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1. 1 	PURPOSE

The purpose of this report is to present the test proce-
dures used and the test results obtained during an evalu-
ation test program. The test program was conducted to
obtain thermal performance data un a Sunworks single glazed
air solat collector under simulated conditions. The tests
were conducted utilizing the Marshall Space Flignt Center
Solar Simulator in accordance with the test requirements
specified in Iteference 2.1 and the procedures contained in
Reference 2.1.

	

.0	 RLFLRENCES

	

.1	 A11SHAL -93-77 	 Method of Testing to Determine the
Thermal Performance of Solar Collectors

. 2 M'T'CP -DC -SIIAC-4 19 Teat Procedure for the Performance
Evaluation of Air Collectors under
Simulated Conditions

	

2.3	 MTC11-FA-S11AC-400	 Procedure for Operation of the MSFC
Solar Simulator Facility

	

3.0	 MANUFAC'T'URER

Sunworks
11 . O. Box 1004
New Haven, Connecticut 06508

	

3.1	 DLSC1i1P1il(?N OF TESL' SPI:CIMLN

The Sunworks "Selector," solar energy collector is an
air type, single glazed flat plate. The manufacturer's
data indicates that the glazing is 3/16" tempered with
92'^ transmittance; the absorber is copper sheet with
selective black coating, 0.90 absorptivity and 0.12
emissivity. Outside dimensions are 36" x 84" x 4" thick.
The gross area is 11.0 ft ; the absorber area is 18.56
ft-. 2 ; and the glass area is 16.96 ft 2 . Collector weight
i:i 111 pounds. There is an air inlet at the bottom and
an outlet at the top of the collector.

	

4.0	 SUMP•9ARY

This test program was conducted to evaluate the thermal
performance of a Sunworks air collector under simulated
conditions. The test conditions and the data obtained
during the tests conducted on the simulator are listed
in Table II for stagnation te9t and Tables III and IV for
thermal performance test. A graphic presentation of the
data obtained is also presented in Figure 2. In addition,
a time constant test and incident angle modifier test

ORIGIN AL u ALIT Y
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4.0	 SUMMARY (Continued)

were conducted to determine the transient effect and the
incident angle effect on the collector. The results of
these tests are presented in Pigures A through 6 and
'fable V. Results of the collector load test are listed
in Table VI.

2
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TEST CO NOITTONS AND TEST LQU113MENT

5.1	 Ambient Conditions

Unless otherwise specified herein, all tests will be
performed at ambient conditions existing in Building
4619 at the time of the tests and listed in Tables II
through V.

5.2	 Instrumentation and Equipment

All test equipment and instrumentation used in the per-
formance of this test program comply with the require-
ments of MSFC-MMI- 1)300.4C, Metrology and Calibration.
Table I contains instrumentation identification and
data acquisition connection data. Instrumentation lo.^a-
tions on the test loop and collector awe depicted in
Figure 1. A listing of the equipment used in each test
follows.

f.	
Akjjjrat.us	 Manufacturer/Model 	 Rance/Accuracy

Platinum Resistance	 Supplied by Collector	 0-300°F ±_ 0.5°F
'rhermumeter	 Manufacturer

t	

Pyrrnnumetor	 Eppley - PSP	 0-800 BTU/Ft2.Hr
i	 f 38

Air Loop

Thermopile

Directional Anemometer

Fluw Measurement
Nozz to

Plat-.inum Resistance
Thermometer

Stxlp Chort Recorder

1• IGOL	 an

Solar Simulator

1 itc l i ned Manometer

!)iCf^r_nrial Pres5ur.::
Tran:3ducer

MSFC Supplied

Medt he rm

MSFC Supplied

Air Filter 'Testing
Labs, 1.59" di.a.

