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Influence of the Axial Fan Blade Angle on the Turbulent Swirl Flow
Characteristics
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The paper presents the investigation of the turbulent swirl flow in a pipe behind the axial fan with adjustable nine blades for
the angles of 22°, 26° and 30° for the same rotation number (1500 rpm). Velocities were measured with laser Doppler
anemometry (LDA) in the measuring section 3.35-D from the test rig inlet. The achieved Reynolds numbers are Re=236784,
259151 and 277018. The non-homogeneity and anisotropy of the turbulent velocity field are shown. The time averaged
circumferential velocity profiles have shown the Rankine vortex structure and revealed a reverse flow in the vortex core
region for the blade angles of 26° and 30°. The experimentally determined moments of the second and higher orders reveal
complex mechanisms in the turbulent swirl flow. In addition, the visualization of the turbulent swirl flow for an angle of 22° is

presented
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Introduction

turbulent swirl flow generated by an axial fan with three
blade angles of B = 22°26° and 30° has been studied in

this paper. This complex flow, generated by axial fans, was
investigated by various experimental techniques, such as
classical probes, hot-wire anemometry, laser Doppler
anemometry (LDA) and lately with stereo particle image
velocimetry (SPIV) [1-13]. The turbulence structure and a
secondary flows analysis on the axial fan pressure side with a
variable pitch angle has been studied with the use of a triple
HWA probe in [14]. An unsteady flow in axial fans with
circumferential skewed blades was studied using a hot-wire
anemometry in [15]. Here are also referenced studies of a
turbulent swirl flow in a pipe and a diffuser [16-20]. Complex
mechanisms of the turbulent swirl flow are studied in
[1,3,4,7,16,18,21]. In this paper, a laser Doppler anemometer
(LDA) was employed in one measuring section for
subsequent measurements of all three velocities: axial (U),
radial (V) and circumferential (). On the basis of the
obtained results, the integral characteristics of the turbulent
swirl flow were calculated: volume flow rate (Q), averaged
axial velocity (U,), swirl flow number () and Reynolds
number (Re). The non-homogeneity and anisotropy of the
turbulent velocity field are also shown.

This paper presents the research of the turbulent swirl flow
for three different blade angles (22°, 26° and 30°) and a
unique rotation number n = 1500 rpm. Therefore, three
Reynolds numbers have been generated. The time averaged
velocity profiles have shown the Rankine vortex structure and
discovered a reverse flow in the case of the blade angles of

26° and 30°. In addition, the presence of the radial velocity in
the vortex core region is shown. The experimentally
determined moments of the second and higher orders reveal
complex mechanisms in the turbulent swirl flow. It is of
interest, from a scientific and engineering point of view, to
determine how the blade angle variation affects the integral
and statistical characteristics of turbulence. In addition, a
visualization technique has been applied for flow
visualization.

Experimental test rig and LDA measurements

The experimental test rig for turbulent swirl flow
investigation behind the axial fan impeller in a straight pipe is
shown in Fig.1. The total length of the experimental test rig is
L=27.74-D, where D=0.4 m is an average inner pipe diameter.
The position of the measuring section in a transparent pipe,
with a wall thickness of 5 mm, measured from the test rig
inlet, is x/D=3.35.

Experimental test rig
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Figure 1. Experimental test rig: I - DC motor SkW, II - profiled free bell-
mouth inlet, III - axial fan (swirl generator), IV - LDA measuring section, V -
position of the fog generator probe, VI - flow visualization section and VII -
digital camera for visualization.
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The axial fan impeller ZP (Fig.2.a) has an outer diameter
D,=0.399 m, non-dimensional radius D;/D,=0.5, where D; is a
hub radius. The fan has nine adjustable blades (Fig.2.b). The
blade angle at the diameter D, was positioned to values
Pr=22°,26° and 30°. These values occur in technical practice.
This fan was designed to operate with stay guide vanes and a
maximum clearance of 0.5 mm. In this case, the impeller was
working without the guide vanes due to a studied problem and
a higher clearance value.

b)
Figure 2. a) Mounted ZP impeller: 1 - profiled inlet and 2 - ZP impeller and
b) Scanned and modeled axial fan ZP impeller

The fan rotation speed was regulated by a fully automated
thyristor bridge with an error up to £0.5 rpm. The fan
rotational speed of n=1500 rpm is presented here. The
ambient conditions have been also recorded.

