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PREDICTED HEAT-TRANSFER PERFORMANCE OF AN EVACUATED GLASS- 
JACKETED CPC RECEIVER: COUNTERCURRENT FLOW DESIGN ' 

by 

George Thodos 

ABSTRACT 

I The h e a t - t r a n s f e r  performance of  an  evacuated g lass - jacke ted  
CPC-receiver f a c i l i t y ,  f r e e  on one end and f i x e d  onto  t h e  g l a s s  

, .  j a cke t  a t  t l le  o t h e r ,  has  been c a r r i e d .  ou t  u s ing  h e a t - t r a n s f e r  
r e l a t i o n s h i p s  and t h e  b e s t  in format ion  a v a i l a b l e  i n  t h e  l i t e r a -  

: t u r e .  - S p e c i f i c a l l y ,  t h e  c o l l e c t o r  examined. w a s  a 3x-CPC f a c i l i t y ,  
8 f t  (2.44 m) long,  w i th  an  e n t r q c e  a p e r t u r e  4.5 i n .  (11.43 cm) 
wide covered wi th  a s i n g l e  g l a s s  cover ,  and provided w i t h  an  alumi- 
num r e f l e c t i n g  s u r f a c e  (p = 0.88). To maximize h e a t  r e t e n t i o n ,  a 
s e l e c t i v e l y  t r e a t e d  r e c e i v e r  s u r f a c e ,  E = 0.11, was used. The 

. o p t i c a l  e f f i c i e n c y  of t h i s  CPC c o l l e c t o r  f a c i l i t y  was c a l c u l a t e d  
t o  b e  q, = 0.536. 

The h e a t  reaching  t h e  s u r f a c e  of t h i s  r e c e i v e r  was t r a n s f e r r e d  
t o  l i q u i d  Dowtherm A f lowing through t h i s  f a c i l i t y .  The corifigura- . 

t i o n  w i t h i n  t h i s  r e c e i v e r  was of a r e v e r s e  c o n c e n t r i c  f low des ign ,  
w i th  l i q u i d  Dowtherm A e n t e r i n g  t h e  annu la r  space  and l e a v i n g  
through t h e  tube  l o c a t e d  concen t r . i ca l ly  t o  i t .  This  coun te rcu r ren t  
arrangement neces s i t a t ed .  t h e  development of  s p e c i f i c  mathematical 
express ions  f o r  t h e  temperature 'of t h e  f l u i d  w i t h i n  t h e  annu la r  
space and through t h e  i n s i d e  of t h e  concen t r i c  tube. . 

A number of performance curves  a r e  presented  t h a t  r e l a t e  t h e  
o v e r a l l  e f f i c i e n c y  of t h e  c o l l e c t o r  w i t h  t h e  temperature of t h e  f l u i d  
e n t e r i n g  and l eav ing  t h i s  c o n c e n t r i c  r e c e i v e r  f a c i l i t y ,  u s ing  an 
i n c i d e n t  i n s o l a t i o n  t o  t h e  CPC c o l l e c t u r  of 200 B t u / l ~ r  f t 2  
(630 watts/m2) and an  ambient a i r  temperature of 100°F (37.8OC). 
In  a d d i t i o n ,  r e l a t e d  performance curves  a r e  p re sen ted  f o r  t h e  average  
temperature of t h e  g l a s s  j a c k e t  and r e c e i v e r  s u r f a c e ,  and t h e  h ighes t  
temperature of t h e  f l u i d  p r e v a i l i n g  a t  t h e  en t r ance  of t h e  i n n e r  
tube. 

I. INTRODUCTION 

* 
I n  t h e  convent ibna l  o p e r a t i o n  of 'CPC ' c o l l e c t o r s  , a t t empt s  t o  minimize 

hea t  l o s s e s  a r e  o r d i n a r i l y  made wi th  t h e  i n t r o d u c t i o n  of t r a n s p a r e n t  cpver 
p l a t e s  a t  t h e  en t r ance  a p e r t u r e  and t h e  i n t r o d u c t i o n  of e f f e c t i v e  i n s u l a t i o n  
behind t h e  r e c e i v e r s  of t h e s e  c o l l e c t o r s .  These approaches,  a l though e f f e c -  
t i v e  i n  r e a l i z i n g  a modest r educ t ion  i n  h e a t  l o s s e s  f o r  c o l l e c t o r s  o p e r a t i n g  

- - - ~  - ~-~ 

*CPC is  t h e  acronym f o r  Compound P a r a b o l i c  concen t r a to r .  



a t  moderate tempera tures ,  do no t  lend themselves t o  minimizing h e a t  l o s s e s  
f o r  c o l l e c t o r s  o p e r a t i n g  s i g n i f i c a n t l y  above ambient temperature cond i t i ons .  

To overcome t h i s  l i ~ i i i t a t i u n ,  i t  has  been suggested t h a t  t h e  r e c e i v e r  
be surrounded by a g l a s s  j a c k e t  and t h a t  t h e  space  w i t h i n  t h e  j acke t  be 
evacuated.  Th i s  arrangement should prove e f f e c t i v e  i n  minimizing h e a t  
l o s s e s  from t h e  r e c e i v e r  due t o  conduct ion,  convect ion,  and r a d i a t i o n .  More 
s p e c i f i c a l l y ,  t h e  r e sence  of a high vacuum w i t h i n  t h e  j acke t  containment 
(about  t o  t o r r )  should e l i m i n a t e  completely any l o s s e s  from t h e  
r e c e i v e r  due t o  convect ion and a t  t h e  same t ime should prove e f f e c t i v e  
towards minimizing t h e  o v e r a l l  l o s s e s  due t o  conduct ion,  convect ion,  and 
r a d i a t i o n .  

The confinement of t h e  r e c e i v e r  i n  a g l a s s  tlibe, wi th  t h e  ends of t h e  
r e c e i v e r  permanently f i x e d  t o  t h e  g l a s s  j a c k e t ,  i n t roduces  t h e  problem of 
c r e a t i n g  s t r e s s  and s t r a i n  on t h e  glass d l j r i n g  t h e  o p e r a t i o n a l  phase of 
t h e  c o l l e c t o r .  One of t h e  suggested schemes f o r  avoiding t h i s  problem involves  
t h e  use  of a f loa t ing-head  coun te rcu r ren t ly  ope ra t ing  heat-exchanger f a c i l i t y .  
A c r o s s - s e c t i o n a l  view of such a r e c e i v e r  i s  presented  i n  Fig. 1. The 
r e c e i v e r  c o n s i s t s  of two concen t r i c  tubes ,  w i t h  t h e  o u t e r  s u r f a c e  of the 
o u t e r  tube  provided w i t h  e x t e r n a l  v e r t i c a l  f i n s .  The f l u i d  in t roduced  
i n t o  t h e  r e c e i v e r  i s  made t o  f low through t h e  annular  space  and r e v e r s e s  
d i r e c t i o n  a t  t h e  end of t h e  r e c e i v e r  t o  flow through t h e  inne r  tube  be fo re  
l e a v i n g  t h e  heat-exchange f a c i l i t y .  