Hy-Cal

Mosley 680

MSFC Supplied

MSFC Supplied

MSFC Supplied

APIET> K/52DO010AML

N/ A

0-20°F/f. .05°F

0 - 30 MPH

35 - 130 CFM

0-300°F ± 0.5°F

5-500 MV ± 2%

N/A

See SHC 3006

0-4" H 2O ± -(J1"

0-10 in. H 2O t.0.5%

3



^^sh	 5.0	 TEST CONDITIONS AND TEST EQUIPMENT (Continued)
r±

5.3 Data Systome

Test data obtained during simulator tests will be trans-
mitted from MSFC Building 4619 (teat site) through pri-
mary data acquisition system #3 to the real time data
link and the DDP-224 computer located in Building 4646.
A separate data link between Building V646 and 4619 pro-
vides for printout of real time data at the test site.
A listing of all instrumentation by function, type and

+	 corresponding data recording system is indicated in
Table I.

7
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6,0 REQUIREMENTS, PROCEDURES AND RESULTS

f:- 6.1 Collector Stagnation Test

^r
6.1.1 Test Requirement-

'.: Utilizing the MSFC Solar Simulator, the stagnation tests
shall be conducted at a collector tilt angle of 45 degrees
from the horizontal.	 The collector panel shall be irradi-
ated by the insolation rates of 275, 300 and 325 BTU/Hr•Ft2
normal to the collector.	 The following data,shall be re-

?' corded during the test at each test condition.

e,	 !; 1.	 Insolation rate 	 (BTU/Hr•Ft2)

2.	 A... lent temperature	 (°F)

3.	 Absorber surface temperature - 4	 lgcatiuns	 (°F)

6.1.2 Test Procedure

1.	 Mount test specimen on test table at a 45 0 angle with'}k respect to the floor.

2.	 Connect instrumentation leads to data acquisition
system.

k= 3.	 Assure that data acquisition system is operational.

4.	 Close air supply valve.

IV, 5
!:. 5.	 Power up simulator and establish the required solar

flux level.

' 6.	 Monitor data until the surface temperatures reach
steady state.

7.	 Data shall be recorded continuously during the test.

6.	 Repeat above steps as necessary to complete all the
required test conditions.

9.	 Upon completion of testing, power down simulator and
air loop.

10. Inform data control group that simulator operation has
terminated.

;;- 6.1.3 Results

The results obtained during these tests are contained in
Table II.

5
m_
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6.0 REQUIREMENTS AND PROCEDURES (Continued)
aE

6,2 Collector Thermal Efficiency Test a

6.2.1 Test Requirements trr
Thermal performance evaluation data shall ba obtained at
inlet temperatures of 0, 25, 50, 75 and 10 n 'F aabove anon- r,.r F ent temperatures at air flow rates of 42 and 105 SCFM at in^;
solation rates of 250 and 300 BTU/Hr • Ftl and a wind speed

r. of 7.5 mph.	 The following data shall be recorded during tij"

-., the test at each test condition.
1.	 Ambient temperature.

2.	 Collector inlet air temperature.

3.	 Collector outlet air temper.:ure. p:''
A'.
FL,

4.	 Collector differential temperature.

` Differential pressure across collector.

6.	 Air flow rate.

-a. 7.	 Insolation rate. 

B.	 Wind speed.

e-° 6.2,2 Test Procedure

'."'. 1.	 Mount test specimen on test table at a 45° angle with `{
respect to the floor.

,
J:

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

3.	 Align the test table so t'iat the test specimen's
vertical centerline coincides with the vertical cen-
terline of the lamp array and the distance from the
top of the test specimen to the lens plane of the
lamp array is 3 feet.

4.	 Insulate all ducts.

t	
_ 5.	 Assure that data acquisition system is operational.

i 6.	 Start air flow loop and establish a flow rate of
42 SCFM.

