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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 capabiiity 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 Teflon, and Kinglux (an electro polished 
ahminum reflector). Testing was conducted and data was obtained for 
the months of April to August 1977. 
analyses, as well as the results from 1977, were reported in DOE/JPL/ 
1024-1, published in January 1978. 

The results of the mathematical 

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 (257OF), were over 40X. 
Efficiencies of about 40% were observed at temperatures of 150OC (3C2OF) 
and 30% at 17SOC (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 theoretics1 
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 
determine the 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 performance in 
an actual solar heating and cooling system, with thermal storage and 
varying load conditions. 
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This report is submitted to the United States Department of 
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SECTION 1 

INTRODUCTION 

This report  discusses  the analyses and the experiments con- 
ducted on vee-trough concentrators t o  demonstrate t h e i r  usefulness i n  
improving the hea t  co l lec t ion  capabi l i ty  and reducing the cost  of s o l a r  
co l l ec to r s  cons is t ing  of evacuated tube receivers .  This work vas per- 
formed a t  the Jet Propulsion Laboratory (JPL) during a cont rac t  period 
from October 1977 t o  October 1978. Preliminary work 03 t h i s  pro jec t  was 
s t a r t e d  i n  June 1976 under the  sponsorship of the Department of Energy, 
Solar  Heating and Cooling Branch, with contract  extensions t o  October 
1978. 

Optical  performance analyses  were undertaken f o r  asymmetric 
vee-troughs a t  var ious angles of r e f l e c t o r  t i l t  and aper ture  s i zes .  
Thermal performance analyses of evacuated tube rece ivers  with a f l a t  
p l a t e  absorber was a l s o  car r ied  ou t  with and without the  vee-trough 
concentrators.  These evacuated g l a s s  tube rece ivers  were developed by 
the Corning Glass Works, Corning, New York. 

Analyt ical  r e s u l t s  were v e r i f i e d  with da t a  acquired using 
an experime2tal se tup  designed spec i f i ca l ly  f o r  t h i s  purpose. Test 
temperatures ranged from 90 t o  190°C (194 t o  374'F) and da ta  were col- 
l ec t ed  during the spr ing and summer of 1978 a t  d i f f e r e n t  temperatures. 

1.1 VEE-TROUGH COLLECTOR CONFIGURATION 

The experimental se 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 ,Jsed i n  the  se tup  and each 
tube was nested between two f ixed t i l t  concentrators  as shown i n  Figures 
1-1 and 1-2. The a l t e r n a t e  pos i t ions  of the  concentrators  f o r  winter 
and summer operat ion are a l s o  shown. The angles 3n the r e f l e c t o r s  are 
changed twice a year  on the  seasonal equinoxes by simply reversing the  
lightweig!it t r i angu la r  r e f l e c t o r  assemblies. This vee-trough co l l ec to r  
configurat ion el iminates  the t i l t  adjustments necessary with co l l ec to r  
box assembly, o r  the  complications of a sun t racking system. The plumb- 
ing l i n e s  are s t a t iona 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  are 
used, thus el iminat ing leakage problems. System i n s t a l l a t i o n ,  operat ion 
and maintenance cos t s  are correspondingly reduced. Figures 1-3 through 
1-6 show photographs of the ac tua l  test setup.  

The copper heat  t r ans fe r  tubes t h a t  run through the evacuated 
g l a s s  tubes are connected i n  series and a hea t  t r ans fe r  f l u i d ,  Therminol 
44*, is pumped through the system. A series arrangement assures an iden- 
t i c a l  mass flow rate f o r  each tube. Although the. f l u i d  i n l e t  temperature 
va r i e s  from tube t o  tube, the e f f e c t s  of t h i s  va r i a t ion  are bypassed by 
evaluat ing the performance of the individual  tube a t  i t s  i n l e t l o u t l e t  
temperature. 

* 
Heat t r ans fe r  o i l  provided by Monsanto Chemicals, Proper t ies  i n  
Appendix C .  
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SECTION 2 

EQATHEMBTICAL ANALYSIS RESULTS 

2.1 HETnODOLOGY 

The analysis used in this project was based on a mathematical 
model of the Vee-Trough/Evacuated Tube Collector (VTETC) incorporating 
an optical model of the vee-trough concentrator and a thermal model of 
the evacuated tube receivet. Variable solar flux and ambient conditions 
were considered, and computer codes were generated to solve each mathe- 
matical d e l .  Details of the modelling are discussed in DOE/JPL/1024-1, 
published in January 1978. 

2.2 THE OPTICAL MODEL 

The optical model of the concentrator predicts the optical 
performance of the vee-trough reflectors by dividing the mirror surfaces 
into finite strips to obtain an accurate flux map at the bottom of the 
vee-trough. 
from the mirrors. 

This model considers end effects and secondary reflections 
The following assumptions were used in the 

formulations : 

(1) 

(3) 

The solar beam is specularly reflected from the mirror 
surface and all the reflected specular beam is captured 
by the receiver provided that the beam is within the 
acceptance angle and does not reflect back to space. 
Reference 1 indicates this assumption is valid for 
silvered surfaces. 

The diffuse radiation intensity a+ the bottom of the 
vee-trough is assumed to be about 802 of the diffuse 
radiation incident on the aperture plane (collection 
area). 
and was verified experimentally. 

This assumption is based on data in Reference 2 

Glass transmittance is taken to be dependent upon 
the angle of incidence as given in Reference 3. 
of transmittance with wavelength is neglected. 

Change 

2.3 THE THERMAL MODEL 

The thermal model identifies the thermal performance of the 
References 4 and 5 give the derivation of the evacuated tube receiver. 

useful heat and efficiency relations of the evacuated tube receiver with 
or without the concentrator. The following assumptions were made in the 
formulation of this model: 
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(1) The f l u x  in t ens i ty  on the  absorber p l a t e  is considered 
t o  be uniform. 

(2) Since the  evacuated tubes are spaced 3 diameters apa r t ,  
the  tubes are assumed to  have no e f f e c t  on each other.  

(3) Convection ins ide  the  evacuated tube is esmpletely 
eliminated. Studies  i n  Reference 6 revea l  t h a t  under 
a vacuum l e v e l  of P < 1.33 X 1W2 Pa 
vect ion losses become negl igible .  The tubes are eva- 
cuated t o  a. vacuum level of P -c 5.33 X Pa (0.4 
X Torr). Therefore, only conduction and rad ia t ion  
lo s ses  are s ign i f i can t  i n  the  energy balance of t he  
absorber p1a.e. 

Torr),  con- 

(4) Conduction losses through the  contact  po in t s  between 
the  absorber and the g l a s s  tube are neglected. 

