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Abstract

Floating fixed scroll adopted for tip sealing enhancement in a scroll compressor is always

under the influence of tipping moment produced by internal gas forces. Unless the tipping

moment is properly compensated by some restoring moment, the fixed scroll would suffer

tipping movement, degrading the compressor performance. The condition on which the tipping

movement of the fixed scroll can be suppressed has been investigated analytically. For no

tipping movement, the floating fixed scroll should be suspended on the main frame at proper

level. The upper limit of the stable suspension is the axial location of the o-rings adopted for

a back pressure chamber sealing on the rear side of the fixed scroll, and the lower limit is

the mid-height of the scroll wrap.

Nomenclature M, M,
A ! area M,
(o] ¢ constant n
F, F, F, ‘axial radial, and tangential
components of gas force 0y, Oy
Fou . axial sealing force
Fo, Fyy, Fy, : components of spring force P
1 : radial sealing force
h : wrap height Q
k . spring constant
/ : length T
Rows Bony, Rz *
* University of Incheon, Department of
Mechanical Engineering, 177 Dowha-dong, 14

Nam-gu, Incheon 402-749, Korea

: radial and tangential com-

ponents of tipping moment

* total tipping moment

* number of suspension points

for fixed scroll

. centers of fixed and orbiting

scroll members

. suspension location of fixed

scroll

! contacting point between fixed

and orbiting scroll members

. orbiting radius

reaction components at con-—

tact point @

* volume of compression cham-

ber
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Greek symbols

a . tipping angle
£ orientation angle of tipping moment
d . initial deflection of suspension means
7 compressor efficiency
6 : crank angle
d;  circumference angle for suspension position
u# . friction coefficient

Subscripts
a . axial direction
ad  adiabatic
b back pressure chamber
¢ compression chamber

CB : suspension point

cn  contact point

d . discharge

¢ : discharge port

[ fixed scroll

¢ . ith leaf spring element
LS : leaf spring

or . o-ring

v radial direction

s suction or orbiting scroll
fip . wrap tip

vy . volume

1. Introduction

In general, the factors which affect the vol-
umetric efficiency of refrigerating compressor
are suction gas heating, clearance volume, wir-
ing loss, and internal leakage, etc. One of the
main advantages which scroll compressor has
over other types of refrigerating compressors
is its high volumetric efficiency. Scroll com-
pressors have no clearance volume and no
wiring loss at the valve passages. The suction
gas heating, however, is the common problem

in degrading the volumetric efficiency, regard-
less of the type of the compressors of low side
pressure. For hermetic type, the heat from the
compressor motor is the main source of suc-
tion gas heating. For instance, the mass flow
rate is known to be decreased by approxima-
tely 3~4% by suction gas heating in a typical
3RT class compressor.

While internal leakage is minor for recipro-
cating type of compressors, it is the most cri-
tical form of gas leakage in scroll compressors.
Two primary patterns of leakage between
trapped compression pockets can occur: flank
leakage through the radial clearance between
the flanks of the two scroll wraps, and tip
leakage through the axial clearance between
scroll wrap tips and the mating scroll base
plate. The latter can typically be several times
the former.

In scroll compressors, various means of
compliance mechanism for leakage control are
widely used. Sliding bush is a typical means
for radial compliance, and back pressure cham-
ber mechanism is the most effective one for
axial compliance. To achieve axial compliance,
one of the two scroll members is allowed to
move in the axial direction for limited range. A
pressure chamber installed on the back side of
the moving scroll member produces thrust on
it against the other scroll member. Biasing
pressure in the back pressure chamber may be
provided from compression pockets via vents
drilled in the base plate of the scroll member
under compliance. When gas loading is applied
on the fixed scroll member, it is usually sus—
pended by means which are flexible axially,
but very stiff in the other directions. One
common design practice is to use leaf springs
for suspending the fixed scroll member. A
characteristic disadvantage of gas loading of
axially compliant scroll member is a tipping
moment, which is generated by gas pressure-
induced forces inside compression pockets.m
Balancing of tipping moment on the fixed
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scroll member solely by over-pressurizing gas
loading yields heavy tip load, leading to ex-
cessive frictional loss. Rather, reaction force at
suspension of the fixed scroll member on the
main frame can be effectively utilized to pro-
duce restoring moment.

