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1.0

2.0

2.2

2.3

2.4

3.0

3'1

3.2

PURPOSE

The purpose of this document is to present the test procedures
used and the test results obtained during an evaluation test

program,

The test program was conducted to obtain performance

data for the Solar Kinetics, Inc., T-700 line concentrating

parabolic trough collector.
shall Space Flight Center Solar Test Facility,

All tecis took place at the Mar-
The test was

conducted and the data evaluated using tht methods provided
in References 2.1, 2.2, 2.3, and 2.4 as applicable

REFERENCES

MTCP~DC~SHAC-426

ASHRAFE 93-77

Solar Kinetics

Transactions of the
ASME 16/Vol. 120
Feb. 1980

COLLECTOR DESCRIPTION

Manufacturer:
Manufacturer's
Address:
Specifications:
Type:

Working Fluid:

Receiver:

Reflector:

Array Length:

Array Width:

Module Width:

Teat Procedure for Performance Eval-
uvation of the Solar Xinetics Solar
Concentrating Collector

Methods of Testing to Determine the
Thermal Performance of Solar Col-
lectors

Solar Collectors for Process Heat
up to 650°

Incident-Angle Modifier and Average

Optical Efficiency of Parabolic Trough
Collectors

Solar Kin~tics, Inc.
8120 Chancellor Tow

Dallas, Texas 75247
284/630-9328

Line Focus Concentrating Collector
Liquid (Therminol 44)

The black chrome plated steel receiver
tube is covered by a stagnant air
amwulus Pyrex glass tubing

The parabolic contoured aluminum
mirror surface 1is covered with
metallized acrylic film FEK 244
82' 11%"

7' 2{""

7! 212"

1



3.0

3.2

COLLECTOR DESCRIPTION (Continued)

Specifications (Continued)

Module Length:
Mirror Width:
Mirror Length:
Reflectance:

Max. Vertical
Height:

Rotation Axis
Haight:

Tracking Angle:
Stow Angle:
System Weight:
Receiver Tube:
Annulus Medium
Selective Surface:
Absorptivity:
Emissivity:
Recelver Cover:

Max. Operating
Temperature:

Max. Operating
Pressure:

Properties of
Working Fluid:

20 W
70
19' 11 3/4"

.84
102"

57"

z70°

45°

4 1b/£e?
1.62 0.D.
Stagnant air
Blacik chrome
94 - .97
.18 © 500°F

Pyrex glass
650°
250 })Si.

‘S = 7.9927 - .00373 Te 1b/gal
cp = .4425 + .00033 T Btu/1bm°F

rl\.

£ fluid inlet temperature



4.0

SUMMARY

Thermal performance tests were conducted tor the Solar Kineties
T=700 jine concentrating solar collector at the Marshall $pace
Flight Center Solar Test Facility. Four modules, cach one 7' x 20,
connected In series were mounted horizontally f{n a worth-south
orientation to track the sun from cast to west. The collector array
was driven by a single drive mechanism which 18 controlled by an
electronice tracking device. Pyranometers which measure the total
and diffused components of the solar radiation were mounted on the
collector plane to track with the collector,

A high temper - ture fluld supply loop was designed and constructed

for the test. A schematic of this test loop is showm in Figure 1.
Reloevant test conditions and the data obtained during the test prosram
are listed in Tables I through IV for the thermal performance tests.
Table V and Table VI are the collector tracking angles and trackiug
gpeed respectively on the 218t day of each month, Ir addition,
graphic presentotions of data obtained from the thermal performance
tests are shown in Figure 2 through 8. Fipgures 9 and 10 show the
typleal zolar radiation measured on the collector tracking plane.
Figures 11 and 12 show the results of the collector return line and
collector receiver tube heat lose tests.,  Figure 13 1s the comparison
of efficiency dertved from the collector heat loss test with the
normal thermal performance test, verifyving the results of the thermal
performance tests. Figures 14 and 15 show the collector tracking
accuracy versus the sky conditions (clear, intermittent, and cloudy).
Figures 16 and 17 show the collector performance versus the sky

conditions,

voEw o arrI W SYARIIECR TN



S.l

TEST CONDITIONS AND TEST EQUIPMENT

Ambient Conditions

Unless otherwise epecified herein, all tests were performed at
ambient conditions immediately surrounding the collector at the
MSFC =olar teeting site at the time of test,

Instrumentation and Equipment

All test equipment and instrumentation used in the performance of
this teat program comply wiith the requirement of MSFC-MMI-5300.4C,
Metrology and Calibration, Testing took place at the MSFC Solar
Test Bed Facility. A listing of equipment used for testing follows:

Appartus Manufacturer/Model Range/Accuracy
Data Logger Model 2240A John Fluke Multi-range

Company Thermocouples
Thermocouple Med-Therm Inc. . ~300°F - 400°F/%.5°F
Pyranometer Eppley PSP 0 - 800 Btu/hr.ft.z/C]nss 1
Flow Meter Potter 0 - 19 GPM/%0.2 GPM
Liquid Loop Designed and Assembled 1~12 GPM

at MSFC



6.0 TEST REQUIREMENTS AND PROCEDURES

6.1 Collector Time Constant Test

6.1.1 Requirement

The cellector time constant shall be determined by abruptly re-

ducing the solar flux to zero, This will be done with the inlet
temperature holding at 140°F, while the liquid is flowing at ap-
proxvimately 10 gal/min,

