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Abstract

The characteristics of tip-leakage vortex (TLV) in a low-pressure axial flow

fan are investigated using a digital particle image velocimetry. The blade rota-

tional speed is fixed at 1,000 rpm for four different flow rates, and the Reynolds

number is 547,000 based on the blade tip radius and tip velocity. The evolution

of TLV in downstream is highly influenced by the incoming flow rate. A strong

TLV is observed for higher flow rates, and the TLV breakup is found at the

blade trailing edge for a peak efficiency- and stall conditions. The TLV breaks

up sometimes at even higher flow rate. As the flow rate decreases, the TLV

locates further upstream, and at the peak efficiency condition, the migration

speed is faster than the higher flow condition due to the TLV breakup. The

scatter plot of the TLV center location indicates that the TLV wanders around

its mean location and the region swept by the wandering motion increases as

the TLV migrates downstream. High turbulent kinetic energy exists at the

phase-averaged TLV center and its upstream location, respectively, owing to

the wandering motion and the interaction between the TLV and main axial

flow. For the higher flow rates, the TLV presented near the blade trailing edge

and casing wall rapidly decays as it moves out of the duct outlet. In the down-
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stream of the outlet, the azimuthal migration speed of the TLV is faster than

that of the blade wake, and thus it interacts with the wake of the next blade.

The TLV, together with the blade wake, interferes the main flow and reduces

fan performance.

Keywords: axial flow fan, particle image velocimetry, tip-leakage vortex,

wandering motion, breakup
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Chapter 1

Introduction

A tip-leakage flow (TLF) occurs due to the difference between the pressures

on the pressure and suction sides (PS and SS, respectively) of rotating blades

(Lakshminarayana, 1996). A tip-leakage vortex (TLV) generated by the roll-up

of the TLF has various adverse effects on axial turbomachines (Figure 1.1).

The TLV interferes with the main flow in the passage, thereby reducing the

efficiency (Inoue, et al., 1986; Denton, 1993; Khalid et al., 1999). Also, strong

fluctuations of the TLV act as a major cause of the rotor vibration and generated

the rotational instability (Mailach et al., 2001). Furthermore, before it reaches

the pressure side of the next blade, the TLV breaks up owing to a high adverse

pressure gradient formed there, and the turbulent fluctuations are amplified by

segmented vortex filaments (Wu et al., 2011; Miorini et al., 2012; Wu et al.,

2012). On the other hand, in axial flow fans operating under low pressures

and high flow rates for cooling and ventilation, the detrimental effects of the

TLV on the noise and efficiency have been studied (Corsini, et al., 2007; Akturk

& Camci, 2014; Kim et al., 2014; Wang et al., 2014; Heo, et al., 2015; Jung &

Joo, 2018). Because of increasing demands for low-noise and high-efficiency fan,

understanding the TLV characteristics becomes essential, and thus numerical

and experimental studies have been conducted extensively. Fukano & Jang

(2004) measured the velocity fields near the blade tip in an axial flow fan using

a rotating hot-wire anemometry (HWA), and showed that the tip clearance noise
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consists of the discrete and broadband noise due to the velocity fluctuation in

the blade passage. Jang et al. (2016) investigated the TLV trajectories for

different flow rates using HWA, and found that, with increasing flow rate, the

onset of TLV is delayed in downstream and the trajectory of the TLV tilts

to the blade rotation axis. Liu et al. (2012) investigated the effect of the

fan casing on the fan performance and flow field by measuring the velocity

fields downstream of the fan blade using HWA. They showed that both the

strength of the TLF and the fluctuation of the TLV increase for the case of a

half casing (no casing at the front part). Cai et al. (2002) measured the flow

field in the blade passage of an open axial fan with a two-dimensional (2D) laser

Doppler velocimetry (LDV) and identified the onset location of tip vortex near

the blade leading edge and the TLV trajectory in the blade passage. Myung &

Baek (1999) measured the flow fields at the 0.18Rtip downstream location from

the trailing edge of a forward-swept axial flow fan at three different flow rates

using a three-dimensional (3D) LDV. They showed the variations of the leakage

flow, leakage vortex, hub vortex, and blade wake with respect to the flow rate,

and they reported that at the peak efficiency condition the TLV interacts with

the pressure surface of the next blade, directly affecting the wake behind its

trailing edge. Lee et al. (2003, 2005) suggested that an anisotropic turbulence

model such as the Reynolds stress model is required for RANS to predict the

anisotropic nature of turbulent flow inside the TLV. Furthermore, they showed

that the vorticity magnitude of the TLV rapidly decays with decreasing flow rate

due to thick casing boundary layer and mixing between the main and leakage

flows. Jang et al. (2011a, b) investigated vortical structures in an axial flow

fan with a partial casing using LDV and large eddy simulation (LES). They

identified 3D vortical structures such as the leading-edge separation vortex, tip

vortex, and tip-leakage vortex near the blade tip, and found that the vortex
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breakup plays a major role in the unsteadiness of the vortical structures. So

