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FOREWORD

This report was prepared by the M.i.T. Gas Turbine Laboratory

under Contract No. N00014—76—C—0253 and covers the third year of

act ivities under this contract.

The pr incipal investigator is Professor Jean F. Louis. The

contrac t monitor is Mr. James R. Patton , Jr. , Power Program , O f f i ce

of Naval Research , Department of the Navy . 
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ABSTRACT

In the third year of the contract , further advances were made towards

the goal of gathering the heat transfer and aerodynamics flow data necessary

for a good understanding of the performance of film—cooled , highly—loaded ,

transonic turbine blading .

The MIT cascade blowdown facility now fully operational was used in

evaluating the heat transfer performance of the four blade profiles

designed in the f i rs t  year of the program . The results show that the level

of turbulence is an important parameter in de termining heat transfer in

transonic cascades . It also shows that the heat transfer to the trailing

edge of the blades is very high being about 75% of the heat transfer to

the leading edge. A comparison of the Nusselt number calculated from

heat transfer measurements with the Nusselt number obtained by a prediction

method using the pressure distribution shows good correspondence. The

variation of average Stanton number over a range of Mach numbers shows

that the reference blade has the most superior heat transfer performance. •1

Preliminary data has been obtained on the off—design performance of the

blades and full scale tests are underway . Comparative studies show that

about 21% less heat needs to be taken out by internal cooling if one stage

of a transonic turbine is used to rep lace two moderately loaded subsonic

stages which produce the same output , have the same inlet stagnation con-

ditions , have the same mass flow and the same tip speed.

This demonstrates one of the potential advantages ~rf transonic

turbines.



LIST OF SYMBOLS

A Cross sectional area

a Ratio of coolant to mainstream mass flow ra tes

C Blade chord

Specif ic hea t at cons tan t pressure
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g Blade space
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k Thermal Conduc tivi ty
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St Stanton number

T Temperature

te Trailing edge thickness

Tu Turbulence level

t Time

U Blade speed

V Flow velocity

W Relative velocity

w Losses
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y Coordinate direction
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Blade ang les in absolute coordinate in relation to
to axial direction
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Y Ratio of specific heats
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Subscrip ts

~ ~x Axial component

( ). Tangen tial componen t

( ) Stagnation parameter

( ) Wall parameter

( )g Gas parameter
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Static parameter at nozzle inlet
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Static parameter at rotor inlet

C )3 Static parameter at rotor exit

~ ~O1 
Stagnation parameter at nozzle inlet

~ 
Stagnation parameter at rotor inlet

~O3 
Stagnation parameter at rotor exit

~ ~e 
Coolant parameter
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Parame ter based on lead ing ed ge diameter

Isentropic condition
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STUDIES ON TRANSON IC TURBINES WITH

FILM-COOLED BLADES

A THIRD ANNUAL REPORT

H. 0. Demur en , N. Adams , F. Hajjar , 0. M. Amana , J. F. Louis

Introduction

The increasing interest in Transonic turbines shown over the last

few years is a reflection of the need to increase the work output obtained

per unit of cooled—blade surface. Much of the increase in turbine efficiency

obtained over the last two decades has been due to our ability to increase

the turbine inlet temperature through the use of more efficient cooling

techniques. As more an-i more coolant mass flow is obtained from the com-

pressor. however , a point is reached when the losses introduced by the use

of coolant mass flow more thaxi offset the increase in efficiency attainable

by an increase in the turbine inlet temperature. At this point , the need

arises to optimize the work output per unit of cooled—blade surface. This

requires the use of transonic blading .

The goal of these studies has been to gather the necessary heat

transfer and aerodynamic data which would be ~~~~ use to the designer of

hi gh performance , film-cooled , highly—loaded transonic turbine blading .

In the first and second years of the contract , the fo l l owing key task s

were performed :

(a) The gathering of the film cooling effectiveness data in the

transonic range l.5<M<l.4 using the shock tunnel for both

slot and holes injection .

(b) The gathering of heat transfer and aerod ynam i .’s data at the

tra iling edge of a transonic Irla de , ~nd the  use of this data t o

formulate a model for the he a t  transfer and aerodynamic f low

— -— - Pr
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at the t ra i l ing  edge of t ransonic  blades.

(c) The design , manufacture and commissioning of the MIT cascade

blowd own facility.

(d) The design and aerod ynamic testing of four transonit - blade

pro f i l e s  in a c o n v e n t i o n a l wind t u n n e l  at  V K I .

(e) An es t imat ion of the coolant flow requirements of a transonic

turbine  and a comparison between the coolant f low requi rements

of the transonic turbine with that of a subsonic turbine of

equal work output.

In the third year , the following tasks were accomp lished :

(1) Aerodynaruic and heat transfer tests were performed for the four

trarisonic blade profiles designed in the first contract year ,

at zero angle of incidence in the blowdown facility.

(2) The instrumentation in the blowdown facility was updated .

( 3) A preliminary evaluation of the off—design performance of

the reference blade profile has been carried out and full

tests are underway .

(4 )  The desi gn and m a n u f a c t u r e  of the equ ipm en t  f o r  the experiment

to measure  the  e f f e c t s  of pe r iod ic  un st ead  i~~es s on the  : l e r o—

d ynamic  and heat t r ans fe r  pe r fo rmance  of t u r b i ne  b lades  has

been completed .

(5) C o m p a r a t i v e  s t u d ie s  h~ t w i e n  Trans on i and Su b s o n i c  T u r b i n e i ~

have h E t f l  r r led o u t

-



I. AERODYNAMIC AND HEAT TRANSFER TESTING OF THE FOUR TRANSOMIC BLADE

PROFILES AT ZERO INCIDENCE

1.1 Blade and Cascade Geometry

The conventional transonic blade profile is usually designed with

a straight suction surface with the throat at the trailing edge (11], as

shown in Figure 1(a). This was chosen as the reference blade. The other

three blade profiles are variations of this profile to a large extent.

Thus , the blade shown in Figure 1(b) has an unguided expansion on the

suction side. The expansion fan , which is developed , helps to weaken the

trailing edge shock system. As a result of the added expansion , the

trail ing edge dimension ‘comes out smaller than that of the reference

blade; and so it became necessary to design the blade shown in Figure 1(c),

which has the same profile as the reference blade , but with a thin trailing

edge. The last profile Figure  1(d) shows a longer blade with a convergent—

d ivergent no~ zle. A summ ary of the blade and cascade geometry is given

below.

1.1.1 Reference Convergent Transonic Blade with Straight Suc t ion  Back

arid Thick  Tr a i l in ~~~~~~~~j B lade l)

Blade chord  c = 66.0  mm

Blade spac ing  ~7 = 4 9 .5 , 1.~~. ,  = 0 . 7 5

Stagger  an g l e  ~ = 51°

I n l e t  f l ow ang le ~S 1 = 600

E x i t  angle  ~~ ., 25 °

Tr i i l 1 n g — e d ~ t t h i c k n e s s  te 2 . 8 mm , t e /~ — 0. 0424

Number of b l a d e s  in the  c a s c :j d e  = 6

i t h  13 1 ade  ‘3 s u e t  ion si dt ’ and blade 4 pressur e s ide

i n s t r u m e n t e d  w i t h  s t a t  i c — p r e s s u r e  t ap s .
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I . 1. 2  ~‘uoi1y Convergent blade with Straij;Ii S c t i n  Back b u t  m m

‘ira ilin1~ Edge (Blade ,,~
)

b lade chord c = 64.2 mm

blade spacing = 4b .l) mm , i . e . , ~~~~~ 
= U.li

Stagger  ang le y = 510

In let  f low ang le b~ = 60 ° , exit  angle 
~2 25°

Tra i l ing—edge tu i ckness , te 1.3 mm , te/c = d .tJ2025

.~umber of blades in t~ie cascade = 6

wi th  blade 3 suct ion  side and Blade 4 pressure  side ins t rumen ted

with static -pressure taps.

1.1.3 Transonic  Turbine  Blade w i t a  Unguided x,p ansion on t4c Suc t ion

Side ( }n lug Nozz le )  (b ladc  3)

Blade chord ~ = u ô O  nun

Blade spacing = 4 9 .5  run , i.e., c/c = 0.75

Stagger ang le y =

Inlet flow angle 
1 

= 60 ° , e x i t  angle  . .
~ 

= 25°

T a a i l in g - - edg e  t i i ickness , t.-i = I .
~ 6 

rn , U .0221

iun tue r  of  ulades in the cascade = U

w t. a l ade  I soc t On Sir e -md U lath- ~. prio s ore side us ~ r ru: Ic u I ~~~

wit .1 static—pressure taps .

-,.--- . _ _ _ _ _ _ _ _ _ _ _  -
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1.1.4 Blade With  Convergent—Divergent Channel

Blade cho rd c 76.0 mm ; Throat 0 18.30 mm

Blade spacing a = 49 .6  mm , i . e . ,  ~r/ c  0.64

Stagger  angle ‘y 46.5 °

Inle t flow ang le 
~‘l 

= 60°, Exit angle 
~2 2~ °

Trailing-edge thickness , to = 1.14, i.e., to/c = 0.015

~umber of blades in th e  cascade = 6

with Blade 3 suction side and tlade 4 pres sure side ins trumen ted

with s ta t ic  pressure taps.

1.2 Blade Instrumentation for VKI tunnel:

The blade veloci ty distribution was measured at the mid—span by

pressure taps on the pressure side and suction side of two neighboring

blades such tha t the instrumented blade surfaces formed the blade passage .

1.3 Inlet Flow Field

The Mach number distribution at the cascade inlet was derived from

wall static pressure in a plane ‘O. lc ’ ahead of the leading—ed ge plane .

Inlet Mach number variation as -i function of exit Mach numuer was measured

and toe inlet--ang le variation in the transverse direction was also measured.

~;o influence on tue outlet lacii number was observed.

1. 4 ~ascade Flow

i r t i’  blade velocity is expressed rV  the local ~a c I i  number c a l c u l a te d

Ir o n ,  i r e  local s t a t i c  p r e s s u re  on t h e  t ) j a d L -  and t ie total pressure upst ream

- -~~~~~~
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of the cascade . fleasuremcnts were taken on the suction and pressure sices

of t u e  blade . The Macti number distrioutions are plotted in FIgures 2

throug h 5.

1.5 blade Performance as measured in the VKI Wind Tunnel:

The blade performance was evaluated from the downstream wake traverses

behind the blades at an axial distance of ‘0.3c ” behind the trailing edge

in all cases.

1 .5 .1  Losses

The variat ion of blade losses as a func t ion  of the outlet Macl i number

for  all the blades is p lo t ted  in Figures 6 through 9.

For Blade 1, the convergent reference blade with straight suction back ,

for exit Mach number up to :12 J.7 blade losses , ran up to 8%. This high

level of loss was apparently caused by trailing edge thickness (tc/~’ 44

as compared to to/c = 2.0257. in the second blade , and to/ c  = 2 .2 Z  in tue

third blade).

Local supersonic zones , lambda (“X”) shocks and diffusion losses

cause a sudden rise in the level of th e losses from .12 
> 0.7 with riaximum

loss of about 114 occurring at about = 0.85.

T h e  decrease in the  leve l of losses from U.85 to around 1 ,

1.3 is linked with the fact that the shocks becar~e riore oblique and flow

reat tachirient occurred . The new i nn  re ase  of ~ f o r  V , 
.
~~, , _  ~~ t o  t i c

I m i t  loading . 1.59 , is due Lu the increasing - ;t  r e n n r h of t o’

~ 

--- - ‘
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l e f t — r u n n i n g  trail ing ed ge shock which caused the boundary layer to sepa rate

wi thou t  rea ttachment  on the suction side .

