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NCMENCLATUERR
reat at ccnstant pressure T = temperature
Ep = heat combustion Greek Eymbolrs
£

J = moment of inertisa
t the coupled turbine shafli re-
¥

the compresscr the compres
My, = torgue at the ‘ree turtine shaft
Mpo.g = Porcue at the power shaTt reguired by B = courled turtinc
the lcad £ = gonvergsnce ol
By oyy = Porque 2t the power sha®t gensrated oy V= free burbine sp
the free Zurbtine i_ = ccmbustlon elfZ
Ve = Soriue a2t the coupied bturbine shaft gan- W; = mechanleal il
erated Lty the coupied turbine n = efficlency
N; = real gas generzior srpecd
Ni, = rezl Iree furtine spsec Surser
NLout = real TO spesd atmosphenic zcocndlzlons
n, = correg or speed f‘G = » = 2t the compressor inlel
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e GarPaeTools) <5 ¢ & rien (600 o !
mixture mixture 13)

In arny cther case the flame Is unusatle.
The reilations {12) ané (13) are developed
accerding te Hawthorne and Clison 7).

Coupled Turbine

T™he coupled turblne s deseribed by sjua-
tiens {1&} to (18}
map {Fig. 4y,
the two flovw regimes:

repressnting 1ts performance
sgain the eguations are given for

Low Subsonic Flows High Subsoniz, Sonie,

S.mersortc Flewa or
Py
—iA = -""'—<[P:, 2 By Q3TG) Q3TG = Q3TG(8’_P t\
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Free Turbine
The free turtine ‘s
foliowing sguations descr!

tion is ma:d

mepr. A distine
try turbines and variable
atjustable nogzle bliades.

Plxed Gecmetry Turkinz. The model here 1s
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similar tc the model deserining the coupled tur-
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|3 P

5 5t - - ;. 5t
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P&t P4t 4TL &TL 4TL Pdt ’

T T T 1

5t - bt '5 43 )
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it 41 - 4t £t it
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ions {19t) and {20v), respectively. Here agaln,
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{20v), depends on the flcw regime.
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‘gble 1 Summary of Averzge Number of Iterations
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N pe Mot Micad rhzy

TR RO N

FROGEDURE OF THE NUMERICAL SOLUTICON
The numerical proceCure is based on the
idess first applied in a previcus paper {6},
where rapid convergence of the igerative calcula-
ion was ensured by utilizing The nature of the
flow reglons in the engine compenents, As shown
in Mgs. & and 5, ezch curve of the dlagrams can

be divided intc three regioens:
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In this reglicn, the slcuc
Migs, ¥ and 5 1s stesr. Thus,
! variatle To:

of the independent
a5

is QETG or Qumy,
viclation of the
the eniire eng

that ezuaticons HJays satisfied

withcut neacesst Consezuently,
equations (1 ‘20z), or
(21a},

As

a)
{22z}, =r
the Mzch
nigh {Ma€0.8}, variaticns
{ temperature, pressure, 1

caleulatlions.

numbers

not
itions

proint downstreazm of one of alfect
the performence of 21l uprstirsam componzntd rsla-
tive ftec the turbine in guesticn.

Region 2 {High Bubsonic Flous}
In regicn 2,

the curve is

erate slope cr flat,

[

h
It can 2iszo Te
I the flow rate parameter is n
variablie, Hence, if the indevendent
instability may ceecur in

the

Rsrg ©F Upp

tdve solution. This difficulity is overcome by
introducing the p”essuﬂe ratic, P */Pﬁt [in saus-
ions [14b)Y and (1jbi], ?:‘/PL‘T:in ssuations
5% o -

8
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weax functlon o
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rezm variatl

gurves cl TyLe have z meximun tefore decreas-
ing to their point of choked fleow. Turbines with
fMxed geomebtry, or variable gecnetry turbines
with clesed rezele blades, show y=ricormance
ecurves of type Za (£). In this case, when the
pressure ratic is decrezsed, the neozgzle 1ls the
first element a2 choked flow ceondition.
This exrlains the weak derpendence c¢f the flow
rate parameters on the prassure ratic, menticned
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Varizble geomeiry turtines wiih opened ncz-
zle plades may show rerformsnes curves wWith a
bump as shown in region 2b of Fig. 5 {6). In
this case, the Tirst component ¢ chcoks when thz
przssure ratio 1g decrsassc ls the reter. Here

the Tlow rate pzrameter ie not as wezak & “unciion
¢ the pressure ratic 2s in the case c¢f turbines

naving perfomance CUrv cf type 2a.

