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ABSTRACT

The effect of outlet thickness and outlet angle of the bladeless fan have been an alysed
numerically on the aerodynamic performance of the bladeless fan. Five different aerofoil
profiles have been considered for the present work is Eppler 479, Eppler169, Eppler 473,
§1046 and S1048. The bladeless fan arrangement has been achieved by converting the
aerodynamic models listed above. The ANSYS ICEM CFD 16.0 have been used to discretize
the enclosure and bladeless fan through finite volume approach. The mesh model is
then imported into ANSYS CFX 16.0 pre-processor for applying the required boundary
conditions. The governing equations namely continuity and momentum are used to solve
the flow physics through and across the bladeless fan and SST k-? turbulence model has been
used to predict the turbulence in the bladeless fan. The effect of outlet thicknesses and outlet
angles have been varied for all the five aerofoil configurations mentioned and the volumetric
flow at inlet have been adjusted from 5 LPS to 80 LPS. Outlet thickness is varied from 0.8,
1.0, 1.3, 1.5 and 2 mm and the slit angle is varied from 20 degrees to 80 degrees in step of
10 degrees. The results predicted that Eppler 473 aerofoil profile showed better performance
when the thickness of slit and outlet angle has been fixed constant as 1 mm and 70 degree
respectively. Also, the maximum discharge flow ratio is recorded for an inlet volumetric
flow rate of 80 LPS and it is found to be 34.37. The present numerical study substantiated
that outlet thickness plays a dominant role on the bladeless fan’s aerodynamic performance
compared to outlet angle and aerodynamic shape considered in this numerical analysis. The
contours of velocity, streamline and pressure of the bladeless fan have been discussed.

Cite this article as: Ravi D, Raj Rajagopal T K. Numerical investigation on the effect of slit
thickness and outlet angle of the bladeless fan for flow optimization using CFD technique. |
Ther Eng 2023;9(2):279-296.

*E-mail address: thundilr@gmail.com*, rdinesh223 @gmail.com

This paper was recommended for publication in revised form by Regional Editor

Ahmet Selim Dalkilic

Published by Yildiz Technical University Press, Istanbul, Turkey
Y No Copyright 2021, Yildiz Technical University. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://orcid.org/0000-0002-8811-5288
https://orcid.org/0000-0003-3782-0689

280

J Ther Eng, Vol. 9, No. 2, pp. 279-296, March 2023

INTRODUCTION

The bladeless fan is completely different from that of
conventional fans (i) no observable blades, (ii) working
mechanism is entirely different, (iii) uniform distribution
of airflow and (iv) noise generated by the bladeless fan is
comparatively low. The bladeless fan or air multiplier is a
device which consists of an aerodynamic ring, cylindrical
tower, and centrifugal impeller. The concept of bladeless fan
is new, and it is completely different from that of conven-
tional fans. It does not have visible blades or impellers but
whereas a small fan has been placed underneath the cylin-
drical base tower. In the year 2009, British company namely
Dyson Limited, introduced the concept of an air-multiplier,
commonly called as bladeless fan and which is currently
manufactured for residential applications with hydraulic
diameter not more than 300 mm [1]. Based on the flow
direction, fans are often classified into two types are axial
and radial fans. Axial fans have a fluid flow that is parallel to
impeller’s rotation axis. Axials fans are frequently utilized in
domestic and low-pressure systems like cooling towers and
wind tunnels. Axial fans have been shown to produce
greater turbulence and noise, which is mostly caused by the
space between housing and blade profile. The impellers
were examined in various states: forward-skewed, back-
ward-skewed and unskewed and based on their results they
substantiated that forward skewed profile performed better
than others and has a decreased noise, larger pressure coef-
ficient and less turbulence. Generally, the radial fan fluid
flow direction is perpendicular (90 degree) to the axis of
rotation of blade profiles. Radials fans are most widely used
in high pressure conditions and hence, it is most commonly
used in applications like HVAC systems. The vortex forma-
tion and obstruction in the blade channel, causes an unsta-
ble flow pattern and noise generation, were the key factors
affecting the aerodynamic and aeroacoutics performance of
a radial impeller. It was found that when the blade wrap
angle was optimized, vortices’ size decreases with decreased
sound pressure level, where the rest of the design parame-
ters are constant [3]. They reported that adding extended
surfaces to the radial impeller’s trailing edge can improve a
radial fan’s performance. The results exhibited that a radial
fan with extended surface on blade impeller performed bet-
ter in terms of volumetric flow rate, pressure, power avail-
able in the shaft, and noise level increases while the
efficiency of radial fan decreases. When the conventional
blade profiles were replaced with the aforementioned, the
maximum sound pressure values spiked from 88.5 dB to
92.5 dB, respectively. A decrement of 27% of volute was
obtained when extended surfaces are used which causes
noise level to rise initially. Further the volumetric flow rate
increases, while the impeller’s noise level decreases notice-
ably [4]. Moosania et al., (2021) have carried out a numeri-
cal investigation on the effect of flow field in an unshrouded,
partially, and fully shrouded fan to understand the effects of

