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Abstract

Solar thermal Brayton cycles utilise concentrated sun rays and can be used to power micro-turbine
generators. For this study a 4.8 m diameter parabolic dish reflector with rim angle of 45°is required
for an experimental setup to reflect sun rays onto a receiver which heats the working fluid. Two-
axis tracking is required to align the parabolic dish with the sun. In this paper the method of
tracking for the experimental setup is discussed. A pole and slider mechanism is used with an
electronic sensor which allows the parabolic dish to follow the sun throughout a typical day.
Proposed experimental results from the solar tracker show the power usage of the tracking motors
throughout the day and the tracking error. The effect of the tracking error on the available solar
heat rate for absorption by the receiver is investigated further with the use of SolTrace. Results
from SolTrace show the maximum heat flux on the receiver as a function of tracking error. A
conclusion is made on whether the tracking error for the pole and slider mechanism used in the
experimental setup is acceptable or not, and on whether tube burnout can result from the tracking
error.
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Nomenclature

A Area, m? Greek Letters
C Constant, W B Receiver inclination angle
d Receiver aperture diameter, m o Error
D Diameter, m H Dynamic viscosity, kg/m-s
Gr Grashof number
h Heat transfer coefficient, W/m’K Subscripts
k Thermal conductivity, W/mK 0 Environment
L Length, m a Receiver aperture
m System mass flow rate, kg/s c Compressor
Nu Nusselt number cond Due to conduction
Pr Prandtl number conv Due to convection
Q Heat rate, W D Based on receiver diameter
o* R _ f fluid
ate_ of mter_cepted heat at in At the inlet
. receiver cavity, W ins Insulation
Qs Rate of heat loss from the cavity  net Net output
receiver, W nrad Due to natural convection and
Qre Net rate of absorbed heat, W radiation ,
T Temperature, K nconv Due_ to natural convection
U Radiation heat loss coefficient optical Optlc_al
W Wind speed, m/s rec Receiver tube
W Power. W S Surface
: slope Slope
specularity  Specularity
sph Spherical receiver
t Turbine

w

Receiver inner wall



1. Introduction and background

1.1. The open and direct solar thermal Brayton cycl e

South Africa, like Southern Africa, has much potential to generate large amounts of its power from
solar technologies. Concentrated solar power systems use the concentrated power of the sun as a
heat source to generate mechanical power. Mills (2004) reviewed various advanced solar thermal
electricity technologies with an emphasis on new technology and new market approaches.
According to Mills (2004) Brayton cycle micro-turbines appear to be moving quickly to displace
Stirling engines in the two-axis tracking market because of much lower cost.

The open Brayton cycle uses air as working fluid, which makes this cycle very attractive for use in
the water-scarce Southern Africa. The small-scale solar thermal Brayton cycle with
thermodynamically optimised components (Le Roux et al., 2011, Le Roux et al., 2012a, Le Roux et
al., 2012b) could be used as a power source in the near future. The open and direct solar thermal
Brayton cycle is shown in Fig. 1. The parabolic dish (concentrator) is used to reflect and
concentrate the sun’s rays onto the receiver aperture so that the solar heat can be absorbed by the
receiver. The heat is then transferred to the working fluid (air). The compressor increases the air
pressure before the air is heated in the receiver. The compressed and heated air expands in the
turbine which produces rotational power for the compressor and the load. The recuperator allows
hot exhaust air to preheat the air before it enters the receiver. The rim angle of the parabolic dish
determines where its focal point is. It is important that the surface profile of the dish is shaped
correctly.

An experimental setup for a small-scale open and direct solar thermal Brayton cycle is underway at
the University of Pretoria. The aim of the work is to test experimentally the performance of the
open and direct solar thermal Brayton cycle equipped with thermodynamically optimised receiver
and recuperator and to compare the results with analytical work.
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Figure 1. The open and direct solar thermal Brayton cycle.

1.2. Solar tracking

A two-axis tracking system is required for the experimental setup of the open and direct solar
thermal Brayton cycle to ensure that the sun’s rays stay focused on the receiver throughout a
typical day. Many different types of solar trackers can be identified from the literature. Mousazadeh
et al. (2009) reviewed different types of sun-tracking systems with their advantages and
disadvantages. The most efficient and popular sun-tracking device is in the form of polar-axis and
azimuth/elevation types. Mousazadeh et al. (2009) divides tracking systems into passive and
active systems where the active systems are divided into micro-processor and electro-optical
sensor based, auxiliary bifacial solar cell based, date and time based or a combination of sensor
and date/time based (see Brooks, 2005). Date and time based trackers are dependent on
geographical location of the solar dish.

