
SAN 079-1 010 
Unlimited Release 
UC-62 

Annular Solar Receiver Thermal Characteristics 

Arthur C. Ratzel, Carl E. Sisson B AVAILA I 

$2 TOTAL PAGES: 

In various paginations. 

I 





Dis t r  it u t i o n  
Cater jory  
t’c-62 

SAND7 9 - 10 10 
Unlimited Release 

ANN3LAR SOLI?R RECEIVER THEPJV I, 

CI-IARACTEF.1 ST I C s  

Ar thur  C .  R a t z e l  and Car, E.  S i s son  

F lu id  Mechanics and Heat T r a n s f e r  D i v i s i m  TI 5 5 1 2  

P r i n t e d  i n  t h e  United S ta t e s  of 
America 

Avai lab le  from 
N a t i o n a l  Techn ica l  Informat ion  S e r v i c e  
W. S. Department of Commerce 
5 2 8 5  P o r t  Royal Road 
S p r i n g f i e l d ,  VA 22161 
P r i c e :  P r i n t e d  Copy $ ; Nicro f i che  S3.00 

3 



ABSTRACT 

This report presents results frfim thermal studies performed for an 
annular solar receiver assembly to be used with the Sandia Laboratories 
2-m, 90-deg parabolic collector trough. The receiver configuration 
modeled consists of a 2.54-cm 0.d. steel tube with a black-chrome 
selective surface and an enclosing concentric Pyrex glass envelope. 
Previous thermal work conducted on the parabolic-cylindrical collector 
&sign established the geometry and solar-noon absorbed flux distribu- 
tions used in the current study. 
models have now been developed to provide receiver assembly tempera- 
tures, heat losses, and working fluid energy extraction data with the 
TLerminol-66 (T-66) bulk temperature maintained at 315OC. Parameters 
varied in the work include wind velocity, ambient air temperature, 
annulus gas pressure, and T-66 flow condition (Reynolds number). Heat 
loss and energy extraction results are tabulated and temperature 
distributions from two-dimensional thermal modeling are graphically 
presented in the Appendices. 

The thermal studies indicate excessive temperatures (?34O0C) for 
the receiver tube surfaces when the operating Reynolds number is low 
( 3 0 0 0 0 ) .  Such temperature levels can result in T-66 and black-chrome 
degradation. Therefore, it is recommended that the Reynolds number be 
maintained above 50000. 
receiver assembly alignmnnt. Misalignments, particularly an upward 
misalignment, can greatly increase the peak temperature experienced by 
the T-66 fluid and black-chrome selective coating. Further, since one- 
dimensional and two-dimensional heat loss and energy extraction results 
are comparable, one-dimensional thermal modeling is recommended so long 
as receiver temperature distributions are not needed. 
velocity and decreasing ambient air temperatures have been found to 
imrease receiver heat loss. These increased losses ars minimized if 
the annular space of the receiver assembly is evacuated. 

One- and two-dimensional thermal 

The studies also ShGW the importance of 

Increasing wind 
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NOMENCLATURE 

a absorption coefficient 

specific heat ‘p’ ‘i 
d 

HA1 R 

HFLUID 

HGAP 

hi j 

kI ki 

kef 
L 

n 

Nu 

’an 
Pr 

QAIR 

Ra 

Re 

‘i 
SIGT 

X 

misalignment distance 

acceleration of gravity 

convection coefficient from glass to 
environment 

convection coefficient for working fluid 

convection coefficient for annular space 

convection coefficient for heat transfer 
from i to j 

thermal conductivity 

effective thermal conductivity (Eqs. 10) 

receiver assembly elemental length 

glass index of refraction 

Nusselt number 

aiinulus gas pressure 

Prandtl number 

convective heat loss from glass to environment 

energy transferred to the working fluid 

solar energy absorbed by the glass 

receiver assembly heat loss 

direct normal solar-radiation on the trough 

radiative heat loss from glass to environment 

solar energy absorbed by receiver tube 

Rayleigh number 

Reynolds number 

radius of surface i 

total collector error at solar noon 

glass thickness 
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Ti 

Tm 

'i 

Greek 

B 

E: 

rl 
iIR 

rl 

9 
opt 

c9 

h' 

L i r  v i  
O ?  D i  

U 

Subscripts 

1 

2 

3 

4 

a 

f 

IR 

S 

temperature of surface i 

mean temperature 

velocity 

Coefficient of volumetric thermal expansion or 
misalignment angle 

thermal emissivity of surface i 

overall collector efficiency 

collector optical efficiency 

angular position or incidence angle 

angular increment 

glass extinction coefficient 

dynamic viscosity 

density 

Stefan-Boltzmann constant 

inner surface of receiver tube 

outer surface of receiver tube 

inner surface of glass jacket 

outer surface of glass jacket 

ambient 

fluid 

infrared (thermal) wavelength band 

blackbody sky 
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ANNULAR SOLAR RECEIVER THERMAL CCARACTERISTICS 

I. INTRODUCTION 

Thermal parametric studies' of a second-genera tion E-W-oriented, 

2-m, 90-deg paraboXc-cylindrical solar collector, proposed for use at 

the Sandia/DOE Midtemperature Solar Test Facility (MSSTF) , resulted in 
recommending use of an annular receiver assembly composed c+E a 2.54-cm 

receiver tube with a concentric 4.8-cm 0.d. glass envelope. An 

additional set of thermal studies was performed to improve the d e f i n i -  

tion of thermal characteristics of this receiver assembly over a 

realistic range of system operating conditions. The additional studies 

are discussed in this report. 

The previous heat loss calculations' made for the 2.54-cm receiver 

tube assumed uniform tube wall temperatures in order to simplify the 

calculations used in the parametric studies. This assumption, however, 

is not valid for large solar flux variations around the receiver t-&e; 

furthennore, it does not allow for estimation of local hot spots on the 

receiver tube. Although the abfiorbed solar flux variations may diffuse 

circumfesentially, the possibility of local hot spots is particularly 

important at high fluid operating temperatures (near 315'C) since the 

black-chrome selective surface and the Therminol-66 (T-66) working 

fluid will experience degradation at temperature levels above 340°C. 

TO improve the definition of receiver assembly thermal character- 

istics, two thermal models have been developed to study the tempera- 

ture distributions in the receiver assembly resulting from various 

circumferential solar flux distributions. A one-dimensional (1-01 

thermal model has been developed to calculate the circumferentially 

averaged heat losses and receiver assembly temperatures. Thio 1-0 model 
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allows i n v e s t i g a t i o n  of receiver performance over a s i g n i f i c a n t  range 

of f l u i d  tempera ture ,  Reynolds number, r e c e i v e r  annulus  a i r  p re s su re ,  

and v a r i a t i o n  i n  ambient c o n d i t i o n s  such as wind v e l o c i t y ,  i n s o l a t i o n ,  

and temperature .  A two-dimensional (2-D) thermal model was prepared 

t o  provide  t he  c i r c u m f e r e n t i a l  t empera ture  v a r i a t i o n s  throughout t h e  

r e c e i v e r  assembly under a select s u b s e t  of o p e r a t i n g  cond i t ions .  

2-D model a lso p rov ides  estimates of receiver assembly h e a t  losses and 

energy absorbed by t h e  working f l u i d .  It  is shown t h a t  l-D and 2-D 

models predict the  same magnitudes of h e a t  loss and ecergy  absorbed by 

t he  f l u i d .  

The 

The ana lyses  r e p o r t e d  h e r e i n  assume t h a t  t h e  T-66 bulk  f l u i d  

tempera ture  is 315'C and use c a l c u l a t e d  solar-noon (absorbed! flux d i s -  

t r i b u t i o n s  r e s u l t i n g  from (1) v e r t i c a l  m i s a l i ~ m e n t ,  ( 2 )  h o r i z o n t a l  

misal ignment ,  (3) collector t r a c k i n g  errors, and ( 4 )  c o l l e c t o r  

s t r u c t u r a l  ( s lope ;  errors. Energy extraction rate (by f l u i d )  and 

collector h e a t  loss rates are c a l c u l a t e d  at f o u r  (41 Reynolds numbers 

(10000, 30000, 50000, and 70000 i  for v a r i o u s  ambient c o n d i t i o n s  and 

collector o p e r a t i n g  c o n d i t i o n s .  

3.2 



The r e c e i v e r  assembly c o n f i g u r a t i o n  c o n s i s t s  of a 2.54-cm 0.d. 

ca rbon- s t ee l  t ube  w i t h  a black-chrome s e l e c t i v e  s u r f a c e  and an  enc los -  

ing  concen tx ic  Pyrex glass envelope.  

t h e  energy t r a n s f e r  mechanisms associated w i t h  t h i s  des ign .  Note t h a t  

tlie annu la r  space of the r e c e i v e r  assembly may be either (1) evacuated 

or ( 2 )  f i l l e d  w i t h  a i r  a t  a tmospheric  p re s su re .  Choice o f  t h e  annulus  

gas p r e s s u r e  c o n d i t i o n  eStabliSh88 whether t h e  energy t r a n s f e r  across 

the space  is s o l e l y  by r a d i a t i o n  exchange o r  whether convacticin (and 

conduct ion)  effects are  inc luded .  

F igu re  1 shows a schematic of  

Assumptions used i n  t he  thermal modeling are d i scussed  i n  t h e  follow- 

i n g  s e c t i o n .  I n  a d d i t i o n ,  brief p r e s e n t a t i o n s  of t h e  p e r t i n e n t  convec t ive  

h e a t  t r a n s f e r  c o r r e l a t i o n s  for energy exchanges,  (1) to t h e  working  

f l u i d s ,  ( 2 )  across t h e  annu la r  space, and (3 )  t o  t h e  environment are i n -  

c luded.  Discussion of t h e  l - D  and 2 - D  thermal models are a l s o  presented .  

These t w o  s e c t i o n s  d e s c r i b e  t h e  methods f o r  o b t a i n i n g  t h e  s t eady  s ta te  t h e r m a l  

s o l u t i o n s  alid h i g h l i g h t  t h e  a d d i t i o n a l  assumptions i n h e r e n t  i n  each model. 

A. Assumptions and C o r r e l a t i o n s  

The d i f f e r e n t  modes of energy exchange for t h e  selected geometry 

are schemat i ca l ly  p re sen ted  i n  F ig .  1. The geometry is subdivided 

c i r c u m f e r e n t i a l l y  i n  the 2-D thermal model to  a c c u r a t e l y  model the 

absorbed solar energy d i s t r i b u t i o n s  on t h e  receiver tube and glass. 

The l - D  model c o n s i d e r s  on ly  radial  energy t r a n s f e r ,  u s ing  i n t e g r a t e d  

v a l u e s  from t h e  absorbed solar energy data. 

c o r r e l a t i o n s  (described below) are used i n  t he  t w o  a n a l y s e s  i n  order 

t o  provide  r e s u l t s  which can be d i r e c t l y  compared. 

The same heat t r a n s f e r  

1 3  
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Therminol-66 
working f l u i d  

Annular Space 
f i l l e d  w i t h  

A m b i  en  t ( a 1 atmoopherzc 

B 1 ac kbod y 
s k y  (SI 

and p res su re  (or evacuated)  

G l a  s s Enve 1 ope Carbon-steel  
r e c e i v e r  tube  

wi th  black-chrome 
s e l e c t i v e  surface 

Nota t i o n  
= Conduction heat  t r a n s f e r  from s u r f a c e  I t o  j 

= Convection h e a t  t r a n s f e r  from s u r f a c e  i t o  J 

= Radia t ion  heat t r a n s f e r  from s u r f a c e  i t o  J 

= Solar r a d i a t i o n  absorbed by g l a s s  

= Solar r a d i a t i o n  absorbed by r e c e i v e r  tube 

Qcondi- 

Qconvi- 

*radi- 

Qg las s  

*tube 

F I G U R E  1. Energy Trans fe r  Schematic for t h e  Annular Receiver 
As s embl y 



For r a d i a t i o n  energy exchange i n  the annulus ,  the ana lyses  assume 

t h a t  t h e  g l a s s  and receiver tubes are opaque, d i f fuse -g ray  s u r f a c e s .  

The assumption tha t  the  glass is opaque for the thennal energy 

exchange is reasonable  for  r e c e i v e r  tube temperature  < 400OC. 

r e s t r i c t i o n  t h a t  the s u r f a c e  is r a d i a t i v e l y  d i f f u s e  is e s s e n t i a l  f o r  

o b t a i n i n g  r a d i a t i o n  c o n f i g u r a t i o n  (form) factors for  t h e  s u r f a c e  

elements  t o  b e  used i n  the 2-D thermal model. In  a d d i t i o n ,  it is 

assumed that t h ?  s u r f a c e  thermal e m i s s i v i t i e s  are independent of t e m -  

p e r a t u r e ,  w i t h  the g l a s s  and r e c e i v e r  tube va lues  a t  0.92 and 0 . 2 5 ,  

r e s p e c t i v e l y .  

