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In addition to developing fans as aerodynamically efficient
as possible, acoustic gains more and more importance for the
purpose of reducing fan noise exposure. In order to combine
good aerodynamic properties with a silent fan, this experimental
research investigates the acoustic and aerodynamic characteristics of an axial fan. In this case, a fan with skewed blades is
tested in view of its aerodynamic efficiency and noise exposure in
dependence on its tip clearance and stagger angle. For this purpose, six different stagger angles and five tip clearance gaps per
angle were measured in a fan test rig (according to ISO 5136).
Interpretation of the recorded data shows a clear trend toward
higher aerodynamic efficiency and less noise with a down-sizing
of the tip clearance gap. As the cost of manufacture rises with the
decrease of the tip clearance, the efficiency of these measures can
be calculated with the results of this study under consideration
of aerodynamic and acoustic aspects.

TIP CLEARANCE AND TIP LEAKAGE FLOW

INTRODUCTION
Nowadays the dimensions of manufactured fans vary from
small radial fans of several millimeter in diameter for cooling

all correspondence to this author.
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NOMENCLATURE
AD
Duct cross sectional area
AR
Ring cross sectional area
D
Inner duct diameter
Di
Hub diameter
Do
Outer fan diameter
K
Calibration coefficient
Lp
Corrected sound pressure level
Lw
Sound power level
Lw,spez
Specific sound power level
M
Torque
V̇
Volume flow rate
Re
Reynolds number
c
Speed of sound
f
Frequency
n
Rotational speed
pd
Dynamic pressure
ps
Static pressure
pt
Total pressure
s
Tip clearance

sion of turbo-machines. In the field of gaining quieter fans good
progress was made by developing skewed blades, for example.
In [1] it was shown that for skewed blades the aerodynamic performance as well as the emitted sound power level improves.
Beside the further development of the blades, it is increasingly
attempted to further raise the aerodynamic efficiency and reduce
sound generation by optimizing the stationary devices e.g. the
casing of the turbo-machine. One possibility is to design the tip
clearance s between the rotor blades and the casing so that a good
compromise for efficiency and noise emission as well as manufacturing costs can be found. Improvement of the casing in order
to get smaller tip clearances increases the manufacturing cost in
consequence of tighter tolerances for both - rotating and stationary parts.
To investigate the influence of tip clearance on the aerodynamic
and acoustic characteristics of a fan a test rig was constructed and
built. Because of the tip clearance and due to a pressure difference between the suction and the pressure side of the blade a tipleakage flow is formed (Fig. 1). The intensity of the tip-leakage
flow and the related tip-leakage vortex depends on the size of
the gap and the pressure difference between the pressure and the
suction side of the blades. In the limit s/Do → 0 no tip leakage
vortex is formed. According to the Helmholtzs vortex theorems
the leading edge vortex in this case would reach infinite radius.
In the limit s/Do → ∞ (no casing) the tip leakage vortex is of the
same strength as the leading edge vortex. As shown in [2] in 1926
this secondary flow has, in addition to the losses in pressure, an
influence on the blades incident flow and causes separation at the
blade tips, which leads to an earlier start of the rotating stall with
increasing tip clearance. In order to quantify the aerodynamic
losses and the acoustic changes, caused by the flow and the vortex, five tip clearances and six stagger angles were tested and
analyzed. The aerodynamic losses caused by the tip clearance
are regarded in differences of total pressure loss which also lead
to minor aerodynamic efficiencies. The higher noise emission is
shown in the change of sound power level. Also changes within
the frequency spectrum are regarded.
Earlier studies from Marcinowski in 1958 [3] and Kameier in

