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and a Case Study with CFD
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Abstract: The present study elaborates on new concepts in designing an axial-flow compressor. With the help of an innovative in-house
design code, a rotor design is obtained. Computational fluid dynamics (CFD) was used to explore the level of achievement in the
performance of the device with the new attributes. In that, the features including local angle of attack, chord length, camber, and
thickness were radially adjusted to fulfill flow rate and pressure head requirements at a specific rotational speed, hub, and tip diameters.
At the core of this methodology lies the effective use of a lookup table that interrelates airfoil shapes to their corresponding lift
coefficients. The most important outcome was the machine attaining the endurance to stall. Furthermore, the rotor geometry is optimized
so that the maximum efficiency coincides with the design point of the device, where a low-pitch air motion with a uniform pressure was
observed downstream of the rotor, inducing improved aerodynamic conditions. This leads to the minimization of the tangential stresses,
and the level of turbulence remained consistently below 15%, signifying a controlled and efficient flow environment. This research
expands the understanding of compressor dynamics and offers a practical design methodology, promising increased operational stability
and performance across diverse applications.
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1. Introduction

The research described here pertains to axial fluid-moving
machines, for example, marine and aircraft propellers, inline
compressors in gas turbine applications, the frontal fan in turbofan
engines, axial fans in IC engine cooling and ventilation
applications, hydraulic systems, and the like working on a rotary
shaft [1–5]. The axial devices combine the essential features of
various fluid-moving devices and, nowadays, they are also having
new uses in flow measurement and control in chemical processes,
medical devices, and fuel cells [6, 7].

Initially, as the fluid enters an axial-flow-typemachine, it comes
into contact with the leading edge of the blades. Subsequently, it
follows the path along the chord of the blades [8]. Hence, the
pitch angle of the blades, which relates to the rate of flow and the
static pressure, is a significant factor that directly affects the
operation of an axial fan. In contrast to a radial-flow machine, an
axial-flow machine minimally alters the direction of the fluid
stream before it exits the rotor. As a result, it is anticipated that
the inclination angle at the impeller exit, relative to the axis of
rotation, will remain small. Even in a vaneless diffuser
configuration, it is possible to achieve this characteristic.

In axial-flow-type turbomachines, the impellers are subjected to
significant unsteady forces, which can lead to vibrations and fatigue

failure [9]. They are the result of impulsive loading, which is also
interrelated with the intermittency of the head curve and rotating
instabilities. The number of blades changes the impulsive loading
and, hence, increasing it improves the aerodynamic efficiency and
the impulsive noise. Enlarging the gap between the casing and the
tip of the blade can reduce instabilities observed in the head curve
of axial-flow-type machines [10]. However, increased clearance
results in the backflow and the tip vortex formation, decreasing
the overall efficiency of the fan [11]. The presence of a reversed
flow through the impellers adversely affects the overall flow
dynamics and, consequently, impairs their performance [12].

The fluid passing through the rotor is in general collected by a
downstream ducting, where the flow gradually slows down in the
expansion conduit toward the exit. In this process, ensuring a
disturbance-free outflow from the rotor is very important for
the improved performance of the system. This means
minimizing any disruptions or irregularities in the flow as it
exits the rotor. Recent research has provided evidence that the
use of sweeping blades can aerodynamically redistribute the
spanwise front loading, leading to notable improvements in
reducing tip leakage and minimizing flow separation [13, 14].
Failing to address these issues could allow the disturbances to
persist in the ducting ahead.

The geometric parameters, such as the length of the impeller,
have vital importance for determining the pressure gain and
efficiency of the machine [15]. Additionally, axial-flow
configurations enable significant adjustments in the hub radius,
resulting in a diminished impact of centrifugal and Coriolis effects
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on pressure rise compared to radial compressors. As a result, the
contribution from these effects is smaller in axial-flow
configurations. However, there exist other complications in the
design processes of the axial fluid-moving devices, where the
reverse flow generates a considerable level of turbulence and
cavitation [16]. Despite all odds, axial-flow-type turbomachines
maintain their strategic importance in comparison to radial-flow
machines. This is due to their capability of achieving high-
pressure ratios, leading to notably high efficiencies even with
very small diameters.

