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H. Ludwig

Introduo‘ionl) ' T>'

The dOVOIOPﬁuR. ane operation of ﬂas-tu*b¢au ‘n“.\.-u.lcuu io wssoc tei

1;n"s, cortrol problems, In thin oticie tlo control w*oce»s—
L .

to ts. various types of installctions cre uiseunsad,

with, amonc other il

. | . o
- The eontrol syst:ns that are considered, comply exaluwLivaeiy -0 ihe _;ta that

i
i
i
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e given in tho 1itc 1t¢ro. An attompt was made to produce & Go. T hensive &nd‘

uniform 111ustra:;a£ 2 the control syatem that is to be applied to jas-turbin

installations, i
i
|
L

1. an.rgl gf *'9 Cg n -g-"urbino Installation

1. 1 gz;goiglﬂs and P*ob‘aﬂa

The opeu raa-turb‘“o inctallation oporates acco.u.zz ‘0 zhe tollowmD prin- ;

ciplet Air to drawn“ turoupa a8 comprossor and conpre°9ed "Lich is then “eated

_in the ooﬁhustion j_nbar. Tho gsu-air—mixturo that is on.a‘ned 1n this mannor

turbina, drivos tho compressor and tne powar—output macnines'

\*o which i¢ 1- also conneotad.

Thil principlo ot opotution incbloo . great numoe* o‘ variationa to be re=

”a. “r*ines Ero,nen




alized, This consists in the application of sevoral compressors and turbines in
separate turbosets, by preheating the compresscd air by the exhaust gases in the
heat exchangers and by-igniting other combustion chumbers between the turbines.
Tho closed cycle connections that are realized in this ianner are quiie numerous
and have a considerable influence on the eontirol process, Tnrious demands are
made of control depending, of course, on the required mode of operation of the
installation, i.e., keepi;g it constant or changing certain cniropies or the
output, Certain fixod limitations with regard to revelutions, *omperature and
pressure must be maintained in the static state or in cynamic processes, In
addition, the continuous combustion process muct aivays be puarunteed.

The solution of these prodvlcuis requires lnowing thc statissical control

characteristiés of the installations. In a simple ccse (Sinle=crzle installa-
tion) the combined compressor-turbine characteristic fanily ;ives some informa-
tion on. the cooperation between the two machines (fig. 1). The poussidble working
points of this turbosct are characteriged by the foilowinzs f
a) the uniformity of the through put in conncction with the came pressure
ratio (disregarding fuel mass and pressure losscs,
b) balanced roments in the compressor and turvins, and ;
¢) fuel supply in order to attain the required ~as *e.rorature,
In this way load=line "a" is obtained for a turbosot operating individually, i
If, at the same tinme, a working machine is driven by the turbine, the» *he posi-
tion of the load line is a funetion of the turnins moment/revolution of the
turboset, In fig, 2 the offective moment of revoluiion is rciven as a function of
the various gas temperatures in front of the turbine., In operating a working -
machine, the performance of which changes with tho thirl power of the number of
revolutions, the load-line moves toward 'b® and towari "o vhen s synchronous

alternator (constant rpm) is operated, If the turbine iz soparated into two

PIO=T7=65-136/1+2 2
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mechanically independent parts, in which the one operates the compressor and the
second which is the so=called power turbine drives the working machine, then
there is no reaction in the charactoristics of the working machine that now op-
erates as a gas producing turboset in combination with the combustion chamber

100 —
-

(£ig. 3).

¢ ) Turbinen-Kennilinien
{Temperatur)

-{/ Bruck - Verhattois

/} Durchaals - Verixilinis

Mg, 1t Common Compressor~Turbine Fir, 2: The Pattern of tiae Effective
Family of Curves of a Singlo-Cycle ioment of Revolution ol a Single=Cycle
Gas=Turbine Installation. Load-line Gas=~Turbino Installation, See fig, 1

a with a Turboset Operating Alone, . for explanation of a, b and c.

b vhen Operating a ‘lorking lachine 1) Relat, RPM; 2) Relat, .lment of lo-
with Output e (rpm)3, and ¢ when the volution,

Generator is Operated (constant rpm),
1) Throughput Ratio; 2) Brossure
Ratios 3) Pump Limit; 4) Turbine Char-
acteristic Lines (Teuperature); 5)RFH
Ratioy 6) Compressor Characteristio
Lin.' (m)t .