radial inlet flow on the main flow and the flow in the tip
region. A partial shrouded fan is a type of axial fan that has
a partial shroud or cover around the rotor, which can affect
the flow of air and the fan’s performance. They revealed that
fully shrouded fan provided a better performance than par-
tially shrouded and unshrouded fan. They also reported
that in low pressure rise conditions, the axial inlet flow with
partially shrouded fan have the same scale as that of the
radial fans. In partially shrouded fan, blockage and reverse
flow can be reduced by changing the magnitude of tip leak-
age vortex leaving the fan, trajectory and location of the
fluid flow and also, the tip leakage vortex loss is the main
loss mechanism which involved in the partially shrouded
fan whereas in the fully shrouded fan, the hub also plays a
key role apart from the tip leakage vortex loss. They con-
cluded that though the partially shrouded fan provided a
lower performance than fully shrouded, it is most widely
used in air conditioning system due to its larger inlet area
which allows the installation of bigger upstream heat
exchanger [5]. Compared to air multipliers, conventional
fans have visual external blades that pose a risk to pets and
children. The conventional fans generate air due to cutting
action and which generates more noise and unpleasant feel-
ing to the user and also the maintenance and cleaning of
blades are difficult. In comparison to a traditional fan, a
bladeless fan requires a much smaller fan to provide the
same output. A tiny centrifugal fan has been placed near the
bottom surface of cylindrical tower that pulls air from the
surrounding area of bladeless fan and forced to flow it into
the bladeless fan slit, and then comes out with high velocity.
The air that emerges through the bladeless fan’s slit has a
greater tendency to adhere to curved surfaces and develops
a pressure drop between the bladeless fan system and sur-
roundings of a bladeless fan and this phenomenon of stay-
ing adhere to the curvature is called as Coanda effect [6].
Guoqi Li et al. [7] have conducted a two-dimensional
numerical investigation and they have discussed the effect
of the bladeless fan’s aerodynamic shape. They have modi-
fied the bottom curvature of the selected aerofoil have been
analysed for five different configurations. They have devel-
oped an experimental prototype of the same and has com-
pared with one of curvature blade profiles for validating the
numerical code. They have reported that increasing the
curvature of bottom surface increases the velocity gradient,
flow and maximum average velocity near the coanda region.
Multiple low-pressure regions have emerged as the blade-
less fan curvature outgrows a critical limit, eventually joins
together to form a large low-pressure region. This low-pres-
sure zone in the core region induces increased air flow from
the bladeless fan surroundings to flow with the direction
parallel to the air flow. Hence, they reported that the blade-
less fan performance and flow behaviour are greatly influ-
enced by the aerofoil's curvature [6]. In the current
numerical investigation, large curvature profiles of S1046,
S1048, Eppler169, Eppler479 and Eppler473 are selected
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and the same have been modified into a complete bladeless
fan arrangement with varying configurations. Jafari and
group [8] have carried out numerical investigation on the
effect of various design parameters on the performance of
an Eppler473 aerodynamic profile. They have selected vari-
ous design parameters namely, slit width, aspect ratio, out-
let angle, and hydraulic diameter. They revealed that outlet
thickness is the key parameter compared to other design
parameters considered for their study. They substantiated
that the volumetric air at outlet increases by roughly 12.5 to
25 times more than that at the inlet when the thickness of
the slit is reduced from 3 to 1 mm. The same research group
in the year 2017 [9] had numerically analysed the impact of
aeroacoustic and aerodynamic performance on the scaled
up model of a bladeless fan for domestic and industrial
applications. They have carried out aerodynamic and aero-
acoutics validation by developing an experimented proto-
type of a bladeless fan where the hydraulic diameter is
maintained as 600 mm and they have compared the experi-
mented results with numerically predicted values of volu-
metric flow rate and sound pressure level respectively. The
experimental and numerical results provided a close agree-
ment between the two. They reported that increasing the
hydraulic diameter of a bladeless fan provides a great con-
trol in adjusting the volumetric flow rate and this make it
suitable for domestic and industrial use. Hong et al. [10]
have performed numerical investigation on the effect of
flow-field of a bladeless fan. They have varied the Reynolds
number between 28200 and 40100 based on turbulent jet
theory. By changing the inlet Reynolds number, they plot-
ted the turbulent intensity and time averaged velocity in
both the vertical (z/d) and horizontal (y/d) flow directions
at various axial points (x/d). They reported that increasing
inlet Reynolds number has increased these parameter effec-
tively. They reported that when the axial distance reaches
1.5 times the diameter of bladeless fan, flow field starts to
converge. This clearly indicates that lower fluid flow lines
converge to move up and mixing of these two happens at a
distance of 1.5d. As the axial distance from leading edge of
a bladeless fan has increased up to 3D, (hydraulic diame-
ter), the mixing of lower part terminated and forms a clas-
sical single jet and it was observed that velocity peak values
started decaying. Beyond the axial site of 3.5 times of its
hydraulic diameter of a bladeless fan, a field of axisymmet-
ric flow with time-averaged velocity and intense turbulent
flow was observed.

Jafari et al. [11] had carried out a numerical analysis on
the aeroacoustic and aerodynamic performance of a blade-
less fan. The Eppler473 aerofoil was chosen as a cross-sec-
tion for the bladeless fan aerodynamic profile, which has a
chord length of 100 mm, a hydraulic diameter of 30 cm, and
an outlet thickness of 1.3 mm. They reported that continu-
ity and momentum equations are used to capture the fluid
flow variations and the Shear Stress Transport (k-?) turbu-
lence model in order to capture the turbulence effects. The

Broadband Noise Source (BNS) is mainly applied for steady
state approach and the Ffowcs Williams and Hawkings
model for time dependent transient conditions, in order
to predict the aeroacoustic characteristics numerically. The
BNS model is used to identify the noise source and FW-H
model is used to predict the noise level generated for dif-
ferent inlet volumetric flow rates and they also found that
linear agreement was found between the inlet and outlet
volumetric flow rates. The maximum discharge flow ratio
was found to be as high as 21. They found that the outlet
slit is the main source of noise, and that the sound pressure
level rises from 40 dB to 80 dB when the input flow rate
rises from 10 LPS to 80 LPS. Chou et al., [12] performed
a numerical investigation on the effect of turbulence flow
past a bladeless fan. The cross-section for the bladeless fan
was chosen from two different aerofoils. They have selected
E473 aerofoil cross section as top section and NACA 4412 as
the bottom section. They have reported that increasing the
inlet Reynolds number and diameter of bladeless fan have
increased the discharge flow ratio significantly. They found
that the bladeless fan’s inlet flow rate and hydraulic diam-
eter have a significant impact on its performance, whilst
the remaining parameters have very little effect on outlet
volumetric flow rate. Mehmood et al [13] performed a three
dimensional numerical analysis on bladeless fan as an effec-
tive replacement to domestic ceiling fan. It is observed that
peak velocity in the core region has increased upto 33%
when hydraulic diameter of a bladeless fan has increased
from 30 cm to 50 cm. A numerical investigation on a new
suction-hood model which enables the total disposal of
gases created while cooking was conducted by Carlini et al.
[14]. They have proposed two innovation air capture sys-
tems namely airflow amplifier and bladeless fan systems as
new suction hood model. They have created a parametric
sweep function in order to identify the system behaviour on
various input conditions. The velocity, extension of ejector
and flow rate have been recorded and analysed. They dem-
onstrated the viability of the new suction systems, which
consumed energy less than other ventilation systems of
today. Aslam et al [15] have carried out a two-dimensional
numerical analysis on the performance of a aerofoil-based
bladeless ceiling fan. They have selected E473 aerodynamic
profile as the cross section and they also considered various
geometrical parameters namely, fan’s hydraulic diameter,
nozzle diameter and height from the ceiling on volumet-
ric flow rates. They have revealed that volumetric flow rate
of the bladeless fan has increased till 300 mm away from
the ceiling and it tends to decrease beyond 300 mm. They
have also reported that discharge coeflicient increases with
increase of fan diameter. From the literature, it is observed
that very few researches have been done that involves both
numerical and experimental work on the geometrical char-
acteristics of a single aero foil “NACA 4 digit” and “Eppler
473”series in the area of the bladeless fan. The selection of
aerodynamic profile for the bladeless fan is not same for



282

J Ther Eng, Vol. 9, No. 2, pp. 279-296, March 2023

each Reynolds number with respect to the lift to drag ratio.
To address the research gap optimization of aerofoil selec-
tion is based on Reynolds number ranging between 2 X 10°
and 5 X 10°. The research work has also been extended to
optimize the various design parameters like outlet thick-
ness and outlet angle (also called as slit angle) of the aero-
dynamic profiles.