The passive solar trackers found in the literature are described by Clifford and Eastwood (2004),
who developed a solar tracker using bi-metallic strips which reacts to solar radiation with thermal
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expansion. According to Clifford and Eastwood (2004), two identical cylindrical tubes filled with a
fluid under partial pressure can be used for a passive tracker.

Active trackers are found mostly in the literature. Feuermann et al. (2002) describes the use of a
tracker with an average accuracy of £ 0.05° with es sentially continuous tracking motion used in
their solar fibre-optic mini-dish concentrator with 200 mm diameter. Chong and Wong (2009)
describe an azimuth-elevation tracking system with a parabolic dish. According to Chong and
Wong (2009), two most commonly used configurations in two-axis sun-tracking systems are
azimuth-elevation and tilt-roll (or polar) tracking systems, where azimuth-elevation trackers are
among the most popular sun-tracking systems employed in various solar energy applications.
According to Chong and Wong (2009), the accuracy of the azimuth-elevation tracking system
highly relies on how well the azimuth-axis is aligned to be parallel with the zenith-axis.

Arbab et al. (2009), developed a computer tracking system of a solar dish with two degrees of
freedom by using a camera to obtain the optimized picture of a bar shadow on a screen by solar
dish displacements. Al-Soud et al. (2010) developed a parabolic solar cooker with a two-axis
tracking system (azimuth-elevation), using a programmable logic controller. Naidoo and van
Niekerk (2011), managed to build a tracking system for a solar parabolic trough with control
software to rotate the trough to an optimal position with respect to the position of the sun. Two-axis
tracking control using a micro-processor is described by Helwa et al. (2000). Al-Naima and
Yaghobian (1990) describes a 2 m? two-axis solar tracker controlled by a micro-processor.
Pattanasethanon (2010) describes the use of a digital solar position sensor for solar tracking. A
phototransistor configuration with screens and shades were employed as a detector of solar beam
radiation. The height of the screen determined the sensitivity operation or period of tracking in this
solar tracker. Another tracking system identified from the literature using photosensitive sensors is
Hu and Yachi (2012). Nuwayhid et al. (2001) developed a simple solar tracking concentrator for a
parabolic dish with diameter of 200 cm using sensors and motors. Argeseanu et al. (2009)
describes the use of photoresistors in a tracking system.

From the literature, typical solar tracking errors of 0.1°— 0.3° (Helwa et al., 2000), 0.2° (Brooks,
2005), 0.4°(Naidoo and van Niekerk, 2011), 0.6°— 0.7°(Chong and Wong, 2009), less than 1°(Al-
Naima and Yaghobian, 1990), 1° (Argeseanu et al., 2009) and +1 - 2°commercially (Stafford et
al., 2009) were identified. Stafford et al. (2009) found that error due to wind loading is also a
measurable quantity.

Yang et al. (2010) analysed defocusing phenomenon and the effect of tracking error for a parabolic
trough solar thermal power system with the use of Monte Carlo Ray-Trace method.

Maliage and Roos (2012) used SolTrace to compare the performance of a target aligned heliostat
with experimental results. Helwa et al. (2000) and Mousazadeh et al. (2009) investigated the power
usages of motors for different tracking systems.

1.3. Reflectance, slope error and specularity error

The concentrator has to reflect the sun’s rays onto the receiver. For a solar concentrator, good
reflectance and specular reflection of the entire terrestrial solar spectrum is important (Stine and
Harrigan, 1985, Janecek and Moses, 2008 and BASF, 2007). According to Stine and Harrigan,
aluminium is a good candidate.

Harrison (2001) made a study of reflectors available for use in solar cookers. Harrison (2001)
describes aluminium foil as a good option and it is recommended primarily because of its
worldwide accessibility and cost. The reflectance of aluminium foil is listed differently by various
sources, ranging from less than 79% to 86%. Polished aluminium is also identified as a good
material with its 91% specular reflectance.

