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Scroll profile plays a key role in determining the performance of a scroll compressor. In this study geometric and dynamic
characteristics of the scroll profile are analyzed to investigate the influence of its geometric continuity on property of a scroll
compressor. Firstly, scroll profiles are created to redesign the geometry of scroll wrap by using the equidistant-curve approach
on the basis of a generation line consisting of involute of circle and circular arc. Subsequently, the geometric and dynamic models
of the scroll compressor are established. These models are related to parameters of the generation line of scroll profile and rotation
angle of a moving scroll. Lastly, some simulation examples of second-order continuity (SOC) scroll profile are compared with first-
order continuity (FOC) scroll profiles and some important conclusions are obtained. Results show that SOC scroll profile is superior

to FOC profile in terms of volume ratio, stability of gas force, and possible leakage loss in a scroll compressor.

1. Introduction

Scroll compressors are widely used for compressing air
or refrigerants in refrigerators and air conditioners. Scroll
compressors have the advantage of higher efficiency and
lower noise and vibration levels, and they are more reliable
because of the smaller number of moving parts required for
their operation compared with other types of compressors [1].

One problem when developing a scroll compressor is the
design of scroll profile, which is an important factor affecting
the performance of the compressor. Many researchers have
focused on this subject and done a lot of work [2-7] based on
either dynamic analysis or optimum design considerations.
Liu et al. [8] presented a graphic and mathematical method
for the modification of the start part of scroll profile. After-
wards, Lee and Wu [9] gave an analytical method to design
scroll profile with first-order continuity (FOC). These fore-
going researches had focused on interpolating scroll profile
by using circular arcs with geometry condition to zero order
or FOC for a scroll compressor. Notably, Bush and Beagle [10]
put forward a general relationship which governs conjugacy
of scroll profiles and proved that the general conditions for
conjugacy could assure first- and second-order continuity
(SOC). More recently, Gravesen and Henriksen [11] redefined

the scroll geometry by radius of curvature as a function of
tangent direction. In line with the previous work, Blunier et
al. [12] proposed a new way of describing the geometry of the
scroll wrap by using an orthogonal reference frame. However,
there is little information available in literature about SOC
scroll profiles for scroll fluid machines. Furthermore, the
approach to generate two meshed profiles with inherent con-
jugate relationship has not been given publicly. Nevertheless,
further research may still be needed.

This paper presents a new design of SOC top scroll
profile with circular arcs curves based on the curvature
radius function proposed by Gravesen and Henriksen [11].
The generation of scroll wrap is illustrated in detail. The
estimations of geometric and dynamic properties are analyt-
ically described and implemented by computer simulation.
For comparison purposes some simulation examples for SOC
and FOC profiles are presented. The results suggest many
advantages of SOC scroll profiles over FOC ones.

2. Generation Line of Scroll Profiles

The typical profile of scroll compressors is formed by an
involute of circle. Involute designs have several advantages:
simple formulation, uniform wall thickness, and small force



vibration. However, there are some limitations. Only profile
outside of base circle of the involute can be generated while
using this kind of curve. The top profile within base circle is
usually formed by interference between a cutter and the scroll
component when it is machined. However, the thus formed
top profile of two scrolls cannot engage each other, which
results in a smaller volume ratio and weaker top scroll wrap
of a scroll compressor. In order to overcome these defects, we
reconstruct the starting part of the involute with a circular arc
going through ordinate origin to form an engaged top profile.
As a result, a complete scroll profile including the portion
within base circle is obtained and defined as the generation
line of scroll profiles, as shown in Figure 1. In the generation
line, the circular arc and the involute of circle are jointed at
point P. The starting tangential angle of circular arc is defined
as ¢, and the ending tangential angle of circular arc is defined
as ¢,, and the radius of circular arc is represented as R,. In
order to assure SOC geometric boundary condition of scroll
profiles, the following requirements must be met:

(1) Tangential angle ¢, should be equal to the tangential
angle of involute of circle at point P.

(2) The radius of curvature of point P on circular curve
should be the same as that on involute of circle.

If the above requirement (2) cannot be satisfied, then
the geometric boundary condition for scroll profile can only
maintain FOC.

