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THERMODYNAMIC AND TURBOMACHINERY CONCEPTS FOR RADIOISOTOPE AND 

€?EACTOR BRAYTON-CYCLE SPACE POmR SYSTEMS 

by Arthur J. Glassman 

L e w i s  Research Center 

SUMMARY 

This study w a s  made f o r  t h e  purpose of exploring thermodynamic and turbo- 
machinery concepts f o r  low-power (2 -  t o  10-kW) rad io iso tope  and intermediate-  
power (100- t o  300-kW) reac to r  Brayton-cycle systems. The e f f e c t s  of i n t e r -  
cooling and reheat ing on t h e  system were examined. Turbomachinery character-  
i s t i c s  f o r  one s ingle-  and two dual -shaf t  arrangements were determined para- 
me t r i ca l ly  as a func t ion  of r o t a t i v e  speed and included t h e  e f f e c t s  of varying 
molecular weight, pressure l e v e l ,  and pressure r a t i o .  Severa l  favorable  con- 
f i g u r a t i o n s  were se l ec t ed  and presented as examples of geometries s u i t a b l e  f o r  
t h e s e  systems. 

For a low-power radioisotope system, where t h e  achievement of high cycle  
e f f i c i ency  i s  of prime importance, t h e  m a x i m u m  increase  i n  cyc le  e f f i c i ency  
achievable  by t h e  use of both in te rcool ing  and rehea t ing  w a s  about 0.05 out of 
a t o t a l  of about 0.35 t o  0.40. For a t y p i c a l  intermediate-power r eac to r  sys-  
tem, where t h e  achievement of m i n i m u m  r a d i a t o r  a r ea  i s  of prime importance, 
i n t e rcoo l ing  o f f e r s  no area reduct ion but  rehea t ing  r e s u l t s  i n  about a 15 per- 
cent  reduct ion i n  m i n i m u m  area.  

Comparable s i z e  and s p e c i f i c  speed designs can be evolved f o r  t h e  
radioisotope-  and reactor-system turbomachinery when a constant  r a t i o  of pres- 
su re  t o  power i s  used. Rotat ive speeds, however, a r e  considerably higher  f o r  

t h e  pressure t o  power r a t i o .  For both systems, s u i t a b l e  turbomachinery can be 
evolved t h a t  w i l l  not be s i g n i f i c a n t l y  d i f f e r e n t  from those  cu r ren t ly  under 
experimental i nves t iga t ion  f o r  solar Brayton-cycle systems. 

I t h e  r eac to r  system designs,  bu t  t hese  can be reduced, i f  des i red ,  by reducing 

b 

INTRODUCTION 

Brayton-cycle power conversion systems are being considered for radio- 
i so tope  (about 2 t o  10 kW), s o l a r  (about 4 t o  40 kW), and nuclear  r eac to r  
(about 100 t o  300 kW) space power systems ( r e f s .  1 t o  7 ) .  Poss ib le  appl ica-  
t i o n s  include power f o r  s c i e n t i f i c  s a t e l l i t e s ,  s m a l l  and l a r g e  manned space 
s t a t i o n s ,  and e l e c t r i c  propulsion systems f o r  unmanned probes. I n  order  t o  
eva lua te  t h e  p o t e n t i a l  of Brayton-cycle conversion systems f o r  t hese  appl ica-  



t i o n s ,  appropr ia te  system performance c h a r a c t e r i s t i c s  must be determined. Cycle 
e f f i c i ency  and/or r a d i a t o r  area are t h e  usual  performance c h a r a c t e r i s t i c s  of 
i n t e r e s t  f o r  prel iminary system evaluations.  The determination of t hese  char- 
a c t e r i s t i c s  depends upon t h e  na ture  of t h e  se l ec t ed  cycle  and cycle  va r i ab le s  
as w e l l  as t h e  opera t ing  behavior of t he  components. 

General thermodynamic, component, weight, and r e l i a b i l i t y  c h a r a c t e r i s t i c s  
of Brayton-cycle systems were examined a t  Lewis Research Center,  and t h e  re- 
sults of t hese  s t u d i e s  are summarized i n  re ference  8. An in t ens ive  a n a l y t i c a l  
and experimental program i n  s o l a r  Brayton-cycle technology w a s  then undertaken 
(ref. 9)  i n  order  t o  ga in  a b e t t e r  understanding of t h e  c a p a b i l i t y  of such a 
system. 

4 

Presented i n  t h i s  r epor t  a r e  the  r e s u l t s  of thermodynamic and turbo- 
machinery concept s tud ie s  made f o r  low-power rad io iso tope  (2200' R t u rb ine  
i n l e t  temperature) and intermediate-power r e a c t o r  ( 2500° R t u rb ine  i n l e t  t e m -  
pe ra tu re )  Brayton- cycle  systems. 
explored as p o t e n t i a l  methods f o r  increas ing  cycle  e f f i c i ency  and/or reduci-ng 
r a d i a t o r  area.  Turbomachinery c h a r a c t e r i s t i c s  such as s i z e  and s p e c i f i c  speed 
were explored paramet r ica l ly  as a func t ion  of r o t a t i v e  speed. The e f f e c t s  of 
f l u i d  molecular weight, p ressure  r a t i o ,  p ressure  l e v e l ,  and turbomachinery ar- 
rangement on these  c h a r a c t e r i s t i c s  were examined. Several  favorable  configura- 
t i o n s  were s e l e c t e d  and presented as examples of geometries s u i t a b l e  f o r  t hese  
systems. 

The use of i n t e rcoo l ing  and/or rehea t ing  were 

SYSTEM CHARACTERISTICS 

The rad io iso tope  and r eac to r  systems under considerat ion are b a s i c a l l y  
s i m i l a r  except f o r  t h e  na ture  of t h e  hea t  source and t h e  l e v e l  of output power. 
These d i f f e rences  r e s u l t  i n  appropr ia te  d i f f e rences  i n  t h e  s e l e c t e d  design 
parameters as w i l l  be  discussed la te r  i n  t h i s  sec t ion .  
s ec t ion  i s  a desc r ip t ion  of t h e  bas ic  system and a discussion of t h e  turbo- 
machinery s e l e c t i o n  c r i t e r i a .  

Also included i n  t h i s  

DESCRIPTION OF SYSTEM 

A t y p i c a l  system with both reheat ing and in te rcool ing  i s  shown both sche- 
mat ica l ly  and thermodynamically i n  f i g u r e  1. 
through t h e  high-pressure turb ine ,  which d r ives  t h e  high-pressure compressor, 
t o  po in t  1' and i s  then  reheated t o  poin t  1". 
which d r ives  t h e  low-pressure compressor and t h e  a l t e r n a t o r ,  expansion t o  
po in t  2 t akes  place.  
where hea t  is  t r a n s f e r r e d  t o  t h e  cooler  gas from t h e  compressor, and f u r t h e r  
cooled t o  poin t  4 i n  t h e  gas cooler. 
t h e  low-pressure compressor, t h e  gas i s  cooled t o  poin t  4" i n  t he  in t e rcoo le r  
and f i n a l l y  compressed t o  poin t  5 i n  t h e  high-pressure compressor. 

The hot  gas a t  poin t  1 expands 

I n  t h e  low-pressure tu rb ine ,  

The gas i s  then cooled t o  po in t  3 i n  t h e  recuperator ,  

After p a r t i a l  compression t o  poin t  4 '  i n  

Heating t o  

2 
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(b) Thermodynamic diagram. 

Figure 1. - Brayton-cycle system w i th  intercool ing and  reheating. 

p o i n t  6 occurs i n  t h e  recupera tor  and f i n a l  hea t ing  to poin t  1 i n  t h e  gas 
heater .  

The gas h e a t e r  and r ehea te r  can be e i t h e r  p a r t s  of t h e  primary hea t  source 
i tself  or exchangers t r a n s f e r r i n g  h e a t  from a hea t - t r ans fe r - loop  f l u i d  to t h e  
gas. S imi la r ly ,  t h e  gas coo le r  and i n t e r c o o l e r  can be  e i t h e r  gas r a d i a t o r s  o r  
exchangers t r a n s f e r r i n g  hea t  to a hea t - t ransfer - loop  f l u i d  t h a t  c a r r i e s  t h e  
excess hea t  to t h e  r ad ia to r .  

3 



TABU I. - SELECTED DESIGN PARAMETERS FOR TYPICAL SYSTEMS 

Turbine inlet temperature,Tl, '1 
Turbine efficiency, % 
Compressor efficiency, 
Basic loss pressure ratio 
Additional loss pressure ratio 
per reheater or intercooler 

Recuperator effectiveness, E 
Sink temperature, T,, OR 
Emissivity, E 

Radiator gas heat-transfer coef- 
ficient, h, Btu/(hr)(sq ft 
prime area) (OR) 

temperatures 

inlet temperatures 

Ratio of reheat to turbine inlet 

Ratio of intercool to compressor 

Radioisotope 
system 

2200 
0. 82 

.77 

.95 

. 9 9  

. 92  
400 
.86 
10 

1.0 

1.0 

DESIGN PARAMETERS 

Reactor 
system 

2500 
0.85 

.80 

.90 

.99 

.80 
400 
.86 
10 

1.0 

1.0 

A major d i f f e rence  between t h e  low-power radioisotope and intermediate  - 
power r eac to r  systems i s  i n  t h e  s e l e c t i o n  of c e r t a i n  of t h e  design parameters 
f o r  t h e  t y p i c a l  systems t o  be considered. These parameters include tu rb ine  
i n l e t  temperature,  turbomachinery e f f i c i e n c i e s ,  p ressure  l o s s e s ,  and recuper- 
a t o r  e f fec t iveness .  The se l ec t ed  values f o r  t h e s e  parameters as wel l  as several  
o ther  parameters pe r t inen t  t o  t h e  ana lys i s  a r e  shown i n  t a b l e  I. 

