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h FAT EXC HANG E IN COOLED FLOW A A  OF TU~~i1NE

~~. Z. Kopel Pv , ~. V .  ; u r o v , i. V . A v i l o v a — S h u l ’ g in ~~

(?qosco w )

Fa~~.’ 1~~5

Ar e  p r e ser I t c ’ .~ t h e  r e s u l t s  of t h e  t h e o re t i c a l  and  e x p e r i w e nt a l

s t u d y  ~f ~ie a t  •~x c h a n q e  in f l c w  a r ea s  of t h e  h i g h — t e m p e r a t u r e  cooled

‘uroines ‘~TD t rr..~ — gas—turbine engine 
~~
. Are ontained critetial

relati onship/ratios for the generalization of t~~e exper ime ntal data

on the intensity o t  cooling of rotor blades und er conditions of

rotation.

It  is shown , t h a t  the data on heat exchang e , obtained at static

installations, can be c o m m c n  fcr wc i k ccnditicns ot blades und er

turbines. are-’ given the experimental data cn the war m— up of cc oled

U ade  of one of w i d e s p re a d  diagrams — hcllow with internal deflectci .

illu stiation ~~, Table 1. References 9. rage 1C~ — 111.

_ 
- --- t~~~~—-~~~-..-- ------—- -~ - .- ~~~- -~- - -
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In  t u r b i n e  the heat exchange on the exte ri al an i inte Lnal

s u r f a c e s  of  t iades  occur s  in centri fugal—force field. In connection

w i t h  t h i s  a r i s e s  t h e  q ue s t i cr i  c o n c e r ni i .g  t h e  c c r p e t en c e/ v a l i d i t y  of

t h ~ p r o p a g a t i o n  ut t h e  d a t a , o b t a i n e d  a t  s t a t i c  i n s t a l l a t i o n s, to

w o r k  c o n d i t i o n s  of h l au e s  u n d e r  t u r b i n e s , an d  cn  t h e  c rit e r i a , w h i c h

c h a r a c t e r i z e  t h e  e f f e c t  of c e n t i i f u j a l — f o r c e  f i ~~l i  on h e a t  e x c h a n g e

in  t u r b i n e  s t age .  Let us ex a m i r . u  i t  in  c o nn € c t l c n  w i t h  t h e  b la les ot

t ~~o most ~ w i d e l y  u se  d i a q r a  ms — w i t h  t h e  t r a n s ver s e  4 n d  l o n g  it u d i n a l

( r e la t i v e  to  pen)  l o c a t i o n  cf c o oi i n~ c h a n n e l s  [ 1  3. F r o m  s y s t e m ‘t

cqua t i on s , w h i c h  d e s c r i h €  t h e  process of b e a t  e x c h a n ~j e ~I u r  i n - i  th -?

n o n sep a r a b l e  n o n i s o t h er m a l  f l o w  t h e  airto i l/prctile of b l a d e  ot  t he

f l o w  al~out o t  t he  c o m p r e s s i b le  gas , t h e  p r e s e n c e  of c en t z . i t u g a l — t o r c e

f i e l d  i t  is c o n s i d er e d  o n l y  by  e q u a t i o n  of m o t i c L

(j”
—+ I (gi.id \V) ] = I - —  grad p H- - ~i V~W . (1)

Pete 7 = p j is the mass force, referred to unit volume , j is the

acceletation , which determines this totce. The cf t e c t  of  t h e  m~ ss

forces and forces, w h i c h  create cons t r a i n e d  m ot i o n , is characterized

L y  differenc e T — grad p.

- - - --
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For the rotating lattice urlder value W let us under stan i the

relative speed of flow , which is equivalent to passage to the

coot lirate system , connected with lattice. In this case to the

totcf’s, ~hi ctt act i n  rigid lattice , will le addded an additional two:

cent u i fu ga ] from movable centri petal acceleraticn
j~~ 

and Con ch s

t r c m  C on i o l i s  a cc el e r a ti on j~~

Force T can be decomposed on three cow~ onents: tangentia l

(circular/nei ghbor m y )  r a d i a l  / r  an d  a x i a l

Ir, turbine the axial accelerations in the vane channels of rotor

tlades are comparatively small; ther~~tcre axial torce7~~ can be

‘~xclude d from examination. Bearing in mind that the tangential

compon ent7
’
~ is compose d of t h e f o r c e  wh ich appea r s  in  r igi d

l a t t  ice d u r  m y  t h e  f l o w  of gas in c u L v 1 lj n ~~ar  vd n e  C ii a i r r i ei , d u d

i n e r t i a l  C o r i o l is  t o r c e~ 7~ it is pos s it l e  to wr i t e

7’ = T,} (1  - r T~ I J ’, ) 2  ± ( T , /  T d )  ~. (2)
I

Page 106.

