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Techniques for Reducing Thermal Conduction 
and Natural Convection Heat Losses 
in Annular Receiver Geometries 

Z . '  Introduction 

An effective device for the collection of solar energy 

which has received widespread' attention is the so called 

. .  parabolic-cylindrical solar collector. In this design a 

circular receiver. tube, with a suitable selective coating, is 

enclosed by a concentric glass envelope and situated..along-the ' 

focal line of a parabolic trough reflector. The heat transfer 

processes which occur in the annular space. . between . .the receiver 

tube and the glass envelope are important in determining the 

overall heat loss from the receiver tube. In typical high 

temperature receiver tube designs the rate of energy loss by 

combined thermal conduction.and natural convection is of the 

same order of magnitude'as that due to thermal radiation, and 

can amount to approximately 6% of'the total rate at which 

energy is absorbed by the solar collector. The elimination of 

conduction and natural convection losses can-significantly 

improve the performance of a large collector field. 

In this paper, several techniques usel-ul for the reduction 

of energy loss by thermal conduction and natural convection 

are considered. The receiver configuration chosen for study 

is typical of those used in the Solar Total Energy System 

at Sandia Laboratories. The receiver tube has a "black 

chrome" selective coating and is 2.54 cm in outside diameter. 

The inside diameter of the glass envelope is approximately 

4.4 cm. Typical operating temperatures of the receiver tube 

and glass envelope are approximately 300°C and 100°C, 

respectively. 



11. . Conduction Heat Loss 

I In order to improve the overall efficiency of receiver 

designs, investigations into reducing the heat transfer through . 

the annular space separating the glass and receiver tube have 

been undertaken. Of the three modes of heat transfer, the 

most significant heat loss savings can be, accomplished by . .  

limiting conduction losses. Convection losses are negligible, 

so long as the annular space is' properly sized. Radiation 

losses on the other hand,. being primarily fixed by the receiver 

tube selective surface properties, are more difficult to 

reduce. Electroplating techiques have been optimized to pro- 

vide high solar absorptivity ( >  0.95) with thermal emissivities - 
ranging between 0.20 and 0.30 for temperatures around 590°K. 

In order to reduce radiative heat loss significantly, thermal 

emissivities below 0.15 are required. Such reductions do not 

appear possible without an accompanying reduction in solar 

absorptivity. . . 

Attempts to limit heat transfer through the annulax 

space will be discussed in the following sections. Techniques 

studied include (1) evacuation of the annulus gas, (2) over- 

sizing the annular space, and (3) using gases other than air 

5or the heat transfer medium. 

A. Effect of Vacuum 

A review of the literature on vacuum technology indicates 

that the thermal conductivity of a gas is a function of the mean 

free path of the gas molecules 11, 2, 31.  An expression relating 
the mean free path of a gas to the enclosure pressure and gas 

temperature is given by 



where T, P I  and 6 ,  t h e  g a s  molecu la r  d i a m e t e r ,  a r e  g iven  i n  

- degrees  Kelvin ,  m i l l i m e t e r s  of  mercury and c e n t i m e t e r s ,  

r e s p e c t i v e l y .  For  a g iven  g a s ,  t h e  r e l a t i v e  magnitudes of  

t h e  molecu la r  mean f r e e  p a t h  and t h e  annu lus  gap de t e rmines  

whether  t h e  e f f e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t he rma l  

conduct ion i s  (1) independent  of  annu lus  p r e s s u r e ,  ( 2 )  a 

func t ion .  o f  t h e  annu lus  p r e s s u r e ,  or  ( 3 )  n e g l i g i b l e .  Th i s  i s  

shown i n  F i g u r e  1, which compares t h e  conduc t ion  h e a t  l o s s  f o r  

a gi.ven annulus  p r e s s u r e  w i t h  t h e  conduc t ion  h e a t s l o s s  c a l -  

c u l a t e d  f o r  a i r  a t  a tmospher ic  p r e s s u r e .  F i g u r e  1 w a s  g e n e r a t e d  

.using d imens iona l  d a t a  and expec t ed  o p e r a t i n g  t empera tu re s  f o r  

.:a Sandia  L a b o r a t o r i e s  t e s t  r e c e i v e r .  The govern ing  e q u a t i o n  

fo r  t h e  e f f e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  a n n u l a r  s p a c e  

. .obta ined from Reference 1, is g iven  as 

. +. . 

..-where a l l  terms are d e f i n e d  i n  Tab le  1. 

.'The r e d u c t i o n  o f  r e c e i v e r  t u b e  h e a t  l o s s  by e v a c u a t i o n  h a s  
. . 

been  a n a l y t . i c a l l y  modeled and e x p e r i m e n t a l l y  v e r i f i e d .  Energy . .T 
ba lances  were made on t h e  r e c e i v e r  t u b e  a n d - ' g l a s s  s u r f a c e s  . . 

.and w e r e  ' i nco rpo ra t ed  i n  a computer a n a l y s i s  which c o u l d  (1) 

p r e d i c t  t h e  r e s u l t a n t  r e c e i v e r  assembly t empera tu re s  for known 

h e a t  i n p u t s  o r  ( 2 )  p r e d i c t  t h e  r e c e i v e r  assembly h e a t  l o s s  f o r  

a f i x e d . r e c e i v e r ' t u b e  t empera tu re .  The a n a l y s i s  assumed s t e a d y  . . ,. . . 
s t a t e  c o n d i t i o n s  and u t i l i z e d  c o r r e l a t i o n s  f o r  t h e  e f f e c t s . o f  

. . . . 

p r e s s u r e ,  wind, geometry, and t e m p e r a t u r e  on t h e  conduc t ion  

and convec t ion  t e r m s .  

The Sandia  L a b o r a t o r i e s  Phase IV-B r e c e i v e r  assembly d e s i g n ,  

s c h e m a t i c a l l y  shown i n  F i g u r e  2 ,  w a s  used f o r  expe r imen ta l  v e r i -  

8 . .. 
f i c a t i o n -    eat i n p u t  w a s  p rov ided  by a Chro1na1.0~ r e s i s t a n c e  
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Loss Through an Annular  Space 

Figure  2. Sandia  L a b o r a t o r i e s P h a s e  IV-B Proposed '  
Receiver  Design 



h e a t e r  e lement  c e n t e r e d  i n s i d e  thLe r e c e i v e r  t ube .  .Heat s u p p l i e d  t o  

t h e  r e c e i v e r  assembly was moni tored u s i n g  a s t a n d a r d  r e s i s t o r  

and v o l t m e t e r  which w e r e  used t o  measure the e l e c t r i c a l  c u r r e n t .  