In a scroll compressor the two identical principal com-
ponents, that is, the fixed and moving scrolls, are positioned
so that they share a common center; any arbitrary pair of
conjugation points is separated by a distance R, the rotation
radius, directed normally to the respective surfaces. Thus, the
generation line and its normal equidistant lines can be applied
as scroll profiles that have conjugate relation, as illustrated in
Figure 2.

The mathematical model for the generation line of scroll
profile is given as
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The equation for outer profile of moving scroll can be
represented as follows:
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FIGURE 1: Generation line of scroll profile.
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FIGURE 2: Schematic of scroll profile.

The equation for inner profile of fixed scroll can be written
as

? ROI'
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The equation for inner profile of moving scroll can be
followed as
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The equation for outer profile of fixed scroll can be written
as
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3. Geometrical Description of
the Chamber Areas

The intermeshed scroll wraps form a series of sealed cham-
bers, namely, suction chamber, compression chamber, and
discharge chamber, as seen in Figure 3. The volumes of
these chambers are of critical importance in determining the
geometrical property of a scroll compressor.

3.1. Suction Chamber. Figure 4(a) shows a pair of conjugation
surfaces of a suction chamber which are positioned so they
share a common center. In Figure 4(b) the moving scroll
rotates around the fixed scroll at a radius of R, so that
a suction chamber is formed at two extreme locations on
the periphery. Assume the maximum tangential angle of the
scroll profile is ¢, and the rotation angle of moving scroll
is 0. Therefore, the suction area is given by the parameters of
the generation line

0

Prmax !

A0 =R, J ag do. )

Prmax —6-2m

3.2. Compression Chamber. The area calculation of a com-
pression chamber is divided into two different stages.

During the first stage, the compression chamber is
enclosed solely by involute of circle and the area of compres-
sion chamber can be written as follows:

Pmax—0-27
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In the second stage, the compression chamber is bounded
by both involutes of circle and circular arcs, as shown in
Figure 5. The area of compression chamber is given by
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When a compression chamber just opens into the dis-
charge zone at the center, a discharge angle of 6 is defined
as follows:

« 31
0 =7—gol. 11)

The volume ratio of a scroll compressor can be formulated
as

(12)

FIGURE 3: Schematic view of sealed chambers in a scroll compressor.

3.3. Discharge Chamber. The determination of a discharge
area is divided into three stages in accordance with the rota-
tion angle of the moving scroll.

In the first stage, the discharge chamber bounded by both
involutes and circular curves is shown in Figure 6. The area
computation of discharge chamber follows

3r/2-6 @,
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During the second stage the discharge pocket is solely
formed by circular curves, as can be seen in Figure 7. The area
of discharge chamber is computed as follows:

A;(0) = R,R,[(6" —0) —sin (6" —0)]

3 N 14

At the beginning of the last stage, the largest discharge
chamber formed when the rotation angle reaches discharge
angle 6. Consequently, the area function of discharge cham-
ber since then could be expressed by

(7/2)—-0 @,
A, (6):Ror(j a(pd(p+J dego—a>

2 ® (15)

(0" <6<2m).

4. Dynamical Model of the Gas Forces

The gas forces developed within scroll chambers are well
known to be axial, tangential, and radial [1, 13]. Each force
varies in magnitude as the moving scroll rotates through one
revolution.

4.1. Axial Force. The axial gas load is produced by the
collection of gas pressures acting in the respective sealed
chamber, which can be calculated by

N
F,(0) =) pA;(6) (0<6<2m), (16)

i=1
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FIGURE 4: Schematic of a suction chamber.
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FIGURE 5: Schematic of a compression chamber.
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FIGURE 6: Discharge chamber bounded by two kinds of curves.

where

i = S[AI—(O)

k
Ai(G)] (0<0<2m), (17)

where p, indicates the suction pressure of scroll compressor
and k represents adiabatic index.

Ror/2

FIGURE 7: Discharge chamber bounded by circular curves.

4.2. Tangential Force. The tangential force acts normally to
the lines of flank contact points on both scrolls. There are
three pairs of contacting points 1-1', 2-2, and 3-3' in the scroll
compressor, and the tangential distance between each pair of
the points is defined as tangential action line, which is L,,,
L,,, and L, respectively, as illustrated in Figure 8.
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FIGURE 8: Schematic of action lines of gas force.

