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INVESTIGATION OF THE TURBULENT SWIRL
FLOW IN PIPE GENERATED BY AXIAL FANS
USING PIV AND LDA METHODS
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ABsTRACT. In this paper is presented experimental investigation of the turbu-
lent swirl flow in pipe generated by axial fans. Two various models of industrial
axial fans are used. One of these is axial fan W30, model AP 400, Minel, Ser-
bia and has seven blades and outer diameter 0.397 m. Second axial fan SP30
is model TGT/2-400-6, S&P, Spain, has six blades and outer diameter 0.386
m. This results with greater clearance in the second case. Blades were ad-
justed for both fans at the angle of 30° at the outer diameter. Test rig length is
27.74-D, where D is average inner diameter app. 0.4 m. Measurements are per-
formed in two measuring sections downstream the axial fans (z/D = 3.35 and
z/D = 26.31) with one-component laser Doppler anemometry (LDA) system
and stereo particle image velocimetry (SPIV). Obtained Reynolds numbers,
calculated on the basis of the average axial velocity (Up,) in the first measur-
ing section are for fan SP30 Re = 226757, while for fan W30 Re = 254010.
Integral flow parameters are determined such as average circulation and swirl
number. Significant downstream axial velocity transformation occurs for both
fans, while circumferential velocity is decreased, but non-dimensional velocity
profile remains the same. Circumferential velocity distribution for both fans
in the central zone corresponds to the solid body, while in /R > 0.4, where
D = 2R, distribution is more uniform. Radial velocity in the case of fan SP30
has almost zero values in the measuring section z/D = 3.35, while its values
are significantly increased in the downstream section with the maximum in
the vortex core region. On the contrary radial velocity decreases downstream
for fan W30 and has also maximum value in the vortex core region for both
measuring sections. Level of turbulence, skewness and flatness factors are cal-
culated on the basis of the experimental data. The highest levels of turbulence
for circumferential velocity are reached in the vortex core region for both fans.
It is shown how statistical moments of the third and fourth order differ from
the values for normal Gaussian distribution. In this paper are also analyzed
velocity fields by use of SPIV.
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1. Introduction

Turbulent swirl flow in pipe behind two industrial axial fans without guide vanes
has been experimentally studied in this paper. Fans are in built after ISO norm,
case B - free inlet, ducted outlet. Complex three dimensional turbulent swirl flow
has been studied by numerous authors [1-23]. Statistical properties of the turbulent
swirl flow in pipes is studied in [1,9]. Turbulent swirl flow in pipe on the axial fan
pressure side is thoroughly studied in [1-3,10,15]. Literature overview is given
in [1-3,9,10,14,15]. In [9] are studied statistical characteristics of the Rankine
swirl flow in pipes and diffusers. Study of the influence of Reynolds number on
the statistical and correlation-spectral properties of the generated turbulent swirl
flow is studied in [3,5,6]. Investigation of structure and non-gradient turbulent
transfer in swirling flows is studied in [4], while high speed stereo particle image
velocimetry (HSS PIV) is employed in [3,7]. Study of the influence of the axial
fan blade angle on the turbulent swirl flow characteristics is presented in [8]. In
this paper are studied integral and statistical parameters of the turbulent swirl flow
behind two industrial fans. Statistical moments of the second and higher order are
calculated and analyzed.

2. Experimental Test Rig

Experimental test rig, 27.35-D long, where average inner pipe diameter is D =
0.4m, is presented in Figure 1. Fan rotation speed was 1500 rpm and was controlled
by a fully automated thyristor bridge with error up to £0.5rpm. Two axial fans
were used as swirl generators.
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FiGURE 1. Experimental test rig: 1 - DC motor with electrical
power 5 kW, 2 - profiled free bell-mouth inlet, 3 - axial fan (swirl
generator), 4 - measuring section 1 and 5 - measuring section 3.

Measurements have been performed in two measuring sections z/D = 3.35 and
z/D = 26.31.

Axial fan W30, model AP 400, Minel, Serbia (Figure 2a), has outer diameter
0.397 m and seven blades, while the second model SP30 is TGT/2-400-6, Soler and
Palau, Spain (Figure 2b), with outer diameter 0.386 and six blades. Blades were
adjusted for both fans at the angle of S = 30° at the outer diameter.

Ratio of the hub and outer diameter, i.e., non-dimensional radius is for W30
r=0.434, while for SP30 is v = 0.5. Fan W30 is positioned inside the test rig on
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FIGURE 2. Scanned and modeled axial fan impellers: a) W30 and
b) SP30.

distance 90 mm measured from the test rig inlet to the top of the suction cap, while
SP30 on distance 190 mm.

3. Experimental Techniques

In this research have been employed two laser based measurement techniques,
such as laser Doppler anemometry (LDA) and stereo particle image velocimetry
(SPIV).

