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Abstract

This article about a master thesis represents a contribu-
tion to the development of axial fans with adaptive
blade profiles. The adaptive blade profiles should be
able to be changed in operation so that high efficiency
is achieved not only at the design point, but also in
the partial load range of the fan operation. Studies on
the effectiveness of such blades are held to reduce the
complexity of stationary aerofoils.

The search concludes that aerofoils which have a
function of adjusting their angle of attack and the
additional function of adapting their profile curva-
ture would be particularly suitable for the use on
rotating systems. In order to prove this assessment,
force measurements are carried out on two reference
profiles and finally are compared with an adaptive

aerofoil profile developed for this purpose. For these
measurements, a separate test rig was set up and
validated, which allows equivalent investigations on
dormant aerofoil profiles.

The three profiles were developed according to Carolus
and designed for the production with a 3D printer
using CAD software.

In the final part, investigations are carried out with
a laser-optical measuring method in order to reveal
potential for improvement in future research.

With an overall assessment of the effect of the adaptive
aerofoil, as well as a recommendation for the use of the
potentials, this work contributes to the further develop-
ment of axial fans with adaptive blade profiles.

This article is the winner of REHVA Student Competition award, see news on page 90.
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l. Introduction

A. Basics about fans

Fans are flow machines designed to transport gaseous
fluids. They are often used in recooling systems or
decentralised ventilation systems. Also, for special
applications such as mine ventilation or in wind
tunnels, axial fans are used because of their perfor-
mance in the transport of large volume flows [4].
The task of mass transport fans should meet with a
certain volume flow at a given pressure difference.
This design point is regularly used to define the type
of flow machines. When designing building services,
it is common practice to design the fans to peak
performance with an additional safety margin to
ensure building operation at full capacity. However,
it is realistic that the facilities will not work at the
design point but mainly in a part load operation.
Manufacturer of fans take this into account and
therefore develop the blades of a fan in their shape
so that they work not at the design point, but at
a certain load point with maximum efficiency [6].
However, high efficiency would not be desirable in
points, but over a load range between the part load
and the design point.

In addition to business economic motivation, envi-
ronmental policy also plays a role in the design of
fans. For example, following the identification
of a significant potential for improving the envi-
ronmental impact of energy-related products, the
European Commission also adopted a regulation on
the environmentally sound design of fans. Since the
regulation (EU) Nr. 327/2011 came into effect, the
requirements on the environmentally sound design
of fans are according to the directive 2009/125/
EG lawfully defined [2]. With a measured system
efficiency, axial fans with a power consumption of
125 W < P,y < 10 kW currently has to meet a target
efficiency is given by equation (1) with

Ntarget = 2,74 ln(P) —-6,33+N (0

where Pis the electrical power consumption in kW and
N is a prescribed degree of efficiency (static /V = 40).

The efficiency tests take place on standardised test
setups, whereby the data is recorded with optimal effi-
ciency [2].

It is conceivable that such static test methods will be
replaced by methods with dynamic load distribution
in the future and thus the target efficiency must be

met not at an optimal point, but in different ranges.
If the efficiency requirements for fans continue to
rise in the future, then the research on fan blades
with adjustable curvature while running will be not
only very useful, but also an important step in the
development of a more efficient generation of flow
machines.

This work contributes to the development of adjust-
able blade contours for use in axial fans. The focus of
the work is the development of an adjustable blade
and the proof of an improvement of partial load
behaviour. For this, a test setup must be developed
and verified. Corresponding examinations and test
series should prove the effectiveness of the adjustable

blade.

B. Working principle of fan blades

”Everybody moving in a fluid experiences a force. Of
interest are those bodies which - in addition to alow drag
force against the direction of movement - have a high
lift force perpendicular to the direction of movement.
Planar bodies with these properties, whose dimensions
in one direction - the “thickness” of the body - are much
smaller than in the two perpendicular directions - the
“depth” and the “span” - are called “acrofoils”. A section
perpendicular to the span direction may be called “aero-
foil profile” or “profile” for short.” [10].

During the flow around a profile, different speed and
pressure conditions occur along its surface. The air
is accelerated when displaced, the dynamic pressure
increases, and the static pressure decreases according to
the energy conservation. The pressure field along the
surface is therefore crucial for the resulting lift force.

Fan blades operate on the principle of an aerofoil and
typically have an asymmetric curvature. The force
resulting from the pressure gradients expresses as lift
force on the blades which is necessary for the transpor-
tation of the fluid. The one-sided curvature generates
a drop in static pressure in front of the fan. A good
aerofoil contour is characterised by high lift force with
low drag force.

The glide ratio
e=—, (2)

is an indicator for the rating of different contours. The
thickening of profiles as well as the increase of its curva-
ture results in an unfavourable glide ratio [5].

