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ABSTRACT 

The objective of the Vee-Trough/Evacuated Tube Collector 
(VTETC) Project, undertaken for the DOE Solar Heating and Cooling Branch, 
was to show how vee-trough concentrators could improve the heat collec- 
tion capability and reduce the cost of collectors consisting of evacuated 
tube receivers. The work was carried out in two phases: 

During the first phase, the VTETC was analyzed rigorously 
and various mathematical models were developed to calculate the optical 
performance of the vee- trough concentrators and the thermal performance 
of the evacuated tube receivers. A test bed was constructed to verify 
the mathematical analyses and compare reflectors made of back-silvered 
glass mirror, Alzak, Aluminized ~ e f  lon, and Kinglux (an electro polished 
aluminum reflector). Testing was conducted and data was obtained for 
the months of April to August 1977. The results of the mathematical 
analyses, as well as the results from 1977, were reported in DOE/JPL/ 
1024-1, published in January 1978. 

In the second phase, additional tests were run at temperatures 
ranging from 80 to 190°c (176 - 374OF) during the months of April, May, 
June and July 1978. 

. . . .  , .  . . 

The results obtained compared well.with theoretical predic- 
tions. For the glass mirror reflectors, peak efficiencies, based on 
aperture area and operating temperatures of 125OC (2570F), were over 40%. 
Efficiencies of about 40% were observed at temperatures of 150°C (3c2OF) 
and 30% at 1750C (3470F). 

Test data covering a complete day are presented for selected 
dates throughout the test season; Predicted daily useful heats collected 
and efficiency values are presented for a full year. These theoretical 
values are then compared with actual data.points for the same temperature 
range. 

The study conducted did not examine a system incorporating 
an energy storage subsystem and a load. Instead, its purpose was to 
detenolrie Lhe quasi-steady-state performance of the evacuated tube 
receiver with and without vee-trough concentrators. 

Recommendations are made for the continuation of data acqui- . 
sition through the winter months to identify year-round"perfofmance in 
an actual solar heating and cooling system, with'thermal storage and 
varying load condltiuns. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



. . . , 

. . . . FOREWORD 

. , .  
' %  This  r e p o r t  i s  submit ted t o  t h e  United S t a t e s  Department of 

.'. ~ n e r & ,  Div i s ion ,  of So la r  Energy R&D  ranch, and covers  work conducted . . 
' by t h e  National  Aeronaut ics ,and Space ~ d m i n i s ' t r a t i o n ,  J e t  Provulsion , 

. . . '  Laboratory under Interagency Agreement No. ~(49-26.)-1024. The work was 
performed under t h e  d i r e c t i o n . o f  D r .  S tephewSargent ,  Program Manager 

. . 
f r o m ' t h e  DOE R&D Branch, Heating and Cooling Of f i ce ,  and D r .  R .  Kirk 
C o l l i e r ,  t h e  Cont rac t  Monitor from t h e  Los A l a m o s S c i e n t i f i c  
Labora to r i e s .  



This  p r o j e c t  was conducted by meplbers of t h e  J e t  Propulsion 
' Laboratory (JPL) Technical  S t a f f ,  w$.th D r .  M. Kudret Selcuk a s  P r h c i p a l  

I n v e s t i g a t o r .  

M r .  Alan Aghan was t h e  key person i n  ope ra t ing  t h e  t e s t  
s e tuv  'and eva lua t ing  t h e  d a t a  acqui red .  

Ins t rumenta t ion  f o r  temperature and f low measurements were 
c a l i b r a t e d  by t h e  JPL Ins t rumenta t ion  Sec t ion ,  headed by Mr. Daniel C .  
G r i f f i n ,  Jr .  The a s s i s t a n c e  of M r .  James A. Bryant is  g r a t e f u l l y  
acknowledged. 

During t h i s  second phase of t h e  p r o j e c t ,  t h e  a n a l y t i c a l  
t o o l s  developed and t h e  t e s t  s e t u p  b u i l t  dur ing  t h e  f i r s t  phase were 
used ex tens ive ly  f a r  experimentat ion.  .Cont r ibu tors  t o  t h e  f i r s t  phase, 
i n  a l p h a b e t i c a l  o rde r  were: M r .  Nabi l  El Gabalawi of JPL; D r .  Frances P. 

. '  Fehlner  of corn ing  Glass  Works (CGW); M r .  Eugene W .  Nol le r  and 
Mr. Edward L. Noon of JPL; D r .  ~ e m a l  Onat of I s t a n b u l  Technical  
Un ive r s i t y ;  D r .  Ugur Or t abas i  (CGW); M r .  Donald D. Schneider and 

. . D r .  Burton Zeldin of JPL. 

D r .  V .  C .  T rusce l lo  was t h e  Program Manager f o r  JPL. 



CONTENTS 
\ 

INTRODUCTION ......................................... 1-1 

VEE-TROUGH COLLECTOR CONFIGURATION ------------------- 1-1 

MATHEMATICAL ANALYSIS RESULTS ........................ 2-1 

METHODOLOGY .......................................... 2-1 

THE OPTICAL MODEL .................................... 2-1 

THE THERMAL MODEL .................................... 2-1 

THE VTETC THERMAL MODEL .............................. 2-2 

SOLUTION OF THE MODEL ................................ 2-4 

TEST BED AND INSTRUMENTATION DESIGN --------------- 3-1 

THE TEST BED ......................................... 3-1 

INSTRUMENTATION AND DATA ACQUISITION SUBSYSTEM ------- 3-3 

TEST DATA EVALUATION .............................. 4-15 

CONCLUSIONS AND RECOMMENDATIONS -----.----------------- 5-1 

CONCLUSIONS .......................................... 5-1 

RECOMMENDATIONS FOR FUTURE WORK ...................... 5-2 

vii 



CONTENTS (Continued) 

APPENDICES 

. . 
.B , : COMPARISON OF THEORETICAL AEJD EXPERIMENTAL DAILY 

: USEWL HEATS AM) EFFICIEEJCIES ........................ 

D .LIST OF RELATED PUBLICATIONS ANp PRESEPTATZONS ------- 

Figures 

1-1 Vee-Trough/Evacuated Tube Collector ------------------ 
1-2 Reversible, Asymmetric ~ e e - ~ r o u ~ h  Ref lectors 

and Evacuated Tube Receivers ......................... 
. ' 1-3 Evacuated Tube Receivers With and'without 

Reflectors ........................................... 

1-5 Evacuated Tube Receiver --------A~-------------------- 

1 -6 Top View .of Vee-Trough concentrators ,and 
Evacuated Tubes ...................................... 

2-1 Results of Thermal Model for Receiver and 
Collector ----,------,,-I,,,----,---------------------- 

2-2 Day Long Variation of Flux, Concentration Ratio 
for VTETC --------------------------------------------.. 

3-1. Test Arrangement for Evacuated Tube Receivers -------- 
4-1 to 4-4 Plots of Heat Loss Coefficient to Tube8 1, 2, 3 

, . and 4 -----------------'------------------------------- 

4 -5 Test Data for Collector Efficiency vs Temperature ---- 
. . . . 



T a b l e s  

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

T e s t  Data E v a l u a t i o n ,  May 1 9 ,  1978 11:55 am ---------- 4-8 

T e s t  Data E v a l u a t i o n ,  May 1 7 ,  1978 12:OO noon -------- 4-9 

T e s t  Data E v a l u a t i o n ,  May 1 9 ,  1978 11:34 am ---------- 4-10 

T e s t  Data E v a l u a t i o n ,  J u n e  9 ,  1978 12: lO pm ---------- 4-11 

T e s t  Data E v a l u a t i o n ,  J u n e  21,  1978 12:OO noon ------- 4-12 

T e s t  Data E v a l u a t i o n ,  J u n e  22, 1978 11:50 a m  --------- 4-13 

T e s t  Data  E v a l u a t i o n ,  J u l y  1 2 ,  1978 12:OO noon ------- 4-14 

Comparison o f  r e s u l t s  f o r  Tube 4  w i t h  and w i t h o u t  
t h e  R e f l e c t . o r s ,  July, 1978 ........................... 4-21 

Comparison o f  r e s u l t s  f o r  Tube 4  w i t h  and w i t h o u t  
t h e  Reflector-, May 1 2 ,  1978 ......................... 4-22 

Comparison o f  r e s u l t s  f o r  Tube 4  w i t h  and w i t h o u t  
t h e  R e f l e c t o r s ,  June 1978 ............................ 4-23 

4-11 D a i l y  T o t a l  I n c i d e n t  F l u x e s ,  U s e f u l  H e a t s  and 
Average E f f i . c i e n c i e s  ................................. 4-24 



Symbol 

Q in  
. . 
Qu 

Greek. Symbols 

NOMENCLATURE 

Item 

a r e a  

c o l l e c t o r  a r e a  

absorber  p l a t e  a r e a  

concen t r a t ion  r a t i o  

s p e c i f i c  h e a t  

d e n s i t y  

h e a t  removal f a c t o r  

t o t a l  r a d i a t i o n  i n t e n s i t y  

l eng th  

mass f low r a t e  

day number 

i n c i d e n t  h e a t  

u s e f u l  h e a t  

l o s t  h e a t  

temperature 

ambient temperature 

f l u i d  i n l e t  temperature 

f l u i d  o u t l e t  temperature 

tempe,rature.  d i f f e r e n c e  

h e a t  l o s s  c o e f f i c i e n t  

wind.speed 

. . 

