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. Tide of Thesis: A METHOD FOR THE OPTIMIZATION OF-DESIGN

PARAMETERS FOR AN UNCOOLED RA;DIAL"I'URBINE
T - :

o ABSTRACT ~ - S

-

A method to Optlmch t’ne des;.gn parameters of an uncooléd rad1al

turbine has been d veloped, Th1s method allows tbe study of overall
‘inter- rclat.mns of stress, aerodynam1\c and pcrformance pardmefcrs

during the initial de'mgn of'a fixed or frcc shaft’ cngine, In p&rtlcvgla,r

it allows' the effecEs of var};ing strcés p‘érameters 'suc'h as the nimber

~-
.

“of blades, crecp and Iow cycle fahgue rcquuements on aerodynamlc,and

>

performance parameter 54 such as turbine efhtzency and maxunum turbinc

S

inlet tcmperature, to be _stud;ed. The methdd has bﬁgn cpmputerxze_d.

Eicte'nsi\}e -use is J;n'a\ae of automatié- pIoEfinlg of the outpiit data, .
. . ke ‘,‘sh'
i The rnath(,matmalamodcl used in th1b study and- thc. comptﬂ:er program,

.

is‘bas’ed on'the a'nalyms of a mmp]:e st_r~1p section: of the most hlghly 1daded
‘area of th'e tua;wbine wheel,': ‘The ;r e‘surts of this @t.rlp model arﬂia“CQmpa.r'cd

4 [

‘¢

to thbse for compl(:tc wheel stress analys:.s and a factor is

cluded in the ‘

!

prcgram to improve the accuracy of the results. . It 1s cl; med that the fmal

7’ -

. opt1m1zed dcsrgn using this métliod w1ll be an.1mprovemqnt over prekué

g methods, since the mter relahonshlp of stress, aerodynamm and perforgnance

L

. charactenshcs 1s more clearly understood Do . .
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In small smgle or free shaft engmes the' use of gas generator .
rad1al turb1nes offers certamﬁadvantages over ‘axial.turbines,

The main advantages of the radijal turbme are its simplicity
.of -deéig‘n, its ruggedness. and its relative insensitivity to tip
clearance effects Italso allows large pressure drops and hence

“high work output )p'er’stage,’ ‘compared to the axial turbine, One ; e
radial ‘turb‘-inqe‘ean repla‘ce at'léast two stages of ‘efficientlylloade.d
"ax‘ial tx.rrbine,. and: retain high efﬁciem\:iy. 'l'his thesis is ,concerned:

'grith a method of desigo op'_timiaati\on of single-and free shaft ‘radial
g;as‘ turbirie.‘e'ngines— iacl\idixrg all rplevant&:arameteré affecting e

o

‘I‘he final design conﬁguratloﬂ of a rad1al turbme requires.the -

defmmon of the values of“a large number of controllmg parameters;
These values depend pr1mar11y on the requ1red overall engine
performa.ncé” ‘ B s

[}

'I'he parameters can genex»ally be eeparated into, three’qnte} N

relatmg sPec1al@secnons wgthm the industry, . namely aero- .
. 9.

dynarmc, (Compressor and turbme), performaace,« and stress '-l oo,

N (mcludmg manuiacmrxng) ' . _ ' B P

T - Ve ' SRR T * ' - s

If each sectmn were asked tq ophrmze the deﬁxgn for a gwen

i rad1al turbme engme appl1cat10n, tlxe result would be three separate
optimized cond:tmns for the radial turbrne demgn. .The final overall f' .
. , optm'nzed des1gn is therefore the result.of extensive trade- off .

‘c

- N .,

ntud;es between‘ the sectwns_ Since they are generally stronﬂly
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1nterdependent such a trade- off study 1s not :umple.

.

In ‘the author s

S

expenence 'the design of a radxal turblne is usua.lly the result of

trade-pff studies betg'ween aerodynarnic and p'e.rfqrmance fum;.tions,.'
7 ‘Only after a design peint-i’s chosen is a\stress check carried out, - .-
° ‘ . l..“ .
Thrs stress check can mvahdate the chosen design pomt

s
1 "

requirmg a further performance aerod\mmlc cycle study, SRR ‘

One ob;ectwe of the work descnbed in th18 the31s is to include

stress reqmrements from the begmmng of an overall radial turbme s

. - .
N . . . N - [

deslgn cycle o, “ s ’ oo ~ T
The stress reqmrements are mcluded in a- sufﬁcx,ently accu{ate

d .
w v : "

form to allow 1mt1al optirmzatmn of such varlables as- the number

“ -

of blades, creep and low cycle fahgue. The effect of blade thu:kness

'

tolerances on hu’b stresses has been mcluded in. the mat‘hematxcal

1 model and bh1s has never been consrdered in past studies,  The
: e
method has been computenzed with automatic plottmg bf the output . »

- . . LI

data A further obJectwe is to provxde a compuf:er program whach

‘v

»

' will allow rap1d stud1es to debermme the ,potenhal of . rad1a1 turbmes R

7 - . . . X ~.‘ . 4
-~ for various -eng-rne applzcahon5‘~ : T . '
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R burst margin arée futed as a consequence of the. above conS1derat10ns R

. In general the Ievel of compressbr technology thhln a

ET oM N ey e
o e o ‘*"Fﬂmweﬁvwmﬁmsmmmmww %e&dﬁ{!&ﬂsw AR

Q

=~ | . - .' ,. . oo -3- o
' . CHAPTER2 - o O o
? . . . . . i - . _ PN N , N .
. e : GENERAL PROCEDURE ..
\ = ) . ' Kl - P .
At the beginning of a radial turbin'e design cycle, a-nur'nber'of o ‘. <

pa‘rameters can be defzned whzch depend on the type of engme bemg
, e~

-

consudered and the type of m1ss1ons the engme is expected to pexform,

Stz"ess requuements such as creep, low cycle fatigue and rotor .-

~ ..

~

A prehmmary Studyf is carned out by{l;e aerodynamm and perfOrm— o T,
’ y \ < : *

- v

ance gpoup in order to defme aerodynam:c para.meters from power - '

tand Speq1f1c fuel consumptmn reqmrements. 'I‘hls initial evaluatmn e

: o . . LS -
becomes the star‘ting p’oint.of the optimization process described by

. this thesm and carrled out by the computer program.

The resulta will indica

e

h°tber ﬂ'\e r‘hnsen furbme wheel

K A

materzal 18 suxta.ble, whether blade coolmg or some other refmement

7

is g01ng to be necessary, and whlch dlrectmp the aerodynarmc- . . ' :
-

perfOrma.nce trade-off shOuld ta.ke.
‘I‘he general procedure of th1s method is descrlbed below as 1t

1s ac)tually handled by the computer program, from c0m;§re ssor
»nile't' to turblpe 'ex1t.-» ' - ' ' ‘ T - oo T Lo

2 L Compressor Data o o o L . S

X o
company is de ned by the followmg correlatmns (F1g. 2 ). The's'-e 5 :

BLE
dre results of xtenswe testmg and they represent the dea'npany

’ R el

Lo '_éompress?&gtate of-the‘_art. T o e S T .

. . B - N
’ f . . 1
A . . .
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Compressor Efficieney

[

Decrement

‘on mass flow,

" losses,

as shown on Fig. 2,2 below:

@ !
! \// -‘; K ' L
Compressor Specific Speed
. N§C . . .

|. A
S

Compressor Adiabatig

Efficiency

)

Fig, 2. 1

(b)

i

Compressor Pres ure. Ratlo

PRC

* )

*

Once the cornpressor pressure ratm, spe>c1f1c speed and ma\ss

¢
flow are defmed from prehmmary perforrnance stud1es, the comp-

, theory descnbgd in Sectmn 5.7

.

2 2 Combustor~ CL

The combustloﬁ process is deflned in terms of the effect of fuel

. : Y

= .

’

-
’

A

?

‘

2.3 ‘T'urbine Deta

L}

N

o

~

. this is described in-Sections 3.l and 6.
* Thus the entry condisions to the turbine are fully defined,

" -allowange Being made for any compressor air bleed,. and pressure

S ressor mechamcal Speed and exit concntmns can be founu. Irom the

-

KN

From the compressor ex1t conditions, combustor
‘ N s N i . N .
- efficiehcy and the required turbine inlet temperature, the increase

" in ma‘.gss ﬂox‘x; dge to fuel adde.d can be de1‘°iv‘ed. The theory covering -

\“, N

»

B

~

The dtate of radial turbine technology is defined by correlations

- . »

. i

’

™~y

s
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. . a In the case of a free shaft engine, the turbme Bpec1f1c apeed. .

- nu,fnber of. f)la.des and relan’ve mlet angle defmes the tu.rbme

v -

eﬁ1c1ency needed to calculate the turbine pressure ra.tm. Once the

. - %

T , turbme pressure ratio is determmed the turbine tip speed can be -
N A T ‘ { _

L. ' S calcula.ted as shown in the theory qf Sectmnb Ce .
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- 2.4 Stress Analvsm' S W . . T * A
& ., \ N ' ' . . : . . . et .
N £ S Usmé the turbme parameters defmed str1p stress analy&us is’
- L u*sed to calculate the blade th1cknesses desréned to' lie w1th1n the ,
‘? - . . . 2
o - N l,1rmt of allowable stress at any. r.adms. . N 8 .
vt ' 'v ' b ’ ’ ‘

N ) ) As, in general, there is mo blade coo-ling in rad1a1 turbmes,
- "'1 ‘ - R .
4 : _ ~ the blade metal temperature is assumed equal to the ad1aba,t1c wall

temperatunre. Smce the value of the ad:a’batle wall temperatur‘e is a

furxc‘tipn of radi 'ts initial value at the rotor tip is a fanction of

. rotor inlet 'tempera.ture (R.IT.) and relative i‘n].et‘a.ngl.e (;ﬁ3), these

.turpine parameters Have a direct control on allowable stress levels

S e oo : P K T -
' ‘ in the blade and hence on the blade thickness distribution, The actual
\ . - . .
b variation of allowable. stressiwith temperature is defined, for a given

%

 *+. material,.by the creep and,burst criferia for the rotor,

¥ . [} 1

Thig adiabatic wall température thus defifs the variation of |
allowable stress with radius for ghe subsequent .desig:u of the blade

. ‘ . 'thitknesses, and is .fully covered in Section ?.
! - -
The inter-relation of stress and aerodynamic conditiohs ar¥
»

further illustrated in the following example.— In turbine design‘ther'e‘ f
exxsts a positive relatmn between turbine efﬁcn.ency, relat1ve inlet

, \ ﬂow angreﬁg and the number of blades as. :dlustrated in F1g. 2.2, X

- - From an. aerodynamic wewpomt only, ‘to x\namtam h1gh turbine -

. N |
eff1c1ency, the number of- blades should be. hlgh and the relatwe angle

ﬁ3 should be negatrve : .
- H6wever. relatlve angle/B3 d1rectly affects aIlowable stress.

; levels in the blade and hence the blade th1ckness dlstrxbutmn. The

e e At i s b e e Sy e

e
»,

©

actual effect is tha.t as /83 tends to the negatzve dlrectmn the metal

-~
] “
> -
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) temperature mcreases, the thlckness and atresses in the rotor hub .
mérease due to the. increase in the cen‘tr).fuga.l force on the blade,

émce the maxlmum stregses occur at ghe hub center or bore, and
PO v o
are controlled by low cycle fatlgue reqmrements, ﬁ3 bas a. darect .

v

eﬁect_dn the rotor life,

Slmnla&ly with the number o£ blades, - The moare blades, the :
x :

greater the total bladé radial force on the hub, and thus the hlgher

. s .
the hub maxlmum stress. / ,/

/ . ~ , -

- : e .
(. Consequently there exxs;s a du'ect conﬁict between sfress and ‘

; /aerodynamlc cond1t1ons. C - ' . L r
/

a

These conihctmg effects were previoualy recogmzed

° i T [‘ Y-

., The method described 'allow‘s\.a'-mor accﬁggte tradejoff to
. ~ ‘ . Al . Y

be considered,- - . , L ..

. B e .

r

' The exa.mﬁale shOwn in Section 7 1nd1ca~tes how thié\p-mfbedure

Of 1nclud1ng all relevant stress anq aerodynamac parametera Ieads to

i

a better understandmg of the overall opt:mmation of turbme desxgn.

1t allows rapidC?al studies to be carned out on a rad1a1 turbme ,

} apphcahon,mm es the degree of compl\x1ty of l:he £mal de81gn,

whether coohng is necessary, a.ngkother refmements wlnch will . -

.
'

give useful fores&ht mto the possxble fma.l desxgn cond1t1ons
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| - CHAPTER 3
THEORY O CALCULATE THE, BLADE ME'TAL TEMPERATURE

LN

L)

If conductxon effects are ngi;iresent the metal temRerature- o -

Tm ‘of the. blade would 'be equal to the ad1abat1c wall temperature

Taws . : : . .
' Since M, Vaff*ﬁﬁlnw) has f‘md’ that effects isi the blade tip . ~ = |

. - .are small 1t w1llbe é—ts’ﬁmed that - .’_
‘ ‘ | o = Ty (3D

F1gu~re 3 1 shows a veloc1ty triangle at the turbme entry ‘_ T §

o

where the relative mleténgleﬁs =0

-y, ’ . K .‘ . I A . Qe "

) ! The static.and total -
(stagnation). teiper- ‘

-, atures-of a pérfect

%

SRR " gas aré.'(Re"f. 4):

‘and 6he rela’tibn-

T
’*\ T
sh1p between statm \ . '
S L and rotor relahve ’ .
. A o, f
'ﬂ ?:empex;atures is . ;
- ."give‘n by: - E | v 2 :. I . o
.o , T . =T L ‘3 ‘ (3. 3)"‘\ ) (I ‘l .
. 3S © -T3RT.. 2gJCp oo _— .
g e o
- R
o . * ? : . - . ’ ’
" N . e . 0\‘
o ' . :
. . " ‘ .
PR A ' ~
. ) T *

I T S Y S M . 3
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' (S - a . o ! R
R F*Where! L . . | i

.. T Static Inlet Texhpéra.ture S : -
- .. 3S v ' . . . N

N S Tt

N ' TypT = ‘Total Inlet Temperature Ré’l,ative, to"the Rotor
o . . N « g . . , . .

me -

Total Absolute Inlet Temperature

TG, ‘=Absol~ute‘_hijlet Velocity

\}'3 = Inlet-Velo;:ity'R‘elative to the Rotor

"

v A 7g = Acceleration due to Gravity °
» S J = Mechanical Equiva—lent.to Heat .

\ o R . S cpé : ="Spe"cific Heat of Gas .

For a i'ad’ial hirbine, the difference between the rotor ‘inlet relative - \

b : ( températuig and the relative temperature at any radius r; 18 related

to the change in rotational velocity (Ref, 5) by: .
A - 2 2 .. 2.2

Uy -Uy o Worp

AU =

T - T = e %
. “3RT " “R(rj). A Zg'JCpg . -, 2eJCp;

R S
' } i Qr:‘ ‘ : ' , ) . . “ A i .‘ X -
v , : 2 2
! . Lo Wl -1 >
) T3rr - TR(ry) G M U (3.4) ‘
) L ZgJCpg ' ' )
A \ . ’

: " Using eqs, ’.}.2 and 3,3 we have: S
\ x ek oy
o . e I Co

T - . .="T - 3‘5 >
3T e S yor 7 e g
2g7Cpy - 3RT 283Cpg -
“ = - from which; - . 2 2 - e
S e il (C3 ~V3) (3 5)" )
G T DT TTey |
: ’ _ ' . From Fig, 3.1 we h,afv'e:‘“ S . .‘ , =
P v, . v o . . . 2 ) 2 . ts . } ] ‘
Crs e L uli= ¢y - V3o (3.0
d - : . ‘ . | ‘
RS |
‘ - ¥
\ S : B
| \ L3 . ) L] - "i :
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; ‘Thatafter substitution into 3,5 gives, : )
LY - . 2 .
° ' ‘/‘ N ' . - . U3 s L wz TT 2
: Tapr = 13T C e = Ty - .g
. ‘ ‘ Zg‘j‘Gpg, . ZgJCJp'g (3.
- - Equating eqgs, 3.4 and 3,7 we have:
' ' Co2 2
(TT - 1'2) ' . wzr
1 T '
v Trry ¥ ” = Tap - :
R {3) - 2g3Cp, 283Cp:
from which: - . ’
o , O)z (2 rTz -\riz)
S, = T - ’ C(38)
' - . R( ri) \3T o ngcp . . [had
’ ' . ' R g N N
4 . . ' .

Equatmn 3, 8 is vahd only for /_’, 3 0.

- on meélal temzperatute is denVea as IOll.UWb' ior the case. wﬁeﬁ/QS ’

: and the absolute flow angle‘o<3 are.known.

7

For ﬂ3 % 0 \‘ﬁ approx1mate relation mcludmg the effect °£ﬁ5

e




figure 3, 2:

I an

. ¢3 = 180-§; - 64

usmg 3.9 and 3,100 gives: v

o\ . .. | | | /
. ) . From equation 3.5 °

' ‘ | 2

3

ngfGPg w ’ CTN

u (\C

v )
“. 3 *
3T .

- Tap

,whe?e Tap "= R I, T, (Rotor Inlet Témperatgre)
" B " .From f;ig. 3.2 én“d usir;tg ‘the sine theorem, )

Vy o U3, ‘
Sm 6 3

3 T
= e =
i

P _551_—"63—‘\

‘ o <o , - c . . s
' . From: the velocity vector diagram et rotor inlet shogn inN . - s
oo ‘ ” . . ) - ' '
A} L . ¢ 4 . .
9

.,\ ¢3=180-90+0(3 °<3+/33_9o+/33

S . “ ,..' . v3 ] . U3 Sin K 3 | ;‘= 3 Sl,n (90 = °< 3)
. > | Sine, @ Sm(o( 5" /33)
; ‘ . U3 COS°<3 . C . x
- ST Sln(o( -R.) . .
¢ \ ég‘\ - . ‘3 ﬁ?’ ) o ' X
S T R U3 Sin (90 +8,) .
" .. \\t! -a,nd C3 =, . 3 ¢3 o = 3 ﬁ? " hatt
e \“ .o ‘ -S}P 9 3 “Sm:(o( 3 '\ﬁ 3)
<2 \ » g . o

U Cos B3

R ‘Sm(qa /53)

o !

- . - . -

. r .

o . A .

: ’ - ! “

[\\’ L " . . .
-

\ e . e '

s T ! " i .
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ur semm mewy

[ e

Lt
=

_effect. of a varlahon of V3 may be neglected The relatmn between

— .

Substitutingg 13 and 3,14 into eq. 3,12 g1vess T (3. 15)
~ . 2 ‘ . \ ’
Uy ‘Cos - Cos
T3i{ = R.I.'T, {‘A.”// . ﬁ 3 3 -

If Vy is constant at‘any\ radius r;, then it is possible to calculate

\

the adiabatic wall temperature.at the tip by 'taking into account the

7 - .
recovery factor

| ~\ [P, A "85 (Px = Prandtl number)

e Then, * 2
N T . 4 V3' N
T =T =T - S - {3.16)
‘e M3 a.w3 ,, 3R W ( Yl) ( )
or:‘ .
oo 2 ,
Tm3 = R I'T' - ————————-U3 .
! 2g3C o
| gICp, .
2 p- | :
| ces“B ~0.85 Gos o{ o e

Sm (o(3 ﬁ )

The as sumphon of V3 consta.nt is Justmed by the fact that for V3 =

500 ft/secdge term V (- ) A 2 F and therefore the
3 "l

:_ - ZgJCp

7

4VT3R and. T R( ') alo{{a radial stnp is: : ' :
T . .
. A . . - S
PN . B ‘ ) ) ‘
'TR({-i) = ']E"aw(r;). \"N’ le(.ri).. = Tm3e -
222 ’
W (rg? - 2) \ L (3.18)
] 2 JC K ;‘ + . 5 . ’r at y
$1Cp, N

- 12 -
.

R Sat e = sy ek
.
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‘ LN
- 2 2@ -'0.85 Cos?

SR.LT. - _ Y3 ',I:C“ﬁ °(

ami'subshtutmg eq, 3. 17 into 3, 18 gwes

T .
M(r;
_ i) ngCpg"a: ' S;nz '(Q(::, ﬁ3 '.
) . S0
(TT) 3 ) S s = (3.19)
. ZgJCpg ' ' - o

- 3y K

A

) ' Equation 3,19 gives the metal tenﬁperature' slong a ratial
NS : ' ' : .

strip and it allows the ca!qul'ation of allowable stress:as a function

'.of metal temp ( 6Allowable = f (’i‘m) ) to be used in the equations
ofsect1on4 . o ~_ o " ‘
The value of .the spec1ﬁc heat of ga.s CP‘ \m all equatlons-, 18

[

. calculated at temperature Tm(r ) by means of afn 1terative process, ‘

.t

] .
3,1 Propertles of A1r and Products of Combustmn of Hydrocarbon

. Fuels ' . . . S . .
The specific heat and specific heat ratio are a function of the -

1
{
s

temperatu and fuel air “ratio, R ¢
\ . For no fuel as for the compress\)r calculatmns, the known
propert1es of air may be used in the theoxyk Lo

h
[

Figure 3 3 shows the vanatwn of Cpa (speclhc heat of au-)

with temperature. The curve has been used to calculate the
‘following ponnormal that closely r¢pre.8ents. it's: value. '
- ’ : . . o ‘

“, .t
.

Cp, =.24841 -.-'1_({4.7464'10',5-- T [ 209331008 - T
N ) N ) \1 .. , * ; . ) B R . ;’ ’ . o "
f\ eso - 1izzses 0]} g
\ N i ‘ ¢ B \
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Thé value of the specific heat ratio 8 i_s‘give:r"tiy‘: BN
¥=-_cpJ. - - C (3.2D)
. TEpI SR e S
\ ' o . : oL . N
.Where: . o ' : ' R
T 778.26 j Ft. Lb/Bm. - - L.
‘R=§3.350 - Ft, Lb/Lb, °F  a. .

F1gure 3,10 shows its vanabmn mth temperature (f/a = o)

When the fuel aﬁ: rat1o is not zero the gas contams the products ’
of‘combustmn of hydrooarbon fuel.- The method used to calculate ' |
the1r properties follows, ~ ‘ ‘

From the . compressor theory (sect. 5 { the fq-llowingh_

.

quantities are calculated N
Py . - Cémpressor Dehvery Pressure . i
MT/Z' - Compressor Delrverzr Temperature A ..‘ B ,
e I the burner eﬁ:c}ncquuRNER and the turbme rotor
inlet temperature (R. I T, ) are spetified F1g. 3 4 gwes the fuel-
“air ra.tm required for the combus‘tmn proc\ess. a.s\sunnng an 1deal

temperature rise dunng consta.nt ﬁrtmsure combustmn. Th1s fuel .
{

air ratio is then added to the compressor mass ﬂow (after removmg

-any compres or air bleed ﬂow) to get the tur\bme rnass ﬂow.

