kW, which outweighs the loss increase; however, the loss fraction of total
shaft power grows from 11% (38/338 kW) in steady operation to 20% (61/312 kW) under
harmonic excitation, confirming substantial thermodynamic efficiency degradation.
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A summary of the comparative performance parameters under steady and unsteady
suction conditions is presented in Table 5.

Table 5. Flow and energy performance parameters of the screw compressor under steady-state and
unsteady suction conditions at nominal operating point.

. . Harmonic Stochastic Deviation from
Parameter Unit Stationary Mode Oscillations Fluctuations Stationary, %

Mass flow rate, m kg/s 2.400 2.210 2.170 —-8/—10

Volumetric flow rate, Q, m3/s 0.428 0.392 0.386 -8/-10

Volumetric efficiency, ny — 0.910 0.830 0.820 -9/-10

Indicated work per cycle, L kJ 5.420 4.970 4.880 -8/-10
Indicated power, N; kW 326 301 296 —-8/-9
Power consumption, N kW 338 312 309 —-8/-9
Specific work, 1 kJ/kg 135 144 147 +7/+9

Total losses, AN kW 38 61 64 +61/+68

Note: AN denotes total irreversible dissipation within the working fluid (viscous dissipation plus leakage
recompression losses), evaluated as the CFD volume-integrated entropy generation rate multiplied by the mean
thermodynamic temperature. AN is not equal to N — Nj (=11-13 kW, external mechanical losses) because part of
the internal dissipation is recovered as sensible heat of the compressed gas and is already accounted for within
the indicated work N;. The full shaft power balance is therefore: N = N; + (N — N;j), where N; itself contains the
internal dissipation contribution; AN measures the magnitude of irreversible processes regardless of how their
heat is ultimately distributed between the gas and the surroundings.

Thermal analysis revealed a pronounced increase in temperature non-uniformity
under unsteady suction conditions. The maximum local gas temperature reached 428 K,
while the minimum temperature in adjacent chambers did not exceed 371 K, resulting
in a peak temperature gradient of 57 K. This represents a 22% increase compared with
steady-state operation. The enhanced temperature stratification is attributed to intensified
viscous dissipation and local shear-layer development induced by pressure pulsations. The
viscous dissipation term @ in the energy equation increased by ~10%, indicating additional
internal entropy generation. Consequently, the mean discharge temperature rose from
398 K (steady regime) to 406 K under transient excitation.

The instantaneous compression ratio, defined as

_ Pout
T Pin ’ @)
varied between 2.9 and 4.1, with an average value of 3.46 compared to 3.50 in steady
operation. Although the mean compression ratio remained nearly unchanged, the pulsation
component introduced substantial cyclic fluctuations, leading to increased mechanical
loading of the rotors.
The polytropic efficiency, evaluated as

k-1
Pout Tk
-1 (Be) f

Tl n

decreased from 0.78 under steady conditions to 0.71 with harmonic excitation and to 0.69
under stochastic inlet oscillations. This reduction reflects increased irreversible losses due to
enhanced viscous dissipation, pressure-gradient intensification, and leakage-driven mixing
processes. While the average compression ratio remained comparable to the steady-state
case, transient inlet disturbances significantly amplified thermal gradients, mechanical
stresses, and thermodynamic irreversibility, leading to measurable degradation of compres-
sor efficiency.
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The corresponding increase in specific compression work reached ~6%. The specific
work was evaluated as

and increased from 135 kJ/kg in steady operation to 144 kJ/kg under transient suction con-
ditions. This growth reflects reduced thermodynamic efficiency and enhanced irreversible
losses associated with pressure pulsations and leakage intensification.

Velocity field analysis revealed the formation of additional vortex structures in the
suction port region during unsteady operation. At phases of reduced inlet pressure, the
maximum local flow velocity increased from 48 to 63 m/s, indicating stronger acceleration
through constricted sections. This intensified shear-layer development and resulted in
a significant rise in turbulent kinetic energy k, which increased from 32 to 51 m?/s?.
Consequently, the turbulent eddy viscosity i rose to 3.8 x 10~* Pa-s, confirming enhanced
turbulent mixing and dissipation.

Leakage through radial clearances was estimated using the slot-flow relation

mgap = CaA\/20Ap, (24)

where C; = 0.6 is the discharge coefficient for a sharp-edged interlobe clearance gap
(consistent with standard orifice-flow practice for screw compressor clearances [50,51]), A
is the effective clearance area evaluated from the CAD geometry at each time step as the
product of the instantaneous sealing line length and the radial clearance J,(0), and Ap is
the instantaneous pressure difference between adjacent chambers extracted from the CFD
solution. Equation (24) is applied as a post-processing relation to CFD-extracted values
of p and Ap; the result was cross-validated against the directly integrated CFD mass flux
across the clearance plane, with agreement within 3%.