The 

16  

For r a d i a t i o n  losses f r o m  the glass s u r f a c e ,  t h e  sky is treated 

as a blackbody s u r f a c e  which e n c l o s e s  (view factor = 1 . 0 )  t he  glass 

o u t e r  s u r f a c e .  The e f f e c t i v e  blackbody sky temperature is obta ined  

from work by Whill ier given i n  Eq. (1) 2 

Ts = Ta - 6OC (1) 

A l l  v a r i a b l e s  are de f ined  i n  the r e p o r t  nomenclature. 

The  t r a n s f e r  of  absorbed solar energy from t h e  s teel  r e c e i v e r  

tube t o  the working f l u i d  (T-66) is by convect ion.  It is assumed t h a t  

t h e  T-66 bulk  f l u i d  tempera ture  and f l o w  rate are known. 

'3. c t i o n  c o e f f i c i e n t  is ob ta ined  from t h e  f u l l y  developed t u r b u l e n t -  

f low h e a t  t r a n s f e r  c o r r e l a t i o n  g iven  by Sieder and Tate3 [Eq. (211.  

The c o r r e l a t i o n  depends on t h e  working f l u i d  Reynolds ( R e )  and P r a n d t l  

CPr) numbers and a dynamic v i s c o s i t y  r a t i o .  The v i s c o s i t y  dependence 

models the convect ion p rocess  where d i f f e r e n c e s  between the t u b e w a l l  

The con- 

and bu lk  f l u i d  tempera tures  i n  excess of 6OC are encountered.  

0.14 Nu = 0.027 (Re) O * (Pr) (vf /vl)  

15 



with  

Nu = 2hlfrl/Kf 

A l l  p r o p e r t i e s  are eva lua ted  a t  the bulk  f l u i d  temperature  except  fo r  

pl,  which is eva lua ted  a t  the average w a l l  temperature.  

Convection heat t r a n s f e r  c o e f f i c i e n t s  from the  glass t o  the  

surroundings are a func t ion  of the ambient wind ve loc i ty .  The r e c e i v e r  

assembly is h o r i z o n t a l  and the a i r  is assumed t o  f l o w  over  the  r e c e i v e r  

(no t  a long  the tube]. Two cases are considered for a n a l y s i s .  The more 

conserva t ive  case models n a t u r a l  convect ion energy exchange where there 

is no apparent  wind v e l o c i t y .  Equation ( 6 )  d e f i n e s  the convect ion 

c o e f f i c i e n t  i n  terms of t h e  average temperature  d i f f e r e n c e  between t h e  
glass and surroundings 4 

hla = 3.795 CT4 - Ta) (w/m2 - 0 K) 
The convect ion c o e f f i c i e n t  is modeled us ing  Eq. (7) for  t h e  case where 

t h e r e  is forced a i r  flow over t h e  r e c e i v e r  assembly. The diameter used 

i n  R e  and Nu is the external diameter of t h e  c y l i n d e r ,  and the v e l o c i t y  

used i n  computing t h e  Reynolds number is t h a t  of t h e  a i r  stream 

approaching t h e  cy l inde r .  

f i lm temperature  (Tm = [T4 + Ta]/2). 

A l l  f l u i d  p r o p e r t i e s  are based on the mean 

1 6  
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5 where C and rn are g iven  below 

C m -- Range o f  R e  

1-4 0.891 0.330 

4-40 0.821 0.385 

40-4000 0.615 0.466 

4000-40,000 0.174 0.618 

40,000-250,000 0.0239 0.805 

Energy t r a n s f e r  across t h e  annu la r  space by mechanisms o t h e r  t han  

r a d i a t i o n  depends on t h e  annulus  g a s  p re s su re .  For t h e  case where 

t h e  annu la r  space i s  evacuated ,  it i s  assumed t h a t  t h e  annulus  g a s  

p r e s s u r e  (Pan) - C l o w 3  Pa, and thue  t h e r e  i s  no convec t ive  or conduct ive 

energy exchange. ' Theref ore, 

h = 0.  
23 

When t h e  annular space is maintained a t  atmospheric p r e s s u r e ,  t h e  fol lowing 

w i t h  

correlations are inco rpora t ed .  

h23 = Kef/r21n Ir2/rl) 

Kef = K for  R a  < 1090 

0.2667 K = 0.1558 K ( R a )  e f  

The Rayleigh number ( R a )  is de f ined  i n  Eq. (11) below. 

17 



A l l  p r o p e r t i e s  are eva lua ted  a t  t h e  mean a i r  temperature  for t h e  annular  

space except  for  t h e  c o e f f i c i e n t  of volumetr ic  thermal  Ixpansion (6) 

which is  eva lua ted  a t  t h e  i n s i d e  g l a s s  s u r f a c e  average temperature  (T3). 

Note t h a t  Eq. ( lob)  has also been shown t o  be v a l i d  by Hickox and 

Gartl ingO for a s y m e t r i c  receiver t u b e  temperature  d i s t r i b u t i o n s  and for 

e c c e n t r i c  c y l i n d e r s .  

The s o l a r  energy d i s t r i b u t i o n s  absorbed by the receiver and g l a s s  
1 tubes  have been ob ta ined  from a s imula t ion  model a l r eady  described. 

Tne energy is assumed t o  be absorbed by t h e  r e c e i v e r  tube  a t  the tube 

su r face .  The solar energy absorbed by the  g l a s s ,  on t h e  other hand 

i s  assumed t o  be uniformly zbsorbed through t h e  th i ckness .  T h i s  

s implifies t h e  g l a s s  abso rp t ion  p rocess  normally de f ined  by the 

abso rp t ion  c o e f f i c i e n t  (a) which depends on the g l a s s  t h i ckness  (XI, 

e x t i n c t i o n  c o e f f i c i e n t  (IC) and index o f  r e f r a c t i o n  (n)  and t h e  r a d i a t i o n  

inc idence  angle  ( 9 )  .' 
abso rp t ion  c o e f f i c i e n t .  

Equation (12)  p re sen t8  t h e  exponent ia l  form of the  

-K.X ' a = e  

and 

( 1 2 )  

(131 

Addi t iona l  in format ion  on the  absorbed s o l a r  energy d i s t r i b u t i o n s  1s 

given i n  S e c t i o n  III. 

A l l  a n a l y s e s  m o d e l  the  s t e a d y - s t a t e  thermal problem for a f i x e d  

length  of r e c e i v e r  assembly (1 m ) .  Material conduc t iv i ty  properties 

for  t h e  glass and steel tube  a r e  assumed cons tan t  w h i l e  t h e  T-66 fluid 

P r o p e r t i e s  and a i r  properties are allowed t o  vary  w i t h  temperature .  

formation on these d a t a  w i l l  a l s o  be provided i n  Sec t ion  111, "Def in i t i on  

of Problem Parameters.  

In- 
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B. One-Dimensional Thermal Model 

The l - D  thermal  model cons ide r s  radial. energy exchange assuming t h a t  

t h e  solar r a d i a t i o n  absorbed by t h e  g l a s s  and r e c e i v e r  tube i s  uniformly 

d i s t r i b u t e d .  The model, t h e r e f o r e ,  cannot  provide c i r c u m f e r e n t i a l  

temperature  d i s t r i b u t i o n  data f o r  t h e  r e c e i v e r  assembly. I t  w i l l ,  

however, estimate r c c e i v e r  assembly h e a t  loss c h a r a c t e r i s t i c s  and energy 

c o l l e c t i o n  data f o r  t h e  r e c e i v e r  working f l u i d  g iven  ambient cond i t ions  

and bulk f l u i d  o p e r a t i n g  c o n s t r a i n t s .  

The 1-D thermal  model uses t h e  n e t  r a d i a t i o n  method desc r ibed  i i i  

Siege1 and Howell ' '  t o  d e f i n e  t h e  r a d i a t i v e  energy exchange mechanisms. 

The conduction and convec t ion  energy  t r a n s f e r  modes a r e  a l so  inc ludsc  

t o  develop a series of energy ba lance  equa t ions  f o r  t h e  r e c e i v e r  tube 

and g l a s s  envelope. A Newton-Haphson i t e r a t i o n  method'' is used t o  

s o l v e  t h e s e  coupled non l inea r  equa t ions ,  a l lowing  use of temperature- 

dependent conduct ion,  convect ion,  and r a d i a t i o n  c o e f f i c i e n t s .  Conver- 

gence of t h e  s u r f a c e  tempera tures  to  - +O.l°C is  o b t a i n a b l e  usua l ly  wi th in  

f i v e  i t e ra t ive  calculations. 

and o v e r a l l  r e c e i v e r  assembly h e a t  loss (QLoss) d a t a  a r e  obta ined  us ing  

t h e  s u r f a c e  tempera tures  of t h e  inner  diameter of t h e  r e c e i v e r  tube and 

o u t e r  d iameter  of t h e  g l a s s  envelope,  r e s p e c t i v e l y .  Equat ions 14 and 15 

d e f i n e  t h e s e  va lues .  Note t h a t  t h e  h e a t - t r a n s f e r  c o r r e l a t i o n s  (hlf and 

h4,) have been presented  i n  t h e  prev ious  s e c t i o n .  

Energy extraction by t h e  f l u i d  (Qfluid) 

Energy E x t r a c t i o n  

= 2 r r  Lh ( 1 4  1 QFluid  1 l f ( T 1  - Tf)  

Receiver Heat loss 

I 4 A 
QLoSS &41Ru (T4 - Ts) + h4a (T4 - Tal (15) 
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C .  Two-Dimensional Thermal Model 

A 2-0 thermal  model was prepared t o  provide  t h e  c i r c u m f e r e n t i a l  t e m -  

p e r a t u r e  v a r i a t i o n  throughout  t h e  receiver assembly, Of p a r t i c u l a r  

i n t e r e s t  from t h e  2-D model are t h e  peak tempera tures  associated w i t h  

t h e  r e c e i v e r  tube .  The black-chrome s e l e c t i v e  c o a t i n g  on t h e  r e c e i v e r  

tube and t h e  T-66 working f l u i d  cons idered  must both be maintained below 

34OoC t o  prevent  degrada t ion .  The 2-D model (d iscussed  below) has  been 

employed for a select s u b s e t  o f  paramet r ic  v a r i a t i o n s  (Sect ion 111) t o  

show t h e  peak tempera tures ,  and t r  p rovide  hea t  loss from t h e  g l a s s  

envelope and energy t r a n s f e r r e d  t o  t h e  working f l u i d .  These l a t te r  

r e s u l t s  can be compared t o  t h e  1-D m o d e l r e s u l t s ,  

The 2 - D  thermal  model i s  a lumped-mass thermal network prepared for 
* 

s o l u t i o n  by CINDA , Figure 2 d e s c r i b e s  t h e  c i r c u m f e r e n t i a l  and rad ia l  

node s t r u c t u r i n g  ( f i n i t e - d i f  f e rence  d i s c r e t i z a t i o n )  t o  r e p r e s e n t  a u n i t  

l e n g t h  of t h e  r e c e i v e r  assembly. Phys ica l  dimensions,  boundary con- 

d i t i o n s ,  m a t e r i a l  p r o p e r t i e s ,  and absorbed solar f l u x  d i s t r i b u t i o n s  are 

given i n  Section 111. A l l  h e a t  t r a n s f e r  mechanisms (shown by Figure  

1) d i scussed  ear l ier  a r e  inco rpora t ed  i n  t h e  thermal  m o d e l .  

* 
CINDA l2 i s  a mul t i -opt ion  f i n i t e  d i f f e r e n c e  code which 
ana lyzes  a mathematical  model of an a r b i t r a r y  1 - D ,  2-D, or 
3-D lumped-parameter r e p r e s e n t a t i o n  of  a p h y s i c a l  system 
governed by a set of  d i f f u s i o n  aquat ions .  To use t h e  code, 
a thermal  ana log  network r e p r e s e n t i n g  t h e  phys ica l  system is  
cons t ruc t ed .  Xaterisl p r o p e r t i e s  and boundary c o n d i t i o r s  
can  be s p e c i f i e d  as  c o n s t a n t s  or  as f u n c t i o n s  of one or 
more independent variables. CINDA allows cho ice  of var ious  
s t e a d y - s t a t e  or t r a n s i e n t  s o l u t i o n  methods. 
capabi l i t ies  incude t h e  c a p a b i l i t y  t o  s o l v e  a s e p a r a t e  
r a d i o s i t y  network r e p r e s e n t i n g  a n  enc losu re  ( w i t h  d i f f u s e  
s u r f a c e s ) ,  and t h e  c a p a b i l i t y  t o  account  f o r  material 
phase change e n e r g i e s .  CINDA a lso  allows t h e  u s e r  t o  in -  
co rpora t e  needed l o g i c  and subrou t ines  necessary  fo r  a 
p a r t i c u l a r  thermal  model. 
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32 Angular Segments: 1 2  @ A 0  = r / l l  

Ti 20 @ A0 = n/22  

Conductances ( G )  Values Between Adjoining Nodes: 

Circumferential:  G C i X =  + A0 representing 
node volume 

rmin) 
- 

4K (rmax 
2) (rmax + rmin)(AO 1 

( T r  between PJI=xe;Inge) node 

FIGURE 2 .  Network Def in i t ion  f o r  2-D Thermal Model 
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For r a d i a t i o n  exchange across t h e  annulus  between t h e  r e c e i v e r  tube 

and g l a s s  envelope,  t h e  2 - D  thermal  moael employs a r a d i n s i t y  network 

s o l u t i o n  f o r  a m u l t i p l e  d i f  fuse-gray s u r f a c e  enc losu re  con ta in ing  a 

nonabsorbing media. The r a d i a t i o n  form f a c t o r s  r equ i r ed  for t h e  s u r -  

face e lements  were c a l c u l a t e d  us ing  TRASYS. l3 

were d i scussed  earlier. 