I ~~~~ - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4
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In tur n , ,  t h e  eftect of torcc field (in our case centripetal a n i

Coriol is) on t h ~ c h a r a c ter  CL b o u n d a r y — l a y e r  t l c w  i t  can  bç  u e v e a l E~

c n l y w h e n  on t h e  d i  r i ~ ’r t�n t  s ec t ion s  of v a n e  c h a n n e l  t h e  a m o u n t  of t

mass f or ces is d i f f e r e n t  [ i - y 2] .  A f t e r  m u l t i p l y i n g  r a t i o s  7 /~ a n d[i&
KI~~

to s~~mp lexes ~~~~~~~~ ~~~~~~~~~~~~~ we w i l l  o L t a i n

I 7’~ = idetn . ~T ,_ IT , = idem.

In the v a n e  c h a n n e l  of t n e  coo led  r e v c l v i n g  g a t e  in  r a d i a l

diiectlon in particle act the mass centrifugal forces

translational acceleration and the lifts 7~ ,
cau sed b y heterogeneo us

d e n s i t y .

Consequently, for the s i m i l a r i t y  ct  t h e  prccesses of heat

ex c h a n g e  it is necessary

T1) = ideni , (
~ T , , I T1) ,  = ideni , ~T, Il’ = ideni.

( a
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T h e  m a x i m u m  c e n tr i ru g a l  a c ce l er a t i o n  in  r e v o l v i n g  g a t e  o c c u r s  on

~.e r i p h e ry ,  m i n i m u m  — in root section. Ihe maximum d i f f e r e n c . - ~ i n  t h e

ce~i ’ r i f u j a 1  t I n r e s  can Le w r i t t e n  (see 1i9 . 1 ) :

~~~~~~ )
fl yhF,, — 

if 2

A f t e r  de si g n a tin g .~r~~/ h = = ~~, we w i l l  o b t a i n

(ST , 
~ 

= ~F M KU~p/X2 . (
~~

t he  fo r c e  of p e r i p h e r y ,  w h i c h  ac t s  on L i a d e ,

T1 =~ j -_( W1 — W2 ) ,  (

here G, — t h e  gas f l o w  t h r o u g h l a t t i c e, z — t h e  n u m b e r  of blades.

- - - -  I — : i _ ~~~~~ 
- —— —--

~~~

-- - - - - - - - - .— - — ; — 
-~
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F r o m  t h ~ e q u a t ion of t h e  c o n t i n u i t y

Gr = 1W,thz . (S

~ y takin g int ~c o 1 n t  ( 6 )  — , i t  is p o~~~i r l €  to  w r i t e

- u 2
— cp b ,, ,,

T , 
~ 

T~ — U .~) IV atiI

(~ l I

Since  t h e  cros~;— s e ct i o n a l a rea  of vane  c h a n n e l  ( w i t h o u t  t a k i n g

into account of real profil e t h ~ C kf l C S S ) F _ :~~~~d p b / Z , a f t e r  c on v e r s i o n s

we w i l l  o b t a i n

.,~T I
- - -

~~~~~~~~~~
- I = ~~ P —. (II)[a ~~ ~n I~~ h x’

I - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ———— 
~~

- 
~~~,

— - -— —
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p ~ / ti , i.; a f ac t or cf  t ia ~~ l o ad  ( L~ u — t ~ e wo n ~~~, ~j ~ V I ’  n u~ b y

t n e  nj l a d e  rim of e l e m e n t a r y  ~;t~~- [ ,/s t d ~~~~ , reL~ i r e I  4-o 1 K ( J of w o L k j n ~

m e~~i u m / p r o ~~e l l - i n t )

Th ~~ K i n e m a t i c s  of t h c  st e [/ st a ge  of t u r b i n e  u s u - i l ly  i s

c ha r a ct e r iz e d f o u r by p a r a m e t k - L s  - by d im e n s i o n l e s s  w o r k  ( c o ef t i c i e r i t

