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ABSTRACT

Deformation of fixed and orbiting scroll members of hermetic scroll
compressors is analyzed to Find better scroll wrap shapes for the compressor
performance. In the ascroll compresscr, axial and radial seal gaps between the
fixed and orbiting scroll members exert a great deal of influence on performance.
Under actual operating conditens, the seal gaps undergo changes (subsequently
described) from the initial setting gap (clearance) due to deformation of the
f1xed and orbiting scroll members, In this paper, defermation of the fixed and
orbiting scroll members under actunal operating conditions is simulated. This is
accomplished using the finite element method based on measurement data concerning
pressures and temperatures. Az & regult, it is feund that compression performance
is sensitive to axial deformation and better scroll wrap shape can be predicted.
The predicted scroll wrap shape is tested in experiments and 4% inprovement in
adiabatic efficiency is obtained compared with conventional sCroll COMPLeS5S0LS-
The deformation analysis here is comfirmed to be very useful for desigh PULPOSES.

INTRODUCT ION

The popularizakion of air-cooled and heat-pump air conditioners reguires
improvement in the energy atficiency ratio and high compressor gfficiency over a
wide range of operating conditions must be wmproved. Low noise and vibration level
at all rotational speeds is another important consideration For compressors. Thus,
rotational speed control s coming into wide use. With this 1in mind, a new type of
compressor with scroll wraps was develsped and put 1nto commercial productien in
1983[1]. This compressor has a highly efficient zimple mechanigm——- the so-called
"gelf-adjusting back pressure mechanism"[2]1. Thiz mechanism controls thrust farce
to suppott the orbiting scroll in the axial direction by bhack pressure provided
from an intermediate process compresszion chamber. Developed COmMPressors are
highly efficient, but even higher efficiency 18 expectsd with the help of computer
simulation analysis.

Te date, the following technology and simulation code has been developed. (1)
Optimize the proper range of back pressure [21[3]1. (2) simulate the scroll
COMPL&530T performance [4] . These factors have contribuked to the widespread
applications of scroll compressora(5]. The other important area for analysis is
deformation analysis of the scroll members taking into account actual operating
conditions to minimize gas leakage and frictien l1oss between the fixed and
orbiting scroll. Deformation analysis results of fixed and orkiting acroll members
by the Finite element method, is raported in this paper. In addition, a method for
improving efficiency wWas derived from thig analysis. The effect of this inproved
method was experimentaly confirned.

CONFIGURATION OF SCROLL CONFRESSOR
The assembled compreéssion component is shown 1n Fig. 1. The main elements in

a scroll compressor are 2 fixed seroll and an orbiting scroll, hoth of which have
Ldentical involute scroll wraps. These scroll members are assemhbled at a relative
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gl ol 1490 degree. 59 khat they maic comkact wiln At = veral pointas and Torn g
sefrses af Sealod gompression hombers. The relabrve angle o0 Ehe bwo scrolls 1
natntatned b, omeans of an antui-rakation goupl ing necoantsn, queh as ap dldhan ring,
thak 1z laciked benind the orhiting seroll. The orbiting scroll w3 driven by a4
c1mple crank mechannsm and orbrts around the center of the Ffixed scroll. Th.s
seroll assemhly is housed in tae lerpetic casing which 13 filled up with discharge
yas. As the crankshaft robtates, gus 13 drawn to Ehe periphery and trapped in a pair
of compresslon chambers. Then 1k iz comprossed by volume reduction while moving
toward the canter of the scroll WrAp. Next, the corpressed gas is released through
the discharge port at the center of the fixed scroll. A hack pressure chamber s
rrovided behind the arlibing soroll. This chamber is pregssarixzed aukbomatically at a
level botween khe suckion and discharge pressure by means of gas introduced Lhrough
small apertures (bact pressure pocks). The pneunatic force applied to the hack of
the orbiting seroll sugports 1F in the axial direction wikh lTow frictional less and
vedr .

