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Abstract—Solar thermal energy systems are one of the most cost-effective
renewable energy systems in use today. Engineering students study the design of
these systems with the goal of learning how to design similar systems and perform
research on improving the heating efficiency and overall operations. This paper
claborates on the design, construction, testing, and validation of a solar thermal
system as a remote, open instrumentation lab, using two Compound Parabolic
Collector (CPC) evacuated tube collectors with separate heating media. The lab
allows for comparing heat transfer rates and collector efficiencies simultaneously
for two fluids that have different thermal capacities. The heat patterns could be
viewed using thermal cameras to analyze the CPC design. The unique feature of
the system is its facility to control the lab remotely, as the setup is interfaced with
instrumentation on a web server, thereby allowing students from geographically
distant areas to access and perform experiments on the CPCs. A cumbersome lab
with expensive hardware and outdoor requirements is thus made easy to perform
and learn from via remote access. This remote methodology and hardware and
IT architectures are especially pertinent and relevant in the blended and remote
learning scenarios made common by the pandemic.

Keywords—solar thermal, compound parabolic collector, evacuated tube
collector, remote triggered, virtual lab

1 Introduction

Solar thermal energy is a rapidly growing energy technology that finds application
all over the world. One of the primary benefits of solar thermal energy is that it can be a
very low cost and sustainable way of producing heat, requiring no fuel beyond natural
sunlight, and producing no emissions in operation.

Concentrating solar thermal energy systems, are used to provide high quality pro-
cess heat and usable steam for a variety of industrial processes, including commercial
scale electricity generation, participating in combined heat and power (CHP) systems
providing climate control and electricity for larger commercial buildings, commercial
scale cooking, food drying, sterilizing and pasteurizing systems for agriculture, chem-
ical process industries, desalination systems, and high temperature materials research,
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among many others [1, 2]. Non-concentrating solar thermal systems are used to provide
hot water for bathing and cleaning, and to heat swimming pool water, significantly
extending the pool’s usable season in many parts of the world, among other uses.

The compound parabolic collector (CPC) used consists of an absorber tube covered
with an evacuated glass tube and placed above a highly reflecting external reflector that
provides mild concentration [1]. The CPC absorbs incident solar radiation, converting
it to heat and transferring it to a heat transfer fluid (HTF), often water or an oil.

Even small solar thermal systems require significant space, ranging from rooftop
units a couple of square meters in size up to large commercial installations. All solar
thermal systems require access to the sun, a significant surface area and materials to
convert sunlight into heat, plumbing to the heat consumer, and often pumping systems.
As such, the large area requirements of solar thermal energy systems do not lend them-
selves well to easy access for studying and conducting experiments on.

The objective of this work was to create a solar thermal open instrumentation lab
using CPC collectors, which allows a variety of experiments to be conducted, facili-
tating remote learning, testing and analysis of solar thermal concepts and theory, using
actual hardware. This open instrumentation lab has been created to allow people from
all walks of life, in all parts of the world, to be able to study complex solar thermal
engineering processes, theory and application, on actual lab equipment that they might
not be able to otherwise access. This has become especially important and necessary
during the pandemic.

This work was done as a part of an initiative to build online, virtual laboratories,
VALUE @Amrita, at Amrita Vishwa Vidyapeetham (Amrita University) [3, 4]. The
virtual, remote triggered laboratories give teachers an additional teaching aid to the
conventional laboratories, provide remote access to large and expensive laboratory
hardware, and to help students understand the theory by experimenting multiple times
at their convenience.

2 Background study

Numerous works highlight the potential and capability of remote learning systems in
engineering education, [5, 6]. Several papers also focused on what did not work during
the recent pandemic and how the situation could be remedied [7, §].

Relevant solar thermal energy engineering topics have been covered in innumerable
publications. While the content of these papers is of great use to engineering students,
the vast majority of these are not focused on high quality engineering education.