The tu rb ine  i n l e t  temperature se l ec t ed  f o r  t h e  rad io iso tope  system 
(2200' R )  r e f l e c t s  a hopeful ly  achievable value considering t h e  na ture  of t h e  
hea t  source and t h e  use of advanced superal loy technology f o r  t h e  turb ine .  For 
t h e  nuclear  r e a c t o r  system, the  se l ec t ed  tu rb ine  i n l e t  temperature (2500' R )  
r e f l e c t s  a moderate advance i n  r eac to r  technology and assumes t h e  use of a 
molybdenum-alloy r o t o r  f o r  t h e  turb ine .  The s e l e c t i o n  of a superal loy r a t h e r  
than  a molybdenum a l l o y  f o r  t h e  rad io iso tope  system w a s  based on t h e  more i m -  
mediate i n t e r e s t  i n  t h i s  system and t h e  more advanced state of superal loy tech-  
nology. 

The higher  l e v e l  of turbomachinery e f f i c i ency  assumed f o r  t h e  r e a c t o r  sys- 1 

t e m  r e f l e c t s  t h e  e f f e c t  of a higher  Reynolds number due t o  t h e  higher  flow 
rate. This e f f e c t  i s  discussed i n  re ference  10. The l e v e l  of assumed e f f i -  
c i enc ie s  i s  based upon unpublished data .  

The se l ec t ed  l e v e l s  of l o s s  pressure r a t i o  r e f l e c t  t h e  s i z e  and na ture  of 
t h e  systems. For t h e  lower-power rad io iso tope  system, t h e  achievement of high 
cycle  e f f i c i e n c i e s  i s  of primary importance as a r e s u l t  of i so tope  cos t  and 
a v a i l a b i l i t y  considerat ions.  A t  t h e  low power l e v e l s  assoc ia ted  with t h e s e  
systems, s i z e  and weight can be s a c r i f i c e d  i n  order  t o  increase  cycle  e f f i -  
ciency. These low-pDwer systems, t he re fo re ,  can be designed f o r  low pressure 
l o s s e s  with t h e  assoc ia ted  r e l a t i v e l y  l a r g e  hea t - t r ans fe r  components. For t h e  

4 
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weight are of major importance while cycle  

Somewhat higher  pressure  l o s s e s ,  therefore ,  
Turb ine e f f i c i ency  i s  of much l e s s e r  importance. 

Specific speed, N, 

Figure 2. - Variat ion of total eff iciency w i th  spe- 
c i f ic  speed for  radial-flow turbomachinery. 

Recuperator e f f ec t iveness  i s  se l ec t ed  
based on t h e  same philosophy as used f o r  t h e  
s e l e c t i o n  of loss pressure  r a t i o .  The low- 
power rad io iso tope  system can t o l e r a t e  t h e  

r e l a t i v e l y  l a r g e  recupera tor  assoc ia ted  with a high e f f ec t iveness  as des i red  t o  
achieve a high cycle  e f f ic iency .  For t h e  intermediate-power r eac to r  system, a 
lower e f fec t iveness  i s  required i n  order  t o  achieve a minimization of system 
weight. 

Compressor 

I I 1  

NATLTRE OF TURBOMACHINERY 

result from t h e  design compromises made i n  
order  t o  obta in  more favorable  hea t - t r ans fe r  

Previous s tud ie s  ( r e f s .  1, 3, 5, and 10) have shown that  rad ia l - f low con- 
f i g u r a t i o n s  a r e  s u i t a b l e  f o r  most of t h e  machines requi red  f o r  t h e  appl ica t ions  
of i n t e r e s t  herein.  S ingle-s tage  r a d i a l  machines a r e  compact, rugged, and 
perform well  at t h e  s i z e s  and condi t ions of i n t e r e s t .  For this study, there-  
fo re ,  s ing le-s tage  r a d i a l  machines a r e  considered t o  be t h e  favored configura- 
t i o n  wherever t h e i r  use i s  f eas ib l e .  Where mul t i s tag ing  i s  required f o r  t h e  
tu rb ine ,  ax ia l - f low configurat ions w i l l  be  considered so  as t o  avoid t h e  duct 
l o s s e s  assoc ia ted  with mul t ip le  r a d i a l  machines on the sane sha f t .  

The se l ec t ion  c r i t e r i o n  f o r  t h e  turbomachinery w i l l  be  s p e c i f i c  speed. 
Eff ic iency as a func t ion  of s p e c i f i c  speed f o r  s ing le - s t age  r a d i a l  machines 
( r e f .  10) i s  presented i n  f i g u r e  2. The region of b e s t  performance seems t o  be 
about 60 t o  120 f o r  t u rb ines  and 80 t o  120 f o r  compressors. From t h e  stand- 
poin t  of t u rb ine  geometry, s p e c i f i c  speeds below about 80 may not be as favor- 
ab le  as indica ted  because of the  reduct ion i n  blade he ight  w i t h  decreasing 
s p e c i f i c  speed. For t h i s  study, therefore ,  t h e  s p e c i f i c  speed region of 80 t o  
120  i s  considered favorable  f o r  s ing le-s tage  r a d i a l  t u rb ines  and compressors, 
bu t  t h e  lower l i m i t ,  i f  des i red ,  can be compromised somewhat f o r  t h e  turbine.  
Lower values of s p e c i f i c  speed i n d i c a t e  t h e  need f o r  mult is taging.  

I 

I 

Another considerat ion f o r  t h e  turbomachinery i s  t h e  s h a f t  arrangement. 
With ne i the r  rehea t ing  nor in t e rcoo l ing ,  e i t h e r  a s ing le -  or dual -shaf t  ar- 
rangement i s  f eas ib l e .  The s e l e c t i o n  would depend upon the d e s i r a b i l i t y  of 
t h e  achievable geometry and performance c h a r a c t e r i s t i c s  as wel l  as on any 81- 
t e r n a t o r  speed requirements. 
f i e d  f o r  some appl ica t ions  i n  order  t o  u t i l i z e  s t a t e - o f - t h e - a r t  a l t e r n a t o r  
technology. 
ca t ion  made f o r  a l t e r n a t o r  speed. 
s h a f t  systems are considered p re fe rab le  i n  order  t o  m i n i m i z e  s h a f t  l ength  and 
a l s o  t o  ga in  t h e  e x t r a  degree of freedom afforded by t h e  independent s e l e c t i o n  
of a second r o t a t i v e  speed. For t h e s e  systems, t h e  amount of rehea t ing  and/or 
i n t e rcoo l ing  des i red  from a thermodynamic s tandpoint  would a l s o  inf luence  t h e  

Rela t ive ly  low-speed a l t e r n a t o r s  have been spec i -  

For t h e  parametric ana lys i s  presented here in ,  t h e r e  i s  no s p e c i f i -  
With in t e rcoo l ing  and/or reheat ing,  dual-  

5 
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Cycle efficiency, qcy 

Figure 3. - Effect of cycle temperature variables o n  radi 
ator area-cycle efficiency character ist ics for  typical 
system. Turbine work ratio, 0.4. 

nature  of t h e  s h a f t  arrangement and work 
s p l i t  s e l ec t ion .  

This study inc ludes  both a thermo- 
dynamic ana lys i s  and a turbomachinery 
ana lys i s .  The purpose of  t h e  thermo- 
dynamic ana lys i s  i s  to determine cyc le  
performance as a func t ion  of t h e  cyc le  
variables and then  s e l e c t  an opera t ing  
po in t  on t h e  basis of t h e  des i r ed  per-  
formance. Turbomachinery conf igura t ions  
compatible with t h e  s e l e c t e d  opera t ing  
poin t  can be determined by means of t h e  
turbomachinery ana lys i s .  

c 

THERMODYNMCS 

For space power systems, t h e  major 
performance c r i t e r i a  are usua l ly  r a d i a t o r  
area and/or cycle  e f f ic iency .  S p e c i f i c  
prime r a d i a t o r  area ( t h e  area of a f i n -  
less r a d i a t o r  p e r  k i lowat t  of s h a f t  power) 
f o r  a gas r a d i a t o r  i s  used i n  t h i s  analy- 
s is  as a r a d i a t o r  area i n d i c a t o r ;  t h i s  i s  

q u i t e  s a t i s f a c t o r y  f o r  t h e  purpose of showing levels  and t r ends  f o r  e i t h e r  gas  
or l i q u i d  r ad ia to r s .  
pendix A. 
f i c  prime r a d i a t o r  area are presented i n  appendix B. 

