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Numerical Investigation of Effects of Tip Clearance Height on Fan
Performance and Tip Clearance Flow in an Axial Fan of the
Cooling Tower
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1. M 2 clearance flow have been focused on the axial
compressorsm). Little research effort has been

Cooling towers are heat removal devices and made to understand the tip clearance flow field for
axial flow fans are widely used to force the air the axial fans. Zhu et al® measured and
into the tower. The flow in the tip clearance calculated the flow field in the tip clearance region
region between the rotor of the fan and the casing of an axial ventilation fan with various tip
1s quite complex and presents interesting flow  clearance heights. However, they did not show the
features. The interaction between the tip leakage  detailed behavior of the tip clearance flow in the
flow and the passage flow causes the rolling-up of  blade passage. The cooling tower fan for the
the tip leakage vortex and flow separations on the  present study is very large and has a high
casing. Characteristics of the tip flow field are  Reynolds number. It 1is difficult to conduct
highly sensitive to variations in tip clearance  measurements of the flow field in the tip clearance
height. Most of previous studies concerning the tip  region for the fan with a high Reynolds number.

Numerical simulation technique is a useful tool to

LAA(UANARY - AT 7| ARS8 T describe the tip flow field of the cooling tower fan.
E-mail : ohkj@kyungnam.ac.kr, Tel : 055-249-2616
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study is to

investigate effects of the tip clearance height on

The purpose of the present

the structures of the tip clearance flow field in an
axial fan of the cooling tower. Viscous flow
calculations are performed for the fan flow field
the tip
Navier-Stokes equations and the k—e turbulence

including clearance flow wusing the
model. The k—e turbulence model can give good
results for the turbulent flows with high Reynolds
number like the present flow model. Calculation
results are obtained at two tip clearance heights.
The secondary flows in various cross—flow planes
at the tip, the static pressure distributions on the
blade surface near the tip and the trajectory of the
tip vortex core in the blade passage are examined
to understand the flow structure and the effects of

the clearance height on the tip flow field.

2. Axial fan model

Fig. 1 Ducted fan model

The present fan model is a ducted fan as shown
in Fig. 1. The fan model of interest is a large
axial flow fan which is currently used in the
cooling tower. The fan has six blades, the
diameter of the fan D is 4.27 m, and the hub
ratio(=D,/D,) is 0.3. The design flow rate Q is

10,000 m?*/min and the rotational speed of the fan

S is
AV,

is 250 rpm. The flow coefficient ¢

0229 where V, is the tip speed and

™
Al=(D7=Dy)

section has NACA 4409 airfoil geometry. The
chord length at the hub is 1,048 mm and the chord
length at the tip is 524 mm. The blade stagger

is the inlet area. The blade

angles at the tip and the hub are given 70° and
38.6°, respectively. The Reynolds number, based on
the tip speed and the diameter of the fan, is
1.602x10". The normalized tip clearance heights to
the fan diameter t.,/D, are chosen as 0.4% and
1.0%. These two values correspond to a small and
a large tip clearance gap, respectively, of the
ducted axial fan.

3. Governing equations

The govering equations are the continuity and
the Reynolds-averaged Navier-Stokes equations.
The Reynolds stresses are modeled using the k— e
turbulence model. The governing equations in the
rotating cylindrical coordinate can be written as

o] 1 0 1 o
87X<U¢)+?§(FV¢>+?@(W¢):

e
)

where ¢, I';, and S, denote the flow variables,
diffusion  coefficients,  and
respectively(7>.

source terms,

4. Computational procedure

Fig. 2 Grid configuration on the hub shaft and the
blade
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The wall function is used for boundary conditions
on the wall surfaces. Periodic boundary conditions
are imposed in the circumferential direction.

5. Result and discussion

Table 1 Performance data for the axial fan model

Tip clearance height [%] 0.4 1.0
Flow rate [m’/min] 10,000 10,000
0.04 Flow coefficient 0.229 0.229
i Total pressure rise [Pa] 255.18 232.82
0L~ o e Pressure coefficient 0.135 0.124
006 004 002 D D02 004 008
(CIRCUMFERENTIAL DISTANCE)/D, Hydraulic efficiency [%] 67.56 64.63

Fig. 3 A close view of the computational grid at

the tip on the constant radius surface

The governing equations are solved using the
Navier-Stokes code which was developed and
validated for the simulation of turbulent flows in
an axial fan model by author et al.””. The code
uses hybrid numerical scheme and the SIMPLE
algorithm based on the finite volume approach.