Turbomachinery manufacturers face a strong challenge due to
the conflicting design constraints, hindering their ability to venture
beyond established and familiar designs [17]. The need for compact
machines that are low-noise and energy-efficient, to meet stringent
standards for reducing process carbon footprints [18], has been
driving designers to explore innovative implementations that have
yet to be fully explored. In this regard, recent advancements
have demonstrated that the transition from flat impellers to
twisted blades, with highly complex topological features [19],
has significantly elevated the performance of axial machines to
levels previously inconceivable. Among these advancements,
multi-objective surrogate-assisted optimization techniques have
emerged, demonstrating the potential to enhance the
performance of axial fans. Notably, these techniques were
employed to optimize fan blade designs, resulting in efficiency
improvements under different working conditions [20]. As, for
example, the use of the data mining and the free-form
deformation techniques presents an innovative optimization
procedure for a fan [21], the optimized blade designs have
exhibited efficiency gains, reduced static stresses, and
insightful sensitivities of design variables.

The proposed investigation will commence by building upon
the idea developed by Ozdemir [19] and explore the
performance limits for several axial compressors, considering
different numbers of blades. We utilize a specialized design
concept and programming tool to design a group of axial-flow
machines with consistent impeller forms. Our strong in-house
numerical turbomachinery design tool ensures a high degree of
accuracy, allowing us to produce initial prototypes closely
resembling the final design. In this research, we will demonstrate
the exploitation of computational fluid dynamics (CFD) analysis
[22] in reducing the need for multiple prototypes and extensive
experimentation.

In summary, the key objective of the present investigation is
to implement innovative ideas on axial fluid-moving machines
to provide low-noise energy efficient operation better than
those employed heretofore and, while complying with all of
these, make them require no further adjustment throughout
their life. The novel design features will be described in the
next section.

2. Innovative Design Procedures for Axial
Turbomachines

The design of axial-flow-type machines must address
unfavorable approach flow conditions, for example, rapid changes
in the flow rate since they have significant implications [23]. In
an environment of high turbulence, blades can suffer from flow
separation, resulting in spatial variations within the rotor and
subsequent sections of the ducting. Hence, it is crucial to consider

fluctuating as well as average forces on the blades in the design
process. These features are effectively taken into account and
modifications can be implemented using our in-house code (refer
to Figure 1) [19]. The optimization process of the rotor design
involves employing mass and momentum balances on a selected
cross-sectional area surrounding a generic airfoil. These
principles enable the computation of lift and drag forces. These
forces serve as essential variables within an iterative scheme. In
this iterative procedure, the airfoil’s attributes, such as local
angle of attack, chord length, camber and thickness, undergo
corrections radially. These improvements aim to satisfy the flow
rate and pressure head requirements for a given rotational speed,
hub, and tip diameters. Central to this approach is the utilization
of a lookup table, detailing the correlation between airfoil shapes
and lift coefficients. It is also crucial to account for losses
stemming from turbulence and cross-flow phenomena occurring
along the blade.

The software determines the solidity of the rotor and defines the
axial velocity distribution along the exit side of the blades. This
scheme intends a blade design, characterized by progressively
diminishing axial velocities near both the hub and the tip. Hence,
the strategy effectively alleviates the tip vortices, which form in
shear layers at the extremities of the blade, consequently resulting
in a reduction of tip noise. This innovative configuration,
characterized by lower velocities at the tip and hub of the blade,
prompts an inward radial-flow downstream of the rotor. This, in
turn, engenders a notable enhancement in energy efficiency and
concurrently diminishes the acoustic emissions associated with the
exhaust process into the tail ducting [19]. The rotor geometry was
described by a point cloud file and a text file, which consists of
the solidity information and some other relevant data. The
progress of the design from the point cloud to the 3D rotor
geometry is shown in Figure 2.

