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Abstract. Increasing demands for energy efficiency in industrial equipment and the need to reduce operating costs
highlight the relevance of research into regenerative compressors — a class of turbomachinery that combines
the advantages of dynamic and positive-displacement machines and has significant potential for widespread
industrial application. Study aimed to systematise and analyse current scientific research in the field of regenerative
compressors and pumps to identify the key factors influencing their efficiency. The study was based on analysis and
comparison of the results of experimental and numerical studies published in peer-reviewed scientific journals, as
well as on the application of computational fluid dynamics (CFD) as a modern digital tool for engineering analysis.
Study established that the efficiency of regenerative compressors is determined by a combination of geometric
and design parameters. The type and shape of the impeller, as well as the number and profile of the blades,
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influence the degree of pressure increase: the optimal number of blades lies within the range of 30-50, whilst
blades of complex shape, despite their higher efficiency, complicate the manufacturing process. The dimensions
and configuration of the working channel determine the intensity of circulation and the level of gas-dynamic
losses - the height of the channel is a more decisive parameter than its cross-sectional area. The clearances in the
flow path are critical: an increase in the axial and radial clearances from 0.15 mm to 0.2 mm leads to a reduction
in performance of up to 50 %, which confirms the need to address them at design stage. CFD methods can be used
to visualise complex spiral-like flow structures, identify sources of losses and optimise design solutions, thereby
reducing costs of physical prototyping. The combination of analytical, experimental and CFD methods provides the
basis for developing effective design approaches, which will ensure improved energy efficiency and expand the
range of applications for these machines in industrial systems

Keywords: regenerative compressor; regenerative pump; regenerative hypothesis; numerical modelling; Ansys

SFX; design optimisation

Introduction

Compressor equipment is an integral part of modern in-
dustrial systems and is central in supporting technolog-
ical processes in the energy sector, the chemical indus-
try, mechanical engineering and related sectors. At the
same time, compressors are among the most energy-in-
tensive pieces of equipment: their share of total elec-
tricity consumption at industrial enterprises can reach
30-40%. In this context, improving the energy efficiency
of compressor equipment is not only an engineering ne-
cessity but also an economic and environmental one. A
reduction in specific energy consumption by even a few
percent can ensure significant resource savings at the
level of an enterprise or an industry. Among the wide
variety of compressor types, regenerative compressors
occupy a special place, combining the characteristics
of dynamic and positive-displacement machines. Their
distinctive features include a simple design, the ab-
sence of surge, compactness and the ability to provide
a relatively high degree of pressure increase with low
working fluid flow rates. Despite these advantages, re-
generative compressors have a comparatively low effi-
ciency - typically in the range of 35-55% — which limits
their wider industrial application. The complex flow
structure in the flow path, significant sensitivity to ge-
ometric parameters and an insufficient methodological
basis for comprehensive design optimisation highlight
the need for further research in this field. Development
of digital tools for engineering analysis, in particular
computational fluid dynamics (CFD) methods, creates
new opportunities for in-depth study of the operating
processes of regenerative compressors and for identify-
ing ways to improve their efficiency.

J.E. Adam et al. (2022) substantially contributed to
research into the geometric parameters of regenerative
compressors, studying the influence of various design
parameters on the performance of a side-channel re-
generative compressor stage. In particular, the re-
searchers found that the shape of the blades and their
angle of attack significantly affect the pressure ratio
and isentropic efficiency. The results obtained high-
light the significance of carefully selecting the impeller
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geometry at the initial design stage. Continuing this
line of research, J.E. Adam et al. (2023) conducted a par-
ametric study of the influence of the working channel
geometry on the performance of a regenerative com-
pressor. The authors varied the height, cross-sectional
shape and length of the channel and found that the
channel height is a more decisive parameter for mass
flow than the cross-sectional area. At the same time, the
study showed that the influence of individual channel
parameters on isentropic efficiency is less pronounced
and is mainly evident at high pressure values.

J. Nejadali (2021) applied the response surface
method in combination with CFD to optimise the
shape of aerodynamic-profile blades for a regenerative
compressor. The results of the study showed that aer-
odynamic-profile blades can deliver higher efficiency
compared to standard straight blades. However, the au-
thor noted that the complexity of manufacturing such
blades may offset the performance advantages in terms
of manufacturability and production costs. A. Salimi et
al. (2023) conducted a multi-criteria optimisation of a
regenerative pump with S-shaped blades using the re-
sponse surface method. The researchers varied several
geometric parameters simultaneously and found that
the S-shaped blade configuration can provide a bet-
ter balance between head and efficiency compared to
traditional configurations. The results demonstrate the
potential of applying multi-criteria optimisation meth-
ods to improve the design of regenerative machines.
0Q-Q.Lietal (2022) investigated the pressure pulsation
characteristics in a regenerative pump as a function of
the blade arrangement on the impeller. The authors
found that an uneven blade arrangement can signifi-
cantly reduce amplitude of pressure pulsations with-
out a significant deterioration in head characteristics.
This creates opportunities for reducing vibration and
acoustic loads on the compressor’s structural compo-
nents under real-world operating conditions. L.Zhou et
al. (2024) investigated, both numerically and experi-
mentally, the effect of axial clearance on the perfor-
mance of a regenerative pump. The researchers found

AN



129NN

Regenerative compressor machines: Overview of design parameters...

that an increase in axial clearance leads to an increase
in the intensity of bypass flows and a significant drop
in the unit’s head characteristics. The results of this
study confirm that the axial clearance is one of the
most critical parameters in the design of regenerative
machines and requires careful monitoring both during
manufacture and in operation. J. Zhang et al. (2024)
conducted a quantitative analysis of energy losses
in a regenerative compressor and developed an ap-
proach to predicting its operating characteristics. The
researchers identified the main sources of losses in the
flow path and determined their relative contribution to
the machine’s overall inefficiency. The proposed meth-
odology can be used for targeted optimisation of de-
sign elements with the greatest potential for improv-
ing efficiency. W. Li (2025) investigated the effect of
wall roughness on the performance of a regenerative
pump using CFD modelling. Study determined that in-
creasing the roughness of the internal surfaces of the
flow path leads to an increase in hydraulic losses and
a reduction in efficiency. The results obtained are of di-
rect practical significance for the selection of materials
and manufacturing technologies for the casing com-
ponents of regenerative compressors, with the aim of
minimising friction losses.

An analysis of the studies cited indicates that most
of the research focuses on investigating the influence
of individual geometric parameters on the perfor-
mance of regenerative compressors and pumps. At the
same time, issue of simultaneous optimisation across
multiple parameters remains understudied: most au-
thors vary the parameters sequentially, which prevents
them from incorporating their mutual influence and
finding the global optimum design. Furthermore, the
comprehensive consideration of clearances in conjunc-
tion with other geometric parameters in CFD model-
ling remains an under-researched aspect. These gaps
formed the basis for this study. Study aimed to conduct
a comprehensive study and systematisation of scien-
tific achievements in the field of regenerative com-
pressors and pumps, to identify the key geometric and
design parameters that determine their energy perfor-
mance, and to justify promising avenues for improving
these machines.

Study was conducted in the form of a systematic re-
view. The international scientometric databases Scopus
and Web of Science were used to compile the informa-
tion base, and the search was conducted primarily using
English-language queries based on the following key
terms: “regenerative compressor”, “side channel pump”,
“vortex compressor”, “CFD optimisation” and “impeller
geometry” The main criterion for selecting sources was
that they had been published between 2020 and 2026,
ensuring the relevance of the material considered. In
addition, selected fundamental works from an earlier
period were included - in particular, classic works on
the theory of the regenerative hypothesis and the basic

principles of flow component design - without which
it is impossible to correctly interpret modern results
and trace the evolution of approaches to the design of
regenerative machines. A total of 51 scientific publica-
tions were analysed, including articles in peer-reviewed
journals, proceedings of international conferences and
institutional repositories. Sources were selected based
on criteria of thematic relevance, scientific novelty and
citation frequency in related research.

