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This paper presents an experimental study of the optimization of blade skew in low pressure axial fan. Using back propagation (BP)
neural network and genetic algorithm (GA), the optimization was performed for a radial blade. An optimized blade is obtained
through blade forward skew. Measurement of the two blades was carried out in aerodynamic and aeroacoustic performance.
Compared to the radial blade, the optimized blade demonstrated improvements in efficiency, total pressure ratio, stable operating
range, and aerodynamic noise. Detailed flow measurement was performed in outlet flow field for investigating the responsible flow
mechanisms. The optimized blade can cause a spanwise redistribution of flow toward the blade midspan and reduce tip loading.
This results in reduced significantly total pressure loss near hub and shroud endwall region, despite the slight increase of total
pressure loss at midspan. In addition, the measured spectrums show that the broadband noise of the impeller is dominant.
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1. INTRODUCTION

Skewed and swept blade technique was originated from the
research achievements of aircraft airfoil. Since this technique
was introduced to turbomachinery field, it has played a very
important role in the performance improvement of turbo-
machinery. So far, many research results have proved that the
skewed and/or swept technique would promote aerodynamic
efficiency, reduce throughflow losses, enhance stable range,
as well as decrease the aerodynamic noise of turbomachin-
ery.

Beiler and Carolus [1] studied the aerodynamic per-
formance of both forward- and backward-swept impellers
of the low-speed axial fans. The results showed that the
forward-swept blades could improve the aerodynamic per-
formance and have the potential of widespread application.
However, there was poor performance in aerodynamics of
the backward-swept blades. Cai et al. [2] presented an experi-
mental investigation and numerical simulation of the perfor-
mance of an axial-flow fan with skewed rotating blades. The
results showed that the performance of the forward-skewed
blade increased at a higher pressure rise of 13.1% and gave
a larger flow rate of about 5%, as well as a higher efficiency
of more than 3% and a lower noise of 2 to 4 dBA. Outa [3]
studied rotating stall performance of a single stage subsonic
axial compressor and found that forward-swept blade would

increase throttle margin with decreased tip loss. Corsini and
Rispoli [4] proved that the forward-swept blade of a subsonic
axial fan operates more efficiently in particular at low flow
rates, with a delayed onset of stall.

With the development of computer technology and op-
timization algorithms, optimum design of turbomachinery
with swept and skewed blade to be concerned has become
practicable.

One notable attempt to study the optimization of blade
in transonic axial compressor was achieved by Yi et al. [5,
6]. The optimal impeller with backward-swept and skewed
blades is designed based on simulated annealing (SA) meth-
ods. Experimental results showed that the adiabatic efficiency
of the optimal impeller is increased by 0.82%, while the flow
rate and total pressure ratio were kept constant. Besides, fur-
ther efficiency promotion of 1.05% was also achieved by us-
ing Gradient Method (GM), with the optimum parameters
of swept angle and blade camber curves. Jang et al. [7, 8]
designed a backward-swept impeller in transonic axial com-
pressor by using response surface method (RSM). The adia-
batic efficiency of optimum impeller was increased by 1.25%.
The separation line, which was defined as interference be-
tween shock and boundary layer of blade suction surface, was
moved to further downstream of the optimal impeller.

With concern to the optimization of skewed and swept
blades in low-pressure axial fan, Yu and Yuan [9] introduced
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an optimization procedure of a multistage axial compressor
with inlet guide vane (IGV) and outlet guide vane (OGV) by
using design of experiment (DOE) and sequential quadratic
programming (SQP). Main optimization parameter is the
swept and skewed blade stacking line. The efficiency of the
optimized impeller was increased by 1.26%, the mass flow
rate was increased by 1.56%, total pressure ratio was in-
creased by 1.77%, as well as the surge margin that was ex-
tended by 9.38%. Lotfi et al. [10, 11] also showed the op-
timization of blade camber line of low-speed axial fan by
using GA method would achieve higher efficiency than the
original design. In our former work [12], aerodynamic and
aeroacoustic performances of radial, forward-skewed, and
backward-skewed blades of low pressure axial fan have been
studied contrastively. Both skewed angle of forward and
backward impeller is set as 8.3 deg. It is shown that the
forward-skewed impeller has a noise reduction of 4.3 dBA
and the stable operating range extended by 5.69%, compared
to the radial impeller. However, the aerodynamic efficiency
and total pressure rise is decreased by 3.53% and 5.63%, re-
spectively.