*

is ana,lyt:c_:ally repr'esented by the £0110w1ng

Figur® 33 .
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, L A 1600 . . ’
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[

. s
, . .
o . ,

."The specific heat is thei calculai@ed by using a correction

factor for 'combuéfion pr'oducts Kg 4§ shown on Fig, 3.5,

v 1 ~hy o 'y . 2.5 v

- 17 -

100 . e,

DR Flgures 3. b 3 7 and 3, 8 show the vanatmn of Cp w1th “‘;3 -
'\ L
temperature and fue], air ratm. All curves have been fltf/ed" into
- polynoqnal form and the resulting equatxon iS‘ Cye ‘1 '
. ( FAGAS - gt 1n-by..
7 Gp. =" { 033 ‘,{_[(1. 2121.10'?°.T - L.041.10 -
L 'r.f+£\ 3. 651, 10'3~] T+‘.0139} + 1} - Gp, w (3.25)
v o A ' o ' - : :
i Where Cp, is. determmed from eq. 3,20, e e

The sPec1f1c heat ratio 1s calculated usmg eq. 3 21 and the

o ,rcsults for varmus fuel- air ratws are shown on F1g. 3 9 and klﬂ

.. The temperaturc values used’ for the calculahon of /che air or
! \

g gas properhes are spec1f1ed in each chapter where such a .

jcomputatu\m is requu'ed. s o . -
' : N
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large number of variables are necessarily invdlved in turbine

a

! aerodynamxc and Btress varxables from the begmmng of the deS1gn

‘be ﬁimple, to allow rapid pa'.rametr‘ic'txjade:offs studies..  In past

.mdlcated that the maxunum stress at the wheel bore or centre occurs

N Pl ’ ’ ‘ ‘ |
: . “ 3 ‘ N
CHAPTER 4 . L
. sTREss ANALYSIS - GENERAL DESCRIPTION = . -

The method descrzbed in tl'us the sis for carrymg out optlmlzatmn )

stud1es of the de31gn parameters of rad1al turbines, meludes both -

cycle, Since the metho_d is intended to give rapid results, and a

¢ < N

_‘design, the stress model used in this new pr,oeedﬁre is designed to

deisigns, étress conditions have been checlcé'd for each cotnpl_ete "

yvheel.model using.a finite elen'ient program. | . '

Inan 1mt1al paxxametrlc study, this becomes 1rnpra.t1cable due to

o

the large amount of stress mpqt data reqmred for each condxt:on.

. ‘

A ; s
Thus some szmple stress model was chosen’ which could be compared

. . H o l.‘ o

and corrected to give: the stre&s results for a complete radlal turbme

wheel 5 S S LT

\

A slmple stnp analy51s approach was considered and 1ts correlatmn

with actual stress levels in cqmplete f1mte element analyses wa.s o

'

4

'stud1ed.\ N ." d . |

,:k "The lfasﬁ: assumption in the stnp analysm is that a radml stnp

can be used as bemg repreSentatwe of the max1mum atresse& area ' - :,‘ :

v

‘m a ra.d1al wheel Prev:ous complete wyeeL ana,lyse&(Ref 6) ha.ve ‘

’

. B "
’ (- I . . ' ?

\-.
+

ata location as shown in Fig.‘ 4.1 L -
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w ; : A radial strip at s
s N - No
q.‘.. .\ . B Y . . p R f » :
S S this section will osition o f . )
R . .. ) ' max, hub { R
et : . stress . . ' TIP
N g then beindicative H 1 :
AA‘ :.\ .’ N , ': . Stl“ip .
« 'y +  of the most highly 3 :
» - . ¢ /. . .. -
stressed area of : / HU
2 - » . .. . . . . . N .
the }mb. V4 . ! " . . t Vo
- 1}
G —. — \.’ . TRBORE
) . 4 AN LN © ’ ‘.‘
R - ' o, ¥ . - : ¥. . ,
- Lt ' Figure 4.1
RN . g
, 4 I * : . -
> ‘ ‘ . In the case of the blade, the blade strip c/hosen, w1ll be j(lstl-
. ) N
o ' . fied as a reahstm representatmn of the blade

A4
-

\

The stresses derived from t‘ms strip analysxs f‘he wheel

are higher than the frue stresses.at this location, sihce
.y : v . R

does not allow for the interaction effect of the less h:fghly loaded

e strip

g\«\,\ S Lo B \adjacént sections of the.w‘heel. This interaction effect 'redlucgs the -
R . \\\ strip,;malysis hub s:r‘és .ses. by a ';ig;xificqx{t amount, The inagnitgdé
“" | ‘ \ of the ihterﬁctjon- i;; i‘mport:.ax‘)t si'tn’cé'the maxin}up;stress. at the;. .
. .. v . . .o ) ) . . !
’ - wheél bore or centre defines the ipaximﬁm 6peraﬁﬁg ‘con_d'it~ions for |
la partlcular wheé S Y S |
- N . In.the case of fhe_hub éentre wb,ere the effect is large, use is-
| @ C ) L made of the fact t’nat for typ1ca.1 radla.l turbme eng1.ne apphcatmns,
P | the ma.xlm‘ur;n stress s contz;?'ileil‘gy the low cycle‘fatxgue re@luu-e-(
. l) menfs p.nd an accurate co’nvers;oﬁ faf:tc‘)r is evaluate;d here which w111
' \ A re{ate the” stnp analyszs hub cE«ntre 01; bore @tress to the mammum ‘
§ ° h ! A !
PO ) strésq in an'actual wheel,. | The' derivation of ting corz;elat}tm factor
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o . ¥ o '26‘
- i . . . . . . ;
t 6};::‘“ ¢ . ‘ @ N . . ) . . . ’ . v
8 G | _ _ - .
e B is further dlscussed in paragraph 4, 3 \ .
Bt , ’ o AR .
fort . . - In the blade, the mteractmn effect is qmall Sinc‘.’e mections i
%: exther s1de of the strip pos1tlon are carrymg much less blade it . ;&,Zw - g
-k . i
B will be assumed that the strip ‘analysm method is conservative for R |
/g . \- . ) o “ b . . i . N )
B " .the purpose of the sltudy. i %
N . . ) - ) - v ‘ /4 N . . 2
" A . "In the strip analysis, the blade is designed‘tp maxirmum creep i
£ ., . . ) * 3
| g,/ . and burst criteria which are defined by engine applications, i.e, at HIE
r o ‘ ) ) C , ] . ) . 4' . 3
R : any rqd‘ius on the blade strip, the r‘&d\'\al stress is‘equal to the max- 4
- o imum allowable stress which is defined by the metal terhperat\lre at * ’
X B ' - o N i ?
L . - :fthat‘radius, and the'creep and burst criteria being used. §
h _ _ k Thus the blad% stressed at all radii to the maximum allowab’le 5
A . © stress, The strip analys1s mcludes the adverse eﬁects of manufactu- N4 g -
a' . . . ring limitations, such as'minimum tip thzckness,‘ tolerances, wave- " X 7!
l. . o . « length of the fluctuation in tolerance and also allows for a minimum .
radms between two ad;acent:blades. B .
The 1mt,z{l part of the. str:p analysis defmes ‘the blade, l:hen
. ‘ W d1str1butes the total centr1fugal blade load as a’ rim load on the - !
. . rem'annng hub dzsc, and calculates the maximum hub lstress af the
[ L ' L . S o
) bore or centrey . . - . R L
° - Thus the maximunf allowable hub s'[re‘ss is found from low'
‘ - yclé fat1gue requirements and the rotor tip 3peed ‘and R I T oo
Sl %
: g (Rotor Inlet ’I‘emperature) and the solutlon oﬂ the bore stress relation
"y tetkes the\forrn shown in F1g. 4,2. .o
- ¢ ' . ' . ° ,
N
<N . >
* ~—
\ E ' R
A_‘_A._f_;i.:l‘_ka_u ' o
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N o r—\ By varyn’xgehub . L \ o e —_— ‘
: . C ' - Nt
radius (RHUB)' . , ,\- B o R . -
] '] R ) ‘ . ) dl .
curve"a‘c‘l{d" is gener- HUB S . dRI'I'1
5 ated, for the given- : .
" running conditions,
. ‘Thus pcmt 'b' defmes @
. . . d
w . Vi
L the hu’o radius at wh1ch : T
. ' thel}ore ar hub centre -
o ) . ' . E N ’ : . ) + N m i
. stress equals the ; '
. N . : - . - . |
" alfbwable stress, Point L : .
: _ : N R BORE STRESS
A 'al is defined by the . 3 AL " '
toe {nﬁnimum arc between \ L - . v
: . .- L © |Figure 4,2
o two adJacent blades& o .‘ . . oL S
- ¢ Generally there exists a minimum stress point 'c‘ where the ‘\ N
, 9 correspondmg hub radlus results ina rmmmum stress level at the. . o
: bore or, centre, th1s bemg the optlmum RHUB froln the v1ewpomt of . \\
. . streés. . r %
4, | S .
If the R.I, T" and t1p speed are mcreased m{ a manner - o oo
satrsfymg aerodynamxc costralnts a conditmn is : :eached where the S
. minimum bore or hub centre stress 18 eqnal to the allowable stress o
RN S - . .
N e ) 'sall' - as it is shown,by the curve "a ¢ b dz“.in Flg. 4, 2. Ther
: b correspondmg R.1, T. and tip speed are then the maxxmum which ..
; ~ wﬂl sat1s£y the allowable stre'ss requu-ement T.hrs results in one ) o
‘ g ?typ-e of useful output data, Increasin'g R I T.‘ in Iteps to the maximum '
) § value allows the graph shown 1n F1g. 4.3 to be pl{tted‘. This" ‘
. i ".u“ C S 1nformat10n alloWs the turbme des:gner to check Fuickly‘ the -,




h1s engme requtrement,
then some further

" changes ure needed to

-

his fixed aerodyparnic

8 g bt e Wm%wﬁw WV»W *Wmmwwmmw*ﬂw M !‘?* ”?‘““, < j )

feasibility of,ﬂﬁsﬂdesign; If the ‘raximum ‘allowable R, I, T, is below -

LCF = 'Conet.,‘ ‘
© PR, .‘= Const,
' C

%

parameters.

R¢‘Ic 'I_‘c'

however the R 1 T,
| /4

requ:r ed is mthm

-Rotor Inlet Tern'pe'ratur‘e (.'F)
.

the Iirnits glven by -

*;o

g
. o '
O

o

B J

: fig. 4.3, thenthe -
designer may choose

a va.lue of RH/RT wh1ch

Ry /RT

_Figure 4,3 .

-

‘satisfies the \s.tress reqturements a.nd he is a.ware of the margm

that exists 1f any, on allowable R.IL.T..

_ cond1t1on.

N g egees s

ey
- >

o Graphs hke the one shown in Fig. 4 3 are automahcally plotted
by thé computer prOgram for d1££erent values of compressor specmc
speeds (NSC), pressure ratio (PRC) and l‘ow cycle fatlgue (LCF) L1ves.

It should be noted tha.t the rotor 1nle‘t temperature, R.1, 'I‘. )
' eoos1dere<§ in the stress calculatmns is'the R.L T. at stress ‘
Th:Ls is related to the aerodyna.mlc R, 1, T, as follows.
R I T, (stress cond, ) =. R I T. (aero cond ) + AT whe
u 18 the temperature uptrim reqmred to offset’ detenoratmn
‘engine performance and mstrument exvror allowance
dxstmctmn is made, smce the‘erodynamm R L T., defmes the t1p
speed of the f?otor (U3), wh‘ile inan’ actua‘ engme the tip- speed does

, . mot necessamly increase in the same mahner as R 1 T, mereases




L had

i )m*\;‘g .

AT R AP R ATHIE WW‘W*’“’”
"e' . . o : . . ‘ . . -29_

due to deterioratioh in enﬁine perfbrrnance. Thus the tip speed used
’ - )
in stress calculatmns is based on the aerodynarmc R 1 T and the

fstress cond1tlon R.I T, is uSed to define mel:al temperature of the: - = ‘
rotor blade. Allowances for changes in tip Spe.ed with eng:me - -~
deterioration are made with a tip Spe'ed ¢orrection factor AU, B ¢

'which is app_lied to t;he tip sp'eed, U3, ‘calculat‘e_d from the rotor"inlet ’

e B e X
4.1 Theory to Calculate the Blade Tlncknesses ' ' o

te‘mperature 'at,aero co'nditi'on‘.
N .

At any section of the blade the stress due to centrliugal load

‘iis made equal to the\allowable stress, defined by the metal’ e ) - F

temperature at that radius, taking into account the adVe‘rSe effect of'

tolerance on the blade abov\e this seotlon. The followmg parameters

‘are defaned at thls point (see Fig, 4 4).

!

, t’f \ -.  The nominal blade t1p t'hackness. " This is deﬁned‘
S — v

. ' by}he c:urx:ent state of technology, such as castmg e ' . . .

R *or machnnng l1m1tat1ons and allowances for eros:on. :

rb‘, tot- ’ The translhonv radms and norninal th1ckness at that

radius respectively. Transitioh‘radius oc‘cu’rs'whe‘n T e

. the r?dml stress, under adverse tolera’\e-eg is equal

) to the allowable /Stres g, Above the transitmn radms

' . the blade'is not stress h,rmted . . f.
LWL e i The "wa‘ve length”, over which the.blade profile 'may'

y vary ;rom the max1mum to the mlmmu.m\thmknesa

tolerance, Dehned by manufacturmg lxmlts. e

[
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N .
< /s \.2\. - i’
TOL o= .'The-tolerance'on'hlaide thi‘ck(ness._ }‘The b\ladre' AR
: thi_ék‘ness is defined as. the nominal thidc\knes”s/

.‘t '+ TOL.

AN

The hiade stress theoz_-y :s presented in two parts, namely ‘the

v

theor‘y qf the t1p regmn (defmed as the blade/é,rea, above the, trans1t19n

o
radms) and the second part covers the blade in the area bélow the

ltranmtmn radms. S ’:‘ ) ‘ - . ~_‘7
4. 1.1 Tip Region Analysis | \
From Fig, 4.4 the . - . - - Y, Tou
no:rhin'al blade th_icl‘cne\lss t, . C R ‘
. . ‘. | ‘ ) “". . ' | . ﬁr__p‘ ] . "
is given by: B _ - ; co . WL -
t, = tp T2(rp - 1) tang (4,1 ' \

1. - R ‘ . . é oL
- (f‘\’r rp 30T ¥ T . mm"xf——lrl’r A

ARG /L___J\

' \ TOL [y . ‘-»
l"“lh.e]'.'e tan q = ——‘_-‘. * '_ Lt (41 Z) ' . i )
A ) o o Flgure 4 4
In equatmn 4 2 it 1\\3 assumed thgt the blade thmk,ness ‘
tolera.nce (TOL) and the t.olera.nce wave Iength(WL) are selected s
~such as.to awoui reverse taper, . not fea,mble for a east turb1ne wheel .

.

and, in the ca.se of 2 fully machined wheel not deszrable for v:bratlon

and manufacturmg reasons The tip thmkness is genérally selected

"to be as small as feasible for ei-051on and. manufacturmg reasoms, )
The equatmn to calculate the stress y due to the centnfgual -

force, at any radial sgation, for a umt w;dth ‘blade" the th;ckness of

whxch is varymg linearly is derwed as follows. o - .
. o
. ..
Al
-~ . .
' . L8
‘ ) \ ',
- N . . '%}




*

T Atyadi¥r (see Fig. 4.5,

. " - . . for a unit.width, the elemental

Lo centrifugal force {CF) is: L s 4
) . . - \~’. \ . ) - . .l.. , . ‘ .’. . e .,q[x_

o, ) der foMwtnp (4 . T
Y A/ /i)
' ., sincer’ Co oo . ..\ e 1
| | M = pey ‘: (4.4) . . ,’ L ki F?‘ =\ r‘r,i‘,
: ' S { | Lot

°*

f
.

Lo dret = tadr (4,5) B |-
J ‘equation 4.3*be<‘:'on;1é8: S -.._. #,_ e __\.
. . L N Lo . I . . .‘.' N ) v . LA . .
e ) '.‘ ‘. . . ) ‘ """.9 wz Lo ' A . N R . -
| ‘ . R
PRt r, (4.6 -

© Figére 4,5, .

. .o ' . . \ . s ., t
S r ‘Using e‘q\ia'tionA»1and-~'r;tegf§_ting v have: L . ‘
L... - X5 (t'I: ‘t 2 (I;T - 'ri) : |

“

- : i “., < .
l oL } o
& . .
- 8 .
., ;
-
bt " .




A

(CF) =

T .. - . : t 2

"ri tp + 2 r'i'rT\ tan ¢ - .2 ;.

1.-’ . I‘T .
:.:. 6g S 4.ri_ "ta‘.n‘ 4 - 'ri k ,(‘6 ?T\,tan:'f‘;' + 3’tT) +
rp (2xp w4 6 tri] S e

The centnfugal stmss‘lt radms rj is then' P T Lo T

'é’ri (cF) =

*

Usmg €g5, . 4,1 and 4,8 into 4.9 we have

REES tp+ 21y tand - 31ty -
LT o A

‘ .‘ . " 3'.. l""’/- . “ k ) N .
tan d,+‘4:i mn d] .= L : L '

cFy, CE.,

Area

9w[4r13tand-r1 “thand'*»:ﬁ‘tT)

"t .3 . R
o :

N

Ti.

t.. Co
T . s, . .
o T \

6bg [tT +2(rp -1 tan d] ‘

o Hrpi(2rg tand 43 ) I L R
RN . : . D - )
6"‘»'[L 2 (m -z fam gl e
; 8 T.+ -‘?_?rfl‘ “ri) ta.n\?] e R IR
. < s

\ - , ‘
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-Equahon 4, {0 is vahd for r; >, r. and for nommal th1ckness

o = g d1stnbu£10n. : SR ) S,

If the effects of adverse tolex’ance on bldde stress are mcluded,

-~
S
ot L8

LSRN

"\’ equation 4. 10 becomes: .
- o we .' o
- BSAT(GF) = w2 (xp? - =) . (4
“s - ri Zg . ] K ’ ) . . -

, In'fact, under adverse tolerance we have a _c:oxistant thickness *

blade and tan ¢ = 0. - ‘ B \

Lo Equation 4, 11 is valid only when:

* 4 . . T N - . . ' ¢
‘ ), amdlrp-zy) LWL — 0 . T
1 . . h ) . L : s N
! o ‘ - . " It i.slnow posﬁble o define an adverse tolerance factor as.
..: . \’ , foli‘ows: . - , . I . .- . .. - - . .. ,
.. . GSAT(CF) o o
JC3 . = - i R T
I : Gr; (CF). S T
from which: “
. Lo . G'Au.‘ . - - <. .
. SR ‘ dNOM = — . . (4.13)
l v - N . ' '. .' . \C3 B . . ! .
. .‘ N . ! : F o,
| N ’ Where éAll is th\e allowable stress at radius Ty defmed by the ,
l ' R L ,\ . metal temperature TM(r ) , ' e :
L ’ 'l ‘ . o’ ' ' &« }

o

. : ‘ o B When(rT - r; ) ) WL the stress ‘under adverse to erance ‘
'COnchtmn dSAT (CF) $ is determmed\tsmg eq. 4,10 replacmg tT
'w1th (tT + TOL) and rg vnth (ry + WL) and addmg the result tg | the

value obtained usmg eq, 4.1l in which ry has been replaced w:th

1

(r- + WL). When 6SAT (CF) - 6A11 = f(Tm) the value

- , -, of ry determines the tranmtmn radms Tee : °

-
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4.1.2 Analysis Below Transition Radius r,

. . ‘. . ’ v ' - \\\ N
. The blade nominal thickness, below the tra:ﬂsition radius r ,
’. [ ]

on lidear @n wh1ch is shown,as followsr

- .Comsider an.’ S . ‘li .;{p

~8

element below .

B ’ ‘ N
the transitions
' radms r as_

shown on F1g. 4,6,

16
F:gure 4 ‘6

.&- .
)

The force on the t0p surface neglectmg 2nd order terms 13'

dg e d!’)._(;. 4 — 'dr-)’t'%f'l
dr ) . L ) dr.

3

7
( G

it + 44t . ar +.t 46 .dr
. r_‘ dr 7 '.dr

‘The force on mﬁower surface’ is: o ’
T A SN . T e (4.15)
. . . o ," . ' A:' . ’ ) (A .
The centr:fugal force ﬁ: on the element neglectmg an and 3rd
~ - :"‘ :
’ order terms is: | ’ Co

Q w?




v

. - Summing all force_é and egquating to zera,
gl 4 88 W e =0 @
AW ".4(_/’ . i R dl‘ . . .‘ gr - s g . N . ' ‘
Since the all’owable stress S8, All ’ 18 a funcuon'of the metal
g temperature Tm’ and T‘zn is a function of radms, We can express ‘
$ . < R
. i \, ' 6A11 as a functipn.of radius, X | ) | N
) IR Is is now re'quired to finzl at each radius i'i the value of t
whmh gives & stress equal the thé- allowable. ) .
If equatzon 4.. 17 is rewntten as follows: N
v gt x4+ 6 ) =0, (417 3)
A K ‘ R R dr e T e’
: » ﬁ;e equatzon can be stated. ui funte dlﬁerent form w1th
reference to the 1nd1ces shown in Flg. 4 7 by replacmg. f o I
:;x” . . :‘ * .o 1 B ) . , - '_ K ' .
: = \ e .
. by._ 6 ) (4 13) | ti.
N S r 7 : N N ) » ’. .
-t by 1 (t 6L ) @ 1 v C 1 -
2 _ 1‘_,: Y S SR I
e T R c.6. N
’ Ad‘by“ ( 6 i -({14-[ ) (4 20) S ‘ ' K 3
‘dr CT o Tigp o ‘ . I " tiw '
. ., o . .'. . _ -' ) , o : . - ‘ -r'l
oo et by Thel ) @y Thac . -
* dr 5 T3 - Pi e L -
C SE T 1*.1 Figure47
) ‘\ : . The radius r can be replaced by the ra.dms of the centre L o
B of grav1ty of the element Assummg linearity in t between the
- two sectmns gwes (See F1g. 4, 7): - ": Lo e <
o « L i T
7 o A * ) s ‘\ . \ ; 1
, .
’ N ' ) - ) \ ‘
o
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[ 3 O S i
P’ 4 ".

- )
(ti+l'+ Zti) dl'. -

3(t+1 t)

Fis

€

3 r1 + l(t ' +-ti) ‘.-}- (lti.+ 1‘+‘ 2 ti) (ri

I

3(tiA+1 oy

-
=

S ‘k}% s g el W:@W_‘é&f f*fthﬁ

- ) _ ‘
RIS S

sl e e AT

t; (ri+l+2 r) + t1+l (r +2r1+1) (4.2‘2.)
3(t1+1+t) ‘

.
@ 2

' Substitutiné eq‘s. 4.‘1_8 {lﬂc;p.gh 4.22,in1':o eq. 4.17 a gives:

' \ . ‘ .' ‘_- o
l(d +5 )(tl-“1+1 ) +\_%_‘(gi+ti;rl).°

2 R S TR T e

Coe " R L :- -'2 +
\

3( +1) B,

+(6 6i+1]“

=0

rl

‘(ri-,' Tit+

or finally:.
z -
AT T4 1)

- .2 v. v
RIS )y

4,23)

Equa.tmn 4 23 is va.hd whep. /ﬁfe ‘two conditmns below are

* -

satmﬁed' : e : - Cer . E L

©

Ay

:+1 4- x, ?“i-g(r'r‘f 1) & WL




LA e . e e e e

S w%*ss —

o

\. St The f1rst txme e & the ;value“for‘g\i is 196p1a‘ced by

the value relatwe to r, andt is rep).a.ced with t $ JTOL., .

{ To this poznt the blade thxcknesses calculated mclude the

.y ) . .
' . -allowance for tolerance. The ﬁormnal thxckness 1s denved as
follows: (See Fig, 4.8) . - ot :
’ Aroo.
~ "~ . Adverse, ' . -
| A S Toleranc\;e | e
B . thicknegs ) .
| v , ~ line )
o . o Nominal .
o RO _thickness , — - - R
X0V Clide : Lo - - Ll
. o . LR N : L |
o . ¢ ' Figure 438 - .
. i. co., o o T .
e, 0‘ . ‘ ) N ’ ' Y o ' - ' o
? - ' “‘ N .‘g"?! ! . o . . .. y I oL . ) o
. o L tNiHJ:tH.L + A'{‘OLi_}/l R (4.24)

“ ' . . N ' .‘._‘ . ', wL .-' .‘,'" ) ‘/’ ) o .' .l.

- 4, cvhere ATOL, . =2 (rT smg . S Fg ) BRd . (&2)

The mmml stress at each rad1a1 stau%n rj + 1 are obtamedf
| .