Fluid flow visualization

Fluid flow visualization was performed in the pipe cross-
section and in the vertical meridian plane in the section
x/D=26.31. The flow was illuminated with the Nd:Yag laser,
New Wave Research, Solo PIV, max power 30 mJ/pulse,
wave length 532 nm and frequency 15 Hz. It was operating at
14.5 Hz with an attached cylindrical lens of a focal length of
25 mm and a spherical lens with a focal length of 500 mm.
The fog generator probe has approximate Pitot tube geometry
and is a part of the smoke generator system (Elven, Precision
Limited). The probe has a heater in the head and was operated
with the paraffin oil dosed by a precise pump. It was installed
at the position x/D=17.24. A digital camera SONY, model
DSC-H3, with 10x max optical zoom, F/3.5-4.4, max
resolution of 8.1MP and with max 30 fps was used in the
movie mode.

LDA measurements

The LDA measurements were performed with a one-
component LDA system - Flow Explorer Mini LDA, Dantec
with the BSA F30 signal processor unit. The focal length is
285 mm, the laser power is 35 mW and the wavelength is 660
nm. It works in the backscatter mode. The velocity measuring
uncertainty was around 0.1%. All three velocities were
measured subsequently along the vertical diameter at the
points at 10 mm each. Only points with small validation and
sampling rate are omitted in the presented diagrams. A
recording time of 10 s was set up as the stop criterion for
measurements. The flow was seeded by the Antari Z3000II
thermal fog machine with liquid EFOG Density Fluid,
Invision. The axial fan sucked in the fog.

Application of laser anemometry through curved
transparent walls in air flows is a special challenge and
demands adequate corrections. Data sampling rates varied
along the diameter depending also on the measured velocities.
Complex analyses of measurement error, source and level of
measurement uncertainty for LDA measurements in this case
have been performed in [22,23]. Corrections of the
measurement volume position for all three velocities are
calculated.

There is also a problem here of the non-uniform particle
concentration and spatial variation of particle concentration.
The particle motion in the centrifugal field is dominant [24].
Data acquisition and a part of processing were performed in
the BSA software.

Results and Analysis

It is of interest, from both a scientific and engineering point
of view, to determine how the blade angle affects the integral
and turbulence statistical characteristics of the turbulent swirl
flow.

Time-averaged velocity fields

The distributions of all three time-averaged velocities, axial
(U), circumferential (W) and radial (V) for three various blade
angles ($z=22°, 26° and 30°) are presented in Fig.3. The angle
»=90° denotes the upper part (above-pipe axis) of the vertical
diameter, while ¢p=270° denotes the lower part (under-pipe
axis). Velocity distributions are axisymmetrical and have
almost the same character for all three blade angles.
Circumferential velocity is measured from above and under
the pipe due to the focal length. Overlapping of these
measured values is in the vortex core and the shear layer.

Circumferential velocity (W) profiles for all three blade
angles are similar to the model of the solid body-potential
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swirl, i.e. Rankine vortex (Fig.3.c). Four distinct regions are
obvious for all three blade angles. Circumferential velocity
has almost a linear distribution in the vortex core region, the
maximum value in the shear layer, which is followed with the
main sound flow region (free vortex) and potential swirl. The
last one is the boundary layer region, which was not captured
during these measurements. The circumferential velocity
maximum values (W) are the highest for the angle z=30°
in the point #/R=0.25. The maximum values for other two
angles are reached in approximately the same point (#/R=0.2).
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Figure 3. Distributions of the time averaged non-dimensional velocities for
all three blade angles in the measuring section: a) axial (U), b) radial (V) and
¢) circumferential ()

Circumferential velocity strongly influences distributions
of the axial and radial velocities. A reverse flow, i.e.
recirculation flow, in the vortex core region is obvious on the
non-dimensional axial velocity profiles for the angles Sz =26°
and 30° (Fig.3.a). Axial velocity is almost constant in the
main flow region and has the highest values for the fz=30°.