The differential temperature across the collector shall be monitored
to deternmine tha time required to reach the condition of:

AT(t)

T1 = ,368

where AT(t) 1is the differential temperature at time t after the
solar flux is reduced to zero and 4T1i {s the differential remp-
erature prior to the reduction of solar flux,

The following data will be recorded for the test:

(1) Solar flu».
(2) Amvient temperature.
(3) 1Inlet fluid temperature,
(4) Outlet fluid temperature.
(5) Liquid flow rate.
6.1.2 Procedure
1, Set the collector on tracking modc.
2.  Adjust the fluid flow rate to 10 gal/min,
3. Adjust the inlet temperature to 140°F,

4. Monitor collector inlet and outlet temperature.

5. When thc inlet and outlet temperature stabilized,
switch the collector back to stow position.

6. Record the change of AT uacross the collector.

6.1.3 Egﬁults

The results of the time constant test is shown in Figure 2. The time
constant for this collector with Therminol 44 as heat transfer fluid
is approximately 58 seconds for 4 collector modules in series. Table
I is the listing of data recorded during the time constant test.



6.0
6.2

6,2.1

6.2.3

TEST REQUIREMENTS AND PROCEDURES (Continued)

Collector Tracking Performance Test

Requircement

Accurate tracking of a concentrating collector is critical toe its
performance, The purpose of this test is to examine the effect

of tracking error on the collector efficiency. This will be done
by manually moving the collector out of track to a fixed position
ahead of the sun, Then, let the sun pass over the receiver tube
while maintaining the inlet fluid to the collector at a constant
temperature. As the sur moves toward focusing the solar vay starts
to intercept the recelver tube, and the outlet temperature begins
to increase until the sun is fully focused, then it begins to de-
creasy when the sun starts to move away from focusing.

The following data will be recorded for the test:

(1} Ssolar flux.

(2) Ambient temperature,

(3) Inlet fluid temperature.
(4) Outlet fluid temperature,
(5) Liquid flow rate.

(6) Collector sct angle.,

Procedures

1. Manually rotate the collector toward the west past the sun.
Hold and record the collector angle at this position.

2. Maintain the inlet fluid at a constant temperature.

3. Monitor the collector inlet and outlet temperature while
the sun 1s moving across the receiver tube.

§g§ults

Several tests were performed and the results were superimposed into
one graph., Figure 3 shows the collector efficiency versus the
angle of off tracking. The inlet temperature for all tests were
maintained at 150°F. Table VI showed that the collector tracking
speed 1s not constant during the day. Therefore, the scattering of
Figure 3 can be reduced if the efficiency is plotted versus the angle
of off tracking. An off tracking of one degree will cause the ef-
ficiency to drop from 557% to 45%. Therefore, tracking accuracy
tolerance shall bc within .25 degrees. A shaft encoder was in-
stalled on the collector so that the collector position can be
monitored. These collector position data were used to compare with
the theoretical calculation of the collectcr position angles to
determine the collector tracking performance. Detailed calculation
method will be presented in the next Section. Figure 14 showed

the SKI tracker performance during a clear day. Tune tracker was
able to track the sun accurately (within .25 degrees). Figure 15



6.0
6.3

6.2.1

6.3.2

TEST REQUIREMENTS AND PROCEDURES (Continued)

Collector Thermal Efficiency Test

Test Requirement

Thermal parformance data from the Solar Kinetics, Inc. line con-
centrating collector T-700 shall be obtajned at the MSFC outdoor
test bed facility under natural environment conditons. Because
of its high temperature application, Therminol 44 will be used as
heat transfer fluid. The collector shall be mounted north-south
orientation for best summer operation, corresponding to solar

cooling applications.

The following data shall be recorded during the test:

(1) Collector inlet and outlet temperatures.

(2) Total and diffused solar radiation on tracking
plane.

(3) Liquid flow rate through collector.

(4) Heat exchanger inlet and outlet temperatures.

(5) Heat exchanger cooling fluid flow rate.

(6) Ambient tempecrature.

(7) Collector tracking angle.

The thermal performance evaluation data shall be obtained at inlet
temperatures of approximately 140°, 190°, 220°, and 270°F at 10 GPM.

Procedure

1. Bring the collector out of stow and switch it tc automatic
tracking mode.

2. Initiate operation of the data acquisition system to record
data and check to verify all necessary channels are operational.

3. Adjust the fluid flow rate to 10 GPM.
4, Adjust the inlet temperature to the desired setting.

5. Maintain the reservoir temperature to approximately the col-
lector inlet temperature by adjusting tlie heat exchanger
cooling water flow rate.

6. Record all data continuously at two minute intervals at quasi-
steady state conditions.

7. Record collector tracking angle at 30 minute intervals during
the test.



6.0 TEST REQUIREMENTS AND PROCEDURES (Continued)

6.3.3 Test Resulta

The results obtained during these tests ars: lown in Figures 4 and 5.
Figure 4 shows the thermal efficiency of ull test data plotted with
the direct solar radiation as parameter at {inid flow rate of 10 GPM,
Figure 5 shows the thermal efficiency of all test data plotted with
the total solar radiation as parameter at fluid flow rate of 10 GPM,
Figure 7 depicts the thermal efficiency data fluid flow rate of 5 GPM.