(5) Conduction through the  mauifoldiw is s ign i f  icmt. 
Its magnitude was of the  order  of 5 to  12X f o r  tempera- 
t u r e s  from 100 to  150% (212 - 302OF), respect ively.  

2.4 THE VTETC THERMAL m l D n  

The model, which def ines  the  collector performance, combines 
The the o p t i c a l  model with the  evacuated tube rece iver  thermal model. 

r e s u l t s  of t he  formulation are as follows: 

= F A CR It ( T d e  - UL (Tfi - Ta) (2.1) Qu R p 

Qin  It Ac 

QU 

Q i n  
n = -  

(2.2) 

(2.3) 

Where: 

0 rate of useful  heat co l lec ted  by the  working 
f l u i d ;  Watts (Btu/hr) Qu 

Y heat removal f ac to r  (dimensionless). A correc- 
t i on  f ac to r  t o  take i n t o  consideration the  two- 
dimensional heat flow i n  the copper absorber 
p l a t e ;  i.e., heat t r a n s f e r  along the  tube length 
and across  the  absorber plate due to  the  tempera- 
t u r e  d i f fe rence  of t he  inconing and outgoing f l u i d  
l i nes .  
dure described i n  Reference 6. 

FR 

FR is calculated according t o  the  proce- 
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3) absorber plate surface area; m2 (ft 2 ) A 

CR - the flux concentration ratio; (dimensionless) 
P 

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

t total rata of incident solar flux on a unit I t  coilector 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 
absorbe plate and the abmient; W/m2 OK (Btu/ uL 

Tf,i 

a 

Qin 

hr - ft 1 9) 
I 

t 

= incident solar heat; Watts (Btu/hr) 

s 

fluid inlet temperature; OC (OF) 

ambient air temperature; OC (OF) T 

2 collection area, or aperture area; m2 (ft ) 
C 

A 

11 s overall thermal efficiency of VTETC 

The theoretical calculation of the heat loss coefficient, 
The0 is g+?aI by the following experssion: 

P 8.482 X lo7 
2 2 

(TP + Tg (Tp + Tg 1 Cc *L The0 

0.279 
4 + 

8 (T - Ts 
$g - 5.7 + 3.8V + 2.495 X 10- 

me r. 3 

0 
P absorber plate temperature; K 

E surface temperature of the glass tube; K 

TF 

It! 
0 

0 T, m equivalent sky temperature; K 
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0 ra  = ambient air temperature; K 

I conduction loss factor (1.05 to 1.2) 
C 
C 

V t w'nd 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 sources of these uncertainties include: 

(1) Assuming plate temperature, Tp, is equal to the niean 
fluid temperature, T,. 
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% (3020F) the difference between Tp and Tm 
(based on Tm) is less than 3%. 

This assumption is valid 

Inaccuracies in T and Tglass. 
SkY 

(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- 

Figure 2-1 represents the 
tines to calculate FR, CR and UL, the efficiency of the collector with 
and without concentrators can be calculated. 
results of these calculations. 
fluid inlet temperature minus the ambient temperature. The top pet of 
cuwes give the efliciency of the receiver tube, without concentrators, 
Lased on the solar flux incident on the absorber place area. The lower 
curves are based on the aperture plane area for tubes with 
concentrators. 

Efficiencies are plotted against ATi, 

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 W/m2 (800 Btu/hr-ft2). 
ratio of about 2.2. 
tion ratios for several days. 
varies from about 1.2 to a peak of 7.3; during equinoxes it is constant 
around 1.4. 

This is equivalent to a flux concentration 
Figure 2-2 shows the variation of actual concentra- 

Near the solstices, the concentration ratio 
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INCIDENT SOLAR FLUX 
RECEIVER ON THE COLLECTOR PLANE 
ONLY (BASED ON ABSORBER AREA) 

- ~ 6 0 . 8 ,  ~ 6 0 . 9 ,  -0.93 

day = 187 

hour = 12:oo 

- CR (TO)*= 1.71 

A 

A 

V=5m/sec  (11.2nph) 
2 &I s 245 kdhr m2 (49 lb/hr ft ) 

-e = 3.4 
. c  

- 

deg C 25 50 75 100 125 150 
(FLUID INLET TEMP - T m  ) ATia= f f ,  - lo 

Figure 2-1. Result6 of the Thermal Model for the Receiver and Collector 
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The a c t u a l  f l u x  concentration r a t i o  is lower than the  geo- 
metric concentration because of r e f l e c t i o n  lo s ses  from t h e  mirror  sur- 
faces and l o s s  due t o  some r e f l ec t ed  rays missing t h e  t a r g e t  (absorber 
p la te ) .  
f i n i s h  and t h e  angle of incidence. 
of incidence f o r  values of p r a c t i c a l  interest ( ~ 8 0 0 )  is not a8 s i m l f i -  
cant as the  e f f e c t s  of t h e  beams missing t h e  t a rge t .  
of performance is noticed during t h e  eauinoxes, the  s i m d i c i t y  of t h e  
design and operation ol the  f i x e d - t i l t  asymmetric t r i angu la r  s ec t ions  
j u s t i f i e s  t h e i r  use. 

The former I s  a function of the  r e f l e c t o r  surface,  material, 
Change of r e f l ec t ance  with t h e  angle 

Although some loss 
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SECTION 3 

TEST BED AND IWSTRUMENTATIOW DESIGN 

This section presents a summary of the test bed design and 
fnstru~~entation used Cor data acquisition. 
the design and instrumentation may be obtained from DOE/JPL/1024-1, 
published in January 1978. 

Further details regarding 

3.1 THE TEST BED 

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

(1) 

(3) 

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. 
pair of reflectors serving the hwermost tube is 
2.44 m (8 ft) long. 

The 

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 Fed as 
well as the instrumentation. Before entry into the 
collector loop, the fluid is preheated in a holding 
tank. 
tubes that would otherwise heat the fluid, thus allow- 
ing operating temperatures of up to 19OOC (374'F). 

The preheating simulates additional collector 

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 u ~ e  of bleed lines 
that 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 manifoldfna for the tube8 were Insulated to minimize heat loss. 

Therminol 44 flows through the receiver tubes entering at the 
lowermost tube (Tube 4) and leaving at the top (Tube 1). 
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Figure 3-1. Test Arrangement for Evacuated Tube Receivers 
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3.2 INSTRUMENTATION AND DATA ACQUISITION SUBSYSTEM 

The vee-trough collector test bed was fully instrumented to 
determine the receiver performance. 
was measured by turbine-type flow meters. 
temperatures were monitored on each evacuated tube using chromel- 
constantan thermocouples. 
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. 

