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I . INTRODUCTION 

During t h e  t e s t i n g  of t he  SNAP-8 turbine i n  Rated Power Loop No. 2 and 

Power Conversion System No. 1 (Phase IV, Step 2 )  it became evident t h a t  the SNAP-8 

system would be unable t o  produce the  required 35 kw net output a t  the  design 

operating conditions. Increased system pa ras i t i c  losses, and l iqu id  carryover 

from the  bo i l e r  were the  major cause of t he  lower system output. 

Examination of t he  system and component performances indicated t h a t  the most 

f r u i t f u l  place t o  gain a s ignif icant  performance improvement with the  l ea s t  complexity 

and eventually a t t a i n  the required system output, w a s  i n  the turbine. Recommendations 

were made, as  par t  of the  SNAP-8 performance poten t ia l  study (Ref. 1) which indicated 

t h a t  gains of several  percentage points were possible. 
_ _  

The or ig ina l  SNAP-8 turbine and i ts  performance were a l so  reviewed by NASA 

LeRC Turbine Research personnel who a lso  made recommendations as  t o  method and f eas i -  

b i l i t y  of improving the  turbine performance. Several meetings (Ref. 2, 3) were held 

with LeRC Research personnel i n  which each of the recommended changes were evaluated 

and discussed i n  the l i g h t  of gain i n  performance r e l a t ive  to the  degree of complexity 

of the  change, e f fec t  on the  machine r e l i a b i l i t y  and program schedule and cost. 

Some of the  considerations involved i n  t h i s  discussion are  indicated i n  Refs. 2, 3, 
4 and 5. 

After due consideration of the  r e l a t ive  merits of the NASA and AGC recommenda- 

t ions  and philosophies, it was decided that the former was  favored and would be 

u t i l i z e d  i n  the  aerodynamic design of th/e turbine (Ref. 3). 

11. DESIGN CONFIGURATION AND FHILOSOPHY 

A. It was a l so  decided t h a t  the overal l  configuration of the turbine would 

not be changed from the  or ig ina l  design, It would s t i l l  incorporate: 

1. 4 stages 

2. Impulse i n  each stage (as defined by dero pressure drop across 
the  r o t o r s )  

3. 12,000 rpm 

4. Dual path p a r t i a l  admission i n  the  f i rs t  two stages and f u l l  
adnission i n  the l a s t  two. 

The physical changes are  therefore to influence only the in t e rna l  

aerodynamics. 



B. The basic  philosophy then t h a t  has been followed i n  the  design of the 

improved turbine has been one of greater  f l o w  control. 

continuity has been mwe rigorously applied throughout the  turbine. 

the  vapor above and below the  saturat ion l i n e  has been t rea ted  as  an idea l  gas 

with i t s  temperative properties dictated by the Mercury Mollier diagram. This 

is  i n  contrast  t o  t h e  treatment followed i n  the  or ig ina l  design where the equi l i -  

brium charac te r i s t ics  of the  Mollier diagramwere followed and i d e a l  gas re la t ion-  

ships were not believed t o  be valid.  The idea l  gas approach has been u t i l i zed  i n  

this redesign on the  bas i s  of i t s  previously successful application t o  the SNAP-2 

(TRW) turbine and the data obtained during the SNAP-8 turbine a l te rna tor  t e s t s  a t  

AGC. 

The c r i t e r i a  of flow 

I n  addition, 

C. The requirement of b e t t e r  f l o w  control ( i n  contrast  t o  the  or ig ina l  

AGC philosophy of f r ee  f l o w  allowance) has been approached by consideration of: 

1. Rotor blade s o l i d i t y  
2. Rotor and nozzle blade contours 

3. Rotor/nozzle blade overlap 

4. 
5. Rotor t i p  clearance 

6. 

End-wall (OD and I D )  treatment 

Increased arc  of admission i n  the  second stage. 

111, MRODYNAMIC CONSIDERATIONS 

The considerations indicated i n  Paragraph 1 I . C .  are b r i e f l y  as  follows: 

A. Rotor Blade Sol id i ty  

The recommendations of Ref. (6) have influenced the  choice of ro tor  

blade so l id i ty .  
required t o  obtain l o w  values of the  t o t a l  and suction surface diffusion parameter. 

NASA has correlated (Ref. 7) l o w  values of the blade t o t a l  diffusion parameter 

(i.e., 0.5 or l e s s )  w i t h  r e l a t ive ly  high blading efficiency (low loss ) .  