For example, the collector efficiency of a compound parabolic collector for different
temperature and volumetric flow range was characterized experimentally in [9]. To
calculate the thermal efficiency of the system, physical values are measured using a
flow meter, a thermocouple and a pyranometer. The temperature at the inlet and outlet
of'the collector and its receiver were measured using thermocouple temperature sensors
and acquired using DAQ devices into the LabVIEW software. However, in contrast to
the work described in this paper, the experiment in [9] was a one-time test and was not
hosted online for engineering students to repeat. In [10], remote monitoring and testing
of a solar heater has been implemented in order to test a solar boiler for its efficiency
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and look for previous results from a saved database. However, this setup is strictly
industrial and is not geared towards repeat and broad educational use.

Thermal efficiency of different operating fluids can be compared using any solar
thermal equipment. While experiments of this type could yield interesting results for
solar engineering students and thermal engineering students, normal laboratory setups
could be very complicated and difficult to utilize even in person and nearly impossi-
ble to learn from remotely. For example, the density, dynamic viscosity, specific heat
capacity, thermal efficiency and thermal conductivity of different operating fluids are
compared for research in [11]. In the work highlighted in this paper, the thermal proper-
ties and impacts of two different operating fluids can be compared and explored further,
without having to acquire additional experimental setups.

In an experimental analysis by Swain et al. [12], a solar water heater uses a flat
plate collector. The graph of mass flow rate vs. efficiency is plotted manually where a
graduated beaker is used for flow measurement. In another work [13], a phase change
material is used for heat retention and efficiency is calculated for different flow rates.
These types of experiments are performed much more easily in the setup proposed here.

In the work by Motahhir et al., a solar tracker test bench [14] is developed for stu-
dents to learn about the efficiency of PV panels, where a fixed axis PV panel and dual
axis solar tracker working can be compared and analyzed with data from excel spread-
sheets and graphs can be plotted. While the remote educational methodology is similar
to the work in this paper, it is for studying solar photovoltaic systems, which are very
different and vastly simpler than the solar thermal system incorporated here.

Finally, mathematical modeling is the theoretical solution for evaluating the ther-
mal performance considering different parameters such as flow rate, velocity of flow,
collector length, heat transfer media and assessing stored thermal energy [15, 16, 17].
Mathematical modelling, however, rarely captures all the physical phenomenon and
interactions occurring in an actual hardware-based system such as shown here.

3 Methods and procedures

3.1 System description

The compound parabolic collector (CPC) used in this experiment is a flat plate col-
lector composed of a number of evacuated glass tubes, each placed above a highly
reflecting external reflector [18]. It was designed by the Fraunhofer Institute in
Germany with the technology licensed for manufacturing by Ritter-Energie, GmbH,
Germany. It is very efficient and is one of the few passive solar collectors that can make
steam (albeit low temp), due to the combined effect of the CPC geometry and vacuum
collector tubes.

In this work, two identical, remotely controlled evacuated tube compound parabolic
collectors are connected in an experimental setup, with different heating media in each;
namely, water and a petroleum (oil) based thermic fluid was used (Hytherm 600 [19]).
The control and data acquisition programs were developed using the LabVIEW Virtual
Instrumentation platform. Users can access and perform the experiments in real time
from anywhere, using the internet. A scheduler prevents multiple users from attempting
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to perform experiments at the same time, and allows experiments to be scheduled ahead
of time, at the user’s convenience.

In the experiments, the flow rate can be controlled remotely, and the inlet and outlet
temperatures can be remotely measured at the same time. The experiment visualizer
has an interface to a horizontal pyranometer experiment setup, whereby the Global
Horizontal Irradiance (GHI) during the experiment can be measured and the thermal
efficiency calculated [20].

These parabolic collector systems are installed on the rooftop terrace of an Amrita
University, Amritapuri campus building, as shown in Figures 1 and 2.

N.'.\'\ﬂi;\é\l“.“

Fig. 1. Experimental setup of compound parabolic collector with water

Fig. 2. Experimental setup of compound parabolic collector with oil
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The setup consists of:

. Three phase alternating current motor

. Variable Frequency Drive (VFD)

. Flowmeter

. Compound Parabolic Collector (CPC)

. Temperature measurement — Resistance Temperature Detector (RTD)
. Data Acquisition Device (DAQ)

. LabVIEW control server

~N N AW~

The block diagram of the remote triggered CPC setup is shown in Figure 3.