A l l  symbols used i n  t h i s  a n a l y s i s  a r e  presented i n  ap- 
The d e t a i l e d  methods f o r  determining t h e  cycle  e f f i c i ency  and spec i -  

The r e su l t s  of t h e  thermodynamic ana lys i s  w i l l  be presented i n  t h e  form of 
r a d i a t o r  area aga ins t  cyc le  e f f i c i ency  with t h e  cycle  va r i ab le s  optimized f o r  
best  performance. Radiator  area w i l l  r epresent  t h e  sum of t h e  gas cooler  and 
i n t e r c o o l e r  areas. The optimized r a d i a t o r  a rea-cyc le  e f f i c i ency  cha rac t e r i s -  
t i c s  were obtained by a graphica l  opt imizat ion procedure performed as follows. 
A s  seen from appendix B, t h e r e  are t h r e e  independent variables; they  are t h e  
cyc le  temperature r a t i o  Tz/T1, and t h e  
r a t i o  of work i n  t h e  high-pressure t u r b i n e  to work i n  t h e  low-pressure t u r b i n e  
(he re ina f t e r  c a l l e d  t u r b i n e  work r a t i o )  ST. 
r a t i o ,  as shown i n  f i g u r e  3, r a d i a t o r  area-cycle  e f f i c i ency  c h a r a c t e r i s t i c  
curves can be constructed f o r  var ious cycle  temperature r a t i o s  and as a func- I 

t i o n  of t u r b i n e  temperature r a t i o .  
tangent  to t h e  series of cycle  temperature r a t i o  curves. This i s  t h e  optimum 
c h a r a c t e r i s t i c  f o r  each t u r b i n e  work r a t i o .  
l e t  t h e  poin t  of tangency be c a l l e d  t h e  optimum c h a r a c t e r i s t i c  point .  
c h a r a c t e r i s t i c  po in t s  are determined f o r  a series of t u r b i n e  work r a t i o s  and a r e  
p l o t t e d  as i n  f i g u r e  4 f o r  t h e  var ious values  of cyc le  temperature r a t i o .  
curve drawn tangent  t o  t h i s  s e t  of curves represents  t h e  optimum r a d i a t o r  area- 
cycle  e f f i c i ency  c h a r a c t e r i s t i c  f o r  t h e  system with each poin t  on t h e  optimum 

T4/Tl, t h e  t u r b i n e  temperature r a t i o  

For each constant  t u r b i n e  work 

An optimum c h a r a c t e r i s t i c  can then be drawn 

For each cycle  temperature r a t i o ,  
Optimum 

A 
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Figure 4. - Effect of t u r b i n e  work rat io o n  radiator area- 
cycle efficiency character ist ics for  typical system. 

, c h a r a c t e r i s t i c  curve represent ing a d i f -  
f e r e n t  combination of t h e  three cyc le  
variables. It i s  these  optimum char- 
a c t e r i s t i c s  t h a t  are used i n  present ing 
t h e  ana lys i s  r e s u l t s .  

TURBOMACHINERY 

The turbomachinery c h a r a c t e r i s t i c s  
of i n t e r e s t  are s p e c i f i c  speed, as an 
i n d i c a t o r  of performance and geometry, 
and t i p  diameter,  as an i n d i c a t o r  of 
s ize .  The ana lys i s  method i s  presented 
i n  d e t a i l  i n  appendix C. Rotat ive 
speed i s  used as t h e  prime independent 
va r i ab le  f o r  t h i s  ana lys i s .  Pressure  
level ,  pressure  r a t i o ,  and f l u i d  molec- 
u l a r  weight are add i t iona l  va r i ab le s  
included i n  t h e  ana lys i s ,  which w i l l  
y i e l d  r e s u l t s  i n  t h e  form of t i p  diam- 
e te r  and s p e c i f i c  speed as func t ions  of 
r o t a t i v e  speed f o r  t h e  range of va r i -  
ables and s h a f t  arrangements s tudied.  

As mentioned previously,  s ing le -  
s t a g e  rad ia l - f low machines are t o  be 
used wherever su i t ab le .  Where mult i -  
s t age  axial-f low tu rb ines  are required,  
t h e  r e l a t i o n  between hub- t o  t i p - r ad ius  
r a t i o  and s p e c i f i c  speed (eqs. ( C 7 )  and 
((212)) der ived i n  appendix C serves  as 
t h e  basis f o r  s e l ec t ing  t h e  number of 
s tages .  Hub- t o  t i p - r a d i u s  r a t i o  i s  
p l o t t e d  aga ins t  s p e c i f i c  speed i n  f i g -  
u re  5 f o r  one, two, and t h r e e  s tages .  
A d e s i r a b l e  range of l a s t - s t a g e  hub- t o  
t i p - r a d i u s  r a t i o  i s  about 0.60 t o  0.85. 

Specific speed, N, 

Figure 5. - Effect of specific speed o n  axial-f low t u r b i n e  
h u b -  to t ip-radius ratio. Tu rb ine  efficiency, 0.85. 

Corresponding t o  t h i s  range are s p e c i f i c  speed ranges of about 35 t o  60 f o r  
three s tages ,  45 t o  80 f o r  two stages, and above 80 f o r  one stage.  This w i l l  
be  t h e  s t a g e  number s e l e c t i o n  c r i t e r i a  f o r  t h e  axial-f low tu rb ines  s tudied.  

DISCUSSION - .  - OF RESULTS . 
The use of i n t e rcoo l ing  and/or rehea t ing  w e r e  explored thermodynamically 

as p o t e n t i a l  methods f o r  increas ing  cyc le  e f f i c i e n c y  and/or reducing r a d i a t o r  
area. Turbomachinery c h a r a c t e r i s t i c s  were then  explored parametr ical ly  for one 
rad io iso tope  and one r e a c t o r  system, each without i n t e rcoo l ing  or reheating. 
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Fiyure 6. -Typical  radiator area-cycle ef f i -  
‘ C Y  

c iency character ist ics for low-power radio- 
isotope Brayton-cycle systems. Tu rb ine  i n le t  
temperature, 2200 K. 

TKERMODYNAMICS 

Optimum r a d i a t o r  a rea-cyc le  ef€iciency 
c h a r a c t e r i s t i c s  w e r e  determined, i n  t h e  pre- 
v ious ly  descr ibed manner, for rad io iso tope  
and r e a c t o r  systems wi th  and without rehea t ing  
and/or in te rcool ing .  The s e l e c t e d  design 
parameters for t h e s e  systems were discussed i n  
t h e  sec t ion  SYSTEM CHARACTERISTICS and were 
presented i n  table  I (p. 4 ) .  * 

Radioisotope System 

?“ne optimum a rea -e f f i c i ency  character-  
i s t i c s  f o r  t h e  s e l e c t e d  t y p i c a l  system with 
and without i n t e rcoo l ing  and/or reheat ing are 
presented i n  f i g u r e  6. Since t h e  achievement 
of  high cycle  e f f i c i ency  i s  of primary i m -  
portance f o r  t h e  rad io iso tope  system, t h e  de- 
s i r a b l e  opera t ing  po in t s  would be loca ted  i n  a 
region somewhere to t h e  r i g h t  of t h e  minimum 
area region. The cyc le  e f f i c i ency  region of 
about 0.35 t o  0.45 i s  here in  a r b i t r a r i l y  speci- 
f i e d  as a favorable  opera t ing  region f o r  t h e  
systems represented- by f i g u r e  6. Movement of 
t h i s  region f u r t h e r  t o  t h e  r i g h t  results i n  a 
very r ap id  increase  i n  r a d i a t o r  area as a re- 

s u l t  of t h e  compressor i n l e t  temperature-(see f i g .  3) approaching t h e  s i n k  t e m -  
perature .  

The e f f e c t s  of rehea t ing  and in t e rcoo l ing  on system performance can be 
seen froIti f i g u r e  6. One way t o  eva lua te  these  e f f e c t s  i s  on t h e  b a s i s  of con- 
s t a n t  maximum and minimum temperature l i m i t s .  The optimum c h a r a c t e r i s t i c  
po in t s  f o r  a compressor i n l e t  temperature of 550’ R (T4/T1 = 0 . 2 5 )  a r e  shown i n  
f i g u r e  6. It can be seen t h a t  t h e  general  e f f e c t  of i n t e rcoo l ing  i s  an in-  
c rease  i n  cycle  e f f i c i ency  accompanied by an inc rease  i n  r a d i a t o r  area, while 
t h e  genera l  e f f e c t  of rehea t ing  i s  a smaller inc rease  i n  cyc le  e f f i c i ency  than 
with in t e rcoo l ing  bu t  accompanied by a reduct ion i n  r a d i a t o r  area.  I n  pa r t i cu -  
lar ,  a system opera t ing  between t h e  temperature l i m i t s  of 2200’ and 550° R 
without rehea t ing  or i n t e rcoo l ing  can achieve a cyc le  e f f i c i ency  of about 37 
percent.  
t h e  use  of i n t e rcoo l ing  alone results i n  cycle  e f f i c i ency  being increased by 
about 3 poin ts  (8 percent )  with a 1 6  percent  increase  i n  r a d i a t o r  area, ( 2 )  t h e  
use  of  rehea t ing  a lone  results i n  cycle  e f f i c i ency  being increased by about 
1 poin t  ( 3  percent )  with a 1 2  percent  reduct ion i n  r a d i a t o r  area, and (3)  t h e  
use  o f  both in t e rcoo l ing  and rehea t ing  results i n  cycle  e f f i c i ency  being in -  
creased by 4.5 po in t s  ( 1 2  percent )  with a 4 percent  reduct ion  i n  r a d i a t o r  area. 

For t h e  same temperature l i m i t s  and as compared t o  t h e  base system (1) , 

. 

