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1 ;

This invention. relates to. gas turbine power
plants, and more particularly to the method of
operation of such plants at substantislly con-
stant temperature irrespective of load variations,
whereby the thermal efficiency of the plantis
maintained constant. The invention also relates
to -a. novel. method of starting power plants: of
the above type..

The. subject of this invention is a hasic im-
provement in the application of the simple Joule
thermodynamic cycle,; also known as the Brayton
cycle, to the continuous combustion gas turbines.

‘The Joule cycle, operating at substantially con-
stant pressure during combustion, is not well
adapted to power plants required to-run at con-
stant speed of rotation while the load demand
on the turbine may vary. This condition arises
whenever- it is desired to operate a gas turbine
power plant as a prime mover for electric alter-
nators, synchronously connected to a constant
frequency electrical network, or on ships in the
propulsion with controllable pitch propeilers.

"Still another deficiency of the simple Joule
cycle is its-inability to sustain overloads without
increase of the maximum cycle temperature,
which is altogether undesirable from the stand-
pomt of strength and endurance of the turbine.
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This- limitation constitutes a serious drawback -

to the application of continuous combustion tur-
bines to transportation, for instance. in loecomo-
tives.

If the load demand on a combustion turbine,
operating according to the simple Joule cycle,
is changed at constant speed, for example. di-
minished, the maximum temperature of the cycle
has to be decreased by reducing the rate of the
fuel consumption. The effect: of this change is
to. cut down the heat drop in the turbine, while
the heat rise in the compressor remains approxi-
mately constant and the difference of these two
energy conversions, the useful mechanical energy,
is thereby reduced to correspond to the decreased
load demand.

These.changes in the cycle bring about a rapid
deterioration of the cycle efficiency, an undesir-
able characteristic of the simple Joule cycle, un-
less the other variable in the power output equa-
tion, viz;, the mass of the elastic fluid flowing
through the cycle, be varied instead: of the useful
heat head. This latter consideration is indeed
a sound one beeause while the change in-the use~
ful’ heat Head at constant speed of rotation of
the machines violates the laws of dynamic sim-
larity of turbo machines and causes a: deteriora-
tion of thermal efficiency, the change in the
amount of mass of air operating within the cycle,
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2
on the other hand, does: not affect in any way
the: thermodynamic: processes and laws of dy-
namic similarity of the machines. The thermal
efficiency of the cycle remains therefore, constant
regardless of how much mass or weight of air is
operating in the cycle.

The disclosed invention. provides & method of
achieving a complex thermodynamic cycle of
constarit thermal efficiency under variable loads,
by functionally varying the mass- density of the
operating elastic fluid of the cycle with the load
and’ in proportion to:it. - In essence; the.inven-
tion provides: for a dual or twin Joule cycle; one,
a; high pressure and constant compression ratio
power cycle, called by us hereinafter theprincipal
cycle, connected ori-its low pressure side to the
high pressure side of a second; low pressure and
variable compression. ratio cycle, called herein-
after the balancing cycle, based on- the atmos-
pheric pressure and temperature. .

The: invention. provides for:a variable power
oudput. of the high pressure principal cycle with
all cycle temperatures, including the entry and
exit temperatures of the: compressor; as well as
the: entry: and’ exit temperatures of the turbine,
held constant. under all conditions of load: de~
mand, the density of the elastic-fluidin this cycle
being: determined: by: the controlling manipula~
tions: of the low pressure, variable: compression
ratio, balancing cycle:

The. constancy of the temperatures between
which. the: principal cycle operates at all loads
means that the thermal efficiency of this eycle
is: also constant throughout the whole range of
loads. The thermal efficiency of the balancing
eyele is g variable, being a. function of the load .
on the prinecipal cycle.  Since however, the power
output of ‘the balancing cycle is only a. fraction
of the output of: the prinecipal cycle; the net effect
of this variation on: the overall efficiency of the
complete. power plant. is negligible and: the com-
bined: thermal efficiency of both  cycles, when
taken: together, remains substantially constant
at:all loads.

The-method of: reahzatmn of this: desired per-
formance . consists of operating simultaneously
and inter-dependently two sets of turbo machines
or other thermal prime movers. The-smaller of
the two machines:is composed: by way of example,
of an electric machine on-a common shaft with a
low pressure co*npressor and with.a low pressure
turbine.. .

This:aggregate,. ‘called heremafter the balanc-

ing’ machine set;. can rotate at variable speed

functionally determined by the external useful
load produced. by the principal cycle. The low
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‘pressure compressor of the balancing machine set
supplies fresh combustion air to the low pressure
side of the larger, high pressure and preferably
constant speed machine, generating externally
useful power, and composed by way of example,
of a principal turbine, a principal compressor
and a power consumer, the whole aggregate called
hereinafter the principal machine set, and the
low pressure turbine of the balancing machine set
obtains from the low pressure side of the principal
cycle machine set a proportional amount of a
mixture of hot air and burned gases for the pro-
pulsion of the balancing machine set. All com-~
bustion of fuel, either liquid, or gaseous, or pow=-
dered takes place at the highest pressure of the
high pressure cycle, there being only one com-
bustion heat generator in general, in the whole
system, although more may be used, if so desired.

The rate of rotation of the balancing machine
set determines the rate of supply of fresh air to
the principal machine set and the pressure level
and therefore, also the mass density of the mix-
ture of air and gases, composing the elastic motive
fluid with which the principal machine set is
caused to operate.

