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ABSTRACT

The wear of star wheel teeth is an importance issue in the single screw compressor. In order to enhance the wear-
resistance of star wheel teeth, some new profiles of the meshing pair were proposed to replace the currently used
straight line envelope profile, such as single column envelope, multi-straight line (or multi-column) envelope. In this
paper, a curved surface of the tooth flank is suggested. The groove flank is the envelope surface corresponding to the
curved surface of the tooth flank. Section profile of the new tooth flank is a curved line, which could be elliptical,
hyperbolic or involute. During the tooth meshing with the groove, the contact line between the tooth flank and the
groove flank could move back and forth in the whole area of the tooth flank.

This design is expected to improve the lubricating between the tooth flank and the groove flank, and to prolong the
service life of the single screw compressor. Geometric and kinematic investigation of the star wheel and the screw
rotor is established. And a new designed tooth flank of the meshing pair is introduced in this paper. Numerical
control high-velocity cutting technology is suggested to fabricate the new star-wheel and the screw rotor.

1. INTRODUCTION

The single screw compressor was first developed by Bernard Zimmern (1965) in the early 1960s. Initial sales were
of machines compressing air, but refrigeration models followed (Haselden, 1985). Right now it has been used in
many fields, such as power, refrigeration, air conditioning, petroleum and chemistry plants (Wu and Tao, 2006). In
China, the domestic production of single screw compressors is about 14000, at the same time this number of twin
screw compressors is around 60000 in 2010 (Sui, 2011).

The structure of a typical single screw compressor is shown in Figure 1, whose primary components are a screw and
two star wheels. Compared with other kinds of compressors, the single screw compressor should have many
advantages due to its symmetrical structure and well balanced radial gas pressure on the screw rotor (Zimmern et al.,
1972). However, its discharge capacity decreases sharply after several hundred hours running. This behavior is no
doubt attributable to rapid wear of star wheel tooth flank surface meshing with the screw groove (Zimmern, 1990).
Applying high wear resistance materials to the star wheel such as polyetheretherketone (PEEK) and
polytetrafluoroethylene (PTFE) helps to prolong the life of single screw compressors, but it doesn’t resolve this
issue efficiently. The machining accuracy of the meshing pair was also an important issue, especially for the
indexing accuracy. Now the indexing accuracy of a common CNC machine tool can reach 10 seconds, which means
the maximum machining error is around 0.01mm for a 200mm diameter, while the design precision of the meshing
pair in single screw compressors is around 0.05mm. Besides the material and precision, the meshing pair profile is
the basic factor affecting the wear resistance (Zimmern, 2000). Therefore, some researchers proposed different
profiles of the meshing pair to reduce the abrasion of the meshing pair.

The original profile of the single screw compressor meshing pair is a straight line envelope, invented by Zimmern in
1960s. The contact line of the meshing pair on a star wheel tooth flank is a fixed straight line, which is obviously
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easy to be worn. Thus, Zimmern (1976) developed a column (frustum) envelope meshing pair, so that the contact
line moves on the star wheel tooth flank. And this type of meshing pair was modified by Jensen (1998, 2000) and
Wu (2009) to improve its machinability. A straight line double envelope meshing pair and a column (frustum)
double envelope meshing pair were introduced in the 1980s (Jin, 1982; Jin and Tang, 1985). The double envelope
means using the straight line or column (frustum) enveloped surface of the screw rotor groove flank as a generating
tool to envelop the star wheel tooth flank. Feng (2005) proposed a multi-straight-line envelope profile with the
purpose of dispersing friction area to prolong the operating life. There are more than two straight lines on the tooth
flank, and these straight lines mesh with the screw groove flank alternately. Wu (2009) deduced a multi-column
envelope meshing pair, which was based on the column envelope and multi- straight line envelope meshing pairs.
The star wheel tooth flank consisted of more than two parts of cylindrical segments, which mesh with the screw
rotor groove flank alternately. Between these cylindrical segments are transition sections, which don’t participate in
meshing process. Essentially, the meshing area of a multi-column envelope star wheel tooth is not a continuous
surface. Thus, during the meshing progress the connect line jumps from one cylindrical segment to another. That
will cause lubricant film fluctuate and impact load, and then increase the wear.

