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To all whom, it may concern:
Be it known that I, LEICESTER ALLEN, of

-the borough of Bronx, city of New York, and

State of New York, have invented an Im-
proved Apparatus for Expanding and Com-
pressing Gases and Vapors for Use in Refrig-
eration and forother Purposes; and I do here-
by declare the following to be a full, clear, and
exaet deseription of my invention, reference
being had to the accompanying drawings,
forming part of this specification.

My invention partly relates to means for
effecting that kind of expansion or compres-
sion known in the art as ** stage ” expansion or
compression and in which the gas or vapor
is not expanded or compressed by one con-
tinuous expansion or by one continuous com-
pression, but in which the gas or vapor is
expanded or compressed in and by separate
and consecutive operations to different pres-
sures or ‘“‘stages” of expansion or compres-
ston either with or without intermediate heat-
ing or cooling, such intermediate heating or
cooling when used being ordinarily effected
by passing the gas or vapor after partial ex-
pansion or compression through a heating or
cooling medium or over a heated or cooled
surface.

Hitherto different stages of expansion or
compression have been for the most part at-
tained in separate expansion-engine cylin-
ders or compression-engine cylinders by the

. reciprocation of a piston therein, the volumes

of gas or vapor admitted to and discharged
from such eylinders being controlled either
by automaticor positively-actuated valves or
in some instances by both positively-actuated
and automatic valves.

My invention partly relates to the cylinders
and heads of ¢ylinders of engines used in the
expansion and compression of gases and va-
pors,which engine-cylinders and engines may
at will be employed either for expansion or
compression.

My invention also relates to certain combi-
nations of one or more cylinders comprising
my improvements with an engine-eylinder of
4 hithertocominonly used type for a purpose
hereinafter specified.

In an apparatus embodying my invention
the volumes and pressures of gases or vapors
are changed in stages in an engine-cylinder

1 ‘having a reeciprocating piston and équaland

aniform stroke displacement and having a
larger clearance connected with the high-
pressure space than that connecteéd with thie
low - pressure space therein, the clearance
connected with the low-pressure space being
chosen arbitrarily and the clearance con-
nected with the high-pressure space being a
mathematical funetion of the clearance con-
nected with the low-pressure space and com-
puted therefrom, as hereinafter set forth, the
function of said apparatus specifically con-
sisting in indueting tosuch a cylinder on one
side of said piston the volume of gas or va-
por which it is desired to change to another
specific pressure and voluine, effecting a part
of such change during the completion of the
stroke of the piston after the said induction,
exhausting or discharging the so partially
changed volume from the eylinder and from
the space therein on that side of the piston
wherein the partial change has been effected,
~inducting the soexhausted or discharged vol-
ume to the space on the other side of said
piston,and thereeffecting stillanother change

of the piston in a direction opposite to that
by which the first change of volumeand pres-
sure was effected, substantially as hereinafter
more fully set forth.

The apparatus may be used solely and sepa-
rately for effecting a given total change of
pressure and volume of a gas or vapor, or it
may be used in combination with previously-
employed methods.

My improved apparatus consists, partly, in
anengine-cylinder forexpanding or compress-
ing gases or vapors into which predetermined
different volumes but equal weights of a gas
or vapor are respectively indueted on oppo-
site sides of a piston reciprocating in said
cylinder, the end clearance connected with
the low-pressure space of which is chosen ar-
bitrarily by its designer or constructor, while
the end clearance on the high-pressure side
of said piston is made larger and its content
computed as a mathematical function of the
arbitrarily - assumed clearance on the low-
pressure side, as hereinafter described, the
high- pressure space and the low-pressure
space separated by said piston being con-
nected by a valve-controlled passage.
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My invention dalso partly eonsists of means
whereby the end clearance on the high-pres-.
sure side of the piston of such an engine’eyl:
inder may be so readily and easily (md closely
adjusted to the requiréd mathematical func-
tion of the end clearance on the low-pressure
side as to meet all practical requirements
without removal of the head of such cylinder.

For purposes of this specification I will use
the term ‘“engine-cylinder”-as including its

heads,valve-chests,valves,and generallyallits |.

appurtenances except the piston and piston-
rod and the heat-insulating material or mate-
rials with which it may be enveloped. ILiwill

also use the term “*end clearance” toindicate.

all the continuous space or volume which at
the beginning of the stroke. of the. piston. is,
compmsed in dnd included by the cavitiescon-.
nectéd directly or 1nd1reetly with the space.
lying between the. piston, and, the. eylinder-
head nearest to the piston. T will also em;

9 661,784

ed from each other’ by a movable Grxentum
The septum, may.be either.a plston or, a flexi-
ble diaphragm;but for purposes of this speci-
fication it will be described as a piston.