The rate of supply of fresh air to the principal
machine set also determines the rate of fuel
consumption of and together with the level of the
mass density of the elastic fluid, the power de-
veloped by the principal cycle. The operational
coordination of the two machine sets, the balanc-
ing as well as the principal machine set, is accom-
plished by suitable controlling and regulating in-
ter-connections between them; the method and
means of regulation and control being the sub-
ject of the copending application Serial No.
301,224, filed July 28, 1952, although as will be
explained further on, this regulation or balancing
tends to become automatic, even without elabo-~
rate instrumentation.

Among the objects of this invention can be
noted the desire to maintain a consistently high
overall thermal efficiency of continuous combus-
tion gas turbo plants at constant speed of rota-
tion during all variations of useful load demand;
this is of paramount importance in electric power
generation where it is always necessary to main-
tain a constant frequency of electric current, in
phase with the rest of an electrical distributing

system, regardless of the magnitude of the load. :

So far, the continuous combustion turbine has

not been able to accomplish this without a major

sacrifice in its overall thermal efficiency: at all
loads excepting near and at the designed output.

Another object of the invention is to provide a |
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power plant in which high power overloads can

be safely practiced without fear of endangering
the strength of the essential components of the
turbine of the principal machine set and rapidly
deteriorating the durability of these parts by high
temperatures; since the overload is manifested in
the case of the disclosed combustion gas turbine
power plant as an increase of torque and not as
an increase of speed, it holds particular attrac-
tion for transportation, where the problem of
starting large resistances into motion has always
been somewhat of a difficulty for all turbines.
Another object of the invention is to aufo-
matically maintain all determining temperatures
of the principal eycle constant at all loads.
Another object of the invention is to provide an
extremely compact and light weight power plant
for very large powers, particularly. suitable for
transportation use, in locomotives and especially
in ships; the invention makes possible gas {fur-
bine power plants of light weight and great com-
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pactness, uncommon even among the turbo ma-
chines.

Another object of the invention is to provide
superior conditions for combustion in two re-
spects, viz., by carrying out combustion at high
pressures, even up to by way of example, approx.
100 atmospheres, of the motive elastic fluid,
higher than ever reached before in continuous
combustion gas turbines. The physico-chemical
knowledge of combustion at high pressures recog-
nizes burning at elevated pressures as superior
to combustion at low pressure levels for reasons
explainable by the kinetic theory of gases and also
by test results. Furthermore, by maintaining
combustion in an elastic fluid medium composed
of a mixture of air and of burned gases at high
temperature, such as carbon dioxyde and water
vapor, the latter being g particularly potent cata-
lyzer in the oxydizing reactions of fuel burning,
the rate of combustion is known to be greater
than when burning takes place in pure air.

Still another object of this invention is to re-
duce the size of the intake and exhaust ducts
to the smallest possible minimum. It is pref-
erable to mechanize the dual cycle with high
pressure machines which, in general, can oper-
ate without heat recuperators and still produce
high thermal cycle efficiencies. In this connection
reference is made to the copending application
Serial No. 557,655, being filed concurrently with
this application and the copending applications
Serial No. 179,028, filed August 12, 1950, and
Serial No. 228,166, filed May 25, 1951, all dealing
with the high compression ratio turbo machines,
especially suitable for the embodiment of this
invention. The principal ¢ycle in its preferred
embodiment using high compression ratio ma-
chines is capable of getting along with only one
heat exchanger, operating always at relatively
high pressures and never with the full amount of
the total weight flow of the motive elastic fluid
circulating in the ducting comprising the prineci-
pal cycle circuit. The balancing cycle in its
preferred embodiment incorporating the high
compression ratio turbo machines according to
the referenced copending applications, broadens
the operational versatility of the principal cycle
beyond any Iimit possible with low compression
ratio machinery.

It is to be understood that although the use
of high compression ratio machinery constitutes
the preferred embodiment of the dual cycle in-
vention, as described and shown in this specifi-
cation, the invention can be also successfully
practiced with low compression ratio machinery
with the aid of heat recuperators which are not
specifically described and shown here, but are
described more fully in the application Serial No.
301,224, filed July 28, 1952. Still another prin-
cipal object of the invention is to facilitate
starting of large output, high pressure combus-
tion furbines by novel electro-pneumatic means.

The novel features which are believed fo be
characteristic of the invention, both as to its or-
ganization and method of operation, together
with further objects and advantages thereof, will
be better understoed from the following desecrip~
tion considered in connection with the accom-
panying drawings in which several embodiments
of the invention are illustrated by way of an ex-
ample. It is to be expressly understood, how-
ever, that the drawings are for the purpose of
illustration and description only, and are not in-
tended as a definition of the limits of the in-
vention. T s : :
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Fig. I-is an entropy cyele of the pri-ncipa;lf‘-‘afx‘_ll(;i

auxiliary turbines;

" Fig. 2 is a schematic diagram of - the-power
plant; - = : :

Pigs: 3 and 4 are schematic diagrams of the

power plant illustrated in Fig. 1 but having two.

auxiliary compressor-turbine sets connected in
parallel with each other in Fig. 3, and in series
in Fig. 4.