a b s o r p t i v i t y  

e m l s s i v i t y  

e f f i c i e n c y  

Unit  - 
m2 ( f t 2 )  

m2 (it2) 

m2 ( f t 2 )  

dimensionless  

k ~ / k g  OC ( ~ t u l i b  OF) 

kg/m3 ( l b / g a l .  ) 

dimensionless  

~ / m 2  ( B t u ~ h r - f  t 2 )  

m ( f t )  

kg lh r  ( l b ~ h r )  

dimensionless  

Watts (Btu lhr )  

Watts (Btu/hr)  

Watts (B tu lh r )  

O C  . (OF) 

OC (OF) 

OC (OF) 

OC (OF) . 

deg.C. (deg.F) 

w/m2 OC ( B t u ~ h r - f t 2  OF) 

dimensionless  

dimensionless  

dimens i o n l e s s  



Symbol 

Subscripts 

Item , , Unit 

reflectivity dimensionless 

effective transmittance dimensionless 
absorptance product 

transmf t tance dimensionless 

2 4 
Stephan-Boltzmann constant w/m2 'IC4 (Btu/hr ft R ) 

latitude degrees 

ambient 

collector 

diffuse 

fluid 

glass 

inlet 

outlet 

plate 



SECTION 1 

INTRODUCTION 

This  r e p o r t  d i scusses  t he  ana lyses  and t h e  experiments con- 
ducted on vee-trough concen t r a to r s  t o  demonstrate t h e i r  u se fu lnes s  i n  

. improving t h e  h e a t  c o l l e c t i o n  c a p a b i l i t y  and reducing t h e  c o s t  of s o l a r  
c o l l e c t o r s  c o n s i s t i n g  of evacuated tube r ece ive r s .  This  work was per- 
formed a t  t h e  J e t  Propulsion Laboratory (JPL) d u r i n g . a  c o n t r a c t  per iod  
from October 1977 t o  October 1978. Prel iminary work on t h i s  p r o j e c t  was 
s t a r t e d  i n  June 1976 under t h e  sponsorship of t h e  Department of Energy, 
S o l a r  Heating and Coo'ling Branch, wi th  c o n t r a c t  ex tens ions  t o  October 
19 78. 

Op t i ca l  performance ana lyses  were undertaken f o r  asymmetric 
vee-troughs a t  va r ious  angles '  of r e f l e c t o r  t i l t  and a p e r t u r e  s i z e s .  
Thermal performance ana lyses  of evacuated tube r e c e i v e r s  wi th  a f l a t  
p l a t e  absorber  was a l s o  c a r r i e d  ou t  w i th  and .wi thout  t h e  vee-trough 
concent ra tors .  These evacuated g l a s s  tube r e c e i v e r s  were developed by 
the  Corning Glass Works, Corning, New York. 

Ana ly t i ca l  r e s u l t s  were v e r i f i e d  wi th  d a t a  acqui red  using 
an  experimental  s e t u p  designed s p e c i f i c a l l y  f o r  t h i s  purpose. Tes t  
temperatures  ,ranged from 90 t o  1 9 0 " ~  (194 t o  374°F) and d a t a  were col- 
l e c t e d  dur ing  t h e  s p r i n g  and summer of 1978 a t  d i f f e r e n t  temperatures .  

1.1 VEE-TROUGH COLLECTOR CONFIGURATION 

The experimental  s e tup  used f l a t  p l a t e  absorbers  enclosed i n  
evacuated g l a s s  tubes.  Four such tubes were used i n  t h e  s e t u p  and each 
tube  was nes t ed  between two f i x e d  t i l t  concen t r a to r s  a s  shown i n  F igures  
1-1 and 1-2. The a l t e r n a t e  p o s i t i o n s  of t h e  concen t r a to r s  f o r  w in te r  
and summer ope ra t ion  a r e  a l s o  'shown. The angles  on t h e  r e f l e c t o r s  a r e  
changed twice a year  on t h e  seasona l  equinoxes by simply r eve r s ing  t h e  
l i gh twe tgh t  t r i a n g u l a r  r e f l e c t o r  assemblies .  This  vee-trough c o l l e c t o r  
con f igu ra t ion  e l imina te s  t he  t i l t  adjustments  necessary  wi th  a c o l l e c t o r  

.box assembly, o r  t he  complicat ions of a sun t r ack ing  system. The plumb- 
ing  l i n e s  a r e  s t . a t i ona ry ;  no f l e x i b l e  f l u i d  l i n e s  o r  movable j o i n t s  a r e  
used, thus  eli.mi,nating leakage problems. System i n s  t a l l a t i o n ,  ope ra t ion  

, a n d  maintenance c o s t s  a r e  correspondingly reduced. F igures  1-3 through 
1-6 show photographs of t h e  a c t u a l  t e s t  s e tup .  

The copper h e a t  t r a n s f e r  t u b e s  t h a t  run  through t h e  evacuated 
g l a s s  tubes a r e  connected i n  s e r i e s  and a h e a t  t r a n s f e r  f l u i d ,  Therminol 
44*, is  pumped t h r o u g h . t h e  system. A s e r i e s  arrangement a s s u r e s  an iden- 
. t i c a l  mass flow r a t e  f o r  each tube.  Although t h e  f l u i d  i n l e t  temperature 
v a r i e s  from tube  t o  tube ,  t h e  e f f e c t s  of t h i s  v a r i a t i o n  a r e  bypassed by 
eva lua t ing  t h e  performance of t h e  i n d i v i d u a l  tube a t  i t s  i n l e t l o u t l e t  
temperature.  

* 
Heat t r a n s f e r  o i l  provided by Monsanto Chemicals, P r o p e r t i e s  i n  
Appendix C .  
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Figure 1-3. Evacuated Tube Receivers With and Without 
Vee-Trough Reflectors 

PYRANOMETER EZPMSXm 

Pigure 1-4. Test Bed and Pumping Station 



Figure 1-5. Evacuated Tube Receiver 

Figure 1-6. Top view ol: Vre-Tr.uug11 Coacel~trators 
and Evacuated Tubes 



SECTION 2 

MATHEMATICAL ANALYSIS RESULTS 

2.1 METHODOLOGY 

The a n a l y s i s  used i n  t h i s  p r o j e c t  was based on a  mathematical 
model of t h e  Vee-~rough/Evacuated Tube Co l l ec to r  (VTETC) incorpora t ing  
an  o p t i c a l  model of the.vee-trough concen t r a to r  and a  thermal model of 
t h e  evacuated tube  r ece ive r .  Var iab le  s o l a r  f l u x  and ambient condi t ions  
were considered,  and computer codes were generated t o  so lve  each mathe- 
m a t i c a l  model. D e t a i l s  of t h e  modelling a r e  d iscussed  i n  DoE/JP~/1024-1, 
publ ished i n  January 1978. ' 

2.2 THE OPTICAL MODEL 

T h e . o p t i c a 1  model of t h e  concent ra tor  p r e d i c t s  t h e  o p t i c a l  
performance of t h e  vee-trough r e f l e c t o r s  by d iv id ing  t h e  mi r ro r  s u r f a c e s  
i n t o  f i n i t e  s t r i p s  t o  o b t a i n  an  a c c u r a t e  f l u x  map a t  t h e  bottom of t h e  
vee-trough. This  model cons ide r s  end e f f e c t s  and secondary r e f l e c t i o n s  
from t h e  mi r ro r s .  The fo l lowing  assumptions were used i n  t h e  
formula t ions  : 

(1) The s o l a r  beam is s p e c u i a r l y  r e f l e c t e d  from t h e  mi r ro r  
s u r f a c e  and a l l  t h e  r e f l e c t e d  specu la r  beam is  captured 
by' t h e  r ece ive r '  provided t h a t  t h e  beam i s  wi th in  t h e  
acceptance ang le  and does no t  r e f l e c t  back t o  space.. 
Reference 1 i n d i c a t e s  t h i s  assumption is  v a l i d  f o r  
s i l v e r e d  su r f aces .  . 

(2)  The d i f f u s e  r a d i a t i o n  i n t e n s i t y  a t  t h e  bottom of t h e  
vee-trough i s  assumed t o  be about 80% of t h e  d i f f u s e  
r a d i a t i o n  i n c i d e n t  on t h e  a p e r t u r e  p lane  ( c o l l e c t i o n  
a r e a ) .  Th i s  assumption i s  based on d a t a  i n  Reference 2 
and w a s  v e r i f i e d  experimental ly .  

(3 )  Glass t r ansmi t t ance  is  taken t o  be dependent upon 
t h e  ang le  of inc idence  a s  g iven  i n  Reference 3 .  Change 
of t r ansmi t t ance  wi th  wavelength is  neglec ted .  

2.3 .THE THERMAL MODEL 

The thermal  model i d e n t i f i e s  t h e  thermal performance of t he  
evacuated tube  r e c e i v e r .  References 4 and 5 g i v e  t h e  d e r i v a t i o n  of t h e  

. u s e f u l  h e a t  and e f f i c i e n c y  r e l a t i o n s  of t h e  evacuated tube r e c e i v e r  w i th  
o r  without  t h e  concen t r a to r .  The fol lowing assumptions were made i n  t h e  
formulat ion of t h i s  model: 



(1) The f l u x  i n t e n s i t y  on t h e  absorber  p l a t e  i s  considered 
t o  be uniform. 

