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ABSTRACT

Scroll compressors are becoming popular in air conditioning and
refrigeretion. This is primarily due to their higher efficiency and
low noise/vibration characteristics. The scroll principle can be ap-
plied also to the stesm expander sand the Brayton cycle engine, as
shown in the past literature. The Otto cycle spark-ignition engine
¥ith a scroll compressor and expander is studied in this report. The
principle and basic structure of the seroll engine are explained, and
the engine characteristics are calculated based on the idealized cycles
and processes. A prototype model has been proposed and constructed. The
rotary type engine has always had s problen with sesling. The scroll
engine wmight overcome this shortcoming with its wuch lower rubbing
speed compared to its previous counterparts, and is therefore worth
investigating.

NOMENCLATURE
@ . radius of 2 base circle
Cv: specific heat at constant volume
F i force
h 1 scroll height
¥ o number of scroll turns - 1/4

¢ scroll pitch

pressure

heat addition per unit mass

crank radius

pressure ratio (after ignition/ before ienition)
scroll wrap thickness

torque

volunme

work per revolutijon

R

a invelute initial angle on the base circle
Y : specific heat ratijo .

¢ o volumetric ratio

2 efficiency
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[ pressure ratio
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suffixes

axial

average
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INTRODUCTION

Scroll compressors have a smooth torque variation. Their lower
rubbing speed enables them to reslize a higher efficiency, because
mechanical seeling can be effectively employed. Thf thfffy and the art
of the scroll compressor have already been studied 1, and produc-
tion is now in progress. This theory and experience with the scroll
compressor may be easily extended to an engine with a seroll compressor
and 2 scroll expander. The scroll compressor compresses the air-fuel
wixture., and the scroll expander is-used to get power from the heat of
the cowbustion. The flow is continuous end uni-directional, which is
differeat from that of the reciprocating engine. Although the Brayton
¢ycle engine is possible with a scroll coapressor and a scroll expan-
der, the teaperature of the scroll expander could be extremely high
due to the continuous combustion. The requirement of the scroll expan-
der material may become very severe. The spark-ignition scroll engine
is therefore studied in this report, based on the air~standard Otto
cyele. The thermal problems of the scroll expander can be eased by the
tresh asir-fuel mixture charged inte the combustion chamber, salthough
the temperature of the air-fuel wixture is already high due to the
coupression. Although the displecement vojume of the scroll engine is
hslved compared to the reciprocating engine, we need two peirs of
scrolls. Many concepts of the secroll'engine structure will be de-
veioped. A structure of the scroll engine is proposed, -to cancel part
of the axial forces of the scroll expander,

PRINCIPLE

The operating principle of the scroll engine is shown in Fig.!
The scroll engine consists of two components, the scroll compressor and
the seroll expender. The elements sre assumed to have the same geomet-
ric dimensions and to be synchronized via 8 proper mechanisa,

Fig.la) shows the seal-off position ot the scroll compressor. The
air-fuel mixture is taken into the compressor from the periphery, This
corresponds to the suction process.

After several degrees of rotation., the compressed air-fuel mixture
discharge is to commence st Ged as shown in Fig.lh). The volume of
the cowbustion chamber (innermost) of the scrol]l expander is minimum at
this angle. The volume is sctually zero when the seroll shape shown in
Fig.l is employed. The discharge port of the gscroll compressor and the
combustion chamber of the scroll expander ere connected via & discharse
valve. The coupressed air-fuel mixture is transferred to the combustion
chamber of the scroll expender. This is shown in Fig.le). The volume
change rate of the two connected chambers is the same during the trans-
fer process. The discharge from the scroll compressor ta the scroll
expander ends at @.* and the volume of the combustion chaaber of the
seroll at this sangle is exactly the same as that of the innermost
chamber cf the scroll compressor st Bee . The discharge vaive is then
closed. This corresponds to the end of the compression process.

The zir-fuel wixture is ignited in the combustion chamber of the
scraoll expander. This is shown in Fig.1d). The combustion is assumed to
take place instantly. This process corresponds to the constant-volume
addition of heat in the idealized air-standard cycle, and the pressure
of the combustion chamber of the scroll expander increases suddenly.
The orbiting scroll of the expander is therefore driven by the high
pressure of the copbustion gas. The gas pressure decresses during
expansion. This corresponds to the expansion process, The expansion
ends when the gas reaches the outermost chamber as shown in Fig.le)
The gas is then exhausted from the expander. This corresponds to the
exhaust process. Fig.le) is the same as Fig.la) and the same process is

repeated.

