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14. Claims. (C. 230-56) 
This invention relates to prime movers of the 

free piston internal combustion type and more 
particularly to engines of this type directly con 
nected with at least one gas compressor unit to 
form combined free piston motor compressor 
units; and it relates still more particularly to 
that type of free piston motor compressor unit 
hereinafter called free piston power conveying 
gas generators, or free piston gas generators, 
Which is adapted to deliver a compressed energy 
conveying gaseous medium at relatively low tem 
perature, Said gaseous medium being subse 
quently available for divers uses, as, for example, 
to generate power in heat engines, such as gas 
turbines or other expansion engines. 

It is known that free piston gas generators 
are adapted to operate under conditions of vari 
able power output and variable gas delivery pres 
Sure, which is one of the most valuable charac 
teristics of this type of prime mover. 
The main purpose of my invention is to sim 

plify the construction of free piston power con 
veying gas generators, without impairing their 
stability of operation under conditions of variable 
power output and delivery pressure. 
The principal object of my invention is to pro 

vide a free piston power conveying gas gen 
erator of the type described adapted to operate 
under variable power outputs and variable deliv 
ery preSSures, and comprising energy storage 
lineans of Sufficient aggregate capacity to effect, 
Cn the return stroke, first the scavenging of the 
notor cylinder, and subsequently the compression 
of the fresh charge to a satisfactory maximum 
Con pression pressure, said satisfactory pressure 
bring included, for all practical values of the 
power Cutput and of the admission pressure, be 
tween a lower limit sufficient to insure the ig 
inition cf the injected fuel, and below which said 
ignition would be uncertain, and an upper limit 
being the maximum safe compression pressure 
above which the operation of the unit would be 
CGre dangerous. 
Another object is to provide a free piston 

power conveying gas generator of the type de 
Scried, in which the ratios of diameter of the 
Ichoicr cylinder to that of the compressor cylin 
ders, of the scavenging stroke to the compression 
Sticke and of the compressor clearance volumes 
to the total piston displacement at full load, are 
so chosen as to make available for the return 
strike an amount of energy sufficient to effect 
first the scavenging of the motor cylinder, and 
subscquently the compression of the working 
charge to a maximum Compression pressure in 

cluded between the above mentioned lower and 
upper limits, for all practical values of the power 
output and the delivery pressure. 
A still further object is to provide a free pis 

ton gas generator of the type described com 
prising, in addition to the energy storage means 
constituted by the clearance spaces in the com 
preSSor cylinders, auxiliary energy storage means 
independent of the admission pressure, which 
auxiliary energy storage means may be dimen 0 
sioned to keep the maximum compression pres 
Sure in the motor cylinder within any desired 
Satisfactory limits, for all practical values of the 
power output and the delivery pressure. 
A still further object is to provide a free pis 

ton gas generator of the type described, in 
which said auxiliary energy storage means are so 
dimensioned that, for a given value of the ad 
mission pressure, which is preferably chosen as 
the pressure best adapted to existing operating 
conditions, the maximum compression pressure 
in the motor cylinder remains substantially con 
stant for all values of the power output at said 
admission pressure; while said maximum Com 
pression pressure remains within Satisfactory 
limits for all other practical values of the ad 
mission pressure and power output. 

. A still further object is to provide a free pis 
ton gas generator of the type described, in which 
said auxiliary energy is supplied by feeding the 
compressor unit or units on the Suction stroke 
with air at a suitable pressure other than that of 
the outside atmosphere, for example by Super 
charging said compressors, or even under certain 
special conditions, by undercharging the Same. 
Other objects and advantages of my invention 

will appear to a person skilled in the art, from 
the following description, with reference to the 
accompanying drawing, it being understood, of 
course, that said description and drawing are 
given by way of illustration only, and are not to 
be construed as limiting the scope of the inven 
tion. 

In this drawing: 
Fig. 1 shows diagrammatically, in longitudinal 

cross-section, a free piston power conveying gaS 
generator embodying my invention. 

Figs. 2 and 3 show theoretical pressure stroke 
and energy stroke diagrams for the compressor 
and motor cylinders, for the purpose of illustrat 
ing my invention. 