In this specification I will algo hereinafter
.use the word ‘““gas” ag inclusgive in its mean-
iing:.of all. vapors.or mixtures of gases or va-
pors or mixtures of the same with some pei-

cenfage of the lignids from which they are

generated.

Figure 1 in the drawings illustrates the
construction of a single engine- eylinder and
‘its heads as used by me in my invention for
carrying:out- two. separate stages of expan-
sion or compression, the drawimr being a sec-
tion taken on the. 11pe % 2 in I‘w 2;
is,a partial detalled view of, the 1n31de of one
of the. heads. of the ey lmder shown in. Fig:
1, showing. novel; features. of (,onstr'uctlpn
W‘hmh\area part.of my invention,
a.vertical section throughian engine: evjindel

Fig. 2:

Fig. 31is.
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ploy the term “e‘moke displacement” to in-
dicate .a volume of gas or vapor displaced, by
the movement of the. piston. from the body of
the cylmder or its. interior or a, Geometrlcal
volume equal to the volume deecrlbed by the
adyanecing face of the piston during a. single.
stroke. 1 alsp, mean. by the WOIdS “equal
stroke displacement” such substantially
equal stroke dlsplacement as.is com monly ef-
fected in double- acting I‘eclpI‘OCdtln"'eB ines.
having oxdmarlly ueed sizes of piston- rods
the Volume of the piston- -rod itself being, S0
small in comparison. with the. Vo‘lume de:.
scribed.during the stroke by the, (Ldva,nemg
free face of Lhe piston opposite that, face.
w hlch is, dnectly adgaqent, to. the. pleLon rod
as usually to produce an mequahty not. ex-
ceeding from three to. toux per cent, of the
volume deeerlbed by, said frée face I will

SIS ane use the term “* valve-controlled passa(re ”

to indicate a. Jpassage or duet for the, mdue-
tion or eduction of gas. or vapor mto or out,
of ‘the body of the .cylinder, or. both, into,or
out of the same, the time and.quantity.of such,

~ induction or, eduetlon being regulated by any
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kind of valve fdmlhan to .engineers or which
.may be hereafter produeed I w1ll also dis-.
tinguish the spaces in. an engine - eyhnder
sWuated on opposite sides of a, reolproedmga
piston, to one of which a gas or vapor is in-
ducted, at higher pressure, than, the. gas, or.
vapor 1emducted t.obhe other 1especmve]y as.
the “ hltrh -pressure” space. a,nd the ““low-pres-.
sure” space, the term *“high- pxessure” space.
meaning vhe space to wlneh the gas or, vapor
at the hlgher pressure is 1ndueted and; the,
term “low - pressure” space meaning the,
space into which. the gas or vapor is 1nduebed
ata, lower pressure. The said high- pressure
___space.and low-pressure. space are, each coti-
sidered herein,as exclusive of, the ‘end- clear-
ance space and at their maximum, .each.equal,
to the stroke displacement. They may. there- |
fore be properly characterized as an‘“inclosed;
var 1ab1e high-pressure space’” and an *¢ equal
melosed v:mable low-pressure space” separat-

construoted s1m11ar1y to. that shown. in, Fig.

1, bus havmg, a eomewhat modified, form of
head and, throurrh angther engine.of, ordinary
tvpe, the two, evhndere bemw combined in
stch manner ag. to, carry. ouf, three, eepardte
stages. of. expansion. or eompression. Kig. 4

is a par t,ml qutsuie view, of the; modified, form,
~of,eylinder-head.just, mentioned above. Figs.
5. and 6 are dldﬂrams used to. 111ust1ate the‘

dppa;ratus ....
_grams. ohtained, by the use of, the well kuown

.steam, -IDdICdtOI‘, but; makmfr no, allowance,
for. loeses by, fmctlon or. heat mtelchanﬂes

they app10x1mate13 1ndleate only, theoretloal
‘results rather than. the dCtU&l results, which
.are attd'ned in, pxaotrce

the. eylmder,m eaeh wher em two sepal ate dl]d
dlstmct. e*cpansmns or eomplessmne of the

bered T in Fws 1 and '3, the high- preesule.,

.8page.in.each, of these cy, 11nde1s bemor shown
‘as ab the, right of, the. piston. and the piston
being. shown as, haying
srroke dlsplaeement

plstons of, the cylinders 1.are mdlcated by the
numeml 2 1he piston- -rods, by. 3, those cylin-
der-heads, whxeh .comprise a partof my inven-
mon by 4, those heads which donot com prise
,any, part, of my. invention by 5, and. the stuff-
ing-boxes by 6. The piston- rod 3 is.in prac-
,tice. connected, by intermediate mechanism
,withthe,crank. of a.fly-wheel, shaft, which by
,stor'ed energy will move ‘nhe plston duruw