The H-type computational grids are generated in
the calculation domain of one blade passage
between the hub and the casing. The grid consists
of 93 and 72 in the axial and circumferential(blade
to blade) directions. Particularly, 20 grid points are
distributed in the circumferential direction on the
tip surface. In the radial direction, 65 grid points
are used in the region between the hub and the
tip. In the tip clearance region between the tip and
the casing, 12 and 30 grid points are allocated for
the case of t./D,=04% and 1.0%, respectively.

Fine grid spacings are used near the leadings,

trailing edges and wall surfaces. The grid
configuration on the hub shaft and the blade is
shown in Fig2 A close view of the

computational grid at the tip on the constant
radius surface is shown in Fig.3.

The inlet and outlet boundary planes are placed
0.3 fan diameter upstream and 0.5 fan diameter
downstream of the fan. A constant volume flow

rate is specified over the inlet and outlet planes.

At first, calculated performance data for the two
clearance heights are presented in Table 1. The
2. AP,
p- Vt2

where AP, is the total pressure rise, p is the fluid

pressure coefficient is defined by ¢ =

density, and V, is the tip speed. Table 1 shows
that the total pressure rise 1S seen to be
substantially decreased as the clearance height is
increased. Calculations show a loss of around 10%
in the total pressure rise as the clearance height is
increased from 0.4% to 1.0%6. With increasing tip
clearance height, the increased tip leakage flow
induces a more flow loss in the tip clearance

region and the hydraulic efficiency are decreased.

— 96

CAMBER LINE

Fig. 4 Cross sections at the tip and other notations
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Fig. 5(a) Projected velocity vectors and
stream-traces in the cross section a—a’ at
¢/l = 0.1 for t./Dy=0.4%

Fig4 shows definitions of the cross section at
the tip and other notations to be used for the
display of the calculation results. The section
a—a’ is parallel to the axial direction. The section
b—b" is perpendicular to the camber line on the
tip surface. The distance y in the cross section
b—b" is measured from the wall. The axial

chord ¢, is measured from the tip leading edge.
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Fig. 5(b) Projected velocity vectors and

0.44

stream-traces in the cross section a—a’ at
¢/l = 0.1 for t./Dy=1.0%
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Projected velocity vectors and stream-traces
of the tip leakage flow in the cross section a—a’
at c,/l;, = 0.1 are shown in Fig. 5. The velocity
vectors in the relative coordinate to the moving
blade are projected into the cross section a—a’.
The tip leakage flow meets with the incoming
flow and causes the severe interaction, resulting in
a flow separation region on the casing. This flow
region acts like a blockage to the incoming
passage flow to the blade. The size of the region
becomes larger in the larger clearance case which
is due to the more entrainment of the leakage
flow. It is observed that the flow moves upward
on the pressure side to enter the gap and
moves downward on the suction side mixing with
the incoming flow.

Static pressure distributions on the blade surface
at 2-r/D,=0.99 are shown in. Fig. 6. The
static pressure is non—dimensionalized by the tip
speed and the fluid density. The pressure
difference between the pressure and the suction
side near the leading edge is reduced in the larger
clearance case. The pressure difference across the
tip near the leading edge is decreased by the
blockage effect of the leakage flow. Therefore,
when the clearance height is increased, the tip
leakage flow region is extended as shown in Fig.
5 and the pressure difference is further reduced by
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Fig. 6 Static pressure distributions on the blade
surface at 2 - r/D, =0.99
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the larger blockage effect. It can be also found
that the location of the minimum pressure on the
suction side moves downstream in the larger
clearance case. The location of minimum pressure
is linked to the detachment of the tip leakage

vortex.
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Fig. 7(a) Projected velocity vectors and stream-traces in
the cross section b— b’ at ¢, /l;;, = 0.4 for
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Fig. 7(b) Projected velocity vectors and
stream-traces in the cross section b—b' at
¢/l = 0.4 for t./D,=1.0%
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Fig. 8 Trajectories of the tip leakage vortex in the
blade passage

Projected velocity vectors and stream-— traces of
the secondary flow in the cross section b—b' at
¢,/li, = 0.4 are shown in Fig.7. Fig. 7 shows that
the tip leakage flow exits the gap like a jet flow
and rolls up into a discrete vortex. The tip vortex
core is more detached from the suction side wall
when the tip clearance height is decreased from
1.09% to 0.4%. This indicates that the trajectory of
the vortex depends on the clearance height.