The indications of Ref. (6) a re  that much higher s o l i d i t i e s  are 

The increase i n  s o l i d i t y  t o  a required value of about 2.2 f o r  the 

new turbine could be obtained e i the r  of two ways: 

1. Increasing the  number of blades from the present 79 t o  123 and 

maintain the  chord at  0.289 in. 

2 .  Increase the nunber of ,blades from '19 t o  only 101 and increasing 

the  chord from 0.289 in.  t o  0.353 in.  



The ramification of (1) i s  the comparatively narrow blade root passage width which 

imposes a fabr icat ion l imitat ion to the  extent that the Elox process only can be 

used. The Elox process does not achieve the  continuity, surface f i n i s h  and dimen- 

s ional  control required f o r  very t h i n  t r a i l i n g  edges t h a t  can be obtained with the  

Electro Chemical Milling process. 

ax i a l  clearance between rotor and nozzle diaphragm from 0.10 in. to.068 in. 
Inasmuch as  it i s  anticipated that the mechanical redesign of the nozzle diaphragms 

may require an increase i n  thickness (which may r e su l t  i n  a dangerously s m a l l  ax i a l  

clearance), a compromise was made. A 101 blade w i l l  be used i n  each stage, the  

blade prof i le  being l a id  out on the  basis  of 0.353 in. chord. The prof i le  w i l l  

then be cut back to 0.32 in. chord. The s l i g h t l y  thicker  leading edge t h a t  r e su l t s  

should not be detrimental considering the  l o w  i n l e t  r e l a t ive  Mach Numbers at which 

we w i l l  operate, and the posit ive incidence of 2 -3 should be advantageous. I n  

addition, the  diffusion parameter of the larger chorded blade would be changed 

only s l i g h t l y .  anibtt&-'bka8@, passage w;iatb;Q.ilsl  .a&- &bag&- i bwa: fq@de&ion 

Wattat lon 

The consequences of (2) are reduction of t he  

0 0  

B. Increased Arc of Admission i n  the Second Stage 

The or ig ina l  SNAP-8 turbine has a 38' a rc  of admission i n  both f irst  

and second stages. 

leaving the  f irst  stage is  considered t o  be a d i s t inc t  possibi l i ty .  

a r c  of admission i n  the  second stage to t he  same arc  of admission as used i n  the 

f irst  stage was  f e l t  by NASA to be a poten t ia l  contributor to the  possible poor 

circumferential redis t r ibut ion occurring between second and t h i r d  (100% admission) 

stages. 
based upon h i s  own experience of j e t  spread issuing from a p a r t i a l  admission stage). 

Circumferential spreading of the  38' a rc  of admission a f t e r  

Limiting the  , 

(AGC Consultant, K. A. Salisbury, has a l s o  advised a similar approach 

A larger  a rc  of admission on the  second stage should again contribute 

to a be t t e r  circumferential d i s t r ibu t ion  of flow entering the  f u l l  admission third 

stage. Consequently t w o  additional nozzles were added to the  second stage bringing 

the  a rc  of admission up to 4%. 

C. Reduction i n  Rotor T i p  Clearance 

Conservative rotor t i p  clearances were used i n  the or ig ina l  turbine 

design, 0.040 inches i n  each stage. 

.020 was considered prac t ica l ,  
Originally a reduction of t h i s  clearance to 

However consideration of degree of overhang, 



r e l a t ive  temperative l eve l  and potent ia l  t ransient  occurances led t o  clearances 

s l i gh t ly  larger  i n  t h e  f ront  two stages, i e .  : the  clearances become, 0.30; 

0.030; 0.025 and 0,020 in .  respectively. 

D. End Wall Treatment 

1. Cylindrical endwalls a re  t o  be used i n  the  new turbine.  The 

annulus area immediately before and aftera ro tor  row i s  t o  be the  same. 

area change i n  the  ro tor  row w i l l  be accommodated by change i n  passage width and 

flow angle. 

i n  Fig. 1. The r e s t r i c t ion  of cyl indrical  end w a l l s  and l e s s  rad ica l  changes i n  

endwall geometry should inh ib i t  extraneous r a d i a l  flow movement which is 
sidered detrimental. 

Any 

The contrast  between the old and t h e  new axial p ro f i l e  can be seen 

con- 

2.  Part of t h e  endwall treatment i s  involved i n  the  reduction of 

Ref. (8) indicates t ha t  a ro tor  blade-with modest overlap ro tor  t i p  clearance. 