The r e c e i v e r  assembly w i t h i n  t h e  evacuated g l a s s  j a c k e t  and i t s  r e l a -  
t i v e  p o s i t i o n  with, in  t h e  r e f l e c t o r  of a t y p i c a l  CPC c o l l e c t o r  is. diagramma- 
t i c a l l y  presented  i n  Fig. 2.  For optimum r a d i a n t  energy i n t e r c e p t i o n ,  t h i s  

F ig ,  2. 

ref lector 
components 

glass jacket 
\ - 

he---- -. 
,/evacuateti'\,. 
t space \, 

Crosg-sec t iona l  view of CFC 

Fig. I. Cross-sec t iona l  View of 
Concentr ic  Heat Exchange 
F a c i l i t y .  

extended 
surface 

Col l ec to r  and Receiver  Sur- 
rounded by Evacuated Glass 

. Jacke t .  



arrangement p l aces  t h e  r e c e i v e r  on t h e  lower h a l f  of t h e  c ros s - sec t iona l  
a r e a  of t h e  g lass - jacke ted  space a s  shown i n  t h i s  f i g u r e .  

A l o n g i t u d i n a l  view of t h e  r e c e i v e r  assembly is  presented  i n  Fig.  3.  
This  arrangement permi ts  t h e  s t eady  p e n e t r a t i o n  of s o l a r  energy through t h e  
g l a s s  j acke t  onto t h e  combined t u b u l a r - f i n . r e c e i v e r  and i t s  t r a n s p o r t  i n  
t h e  form of hea t  through t h e  r e c e i v e r  w a l l  and i n t o  t h e  f l u i d  f lowing through 
t h e . a n n u l a r  space of t,he concen t r i c  h e a t  exchanger. A s  t h e  f l u i d  i n  t h e  annu- 
l a r  space moves t o  one end of t h e  r e c e i v e r ,  i t  is  s t e a d i l y  hea ted ,  reaches  
a  maximum temperature,  and then  r e v e r s e s  d i r e c t i o n  t o  e n t e r  t h e  i n n e r  tube. 
With t h i s  r e v e r s a l ,  t h e  hea ted  f l u i d  begins  t o  l o s e  h e a t  through t h e  w a l l s  
of t h e  inne r  tube  t o  t,he c o o l e r  f l u i d  f lowing t h r o u g h . t h e  annu la r  space. 
This  h e a t  exchange i s  cont inued u n t i l  t h e  f l u i d  w i t h i n  t h e  inne r  tube  reaches  
t h e  end of t h e  tube ,  where i t  is  d ischarged  from t h e  u n i t .  Th i s  thermal  
s h o r t - c i r c u i t i n g ,  a l though undes i r ab le ,  becomes a n . i n t e g r a 1  p a r t  f o r  t h e  
thermal  a n a l y s i s  of t h i s  heat-exchange f a c i l i t y .  Therefore,  i t s  cont r ibu-  
t i o n  must be accounted f o r  and must be t r e a t e d  q11an. t i ta t ively i n  o r d e r  t o  
e s t a b l i s h  t h e  necessary  parameters  f o r  proper  assessment of t h e  o v e r a l l  
h e a t - t r a n s f e r  c a p a b i l i t y  of such a  CPC-receiver f a c i l i t y .  

fluid in ,Metallic Flange 

fluid out - 

 loss-~etol Seal 

fluid in 

Fig. 3. Longi tudina l  View of Countercurrent  Heat-exchange F a c i l i t y  f o r  a  
CPC Receiver  Surrounded by an Evacuated Glass  J acke t .  

11. DEVELOPMENT OF TEWEKATUKE PROFILES FOR COUNTERCURRENT RECEIVER 

The r a d i a n t  energy t r ansmi t t ed  through t h e  g l a s s  j a c k e t  is  absorbed by 
t h e  r e c e i v e r  s u r f a c e  and is  then  t r a n s f e r r e d  t l~ rvugh  t h e  r e c e i v e r  w a l l s  t o  
t h e  f l u i d  flowing through t h e  annular  space.  The consequent thermal  shn r t -  
c i r c u i t i n g  ensuing from t h e  hot  f l u i d  f lowing through t h e  i n s i d e  concen t r i c  
tube  g ives  r i s e  t o  temperature p r o f i l e s  c o n s i s t e n t  w i th  those  presented  i n  
F ig .  4. A mathematical t rea tment  of t h e  s a l i e n t  v a r i a b l e s  i s  herewi th  
presented  f o r  t h e  es tab l i shment  of t h e  temperature p r o f i l e s  p r e v a i l i n g  i n  
t h e  a ~ i ~ ~ u l a r  space  and a l s o  w i t h i n  t h e  tube.  The temperature of t h e  f l u i d  
w i t h i n  t h e  tube  is des igna ted  a s  T, whi le  t h a t  i n  t h e  annular  space  is  r e -  
f e r r e d  t o  a s  t .  A t  t h e  end of t h e  r e c e i v e r ,  x  = L, both temperatures  become 
i d e n t i c a l ,  and t h e r e f o r e ,  TL - - tL. However, a t  any o t h e r  p o i n t  between 
x =  O a n d x =  L,  T > t.  ' 



Schematic Represen- 
t a t i o n  of Tempera- 
t u r e  P r o f i l e s  of 
Flu id  Flowing 
Countercurrently 
i n  a  CPC Receiver. 

With these  des ignat ions ,  and a l s o  t h a t  a t  x = 0, t = tl, and T = TI,, 
t h e  hea t  exchange over an element of d i f f e r e n t i a l  length ,  dx, follows. Consi- 
der ing  t h e  q u a n t i t i e s  of hea t  involved over a  time.element do, the  following 
can be formulated: 

dQ1 = r ad ian t  heat  absorbed by exter- 
n a l  su r face  of r ece ive r  over 

Tube 

Annulus 

. . 

Fig. 5. - Basic Heat Quan t i t i e s  and 

. d i s t a n c e d x .  
. . 

dQ2 = , t h e r m a l  shor t - c i r cu i t ing  due 
t o  h e a t  f1nw:arrnss wall: of 
inne r  tube over d i s t ance  dx; 

dQ3 = s e n s i b l e  heat  gain by f l u i d  
through annular  space,  flowing 
over d i s t ance  dx. 

A hcot balance requirement on e l ~ r n e n t  
of length  dx requ i res  t h a t  

Temperatures ~ s s ' o c i a t e d  with 
Length dx.of  Countercurrent 
CPC-receiver F a c i l i t y .  

Since t h e  amount bf hea t  ab- 
sorbed by t h e  e q t e r n a l  su r face  of the  

r ece ive r  can be assumed t o  vary l i n e a r l y  wi th  d i s t ance ,  it. follows t h a t  



The thermal s h o r t - c i r c u i t i n g  a c r o s s  t h e  w a l l  of t h e  inne r  tube  becomes 

On t h e  o t h e r  hand, t h e  s e n s i b l e  h e a t  ga in ,  over  d i s t a n c e  dx by t h e  f l u i d  
flowing through t h e  annu la r  space is 

S u b s t i t u t i n g  Equat ions ( 2 ) , . ( 3 ) ,  and ( 4 )  i n t o  Equation (1)  r e s u l t s  i n  
t h e  d i f f e r e n t i a l  equat ion  

An o v e r a l l  h e a t  ba lance  over  t h e  e n t i r e  r e c e i v e r  produces t h e  r e l a t i o n -  
s h i p  

However, t h e  h e a t  exchange Q beyond p o i n t  x r e q u i r e s  t h a t  
X 

* 1 . 1  !?, 1 R 
I n  Equation ( 3 ) ,  - = - + - 1 - +-- +- 1 

UdA hidAi kdAm h dA h . a .  dx kamdx + h a dx 
0 '0 1 1. . 0 0 

. .. . . 
R + -  1 1 + &] & where - = - +-+-  R '  1 

hiai ka, k2 hiai ka 11 a m 0 0 



from which it follows that 

'substituting EQuation (8) into Equation (5). It follows that 

or that (L - x) dx = mc dt 
P I 

~nte~ration of Equation (9a) between thg limits x = 0, t = t and point 1 
(x, t) produces t , the temperature distribution uf the fluid flowing through, 
the annular space as, . . 