The features and characteristics of the dual
cycle, which constitutes an improvement over the
simple Joule eycle, can best be seen on the T—S
chart in Fig. 1, and in the schematic layout of
the-machines operating according to this dual
cycle, in Fig. 2.. Both of. these figures are so
marked. at various . determining points of .the
cycle’ that corresponding locations in. the "two
diagrams are designated by identical small let-
ters:of the alphabet. g

In Fie. 1 and Fig. 2, the points on the cycle
shown on the T—S chart as well as on the sche-
matic diagram of the circuit. respectively, desig-
nated by letters e, f, 0, ¢, demarcate the high
pressure cycle called here the prineipal cycle,
producing useful power. The operation of this
cycle is carried out in succession by the com-
pressor 6, drawing air at thermodynamic state e,
at- temperature Te and pressure pi, and com-
pressing it to a state 7, at femperature T: and
pressure pz, raising the heat energy of air by an
amount defined by ‘the temperature difference
(T;—-Te). The compressed air enters the com-
bustion heat generator 2, in which burning fuel,
liquid, gaseous or powdered, raises its tempera-
ture at substantially constant. pressure .pz to
state ¢, at temperature Tg, thereby increasing the
heat energy of air by an amount defined by the
temperature -difference (T¢—T7). The mixture
of air and burned gases enters the turbine T from
the heat generator 2 at temperature Tg and pres-
sure p2.and expands in. it to thermodynamic
state ¢, at temperature Tc and back to pressure
p1, thereby converting an amount of heat energy,
defined by the temperature difference (Ty—To),
into mechanical energy, a portion of which drives
the power consumer or converter, e. g., an elec-
tric alternator 8, mounted on a common shaft 9
with the air compressor 6 and gas turbine 1.
After leaving the turbine at point c, the flow of
the mixture of air and -burned gases, G in
kegs./sec., is divided into two streams.. The
larger: portion of the circulating flow, approx.
3,G to 4G, or from 60% to 85% of the exhaust
gases appearing in the exhaust of the main tur-
bine 1, by way of example, depending upon the
mazximum cycle temperature Tg, is ducted into
the cooling heat exchanger 19, wherein the
gaseous mixture is cooled to a thermodynamic
state designated by point 7, at temperature Th
and at substantially: constant pressure pi. The
smaller portion of the flow ~of the mixture,
approx. %G to %G, of the total mass of the
elastic motive fluid, circulating through the
-principal machine set 6, 1, 8 or from 40% to
159, of the exhaust gases appearing in the ex-
haust of the main turbine 17, is ducted by con-
duit {2 to the turbine 3, of the balancing ma-
chine set I, 3, 4. In the balancing turbine 3, the
mixture of air and burned gases is expanded
from thermodynamic state ¢, to state d, at tem-
perature Ta and atmospheric pressure o, there-
by converting an amount of heat energy, defined
by temperature difference (Te—Tq), into -me-
chanical energy; the expanded gases are dis-
charged into the atmosphere by duct 14. The
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balancing turbine 3 drives on a- common shaft §,
the low pressure or balancing compressor | and
an electric machine -'4. The balancing . com-
pressor | draws air either in atmospheric or
pre-compressed state, through intake duct:13,at
temperature Ta and at ambient pressure po, cor-
responding to thermodynamic state  designated
by point @, and compresses it to pressure p: and
temperature- Ty, colfresponding to thermody-
namic state designated by point b, on the low
pressure isobar 1, of the principal cycle e,.7, ¢, ¢,
increasing thereby the heat energy of the air
by an amount defined by a temperature differ-
ence (Ts—Te). If is to be noted that by hav-
ing a commen isobar pi, the low pressure bal-
ancing cycle @, b, ¢, d, and the high pressure
principal cycle e, f, g, ¢, are thereby mutually
interconnected physically and thermodynami-
cally.

The compressed air arriving from the balancs
ing compressor I, is ducted by conduit. if;. to
point 15 in the prineipal cycle circuit at whieh
the return conduit from the cooling heat
exchanger {8 is joined. Since the fresh air
arriving into the principal eycle e, §, ¢, ¢, is by
way of example, at a higher temperature Tb, than
the gaseous mixbure cooled down to temperature
Th in the cooling heat exchanger (0, a mixing
precess at substantially constant pressure p1 takes
place between the thermodynamic state 2.of the
gaseous mixture and state b of the incoming air,
until an equilibrium temperature Te is reached
substantially at constant pressure pi1, before the
entry to the principal compressor 6 at thermo-
dynamic state designated by pointe. .

The principal cycle could operate equally well,
as far as the prineciples of thisinvention are con-
cerned, if the: point  designating the thermo-
dynamic state b, at which the fresh air enters
the prineipal cycle, were located at a lower tem-
perature than that corresponding fo the point
e, Fig. 1, at ‘whieh the high pressure compression
begins. Suech an arrangement would result.in. &
smaller. heat exchanger (8 than before with
Th>Te, however at-a cost of decrease of overall
efficiency of the principal cycle. It may he expe~
dient at times to. favor a slightly smaller heat
exchanger (0 and accept a lower overall cycle
efficiency. The scope of our invention is fhere-
fore, not limited to a definite relation between
temperature Tv and Th, but-includes. all feasible
and practical temperature relations. '

The -amount of fresh air Gi kgs./sec., drawn
in by the low pressure, balancing compressor {
and delivered into the principal eyele e, . f, ¢, ¢,
need: not. be more than is theoretically required
for perfect combustion of fuel in the heat gener~
ator 2. This is possible only in our dual cycle;
because at all times and under all conditions: of
load, there will always be present a - sufficient
amount of excess air in the heat generator 2 to
maintain perfect and: ecomplete. burning of fuel
In order that no possibility may arise of supply-
ing fuel at & greater rate than at which the fresh
air is being replenished, ‘it is preferable to- set
the value of Gi kgs./sec. at approx. G1=1.05X (the
minimum amount of air required for combus-
tion), although it may be a good practice to use
much greater coeflicient, say up to 1.25 in normal
practice and even more under special conditions.
It is preferable to keep the amount of fresh, reno-
vating air entering the cycle, at the practical
minimum in order.to operate with as small a bal-
ancing machine set as possible, for reasons of
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sensitivity of control and in order to secure rapid
response to regulating impulses.

_The' overall efficiency of the dual cycle as
described, can be expressed by the simplified

relatlon
Ty—T, l
( S ) !