Losses recorded for  II > 1-1 . . depend on the total  pressure losses
2 2 lvm-z~t

due to the blade boundary layer (LIF
0

) B L ~~~ 
the t railing—edge shocks

and the mixing process between the trailing edge plane and the measuring

plane as well as the outlet velocity . The (lIP
0

) 8 1  remains roughl y constant ,

while (lIP ) and mixing losses increase as the exit Mach number increases.O s ,-zock
For Blade 2, (Figure 7), the convergent blade with straight suction

back and thin trailing—ed ge thickness (te/c = 2. 02 5%) for  exit Mac1i number

up to 
~

I2 0.75 , losses were decreasing until  they reached a value of 4 . 7 % .

This again is probably due to flow acceleration and thinning of the boundary

layer.

As in Blade 1, local supersonic zones , lambda (“A ”) shocks, and

diffusion losses cause a sudden rise in the level of the losses for

> 0.75 with maximum loss of about 6% occurring at about M2 = 0.95.

The losses then decrease as in tne first blade from 1
2 = 0.95 to around

1.3 as th e shock becomes oblique and possible flow reattachment

occurs after separation . The pattern in which t h e  losses decrease from

:t is very similar to t h a t  of Blade 1 (straight suction back with

th ick  t r ai l i n g  edge )

The new increase in ~a fo r  1 7 > M2 ~~~~~~~~~~~~ 

up to tile l imi t—load ing  i t , . . .

~~

is due both to m i x i n g  losses and to th e increasing strength of the left-running

trailin g, ed ge shock , which causes t h e  boundary layer to separate without

reattachiment on the  suction side. The very sharp increase in the  leve l of

the  losses a f t e r  : i .  :c~-n an 
is s imi la r  to t h a t  of t - I ~-ide 1 St around 

-—- . .-
~~~~~~~~~~~ -~~~~~~ _ _ _ _
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M
2 1.5 each reaching a comparable level of losses .

For Blade 3 (Figure 8), the plug nozzle blade with expansion on toe

suction side (te/c 2.21%), for exit Mach numbers up to M2 0.7, losses

were decreasing and reached their minimum value of 5.5% , probabl y due to

flow acceleration and thinning of the boundary layer.

As in other blades , local supersonic zones, lambda (‘A ”) shocks and

flow diffusion cause a sudden rise in the level of the losses for :i~ > 0.7 ,

with maximum loss of about 7.57. occurring at N
2 

— 0 . 9 .

The losses then decrease as in toe first and second blades from

M
2 

— 0.9 to M2408~~~
= 1.3 as the shock becomes oblique and possible flow

reattachment occurs after separation . Tue decrease is fairly sharp , unlike

Blades 1 and 2 , and the losses fla tten out between — 1.2 and 1, • 1.4

providing a reasonable operating zone with (is 5,.). This region of

loss lies between 5% and 5 .3% .

Losses increase fo r M 2 > :l2dOB~~~
,up to tu e limit—loading M , i.

~~jt 
= 1.67 ,

but not as steep as in the first and second blades . This is probably due

to the comparatively smaller increase of strength of the left-running

t railing edge shock .

For Blade 4 (Figure 9), the convergent—divergent blade , ( t i ’/n  =

losses were first decreasing apparently due to flow acceleration and tiiinning

of the boundary layer. Losses reached a low value of b.Y~ a t :i , = 0 .7 5

As the pressure ratio increased , local sonic bubbles , lambda ( ‘ A ”)

shocks , and f i~ w diffusion increased the loss leve l to a maximum of ~~~~~

i t  V , — 0.bu . Losses then decreased , as i n  b lades  1 , 2 and 3 , ~‘ut at

a very shari’ rate (from N 2 0.86 to around V , 1 .3)  a r  the 

--~~ - -  -
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shock became obli que (weake r ) ,  and as flow reattachiment occurred after separa-

tion . .\ very low leve l of losses , 3.5% , was recorded at the design exit

Mach number region and remained low (below 4% between M
2 

— 1.2 to

1.5), providing a good working range of low—loss exit Machi number .

A comparison of the loss curves (Figure 4 .l9a) shows clearly that

each profile has a superior performance in a d i f f e re n t  Machi number range

and presents a unique potential when cooling problems and problems of structural

in teg r i ty  are carefully examined along with optimization of e f f ic iency .

Remembering also that lower blade ctiord c means increased secondary losses

tends to suggest a mo re broadl y based assessment of losses to determine an

optimu m profile for a particular app lication .

1 . ~~~. 2 O u t l e t  A~~~1es

The outl et ang les shown on the performance curves were measured wi th

reference to tue tangential  direction (Figures 6 throug h 9) .

For Blade I (Fi gu re 6 ) ,  t h e convergent reference blade with straig ht

suc t ion  hack , dec reased slig h t l y  from 2~~.5 ° to 24° between f t2 = 0 .b  and

1.3 
~~~ 

25 ° ) .  For > 
~2design ’ t h e  exi t  angle increases

slowly up to hI 1.4 in a l inear fashion . \t ~‘ = hI = 1.59 ,
- 2 2 21i.rn- t £-oaC1Mq

the d e v i a t i o n  was about 10° .

For Blade 2 (Fi gure 7 ) ,  the convergent blade with st r a i ~,iit  s uc t i on  back

but t h i n  t r a i l in g  ed ge , :
~2 

decreased slightly from 25.5° to  2 3 . 5 0 be tween

V , i ’ .S and .1 2 1 .1 . A g radua l  increase  was no L i  cod f r o r i  = 1 . 1