. . 

The detailed steps associated with the development of Equation (10) are 
presented in the Appendix A, Section IA. 

A comparable treatment- for the establishment of T, the temperature 
distribution of the fluid flowing through the inner tube requires that 

* 
where 

I '  'dQ< k2(T - t)(-dxj 

and . dQ4 = mc (-dT) 
P '  

Thus, the heat requirement of Equation (11) yields 



mc' (-d~) = k2 (T - t) (-dk) 
P 

Substituting Equation (12) into Equation (5)'produces the relationship 

Integration of Equation (13) between the limits of x = 0, T = T t = t 
and point (x,.t, T) yields the expression, 1' . 1 ' 

Detailed steps associated with the development of Equation (14) are presented 
in ~ppendix A, Section IB. 

To eliminate t from Equation (14), this.relationship is combined.with 
~~uation' (10) to yiel.d,. 

The development of Equation '(15) from Equations (10) 'and (14) is also 
presented in Appendix A, Section IC. 

The involvemenl: ul: Equarfons (1U) and (14) becomes very basic 'to the heat- 
transfer calculations~associated with the performance of a floating-head 
recelver operating under countercurrent conditions. Their use requires that 
constants kl and k2 be known. Constant kl, can be fixed once the efficiency 
of the CPC receiver is designated while constant k2.can be assumed and'later 
can be Checked to establish its consistency with the heat-transfer require- 
ments opthe receiver facility. Whereas the proper choice for.constant k2. , , 

can be resolved internally within the specificatipns of. the problem, the 
selection of constant kl requires that the efficiency of the CPC receiver 



be  assumed p rope r ly  and checked a t  t h e  conclusion of t h e  . ca l cu la t ions .  

111. PROCEDURE OF CALCULATIONS 

A 3x-CPC c o l l e c t o r ,  of t h e  dimensions- presented  i n  Fig. 6 ,  has  been 
s e l e c t e d  f o r  s tudy .  This  CPC c o l l e c t o r  i s  s p e c i f i e d  wi th  an  e n t r a n c e  aper- 
t u r e  of 4.5 in .  (11.43 cm), a n . e x i t  a p e r t u r e  of 1 .5  i n .  (3 .81 cm) and a 
l e n g t h  of 8 f t  (2.44 m). The r e c e i v e r  of t h i s  c o l l e c t o r , i s  t o  be surrounded 
by an  evacuated '  g l a s s - j acke ted  containment and i s  t o  be maintdined unat tached 
on one end t o  accommodate f o r  expansion and c o n t r a c t i o n  wi thout  impar t ing  
stresses a n d s t r a i n s  t o  t h e  g l a s s  j a c k e t .  The o u t e r  tube  of t h i s  r e c e i v e r  has  
been a r b i t r a r i l y  s e l e c t e d  t o  be a 318-in. .(0.9525-cm) copper tube ,  wh i l e  t h e  

inne r  tube,  concen t r i c  t o  i t ,  has,  
bccn rsct t o  be a g l a s s  t u b ,  114 - in .  
(0.635 cm) i n  o u t e r  diameter .  

For t h i s  s tudy ,  Dowtherm A has  
been s e l e c t e d  a s  t h e  h e a t - t r a n s f e r  

' f l u i d .  This  f l u i d  is made t o '  f low 
. f i r s t  through t h e  annular  space  
between rhe cupper . p i p e  au13 the 
g l a s s  tube  and i s  then  made t o  r e v e r s e  
d i r e c t i o n  a t  t h e  end of ' t h e ' f a c i l i t y  
t o  e n t e r  t h e  inne r  concentr ic .  tube. .  . 

For t h i s  arrangement,  t h e  e f f i -  
c iency  of t h i s  c o l l e c t o r  w i l l  be  ca l -  
c u l a t e d  f o r  cond i t i ons  g iv ing  r i s e  
t o  vary ing  temperature d i f f e r e n c e s  

,between t h e  r e c e i v e r  s u r f  ace  ' and 
ambient air .  Throughout t h e s e  calcu-  
l a t i o n s ,  ambient a i r  temperature 
has been taken t o  be 100°F (37..8"C). 

A. Op t i ca l  E f f i c i ency  

The c a l c u l a t i o n  of t h e  o p t i c a l  
e f f i c i e n c y  of t h i s  3x-CPC c o l l e c t o ~  

Fig. 6 .  Schematic Diagram of  a.3x-CPC hao been based on t h e  r e l a t i o n s h i p  

Co l l ec to r  w i t h  an  Evacuated 
Glass- jacketed Receiver .  

n 2 

*Although a. g l a s s  tube  has  been s e l e c t e d  i.n t h i s  case f o r  minimizing t h e  
s h o r t - c i r c u i t i n g  thermal  l o s s e s ,  a t  t h e  conclus ion  of t h e s e  c a l c u l a t i o n s  
it has  been shown t h a t  t h i s  choice  is immaterial  and t h a t  t h e  s e l e c t i o n  of 
a copper tube d i d  no t  produce any s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  This  con- 
d i t i o n  ' p r eva i l s  from t h e  dominant n a t u r e  of t h e  f l u i d  f i l m s ' e x i s t i n g  i n s i d e  
and o u t s i d e  of t h e  tube.  



repor ted  by A r i  ~ a b l ' .  . The fo l lowing va lues  have been ass igned t o  t h i s  
p a r t i c u l a r  c o l l e c t o r  conf igura t ion:  

y = 0.92 ( f r a c t i o n  of t o t a l  i n s o l a t i o n  S accepted by CPC) 

' 

pR = 0.88 ( r e f l e c t i v i t y  of r e f l e c t o r :  vacu&deposited aluminum 
on p l a s t i c )  

T . = e f f e c t i v e  s o l a r  t r a n s m i s s i v i t y  of system, T .T 
c g  

T = 0.90 ( s b l a r  t r a n s m i s s i v i t y  of a s i n g l e  cover)  r. 

T = 0.85 ( s o l a r  t r a n s m i s s i v i t y  of g l a s s  j a c k e t )  
g  

, - 
a = 0.90 ( so la r . abso rp t iv i . t y  of r e c e i v e r  su r face )  

S 

n  = 1 . 3  (average number of  r e f l e c t i o n s  from a p e r t u r e  t o  r e c e i v e r  
i 

of CPC) 

- ,: 
These p resc r ibed  va lues  produce t h e  fol lowing o p t i c a l  e f f i c i e n c y  f o r  t h i s  
f a c i l i t y ,  

This  va lue  impl ies  t h a t ,  f o r  t h i s  p a r t i c u l a r  CPC desfgn,  53.6 percent  of t h e  ~. 

i n s o l a t i o n  i n c i d e n t  t o  t h e  a p e r t u r e  of t h i s  c o l l e c t o r  f i n d s  its way t o  t h e  
r e c e i v e r  s u r f a c e . '  However, a d d i t i o n a l  hea t  l o s s e s  a s s o c i a t e d  wi th  t h e  r e c e i -  
ve r  a r e  concurrent ly  p resen t  t o  produce a va lue  f o r  t h e  e f f ec t i ' ve  e f f i c i e n c y  
t h a t  f a l l s  below t h i s  va lue  of 53.6 percent .  