In the scroll engine, the suction, conp;ession. gxpansion and
exhaust processes take place continueously, while cogbustxon pccurs once
per revolution. A carburetor is eamployed to vaporize the fue! in the
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suction process. The pressure sfter-expansion may be higher than the
ambient pressure when the scroll expander has the same volumetric ratio
as the scroll compressor and part of the energy is not used. The number
of seroll turns of the expander may be increased in this case. The
complete expansion cycle Is realized relatively easily in theory.

|

The intake, coampression. combustion, expansion and exhaust process-
es occur in the same cylinder in the d4-stroke cvele reciprocating
engine. In the scroll engine, the intske and coampression are by the
scroll compressor and the combustion, expansion and exhaust are by the
scroll expander. The scroll engine is different from the Wankel rotary
engine in this regard and nuch closer to the conventional gas turbine
engine as far as the systew is concerned. The Brayton cyecle scroll
engine is possible, like the gas turbine as mentioned earlier, but the
high temperature will cause wmany problews in the scrol] expander and
meke it less likely to be realized. The spark-ignition scroll engine
Is thus preferred. The temperature of the scroll expander, however, can
be higher than the reciprocating counterpart because Lhe fresh air-fuel
mixture is already compressed. The temperature of the scroll expander
is still wuch lower then in the Brayton cycle. The torque can be zero
in the reciprocating and Wankel rotary engine when they are used in =
single cylinder. The torque of the scroll engine will always be higher
than zero when the proper pressure is eaployed. This Is because the
scroll is & kind of wulti-stege machine in a single structure, asz is
well known in scroll cowpressor technology.

The scrall diesel engine is also theoretically possible when a
higher compression ratio is used and fuel is injected into the combus-
tion chamber. although at present interest is in the Otto cycle engine.
The design requirements, however., will become more severe in the diesel
engine due to the high pressure level.

SCROLL ENGINE THEORY IN IDEALIZED CYCLES AND PROCESSES

The scroll ensgine consists of s secroll compressor and a scroll
expander. and therefore the characteristics of the t¥o components can
be handled ingfgendently. The scroll compressor is anelyzed in the same
way as before - The scroll expander is a machine which rotates in the
opposite direction and the theory of the scroll compressor iz modified
easily. An involute of a bese circle with radjus a is enployed for the
scroll wrap geometry for mathematical simplicity. This does not neces-
sarily mean that the actual machine is designed in this way. The geo-
metric shape shown in Fig.l will be used in the mctusl design. pri-
marily because the dead volume can be minimized, i.e., effectively
zero. This sort of shape makes the equations unnecessarily complicated
and is not considered here. We have studied s scroll engine of #=3
( =657 ). and this is the maximum number of chambers in the scroll
compressor and the scraoll expander.

Yolyge of Chambers

The volumes of each chamber of the scroll cowmpressor have already
been obtasined, and the result has been applied to the scroll expander
keeping in wind that the rotating direction is opposite., The following
relation is used to obtain the volumes of chambers in the scroll
expander from the scroll compressor results.

O.=lx—6, (1

The equations ftor the scroll expander eare expressed as o function
of O.. The dispiacement volumes of each chamber of the scroll expander
are caiculated fornm Vc i(éc) of the scroll coapressor

as follows: !

Vai (8.) =V, (2x=6.) I=iaN (2)
The exact expressions for ¥o ;(6:) are known and are shown in Appendlx

A.'althoush slight wodificat'ions have been made from reference (1). To
build a scroll engine, we need & proper phase difference between the
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compressor and the expander rotating angles. This is given by

8. = MOD (8,48, ( +6. =%, x) . &)

Eq.(3) shows that the velume of the combustion chamber (i=1) of the
scroll expander takes a minimus value when the air-fuel mixture dis-
charge commences from the screll coapressor.

The volume of chambers is shown in Fig.2 when Ea.(3) is aspplied to
the scroll engine, where 8 . ,=7/2 (8. .=237/2),8 .*=3x/2 (8 .*=m/2) a=7/5
and € = 8.90. The same conditions are applied to the followine caleu-
lations and figures. The overlapping zone of the minimum chambers of
the scroll coupressor and expander correspond to the air-fuel wmixture
transfer process from the compressor to the expander. This process is
essuped to occur at & constant pressure in the ideal treatment. There
appears a discontinuity in volume change. which is due to the deed
volume of the innermost chauber. The dead volume exists when the inve-
lute of a cirecle is used for the wrap shape. It can be avoided when
the shape shown in Fig.l is eaploved. .