[Ty -
(T.—T))
Gy (Tc—m—(Tb—‘Ta)]
G (T—Ty)

From this expression it can be seen that the first
bracketed term is a constant for a given machine,
because’ it -is a- part of the specification of this
inventfion that all the limit temperatures of the
pr1nc1pa1 cycle must never change, while the
second ‘bracketed term is in general, a variable,
because it is a part of the specification of this
invention to vary the temperatures Tb» and Ta
of the balancing cycle. It is clear that the second
term should always be very small in order to
maintain a substantially constant overall thermal
efficiency xtn, of the dual cycle. This is relatively
easy to satisfy, because the bracketed term is
always small, while the value Gi kgs./sec. is delib-
erately kept low for reasons already noted.

The state of equilibrium of the dual cycle as
described hereinabove, corresponds to a definite
load demand on the principal power consumer or
converter 8, and the whole dual cycle may be
assumed balanced with respect to and in equi-
librium with this load demand, all machines run-
ning in equilibrium, at constant speed and both,
the balancing machine set as well as the prin-
cipal machine set operating at uniform, constant
compression ratios.

If now the principal machine set 8, 1, 8, is called
upon, even suddenly, to deliver an increased
power at constant speed of rotation to either an
electric network or to a locomotive or to a con-
trollable pitch propeller, the regulating and bal-
ancing devices subject of the copending appli-
cation already referenced hereinabove, cause the
balancing electric machine 4 to accelerafe as an
electric motor, the balancing compressor | and
the turbine 3, from a rotational speed nq, hereto-
fore constant, to a higher rotational speed n1. At

N hT—
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the beginning of the acceleration, the rate of fuel -

supply to the heat generator 2 also begins to
increase and simultaneously, the valve 18, located
in the conduit {2 at entry to the turbine 3, is
forced by governing and controlling means, to
close, thereby blocking off either partially or com-
pletely, depending upon the severity of the load
demand impulse, the flow of gaseous mixture from
the principal eycle at thermodynamic state desig-
nated by point ¢, into the low pressure balancing
turbine 3, during the period of acceleration of the
balancing machine set f, 3, 4. This maneuver
will, in effect rapidly increase the pressure p: to a
higher pressure p’1, at the discharge point of the
balancing compressor i, raising the temperature
of the fresh air to T's, at point b’, Fig. 1. Thus
by speeding up the balancing machine set i1,3,4,
the principal cycle is not only being supplied with
fresh replacing air at a greater rate than before,
but the principal eycle itself is being displaced by
this new set of conditions, into a new location
on the T—S chart, in the direction of higher pres-

sures, designated by position points ¢, ', ¢’, ¢

The highest cycle pressure thereby increases from
p2 to D2, but the pressure ratio p’s/p’1, remains
constant and equal at all times, to the pressure
ratio pa/p1, since the temperature ratios of any
two temperatures of limiting points of the prin-
cipal cycle e, f, ¢, ¢, remain always constant at

60

all densities of the elastic motive fluid, at which
the principal eycle may operate or in other words,
regardless of the position of the principal cycle on
the T—S chart. This inter-relation is the result
of dynamic similarity laws, that can be derived
from the fundamental Laplace’s relations:

. =
Ty (=(P\ % _;—
'r]c[T‘ 1]— (px) —I=Constant
K—-l

[1—2] - E) =Constant

Therefore, the conditions of constant pressure
ratio of the high pressure, principal cycle are
automatically satisfied when the temperatures of
that cycle are maintained constant at all points
on the T—S chart. As soon as the equilibrium
with the increased power demand of the energy
consumer or converter 8 has been established,
valve [8 again fully opens, connecting the hot
gas conduit 12 to the entry of balancing turbine
8, resuming a continuous flow of that amount
Gi1" kgs./sec. of the mixture of air and burned
gases that are being purged from the principal
cycle €', 7/, 9', ¢’, by fresh air from the balancing
compressor { at a new; higher pressure p’1 but a
constant compression ratio p’s/p’1, for the dura-
tion of the new load demand on the principal
machine set.

It can be seen that the desired end, viz., to at-
tain g variation of the weight flow G. kgs./sec.
through the principal cycle, has been achieved
by a change of the mass density of the working
elastic fluid medium in the principal cycle. The
limit of usefulness of this method is set only by
the speed limit of the balancing machine set |1, 3,
4, which as has been pointed out already, for rea-
sons of small amount of fresh air that has to
be replenished, will always be small in size and
can therefore, not only accelerate and decelerate
rapidly, but can also reach high speeds of rota-
tion and consequently, high pressure ratios.

In the reverse direction, i. e., if there is a
need for a decrease, even a sudden one, of ex-~
ternal power on the principal machine set 6, 1, 8,
the required regulating devices described in the
copending application referenced hereinabove, di-
minish the amount of fuel that is being supplied
to the heat generator 2, at the same time auto-
matically closing off the air conduit i1, either
completely or partially by the closure of valve (7
located near or on the stator of balancing com-
pressor’ I, and simultaneously opening the exit of
the balancing compressor | to the atmosphere.

During this controlling procedure, the gas valve
{8 in conduit 12 remains fully open and the bal~-
ancing turbine 3 keeps on delivering useful forque
to the electric machine 4, operating it now as an
electric generator, since the compressor { is un-
loaded except for its inherent losses. The pres-
sure level of the common iscbar p’: of the two
cycles, mutually inter-connected, is quickly re-
duced, the mass density of the gaseous mixture in
‘the principal cycle e, 7', ¢’, ¢’, is diminshed and
the torgue on the principal machine set 6, 1, 8, is
thereby decreased, without any ehange of the ro-
tational speed of the principal machine set 6, 1, 8,
because the heat rise determined by (Ty—T.) and
the heat drop determined by (T¢—Tc) remain
unchanged. As soon as the equilibrium with the
reduced power demand of the energy consumer
or converter 8, has been re-established, valve {7
again fully opens, connecting the exit of the com-
pressor | with the air conduit {1, re-establishing
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a continuous flow of fresh, renovating air into the
principal cycle e, 7, g, ¢, at a new -and lower pres=-
sure v1 but at constant compression ratio p2/m
for the duration of the new load -demand on the
principal machine set.