B. Ca lcu la t ion  of Heat ~ o s s e s  from Receiver 

2 
W i n g  an i n s o l a t i o n  f l u x  of 200 ~ t u / h r  f t z ( 6 3 0  watts/m ), t h e  amount of, 

h e a t  i nc iden t  t o  t h e  a p e r t u r e  of t h e  c o l l e c t o r  becdmes 

S = '200 [s ' g] = 600 B h l i  (hr) (CPC-8 f t  long) 

2  
= 1891 watts /(m) (CPC-2.44 m long) 

. . 2 
.Of this va:l.lie, 0.536 x 600 = 322 Btu/hr  (1015 watts/m ) f i n d s  i t s  way t o  



t h e  r ece ive r ,  some 'of which is  d i s s i p a t e d  as a hea t  l o s s  and .the r e s t  is 
d i r e c t e d  a s  use fu l  hea t  t o  r a i s e  the  .temperature of t h e  f l u i d  flowing through 
t h e  rece iver .  Therefore,  f o r  the  condi t ions  of t h i s  probleni, 

Quseful  + Qlosses  
= 322 Btu/ (hr )  (CPC-8 f t long) 

= 1015 watts/(rnL) (CPC-2.44 m long) 

1. Physical  P r o p e r t i e s  of Dowtherm A 

For t h e  hea t - t r ans fe r  ca lcu la t ions  a s soc ia ted  with t h i s  s tudy,  the  
phys ica l  p r o p e r t i e s  of Uowtherm A presented iu Table I)-1 and Figc. B-1 and B-2 
i n  Appendix B have been used throughout. Values of t h e  physica l  p r o p e r t i e s  
o f  nowtherm A have been ex t rac ted  from t h i s  t a b l e  and t h e  two f i g u r e s  and 
have been used t o  develop t h e  following a n a l y t i c a l  e x p r e s s i o ~ ~ v  Iur the  indP- 
ca ted  p roper t i e s :  

Density 

where p = dens i ty ,  lb /Et  3 

and t = temperature, "F 

Sper,i=f ic Heat. 

where c = s p e c i f i c  hea t ,  Btu/lL O F  
P 

and L Cemperature, OF , 

Viscosi ty 

p = 0.01142e 3000/T 

where p = v i s c o s i t y ,  cen t ipo i ses  

a n d '  T = abso lu te  temperature, OR 



Thermal. Conduct ivi ty  

where k = thermal  conduc t iv i ty ,  ~ t u / l i r  f t 2  O ~ / f t  

and t = temperature,  OF 

3 2 2 I n  a d d i t i o n ,  , f o r  he  c l c u l a t i o n  of t h e    rash of group, D p g f 3 ~ t / p  , 
t h e  dimerkional  modulus, p5gB/p', h a s  been c a l c u l a t e d  f o r  Dowthkrm A f o r  
a number of temperatures  and c o r r e l a t e d  t o  the .  express ion ,  

2 
where p g ~ / p 2  = d i m e n ~ i b n a l ' ~ r o u ~ ,  l / f t 3  OF 

and, t = temperature,  OF 

' , . These r e l a t i o n s h i p s  f i n d  u t i l i t y  i n  t h e  programming of computat ional  
c a l c u l a t i o n & '  and have been used. a s  such. i n  - t h e  subsequent h e a t - t r a n s f e r  ana- 
l y s i s  of t h e  CPC r e c e i v e r .  

2. . .  Es tab l i shmen t -o f  Mean Temperatures ,of F lu id  Within Annuius and '  
. 

Tube S ides  .. . 

. , 

For t h i s  example, t h e ' c a s e  concerned wi th  t h e  h e a t i n g  of Dowtherm A 
from 200' t o  400°F (93.3' t o  204.4OC) i s  considered.  The h e a t  l o s s e s  asso- 
c i a t e d . w i t h  t h i s  c a s e  a r e  c a l c u l a t e d  i n  o r d e r  t o  e s t a b l i s h  t h e  e f f i c i e n c y  
of t h e  c o l l e c t o r  a s  r~ = Quseful,/S. Assume e f f i c i e n c y  nf c o l l e c t o r  ao 

. 1 .1 ,  = 0.24 ( t h i s  va lue .  is  t o  be checked a t .  t h e  conclus ion  o f '  c a l c u l a t i o n s ) .  
Therefore,  

Since,  Q = nc (T - t l )  ,. .it. fol lows.  t h a t  . . 

p 

. . mc P = 144/(400-  200) = 0.72 .Btu/(hr)(OF) = 0.41.2 watts/Oc 



The parameters k and k2 for Equations (10) and (15) are now considered. 
1 

Q =, k i ~ ,  144 = k1(8), kl = 18.00 Btu/ (hr) (ft of receiver) 
I 

= 0.173 watts/(cm of receiver) 

Assume k = 0.32 Btu/(hr)("F)(ft of receiver) = 0.005534 watts/("C)(cm of 
receiver? (to be checked). Therefore, the temperature at the reversal point 
of the receiver, according to Equations (10) and (15) becomes 

These are check calculations; since t must be equal to T . .Thus,.the 
temperature profiles become as indicated in Fig. 7. The temperature of 
756°F (402"C),although realistic from calculational considerations, 'is not 
justified in practice since the.norma1 boiling.point of Dowtherm A is 495°F ' . 

, ' (257°C). A pressurized system could be used, but I t s  use is not. recommended 
above 750°F (399°C). The value of 756°F (402°C) at the end of the receiver 
produces average temperatures o f  T = 578°F (303°C) i l l  tlie annulus and 
t = 478°F (2489C) inside the tu%S . . 

. avg 

Tehpcratbrt Distribu 
tion of Dowtherm Flow- 
inp, Thrnllgh Annular and 
Tube-side Sections of 
CPC Receiver. 

. . . $ .  . x , Distance, ft  



Basic Areas Associated With Receiver 

The o u t e r  tube  of t he  concen t r i c  r e c e i v e r  is  a ,318-in. (0.9525-cm) 
copper tube  onto  which v e r t i c a l  extended s u r f a c e s  a r e  provided f o r  'complete 
i n t e r c e p t i o n  of t h e  r a d i a n t  energy beamed a t  t h e  bottom of t h e  c o l l e c t o r . '  
Also, t h e  concen t r i c  i nne r  - tub& has  been s e l e c t e d  t o  be '114-in. (0.635-cm) 
g l a s s  tub ing .  This  s i z e  of t ub ing  has  been se l ec t ed  i n  o rde r  t o  produce 
c ros s - sec t iona l  a r e a s  f o r ' t h e  i n s i d e  tube  and t h e  annular  spa.ce t h a t  a r e  
about t h e  same. ~ s s i g n i n g  0.035 i n .  (0.0889 cm) of t h i ckness  f o r  each of 
t h e  w a l l s  of t h e  copper tub ing  and g l a s s  tub ing ,  . t h e  b a s i c  dimensions of 
t h e  r e c e i v e r  become those  presented  i n  Fig. 8. These dimensions account 
f o r  i n s i d e  d iameters  qf d .  = 0.375 - 2(0.035) = 0.305 i n .  (0.775 cm) f o r  
t h e  copper tube  ,'and di = 6.250 - 2(0.035) = 0.180 i n .  (0.457 cm) f o r  t h e  
g l a s s  tube.  These dimensions can be  summarized a s  fol lows:  

Copper Tube Glass  Tube 

do = 0.375 i n .  (0.9525.cm) do = 0.250 i n .  (0.635 cm) 

d .  = 0.305 i n .  (0.775 cm) 
1 

di = 0.180 i n .  (0.457 cm) 

Using t h e s e  va lues ,  t h e  fo l lowing  a r e a s  a r e  c a l c u l  
quent p a r t s  of t h i s  problem. 

