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1.0

2.2

3.0

PURPOSE

The purpose of this document is to present the proce-
dures used and the test results obtained during an
evaluation program. The test program was conducted to
obtain the following performance data and information
on the Calmac solar collector:

e Thermal performance data under simulation
conditions.

e Structural behavior of the collector under
static loading conditions.

e« Effects onf long-term exposure to natural
weathering elements.

The tests were conducted utilizing the MSFC Solar Simu-
lator in accordance with the test requirements specified
in Reference 2.1 and the procedures contained in Refer-
ence 2.2.

REFERENCES

ASHRAE 93-77 Method of Testing to Determine the
Thermal Performance of Solar Col-
lectors

MTCP-FA-SHAC-400 Procedure for Operaticn of the MSFC

Solar Simulator Facility

COLLECTOR DESCRIPTION

Manufacturer: Calmac Manufacturing Corporation

Manufacturer's Address: 150 South Van Brunt Street
Englewood, N.J. 07631

Model Number: None shown.
Serial Number: 01
Type* Flat Plate
Working Fluid: Water
Gross Collector Area, ft2: 34.33 ft2
Overall external dimensions:
Width . inches: 50.31"
Length, Inches: 98.25"

~hickness, Inches: 3.75"
Aperture area, ftl: 29.3 ft2



3.0

4.0

COLLECTOR DESCRIPTION (Continued)

Collector glazing: Single (.040 Fiberglas reinforced
.- Polyester (Kalwall)

Weight, lbs: Empty: 78.5 1bs.
Full: g3.5 1bs.

-

Absorber Plate: .002" aluminum plate with plastic
tubes coated with Urethane Black.

SUMMARY,

Results of performance evaluations of collector effi-
ciency, thermal response time, and incident angle modi-
fier are presented in Section 6. Graphical presentations
of the collector thermal response time, collector effi-
ciency and incident angle modifier are contained in
Figures 3 through 5.

Mcasurements of stagnation temperature during the pre-

conditioning evaluation and structural load evaluations
were not performed during this test program dué to the

collector construction. .

Tt is noted that the manufacturer limits the maximum
operating temperature to 210°F and the maximum operating
pressure is specified to be 20 psig.



5.0 TEST CONDITIONS AND TEST EQUIPMENT

$.1 Ambient Conditions

Unless otherwise specified herein, all tests were
performed at ambient conditions existing in Building
4619 at the time of the tests,

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

5300.4C, Metrology and Calibration.

Table I contains instrumentation identification and data

acquisition connection data,

Instrumentation locations

on the test loop and collector are depicted in Figure 1.

A listing of the equipment

Apparatus

Platinum Resistance
Theimometer

Pyranometer

Liquid Loop

Directional Anemometer
Flow Meter

Platinum Resistance
Thermometer

Strip Chart Recorder
Floor Fan

Solar Simalator

Differential Pressure
Transducer

Manufacturer/Model

Supplied by Collector
Manufacturer

Eppley - PSP

MSFC Supplied

Supplied by AMC

Fischer & Porter/
10A356582

l')’ -(‘l‘ 1

Mosley 680
MSFC Supplied

MSKFC Supplied

Statham

used in each test follows.

Range/Accuracy

0-500°F + 0.5°F

0-800 BTU/Ft?:Hr
t 3%

.1 - 2.5 GPM

0 - 30 MPH

.1 -2.2 £ .01 GFM
0-500°F £ 0.5°F

5-500 MV + 2%
N/D
See SHC 3006

0 - 10 PSID
+ 1%

A:l transducers with the exception of the Eppley PSP pyranometer
used in recording test data are calibrated by either NASA or AMC

calibration laboratories as required by MSFC MMI 5300.4C. The PSP
pyranometer was calibrated by the manufacturer. The stated accuracy
of individual transducers reflects the overall expected accuracy
through the data acquisition system. '
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TEST CONDITIONS AND TEST EQUIPMENT (Continued)

Data Systems

Test data obtained during simulator tests are trans-
mitted from MSFC Building 4619 (test 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 4646 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 sy<tem is indicated in
Table I.