This paper presents a curved surface of the star wheel tooth flank. The groove flank is the envelope surface
corresponding to the curved surface of the tooth flank. Section profile of the new tooth flank is a curved line, which
could be elliptical, hyperbolic or involute. During the tooth meshing with the groove, the contact line between the
tooth flank and the groove flank could move continuously in the whole area of the tooth flank. Meanwhile, the
meshing area of the star wheel increases significantly. This design is expected to improve the lubricating between
the tooth flank and the groove flank, and to prolong the service life of this meshing pair.

Screw Groove

Support
portion

Star-wheel
Screw Rotor

Figure 1: Basic components of a typical singlscrew compressor
2. MATHEMATICAL MODEL

2.1 Geometry and Kinematics of the Meshing Pair

The geometric and kinematic relations between the star wheel and the screw rotor in the meshing process are shown
in Figure 2. Four right-handed Cartesian coordinates are introduced to describe the meshing process. S;(X;, Y1, Z;)
and S3(X;, Y3, Z3) coordinates are used for expressing the starting positions of the star wheel and the screw rotor.
And thus S| and S; coordinates are stationary. The origin O; and O; are chosen at the horizontal plane, the Z, axis
(the rotation axis of the star wheel) is vertical and Z; axis is the axis of the screw rotor. Sy(X,, Y2, Z,) and S4(Xy4, Y4,
Z,) are used for describing the rotation of the star wheel and the screw rotor respectively.

In Figure 2, @,,, and @,, are rotation angles of the star wheel and the screw rotor. According to the gear transmission
principle, the ratio of @, and @, is set to be N, /N,,, where N,,, N, are the numbers of screw grooves and star
wheel teeth,

Dy b N _p (1)
a)Sl‘ ¢sr NSl‘
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Where o is rotational velocity, subscript “sw” and “sr” represent star wheel and screw rotor respectively. P is
usually chosen as11/6.

o, =Q2zn, /60)-P )

Where n, (r/min) is the rotational speed of a screw rotor.

Screw groove

(sw
Star wheel

T ooth

Star
wheel

S crew rotor

Figure 2: Geometric and kinematic relations between the star wheel and the screw rotor

2.2 Relative Velocity and Meshing Conditions

2.2.1 Relative Velocity in S2 Coordinate: Firstly, we derive the expressions of relative velocity in S1 coordinate. In
the coordinates, showed in Fig 2, we add a same angular velocity-w, to the star wheel and the screw rotor. The
mutual moving relationships remain unchanged; meanwhile the screw rotor is stationary and the star wheel does a
complex movement. This complex movement contains a carrier velocity v, through -y, rotating around Z2 axis, and
a relative velocity v, through wy, rotating around Z1 axis. According to the principles of kinematics, when a point
does a complex movement, its absolute velocity v equals the vector sum of its carrier velocity v, and its relative
velocity v;:

v = V(,’ + Vr = (_a)sr )’/’6 + a)Ser

3)
In static S1coordinate,
n=Xi+Yj+Zk “)
00, =qj (5)
r,=rn-00,=X;i+(Y, —-a)j+Zk (6)
Substituting Eq. (4) and Eq. (6) into Eq. (3), the following equation is obtained:
i J k i J k
v=—a |1 0 O0|+w,|0 0 1
X 1 Yl —a Zl X 1 Yl Zl @
=-o JYi+(o, X +0,.2)j-0, Y, -a)k

This equation also can be written as:
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le = a)szl + a)er] (8)
VZ] = _a)sr (Yl - a)

Through the coordinates transform, the relative Velocity in S2 coordinate is expressed as:

VXZ = a)sw(_YZ + PZ2 Sin ¢sw)
vy, =, (X, +PZ,cosd,,) ©)
vZZ = a)SWP(a - )/2 cos ¢.vw - XZ Sin ¢SW)

2.2.2 Meshing Conditions: A curved line of a star wheel tooth is show in Figure 3. The curved line of the star wheel
tooth lies in a plane that is perpendicular to the star wheel plane. Point A is any point on the curved line. In the
coordinate S2, this curved line could be expressed as:

X,=x
Y,=y (10)
Zz =Z(.X,y)

It could be a continuous curve such as elliptical, hyperbolic, involute, etc.