Fig. 4 shows diagrammatically, in longitudinal 
cross-section, an arrangement embodying aux 
iliary energy storage means functioning under 
constant initial pressure. 
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In accordance with One embodiment of my in 

vention, my free piston power conveying gas gen 
erator comprises a motor cylinder f, two motive 
pistons 2 and 22 free to reciprocate in opposite 
directions within said cylinder, and forming be 
tween them a combustion chamber 1, two con 
pressor cylinders 3 and 3 on opposite ends of 
said motor cylinder, and preferably in axial align 
ment, With the same, two compressor pistors 2 
and 2, which in the case illustrated, are integral 
with said motive pistons 21 and 22, but which 
may be Separated from Said notive pistons and 
connected with the same by any suitable operative 
connection. Said compressor cylinders 31 and 32 
deliver compressed air into a common receiver 5 
which is connected by a conduit 6 with the admis 
Sion ports of Said motor cylinder f. 
The compressed air from the receiver 5 serves 

first () scavenge, the burned gases in the motor 
cylinder, and mixes with Said burned gases, paSS 
ing therewith into the exhaust duct T, whence 
the mixture is led to the gas turbine or other 
energy-utilizing means. The balance of the air 
fed to the motor cylinder and imprisoned therein 
when the motive pistons 2 and 2, on the return 
stroke, respectively close the exhaust and admis 
sion ports, serves as combustion air for the next 
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working stroke, and is compressed between said 
notive pistons. 
In the known manner, the energy necessary to 

return the free pistons for the next working cycle 
is supplied mainly by the expansion of the con 
pressed air remaining at the end of the working 
stroke in the clearance spaces in the compressor 
cylinders 31 and 32. 
The free piston gas generator functions cor 

rectly if the maximum compression pressure in 
the motor cylinder at the end of the compres 
Sion stroke is included between two limits, a lower 
compression limit pm below which the ignition of 
the injected fuel could not be relied upon, and an 
upper compression limit PM above which the op 
perating pressures in the motor cylinder might be 
dangerous. 

In accordance with one form of my invention, 
in order that the maximum compression pres 
Sure be always included between the above limits 
pm and PM for all values of the stroke of the 
motive pistons with variable admission pressures 
encountered in practice, I ascribe certain suitable 
values to the three following independent varia 
bles: the ratio 

c 
D 

between the diameters of the motor and com 
pressor cylinders; the ratio of the clearance vol 
umes in the compressor cylinders 3 and 32 to the 
full-load working stroke; and the ratio 

Vb 
. Vn 

between the piston displacement Wb during the 
Scavenging period, and the piston displacement 
Wm during the period of compression in the motor 
cylinder. - 

Under these conditions, it is possible, as will be 
explained herebelow with reference to the dia 
grams in Figs. 2 and 3, to build a free piston unit 
adapted to operate satisfactorily for different ad 
mission pressures and under variable power out 
puts of the unit. 
On the left side of Fig. 2, I have indicated the 

pressure stroke diagrams of the compressor cylin 
ders 3 and 39, for three different delivery pres 
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sures P1, P2 and P3; and on the right side of said 
figure, the pressure stroke diagrams of the motor 
cylinder for three different admission pressures 
which are substantially equal, although plotted 
to a different scale, to the three delivery pres 
sures P1, P2 and P3 of the compressor diagrams. 
On the compressor diagrams, the respective 

compression phases are represented by the curves 
OC1, OC2 and OC3, all of which originate at the 
pressure of the outside atmosphere Po. The re 
spective delivery phases at the different pressures 
P1, P2 and P3 are represented by the horizontal 
lines C1A1, C2A2 and C3A3, the expansion phases 
of the air retained in the clearance Spaces by the 
curves AD1, A2D2 and A3D3, and the Suction 
phases at the atmospheric pressure Po by the 
horizontal lines D10, D2O and D3O. 
On the corresponding pressure stroke diagrams 

of the motor cylinder, the respective compression 
phases are indicated by the curves I1 J1, I2 J2 and 
Is J3, and the expansion phases respectively by 
the curves K1 R1, K2 R2 and K3 R3. 
The amounts of energy available for the return 

stroke under the different admission preSSures 
P1, P2 and P3 are respectively represented on the 
compressor diagrams by the cross hatched areas 
aA1D1, a A2D2 and dA3D3; and the corresponding 
amounts of energy consumed in the compression 
phases of the engine cycles are respectively rep 
resented by the cross-hatched areas ii1.J., ii.2J2 
and ijaja. 
On the left of Fig. 3, I have shown by lines 