. ) . usmg equation 4, 2.3 a8 follows. s : . R
-r L

o) z i - L
m2ria (4. 26)
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’I"he fnjsg time r, i+l £r,, the values of tNi ,and, &rNi are
those corresp6jﬁ/dmg to r1 = r, while tN is the nominal .
/ itl .
t}uckness at the (1 + 1) staflon. S " . 4 ’

ﬂ‘he result obtained by using the above: set of equat;ons issthat

at each radial statmn the blade ‘stress under adverse tolera.nce condi-

tion ( 5 SA'I‘) w111 be equal to the allowable strehs K 6 All ) defined™
by the blade metal temperature at’ that rad1ua. The calculatmn
i" proceeds‘usmg values of the preceeding atatmn unt11 (rp - T4 1) =
.- - . Ty R UERR . . ¥
WL, S y Lo
| When (f - ) > WL ea.ch bla.de" sectxon 15 é.lso loaded
. . . - Yl .
by the. centnfugal forces CF, CFl andf CF3 under adverae ):olerance B
‘ cond1t1ons as shown iz Fig. 4.9. \.‘. e oo .
: - N T o B Loy
N ; e N
*, ' ~GF, CF1 and GF3 C Co R
- ‘are calculated J | Nominal Thic'kngss
using eqs, 4,10 . ‘ N . line cL
. . : ¢ ' A,' N . ——-ﬂ + *
and 4. 1} as -
- follows: cF
L} A\ y
14 & 7
“ cr—7N B
R o~
. - - - — b ‘“ wL .
s An _ . . L ‘
- . N ' s .
R
- Figure'd.9 | '
. . /
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)

P |
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, R
7 . .
Nt - “

- r ta - 6
o . bg Brig e dsbr 7
E ) ' + ta ‘
' °; . »2 rT4 n d ]
', - v )
' . where: . , . .
= + }
' Ca e Ty, ri:h L WL
o . ‘rTl .= ri-i-l.+ WL"+.A1'4 g}
C e q M ’ ( A 5 . ) "(‘ v ' N . IS \
. . ori =-r., 73+ Ar . .
~, - %I*:I;“4 >, . i+l i ¢
o ' Con Y . \' ' *
S : Dot t ' (I’ 1' ) tah d
R T S R :
. “' ‘ E - ; : - o )
SRR o Thus ‘the total extra. cen‘tirifu'gal load is:}E
, ol ‘ .. N . . . 5 - )
CF2. = 2 (QF + CFL + CF3)

BT e i B ) WL i St U U .

b

.

SE \ .condition is: - oL SR

+ N vy
AR WINPT Ly of WA Y AT TRTALD S e
b

- - " ‘ Therefore the\xtra blade thzckness necessary to keep the

blade stresses e%ual to the allowable strength under advex;se tolerance

ul!

N
.

-39 -

(4. 27)

-

(4.28)

4
\ l\‘_
gan d -
: i
(4.29) ro

: h (4. 30),
T3y
(4. 32)"

 (4:33)

n(4. 34) N ' i ‘ .t
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CF2

. w. - t . (EXTRA) = \ | '(i.,35)
| \ {. i+t San, |
o ’
’ g L _(j, Thls thickness is added to the thmknesses obtamed from
equatlon 4,23 and therefore the nommal th1cknes$es bec@me' '
- v
» ~ o :
. tny+ LT st S (EXTRA) + TOL (4.36) -~
| } | 4 1.3 Minimum Arc Between Adlacent Blades i )
‘ As the calculation gf the. blade thmkness, for decreasmg
- - o radms r, proceeds, the dxstance betweén adJacent blades decreases .
The blade th;ck‘ness. increases while the circle penmeter decrea_.aéns;.
N ’ O ' .
A thus for a choeer_; number of blades, at a certdin point duripg the.-
" analysis, the bIade pfoﬁles will intersect, "I"his is not aCCelﬁta.ble >
(end therefore the arc dlstance between adJacent blades is checked
agamst a m1mmum acceptable value and the analysm is stopped at
3\_ that pomt which bec0mes ﬁm root o£ the blade. ’
N\ ' ~ .
; Figure 4 10 shows gra.pluéally how the problem is solved
. \le o o N . - . % a:' \ o, 3
L . \ . N A - N . . , . N ‘
’ ..ARCBB' = Gonstarit . EEPE
B ‘ Whew.ARC; = ARCBB |
b ‘ ’ o .
B Lo, -analysis stops A
g. o R |
] 2 N P '
S A - ' P “
ok ‘
N ! ' - \ '
}; , | . 4 ‘ ' -
i ar e : ' . * N~ :
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The value of ARC is defmed by fatxgue, ma‘ch:.mng or

- ca'sting, ‘and aerodynarmc reqmrements B
i
|

4 Z\ Anale:s of the Rad1a1 mrblne Hub Regxon
A low cycle fatlgue (LCF) life of at least Iq, 000 cycles is

usua.lly requn-ed from a rotatmg component I1ke a radial turb;me
"1
T‘

Therefore the stress.level at the boz‘e or centre (johd hub) of the

rotor ‘hub must be mamtamedft a reasonable stre(.ss level w1th an

upper hmﬁt around the y:.eld pomt At thw stress :level .plastlc

1
redmtrabutmn of stresses takes plaee ina m1ld form’ agnd therefore

an elastm analysis is used for the purposes-of th1 f .progra;n.

v
-

The elastic ané.ly'sis is cairrie{outﬂfonr a cx%iticai section \

'

('s Fig. 4, ll) aﬂd no shear 1nteract10n is taken nLto account : L.

ie * .
R &7 . . .
_ betyeen 'au_)&t,;‘j’ztS;l‘.;PS. ) g ,;\ C A .
\ . . i . | )
i
!

Critical =,
Points.” - = -,
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- A correchon factor however, has been computed £rom
R

’

_ éixﬁilar wheels analyzed using a finité element compute_r-program.
N , .‘ . . . : & ' .‘ .
.Radial turbine rotors, with'varying.numbem'of blades,, with or

w1thout bored hubs, have beensanalyzed for stress and compared’ .

to that prechcted usmg the method degcribed he,re The results of o

‘these two a.nalyscs permlt the derivation of c0rrelat1ons curves whxch

Pl

relate strip stress analys1s~ to complete f1n1te element s,_t‘ress.a.nalysm~

{see section 4, 3).: The factor is defined as: | ' ) : . -
‘ R "CF stress at bore or hub centre from |
strip analysis .

>

' BSF (boi-e"'stre'ss factar) =
CF stress at bore or hub centre from
A ‘ ' ﬁmte element analysis

(4.37),
The coxrelation cdrves so derived can be uséd for parametric .

'studies‘of'new engines where geometrically similar radial turbine
2 . “ . . . . . . . '

v

rnforsar em plo{ydz . ) : i .

The effect of the thermal grad1ent between the bore and the rim

\

of the hub is taken 1nt?.aécount in the stress calculation, " A hr\xear o \

\

grad1ent is 1nc1uded in the model,

4.2,1 Anale of a Th1n Disc w1th Solld Hub

-

ak Centrifugal Stresses Q : L C .
" The ta‘ngential and radial stresses at radius r_ from the . , '
center of a czrcular dzsc of constant thrckness and rim radius ri,

.and densltyf rota.tmg about its axis w1th a umforrn angulq.,r velomty ' SRR

o) (see F1g. 4. 11), are glven by the follow:ng equatwn\s (Ref 1)




g

a

[(3+V) r (1+3V)r2]

- 86,4 7 e 39)

a
t

The maximum radlal and tangentxal stresse{s occur at

t?e Centre (r. 0) and eqs. 4. 38 and 4 39 become:

d Gt = T “—%3‘3 Ui (3“’“ N (4%0).

{; S b) Thermal Stresses _
. Taking a thin dxsc and applymg a linear thermal grad:ent
between the centre and the rim (Fig, 4.12), the t&ngentxa.l therml

‘ stresses at any radms T can be deterrmned usmg the followmg

equation (Ref, 2): o ., IR R T

L IS

(4.4))

6, ;,_21;_ ¢ w [ ('3.+V)"(ri2 - .'ro).] +(4,38).
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Where T = I(r) ’ o

A linear vpnatxon o£ the temperat:ure T takes the form' (
« i

PR T o= mrota S '(442) B

Subshtutmg eq. 4.42 into eq. 4,41 g1ves- o L

. - 6.&_' -O(E[-(nmr‘rq)+ "2‘ (mr"‘”\s"d’ SN
. . . i )‘ 'p . " o . 0 . ' “ N . e . ]

,
P . . by

: * s s N L A . . . . N B
N : . T . \ . ' . N ) 1‘,' . ) . .

P L 2 ot — | (mr+ q) rdr] ‘2 (R - 21) (4345). BRI
f . : rz ) o o . l 3 ) ‘A . ) ‘. -

’ ' o A . . . . . E

t . S The the centre of a sohd hub d1sc r = 0 and using éq, 4,43
}

i

not\ing that r, - r't = R gwes from eq. 4 45

-

R L _zé__E_ t:r ST .
S . [ Lo 2 | I . )

- /\ .. 'andputtlngTz“Tl = AT .‘ ol . '.’
_ TR _QQ::_Q_T_ S el
r. . B -
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S . . . . ;
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Equatlon4 46 gwes the. ta.ngentml thermal stress at the

L

centre of a flat d1sc due to a lmear temperature gradxent between

.. the hub centre and the hub, rnn. R >
‘¢) Stress due to, the Blade, Centrxfugal Force .
.. \ ° ‘ ) “. "__tT '

CL Voo
‘ - L
, - Figure 4.13 AN c .
E -I I . . ' o A - R 4 '
e T . : The conditiéon for static equ1llbr um of rachal stresses

L . "© between the disc and the attached blades is gwen by (see..F1g. 4 13)

' S r v(RIM)‘. fi = t;ri '?‘Al‘l.‘ . .(474??
.+ where: ! . -

o k . |‘ : . sz or | 2 ).,, s \ o - (448)

| o T o~ T 1 Y NB Ce T N R

] o . . - \’:;-,..‘: \ - * . .

,Eq. 248 mto eq. 4.49 and solvmg for Gr - (RIM) gwea‘

|

/
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- .
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N . Then assummg the dxsc to be sunilar ko a cylmdncal pressure

R T _%__(é_j_.l'__). « .#%Tangential stress = . ' P BEY
B T e T SRR |

/v oe, = P A

L R

N Va L e L. . . ' N i ’ — \
B i R S SR R U R P S T ; ! " ? g "
T L S N -4 -

/;7 ® ‘ - v NB f;'. ‘: ,'.\ . v ‘. ‘
BRI = el G (4.49)
g 3 | 2 ’n’ ri' . All, 1 ‘ \- . B s

vessel under an external ra.dzal pressure d (RIM). : ' ‘ _ '

4

‘\\\‘~ . .o ‘l‘ ""Ii -‘ . . 3

Figure 4 14 below and tﬁvo equahous from reference™ allow

1

' the Iollowmg denvatmn for the tangentzal stress at the centre of the A g

f R . s . L ¢ , h L E
disc. o . . Co : - . P
o
* - B
4 " ,
, :
. ' .
L -
P
. N Figure 4, 14
. E e - N
N . . , - \ . I @ . L s , . s

2. 2.

. L e .
. N o R . e

‘bzz(r;': a2) L Radial stress  © ~ - < ' - - .
3 “r (.b42"-'a). . /.,’ - " 0 S “.‘ ot

‘.- ‘For.a = 0andr= b we have at the mm : " o

6, = -p and 83 = p ‘
”..-\ ."4- ) ‘ . ) ‘,‘.' ' c '

", also fora =" 0-andr = 0 at'th.'e'gze;z\‘xtrel of the disc: = - . * \

a‘2 ,-T~‘-_p‘a.1‘nds3=p‘ -' ] S

t &

Pon Y Y r R R o3

l . Lt o7 _4.
/. ‘ . T : P A
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ahci since the bd’undai-y'vcondition here give's 'p.~ 6 (RIM) the

v 3 _tangé;'nal stress at the centre of the'disc due to the blade force for:
.' : _ ‘an)cg\}radms T3 ;s_: - . Lot N r .
R _— o NB. e
‘ 6 ' (CENTRE) = 2210 am, (a5

P

- 4,2,2 Analyfus of a Thm D1sc with a Bored Hwb

v

a) Centnfugabﬁtresses

¢ . ) ~

*

The tangenhal and rad1a1 stresses at any radius r, frorn

the centre of a cxrcular d1sc of constant thm.kness of.‘.‘adms r. a.nd ..

c

- -.denszty g w1th a Central hole: of radius rb, rota.nng about 1ts

- axis W1th a umfor}n angula.r veloc:ltyw(see F1g. "4, 11), are gwen -

T by the fouowmg equﬁtmns (Ref 1).‘ -

\ “r

N P L T '(-ri"“'bz -
. .. B . 386ef -

o . N . - ' 2 ’ ’ '
Loy I L TP S
D t g, 386,4 [A3 +V)- x4+ oy

ot

. S ) - (14 3Y) ?‘.z}' L Jasy

. . the hole (r = r, ) and eq., 4.52°
) : ' * b i {
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' S,:="y 3864 "[(3+V) 1y 4 (-Vry,

LN ; S Y (4.53)

While equation 4, 51 gives: s v \
T o '_ér“’, ot T (4.54)

‘* .  ¢ & ‘b) Th‘ermal Stresses . o

/" Taking a thm dxsc of radms RR with a central hole of
. : radms RB (see Fig. 4. 15) applymg a linear thermal gradxent between
v <o l‘the bore and the rim, the tahgentxa!’the;mal stress at: any radius r
‘18 glven by (Ref 2) R } R | ‘
o ST AN S
” M N 4 T "o r +
01, ¢ "T" S e e T R

‘Y R - N AM.
. , [ .
1 = .
. . :
e '
I
. '
sLT.——-.._—&———-«— . ’RR
R . Y, N

77

R ¢
N - e’ { e &
r‘ .,
. ™
. N '
o Figure 4,15
“ \ Al
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. : The ta_,ggennal thermal’ stress a.t r = R,B can be d‘e'i-\iyej :
more szmply as follows (rather than mtegxatmg eq, 4, 55) ‘
; Ss, ¢ ek (TMEAN g oo 56

R T.‘r.dlj'

r ..dr.‘

. .
S R. (RS K

el e e, dr 4+ | (T-Tp) rdr.

e..

‘ . -
v

1A
1
P -~
L A . ‘ (4.57) .. |
i = . B R 3',3(R +R)) DRI

- T. \e
.. « ‘ ,

. Equation 4,57 into eq. 4.55 'gives: _ c o | R L

N ‘ . A; . A .—2- + . . .. . . ) l‘
' _5,1,! =o{*E (Tg . TB)[‘“ > R .
Y N . .. ,:.c . o ‘ PR l(.—‘ ' Y - o .

S ‘ ‘. : SRR . S )
. . Ry . L __.mjﬁw . .
3Ry +RB) . ~ C R ..

Equatmn 4 58 nges the tangentxal thermal stres'& at the bore of a | :
. . ¥ . L)
N flat dlSC due to a linear temperature grad1ent between the bore and the

8
N f . .
- . Kl . j - 'y 'u,
. . o \ / .
’ .

rim of the hub . ‘ ; ‘ . (




c) Stress due to Blad'e‘Cén'trifugal Force o

L

0 . o 'I‘he same appx:oach used 1n4 2 1 ¢)is followeﬁ

4 -
yielding the equatmn that’ g:ves the tangential st‘,ress at the dxsc : L
) bore due tos the-blade pulk: i
! . ‘ . NB , t ‘ ' .
I 3B . £, (BORE) = — . All .
' ' ' 1 - 2,‘“'1- * o
Y Voo 1.
R.Z2 + R % | W ‘ s
v L]
( B R Y (4.59)
2 o2 -
o A RR . - RB Y »
'. . ' . e : . \ °
Where: .
4 ' .
R =1r .

. ) ¢ " R‘ 1 . . ) ~ N . B ‘.
A : s - -o”> : ' H

L 4.23 - 'I‘o&.l Tangentml Stresses at the Centre or at the Bore

. . _ of the Hub and Their-Calibration |

) - The preCeedmg analysm has been for a umt str1p, ata

sect1on near te that of maxunum stress, and does not 1nclude the

il - 1nteract1on effect of Iess 1oaded sectmns of a typxca.l radial turbine,

» v 2

Smce this interaction effect results in cﬂns1derd)ly
13 ' -

redused stresses from thbse evaluated by the ‘unit stnp analysw, ST
) it is necessary ‘to carry out detalLed stress analys:s for various

conhguratmns of radial turbines, _to determme stress factors w}nch\
\\' . .
.o w111 a,llowy accurate resulis to be obta.med(;usmg the s1mpler stnp R
\ °. 2 - » . L K . YA
' analysis, - B
| _ . . ~ ~ Suus -
N o Bore Stress Factor (BSF) :
’ 6TRUE -




d ¢ : \ ' - 5\]. -
v - 4
/ - ‘
. * L BN
" Wherer - . L€ S , : .
o . \ “, Wt . . ! . . ' . . o N 0
] . Gpyp =Eq. 4,40 + Eq, 4.50 (4,6) for a solid.
' N ) . hub rotor’ S ' v
Coe " ors . .
p o 3 .
; 6HUB .. 'Eq. 4. 53 + Eq. 4,59 (4 62) for a bored " g
. ‘ _ hub rotor .
and: o ',’,“ T - - RO | N
. ‘“. . f . 6:FRUE < Maxzmuxn 'ef_fe'ctiv;e‘_-\ elaatic str;ss at the o .‘ /' X ‘
v . "' hub centre or bore, due to CF only from
'-! > RS - o . a deta;led stress analysm using a ﬁmte
‘i. a .‘ ' . '
~element computer program, - .
o S ‘ ‘ T :
A ' o The total tangent1a1 stress at the centre or atthe =~ S
i ‘bcre of the hub then becomes using eq. 4, 60 I - \
'.,{h l , . . \ N by . s :
L . Oipyg = —— + H4.63) .
“' / 1 A
o ‘ ) Where 6HUB is gwen by eq.’ 4 61 or'4 62 and 61‘ ¢
. is glven by eq. 4,46 or 4, 58 dependmg whether the dlsc ig' solid . . L l
or bored _ ' h L IV N |
3 Lo " The assumption that 6,1. t.is not éffected by the BSF Lo
R . ) .
‘ ‘ma.y be Jusuﬁed from-the consaderahon that m a radxal turbme the LI
s R - @
ot metal temperature is & smgle valued functzon of radms and 1t is L

w

&




- 4.3 " Bore Stress Factor. Derivation

\ @ Bore Stress Fq.ctor (BSF) for high spec1f1c speed

rad1a1 turb1nes is Iower than that for 1ow spec1£1c speed ones.

-

Similaﬂy the B. S, ¥, for a solid hub is lower than that for a bored

~

* hub wheel and for low number of blades as against a high number -

of bl.ades in the rotor, / T g

For geometrically similar radial turbines, these

statements are conﬁrmed.‘by"wdrit reported on a complete“fix{xite

element'analyse‘s in Ref, 7-and '8, The final cur\'re from Ref "7 and -

8 18 shown in Fzg. 4,16 wh1le the results of three finite elements

¢ )

stress analysm uQed to- construct Fig‘ 4 16 are shown in Fxg. 4. 17

~l:hrough F1g. 4.20. o o o y _‘ i

The usefulnesszof the method descnbed in- this thes1s
depends 1a.rge1y on the degree of consmtency between the B S. F
and the type YQ,[ radial turbine'wheel bemg deslgned (whlch W111 «

req\nred cbntmumg expenment and analyhcal evidence from

turbine des1gns). N
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CHAPTER 5
COMPRESSOR AERODYNAMICS

\ o The compl‘essor data requzred prxmarlly depends on the ‘

' level of compressor technology bemg cons1dered This technology
. \‘ N . . *
may be described in-the following manner: '

a) Compressor adrabatlc eff1c1ency versus compressor pressure

)

ratio (see Fxg. 5.1a)’

o

b) Gompressor ef£1c1ency. decrement yersus compressor specific

v

,‘ AR ' epeed for various compressor preseure ratios (see Fig.l, 5‘.1"b)'
- These relatnonsths are gen.erally based on test results and

thus allow a.simple rnochfrca,tzon of the ef£1c1ency in basic adraba.trc
v

_ compréssor theory to account for the eff1c1ency of a feasible .

‘s

! ‘ o ’ compreSsor.‘ ) ‘ .
-‘{ . At the outaet of an engme de sign the followmg values are
Ty % .‘ ‘ ’ gerxerally esta.bhshed: _l _ o . )
| {’ : /s“~ . W, .= . Corrrpresso‘r rrxasslflow {1b/sec) - )
; ' ' | ) 'c‘ = .C:ompr'es'sor' specﬁic speed
| } " Fo ‘ch = C‘omﬁreseor‘pressure ratio ' '
[ o .« - P, = ~Compressor inlet pressure (pe‘ia).
E(“ Td ey | Compreesor inlet'temperature ‘(°F)'
| j \ T . 'B~a‘eic compression theory then provides the f‘o.}lowiﬁg- B
‘ ‘w’lalu‘,es:‘ | .o _ - o a -
| : | ‘ . ) ’q_c:a = Compressor adiabatic eff1c1enc¥
o . : . T, = Compressor deltvery temperature ('F) .
; R . . Nc = | Compressor mecha,mca:l qpeeo(RPM) \
SN Cee - . : ” .‘
N <
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ALIABATIC EFFICIENCY. DECREMENT — A%,
3

COMPRESSOR _EFFICIENCY ..

-'”1

- ADIABATIC EFFICIENSY _—y’&, ' R
8

" COMPRESSOR SPECIFIC SPEED — NS¢

RS ®)

'.74

COMPRESSOR ' PRESSURE RATIO = PRg. i - . .
’ B FI6..5. 1. (a)
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follows:

-

be d_er,lved.
, .

¢

) The mechanicaul speed a‘nd 'Téyare calculiafted}iéing the
. - é{l . . Y ' .

followmg equa tions,

A

!

Thle ad\\abahc work is gWen.by, ,
N\

“

- .
. . 1((

| ug/x CRY
e on TV

‘where S “ ' RN
SN X= : f[l/z., (T, * Té)‘]f U
' Cv' B "" . I " ) .

n

‘and . \
R’ =’ -53. 350 ﬁj_.lb‘/oR/lb’:_Gag ’cqnstdni: for aj.r

FN . v .

. The temperature increase through the-compressor is

) o - . ) . . ) L . i
given by: -

andthen' . o S e

T, S Tg AT (5.3)

NSC‘ = __Em___.. (5.4?
ad .
. N
- ) B » .3

AT h L X ey

4
"
©°
)
L}
»
’




g 0" i A

o N
Fas, . where: -
"F;" B . * !
O .

.where

c

@ inlet, tot = total inlet density Ib/f

P 3

-

w

c ..

¢

*
. .
»

3

v

& Qinlet, tot. |

N

- Y 32,174 ft/sec® = acceleration of gravity

F-3

o

-

<

.

0

i . N =
I . ©

NS

”. mechanical p‘péed‘lﬂé:

9

+

4

Equation (5.4) may be rearranged to give the compressor

‘,'-‘3/4

C [
g T

VQC‘ . ‘ oL T N
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"~ CHAPTER6 ~

PR TURBINE AERODYNAMIGS
61 | S:ngle Shaft Engme - S

‘Ina amgle shaft engme des:gn, there is one turbine sechon
d:re;:tly flxed to the compressor” Thm ‘turbine drives the compresso‘r 3
and also prov1des output power for the engme o

\ In order to m1t1ate the stnp stress analfsis of the ra.khal '

2

.. turbine it is necessary ‘to calculate £1rst the tip"radius and tip speed
. p

os\ the turbine, These two variables area fufiction of the turbine °

efﬁcier'xcy.