7.	 Establish the wind speed of 7.5 mph.

B.	 Power up simulator and establish a solar flux level
of 250 BTU/Ft2•Hr.

ORIGINAL PAGE 1b
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Revision A

6.0 REQUIREMENTS AND PROCEDURES (Continued)

6.2 Collector Thermal Efficiency T:CSt (Continued)

6.2.2 Test Procedure (Continued)

9. Dete°,mina the ambient air temperature.

10. AdJ4 , it the inlet temperature of the coller--tor to
the ambient air temperature value.

11. After steady state conditions have been established,
record data for a minimum of five minutes.

12. Repeat steps 8, 9 1 10, and 11, changing the flux
level and air, inlet temperature as necessary until
data has been obtained for each test condition speci-
fied in Paragraph 6.2.1.	 1

13. Repeat steps 7 1 8 1 9 1 10, 11, and 12 with flow rat
of 105 SCFM.	 A

e
14. Upon crwnletion of testing, power down simulator

and liquid loop.

15. Inform data control group that simulator operation
has terminated.

6.2.3 Test Results

The results obtained during these tests are contained in
Figure 2 and Tables III and IV For thermal performance
data and Figure 3 for pressure drop data.

7
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6.0	 RF.QUI 1VMI;N'PS AND .PROCEDURES (Continued)

6.3	 Collector Time Constant Tnst

6. 3. 1	 Test Rnuo i rements

In accordance with ASHRAD 93-77, the time constant test
shall be conducted by abruptly reducing the flux level to
zero. Inlet temperature shall be kept to within ± 2°F of
ambient, with an air flow rate of 42 SCFM. The differen-
tial temperature across the collector shall be recorded
'to determine the time required to reach the condition of

Te - Ti	 r= ,368
Teini _ 1

._ 1
where

Te	 = Outlet temperature

Teini = Initial outlet temperature

Ti	 n Inlet temperature

The following data shall be recorded during the test:

1. Absorber surface temperature - 4 locations.

2. Ambient temperature.

3. Collector inlet temperature.

4. Collector outlet temperature.

5. Collector differential temperature.

6. Differential pressure across collector.

7. Air flow rate,

B. Insolation rate.

6.3.2	 Test Procedure

1. Mount the collector on test table at 45° from the hori-
zontal and assure that solar simulator surface is
parallel to the collector surface.

2. Assure that data acquisition system is operational.

3. Adjust the air flow rate to 42 SCFM,

4. Adjust the air inlet temperature to within t 2 °F
of ambient.

513
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610	 REQUIRRpUENTS^,_PflOCEDURES AND RESUINS (Continued)

6.3.2	 Test Procedure (Continued)

S.	 Adjust the flux level to 250 BTU/Ft2•Hr.

6. Monitor the differential temperature across the
collector.

7. Allow the system to stabilize at above conditions for
at least 5 minutes.

8. Turn off the solar simulator.

9. Monitor the differential temperature until the ratio

of rare- i
 Ti 

Ti is lens than .30.
yn	 ,

10. Upon completion of testing, power down simulator and
air loop.

11. Inform data control group that simulator operation has.
terminated.

6'.3.3	 Test Results

The results obtained during this test are shown in Figure 4.

i

9



6.0	 REQUIREMENTS, PROCEDURES AND RESULTS (Continued)

6.4	 Collector Incident Angle Modifier Test

6.4.1	 'Pest Requirement

The collector incident angle modifier test shall, be con-
ducted at north-south radiation incident angle of 45 degrees.
The east-west radiation incident angles shall be 30, 40, 50
and 60 degrees. The air flow rate shall be 42 SCFM with
inlet temperature controlled to within ± 2°F of ambient
at the insolation rate of 250 BTU/Ft 2 •Hr and 0 mph'wind.
The following data shall be recorded during the test at each
test condition.

1. Ambient temperature.

2. Collector inlet air temperature.

3. Collector outlet air temperature.

4. Collector differential temperature.

5. Air flow rate.

6. Insolation rate.

6.'4.2	 Test Procedure

1. Mount the collector on the test table at incident
angle of 300.

2. Adjust the air flow rate to 42 SCFM.

3. Adjust the solar simulator flux level to 250 BTU/Hr•Ft2,

4, Adjust the inlet temperature to ambient ± 2°F.