In this study, the analysis has been carried
on the stability of the axially compliant fixed
scroll. The condition on which the fixed scroll
can be free from tilting motion has been de-
rived, and the effects of tilting of the fixed
scroll member on the compressor efficiency
have been estimated.

2. Stability analysis of fixed scroll

2.1 Axial sealing force

Fig. 1 shows a schematic view of axially
compliant fixed scroll. Back pressure chamber
is installed behind the fixed scroll. Gas of
intermediate pressure is provided from com-
pression pockets through vents on the base
plate of the fixed scroll member. Downward
gas loading is produced partly by discharge
gas pressure and partly from back chamber
pressure. As the crank shaft rotates, the orbi-
ting scroll connected to the eccentric crank pin

orbits around the fixed scroll with the aid of
anti-rotation device. Closely engaged two scroll
members form inter—fitted crescent-shaped com-
pression pockets and these pockets are moved
inward, being reduced in size, as the crank
shaft rotates. And eventually the compressed
gas in the pockets is discharged into the dis-
charge manifold through the discharge port at
the center of the fixed scroll.

Since the orbiting scroll is axially supported
by thrust bearing from behind, the axial move-
ment of the orbiting scroll is limited within the
oil film thickness of the thrust bearing. The
fixed scroll, however, is supported by leaf
springs at several peripheral locations around
its rim so that its movement is only allowed
in the axial direction for a limited range. This
axial compliance suspension can alleviate the
tight requirement for the axial clearance for tip
sealing. Once the compressor starts to operate,
the pressurized gas in the back chamber gen-
erates thrust large enough to overcome the
axial gas force inside the compression pockets,
pushing the fixed scroll against the orbiting
scroll so that the tip sealing may be obtained.

Fig. 2(a)(b) show gas forces acting on the
fixed scroll. F, is the axial gas force which

tends to move the two scrolls apart from each
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Fig. 1 Schematic diagram of scroll compressor.
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(a) Vertical view

(b) Horizontal view

Fig. 2 Gas forces acting on fixed scroll member.

other, Fy is the thrust load from back, £, is

the radial gas force which makes the two
scrolls come closer in the radial direction, and

F, is the tangential gas force acting on the
orbiting scroll in the direction opposite to the
orbiting motion, but on the fixed scroll in the
same direction as the orbiting motion. As shown
in Fig. 2(a), forces acting on the fixed scroll in
the axial direction are the axial gas force F,,
thrust load F,, and spring forces of leaf
springs, Fy, ; of Fig. 4. Resultant of these is
the sealing force, F,, or the contacting force

between the two scroll members as in the
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equation (1),
Fow = Fy=F,— 2F ., (D

The spring forces are always upward since
the fixed scroll is already lowered from its
neutral position due to the net positive down-—
ward thrust force. Since, as shown in Fig. 3,
operation envelope of refrigeration compressor
is quite wide, it is not an easy task to keep
optimum sealing force over the whole operating
range. Optimum sealing force at higher dis-
charge pressure conditions will become insuffi-
cient for tip sealing at lower discharge pres-
sures, while optimum sealing force at lower
discharge pressure conditions will cause ex-
cessive friction at higher discharge pressure
conditions.

2.2 Tipping moment

Although the sealing force in the equation
(1) is positive, there still exists a chance of
gas leakage through the axial gap.

This possibility arises from tilting movement
of the fixed scroll member induced by tipping
moment. For the present model, the fixed scroll
member is the floating one movable in the
axial direction, and tipping moment is acting
on the fixed scroll side. Fig. 4 illustrates the
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Fig. 4 Diagram of forces and moments acting
on fixed scroll.

forces and moments exerting on the fixed scroll
tilted by the tilting angle « in the counter
clockwise direction due to tipping moment. O;
is the center of the base circle of fixed scroll,
and O, is that of the orbiting scroll. As the

crank shaft rotates, the orbiting scroll center Oy
rotates around O;, and the coordinate system
(x,,ys) rotates with O; by having x,-axis al-
ways passing through O,, while coordinate sys-
tem ( X, ¥/) is fixed on the fixed scroll mem-
ber. Axial gas force, F,, and tangential gas
force, F',, act on the mid-distance of m
Radial gas force, F',,, and radial sealing force

between scroll wrap flanks, f;, act on the

mid-height of the scroll wrap.
From Fig. 2 and Fig. 4, if we denote or-

biting radius by 7,, and wrap height by %, the
radial and tangential components of the tipping
moment, M, and My, can be expressed by the

equations (2) and (3), respectively.