The determination or‘oatabliahmont of the load=lines for the entire installation
as well as for tho individual parts results in extensive thermodynamic calcula-
tions especially in oonnection with complicated closei=~ocycle conneoctions, In

order to determine the static behavior of the installation, as well as the adapti~

ability of a specific application, the dapendence of the decisive dimensions of
the system is determined 4in the entire output range. In order to select a suit-

PTD-TT-65-136/142 3
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able type of installation, tho rpm dcpondence of tuv effective moment of rovolution
is of fundamental importance in the output pattern in the operation of ship
screws as well as-in vehicles. The relationships betweon the adjustment, control
and interferencs:marmitudes can be determined from the charactesristics of the
installation, These, tosether with the control dynamic characteristics of ths ine-
stallation, form the principles for the selection of the control equipment and
thelr characteristics,

The dynamic behavinr of the gas-turbine installations ag controls is char-
acterized in the following manner, Zach turbine instzllation nos o certain a-
wount of enerzy which is limited by various sources (poicutial acnt cnersy in
the air and gas spaces, kinetic energy in the rotatins mccses, <hermal cnergy
of all the mechanical installations, kinetic ener;y of the radictin~ enersy car-
riers), The enery conton't is charactorized in a spocific installiation by ihe en-
tropy that appears which changes with output. Sudden chanzes in 42 enersy that
is supplied can, thorefore, not load to sudden chian~es in the c¢nerr output, In-
stallations such as this are an advantace in thast thac chcn-a in tha flovw of en=
3r~y is accompanied by only olight chanmes in 4 =wop
of which is small, In tac othor cases the effeci ol tle soursc naust he roduced
10 a tolerable desroc uy moans of specinl measure (e.z., auriliary adjusiment
nacnitudes). The following possibilities exist for +his:

a) Changing the transmission characteristios from the comprecsor to th
turbino (blade adjusiment),

b) changing additional resistances in flow of 4kha enory;y carrier “air" or
vzas" (throttling),

o) diverting the energy carrier "air" or "sas" to the turbino or corbustion
chamber, and

d) additional inlet or outlet of the eneryy carrier "air" =r ";as" or mo-




chanical energy (braking or mechanical drive),

A change in the amount of fuel, first of all{ chan;cs the gas temperature.
Since certain limits must be observed (temporature, pump, -l flamo-out limits),
it is pointed oui that the change in the energy inlet can talic place at an arvi-
trary rate only within certain limits and beyrond these critical values thay must
romain at specific rclations to tihc compressed air that is suppli:d by the com-
presaor, A change in the supply of compressed air due to a chanzc in rpm of the
compressor—&evice can, however, not result suddeni: due to ithe ncuc moment of
inertia, The control-dynamic boknvior of the ~c-=*uriine instaliation is essont-

:ally determined by this faci,

S
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Fig. 3+ The Pattern of tho Affective loment of Revolution of a Two-Cycle Cas-
Tuxbine Installation with o Free Effective~Output Turbine, See f£ig. 1 for an
explanation of linoa b and o,

1) Belat, RPY; 2) Relat. Noment of Revolutioni 3) Relat. RPL of the compressor
oet,

1.2 The S!nple-Cyole Installatjon

Single~cycle gas-turbine installations are ussd to drive slectrical genora-
" tors, to power locomotives and as air compressors in metallurgical plants (alsc

as ocombir-d gensrator drive),
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1.2.1 Generator Inutallations and Comvressed -iir Sunplv installations

In generator installations the fuel supply must be adjusted by a tachomctex
ins*allation. In installations with air proheatin~ it iz cften necossary to in—
stall pressuro reliel valves behind or after tie combustion chamber, in order to
provent the rpm's from increasing (vhen the load is suddenly ramoved) which is
usually controlled by ilie change in cpeed in the number oI ravolutlons rel, a
tenperature control installation is ofton insivalled in large wiiis in front of
_r behind the turbinz. In parallel operction with ixe circuit itlic can also be
used as the main control squipment (the tachomaeiar is 2 limit-rer.lating 3 c.ne)
ani. certainly thon th: cutput., Control and resulaiiny davices wer. also installed
for limiting the temperature inercasing speed vhies, <o T in wit. pornit, a
certain jump in temperaturs aand then the temperalurc increase anc &.s0 tac ner-

missible increase in vouformance is limited per wnit time 20 anl 3.

M

mMe smaller cnd meciun instzllatione are almest witlioud sar-ing aquipned with
fuel-air ratio limitins—control equipment which, durin; the starilnT procuss,
nrevent temperaturos that are too high and pumpinz thoe comprescor aud in this
v.r 1imit the stirtinc~ tinme within the portinaitT . sdatmal value, hose dovices
1wy soldonm usad durin~ normal startins insteoad of <he tomperature~limitin: do-
vicas,

in metallur:ical planti the ras-turbine inctallatlon is used %o BULRNIY COomm
prossed air to the blust furnaces and often it ic exrniored siruitancousi; to
sover tho electrical -cquirements, In the latter case, tio To nuiation of the gaa-
turbine installation does not differ from that of tho puro -enerziore insctallia-
+iono, The requiremsnts for the operation of the dlast furnnce are fulfilioed by
a s:parate control of the compressed air cycle (fig. 4} 72, “hen the gas-tur-

bino installation is used only to supply compressed air it is then possiblo %o

acjust the oontrol exulusively to this omode of operctlion :33. e amownt of air

"
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that is suppliied by the air ocompressor is controlled by the number of revolutions