( rotor  height t o  nozzle height) w i t h  t he  t i p  running i n  a closely controlled 

recess w i l l  have a smaller t i p  leakage loss  than a blade w i t h  the  same amount of 

overlap running i n  a free annulus (see F i e  2 ) .  

porate t h e  ro tor  blade running i n  a recess but t he  axial and radial clearances by 

v i r tue  of the  s i ze  of machine w i l l  not be as small as inferred i n  R e f .  (8). 
larger  a x i a l  clearance may preclude t h e  f u l l  gain inferred i n  R e f .  (8). 

The new design (Fig. 3) w i l l  incor- 

The 

3. Another face t  of t h e  endwall treatment i s  the  rotor/nozzle over- 

lap. Th i s  i s  t h e  difference between nozzle vane and rotor  blade heights. Large 

amounts of overlap were used on the  or ig ina l  turbine pa r t ly  due t o  the area 

change i n  t he  ro tors  being forced t o  take place rad ia l ly .  The blade height 

requirement was established a t  t he  ro tor  ex i t  and t h e  blade t i p  extended cylindri-  

ca l ly  t o  the  leading edge. Additional material w a s  added on top  of the resul t ing 

overlap i n  order t o  insure tha t  only impulse conditions could occur across the  
ro tor .  

Current practice successfully used a t  LeRC i s  t o  use minimal 

overlap, (enough t o  allow f o r  fabr icat ion tolerance) w i t h  the  blade t i p  running 

i n  a recess. The amounts of overlap recommended by NASA at ro tor  blade t i p  a re  

of the order of 0.005 t o  0.010 inches. 
tha t  may be incurred by having too much or  too l i t t l e  overlap indicate  a greater  

penalty from having too  l i t t l e  overlap. 

However, examination of t he  penalties 

Fabrication tolerances on nozzle and 



ro to r  blade 0. D.'s amount 'cm - -k .004 inches while experienced housing dis tor t ions 

( R e f .  11) at the  nozzle 0. D. ' s  have shown oval i t ies  of the  order of 0.009 inches 

T. 1. R. To insure tha t  the ro tor  blade t i p  w i l l  a t  no t i m e  run at a diameter 

l e s s  than tha t  of t h e  nozzle 0. D. (i. e .  : 

therefore requires a ro tor  nozzle overlap considerably i n  excess of 0.005 t o  0.010 

inches. 

and a re  compared w i t h  the  overlap used on t h e  or ig ina l  turbine.  

of t he  new turbine i s  shown i n  Figure 3. 

t he  overlap should always be f i n i t e )  

The overlaps t o  be used i n  the  new turbine are shown i n  Tables 2 and 2a 

An a x i a l  p rof i le  

E. Rotor and Nozzle Vane Profi le  
Flow control i n  the  nozzle and rotor  blade passages i s  coupled w i t h  

choice of so l id i ty ,  and eventually diffusion parameter. 

blade surface velocity computer program t h e  blade surface ve loc i t ies  were computed 

f o r  pressure and suction surfaces a t  t h e  hub, mean and t i p  sections and the  d i f -  

fusion paramefers calculated. The computer program i s  essent ia l ly  the  method 

outlined i n  Ref .  (9) and modified i n  R e f .  (10). Values of rotor  and nozzle so l id i -  
t i e s  and aspect r a t i o s  a re  shown i n  Tables 2 and 2A. 

By use of t he  NASA 

The blade prof i les  have been drawn with s t ra ight  suction surfaces 
upstream of t h e  channel i n l e t  opening, and downstream of the  channel ex i t  toward 

the  t r a i l i n g  edge. 
from 0.020 and .012 inches t o  0.010 and .006 inches respectively. 

The leading and t r a i l i n g  edge thicknesses'have been reduced 

Rotor blade surface veloci ty  dis t r ibut ions a re  shown i n  Fig. 5 and 

the  values of t o t a l  diffusion parameter on page 30 of the  accompanying calculations.  
The assumed meridional ro tor  passage veloci ty  distributions,  based upon the cal- 
culated blade i n l e t  and ex i t  r e l a t ive  veloci t ies ,  show good agreement (Fig. 4) 
w i t h  t he  r e s u l t s  obtained from t h e  computer. The veloci ty  l eve l  appears t o  be 

about 5% lower than assumed, however, consideration of fabr icat ion tolerance on 

blade p ro f i l e  could lower t h i s  difference t o  l e s s  than l%* 

The l eve l  of t o t a l  diffusion parameter i s  higher than or iginal ly  an t i -  
cipated, however, f romthe  degree of reaction as defined i n  R e f .  7 and 12, indi-  
cate  Values of the  parmeter  of 0 ;  0 027 a re  i n  order for  t h e  imposed "impulse" 

.condition of zero pressure drop across t he  rokor  and t h e  desired free stream 
vexocity diagrams. 