Because the star wheel tooth flank moves tangentially with the groove flank, the relative velocity of the tooth flank
to the groove flank must be orthogonal to the normal vector of the tooth flank at the contact point (Kang et al. 1996).
The meshing condition (v_L n) at the connect point can be expressed as:

ven=0 (1)
In the coordinate S2, the normal vector n is:
0z, 0Oz .
n,=——i——j+k (12)
ox Oy

Substituting Eq. (12) and Eq. (9) into Eq. (11), the following equation is obtained:
. 0z : 0z
P(a - Y2 cos ¢sw - XZ s ¢sw) +a_(}’2 - PZZ s ¢sw) _E(XZ + PZ2 cos ¢sw) = 0 (13)
X

Substituting Eq. (10) into Eq. (13), x can be solved as:

x=f(:9.) (14)

If the curve function z(x,y) is given, the connect point at different rotation angles of the star wheel (®y,) and
different height of the tooth (y) can be solved.

star-wheel

Figure 3: A curved line of a star wheel tooth
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3. DESIGN OF ANEW TOOTH PROFILE

As shown in Figure 4, the angle a between v, (component velocity of the relative velocity v in X2-02-Z2 surface)
and horizontal plane (X2-02-Y2) could be obtained from Eq. (9):

P(a-Y,cosg,, —X,sing,,)
Y, - PZ,sing,
According to the structure characteristics of the single screw compressor, the angle o has the widest variation section

[Otmin ~ 0max] at the top of the star wheel tooth. Usually, 0,,,-0i, 1S around 15°. From the top to the root of the tooth,
this variation section becomes smaller to zero. At the root of the tooth, a,,., equals a,,;,.

o =atan| ] (15)

w

A new designed tooth flank of the meshing pair in single screw compressor is shown in Figure 4. The meshing area
of the tooth flank is a continuous curved surface, in which the curvature changes continuously along with the
thickness direction (z-axis). The meshing curved surface can be distributed to the whole area of the tooth flank, and
also can be distributed to a middle part of the tooth flank. Between the meshing area and the up surface (or down
surface) is a side surface, which is the flat portion of the tooth flank. After determining the tooth flank, the screw
groove flank can be calculated by the above meshing conditions.

In Figure 4, the plane y is perpendicular to Y2 axis through a point (0, y2, 0). A line is the intersection line of the
plane y and the tooth flank, which includes three sections of line (Z,, L,, L;). Among these three sections of line, L, is
the intersection line of the plane y and the meshing curved surface. When the meshing curved surface distributed to
the whole area of the tooth flank, there is only L,. Point A is any point on line L, and ay is its slope angle. If A
moves on L, form up to down, a, will change from a,,;,(y2) t0 @,,..(¥2). The slope angle of line L, should less than or
equal to a,,;,(y2) and the slope angle of line L, should more than or equal to a,,,(y2). In Figure 5, L, is a part of an
elliptic and L, & L, are tangent lines.

Tooth Top

Meshing curved
surface

Up Surtface

Lu

Up surface i

A -
Vs _Lr

7———Elliptic
//? 2 “—Down surface
02 X2

) fr—

Figure 5: An elliptical tooth flank

International Compressor Engineering Conference at Purdue, July 16-19, 2012



1209, Page 6

4. CONCLUSIONS

This paper presents a new designed tooth flank of the meshing pair in single screw compressor. Section profile of
the new tooth flank is a curved line, which could be elliptical, hyperbolic or involute. Geometric and kinematics
investigation of the meshing air is established in the paper. During the tooth meshing with the groove, the contact
line between the tooth flank and the groove flank could move continuously in the meshing area of the tooth flank.
Meanwhile, the meshing area of the star wheel increases significantly, which can be distributed to the whole area of
the tooth flank. This design is expected to improve the lubricating between the tooth flank and the groove flank, and
to prolong its service life.