Control Server - LabVIEW Data Acquisition System (DAQ)

Ethernet Digital Control Signals
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Fig. 3. Block diagram

Pumping mechanism. The flow rate of the working fluid is controlled using the VFD
and motor/pump. The motor used is a 415V, 50Hz, 5A, three phase induction motor
with speed controlled by a Yaskawa Varispeed F7 AC motor speed controller [21]. The
speed of the motor is controlled by setting the appropriate control method and adjusting
the frequency input to the VFD. Adjusting the drive output frequency will adjust the
motor rpm. The three phase motor pumps the working fluid from the storage tank to the
CPC according to the flow rate set by the user on the experiment webpage.

Temperature measurement. The collector inlet and outlet temperatures are
monitored using RTDs. A three-wire PT-100 RTD [22] module is interfaced with the
RTD data acquisition module [23]. A permanent IP address is provided to the RTD
DAQ module which interfaces the module to the remote LabVIEW control server over
local Ethernet.

Flowmeter. A flow meter installed in the collector inlet gives a voltage output
of between 0-10 V, corresponding to the flow rate of the working fluid. The analog
input terminal of the DAQ device captures the output voltage of the flow meter. As
the analog input range of the DAQ is 5V, the output voltage from the flow meter is
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reduced to 0—5V from 0—10V using a voltage divider circuit. Thus, the actual flow rate
commanded by the user can be verified against the measured flow rate. The voltage
corresponding to the flow rate is then converted into lpm (liter per minute) in in
the LabVIEW control program.

Compound parabolic collector. The CPC used has 18 evacuated tubes connected
in parallel, with a parabolic aluminum reflector behind each tube. The evacuated tubes
consist of two concentric glass tubes, with the space between the tubes evacuated and
hermetically sealed. A U-shaped copper tube is inserted into the inner glass tube. The
inner glass tube is made with borosilicate and coated with an aluminum nitride heat
absorber. The gross surface area of the CPC is 3.41 square meter, with an aperture
area of 3.00 square meters. When light is concentrated on the collector, it is absorbed
by the materials in the collector cavity and conducted to the working fluids. There are
four heat transfer processes in the collector: solar radiation in the parabolic reflector,
heat conduction on the collector glass surface and cavity walls, convection by the
working fluids in the cavity and convective heat transfer between the cavity and air
surrounding it.

Data acquisition device. The LabJack UE9 PRO DAQ module is used to interface
the flow meter and VFD with the LabVIEW control server. As the analog output voltage
range of the LabJack is 0—5V and the required analog input voltage range of the VFD
is 0—10V, a LabJack “Tick” DAC (LJT DAC) module with an analog output voltage
range of —10 to +10 volt is connected to the output pins of the DAQ module. The
output of the LJT DAC is then connected to the analog input pin of the VFD to control
the frequency, within the range of 0 to 50 Hz. A permanent IP address is assigned
to the DAQ, which communicates with the remote LabVIEW control server over
local Ethernet. As previously mentioned, the flow meter measures the flow rate and
outputs, in terms of voltage, to the analog terminals of the DAQ; and, the DAQ outputs
frequency-controlled voltage to the VFD.

LabVIEW control server. A desktop computer with LabVIEW software installed
works as the control server. The control and data acquisition program were developed
using the NI LabVIEW platform. The LabVIEW environment plays a key role in the
communication between the server, DAQ and the remote hardware setup. Figure 4
shows a part of the LabVIEW code for control and data acquisition.
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Fig. 4. LabVIEW code for control and data acquisition
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Virtual lab collaborative accessibility platform (VLCAP). The VLCAP is a
multi-tiered highly scalable architecture that supports collaborative development
and deployment of remote systems [3, 4]. The data acquired through the DAQ is
converted into graphs and streamed live onto the webpage, as can be seen in Figure 8.
Realtime measured data is streamed in the station status window. A live video of the
experiment is streamed on another window, which can be toggled to view the video
from a thermal camera to analyze the heating pattern. Another window is interfaced to
the pyranometer, also hosted as a related experiment at the same Amrita Virtual Labs
website, where the live streaming of data is made available on the screen and can be
downloaded for further analysis. The platform allows remote connectivity only if the
remote hardware is not already being used by another user. If the equipment is busy, a
‘remote machine not responding’ message is displayed, and the user is given an option
to schedule the experiment at a later time. The scheduling feature is also handled by
the VLCAP. Hardware is protected from unauthorized access using Kerberos, a secure
token authentication protocol [3]. The experiment is set for a 15-minute duration and
can be adjusted by an administrator.