The highest radial velocities are achieved in the vortex core
region and here, the highest radial velocity is for the blade
angle fz=22°, while the lowest one is for the angle £z=30°. In
other fluid flow regions, radial velocity has significantly
smaller intensity (Fig.3.b).

On the basis of the axial velocity distribution, volume flow
rate (Q) is calculated as well as the averaged axial velocity in
volume (U,,) as follows

2

1
Q:ZzRZJ-kUdk, U, :Rl (1)
T
0

where k is the dimensionless radius. The Reynolds number is
calculated as Re = U,,D/v, where (v) is kinematic viscosity.

Average circulation in the measuring section is calculated
as follows

1
r= % J' UWdk. )
0

The swirl number is defined as Q = Q/(RI). The integral
parameters calculated for all three blade angles are presented
in Table 1.

Table 1. Integral parameters for the blade angles fr = 22°, 26° and 30°.

Angle Integral parameter

Brl°] O[m’s] | U, [m/s] Re T [m’/s] Q
22 1.137 8.83 236784 5.27 1.07
26 1.215 9.43 259151 5.83 1.03
30 1.305 10.13 277018 7.91 0.81

It is obvious that all integral parameters, except for the
swirl number, have increased with the blade angle increase
(Table 1). The distinction in the swirl number reveals non-
similarity among velocity profiles for various blade angles.

Turbulence statistics
Turbulence intensities in axial o,, radial o, and
circumferential o,, directions are defined as follows

172

T
o, = ;]/zz 1 wldt
o= () | o)

—\1/2 0—1/2 ®
o= () =)

In Fig.4, the distributions of the measured turbulence levels
0/ Uy, , where i=u,v,w for three blade angles, f =22°, 26° and
30°, are presented. It can be noticed that g, 0, and o, as well
as appropriate turbulence levels, o6,/U,, i.e. turbulence
intensities o; normalized by appropriate velocity U, reach
their highest values in the vortex core and the shear layer
region, while in the sound flow region they have significantly
lower values. The lowest turbulence levels are reached for
angle Sz = 30° and the highest ones for angle Sz = 22° for all
flow regions and velocities. The influence of the angle B is
dominant in the main flow region.
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Figure 4. Turbulence levels for three blade angles for the fan ZP: a) axial, b)
radial and c¢) circumferential velocity

The turbulence intensities for all three velocities and for
two blade angles fz=22° (Fig.5.a) and fr=26° (Fig.5.b) are
presented in Fig.5. The character is similar for both blade
angles and all velocity components. Maxima for all velocities
and both blade angles are reached in the vortex core region.
Anisotropy occurs in all flow regions for both blade angles.
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Figure 5. Turbulence intensities for all velocities for angles fz: a) 22° and b) 26°

The normalized values of the moments of the third order
are defined as follows

S, =uw’fo), S, =3, S, =w /o) 4)

and they represent the skewness factors of axial u, radial v
and circumferential w fluctuating velocities. The distributions
of the skewness factors for all three velocities and three blade
angles of the fan ZP are presented in Fig.6. The skewness
factors for all three velocities differ from the value for normal,
Gaussian distribution (S,=S,=S,=0).