Greek symbols
∆pD
Static pressure difference
∆psys
Blowing out pressure difference
∆pt
Total pressure difference
∆pK
Static pressure difference
∆βs
Stagger angle
∆ηsys,max
Difference in maximum efficiency
βs
Design angle
ηsys
System efficiency
ηsys,max
Maximum system efficiency
η
Efficiency with total pressure rise
ν
Hub-tip ratio
ρ
Air density
τ
Relative tip clearance
ϕ
Flow coefficient
ψ
Pressure coefficient
computer chips to huge axial fans in wind tunnels which can
reach more than 15 m in diameter. Additionally to the continuing improvement of aerodynamic efficiency, in recent years
research attached great importance to reducing the noise emis2
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Figure 3.

outer diameter of Do = 0.63 m and a hub-tip ratio of ν = 0.45
was mounted on the test rig. The blades have a backward sweep
in the hub and a forward sweep in the tip region. They were
designed using a free vortex design method with constant total pressure rise across the span of the fan blade. As shown in
Fig. 3, the fan assembly is partitioned into rings with different inner diameters which can easily be replaced to vary the tip clearance. The inner diameter of the flow path segments upstream
and downstream of the rotor is designed in a way that even with
the ring used for the largest tip clearance there is always a reduction in the cross sectional area. This always leads to an accelerated flow, where round edges at the occurring steps additionally ensure, that there is no flow separation. For this study
the tip clearances were τ = 0.1%, 0.2%, 0.3%, 0.5% and 0.8%
of the outer fan diameter. The variation of the stagger angle
(∆βs = 12◦ , 6◦ , 0◦ , −6◦ , −12◦ , −18◦ ) was realized with six sets
of blades. Each set was trimmed separately in its mounted position in order to get a constant gap over the cord length. During
the experiments the rotational speed was n = 41.66 1/s to achieve
a constant Reynolds number of Re = πnD2o /ν = 3.5·106 with the
kinematic viscosity ν = 15 · 10−6 m2 /s for air at standard conditions. A throttle at the pressure side end of the test rig was used
to vary the volume flow rate V̇ by changing counter pressure.
For every characteristic in the average 19 points were measured.
The first point of every characteristic was measured with the
throttle completely open, so that the volume flow was at its maximum. For the following points the flow was throttled until the
fan reached the stall region. The last measured point was not yet
at stall conditions.

FAN ASSEMBLY

1993 [4] also analyzed the influence of the tip clearance. Marcinowksi specified the difference of the highest reachable system
efficiency ηsys,max from the relative tip clearance τ = 0.1% to
τ = 0.8% for an eight-bladed fan to ∆ηsys,max ≈ 0.13. In this
study τ is always the relative tip clearance s/Da . The change in
the sound emission of the fan was also tested and a shift of the
peak, caused by the tip clearance noise, towards smaller frequencies with increasing tip clearance was detected. In literature and
this study tip clearance noise specifies the peaks in the frequency
spectrum which are generated while enlarging the tip clearance.
Kameier gives a value of ∆ηsys,max ≈ 0.07 for an increasing tip
clearance from τ = 0.066% to τ = 0.53% for a 24-bladed fan
with a hub-tip ratio ν = Di /Do = 0.62. The rise of the specific
sound power is related to a broadband increase of the sound pressure level with a discrete rise and movement of the peak caused
by the tip clearance noise. This was also found by Fukano and
Jang [5]. They showed that the frequency related to this this peak
matches approximately with the period of one rotation of the tipclearance vortex. They also showed that the frequency shift of
the peak depends on the flow coefficient ϕ (Eqn. 2), the size of
the tip clearance s and the rotational speed of the fan n, which
could be affirmed by this study.