3.2 Architecture of the remote triggered laboratory

The architecture of the remote triggered lab is shown in Figure 5. The user’s control
input signals from the web-based Graphical User Interface (GUI) are transmitted to the
Virtual Lab web server over HTTP, and then transmitted to the LabVIEW control server
which is interfaced with the data acquisition hardware. The control signals interact with
the experiment hardware setup to execute the LabVIEW code according to the flow rate
selected by the user. Frequency signals corresponding to the flow rate are sent to the
VFD which drives the three-phase motor to pump the working fluid. The flow meter
at the inlet of the CPC measures the rate at which the working fluid is flowing into the
CPC. Inlet and outlet RTDs [24] measure, respectively, the inlet and outlet temperatures
and send the data to the RTD DAQ [25].

The global horizontal irradiance (GHI) value is acquired using an unshaded, hori-
zontally mounted pyranometer [20, 21, 22, 23, 24]. The irradiance data is displayed in
the web-based GUI, as can be observed in Figure 8. The inlet and outlet temperature
and flowrate data are acquired by the data acquisition hardware and its control software
over local Ethernet, sent to the web server and made available to the user on the GUI.
A thermal camera is used to capture the temperature gradients and is streamed on the
GUI, as in Figure 7. Measured data values, control input signals from the user end,
thermal images and videos are all transmitted in real time, giving the user real time
feedback and control over the remote system.

A key feature of this overall IT and experiment architecture is that it only requires
the installation of a single Labview license on a central server, uses a standard internet
browser webpage for the GUI, and requires no downloads or admin privileges at the
client end, making the experiments cloud-based, easy to use, and free for the user.
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Fig. 5. Architecture

3.3  Accessing the lab

The lab was continuously hosted on the Amrita Virtual Labs website from 2011
through 2019. The process for accessing the lab was for users to create and use a free
log-in on to the virtual lab website (www.vlab.amrita.edu) and select ‘Solar Energy Labs’
under the ‘Mechanical Engineering’ section and then select the ‘External Compound
Parabolic Collector — Water’ or the ‘External Compound Parabolic Collector — Oil’
experiment links, to start the appropriate CPC experiment. After selecting the experi-
ment, users are advised to go through the ‘Theory’, ‘Procedure’ and ‘Self Evaluation’
tabs, as shown in Figure 6, before performing the remote trigger (RT) experiment. The
‘Theory’ section gives some background information about the flat plate collectors,
evacuated tube collectors and their working. The ‘Procedure’ tab provides step by step
instructions on how to perform the experiment. The ‘Self Evaluation’ tab has a set
of questions to check if the user has sufficient knowledge about the experiment and
GUI procedure before performing the experiment. The ‘Assignment’ tab has follow-up
questions to ensure that the user has gained proper learning from the experiment. Users
can provide ‘Feedback’ on the effectiveness of the virtual lab experiment. Finally, the
‘Dataset’ tab provides sample data and graphs to help users learn the calculations and
theory when the experiment is unavailable.

The GUI of the experiment is divided into sub-windows, as can be observed in
Figures 8 and 9. The sub-window on the top left displays the graphical plots obtained
for inlet temperature, outlet temperature, flow rate and GHI vs time. Using the ‘Select
view’ drop down control, the user can select the actual live streaming video of the
experiment setup on the ‘image view’ window or the live video from the thermal cam-
era. This streaming video provides a real time feel of the actual experiment.

The user starts the experiment by clicking on the ‘Start’ button. User adjustable but-
tons and sliders under the ‘Variables’ section at the top-right of the GUI allow the user
to remotely control the experiment. The flow rate of the working fluid can be controlled
in real time by adjusting the ‘Flow rate control’ slider. By selecting different flow rates,
the users can observe the variations in the heat transfer rate. The real-time data stream
is displayed in the ‘station status’ section, and each value is plotted on the graph. The
data can be downloaded as a CSV file using the ‘Export’ button for further analysis.
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From the results shown in the GUI (Figure 9), the user can validate what they
learned from the theory. They also have a provision to manually perform thermal effi-
ciency calculations, by downloading the real time experimental data, using the ‘Export’
button. The difference in efficiency between water and oil media can be compared
along with their temperature variations.