The bladeless fan’s performance is the subject of a
three-dimensional numerical investigation in this study.
The cross section of the aerofoil has been selected based
on the lift to drag ratio for different Reynolds number
and good coanda surface. Aerodynamics profiles namely,

Eppler169, Epplerd73, Eppler479, S1046, and S1048 are
the five aerofoils that were taken into consideration for
the present numerical study. The influence of geometri-
cal parameters like outlet thickness and outlet angles for
all the above mentioned aerofoil profiles are numerically
investigated. The outlet thicknesses have been adjusted
from 0.8 mm, 1 mm, 1.3 mm, 1.5 mm and 2 mm and the
outlet angles have been adjusted from 20 degree to 80
degree with intervals of 10 degree for all the above men-
tioned aerofoils. The chord length, hydraulic diameter and
aspect ratio have been maintained as 100 mm, 300 mm
and 1 respectively for all the numerical cases considered

Table 1. Comparison of similar research work carried out by various authors

S.No Proposed study Parameters Inference References
1 Numerical Profile Considered: Reducing the thickness of the slit provided a significant ~ [7, 16]
investigation Eppler473 improvement in the discharge flow ratio and
of geometric 1. Thickness of the slit Performance of a bladeless fan.
parameter effects o
on the aerodynamic 2. Hydraulic diameter Similarly, reducing the outlet angle provided an
performance of a 3. Outlet angle improvement in the discharge flow ratio
Bladeless fan 4. Aspect ratio The discharge flow ratio increases with increase of
hydraulic diameter (D,) of the bladeless fan
The optimal aspect ratio is found to be 1. Increasing it
further decreases the performance.
2 Experimental and Profile Considered: The discharge flow ratio increases with increase of (8]
numerical investigation Eppler473 hydraulic diameter (D, ).
of a 60cm diameter i Di -
bladeless fan gydrauhc Diameter = Increasing the inlet volumetric flow has increased noise
cm generated by bladeless fan system
3 Experimental Five Reynolds Increasing the Reynolds number from 28200 to 40100 [8]
investigation on numbers considered in  increases the time-averaged velocity in axial and radial
the outlet flow field the present study are direction.
structure and the 28200, 30900, 34000,
influence of Reynolds 37000 and 40100 The flow-field tends to converge at axial distance of 1.5
number on the times of its hydraulic diameter of the bladeless fan for
outlet flow field for a all the Reynolds number.
bladeless fan The flow field saturates when the axial distance from the
bladeless fan reaches 3d.
4 Numerical Profile Considered: For domestic use, hydraulic diameter (D, ) has been [10]
Aerodynamic Eppler473 maintained as 30 cm for the bladeless fan
Evaluation and Noise DY _
Investigation of a ?Oyd;:uhc Diameter The maximum discharge flow ratio was recorded as 21
Bladeless Fan ¢ for E473 at 80 Lps
The noise investigation results predicted that increasing
inlet volumetric flow rate has increased the noise level
by the bladeless fan.
5 Numerical analysis of ~ Profile Considered: It is observed that peak velocity in the core region has [12]
bladeless ceiling fan: Epplerd73 increased upto 33% . When the hydraulic diameter (D, )

An effective alternative
to conventional ceiling
fan

Hydraulic Diameter =
30 cm

of a bladeless fan has increased from 30 cm to 50 cm.
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in this study. The volumetric flow rate at inlet has been
adjusted from 5 LPS to 80 LPS for all configurations men-
tioned above and the numerically predicted results have
been discussed and presented. The variation of discharge
flow ratio with respect to outlet thickness and outlet
angles have been provided for various volumetric flow
rates at inlet. The streamlines, velocity vector, velocity and
pressure plot have been provided and discussed for bet-
ter understanding of the fluid flow physics through and
across the bladeless fan

MECHANISM OF A BLADELESS FAN

The complex flow physics through the three dimen-
sional bladeless fan involves five different steps starting
from inlet to exit as shown in Figure 1. It has been sug-
gested by Nicholas et al. [1] that the volumetric flow rate at
the exit should be measured from the leading edge of the
bladeless fan to an axial-distance of 3 times of the bladeless
fan diameter. Hong et al. [10] also numerically investigated
and predicted that when the distance between the leading
edge of the bladeless and 3Dh of its diameter, flow field
starts to converge and when the distance between the two
exceeds 3d, the flow field saturates and the peak velocity in
the core region tends to decrease and it reaches a similarity
state thereafter. Hence, it has been found from the literature
that the volumetric flow rate of a bladeless fan should be
measured from a distance of 3 times of its diameter from
leading edge.

The working principle of a bladeless fan involves four
different steps. The first step involves the collection of
inlet air from the atmosphere and which is then allowed to
pass through a cylindrical tower using a centrifugal fan of
smaller capacity as shown in Figure 1. The inlet volumet-
ric flow rate has been calculated numerically just above
this small centrifugal fan. The second stage involves the
distribution of collected inlet air through an aerodynamic
structure. The aerodynamic structure consists of a throat
region, divergent region at the trailing edge and a small
slit. Generally, the outlet thickness has been maintained
between 1 mm and 2 mm. Since, outlet thickness is very
small, the collected inlet air comes out from the slit with
a high velocity. The third stage involves the suction air,
the high jet velocity from the slit develops a low pressure
region inside the aerodynamic ring, the pressure drop
between the atmosphere and aerodynamics ring forces air
from the atmosphere and forced to flow in the direction
of airflow. This type of air inducement is called the suc-
tion air; the air multiplied through suction mechanism
is nearly 15 to 20 times of the inlet air. The fourth stage
involves the entrainment air, Due to viscous shearing; the
surrounding air that flows past the aerodynamic ring also
starts to flow in the direction of air flow. This sort of air
multiplication results in entrainment air, as seen in Figure
1. The step 5 indicates the overall working mechanism

8

3. Entrainment air

/
\
>

N
~
P

1. Inlet air

4. Overall airflow

Figure 1. Working mechanism of a bladeless fan setup.

of the bladeless fan involving inlet air, suction air and
entrainment air.

