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Abstract. To improve the machining eciency for the conventional ve-axis Numerically

1. Introduction

and shapes can also make the impeller particularly
subject to a great deal of breakage [3]. Hence, it will
be very critical to improve the machining quality and
eciency of a centrifugal impeller by means of some
advanced NC machining technologies.
Centrifugal impeller is, in general, manufactured
as an integral shape on ve-axis NC machine or by
means of the lost-wax casting technology. The veaxis NC machine has been widely used to manufacture
aerospace parts and turbine impellers with complex
geometry. Compared to three-axis machining, the
cutter axis of ve-axis machine has two additional
degrees of freedom allowing a more ecient tool path.
Hence, ve-axis machining can o er more advantages
such as higher productivity and better machining

Centrifugal impeller;
Unit Machining
Regions (UMRs);
Simultaneous
three-axis NC
machining;
Five-axis machining;
Cutting simulation on
Vericut software.

Controlled (NC) machining of a centrifugal impeller, this paper presents an ecient
simultaneous three-axis NC machining approach on ve-axis machine instead of simultaneous ve-axis NC machining technology. On the basis of the characteristic curves
of an impeller and its projection graphs, the rough-cut surface of blades is partitioned
into several Unit Machining Regions (UMRs). The rotating and tilting angles of a
ve-axis machine bed are calculated and xed in advance to support the simultaneous
three-axis NC machining of each UMR. Tool paths with a zigzag shape are generated to
avoid interference and collision between the cutter and the impeller blades based on the
simultaneous three-axis control approach on ve-axis machine bed. A prototype model
of an impeller with nine blades is established, and its nal tool paths in each UMR are
veri ed by means of a cutting simulation function on Vericut software. Simulation results
demonstrate that the simultaneous three-axis machining approach on ve-axis machine bed
can signi cantly improve the machining eciency compared to the conventional ve-axis
machining technology.
© 2015 Sharif University of Technology. All rights reserved.

Centrifugal impeller is one type of complex component
mainly used to compress or transfer uid at high speed
and high pressure. It has also been commonly applied
in energy generators, aerospace, crafts, petrochemical
industry, and so on [1,2]. An impeller consists of several
complex multi-blades with sophisticated geometrical
shapes and narrow ow channel hub surfaces, which
will take a lot of time to remove the unnecessary material between two adjacent blades. Furthermore, lack of
balance of an impeller due to its asymmetrical weights
*. Corresponding author. Tel.: +86 631 5688220
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quality than three-axis machining. The surface model
of the impeller is very complex with extremely twisted
surfaces and substantially overlapped blades. These
complex surfaces make it ideally suitable for ve-axis
NC machining instead of three-axis machining, because
exible movements of the cutter axis can avoid collision
or interference between the cutter and the work piece.
However, ve-axis machining method will spend more
time removing the materials because of its complex
multi-axis control and large processing volume. To
improve the machining eciency and quality of the
centrifugal impeller, this paper will present an ecient
simultaneous three-axis control scheme on a ve-axis
NC machine instead of a simultaneous ve-axis control
method. In the simultaneous three-axis control scheme,
two rotational DOFs on ve-axis NC machine are
xed to make the cutter axis be perpendicular to the
machined region, and then the region can be cut by
means of the simultaneous three-axis control method
on three-axis NC machine.
Most ve-axis machining technologies of the centrifugal impeller have been devoted to avoid the collision and interference between the blade and the cutter,
and to improve the machining quality by means of
the tool path plan. For example, Fan et al. [4]
developed a novel ve-axis tool positioning algorithm
for open concave surface machining. Chaves et al. [5]
dealt with improvement of the machining quality of
impeller blades based on evaluation of the geometric
and economical performances of a tool path. Jung
et al. [6] developed a tool path plan method of an
impeller with high machining eciency and excellent
surface quality by means of a B-spline function on
ve-axis machine. Feng et al. [7] presented a novel
assigning tool orientations method to produce smooth
and interference-free tool orientation for the ve-axis
machining of an impeller. Chen et al. [8] developed
iso-scallop trajectories, tool orientations, and a tool
swept volume for the ve-axis machining of an impeller. Huang et al. [9] put forward many novel region
partitioning methods through generation of the ruled
envelope surfaces. Gong et al. [10] proposed a novel
tool path generation method of ank milling based on
the constraints of ball end cutters. Chu et al. [11]
investigated a tool path planning method for ve-axis
ank milling of the ruled surfaces by means of NC linear
interpolation. Some research has also been carried out
to improve machining eciency of the ve-axis NC
machine. Beudaert et al. [12] proposed an iterative
approach to smooth an initial tool path by means of
the kinematical constraints of tool path, such as the
maximum velocity, acceleration, and jerk. Beudaert
et al. [13] presented an indicator of the maximum
feed rate to smooth the tool paths and reduce the
machining time of ve-axis machining. In order to nd
the complicated engagement between cutter and work