M, = F % )
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My=Foo (it F)h @

Resultant moment, M,, and its orientation, B,
measured from x,-axis are expressed by the

equations (4) and (5), respectively.

M, =\ M2+ M? (4)

B8 = tan "HM,/M,) 5)

Here, another coordinate system ( x, y) with its
center at O, is defined by setting the x-axis
being coincident with the orientation of result-

ant moment, M,.

2.3 Suspension location for the fixed scroll

In order to find the condition for the fixed
scroll to be free from the influence of tipping
moment, the condition under which it becomes
tilted will be first considered. As illustrated in
Fig. 4, the fixed scroll member is assumed to
be tilted by @ in the counter clockwise direc-
tion under the influence of tipping moment.
Since the tipping moment is always in the
positive sense, the fixed scroll is never tilted
in the clockwise direction.

Additional forces other than those presented
in Fig. 2 are generated by the fixed scroll
tilting. Inclination of the fixed scroll makes the
two scroll members contact each other at @,
and the fixed scroll receives reaction force at
the contacting point, €, which lies on y-axis.
Rew, Roy, and R, are the components of
the reaction at @ in each direction. Also an-
other reaction comes from the o-ring which is
inserted at the top portion of the fixed scroll
for the sealing of back pressure chamber as

shown in Fig. 1. This reaction force, F,,, acts
in — y direction. Finally, reactions also arise at

the spring connections. The point P; represents
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ith suspension point, and #; is the angular
position of P; measured from x,-axis.

Then the balances of forces and moments
exerted on the fixed scroll are given by the
equations (6) ~ (8).

Ry:—Fy+ F,+ 2 F,, , =0 (6)

Fort 21 F gy ;= Rony -
+(fs+Frg) SinB_ F[gCOSB =

Mt—— lcn(Fd—Fa)_For lor~ lCBZFsﬂy,i (8)
+ 2 F e i {lont lLs sin(6i+ B)) = 0

Here, Icp and /,, are the axial distances from
the fixed scroll wrap tip to the leaf springs
and the o-ring, respectively. For small tilting
angle a, the reaction from the o-ring, F,,, and
the spring force in the axial direction, ZF bz, i

can be expressed by the equations (9) and (10),
respectively.

FO‘V = akOV 107 (9)

2 F i = 2k{(8— a(ly+ l15sin (8,4 8))} (10)

Here, 8 is the spring displacement in the axial
direction, that is, the displacement of the fixed
scroll from its neutral position due to the

thrust, F,.

If the friction coefficient at the contacting
point @ is denoted by x, ¥y-component of the
reaction force, R, can be set to R, = R, .

From the equations (6) and (7),

23 F i = Figcos B~ (f,+ Fr) sin an
—Fot u(Fg= Fo= 20Fy..,)

Substituting the equation (11) together with
the equations (9) and (10) into the equation (8),
the moment balance on the fixed scroll can be
rewritten by the equation (12).

M~ 1y (Fy= F,) — ak, I,
+ k2 [{6—allo,+ I ssin(6;+ B}
X (It I ssin(8;+ BN] (12)
—leg[Fgcos f—(f,+ F,,) sin 8]
= ko byt u(Fy— F,)
—pk2{8—a(l,+ lssin(6;+ B)} =0

This can also be rearranged for the tilting

angle a as follows.

(M= 1,(Fg—F,)+ k(1,230
+ 8152,sin (6, + B))
—lcg(Fy cos B—(f,+ F,)sinB
+ u(Fy=F,) — #1k2:8)]

[ oy 124 2kls (I 20sin (6,4 B)
+ kifs 2 sin2(6;+ B))

+ nkll— ko, 1o Iog
+ ﬂkZCBZ { lent ILssin ( 9.+ ﬂ)}]

a= (13)

Since for equally distanced leaf springs,
2sin(6;+ /) =0 and 2isin’(g;+BH=c (¢
is constant), the tilting angle @ can be ex-
pressed by the equation (14).