Journal - June 2019 41



C. Fan-characteristics

The flow properties of fans are described with fanchar-
acteristics. These describe the possible operating points
of a fan from free-air point (V = max, Ap = 0) to stag-
nation point V=0, Ap = max) at a specific speed.
Figure 1 shows a schematic fan-characteristic with loss
fractions where the operating point is optimally located
at the point of least loss. Often only the static pressures
without losses are indicated in the fan characteristics.

For an optimal operation of fans, the sum of hydraulic
losses Z, must be minimised through a net-adapted
blade configuration on the impeller. The impellers
work Yy, then transfers to the fluid as much as possible.

Apt
Y =Ysen —Zp =— (3)
p
Itis:
Y = the spec. Nozzle-work (between
suction and discharge nozzles)
Ys.» = the mass-specific work by the fan

blades
Z, = the sum of the hydraulic losses

Ap, = the increase of total pressure [9]

fan —
Unlike fan-characteristics, system char-
acteristic curves describe the resistance to ,
be overcome for transporting fluids gener-
ated by friction in the network. Each fluid
system has a characteristic which, with

characteristic

low pressure loss and high volume flow. With increasing
throttling, the operating point on the fan characteristic
rises above (2) and (3) to point (4). At point (5) the fan
works with maximum pressure increase on the stable
part of its characteristic curve. With further throttling
the flow separates from the fan blades and the pres-
sure increase suddenly drops. In order to return the fan
from the unstable characteristic curve at point (7) to the
stable characteristic curve, the throttle must be opened
until point (8) has been reached. Only from (9), the
flow again can be close on the blades, whereby the fan
changes back into its stable characteristic range.

Instable operating areas of the axial fan lead to socalled
pumping which causes an increased oscillatory load.
This manifest itself in acoustic problems, damage to
the duct system or damage to the suspension, bearings

and blades of the fan [3].

system Characteristic

frictional losses
impact losses

(faulty flow)

Ap ==v? 4)

i’ v
Vopt

Figure 1. Volume flow total pressure characteristic diagram [7]

is a quadratic function of velocity. The
intersection of the fan characteristic with
the line characteristic is the operating point.

Ape

A change in the system characteristic can,
for example, by actuation of a throttle
damper, but also caused by contamination.
The connection between the volume flow
and the necessary support work in the fluid
system then changes and new operating
points are created.

Figure 2 shows the fan-characteristic of an
axial fan according to BANZHAF [3] at a
constant speed and a constant blade angle

stable area of

hysteresis — .
Y fan — characteristic

area

instable area of
fan — characteristic

in a system with a continuously closing

»
»>

4

throttle damper. With an opened throttle,
the fan works at operation point (1) with
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Figure 2. Characteristic of an axial fan [3]; Rotational speed:
n = const.; Impeller blade angle: §; = const.



D. Cause of flow separation

Figure 3 shows the profile section of an impeller blade
with its velocity triangles at the operating points (1),
(2) and (6) from Figure 2. It is recognisable that the
velocity component ¢;, which describes the volume
flow though the fan decreases as result of a change in the
system characteristic; this can be caused by throttling.

The size of the angle of attack a on the profile nose
particularly influences the flow pattern on the aerofoils
suction surface. If a has a favourable size according
to the design of the profile, the air can overflow the
profile with low impact. With increasing the angle of
attack, it comes first to increase of lift force, but at the
expense of worsening the glide ratio. If a maximum
value of a is exceeded, the flow on the suction surface
separates, which leads to a sudden drop in lift forces
and a considerable deterioration in the gliding ratio [3].

Figure 5 shows a brief representation of the charac-
teristics of a system with variable resistance and the
characteristics of a fan with variable blade angles. By
adjusting the angle of attack of the fan blades, different
operating points can be achieved. If the fan design is
correct, the operating points are in the range of high

efficiency [3].

When changing the blade angle, the shape of the fan
blade is disregarded. The shape of the optimum blade
profile depends on the operating
point of the fan with the required size
volume flow, pressure difference and
speed. Usually, this blade profile is not
changeable and is picked out for the Ap ,
design point.

As a result, after an adjustment of the
angle of attack, the velocity and direc-
tion of the flow is less favourable for
fan blades with a good glide ratio. The ~ 4p,
buckle of the blade is then unfavour-
able because it is not operated at its Ap,
design point. This produces air impact
losses, thereby degrading efficiency
and also giving rise to flow separation

fan characteristics
(a = var.)

system characteristics

(¢ = var.)