Another way t o  evaluate t h e  e f f e c t s  of rehea t ing  and in t e rcoo l ing  on t h i s  
system i s  on t h e  basis of constant  s p e c i f i c  r a d i a t o r  area. On t h i s  basis and 
wi th in  t h e  previously s p e c i f i e d  favorable  opera t ing  region, it i s  seen from 
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Figure 7. -Typical radiator area-cycle ef f i -  
c iency character ist ics for  intermediate- 
power reactor Brayton-cycle systems. Tur- 
bine i n l e t  temperature, 2500" R. 

f i g u r e  6 t h a t  i n t e rcoo l ing  has  no e f f e c t  on ef- 
f i c i ency  while t h e  use of rehea t ing  with or 
without i n t e rcoo l ing  results i n  cycle  e f f i c i ency  
being increased by about 3 t o  5 po in t s  ( 7  to 
13 percent) .  

Reactor System 

The optimum mea-e f f i c i ency  c h a r a c t e r i s t i c s  
f o r  t h e  s e l e c t e d  t y p i c a l  r e a c t o r  system with and 
without rehea t ing  and/or i n t e rcoo l ing  are pre- 
sen ted  i n  f i g u r e  7. Since the achievement of 
minimum s i z e  and weight i s  of considerable  i m -  
portance f o r  t h i s  system, operat ion i n  t h e  mini- 
mum area region i s  desired.  For t h e  systems 
represented by f i g u r e  6,  t h e  minimum area 
region corresponds to a compressor i n l e t  t e m -  
pe ra tu re  of about 750° R (Tq/T1 = 0.30). 
can be  seen t h a t  t h e  use of i n t e rcoo l ing  o f f e r s  

It 

no reduct ion i n  t h e  achievable  minimum area. The use of rehea t ing ,  on t h e  
o t h e r  hand, o f f e r s  a reduct ion i n  minimum r a d i a t o r  area of about 15 percent  f o r  
t h e s e  systems. 

TURBOMACHImRY 

The rad io iso tope  and r eac to r  systems se l ec t ed  f o r  turbomachinery evalua- 
t i o n  w e r e  those  with n e i t h e r  rehea t ing  nor in te rcool ing .  
rehea t ing  and/or in te rcool ing ,  t h e  bas i c  levels and t rends  would be  s i m i l a r  t o  
those  for t h e  system examined. Se lec t ion  of t y p i c a l  opera t ing  poin ts  were made 
i n  order  t o  examine s p e c i f i c  speed and diameter paramet r ica l ly  as funct ions of 
r o t a t i v e  speed as w e l l  as for var i a t ions  i n  pressure  level ,  pressure  r a t i o ,  and 
molecular weight. The s p e c i f i c  speed values t o  be presented are o v e r a l l  values 
f o r  a given machine and are independent of number of s tages  or flow pa th  (axial 
or r a d i a l ) .  
stage r a d i a l  machines. For one-stage a x i a l  t u rb ines ,  mean-section blade diam- 
e t e r  i s  about 10 percent  less  than  t h e  t i p  diameter f o r  a r a d i a l  t u rb ine  ( t h i s  
can be deduced from eqs. ( C 1 1 )  and (C14a)). For mult i s tage  machines with equal 
s t a g e  work, diameter i s  inve r se ly  propor t iona l  to the  square roo t  of the num- 
b e r  of s tages .  

For those  systems w i t h  

The diameter values t o  be presented are t i p  diameters f o r  one- 

. 
As a r e s u l t  of t h e  parametric ana lys i s ,  several favorable  configurat ions 

w e r e  s e l ec t ed  and presented as examples of geometries s u i t a b l e  f o r  t h e  systems 
o f  i n t e r e s t .  Both s ing le -  and dua l -shaf t  turbomachinery arrangements w e r e  
s tudied.  Two dual -shaf t  systems were considered i n  o rde r  to i l l u s t r a t e  more 
c l e a r l y  t h e  e f f e c t  of machine arrangement. 
rangement with an approximately equal work s p l i t  and a one-compressor arrange- 
ment. 

* 

These were a two-compressor ar- 

The turbomachinery arrangements are i l l u s t r a t e d  i n  f i g u r e  8. 
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(a) Single shaft. 

(a1 Single shaft. 

t 1 

TurbineJ Turb ine  

I Compressor Compressor 

3 Tu rb ine  

(bl Dual shaft, two compressors. (c) Dual shaft, one compressor. 

Figure 8. - Turbomachinery arrangements. 

Radioisotope System 

A cycle  temperature r a t i o  of 0 .25 and a t u r b i n e  temperature r a t i o  of 0.80 
were se l ec t ed  as t h e  base operat ing poin t  f o r  examination of t h e  rad io iso tope  
system turbomachinery. The cycle  temperature r a t i o  corresponds t o  a compressor 
i n l e t  temperature of 550° R and places  t h e  opera t ing  po in t  within t h e  favorable  
opera t ing  region s p e c i f i e d  i n  f i g u r e  6. "he s e l e c t e d  t u r b i n e  temperature r a t i o  
corresponds t o  t h e  optimum c h a r a c t e r i s t i c  po in t  f o r  t h e  s e l e c t e d  cyc le  tempera- 
t u r e  r a t i o  and corresponds t o  a compressor pressure  r a t i o  ( o v e r a l l  f o r  t h e  two- 
compressor arrangement) of 2.1. U n l e s s  otherwise spec i f i ed ,  t h e  f l u i d  molecu- 
lar  weight i s  assumed t o  be 40. System pressure  l e v e l  i s  represented by spec i -  
f i c  compressor i n l e t  p ressure  p4/Pe, which i s  pressure  i n  pounds pe r  square 
inch  pe r  k i lowat t  of e l e c t r i c  power. A pressure  parameter such as t h a t  used 
allows t h e  r ep resen ta t ion  of s p e c i f i c  speed independent of  system power level  
(see appendix C ) .  
of r e l a t i n g  s h a f t  power t o  e l e c t r i c  power. 

An a l t e r n a t o r  e f f i c i ency  of  0.85 w a s  assumed f o r  t h e  purpose 

Presenta t ion  of b a s i c  I_ c h a r a c t e r i s t i c s .  - - I n  order  t o  ob ta in  s u i t a b l e  turbo-  
machinery as spec i f i ed  i n  t h e  sec t ion  SYS-? CHARACTERISTICS, it i s  necessary 
t o  match a reasonable diameter with a d e s i r a b l e  s p e c i f i c  speed by appropr ia te  
s e l e c t i o n  of  t h e  p e r t i n e n t  var iab les .  The e f f e c t s  of  t h e s e  variables on t h e  
turbomachinery are presented i n  f i g u r e  9. Tip diameter and s p e c i f i c  speed are 
p l o t t e d  aga ins t  r o t a t i v e  speed i n  f i g u r e  9 ( a )  f o r  t h e  s ing le - sha f t  arrangement, 
f i g u r e  9(b)  f o r  t h e  dua l -shaf t  two-compressor arrangement, and f i g u r e  9 (c )  f o r  
t h e  dua l -shaf t  one-compressor arrangement. 
( f i g s .  9 (b)  and ( e ) ) ,  t h e  le f t -hand  curves are f o r  t h e  compressor s h a f t  and t h e  
right-hand curves are f o r  t h e  a l t e r n a t o r  sha f t .  
pressures ,  0.5 and 1.0, are used f o r  each s p e c i f i c  speed f i g u r e  i n  o rde r  t o  
show t h e  pressure  level  e f f e c t  and a i d  s e l e c t i o n  o f  a favorable  pressure.  

I 

P 

For t h e  dua l -shaf t  arrangements 

Two s p e c i f i c  compressor i n l e t  

This 
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(a) Single-shaft arrangement. Mo lecu -  (b-1) Compressor shaft. (b-2) Alternator-compressor 
l a r  weight, 40; ra t i o  of work in h i g h -  shaft. 
pressu;e t u r b i n e  to work in low- - 
pressure turbine, 0. (b) Dual-shaft two-compressor arrangement. Tu rb ine  tempera- 

t u r e  ratio, 0.84 molecular weight, 44 ra t i o  of work in h i g h -  ~. . 
pressure turbin-e to work in [ow-pressure turbine, 0.4. 

Figure 9. - Turbomachinery character ist ics fo r  Iw -power  radioisotope system. Tu rb ine  i n l e t  tempera- 
ture,  2200" R; compressor i n l e t  temperature, 550" R. 

pressure  parameter has no e f f e c t  on t i p  diameter. Also ind ica ted  on these  f i g -  
ures  a r e  t h e  e f f e c t s  of va r i a t ions  i n  tu rb ine  temperature r a t i o  ( f i g .  9 ( a ) )  
and molecular weight ( f i g .  9 ( c ) ) .  The b a s i c  e f f e c t s  shown i n  f i g u r e  9 a r e  t h e  
decreasing diameter and increas ing  s p e c i f i c  speed with increas ing  r o t a t i v e  

of pressure l e v e l ,  t u rb ine  temperature r a t i o ,  and molecular weight, a r e  wel l  
known. The e f f e c t s  of t h e s e  va r i ab le s  a r e  shown here in  only f o r  t h e  purpose of 

of t h e  na ture  of t h e  e f f e c t s ,  t he re fo re ,  i s  concerned pr imar i ly  with t h e  manner 
i n  which they i n t e r a c t  with o the r  system considerat ions.  

speed. The genera l  nature  of t h e  e f f e c t s  of r o t a t i v e  speed, as w e l l  as those 

i l l u s t r a t i n g  t h e i r  exact  in f luence  on t h e  systems being discussed. Discussion 

Pressure l eve l .  - With an operat ing poin t  and f l u i d  spec i f i ed ,  a reason- 
a b l e  t i p  diameter, which would be about 4 t o  10 inches,  is obtained by s e l e c t -  
i ng  an appropr ia te  r o t a t i v e  speed. A d e s i r a b l e  s p e c i f i c  speed can then be 
achieved through t h e  proper choice of pressure  l eve l .  A reduct ion i n  pressure  
l e v e l ,  as can be determined from f i g u r e  9, at  a constant  s p e c i f i c  speed value 
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(c) Dual-shaf l  one-compressor arrangement. Tu rb ine  temperature ratio, 0.80; 
rat io of work in high-pressure t u r b i n e  to work in low-pressure turbine, 1.27. 