Peak rotor contact pressures were estimated from Hertzian line-contact theory ap-
plied to the interlobe meshing region. The peak contact pressure was computed as
pu = (E*/10)-\/(Apgap-Lc/Req), where E* = E/[2(1 — v?)] = 115.4 GPa is the reduced modulus
for the steel rotor pair (E =210 GPa, v = 0.30), Apgap is the CFD-extracted instantaneous
pressure differential driving contact at the interlobe line, L. is the instantaneous sealing line
length from the CAD model, and Req is the equivalent radius of curvature at the meshing
point. This estimate idealises the rotor contact as a Hertzian cylinder and neglects oil-film
load sharing; the resulting values carry an estimated uncertainty of £15% and should be
interpreted as order-of-magnitude indicators of mechanical loading intensity rather than
design-level stress predictions.

When the transient pressure differential increased to 0.21 MPa, leakage mass flow rose
by approximately 18%, reaching 0.19 kg/s. This additional bypass flow directly reduced
effective delivery while contributing to increased gas heating due to enhanced viscous
dissipation and mixing, as reflected in Table 6.

To verify the resonance mechanism, a DFT was applied to both the inlet signal
pin(t) and the chamber pressure pq,(t) from the stochastic simulation (Hann window,
25 revolutions, Tioy = 500 ms, frequency resolution Af = 2.0 Hz). The inlet PSD S;(f)
was uniform within £3% across 1-3000 Hz, confirming a flat excitation spectrum. The
transfer function magnitude IH(f)| = [Py(f)/Pin(f)| reveals a pronounced peak at
f = 2050 + 30 Hz, which falls within 0.3% of the analytically predicted acoustic eigen-
frequency of the sealed interlobe chamber, f4, = ¢/(2Lg4,) = 370/(2 x 0.09) ~ 2056 Hz.
The peak gain is 8.4 x above the broadband mean, with a —3 dB bandwidth of ~140 Hz
(Q =~ 15), consistent with moderate viscous damping in an oil-flooded cavity. This spectral
peak is the direct cause of the elevated I1, = 2.3 under quasi-random excitation relative
to I, = 1.95 under single-frequency harmonic forcing at 12 Hz: despite only ~4.6% of
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the input energy residing near f,, selective amplification at resonance drives a dispropor-
tionate increase in the chamber pressure response. The frequency-selective nature of this
amplification confirms that the working chambers act as a dynamic filter whose response
cannot be predicted by single-frequency or quasi-steady models.

Table 6. Flow, turbulence, and mechanical loading parameters under steady-state and unsteady
suction conditions. Conditions as in Table 4.

. . Harmonic Stochastic Deviation from
Parameter Unit Stationary Mode Oscillations Fluctuations Stationary, %
Maximum velocity m/s 48 63 66 +31/+37
Turbulent kinetic energy m?/s? 32 51 55 +59/472
Turbulent viscosity Pa-s 24 x 107* 3.8 x 1074 41 x 1074 +58/+71
Pressure gradient Pa/m 1.8 x 10° 2.6 x 10° 2.9 x 10° +44/+61
Pressure difference in MPa 0.150 0.210 0.240 +40/+60
clearances
Leakage mass flow kg/s 0.161 0.190 0.204 +18/+27
Density in meshing zone kg/ m3 21.800 23 23.400 +6/+7
Contact pressure MPa 142 167 171 +18/+20

Collectively, the simulations demonstrate that even moderate inlet pressure oscilla-
tions induce complex and coupled modifications of the compression process, simultane-
ously degrading volumetric efficiency (—8 to —10%), increasing leakage mass flow (up to
+27%), elevating peak contact pressures to 167-171 MPa, and raising specific compression
work by ~9%. These quantitative results establish the sensitivity of screw compressor
performance to unsteady suction regimes and provide a direct basis for evaluating the
energetic and mechanical consequences of pulsation disturbances in real oil and gas field
installations—particularly in systems where pipeline acoustics or variable well flow rates
generate broadband inlet pressure spectra capable of exciting chamber resonance.

3.3. Climate Effects on Thermodynamic Performance

As a result of the conducted research, a physics-based offline digital shadow of the
screw compressor—with one-way data flow from archival SCADA records—was devel-
oped, calibrated, and offline-validated for reproducing its operational performance under
seasonal variations of ambient temperature typical for oil and gas fields in the Republic of
Kazakhstan. The computational-experimental framework, formed using archival opera-
tional data and field measurements, enabled the establishment of quantitative relationships
between climatic parameters and key compressor performance indicators, including mass
flow rate, specific energy consumption, thermal regimes, and overall energy efficiency.

Processing of technological data over a full annual cycle demonstrated that ambient
temperature directly influences suction gas density, which is determined by the real-gas
equation of state:

_ N
M= ZRTy (25)

where p; is suction pressure, Z is the compressibility factor, R is the specific gas constant,
and T is the absolute gas temperature.