The major dimensions of the seroll comnpressor provided as bthe subjecl of the
analysis are shown in bable 1. This is a compresger Lor heat-pump air conditionars,
and R2Z rofrigerant 13 ysed. The capacily is 3.0 W at 60 lim of eleckric source
frequency. lhe fixed soroll and orbiting scroll are assemoled with an a<ial
clearance of 5 microns between the bip of khe Wwrap anda the end plate. The standard
value of relative radial clesrance hetwenn khe Elanks of tae wrap is 30 microns,

PRESSUAL AND TEUPERATURE FILLD IN SCROLL MEMBIRS

The gas compression process is shown 1n Fig. 2. The pressure of the peripheral
3ide sucktion chamber is suction pressure, while that of the inner end COMPress1on
chamber, open to tha dizcharge port, 1= discharge pressure, Between them, a fow
Eymmetrie pairs of compression chambers are formed. Tho pressure is identical in
each pair of compression chambers. Process (1) shows the state alter the suction
Process has Just been completed. Then seal points betweoan the two wraps shifr along
the wrap flanks toward the cenber as seen {2) to (4), and the compr ion chambers
are gradially reduced 1n volume. The gJas iz brapped in the compression chamber at
the periphery of the scrolls and compressed 3z the compression chember moves toward
the center.

In Fig.2 (1), for example, wraps A5 and CD recmive radial force due to the
pressure difference as indicated by the arrows, while wraps BC and DE receive no
radial foree because there is no pressure difference betwecn the inner and suker
sides of the wrap.

The axial preszsure disktribution is shown in Fig. 3. The pressure acting on the
compression chamber side af both end »lates changes in steps between suction
bressure and discharge pressure aleng the radial direction. The outer surface of
the fixed scroll 1s in an atmosphere of discharge gas 1n the casing. The
intermediate hack pressure, need Lo support the orbiting scrol)l and to make eontact
with the fixed scroll, acts on the rear portion of the orbiting seroll, The
supplied 0il pressure affscts the area im the housing of the bearing. 0il pressure
iz nearly as =trong as dizcharge pressure. The total Force of outer pressure on bkhe
Fixed scroll or orbiting scroll is higher 1in both cases than the total force of
inner pressure. 1n consequenge, both seroll end plates are forced ko bend inward.
Inner pressure changes during one tevolution of the crankshaft acenrding to
pressure change in the compression chamber. Minimum total force of inner pressure
oecurs Jusk at the completion of the suctlien process ag shown in progess (1) in
Fig. 2. 2An this point, the differential force betwesn the outer and inner a1des and
inner side of each scroll end plate maximizes, Conzequently, the deformation of
each endplate also maximizes. The analysis subgsequently mentioned 1s berformed
under this condition.

Temperature distribution iz ohtained by measurement at many points in the
fixed scroll member while the compressor is operating under steady states of
suction pressure 0.5%7 Pa and discharge pressure 1.88 HPa. The isothermal lines on
one radial section are shown 1n F19. 4. Gas temperature iz low in the peripheral
Gompressien chamber, but higher in the inner compression chamber according to the
degree of compreszion. On the other hand, the surface of the Fjxed acroll is



axposed to the high temperature dizcharge gas. Furthermorc, the member receives the
heat from supplied o1l and mechanlcal frictiom. Temperature distribution is a
consequence of these heat halances.

ANALYS [5 AND APPLICATIONS

F.E.M. MODEL

Tn order to analize deformation of the fixed and orbiting secroll in the
pressure and temperaturc field, the finite element mathod analysis code ARINA
(developed at M.I.T.) was used. A three dimensional =olid element with eight nodes
was ised as the finite element, The configurations of analysis models are shown in
Fig. 5. The fized seroll Is supported in the Z direction at all nodes on the
peripheral line on the plane of the wrap tips. It is also supported in the X
direction at two nodes on the Y axis and in the Y direction at two nodes on the X
ayis, The orbiting scroll is supported 1in the 7 direction at all nodes on the
periphery line on the end plate. It is also supported in the X and Y directions as
with the fixed scroll. Regarding temperature conditions, temperature distribution
in the orbiting scroll was assumed to be the same as khat in the fixed seroll.