VALUE @ Amrita  SAMRITA
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Objective
* To measure the Inlet and Outlet Temperatures, and the flow rate, of the evacuvated tube collector using the thermal oil.
+ To plot the above mentioned variables versus time, as a function of flow rate variation (as shown in Fig. below)
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Fig. 6. CPC experiment page

Fig. 7. Thermal camera view of the water and oil-based CPCs
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Fig. 8. GUI for the external compound parabolic collector

Results

Data from the CPC flat plate collector experiment is shown in Figure 9, with data
collected at approximately noon on May 31st, 2015. The weather on coastal Kerala,
India, at this time of year is before the 1st monsoon, with zero precipitation and very
constant temperatures. This data was analyzed to determine the fit of the predicted out-
put temperatures to the observed readings.

The data can be broken into several sections, as indicated by the vertical bars on
Figure 9 and the associated lettering at the top of each section.

(A)

(B)

©
D)

(E)
()

252

Data in this section, from the beginning of the plot up until the first vertical marker
line, can be disregarded. The pump speed is at zero liters/min (Ipm), the collector
is stagnated, and the experiment process has not yet started.

Data in this section can also be disregarded. The pump has now been turned on,
rising to its maximum speed of 5 Ipm, and is flushing the stagnated water past the
output sensor, located a few inches outside the CPC, causing the high outlet tem-
peratures seen as the hot water flows out through the outlet and into the 5000-liter
holding tank, also shown in Figure 9.

The temperature has stabilized with a constant flow rate of 5.0 Ipm in this section.
Our analysis will start with this section.

The flow rate is reduced to the next set point of 3.7 Ipm and we see an associated,
expected rising in outlet temperature.

The outlet temperature has stabilized for the flow rate of 3.7 Ipm.

The flow rate is again reduced to the next set point of 2.5 Ipm and we see the
expected rising in outlet temperature.
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(G) The outlet temperature again stabilizes for 2.5 lpm.

(H) The flow rate is again reduced to the next set point of 1.0 Ipm.

(I)  The outlet temperature stabilized for 1.0 Ipm.

(J) Data in this section can be disregarded. The pump is turned off and the tempera-
ture at the outlet remains stable from the previous pump speed setting.
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Fig. 9. Experimental data being analyzed

The above data was analyzed in order to validate the operation and theory of the
system. Successful validation would involve being able to closely predict the output
temperature of the system for a given incident solar irradiation, flow rate, and thermal
transfer fluid characteristics.

The key collector parameters are taken from the CPC datasheet [18] and are given in
Table 1. The thermal transfer fluid used in the experiment was water, which has a spe-
cific heat index of 4.186 kJ/(kg-C®)), which converts to 1.163 Wh/(kg-C®). The solar
irradiation, as measured by the pyranometer, averaged 691 W/m?.

The key parameters of the CPC are found in the datasheet [20] and listed in Table 1.
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Table 1. Physical properties of the collector

Symbol Property Value
A, Aperture area of the collector 3.0 m?
1, Zero loss efficiency 0.644%
N, Collector efficiency 0.61%
a, First order heat transfer coefficient 0.75
a, Second order heat transfer coefficient 0.005
1AM Installation Angle Modifier 1

5 Analysis

The following derivations of the relationship between the outlet temperature,
solar irradiation, flow rate and properties of thermal transfer fluid, are founded on
Chapter 3 of [25] which describes the general theory behind flat plate collectors. This
theory also applies to compound parabolic collectors, CPC, which is essentially a flat
plate collector with low thermal losses due to the vacuum tubes and high optical effi-
ciency resulting from the compound parabolic reflector below each vacuum tube. This
flat plate collector theory was extended by the authors to solve for additional results
with higher accuracy that used more of the parameters provided in the CPC datasheet.

QRC describes the thermal losses of the collector and is given in (1). This ties the
losses to the aperture area of the collector, 4, the temperature of the collector, 0, the
ambient temperature, 0, and the first and second order heat transfer coefficients, a, and
a,, respectively.