Volume Flow Rate
Measurement of the volume flow rate is performed with an
inlet nozzle. The static pressure difference between the ambient
and the accelerated flow inside the nozzle with a calibration coefficient K is used to calculate the air speed at a given area. In case
of the used inlet nozzle K isqconstant and the volume flow rate
can be calculated to V̇ = K ∆p /ρ. The six pressure measure
D
locations distributed over the circumference of the inlet nozzle
are connected by a circular manifold, to connect and average the
pressure.
Pressure
Pressure measurements are made with a 16 channel scanner
by Pressure Systems. Calibration allows that the 16 channels can
be measured simultaneously with an absolute uncertainty of less
than 1 Pa. The total pressure rise of the fan is ascertained by two
static pressure measurements. Figure 3 shows two measuring
planes - 1 and 2.In each plane there are six static pressure drills.
Knowing the volume flow rate and the static pressure difference
over the fan stage ∆pK = p2 − p1 the total pressure rise can be

EXPERIMENTAL SETUP AND METHODOLOGY
The experiments were performed in a fan test rig according
to ISO 5136 [6] located at the laboratory of the Chair of Fluid
Systems Technology at Technische Universität Darmstadt [7].
This standard defines the required setup to measure and compare
the emitted acoustic power of fans and other turbo-machines. In
this test case a fan with nine skewed blades, 13 guide vanes, an
3
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with ∆psys = ∆pt − pd2 .

calculated by
ρ
∆pt = pt2 − pt1 = ∆pK +
2



V̇
AR

2 "
 2 #
AR
1−
.
AD

Uncertainty of Measurement
The uncertainty of measurement for ϕ is in the range of 11.3 % based on the actual volume flow. For η the uncertainty is
smaller than 1.2 %, for ηsys smaller than 1 % absolute efficiency,
according to actual pressure rise, volume flow rate and torque.

(1)

The dynamic pressure is determined by the volume flow rate. AD
denotes the circular cross sectional area of the duct. AR describes
the ring cross sectional area at plane 2. Due to the guide vanes
behind the rotor there is only negligible swirl at plane 2. The
same is true for plane 1.

Sound
The sound within the duct is measured with two microphones each close to the anechoic terminations at the ends of
the duct. The microphones are installed approximately 7 times
the inner duct diameter D upstream, and approximately 11 times
D downstream of the reference plane E (Fig. 2). The pressure
field microphones are manufactured by Bruel & Kjaer with a
recordable frequency range between 3.15 Hz and 20 kHz. In
this study the analyzed frequency range expends from 16 Hz to
16 kHz. Every item in the duct which is exposed to the turbulent
flow generates a noise. The microphones are installed in a turbulence screen to generate a minimal and known background noise
at known frequencies, depending on the flow rate, which can be
eliminated in later calculations. With a two-channel microphone
amplifier, the acoustic signals are recorded and analyzed with a
computer. The sound power level used in this study is determined
in decibel (dB) according to [6]:

Torque
To determine the aerodynamic efficiencies of the fan an input power has to be obtained. Therefore a flying mounted torque
flange manufactured by Manner Sensortelemetrie was installed
between the driveshaft and the fan. Due to the direct installation
at the rotor the torque M is measured without any bearing friction torque. Because of the small surface, disc friction torque is
negligible compared to the aerodynamic torque.
Dimensionless Products
In order to allow comparisons with other turbo-machines the
characteristic curves are always plotted with dimensionless products. As mentioned above the dimensionless flow rate is the flow
coefficient
ϕ=

4V̇
.
nπ 2 D3o



AK
ρc
− 10 lg
,
Lw = L p + 10 lg
A0
(ρc)0

(2)

where A0 = 1 m2 is a reference cross sectional area and (ρc)0 =
400 Ns/m3 is the acoustic impedance at standard conditions. L p
is the corrected sound pressure level determined according to [6].
In order to be able to compare fans at different operating points
[8] introduced the specific sound power

The dimensionless total pressure rise is given in form of the pressure coefficient
ψ=

2∆pt
ρ (nπDo )2

.

(6)

(3)


Lwspez = Lw + 10 lgV̇ − 20 lg∆pt ,

With measured torque M and the rotational shaft speed n,
the efficiency of the fan can be determined to:

(7)

which will be used in this study.
V̇ ∆pt
η=
.
2Mπn

(4)
RESULTS
All points shown in this study are measured with the described measurement technique while the lines are interpolated
with a 5th degree polynomial, with the exception of Fig. 8,
Fig. 15 and plots with the frequency spectrum.