Figure 9. - Concluded 

r e s u l t s  i n  a decrease i n  r o t a t i v e  speed and, consequently, an inc rease  i n  diam- 
eter. The choice of pressure  level ,  however, depends not  only on t h e  turbo- 
machinery but  a l s o  on t h e  hea t - t r ans fe r  components i n  a Brayton-cycle system 
( r e f .  8 ) ,  and a compromise must be made between lower pressures  des i r ed  f o r  t h e  
turbomachinery and h igher  pressures  des i r ed  f o r  t h e  h e a t  exchangers. One way 
t h i s  compromise i s  e f f ec t ed  is  by s e l e c t i o n  of r o t a t i v e  speed t o  y i e l d  minimum 
diameter machines and thus  maximize t h e  pressure  level  corresponding t o  a de- 
s i red s p e c i f i c  speed. 

Turbine temperature r a t i o .  - The s e l e c t e d  t u r b i n e  temperature r a t i o  af- 
f e c t s  t h e  turbomachinery c h a r & t e r i s t i c s  through i t s  e f f e c t  on s p e c i f i c  work. 
A s  seen from f igu re  9 ( a ) ,  a reduct ion i n  t u r b i n e  temperature r a t i o  results i n  
a reduct ion i n  r o t a t i v e  speed and an inc rease  i n  pressure  leve l  while maintain- 
i n g  equal  diameters and s p e c i f i c  speeds. 
t u r b i n e  temperature r a t i o  can be var ied  to some ex ten t  without severe ly  penal- 
i z i n g  system performance. For t h e  t y p i c a l  system being considered here in ,  a 
s h i f t  i n  t u rb ine  temperature r a t i o  from 0.80 to 0.85 r e s u l t s  i n  a very small 
decrease,  less  than one po in t  i n  36, i n  cyc le  e f f i c i ency  and about a 15 percent  
increase  i n  r a d i a t o r  area. This s h i f t  i n  t u rb ine  temperature r a t i o  corresponds 

From a thermodynamics s tandpoint ,  
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TABLE 11. - T Y P I C f i  'IWEOMAACKZNERI COI'JFIGURCLTIONS FOR LOW-FOWER RADIOISOTOPE BRAYTON-CYCLE SISTEN 

[Molecular weight, 40; s p e c i f i c  compressor i n l e t  l xes su re ,  0.75 psi/kW. 1 

Cmpressor  
s h a f t  

Compressor 1 Turbine 

2200 550 
2.10 1.44 

Radial Radia l  
1 1 

45 000 45 000 
4.9 4.9 

88 97 _ _ _  __-  

I n l e t  temperature,  T ~ ,  OR 
Pressure  r a t i o ,  r 

Number of s t ages ,  n 
Rota t ive  speed, N, rpm 
Tip diameter,  Dt, in. 
Spec i f i c  speed, Ns 
Las t - s tage  hub- t o  t i p - r ad ius  ra t io ,*  

V p e  

- 
Alternatoi  

s h a f t  

.- 

Turbine 

1354 
1.3s 
Axial 

2 
24 000 

6. 3 
69 

0.68 

~- 

- 

Sing le  s h a f t  

w 
'ompressor 

550 
2.12 

Radia l  
1 

48 000 
4.6 

92 _ _ _  

Turbine 

2200 
2.01 

Radial 
1 

48 000 
6.2 

75 
--- 

Dual s h a f t ,  t 

550 
1.50 

Radia l  
1 

30 000 
5.2 

97 --- 

Compressor 
s h a f t  

Compressor Turbine 

2074 
1.67 
Axial 

2 
30 000 

6 . 1  
60 

0.74 

677 2200 
1.40 I 1.20 

Radial Radia l  

301000 1 301000 
5.2 

88 Bo; 
I --- _ _ _  

Alterna tor -  
compressor 

s h a f t  

:ompressor Turbine 

.- 

D u a l  s h a f t ,  one ,:o'ipressor 

t o  a reduct ion i n  compressor pressure r a t i o  from about 2 . 1  t o  1 . 7 ,  thus  o f f e r -  
i n g  a p o t e n t i a l  improvement i n  achievable compressor e f f i c i ency  (ref.  10) and, 
consequently, i n  o v e r a l l  cyc le  performance. 

Working f l u i d .  - Another considerat ion a f f e c t i n g  t h e  turbomachinery char- 
a c t e r i s t i c s  i s  t h e  s e l e c t i o n  of the working f l u i d .  The e f f ec t  of increas ing  
molecular weight, as i l l u s t r a t e d  i n  f i g u r e  9 ( c ) ,  i s  a reduct ion i n  r o t a t i v e  
speed and an inc rease  i n  pressure  l e v e l  while maintaining equal diameters and 
s p e c i f i c  speeds. For t h e  pure i n e r t  gases,  an inc rease  i n  molecular weight re- 
s u l t s  i n  a decrease i n  hea t - t r ans fe r  c o e f f i c i e n t ,  a f a c t o r  t h a t  must be con- 
sidered when s e l e c t i n g  working f l u i d .  It was shown i n  re ference  11, however, 
t h a t  b inary  mixtures of t hese  i n e r t  gases  can be s e l e c t e d  such t h a t  both molec- 
u l a r  weight and h e a t - t r a n s f e r  coe f f i c i en t  i nc rease  with respec t  t o  those  of  one 
of t h e  pure gases. 

Shaf t  arrangement. - The e f f e c t  of s h a f t  arrangement on t h e  turbomachinery 
c h a r a c t e r i s t i c s  can be determined from f i g u r e s  9 ( a ) ,  ( b ) ,  and ( e ) ,  which are 
f o r  t h e  s ing le - sha f t ,  dua l -shaf t  two-compressor, and dua l -shaf t  one-compressor 
arrangements, respec t ive ly .  Comparison of a two-compressor arrangement w i t h  
t h e  one-compressor arrangements shows t h a t  lower r o t a t i v e  speeds f o r  t h e  com- 
pres so r  as w e l l  as h igher  pressure  l e v e l s  f o r  t h e  system are achievable with 
two compressors. The r o t a t i v e  speed of the a l t e r n a t o r  may be an important de- 
s i g n  cons idera t ion  f o r  a system. As  seen from f i g u r e  9, a s ing le - sha f t  ar- 
rangement r equ i r e s  a r e l a t i v e l y  high a l t e r n a t o r  speed, a dual -shaf t  two- 
compressor arrangement r equ i r e s  a somewhat lower a l t e r n a t o r  speed, and a dual-  
s h a f t  one-compressor arrangement allows f o r  almost complete freedom of 
a l te rna tor -speed  se l ec t ion .  

c 

a 

Typical configurat ions.  - The s p e c i f i c a t i o n  of  turbomachinery character-  
i s t i c s - f o r  any p a r t i c u l a r  Brayton-cycle system depends upon t h e  se l ec t ion  of 
such f a c t o r s  as r o t a t i v e  speed, pressure  level,  pressure  r a t i o ,  molecular 
weight, and s h a f t  arrangement so  as t o  achieve favorable  turbomachinery geom- 
e t r y  and performance as w e l l  as favorable  system performance. The e f f e c t s  of 
t h e s e  f a c t o r s  have j u s t  been discussed. I n  order  t o  i l l u s t r a t e  t y p i c a l  turbo- 
machinery configurat ions t h a t  might be s u i t a b l e  f o r  a low-power rad io iso tope  
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system, one configurat ion f o r  each s h a f t  arrangement w a s  s e l ec t ed  and i s  pre- 
sen ted  i n  t a b l e  11. These configurat ions a r e  not  necessa r i ly  optimum bu t  a r e  
merely t y p i c a l ,  from a standpoint  of  s i z e  and performance, of those  capable of 
achieving des i red  performance. Se lec t ion  of t h e s e  configurat ions w a s  based 
upon t h e  assumptions of a molecular weight of 40, a t u r b i n e  temperature r a t i o  
of 0.80, and a s p e c i f i c  compressor i n l e t  pressure  of 0. 75. 