A decrease in ambient temperature from +30 °C to —30 °C resulted in an increase
in suction gas density from 0.92 to 1.27 kg/m3, corresponding to a 38% rise. Since the
geometric displacement of the compressor remains constant, this increase in inlet density
led to a proportional growth in mass throughput. Offline digital twin simulations predicted
an increase in mass flow rate from 47.6 to 64.8 kg/min under cold conditions.
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However, the higher mass throughput was accompanied by increased mechanical and
energy demand. The model indicated elevated compression work, higher shaft torque,
and intensified thermal loading of the compressor components. These results confirm that
seasonal climatic variations significantly affect both performance and energy consumption
of screw compressors operating with multicomponent natural gas mixtures.

The integrated analysis demonstrates that ambient temperature acts as a critical exter-
nal parameter governing suction density, compression load, and overall energy balance,
emphasizing the importance of incorporating climatic variability into digital performance
prediction models (see Table 7).

Table 7. Influence of ambient temperature on suction gas density, mass flow rate, and compressor
power consumption under seasonal operating conditions (annual cycle).

Ambient Gas Density at Mass Flow,  Volumetric Flow, Power Specific Power,
Temperature, °C  Suction, kg/m? kg/min m3/min Consumption, kW kW/kg/min

+35 0.89 46.2 51.9 270 5.84
+30 0.92 47.6 52.0 272 5.71
+20 1.01 51.8 52.1 276 5.33
+10 1.08 55.4 52.2 281 5.07

0 1.16 59.3 52.3 287 4.84
-10 1.21 61.7 52.3 292 4.73
—20 1.25 63.5 52.4 298 4.69
-30 1.27 64.8 524 305 471

The electrical power consumption of the compressor was evaluated using the thermo-
dynamic relation

_GkRTl_(fvf)kkl‘l
k-1 1y

where G is the mass flow rate, k is the adiabatic exponent, p; is the discharge pressure, and

N , (26)

1y, is the overall efficiency accounting for mechanical, volumetric, and electrical losses.

Offline digital twin simulations demonstrated that under winter operating condi-
tions (—25 ... —30 °C), the actual drive power increased to 298-305 kW compared with
272-278 kW at +20 °C. The average increase amounted to ~9%. Although the rise in suction
density enhanced mass throughput, this effect only partially compensated for additional
energy losses associated with increased lubricant viscosity, higher internal friction in the
screw pair, and elevated mechanical resistance at low temperatures. Consequently, the net
electrical demand increased despite improved volumetric filling.

Thermal regime analysis revealed a stable dependence of discharge temperature on
climatic conditions and cooling system performance. The outlet temperature was estimated
using the polytropic relation

n—1

T, = T1<Pz) ", (27)
P1

where 7 is the polytropic exponent. During winter operation, the discharge temperature
decreased to 78-84 °C, resulting in an annual variation amplitude of approximately 30 °C
(see Table 8).
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Table 8. Seasonal dynamics of discharge temperature, polytropic index, and heat removal distribution

as a function of ambient temperature.

Ambient Discharge Polviropic Index n Heat Removal =~ Heat Removal Losses Through
Temperature, °C  Temperature, °C ytrop by Gas, % by Oil, % the Casing, %
+40 116 1.22 57 29 14
+35 111 1.21 56 30 14
+20 98 1.18 55 30 15
+5 90 1.15 55 29 16
-10 84 1.12 54 29 17
-25 80 1.10 54 28 18
-30 78 1.08 54 28 18

The results indicate that during summer operation the compressor functions close
to its permissible thermal limits. Elevated discharge temperatures accelerate lubricant
degradation, reduce oil film stability in the rotor-stator contact zones, and increase the
probability of emergency shutdowns due to thermal protection activation. These findings
emphasize the necessity of incorporating climatic variability into predictive maintenance
strategies and offline digital twin-based operational optimization.

Analysis of the lubrication system revealed a pronounced temperature dependence of
oil viscosity, approximated by an Arrhenius-type relation (Equation (28)), where y is the
pre-exponential factor, E is the activation energy of viscous flow, R is the gas constant, and
T is the absolute temperature.

= Hoexp (é) (28)

A decrease in oil temperature from +60 °C to +25 °C resulted in an increase in dy-
namic viscosity from 0.018 to 0.041 Pa-s—a factor of 2.2—directly affecting compressor
performance through three distinct but coupled mechanisms.

First, regarding inter-rotor sealing effectiveness: the oil film injected into the com-
pression chamber serves a dual role as both coolant and dynamic seal. Under optimal
viscosity conditions (~0.018-0.022 Pa-s at 50-60 °C), the oil forms a continuous film across
the interlobe clearances, effectively blocking high-pressure gas backflow. As viscosity rises
to0 0.038-0.041 Pa-s at 20-25 °C, the increased film thickness transiently improves sealing but
simultaneously raises the resistance to oil circulation through the narrow clearance geome-
try. The reduced oil penetration rate into the inter-rotor gap means that during rapid rotor
rotation, portions of the sealing line experience intermittent oil starvation, paradoxically
increasing leakage during cold starts and dynamic transients. This mechanism contributes
to the observed decrease in volumetric efficiency from 0.82 to 0.74 below —20 °C, where
thermal deformation of the casing further enlarges clearances while cold-thickened oil
cannot compensate fast enough.