In present study, optimization design of skewed angle is
carried out based on former impeller parameters described
in [12]. An optimization algorithm based on GA and BP
neural network is adopted in present work, as well as three-
dimensional (3D) Reynolds-averaged Navier-Stokes (RANS)
computational fluid dynamics (CFD) simulation to deter-
mine the aerodynamic performance during the optimization
procedure. The performance promotion of optimized im-
peller is confirmed by experiment, and the flow mechanism
is also explained by detailed flow field measurements.

2. SKEWED BLADE AND STUDY MODEL

2.1. Skewed blade

So far, there is not a unified definition of skewed blade in
turbomachinery field. In this paper, circumferential-skewed
blade is defined as follows. Figure 1 illustrates the stacking
line ABC of blade which is observed from the axial direction
of the impeller. The stacking line is composed of straight line
segment and arc segment. The straight line segment is AB
and the arc segment is BC. Point “A” is located on the hub
and point “C” is located at the blade tip. Point “B” is the in-
tersection of the arc and the straight-line of the stacking line.
Point “O” is located on the axis of the impeller. As shown
in the figure, the angle δsk between line OB and line OC is
called circumferential skewed angle of the blade. If the an-
gle δsk is more than 0◦, it shows that the skewed direction of
the blade is along rotation direction of the impeller and vice
versa. They are called the circumferential forward-skewed
blade and the circumferential backward-skewed blade, re-
spectively.

2.2. Study model

In this case, the optimization of blade skew is based on a
blade of a kind of low-pressure axial flow fan. Table 1 sum-
marizes the key design parameters. As shown in Table 1,

A

B

C

O

ω

δsk

(a)

A

B

C

O

θ
z

r

δsk

(b)

Figure 1: Schematic of stacking line of blade.

Table 1: Key design parameters of archetypal impeller.

Impeller speed n (r·min−1) 1440

Tip radius rt (m) 0.2475

Hub-tip ratio ν 0.35

Number of blade Z 5

Blade stagger angle β (deg) 25

Tip clearance εR/rt 1.5%

Circumferential-skewed angle of blade δsk (deg) 1.27

because the circumferential-skewed angle of the archetypal
blade is very small, it can be approximately regarded as ra-
dial blade. More detailed descriptions of the impeller are de-
scribed in [12].

3. OPTIMIZATION DESIGN

Optimization design system consists of a parameterized
blade geometry description, 3D RANS flow solver, and an
optimization procedure, as shown in Figure 2. The param-
eterized blade geometry is generated by the geometry pro-
gram (GEOM). The commercial European aerodynamic nu-
merical simulator (EURANUS) [13] is selected as 3D RANS
flow solver. The optimization tool includes GA and artificial
neural network (ANN) with BP training.

At first, the blade geometry is defined by a few number of
design parameters in GEOM. A database with multiple sam-
ples is created and the CFD results of each sample are stored
in the database with 3D RANS flow solver. With the widely
adopted BP learning algorithm and the trained ANN, an op-
timization model constructing the relationship between the
input variables (blade geometry variables) and output vari-
ables (i.e., efficiency, total pressure ratio) is setup. At last,
the final results of the optimization parameters are achieved
based on GA and 3D RANS flow solver.

3.1. Parameterization of blade geometry

The parametric blade representation includes the parametric
blade sections, at different spanwise locations, the location
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Figure 2: Optimization design system.
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Figure 3: Blade camber curve definition.

of the stacking point on the blade sections, and the para-
metric stacking line of the blade. The whole 3D-blade ge-
ometry of the impeller is combined of eight blade sec-
tions in the spanwise direction, which are located at λ =
0, 0.25, 0.38, 0.5, 0.63, 0.75, 0.87, and 1.00, respectively. In the
parametric blade sections, a simple second-order Bezier
curve is used to define the camber curve (Figure 3). Both the
pressure side and the suction side curve of the 2D-blade pro-
files are defined by third-order Bezier curve. There are the
rounded leading edge (LE) and trailing edge (TE) of the 2D-
blade profiles (Figure 4). The stacking points are located in
the center of gravity of 2D-blade section. In the circumfer-
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Figure 4: 2D-blade profile definition.

ential direction, the stacking line is controlled by a compos-
ite curve, including a third-order Bezier curve, a straight-line
and a third-order Bezier curve (Figure 5).