I n p u t  power was determined by measur ing the v o l t a g e  d rop  a c r o s s  t h e  

. r e s i s t a n c e  h .ea te r  and w a s  ma in t a ined  t o  w i t h i n  a + 1.0  w a t t .  
t o l e r a n c e  d u r i n g  t e s t i n g .  Rece ive r  assembly t empera tu re s  w e r e  

moni tored  u s i n g  twenty-£ i v e  chiomel-a lui i~el  thermocouples .  

' L o c a t i o n s  o f  t h e s e  thermocouples as w e l l  as dimen'sional  d a t a  on 

t h e  Phase  IV-B t e s t  a s s e m b l y , a r e  shown i n  F i g u r e  3 .  

# CL3 @a 
k n u l u s  vacuum w e  moni tored  u s i n g  a P i r a n i  ( thermocouple)  

I\ 
-.Gauge f o r  p r e s s u r e s  below 1.0  mm Hg and a Wallace and T ie rnan  

P r e s s u r e  Gauge and Manometer f o r  t h e  h i g h e r  p r e s s u r e s .  A l l  
col?&Li~.~, 

v a c u u q  w e r e  main ta ined  w i t h  a CEC Sampling Probe and Sa rgen t -  
f i  

'.Welch s i n g l e  s t a g e  vacuum pump.. 

E a r l y  expe r imen ta l  work invo lved  m a i n t a i n i n g  a f i x e d  re- 

ceiver assembly h e a t  l o s s  w h i l e  v a r y i n g  t h e  annulus  p r e s s u r e .  

V a r i a t i o n s  i n  r e c e i v e r  t u b e  c o a t i n g  p r o p e r t i e s  n e c e s s i t a t e d  

b r a c k e t i n g  t h e  expe r imen ta l  d a t a  w i t h  a n a l y t i c a l  r e s u l t s  cal- 

c u l a t e d  for  r e c e i v e r  t u b e  e m i s s i v i t i e s  o f  0.2 and 0.3 a t  58g°K. 

The r e c e i v e r  t ube  t empera tu re ,  as expec t ed  from t h e  r e s u l t s  of  

F i g u r e  1, i s  seen  t o  bc independent  o f  annl.11.1.1~ vacuum fox  
p r e s s u r e s  above 1 mm Hg i n  F i g u r e  4 .  .This i s  a l s o  shown i n  

F i g u r e  5 ,  which p r o v i d e s  h e a t  l o s s  d a t a  as a f u n c t i o n  o f  

annulus  p r e s s u r e .  S i g n i f i c a n t  h e a t  l o s s  r e d u c t i o n s  o f  n e a r l y  

5 0 %  a r e  s een  t o  r e s u l t  i f  vacuums below 0.01 mm H g  can be  

main ta ined .  

Based on t h e  c l o s e  agieement  o f  ' r e s u l t s ,  t h e  e f f e c t  of 

wind on h e a t  l o s s  h a s  a l s o  been a n a l y t i c a l l y  s t u d i e d  and i s  

. shown i n  F i g u r e . 6 .  ~ n c r e a s i n g  t h e  wind v e l o c i t y  i n c r e a s e s  t h e  

r e c e i v e r  h e a t  l o s s  i n  t h e  a n n u l a r  space  a t  a tmospher ic  

p r e s s u r e  by lower ing  the g l a s s  enve lope  t empera tu re .  By 

annulus  evacua t ion , .  however, wind e f f e c t s  can  be mimimized 
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Figure 5. Effects of Pressure on Receiver Tube Heat 
Loss 
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since the dominating conduction losses are significantly 

reduced. The radiative loss, on the other hand, is such 

that changes in the glass temperature do not greatly increase 

the energy loss for a fixed receiver tube temperature. 

B. Effect of Annulus Gap Sizing , . 

Optimum sizing of the annular space for operation at . . 

atmospheric pressure requires that the energy transferred 

.across the gap be by thermal conduction and radiation heat 

transfer. Incorrect sizing could"resu1t in enhanced convective 

energy trknsport which would increase the net heat loss. Work 
. . 

to be discussed in a later section concerning natural convection 

has indicated that the'effects of natural convection will be , 

.suppressed as long as the Rayleigh number is maintained be'low 

a value of 1000.. 
'. . 

Experimental and analytical results shown in Figures 4 

.and 6 indicate that the Phase IV-B receiver sizing has not 
. .. 

.been optimized, since a heat loss reduction occurs when the . 

annulus pressure is reduced below atmospheric pressure. By . . .  . .. . . . . .  . . .. - . ' I.<. .< ..., ' 
.-....1.. . . . .  dedreasing the pressure, the Rayleigh number is reduced below . --...... ' 

1000 through lowering the annulus gas density. Based on 

these trends, the computer model was-utilized to vary the gap 

spacing for a fixed receiver tube radius and temperature. 

From data presented in Reference 4, the effective .conduction 

coefficient used for a particular spacing was generated using 

the following correlation: 

= K for NRa < 1000, Kef 

2667  for N~~ > 1000 K = 0.1558K Nka 
ef 

where Kef is the effective thermal conductivity, K is the 
actual thermal conductivity evaluated at the mean temperature, 
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and NRa i s  t h e  Rayleigh number d e f i n e d  by 

where a l l  symbols a r e  d e f i n e d  i n  Table  1. 

F i g u r e  7 shows t h a t  t h e  h e a t  l o s s  is  minimized f o r  a n '  

. annula r  space  o f  0.81 cm.  (For  t h e  same test  c o n d i t i o n s ,  t h e  . 

Phase IV-B gap of  0.93 cm r e s u l t s  i n  , a  Rayleigh number o f  1550.)  

