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ABSTRACT

This report summarizes the results of tests performed on the

McDonnell Douglas Fresnel Lens rotating array solar collector
at the Midtemperature Solar Systems Test Facility. Test ob-

jectives are defined, test procedures are described, and test
results and conclusions are given.
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PERFORMANCE TESTING OF THE
McDONNELL DOUGLAS FRESNEL LENS SOLAR COLLECTOR

INTRODUCTION: A series of solar collector designs are being tested in Sandia
Laboratories' Collector Module Test Facility (CMTF) as a part of the Department of
Energy's continuing program to characterize selected collector modules for possible
future system use (Reference 1). Several of the collector designs that are being
tested have been chosen to provide the energy input for large demonstration projects
throughout the nation. The McDonnell Douglas design, which is designated as a
Linear Fresnel Lens Rotating Array Solar Collector, utilizes several lenses in a
rectangular aluminum housing that tracks the sun by azimuth and elevation angle
movements. A photograph of the collector is shown in Figure 1.

TEST OBJECTIVE: The objective of this test series was to characterize the
performance of the Linear Fresnel Lens Rotating Array Solar Collector designed by
McDonnell Douglas Aerospace Corporation of Huntington Beach, California. Items of
particular interest were the peak thermal efficiency, the all-day efficiency and
the receiver thermal losses at fluid temperatures from 100-300°c.

COLLECTOR DESCRIPTION: A sketch of the Linear Fresnel Lens Rotating Array
Solar Collector is shown in Figure 2. The collector is =3.63 m by 5.94 m by 1.07 m
deep. The ends are tapered, resulting in an =4.75 m length at the lens whereas the
bottom is =5.94 m long. This housing and the internal frames are constructed of
aluminum. The housing is mounted on a pedestal which places the bottom of the
housing =1.5 m above the ground. The collector rotates about the pedestal, re-
sulting in azimuth motion, and rotates about hinge points to change the elevation

Figure 1. McDonnell Douglas Linear Fresnel Lens Rotating Array Solar Collector.



angle to provide two-axis tracking during the day. The azimuth motion is obtained
with an orbidrive, which is a drive train providing a large gear reduction. The
elevation angle is positioned by a screw-jack linear actuator. Both positioning
mechanisms are driven by 240-V, three-phase, electric motors.

The tracking motors are actuated by a tracking controller. This controller
monitors the output signals from a solar sensor unit to provide closed-loop tracking
of the sun. 1Initial acquisition of the sun in this test unit is accomplished man-
ually using dials on the tracking controllers. The solar sensor is mounted on the

collector housing.

The cast-acrylic lenses are the linear Fresnel type with an F number of 1.0,
and were manufactured by Swedlow, Inc. The focal length of the lens is =0.93 m.

The lens aperture for each of the four absorber tubes is 3.89 m2. The total lens

aperture for this unit is 15.56 m2.

The receiver system that is sketched in Figure 3 includes an absorber tube,
an absorber tube plug, reflectors, glazing, and insulation. Both the absorber tube
and plug are low carbon steel. The absorber tube is 3.81 em 0.D. with an outer
surface plating of black chrome to improve the surface optical characteristies. A
plug is placed in the absorber tube to decrease the cross-sectional flow area.

This plug consists of 2.222 em 0.D. tubing with the ends plugged. The glazing is

a low iron glass manufactured by ASG Industries, Inc., and has the trade name
Lustraglass. The insulation is layers of glass fiber batts encased in a glass
cloth. Both the insulation and the glazing are included in the system to reduce
the thermal loss from the receiver. The reflectors are stainless steel and aid in
capturing stray solar rays which have not been focused on the tube. There are four
receivers in this collector and a 2.54-cm-diameter, insulated, cross-over tube con-
nects the ends such that all four of the tubes are in series in the flow loop.

The size of the McDonnell Douglas Collector (15.56 mz) tested at the CMTF
was a compromise that minimized fabrication costs, but still produced a reasonably
large collector that would provide credible test results. McDonnell Douglas has
the opinion that, in a large solar installation, collectors up to 90 m2 in size

could be deployed on a single pedestal to provide optimum economy.