A1l these figures show the scattering of test data. The source of
the scattering will be analyzed in the follow g sections. Table III
is the 1isting of data recorded during one of the c¢fficiency tests.



6.4.2

6.[0-3

TEST REQUIREMENT: ANI* PRUCEDVRES (Cont inued)

Collector ALl Day Test
Test Reguivement

Colloector all dey pertormance shall be condurted to determine the
total amour of enerpy that can be delivered,  The following data
shall be ro orded during the test:

(1) Collectur alet aond outlet temperature,

(2) Total ar. dittused solar radfation on tracking plane,
4)  Ligquid tlow rate through collector,

(4) Heat exchanger inlet and out let temperature.

(%) Heat exchanger cooling fluid flow race.

(6) Ambient temperature,

(7) Coltector tracking angle.

The all dav thermal performance evaluation data shall be obtained
at inlet temperatures of 140°F, 190°F, 220°F, and 270°F at 10 GPM.

Proceduren

1. Bring the vollector out ol stow and switch it to automatic
tracking mode,

2. Inftiate operation of the data acquisition system to record
diata and check to verify all necessary channels are operational,

3. Adjuut the Tluid tiow rate to 10 GPM.

4.  Adjust the inlet temperature to the desired setting.

i Maintain the rescrvelr temperature to approximately collector
fnlet temperature by adjusting the heat exchanger cooling
wiater flow rate,

0. Record all data continuously at two minute intervals at quasi-
steady state conditions,

7. Record collector tracking angle at 30 minute intervals during
the test,

Test Results

The results of the all day test are shown in Figure 8. Table 1V is
the listing of data recorded during one of the all day tests. 1t
15 also important to hwow how this collector performs during an
intermittent dav because not every day of the year is a clear day.
Figure 16 and 17 show the relation between the solar radiation and
the collector thermal performance during a clear day and an inter-
mittent day respectively.

4
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6.0

6.5.1

6.5.2

6.5.3

TEST REQUIREMENKS AN PROCEDURES «“ont tnued)

GCollector Heat lovs Test

Test Requirement

A collector heat loss test shall be conducted to determine the heat
logs coofficient.  The collector shall be {n the stow position, with
the retlector surtace and receiver tube covered so that no reflected
solar radfarion will be intercepted by the collector. The following
data shall be recorded during the test:

(1) Collector {nlet and outlet temperature.

(2) Collector flow rate,

(3) Ambient temperaturs,

Procedures

1. Caver the reflector surtace and receiver tube.

2. Adjust the tluid tlow rate.

3. Adjuat the inlet temperature to the desired setting by using
the inline heaters in the flufd joop.

4. Record all data coatinuously at two minute intervals at quasi~
gteady state conditions.,

Results

The results of this test are presented in Tigure 12.

10
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7.0

7.1

ANALYSIS

Time Constant Test

Two methods are proposed by ASHRAE 93-77 for conducting a time con-
stant test; however, due to facility limitation, neither one is ap-
plied. The method used here was abruptly reducing the solar flux
to zero by turning the collector back to stow position and mai.-
taining a constant flow rate and inlet temperature while obtaining
data.

According to the definition of time constant given in ASHRAE 93-77,
it is the time required for the ratio of the differential temperature
at time t to the initial differential température to reach .368,

when solar radiation is reduced to zero. It can be expressed as:

- T
Teer ~ M0 |

Te,e,dnt =~ Tf,1 (1)

If the inlet fluid temperature cannot be controlled to within 2° of
ambient air temperature, then the follcowing equation must be used:

e
U (Tg =T + K_p_,(Tf,e.t - Tg 4

—£& = .368
thC
Up(Tg, g~ Ty) + ng-(Tf,e,ini Te, 1) 2
g
wher2:
T Outlet fluid temperature at time t
f,e,t
Tf i Inlet fluid temperature
»
Tf,e,ini Initial outlet fluid temperature
A fluld mass flow rate
Cp Specific heat of fluid
Ag Collector gross area
U Collector heat loss coefficieny,
L determined from the slope of the
efficiency curve
Ta Ambient temperature

The inlet fluid was not maintained within #2°F of the ambient,
hence equation (2) was used for evaluation.

11
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7.0

7.1

Ty R

ANALYSIS (Continued)

Time Constant Test (Continued)

9.56 x 60 x 3.7
115 (147 - 65.5) + 560 (T

f.e.t -~ 1[‘7

9.56 % 60 x 3.7 = .368

560 (178 -~ 147)

115 (147 - 65.5) +

Therefcre,

- -]
Tf,e,t 156.8°F.

From Figure 2, the time constant was determined to be 58 seconds for
the four collector array.

12



ANATYSTS (Cont inued)

Collector Tracking Accuracy
The Solar Kinetics line concentrating collector can be categorized
as o cylindrical optical system. 1t will focus the beam radfation
to the receiver tube if the focal axis, thoe vertex line of the re-
flecter, and the sun lie in a plane. Thus, for this type of system,
it is possible to rotate the collector in one uxis to meet this re-
quirement . This axds of rotation may be novth=south, east-west, «r
inclined and parallel to the earth's axis. For all the tests con-
ducted in this report, the collector is8 rotating abeut the north-
south axis from the east in the morning to the west in the atter-
noon.