Pressure

The pressure of each chamber is obtained assuming the proper ther-
wodynamic process, and the isentropic process is considered. The pres-
sure ratio of esch chamber of the scroll coampressor is given by

P 1=Pe  (6:) 12ianN+] (4>

Eq.(4) is based on the cospressor suction pressure Po(=Pysy). The
pressure ratjo of the scroll expander is given by

Pui=pa i {64) 1S i&N+] (5)

Eq.(5) is slso bssed on the compressor suctien pressure Ps. The exact
expressions for Egs.(4) and (5) are given in Appendix B. Eq.(5) actuel-
ly contains R_. This is given by

Pa (9..4) artar 5. 1. (B)

Pat (6..4) bafora 5. J.

and indicates the pressure ratie in the combustion chaaber before and
after the spark-ignition.

R.=

Fie.3 shows the pressure of the gcroll engine vs the roteting angle
tor £,=3.

P-V Disgras

The P-V diagram in the idealized cycle and processes is obtained
for the scroll engine by combining the results of Fig.2 snd Fig.3, and
is shown in Fig.4 in non-dimensional form for R£,= 3. The kinks in the
P-Y disgram are due to the dead volume in the innermost chambers. The
area covered by the P-V disgram is the theoretical output work of the
seroll engine. The theoretical output work is zero vhen R.=l becguse
the output of the scroll expander is the same as the power to drive the
scroll cowpressor. The theoretical cutput work per revolution is also
calculated from the Otto cycle theory, and this is given as follows. for
the Otto cycle scroll engine:

_w o) ARz e
where P.prli_ZN(ZN D—5n e Y "
s= VG,N(O) (8)
V:. i (Bc.d)

This is called built-in volume ratio in the field of compressor tech-
nology. This Is also termed 2s the compression ratio and the expansion
ratic in the engine field. It corresponds to the volume ratio at the
bottom dead center and at the top dead center in the reciprocating
engine. Ea.(7) simply tells wus that the scroll engine theoreticeal
output work is proportionsl to the number of secroll turns, i.e., the
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displaceaent volune.

The T~V diagran is also obtained from P-V disgraas and, |s shown in
Fie. 5 for R,=3.

The combustion process is handled as the heat addition process at a
constant volume in the idealized cycle. The heat ¢ added per unit mass
of the cycle gas, i.e., air, is estimated from the following equation:

Ro=1+ Q/L?_UIT,) (9)

R, is used 8s 8 parameter in this report, slthough R, 1is estimated
from the lower heat of combustion of the fuel in the real engine. The
relation of Eq.(89) is shown in Fig.6 for ¢ = §.90.

Efficiency of Otto Cvcle Scroll Eneine

The efficiency of the Otto cyecle seroll e?ésne is exactly the saame
as that of the conventionel Otto eycle engine ,» and is given as fol-
lows: .

I
?7=I—?;: (10)
The compression ratio ¢ is s function of Vo 6 4), i.e., Baa
This relation is shown in Fig.7. ¢ is varied by changing the discharge
timing frow the compressor into the expander.

Tordue
The theoretical output work of the scroll engine is given by

Ea.(7), and therefore the average torque Tey of the scroll engine is
derived from the relation F=2xT,, together with Eq.(7),

—-—T-‘W—= — -(Lc_._l)_ Tl 11
FP:prh (2N=1) (r—1) (e 2 an

The averssze torque Tay is also proportional to the nuaber of scroll
turns like the engine output.

The torque varistion during a rotetion is calculated as the differ-
ence between the seroll expander and the scroll cowpressor torque., and
is

T(6,)=T.(8,)—T.(8.) (1z)

The scroll compressor theory is applied to caleculate Eq.(12), and
Eq.(3) is used forg .. The torque of the scroll expander is obtained by
teversing the rotation of the scroll compressor. The result is obtained
2as follows, by using Eq.(1):

T,(6.) — <& . G
m—;] (ZZ-Z+7! ) {pu 1 (8.) Paiv1 (O4) } (13)
The toraue of the scroll compressor is given by D
& 6!) - 66
Pprh =‘g (Zl-z) (e i(B) — pe i (62) ) (14)

vhere
0s6., (6.) <i=

The torque of the secroll] engine is shown in Fig.7 for R.=3. As
mentioned earlier, the torque of the scroll compressor jg always pos|~-
tive when R, is large enough. This feature wakes it different from
other engines with a single cylinder. There are three discontinuities
In the engine torque curve. They are caused by combustion, uynderexpan-
sion in the scroll expander and dead volume. The latter two can be
changed by design.