\

. The eff1c1ency of radial turbme can be represented by means
of three curves as sh0wn on F1g‘ 6. 1 a), b) and c). Usually these '

curves are the results of experimental tests and provide a method of '

a

generalizing the turbine efficiéncy calculation,

Q ' . Thus for a given number of blades NB, relative angle/g3 '
a

nd turb?hé sp'eZific' speed, the turbine total efficiency is established,

¢

O ~ . The tuzbine specific ‘sp‘eed is given b&é 5 ) .
St wsp = T Vg T
l‘ : BT had 3';4 o ‘ L | o
. where: : . . L B N

N, = turbine mecharnical speed

Qe

n

turbine exit flow parameter

turbine adiabatic work ‘

1]

- . had

> 2
.
B

Since NST defines turbme efﬁcxency VlT and h ad isa,

N

functmn of eff1c1ency on 1terat1ve process is required to defme the

: correct‘values of NST and VIT-for the gwen turbme power require-

meénts, . .
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b ~ The turbme hp speed and t1p radius are now estabhshed
a) Wheel T1p Velomty Galculatmn' ,U3 “- i '_ A '""“’« .

N ‘ The tip veloczty tnangle
o of Fxg. 6 2 g\wea'

r -

- ..Figyre‘é.z' L
. - * | .‘ ‘4

ty 0(3 Cu3/Cr3 N SRR

)

v
[
[¥

-

u

R L T I U

P AN

I L . V\‘13‘= C\l-3 'u3 ) (6.3): Ve

i e . Substituting equation 6, 3 into 6,2 gives: L : . ;

. ' — /"' --———-—E--«—3 : "‘. “from“‘v;rhich L o
Lo ERS W A

(‘.6.'.4) "*;'55
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: At the exducer exit the velocity triangle shgwn gives:

P

Cug /Cxg *

. | s ﬁf’ : VQG/C)%
w . R _‘ A ‘
[ '
. Figure 6,3

and combining: = - . . .

¥

C‘t'6 . .‘ - | vu6 0\ o a ..‘ . ' | v '(6c 5) .‘

- B i f :

P N

“but: - B

Vu6 = .Cu6' + U6 . ) K ) . . 5(66)

e
e

and substitutipg eqpatién\6. 6.into 6,5 gives:

Cup . .. Cug # Ug. ;

. - tgo(b | tg /9.6‘

. ~from-which; - . -~

Cu6 /86 - tg °(6

v *!ﬁ»',-s; S S ﬁ\'
b) Eulerfe Equatwn“"‘* y ' S N

This mtesthat T

gJAH E. Uz Cu3 + u(, ch(, o (6.8)

- P

- U() t 02 6 | .. o -’ \ . (6.7)




NSO S

PR .

B JAH = gJ CpAT = 'g‘J .(?p (RIT - _{[‘6)

L ‘/ : lc:, ¥
> ’“. . ) \ ' : . . »
Q\‘ . ' e .‘ X . N :. : )
and aftergubstituting equations 6.4 and 6.7 into.6.8: " \

L _."03 tg°(3 DN

° ’ !
2 L ' * !
i) tg‘o“ : B (6.9)
t Y td . ' B .. '
LBf6 § B 6 ) , | '
| T R
Ja but \é\,yﬂ/ﬁ/s\also gwen by C - S .

1]

4

. ‘ ) L = ‘
\é’Jc.p'YITT .'“gn"[iq:(l;‘ J)‘T] N 1610 *

R .
B % ' . -8 . t ' . /
It is now necessary to defme the exit geometry, The '

.

followmg quahtities are f:xed at the begmmng of the de51gn‘

' ‘M6..= E':iitMa.c}; Numbéz; ) a

‘ - CN L

=" Exit Swirl'Angle

. ';R.6.'h' = 'Exdue'er"ﬂub Refiitug : . .. o... .

g =
! q
o, - T L . . . ] .
From compressor analysis, : oo vy .

. t6. 1)

W = (L+F/A) W,
'?3‘. ?cf“-K)f S " - L)

s
B
¢

. Where K is a constant defmed at tHe beg1ﬁmng of the deszgn due to
@

the presbure loss in the combustion chamber. : The exxt pressure is

then gzyenb_y.‘ N

- . N
N . . . . .

a F . S
. - ;

e eem ey
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. b
= 677

d \ o (614)'3."'
is a constant deimed in such a. way that when\wiulhphed by PR, -t

g1ves the PRT The. turbme ex1t temperature can be denved from °.
equa,tiop 6. 10 since now 'YLT, RIT and PRT ayé known. ..
ln adchtfon. . S "( - X , ew

b N
-~ .- . . N v

v

»
-

A T35 |

Lt (6.18)

. o

N . y
. . 5
R W
. oo .
- 1 \ . f N
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\ . .
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. and re;peinberir’;g that: .
. . ' '1\ i . ; i ) . R o .

'

N "..‘ U. t , v o o

:_. A g‘ﬂé g a~\'

°

s ‘atn

»

o0 | a.nd usmg eq. 6 10{}wes'

R .
"3'=‘ tg {5 - gﬁs
L ‘ °(3. AT oo PRT
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that is. thgjt’urbin‘e tip ‘speed. . .° "-‘.’ \ C a v'
: ‘ ‘ . »‘ . . ' : . ‘\ . ‘ \..’a B N -

f o - N o T P
The sequence of equ,a.tibﬁs to be uded to calculate the tip

1 'r:‘gdiu:s and the 'tip speed of the turbine ig therefore as follows; -
. “«: | _Y . : _-*_I "'. “,.— ' Ak_,( )
‘ ’. ‘ N .~:“ . PRT. : K’l.:' PRC K

L Wy = (L+FE/A) W,

. .- [ . . o I
N N IS N
R PR . - . R N . \
R . - = P,/PRm . = R
L S 26T, , 35 T. AT o . -
s 5 : : K
'S M ’ u . P .
. ’ DO
N » I
* "! ;o ‘.:. . ‘
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;’T6-T' RIT n:‘TT’ RIT[I (pRT) 3

\6' - 1. ¢ L.
- evaluated at the mean. temperature

"where | evaluated at ‘temi)erature.fl‘grr.

(CDg + Pep » Corly . 8

~ <

= 91,:‘. co'nstanf "= disc&arge coefﬁcieint
Aﬁ :/‘b i

( - o+ R6 H)

R%H + Re'r )1/2
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€ .. . 62 Free Shaft Engine »

In a free shaft‘engme the turbine section is spht mto two

R L . section?, The gas generator turbme provxdefs power only to meet . g

¢ the compresso;and auxiliary requlrements. The output power turbme o ‘ /'\ .
isona separate shaft and extracts the remammg usgblepowe; from . | : (\h{ :
the gas flow. P

*’ . o/ )
In this study we- are cons1dermg a free shaft engme in wh1ch R .
\ . . . K . *
e the ga.s generator turbine is ra.dxal_.whﬂe the power turbine can be
"eit'her radial or axial, ‘hut it is not consideréd direétly in the analysis, . - <
- In. the freé shaft demgn, the gas generator turbme must match
the power requn'ements of the compressor and aux:lhangs . o
The compressor work is defined by ‘the following -equation: - . K .
" [ . ' .. “
W L& S I .
o He = __ﬂ_s:___ (.PRC v 1 ). 0 p Z 3 ‘ (6. 32) “y
* . P
. L The turbme work is defmed by: , -
: ' ' L 4 . . LN
1 . - N _‘ N ;
v ' : N , ., ' ) ? l E“‘-t . . :.:.:p .
-, . HT = WC (l “AW) (1+F/A)’QTT[1 "( . e ‘."a‘“ .
. : U CoT PR ) #
. n ' ° w : T " "\i?-
; a . . : . ' ' . ,'. .-;
. RIT ., C e 6,23 - v e
. N p4.‘6‘ ' Gﬁ% . . . . .‘ . i ,'i 'h;:“'

S : - In equaéipﬂs 6.22 and 6.23 :both,_G'p and"§ are functions of the )
. ) . . N X i . * B « . '
’ ‘mean temperature in the compressor and turbine respectively using M

et o S e S

. . - air properties.for the compressor and g'é.s properties forithe turbine,

' The work balance €quation becomes:_ l




! |PRe -1
-

X_q ”.",.

} To "C'Pz-3 "=

A

(1 -BW) (Lt F/Apns . |
N . T ,D)
Y{c, a T\mech .

: <1 P " ‘
o L= ].‘Rn’c‘; L (6.24)
¥ (PRT Coe P4-6 :
.. N , . 2

‘ | In .equation 6. 24 a mechanical efficienc X is incl:ude'd

: A ¥ nmech .

to represent auxiliary drive requirements and internal _gas geperator

powéx losses between turbiné ahd 6ompres§or. From equat:on 6 24

M

** the furbine pressure ratio PRq can be denved as:

| ‘ } ‘ “ X -1 ' ‘ - , —
. s ‘ PR T 1 R T | | \
" . PRg'= [1 o = — ¢ —
SL - AWM A e M Nrech
s . A . Y N b M o | l
To " Cpp.a X/-r o S ’
RIT Cp4;6 . SR " {6.25)

The above equatmn, defmmg the turbme pressure ratio,
}s the only additional requn-ement needed.to allow the apalysis ofa .
free shaft engme. In the above equatmn the values of PR, AW,

Tlmech’ RIT, T, are apecxhed by engine req\urements. |
VN B

The turbme ef£1c1ency nTT depends on turbme specﬁlc '

speed which is m1t1a.lly \mknown. Hence ah 1texatwe procedure 1& E

- " 4 . . "‘ “ ... .
Gas propertxes C * and “* for the turbmc, are defmed )
N

This 18 a function of the tu:bme ‘

) requzred to defme the correct value of nTT‘ ,

-

by the mean turbine .tempezjature.

: L ‘ ’ ’ . » . .
N “ " . pressure ratio, which is initially unknown, -82 another iterative
. A . , . A ' P o .
© + . " procedure is required to define these values, Only when these two *
f N T ‘ L © ." ) . kR .

M \ - ’ \ N 3 s .
0 - . ~ R AP ) . . . o, .0
‘ ‘ p . - W ~ - 3 ” . i




oot . @ 3 -
iterative procediires emplpyed{il

"does eq'u.iti@n 6.25 converge to,
" ‘the éoi'z:éct_ value of turbine pressure ratio, - -

4 »
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. RESULTS AND CONGLUSiONS ’ .

2 . i a s

To illystrate the general method a potential study has been
arried out on a pos sible'engine, conﬁg'ura.tmn. The compressor mass
L RN

flow is 4, 1b/sec and all the other input parameters a.re reported in

, Appendlx 2

‘ The aim of the sample calculatxon is to show the effect on

rotor mlet temperature of the following vanables
i - Compressor press,ure ratio (PR),
‘ N e
- Compressor specific speed (NS )

T - Low cycle fatigue life (LCF) - A -

- Ry /Ry raitz& o :
Figure 7, 1.tFtough 7, 6 show the computer automat:c plottmgs.
‘ From these graphs it is ev1dent how the RH /RT ratms play an unportanc
role in the definition of the maximum rotor inlet terrlperature: The
Ry /R ra@io is defined by aerodynamic re‘quirerheints and a value of
0 ‘38 is us'uajlly'an acceptable figure, F1gure 7. l shows the
maximurn RIT occurs at a value of)R /R 5. However, it also
. shows that only 10° Fpena.lty has to be pald in order to satxsfy
aerodynamlc requlremenb for an optrrnum eff1c1ency level Thm is .

a very valuable mformatmn for" the rotor deargner because it indicates .

=

Cov I clearly, the trade- off between RIT and hub radms RH. "The behavmr )

“of the curves of Fxg. 7 lis not general but it Hepends on such parameter
1 N
as material creep strength and LGF life required.

T ,

o

3
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. Figures 7.7 a) and b) show the effect of compressor pregsure

‘ ‘raticlgd LQF life on maximum:RIfI‘ for various ¢ompressor- specific

~
o

- . speed, arid'a.‘constant val,ﬁe o'g’RH/RT = .4,

€

With the trend to h1gher compressor pressure ranos, a - e

¥

e g oL
S

31gmf1cant reductlon in'maximum RIT is mo: bed

< ' Compressor specific speed and LCF 11fe when i mcreasmg» .

also have a strong adverse effect on maxunum‘RIT o .
' / . ~
‘. . This is only one of the many cases wh1ch can be analyzed

°

o bty o,

In parhcular the effect of other vamab}es l1ke,F3, oy 3» NB, TT,

¥ ' ~ TQL, ma.tenal on maximum RIT can be :analyzed and once perform-

.ance calculations are completed the Best combination of. variables _can_
»t (; A ._. i / . o, B .

s be selected."

;»_ : . Figure 7,1 shows that the tu'r,bine ‘-tip'lradius‘ix_mrease’s witl: o
’ ‘¥ RIT and this is consief:exdi; for an engine in which the mass flow is

| i:ept constant f:ut the 'ohtpu't power ;nc.reaSes as RI’I;’incx':easee. ‘ .
However, a new engine de‘hxgn usually revolves around constant

power or thrust and therefore a scale’ factor ha.s to be 1ntroduced .

by the pe;fdrmance engineer. Thia.s,cale factor could slig}gtly

- effect'the maximum RIT, | '
¢ . . - A L . ~) .. )
K o ) LA c'ontinuation'of the work described in this thesis is " v
e _ : recommended and, m partmul&i*, the mclusmn of performanée
v ~ RS
] . calcula.tmns in the computer program will make this method’ capab).e

of handlﬁlg constant power engines and- th18 Mll also wmt‘engme
- “. ! \ ! e ) LI N . ¢ ‘

size opturuzahon. ' .
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“Formulas for Strcss and Strain" by Raymond J. &?oérk,

-~
"

‘ Fourdh Ed1t1on, McGraw- H1ll
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. APPENDIX 1..

The computer program "MARY" handleﬂ the optumzatmn

'

process theory descnbed in the prevmus paragraphs

The _program ha.j\lzeen written usmg FORTRAN IV 1anguage

2

" for-a CDC 6600 comguter ava.llable at U;uted Au'craft of Canada

.

Limited, ‘ S . . ‘ \ \;‘

The f;mal results a.re au omatxcally plotted makmg\/thelr
l\

’

«

‘1nterpretat1on straxght fo rwa'rd

Append:x II shows a sample calcula.tlon and the relatwe grapha

are shown and deScribed. in Section 7. " From these graphs, other

-

‘ representatlons are possxble to show' more clearty the effect of

s

~var1ables on the maximum allowable Rotor Inlet. ‘I‘emperature.

E1gure.'l ahowa the "progra;m flow chart” m blocks and how

’they are connected by the. various ‘loops sequences




. el g

APPI-2,

-
- . . S . esyusmaainbaz . ] .- %
o . A - gva138-uIen sx3jsewind AppIq & . - -
N - ) ) . i ' sugqIny so3vinaTed Boxdorg . ’
. .. .y . ‘ - - — .. [ i Ty a¢
. |worsvrme dew/a3 sous aansrravass Tl aan d s T . sl
o - f - : . 812
b ) ° - ﬁ . . . =] 3 .t M -
s - {3+ oz oxrsn qarvinomva sn _ - - . - | =
- s . r - - -ogy wo3g peede| .’ i spaadd (wajuwyosa JO W- a
: s - TEOTUIYDME BYUTNOTES Deadoag s anduy 39021p ssonte gwioaq <] a
o’ {mI + ¥4I WOWZ SELYINITYI 15 |y |- Y — X ~ ) . N 3 Z.2
) st i ._, - LT R 2 110 z=z3 . [=|Elg.
. . L Tﬁxoﬁw&v*u}nu - ’ ’ . \Mv . 1 .. Slelz
/.WIrl/ — i ) . ) . -I—‘ - _ ‘—h ' _ » F .. -‘n W.“. Ww
C - . N - d. - . 5] E
¥ (ontos veratuny - (3me = Sz - . : . . A28
L /\. o —. . .auomﬁlﬂo.ﬂom.mz pue n.@ @ 28yt 37 . Lals
L7 ‘ ) . ‘Ign woxy IT ateo wesdoag | - R . - el
' “ . {ontes TWIITUL) " [ : . . - ol c
. Al s k2 -~
- .!} N - ) Mw Wm
. - ] annt 308 aw . oo - ) L
- 0 =aj |fousIoniE dutasy | - . .
L s o . —
. 0N .5» B . o
T Sz S (F5wys paxRg) 3 = 1 3do N -
* _ (snt1eA Te¥ITHL) . . : . : ’ LT ] 1
- © : 1wy eo.mu L. T |
™ < : - ' A a ™ 3dg - .ﬁ 0 ’ ﬂl : & "
& . . - TS P..«E EGoEd - o ’ .




. m. H Ml.ﬁ T ! ) . S :. 1 . . - i -
- S . o T T IBN*301¢0W*en, W3y T -
¥ Q, . : : / . . s £1d021408Tid0 S0 HGIINT - . MY L ‘-
Lopt * AN - T . . d (GT)3TVLI(0TIVOYL (0TI 1BVI NOISNSHIOQ - - - .
- < I L . o . ©.(S)X3LI NOISNIAIG Lo o
Ny .k s , M : ; - : tugﬂEHE\&nwx«zgxou : . e
3 - - . ’ . - B a- S ATEIUVEHL (T8I UVLIOY (S 4D14 (T8 Lyt (2 ) :
T T SILINCC0TILIN (OTITEN LTQIEHIL  (TO)ICLIVIS (T ELSNX  (SITEVIIAC (5) ¥T -~ sg
N : _ IYi30° 02 TINXS L0221 T1IVIISLTRIENS(TRICFTN (SI2HN® (612115 NOLISNIALA & : .
Py . ‘ ™, X3JONI‘(TB'S)THY XL L)INHYE (TRININHY *( FEINIAIIS/E/NIHAQD: S L -
oo % o (0STYATBY L XVHISOLYW E1d0* (023SL4(I2) 411%¢ . . T
T T : _ T ILXEUNAU L3 390N HHIHLOL (SINVHEIIS 6L 18501362 : i
. ‘ . $93°93t93483423 T4 9TV GV u IV i IV 2TV T 2042042842V 410 100 TEAT - o€
¥ . . ._o..o.m.«.,—ao.a».nhamh.:.mm.o:m.::.mnoma.._z..aok.mz.h.,._.\man\zozzou.\/ -7 :
. - SR : = : 2d0 0 SYIAYELX ISV HLID HASNKS (4] 2d3
s ¢ - T .@.aﬁuﬁmo._mvozm.;w:m\zx.SﬁHma.38Hq._.m.».,qw.ﬂu\mm:\zoz:oo : ’
o . - : oL ) : ) ) . NIL/TT/NOWAOD . : . "
r‘ ot .. . - . .t - ' — ‘ ; M - - : —— M - e ] - S2
- i s . o B INdNI 443 83AL - ooz - ) RN ’
L W e " LSN SA VL13°BN SA ¥130'Sv138 $A Vi30 - 01vD °d43 SuN1 0=LLlVLI3" - 3.
P . .- N > . . o]
M o, ) ) ) I¥d SA Vi3 ¢ '¥13 -  INGNI 033dS HI3W 2= "0, L., N
i . o L . © I¥d-SA V13 ¢ V130 SA SNX. .~ 07v3-033d$ HIIW | T= 2140 P R T
- . - - S L _ . - 7 — : . a .
) - e T : . Sy .o . . TJIVHS 33u4- 2= - 2
. . - N .v o 14VHS 37T9NIS "¥=. T1dO- - ‘9 -
1 : .- ¢ . - “. o)
T S . | o O o o 8NH 03¥08 2= O st- °
Co : . ' \/ : S : 8NH 0I70S - . F= ido 3 . o
TR W K 4 \. - ' 03¥IN03¥ s318VL 1ns3y NeILda a .
: . : - - 3 ’ . . - et ‘ . ) . ..
T e _ . SNOY (4D HyNaONd * i) : 0%’
.n < : . ’ - \ . t ._ ~ ’ ) - * ’ \l .\ o- i . ‘ )
J \ , ST - | 26T *1d3S * 3IW00W."HW ONY ILIN3HOY3S *S A8 03WHVN90ud 2 .7
. . i ol . ~ . -0 - D:
: . ﬂ\.. . . . . . M2BY *1d3S ¢ ILINIHO¥3E °S A8 03Y¥Vd3Yd 9 p
< - .«lvm ——— - ’ \, < . . . . ‘ . -0 N o - .m .
: T . : S : - A . —AQNLS JVIANILOCd INTAYAL IVIQYH 037002N0 2 : ‘
P : . . .. . ' - ) : - . -
- - o - - -0 ) . R (0£3dV140234VL¢101d=663dvET - - .
A ’ . . 1014 1NdiNfZT9IdY L LIANI=093dY L L NdiN0 1NN} ANVH _dVAIQHd SR
- RN YRSST  wJ/0%/62 L9SUSA+TOS NIY SR I=0d0_ mAsMZ . AMYM wwMadNd 4 e

J%ang

| A e o
- R R




ST . . . . JUILL (666479 3LIYH

L
SR
-4
.
,
.
-|
I
¥
:
.
o
,

APPY

;mﬂ‘ﬂ?‘:h:a—"‘t A Rad- ==

N

4

Lk C L g - STV W R IV LIV 2V FIY, (6065097 0VEN, (303 0LV Ml T — .,
F . P o - 934534434£34234 T3 (605 409) OV3Y < 0°D3*ILVK) 41 . o /
; t - hd . ’ y ” 4 I -

3

v
'

y

(02NL1L1=XYHL (2°D2°€1d0)41_005 i ‘ .
T {W°PTI2)LVAHE0I TIE . .
’ 30NILINGD-06E - .

008 0L 09 (G°U3°(I)111)41
- Ava» ()ALl (T0gtI9ICVay

.
3

PR - - : T 110237 02N

«
N
.
~

a
.
*

)

- » . P

N
Ay
/)’
.
N
5
0
.
.
o -
* ?
.
.
3
s

JMNIINGD 9T ’ ) T

- / N}nromno
. . ...., ﬂam
pno,um

onwwhmmummrhh@m-@mrfl;
_T0*T0T8'TIV (£06°09) Qv3Y
- HUIHIG 91414214 TL 1206°03) aqwa

: L C e ' ) © AYU'OHACAWIGEAYY I TOL (206°09)_ O

T - ’ ‘ .  .21SNX*Z3SB*TLSNX*TJISB4EN‘1LL ﬂmom,ow,oqw
Coee ) . : ) 17dAYN 11V
T L e S . D (X3L1)SS3K 1VD |
- - . : . : {66) SS393a_1IWO "

1]
>

] : 00 0l 09 (T°D3°s
R L : AL , EE
S N H/p\. 0°2'8'V- (£06°09) QY3
P i . , B 3 iy

wt

) - . - H3T=(G)X3LI
: - dua<a 0I80T=¢H) XL

. - -

L D T rr——
by
.

YO SIUINVIYLF=(E) XILI —* - - .

P

¥ 107d INI¥0T=(2)X31LI

. . .

®01704- wxpmo«iﬁﬂvxu+m ~

"% . : <.

A 9T 01 Q9 (0°V3°d0ldILd

gL 9T 0L 09 (0°3N*9VI4INd

: C (716) LyWy0Y
-~y FAISNAIIAN _(#06409) 093

(0TVE) lVHUO0Y

——

e S nwﬁ;le»hH~u4hHFH~ ~w@olbm~oﬂwm

666" A

~ ; - - - ) {T06°T9)- 3LIdM

S o . .o T SERIEE ' LIX3 WS - 0s ;
C . I : T R : S 1340N3 17¥0 €3°93" d0IdI)4T F_ - _ . .
- Co N R - .- . 2'T (S¥T°03°SSWAOVF) II RN T
. : - : C S Lo 08 GNIM3Y S
. _ . NI . : : wwqxuuv.ﬂ».amm.bm.mawmhu. (096402)0N3y £ — ; .
) N T 7 - o o , . 0=9VJI . : L I
. S .. ., . ] - X R ] 5 N M/
: T : - \ YAYO ANINI JAINM ONY oqua R SN I
r - » . -
Y A T ‘. tL e .. « .
: r# - . L o~ . Lo- o, : »
. . *RY NS ST N4/0F/62 . J9EUSI+ITH NId - S ¥=1d0 . %i/%2 AUYN HYHO0¥G
' . Y — ” v e 7 :\Q
. , o C g . . TR I SR
‘ N ’ ' ’ ) : - .., . ) - - L3 P ’ . L e i - y -
- Co Lo . . A(\.a ? . . . ) . , . . :
. } : . . . -.L‘ - R s ../, . . - . A | - . . . \ ) ‘ .
Ve ey o - ’ T e e Lt N o . A .
S ol s, mrl Bt oot st s oo e aadtdenndh o S s s

. . L . ® RN . -
o ) R ) A , : st et < . o

o

e



o - (226%19) 3JLTHM
: MO HE00R RIYLLNT.