The study employs a range of general scientific and
specialised methods. The method of systems analysis
was used to organise the body of literature and identify
interrelationships between design parameters and ma-
chine characteristics. Comparative analysis was used to
compare the results of different research groups and to
identify similarities and contradictions in the conclu-
sions regarding the optimal values of geometric param-
eters. The method of generalisation was applied to for-
mulate comprehensive conclusions based on the body
of publications considered. A quantitative analysis of
scientific publications determined level of scientific de-
velopment in specific subject areas and identified gaps
in existing research. The material has been organised
into thematic sections: impeller design, channel geom-
etry, separator, clearances and CFD modelling - which
was used for a systematic coverage of the key aspects
of regenerative compressor operation. The evolution of
calculation methods has been analysed separately -
from one-dimensional analytical models to three-di-
mensional CFD modelling verified on test benches - to
assess their accuracy and limits of applicability at vari-
ous stages of design.

Design Diagram and Classification

of Regenerative Compressors

The design of a single-stage regenerative compressor
(Fig.1) comprises an impeller with blades evenly spaced
around its circumference, as well as suction, discharge
and working channels. A partition - known as a sep-
arator or baffle - is situated between the suction and
discharge channels, ensuring they are kept separate. As
noted by S. Vanyeyev et al. (2010), this design remains
the basis for most modern regenerative machines. De-
spite its structural simplicity, the internal gas-dynamic
processes in a regenerative compressor are complex:
the working fluid moves along a spatial spiral trajec-
tory, and each cycle between the blades and the chan-
nel is accompanied by momentum transfer, mixing and
turbulent losses. This physical complexity explains why
the accurate analytical prediction of the performance
characteristics of regenerative machines remains an
open scientific problem to this day. Notably, despite the
significant volume of accumulated experimental and
numerical data, a single, unified calculation methodol-
ogy for regenerative machines of various types has not
yet been developed - this is one of the key scientific
gaps in this field.
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Figure 1. Schematic diagram of a regenerative compressor stage
Notes: 1 - impeller; 2 - discharge channel; 3 - suction duct; 4 - splitter; 5 - operating channel

Source: S.M. Vanyeyev et al. (2010)

Depending on the position of the casing’s work-
ing channel in relation to the impeller blades, the
flow paths of regenerative compressors are classified
as peripheral, peripheral-lateral and lateral (Fig. 2).
Compressors with a lateral channel arrangement
have relatively high efficiency but low pressure. Pe-
ripheral channels provide higher pressures, although
their efficiency is significantly lower. Peripheral-lat-
eral channel arrangement is a compromise option,
achieving an efficiency of up to 55% and a pressure
coefficient yad = 1.6...3. M. Sreekanth et al. (2021),
in their systematic review covering over 80 publica-
tions spanning 70 years, confirm this conclusion: the
authors methodically compared the performance of
different types of flow passages and concluded that
the peripheral-lateral channel is the most balanced
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solution for a wide range of industrial applications.
This conclusion is relevant: the advantage of the pe-
ripheral-lateral channel lies in the fact that the cen-
trifugal effect is actively utilised in the peripheral
section, resulting in a significant increase in pressure,
whilst the lateral component facilitates the effec-
tive re-entry of the working fluid into the inter-blade
space - thus ensuring that the entire channel area
is utilised more uniformly in the energy exchange. At
the same time, there is an absence in the literature
of systematic comparative studies in which all three
types of channels would be analysed under identical
conditions using a single geometry; this complicates
the quantitative justification of the advantages of the
peripheral-lateral variant and represents a promising
area for further research.

Figure 2. Main types of flow components in regenerative compressors
Notes: a - peripheral canal; b - peripheral-lateral canal; c - lateral canal

Source: S.M. Vanyeyev et al. (2010)

The shape of the flow section’s profile in the me-
ridional cross-section can be rectangular, circular or
curved (Fig. 3). A rectangular cross-section is the sim-
plest to manufacture, but is characterised by increased
losses in the corner regions, where stagnation zones
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form. A circular cross-section ensures a smoother redis-
tribution of velocities and a lower tendency for separa-
tion zones to form, which, according to W. Li (2025), has
a positive effect on the level of hydraulic losses when
operating under high-pressure conditions. A curved
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profile is an attempt to combine the advantages of both
options. Thus, a common pattern emerges regarding
the choice of cross-sectional shape: an increase in the
aerodynamic efficiency of the channel shape is accom-
panied by greater manufacturing complexity, and each
of the three options occupies a specific niche depend-
ing on the priorities: efficiency, manufacturability or
compactness. M.M. Raheel & A. Engeda (2005), in their
systematic study on the design of radial-bladed regen-
erative turbomachines, emphasise that the number of
channels is increased primarily to boost capacity and

7.

flow rate, as well as to increase power output in turbine
modes. Multi-channel flow sections are most easily im-
plemented using a stage with an external peripheral
channel; however, as the number of channels increases,
the design of the separator becomes significantly more
complex and the risk of cross-flow increases. It is worth
noting the limited availability of quantitative data in
the literature regarding the impact of the number of
channels on performance - most publications focus on
single-channel configurations, which represents a gap
for applications with high performance requirements.

Figure 3. Shapes of the flow section profile in a meridional cross-section

Notes: a - rectangular duct; b - circular duct; c - curved duct
Source: S.M. Vanyeyev et al. (2010)

Regenerative turbomachines can be designed as
single-flow, double-flow or multi-flow types. N.D. Karls-
en-Davies & G.A. Aggidis (2016), in their fundamental
review of regenerative annular pumps based on an
analysis of over 120 sources, established that the use of
double or multi-flow configurations makes it possible
to relieve the rotor of radial forces and reduce the vibra-
tion load on the bearings. S. Munsterjohann et al. (2017)
expanded on this idea by applying psychoacoustic eval-
uation criteria to the design of a low-noise side blower:
the authors demonstrated that a symmetrical multi-flow
blower configuration not only balances the force load
but also significantly reduces the tonal components of
noise,which is critical for medical and laboratory equip-
ment. M. Raheel et al. (2003), whilst investigating the
characteristics of single- and multi-stage regenerative
compressors for natural gas transport, demonstrated
that regenerative machines are competitive with cen-
trifugal compressors in the range of low flow rates and
high pressures: the measured pressure, for the same
geometric parameters, increases proportionally with
the number of stages in a multi-stage configuration,
whilst efficiency decreases due to the accumulation of
losses. Comparing the findings of these three research
groups,a common pattern emerges: the transition from
single-flow to multi-flow and multi-stage configura-
tions expands the machine’s functional capabilities,
but is inevitably accompanied by either a reduction in
efficiency or increased design complexity. This trade-
off between productivity and efficiency in multi-stage
designs remains unresolved and requires targeted
research using multi-criteria optimisation methods.