Desp i t e  t h e  d i s c r e p a n c y - i n  s i z i n g ,  t r e n d s  from F i g u r e  7 p o i n t  

Out t h a t  o v e r s i z i n g  t h e  gap r e s u l t s  i n  minimal in .c reased  h e a t  

loss compared t o  t h a t  o b t a i n e d  from reduc ing  t h e  gap s i z e  t o  

-main ta in  t h e  Rayleigh number below 1000. , 

. - 
. F u r t h e r  i n v e s t i g a t i o n  i n t o  v a r y i n g  t h e  a n n u l a r  s p a c e  t o  . 

.=. 

reduce  h e a t  l o s s  r e s u l t e d  i n  t h e  d a t a  summarized i n  F i g u r e  8.  

By ma in t a in ing  annu lus  p r e s s u r e s  below 200-300 mm Hg and 

. o v e r s i z i n g  t h e  gap,  h e a t  l o s s  s a v i n g s  o f  between 15  and 30 

;W/m may be o b t a i n e d . o v e r .  t h a t  l o s t  by a r e c e i v e r  d e s i g n  

, s i z e d  t o  e l i m i n a t e  convec t ion  h e a t  t r a n s f e r  a t  a t m o s p h e r i c .  

p r e s s u r e .  S ince  t h e  r e d u c t i o n  o f  h e a t  l o s s  by 30. W/m f o r -  

d t h e  " c o r r e c t l y "  s i z e d  a n n u l a r  space  n e c e s s i t a t e s  u s i n g  vacuum 

below 0.1 mm Xg, it can be n o t e d  t h a t  o v e r s i z i n g  may a l l o w  

f o r  energy  l o s s  s a v i n g s  w i t h o u t  r e q u i r i n g  h a r d  vacuum sys tems .  

C. E f f e c t  of Gases o t h e r  t h a n  A i r  
P.. 

U t i l i z a t i o n  o f  g a s e s  o t h e r  th.an a i r  i n  t h e  r e c e i v e r  

annulus  should  reduce  t h e  conduc t ion  h e a t  l o s s  s o  l o n g  as (1) 

t h e  gas  thermal  c o n d u c t i v i t y  i s  less t h a n  t h a t  o f  a i r  and ( 2 )  

t h e  e f f e c t i v e  Rayleigh number i s  s i m i l a r  t o  t h a t  o f  a i r  f o r  

a g i v e n  geometry. This  i s  shown i n  F i g u r e  9 ,  which compares t h e  

use of  argon,  a i r  and carbon d i o x i d e  i n  t h e  annu lus .  Although 

carbon d i o x i d e  h a s  a lower t he rma l  c o n d u c t i v i t y  t h a n  a i r  ' . 
(0.031 W/m - O K  compared t o  0.048 W/m - OK a t  477OK) i t s  o t h e r  

p h y s i c a l  p r o p e r t i e s  - n e c e s s i t a t e  - s m a l l  gap s p a c i n g s  t o  minimize 

n a t u r a l  c o i ~ v e c t i o n  h e a t  l o s s .  The i n s u l a t i n g  e f f e c t  of t h e  

lower thermal  c o n d u c t i v i t y  i s  t h u s  l o s t  b e c a ~ s e  t h e  conduc t ion  

gap must be reduced.  
, . 



. . . . . . . . . . . . . . . .  

Figure  9.  Annulus S i z i n g  Data f o r  A l t e r n a t e  Gases 
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' .Expe r imen ta l  v e r i f i c a t i o n  o f  t h e  s a v i n g s  a s s o c i a t e d  w i t h  

u s i n g ' g a s e s  o t h e r  t h a n  a i r  ha s  been accomplished u s i n g  a rgon  

i n  t h e  Phase IV-B test r e c e i v e r .  The c h o i c e  of t h i s  g a s  w a s  

p r e d i c a t e d  on i t s  abundance and a l s o  upon t h e  f a c t  t h a t  t h e  

op t ima l  annulus  gap f o r  a rgon  f o r  l i m i t i n g  convec t ive  h e a t  

l o s s  was c l o s e  t o  t h e  e x p e r i m e n t a l  annu lus  s i z i n g .  Data t aken  . 

on b o t h  a i r  and a rgon  are shown i n  F i g u r e  1 0 ,  which compares 

r e c e i v e r  t u b e  t empera tu re  w i t h . r e c e i v e r  h e a t  l o s s .  Fo r  a 

given r e c e i v e r  t u b e  o p e r a t i n g  t e m p e r a t u r e ,  h e a t  l o s s  s a v i n g s  of  

. 2 5 . t o  30 W/m may be r e a l i z e d  by r e p l a c i n g  a i r  w i t h  a rgon .  

Such sav ings  are comparable t o  o v e r s i z i n g  t h e  annulus '  and main- 

t a i n i n g  a p a r t i a l  vacuum o f  100-300 mrn Hg. The advantage  

-,gained us ing  a rgon  g a s  t o  r educe  t h e  h e a t  l o s s  o v e r  t h e  a f o r e -  

:..mentioned t echn ique  i s  t h a t ,  due t o  t h e  s i m i l a r i t y  i n  s i z i n g  

t h e  gap f o r  a i r  o r  a rgon ,  a complete  l o s s  o f  a rgon  and .re- 

..placement w i th  a i r  w i l l  s t i l l . m i n i m i z e  t h e  h e a t  l o s s .  A s  can 

b e  seen  from F igu re . : 8 ,  an  i n c r e a s e  i n  h e a t  l o s s  w i l l  r e s u l t  i n  

. t h e  e v e n t  o f  .loss o f  vacuum. f o r  t h e  ove r s i zed .geomet ry .  . . 

. . . . 

f n  summary, r e d u c t i o n  ok t h e  conduc t ion  h e a t  l o s s  i n  t h e  

. annu la r  . . space  can  be  accomplished th rough  (1) e v a c u a t i o n ,  

'(2) o v e r s i z i n g  t h e  a n n u l a r  space  w h i l e  m a i n t a i n i n g  t h e  Rayle igh  

number below 1000 ( p a r t i a l  vacuum) and ( 3 )  u s e  o f  g a s e s . w i t h  low 
. . 