The s ing le - sha f t  arrangement f e a t u r e s  rad ia l - f low machines r o t a t i n g  a t  
48 000 rpm. Compressor and tu rb ine  t i p  diameters a r e  4.6 and 6.2 inches,  

s h a f t  two-compressor arrangement, r o t a t i v e  speeds are 30 000 rpm f o r  each sha f t .  
The turbocompressor u n i t  f e a t u r e s  one-stage rad ia l - f low machines with compres- 

and 102,  respec t ive ly .  
flow compressor and a two-stage axial-flow tu rb ine  with t i p  diameters of 5 . 2  and 
6 . 1  inches,  r e spec t ive ly ,  and s p e c i f i c  speeds of 97 and 60, respec t ive ly .  For 
t h e  dua l -shaf t  one-compressor arrangement, r o t a t i v e  speeds a r e  45 000 rpm f o r  
t h e  turbocompressor u n i t  and 24 000 rpm f o r  t h e  tu rboa l t e rna to r  un i t .  
turbocompressor u n i t  f e a t u r e s  one-stage rad ia l - f low machines with compressor 
and tu rb ine  t i p  diameters of 4 .9  inches,  each, and s p e c i f i c  speeds of 88 and 
97, respec t ive ly .  The tu rboa l t e rna to r  u n i t  f e a t u r e s  a two-stage ax ia l - f low 
t u r b i n e  with a t i p  diameter of 6 .3  inches and a s p e c i f i c  speed of 69. These 
t y p i c a l  configurat ions f o r  t h e  radioisotope Brayton-cycle system a r e  not  s i g n i -  
f i c a n t l y  d i f f e r e n t  from those  cu r ren t ly  under development f o r  a solar Brayton- 
cyc le  system (refs. 9 and l o ) .  

respec t ive ly ,  and s p e c i f i c  speeds are 92 and 75, respec t ive ly .  For t h e  dual-  % 

sor and tu rb ine  t i p  diameters of 5 . 2  inches,  each, and s p e c i f i c  speeds of 88 'I 

The tu rboa l t e rna to r  u n i t  f e a t u r e s  a one-stage r a d i a l -  

The 

Reactor System 

A cycle  temperature r a t i o  of 0.30 and a tu rb ine  temperature r a t i o  of 0.75 
were se l ec t ed  as t h e  base operat ing poin t  f o r  examination of t h e  r e a c t o r  system 
turbomachinery. The cyc le  temperature r a t i o  corresponds to a compressor i n l e t  
temperature of 750' R and places  t h e  operat ing poin t  i n  t h e  minimum-area region 
shown i n  f igu re  7 (p. 9 ) .  The se l ec t ed  tu rb ine  temperature r a t i o  i s  t h e  
minimum-area value f o r  t h e  se l ec t ed  cycle  temperature r a t i o  and corresponds to 
a compressor pressure  r a t i o  ( o v e r a l l  f o r  t h e  two-compressor arrangement) of 
about 2.6. Unless otherwise spec i f i ed ,  t h e  f l u i d  molecular weight is  assumed 
t o  be 40. 
s p e c i f i c  compressor i n l e t  pressure,  and an a l t e r n a t o r  e f f i c i ency  of 0.85 i s  as- 
sumed f o r  t h e  purpose of r e l a t i n g  s h a f t  power to e l e c t r i c  power. 

As  with t h e  rad io iso tope  system, pressure  l e v e l  i s  represented by 

Presenta t ion  of b a s i c  c h a r a c t e r i s t i c s .  - There are some bas i c  d i f f e rences  
i n  turbomachinery c h a r a c t e r i s t i c s  between t h e  rad io iso tope  system previously 
discussed and t h e  r eac to r  system as can be seen from t h e  parametric charac te r -  
i s t i c s  f o r  t h e  r e a c t o r  system t h a t  a r e  presented i n  f i g u r e  10. Tip diameter 
and s p e c i f i c  speed are p l o t t e d  aga ins t  r o t a t i v e  speeds i n  f i g u r e s  l O ( a )  t o  ( e )  
f o r  t h e  se l ec t ed  turbomachinery arrangements i n  a manner s i m i l a r  t o  f i g u r e  9. 
Two s p e c i f i c  compressor i n l e t  pressures  a r e  used i n  each f i g u r e  i n  order  t o  a i d  
t h e  s e l e c t i o n  of a favorable  pressure.  A moleculax weight v a r i a t i o n  i s  shown 
i n  f i g u r e  lO(c)  i n  order  to i n d i c a t e  t h e  e f f e c t s  of using a r e l a t i v e l y  low 
molecular weight f l u i d  as may be required by working f l u i d  a c t i v a t i o n  consider- 
a t ions .  As  seen i n  f i g u r e  10, t h e  achievement of equal s i z e  and s p e c i f i c  speed 
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(a) Single-shaf l  arrangement. Molec- 
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(b-1) Compressor shaft. (b-2) Alternator-compressor shaft. 

(b) Dual-shaft two-compressor arrangement. Molecular weight, 40; rat io of 
work in high-pressure t u r b i n e  to work in low-pressure turbine, 0.6. 

Figure 10. - Turbomachinery character ist ics for  intermediate-power reactor system. Tu rb ine  i n l e t  temperature, 
2500" K; compressor i n le t  temperature, 7%" R; t u r b i n e  temperature ratio, 0.75. 

turbomachinery r equ i r e s  a higher  r o t a t i v e  speed and a lower s p e c i f i c  compressor 
i n l e t  pressure with t h e  r eac to r  system as compared t o  t h e  rad io iso tope  system. 
These e f f e c t s  a r e  caused pr imar i ly  by t h e  higher  maximum temperature,  t h e  lower 
tu rb ine  temperature r a t i o ,  and t h e  higher  cyc le  temperature r a t i o  s e l e c t e d  f o r  
t h e  r eac to r  system. 
tu rb ine  temperature r a t i o ,  molecular weight, and s h a f t  arrangement a r e  t h e  same 
as discussed previously f o r  t h e  rad io iso tope  system and, t he re fo re ,  w i l l  not  be 
discussed here  f o r  t h e  r eac to r  system. 
turbomachinery w i l l  emphasize t h e  d i f f e rences  i n  machinery c h a r a c t e r i s t i c s  and 
va r i ab le  s e l e c t i o n  c r i t e r i a  as compared t o  t h e  rad io iso tope  system. 

The genera l  e f f e c t s  of r o t a t i v e  speed, pressure l e v e l ,  

This discussion of t h e  r e a c t o r  system 

Pressure l eve l .  - The considerably higher  power l e v e l  of t h e  r e a c t o r  sys-  

For t h e  radio-  
tem a, compared t o  t h e  rad io iso tope  system a f f e c t s  t h e  c r i t e r i a  used f o r  s e l ec -  
t i o n  of r o t a t i v e  speed and s p e c i f i c  compressor i n l e t  pressure.  
i so tope  system, t h e  very low power l e v e l  makes it highly d e s i r a b l e  t o  operate  
with high values  of s p e c i f i c  compressor i n l e t  p ressure  i n  order  t o  achieve a 
reasonable system pressure  l eve l .  The higher  power l e v e l  of t h e  r e a c t o r  sys-  
t e m ,  on t h e  o the r  hand, allows t h e  use of a somewhat lower s p e c i f i c  compressor 
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t u r b i n e  to work in low-pressure turbine, 2.40. 

Figure 10. - Concluded. 

i n l e t  p ressure  while s t i l l  obtaining a s a t i s f a c t o r y  pressure  level. 
quently,  t h e  s e l e c t i o n  of a high r o t a t i v e  speed corresponding t o  minimum s i z e  
machinery i s  not as s t rong  a requirement for t h e  r e a c t o r  system as for t h e  
rad io iso tope  system. Lower r o t a t i v e  speeds y i e ld ing  larger-than-minimum diam- 
eter machines can be se l ec t ed  and s p e c i f i c  speed requirements can be m e t  by a 
reduct ion i n  s p e c i f i c  compressor i n l e t  pressure.  
sequent ly  when some t y p i c a l  configurat ions are se l ec t ed  and discussed. 

Conse- 

This w i l l  b e  i l l u s t r a t e d  sub- 

Working f l u i d .  - I n  a system where t h e  gaseous working f l u i d  passes  
through t h e  r eac to r ,  considerat ion must be given t o  t h e  problem of a c t i v a t i o n  
of t h e  gas (ref.  8) .  The na ture  and amount of a c t i v a t i o n  depends on t h e  se- 
l e c t e d  working f l u i d .  I f  t h e  system configurat ion and mission are such t h a t  
t h i s  a c t i v a t i o n  must be reasonably minimized, t h e  use of  neon (molecular weight 
of 20) may be s p e c i f i e d  r a t h e r  than any of t h e  h igher  molecular weight f l u i d s ,  
which are more suscep t ib l e  t o  ac t iva t ion .  
ment, as far as t h e  turbomachinery are concerned, can be seen from f i g -  
u re  1O(c). 
weight bu t  as compared t o  t h e  higher  molecular weight of 40, t h e  designs would 

The s ign i f i cance  of  t h i s  requi re -  

Su i t ab le  turbomachinery can be evolved f o r  t h i s  lower molecular 
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f e a t u r e  e i t h e r  very high r o t a t i v e  speeds, low pressure  levels ,  o r  mul t i s tag ing  
f o r  both the  compressor and t h e  turbine.  

Typi,caJ configurat ions.  - I n  order  t o  i l l u s t r a t e  t y p i c a l  turbomachinery 
conf igura t ions  t h a t  might be s u i t a b l e  f o r  an intermediate-power r e a c t o r  system, 
two conf igura t ions  f o r  each s h a f t  arrangement w e r e  s e l ec t ed  and are presented 
i n  table 111. One se t  of  configurat ions i s  f o r  a s p e c i f i c  compressor i n l e t  
pressure  of 0 . 7 5 ,  t h e  same value as se l ec t ed  f o r  t h e  rad io iso tope  system. The 
o t h e r  set  of configurat ions i s  f o r  a s p e c i f i c  compressor i n l e t  pressure of 
0.40, a value t h a t  y i e l d s  a reduct ion i n  r o t a t i v e  speed and an increase  i n  
machine diameter. These configurat ions,  as were those  f o r  t h e  rad io iso tope  
system, a r e  not  necessa r i ly  optimum bu t  a r e  merely t y p i c a l ,  from a s tandpoint  
of s i z e  and performance, of those  capable of achieving t h e  des i r ed  performance. 
Se lec t ion  of these configurat ions w a s  based upon t h e  assumptions of  a molecular 
weight o f  40 and a t u r b i n e  temperature r a t i o  of 0 .75 .  