The flow rate of the Thermlnol 44 
Absolute and differential 

Differential thermocouples were made from 

All data acquired from the vacuum tube test bed were fed 
Into an automated data acquisltion and processing system. 
then displayed on a TV screen and recorded permanently on photosensitive 
paper. 

The data was 
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SECTION 4 

TESTING AND EVALUATION 

Tests were run under clear day conditions for daytime 
efficiency tietermination and at night for heat loss experiments. Pro- 
cedures for uata acquisition and some sample data are presented and 
discussed i-. this cection. 
and processed values. Appendix C includes information about the proper- 
ties of Therm-no1 44, the heat transfer fluid used in this experiment. 

Appendix A and B include additional data 

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

(1) Mass flow rate of the working fluid, Ib, which con- 
sists of d (density) andV (volumetric flow) r-' 
terms. 

(2) 

(3)  

Specific heat of the working fluid, Cp 

Temperature rise of the working fluid in the evacuated 
tube, AT 

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

Items (l), (31, and (4) were determined using calibrated 

These figures were alscj verified by tests per- 
Property changes due to a slight color change of the 

instrumentation. 
manufacturer's data. 
formed at JPL. 
Therminol after several runs, was not significant. These data were 
used in calculations either using linear interpolation techniques or by 
curve fitting. 

The specific heat of Therminol 44 was taken from the 

All instruments used for the measuremelit of temperature, 
flow rate, and solar radiation were calibrated. Differential thermo- 
coul Ces were accurate to +O.O8'C (0.14'F) whereas absolute temperatures 
were measured within 0.1'C (0.18'F). Errors due to the measurements in 
the millivolt range were less than 0.02'C (0.04'F) for the differential 
and 0.1'C for the absolute temperature measurements. 
these two errors still yielded k0.1'C for the differential temperatures 
and kO.4'C (0.07'F) for the absolute temperature measurements. Volu- 
metric flow of the working fluid, Therminol 44, was measured to within 
+3%. The effect of the viscosity on the calibration factor for the flow 
meters was found td be negligible in the range of temperatures between 
65 to 205'C (149 to 401'F). 
made using a Spectran precieim pyranometer, having an a Jracy of +1%. 
Therefore, the net error in the measured efficiency, due to instrument 
uncertainties, is 26%. However, this 26% is not an iiidication of how 
closely the measured values correlate with the theoreticslly calculated 
valuee. The actual difference between the measured and theoretical 
values will be a result of the combination of :'nstrument uncertainties, 
simplifications made in the mathematical model, and uncertainties in 
determining U and conduction losses. 

The combination of 

Total solar radiation measurements were 

L 
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The following sections discuss procedures in data 
acquisition and evaluation. 
clear days for a period of 24 hours around noon. 
after sunset to determine U values. 

Generally, daytime tests were run during 
Night tests were run 

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 op:rating temperature selected fo*, 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 (356°F) were achieved. 

(2) Achieving a shorter warn-up time. Although lower 
temperature levels such as 12C"C (248OF) 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, their raised to 120°C (248OF), 15OoC 
(302°F) and higher on subsequent days. 

After preheating, the tubes were exposed to the sun and th2 
circulation pump was started. After riow was set to a noninal value, 
the readings could be started within a few minutes since the thermal 
capacity of the evacuated tubes was quite smrll. 
were abaolute and differential temperatures, flow rates, pressures and 
solar flux intensity. These were recordhd on photosensitive paper at 
selected intervals, normally 10 minutes. 

The measured variables 

Tbe inlet temperature of the woz ing 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 c ' quasi-steady state operating conditions. 
assumption was based on the fact that the input temperature increase 
rate was 14 deg,C (25 deg.F)/hr and the system had a small thermal canacity 
(i.e., temperature response time was short). In addition, the fluid 
transit time through the flow tubes was about 35 seconds, smal' enough 
to justify the quasi-steady state evaluation. 

This 

The test data obtained was later processed by transferring 

The useful heat collected by each tube was 
the optically printed figures on to punch cards and performing the con- 
putations with a computer. 
calculated from: 

Qu - m Cp AT (4.1) 
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where is the mss flow rate of the fluid in (k/hr), AT is the 
tcslperature rise in de. C for each receiver tube, a d  Cp is the specific 
heat of the fluid in (kJ/kg°C) ,  as given in Appendix C. 

The efficiency of the tubes was then found by rl - Qu/IA 
where I is the total solar insolation in W/m2 and A is the aperture 
ares. The aperture area is equal to 0.65 m2 (7 ft2) when the reflectors 
arc placed on the tube. 
aperture area becosles equivalent to the absorber plate area and is equal 
to 0.19 m2 (2.04 ft*). The results from the experimental data were then 
compared with the theoretically calculated values for tho same operating 
c o d  i t ions. 

Rowever, when the reflectors are removed, the 

4.2 NIGHT TESTS 

To determine the overall heat transfer coefficient for heat 
lost from t.Ar? working fluid to the ambient, heat losses were eaeaaured 
without amy heat gain during the night. 
preheated and circulated thraugh tubes. The fluid temperature drop 
(AT) for each tube was measured. The overall heat transfer coefficient 
was determined from: 

Experimentally, the fluid was 

2 where Ap is the absorber plate area (m ) andATfa - (Tfi-Ta) is the difference 
between fluid inlet temperature and ambient air temperature. 
iables are as previously defined. 

Other var- 

The experimental values of UL obtained using the present 
preheaters correskond to fluid temperatures of about 12OOC (248'F). 
such temperatures, there was a good correlation between the experimentally 
obtained values of UL and those calculated by Equation (2.4). 

For 

To get values €or 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 w  is proportional to the cube of temperature, 
as defined by Qw = h w  ATfa = o0tz (T + Tal (TL + T&) (T - Ta) 
the third degree polynomial gave good agreement between theoretical UL 
and measured UL at low temperatures. 