(£ig. ¢+ (4] and [5). ,
An air-supply control adjusts ths vasto gas, Tho waste gas that is no longer

required is again returned to the compressor inlet by mcans of an expansion tur-

bine, Whereas in the installation that is undor consideration (fig. 5) the air-

supply oontrol has a direct effost on the waste-gas supply, the thooretical

valuo of the tachometer can also be adjusted, In the former cas:, the rpm aajusts

in correspondence to the output balance {a tachomoter is not reguired in normal

operation). The ranze of operation of the installation must, howevar, be limited

in relationship to the rpm, the cas temperature in front of thc iurbine and the

pump limitation, In the first case, the pump limii-conirol oquirrant is used,

as woll as the temperature limiting control equipment., The theorctiical value

for the pump limiting control-equipment is adjudted as a function of feed pres=-

sure, The temperaturc limiting coniréle-equipment is also éeared +¢ the control

of the air-relief valve, while the rpm control equipment dominate. the entire

installation, the returned waste gas must be influenced by the air control in-

stallation,

1.2,2 locomotive Installations

Single~cycle zas turbines with DC generators are used to power loocomotives,
The wheels are moved by series-wound motors, The regulation problems that appear
are uiffe: - .t than those that are encountered in stationary generator installa~
tiona,

The generator load is determined by the motor current. This is a function
of the power tequirement of the locomotive on the circumfercnce of the wheel or
on the terminal voltage (oxn‘tation). In addition, the number of revolutinns

of thLe motor (rﬁnning apeed) is approximately proportional to the terminal volt-

age, ™e gonerator'output (trbo gas-furbine output) is, on the other hand, a




Sunciion of the rpm of the gas-turbine installation and en the fuol supply., An

economio run is subjeot to a certain correlation of thc amount of fuel and num-

ber of revolutions as a function of.porformance
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control equipment.,

Lation of a Sinslo=-Cycie Ga I"..ro:.l:_e_

Generating Current and Suppiyins Compressed air Accorczm to L5_. a
cou'rol instrument, b tho ter*;a**ature re"v.xlat:u'xfP device, ¢ tachomet
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Fig. 5t Diagram of the Refu.la.tion of a Sin(rle-Cycle Gag=-Turbine Installation for
Js & limiting control equip., b temp, limit. regulator,

Supplying Compressed Air

o air-supply regulator, ¢ air=supply regulat. equip., e control,
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laintaining this relationship, independent of extornal interference magni-

tudes to the locsomotive, oan be attained by a reguiation systom according to
fig, 6. The manual adjustment of the powor by moans of thc contrel instrument,
determinss the amount of fuel and the theoretical number of revolutions, 4 rpm
control installation changos the load by adjustin: tho _enerczior exocitation in
such a manner that the gas=turbine rpm is main. ined constant, This eliminates
the load ohanges which appear by changing tho rimning roquirements of the 1000-;

motive. The running speed, therefore, is dependent or +hs oxterszl interferences,

xcitation |, .
Erregury

i o 14

™Mo, B Diameoan s w2 uilation of a locomotive Gas-Turbine Listaliation.
a; fuel system; ) Tuel control, o) controi device, d) tachomoter installation,
voltage remulator, f) ‘vheel set for the looomotive,

If the exoitation (running apeed) and the theoretical rpm of the gas=turbine

is fixed by means of the control instrument, then the external interference mag- .

nitudes lead to a decreasse in the ‘ooonomioa.l operation of the looomot;w. Ir
the permissible output is attained dy the rpm that is set (tenperature limita~-
tion), then the tachomotor acts as & load regulating device with regard to the
exoitation [25].

Unsatisfactory dynamic characteristics result due to tho rpm dependent
pexrformance setting in installations such as these, This doficiency is encount-
ered in a regulation (£ig. 6) in which the tachometer is adjusted to a theoretio-

: L
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al value, oven temporarily, and that it affects the fuel system in such a way
that a fast change in the number of rovolutions is pocsible, Also in starting, t
when the field fegulation device 48 off, the nurber of revolutions are controlled
by the fuel system. It is possible to adjust the revolutions to the new value de-
sired prior to the chanse in load, by means of a switch so that a change in per; ‘ .

formance can be attained throush a fast changce in tenperature,

1,3 Two-Cycle Installation with tho Free Power Turbine

In separatins a turbine in order to produce the pover, othor possibilities

prosent themselves in applying tho installation to various operatis~ conditions.
The resulation of the roam becomes aignificantly move diflicult Lociuse the powey
device, menerally, only has a slight amount of ircriia and 4ha storase effect of
the compressor sst, as well as the gas spéde (espocially vhen on iy prehocater

is emploxgd) also materially worsens the $ransition behavior. This circuit is,
therefore, only used when the senerator installation must be kapt within a favor-
able efficiency in the partial-load rerion, or vhen the installiation is uccd for
the direct operaticn of the propeller,