far, most PIV studies of investigating the TLV structure have focused on the

axial compressor and pump (Wu et al., 2011; Miorini et al., 2012; Wu et al.,

2012; Wang et al., 2014; Heo, et al., 2015; Jung & Joo, 2018; Oweis & Ceccio,

2005; Yu & Liu, 2007; Hah, et al., 2015; Zhang et al., 2015; Li et al., 2017),

but only very limited studies are available for axial flow fans because their

blades are highly skewed and occupy large dimensions (Jin, et al., 2011; Fike,

et al., 2014). Jin et al. (2011) investigated the TLV instability of forward- and

backward-skewed fans at a peak pressure condition by measuring flow fields

of the blade passage using PIV and pressure fluctuations on the casing wall

using pressure sensors. For the forward-skewed blade, the interaction between

the TLV and main flow was weaker than that for the backward-skewed blade,

and thus the forward-skewed blade is found to be more effective in controlling

TLF. Fike et al. (2014) used a PIV to investigate flow separation on axial fan

blades at stall condition. However, in most of the axial flow fan studies, flow

fields inside the blade passage (Nashimoto et al., 2008) or downstream (Lee

et al., 2001, 2003; Nashimoto et al., 2004; Paik et al., 2010) of the axial fan (but

without casing) have been measured. Therefore, the evolution of the TLV inside

the passage of an axial flow fan (with casing) for various flow rates is still not

fully understood. Therefore, in the present study, a fan test facility is designed

to perform PIV measurements in a forward-swept axial flow fan, and the fan

performance parameters are measured. We analyze the evolution of TLV within

the passage from the instantaneous and phase-averaged flow fields for various

flow rates. Especially, wandering motion of the TLV and its contribution to

turbulent flow field are investigated. In Chapter 2, the experimental setup is

explained. The characteristics of TLV and its evolution are presented in Chapter

3, followed by conclusions in Chapter 4.
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Figure 1.1. Schematic diagram of tip-leakage flow and tip-leakage vortex in
axial compressor blades (modified from Fischer et al. (2012)).
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Chapter 2

Experimental Set-up

To investigate the tip-leakage flow in an axial flow fan at various flow rates,

an axial flow fan system is constructed. The flow rates and pressure rise are

directly measured using a pitot tube and a manometer to measure the perfor-

mance of the axial flow fan. The flow field around the fan blades is obtained

using digital particle image velocimetry (DPIV). Sec. 2.1 describes the axial

fan used in this study. The experimental set-up for measuring the performance

of axial flow fan according to flow rates is described in Sec. 2.2. Detailed de-

scriptions of the fan performance and the DPIV system are followed in Sec. 2.3

and Sec. 2.4, respectively.

2.1 Axial flow fan model

In the present study, a forward-swept axial fan with a casing which is at-

tached to an outdoor unit of an air conditioner for cooling (Figure 2.1) is in-

vestigated. The present fan is a forward-swept axial flow fan and has a low

hub-to-tip ratio (Rhub/Rtip = 0.311) as shown in Figure 2.2, where Rhub and

Rtip are the radii of hub and blade tip, respectively. The Reynolds number is

Re = 547,000 based on the blade tip radius and tip velocity (Utip = RtipΩ ),

where Ω is the fan rotational speed. The fan specifications are provided in Table

2.1.

5



Number of blades 4

Blade tip radius, Rtip 280 mm

Rotational speed, Ω 1,000 rpm

Axial tip chord length, cx/Rtip 0.8

Tip chord length, c/Rtip 1.439

Hub chord length, chub/Rtip 0.521

Tip pitch angle, λtip 58◦

Hub pitch angle, λhub 45◦

Tip gap, tgap/Rtip 0.036

Hub-to-tip ratio, Rhub/Rtip 0.311

Solidity at the tip 0.917

Table 2.1. Specifications of the axial flow fan.

2.2 Axial flow fan test system

The experimental facility to measure the performance of the fan is shown

in Figure 2.3. The fan casing and upstream duct have the same inner diameter

of 580 mm, and the gap between the casing and the blade tip is 10 mm (≈
0.036Rtip ). The screens with open areas of 56 % and 71 % are located upstream

of the duct to adjust the flow rates from 1.67 to 2.65 m3/s (Figure 2.4). A

brushless DC (BLDC) motor, which controls the rotational speed with 0.1 %

accuracy through an inverter drive (A1000, Yaskawa), is directly connected to

the fan. The fan rotates at 1,000 rpm at all flow conditions. The axial location

of the blade trailing edge (TE) coincides with that of the casing outlet. The

fan casing has a transparent curved window for PIV measurements.
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2.3 The fan performance

The velocity at 600 mm upstream location from the blade leading edge (LE)

is measured at ten radial locations (and at four azimuthal angles with 90 degree

intervals for each radial location, see Table 2.2) by positioning a pitot tube

through a traversing unit (Figure 2.5). The ten radial locations are chosen such

that the ten annuli have the same cross-sectional area.

Measuring pts. r/Rduct y/Rduct

1 0 1.00

2 0.32 0.78

3 0.45 0.61

4 0.55 0.50

5 0.63 0.41

6 0.71 0.33

7 0.77 0.26

8 0.84 0.19

9 0.89 0.13

10 0.95 0.08

11 1.00 0.03

Table 2.2. The locations of velocity and pressure rise measurements.