• by t h e  d i m e ns i o n l e s s  a x i a l  v e l o c i t y  IV ~ / t a - . Ly the degree of

r eact ion ~ and by the relation of axial velocities IU~~/1~
’
~ However ,

w i t h  acce~~t a b le  f o r  a p r a c t i c e  a c c u r a c y  n y  ~ts  it is p O s sI b l e  to

a s s i g n  o n l y  t w o  pa r d m e t e t s  — ~a and ~ ~~~ 
C o n s e q u e n t l y ,  t h e  f i r s t  t w o

t a c t o rs  in f o r m u l a  ( 1 0 )  r e f l e c t  the  k i n€ a a t i c  s i m i l a r i t y  of

s t ep/ s t ages .  The l a t t e r  f a c t  was  no t  c cn s i d er e d  b y  some r e sear c h ers

[ ~, ~ ] .

_ _  - 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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F i g .  1. ~o h ? m a t i C  of  t h e  e l e m e n t a r y  s te p/ S t a g e  Ct t u r b i n e .

Pag e  10~7 .

F e l a t i v e  s peed ~~~~ is c onn e c t e d  w i t h  f l o w  ~n y l e s  a t  e n t r a n c e  and

e x i t  t r ot  l a t t ice  b y the  re l at i on s~~ip / r a t i c

Il’. It

u , c~g(3 , + t t g t~~~ 
(11 )

Th en.

K,=_ !-. Ct ,~~~ ctg ~~ (12)
IL’

He re h = h/b  i~~; s t r a i n  of L la d c .  Hence  it f o l l o w s  t h a t  fo r  t h e

concrete/ s p e c i t i c/ a c t ua l  s t e p/ s t a g e

K, = / (~) . (13)
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/0

tt ~- m a x i mu m amount of Coniolis forces C C C U L S  of t ti e roo t  of

kiade a n d  on per i p h e r y ,  s ince  t h e y  on m o d u l e / m c d u l u s  a re  e q u a l  t0-’V t ’ f l~

(h~~t~ 
— the angular rate of rotation cf lattice , 14ç — t he speed of

t f l~ secondary flows) . The r e l a t i o n s h i p / r a tio  of the veloc ity ot the

secondary flows and mean— expenditure O V E t secticn velocit y is changed

insignificantl y {5J . Aft er accepting it as constant , we w i l l  ob ta i n

t h a t  in the lattice- .~ impellers the effect of Ccriolis forces on heat

exchange with an accuracy to ccnstant is characterized by that

expression for a cnitenionA”
~ 

that alsc t~- e effect of centrifugal

font : -‘ .3.

I n  t h e  i n t e n s e l y  cooled L at t i c e s  iapel ler~ t he  m a x i m u m

r .cnisothermi city in flow \1 r = 7’~ — i’ , h€ re • Tr, Ta~r are temperatures ot

flow a r u  wall of blade. Therefore

~tT r I
4Tr IL2Xh (1 )

_ _  - 
~F
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//

or , t O E  a c on u r et e / ~~~a ’c it i c/ a c tu a ] .  st ep / st i ~~e ,

I,.
Gr, t( ~tT r I T,1i~) .  (15)

if we c o n s i d e r  t h e  r ad i a l  c o o l i n g  c h a n n e l  in  t l a d e  as p ipe of

c o n s t a n t  c r o s s— s e c ti o n , the n equation cf motion can be written in the

tori

dp + y WdW = — ± y —~—dh, (16)

wh ere ~ is a coeff icien t of f r i c t ion , D — t he h y draulic diameter of

- --—---- -——-- -—-- — - ,- - ,
— - _ --- --— ----- - - - - - - ----
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c h a n n e l , and t h <  a o~ i o n  of cen t  i l l  u~~- a I f o i c .  s i s  cunsi~~•n t by

~os~i t i v e  t~ - r m  ) u ? - i h / r .