5. Measure the flux level at 9 locations on the test plane.

6. Record data for 5 minute stabilized period.

7. Repeat above steps for incident angles of 40, 50 0 and 600.

8. Upon completion of testing, power down simulator and
liquid loop.

9. Inform data control group that simulator operation has
terminated.

6.4.3	 'Pest Results

Data obtained from this test program were analyzed according
to ASHRAE 93-77 and reported in Table V and graphic format
in Figures 5 and 6.

10
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6.0	 111HST REQUIREMENTS, PROCI-,DUKES AND RESULTS (Continued)

6.5	 Collector Load Test

6.5.1	 'test Requirements

One solar collector shall be subjected to load testing.
The specified load requirements are listed in Table VI.
The collector shall be mounted as indicated in Figure 7
but oriented such that the glazing is horizontal. Uni-
form loads shall be applied by means of a transparent
flexible diaphragm which can be covered with a uniform
ldyer of transparent liquid of varying depths to ottain
the desired load variations.

6.5.2	 Test Procedure

1. Mount the collector in the horizontal blane.

2. Place the load frame with liner over the collector.

3. Fill the load frame liner with water to a level corres-
ponding to the Step 1 load of Table VI and let stand
for five minutes.

4. Drain and remove the load frame.

s<:;	 5. Flush the collector exposed surface with water and
inspect for leaks.

6. If the collector leaked or was damaged due to the load,
record and indicate what the load level is.

7. if the collector does not leak and is not damaged,
record the load level and repeat steps 3 through 5
for the next load level.

6.5.3	 Ifest Results

The results of this test are tabulated in Table VI.

11



	

7.0	 ANALYSIS

	

7.1	 .Thermal Performance Test

The analysis of data contained in this report 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 Ct f. ( T f l e - Tf,i!	

(1)

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 plant of
the solar colIntor per unit time per unit
area (BTU/Hr-Ft )

m - Mass flow rate of the transfer fluid through
the colector per unit area of the collector
(Lbm/Ft •Hr)

Ctf = Specific heat of the transfer fluid (BTU/Lb-OF)

Tf^e = 'Tomper.ature of the transfer fluid leaving the
collector (°F)

Tf,i - Temperature of the transfer fluid entering the
collector (°F)

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

7Z - (mA)Ctf `T£,e - Tf,i)
- M Ctf \

^Tf,e 
-

Tf,i) (2)
(1A )	 Pi

Notice that:

Pi = IA = Total Power Incident on the Collector.

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

Therefore M•Ct f ( Tf,e - Tf,i) = Total Power Collected by
the Collector.

ORIGINAL PAGE L5
OF POOR QUALrM

12



	

7.0	 ANALYSIS (Continued)

	

7.1	 Thermal Performance Test (Continued)

Substitution in Equation (2) results in:

= Pabs	 (3)
PPn c

where:

Pabs = Total collected power

Pinc = 'Total incident power

T113,s value of efficiency is expressed as a percentage by
multiphyng by 100. This expression for percent efficiency

Collector Efficioncy = Pabs
Pinc x 100	 (b)

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

% Ef£. = M 
Ctf (Tf,e - Tf1i) x 100 	 (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-second intervals.
'rho mean value of efficiency was determined over a five-
minute period during which -he 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

l (Ti - Td /I

where:

Ti	Air inlet temperature (°F)	 ^]
i

Ta	 Ambient temperature (°F)	 1

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

The abscissa term ((Ti - T) /I) was used to normalize the
effect of operating at diderent values of I, T i and Ta.
The results are found in Figure 2.