Thus, the choice of flow configuration and the num-
ber of stages is a complex design decision that simul-
taneously affects the mechanical reliability, hydraulic
efficiency and acoustic characteristics of the machine.
The amount of energy transferred depends on the
geometry and design parameters of the impeller and
the casing components. M. Badami & M. Mura (2011),
in the study on the development and validation of a
one-dimensional model of a regenerative compressor
for various devices, established that accurate con-
sideration of geometric parameters - including the
shape, arrangement and number of blades, as well
as the dimensions of the annular channel - is cru-
cial for adequate prediction of performance charac-
teristics. The 1D model they developed demonstrated
satisfactory agreement with experimental data for a
wide range of geometries, confirming the validity of
using simplified models in the early stages of design.
At the same time, the authors note that the model ex-
hibits systematic deviations at low flow rates, where
non-linear effects become dominant. In the authors’
view, this highlights the need to use three-dimension-
al CFD modelling to verify the results, particularly un-
der non-standard operating conditions. To summarise
the findings of this section, it should be emphasised
that the structural layout and the type of flow path are
the primary design decisions that determine the entire
scope for further optimisation: the choice of channel
type, cross-sectional shape and flow configuration ef-
fectively sets the upper limit of achievable efficiency,
which cannot be significantly exceeded solely by opti-
mising the geometry of the blades or clearances.
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Effect of Impeller Geometry
on Compressor Performance

Type and geometry of the blades directly affect
the compressor’s efficiency and determine the de-
gree of pressure increase, as energy is transferred
specifically from the impeller to the gas or liquid.
G. Grabow (1975) established a fundamental relation-
ship between the number of blades, their angle and
the suction characteristics of regenerative pumps. De-
spite the age of these studies, the patterns identified
by G. Grabow (1975) remain relevant and are used by
contemporary researchers as a starting point. This in-
dicates that the basic physics of momentum transfer
in a regenerative machine is relatively stable and has
not undergone any fundamental revision over the past
five decades. It is worth noting that most contemporary
studies of impeller geometry are highly specialised -
they optimise one or two parameters for a specific
geometry, without establishing generalised patterns
suitable for use at the conceptual design stage.

Blade shape is one of the most debated parameters
in the literature.).E. Adam et al. (2022), using a system-
atic numerical experiment design that varied several
geometric parameters simultaneously, found that blade
geometry significantly influences the shape of the pres-
sure characteristic: backwards-curved blades provide a
more uniform pressure distribution and a wider range
of stable operation, whilst straight blades have a steep-
er characteristic curve with a higher peak head at the
design point.J. Nejadali (2021), using the response sur-
face method in combination with three-dimensional
CFD modelling to optimise airfoil-type blades, achieved
an increase in isentropic efficiency of up to 8% com-
pared with the baseline design featuring straight
blades. The author systematically varied the angle of
attack, profile thickness and curvature, and found that
the angle of attack is the dominant parameter com-
pared to the other variables. A. Salimi et al. (2023),
building on this approach, applied multi-objective
optimisation using the response surface method to a
compressor with S-shaped blades and concluded that
a simultaneous increase in pressure and efficiency is
possible but requires a trade-off: maximum pressure is
achieved at installation angles that slightly reduce effi-
ciency, and vice versa. A common finding in the studies
by J. Nejadali (2021), J.E. Adam et al. (2022) and A. Sal-
imi et al. (2023) is that all three studies confirm the
dominant role of the blade installation angle amongst
the geometric parameters of the blade shape - this is a
sufficiently reliable conclusion, as it has been obtained
using three independent methods.

S-Y.Jeon et al. (2019) adopted a different approach
and developed a fundamentally new type of S-shaped
blade, optimised for a microbubble pump. The research
methodology was based on a combination of CFD mod-
elling with an optimisation algorithm and verification
using a physical prototype. The authors demonstrated
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that the S-shaped form helps to reduce cavitation and
extend the operating range, although it does decrease
the peak efficiency at the design point slightly com-
pared with standard blades. Comparing the results of
S-Y.Jeon et al. (2019) and A. Salimi et al. (2023), a con-
tradiction can be observed: both studies demonstrated
the advantages of the S-shaped profile, but in differ-
ent aspects - S-Y. Jeon et al. (2019) addressed cavi-
tation resistance, whilst A. Salimi (2023) emphasised
simultaneous increase in head and efficiency. This is
explained by the different operating conditions: the
first study focused on pumping applications with a lig-
uid medium, whilst the second focused on compressor
applications with a gaseous medium. It is reasonable
to assume that a direct comparison of these results
is not valid without covering differences in Reynolds
and Mach numbers. This circumstance highlights a
significant scientific gap: the literature lacks studies
that systematically compare the efficiency of different
blade profiles under identical dimensionless similar-
ity parameters, which makes it impossible to directly
transfer results between applications.

K. Chen et al. (2022) investigated the effect of the
blade tip undercut angle using three-dimensional un-
steady CFD modelling, verified on a test bench. The re-
searchers found that an increase in the undercut angle
from 0° to 30° leads to a redistribution of high-velocity
zones within the side channel and a change in second-
ary vortex structures. At angles of 15-20°, an optimal
balance is observed between the level of turbulent
losses and energy transfer efficiency, manifested in a
3-5% increase in isentropic efficiency. Although com-
plex-shaped blades are generally more efficient, one
of the main advantages of regenerative compressors -
their structural simplicity - should be considered.
Q-Q.Lietal (2022), based on an analysis of the match
between the impeller and the duct, emphasise the need
for a balance between geometric complexity and man-
ufacturability; consequently, from a practical design
perspective, the straight blade (Fig. 4) remains a sensi-
ble choice for most industrial applications, where man-
ufacturability and cost take precedence over maximis-
ing efficiency. In the authors’ view, the optimal strategy
for selecting the blade shape should be determined as
early as the technical specification stage: if maximum
efficiency is the priority, the use of profiled blades ver-
ified via CFD is justified; if cost and service life are the
priorities, straight blade with an optimised installation
angle should be preferred.

The number of impeller blades is another key pa-
rameter. Q-Q. Li et al. (2022), using unsteady CFD mod-
elling and analysis of pressure pulsations via the fast
Fourier transform, found that increasing the number of
blades from 24 to 48 leads to a significant reduction
in the amplitude of the dominant pressure pulsation
frequencies, which is beneficial in terms of vibration
reliability. At the same time, the contact surface area
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increases and, consequently, so do friction losses. ). Ne-
jadrajabali et al. (2016), using flow pattern analysis and
comparative CFD modelling, recommend a range of 30-
50 blades as the optimal compromise. ). Pei et al. (2019),
in their study of the effect of the side channel wrap
angle, arrived at a similar optimum - 36 blades for
the geometry under investigation. The agreement be-
tween the recommendations of these two independent
research groups regarding the optimal range of blade
count provides significant confirmation of the reliability
of the results obtained, although it should be noted that
the specific optimal number of blades depends on the
wheel dimensions, channel height and operating mode.
Notably, Q-0Q. Li et al. (2022) approached this issue from
the perspective of dynamic characteristics, whilst J. Ne-
jadrajabali et al. (2016) and J. Pei et al. (2019) - from
perspective of static efficiency, and all three groups
converge on the same range. This is one of the most
reliable quantitative results in this field, suitable for di-
rect application in engineering practice.

Figure 4. Straight peripheral-lateral blades
Source: compiled by the authors

The size of the impeller (outer diameter) deter-
mines the pressure increase within the machine via
the tip speed of the blades. M-W. Heo et al. (2016),
using multi-objective optimisation that simultaneous-
ly accounts for aerodynamic and aeroacoustic criteria,
demonstrated that increasing the diameter increases
the pressure head but simultaneously increases the
level of broadband noise due to the rise in circumfer-
ential velocity. In their study, the optimal diameter was
determined as a compromise between these two crite-
ria. F.Zhang et al. (2021), applying vortex identification
methods to the results of CFD modelling, showed that
reducing the impeller diameter whilst keeping other
parameters constant leads to a decrease in the inten-
sity of circulation vortices in the side channel, which
reduces the efficiency of mass transfer between the
impeller and the channel. Thus, the impeller size af-
fects not only the kinematics but also the qualitative
structure of the internal flow. When comparing studies
by M-W.Heo et al. (2016) and F.Zhang et al. (2021), it is

worth noting that both studies reveal a mutually rein-
forcing effect: an increase in diameter simultaneously
improves the hydraulic characteristics and worsens the
acoustic characteristics; that is, diameter is a parameter
with a clearly defined conflict of objectives. This makes
it a natural candidate for multi-criteria optimisation
rather than single-parameter tuning.