A ft~ -r aI -ce~-t i n as chitar t eii:, t j u  ~in ~ ~ r L i l t  t ra’’

he i ~h t/ a  it  ~t ~-~ - ar  ct ~ a I: ni - I t~ a r i  after ai V i.i ~ r (~ nj oU .  ~ rt s of the

c ] u a t  j oy  ot  m o t  ion  t o  v~ L o t  i t  y head ~t o u t  u t j y  i . i~ r ‘
~~~~ - cbannels~~~~.

~e w ill o L t i l n

K,’= 
:c:

. (17)

A C C O L d 1 I 1 y to t h e  e q u a t i o n  of t h e  c o n t i n u i t y

U’, = G , f y F .. (18)

Since G,=G~d,, keeping in m i n d ~8), it is possible to write

h
X,’ KIf

~C Z(b./ F )  (19)
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In  blades with the transverse (relative to p4-n) location of

c o o l i n g  c ha n n e l s  t h e i r  v a l u e  6 , as a r u l e , 1:; ccn~~t a n t  or is c h a n g e d

insignificantly; t herefore

= (~~sGr f ~ ) (U ’ ,~’ — tV~~’) =(; .y(IV — U’~~~~ ) W j h.  (20)

Eeanir~ in mind that

W I  WI’ W,’
H’,’ = JE,, ll’~,’ = ~~ r~~’ ii~ 

C, — ,

we will obtain

‘. (1 / 6)i (U’~, — We..) Pi’~gh.,, (~

____  - - 
_ 

- - - ~~~ - - _ -
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Fage  108.

M aximum dit ference in the c e n t i i f uq a l f o r ce s

(~~T. ),,  = yF,  ..u~~/f  (
~.

F .., .1(1 ~b6 / tz .
) l I • ) • ‘  , . _ _ . , .  •_ , ,_, -,

b y  U t  i l i z i n - ~ e x p r e s s i o n s  ( 2 0 )  — ( 2 3 )  , i t  is p o s s i b l e  to w r i t e

i .~tT r~,,1e ) I u (6 g)2

~ T , ia 
- 

pG, I a y 2~

Ct K ,’ = K ( 5 / j ) 2  / C,’. (2~

Thus , for each concr ete/specific/actual step/stage the effect of

centrifuga l forces on h eat exchange is characterized by three

p arameters : 1) by the factor of th f~ load of step/stage ~, 2)  by

- . 
~
- -
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If ,

relation “ “f r and 3 )  by tue r~ l a t i v e  a i r  f l c w  r a t e  f o r  c o ol i nq G (

Experimental research of tiades with the transverse location of

cool i~~ c n a n ne l s  wa ~ c o n d u c t e d  on s t a t i c  p a c k a g e s  d n 3  on t h r e e

t u r b i n e  s tages. T h e i r  ~; i z e/ d i t m e n s i on s  d i f f e r e d  am on -~ them selves WOLC

t n d n  ~.5 times. The construction of ~:tand of static packages , the

proced ure of exper i ment s anu ~rocessinq the ex~~~nim ent al data are

JiV en in [ f 1). The fun d am ental gecm etnic characteristics ot the tested

lattices are ~~von in tai le.

The d e s i g n  concep t  of rotors is give n i t t  [7). Petore tests were

obtained the Iischarqe characteristics of channels in trailing edges,

leflectois and blades in ccllection with detlectors . The stability of

characterist ics was checked both in thF process of tests and after

the ir completion.

The thermal condition of tiades was estimated at the

dimensionless coef f icient B (t , -~~
(i) / (Z r -- ( ) . which ar e the virtually

single—value d function of t h e rat io  of b e a t — t r an s f e r  c o e f f i c i e n t s

fr om air and gas. The temperature of the stagnant (in relative

mo tion) flow of gas on bl ade s ./r 
was determined from measu rement by

t h e  special the rmocouples , es tab l i s h e d, i ns ta l l ed  on blades, and  b u t

to t h e  m e a s u r e m e n t s  of the t e mp e r a t u r e  f i e l d  ot gas a f t e r  t u r b i n e .

eoth m e t h o d s  e n s u r e d  com ~~le t ely  s a t i s t a c t o r y  ag reem en t .  The 

-- ——-- - -— I - -— — ———-— — - - — -— ,
‘- —

,
—- -
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/1~
t e m p e r a t u r e of b l a d e s  w as m e a s u r e d by the therwccouples ,

estahi rshr 1/in~;tal led into tou r points on airfoil/profile (enter in~j

ed~~- , ba ck , tue concave p art of the airfoil~~p r c t i l e , trailin g edge)

and in thr~~e sections by height (root, aver age , per ipheral). Each

measur ement conductud simultan eously on three nIades. The

transmission of t herm ocur rents to r~~cor der (e lect nonic pot en tiometer

E P P — 0 9 )  w a s  r e a l i z e d  t h r o u g h  t he  m e r c u r y  s l i p  rin~~. The temp erature

cf a i r  coola r .t /~~
’ Pre ssu rep  8

’and its expenditu re/consumption were

~ea su r ed d i r ec t l y  a t the en tr anc e in to ro tor [ 7 .

- I~~ fl S I , I . ~ pt’ W CI1 ~IreoMerpuq’~cE,,e 
__________

‘ ~‘.up ta 1. .t..t’ 7S ~~I Ill)

~
- 11111 i. .. .~. .7 :ni ‘..~• l l haapmaaa  ~. . .. ~.i. 

( 7’. ~:, :7 ,t
— - 

~~I o;I H \’ ’  II 1k ~~ :: :t~
‘ a~~~ I I 4 ~ 37’ :1r3I’ ‘I~~~~ 3~~~~’
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~ey : (1). Geometric parameters. ( 2 ) .  N u m b e r s  of la t t ice~~. ( 3 ) .  Chord

1 mm. (~4 ) .  sp a c e  t , mm. (5). width t, am. (t) . An gle of entry

( 7 ) .  A r - , le of d e p a r t u r e  ( 8 ) .  D i a m e t e r  of e n t e r i n g  edge 0 , m m .

( 9 ) .  D i a m e t e r  of t r a i l i n g  r dye d , m m .  ( 1 0 ) .  R e l a t i v e  h e i g h t/ a l t i t u d e

( 1 1 ) .  P l ade s  w i t h  a l t .~ r n a t 1 n j/ v a n i a L l Q  Ly h f i y h - t a i r f o i l/ p r o f i l e .

( i i )  - P l a d e :~ or con~~tan t a itt oil/profile..

Faqe’ 109.

~;i n ce d u r i r . -j a i r  n o w  f r o m  t h e  p l ace  of measurement to the

section of blade in •Iuest ion its t e m p e r a t u r e  i n c r e a s e s  because  of the

work o~ centrifu ;a, l forces, th e te.perature~’6, d u r i n g  the def in it ion
I -