The measured deviations of the dynamic and total pressures from their mean

values are only 1.2 % and 2.0 %, respectively, at each radial location. The flow

rates are calculated by integrating the velocities measured at ten radial locations

using a modified log-linear method (Hansen, et al., 2016). The total-to-static

pressure rise (∆P ) is defined as ∆P = Pa−Ptotal, where Ptotal is the (negative)
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Table 2.3. The volume flow rates and the total-to-static pressure rise of four
flow conditions.

total pressure measured at the upstream of the fan and Pa is the static pressure

at the free outlet (zero-gauge pressure). Flow rates and pressures are measured

under four conditions using a combination of screens (Table 2.3).

The aerodynamic performances of the present fan are shown in Figure 2.10.

Here, the flow coefficient (ϕ), pressure coefficient (ψ), and efficiency (η) are

defined as

ϕ =
Q

πRtip
2Utip

, ψ =
2∆P

ρUtip
2 , η =

∆PQ

power(W ) (2.1)

where Q is the volume flow rate, ∆P is the total-to-static pressure rise, and

power(W ) denotes the motor input power. The motor input power was ob-

tained by measuring the power consumption of the motor using a power an-

alyzer (WT500, Yokogawa). The aerodynamic performances are measured for

four different flow rates (ϕ = 0.231, 0.276, 0.353, and 0.366). The maximum

efficiency is obtained at ϕ = 0.276. According to the method in Coleman and

Steele (2009), the uncertainties of the flow and pressure coefficients and effi-
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ciency are less than 3.3 %, 1.6 %, and 2.8 %, respectively.

2.4 Digital particle image velocimetry

The velocity field within the blade passage and the velocity field of blade

wake are measured using a digital particle image velocimetry (PIV). An infrared

photo-sensor detects a tiny hole located on a disc rotating together with the

fan blades through a shaft (see Figure 2.3), and delivers a signal to a frequency

divider (SN74LS29, Texas instruments). The frequency divider picks up every

fourth signals at the frequency of f = 0.25ffan (4.167 Hz) and delivers it to a

timing hub (XS-TH, IDT) which simultaneously triggers the laser and camera

for PIV measurements at a specific phase of rotation (Figure 2.11 (a)). To

acquire images every 10 degrees in the azimuthal direction (Figure 2.12), a delay

time (∆t = 1.667 ms) is added to the output signal of the frequency divider

using a timing hub. For the blade passage flow measurement, the laser sheet

is not parallel to the axis of rotation. Due to the highly skewed blades, PIV is

conducted on planes perpendicular to a chord line at the radial location of 90

% of blade span (Figure 2.12 (a)). A laser sheet is inclined by 33.5 degrees from

the centerline. To illuminate the inclined planes, the light sheet optics (Dantec

dynamics) consisting of the light sheet module, multi light angle modules, and

mirror arm was installed in the downstream of the blade (Figure 2.12 (b)). An

Nd-Yag laser system (Bernoulli PIV 200-15, Litron) with 512 nm wavelength

and 200 mJ maximum power was used as the light source, and particle images

are acquired by a CCD camera (Vieworks, VH-4MC). A thickness of a laser

sheet generated by the laser optics is about 2 mm. To measure the velocity

field of the wake of the blade, the PIV is performed by transferring the laser

optics and the CCD camera through the traversing units. The field of view of
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the camera with a 105 mm lens measured using calibration target (consisting

of black dots of 1 mm diameter and 5 mm spacing) is 139.9 × 139.9 mm at the

blade passage and 150.0 × 150.0 mm at the blade wake. The size differences

of the camera field of view in the vertical and horizontal directions are less

than 0.24 %. The particles whose average size is 1 µm were generated by a fog

generator (F2010, Safex) and are uniformly sprayed over the entire experimental

space such that the interrogation window of PIV correlation process has at least

20 particles. The particle image pairs are filmed at a rate of 4.16 per second and

the exposure delay time between the pair is 7-10 µs. Total 1,000 pairs of images

are averaged at each rotation phase for the phase-averaged flow fields. The

velocity field is calculated by the cross-correlation process based on the fast-

Fourier transform algorithm with an initial window size of pixels and a final

interrogation window size of pixels. The interrogation window is overlapped

by 50 %, leading to spatial resolution of about 1.12 mm (0.004Rtip) for the

blade passage measurement and about 1.2 mm (0.0043Rtip) for the blade wake

measurement. The uncertainty is determined by errors from the hardware in

the PIV system and the correlation process (Raffel et al., 2007). The overall

uncertainty, εu, for a given image pair is determined by combining the relative

uncertainties as

εu =

√(
δt

∆T

)2

+

(
δe

∆D

)2

+

(
δ∆D

∆D

)2

+

(
δN

∆D

)2

+

(
δm
wg

)2

+

(
δg

∆D

)2

(2.2)
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where δt is laser jitter, δe is particle image diameter, δ∆D is uncertainty in

particle displacement, δN is seeding density, δm is magnification, and δg is dis-

placement gradient, respectively (Hansen, et al., 2016). The relative uncertain-

ties related to laser jitter and magnification are normalised by the time delay

between image pairs, ∆T , and the grid width, wg, respectively, and the other

relative uncertainties are normalised by the particle displacement, ∆D. The rel-

ative uncertainties give in Table 2.4. In the present study, the total uncertainty

of the instantaneous velocity measurement is 8.72 %.