Figure 3 shows the effect of being off track or the collector ef-
ficiency. As much as a 10 percentage polnt drop of the efficiency
will ovcur when the collector tracking is missed by only | degree.
Therefore, tracking accuracy 1s critical to the operation of a con-
contrat ing collector. The accuracy of tracking can be determined by
monito *ing the collector rotation angle. The following equations
govern the collector rotation angle:

The declination, d, can be found from the approximate equation of
lopper (1969):

iy \ zﬁﬁni;y
d = 23,45 SIN (360 BT Y )

(1)

where n is the Julfan day ot the year.

The local standard time is converted to solar time in order to de-
termine rhie sun's hour angle,

Solar time = Standard Time + E + 4 (Lst - Lloc) 2)
where:

F = Fquatfon of time, in minutes.

Lst a Standard meridian of the local time zone,

L]oc = Longitude of the location In degree, west.
The solar altitude angle 'a' is determined as:

sin(a) = cos(l) cos(d) cos(h) + (sin(l) sin(d)

where:
. = Latitude h = hour angle from solar noon
d = declination anple d = altitude angle

13



ANALYS1S (Cont inued)
Collector Tracking Accuracy (Cont inuced)
The aztuuth angle, b, from solpr south s

sin(d) e cos(d) sin(h)
cos (1)

The rotation angle ot a north-south axis collector is a function
ot the solar altitude and azdaeth anple. 1t is defined by the
tollowing relations tor a line concentrating collector mounted
on a north-sgouth orfentation:

-1 tan(a)

r oz tan &
cos(b)
whore:
r » Rotation aaple
b = Solar azimuth angle
Rl = Solar altitude angle

However, this equation cannot be applied at solar noon.  The rotation
angle {s 90° at solar noon.  Table V shows the hourly rotation angle
at 21st day of cach month, It {ndicates that the collector rotation
speed Iy not constant. Table VI shows the vollector rotat fon speed
tor each bour at 21st day ot cach mouth,

14



7.3

7.3.1

Thermal Performance Test

collector Instantaneous Ef(igigqu

- T - U A " - ' = ': o -
Qu A Ty Loy (rd)] LA Taye =T m(p(luut lln) n
where:
Qu = useful energy gain
Aa = collector aperture area
Ib = direct beam solar radiation
P = gpecualar reflectance of the reflector
surface
4 = intercept factor, the fraction of
specularly reflected radiation that
is intercepted by reciever
(aT) = the transmittance absorption produce of
receiver
UL = heat loss coefficient
Ar = recelver area
T = average f{luid temperature
ave
Ta = ambient temperature
m = mass flow rate
Cp = gpecific heat of the heat transfer fluid

The efficiency of a collector is defined as the ratio of useful
energy gain to the available energy. Therefore, the efficiency,
n, can be expressed as:

Q Ar Tave - Ta
n="u =py@ar) -u — |\ 2

A L A, I (1)
In order to compare with the flat-plate collector performance,
the efficiency based on total solar radiation measured on the
collector tracking plane is also calculated. The thermal
efficiency of the Solar Kinetics T-700 line concentrating col-
lector determined from test data is given by the following equations:

n = .592 -~ .115 <:Fave ) Ta)
i

dir (2)
n = .437 - .0006 <Tave - T.l)
Itot (3)

15



7.0

7.3

7.3'1

ANALYSIS (Continued

Thermal Performance Test (Continued)

Collector Instantaneous Efficiency (Continued)

However, these efficiencies were calculated based on a four collector
array.

Scattering of test data can be seen in Figures 4 and 5. However,

the scattering of test data is more severe in Figure 5 than in

Figure 4, where the parameter was based on the total solar radiation.
Figure 5 shows that if the test data were grouped with ranges of
diffused solar fractions, it is found that the thermal efficiency will
decrease with the increase of the diffused solar fraction, when the
efficiency is calculated based on total solar radiation.

But, this trend is not as pronounced when the efficiency is calcu-
lated based on the direct solar radiation. Since the direct beam
radiation is smaller when the diffused fraction is higher and the
efficiency of a collector is calculated based on a smaller direct
beam radiation. Therefore, the intercept and slope derived from the
efficiency calculation based on total solar radiation is meaningless
if the diffused solar radiation fraction is not identified. Figure 6
shows clear separation of data when the diffused fractions are giouped
in the ranges of 0.0 ~.15, .15 ~.25, and .25~.35, Insufficient

data were obtained with the diffuse fractiod higher than 30%, so the
efficliency curve was extrapolated to indicate the effect. Theoret-
ically, at 0% diffuse fraction, the two efficiency curves, based on
direct and total solar radiation, shcuald coincide.

The diffused fraction changes the intercept of the efficiency curve,
however, the slope will not be changed. The diffused fraction only
effects the collector's optical efficiency, not the heat losses.
Therefore, parallel lines can be drawn through each group of the
data points.

From Figure 6, the intercept and the slope for each of the efficiency
curve are:

o= .58 - .176 B £, = .10
My = .49 - .176 P £, = .22
My = .43 - 176 B £, = .33

where:

fd indicates the diffuced fraction.