Ex te rna l  Receiver Area: 
C - 

. a ted  f o r  u se  i n  t h e  subse- 

Cross-sec t iona l  View of 
Glass  J acke t  and Concentr ic  
Receiver F a c i l i t y  Provided 
With Ex te rna l  Extended F in  
Surf aces .  



P e r i p h e r a l  Areas ( I n s i d e  Tube) 
. .. ... .. . " <  , . -  

. .# dx f t  
dAi '= " 2 

" .  , , *  . . . . 

Cross-sect ional  Areas 
C) 

2 2  " 0*180)L = 0.0001767 f t  (0.164 cm ) I n s i d e '  Tube : Ac = 5 (12 . , 
. . . . 

. .. . , .  ' . 
. .. . , .  ' .  2 . -  - /(j;25i -r 1 '!: &0001615, . % f t2'  

Annulus : Ac = r(T) \ 12 

4. I n s i d e  Heat - t ransfer  Coef f i c i en t  ( Ins ide  Tu'bej 

For t h e  c a l c u l a t i o n  o f - t h e  i n s i d e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  hi, 
t h e  Sieder-Tate r e l a t i o n s h i p Z  is used 

For mc = 0.72 B tu / (h r ) ( "F) ,  i t  fol lows t h a t  m = 0.7210.547 = 1.316 l b / h r  
= 0.19i7 g /sec  f o r  cp 52897 = 0.547 B tu / ( lb )  (OF). It then fol lows t h a t ,  
G = 1.316/0.0001767 = 7448 l b / ( h r )  ( f t 2 )  = 2.069 l b /  ( sec)  ( f t 2 )  = 1.010 g/ ( sec)  
(cm2). 

Phys ica l  P r o p e r t i e s  of Dowtherm A a t  578°F: 

c  = 0.566 B ~ U /  ( l b )  (OF) 
P 

l-l = lJ.zU55 x 0.060672 = 0.0001301 l b / f t  occ 

4 = fl.Ohl.5 B tu / (h r ) ( f t ) (OF)  

Reynolds Number: 



Prandtl Number : 

where y = 0.252 cp at 510°F (assumed temperature) 
S 

5. Outside Heat-transfer Coefficient (Inside Tube) 

For the calculation of the outside heat-transfer coefficient, the ' .  

relationship of Chen, Hawkins and Solberg for annular flow in the laminar 
range2 is applied; 

1.316 
where D = (0.305 - 0.250)/12 = 0.00458 ft (0.1396 cm), and G = 0.0001665 . 

= 7904 fb/ (hr) (ft2) = 2.196 lb/ (sec) (ft2) = 1.072 g/ (sec) (cm2). 

Physical Properties of Dowtherm at 478'~ 

k = 0.0654 Btu/ (hr) (f t) (OF) 

Reynolds Number: 

Prandtl Number :' 
t 



3 2 2 The i n f l u e n c e  of  t h e  Grashof Group, G r  = D p g ~ ~ t / p  , on t h e  hea t -  
t r a n s f e r  c o e f f i c i e n t  cannot  b e  t oo  s i g n i f i c a n t  because of  t h e  smal l  va lue  
of  t h e  exponent a s s o c i a t e d  w i t h  it. Nonetheless ,  i n  t h e s e  c a l c u l a t i o n s ,  i t s  
c o n t r i b u t i o n  is  be ing  inc luded  by u t i l i z i n g ,  a t  518OF, t h e  r e l a t i o n s h i p  

3 9 Therefore ,  G r  = (0.00458) (1.698 x 1 0  )(540 - 518) = 3589, where t = 540°F 
(282°C) i s  assumed t o  be  t h e  r e c e i v e r  w a l l  temperature .  Thus, t h e  Nusse l t  
group f o r  t h e  annu la r  f low o f  Dowtherm A a t  an  average  tempera ture  of 478°F 
(240 O C )  becomes 

Therefore. ,  

- 0654 = 18.48 ~ t u l  (h r )  ( f  t 2 )  (OF) , 

ho - 0.00458 

= 0.1048 w a t t s 1  (cmL) ("C) 

With t h e  c a l c u l a t i o n  hi = 9.22 and h = 18.48, ic 1iow becomes p o s s i b l e  
t o  check t h e  assumcd v a l u e  k2 = 0.32 B ~ U /  ( h r ) ? " ~ )  ( f t  of  r e c e i v e r )  u s ing  f o r  
g l a s s ,  k = 0.61 B tu lh r  f t  OF. 

1 - -  1 - -  R .+ 1 +-  -- - 1 0.035/12 
UdA hidAi kdAm hodAi (9.22) (0.0471 dx) ' (0.61) (0.05625. dx) 

+ 1 - - ' l  + 0.002917 + 1- 
(18.48)(0.0654 dx) 0.4343 dx 0.03431 dx 1.2086 dx 



Therefore,  k2 , ,=  113.2150 = 0..311 ve r sus  k2 = 0.32 (assumed). 

Although an  adjustment  f o r  a n  assumed va lue  of  k2 = 0.311 i s  j u s t i f i e d ,  
i t  w i l l  n o t  be  at tempted on t h e s e   calculation,^, s i n c e  t h e  computerized pro- 
gram t o  be adopted f o r  them w i l l  .b r ing  these .  va lues  w i t h i n  a p re sc r ibed  
cons is tency  agreement. 

6. I n s i d e  Heat - t ransfer  c o e f f i c i e n t  (Outside Tube) 

I n  o rde r .  t o  e s t a b l i s h  an average temperature f o r  t he . . su r f ace  of 
t h e  r e c e i v e r ,  i t  is necessary  t o  c a l c u l a t e  t h e  f i l m  c o e f f i c i e n t  f o r  Dowtherm 
A e x i s t i n g  on t h e  i n s i d e  of  t h i s  r e c e i v e r .  This  is  be ing  c a r r i e d  o u t  by 
assuming t h a t  t h e  ~ieder- ate r e l a t i o n s h i p  f o r  t h i s  i n s i d e  h e a t - t r a n s f e r  
c o e f f i c i e n t  a p p l i e s  on t h e  assumption t h a t  t h e  i n s i d e ' g l a s s  tube  is  absent .  
Thus, 

1 n . t h i s  case ,  D = 0.375 - 2.(0.035) = 0.305 i n .  (0.0254 f t ) ,  

. . 

.G = 
2 lS3l6 = 7904 l b /  ( h r )  ( f  t 2 )  = 2.196 l b /  ( s ec )  ( f  t ) 

0.0001665 

Phys i ca l  Proper t , i es  of Dowtherm A a t  4 7 8 ' ~  (248'C) 

k = 0.0654 ~ t u /  ( h r )  ( f t )  (OF) 

R e y n o l d ~  Number: 

P r a n d t l   umber : . . 

Therefore,  



where U = 0.256 cp  a t  505OF (assumed r e c e i v e r  temperature) .  Thus, 

and 

These c o n d i t i n n s  produce t h e  fo1,lowing A t  a c r o s s  t h e  f i l m  

Therefore ,  t h e  average tempera ture  of t h e  r e c e i v e r  becomes 

7. . General ____I Remarks on Heat-Losses from Receiver t o  Ex te rna l  Surroundings 

The hea ted  r e c e i v c r ,  surrounded hy t h e  evacuated space,  is  l o s i n g  
h e a t  a lmost  e n t i r e l y  by r a d i a t i o n .  The h e a t  l o s s  by convect ion is n i l  and . 

t h a t  by conduction a t  t h e  ends can be  kept  t o  a minimum. I n  t h i s  ca se ,  
on ly  h e a t  l o s s e s  by r a d i a t i o n  a r e  considered.  The h e a t  r a d i a t e d  from t h e  
r e c e i v e r  t o  t h e  g l a s s  j a c k e t  w i l l  cause t h e  temperature.  of t h e  g l a s s  t o  . r i s e  
and thus  e f f e c t  a n e t  h e a t  l o s s  from t h e  e x t e r i o r  of t h e  g l a s s  j a c k e t  t o  t h e  
surrolindings by . the combined mechanisms of convect ion  and . r a d i a t  ibn.  