All distributions are non-uniform. The impact of a blade
angle is strong on the value and the sign of S;. The influence
of fr on S;is expressed in various ways in different zones. For
example, Sz acts in different ways in the domains of vortex
core and the sound flow region on S, trends. The biggest
positive values Sy, max ~0.7, obtained for fr =22° and 26°, are
in the core (Fig.6.c), and the minimum value is S,=-1.7, also
achieved in the vortex core (Fig.6.b). The skewness factor S,
has the narrowest interval of values -0.6< S, <0.25, and,
contrary to S, and §,,, is negative in the vortex core for all
values of Sz, except in a small central domain for S =30° A
statistical presentation is clearer if the central moments of the
fourth order are also treated, the normalized values F; of
which are calculated as follows

E =u' /ot F,=v' /ot F, =w' /ot (5)
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Figure 6. Skewness factor for all three blade angles of the fan ZP: a) axial, b)
radial and c) circumferential velocity

All values F;, i=u,v,w differ from the values for normalized
distribution (F,=F,=F,=3). The zones with extreme peaks point
out to the presence of small fluctuations which are formed by
turbulent eddies motion in the field of small velocity gradients.
The influence of the parameter Sz on all three non-uniform

distributions F; is obvious. The values F), for fr = 30° are greater
than the ones for fz = 22° (Fig.7.b). The values of F,, in the
vortex core region (Fig.7.c) show that it incroporates a wide
spectrum of fluctuating circumferential velocities and the motion
of turbulence structures of various scales.
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Figure 7. Flatness factor for all three blade angles of the fan ZP for the
regime n; in the measuring section 1 for: a) axial, b) radial and c)
circumferential velocity
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Visualization

Turbulent swirl flow visualization has been performed with
a specified camera only for an angle of 22° in the specified
position in the pipe cross-section (Fig.8.a) and the vertical
meridian plane (Fig.8.b).

b)

Figure 8. Fluid flow visualization in the: a) cross-section and b) vertical
meridian plane.

There is a significant amount of seeding in the vortex core
region which is expected due to the velocity and,
consequently, the pressure field distribution. This was also
shown for ZP22 and the rotation number n = 1000 rpm [25].

Conclusions

Turbulent swirl flow is widely present in nature and
technology, and its research has great both theoretical and
practical significance. The performed LDA measurements
have shown a very good interpretation of turbulent swirl flow

measurements. The analysis of the integral and turbulent
characteristics of the turbulent swirl flow behind the axial fan
impeller has revealed its complexity. The circumferential time
averaged velocity profiles have shown the Rankine vortex
structure for all three blade angles, while the axial velocity
profiles discovered the reverse flow in the vortex core region
for the blade angles of 26° and 30°.

The measurements have also shown finite values of radial
velocity in the vortex core, with small intensities in all other
fluid flow regions. This turbulent field is strongly non-
homogeneous and anisotropic. The highest turbulence levels
are achieved in the vortex core region for all three blade
angles. These flows with high turbulence levels are still
undesirable for mathematical modeling, and this type of flow
still remains unresolved. It is shown that the turbulence levels
for all three velocities reach their maxima in the vortex core
region and increase with a swirl number increase, and blade
angle decrease.

High values of the measured skewness and flatness factors
are characteristic for this flow. They differ from the values for
the normalized distribution. This determines a strong
asymmetry in the distribution of the probability density of
fluctuating velocities, as well the presence of intermittent
phenomena in complex processes of turbulent exchange in the
turbulent swirl flow. This research will be continued for a
range of Reynolds numbers and other fan types.
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Uticaj ugla lopatice aksijalnog ventilatora na karakteristike
turbulentnog vihornog strujanja

U ovom radu je prikazano istraZivanje turbulentnog vihornog strujanja u cevi na potisu aksijalnog ventilatora sa devet
podesivih lopatica za uglove 22°, 26° i 30° i istovetni broj obrtaja (1500 min™). Brzine su merene laser Dopler
anemometarskom tehnikom u mernom preseku 3.35-D od ulaska u instalaciju. Postignuti su Rejnoldsovi brojevi Re=236784,
259151 i 277018. Prikazana je nehomogenost i anizotropnost izu¢avanog turbulentnog brzinskog polja. Profili vremenski
osrednjenih obimskih brzina imaju karakter Rankinovog vrtloga, dok se u slu¢aju aksijalnih brzina primecuje povratno
strujanje u oblasti vrtloZnog jezgra za uglove 26° i 30°. Eksperimentalno odredeni momenti drugog i viSih redova prikazuju
kompleksnost turbulentnog vihornog strujanja. Vizualizacija turbulentnog vihornog strujanja je prikazana za ugao 22°.