(2) S ince  t h e  evacuated tubes  a r e  spaced 3 d iameters  a p a r t ,  
. the  tubes  a r e  assumed t o  have no e 0 e c . t  on each o the r .  

(3) Convection i n s i d e  t h e  evacuated tube  i s  completely 
e l imina ted .  S tud ie s  i n  Reference 6 r e v e a l  t h a t  under 
a  vacuum l e v e l  of P < 1.33 X 10-2 Pa T o r r ) ,  con- 
v e c t i o n  l o s s e s  become n e g l i g i b l e .  The tubes  a r e  eva- 
cuated t o  a  vacuum l e v e l  of P < 5.33 X Pa (0.4 
X Torr)  . Therefore,  on ly  conduction and r a d i a t i o n  
l o s s e s  a r e  s i g n i f i c a n t  i n  t h e  energy balance of t h e  
absorber  p l a t e .  

(4) Conduction l o s s e s  through t h e  con tac t  p o i n t s  between 
t h e  absorber  and t h e  g l a s s  tube  a r e  neglec ted .  

(5) .Conduction through t h e  manifolding is  s i g n i f i c a n t .  
Its magnitude was of t h e  o rde r  o f . 5  t o  12.% f o r  tempera- 
t u r e s  from 100 t o  150% (212 - 3 0 2 0 ~ ) ,  r e spec t ive ly .  

, 

2.4 THE VTETC THERMAL MODEL 

The model, which d e f i n e s  t h e , c o l l e c t o r  performance, combines 
t h e  o p t i c a l  model w i t h  t h e  evacuated tube  r e c e i v e r  thermal  model. The 
r e s u l t s  of t h e  formula t ion  a r e  a s  fo l lows:  

= F A CR It ( ~ u ) e  - UL (Tfi - Ta) 
Qu R P 

. . - 
Qu 

- r a t e  of u s e f u l  h e a t  c o l l e c t e d  by t h e  working 
f l u i d ;  Watts (Btu lhr )  

. . - - 
F~ 

,hea t  removal f a c t o r  (d imens ionless ) .  A correc-  
t i o n  f a c t o r  t o  t a k e  i n t o  cons ide ra t ion  t h e  two- 
dimensional  hea t  f low . i n  t h e  copper absorber  
p l a t e ;  i . e . ,  h e a t  t r a n s f e r  a long t h e  tube  l eng th  
and a c r o s s  t h e  absorber  p l a t e  due t o  t h e  tempera- 
t u r e  d i f f e r e n c e  of t h e  incoming and outgoing f l u i d  
l i n e s .  FR, is  c a l c u l a t e d  according t o  t h e  proce- 
dure  descr ibed  i n  Reference 6.. 



A - - 2 
absorber plate surface area; m2 (ft 

P 

CR = the flux concentration ratio; (dimensionless) 

Total energy incident on the absorber plate with vee-trough 
CR = Total energy incident on the absorber plate'without vee-trough 

- 
It 

- total rate of incident solar flux on a unit 
-collector area; w/m2 (Btu/hr - ft2) 

(Ta)e = the.effective transmittance - absorptance product 
of the receiver tube; (dimensionless) 

- - . . 
- u~ overall heat transfer coefficient between the 

absorbei plate and the abmient; w/m2 OK (st;/ 
hr - ft OF) 

. T - - fluid inlet temperature; OC (OF) 
f 9.i 

T - - ambient" air temperature;. 'C (OF) 
a' 

- - 
Q in 

incident solar heat; Watts. (Btu/hr) 

A = .  2 
collection area, or aperture area; m2 (ft ) 

C 

rl 
- - overall thermal efficiency of VTETC 

The theoretical calculation of the heat loss coefficient, 
UL ~h~~ is given by the following experssion: 

7 . .  
- - 8.482 X.10.. . . . .  

. 'L Theo 2 
. . . . 

(Tp + Tg (Tp2 + Tg ) Cc 

Where 

I 
0 

absorber plate temperature; K 

- - 0 
surface temperature of the glass tube; K 

- - 0 
equivalent sky temperature; K 



T a - - 0 
ambient air temperature; K 

C - - conduction loss factor (1.05 to 1.2) 
C 

v - - wind velocity; m/sec. 

. Section 4.2 discusses UL in more detail and Section 4.3 presents the 
calculation procedure and a sample calculation for the theoretical U 

L ' 

Because of basic .assumptions made for formulating the mathe- 
matical model, the resulting theoretical calculations will have uncer- 
tainties. The source's of these uncertainties include: 

(1) Assuming plate temperature, Tp, is equal to the mean 
fluid temperature, Tm. This assumption is valid 
because the flow tubes are spaced only 5 cm (2 in.) 
apart on the absorber plate and are metallurgically 
.bonded to the plate. For operating temperatures of 
above 150°C (3020F) the difference between Tp and T, 
(based on T ~ )  is less than 3%.. 

Inaccuracies in T and T 
sky glass* 

(3) Other assumptions made for the optical and thermal 
models, as mentioned in Sections 2.2 and 2.3. 

(4) Assuming a negligible radiation heat loss from the back 
of the glass tube to surrounding structures. 

2.5 SOLUTION OF THE MODEL 

Using equations (2.1) to (2.4), together with computer rou- 
tines to calculate FR7 CR and UL, the efficiency of the collector with 
and without concentrators can be calculated. Figure 2-1 represents the 
results of these calculations. Efficiencies are plotted against ATi, 
fluid inlet temperature minus the ambient temperature. The top set of 
curves give the efficiency of the receiver tube, without concentrators, 
based on the solar flux incident on the absorber plate area. The lower 
curves are based on the aperture plane area for tubes with 
concentrators. 

2 2 
,At best, fluxes of up to 1110 W/m (350 Btu/hr-ft ) are 

attainable without a vee-trough concentrator. The purpose of the con- 
centrators is to increase the flux on the absorber to levels of around 
2500 wim2 (800 ~tu/hr-f t2). This is equivalent to a flux concentration 
ratio of about 2.2. Figure 2-2 shows the variation of actual concentra- 
tion ratios for several days. Near the solstices, the concentration ratio 
varies from about 1.2 to a peak of 2.3; during equinoxes it is constant 
around 1.4. 
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Figure- 2-1. ~esults of-the. Thermal Model for the Receiver and Collector 
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The a c t u a l  f l u x  c o n c e n t r a t i o n  r a t i o  i s  lower  t h a n  t h e  geo- 
m e t r i c  c o n c e n t r a t i o n  because  o f ' r e f l e c t i o n  l o s s e s  from t h e  m i r r o r  s u r -  
. f a c e s  and l o s s  d u e  t o  some r e f l e c t e d  r a y s ' m i s s i n g  t h e  t a r g e t  ( a b s o r b e r  
p l a t e ) ' .  The former  is a f u n c t i o n ' o f  . the  r e f l e c t o r  s u r f a c e ,  m a t e r i a l ,  
f i n i s h  . a n d .  t h e '  a n g l e  of i n c i d e n c e .  Change .of  r e f l e c t a n c e  w i t h  t h e  a n g l e  
of i n ~ i d e n c e  f o r  v a l u e s .  o f  . p r a c t i c a l  i n t e r e s t  (<80°) is  n o t  a s  s i g n i f i -  
c a n t  a s  t h e  e f f e c t s  of t h e  beams .miss ing  t h e . t a r g e t ' .  Although some l o s s  
o f  performance is n o t i c e d . ' d u r i n g  t h e  equ inoxes ,  t h e  s i m ~ l i c i t y  of t h e .  
d e s i g n  and o p e r a t i o n  of t h e  f i x e d - t i l t  asymmetric t r i a n g u l a r  s e c t i o n s  
j u s t i f  i ' es  . t h e i r .  use.. 



SECTION 3 

TEST BED AND INSTRUMENTATION DESIGN 

This section presents a summary of the test bed design and 
instrumentation used for data acquisition. Further details regarding 
the design and instrumentation may be obtained from DOE/JPL/~~~~-1, 
published in January 1978. 

3.1 THE TEST BED 

The test bed used for evaluating the performance of the eva- 
cuated tubes with or without reflectors consisted of the following 
subsystems: 

(1) Collector Stand 

The main frame used as the mounting for the evacuated 
tubes, reflectors and manifolding. .The collector 
stand is tilt adjustable but, for this project, all 
tests were run at a fixed tilt of 35O, which .is the 

. latitude of Los Angeles, CA.. The triangular reflec- 
tors and evacuated tubes are 3.05 m (10 ft) long. The 
pair of reflectors serving the lowermost tube is 
2.44 m (8 ft) long. 

Pumping Station 

This subsystem is connected to the collector stand with 
insulated lines.. The working, fluid Therminol 44, is 
circulated through the evacuated tubes by a gear pump. 
Figure 3-1 shows various components of the test bed as 
well as the instrumentation. Before entry into the 
collector loop, the fluid is preheated in a holding 
tank. The preheating simulates additional collector 
tubes 'that would otherwise heat the fluid, thus allow- 
ing operating temperatures of up to 1900C (374'~). 

, (3 )  Expansion Tank 

The test bed is equipped with an expansion tank to 
accommodate the thermal expansion of Therminol 44. 
It also eliminates gas or air bubbles trapped in the 
tubes and manifolding through the use of bleed lines 
thar connect the highest point of the collector loop ' 

to the expansion tank. 

Both the fluid lines connecting pumping station to the collector stand 
and the manifolding for the tubes were.insulated to minimize heat loss. 