As shown in Figure 5, α1 is the angle of the first Bezier
curve at span = 0. Parameter C1 is the spanwise extent of the
first Bezier curve. Parameter P1 is the fractional factor defin-
ing the second control point location of the first Bezier curve.
α2 is the angle of the linear segment, and α3 is the angle of the
second Bezier curve at span = 1. Parameter C2 is the span-
wise extent of the second Bezier curve. Parameter P2 is the
fractional factor defining the second control point location
of the second Bezier curve.
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Figure 5: 3D stacking line definition.

3.2. Numerical method

The three-dimensional, incompressible, viscous flow is com-
puted with the EURANUS. In this optimization, the sim-
ulator solves the Reynolds-averaged form of Navier-Stokes
equations.

The turbulence is modeled by Spalart-Allmaras (S-A)
[14] one-equation turbulence model for this application.
The spatial discretization is based on a finite-volume ap-
proach allowing a fully conservative discretization based on a
central formulation. A time discretization is applied through
a fourth order Runge-Kutta procedure. An efficient combi-
nation of multigrid and implicit residual averaging is used
for convergence acceleration to steady state, which is helpful
to shorten time of optimization design.

A structured mesh, generated by using the interactive
grid generator (IGG) [15], is required in the optimization
computation of the archetypal blade. The computation mesh
consists of three blocks. One block is in the passage and the
others are at the tip clearance (Figure 6). Generally, a small
alteration of blade geometry shape can have more negative
impact on I-mesh quality than on H-mesh quality. This may
result in the increase of “bad” samples in the database with
I-mesh. Therefore, the H-mesh is only used in the flow pas-
sage, in present optimization. In the flow passage, the mesh
contains 129 points in the streamwise direction, 73 points
in the spanwise direction, and 65 points in the azimuthal
direction. The mesh in the tip clearance is embedded into
the H&O-mesh. A tip clearance block with O-mesh con-
tains 13 points in the spanwise direction, 13 points in the
azimuthaldirection, and 161 points wrapping around the tip
of the blade. The other tip clearance block with H-mesh con-
tains 13 points in the spanwise direction, 17 points in the az-
imuthal direction, and 65 points in the streamwise direction.

The boundary conditions are defined as follows. The in-
let flow condition is specified from measured total pressure,
total temperature, and flow angle from axial direction. The
outlet flow condition is specified from mass flow rate and
static pressure. In the S-A turbulence model, turbulence vis-
cosity at inlet is given. The boundary conditions specified at
the hub and the blades are rotating walls in the fixed reference
frame. The shroud is a stationary wall in the fixed reference
frame. The periodic boundary condition is imposed for the
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Figure 6: Computational mesh.

upstream and downstream of the blade, and inside the tip
clearance.

In the computation, the convergence criteria are as fol-
lows.

(1) The mass flow balance error should be lower than 5×
10−5.

(2) The variations of the global quantities (efficiency, pres-
sure ratio, etc.) should remain lower than 5× 10−3.

(3) The maximum of all normalized residues is less than
1× 10−4.

3.3. Optimization algorithm

This optimization tool is an algorithm based on BP neural
network and GA. GA, based on the evolution theories of Dar-
win and the genetics of Mendel, is a global optimization al-
gorithm. A population of individuals changes over a number
of generations using the mechanisms of selection, crossover,
and mutation, whereby the best individual is always trans-
ferred unchanged to the next generation. ANN, based on the
process of imitating brain to solve problem, is an intelligent
information processing technology. By some network topol-
ogy, many basic processing elements (neuron models) are
connected to be a neural network. Using ANN, some infor-
mation processing functions are carried out. The processing
functions are similar to the brain to learn, recognize, and re-
member and so forth.

The algorithm has highly efficient global optimization
ability of GA and strong local searching and learning of ANN.
The optimization design systems with only GA or ANN have
been examined, however none are found to be better than the
algorithm in optimization time and accuracy of predicted re-
sults.

3.4. Objective function

The two of parameters controlling the blade stacking line in
circumferential direction are chosen to be design variables in
this optimization. The two design variables are angle α2 and
α3 (Figure 5) and the other parameters are invariable dur-
ing this optimization. This means that straigh-line “AB” is
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invariable and the shape of arc “BC” may be altered in this
optimization. Point “B” is located at λ = 0.4 (Figure 1). An
initial database with 20 samples is created. In each sample,
the two design variables are chosen randomly between the
given lower and upper bounds. According to experience and
experimental results obtained from former designs, the vari-
ation ranges of the two design variables are from−30◦ to 30◦.
Thus, 20 blades with different circumferential-skewed angles
are obtained. The computational mesh of each sample is gen-
erated and the internal flow field is simulated.