NUMERICAL METHODOLOGY

The present study investigates the effect of outlet thick-
ness and outlet angle of a bladeless fan. The numerical
analysis of a bladeless fan involves three different stages,
pre-processing, solving and post-processing. The pre-pro-
cessing stage involves, modelling, discretizing and setting
up proper boundary conditions. Five different acrodynamic
profiles have been considered as the bladeless fan cross-
section namely, S1046, S1048, E169, E479 and E473.
The selected aerodynamic profiles along with enclosure
have been modeled using solid works 14.0 design mod-
eler. The thickness of the slit has varied between 0.8 mm,
1 mm, 1.3 mm, 1.5 mm and 2 mm. The bladeless fan’s
outlet angle has varied from 20 degrees to 80 degrees. The
bladeless fan and also the enclosure have been tetrahe-
drally discretized with finite volume method. Ansys CFX
16.0 is used to apply the required boundary values for the
mesh model. The second phase in this numerical analy-
sis involves solving the required governing equations of
continuity and momentum for predicting the behaviour of
fluid flow. The turbulence induced by the air multiplier and
enclosure have been captured using SST k-? model. The
residuals of mass, momentum and turbulence are fixed at
10°. At the outlet plane, a volumetric flow rate monitor-
ing point has been created and monitored for every itera-
tion till it reaches a similarity state. A total number of 500
iterations has been chosen for this numerical study, and
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Figure 2. a) Aerofoil Eppler 473 cross section model, b) Three dimensional bladeless fan model.
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Figure 3. Aerofoil cross-section model for E473 with outlet thicknesses (0.8 mm, 1 mm, 1.3 mm, 1.5 mm, and 2 mm).

the convergence was achieved between 250 and 300 itera-
tions for various design models and boundary conditions.
The final stage of the study involved plotting the velocity,
streamline and pressure contours for various aerodynamic
profiles, outlet thicknesses and outlet angles for the blade-
less fan and to identify the best suitable configuration for
domestic use.

Numerical modelling

The present study, aerofoils have been selected based
on its thickness and high lift to drag ratio for various
Reynolds numbers ranging from 2 x 10° to 5 x 10°. A total
number of 5 different aero-foils have been considered for
the present numerical study namely, Eppler169, Eppler473,
Eppler479, S1046 and S1048. The Eppler 473 aerodynamic
cross section as shown in Figure 2a has been transformed
into a complete numerical model of bladeless fan using
Solid works 14.0 modeller as given in Figure 2b. The geo-
metrical parameters of the bladeless fan considered for
the numerical work are outlet thickness and slit angle. The
outlet thickness is varied between 0.8, 1.0, 1.3, 1.5 and 2.0
mm as shown in Figure 3 corresponding to five different

configurations for a single aerofoil. The slit angle has also
been varied between 20°, 30°, 40°, 50°, 60°, 70°, and 80°
as shown in Figure 4 for all the above five outlet thickness
configurations. Hence the total number of numerical simu-
lations for a single aero foil leads to 35 different numerical
investigations for a particular value of Reynolds number.
In this numerical study, overall five different aerofoils have
been considered which leads to 175 numbers of various
numerical simulations for the given Reynolds number as
given in Table 2. In the present work, the volumetric flow
rate at inlet has been varied from 5 LPS and 80 LPS which
corresponds to a total 1400 numerical simulations. The
aspect ratio, hydraulic diameter and chord length has been
maintained as 1, 30 cm, and 10 cm respectively for all the
1400 numerical simulations.

Using Solid Works 16.0 assembly, the bladeless fan’s
three-dimensional numerical model and the enclosure have
been added into a single assembly file, as shown in Figure
5. For the purpose of this investigation, an enclosure with
dimensions of 8000 mm x 4000 mm x 4000 mm. The height
and diameter of the cylinder has been maintained as 9 cm
and 50 cm respectively.
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Figure 4. Aerofoil cross-section model for E473 with slit-angles (20°, 30°, 40° 50°, 60°, 70°, and 80°).

Free boundary

2.000 (m)
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Figure 5. 3D - simple representation of enclosure and
bladeless fan numerical model.

Discretization

Using a finite volume approach, the enclosure and
bladeless fan have been tetrahedrally discretized into
nearly 712,235 elements. A face sizing technique has been
opted to discretize the enclosure and bladeless fan domain.
The sizing of inlet, outer surface of aerodynamic ring, outer
surface of base tower, opening surface and slit area have
been selected as 10 mm, 3 mm, 5 mm, 50 mm and 0.18
mm respectively as shown in Figure 6. The bladeless fan
mesh model is shown in Figure 7 and the half-sectional
view of fan slit region is shown in Figure 8. The discretized
model of enclosure and bladeless fan is combined into a

single mesh file using ANSYS ICEM CFD 16.0 and the
same has been converted into unstructured grid format
for ANSYSCFX 16.0 for setting up the boundary values as
shown in Table 3.

Mesh Sensitivity test

The grid independence study also called mesh sensitiv-
ity test are used to make sure that the expected numerical
values are unaffected by the number of elements. The volu-
metric flow rate at the enclosure outlet for an Eppler473
aerofoil with a Imm outlet thickness and a 70° outlet angle
have been compared and presented in the present work for
various number of elements ranging from 2.75 million to
nearly 10 million tetrahedral elements. For the purposes
of this validation study, the inlet volumetric flow rate has
been fixed as 5 LPS. It has been noted that the volumet-
ric flow rate at the meridian plane increases from 102 LPS
to 112 LPS, which yields to a maximum deviation of about
10%, when the grid size is increased from 2.75 million to
7.2 million. The volumetric flow rate at meridian plane did
not significantly change when the number of elements was
extended beyond 7.2 million elements, to 8.49 million and
nearly 10 million, as shown in Figure 10. When the number
of elements is extended above 7.2 million tetrahedral ele-
ments, there is a smaller than 0.08% difference in the volu-
metric flow rate at the meridian plane. In order to improve
accuracy and decrease computation time for the work, the
grid size has been optimised to roughly 7.2 million for all
the 1400 numerical simulations.