es
mhis digtinecticn helween performance curves
cf types 2z and 2t is ubtllized tc optimize the

convergence method, as is ned later,

Eeglon 3 {Sonic or Superscnic Filows}

In region 3, the flow 15 completely choked

performance ¢urves are, thersefore, nori-
The

gcritical

oW rate parameters zare ejuzl to

values, 1.z., &2 = 5 .
“Lep,r .
In this rsglon the
Tree

vressure ratcic cof the

be the
and Q.

T “4er,r .

t/:,t, TESDECu rely

=nd =hse urbines must
independent of Pﬁt/PBt an

ient parameter slnce g
a
AR the 7T

(Pigs. 4 and 3),. is either

sonic or supersconie, upstream conditions

are completely independent of variations in down-
flow

lecops are uncougpled as

stream condisions., Thus, the lterative

1s shown laber.
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since che retor is the flrst
re is re-
three zicns darined on the surtine
rerlormancs mans ist 2.s8C 2 Th&é COmMPressor
rerformance nag (? g. 3). The nature cf thsse
regions is identleal to itae zorresponding reglons
or. the tusbire performance naps |[exespt that the
erisical Slow rate values gzenerzlliy depend on th

spzed parzmster, n). This 1z utilized te improve
convergence in the seme marn:r =g 1in the case of

the turtines,
The algorithm which so.ves the mzthematlcal

desseribed schemablc

model is 11y in Figs. 6 and
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which the convergence
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D the initial
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csent method are

The advantages of the uvre
& and 7, and in

cieariy Tegs.
Teble 1 as

pointed cut in
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> In runs in
do not oceur:
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The number of iterations
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PEr engine com-
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chr spools when the turbines operate in is vilclatee =nd the co

the following combinations of regions ates In reglion 3, ther
{vhere the first number indicatss cocupled ,

turbine region and the second numder in- Occ < H-ﬁ%TG“%cnf Lanst

dicates the free turbine regicn): ‘1:1),
{3;1), {1;3), {3:3) (Figs. 7.1, 7.3, 7.7,
and 7.9, respectively).

(B) In cases when at least ons of the tur- viclazic

Q
3ce
s the

bines cperates in region 2, the number in <his 1

of iterations increases, as can bz seen Gy 2nd reducing G, untll the flow rate
in Teble 1, because the loops are coupled compatirility snd the lean mixture con-
(Figs. 7.2, 7.4, 7.3, 7.6, and 7.8). straint are slmultaneeasly satlsfied,
Rowever, the inerease in the nwwber of L1l thesge czleulatione not affect the
iterations is not very significant since computation of the downstream sngine com-
the ﬂounling is weak as was previously ronents &5 mentioned before,

deseribed. Moreover, in many ezsss reglon

2 coincides with region shewn in whe case
Pigs. & end 5 fer reglons of type Za).

This causes uncoupling cf the lccps in

ruine oper-

filow com-

z Freguently, it occurs that
é

co;pl turbine cperates ir region I onz of the
ngine comstraint is violated, Irn thts czsz, 1t

is neot necessary Yo complete the calculatiorn of
the relevans path, un%il flow compatlibility is

acnieved, and then fo satisfy
streint

case when the coupled furtine
1 and the frae turbine

(2) If tue stall comstreint *s vielzted and “cr,f
The soupled vurbine cperaztes in reglon 3 char Figs. 3,
then rom
iz rrecedure
Qgec > O # “Q LQ3CF; const, When & compenent cperaves In region &, 14/G.. o,
376 ’ -1|<£Az{applicatle e ovegion 2:), Shsn the toeate
Reduztion of G, in order e decreass mens is tdentlcal ‘
Q3,. toward {1+ ) S3om,p -02485 TC The transfer from
37a T Irom regicn 3 e
GA{Ggstall' The sclutlcen is then ot-zinsd region I is zove
by fixing G, = G and reducticn of in the computed
f Agtais values for these