16



7.0 ANALYSLS (Continued)

7.3 Thermal Performance Test (Continued)
7.%.1 Collector Instantaneous Efficfency (Continued)

The efficiency ot a concentrating collector based on total solar
radiation can be expressed as

Ne (- f)py(ra) - U A (Tave = Ta
Aa tot

Therefore, equation (3) is no longer valid and should be replaced
with the following equation:

M 64 (1= 1) - 176 (Tave " "

tot

7.3.2 Collector All Day Efficiency

Figure 8 shows the results of the collector all day test. These
data were obtained over several days, with the inlet temperature
maintained constant during each of the test periods. The efficiency
calculation was based on the direct solar radiation. For all tests,
it shows that the efficiency of the tracking concentrator was al-
most constant at one inlet temperature with slightly lower values

at noon, due to the maximum incident angle occurring at noon.

As shown in Table V, the incident angle for this collector during

the test period is varied ‘rom 17 degrees at 8 o'clock solar time
to 47 degrees at solar noon, in September and October.

7.3.3 Solar Radiation

Solar Radiation was measured using pyranometers mounted on the col-
lector plane and tracking with the collector. One of the pyrano-
meters measures the total solar radiation on the collector plane, and
the other one with shadowing disk to block the direct solar radiation,
measures the diffused solar radiation on the collector plane. Thus,
the direct solar radiation on the collector plane will be the differ-
ence between total solar radiation and the diffused solar radiation.

A separate normal incident pyrheliometer which measures the direct
solar radiation was recorded. 1In order to compare the pyrheliometer
measurement with the tracking plane measurement, n cosine correction
will be applied to the value of the tracking planc measurement. Be-
cause the pyrheliometer is always normal to the sun, while the direct
solar radiation always has an incident angle to the tracking collector.

I - Idif)/cns 6&

dir = (Itot

where:

Gﬁ = jncident angle
17



7.0 ANALYSIS (Cont inued)
7.3 Thermal Pertormance Test (Continued)
7.3.3 Solar Radiat fon (Cont inued)

Table VII shows the direct solar radiation derived trom the collector
tracking plane measurements agree well with the pyrheliometer mea-
surements.  Figure 9 shows the solar vadfetfon of a typieal clear dav.
The shadowling disk was so adjusted that the direct beam 1s always
blocked., Figure 10 shows the solar vadiation measured from the trac-
king plane In which twe of the three shadowing disks were not blocking
the bheam portion ot the total solar radiation,

7.3.4 Return Line Losses

To determine the return line heat logses, two temperatures were mon-
itored during the test. one at the collector outlet and the other
one at the inlet to the heat exchanpgerv.  The return line is approxi-
mately 125 ft. ot 1" stafnless steel piping. 1t {s insulated with
14" thick plass—tiber pipe insulat fon wrapped with aluminum pipe
covering for weather protection,

The energy balance for a steady state condition is;

g ': m .o A ,l. _ o ‘
Nogs =M™ p ot Fp ) oo ( out ) "
nx
where:
an:m Tine ltosses
il = {low rate
(:p =~ specit e heat of hear

transter {luid

|

cullector outlet

out
temperature
T = heat exchanger inlet
in
HX temperate . e
h = heat logs coefficient
A = pipe surface area
T = ambfent temperature

Rearranging equation (1), one yields

A )

out Fin

HX = h-A = (Congtant (2)
- mi:
out a p

18



7.0
7.3

7.3.4

ANALYSIS (Continued)

Thermal Performance Tect (Continued)

Return Line Losses (Continued)

Figure 11 is the plot of (T T ) against (T
0

- ~ T ) at the
out 1on a

1t

flow rates under the test. Equation (2) indicated that a straight
1ine can be drawn through each set of the data points,

The heat loss coefficient does hot vary significantly with the {low
rate when the flow inside the tube 1is fully developed turbulent flow.
Therefore, the heat loss coefficient, (hA), can be determined as:

(hA) = (dth)1 Cnnstant1 = (n'le)2 Conatant2

From Figure 11 the heat loss coefficients for the 5.5 GPM flow and
9.5 GPM are:

(hA), = (iC ), Constant) = 3.7%5.5%60%2.76/200 = 16.84 Btu/y pop

(h!\)2 = (ﬁxcp)2 Constant, = 3.7%9 . 5%60%1.55/200 = 16.34 Btu/hroF

19



7.0
7.4

ANALYSIS (Continued)

Collector Heat Loss

The heat loss test is an alternate way of deter.iining the slope
(1.e, heat lost coefficient), of a collector efficiency curve.

The energy balance for the heat loss is similar to the return line
loss described above. It is described as:

Qoss " mcp (Typ = Tout) ™ U A (Tave " Ta) (1)

where:
Qloss = Collector heat loss

ULAr = Receiver tube heuat loss

Rearranging equation (1),

Tin = Tout _(ULAr
T, ~-T thC
in a p

Figure 12 is the plat of (Tin - T

) versus (T8v - Ta)'

out e

1t indicates that a straight line cannot be drawn from the origin,
instead, one can draw a straight line through the data points from
(T - T ) equal to 40, Therefore, the heat loss coefficient can
be?¥8nsidlred as a constant when the ('I‘ave - Ta) is greater than 40°F.

