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Abstract: The effect of tip-blade cutting on the performance of a large scale axial fan was investigated using compu-
tational fluid dynamics (CFD) methods. Experiments verified the numerical simulations. The original fan was
compared with the one with tip-cutting in terms of dimensionless characteristic and aerodynamic performance in tip
region under the conditions of the maximum efficiency point and near-stall point. The results showed that double
leakage flow occurred in tip clearance at maximum efficiency point and spillage of leakage flow from leading edge
occurred in tip-blade region at near-stall point for the both two fans; and that tip-cutting with 6% of blade height
could reduce the intensity of tip-leakage vortex and increase flow capacity in tip blade region, and hold the stall

margin almost the same as the original fan. The maximum efficiency of the fan with tip-cutting was improved by
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1%, and the ability of total pressure rising was obviously greater than the original fan.
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0 Introduction

Large axial ventilated fan is critical for cool-
ing tower in electric power plant. In practice, a
fixed fan series cannot perfectly fit all working
environments. When a certain fan is a bit larger
than the requirement, it is wise to cut the blade
tip to avoid costly redesigning. Tip-cutting can
change the flow range and even the pressure range
when combined together with blade number
change. Therefore, a certain fan mold can be
transformed into a series of fans, which greatly
decreases production cost and improves the man-
ageability of quality. However, tip-cutting brings
about problems of dynamic performance and sta-
bility, which need further investigation.

Tip-cutting is a way of tip-treating, and
many researchers have focused on tip-treating for

compressor. Zhong Jingjun et al. ™ used a blade
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tip winglet to control the secondary flow and
found that the winglet was the most effective one
to weaken the intensity of the leakage flow. Shao

1. ©J condacted some parameter studies

Weiwei et a
on different attenuation thicknesses and relative
height of pressure surface at tip region and indica-
ted that blade tip attenuation within a certain
range could advance choke mass flow, total pres-
sure ratio and adiabatic efficiency. Yuan Wei et
al. ) analyzed the effect between tip clearance and
casing treatment in turbomachinery, while many
researchers emphasized the effect of changing tip
clearance on the performance of axial compressor.

1. ™) measured the relative

Lakshminarayana et a
stagnation pressure losses in the tip region of a
single-stage axial-flow compressor and suggested
that the tip clearance losses increased with an in-
crease of pressure-rise coefficient. Inoue et al. ™™

measured the rotor exit flow near the rotor tip
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and clarified the behavior of tip leakage vortex for
various tip clearances. Qiu Ming et al. ™ used a
numerical optimization method for aerodynamic
design of compressor blade. In his research, arbi-
trary rotary surface blade profiles and 3-D blade
were developed for a small axial compressor with
high pressure ratio. When the designed rotor
reached a given pressure ratio and a mass flow
rate, it had a relatively high efficiency and a large
stabilization working range.

The flow in axial ventilation fan is exactly
the same with that of low speed axial compres-
sor. However, as its total pressure ratio is smal-
ler, its rotational speed is lower and its fan blade
number is fewer. Ventilation fan and compressor
have some similarities and some differences.
Wang Jun et al. ' investigated the influence of tip
clearance on external performance and tip leakage
vortex of low-pressure axial fan, and found that
with the increase of tip clearance, the leakage
flow disappeared, and was replaced by leakage
vortex. Zhu Xiaocheng et al. '™ launched an ex-
perimental study on the tip leakage flow of an ax-
ial fan and found that for the ventilation fan with
low speed and low pressure, the tip leakage flow
also had a chance to roll up into a discrete vortex
at three different tip clearances.

Obviously, tip-cutting is different from tip
clearance changing, but few researchers have paid
attention to tip-cutting for axial fan. Lv Feng et
al. ™ preliminarily studied the blade cutting
effects on the performance of large axial-flow fan,
and found that for the cases of hub-tip ratio chan-
ging from 0. 56 to 0. 65, the dimensionless char-
acteristics of original fan could still be used for
performance prediction of the blade-cut fans.
However, they did not provide the influence and
mechanism of blade-cutting on the performance of
large axial fan at all.

Therefore, the characteristics of large axial
ventilation fans both with and without tip-cutting
are investigated in detail. Moreover, tip flow

fields of the two fans are numerically investigated

to elucidate the loss generation mechanism.