If the system efficiency of a fan blowing out directly in the ambient is considered, this efficiency is of course smaller than Eqn. (4)
2
since the mixed out loss ρ/2 V̇ /AR has always to be overcome. The system efficiency for blowing out directly after the
fan can then be calculated by
ηsys =

V̇ ∆psys
,
2Mπn

Aerodynamics
Figure 4 shows the aerodynamic characteristics, pressure coefficient ψ versus the flow coefficient ϕ of the tested fan for a

(5)
4
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comes smaller. This is a sign of an influence of the tip clearance
flow on the incident flow at the blade tips leading to separations
in this operating range.
In Fig. 5 the aerodynamic efficiency η and the system efficiency
ηsys calculated with Eq. 4 and 5 are shown. The relation between
the system efficiency ηsys and the aerodynamic efficiency η is:

efficiencies η, ηsys

η

0.6

ηsys

"

ϕ2
ηsys = η 1 −
(1 − ν 2 )2 ψ

rel. tip
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0.1
0.1

τ = 0.1%
τ = 0.2%
τ = 0.3%
τ = 0.5%
τ = 0.8%

Figure 5.

0.2

AERODYNAMIC EFFICIENCIES FOR ∆βs

#
(8)

Because the fan is not able to reach the peak operating point of
aerodynamic efficiency η with the given test rig, this study from
now on always focuses on ηsys . The biggest influence of tip
clearance excluding the biggest gap with approximately 0.045
difference in the efficiencies, can be found in the region around
the efficiency peak.

0.3

flow coefficient ϕ

1

= 0◦

Figure 6 shows the aerodynamic characteristics for ∆βs = 6◦
and ∆βs = −6◦ . It is obvious that, while the array of curves for
∆βs = 6◦ is at a higher pressure level, the influence of the tip
clearance is smaller. The efficiency for ∆βs = 6◦ in Fig. 7 shows
that although ∆pt and V̇ are larger, peak ηsys is clearly lower.
The difference of ηsys,max between τ = 0.2% and τ = 0.8% is
about ∆ηsys,max ≈ 0.03. Although the difference is in the range
of the error in measurement, it can be seen that for ∆βs = 6◦ and
∆βs = −6◦ the smallest tip clearance does not have the largest
efficiency. It can again be seen that the difference in efficiency
caused by the larger tip clearance gets maximal for the efficiency
peak. For ∆βs = −6◦ and τ = 0.3, 0.5, 0.8% a total stall could

stagger angle ∆βs = and the five tip clearances ranging from
0.1% to 0.8%. It is evident that with increasing tip clearance the
pressure coefficient decreases. This is the consequence of larger
tip-leakage flows over increasing blade tip clearances. The bigger difference for smaller flow coefficients is caused by a higher
pressure difference between the pressure and the suction side of
the blades at higher pressure coefficients.
The point with the lowest flow coefficient of each curve is always the last stable point before the fan reaches the rotating stall
region. For an increasing tip clearance the rotating stall starts at
higher flow coefficients, so that the stable range of the fan be0◦

5
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ciency is reached with τ = 0.8% and a stagger angle ∆βs = 0◦ .
The large negative gradient of the curve of Marcinowski can only
be rudimentarily affirmed with ∆βs = −18◦ . In this study the
maximal reached efficiency with ∆βs = −18◦ and τ = 0.8% was
only ≈ 80% of the value for τ = 0.1%. Although the largest tip
clearance measured by Kameier is τ = 0.53% the tendency of
this curve fits better with the results of this study. It can also
be determined that the influence is smaller for positive than for
negative stagger angles. The influence between τ = 0.1% and
τ = 0.2% is only about one per cent for all stagger angles except
for ∆βs = −18◦ .