The result of second order polynomial analysis is shown
G3in .Figure 2. The second order polynomial to best 	 f

describe the test results is:

Efficiency = a0 + alb. + a212

13
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7.0	 ANALYSIS (continued)

	

7.1	 Thermal Performance 'rest (Continued)

where:

= (Ti - Ta)/=

and the coefficients are determined to be:

Flow Rate	 SCFM 92 105

ap 0.998 0.615

a l -0.912 -1.168

a 2 -0.119 -0.010

14
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7.0	 ANALYSIS (Continued)

	

7.2	 'Time Constant Test

Two methods are proposed by AS[iRAG 93-77 conducting a time
constant test. However, clue to facility limitations, only
the first method gould be used. This method consisted of
shutting down the simulator and maintaining a constant
flow rate and inlet temperature while obtaining data.

According to the definition of time constant given in 93-
77, it is the time required for the ratio of the differen-
tial temperature at time 2'to the initial differential
temperature to reach .368. It can be expressed as:

lf'e't-	 Tf,i

T'E,e,ini	 Tf,i	
- •368	 (1)

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

: 	 mCp
FRUL (Tf,i-Ta) 4- Ay ( Tf,e,T - Tf.,i)

.368	 (2)
)y;	 FHUL (Tf i-Ta ) + mCp (Tf,e,ini - Tf,i)

Ag

where

r` T i;x it air temperature at time Zrf ,e,2

T Inlet air ter•t..-.cature

T
f,e,ini

Initial. exit air temperature
-^

m Air mass flow rate 193.5 Lb/Hr

C Specific heat of air = .24 BTU/Lb-OF
k,

` Ag Gross collector area = 21 Ft2

F U
H L

Negative of the slope determined from the
thermal efficiency curve

is

a ^During the time constant test, the inlet air tempera-
ture cannot be controlled to within ± 2 1 F of ambient aii.
temperature; hence, equation (2) was used for evaluation.

ORIGVa PAGE 1`
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7.0	 ANALYSTS (Continued)

	

7.2	 Time Constant Test (Continued)

From the performance carve, it is found that FRUL -
0.92. Substitutinn of PRUL = 0.92 in equation (2)
yields:

0.92 (63.4-56.7) + 2.21 (T frerr - 63.4)

0.92 (63.4-56.7) + 2.21 (50.0)	
0.368.

or

if e,T	 lf,i	 -
- .333

j f,e,ini - Tf,i

From Figure 5 the time constant was determined to be 9.8
minutes.

16
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	7.0	 ANALYSIS (Continued)

	

7.3	 Incident Angle Modifier Test

Two methods axe proposed by ASHRAE 93-77 for incident
angle modifier tests. For the 14SFC Solar Simulator
Facility, o^.ly method '1 (tilting the collector) is
applicable. The collector Was adjusted so that the
incident radiation angles Were 30°1 40°, 50° and 60°
to the normal of the collector surface.

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

FR (2-'c{) n

where 7L = efficiency at tilted angle.

FR(d 2") n = Intercept of efficiency curve at
normal incident angle = .46

For equation (1) to be applicable, the inlet air tempera-
ture must be controlled to within t 2°F of the ambient
air temperature, in cases where the inlet air tempera-
tune cannot be controlled to within d-- 2°F, the following
equation must be used to evaluate the incident angle
modifier.

Tf,i - Ta

Kc(2 = 'L+ FRUL	 I	 (2)
FR (4?') n

where:

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

Table V shows that the inlet air temperatures were not all
within t 2°F of ambient air temperature. Hence, equation
(2) was used for evaluation.

Tf,i	 Ta
Kcr2' = 7t t .92	 I

.446

The results of this computation are shown on Table V and
plotted against incident angle in Figure 5 and plotted
against	 1	 - 1 in Figure 6.

cos 0i
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TABIX VI

SERVICE LOAD STEPS AND TEST RESULTS

I^

1!itcP No.	 Load	 (Lb/Ft 2 : Pass/Fail Comments

i
1	 (	 10 Pass None

2 20 Pass

Pass

None

None3 30

4 50 Pass None

5 80 Pass

Marginal

None

Note 016 120

Tested By:

Nate, #1. Tw small leaks in cc
ft	 one lower left c

2
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