Thcrminol 44 flows through the receivcr tubes entering at the 
lowermost tube (Tube 4) and leaving at the top (Tube 1). 
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3 . 2  .INSTRUMENTATION AND DATA ACQUISITION SUBSYSTEM 

The vee-trough collector test bed was fully instrumented to 
determine the receiver p,erformance. The'flow rate of the ~herminol' 44 
'was measured by turbine-tlpe flow meters. Absolute and differential 
temperatures were monitored on each evacuated tube using chromel- 
constantan thermocouples. Differential thermocouples were made from 
three series. elements to improve the resolution of readings. Total solar 
radiation, diffuse solar radiation, absolute pressures and.pressure drops 
in the flow circuit, and ambient temperature, were also measured and 
recorded. 

All data acquired from the vacuum tube test bed were fed 
into an gutomated data acquisition and processing system. The data was 
then displayed on a TV screen and recorded permanently on photosensitive 
paper. 



SECTION 4 

TESTING AND EVALUATION 

Tests were run under clear day conditions for daytime 
efficiency determination and at.night for heat loss experiments. Pro- 

. cedures for data acquisition and some sample data are presented and 
discussed in this section. Appendix A and B include additional data 
and processed values. Appendix C includes information about the proper- 
ties of Therminol 44, the h.eat transfer fluid used in this experiment. 

Useful heat calculations and efficiency determination 
require the following basic data: 

(1) Mass flow rate of the working fluid, m, which con- 
sists of d (density) and V (volumetric flow) rate 
terms. 

(2) Specific heat.of the working fluid, Cp 

(3) Temperature rise of the working fluid in the evacuated 
tube, AT 

(4) Solar flux intensity at the tilted collector plane, 
It. 

Items (11, (31, and (4) were determined using calibrated 
instrumentation. The specific heat of Therminol 44 was taken from the 
manufacturer's data. These figures were also verified by tests per- 
formed at JPL. Property changes due to a slight color change of the 
Therminol after several runs, was not significant. These data were 
used in calculations either using linear interpolation techniques or by 
curve fitting. 

All instruments used for the measurement of temperature, 
flow rate, and solar radiation were calibrated. Differential thermo- 
couples were accurate to f0.08OC (0.14OF) whereas absolute temperatures 
were measured within 0.1"C (0.18"F). Errors due to the measurements in 
the millivolt range were less than 0.02OC (0.04OF) for the differential 
and O.l°C for the absolute temperature measurements. The combination of 
these two .errors still yielded +0. 1°c for the differential temperatures 
and 20.4OC (0.07OF) for the absolute temperature measurements. Volu- 
metric flow of the working fluid, Therminol 44, was measured to within 
23%. The effect of the viscosity on the calibration factor for the flow 
meters was found to be negligible in the range of temperatures between 
65 to 205OC (149 to 401°F). Total solar radiation measurements were 
made. using a Spectran precision pyranometer, having an accuracy of 21%. 
Therefore, the net error in the measured efficiency, due to instrument 
uncertainties, is 26%. However, this +6% is not an indication of how 
closely the measured values correlate with the theoretically calculated 
values. The actual difference between the measured and theoretical 
values will be a result of the combination of instrument uncertainties, 
simplifications made in the.mathematica1 model, and uncertainties in 
determining U and conduction losses. 

L 
. . 
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The following sections discuss procedures in data 
acquisition and evaluation. Generally, daytime tests were run during 
clear days for a period of +4 hours around noon. Nighc tests were run 

' . after sunset to determine U values. 
L 

4.1 DAYTIME TESTS 

Before starting data acquisition and removing the shading 
over the glass tubes, electric heaters were turned on and the heat trans- 
fer fluid was preheated to the operating temperature selected for the 
day. Preheating the fluid to operating temperature served two purposes: 

(1) Production of high inlet temperatures, otherwise 
unattainable using only 4 tubes in series. Fluid 
inlet temperatures of up to 180°C (356OF) were achieved. 

.. 
(2) Achieving a shorter warm-up time: Although lower 

,temperature levels such as 120°C (248°F) could be 
attained without preheating, this process would take 
hours and, as a result, morning data would be lost. 

Usually, tests were started at lower temperature levels, i.e., 
about 90°C (194°F) for the first day, then raised to 120°C (248"F), 150°C 
(302OF) and higher on subsequent days. 

Af ter preheating, the 'tubes were exposed to the sun and the 
circulation pump was started. After flow was set to a nominal value, 
the readings could be started within a few minutes since the thermal 
capacity of the evacuated tubes was quite small. The measured variables 
were absolute and differential temperatures, flow rates, pressures and 
solar flux intensity. These were recorded on photosensitive paper at 
selected intervals, normally l'0 minutes. 

The inlet temperature of the working fluid gradually rose 
during the day since the heat gain of the collector test bed was more 
than the losses of the system through lines and tank insulation. How- 
ever, this temperature rise for the test period was small enough to 
justify the assumption of quasi-steady state operating conditions. This 
assumption was based on the fact that the input temperature increase 
rate was14 deg.C (25 deg.F)/hr and the system had a small themal capacity 
(i.e., temperature response time was short). In addition, the fluid 
transit time through the flow tubes was about 35 seconds, small enough 
to justify the quasi-steady state evaluation. 

The test data obtained was later processed by transferring 
the optically printed figures on to punch cards and performing the com- 
p'utatiohs with a computer. The useful heat collected by each tube was 
calculated from: 



where & is the mass flow rate of the fluid in (kg/hr), AT is the 
temperature rise in deg. C for each receiver tube, and Cp is the specific 
heat of the fluid in (k~/kgOC), as given in ~ ~ ~ e n d i x  C. 

' 

The efficiency of the tubes was then foynd by rl = Qu/Ie 
where I is the total solar insolation in w/m2 and A is the aperture 
area;' The aperture area is equal to 0.65 m2 (7 ft2) when the reflectors 

, are placed on the tube. However, when the reflectors are removed, the 
aperture area becomes equivalent to the absorber plate area and is equal 
to 0.19 m2 (2.04 ft2). The results from the experimental data were then 
compared with the theoretically calculated values for the same operating 
conditions . 

NIGHT TESTS 

To determine the overall heat transfer coefficient for heat 
lost from the working fluid to the ambient, heat 1osses.were measured 
without any heat. gain during the night. Experimentally, the fluid was 
preheated and circulated through tubes. The fluid temperature drop 
(hT) for each tube was measured. The overall heat transfer coefficient 
was determined from: 

2 
where Ap is the absorber platearea (m ) andATfa = (Til.-Ta) is the difference 
between fluid inlet temperature and ambient air temperature. Other var- 
iables are as previously defined. 

The experimental values of UL obtained using the present 
preheaters correspond to fluid temperatures of about 120°C (248OF). For 
such temperatures, there was a good correlation between the experimentally 
obtained values of UL and those calculated by Equation (2.4). 

To get values for UL at higher temperatures, the measured 
values were curve-fitted with a third degree..polynomial as a function of 
temperature. A third degree polynomial was used for two reasons: First, 
UL IS strongly dependent on the radiative heat loss and the radiative 
heat 'loss coefficient, h R ~ D  is proportional to the cube of temperature, 
as defined by. QRAD = ~RAD ATfa = aoc (T + Ta) ( T ~  + ~ 6 )  (T - ~a). Second, 
,the third degree polynomial gave good agreement between theoretical UL 
and measured UL at low temperatures. 

Figures 4-1 to 4-4 show the plots of measured UL values and 
the polynomial curve fits for the four tubes. The dashed lines indicate 

. ' .  ' the polynomial extrapolation for measured UL at higher temperatures, 
The data for these plots were taken on different nights. The scatter 
observed in the value of UL is due to different sky conditions and wind 
conditions.on different nights. Tables 4-1 to 4-7 show the measured UL 

. . values computed using Equation (4.2). These tables also show the 
theoretically calculated UL derived from Equation (2.4). At temperatures 

J 



Figure 4-1. Heat Loss Coefficient and Estimated Polynomial Curve Fit 





F i g u r e  4 - 3 .  Heat Loss c o e f f i c i e n t  and Est imated Polynomial Curve F i t  



Figure 4-4 .  Heat Loss Coefficient and Estimated Polynomial Curve Fit 



Table 4-1. Test Data Evaluation 

11:55 am PST 

Reflector Type GLASS ALZAK TEFLON 

Tube Outlet  Temp ('C) 

AT, Temp. r i s e  (deg C) 

mss Flow Rate '6 (kglhr) 

Spec i f ic  Heat C .. (KJ/kg OC) 
P 

Useful Heat 
Qu = k Cp AT (Watts) 

Qu Theoret ical  (Watts) 

Solar  Flux I (W/m2) 

Solar  Input 
Q i n  = 1-Area (watts) ' 

(%) Efficiency TI = LIE- 
Qin 

II Theoret ical  ( X )  

A m b i e n t  Air T a p .  Ta (OC) 

Theoret ical  Heat Loss Coef f ; 

, 'L Theo (w/m2 - . O C) 

Measured Heat LOSS Coefficien 

'L ( ~ / m 2  - OC) 



Table 4-2.. Test Data Evaluation 

May 17, 1978 " 

TUBES 

I I I 

Reflector Type 

12 :00 noon PST 

Tube Outlet Temp ('c) 

AT, Temp. rise (deg C) 

1 

Mass Flow Rate & (kg/hr) 

Specific Heat C ' (KJ/kg O C )  
P 

2 

Useful Heat 
Qu = M Cp AT (Watts) 

Qu Theoretical (Watts) 

, 3  

Solar Flux I m/m2) 

4 

Solar Input 
 in = I-Area (Watts) ' 

Ambient Air Temp. Ta ( O C )  

Theoretical Heat Loss Coeff. 