1.3.1 Genorator Installations and Install:s' - s fox the Suprl~ of Compressed

T e et

-—

air
T —

In the gencrator installation the power turbine is oquipped with a tacho=
meter device which adjust the fuel supply. If the nwabor of rovolutions of the
compressor turboset romains unresulated, then stability occurs indepondent of‘
performance, Rpﬁ limiting equipment are, not as a rule, nrovided for this cycle,
An improvement in the regulation conditions can bo obtained zo that the compress;
or set is also equipped with a tachometer which adjusts the >ated value of the
revolution regulating equipment of the power turbine [5] te [7] (fiz. 7).

A fagt change in &utput as, for oxamﬁle, is nocossary in connection with a

great discharge in oxdlixr to maintain certain oritical valuas of the power—turbine

10
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Fig. Tt Plagram of tho Jde-ulativn of a

Mwo=Cycle Gas=Turbine Incitcllation with
Free Power Turbine dccording to [5]

and (7], a)fuel sysiem, b) tachomeoter,

o) temperature limitin: resulator,

Tpm, is diffdcult to realize. In addition to the adjustment of the amount of fuel

(R, P SO =2 . S

PP )

Fufpact

Pig. o 2iamoan ol the lzpulation of
a Two=Cyclc Gaze Turbins Installatica
witkh free Pover Uurbin: leccordins to
f11], &) fuel srivon, ) temporature

1liniting »esulator (ni-‘i=pressure),

¢) as b) (low=pressusc), d) tachomoter
g, e )swisching equipment,
£) control. device, g) as ¢) (low-pros=-

(hizh~pressure

sure), h) pressurs rerulator.

injected, valves are also often opened in front of the turbines or in front of

the combustion chamber by the tachometer when the revolutions inorease too much

(8] and [$]. Another possibility, but very seldom)~ used method, is in inoreas-

ing the inertia cf the power devioe by means of a flywheel [10].

Another posoibility of intervention is preosented by the arrangement cf ad-

justadble guide vanes in front of the pomer=turdine, When the entrance vanes are

opsned the ppm ¢f the compressor set inoreases and the powor stage of the power—

turbine deoreases.
The installation that is illustrated in f£ig. 8 [5] and [11] in addition %o
being used for the generation of elestricity, can be uced simultaneously to

e




supply compressed air to tho blast furnaccs in o noiullurgieal plant, The tacho-
meter (low presaure) that is nrovidod to controi ths ovolutions of tho power
turbine, produces tho controlling macnitude as the ouinut aarnitude for the
tachometer inastaliation for the hirh-pressure set, This conirola the fuel supply
and, at the same time, cin also effect the ontry fans of the low=pressure tur-
bine, The adjustment of the entrance vanes is, in adidition, iirsctly associated
to the tachometer installation (low preasure) as a pocition me.onitude, In order
to contrel the number of revolutions of the loweproccurs turiine by removing

the load, by=-pass valves are opened by the two tachomcter installiations in the
low-pressure turbine, In addition, limitation devices ars actuzisd when required
by the gas temperaturss in front of the high=pressure turbine and; in the fuel

control accoxrding to tie low-pressure turbine,

1.3.2 larine Povor Plants

Installations witlii a free power turbine werc alwuys used in chips for the
direct operation of tae jropellers because of the requirements for the nethod
of operation, Because of the strong automatic rasuletion effect of the screws,
#3 well as the absonce ol essentially haphazard i.uerferences, the iachonater
installation can bo eliminated and only limiting installations need be dealt
with that suitably limit the revolutions and the temperature. The power is ad-
justed manually according to the navigation requirements [12],

_ Special problems are oreated in conneotion with reversing. Adjustable pitch
propellers or a reversing gear is employed with flow-couplinsg, or torque con-
vertor. The correot filling or disoharging is provided by the control equipnment
[13] and [24].

The control of an installation with variable pitoh propeller is illustrated
in tig, 9. [15] and [16]. The power is adjusted by means of a tachometer install-

ation for the compressor set and a control device to vary the pitch of ths uide

Y
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Pic. 9t Schematic Diagram for the Regulation of a Ship's Gas Turbisce Inssallation
According to [16]. a) is the tachometer installation, o) the cuide vane control,
d) rpm limiting installation, e) ship's screw control, f) temperature control
installation, h) control device, ) fuel system,
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Special requirements appear due to maneuvering conditions, Here too relief valves
: are used in front of the power turbine in the event unsatisfactory conditions
oo are met, :

vanes of the power turbine, By means of the oentral control cquipnent the critic-

al value of the nurber of revolutions of the compressor is dotermined,.