TEST FACILITY DESCRIPTION: The CMTF's fluid loop 1 is designed to supply
Therminol 66 as a heat-transfer fluid at temperatures from about 100-300°C.
Characteristics of Therminol 66 are given in Reference 2. The design flow-rates
that are available in Loop 1 range from 4 L/min to 40 L/min. Details concerning

this fluid loop test facility can be found in Reference 3.

A typical test day began by heating the fluid loop with electric heaters
to the desired collector input temperature. Data collection was usually attempted
at only one temperature in one day due to the time required for temperature stabil-
ization. During an individual test, both the input temperature and the flow-rate
were maintained constant while the output temperature varied according to the test

conditions.

Seven platinum resistance temperature sensors were used to measure fluid
temperatures. These sensors measured the temperatures at each end of two of the
four absorber tubes and at input and output of the total collector array. Temper-
ature sensor electronics calibration was checked at frequent intervals throughout

the test series.
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Fluid flow-rate was measured with a turbine flowmeter manufactured by Flow
Technology, Inc. Prior to the test series, the flowmeter was calibrated by flowing
fluid into a container. The fluid container weight vs. time was measured to deter-
mine the true flow-rate.

Direct solar radiation measurement was provided by an Eppley pyrheliometer.
Ambient temperature, wind speed and wind direction were also recorded.

The data from the instruments described above were converted to digital for-
mat by Doric 210 and 220 analog-to-digital data systems. An HP 2116 minicomputer
processed the input data and a printed sheet of the critical data for the test being
performed was provided as output.

Figures 4 and 5 contain reproductions of the printed output for an efficiency
test and for a thermal loss test, respectively. In Figures 4 and 5 the temperatures
listed are in degrees Celsius. The delta temperature that is listed in Figures 4
and- 5 is the arithmetic difference of the input and output temperatures.

The speed of the data system was such that all of the data channels could be
read, the calculations could be performed, and a line in the data table printed in
about 40 seconds. Seventy-seven measured and calculated data values from the data
system were recorded on magnetic tape every 40 seconds. Only those shown in Fig-
ures 4 or 5 were printed in real time. The average values were automatically
printed after ten data points were accumulated. The complete data printout (as
shown in Figures 4 and 5) was repeated at intervals of about 7 minutes throughout
a test run. The number of decimal places printed in Figures 4 and 5 should not
be taken as indicating the data system accuracy since the choice of the print for-
mat was dictated by the peculiarities of the computer system. Either a loss or an
efficiency data print was made continuously when the system was operating; however,
only those data blocks occurring under stable conditions are included in this

report.

PERFORMANCE TEST DEFINITIONS: During a test run both the specific heat and
density of the Therminol 66 were calculated for each data set using the average
temperature of the fluid in the absorber tube and the properties of Therminol 66
(furnished by the Monsanto Industrial Chemicals Company, Reference 2). Heat gain
(or loss) was then calculated by using the following formula:

=m C_ AT
Qmp

in which
Q = heat gain, kJ/hr
m = mass flow-rate of fluid, kg/hr
C, = specific heat of fluid, J/kg°c

AT = in-out temperature differential, °¢
A successful loss measurement is defined as one in which the values for input and
output temperatures remained constant to within 0.10C or less, the flow-rate varied
by 0.1 L/min or less and the delta temperature changed by 0.1°C or less. Most of
the loss test data points reported are averages of four to six data blocks with
conditions nearly constant over the entire time averaged. A data block contained
ten measurement points. Loss tests were conducted with the lens system defocused
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so that the light was focused on the floor of the collector box. No light from the
lenses struck any part of the receiver tube assembly. Thermal losses were measured
on sunny days in conjunction with efficiency tests since cloudy-day thermal losses

are not representative of operating conditions.

For an efficiency test, efficiency was calculated from the following formula:

B-77
I

in which

= golar collector efficiency

o]
|

Q = heat gain, W
A = collector aperture area, m2
I = direct solar radiation, W/m2

An efficiency measurement at a single temperature and flow-rate was made for a
period long enough to assure complete temperature and flow stabilization. The all-
day efficiency test was run at a constant flow-rate and input temperature without
interruption for the entire day in order to define the efficiency of the concen-
trator at various levels of solar radiation. This test began as early as operating
temperatures could be established and continued for four hours past solar noon.