1 Numerical Study

1.1 Description of the fan and tip-cutting

A large low-speed axial-flow original fan is
shown in Fig. 1(a), and its design specifications
are listed in Table 1. The fan has no stator, and
its rotor tip diameter is 8 450 mm with a tip clear-
ance of 25 mm. The hub-tip ratio is 0. 142 and
the number of rotor blades is 8. The design stag-
ger angle of the fan is 26°.

Due to size limit of cooling tower, the origi-
nal fan blade (marked as A in Fig. 1(b)) is cut by
250 mm, which is 6% of the blade length. The
new tip-cutting fan (marked as B in Fig. 1 (b))
holds the same tip clearance as fan A, and its
hub-tip ratio is up to 0. 151. Fig. 1(b) shows the

geometry comparison of the two fan blades.

(b) Blade comparison

(a) Original fan

Fig.1 Original geometry of the fan and blade comparison

Table 1 Design specification of original fan

Tip diameter/mm 8 450
Hub/tip ratio 0.142
Tip clearance/mm 25
Number of blades 8
Rotation speed/(rad » min™") 155
Design stagger angle/ (") 26

1.2 Numerical algorithm

Fig. 2 shows the computational domain and
model for this study. The inlet boundary is placed
one blade height upstream from the rotor center,
and the outlet boundary is placed one and a half

blade heights downstream from the rotor center.
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The computational grid is generated using
the NUMECA AutoGrid5™ ( Automated Grid
Generator). The grid in tip clearance consists of
17 nodes in the span-wise direction. The grid in
one blade passage contained 2 019 125 nodes. The

minimum grid space as y" <(3 is on the walls.

Casing 1

Casing 2

Outlet

Fig. 2 Fan meridian computational domain and blade

surface mesh

Three-dimensional compressible steady

RANS simulations are carried out using the com-
mercial code NUMECA FINE™. A Spalart-All-
maras turbulence model is applied. The total
pressure is 101 325 Pa. Total temperature is
288.15 K. And axial inlet flow angle is specified
at the inlet boundary. The radial equilibrium stat-
ic pressure is specified at the outlet boundary.
The air mass flow rate change with the outlet
static pressure.
The fan shaft power can be obtained as''"
N=Tew=T+ne+=n/30 @b)
Total pressure rise of the fan is defined as the
difference between the total pressure of the outlet
and that of the inlet
p=Po.— Py (2)
where the subscripts ”"in” and " out” denote the
plane close to the leading and the trailing edges of
the fan blade, respectively.

Total pressure efficiency of the fan is defined

as
=2 (3)
The flow coefficient is defined as
~_ Q
Q*U A €5)
The total pressure coefficient is defined as
==L (5)
2

where Q is the volume flow rate, U and A are the

tip blade tangential speed and the through flow

area, respectively.

2 Validation of Numerical Simula-

tion

Due to its large scale, it is too costly to test
the original fan, but there is an alternative. Simi-

0101 {llustrates that if two fans are

larity theory
similar in geometry, their dimensionless charac-
teristics are equal with a same flow coefficient, no
matter what their scales or rotational speeds are.
Therefore, we develop a geometry-similar fan
with fan B by reducing the diameter from 8 to
1.6 m, then test the new fan's performance.

The tip chord to blade height ratio of fan B is
0.131, same with its geometry-similar fan. The
new fan's stagger angle is 18°, same with the nu-
merical simulation for fan B. The rotational speed
of the test fan is 730 rad/min; while that of fan B
is 155 rad/min.

Fig. 3 shows the comparisons between test
and CFD results in terms of flow coefficient-effi-
ciency recation and flow coefficient-total pressure
coefficient relation. Fig. 3(a) shows that although
the test curve shifts to the left of the CFD curve,
there are still at least 4 test points match well
with the CFD results, and the max efficiency er-
ror is less than 3%. Fig. 3(b) shows the same
tendancy. This validates the reliability of the nu-

merical simulations.

3 Discussions and Analyses

3.1 Characteristic comparison

Since there is no geometry similarity between
the two fans, dimensionless parameters are nee-
ded to compare the two fans' performances!®.
Comparisons between the two fans in terms of ef-
ficiency and total pressure coefficient characteris-
tics are shown in Fig. 4. All computed results are
steady-state simulations. A near-stall point is set
as "solution limit” to prevent the simulation con-
verging to steady state.