This oritical value romains oonstant in the lower performance range and an

; inorease in performance is introduced by the centrsl conirol device by closing

the guide vanes,
In so Going the speed regulating device inoreases the smount of fuel in ore

Rt n e e s, ane

der to maintain the oritical valus, In this method of moving it is possidble to
disregard the best possidble effioiency without losing time to accelerate the com=-
pressor set to attain about the half of its maxizum output. In the upper per-

formance range the erﬁiul rpa valus is inoreased, The speed regulating devioce, | B
however, now adjusts the guide vanes, whereas the inoreat2 in t.e amount of

13

: N f‘i * .
LTS . ] ": * ' 3.‘; B
oo : . o ¥ . PI N : L
\ » L . é:ﬁ o) ‘? e .- : X




Lo
—l K lﬁ

;‘! _ , .
'3:'74 I Premule - .
on Druck Luffmage é"/
— o @y

"SU y .
,M..':.‘fz'::a
Pig. 10: Schematic Jic—wn 2 .,inule-cvcle Gas~Turtine Znssallation fo the

Supply of Comprossed Air a.ccorc.inﬂ' to a) fuel syston, %) toupsraturs cone
trol installation, ¢) control aevice 3 reverse equlp Aen., e, £, ;) control
device, d) control of revolutions, i E)We, k, 1) air supply rosulation
equipment,

fuel which is now requirocd, is brouzht about by +'.: teuporature resulatias ine
stallation, _

The installation operates at maximum effioiency with this spoed-tenporature
regulating cox>ination, but the dynamic behavior is worse than when in the lower
performance ranye.

The oontrol of the adjustable sorew is so interlocized with the output ade
justoent that in normal operation an excess in speed doos not ooour. A speed-
limiting regulating installation protects the pownr turbine by reducing the sup-
ply of fusl to prevent a speed that is too high and in the svent the revolutions

continue to inoreasse an air-release valve is openeld »ricx to pre-heating the air,
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1,4 Two=Cycle Installations Parallel Cannoction;Circuits

The especially unsatisfactory resulation dmamic characteristics of the
gas=-turbine installations with freo power turbines are oliminated in the connec=
tion-oirouits in the operation of electrical rmenoritors, In this case, the pow
Qr turbine powers a compressor simultaneously with the renerator, In so doing
the inertia of this devico is increased together with the autonatic resulating
effeot, |

The regulation of an installation in parallol connection with a power ture
bine take-off on the low~pressure shaft is illustratel in fiz. 10 [26]. The air
throuchput is essentially determined by the revolutions of tha lov=-pressure
shaft. Since the revolutions rust be kept constant, the chuni e in porfdrmance
is attained, above all, by chanring the temperature of the -as,

The ‘main resulation variable is the rpm of the low~pressurc ahcfi, The speed

" regulation device consists of two-position settinss by which the Tuel supply to

beth combusiion chambers is adjusted accordins to o proscridbed correlation.

The high=-pressure turboset is adjusted on the dbousis of the inkerent stabile
ity in the entirc load ranze to a revolution ihat is a function of the pariorm=
ance and it is not regulated, Cnly when the speed increases unduly is the apead;
regulating device engazed, reduoinc the fuel supply <o the hi-h-presscure con-
bustion chambder,

“hen the gas tomporature in front of the hish-prossure turbine attaing the
hish;tomporaturo pornissible in the upper performance ranze, the high;prcznuro
tenperature~limiting regulator over rides the low-Irossure speed regulating de-
vioe and takes over the adjustment of the fuel supply to the high-prossure ocoxe-
bustion chamder. In parallsl operation with the circuit it is also possidle to
sdjust the zas temperature in front of the low=pressuro turbine by the low-pres-
sure tempsrature linit;r.culater by adjusting the fuol supply for the low-pres-
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cure combustion chamber and itican be liept at i.c rarimum valuo, Tho low pres-—
sura spoed resulating device thon operates 2z = limit rosulating dovice and tho

inotallation continues to oporatc at its maximun outsut,

2, Re~ulation of tha Mraa=Piz*+on Gas—Turbhine Tnot-3il: 4 e

The freo-piston ~as turbine installation corrospondc in its basic dosism
to the open gas-turbine installations with the froo power turhines, The free-
piston gas conerator (i, 11) tokes the place of tho comprosso», combustion

chamber and 4$urdine,

2.1 Ra~ulatir~ the Sas Generatod

In addition to the rosulatins problems that occiwr initially in the opora;
tion of the entire installation of free-piston gas turbines, tc Lesin with,
fundamental probleonms o controllins the gas gencrator r.lona ar: +o =2 solvad,
In order to stabilize th10 movoment of the piston of thc ~us zanerator it is
necessary that the procassec in the Dissel ensins are aijusteld to ecol oitlier in
the air compressor and in tho buffer spoees, Tho asscwantions that ara roquired
are given, to bdesin with, Y the cohntrucﬁionLL Lonncisaz, The doteraining
dimonsions of tlo piston stroke and frequensy for <he armount of fuel that is