Mathematical modelling and solution technique

The mathematical modelling and solution technique
involves in solving the governing equations to numerically
predict the flow variables. For the present numerical work
various design parameters have been considered namely,
aerodynamic profile, outlet thickness and outlet angle have
been solved using ANSYS-CFX 18.0 Software. The govern-
ing equations namely, continuity and momentum have been
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Table 2. Geometrical parameters taken into consideration for this investigation

No. of Cases Aerofoil shape Outlet thickness Slit angle

1-7 Eppler 169 0.8 mm 20°,30°,40°,50°,60°,70°, 80°
8-14 Eppler 169 1.0 mm 20°,30°,40°,50°,60°,70°, 80°
15-21 Eppler 169 1.3 mm 20°,30°,40°,50°,60°,70°, 80°
22-28 Eppler 169 1.5mm 20°,30°,40°,50°,60°,70°, 80°
29-35 Eppler 169 2.0 mm 20°,30°,40°,50°,60°,70°, 80°
36-42 Eppler 473 0.8 mm 20°,30°,40°,50°,60°,70°, 80°
43-49 Eppler 473 1.0 mm 20°,30°,40°,50°,60°,70°, 80°
50-56 Eppler 473 1.3 mm 20°,30°,40°,50°,60°,70°, 80°
57-63 Eppler 473 1.5mm 20°,30°,40°,50°,60°,70°, 80°
64-70 Eppler 473 2.0 mm 20°,30°,40°, 50", 60°,70°, 80°
71-77 Eppler 479 0.8 mm 20°,30°,40°,50°,60°,70°, 80°
78-84 Eppler 479 1.0 mm 20°,30°,40°,50°,60°,70°, 80°
85-91 Eppler 479 1.3 mm 20°,30°,40°,50°,60°,70°, 80°
92-98 Eppler 479 1.5 mm 20°,30°,40°,50°,60°,70°, 80°
99-105 Eppler 479 2.0 mm 20°,30°,40°,50°,60°,70°, 80°
106-112 S1046 0.8 mm 20°,30°,40°,50°,60°,70°, 80°
113-119 S1046 1.0 mm 20°,30°,40°,50°, 60°,70°, 80°
120-126 S1046 1.3 mm 20°,30°,40°,50°,60°,70°, 80°
127-133 S1046 1.5 mm 20°,30°,40°,50°,60°,70°, 80°
134-140 S1046 2.0 mm 20°,30°,40°,50°,60°,70°, 80°
141-147 S1048 0.8 mm 20°,30°,40°,50°,60°,70°, 80°
148-154 S1048 1.0 mm 20°,30°,40°,50°,60°,70°, 80°
155-161 S1048 1.3 mm 20°,30°,40°,50°,60°,70°, 80°
162-168 $1048 1.5mm 20°,30°,40°,50°,60°,70°, 80°
169-175 S1048 2.0 mm 20°,30°,40°,50°,60°,70°, 80°

Figure 7. Enlarged view of discretized model of bladeless

Figure 6. Discretization model of enclosure. fan.
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Figure 8. Sectional discretized model of a bladeless fan.
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Figure 10. The effect of grid size on the outlet flow rate for
a volumetric flow rate of 5 LPS.

solved to capture the fluid flow variations three dimension-
ally. By resolving the Shear Stress Transport (SST) k-mode
of closure, the flow turbulence that was created has been
captured. The enclosure and bladeless fan for all the config-
urations have been solved by using the governing equations
listed below for the mentioned boundary values as shown
in Table 3.

Continuity Equation:
u v ow o
Ox 0Oy Oz

Figure 9. Discretized model of enclosure and bladeless fan.

Momentum Equation:
The velocity component’s scalar momentum equation in
the x direction is provided by

p[u@—i-v@—i-w%]z—8—P+i
Ox Oy 0z Ox  Ox,
5 ()
u u]'
(+ py) 9 j+§ >

The velocity component’s scalar momentum equation in
the y direction is provided by

[av v av] oP 0
p + =——

U—Fv—tw—|= —
Ox Oy 0z dy  Ox,
3)
(n+ )ﬁ+%
B oy P j av I

The velocity component’s scalar momentum equation in
the y direction is provided by

LR A I
"Mox "oy T 0z) T 0z ox,
4)
(-t )| 2 2
ot Ox; 0z '

Model of turbulence with k and omega transport
equation:
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The typical k-w equation model’s turbulent kinetic
energy “k” is provided by

ok ok ok) 0
- (5)

p[”ax "oy "oz) ox,

+Pk *5Pkw>

[ +M_T]%

0 ) OX;

The typical k-w equation model’s turbulent dissipation
rate “w” is provided by

v ow ow) ol | ok
P Ox Oy Oz | Ox, )5 ) Ox; ©)
1 0Ok Ow w 5
+2(1—F — = o, %—P —
( l)pawzw Ox; Ox; o k* Bow

The expression for the turbulent viscosity (u,) is
expressed as:

o =p 7)
w

Where u, v and w represents the x-component, y-com-
ponent and z-component velocity, p represents the air den-
sity, F represents the blending function.

Boundary conditions required for Bladeless fan

The boundary values required for the present numerical
work have been presented in Table 3. The volumetric flow
rate at inlet has been varied from 5 LPS to 80 LPS (5, 20,
30, 40, 50, 60, 70, and 80 LPS). A tiny centrifugal fan with a
capacity of 10 times smaller in size of conventional fan has
been used to provide the inlet air at the cylinder base. All
the outer surfaces except the bottom surface of the enclo-
sure have been maintained as free boundary (atmospheric
pressure) whereas the bottom surface of the enclosure have
been maintained as wall. Similarly, the bladeless fan outer
surface and cylinder outer surface have been maintained as
wall with no slip assumption. The enclosure and bladeless
fan has been divided into two different domains to have a
better control on optimizing the grid sizes. In order to have

Table 3. Appropriate boundary values for a bladeless fan

Name Condition

Inlet Volumetric flow Inlet - 5-80 LPS
Left, Right, Top, Front & Opening - Atmospheric

Back

Bottom & Outer wall Smooth wall

Slit (Inner and Outer
Domain)

Interface (Inner to outer domain)

continuity between the two domains, an interface bound-
ary has been created between the enclosure slit surface and
bladeless fan slit surface to establish the continuity between
them. For the present numerical simulations following
assumptions are made without sacrificing the accuracy of
the predicted numerical results. The assumptions are fluid
is steady and incompressible, the fluid is viscous and turbu-
lent, gravity effect is neglected and the hydraulic diameter
has been maintained as 300 mm.