RADIAL DEFORMATION OF SCROLL WRAP

The deformation of fixed scroll wrap tips and orbiting seroll wrap tips, at
suction pressure 0.57 MPa and dischatge pressure 1.88 MPa conditions, is shown in
Fig.6. It iz seen that the wrap deforms as it inclines in a definite radial
direction as a result of gas fores, Furthermore, the wrap deforms as 1t expands
according to temperature increases. The maximum displacement is approximately 60
microns for the fixed scroll and gpproximately 20 microns for the orbiting scroll.
Tt is conzidered that the smaller defarmation of the orkiting secroll wrap is caused
by stiffness of the bearing housing below the end plate. In accordance with the
deformation direction, the wrap inclines to the perpendicular direction to the line
of seal points at e=ach scroll wrap. Maximum displacement along the line of seal
points is approximately 20 microns. In consequence, the seal effect i1s not
considered to be significantly damaged by the gap change acgording to this degree
of radial deformation[4]-

AXIAL DEFORMATION OF FIXED SCrOLL AND ORBITING SCROLL MEMBERS

Analyzed axial deformation of the wrap tip and end plate of the independent
Fixed scroll when affected by prassure and temperature iz shown in Fig. 7- Both the
wrap tip and end plate are dizplaced towards the compression chambers by about 30
microns at the cenker as a result of pressure. bue to rising temperature, the end
plate iz moved in = direction abont 20 microng, huk the wrap tip does not move
signifigantly. Therefore, it ig clarified thal prossure acts Lo diminish the axial
gap and cising temperalbure acts to enlarge the axial gap on the end plate.

Analyzed axial deformation of the wrap tip and the end platae of the
jinde=pendent othiting seroll is shown in Fig. 8. Both the wrap tip and end plate
displace toward the compression chambers about 2% microns ab the center as a result
of pressure, Dues to rising tenperature, the end plate 13 moved in + direction about
25 microns and the wrap kip 13 meved in + direcLion ahout 45 microns. Therefore, it
ig clarified that pressure and remperakbure both act to diminish the axial gap.

AXTAL DEFORMATION OF ASSTCMELFD SCROLL MEMBERS

The deformation is limited when the Fized scroll member and the orbiting
=croll member are actually assenbled. The deformat.on is limited by the other
seroll member in the case, for gxample, when the wrap b1p of the orbiting scroll
contacls the end plate ol the fixed scroll. Accordingly, conktact Force occurs at
the contact points and the dnformation of each scroll mamber 15 halanced at the
point where the external Enrces are balanced. To aimulate this phenonaenon,
displacement by ¢gag pressure and temperature and disnlacemenl. by unit axial
pressure acting on 4 certain area in the central region were combined.

analyzed axial deformation under the ztandard operating condition For all 5
micron jaitial clearances 1s shown in Fig. 9. Scroll wraps enntact at several
points in the central region and axial gap becomes 10 te 15 microns 1n the
peripheral region. Accotfingly, gas leakage increaszes compared with the a sumption
of & 5 micron constant sx1al ga». Turther, friction loss also 1nCreases i[ the
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Friction encEMierent 4kt the wrap contach area is aresafsr Lnan that at the
peripheral arey on the end plate. It Lhas haoen [ound that efFfective
provenents are oblained by decreasing the periphoral gap znd contacl Toree. One
of the 1mprovenent was gonlirmed by this analysis and experiments as mentionad n
the next section.

APPLICATION FOR DRESIGH QP SUITARLE SCROLL SHAPE

fo decrease peripheral axial gap and contact Force, initial axial cleoarance
must e changed. Dor Lhis purpose, the axial clearance Jn the central region 1s
enlarged while that of the periphery remains at the same valuc as in the
conventional case. Concraetely, as Fig. 10 shows, the central region of the end
plake, within 10 radians in the i1nvolute angle has a slightly stepped down surface
(by 10 to 20 microns) compared wiih khe end plate in khe poriphery. This cavses the
15 to 25 micron axial clearance in khe central region when axial clearance in the
periphery is 5 microns.

Tho analized amial gap resulting from changing the degree of the step 15 shown
in Fig. 1l. In comparizon with the conventional [l1at end plate, the 10 micron
stepped down surlace has a slightly larger gap throush 6 to 10 radians of the
involute angle, but 1t has a smaller gap brlow 3 radians and above 10 radians. The
20 micron stepped down surface has a much larger gap Lhrough 5 to 10 radians
however il has the smallest gap above 10 radians. Tt 15 considercd that synthektic
gas leakage 1s minimi=ed in the 10 micron stepped down surface.