Fig. 4(a) shows that flow coefficient and effi-

ciency curves of the two fans exibit almost the
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(b) Flow coefficient-total pressure coefficient relation

Fig. 3 Dimensionless characteristic comparison be-

tween test and CFD results

same tendency at the near-stall point, i. e. the so-
lution limit, indicating that cutting off 6% of
blade cannot change the steady margin. The effi-
ciency of fan B increases to a higher level than fan
A when the flow coefficient is gradually in-
creased, and the difference between the two fans'
maximum efficiencies is 1.5% ., which implies
that the tip-cutting fan operates better than the o-
riginal fan at high flow coefficients.

In Fig. 4(b), flow coefficient-total pressure
coefficient relations of the two fans are compared.
The total pressure coefficient increases when the
flow coefficient decreases, and at the same flow

coefficient point, total pressure of fan B is higher

than that of fan A.
3.2 Tip flow field comparison

Fig. 5 shows the spanwise distributions of
maximum isentropic efficiency of the two fans.
The isentropic efficiency is defined as

1
P,y
(pr) 1
* 1
= (6)
T,

Fig. 5 shows that both isentropic efficiency

curves show "bow” type distributions in the span-
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Fig. 5 Radial distribution of isentropic efficiency at

maximum efficiency point

wise direction, where /R is the relative blade
height. In the region less than 15% blade height,
the isentropic efficiency is below 0. As the flow
speed is low here, the main consideration for this
part of blade is the structural strength. The isen-
tropic efficiency of the two fans has little differ-
ence between 35%—90% blade heights, while
fan B shows a higher isentropic efficiency than fan
A in more than 90% of the blade height including
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tip clearance. This indicates that tip-cutting can
greatly influence tip flow field. As the tip rim
speed is high, the flow in this region leaves a
large proportion of entire-channel flow. The effi-
ciency in this area has a great influence on the en-
tire efficiency of the fan. Therefore, the whole
area needs a thorough analysis.

Fig. 6 shows the relative velocity streamlines
in three tip clearance sections at maximum effi-
ciency points of the two fans. The red, green,
and blue lines represent the surface flow lines in
the blade tip, 50% tip clearance and 90% tip
clearance sections, respectively. The surface flow
line is the projection of the relative velocity stre-
amline on the surface. All the surface flow lines
which start from the leading edge converge to one
line after a short development. Each converged
line reflects the leading edge of the tip leakage

vortex in its surface.

Rotation

Casing Trailing

Blade tip edge

(a) Fan A

Rotation
Casing Trailing
Blade tip edge

(b) Fan B

Fig. 6  Tip-leakage vortex and casing wall pressure

distribution at maximum efficiency point

The tip leakage flow line starting at the lead-
ing edge of the blade reaches to adjacent blade tip
clearance after a blade passage development, and
a secondary leakage flow occurs in the tip clear-
ance. This secondary leakage flow together with
the local leakage flow forms a double-leakage
flow. And the surface flow line in tip section rea-
ches the exit of the adjacent blade. In contrast,

the secondary leakage flow of fan B is closer to

the local blade trailing edge than fan A (blue and
green lines), and the surface flow line in blade tip
section of fan B reaches the exit further away
from the pressure side of the adjacent blade (red
lines) without secondary leakage flow, indicating
that the circumferential development of the tip
leakage vortex in fan B is weakened to some ex-
tent compared to fan A; and that the flow capaci-
ty in tip region is improved after tip-cutting.

Fig. 7 presents tip leakage vortex and entropy
distribution at maximum efficiency point, where
S is the entropy. The tip leakage vortex is identi-
fied by the vortex core and the tip leakage stream-

lines from the leading edge. The vortex core is

colored by the normalized helicity Hn"'", which
is defined as
- W
Hn = 7
¢l iw]

where £,W denote vectors of the absolute vorticity
and relative flow velocity, respectively.

The normalized helicity Hn characterizes the
directional correlation of the absolute vorticity
and relative flow velocity. The magnitude of Hn
takes the value of unity anywhere the streamwise
vortex is presented. It can assess the nature of
vortex quantitatively, even when the vorticity de-
cays. The sign of Hn represents the direction of
swirl relative to the streamwise velocity compo-
nent at the vortex axis. The point where the sign
of it on the vortex core changes from negative to
positive is the place where the tip-leakage vortex
core is formed or broken. The point A in Fig. 7 is
the starting position at which the tip leakage vor-
tex is formed. Hn on the vortex core is almost
+1 after the vortex is formed. Due to the pres-
ence of streamwise vortex, the vortex core is be-
lieved to represent the tip leakage vortex rolling
up clockwise from the leading edge of the rotor
tip. The difference between the two fans is that
point A in fan A is closer to the leading edge,
which could induce a larger low-energy fluid re-
gion. One could see it from the entropy distribu-
tion in all planes.