Methods for the systematic optimisation of impel-
ler geometry are becoming increasingly widespread.
H. Quan et al. (2020), applying an orthogonal design of
experiments method to a regenerative pump, simulta-
neously varied the blade angle, the number of blades
and the impeller diameter, and determined their rel-
ative importance: the number of blades is the most
influential parameter (42% contribution), followed by
the blade angle (35%) and the impeller diameter, which
has the least influence (23%). The orthogonal approach
can significantly reduce the number of CFD calculations
required compared with a full factorial design, whilst
maintaining the statistical validity of the conclusions.
Building on this methodology, J. Yang et al. (2025) ap-
plied the orthogonal method to the numerical opti-
misation of a regenerative pump impeller design and
found that the optimal combination of geometric pa-
rameters increases head by 7.3% and efficiency by 4.1%
compared with the original design. When comparing
the two studies, it is worth noting the methodological
continuity and convergence of conclusions regarding
the priority of parameters, which enhances confidence
in the recommendations obtained. Notavly, the hierar-
chy of parameter influence established by H. Quan et
al. (2020) - number of blades, angle, diameter - is
consistent with the general conclusion regarding the
dominant role of the number of blades, as derived from
an analysis of the works by J. Nejadrajabali et al. (2016)
and J. Pei et al. (2019). Such consistency in the results
obtained using different methods and by different re-
search groups suggests that this hierarchy has been
reliably established. At the same time, it is worth not-
ing that all the optimisation studies considered were
conducted for specific geometries and operating condi-
tions, and the question of whether the optimal values
obtained can be extrapolated to other scales and con-
ditions remains open.

Geometric Parameters of the Working Channel
and Their Impact on Efficiency
The working fluid enters the impeller housing’s work-
ing channel via the suction pipe and then flows into the
inter-blade channels of the impeller. In the inter-blade
channels, the mechanical energy of the drive is convert-
ed into the kinetic and potential energy of the gas. Cen-
trifugal forces direct the gas particles predominantly in
a radial direction from the inter-blade space into the
working channel of the casing, where the kinetic ener-
gy of the flow is subsequently converted into pressure
energy. The blade suction angle significantly influences
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the degree of symmetry of the secondary vortex motion
in the channel: at angles close to 90°, the most uniform
velocity distribution and the lowest losses in the recir-
culation zone are observed. This result is a substantial
guideline for design; however, it is worth noting that
there is a lack of studies in the literature that system-
atically vary the suction angle over a wide range for
different types of channels, which limits the possibility
of generalising this conclusion.

Mechanism of the spiral trajectory of the working
body is a defining feature of the regenerative compres-
sor, distinguishing it from all other classes of dynamic
machines. W. Li (2025), in a CFD modelling of a regen-
erative pump taking into account the roughness of the
channel walls, quantitatively assessed the influence of
this mechanism: the repeated interaction of the blades
with the same working fluid particles results in the
regenerative compressor developing 3-5 times great-
er pressure than a centrifugal compressor of the same
dimensions at the same rotational speed. This result is
consistent with the classical theoretical estimates by
W.A. Wilson et al. (1955); however, W. Li (2025) further
demonstrated that the roughness of the channel walls
canreduce this effect by 10-18%,depending on the Reyn-
olds number and relative roughness. This is a substan-
tial practical finding for manufacturers, as it highlights
the significance of the quality of the channel surface fin-
ish. Despite practical significance of this parameter, the
influence of roughness on the performance of regener-
ative machines remains under-researched in the litera-
ture - W. Li (2025) is, in fact, the only modern publica-
tion on this topic, indicating a significant scientific gap.

The parameters of the working channel - height,
cross-sectional shape, length and curvature - directly
influence the intensity of the working fluid circula-
tion and the level of gas-dynamic losses. J.E. Adam et
al. (2022), applying a systematic Design of Experiments
(DoE) approach to a regenerative compressor and si-
multaneously varying the height, width and cross-sec-
tional shape of the channel, established that the influ-
ence of channel geometry on performance is complex
and non-linear: individual parameters exhibit signif-
icant interaction with one another, meaning that the
optimal value of one parameter depends on the val-
ue of another. In particular, the authors found that the
optimal channel height is a function of the number of
blades: as the number of blades increases, the optimal
channel height also increases. This interaction explains
why attempts to optimise the channel geometry by var-
ying just one parameter often yield conflicting results
across different studies. This conclusion is substantial
from a methodological point of view: it means that
single-parameter studies of channel geometry, which
constitute most publications in this field, are of limited
value for practical design.

Working channel height is more substantial in de-
termining mass flow rate than its cross-sectional area.
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J. Zhang et al. (2024), whilst conducting a quantitative
analysis of energy losses in a regenerative compres-
sor using the entropy production method, found that
reducing the channel height whilst maintaining the
cross-sectional area leads to an increase in local entro-
py dissipation in the secondary circulation zone, which
is the primary mechanism of energy transfer. This is ex-
plained by the fact that a reduction in the duct height
increases the velocity gradient in the vertical direction
and, consequently, increases viscous losses. The authors
quantitatively established that losses in the secondary
circulation zone account for 35-45% of the compressor’s
total losses, confirming their dominant role. This result
is substantial from a design perspective, as it indicates
that optimisation efforts should primarily be directed
towards minimising losses specifically in the second-
ary circulation zone.J. Wang et al. (2023) independently
confirm this conclusion: in their comparative study, the
lowest efficiency values are also observed for configu-
rations with the minimum channel height. The consist-
ency of the results obtained byJ.Zhang et al. (2024) and
J.Wang et al. (2023) - using different methods and for
different machine configurations - suggests that the
channel height is the most critical geometric parameter
of the flow section among all those considered.

Cross-sectional shape of the working channel af-
fects the compressor’s performance through the dis-
tribution of velocities and the structure of secondary
vortices. W. Li (2025) found that a circular cross-section
provides more favourable flow conditions due to a more
uniform velocity distribution and reduced local losses
compared to a rectangular channel; the difference in
efficiency between these two cross-sectional shapes,
for the same channel height, is 2-4% at the design
point. Q. Li et al. (2024), applying the Proper Orthogonal
Decomposition (POD) method to the results of unsteady
CFD simulations, demonstrated that the cross-sectional
shape significantly influences the spatial structure of
the dominant pressure pulsation modes: in channels
with a circular cross-section, the dominant modes are
more symmetrical and have a lower amplitude, which
helps to reduce the vibration load. Comparing these
results with the data from J.E. Adam et al. (2023), a
general conclusion can be drawn: the cross-sectional
shape is a substantial parameter, but its influence on
static efficiency is less significant than that of the duct
height, whilst it has a more significant impact on dy-
namic characteristics (pressure pulsations, noise). Thus,
the choice of cross-sectional shape should be made ad-
dressing priorities of the specific application: if noise
or vibration levels are critical, a circular cross-section
is preferable; if manufacturability and production cost
are the priority, a rectangular cross-section remains a
reasonable choice.

The isentropic efficiency of a regenerative com-
pressor exhibits a more complex dependence on
the geometric parameters of the channel. J. Wang et

A



28RN

Regenerative compressor machines: Overview of design parameters...

al. (2023), comparing single- and multi-stage config-
urations of side-channel pumps at different channel
heights, confirmed that the lowest efficiency values are
observed for variants with the minimum side-channel
height, whilst an increase in height leads to an increase
in efficiency. Notably, in multi-stage configurations this
effect is amplified, as losses in each stage accumulate.
M. Badami & M. Mura (2012), based on a comparison
of 1D and 3D CFD models of a regenerative blower for
fuel cells, noted that three-dimensional modelling is
relevant for accurate prediction of performance char-
acteristics under non-design operating conditions. This
highlights the fundamental limitations of one-dimen-
sional models when analysing the influence of channel
geometry - they may yield satisfactory results at the de-
sign point, but systematically fail at low and high flow
rates, where three-dimensional effects are dominant.To
summarise the findings of this section, a key pattern
should be emphasised: of all the channel’s geometric
parameters, height has the greatest influence on static
characteristics, whilst the cross-sectional shape deter-
mines the machine’s dynamic behaviour. This hierarchy
of parameter influence serves as a substantial guide for
setting priorities when designing and optimising re-
generative compressors; however, it must be acknowl-
edged that most existing studies were conducted for a
limited range of geometries and do not provide a com-
plete picture of the interaction of all channel parame-
ters simultaneously.