Second, 

Figures 4-1 to 4-4 show the plots of measured UL values and 
the polynomial curve fits for the four tubes. 
the polynomial extrapolation for measured UL at higher temperatures. 
The data for these plots were taken on different nights. 
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 (4.1 
theoretically calculated Ut derived from Equation (2.4). At temperatures 

The dashed lines indicate 

The scatter 

These tables also show the 
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Table 4-1. Test Data Evaluation 

May 9, 1978 
11:55 am PST 1 3 4 

GLBSS 

I Tuba Outlet Temp ("C) 138.1 138.6 131.1 117.5 
-~ 

14. C 32.9 

-~ 

12.6 13.5 

25.8 25.8 25.8 25.8 

2.24 2.23 2.21 2.17 specific Heet cp (KJ/kg "C) 

Qu = f Cp AT (Watts) 223.7 214.8 203.2 195.4 

233.6 252.7 253.6 262.5 
. -  

907 907 907 

494.6 589.8 585.7 589.8 

Qu 
Qin 

(%) Efficiency TI - I 45.2 36.4 34.7 

39.6 43.2 43.0 53. 1 

29.6 29.6 29.6 Ambient bir Temp. Ta ("C) 

Theoretical ?Ieat Loes Coaff. 
'L ~ h e o  (W/mZ - 'c) 
Measured Reat Lqss Coefficient 
9, m/mz - OC) 

29.6 
~ 

2.40 
~~ 

2.35 2.26 2.12 

2.42 2.46 2.07 2.12 
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Table 4-2. Test Data Evaluation 

May 17, 1978 
l2:oo DOOII PST 1 2 3 4 

Tube Outlet Ten@ ("C) 146.1 133.1 104.1 

18.3 15.9 17.4 15.8 

23.6 23.6 23.6 23.6 

2.24 ,2.21 2.21 2.14 spedfic Heat cp rn& 'C) 

ueeful Reat 
QU = k + AT (watts) 268.3 229.8 248.0 221.0 

Qu Theoretica2 (Watts) 258.8 256.3 

917 917 917 917 

500.1 592.0 596.3 596.3 
- 

Qu 
Qin ( X )  Efficiency TI = 

~ 

53.7 38.5 41.9 37.1 

39.4 43.3 43.4 51.9 

31.2 31.2 31.2 31.2 Amblerit Bit Temp. Ta ("C) 

Theoretical Heat Loss Coeff 
'L The0 W/m2 - OC) 

Measured k a t  Loss Coef ficieat 
OL m/mz - "c) 

2.42 2.28 2.16 1.98 

2.39 2.29 1.84 1. a3 
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Table 4-3.  Test Data Evaluation 

TUBES 
Nay 19, 1978 
11:s am PST 

1 2 3 4 

maSS 
~~ 

183.7 161.6 171.1 

12.7 12.1 
-~ 

23.0 23.0 

2.34 2.32 2.31 2.29 

213.7 208.4 175.7 QU = k cp AT (watts) 

QU Theoretical matts) I 220.0 220.4 227.6 200.8 

922 922 922 922 

600.0 502.8 600.0 595.3 

Qu 
Qin 

(W) Efficiency rl = I 42.5 34.8 31.3 29.3 

45.3 33.5 36.9 36.8 
-~ 

32.4 32.4 Ambieut Air Tamp. Ta ('C) I 
2.95 2.87 2.79 2.66 

3.96 3.85 3.64 3.31 
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Table 4-4. Test Data Evaluation 

TUBES 
June 9,  1978 
12:lO pm PST I 2  3 

-$- 176.2 172.7 

TEFLON Reflector Type KINGLUX 

167.6 171.1 m e  outlet Temp ("C) 

. AT, Temp. rise (des C) 6.9 1 6.4 6.6 6.6 

40.7 40.7 m s  PIOW wte i (kelhr) 

Specific Heat Cp (&J/kg "C) 

useful Heat 
QU = B cp AT Watts) 

2.32 2.31 

181.5 I 169.4 172.8 170.3 

I QU moretical matts) . 203.6 I 177.3 191.7 188.2 
~~ 

855 855 

552.1 
Solar Input 
Qin = I.lorea (Watts) 556.0 466.3 556.0 

38.9 I 30.5 31.3 30.6 

34.7 33.9 n Theoretical ( X ; )  I 
33.1 33.1 Ambient Ai+ Temp. Ta ("C) 

Theoretical Beet Loss Coeff. 
OL The0 (W/m2 - "C) 
Measured ? h t  Loss Coefficient 
'L (w/m2 - OC) 

2.90 I 2.86 2.83 2.79 

3.82 3.62 
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Table 4-5. Test Data Evaluation 

T U B S  
June 21, 1978 
12:oO noon PST . 1 2 3 

Reflector Type GLASS TBFLolQ 

180.3 

-- 
185.5 181.3 176.2 'Fube Outlet T 6  ('C) 

AT, Temp. rise (des C) 7.7 7.3 7.5 7.3 
~ 

37.0 37.0 

2.35 2.34 2.33 2.34 Spec i f i c  H e a t  Cp' (Kf/Bcg "C) 

Useful Heat 
Qu - 5 cp AT (watts) 

-~ 

179.3 173.8 

194.5 169.3 183.1 180.3 Qu Theoretical (watts) 
~ 

85 2 

solar Input ' 

Qin = 1-Area (Watts) 464.6 554.1 554.1 550.1 

Qu 
Qin ( X )  Efficiency r~ = 39.7 Si. 8 32.6 31.4 

33.3 32.5 n Theoretical ( X )  41.9 30.6 

34.3 34. 3 34.3 34.3 Ambient Air Temp. Ta ("C) 

Theoretical Best Loss Coeff. 
uL The0 W/m2 - "C) 

Meomred Heat Loss Coefficient 
DI, m/mZ - OC) 

~~ 

3.04 
- ~- 

2.97 2.98 2.91 

4.22 4.18 4.42 3.92 
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Table 4-6. Test Data Evaluation 

TUBES June 22, 1978 
1l:SO am PST 

1 2 4 3 

GLASS KINGLUX 

I Tube Outlet Temp ("0 178.9 175.5 174.1 169.9 
~ 

7.1 

~ 

6.8 6.9 

36.7 36.7 36.7 36.7 

2.34 2.33 ' 2.32 2.31 

167.0 160.0 Qu - M cp AT (Watts) 164.1 

196.3 

167.7 

193.5 211.5 181.6 I QU Theoretical (watts) 

solar PI- I CW/& 

Solar Input 
Qin - I-Area (watts) 

879 879 879 879 

479.4 

- 

571.6 571.6 

Qu 
Qin 

( X )  Efficiency tl - I 34.8 28.0 28.9 29.3 

34.6 33.9 44.1 31.8 

33.5 33.5 33.5 Ambient Air Temp. Ta ("C) 

Theoretical Heat Loss Corf f .  
'L The0 (w/m2 - OC) 

Measured Heat Luse Coefficient 
VL N/m2 - "c) 

, 
2.34 2.90 2.80 2.82 

3.91 4.00 3.69 
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Table 4-7. Test Data Evaluation 

n Theoretical ( X )  41.2 30.1 

Theoretical Heat Loss Coeff. 
'L ~ h e o  (W/m2 - OC) 