.nox.o:x,Amq.nwlupmnFMIkkhfLiwkxauhlhhkmMIhhmmuklkhmmlamk!wpHmaw
ST MOCUUOSNCWINLINS. DILVHSENGVALISLLIVIZ (206%409) Ov¥3y
Io«.m:x.m<zu4<.n<»wm.nqxa4< (226403) Qv3uy
:.:ww&thIMhﬁmm

£ a=vi3I .
H.moJ.ﬁH. YY9IS (216°T9) 3LIum
YNOIS e L206%049) _QAYIY

>

NVJ9ISN'T=L % 00 -
(LT6°T9) 3dldm
wPu::o:;thhnhE (MAHLT

LLZA° nHUn:u ATLs PZDu.[nZﬂlKU

i4 .

SANNOA um:hqmwazuh «/51T23003 IVIY3LUN =) LVH3O04 9399
10341=1¢1691

St(h2T1) uu.WqPrEz.B.mmthHxE 6°3N *ALlyRIAT

G- .
~+1Y3INEW LS (624723

.

.w4m4h-uk«z.mi<szqmu TIVD (o 3ane u._.qﬁuu.H,
mn_u.mqa.’in_du.m;:owdasvﬂa; (ST64T9) 3ILLIAN
¥ S (9T64TGQ) "2 1THH

2002

.-

mu.mm.am.nm.mw T3 (5716‘719] 3LIdM

{("36°79), 3LId4N
09 _(C*IN:DIVvRIAL

.Dbav 0l

ANNIINOD %ig
{2*0742)1vHY04‘G50¢
SA£4T9IILINN

. (//7«55381T
3 m-xw»wm:»qmwm:m».w\\nu¢>~<mmn:uw m> mmmxpm "40 3N8VL LNdNT &) LVKE0I 29¢
120£4793311d8_£2¢

up.n»pmo.Nu.wm.uq.mwr~H.ﬂonwo.wm»&«.wp,ﬂk.o.u.m.<.

— .

«

"H0T .01 09 -
(£T6479) -311aM o

(2164391 3} IuM
€908 0Ol 09-(2°03°2140)41
H HYZH1G'Ed0RY*NA BT

R

\w,

EEEEEE«EH& 2193 1I8H_0Y

T1ldO (526°T79) 31lIdM g2
tn 0L 09 .
ﬁ\_.ao.Lr.wNm-.Hmulw.»an ;

$2 0L 09 (T°03°Tig0). 41 02
hao .mom ﬁou 31I¥M.0¢8

02 04 08 : : :

span (LGH*T9Y S1IsM.
0 0L 09 (2°D3°1d0) 4dI
t9065T9)_3LINNM

-

. d F=1d0_*

LWL YA ANYY - WY A0

“r

. *
-0

A L AU Ve IS Or SN, R
3

e Al nm e o e

~ .




R RN

.
|3
1]

%
«

O

& RPN

“

Frmsa {m ptwwgﬁ?ﬂgmu

s

- ’ 0.°094+0.4=01

:¥d (0M6¢T9) 3IUIuM
zom:ahu $S0ud¢ um< mszma.zuzmzx xdzmzx K'A*OL*Td (£26°T9) 3LIyM
. (9236579) _3LTUH

T i ¥d (e06°C3) av3y
<pm.:ouz<»m.mmc.mzx4wo.zwzmzx.x<xmzx {(206°03) Qv3y

—NX*SSOINd M ALOLETdT(206409)_CVIA_2

{IJIANX (IITLLIVLS ﬁmom 09) QViy
0241=1I £3 0Q»

(IDILNXS(IDIILAVII (206°T9) 31IYM £°%

- . C (e2P“19) 3IL1Ign
.. dehmo + TAV130 = ¥vi3ag

aA_hmn§~—ﬂlJ.hMDIhUPFNDPWhHMlMPHhRIhb&HbZPhthFHlemz~ QYU VL30_
- do1Ls

ﬁqam.«ov.mpwn:A
ANNILNDD.

: N««.Nmu 22T ((I8N-8N) JI
: — - D¥*2=1 21T 00

llIIIIIIhHPHEZIPHPFmﬂIhNbmIHQVlwhHm:.

. CIDIBNS(INL3IQ_ (206409) Qv3y
’ - . : 0F*T=I %7 0Q

. —— (356419) 31IYN

(NAIVLI30*+{((T~T) T

dH«hw01a49¢H<hun~tnnﬂlJuHndhumx.J“Hndhwm_\n-J_Hndhmmlm<me~ T3Vi30
. : 401 S

2T

) ) (S06°79) S84Id3M

© 3ANIINOD TIT .
ﬂ«w.ﬁmﬂ.ﬁmﬂ WELIRLIELD nsrmmwnuux\44

AR

@, ., &*2=1 ITT O
.auumn<hum.*-mH<huo {206479) 311y

¥
2T

.H~HMH&MW;.H~mH<pmn (206'09) QV3y

. b .. °6*I=I 2T 00
: P = (L86%79) 3LIuM -
Yy . L s

ommu sv »:azu k~<+w 4T -AON3IDT443- mmk<4304<o ;qmuoaa
8 oL oo 1T°03°Vi3I) 43

] 2F=¥l3l (*0*3N°11lvi3) 3I
\.Puuz'ﬂnﬂ;.m.pmmu {€26°79) 31IdM
fLIBNCTSIS CT) LIN) .mom.omv cqwa

_AHYH HYNOON

E=1d0°  9L/Y4




'

N e O Ottt Tt A

i
' ¢

¥

i

i
\

P e i et

s Xou

.

(4

i

v

PEPRTPYRIR

’ N \ ‘. . t”- - - . R - K . . » ﬁ ' N ., ey >
S S , . s . . HaNe =4 00% cﬁma 5 - .oﬂu.v
= . : T N319313S 0T ¥ mx:mwuxm ndss 04 4091~ [ : -
o L= — T - . : s, -
: Y n - S i ST Nl ng - : L8082
i : - S RN - -, " TO*T+SNX130/ (NTHSNX-XVHSNX)=SN -~ ‘
-. ° : 1 . G - 6 01 09 (Q°0°GI*SNXI30) 4I R .
- e . e : . A 6 D) 09 (2°D3°21d0) 41 . .
: T . . o T s C « 3ONILINOD TE€
T e L . . oo N -t Fradn=udn 12' .. . g@o2 .
PR A S : m:w iz . I£4T2 (0°0°3INS(I3¥d) 41 : i
. T : A e stmrazoe ¢ o e
L . . T . cs R . Loor o=¥anN _ — . . e
R . i I - (3+0T2(T=LTHNLST LTSN — .
o . S . ‘ . ™ L . 2aw(£138-£dIVINIS=5138 s -1 N
Sl - - N . -, - Ntnanm._:moosmn 0~2»w1£138)500=4138 o -
L PR L £ _ OYY¥a£VL38=£136 . i
: : L _ . - - .. ¢ - - i QVd=EVHdIY=EdVY, . > .
< . ‘ ) , . . . . 0°2Falrx=Trx — - TR
- T . 2 , s _ — - __0*2T49=TA M T_ORT
. t . . - . o T o (Z+T0HE) /M=0 =~ | oo
e T , .. . ST V(L MTa0L) /0BG a T R )
_r s ) . _— . . — } ..\..ogol 2=TOHY . R
‘ SRR . . R e o - -0 T T xgegs = Sv9y . X T
S, s e o S . : o - o ezreLirx "7 est
- . LS — —_ 2 9LT128=9 : N :
A . . .- B S NN e *09¥/Id=0vd = - - IR 7
— " - ' o ) C ’ © 69268TNTCE=Id . o )
. N . ; g . - l : . - ¥ - L4
. - Vol T L i .. . . : I 'SINVLSNOD- - - Q- 1) S
’ - . . » ) . ) . g A
. I - «1’. : ] . . - (056419l m:mx(.:m s 1 «
A e , B : . T ] S.Hmm.ﬁ.nﬁm (206°19) 3ILIdK L .
* - . ) ' . . ; (I)IUdC1IIVL3 (206 09) Ovay | ot T .
. . . s . i ~_ - 02¢1T=1_2 00 e t L1 S
B LT I - . e - : (626°T9) 3LIY¥NM" -~ . -
- : : ST T84 T=x .Q.H.H:ue.::mzx 1206479) 3118k 9 - s
T . (S 7=t (P IITVAI0N L CINISNX-206409) OW3n - — -
' : e N * ’ . . ’ ‘, . r ., h - - - 62 ¥= H» 00 - ’ - T o el
- . . - T _ 16£6%9) Farun IR 72 BN
) , S _) i’ o oy ; _Qud (985 4T _SLiIam " _ s -
L s . .. - N « LI o . . . M Af . :.. . . M
,mm..:s..n..n.n _42/0%262 J9ENSdsYew Nid M , e X210 0i/n
. . . X ., i .. - ) . B N i HJ. . . i . .s
3 . . d , .0 * Tt oL :
- ' : . ¢ ) ’ i ., : - S . . roL ) T . ’
. ; B / ) . d . < - B K ,
. K - - h ; . . .- LT . 5 ¢ .
. - ; . ) . N = T . L S .
\.. A 3 o \. - . . . . . . ‘ N . . ‘ . ’ ’ t N m
e ,..,....u....o.}s.mlv R - — = —— enle . ' . R
. L Tae . ¢ - T . .




.

iy a4
APP 1-8

7},
i

¥oap
h

= PRI IR R

]

N

N

G L T

iy

o et Nuda
M

- » ~ - #rPHul

.~ ;.mmouaan' plwpuouzlly

wr»x S WadeTd=0

T 1 7 A
.:bmmnmpuHpnmzumu:plnanOH»quuqnu -

. . .SE-::SEA ‘ﬁ w
3 . : HI¥1dN=01I¥=TL18 , /- ‘ :

. T 0T« (T-NI+(TILTHEO0LIN | ) TR
S : TATAN'E=N. 027 007 S o,

ou»omamm mm:h<¢maxwk waZH Y0L10¥ HOV3 ¥0d 007 -

(AN 4]

v..

HO*YLO*NX‘NIE‘HY¥d (2£64T9) IJLTuM

T SNX'VL3 (FE6'T9) 3ILluM ., ¢ N ‘
: OILV¥xH¥d=TYdL (F°D3*T1d0I4I
: : 928 = JadL! PR

Azma.z ckw.mzxumnﬂﬂm:m Jqdo.‘ . - -

. 9 . .
6£T16NS :pm~1zx.<kw 31vi091v0 - 9D - N

: SR 9 . .

e 3ONTINOD 0T :

L T peg=(WNLC)IHY N

00=(WH'MMINKY - . ‘522
¢  NY¥OISN‘E=Cr 0T 00 : . .
Co Be0={WiHINIHHY : ) :

I . 0°0= (WWINIWOIS . e
..v. ‘ \«.—Hmz.«.uzz.cwoo.../ _

i

: : . TLIN=LISYIN i 022

. r - B=X30ONI : -
. SNXA30« (T~} + NINSNX=SNX Lo - “
< : SN'T=L 0T 00 .

P -t . A L ‘ ] K .
1NdNE 0334S HO3W SS3INN 0310373S 033dS OIJID3dS 'HOV3 ¥04 400 *J- 174 S

- - -*0=1I%9I8 - ‘ IR
- : . " *QOT=NIALY ) -

: - o (HIdd=Hdd . SN

- ¥

r*

T e nemsray A e - Y

B - 32140 - ir4




).

R,

I . - T (0%2/ (ALY +HIYAHIN) ) LUOS=9Y
) : - . 198=(N)¥VI9

F

. Td/SM+HINHIN) AHOS =19 Y-

o ..o«a»o«;u;«.mousoc.poa.«m.a.\.».pucm.kz gy
. <u“.w:x'o:nf.o T-HY9) #5040 °T) £9HXe (SYDE/9+HYV9) L¥DS9D -

3 4 ~leJ:abkthlhuLnbrhmuuanw zs1

§r ot e

e et

B R v

syt ey A

: ﬁ(\\\\u. L R " s£T 04 09 .
) ' . Y 2¥dL ‘= Tydl £ST
z S dd1ISEvI_dT
. .«xqu\a.«,;»..ﬂo ooq;ahHm.wanos»kqau‘»x*xumqum,\xo»zn 0°1) = 2841
. . . ; 25T 0L 09 (1* D3°T1dDISI IST
: : : - . GGT_041 09
- : - * 7 BVi3sLlvi3d F9T
= CL = EITTST*TST (TQ0°=-(14V1i3~-TVi3)SaY) 41
- ! , : MY130+1¥I3=T7L3
. : : . (M ILIvL3T
. ..+..anq.mhrckwo.J.thapuy..~« Jvahzxuﬁavupzx.\.qunpzx LSNX)=Ll¥13 Ta¥
LDPA
- ) ) . - . (E%6°19) 3LTHH
. : . - - _ 3NNILNOD FET
_ . : : ISTCINTATNT (I TINX=LSNX)_ 31
e , ’ . pZt2=1 1£T 0Q
< . . - G2 0aw0V3H/L9OHY/LIMI LYOSHNX=LSNX .
i N N . 1Y 13/17130=Td0="X=0Y5H
¢ - . . ’ (S9L+SVIY) /SId«D *TNT=$OHY . .,
G uv : . .. .. - - "CHVYJeslV1Sl0L/19d=584
: — 5 M P PY1S100/(°09492191)=S9L 7
. .. - - © 0 OHX#OHXw (0°T-HVD) «G°340°T=LV1S101L
T - . . p T2 (D*F~HVO)LL/HVI=2HAVY :
- - IST 0L 09 (T°*03°vi2I) 41
. oo b - : 191-F1Iu=1730
. . 4L © (1*SVOVITHY9*dD)ISY9dD 1D °
cL . - o . pe0gny gL="1
' : © . 49=Td3 56T
. ;. - ) S o 65T 01 0O
° - R - ; 3 1915119k 397
- .t o : ' -~ mo«.mma.mma {0°T-(1191-191)5S8V) JI
o —- . 0 aa:un.az<uJ-«mm»uo.av.»p«»wuo Tr+(D 099+ TLTUI =19} "
: § YA/ LHY9 =02 FYETHYA
. o e T (HI1*SYOUVMEYI “dD) SVIIT 1IVD,
R o - . . o 09445 02{TLIY+1194)=HL- 56T
. : : .  0p0=Livid
- " . ’ ’ : -
*Qutepee T 4//0%/62 - I9EMSAd+TH Nid e 43140 W2/%L :
- - - . - R g —F




AL <l
.
»

Mw.m,.,' [N e e . . R : - - ; s 2 ; . \ ) 3 -t
<F ke 3 - ~ -
£ . T o» - . . T . w:zmwzou 102 . .
. . ., s : t02°202¢202 ::xqzﬂzﬁml...:z&ou y 41 " R -1 1 A
B - : : : - LSVIN'2=HH. _T02_0Q - L
D4 o \ 022 o»ouiﬁ«._z.znzuum.._.u ..S.zzaum mo.S.szon "L1° (IINVESIS) AT - . - -
& o - : - ~ - - . NASVI=SASYIN TG, -
t S . : r - S ; _3NNILNQQ. 06 : S -
5 : S ’ - . . ‘ «. 01 09 ({IT)NV¥IIS°19° (IINIRDISIAL N FERE ] 5 S .
& . : o ) ) 8 ‘ . . . I=NLSYT - - T
S T e s S — R : ASYINSY=L 05 00 : : -
E -7 - - ' . S . 11497 (EE64T8) 3LIYM i ® T
& Tl : - . T . - i+ NYYRISNE=17 002 00 . - U
. - - " 2 N . . . X - |H.|IOWQ»H . o . 52¢%
; . . : o ]  HY.ONIONOdSI W00 ONV AI¥ z::ﬂ:z 30 onS\.SoﬁG 2 N\ . .
v . - - . s £ Q - - + -
. ¥ ) . : - ‘ : B . 03 o1 09. (T°D3°1SVIN} 4r s2y - - . ¢
m s ) L . S ) . 3NNIINOD 02F . p2e
5 — . - -t hd + s2F 0L _p9 . et
3 - . ) . R -7 2=N=LSVIN 33% ] T
4 . R S ‘ . © -02T'STT02T (FT-X3IONI) 3I.. . - ) _
P8 S . R . SALENIYYENL . s .
A - . . N (EHL*NVYDISN*N*® :.E.m.a:m.m..mm:m 15U R =
e . . . T . ] - ‘uum?.N»wzxnﬂ»uzx.\.N»mzx-kmzx.im"_mm-ﬁmgdou:u oL T T
W.. “ . - . e u N o e
L A A . - } .. o o:ngm HO¥ 4 awz._:oqqu w>m:o HY = YWIIS ~ 3 -~ , ’ :
L Co - ) L. - . . " o) S . . .
W CoL \. =, .mw ’ — 3 . s . i . . NENN . 01g e 5 -
. : ) - . e T ; _F¥dL = (NYgadL o ., . ’
. . ‘ . - . livias ::ntﬁw . ST
m : . : . . LSNX=IN)EISNX . . TR
3 - - ) A - ’ . (N} L¥=0L¥ ) N
1 . . ) ) : . e - - N={NIEN : -2 808
s , : L] — - - - : .mmroubn.vc Tl -N=0_" - : L.
PR - - . s - ¥ . (NX#OVYH /0°2«N= (NI LY 9T - R
-o- 0 - T : CLOONV=HIZUIEINV)ILBOS=0" - | g - . -
- - i i 11302TdD X+ 9=HT30 P -
. . - C luovdegvig T o (- aee- -
” C wSmooio«fn«xﬁ«.sz-\8««;2:5530.Saa.m:mmvzum-.ﬂ =£9 : T
. Co- p— . . (QVH 4 VHAIYINIS2 90w INZIINY__ oo ¢ - . . ’
- . . : i (1) 18DS+d3=8T . . . T
. . s . , ‘wxxizzx;o:xlq 7:<u...m.?= TI/LSVIAOAHY I} ) LHDS=HE . v
: . : _ . _0° 09E/NX9d=Td=90 : 562 s
. . ) S, ’ - . ° . . B . \ . N
R L lepuenoeoY w)/0T/B2 29ENSd+Toh NI4T - . N 5 ‘=140 ' -wi/h2 »#«.m/lmkmuomn

—




: - PR -, ’ - ) ‘ ' -
e .. . . .. 3 .... ) - . ) .< L. P 1.r ° yoae ) .1 ‘ A -
\\l/ .s T ’ 04 v . . . o B . - , ! . o - ‘ - ) ’
m ] » v N - ) .\ L o ! - Y R - . .
IR - ’ \ o .. B : - 2 v 02 ©01 09 , o :
m - . . ) \ T el : Lo t, .« . -70d1 ?o...eomwwbmx ) . -
LM LT . . e e — _— : e $83=7001 L2222 N 2
.m m“. - N . - T ‘ ; - - SNHILNDD 989 L ‘SLE Y
0. o7 , \. ‘ - y N : h««m..v_unpwu (YGn*02)TLIdH- R ’
R ) ) ~ i . ; . UMM INZINS TV A LY EY . ‘ :
A‘ ™ > e . M
- - ¥ . o v & ’ o . . », F4I=Tr=H . .
: . . ﬂv s . . . frtr=1 924 00 . | S
. . - i o . . . 3NNILINGD_GO% z 08

qgwhﬂx {T0n*QLI 2 LTSN
u\hguvmxm lyyy

P
.
o~
:‘
«
PR
’

7% -

S L - H.nka;hHmon .»Hmuqmu»w.naa,hHm,uH.
) . e ~ . AvE LI LIIN. _(T082 02231 S

Y . ’ ] ; ’ « (1) 18/ (I T NRY= :;& . . ) - .
: R ; . . L - e 904 01 09 °0*03*(I‘IDARWIST . . :
- . - : ESENIT : N f

B o ey
~
«
.
.

d ¥

: R . . : \ 1SYIN*T=I £0% 00 -~ .. ~p9g"’
3 P s - TR . A o LLLL 0L 09 (*0°03°4F* 1 NHY 41 S T &
hy e . » . IANIINOD. 204 - . .
- - . S (D) TueNTALT nTLn® 11441 L) 31 .
. - . . _ . ALY eITeLITy (30h 08 y3ITEM | S0t
e a2 N . - . . LY .ﬁdl...—ZlHr:HllND:?DD 54¢ R
: B I , . ‘ 7 . . SNX (T0#*0S)3LTaM — - '
: . : i - - & .- (17497 (T000E)ILIAN, - - o
. rﬁ.{\ , = 2 ) : ISYIN _(GO%C0STILINY : .-
SR s : ’ T 0022 04 09 (°0rd3 RNy 41 TR : a
~ , ’ i Y oo L2407 (SE6CT9) AT YM a.nM,/ © 0SE

- . : : . .- z0% 0t.0a°)" L.