Surface  e m i s s i k i  ties 

The radiative and convec t ive  h e a t  losses from t h e  surface of t h e  

g l a s s  envelope and energy t r a n s f e r  t o  t h e  working f l u i d  employ parameter 

d e f i n i t i o n s  as desc r ibed  by Eqs. (1) through (11). So lu t ion  of the 

thermal  model ( f o r  each selected c o n d i t i o n )  employed t h e  s t e a d y - s t a t e  

s o l u t i o n  subrou t ine  C I N D S R  a v a i l a b l e  i n  C I N D A .  '',12 CINDSR employs a 

"success ive  p o i n t "  i t e r a t i o n  technique  to so lve  t h e  set of simultaneous 

( l i n e a r )  d i f f e r e n c e  equa t ions  r e p r e s e n t i n g  the netrwork. A l i n e a r  

e x t r a p o l a t i o n  is  performed (every t h i r d  i t e r a t i o n )  on t h e  error 

func t ion  p l o t  of each node i n  an a t t empt  t o  accelerate convergence. 

Success ive  s o l u t i o n s  were employed t o  adequate ly  iterate t h e  dependent 

v a r i a b l e s  described by e q s .  (1) through (11) as temperatures  converged 

t o  t h e  desired s t e a d y - s t a t e  s o l u t i o n .  An energy  balance for each  

s o l u t i o n  i n d i c a t e d  convergence t o  wi th in  0.01 pe rcen t .  
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111. DEFXNITSON OF PROBLEM PARAMETERS 

T h i s  s e c t i o n  d e f i n e s  and d i s c u s s e s  t h e  f i x e d  d a t a  and paramet r ic  

data used i n  t h e  thermal a n a l y s i s  of t h e  2.54-cm r e c e i v e r  tube assembly .  

Design cond i t ions ,  def ined  i n  Table I inc lude  (1) r e c e i v e r  geometry, 

(2) r e c e i v e r  material p r o p e r t i e s ,  ( 3 )  working f l u i d  p r o p e r t i e s ,  and 

(4) ambient and annulus  gas  p r e s s u r e  condi t ions .  The c u r r e n t  s tudy  

assumes t h a t  t h e  data g iven  i n  Table I are cons tan t  u n l e s s  i nd ica t ed  

otherwise.  I n  add i t ion  to  Table I ,  s p e c i f i c  d e s c r i p t i o n s  a r e  provided 

for (1) t h e  absorbed s o l a r  f l u x  d i s t r i b u t i o n s ,  (2) t h e  working f l u i d ,  

and ( 3 )  t h e  opera t ing  cond i t ions .  These d e s c r i p t i o n s  are g iven  i n  t h e  

fol lowing three subsec t ions  r e s p e c t i v e l y .  

A .  Solar Flux D i s t r i b u t i o n s  

The p o s s i b l e  receiver assembly-col lector  t rough inaccurac i e s  con- 

sidered f o r  a n a l y s i s  are l i s t e d  below a i d  schemat ica l ly  represented  i n  

F igure  3.  

* V a r i a t i o n  i n  t r ack ing ,  s l o p e  and receiver errors 

*Rece ive r  misalignment below t h e  f o c a l  l i n e  

@Receiver misalignment above t h e  f o c a l  l i n e  

@Receiver misalignment t o  t h c  l e f t  of t h e  focal l i n e  

Tracking b i a s  (angular  error of t r ack ing )  

These d i f f e r e n t  ope ra t ing  s c e n a r i o s  f o r  r e c e i v e r  assembly-col lector  trough 

are modeled using EDEP, a solar energy depos i t i on  computer program 

created by F. Biggs. l4 This  program w a s  incorpora tsd  i n  t h e  s imula t ion  

model described i n  Reference 1. Absorbed solar f l u x  d i s t r i b u t i o n s  on 

t h e  receiver tubes  are shown i n  F igu res  4 f o r  v a r i o u s  magnitudes 

Of inaccuracy.  The d i s t r i b u t i o n s  have been obtained f o r  a solar-noon 

i n s o l a t i o n  of 977.2 W/m on t h e  2-m t rough.  

t rough r e f l e c t i v i t y  is 0 .95 .  

2 I t  is  assumed t h a t  t h e  

Solar r a d i a t i v e  p r o p e r t i e s  f o r  t h e  g l a s s  

2 3  



TABLE I 

BASE LINE RECEIVER ASSEMBLY DESIGN CONDITIONS 

Receiver  Assembly Geometry 

Receiver  Tube od: 2.54 c m  
Receiver Tube Surface :  Black Chrome 

Receiver Tube Wall Thickness:  0.15 cm 
Glass J a c k e t  od: 4.80 cm 
Glass Thickness:  0.20 c m  
Receiver Assembly Length: 1 m 

- Receiver  Assembly Material P r o p e r t i e s  

Glass Thermal E m i s s i v i t y :  0.92 
Glass T h e r m a l  T r a n s m i s s i v i t y :  0.0 
G l a s s  Thermal Conduct iv i ty :  5.32 W/m-OC 
Receiver  Tube Thermal E m i s s i v i t y :  0.25 ( f o r  b l a c k  chrome) 

Receives Tube Thermal Conduct iv i ty :  4 7 . 2 5  W/m-*C 

Working F l u i d  (see d i s c u s s i o n )  

F l u i d  Type: T-66 (see Reference 15) 
Bulk F l u i d  Temperature: 315OC 
Reynolds Number: Variable (10,000, 30,000,  50,000 and 70,000) 
P r a n d t l  Number: 10.98 
Thermal C o n d u c t i v i t y  @ 315OC: 0.094 W/m-"C 

Dynamic V i s c o s i t y :  Variable ( s e e  Reference 15) 

Insolat ion and S o l a r  F lux  D i s t r i b u t i o n s  (see d i s c u s s i o n )  

S o l a r  Noon I n s o l a t i o n :  977.2 W/m2 

Absorbed Flux  D i s t r i b u t i o n s :  Variable (see Figs. 4 and Table  2)  

Opera t ing  Condi t ions  (see d i s c u s s i o n )  

Ambient Temperature: 25OC 

Ambient Pressure :  1 x lo5 P a  
Ambient Wind Veloc i ty :  0 m/S 

Annulus gas: A i r  

Annulus Pressure :  Variable (<low3 Pa or 10 5 Pa)  



Incoming 
Solar Flux Incoming 

Solar Flux (Nomal 
Tracking] 

One-Dimens- mal  Collector Error 
(Associated w i t h  Trough Support 

S t r u c t u r e ,  e.g.) 

Error Assoc ia t ed  wi th  Tracking  
B i a s  

Incoming Xncoming Solar Flux 
Solar Flux I 

Vertical Misalignme:.t of t h e  
Receiver Assembly 

!fori zocta 1 M i  sa 1 i y n m e n t  o f  t h e  
Receiver A s s c m t j l  y 

FIGURE 3 .  Error Sources Associated w i t h  t he  P ~ ~ r a b o l l c - ~ ' y l r n d r l c a l  SolL3r Col lcc tnr  
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F i g u r e  D e s c r i p t i o n s  

A: V a r i a t i o n  of S t r u c t u r a l  ( S l o p e )  

€3: X i s a l i g n m e n t  o5 R e c e i v e r  Assembly 

C :  M i s a l i g n m e n t  of Receivel-  Assembly 

D: i - l i s a l l g n m e n t  of R e c e i v e r  Assembly 

E: C o l l e c t o r  Tracking Error v a r i a t i o n  

Crror X a g n i t u d e  

B e l o w  Focal L i n e  

Above Focal L i n e  

To Left of  Focal L i n e  

18.00 t f3 

-._-- 
e m  -.e lee. IW. ne. m. m. no. 

1-18 m!VlDI I ~ U f i S l  

I 
1 

n . o e  . . - . 

!! la,*# r 
f 11.e: 

? 10.00 

FIGURE 4 .  R e c e i v e r  Tube  Absorbed S o l a r  Ene rgy  D i S t r l b U t l O n S  
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and receiver t u b e  vary with inc idence  ang le ,  wi th  t h e  r e c e i v e r  tube  

normal solar a b s o r p t i v i t y  and g l a s s  normal solar t r ansmiss iv i ty  f i x e d  

a t  0.95  and 0.913, r e spec t ive ly .  Errors assoc ia ted  w i t h  t r a c k i n g ,  

trough s t r u c t u r e ,  receiver pos i t i on ing ,  mirror s p e c u l a r i t y ,  and f i n i t e  

sun-shape are treated s t a t i s t i c a l l y  according t o  normal error d i s t r i -  

but ions.  Reference 1 should be consul ted  f o r  a d d i t i o n a l  d e t a i l s  

on t h e  solar energy depos i t i on  model used in t h i s  work. 

Table 11 shows cumulative resul ts  obtained from the  absorbed 

energy d i s t r i b u t i o n  curves.  Op t i ca l  e f f i c i e n c y  (n ) data are also 
o p t  

provided t o  show t h e  e f f e c t  of misalignment and o the r  i naccurac i e s  i n  

c o l l e c t i n g  solar r ad ia t ion .  Note t h a t  t h e  o p t i c a l  e f f i c i e n c y ,  def ined  

by Eq. (161, does no t  inc lude  t h e  de t r imen ta l  heat loss e f f e c t .  The 

o p t i c a l  e f f i c i e n c y  provides  t h e  maximum t h e o r e t i c a l  e f f i c i e n c y  for a 

collector system p r i o r  t o  s e l e c t i o n  of opera t ing  temperature c o n s t r a i n t s .  

- = - =  'Tube Enerqy absorbed by t h e  Receiver Tube 
Energy i n c i d e n t  on t h e  Trough Aperture 'Iopt 'S 

The absorbed solar energy d i s t r i b u t i o n s  for t h e  g l a s s  and r ece ive r  

tubes are used i n  the 2 - D  thermal m o d e l .  Cumulative absorbed energy 

to t a l s  are used i n  t h e  1 - D  thermal s tudy w i t h  t h e  energy assumed ta be 

uniformly d i s t r i b u t e d  about  t h e  tube circumferences.  

Note: The terms ' f l u x '  and 'energy'  are used interchangeably 
throughout t h e  r e p o r t .  
assuming a 1-m s e c t i o n  of r ece ive r  assembly. Thus, 
r e s u l t s  given i n  terms of f l u x  u n i t s  (W/m) are i d e n t i c a l  
t o  t h e i r  coun te rpa r t  energy u n i t s  ( W ) .  Note a l so  t h a t  
t he  c a l c u l a t i o n s  are performed a t  one i n s t a n t  i n  time- 
solar noon. Hence, energy is a c t u a l l y  expressed a s  
an energy ra te  (W-hr/hr). 

The r e s u l t s  are presented 
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Cases Modeled 

TABLE I1 

CUMULATIVE SOLAR ENERGY COLLECTION DATA* 

I. Alignment (1-D) 

6.41mR (7. OnR total) + 
8.55mR (3.0mR total) 
11.88mR ( 1 2 . 2 m R  total) 

11. Misalignment below 
the focal line 

2 . tm (7 *mR total) 
5.0.m ,- mR total) 
1O.Cm OmR total) 

111. Misal- iune~ : above 
the focal line 

2.5mm (7.0mR total) 
5.0- (7.0mR total) 
1O.Orm (7.0mR total) 

IV. Misalignment left of 
the focal line 

2.5m (7.0mR total) 
5.Omm (7.0mR total) 
1O.Omm (7.0mR total) 

V. Tracking bias 

2.5mR (7.0mR total) 
5.OmR (7.0zR total) 
10.0mR (7.0mR total) 

Solar Flux Absorbed Solar Flux Absorbed Optical 
Receiver Tube by Glass Efficiency 
(Qmbe) ('Glass 1 (%pd 

(W) (W) (e) 

1567.4 
1513.1 
1382.3 

32.6 
32.8 
33.0 

80.2 
77.4 
70.7 

1555.5 
1516.9 
1324.1 

1555.4 
1516.1 
1320.4 

1564.2 
1550.3 
1420.3 

1558.5 
1529.9 
1392.6 

32.7 
32.8 
33.4 

32.7 
32.8 
33.4 

32.7 
32.8 
33.2 

32.7 
32.8 
33.2 

79.6 
77.6 
67.8 

79.6 
77.6 
67.7 

80.0 
79.3 
72.7 

79.7 
78.2 
71.3 

__ * 
Direct Normal Solar Radiation on the 2-m Collector aperture is 1954.4 W. 

+ Numbers in parentheses correspond to the total error associated with 
tracking, receiver, and slope errors and with sun and mirror errors (SICTI. 