3.09 3.0: 

4.45 
Measured Heat Loss Coefficient 
'L Iw/m2 - OC) 

4.35 

I 

TUBES , July 12, 1978 

I 1  I *  3 4 

TEFLON KINGLUX Reflector Type GL4SS bLzAR 

Tuba outlet Temp ("C) 190.4 185 . 9 184.1 179.9 

AT, rise (deg C) I 8.9 I 8.4 8.6 J .  7 

~ I 33.5 I 33.5 33.5 33.5 

~ 

2.34 2.34 Specific Heat Cp (XU/kg "C) 2.36 2.35 

Useful H e a t  
QI = h Cp AT (watts) 195.0 185.0 187.9 167.5 

185. 8 QU Theoretical (watts) 

Solar Flux 1 W/m 889 889 

Solar Input 
Qin = f*Area (watts) 574.0 578.1 

Qu 
Qin ( X )  Efficiency TI = 32.7 29.0 

33.0 32.1 

Ambient Air Temp. Ta ("C) 32.9 32.9 32.9 

3.00 2.95 

4.66 4.06 
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of under 120'C (248'F), the theoretical and measured values of UL agreed 
closely, such as in Tables 4-1 and 4-2. However, at higher temperatures, 
the polynomial curve fits the predicted high heat loss coefficients, as 
shown in Tables 4-3 t o  4-7. 

In calculating the theoretical heats and efficiencies for 
Tables 4-1 to 4-7, the theoretical value of UL was used. Section 4 . 3  
pres?-.Cs a sample calculation for finding the theoreticdi JL 

4.3 TEST DATA EVALUATION 

Test data was obta3ned for evaluating the hourly heat collec- 
tion and efficiency of each receiver tube. 
mental results together with the theoretically calculated.va1ues for a 
temperaturr range of about 12O-14O0C (248-284OF). 
fluid is flowing through the system from Tube 1 to Tube 4; therefore, 
the outlet temperature of Tube 1 is greater than that of Tube 2, etc. 
Tat'es 4-2 through 4-7 present collected and processed test data for 
dii, ?rent temperatures and different days. 
ful heats are compared with the experimental results in these tables. 
The discrepancies between the experimental and calculated values are 
caused by conduction losses from the manifold and contact points, varia- 
tion of rb and the resulting heat removal efficiency, FR, wind velocity, 
relative humidity of the air (which affects the equivalent sky tempera- 
ture), and ch-nges in mirror reflectivity because of dust. 
shows that, in most cases, the theozetical value of Qu is greater than 
the experimental. This is attributed to the effect of the overall heat 
transfer coefficient, UL, in Equation fZ.l), where the value of UL used 
is calculated by Equation (2.4). 
10% conduction loss (conduction factor Cc = 1.1 in Equation [2.4]j, and 
a wind velocity of 1.8 m/sec (4 mph) were used. 
concentration ratio, CR, vere derived for a latitude of 34.1'. from 
data for Bu:bank, California, 1962, as explained in Appendix B. The 
reflectivities of the mirrored surfaces were taken to be p = 0.87 for 
the glass mirror, p = 0.76 for Alzak, p = 0.8 for the aluminized Teflon, 
and 0.78 for Kinglux. The calculacional procedure for theoretical UL 
is as follows: 

Table 4-1 shows the experi- 

The heat transfer 

Theoretical calculated use- 

The data 

In outoining the theoretical values, a 

The values for the flux 

(1)' Heat loss equations are written for heat lost from the 
absorber plate t o  the glass tube and for heat lost 
from the glass tube to the surroundings: 

A h (T - Ta) + &A )h (Tg - Te) Qg-a s g g g-s 
( 4 . 4 )  
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The f f ac to r  a p e a r i n g  with A 
eesuniption t h a t  ihere  is negl fg ib le  r ad ia t ion  heat  
l o s s  f rox  the  back of the  g l a s s  tube t o  the  back sur- 
roundings. 
the  top Aldf of the  tube is considered. 

is a r e s u l t  of the  

Therefore, only rad ia t ion  heat  l o s s  f r u  

In  these  equations,  

P 

QP-g 

t 
Qg-s 

hrP-e 

cc - 
t 

A *  
. P  

T =  
P 

h =  

P 
rg-s h 

A *  
g 

Ta 

T -  
8 

The rad ia t lon  

h = 
rp-g 

E 

rg-s h 

heat  l o s t  from absorber p l a t e  t o  g l a s s  
tube 

heat  l o s t  from g l a s s  rube t o  surroundings 

conduction l o s s  f a c t c r ,  estimated a t  1.10 

r s d i a t i o n  heat  l o s s  coe f f i c i en t  from 
p l a t e  to  &lass 

absorbez p l a t e  area = 0.19 m2 (0.97 tt": 

p l a t e  temperature 0 f(Tfo - Tf i ) ,  whe.... 
Tfo and T f i  are the  measured f l u i d  out- 
let  and i n l e t  temperatures. 

convection heat  loss from g l a s s  tube, 
considering wind e f f ec t .  
(4 mph) wind h = 12.54 W/m2 'C. 
given i n  Reference 3. 

For a i . 8  m/sec 
Th's is 

r ad ia t ion  neat l o s s  coef 1 i c i  ant f ron, 
g l a s s  t o  surroundings 

t o t a l  g l a s s  surface area = 0.68 nu 
3 

'1.3 f t 2 )  

measured ambient air temperature 

g l a s s  temperature, unknown 

heat lose coe f f i c i en t s  are given by 

E u (T + T )(T2 + Ti) 
* P  8 P  

( 4  5) 

(4 6 )  
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where, 

E = the effective emissivity between the plate 
and glass. 
emissivity, at both the front and back, 
the glass emisjivity, and temperature. 

This is a function of the plate 

a = Stephan-Boltzemn Constant = 
5.669 x 10-3 W / d  OK4 . 0 

E = glass emissivity, taken to be constant at ' 0.88 

T = sky temperature, taken to be 5.S0K less 
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, 
Ts. iterated using the bisection aaethod. The func- 
tion for the bisection iteration is 
f(Tg) 
f(T8) I s  appreciably small. 

To find Tg, these two equations are 

%8 - Qg-s and a search is made until 

(3) Then the overall heat loss coefficient is: 

This result is expressed in more detail in 
Equation (2.4). 