- Ty T T 0 , \

% . (TN ZHYS (I 2L1Y (nEBTI9X 3I1IdM ] -
. oo : 0%T2 EoECmq._h.szuum. 9° (I TINVIIIS UO  (FINIHOIS 1T (AVINVUOISIAL - - )
. : [ AR . - INNIINOD. DS2 -
N - . « . : - e .:Ef.ow. (I1¥VEAL*2 . so¢ .
: { e e - (IINIHOIS* (T)LEUGL (I ELLVE g .
. - ASIen LTy 1N LTI ELTH (206LT9L I LINN i :
R y . - LSYIN‘T=F 052 00 022 7/ . R

woa—a
1
4
(L
.
-
v
-
¢
’

. ' . aﬂlxzwzuzxm.vmrwhn—.ﬂlxzuZHtv&l.xrvZHIINCI..J-:NIG ; .. ’
- -7 : (L E=XHIELTU= OXHYQITH) Z((F=XHl ELIN= (NN 2LIN)I=dR3L S f4he :
: - v o (FeXHIELIU+VHOISH ((T=XH) ELIY~(XHIELIN)=(VN) 211" S . . -
. t(1=- xruZHtonlﬂxrwzHr.unv\~aﬂlxxvzH:onl....Jvzcmonv|<r_on . ’

- —- VR X 202" et ¢ s
R

. ol R
- T . ’ ’ .
- am%&pl..lw»ht : AN ::zadz,r

P

. I . - . - . . ¢\ - .
4 » - . - - N

- . LI - - ~ -

.e




.2t (70°23°01 HET -
‘g Nm.w.o«u:\a.um.Op xn.o FELI mﬂu@\qxwu 04 :m.c.uu.a.@ﬁw:, LVHY0d - £36
.ﬁwuzu#tnmwklmhhubanuu
) dl3FL m:muu> .Hmmﬂs@wwmkm uJT<SOJJd mou WJ<HzoeronI:m.xﬁv LVKA03 2TH

. t/8nH8
uo wmomluplwmhzmnsozthHurzm hmelyzmHonuutuu;um:»:uuMZHuI«wlymuz&
TXQ44*0Td%= HNIHIOH6*XG/SNIOVY IVOSHETSXONIHZXQ4H°0Td'= .  GuHEH
*XS/ALISNIC uqnmukazxmﬂxmnt:7H\GJonm-J owu.l t OHYHG6*XS/70I1VWA NQ
DmMHoaIMd.xnﬂww DT xI?uXMNMDHo<¢,mDI 1v. 's30v 9. N3I3KLIE_3D¢
NVISIB "NIKH2%® xo2~xNxc 9*dT4'=  BBIUVHE*XS/HLIIN3IT 3AVH 3ONVE21019
EﬁNPXﬂZH.INXQ..#-é.nu.I LIMHL $XG739NVYE30L mmw.zv_DHIH 30VIBHG2 *XENS
TH2XQ H 0TIT* =" N01HEXS7H *0TdT XN T /9 0 TAT XD T/  NT 4T X4 T/ +033dSS
.0I4103gS INISAUNL °*SA YOIOVS SSI¥LS 300+ *XBTH°0FSTE= °*4°S°QHB'XY
§/S30V1E 30 Y3OWNNHITXBT*H°0=d ‘= ANHBE *XS/SSINNOIHL 'dIL 3Qvias
HETAXONIH2Xe n*0Fd4=_ L1EGSXS/SIANVH_SSINLS 40 NIGHANHEZSXSTAOZ
«Hal Zﬁmwmmzrm.xm\mu&bkdﬂ_w%ok ._,wJZH d0L10¥8 20 ABARNNHOE“XET* o.nu..: ﬁ

‘R 18NHE * X5 ~ ) ] © o) LVWyDd 116
- o £203°8.46) _LYHE03_0T6

, . . (9°2739) AVKE04 596
.-~ "( 8NH @ SHOBHOTAXBTI 0TI = 1dOH6*XS) L vNu0d 006
(-BOH 0110SHOT X8 ®0TT¢= . 1dOHB XS) LYHE04_LD6
(/VE¥31I¥D ONV V1VG NOIS3Q HG2/7/VLVO LAANL KIE//) LYH¥04-2306 °

- (398¥T LA4N] NI '(SYIEVL38 1D £¥138 Hug) Lvkdod 536
N - . (3573 1VHE0L £36-

Col .- T S : (#*0TJ0) LYHN0d 206
- L/7A0B0LS WIXE
ﬂmkou umwmmpPluKHDHRIDMUDanb:pnNPHhhbmmn!EhmbbunmNHMbMIHkH.kaxaoulhaﬁ
CBUTUEVT OTYLNLYHAO0S 006 -

W%BMrwqum.ramuDu

. ) . R oL oo

: i - 3IONTINOD._QGF
CATH9IO*938T4NIRIY 4074 Z<mouwz.xup»c4nquau»*a.cu.aoJaHauH ¢
- - . 0f ONIM3¥ -

: . - 3NNIINOCD OFT

(9£6*T9T 3ILI¥H - N

JNNI LNOD 002

(9°8242) LYKHNOS TON

o+ s,

g,

i

TR

iy T

ALD

o7

3

N

¢
¥
i
S
£
2
£
-~
R
W
!
T
-

€

.

s e amrar

. (SIT)LIVHYOS 0%
(TYT XCR) IVIKH04- 600
v T+41¥=93481 0922

. N . -

QR hSTCT n2/0T/62 - LOTUSHTH . o = R AMVH RYHO0Yd"




a

TR s e gt o

w T

TR CRT PRI e N RO e

-

s
-~

H

’
4

’. - [

m.xn\enucw/wx=memm.moumwmuzou:mu.xcﬁpw.ouw.. ¥AHB*XS) LYWBO4 256
(7/9°0%14%= 03345 21413343

L]

S mowmmxmxbumhwkbwhklbhklillllll>uszDHkhwlmbmmwwuxopxhwkbN&PPHrhoulhhm

APP 1-13

. . . a\\<h<onh3arbo H2T'THT) LVKW304 0€6.
: - . (YJHZXTTVLIHEX R/ (NI T .

011y 3¥ASSIAL SOSHI Fwwuuuumnubnzpukhuwmaooixmmnwquxom 626

* ’ “CNXHEZXTIVLIIHEXN/(NX) T
03348 J3IJI03dS m:m¢m> ~<hu# AQN3IDId43 JO NOILVI3¥Y¥0D HES) LVHA0J 926

.k&uZMHOHukwIUQUHz<xumszNerHlb L1349

]
3

= x0w:4wm:a.x&xm%qﬂvmmnmmmmmxn«.xwﬁ.J.adm.t. SS0T¥dHB*XS/H0LOYF dIL
18 OIWYNAGQYIVHER'XET'H*0T4'= dSYH6*XG/INIW3YINI 0334S 21410349

n‘xpwhmxu:ouxhhbknﬂlwraﬁuVMIIMZkuwbxmlkmhbwwnmIbHuHumamlnommwmmzoom

~_ XBT W 0TL=

NIHHBZ*X8T*H 0F3¢= ZmeZx:o X$/033dS OwuHownm d0SSHad0D XVHHEZ 'Y
XVHSNXHE 'XG/7H01d SSVH mommumazouxom.xmoum\quoxo.4 0te -

d¢= MHEXS/ZININODXI _H3BHAN_SOAONA3UHSZ XBI 4G DT4¢= AHB 2

XS/3YNLVYIAHIL L1IINT BOSSIUGHOOHBZ 'X6aHIXT N 0T4'=,  "01HE*XS/3dT
NSS3Yd LIINI HOSSIUIHOOHSZ ! XLV1SdHNXL 0 *0T 4= TdHE*X5) LYWdOd 226

— /Y1y MOSS3¥JWID HIT/L/) - 1YHY0L 926

(3NION3 1JVHS 3T1ON1SHETX8T¢01I'= TLdOH6 X&) LVKHY0d 326

(3NION3 L13VHS 33UzHLI*XST*OTICE
. \ (1°9T4) _LYNY04 226

TLJOHB4XS) LVHY04 %26~

. v.u, AONLS. 3HL ¥04T
0319313 onbchoommmmbm 1V SIBNLIVEIENIL 13INITN0L0Y H2Z) LVWY04 NN@

14833718 AOSSIYcWOIHITLX mhublbhkl!lllll|kb¢@lxmsmam

19v3 ZOu»<mchwpuo INTONI 03345 SIL INIBUNIHEH*ABT*H*0T4s= 4830Nn¢
HB* xm\onhHozoo SS3M¥1S 0L O¥3V WO¥d *dW3il ruuha:xm:.xmuxﬁxo.:.oau.u

IIItHWPanblkh\NWUDDKNIPHEMDHDQNImDIIuNxXbZHxNthbﬁbn HIOYHE9 .

~n

$XS/LIX3 UIDNOXI LV UYBEWNN HOVNEL2*XBT¢H°0TdL= ozxm X5/ m,f
. "HETX9 HIX§'4*0Td¢ OILVdHb *XS/AON3IIO1443 mmzmbmxhﬂ.:

X9 B HIXG 49 0T 4tz  NONAYIIHHXSLZAONITIOIS43 3IHIQUNLHBT XY

kp«»wxm.xm~4mmzv kuxmxcﬂ.xmwwwmuuczuxm»: DI4t= .qum

HiXS 49 0T44=
dIVHE XS/3TINY MO w>Hh<4mmxon xommmuwwcxnxm ®°DTdt= nqhmm:m XST -

Z3NONY_MO14 uhDJDWmdxbﬂ\kwwwwahDEhkmlebhkhhilhqtuuﬁmm. LYNA04 _T26

- (/7 ¥ivQ 3INIQuNL xn«\\v 1Vha0d 826
C - 7 40°6d‘xBT'0°TTH) 1VWI03 3TH
: L420HE X222 NVEAISHIAA XS L LT

$31043) 3411 309Iivd 31043 Ko7 (ISd) SIONVY SSIULSHES XT) LVHADS &76
(/0347 dH31 SNSH3A (4/NIT

'

A

524

.\zHPIZDHMZH&NMIHKI&WIFILDIPZMHkaMmoblﬂphluhHEoZ>UOaIMhlkhwlk<rmom\mum

(78°9139). 1VW30d ST6

7 7 .. Ct/04) dH3L SNSYUT

[N

i m>\hmmmv »MHDH»m<Ju 40 mD4obottthbb»l&bulukH:bz>uonxmm.x«klbgrmom 916
N ‘.-w

[
.

anb&o wisus 2.

AN WYN90NL

p e e A pnatban . . @

gheeeceT 4./0%/62 -

L983SdI T Y ZPu ——

'
'



AR 1

¥

RUA T

i

2,

TGN IR

T O A 2 LI A
.

ok SR RS

o : . © GN3
R M .m4mﬂh!rbh&hlhhlhblhhbhl&blmulmmerruxmoulhwv

- w7 .udm<» PNdHI NI, (0211SNX 19 LISNX H2E) LVHi2d £%6
i } . . ) (H°07342°0°%0TdTén" oﬂucvhqzmou Nym
(UNHZXFEYLIHEXNL(BN)_ :

wn«qm 40 ¥3BHNN m:mmw> a<hw. >uszOHuuu 30 NOILVIIYYOI HF9I) - hqzmou ﬁcw
((/%9°9TT

i L.mNlbbbkMIWIFI!DLIDNFDWUMMHWDHkKﬂlwmthl&n|¢oMMNMQZUplmbm?lk<rmoulprw

- (VL30HYXSZ2SNXHEX %) LUhY0d 686.

(%°0T4SX0T/ SOTLVY 33NSS3I¥d YOSSIULNOD .HL2X22/01ILT

v wm:mmwmm ONY ommnMIbHuHoNhMIMPIPZth&phblbbkhhphmumltmm~ LYFR303_ 826

S (EVL3EHSXOVIIHEXY/ (EVL33) "319NT
V MOT3 3AILVI3Y¥ SNSY3A (Vi) >ozwnoauuw 40 NOIAVIZHU0D HLI9) LVYHNOZ L6
2 IFHT) _AVHS04_8£6.

a\.qac«u. 17 427 3503437
" UIHL .ONV YHOIS- 193SHIINT 10N S300 NVHOIS 40 ‘3NIVA SIHL HE9/) L¥WNO0J 526

JﬁﬂW‘ (/2°0F4¢= :3:HkHEI»KIR&IHMHKHIthEITIIFH&!IDIHu<x.Ioﬁ\rlhﬂxmbm 956

(w198 % *XL alAlatX2%2
*NIHO9ISetXn t&nhl-xo.lhhthtoxn.»»WZn.xo.pDI&!-Xh.thml.x°ﬂ-53t.xwﬂ

X hmINxmPHMIMNQNMMUD>lelekbHL%W wkHulbbeFHMIWUb>ulkoﬂ1:MmPlk<Imom nmm
£/SNIGVY 100¥ 3DVA6

: 2] mwnaDIMNeXSZHINxcﬂ&" ) DIuIm.xm\m:Hoau 100¥ 30v18 ¥3IHOIHEZ*XuNS

- IH2X8T = THNHO6 XS /NQLLIONQD _SSIYIS 1Y dW3) A3INI _YOLONHIEX6AHL

TIXET 4= 1I8H6X5/033dS dIL 3NIBUNLIHITX9D3S/L4HIXIT s . NHeg
X5/SNIAVY dIL 3NIBYNLHGT*XGNIHZXBT'= 1¥HB*XS/014VY 3¥NASS3¥4 §

«

. SNIS¥NLHZS® ‘xges= ULIHOE XS/AYON OI1IVBVIAVYH4YT ‘X981/N18HIX3H

- fnrLTdts . HH6 *X5/SNI0VE dY1 YOSSIAMHOIHIZ*XGNIHZXB*H0Td¢= £

"ULDHE*X5/033dS TVIINVHIIR HOSSIULROOIHIZ *XVHAUHEXL ' E*0T48= 2

NMb ' XS /3404 VHIdHIL AY3IALII0 VOSSIULHOIHIE EXB6IHTXE 9T 44= ___2L\HT
. [ - ,

s9ucnEeSY  42/0F/62 JGENSH+Te4 NId SO, *3 O (M 7 9.7}

R T e . . d - L.




APP1-15 |

[

ot mane 4

D T YO

. R R SR L oPnYwm»u.wz\ JIEL o, o
. ) . . o . c - N . ‘ .m.-3 - =) o - e . -
. LT . o ‘ . hknnasm\=<o~;u~m<mnu o e . -

. - : : - ’ Ll : .n.acu :m«»m.Fkaucu Rl R
© . v feap00 A ) : < - 0° 000121
Tl 24000 WA — R : ¥A30G~-1u=¥ DY
. .. AR . R T 0% 9=7u130 : -

- T2800 . - PR « i T 8r3=¥T30 ‘ e
wxk_ o A .t L - 0=Trd_
' - OO . . . L - ) 6=0Td
. -gzg00 T S <~ - S ~ L. : . pEgd ] !
Ao 69007 . : : : — - ! - 0=2d : ;
) -89800 o S .. ) - . -, “ 0=7d"
. +<L9C00 - ) i T . L . O d —_— R .
- - _ . : i : oS o ININ. i -
" L - " " L g . 0=NIN . .-
* 99000 : . -,y . ) PR peg=04 - - :
59000 : = i s : \u.a.gnk«-NP«M ¥q___ .
. %9g00 . . - - D . oL : + N=£1d .
£9000 ¢ : . . ST 2Ld=N
G29100) : r : L — —0°0%wluz=2LY - .

7 .19000 L Lo ] -t K ] IM/T0L=THdL . ;
.- v . 09100 . S : . . 0*2/LlSNODO=TL1SNOQ- . :
: 55000 o : : 0°9/LSNO2=01SNOQ LI
R C . ] - ’ . " L JQ\N!-:&OI& LSNOD .

o 25000 T . . Y ) L 13/0=H S -
___+ %60DD . : : R : L 022TaN=M .

N i : T . £1d0 ¥IIIUINI L

e ‘80009 . - o SR 2 FL o«ahnm.wm Td*d*1d0 43931INI T

: . : — : : . NH4EN_ V3N N
) ’ tLTIvT
mqwgﬁnh.mamqhn.ﬁhﬁgwmc»..om.uqupu.._«.»m<»..oavm4mq¢, ION3IVAINO3 - .
- i . {0F) 38VL(0TIVYOYL S tOTYIBVL NOILSNIWNIO ___ .. i
. . < . X3ONI‘(Te* m“qzx..ao SINHE* (TEINIKHY (TQINTHOIS/HE/NOHKOD
: e . .om4,u4w<v.x<zh.o»<x.m»ao..owvmh.,uwwk»».m N :
: TOCTAX HNEY 134390N4 WEIHIU® (SINYYITS*$51384491392 : -
o ) .mu.mu. w.nu.wm.aw‘wqq.m4<.¢a< £IV2IVETIVA20420¢2842v4TOToTEYY |, -
L «c-o.o.m vildotaLigL Nh TL0 oxm.nx BEOYV  TH4T0L '8N LL/B69E/NORHOD
L . AN NILZTT/NOHAOD L
90000 . - : . . . 3
50000 . . . /\)w ~ %2, -
el ‘ i v . .b:h.zqmonzuzz.a.hx.pmbu@:mmam 3INTLAO¥ENS -
) ) = ' - \‘ A ! - A ) ' ‘ ’ . - ! :L- -
- ~3=1d0 wi/el . 6HEBAS INILOAOGYLNS .
4 .7 ,o . ' . # - - ~
.- ! . T - - . - .
© ao“.. o -t m R - . - - Trome e e ,i.n!:. LR Trreaem memame }l.,nh\’:

- -




SR g g

e~

»

)

\;xa-'zs’v s
>

- T£0700

P R L LTI TR, 2 AT

o . ) i .. - - . . . - ) .ﬁ“l I
i - . - 20700 L oW ’ ) lvS=01vs »
- : 10100 - - : . . : e I__91s=pars _ R
o . . 00700 - : . - H:At«/ou 1¥30°2411=00 . R
(SN o - 56000 - . ; : ¥=0y 09 . " oR *
<. E : 26001 . i — —e e 2 0.0l 09 s T
L -, 26000 ] o ) s T00°+¥3130=¥130 05 . ‘
‘ . 96000 . . N 09.409405(91S~1VS) 4T 02T ‘ ’
. . 56001 . - L 21¥S+TIVS=LiVS 4 — B
<t 26001 ’ .o ' : C - (2axld=2+aTH) #TLSNOD=21YS ~ T P R
Y L - £6000° h . .- NICS/HANS*OLSNOI=TLYS
: — 26000, } . z : E&E&&E&mbn B ¢
o T T6C00 - 2xxll - s -
A i , 06000 xlaﬂzakw.rm'owoﬂhhtonu4»ﬂhﬂouz&klw.un-ﬂu nw&nﬂd?.anxahtmﬁrﬁmt.:vr:zm - -
£ ) 52600 ; i - —A0L+L11=T4d 02
¢ L T 88000 . L ’ . IM+¥=T¥ QST o -
. 18000 - ) T - 02F 04 Q9 . ,
s - 9800 %<, e I i - : .N»»m-wpﬁ&k@pm%ux.ﬁw D0l - s
» . . 58000 . . . 0STYOMT 0N FCIH=THO) 3T~ .
o e %9000 - . S-1y3=TIM0 e &9
L . 2000, : : - i 0€T 01 09 tI*03°48)41 . -
: C . M . - 3NNILINOD 03E .
N . . :.Jm._,i:.ﬁ.h._:_. aﬂ#z.—.—t\:_.v._:_.hcz._.v»n:Jm.pln.ni.uwtlomm nes oL
B : : P I 3ONIINQD 028 o
. / . ' : T 0ge o._. 09 (CINLILL®LI'AL) 3T . __09
P : - . . * - - - . - ﬂ I=r 8 B
. o . . - g2 T=I 02500 A
) . ’ . - ’ ) . ‘ . 666 01 09 {XVHL®L9°Wi)dI -
R ; ’ . ’ ‘ . - 666 OW.09 ((TILLL°L1*ALIJI OSE
ST : - - fee-01 09 L 1] o .
! ) 28000 ’ 666 0L 09tHl° .ru HL®ONV'S1°19°H1 ANV *2L" .G.th ONV*TFL 19°4L13T. : '
L. 18000 . A2 #Hla20+4WLIx2042€) w KL+ 2VE9IS (HL°ITHLONV " SL*IQ°HLIAT - - .
e - ta s Q8000 : $22aHl e X0+ ML TI+TE) 2 WIS TY=9TS (£1°3I WMIANY*21 239 ALHT —
- . - LT am,.‘x._.»airo‘m:z.:m 9IS (2L°3T°WL°ONV*TL*3I9°HLIII - .
- ) . 0SE 01°09 (2°D3°£1d0J4I 62 8s
) : Japo . : - - 02_01:09 < .
A ’ . ’ A 0°094%+HL=) 0T )
T : ST 07402°02(0°T=(L~-H1) SBV)LI & -
’ %ﬁEE‘EB =fHAlent 2 -
. . ; . 60109 - K .
- r EH1=HY - -
: . ! nbwbEinnEb»E&Nh:DL.Fhrb .
. ! e I=ld0 4/l /4l AHEBAS INTIAONANS . -
R . . . . ) or rG- N .n
. : . . . ’ : . b
: . Ta ’ - g Q ‘ - - .,.» . s M : < «




g

RS S

- . v, . . . ol . - .
N - , . ' - . » . 08% 0l Q9 (T°*3N°2d) JI . -
T o < L5700 . . ~ © 9IS/240+70A/10Z#TOL=NINL - s23%
. 95700 ) ¥ i : : _1£40474044D) 22240 < o
L T = S5T00 - ::&.»Z..E‘.NL:&QE..N:«..m THdLleEwwd* ") 201SNOD=£4D . \
(R , . "hgI00 - $M014 (2ui L U=ZaxEW) X TLSHOOZTS ) X
R ' : i £5T04. :mahb.ntﬂﬂaEEQE&&mhtmmtoeuv.-ohmzou'u . :
N wmz; IHdLw(EY~T1¥) =101 02t
T — . Tahw . - - - REOER-EL R -
. gs10 - e . - AMpu=EY P
R L 69700 . L , T - 1¥2TL4d (LY 1D TLEY 4T . ’ ‘
| . . - . : ) . . T30+ IM4N=TLY
” 4 . : S . D39 Q1 _09_€IMZ3N2FIN0I_AT STt
L . 94700 . (2aadad*2=YuTY+24«TUI» LSNOD-9IS#0°9=T0A : i .
L " 64T00 7 - , _ T I2eadela TY=2Zaa T 2) +LpNOD+091S20 92102 ’ )
: . 249100 > : Zarux022-YxTY+24+Tu=08 ,
. .. £4700 : o © wwd=YaT¥-CawT¥a0'2=58 9SS -
.o . 24300 M R : s N30S/HNNS«D1SNOJ=0S3YLS . 0TT
EaT00 — L THELTAN0 2 (THALAYa029.40) 2308 2 - :
. . 09300 ’ ) 2enlda{IHdLT : - -
- Y. T BLIOL - » E..o.mlr.o 21.:.&:&1«& mr&:.&.o.n.Hz&.n:E.o 9=HANS - ST
) 25300 FAES 3] . - -
e, 281080 : pa— . . I : .9¥=28 >~ 50T . .
S 9£100 S o 01=TdL 094 | R
‘. QEIDG . e i - ! J0L+11=30) 0C% .
T . . %£700 . . . . - e " 0hm 0L 09 < 0
S N : ST . < 704-01=T0!L - 2 o
. : : N : S _0g% 01 09 (F*aN®2d)_dI a0t " -
- c . TEI00 . . . .+ - 0§S 0L 09.(F°L3I*Tal4I 02§ .
. ) - 0ET00 . L , T . 047 0L 09 . .t
62704 : IHd L (N2 V) 20224 L1 =4 . '
823090 . : e, . N3QS/HANS « OLSNOJ=SS3IALS e
, 12100 .. N . - IHdLa¥w0t2~- nuxdbt»mto 2+41})=N30S ) 13
“ ' 927104 7 —Sxxldx {IHJLT . .-
; * 627100 _.E.a 2+1l1e0° 2::&:&.133 21w Zwata 0 H-THY L Suudda D THONS =~ _ A _
. o %2300 : © (2#¥¥-24+1¥) «TISNOQOI=1VS 0T6 ) g
. . £2700 e omm P_. 09(0%°17°y" ONY*IM*19° TIH0 S0 M 3T FINGI AT 5 : :
. E I I . 025 OL 09(0¥°*3I9°AONV®IMN®19°TIMOIST - - 06
\ of v . 2 S DTS 0L 09(0¥*39°YTONVSIMIVIIM0NAL - ‘-
. L : n2104 - S L e L NeapdsTIMG
Ny ar - etto0 - .- - R \ A O¥-13=1M0 OFT € .
<, . o 213090 : - S . . 7. w0109 )
) L 41100 . “ e i : 0s¥330 ) - . g9 Coe
oL C_*20°GEFY 4//0T/R2. -29euSdy Ty N1d “». I=1d0 _ w2/92 - 64£BNS ANILNONEAS
. . ' ’ — o ° ’ . .m . T H ’ ° - [ 4 ! L
’ ' 2 . . ° . ¢ N2 - ! fet a - - ’ - e
3 i » ’ L, - - . ~ ». ~ N . Q«-
— R s Jei L
. . ) S T s i .

bYT R TR LA SN,

bz .