' 

The involvement of  h e a t  t r a n s f e r .  a s s o c i a t e d  w i t h  t h i s  con f igu ra t ion  
is diagrammatical ly  presented  i n  Fig. 9; where 



These q u a n t i t i e s  a r e  i n t e r -  
r e l a t e d  and w i l l  be  s a t i s -  
f i e d  .only i f  t h e  proper  
temperature of t h e  g l a s s  
j a c k e t .  is  e s t a b l i s h e d .  

8. Radiant Heat Ex- 
change Between 
Receiver and Glass  
J acke t  

Since t h e  r e c e i v e r  
and glas's j a c k e t  c o n s t i t u t e  
an enc losure ,  t h e  s t anda rd  
r a d i a n t  h e a t  exchange r e l a -  
t i o n s h i p  . 

Fig.  9. Heat Losses and Their  Transfer  
Mechanisms from ~ v a c u a t e d  Glass- a p p l i e s .  I n  t h i s  r e l a t i o n -  

jacke ted  CPC-receiver F a c i l i t y .  . s h i p ,  Tr and T a r e  t h e  ' 
g a b s o l u t e  temperatures  of 

t h e  r e c e i v e r  and g l a s s ,  
r e s p e c t i v e l y ,  A, r e p r e s e n t s  t h e  a r e a  of t h e  r e c e i v e r  s u r f a c e  and 3 is  t h e  r g conf igu ra t ion  f a c t o r  of t he ' sys t em t h a t  t akes  i n t o  account t h e  geometr ica l  
o r i e n t a t i o n  of t h e  t w o  s u r f a c e s  and t h e i r  d e v i a t i o n  from i d e a l  b lack  body 
cond i t i ons .  The d e f i n i t i o n  of t h i s  f a c t o r  cons ide r s  t h e  geometr ica l  o r i en -  ,. 

t a t i o n  and t h e  emi t tance  of t h e s e  s u r f a c e s  .as  fo l lows:  

where 

Ar = r e c e i v e r  s u r f a c e ,   IT(%)^ + 2 N e  8] = 1.285 i t  2 (1191 cm 2 ) 

A = g la s s - j acke t  su r f ace ,  T 1 .5  
g .  

[ - 2(gi& = 2.81 f t2 (2611  cm2) 

(where g l a s s  t h i ckness  is  2.0 mm) 

3 
E = 0.94, f o r  g l a s s  

g 

E = 0.11, s e l e c t i v e  s u r f a c e  CuO on A 1  4 
and . . r  

F = 1.00  ( t h e  r e c e i v e r  s e e s  a l l  of t h e  g l a s s  j a c k e t )  
r g 



Consequently, ,. 

and, therefore, 
, . 

Heat Exchange Between Glass Jacket and Surroundings 

The simultaneous heat loss by convection and radiation from the 
glass jacket to the surroundings can be established once the temperature 
of the glass jacket is specified. These losses become 

The radiative heat loss from the surface of the glass jacket to the surround- 
ings requires that the approximate sky temperature be established. This is. 
obtained from the relationship, 

1.5 
[T, OK]~,~ = 0.0552. [T, OKlair 

. , 

suggested by Duff ie and ~eckman.~ For an ambient temperature of 100°F , 

(Tsurr = 560°R = 311°~) 



The' product  A ? 
g g(sky)  

is  c a l c u l a t e d  a s  fo l lows:  

1 - - 1 .  + ' (5 - +WASk9 77 '.g . . . 

A 3 A F  A 
g  g ( s k ~ )  g  g(sky)  g  g  

, .  . 
sky . . 

Since  A = - 2 x 8 = 3.14 f t  , and assuming F  
g  12 g(sky) 

= 1.00, i t  fo l lows  t h a t  

o r  t h a t  A 3 = 2.95. 
g  g(sky)  

S ince  h a l f  of t h e  tube  sees t h e  sky ,  i t  fo l l ows  t h a t  

The o v e r a l l  h e a t  ba lance  on t h e  g lass - tube  j a c k e t  t h u s  becomes, 

4  4  4  
rrA '5 [Tr - T g I  = h A [T - T 

r r g  g g  g  su r r  [T - T 4 l  ' (21) 
+ ~ ~ g ~ g ( s k y )  g  sky 

Assuming h  - 1.00, i t  fo l lows  t h a t  
J.3 



'A ' t r ial-and-error  s o l u t i o n  f o r  T produces the  following: 
g 

Therefore, T = 5 9 0 ' ~  (130°F). Since a heat  l o s s  of Qloss = 179 Btu/hr 
(52.42 watts$,  i t  fol lows t h a t  

= 332 - 179 = 143 Btulhr (41.87 wat ts )  Quse f u l  

t o  y i e l d  a c o l l e c t o r  e f f i c i e n c y ,  q = 1431600 ='0.238 versus an assumed value  - of 0 . 2 4 .  Therefore, 1-1 = 0.238 f o r  A t  = treoeivsr t ambie nt = 505 - 100 = 
405°F. . 

There yet  remains t o  v e r i f y  that '  h "- 1.0  Btu/hr f t 2  OF. Use 
g 

Nu - 0.53 [Cr '.. &-I'14 10 4 < .kr Pr < 10 9 

5 obtained from Welty, Wicks,. and Wilson . 
2 6 3 .  

' 

. For air,  a t  t =' f (100 + 130) = 115OF, p gf31p2 = 1.60 x 10 1 (OF) ( f  t ) 
and Pr = 0.701.  bus, . 



then i t  fo l lows  t h a t ,  

Nu = 0 . 5 3 [ 4 3 , 8 0 0 ] ~ / ~  = 7 . 6 7  

and 

ve r sus  an  assumed v a l u e  of 1 .00 B tu lh r  f  t2 OF. This  c a l c u l a t e d  v a l u e  repre-  
s e n t s  a  r e l a t i v e l y  high c o e f f i c i e n t  f o r  n a t u r a l  convec t ion .  Being t h a t  a s  i t  
may, t h e  use of h  = 1.00  i s  probably j u s t i f i a b l e ,  when cons ide r ing  t h a t  h a l f  

g  of t h e  g l a s s  tube  a r e a  is  sub jec t ed  t o . n a t u r a 1  convec t ion ,  t hus  making t h e  
product  h  A = (4 .88)(3.14/2)  = 7 . 6 6  Btu lh r  OF. Furthermore, s i n c e  a cover- 
g l a s s  i s  Ergsent  a t  t h e  a p e r t u r e  of  t h e  c o l l e c c n r ,  t h e  a i r  w i l l  n o t  c i r c u l a t e  
a s  f r e e l y  w i t h i n  t h e  c o l l e c t o r  c a v i t y  and, t h e r e f o r e ,  hg w i l l  be  s i g n i f i -  
c a n t l y  lower.  Assuming t h e  a c t u a l  va lue  of h  t o  be  about  one-half t h a t  c a l -  
c u l a t e d ,  t h i s  c o e f f i c i e n t  reduces  t o  2.44 ~ t u F h r  f t 2  OF and w i t h  i t s  proper  
a r e a  involvement,  t h e  product  h  A becomes 2.44 (3.1412) = 3.83 B tu lh r  OF 
compared t o  3.14 Btu lhr  OF used! g ~ n d e r  t h e  p re sen t  c o n d i t i o n s ,  i t  is d i f f i -  
c u l t  t o  r e s o l v e  t h i s  d i f f e r e n c e  i n  an  exac t ing  manner and, t h e r e f o r e ,  t h e  
assumed v a l u e  of  hg = 1.00  Btu/hr  f t 2  OF w i l l  be assumed t o  be c l o s e  t o  t h e  
a c t u a l  performance va lue .  