A successful efficiency measurement is defined as one in which at least one
of the ten-point data blocks had input and output temperature changes of 0.1°C or
less, flow-rate variations of 0.1 L/min or less, the delta temperature remained
within 0.1°C or less and solar radiation remained constant to about 1%. Temper-
atures, flow-rate and insolation had to be as nearly as stable as described above
for at least five to ten minutes prior to the measured data point to be acceptable.
Efficiency measurements are normally made with insolation greater than about 900W/m2.

The tempefature, flow-rate and insolation stability criteria outlined above
are necessary because the heat gain formula given assumes steady-state conditions.
If near steady-state conditions can be achieved during a collector test, the com-
puted values for heat gain (or loss) and efficiency will be nearly constant also,
with some scatter in the data due to noise. Because of the thermal mass of the
collector system, any change in temperature, flow-rate or insolation will result

in measurements that do not correctly represent the performance of the collector.

Even on a sunny day that appears ideal for testing a solar collector, there
are still variations in solar radiation. However, these variations can be rela-
tively small, as can be seen in several of the test data plots later in this report.
Small, rapid variations of this kind produce scatter in the efficiency data, but

no long-term systematic errors.

As operated at the CMTF, the heat-transfer fluid supply loop tends to produce
fluid flow-rate variations similar to those seen in the solar radiation input:
Small, rapid fluctuations with no long-term trend towards a higher or lower rate.

These variations also produce scatter in the measured data.

Small rapid temperature fluctuations also appear in the measured data, again
producing data scatter. However, the temperature measurements are subject to fairly

long-term, slow changes which can result in fairly large, systematic errors in heat



gain/loss and efficiency calculations. One typical source of this kind of tempera-
ture drift is the constantly increasing temperature that occurs each test day as
the system is heated towards the intended operating temperature. Another is the
temperature decay that continues for very long times after the collector system is

defocused to begin a thermal loss test.

At the CMTF, collector input and output temperatures are usually measured
less than one second apart in time. However, the fluid whose temperature is being
measured at the collector input may not arrive at the collector output for a rela-
tively long time--from several seconds up to several minutes. Thus an efficiency,
or heat gain/loss, measurement will not be valid unless the input and output tem-
peratures are stable for at least as long as the transit time of the heat-transfer

fluid through the system.

Because of the thermal mass of both the fluid supply system and the collector,
stable temperatures must be held for relatively long periods of time before the com-
plete system is in thermal equilibrium and valid measurements can be made. A small
constant drift in temperatures can produce test data that looks quite acceptable;
however, it contains a systematic error because of the thermal mass shift of in/out
delta temperature. An example is shown later in this report (Figure 11) where a
constant temperature increase of 0.7 per minute produces an efficiency measure-
ment that has a very small data scatter and has a nearly constant efficiency value
for more than an hour. This measured efficiency value turns out to be 5 percentage
points lower than the efficiency measured later with more stable temperatures. In
another case, with a collector system of greater thermal mass, a similar slow drift
in input temperature produced an efficiency measurement 15 percentage points lower

than the true value.

If the input temperature drift is towards lower temperatures, errors of
similar magnitude result, but the measured efficiency will be greater than the

value obtained under stable conditions.

The same problem as outlined above for an efficiency measurement also occurs
during thermal loss measurements. The error in thermal loss from unstable tempera-
tures is larger than the efficiency error because the receiver delta temperature

during a loss test is usually much less than during an efficiency measurement.

The requirement for 0.1% stability in measured temperatures for a usable
data point is empirically based. It appears to produce valid data, and is also
about as good as the fluid loop and collector system can attain in the outdoor test

environment.

TEST RESULTS: The performance of the McDonnell Douglas collector at specific
operating temperatures is graphically portrayed in the following seven figures
(6-13). Each set of data (one for solar radiation, one for efficiency) is a re-
sult of a data measurement cycle that is recurring at =40-second intervals. The
flow-rate and input/output temperatures shown in the captions in each plot are those
that occurred at solar noon. In general, the input temperatures were held constant
throughout the day, and the output temperatures varied depending on the solar input.

Flow-rate variations that are significant are given on the figures.