Regardless in which direction the external
power of the dual cycle has to be varied, either
being increased or being decreased, as soon as the
short time period of adjustment has been passed,
‘the balancing machine set 1, 3, 4, settles down to
a uniform. speed of rotation either faster or
slower than before, but nevertheless constant for
a2 given condition of equilibrium, until the next
load regulating signal may be received.

Closer study of the functioning of the balancing
machine set I, 3, 4, reveals that at all. times except
when accelerating, this machine will produce use-
ful electrical energy in the electric machine 4,
principally due to two favorable reasons, one of
which being a slightly greater mass of gases flow-
ing through the balancing turbine 3 than the
amount of mass of fresh air which is being re-
plenished by the balancing compressor I. This
comes about due to the presence of constituents of

the burned fuel in the mass of the turbine gases,

causing g slightly higher torque on the turbine
shaft. The second and the main reason, is that
the heat drop in the turbine 3, defined by the tem-
perature difference (Te~—Td) at a higher tem-
perature level, is always greater than the heat
rise in the compressor I, defined by the tempera-
ture difference (To—7Ta) at a lower temperature
level, this being due to the physical properties of
‘theair.

The balancing of loads on the principal ma-
chine set 6, 1, 8, and the regulating procedure are,
therefore, extremely simple and rapid, due to the
smallness :and due also to the relatively low in-
ertia of the balancing machine set 1, 3, 4, and
also due, in no small measure, to the functioning
of the closing-off and by-passing operations of
valves 17T and 18. It is not necessary therefore,
to employ an accumulating air receiver for:fresh
air or a gas discharge valve to the atmosphere to
:speed up regulation; obviously, by the load bal-
ancing procedure implied in our invention, no en-
ergy of gases is wasted, as might be the case with
‘blow-off valves. It is well also to remember that
the regulation of continuous combustion turbo

plants is:inherently easier than of steam turbines, !

because of the basic compressor load maintained
by the conibustion turbine and constituting a ma-
jor portion of the total turbine output, which is
always present under any external load demand,
and also because of the simple continuity with
which regulation can be practiced by the control
of ‘the fuel supply, contrasted with the usual step
regulation common in the steam turbines. How-
ever, should there arise a special case of the dual
cycle application requiring sensitive balancing of
extremely sharp and large load surges on the en-
ergy converter 8, the invention can be extended
further, to include a parallel, secondary regulat-
ing or balancing machine as is shown in Fig. 3.

Referring to Fig. 3, it discloses two balancing ©-

machines i, 3, 4 and |, 2’, 3’ connected in par-
allel. By splitting the balancing machine into
two smaller and identical units, of one half the
size of the principal unit, the mass moment of in-
ertia of the rofors may be assumed to be dimin-
ished approximately sixteen times, indicating for
the same speed of rotation, a kinetic fiywheel ef~
fect sixteen times smaller than before and :a cor-
respondingly increased sensitivity to accelerating
and decelerating impulses. The dual balancing

b
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sets 1, 3, 4, and 1’, 3’, 4, obtain the propulsive
mixtures of hot air and burned gases from a
common -close-off ‘valve {8 and by way of exam-
ple, each turbine 3 and 3’ receives one half of the
mass flow of gases from conduit 12 and each com-
pressor | and 1’ delivers one half of the fresh
replenishing air through the by-pass valve {1 into
conduit 11 and through it to the low pressureside
of the principal cycle conduit. .

The functioning of the two small balancing sets
operating in parallel is analogous to the method
described before for the cycle with only one bal-.
ancing set; ‘with the exception thaf the smaller
machines, being considerably more responsive ‘to
speed variation impulses, will rapidly answer any
load variation signals. .

The invention also provides for g novel-method
of starting of continuous combustion gas turbines
by means already contained in the dual cycle ar-
rangement for nermal operation. -The starting
of the principal set 6, 1,8, from standstill is ac-
complished according to -configuration shown in
Fig. 2, by the complete closure of the gas release
conduit 12 by valve 18, preventing any outflow.of
gases from the conduit 12 and from the principal
cycle circuit to the balancing turbine 3 and there-
‘upon to the atmoesphere. Simultaneously, air
conduit 11 is closed off by the valve 19 and the:air
flow from compressor | is directed by said valve
into -the :conduit 16, entering the high pressure
side of the principal cycle at point 7, immediately
before the heat generator, although another point
of entry, e. g., after the heat generator, could be
selected on the high pressure side of the principal
cycle circuit-and it is not, therefore, intended to
limit our specification to the singular connection
shown in the figures.

