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1.0

2.0
2.1

2.2

2.3

3.0

3.1

PURPOSE

The purpose of this report is to present the test procedures
used and the test results obtained during an evaluation test
program. The test program was conducted to obtain thermal
performance data on a Libbey-Owens-Ford double-covered liquid
solar collector under simulated conditions. The tests were
conducted utilizing the Marshall Space Flicht Center Solar
Simulator in accordance with the test requirements specified

in Reference 2.1 and the procedures contained in Reference 2.2.

REFERENCES

ASHRAE-93-P Method of Testing Solar Collectors
Based on Thermal Performance

MTCP-DC-SHAC-407 Test Procedure For Thermal Performance
Evaluation of Libbey-Owens-Ford Solar
Collector

MTCP-FA-SHAC-400 Procedure for Operation of the MSFC
Solar Simulator Facility

MANUFACTURER

Libbey-Owens-Ford
811 Madison Avenue
Toledo, Ohio 43695

DESCRIPTION OF TEST SPECIMEN

The test article is a flat plate solar collector that uses liquid
as the heat transfer medium. The absorber plate is #110 copper
and is .021" thick. The absorber surface is 19.74 square feet and
over-all dimensions of the collecter are 3'x7'x4 3/4"., It has

a double glass cover of 1/8" tempered glass, and weighs approx-
imately 130 pounds.



4.0

SUMMARY

This test program was conducted to evaluate the thermal perfor-

mance of a Libbey-Owens-Ford 1iquid collector under simulated
conditions. The test conditions and the thermal performance

data obtained durinjy the tests conducted on the simulator are
listed in Tables I through IV, respectively. A araphic pre-

sentation of the data obtained is also presented in Fioure 1.
In addition, a time constant test and incident ancle modifier
test were conducted to determine the transient effect and the
incident angle effect on the collector. The results of these

tests are presented in Figures 2 through 4 and Tables V and VI.



5.0 TEST CONDITIONS AND TEST EQUIPMENT

5.1 Anbient Conditions

Unless otherwise specified herein, all tests were per-
formed at ambient conditions existing in huildina 4619
at the time of the tests.

5.2 Instrumentation and Eaquipment

A1l test equipment and in:trumentation used in the perform-
ance of this test program comply with the requirements of
MSFC MMI 5300.4 C, Metrology and Calibration. A standard
test setup is depicted in Reference 2.3.

Apparatus Manufacturer/Model ®ange and Accuracy
Liquid loop IYSFC Supplied .1-1.12 GPM
Reference Junction Pace/150 150 +1°F
Thermocouple MSFC Supplied 0-500°F +1.8°F
Flowmeter Foxboro/1/2-2 817361 1-1.2 +1% GPM
Resistance Thermal Systems/T200 0-500 +.05°F
Thermometer

Radiometer Eppley/8-48 0-400 +10% BTU/Hr-Ft2
Directional MSFC Supplied 0-60 MPH
Anemometer

Floor Fans MSFC Supplied NA

Solar Simulator MSFC Suppliea See SHC 3006
Thermopile Medtherm 0-20°F +.05°F




6.0
6.1
6.1.1

6.1.2

REQUIREMENTS, PROCEDURES AND RESULTS

Indoor Thermal Performance Evaluation Test

Requirements

The requirements of this test were to obtain performance informa-

tion

at 100, 120, 150 and 200°F inlet temperatures with a con-

trolled liquid flow rate of 290 pounds per hour 2t solar flux
levels of 230 and 270 BTU/Hr—Ft2 with simulated wind conditions

of 0,
test.

— = PO ONOYWU W -

0.
Y.
12.

13.
14,

10 and 13 MPH. The following data were recorded for the

Collector side wall temperature (
Collector back side temperature (
Collector outer cover temperature (
Absorber surface temperature - North side (
Absorber surface temperature - Center (
Absorber surface temperature - West side (
Absorber surface temperature - South side (
Ambient temperature (
Liquid inlet temperature (
Liquid outlet temperature (
Liquid differential temperature (
Solar flux - (
Flow rate (
Wind speed (

05000000000
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BTU/Hr-Ft2)
Lb/Hr)
MPH)

Collector temperature measurements were taken from locations
identified in Figure 5.