Figure 1
The novel design algorithm for axial fluid-moving machine
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3. Transport Equations and CFD Analyses

We first need to know if the flow in the machine is compressible
or incompressible for the given operating conditions. Using the
compressible flow relation [24]

Δρ=ρ ¼ 1þΔp=pð Þ
1=γ � 1 (1)

where γ being the heat capacity ratio, it can be demonstrated that the
range ofΔp studied in this investigation (the pressure heads varying
asΔp ¼ 120 � 480 Pa) corresponded to a relative change of den-
sity ðΔρ=ρÞ smaller or equal to 2%. Hence, the flow was considered
as incompressible. The transport equations were introduced in the
following without any further elaboration, as one can refer to the
works cited in reference [22]. Using the Reynolds decomposition.

u ¼ uþ u0 (2)

(where u and u0 refer the averaged and fluctuating components of the

velocity, respectively, with u0 � 0), the steady flow equations for
mass and momentum are written as

r � u ¼ 0 (3)

and

r � u uð Þ ¼ � 1
ρ
r p þ r � µ

ρ
ðru þr uTÞ (4)

where p and ρ denote the average pressure and density, respectively,
and µ refers to the dynamic viscosity. The Reynolds-averaged Nav-
ier-Stokes formalism was employed with the Shear Stress Transport
(SST) k-ω turbulence closure model for the turbulent kinetic
energy (k) [25],
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and for the dissipation rate (ω),
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The constants φ are calculated from the constants φ1 and φ2 as
follows:

φ ¼ φ1F1 þ φ2 1� F1ð Þ (7)

with functions F1 and F2 defined as
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with
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(10)

the constants for the SST model are given as [25]

α1 ¼
5
9
; α2 ¼ 0:44 (11)

β1 ¼
3
40

; β2 ¼ 0:0828 (12)

β� ¼ 9
100

(13)

σk1 ¼ 0:85 and σk2 ¼ 1 (14)

σω1 ¼ 0:5 and σω2 ¼ 0:856 (15)

λ1 ¼
β1

β� �
σω1κ

2ffiffiffiffiffi
β�

p and λ2 ¼
β2

β�
� σω2κ

2ffiffiffiffiffi
β�

p (16)

κ ¼ 0:41 (17)

4. Numerical Solution Procedures

For computational efficiency, the rotating and the non-
rotating regions of the flow domain were separated by using
multiple reference frame techniques [26] where the velocity
components within the rotary part were written in a rotating
reference frame [27].

A mesh check was performed to demonstrate the independence
of the volumetric flow rate Qð Þ from the mesh element count. The
study revealed that increasing the number of elements did not signifi-
cantly alter the volumetric flow rate, while it did lead to an increase in
computation time. The graphical representation of the mesh study
can be observed in Figure 3. The computational domain for the

Figure 2
Design procedures from point cloud to solid model
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present axial-flow machine underwent discretization into a mesh
containing a sufficient number of cells (4,390,000 cells). This choice
struck a balance between accuracy, computational cost, and numeri-
cal stability, providing sufficient resolution in critical regions char-
acterized by sharp velocity gradients such as the inlet-outlet regions,
and the interface between rotating and stationary elements, and
walls [28].

The simulations were conducted using the OpenFOAM open-
source code [29], which employs the finite volume method and is
well-suited for modeling rotational flows in intricate geometries.
For the velocities, a flux-corrected Neumann boundary condition
was used at the inlet and outlet: To ensure a streamlined approach
flow into the compressor, the inlet velocities were taken normal
to the sphere attached to the diffuser lip. The corrected
boundary condition enhances the stability of the simulation
since it aligns the velocities with the pressure on the boundaries
and offers a more accurate description of the physical behavior
than the zero-gradient condition. Regarding the pressure, a
prescribed value (Dirichlet boundary condition) [30] was
defined at the outlet; a value of small suction pressure (almost
zero) was used at the inlet. All wall surfaces were described
with the no-slip condition.

The SIMPLE algorithm was utilized for the velocity-pressure
coupling. In pursuit of numerical stability and accuracy, second-
order discretization schemes are employed in various derivative
operations, such as Laplacian terms (Gauss linear corrected),
divergence computation (using Gauss linear), gradient computation
(Gaussian integration with linear interpolation), and convective
terms (Gauss linear upwind). First-order schemes are also
incorporated to enhance overall stability. The calculations were
performed by parallelizing 16 cores of an Intel Xeon processor.

5. Results and Discussion

The speed of the fan was fixed at 1870 rpm. To build the
performance curves, the simulations were performed for five
pressure loads, 0, 120, 240, 360, and 480 Pa. The volumetric flow
rate through the fan converged after 10,000 iterations with the
residuals less than 10−4. The change in flow rate with the
iterations is shown in Figure 4. Table 1 shows the resulting flow
rates for different outlet pressures and the corresponding p-Q
trend is given in Figure 5.