NUMERICAL VALIDATION

The validation of numerical code in the present work
has been done in two stages. In the first step, aerodynamic
validation has been carried out with reference to Jafari et
al., [10]. The C, and C have been compared and presented
against various angle of attack values ranging between -14.5
degree to 14.5 degree for a NACA 0012 aerofoil profile using
ANSYS Fluent 18.0 and the numerically predicted values of
lift and drag has been compared with the literature [10]. In
the second step, fluid flow has been validated using velocity
decay along streamwise direction and compared the same
with the available literature [11].

The present numerically simulated results of fluid flow
characteristics and aerodynamic charactersitics are match-
ing closely with the literature. Jafari et al. [10] used a similar
validation strategy, and the same strategy was used to vali-
date the numerical code in their study and hence, the same
approach has been used to validate the numerical code for
the present work.

Aerodynamic Validation

The lift coeffcient (C,)) and drag coefficient (C) val-
ues of NACA 0012, which were predicted numerically,
have been presented with reference to Jafari et al [10]. The
boundary values used in this numerical simulation are
identical to those used in the literature. [10]. The enclosure
with dimensions of 3000 mm x 3000 mm and an aerofoil
chord-length of 100 mm have been used in the numerical
simulation to validate the aerodynamic characteristics. The
Reynolds number at inlet has been maintained as 3e‘. The
numerical model of aerofoil profile along with enclosure is
hexahedrally discretized through finite volume approach.
The C, and C has been compared and presented against
the angle of attack as shown in Figure 11 and Figure 3 and
the same has been compared with the literature [10]. The
NACA 0012 aerofoil's C, variation against the angle of
attack is shown in Figure 11. The predicted values closely
matched those of the literature, with the highest vari-
ance being less than 1.53% for an angle of attack of 14.5°.
However, as depicted in Figurel2, the numerically simu-
lated coeflicient of drag of this simulation slightly deviate
from those of the literature but well within acceptable lim-
its. A similar trend in coefficient of drag has been noted
from the literature as well.
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Figure 12. Coefficient of drag (C,) and angle of attack
comparison of NACA 0012.

Flow Validation

The fluid that emerges from the bladeless fan’s small
opening behaves like a jet flow. And hence, the circular jet-
flow along the cylinder presented in the literature [10] is
the focus of the second validation stage. The diameter of
jet surface has been maintained as 1 cm, length and outer
diameter of the cylinder has been maintained as 10 cm and
2 cm respectively. as given in the literature. The numerical
analysis has been assumed to be axisymmetric as described
in the literature [10] in order to cut down on computational
time. A velocity boundary condition of nearly 60 m/s exists
at the inlet and pressure outlet boundary condition with 1

—e— Jafari etal. [11]
Present study
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=
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Figure 13. Velocity decay plot in the streamwise direction.

atmospheric pressure has been assigned to the exit. It has
been assumed that the cylindrical tube’s outer surface is
symmetric. The numerically projected streamwise velocity-
decay values through the jet-centerline has been presented
and compared to the data reported in the literature [10] as
seen in Figure 13. The results clearly depicted that numeri-
cally predicted results of velocity-decay plot along the axial
direction matches with that of the literature.

RESULTS AND DISCUSSION

The present study numerically investigates the effect
of outlet thickness and outlet angle of the bladeless fan for
different aerofoil profiles namely, Eppler 169, Eppler 473,
Eppler 479, S1046 and S1048. The aerofoil’s outlet thickness
and outlet angle have a significant impact on the bladeless
fan’s discharge flow ratio. The bladeless fan’s performance
has been optimized using a three-dimensional numeri-
cal study for various outlet angles and outlet thicknesses.
The outlet thickness is varied between 0.8, 1.0, 1.3, 1.5 and
2.0 mm and slit angle is also varied between 20°, 30°, 40°,
50°, 60°, 70° and 80°. The discharge flow ratio of a blade-
less fan has been recorded at a distance of 3Dh the aerofoil’s
hydraulic diameter (D,) from its leading edge. The outlet
volumetric flow rate has been recorded in a meridian plane
where the diameter of the plane is found to be 1000 mm,
and which is as shown in Figure 14. The velocity contours of
S1046 with outlet thickness and outlet angle of 1 mm and 50
degree and the volumetric flow at inlet is maintained as 80
LPS revealed that flow velocity at the core region is around
4.0 m/s approximately and the fluid flow velocity measured
near the slit-region is around 100 m/s. This clearly shows
that high velocity jet flow near the slit area tends to decay
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Figure 14. Velocity contour at circular plane for a S1046 profile with an outlet thickness of 1 mm.

along the air-flow direction. The flow stabilises and reaches
a similarity state when the distance away from the leading-
edge beyond 3.5 times the hydraulic diameter. Hence, in
this present study, a meridian plane is used to measure the
volumetric flow rate at a minimum distance that is 3Dh the
hydraulic diameter (D,) and the diameter of the circular
plane corresponds to 1000 mm [9, 16]. It has been observed
from the present study, that when the outlet thickness
decreased from 2 mm to 1 mm the discharge flow ratio of
bladeless fan has increased up to 32. As the thickness of the
slit has been reduced from 2 mm to 1 mm, the area of the
slit becomes smaller which would tremendously increase
the exit air velocity and decreases the pressure through and
around the aerodynamic ring region. When the thickness of
the slit gradually decreases, the pressure variation between
the surrounding and aerodynamic ring regions increases.
This pressure gradient drives the suction air to flow along
with the inlet air and thereby increases the discharge flow
ratio. The maximum discharge flow ratio has been recorded
from the literature so far is around 21 [10] only, whereas
a discharge flow ratio of roughly 32 was achieved for the

E473 aerodynamic profile with a 1 mm outlet thickness and
a 70 degree outlet angle. Thus from the present study, com-
paring the performance of a bladeless fan with the existing
literature, an improvement of more than 34.37% has been
observed.