13
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Figure 6 depicts the results of an all-day run at 149°¢C input temperature.
This test was distrubed by a fluctuating solar input, but the results are interesting.
Other tests had indicated that the collector efficiency was nearly the same for
solar inputs above about 800 W/m2 (see Figures 9 and 10). Figure 6 tends to show
the same thing. Most of the scatter in the efficiency plot is caused by the ther-
mal mass of the system. The temperatures which are measured are the result of the
solar input over a period of many minutes and do not follow the fast fluctuations

in solar radiation.

Figure 7 again demonstrates the drastic effect that a momentary interruption
in solar input can have on an efficiency measurement. After a 3 minute solar inter-
ruption by a small cloud at about 1015 the efficiency curve does not return to stable
conditions for at least 5 times this time span. Figure 7 also shows that there is
an efficiency change with different fluid flow-rates. This effect was confirmed on
several other tests.

The plots in Figure 8 depict the exceptional stability of efficiency measure-
ments that can be taken with an uninterrupted solar input, stable temperatures and
constant flow-rate. The varying efficiency levels resulted from the changes in
flow-rate that are noted on the plot. The curves are not shown earlier than about
1030 because of the time required to heat the system to the desired operating tem-
perature. The curves terminate at about 1420 when the collector was defocused to

begin thermal loss tests.

The curves in Figure 9 begin even later than those in Figure 8 because of
the extra heating time required to reach the higher operating temperature. Note
the clear steps in the efficiency curve in Figure 9 as the fluid flow-rate was

increased.

The curves in Figure 10 are the result of an all-day run at about 250°¢C.
Heating of the system was started well before sunrise, but the required input tem-
perature was not achieved until just after 1000. The jump in the efficiency curve
from 38% at 1004 to 43% at 1028 is entirely a result of stabilizing the fluid tem-
peratures so that the thermal mass of the system did not cause errors in the effi-
ciency measurements. Prior to 1000, the input and output temperatures were in-
creasing at about 0.7% per minute. From 1028 to 1042, the desired stability of
0.1°C was achieved and flow-rates were constant to within 0.1 L/min. The pertur-
bation visible in the efficiency plot in Figure 10 at about 0845 was caused by
washing the collector lenses; a ''spike" at 1045 resulted from a momentary change of
flow-rate, and a break at 1315 resulted when the platinum resistance thermometers

were recalibrated.

Figure 11 presents the results of a run at 208°C. The 2% step in the effi-
ciency curve beginning at 1205 is the result of stopping a heating rate of about
0.2% per minute, and stabilizing the input temperature at 300°C. The remaining
steps in the efficiency curve are the result of the flow-rate changes that are

noted on the figure.

Figure 12 presents a summary plot of the results of the series of efficiency
measurements. Table 1 contains the data from which the plot was made. At the high-
est flow-rates the efficiency decreased from about 58% near 100°C to about 47% near
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300°C. Efficiencies were several percent lower at the lower flow-rates, possibly
due to the onset of laminar fluid flow within the absorber tubes.

Table 1. Efficiency of McDonnell Douglas Solar Collector.

15.

7.
17.
28.
37.
28.

35.
32.
47.
49.
50.
57.

11/17/77 991 303.
11/17/77 948 304.
11/23/77 973 209.
11/23/77 938 207.
11/23/77 918 206.
12/02/77 988 85.

Temperature Receiver
Insolation Out A Temperature Flow-Rate Efficiency

Test Date (W/m?) (°c) (°C) (L/min) (%)
11/10/77 1044 216.2 14.3 16.8 47.5
11/10/77 1047 213.3 9.3 27.1 49.6
11/10/77 1024 210.4 6.7 38.1 51.3
11/10/77 974 222.9 27.1 8.1 46.7
11/12/77 999 168.2 16.6 16.0 52.6
11/12/77 1014 180.8 32.0 8.1 51.3
11/12/77 1021 161.2 7.4 38.3 54.5
11/12/77 1006 169.1 17.0 16.0 52.8
11/13/77 990 270.3 24.9 7.8 42.0
11/13/77 971 264.6 12.5 16.0 44 .2
11/13/77 950 262.6 .5 26.9 45.7
11/13/77 935 262.0 5.4 38.1 47.5
11/15/77 981 168.9 17.7 14.6 52.4
11/16/77 1007 256.3 13.4 15.4 43.6
11/17/77 1026 304.3 3.4 30.7 39.3
11/17/77 1009 304.4 .3 41.6 41 .4

2 .5 7 5

0 2 9 5

6 .2 2 9

3 .1 7 9

3 .6 8 3

2 0 9 9

11,

Figure 13 is based on the same efficiency data, but the efficiency is plotted
against AT/I (the average fluid temperature minus the ambient temperature, divided
by the solar radiation input). Testing of this collector was accomplished over a
somewhat greater range of solar radiation levels than is the normal practice at the

CMTF; the result is increased data scatter in Figure 13.