to  ~1, - 
= 1 . 3 when increased  back to 25 ° , t i e  des i ~n ex i t  ,‘m~’le
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For V2 > 2 
~~~~~~~~~~~~ 

the exit angle increased very sharply as in Blade I.

For Blade 3 (Figure 8), the plug nozzle , decr eased f ro m 28° to

• 2 4. 5 °  be tween N. • 0. 6 and 1 — 1.3. For M , > -1. - .  , the exit angle2 2 2

incr eased very shar ply as in Blades 1 and 2 in a l inear form . ~it

V . . ~. — l.o7 the deviation of abou t 10° was again recorded.2 2luin,t Loaa -~nc
For Blade 4 (Figure 9), the exit ar’~le 1”

2 
changes very l itt le fo r  all

the ranges of the hI up to M . , fluctuating by about 0.5° from
2 2 ~iesvan

a mean of 2 4 . . ° . (The design exi t  angle is 25 0 .) A f t e r  V 
-

. . (N 1.3) ,
2 ~~t--~

a sh arp increase in the value of the deviation is noticed , already amounting

to a 2° deviation at 1
2 1.47 , which suggests a possible large deviation

of the exit angle at nigher exit Vacii numbers similar to the other blades.

As shown in Fi gure 10 , there  are n o t i c e a b l e  d i f f e rences  in the  e x i t

angle t ehavior for  each blade in the  Mach number  range inves t igated . T u e

s t r i k i n g  d i f f e r e n c e  is the r a t h e r  large deviation in Blade 3, close to 3°,

at low ~-hn cn numbers . This  is not  s u r p r i s i n g  since

Blade 3 is the plug nozzle with unguided expansion. At these low subsonic

Mach numbers it acts as an inefficient diffuser. This deviation t h en

d isappears as the design supersonic exit Nach number is approached .

Another s t r ik ing  point  is that a very sharp and hi gii deviation is no ted

in a l l  th e  cases at ~t , > 1.4 , i . e . ,  ju s t .  a l i t t l e  over V 2 
,-~~~~~ ,,~ .

This  i s  associated with t u e over—expansion at t h e  t r a i l in r  edge corner

and tile effect is even seen on tue w,lke i n c l i n a t i o n .
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1.5.3 E f f e c t  of Reynolds Number Var i a t ion

In addition to the normal test series performed at Reynolds numbers

between ~~~ and 106 , the reference blade (Blade 1) was tes ted a t cons tan t

inlet total pressure of P 01 
= + 1000 minlh g, constant Reynolds number

of 1,3 6 (corresponding to the highest total pressure for th e h u i g o e s t  N ach

number in the normal test series) , while the down stream pressure was varied

with a oach~. pressure valve .

The results of these tests showed that the Reynolds number effect

was negligible in the tes t range of l0~ to 106 . No noticeable change

was seen on the pressure d i s t r i b u t i o n. Both the peak position and its

val ue r ema ined prac tically unchanged , and the pattern of the shock—system

remained exactly the same .

1.5.4 Effect of Blade solid1ty,~on_1~~rf2rmance

Tests were also carried out to determine t h e  e f f e c t  of stage solidity

on cascade performance . Reference Blade 1 was tested at ~‘/c = 0 .81

and 7/:~ 
= 3.695 (former tests were conducted at i ’/ c  = 0.75). In addition

Blade 3 (plug) was tested at ~i-/c = 0.695.

Care fu l  e x a m i n a t i on  of t u e  blade v e l o c i t y  d i s tr i b u t ion (compare

Fi gure  2 u r d  Fi gure 11) and t~ie scniieren photographs show a cui ange in tue

loca tions  and i n c l i n a t i o n s  of th e  left—running shocks for t h e  sane values

of N . .  Also , as t h e  blade spac ing increased , t i e  shock got weaker  and

some f l o w  sep ara t ions r e s u l t i ng  in the  shiock-bot ,n1 -irv - l ay e r  I n t e r a c t i o n s

were avoided.

- -- ---- - -- -;-~~ —4
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1.5.5 Downstream Wake

Analysis of the u owrt stream wake using tn e  Jownstream traverse taken

at U.3. behind tue blade s and schl ieren photos shows an i n t e r e s t i n g  e f fe c t

of Macn number on the wake. As increases the flow nonuniformity

increases. A characteristic effect is the increase in the wake depth

during th e transition from subsonic to supersonic exit Mach nunber. ‘l’hie

wid th of the wake changes also.

For the different blade profiles , the effect of trailing edge thickness

can also be seen clearly in the relative width of the wake .

Careful examination of the schlieren pho tos of the wake flow sh ows

that it consists , under cer tain flow cond itions , of von Karman vortex

streaks . Because of the long exposure time ot the camera , an estim at e ot

the shedding f r e q u e n c y  of the vor t i ces  can not be made fr o m  t h e  eva l ua t ion

of the present  schlier ..’n p i c t u r e s .

Fu r th e r  experiments are p lanned in conj u n c t i o n  v i ta  Vt-N t o  uetermilit’

the shedding f requencies  oy d i r e c t l y  measur ing  Ld ~- p u l s a t i n g  wake p r e ssu r e

with  a hi gh — f r e q u e n c y —r e s p o n s e  ~u l i te  pressure  t r a n s d u cer .

1.6 Cascade Pe r fo rmance  as measured in t hit ’ NI I Blowdowi ’t I.e ii l i v

1.6.1 Blade _ Pressu re__D i s t r i b u t io n  as Mt- .i n i  ~-d in t l ie  M l  I B h i ’w d ’~ ii

Fac ii it v  
- - - -

l’lots of the blade pressure (Vach nh1n ~- t ’ > - ) I - t r l - n t l , ’nn in shioWfl L fl

F igures  12 and 13. A v e r y  fast e:-~; , t t 1 s i o u i  t ik e ’ ’  p i i’ c~n ~e sui t i n ,  si ,ti’

v i t a  t u e  i . i c i i  uuinuer ri -ai l ing its first r i - i -  , i a l ’ t .it t o n  ~ i - r e  t . i t  I

sur f .u ’ t -  r ou ’ ’h ru ’s s  ( h u m p ’> i~ ion,- > >~J on - 1 1  i~’ , - _~~~~ h e .  ion  h ’ c t  1 ~~~i I i s

-~~~~1
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a bi t and quickly starts to accelerate again , until it hits the left—running

shock , from the nei ghbor ing  blade , downstream of which th e flow decelerates

and later accelerates towards the trailing edge on the suction side .

As the pressure ra tio increases , the shock moves downwards towards

the blade trai l ing edge and th i s  represents a typical  pat tern of pressure

distribution on the suction side for all the  blad es .

On tile pressure side , a rapid acceleration occurs downstream of th e

stagna tion poin t , then quickly stops close to the leading ed ge. The flow then

graduall y accelera tes to its maximum val ue , which occurs at thi~ blade trailing

edge. Once tne flow is ciioked there is very little change in the pressure side

pressure d i s t r ibu tion .

All tile blade profiles tested featured the same typical variation iii

Machi numu er  (pressure) distribution , differing only in absolute values of

tile peaks due to strength and locations of the shocks hitting the suction

sides. Since all the blades showed t h e  same tendency to peak at nearly the

same place on tu e  suction surface , it would seen logical to attri-

bute tIllS itc,i~ to tie geometry (large curvature) of t h e  b lade .

1.t .2 cornparison Between Blade Pressure Distributions Obtained at the

MIT Blowdown Cascade Fac i l i ty  and the VKI High Speed Wind Tunnel

\ ‘hvtai lcd n~~ri~t . ir i so n  was made between the  Mac li  number d i s t r i b u t i o n

r ou n d  t I  u 1 .ea- al t a m ed in t i e  VI ~ hot b lowdown cascade f a c i  i i  t v w i t  a

t i u t  i i i  11 t h,  in  L i t  ~ . I u p  speed ~ i ltitunucl ~ i-. t i ’  F i i -u r e s  2 t h i r o u g . i  3

- t a b  m s  12 auth 13 ) . - )i t ~‘ ~ io i t -  • t i c  ove ra 1 1 :ni t e r n  of t a’ ~a chi

I i  , u - r  ( l i s t  1i~ i i i , i i  ~~~ s . i u l - i r .  l in t ,e-c~ 1~~r , i L eii  f r o m  t a t -  s t . i g f l 3 t i~~fl p o i n t

I •i - .uc L ~o:i ~.t I i -  i i .. to t :‘ s  t p e i b  c’f dcl i  nm t r . ;ut  I iC

‘n i t  t oO afli> ,i s, h t j tt v a l ue  ~nnu’iuttudt ’ ) of  tue pt ’ . , i .  w i t S  d i f f e r e n t . 
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The peak shifted forward in the tests conducted on the hot blowdown

cascade facility . There arc several possible reasons fr i r t h i s .  F i r s t ,

it must be recalled that the experiment in the windtunnel at Vl-~I was a

cold flow investigation (~J ’ , I T~, 1) with a low level of turoulence 0.7%.

whereas experiments on tile Vi’! cascade facility were hot flow experiments

( i n l e t  s t agna t ion  t empera tu re  of 45(i ° K , T / f  = 1 . 5 ) ,  with a high

tu rbu lence  level (lO~.). Scnlieren pho tos taken at VKI showed a d i s t i nc t

reg ion wi th  a separa t ion  ) u n b I e  on th e  blade suction side . A combined

effect of large blade curvature and surface roughness (bump) could uave triggered

this separation while tile distinct reg ion served to generate the necessary

turbulence in the shear layer to reattach the flow . Also , the bight freestrearn

turbulence could allow a quick turbulent flow reattachiment and thus create

an earlier transition .

Another possible reason could be that there are fewer pressure taps

on the blade tested at the MIT hot blowdown cascade facility . There were

twenty five pressure taps and twenty five heat transfer gauges evenly dis-

tributed all around a single instrumented blade as compared to instrumenting

two blades (that formed tile central channel) with t h i r t y  s ix  p ressure  taps

on the suction side and twenty two on the pressure  side in the tests in

th e Vt-~i windtunnel. Thus at MIT, pressure taps were not as closely located

and the exact location of the peak could have been missed .

b u t  on t i l e  whole  t h e  overall pattern of th e  p r e s s u r e  d i s t r i h u t  ion

was the same . Tua~ corr ect peaks of t u e  l ac :u  n u m b e r  h i - f o r e , u t  1>01 at t(-r

the shock could not ac cx .-i ct lv I n i t i b hut t o  ni str ih iution s t i l l  shows

t lie exist ence and m(’vL -nh ( ’ n t of t i c  sh a ck s  u -o r r~ c t Iv

. \  n i n e  ai’ reei’it i t  i s  s i n- >  i i  l i t ,  ‘ m i ’  > 5 1 m m -  s i i ~ w it, , , > . u ,  l i e  i t  I

i n c rea s e  up to  t ie ’  t r a i l  in >  ‘‘ i c e

_ - -  -~~~~~~~~~
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1.6.3 Blade Heat Transfer Distribution

The blade heat transfer distributions are plotted in Figures 14 throug h

19. Plots  of the local Nusselt number Nu as a function of the relative

coordinate X = X/ c ; and plots of Nu/Re
0
~~ versus X are all shown .

(Additional curves of Nu/Re°’5 versus X and 3~u/Re°0
uJ 
versus x were drawn

for the blades. (Figure 20.)

To aid tu e understanding of the curves for heat transfer and static

pressure  d i s t r i bu t i ons, a typ ical pa t t e rn  of i-t ea t  t r a n s f e r  and of dimen-

sionless pressure coefficient have been drawn on polar diagrams around tile

blade sur face  (Fi gures 21 and 2 2 ) .

On the whiole tile external flow pressure distribution and level of

turbulence have , as expec ted , grea tly influenced the boundary layer flow

which in turn practically dictates the beat transfer structure on the blade

s u r f ac e,  It is remarkable to see a similar effect of shock boundary layer

i n t er a c t i o n  on bo th  t h e  p re s su re  and heat t r ans fe r  d i s t r i b u t i o n s  around

the blade , may be seen in these f i gures also.

Generally the pattern is as follows . On the suction side from the

leading edge , the pressure distribution indicates a very fast acceleration

to a minimum pressure , a condit ion \‘t r y  f avorab le  fo r  t u e  fo rmat ion  of a

laminar boundary layer , and thus t h i -  musselt number decreases. ‘i’ransition

f r o m  laminar to t u r b u len t  f low th en  caused i j um p in the Nusselt number.

The Nusselt number th ereafter fluctuates up and down similar to the behav io r

of  thie pressure distribution in th is area , until it hits t n t  l e f t— r u n n i n g

shock c o n i ng from the trail iu~ ed ge of t I c  nei gh b o r i n g  u l  ade . “>ownst ream

of the shock , time Nusselt number drops significantly and later starts t o

inc rease  as t u e  f low a c c e l e r a t e s  toward t i e  t r a i l  lug ,‘dpt

( I n  t u e  p r e s su r e  s i de , f r om I 1 . -  l e ad  i i i > -  ed pi ’ t b> ~ - ( ‘r , ’ s s i u r (  d i s t r i t - u t i o n

In d i c a t e s  aga in  a rap id a c ce l e r a t i o n  conducive  t o  t i >  ~- - a  m l  i n a u c t ’  > 1  a la m i n a r

is und , >  rv  I av t -  r , and s ~ r e st i l  t , t di’ u use it iuru’e r f .il 1 s . i r ins it in Curs

L - —  ~~~~~~~~~~ - — .- - - -- - - - - - - - - - - --~~
--—— .--- - -~~~~~~~~—
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at s/c 0.3 , and tile ~usselt number increases all tite way towards the trai linp

edge due to the rapid decrease in pressure up to the trailing edge on tue

pressure  side . This increase in the  Nusse lt  number is caused by t h e tu1 iuiiii1 ~

of the boundary layer due to favorable pressure gradient.

It must be mentioned that a high level of heat transfer was recorded

close to the trailing edge , anounting to about 75~ of the mean value

measured at the leading—edge region . It was also noticed that zones with

va riation in heat t ransfer  rate generall y coincide wi th  zones w i t h

variation in pressure distribution (Machi number).

In all cases , straigh t  lines nave been used to connect all the data

points. I~ecause of the relative distances between the data points , t i i t ,

true picture of the heat transfer distribution , in particular tile exact

values and locations of the peak , may not be exactly th e sane as shown .

The heat transfer gauge (3/32’ diameter) itself is averag ing over a certain

area , across whic h  the .~usselt number could have varied very significantly.

Thus the so—called local heat transfer distribution is in fact

an average over a certain small area in thiat region .

1.6.4 ~~~parison Between Exp er i n e nt a l  Heat Transfer hat i i  a~~d an

Available NASA T h e o r e t i c a l _ P r e d i c t i o n

1 . 6 . 4 . 1  Theo re t i c a l  P r e d i c t i o n  Rased on Hot Blowdown Cascade

B l a d e  Pressuri Di s tributi o n (as I n p u t )

A comparison I’etweeu tlft ,- --il’ - r ttfl ~-flt al 1 > 5 1 1 1 5  is~ v ; l u ~~i-

ob ta h u e d  by av>ii table tIle ret I ~-a I ~i -tIiod sbu wi> in I i >ui r , - 2 3

t h r o u g h 28.  A mod i i  led NA ~~\ ( ‘ i m p >  ss ihit - I :imh uar ,nid Iti rbu I cut

P u >  ‘ b:vv aver r eran 11J is  i -  ; r , ’ I i ~ ‘ I i i .  > o - a t  I i u n -  ‘

u i  - t  r I h u t  h O f l  

~~~~~~~-- -  - — — -— -~~~ 
-- --
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As input into the program , the experimental  pressure  d i s t r i b u t i o n

obtained from the hot blowdown cascade tests  was used . The curves

(F igures 23 through 28) did not agree point by point but on the whole

the  general p a t t e r n  was the same , and i t  was an ag reemen t  good enoug h

for such a complex quantity as the heat transfer coefficient. I i> ~-re

are obvious reasons for the differences in the curves. Surface curVll-

ture , surface roughness , initial turbulence level of the Ireestream

and shock boundary layer interactions are not taken into account in

NASA program except insofar as they affect the pressure distribution .

On the experimental side , the physical size of the gauge (3 /32”

diameter x 0.020” thick aluminum discs) necessitates an average measurement

ove r a cer tain surface area , across which the  heat t r a n s f e r  could hiave v a r i e d .

The mos t obvious discrepancy be tween the two r e su l t s  occur red  as

a result of two different locations for the transition point. h it’ expiri-

mental data showed an earlier transition to turbulent flow than t~ie

theore tical pred iction.

There ar e several possible rcal.ons for this. The theoretical predicti on ,

as mentioned earlier , does not take into accoun t t i e freestrean turbulence ,

and also assumes an adiabatic wall. The experiment on t h e other .iaud uas

a might leve l of freestrear> turbulence w n i c h i  t ends  t i  d e s t a b i l i z e  t h e  l a m i nar

boundary  l aye r  and fo rces  an ea r ly  t r a n s i t i o n , W i i~~ iO t he  heat  t r a n s f e r

across t i l e  b o un d ar :  layer  to t u e  blade a c t s  a t  t h e  same ti n e to s t i i - i h i z c

t u e  i>oundary lavt- r iv ci ss i p a t  i n> - t u e  m - r  ‘f t ’ir ’ ’ u I i ’ n c u -  . Tais s i l l  t i - u ,>

to de lay  t r a n s i t i o n . T i t  ne t  e N - c t  ~~~I I ’ I u  coup led h t m l  t I C  t’ f e c t  o f  t u e

b lade s u r f a c e  r u n i u u : I t - s s  ( t a t -  J a d e s  i n  f a c t  do ly e  h u m u s  i n  I is  r e g i o n

“f int t- r t-ut ) could iave  criuis tin - v i n y I r u n s i t  ion .