,transfer of. gas from either of the spaces to.

t/he space on, the aother side of the piston,and

‘will also regulate the movement of the piston.

tdulm(r other, periods of; the.stroke; but as.a
fy-wheel cmd the connections of nhe same to
}the pletonrrod consmtute no part of myinven-
,tion they. are. omitted. in the drawings, and
;as they are old and familiar. devmee in the
art it is,unnecessaryto farther describe them.
Edch of the “eylinders”—in which term, as

above expl(uned the heads of the- eylmdens

They a,r'e “of the natme of. dla-‘

just complated its.
In theee figures. the.
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are included—has different end clearances,
that end clearance connected with the high-
pressure space being greater than that con-
nected with the low-pressure space, but be-
ing at the same time a funection of that con-
nected with the low-pressure space. This re-
lation between the end clearances of the cyl-
inders, in which two stages of expansion or
compression are performed, is essential to the
accurate operation of the apparatus, and the
clearance connected with the low-pressure
space being arbitrarily assumed the clear-
ance connected with the high-pressure space
is accurately computed by the formula given
below, wherein the clearances are expressed
as fractions or percentages of the stroke dis-
placement and the stroke displacement is
taken as a unit of volume. The formuala for
computing the clearance on the high-pressure
side is derived from the following algebraic
equations, which also supply the needed for-
mulee for determining in advance the points
of cut-off and of exhaust opening and closure,

The notation used in the formule and the
equations which follow is considered as being
for expansion of gases and vapors; but when
the apparatus is used for compression the
clearance connected with the high-pressure
space is the same as when it is used for ex-
pansion and is computed precisely as though
the apparatus were to be used solely for ex-
pansion. When the ratio of compression in
the low-pressure space is-the reciprocal of
that employed in expansion, the volume in-
ducted to the low-pressure space for com-
pression will be exactly the same as the vol-
ume discharged from the same space after
final expansion.

Notation.

v equals the stroke displacement, (repre-
sented in the diagrams, Figs. 6 and 7, by ab-
scissas v,) the stroke . displacement being
taken as the unit of volume.

v, equals the volume delivered from the
low-pressure space after the second stage of
expansion has been performed.

v, equals the yolume inducted to the low-
pressure space, and consequently the volume
delivered from the high-pressure space after
the first partial expansion.

vg equals the volume inducted to the high-
pressure space before the first stage of expan-
sion.

C equals the arbitrary clearance eonnected
with the low-pressure space and expressed as
a fraction of the stroke displacement v.
This arbitrary clearance should be the mini-
muom pmcmcdlly possible to attain best re-
sults.

x equals the clearance connected-with the
high-pressure space, also expressed as a frac-
tion of the stroke displacement v and to be
computed for each case.

Ps Py Py equal respective symbols for high,
intermediate, and lowest pressures in the or-
der named.

R, equals the ratio v, “v,, corresponding to
the ratio p,,/p, and found for air by the for-
mula pF=pwrF or found for steam by the
formula pw™=pw,", the value of k for air
being 1.41, and the value of m for saturated
steam containing no water when inducted
being 1.134, which is a mean value for differ-
ent pressures.

R, equals the ratio US/%, corresponding to
the ratio P, p, and computed in the same
way as directed for R;.

The stroke displacement heing taken as
unit of voluine and the clearance represented
by C, the entire contents of the low-pressure
space, together with the clearance connected
therewith, is equal to 14C.  The exhaust
closure is effected, as hereinafter explained,
at a point of the stroke such that the gas re-
tained in the cylinder by the closure will at
the completion of the stroke be compressed
in the clearance in the ratio R, or to a pres-
sure substantially equal to the maximum
pressure in said space. ~Counsequently the
volume v, that will be delivered from the low-
pressure space will be the entire volume 14-C
less R,C. From this reasoning is derived
Equation 1.

We may write the following equations:
7,=14C—-R,C....
v,=(1+C—R,C)+R, ..... (2)
27,=(14+C—R,C)+=R/R,....
e=(1—v)=(Ry;—1)........