Figure 14 presents the data from the thermal loss tests that were conducted
on the McDonnell Douglas solar collector. In Figure 14, the right ordinate is the
measured thermal loss in watts, the left ordinate shows the thermal loss per square
meter of lens aperture area, and the loss per linear meter of heated pipe within

the collector box.

The curve shown in Figure 14 is a least-squares fit to the data points shown.

The equation for the curve is:

L =-5.7675 + 4.0869 T + 0.021105 T2
where

L = thermal loss (watts)

T = temperature above ambient (OC)
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Table 2 contains details of each individual point. No dependence of thermal loss
on flow-rate was found. Because of the fully enclosed design, little wind effect
would be expected and no attempt was made to characterize wind effects. Several
points were measured with little or no solar radiation present and these points
show greater thermal losses (which was expected), but are not representative of

the losses during normal operation.

Table 2. McDonnell Douglas Thermal Losses.

Input Receiver Ambient Solar
Temperature Temperature Flow Loss Wind Temperature Radiation

Test Date (°C) (°C) (L/min) (kJ/hr) (m/sec) (oCc) . (W/m?)
11/10/77 194.3 6.3 8.1 5709 2. 11.1 916
11/12/77 152.1 1.8 15.7 3157 0.9 14.6 -
11/12/77 153.5 0.8 31.4 2689 1.8 15.0 -
11/13/77 253.9 2.1 29.8 7207 0.9 16.3 877
11/13/77 250.2 4.8 14.9 8319 1.3 16.1 794
10/14/77 154.3 3.3 7.6 2718 2.2 16.2 779
10/17/77 288.5 4.9 16.7 9917 0.9 17.8 828
10/17/77 286.8 2.9 29.8 8510 2.7 18.0 746
10/18/77 145.1 3.7 8.4 3398 2.2 13.8 4.2
10/18/77 149.7 2.2 15.5 3729 2.2 14.1 .5
10/18/77 151.2 1.2 30.3 4053 2.7 13.9 1.7
10/22/77 242.0 4.2 16.0 8161 2.2 13.7 42.1
10/22/77 229.2 1.7 38.8 5328 0.9 14.9 378

The sun-tracking sensor was mounted at the bottom of the collector box
structure. This location was only about one m above the surface during early morn-
ing and late afternoon operation. As a result of the bottom-mount location, the
sensor was easily mislead by shadows and reflections during these periods. A
location near the top of the structure would eliminate most of these distractions

although the top-mount would be more inconvenient for adjustments or servicing.

SUMMARY OF RESULTS AND CONCLUSIONS: The McDonnell Douglas Linear
Fresnel Lens Rotating Array Solar Collector demonstrated an efficiency of about
58% near lOOOC, decreasing to about 47% near 300°C output temperature. Efficiencies
were several percent lower at low fluid flow-rates, probably due to the onset of

laminar flow within the receiver.

The measured efficiencies were lower than predicted. Detailed optical
measurements are not presently available to determine the causes of the lower ef-
ficiency. Possible factors include lower than expected light transmission through
the acrylic Fresnel lens, inaccurate focus of the light on the absorber, and lower
than normal absorptivity of the absorber surface. The collector has been returned
to McDonnell Douglas for further testing. Optical measurements of the lens charac-
teristics, accuracy of the focal line and absorptivity and emmitance of the absorber

surface may produce a more detailed picture of the light losses.

Even with a peak efficiency slightly lower than some other collectors,

this collector design can produce a large energy recovery on an all-day basis

25
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because of its two-axis tracking capability. The energy represented by the all-

day test shown in Figure 11 is about 11.2 MJ/m2 A single-axis parabolic trough

collector would have to have a peak noon efficiency about 12% greater than the
McDonnell Douglas module to recover the same energy in a similar eight-hour day.
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