It can be deduced from the characteristic curve that the fan did
not exhibit any stall characteristics for the pressure loads within the
region where the present calculations were performed. This indicates
that the present compressor design demonstrates a strong
immunization to stall.

For each operating point, using the total moments acting on the
blades, the efficiencies (η) were calculated using the relation,

Figure 3
Volumetric flow rate independence from mesh size
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Table 1
Flow rates versus pressure load

Outlet pressure [Pa] Flow rate [m3/s]

0 2.54
120 2.10
240 1.64
360 1.41
480 1.08

Figure 5
Characteristic curve of the fan
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η ¼ Poutput
Pinput

¼ Δp Q
Mtotal Ω

(18)

where Mtotal is the total moment acting on the fan in the flow
direction and Ω is the angular speed. The efficiency is given in
Figure 6 and it is clear that the best efficiency occurs at the operating
point where the pressure difference was 360 Pa. The decrease in effi-
ciency appears faster toward the higher flow rates (i.e., toward the
low-pressure loads). This is one of the features introduced by the
new design concepts and is a very favorable characteristic that the
maximum efficiency point coincides with the design point.

The pressure distribution for the best efficiency point (360 Pa) is
given in Figure 7. As expected, the pressure increases from the inlet
(the lowest) value at the upstream side of the compressor and jumps
to the highest value on the load side: The pressure appears to be
uniformly distributed on the exhaust duct downstream of the

rotor. The uniformity is achieved in a very short distance along
the rotor axis. It should also be noted that there is almost no flow
leakage to the suction side.

The streamlines at the best efficiency point (360 Pa) are
presented in Figure 8, and it can be noticed that the pitch of the
streamlines across the tunnel is higher for the higher pressure

Figure 6
Efficiency of the fan over different operating points

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.5 1 1.5 2 2.5 3

η

Q [m3/s]   

Figure 7
Pressure distribution at the best efficiency point (360 Pa): (a) on
the plane along the rotor axis and (b) on the plane perpendicular

to the rotor axis

Figure 8
Streamlines for the best efficiency point (360 Pa): (a) 2D presentation of the streamlines on the plane along

the rotor axis and (b) 2D presentation of the streamlines on the plane perpendicular to the rotor axis
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loads. From a design standpoint, the low pitch means that less energy
is consumed by the work of the tangential stresses and this results in a
higher efficiency.

The axial component of the velocity values is larger on the load
side of the compressor. Indeed, this was a very favorable feature
revealing that no significant swirling motion existed in the plane
perpendicular to the rotor axis. This suggests that the blades do
not chew up the air and, hence, do not waste any mechanical
energy to drive the rotational motion inside the downstream ducting.

The turbulent kinetic energy distribution at the best efficiency
point (360 Pa) is given in Figure 9. It is apparent that the turbulence
reached the maximum values on the pressure side, immediately next
to the walls of the rotor, where a significant momentum transfer
occurred in the flow. However, even in the zone with the highest
turbulence, the turbulent intensity always remained lower than 15%.

6. Conclusions

In this work, innovative concepts and a new in-house code were
introduced in designing an axial compressor. Features were applied
in a test case and, by using numerical simulations, they were assessed
to investigate their effect on the characteristics of the new designs.
The computations showed that the new concepts can lead to a
compressor design with a strong resistance to stall. The efficiency
was observed to increase toward the high-pressure loads, and its
maximum occurred exactly at the design point of the device. It
seemed that the machine delivered a flow with almost no tip
leakage and uniform pressure to the region downstream of the
rotor. The streamlines portrayed a low-pitch air motion, indicating
that the work of the tangential stresses was almost negligible. It
should also be pointed out that the turbulence intensity observed

on the pressure side always remained lower than 15%. This
explains the higher efficiency observed.
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Appendix

Nomenclature

ρ Density
p Pressure
γ Specific heat ratios
u Velocity
ū Time-averaged velocity
u0 Fluctuating velocity
µ Dynamic viscosity
k Turbulent kinetic energy

xj Coordinate variable
ω Turbulent dissipation rate
η Efficiency
P Power
Q Volumetric flow rate
Ω Angular speed
τij Turbulent stress tensor
ν Kinematic viscosity

νT Eddy viscosity
y Shortest distance to a wall
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