Procedure

This

test program was conducted in accordance with detailed pro-

cedures contained in Reference 2.2. Briefly stated, these pro-
cedures required the following:

1.

o U B W N

Prepare test setup; mount collector on test facility and
connect instrumentation leads to data acaquisition system.

Establish required liquid flow rate.

Establish required inlet temperature of 100°F.
Establish required solar flux level at 230 BTU/Hr-FtZ,
Establish required wind speed of 0 MPH,

Record data for 5 minute stabilized period.

Repeat above steps as necessary to obtain data under all
conditions listed in Table I.



6.0
6.1.3

REQUIREMENTS, PROCEDURES AND RESULTS (Continued)

Results

The results obtained during these “ests are contained in Figure
1 and Tables II through IV.

o e R i 5



6.0
6.2
6.2.1

6.2.2

6.2.3

REQUIREMENTS, PROCEDURES AND RESULTS (Continued)

Time Constant Test

Requirennts

The requirements of this test were to obtain the time constant
for the collector at inlet temperature controlled to ambiepgt
air temperature with the solar flux level of 23U BTU/Hr-Fté,
and liquid flow rate of 290 Lb/Hr. The following data were
recorded for the test.

1. Collector side wall temperature (°F)

2. Collector back side temperature (°F)

3. Collector outer cover temperature (°F)

4. Absorber surface temperature - North side (°F)

5. Absorber surface temperature - Center (°F)

6. Absorber surface temperature - West side E‘F;

7.  Absorber surface temperature - South side e

8. Ambient temperature {‘F)

9. Liquid inlet temperit.re °F;
10. Liquid outlet temperature (°F

11. Liquid differential temperature (°F)
12. Solar flux (BTU/Hr-Ft2)
13. Flow rate Lb/Hr)
14, Wind speed MPH)
Procedure

1. Establish required liquid flow rate.

Establish required inlet temperature.
. Establish required solar flux level.

Establish required wind speed.

Record data for 5 minute stablized period.

o o AW N

Shut off solar simulator and maintain the inlet conditions.

7. Record the change of differential temnerature on a strip
chart recorder.

Results

The results obtained during these tests are contained in Figure 2
and Table v.



6.0
6.‘
6.3.1

6.3.2

6.3.3

REQUIREMENTS , PﬂOCF?QRES AND RESULTS (Continued)

Incident Angle Modifier Test

Requirements

The requirements of this test were to determine the effect of
incident angle on the collector at inlet temperature controlled
to ambient air temperature with a liquid flow rate of 290 Lb/Hr
with the collector tilted at 45°, 60° and 75° with respect to
the solar simulator surface. The followina data were recorded
for the test.

Collector side wall temperature

Collector back side temperature

Collector outer cover temperature
Absorber surface temperature - North sice
Absorber surface temperature - Center
Absorber surface temperature - West side
Absorber surface temperature - South side
Ambient temperature

Liquid inlet temperature

Liquid outlet temperature

Liquid differential temperature

Solar flux
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BTU/Hr-Ft2)
Procedure

1. Set up collector at required tilt anale.

2. Establish required flow rate.

3. Establish required inlet tempera‘ure.

4, Establish solar simulator flux level.

5. Record the flux level on the collector surface.

6. Record data for 5 minute stablized period.

7. Repeat above steps as necessary to complete the required
tests.

Results

The results obtained during the test are depicted in Figures 3
and 4, and Table VI.



7.0
7.1

Revisicn A

ANALYSIS

Thermal Performance Test

The analysis of data contained in this report is in accordance
with the National Bureau of Standaras recommended. approach,
This approach is outlined below.

