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SCROLL COMPRESSOR ANALYTICAIL MODEL

Etsuo Morishita, Central Research Laboratory,

Mitsubishi Electric Corporation, Amagasaki, Hyogo, Japan

Masahiro Sugihara, Tsutomu Inaba, Toshiyuki Nakamura, Wakayama Works,

Mitgubishi Electric Corporation, Wakayama, Japan

ABSTRACT

The efficiency of the scroll compressor
which employs the axial and the radial
sealing techniques is competitive with
that of the other rotary and the recipro-
cating compressors. The bearing load and
the torgue are smooth so that guiet opera-
tion is realized. Therefore the machine is
suitable particularly for air conditioning
application.

The authors have studied the scroll com-
pressor which utilizes an involute of a
circle. The displacement volume is calcu-
lated. The axial, tangential and radial
pressure components are then obtained by
assuming the isentropic or polytropic pro-
cesses. The equations of motion are
established for the orbiting scroll and
the Oldham coupling. These equations are
solved analytically and the motion of the
orbiting scroll and the Oldham coupling is
calculated. The motion of the orbiting
gcroll is influenced by the inertia force
of the Oldham coupling, and the radial
sealing force changes with a frequency
twice that of the rotation. The overturn-
ing moment which acts on the orbiting
scroll is estimated, and the stability
condition for the orbiting scroll is clar-
ified.

INTRODUCTION

The scroll machine was invented by Creuxl)
in 1905 and is currently attracting the
designers' attention because of its high
efficiency and smooth operation. Applica-
tion for car compressors and air con-
ditioning is commercialized in Japan2) ,3),
and further development is expected.

Axial and radial sealing are the most cri-
tical techniques and have been recognized
from the o0ld days. Creuxl) referred to
the tip seal (steam-tight in Reference
(1)) which was pressed axially by the
spring, The radial sealing techniques are
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also known;S)IG) they employ the centri-
fugal force of the rotating parts or pro-
duce the radial component from the pres-
sure load by a mechanism like the swing
link. The idea of the scroll fluid
machinery was introduced; it was equipped
with axial and tangential sealing7)13¥.
The practical development of this scroll
compressor was also conducted?’) r10) | The
scroll compressor appeared on the market
in 1981 utilizing these two sealing tech-
niquesz).

The authors realized that the scroll com-
pressor has inherent advantages (good
sealing, smooth operation, stillness, no
valve, simple structure, low rubbing
speed, etc.) and analyzed the machine
theoretically. The displacement volume is
obtained from the geometric character of
the involute of a circle. The tangential,
radial and axial pressure loads are calcu~
lated by assuming the isentropic or
polytropic compression processes.

The motion of the orbiting scroll and the
Oldham coupling has not been studied so
far. To clarify the design conditions,
the equations of motion are established
for these two parts of the scroll com-
pressor, including the friction. The
equations are solved analytically and the
forces acting on the orbiting scroll and
the Oldham coupling are calculated. The
inertia force of the Oldham coupling is
transmitted to the orbiting scroll. The
radial sealing force is necessarily in-
fluenced and changes with a frequency
twice that of the rotation. The over=-
turning moment which acts on the orbiting
scroll is estimated, and the stability
condition is given for the orbiting
scroll.
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The volume of the i-th chamber, Vi(8), is
obtained from the geometric character of
the involute of a circle as follows. (See
Fig., 2.)

-9

vi(8).= mp(p=-2t)h « {(2i-1) 7

fl

6 < 6*

|
it
N
[=
"

J£i£fN 0

[

6 < 27

where 6 is the orbiting angle, 6* is the
orbiting angle where the discharge com-
mences, and N is the integer. Angle 8%
is usually determined by the interaction
between the involute of a circle and the
cutter, See APPENDIX I.

The volume of the innermost chamber is
given by

v1(6) = za’h{(3n-a-8)>- Gr-a-07)

242n03 4 (-5 +28") - n

- 2a2h0c(§-1r- 6)2— 3
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0 £6 < 8%

(2)

taniGn-a-07~ Gr-a-0

Vo (8)

2a2ho (—Z—Tr - 8) 2_ %Elzhcx3

+ (-8+28')+h 6* £ 0 < 2w
where S is given in APPENDIX II, and S' is
the shaded area shown in APPENDIX I. The
displacement volume, Vg, is obtained from
Egq. (1), where 6 = 0.

Vg = (2N - 1) + mp(p - 2t)h (3)
The nondimensional volume of the compres-
sion chamber is shown in Fig. 3 using
Eq. (1) and Eq. (2). fThe pressure is
calculated by assuming the isentropic or
polytropic processes.

The build-in volume ratio, v, is obtained
from Fig. 3 as follows.