@herma1 conductivities. F i g u r c  11 i c  p rov ided  t o  s h o w . t h e  

r e l a t i v e  h e a t  l o s s  s a v i n g s  f o r  each  t echn ique .  ~ d d i t i o n a l  

a l t e r n a t i v e s ,  such  as  c h a r g i n g  t h e  a n n u l a r  space  w i t h  a rgon  

and evacua t ing  and/or o v e r s i z i n g  t h e  gap are shown. Of t h e  

o p t i o n s ,  it a p p e a r s  t h a t  e v a c u a t i o n  can  b e s t  e l i m i n a t e '  conduc t ion  

h e a t  l o s s .  Problems,  however, conce rn ing  t h e  r e l a t i v e  c o s t s  of  

each  h e a t  l o s s  r e d u c t i o n  - scheme must" be  c o n s i d e r e d  i n  s e l e c t i n g  

t h e  b e s t  o p t i o n  f o r  t h e  r e c e i v e r  assembly.  

1111. Na tu ra l  ~ o n v e c t i o n  i n  an Annulus 

I n  t h e  p r e v i o u s  s e c t i o n ,  t h e  c lass ical  expe r imen ta l  r e s u l t  

f o r  n a t u r a l  convec t ion  h e a t  t r a n s f e r  between h o r i z o n t a l ,  concen t r i c ' ,  
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c i r c u l a r  c y l i n d e r s ,  a s  o r i g i n a l l y  p r e s e n t e d  . . by Krausso ld  [ 4 ] ,  

was used i n  t h e  a n a l y s i s  o f  t h e  h e a t  t r a n s f e r  p r o c e s s  between 

t h e  r e c e i v e r  t u b e ' a n d  g l a s s  enve lope .  Recen t ly ,  Kuehn and 

Go lds t e in  [ S ] ,  have compiled a comprehensive rev iew o f  t h e  

a v a i l a b l e  exper imenta l  r e s u l t s  f o r . \ n a t u r a l  convec t ion  h e a t  -. 

t r a n s f e r  between c i r c u l a r  c y l i n d e r s  and proposed c o r r e l a t i n g  

e q u a t i o n s  u s ing  a conduc t ion  boundary- layer  model. It is  

e v i d e n t  from t h i s  review t h a t  a lmos t  a l l  t h e  r e s u l t s  a v a i l a b l e  

t o  d a t e ' a r e ,  s t r i c t l y  speak ing ,  v a l i d  o n l y  f o r  h o r i z o n t a l ,  

c o n c e n t r i c ,  c i r c u l a r  c y l i n d e r s  w i t h  un i form t empera tu re s .  

S ince  t h e  t empera tu re  d i s t r i b u t i o n  on a t y p i c a l  r e c e i v e r  

t u b e  i s  n o t  uniform, it i s  i m p o r t a n t  t o  de t e rmine  t h e  e f f e c t  

o f  t h i s  v a r i a t i o n  on t h e  o v e r a l l  h e a t  t r a n s f e r  p r o c e s s .  

Fur thermore,  it i s  a l s o  o f  importance t o  assess t h e  e f f e c t  

o f  e c c e n t r i c i t y  s i n c e  it i s  d i f f i c u l t  t o  m a i n t a i n  p r e c i s e  

a l ignment .between t h e  r e c e i v e r  t u b e  and enve lope  due t o  de- 

f l e c t i o n s  caused by g r a v i t y  and d i f f e r e n t i a l  t he rma l  expans ion .  

~ e c a u s ~  of  'the s c a r c i t y  o f  r e s u l t s  f o r  nonuniform 

t empera tu re  d i s t r i b u t i o n s  and e c c e n t r i c  c y l i n d e r s ,  a numer i ca l  

a n a l y s i s  o f  t h e  n a t u r a l  convec t ion  h e a t ' t r a n s f e r  p r o c e s s  was 

performed i n  o r d e r  t o  p r o v i d e  a b e t t e r  unde r s t and ing  o f  t h e  

e f f e c t s  o f  non- ideal  s i t u a t i o n s .  The r e s u l t s  o f  t h i s  s t u d y  

are d e s c r i b e d  i n  t h e  remainder  o f  t h i s  s e c t i o n .  

A. Numerical Method 

T h e ' p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  which d e s c r i b e  t h e  

h e a t  t r a n s f e r  p r o c e s s  are r e p r e s e n t e d  d i s c r e t e l y  t h rough  u s e  o f  

t h e  Ga le rk in  form o f  t h e  f i n i t e  e lement  method; a t e c h n i q u e  

which has  been d e s c r i b e d  i n  d e t a i l  by s e v e r a l  a u t l l u i s ,  e . g .  

Zienkiewicz [6], and w i l l  n o t  be  e l a b o r a t e d  on he re .  The 

.. . r e s u l t i n g  methodology has  been i n c o r p o r a t e d ,  by G a r t l i n g  [ 7 ] ,  
i n t o  a u s e r - o r i e n t e d ,  f i n i t e  e lement ,  computer program c a l l e d  

NACHOS. This  program makes; u se  of an isopar.anicLric mesh 

g e n e r a t o r  t o  a l l o w  complex bounda r i e s  t o  be  modeled e a s i l y  and 



accurately. The element library consists of an eight-node 

. isoparametric quadrilateral and a six-node isoparametric 
triangle. Within.each element, the velocity and temperature 

are approximated quadratically and the pressure approximated 

linearly. 

The program is quite versatile and can be used for the 

analysis'of both free and forced convection heat transfer as 

well as for isothermal flows. 'Both steady state and transient 
d 

analyses can be performed. The flows must, however, be 

incompressible. Temperature dependent fluid properties can be 

easily incorporated - -  into the analysis at the option of-the 
7.- 

user. This latter option was used in all the calculations 

discussed in the remainder of this section. 

Heat Transfer.Between Concentric Cylinders 

In order to demonstrate that the results of the 
. .. ,. . numerical analysis are compatible with existing experimental 

results, an initiai series of calculations was peffomed for horizon-' 
. . 

tall concentric, circular- cylinders with uniform temperatures. ' ., 

. . 
The temperatures of'the inner and outer cylinders were held 
constant at 583OK and 333"K, respectively. These values were 

selected to correspond to the average operating conditions 

expected for the existing Sandia Laboratories Solar Total 

I3nergy collector field. The radius of the inner cylinder 

was held constant at 1.27 cm and the outer radius allowed 

to vary from. 2.24 cm to 4.32 cm, producing radius ratios in 
the range 1.4to 3.4. Rayleigh number.s ranging. . from. . 