- - - —-—-—-—-~~~~—--- -“- ~~- — - -.~~~~~~~~~- - ~~~~~ 
---



-~~

-18-

On the  p ressure  s i de  hi oweve t  , the e x p e r i m e n t a l  d a t a  on t b u i -  l u c u t

t r a n s f e r  suggests  t h a t  i n s t e a d  o t  u v I u ~ a transition point , a t r a n s i t io n

r egion could in t a c t  have ex i s t ed . This  is p uissi h ht - under the r u b l e

p r e s s u re  gr id i en t  in t h i s  ru’g i o n .

1 . t> . -4 .2  l I u t u r t - t i c a l P r e d i c t i o n  L s i n ~~ VKI W ind Tunnel Cold I”low

u~l a d .  Pressure Distribution

Another  sec t e s  01 th e o r et  t c , i i p red  L e t  ion s  were  d ’ii t - , t h i s  ‘. inc

u s i n g  the  e x p e r i m e n t al  p ressure  d i s t r i b u t i o n  obta in t-d ~nu)m cold > 1 ’ s

\ K I  wind  t unne l  t e s t S .

The t a r t - i -  c u r v e s  el heat t r a n s i  yr  d i st r i b u ti ui ( t X p t  r inut - n t .il

d u n , t t u c r e t  j u l  p r e d i c t i o n  based on the  hig h > t u r n  ,~~ u - l 1  u’ i t  I lu ~

blade pr~ usure distributi on , ,mnd t t u t - u r et  i ca l  p r e d i c t  ion  u s i n g  thu.  how

turbulence cold h o w  p r e s s u re  d i  st  r i bu t  ion)  a >  shown i ;  F i gu rt ’s

2 1  t i u roug h 31.

I n > -  p r e d i c t i o n  based on low turbulent - i’ cold I low i s  \- er ’  S i h i l i lat-

t o  t b i . l t  based ,un hi u- h — t Ix r ,j llt- u c e , hot—flow except i i  t h i -  1 ,  u t  ion o h

t h e ~,uct ion s i d e  t r a u si  t j u n  point. There are  a lso d i t  ¶ en -Il >-u it> tli&’

abs o l u te  val ut ’  and location of pe.i~ u-. b u t  ap a r t  rn  t h i s , h r >  i s  vt- r :

good agreement. The l , ’~~— tur h jule u i - & , c o l d — f l u e  has thi most  I i , , i \ t ’ u l

t r a n s i t i o n  .us e x pec t e d . This  i s  d , t  i u i t e l v  I n  t - i t e e t  i t  t uiC d i? t r u e  U

1 0 t i l t ’ I r c u ’ s t r i - .l nu t u I r b l l l , u u  u l I l  t i u t  t r a i l s >  t i o n  ~ i the hotindarv j i i \ t - I

1.6.5 T r a i i s i t i > u u  Point

‘~e v u ’ r i  I L l V > t ~~ , i t  ions  — , I . -* .>i l i I . u , l V e  s h o w n  t u i . t t  t i l e  -

ho ’- l i i i  ci ’ t . r  - u i  • exert - - - u i - , u t - r i  l ’ l i l t  A u >  i~ e on I i u  s t  , 4 -  ~ Y

i i - ’ .u 1 - u u n u i r .  i ,i\, ’T and on , >  i t  r u s l i t .  I -  I t  O f  I I I t > . ’ I i ’ ’’ ‘ i

j o . >  ~a t a r  i i ,  c - i - - h e .  I s  .l~ ~~h 1 I t  t , ‘ . t t l ,  t u r > . - I . >  : ,  u u : u . . ’~~V 1. t t T

~ r • ‘ii 0 ‘15 ’ a n -  I - I • ‘ - I s >  I ~
‘ • at CX  h a n  i’  • I ‘ ‘ . - - - - ,
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depending on whether t u e  flow reg ime in the boundary layer is laminar or

turbulent. It is tuerefore essential to know the true location of transition .

:ormally, in the absence of high> scale surface roughness , flow in the

boundary layer changes from laminar to turbulent either through instability

resulting from the growth in tbhickness of the laminar boundary layer or

through turbulent reattachiment after laminar separation . Studies on the

behavio r of turbulent boundary layers in accelerating flows [6, 7 J  have

shown that when the acceleration is severe enough and accelera tion parame ter

du
K -— > 3 X l0~~, the ori ginally turbulent  layer undergoes a reversion

tJ~
towards laminar just as in this experiment.

Un f o r t u n a t e ly , q u a n t i t a t i v e  data on the in f luence  of f r ees t r eam tu rbu lence

leve l on t ransi t ion , hea t  t r a n s f e r  [2 , 3] and losses are scanty and t ,> e  few

references  that  are available substantially differ .

Zysina—hiolozhen [ 4 ]  and o thers  have been s t u d y i n g  the e f f e c t  of tur-

bu lence  on t r an s i t i on  in the  boundary  layer  of gas tu r b ine  blades . Taev

came up w i t u t  an emp irical form ula for  calcula ting the Reynolds  number at

t h t e  beg inning of t r a n s i t i o n  /? 
- , . as a f u n c t i o n  of the level of turbulence

2 ,  wa l l  to gas t empera tu re  r a t i o  and Mach number :

= 0.71 ~ 10 (1 + t”~~~) T 1
1 .76 

• ~ 38 ’~~~~ )

no ‘

~~~ 

is t i l e  ~a chi  n u m b e r  of  t i l t f l o w  at t h e  maximum ye I n c  i t  v re~ io n l u t - f o n i ’

t r a n s i t  ion ‘-~~~ is the  Mach i  n u m u i e r  of the  f low a t  cascade i n l e t  ; and -i =

I;

> ‘l o t t  in .~ [4 ]  versus  Y ( t u r b u l e n c e  lu-vt- i) for t v ~ - ic- al ‘‘- u I n’s
tr

- -~~~~~~~~~~~~~~~~~~~~ - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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f~ and c has shown tha t  Rextr decreases rap idly  when increases

from ~~~~~~ to 3% , indicating tuat the transition point moves forward  and then

remains at a relative ly f ixed position .

Zysina—i’lolozhen and Kunst [4] noticed , however , that fDr > 4.5,,,

tlt e dependence al ters and some s t ab i l i za t ion  is observed in 
~cxtr ’ which tiavilig

reached the value of R = 1.2 x l0~ , noticeably ceases to decl ine wi t ? >es tr

a further increase in turbulence . It is as thougtu it reachtes th e maximum

possible displacement of the t r ans i t iona l  poi t i t  ups t r eam.

But the q u an t i t y  R ~~camnot t r u ly  be a good measure of the  t r a n s i t i o n

point since i t  takes rio account of acceleration of th e flow . Re 1 would

prob ably have been a muca better measure .

In tile experimen t , trans it ion is con trolled by the streanwist’ pressure

history (turbulent reattacilment after laminar separation) . The rap id rise

in Nusselt number which occurs at x/c = 0.2t )  on th e suction surface and

x/c = 0.35 on the pressure surface is taken as evidence of transition .

Knowing the e::act location of transition and forcing the theoretical

program to s t a r t  to c a l c u l a t e  t u r ou l e nt  u ou n d ar y  layer  f r o m  there w ou l d

p robab ly  g r e a t l y  improve t i le  q u a l i t y  of tb i t -  t l i c or e t i c a l  b l e a t  t r a n s f e r

p red ic t ion .

1 . . h }Ieat T r a n s l er at  the  B l a d e  Leading Ld~ e Re~~int >

It l as  been shown by numerous  inves t  iCat o r s  t h a t  w i t ,  i t i c  r e a ~’ ing fl oe

t i > r i u u l u - t u r u - , n t - a t  L r a:uulc r i l  i u u t ( - i u t , l  t i ~ - , lv e r  I n C  e u l t i n i  i e , I , u i ’ u i  n r t , l ( t s

of c y l i n d e r s  or s p u > - r i - s , particularl y i i i  t ie vi ’- i i u i t v  of N a ’  f n h u u l t , h I  s t - u 1 -

i l - i t  1 i i i  i - 

~~~~~~~~~~ --  -~~~‘ - -— -.— ‘ --- -~~~ - .
~~

- - - - -— -— —
~~~~~~~~~~~ -- ~~~~~~~~~~~~~~
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Kestin [2] and others have correlated heat transfer in the frontal

stagnation point of a cylinder as

= f (T
~~,J~~

) (1. 1)

This relat ionship is based on the assumption that heat t r a n s f e r  is

i n t e n s i f i e d  in th is  case by eddies generi ted  in the boundary layer near tL>e

stagnation point by flow turbulence , with> the distance between th e eddies

(wavelength) being inversely proportional to the Keynolds number.

Dyban et al. [8] suggest from general consideration of s imilar i ty  -‘

theory , toe use of the  t u r b u l e n t  Reynolds number (T 4.Re ) and corre la te

data b y the  expression

Nu = C •~ .4u~, 
~> 

= f (R eT ) N U T =~~U U U U ( . —

A comparison is riade octween the experimental  t ea t  t r a n s f e r  da ta  ob t a ined

at the leading edge with i predictions based on empi r ica l  and s e m i — e m p i r i c a l

f o r m u l a t i o n  of other works l i s ted below .

1.6.6.1 Kestin and Wood Correlation

~es t in  and ~?ood [2 ]  f o rmu la t ed  t h a t  in t i l e  range U < ( ‘  Re h / ’2 )  < 4 > )

heat  t r a n s f e r  at the leading ed ge could be expressed as

,~~ 1/2 ,~~~ 1/2 2
i~ kt j~ - ~Rc

0.945 + ~~~~~~~~ ~~
.
~~~~

- - - -— -  - t . ’u° ( ~~- -- - — - ( 1 . 11
h~e
0
~~ 

\ i o u  \ iou /

- — -
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In Equation (3) the  turbulence leve l is expressed as an absolute

fraction (as opposed to a percentage) , and the Reynolds number is bas ed on

leading-ed ge diameter and inlet flow stagnation parameters . All t h e  t es ts

were carried out between 16.3 < T
~~

Re1”
~ 

< 2 7.b.

1.6 .6 .2  Smith arid Kuethe ’s Correla t ion

On the basis of a semi—empirical theory , Smith> and Kuethe [9]  were the

f i r s t  to suggest the use of a sing le correla tion parame ter

According to thieir theory

= O.37t~2 + 0.0138 1’, (Re xl0
_3
)~~

2 
- 1.32.1U~~(~ Re 1

~’ ) ( 1 )Re a a

1.6.6.3 Muj umdar and Doug las ’ s Cor re l a t i on

‘luj umdar and Doug las (lii] observed that a b e t t e r  cor re la t ion  could oe

made in terms of t u r b u l e n t  Lieynolds numb er , ~e ,(= .I~e ) ,  ins tead of t I l e

sin g le parameter  .Re u/2 , and gave Lu e f o l l o w i n g  cor r e l a t i on

1 /2  = O .9dl + l .U17~~lo~~ ~~~~
- , + 2 . 74 x 1 0  ~ Re~, ( 1 . 5 )

1.6.6.4 D v b u > n , L1ii k and Koziov ’ ’s Correla tion

,i~i>igi>ig f rom t ; i t -  r I - - b I t s  of L , l e i n  w i d e  r - i n ~ie of t ’x ,it- i’ iu - ut ’nt .jl i t u > • e - t u t i —

n j tt i in , ,  ‘ i i  u t - i t  t r u o t e r  L u  L a  v i c u ; u i  l v  of L a  r en t  - t a , - . u t i o n  h o Z t ( I I

_ _ _ _ _ _ _ _ _ _ _ _ _ _
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a cy l inder  in t raverse flow , I)yban et al. [
~ J concluded th at freestream

tursulence affects heat transfer in that critical poin t in the same

manner as does the Reynolds number.