_ 2N - 1
= g___§?
™

(4)
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When the rotational speed is constant (8 =
wt, t; time) the ideal discharge velocity,
u, is calculated by the incompressible

equation of continuity, i.e., av/dt = -u -
A3, and given as follows:
2
_ 20, p©hw 6
u—(l-—-;;) '-"Ad—(l—z,n,) 0§6<9*
2 (5)
_ _2a pthe ., 6
= (1 ?) ‘-'A—d—(z -Z—T-T*) 0% =2 6 < 27

where w is the angular velocity and Ag is
the cross sectional area of the discharge
port. The nondimensional discharge velo-
city is shown in Fig. 4.

The mass of the involute of a circle
(finite width)m; is given by

myj = ag2th - ]

TR

(6)

where B = (2N + %)w, p is the density of

the material and the interaction between
the cutter and the involute is neglected.

The center of gravity of the involute of
a circle (finite width) is given by

acosf - sina

Xo=2a(-cosh + 9———-3— sinB + 9
G 382 + 02 3082 + o3
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Fig. 4 Discharge Velocity (Ideal)

Pressure Load and Torque

The tangential force, Fg, is given from
the scroll compressor geometry shown in
Fig. 2 as follows.

N
Fg = Pgph ) (2i—%) * {pi-pi+l1) (8)

i=1

where Pg is the suction pressure and pi is
the pressure ratio (= Pj/Pg = (Vg/Vi)K; «
specific heat ratio).

The inward radial force, Fy, is given by
Fr = 2Pgah(p1 - 1) (92)

(The centrifugal force is caused by the

orbiting scroll movement. The direction

of the force is radially outward.)

The axial force (thrust) is given by

N
Joei-1-8.

2, A
Fy = mPgp*{—=(p1-1) +
s Tpp2 1 122

(p3 - 1)1
0 =

6 < p* (10)



N
2; A . 9
= MPgp” {—=x(p1-1) + ] (2i=1-2)-
S ,n.pz 1 i=3 b
(pg = 1)} *§ £ 9 <27

The analytical expressions of A in Eq.(10)
are given in APPENDIX III.

The torque to compress the gas is given as
follows.

T ="Fg * ¥ (11)
where r is the crank radius and

SRt
E=3

When the orbiting scroll shaft center
coincides with the center of a base circle
of the involute, Fg works on the center
between the base circle of the orbiting
gscroll and that of the fixed scroll.
Therefore a torque appears which tends to
rotate the orbiting scroll around its own
axis, and the direction of the rotation is
the same as that of the drive shaft. The
torque, Tg, is given by

Tg = T/2 (12)
The calculated results of Egs. (8) ~ (12)

at the build-in pressure ratio
are shown in Fig. 5.
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Fig. 5 Force and Torque of Scroll
Compressor (Ideal)

EQUATION OF MOTION FOR THE ORBITING SCROLL
AND THE OLDHAM COUPLING

Equation of Motion

The forces acting on the orbiting scroll
are shown in Fig. 6. The mechanical model
in Fig. 6 ig for the fixed radius crank.
In Fig. 6,

de 2

Fea Mg T (a:‘)

il

a2

The forces acting on the Oldham coupling
are shown in Fig. 7.

The equations of motions are given as
follows.

Oldham coupling; x-wise balance
-u1F1 - w2F2 + F3 - F4 =0 (13)
Oldham coupling; y-wise balance
-F] + F2 - W3F3 - ugF4 - UoMog
in( ing 0 14
- modtZ rsind) = (14)

Oldham coupling; moment balance (See
APPENDIX IV)

F1*n+Fp-n-F3*n-F4'n-ujFi-e+ uzko-e
+ u3P3-e - ugF4 e+ ugmeg*x' = 0 (15)

Orbiting scroll; moment balance (See
APPENDIX V)

Fe§+ (LgFesinb-y — yePrcos6 ) - F1 n

- Fp'n+pjFyre=-uyFa-e+Mg = 0 (16)
Fy (1 = 1~ 4) is obtained by solving Egs.
(13) v (16) simultaneously and given as
follows.
1
F] = § {D-F - B-G}
1
Fy = & {-C*F + A-G}

(17
F3 = ﬁr{(c'n—cn') ‘F+ (AD' - BC'") -G}

Fy = E%"{ (C"D-CD") *F+ (AD" - BC") -G}
(A~ F in Egs. (17) are given in

APPENDIX VI.)

When the friction is neglected and the
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rotational speed is constant, Fi (i=1n4)
is calculated as follows.