Numbers outside the parentheses represent the error magnitudes depicted by 
Figure 3 (in milli-radians or millimeters). 
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B. Working F lu id  

Therminol-66, produced by Monsanto Corporat ion,  S t .  L o u i s ,  Mo., 

i s  t h e  hea t - t r ans fe r  f l u i d  modeled i n  t h e  study. T-66 is c u r r e n t l y  

used i n  the pa rabo l i c -cy l ind r i ca l  c o l l e c t o r  f i e l d  a t  t h e  MSSTF. I t  i s  

designed for  use i n  nonpressurized i n d i r e c t  heat ing systems and is 

s u i t a b l e  for  high-temperature performance t o  - 340OC. 

It is assumed i n  t h e  s tudy  t h a t  t he  T-66 bulk f l u i d  temperature 

i s  315OC, corresponding t o  t h e  maximum o u t l e t  f l u i d  temperature 

allowed a t  t he  MSSTF. The P rand t l  number and "-66 thermal conduc t iv i ty ,  

used i n  Eq. ( 2 )  i n  determining t h e  convection hea t  t r a n s f e r  c o e f f i c i e n t ,  

are evaluated a t  t h e  bulk temperature and are g iven  i n  Table I. The 

dynamic v i s c o s i t y  r a t io  w a s  obtained from a curve f i t  of data repor ted  

by Monsant.0 Corporation. l5 

Prand t l  number c a l c u l a t i o n ,  and t h e  thermal conduct iv i ty  of T-66 

have a lso been obtained from t h i s  source.  

Other per t in-mt  p r o p e r t i e s  used i n  t h e  

C. Operatinq Condit ions 

The ope ra t ing  condi t ions  def ined  i n  T a b l e  I were chosen t o  ob ta in  

maximum r e c e i v e r  tube and glass temperatures  for  given Reynolds numbers 

and annulus gas  pressure  condi t ions .  With no e x t e r n a l  wind v e l o c i t y ,  

t h e  convection energy t r a n s f e r  from t h e  g l a s s  t o  ambient is minimized. 

S imi l a r ly ,  evacuat ion of t h e  annulus gas  minimizes t h e  energy t r a n s f e r  

across t h e  annular  space,  s i n c e  t h e  only mode of energy exchange is by 

r ad ia t ion .  Addit ional  r e s u l t s  are a l s o  obtained wi th  t h e  annulus gas  

pressure  maintained a t  1 0  Pa ,  which is  more t y p i c a l  of c u r r e n t  

r ece ive r  assembly condi t ions .  For t k i s  case, the energy exchange mech- 

anisms also inc lude  conduction and minimal convection. The annular  

space has been s i z e d  previous ly  t o  l i m i t  n a t u r a l  convection e f fec ts  so 

t h a t  t h e  r e s u l t i n g  h e a t  loss is minimized and t h e  r ece ive r  temperatures  

are maximized. 

5 
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The ambient temperature s e l e c t e d  f o r  base l ine  s tud ies  is 25'C. 

T h i s  represents a t y p i c a l  late spring-early f a l l  solar-roon ambient 

temperature. Results are also provided for d i f f e r e n t  ambient tempera- 

tures  (-25', Oo, 2S0, and 50°C)  and d i f f e r e n t  wind v e l o c i t i e s  ( 0 . 0 ,  

2 . 5 ,  5 . 0 ,  and 10.0 m/s)  to  show the  effects of these  changes on 

collector performance. 



IV. DISCUSSION OF THERMAL MODEL RESULTS 

Complete details of the parametric solutions from the 1-D and 2 - D  

thermal models are presented in Appendices A, B, and C. Appendix A 

contains tabulated and plotted results from the 2-D thermal model for 

the baseline conditions shown in Table I. These conditions (25 C 
0 

ambient air, no wind) result in the highest receiver tabe temperatures. 

Appendices B and C contain tabulated results from solution of the 1-D 

thermal model for various ambient temperatures (-25, 0 ,  25, and 5 0 ° C )  

and various wind velocities (0.0, 2.5, 5.0, and 10.0 m/s). Note that 

all solutions are for the assumed bulk fluid temperature of 315'C 

corresponding to the maximum exit temperature condition specified at 

the MSSTF. Some of the more interesting results from the thermal 

model solutions will be discussed below. 

A sample of detailed 2-D model results is given in Figures 5 

through 7 for nominal (aligned) and extreme (10 mm misalignment up) 

receiver conditions. The operating Reynolds number is 30,000, the 

annular space is evacuated, and there is no wind velocity for the 

results presented. Figure 5 shows the solar f l u  absorbed by the 

receiver tube (see Section I11 for discussion), plus the reduced flux* 

after subtracting the energy radiated from the receiver tube outer 

surface to the glass envelope. Figure 6 shows the circumferential 

temperature distributions in the glass and at the outside surface of 

*The reduced flux cabsorbed solar flux, less re-radiation) shown 
by Figure 5 ,  is actually the distribution of solar energy which 
is transferred to the working fluid. However, the circumferen- 
tial variation is not considered when calculating the convective 
heat transfer from the receiver tube to the working fluid (see 
Eqs. 2 through 51 .  The average temperature at the inner surface 
of the receiver tube, togethe? with bulk fluid parameters, was 
used to determine an average convective coefficient. 

33. 
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the receiver tube, as compared to the definition of bulk fluid and 

ambient air temperatures. Figure 7 provides a close lock at the 

receiver tube temperatures by expanding the temperature scale. The 

complete set of plots for each condition considered (i.e., like 

Figures 5-71 are not presented. However, except for circumferential 

temperature distributions in the glass (Figure 6) and the re-radiation 

increment (Figure 51, all rerrults are available in the appendices. 

A major concern in this study has been to show the circumferen- 

tial variation of receiver tube surface temperature. Figure 8 shows 

such receiver tube surface temperature distributions (resulting from 

the solar energy distributions shown by Figure 4) for various error/ 

misalignment conditions, 25OC ambient air, no wind, and annulus evacu- 

ated. Figure 9 shows the circumferential average and peak receiver 

tube temperatures plotted versus Reynolds number for nominal (aligned) 

and extreme (misaligned 10 mm up) conditions. Additional plots, show- 

ing the circumferential variation of receiver tube surface temperature 

for  the different receiver error/misalignment conditions, are given by 

Appendix A. 

Tables A-I and A-II for the two annulus gas pressure conditions. A 

quick perusal of these peak temperatures will poiqt out that nearly 

all tube alignment and fluid Reynolds number conditions result in peak 

temperatures near or above 34OoC (the desired maximum). Recognizing 

A summary of the peak temperatures are tabulated in 

that this report deals with peak solar insolation and worst case ther- 

mal conditions, proper alignment and high Reynolds numbers seem neces- 

sary if the black-chrome selective coating is to be restrained to the 

34OoC limit. 

Another concern is that the inner surface temperatures of the 

receiver tube not cause degradation of the T-66 working fluid. The 

2-D thermal model results indicate a small thermal gradient through 

the receiver tube thickness (see Figure 7 and Appendix A ) .  Average 

temperatures of the inner surface of the receiver tube, tabulated in 
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F i g u r e  D e s c r i p t i o n  

A .  V a r i a t i o n  o f  s t r u c t u r a l  ( s l o p e )  

B. Misa l ignment  o f  r e c e i v e r  assembly 

C .  Misal ignment  o f  r e c e i v e r  assembly 

D .  Y i sa l ignmen t  of r e c e i v e r  assembly 

E .  C o l l e c t o r  t r a c k i n g  error v a r i a t i o n  

e r r o r  magni tude  

below f o c a l  l i n e  

above focal l i n e  

to  l e f t  o f  f c c a l  l i n e  
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F I G U R E  8 .  C i r c u m f e r e n t i a l  Tempera ture  D i s t r i b u t i o n s  a t  t h e  Rece ive r  
Tube S u r f a c e  - R e  = 50 ,000 ,  Annular  Space  Evacuated and 

No Wind V e l o c i t y  
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Appendix A along w i t h  the average temperature  of t h e  outer s u r f a c e  of 

the  tube ,  i n d i c a t e  n e g l i g i b l e  d i f f e r e n c e s  between inne r  and o u t e r  

s u r f a c e  temperatures .  Thus, as shown by Figure  98 it appears  poss ib l e  

t o  exceed 34OoC i n  the working f l u i d  boundary l a y e r .  

prevent  degradat ion of either t h e  working f l u i d  o r  black chrome, it is 

I n  o rde r  t o  

necessary to  maintain the exit Reynolds number > 50,000. 

the r e s u l t s  s h m n  by Figure  9 (and Table I) i n d i c a t e  a slow decrease  

i n  peak temperature as Reynolds number is increased  above 50,000. 

Note that  

Thus, if the peak ope ra t ing  cond i t ions  and p o t e n t i a l  c o l l e c t o r  m i s -  

al ignments approach those  considered by t h i s  s tudy ,  it may be neces- 

s a r y  t o  operate a t  an exit bulk  f l u i d  temperature less than t h e  315'C 

ussd i n  this study.  A p o s s i b l e  a l t e r n a t i v e ,  i f  mass flow rate is t o o  

high a t  Re > 5 0 , O Q Q ,  would be t o  use tu rbulence  generators (i.e.8 

s p i r a l l y  grooved tubes or  i n s e r t e d  twisted t a p e s ) .  

The 1-D thermal model was used t o  s tudy the b a s e l i n e  performance 

condi t ions  f o r  the r e c e i v e r  assembly under va r i ed  absorbed s o l a r  f l u x  

condi t ions .  Resul t s  for the same opera t ing  cond i t ions  as def ined  by 

T a b l e  I, are summarized i n  T a b l e s  B-V and B-VI of Appendix B both f o r  

t h e  annular  space evacuated and maintained a t  atmospheric p re s su re ,  

r e spec t ive ly .  Although the l - D  thermal model cannot be used t o  pre- 

d i c t  receiver tube l o c a l  ho t  s p o t s ,  the predicted r e c e i v e r  heat loss 

and f l u i d  energy e x t r a c t i o n  compares very favorably w i t h  the 2-D 

r e s u l t s .  T a b l e  I11 p r e s e n t s  comparative l - D  and 2-D thermal model 

r e s u l t s  f o r  some of the extreme r e c e i v e r  misalignment condi t ions .  

Note the c l o s e  agreement i n  the l - D  and 2-D average r e c e i v e r  tube t e m -  

p e r a t u r e s  as w e l l  as i n  t h e  heat l o s s  and energy e x t r a c t i o n  r e s u l t s .  

The fact  that  the 1-D thermal model r e s u l t s  compare so c l o s e l y  

w i t h  the more detailed 2-D r e s u l t s  is p a r t i c u l a r l y  noteworthy, s i n c e  

the l - D  a n a l y s i s  is easier t o  use and computat ional ly  less expensive.  