In this optimization, the objective function is to maxi-
mize efficiency and total pressure rise (equation (1)). At the
same time, constraints are imposed on the mass flow rate
(equation (2)),

f (X) = m1 · (1− η)k +m2 ·
(
Pimp − Pc

Pref

)k
, (1)

(1−M)G1 ≤ G2 ≤ (1 +M)G1. (2)

Imposed value of total pressure Pimp is usually more than true
value. The two pressures Pref and Pimp are set to equality. The
weight factors m1 and m2 show the influences of efficiency
and total pressure rise in the objective function, respectively.
Both the weight factors are set to 1.0. Exponent factor k is set
to 2.0. Constraint factor M is set to 0.5%.

Figure 7 presents the evolution curve of the objective
function in this optimization. Curve “PV” is prediction val-
ues by BP neural network and GA. Curve “CFD” is a compu-
tation result of the samples by 3D N-S flow solver. As shown
in the figure, with the increase of the iteration numbers, the
value of the objective function is less and less. Near the 30th
step, the value of the objective function shows little variation.
It indicates that the result converges and the optimal result is
finally achieved.

3.5. Optimization result

The optimization result shows that the circumferential-
skewed angle of the optimized blade is 6.1 deg. Figure 8

(a) Archetypal
blade

(b) Optimized
blade

Figure 8: 3D models of archetypal blade and optimized blade.

presents the 3D models of the archetypal blade and the opti-
mized blade. As shown in Figure 8, the optimized blade is a
typical circumferential forward-skewed blade.

4. EXPERIMENTAL SETUP

In order to evaluate the performance, both aerodynamic and
aeroacoustic experiments have been carried out in the ane-
choic chamber of the turbomachinery laboratory of Shang-
hai Jiaotong University. The aerodynamic performance test
follows GB/T 1236-2000 standard [16] and the aeroacoustic
performance test follows GB/T 2888-91 standard [17]. The
designed fan test rig consists of test impeller, driving unit,
experimental appliances, and duct system (Figure 9).

The test impellers include the archetypal impeller and the
optimized impeller. The impeller is connected directly to an
electromotor YSF-8014. Using a frequency converter Sanken
MF-7.5K-380, the rotary speed of the motor is controlled.
The rotary speed is obtained by a noncontact photoelectric
digital tachometer SZG-441C. As shown in Figure 9, the per-
formance parameters of the test impellers are obtained with
the experimental appliances, including the manometer for
static pressure, the pitot probe for total pressure, the sound
level meter for overall sound pressure level, and so on. Using
the throttle cone, which has a diameter of 600 mm, the flow
rate of the fan is changed. In addition, the cone can prevent
environment noise from entering the anechoic chamber by
the duct system. Hence, it is also very helpful to reduce the
error of aeroacoustic measurement.

Measurement of outlet flow field is performed with five-
hole probe. The measured points are located on the plane
AB (Figure 9), which is at 15 mm behind the outlet of the
impeller. On the plane, the aerodynamic parameters of 21
points along radial direction of the blade are measured. More
detailed descriptions of the experimental design and mea-
surement methods are given in [12].

5. RESULTS AND DISCUSSION

5.1. Aerodynamic performance

Figure 10 shows the aerodynamic performance comparison
between archetypal impeller and the optimized impeller with
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Figure 9: Experimental setup.

Table 2: Comparison of aerodynamic performance between two
impellers at design condition.

Archetypal impeller Optimized impeller

ψ 0.0675 0.0699

η(%) 76.25 77.52

forward-skewed blades. Key dimensionless aerodynamic pa-
rameters are defined as follows:

ϕ = Q

πUtr
2
t

,

ψ = Pt
ρU2

t
,

Δ = Q1 −Qmin

Qmin
.

(3)

Both the total pressure rise and efficiency of optimized
impeller are higher than archetypal impeller at almost all
flow rate range, except ϕ = 0.20 ∼ 0.22. At the design flow
rate condition ϕ = 0.245, the total pressure efficiency of the
optimized impeller is increased by 1.27% and its total pres-
sure rise is increased by 3.56%, as compared to the archetypal
impeller. Detailed results are shown in Table 2. As described
in Section 1, the efficiency and total pressure rise of forward-
skewed impeller with skewed angle of 8.3 deg is decreased of
3.53% and 5.63%, compared to the archetype radial impeller.
This obvious difference proves that the optimization design
method is effective in skewed blade design. At off-design low
flow rate conditions, as shown in Figure 10(a), the minimum
stable volume flow coefficient of the optimized impeller is
significantly extended from 0.2 to 0.18, which stands for a
wider stable operation range for present axial fan.