I V .  SUMMARY OF CALCULATIONS 

The con tex t  of  t h e  c a l c u l a t i o n a l  procedure was programmed and w e d  t o  
produce a number of cases I n  which t h e  f l u i d  d i s cha rge  temperature ,  TI, was 
v a r i e d  from 150 t o  600°F i n  50' increments .  Whenever c o n d i t i o n s  pe rmi t t ed ,  
t h e  f l u i d  temperature  e n t e r i n g  t h e  r e c e i v e r  was made equa l  t o  100°F; however, 
w i th  i n c r e a s i n g  d i scha rge  tempera tures ,  t h i s  was n o t  always p o s s i b l e .  The 
r e s u l t s  ob ta ined  from t h i s  computerized program a r e  p re sen t ed  g r a p h i c a l l y  
i n  F igs .  10-14. 

I n  F ig .  10 ,  r e l a t i o n s h i p s  a r e  p re sen t ed  of c o l l e c t o r  e f f i c i e n c y  ve r sus  
f l u i d - i n l e t  temperature  tl, f o r  parameters  of T  cons t an t  d i s cha rge  f l u i d  1 ' 
temperature .  A l l  of t h e s e  eemperature parameters ,  T1, t e rmina t e  on t h e  e f f i -  
c iency  v e r s u s  r e c e i v e r  tempera ture  curve which r e p r e s e n t s  t h e  c o n d i t i o n  a r i s -  
i n g  f o r  i n f i n i t e  f l u i d  f low through t h e  r e c e i v e r  f a c i l i t y .  Under t h e s e  f low 
condi tons ,  t h e  i n l e t  and d i scha rge  tempera tures  of t h e  f l u i d  become t h e  same. 
The r e l a t i o n s h i p s  of F ig .  1 0  bear  o u t  t h e  l o g i c a l  conc lus ion  t h a t  w i t h  in -  
c r e a s i n g  temperature  demands on t h e  r e c e i v e r ,  t h e  e f f i c i e n c y  of t h e  c o l l e c t o r  
dec reases .  Also,  wi th  ~ u c h  temperature  requirements ,  t h e  e x t e n t  of  v a r i a -  



t i o n  between. i n l e t  and o u t l e t  f l u i d  tempera tures  becomes more r e s t r i c t i v e .  
Thus, whereas f o r  a  d i s c h a r g e  tempera ture  of T = 300°F, t h e  i n l e t  temper- 

1 
a t u r e  can vary  200°F, from 100°F t o  300°F; t h i s  temperature  v a r i a t i o n  
d e c r e a s e s  t o  90°F, from 460° t o  550°F f o r  a  f l u i d  d i s cha rge  temperature  of 
T1 = 550°F. I n  t h i s  c o n t e x t ,  i t  should be  po in ted  o u t  t h a t  t h e  i n i t i a l  
i n l e t  f l u i d  tempera tures  a s s o c i a t e d  w i t h  a  d i s cha rge  temperature ,  TI, a r e  
l i m i t i n g  and t h a t  t h e s e  v a l u e s  should n o t  be e x t r a p o l a t e d  below t h e l r  i n d i -  
c a t e d  v a l u e s .  Thus, f o r  T1 = 450°F, a v a l u e  of tl = 285°F corresponds t o  
a' r e a l i s t i c  l i m i t i n g  tempera ture  c o n d i t i o n  which r e p r e s e n t s  t h e  lowest  
t empera ture  t h e  i n l e t  f l u i d  should pos se s s  i f -  i t  i s  t o  reach  a  d i s cha rge  
tempera ture  of 450°F, corresponding t o  s low f l u i d  flow c o n d i t i o n s  w i t h i n  
t h e  r e c e i v e r .  

F igu re  11 is s u b s t a n t i a l l y  a  c ros s -p lo t  r e p r e s e n t a t i o n  of Fig.  1 0  
' 

and r e l a t e s  c o l l e c t o r  e f f i c i e n c y  w i t h  f l u i d  d i s cha rge  tempera ture  f o r  
parameters  of c o n s t a n t  i n l e t  f l u i d  temperature .  I n  t h i s  f i g u r e ,  t h e  para- . 

m e t r i c  curves  a r e  i n i t i a t e d  f o r  c o n d i t i o n s  corresponding t o  i n f i n i t e  f low 
r a t e s  and t e rmina t e  a t  t h e  l i m i t i n g  d i s cha rge  temperature  r ep re sen t ed  by 
t h e  end of  each of t h e s e  pa rame t r i c  r e l a t i o n s h i p s .  

F igu re  12 p r e s e n t s  t h e . g l a s s - j a c k e t  tgmperature  a s  a  f u n c t i o n  of 
f l u i d  i n l e t  t empera ture  for parameters of culls ianL d l s c l l a ~ g e  Leriiperaturc z 

Except f o r  t h e  lower tempera ture  l e v e l s  of T1 < 300°F, t h e s e  r e l a t i o n s h i p s  
e x h i b i t  a s i g n i f i c a n t  r ise w i t h  i n c r e a s i n g  tempera ture  d i f f e r e n c e s ,  
T1 - tl. For i n f i n i t e  f l u i d  f low r a t e s ,  t h e  g l a s s - j acke t  temperature  
cor responding  t o  each pa rame t r i c  d i s cha rge  temperature  r e l a t i o n s h i p  
approaches t h e  lowest  p o s s i b l e  va lue  t o  gene ra t e  from a l l  such va lues ,  
t h e  curve  d e s c r i b i n g  t h e  dependence of  t on tl. For t h i s  ca se ,  tl = T 
i t  . The r e l a t i o n s h i p s  of F ig .  1 2  i n g i c a t e  t h a t  under extreme condi$ions,  
therEfass - jacke t  can reach  a  temperature  of 150°P, bu t  f o r  cond i t i ons  of 
more common encounter ,  a  t empera ture  of 120-130°F appears  t o  be  a  s u i t a b l e  " 
compromise. 