As the volume v, delivered from the low-
pressurespaceisequaltotheinduected volame
vy multiplied by the ratio R,, we find v, by
simply dividing the volume v;=14+C~—R,C
by R,, and thus we derive Equation. 2,
which expresses the value v, or the volume
inducted to the low-pressure space, which is.
of course also the volume discharged from’
the high-pressure space, and as this volnme
vy 18 equal to the volume inducted to the
high-pressure space multiplied by the ratio
R, (which is the ratio of expansion in the
high-pressure space) the volume v, will be
the volume (14+C—R,C)+R R, and thus we
derive Kquation 3. Laslly. @ representing

. the clearness on the high-pressure side it is

clear that the stroke displacement plus this
clearance is the total volume of the high-
presstire space, together with the clearance
connected therewith, and as 1 —v,-x equals
the volume that must remain in the high-
pressurespace and the clearance s, connecred
therewith, and as in order that this shall fill
the clearance space at the highest pressure
it must be compressed to the volume

) (]-""Uz"i"w)—:"Rfe’
we have
r=(1—v,+2x)+ R,
Hence
Rax=1—wv,+x.
Henece
(Ry—Dae=1—uwv,.
Hence ,
2= (1-2,)+(Ry,—1),

which shows the derivation of Equation 4.
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Equations 1, 2; and -3 show,that the volumes
Vy,. Uy, and: v, are functions of the arbitrary
clearance assumed forthe low-pressurespace,
and.equation 4 shows that the clearance con-
nected with the high-pressure space is a func-
tion of: v, which being a function of C, xis

also.a function of C. The.values of v, v,, and -

v3 having been found in terms of stroke dis-
placement, if. the latter be represented by.an

abscissa having a length equal to the length.
of the stroke drawn to any convenient scale.

the. said. values. become formulse for deter-
mining the points.of cut-off; exhaust opening
and;closure, &ec.

‘When.the ratio.of the change.of pressure.

effected in. the machine is. comparatlvely

small.and is also alike in.both the high and:
low. pressure spaces, the clearance. eonnectedz

with the high-pressure:-space.is.large.in, pro-
portiontothestroke.displacement, even when
the. arbitrary. clearance connected with. the
low-pressure space.is a small fraction.of the
stroke.displacement; but with:the.arbitrary.

clearance eonnected: with. the low-pressure.

space.remaining constant: the clearance.con-
nected: with the.high:pressure:space reqnires
to be smaller as the ratios of change of pres-
suresincrease and.also when the ratio of pres-

. 681,784

different pressure rangesof. expansion or.com:
pression, it.is.obvious.that means.of conven-
iently changing the volume: of the clearance
connected- w1rh the high-pressure space, pref-
erably without removing the heads, must be
provided. Such.means are supplied in my
invention, and:as I believe myself to be the
first to.provide such means I desire to.secure

this- feature. broadly, not rigidly confining

myself to the.precise mechanism, or-either of

‘the two modifications of mechanism for this
purpose which I will. now proceed to describe.

Ineach.oftheheads4,which,with.thabodies.
of the .cylinders.to.which they are fitted: and.
.pistons.working in.said.cylinders, inclose. the
‘bigh-pressure spaces I form chambers 7 of
fixed capacity, these chambers. being partly
;showninsectionin Fig: Landin dotted outline
‘in, Figs. 1, 2, and: 4 There.are-six: of these
rchambers.in the example of a two-stage expan-
‘sion.or compression. cylinder shown in Fig. 1
‘and four in the two-stage. expansion or com-

pression.cylinder shown in:Kig. 3. Thenum-

-ber of ‘these chambers- should be sufficient: to

enablethe clearance connected:with the high-

-pressure space.to.be.adjusted, as hereinafter

deseribed, to any percentage ofithe stroke dis-
placement between the. minimum. and. maxi-
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sure change in the high-pressure space is1ess
than that in the low-pressure.space. When
L/ Py=4 and p,/pP;=2 and. the arbitrary
clearance is four per cent. of: the stroke dis-
placement, the clearance connected with the

high-pressure space.is.found. by the.formula.
giventobeaboutsixteen percent.of thestroke -
displacement. When p, /p,=6 andip,/p;=3

and the arbitrary clearance is four per cent.
of the stroke dlsplaeemen‘n the.clearance con-
nected: with the high-pressare.space requires
tmbe about seventeen per cent.

When. intermediate heating- or: coolmg is

employed, the value of. % or-of m in the for-.
. mula: for finding. the.relative pressures and.

volumesincreases ordiminishes by an amount
corresponding. to the temperature change so
effected. The temperatures respectively
taken before and, after such heat change is

- effected arethe additional data.needed forde-

50
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termining the relative pressures and volumes.

by the use of thermodynamic formula familiar
to.engineers. }
Theformulse given are based on the assump-
tions that the expansion or compression is adi-
abatic.and that there is no heating or cooling
of the expanded or compressed gas between-
the.stages of compression or expansion dar-
ing passage of the gas or vapor from the high-
pressure space to and into the low-pressure
space.  If intermediate heating or cooling-is
employed, the valuesof kand of m will be more

or less modified for the inducted voluines, the.

extent of such modifieation being determined
from the resulting temperatures so produced.