The c h a r a c t e r i s t i c s  f o r  t h e  configurat ions with a s p e c i f i c  compressor i n l e t  
p ressure  of  0.75 are as follows. The s ing le - sha f t  arrangement f e a t u r e s  s ing le -  
s t a g e  rad ia l - f low machines r o t a t i n g  a t  64 000 rpm. Compressor and tu rb ine  t i p  
diameters are 4.5 and 5 . 4  inches,  respec t ive ly ,  and s p e c i f i c  speeds are 86 and 
76, respec t ive ly .  F o r ' t h e  dua l -shaf t  two-compressor arrangement, r o t a t i v e  
speeds are 44 000 rpm f o r  t h e  turbocompressor u n i t  and 36 000 rpm f o r  t h e  
t u r b o a l t e r n a t o r  un i t .  The turbocompressor u n i t  features one-stage rad ia l - f low 
machines with t i p  diameters of 4.9 inches,  each, and s p e c i f i c  speeds of 85 and 
92 f o r  t h e  compressor and tu rb ine ,  respec t ive ly .  The t u r b o a l t e r n a t o r  u n i t  fea- 
t u r e s  a one-stage rad ia l - f low compressor and a two-stage ax ia l - f low t u r b i n e  
wi th  t i p  diameters of 5 . 7  inches,  each, and s p e c i f i c  speeds of 84 and 62, 
respec t ive ly .  For t h e  dua l -shaf t  one-compressor arrangement, r o t a t i v e  speeds 
are 64 000 rpm f o r  t h e  turbocompressor u n i t  and 24 000 rpm f o r  t h e  tu rboa l t e r -  
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n a t o r  un i t .  The turbocompressor u n i t  f e a t u r e s  one-stage rad ia l - f low machines 
wi th  compressor and t u r b i n e  t i p  diameters of 4.6 inches,  each, and s p e c i f i c  
speeds of  85 and 89, respec t ive ly .  The t u r b o a l t e r n a t o r  u n i t  f e a t u r e s  a two- 
s t a g e  ax ia l - f low t u r b i n e  wi th  a t i p  diameter o f  6 . 1  inches and a s p e c i f i c  speed 
o f  71. 

The aforementioned configurat ions presented f o r  t h e  r e a c t o r  system are 
q u i t e  s i m i l a r  i n  s i z e  and s p e c i f i c  speed t o  those  presented f o r  t h e  radio-  
i so tope  system. For t h e  reactor-system machines, however, t h e  r o t a t i v e  speeds 
are s i g n i f i c a n t l y  h igher  than  those  f o r  t h e  rad io iso tope  system, and t h e  speeds 
f o r  t h e  one-compressor arrangements are h igher  than  those  f o r  t h e  machines cur- 
r e n t l y  being developed f o r  a s o l a r  Brayton-cycle system. 
previous discussion,  a reduct ion  i n  r o t a t i v e  speed can be effected, i f  des i red ,  
by reducing pressure  level. With a s ing le - sha f t  arrangement, as seen i n  
table  111, a reduct ion  i n  s p e c i f i c  compressor i n l e t  p ressure  from 0.75 t o  0.40 
r e s u l t s  i n  r o t a t i v e  speed being reduced from 64 000 t o  48 000 rpm. A t  t h i s  
lower speed, t h e  compressor and tu rb ine  t i p  diameters are 6 .0  and 7.2 inches,  
respec t ive ly ,  (as compared t o  4.5 and 5.4 in .  ) and t h e  s p e c i f i c  speeds are 88 
and 78, r e spec t ive ly  (as compared t o  86 and 76). 
ments, t h e  e f f e c t s  of  t h e  pressure  l e v e l  reduct ion  are of a s i m i l a r  nature .  

A s  mentioned i n  t h e  

For t h e  o the r  s h a f t  arrange- 

SUMMARY OF RESULTS 

This study w a s  made f o r  t h e  purpose of explor ing thermodynamic and turbo- 
machinery concepts f o r  low-power rad io iso tope  and intermediate-power r e a c t o r  
Brayton-cycle systems. The e f f e c t s  of  i n t e rcoo l ing  and rehea t ing  were examined 
and turbomachinery c h a r a c t e r i s t i c s  were determined. The major r e s u l t s  of t h i s  
s tudy  are summarized as follows. 

1. For low-power rad io iso tope  systems, t h e  achievement of h igh  cyc le  e f f i -  
ciency i s  of prime importance. The genera l  e f f e c t  of i n t e rcoo l ing  i s  an i n -  
c rease  i n  cyc le  e f f i c i e n c y  accompanied by an inc rease  i n  r a d i a t o r  area. The 
gene ra l  e f f e c t  of  rehea t ing  f o r  such systems i s  a smaller inc rease  i n  cyc le  ef- 
f i c i ency  than  with in t e rcoo l ing  b u t  accompanied by a reduct ion  i n  r a d i a t o r  
area. For t h e  t y p i c a l  system examined i n  t h i s  study, t h e  m a x i m u m  increase  i n  
cyc le  e f f i c i ency  achievable  by t h e  use of bo th  in t e rcoo l ing  and rehea t ing  w a s  
about 0.05 out  of a t o t a l  o f  about 0.35 t o  0.40. 

2. For intermediate-power r e a c t o r  systems, t h e  achievement o f  minimum 
r a d i a t o r  area i s  of  prime importance. In t e rcoo l ing  o f f e r s  no reduct ion i n  mini- 
mum r a d i a t o r  area, while rehea t ing  does o f f e r  some area reduction. The use of  
r ehea t  with the  t y p i c a l  r e a c t o r  system examined i n  this s tudy results i n  about 
15 percent  reduct ion  i n  r a d i a t o r  area. 

3. Comparable s i z e  and s p e c i f i c  speed designs can be evolved f o r  t h e  
radioiosotope-  and reactor-system turbomachinery when a given r a t i o  of pressure  
t o  power i s  used. Rota t ive  speeds, however, are considerably higher  (about 30 
t o  50 percent )  f o r  t h e  r e a c t o r  system designs.  If necessary,  t h e s e  speeds can 
be lowered by appropr ia te  reduct ions i n  pressure  t o  power r a t i o .  

4. Su i t ab le  turbomachinery can be evolved t h a t  w i l l  not  be s i g n i f i c a n t l y  
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different from those currently under experimental investigation for solar 
Brayton-cycle systems. 
single-stage radial-flow machines with tip diameters in the 4.5 to 7.5-inch 
range and specific speeds of about 75 to 100. 
40, rotative speeds can be maintained below 50 000 rpm. The alternator-drive 
turbines for the dual-shaft arrangements could be two-stage axial-flow machines 
with tip diameters of about 6 inches and specific speeds of about 60 to 70. 

The compressors and compressor-drive turbines could be 

For a fluid molecular weight of 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 28, 1965. 
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APPENDIX A 

A 

C 1  

c4 

cP 

D 

E 

h 

J 

K 

M 

N 

NS 

n 

P 

r 

ST 

T 

U 

20 

SYMBOLS 

area, sq f t  

constant  r a t i o  of rehea t  t o  tu rb ine  i n l e t  temperatures 

constant r a t i o  of i n t e r c o o l  t o  compressor i n l e t  temperatures 

s p e c i f i c  heat ,  Btu / ( lb)  (OR) 

diameter, f t  

e f fec t iveness  

g r a v i t a t i o n a l  constant ,  32.2 f t / s ec2  

s p e c i f i c  enthalpy, ( f t )  ( l b ) / l b  

r a d i a t o r  gas hea t - t r ans fe r  coe f f i c i en t ,  Btu/(hr)  ( s q  f t  prime a rea )  (OR) 

mechanical equivalent of hea t ,  778 ( f t )  ( l b )  /Btu 

r a t i o  of l a s t - s t a g e  r o t o r  e x i t  t o  i n l e t  axial k i n e t i c  energies 

molecular weight, lb/lb mole 

r o t a t i v e  speed, rpm 

s p e c i f i c  speed, NQ1/2/@H3/4 

number of s tages  

power, kW 

absolute  pressure,  l b / sq  in .  abs 

volumetric flow rate, cu f t / s e c  

universa l  gas constant ,  1544 ( f t )  ( l b ) / ( l b  mole) (OR) 

last-stage hub- t o  t i p - r ad ius  r a t i o  

pressure r a t i o  

r a t i o  of work i n  high-pressure turb ine  t o  work i n  low-pressure turb ine  

absolute  temperature, OR 

blade speed, f t / s e c  



v 
W 

X 

a 

Y 

E 

11 

A 

P 

a 

axia l  component of absolute  ve loc i ty ,  f t / s e c  

weight flow r a t e ,  lb / sec  

funct ion of y, (Y - l ) / ~  

mean- s e c t  i on s ta t  or- e x i t  angle 

s p e c i f i c  hea t  r a t i o  

emi s s i v i t y  

e f f ic iency  

speed-work parameter, U g g  @H 

densi ty ,  lb/cu f t  

Stefan-Boltzmann constant ,  0. 173X10q8 Btu/(hr)  (sq f t )  (OR4)  

Subscr ipts :  