piece, Layegh et al. [14] established an enhanced force
model based on the feed rate scheduling technique for
rough-cut of parts.
However, most ve-axis machining technologies
for the centrifugal impeller have just solved the problems of avoidance of collision and interference and
improvement of machining quality; no attention is
paid to machining eciency of the three-axis control
method on ve-axis NC machine in terms of machining
time. As a matter of fact, a centrifugal impeller is
composed of some complex multi-blade and narrow
ow channel hub surfaces. Its machining eciency
has great in uences on enlargement of its economical
performances and machining quality. Moreover, most
ve-axis machining technologies sacri ce machining
eciency to improve machining quality, or avoid the
collisions or interferences between the cutter axis and
the blade. Especially, these parametric cutting methods for the machining of blade surfaces is likely to
decrease the rate of metal removal since it has to control
all the ve axes coordinately to trace the tool path.
Hence, to improve machining eciency, this paper will
present a simultaneous three-axis control scheme for
the centrifugal impeller on ve-axis machine instead of
the simultaneous ve-axis control method.
This paper is organized into six sections. Following the introduction, Section 2 addresses some
preliminaries and region partitioning of a centrifugal
impeller, which consists of the surface model of a
centrifugal impeller, determination of the cutter axis
and region partitioning method. Section 3 is devoted
to generate the tool path in rough-cut. In Section 4,
some simulation results are illustrated on feasibility of
the proposed simultaneous three-axis NC machining
method on ve-axis machine through computer cutting simulation on Vericut software. Some conclusion
remarks are nally included in Section 5.

2. Preliminaries and UMRs region
partitioning of an impeller
The centrifugal impeller, shown in Figure 1(a), is
a circular revolving entity. It is composed of nine
identical blades and a hub. The angle variation value
between the adjacent two blades is equal to 40 . The
surface model of a centrifugal impeller can be separated
into two parts: the blades and the hub. As shown
in Figure 1(a), every blade of an impeller consists of
a suction surface, a pressure surface, a leading edge,
and a trailing edge. The hub surface is generated
by revolving the hub curve about the rotating axis
of the impeller. The shroud surface identi es the
outer shape of the blade. The surface of the blade is
closed among the shroud surface, suction surface, and
pressure surface. Rotating the shroud curve around the
axis of rotation forms the shroud surface.
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Figure 1. Surface model of a centrifugal impeller: (a)
Geometric features; and (b) UMRs rough-cut regions.
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the cutter axis and the blade, the rough-cut surface of
each blade is partitioned into several UMRs shown in
Figure 1(b).
In each UMR, the direction of the cutter is used
for machining of the unit machining regions. The
rotating and tilting axes in a machine bed have to be set
up in advance for each UMR in order for the UMR to be
milled by the three-axis machining manner. The representative ruling vectors of the pressure and suction
surfaces are used to determine the rotating and tilting
angles of a machine bed. An arbitrary ruling vector
is selected on the ruled surface of a blade to coincide
with the cutter axis vector that has to correspond to
the vertical or horizontal axis of a machine spindle.
Then, the feasible UMR that is accessible by the tool
can be determined by the projection curves obtained
through a few rotational transformations, as shown
in Figure 2(a)-(c). The ruling vector is sequentially
transformed by rotation about the x-axis and Y-axis of
angles and , respectively. As shown in Figure 2(b)
and (c), the values of
and
are equal to the
angles between the ruled line vectors and the x z
plane, y z plane, respectively. After these rotation
transformations are completed, the roughing areas are
projected onto the x y plane.
Figure 3 demonstrates that the shaded area is
the interference-free region in which the cutter, having
a xed cutter axis vector, can move on the hub
surface without collision with the impeller blades. As
shown in Figure 3, the appropriate UMRs can be