In order that a machine of this kind hav-
ing a givenstroke displacement and given.ar-
bitrary clearance. connected with the low-
pressure space may be readily employed. for

.ance.
-ume.is.subtracted: from the previously-exist-

mum pexcenta«re of ‘elearance for which the
machine is:designed; Thus if the minimum.
clearance: connected with. the. high.- pressure
space which themachineis deﬂgned tohave—

that is to say, the volume.contained between.
‘the piston at the end:of the stroke toward the

said head: plus the volume contained in the

.ports between the valves and:the piston.on the

same side—is eight per cent. of the stroke
displacement and the maximum clearance on

‘the same side for which the machine is de-
-signed is sixty-two per cent. there must be

enough of these chambers:when.used in con-

:junction with another feature of-construction

described farther on to permit adjustment of
the clearance to any percentage.or fraction of
the stroke:.displacement between.said: maxi-
mum:and minimum,

- Each of the chambers 7. is: provided:with a
hole 8, placed as nearly as.practicable.at. the
lower partof said-chamber. “hen this.hole
is opened, the volume contained by the cham-
ber is added to the previously-existing clear-
‘When the hole isclosed, the same vol-

ing clearance. These holes may be closed or
opened by-inserting-into them. or taking out
from them.serew-plugs8'; but I prefer to pro-

‘vide forelosing.or opening them by supplying

each with asecrew-valve8?, Fig. 1, which.has its
threaded portion in the exterior shell of the
head and a squared end extending out from
the shell, which end: may be engaged by an
ordinary wrench or spanner.
of the.valve is fitted to the hole by grinding
or packing to make it gas-tight. As these

‘valves.are in general to. be rarely used, the

construction described: is preferred: on. ac-

~count of its cheapness; butitis obviousthat

The inner end:
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a screw-valve constructed in 4 manner analo-
gous to the ordinary globe-valve and having
a packed stem may be substituted in a ma-
chine desired to frequently change its range
of pressures in' the high -pressure space.
When screw-valves 8* are used and when they
are taken out, the screw-holes in the outer
shell of the head are stopped with a serew-
plug, a portion of the thread into which the
screw-plug is fitted having a tapered thread,
as in the ordinary manner of plagging a hole
gas-tight in metal.

If the minimum normal clearance be ten per
cent. and the maximum clearanee designed
for the high-pressure space be sixty per cent.
of the stroke displacement, the chambers 71in
a single head may together contain a volume
equal to fifty-four per cent. of such stroke
displacement. If there be six of these cham-
bers of substantially equal capacity, as shown
inFig. 1,they would,on the above assumption,
if of egual eapacity, each contain, approxi-

mately, nine per cent. of the stroke displace-

ment. 'Thiswould alone permit adjustment
to seven different clearances—to wit, the nor-
mal minimum of ten per cent.—with six addi-
tions of substantially nine per cent. each. It
is, however, difficult to core outa casting with
such precision as to give complete accuracy
to these fractional clearances, and it is, more-
over, necessary to provideforallintermediate
fractional elearancesin order to carry out the
operation of the apparatus for different stages
of compression or expansion in one and the
same apparatus and with assured results. T
therefore provide each cylinder-head adjacent
toahigh-pressure space with an additional de-
vice for this purpose. I construct in each of
said heads one or more cylinders 9, Figs. 1, 2,
and 3, ground or bored on the interior to ae-
curate cylindrical form, and Ifitin each, accu-
rately and gas-tight, a movable piston-plug 10.
Such piston-plug is foreced toward the high-
pressure space in the body of the cylinder and
held in position in one direction by a serew 11,
which passes through a threaded hole in the
exteriorshell of the head,asshownin Figs. 1,2,
3;and 4. Asthe piston is gas-tight, the screw
11 is not required  to fit perfectly tight. It
needs to be a good working fit, however, and
it may be held from moving after adjustment
by a jam-nut 12. The outer end of the screw
may be formed with an eye, as shown, by
which means it may be turned for adjust-
ment, and which also affords a convenient at-
tachment for the hook of a tackle when re-
moving the head. The piston-plug will be
pressed firmly against the inner end of the
secrewin any position of the latter by the pres-
sure of the gas in the high-pressure space of
the cylinder. I prefer to make the axes of
these cylinders parallel to the axes of the en-
gine-cylinders 1;. but this requirement. is by
no means essential. - There may be more than

one of these cylinders and plug-pistons in a |
The ca- |

cylinder-head, as shown in Fig. 3.

pacity of such ¢ylinder when fthere is only one

should be, preferably, a little more than the
calenlated capacity of oneof the chambers 7,
orif wore than one of tliem be employed their 70
combined capacity when the piston-plug is
pressed out by the gas in the cylinder as far

as the construction will permit should be,
preferably, & little more than the caleulated
capacity of a single chamber 7.

