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Fig. 5.8 Miro95 sheet reflectance with irradiation wavelength.
5.5 Optical losses and slope error

The optical efficiency of the CPVT system is primarily influenced by the properties of the
materials used, such as the reflectivity of the mirror, the transmissivity of the glass cover and the
reflectivity of the solar-cell front contact, and the optical errors associated with the system. The
optical errors are due to the manufacturing precision of the reflector material sheets (percentage
of non-specular reflection) and the parabolic frame, the misalignment of the receiver with respect
to the focal line and the misalignment of the system aperture with respect to the sun caused by
tracking errors. In general, these errors are assumed to be random and are reported in standard
deviation units. Their combined effect is represented by normal probability (Gaussian) distributions
with zero mean [5.1].

The characterization of the concentrator surface shape and optical quality is a complicated task that
can be accomplished only experimentally and requires imaging systems of high resolution and
especially developed test rigs. The most commonly used methods of surface characterization are the
VSHOT method, photogrammetry and deflectometry [5.11]. An additional method reported by Stynes
[5.12] that also makes use of high resolution photography is the distant observer method.

The non-ideal shape of the reflector and misalignment errors lead to a distorted flux distribution on
the receiver, spreading of the reflected light beam and possible solar radiation spillage, as the solar
rays could be reflected outside of the receiver overall width. These optical losses determine an optical
quality parameter referred to as the intercept factor y, which is defined as the percentage of the
irradiation on the reflector aperture that is incident on the receiver active area. Optical losses are
expected to be more significant than thermal losses for concentrating systems operating in low
temperatures, under 100°C. Although the intercept factor is important for the evaluation of the
performance of a concentrating collector, its direct determination is a rather complex procedure due to
the many contributing factors. Of these factors, the greatest influence is attributed to the reflector
profile, characterized by surface slope error [5.12]. The surface slope error of a parabolic profile is
defined as the angular difference between the measured surface normal and the surface normal for an
ideal parabolic shape [5.12] (Fig. 5.9). The effect of the reflector slope error on the achieved peak
concentration was elucidated by Evans [5.2], who showed that an imperfect mirror with slope error
standard deviation equal to 0.25° achieves a maximum concentration that is approximately 66% lower
compared to a perfect mirror. However, the irradiation distribution becomes more uniform. The
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existence of slope errors on the concentrator surface gives rise to focal errors defined as the vertical
distance of the vector of a reflected ray from the geometrical focal point (distance ¢ in Fig. 5.9) [5.13].
Focal errors are the true cause for the widening of the focal band and consequently a more accurate
estimate of the system geometrical concentration ratio, compared to the simple d/W ratio is provided
by the following expression:

d

dband

CR = (5.3)

where dpang is the width of the light band at the focal line.
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Fig. 5.9 Slope and focal errors of a parabolic concentrator.
5.6 Solar Tracking mechanism
5.6.1 Obtaining normal incidence

Since sun tracking is performed manually it is of vital importance to make certain that the sunlight
is properly focused on the system receiver. For this reason three separate configurations have been
employed to adjust the rotating-base (longitudinal) and fame-axis (transversal) angles, so that normal
incidence is obtained. Firstly, scales have been placed on the system circular base and the frame
longitudinal shaft to facilitate the adjustment of the longitudinal and transversal angles. In addition, a
device resembling a sundial, comprising a cylindrical rod vertically mounted on an aluminum disc, has
been placed on a steel bar protruding from the frame shaft that follows the frame movement (see Fig.
5.5b). The device has been properly calibrated and circles have been engraved on the disc in such a
way that the intersection of the shade of the rod with a circle reveals the angle of incidence. Besides, a
photodiode (Vishay BPW34) of small aperture and high resolution, so that even small variations in the
solar irradiation intensity can be detected, was placed at the top surface of one of the frame brackets.
The procedure to obtain normal incidence at a specified time commenced by setting the main shaft and
base angles at appropriate values corresponding to the sun azimuth and altitude, which can be
calculated using simple equations, available in [5.14]. The reading of the mechanical device was
consulted to verify the absence of any shade on the disc and thus normal incidence. Finally, small
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adjustments on the transversal angle were made when necessary, based on the photodiode signal. It
must be noted that the tracking procedure was carried out with the reflecting area being covered, in
order to protect the receiver and wiring and tubing form misaligned concentrated irradiation