Fg - §~ morwzsine
F1 = Zn + 2,
Fyg % morwzsine
Fo= =2~ 2
. r (18)
8 Z
F3 = —755
r
Fo * 7
Fy = 2n
b Key Height Fax .
¢ fvdd Positon of CG. ﬁy}&”mgm“
e Key Half Width 1 Shaft Length
y Fili=l~4) Force Ma Bearing Resistance
t Fe Centrifugal Force Moment
Fm Inertia Force X }“ + Reaction Point
Y
B At 3 Thickness
| ) ‘“x\\ 1 Friction Coefficient
. /7 \ Orbiog Scroll
f Mo féfm _ng \\
- T-uiFi 'y r.\/,/02 KGYX AN

CG(Mass-ms’
l

__JFrsng_]
T Finase] © o
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— Fey
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Fig. 6 Orbiting Scroll Motion

Radial Sealing Force

The tangential force, fy, and radial
force, fy, on the orbiting scroll bearing
are respectively obtained from Fig. 6.

fg = Fg + Fm+ utFe + (U1F] + u2F2) sing

- (F] - F2)cosb (19)
fr = -Fr+ Fgo+ (U1F1 + U2F2) cost

+ (F;-F3)sind (20)
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Fig. 7 Oldham Coupling Motion

The radial sealing force, fg, is given as

follows, when the compliant c¢crank mecha-
nismd) ,6) ig employed as shown in Fig. 8.
fg = £y ~ f5 - tanfp (21)
where 0, is the offset angle. When there
is no friction and the rotational speed is
constant
fS = FC - Fr + morwzsinze

~ (Fp - morwzsinecose)-tanep (22)
where mg is the mass of the Oldham
coupling.

The influence of the Oldham coupling in
Eqg. (22) is proportional to the mass of
the Oldham coupling and the square of the
rotational speed. The effect of the
Oldham coupling on the radial sealing
force changes twice as fast as the
rotational speed.

The calculated F§y (i = 1~ 4) is shown in
Fig. 9, and the radial sealing force, fe,
is shown in Fig. 10, where €, is the para-
meter. In Fig., 9 and 10, thé friction
coefficients shown in Fig. 6 and 7 are
included and assumed to be 0.01. The
other conditions are shown in APPENDIX
VII. (The tangential, radial and axial
forces and torque are also obtainable when



there is friction.)
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Fig. 10 Radial Sealing Force

N+3 p=20mm t=4mm h=22mm K=1i8 (With FIiCtion)

VeB3cc/ey msel723kg mo=0194kg

a')“o- :)s:gBGrod/s R Overturning Moment and Stability of
Fa Orbiting Scroll
1004 The overturning moment occurs on the
orbiting scroll primarily because the
0 radial bearing supports the orbiting
200 scroll in a different plane from that
Fa where the radial and tangential forces
00 occur. This overturning moment for the
fixed radius crank is given from Fig. 6
by
o
200 M= g2 + Myz (23)
Faz
1001 /\ where
o My = Fe(y -~ rsinf) moment around x-axis
2004
£ My = Fg(x+rcos6) moment around y-axis
1001 and x and y are given in APPENDIX V.
0 . , The thrust reaction point measured from
0 4 2r the axis of rotation, rp, is equal to

Orbiting Angle © /(x+rcos8)2 + (y-rsind)2 and the non-
dimensional ratio, &,ll) to the thrust
bearing substantial outer radius, ry, is

given by
Fig. 9 Oldham Coupling Contact Force e = m _ M 24
Fi(i = 1~ 4) (with Friction) re  Fg - Tp (24)
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To realize the stable operation of the
orbiting scroll, it is necessary that

e <1 (25)
To enhance the axial sealing, the back
pressure may be applied to the orbiting
scroll. However, the stability condi-
tion of Eq. (25) can be violated when the
compressor starts and the back pressure
changes rapidly. Therefore the back pres-—
sure methods is not suitable for the vari-
able pressure ratio operation.

The calculated overturning moment is shown
in Fig. 11. ¢ iz shown in Fig. 12. The
conditions for the calculation are the
same as those of Fig. 9 and 10. See
APPENDIX VII. (When the compliant crank
mechanism is employed, the radial sealing
force is supported by the fixed scroll.
Therefore the overturning moment which
acts on the thrust bearing is reduced.)

N=3 p=20mm t=d4mm h=22mm K=LI8
Ve83ccAev ms=L723ky mo=0)94kg
Ps=060MFa  Pd=2I18MPo
wa356rad/s

N'm

50-
O 1
o - 27
Orbiting Angle &
Fig. 11 Overturning Moment
(with Friction)
CONCLUSION

The analytical model is established for
the scroll machine which employs the in-
volute of a circle.

(1) The geometric parameters of the
scroll compressor are shown. The center
of gravity and the mass can be calculated
for the finite width involute of a circle.

0.5

493

N=3 p=20mm t=4mm h=22mm
V=83cc/rev ms=L723kg  mo=0.K4qkg

Ps=Q60MPa  Pd=218MPo
w=356rad/s Orbiting Scroll Unsxable
l Stable

T 1

2r
Orbifing Angle ©

Fig. 12 Orbiting Scroll Stability
(with Friction)
(2) The displacement volume is given and
the pressure ratio is estimated by assum-
ing the isentropic or polytropic pro-
cesses. The tangential, radial and axizal
forces are calculated.