It is evident that by the adjnstment of the
regulating screw or screws 11 the clearance
can beincreased by any desired fraction of the
capacity of the piston-plugged cylinderorcyl-
inders 9. - By the emiployment of these ¢ylin- 8o
ders and their pistons in conjunction with the
chambers 7 a clearance which is any desired
fraction of the stroke displacement within the
maximum and minimum limits of clearance
for which the machine is designed may be 8g
secured. This adjustment of the clearance
serves also another useful purpose. In a
heat-engine which converts heat into work
by expanding gaseous bodies and applying
the work exteriorly to the expanding body go
a clearance space which is connected with
the space in an outer exhaust-port is a source
of loss of work, because during the exhaust
the metal ineclosing the clearance cools and
imparts heat to the outflowing gaseous body, g5
which heat cannot thereafter be directly re-
covered and again applied to work; but in
a compound, triple, or quadruple expansion
engine having only one outer exhaust the
exhaust from the cylinder or eylinders carry- 1oo
ing the higher pressure leads to-the indue-
tion-ports of those carrying lower pressures.
Therefore although the metal inclosing clear-
ance connected with a high-pressure space
imparts heat to the outflowing gaseous body 105
in the same way as it does to a finally ex-
hausted gas this heat is not wasted, because
it increases the pressure or volume of the gas
inducted to the next cylinder, where its ex-
pansive force is again exerted. This fact-rz0
causes the compound or multiple expansion
system to utilize more of the expansive force
of the primarily-contained heat than can be
utilized in a single-expansion engine. As
yet the exact amount of heat that is trans- ri1g
ferred from the metal inclosing the clearance

‘during exhaust and from the metal of the

body of the cylinder during the exhaust
period has not been expressed in mathemati-
cal formule convenient and available for 120
general use in designing engines, and hence
to obtain the greatest exactnessin the opera-
tion of such engines it may be necessary to
alter the clearances as well as the valve-set-
ting. Such adjustment and alteration of rzj
clearances may be readily effected by the em-
ployment of my invention herein described.

In the operation of the apparatus the heat
given off to the outflowing gaseous bodies
from the metal inclosing the high-pressure 130
spaces is utilized in the spaces having lower
pressure in the same way as in ordinary
multiple expansion.

In Fig. 1 L have illustrated a double expan-

l



10 completed its stroke.

20 closure of the valve 18.

60 13 and out, throutrh the opening 14.

G - “

sion.or eompression-engine-cylinder. When
used for expansion, the gas to be expanded
is firstindueted to the high-pressure chamber
or chest 13 through the opening 14, thence

5 it passes through the induction-valve 15 into.

the cylinder 1, and the admission being cut
off by the said valve when the proper volume.
has been admitted it thereafter expands be-
hind the advancing piston; till the, latter has
The eduction-valve 16
then opens and the gas, having expanded
through its first stage, enters. the valve-con-
trolled duct or passage 17, which leads.to:the.
low-pressure space on the other side.of the

15 piston, the valve 18 performing the function

of an. induction-valve and cut-off. As soon;

as a volume equal- to that discharged, from.

the high-pressure space has entered the.low-
pressute space a cut-off is effected by the.
Thereafter the in-
duncted gas expands through. another stage,

thus eéausing the work of the expansion tobe,

exerted uapon the moving piston; and: when;
this, expansion is com plete the e‘zhau,st,valve

25 19 opens and allows the gas now. expanded;

through two stages to. pass out. These op-
erations continnously succeed. each other in,

the regular working of theengine, the power.

developed being applied through,the recipno-

30-cating piston-rod and its connection to.the.

performance. of exterior work. The exhanst
closure in each of the high and low pressure

- Spaces is. made at a point such, as will vetain

in the. cylinder sufficient gas to.fill the clear-

35 angce. connected with.such;space.with gas sub-

stangially at the, highest pressure realwed
thenein.  The heat which passes. from the
metal inglosing the clearance into the gas or
vapor during the exhanst is thus restored; to.