Addi t iona l  r e s u l t s  for v a r i e d  ambient temperature  and wind v e l o c i t y  

cond i t ions  are provided i n  Appendices B and C, r e spec t ive ly .  
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Case Modeled 

Sigt = 7.0- 
Tube aligned 

Sigt = 12.2- 
Tube aligned 

Sigt = 7.0mR 
10.OmR tracking 
bizs 

Sigt = 7.0mR 
10. Omm Hisalign- 
ment down 

Sigt = 7.0mR 
1O.Omm Hisalign- 
ment up 

Sigt = 7.0mR 
10. O m  Misalign- 
ment left 

TABLE 111 

COMPARATIVE RESULTS OF 1-D AND 2-D THERMAL MODELING 

Receiver Tube OD Temperatures Receiver Heat Energy Absorbed 
by Fluid Loss 

Reynolds 
Number (N ) 

10000 
30000 
50000 
70000 

'e 

10000 
30000 
50000 
70000 

10000 
30000 
50000 
70000 

10000 
30000 
50000 
70000 

10000 
30000 
50000 
70000 

10000 
30000 
50000 
70000 

1-D 
Temperature 

("C; 

364 
336 
329 
326 

358 
333 
327 
324 

358 
333 
327 
324 

356 
332 
327 
324 

356 
332 
327 
324 

359 
334 
328 
325 

2-D Temperatures 

Maximum Minimum Average 
("C) ("C) ("a 
386 340 363 
350 321 336 
340 318 330 
335 3 17 326 

378 338 358 
346 321 334 
337 3 18 328 
333 317 325 

380 
347 
338 
334 

362 
337 
331 
328 

399 
362 
351 
345 

382 
350 
341 
336 

336 
320 
3 17 
316 

344 
324 
320 
319 

330 
317 
351 
315 

33b 
321 
318 
317 

358 
334 
328 
325 

356 
333 
327 
324 

356 
333 
327 
324 

359 
334 
328 
325 

1-D 
(W) 

195 
167 
160 
157 

189 
165 
159 
157 

189 
165 
159 
157 

187 
16 4 
159 
156 

187 
164 
159 
156 

190 
165 
160 
157 

2-1) 
(W) 

195 
16 7 
16 0 
157 

188 
16 4 
159 
156 

189 
165 
159 
156 

137 
16 4 
158 
156 

188 
164 
159 
156 

190 
165 
159 
157 

1 -D 
(PI) 

1405 
1433 
1440 
1443 

1227 
1251 
1256 
1259 

1237 
1261 
1267 
1269 

1171 
1193 
1199 
1201 

1167 
1190 
11 95 
1197 

1264 
1288 
1294 
1297 

2 -D 
(W) 

1405 
1434 
1440 
1444 

1227 
1252 
1257 
1260 

1238 
1261 
1268 
1270 

1172 
1195 
1200 
1202 

1167 
1190 
1196 
1198 

1264 
1288 
1295 
1298 

*Baseline conditions of Table I used with the an-.Lrr.a; space ..vacuated. 

W 
W 



Evacuated and nonevacuated annular  space condi t ions  are considered i n  

these appendices t o  provide minimum and maximum heat loss p red ic t ions .  

Previous work' can be consul ted  f o r  a d e s c r i p t i o n  of a l t e r n a t e  annulus 

gas op t ions  for reducing the h e a t  l o s s .  

,. Figure  10 p re sen t s  r e p r e s e n t a t i v e  heat loss and f l u i d  energy 

e x t r a c t i o n  r e s u l t s  for  varied ambient temperatures.  The r e s u l t s  are 

obta ined  for  f o u r  Reynolds numbers and two annulus gas pressure  con- 

d i t i o n s .  The absorbed s o l a r  f lux data used i n  t h i s  a n a l y s i s  corre- 

spond t o  the i n t e g r a t e d  va lues  for t h e  r e c e i v e r  assembly a l igned  a t  

the focal l i n e  and w i t h  the  solar-noon t o t a l  collector error CSIGT) 

= 7.0 mR, as presented i n  T a b l e  XI. As can be seen from Figures  10-A 

and 10-C, the r e c e i v e r  assembly heat loss decreases w i t h  i nc reas ing  

ambient temperature.  T h i s  occurs  because t h e  glass temperature- 

ambient temperature d i f f e r e n c e  decreases. 

maintained by t h e  fixed bulk f l u i d  T-66 temperature of 315'CI w h i l e  

t he  ambient temperature f l u c t u a t e s .  

e x t r a c t i o n  inc reases  w i t h  i nc reas ing  temperature (Figures  10-B and 

lO-Dl. The sum of the heat loss and energy e x t r a c t i o n  is equal  t o  the 

energy absorbed by th2 tube and glass, as would be expected t o  main- 

t a i n  conservat ion Qf energy. Addi t iona l  resul ts  for  t h e  other 

misalignment cond i t ions  are t a b u l a t e d  i n  Appendix B. 

High glass temperatures  are 

Note conversely t h a t  the  energy 

Var i a t ion  of wind v e l o c i t y  on the receiver assembly thermal 

characteristics is provided i n  F igure  11. 

for  t h e  a l igned  r e c e i v e r  assembly w i t h  SIGT = 7.0 mR. 

wind v e l o c i t y  is shown t o  inc rease  t h e  receiver assembly heat loss for 

both the evacuated and nonevacuated annular  space condi t ions .  The 

de t r imen ta l  effects of i nc reas ing  wind, however, are much more s i g n i f -  

Resu l t s  are again presented  

Increas ing  the 

i c a n t  when the annular  space  is maintained a t  atnospheric p res su re  

@'igures 11-B and 11-D1.  

effects i n  t abu la t ed  form for  the d i f f e r e n t  r e c e i v e r  assembly 

ope ra t ing  condi t ions .  Note t h a t  for bijth F igures  10 and 11, t h e  

Appendix c provides  a d d i t i o n a l  wind v e l o c i t y  
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base l ine  condi t ions  def ined  by T a b l e  I were used unless  i nd ica t ed  

otherwise. 

The r e s u l t s  presented i n  the appendices and described i n  this 

s e c t i o n  have demonstrated that  t h e  working f l u i d  Reynolds number is 

c r i t i ca l  i n  maximizing energy extraction and minimizing rece iver  

assembly local hot-rpot  problemo. 

1-D and 2-D analyses  i n d i c a t e s  that  Reynolds numbers i n  excess of 

50,000 ara necessary.  P a r a s i t i c  power (e.g., pumping power) require- 

ments t o  ob ta in  such h igh  Reynolds numbers have not  been considered 

i n  this a n a l y s i s .  

50,000 and 70,000 for maximizing r e c e i v e r  c o l l e c t i o n  of energy are 

no t  provided i n  this work. 

The work repor ted  from both t h e  

Hence, tradeoffr between Reynolds numbers of 



V. CONCLUSIONS 

The results presented in Appendices A through C are difficult to 

summarize, slnce so many different solar-noon absorbed flux conditions 

and working fluid Rey.lolds numbers have been considered. None the less, 

since the purpose of this work has been to thermally characterize a 

2.54-cm receiver tube assembly under the conditions in Table I, 

the following summary conclusions are presented: 

1. To obtain exiting bulk-f luid temperatures near 315OC without 

degrading the black-chrome receiver surface or the T-66 

working fluid, it is essential that high Reynolds number flow 

be maintained. Reynolds numbers - < 3 0 , 0 0 0  will yield local 

hot spots in the receiver assemblies in excess of 34OoC for 

all receiver alignment conditions considered. 

2 .  Receiver assembly alignment has a significant effect on peak 

temperatures of the receiver tube. Of the variations consi- 

dered, the upward misalignment condition caused the 

greatest concentration of solar flux and the highest 

receiver tube temperatures. 

3 .  One- and two-dimensional thermal models of the receiver 

assembly predict nearly identical receiver heat loss and 

working fluid energy extraction results. The 1-D model is 

easier and more economical to use. However, it cannot pre- 

dict receiver assembly temperature extremes. 

Increasing ambient temperature and decreasing wind velocity 

improves the collection of solar energy by reducing the 

receiver assembly heat loss. 

4 .  

5. Evacuating the annulus gas from the receiver assembly 

minimizes the heat losses resulting from wind velocity and 

ambient air temperature variation, However, evacuation of 
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the annulus gas maximizes the temperatures of the receiver tube. 

Of the summary conclusions presented, the comments on maintaining 

high Reynolds number are particularly noteworthy. High Reynolds number 

flows not only avoid possible overheating of T-66 and black chrome but 

will also improve the collector performance. The choice of Reynolds number 

to optimize performance is not offered since tht parasitic energy re- 

quirements of pumping the working fluid have not been included in this 

analysis. None-the-less, exit fluid Reynolds numbers > 50,000 are 

imperative if degradation actually occurs at 34OoC. 

exit fluid bulk temperatures could be selected to insure safe operation 

of the collector system. 

Otherwise, lower 
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APPENDIX A 

TWO-DIMENSIONAL THERMAL MODEL RESULTS 

The 2-D thermal model, as discussed earlier, was solved for the 
baseiine conditions of Table I (25OC ambient air, no wind) as follows: 

Annulus Condition Reynolds Number 

Vacuum in Annulus 

Annulus Gas at 100 KPa 

10000, 30000, 50000, 70000 

10000, 30000 , 50000 

The calculated results are provided in two forms: 

(1) The maximum, minimum, and average receiver tube 
temperatures, and heat loss results have been tabulated 
in Tables A-I and A-11. 

(2) Circumferential variations (covering various Reynolds 
numbers) are plotted as follows: 

Misalignment Figure Number 
Condition Annulus Evacuated Ambient Air in Annulus 

Aligned A- 1 A- 2 

Track 

Left 

UP 

Down 

A- 3 

A- 5 

A- 7 

A- 9 

A- 4 

A- 6 

A- a 

A-10 



A
2 



b
 
9 

n
 

w
 I 
a
 

A
3 



Figure Description 1: 
A t  Solar-Fioon Flux Absorbed 
B t  Receiver Surface temperature 
C t  Receiver Surface Temperature 
D t  Receiver Surface Temperature 
E: Receiver Surface temperature 

XNote l-Sigt= 7.0mR-Tubs Aligned 
2-Sigta 9.0mR-Tube Aligned 
3-Sigt=l2.2mR-Tube Aligned 

by Receiver Tube 
for Rs=l0000 
for Re-30000 
for Re=50000 
for Re-70000 

1 

Figure 6-1. Circumferential Distributions with Annular Space Euacuated- 
Trough Structural Error Varied - Receiver Assembly Aligned 

A4 



A: 

B: 
C: 

D: 

Ffgura Doscr~ption 8 

Solar-Noon Flux  Abrorbed 
by Receiuer Tuba 
Recotuar Surf8c8 Temper8turo 
f o r  Ro*i0000 
Raceiuor Surface hnperrturs 
for Ro=30600 
Receiuer Surfaca temperature 
f o r  Re=SBBB$ 

*Nota 1-Sigtl ?.W?-Tubo Aligned 
2-Sigt. 9.Q)mR-Tubo Alignod 
3-Sigt-12.2nR-tubo Alignad 

R 

sw.0 

i 

I r :::: 
an.. 

ai..* t 

I 

Figura A-2. Circumforanti81 Distributions with Annulus Cas at 160 KPa- 
Trough Structurnt Error Variod - Recoiuor Assembly Cllignod 
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Solar-Noon Flux (Ibsorbnl 
by Receiver Tub. 
Recriuer Surface t.rpw8turo 
for Re. I Bo9Q 
Recoiwr Surhco Tnrpmrrturo 
for Re830888 
Recoiwr Surf8cm T.np.r8turr, 
for Re=- 
Recoiwr Surfrco t.rp.rrtun 
for R0=76800 

$Nota I-Tub. h l i  Red 
2-Tub. 5 in! Track 
3-Tub0 le .IR Trnck 

-4 D 1 

I 
t 

m.8 -*.* t 

Figure EI-3. Circurf o r m f i a  1 Dt8tributions with Annu tar Space Eu8cuated- 
Trough Tracking Error Uwted  
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Figure Deacription X 

At Solar-Noon Flux Absorbed 
B t  Receiver Surface T8.pOr8tUre 
C: Receiver Surface Temperature 
D: Receiver Surface teaperatwe 

XNote 1-Tube ALi ned 

bg Receiver Tube 
for Re=lQ000 
for Re=38000 

for Re=S0000 

2-Tube 5 II B Track 
3-Tube 18 RR Track 

t I 

J 
! 

4 

i 12e.e c r 

Figure A-4. Circu~forontial Distribution8 with Annulus Cas a t  100 KPa- 
Trough Tracking Error Varied 



Figure I)escription t 
A :  Solar-Noon Ftux  Absorbed 

B: Receiver  Surface Temperature 

C: Receiver Surface Temperature 

D: Receiver Surface Temperature 

E: Receiver Surface Temperature 

%Note 1-Tube Aligned 

by Receiver Tube 

for Rc*10000 

for Re=30000 

for Re=50800 

for Re=70000 

2-Tube 5 mm Down 
3-Tube 10 mm Down 

YI0.0 

WO.0 sn''Ld e.00 w.0 ID.. IY. ne. n o .  no. nr. 

rw*n*n  m i ~ i o u  + m w r s t  

no.. m.o I 
I m.r a 

110.0 1 1 

. 

Figure A-5. Circunferantia\ Diskributions with Annular Space Euacuatad- 
Hoceiuar Asserbty flisaligned Down 
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Flgura Description 8 

A r  Sotar-Hoon Flux Absorbed 
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APPENDIX B 

ONE-DIMENSIONAL THERMAL MODEL RESULTS FOR VARIED 

AMBIENT TEMPERATURE CONDITIONS 

One-Dimensional thermal modeling results are presented in tabulated 

form for four ambient temperature (-25, 0, 25, and 50°C) and two 

annulus gas pressure conditions (10' Pa and Pa). All other 

conditions modeled in this work are fixed by Table I. A summary of 

the tabulated results is given below. 