5.6.2 System orientation

It is common practice in the case of linear parabolic thermal collectors to perform single axis
tracking, along their main axis, as the integrated system length can be much larger than the respective
width and hence two-axis tracking would require massive rotating bases accompanied by high
parasitic power for tracking . Consequently, orientation is an additional factor that affects the system
performance. Two options for the system orientation are usually considered with the system having its
main axis either along the east-west (E-W) or the North-South (N-S) axis. The system orientation that
leads to higher annual yield depends on the geometrical layout of the system, e.g. system length to
width ratio and focal length to width ratio, and primarily on the latitude of the location site [5.15,
5.16]. As was discussed in paragraph 2.7, the collecting efficiency of single-axis tracking systems is
decreased due to the effect of cosine and end losses. It has been established through the theoretical
model of Hegazy et al. [5.16] that a parabolic trough collector having its longitudinal axis oriented
along the East-West axis achieves slightly higher annual collecting efficiency in comparison to having
a North-South orientation for locations with latitude higher than 30°. In addition, the collecting
efficiency for a trough oriented along the East-West axis is relatively uniform throughout the year and
obtains its higher values during the winter months, where the demand for hot water is also higher. On
the contrary, in the case of North-South orientation, the collecting efficiency obtains its higher and
lower values in the summer and winter months respectively.

A ray-tracing analysis (see paragraph 5.5.1) was conducted for a (0.5 x 2.0) m? concentrating
system considering three characteristic days of the year, namely the spring equinox, winter and
summer solstices, in order to illustrate the daily yield for each (E-W or N-S) orientation. A time period
from 08:00 to 17:00 (solar time) was considered in all cases and values for the direct irradiation were
obtained from meteorological data available for Athens (latitude 38°). The results for the daily
collected energy are presented in Fig. 5.10a. As can be seen, a collector having its main axis oriented
along the E-W axis, achieves larger daily energy output in the spring equinox and the winter solstice,
whereas the N-S oriented collector significantly outperforms the respective E-W oriented one in the
summer solstice. It is interesting to notice that the output of the N-S oriented collector is almost zero
in the winter solstice. In general, the output for E-W orientation exhibits much less variation in the
three days considered compared to the N-S orientation.

The ray-tracing results can be explained by considering the variation of the irradiation incidence
angle (Eg. 2.13) on the collector throughout the day for the two orientations, as depicted in Fig. 5.10b.
An initial observation is that the incidence angle variation for the E-W orientation remains relatively
constant regardless of the day considered, which is not the case for the N-S orientation. In addition, for
the E-W orientation, the incidence angle is equal to zero at solar noon throughout the year, while it
obtains large values in the morning and evening hours. On the contrary, the incidence angle for the N-
S orientation has a yearly variation and obtains its minimum and maximum values in the summer and
winter solstices, respectively; nevertheless the maximum incidence angle of the day occurs at solar
noon. Hence, an E-W oriented collector operates well in the hours around the solar noon, while its
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performance drops significantly in the morning and evening hours; a trend which is maintained
throughout the year. A N-S oriented collector instead, operates better in the morning and evening
hours. Especially in the summer, where the irradiation intensity is high throughout the day, the N-S
orientation is justified to be preferable, as the incidence angle maintains low values throughout the day
as well. The opposite is true for winter months, where the solar intensity is significant only in the
hours around solar noon and therefore the E-W orientation, which leads to small incidence angles in
the hours 11-13, is a far more attractive option as a N-S oriented receiver has a negligibly small daily
output. The annual output for latitudes 30°-40° is approximately the same for the two orientations
[5.16] and consequently the E-W orientation appears as a more attractive choice due to the increased
performance in periods of the year with low insolation and ambient temperature. Moreover, the daily
angular displacement of the reflector trough for tracking is much smaller for the E-W orientation,
which could have a considerable effect on maintenance cost.
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Fig. 5.10 (a) Daily collected energy for a 1.0 m? system. (b) Variation of the irradiation incidence angle
throughout the day.