T, - T U A
in out _ L'r - _ °
T — <thC > L0243 for (Tave Ta) 40°F
ave a P

U A Btu/h

Lr = me *,0243 - 9.7%3,7*%.0243%60 = 52.33 r°F

In the equation defining the erfficiency for a concentrating collector,
the heat loss coefficlent is the negative of the slope which is:

U.A
Lr _52.37 _(,093 Btu

Ay 360 B, ft.2 °F

and the efficiency equation becomes:

Na .592 - 0.033 T -T
_ave 'a

I

Although the ratio of heat loss coefficients determined from these
two tests, .115 - 0.093 = ,19, is large, their values are small.

.115
Figure 13 shows the efficiency curves obtained from the thermal effi-

ciency test and from the heat loss test, noting these two curves are
very close to each other. 20




TIME Tin Tout Tamb. Flow
HI:MM:SS v O 0 gpm
9:38:19 147.0 178. 0 065, b LY
9:38:24 147.0 178. 0 65. 5 9,55
9:38:29 147. 0 178.0 65. 5 9,55
9:36:34 147. 1 178.0 65, 5 9. 56
9:38:39 147. 1 178.0 65, 8 9. 55
9:38:44 147, 1 178. 0 65,9 9.56
9:38:49 147. 1 177. 1 65. 8 9.56
9:38:54 147. 2 175. 6 65. 3 9.56
9:38:59 147, 2 173.7 65.2 9.56
9:39:04 147, 2 171. 6 65. 1 9.56
9:39:09 147.2 169. 5 65. 1 9.56
9:39:14 147. 2 167.3 55, 1 9.56
9:39:19 147, 2 165, 0 65. 1 9. 55
9:39:24 147.2 162. 6 65. 1 9. 57
9:39:29 147. 3 160.3 65. 1 9. 60
9:39:34 147. 3 158, 1 64,9 9.61
9:39:39 147.3 156, 2 64.9 9. 60
9:39:44 147. 4 154. 6 65. 1 9. 56
9:39:49 147.4 153. 2 64.9 9. 61

TABLE I, SOLAR KINETICS COLLECTCR TIME CONSTANT TEST RESULTS
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IN: Collector
Inlet

CUT: Collector
Inlet

DT: Qutlet-Inlet

TAMB: Ambient
Temp.

GPM: Flow Rate
DIR: Direct Solar
DIF: Diffused Solar
TOT: Total Solar
D/T: Dif/Tot

QCOLL: Energy
Collected

INC: Incident Angle
EFF: Efficiency

P: (T.VQ -Ta)/DIR

SOLAR KINETICS COLLECTOR TRACKING ACCURACY
TEST RESULTS

22



e wmarn

MFOTOTONT o

X o’

M0 NI N2 D2 R7TANLITU AIITIC

WM A2 W)
Buems 87
Moy N1
WM 33
WIS M9
5 L9164 NS
T SIL LR
WS89 !
309 1021742 1
WeIem3 1Y
WS eIme
usOesIL? R
W Le2any X9
usseMey X9
USRI Y 2
UB PS8 2
LIRS M6 X!
23MIMe N2
2SI RS L)
LEPLONIL L
S Ie 2
LRSI 28
BISPLENER
SELLENNG
UNIIN2 20
pE S0 8

OB 4L

S RENT S 47
ML e N

T 7266
“i 94
B2 9»?
B7IDY
N 99240
B IITLE
|y I
wKomeL?
BewezL?
TEINES
%1 80201
LR RUY Fe-3rd
6100847
R RUL AR
Q502!
(A FULIAE
8 B R~
(P AR
G2 éasd
635287
o 9tare
8 I
€9 el
8¢ 17
e 37840
9 i3
R Ty

3 et

BN 612N
B6M70U TN
TOX700 N0E
J267 0000 N
A72645 020 NN
XTI TUN
R F- RE R R
BIWI00 74
Il X BURL )
WIND TN
S04 7L
R I B
PO R U Ry
KRR Rr-o ]
1042020007
PR FC R Bt
Wil e
HUTEI0 LR
NN 2NN
AIMNINNTS
REPAEY BUE S
WIS
XoTIN R
P R

A AR A AR ke
4484020 Ll

Sl 1eidie
BoLIIL NS

R B R H

e ru
RéITE
RSIP M
NN Iu
R ou
F Y MY
R v
kel § R
A% 1714
B ¥ Ao ¥
DT
$ie%4
KIIT I
$4i0%:4¢
wiavew
q4.iTia
UeE KRR
d10M2B
RN R RE
KIIINI
QLT M
hEEE FEw
KERE BAN
3N %
bl FX
IR
X EREN

Ni0uUR

WEXTIN TR 40

MBI L 88 G0 36T SN 40N

JESITLQ 2 N MY I FAINIIAL Z.0 N
(MBI LTE 88 &0 deadls Dt ATEN LN
LIRS JOT N BENs SILIANTIR 20N
IMWPOLEN? 88 Gl 600 BAINIRD T Sl

25
g5
$
&

J

TABLE III, SOLAR KINETICS COLLECTOR ARRAY THERMAL EFF
TEST RESULTS s

23




MRS PN

m mn o w HHMWMVL;
M7 N7 N2 07 M0

we
H60N N

BRAZ6 N U7 1223 Z4 070U MD BI040
SWIN2 DI RNV IV MUK 210400
MANIZNY X0 M6 AI2245 BIZDIAUME BI0MIN

BAIDé B2
- w122 114
o WAIIDI R
BAIWmM? n2
WAy 7
Waszms ne
WALIRé RS
WBAIE LY 2
WMS2AI40 25
WIA75L6 U9
26222 7
207223 16
WS s2s 1?2
us2aa3z2 1)y
WI22220 ¢
WI288209 27
us@eZ1 7
UBAII /0 84
BN 4 74
QIWoX24 T
LBMWIES B¢
SN 6N T3
UM IS K6
SNeZe2 6
e ra B
S22
LDIX222
e ol B ¥ B
cENINI
b Jra I I
LT B S
SUL I R 8|
BN Im? L
U I, U e R
15 62687 24
/NI 4