Design Features of the Separator

and Their Impact on the Working Process
The separator (Fig. 5) is an essential structural com-
ponent of the flow path in a centrifugal compressor;
its function is to separate the discharge zone from the
suction zone and to prevent the compressed gas from
flowing in the opposite direction. However, a certain
amount of gas inevitably penetrates the suction zone
through the gaps between the rotor and the casing and
through the inter-blade space, which is a source of vol-
umetric losses. An analysis of existing research iden-
tified three interrelated areas of study concerning the
separator: the influence of the wrap angle on hydraulic
characteristics, the physics of “dead zone” formation,
and the effect of the separator on transient force loads.
These areas have developed to some extent in paral-
lel and have only begun to be considered comprehen-
sively in the latest studies. F. Zhang et al. (2020), using
the entropy production method to quantitatively ana-
lyse energy losses in a side-channel pump at different
channel wrap angles, found that the amount of leakage
through the separator decreases as the radial clearance
between the separator and the impeller decreases and
as the separator wrap angle increases. However, the
authors also demonstrated that increasing the separa-
tor angle simultaneously reduces the effective working
section of the channel and leads to an 8-12% drop-in

mass flow rate for every 15° increase in the angle. Thus,
optimisation of separator angle is a problem with two
mutually conflicting objectives.

C

Figure 5. Separator (cutter)
Source: compiled by the authors

J. Pei et al. (2019), in a study of effect of the side
channel coverage angle, modelled three geometric
variants of the pump with separator angles of 15°, 30°
and 45°, using unsteady three-dimensional CFD mod-
elling with the results verified on a test bench. A com-
parative analysis showed that a 15° angle ensures the
most intense mass transfer throughout the flow path:
the authors quantitatively measured the intensity of
secondary circulation by analysing the velocity vector
field and found that at a 15° angle it is 18% higher
than at a 45° angle. The 15° and 30° configurations
demonstrate higher static pressure values in the out-
let region - by 6-9% respectively - due to the great-
er length of the side channel and a longer duration of
energy exchange. These results can be considered reli-
able and well-founded, as the authors conducted par-
allel measurements on a physical test rig, and the dis-
crepancy between the CFD results and the experiment
does not exceed 4%. A comparison of the approaches
by F. Zhang et al. (2020) and J. Pei et al. (2019) reveals
methodological complementarity: the former work
quantitatively describes the mechanism of losses using
the entropy method, whilst the latter quantitatively de-
termines the optimum by comparing specific geometric
variants. Together, they provide a sufficiently compre-
hensive picture to inform practical recommendations
regarding the choice of the separator angle.

A. Fleder & M. Bohle (2012), based on the results
of a systematic study of the internal flow structure in
a side-channel pump using particle image velocimetry
(PIV) and CFD, confirmed that minimum static pres-
sure values are recorded in the separator zone for all
geometric variants. The authors explained this phe-
nomenon by the fact that, in the separator zone, the
exchange of kinetic and potential energy between the
blade channels and the annular channel is interrupted,
with the result that energy which was not transferred
in the preceding zone is irretrievably dissipated. A sub-
stantial contribution by A. Fleder & M.Bdhle (2012) was
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that they were the first to quantitatively describe the
minimum-pressure zone as a “dead zone” with zero net
energy exchange - this is conceptually relevant for de-
termination of why reducing the separator angle gen-
erally increases the machine’s efficiency. Notably, study
by A. Fleder & M.Bohle (2012) is one of the few studies
in which the PIV method has been applied to the in-
vestigation of regenerative machines, which was used
for verification of CFD results at the level of the ve-
locity field, rather than merely integral characteristics.
Expanding the use of such verification is a substantial
methodological task for future research.

K.A. Adu-Poku et al. (2022), whilst investigating
the internal flow mechanisms and transient force
distribution in a side-channel pump using transient
CFD with regenerative structure analysis, demon-
strated that the design of the separator significantly
influences the transient hydrodynamic forces acting
on the impeller. In particular, the authors found that
sharp pressure gradients arise in the separator region,
which are the source of variable forces with a frequen-
cy that is a multiple of the number of blades and the
rotational frequency. These forces can cause resonant
phenomena if their frequency matches the natural fre-
quencies of the structure. A.Javadi et al. (2026), using
the Large Eddy Simulation (LES) method - which is
a significantly more accurate but also much more re-
source-intensive approach compared to RANS - con-
firmed and elaborated on this result: the separator
is a zone of heightened turbulent activity, where the
kinetic energy of large eddies is actively transferred
to smaller scales and dissipated as heat. According to
estimates by A. Javadi et al. (2026), between 15 and
22% of the compressor’s total losses are dissipated
in the separator zone, depending on the operating
mode. A comparison of the results of K.A. Adu-Poku et
al. (2022) and A.Javadi et al. (2026) reveals complete
qualitative agreement, whilst LES modelling provides
a more detailed picture of the distribution of dissipa-
tion within the separator zone. A gap in the research
remains: there are no studies dedicated to the tar-
geted profiling of the separator edges as a means of
reducing turbulent losses; although the physical na-
ture of the losses in this zone has already been well
described, the question of the optimal shape of the
edges is scarcely addressed in the literature.

According to the authors, combination of the re-
sults of these studies provides a substantial design
conclusion: the angle of the separator should be select-
ed as the minimum permissible from a structural point
of view (2-3 blade pitches), whilst the geometry of the
separator’s leading and trailing edges must be carefully
profiled to reduce the intensity of separation phenome-
na and the associated losses. Reducing the wrap angle
from 45° to 15° results in more intense flow exchange,
higher static pressure values and lower hydraulic loss-
es, which ultimately improves the machine’s hydraulic
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performance. The findings of K.A. Adu-Poku et al. (2022)
raise a substantial point: an excessive reduction in the
separator angle without corresponding profiling of its
edges may exacerbate transient force loads on the
wheel due to the sharpening of pressure gradients at
the boundary of the “dead zone”. Consequently, the fi-
nal choice of angle must be made addressing overall
impact on all characteristics, including vibrational and
acoustic ones.

Effect of Clearances in the Flow Path

on Compressor Performance

Clearances in the flow path of a regenerative compres-
sor are among the most sensitive design parameters,
significantly affecting performance, compression effi-
ciency and energy losses. Analysis of existing research
has identified three main areas of focus: the quantita-
tive determination of the proportion of losses due to
clearances in the overall loss balance; the influence of
clearances on the machine’s dynamic characteristics;
and the specific characteristics of clearances in hydro-
gen applications. It is noteworthy that all three areas
have developed in parallel and are only now beginning
to be considered in relation to one another. L. Zhou et
al. (2024), using a combination of three-dimensional
unsteady CFD modelling and experimental measure-
ments on a test bench for a regenerative pump with
five different axial clearance values in the range of 0.1-
0.5 mm, demonstrated that the relationship between
performance and clearance is non-linear: in the range
of small clearances (0.1-0.2 mm), the increase in per-
formance as the clearance decreases is significant (up
to 15% for every 0.05 mm), whilst for large clearances
(over 0.3 mm) this sensitivity decreases. The authors
also found that a change in the axial clearance affects
not only the volumetric efficiency but also the shape
of the pressure characteristic: as the clearance increas-
es, the steepness of the characteristic decreases, which
may lead to unstable operation in a parallel configura-
tion with other blowers.

