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1.0 PURPOSE

The purpose of this document is to present the test proce-
dures used during the performance of an evaluation test
program. The test program was established to obtain therm-
al performance data on the General Electric TC-100 eight
tube and ten tube liquid solar collectors under simulation
conditions. Each of the collectors was tested with and
without the manufacturer's accessory manifold. The test
program was accomplished by utilizing the MSFC Solar Simu-
lator in accordance with the test requirements specified
in Reference: 2.1 and the procedures contained in Reference
2.2, except where noted in the test procedure to accommodate
the unique requirements of vacuum tube collectors.

	

2.0	 REFERENCES

	

2.1
	

ASHRAE 93-•77	 Method of Testing to Determine the
Thermal Performance of Solar Collectors

	

2.2
	

I,ITCP-FA-SHAG-400	 Procedure for Operation of the MSFC
Solar Simulator Facility

	

3.0
	

COLLECTOR DESCRIPTION

Manufacturer:	 General Electric

Manufacturer's
Address:

Model Number:

Serial Number:

Reflector Mat'l:

Type:

P. 0. Box 13601
Philadelphia, PA 19101

TC-100 (8 tube, 10 tube)

8 Tube (199655), 10 tube
(Dwg. 298E44261, Ser. 2)

Coilzac (10 tube); Alglas (8 tube)

Evacuated tube, with and without
manufacturer's accessory manifold

Working Fluid:	 35% (volume) Prestone and water

Gross Collector 1'1.41	 (without manifold)
Area, Ft 2 : 19.10	 (with manifold)

Overall external Width,	 inches:	 48.0
dimensions: Length,	 inches:	 57.25	 (with manifold),

52.50	 (without manifold)
Thickness,	 inches:	 3.25
Aperture area, Ft 2 : 15.80

Collector Glazing: Evacuated tube

Weight, lbs: Empty - 60; Full - 62; Manifold - 15

irk	 _



4.0	 SU.'4KARY

This test program was performed to evaluate the thermal
performance of the G.E. TC-100 eight and ten evacuated
tube collectors, under simulated conditions. The ten
tube collector, the predecessor of the eight tube col-
lector, has a vee-trough reflector, and the eight tube
collector has a parabolic trough reflector. Schematics
of the ten and eight tube collectors are shown in Fig-
ures 1 and 2, respectively. The test conditions and the
data obtained during the test program are listed in
Tables I and II for the stagnation test results, with
graphic presentations in Figures 3 and 4, respectively.
Tables III and IV contain the data obtained for the
thermal efficiency test results of the ten and eight tube
configurations, respectively. The standard installation
usage of the G.E. TC-100 collectors is without a cover,
but due to special requirements in high vandalism areas
the ten tube collector was tested with an acrylic cover
plate and with a lexan cover plate to determine their
effects on thermal efficiency. These results are pre-
sented in Table V for the acrylic and lexan covers.
Figure 5 is a graphic comparison of the ten tube thermal
efficiency with and without the cov=_rplates. Figures 6
and ' are graphical presentations of the ten and eight tube
collectors with and without the accessory manifold.
Figures S and 9 provide the thermal efficiency as a func-
tion of inlet temperature for the ten and eight tube col-
lectors, respectively. Time constant and incident angle
modifier tests were performed to determine the 'transient
effects of time varying solar insolation on collector
performance. The results of these tests are shown in
Figures 10 and 11 for the time constant and incident angle
modifier tests, respectively.

Normally, a nine point flux map is determined for a col-
lector tested by a lamp array, but in the case of evacua-
ted tubes, each tube works as an independent flat plate;
therefore, three flux levels were taken for each tube.
Typical flux maps are shown in Figures 12 and 13 for the
ten and eight tube collectors, respectively. A compari-
son of the ten and eight tube thermal efficiencies with
the manifold are shown in Figure 14.

In comparison, the eight tube configuration, which super-
cedes the ten tube, has a parabolic reflector which per-
forms well at normal incidence angles (Figure 14) but is
less efficient at angles larger than 20 0 (Figure 11); in
fact, it is .less effective at these angles than the original
ten tube Vee-trough reflector, as shown in Figure 11. This
effect on projected all day performance is evident from
comparison of data in Tables VIII and IX.
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5.0	 TEST CONDITIONS AND TEST EQUIPMENT

	

5.1	 Ambient Conditions

All tests will be performed at ambient conditions exist-
ing in MSFC Building 4619 at the time of the tests.