. .  . 

approximately 300 to 97,000 were thus obtained, with the 

Rayleigh number defined in the usual way as given by (4). 

. Following the accepted standard, results of the 

- .  ... . analysis are presented in Figure 12 as a plot of the heat 
loss ratio versus the Rayleigh number , where the heat loss 
ratio is defined to be the ratio of the energy loss per unit 

length due to natural convection to' that due to thermal , ' . 
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conduct ion  a c t i n g  a l o n e .  I n  F i g u r e  12 ,  t h e  c ros s -ha t ched  area 

i n d i c a t e s  t h e  r e g i o n  occupied  b y - t h e  expe r imen ta l  d a t a  a s  

compiled by Kuehn and  olds stein [ 5 ] .  Typ ica l  s t r e a m l i n e s  

and i so the rms  as computed f o r  a Rayle igh  number of  app rox ima te ly  

12,000 a r e  shown i n  F i g u r e  13. 

It i s  e v i d e n t  t h a t ,  i n  g e n e r a l ,  t h e r e  i s  r a t h e r  good 

agreement between t h e  computed and e x p e r i m e n t a l l y  de te rmined  

v a l u e s  o f  n a t u r a l  convec t ion  h e a t  t r a n s f e r  r a t e s . *  A s  expec t ed ,  

t h e  h e a t  l o s s  i s  seen  t o  i n i t i a l l y  d e v i a t e  from t h a t  due t o  

the rma l  conduct ion a t  a Rayleigh number o f  approximate ly  1000. 

The numer ica l  method employed i s  a p p a r e n t l y  o f  s u f f i c i e n t  . . 

accuracy  t o  war ran t  i t s  a p p l i . c a t i o n  t o  t h e  s t u d y  0 . f - . t h e  non- idea l  

s i t u a t i o n s  d e s c r i b e d  p r e v i o u s l y  which have n o t ,  as  y e t ,  been 

extensively,investigated. 

C. ~onun i fo ' rm  Temperature ~ i k t r i b u t i o n  
. . .. . 

. . . .  . . . . . .  
' . . .. . . .L .  

... . Two s i t u a t i o n s  invol'v'ing nonuniform t empera tu re  d i s t r i -  
' b u t i o n s  on c o n c e n t r i c ,  ' c i r c u l a r  c y l i n d e r s  w e r e  s e l e c t e d  f o r  

s tudy .  I n  bo th  c a s e s  t h e  t empera tu re  o f  t h e  o u t e r  c y l i n d e r  

w a s  h e l d  c o n s t a n t  a t  333OK and t h e  t empera tu re  o f  t h e  i n n e r  
. . 

c y l i n d e r  a l lowed t o  va ry  acco rd ing  t o  

where Tm i s  t h e  mean t empera tu re  (533OK), T' t h e  p e r t u r b a t i o n  

t o  t h e  mean, and O i s  t h e  a n g l e  measured from t h e  bottom o f  t h e  

c y l i n d e r .  A p e r t u r b a t i o n  o f  13g°K w a s  used i n  a l l  c a l c u a t i o n s ,  

- ' 

y i e l d i n g  a t o t a l  v a r i a t i o n  o f  278OK around t h e  i n n e r  cy l ' i nde r .  

The two c a s e s  s t u d i e d  a r e  d i s t i n g u i s h e d  by t h e  c h o i c e  o f  s i g n  i n  

Equat ion ( 5 ) ;  t h e  p o s i t i v e  s i g n  co r r e spond ing  t o  t h e  o c c u r r e i ~ c e  of 
g r e a t e s t  t empera ture  on  t h e  lower s u r f a c e  of t h e  i n n e r  c y l i n d e r  

". and v i c e  v e r s a .  A v a r i a t i o n  o f  278OI< is f a r  i n  e x c e s s  o,f 

t h a t  encounte red  i n  conven t iona l  r e c e i v e r  t u b e s  b u t ,  a s  w i l l  

subsequent ly  be  shown, even t h i s  amount o f  nonuni formi ty  h a s .  - 



o n l y  a sma l l  e f f e c t  on t h e  n a t u r a l  convec t ion  p r o c e s s .  I n  a l l  

c a l c u l a t i o n s ' ,  t h e  r a d i u s  o f  t h e  i-nner c y l i n d e r  w a s  h e l d  c o n s t a n t  

a t  1 .27 c m  and t h e  r a d i u s  o f  t h e  o u t e r  c y l i n d e r  v a r i e d  i n  

o r d e r  t o  va ry  t h e  -Rayle igh  number. . I t  s h o u l d  be  no ted  t h a t  

t h e  average  t empera tu re  upon which t h e  Rayle igh  number i s  based 

h a s  t h e  same v a l u e  (458OK) a s .  t h a t  a s s o c i a t e d  wi th  t h e  uniform 

t empera tu re  c a s e .  

When t h e  h i g h e s t  t empera tu re  o c c u r r e d  on t h e  lower  s u r f a c e  

of t h e  i n n e r  c y l i n d e r ,  t h e  c a l c u l a t e d  r e s u l t s  w e r e  v i r t u a l l y  

i n d i s t i n g u i s h a b l e  from t h o s e  o b t a i n e d  w i t h  uniform w a l l  temper- 

a t u r e s  a s  p l o t t e d  i n  F i g u r e  12. Consequent ly ,  t h e  r e s u l t s  

f o r  t h i s  nonuniform case are n o t  p l o t t e d .  I t  shou ld ,  however, 

be  no ted  t h a t  t h e  h i g h e r  t empera tu re  on t h e  lower s u r f a c e  pro-  

duced f low p a t t e r n s  which, i n  some i n s t a n c e s ,  d i f f e r e d  s i g n i -  

f i c a n t l y  from t h a t  i l l u s . t r a t e d  i n  F i g u r e  13. For  Rayle igh  

. . numbers o f  approximate ly  1 2 , 0 0 0 ' a n d . g r e a t e r ,  a two ce l l  f l ow 
. . \. 