N7 e
wr931@8%
Re 2280
L9322
W NI
6 2238
R N2
Qr83%:
S1 51282
M 1206
By 51200
M9 93062
29304
292862
G0 92243
¢ S22
689 92224
b I -
iy At
7?30
iy a2
I RAR B U
Riasuw
s e ¢
R X N8
-+
87464 ¢
23834
evas.
gelie3
L -1
Bedde2 &

82a84

A A2 I It
- W0 W O W &, 2

o

-t
-

ek
FELE

g489°
-k

4
~
o

" -
o

49

TEST RESULTS (Continued)

BIBIQUM 5000
BIBJL00 6802 REIMN
BIMLUETT NITID
1Mo U R REAMID
DMUMD RNIAUN
DIBLIAUTIN UMD
TT270U60 300N
DI U ML NI
XIJM0S ek
SO0 0% B20T0N
AEMBRIR e 20NN
IR0 MM AT
120040049 QIeSeD
R4B7IBCUS A5k
A964000T ©ITID
AIScame (ieRa”
QODIIID L 0O
MINIIWLN LTIRIT
d6470MTTS QAN
QETTITNT L5060
RITIERATE itk AN
L8 a3dWE L 080N
TR NIT QAL
IS0 0N NihwLe
AN AN KD
ES DL TN HLINLY
3..‘ AL B0 KAN
JIKIALTL 21080 %
SREHIAL VT NIINLS
SIWTQL% LTk
Qe THLRL SfaCe %

SRS NTABIN
"e'z QR NN
BRI UTEY a0
DML AL T LS00
DS L K RIVG N

TABLE III, SCLAR KINETICS COLLECTOR ARRAY THERMAL EFFICIENCY

24



™E N AT O OO OOR
G719 B¢ @3 w7
MR I Y 7 521982
M7 MR? B B2 82193
WINIMW? WS O S22
MWIM? U @9 §31%)9
W GMe O M 52194
MIP2M0 HE 21 521986
M2 U7 N2 838
WMIC2M9 U7 M1 S2M1

1000 1469 2 0

i

My 52188

M7 M6 Y NS 321K
W7 M2 D

1009 146 9 199 8
100 146 9 19 3
191468146

R
Ré
%

%2323
%4 521%6
n9 33u?
1321814

UNME7194¢ R7 BT 52951

119 146 5 19.2
1420 146 5 198 6
139 146 3 198 1
10 1461 279
19 1465 8 196 9
129180209
R A2
1309 169.7 248
L3971 242
L9102
DALY
08170279
. A
1400 171 6 29 3
a1 20
3400 169 € 24 9
19170298
1640 169 4 26 1
C L EF-§

R?
R
ns
ne
1
28
R3
1
i
3
NS
%9
%0
w7
%2
83
R
%7
%9

M $319414
NS s2w
My S31e
2 331!
By St
8y S1182
B9 5102
25100
80 S1.650
42 5108
R
M1 Seaut
My 502
8y Sen2d
e 43028
N s1n9
87 S22
By S8
“o SL1m3

1Mi23298 NI &é 1432

NFOTTOT @ML DEOF 0
MO GRS INL 210905
BI200056aN 23908
BEDNO016 28 DS0NAY
NOS22046006 N74TD
VOLET06 M NIITED
NOZR206 672 BIINLR
VIS0 0N HOLTAR
VIZRILBOM BTN
BOZNIAKEM X%y
MED40662% %90%09
RIDE40I6620 270%09
NETAINIE 6% RINNAO
BKEZL06 6682 N30BA0
NeZ0101560 NI0%00
HIDIAS MM W50%00
BIZRIAIS 62 00BN
RODICWEBR HSI%E
RIZ5200 % 4508506
RIZIINN Q10508
NN 220804
NS2L604 508 Q4050 W
NIWIL WS 48T
NETL7RL ML 000N
NETLSAL KM oA 0%
NSZSSAL I MIATLS
NIDEIQL N NEIRLS
NEBAD 6L B2aNET
MIMR20 648 B40D AN
RINLIQLDEN 2700
NIMIAL 6T B8ITAM
PP JIIT AN
DTN HIeRID
RO 215080
RESSTIatdodry 230%0AM
Y PURE BUES BBl oy K\
ROMSIAL AT N60NAH