Normalized uncertainty Reference

δt
∆T

0.01 Manufacturer’s specifications

δe
∆D

0.03 Raffel et al. (2006)

δ∆D

∆D
0.04 Willert & Gharib (1991)

δN
∆D

0.01 Raffel et al. (2006)

δm
wg

0.01 Hansen et al. (2016)

δg
∆D

0.07 Hansen et al. (2016)

Table 2.4. The normalized-relative uncertainties.
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Figure 2.1. A outdoor unit of an air conditioner and an axial flow fan (from
http://www.buildingx.co/home).
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Figure 2.2. Schematic diagram of the axial flow fan: (a) front view; (b) side
view.
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Figure 2.4. Schematic diagram of the screen.
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Figure 2.5. The experimental set-up for the velocity and pressure rise measure-
ments: (a) schematic diagram of the pitot tube set-up; (b) the measurement
locations of four radial directions.
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Figure 2.6. Results of the measurement for condition 1 (see Table 2.3): (a)
velocity profile for the volume flow rate; (b) static pressure profile for the total-
to-static pressure rise.
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Figure 2.7. Results of the measurement for condition 2 (see Table 2.3): (a)
velocity profile for the volume flow rate; (b) static pressure profile for the total-
to-static pressure rise.
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Figure 2.8. Results of the measurement for condition 3 (see Table 2.3): (a)
velocity profile for the volume flow rate; (b) static pressure profile for the total-
to-static pressure rise.
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Figure 2.9. Results of the measurement for condition 4 (see Table 2.3): (a)
velocity profile for the volume flow rate; (b) static pressure profile for the total-
to-static pressure rise.
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Figure 2.10. Performance curves of the fan: pressure coefficient (ψ) and effi-
ciency (η) versus flow coefficient (ϕ).

21



Figure 2.11. Experimental set-up for digital PIV measurements:(a) signal pro-
cessing for triggering the laser and camera simultaneously; (b) PIV planes for
the blade wake. In (a), ffan is the fan rotating frequency.
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Figure 2.12. Experimental set-up for digital PIV measurements for the blade
passage flow:(a) side view; (b) perspective view; (c) PIV planes (green colored
planes). In (a), the angle from the centerline to the chord line is 56.5◦, and the
laser sheet (red arrow) is tilted downward by 33.5◦ from the centerline.
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Chapter 3

Results and Discussion

We conducted PIV at four flow conditions (ϕ = 0.231, 0.76, 0.353, and

0.366) to measure the velocity field within the blade passage. To obtain particle

images at intervals of 10 degrees between the TE of the blade and the TE of the

neighboring blade (see Figure 2.12 (c)) according to flow conditions, the blade

loading was controlled using the screens. The TLV developed from the TLF is

present near the SS of the blade and migrates downstream. In the PIV plane

near the TE, shadowing occurs on the SS due to the optical interference of the

blades, so the existence of TLV cannot be confirmed (Figure 3.1). Since the

laser sheet is not parallel to the axis of rotation, the boundary due to the casing

wall is tilted in the flow fields. We also performed PIV in various directions to

investigate the flow characteristics of the TLV in the wake (see Figure 2.11 (b)).

3.1 Stall condition of ϕ= 0.231

Figure 3.2-3.4 shows the instantaneous flow fields at a few azimuthal PIV

planes at different time instants for ϕ = 0.231. The TLV already broke into

small-scale vortices at 1© spreads to a wider area from 2© to 6©. As the flow rate

decreases (increasing blade loading), the TLV tilts further toward the circum-

ferential direction (Myung & Baek, 1999; Jang, et al., 2005; Lee et al., 2005),

and at the stall condition, the vortex breaks up on the PS of neighboring blade
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before developing downstream of the TE. Liu et al. (2003) reported that the

TLV at near stall condition breaks down earlier and interacts more violently

with mainstream, which cause large blockage and much loss. The TLV cannot

be found in the phase-averaged flow field because there is no distinct TLV in

the instantaneous velocity field (Figure 3.5-3.7). Only the TLF is found near

the TE and the casing wall at 1© and 2©.

3.2 Peak efficiency condition of ϕ= 0.276

At the peak efficiency condition of ϕ = 0.276, the TLV broken into smaller

vortices spreads to an area narrower than that for ϕ= 0.231, which results in the

highest efficiency for ϕ = 0.276 (Figure 3.8-3.10). From 1© to 5©, the debris of

the broken TLV moves downstream. Figure 3.11-3.13 shows the phase-averaged

flow fields at a few azimuthal PIV planesfor ϕ = 0.231. At the peak efficiency

condition, the phase-averaged vortex quickly diffuses away down-stream due to

the TLV breakup.