~~~ 
( - / ‘‘i’ ft

cf coeffic ient 0 was computed as Su ~~ 
‘ - ‘ “ here  u is the

pe r i pheral speed in the section in question , C~ is heat capacil’y of

t h e  a i r , i — t e t r~~i e q u i v a l e n t  of w o r k .

The estimation of leakages according tc labyrinth seals,

c lea rances  in th e  c i r c u i t  of supply and the scarf joint of blades

wi th disk conducted according to datum , on o b t a i n e d  by the

p reliminary blasting of rotors [7). The broad kand ot a change in the

parameters ~~, \ T, / T , and (~. was ach i eved  by a change  in t he  load of

turbine , num ber of revolutions (55—100c/o) , of the temperature of the

gas before turbine (650—l’190°K) , th e tem pe ra tu re s of air coolant

I ~~~~~~ 
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~ 
-• ‘ - - - — -
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I~
(350— 800°K), and the e x p e n d i t u z e / c o n s um f t i o n  of t h e  ai r ,

take/selected for cooling (0.8—3.30/0).
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i’1
Fi g. 2. Fffect of centritugal—lorce ti€ ld on heat exchange in the

cool ing channels: 1.2. i — lattice 1 2.3 in statics, ~4.5.6 — in

rotation .
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Fig. J. Th e eftect ci the loadlug of turbine on heat enrss ron in vane

channels for a trailing ed yf (see designaticns to Fig. 2), e is a

ratio of the intensities Ct cooling in rotaticn and in statics.
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F i a ~. 4. T h e  e f f e c t  of c o o l i n g  l a t t i c e  on h€ at emission in Vane

channel s for a trailin g edge (see designaticns to Fig 2).

Page 110.

Curing processing the exp€ri.ent al data the mode/conditions of tests

were grouped in such a way as to determine the effect of each  of

th ese parameters individually.

On Fig. 2 are shown the results in order tc determine the effect

I ~~~~~ 
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at eacF. at tn~ se p a r a m e t e r s  i n d i v i d u a l l y .