'L h e 0  (w/& - OC) 

GLASS I I TEFLON I KINGLUX 

-- -*- --..... -.-..-- - 

Measured Heat Loss Coefficient 
2.39 2.29 1.84 1.83 

'L (w/m2 - 'C) 



Table 4-3. . Test Data Evaluation 

May 19, 1978 

11:34 am PST 

Reflector Type 

Tube Outlet Temp (OC) 

AT, Temp. rise (d- C) 

Mass Flow Rate & (kg/hr) 

Specific Heat C (KJ/kg OC) 
P 

Useful Heat 
Qu = k Cp AT (Watts) 

Qu Theoretical (Watts) 

Solar Flux I (W/m2) 

Solar Input 
Qin 3 1-Area (Watts) 

9u (%) Efficiency q = - 
Qin 

n Theoretical (X) 

Ambient Air Temp. Ta (OC) 

Theoretical Heat Loss Coeff. 

'L Theo (w/m2 - OC)  

Measured Heat Loss Coefficient 

OL (w/m2 - OC) 

+ 

4 

KINGLUX 

161.6 

12.1 

23.0 

2.29 

175.7 

220.4 

922 

600.0 

29.3 

, 

36.8 

32.4 

2.66 

3.31 

1 

GLASS 

183.7 

14.4 

23.0 

2.34 

213.7 

227.6 

922 

502.8 

42.5 

45.3 

32.4 

2.95 

3.96 

TUBES 

2 

ALZAK 

177.9 

14.1 

23.0 

2.32 

208.4 

200.8 

922 

600.0 

34.8 

33.5 

32.4 

2.87 

3.85 

3 

TEFLON 

171.1 

12.7 

23.0 

2.31 

186.1 

220.0 

922 

595.3 

31.3 

36.9 

32.4 

2.79 

3.64 



. . 

Table 4-4. Test Data Evaluation 

June 9, 1978 
TUBES 

12:lO pm PST 
1 2 3 4 

Reflector Type GLASS &ZAK TEFLON KINGLUX 

Tube Outlet Temp (OC) 176.2 172.7 171.1 167.6 

AT, Temp. rise (deg C)  6.9 6.4 6.6 6.6 

Mass Flow Rate rb (kg/hr) 40.7 40.7 40.7 40.7 

Specific Heat C (=/kg 'C) 2.33 2.32 . 2.32 2.31 
P 

- - . .  . 
Useful Heat 
Qu = fi ;!p AT (Watts) 181.5 169.4 172.8 170.3 

Qu Theoretical (Watts) . 203.6 177.3 191.7 188.2 

Solar Flux I (W/m2) 855 855 855 855 

Solar Input 
Qin = IoArea (Watts) 466.3 556.0 552.1 556.0 

-" 

-Qu (%) Efficiency TI - 38.9 30.5 31.3 30.6 
Qin 



Table 4-5. Test Data Evaluation 

June 21, 1978 

12 :00 noon PST . 

Reflector Type 

Tube Outlet Temp ( O C )  

AT, Temp. rise (deg C) 

n Theoretical ( X )  

TUBES 

1 

GLASS 

185.5 

7.7 

3 

TEFLON 

180.3 

7.5 

2 

ALZAK 

181.3 

7.3 

4 

KINGLUX 

176.2 

7.3 



Table 4-6. Test Data Evaluation 

TUBES 
June 22, 1978 

11:50 am PST 

Reflector Type GLASS I TEFLON KINGLUX 
- - 

Tube Outlet Temp (OC) 

AT, Temp. rise beg C) 

Mass Flow Rate &' (kg/hr) 

Specif l c  Heat C (KJ/k8 'C) '; 
P 

Useful Heat 
Qu = M Cp AT (Watts) 

Qu Theoretical (Watts) 

Solar Input , , 

Qln I -  Area (Watts) 

n Theoretical ( X )  

Ambient Air Temp. Ta ('C) 
- 

Theoretical Heat Loss Coeff. 

'L Thco (w/m2 - OC) 

Measured Heat Loss Coefficient 

'L (w/d - OC) 



Table 4-7. Test Data Evaluation 

July 12, 1978 

12:00 noon PST 

Reflector Type 

Tube Outlet Temp ('C) . . 

AT, Temp. rise (deg C) 

Mass Flow Rate & (kg/hr) 

Spec i f ic  Heat C ' (KJ/kg OC) 
P 

Useful Heat 
Qu = k Cp AT (Watts) 

Qu Theoretical  (Watts) 

Solar Flux I (w/m2) 

Solar Input 
Qin = IoArea (watts) 

Q11 . (2)  Efficiency tl = - 
Q3.n 

TI Theoretical  ( X )  

Ambient Air Temp. T a  (OC) 

Theoret ical  H e a t  Loss Coeff. 

"L Theo (wlm2 -';'c) 
Measured Heat Loss Coefficient 

'L (w/m2 - OC) 

r 

4 

KINGLUX 

179.9 

.7 . 7 

33.5 

2.. 34 

167.5 

185.8 

889 

578.1 

29.0 

32.1 

32.9 

2.95 

4.06 

a 

' 

3 

TEFLON 

184.1 

8.6 

33.5 

. 2.34 

187.9 

189.2 

889 

574.0 

32.7 

33.0 

32.9 

3.00 

4.66 

1 

GLASS 

190.4 

8.9 

33.5 

2.36 

195.0 

200.0 

889 

484.8 

40.2 

41.2 

32.9 

3.'09 

4.45 

TUBES 

2 

ALZAK 

185.9 

8.4 

33.5 

2.35 

185.0 

174.0 

889 

' 578.1 

32.0 

30.1 

32.9 

. 3.03 

4.39 



of under 120°C (248OF), t h e  t h e o r e t i c a l  and measured va lues  of UL agreed 
c l o s e l y ,  such a s  i n  Tables  4-1 and 4-2. However, a t  h igher  tempera tures ,  
t h e  polynomial curve  f i t s  t h e  p red i c t ed  h igh  hea t  l o s s  c o e f f i c i e n t s ,  a s  
shown i n  Tables  4-3 t o  4-7. 

I n  c a l c u l a t i n g  t h e  t h e o r e t i c a l  h e a t s  and e f f i c i e n c i e s  f o r  
~ a b l e s  4-1 t o  4-7, t h e  t h e o r e t i c a l  va lue  of UL was used. Sec t ion  4.3 

. p r e s e n t s  a  sample c a l c u l a t i o n  f o r  f i n d i n g  t h e  t h e o r e t i c a l  UL 

4.3 TEST DATA EVALUATION 

Tes t  d a t a  was ob ta ined  f o r  eva lua t ing  t h e  hour ly  hea t  c o l l e c -  
t i o n  and e f f i c i e n c y  of  each r e c e i v e r  tube.  Table 4-1 shows t h e  exper i -  
mental  r e s u l t s  t oge the r  w i t h  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  va lues  f o r  a  
temperature  range of about  120-140°C (248-284OF). The hea t  t r a n s f e r  
f l u i d  is  flowing through t h e  system from Tube 1 t o  Tube 4; t h e r e f o r e ,  
t h e  o u t l e t  temperature  of Tube 1 i s  g r e a t e r  than t h a t  of Tube 2, e t c .  
Tables  4-2 through 4-7 p re sen t  c o l l e c t e d  and processed t e s t  d a t a  f o r  
d i f f e r e n t  temperatures  and d i f f e r e n t  days.  T h e o r e t i c a l  c a l c u l a t e d  use- 
f u l  h e a t s  a r e  compared wi th  t h e  experimental  r e s u l t s  i n  t h e s e  t a b l e s .  
The d i s c r e p a n c i e s  between t h e  experimental  and c a l c u l a t e d  va lues  a r e  
caused by conduct ion l o s s e s  from t h e  manifold and c o n t a c t  p o i n t s ,  v a r i a -  
t i o n  of rh and t h e  r e s u l t i n g  h e a t  removal e f f i c i e n c y ,  FR, wind v e l o c i t y ,  
r e l a t i v e  humidity of t h e  a i r  (which a f f e c t s  t h e  equ iva l en t  sky tempera- 
t u r e ) ,  and changes i n  mi r ro r  r e f l e c t i v i t y  because of d u s t .  The d a t a  
shows t h a t ,  i n  most c a s e s ,  t h e  t h e o r e t i c a l  va lue  of Qu is  g r e a t e r  than  
t h e  experimental .  Th i s  i s  a t t r i b u t e d  t o  t h e  e f f e c t  of t h e  o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t ,  UL, i n  Equation (2 .1) ,  where t h e  v a l u e  of UL used 
i s  c a l c u l a t e d  by Equation (2.4) .  I n  ob t a in ing  t h e  t h e o r e t i c a l  v a l u e s ,  a  
10% conduct ion l o s s  (conduct ion f a c t o r  Cc = 1.1 i n  Equation [2 .41) ,  and 
a  wind v e l o c i t y  of 1 . 8  m/sec (4 mph) were used. The va lues  f o r  t h e  f l u x  
concen t r a t i on  r a t i o ,  C R Y  were de r ived  f o r  a  l a t i t u d e  of 34.1°, from 
d a t a  f o r  Burbank, C a l i f o r n i a ,  1962, as expla ined  i n  Appendix B. The 
r e f l e c t i v i t i e s  of t h e  mir rored  s u r f a c e s  were taken  t o  be  p = 0.87 f o r  
t h e  g l a s s  m i r r o r ,  p = 0.76 f o r  Alzak, p = 0.8 f o r  t h e  aluminized Tef lon ,  
and 0.78 f o r  Kinglux. The c a l c u l a t i o n a l  procedure f o r  t h e o r e t i c a l  UL 
i s  a s  fo l lows:  

(1 ) '  Heat l o s s  equa t ions  are w r i t t e n  f o r - h e a t  l o s t  from t h e  
absorber  p l a t e  t o  t h e  g l a s s  tube  and f o r  h e a t  l o s t  
from t h e  g l a s s  t ube  t o  t h e  surroundings:  



The % f a c t o r  appear ing  wi th  Ag i s  a r e s u l t  of t h e  
assumption t h a t  t h e r e  is  n e g l i g i b l e  r a d i a t i o n  hea t  , 
l o s s  from t h e  back of t h e  g l a s s  tube  t o  t h e  back sur -  
roundings.  Therefore ,  only r a d i a t i o n  h e a t  l o s s  from 
t h e  top  ha l f , o f  t h e  tube  is  cons idered .  