Ambient Temperature Table Presenting Results 

t "C) Evacuated Atmospheric Pressure 

Pa) ( l o 5  Pa) 

-25  
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25 

50 

B- I 
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Table B-111. 1-D Tharmat Model Results - Clnnular Space 

CASE DLSIGNA7ION 
REYNOLDS 

NUNUER 

< - - )  

1 O O U O .  

1 0 0 0 0 .  
ioooo. 
10B00 .  
10900.  
1 o c c o .  
1OOOO. 
10000. 
1 0 0 0 0 .  
1 0 0 0 5 .  
10BOO. 
1 0 0 0 0 .  
10000 .  
10000. 
3 0 0 3 0 .  
3 0 3 0 0 .  
3 0 0 0 0 .  
300000 
3 0 0 0 0 .  
3 0 0 0 0 .  
3 0 0 0 0 .  
3 0 9 0 0 .  
3 0 3 0 0 -  
3 0 0 3 0 .  
300C)O. 
30000. 
3 0 0 0 0 .  
3 0 0 0 0 .  
3 0 0 0 0 .  
500 J J .  
3 0 3 0 0 .  
5 0 0 0 0 .  
5 5 0 0 0 .  
50000.  
5 0 0 0 0 .  
50000.  
5O')JO. 
500JO. 
5 0 0 0 0 .  
50000.  
5 0 0 0 0 .  
5oGao.  
50000.  
50000.  
70000 .  
1 0 0 0 0 .  
10300.  

i o o a o .  

r o o m .  
r o o o o .  
T O J O O .  
? O O O O .  
1 0 0 0 0 .  
? O O O O .  
70000.  

70000 .  
7 0 0 0 0 .  
7 C O O O .  
roooo. 

7 0 0 ~ 3 .  

Evacuated 

I.D. 
( C )  

364. 0 
362.2 
357.9 
363.7 
362.9 
358.3 
353.6 
3 6 2 . 3  
356.0  
363.6 
3 6 2 . 3  
355.9 
363.9 
363.4 
359.2 
336.4 
335.6 
333. I 
336.3  
335.9 
333 .9  
336. 5 
335.7 
332.9 
33b .J  
333.7 
3 3 2 . 8  
330.4 
3Jh.2 
5 3 0 . 3  
329.6 
32% 0 
32I.7 
3 2 9 . 5  
32Y.2 
321.8 
523.5 
329.1 
32 r . 1  
329.4 
329.1 
327.1 
3 2 f . 5  
529.4 
32C.l 
326.3 
325.9 
324.9 
12L.2 
326.0 
325 I 0 
52b.2 
325.9 
324.4 
326.2 
323.9 
324.4 
325.1  
3Jh.2 
5 1 5 . 7  

RECEIVER TUBE 
TEMPERATURES 

0.0. 
f C )  

363.4 
36 1.6 
357.4 
353.1 
362.2 

3 ~ 3 . 0  
361.1 
355.5 
S S 3 - 0  
561.7 
355.4 
353.3 
362.3 
358.6 
335.8 
335-1 
533-2  
335.1 
335.3 
333.5 
335.7 
335.1 
332.4 
335.1 
335.1 
332.S 

335.6 
333.7 
328.9 
328.4 
327.2 
328.9 
328.6 
321 .3  
328.8 
328.5 
326.6 
32808 
328.5 
326.6 
328.9 
328.8 
321.5 

325.3 
324.3 
325.6 
325.4 
324.4 
325.6 
325.1 
323.9 
325.5 
325.3 
323.Y 
325. T 
325.5  
324.6 

J 5 r r 7  

335.8 

325. r 

and 

GLASS 
t E w .  

( C )  

84.8 
84.2 
82.7 
84.7 
84.4 
82.9 
84.5 
84.2 
82.2 
84.5 

82.2 
84.7 
84.6 

75.4 
75.2 
74.5 
15.3 
75.2 
74.7 
75.3 
75.2 
74.5 
75.3 
15.2 
74.+ 
75.4 
75.3 
T4.8 
13.1 
73 .0  
72.7 
73.1 
75.1 
72.8 
73.1 
.J.O 
12.U 
7 3 . 1  
73.0 
72.6 
73.1 
73.1 

72.1 
72.0 
71.8 
72.1 
72.1 
71 - 9  
72.1 
72.0 

72.1 
72.0 
71.7 
72.1 
72.1 
71.9 

84.2 

83.2 

72.9 

71 .n 

Ambient Temperature of c 
C O N V E C T I O N  

L O E F F I C I f N T S  
H A I ?  H G l P  HFLUID 

( U Y I T S  OF U/M**2-!0 

8.6 
8.5 
0.5 
8.5 
8 . 5  
8.i 
8.5 
8 . 5  
8.5 
R . 5  
8.5 
8.3 
8.5 
8.5 
8.5 
8.5 
8.3 
8.3 
8.5 
8.3 
1.3 
8 . 3  
8.5 
8.3 
8 .3  
8 . J  
8.3 
8.5 
8 . 3  
8.3 
8.2 
8.2 
8.2 
8. t  
802 
8.2 
8.2 
8.2 
8.2 
8.' 
8.2 
8.2 
8.? 
8.2 
8.2 
8.2 

e * ?  
8.2 
8.2 
8.2 
8.2 
8.2 
8.1 
8- t 
8.2 
8 .? 
R . ?  

8.2 

n.? 

8.7 

. o o  

.oo 

.oo 
.) 00 
. O O  
.OJ 
.oo 
- 0 0  
.oo 
. D O  
.oo  
- 0 0  
.oo 
.oo 
- 0 0  
.oo 
.OO 
.oo 
-00 
.oo 
.oo 
.) 00 
-00  
.OO 
.oo 

.oo 

.oo 
-00  
.oo 
.oo 
.oo 
.oo 
.oo 
.OO 
.oo 
.eo 
- 0 0  
- 0 0  
.oo 
- 0 0  
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
- 0 9  
.oo 
.oo 
.oo 
.oo 
.oo 
.OO 
. o o  
.OD 
.OO 
.oil 
. o o  

.ao 

412.6 
412.0 
410.7 
412 .5  
412.2 
410.8 
412.5 
412.0 
410.2 
412.4 
412.0 
410.2 
412.5 
412.4 
411.1 
977 .5  
977 .1  
97b. 1 
977.4 
977.2 
971 2 
977.4 
977.1 
975.7 
977.4 
917.1 

977.5 
977.4 
916.4 

1465.6 
1465.2 
1454 - 2  
l4o5.5 
1465.3 
1464 - 3  
f455.5 
1459.2 
1453. I 
1465.5 
1459.2 
1453.7 
1455.6 
1455.5 
1464 -5  
1914.7 
1714.4 
1913.4 
1914.8 
1914.6 
1913.5 
1914.11 
1914.5 
1912.9 
1Y14.0 
1914.5 
1912.Y 
i r14.3 
1714.1 
191 5 . ?  

975.1 

kBSORBE0 SOLkR 
t N L R C I  

DTUBE CCLASS 
( 2 )  

1567 -4 
1513.1 
13Y2.3 
1558.5 
1529.9 
1392.'r 
1555.8 
1516.7 
1314.1 
1555 -4 
1516.1 
13?0 - 4  
1554.2 
15j0.3 
1420 -3  
156 7 -4 
1513.3 
1362.3 
1558.5 
1529.9 
13'32 -6 
1555 -8 
1516.9 
1324 -1 
1555.4 
151a.1 
I320 e4 
1554.2 
1550 -3  
1423.3 
155f .4 
1313.1 
1382.3  
1551.5 
lJ?Y .3 
13 32 .b 
1555 .!I 
1516.9 
1324.1 
1535.4 
1515.1 
1320 -4  
1554.2 
1550.3 
1420.3 
1561.4 
1513.1 
1382 -3 

1529.9 
1392 -6 

1516.9 
1324.1 
155s -4  
1516.1 
1 3 1 0  - 4  

7 5 5 0 . 3  
1420 .3  

1558.5 

l > J > . %  

( 3 )  

32.6 
32.8 
3 3 . 0  
52.7 

35.2 
32. 7 
32.8  
33.q 
3 2 . 7  
3 2 1 8  
3 3 . 4  
32.7 
32.8 
33.2 
32.6 

33. 0 
32.7 
32.8 
33.2 
32 .7  
32.8 
33.4 
32. I 
32.8 
33.4 

32.8 
33.2 
32.6 
3218 

32.7 
32.8 
33.2 
32 .7  
32.8 
33.4 
32.7 
3 2 . 3  
33 .4  
3 2 . 7  
32.8 
33.2 
32.6 
32.8 
33.0 
52.7 
32.8 
13.2 
32. f 
32.8 
33.4 
3 2 . 1  
32.8 
3 3 . 4  
32 .7  
32.8 
33.2 

3 2 . 8  

32.n 

32. r 

33.0 

RECEIVER 

L3 ss 
i Y )  

198.2 
17605  
192.1 
1'99.0 
157.1 
1'72.6 
1 3 7 . 9  
176.6 
130.5 
197 .9  
196.6 
1 9 3 . 3  
138.2 
197.8 
193.6 
170.2 
169.7 
168.1 
1 ?0.2 
163.9 
l J 8 . 4  
110.2 
169.7 
117.6 
110.2 
169.7 
167.6 
110.3  
170.2 

163.8 
103.5 
162.5 
1b3.d 
163.1 
152.8 
153.8 
163.5 
162.4 
153.8 
163.5 
1 0 2 . 3  
t 63.9 
163 .9  
1-3 .0  
160-9  
160.1 
159.9 
1 b0.9 
160.8 
l t 0 . 2  
l S O . 9  
160.7 
159.9 
1 b 0 . 9  
l b 0 . 7  
159 .9  
l L 3 . Y  
1 io.9 
lirO.4 

nE AT 

i 6 e . 8  

ENERGY 
kBSOR8EO 
B T  F L U X 0  

(bP 

1401.8 
1349.4 
1223.2 
13?3.2 
1365.6 
123.5.1 
i3?0 -6 
1351.1 
1161.0 
1290.2 
1352-3 
1163.5 
1398.7 
1385.3 
1299.9 
1429.8 
1376.2 
124 7 - 2  
1421 -0 
1392.8 
1257.4 
1419.3 
i3ao .0  
i i a 9 . 9  
141 1.9 
1379.2 
l l b 6 . 2  
1t26.6 
1412.9 
1284.7 
143G .2 
I3dZ.4 
1252.8 
1*27.4 
139i.C 
1263 .o 
1*2*.? 
1396.2 
1193.1 
I42%03 
1395.4 
11?1.5 
2635.0 
1419.2 
L29O.S 
1439.1 
13 135 -2 
1255.4 
1430.3 
1401.9 
12C5.b 
142'7-6 
1384.0 
1197.6 
1421.2 
1588.2 
l 1 9 3  -9 
2436.0 
1422.2 
1293.1 
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$ - 4 L, 1 
b'AL I 
*'lCI 

Z.15 I 
C'Ah1 
C-Y; I 
2-151 
*-i<1 
L'YFI 
c.151 
C'A51 
2.95 I 
2-i=.1 
C'ISI 
5-65': 
C'OY I 
C'091 

0.09 1 
e-0-1 
6.84 1 
0.09 I 
t.09 I 
S'65 I 
2'091 
C'09 1 
0.651 
0'09 I 
C.091 
Z'S9 I 
L'991 
8'991 
1.t91 
2'99 I 
9'99 I 
1.t9 I 
2'99 I 
9'991 
6'C?I 
C.99 I 
1'991 
<'e91 
2-99 I 

0.051 
Z'C61 
9'C61 
9-98 I 
O'tC. I 
F.+h I 
6'YBI 
O.Fb 1 
C'CG 1 
1'6V1 
S'Ch I 
b'C61 

6.261 
9*C61 

tR ) 

1v 3H 
WAX33311 

C-v 1 

e-uq; 

~-99r 

5.e~ I 
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(1 5 - EO' 
00' 
GO' 
00. 
00' 
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00- 
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00' 
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00' 
00. 
00. 
00' 
00. 
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00' 
00. 
00' 
eo- 
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00' 
00. 
OS' 
00' 
00' 
oo- 
00- 
00' 
00' 
00' 
00' 
00. 
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00' 
00' 
00- 
00' 
00- 
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00' 
00' 
00" 
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00' 
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00' 
00. 
00' 
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f, - 6, n 
6.tH 
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S.06 
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6-26 
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S'i6 
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2-26 
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C'OOI 
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APPENDIX C 

ONE-DIMENSIONAL THERMAL MODEL RESULTS FOR VARIED 

WIND CONDITIONS 

One-dimensional thermal modeling resu1t.s are presented in tabulated 

form for four wind velocity (0 ,  2 . 2 .  5.0, and 10.0 m/s) and two annulus 

gas pressure conditions (10’ Pa and lom3 Pa). 

modeled in this work are fixed by Table I. A summary of the tabulated 

results is given below. 