3.3 Over flow conditions of ϕ= 0.353, 0.366

For ϕ = 0.366 (Figure 3.11-3.13), a strong TLV rotating in the clockwise

direction is observed at 1© and travels down-stream but losing its strength at

3© and 6©. For ϕ = 0.353 (Figure 3.17-3.19), a similar phenomenon is observed,

but the TLV sometimes breaks up at 6©. At higher flow rates of ϕ = 0.353

and 0.366 (Figure 3.14-3.16 and 3.20-3.21), the TLV migrates downstream, but

its strength decays slowly. As the flow rate increases, the TLV locates farther

downstream, but its migration speed in the axial direction is almost the same

for ϕ = 0.353 and 0.366 (see Figure 3.45).
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3.4 Instantaneous Tip-leakage vortex

To investigate the characteristic strength and size of individual TLV and

their effects on turbulence, it is necessary to determine the boundary of in-

stantaneous TLV. We define the TLV center by the instantaneous location of

maximum vorticity in the direction normal to the PIV planes (Wu et al., 2012;

Yu & Liu, 2007), and the boundary of the phase-averaged TLV based on the

locations of the vorticity trough between neighboring peaks, provided that the

magnitude of vorticity there is at least e−1 time the level at the vortex center

(Wu et al., 2012). If the vorticity drops below this threshold, the threshold

defines the vortex boundary. For the peak efficiency condition (ϕ = 0.276), the

PIV plane at 6©, the TLV breaks up so the TLV center could not be defined.

Corresponding average values for radius at each locations from 990 instanta-

neous fields are summarized in Table 3.1. The radius of the phase-averaged

TLV could not be defined because part of the boundary of the TLV is out of

the PIV plane from 1© to 4© for ϕ = 0.276. The size of the TLV increases up

to 3© and remains almost the same up to 6© for ϕ = 0.353. For ϕ = 0.366, the

radius of the phase-averaged TLV increases up to 3©, maintains its size up to

5©, and then increases again.

Figure 3.26 shows a magnified view of Figure 3.15 at 3© for ϕ = 0.353, and

the contours of 2D turbulent kinetic energy k2D, where k2D =
(
u′r′u

′
r′ + u′x′u

′
x′

)
/2,

and ( ¯ ) and prime denote the phase averaging and fluctuations, respectively

(Wu et al., 2011). Along the region of ”A”, the main flow circles around the

TLV and a number of discrete positive vorticity peaks are observed. The 2D

turbulent kinetic energy is also high from the center region of TLV to its bound-

ary. On the other hand, the main flow is accelerated on the left of the TLV due

to its induced motion as well as the blockage effect, and then the accelerated
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PIV RTLV (/Rtip) RTLV (/Rtip) RTLV (/Rtip)

plane (ϕ = 0.276) (ϕ = 0.353) (ϕ = 0.366)

1© - 0.038 0.041

2© - 0.048 0.045

3© - 0.050 0.052

4© - 0.048 0.051

5© 0.067 0.050 0.051

6© 0.072 0.050 0.056

Table 3.1. Radius of the phase-averaged TLV for three flow rates.

flow follows the rotating direction of the TLV. Consequently, negative vorticity

peaks are generated there, as shown in Figure 3.26.

Figure 3.27-3.33 shows the contours of the 2D turbulent kinetic energy (k2D)

and the phase-averaged velocity vectors on the PIV planes. As shown in this

figure and also in instantaneous flow fields (Figure 3.2-3.4, 3.8-3.10, and 3.14-

3.16), the mean location of the TLV center is highly correlated with the location

of peak k2D. The main flow area has a very low k2D, and the area around the

TLV and where the small debris of the TLV is present has a relatively high

k2D compared to the main flow. For ϕ = 0.231, the high k2D region exists

widely because the TLV is broken in all PIV plane. There is also a high k2D

on the blade PS at 1© and 2© (Figure 3.27). For ϕ = 0.276, the TLV is already

broken at 1© and is present as a small debris (Figure 3.8). However, until 4©,

the vortices is not scattered to a large area (Figure 3.9), and there is a high

TKE region. From 4© to 6©, the debris of the TLV is scattered widely so that

the high TKE area gradually widens and the peak k2D area disappears (Figure

3.28-3.29). For the high flow rates (ϕ = 0.353, 0.366), there is a peak TKE

27



region because the TLV from 1© to 6© is present without bursting, and it moves

downstream together with the TLV as mentioned above (Figure 3.30-3.33).

If a vortex stayed at one position without any oscillation, its center would

have zero kinetic energy (see Figure 3.34 in the below). The fact that the TLV

center contains high k2D indicates that the TLV wanders in time (Heyes, et al.,

2004). The TLV diffuses while migrating in the azimuthal direction, and thus a

region of relatively high k2D increases down-stream. However, the peak values

of k2D decrease and increase for ϕ = 0.276 and 0.353, respectively, because the

TLV breaks up for ϕ = 0.276 but sustains for ϕ = 0.353 (see also Figure 3.8-3.9,

3.16).

As mentioned above, when a vortex stays at one position without any oscil-

lation, the k2D is zero. To confirm this, we perform an approach similar to what

was done for a wandering wingtip vortex by Heyes et al. (2004): 1) for each

instantaneous flow field obtained by PIV measurements, a TLV is identified,

its center is moved to an origin, and neighboring velocity field is stored; 2) the

same procedure is conducted for about 1,000 instantaneous flow fields; 3) the

resulting flow fields are averaged, and 2D turbulent kinetic energy is obtained.