3.1. Laser Doppler Anemometry. One-component LDA measurements
have been performed successively for all three velocity components in specified
measurement sections (Figure 1) along the vertical diameter on distance 10 mm
each. Flow Explorer Mini LDA, Dantec, with BSA F30 signal processor and laser
power 35mW was used. It operates in backscatter with focal length at 285 mm and
measurement volume dimensions of app. 0.1 mm x0.1 mm x1 mm. Circumferen-
tial velocity component was measured, due to technical limitations, from above
and bottom side of the pipe, what corresponds to radii ¢ = 90° and ¢ = 270°,
respectively. There is overlapping in the core region. LDA measuring volume dis-
placement in cylindrical pipe flow is studied in [3,14,21]. Transit time was used as
the weighting factor and recording time of 10 s was set up as the stop criterion for
all measurements. The flow was seeded by the Antari Z30001I thermal fog machine
with liquid EFOG, Density Fluid, Invision. Seeding was naturally sucked in the
test rig by the fan. Data sampling rate varied along the vertical diameter, also
depending on the measured velocity component.

3.2. Stereo Particle Image Velocimetry (SPIV). SPIV was employed
in both specified measurement cross-sections (Figure 1). Local SPIV coordinate
system (X,Y"), with origin on the pipe axis, is defined in Figure 3.

Flow was illuminated with dual head Nd:Yag laser (max power: 30 mJ/pulse,
wavelength 532 nm, 15 Hz). Two 12-bit CCD cameras with the resolution of 1660 x
1200 pixels and 32fps were in Scheimpflug and backscatter setup. Software IN-
SIGHT 3G TSI was used for data acquisition and processing. Image processing
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FI1GURE 3. SPIV measuring arrangement in the measuring section:
1-left camera, 2-right camera, 3-Nd:Yag laser, 4-illuminated pipe
cross-section, 5-swirl generator and 6-profiled inlet nozzle.
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FiGURE 4. Dimensionless axial velocities in measuring sections 1
and 3 for fans: a) W30 and b) SP30 (“270°” denotes measurements
in the pipe lower part, i.e., for angle ¢ = 270°).

was performed using the central difference image correction (CDIC) and defor-
mation algorithm combined with the FFT correlator [3,11,24]. In this case 400
pictures are obtained with laser frequency of 2 Hz and afterwards averaged.

4. Experimental Results

4.1. Velocity profiles and integral parameters. Experimentally obtained
time averaged dimensionless axial (U) velocity for both fans and measuring sections
are presented in Figure 4. Similarity in downstream profile transformation is ob-
vious. All profiles are axisymmetrical and reverse flow doesn’t exist. Extremely
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non-uniform distribution in section 1 is transformed in almost uniform in the down-
stream section for both fans. This is the consequence of fluid acceleration in domain
0 < r/R < 0.7 for fan SP30 (Figure 4b) and in the zone 0 < r/R < 0.65 for fan
W30 (Figure 4a) [3].

Non-dimensional circumferential velocity distributions for both fans and mea-
suring sections are presented in Figure 5. Axial fans have opposite direction of
rotation.
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FI1GURE 5. Circumferential velocity distributions in measuring sec-
tions 1 and 3 for fans: a) W30 and b) SP30

Circumferential velocity (W) decreases downstream in all points of the mea-
suring section. Circumferential velocity distributions for both fans are similar to
the axial velocity distributions, because in the central flow region forced vortex
distribution is obvious, while mainly uniform distribution for r/R > 0.4.

Volume flow rate (Q), average circulation (I'), swirl number (2), averaged axial
velocity (U,,) and Reynolds number (Re=U,,D/v), where v is kinematic viscosity)
are calculated on the basis of axial and circumferential velocities distributions in
both measuring sections and relations reported in [3]. Obtained results for both
measuring sections are presented in Table 1. Higher volume flow rate, for the same
fan rotation number (n=1500rpm), is gained by the fan W30.

Obtained relative difference between calculated volume flow rates for the same
fan in both measuring sections is 1.98% for fan SP30, while less than 1.01% for fan
W30. Average circulation has downstream decrease, what is expected. Circulation

TABLE 1. Calculated integral flow parameters.

Fan Section @ [m®/s] U, [m/s] Re T [m?/s]

SP30 1 1.06 8.23 226757 4.72 1.11
3 1.039 8.26 225923 3.05 1.7
W30 1 1.178 9.14 254010 4.12 1.41
3 1.19 9.47 255558 3.03 1.97
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decays to almost the same value. It is also shown that swirl number (Q2), where
2 =Q/(R-T), increases downstream for both fans.
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FI1GURE 6. Radial velocity in measuring sections 1 and 3 for fans:
a) W30 and b)SP30.
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FIGURE 7. Statistical moments for fan W30 in measuring sections
1 and 3: a) turbulence level, b) skewness and c) flatness factors for
circumferential velocity.
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The greatest difference between turbulent swirl flows generated by these both
fans is for radial velocity. Fan SP30 (Figure 6b) has almost neglected radial ve-
locity in the measuring section 1, while very high and extremely non-uniformly
distributed in the downstream section. On the contrary, radial velocity generated
by the fan W30, has similar distributions in both measuring sections (Figure 6a).
It is decreased downstream.