5.11



Chapter 5. Design and manufacturing of the CPVT system

5.7 System optical analysis
5.7.1 Ray-tracing

Ray- tracing is a numerical approach widely used for the prediction of the optical behavior of
concentrating devices having various geometrical layouts. Gregory and Koshel [5.17] used the ray-
tracing technique in order to simulate the operation of two CPV systems utilizing a Fresnel lens and a
compound parabolic concentrator, respectively, for different irradiation intensities. Solar irradiation
was modeled as monochromatic, considering that the optical devices do not alter the solar light
spectrum. Hongfei et al. [5.18] used ray-tracing to evaluate the optical efficiency of a novel trough
reflector with a cross-section that comprises a paraboloid and a linear part. The percentage of rays
reaching the receiver for various irradiation incidence angles was determined for two receiver designs,
viz. flat or cylindrical. Hernandez et al. [5.19] conducted a parametric study and obtained the optimal
geometrical parameters for a cavity receiver of conical shape by means of ray-tracing simulations. The
average flux on the receiver and the receiver intercept factor were selected as the optimization
objectives. Jiang et al. [5.20] developed a ray-tracing code in order to evaluate the optical performance
of a parabolic trough CPVT system with an additional spectral splitting optical device. The system
thermal receiver was placed at the parabola focal spot, while a solar cell array was placed at the
parabola apex. The irradiation flux distribution on the receiver, the cell array and the beam splitting
filter was determined and a parametric study was conducted in order to maximize the system optical
efficiency. Dye [5.21] performed a ray-tracing analysis in order to design a refractive secondary
optical device intended for incorporation in a paraboloid concentrating CPV system in order to split
the infrared irradiation part from the solar spectrum. Besides, Dai et al. [5.22] developed a Monte
Carlo ray-tracing code in order to evaluate the optical efficiency and the intercept factor of a three-
dimensional CPC reflector, which is formed if the typical cross-section of a CPC reflector is rotated
along its main axis, for various irradiation angles of incidence.

A ray-tracing analysis was conducted in reference to the designed CPVT system, in order to predict
the irradiation profile on the receiver for both ideal and imperfect concentrators. The effect of the
receiver axial displacement on the flux distribution has also been taken into account. The analysis was
performed with the ray-tracing software TracePro [5.23], which utilizes the Monte Carlo method to
predict the propagation of solar rays. In Monte Carlo ray tracing, discrete samples of the light
distribution, in the form of rays, are propagated instead of an integrated distribution. At each
intersection of the rays with a solid object, individual rays can be subject to absorption, reflection,
refraction, diffraction and scattering, with scattering and diffraction being treated as random processes.
The samples are randomly chosen and hence a reliable solution is obtained by tracing a large number
of rays. As the rays propagate along different paths throughout the solid model, the irradiation flux
associated with each ray is recorded by the software in each intersecting surface [5.23].

A simplified geometrical model of the CPVT system was created, by omitting the supporting frame
and base, and appropriate material properties were assigned to the system reflector and receiver,
respectively. The solar irradiation was modeled as a circular sun source where all the radiation
originates within a disc of radius 1.25m, so that the flux density will be uniform in the reflector
aperture for a large number of rays. A proper flux value was assigned to each ray so that the overall
emitted irradiation flux is maintained equal to 1.0 kW/m?> The system receiver was modeled as a
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perfect absorber (a=1.0), as the focus is on the optical quality of the concentrator. In reference to the
parabolic concentrator, two cases were considered, i.e. a perfectly specular mirror and an imperfect
mirror that also induces light scattering (non-specular reflectance) due to surface and shape
irregularities. In general, both specular and non-specular reflections occur simultaneously to some
extent and the term “reflectance” is used for the ability of a material to reflect light in any manner
[5.1].

Light scattering by a surface can be quantified using the Bidirectional Scattering Distribution
Function (BSDF), which is defined as the scatter radiance per unit incident irradiance [5.23]:

G scat

BSDF = — /& (5.4)
Gcosd

where G is the scattered irradiation within a solid angle £, and 6 is the angle between the normal
and a scattered ray (see Fig. 5.11).