A 

an 

C 

CY 

e 

h 

i 

i d  

jk 

L 

2 

m 

0 

R 

S 

a l t e r n a t o r  

las t  - s t age  annulus 

compressor 

cycle 

e l e c t r i c  

high pressure 

i n l e t  

i d e a l  

r a t i o  of v a r i z - l e  value a t  poin t  j t 

l o s s  

low pressure 

mean sec t ion  

o u t l e t  

r a d i a t o r  sur face  

s ink  

var iab le  value a t  point  k 
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sh s h a f t  

T t u r b i n e  

t t i p  

W w a l l  

1-6 s t a t e  po in t s  def ined  i n  f ig .  1 
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APPENDIX B 

CYCLE . F R M O D Y N A M I C  ANALYSIS 

Cycle e f f i c i e n c i e s  were determined with respec t  t o  ne t  s h a f t  work as out-  
The bas i c  assumptions of t h e  ana lys i s  were t h a t  (1) t h e  working f l u i d  i s  put. 

an i d e a l  gas; consequently, s p e c i f i c  heat  is  a constant  with respec t  t o  t e m -  
pera ture ,  and (2) t h e r e  are no thermal o r  mechanical l o s s e s  

Cycle e f f ic iency  i s  def ined as 

n e t  s h a f t  power - - -  
‘cy hea t  suppl ied 

Symbolically, i f  t h e  s t a t i o n  nomenclature as spec i f i ed  by f i g u r e  1 is  used, 

Division by T1 y ie lds  

For  brevity, ,  l e t  Tjk represent  T ~ / T ~  and p jk  represent  pj/pK With t h i s  
representa t ion ,  equation (Bl) becomes 

Spec i f i ca t ion  of t h e  cycle  temperature r a t i o  T41, t u r b i n e  temperature r a t i o  
T21, and a turb ine  work s p l i t  i n  addi t ion  t o  component e f f i c i e n c i e s  and pres-  
su re  losses a r e  s u f f i c i e n t  t o  determine cycle  e f f i c i ency  as wel l  as a l l  cycle 
temperature r a t i o s  and s p e c i f i c  capaci ty  r a t e ,  wcp/Psh. 

The following development covers a l l  cases with and without reheat ing 
and/or in te rcool ing .  Turbine work s p l i t  ST i s  def ined as t h e  work i n  t h e  
high-pressure tu rb ine  divided by the  work i n  t h e  low-pressure turbine.  

For those  cases  with rehea t ing ,  t h e  rehea t  temperature 
constant  C 1  t imes t u r b i n e  i n l e t  temperature; therefore ,  

T1ii i s  spec i f i ed  as a 
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and, from equation (B2), 

For those  cases with no rehea t ing ,  

and equation (B2) y i e l d s  

- 'TT21 +- 
T1'l - ST + 1 

Turbine i s e n t r o p i c  e f f i c i ency  i s  def ined as 

1 - Tjk 

- <k 

where x represents  t h e  r a t i o  (y - l)/y. The tu rb ine  pressure r a t i o s ,  t he re -  
fo re ,  can be expressed as 

and 

p2111 = (l - 

"he o v e r a l l  t u rb ine  pressure  r a t i o  i s  

and t h e  o v e r a l l  compressor pressure r a t i o  i s  

1 rC = - 
r ~ r ~  

where t h e  o v e r a l l  l o s s  pressure  r a t i o  rL r ep resen t s  
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Work in the high-pressure turbine must equal work in the high-pressure 
compressor; therefore, 

For those cases with intercooling, the intercool temperature 
as a constant C4 times the compressor inlet temperature; therefore, 

T4ti is specified 

T41tl = C4T41 (B74 

For those cases with no intercooling 

T4iil = "411 

Compressor isentropic efficiency is defined as 

The pressure ratio for the high-pressure compressor, therefore, is 

while that for the low-pressure compressor is 

rC - -  - 
p4'4 ps4it 

From equation (B8), 

and 

With intercooling, the temperature ratios T4"l~ '71 , and T41l are deter- 
mined by direct substitution in equations (B6) to 
these equations are solved simultaneously for the desired temperature ratios. 

B10). With no intercooling, 

The remaining temperature ratios TS1 and T61 are determined from re- 
cuperator effectiveness 
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From equations (Bll) 

T6l  = ET21 + (1 - E)T51 ( B l l a )  

Tgl = ET5l + (1 - E)T21 (Bl lb  ) 

All cycle  temperature r a t i o s  are now es tab l i shed ,  and s u b s t i t u t i o n  of t h e  ap- 
p ropr i a t e  r a t i o s  i n t o  equation (Bla) y i e l d s  cyc le  e f f ic iency .  

Flow rate can be expressed as 

n e t  s h a f t  power 
n e t  s h a f t  work per  pound of f l u i d  w =  

or symbolically 
0.9487 Psh 

Spec i f i c  capaci ty  r a t e ,  t he re fo re ,  i s  

An equation der ived i n  reference 1 2 ,  f o r  determining s p e c i f i c  prime rad ia-  
t o r  area,  i s  

- -  - *R 
'sh 

P 3600 - 
'sh 

WC 

where Tw i s  r e l a t e d  t o  T by 

1 +- 3 4aeTs . 

Q E  4 4 T = Tw + - (Tw - Ts) 
h 

For t h i s  study, t h e  gas cooler  and i n t e r c o o l e r  are assumed t o  be t h e  r ad ia to r s ;  
i n  equation (B13), consequently, t h e  subsc r ip t s  i and o equal 3 and 4, 
respec t ive ly ,  f o r  t h e  gas  cooler  and 4 '  and 4", respec t ive ly ,  f o r  t h e  i n t e r -  
cooler.  
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APPENDIX c 

TlTRBOMACHI _ _  _ _  NERY CHARAC !PERIS TIC S ANALYSIS 

The turbomachinery characteristics of interest for this study are specific 
speed and tip diameter for single-stage radial-flow turbines and compressors and 
multistage axial-flow turbines. 

SPECIFIC SPEED 

Specific speed for any machine can be defined as 

where the volumetric flow rate is that at the low-pressure end (inlet for 
compressor and outlet for turbine) of the machine. 

Q 
Volumetric flow rate is 

(cz) W Q = -  
P 

Weight flow can be determined from specific capacity rate (eq. (BE)) 

wcp 'e 
'sh TACp 

w = -- 

where Pe = vAPsh. Density is obtained from the ideal gas law 

p = -  PM 
RT 

From the cycle thermodynamic analysis and an assumed breakdown of the overall 
loss pressure ratio, any pressure used for calculating density can be expressed 
in terms of the compressor inlet pressure as 
therefore, becomes 

pj = pj4p4. Equation (C4), 

Ideal work for a turbine is 

while that for a compressor is 
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For an i d e a l  monatomic gas ,  as i s  being considered i n  t h i s  study, 

4.97 c = -  
P M  

If t h e  previous equations a r e  combined, it can be seen t h a t  with working f l u i d  
and operat ing temperatures spec i f i ed ,  

constant  

It is  t h e  r a t i o  of pressure  t o  power, t he re fo re ,  t h a t  determines s p e c i f i c  speed 
r a t h e r  than t h e  separa te  e f f e c t  of each. 

For axial-f low turb ines ,  l a s t - s t a g e  hub- t o  t i p - r a d i u s  r a t i o  9 can be 
r e l a t e d  to s p e c i f i c  speed. Stage work and s t age  speed-work parameter A a r e  
assumed equal f o r  t h e  tu rb ines  considered i n  t h i s  study; consequently t h e  mean- 
sec t ion  blade speed and diameter a r e  constant f o r  any given turbine.  
t i o n ,  zero e x i t  whir l  i s  assumed f o r  t h e  f l u i d .  
r a t i o  can be expressed as 

I n  addi- 
Last-s tage hub- t o  t i p - r ad ius  

*an 1 - -  
KDi 

K D i  

4 1 =  
*an 1 + -  

Annulus a rea  i s  

where, from geometric considerat ions,  

Q 
'an = 

"m v = J;; co t  a- A 

Blade mean-section diameter can be expressed 

60Um 
7CN 

% = -  

From t h e  d e f i n i t i o n  of A 
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2 ClH 
n um = Ag - = AgrQ 7 

Combining equations ( C 8 )  t o  (‘211) and ( C l )  y i e lds  

Equation ((212) i n  combination with equation (C7) y i e l d s  last-stage hub- t o  t i p -  
r ad ius  r a t i o  i n  terms of s p e c i f i c  speed. 
mance, A i s  assumed equal to 1. The assumed t y p i c a l  values f o r  K and a 
were 1.5 and 70°, respec t ive ly .  

I n  order  t o  a t t a i n  m a x i m u m  perfor- 

TIP DIAMETER 

Tip diameter can be  expressed 

60Ut 
Dt = -ai- 

The method f o r  es t imat ing t i p  speed d i f f e r s  f o r  each machine. 
flow tu rb ine ,  t h e o r e t i c a l  (and very near ly  a c t u a l )  m a x i m u m  performance can be 
achieved when 

For a r a d i a l -  

(C14a) 

For a rad ia l - f low compressor, a s t r a i g h t  r a d i a l  exi t  flow i s  assumed along with 
a s l i p  f a c t o r  of 0.85. The bas i c  moment of momentum r e l a t i o n ,  t he re fo re ,  
y i e l d s  

For t h e  axial-f low turb ine ,  

(C14b) 

where 9 is  obtained from equation ( C 7 )  and Dm from equations (C10) and 
( C l l ) .  
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