	

5.2	 Instrumentation and Equipment

All test equipment and instrumentation to be used in the
performance of this test program will comply with the re-
quiremer.ts of :•ISFC AIMI 5300.4C, Metrology and Calibration.
A standard test setup is depicted in Reference 2.2.

Apparatus

Liquid Loop

Flowmeter

Platinum Resistan^e
Thermometer

Pressure Sensor

Pyranometer

Manufacturer/MC.del

MSFC Supplied

Foxboro/ 1/ 2 - 2 CJT361

Hycal

MSFC Supplied

Eppley - PSP

Range,'Accuracy

0.1 - 1.12 GPM

0.1 -	 1.2 GPM + 18

0 - 500°F + 0.1 °F

0 - 5.0 PSI + 2%

0 - 800 BTU/Ft2•Hr
(Class 1)

Fans
	

MSFC Supplied
	

N/A

Digital Printer	 Doric - Digitrend 220
	

5 - 500 MV + 2%

Solar Simulator
	 MSFC Supplied
	

See Reference 2.2

Pressure Gauge	 U. S. Gauge Co./Ashcroft 0 - 60 PSIG + 1 PSI
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6.0	 TEST REQUIREMENTS AND PROCEDURES

6.1	 Collector Preconditioning and Stagnation Test

6.1.1	 Requirement

The collector shall be mounted on an outdoor passive
test stand at an angle of 45° from the horizontal and
facing south. The inlet and outlet ports to the col-
lector shall. be capped to prevent flow. The upper cap
shall contain a small vent hole. The preconditioning
shall consist of at least three days exposure during
which the mean incident solar radiation measured in
the plane of the collector shall be 1500 BTU/Ft2•day.
During this preconditioning, the following data shall be
recorded within two hours of solar noon when the insola-
tion is constant and above a minimum of 200 BTU/Hr•Ft2
in the plane of the collector. Data recorded shall be
the average for at least a 20- •minute period at quasi-
steady state conditions.

1. Inuolation rate.

2. Ambient temperature.

3. Wind velocity and direction.

4. Absorber surface temperature at either 4 or 5 loca-
tions.

6.1.2	 Procedure

1. Mount test specimen as described above.

2. Connect instrumentation.

3. Record data as described above.

6.1.3	 Results

Preconditioning of the G.E. TC-100 collectors was not re-
quired, as each had been previously exposed for more than
three days. The stagnation tests were not performed in
the usual outdoor manner but were accomplished utilizing
the solar simulator. This provided a transient tempera-
ture history profile for the tubes at a constant flux of
300 BTU/Hr-Ft 2 . The steady state results obtained during
these tests are contained in Tables I and II for the ten
and eight tube configurations, respectively. The respective
transient temperature history profiles are presented in
Figures 3 and 4.

4



6.0	 TEST REQUIRELiENTS AND PROCEDURES !Continued)

6.2	 Collector Time Constant Test

C.2.1	 Requirements

The collector time constant shall be determined by
abruptly reducing the solar flux to zero. This will
be done with the inlet temperature adjusted to within
+ 2°F of ambient while the liquid is flowing at 0.22
CPM, which is the manufacturer's recommenaed flowrate.

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

Z^T(t) =	 368E,—Ti

where z'"T(t) is the differential temperature at time t
after the solar flux is reduced to zero and L Ti is the
differential temperature prior to the power down of the
solar simulator. The liquid to be used as the collector
heat transfer medium shall be as specified by the manu-
facturer. If this liquid is not specified, use water as
the fluid.

The following data will be recorded for the test:

(1) Solar flux.
(2) Ambient temperature.
(3) Inlet liquid temperature.
(4) Collector differential temperature.
(5) Liquid flow rate.
(6) Specified heat transfer medium.

6.2.2	 Procedure

1. Adjust the liquid flow rats to .22 GPM.*

2. Adjust the inlet temperature to ambient + 2°F.

3. Power up the solar simulator and establish a solar
flux level of 300 BTU/Ft2•Hr.

4. Establish wind speed of 7.5 mph.

5. Record data for five minutes at above stabilized
conditions.

6. Power down solar simulator.

7. Record the change of OT across the collector.

* This is the manufacturer ' s recommended flowrate
for the collector.