¢))] @ (6)

€y

L}

rd

Bs(1) = f5(2) = Bs(6)
u(1) = u(2) = u(6)

Figure 3. Flow triangles at the Impeller [3]
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Figure 4. Lift polar schematically according to Figure 2 [3]

(g = const.)

hysteresis —
area \
\ ¢

earlier. An adaptation of the blade
profile is therefore crucial for a high
efficiency. A—B:

Fans with adjustable blade angles are
already well developed, but are rarely
used because of the complexity and low
advantages over speed control [12].

A\ J

v, A 4

Ap = const, V, <V,
A-C: {=const, V, < Vy <V, ,Ap2<Aps<Ap:
A-D: V =const, Apz < Ap1

Figure 5. Characteristic diagram with variable impeller blade angles [3].
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If this blade angle adjustment
succeeds in completing a camber
adjustment function, the range
of high efficiency can be signifi-
cantly extended. The aim here
is to control the adjustment of
the profile curvature so that,
depending on air speed, pressure
and rotational speed, an increase
of the range is achieved with

high efficiency.

The aim is therefore the develop-
ment of blades with adjustable
blade angle, which have an addi-
tional function to change their
profile curvature. In Figure 6,
the improvement is shown
schematically.

In order to produce different
contours as faithfully as possible
with an adaptive aerofoil, a
specific subdivision of a profile
(4-digit series NACA 4410 [1])
was applied by the superim-
position of the parabolic arcs
calculated for the construc-
tion. It turned out that in the
division with three cuts, the
shapes of different profiles can
be simulated in a favourable
approximation (Figure 7). The
designed aerofoil consists of four
parts, produced by a 3D printing
process, which are connected
to a common axis. To seal the
resulting gaps on the surface of
the aerofoil it has been covered
with a nitryl-membrane.

All  asymmetrically curved
profile shapes have an optimal
angle of attack with low impact
losses. This corresponds to the
Wi at a design-dependent profile
curvature. With a mechanical
drive, the curvature of the aero-
foil adapts itself to its angle of
attack, thereby eliminating the
increase in the profile angle a
with increased work require-

ments (Figure 8).
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Figure 6. Characteristic diagram schematically [3], extended with a variable
blade camber ¢(a) = var.

Figure 7. Idea for
the construction of
an adaptive aerofoil.
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Figure 8. Working principle of adaptive camber drive (a; > ay, 1 > ¢,).



Figure 9. Representation of forces and degrees of freedom.

|Fi| = J]fL (x, 2)dxdz

Il. Experimental
investigations

A. Measurement method

For the measurement of optimal lift-forces,
which are determined by minimum values
of the glide ratio &, a test rig was developed.
During the development of the test rig, six
degrees of freedom of bodies in space were
considered. These are the three coordinates
of the body’s centre of mass x, y, z, as well
as the associated angles in space y, 9, a
[11]. Figure 9 shows an aerofoil in dimetric
exposition with the axial, rotational and
pitching forces.

If aerofoils are examined by force measure-
ment in wind tunnels, often one end of the
aerofoil, similar to an airplane, is free in the
flow. To account for these moments in the
measurements, the aerofoil was attached
at both ends, eliminating y and . At the
attachments of the aerofoil, a pair of forces
then act accordingly to the priority of |F,|
and |Fp| (Figure 10). Side forces acting in
the z-direction will be eliminated through
the aerofoil’s orientation when the leading
edge of the aerofoil is orthogonal to w.
Through the setting, the angle of attack a

is fixed. The elimina-

tion of the degrees of

freedom @, y,  and z,
permits force exclu-

\ sively on the meas-
urement plane x —y,
‘ which are captured as

Deflection roll

Figure 10. working principle test setup where F; ., = |Fy1|+|Fy2|-

lift and drag forces.
1Ful = [[ G 2)dxa
1 Stand
2 Gliding carriage
3  Rotary plate
4  Aerofoil attachment
o 5  Aerofoil
6  Side plates
7
8

Position load cell
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Fi [N] —~ A 4410 B2410 —=—C [2-4]410
12,0
B. Force measurements 10,0
Figure 11 shows the measured polars—
F,/a of the three aerofoils A (4410 rigid), 8,0
B (2410 rigid) und C ([2-4]410 adaptive). 6.0

The light blue line in the graph describes 40

the polar of the adaptive aerofoil C. Unlike 2.0
the polars of the rigid aerofoils, which

have a slight right curvature, the polar of ol 1
the adaptive aerofoil having a relatively 2,0
constant shape over the angle of attack 0
passes. !
-6,0 5

Under the angles of attack of 1.5°<a < 8° B F 2 3 B R A &,
aerofoil C develops the same lift values el
as B. At values 1.5°<a <8°, the polar Figure 11. polars-F,/a.
runs between A and B and intersects A
at o = 12°. With a further increase in the

) F [N]
angle of attack up to a = 20° the lift force ©A4410 - B2410 *C[2-41410
increases to 10 N and remains at this 120

value. Only at an angle of a > 25° is a very
sudden drop in the lift observed.