Iangential Force on Crank Shatft

Tangential forge Fg(6.) is exerted on the crank sheft due to the

:Ef:ne output torque, and this is calculated directly froa Eq.(i3) as
OWs:
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F.(@.):zligil- (15)

Axial Force

One difficulty experienced during the development of the scroll
compressor was the large axial force exerted on the orbiting scroll due
to the flat shape of the scroll., This is a very difficult problems for
the sliding type bearing because the relative speed is extremely low.
The situstion is exactly the same in the scroll engine. A tandem struc-
ture is proposed, to cancel part of the axial force of the scroll
expander by that of the scroll cosmpressor. The axial force is then
calgulated as

F.(6.) =Fa,l(61) _Fn.c(ac) (18)
where
Fal.(8,) _ - A
TEE =4 (84) {0. (62 n+E @i-3+2t) an
and Fﬂ.a(ac) 8.
—T;F:F;—=Am,(65){pm,(ﬁc)-l}ﬁévJZl—lﬂj;) (18)

Ac‘j(e,) and 48,1(9.) are shown in Appendix C.

The axial forces af the scroll engine are shown in Fig.9  using
Eqs. (18),(17) and (18) for R =3.

SCROLL ENGINE PROTOTYPE

A typical structure of the scroll engine is shown in Fig.10., The
tandem structure is employed to cancel part of the axisl force due to
gas pressure. The orbiting scrolls of the coampressor and the expander
are driven by the two synchronized crank shefts. The air-fuel mixture
is taken into the scroll compressor and transferred to the scroll
expander via the discharge valve after compression. The air-fuel wix-
ture is ignited by the plug in the combustion chamber ot the expander,
and the pressure is suddenly incressed. This energy is converted into
mechanical work by the scroll expander and is uade available through
the synchronous wechanism, Part of the energy is used to drive the
serol!l compressor, and the rest of it is theoretically usable energy. A
prototype similar to Fig.10 has been wmade, with & D.C. motor used as s
starter. The ethyl alcohol s injected menually gs a fuel, and the
conbustion takes place in the scroll expander. The engine Is, however,
running on the D.C. motor et the moment becsuse of insufficient sealing
in the chambers. This can definitely be improved.

CONCLUDING REMARKS

1. The principle of an engine with s scroll compressor and & scroll
expander has been studied and the basic structure has been investigat~-
ed. The scroll engine can be driven in any cvcle known in engineering
thermodynsmics. The spark-ignition Otto cycle scroll enegine is the
tfocus of this report because it seems to be more promising than the
others.

2. The volume. pressure, P-V/T-V disgraps, ouiput work, torque and
forces have been obtained analytically for the scroll engine in the
idealized air-standard Otto cycle. The torque of the scrol!l engine can
be made positive during & rotation, even though it is a single cyiinder
equivalent of other engines,
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APPENDIX A
Vei=Sih i=l 088.<6.°., i=1 #.856.<ir an

Ver=lxprh (2i—1=6/%) i=2 080<6. ,i=3. 0$6.<iz (A2)

vhere ) .
S1=2 (([2i+.5] #~a=6.) *~ ([2i—.5) m—a=6.) *} —§.’ (A3)
Si" =2a%a ([2i—.8] m-8.) 2+ (2/3) a*+a? (z-de) (R4)
APPENDIX B
P {(8.) = (V:.N(O)/V:.l(éc))’ 056.<8.,. (B1)
P (8,) = (Vc.N(O)/Vc.l(eqa))y 8. 1S656 " (B2)
Pei(8) = (Vou(0) AV, (8.)) i=23 0=26.<iz (B3)
Pe i (8) =1 i=N(=3). 056.<In (B4)
Pay (6&) = (Vc.N(O)/Vc.I (6c.d))' 6-‘56-<6ua (85)
Per (8L)=R. V. (8.4) V. (6))7 G.488,<n (B8)
Paa (8,) =R. V., (.. 4) SV (8.) )T i=2.3. 0S6,<2n (57)
Lo (8,) =] i=N(=3), 086.<iz (B8)
APPENDIX C '
As (80 == 1Ly (13545 -6 )i~ ([2j—-5]—6.)2)
: Zp? - 3 ’ ¢ ) ‘
—a? (g~da)] i=] 0s6.<8.5, j=1 8. u26<Un (c1)
A.,(8,)) =4, (2m—8.) i=l 6.86.<in, j=2 0=46.<8,* (c2)
Compressor
7
(a)seal=oft (blstart dis. leldischarge (d)end dis.
Deg - (Thetale.d 180 Deg. [Theta)ex 360 Deg.

Exoander

# e W S \;; ;f/
X (c)mix. in (d)ignition Ce)oxpansion

Deg - (Theta) ex 180 Deg- (Thetale,d 360 Deg.

{ (Tholale=(Tholalo*(Thota)c.d*(Thota)cK'Znai ]

Figel Processes of the Scroll Engine
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