MN1, M2N2 and M3N3, the variations of the avail 
able return energy with different lengths of de 
livery stroke of the compressors, for the three dif 
ferent delivery pressures P1, P2 and P3. It is 
known that the energy available from the clear 
ance volumes is a negative linear function of the 
working stroke, inasmuch as, for a given delivery 
pressure, the return energy is proportional to the 
quantity of gas remaining in the clearance Spaces. 
The straight lines MiN1, M2N2 and M3Ns are 
limited at points N1, N2 and Na which correspond 
to the minimum quantities of compressed gas de 
livered, B1C1, B2C2 and B3C3, said quantities being 
always required to scavenge the motor cylinder at 
the different admission pressures P1, P2 and P3. 
In the same Fig. 3, on the right side, I have 

shown, plotted against the corresponding maxi 
nun compression pressures in the motor cylin 
der, the amounts of energy consumed in said cyl 
inder to compress the charge under the different 
admission pressures P1, P2 and P3, the different 
curves indicating said variations being respec 
tively PiQ1, P2G2 and P3O3. 

these rurves show that, for each value of the 
admission rressure, a possible variation in the 
length of the delivery stroke-which corresponds 
with a variation in the power output of the 
unit-which variation causes a variation mn in 
the available energy for the return stroke and, 
as a consequence, an equal variation po in the 
energy consumed for compression in the motor 
cylinder, reacts on the operation of the motor by 
producing a definite variation in the maximum 
pressure at the end of the compression stroke. 

If the above mentioned ratios have been cor 
rectly chosen, the variations in the maximum 
compression pressure in the motor cylinder may 
be restricted, for all values of the admission pres 
Sure and of the power output encountered in 
practice. to a given allowable range between two 
limiting values pm and pm as mentioned above, 
Within which range the free piston unit will func 
tion reliably and remain stable. 
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By way of example, it may be easily verified 

that, with the following values 
d VE 
= 0.3 and v=0.5 

the maximum compression pressure in the motor 
Cylinder is included between the limits of 20 
and 70 atmospheres, which range insures stable 
and reliable operation of the unit for admission 
pressures included between 1 and 5 atmospheres. 

However, in many cases, the total amount of 
energy stored in the clearance spaces of the com 
preSSor cylinders is insufficient to Supply alone 
the work entailed in compressing the charge in 
the notor cylinder. But, inasmuch as the varia 
tions in this energy supply only produce allow 
able variations in the compression pressure in 
the notor cylinder, the deficiency in the total 
energy available may be corrected by adding to 
Said clearance Space energy an additional or aux 
iliary Supply of energy which may be constant, 
or approximately so, for all values of the admis 
Sion pressure. With this addition, the operation 
of the free piston unit will be satisfactory. 
The additional energy required may be sup 

plied, according to my invention, by any suit 
able means, as, for example, by mechanical 
means, such as a spring, for storing energy dur 
ing the Working stroke which it will return dur 
ing the return stroke; or preferably, by means 
of auxiliary pneumatic cushioning means; Or, 
again, in accordance with my invention, said 
auxiliary energy supply may be obtained by 
supercharging the compressor cylinders during 
their suction stroke, meaning thereby by feeding 
said compressor cylinders with pre-compressed 
air, said preliminary compression pressure being 
chosen SO that the energy supplied to Said Com 
pressor pistons under constant pressure during 
the suction stroke be equal to the difference be 
tween the energy required to compress the charge 
in the motor cylinder and that available through 
the expansion of the air imprisoned in the clear 
ance spaces of the compressor cylinders. By 
way of example with the design ratios mentioned 
above, the value of this precompression should 
be about 0.3 atmosphere. 

In another embodiment of my invention, I 
provide the free piston gas generator with pneu 
matic cushioning means, after the known prac 
tice, which store a given amount of energy dur 
ing the working stroke and return it to the free 
pistons during the return stroke. These pneu 
matic energy storage means may be designed to 
store the energy in the form of pressure or of 
partial vacuum. For example, as shown in Fig. 
4, said pneumatic energy storage means may 
consist in pneumatic cushioning cylinders 91 
and 92, Fig. 4, co-acting with pistons 91 and 92, 
said pistons 91 and 92 being either integral with 
the motor and compressor pistons 21 and 31, 22 
and 32, as shown in Fig. 4, or connected with the 
same by any other suitable operative connection. 
Or if it is desired to store the energy in the form 
of a partial vacuum for use on the return stroke, 
the spaces 1 and 2 on the rear faces of the 
compressor pistons 23 and 24 may be made gas 
tight, so that the motion of said compressor pis 
tons 23 and 24 during the working stroke produces 
a partial vacuum in said spaces f1 and f2, as 
already proposed in French Patent No. 627,387. 
In accordance with another form of my inven 

tion, I find it advantageous to provide the free 
piston gas generator with compressor cylinder 
clearance Spaces 31 and 32, and suction; cushions 