Lsing  turbulent Reynolds number T .Ke , they came out with the

emp i r ica l  formula t ion

Nu 0.8 T~~~~~ Re

0 c.u - ~ + 1500 + T ite
U >4

where Nu is Nu ssel t  number at stagnation point in t u rbu len t  f low

is the Nussel t  number at stagnation point in zero turbulence

c is the ra t io  of the  two values above

is the percentage level of turhulence

and Re is tne )Ieynolds number based on leading—edge diameter and inlet

f low cond i t ions .

uthen experimental data arc compared wita these -forriul i t j o l > s , as shown

in Fi gure 32 , the results snow tha t the measured ~Iu - at t h e  b l a d e  l e a d i n g

ed gc we re cons i s ten t ly l ower by as muc k> as 30~. than the predict ed v a l u e s

in all  cases except fo r  l i t > -  Stit jtui— Kue tiit ’ correlation i n  wh i t- u t ut’ d i  f f ~~r> - u i c c s

decre:use to less than  7~~.

Ihiere ~ 5 , howeve r , some question about the  Sm i t I i - -~> u et e co r r e l a t i o n

for ‘> 20. -~s Kuetiuc himself has indicated , the t ilt- or b would  r e q u i r e

modifications for - Rt - 1
~~~ 2u . S > n c e  t t - : - :p e r i m e nt  r> -~~~i ’t u u t - r t - we

~ t> t i l e  r anu ’e 1~~. I < 
~~~~~~ ‘ ~ 2 7 . t , , t i l e  • t u - n > - t - r s - i u t  : - u - h - ~ - t - t - u i  t i t  u - ,~~j i er i~~~t u t i l

a ‘inn t i e  Smi t ; u l > - tat o r r u l i t  ~ a u l  s 1 > o i t l , i  ‘e v , - j w & ’ d  i t  a rt ’~- u- r ’ . i t  h u t  -
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t he r e  is no doubt that t i le  measured ~~ was consistently lower t u l S O

its true value. An explanation for this is t h e possibility that the

leading -edge gauge could not have been placed exactly at the  stagnation

point and , even if it were , it was averaging >eat transfer over an area

in the leading ed ge zon e , whiere tuere is a very sharp gradient of pressure

and heat transfer. The ratio of gauge diameter to leading edge diameter = 0.5.

I t  is t h e r e f o r e  not unreasonable  to indicate that t oe - maximum u i - u t

transfer at toe leading edge may not ~iave necO recorded hut , instead ,

averaged out over a certain area of tile leading edge reg ion .

l.h .7 E f f e c t  of tiach Number on Blade Nusseit Number

2un a t t e m p t  was made to co r r e l a t e  the effect of Machi number on ti>e blade

heat transfer. Variations of au / R e , for various values of ‘> (~ — 0.5 , 0

0.8 and 1.0) were investigated and some arc shown in F igu r e s  17 t u i r o u ~~u

20. ctanton number as a function of toe diTnensionloss ciiordwise location

w a -. a lso  i nves t iga t ed . L n f o r t u n a t e l v , the s i io cL  movement on t u i C  s u C t L o i >

side ~‘ , i u - t> -s i t  ir 1 o .sible to inriv e at a rn€ alllag ful quantit ativ e correlat Ion

A p lot of mean :~u/~ e
l >
~
)
, obtained from t u e lrea measurements ot h u t

l e a h  transfe r distribution >iur ve s , t . ur  t i e  en t i re a la de  s u r f a c e  is  ,,i o tte u

~~ a f i u ~~~h 10>1  o h  e x i t  :uu: h i l l - l i e n  in F i - i t r i ’ 33. l i t ’  plot S lOW S t h i t  t i > ’

- - e - .’if l  - u i - I t  I r a tis fo r  10 t i l t ’ 0 ,I~ 1>’ inc reases  w 1 tO 110 , 1 n ( l f l h )( ’  n

.\ con,1)uu rts ’’ uu is u i  no rtide Ot - t w t t - t i  t , ~ e n i - i - i t r t ’ d  i ! a i h t -  rhi a l l  - u i t . s t  it

I t i  st - v e r a  tw i t  l a i h t ’  t - x p t - r i m > -n t a l  d a t i .  45 5 1 , 1 5 1 1  t n  I u ~~~u re  j ~~

h r  ~
- . -: , r i  ‘ l t t  ii u l t a  lit ~ u t i > - u 1lp c r  r~ - u - iofl ( - u l ~~’o “;i l u - . )  w l e a  i .

uS  u r e. ’ l h i - f  I n c  i u i 1 - u ,  1 ci Hun , i u l e i u ,  i t  n . h  ~~~~~~~~~ - ; ‘ ~ 
l e t , .

_ _ _ _ _ _  -~—~~~~ -~~~~~~~~~~~~~~~--- 
- ‘~~~
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Final ly  a comparison of the mean heat t r an s f e r  (Stanton  number)

as a function of exit Macn numbe r is made of all the blades t e s t ed .

This comparison (Fi gure 35) shows tha t  the average heat t r a n s f e r  coe f f i c i en t

of Blades 1 and 3 is about the same whereas the convergent—divergent blade

has a ni gher Stanton number .  This high value of the Stanton number is

probabl y due to the higher level of pu over the surface of the convergent—

divergent blade.



-

II .  UPDATING THE INST RU MENTAT I ON

In updating the instrumentation , a look was taken at the effect of

the temperature difference between the copger slug and the rest of the

surface of the blade which results in the pulsing of the thermal boundary

layer. In order to estimate this effect , an approximate integral method

wa s used as shown below :

Ig - - — I - 
ST

- 
--

-

~~ I (x~~ x)

Ix— - - i

Figure (a)

I + 2 x  I + I dqx x

i.e. I i- — I = I -f dqx x

i.e. (f I ) x = 1~ 4 dq ( 2 . f l

- 

- 
I 

~ l t l ;
1~ 

— — -—~~~~~~~~~~—— — -  - ——~



Thus Equation (2.1) becomes

PV~ c~ T d y  - c T  f J PV
dY = - k (F)

Assuming constant  p and c we have

( 2 . 2 )

Assume that  the momentum and t empera tu re  p r o f i l e s  are similar and use the

7th power prof ile to obtain j

I
= (y / 6 )~~ (2.3)

T~~T0 
= 

~~
11S
T~ 

= 

~
616T~ 

= ( 2 . 4 )

where T0 is the wall  t empera tu re  and 1S and 1ST ar> the momentum and t h er m a l

boundary  laye rs re spe c~~ v ’-!v

L’sing E q u a t i o n s  ( 2 . 3 )  and ( 2 . 4 )  in ( 2 . 2 )  g ives •1

~~~ ~~ 
[( /1S)~~~ ~ V(T -T~ )) = (2.5~

(~~
) = (T —T

0
)(-’!’.1 )

11’

I
~~

_ 1
0 1 

~= ( , 1/ ~
t 

~ 
/ 

— ( 2 . 6 )
V I 

--  - — -  -~~~~~~~~~~~~~ - - - —--~~~~~~~~~
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Equat ion (2 .6 )  into ( 2 . 5 )  gives

1 d 6/ 7 ~O 1 1 ( 2 . 7 )
~

where ~ = &~./1S and is the f r i ct i o n  coe f f i c i ent  at wa l l .

For turbulent flow :

V x  —1/5 
(2 8)iS Ix = 0.37(—-—)

-I V 6 — 1 / 4
= 0.0225(—~.—) ( 2 . 9 )

pV 2

Using Equations (2.8) and (2.9) in (2 .7)  gives

d (~ 8/7 4 / 5 ) = 
5.62 —l/5~~—l/7 (2.10)

Equation (2.10) may be rearranged as

~8/7 ~4/5 1/8 d 8/7 4/5  
— 

5 .62 — 1/ 10 (2.11)
‘~ dx~~ 

X ~~~ Pr 
X

Solving E q u a t i o n  (2.11) gives

= = 4.56 Pr ’’9 H H / x ) 1 (2.12)

s > cr €-  is an u n s i a r t e d  I t - i t  Lug length > which reprent - nts the c 1 1 c t i l l ( - u - f r I ll-

~ :e leading ed gi to t I n  g l u g t -  I t i  ~I u e ~~~t t O l l . I ~i n u t i L .12) in ( 2 . 11 )  j~~ t-~
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q X 
0 8 0 111 o 9 0 . l llNu = (.

~~~~~) = 0.0233 Rex Pr [1 — (x 0 /x )  J (2 .13)

Equat iop (2.13) gives the correct power for the Reynolds number for

= 0 but  gives a lower dependence on Prandtl number ,

- - 
-~~~

- - 

- 

- 

\ 

\
‘

/ 
~~~ :

1 

\ 
-
‘

— 
~~~~~~~~~~~~~~~~~~~~~~~ \~\ -~

)
— -~~~~ 

~~~~

- 
N

Figur e (b)

Thus if i t  is requi red  to f in d  the  e f f e c t  of t l t i  f i r s t  gauge on the  second

gauge then x
0 

= 0 . 25” ; x 0 .5” : = 0.35 . Hence ,
1 2

= -~~~-
‘

~~-— [R -R

fl U 0. 111where ~q is the error in re,- t ’rded i t - u t  tr - lns ~ , -I , and R = [ I  — (x
0/x)

and tiT is the t e i rp e r a t u r t -  d i f f e r e n c .  : ‘ - t w e t -n t I l t  ri - t al slug and t h e  blade

surface (Fli - - . 36) . i - i t  the .- ond j t h , i i s ot t n  t - > : ; t - r t r t l - n t  at I s>-~-~~,

= 4 7°F and T — 210
0

1 . t i e r  ~q ‘q 0 . 1 1 1  1 .

Thle efft’ct of t he f i t  st u -til i0t - I l l >  t lie t i l  I I  g l i n t -  I S  e\’ t ’ t i  ‘ t m i I  l e t  (0 .1 5~~ 

-- - - - -  — - - ~~----- -- —---------- - -----.-- —.-- - - - -- - —--—-—— -- ---—-—.- —- -
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Thus it was recommended to stagger the heat transfer gauges as shown in

Figure (b) in order to keep these effects to less than 1%. The obvious

weaknesses of the analysis include the assumption of constant density and

the fact that the effects of curvature have not been taken into account.

Howev er , staggering the gauges is expected to keep the errors very low .

The photograph of the new meliumeuted blades are shown in figure

37. The static pressure tubes are embedded further inside the blade so

that less distortion of the flow over the blade surface is produced .

The br idges for matching the heat transfer gauges and the pressure taps

with the oscillograph have also been made a permanent feature of Lii.

facility . The master for the manufacture of the blades was smoothened so

tha t the lumps on the blade were eliminated . The resultant blade profile

had a sl ightly slower expansion . 

----—----~~~ -,-~~~~~~ - — - -  — - —  --- ~~- -- -— .  ——-- — -
~~~-



III. OFF—DESIGN PERFORMANCE OF THE REFERENCE TRANSON1C BLADE PROFILE:

The off—design performance of transonic blades is of great importanct-

to the designer. Thus, in this section of the study, an investigation of the

aerodynamic and heat transfer performance of the reference blade profile

figure 1(a) was carried out at angles of incidence other than 0. Itie tests

have not yet been completed , but some preliminary results at one exit Mach

number of 1.14 has been obtained . Thus,while no final conclusion will

be drawn , some pre l iminary  comments will be made.

Figure 38 (a), (b), and (c) show the isotrop ic Mach number distribution

obtained for  ang les of incidence equal to zero , +5° - and +10° re spec t ive ly

for an exit Mach number of 1.14. The movement of the ntagnation point

is apparent , and it appears as if the transition point extends into a

transition zone which seems to get larger with increasing angle of incidence -

The Nach number at transition also appears to be higher.