A sample calculation is done for the data col- 
lected on May 9, 1978 at 11:55 a.m. (Table 4-1). 
For Tu* C! 1: 

T = 131.2OC = 404.2'K 

= 145.2OC = 418.2OK 

= 29.6"C = 302.6'K 

= s(504.2 + 418.2) = 411.2'K 

f i  

Tfo 

T8 

T 
P 
c 0.212 

oRIQ1NAL PAdL I) 
- 5.S°K 297.1'K OF PeoRQUAmv, 

E. = .88 

Ts Ta 

8 
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Then: h = (0.212)(5.669 x 10-8)(411.2 + T ) 
re-8 s 

= (411.2 2 2  + T 
g 

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

= 2.512 x lo" (411.24 - Tg) 4 
QP-tZ 

= 8.53 (T - 302.6) + 1.696 x 
Qg-s 8 

4 (Tt - 297.1 ) 

Iterating this equation till f(T ) < .OS 

gives T = 306.42OK = 33.42OC 

Therefore: h - (1.2 x 10-8)(411.2 + 307.9) 

8 

8 

rp-8 
2 2 = (411.2 + 307.9 ) = 2.28 W/m OC 

and : = (4.99 x 10-8)(307.9 + 297.1) 
= (307.g2 + 297.12) = 5.53 W/m2 O C  

rg-s h 

From Equation (4.7): 

-1 0.19/0.68 + 1 
U L T h e O  = [<1.1)(2.28) 12.54 + 5.53/2] 

= 2.398 W/m2 O C  

Having estimated UL, the useful heat and the effi- 
ciency can be calculated. 
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Frcm Equation (2.1). for ldav 9. 1978, 11:55 a.m., Tube 1: 

= (0.946)(.19) 1.879(907) - 2.4 (131.2 - 29.6) 

= 262.5 Watts 

Aad from Eqbation (2.31, the theoretical efficiency is 
0 
%he0 262.5W o.531 

494.6W 
r-t 

nTheo Qin 

In the above equations, the value of FR was determined 
Reference 6. The term CR (ra), is the product of f l u  
ratio, CR, and the effective transmittance-absorptance 
found by analyzing the optics of the vee-trough system 

found: 

by the methods of 
concentrat ion 
product. CW is 
j s i n g t  a compcter 

oroaram. 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 -"a). 
Figure 2-1, which represents the theoretical values. 

This same trend is also shown in 

The hourly performance of the vee-trough system ower a period 
of one day is presented in Appendix A for selected days. 
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 wee-trough concentrator combination. 
Sometime-, the reflectors were removed from Tube 4 to compare the 
receiver tube perfcrmauce 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 removed. The reason for this 
behavior is that'the efficiency is based 3n the aperture area for the 
collector module, whereas for the tube without reflectors the efficiency 
is based on the absorber plate area. 
Tables 4-9 througk 4-11. In eacF table, the data for an additional tube 
is presented for comparison. Ta .le 4-8 shows Tube 4 with the refledtors 
In position on July 17 and with the reflectors off on Jirly 19. 
makes a similar comparison for May 12, but for a time interval of 
10 minutes. 

The plotted 

These results are presanted in 

rable 4-9 

Daily total heats collrcted and average daily efficiencies 
are given in Table 4-11 for selected days. 
cated in the table includes the lowest and highest operating temperature 
during the day. 
Appendix B. 
the period of one year. 

The temperature range indi- 

These overall daily values of Qu and 0 are plotted in 
Figure B-1 shows the typical variation of useful heat over 

The dips in March and September represent the 
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1 

JPL TESTS 

- 870 < 1 < 912 W/m2 t 
.' GLASS REFLECTOR (UL- 1.98 W/mzC FOR 11= 100 C) 

A ALZAK (UL= 1.71 W/m2C FOR 100 C) 

(UL= 2.55 W/m C FOR \ l= 100 C) - 
NOREFLECTOR (UL= 1.58 W/m C FOR Tfl= 1OOC 

2 

2 
- FEPTEFLON 

I i 1 I I ATt =Tin -T, 

1 100 150 200 2 s  30 350 400 
dw F 

Figure 4-5. Test Data for Collector Efficiency Versus Temperature 
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Table 4-8. Comparison of Results for TGbe 4 With and Without Reflectors 

JULY 1978 

Ambient air temp. ("C) 

solar flux, I p / m 2 ,  

Spec i f i c  heat W/kg "C) 

Useful heat Qu (Watts) 

Solar input 
Qi, = I-Area (Watts) 

Ef f lciency (%) 

Tube outlet temp. ("C) 

Reflectors on 

567.7 560.0 567.7 163.2 L 
43.5 I 41.7 1 30.3 1 52.8 

256.5 234.5 217.1 197.6 

* Thei efficiency and solar input of Tube 4 tsithout the reflectors are based on 
the absorber plate area, which is emaller thau the collector aperture area 
of tubes with reflectors. 

+ By adding the reflectors the useful heat collected is increased by a factor 
of 2, in this case. 
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Table 4-9. Comparison of R e s u l t s  for Tube 4 With and Without Reflectors  

t I 
TUBE 2 TUBE 4 

Reflectors on Reflec. Reflec. 
nn off 

1l:W 

i 

Qih = 1-Area (watts) 613.3 

I Efficiency (%) I 37.1 
7 - I  

1 18*09 
I Tube o u t l e t  temp. ("C) 

24.4 24.7 24.4 

2.35 2.32 2.32 

-I. + 
230.2 199.0 -u=- 
618.5 613.3 180.3 

t 

37.2 32.4 38.9 

190.2 175.2 169.8 
I 

* The a f f i c i ency  and solar input  of Tube 4 without t h e  r e f l e c t o r s  are based on 
the absorbez p l a t e  area, which is smaller than t h e  co l l ec to r  aper ture  area 
of tubes With r e f l ec to r s .  

+ By adding the r e f l e c t o r s  t he  useful heat co l l ec t ed  is increased by a f a c t o r  
of 2.8, in this case. 
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Table 4-10. Comparison of Results f o r  Tube 4 With and Without Reflectors  

JUHE 1978 

I 

I 

Mass flow, in (kg/hr) 

Spec i f i c  heat 
(kJ/kg "C) 

Useful heat  
Q,, (Watts) 

Solar  input  
Qn = I - A r e a  (Watts) 

Ef f lc iency ( X )  

Tube o u t l e t  temp. 

! Reflectors  on k f l e c .  Reflec. 

* The e f f i c i ency  and solar input  of Tube 4 without t h e  r e f l e c t o r s  are based on 
the absorber p l a t e  area, which As smaller than t h e  collector aper ture  area 
of tubes With r e f l ec to r s .  