All other conditions 

Wind Velocity Table Presenting Results 

( m / s  1 Evacuated Atmospheric Pressure 

(lom3 Pa) (lo5 Pa) 

0.0 

2.5 

5.0 

10.0 

B-V 

c- I 

c-111 

C-V 

B-*JI 

c-11 

c-IV 

c-VI 

c1 



CAJE D i S i G h A l I O N  

1-D Therma 1 
Evacuated 

R E C L I Y E R  TUBE 
1 E MPE R A IU R E S 

1.0. 
( C )  

3b3.9 
JC?.1 

3 C J . 6  
532. I 
J5d.Z 

352.2 
JES.9 
365.5  
5 6 1 . 2  
352.8 
363.8 
J S 3 . 3  
359.1 
3!6.4 
535.6 
3 3 3 . 7  
5 6 . 5  
535.9 
3 3 3 . 6  
530.2 
3?:.? 
3 3 2 . 8  
3 3 0 . 2  
3 2 5 . 1  

336.4 
332.2 
536.2 
325.5 
529.0 

3 1 1 . 5  
J;i.2 

329.4 
323 .0  
327.1 
129.4 
:i9.0 
327.1 
3 ' 3 . 5  
323 .4  
32R.l 
3 d Q . S  
325.9 
3 2 4 . 9  
174.2 
J20.0 
3 2 4 . 9  
32n .2  
3 2 7 . 3  
s 2 4 . 4  
325.2 
32'1.9 
S ? * . *  
5 2  , . 3  
3:r>.2 
J.',.? 

5 b i . n  

3b3.5 

3Jz.n 

321.  I 

327.8 

0.2. 
I C )  

503.3 
361.5 
357.5 
h 3 . O  
302.1 
J 5 1 . U  
562.9 
361.6 
355.4 
362.9 
5 6 l . b  
:55.3 
365 .2  
362.1 
5S8.5 
535.8 
355.0 
533.2 
' 35 .7  
335.J 
3 3 3 . )  
J55.o 
535.1 
332.3 
335,6 
235 .1  
352.3 
555.7 
335.5 
3 3 3 . I  

3Z8.4 
3>7.2 
32e.a 

327.5 

32 8.4 
326.6 
328.8 

3 2 c . 6  
32 8.9 
528 .8  
32 1.5 
5 2 5 . 1  
325 .5  
324.5 
525-6  
S?5.4 
524.4 
5 2 5 . 3  
325.5 
323.9 
J? 5 -6 
3 2 3 . P  
J'3.Y 
!?5.7 
3Ll'l.b 
324. -  

3?a.9 

v n . 6  

328.8 

228.4 

Mode 1 Result$- - 

G L A S S  
TEUP. 

( C  8 

b8.1 
61.1 
66.1 
66.0 
61.8 
bb.9 
68.0 
61.1 
66.4 

67.1 
65. 4 
6d.l 
68.0 
b1.A 
62.0 
61.9 
61.5 
62.0 
61.9 
61.6 
62.0 
61.3 
61.4 
62.0 
61.9 
61.9 
62.0 
b 2 . 0  
61.7 
60.6 
60.5 
S 0 . 3  
60 .6  
60.5 
60.3 
60.6 
60.5 
60.2 
00.6 
b0.5 
60.1 
c0.6 
60.6 
b0 .4  
59.9 
59.9 
59. 1 
53.3 
59.5 
59.8 
59.9 
s3.9 
59. I 
'59.7 
57.9  
59.7 
3 9 . 3  
59.Y 
59.W 

68.0 

Wind us loc i t y  
Annu - tar Saace 

C O N Y C C l I O N  
C O Z F F I C I E N I S  

n k i n  HGAP H F l . I I D  
( U N I I S  OF Y / M * * 2 - K )  

23 .4  
23.4 
23.4 
23.4 
23.4 
23.4 
23.9 
23.k 
23.4 
23.4 
23.4 
22.4 
23.4 
23.4 
23.4 
23.4 
23.9 
2 3 . ~  
2 3.4 
23.9 
23.5 
23.4 
23.4 
23.i 
23.4 
23.4 
23.5 
23.4 
2J.+ 
23.4 
23.5  
23.5 
22.5 
23.3 
23.5 
23.5 
23.5 
23.5 
23.5 
23.5 
2 3 . i  
23.i 
23.3 
23.3 
23.5 
23.>  
23.5 
23.5 
2 5 - 5  
23.5 
23.5 
23.5 
23.5 
? ? . 5  
23.5 
2 3 . 3  
23.> 
23.5 
23.;  
.?.I.', 

. o o  

.oo 
- 0 0  
.oa 
. o o  
. o o  
. o o  
. o o  
.oo 
.a0 
.oo 
.oo 
.oo 
.oo 
- 0 0  
. D O  
.oo 
.oo 
.oo 
.a0 
.oo 
.oo 
.oo 
. f l O  
. o o  
.oo 

.oo 

. o o  

.oo 
- 0 0  
.JO 
. O D  
- 3 0  
. o o  
.oo 
.oo 
. o o  
.oo  
.oo 

.oo 

.oo 

.oo 

. o o  

.oo 

. o o  

.oo 

.on 

.a0 

.oa 

.no 

.oa 

.oo 

-011 
. O D  
.oo 
- 0 3  

.oo 

.oo 

.oo  

.on 

412.5 
412.0 
410.7 
412.4 
412.1 
410.8 
412.4 
412.0 
410.2 
412.4 
412.0 
410.2 
412.5 
412.4 
411.1 
911.5 
911.1 
916.1 
911.4 
911.2 
976.2 
911.4 
977.1 
'115.7 
Yll.4 
911.1 

911.4 
971.3 
910.* 

1 465 -6 
1465.2 
1 4 6 4 . 2  
l4b5.5 
14b3.3 
1464.2 
1 4 6 5  -5  
1 4 6 ~ ~ 2  
1463 .7  
1663.5 
1463.2 
1 4 6 3 . 1  
1C6a.6 
1 465 e 5  
1 4 6 )  -5 
1914.8 
1914.4 
1913.4 
1314.8 
1314.6 
1913.5 
1914.8 
1 1 1 k . 4  
1912.9 
1914 .A 
1914.4 
1912.9 
1 3 1  1 + I %  
1 4  14 . 7  
I 9 1  1.7  

915.1 

of 2.s 

ABSORBED SOLAR 
ENERGY 

OTUBE 
( I d )  

i 5 6 7  -4  
1513 -1 
1382.3 
1558.5 
1529 -9 
1392.6 

1516.9 
1324  -1. 
1555.4 
15Lb.l 
I320.4 
1564 - 2  
1530.3 
1420 -3  
I i 6 1 . 4  
1513.1 
1382.5 
1558.¶ 
1519.9 
1 3 4 2  -6 

1516.9 
1324 .1  
1555.4 
1Elb. l  
1 3 2 0  - 4  
1'44 .z 
1520 .3  
1420.1 
1567 .4  
1513.1 
1382.3 
1558.3 
1529.9 
13% -6  

1516.9 
1324.1 
1555.4 
1516.1 
1320.4 
1Eo4.2 
1550.3 
1420.5 
l i b 1  .4 
1513.1 

155H -5 
1'129.9 
1 3 9 2  -6 
1555.8 
1516.9 
1 2 2 4 . 1  
155b .4 
1516.1 
1320 .4  
l'B4 .? 
1 5 7 g . 5  
l r c ( i . 3  

1555.8 

1555.13 

13'5.8 

I 382 -3  

OGLASS 
( Y )  

32.6 
32.8 
33.0  
32.7 
32.8 
33.2 
32.7 
32.8 
33.*  
32.7 
32.8 
33.4 
3 2 . 1  
32.8 
33.2 
32.6 
32.8 
33.0 
32. ? 
32.6  
33.2 
32.7 

33.4 
32.1 
32.8 
33.4 
32.7 
32.8 
33.2 
32.6 
32.8 
3 3 . 0  
32.7 
32.8 
33.2 
3 2 . 1  
32.R 
33. 4 
32.7 
32.8 
33 .4  
32.1 
32.8 
33.2  
32-b 
32.8 
3 3 . 0  
32. r 
32.8 
73.2 
37. I 
32.8 
3 3 . 4  
3? * 7 
3 Z . R  
3 3 . 4  
3 z . 1  
32.8 
3 I . 2  

32.13 

RLCElUFR 
HE AT 
LOSS 

c Y )  

201.2 
199.5 
195.0 
201.0 
200.1 
195.6 
200.9 
199.6 
193.5 
2130.9 
139.6 
193.2 
201.2 
200.1 
196.5 
112.6 
172.0 
173.3 
112.6 
172.2 
1 J O . 1  
1 I2.S 
1?2.1 
169.9 
112.5 
112.0 
169.9 
172.6 
112.5 
1 1 1 . 1  
166.0 
165.1 
164-6 
166.0 
165.8  
164.9 
166.0 
165.7 
104.5 
166.0 
165.7 
164.5 
lb6.1 
16b.O 
165.2 
163.0 
162.8 
1 b2.O 
163.0 
162.9 
162.3 
l b 3 . 0  
162.8 
l b 2 . J  
l t 4 J . C  
I h7.R 
162*O 
1 f.3 .o 
l t x 3 . 0  
102.4 

ENERST 
ABSORBED 
BY F L U I D  

( Y B  

1398.1 
1346.4 
1220.3 
1390.2 
1362.6 
1230.2 
l3M7.b 
1330.1 
1164.2 
1381.2 
1349.3 

1395.1 

1256.9 
1427.5 
1314.0 
1245.0 
1118.1 
1349.5 
1255.2 
1416.0 
1311.1 
1187.7 
1415.1 
1376.9 
11 8 4  -0  
1424.3 
1110.6 
1282.5 
1434 .1  
1380 -3 
1250.7 
1425.3 
1396.9 
1260.9 
1 4 2 2  -6 
13h4.1 
1193.1 
1422.2 
1383.3  
1189.4 
1430.9 
1 4 1 7 . 1  
1281.4 
1431. f 
1383 -2  
1253.4 
1*2k.3 
1395.9 
126 3 -6 
1425.5 
1387.0 
1195.6 
1425.2 

1191.Y 
1434 .0  
1420.2 
1291.1 

i16n.t 

i ~ a 2 . 3  

1186.2 
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Table -111. 1-D Thermal Hadel Rasults - 
Evacuated and Wind Velocity 

Annular Space 
of 5.0 91)/3 

at- I b c o s 
NUUELI 

I - - )  

1 O O C O .  

1 0 0 0 0 .  
1 o o o u .  
1 0 0 0 0 .  
1 O O D O .  

1 P J C Q .  
1 0 0 3 0 .  
10OGO. 
1 o u o o .  
1 O O O t .  
10000.  
10000.  
10OOJ. 
3 0 0 0 0 .  
3DOCO. 
3 O O C O .  

3 0 0 0 0 .  
30000.  
3 0 0 0 0 .  
3'Jncn. 
30000. 
300G3. 
J O O t O .  
. % i l O O J .  
JOOCO. 
JOJCJ. 
3OOC3. 

s33L.u. 
5 0 0 0 0 .  
S O O O O .  
L O J C 3 .  
JGDCJ.  
rr~IOC3. 
> o i . o e .  
S O U C ~ .  
'OOEO. 
30000. 

500CO. 
5OOiO. 
50JC3. 
I r J J l i u .  
7 0 3 C O .  
701)oo.  
7 0 0 0 0 .  
1 0 0 t ~ .  

1 3 0 0 0 .  
I Z J u J -  
IL '3CJ .  
71001) .  
70003. 
I D O O J .  
135'10.  
1 . 1 3 5 ) .  

I O O ~ J .  

l o o n o .  

3aaco. 

-JaooJ. 

3 no J 0 . 

roooo. 

r o c r . 