4.2, Influence of the fan type on the evolution of the statistical mo-
ments of circumferential fluctuating velocity. Circumferential velocity always
had the greatest sampling rates, so it is chosen for this turbulence statistics analy-
sis. Distributions of the statistical values: turbulence level (o /U,,), skewness (Sy)
and flatness (Fy,) factors for both fans and both measuring sections are presented in
Figures 7 and 8. Turbulence level, skewness and flatness factors for circumferential
velocity are calculated as follows, respectively:

Uw/Um: VW, SWZF/UVSW FWZF/Uélva
where w is fluctuating velocity in circumferential direction [3,5-8].

Turbulence level for fan W30 has higher values in the core region in the down-
stream section 3, while lower in the sound flow region (Figure 7a). Distribution of
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FIGURE 8. Statistical moments for fan SP30 in measuring sections
1 and 3: a) turbulence level, b) skewness and c) flatness factors for
circumferential velocity.
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the skewness factor is very complex in both sections (Figure 7b). It is not equal
to Gaussian probability distribution value (S, = 0), as well that negative and
positive values occur. Probability distribution asymmetry in the side of the nega-
tive circumferential fluctuations with its high probability of small fluctuations exist
in the core region. This turbulence structure is obvious in point r/R ~ 0.2 where
Sw &~ —1 and Fy, ~ 5.5. It is also shown that significantly higher values of F, occur
in region r/R>0.6 in downstream section (Figure 7c). Flatness factor values differ
from value for normal, i.e., Gaussian probability distribution (F, = 3) in almost all
regions and in both measuring sections. Distributions of the statistical moments for
circumferential velocity and for fan SP30 are presented in Figure 8. Distribution of
the turbulence level is very similar to those for fan W30 (Figure 8a). Significantly
higher negative and positive skewness factors occur downstream (Figure 8b).

Flatness factor has higher values in downstream section and values less than 3
in the core region (Figure 8c).

4.3. Stereo PIV Results. Total velocity (c¢) vectors for both fans and in
both measuring sections are presented in Figure 9. Opposite direction of rotation
is obvious.

Almost the same cross-section area is captured in all cases. Velocity intensities
and distributions correspond to the presented in Figures 4 to 6. Axisymmetry
occur for both fans in the measuring section 1, while the vortex core center is not
on the pipe axis in the downstream measurement section. Vortex core is visible
in all cases. Maxima are achieved in approximately r/R ~ 0.4. Velocity intensity
redistribution occurs downstream for both fans.
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F1GURE 9. Total velocity vectors for fans and cross-measurement
sections 1 and 3: a) W30-1, b) W30-3, ¢) SP30-1 and d) SP30-3.
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5. Conclusions

Experimental investigation of the turbulent swirl flow in pipe behind the in-
dustrial axial fans, without guide vanes, what is a common technical practice, is
presented in this paper. Laser based measurement techniques, such as LDA and
SPIV have been employed. Similar axial and circumferential velocity distributions
are achieved despite completely different geometries. Both fans have the same angle
at the outlet diameter and rotation number. Solid body circumferential velocity
profiles are generated by both fans. Radial velocity has shown various behaving
in the upstream measuring section (1). It was shown that average circulation de-
creases downstream to approximately the same value for both fans. Initial average
circulation is bigger for fan SP30. Fan W30 has higher swirl number values in both
measuring sections, due to the higher volume flow rate. Statistical moments up to
the fourth order are calculated. High values of statistical moments and significant
deviation from normal, i.e., Gaussian distribution in both measuring sections, are
determined on the basis of the experimental results. These results point out the
intermittent character of the generated turbulent flow, as well, the existence of the
coherent structure in the vortex core and shear layer. Obtained SPIV results corre-
spond to those measured by the LDA. They revealed axisymmetry in the upstream
measuring section, what is not case in the downstream measuring section. Velocity
intensity redistribution is observed downstream for both fans.
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NCTPAKMBAILE TYPBYJIEHTHOI' BUXOPHOI CTPYJAILA
Y IIPABOJ IIEBU NN3A OGPTHUX KOJIA ARCUJAJTHUX
BEHTMNJIATOPA ITPUMEHOM PIV U LDA
MEPHUX TEXHUKA