I n  t h e s e  equa t ions ,  

Q = hea t  l o s t  from absorber  p l a t e  t o  g l a s s  
p-g tube  

Qg-s. 
= hea t  l o s t  from g l a s s  tube  t o  surroundings 

C = conduction l o s s  f a c t o r ,  es t imated  a t  1 .10 
C 

11 = r a d i a t i o n  hea t  l o s s  c o e f f i c i e n t  from 
rp-g p l a t e  t o  g l a s s  

2  2  
A = absorber  p l a t e  a r e a  = 0.19 m (0.97 f t  ) 

P 

T = p l a t e  temperature  = S(Tfo - Ti i ) ,  where 
Tfo and T f i  a r e  t h e  measured f l u i d  out- 
l e t  and i n l e t  temperatures .  

h  = convect ion hea t  l o s s  from g l a s s  tube ,  
cons ide r ing  wind e f f e c t .  For a  1.8 m/sec 
(4 mph) wind h = 12.54 w/m2 O C .  This  i s  
g iven  i n  Reference 3.  ' 

h = r a d i a t i o n  h e a t  l o s s  c o e f f i c i e n t  from 
rg-s  

g l a s s  t o  surroundings 
-, 
L 

A = t o t a l  g l a s s  s u r f a c e  a r e a  = 0.68 m 
(7 .3  f t 2 )  . 

- .  Ta - measured ambient a i r ' t e m p e r a t u r e  

T = g l a s s  temperature ,  unknown 
g 

The r a d i a t i o n  h e a t  l o s s  c o e f f i c i e n t s  a r e  given by 



where, 

E = the effective emissivity between the plate 
and glass. This is a function of the plate 
emissivity, at both the front and back, 
the glass emissivity, and temperature. 

7 o = Stephan-Boltzman Constant = 
0 5.669 x 10-3 ~ / m 2  O K ~  

E = glass emissivity, taken to be constant at 
0.88 

T = sky temperature, takento be 5.5OKless 
Sky than ambient air temperature 

(2) The two equations for heat loss, Qp-g and Qg-s, 
should be equal for a given glass temperature, 

Tg. To find Tg, these two equations are 
'iterated using the bisection method. The func- 
tion for the bisection iteration is 
f(Tg) =' Qp-p.- Qg-s and a search is.made until 
-f ( T ~ )  is appreciably small. 

(3) Then the overall heat loss coefficient is: 

1 

'L, The0 = I. c h rp-g + & l  rg-s (4.7) 

This result is expressed in more detail in 
Equation (2.4) . 
A sample calculation is done for the data col- 
I.e.r.t.ed nn May 9, 1978 at 11: 55 a.m. (Table 4-1). 
For Tube 1: 



' Then: h = (0.212)(5.669 x 10-~)(411.2 + T ) 
rp-g g 

0 m 

And : hrg-, = (0.88)(5.669 x ~o-~)(T g + 297.1) 

Substituting these into Equations (4.3) and (4.4) gives: 

Let: f (T = Qp-g - Qg-s 
g 

Iterating this equation till f(T ) < .05 
g 

gives T = 306.42"K = 33.42"C 
g 

and : h 
rg-s = (4.99 x (307.9 + 297.1) 

From Equation (4.7) : 

1 0.1910.68 
- 1 

- 
u~ 
Theo - [(1.1)(2.28) + 12.54 + 5.53121 

Having estimated UL, the useful heat and the effi- 
ciency can be calculated. . . 



From Equation (2.1), for May 9, 1978, 11:55 a.m., Tube 1: 

Qu = F R A P CR(T~)~ It - UL (Tfi - Ta) 
Theo 

= 262.5 Watts 

And from Equation (2.3), the theoretical efficiency is found : 

0 
' u 

- - Theo - 262.5W = 0.531 - 
~ h e o  

Qin 494.6W 

In the above equations, the value of FR was determined by the methods of 
Reference 6. The term CR (ra), is the product of flux concentration 
ratio, CRY and the effective transmittance-absorptance product. CR is 
found by analyzing. the'optics of the vee-trough system using a computer 
program.. The values calculated above are shown in Table 4-1. 

Figure 4-5 shows the trend followed by measured efficiencies 
plotted against the difference between the fluid inlet temperature and 
ambient temperature, (Tfi -Ta). This same trend is also shown in . . 
Figure 2-1, which represents the theoretical values. 

The hourly performance of-the vee-trough system over a period 
of one day is presented in Appendix A f0.r selected days. The plotted 
values are fluid temperature at the tube outlet, temperature rise in each 
receiver tube, and collector module efficiency. Here, the term "module" 
applies to a receiver tube and the vee-trough concentrator combination. 
Sometimes, the reflectors were removed from Tube 4 to compare the 
receiver tube performance with and without the concentrators. This is 
demonstrated in the temperature difference plot by a sharp drop in per- 
formance for Tube 4. However, in the efficiency plot, Tube 4 efficiency 
takes a sharp 'rise when the reflectors are removcd. The reason for t h i ~  
behavior is that' the efficiency is based on the aperture area for the 
collector module, whereas for the tube without reflectors the efficiency 
is based on the absorber plate area. These results are presented in 
Tables 4-9 through 4-11. In each table, the data for an additional tube 
is presented for comparison. Table 4-8 shows Tube'4 with the reflectors . 

in position on July 17 and with the reflectors off on July 19. Table 4-9 
makes a similar comparison for May 12, but for a time interval of 

,. 10 minutes. 

Daily total heats collected and average daily efficiencies 
are given in Table 4-11 for selected days. The temperature range indi- 
cated in the table includes the lowest and highest operating temperature 
during the day. These overall daily values of QU and rl ..are plotted in 
Appmdix  R. Figure B-1 shows the typical variation of  useful heat over 
the period of one year. The dips in March and September represent the 
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Figure 4-5. Test Data for Collector Efficiency Versus Temperature 



Table 4-8. Comparison of Results for Tube 4 With and- Without Reflectors 

* The e f f ic iency  and s o l a r  input  of Tube 4 without t h e  r e f l e c t o r s  a r e  based on 
' t h e  absorber p l a t e  area, which is smaller  than t he  co l l ec to r  aper ture  a rea  

of tubes wi th  re f lec to rs .  

+ By adding t he  r e f l e c t o r s  t he  usefu l  heat co l lec ted  is  increased by a f ac to r  
of 2, ' i n  t h i s  case; 

JULY i978 

d 

1 

TUBE 2 

Ref l e c t o r s  on 

Ambient air  temp. (OC) 

2 Solar f l w ,  4 (W/m ) . 

Mass 'flow,. (kg/hr.) 

Specif ic  heat (kJ/kg "C) 

Use fu lhea tQ , (Wat t s )  

Solar input 
Qin = I-Area (Watts) 

Efficiency ( X )  

Tubeou t l e t  temp* ( O C )  

TUBE 4 

J U ~ Y  17 

30.7 

873 

30.6 

2-19 

247.0 

567.7 

43.5 

256.5 

Ref lec .  
-PD 

J U ~ Y  17 

30.7 

87 3 

30.6 

- 2.14 

+ 
171.6 . 

567.7 

30.3 

217.1 

J U ~ Y  19 

30.7 ' 

861 

30.9 

2.16. 

270.5 

5 6 0 . 0 '  

41.7 

234.5 

Reflec. 
off  , 

J U ~ Y  19 

30.7 

861 

30.9 

2.12 

+ 
86.2 

* 
163.2 

* 
52.8 

197.6 



Table 4-9. Comparison of Results for Tube 4 With and Without Reflectors 

* The e f f i c i e n c y  and s o l a r  i n p u t  o f  Tube 4 wi thout  t h e  r e f l e c t o r s  a r e  based on 
the abso rbe r  p l a t e  area, which is  smaller than  t h e  c o l l e c t o r  a p e r t u r e  a r e a  
of  t ubes  w i t h  r e f l e c t o r s .  