Fig. 8 shows the trajectories of the tip leakage
vortex In the blade passage. The distance of the
vortex center y. is measured from the suction side
of the blade in the b—b" section. Present results
are compared with the following similarity solution
of the idealized model by Chen et al'’.

tanf, —tanf, @)
COSﬁm * g mid— span

1s the axial distance from the

Ye
X_XL

=0.46 -

where X~ X,
leading edge at the tip, By is the inlet flow angle,

B, is the outlet flow angle, B is the mean flow
angle, and O is the solidity. The idealized model
has been derived by a similarity analysis in the
transverse section based on an inviscid slender
body approach. The model assumes that the

clearance height and the transverse plane velocities
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are very small, and the pressure difference across
the blade does not vary in the span. In the
1dealized model, the onset of vortex roll-up occurs
at the leading edge and the vortex is detached
from the suction side at a constant rate. However,
present results show that the initial vortex appears
further downstream and that the vortex remains
close to the wall in the forepart of the chord
before it is rapidly detached from the wall. Also, it
is found that the detachment moves further
downstream in the larger clearance case. Similar
feature of the tip leakage vortex can be observed
in the
Kuroumaru® for an axial compressor rotor. These

experimental study by Inoue and
discrepancies in the trajectory are due to the fact
that the formation and the detachment of the
vortex are influenced by the pressure on the blade
surface near the tip which is given in Fig. 4. The
reduced pressure difference near the leading edge
by the blockage effect of the leakage flow moves
the onset of the vortex downstream. The
detachment of the vortex is delayed in the larger
location of minimum

further

clearance case as the

pressure on the suction side moves

downstream in the chord-wise direction.

6. Conclusions

In this paper, tip clearance flows in an axial fan
of the cooling tower are simulated at two tip
clearance heights. From the calculation results, the
following conclusions can be drawn:

1. Calculated performance data show a loss of
around 10% in the total pressure rise when the
clearance height is increased from 0.4% to 1.0%.

2. A flow separation region can be seen on the
casing near the tip which is due to the interaction
of the leakage flow with the incoming passage
flow. This region acts like a blockage to the
incoming passage flow. The size of the region
becomes large as the clearance height is increased.

3. The pressure difference between the pressure
and the suction side near the tip is further reduced

in the larger clearance case by the larger blockage
effect of the
minimum pressure on the suction side moves
height is

leakage flow. The location of
downstream when the clearance
increased.

4. In the present calculations, the initial vortex
appears further downstream, whereas in the
idealized model by Chen et al.m, the vortex is
generated at the leading edge. The detachment of
1s further delayed at the larger

clearance as the location of minimum pressure on

the vortex

the suction side moves further downstream in the

chord-wise direction.

Acknowledgement

This
University Foundation Grant, 2010.

work was supported by Kyungnam

Reference

1. G. T. Chen, E. M. Greitzer, C. S. Tan, and F.
E. Marble, 1991,
compressor tip clearance structure”, ASME

113, pp.

“Similarity analysis of

Journal of Turbomachinery, Vol
260-269.

2. W. W. Copenhaver, E. R. Mayhew, C. Hah,
and A. R. Wadia, 1996, “The effect of tip
clearance on a swept transonic compressor
rotor”, ASME Journal of Turbomachinery, Vol.
118, pp. 230-239.

3. M. Inoue, and M. Kuroumaru, 1989, “Structure
of tip clearance flow in an isolated axial
compressor  rotor’, ASME  Journal of
Turbomachinery, Vol. 111, pp. 250-256.

4. S. Kang, and C. Hirsch, 1996, “Numerical
simulation of three-dimensional viscous flow in
a linear compressor cascade with tip
clearance”, ASME Journal of Turbomachinery,
Vol. 118, pp. 492-503.

5. B. Lakshiminarayana, Zaccaria, and B. Marathe,
1995, “The structure of tip clearance flow in
axial flow compressor”, ASME Journal of

Turbomachinery, Vol. 117, pp. 336-347.

_49_



Numerical Investigation of Effects of Tip Clearance Height on Fan Performance and
Tip Clearance Flow in an Axial Fan of the Cooling Tower

6. X. Zhu, W. Lin, and Z. Dy, 2005, “Experimental
and numerical investigation of the flow field in
the tip region of an axial ventilation fan”,
ASME Journal of Fluids Engineering, Vol. 127,
pp. 299-307.

7. K. Oh, and S. Kang, 1997, “Numerical analysis
of turbulent flow around a small propeller fan
operating at the inlet of open chamber”,
Transactions of the KSME(B), Vol. 21, pp.
1586-1594.

8 K. Oh, and S. Kang, 2002, “A numerical
investigation of flow and performance
characteristics of a small propeller fan using
viscous flow calculations”, J. of Mechanical
Science and Technology, Vol. 16, pp. 386-39%4.

_50_