1

Kameier
Marcinowski
stagger
angle
∆ βs= 12°
∆ βs= 0°
∆ βs=−12°

Acoustics
In Fig. 9 the specific sound power level is plotted versus the
flow coefficient for fixed stagger angle ∆βs = 0◦ but different tip
clearances. The curves for τ = 0.1% in Fig. 5 and Fig. 9 show a
local minimum in noise generation an a local maximum in ηsys
at the same flow coefficient. Because of the sound mainly generated by seperations caused by incident, the emitted sound rises
off the optimum. With smaller flow coefficients the tip clearance
vortex and later separations also contribute more to noise generation. This matches with the results Fukano and Jang show
in [5] that the intensity of the tip-clearance vortex rises while
throttling the flow rate. The tip-clearance vortex grows, the rotating frequency and the noise peak frequency decreases, which
can also be confirmed with the results in this research. In [9] it
was detected that with decreasing flow rate the tip leakage vortex is moving upstream and can interfere with the trailing edge
of the following blade. This is disturbing the wake flow near the
blade tip and generates noise. While increasing the flow rate the

∆ βs=−18°
0.75
0

τ = 0.1%
τ = 0.2%
τ = 0.3%
τ = 0.5%
τ = 0.8%

30
0.1

0.3

rel. tip
clearance

0.5

rel. tip clearance τ in %

Figure 8. INFLUENCE OF RELATIVE TIP CLEARANCE ON
AERODYNAMIC EFFICIENCIES

not be produced with the throttle at the end of the duct. For
∆βs = −12◦ and for ∆βs = −18◦ , a total stall could not be generated for any tip clearance. Therefore no conclusion about the
stable operating range of theses configurations could be drawn.
In Fig. 8 the influence of the tip clearance is shown by means of
the peak efficiency for one tip clearance gap, based on the efficiency of τ = 0.1% for this stagger angle. For clarity only four of
six stagger angles and curves calculated out of Marcinowski [3]
and Kameier [4] are plotted. Only about 92% of the peak effi6
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is defined as the product of the rotational shaft speed and the
number of rotor blades. In the plot, the BPF and its harmonics
are marked with dashed vertical lines. It can be seen that the increase of the specific sound power shown in Fig. 9 is caused by a
rise of the corrected sound level over the whole frequency range.
With smaller flow coefficients the regions of the clearance noise
can also be seen slightly before and between the BPF and its first
harmonic.
Figure 11 shows 3 operating points for ∆βs = 0◦ and a tip clearance of τ = 0.5%.A broadband and discrete rise of L p can be
determined for decreasing flow coefficients. It can be seen more
clearly that with smaller flow coefficients the tip clearance noise
again rises between the BPF and its first multiple.
Regarding Fig. 9 it can be seen that with increasing τ the minimum of the curves are shiftet towards higher flow coefficients.
Except for large flow coefficients the specific sound power increases strongly with increasing tip clearance. This can again
be traced back to the increasing pressure difference between the
suction and the pressure side of the blade. The difference in the
specific sound power between τ = 0.1% and τ = 0.8% at an operating point with ϕ ≈ 0.175 is about 12 dB. In Fig. 12 the corrected sound level for these points and τ = 0.5% at nearly the
same operating point is shown. As in [5] and [10] the increase of
Lwspez is caused by a broadband and discrete rise of L p . The discrete rise mainly takes place before and between the BPF and its
first two harmonics. Fukano and Jang in [5] as well as Kameier
in [4] noticed a slight move of the peak caused by the tip clearance noise towards smaller frequencies when increasing the tip
clearance. For this fan configuration the tip clearance noise is located mainly between the BPF and its first harmonic. A smaller

BPF
ϕ = 0.146

10

3

f in Hz

Figure 12. CORRECTED SOUND PRESSURE LEVEL VERSUS
FREQUENCY FOR ∆βs = 0◦

120
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2
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Figure 10. CORRECTED SOUND PRESSURE LEVEL VERSUS
FREQUENCY FOR ∆βs = 0◦ AND τ = 0.1%