Ambient a i r  temp. ( O C )  

2 S o l a r  f l u x ,  It(W/m ) 

Mass flow,  (kg/hr)  

S p e c i f i c  h e a t  
(W/kg O C )  

Useful  h e a t  Qu  (watts) 

S o l a r  i n p u t  
Qin = I-Area (Watts) 

E f f i c i e n c y  ( X )  

Tube o u t l e t  temp. ( O C )  

.-. - . . - . . . . 

+ By adding t h e  r e f l e c t o r s  t h e  useful h e a t  c o l l e c t e d  is  i n c r e a s e d  by a f a c t o r  
o f . 2 . 8 ,  i n  t h i s  case. 

TUBE 2 

. , 

R e f l e c t o r s  on 

TUBE 4 

11:40 
a.m. 

35.9 

943 

24.7 

2.35 

227.4 

613.3 , 

37.1 

188.9 

Ref lec. 
M 

11:40 

35.9 

94 3 

24.7 

2.32 

+ 
199.0 

613.3 

32.4 

175.2 

11:50 
-,a.m.-aa. 

36.8 

951 

24.4 

2.35 

230.2 

618.5 

37.2 

190.2 

Ref l e c .  
o f f  

11:50 
a.m. 

36.8 

953 

24.4 

2.32 

+ 
70.0 

t ,  

180.3 

* 
38.9 

169.8 



Table 4-10. Comparison of Resu l t s  f o r  Tube 4 With and Without Ref l ec to r s  

* The e f f i c i e n c y  and s o l a r  i n p u t  o f  Tube 4 wi thout  t h e  r e f l e c t o r s  a r e  based on 
t h e  absorber  p l a t e  area, which is smaller than  t h e ' c o l l e c t o r  a p e r t u r e  area 
of  tubes  w i t h  r e f l e c t o r s .  

JUNE 1978 

Ambient .air temp. (OC) 

So la r  f l u x ,  It (w/m2) 

Mass flow, i n  (kglhr )  

S p e c 5 f . i ~  hea t  
(W/kg OC) 

Useful hea t  
Q (Watts) 

So la r  i npu t  
Qn = IVArea (Watts) 

E f f i c i ency  (%) 

.Tube o u t l e t  temp. 
("c) 

+.By adding t h e  r e f l e c t o r s  t h e  u s e f u l  h e a t  c o l l e c t e d  is inc reased  by a f a c t o r  
of 2 . 1 , ' i n  t h i s  case. 

Tube 3 

Ref l ec to r s  on 

Tube 4 

June 30 

28.4 

86 7 

22.6 

2.23 

183.7 

559.8 

32.8 

140.0 

Ref l e c .  
on 

June 30 

28.4 

86 7 

22.6 

2.20 

+ 
172.7 

,563.8 

30.6 

. 133.1 

June 29 

26.2 

862 

22.9 

2.21 

178.9 

556.6 

32.1 

127.6 

Ref.1ec. 
o f f  

June 29 

26.2 

862 

22.9 

2.19 

+ 
83.9 

* 
163.4 

* 
51.3 

121,.9 



Table 4-11. Daily Total Incident Fluxes, Useful Heats, and 
Average Efficiencies 

* Reflectors removed in the afternoon. 

Temperature 
Range OC 

132-170° 

145-183" 

120-150° 

135-185O 

120-155' 

127-1850 

120-1,90° 

r 
I 

Tube 
No : 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 - 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

Q ,  
k ~ y d a ~  

3650 
3830 
3321 
2726 * 

' 4246 
3803 1 
3408 
3300 

4516 
4764 
3419 
3532 

,3390 
3181 
3090 
3090 

. 

4455 
3545 
32 80 
3203 

342 7 
3131 
2927 . 

2767 

2815 
2982 
2897 
278.1 

DATE 
1978 

May 3 

. . 
May 19 

June 8 

June 21 

June 30 

July 7 

. . 

July 14 

J '  

Q in 
kJ/day 

10139 
12082 
12033 
9270 

10256 
12230 
12130 
12222 

10830 . 

,12910 
12807 " 

12138 

9658 
11484 
11400 
11490 

. 

9900 
11777 
11712 

' 11776 . 

9571 
11387 . 

11302.' 
10644 

7863 
9379 
9316 
9364 

'd' ily 9 

36.0 
31.7 
27.6 
.29.4 

41.4 
31.1 
28.1 
27.0 

41.7 
36.9 
.26.7 
29.1 

35.1 
27.7 
27.1 
26.9 

45.0 
30.1 
28.0 
27.2 

35.8 
27.5 
25.9 
26.0 

35.8 
31.8 
31.1 
29.7 



equinoxes  and t h e  d i p  i n  J u n e  r e p r e s e n t s  t h e  summer s o l s t i c e .  F i g u r e s  
B-2 through 8-7 show t h e  e x p e r i m e n t a l  v a l u e s  of (3, and TI p l o t t e d  w i t h  
t h e  t y p i c a l  performance c u r v e s ,  computed f o r  v a r i o u s  t u b e s  and tempera- 
t u r e s .  I n  t h e s e  f i g u r e s ,  t h e  t h e o r e t i c a l  p r e d i c t i o n s  a r e  e v a l u a t e d  f o r  
a c o n s t a n t  f l u i d  i n l e t  t empera tu re .  For  t h e  t e s t  d a t a  p o i n t s ,  t h e  f l u i d  
i n l e t  t empera tu re  v a r i e d  o v e r  a range  o f  t empera tu res  throughout  t h e  
day.  The s c a t t e r  i n  t h e  d a t a  p o i n t s  i s  a r e s u l t  of d a t a  t h a t  was 
c o l l e c t e d  o v e r  a range  o f  t e m p e r a t u r e s ,  r a t h e r  t h a n  a t  a c o n s t a n t  
t empera tu re .  



SECTION 5 

SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

This  r e p o r t  o u t l i n e s  t h e  mathematical a n a l y s i s  and p re sen t s  
t h e  experimental  r e s u l t s  f o r  t h e  Vee-Trough Evacuated Tube Co l l ec to r .  
Because of t h e  h igh  temperature c a p a b i l i t i e s  (120-19O0C] t h i s  system 
could be  used f o r  power genera t ion  purposes,  a s  i n  an organic  Rankine 
conversion system, a s  w e l l  a s  f o r  s o l a r  hea t ing  and cool inp .  It i s  
e s p e c i a l l y  s u i t a b l e  f o r  unattended pumping s t a t i o n s  s inc,e  t h e  r e f l e c t o r s  
r e q u i r e  r e v e r s a l  on ly  .once &very s i x  months. 

Mathematical models of bo th  the  vee-trough concen t r a to r s  and 
t h e  evacuated tube r e c e i v e r s  enab le  t he  p r e d i c t i o n  of f l u x  concen t r a t ion  
r a t i o s  and system performance. I n  t h i s  r e p o r t ,  t h e  concen t r a t ion  r a t i o  
and e f f e c t i v e  t ransmi t tance  absorp tance  product (CRTa) used i n  t h e  
t h e o r e t i c a l  a n a l y s i s  were generated from weather d a t a  f o r  Burbank, 
~ a l i f o r n i a ' ,  which i s  l e s s  than 15  m i l e s  from JPL. However, t h e  methodo- 
logy developed enables  use  of weather d a t a  f o r  any o t h e r  l o c a l i t y .  
Necessary input  d a t a  f o r  t h e  gene ra t ion  of C R T ~ )  a r e  IBeam, I t ,  (hori- 
zontal), l a t i t u d e ,  r e f l e c t o r  f l a p  ang le s ,  a p e r t u r e  ang le ,  a i d  r e c e i v e r  
dimensions. ' D e t a i l s  of C R T ~  c a l c u l ~ a t i o n s  a r e  given i n  t h e  f i n a l  r e p o r t  
of t h e  f i r s t  phase of t h i s  p r o j e c t  (DOE/JPL/1024-1). 

Tes t  r e s u l t s  repor ted  r ep re sen t  t h e  performance of t h e  
VTETC based on t h e  a p e r t u r e  a r e a .  . The d a t a  a r e  def ined  f o r  t o t a l  inci- .  - 
den t  f l u x  on t h e  c o l l e c t o r  p lane ,  t i l t e d  350 t o  t h e  south.  The combina- 
t i o n  f o r  t h e  instrument  accuracy of d a t a  measurements i s  w i t h i n  f6%. 

The tube e f f i c i e n c i e s  were determined a s  a  r a t i o  of u s e f u l  
h e a t  c o l l e c t e d  t o  t o t a l  s o l a r  i npu t .  .Each r e c e i v e r  tube  used r e f l e c t o r s  
made of d i f f e r e n t  s u r f a c e s .  D i r e c t  comparison of t h e s e  r e f l e c t i v e  sur -  
f a c e s  i s  no t  p o s s i b l e  because t h e  UL va lues  f o r  a l l  t h e  tubes  were no t  
t h e  same and t h e  tubes.  operated a t  d i f f e r e n t  temperatures  f o r  any given 

. . run.  However, d a t a  taken f o r  d i f f e r e n t  runs  show t h a t  Tube 1, with the 
g l a s s  mi r ro r  r e f l e c t o r s ,  cons i s t e r i t l y  had e f f i c i e n c i e s  of about 40%, 
measured a t  1250C (257.'~) and flow r a t e s  of about 25 kg/hr  (55 l b / h r ) , .  
For o t h e r  r e f l e c t i v e  s u r f a c e s  t h e  e f f i c i e n c i e s  were i n  t h e  low 30 percent  
range,  .measured under t h e  same cond i t i ons .  