5



6.0	 TEST REQUIREMENTS AND PROCEDURES (Continued)

6.2.3	 Results

The results obtained during the time constant tests are
shown in Figure 10. The average insolation was approxi-
mately 265 BTU/Hr-Ft- 2 for the ten tube test and approxi-
mately 295 BTU/Hr-Ft 2 for the eight cube test. The eight
tube collector was tested with the manifold and the ten
tube collector was tested without the manifold.

I
j=	 6
r



6.0	 TEST REQUIREMENTS AND PROCEDURES (Continued)

6.3	 Collector Thermal Efficiency Test

6.3.1	 Requirements

Utilizing the MSFC Solar Simulator and the portable closed
liquid loop, parametric performance evaluation data shall
be recorded of the following test variables and conditions.
The liquid to be used is the manufacturer's recommended
heat transfer fluid. The test shall ba performed using a
mixture of 115% glycol by volume as the working fluid.

Variable/Condition

1. Collector inlet liquid temp-
erature differential above
existing ambient temperature
level

2. Collector outlet liquid
temperature

3. Incident solaz V ux level
liquid

4. Liquid flow rate through
collector

5. Wind speed

6. Ambient air temperature

7. Pressure

Requirement Guideline

0 0 r, 50°F, 100°F,
150°F, 200°F

Measured data

250, 300 BTU/Hr • Ft2 °F

0.22 GPM

7.5 MPH

Existing room condition
Sufficient to prevent
boiling

5.3.2	 Procedure

1. Mount test specimen on test table at a 45 0 angle with
zeference to the floor.

2. Assure that simulator lamp array is adjusted to an
angle of 45 0 with reference to the floor.

3. Using the procedure contained in Reference 2.2, align
the test table so the test specimen's vertical center-
line coincides with the vertical centerline of the
lamp array and the distance from the top of the test
specimen to the lens plane of the lamp array is 9 feet.

4. Insulate all liquid lines.

5. Connect instrumentation leads to data acquisition system.

6. Assure that data acquisition system is operational.

7. Perform sensor accuracy verification tests.

7



6.0	 TEST REQUIREN^,NTS AND PROCEDURES (Continued)

6.3	 Collector Thermal Efficiency Test (Continued)

6.3.2	 Procedure (Continued)

8. Establish required wind speed.

9. Start liquid flow loop and establish the required 	 r
flow rate.

10. Establish the required inlet temperature.

11. Power up solar simulator in accordance with Reference
2.2 and establish the required solar flux level.
Take a flux reading at top, middle and bottom of each
tube.

12. Record data for .4 minimum of five minutes at these
stabilized conditions.

13. Repeat Steps 9 through 12 as necessary to complete
all the required test conditions.

19. Upon completion of testing, power down simulator
and liquid loop in accordance with Reference 2.2.

6.3.3	 Results

The results of the thermal efficiency tests are shown in
Tables III through V and are presented graphically in
Figures 5 through 9.

8



6.0	 TEST REQUIREMENTS AND PROCEDURES (Continued)

6.4	 Incident Angle modifier Test

6.4.1	 Requirements

The collector incident angle modifier shall be deter-
mined by tilting the collector at 0 0 , 10 1 , 20°, 301,
40 0 , and 50 0 with respect to the solar simulator surface.
The liquid flow rate shall be 0.22 + 0.002 GPM with the
inlet temperature controlled to within + 2°F of ambient.
The insolation rate shall be 300 BTU/Ft Z• Hr. The liquid
to be used is the manufacturer's recommended fluir.. If
not specified, the tests shall be performed usin g water
as the heat transfer medium. The following data shall
be recorded during the tests.

(1) Collector tilt angles.

(2) Ambient air temperature.

(3) Collector inlet liquid temperature.

(4) Collector outlet liquid temperature.

Collector differential temperature.

(6) Collector differential pressure.

(7) Incident solar flux level.

(8) Liquid flow rate through the collector.

6.4.2	 Procedure

1. Set up collector at required tilt angle.

2. Establish required flowrate.

3. Establish required inlet temperature.

4. Establish solar simulator flux level at 300 BTU/Ft2•
Hr and measure the flux levels at 3 locations on
each tube and record on data sheet.

5. Record data for five minutes at above stabilized
conditions.

6. Repeat above steps as necessary to obtain required
data for each tilt angle.

6.4.3	 Results

The results of the incident angle modifier tests are pre-
sented in Tables VI and VII and are shown graphically in
Figure 11.

9



	

7.0	 ANALYSIS

	

7.1	 Thermal Performance Test

The analysis of data contained in this reFort is in
accordance with the National Bureau of Standards recom-
mended approach. This approach is outlined below.