0

τ = 0.1%

4

10

CORRECTED SOUND LEVEL VERSUS FREQUENCY FOR

∆βs = 0◦ AND τ = 0.5%
tip leakage vortex interfaces with the suction side which results
in high velocity fluctuation and again in higher noise emissions.
In Fig. 10 the corrected sound power level is plotted versus the
frequency for three operating points of the lowest curve in Fig. 9
with ∆βs = 0◦ and a tip clearance of τ = 0.1%. The peak at
f = 41.66 Hz results from a sound generated by the engine with
a rotational speed n = 41.66 1/s, but it was proved that the influence on the calculated sound power was neglectable. The peak
at f = 375 Hz is called the Blade Passing Frequency (BPF) and
7
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peak can also be found between the second and third harmonic.
A variation of the rotational speed assured that these peaks are
not the result of resonances of the test rig and remain between
the BPF and its first respectively the second and third harmonic.
In [5] the tip clearance noise is also located between the BPF and
its first two harmonics. The tip clearance noise of the 24-bladed
fan in [4] is in front of the BPF. Fig. 11 also affirms the prediction
in [5] that this peak also moves to smaller frequencies at lower
flow coefficients.
In Fig. 13 the specific sound power is plotted versus ϕ/ϕopt for
τ = 0.1% for all stagger angles. ϕopt is the flow coefficient at
ηsys,max . It can be seen that almost all minima of Lw,spez match
with ϕ/ϕopt = 1. So that for small tip clearances the most aerodynamic efficient operating point equals the quietest operating
point. Regarding the value of Lw,spez it can be seen that for
∆βs < 0◦ , with the exception of ∆βs = −18◦ , the emitted sound
at ϕ/ϕopt = 1 is almost equal to the design angle. For bigger tip
clearances (Fig. 14) generally a higher level of specific sound
power and a slight move towards higher ϕ/ϕopt especially for
∆βs < 0◦ is recognized.
Figure 15 shows the difference of the minima in specific sound
power versus the tip clearance. The change in Lw,spez is referenced on τ = 0.1% for every stagger angle. The best fit lines
are plotted through τ = 0.1% and ∆Lw,spez = 0 dB. The trend towards higher Lw,spez with an increasing tip clearance can clearly
be proven with this plot. It can also be seen that the influence of τ
gets maximal for the large negative stagger angles and decreases
noticeably for increasing ∆βs . For ∆βs = 12◦ and τ = 0.8% the
difference in the emitted specific sound power is ∆Lw,spez ≈ 1 dB.
For ∆βs = −12◦ and τ = 0.8% it is nearly ten times as high.

∆βs =-12◦
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Figure 15. INFLUENCE OF RELATIVE TIP CLEARANCE ON RELATED
SPECIFIC SOUND POWER

CONCLUSION
In this experimental study the influence of the tip clearance
on the aerodynamic and acoustic characteristics of a fan with
skewed blades was measured and analyzed for 30 different fan
configurations. A clear trend towards better aerodynamic efficiency and quieter fans with decreasing tip clearances could be
shown. The dependence of the influence on the operating point
could be proven. It was shown that the tip clearance also has
an effect on the stable operating range of this fan. It could also
8
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be pointed out that the influence of the tip clearance on negative
∆βs is much bigger than on positive ∆βs . The frequency regions
where bigger emissions of sound can be found were pointed out
as well as the movement of these regions with a change in the tip
clearance geometry or in the operating point. It was shown that
the aerodynamic influence of the tip clearance on this fan with
skewed blades is slightly lower than on the compared standard
bladed fans. With the results of this study a calculation of the
most efficient design point for aerodynamics as well as acoustics can be made and the advantage can be calculated against the
extra manufacturing costs for smaller tip clearances.
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