(M~ 1, (Fy— F,)+ kl, 228
—lcg(F g cos B) — (fo+ F,.)sin B
B + u(Fy—F,) — uk 28]
= [Bor Loy (10y— Icp)
+ k(e lis+ nid+ unicgl,)]

(14)

To find the condition of a>0, that is, the
condition that the fixed scroll becomes tilted,
both of the denominator and the numerator of
the equation (14) should be simultaneously posi-
tive or negative. The conditions for both of the
denominator and numerator to be positive are
as in the equations (15) and (16), respectively.
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Ml_ lcn(Fd‘ Fa)+ klcn25
[Fgcosf—(f;+F,)sinpB
+ u(Fy=F,) = ku 28]

leg < (16)

After some manipulation, the equation (16) can
be rewritten by the equation (17).

h “‘l Fseal
2cos’f " Fycosp
lCB< 1— fs+Frg seal an

Fy tan 8+ ¢ Fycosf

And the conditions for both of the denominator
and numerator to be negative are as in the
equations (18) and (19), respectively.

2 lc 2
b (el (2]
or or or (18)

=

lCB> lar - b lcn
(i )
h 5 -1 Fseal
2c0s°8 " F,cosf
ZCB > l_ fs+Frg Fseal (19)

Fy tan -+ 4 Fcosf

Therefore, the condition that the fixed scroll
becomes unstable, being tilted due to the
tipping moment, turns out to be the range of

lcp which falls in the common area indicated

by the equations (15) and (17), or in that by
the equations (18) and (19). Since the range of

lcp indicated by the equation (17) is included in

that of the equation (15), the common area of
these two ranges is the range of the equation
(17). Also the common area of the two ranges
of the equations (18) and (19) is the range of
the equation (18). Therefore, it can be stated
that the fixed scroll becomes unstable when it
is suspended by the suspension means such as
leaf springs at the axial position of /0 which

lies in the range indicated by the equation (17)
or the equation (19). The range outside the
ranges indicated by the equations (17) or (19)
can be written by the equation (20).

Iis\* I, \?
A v Gl R vsd N
or _ k lcn
v
)/ Fseal

2c0s’8 Jon Fcosg

f+F Fs {
LT g —Lseal
1 Fy tanf+ 4 Fcosf

(20

leg>

Therefore, it can be stated that if the fixed
scroll is suspended to the main frame by means
of suspension such as leaf springs within the
axial location indicated by the equation (20), the
fixed scroll can be made free from tilting, in
spite of the presence of tipping moment.

Since {,,, I.,, and [;s are about the same

order of magnitude, but the stiffness of the o-
ring is much greater than that of leaf springs,
that is, %,, >k, the upper limit of /cp of the

equation (20) can be rewritten as follows.

2 2
v (el #) ()]
lor or or or ~ ] (21)

_ k lcn or
) 2)

Then, the condition of stable suspension for the
fixed scroll can be expressed by the equation
(22).

h —1 F:eal
2cosg " FycosfB

Fot Fog Fou
— 5 7 Seq.
L A

lpw>lcpg™> (22)

3. Calculation results and discussions
3.1 Sealing force and tipping moment

The stability analysis of the floating fixed
scroll member discussed so far has been ap-—
plied to a 3 hp-class scroll compressor using
refrigerant R-22. The radius of the basic circle
of the scroll wrap configuration is 2.04 mm, the
wrap end angle is 1205°, wrap height is 25 mm,
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and the wrap thickness is 255 mm. The gas
pressure in the compression pockets is calcu~
lated from adiabatic compression assumption,
and the gas forces are calculated from the gas
pressure in the compression pockets. The de-
tails of these calculation methods can be re-
ferred to the open literature. ™"

Fig. 5 shows various forces acting on the
fixed scroll at ARI condition. Variation of the
tip sealing force, F,, with the crank angle is
related to the variation of F',. Radial gas force,
F,, is considerably small compared to other
gas forces, and the radial sealing force be-
tween the scroll wrap flanks, f; is greater than
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Fig. 5 Various forces acting on fixed scroll
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Fig. 6 Overturning moments and direction
angle.

F,, by centrifugal force of the orbiting scroll.
The tipping moment and its orientation are
shown in Fig. 6. Tangential component of the
tipping moment, My, is so small compared to
radial component, M,, that M,= M, and S<4°.

This implies that the orientation of the tipping
moment can be practically regarded to nearly

coincide with x -axis.