supplied 48 in a specific rolationship to the othor cinonsiocns of the sas ren-

- erator (engine compression, zas prossure or scavensinw—air rrossure, ac well as

the mean air pressure in the buffer space) (fiz. 12) 17} and [27]. One can see

from this desoription thut in order to produce a spocific znount of sas there

mst be n:cuit;hlc combination of stroke and frequency “:ith 2 stipulated sas

pressure 5ot only a possibly stadble working point but tilare rust also be an
entire working scope. In order to obtain an exaotly dafined operating law for
the gas cenerator, the piston stroke cond the frequency must be detercined for
sach valus of the gas pressurs. In general, the detorsirciion is obtained in

16




?

such a manner that the engine compression attains the maxirmum value when tho gas
supply is at fuil-open throttle and in 4dlins, the smallest poasiblo value is -
asoumed, As may de seén from fig, 12, maintaininz a specific en~ine compreccion
is a function of the gas pressure and piston stroke, and maintzining a specific
tenporary average;preame in the bulfer space, This prassurc is dependent on
the amount of air captured in the buffer space, Sinoe, however, this is indepen~
dent of the processos in the propellant;gas'cenerator, the necessity of intro;

ducing a regulator can be seon in order to realizo tko operatins lav that was

" established.
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Piz. 11: Diagrom of the Internal Regulation of a Froe~Piston Jus Zunoraior,.

a) pressurs resulator, b, d) control device, o) fusl sratenm,

1) Pressure; 2’ propeilant gas to the turbine; 3) pressure in a piston position
4 2!:0& the lowsr oritical value); 5) (eritical walue acjustment max + min)jg

6) (fixed oritical value),

In order to acoomplish tais a pressure regulator is used (stadilisexr)
which regulates the buffer-space pressure in ocnmection with a specifio piston
position or the temporary average pressure in the buffor space as a function of

t
the dstemmining value of the mropellant zas or sosvensin: poeasure, The rela-

tionship bDetwesn these two pressures is selected linsarly. 3y using a pressure
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reculator the desiresd inorease in the ongine couapression is attained as a fune~
tion of the gas pressure and the piston stroke [18]. The amount of adjustment of
the precsure regulator must supply the required amount of air to or from the
buffer space. Since the scavenging pressure during the course of a pinton stroke
is partially above or below the buffer pressure it is most easily accomplished
with the aid of a final control element., This pressure reculatior is illustrated
in the diagram for the entire irternal regulation of a gns generzior (fig.lll).
Certain critical values are obtained for the piston siroke by mezrns of the struc-
tural dimensions, ‘'ith the smallest stroke the distance of the top cecad-center
must still be great smough so that the inlet poxrt of the Diesel engine is kept
sufficiently oclear in order that even with the greatest stroke, this value must
8till be sufficiently small to prevent the cylinder head from beirns struck, The
position of the bottom dead center and, consequently, the stroke larnzth itself,
88 well as all the other internal dimensions are determined by the mode of oper-
ation of the pressure reculating equipment ir which every value of the to» dead
center is a function of the fuel pressure, The amount of fuel is also clourly
correlated with the gas prussure and the position ¢. *hc top dead certer. In
order that the boundary of the top dead center is not exceeded it is racessary
to extend the internal ro~ulation i order tc control tho maximum perr issible
valus for the fuel supply, s a function of the gas pressure (fig. 11). &iiter
the amount of fuel changes a traasition results in the ;as fonerator i tha new
final stats aocording to the following oycle: increasing the azount of fuel ~
inoreasing the piston stroke - inocrease in the amount ol ai> and propellant gas
= rise in gas pressure - incrsasing the amount of air in the buffer space dy
peans of the pressure regulator = inoreasing the frequency - additional inorease
in the smount of air - increasing stadbilisation until a new value is attained

for the pisten stroke, frequancy and gas pressure, Sinoe several reservoirs must
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Fig. 12: Pressure Diagram for a Free-Piston Cas Generator.