Figures 39(a), (b), and (c) show the Nusselt number distribution tuo r

ang les of incidence equal to zero , +5° and +10° respectively for an exit

M u u ( - i u  number  of 1 . 14 .  A compar ison of the distributions shows the movement

of the stagnation point. These results are preliminary and further testing

which is underway is required before any trends can he recognized and

- 

- 
conclusions drawn .

-—
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IV . EFFECT OF UNSTEADINESS ON THE AERODYNAMIC AND HEAT TRANSFER

PERFORMANCE OF TURBINE BLADES

Flows in gas turbines are necessarily unsteady. The unsteadiness

arises from factors such as blath- passage , the propagation of azimuthal

nonunifornilties and the propagation of periodic disturbanc es which originate

upstream of the t u r b i n e .

These disturbances are likely to have a marked effect on the flow

field , the base flow and the trailing edge shock system behavior as well

as on the heat transfer . The aerod ynamic flow around the trailing edge

of the blade is of grea t interest because of its eftect on blade row

losses.

When a transonic cascade is operated at conditions other than

limit loading , the left running trailing edge shock of the first blade

usually interacts with the boundary lover of t h e suction side of thit -

adjacent blade and this interaction c o u l d  result in local or full flow

separation , which has a great influence on aerodynamic losses. Since

t he rotor typ icall y operates a t  ti high angular velocit y with many

ind ividual b l a d e s , a s t a t or could See jfl tI t - neighborhood ot 10~

fluctuations per minute. The p u r p os e  I - i  this e x p e r i m e n t a l  i n v e s t i g a t i o n

is to examine the o ft to ts 1 1  the i t  I g l i  f r e q u e n t  ~ pt- r hid ic uns tead  in ~~ss

on the p e r f o r m a n o t -  (1 the g iven turbine blade - li u t - exper imcnt is being

Jt-signti d to in v e s t  i s I t o  the m l  lowin g p i l . - t iu m. t>o :

( I)  the a c r id n r:i i t i n t  n t u t  Il l . - •~~l - l j e t t  i t S  i n  t i l t

n e i g l l h r h o o d  01 t i l t  51 h i  l i t  i n ~ sh ok— I~- - i t i i J i r  I f - N t

jut -ru . Lion t n  t i p  h u t  i l l  ~.i d -  I t i i - id I - t n t  h l l t d t - ;

(ii) F t >  t I - t - - I  ‘ i t -  - - l I - - i l t t — t u i l t  u i  ~~ t— i i  t F



potential flow in the blade passage ;

(iii) the effect of the disturbances on the base pressure behind

the stationary blad e;

(iv) the accumulated losses in the wake.

The above experiment is to be conducted utilizing the MIT liucar

cascade tunnel which is attached to the hot blowdown facility in the Gas

Turbine Laboratory . In the experimental investigation , a disturbance

generated by rotating a small ellipt ical body downstream of the cascade

blade will be used to simulate periodic unsteady effects. Blade , cascade

wall , and traversing rake instrumentation will be used in measuring the

aerodynamic and heat transfer properties for different opera t ing  conditions.

A traversing probe will be used downstream of the cascade to measure

cascade lcsses.

The experiment should help provide a basic understanding of the

losses which are inherent in all gas turbine generators which utilize

transonic rotating machinery . It should also better hel p t o  understand

the cooling requirements for this type of turbine blad ing.

A small air turbine was chosen to provide the required flexibilit y

of rotating the elliptical piece downstream of the turbine tiascadt- . The

air turbine has a variable speed of from 0 to 100,000RPM while ot’eratfi-tg

~ t f the shop air. The company which was o iven the cent r i o t  for the a hr

turbin e is the Barh our  Stockwcll  Comnanv of Camhr id ~~~. ~~~~~~~~~~~~~~~~~~~~~

The air turbine was supposed to be dcl ivered in May but  d u r i n g  t h t . - l u  u~ ( - p t  t l flu

N - st  s p roi~ I ems u t u  - ii i- ed wI til t lit- bearings of t lie t ur h inc 1 h0\- t 1 , O i l

and 0-i  hve rv was n u t  p~~sslblo in 1-1i\ . i t  Was lat er i - c ided to ru-i t i

t u r b i n e  below 011 000 R I M  ~ind so the air turbine will he 0 - i  iv -i - t - ul i~-~~t h i u
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t wo  weeks of the time of writing . Meanwhile , components of  the  u i r  tur-

bine control system consisting of a magneti c pickup at’ached t o  the air

turbine , an electricall y operated throttle valve and the air chiming

system have been installed .

Work is also underway in the area of an anal ytical study of the

effect of unsteadiness on the aerod ynamic and heat transfer performance

of the blades.

-- ---- - -- — -- -‘ — — - -— - - -
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v.  COMPARATIVE STUDIES BETWEEN TRANSONIC AND SUBSONIC TURBINES:

For this comparative study, let us consider a case where one highl y

loaded transonic turb ine stage is used to rep lace two conven t iona l  subsonic

turbine stages.

It is assumed tha t  the mass f low ra te  thg,  tu rb ine  inlet  st a g n a t i o n

temperature T01 and pressure P01 , work—outpu t  and t ip  speed are the  same

in bo th  cases . In addi t ion , the axial velocity is assumed cons tant  in

both cases.

For the Transonic Turbine:-

Number of stages = 1

Stage Stagnation Pressure Ratio 4

Turbine Inlet Stagna t ion  Temperature  1800° K

For the Subsonic Turbine :—

Number of stages = 2

1st Stage:— Stage Pressure Ratio = 2

Turbine In le t  S t agna t ion  Tempera tu re  = l800° K

2nd Stage:— Stagnat ion Pressure Ratio = 2

5. 1 Gasdvnami c An~~ y~~~~~~f t h e two Turbines *

Gasdynamic analysis of the Transonic Turbine Stage has been carri ed

out and the results given in  Table Number 1. A similar anal\-si- ~ is tiow

carri ed out hen - f o r  the two stutg -s of the Suhsoniu - Turbines .

Turbine I~
5
~
t
~_Stage:_

= l - ~O(l°

I,
(II

1) I
1 . _ I

o h 
- 

= I .
(I I L I  I
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T03 
= l560 °K

1.1 = 1800 — 1560°K = 240 °K
0

Specific Work Output

= cp . ~T0 
= (—:

~ i- ) ~
2 2

= 299154 .93 m /sec

For t he  2nd stage ,

= l560° K

= 2 , = 1.155
T03

T
03 

= l350° K

= 2l0~ K

The detailed multi—stag e analysis is shown in Table TI.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- -- - 
- --
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Table II

Stage  F’a r am et e r 
______ ~~~~~a e  _____— 2nd Stage

1. Design Parameters

(a)  Turbine  Inle t  Total
Temperature l800°K 1560°K

(b) Stage Stagnation
Pressure Ratio 2 2

( c )  Blade Speed (U) 550 m / s  550 tn.s

(d)  Target Total  to t o t a l
polytrop ic efficiency 0.9 0.9

2 .  S t a g n a t i o n  T e r n p e r a t u e j~~~~
Across Stage

= T01 
— T03 

24O ° K 2l0 °K

3. SL age~~pecific Work Ou~~ u t

= C IT 2*1154 .9 2ftOS8T - Pp 0

4 .  Change in Tangen t i a l  Vel

~Cy = 543 .92 ~~~~~~ i~

5. Tangential Components  ot

the Velocities

Ac~- + ~= 
~
—-

~
----

~
— — —  I 5-46.47 5 1 2 . 1 7

C
3 

= W 3 - U - h .53 -3 .83

W
y~ 

= C~~3 —3.5 3 -37 .M 3

C
2 

= W , + I’ —3. 53 — 37.83

6. Roto r  Inlet and }-x it

\ t 1n it i e s

= t /c
~

_ 
~ h 5 7 . 1i r n / s  h :~ nh t s

L — -— - -— —  - — -— -~~~ -~~~~~~~~~~~~ -
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Tah it- 11 (u~~ntinu ed)

Stage ~~~~~~~~~ _~~st Stage 2nd Stage

- -)

W = ‘W ~ + W .1 365.02 rn/s 367 r n / s
2 x v

C
3 

= /c
2 + c~~ 365.02 rn/s 367 rn/s

w = / w
2 

+ W2 657.16 rn/s 628 rn/s3 x

7. Static Temperatures &

Acoust ic  Veloci t ies  at

Rotor Inlet and Exit

2
(a)  T .1 = T02 

— l h 2 h . 1 9 ° K 14 0 1 .2 7 ° K
2Cp

(b) a 2 
778 .51  7 2 2 . h7

(c) T3 
‘
~03 

— 1506.37 12Y5.7~
2C p

(d)  a
3 

=
/
/Y~~~ T3 

74°.28

8. Mach Number at Rotor

Inlet & Exit

(a) Absolute Inlet Mach No.

M
c2 

= C
2

/A
2 

(J .8~

(b) Relative Inlet N h  ii N o .

= W
2
/a

2 
0.47 0.51

(c) Axial Inlet Macli No.

N = C /a o. -~7 1 .5!
L-x~ x 2

(d) .- \hs - l ttte [xi t ~- i i - I i  No .

N = c
3

/ a  0 .39 11 .5

i ) Rtj1 at F V t  Exit Mi u -ii N~ -

= R Ia - . i— -s . u _ i
w I 3 1

—-- —-—
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Table 11 (continued)

Stage Parameter  1st Stage 2nd Stage

( f )  Axial  Exit Mach No.

M = c /a 0 .49  0 .53cx3 x 3

9. Stagnation Temperature at

Ro tor Inle t

Absolute T02~~ l800° K l560° K

Relative T02
rel 

1679.81 1455.48°K

10. Stagnation Temperature at

Rotor  Exit

Absolute T03~~ l560° K l350 °K

Relative T03~~
’ 1679.81 1455 .48°K

11. Stage Loading Coefficient

= 
C~~~ T 0.99 0.86

12. Stage Flow Coefficient

= 
U 

0.66  0 . b t
I-I 

~~~~~~~~~ -~~~~~ —~~~~~- --~~ - — --_ - - - --~~~~~~~~~~~~~ - 
—

~~~~
-

~~~~~~~~~
- - -
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5.2 Estima tti of the Coolant  Fl ue R~ q_u i r em e - nt s  U~4n~ Film C o o l i n g

\s m e n t i o n e d  above in S c  t io l i  5 .1 ,  f i l m  c o o l i n g  of v a r c i n g  d e gr e e s

0 )  sop t i i s i t i c a t i o n  of I e r s  a n or > -  p r a c t i ca l  so l u t i o n  b r  h i i g t u — L e f l i p e r a t u r e

t u r b i n e  blade cool ing .

Film—cooling effectiveness data on f l a t  p lates gathered at M . I . T .
L ,u ls  T u r b i n e  L a b o r a t o r y ,  which incorporates the effect of geoniet rv on

film—cooling effectiveness , shows that for doubl e rue of holes , with in—

j e c t i o r i  a n g l e  of 20 ° , g ives

= 156.17 (~~ l.4l 4
) (m

L3S 
o

_0
~~

6
~~ ) (~~ 

. (5.1)
isoth D 1)

= 156.17 ( .~ C 1 .4 l 4~ (K ~
1
~

35
~ (

X 
)

U
(I C

where  m =

q

T -

— 
u - t - X 1 t ~

q

1 N

K
0 

= ; K
0 

= l i t - =

g

i I l t t flt~i 1fl l o w  m = (p0\) = p 1 sh Cos~ h.
g g g g  th

- 
. 

- 1 
~~~~~C o o l a n t  t low m = 2 .  -~~~~ - 