+ By addlug the r e f l e c t o r s  t h e  use fu l  heat  co l lec ted  I s  increased by a f a c t o r  
of 2.1, In th i s  case. 
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Table 4-11. Daily Total Incident Fluxes, Useful Heats, and 
Average E€ f ic  ienc ies 

132-170" 

DATE 
1978 

3650 10139 
3830 12082 
3321 12033 

' 2726 * 9270 

%Y 3 

145-183O 

120-150° 

May 19 10256 
4246 I 12230 3803 
3408 12 130 
3300 12222 

4516 10830 
4764 12910 
3419 12807 
3532 12138 

~~ ~ 

June 8 

~ 

135-185O June 21 3390 9658 
3181 11484 
3090 11400 
3090 11490 

June 30 

July 7 

120-155" 

127-185O 

July 14 

4455 
3545 
32 80 
3203 

3427 
3131 
2927 
2767 

rempe ra Lure t- :EaY 

120-190O 2815 
2982 
2897 
2781 

9900 
11777 
11712 
11776 

9571 
11387 
11302 
10644 
~- ~ 

7863 
9379 
9316 
9364 

'daily 

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. a 
27.5 
25.9 
26.0 

35.8 
31.8 
31.1 
29.7 

Tube 
No. 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

* Reflectors removed in ,.le afternoon. 
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equinoxes and the  d i p  i u  June represents  t he  ~umrper s o l s t i c e .  
B-2 through 8-7 show the  experimental values  of (?,, and n plo t ted  with 
the typ ica l  performance curves, computed f o r  var ious tubes and tempera- 
tures .  In these f igures ,  the theo re t i ca l  predlctlonta are evaluated f o r  
a constant  f l u i d  i n l e t  temperature. 
i n l e t  temperature varied over 8 range of temperatures throughout t he  
day. The s c a t t e r  i n  t h e  data  points is a r e s u l t  of da ta  t h a t  w a s  
co l lec ted  over a range of temperatures, r a t h e r  than a t  a constant 
temperature. 

Figures 

For t h e  test da ta  poin ts ,  t h e  f l u i d  
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SECTION 5 

SECTION 5 

CONCLUSIONS AND RECfBMENDATIONS 

5.1 CONCLUSIONS 

This r epor t  o u t l i n e s  the  matheatatical ana lys i s  and presents  
t he  experimental r e s u l t s  f o r  the  Vee-Trough Evacuated Tube Collector.  
Because of t he  high temperature c a p a b i l i t i e s  (12O-19O0C) t h i s  system 
could be used f o r  power generation purposes, as i n  an organic Rankine 
conversion system, as w e l l  as f o r  s o l a r  heat ing and coolinp. 
espec ia l ly  s u i t a b l e  f o r  unattended pumping s t a t i o n s  s ince  the  r e f l e c t o r s  
requi re  r eve r sa l  only once every s i x  months. 

I t  is 

Mathematical models of both the  vee-trough concentrators  and 
the  evacuated tube receivers  enable the  nredict ion of f l u x  concentration 
r a t i o s  and s y s t t ~ ~ i ~  Derformance. In t h i s  r epor t ,  t he  concentration r a t i o  
and e f f e c t i v e  transmittance absorptance product ( C R m )  used i n  the  
theo re t i ca l  ana lys i s  were generated from weather da t a  f o r  Burbank, 
Cal i forn ia ,  which is less than 15 m i l e s  from JPL. However, the  methodo- 
logy developed enables use of weather da t a  f o r  any o ther  l o c a l i t y .  
Necessary input da t a  f o r  t he  generation of CR.ra) are I&-, It, (hori- 
eontau, l a t i t u d e ,  r e f l e c t o r  f l a p  angles,  aper ture  angle,  and receiver  
dimensions. 
of the  f i r s t  phase of t h i s  pro jec t  (DOE/JPL/1024-1). 

Details of C R m  ca lcu la t ions  are given i n  the  f i n a l  repor t  

T e s t  r e s u l t s  reported represent  the  performance of t he  
VTETC based on the  aper ture  area. The da ta  are defined f o r  total inci-  
dent f l u x  on t h e  co l l ec to r  plane, t i l t e d  350 t o  t he  south. 
t i o n  f o r  t he  instrunent  accuracy of data measurements is within 26%. 

The combina- 

The tube e f f i c i e n c i e s  were determined as a r a t i o  of usefu l  
heat co l lec ted  t o  t o t a l  s o l a r  input.  
made of d i f f e ren t  surzaces.  Direct  comparison of these r e f l e c t i v e  sur- 
faces  is not possible  because the  UL values  f o r  a l l  the  tubes were not 
t he  same and the  tubes operated a t  d i f f e r e n t  temperatures f o r  any given 
run. However, da 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  mirror r e f l e c t o r s ,  cons is ten t ly  had e f f i c i e n c i e s  of about 40%, 
measured a t  125OC (257'F) and flow rates of about 25 kg/hr (55 lb /hr ) .  
For other  r e f l e c t i v e  sur faces  the  e f f i c i e n c i e s  were i n  the  low 30 percent 
range, measured under the  Sam.' conditions.  

Each receiver  tube used r e f l e c t o r s  

The e f fec t iveaess  of t h e  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 the  useful  hea t  co l lec ted  by a receiver  tube with 
and without t he  concentrators.  The r e s u l t s  ind ica te  an increase of heat  
co l l ec t ion  by a f ac to r  of 1.8 t o  about 2.8, depending on time of day, 
t i m e  of year, c leanl iness  of t he  sur faces ,  and t p e  of r e f l e c t o r .  This 
magnitude of increase is subs t an t i a l  when considering the  s impl ic i ty  and 
low cos t  of the  added r e f l e c t o r s .  The merit of t he  co l l ec to r  concept is 
i n  combining the  r e l a t i v e l y  expensive evacuated tube with the  inexpensive 
concentrators t o  enhance tube performance by increasing s o l a r  f lux.  
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In conclusion, this phase of the project has fulfilled its 
objective, which was to demonstrate the usefulness of the vee-trough 
concentrators in tmproving the heat collection per tube and reducing 
the cost of a solar collector. 
presented in the Final Report of Phase I of this Project. 
demonstrated that the mathematical predictions for the system agree with 
the test results within experimental uncertainties and theoretical 
assumptions. 

A cost study was performed and was 
It was further 

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

Tests run dur- 

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 trend 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 mather,.,,ical. models generated considered invariant conditions and 
the :est data was used to verify these models for finite time intervals. 
Therefore, a simulation smdy 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 i v  each 
receiver tube, and collector efficiencies are presented for the followitg 
days in 1975: 

May 9 
May 17 
May 19 

June 9 
June 21 
June 22 
June 26 
June 29 

July 12 
July 17 
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APPENDIX B 

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

The typical curves ar+ based on weather data for the city of 
Burbank, California in 1962. 
weather data and a simplified thermal model, and are presented here to 
demonstrate the year-round trends. 
curves and the data points is.not valid. 