Second, regarding hydrodynamic bearing behavior: the journal bearings supporting
the rotor shafts operate in the hydrodynamic lubrication regime, where load-carrying
capacity scales with viscosity (1) and rotational speed (N) through the Sommerfeld number
S «mN/p. At elevated viscosity, the bearing develops a thicker oil film, nominally reducing
metal-to-metal contact probability. However, the substantially higher shearing resistance
of the viscous film generates additional frictional power losses. The mechanical loss
power Ny, reported in Table 9 was computed from the CFD viscous dissipation integral
Nyeon = [ || p_eff (Qu_i/dx_j + ou_j/0x_i)* dV, evaluated over the full computational
domain and averaged over one complete rotor revolution, with oil viscosity supplied by
the Arrhenius model (Equation (8)) at each ambient temperature. The seasonal values in
Table 9 therefore reflect the combined effect of viscosity-dependent shear losses in the rotor
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clearances and bearing films, not a separate analytical bearing model, where (dv/dy) is
the velocity gradient across the film. This is the primary driver of the 14-17% increase
in hydraulic losses and the rise in mechanical loss power from 28-30 kW (summer) to
36-39 kW (winter), as quantified in Table 9.

Table 9. Seasonal energy efficiency indicators and mechanical losses (field-validated, uncertainty
+3-5%) and indicative maintenance intervals and bearing wear factors (model-based heuristics,
uncertainty +15-20%) as functions of ambient temperature.

Ambient Specific Energy Overall Mechanical Oil Change Interval, .
Temperature, °C Consumption, kW h/1000 m3 Efficiency nX Losses, kW Engine Hours Bearing Wear Factor

+40 4.72 0.71 30 2900 1.05
+30 451 0.74 29 3200 1.03
+15 418 0.78 28 4000 1.00

0 4.36 0.76 32 3700 1.07
-20 4.63 0.73 37 3500 1.15
—40 4.79 0.71 39 3300 1.18

Third, regarding cold-start transient loading: during startup at ambient temperatures
below —20 °C, the oil’s high yield stress (for multigrade oils approaching their pour
point) can create momentary starved-lubrication conditions before full oil circulation is
established. The elevated bearing wear factor of 1.18 reported in Table 9 for winter operation
primarily reflects this transient regime rather than steady-state wear, underscoring the
importance of pre-heating protocols for cold-climate field operations. Collectively, these
three mechanisms confirm the strong coupling between thermal conditions, lubricant
rheology, and mechanical efficiency of the screw pair—a coupling that must be explicitly
represented in any predictive offline digital twin model.

The volumetric efficiency,

o = Qactual , (29)
Qtheoretical
also exhibited pronounced seasonal variability. Based on simulation results and archival
operational data, #, decreased from 0.82 during transitional seasons to 0.74 at ambient
temperatures below —20 °C.

The seasonal decrease in 1y from 0.82 to 0.74 can be decomposed into two contributing
pathways: (i) thermally-induced geometric deformation accounts for approximately 60%
of this reduction, as the differential thermal expansion between the cast iron casing and
steel rotors widens end-face and interlobe clearances by an estimated 0.03-0.05 mm at
—20 °C, thereby intensifying leakage; (ii) the remaining 40% is attributable to oil film redis-
tribution effects under high-viscosity conditions, which alter the dynamic sealing behavior
in the interlobe gap. During summer operation, both pathways partially reverse: thermal
clearances stabilize and oil viscosity returns to the optimal range, allowing volumetric
efficiency to recover to 0.80-0.83. This decomposition, derived from parametric offline
digital twin simulations, provides a basis for targeted design interventions: casing material
selection with matched thermal expansion coefficients can address the geometric pathway,
while optimized oil injection temperature control (preheating to maintain iy < 0.025 Pa-s
regardless of ambient conditions) can mitigate the lubrication pathway.

The overall energy performance of the compressor was evaluated through the specific

electricity consumption,
N

6/

where N is the electrical power and G is the mass flow rate. The minimum value of e was

e =

(30)

observed at moderate ambient temperatures (+10 ... +15 °C) and amounted to 4.18 kWh
per 1000 m? of gas. In winter, this parameter increased to 4.63 kWh/1000 m?3, while in
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summer it reached 4.51 kWh/1000 m3 (see Table 9). Thus, climatic variability introduced
an additional energy penalty of up to 10.8% relative to optimal operating conditions.

The total heat generated during compression and mechanical losses was distributed as
follows: 54-57% was removed with the compressed gas, 28-31% was carried away by the lu-
bricating oil, and 12-15% was dissipated through the casing into the ambient environment.
During winter operation, the fraction of heat lost through the casing increased to 18% due
to the higher temperature gradient between the equipment and the surrounding air. Corre-
spondingly, the convective heat transfer coefficient increased from 9.6 to 11.4 W/(m?-K),
reflecting intensified external heat exchange under low ambient temperatures.