Maximum engzine compression, minimum stroke

Maximum engine compression, maximum siroke

linimum engine compression, minimum stroke

Ninimum engine comprossion, maximum stroke

Gas Pressure; 2) Frequency [Piston Stroke/ﬂinutea; 3) Buffer Space Pressure;
Distance of the top dead center from the middle [Piston Stroke in mm];
Engine Compression.
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be charged or discharmed in this operating cycle, the transition behavior of the
gas gensrator is characterized by a coriesponding tima delay, The change in the
.f : amount of fuel can, therefore, be adjusted suddenly only tc the value that was
established by the oritical value control. The continued process then takes place
X ; corresponding to the change in gas pressure in units of time, : .
: These boundary conditions, therefore, have the same effect as does the tem;
; % perature pr pump limitation in the standard gas-turbine installations,
. In addition to the limitation in the amount of fuel that ié.dependent on
this operation condition, care must, !>wever, still be taken that the maximal

N and minimal, especially the permissible amounts of fuel cannot be exceeded or

fall short. - , f
Vhen the piston stpoke is minimal and the fuel amount is minimal the result-
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ing amount of gas is still greater than is nccessary to operate the gas turbine
under no-load c¢onditions., An additional reduction in the stroke of the piston or
the frequoncy is either subject to a reduction in the distance of the top dead
center or an increasge iy the distance of the botion dead center of the pistcn
movement. Both, however, are not permissible and is preventeld by the above de-
scribed control in critical valus, In order, however, to also oz able to operate
the entire installaticn in the range between the loweat botiom czad center of the
gas generator {about 20 ... 30°}) and the no-load condition of the turbine, it is
necassary to lot the initial magnitude for the gus generator in %he lower pere
formance range to act on an auxiliary intermal control installation Qnd not on
the fuel supply. The following possibilities can be usei for tais (fig. 11) [18]:

a) Contxrol of a zas-release valve, ,

b) Control of a return valve in a comnectin> line betwoen the scavenging—-air
housing and the air inlet on tho compressor, and

e) Contxrol of a ?hrottle valv; on the comprassor inlet.

Dasign a) is accompanied by a very porr no-load fuel consumption, wiarees
in desism b) an essential reduction {s.attaingi. C.is is especially true in in-

stallations for vehicles. Désign ¢) is not alway: zasy %o realize technically,

because batween the two compressors a complete balance rmust be zchieved,
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Pig. 13t Diagram for the Regulation of Fig. 14s Dia;ram for the Regulation of a
a Free=Piston Gas-Turbine Installation ree~Piston Gas-Turbine Installation to
to Generate Current, a fuel system, b Power a Ship wit: a Fixed-Pitch Fropoller
control device, o speed regulator. (symbols as in £i~, 13).
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2,2 Installations to Powor Ships, Gonerators and Locomotives
Free-~plston gas-turbines ars employed in the operation of current generators,

to power ships and to power locomotives, In installations for the operation of
generators, a speed-regulating device adjuats the power susput by changing the

Zuel supply or by releasing the gas supply (fig. 13). The &ymenmiec behavior of

the entire installation is unfavorably influenced by the inertia of the gas gen-
erator and the stor-.;e cffect of the gas space in front of the turbine, In order

%o guérantc; ihe shui-o.7 safety in comnection with the separation of a eircuit,

additional maasures <:¢, therofors, often necessary. The moment ¢ inertia of

the turbo-generato: installation is either increased by a flywheel or the tacho-
meter obtains a I-.. sul-z, The conditions in the case of load increzss are, nat-
ur#lly, especially uns;txsfa:tory because an equivalent to the exhaust valve is

miesing, The descriptions that v-re given in chapter 1,3.2 also hold true for

the regulation of the Ir:e-pii- ras=turbine installations that are used to
power shipa. The problem of : .r:.. is solved here of course, because of the re-

latively low gas tenmperature ~ci.antly with the use of a reverse turbine, The
regulation that is used in irstallations s. as this are shown in figure 14
{19] and [20]. The turbine output and the x_tation direction of the screw is
controlled from a central control panel, A dual valve distributes the gas flow
to the forward and reverse turbines, In a certain position the resulting turbine

output 1s gero, Adjustment is one or the other position brings about either fore #

ward or reverse motion., As +he valves moves toward one or the othar snd positions

the performance is increased by the additional supply of fuel. In some cases a
speed-regulating device is also provided whioch reduces tle fuel supply in the

event the number of revolutions is too high.

In the application of an adjustable~pitoh propeller, two different desigms
in regulation are known, In the one case the central control equipment adjusts
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the propeller first from the no-load position to either tho forward or reverse |
position #nd, in this connaction, the turbine output is increased by closing

the air;return valve of the gas generator and by increacing the fuel supply [21],
[22] aﬁd [23]. In the second case a speed-regulator holds the critical value ac-~
cording to the reguirements that have been set to drive the ship, the revolutions~-
of the turbine are kept uwonst-nt by the effect of the control of tke gas géneran
tor. The adjustment of the speed of the ship and its direction_is accomplished
with the adjustable-pitch propeller. The application of this instzllation in
locomotives with direct machanical transmission of power differcnce in the re-
gulation ratios from those described in chapter 1.2.2 for the gas-turbine powered
locomotives. It corresponds somewhat to that of the ship powered wiih & variable=-

piteh propeiler,

Literature

1, Kirillow, J, J.: Regulation of Steam and Gas Turbines (Russ.) Moscow
1961, German Translation: Berlin: Technik Publishing Jouss.,

2, Brown, R, J, and Smith, A, W,s 500 kW Duel Fuel Gas-Turdine for Industrial
Power, ..SiZ-Paper No, 56-7=20,

3. "mite, A, C.: lesirn Features of New, lLar . las-Turbines for Power Gen-
eration AJEE-Paper o, 57=068.