The electric machine 4 is run up, driving the
‘balancing set compressor | and turbine 3 which
as an idling machine ‘without contributing to the
driving torque due to the closure of valve (8. The
compressor I draws fresh gir from fhe atmos-
phere and after compressing it, drives with ‘it the

principal turbine T of the principal machine set

6, 1, 8. The turbine T begins to accelerate under
the increasing pressure -of flow of air from the
compressor I. The air driving the turbine 7-is
ducted through the heat exchanger 19 to the
high pressure compressor 6, wherein it is again
re-compressed, ducted to the combustion heat
.generator 2 and back to the point g; when the
predetermined -pressure at point #, has ‘heen
reached, fuel is caused to be introduced into-the
‘heat generator -2 - and ignited, thereby com-~
mencing combustion and a further acceleration
of the principal turbine 1, gradually reaching the
condition of autorotation of the principal machine
set 6, 7, 8. The principal machinhe set hence-
forth operates under its own power, the starting
process having been. thereby accomplished and
the valves I8 and 19 are automatically caused to
be reset by gas pressure at point f, and by means
not essential to this specification but disclosed in
copending application Serial No. 301,224, into
their normal operating positions, allowing fresh
air to enter the principal cycle e, f, g,-c, on the
Jow pressure isobar and letting the purging mix-
ture .of air and gases pass through the balancing
turbine 3 to the atmosphere. »
Fig. 4 discloses an arrangement in which two
auxiliary sets {—3—4 and {’—3'—4’ are con-
nected in series. This permits the operation of
the main set —1—38 at higher pressure than in
‘the preceding cases, thus reducing its -specific
weight.,  The intermediate machine set 4’, 3'
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4’, may operate eithier at constant speed or at
a variable speed and it may-be constructed in
various size relationships with respect fo: the
principal machine set 6, 7, 8. The intermediate
machine set {’, 3/, §', receives compressed airfrom
the balancing set I, 3, 4, by conduit {I’, re-com-
presses’ it and supplies it by conduit (i to the
principal cycle circuit'6, 2, 7, 16. Since with the
high compression turbo machines described in
the copending applications 557,6565; 179,028; and
228,166, identified more fully before, referenced
already hereinabove, it is possible to reach com-
pression ratios of 10:1 in one rotor, it will be ap-
parent that the principal machine set 6, 1, 8,
can operate with pressures of the order of up to
100 atmospheres, making possible the realization
of the greatest economically desirable outputs in
very small turbo machines.

The dual cycle with an intermediate machine
set can be extended also infto its general con-
fisuration indicated in Fig. 4 by interrupted lines,
including an intermediate cycle heat generator 2’
and an intermediate cooling heat exchanger 18’
thereby completing the intermediate cycle circuit
comprising machines and -apparatus {’, 2%, 3,
10’, operating either to constant or varlable tem-
perature and therefore, according to the laws of
dynamic similarity also at either constant or vari-
able speed of rotation, according to the choice
determined by the operational preferences. It
will be apparent to those skilled in thermody-
namics that a further extension or pyramiding
of additional intermediate cycles, all operating
in series and in addition, if so desired, in combi-
nation with machines operating in parallel.

Since the principal object of this invention is
to maintain high and constant thermal efficiency
of gas turbines at variable load demand, the speci-
fication stresses the constancy of the rotationsal
speed of the principal cycle. However, the dis-
closed cycle can be practiced also with the prin-
cipal machine set 6, 7, 8, operating at variable
speed, either in synchromsm with the load de-
mand or independent of it. According to the
laws of dynamic similarity, the speed of rotation
of a turbine and of a compressor is proportional
to the square root of the absolute temperature
ratio, (input temperature divided by output tem-
perature) respectively, the speed variation on the
principal machine set 6, 1, 8, requiring therefore,
variation of temperature T¢ in the heat genera-
tor 2 of the principal cycle circuit.

Although this operational method can be
realized in conventional gas turbines as well, it
is limited there to the variation of speed as a
function of the load demand only. According to
this invention, the speed of the principal ma-
chine set 6, 7, 8, can be varied independently of
the load demand, in fact the variation can be
actually opposite in character. Thus by way of
example, the principal machine set 6, 7, 8, can be
speeded up by the increase of temperature Tg in
the heat generator 2, thereby increasing also the
net output of the principal machine set as in a
conventional gas turbine; or the density of the
motive elastic fluid in the principal eycle circuit
6, 2, 7, 10, can be decreased by slowing down the
balancing machine set i, 3, 4, while the tempera-
ture in the heat generator 2 is increased, thereby
either maintaining constant poweroutputonpow-
er consumer 8 with increased speed or even & de~
creased power output on said power consumer
with increased speed. These operational features
and advantages are inherently characteristic of
the disclosed cycle and are especially sought after
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in transportatlon propulsion, e. g., for locomotive
drive$: using mechanical transmissions, making

‘possible attainmient of high torques at low speeds

and conversely, of low torques at high speeds,
neither one of these characteristics having as yet
been realized by any known turbine prime movers

What is claimed is:

1. The method of increasing the rate of flow of
a working fluid through a first and principal com-
pressor-turbine set in response to an increase in
a, load connected fto said first set from a first,
small load to a second greater load, by increasing
the mass-density of the fluid furnished to said
first set by a compressor of a second, balancing
compressor-turbine-eléctric ' machine “set, said
method including the steps of, as long as said
first load remains constant, precompressing . said
fluid in said second compressor to & pressure pi;
conveying the precompressed fluid to said first
compressor; compressing, in said first compres-
sor, said precompressed fluid from pressure p1 to
pressure pz.for obtaining a compressed fluid;
mixing and burning fuel in said compressed fluid
for producing an exothermic gaseous reaction
thereby producing the products of combustion
having a temperature Tz and pressure pz, ex-
panding said products of combustion through
said first turbine to a pressure not lower than m;
expanding from 40% to 15% of the exhaust gases
leaving said first turbine still further through
said second turbine; driving said second compres-
sor and said machine as a generator from said
second turbine; cooling and then mixing the re-
maining 60% to 85% of said exhaust gases with
said precompressed fluid; conveying the mixture
of the precompressed fluid and exhaust gases fo
the input of said first compressor; and increasing
the mass-density of the fluid, of the products of
combustion and of the exhaust gases, respective-
1y, flowing through said first and second sets, in
response to an increase in said first load to said
second load by first operating said electric ma-
chine as a motor at a higher speed than the prior
speed of said machine when operated as a gener-
ator during said first load, thereby accelerating
said second compressor for compressing said fluid
to a higher pressure p1’; increasing the amount
of the fuel supplied for said exothermic reaction
to the exfent necessary for maintaining the tem-
perature Tg constant; returning all the exhaust
gases to the input of said first compressor during
the transition period from the first load to the
second load; mixing the precompressed fluid and
the exhaust gases prior to their entry into said
first compressor; compressing the mixed fluid and
the exhaust gases from pressure p:’ to pressure
p2’ with the compression ratio of said first com-
pressor remaining constant; and, upon establish-
ing the power equilibrium between said second
load and the power delivered by said first turbine,
redirecting the 60% to 85% of the exhaust gases
back to said first compressor, and 40% to 15%
of the exhaust gases to said second turbine while
maintaining said compression ratio of the first
compressor censtant; whereby said second tur-
bine again drives said second compressor and
said electric machine as a generator as long as
the increased load remains constant.