(3) The eguations of motion, including
the friction, are established for the
orbiting scroll and the Oldham coupling.
The effect of the Oldham coupling motion
on the orbiting scroll is clarified. The
radial sealing force is influenced by the
Oldham coupling inertia force, which is
proportional to the mass of the Oldham
coupling and the square of the rotational
speed. The effect of the Oldham coupling
on the orbiting scroll changes tyice as
fast as the rotational frequency.

(4) The overturning moment is estimated
and the stability condition for the
orbiting scroll is clarified.

APPENDIX I

When the involute of a circle is created
by a cutter with outer diameter p - t, the
innermost shaded area in Fig. Al is cut
away by the interaction between the cutter
and the involute. The discharge angle,
8*, is determined by point P. The curve
between P and Q is a circle with the same
radius as that of the cutter, and the



dotted curve between P and Q is the in-
volute of a circle in Fig. Al.

ﬁ

/
Base Circle

Cutter

Interaction Between Cutter and
Involute

Fig. Al

APPENDIX II

§ in Eq. (2) is given by the shaded area
in Fig. AZ.

APPENDIX TIIT

In Eq. (10),.

_Ll2.5 3.3 3
A = 5a%((5n - 0) (n - &7} -8

0 £ 6 < o%

3 3

=G -0 - -9 -5
=

3

o* 6 < 27w

where S is‘given in Fig. A2.
APPENDIX IV

In Eq. (15), x' is obtained from the
moment balance of the Oldham coupling
around the sliding surface., In Fig. 7,
y' is also obtained from the moment
balance.

(MF1 + H2F2) (b + W)
mod

xl -_—

o
/!
Base Circle of Base Circle of
Fixed Scroll r Orbiting Scroll
Crank Radius Crank Radius
(a) r=2a (b) r< 2a

Fig. A2 Area Between Base Circles

~F1 + F3 + W4F
_F1+F2p w  MF3IF+ WF4L v

' _ (=t =
Y = Tmgq 3 2) Mog 272
+uo"5"
APPENDIX V
In Eg. (16), x and y are obtained from

the moment balance around the thrust
bearing surface. From Fig. 6, x and y are
given as follows.

Fe g Fr h
{ﬁ(7+ o) - ﬁ(:_

2 r
+5+5) - E-} coso

+

Fo h Ly, & Fm, 4 .
{Ft(i-!- 8 +-§-) +5ut+ﬁ(f+ c) }sine

WiF1 + w2F2 ¢ b
+ ——— e r———— — - —
Ft (2 2)

_ Fo h L 2 Fm 2
y = {ﬁ(5+6+5) +5“t+'f-*£("2'+ ¢) }eoso

+

Fc, g Fr h L, . r .
{ Ft(2+c) +ﬁ(-2—+5+-2-)+-§-} sin6

Fa2 - F
" 2 1.2

b
Fy (5 - 5)
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APPENDIX VI

In Eqgs.

A

Cl
Dl
c"

DII

El

]

(17), A~ F are given as follows.
(n - euq) + ulut(% - g)cose
2 oo by
+ ut(z 2)51ne
(n + eus) + U2ut(% - g)cose

- e (2 - Bygy
ut(z 2)s:.ne

(Miug = D {(n - euz) + (n + euq)}
- (3 + pg){ur(n + euq)}

+ (n - eu1) + uouilb + w)}

(uang + D{(n - eusz) + (n + euy)}
- (U3 + ug){uz(n + eny)

+ (n + eu) + uwouzd + w)}

uiln + euy) + (n - euy) +uguy (b +w)

2(n + eug) + (n + epz) +pgua (b +w)

-u1(n-eps3) + (n-euy) +uouy (b +w)

—la{n-eus) + (n+eusy) +ugus(b+w)
A-D-B-C

(n - eus) + (n + euy)

Fe—;; + Mg + ut{‘Fr(% + § + %)
- Fole + %) + th}

2
E'{upompg + moé%I (rsing)}

The friction coefficients of the sliding
surface are given as follows.

Oldham coupling

H1
H2
H3

H4

Il

Ho =

Thru

He

st

[ug] - sing/|sinsg|
lu2| - sing/|sine|
[uz| - cosg/|cosg|
lug| - cose/|coss|
|uo| + cos8/|coss|
bearing
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APPENDIX VII

In Fig. 9, 10, 11 and 12, the other para-
meters for the calculation are given as

follows.
¢ = 7.13 mm
2 = 38 mm
§ = 11 mm
n = 60 mm
e = 3 mm
b =8 mm
w = 4.2 mm
rg = 40 mm
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