Model predictions were compared against the held-out validation dataset described
in Section 2.2.1: N = 2190 hourly-averaged SCADA records from October—-December 2022,
covering an ambient temperature window of T, = —15 to +8 °C (autumn-early-winter
transition at the Atyrau installation). Instrumentation details and measurement uncer-
tainties are given in Section 2.2.1. The mean absolute relative deviation (MARD) between
predicted and measured values over the validation period was 3.1% for mass flow rate
m, 3.8% for discharge temperature Tg;5, and 5.2% for electrical power consumption N.
The largest discrepancies (6—7%) occurred in October-November and are attributed to
fluctuations in gas humidity and compositional variability not represented in the quarterly-
average gas composition used by the model. It should be noted that the validation period
covers the cold-side operating range; model predictions at summer extreme tempera-
tures (+35 to +40 °C) rely on calibrated extrapolation beyond the validation window and
carry correspondingly higher uncertainty, consistent with the +3-5% bounds reported
in Section 2.2.3.

Simulation of extreme climatic scenarios provided additional quantitative insights.
At an ambient temperature of —40 °C, the predicted drive power increased to 312 kW,
while the specific electricity consumption rose to 4.79 kWh/1000 m3. Simultaneously, oil
temperature dropped to +22 °C, approaching the lower limit of acceptable pumpability.
Conversely, at +40 °C, the discharge temperature reached 116 °C, exceeding the operational
limit by 6-8 °C and increasing the risk of thermal protection shutdowns.

Annual integrated modeling was performed using a climatic load function

T
Ky = /0 (Tref - Tamb(t))zdt/ (31)

where T,y = 20°C is the reference temperature and T (t) is the time-dependent
ambient temperature.

Sensitivity of the annual results to the two model parameters was assessed as follows.
The choice of reference temperature T, has a strong influence on K;: shifting T ¢ from
20 °C to 15 °C reduces K by 29%, while shifting it to 25 °C increases K.} by 46%, reflecting
the quadratic dependence on temperature deviation. The value T, = 20 °C was selected
as the long-term annual mean ambient temperature for the Atyrau region; users applying
this framework to other climates should recalculate K with the site-specific annual mean.
The adaptive heat transfer coefficient heyt has a smaller influence on the primary energy
output: varying hexi by £10% (1 W/(m?-K) around the seasonal mean of 10.4 W/ (m?-K))
changes the predicted annual additional energy consumption AEyear by approximately
£5 MWh (£3%), which is within the £5.2% validation uncertainty of the offline digital
twin power prediction reported in Section 2.2.3.

The analysis showed that winter months contributed up to 61% of the annual energy
deviation, while summer accounted for 27%, with the remainder attributed to transitional
seasons. It should be noted that while the dominant winter contribution (~61%, corre-
sponding to ~113 MWh) falls within the field-validated operating range, the summer
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contribution (~27%, ~51 MWh) relies on calibrated extrapolation beyond the validation
window and carries correspondingly higher uncertainty; the annual figure should therefore
be interpreted as a model-based estimate rather than a fully field-validated result.

The following resource-related estimates are reported as model-based heuristics and
are explicitly separated from the field-validated energy and availability outputs presented
above. Resource-related effects were estimated as follows. The reference oil change interval
of 4000 h at the nominal operating point corresponds to the compressor manufacturer’s
maintenance specification for mineral-oil-flooded screw compressors at a discharge tem-
perature of approximately 90 °C. The temperature-dependent intervals listed in Table 9
were obtained by applying a service factor derived from operational maintenance records
at the field installation; the resulting estimates carry an uncertainty of £15% and should be
treated as indicative guidance for maintenance planning rather than as precise predictions.
They are not intended to replace manufacturer specifications or site-specific condition mon-
itoring data. The bearing wear factor Wy in Table 9 was computed as W = (1, (T)/ yopt)0'087,
where 1,;(T) is the Arrhenius-model oil viscosity (Equation (8)) and pgpt = 0.054 Pa-s is the
optimal viscosity at the +15 °C reference; the exponent 0.087 was calibrated to reproduce
the observed relative increase in maintenance events in the 2022 field records, yielding
Wr=1.18 at —40 °C. This index is a qualitative indicator of relative wear intensity (uncer-
tainty £20%) and should not be interpreted as an absolute wear rate or a maintenance
prescription. Values above 1.10 are proposed as a heuristic threshold for identifying oper-
ating conditions that may warrant pre-heating protocols or reduced oil change intervals,
subject to verification against site-specific maintenance records.