On Fig . 2 a r e  s h o w !  th~ results of the gene ral iiat ion of the

ex~~ir’i mental ~ d t d , ~ = 1.6 = const, ~
h/ ’ r ’ 1~ 0..~~f = const.

G e n e r a l i z a t i o n  is m i d . ’  n o r  t h E  s e ct i cn  cf ‘r • i i l i n - ;  e i y e , analo~~ois

~eper ~ ic!IUCS are obta ined ulso for an enter in g edg .~ and c o n c a v e  —

corvex ~art~; of th f a i r f c i l /~~~ctile .

f lr :  F i;. 3 is shown the ettect ot the Icad ing of the ste p/stage

of tur~ - in e on heat .~mi :;sicn from gas tc blaue cn  sec t i on  I I I  (
~ T 1 r . =

C., 15 = c n ns t , “ = 1.8o/o or const) , while cr Fig 4 — density in [I

rcr. i sot her tr~~l f l ow  (
~ 

1.75;~~~~ 3.30/0). As is evident , in the

range of a change on the pa ram eters ~~, \JT / r , and ( , in question the

rate ot heat exchan ge under tne static condrticns and during rotation

(with different numbe r of n evo lut i ons) remains v i r t ua l l y

constart ,/invarrab le A~~~lo’~ous results .ire oht a ~ n e i  for the sect in n s

ci bla de I, II.

The experimental :~tudy of the therma l c o n d i t i o n  ot blades with

t h e  L o n g i t u d i n a l  ( r e l a t i v e  to pen)  l o c a t i o n  of c o o l i n g  c h a n n e ls  is

undertaken in [H] (see t a b l e , l a t t i c e  4) .

The t e m p e r a t ur e  of gas  on b l a d e s  duri n g tests was m aintained by

constant/invariable and equal to 1440°~~, air —310°k,
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cx~ ci li t u r e/ c o n~~u m  pt ion — l .8o/c. From Fig . ~ it i :;  e v i i * ’ n t  t r~a t  t h e

c(’)~~fficip nt n also v i r t u a l l y  is n o t  ~ hanye d in all irIvesti g~tted

velocity r an~~e (~~5OO—12~~00 t/ur in ; 
~
.. ‘LU— 1.5. ~v e n  a v er y

suL,t d r.t ial char je i t  t.h c -  an gle ot t he inleuka .y & ( t r o r n  — 2 0  t o  t 7 °)  of

th .~ flow of jas ~~~
— ‘. r o t or  tidies (Fig. 1.) dc~~s oc t aft’-~ct their

t e a- 1-era t are.

It  is n e c e s s ar y  t o  k e e l  i n  nina that the level of flow

t u r b u l e n c e  in t h e  s t - ~t i c  i n s t di i a t i o n s , w h € r e  t F e  p r e n e - i t i r - .~ of a i r

i~ realize r in c o w b u s t i c n  c h a m l e r s  G T h , is ~o g t ~. at  t n d t  u p o n

~r a n s i t i o n  t o  r e v o l v i n g  ga t e s  t h e  e f f e c t  on  i t  cii t a e  v e l o c i t y  of t 1e

ro tation impeller is not exhibited [9].

ConcluSions. 1. In the investigated range cf a cha n ge of t h e

Farameters ~a , \I 1~ and c characteristic tot turoines of GID , t hf-

in~~er 5 it v of heat e x ch a n g e i n  air— coolcd h~ ades 1 surod d u r i n g

tests at static installations and  in  t u r b i n e  s t age s  u n d e r  c on d i t i o ns

of r o t a t i o n , r e m a i n s  c o n s t an t / i n v a r i a b l e .

2 .  The  e x p e r i m e n ta l  d a t a , o b t a i n e d  a t  s t a t i c  installation s, can

be common for aork conditions of blades under turbines , w h i ch

:;ubstantiall y simplifies the procedure of € x p e r i m e n t  and  t h e

c o n s t r u c t ion  of test  benches .

/
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F i  ;. 5. ~f (cut of the loadi ng at t ‘~rbi r .~ on t h e  1 i m e n s 1 o n 1~~sf ;

t e m p ~’ra~ are of bla I*- w ith t N’ loni jtu di na I (relative to ~e n) 1 cc~~t ion

cf  ~ ( 0 1 i rig c ban r~~l s.

F a g e  111.
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