3 
1 and 2 of such dimensions that the clear 

ance and suction cushions, co-acting, Will dispose 
of sufficient additional energy to return the pis 
tons and compress the charge to the desired pres 
sure, under variable admission pressures. How 
ever, it is also possible to combine Suction Stor 
age means, such as 1 and 2, with pressure 
storage means, such as 91 and 32; or again, to 
combine one or the other, or both of Said storage 
means with the above described means consist 
ing in supercharging or undercharging the con 
pression cylinders (undercharging, or Supplying 
air to said compressors at pressures below stand 
ard atmospheric pressure, applying, for example, 
to the case where the gas generator is designed 
to operate in a rarified atmosphere, or to similar 
conditions). 

O 

Whatever type of auxiliary energy storage 
means or of additional energy supply is adopted, 
whether of one of those described or of any other 
suitable type, or types, in accordance With my 
invention said auxiliary energy Storage means 
or source deliver to the free pistons, on the re 
turn stroke, a given quantity of energy which is 
independent of the admission pressure. To this 
end, they may, at each stroke, be placed in con 
in unication with a supply of gaseous fitid mail)- 
tained at constant pressure, as, for example, by 
ducts 2 in Fig. 4, which are supposed to connect 
with a source of air at constant pressure, such 
as the atmosphere or a reservoir of air at a suit 
able pressure other than atmospheric. 
According to another variant of my invention I 

use the spaces 1 and 2 in the compressor cyl 
inders as "superchargers' for the compressor cyl 
inders themselves. To this end, provide, as 
shown, by way of example, in Fig. 4, a waive 3 in 
each of the compressor pistons 23 and 24, and a 
suction valve 3 in the rear of each of the Con 
pressor cylinders 1 and 2. During the Work 
ing stroke of the unit, air is drawn into spaces 1 
and 2, and, on the return stroke, said air is 
compressed until it reaches a pressure sufficient 
to open the valve 3. It then flows into the 
compressor Spaces 31 and 32, and is compressed 
during the next working stroke. The suction 
valve 4 may conveniently be either of the auto 
matic or controlled type. 
The additional energy supplied by Supercharg 

ing the compressors, or that stored by the energy 
storage means, and returned during the return 
stroke, is usually variable depending on the length 
of the stroke, said variation being a function of 
certain constants, such as the initial pressure in 

, the pneumatic cushions and/or the clearance vol 
ume of said cushions at the beginning of the re 
turn stroke. 

In accordance with my invention, the energy 
storage means may be designed so as to maintain 
the maximum compression pressure within nar 
row limits for different values of the power out 
put and the admission pressure; or they may also 
be designed in such a manner that the variations 
in the maximum compression pressure be reduced 
to a minimum for a certain admission pressure, 
Said pressure being preferably that most con 
nonly used in practical Service. 
On the diagram indicated in Fig. 3, I have 

shown by curve on the variations of the energy 
available from the auxiliary energy storage 
means, such as 31 and 32. It may be seen that 
the range of variation dip of the maximum con 
pression pressure in the notor cylinder for differ 
ent admission pressures may be particularly Small 
or Substantially nil for a certain admission pres 
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sure, which may be chosen as that commonly met 
in practical service. 
In this embodiment, the pneumatic cushions 

are, of course, dimensioned so as to give a maxi 
num compression pressure corresponding to the 
best efficiency of the unit at the most commonly 
used admission pressure. 
The improvements described hereabove provide 

means for insuring the stability of free piston 

20 

25 

30 

power Conveying gas generators of the type de 
Scribed under operating conditions entailing vari 
able power outputs and variable admission pres 
Sures to the power cylinder, through the medium 
of energy storage means which are independent 
of the admission pressure. 

It is, of course, evident that these same im 
provements also apply to free piston gas gen 
erators designed to operate at constant admission 
preSSures, even if these generators should be 
temporarily subjected to varying admission pres 
Sures, as, for example, during the starting period. 

It should be understood, that I do not wish to be 
limited to the structural details described and 
illustrated, for obvious modifications thereto will 
occur to persons skilled in the art. 
What I claim is: 
1. In a driving gas generator having motor and 

compression cylinders and operatively connected 
motor and compression pistons freely movable in 
said cylinders, and having means for supplying at 
least a portion of the gas compressed in said com 
pression cylinder to said motor cylinder to gen 
erate therein a driving gas, said generator having 
a variable power output and delivery pressure, 
and having means to return said motor piston to 
compression position, said means including a 
dead Space cushion in said compression cylinder, 
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the energy retained in which acts on the com 
pression piston, and further including means to 
Supply additional energy the amount of which is 
Substantially independent of the delivery pressure 
and the pressures in the cylinders, the proportion 
between the scavenging and compressing portions 
of the motor piston stroke and the ratio of the 
diameters of the motor and compression cylinders 
being Such that the compression pressure in the 
motor cylinder lies between a minimum pressure 
necessary to cause combustion of fuel and a maxi 
nun preSSure not greater than the mechanical 
strength of the cylinder. 