Aux i l i a ry  tempera ture  in format ion  a s s o c i a t e d  w i th  t h e  r e c e i v e r  s u r f a c e  
and maximum f l u i d  tempera ture  w i t h i n  t h e  r e c e i v e r  i s  p re sen t ed  i n  F igs .  14 
and 14. The dependence of t h e  average  r e c e i v e r  s u r f a c e  temperature  on t 
t h e  f l u i d  i n l e t  t empera ture ,  i s  p re sen t ed  i n  Fig.  1 3  f o r  cons t an t  f l u i d  

1 ' 
d i s c h a r g e  tempera tures .  The pa rame t r i c  r e l a t i o n s h i p s  of t h i s  f i g u r e  termi-  
n a t e  a t  i n f i n i t e  f l u i d  f low c o n d i t i o n s  when t, = T t o  gene ra t e  t h e  l i n e a r  
dependence of t t h e  r e c e i v e r  s u r f a c e  temperature: w i t h  r , t h e  fluid i 1 1 1 r ~  r t empera ture .  F ~ g u r c  14  shows t h e  e x c e s s i v e l y  h igh  tempera tures  t h a t  p r e v a i l  
a t  t h e  end of t h e  r e c e i v e r  where t he  f l u i d  r e v e r s e s  d i r e c t i o n  and e n t e r s  
t h e  i n n e r  tube  sf t h e  r e c e i v e r .  Thew t empera tures  become u n r e a l i s t i c  
ahnve 49S°F, t h e  normal b o i l i n g  p o i n t  of  Dowtherm A.  Nonetheless ,  t h e s e  
c a l c u l a t i o n s  presuppose no phase change and t h e  a p p l i c a b i l i t y  of t h e  phys i ca l  
p rope r ty  r e l a t i o n s h i p s  of Dowtherm A i n t o  t h i s  h igh  temperature  reg ion .  This  
f i g u r e  shows t h a t  when t h e  temperature  rise from tl t o  T is  modest, u s u a l l y  

1 
below 50°F, t h e  corresponding va lue  of t does n o t  become unreasonably high.  

L 
However, l a r g e r  d i f f e r e n c e s  of T - t produce exces s ive ly  h igh  f l u i d  temper- 

1 a t u r e s  t t h a t  r e f l e c t  cor respon&ingly  on h igh  r e c e i v e r  tempera tures  and L 
consequent ly  g r e a t e r  h e a t  l o s s e s .  Therefore ,  i t  could prove more exped i t i ous  
i f  t h e  tempera ture  r ise w i t h i n  a ' s i n g l e  CPC u n i t  were l i m i t e d  t o  temperature  

< 40°F, and t h a t  such u n i t s  be connected i n  s e r i e s  i f  t h e  
ed o v e r a l l  t empera ture  i n c r e a s e s  above t h i s  va lue .  



V. RECOMMENDATIONS .* 
These c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  o p e r a t i o n  of a  c o u n t e r c u r r e n t l y  . 

o p e r a t i n g  ' r ece ive r  f a c i l i t y  can become c r i t i c a l  i f  l a r g e  temperature  d i f f e r -  
ences  a r e  imposed on t h e  f lowing f l u i d .  Th i s  c o n d i t i o n  can become p roh ib i -  
t i v e  i f ,  i n  a d d i t i o n ,  t h e  o u t l e t  temperature  of  t h e  f l u i d  is  expected t o  
be high.  However, i f  reasonably  smal l  t empera ture  d i f f e r e n c e s  a r e  imposed 
a c r o s s  t h e  fl.owing f l u i d ,  t h i s  cond i t i on  can be avoided t o  p e r m i t  t h e  e f f i -  
c iency  t o  assume a . r e s p e c t a b l e  va lue ,  rl > 0.40. Temperature d i f f e r e n c e s  

' 

of l e s s  than 250°F between r e c e i v e r  and a i r  must p r e v a i l  t o  main ta in  t h e  
e f f i c i e n c y  w i t h i n  t h i s  l e v e l  of expectancy. I f  t h e  temperature  of t h e  f l u i d  
l eav ing  is  t o  r i s e  abqve 350°F, then  e f f i c i e n c i e s  of 0 < 0.40 must be  
t o l e r a t e d ,  r e g a r d l e s s  of t h e  temperature  rise imposed on t h e  f lowing f l u i d .  

Insolation = 2 0 0  Btu/hr ft2 
Ambient Air = 100°F 

t 

T, =Discharge Fluid Temperature, OF 
' 

t, , Inlet Fluid Temperature, OF 

Fig . . lO.  E f f i c i e n c y  Dependence on I n l e t  and Discharge Temperatures of 
F l u i d  Flowing Through Concentr ic  Tube Receiver  F a c i l i t y .  



Entrance Aperture 4.5in x 8 f t  
Exit Aperture 1.5 in x 811 

Insolation = 2 0 0  ~tu/hr  ft2 
Ambient Air = 100 OF 

1, = Inlet Fluid Temperature, OF 

T,, Discharge Fluid Temperature, OF 

Fig. 11. Efficiency Dependence on Discharge and Inlet Temperatures of Fluid 
' Flowing Through Concentric Tube Receiver Facility. 

1, , Inlet Fluid T e r n p e r a t ~ r e , ~ ~  .' 

Fig. 12. Dependence of Glass-jacket Temperature on Fluid Temperature Condi- 
t ion s . 



T, , Discharge Fluid Temperature, OF 

- 
lnsolotion = 2 0 0  Blu/hr ft2 
Ambient Air = 100 OF 

- 
- 

0 1 1 I I 1 I I I I 

100 200 . 300 4 0 0  5 0 0  6 0 0  
h 

1, , Inlet Fluid Temperature, OF 

Fig .  13.  Dependence of Receiver  Su r f ace  Temperature on 'Temperatures  o f  
F lu id  Flowing Through Rece iver .  . 

lnsolotion = 2 0 0  Btu/hr f tz  
Ambient Air = IOOOF 

Entrance ~ ~ e r t u r e  4.5in x a f t  
Exit Aperture 1.5 in x a f t  

T, , Discharge Fluid Temperature, OF 

1, , lnlet Fluid Temperature, OF 

Fig.  14 .  Maximum F l u i d  Temperature a t  Ent rance  o f  I nne r  Tube of  Rece iver .  . .  



APPENDIX A 

Mathematical Treatment for ~evelopment of Equations (10).and (15) 



Sec t ion  I A :  

I n t e g r a t i o n  of  Equat ion (9a)  

k lk2  
Le t  a = kl, and B = - 

mc 
,p  : 

Let  z = L - x; then dz = -dx, 

mc ( t  - t ' )  = ax B .2 
P 1 

zdz = ax '- - 
2  

z=L-x 

L L 



Equation (21A-3) y i e l d s  a t  x = 0, t = t l ,  and a t  x = I, i t  produces 

o r  t h a t  

S ince ,  from an o v e r a l l  h e a t  balance,  Equation (6) 

k 'I, 
.I. 

TI - tl = - mc 
P 

i t  fo l lows  t h a t  

Sec t ion  I B :  

I n t e g r a t i o n  of Eqbation (13) 



. . 
I 

Equation (IB-3) a t  x = O  becomes T - t = T1 - t and a t  x = L 
1 

0 Sec t ion  I C :  

Combination of Equat ions (10) and (14):  
% . . .  

S u b s t i t u t i o n  of  Equat ion (10) i n t o  Equation (14) and r ea r r ang ing  y i e l d s  

Equation (IC-3) a t  x = 0 y i e l d s  T = T and a t  x = L, i t  produces 
1 



Since  

i t  follows t h a t  

or  t h a t  



APPENDIX B 

Properties of Dowtherm A 



Table B-1. Saturation Properties of ~owtherm A (Metric Units).* 

* 
Dowtherm Heat Transfer ~luids, Dow Chemical Co. (1971). 
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* 
Fig. B-1. Liquid Viscosity of Dowtherm A. 

TEMPERATURE. "C. 
50 100 150 200 250 300 350 4nn 

300 400 500 600 

TEMPERATURE. "F. 

* 
Dowtherm HeaL Transfer Fluids, Dow Chemical Co. (1971). 



* 
Fig. B-2. Thermal Conductivity of Liquid Dowtherm A. 

TEMPERATURE. "F. 

* 
Dowtherm Heat Transfer Fluids, Dow Chemical Co. (1971). 
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