(PCQEIT:P ) geomebry Ture
bines, ané \'"Jt/P‘ﬂ ep = Sl 1 for vari-
ie gecme ;2 et any
t 4 T =
po-nt r. '01E/'1n)
{e) k: ,/“ trznsierred

gine constraint simultancousiy., This
does not zffect the comrutation of ths

downcbweam engine componernts,

simulerion metn2d nas been used
Terformance ol & zgas turbine en-

(e}’ If the zean fust aix mixture

Ergine Ltd.,

11
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Israel (). The engine {M2TL type) has & ratec
power of TR0 Wy at 2 standard atmospheric condi- coupled turbine
—jons (15 €, 1,013 bar). Simulatlon was made on torgue g ;
an IBM 370/15% compuber at the Tschnlon, Israsl the compress
Institute of Technology. torous,

is mentiored the date used in the simulation compresscr

comprised of %est results of the gas generator the gas gcqcvatof is giver in
b ance

g
o

components and the caleulated performar chart Fig. 1 ¢ seen that the nezzie
of The free turbine calculated aceording to Re?- blades are ciosadé z%t constant lezd, the speed s
grence (é). reduced tc cause vhe vorgue rsduction of
results of the cslculaticns for steady op- pressor.  This reduction In the compressor
eration at constant free turbine speed of Np ... is rzguired In order Lo talance the coupled tur-
= 300C rpm and NL/NLout 5.3 are glven in Flgs. tine torous.
% 45 13. Results of the celculaztlons for un- Pig. 12 dsscribes the operstion lines on
steady points of operablon and For translient op- the compressor mat. A48 explzined, the compresso:
eration are given in Flgs. ik and 15, operabes &t raduced pressure ratics and elrflow
The results zre given for & varlabie géeome- rates wnen the nczeie blades are closed &% ceon-
vy free turbine. Heowsver,fp = O deg curves stant cusput power cof the free turpline.
sepressnt the predicted perroriancs of z fixed Flgs, 12 and 13 show & comparison with ex-

geomevry Iree turbine.

We shalli

main engine periorman
r

+

strainc line gives the

fogrmance, Cf course,
constraints {like com

Varlzticn
nanzis zifects th
25 can he szen In

P

affegss Che shelt's
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also 7or a case where the nozzie blades are method, namely the effect of Installing a variable
abruptly closed fron fr, = 0 dsg wo BL = <l deg, geometry nozzle 1n an englne praviously egulpped
For cleosed nogzzlie hliades {HL -4 deg th fusl control only and fixed nozgzle blades,

}, the free wi
‘turbine Tespense Ls the worst of all curves shown

in Pig. 15. This 1s due to the fact that the op- ACKNCWIESDEMENTS
eration line for @
is closest to the

this work was carried out while M.

stant § in Fig. 12}, thus restricuing the range engineer at Beth Snemesh Englnes
of possible varlations in fuel “low rets. The

pest response is obtained when tihe nozzie blades Tn thers s “C theny Beth Shemssh ¥n-
are suddenly clesed from (. = € deg to QL = -4 experimental dass

deg. This is due tc the 1
Pg, 1) of the free tu
the transient (at £ = ¢ szeo

veluable help,
vicr ¥ J. Sinai, Chief

orerz
th Shemesh Engines, as well
CONCLUSIONS 25 the helg cr i £ tha

Technlon in the

The present

_atior method whic
of & varizble geometr
tive calieunlation
rathemzticzl meodsls
lies in the convergen

the nzturse ¢f the
to reduce thns number cenaimutto, H. I, H.,
saving computation = ; i
rresent zligor:

for gl sezts

inizizl wvelus

C‘T“

In contras
methods, ths
ponent regul

fected by the
specls) to the convergence trocadure use
Tne engine

0ut inereaszing the
2lly when either o7
choked flow conditions
rresent metned as

iztion ifecnnizues

noniinearities and
dom in ~he perform
nznts are ‘nc-egss

0f a varishle gaome

Fig. 5, is a good exampl

effective especially
having performance map
énced by the normalized
gines where this is
deseribed in Reference
should be prelerrsd,

' The exampie given
. on mezsured performance

components execept of the
represented by & calcula

cording %o Refsrence {c).

=]
'1mpowtant appiication exemple &f ths pre
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