' - p a t t e r n  w i t h  one ce l l  above t h e  o t h e r  and each  spanning  t h e  

e n t i r e  gap between c y l i n d e r s ,  w a s  o b t a i n e d .  The a l t e r e d  f low 
. . 

p a t t e r n ,  however, produced no a p p r e c i a b l e  change i n  t h e  

o v e r a l l  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  

.When t h e  h i g h e r  t empera tu re  o c c u r r e d  on t h e  upper  s u r f a c e  

o f  t h e  i n n e r  c y l i n d e r ,  t h e  n a t u r a l  convec t ion  h e a t  t r a n s f e r  

rate was enchanced o v e r  t h a t  o b t a i n e d  w i t h  uniform t e m p e r a t u r e s ,  

as shown i n  F i g u r e  12 .  The l i n e  p l o t t e d  i n  F i g u r e  12 i s  t e n t a t i v e  
s i n c e  o n l y  t h r e e  p o i n t s  have been de te rmined .  Depar ture  from 

t h e  the rma l  conduc t ion  curve  a g a i n  o c c u r s  a t  a Rayle igh  number 

o f  approximate ly  1000. C a l c u l a t e d  s t r e a m l i n e s  and i s o t h e r m s  f o r  

a Rayleigh number of  approximate ly  12,000 are p r e s e n t e d  i n  

F igu re  1 4 .  
. . 

From t h e  r e s u l t s  d e s c r i b e d  i n  t h i s  s e c t i o n ,  it i s  e v i d e n t  . .. . 

t h a t  h i g h l y  nonuniform t empera tu re  d i s t r i b u t i o n s  a r e  r e q u i r e d  

i n  o r d e r  t o  a p p r e c i a b l y  affect. t h e  n a t u r a l  convcc t ion  process 

between c o n c e n t r i c  c y l i n d e r s .  S i n c e  t h e  nonuni formi ty  of 
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Figure 13. streamlines and 1sothens for ~atural convection 
Between Concentric, Circular Cylinders - Uniform 
Temperature ( T  . =  583OK, T = 333OK. NRa = 12,142) 
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Figure 14. Streamlines and Isotherms for.Natura1 Convection 
Between Concentric, Circular Cylinders - Nonuniform 
Temperature (444OK < Ti < 7 2 2 0 ~ ;  To = 3 3 3 O K ,  

N ~ a  = 12,142) 



t empera tu re  i n  t y p i c a l  r e c e i v e r  geomet r i e s  i s  s u b s t a n t i a l l y  

- less than  t h a t  used i n  t h e  c u r r e n t  s t u d y ,  it i s  a n t i c i p a t e d  t h a t  

t h e  e f f e c t s  o f  nonuniform t empera tu re  can  be n e g l e c t e d  i n  

most i n s t a n c e s .  

D. E c c e n t r i c  C y l i n d e r s  'Ji 

-'The geometry chosen f o r  t h e  s t u d y  o f  e c c e n t r i c  

c y l i n d e r s  c o n s i s t e d . o f  i n n e r  and o u t e r  c y l i n d e r s  o f  r a d i i  

1 .27 '  c m  and 2.79 c m ,  w i t h  t h e  i n n e r  c y l i n d e r  dispTaced downward 

a d i s t a n c e  e q u a l ' t o  one-half  t h e  gap wid th  y i e l d i n g  a n  . . . .  . 

: e c c e n t r i c i t y  o f  0.76 c m .  Each c y l i n d e r  was h e l d  a t  a.-uniform 

- t empera tu re .  Although o t h e r  geomet r i e s  c o u l d  be ana lyzed  

.:without d i f f i c u l t y ,  t h e  s e l e c t i o n  o f  t h e  case chosen f o r  s t u d y  

. w a s  i n f l u e n c e d  by c e r t a i n  p r a c t i c a l  c o n s i d e r a t i o n s .  F i r s t ,  , 
. . 

..a downward d i sp lacement  o f  t h e  i n n e r  c y l i n d e r  enhances  t h e  . .. 
. . 

;convect ion p r o c e s s  more than  an  upward d i sp l acemen t .  Secondly,  

'h' . .an e c c e n t r i c i t y  of  one-half  t h e  gap wid th  i s  g r e a t e r  t h a n  t h a t  . . 
. . . . 

. . 

. - .encountered i n  p r a c t i c a l  r e c e i v e r  d e s i g n s  .' F i n a l l y ,  it w a s  .. . - '. 

:.convenient t o  m a i n t a i n  symmetry abou t  a v e r t i c a l  p l a n e  i n  - . ,  
. .. 

.:.order t o  s i m p l i f y  t h e  numer ica l  computa t ions ;  
, . 

. . 

F o r  p rope r  i n t e r p r e t a t i o n  o f  subsequent  r e s u l t s ,  it should  

be r e c a l l e d  t h a t  t h e  h e a t  l o s s  by t h e r m a l  conduc t ion  between 
. . . . . e c c e n t r i c ,  c i r c u l a r  c y l i n d e r s  w i t h  uniform w a l l  t e m p e r a t u r e s  

i s  g iven  by 

where 

'.'... .. .. 

and a l l  o t h e r  t e r m s  a r e  d e f i n e d  i n  Table  1. Upon comparison of  

( 6 )  w i th  t h e  expressj:on f o r  t he rma l  conduc t ion  between con- 

- c e n t r i c  c y l i n d e r s ,  it can be concluded t h a t  t h e  e f f e c t i v e  



gap width  f o r  e c c e n t r i c ,  c i r c u l a r  c y l i n d e r s  i s  

Th i s  e f f e c t i v e  gap wid th  i s  used as t h e  l e n g t h  pa rame te r  i n  

t h e  d e f i n i t i o n  o f  t h e  Rayleigh number f o r  e c c e n t r i c  c y l i n d e r s .  

For  t h e  c a s e  under c o n s i d e r a t i o n ,  t h e  e f f e c t i v e  gap wid th  
. .... 

i s  1.25 c m  as compared w i t h  1.52 c m  f o r  a c o n c e n t r i c  arrangement .  .. - .. 

Thus, one e f f e c t  of  e c c e n t r i c i t y  i s  t o  r educe  t h e  magnitude o f  , 
I. 