2. A device as claimed in claim 1 in which the 
compression pressure lies between 20 and 70 at 
mospheres when the admission pressure in the 
motor cylinder lies within the range of 1 to 5 atinospheres. . 

3. A device as claimed in claim i in which the 
ratio of the diameter of the motor cylinder to 
that of the compression cylinder lies between 0.25 
and 0.5, and the ratio of the scavenging portion of 
the piston stroke to the compression portion lies 
between 1.5 and 0.25. . 

4. In a device as claimed in claim 1, said addi tional energy Supply means comprising auxiliary 
energy storage means of a capacity substantially 
independent of the admission pressure, and 
adapted to return energy to the motor pistons 
during their return stroke. 

5. In a device as claimed in claim 1, said addi 
tional energy supply means comprising auxiliary 
pneumatic energy storage means of an aggregate 
capacity substantially independent of the admis 
sion pressure to the motor cylinder. 

6. In a device as claimed in claim 1, said addi tional energy supply means comprising auxiliary 
pneumatic energy storage means of an aggregate 

2,101,412 
capacity substantially independent of the admis 
sion pressure to the motor cylinder, the mean ef 
fective pressure in said pneumatic energy storage 
means being different from that of the outside 
atmosphere. '. 

7. In a device as claimed in claim 1, said add 
tional energy supply means comprising auxiliary 
pneumatic energy storage means of an aggregate 
capacity substantially independent of the admis 
sion pressure to the motor cylinder, the mean ef 
fective pressure in Said pneumatic energy storage 
means being above that of the outside atmos phere. 

8. In a device as claimed in claim 1, Said addie 
tional energy supply means comprising auxiliary 

0 

pneumatic energy storage means of an aggregate 
capacity Substantially independent of the admis 
sion pressure to the motor cylinder, the mean ef 
fective pressure in said pneumatic energy storage 
means being below that of the outside atmos 
phere. . . n. 

9. In a device as claimed in claim 1, said addi 
tional energy supply means comprising auxiliary 
pneumatic energy storage means of an aggregate 
capacity substantially independent of the admis 
sion pressure to the motor cylinder, the mean 
effective pressure in said pneumatic energy stor 
age means being different from that of the out 
side atmosphere, said auxiliary pneumatic en 
ergy storage means having an aggregate capacity 
adapted to maintain the maximum compression 
pressure in the motor cylinder substantially con 
stant within the normal range of power output 
for a given constant value of the admission pres 
Se. 

10. In a device as claimed in claim 1, said ad 
ditional energy Supply means comprising means 
for feeding gas to the compression cylinders dur 
ing their suction stroke at average pressures sub 
stantially different from that of the outside at mosphere. 

11. In a device as claimed in claim 1, said ad 
ditional energy supply means comprising means 
for feeding gas to the compression cylinders dur 
ing their suction stroke at average pressures sub 
stantially above that of the outside atmosphere. 

12. In a device as claimed in claim 1, said ad 
ditional energy supply means comprising means 
for feeding gas to the compression cylinders dur 
ing their suction stroke at average pressures sub 
stantially below that of the outside atmosphere. 

13. In a device as claimed in claim 1, said ad 
ditional energy supply means comprising suction 
valve means for drawing gas into the compression 
cylinders on the rear side of the compression pis 
tons during the working stroke of said compres 
sion pistons, means for closing said suction valve 
means at the end of said working stroke, dis 
charge valve means for discharging said gas dur 
ing the return stroke of said compression pistons 
into said compression cylinders on the forward 
side of said, compression pistons, thus supplying 
additional energy in said compression cylinders 
for use during the following return stroke. 

14. In a device as claimed in claim 1, said ad 
ditional energy supply means comprising auxili 
alry energy storage means of a capacity Substan 
tially independent of the admission pressure, and 
adapted to return energy to the motor pistons 
during their return stroke, said last means com 
prising means for feeding gas to the compression 
cylinders during their suction stroke at average 
pressures Substantially different from that of the 
outside atmosphere. 
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