The end-to-end accuracy of data derived from system
testing is subject to an error analysis which accounts
for all inaccuracies in the transducer, signal condi-
tioning, signal transmission and computer processing
methods. Since a formal systems error analysis will
not be done, confidence in printout accuracies are
established by installing calibrated "parallel" trans-
ducers and direct readouts at key points in the system
and performing comparison checks from time to time
before, during and after tests. The results of such
checks together with a review of the data for anomalies

indicate that the data presented !s suitable for the pur-
pose intended.



6.1.2

6.1.3

Date

* 1105 is
manufacturers.

s5ome

————1

Time
i Total‘dxposureng_ngg_at
1590 BTU(dgy.

TEST RFCUIREMENTS AND PROCEDURES

Lollector Preconditioning and Stagnation Test
Tested By B, Henderson
Started 4/10/78
Completed 4/13/78

-

————

Requirement

The collector sh. 1 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/th-day.
During this preconditioning, ‘he following data shall
be revorded within two hours of solar noon when tlre
insolation is constant and above a minimum of 200 BTU/
Hr-Ft? in the plane of the collector. Data recorded
shall be the average for at least a 20 minute period
at quasi-steady state conditions.

Insolation rate.

1.
2. Ambient temperature.
3. Wind Velocity and direction.

Absorber surface temperature at either 4 or 5
locations. (Not instrumented)

4.

Procedure

1. Mount test specimen as described above.

instrumentation.

2. Connect

3. Record data as described above.

Results

The following data sheet shall be used to record these
stagnation conditions.

Absorber Plate Temp.,“F-

Wind
Dir/Vel
deg/mph

Ambient
Temperature.
°F

_}nsgiétibh
Rate
BTU/Ft2-Hr

T103
nt

*
7101 |T102 T1041T105
Not |inst
due |[to cdllect

conﬁtruc&ﬁon.

e ——————

an optional temperature sensor installed by
5



6.C TEST REQUIREMENTS AND PROCEDURES (Continued)

6.2 Collector Time Constant Test

Tested By B. Henderson
Started 5/22/78

Completed _5/22/78
6.2.1 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 14.7
lbm/hr-ft4, These are recommended flowrates. The
manufacturer's flowrates should be used when specified.
The differential temperature across the collector shall
be monitored to determine the time required to reach
the condition of:

ATy

where AT(t) is the differential temperature at time t
after the solar flux is reduced to zero and ATj 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 liguid temperature.
(4) Collector differential temperature.
(5) Liquid flow rate.
(6) Specified heat transfer medium.
6.2.2 Procedure
1. Adjust the liquid flow rate to 999.6 lbm/hr.*
2., Adjust the inlet temperature to ambient % 2°F.

3. Power up the solar simulgtor and establish a solar
flux level of 260 BTU/Ft“‘*Hr,

4. Establish wind speed of 7.5 mph.

* These are recommended flowrates. The manufacturer's
flowrates should be used when specified.



TEST RIIQUIREMENTS AND PROCEDURES (Continued)

Col) :ccor Time Constant Test (Continued)

Results

The thermal response time Of the Calmac collector was
determined to be 1 minute and 44 seconds. Experimental
results are shown graphically in Figure 3. Data analysis
m« “hods are described in Section 7.1.



u.o
6.3

6.3.1

6.3,2

Collector Thermal Efficiency Test

Started

Tested By R, Heinisch, Jr.
5/1/78

Completed — 5/1/78

Requirements

Utilizing the MSFC Solar Simulator and tbh- portable
liquid loop, parametric performance evaluation data
shall be recorded of the following test variables and
conditions. The liguid to be used is the manufacturer's
recomrended heat transfer fluid. It not specified, the
test shall be performed using water as the working

fluid.

Variable/Condition Requirement

(1) Collector inlet liquid 0°F, 25°F, S0°r, 75°FP
temperature differential and 100°F

(2)

(3)

(4)

above existing ambiant
temperature level

Collector outlet liquid Measured data
temperature

Incident solar flux level 250, 300 BTU/Hr-Ft2 °F
liquid

Ligquid flow rate through 14.7 1bm/hr-ft?2

collector (Ref, 2.1, area
based on aperture)

(S) Wind speed 7.5 MPH

(6) Ambient air temperature Existing room condition

Procedure

1. Mount test specimen on test table at a 4t° angle
with reference to the floor.

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

3. Using the procedure contained in Refer:'nce 2.3, alion
the test table so the test specimen's vertical center-
line coincides with the vertical ~enterline of the
lamp array and the distance from the loop 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 in accordance with Table I.