The e f f e c t i v e n e s s  of t he .  vee-trough r e f l e c t o r s  w a s  demon- ' 

s t r a t e d  by comparing t h e  u s e f u l  h e a t  c o l l e c t e d  by a  r e c e i v e r  t u b e  wi th  
and without  t h e  concen t r a to r s .  The r e s u l t s  i n d i c a t e  a n . i n c r e a s e  of h e a t  

. c o l l e c t i o n  by a f a c t a r  of 1 .8  t o  about 2 .8 ,  dependtng on t ime of day, 
t ime o f ' y e a r ,  c l e a n l i n e s s  of t h e  s u r f a c e s ,  and type  of r e f l e c t o r .  This 
magnitude of i n c r e a s e  i s  s u b s t a n t i a l  when cons ider ing  t h e  s i m p l i c i t y  and 
low c o s t  of t h e  added r e f l e c t o r s .  The mer i t  of t h e  c o l l e c t o r  concept i s  
i n '  combining t h e  r e l a t 5 v e l y  expensive evacuated tube  wi th  t h e  inexpensive 
concen t r a to r s  t o . enhance  tube  performance by i n c r e a s i n g  s o l a r  f l u x .  



In conclusion, this phase of the project has fulfilled its 
objectlve, which was to demonstrate the usefulness of the vee-trough 
concentrators in improving the heat collection per tube 'and reducing 
the cost of a solar collector. A cost study was performed and was 
presented in the Final ~ e ~ o r t  of Phase I of this Project. ' It was further 
demonstrated that the mathematical predictions for the system agree with 
the test results within experimental uncertainties and theoretical 

. as sump t ions. 

Tests run during 1977 'demonstrated the VTETC performance for 
various operating temperatures and for the summer months. Tests run dur- 
ing 1978 further confirm the conclusions reached during the first phase 

. - of the project. 

Daily total heat collection follows the trend of the daily 
average concentration ratio. Tests were run during the vernal equinox 
and the summer solstice, with,improved heat collection observed during 
May. This tread is shown in Appendix B Figures B-2 to B-7. 

. . 
5.2 RECOMMENDATIONS FOR FUTURE WORK 

.Future work on the VTETC should include a continuation of 
data acquisition for winter months and further studies in applying the 
system to a complete solar heating, cooling, or a power generation 
system. 

Since data acquisition to date has been only for spring 
and summer months, it is desirable to accumulate data for the fall and 
winter months to demonstrate the complete year-round performance capa- 
bilities of the VTETC. 

Studies of the VTETC, so far, were aimed at predicting the 
system performance for quasi-steady-state conditions only without con- 
sidering a complete system with an energy storage subsystem and a load. 
The mathematical models generated considered invariant conditions and 
the test data was used to verify these models for finite time intervals. 

' Therefore, a simulation study is recommended to evaluate the collector 
system under actual transient conditions, incorporating an energy stor- 
age capability and a load. 

Other future work should include application of the vee- 
' trough concentrators to other types of evacuated' receiver tubes, such 
as those developed by General Electric Company, and' to heat pipe 
evacuated receivers developed by the Corning Glass Works. 
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APPENDIX A 

DAY-LONG PERFORMANCE DATA 

Collector outlet temperature, temperature rise in each 
receiver tube, and collector efficiencies are presented for the following 

, days in 1978: 

May 9 
. May 17 

May 19 * 

June 9 
June 21 
June 22 
June 26 
June 29 

July 12 
July 17 



COMPARISON OF OUTLET TEMPERATURES 

MAY 09, 1978 



COMPARISON OF TEMPERATURE 

8 .  9. 10. 11. 12. 13. 14.  15. 
' T I M E  OF DAY.PST 



COMPARISON OF EFFICIENCIES 

MAY 09, 1978 



C O M P A R I S O N  .OF O U T L E T  T E M P E R A T U R E S  % . 

MAY 17, 1978 



I .  

COMPARISON OF TEMPERATURE 

MAY 17 ,  1978. 



COMPARISON OF EFFICIENCIES 
. . 

MAY 17, 1978 

1 0 .  1 1 .  12. 13. 
TIME OF'.DAY mPST 



COMPARISON OF OUTLET TEMPERATURES 

MAY 19. 1978 



C O M P A R I S O N  OF T E M P E R A T U R E  

MAY 19, 1978 



COMPARISON OF EFFICIENCIES 
MAY 19, 1978 . . 

8. 9. 1 0 .  1 1 .  12. 13. 14. 15. 
TIME OF DAYePST 



C O M P A R I S O N  OF O U T L E T  T E M P E R A T U R E S  

JUNE 09,  1978 

0 .  
8. 9. 10 .  1 1 .  12. 13. 14. 15. 

T I M E  OF DAY,PST 

- 

fi : X 

$ TUBE 2 
TUBE 1 

I 

# TUBE 4 
+ TUBE 3 

I) + 

ffiOf , , , 
# # # #  # # I 

-Reflectors 
Removed 

I 





COMPARISON OF'EFFICIENCIES 

JUNE 09, 1978 

8 .  9. 10. 1 1 .  12. 13. 14.  15. 
TIME OF DAYVPST . 



COMPARISON OF OUTLET TEMPERATURES 

JUNE 21, ,1978 



C O M P R R I S O N  O F  T E M P E R A T U R E  
. .  . . . 

.JUNE '21. 1978 . . . . 

8. . 9. 10. 1 1 .  12. 13. 14. 15. 
T I M E  O F  D R Y v P S T  



COMPARISON OF EFFICIENCIES 

JUNE 21, 1978 

8 .  9. 10. 1 1 .  12. 13. . 1 4 .  15. 
TI ME OF DAY .PST 

. . 



C O M P A R I S O N  OF. O U T L E T  T E M P E R A T U R E S  

JUNE 22 ,  1978 

1 1 .  12. 
T I M E  O F  D A Y . P S T  ' 





COMPARISON OF. EFFICIENCIES 
JUNE 22, 1978 



COMPARISON OF OUTLET TEMPERATURES 

JUNE 26, 1978 



C O M P A R I S O N  OF TEMPERATURE 

JUNE 26, 1978 



. . 

COMPARISON ' OF EFF I c I ENC I E'S 
JUNE 26, 1978 





COMPARISON O F  TEMPERATURE 

JUNE 2 9 ,  1978 .' ' 

8.. 9. 10. 1 1 .  12. 13. 14. 15. 
T I M E  OF D A Y o P S T  



. . , . 
, COMPARISON OF EFFICIENCIES . ,  . . ' 

, . .  . 





C O M P A R I S O N  O F  ' T ~ M P E R ~ T U R E  ' . 
' . .  

JIJLY 12, 1978 . . . . . . . . 





COMPARISON OF'  ~uT .LET  , TEMPERATURES : 



COMPARISON OF TEMPERATURE 

W 
% 
2 .  

2 1 0 .  
O C .  



COMPARISON OF EFFICIENCIES. 



APPENDIX B 

TYPICAL CURVES AND DATA PRESENTED FOR DAILY TOTAL USEFUL HEATS 
AND AVERAGE DAILY EFFICIENCIES 

The typical curves are based on weather data for the city of 
. Burbank, California'in 1962: These curves are generated using the Rurbank 

weather data and a simplified thermal model, and are presented here to 
demonstrate the year-round trends. Direct comparison between these 
curves and the data points is.not valid.. 



A t  Operation Temperature of 350'~ 

10. 1 I 
U = 0.944 

€ = 0.066 

P = 0.94 

u 
I 
N 

r a d i a t i o n  data 

I F ' " . ' .  

JAN 30 MAR 01 APE 01 MAY 01 JUS 01 JUL 01 JUL 31 AUG 31 SEP 30 OCT 31 NOV 30 DEC 31 

Figure B-1.. Useful Heats; Typica l  Yearly Performance 



Days 0 30 60 9 1  121 152  182 212 243 273 304 3 34 365 

Figure B-2. Useful Heat for  Tube 1 





Figure B-4 .  Useful Heats for  Tubes 2 and 3 



Figure  B-5. Overa l l  C o l l e c t o r  E f f i c i e n c y  f o r  Tube 1 



F i g u r e  B-6. Overa l l  C o l l e c t o r  E f f i c i e n c y  f o r  Tubes  2 a n d  3 , 



Figure B-7. Overall Collector Efficiency for Tubes 2 and 3 



APPENDIX C 

PROPERTIES OF THERMINOL 44  

The foll6wing tables, charts and equations, give the . 
properties of Therminol 44 as used in the calculations. The graphs and 
charts have been provided by Monsanto Chemicals. 

Temperature - O F  

Therminol 44 - physical Properties 

Approximating equations for specific gravity and density, as functions 

of temperature are as follows: 



TYPICAL PROPERTIES 

~omposi tion Modified Ester 
Based Fluid 

Appearance Clear yellow liquid 

. Odor . ' Faint 

Pour Point -80" to -90°F. 
(-62" to -68°C.) 

~ensi ty  @. 75°F. 7.67 Ibs./gal. 

Flash Point, coc. 405°F. (207°C.) 
- 

Fire Point, coc. 438°F. (225°C.) 

AIT 705°F. (314°C.) 

Coefficient of Expansion 

Boiling Range: 
10% 638OF. (337°C.) 
90% 734°F. (390°C.) 

Average ~olecular Weight 367, 

I 

VARIATION OF PROPERTIES WITH TEMPERATURE 

This data is based upon samples tested in the laboratory and is not guaranteed for all samples. 
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