5.2. Aeroacoustic performance

Figure 11 shows the overall sound pressure level (SPL) and
the average A-weight sound pressure level of the two im-
pellers at various flow rates. The average A-weight sound
pressure level is defined as overall A-weight sound pressure
level of unit flow rate and unit total pressure, which is more
effective to evaluate fan noise with different flow rate and to-

tal pressure rise. The definition of average A-weight sound
pressure level is

LSA = LA − 10 lg
(
QP2

t

)
+ 19.82. (4)

As shown in Figure 11, the SPL will increase at low flow rate
range, and decrease at stable operation flow range. The min-
imum SPL of stable flow range is located at design flow rate
condition ϕ = 0.245, where the overall sound pressure level
LA and the average A-weight sound pressure level LSA of the
optimized impeller are decreased by 6.5 dBA compared to
archetypal impeller.

Figure 12 shows the one third octave spectrum of the two
impellers at the design condition. As shown in Figure 12,
noise frequency domain of the two impellers is from 100 Hz
to 10 000 Hz. It indicates that the broadband noise is domi-
nant in the measured spectrums. In the whole frequency do-
main, the SPL of the optimized impeller is lower compared to
the archetypal impeller. In the frequency domain of [300 Hz,
4000 Hz], the difference between the two impellers in the SPL
is more obvious than in the other domain. It indicates that
the frequency domain between 300 Hz and 4000 Hz is the
chief part of noise reduction in the optimized impeller.

5.3. Detailed flow field

In order to measure the detailed flow field and figure out the
difference between archetypal and optimized impeller, five-
hole aerodynamic probe is adopted in present study to carry
out outlet flow field measurement of these two impellers.
Figure 13 illustrates the spanwise distribution of circumfer-
entially averaged total pressure loss coefficient at the outlet
of the two impellers at the design condition. The total pres-
sure loss coefficient is defined as

Cpt =
(
p∗1w − p∗2w

)
(1/2)ρW2

1
. (5)

As shown in Figure 13, the spanwise distribution of total
pressure loss coefficient reveals that most of the aerodynamic
losses are converged to the near wall regions, namely, blade
tip (λ > 0.7) and hub (λ < 0.1). The losses of the main flow
region (0.1 < λ < 0.7) are relatively lower. Furthermore,
the Cpt of the optimized impeller is obviously decreased at
both blade tip and hub region, as well as increased at mid-
span. According to the radial-equilibrium equation, since
line “BC” of the stacking line is skewed obviously along ro-
tation direction of the impeller (Figure 1), the radial compo-
nent of the body force, which is in reverse radial direction,
is increased obviously. As a result, low-energy fluid accumu-
lation near the shroud endwall moves to the mid-span re-
gion and the loss near the shroud endwall is deceased. In the
lower mid-span region, the stacking line shape is unchanged
and the centrifugal force is still predominant. Hence, low
energy fluid accumulation near the hub endwall still moves
to the mid-span region. The experimental results show that
in the optimized impeller, the decrease of the blade tip loss
is 2.2 times more than the increase of the loss in the mid-
span region. It indicates that the circumferential skew of the
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Figure 11: Aerodynamic performance curves.

blade may have beneficial impact on the spanwise redistribu-
tion of the total pressure loss. The blade with the appropriate
circumferential-skewed angle can reduce the loss in the flow
field and increase aerodynamic efficiency of the fan.

Figure 14 presents the spanwise distribution of circum-
ferentially averaged total pressure rise at the outlet of the
two impellers at the design condition. The maximum of total
pressure rise at the outlet of the archetypal impeller is in the
upper mid-span region, which is 0.8 < λ < 0.9. The maxi-
mum of total pressure rise at the outlet of the optimized im-
peller is near the mid-span region, which is 0.5 < λ < 0.7.
According to the radial-equilibrium equation, spanwise pres-
sure distribution is determined by the centrifugal force in
the archetypal impeller, which results in the increase of blade

loading of the upper mid-span. However, the radial compo-
nent of the body force generated by skewed blade is opposite
to the centrifugal force. As a result, the impact of the cen-
trifugal force is weakened in the upper mid-span region. In
the lower mid-span region, the main forces (i.e., centrifu-
gal force) are unchanged. It results in the increase of the
blade loading of the mid-span in the optimized impeller.
The experimental results indicate that, in the optimized im-
peller, the increase of the total pressure rise in the region of
0.2 < λ < 0.8, is 1.4 times higher than the decrease of the
blade tip total pressure rise.