From the entropy distribution map we can

clearly see the leakage vortex occurs in the suc-
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Fig.7 Tip-leakage vortex and entropy distribution at

maximum efficiency point

tion side of blade tip. The entropy production in
the tip region of fan A is obviously greater than
that of fan B. The greater entropy production is,
the more energy losts. The tip leakage vortex
spreads after point A, which could greatly reduce
the tip flow capacity.

In Fig. 8, the distribution of static pressure
coefficient at near-stall point is shown in casing

and tip-leakage vortex paths from the leading

edge.
The static pressure coefficient is defined
cp =Ll (8
2w

where p, denotes the static pressure and the sub-
script 1 the fan inlet , p the air density and W the
relative velocity.

The minimum pressure is located near the

leading edge on the suction surface, and the pres-
sure trough in the two fans extends from the min-
imum pressure point to the adjacent blade im-
port. Moreover, the tip leakage vortex extends to
the adjacent blade import along the pressure
trough. Both tip leakage vortices extend to the
leading edge of the next blade and the spillage of
tip leakage flow from the leading edge occurs.
The tip leakage vortex in fan A reaches the rotor
exit after 5 blade passages tangential develop-
ment. In contrast, the development of tip leakage
vortex in fan B just needs four blade passages.
Moreover, the interaction between the tip leakage
vortex and the wake in fan A generates a larger

pressure loss at the rotor exit than that of fan B.

Trailing edge

Leading edge Tip-leakage vortex

Rotation

(a) Fan A

Trailing edge

Rotation

Leading edge Tip-leakage vortex

(b) Fan B
-1.0 -0.5

Fig. 8 Tip-leakage vortex and casing wall pressure

distribution at near-stall point

Fig. 9 elaborates tip leakage vortex and en-
tropy distributions at near-stall point of the two
fans. The vortex core is also colored by Hn. The
influence range of tip leakage vortex is much lar-
ger than that at the maximum efficiency point
both in the spanwise and pitchwise directions,
comparing the entropy production areas in the tip
region. The spillage of tip leakage flow from the
leading edge is more clearly in three-dimensional
quality. Nishioka et al. '**) indicated that the spill-
age of tip leakage flow from the leading edge

could induce a larger total pressure loss than
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double leakage flow, and the pressure rise could
be much lower in the tip region. The leakage vor-
tex intensity of fan A is stronger than that of fan
B, especially at the middle planes, which induces
a larger low-energy fluid region and low flow ca-

pacity in the tip region.

vortex core

Tip su
Streamline

Point 4

Rotation

(a) Fan A

/(3 (kg K)"

Tip-leakage
vortex core

Tip surface

Streamline Point 4

Rotation

(b) Fan B

Fig.9 Tip-leakage vortex and entropy distribution at

near-stall point

4 Conclusions

The tip-cutting effect on performance of the
large axial ventilation fan has been investigated u-
sing steady Reynolds-Averaged-Navier-Stokes
(RANS) simulations. A geometry similar fan has
been tested to verify the reliability of the numeri-
cal simulations. The results are summarized as
follows:

(1) Cutting 6% blade can improve total pres-
sure efficiency. And with the increase of flow ef-
ficient, the difference of efficiency between the
two fans increases up to 1%. At the same time,
6% blade cutting has little effect on the fan's stall
margin., The fan with tip-cutting keeps almost

the same flow coefficient and efficiency at near-

stall point as the original one.

(2) The tip-leakage vortices at maximum ef-
ficiency point of the two fans have a vortex rolling
up clockwise along the core flow direction. The
double leakage flow just occurs in tip clearance,
which has little influence on the entire perform-
ance.

(3) At the maximum efficiency point, the tip
vortex of fan B passes further away from the
pressure side of the adjacent blade than that of fan
A, which improves the flow capacity in tip re-
gion. While at the near-stall point, the tip leak-
age vortex extends to the leading edge of the next
blade, and the spillage of tip leakage flow from
the leading edge occurs. The tip leakage vortex in
fan A reaches rotor exit after five blade passages
tangential development. In contrast, the develop-
ment of tip leakage vortex in fan B just needs four

blade passages to reach the rotor exit.
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