2.1. UMRs region partitioning of a centrifugal
impeller

To reduce the point contact time of a cutter, a
blade shape consisting of straight-line elements on the
pressure and suction surfaces is preferred to make the
cutter having a line contact with the impeller. In this
way, a geometric model of a centrifugal impeller, in
Figure 1(a), has been developed based on canonical
representations in curvilinear coordinates. In addition,
in order to avoid the collisions or interferences between

Figure 3. Blade contour projected on the x y plane.

Figure 2. Determination of the direction of cutter axis: (a) Ruled line vectors; (b) rotation about the x-axis; and (c)
rotation about the y-axis.
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determined according to the intersection point between
the adjacent hub curves and shroud curves. The cutter
axis is coincided with the ruling line at point P1 . A
similar approach is proposed for constructing the next
UMR and cutter axis by examining the angles of and
. Hence, all of the UMRs and the cutter axis can
be determined. The rotating and tilting angles of a
machine bed can be computed by the transformation
angles of and , respectively.
Machining area partitioning means that a machining area on a hub surface is divided into a certain
number of UMRs, each of which is to be machined by
the three-axis machining without any collision between
the cutter and the blade surfaces. On the basis of
this region partitioning, this paper designs a detailed
procedure of machining area partitioning shown in
Figure 4. Firstly, the geometry framework of integral impeller and blank information can be obtained
according to the CAD database of the centrifugal
impeller. And then, some characteristic curves of the
impeller, such as the edge of blade surface curves and
hub surface curves need to be found out from the
geometric data of the impeller. The ruling vectors
used for the xed cutter axes are then calculated.
To obtain the rst UMR, the rst ruling vector on
the shroud curve of the suction surface is assigned as
the xed cutter axis, and the point P1 is set to the
upper boundary point shown in Figure 3. The assigned

ruling vector is transformed by rotation about the xaxis and y-axis of angles and to coincide with
the z -axis. The shroud and hub curves are projected
onto the x y plane to determine the boundary of
each feasible machining area. If an intersection point
appears between the opposite shroud curve and the hub
curve of the ruling vector, the intersection point, P2 , is
set to the lower boundary point, the rst partitioned
region is saved as UMR, and the next cutter axis
vector is assigned to obtain the next UMR. If the
point P2 is the last point in the ruling lines of the
blades surface, the last point of the opposite shroud
curve is set to the lower boundary point, and the
partitioning procedure ends. Otherwise, P1 = P2 ,
NOUMR = NOUMR + 1, and get to the third step;
nally, all the UMRs and tool axes are obtained and
saved.

2.2. Determination of the direction for cutter
axis

Rational selection of geometry parameter of the cutter
is very important to raise processed quality. To
improve the manufacturing eciency, it is desirable to
select a cutter with a large size; however, too large
size tends to result in interference or collision between
the cutter and the impeller blades. For isometric
blades of impeller, the iterative method proposed by
Layegh [14] will be applied to calculate the shortest
distance (dmin ) between two adjacent blades. To avoid
collision and interference between the cutter and the
impeller blades, a protection factor, k, is chosen as
1:2 <k <1:5, hence, maximum radius of the ball end
milling cutter is designed as follows.
d
2
rmax = min
;
(1)
2k
where  denotes the nishing allowance, and the radius
of the cutter can be selected as r < rmax .
Directions of the cutter axis at points Pi (i =
1; 2; :::; n) are demonstrated in Figure 5. The pressure
surface of each blade is manufactured by means of an
isometric or Cartesian method proposed by Jung [6].
Thus, the cutter axis is coincided with the ruling line
at point P1 . As shown in Figure 5, PS;i and PX;i (i =
1; 2; :::; n) denote the points on the shroud curve and
the hub curve. For a given maximum cutting depth,
l, the number of cutting layers can be calculated as
n1 = L=l in which L is the length of ruling lines on the
blade surface. Then, the position of cutter point at the
j th line in the kth cutting layer can be calculated as
follows:
(P
Px;i )  (n1 k)
;
(2)
Oi;j;k = Oi;j;k 1 + s;i
n1