2. The method as defined in claim 1 which also
includes the steps of stopping the flow of the
precompressed fluid from said second compressor
to said first compressor during the transition pe-
riod from the second load to a decreased load,
and” restoring said flow upon establishing the
power equilibrium bhetween the decreased load
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and the power produced by said first turbine;: de~
creasing the amount of fuel to'maintain temper-
ature Tg constant, and reducing the compression
ratio of the second compressor in preportion to
the decrease in said load by reducing its angular
velocity while maintaining the compression ratio
of ‘the first -compressor substantially constant.

3. The method of varying the rate of flow of 2
wo1k1ng fluid through a first and prineipal com-
pressor-turbine set in response to a variation in

a2 load connected ‘to said first set by varying the

mass-density of the fluid furhished to sald first
set by a compressor of a -second, balancing
compressor-turbine-electric “machine set, ‘said
method including the steps of precompressing
said fluid in said second compressor to a pressure
pi’; conveying the precompressed fluid fo said
first compressor; compressing, in said first com-
pressor, said precompressed fuid from pressure
p1’ to pressure p2’ for ebtaining a compressed
fluid; mixing and burning fuel in said-compressed
fluid for producing an exothermic gaseous reac-
tion, thereby producing the products of combus-
tion having a temperature Tg and pressure pz’;
expanding said products of -combustion through
said first turbine to a pressure not lower-than p1”;
expanding from 40% to 15% of the exhaust gases
leaving said first turbine still further -through
said seecond turbine as long as -said load remains

substantially constant; driving said second com- <

pressor and said ‘machine as a -generator from
said second turbine; -cooling and then refurning
the remaining 60% to 85% -of said exhaust gases
10 the input -of said first compressor; and -de-

creasing the mass-density of the fluid, products ¢

of combustion and exhaust gases, flowing, respec-
tively, through said first and second sets, in re-
sponse to a decrease in said load by first reducing
the amount of the fuel supplied for said exo-

thermic reaction; discharging the fluid output of #

said second compressor into an ambient -fluid
during ‘the transition period from the original
load to the -decreased load until p1” is decreased
to p1 and p2’ is decreased to p2, said decrease in
the pressures being a function of the decrease in
said load; and then redirecting the flow of the
precompressed fluid from said second compressor
to said first compressor for the -duration of the
decreased load.

4. The method as defined in claim 3, whichalso ¥

includes the step of decreasing the amount of
the fue€l supplied for -said exothermic reaction
only to the extent necessary for maintaining Ty
constant..

5. The method of varying the rate of flow of a
working fluid through a first and principal com-
pressor-turbine ‘set in response to a varigtion in
a load connected to said first set by varying the
mass-density of the fluid furnished to said first
set by a compressor of a second, balancing com-
pressor-turbine set, said method including the
steps of precompressing said fluid in said second
compressor o a pressure pi; conveying the .pre-
compressed fluid to said first compressor; -com-
pressing, in said first compressor, said precom-
pressed fluid from pressure p: to a pressure pa
for obtaining a compressed fluid; mixing and
burning fuel in said compressed fluid for pro-
ducing an exothermic gaseous reaction, thereby
producing the products of combustion having a
temperature Te and pressure pz; expanding said
products of combustion through said first tur-
bine to a pressure not lower than z1; expanding,
at least that portion of the exhaust gases which
is necessary for maintaining stoichiometric com-
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bustion of said fuel within said compressed fluid,
still further through said second turbine as long
as said load remains consfant; cooling and then
returning the rémaining major- portion of said
exhaust gases to the input of said first com=
pressor; and increasing the mass-density.-of the
fluid :and of the products .of .combustion .in. re-
sponse to an increase 'in the load connected to
said first turbine by first increasing the amount
of “fuel furnished for said excthermic ‘reaction
for maintaining Ty constant; removing, during
the fransition period from the lighter load to
the heavier load, the external load carried by
said second turbine; furnishing an external
power, other than said second turbine, for driv-
ing said second compressor at-a higher sspeed
than its.speed at the lighter load, said:increase
in speed increasing pressure p1 to p1’; raising
pressure pz to p2’ by directing, during said-fransi=
tion period, the entire exhaust gases to the:in-
put of said compressor and by increasing -the
input pressure into the second compressor from
p1-to pi’; and, upon establishing the power equi-
librium between the increased lead andthe power
delivered by said first turbine, redirecting the
flow of the same at least stoichiometric portion
of the exhaust gases to said.second turbine for
restoring the function of said second turbine.as

a prime mover for said second compressor and
said external load.