Ope=0a,-4.-0.-6)+a,-4.-(0.-6,)’ (1)

~aA.-(06.-6))
_ Equation (2) gives the collector efficiency, 7., as the CPC collector’s power output,
0, .» divided by the product of the solar irradiation, £, and the area of the collector sur-

face 4. This is equal to the optical efficiency 7, minus Q, ., the sum of the convection
and radiation losses, divided by £ times 4.
77 — Qout — 77 _ QRC (2)
© E-A. " E-A.

Starting with (2) above, rearranging terms, and substituting for QRC from (1),
we obtain (3):

4,(0.-9,)+a,(6.-0,)

Z )

=7,

From Table 1, a, is two orders of magnitude smaller than @, leading to the approxi-
mated, simplified form of 7, given in the right half of (3).
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_ Equation 4 gives the collector flow rate m as a function of the collector power output
0, .» ¢, the heat capacity of the thermal transfer fluid, and A6, , the temperature differ-
ence of the thermal transfer fluid between the inlet and outlet.

S (4)

¢ AHTF

Solving (2) for QD
given by:

then substituting (3) for 7., the collector flow rate is then

ut’

7h=ﬂo'E'Ac_al'Ac'(ec_eA)_%'Ac'(ec_eA)2’ (5)
c-AD

HTF

while the flow rate of the collector with respect to the aperture area of the collector,
A, then becomes:

rh'=£.= 770-E—al~(9C—9A)—a2-(ec—9A)2
A. c-AO, ©
_ 7y E—a-(0.-6,)
c-AD,

Equations 7 and 8 give A0, .. as the difference between 8. , the temperature of the

fluid at the inlet of the collector, and 0. , the temperature of the fluid at the outlet of

the collector, yielding 0 . as the temperature of the collector, given as the average of © c

and 0 . . I
C

out

in

AeHTF = ecum - eCm (7

0. +6,
0.= —5 )
Substituting (7) and (8) into (6), gives (9), the temperature of the collector outlet,

0. , as a function of the collector inlet temperature, 6. , and other known terms.

7 E+m'-C-0, +a-(9A—;9C j

=0, = 1 ©)
m'-C+—a
2

The results of (9) are plotted in Figure 10 as 0, (predicted by (9)), which is a good
match with the measured temperature. When using (9), care must be taken to ensure
that the various input parameters have been converted to the correct units, particularly,
the flow rate, m’, and the specific heat of the thermal transfer fluid, c.
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An alternative method of solving for the predicted 0 is presented next. Since the
datasheet for the CPC collector gives the second order heat coefficient term, a,, (6)
was also solved without approximating the second order term, a,*(6,— 0 ), to be zero.
Through basic algebra and separating the known terms from the unknowns, we obtain
a quadratic polynomial with 0 as the unknown variable:

A-(0,2+B-(0,)+C=0 (10)

where, A, B, and C are composed of known quantities:

4=
49
B:’”A'C+%—(a2-eA)+(2-a2-em), and
C
-d-® a6,
C= (7, E)+(a-6,)~(a,63)+(a, 0,-6,) + — —=— =22 —(a, -62)

Solving the quadratic equation yields one real root, providing results that match
decently over a large part of the plot with the measured values of O, shown in Figure 10.
The data and implementation of (9) and (10) are shown in Figure 10 and Table 2.

55.0

53.0

6_out (Measured)

51.0
——6_out (Predicted by Equation 9)

—— 6_out (Predicted by Equation 10)

Temperature (Degrees C)

11:58:34
11:58:51
11:59:08
11:59:25
11:59:43
12:00:00
12:00:17
12:00:35
12:00:52
12:01:09

Time
Fig. 10. Plot of the predicted 6 values vs. the measured 0

out

6 Discussion

As can be seen in Figure 10, the first method of predicting 6, , using (9), yields
results which are overall close to the measured 0 temperatures, especially at the lower
flow rates towards the end of the experiment. The second method of predicting 0,
using the quadratic roots, gives temperatures that are closer to the measured 0, at high
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flow rates at the beginning of the analysis and significantly far off at the lower flow
rates. Overall, the two methods used for prediction indicates that the experiment is
performing roughly as predicted by the theory.

One source of error is the unknown starting temperature of the collector itself, due to
its previously stagnated condition, and exactly how the collector temperature decreases
as the thermal fluid flows at various flow rates. This can account for some of the differ-
ences between the two predicted methods for 6 and the measured 0 values.