. —
~
—-  -- c ec x -u

li t -IN - the p er i m e t e r  of  t n -  bl~i1 tt - pr ’ ) l i e  is takt -i ~ is 2. uSC , s - h i u  h

is -qua I to  t h e  p en m e N - u  ot the- rt -f -ii -iie ~ hiI - i0

- l_ ,
- - S - - ( 

~ t b - i  I
= - (~ u t n  r- -

2 .  :i5i i p I I~ d
o C

Combith i lig u - ) l i l t  ip l i s I .  I and .2 , Vt - a t  i n -  t o !  lint -hu n - , u x p u  u -~— s u it n s :

- ~~~~~~~ - _ - -
~~~_i_ - 

- — -- — - -- - --- - -- --- — -- --- ---— - - ---
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For y~ < 62~/, i.e., A . < 45
iso 2

c 
= 1 9 ’4 4.17 m ’ -0.35 ~-O.68 (s/c cos 8)~~ (5.3)

where m ’ =

PU q throat

For 33.4~?- < ri. < 62 Z ;  i.e., 45 A 180
isoth 2

= 0 .833  2 . 2 7 3  m ’ m ° 3 5  -0.68 
~~ cos ~)

_ l  
(5 . 1)

For -
~~ . , i.e., A > 180isot h ~-

= 0. ~~p l~~5Jh  m ’ —0. 15 -0 .68  s —l
-— . rn (~~ C u is  

~) 
( j . 5 I

C m C

where

1 . -i l  — 1 . 3 5  — 0 . 6 8  xA r1* m 0
— Si~Ig

x 4 x . - I - -Vi th ~
—--— = - _  - — I or double row o I ho I & - s ~TI d d

( U )
ITt ’ 

= 
t h u  I t  = in j >  t t o n  

= 
——- — = I )  P

m oF ( C 1 I l l  ~t o t
- - _ _ ±  9 t l l r - l t

g I n~ cot ion

1 or the- l e t  ~- r 1  i~ -c B l a d e  1

I- . ~t a t i ) I i  I , which r ~- p i L - —t nt S h i gh \ h I h R S ‘I  9. - h s  t i - - i
r sot iu - rrna I

in  thi s analysis. 

----~~- - - -  - -- -- -- 
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ut c o r d i t i g  to the definition of film—cooling i sotiiern .1 ct fe~~ tj e —

ness ,

T I .  = I~~~~~~~~L_ ( 5 i- )
isot h q

wh e r e  q — heat transfer to the blade in the absence ot  t u r n  c o o l i n g

— hea t  transfer to the blade with film c o o l i n g

q ’ — (1 — n . ) — and this mus t be hand led  by t h e  inte- rn i 1
i so thermal  -

cool ing ,

i . e . ,  q = iii Cp (T - 
— T ) ( 5 . 7 )

c c c . exi t c . m

Let  us d e f i n e  air i n t e r n a l  cool ing  >- f f e c t i veness :

T - - T
c e x i t  c .in

= - -  
- -~~~~--- - - - —  

- ( 5 . s )
- T . i n

blade c

varies from 0.0 to 1 , hi g h e r  v a l u e s  of g e n e r a l l y  0 . 5  a r >  of j o t  c - r e - s t

~ is a strong fun~ tion of t h e  t y p e  of internal cooling; Its confi gur il t ion

coolant flow Reynold number , et c.

To - , T - 
— coolant inlet and > x i t  rempe r~~tnr es r~ ~r’°  h t \ a - l V

in c >- xit -

c o m b i j i l n o  e q u a t i o n  5.7 and 5.8 rcsults in :

9 ” = iii . C  .~~~~(T - T  - )
c p0 b l a d e -  c . in

Ii = ‘Fc 
~~ :si~pc h fade c • in

= 
- 

(1  -

~ . - [ 1 - - i - - ip e h i  .tdt o . i n

~~~~ (1 — - - )  . - -
~ S~~ . - • I - i~ i~( - H

U — - I - 
•h I  id ~ - o . t o

- - St — hI - ni t .  V t i l l  St ii I n ii hill , l e t  -

- ——--
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(1 — ~~~ 
(2 . 4 8 )o  . St . CP~ . K1 

(T
g 

— Tb
)

= -~~~~~~~~~~~~~~~ —— - -— -~~~~~~~- -~~~~~~~~~~~~ 
—— - -— --~~~~~~~~—~~~~~~~~~~~~~~~

—— —  ( 3 . 9 )
il~g C p . e [T

b 
— T . in] cos ~

where- K
1 

— is the coefficient that takes into account tite effect ot blade

rotation. u s i ng e x p e r i m e n t a l  c o r re l a t i o n  ~e t  refer en c e - s (~~ 2),

(13), and (14), K
1 

is taken to be 1.5.

— ex i t  ang le at  the  t h r o a t .

in rn 1
= K 1

in -

~ film i~ 
- 

internal
cooling cooling

V ii> -re K , — is the fraction of internal cooling bein g used or jim co o l ing

and taken to be 1 in this a n a l  n i s .

EqU~.I t ions 5 . 3 and 5. 9 a re  co u p i~~d and  so l v e d  si m u  i t  i n > - o i n s  I v

I
C . 4 . 1 7  — 0 . 3 5  — 0 . 68 - —1

— = l .~~~- u , r  ( s/ c  ons  ~~ . l0 )
mg

(1 — n )  ( 2 . l 3 1 8) o  . St . Cp . K 1 (T — T
-c 

- - ~~~~~~~~~~~~ 
h (~~.l l )

Cp . -
~ . [T — T - I cc’s

c h c . i n

I - (T - U  1 + 1
— 

c x it  
— 

- 
~

- - i n  >- . in

g C

- , n > - nti .-~ t i e  I t ig  t i  I ~
- 1 v . - - - - - - u - . - I . I ~urd (I . 4 I -

L - 
_ _ _ _ _ _ _ _ _ _ _ _ _
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- r hc n:~~::g e h i  
-

- go - ira - r n e c-ni c t n t i c  s t  a g e

r 
~~~~~~~ ~t 0 e S  t i -  ~ ~in-i r era -n~ s 

‘>~~~ r~~o b~~ oFe .~ - i ~ ae  ~ s

c .. ~~ -
‘ 

- - I .  1 -~ cool~~o t  :~~ss f~~- .. : t - . 1 i : - 
~~~~~~~~~~~~~ 0 O- - L e I  IN — IS r i O t

I n c 1~o J oi; ~i~ - nozzle is cca-~~dc :- -d -ts of t~~~e o o t - r- I a

~he t - j o~ - i n c  lrr~~ct s ‘.~~c:~ iF- ~-o1~~ e - : , - : ito:- ~ 2 o r e  is

for t:-~ -- r o t o r  ~a1et ( i~ -ou °~~)

BI acV- i-~o.c: For t he -  r o t o r  b l a d e  rc~’ , ec~n i t l o n s  5 . 3  ~ 5.9 
are solvt -d

S I V ’J l t O a -o u s ly

I - I (T — T - ) + T .in i
c.exlt b . in  c

1) = —-— 
~
-  —

T J O
g 1 02

Tb 
= 1200 °k a i ln e a h i e  b l td e  t e - V : - r l t u r e

Tc . in  ‘-‘ i D O  k

. rc- 1 c’1j i 5  ~i

5/c cos = ( 0 . 7 ) ( 0 . - . .)  = 0 .315

= c/s = ;.1236

St O.00i87

— 1.5 accoua:inrg for toe e f f e c t  of  r e - t a t  i c ’ : 1

T
g 

— T~~
1

C0V;-u t I V t t c i  i ’ .: l u  ‘ 0 .5  1 . 2 , ~, 1 .5 .~ 
-. - ‘

( = 0.5 , 0 . 7 -  on. t  U . )

a
1 

1~ det ~oe 2 a ii~~~ :. -. I  10 et cc’al.~a) Ic gi: I 1c~~ ~~n i t .

I ~~i l  

-=—-
~~~~~~
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Two—Stage Subsonic T u r b i n e

Equation 5.3 and 5.9 are solved simultaneousl to determine the cu l in t

to gas flew rate.

As in t h e  t r a n s o n i c  s tage ; the first nozzle is not included . Thu s

is regarded as part of the combustion chamber.

The coolant mass flow requirements for the rotor of the first stage ,

t h e  nozzle and rotor of the second stage are- estimated .

St1 St a~-,e I-~otor

i-~ is 1e-fjnc d i-is in e-i ~an tion 5.12

Tb ~~0 U K  — a11c -~~ble hald e tcoge -r~~ ure

T —
c.in

rel -

= T = 1(S0°K
g

(s/c cc’s ;:) = (0.7)(0.554) = 0.5678

= c/s 1.125-6

S
t 

= 0. 0 2 194

1.5 accountiag for th-~ eff ect of rotati on . Cr:, i~t a : i c a s  ca : i l i d

out for m 0.5, 1.0 , and 1.5 a:id 0.5 , 0.75 and 0. ’

is d e f i n e d  as t i e  ratio of coolar-.t to gas rote

th
c t

a — . -

F 

I to 

--—-~~~~~~~~~---- ~~~~~~~~~~
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2n d 
- 
S i i ~~ II

The 2nd stage- nozzle- i n l e t  I ~-n ipe- ra I i i  N -  is coun iput c d  ti~~ i ng  c -n e  r~~ V

>- -nst- r \- t k L ’n .

+ u~: P p T -, r l  ~
- 0 e - X t t

= (th~~~f~0 r i  
)C ’ P~1

l ~ ;+(th~+~: 
. rl 

)Cp. :l
0
m c p . ~~~ in 

- ~~~i
C 1

0 e->: i t
1 i- . e -x i t

rib - (5.13)
(in S f l c  ~ (C ’ p I i i . . 1 )

g c . r i  g U i  ~ 
ci

whe re a- i— t o t  main ( t i t t I  g_ i s  i l - I C - - S 1~ w c- ot > -ring t ilt - ‘ ) N t  r t or ,

m (_ . r I  — oo la nt mass f!o~ for re c t or b l a d e s  t ’I  S t - i c e - I

(iii + us - . ri ) — m a s s  n low leak ’ ing t h e  re cto r  st  a g>
S

— st i g n ia t i o n  t c - i n i p > - r i t u r e  d r op j e r e ss t h c  f i rs t  s t ag e - .

1 - q u i t  t O t i  5 . I i  t h e n  r t d u ~- > - -u t o :

( p  -
- - - h i t  . c x  i tI _ I + - ì — ;, 

- - — I -p 01 I I 0 .extt
ah g (:~. i .~~t
o

U 1 
i

)

( p Pp  -
- tb e . & - S t T  -F  -I a - ,  

- I ( I i - —  
-C p fl~ 1 & . t o  Iih g - -  -

• l o i  — - — 
~~~~~~ 