According to Stine and Harrigan (1985), the specular reflectance of any material is a function of
time, regardless of the reflector. Stine and Harrigan (1985) shows that rain is good for the reflective
surfaces as it increases the reflectance.

According to Grossman et al. (1991), a typical slope error for a stretched membrane dish is around
3 mrad. Stine and Harrigan (1985) mentions typical errors as slope error (2.5 mrad), tracking error
(4 mrad), receiver alignment error (2 mrad), specularity error (0.25 mrad) and an error on the sun’s
width (2.8 mrad). According to Stine and Harrigan (1985), a typical total effective error is 6.7 mrad.
According to Gee et al. (2010), typical slope errors are 1.75, 3 and 5 mrad while specularity errors
range between 0 and 3.84 mrad. According to SolarPaces (2011), a typically acceptable value for
specularity error for a parabolic trough mirror material is about 3 mrad.



In this work, the accuracy of a tracking system to be used in an experimental setup is investigated.
The effect of the tracking error, as well as optical errors, on the intercepted heat rate, average heat
flux, peak heat flux and surface temperature of a modified cavity receiver, to be used in the
experimental setup, is also investigated.

2. Methodology

2.1. Receiver modelling

The receiver modelling is done according to Le Roux et al. (2012b). A section view of the modified
cavity receiver suggested by Reddy and Sendhil Kumar (2009) is shown in Fig. 2. The receiver
inner surface is made up of a closely wound tube with diameter, D, through which the working
fluid travels. The receiver tube with length, L., constructs the half spherical cavity receiver and its
aperture. Note that the tube is concentrically wound. An area ratio of A,/ A, = 8 is recommended
by Reddy and Sendhil Kumar (2009), as it was found to be the ratio that gives the minimum heat
loss rate from the cavity receiver.

The diameter of the receiver is calculated as

Dy = 2y(A, + A )/37 1)

Due to the area ratio constraint, the receiver diameter is a function of the receiver aperture
diameter,

Dy =V3d )

7
OOO(W‘ Insulation

Figure 2. Modified cavity receiver.

The receiver aperture diameter is calculated using Eq. (3) since Ay, = DrecLrec-

d=Duly/27 3

For A,/ As =8, the Nusselt number, Nup = (hnconvDspn) / K, for natural convection heat loss rate
based on receiver diameter for a 3-D receiver model is calculated as a function of the inclination
angle of the receiver,

Nu, = 0.698Gr,"™ (L+cos B)°™(T, /T,) ™' (d/ D, (4)

For A,/ A, = 8, the ratio of radiation heat loss to convection heat loss is a function of receiver
inclination and varies between approximately 0.92 and 1.46 (Reddy and Sendhil Kumar, 2008). It is
assumed that Q... =UQ . fOr the modified cavity receiver, where U is a function of the

inclination of the receiver and varies between 1.92 and 2.46. The rate of heat loss due to natural
convection and radiation is therefore
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Qs = 0.698Gr, **UC(L+ cos B)**(T, I T,) " (d / D, > (5)
where C =(kA, /D, (T, - T,)-

With an insulation diameter of D, the rate of heat loss due to conduction is

Qoo = (T ~To)/ [tk (D1 2-1)) + 21 71y, D) (6)

where hqny is the external heat transfer coefficient on the insulation surface.

The heat loss rate from the lower part of the receiver tube which is not insulated, due to the
external forced convection of wind (Kaushika and Reddy, 2000) is

Qosscony = 4-220°%7mi? [ 2 @)
The total heat loss rate from the cavity receiver is

Qloszs = Qlos,nrad + Qos,cond + Qos,conv (8)

The rate of heat transfer to the working fluid is defined using the Dittus-Boelter equation as

. 0.8
Que =0.0237treck( ii‘)‘m j prosfr. -, )

2.2. Effect of tracking error using Soltrace

Figure 3. Example of an analysis done in SolTrace.