These curves are generated using the Burbank 

Direct comparison between these 

B- 1 



8-2 



I 00 

rl 

9) 
P 
1 
CI 
L, 
0 

u 
6 
9) 
2 
d 
3 
ru 
9) 
m 
3 

N 
I 
ep 
al 
L, 

M 
.r( 
ttr 

a 

B-3 



CU 

o +  

d m 

- 

B-4 



m w  u 

B -5 



B-6 



g: nNa131u3 

B- 7 



;I rnN313IddZ 

B-8 
PAGE 18 



APPENDIX c 

PROPERTIES OF THERMINOL 44 

Theminol 44 - Physical Properties 

Approximating equations for specific gravity and density, as functions 
of temperature are as fOllOW6: 

The following tables, charts and equations, give the 
properties of Themino1 44 as used in the calculations. 
charts have been provided by Monsanto Chemicals. 

The graphs and 

14 0 

120 
I 
al 

Y 
m 
rl u 

100 % 

, 80 

1 

60 2 
* r l  

m 
0 
0 m 

40 $ 

. 20 

0 

ep = 1.855 + .0028T 
cp = 0.443 + .0033T 

(kJ/kg "C), T in OC 

(Btu/lb"F), T in OF 

/ =  952.8 -* .88T (kg/m2) , T in OC 
/3= 59.48 - ,0269'3: (lb/ft3) , T in OF 
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TYPICAL PROPERTIES 

Composition Modified Ester 
Based Fluid 

4.40 
2.70 
1.82 
1.30 
1.05 
0.85 
0.69 
0.57 

Appearance Clear yellow liquld 

Odor faint 

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

- 
- 

~0.2 
0.6 
2.0 
5.5 
20 
47 

Density @ 75°F. 7.67 Ibalgal. 

Flash Point, toe. 405°F. (201°C.) 

Fire Point, roc. 4WF. (225OC.) 

AIT 705'F. 374OC.) 

Coefficient of Expansion 0.m cc/ccI"c. 
- 

Boiling Range : 
10% 
90% 

WF. (331oC.) 
734'F. (390°C.) 

AV8~ge Molecular Weifiht 367. 

VARIATION OF PROPERTIES WITH TEMPERATURE 

Dontlty 8p#Hlo Haat TWPar. 
rturo 

"F 
- 65 
- 50 
0 
50 

1 GO 
150 
200 

250 
300 
350 
.!I,O' 

4 50 
5JO 

Tlmnrl Condwtivity - 
'C 

- 53.8 
-45.6 
-17.0 
10.0 
37.8 
65 
93 
121 
I49 
177 
204 
232 
260 

- 

- 

- 
BTU Ib. 

"F 
P 

Ib. 'hr. H. 
Kcrl. KO. 

"C 

0.421 
0.426 
0.443 
0.459 
0.476 
0.492 
0.508 
0.524 
0.542 
0.558 
0.574 

- BTU !fL hr. 
"t 

0.0874 
0.0866 
0.0847 
0.0828 
0.0806 
0.0782 
0.0760 
0.0736 
0.0709 
0.0680 
0.0651 
0.0620 
0.0587 

Ked. hr. 
"C 

0.1301 
0.1290 
0.1261 
0.1233 
0.1200 
0.1164 
0.1132 
0.10% 
0.1056 
0.1013 

Ihr. I prl. 

8.18 
8.13 
7.95 

7.63 
7.43 
7.23 
1.05 
6.88 
6.69 
6.51 
6 32 
6.14 

7 

7.78 

6321 
1948 
119 
22.8 
8.05 
3.92 
2.34 
1.54 
1.07. 
0 Y  

0.421 
0.426 
3.443 
0.459 
0.476 
0.492 
0.508 
0.524 
0.542 
0.558 
0.574 

932 
915 
890 
861 
a45 
a25 

780 
802 

757 
736 - 

58.2 
57.1 
55.6 
54.1 
52.8 
51.5 
50. I 
48.7 
47.3 
46.0 - 

- 
- 
- 
-- 

0.0027 
0.0075 
0.027 
0.064 

0.590 0.590 
0.607 1 0.607 

This data is  based upon samples tested in the laboratory and is  not guaranteed f ; a l l  samples. 
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5 .  

6. 

7.  
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VEE-TROUGH EVACUATED COLLECTOR 

Selsuk, M. K., "A Fixed Col lec tor  Emploving Reversible Vee- 
Trough Concentrator and a Vacuum Tube f o r  High Temperature 
Solar  Energy Systems," Proceedings 11th In t e r soc ie ty  Energy 
Conversion Engineering Conference, 1976, S t a t e  Line, Nevada, 
Paper No. 769222. 

Selyuk, M. K.,  "Fixed P l a t  P l a t e  Collector with a Reversible 
Vce-Trouph Concentrator," ASME Paper No. 76-1JA/HT-12, New 
York, N.Y., December 1976. 

S e l p k ,  M. K., "A Vacuum Tube Vee-Trough Col lec tor  f o r  Solar 
Heating and A i r  Conditioning Applicatior.3," ERDP., 11. of 
M i a m i  Forum on Solar Heating and Cooling, Miami Reach, FL, 
December 1976. 

S e l p k ,  M. K.,  "4. Fixed Moderately Concentrating Collector 
with Reversible Asymmetric Vee-Trough and Vacuum Tube 
Receiver, "ERDA Concentrating Col lec tors  Conference, 
Atlanta,  GA, September 1977. 

S e l p k ,  M. K. ,  "Experimental Evaluation of a Fixed Collector 
Employing Vee-Trough Concentrator and Vacuum Tube Receivers , I t  

f o r  Presentation a t  t he  American Society of Mechanical 
Engineers 1977 Winter Annual Meeting, Atlanta,  GA. 

SelFuk, M. K., "A Fixed T i l t  Solar Collector Employing 
Reversible Vee-Trough Ref lec tors  and Vacuum Tube Receivers," 
Presentation Only ERDA Contractors fleeting Solar Heating and 
Cooling Branch, Reston, Vi rg in ia ,  h g .  8-10, 1977. 

Sel$uk, M. K., "A Fixed T i l t  Sc l a r  Collector Employing 
Reversible Vee-Trough Ref l e c t o r s  and Vacuum Tube Receivers 
f o r  Solar HeatiTg and CcJling Systems," Phase I Fina l  Renort 
DOE/JPL/1024-1, January 1978. 
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