1.3. 
( C I  

3 6 3 . 8  
362.0 
5 5 r . n  
563.5 
3t2.6 
550.1 
J63.C 
3o2.2 
3 5 5 . 8  
363.4 
362.1 
3c5.3 
365.7 
363.2 
JS9.0  
336.4 
3 J S . 6  
333.7 
3 3 6 . 2  
335.8 
3JJ.U 
3?6.2 
335.6 
332.8 
3J6.2 
335.6 
332.6 
3:b.J 
336.1 
3 ? 4 . 2  
329.4 
329.0 
3 i I . T  
329.4 
3 2 3 . 2  
3 2 1 . 8  
J23.4 
32 '1.0 
3 2 7 . 1  
329.4 
329.0 
321.1 
329 .5  
129.4 
5 2 8 .  I 
JL'L.3 
325.9 
3 2 4 . 9  
32ti.2 
>i?.O 
324 .9  
J?b..? 
3 2 5 . 3  
3 2 4 . 4  
5 2 6 . 2  
5 2 > . ' 3  
3 z 4 . 9  
3 2 0 . 5  
J 2 h . I 
: 2 5 . t  

0.0. 
f C )  

J63.2 
561.5 
351.2  
3 6 2 . 9  
? 6 2 . 0  
357.6 
Jh2.8 
361.6 
355.3 
362.8 
301.6 
355.2 
5bJ.1 
362.7 
338.5 
33S.8 
'J5 .0  
33a . I  
35S.6 
335.2 
333.3 
?3C.6 
?35.0 
3 3 2 . 3  
JJa+6 

332.3 
335.7  
335.5 
3 3 3 . 1  
321.9 

327 , l  
32O.Y 
328.b 
321.2 
328.8 
328.4  
326.6 
320 .6  
328.4 
J26.6  

35.0 

w n . 4  

:za.9 
528 .8  
32 7 - 5  
' 2 3 . 1  
325.3 
3 2 1 . 3  
325..  
3 2 5 . 4  
x q . 4  
325.6 
323.3 
3 2 3 . 3  
3 2 5 . -  
325.3 
123 .3  
3 2 J . \  

324.S 
5 z S 5 - ' J  

GLASS 
TENP. 

( C )  

5rr-0 
55.7 
55.0 
55.9 
55.8 
55.1 
55.9 
55.7 
5 4 . 7  
55.9 
55. I 

55.3 
55.9 
55.2 
51.5 
51.4 
5 l . l  
51.5 
51.4 
51.2 
51.5 
31 .4 
51.1 
51.5 
51.4 
51.1 
51.5 
51.5 
51 .L 
50.5 
5J.4 
50.2 
50.5 
50.4 
50.3 
50.5 
50.4 
50.2 
5 0 . 5  
50.* 
50.2 
50 .5  
5'1.5 
J0.J 
i0.0 
50.0 
49.6 
50.0 
90.0 
49.9 
5 9 . 0  
53.3 
19 .9  
5r1.3 
5 0 . 0  
t 3.8 
50.0 
<.').a 
49.9 

5 4 . 7  

CONVECTION 
COEFflCIENlS 

HAlR H6AP H F L U I D  
( U N I l S  OF U/K**Z-Ul 

36.1 
36.1 
36.1 
3 6 - 1  
34.1 
36.1 
3 6 - 1  
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
3e.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1  
36.1 
36.1 
36.1 
36.1 
36.1 
36 .1  
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
36.1 
3€.1 
36.1 
36.1 
36.1 
3 6  -1 
36.1 
Jh .1  
3 f . l  
3b.l 
36.1 
36.1 
311.1 
3b. l  
36.1 
3 6 . 1  
3 P . l  
3 e . l  
36.1 

. o o  

.oo 
.oo 
.oo 
.oa . ao 
.oo 
.oo  
.oo 
.on 
.10 
.oa 
.oo 
- 0 0  
.on  
.oo . O I  
.on 
.on 
.oo 
.GO 
.oo  
.oo 
.oo 
.on 
.oo 
.OB 
.oo 
- 8 0  
.a0 
.80 
. D O  
.05 
.dO 
.oo 
. D O  
- 0 0  
.no 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
.no 
.oo 
. D O  
.oo 
.on 
.oo 
.oo 
.!I3 
. 0 8  
- 0 0  
. o o  
. o o  
.OD 
. O D  . oa 

412.5 
411.9 
410.7 
912.4 
412 .1  
410.  
4 1 2 . 4  
412.0 
410.2 
412 .4  
412.0 
41 0 - 2  
412.5 
412.5  
411.0  
9 7 7 . 5  
9 7 7 . 1  
9 7 6  L 1 
9 7 7 . 4  
9 7 7 . 2  
91b.2 
Y77.4 
977.1 
9 1 5 - 7  
9 7 1  - 4  

975.7 
9 7 1 . 4  
917.3 
916.4 

1 4 6 5  - 6  
1465.2 
14b4.2 
146rj.S 
1465.3 
14b4.2 
l465 .5  
1465.2 
1463 .7  
1 4 6 5  -5 
1465 - 2  
1465.7 
1465.6 
1445.4 
1464 - 4  
1 9 1 4 . 8  
1 3 1 1  .* 
1Y13.a 

1914.5 
1913.1  
1 9 1 4 . 7  
1'914.4 
1917.9 
1914.7 
1914.* 
1 J l 2 . 9  
1 9 1 * . 5  
i914.r 
1913.1  

9 7 7 . 1  

i 3 t q . a  

ABSORLIEO SOCAR 
E N E R G Y  

O T U B E  
( U )  

ltr67.4 
1513.1 
1382.3  

1 5 2 9  -9  
1 3 9 2  -6 
1535.8 
1516-9 
1324 . I  
1555.4 
1516.1 
1320.4 
1 5 b 4  - 2  
1550 -3  
1420.3 
1567.4 
1513.1 

1558 .5  
1529.9 
1392.6  
1555.s 
1516.9 
1324.1 
1555.4 
15t6.L 
132Q -4  
1554.2 
1550.3 
1420.5 
15-7.4 
1513.1 
1382 -3  
1558.5 
1 5 2 9 . 9  
1392.6  
1555 .fJ 
1516.9 
1324.1 
1555.4 
1516.1 
1 3 2 0  -4  
l F t 4 . 2  
1 5 5 0  .J 
1120.3 
1567 .4  
1513.1 
1302.3 
1558.5 
15;9.9 
1317.6 
1555 - 8  
1 i i b * 9 
1 3 2 4  .I 
1555.4 
1515 .1  
132u .4  
1 5 6 4  .? 

17', 11 . J 
1 4 2 0 . 3  

1558.5 

13~12.3 

PGLASS 
t Y )  

3 2 . 1  
3 2 . 8  
35 .0  
3 2 . 7  
32.8 
33.2 
32.7 
32.1 
33.4 
32.7 
52.8 
33.4 
3 2 . 7  
32.6 
3 3 . 2  
32 .6  
3 2 . 6  
33 .0  
32. 7 
32 .8  
33.2 
32.  7 
12.8 
3 3 . 4  
9 2 . 1  
32.8 
33.4 
32.7 
32- 0 
33.2 
32.6 
32. 8 
33.0  
32.1 
32.8 
3s. 2 
32.7 
3 2 . 8  
3 3 . 4  
3 2 . 7  
3 2 . 6  
3 3 . k  
32- 7 

33.2 
32.6 
32.8 
J3.0 
32.7 

J J . 2  
J ? .  1 

3 3 . q  
3 2 . 1  
3.7. e 
3 5 . 4  
3 2 * ?  
J2.6 
33.2 

3z.a  

32- n 

22 .a  

RECL IYER 
N E k f  
LOS§ 

I U) 

2 03.2  
201.4 
196.9 
203.0 
202.0 
191.4 

201.6 
1 9 5 . 2  
2 0 2 . 9  
201 .5  
195.0 
2 0 3 . 2  
202.8 
198.4 
1 7 4 . 2  
1 r3 .7  
1?2.0  
114.1 
1 7 3 . 9  
1 7 2 . 3  
1 74.2  
1 7 5 . 1  
171.5  
114.2 
173*7 
111.5 

1 7 4 . 2  

16l.6 
167.3  
166.2 
l C l . 6  
1 6 7  .* 
1 6 6 . 5  
167.6 
167 .3  

66.1 
1 6 7 . 6  
l b 7 . J  
166.0 
1 6 7 . 7  
167.6 
166.6 
164.5 
164.5 
165.6 
164.6 
364.4 

l b 4 . 5  
1 b 4 . 3  
163.5 
164.5  
l b 4 . J  
16.3.5 
I61 -6 
I 6 4 . b  
1 6 t . 0  

202 .9  

1 r4.3 

172.7 

1 6 3 . a  

EI*BSY 

BY F L U I D  
I Y )  

1 3 9 6 . 6  
1344.5 
1210.4 
138S.2 
1360.7 
1228.3 
1365.6 
1546.1 
1162.3 

1.J47.4 
1158 - 7  
I3 9 3  .I 
1380 -3  
1255-0 
1425.1 
1 3 7 2 . 3  
1243-4  
141 I .I 

1253.5 
1-14.4 
1316.1 
1 1 1 6 . 5  
1414.) 
13711.3 
1162.* 
1422.7 
1489.0 
1288.9 
14 3 2  -5 
13Y8.1 
1249.2 
1423.7 
1595.4 
1 2 5 9 . 4  
1421.8 
1382.5 
1l')L.S 
1420.6 
1311.7 
1187.9 
14 29 -3 
1 4 1 5 4  
12BC.B 
1435i.L 
1381 .I 
1251 .. 
1425.7 
1398.4 
1 2 6 2 - 1  
1424.1 

119*.1 
1423.1 

1190.4 
1 *52 .4  
1418.& 
f287.L 

A ison e m  

1 3 8 5 . 2  

i 3 s e . 9  

1365.5 

i ~ f i 4 . r  



99.9 
rc-q 

35'" 
59'5, 
99.9 
4"'Ci 

59.9 
99'9 
59-9 
69'9 
59-9 
95'9 
55'9 
99.5 
19.9 
09'9 
L0'9 
65'9 
19'9 
69'9 
65'9 
19'9 
69 '9 
69'9 
F5'9 
69'9 
65'9 
19'9 

6Q.9 
21 '9 
$1'9 

bq.9 

*i.L 

1" 

bf '7 
*1'9 
21'9 
C1'9 
bl -9 
21.9 
b1-q 
b1.9 
16'9 
b6.9 
56'9 
88.9 
Ch'9 
56.9 

b6.9 
56'9 
ot-9 
b6.9 
56'9 
06'9 
rs-T 
56.9 
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C'f9 
I-OI 
I'C1 
8.69 
OOLi 
1-01 
Y'09 
0'01 
1'01 
6'69 
1'01 
1-01 
8-69 
0.01 
1-01 
S'OL 
6-01 
e-01 
C'Ol 
1-01 
w.01 
c-Of 
1-01 
B'OL 
5-01 
L'OL 
8'01 
t.01 
1-01 
8'01 
8'1L 
2-21 
Z'ZL 
<.I1 
1-11 
:-7t 
"11 
1-21 
2-21 
L'IL 
1-21 
Z'ZC 
q-I1 
0'21 
.?'EL 
0'11 
C'YL 
1'BL 
C.91 
9'Ll 
1'WL 
C.9L 
9-12 
1'81 
8'9L 
6.1L 

1'91 
1'11 
I'OL 

f 3) 

.dY31 
ss179 

I *ai 

-00c01 
'001:01 
-30001 
'OPPCL 

* GG c 0 1 
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'OODO1 
'PO001 
'@OOOL 
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"00901 
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-oooad 
*OOCOS 
'OOGOC 
*GDPOS 
*C.GCOS 
'03005 
-00005 
*OCOOS 
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'OOOOE 
'CCOO4 
.C300S 
*OCCOS 
'00005 
'OOCc!S 
'CCOOS 
-0CCIGC 
'OOOOC 

'OOGOC 

-0000c 
'OOOOC 
"OOUGC 
'COCOF 
'3300; 
'OOCOC 
*00001 
-0000s 
'ooooc 
*OOtCI 
'GJ001 
'c;cIoI 
'@PI001 
"00301 
*0000I 
-00001 
~0r001 
'OCCOt 
'00COI 
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.OGOCI 
'OGOOI 
'OCCOI 
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*00001 

f--3 

-oqrot 
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-oeoor 
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saw td3m 
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I'S3I 
L'SYI 
1'591 
9'+9 I 
c.49 I 
9'SF 1 
9'b9 1 
5'59 I 
9-59 1 
6.b91 
E'S9 I 
L'S9 I 
L'b9 I 
,OS9 I 
9-59 1 
b.191 

8.891 
1*L?1 

1-89 1 
2'191 
C.89 1 
l'W91 
9.19f 
9.QQ1 

K'19T 

o*e91 

+*e9 I 

i-wi 

e-e9 1 
1-891 
6.Cl I 
**Sl I 
S'51 I 
9'21 I 
6'bl I 
C'SL I 
1.211 
b.b1 I 
K*S11 
S.CL I 
1.51 I 
b.SL I 
I'Cll 
O*bl I 
b.SL I 
8-66 I 
Z'COZ 
9'bOZ 
b.96 I 
6.202 
Z'COZ 
5.961 
6.207. 
K'bOZ 
9-86 I 
t'SO2 
b*bOZ 
?'e6 I 

9*+0 E 

In) 
SSOl 
111 3W 

M3A I333Y 

e*to E 

ssvi90 3snie 
bSM313 

llVlOS 03BMOS6V 

00- 
00 - 00' 
00' 
00 - 50' 
00- 
00' 
00' 
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