P T s [
L e i b -, ] ) - -
e Y T EI T ) - (¥ £597£82°9)7915 « YLaBN=HIY
A . o . BBTCO - . (BULBY L {NH=0*T) 424 aUn (NH40°E)T «0°2/F1SNOD=03408
2 Ry ’ : : : = . ; ; al (FO0°8) 2 (2awlAsOHN(DHIC* €} =G1108 : .
i B . L6700 ) N . Ay daM=0A x S9T
oS o 96700 \ : : : { £9791s =nONS 028 ‘
> L : : S63I02 . . : : < - SSIAUIS/(VS=£I NTR
. R * "6100 : S : 028 0L 09 o .
3 . C Gy - a . . - 0°T=£0
m . = . - 08 QL 09 (1N INAN) AT ql& = figx
5 - - T 16309 ) 04% 0.1 09 - »
4 T 06300 o . . T=24 ‘
3 ., £81040 NS - — THd la (M= #0°2 $11=d] .
g 4 ’ getoo | , v . N30S/HNHSZ0LSNOI=SS3HLS ,
3 . - 18100 NP : IHALla¥#0°2-(IHJ1a1Adx0"2411) =N30S (134
’ - , ; .—82700 . Zasxlda (T i :
3 « 58709 HI&hibdta-N&h.—ta-nu,-a.—k.—HIQh'kmlo S)aluada0 E=THAL+Exnd =0 *H=KINS .
3 weton . 21VS +T1VS =LvS
F i - £8100 . e {2axti=2anT¥ 2T LSNODZ2LYS. &
- - . 26100 . ; - N3GS /WNNS « OLSNOI=TLVS a BST
& . 18700 : L IHdi#TH#0 2~ (IHALal¥#0°2+204)=N30S
i . ngyan s Z2awldaxlIHdLaT . .
L . ©.7 BLT00 n L¥w0°2420140°2)4 (2014 IHALa1d 0" 2) aZeatdal® n-Hz&-m:Zé 4= HANS N ’
- - ] . . 94%00° ) . THEY=TY ’
i . - e - 42%03. " _ - ! 012115201 026 -4
.o . . 382300 ) - : . : 0% 04 09
N o LT . hwe T ' I=14- o .
g L h2I00 ot - " SSINIS 20S3HLS : 2
i - £4700 Lo : . .- ‘Y=t - .
i ; S22700 . % ; . S : .7 sl=tel L)
? N . . Ti%700 . . . . < . : s *NIWI=TIOL :
‘ ) o azTom. . - : . ) 91S=091S .
’ 69700, . - .9IS=1vs '
: 29700 : .- _9R20JSNOJs amm»o»mzo?ommm»mv»E\E» SSANLS -
oL £97%00 . - - . < 0LVINIHISYL 094 - ST
. - 493180 . ’ . ©I01=7010V (HIM*39°2403 41 . o
: 59300 . i N N22/IM=HIH . -
- . ] %9100 - ’ ’ ) . .- 0°2«2¥0xIHdl=T01V - e
. £9100 ) . o . d-140 =230 . -
: : 29toa U " 0% 2/M=1¥=1u0_084% ¥4
‘ : . 19100 ’ - o e .6?32..8» NInL OF% .
- : g9rap - - . . ’ P 094 o4 09 :
M L - S lo0i=301Y
. - L] B B . B M - -
, o . . B
4. e S/N*GSPSY  q2/0F/62 - 29€MSA+TeH NI . s .nw._.nolluuuwﬂ» . _£9£80S 3IANTINHNANS
. ‘ . ~ - <4
: : - ; ' . . . . . - - c
u,| . . . ~ . . v~ h . »,\ o : . -v- ) 3 ) 3 ’
- - . . _ . - — ) - ., .
. B - . K ... - . o B ﬂ
. T e e ot T - L r e i - . - X - - > 3 _
. e . > !.x..)tvflrs..l.}eg:blv - - . - >
; - R . £ .- o N CoL T : -

- .




A - . - . - R e e eem——— e

\ . o T ] 2 T2
. . . . . ‘ < - . u:zH»zoo onoa :

) - oo . . " .33..33.33 (T¥L9IS- :.Z?mﬁm, 41 e .
- ’ - . oL - - . ¢ . ‘" NYNOISN*T=fr CLUT 0d . .
R ; — - - S L i : a&bﬁw‘ua»unm : : S02
. \ : o : . - . : _ S H=THY TS ‘

=
-
<

: : . ve. ) i e " 022 0L 09 (0°*3IN°Ed) 3T 002 . ; . :

D = e won S . : 00242064005 (QoUN-RIIII ‘ 0oz *
. . o - _30NILNOD . .-

S TR L S T ° . ) ,mow 0L C9(T*03°TTd) 4l

60200, . . .. ° . VHHYO*0*240d1Y=KD . .

¥
w : . ‘ 25200 PR — - VHAIV~Y 138=V HAV D,
¥

~. . C : :
AR . e, .- ¥Q=¥7130 :

..‘..\ uamco. ﬁ.» . \\ .fn.N‘*m+~*»,a.~\u»~whmowuouHm . .moﬂ
a . . 90200 . - ’ o mZ\mONmmﬁ:ﬂ.nnqhwm : . to
) . £0200 i M : ((Ma0°2) /Y1) NYIY=YHgD
- . ) R e h © 3HL9IS+390NI/8NHELS =Y Hm 0se .
e . L : ) a:Nttmmauttmwsduv\u.vo T) aHYZHL0#32dTW=3HL9IS o
L et . i : (EN=Y) 20" =T - N6
- L . - - " CwxBYx0'2~ Mltn ~ZaxBUndxd°C=3 098 . - T

- - . . . .

&
H

by . . ; . :

; R . < . L. « : . 0s¢ 01 09
b

- . - R : X [
. s . < - _ . - , I . - 15 Jmmwzgnm.»ﬁnwwm»owm DB pa
L v ; j . : ) 140* (D"€40€8). OL 09 . €

- - \

. . : . - > - 3NNILINOD 1002 - 89T
.oEa : nwwam=»+.,n,hmabupuwn.»mn».\rhhkthrLEtLbkthhmnklkuwnphm<pp.uuq. :
£ - s . . .v,mm«k+..ﬁvkmqp-.a¢w.km<h~\..ﬁwkm<»-<rk.;6,1.mm<k (F+M) 36V IY=3 £002 . .
: - . 1-I=r 2002 LI

' - - . -

- " e X npowutrbplrhp%m@rLbnuzthu= : .

-t ) : g : . 0T*I=I 2062 QO
5

-

. N I=r 0002 .

. - - .

P S — . ; : - Y002.04_09 ;

- o I ....oa<,a:~+m4¢.t«zh.:J<,.qzh+m4<v,<:h+m4<,*qzk+ﬂ4< =Y )

- . R A ‘ ) .~.~wwtdtu¢mw~t<:»+¢wu$<z._lmmv»<rr.—.-mwu&dx.:ﬂw 3 e o
- M - .0002 Ql 09 (QVaN°JUIVWILL _° . 64T

-2 ’ - = —— L

K . ) ’ o - . RYIHLO0%G0-HL=VHL o

. TN i T wwe < O3Y0B4BHIY=ONHYLS 11Y°*LI*H*ONV*2°D3°4d0) 41 . -
’ i . £0203 . A3NOH=BAHELS (I U DIUSONV22°LI°130)4]1 : : .

o . - . 20203 . . QINO0S+HIY =BRHULS (LU*LI°¥ ANV T*DI*LdOIAT . .

: S _ - F0200 oo S . 0IT0S=8NHYIS (1A°03°¥*ONV*T*03*1d0) I 04T

L i kW . . - (BdwBY~Bwrd) /242U 02 aHIV=BNIY . s

N - ’ » . ~ .
~ v ﬁ > . . ‘ r .
. [ .
. . . @

.. . . A . ,
Lo . ,usammn.n« esxcﬂxwm Z9SUSd+ T NId. L T=1d0 nl/nL - 6%t8nS 3NILNOHONS o

. . . . . e

. v e . - . . i - o - ) -




o S .- - . . . e, R . : .
t, N - . . e . : P . T 4.. . . _
S .- . . . : . L L NVYorsNitarg 9001 og 2t0i - .
o - \ : $0° 0410113059130 .

& o . N R — SL.0=2T2330 — 252
¥.oa ) . .. . e . i 0=NIX TEOT I -
3 . _ . o .. - : 022 01 09

e C - . - : : m......fm._u: = 330 0407 :

: - ., - . . , ‘082 0L 09 R

- ) . . . T00*1=T¥13Q 42
- . : 1 I . i : S TNI0IS=MOIOIS< . -

. . ) ) THY=MOTY o
- - - : T NIRW : -
! __ 0480T 01 09 ;.n.hd.m.«wb.th A : N

A ‘7}.3« N ..n‘.;g??‘-g. LY .’1-

, .. . Num, . .mﬂomgwcadma._
. . : © 60°0-¥130=M01130 00T

N

- . — . : : 280T4TEOT0LOT LI=INIR) 4T £307%
' 3 . - -t o T . ) ‘ coe
T . : . L . 9

T . : : : . _+ " psz2. 01 09

1
o o
o
|
\
\
P
|

.

— . . E - a

3 . - . 3ANILNOD wQO0T - :
. ' «:m*A«m»mumu.wauz<moamv:~amkuum-mhoumw\ﬂﬂ:m =2HYI=(NN‘FLIAHY ST0T .
: — . : . %00t 01 09 - : ——
¥ . . . ) .- §00% OL oo (THL9IS* wu.«ww~z«muuw.az<.mmsuum.w4 (CLINVYIIS) 3T '
3 _ : . - NVIOISN'I=Cr 200T 00 oge
. - i : ' THA= (NN NINHY —
. oot - - T ) A// . ] TYLIIS=INN)NINIIS 2007 .. ; :
. : ) NP C naaa waoaamao« (2ULOIS-TYLOIS) IT° rs
LN : . : m. THY = , - ~
re AN v o s . ] ] \ o TH¥=ZHE - sz2
H N A _ : LT ) BLOIS=1IH19IS C.
< : - - . : : e INI9IS=24197S.£20F_ :
: ~ < ’ . $3°0+3130=¥130 0207
. : ! . . S - £20F 0l 09. -
-t - Q — = — - : I00°0+44330=3330 220% 022
- : . ) . ’ .- ~ - ‘ '« D£2 0109 .
7 o . ; - : S . T=ININ -
- . i : - — - N : 2=NIH i '
- i - . - 7 . ' . . ) UETHY . X g ’ :
. - - . ui91s= TY191S - 8T
. .- : - . . I00°0+4730=24730 T20% :
. . . ) T B ’ p . 220%‘T207 0207 {I-NIK) 41 323 . .
- . ,.. . .- - N - 3 . . U
- . _xman . — . . 0£2..01 09
. o - A4 . . * . . . ' . “a L. ' .- - T x : . '
- . < v 4 - *
ORI : ¥20d0 _ w//9l . 69£80S 3NTIOOMANS
- - M . 1 * N .. i . —
. . - - .- - @ . -, o v .u O . <
. .o . . - ‘ . Ce




- o o T e R . S ..M oo
T T T I RS e e S ——
_ : Lo - R VA SEmR e e
. N . . - ) , ~ , o
+ ‘__ . . .- . . )
- . ) ¥ i - st o - . .
. " . - ~ “~ .~ , - . s - -
3 — ’ 3 . - s ‘ . ‘ : - _
) " ﬂ - T=X3ONI . S . ‘
. | ~ : CH ‘111 (966°T9)3LI8H B56 - . . . . .
. ARk g2 . . / : J\w bo@.lc.kl.oo : :
H "m\\«\\ . » + . U . .;..~ N .
L . ~ L. -
_ v . , 7l : 3NNEINOD O30T )62
. , : : mwburpnmnu huuwupwhwrphmnwm»uhmpib:nmmawnhymmhhu41& 123t —_—
. . 0ICE 0L 09 - . S
w, a : .. T2t o» 09 (¥1SIS° uq.xﬁw zqmoum ozq.ﬂmkuHm 39 (LrINVEOIS) 41, 02TF B
e e : i _ L_.0%0T_ 01,00 -
. ] . .ma : ET(NNCCTIIHE TTOF L
g . \»( TI0T*02TF02TT (¥IDIS-(MFTINVEIIS) -I1 < ; AT
: . . : - . _ _NY¥9ISA‘T=rr 3703 03 _° i :
. ’ * . Y . N o ° 7 9 s
' : - - N . \ o - S ..:zu_zou 236 n .
: o : c : ) 0%_01 09 (3000°0'397418)_ 41> __ng2
i Y LQ SRNE , \\ oy §3J07-HJ=4]10 :
tew N : . - . . TOC 481304730 506 .
< M C e : ~ s : ™ _01 09
. v ) . R A - . o : i ' T=1%d - -
. _ . wee T T o : C : > 300°=72330 - 512 .
R— s aax . et T00°+4]30=130 236 S
N v Twen _ . - - * - 80%=-31305¥130 : oy
T suw ’ . - Lo ' . J¥=03g 008 :
. . - L wes . N Y : : - . 0" 01 09 -
T akw 4 R R . T068A 09 (FOIC0WNHII - o T - 022
1 K ) - . n  Wh® - s : \ . . - T=¢d oN\\N .
! \ _— - S . -2
i . - A - .7 A : g . , ~ 2=INIR ’ .
ce T . ‘ / : 30NILINOD 30T .
i . - - «xm‘»ﬂmmuHmwhwn,ruquwrrpmm»blewm»pxmvhhvmu “2HM)SIANSCP)IHE.3008 . - 992
o ; o ’ -z 9C0T UL U9 ; ' .
u S ~ 600% .C1 oo ﬂ«mkoum uJ.ﬁ»anqmuHm 'ONV2¥19IS°39° (FFINYEOIS) 4T .
: . — i M9 1Y 2 FHY : .
: v . . _ - . . \ P THY=2HY ’
T e e i P - MO19IS=T819IS . 092
! : _ - - . i > - 2 : 1819152241918 .
w T ] T @ - 908F 01 09 42°03°Tulx) 4l
' C ¥ 600% 0% 09 (TYL9Ts*31° ,a:vramon ONV*2¥15IS*39° (PPINVEILS) ‘a1 gac% . e
;. . ’ . * s 9007 01 09 — .
e o - : T D*0=(NN‘FI) IHd . §52
M Tt o _ : 0'C=(NN‘frINHY 2007 ° . -
: — c . mbpmyonuﬂ.uabw (N z_zustm-Awn.zamonu F) S i
N b re . .
B s . ' . . . - s 1 3
*LD°SS°LT  M2/0%/62 L9EMSI+T Y NIJ c o ¥=idQ - ML79L m4meMszH»bbnmnmvnuulL

°

Tt o S s Aok U L e S

N o . o

- i . - N - N -
- . - . . . . Y




-

T A

% i .‘..* i . . - - - " ’ : . ; - A
. . T ko ,@my»w : : ; - - - ) — .
| ! T o W ’ . ’ - . i - . .
m. - : ) .ﬂmm{ﬂ . . / T - . , . . .
- - R o ) : - ’ - . : . . . T v -
e e > — = . . = = : — .
X 2 5 : e L . aN3_ T .. . T
oo. . . . . T {/7AVIHONA104 SS3uiS ¥n0Z A8 03¥3A03 LON SL WIT R .
1 o He0°53¢ = IYALVYICHIL STL TIVLIIHHYZ20°S3* = L1¥ YOIHITXS//) L¥HHOS DR - - T
. : - i - e . : zEmeJnam SR2
-7 - e . . e P - » \3 . i : ’ N _
R - . - . . B ..‘ s . s R - - . - e
. . 2IN°Ge ST’ HI/O0TLRZ 198NSd+ Toh NIJ - : . T=1d0 . HNL/IML mwmbpm. aNTLAOHENS SR )
g L. . t . A B - - - ] .. - A ™ . wx
O . . , - & . ) .k . B . ’ : . - P \\ :
- - » 4 " ; -7 _ * _\ ’ i \ ‘e
. : 2 : - ) . S ~ . - o < y , 7 . i . R
» - * - - ._ .<.. P .. ‘ . . m : c g . - * . T - w.o .pn m -
“ ) ; . . . i _ ) . . . ) i ) - ) . . .- .R..Mw.
R “ . . - ~ — " . - 3
. s . . ‘/,( o ) - . . L/ B 4. ? i
° \&I.).o..fil It‘nlltﬂ.\‘ll'.'llloﬁ\ . / N . - ) . ;

e it

e



- - . .

o - : .o . . NGrEVoUw (O NF=TOwaNBd) #0L=QVH R .
\ . o , : V9/L{°T-HV3). = T9 6T . PR
o : M 4 29606£}T4 (012210 .2 . L)
: “ 5 «50-3T2ENBT G+ (OL-21)/( £/ (~3680995°Sn(SanO -Cwa2l)=3T - . ¥ - -
- - . lwhNoNcﬁ Ntadltoklsttwk7tmmoifdlwwnmnmm ﬂlﬂmtﬁ L=-Gxall)*2°) = HVI BT - .- -
- - - 6% 01_09 PR =
: T e Zh6E6E°T=AVY. . o SN
: i s ) ‘ : = E 8% 0L 09 .(DL1°3N72L) 41 9F ©- &g
. : . L : L T o Ans {9 T /MLa(BVL3=-02F) =0 F=y13 S
e : . . ’ V130+¥dVi3=uVL3 - . -
T : . . : .H.H<»u¢..ﬂ auu<pwunuvu«»u.. (1= H,Hmacnm.nxa.\h.Hvumncran, ¥dV13 £F ° . .
. : S - doLs . - C
) ) - N =T - e T .,4 (24191 3J1IyM S 0 ’ -

APP I-23
9

i
i

: - o - - - ©  30NILNO3J 2T -

: : : Na.m«.n« hhHHHma Rid)_31

: g2¢2=1 2T o0Q
II)0¥d=(IXIIONd) 74 (T=-11)0¥8d=HUd)=vLIO -
»%HHhwaerHrMDHkﬁhhquH<rmovmmayuo
] ; . [ ! zTvi3g .
- - . . .- . ot ..nm ANV ISNX~ ﬁxxuumzx.\.,a»xwmezx -sfx1=1s .
: : : : _ .- 7 I=11_3% . :
- . T - = AR : . © d01s S
} . T .. . n T . ; (£¢T9) ILIM ‘ g2’ e
3 . sl “3ANIANGD 42 1 . . . .
. . . ,¢m.«w.w« (CI)DUd=nud) - 41 R .
- .o oL < . .. T . >- 5*e=I-%2 og’ . S
) . . - - 5 : =ax_92 O~ .
- : e - L. v . . O . d0Lls . - .
- L . .- ) : . : . : ~ (FAT9) FLIYM - o

adaoly
»
.
.
4
.

S

-t
<
-
Ww
(=]
+
”
-~ vt
- <L
-
S
et ©
UL
N
<

52

»
¥
1
[
-~
-l
|
s
o]
-
v'!
b4
4
-~
Lo
. 4
-
w
(=]
>
-
@ 3
»
-
&
-~
[
-l
4
(4
b 4
L4
L
<
[
W
D
A
. vd
)
[ ]
H
K
-4
~
"
<
.—
u
C
-~

P
T
o
B
'
.
B

.
N

. . i : i : . : : 3ONILINOD_£2

s pRanmegr i, P s 043
©
o
[
A
n
“P

, oL . - ‘- : i : oL - mm.mu.mm ((X) ISNX=SNX) J1I : - ., .

‘ . . R “. < . p2ée=xn g2 00 . ) _ g
-~ . e A L . .9 0L 09 (2°03°24d3) 41 a1
, : . S S . ) ) oL=21 . :
o . Ce L ; e . 2140 8393INT - -

S : : b : : 210 DSy Y40 PR SSY4HLD HOINK: £51HAE :
. o R oN.Hapmo.,m.umm..cuyumzx..am.Hmn..aN,H<km.>.ah.ﬂ¢\mmaﬂ\zorzou R .
! o : o~ ¢ NIL/TT/NOKNHOD N s .

14
~
B
o
N
»

)
5 b . 033ds J<0H2<Iomx 024 roszUHuuw ¥YOSSIUJHOI 30 ZOHF<JDQ4du . 2 S o B
Q -

X3
.
P

. ﬂ:mm.z.<»u>mzx~mmﬁﬂm:m>mzuroomm:m .:u“ \.‘.
x N = ‘ \ - ‘
. ] ] ) ) s

o
DNy
)

Y . w - - - -

L 062G ST 4 /0T/62 - JOENSAH+TH NLd- . " =140 - 9/0Z 6SETONS_3NILOOHENS - T
e - - . Y ull.lllll !

[EPN

- - . . Pl Co - - - T . ’




e

3

"

£ ANROERINY g eppins tmyrn e YA A '\(NWJ;H‘MW%‘ ey

A,

AR ]

©

Yp
ki
1]

- . . ]
. ) ‘ -.ﬂ .
. N - . M -~ s . - ’ o
. K - . J— . L. |8 3 .
. ‘
' ’ . a .
) - . . . . . . -
- . . + - - -
- N .
~e B - - ¢ .
, ) - .. v 14
- ® . - ~ - T -
- . . ! »
- . - . . R .
N » . - . v i -
N -~ » ~ .- -
. ' - . - . -
B .- . B} N . -
. - - f " - P .
L3 - » N o - 3
g S - rﬂ‘ .- -
- 3 -, - 4 - - o
N ; . .
- - - .
3 L . -
- z .
- T - = v .
, - - ‘e ° - l
. . 7 . ‘ N - < £
- v - . M
- > . . . o -~ - . ‘ . A

.- . .. N O K : < . ON3 ) oo o
. . : . i . _NinL3¥ - ; e -

: T e (378V1 LNGNI NI am—u.mm\ NVHL .pwc ummmv.:.:mown .

; ) I (376YL° LNINI NI (02)I¥d NVHL -*1g° ¥d RIE) Llywyod 2 e )
. (Y (418Y 1 10dINT N X HEEY- Jum¥ad. % L ) [P

T DR . ) LT . . G 0g%-21=NI1 .
$ . . ... tT9a4fX)/SVINALO=HO S2_ . | - 3

* ’ > ° . .- .
. e naDDPHDIRhJ .

s -
I3

< . um«x.qpm,hmcm\,zx.omdsa. rhxpwmwmw«tio,»ucm lio 12 . e .
- . ) e ) GL DwwOVH/ (D) LEUS#NX=SNX 22 . os C
. . X .12 01 Q%9 - -

. R o C ao.pxcm\mh.a.»oax-mzx =NX .. S
. — : . 22 61 09 .(2°03°2140); 41 0F - .

S L R . ‘ - 914008 (I0°0-(21=1212SBY) _dT - . - :
B ) o - . . o - . lgéoi=2r . 6% ]
— [ . . - ) " .. ’ el = lal. . ’ ’ ) L
. o _ _ S - : aa-ymuum»uhuwsoqxlka — - S
& o/ o\vb A. ) . ST s o . . e - R ) m
L 252048 T wL/NT/BE L9ENUSH+E Y NId : - _ Ixld0_ "~ 8w2/%92 mnKnEj:omm:w -

- . , e . v ) o w ~.A , i - . . B . : - ) ] R

- ¥ . | - ‘ - IR . ’ . T ' -

., s — i r.. - .0 ] . - » S L . 1
n ’ ’ - ’ ! - - < . ‘ a ) - . ) o - ) . ) . ..M,
e R e P T » Z \J ’
S, v T gt . ,




et y . . ' g 1 4 3 T - . s R . .
5w oot \ = . . : . . : | - .
PLIE S I ' . N . ) M - .
3 [ . R LT o
Laad ’ N o - N . ) . ~
= R : . . = z il - . .
o = s T > - T v . — -
T & . - Lo - . ; » <o CT . _ ' ’.
Wu. A - u. ‘ . . - ) P . . - .
& . \ / o ‘ - « . . ) S . - o
[ ' . . N.u . + o ’ I/ )
Wv . . e «.) c L \N Pl - .. . -
.-nv \ s S - -.. ~ “ . -
I , - LT . T : , ’
W.. . . .3 . R ) ™ Y - B - L
: s 3 \ B « ¥ .o B . ..;; E ¥ r - A\d
< - - ‘ B ., R N , .
. .~ h , : ..- . N v ﬁuw - . » i B ' AN i N ’ .
. h . ‘. . - . L Vg
b , L ! ) T . :
,. v . - , C E 2
. . . . . . : : ON3 . . -
- . ) . ’ h . . .0 N3L3Y .
C- T, - - - : _ : : © - ¥NEYA3/10IVIRGIH S ]
. R  *009F/ (L 200=HIL) «00N2V4 (ATL="0002) #0058 4) =0I¥ 4, DX :
' : (6=3729T TwNYNELO+45-35909°T) «NYNQLO+5-T920T *T=0002V 4’ ! & :
. o - . L (6=39%T€* TaNYrd1006-3L0492° 1) #N8NBLO+5-3bLE6°9=000VS - 1
: . - e ’ NIX=ATL=NY0L0 - S . ’
: . . S 0°89n+NIL=dIL -
, — . __ - : : . © NILZTT/NOWHOD L5 .
v . L R OILVY 3IV-1304 40 NOILVINIIVD 2 .
v . : ! . P . T -3 -
. - . (syov3‘undv134111)¥ys INILNO¥ENS o S
. B L . ¢ [ . Tt A ) L - ll *
- i s . . ) Lo ‘L ’ - . P . T ] e
. - ‘oacrcereY. HA/0T/62 L983Sd+ Y9 Nid \ ] ©_¥=4d0 WA/ s Y4 INIIOOHBNS L
B ‘ . . B ’ .. ,.. ) . N ’ ) ¢ — * e N B ‘ . ) .
. - . . » @ , . PN _ . ) ) i . P ) _ . i -, . N
. . . - g . « e . ‘ ... LI - - - PSR “oa ¥ .
& . ¢ - . ~ ¢ . . . ., , T.» 7 .