. . 
t h e  Rayleigh number. 

The r e s u l t s  o b t a i n e d  f o r  two d i f f e r e n t  ~ a y l e i g h  numbers , . . . .:.; 
are p l o t t e d  i n  F i g u r e  12.  Fo r  t h e  l o w e s t  Rayle igh  number, t h e  . :I 

. .. .. !. 
' t empera tu re s  o f  t h e  c y l i n d e r s  were h e l d  c o n s t a n t  a t  t h e  

. . . , . L 
v a l u e s  p r e v i o u s l y  used i n  t h e  a n a l y s i s  o f  c o n c e n t r i c  c y l i n d e r s  . ' 

d i s c u s s e d  i n  P a r t  B o f  t h i s  s e c t i o n  (583OK, 333OK). S t reaml- ines  .. . 

and i so the rms  f o r  t h i s  c a s e  are p r e s e n t e d  i n  F i g u r e  '15. The 

e f f e c t  of  t h e  reduced gap s i z e  i s  t o  r educe  t h e  Rayle igh  number 

from 12,142 t o  6,694'. I n  t h e  o t h e r  i n s t a n c e ,  t h e  t empera tu re  

o f  t h e  i n n e r  c y l i n d e r  w a s  i n c r e a s e d  and t h e  t empera tu re  of t h e  

o u t e r '  c y l i n d e r  dec reased ,  by e q u a l  amounts, i n  o r d e r  t o  . . 

main ta in  t h e  average  t empera tu re  c o n s t a n t  a t  458OK, and . . : . . 

Rayleigh number c o n s t a n t  a t  12,142.  The former  case i s  r e p r e -  . . ,  

s e n t a t i v e  o f  t h e  e f f e c t  o f  e c c e n t r i c i t y  w i t h  c o n s t a n t  c y l i n d e r  

w a l l  t empera ture  wh i l e  t h e  l a t t e r  c a s e  i s  r e p r e s e n t a t i v e  of t h e  

e f f e c t  of  e c c e n t r i c i t y  a t  c o n s t a n t  Rayle igh  number. The case . -  . 
o f  c o n s t a n t  w a l l  t empera tu re  i s ,  .of c o u r s e ,  more r e p r e s e n t a t i v e  

' of s i t u a t i o n s  l i k e l y t o  be  encoun te red  i n  p r a c t i c a l  s o l a r  . . 

r e c e i v e r  des igns .  
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Figure 1'5. Streamlines and Isotherms for Natural Convection 
Between Eccentric, Circular Cylinders - Uniform 
Temperature (T = 583OK, To = 333OK, NRa = 6,694) i . 



I t  shou ld  be no ted  t h a t  t h e  o r d i n a t e  i n  F i g u r e  1 2  i s  t h e  

r a t i o n  of  h e a t  t r a n s f e r r e d  by n a t u r a l  convec t ion  t o  t h a t  t r a n s f e r r e d  

by the rma l  conduc t ion  f o r  c o n c e n t r i c  c y l i n d e r s .  IIence, t h e  

conduc t ion  l i m i t  f o r  t h e  e c c e n t r i c  c a s e - s t u d i e d  i s  n o t  u n i t y  

b u t  r a t h e r  has a v a l u e  of 1 .15 due t o  t h k  d e c r e a s e  i n  e f f e c t i v e  

gap width-. The dashed l i n e  i n  F i g u r e  12 is ,  o f  c o u r s e ,  o n l y  a  

t e n t a t i v e  e s t i m a t e  o f  t h e  g e n e r a l  t r e n d .  
d 

The  s i n g l e . m o s t  i m p o r t a n t  o b s e r v a t i o n  t o  be made from t h i s  

a n a l y s i s  i s  t h a t ,  f o r  c o n s t a n t  c y l i n d e r  w a l l  t empera tu- res t  a 

r a t h e r  l a r g e  i n c r e a s e  i n  e c c e n t r i c i t y  c a u s e s  o n l y  a s l i g h t  

i n c r e a s e  i n  n a t u r a l  convec t ion  h e a t  t r a n s f e r .  Although an  

e c c e n t r i c  arrangement  r e s u l t s  i n  an  increase i n  . . h e a t  t r a n s f e r  

by the rma l  conduc t ion ,  t h e  reduced  gap  s i z e  c a u s e s  a r e d u c t i o n  

i n  t h e  Rayleigh number which t e n d s  t o  s u p p r e s s  n a t u r a l  con- 
. . 

v e c t i o n .  Hence, t h e  s l i g h t  i n c r e a s e  i n  h e a t  t r a n s f e r  i s  n o t  . .: ---. . 
" .un reasonab le .  The t e n t a t i v e  t r e n d  i n d i c a t e d  i n  F i g u r e  12  

s t i l l  p r e d i c t s  d e p a r t u r e  from c o n d u c t i o n - l i k e  behav io r  a t  a 

Rayleigh number o f  approximate ly  1000. 



IV. ' 'Summa'ry 

It i s  w e l l  known t h a t  n a t u r a l  convec t ion  e f f e c t s  have a  

n e g l i g i b l e  i n f l u e n c e  on h e a t  t r a n s f e r  i n  a uniformly h e a t e d  

annulus  when t h e  Hayleigh number, ba sed  on gap s i z e ,  i s  less 

than  approximately  1000. However, below t h i s  v a l u e ,  t he rma l  

conduct ion c o n t i n u e s  t o  be  a n  i m p o r t a n t  mode o f  h e a t  t r a n s f e r .  

The magnitude o f  t h i s  e f f e c t  can be  reduced  i f  t h e  p r e s s u r e  i n  

t h e  .annulus  i s  s u f f i c i e n t l y  reduced.  T h e o r e t i c a b  c a l c u l a t i o n s  

showing t h e  e f f e c t s  o f  a reduced  annu lus  p r e s s u r e  w e r e  performe'd 

f o r  a t y p i c a l  c y l i n d r i c a l  s o l a r  c o l l e c t o r  and compared w i t h  

. . measurements made .on an e l e c t r i c a l l y  h e a t e d  t e s t  s e c t i o n .  The 

r e s u l t s  demonstra te  t h a t  it i s  p o s s i b l e  t o  c a l c u l a t e ,  w i t h  
. . 

r ea sonab le  accuracy ,  t h e  h e a t  l o s s  and a s s o c i a t e d  t e m p e r a t u r e s  

o f  t h e  r e . ce ive r  t u b e  and g l a s s  enve lope  as a f u n c t i o n  o f  t h e  
. . 

p r e s s u r e  i n  t h e  annulus .  