Figure 3.34 shows the contours of the 2D k2D from this approach at 3© for ϕ

= 0.353. The k2D at the re-centered TLV center is significantly reduced, and

its value is only 20 % of the original k2D value in Figure 3.30-3.31. With this

re-centered data, the k2D is largest at the upstream location due to the swirl

motion of the TLV and its interaction with the main flow. These results to-

gether with those in Figure 3.27-3.33 clearly demonstrate that the TLV wanders

around its mean center and wandering motion contributes to a large portion of

the turbulent kinetic energy at the TLV center.

Figure 3.35 shows the axial position of the phase-averaged TLV center for

three flow conditions (ϕ = 0.276, 0.353, and 0.366) as it moves downstream.
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Although the in-stantaneous TLV breaks up at all PIV planes for ϕ = 0.276 (see

Figure 3.8-3.10), the phase-averaged TLV center can be still defined (see Figure

3.11-3.13). As the flow rate decreases, the TLV locates further upstream. For

ϕ = 0.353 and 0.366, the migration speeds of the TLV in the axial direction

are almost the same from each other. For the peak efficiency condition of ϕ =

0.276, the migration speed is faster than those for ϕ = 0.353 and 0.366. This is

because the fragmented vortices after the breakup are swept away by the main

flow.

The wandering motion of the TLV is commonly observed in compressors

(Tan et al., 2015), pumps (Wu et al., 2011), as well as in axial fans (Jin, et al.,

2011; Park et al., 2017). To identify the wandering motion, we provide scatter

plots of the TLV center at 1© - 6© for higher flow rates (ϕ = 0.353, 0.366) and

at 4© - 5© for peak efficiency condition (ϕ = 0.276) in Figure 3.36-3.37, where

the origin (0, 0) is the mean center location of the TLV. In these figure, each

TLV center is defined by the instantaneous location of maximum vorticity in

the direction normal to the PIV planes (Wu et al., 2012; Yu & Liu, 2007). Black

circles in this figure denote approximate shapes of the TLV, identified by the

vorticity magnitude of e−1 times that of the phase-averaged TLV center as

mentioned above. For the peak efficiency condition (ϕ = 0.276), the fragments

of the broken TLV is scattered widely at 4© and 5© positions, and the wander-

ing motion of the peak vorticity is considerable. It can be confirmed that the

magnitude of the vortex wandering is significantly out of the boundary of the

phase-averaged TLV for ϕ = 0.276 (Figure 3.36). For ϕ = 0.353 and 0.366, the

mean radius of the phase-averaged TLV at 1© - 6© are about 0.05 Rtip. The

TLV center scatters more in the axial direction than in the radial direction. As

shown, as the TLV migrates downstream, the area covered by the wandering

motion becomes broader. At 3© and 4©, this area is even larger than the mean
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size of the TLV (Figure 3.37-3.40).

3.5 Tip-leakage vortex at the blade wake

In order to investigate the characteristics of the TLV moving after the blade

TE, PIV is performed on the r − ϑ plane (at x/Rtip = 0.05, 0.25, and0.45) and

the x−r plane (0 < x/Rtip < 0.5, 0.7 < r/Rtip < 1.18) near the TE for ϕ = 0.276

and 0.353, Respectively (see Figure 2.12). Figure 3.41 shows the phase-averaged

axial vorticity and velocity vectors of four r − ϑ PIV planes (FoV 150 × 150)

at x/Rtip = 0.05 for ϕ = 0.353. In this location, the TLV still exists between

the blade and the casing wall (blue dashed closed curve) and a blade wake with

strong positive vorticity behind the blade TE is observed (red dashed closed

curve). Since the wandering of the TLV is still present at x/Rtip = 0.05 and the

wandering of the blade wake is relatively small (Figure 3.43), the high k2D is at

the core of the TLV, and wake even though the strong positive vorticity exists

in the wake, the low k2D exists near the blade wake (Figure 3.42). For ϕ =

0.353, the TLV decays rapidly as it moves in the x-direction, and moves in the

opposite direction of the blade rotation. The azimuthal migration speed of the

TLV is faster than that of blade wake, and horizontal position of TLV and blade

wake are similar between x/Rtip = 0.05 and 0.25 (Figure 3.44, 3.46). For ϕ =

0.276, the TLV core does not exist in the x − r PIV plane at at x/Rtip = 0.05

(Figure 3.45) because the TLV is already broken in the blade passage. Instead,

there is a high TKE due to the effect of broken TLV in areas outside the fan

casing. The region of the Blade wake is almost the same as For ϕ = 0.353 but

its strength is weak (Figure 3.47). Figure 3.48-3.49 shows the phase-averaged

velocity vectors and circumferential vorticity contour for ϕ = 0.353 and 0.276,

respectively. At these two flow rates, a strong negative vorticity region exists
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after the blade TE due to the blade wake. For ϕ = 0.353, the TLV existing

near the tip gap gradually moves radially inward (−r direction).

Figure 3.50-3.51 shows the phase-averaged axial velocity (ux profiles for var-

ious phase for ϕ = 0.353, 0.276, respectively. The solid black line is the averaged

velocity profile calculated at 2,000 instantaneous flow fields measured without

phase-rocking. In the region where the TLV is present (0.7 < x/Rtip <1.0 from

-20 to 0), the main flow interferes with the course and the velocity decreases

(0.3 < x/Rtip <0.7 from 10 to 30). The main flow velocity is also reduced in

the blade wake region.