3.2 Suspension position

The forces involved in the equation (22)
change with operation condition as well as
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Fig. 7 Axial sealing force at various operat-
ing conditions.
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Fig. 8 Stable suspension range for no tipping
motion of the fixed scroll.
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with the crank angle. The variations of F,
are shown in Fig. 7. Numbers in Fig. 7 indi~
cate the operation conditions of Fig. 3. Fig. 8
shows the range of /o for stable fixed scroll
compliance at various operation conditions. The
lower limit of /g varies with the crank angle
and the operation condition as well, while the
upper limit of /g is fixed at the axial location
of the o-rings as indicated in the equation
(22). The most restrictive condition comes from
the operation condition #1, which determines the
lower limit of /~p effective over all the opera-
tion conditions suggested in Fig. 3. If the fixed
scroll is suspended at /o belonging to the
range indicated as ‘partially stable’ of Fig. 8, it
would suffer tilting for the duration of time
when the crank shaft is passing the angular
zone indicated as ‘unstable’.

In fact, once the compressor’'s main design
specifications are given, the gas forces and tip-
ping moment are subsequently determined, and
these magnitudes can not be changed at one’s
option. Hence, in order to widen the range of
lcg, the only remaining parameter is the tip
sealing force, F,. The tip sealing force can
be easily controlled by changing acting area of
the back pressure chamber.

The lower limit of /cp can not rise above

h/2. Because 8 and g are small enough and
Fy is larger than f; and F,,, the numerator
of the equation (22) approaches to A/2— 1, -
Foul Fg, which is of course smaller than %/2,
while the denominator approaches to 1. Hence,
the fixed scroll can be made safe from any
tilting motion for /,,=/cp=h/2 regardless of the
operation condition, as long as the tip sealing
force is greater than zero.

Caillat et al’ and Bush and Elson™ argued
that any tipping moment in the fixed scroll
could be avoided by placing mounting means
at the level of the center of the vanes, that is,

lcs=h/2, so that the mechanical reaction is
essentially in line with F'y,, which is mainly

responsible for generation of the tipping mo-
ment. According to Fig. 8, however, it has been
demonstrated that full balancing of any signifi-
cant tipping movement of the fixed scroll can
be achieved as far as it is mounted in the

range of /,,=lcg=h/2.

3.3 Effects of tilting on compressor efficiency

In case of mounting the fixed scroll in the
‘partially stable’ range of Fig. 8, the fixed scroll
suffers tipping movement over some crank an-
gles in one cycle. This would augment gas
leakage through enlarged leak passage and de-
crease the compressor efficiency. Compressor
performance has been calculated at several til-
ting angles by using computer simulation pro-
gram.(S) Fig. 9 shows the effects of tipping
movement on the volumetric efficiency and gas
compression efficiency at ARI condition. The
efficiencies are normalized by those at no tip-
ping movement. As the tilting angle a in-
creases, both of the volumetric and gas com-
pression efficiencies decrease rapidly. The maxi-
mum tip opening between the two scroll mem-
bers at the tilting angle of @=0.03° corresponds

to 36 um. At this much tilting, and the volu-
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Fig. 9 Effect of fixed scroll tilting on volu-
metric and adiabatic efficiencies.
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Fig. 10 Effect of fixed scroll tilting on p-v
diagram.

metric and the compression efficiencies drop by
23.9% and 27.1%, respectively. For the tilting
of a<0.013° the efficiencies are not affected
by the scroll tilting, since the opening induced
by fixed scroll tilting is about the same size
as the oil film thickness in the axial gap be-
tween the two scroll members.

P-V diagrams at three different tilting an-—
gles are compared at Fig. 10. At larger tilting
angle, the pressure becomes higher in the first
half of the compression process, but lower in
the second half. This is because more gas
leakage from high pressure pockets to low
pressure pocKkets is incurred at larger titling
angle.

4. Conclusions

For scroli compressor which has a back pres-
sure chamber behind the fixed scroll so that it
may be made movable in the axial direction for
axial compliance to improve tip leakage control,
an analytical study has been carried on the
stability of the fixed scroll and the following
conclusions have bheen obtained.

(1) The range of the suspension position of
the fixed scroll on the main {rame in order
that the fixed scroll may be free from any

tipping movement despite of the influence of
tipping moment has been analytically found as
in the equation (22).

(2) Full balance of any significant tipping
movement of the fixed scroll can be achieved,
as far as it is mounted in the range of
lpy=1cp=h/2, that is, the level between the

o-ring location and the scroll wrap mid-height.

(3) Even small tipping movement of the fixed
scroll has been found to yield severe degra-
dation of the compressor efficiency. The com-
pressor performance is decreased by as much
as 25% at the tilting angle of @=0.03°
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