SolTrace is a software tool developed at the National Renewable Energy Laboratory (NREL) to
model concentrating solar power optical systems and analyse their performance. SolTrace is
recommended by Bode and Gauché (2012) as a free and readily available plant performance code
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for solar receiver research. The receiver cavity is approximated in SolTrace using 10 flat surfaces
since SolTrace can only plot flux maps for surfaces and cylinders, but not spheres. Figure 3 shows
an example of the use of SolTrace for this paper. In SolTrace, specularity errors in the range of 0
to 15 mrad are investigated and slope errors in the range of 0 to 15 mrad are considered, to
determine the effect on the performance of the modified cavity receiver. According to SolTrace, this
is an optical error range of 0 to 33.5 mrad since

O-optical = (4'Uslope2 + O-specularityz)ll2 (10)

A tracking error range of 0°to 3°is also consider ed. The dish surface is modelled as aluminium
with reflectivity of 85%. It is assumed that two tube diameters can fit in between the aperture edge
and receiver edge (see Fig. 2). A direct normal irradiance of 1000 W/m? and a pillbox sunshape is
assumed in the analysis.

The optimised receiver using entropy generation minimisation (Le Roux et al., 2012b), has a tube
diameter of 6.05 cm and a tube length of 11.35 m so that the aperture diameter is 0.331 m and the
receiver outer diameter is 0.573 m. This receiver geometry was investigated in SolTrace. A
second, larger, receiver with outer diameter of 1 m was also investigated.

2.3. Stine and Harrigan

An algorithm by Stine and Harrigan (1985) to determine intercepted heat rate at a cavity receiver,
is also used to compare with the results found by SolTrace. According to Stine and Harrigan
(1985), at the focal point of a solar concentrator, the reflected rays do not form a point but an
image of finite size centred about the focal point. This is due to the sun’s rays not being truly
parallel and due to concentrator errors. The larger the receiver aperture diameter, the larger the
rate of heat intercepted by the receiver, Q*. Also, the larger the aperture diameter, the larger the

heat loss rate, Q_., in Eq. (8). The net rate of absorbed heat, Q. is the intercepted heat rate

minus the total heat loss rate. The algorithm considers the concentrator area, rim angle, specular
reflectance, inclination, solar beam irradiance, parabolic concentrator error, wind and heat loss
rate. The shadow of the receiver and its insulation is also accounted for when calculating the
intercepted heat rate.

2.4. Determining the receiver surface temperature

The surface temperature of the modified cavity receiver tube was calculated with the use of Egs.
(1) — (9). The receiver tube was divided into smaller sections and the average heat flux per section
of the receiver, as determined with SolTrace, was used to determine the surface temperature of
the receiver. With the use of Eq. (8), modified for a smaller tube section of the receiver, the heat
loss rates from the different parts of the receiver were calculated. The surface temperature was
determined by making use of an iteration (the balance of intercepted and lost energy). Conduction
heat transfer in the receiver tube was not included in this model and was assumed negligible. A
receiver air inlet temperature of 684 C was assumed and a system mass flow rate of 0.07 kg/s
was assumed (see Le Roux et al., 2012b).

2.5. Experimental determining of tracking error

12v

Shaded
photoresistor @

Figure 4. Circuit diagram of electronic sensor.




After considering a number of concentrator and tracking methods from the literature, with design
requirements including easy maintenance, low cost, durability and light weight, a mounted pole
with sliding fixed flexible concentrator, using polished aluminium segments and electronic tracking
sensors was chosen. An electronic sensor was built and tested (Fig. 4).

A Wheatstone bridge with four photo-resistors was used to sense where the sun was. Two
resistors in the Wheatstone bridge were mounted behind a wall. The other two resistors were in
direct sunlight. When the wall was not aligned with the sun, the voltage output of the Wheatstone
bridge was large, because of the shade on the resistors. This signal was used to control a
transistor to allow power to flow to the winch to change the position of the assembly and sensor’s
position to face the sun. The advantages of this sensor are low cost and easy installation since it is
self-developed. A 12 V winch was used as a motor to control the position of the assembly. Two of
these trackers will be required. One sensor will track the azimuth of the sun and the other sensor
the elevation. In this work, only one sensor and motor to position the assembly according to the
azimuth of the sun, is tested. The setup is shown in Fig. 5.

Figure 5. Experimental setup (Circuit — left, rotat  ing bae - right.
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Figure 6. Average flux of a 1 m diameter receiver.



The tracking error was measured by comparing the shade line of a vertical ruler with the sensor’s
centre line. This was done with the use of a protractor. The inclination and azimuth of the sun for
the location of the experimental setup, for each day of the year is available from SunEarthTools
(2012).

3. Results

3.1. SolTrace
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Figure 7. Peak flux of a 1 m diameter receiver.
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Figure 8. Average flux of a 0.57 m diameter receive r.