Numerical control milling machine is suggested to fabricate the new star-wheel teeth. And the screw grooves could
be processing by numerical control milling machine or numerical control lathe.

NOMENCLATURE
o] rotation angle ©® a center distance (mm)
Ngw  the numbers of screw grooves =) n normal vector =)
Ni  the numbers of star wheel teeth -) o slope angle ©)
10} rotational velocity (rad/s) Omax  Maximum slope angle ©)
g rotational speed of the screw rotor  (r/min) Omin ~ minimum slope angle ©)
v absolute velocity (m/s)
Ve carrier velocity (m/s) Subscripts
Vi relative velocity (m/s) SW star wheel
P ratio of tooth number -) st screw rotor
X coordinate -) 1 coordinate system S1
Y coordinate ) 2 coordinate system S2
Z coordinate =)

REFERENCES

Feng, Q.K., Guo, B., et al, (2005) A Design Method of Engaging Couple Profile of Single Screw Compressors
Enveloped by Multi Straight Line, Compressor Technology, 191(03): 1-6 (In Chinese).

Haselden, G.G., Potential of the single-screw compressor. International Journal of Refrigeration, 1985.8(4): pp. 215-
220.

Jensen, D., 1998, A New Single Screw Compressor Design that Enables a New Manufacturing Process, In: Proc.
Purdue compressor technology conference, pp. 601-606.

Jensen, D., 2000, Method for Manufacturing Fluid Compression/Compressor Rotor. US Patent, No. 6122824,

Jin, G.X., 1982,, A Study of the Profile and Hydrodynamic Lubrication of a Mono-screw Compressor, Journal of
Xi'an Jiaotong University, (06):80-82 (In Chinese).

Jin, G.X.,, Tang Y., 1985, Resent Advances in the Profile Study of the Engagement Pair of a Single-screw
Compressor, Journal of Xi’an Jiaotong University, 19(6):1-9 (In Chinese).

Kang S.K., Ehmann K.F., Lin C., 1996, A CAD approach to helical groove machining-I Mathematical Model and
Model Solution , International Journal of Machine Tools and Manufacture, 36 (01): 141-153.

Sui, Y.B., 2011, China General Machinery Industry Yearbook(2011). 92-96 (In Chinese).

Wu, WF., Feng, QK., 2009, The column envelope meshing pair and its design method for single screw
compressors, Journal of Zhejiang University-SCIENCE A, 10, pp. 31-36.

Wu, W.F., Feng Q.K., 2009, A Multicolumn Envelope Meshing Pair for Single Screw Compressors. Journal of
Mechanical Design, 131 (7).

Wu, Z.Y., Tao, G.L., 2006, Simulation of high Velocity single screw compressor in fuel cell. Journal of
ZhejiangUniversity (Engineering Science), 40(2): 309-312,333 (In Chinese).

Zimmern, B., 1965,Worm rotary compressors with liquid joints. U.S. Patent, No.3133695.

Zimmern, B., and Patel, G. C., 1972, Design and Operating Characteristics of the Zimmern Single Screw
Compressor, Compressor Technology Conference, Purdue, pp. 96-99.

Zimmern, B., 1976, Rotary Injection Worm and Worm Wheel with Specific Tooth Shape. US Patent No. 3932077.

International Compressor Engineering Conference at Purdue, July 16-19, 2012



1209, Page 2

Zimmern, B., 1990, Method and aScrew Machine for Processing Fluid under High Pressure with Liquid Injection
Between a Sealing Portion and Support Portion of the Gate Rotor. US Patent No. 4900239.
Zimmern, B., 2000, Single Screw Compressor with Liquid Lock Preventing Slides. US Patent No. 6106241.

ACKNOWLEDGMENT

This work was supported by the National Science and Technology Major Project (China) through Grant
No0.2011ZX05054.

International Compressor Engineering Conference at Purdue, July 16-19, 2012



	Purdue University
	Purdue e-Pubs
	2012

	A New Design of the Tooth Profile for Single Screw Compressors
	Jian Li
	Feilong Liu
	Quanke Feng
	Weifeng Wu