If it i s  n o t  p o s s i b l e  t o  m a i n t a i n - t h e  p r e s s u r e  i n  t h e  ... . 
'._ 

. . 
annulus  low enough t o  e f f e c t i v e l y  r educe  conducti.on l o s s e s ,  

t h e n  t h e  energy  l o s s ,  f o r  a un i formly  h e a t e d  a n n u l u s ,  can  be  

minimized by s i z i n g  t h e  annu lus  s o ' a s  t o  m a i n t a i n  a Rayle igh  

,number  n e a r  1000 o v e r  t h e  expec t ed  r ange  .of o p e r a t i n g  c o n d i t i o n s .  

I n  o r d e r  t o  assess t h e  r e l a t i v e  impor tance  of  nonuniform t e m p e r a t u r e .  

d i s t r i b u t i o n  and e c c e n t r i c i t y ,  a numer i ca l  s t u d y ,  u s i n g  a s t a t e  

of  t h e  a r t  f i n i t e  e lement  computer code,  w a s  ...p erformed f o r  t h e  

n a t u r a l  convec t ion  p r o c e s s  i n  an annulus .  F o r  'uniform .. . t e m p e r a t u r e ,  

t h e  numer ica l  s t u d y  'produced f low p a t t e r n s  and .  a s s o c i a t e d  h e a t  

t r a n s f e r  rates i n  good agreement w i t h  p u b l i s h e d  e x p e r i m e n t a l  

r e s u l t s .  The numer ica l  r e s u l t s  a l s o  demons t ra ted  t h a t  h igh ly -  

nonuniform t empera tu re  d i s t r i b u t i o n s  or l a r g e  e c c e n t r i c i t i e s  

are r e q u i r e d  i n  o r d e r  t o  a p p r e c i a b l y  i n f u e n c e  t h e  n a t u r a l  convec t ion  

. .. proces s .  - 

An i n t e r e s t i n g  o b s e r v a t i o n  made d u r i n g  t h e  c o u r s e  o f  t h e  

s t u d y  was t h a t  a r e d u c t i o n  i n  energy  l o s s  by the rma l  conduc t ion  

o f  from 10 t o  20% can be e f f e c t e d  by m a i n t a i n i n g  a modera te ly  low 



pressure of, say, 50 mrn Hg in the annulus . . and adjusting the 

gap size to correspond to the maximum allowable Rayleigh 

number. This pressure is approximately two orders of 

magnitude greaterthan the pressure required to cause a signi- 

ficant reduction in the thermal conductivity of the air in the 

annuluk. Similar reductions in energy loss by thermal conduction 

were shown to be feasible through the use of gases other than air 

in the annulus. 



TABLE 1. SYMBOLS 
3 

b - Parameter in Eqa. (2) 

g - ~cceleration of gravity 
K .- Thermal conductivity 

'er - Effective thermal conductivity 
L - Length of receiver tube 
R .- Gap size 

NRa - Rayleigh number 
I? - Pressure 
Q - '  Heat loss 

.r - Outer radius of receiver tube i 

r - Inner radius of glass 'envelope 
0 

T - Temperature 
. . 

.2T 1 - Temperature perturbation 
.-Tm -- Mean Temperature 

. . 
. . . . 

AT - Temperature diffrrsncc between cy1.inders 
.Greek 

a - Thermal diffusivity ' 
' f3 - Coefficient of voluiarLric thermal expansion 

, . 

6 - Molecular diameter 
E - Eccentricity 

- Thermal emissivity 'ir 

0 - Angular position .., 

X - Mean free path 
. - Dynamic viscosity 

p - Density 



R e f e r e n c e s  

1. S. Dushman, S c i e n t i f i c  F o u n d a t i o n s  o f  Vacuum T e c h n i q u e ,  
J. M .  L a f f e r t y ,  e d . ,  N e w  York, J o h n  Wiley and S o n s ,  
I n c . ,  ( 1 3 6 2 ) .  

2.  Handbook o f  Vacuum P h y s i c s ,  Volume.1:  Gases  a n d  Vacua,  
A.  H. Beck, e d . ,  London, Pergamon P r e s s ,  ( 1 9 6 6 ) .  

3.  D. Holkeboer ,  D.  J o n e s ,  F.  Pagano,  a n d  D. S a n t e l e r ,  .- 
Vacuum E n g i n e e r i n g ,  Cambridge,  Boston T e c h n i c a l  P u b l i s h e r s ,  
~ n c .  ( 1 9 6 7 ) .  

4 .  H. R r a u s s o l d ,  " ~ S r m e a b g a b e  von Z y l i n d r i s c h e n  F l i i s s i g k e i t s s c h i c t e n  
b e i  n a t c r l i c h e r  Konvek t ion , "  F o r s c h  H f t .  V e r .  D t .  I n g . ,  
5 ( 4 ) ,  186-191 ( 1 9 3 4 ) .  

5. T. H. Keuhn and R. J .  G o l d s t e i n ,  " C o r r e l a t i n g  E q u a t i o n s  f o r  
N a t u r a l  Convec t ion  H e a t  T r a n s f e r  Between H o r i z o n t a l  C i r c u l a r  
C y l i n d e r s , "  I n t .  J. H e a t  Mass T r a n s f e r ,  1 9 ,  1127-1134 ( 1 9 7 6 ) .  

6. 0. C. Z i e n k i e w i c z ,  The F i n i t e  E lement  Method i n  E n g i n e e r i n g  
S c i e n c e ,  McGraw-Hill (19'72) . . . 

.. . 
7. D. K. G a r t l i n g ,  " c o n v e c t i v e '  Hea t  T r a n s f e r  by t h e  F i n i t e  . ... 

.. . 
Element  Method," Comp. Meth. Appl .  Mech. Eng.,  ( t o  a p p e a r  . , 

1 9 7 7 ) .  