The average heat flux on the modified cavity receiver tube at different positions is shown in Fig. 6
for different tracking errors and optical errors. These results are for a receiver with outer diameter
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of 1 m, and aperture diameter of 0.577 m. Position 1 - 7 is for the bottom, 9 — 20 for the bottom
inner tubular wall, 21 — 28 for the upper inner tubular wall and 29 — 32 for the uppermost inner
tubular wall of the receiver (see Fig. 2).

Figure 6 shows that the average heat flux is mostly highest at the inner top part of the receiver,
except when the tracking error and optical error is very large, which results in a large average flux
at the receiver bottom. Note how increased optical error decreases the average flux at the inner
top, while it increases the flux at the bottom, as the rays are spread out further away from the focal
point. Figure 7 shows the peak fluxes at the back (inner top) and at the bottom of the receiver. The
peak flux at the bottom is much higher, especially when the tracking error is large and optical error
is small. The peak flux decreases slightly at the inner top part of the receiver as the optical error
increases.
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Figure 9. Peak flux of 0.57 m diameter receiver.

Figures 8 and 9 show similar results but for a 0.57 m diameter receiver with aperture diameter of
0.33 m. The results are mostly similar, except for a much higher flux at the bottom of the receiver.
At large tracking errors, a small optical error further increases the flux at the bottom. The peak
fluxes at the inner top and especially at the bottom are also much higher. Figure 10 compares the
intercepted heat rates of the two receivers as a function of tracking error and optical error. The
intercepted heat rate of the larger receiver is not much affected by the errors, while the smaller
receiver’'s intercepted heat rate decreases much more rapidly as the tracking error increases,
especially if the optical error is also high. This is mostly because the rays miss the receiver as the
error increases. This solar spillage should be avoided since it can damage the thermal insulation
covering the receiver.
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3.2. Validation

The intercepted heat rates shown in Fig. 10 are compared with the results of the algorithm of Stine
and Harrigan (1985) in Table 1 for the smaller receiver. It was found that the results compare well
when the tracking error is small. When the tracking error is larger than 1° the results do not
compare well. This is due to the inclusion of the tracking error with optical errors, into a single total
error in Stine and Harrigan’s algorithm (1985). Stine and Harrigan's algorithm is based on the
forming of an image of finite size centred about the focal point of the dish.

Table 1. Intercepted heat rates calculated with Sol ~ Trace and Stine and Harrigan.

Optical 0.0067 mrad 0.021 mrad 0.035 mrad
error
Tracking | Q= O*, Similarity | Q*, o, Similarity | Q*, o, Similarity
error SolTrace | Stine SolTrace | Stine SolTrace | Stine
(W) and (W) and (W) and
Harrigan Harrigan Harrigan
W) W) W)
0° 15028 14224 0.95 14794 14711 0.99 14270 16318 0.86
1° 15154 13117 0.87 14794 15073 0.95 13556 15472 0.86
2° 14892 17423 0.83 13606 16015 0.82 11443 13893 0.79
3° 11432 17669 0.45 9147 13721 0.5 7645 11327 0.52

Also note that SolTrace includes the error from the sun’s width when selecting a sun shape.
According to SolTrace, specularity error is already in terms of the reflected vector and therefor the
factor of 4 is included on only the oy term in Eq. (10). Thus, SolTrace applies slope errors to the
surface normal and specularity to the reflected ray. Stine and Harrigan (1985), however, define the
error as

Goptical = (‘l'o'slope2 + 0-specularityzl 4)1/2 (11)

It is concluded that the results of Stine and Harrigan’s algorithm (1985) compares reasonably well
with the results of SolTrace when the tracking error is negligible.

3.3. Receiver surface temperature

The surface temperature of the larger modified cavity receiver is shown in Fig. 11 for the different
tracking errors and optical errors. The larger the optical error, the larger the receiver surface
temperature at the bottom section and the smaller the surface temperature at the top section. The
outlet temperatures of the air are also shown in Table 2. For the average flux assumption, the
outlet temperature of the tube is 858 C, which is close to the values shown in Table 2. The
average flux assumption is a good assumption when the outlet temperature is calculated, but Fig.
11 shows that it is not a good assumption when the receiver surface temperature of the modified
cavity receiver is to be determined. For the larger receiver, tube burnout at the bottom of the
section should not be a problem, even at high tracking errors. The top section, however, is more
vulnerable.