J. Zhang et al. (2024), in a quantitative analysis
of energy losses in a regenerative compressor using
entropy method for various values of axial and ra-
dial clearances, found that losses due to clearances
account for 28-40% of total hydrodynamic losses de-
pending on the operating mode, and that this propor-
tion increases with rising rotational speed. Notably,
the authors were able to quantify the contributions
of the axial and radial clearances: the axial clearance
accounts for 70-75% of the total losses due to clear-
ances, whilst the radial clearance contributes only
25-30%. This result provides a substantial practical
guideline: during design and manufacture, the axial
clearance must be controlled as the dominant factor.
W-Y. Zhang & Z-H. Li (1991) established an analyti-
cal relationship between the magnitude of the axial
clearance and the characteristics of a regenerative

)
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pump, which is generally consistent with modern CFD
results, indicating the reliability of classical analytical
approaches as a first approximation.

J.Wang et al. (2023), when comparing single-stage
and multi-stage configurations of side-channel
pumps, found that in multi-stage configurations the
effect of clearances on head pulsations is significantly
more pronounced than in single-stage ones: for the
same clearance value, the amplitude of pulsations in
a two-stage configuration is 40-60% higher than in
a single-stage one. This is because, in a multi-stage
configuration, flow through the clearances of the first
stage disturbs the inlet field of the second stage, am-
plifying transient phenomena. Z.C. Zhu et al. (2001), in
their early theoretical and experimental study of low-
flow regenerative pumps, reached a similar conclusion
regarding the significant influence of the gap on ex-
ternal characteristics, confirming that this pattern is
not specific to a particular type of machine or operat-
ing mode, but is common to the class of regenerative
machines. When comparing the results of J. Wang et
al. (2023) and Z.C. Zhu et al. (2001), it is worth noting a
substantial pattern: despite differences in methodol-
ogy and a gap of more than twenty years between the
publications, both studies confirm the general nature
of the effect of clearances, which gives this conclusion
the status of a well-established fact, suitable for di-
rect use in design.
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V.S. Sitalo & S.M.Vanieiev (2025) conducted a com-
prehensive analysis of the effect of the magnitude of
the axial and radial clearances along the entire length
of the flow path between the impeller and the com-
pressor casing, which had an outer diameter of 250 mm,
using three-dimensional CFD modelling in ANSYS CFX.
The authors modelled two clearance options - 0.15 mm
and 0.2 mm - and compared them with an idealised
case with no clearances. The results are revealing: with
a clearance of 0.15 mm, the compressor’s performance
decreases by 23% compared with the idealised case,
and with a clearance of 0.2 mm, by 50% (Fig. 6). Such
a sharp drop in performance with an increase in the
clearance of just 0.05 mm is evidence of high sensitivity
of regenerative machines to manufacturing precision.
A comparison with the results of L. Zhou et al. (2024)
shows qualitative agreement - both studies reveal a
non-linear dependence with increased sensitivity at
small clearances — which confirms the general nature
of this pattern regardless of the type of working me-
dium (liquid or gas). Notably, both studies - L. Zhou et
al. (2024) and V.S. Sitalo & S.M.Vanyeyev (2025) - were
conducted for specific geometries and do not cover the
full range of impeller diameters, which limits the gen-
eralisability of the results. The development of general-
ised dimensionless relationships between the relative
clearance and the relative reduction in performance is
a promising area for further research.
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Figure 6. Compressor performance at different clearances in the flow path

Source: V.S. Sitalo & S.M.Vanyeyev (2025

Studies on regenerative machines for fuel cell sys-
tems emphasise issue of clearances. X. Yu et al. (2022),
whilst conducting an experimental study into the ef-
fect of hydrogen recirculation on the performance of a
PEMFCfuel cell, found that the accuracy with which the
recirculation blower maintains the set hydrogen flow
rate is critical for stable stack operation: a deviation
in the recirculation flow rate of more than 8% from
the calculated value leads to a significant reduction in
fuel cell efficiency and an uneven distribution of mem-
brane moisture. Since cross-flow through the gaps is
the main source of flow instability, the results of X.Yu et
al. (2022) indirectly confirm the need for strict control
of the gaps in hydrogen pumps. Y. Chen et al. (2024),
investigating the influence of the geometric param-
eters of a regenerative hydrogen pump in a PEMFC

system using three-dimensional CFD with variations in
the axial gap, quantitatively confirmed this conclusion:
an increase in the axial clearance of 0.05 mm reduc-
es the hydrogen recirculation coefficient by 11-15%,
which is unacceptable for fuel cell systems with strin-
gent stability requirements. Comparing the results of
Y. Chen et al. (2024) with the data from V.S. Sitalo &
S.M.Vanyeyev (2025) for an air compressor, it was found
that hydrogen blowers are twice as sensitive to the gap
size, which further justifies the need to establish sepa-
rate, stricter tolerances for this class of machines.
X.Liang et al. (2024), whilst investigating the influ-
ence of design parameters on the efficiency of a regen-
erative blower for hydrogen recirculation in PEMFC fuel
cells using transient CFD simulations verified on a test
bench, found that the issue of clearances is particularly
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critical in hydrogen blowers: due to low dynamic vis-
cosity of hydrogen (14 times lower than that of air), flow
through gaps is proportionally greater for the same ab-
solute gap values. Y. Chen et al. (2025) confirmed this
finding, demonstrating that when switching from air to
hydrogen, the efficiency of a regenerative compressor
decreases by 8-12% with the same design clearanc-
es, and recommended reducing the permissible axial
clearance for hydrogen blowers to 0.05-0.08 mm. The
convergence of the findings by X. Liang et al. (2024) and
Y. Chen et al. (2025), obtained independently and us-
ing different methods, lends these recommendations a
high degree of credibility. It is appropriate to regard this
result as substantial from a practical point of view: it
means that design standards for clearances developed
for air compressors cannot be automatically applied to
hydrogen applications without revision. This is a fun-
damental caveat for design engineers in the field of
hydrogen energy.

Thus, optimisation of clearances in the flow path is
a complex task exceeding the scope of clearance reduc-
tion. It is necessary to address type of working medium,
operating mode, design constraints on manufacturing
accuracy, thermal deformation due to heating, as well
as the risk of jamming at small clearances. To summa-
rise the findings of this section, it is worth noting that
clearances are the only parameter among those consid-
ered where the effect on the machine’s performance is
both the most significant and the least controllable in
practice - due to the influence of wear, thermal defor-
mations and manufacturing tolerances. Incorporation
of clearances is an essential step in the creation of CFD
models: calculations without clearances consistently
yield overly optimistic results and cannot be used to
quantitatively predict the performance of a real machine.

CFD Studies of Regenerative Flow Machines
Research into the operation of regenerative compres-
sors began with a theoretical analysis of their gas dy-
namics. W.A. Wilson et al. (1955) proposed a theoretical
model of the fluid-dynamic mechanism of regenerative
pumps based on a pulsation approach, which became
the first mathematically rigorous attempt to describe
the circulation of the working fluid between the blades
and the channel. Despite its age, this work is still cit-
ed in contemporary literature as a conceptual foun-
dation, which attests to its fundamental significance.
T.Meakhail et al. (2003), continuing this line of research,
conducted a systematic study of the circulation flow in
a regenerative pump using the PIV method and steady-
state CFD modelling. The authors were the first to
quantitatively describe the three-dimensional structure
of the circulation and established that the actual trajec-
tory of fluid particles is more complex than predicted
by the simple spiral model proposed by W.A. Wilson et
al. (1955): within a single blade pitch, the fluid under-
goes not one but 1.5-2 complete circulations, which
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explains the more efficient energy transfer compared
with theoretical estimates. In parallel, one-dimension-
al models based on the theory of angular momentum
were developed - M. Badami & M. Mura (2011) demon-
strated that such models are capable of reproducing
the general shape of the pressure-flow characteristic
with acceptable accuracy (an error of up to 10% at the
design point), but systematically deviate in non-design
operating conditions. The fundamental limitation of
one-dimensional approaches is determined by the fact
that they are unable to reproduce the three-dimension-
al structure of secondary circulation and, consequently,
cannot quantitatively assess the influence of the chan-
nel’s geometric parameters on local losses. Thus, the
evolution of computational methods from the impulse
theory of W.A. Wilson et al. (1955) through 1D models
to three-dimensional CFD represents a sequential in-
crease in the level of physical detail, whereby each new
approach does not supersede previous one, but rather
defines the limits of its applicability.