The efficiency of a collector is stated as:

A=aqu/h = mcre (tfe - tF,i) (1)
[ 1

where:

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

A = Total Collector area (th)

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

» = Mass flow rate of the transfer liquid through the

collector ger unit a za of the collector
(Lbm/Hr Ft=)

Ctf = Specific heat of the transfer liquid (BTU/Lb.°F)
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
yvield:

Z= (PA)Ctf  (tfe-tfi) = MCef ; (tf,0-tf,5) (2)
i

Notice that:

Pi = IA = Total Power Incident on the Collector
mA = M = Total Mass Flow Rate through the Collector

Therefore M Cef (tf.e-tf.i) Total Power Collected by the
Collecter



7.0
7.

]

INAL PAGE 18
ORIGINAL HA 1y
ANALYSIS (Continued )

Thermal Performance Test (Continued)

Substitution in Equation (2) results in:

where:
Pabs = Total collected power
Pinc = Total incident power

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

Collector Efficiency = Pabs x 100 (4)
Pinc

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

% Eff. = M Cey éff,e-tf,i) x 100 (5)
i

Each term in Equation (5) was measured and recorded independently
during the test. The calculated velues of efficiency were
determined at seventy-second intervals. The mean value of effici-
ency was determined over a five-minute period during which the
test conditions remained in a quasi-steady state. Each five-min-
ute peri-< constitutes one "data point" as is araphically denicted
on a plot of percent efficiency versus

((th.i-ta) /1)
where:
tf,i = Liquid inlet temperature (°F)
ta = Ambient temperature (°F)
I = Incident flux per unit area (BTU/Hr.Ft2)
The abscissa term ((tf,i-ta) /I)was used to normalize the
effect of operating at different values of I, tf,i and ta.

The results are found in Fioure 1.

The result of second order polynomial analysis is shown in Figure 1.
The second order polynomial to best describe the test results is:

Efficiency = ag + a1 + 22?2



ANALYSIS (Continued)

Thermal Performance Test (Continued)

where:
7= (tf,i-ta) 1

and the coefficients are determined to be:

WIND 0 MPH 10 MPH 13 MPH
ap .705195 .693373 711841
4 -.615549 -.603090 -. 717747
3, -. 305296 -.486951 -.432540

10




7.0
7.2

Revision A

ANALYSIS (Continued)

Time Constant Test

Two methods are proposed by ASHRAE 93-P for conductinn 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 maintainina a constant flow rate and
inlet temperature while obtaining data,

According to the definition of time constant given in 93-P, it

is the time required for the ratio of the differential temperature
at time T to t-e initial differential temperature to reach .368.
It can be expressed as:

Tfe T -Tf4
Tf,e,ini = Tf,i

. 368 (1)

[f the inlet liquid temperature can not be controlled to equal
the ambient air temperature, then the followina equation must
be used

mC
FRUL (tf,i-ta) + -KE (tfe, T -

FRUL (tf,i-ta) ﬁgﬁ'(tf.e.ini - :::1) . 1980 (2)
where:

Tfe,T Exit liquid temperature at :ime T

Tf,d Inlet liquid temperature

Tf.e.1n1 Initial exit liquid temperature

m Liquid mass flow rate = 290 Lb/Hr

Cp Specific heat of liquid = .78 BTU/Lb.°F

A Collector area = 19.74 Ft?

FRUL Negative of the slope determined from the

thermal efficiency curve

During the time constant test, the inlet iiquid temperature could
not be controlled to within %2°F of ambient air temperature, hence
equation (2) must be used for evaluation. From the performance
curve, it 1s found that FRUL = ,747. Equation (2) becomes

.747 (83.1-72.3) + 11.602 (tf

11



7.0 ANALYSIS (Continued)

7.2 Time Constant Test (Continued)

or

tre T - tf

. .33
tf.e,int - tf,4 »

From Figure 2 the time constant was determined to be 1 minute
and 45 seconds.