To investigate the interaction between the TLV and the blade wake, PIV is

performed on the x − r plane from r/Rtip = 0.75 to 1.0 for ϕ = 0.353, 0.276

(Figure 3.52-3.55). From the instantaneous flow field and the mean flow field,

a shear with positive and negative velocities, respectively developed in the PS

and SS of the blade, is found just downstream of the blade TE. For ϕ = 0.353,

the TLV is near the shear layer of the blade PS and has a vorticity with opposite

signs.

31



Figure 3.1. The particle image of the PIV plane near the traing edge.
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Figure 3.2. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.231. The grey
area at the location of 1© indicates the shadow caused by the blade. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.3. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.231. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.4. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.231. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.5. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.231. The grey area at the location of 1© indicates the shadow caused by the
blade. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.6. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.231. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.7. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.231. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.8. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.276. The grey
area at the location of 1© indicates the shadow caused by the blade. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.9. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.276. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.10. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.276. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.11. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.276. The grey area at the location of 1© indicates the shadow caused by the
blade. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.12. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.276. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.13. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.276. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.14. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.353. The grey
area at the location of 1© indicates the shadow caused by the blade. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.15. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.353. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.16. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.353. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.17. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.353. The grey area at the location of 1© indicates the shadow caused by the
blade. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.18. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.353. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.19. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.353. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.20. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.366. The grey
area at the location of 1© indicates the shadow caused by the blade. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.21. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.366. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.22. Instantaneous velocity vectors and contours of the instantaneous
vorticity in the direction normal to the PIV planes for ϕ = 0.366. The thick
black and red lines in these figures denote the locations of internal caseing wall
and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.23. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.366. The grey area at the location of 1© indicates the shadow caused by the
blade. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.24. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.366. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.25. Contours of the phase-averaged vorticity in the direction normal
to the PIV planes, together with the phase-averaged velocity vectors for ϕ =
0.366. The thick black and red lines in these figures denote the locations of
internal caseing wall and outlet edge of the casing, respectively (see Figure 3.1).
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Figure 3.26. Magnified view of Figure 3.15 at 3©: (a) instantaneous velocity
vectors and contours of the instan-taneous vorticity in the direction normal
to the PIV plane; (b) contours of the 2D turbulent kinetic energy. In (a), A
de-notes an approximate region where the mean flow encounters the TLV.
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Figure 3.27. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.231. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.28. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.276. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.29. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.276. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.30. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.353. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.31. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.353. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.32. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.366. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.33. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the PIV planes for ϕ = 0.366. The number on the top of
each figure denotes the measurement location shown in Figure 3.31.
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Figure 3.34. Contour of the 2D turbulent kinetic energy from re-centered data
of the PIV plane at for ϕ = 0.353. A solid circle in this figure denotes the
location of the phase-averaged TLV center.
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Figure 3.35. Locations of the phase-averaged TLV center in the axial direction
for three flow rates. Here, x is the axial position from the blade LE.
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Figure 3.36. Scatter plot of the location of the TLV center for ϕ = 0.276.
These scatter plots are obtained from 950 – 1,000 instantaneous flow fields.
The number on the top of each figure denotes the measurement location shown
in Figure 3.31.
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Figure 3.37. Scatter plot of the location of the TLV center for ϕ = 0.353.
These scatter plots are obtained from 950 – 1,000 instantaneous flow fields.
The number on the top of each figure denotes the measurement location shown
in Figure 3.31.
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Figure 3.38. Scatter plot of the location of the TLV center for ϕ = 0.353.
These scatter plots are obtained from 950 – 1,000 instantaneous flow fields.
The number on the top of each figure denotes the measurement location shown
in Figure 3.31.

69



Figure 3.39. Scatter plot of the location of the TLV center for ϕ = 0.366.
These scatter plots are obtained from 950 – 1,000 instantaneous flow fields.
The number on the top of each figure denotes the measurement location shown
in Figure 3.31.
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Figure 3.40. Scatter plot of the location of the TLV center for ϕ = 0.366.
These scatter plots are obtained from 950– 1,000 instantaneous flow fields. The
number on the top of each figure denotes the measurement location shown in
Figure 3.31.
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Figure 3.41. Contours of the phase-averaged axial vorticity, together with the
phase-averaged velocity at x/Rtip = 0.05 for ϕ = 0.353. The gray area indicates
where PIV is not performed due to excessive exposure by laser light reflected
from the blade.
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Figure 3.42. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the r − ϑ PIV planeat x/Rtip = 0.05 for ϕ = 0.353. The
gray area indicates where PIV is not performed due to excessive exposure by
laser light reflected from the blade.
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Figure 3.43. Instantaneous velocity vectors and contours of the instantaneous
axial vorticity at x/Rtip = 0.05 for ϕ = 0.353. The gray area indicates where
PIV is not performed due to excessive exposure by laser light reflected from the
blade.
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Figure 3.44. Contours of the phase-averaged axial vorticity, together with the
phase-averaged velocity at various positions for ϕ = 0.353: (a) x/Rtip = 0.05;
(b) x/Rtip = 0.25; (c) x/Rtip = 0.45. The gray area indicates where PIV is not
performed due to excessive exposure by laser light reflected from the blade.
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Figure 3.45. Contours of the phase-averaged axial vorticity, together with the
phase-averaged velocity at various positions for ϕ = 0.276: (a) x/Rtip = 0.05;
(b) x/Rtip = 0.25; (c) x/Rtip = 0.45. The gray area indicates where PIV is not
performed due to excessive exposure by laser light reflected from the blade.
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Figure 3.46. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the r − ϑ PIV plane at various positions for ϕ = 0.353: (a)
x/Rtip = 0.05; (b) x/Rtip = 0.25; (c) x/Rtip = 0.45. The gray area indicates
where PIV is not performed due to excessive exposure by laser light reflected
from the blade.
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Figure 3.47. Contours of the 2D turbulent kinetic energy and phase-averaged
velocity vectors on the r − ϑ PIV plane at various positions for ϕ = 0.276: (a)
x/Rtip = 0.05; (b) x/Rtip = 0.25; (c) x/Rtip = 0.45. The gray area indicates
where PIV is not performed due to excessive exposure by laser light reflected
from the blade.
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Chapter 4