‘. " ) S S A




[

rgTE

33

B

7

g

- - . ) \ ‘ s-. ..\ ? ] - - 4 ’
. . ) . ' ~ . ) :
-f ~ ’ - 1/ - : - . . . - - :
. - N . ..r | N .. - - N . -
s B . . - : ) .
X L h R : _ _
. ; oL . . L ON3 ‘ )
S N\ : . JN Naniay i 031
L, . - : (S2E°£5-d0+92 *822) 7d0w927842= =HY9 X ‘
) - o . ' L dl«(T . y
. i .fS.m«o:t..;-mﬂm«,mn..:...Tugoa.-».ﬁ?wwmﬂmﬁ *‘11)enge0® \mﬂu.ﬂt.“nb i
. .. . ({33 :
. o .mﬂuumnmw.n‘h.(ﬂomcﬁm¢ NTL 8- mnnma C.L..m -3n99.° ") wl-1- m?? 2=dd" v s
. 9 .
- : S OTivy LvaM UEH ids az« :w: 313193dS ..3 zS:SSqo L9 -
) g - « . — - ¥ be -
—_— : . ‘ - :.mqoﬁ zSJSn«..KP 3NLANO¥eNS : d
saftgeent wiz0ts62 LA9ENSqe T NId - —— 1980 w2742 - Syoda anNxinoNeas
N - ) . . L. .._ ‘ - . ] T . R ) n.(/. \.
- , - : © .
~ Tv M - 1
. * - ) - ‘.
, . x . 1




)

R e Sl

i

1

(i aases

”

- ON3 : -
N3¥N13Y - T
IIBVLI=IAVN__-

) . [ -

ON=Q3dY - - S
. -3NNIENOD 't . S

mlkuqumou

. - : \. QOFW L

‘Ggte _LID2) LINDY JX - L

- Oz.\ocﬁ INIdgd 5 . = | . Q2 -

..nmﬂ.uqup..ﬁvugmqh.n (T02INI ¥344nG :
SOdI‘I=I ¢ 00 T .

s . - 2 . I=S0dI _ - ~
. .02 _39vdsyove 2 . - R
SO4I“T=1 2 00 ,.

: : 3+(S0dISBVYI=SDd]I : N

a 04 09 (0°19°S0dId4I . - -
034 I-0ON=S0dI :

. ° « -

zmo._.wm {ON°0379331) 4% - B § 4

ﬂ:a >u.zun N3 ROVILV IIVI (0°03*I3¥IN 4T ) T
— /7°0 7 29331 vivo o
. e £-2.4A0_ywivd .

. . /023dV¥179/N49 viva ’ .
"~/ OVNYN/Md WLVQe ~: &

EEEEE&EE /Nad_¥iva

- -, (TX3NBVLC(N)NId NOISNIWIO
. .w.«mdk.oz.uzazqum wZMFDoambm .

. . AO'Hd'*N3d43718V 1 -W393INT o e

L 'RE°GPYCT ©Js0T/62

\ EE) .

hiszhe .

. R Y VI

3114 INILno8Ng.




A

880
o).
'

(S+LSVINILE/Z(LT+LSVIN) LU= (LSVYINILY) =1¥WAX
. : : wmm.crﬁ ISVIANCLITIYCLYIINIT WD
e H : ~A30A=(2+ SYINILIY

. ' T . .- CMJTLAS(TE+LSYINY LI
- N U30X=(2+41SYINI LY
AITAX= (T ASTINI LAY

. BN PR REP I BL] .mm.umuoqum S
! - - LSYIN‘TI=A 9 DO %€ -
. o - . 0f oﬁ bw\kﬁa.uDUqu EREI IR ¢ :

. B . . SNX (86°32)0QV3y
- T - 370A7 (86*3E£YQVIY-
- - f LSYIAN (66£4958) 0¥3d:

. : ; om ONIM3Y -
: . * LSYIN=H

- - (£=43 086y 107d_11¥2

- CU*DF*(2+LSYINI LIYS (THASVINI ATHC *064 *S4 T4 HT¢ 44 *6) TSIXY 11V¥D ’
(*o%3* ~N+hm<azwk¢.nd+hm<42ub&..o..o-01.aZHvkmzm..#..muﬂmH 1wy -

(22 ISVIANEIFE=130X

’ - . T (FALSVANILYSNOIAX -,
, e - (241SYINILI¥=1304A

N - »

: . A T4 LSYIRDITH=NITLA
v ©ULTO0TCTALSYANG N 1¥ITIWIS 1TV
. .. . NIW1¥=(1SVIN)LY

. _ noDH-ﬂ-hdJZ-.#._4¥»HMJ<DE<J
P . L - 3NNILNOD T2~

. - s : £2402 (SUF INNIVM II
e ~ HONL (L6 DI OVIX 02

N L ST ., 12 0L 09

< 3ANNIIROD ¢
.2~kﬂlkkPkHMlkbmlthnnwm :

: ASVYIN“T=X @ 00
K . ’ T 02 Oh 09 ((F)4373°3N°3104A03 4T
L i - SNX_{R649£1 QYN

370A0 t86°3g)0Vay.

- T . . NYNL3¥ . (0°3N*(0£) 4033 3T
: . . \ e ISYIN.{6650£)0Y3U.S2

) : . . . - DS -ONIM3Y
’ . : : z<au~mz 938I=r & 00
L -~ . 497 JW3d_

T Wud® (97) 371 LI/80 3H/NOWNG
.aoau:x.aoOﬂwpm»aaoav~Hu+,mwmug .NOISNIQ

*€1TNATA 9301 LUINLN A1 NYHITSNIHAL101d INILADNENS

I=180 84/




.

PO

P

$

R
H

R

JN

B LR BN
RERAE (2

“&W‘r o ki

¥

e

R

*

R T L R TLRT

T VR )

’
;v vy,

d

) ) . T o L - S AZ+ N HE=3AX |
B . , . : (T+ I Ha=x1LX
. (203378 9 Hd) TR IWIAS_ IV

o LTI oy ) A R . 1I¥9I8=(I)11¥
- P e T T Tt 8n0L709 (07034l
: : . : 1-3=23

APP 1.29 ”
‘s

S . T - T Busgh ﬂwm«.ou A2VCY 31
3 : : : L . .- NOVP (L6%3£)0V3y

) . . FS40S_(S¥E 03 ADVMIAL

- : N < . xu<w..quzx..dv»H« (86'32) Qv3ay

. , L L o ~d R 75 M

c - - : L . . 0=

ST . 3 i { K . o . "3NNIINOD
. AHWNO (96°08) Q¥IY

. . : : : : \ _ LSYIN'T=I_99_04 L
- .. . . , : - .+ . 6% 0409 m.w.mmJ.wz.mJo>ouua
T L . , T N . R (e6ogyavdy -
e : = - : : 31040. (86432) QYIy___

S o I R S 01 09 (*0°3N*(0£)403141
ASVIN (66°'3€)0V3Y

S . . . : RE_QNIN3Y

. "~ : . ) ST . *L°I*Y SA RY 107

’ - (n°* omaxm..o.:xa.«...mwm..ommvmmmz:z Q1vo:

o : o . o : - ‘m«.pbhu *d°d H2T4T*¢*666°"666) 100WAS ITVD

, . : (0°Q4THS *°0 ¢ CL) 4078 ﬂ...mmm..aob»umm192|uuqo
. - e o L. - L (Bt pda M eNeNHEAT A gons L) N08KAS VIVD
. - : © 0840 U6)ITUUILTICT 4G 2=) TOEHAS 1IVD

’

-

] ; - . . . - c (U8 0¢3TLTIT T 4264 *L=)1108HAS _11VD
S T .t ) (£4°0+°0)101d 1O
- ) : ) - ) . . ﬁn.on (LPY331°3N"3T0A0) 3T

- - ©_SNX_(86*3£)0v3y

I
»
>

L

28X K

.- A - ) N . 37040 (869981 QVIY
: o L M 201 09 (*0D°*3N®(0g£)40314]
s ISYIN _(6640£)QV3H

: , — RS : . T . 0F 0L 09 (ST aN'AIVFIAT

. AR - : S - < ‘ o MOVE (L640£)Qv3Y O£
o . . - . CL . . . (B*h4T) IYNE0d SB .
. . RS e ¥ TP Lm..mn.mzx.«.w.mom..wmm.mmm::z V9 50
S o ] (S¢*68% # SNHS“T*“TVAACTVAX) TOUHAS Wy -
V : N . L . . L f2+1SYINILIW/C(T+LSYINILIN=CASYIND LI¥) = VAL
- ‘\ . - M T s . : - . nv . ! -
PR 2 CENCSE ST  4./DT/62 . T JISUSA+IS Nid : : oo T=1d0  wA/ng o 3331074 INILAONENG
.. e B . . - ) ;VI‘Q - . . - - - - . vl ] .‘ .2 .
: . N . ’ . O .-
[ s 5 = !SJ...... % . o e . ; e - i .t &




2 » 3 e, - ) .. . ; ) . e . '
ﬂ . n P ’ . ' ot .
- o R . A R N3 , . “
S : .o co o CL e L N 1 05 X0%) LYR¥0 3 L6 - s2t
M.u; . — . s - L : {THT40° 0242y LY N0 86 i 2 .
A L - o L P « - ASITILYW¥O04 66 c
¥ o4 - T i . . o . NynL3y

. " 3NNILNCO
o M AONIINCD

TR S
.-
.
-~

, L o o ‘ 89 01 09
- T . to°HiTH ..mm.mzx ﬁ...mmm..mwm«mwmx:z v
: LA AN

- - . ) o 08 _ONIMIN

- ’ ’ {E€=¢*4=4*27)101d VD

.5 SNHG¢T**AvAALIVAXIIOBRAS VD,

SITt

S.vd:m\:f.::m ToalS+ W LIN+ (FIAIET =WAA
N - . ’ qms.xm\:?ﬁra ¥ .mﬁ.:m.::xu.n._gx
i . (66404744 TH HY)SHIN. 1TV D

130A4=(2+ T LIY
MATLA=(T+1) 4Ty
A30AX= (24 J)HM

. . g 7 L _ + XOLLX=(T+NHY
~ . , T-7=1

28409 (ZNTeOINAVLYLIL

25

.- - . o ° L 4

. A0V, (26°0€) 0¥3Y
) T £6425 (SYTOUSTNOVI) AT
N b Lal 4ol »JvEIPwmlbhbbnwm

AS Rt i TR a e s, i
R Y
.

34

* f L LN v . 30NILNOQ

i

T+1=7
0=

£S

. g - AHRNG .nm.on_oqwm
LSYIN®I=NI % 00

i e R R
»
.
.
e,
v

o

s > ;pnbrrpplhkhrupunmznmuururu4
: . ’ . o . . . SNX (86°0£)0V3Y
a - N 310K (864 0L 0V 3Y

L PRt

. \ : : ; - . Q. 01 09 (*C°3IN°(0£) 3034

- . . ’ L1SVIN (66¢08)QV3Y

. - L c . - . 0f QNIM3y

_(£= L.Vt;_roun.l.ﬁuu

- - - ’ . (L0t

ﬂ,.~+zq»Ha.hﬂ*:vax.aam..¢,mﬁ. *3d *930)°*1°1° mxmﬂ..c..h yTSIXV
».oﬁ.nm*qwrx.ha‘uvmn..p.mm\m-

130A=(2+1)L1Y
ADTILA=(T+T) 11y

. . . »

hmmxmxw..p..N =) ISIXV_11 :

. y. . . - “. ° . . . lﬂ"\ﬁ

9SS+ T Y NI L L x=

h
. - . - . . ' - .- . .
] . - .. . ~

£

N4sv) - ¥3UA01d INLINONENS

’ - -

——— B




] . . - O
¥ ’ M 3
I L BLMmE ae .ri-ry- B R P At b

R v .. APPENDIXH . .-

v T ML, . SAMPLE GALGULATION:

.
-
-t

.
~u

»
R W A Bty O R ted o
»
-

o




M N . i " s b WRESRE W
-, S e st e e ey ; r AP R AT S RO L e i
s 3 . - . ) - * L N ~ . [ .

- | o / & B 3 A
ot | i |
' _ L v \’.* J \.‘
f - AU APPENDD(II o ‘

. ’ |
A sampie calculg.'tlbn is presented to show the flexibility of

.4 o af e o

"

the. eomputer program and it's handling of cases of varying complexity,

t : . The inp\it data are show from page 6 to page‘lz .and they‘ a,ré -
’ 't‘#‘ described below. . - » >
) ':I ' N . \ o, . . \
[ " Page 6 ." \ ' - } . ‘ N . -\ ' c ' | ' /4/./ ’ .
' 5 .  NRIT = No, of Rotor Inlet Temperature to be
. - g analyzed ™ )
- - e NSIGRAN e = No. of stress ra.nges to be analyzed T - ' oo
BN R - : . N v RPN
R OPT . . =L Solid or Bored Hub L
. ST | - OPT 1 . , Y= Smgle or free shaft engme ‘ ‘ !
‘ r ' . OPT 2 = Input spec1f1c Bpeed or mechamcal speed ) . LA
g .‘» . " . i . - 1 R - N
] - .OPT 3 = A.llowable stresses of material used input ,
_ asa tabre\gr as 3rd order polynormaia.‘ '
| "L' . . MAT © . = - .!;.\code that deflnes the material used, - .‘ % )
B 1 ' PLOT - . = Plottmg or not plotting of results : . ‘ '-f':"'f
. in . B ' .. N
© TT = _Blade tip thlckness '
L ' -
- NB . =  Rotor number of blades
.Y . ) \ B ’ * N
‘ ' . BSF 1 s A linear variation of the:''bore stress
R BSF 2 o e = factor" as a function-of specific speed
. f\l;gg é ‘ v of turbine (see Fig, 4 16)
TOL = ' Blade thickness tolerance () ’
- ° WL = Wave length over wh1ch the blade th:ckness N
: varies from min, to max. . . ? . '
o . v N - . LY
ARCBB © = Minimum grc alloWed between two adjacent -
N . , ‘ " .. blades . * ‘ , - : '
AN MU . . o= ‘Poi‘sson'ﬁ ratio {)f'mag:erizfl L \.
‘ ot : C \ . AN . s(\
| | ew L S , i
| o
. hd s ‘1’ . , “ ,‘
\ \‘f . ]

}
3
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i . ' 1 ' I
/RHO‘ co = ‘Density of material.’ )
b+ . _RB . . o= Bore radms of turbme'hub '
oo CPLY . N | (. '_, Meta.l tempera.tures defmmg the reg1on
L ‘_ , $§ 7. over which the stress polynamaals
“ T4 - e are valid - : , Ty
. - Y N : . - ¢ e
A THERM . “'=  Thermal gradlent between centér or bore, " o N
3 . .. and hub rim (Positive when ‘bore or center J
. " colder than mm). o ol e Y
A B C, D ! Coeffmlent of 3rd order s,tress polynoxmals.
R Al Bl, Ci, DI =\ , ' )
‘ ’3: oo A2; B3, C2, D2 as functmn of metal temperature
}-M" . N page 7 . rf \ .. ‘. \ . v ) . . . R .
. R v . ‘ - . : ' / . - . '
T . s ¢ Lableof allowable stress of material
. g [ e = versus metal temperature if stréss.
' . S RS - polynomials are not used (See'Fig, 1}
7 i . - ' : . - ‘ e
N Page. 8 J o \ - .
; - ) P
“ . ¢ o .
, "Caefficients of 5th order polynonual \ o
- _ CT glving the Young s Mpdulus as a o & .
L. function of metal temperature 3 o Cee
. ¢ (On].}r 1fMAT"0) o Ce o LT
. - . S /'q,:.».-rf- R "
: Coeffigients of 5th order polynomial’
. .0 = giving the coefficiert of thermal
; ' . ¢ . ' expansion as a function of metal .
| (R temperature (Only 1£ MAT = 0) .
| ' .\’ B [SE
"SIGRAN(I) . ' = Stress range at the bore or hub center -
Co - capable of giving a max. low cycle
, fatlgue life . L,CF (I) )
2 B . LCF() .- . . = Low cycle fat1gue life c0rreepond1ng | ‘. .
B T .. . .to SIGREN (1) o L
~ ) ~ N /
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| ,f’ége 9

o TS, stm-.’ﬁ%%’,é?i'fﬁ%ﬁ sl PR S NI S PERR RORRE  ARRY 1o

_ALPHA 3

BETA'3 -

"-ALPHA 6

M6
" R6H
2 E‘TA'\I‘,T'
ETABUR
RATIO
.

¥

- UPTRIM .

U CURK

\

,RI’I} -

fPage""' 10

2

DELETA

BETA 3

" DELTB .

N.B.
ETATT

e - n nooon T T nooa

n

1]

n

1

*a

3

‘ Absol\;te flowangle at’ turbine inlet‘ s
Relatlve flow angle at turbine mlet .
) Absolute flow angle at ’curbme ex1t
.~ Mach Number at turb1ne_, ex‘1t. e s

I3

""Radius of the hub at turbine exit

Turb i\ne e'fﬁ,ciencfr -

'Burner efficiency S ,f‘ ~
Constant to calculate the turbine -
pressufe ratio in a single sHaft _ -
'engine R Co

, Rotor Inlet Temperature uptnp due
ta engme detenoratmn

v

'Iurbme tlp 'speed correction Hue to’

. engine deterlorat;lon

.

£

/

s

" Turbine efficiency decrement as

Air bleed

. ®
[}

Rotor mlet temperature to be
analyzed

a function of relative flow angle
(see Fig, . 6 1 b) .

Turbine efficienc{decr‘ement'a‘s,
- a function of turbine number of =
blades (see Fig, 6,1 a)

,» Turbine efficiency as'a function of

tizrb‘i‘,ne‘ specific speed (se‘e'Fig. 6.1¢c)

P

Y
AERES

. AFP 1I-3




gpp i1-4

e

. ) .
T R I TP A TN et vt

C:br'xqf)re_i'p'c;r inlet 'p&-ess‘ure o
Compressor -mlet temperature

Reynold‘s Namber Exponent
Compressor mass flow

Pressure 1oss in combustor

[}

' Mechan:.cal speed gcornprcssor
XNSMAX - ‘= Max, specific speed to-be analyzed
. ‘ ‘ . . ' .- -\ i L4 ' ' v .
XNSMIN . . = . Min; specific speed to be andlyzed

Specific ‘speed decrement
,Aerudyna.mic Sﬂp Factot of co‘mpressoi'

Mechanical efficiency of gearbox

G'ompressor efﬁcieﬂcy -

v

R4

X

Preasure\ratws of compressor te' .
‘be, analyzed .

v

-

"Gompressor efficiencjr de‘cremeuts ‘as a’
A " , function of specific spéed and compressor - .
Tlg : . . © pressure. ratm (see fig. 5 lb)

-3

¢ VN

¢ M e o ey T by o ¥ A s

‘Page 12 .

-

4

ETA PR1Y. o = Compressor udiabqfié e-fficien‘c'y:

.PR1 "}, - 7 \ versus pressufér';?.tio (see fig, 5.1a)

- The computer program output: follow.s and they are self-

explanafory (see Sectloh 7 for more on the output mte%prebatmn)
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MINIMUM _PROPERTIES FOR ‘THE' DESIGN . .
OF THE . RADIAL TURBINE ~BLADE ' '

@ : c . R .

e

| ALLOWABLE STRESS ~ x.s/}'f

OO
QS

vrs/r.2®? | 20% OVERSPEED BURST CRITERION
: — LY v v . . . . . . -
N\ : . o n
- N . ~ L Al ' h ! - '
- . ' \.\ . ' ' . ) I .

TOLERAMCE ALLOWABLE STRESS

\

-

N -l e e
./ % CREEP |N 2000 hrs.. .

1]

" '-' ‘.
. X.0-005 ADVERSE

/200 1300 400 7500 7600 1700, - /800. '

METAL TEMPERATURE: + °F
& [ . S -

-
. .

A6l - o T
‘ APPENDIX- 2. ;
" ' . A ' .Y . ! 1} ' .}

- . f a - N



: ' : ey ot ORI -
r . . "3 . ) . . . ' . . . . 0
; T - ‘ ' ... APPI-6- |
) . - . A .
T e T ®
A 'PROGRAM_MARY ° - o
& * . ) .

NAME LOCAL DATE COMP. IDENT. .

S. Berghenti ' 7416 ~ 11110 /74 3207340 | 7OH

DESCRIPTION OF RUN - DU, :

EXAMPLE - . ' 70H

‘ ' DESIGN DATA AND.CRITERIA ‘ .

s

A

-NRIT

1

| NSIGRAN OPT' OPT1 OPT2 OPI3MAT PLOT -

21311

6 12 |2

. 2

L. | La

L

M) B - BSF1 NI BSR2 NS
| 68."

‘1.4 | 96.4

d »

[ .040 .

'.bW.L(.inj  ARCBBCR)

Ih,

MU -

nofn

nu

SONSN L v

OPI3 =
F10 ‘:‘ ¥1.07 f
. .

SOLID HUB
"BORED HUB "

SINGLE SHAFT
FREE, SHAFT

INPUT SPECIFIC SPEED

INPUT MEGHANICAL SPEED’
STRESS POLYNOMIALS -

STRESS VS.TEMP. TABLE
NO PLOT o
PLOT |

. TOL{ir)
. ,005 - |

~

2 .3

.28

R;rbilb,gié?) CRB(ip) .

.5

~ g

MAX NRIT ='8

F10

’
'

iy

ALLOWABLE =~ A + B*T + C*T% + D*T°  (PSI)

".. Polynomials for Allowable Siréds vs Texp.

)

N T —
CMCR RGP, B T4(°F) *_DTHERM(°F)
a. o - ’ - , ‘ ‘5’500_"

—~—

C)

c2

D2

ALWAYS 3 CARDS '~

MAX NSIGRAN = 5‘\.

\
: ’
r . .
A R
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g
PROGRAM MARY ‘ ,
0 Y .
' 4

1Y

O O O\ FAA

T(F) e ,()/' (PSI) . _\ . ‘ o

19.

80, 000,

1200, -

80, 000,

1290,

80,.000,

1350,

6. 000

.. 1400,

1450,

46,500,

1500,

38,500,

1550q

31, 000, -

1600,

25, 009,

1650,

1.9, 0000

1700,

14, 000,

1750,

1800,

10, 000, . *

i 71' 000.

q

1900,
0-

1,000,

o“

A BLANK CARD MUST FOLLOWS THE LAST T AND & . ° -

. )
et

»

¢

\ .

10

o
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» ) PROGRAM _MARY
) - ) | DESIGN DATA AND CRITERIA ™
‘a_& * . : ‘ ) %
» &
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