Kljucne reci: aksijalni ventilator, turbulencija, vihorno strujanje, vizuelizacija strujanja, laser Dopler anemometrija.

Bausinue yria jionacreil 0CeBOro BEHTHJISITOPA HA XapaKTePUCTHKH
TYpOYJIEHTHOT0 BUXPEBOI0 MOTOKA

ITa CTaThsl NPEACTABISIET HCCIeI0BAHHE TYPOYIeHTHOI0 IOTOKA B TPY0e 1J1sl BLINOJIHEHHSI 0CeBOI0 BEHTUISITOPA C IeBSITHIO
peryaupyeMbIMH JIONATKAMH LIS yriioB 22°, 26° u 30° u ogunaKoBoe 4ic10 06oporos (1500 min™). CxopocT usmepsiiotes
METO/I0M Jia3epHoii Jlonn/iepoBckoii aHeMOMeTPUHN B MepHOM nepecedeHnu 3:35 « D o1 BXoJa B yCTAaHOBKY. BbInoJsiHeHbI
yuciaa Peiinoabaca Re = 236784, 259151 u 277018. 3aech noka3aHa HeOAHOPOJHOCTb M AHU30TPONHUS MCCJIETOBAHOIO
TypOy/IeHTHOI0 CKOPOCTHOro noJisi. [Ipodaiisibl ycpeAHEHHBIX 10 BpeMEHH OKPYKHBIX CKOPOCTeil HMEeIOT XapaKTep BUXps
Penkuna, noka B cJIy4uae 0ceBbIX CKOpPOCTeii 3aMedaeTcst 00paTHBII IOTOK B 00J1aCTH BUXPEBOT0 SAPa 11s1 yriIoB 26° 1 30°.
DKCIePUMEHTAILHO OINpeie/IéHHble MOMEHTbI BTOPOro M 0ojiee BBICOKHX MOPSIKOB MNOKA3BIBAIOT CJI0XKHOCTH
TypOy/IeHTHOT0 BHXPEBOTro NOTOKA. Busyanm3zanus TypOy/JJeHTHOr0 BUXPEBOro MOTOKA MOKAa3aHa Mpo yroJ 22°.

Kniouesvie ciosa: oceBoii BeHTHIIATOP, TYPOYJI€eHTHOCTD, TYPOY/IeHTHBII BUXPEBOii IOTOK, BU3yaJIM3AIHsI TOTOKA, JIa3epHAas

JlonmjiepoBckas aHEeMOMeTpHSI.
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Influence de ’angle de ’aube du ventilateur axial sur les
caractéristiques du courant turbulent de tourbillon

Ce travail présente les recherches sur le courant turbulent de tourbillon dans la tube derriére le ventilateur axial 4 neuf aubes
ajustables pour les angles de 22°, 26° et 30° et pour le méme nombre de tours (1500 min’* ). Les vitesses ont été mesurées par
la technique laser Doppler anémométrique dans la section de mesurage 3.35 - D a partir de son entrée dans I’installation . On
a réalisé les suivantes nombres de Reynolds : Re = 236784, 259151 et 277018. On a présenté la non homogénéité et
I’anisotropie du champ turbulent de vitesse étudié. Les profils des vitesses de moyen volume temporellement ont le caractére
du vortex de Rankine alors que chez les vitesses axiales on peut observer le courant réversible dans le domaine du noyau de
vortex pour les angles de 26° et 30°. Les moments déterminés par la voie expérimentale pour le second ordre et pour les ordres
plus hauts révélent toute la complexité du courent turbulent de tourbillon. La visualisation du courent turbulent de tourbillon
a été présentée pour ’angle de 22°.

Mors clés: ventilateur axial, turbulence, courant de tourbillon, visualisation de courant, anémométrie, laser Doppler