40 the metal before any more gas is inducted,

80, that in;case a.liquefiable gas.is used there.
will not be any material initial.condensation

_in,the clearances, and if, as is usual, the cyl-

mdu’ and its heads be eoveled Wlth a sub-

45 stance which muech, resists the passage. of

heat there will be only a, very minute loss,
through the inclosing metal. Each of the

cylinders 1, Figs. 1 and. 3, operates.for expan-

sion, in, the.same manuer, the induction and

5o eduction valves, being indicated. by the same

numbers used in the same. order as those by

which the valves in Fig: 1 are indicated.
When the same eylinders.are used.for com-.

pression, the gasis inducted to each, of them,

55 primarily, at and through the valve. 19, and

its course. throngh any one of the said, cylin-
ders;is exactly the reverse of that described
for expansion, its final, issue from, the eyhn-
der belng through, the. valve 15 into the.chest
Tn this,
case the. gas. mstead of performing exterior
__work through the medinm, of the plston rod;

has work performed upon. it by exterior power. |;
applied to the piston-rod, and the.valve- gear.
65 and valves must be. a_dj,usted-: to. open, the

valves at the same place where they close for.

661,784

expansion and.close at the same. place where -

they would open for expansion.
‘When the machine is used.fora compressor,
a volume substantially equal to that of the
stroke displacement is inducted to the low-
pressure. space, the induction - valve being
then closed. The piston, which hasnowmade
afullistroke,makes.a return stroke, compress-
ing:the confined gas tothe first st(we There-
upon the discharge-valve on the low- -pressure
side of the piston and the induection- valveon
the high-pressure side open. simultaneously
and the gas. compressed: to. its first stage is
transferred by the remainder of the. stroke
to the high-pressure space throngh the valve-
controlled: passage. The. gas having been so
transferred, both, the dischanrge-valve of the
low-pressure. side and; the induction-valve: of
the. high-pressure side are closed, and the.dis-
charge-valve, of the high-pressure side: re-
.maingclosed. Thepiston then, makes.a third,
stroke,againinductingavolamesubstantially
~equalto thestrokedisplacementinto the low=
pressurespace,and.at thesametimecompress-

-ing: the; volume, confined in the high-pressure.
W hen;the piston.in this.stroke reaches.

spage. )
-the point fixed. for dischange; from, the high-
‘pressure space, the discharge-valve of the
high-pressure,space.is opened, and: all the gas

isexpelled from that side,except whast fills.the.

end; clearance. - This series:of actions being
repeated indefinitely the. tnansferred. com-
pressed gas; discharged. into.and confined. in
a. receiver snch as. is,commonly used with.air-
compressors to retain the; compressed gas

soon. ansives at the maximum pressure, the:
.machine, beeomes fully charged, and. there--

cafter it works, normally, as. hereinafter. de-
senibed. The: theoretical. work consumed in,
‘one.stroke by the, compression of ajr in, this
.manner from a. given, absolute. pressure.to.a

-stated: hwbm pressure.and its discharge. from,

the eylinder is.diagrammatically represented
.in. Kigs. 5, and, 6, the. lowest; pressune. being
rone,and, the highest pressure being four ag-
mospheres, the stroke displacement being a
;unit, of volume, the compression. being per-
formed in two. stages, and: the. inter medlate
‘pressure.at the end of the first stage being
ytwo.atmospheres. In Fig. 6 the 11ne v repre-
sents. the stroke displacement of the. piston;

:¢, the arbitrany clearance. connegcted with the.

;low-pressure space; 2, the. volume: inducted
; to.thelow-pressure space; v, the. volume dis-
:charged, and the area fg¢. Ak the work ex-
. pendediln:eomp;:es,sing)the,volume@’ to the vol-
; nme v¥and discharging the latter firom the loav-

i pressure space into.the passage. which: leads.
In:. Fig. 5;the line.

:to.the high-pressurespace..

V repr esenhs the. stl,ok_e,dl,splacelnent x; the,
clearance connected; with. the high:pressure
;space.and;, computed as herein speecified;. 2%
the, volume.discharged; from.the low-pressure
.8pace, which, is: also.the volume. induected to
-the high-pressure space; % the:volume dis-

rcharged after the second. stage of compres-
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sion, and the area h I mn the work expended
in making the final stage of compression and
in effecting the discharge of the changed vol-
ume out of the eylinder. The sum of these
two areas fg h k and h 1 m n represents the
total work of compressing the volume o' adi-
abatically underthe specified conditions. In
practice of course the work of overcoming the
passiveresistances of frictions would beadded
to the amount of the work represented. The
total theoretical exterior work performed in
expandinga volumevdewntooneatmosphere
from four atmospheres is also indicated by
the sum of the areas fghk and him n.