Typical ro tor  blade and nozzle vane prof i les  a re  shown i n  Fig. 6. 
i s  t o  be noted t h a t  t o  reduce fabricat ion cost and time ident ical  ro tor  blade 
and nozzle vane prof i les  have been u t i l i zed  i n  a l l  stages. 

It 



I V .  Anticipated Performance 

Accompanying t h e  aerodynamic changes previously described i s  a change i n  

the  mechanical design which should a l so  cantribute t o  performance improvement. 

The clearance space over nozzle vanes, previously incorporaked t o  take in to  

account t rans ien t  thermal expansions w i l l  be elbninated. 

ment i n  efficiency over t he  or ig ina l  design i s  calculated (Ref. 1) t o  be as 
follows : 

The anticipated improve- 

1. Reductionin ro to r  t i p  clearance 1 t o  1.5 points 
2. Removal of nozzle vane t i p  clearance 0 t o  1.5 points 

3. Better flow continuity (change i n  ro tor  1 t o  2.0 points 
so l id i ty ,  endwall effects ,  e t c . )  

Net Gain 2.0 t o  5.0 points 
The nominal performance achieved w i t h  a SNAP-8 turbine t o  date i s  55% 

eff ic iency (Ref. 12)  w i t h  4% l iquid carryover from the  boi ler .  

anticipated aerthermodynamic efficiency from the  redesigned turbine i s  57% t o  60% 
at  the  same operating conditions. 

Thus the  
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TABLE I 

ROTOR BLADE OVERLAP 

Stage: 1 2 

ft Present Design: 

Tip (in.) 

. Hub (in.) ' 

-- 

>A * 

dirhonsions as fabricated 

+* %is 
exit 

e 0 2 8  e 09125' 

e 019 

0 010 

larger overlap a result of Ancreased rotor exit height required as the 
angle (8*) is reduced to 37 in comon with t.ix stages. 



T A B U  2 

TURBINE NOMINAL DIMENSIONS 

STAGE - 
3 4 2 

16 

49 

NOZZLFS: 

Number 37 37 

100 100 Percent  Admission 

e 295 602 I n d i v i d u a l  t h r o a t  he ight :  i n s ,  

I n d i v i d u a l  t h r o a t  width: i n s  

Pitch : i n s  a434 8 434 

T.E, th ickness :  

Chord ( ax ia l ) :  

9 010 

0 30 

* 010 .OiO i n s  .OlO 

i n s Q  Q 30 * 30 30 

Throat FIOW area ( t o t a l ) :  sq. i n s ,  e 414 

Brit angle:  deg 18 .so 
PiLch/chord ratio: Bi 75 

P i t c h  c i r c l e  diaitrneter i n s  5.1 

2,3 92 2,83 

1RuS0 18J0 

r 75 m 75 

501- S a  3. 



'3?APlX.2A 

1 

(B) BLADE ROWS: 

STAGE - 
4 

, .  Numbel: 
8 

101 101 102 101 

(1) Blade' height: ins .  . 261 e 349 * 33s . 631 

Passage width: ( i n l e t )  

(exit) 

Pitch:: 

L,E, thickness 

T.E, thickness 

Chord t 

( 2 )  I n l e t  arlgle: 

ins ,  .l5% 

i n s  e 010 . e o 1 0  

.006 . 006 

e 3 2 0  320 

37.0 37 e 0  3780 Exit angle: 

Aspect ratio: p 812 l e 0 9  1 e 04.8 1.97 

Pitch/chord ra-tio: 

Pitch c b c l e  diameter: i f l S C  561 5 e 1  5.1 

(1) These blade heights include .019 inss overlap a t  O,D, and .OlO ins. over*lap a t  1.13, 

(@, Figure in parenthesis is %he geometrical m @ e  with %he ro tor  chord reduced from 0.353 in. 
t o  0.320 in. 
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NOZZLE/ROTOR RELATIONSHIP 

Hub Overlap 7 -  

PRESENT DESIGN 

Tip Overlap 
I 

Nozzle (I 

NEW DESIGN 

Rotor 

*i-._ I 

Tip Overlap 

Nozzle 

\ 
Nozzle 
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Figure 2 
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