Summary and Concluding Remarks

In the present study, we measured the velocity fields inside the passage

of rotating blades in a low-pressure axial flow fan operating at Re = 547,000

using a digital particle image velocimetry (PIV), to investigate the evolution

of the tip-leakage vortex (TLV). The rotational speed was fixed at 1,000 rpm

for four different flow rates (i.e., stall, peak efficiency, and two higher flow

rates). The evolution of TLV in the downstream was highly influenced by

the incoming flow rate. For higher flow rates, the TLV traveled downstream

while losing its strength, but the TLV breakup did not happen. As the TLV

interacted with the main flow, discrete positive and negative vorticity peaks

were generated upstream and on the left side of the TLV. At the peak efficiency

and lower flow rates, the TLV broke into several pieces of small-scale vortices.

Due to the TLV breakup at the peak efficiency condition, the phase-averaged

TLV quickly diffused away downstream. The migration speed of the TLV at

the peak efficiency condition was faster than those at higher flow rates. The

mean location of the TLV center was highly cor-related with that of the peak

2D turbulent kinetic energy (k2D), but the k2D at the re-centered TLV center

was significantly reduced up to 20 % of the original k2D value. These results

indicated that the TLV wanders around and this wandering motion contributes

to a large portion of the turbulent kinetic energy at the TLV center. The

wandering motion of the TLV was also confirmed from the scatter plots of
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the instantaneous TLV center. The area swept by the wandering motion was

larger than the size of the phase-averaged TLV, and increased as the TLV

migrated downstream. The wandering motion of the TLV has been known

to be a significant loss (Oweis & Ceccio, 2005). Therefore, to improve the

performance of the axial flow fan, it is necessary to weaken the TLV wandering

motion.
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축류팬에서 익단 누설 유동의 방랑 운동에 

대한 실험적 연구

서울대학교 대학원

기계항공공학부

이 홍 권

요 약

저압 축류 팬에서 익단 누설 와류의 특성을 디지털 입자 영상 유속계를 

이용하여 분석하였다. 팬 날개의 회전 속도를 1,000 rpm으로 고정하여, 

날개 반경 길이와 날개 끝 속도를 기준으로 한 레이놀즈 수가 547,000인 

팬에서 네 가지 서로 다른 유량을 고려하였다. 하류에서 익단 누설 와류의 

발달은 유입 유량에 크게 영향을 받는다. 높은 유량 조건에서 강한 익단 

누설 와류가 관찰되고 최대 효율 및 실속 조건에서는 익단 누설 와류가 팬 

날개의 후연에서 분열된다. 높은 유량 조건에서도 간헐적으로 익단 누설 

와류의 분열이 관찰된다. 유량이 감소함에 따라 익단 누설 와류는 보다 상

류에 위치하며 최대 효율 조건에서 익단 누설 와류의 분열로 인해 높은 유

량 조건보다 이동 속도가 빠르다. 순간 유동장에서 익단 누설 와류 중심 

위치의 분포는 익단 누설 와류가 평균 유동장의 익단 누설 와류 중심 주위

를 방랑하고, 익단 누설 와류가 하류로 이동함에 따라 방랑 운동의 크기가 

증가함을 나타낸다. 익단 누설 와류의 방랑 운동과 주 유동과의 상호 작용

으로 인해 위상 평균 된 익단 누설 와류 중심과 익단 누설 와류의 상류 지

점에 높은 난류 운동 에너지가 존재한다. 한편, 높은 유량 조건에서 팬 날

개 후연과 케이싱 벽 근처에 존재하는 강한 익단 누설 와류는 팬 덕트 출

구로 나가면서 그 강도가 급격히 감소한다. 출구 하류에서 익단 누설 와류

의 원주 방향 이동 속도는 날개 후류의 이동 속도보다 빨라 다음 날개의 

후류와 상호작용하게 된다. 이때, 익단 누설 와류는 날개 후류와 함께 주 

유동의 흐름을 방해하고 팬 성능을 저하시킨다.     



………………………………………

주요어 : 축류팬, 입자 영상 유속계, 익단 누설 와류, 방랑 운동, 

분열
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