Effect of Aero Foil Profiles

In this section, the effect of various aerodynamic pro-
files namely, Eppler169, Eppler473, Eppler479, S1046 and
S1048 have been numerically investigated. The outlet angle
and outlet thickness of the bladeless fan has been fixed
constant as 20 degrees and 2 mm respectively and the inlet
volumetric flow rate has been adjusted from 5 LPS to 80
LPS. The discharge flow ratio for variation in inlet volumet-
ric flow rates have been compared and presented for vari-
ous aerodynamic profiles as shown in Figure 15. The results
revealed that the Eppler473 aero foil showed a maximum
discharge flow ratio of 22 and this corresponds to the out-
let volumetric flow rate of 1770 LPS for an inlet volumetric
flow rate of 80 LPS. The discharge flow ratio for the other
aerodynamic profiles namely, S1048, S1046, Eppler 479
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Figure 15. Discharge flow ratio of various aerodynamic
profiles with an outlet thickness of 2 mm.

and Eppler 169 have been recorded as 19.2, 18.4, 18.10 and
16.84 which corresponds to the outlet volumetric flow rate
of 1535, 1470, 1450 and 1350 LPS respectively.

The discharge flow ratio for the Eppler 473 aerofoil
has been increased by 13%, 16.4%, 17.8% and 23.5% when
compared with the S1048, S1046, Eppler 479 and Eppler
169 aerofoil profiles respectively. This clearly shows that
Eppler 473 aerofoil profile is the best suitable aerofoil
among the other aerofoils presented in this study, when the
outlet thickness and slit angle has been maintained as 2 mm
and 20 degree respectively. Hence Eppler 473 aerodynamic
profile has been considered for the further studies and the
numerical analysis has been extended for various thick-
nesses varying between 0.8 mm and 2 mm.

Effect of Outlet Thickness

The first phase of the numerical analysis, which is cov-
ered in this section, examines whether the outlet thickness
influences the performance of the Eppler 473 aerofoil. The
thickness of the slit has been varied between 0.8 mm and 2
mm. Figure 16 illustrates the discharge flow ratio compared
and presented for the Eppler 473 aero foil profile for the
various thicknesses mentioned above and the outlet angle
has been maintained as 20 degrees. The results revealed that
reducing the thickness of slit provided a drastic improve-
ment in the outlet volumetric flow rate. The volumetric flow
rate of 1770 LPS has been recorded at outlet when the thick-
ness of the slit maintained at 2 mm. Further, the thickness
of the slit has been reduced to 1.5, 1.3, and 1 mm, the volu-
metric flow rate at outlet has been noted as 1990, 2220 and
2530 LPS respectively for a constant inlet volumetric flow
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Figure 16. Eppler 473 discharge flow ratio for various outlet
thicknesses with outlet angle of 20 degree.

rate of 80 LPS. When the thickness of the slit is reduced
beyond 1 mm to 0.8 mm the outlet volumetric flow rate
shows a negative trend, i.e. a decline in the volumetric
flow rate at outlet from 2530 to 2520 LPS. The maximum
discharge flow ratio is calculated for different thicknesses
namely, 2, 1.5, 1.3, 1 and 0.8 mm which corresponds to 22,
24.8,27.7,32 and 31.5. As a result, the optimal outlet thick-
ness of the bladeless fan has been set at 1 mm for further
studies. Thus, when the thickness of the slit is reduced from
2 mm to 1 mm the maximum discharge flow ratio has been
increased by 32.25% for the Eppler473 aerodynamic profile
at a constant slit angle of 20 degree and the volumetric flow
rate at inlet has been maintained as 80 LPS.

In the second part of this section, the numerical sim-
ulation has been carried out extensively in order to sub-
stantiate that Eppler 473 is the best suitable aerodynamic
profile over the other aerodynamic profiles for all the outlet
thickness values considered in the numerical investigation.
Hence, the impact of outlet thickness (0.8, 1.0, 1.3, 1.5 and
2 mm) have been investigated for all the aerofoil profiles
namely S1046, S1048, Eppler479, Eppler473 and Eppler169
and the results have been thoroughly discussed and pre-
sented. The maximum discharge flow ratio of Eppler169,
Eppler473, Eppler479, aerodynamic profiles has been com-
pared and presented against various outlet thicknesses as
shown in Figure 17. The discharge flow ratio increases from
22 to 32 when the Eppler 473’ outlet thickness is reduced
from 2 mm to 1 mm. A similar trend is observed for the
rest of aerodynamic profiles namely Eppler169, Eppler479,
S1046 and S1048 and maximum discharge flow ratio has
been increased to 16.83 to 29, 18.1 to 29, 18.37 to 28.77 and
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Figure 17. Discharge flow ratio of various aerodynamic profiles with varying thicknesses.

19.17 to 26.54 respectively when the thickness has been
reduced from 2 mm to 1 mm. Thus it has been observed
for any aerodynamic profile the discharge flow ratio is
recorded when the outlet thickness is 1 mm and found to
be maximum for Eppler 473 aero foil at a outlet angle of
20° as shown in zoomed view of Figure 17. The maximum
discharge flow ratio of Eppler 169 is lesser by 7.9% to that
of Eppler 473 profile for the same outlet thickness of 1 mm
and the outlet angle is maintained as 20°. Similarly the dis-
charge flow ratio recorded for Eppler 479, S1046 and S1048,
has been reduced by 8.1%, 8.86% and 15.95% respectively
to that of E473 aerodynamic profile for an outlet thickness
value of 1 mm.

Effect of Outlet Angle

The first part of the numerical analysis, which is covered
in this section, examines whether the outlet angle influences
the performance of the Eppler473 aerodynamic profile for
the optimized outlet thickness value of 1 mm. The outlet
angle has been adjusted between 20 degrees and 80 degrees
with an increment of 10 degree. Figure 18 represents the
discharge flow ratio plot for various outlet angles of an
Eppler473 aerodynamic profile with an outlet thickness of 1
mm. The volumetric flow rate measured at outlet has been
recorded as 2530, 2535, 2553, 2579, 2714, 2748 and 2733
LPS for the outlet angle of 20°, 30°, 40°, 50°, 60°, 70° and
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Figure 18. Eppler 473 discharge flow ratio for various outlet
angles with a 1 mm outlet thickness.