Figure 4. Flowchart of region partitioning based on the
xed cutter vectors.

where k = 1; 2; :::; n1 .
Direction of the cutter axis at the j th line in the
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Figure 5. Determination of the direction for cutter axis.
kth cutting layer can be expressed as follows.
P
Oi;j;k
Ti;j;k = s;i
(3)
jjPs;i Oi;j;k jj ;
where Oi;j;k denotes the cutter point at the j th line in
the kth cutting layer.

3. Generation of tool path in rough-cut
A cylindrical blank is rst machined by means of lathe
to form the outer pro le of the shroud surface of an
impeller. Then, rough-cut milling is performed on each
UMR between two adjacent blade surfaces. Rough-cut
milling or rough machining quickly removes unnecessary materials from this pro led blank and produces
the pre-form of an impeller so as to facilitate the nal
nish cut. Thus, the tool path for rough-cut machining
should be generated so that the metal removal rate
can be maximized during the rough process without
any collision or interference between the cutter and the
impeller surfaces. The tool moves on each UMR in a
series of zigzags, which can produce less number of tool
paths and memory. Figure 6 illustrates the tool path
with the shape of zigzags.
The cutting directions of adjacent two tool paths
are opposite. The number of tool paths can be

Figure 6. Tool path with the shape of zigzags.
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calculated as follows:
S
ns = p
;
(4)
2 d h
where S denotes the arc length between adjacent
trailing edges, d is equal to the diameter of cutter, and
h expresses the allowable value of residual height at the
edge of hub surface.
As shown in Figure 6, the rst tool path, T P1 ,
is the intersection lines of the suction surface and the
hub surface, and the last tool path, T P2 , depends on
the intersection between the pressure surface and the
hub surface. These path points, Oi;j , on the tool path
can be computed by means of the linear interpolation
method.
O
Oi;1
Oi;j = Oi;1 + i;2
:j;
(5)
ns
where j (j = 0; 1; :::; ns ) denotes the number of lines on
the tool path.
For rough-cut milling of a blade surface, the cutter
has to mill the blade surface along the prede ned tool
path on the machining part surface. The tool path
points on the hub surface at the side of the pressure
surface can be determined based on the o set amount,
by considering the blade allowance and the tool radius,
as shown in Figure 7. Then, the rst tool path on
the hub surface at the side of the pressure surface, can
be derived from blade allowance and tool radius, as
follows:
OCP (0) =

nX1
i=1

fLP x;i (u)+ d:Vn (Px;i (u))+ :VT (j )g ;

(6)

where LP x;i (u) denotes the ith hub curve at the edge
of hub surface between Px;i and Px;i+1 with 0  u  1;
Vn (Px;i (u)) is the normal vector of Lpx;i (u) for a given
i and u;  expresses the o set value from a hub curve
along the tool axis vector; VT (j ) denotes the tool axis
vector of the j th UMRs; and d is equal to the o set
values between two adjacent tool paths.
Meanwhile, the rst tool path, OCs(0), at the side
of the suction surface, can also be determined. Since
the tool paths are uniformly distributed on the hub
surface, the intersection angle between the adjacent two
tool paths around the mid-axis of impeller has the same
values, denoted as . Hence, the next tool path can also
be determined as follows:
(
OCP (1) = Rz ():OCP (0)
(7)
OCS (1) = Rz ():OCS (0)
Then, the ith tool path can also be calculated as
follows:
(
OCP (i) = Rz (i):OCP (0)
(8)
OCS (i) = Rz (i):OCS (0)
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Figure 7. Tool path with blade allowance and tool radius.
where:

2

cos 
Rz () = 4 sin 
0

3

sin  0
cos  05 ;
0
1

and  is equal to the angular value between the adjacent
two tool paths around the mid-axis of impeller.
Furthermore, the general tool path, denoted as
T P (P ), can be calculated by the two o set curves,
OCP (P ) and OCS ( P ), which are determined
by rotating the rst tool path, OCP (0) and OCS (0),
around the mid-axis of impeller by P and  P ,
respectively. The nal tool path T P (P ) can be
expressed as follows:
T P (P ) = (1 ):OCP (P ) + :OCS (