Spatial thermal modeling of the compressor casing revealed significant temperature
non-uniformity. In summer, maximum gradients of up to 22 °C were observed over a
0.8 m length near the discharge port. Under winter conditions, gradients decreased to
11-13 °C, while total heat losses increased due to the elevated temperature differential
between the equipment and the surrounding air. These effects were incorporated into the
offline digital twin via adaptive heat transfer coefficient correction, with h_ext ranging
from 9.6 W/ (m?-K) in summer to 11.4 W/(m?-K) in winter.

Increased temperature-induced shutdowns in summer (0.6%, corresponding to
53 recorded thermal-protection events in the 2022 SCADA shutdown log) and cold-start
failures in winter (0.9%, corresponding to 79 recorded cold-start events) led to an overall
annual availability reduction of 1.5%, corresponding to approximately 131 h of gas supply
shortfall per year for the installation considered.

The combined computational and experimental analysis demonstrated that climatic
variability induces persistent deviations in energy efficiency of 8-11%, annual discharge
temperature variation up to 30 °C, and drive power differences of up to 33 kW between
winter and summer extremes—all within the field-validated operating range. Maintenance
interval and wear factor estimates are additionally reported as model-based heuristics;
these carry +15-20% uncertainty and should be interpreted accordingly, separately from
the energy and availability results. These results confirm the necessity of incorporating
climatic factors into digital modeling and optimization of compressor equipment operating
in harsh environmental conditions.

The practical implications of these findings for field operation and equipment selection
are threefold. First, regarding inlet system design: the demonstrated pressure amplification
factor I, ~ 1.95-2.3 implies that pulsation dampeners or inlet surge volumes should be
specified for compressor stations where pipeline dynamics generate pressure oscillations
exceeding £5% of suction pressure. The associated 8-10% reduction in volumetric efficiency
(Section 3.2) translates directly to throughput loss and increased specific energy cost,
providing clear economic justification for dampener installation. For a single compressor

https:/ /doi.org/10.3390/app16073359


https://doi.org/10.3390/app16073359

Appl. Sci. 2026, 16, 3359

28 of 33

unit delivering ~2.4 kg/s, an 8% flow reduction represents approximately 6.9 x 10® m?/year
of undelivered gas at typical field conditions. Second, regarding seasonal operational
strategy: the offline digital twin results demonstrate that the optimal operating point
(minimum specific energy consumption of 4.18 kWh/1000 m3) occurs at +10 ... +15 °C.
Field operators should consider variable-speed drive adjustment in summer to reduce
shaft power and limit discharge temperatures below the 105 °C oil degradation threshold,
while implementing oil pre-heating protocols in winter—maintaining po; < 0.025 Pa-s—to
mitigate the viscosity-driven hydraulic losses quantified in Section 3.3.

Third, regarding future investigation of rotor profile effects: the following obser-
vations arise from quasi-steady frozen-rotor snapshot analysis at a single angular posi-
tion (Section 3.1) and are included here solely to identify directions for future transient
investigation—not to provide design guidance. No design preference between Type A
and Type B can be stated without symmetric cycle-averaged transient simulations of both
profiles under identical boundary conditions; this is identified as the primary direction for
future work.

Subject to this caveat: (a) Type A’s lower instantaneous pulsation coefficient
(Kp = 0.064 vs. 0.081 for Type B) suggests it may be less susceptible to resonance am-
plification under unsteady suction conditions, though whether this difference persists over
a full compression cycle has not been established; (b) Type B’s instantaneous volumetric
efficiency at the captured angular position (0.88) is lower than that of Type A (0.91), but
this snapshot value may not be representative of cycle-averaged performance and should
not be used as a design threshold without transient confirmation; (c) below moderate
ambient temperatures, the tighter clearances of Type B may be more sensitive to thermally
induced widening, potentially amplifying leakage relative to Type A, but this has not been
quantified under transient conditions for either profile.

These observations indicate directions for further investigation rather than actionable
selection rules.

4. Conclusions

This study investigated the influence of rotor geometry, inlet pressure nonstationarity,
and climatic conditions on the thermo-gas-dynamic and energetic performance of a three-
screw compressor using SolidWorks Flow Simulation and a calibrated offline digital twin
framework. The following conclusions can be drawn:

1. Consistent with prior CFD studies of twin-screw compressors [22,23,48,49], but quan-
tified here for the first time for a three-screw oil-flooded configuration, rotor geometry
governs internal pressure uniformity and vortex intensity. Comparative CFD analysis
of two rotor profiles (Type A and Type B) showed that the rotor shape directly affects
the spatial distribution of static pressure, shear-layer development, and discharge-
region vortex formation. Although the overall pressure rise was slightly higher for
Type B (APg ~ 1.01 x 10* Pa) than for Type A (AP4 ~ 9.73 x 10° Pa), configuration B
exhibited stronger pressure non-uniformity and higher pulsation tendency, indicating
a trade-off between pressure gain and flow stability. Based on quasi-steady snapshot
analysis at mid-compression, Type A exhibits higher instantaneous volumetric effi-
ciency (ny = 0.91 vs. 0.88) and lower pulsation coefficient (K, = 0.064 vs. 0.081); these
snapshot differences suggest that Type A may be less sensitive to pulsation excita-
tion at the captured angular position, though whether this extends to cycle-averaged
performance under field conditions has not been established. Type B shows a higher
instantaneous pressure rise and lower peak pressure gradient at the captured angular
position; whether this translates into cycle-averaged advantages for high-pressure-
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ratio duty at moderate ambient temperatures remains an open question requiring
transient simulation confirmation for both profiles under identical conditions.