Figures 15 and 16 show the spanwise distribution of cir-
cumferentially averaged axial velocity and the computed dis-
tribution of axial velocity at the outlet of the two impellers



8 International Journal of Rotating Machinery

45

50

55

60

65

70

75

L
A

(d
B

A
)

102 103 104

f (Hz)

Archetypal
Optimized

Figure 12: one-third octave spectrum.

0

0.2

0.4

0.6

0.8

1

λ

0 0.05 0.1 0.15 0.2 0.25 0.3

CPt

Archetypal
Optimized

Figure 13: Spanwise distribution of total pressure loss coefficient.

at the design condition, respectively. As shown in Figure 15,
the distribution of axial velocity is similar to the distribution
of total pressure rise in the two impellers. The maximum of
flow rate at the outlet of the archetypal impeller is in the up-
per mid-span region, which is 0.7 < λ < 0.8. The maximum
of flow rate at the outlet of the optimized impeller is near
the mid-span region, which is 0.5 < λ < 0.7. It shows that
the circumferential skew of the blade has great impact on
the spanwise redistribution of flow rate. In addition, there
is obviously improved flow in the corner zone between suc-
tion surface of blade and shroud in the optimized impeller
(Figure 16). It has a beneficial impact on the delay of onset of
stall and the extension of stable operating range.

6. CONCLUSIONS

(1) The aerodynamic optimization design of forward-skewed
blade of low-pressure axial flow fan has been achieved by BP
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neural network and GA optimization method. Both aero-
dynamic and aeroacoustic performances of optimized im-
peller with forward-skewed angle of 6.1 deg have been im-
proved with comparison to the archetype radial impeller. The
total pressure efficiency is increased by 1.27%, total pres-
sure rise is increased by 3.56%. The stable operating range
of the optimized impeller is greatly extended to more than
30%, as well as aerodynamic noise reduced by more than
6 dB(A) at design operating condition. In addition, detailed
spectrums indicate that the broadband noise of the impeller
is dominant. The optimization design procedure has been
proved to be effective to further skewed and swept impeller
design.

(2) Detailed flow field results indicate that the impeller
with forward-skewed blades would cause a spanwise redis-
tribution of flow rate and pressure toward the blade mid-
span, as well as reduce tip loading. The aerodynamic losses
of optimized impeller are decreased significantly near blade
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Figure 16: Distribution of axial velocity.

shroud and hub endwall region with only few penalty of
mid-span. The overall pressure losses are obviously lower
than the archetype radial impeller, which results in higher
efficiency and lower noise.

NOMENCLATURE

r: Radial (m)

θ: Circumferential (deg)

z: Axial (m)

rh: Hub radius

rt : Tip radius

n: Impeller speed (r·min−i)
v: Hub-tip ratio = rh/rt
Z: Number of blade

λ: Blade span = r/rt
β: Blade stagger angle (deg)

εR: Tip clearance (m)

ρ: Fluid density (Kg/m3)

Pimp: Imposed value of total pressure (Pa)

Pref: Reference value of total pressure (Pa)

Pc: Computational value of total pressure (Pa)

m1, m2: Weight factor of objective function

k: Exponent factor of objective function

G1: Initial value of mass flow rate (Kg/s)

G2: Final value of mass flow rate (Kg/s)

M: Constraint factor of mass flow rate

Ut: Tangential velocity of blade tip (m/s)

Q: Volume flow rate (m3/s)

Pt : Total pressure rise (Pa)

N : Shaft power (W)

ϕ: Flow rate coefficient

Ψ: Total pressure coefficient

η: Total pressure efficiency

Qmin: Minimum flow rate before flow separation (m3/s)

Q1: Flow rate at peak efficiency point (m3/s)

Δ: Stable operating range

LA: Overall sound pressure level ( dBA)

LSA: Average A-weight sound pressure level

W : Relative velocity (m/s)

p∗1w: Inlet Stagnation pressure (Pa)

p∗2w: Outlet Stagnation pressure (Pa)

CPt: Total pressure loss coefficient
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