The tangential line L,; between the innermost points 3
and 3’ changes in accordance with the rotation angle and can
be written as

Ly
3 3
2 ——e) (o_e_—— )
a(z V=77
3 (18)
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The tangential line between other contact points can be
expressed as

Lti=2a[37ﬂ-2n(N—i)—6] .

(0<0<2m i=12).

Therefore, the tangential gas force can be obtained by

N
F,(0) = thti (pi—pi) (0<6<2m).  (20)

i=1

4.3. Radial Force. The radial gas force acts parallel to the lines
of flank contact points on both scrolls. Radial action line
L,; is the radial distance between the flank contact points,
as indicated in Figure 8. The tangential line L,; between
contact points 3 and 3 in discharge chamber changes with the
rotation angle through one revolution. The length of radial
action line L5 can be given by

2a <0£9£37ﬂ—902>
L= 2R sin (6" - 0) <37ﬂ —p, <0< 9*) (21)

2a (0" <6<2m).

On the contrary, the radial action lines between contact
points 2-2" and 1-1" are constants and can be expressed as

L,=2a (0<0<2m i=1,2). (22)

ri

So the radial gas force can be obtained by

N
F.(0)=hY L, (pi-puy) (0<60<2m, i=1,2). (23)
i=1

5. Results and Discussions

To investigate the influence of scroll profile on performance
of a scroll compressor, we constructed SOC and FOC models
of scroll profile for comparison. Due to the constraint of
thickness of top scroll wrap, FOC models with maximum
ending tangential angle ¢, < 270° are considered in
particular. Numerical examples are performed and some
results regarding geometric and dynamic characteristics of
the scroll profiles will be shown herein. In carrying out
the computer simulation, the following basic parameters are
given based on operating condition of a 3.75 kW refrigeration
scroll compressor: a = 2.069mm, R, = 4mm, N = 3,
h=40mm, k = 1.4, p, = 0.5MPa, and ¢,,,,, = 5.571.

(1) Top profile has a very significant effect on the shape of
scroll wrap and volume ration. As indicated in Figure 9, the
central portion of the scroll wrap is thicker in FOC designs
than that in SOC design. A thicker scroll wrap in general will
increase the resistance to stress and deformation developed
on the tip wrap. However, thicker top wrap results in a smaller
volume ratio, as listed in Table 1.

(2) The axial gas force acting on moving scroll varies
greatly with different top profile designs. As shown in
Figure 10, the largest value of axial force occurs when rotation
angle takes value of 0” and at that moment the suction process
is just finished. Compared to FOC designs, the axial force for
SOC is increased at least by 10.54%, as indicated in Table 2.
Greater vibrations in axial force curves result from the FOC
scroll wrap; Special attention should be paid to bearing design
of scroll compressors.

(3) Tangential gas forces exerted on moving scroll with
FOC and SOC profiles are compared in Figure 11 and Table 2.
Like axial force, the tangential force in SOC design is larger
in FOC designs. The largest value appears when discharge
process begins. The maximum tangential force in SOC is at
least 17.95% larger than that in FOC. Tiny vibration is found in
tangential force curve in FOC, design, while this occurrence
that takes place in other FOC designs is imperceptible.
The discontinuous slope coefficient of tangential action line
that occurred in FOC designs is believed to cause this
phenomenon. In contrast, no vibrations occur in tangential
force curve in SOC design because of the continuous change
of radius of curvature along the whole scroll profile.

(4) Radial forces in SOC and FOC designs are compared
in Figure 12 and Table 2. The radial gas force observed in SOC
scroll has smaller variation than that in the FOC ones and
does not reverse. When rotation angle 37/2 < 6 < 6, that
is, the two scrolls mesh along scroll wraps with circular arcs,
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TABLE 1: Key geometric parameters for SOC and FOC designs.