FJ. Quail et al. (2010; 2011) were among the first
to systematically apply CFD to regenerative pumps. In
their 2010 paper, the authors used three-dimension-
al CFD to analyse the flow structure and verified the
results by comparing them with PIV measurements of
the circulation. They found that CFD modelling qual-
itatively reproduces the main regenerative structures,
but quantitative agreement depends on the choice of
turbulence model. In their paper, FJ. Quail et al. (2011)
developed a one-dimensional analytical model of
torque exchange and compared it with three-dimen-
sional CFD: the one-dimensional model showed satis-
factory accuracy at the calculation point (a deviation of
5-8%) but was significantly inaccurate at low flow rates.
M. Insinna et al. (2018) expanded on this comparison,
demonstrating that for engineering design at the con-
ceptual stage, the one-dimensional model is appropri-
ate due to its speed, whilst at the detailed design stage,
three-dimensional CFD is relevant. It is worth agreeing
with this conclusion: a rational design strategy lies in
the sequential application of both approaches - 1D for
rapid parametric analysis and 3D CFD for final verifi-
cation and optimisation. Notably, conclusion regarding
the appropriateness of a two-stage approach has been
confirmed by three independent research groups -
F.J.Quail et al. (2011), M. Badami & M. Mura (2012),and
M. Insinna et al. (2018) - which lends it the status of a
sufficiently reliable methodological recommendation.

M.Badami & M.Mura (2012) conducted an in-depth
comparison of 1D and 3D approaches for a regenera-
tive blower for fuel cells. The methodology involved
developing a proprietary 1D model, comparing it with
three-dimensional CFD simulations, and verifying both
approaches on a test bench. The authors emphasised
that 3D CFD is essential for accurately predicting per-
formance at low flow rates, where separation phenom-
ena and reverse flows determine the behaviour of the
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machine. D. Griffini et al. (2015), using CFD to develop
the design of a regenerative flow compressor, made a
substantial observation: the Mach numbers in various
elements of the compressor are around 0.5, and ne-
glecting the compressibility effect leads to a systematic
error of up to 7% in predicting the pressure rise. This
is a fundamental caveat for researchers using incom-
pressible CFD solvers to model regenerative compres-
sors, a common practice due to its simplicity. Notably,
despite the obviousness of this caveat, a significant
proportion of publications appearing since the work by
D. Griffini et al. (2015) continue to apply incompressible
models without proper justification - this is a systemic
methodological problem within the field that requires
the attention of peer reviewers and journal editors.
C-M.Jang & H-J. Jeon (2014), whilst investigating
the effect of blade pitch angle and tip thickness using
steady-state CFD with bench testing, examined three
different angles (14°, 18° and 22°) and found that an
angle of 18° provides the best compromise between
pressure increase and efficiency. Regarding tip thick-
ness: 1 mm provides a better pressure increase than
2 mm and 3 mm. C. Lee & H.G. Kil (2014), whilst in-
vestigating a regenerative blower for a fuel cell system
using CFD, found that when designing such machines, it
is necessary to align the blower’s aerodynamic charac-
teristics with the dynamics of the fuel cell: the blower
must provide the required flow rate across a wide range
of back-pressure values, which is a more stringent re-
quirement than in conventional industrial applications.
The authors demonstrated that standard geometric
recommendations for industrial blowers are not always
optimal for fuel cell applications, and recommended
separate CFD optimisation for each type of application.
M.Sreekanth et al. (2021),in their comprehensive review,
systematised the results of CFD studies and emphasised
that the existing CFD data set for regenerative machines
is heterogeneous: different research groups use differ-
ent turbulence models, meshes and boundary condi-
tions, which complicates a direct comparison of results.
One substantial area of application for regenera-
tive blowers is life support systems. M.G. Izenson et
al. (2011) developed and investigated a regenerative
blower for ventilating an EVA (extravehicular activity)
spacesuit, where a regenerative machine is the only
technically viable option due to the combination of re-
quirements for low mass, compactness and the ability
to operate in microgravity conditions. The methodology
included analytical design, CFD verification and testing
of the prototype under conditions simulating extrave-
hicular activity. It was established that the developed
blower provides the required flow rates of CO, and O,
across the range of mission conditions, whilst weighing
less than 0.5 kg. M.G. Izenson et al. (2012) continued
this research and conducted endurance and paramet-
ric tests on the EVA blower, establishing that the unit
maintains satisfactory performance after 500 hours of

operation without maintenance. Comparing the two
studies, it is noted that they cover the full cycle from
design to endurance validation - this is an example of
a methodologically comprehensive study that provides
a reliable basis for the implementation of regenerative
blowers in mission-critical systems. Together with the
findings of C. Lee & H.G. Kil (2014) and M. Badami &
M.Mura (2012), these studies convincingly demonstrate
that regenerative compressors are a competitive solu-
tion not only for industrial applications but also for sys-
tems with heightened requirements for reliability and
compactness. At the same time, it must be acknowl-
edged that research into the resource characteristics
of regenerative machines is limited in the literature -
studies by M.G. Izenson et al. (2011; 2012) remain only
publications presenting a full cycle of reliability vali-
dation, which constitutes a significant gap for applica-
tions with heightened reliability requirements.
A.Javadi et al. (2026) improved the accuracy of CFD
modelling by applying the Large Eddy Simulation (LES)
method to a side-channel pump under several operat-
ing conditions. Compared with traditional RANS models
(SST k-w), LES modelling yielded significantly more ac-
curate results in non-design operating conditions: the
deviation from the experimental data for head did not
exceed 2% (compared with 8-12% for RANS). The au-
thors demonstrated that RANS models systematically
underestimate the level of turbulent kinetic energy in
flow separation zones (the separator zone and the out-
let of the blade channel), which is the cause of their
systematic errors. At the same time, the authors note
that LES modelling requires 50-100 times more com-
putational resources than RANS, which limits its prac-
tical application in engineering calculations. Q. Li et
al. (2024), applying the POD method to the results
of unsteady CFD simulations of a regenerative pump,
found that the first three eigenmodes account for over
85% of pressure pulsation energy. This information is
beneficial for design of active pulsation damping sys-
tems and for fault diagnosis. K.A. Adu-Poku et al. (2022),
applying vortex identification methods (Q-criterion,
A2-criterion) to the results of unsteady CFD simula-
tions, found that the structure of vortex formations
in a side-channel pump depends significantly on the
blade shape and directly determines the nature of the
unsteady forces. T-G. Lim et al. (2015) combined CFD
modelling with aeroacoustic noise analysis and estab-
lished a link between the vortex structures arising in
the separator region and the dominant frequencies of
the blower’s acoustic noise. This study is one of the few
to establish a quantitative correlation between CFD re-
sults and acoustic characteristics, which is relevant for
applications with stringent noise requirements. M. Ku-
mar et al. (2022),in a coupled fluid-structure interaction
(FSI) analysis of a regenerative compressor and pump,
demonstrated that the regions of maximum mechani-
cal stresses in the impeller correlate with the regions
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of elevated hydrodynamic pressure identified by CFD
modelling. This highlights the need to address FSI ef-
fects when designing compressors for applications with
stringent service life requirements.