PE3UME. Y oBoM panmy je mpukazaHO E€KCIEPUMEHTAJIHO UCTPaKUBALE TYP-
OyJIEHTHOI BUXOPHOI CTpYyjama y [IpPaBOj IEBU u3a OOPTHUX OOPTHUX KOJIA
aKCUjaJIHUX BeHTUIaTopa. Ropumhena cy nBa pa3induTa MOIEIa WHIYCTPU-
jCKmMX akcmjasHuX BeHTHaaropa. lIpBu je akcujanuu Bertusarop W30, mozxen
AP 400, npoussobhaua Mwunen, Cpbuja, ca cemam JONATUIA U CIIOJbANTELAM
npeunukoMm 0,397m. [pyru akcujanuu Benrusnarop je SP30, momen TGT/2-
400-6, npoussobaua S&P, Illnanuja, ca mect JomaTUNA U CHOJBHAIIBUM TPe-
gamkoMm 0,386 m, mro pesynryje sehum mpounenom y apyrom cayuajy. Jloma-
Tuie 06a BEHTWUIATOPA Cy MOMAEIIeHEe TaKO A je M3Ja3HM yrao Ha IPEYHUKY
y3 ryhumre 30°. Iyxwuna nexe nHcrasanuje je 27,74 D, roe je D cpenmu
yHyTpammy npedank on oko 0,4m. Mepema ca jemnorommnonenTHuM LDA
(nacep Homaep amemomerpom) cucremom u crepeo PIV (Particle image ve-
locimetry) cucremom cy obGaBibeHA y OBA MEDHA MPECEKA U3a KOJIA AKCUjadl-
HuX BeHTmiaropa (z/D = 3,35 u z/D = 26,31). IloGujeHe Ccy BPEIHOCTH
Pejuonncosor Gpoja, uszpauynare Ha ocHOBY cpenwe Opsune (U,,) y mpsom
MEpHOM TIpecekry, u TO 3a BenTuiatop SP30 Re = 226757, mok je 3a BeH-
tunatop W30 Re = 254010. Ha ocCHOBY €eKCHEepPUMEHTAJIHUX PE3yJaTaTa Cy
u3pavyHaTu U MUPKyJIanuja n Buxopuu 6poj. [Ipumerna je 3mavajua tpanc-
dopmanrja TpopuiIa CTATUCTUYKA OCPENheHe akcujasne O6p3uHe ndMehy mnBa
MepHAa Ipeceka y ciydajy o0a BEHTMIATOPA, HOK Ce CTATUCTUYKU OCPEIIeHa
obumcra Op3uHA CMamyje, ajlu HBeH 0e3nUMEH3MOHU HPOQYUII OCTaje KCTHU.
Pacnonmena obumMcke Op3ume y mMeHTPaJHO] 30HU, ¥ Caydajy 00a BEeHTUJIATOPA,
jé To 3aKOHYy KpyTOr Tesa, HOK je y obumactu r/R > 0,4, rme je D = 2R,
pacrnomena yaudpopmuauja. CraTUCTUUKKA OCpemeHa paaujaliHa Op3uHa Y
cayuajy seatunaropa SP30 je Beoma mana y mMepHOM mpecery z/D = 3,35,
aJii ©Ma 3HavajaH IOPACT y APYIOM IPECEKY Ca MAKCUMAJIHUM BPEIHOCTUMA Y
obanacru jesrpa. ¥ cayuajy Benrunaropa W30 paaujansa 6p3una onana (moc-
MaTpajyhin 6p3uHe y ancosyTHOM U3HOCY) HU3BOJHO U JOCTUXKE MAKCUMAJHE
BPEIHOCTU y BPTJIOKHOM je3rpy 3a oba MepHa npeceka. Husou TypOyiennuje,
HOpMUpaHe BpeIHOCTH MoMeHaTa Tpelier m uerBpTor pena 3a (IIykKTyanuje
Op3mHE y OOMMCKOM IpAaBIy CY M3PadyyHATW HA OCHOBY EKCIEPUMEHTAJIHNX
nomaraka. Hajsehw muBom TypOyiennuje 3a oOUMCKYy Op3UHY C€ MOCTILKY Yy
BPTJIOKHOM je3rpy 3a oba BeHTuiaaTopa. llokazaHo je KakO ce BPEIHOCTU KO-
edpunujeHaTa acuMeTpuje U CIJHOIITEHOCTU I'yCTUHE paciomuese BepoBaTHohe
obmMCcKe (IIyKTyalroHe Op3uMHE PA3IMKYjy Ol oaronapajynmnx BpemHOCTH 3a
"HopmaJsiny, Tj. l'aycoBy pacmomeny BepoBaTHOhe. Y oBOM pamy Takobe cy
aHaJM3MpaHa OP3MHCKA [I0/bA eKCIEPUMEHTANHO qo0ujera nomohy crepeo PIV
MEpHE TEeXHUKE.
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