?,/() ¢./C) R,/(mm) p(g,)/(mm) 6" /() A,(6")/(mm?) v Av (%)
SOC 57 -33 2.069 2.069 303 135.4 5.340 —
FOC, 90 =25 2.284 3.249 295 141.3 5.202 -2.58
FOC, 135 1 2.877 4.875 269 159.9 4.596 -13.9
FOC;, 180 35 3.579 6.499 235 183.8 3.687 -30.9
FOC, 270 114 5.094 9.749 156 238.5 2.977 -44.3
TaBLE 2: Comparison of dynamic properties for SOC and FOC designs.
Fy max/ (KN) F,(0")/(kN) F,(0")/(kN) F, max/ (N) F, min/ (N) Fo/(N)
SOC 2.653 2.333 5.054 801.1 705.6 801.1
FOC, 2.588 2.303 4.845 790.9 669.1 750.1
FOC, 2.406 2.217 4.285 742.9 564.9 617.4
FOC, 2.215 2.123 3.723 680.1 460.2 493.6
FOC, 1.893 1.954 2.807 560.7 301.8 317.3
2800 T r T T T T T T
2600 |
2400 |
z
~ 2200 p.
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L]
g 2000
S 1800 |-
=
Z 1600
FIGURE 9: Wrap comparison of SOC and FOC profiles. 1400 ]
1200 |

the radial force is much smaller than other rotation ranges in
SOC design. Comparatively, in FOC designs the radial force
developed in the sealed chamber changes periodically.

The SOC design yielded much smaller radial gas variation
in the simulated computation by at least 8% as compared to
the FOC ones considered. The SOC is favorable with radial
gas load fluctuation rate ranging from 0 to —13.5% while a
maximum of corresponding fluctuation rate varying from
76.7 to —4.88% is found when the FOC, design is adopted.

This finding helps minimizing the strength and backlash
requirements of the antirotation coupling, which ensures
the moving scroll rotating in a plane motion, as well as
reducing potential wear of mechanical components, and
other effects of load reversal in the mechanism of a SOC
design. Moreover, with smaller radial gas force variation
a smaller radial clearance between the moving and fixed
scrolls can be achieved, which leads to an optimal design of
scroll compressor in terms of leakage loss, bearing life, and
reliability.

6. Conclusion

This paper proposed a way to redesign the geometry of
scroll wrap in which the central and main part of the profile

0 40 80 120 160 200 240 280 320 360
Rotation angle 6 (°)

— s0C
~-- FOG,

—.- FOG,
...... FOC,

F1GURE 10: Axial gas force.

can be expressed in a general form. This work is essential
for the profile design of scroll components to ensure good
performance of scroll compressors. Area estimations are
given for the sealed chambers formed during working process
of a scroll compressor. Afterwards, the gas force acting on
the moving scroll is calculated. The geometric and dynamic
models have been validated by numerical simulation of a
scroll compressor. For comparison purposes some simulation
examples for SOC and FOC profile designs are presented. As
a result of the above derivation and simulation, the following
conclusions can be drawn with regard to the proposed scroll
profile designs.

(1) This study intends to identify the geometrical and
dynamical characteristics of SOC and FOC scroll profiles
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FIGURE 12: Radial gas force.

and offers a way to achieve enabling high quality design of
the scroll compressors, covering top geometry, volume ratio,
and gas forces aspects.

(2) It is found that there are no vibration in tangential gas
force and no load reversal in radial gas force when the SOC
scroll profile is applied, which not only helps minimizing the
strength and backlash requirements of mechanical compo-
nents, but also is favorable in terms of leakage loss, bearing
life, and reliability in the design and performance of a scroll
COmpressor.

Nomenclature

@ Tangential angle

¢;:  Starting tangential angle of circular arc
¢,:  Ending tangential angle of circular arc
Pma: Maximum tangential angle of scroll profile
Radius of circular arc

a Radius of the base circle of involute

R Rotation radius

p: Radius of curvature of scroll profile

0 Rotation angle of moving scroll

Ay:  Area of suction chamber

A,:  Area of compression chamber

Aj;: Area of discharge chamber

0*:  Discharge angle

v Volume ratio

Av:  Increment volume ratio

E,:  Axial gasload

p:  Suction pressure

K: Adiabatic index

N:  Number of pairs of chambers
F,:  Tangential gas load

L,;: Length of tangential action line
h: Height of scroll wrap

F,:  Radial gas load

L,;: Length of radial action line
F, max: Maximum radial gas load

F, nin: Minimum radial gas load
F,q: Stable radial gas load.
Subscripts

a:  Axial

t:  Tangential

r Radial

st Suction

st:  Stable

Or:  Orbiting
max: Maximum
min: Minimum

i Inner
o0: Outer
m:  Moving
f:  Fixed.
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