6. The method .of varying the rate of ﬁow
of a -working fluid through a -first compressor-
turbine set in response to a.variation in-a load
connected to said first set by varying the mass-
density of the fluid furnished to--said first set
by -a compressor of a second, balancing com-
pressor-turbine sef, said method including the
steps of precompressing said fluid in. said sec-
ond compressor; -conveying the precompressed
fluid to said first compressor; compressing said |
precompressed. fluid in -said first compressor for
obtaining a compressed fluid; mixing and burn-
ing fuel in -said. compressed fiuid for producing
an exothermic gaseous reaction with the prod-
ucts. of combustion having -a femperature Tg;
expanding said products -of combustion through
said first turbine for driving said.first turbine-at
constant angular velocity; expanding from-40%
to 15% of the exhaust gases, leaving said firsttur<
bine, still further through said second turbine;
driving said second compressor from saidsecand
turbine; cooling and then, as long .as said-load
remains constant, returning the remaining por-
tion -of said -exhaust gases to the input of :said
first -compressor by first mixing said remaining
exhaust .gases with the compressed fluid leaving
said first ‘compressor; and increasing 'the mass=
density. .of the products .of combustion, flowing
through said first turbine by momentarily stop-
ping ‘the flow of the exhaust gases to said sec-
ond turbine during the transition period from the
smaller load to a larger Toad, and dlrectmg all
exhaust gases to said ‘first COIPIEssor; mcre_
ing ‘the amount of the fuel for said’ exother
reaction for maintaining Tg constant dnvmg
said second compressor from an external source
of power at a greater speed than its speed during
the smaller load until said greater speed and the
increased amount of fuel create a mass-density
of the products of combustion to drive said first
turbine at said constant angular velocity in spite
of the increase in said load, and then again re-
storing the flow of the same 40% to 15% portion
of said exhaust gases to said second turbine for.
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driving said second compressor again from said
second turbine.

7. The method as defined in claim 6 which also
includes the steps of discharging the precom-
pressed fluid into an ambient fluid and reducing
the amount of fuel for said exothermic reaction
during the transition period from said larger load
to said smaller load, and then again discharging
said precompressed fluid and said exhaust gases
into said first compressor upon reduction of the
mass-density of the products of combustion,
flowing through said first turbine, to a lower level,
corresponding to the reduction in said load.

"~ 8. A method of starting a first compressor-
turbine set with the aid of a compressor of a
second compressor-turbine set, said first and sec-
ond  compressors, and said first turbine, being
connected to a combustion heat generator, said
method including the steps of applying an ex-
ternal power to said second set for driving said
second set, precompressing an ambient fluid in
sald second compressor, discharging the entire
precompressed fluid directly into said combustion
heat generator, feeding into and burning fuel
within said pre-compressed fluid in said com-
bustion heat generator for producing products of
combustion, discharging all of said products of
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combustion into said first turbine, expanding all .

of said products of combustion through said
first turbine whereby said preducts of combustion
appear as exhaust gases on the output side of
said first turbine, cooling all of said exhaust
gases and then conveying all of the cooled ex-
haust gases to the input side of said first com-
pressor, recompressing the cooled exhaust gases
in said first compressor while driving it from said
first turbine, and discharging the recompressed
exhaust gases from said first compressor directly
back to said combustion heat generator,

9. The method as defined in claim 8, which,
upon resumption of a normal speed by said first
set, also includes the steps of discharging the
entire precompressed fluid into the input side of
said first compressor, discharging from 30% to
15% of the exhaust gases to the input side of
said second turbine for normally driving said
second compressor from said turbine, and dis-
charging the remaining 70% to 85% of the ex-
haust gases to the input side of said first com-
Pressor.

10. The method of operating a first compres-
sor-turbine set with the aid of a second com-
pressor-turbine set and a combustion heat gen-
erator interconnecting the compressor and the
turbine of the first set, said method including
the steps of driving said second compressor from
said 'second turbine for precompressing an
ambient fluid from pressure po to pressure pi,
conveying the precompressed fluid to said first
compressor and compressing it to pressure pa,
discharging said compressed fluid into said com-
‘bustion heat generator, feeding into and burn-
ing fuel within said compressed fluid, thereby
producing products of combustion, expanding
sald products through said first turbine for driv-
ing said first compressor and an external load,
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said products of combustion appearing as exhaust
gases at the exhaust side of said first turbine,
expanding still further a first portion of the ex-
haust gases through said second turbine for driv-
ing said second compressor, cooling and then
combining and mixing the second and remaining
portion of the exhaust gases with said precom-
pressed fluid, whereby said first compressor re-
ceives mixed gases containing said compressed
fluid and said remaining portion of said exhaust
gases, and shifting the operation of said first set
to a higher pressure cycle with the increase in
said load by increasing p: to p1* and to p2’, while
maintaining the compression ratio

¥

D2
by increasing the angular speed of said second
compressor, increasing the amount of fuel to the
extent required for maintaining the temperature
of said products of combustion constant irre-
spective of the change in said load, and by in-
creasing the second portion of the exhaust gases
discharged into said precompressed fluid only
during the fransition period from the previous
load to the increased load, said increase being a
funetion of the increase in said load, and of the
rate of increase in said load, the maximum of
said second portion being 100% of said exhaust
gases.

11. The method as defined in claim 10 which
also includes the step of returning the operation
of said second set to a lower pressure cycle by dis-
charging a portion of the output of said second
compressor -into an ambient fluid during the
transition period from a large external load to
a small external load, the discharged portion be-
ing a function of the decrease in said load, and
the rate of decrease of said load, the maximum
of said portion being 100% of said precompressed
fluid.

P’
equal to 27,
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