TABLE IV, SOLAR KINETICS COLLECTOR ARRAY ALL DAY TEST RESULTS
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F W - o e
Solar Time 8/16 9/15% 10/14 11/13 12 Locunlﬂon
P -
L_inc. 33.4 41,4 48.3 53, 1 54,9
Jan, rot, 13, | 27. 7 45,1 66, 1 90. 0 -20.1
L alt, 0,9 20,4 28,2 33,3 35,1
inc. %g,_[ 33,7 0.1 4.7 6.0
Feb. \¢¢¢#&¢ -11.2
F alt, 12,0 273 T 35,9 T 41,9 T 44,0
_inc, 16,6 23,8 29,6 33,4 34, 8
Mar. |_rot, 25,4 19.4 54,9 L0 90, 0 -0.0
alt, 24,3 35,8 45,4 52,5 55,2
I | —iac. 6.3 13.0 18.2" | 22.8
Aor. |_rot, 31,5 44,8 59,0 74.2 [ 90,0 11.9
alt, 31,3 43,3 | 54,5 4 | 61,2
[ inc. Ll WU R T T N ¢ Y 14,4
May Lol —tand ~48.3 YW Il 20,0 20.3
alt, 35,7 48,0 59,9 70, 4 75,6
. nc.. 3.8 D 1.2 10,3 11,3
Jun. rot, 37LZ 49, 5 g; 5 76. 0 SQ! Q 23.4
alt, | 371 49.4 | 6l.6 2.y 18,1
inc, 1,0 5.4 10,3 13,4 14. 5
Jul. £ot. 35.6 48.2 61.5 15.5 90,0 | 20.2
alt, 35, 6 47,9 59,9 70,4 |
L_inc, 6, 7 13,5 18, 7 22. ¢ 23.3
Aug. |_rot, 3.3 44,5 | 58,8 %1 90,0 11.4
—alt, 31,0 43,0 54, | 63,0 66, 7
ingc., 1.1 24,3 30,2 34,0 25,4 1
Sept. |_rot. T 39,1 54,7 L8 90,0 -0.6
_alt, 23.9 35.1 44,9 52,0 54,6
VTSN 20,8 4.5 | 409 1 453 | _46.9
Oct. Lot J18.4 33.0 49.7 £8.9 90,0 -12.1
all, | 16,4 20,1 ;%:7& 41.0 43,1
—dnc, [ 33.8 4L.8 4 53,6 il .
Nov. rot. 12.8 2.4 44,8 65,9 | -20.6
alt, | 10,6 20,0 | 27,7 32,8 34,6
|—inc. 36,0 44.2 2l 30,3 38,2 |
Dec. |__rot. 10.7 25.3 42.9 4. 1 90,Q | -23.4
alt, 8.6 17,8 2322 30,1 —alall

TABLE V., COLLECTOR INCIDENT ANGLE, ROTATION ANGLE

inc.: Incident Angle
rot.: Rotation Angle
alt. : Altitude Angle

AND SUN'S ALTITUDE ANGLE ON THE 21st DAY OF

EACH

MONTH
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Time
Month 8-9 9-10 10-11 11-12
JAN 14. 6 17. 4 21.0 23.9
FEB 14.5 16. 6 19.1 20.8
MAR 14.0 15.5 17.0 18.1
APR 13.3 14,2 15.2 15.8
MAY 12. 6 13.3 14.0 14. 4
JUNE 12.3 13.0 13.5 14.0
JULY 12. 6 13.3 14.0 14.5
AUG 13.2 14,3 15.3 15.9
SEPT 14.0 15.6 17.1 18.2
OoCT 14.6 16.7 19.2 21.1
NOV 14. 6 17. 4 21.1 24,1
DEC 14. 6 17.6 21.8 25.3

TABLF VI, COLLECTOR ROTATION SPEED ON THE 21st DAY
OF EACH MONTH IN DEGREEE PER HOUR
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10/6/80 10/7/80
Bolar Time Pyr. SKI 4 % Pyr. SKL | &%
9:00 850 872 -2, 5 826 826 0.4
118 874 874 0 838 836 0,2
:30 886 908 -2.4 8}0 848 O.ﬁZ__ﬂ
145 898 917 -2.1 850 862 -1.4
10:00 898 924 -2.8 886 869 2.0
118 898 923 -2, 7 886 ( 880 1 0,7
130 898 933 -3.8 898 887 1,2
145 898 930 -3.4 862 894 -3.4
11:00 898 928 -3.2 862 895 =371 1
115 898 931 -3.5 874 899 -2,8
130 898 933 -3.8 874 897 -2,6
145 910 922 -1.3 874 900 =2.9 |
12:00 910 931 2.3 874 899 -2, ‘
115 910 938 -3.0 874 900 | -2.9 |
130 910 936 -2.8 850 896 L sk b
145 898 940 -4,5 | 850 888 -4,3
13:00 598 937 -4, 2 832 879 -5,3
115 898 941 -4, 6 826 879 -6, 0
130 898 932 -3.6 826 874 =5.5
145 898 931 ~3.5 820 867 -5. 4
14:00 898 922 -2, 6 820 | 855 -4,1
115 898 921 -2.5 802 1842 | -4.8 |
130 886 908 -2.4 778 827 -5.9
145 874 891 -19
15:00 862 878 1.8
Pyr.: Pyrheliometer measurement
SKI: Tracking plane measurement = (Igot-Idif)/COS@ §
A%= (Pyr-SKI)/SKI *100
TABLE VII, COMPARISON OF DIRECT SOLAR RADIATION

DATA FROM PYRHELIOMETER WITH THE
TRACKING PLANE MEASUREMENTS

28
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SOLAR KINETICS WITH SKI TRACKER ON A CLEAR DAY (6/18/81)

FIGURE 14.
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