4. Vogts, J.s 'aste~Gas Turbines AEG—Gas-Turbina Installation to Oparate
Blast Furnace Blowars, :%2, 20 (1959) Issue 6, p. 210-213,

5. Pfenninger, H.t The Brown Boveri Gas=Turbine with an Inlet Temperature
of 750°C, Brown Boveri Report 47 (1960) No. %, p. 35-64.

6. Anonym: Extension of American Power Range. 0il Ingine and Gas Turbine,

27 (1959/60) no. 318, p. 384 to 386.

Te veesset A Lightweight 8000 HP Gas Turbine for larine Propulsion. ASLE-
Paper No. 59-GTP-18.

8. Anonym: A British Company's Gas Turbine Progress, The 0il Engine and
Gas Turbine (1958) No. 303, p. 284-285, No. 302, p. 233~236.

nyms 4 Canadian Plant of Medium Powar. 0il Engine and Gas Turdine.
28 (1960/61) ¥o. 320, p. 7/1-12

-~

PID-D1-65-136/142 22

Laca

PRUEWIT N

R 25




58- OTP-12,

§

10, Pope, A. W.: Desism and Development of Four Lightweight High-Spoed Maxine
Gas~-Turbines for Electrioc Generator Drive. Proceedings of the Inst. of llechanical
Bngineers, 172 (1958) No. , p. 301-319.

11, Mueller=Trimbusch, K,: The First Waste-Gas Turbine Power-Plant in a
German lMetallurgical Plant. Steel and Iron, 79 (1959) Issue 8, p. 457-463.

12, Anonyms: A New British Naval Gas-Turbine, 0il Zngine znd Gas Turbine,
7 (1959/60) Yo, 312, p, 141-146.

13, Lamb, J, and Birte, L.: The Auris Gas-Turbine Project. ASME-Paper, No.

14, Anonym: Gas Turbines Power New Multy-Duty Naval Fast Patrol Boats. 0il
Engine and Gas Turbines, 27 (1959/60) No. 313, p. 186-188,

15, Melullen, J. J.: The Trials and Maiden Voyaze of the Gas-Turbine Ship
John'Sergante. Trans., Inst. Larine Zng. (1958) Issue 2, ». 45-70,

- 16, Van Nest, F, H,: The Control of a Marine Gas-Turbine, 43 IT-~Paper, No.
58-GTP-10, {

17, Huber, R,: Turbo Units of 1000 HP Powered by One or Several Free-Piston
Generators., Presented at the International Congress for Combusiior llachines,
1959 in ‘liesbaden,

18, Moiroux, A, F,: The Free-Piston 3Engine Possibilities, S Z~Paper lo.
58~ OGP=-7.

19, Molllen, J, J.t A Free~Piston Propulsion Plant for a Litcrty Ship.
ASLE-Paper 55-0GP-14,

20. Anonym: Twin Gasifier Installation for Carzo Vessel Conversion, The 0il
Engine and Gas Turbine, 27 (1959, 60) No, 309, p. 27-30. :

21, Anonyms British Free-Piston Engine Development. T2e ilotor Ship (1960)
Maroh/April/May, p. 16-18, .

22, Anonym: The Free-Piston Enrined Cargo Vessel, “Rembrandt". The 0il En=
gine and Gas Turbine, 28 (1960/61) No. 322, p. 147-150.

23. Anonym: Dutch Free-Piston Engined Vessels in Service. The 041 Engine
and Gas Turbine, 28 (1960/61) Wo. 326, p. 310-313.

24. Krusohik, J.: The Cas-Turbine, Viennas Springer Publishing House 1960.

25, Warrick, T. J.t Control System for a 4500 HP Cas-Turbine Electrio Loco-
motive, Trans. AIEE, 69 (1950) p. 508-513. . p

26, PL r, H.s The Livorno and Fiumioino Gas Turbine Power ncnti in
Italy, Y72 (1957) Fo. 6, p. 189=193. . |

27. Bichelberg, G.s Pree-Piston Generators. 8BZ, 66 (1948) ¥o, 48, p. 661~
667. Bo. 49) Pe 67”19-

nn.mks-ns/m 23




Address of the Author: H. Ludwig (Engineer), Dresden 4 28, Hainicher Str. 16.

"

PSS SN e

PI-17-65-136/142 24