Stage expansion or compression may also
be partly carried out in a ¢ylinder construet-
ed as I have described and partly in an ordi-
nary single expansion or compression engine.
An exaniple of such construction is shown in
Tig. 3. 1In this arrangement the cylinder 1 is
the high-pressure cylinder, constructed, as
hereinbefore described, with clearance-cham-
bers 7 in the head 4. In expanding the gas
exhausts from the low-pressure space of the
eylinder 1 through the valve 19 into the chest
20. Thence it is alternately inducted to the
ordinary double-acting engine-cylinder 22
through the valves 21, expanding equally on
both sides of the piston 23, exhausting into
the common exhaust-chamber 22, and finally
passing out at the opening 25. Thisarrange-
ment provides a means of compressing or ex-
panding through three stages in two cylin-
ders when the operation is ecarried out in one
of said cylinders. In this case the low-pres-
sure cylinder may sometimes be smaller than
the high-pressure eylinder when the ratio of
change of pressure and volume in the high-
pressure cylinder is small as compared with
the ratio of such ehange in the low-pressure
cylinder.

By arranging two engine-cylinders con-

structed in accordance with my invention in

such manner that their piston-rods codperate
with a single fly-wheel shaft and so that the
low-pressure space of the cylinder inducting
athigher pressnre exhaustsinto the high-pres-
surespace of thecylinder inducting at a lower
pressure I can effect a quadruple stage ex-
pansion with said two eylinders.

By the use of three cylinders constracted
in accordance with my invention and simi-
larly connected I effect a sextuple compres-
sion or expansion. By the use of two such
cylinders and one of the ordinary type I can
effect a quintuple compression or expansion.

‘What I claim as my invention is—

1. As a means for changing, in different
stages, the volume aud pressure of a gas or
vapor, an engine-cylinder containing a recip-
rocating piston and having equal piston dis-
placement in both a high-pressure space on
one siCe of the piston and a low-pressure
space on the opposite side of the piston, the
said cylinder having an end clearance con-
nected with its high-pressure space larger

than that connected with its low- pressure
space, said high and low pressure spaces hav-
ing between them a connecting-passage and
said larger end clearance being a mathemat-
ical funetion of rthe.end clearance connected
with said low-pressure space and computable
therefrom, substantially as and for the pur-
poses specified. : .

2. As a means for changing in stages th
volume and pressure of a gas or vapor, the
combination with an engine-cylinder con-
taining a reciprocating piston and having
equal piston displacement in both a high-
pressure space on one side of the piston and
a low-pressure space on the opposite side
thereof and an end clearance connected with
its high-pressure space larger than that con-
nected with its low-pressure space, said high
and low pressure spaces having between
them a connecting-passage and said larger
end clearance being a mathematical function
of the clearance connected with said low-
pressure space and computable therefrom
substantially as described, of means for va-
rying the said largerend clearanceindepend-
ently of the position of the eylinder-head ad-
jacent to said high-pressure space, substan-
tially as and for the purposes described.

3. The combination with an engine-cylin-
der containing a reciprocating piston and
having a uniform piston displacementin both
a high-pressure space on one side of the pis-
ton and a low-pressure space on the opposite
side of the piston, the said cylinder having
an end clearance connected with the high-
pressure space larger than that connected
with the low-pressure space, said high and
low pressure spaces having between them a
valve - controlled connecting - passage, of
means for varying end clearance independ-
ently of the position of the cylinder-head ad-
jacent to said clearance, substantially as
herein deseribed.

4. As a means for changing in stages the
volume and pressure of ‘a gas or vapor, the
combination withan engine-cylinder contain-
ing a reciprocating piston that has equal pis-
ton displacement in both a high-pressure
space on one side of the piston and a low-
pressure space on the opposite side of the
piston, the said cylinder having an end clear-
ance connected with its high-pressure space
larger than that connected with the low-pres-
sure-space, said high and low pressure spaces
having between them a connecting-passage
and said larger end clearance being a mathe-
matical funection of that connected with said
low - pressure space and computable there-
from substantially as described, of means for
varying and adjusting the volume of said
larger end clearance to any fraction of the
stroke displacement within the limits of maxi-

mum and minimum end clearance for which.

said eylinderis designed, substantially as and
for the purposes set forth.
5. As a means for changing, in different
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stages, the volume and pressure of a gas or
vapor, an engine-cylinder containing a recip-
rocating piston and having equal piston dis-
placement in both a high-pressure space on
5-one-side-of -the-piston-and-a-low-pressure
space on the opposite side of the piston, the
said eylinder having an: end: clearance con-
nected with its high-pressure space larger
than that connected: with its. low-pressure
10 space, said high-pressure and: low-pressure

spaces being connected with each other by a
valve-controlled passage, subsba,ntlally asand
for the purposes specified.

Signed at New York, in: the county of New
York and State of New York;this 23d-day of-13
March, A. D. 1899.

LEICESTER ALLEN.

Witnesses: )

A. Mi. ALLEN,
Mrs. E. NEWTON.