Similar results are shown for the smaller receiver in Figure 12. It is noted that the surface
temperatures are higher when the errors are small and that the temperature of the bottom section
of the receiver can increase beyond the surface temperature of the top section when the tracking
error is large. This temperature is then further increased when the optical error is small. For the
small receiver, the tracking error shows which section would be confronted more with tube burnout.
The outlet temperatures of the smaller receiver are shown in Table 3. It is noted that these
temperatures are higher than those of the large receiver, except where the tracking error is too
large.
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It is concluded that it is useful to use SolTrace to determine the heat fluxes on the modified cavity
receiver as a function of the errors to determine the surface temperatures. CFD can also be
applied to determine these surface temperatures. It would be especially convenient when the peak
fluxes, instead of the average flux over a certain section of the tube, are also included in
calculating the surface temperatures. The assumption of constant heat flux over the whole tube
length of the modified cavity receiver should be avoided when calculating the receiver surface
temperature. Care should be taken when the material used for the receiver tube is selected.
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Figure 12. Modified cavity receiver surface tempera  ture (smaller receiver).

3.4. Experimental results

Figure 13 shows the measured angle versus the real angle determined from SunEarthTools (2012)
as a function of time while testing and adjusting the sensitivity of the sensor during a day. The
purpose of this experiment was to determine whether it is possible to get a tracking accuracy within
2° error for the experimental setup. It was found that the error can be decreased by either
increasing the height of the wall, increasing the input voltage of the sensor or increasing the
distance between sensors. It was also found that it is important to have the azimuth-axis aligned to
be parallel with the zenith-axis, as was noted by Chong and Wong (2009) in the literature.

During the morning session the accuracy was within 5°- 6°(Fig. 13). It was decided to double the
input voltage. During the afternoon session, the azimuth changed very quickly. It was found that
the height of the shade bracket (see Fig. 5) had to be increased from 50 mm to 150 mm to keep
track with the fast-moving azimuth around noon. Before starting the afternoon session, the input
voltage was again doubled, which further increased the accuracy, so that the accuracy was within
2°during the afternoon session. The motor also mad e adjustments in much shorter time intervals
during this session. The sensor could not be investigated further, due to time constraints. It is
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expected that the input voltage and shade bracket height will have to be further increased to
ensure accuracy within 2°during the noon session a s well. The power consumption was calculated
and the total power consumption for a typical day’s tracking is estimated at 12 Wh. After these
experiments it was concluded that it would be possible to get the sensors to operate within 2°
tracking accuracy. It is also important to note that this accuracy is much dependent on sensor
alignment, base level alignment, momentum of the moving dish and also, according to Stine and
Harrigan (1985), drive non-uniformity and receiver alignment. The tracking error in these
experiments was mostly lagging errors. It is expected that the momentum of the dish, once
installed, might decrease the error even further. This is to be investigated in future work.

150

== Morning measurements
Noon measurements
100 4
== Afternoon measurements
—&— SunEarthTools
50 -
0 T T T T T
-50 -
-100 -
-150
6 7 8 9 10 11 12 13 14 15 16 17 18

Time

Figure 13. Measured angle vs. real azimuth angle of  the sun (tracking).

4.  Conclusion

Intercepted heat transfer rates, average heat fluxes, peak fluxes and surface temperatures of two
modified cavity receivers were found for different tracking errors and optical errors of a parabolic
dish assembly, using SolTrace. These results can be used to better understand the phenomenon
of tube burnout and to have knowledge of the effects of typical errors. It was found that the results
of Stine and Harrigan’s algorithm compared reasonably well with the results of SolTrace when the
tracking error was small. It was found useful to apply SolTrace to determine the heat fluxes on the
modified cavity receiver as a function of the errors. The assumption of constant heat flux over the
entire length of the modified cavity receiver should be avoided when calculating the modified cavity
receiver surface temperature. The constraint on the maximum allowable receiver surface
temperature in the thermodynamic optimisation of the receiver geometry should be updated with
this paper’'s method of calculating the receiver surface temperature. A solar tracking sensor and
tracking mechanism to be used in the experimental setup of a small-scale solar thermal Brayton
cycle was tested and it was found to be possible to get the assembly to operate within 2°tracking
accuracy.
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