The efficiency of a collector is stated as:

^- qu/A - m Ctf ( tf,e - tf,i)
I	 I	 (l)

where:

qu = rate of useful energy extracted from the Solar
Collector (BTU/Hr)

A	 Gross collector area (Ft2)

I	 = Total solar energy incident upon the plane of
the solar collector per unit time per unit
area (BTU/Hr•Ft2)

m	 = Mass flow rate of the transfer liquid through
the collector per unit area of the collector
(Lbm/Ft2-Hr)

Ctf = Specific heat of the transfer liquid (BTU/Lb-OP)

tf,e = Temperature of the transfer liquid 'leaving the
collector (°F)

tf , i = Temperature of the transfer liquid entering the
collector (°F)

Rewriting Equation (1) in terms of the total collector
area yield.

h - (mA )Ctf ( tf,e - tf,i.) - M Ctf (tf,e - tf,i)	
(2)

(IA)	 Pi

Notice that:

Pi = IA = Total Power Incident on the Collector.

mA = M = Total Mass Flow Rate through the Collector.

Therefore, M Ctf( t f,e - t f,i) = Total Power Collected by
the Collector.

10I_
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7.0	 ANALYSIS (Continued)

	

7.1	 Thermal Performance Test (Continued)

Substitution in Equation (2) results in:

_ Pabs
P ni c

where:

Pabs = Total collected power

Pinc = Total incident power

This value of efficiency is expressed as a percentage
by multiplying by 100. This expression for percent
efficiency is:

Collector Efficiency = Pabs 100	 (4)P .r,

or, from Equation (2), collector efficiency is defined
by the equation:

% Eff. 
A Ctf (t i l e - tf,i) x loo	 (5)

Pi

Each term in Equation (5) was measured and recorded inde-
pendently during the test. The calculated values of
efficiency were determined at sixty-vecond intervals.
The mean value of efficiency was determined over a five-
minute period during which the test conditions remained
in a quasi-steady state. Each five-minute period con-
stitutes one "data point" as is graphically depicted on
a plot of percent efficiency versus

((ti - ta)/1

where:

ti = Liquid inlet temperature OF)

to = Ambient temperature (°F)

I = Incident flux per unit area (BTU/Hr'Ft2)

The abscissa term ((t• - ta)/I) was used to normalize the
effect of operating a different values of I, ti and t a-

(3)

il



	

7.0	 ANALYSIS (Continued)

	

7.1	 Thermal Performance Test (Continued)

Thermal performance tests were conducted for both the
ten and eight tube configurations with and without the
manufacturer's accessory manifold. Results for these
tests are presented in Figures 6 through 9. The secoi..
order polynomial to best describe the test results is
given by:

Efficiency = a 0 + al 2" + a2 Z2

where:

Z = ( Ti - Ta)/I

The coefficients are listed below for the respective
configuration:

Flow Rate = 0.22 GPM

Ten Tube	 Without Manifold	 With Manifold

a0	0.479	 0.398

al	 -0.191	 -0.145

a2	 -0.061	 0.000

Eight Tube	 Without Manifold	 With Manifold

a 0	 0.432	 0.406

a l	-0.078	 -0.105

a2	0.000	 -0.030

7
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	7.0	 ANALYSIS (Continued)

	

7.2	 Time Constant Test

Two methods are proposed by ASHRAE 93-77 for conducting a
time constant test; however, due to facility limitations,only
the first method could be used. This method consisted of
shutting down the simulator and maintaining a constant
flow rate and inlet temperature while obtaining data.

According tc the definition of time constant given in 93-
77, it is the time required for the ratio of the differen-
tial temperature at time -r to the initial differential
temperature to reach .368. It can be expressed as:

Tf, e ,'Z' - Tf,i
_

Tf,e,ini - Tf,i	
.368

If the inlet liquid temperature cannot be controlled to
equal the ambient air temperature, then the following
equation must be used

rnCp
FRUL (Tf i -T a ) + A

g	
('Pf,e,2 - Tf , i)	 -

.368	 (2)

FRUL ( Tf i -Ta ) + mCp (Tf e,ini - T f i)

A 

where:

Tf,e,2„	 Exit liquid temperature at ti:se Z-

Tf i	 Inlet liquid temperature

Tf,e,ini	
Initial exit liquid temperature

m	 Liquid mass flow rata, Lb/Hr

Cp	 Specific heat of liquid, BTU/Lb-'F

A. 	 Gross collector area, Ft2

FRUL	 Negative of the slope determined from the
thermal efficiency curve

The inlet temperature was maintained within f 2°F of the
ambient, hence equation (1) was used for evaluation. From
Figure 10 the time constant was determined to be. 4 minutes
and 16 seconds for the ten tube and 4 minutes and 35 seconds
for the eight tube collector.