7 Conclusion

Two solar thermal Compound Parabolic Collectors, one with water as the thermic
fluid and one with Hytherm 600, have been setup as open instrumentation labs. These
labs have been successfully designed, interfaced, installed, tested, and validated. The
CPC open access lab was connected to and remotely operated over the internet from
anywhere in the world, without downloading or purchasing software licenses. Users
could adjust the flow rates and measure the inlet and outlet temperatures of the CPCs.
A simultaneous solar insolation data stream from a pyranometer is also made available
on the GUI, with the corresponding plots.

Table 2. Calculations data and implementation

Chart Label | TIMe {w/Emz) g-in m 6_out (prezT;:;w Al|ls|c (Pr:!T:ot::!bv

(hr:min:sec) (averaged) © (lpm) | (Measured) Equation 9) Equation 10)
C-Stable 11:58:35 691 36.0 4 40.0 37.3 0.001 | 116.9 | 4636 39.7
temp @ 11:58:40 691 36.0 4 39.7 37.3 0.001 | 116.9 | 4636 39.7
5.0lpm 11:58:45 691 36.0 3 39.6 37.3 0.001 | 116.9 | 4636 39.7
11:58:50 691 36.0 4 39.5 37.3 0.001 | 116.9 | -4636 39.7
D - Rising 11:58:55 691 36.0 ) 39.5 37.7 0.001 | 86.63 | -3548 40.9
temp @ 11:59:00 691 36.0 g 39.5 37.7 0.001 | 86.63 | -3548 40.9
3.7Ipm 11:59:05 691 36.0 ) 40.0 37.7 0.001 | 86.63 | -3548 40.9
11:59:10 691 36.0 - 40.5 37.7 0.001 | 86.63 | -3548 40.9
E-Stable 11:59:15 691 36.0 N 40.5 37.7 0.001 | 86.63 [ -3548 40.9
temp @ 11:59:20 691 36.0 - 40.5 37.7 0.001 | 86.63 | -3548 40.9
3.7 lpm 11:59:25 691 36.0 5 40.5 377 0.001 | 86.63 [ -3548 40.9
11:59:30 691 36.0 ) 40.5 37.7 0.001 | 86.63 | -3548 40.9
11:59:35 691 36.0 4 40.5 38.5 0.001 | 58.72 [ -2543 433
F-Rising 11:59:40 691 36.0 . 40.5 38.5 0.001 | 58.72 | -2543 43.3
temp @ 11:59:45 691 36.0 0 41.0 38.5 0.001 | 58.72 [ -2543 433
2.5lpm 11:59:50 691 36.0 . 41.0 38.5 0.001 | 58.72 | -2543 43.3
11:59:55 691 36.0 I 41.0 38.5 0.001 | 58.72 | -2543 433
G - Stable 12:00:00 691 36.0 2 41.5 38.5 0.001 | 58.72 | -2543 43.3
temp @ 2.5| 12:00:05 691 36.0 4 41.5 38.5 0.001 | 58.72 [-2543 43.3
12:00:10 691 36.0 2 41.5 38.5 0.001 | 58.72 | -2543 43.3
12:00:15 691 36.0 4 41.5 423 0.001 | 23.83 [-1287 53.9
H - Rising 12:00:20 691 36.0 4 42.0 42.3 0.001 | 23.83 | -1287 53.9
temp @ 12:00:25 691 36.0 4 42.0 423 0.001 | 23.83 [ -1287 53.9
1.0lpm 12:00:30 691 36.0 a 42.0 42.3 0.001 | 23.83 |-1287 53.9
12:00:35 691 36.0 ! 42.5 423 0.001 | 23.83 | -1287 53.9
12:00:40 691 36.0 a 42.5 42.3 0.001 | 23.83 | -1287 53.9
12:00:45 691 36.0 g 42.5 42.3 0.001 | 23.83 | -1287 53.9
|-Stable @ | 12:00:50 691 36.0 J 43.0 423 0.001 | 23.83 | -1287 53.9
1.0lpm 12:00:55 691 36.0 43.0 42.3 0.001 | 23.83 [-1287 53.9
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