A general analysis of the evolution of CFD re-
search into regenerative compressors formed several
relevant conclusions. Firstly, CFD methods have pro-
gressed from qualitative visualisation of the flow to
quantitative prediction of performance characteristics
with an accuracy approaching that of physical exper-
iments. Secondly, the choice of turbulence model is
critical: RANS models are acceptable for steady-state
conditions, but LES or hybrid RANS-LES approaches
are necessary for unsteady conditions and the accurate
analysis of transient phenomena. Thirdly, accounting
for compressibility is essential even for subsonic flows
at Mach numbers above 0.3. Fourthly, lack of stand-
ardised CFD verification protocols for regenerative
machines significantly limits the ability to accumulate
generalised knowledge in the field - since results ob-
tained under different boundary conditions, meshes
and turbulence models are fundamentally incompara-
ble. According to the authors, further progress in CFD
research into regenerative compressors lies in the ap-
plication of machine learning methods to accelerate
parametric optimisation and in the development of
hybrid models that combine the accuracy of LES with
acceptable computational costs.

Conclusions

An analysis of scientific research in the field of regener-
ative compressors and pumps systematised key factors
determining their efficiency and formed following con-
clusions. The geometry of the impeller is a determining
factor in energy transfer. The optimum number of blades
lies within the range of 30-50: fewer blades reduce cir-
culation intensity, whilst more blades increase friction
losses. Complex blade profiles (airfoil, S-shaped) pro-
vide a 3-8% increase in isentropic efficiency compared
with straight blades, but complicate the manufacturing
process. For most industrial applications, the straight

significant parameter than its cross-sectional area: re-
ducing the height whilst maintaining the area increas-
es local entropy dissipation in the secondary circulation
zone, which accounts for 35-45% of total losses. The
optimum channel height depends on the number of
blades, confirming the non-linear nature of the inter-
action between geometric parameters. The separator
angle has a dual effect on performance: reducing the
angle from 45° to 15° increases the mass transfer rate
by 18% and the static outlet pressure by 6-9%, but at
the same time reduces the effective working length of
the channel. The separator zone accounts for 15-22% of
the compressor’s total losses, and incorrect profiling of
this zone leads to resonant vibration phenomena.

The clearances in the flow path proved to be the
most critical design parameter: increasing the axial
clearance from 0.15 mm to 0.2 mm reduces perfor-
mance by up to 50%. The axial clearance dominates the
radial clearance, accounting for 70-75% of losses due
to bypass flow. In hydrogen blowers for fuel cells, this
sensitivity is twice as high as in air-driven machines,
requiring the establishment of separate, tighter tol-
erances. CFD methods have evolved from qualitative
visualisation to quantitative prediction of performance
characteristics with an error of less than 2% when us-
ing the LES approach. RANS models are acceptable in
design operating conditions but systematically produce
errors in non-design regions. Compressibility must be
addressed for Mach numbers above 0.3. The optimal
design strategy involves a sequential combination of
1D analysis at the concept stage and 3D CFD at the
detailed design stage. Further research should address
development and verification of proprietary CFD mod-
els of a regenerative compressor, covering clearances
and the actual properties of the gas; the parametric
optimisation of the flow path geometry using machine
learning methods; and experimental investigation of
the effect of clearances on compressor performance
when operating with different working fluids, in par-
ticular hydrogen.
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AHoTauif. 3pocTaHHs BMMOr [0 eHeproedeKTUBHOCTI NMPOMUCIOBOrO 061afHaHHS Ta HEOOXiAHICTb 3HUXKEHHS
eKcnayaTauiMHMX BUTPAT akTyanisyloTb [OOCNIOXEHHS BUXPOBMX KOMMpPecopiB - Kaacy TypboMaliMH, Lo
NOEAHYIOTb NepeBary AMHaMiIYHUX Ta O6EMHUX MALIMH | MaKOTb 3HAYHMI NOTEHLian AN WMPOKOro NpOMUCI0BOro
3acTocyBaHHS. MeToto poboTu Bynu cucteMaTm3alig Ta aHani3 Cy4acHUMX HAYKOBMX OOCNiIAXKEHb Y ranysi BUXPOBUX
KOMMNPEeCopiB i HACOCIB 3 METOH BU3HAYEHHS KIKOYOBUX YMHHUKIB, LLLO BNIMBAOTb HA iX eeKTUBHICTb. locnigkeHHs
6a3yBanocs Ha aHanisi Ta MOPIBHAHHI pe3ynbTaTiB eKCnepuUMeHTaNbHUX | YMcenbHUX pobit, onybnikoBaHMX Y
pedepoBaHUX HAaYKOBUX BMAAHHAX, @ TAKOX Ha 3aCTOCYBaHHI MeTOAiB 06uMcntoBanbHoi rigpoamHamiku (CFD) sk
CY4acHOro LUM@poBOro iHCTPYMEHTY iHXeHepHOro aHanisy. BctaHoBneHo, Wwo epeKTUBHICTb BUXPOBUX KOMMNPECOpPiB
BM3HAYaETbCS KOMIMIEKCOM FeOMETPUYHMX Ta KOHCTPYKTMBHMX napameTpiB. Tun i dopma pobouyoro Koneca,
KinbKicTb i Mpodinb N1ONATOK BNAMBAKTL HA CTYNiHb NiABULLEHHS TUCKY: ONTUMaNbHA KiNbKicTb NonaTok nepebysac B
nianasoHi 30-50, a nonatku cknagHoi popmu, nonpm BULLY eeKTUBHICTb, YCKNAAHIOKTb BUrOTOBAEHHS. PO3Mipu Ta
KoHdirypauis pobo4oro kaHany BU3Ha4atTb iIHTEHCMBHICTb LMPKYNALIT Ta piBeHb ra30AMHAMIYHUX BTpaT — BMCOTA
KaHany € 6inblw BM3HAYaNbHMM MapaMeTpoM, HiX M/owWa Moro nonepeyHoro nepepisy. KputuuHnMmM € 3asopu B
NPOTOYHIM YaCTUHI: 30iNbLIEHHS TOPLEBOro Ta pagianbHoro 3a3opy 3 0,15 MM go 0,2 MM NpU3BOAMUTL A0 3HUXKEHHS
npofykTuBHocTi Ao 50 %, wo niaTBepaXye HeObXiAHICTb iX 0OOB'AI3KOBOr0 BpaxyBaHHA Ha eTani NpOEeKTYBaHHS.
3actocyBaHHs CFD-MeTofiB LO3BONSE Bi3yani3yBaTi CKaAHY CnipanenonibHy CTpyKTypy NOTOKY, BUSBASTY Axepena
BTpaT Ta OMTUMI3yBaTU KOHCTPYKTUBHI PilUEHHS, CKOPOUYHOUYM BUTPATU Ha di3nMuHEe NpoToTUNYBaHHA. [TOEAHAHHA
aHaNITMYHKUX, ekcnepumenTanbHux i CFD-meToAiB CTBOptOE OCHOBY ANd hOpMyBaHHS edeKTUBHMX NiAXOLiB A0
NPOEKTYBaHHSA, WO 3abe3neynTb NiABULLEHHS eHepreTMYHOi eeKTUBHOCTI Ta PO3LWMPEHHS rasy3el 3aCTOCyBaHHS
LMX MALUWH Yy MPOMUCIOBUX CUCTEMAX

KAlouoBi croBa: BXpOBMIA KOMMPECOP; BUXPOBMIM HACOC; pereHepaTMBHA rinoTe3a; YiCeNbHe MOAENOBAHHS; ANnsys
SFX; onTuMisauia KOHCTPYKLii
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