13
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ANALYSIS (Continued)

Incident Angle Modifier Test

Two methods are proposed by ASHRAE 93-77 for incident
angle modifier tests. For the MSFC Solar Simulator
Facility, only method 1 (tilting the collector) is
applicable. The collector was adjusted so that the
incident radiation angles were 0°, 10°, 20°, 30°, 40°,
and 50 0 to the normal of the collector surface. The
collector was too large to tilt 60'.

According to 93-77, the incident angle modifier is de-
fined as

K ( -r =	 n
FR ( (CI )n

where),( = efficiency at tilted angle.

FR(a 7')n = Intercept of efficiency curve
at normal incident angle

For equation (1) to be applicable, the inlet liquid temp-
erature must be controlled to within + 2°F of the ambient
air temperature. In cases where the inlet liquid tempera-
ture cannot be controlled to within + 2°F, the following
equation must be used to evaluate the incident angle
modifier.

Tf,i - Ta
Y( + FRUL	 I

KdT	 (2)
FR(,cr) n

where

FRUL is the negative of the slope determined
from the thermal efficiency curve.

Tables VI and VII show that the inlet liquid temperatures were
not all within + 2°F of ambient air temperature. Hence,
equation (2) was used for evaluation.

Appropriate values of FRcc?" and F,U L were used for the ten
and eight tube configurations. The results of these compu-
tations are shown plotted against incident angle in Figure
11.

14
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7.0	 ANALYSIS (Continued)

	

7.3	 Incident Angle .Modifier Test (Continued)

The purpose of the incident angle modifier is to allow
a designer or analyst to predict the total daily energy
output from the collector, as the sun tracks from east
to west. Most collectors are more efficient at normal
incidence than at other angles, but some are even more
efficient at angles other than normal. The only common
ground for comparing collectors should be the "all day
efficiency" rather than FRct2'.. However, the prospective
application of the collector also influences the value
of "all day efficiency." That is, for low temperature
applications such as space heating or domestic hot water,
a typical flat plate collector may have an all day effi-
ciency of 40%, but for solar cooling applications the
all day efficiency might be 20%. Therefore, criteria
should be established to rate each collector for space
heating, domestic hot water, and solar cooling at a
nominal location, because efficiencies are also de.Pndent
on outdoor ambient temperatures.

Evacuated tubes are effective for solar cooling applica-
tions; therefore, according to the procedure in NHSIR
78-1305A the all day efficiency of the ten tube collector
is 28 per cent and 26 per cent for the eight tube col-
lector for a typical solar cooling application. The
selected site dependent data in conjunction with test
data used in these determinations is shown in Tables
VIII and IX. No standard criteria has been established
for "all day efficiency"; and these calculations are de-
pendent on system operating parameters, site data, time
of year and daily weather.; therefore, the above informa-
tion should be viewed as interesting but not conclusive.

15

I



TABLE I

G.E. TC-100 TEN TUBE STAGNATION TEMPERATURES

(See Figure 3)

TUBE NO. 2 2 2 7 7 7 9 9	 9

SENSCR
A B C A B C A B	 i	 CLOCATION

INSOLATION
BTU/HR•FT2

329.8 287.0 310.4 309.2 291.4 313.1 314.7 315.5,296.8
i

TEMP.	 OF 640 651 556 525 534 456 614 614 1614
NO COVER

NOTE: Tube #7 was interchanged with tube #2 and was found to
produce noticeably lower temperatures in that position
also. Performance data reported for the te,n tube col-
lector may be somewhat lower than normal if tube #7 is
determined to be low on collection capacity,

Y^
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Ig	 TABLE II

G.E. TC-100 EIGHT TUBE COLLECTOR
STAGNATION TE11PERATURES

L

(See Figure 4)

Tube No. 1 1 1 8 8 8

Sensor
Location A B C A H C

ITU
BTU/Hr-Ft2

t2/Hr -F 314.7 275.6 292.0 277.9 285.3 277.9

Temperature 499.9 599.6 601.6 529.5 645.1 663.4
OF

hi.	 17
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