80° respectively. It has been found that for the Eppler473
aerodynamic profile, the discharge flow ratio increases by
8.78% when the slit angle is raised from 20 to 70, resulting
to an additional 220 LPS of exit volumetric flow rate at the
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larger slit angle. Thus the results clearly predicted that when
the outlets angle is increased from 20 degrees to 70 degrees,
the maximum discharge flow ratio of the bladeless fan also
increases from 32 to 34.35 and increasing further the out-
let angle to 80 degree reduces the discharge flow ratio very
marginally to 34.16 from 34.35. This decrease in discharge
flow ratio from 34.35 to 34.16 may be due to the separation
of airflow or detachment of air flow along the aerofoil sec-
tion commonly termed as stalling phenomenon. Therefore,
the optimized outlet thickness and outlet angle of the blade-
less fan for Eppler 473 aerodynamic profile is found to be 1
mm and 70 degree respectively

The numerical investigation was extended in order to
the study to substantiate that the Eppler 473 aerofoil with
outlet angle of 70 degree and outlet thickness of 1 mm is the
best configuration arrived among all the aerofoil profiles
considered as the outlet angle has been maintained between
20 degree and 80 degree. The effect of outlet angle has been
adjusted between 20 degrees and 80 degrees have been
numerically investigated for all the aerofoil profiles consid-
ered and thickness of the slit has been maintained as 1 mm.
The numerical results have been thoroughly discussed and
presented. Figure 19 presents the discharge flow ratio of
Eppler473 compared and presented and the same has been
compared with other aerodynamic profiles of Eppler169,

Eppler479, S1046, and S1048 for various slit angles. In com-
parison to the other aerodynamic profiles taken into con-
sideration, the Eppler473 aerofoil provides the maximum
discharge flow ratio of 2750 LPS with a outlet thickness of 1
mm and slit angle of 70 degrees. When the outlet angle has
increased from 20° to 70°, the discharge flow ratio of all the
aerodynamic profiles namely Eppler169, Eppler479, S1046
and S1048 has increased by 5.6%, 7.1%, 9.0%, and 9.93%,
respectively.

The discharge flow ratio tends to increase from 32 to
34.37 when the Eppler 473’ outlet angle has increased from
20 degrees to 70 degrees. A common pattern can be noticed
for the rest of the aerodynamic profiles namely, Eppler169,
Eppler479, S1046 and S1048 with maximum discharge flow
ratio tending to increase from 22 to 25.98, 29 to 31.1, 28.77
to 31.37 and 26.54 to 29.17 respectively, when the outlet
angle is increased to 70 degrees from 20 degrees. The maxi-
mum volumetric flow rate at outlet has been recorded for all
the aerodynamic profiles namely, S1046, S1048, Eppler473,
Eppler169 and Eppler479 with outlet thickness of 1 mm are
2629, 2334, 2750, 2079 and 2552 LPS respectively for out-
let angles ranging from 20 degrees to 80 degrees. From the
results, it has been observed that for the Eppler473 aero-
foil at an outlet angle of 70°, provided the maximum outlet
volumetric flow rate of 2750 LPS and maximum discharge
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Figure 19. Discharge flow ratio for various aerodynamic profiles for slit angles with a outlet thickness of 1 mm.



294

J Ther Eng, Vol. 9, No. 2, pp. 279-296, March 2023

(b)

(©

@

Figure 20. (a) Velocity plot of Eppler 473 (t = 1 mm) for 5 LPS, (b) Pressure plot of Eppler 473 (t = 1 mm) for 5 LPS,
(c) Streamline around the bladeless fan of E473 for t = 1 mm for 80 LPS, (d) Velocity vector contour for the Eppler473 for

t =1 mm for 5 LPS.

flow ratio of 34.37 are obtained of all the configurations
considered in this work. This is highlighted in the zoomed
view of Figure 19.

The contours of velocity, pressure, streamline and veloc-
ity vector for an Eppler473 aerofoil with an outlet angle and
outlet thickness values of 70 degrees and 1 mm respectively
for an inlet volumetric flow rate of 5 LPS as seen in Figure
20 (a). The high speed fluid jet velocity of nearly 143 m/s is
observed near the slit area and this tends to decrease along
the flow direction as seen in Figure 20 (c) for 80 LPS. It can
be seen in Figure 20 (b), the annular ring region experi-
ences a pressure drop below atmospheric as a result of the
high-speed jet flow that emerges from the slit. As depicted
in Figure 20 (c), the bladeless fan’s pressure fluctuations
between the aerodynamic ring and the surrounding air
forces the air to pass through around the aerodynamic
ring region. The streamlines in Figure 20 (c) depict the
forced flow that takes place within and around the annular

ring region as the atmospheric air from the bladeless fan
is collected and forced to flow across the aerodynamic
ring. Figure 20(d) depicts the velocity-vector plot for an
Eppler473 using an optimized outlet thickness of 1 mm and
an optimized slit angle of 70 degrees to clearly comprehend
the fluid-flow behaviour and air flow direction.

CONCLUSION

The effect of outlet thickness and outlet angle on blade-
less fan performance has been carried out numerically.
The aerodynamic profile, thickness of the slit and outlet
angle has been investigated in detail. The thickness of slit
has been maintained between 2 mm and 0.8 mm and the
outlet angle has been maintained between 20 degrees to
80 degrees for all the aerodynamic profiles namely, S1046,
S1048, E169, E479 and E473 have been investigated in this
present work.
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1. The results from the study predicted that Eppler 473
aerodynamic profile provided better performance
than the other aerodynamics profiles namely S1046,
$1048, E169, E479 considered.

2. The results revealed that reducing thickness of the slit
from 2 mm to 1 mm offered a maximum discharge
flow ratio of 32 respectively for an E473 aerodynamic
profile.

3. The results revealed that increasing the outlet angle
for Eppler473 aerodynamic profile from 20 degrees
to 70 degrees, discharge ratio tends to increase and
also it is observed that the discharge flow ratio of all
aerofoil have increased with increase of outlet angle
for the outlet thickness value of 1 mm.

Thus, it can be inferred from the study that the E473
aerodynamic profile with an outlet thickness of 1 mm and
outlet angle of 70 offered a discharge flow ratio of 34.37 for
an inlet volumetric flow rate of 80 LPS.

NOMENCLATURE

dB  sound pressure level, decibel, dB
CFD Computational Fluid Dynamics
lift coeflicient

drag coeflicient

cylinder diameter, mm

Eppler

mass flux kg/s

static-pressure, Pa
atmosphere-pressure, Pa

outlet thickness, mm
x-component velocity, m/s
Velocity at inlet, m/s

core velocity, m/s

velocity, m/s

y component velocity, m/s

z component velocity, m/s
distance from leading edge of an aerofoil, mm

00

o

Ef

5

o
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Greek symbols:

turbulence kinetic energy, m?s?
angle of attack, degree

density, kg m?

dynamic viscosity, kg m/s
turbulent dissipation rate, m* s
outlet angle, degree

uT  turbulent viscosity, m? s
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