8



6.0
6.3
6.3.2

i

TEST REQUIREMENTS AND PROCEDURES (Continued)

Collector T' :rmal Efficiency Test (Continued)

Procedure (Continued)

6.
7.
8.
9.

1G.
11,

12.

13,

Test
No. _

o

A N s W

10

Assure tihiat data acquisition system is operational.
Perform sensor accuracy verification tests.
Establish required wind speed.

Start liquid flow loop and establish the required
flow rate,

Establish the required inlet temperature.

Power up solar simulator in accordance with Refer-
ence 2.2 and establish the required solar flux level.

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

Repeat Steps 9 through 12 as necessary to complete
all the required test conditions with independent

tests as specified below:

Inlet Liguid
Temperature

Differential Liquid i

Above Existing Flow wind ‘

Ambient Temp., Solar Flug Ratc Speed, |
e e <o BTU/Hr - Ft€ °F  LBM/HR MPH
0 250 999.6 7.5

0 300 399.6 1.5 ,

25 250 393.9 1.5 I

25 300 999.6_ 3.5 |

50 250 _999.6 7.5 '

50 300 ' 999.6 7.5 '

75 250 _999.6 7.5 ,

i

75 300 _999.6 9.5 :
100 250 3996 4.8
100 300 -999.6 7.5



6.0
6.3
6.3.2

6.3.3

TEST REQUIREMENTS AND PROCEDURES (Contjnued)

Collector Thermal Efficiency Test (Continued)

Procedure (Continued)

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

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

Results
Results of thermal efficiency tests are depicted graph-
ically in Figure 4. Supporting data obtained during

the test are presented in Table II. The methods of
data analyses are described in Section 7.2.

10



6.0
6.4

6.“1

6.4.2

TEST REQUIREMENTS AND PROCEDURES (Continued)
Incident Angle Modifier Test
Tested By B, Henderson

Started 2/2/18
Completed 5/2/78 B ;

Requirements

The collector incident angle modifier shall be deter-

mined by tilting the collector at 30°, 40°, 50° and 60°

with respect to the solar simulator surface. The liquid

flow rate shall be 999.6+ 2  1bm/hr with the inlet

temperature controlled to within + 2°F of ambient. The

insolation rate shall be 250 BTU/Ft<?:Hr. The liguid to

be used is the mmufacturer's recommended fluid. If

not specified, the tests shall be performed usiing water

as the heat transfer medium, The following data shall

be recorded during the tests,

(1) Collector tilt angles.

(2) Ambient air temperature.

(3) CcCollector inlet liguid temparature.

(4) Collector outlet liquid temperature.

(5) Collector differential temperature.

(6) rllector differential pressure.

(7) Incident solar {lux level.

(8) Liquid flow rate through the collector.

Procedure

1. Set up collector at required tilt angle.

2. FEstablish required flowrate.

3. Establish required inlet temperature.

4. Establish solar simulator flux level at 250 BTU/Ft?-
Hs and measure the flux levels at 9 locations on the

collector surface 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.

11



FEST REQUTREMENTS AND PROCEDURES (Continuecd)
Iucident Angle Modifier Test (Continued)
Results

The following data sheet was utilized to record

steady state data for the incident angle modifier
test.

Collector
Tilt Angle,
Degrees 30 40 50 60 0

Average Solar *
TnsolatioB Rate, 216.0 | 179.8 143.7 118.5 | 255.0

[BTU/Hr - FL

Ambient Air

'!‘(\rnl)‘v'dture’ "P 7202 72.1 71-2 72.5 71-1

Collector Inlet
Temperature, °F 73.0 73.0 72.7 73.3 73.1

Collector Outlet
remperature, °F 78.0 77.1 75.9 75.9 79.0

Collector
Differential 5.0 4.1 < % | 2.6 5.9

Temperature, °F

Flowrate through
Collector, 1bm/hr. 999.6 | 999.6 999.6 | 999.6 | 999.6

Collector
Differential
Prcasure, in.
water

Nwo T MIEASURED

Incident Angle 1.0 .99 | .966 .95 1.0
Podifier, Koa-r

* Dpata measured to obtain average ipsolation
rates are to be recorded on the following
sheet,

The resulting incident angle modifier values are shown
graphically in Figure 5 as a function of the angle of

incidence. Methods of data analysis are described in

Section 7.3.