P );

(9)

where  = P is the interpolation ratio, and 0    1;
P is the rotation angle based on the path interval, and
0  p  ;  denotes the angle between OCP (0) and
OCS (0) around the mid-axis of the impeller.
It can be seen from Figure 8 that the tool path
plane can easily be generated by extending the T P (P )
curves along the ruling lines. Thus, the nal tool
path of the cutter can be produced based on the
T P (P ) curves. The number of cutting layers can be
determined in terms of the milling depth ap .

4. Numerical simulation and discussion
In order to verify the simultaneous three-axis NC
manufacturing method on ve-axis machine for an
integral centrifugal impeller, a prototype rough-cut
module of an impeller with nine blades, as shown in
Figure 1, is established. According to the characteristic
curves of an impeller and their projection graphs, the
rough manufacturing module is partitioned into three
UMRs by the blade contour projected on the x y
plane. The rotating and tilting angles of a machine bed
are calculated to support three-axis NC machining in

Figure 8. The initial o set tool path and a general tool
path on the part surface.

each UMR. All accessible postures of the cutters at the
ruling line are determined. Ball end mills with diameter
of 10 mm are used successively in each UMR. An NC
program for the generation of tool paths is rst prepared by means of Automatically Programmed Tools
(APT). Then, this program is transformed through the
post-processing approach into a machine-speci c code
for a ve-axis machining bed. The tool path with the
characteristic of zigzag is generated based on the threeaxis manufacturing plan at each UMR for the purpose
of avoiding interference and collision between the tool
and the impeller blades. The nal tool paths of rough
machining in each UMR are veri ed by means of the
cutting simulation function of Vericut software.
For the purpose of comparing the machining eciency of the simultaneous three-axis rough machining
method with that of the conventional simultaneous
ve-axis machining approach, a lot of numerical simulations are conducted to measure the machining time.
Table 1 demonstrates the rough-cut machining time of
each UMR by means of the simultaneous three-axis and
ve-axis control at di erent feed rates of 500, 1000,
1500 and 2000 mm/min.
It can clearly be seen from Table 1 that the
machining time by means of the simultaneous threeaxis control is less than that by the simultaneous ve-
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Table 1. Comparison of rough-cut machining times: the simultaneous three-axis control versus ve-axis control (time
unit: min).

Feed rates (mm/min)
Simultaneous
three-axis control
Simultaneous
ve-axis control
Increase of eciency (%)

UMR 1
UMR 2
UMR 3
total

axis control. Meanwhile, as a result of the simultaneous
three-axis control, its machining eciency is increased
much more than 10% compared to the simultaneous
ve-axis control method. As a matter of fact, the actual
machining time takes much longer than the calculated
nominal time due to the acceleration and deceleration
e ects of the NC machine controller.

5. Conclusion
To improve the machining eciency of a centrifugal
impeller, this paper presents an ecient rough-cut
three-axis control approach by partitioning a rough
machining area into several UMRs. In order to enable
the three-axis machining of an impeller on a veaxis machine, the rotating and tilting angles of a
machine bed are controlled in advance for certain setups. And, the rough-cut machining area is partitioned
into smaller sub-areas to facilitate three-axis milling
without any collision between the cutter and the blade
surfaces in the sub-areas. A repetitive partitioning
procedure is proposed to determine the partitioned
UMRs by means of the projection graphs of shroud
and hub curves. Then, the tool paths in each UMR
are determined by using the simultaneous three-axis
control approach on a ve-axis machine bed, while any
collision between the cutter and the impeller blades is
prevented by maintaining the tool against the blade
surface at an appropriate inclination angle.
A typical impeller with nine blades is established,
and the nal tool paths generated by the proposed
method are veri ed by means of the cutting simulation
function on Vericut software. The simulation results
con rmed the increased eciency in terms of machining time of the proposed three-axis control, roughcut machining method. Further research will focus on
the simultaneous three-axis control of other types of
impellers.
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