To the authors’” knowledge, this study provides the first time-accurate transient CFD
quantification of inlet pressure amplification in an oil-flooded screw compressor, em-
ploying a Cartesian immersed-boundary formulation with time-varying inlet bound-
ary conditions. Under harmonic excitation p;, () = 0.32 4 0.038sin (27 - 12t) MPa, the
chamber pressure pulsation amplitude increased to 0.074 MPa, yielding a pressure
amplification factor I, ~ 1.95. Under quasi-random excitation, resonance-type am-
plification occurred when the disturbance spectrum approached the chamber closure
frequency, increasing I'lp up to 2.3 and producing short-term pressure peaks above
1.18 MPa. Pulsation dampeners or inlet surge volumes are therefore recommended
for compressor stations where pipeline dynamics generate inlet pressure oscillations
exceeding £5% of suction pressure.

Nonstationary suction degrades capacity and efficiency while increasing losses. Rela-
tive to steady operation, harmonic and stochastic suction disturbances reduced mass
flow rate by 7.9-9.6%, volumetric efficiency by 8.8-9.9% (from 0.91 to 0.82-0.83), and
polytropic efficiency from 0.78 to 0.71-0.69. Total power losses AN increased from
38 kW to 61-64 kW, confirming a substantial rise of irreversible dissipation under
unsteady inlet conditions. These magnitudes, obtained here for the first time via
time-accurate Cartesian immersed-boundary simulation of an oil-flooded three-screw
machine, exceed estimates derived from quasi-steady models—confirming that quasi-
steady approaches systematically underpredict irreversible losses under unsteady
inlet conditions.

Transient regimes intensify leakage and turbulence in clearance regions. Under un-
steady suction, peak velocity in critical regions increased from 48 to 63-66 m/s,
turbulent kinetic energy k rose from 32 to 51-55 m?/s?, and eddy viscosity y; in-
creased up to 4.1 x 107 Pa's. Instantaneous pressure differentials in clearances
increased to 0.21-0.24 MPa, leading to an 18-27% rise in leakage mass flow (11¢,, up to
0.204 kg/s), which directly reduced effective delivery and increased thermal loading.
The direct quantitative link between inlet pulsation amplitude and clearance leakage
intensification (+18-27%) has not previously been reported for this compressor class.
Thermal and mechanical loading increase under pulsating suction. To the authors’
knowledge, the pulsation-driven amplification of rotor contact pressure and inter-
chamber temperature gradient reported here has not previously been quantified for
oil-flooded screw compressors. The maximum local gas temperature increased up to
428-431 K, and temperature non-uniformity within adjacent chambers reached 57 K
(+22% compared to steady operation). Viscous dissipation increased by approximately
9-11%, and the specific compression work rose from 135 to 144-147 kJ/kg. Peak
rotor contact pressures increased from 142 to 167-171 MPa, indicating higher dynamic
stresses in the meshing region under unsteady conditions.

To the authors” knowledge, this is the first field-calibrated quantification of the annual
energy penalty attributable to seasonal climate variability for an oil-flooded screw
compressor. The offline digital twin (digital shadow) estimates AEyear = 186 + 10 MWh
per unit per year, where the uncertainty bound reflects model validation error over
the cold-side range (October-December 2022, T, = —15 to +8 °C); the summer
contribution (~27% of the total) relies on calibrated extrapolation and carries additional
unquantified uncertainty. The winter-dominated component (~113 MWh), which is
directly supported by field validation, alone constitutes a penalty of clear operational
significance. Climatic variability significantly affects annual energy performance and
thermal margins. The calibrated offline physics-based digital twin—functioning as a
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8b.

digital shadow with one-way data flow from archival SCADA records—reproduced
the seasonal operation of a compressor unit typical for Kazakhstan oil and gas fields.
Ambient temperature changes from +30 °C to —30 °C increased suction density by
38% (0.92—1.27 kg/ m?) and mass flow rate from 47.6 to 64.8 kg/min; however, drive
power increased by ~9% (up to 298-305 kW at —25 ... —30 °C) due to increased
lubricant viscosity and mechanical losses. Variable-speed drive adjustment in summer
and oil pre-heating protocols in winter (maintaining poil <0.025 Pa-s) are the two
highest-impact operational levers identified by the offline digital twin.