12
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S ANALYSIS (Continued)

e e

7.3 Incident Angle Modifier Test

Two methods are proposed by ASHRAE 93-P for incident anagle
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 anales were 45°,
60° and 75° to the normal of the collector surface.

According to 93-P, the incident angle modifier is defined as
Kyt = FriTq)n (1)

where MW = efficiency at tilted anole

FRAT ) g = Intercept of efficiency curve at normal
incident angle

For equation (1) to be applicable, the inlet liquid temperature
must be controlled to within ¥2°F of the ambient air temperature.
In cases where the inlet liquid temperature can not be controlled
to within £2°F the following equation must be used to evaluate
the incident angle modifier

KaT =%+ FFUL Tei-Ta (2)
|
FR(2T In
“where:
F

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

Ta'le VI shows that the inlet liquid temperatures were not
within 2°F of ambient air temperature. Hence, equation (2)
was used for evaluation.

Te 4.1
KAT‘“'* .747 I

' The results orf this computation is shown on Table . and plotted
| against incident angle in Figure 3 and plotted against

H 1 -1 in Figure 4.

cos @ 4

13

| ep— e e —

o s L e ooaiidios o iR o dan o o hudieaie s aie il B C 1y Al eoa o a e~ e e - T



D —— ¢

—

nig 1

do-3h"g3d * ¥ Uy

SI|NS3Y 1S3| IDULWIOSID |PWABY] J00PU] 403II||0) PAO{-SUIM)-AaQqL])

"L d4nbuy

pulM you g|

putM yaw Q|

puim cu

v

8}
0

02

or

09

001

S

OF POOR QUALITY

ORIGINAL PAGE 1

AJUBL2 1443 40323 |0)



Sl

S}|NS3yY 35I| JULISUO) AuL| 403I3[|0) pA04-Suamg-AaqqL

*Z 24nbLy

P - ———

Inqll.ll._‘lljl.-l‘lﬂn B ﬁlllf!ln|.—...‘l -|n|m.-.1ll. .— - T —— g
: | f I
_ | “ | | _
| .
i " *—23s gy ulw | .
[} ﬁ -
| | i
! _ .
I
R e ._rﬂ.n.mm.m_w 430 3Inys ; i
e |
. —efed ! i . 3 e B e ":. :
- wr o emy TEN ..al-l4il.l. . e m & ._ - (e, e ;- . _ -y s "..ﬁl—i ..u. i

1°4) - ittty
n. " -
| s '3, - 93,

, _
dot'2L = ¥
| ‘ _&o~.ML - :_h

uru/yout | paads aaded

AW

n

OF POOR QUALITY

ORIGINAL PAGE 15



Incident Anale Modifier
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Fioure 3. Libbev-Nwens-Ford Collector Incident Anale Modifier
Test Results
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TABLE 1.

LIBBEY-OWENS-FORD COLLECTOR SIMULATOR TEST CONDITIONS

Solar Flux Inlet Temp. Flow Rate Wind

BTU/Hr.Ft2 °F Lb/Hr MPH

230, 270 100, 120, 290 0, 10, 13
150, 200

19
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TABLE VI
LIBBEY-OWENS-FORD COLLECTOR INCIDENT ANGLE MODIFIER TEST DATA

[ncident Angle 45 60 75

North Surface °F 101.9 94.9 87.2
Center Surface °F 98.8 92.8 86.8
West Surface " 98.0 92.3 87.6
South Surface °F 92.5 87.6 82.8
Ambient g | 76.3 77.3 78.2
Tin °F 83.2 81.8 80.8
Tout °F 93.2 88.6 84.5
AT °F 10.02 6.81 3.73
Solar Flux BTU/Hr.Ft2 178.9 136.9 90.2
Flow Rate Lb/Hr 292.5 290.0 289.6
Efficiency % 64.7 57.0 47.3
Kaz .951 .837 .696

NASA—MSFC
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