12
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7.0

7.1

ANALYSIS

Time Constant Test

Two methods are proposed by ASHRAE 93-77 for conducting
a time constant test. However, due to facility limita-
tions, only the first method could be used. This method
consisted of shutting down the simulator and maintaining
a constant flow rate and inlet temperature whil. obtain-
ing data.

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

Tfle T - Tf'i
Tf,e,ini - Tf,i

.368 (1)

if the inlet liquid temperature can be controlled to
equal the ambient air temperature,

where:
Tf,e,?’ = Exit liquid temperature at time
Tf,i = Inlet liquid temperature
Tf,e,ini = Initial exit liquid temperature.

From Figure 3 the time constant was determined to be
1 minute and 44 seconds.

14



ANALYSIS (Continued)

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:
n - WA m Cef (te,0 = te,i)

(1)

I I

where:

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

A = Gross collector area (th)

I = Total solar energy incident upon the plant of
the solar collestor per unit time per unit
area (BTU/Hr-Ft*)

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

Cig = Specific heat of the transfer ligquid (BTU/Lb-°F)

tg,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:

(:;IA)Etf (te,e - tf,i)= M Cyg (tf.e - tf:i)

(IA) Pi

(2)

Notice that:
P; = IA = Total Power Incident on the Collector.
mA = M = Total Mass Flow Rate through the Collector.

Therefore M th(tf'e - tf,i’ = Total Power Collected by
the Collector.

15



ANALYSIS (Continued)

Thermal Performance Test (Continued)

Substitution in Equation (2) results in:

= Pabs
n pins (3)

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

This.valge of efficiency is expressed as a percentage by
TUItlthlng by 100. This expression for percent efficiency
S:

Collector Efficiency = g%%% x 100 (4)

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

M Ceg (t - tg 4)
o Eeg, o ——p 00 T 5ol x 200 (5)

Each term in Equation (5) was measured and recorded inde-
pendently during the test. Ti2 calculated values of
efficiency were determined at sixty-second 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

( (g - t5 /I )
where:
t; = Liguid inlet temperature (°F)
ta = Ambient temperature (°F)
I - Incident flux per unit area (BTU/Hr-th)
The abscissa term é(ti - t?) /I) was used to normalize the

effect of operating at different values of I, t{ and t,.

The result of second order polynomial anpalysis is shown

in Figure 4. The second order polynomial to best describe
the test results is:

% Efficiency = ap + a;7.+ azrz

16



ANALYSIS (Continued)

Thermal Performance Test (Continued)

where:
T = (ty = t.)/1
and the coefficients are determined to be:

17



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 23°, 45° and 60° to the
normal of the collector surface.

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

QT " FrgTR

where } = efficiency at tilted angle

Frla@T)n = Intercept of efficiency curve at
normal incident angle

For equation (1) to be applicable, the inlet liguid
temperature must be controlled to within + 2°F of the
ambient air temperature.

The results of this computation are shown in Section

6.4.3 and are plotted against incident angle in Figure
S.

18
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- Platinum Resistance Thermometer (PRT)

0O - Thermocouple
O - Flow Meter
Gb - Solar Flux
- TD10OH
D - Differential Pressure
) - T106
B - Dpifferential Thermopile
:1<:- Wind Velocity - PD100

O - 1009

O - mno

T105 T102 >I< - V001
A P

U
1001-69 Tlo::3 NOTE: Sensors T10l1l through
T105 were installed
on the aft side of
the absorber plate.

O - T103

-
(Front View)
— PD100H
7105 =
— TD10OL
LIQUID
Flow 1\ P TEST LOOP
FOO1l A
# ®  Lrios

Figure 1. Instrumentation Locations for Liquid Collector Test
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Fi1l To Proper level
For Required loading

\\\_dﬂ‘_ 2 x 6 (Typ.) Mounting Frame

FIGURE 2. Test Setup for Static Loads.
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