1
(fl 1 ~ I 

( I  ~ u t
1

l g

h 1 (~ ~~~~ 
C 

~~~ i t t -  c i i  c i i  l i t  e e ~

- I h~ I — I - I
. t X t  I it - . i n  - - c c

1— 
L I  C

K I , — c—i t - i! h e l l O T I

- - i i i  - - 
-

L ______ 
_ _ _ _ _ _ _ _ _  ~~~ - -
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O = c / s  = 1. 428 6

St = 0. 1) 0 141

T T ab
g 03 ~xgressed h~ c-q u i t  ion  f .2. 1-4

= 1200° K

T . 
= 600° K

The equations are solved ~ieiain fo, tii = 1.0 and 1.5 and = 0.5 ,

0.75 and 0.9.

a.) is defined as the ratio of t h e  c o o l a n t  to  g i s  l o w  m i t t  t~~~t t h e -

2nd stage nozzle

m
a
2 

= c.n2
th + t h
g c’r i

2nd Stage Rotor

E q u a t i o n s  5 . 3  and 5 . 9  are solved simul  tjnt ii slv to det~~rm i nit coo

miss flow.

The mean absolute stagnation temperature i t  2nd t I e r  i n l e t

is found using conserva tion of energy .

(d + iii ) 1  + m - C p I - (to + to + tui )—C p . ~~~~~~ ( i l l )
g i . r I 1) C • ti 2 c- c . C X  t t  g c . r I

( : 1)

.ilc 
. h~~ + a

2 . [T 
• ~~~~ i t

— - -

( I  + a )

(: 1) ( pI 
- + - i  . I (I - T - ~ T -

t i e  - ~
t 
• 

e • 1 1 1  - I f l

I - u ( I  ~-

( C ’~ -

I t - - i -
I L  e 

• 
~t * 1C 1c 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where C • and K — ire t he - h O s e - l u t e -  and r e l a t  i v > - V~- I O C 1 t i O S
-* 4

(tdketn from the velocit y triang le)

I
o = 

c.exit
rel
T0,

I ( 1• — i  - )—c - F  - 1b c . ti i  u . t i i
0 = ______- — - 

—

T
ab 

-

04 
-

= 1.5

s/c Cos ~ = ( o . 7 )  x (0.58i2) = 0.4068

= c/s = 1.1286

St = 0.00191

T~ = T~~
1 

compressed as in equation ~.l9

T . = 600 °K
c • in

The c q u i t i c c n s  arc - ~~c i v e - ei (or to = 0.5 , 1.0 and 1.~ and r = u .S .

I). l i  m d  U. n .

in -
t~ i s  i i i I I n t el  •~~~~ • - - -

- .~~~ -

I i  1- in
C’ t - e . t l l

IOId - I

I 4- m
- _ n

h e  . . 
. 

-
i l l  I I  Ill

c’ .rl e . i l  .r.

- -----~~~~~~~~—~~~~~~~~~~~~~~~~~~~~~~~ -—- -- - -  ~~~~~---~~~ - ——- --~ -~~~~~~~~~ ——~~~ = - - - ~~~-
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The analysis yields the total  coolant mass f lows for  bo th  the sub-

sonic and transonic turbines. The savings in coolant mass flow niav

then be computed .

Limitations of the Anlaysis

The major limitations of the anlysis lie with the data used . For

example , the film—cooling correlation used here is one which was obtained

for film cooling on a flat plate. Thus the effects of curvature , tire

effects of the coolant from the preceeding line of holes and the effect

of secondary flows on cooling in a 3D machine are not taken into account.

Also many other considerations such as the losses due to coolant flow

injection and a detailed heat transfer and structural analysis must be

carried out before final design criteria can be set.

5.3 Comparison of Required Heat Removal:

Without specifying any cooling teclenique to be used a general

approach  to de te rmine  the desirability 01 using t r anson ic  t u r b i n e  t e e

r e- p l a c e  subson ic  t u r b i n e  can he roug hly e s t i m a t e d  h~ cons idt-ring I >~

rat io of the amount of heat that has to be removed from tile stag> -

t e e  the work output from the stage- .

5 . 3 . 1  Transon ic  Stage

I t  ~i s a~csumed that both t i e -  t r an s o n i c  and sub s icr i  j e t u r b i n e

h i v c -  the -i ei ini turbine inle t t e e t h 1  t i l ~~i i r a t h l r e  ari d t o t a l c r e - s - -_ l I r i - I

C l i i  r h t t -  with t he -  same mass fl iw , - i x  i i i  y t e l c ie h l  \ m d  t i p - _ j - c - e ~ . A nd

x-~ mN considering h it- cast , w h i i - I  t h e  I i  h u h  ~ I u e i ch ’ eI t t m t l i -uc ) l l h S t  - - c

c i  — 
-
• is tised to r e p l a e - * - . t w o  ot a g t -s , 5 h e  n i o d e r i t i - l y  l i e  I

11 0 ( p 0 3
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subsonic stages. For the  S ing le  Transonic  Stage ,

. 9 .

d
trai.isonic 

= 

til(C
p

AT
o
)t r a n so ni c

where- = 
~~~~~~~ + q + q + 

~0asj~ g

blade

= sum of all the heat that has to be removed from the turbine components.

For simplicity, let us consider only the nozzle and blad e rows.

Using the example we are dealing with here , let us  t i r s t  compare

the highly loaded sing le stage t ranson ic  t u r b i n e  with the moderate ly

loaded subsonic one.

5 . 3. 1 Tri~n sonic S

For the Transonic Stage with a pressure ratio of 1~~ t u r bi n e

inlet temperature of 1800° K we have :

9 , +
d iio z z c  e -

• - - — 
r o t~ _ r

mO p - I

leO-I S h e  
+ • 

r o t  e tr

- 

mO p ~mCp

e~~~~5 c 1 L : . :  _ j l O

- 1-
~ 

g i Os  L j - i e - -

— -

~

_  
~~~~

- --—--
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(2.48)(l .33)(O.000l88)(b00) 
+ 

(l.5)(2 .48)(1 .333)(0 .00l88)(1575-l200)
0 .4 2 3  0 .423

450

= 0.367

5.3.2 Subsonit Stage

For the subsonic stage , let us consider the first s t ag e  of the  two—

s tage  t u r b i n e .

2.4~~- St(TOl
_T

b
) 

+ ~~ 4 St .K
1

(T~~~ -

d = ~~~ ft ___________ ____

= 0.0602

3> - c end Subson±c St:~gt

Ki th ~er c -ssure ra tio of two , w i  t i m  turb ine inlet temperature - of

1 )I)(CK

— 
3 .IoSY + 2 .o 722

subsonic II 
— 210 0

= 0 . 0 1 07

For t i t > - ~Ii iI t i s t a g e -  S i c h ~~o u i i c  I c i r b i t i e -

ci Ci q 9t i l e S  . 1 t- + ri i t )  r + t io~c I o 1- r o t e ’
d - s tag> -  I s ta ge  I -~~~~i c - I s t i g e -  I

m t I l t l s t h e e - = - — — — —  - • • -

s e i h e s  . ‘i( ~~~ 01 + lIs p Vi ( ( 1 1  

-~~ -—-- - - -- —---- ~~- - - - -—- - -- — --- - - —-.- -- — -- — —-- --
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+ + + 
~~~~~~~~~ ± 1

= J ! P  
- - - - -

(A T 01 
+ .5102 )

— 
6 .5681  + 7 . 8 3 1 7  + 3 . 7 6 5 9  + 2 .6727

45 1)

= 0.0464

d - - d  -

D = 
mUlti St a~~~~~~~~~~r n s e n i c

m u l t i s t a g e

= 
O . I ) 4 O - ~ — 0.0367 

= l0.93~
0. 04 0-

i.e. hr  r e -p l a c i n g  two s u b s o n i c  s t ag e s w i t h  a s i t i g i t  h i g h l y  l e a d e d

transonic stage to produ ce the same work o u t p u t , t h i > - a m o u n t  of h i e - . i t

that has to be removed from the turbine stage- has bc e -ri ~he-o re ised by is

musch as 21 - .

I t  a l s o  LS We t r t l h  m e n t i o n i n g  tha t i c e !  a f i x e d r o t o r  b l ade  t c - m j e c  r a t  t i r e

the t u r b i n e- n o z z l e  i n l e t  t e m p e r a t u r e  can he r a I s e d  I or ti e- transon ic e lse

si n c e  t h e - blad e relative st agn ;itimc n temp erm tu rt ic - c g - u 1 - r t l  lv I e d \ s e . r  i t )

r n s e r e  l~ t i ri t it re than rn subsien ic on > - s .

And w h i t en t h i s  i t r c - r~- i s e - d  t e m p e - r i t  I i t ~e i s  m a t c h e d  w i t h  m o e t r  c - - g u i  1111’. - 

-

i n c - r t - a s t -  in  compr - s s e’r  p r e s s u r e - r i t i o , ( ‘ i - V  c i i i  I e v i - l e  — t i !  lu t i l t  C~

w i l l  I~~~~- Vt-

I L .  - - r o i l  VS i L  thus sh e  t .s  I: p i t t  t t i  t i i  I i c r  c - i 1 T)S i n  i i wet ri> c i t  p u t

e r  t in  I t (LI C C C  h e e l  ( t [ - i ~ j > -  s i l l  t b >  I -r it 
~

- il l~~ ’ t i l l  L u t e t I . i n s e - r I  i t l i t  1) 1  n e - s . 
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V I .  CONcLU SIONS

The most significant results of the st udy may be summarized in

the fo l lowing concl usions :

(a) Since the pressure distribution obtained in the cascade blowdown

tacility is the same as that obtained in the conventional wind tunnel

at the Von Karman Institute , then the blowdown facility is a bonafide

and practical method of aeordynamic testing . It is also a flexible

means of solv ing ra ther complicated heat—transfer problems

wh ile pr ov id ing a fa irl y rigorous model ing of the aer odynam ic f l ow

and temperature fields to simulate turbine operating c o n d i t i o n s .

(b) A comparison of the isotropic Mach number distribution obtained

in VKI with that obtained in the MIT cascade facility shows that the

level of turbulence in the mainstream has a marked effect on the

transitior~ to turbulence in the boundary layer.

(c) The losses measured for transonic cascades are of the same order

of magnitude as for subsonic cascades which seems tee suggest that

the effectiveness of both turbines are comparable. However , this

will have to be modified by an evaluation of tire - effect of coolant

flow on these efficiencies.

(d)  A comparison of the loss curves  fo r  t h e - four blade profi le-s L - iule Cws

t h a t  eac h p r e i i l ~ - has  a s up e r i o r  per f o r m i n ~
- >- in a d i f t  c - h - c-n t ~1~ie - i i

number range. Thus the reference blade with hu t- tOil ) trailing edge

is super l O h  up to t h e  desi gn p o i n t  ~mn d t h e n  the p l u g  flOZ~I Ie as w e - i l

h is t h e  blad e- wi t h ti • - L e n v e n h le l h t _ d i e m r g e i l t  r i c - z /  he m l , - c_ u i C e C c t  i t )  t i l t

h i g h e r  M ach numb e r r a n g e .  Th e- comparison also sh ows t h a t  the  t ~i e k r i t ~~s

i t  I the trim iii r i g  edge has a 111.1 t k c - d e f f e c t - t on I O S S e S

- - -~~~~~~~~~~~~ -- - - -~~~~~~~~~~~
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(e) The Nusselt number distribution predicted from a Nt\S - \  compu te r

ag rees  w e l l  w i t h  the measurement except in tire reg ions where- shock

waves i n t e r ac t  with boundary layers. This serves to c o n f i r m  its va—

lidity . The distribution of Nusselt numbers also shows a very high —

hea t  transfer rate at the trailing edge.

(f) The comparison of the results obtained with there of T u r n e r  [ 15]

seem to suggest that the level of turbulence ma~ be a key variable

in de te rmin ing  lreat t r a n s f e r .

(g)  Las tly , comparative studies between subsonic and transonic

t u r b i n e s  show tha t there is 21% less heat to be taken out by i n t e r n a l

cooling in the case of transonic turbines , and that less coolant

f l o w  is required to cool a single stage transonic turbine w i t h  a

p r e s s u r e  r a t i o  of  4 used to r e p l a c e  a subsonic  t u r b i n e  w i th  t w o

stages with pressure ratios of 2 per stage . All these point to

the  grea t  p o t e n t i a l  of t ra .nson ic  t u rb ines .  But b e - f o r e  this p o t e n t f a l

is rt~a~~ised furt h er invesl :igations are  necessary sucir as t h 2  e f f e c t

of coolant f l e ew i nj e c t i o n  on the  e f f i c i e n cy  of transonic tur hiii > -u- - . 

--~~~~~~~~ -----~~~~~~~- - ~~ -- - — - -- - -~~~~~~~- -
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Figure 37 (a) : Suction side of instrumented blade showing

pressure taps and heat t ransfer  gauges.
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Figure 37 (b); Pressure side of instrumented blade showing

pressure taps and heat transfer gauges. 
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