The polars that can be seen in Figure 12
show the lift values over the associated drag
forces. Using a polar tangent through the
origin, minimum values for the glide ratio
¢ can be indicated. Aerofoil A is therefore
more efficient for larger lift forces, for
smaller B is favourable.

0.0 1.0 2,0 3,0 4,0 5,0

The polar of aerofoil C is less curved than b
‘D

that of A and B, begins with the first
reading at 1.2 N lift force, 0.4 N drag force
and runs below the polar A and B. Before Figure 12. polars-F;/Fp,.
the decline of the lift value, a plateau at a
force of 10 N can be recognised. It can be ==
seen from the diagram that the drag values _
of the adaptive aerofoil C are higher than i g under mepLbrane

those of the rigid profiles.

C. PIV-measurements

For numbering the velocity of flow as well
as for the detection of flow separation, the
measurements at the adaptive aerofoil were
extended with PIV analysis. The measure-
ments also allow an additional assessment
of the effects of the nitryl membrane on
the surface flow.

Length{m/s)

flow separation
phenomena

trailing are
Figure 13 shows the aerofoil under the J

angle of attack of & = 12.4° and the related
camber of ¢ = 20.9°. The measurements Figure 13. PIV flow mapping a = 12,4°% ¢ = 20,9°.
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showed that the stall-phenomena does not lead to
flow separation despite an increased camber. The field
of high velocities that increases at the leading edge
and decreases glidingly with trailing edge indicates
a favourable flow. Furthermore, a gap between aero-
foil and air can be seen. The cause is that the surface
rises due to the suction pressure, which increases the
geometric thickness of the profile and can be seen as
the reason for the increased drag forces according to
Figure 12. Whether this has an influence on the lift
distribution in addition to the increase in the form
resistance, this must be investigated by future reference
measurements.

Air velocities greater than 30 m / s can be detected near
the suction surface at an incoming freestream velocity
of 20 m/s.

1. Conclusion

The development of auto adaptive aerofoils for the
use as a fan blade will improve the efficiency of flow
machines.

It has been shown, that an aerofoil with a variable
camber achieves an improved lift characteristic, espe-
cially at requirements outside the design point. This
was proven by force measurements.

A high priority in the development of such adaptive aero-
foils must be the preservation of a streamlined profile
shape with all adjustable cambers. Investigations in the
last century have produced many profile shapes, which

have been extensively studied, described and optimised
for the smallest values of €. These forms are subject to
a calculation method for defining a favourably curved
skeleton line. In the adaptive aerofoil constructed in
this work, the family of four-digit NACA profiles were
chosen. The uniformly gentle curvature of the skeleton
line, which is desired during the change in curvature, is
shifted by a division into sections with a common point
of rotation. The change in the curvature is transferred as
a superposition to the skeleton line as Figure 14 shows.

It can therefore be summarised that for the successful
construction of an adaptive aerofoil, a low resistance
through the flow-optimised contour and a high surface
quality are decisive.

Which of the listed criteria outweighs and which effects
the simulation of different cambers compared to the
rigid original contours, on drag and lift forces, must
show a number of further investigations. However, it
is advisable to first investigate the effects of different
surface materials on the drag forces on the aerofoil.

A. Outlook

The development of a seal for the surface of the adap-
tive aerofoil with less disruptive effects, for example
with the help of a silicone joint or with a perforated
membrane, should be strived for further research.

If it were possible to design the surface and shape of
the adaptive aerofoil so that the drag force would be
similar to that of A and B, the polar-F; /F, could look

parabolic arcs tangential (oroginal NACA)

Figure 14. Superposition of the skeleton line.
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like Figure 15 and achieve optimum values for & over In the future, acoustic measuring tools for controlling
large areas of 7. the curvature of impeller blades would be conceivable
in order to guide fans on the stable part

of the fan characteristic curve. The devel-

F, [N] opment of innovative materials, such as
et Rl I shape memory alloy metals or advances in

12,0 - o
the applicability of elastomers could be an
10,0 important part of fan design in the future.
A replacement of complex mechanisms in
8,0 k .
the impeller would be conceivable [8].
6,0
4,0 Concluding remark
2,0 The research on adaptive aerofoils opens
0.0 £ up great potential for the energy-saving
use of axial fans. The upcoming challenge
2,0 1 is the development of a suitable drive for
404 the required camber control and its inte-
gration into the impeller blades.
6,0 -
0.0 1.0 2,0 3.0 4,0 .
This would be a large-scale success for a
Nl pew ion of turbomachinery with
generation of turbomachinery wit
Figure 15. theoretic polar. dynamic characteristics. ®
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