These results were —emfirmed by experiments as shown in Fig. 12. 1t iz aeen
thab the 10 micron slepoed down surFace within 10 radians of the involute angle has
the highest volumetric and adiahatic efficiency.

Subsequently, the axial gap resulting from changing the degree of stepped down
surface area 1s analyzed. Here, there are Four cases as follows;
Ax1al clearance in
(1) 5 microns for the entire scroll wrap
(2) 15 microns within § radians and 5 microng in the
periphery
(3) 15 microns within 10 vadians and 5 microns in the
periphery
(4) 15 microns for the entire scroll wrap
The results are shown in Fig. 13, TIn comparison with case (L), case (2) has a
slightly smaller gap above S radians, however, it has significantly larger gap
below 5 radians. The main reason is that there are axial contact points remaining
outside of the stepped down surface area and the gap in the central region is
enlarged due ko the stopped down surface. Although case (32) hag a slightly larger
gap khrough 6 to 10 radians, it has the smallest gap below 5 radians and above 10
radians. Case (4) has a very large gap above 10 radians. In these cases, case (3)
has the best by for seal effeck.

These results were confirmed by experimenks as shown in Fig. 14. It is seen
that the 15 micron axial clearance within 10 radians with 5 microns in the
periphery is 2% higher in volumetric efficiency and 4% higher in adiabatic
efficiency than conventional COmpr essors.

Thus the deformation analysis of ackual operating sc¢roll compressors
contributes to the design of suitable scroll wrap shapes which result in high
efficiency to scroll compressorg,

QONCLUS IONg
Deformation of flxed and orbiting scroll members of a hermetic scroll
compressor was analized under actual operating conditions. Based on this analysis,

an improved scroll wrap shape has becn realized and 4% improvement in adiabatig
efficiency has been abtained.

586



REFERENCES

(1) K. Tojo, =t al., "A Scroll Compressor For Air Conditioners”, Proc. of the 1984
Purduc Compressot Technology Conference,

(2) M. Ikegawa, ct al., "Seroll Compressor wikh Self-Ajusting Back Pressure
Mechanism™, ASHRAE Transactions, Vol.90, Pt.2, No.2846, 1984.

(3) N, Arai, et al., "Scroll and Screw Compreszsors: The Latest Compressor Technolody
for Air Conditioning and Refrigeration®, Hitachi Review Vol.34, No.3, 1985.

(4) K. Tojo, et al., "Computer Modeling of Scroll Compressor with Self-Ajusting
Back-Pressure Mcchanism", Proc. of 1986 Compressor Nngineering Conference at
Purdue.

w

K. Tojo, et al., "Seroll Compraessors for Arr Conditioning and Refregeration”,
IT® XVIIth International Congress of Refrigeration, 1987 (Submitted)

Suction port

Table 1, Major dimensions of the tested compresso

Displacement volume | 64 cm /rev Discharge port
Built in veolume rakiog 1 2.7
iti jus 4.5
Orbiting radiy | nm Fred seroll
Wrap thickness | 3.6 mm //
Wrap heioht 1 3] mn -~ Otbiking serol)
Pixed scroll diameter | 163 mm
end plake thickpess] 12 mm = Frame
“—~ Back-pressure
Orbiting scroll| diameter | 131 mm port
" Back-pressure
end plate thickness[ 10 mm ehater

e
~ pldham ting

—— Crank shaft

Ps: Suction pressure =0.57MFa
Pd: Discharge pressure=1.381Fa ‘

(1) P1=1.18MpPa (2) F1l=0.66NP=
P2=1.5THP=

Suction N _ ) .
chamber Fig. 1 Rasic configuration of scroll cOmpressor
Pg: Suction pressurc

Pd: Discharge pressurec

Ph: Back pressure

T1l: Compreéssion chamber pressure
Discharg: Pm: Invermedizte pressure

g

[T

PLPS

Axial
F2p

ﬂ..ﬁé/g@ Radizl £aD

s (Ga; tllafiiitinn)
L
Pli:PsiPm
mw [N
{ [T

Fd

PE\

"
PL=0.871Fa

Fig. 2 Radial prossurt digtrihvtion

Frz. 3 Axaal p'ressure distribution

587
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