Consistent with established lubrication literature [34-36], lubricant rheology is con-
firmed as the primary driver of winter efficiency losses; the novel contributions here
are the Arrhenius calibration from full-year field data, the empirical wear index
Wf = (u/popt)®%7, and the decomposition of seasonal nv loss into geometric (60%)
and oil-film (40%) pathways. Oil viscosity increased by more than 2.2x when oil
temperature decreased from +60 °C to +25 °C (0.018—0.041 Pa-s), raising hydraulic
losses by 14-17% and increasing mechanical loss power to 36-39 kW in winter versus
28-30 kW in summer. Volumetric efficiency decreased to 0.74 below —20 °C due to
thermally induced clearance variations and enhanced leakage.

Field-validated energy and availability budget. To the authors’ knowledge, this
study provides the first field-validated annual energy and availability budget for
an oil-flooded screw compressor operating under continental-climate conditions,
derived from an offline physics-based digital shadow calibrated against full-year
SCADA records. The field-validated component comprises: minimum specific elec-
tricity consumption of 4.18 kWh/1000 m? at +10 ... +15 °C; cold-side increase to
4.63 kWh/1000 m® under winter conditions (directly supported by October-December
2022 field validation); and annual availability reduction of 1.5%, equivalent to approxi-
mately 131 h of gas undersupply. Annual climate-integrated modeling estimated a
total energy penalty of approximately 186 MWh per compressor per year, of which
the cold-season component (~113 MWh, £10 MWh) is directly field-validated. The
summer-season contribution (~51 MWh, ~27% of the annual total) relies on cali-
brated extrapolation; its uncertainty is not captured by the 10 MWh bound and the
summer figure should be treated as a model estimate pending summer field measure-
ments. The summer-specific energy value of 4.51 kWh/1000 m? is similarly a model-
based estimate.

Model-based heuristics (not part of the validated budget). Maintenance interval and
bearing wear factor estimates from Table 9 carry uncertainty of £15-20%. They are
reported as indicative guidance to support maintenance planning and are not intended
to replace manufacturer specifications or site-specific condition monitoring data. These
estimates are not part of the field-validated operational budget above and should not
be cited as validated predictions.

Taken together, these findings reveal a compounding interaction among the three

studied factors. The geometry-driven pulsation sensitivity (Kp difference of 0.017 between
Type A and Type B, based on quasi-steady snapshot analysis) suggests that rotor profile

choice may influence how severely unsteady suction degrades throughput. If the instan-

taneous differences observed in the snapshot analysis persist over the full compression

cycle—which requires confirmation through symmetric transient simulations—the com-

bined throughput penalty from pulsation amplification and seasonal gas density reduction

could be substantial, potentially compounding the economic significance of each individ-

ual effect. These interactions are identified as a priority direction for future quantitative

investigation. The 186 MWh annual energy penalty quantified by the offline digital twin
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accounts for seasonal forcing alone; the full operational penalty, including pulsation-driven
volumetric losses, is larger and site-dependent.

The results demonstrate that rotor geometry optimization and mitigation of unsteady
suction disturbances are critical for improving volumetric performance, suppressing pulsa-
tion amplification, and reducing leakage-driven losses. Furthermore, incorporating climatic
variability into offline digital twin (digital shadow) models is essential for accurate predic-
tion of energy consumption, thermal margins, maintenance intervals, and availability of
screw compressor units operating in Kazakhstan'’s field conditions.

The present study is subject to four limitations that bound the applicability of the
results. Gas-model assumptions: the CFD uses compressed air as a surrogate for natural gas
(Kair = 1.40 vs. kng =~ 1.31), introducing ~5-7% error in compression work and discharge
temperature, and shifting the chamber acoustic eigenfrequency from 2056 Hz (air) to
~2600 Hz (natural gas)—a ~27% difference that would alter the resonance threshold of
Section 3.2 for actual field gas compositions. The truncated virial EOS carries 2-5% error
for the multicomponent field gas; a Peng—Robinson equation would be preferable for
design-level calculations. Leakage simplifications: the fixed discharge coefficient C_d = 0.6
in Equation (24) does not account for the varying aspect ratio of the interlobe gap or partial
oil-film filling, resulting in an additional leakage uncertainty of up to £15% beyond the
£3% CFD cross-validation. Structural coupling: rotors are treated as rigid; a beam-theory
estimate gives a tip deflection of ~2.6 pm under peak pressure, representing ~4% of the
minimum clearance and introducing a secondary leakage uncertainty. Hertzian contact
pressures neglect oil-film load sharing and should be interpreted as upper-bound indicators
rather than design-level stress values. Validation coverage: the held-out validation dataset
covers only the cold-side operating window (T, = —15 to +8 °C); the summer contribution
to the annual energy penalty (~27% of AEyear) relies on calibrated extrapolation and carries
additional unquantified uncertainty beyond the £5.2% bound reported in Section 2.2.3.
Future studies are intended to extend the field validation dataset to cover the full seasonal
temperature range, including summer extreme conditions, which would allow the annual
energy penalty estimate to be fully verified against measured data.
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