Fig. 5.11 Geometrical representation of light scattering ( f; , f; F : unit vectors of an incident, specularly reflected

and scattered ray, respectively. [7’ , ﬁo projections of f and fo on the tangent plane.

The ABg model [5.23] is used by TracePro in order to approximate BSDF, as follows:

BSDFQ,E— ﬁo\)zL (5.5)
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where ﬁ , BO are the projections on the tangent plane of the unit vectors along the scattering (f) and
the specular directions( ;) respectively (Fig. 5.11). A, B, and g are coefficients to fit the produced

formula values to specified scattering data. As depicted in Fig. 5.12a, for a BSDF value equal to zero
all the rays are reflected to the focal line and there is no flux spillage; on the contrary when the
reflector induces non-specular reflection as well (BSDF>0), depicted as blue rays in Fig. 5.12b, a part
of the incoming radiation misses the receiver and thus the intercept factor and the optical efficiency of
the system decreases.
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Fig. 5.12 Pattern of reflected rays from the parabolic concentrator: (a) BSDF=0, (b) BSDF>0 (red rays: specular
reflection, blue rays: light scattering)

5.7.2 Measurement of the heat flux on the receiver

There are few studies in the literature that present sensor devices suitable for measuring the
irradiation distribution on the receiver of concentrated solar power systems. Coventry [5.24] used a
custom-built device to measure the longitudinal irradiation profile along the receiver of a parabolic
trough CPVT system. The device comprised a concentrating solar cell bonded to a fin heat sink and
mounted on a moving carriage. Localized flux non-uniformity was detected in the focal-line sections
affected by the shading of the support posts and the gap between mirrors. In general, the flux
measurements in conjunction to slope error measurements using the photogrammetry method
demonstrated that small deviations from the parabolic shape cause significant non-uniformity in the
irradiation distribution. Riffelmann et al. [5.25] managed to measure the intercept factor and the
optical losses of the EUROTROUGH solar thermal collector prototype using a grid of photodiodes
with translucent filters mounted on a carriage that was positioned along the receiver length with the
use of a linear actuator. Pihl and Thapper [5.26] measured the transversal irradiation distribution on
the receiver of a low-concentrating CPVT system using a device comprising a photodiode mounted on
a rotating base. The test device was custom-made at the University of Lund. Chong and Yew [5.27]
illustrated the manufacturing procedure of a novel flux scanner employing photodiodes. An array of
25 photodiodes was mounted on a metallic frame that was able to move along two dimensions,
producing thus a grid of measuring points. The frame was moved by a stepper motor that received a
control signal to proceed to the next position, after the photodiode array signal was recorded. The
produced irradiation maps showed good agreement with actual CCD camera depictions for both
artificial and solar light.

In order to measure the transversal and longitudinal irradiation flux distribution on the receiver, a
measuring device has been developed comprising an array of photodiodes properly mounted on the
bottom surface of a rectangular hollow beam, as depicted in Fig. 5.13. The sensors are unable to detect
the spatial non-uniformity of light irradiance within their active area; consequently a sensor of small
size is required, especially when measuring the transversal distribution, which exhibits high variation
within a short length. Photodiodes with rectangular aperture (5.4 x 4.3) mm?® were used with tinted
glasses as filters in order to prevent overheating under concentrated sunlight. The tinted glasses also
served as light attenuators in order to ensure that the photodiode response was well below the
saturation region. Light collimators were placed on the tinted glasses to cut out the diffuse part of the
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irradiation so that the photodiode mainly detects the beam component of the light and also to prevent
the filters from overheating and rupture. A highly reflective Mylar tape was adhered on the collimators
in order to further reduce the heat absorbed by the filters. It was verified that the filters could remain
up to three minutes under concentrated sunlight prior to rupture, which is an adequate time interval to
obtain meaningful results regarding the concentration. It must be noted that two variations of the
measuring device were developed for measuring the longitudinal and transversal irradiation
distributions, respectively. In regard to the longitudinal-measurement configuration, the distance
between consecutive sensors was equal to 0.125 m and five photodiodes were place to cover the entire
receiver active length. Filters of circular aperture with diameter of 5.0 cm were placed over the
photodiodes. In order to measure the transversal irradiation flux profile, five photodiodes were housed
in holes drilled into an aluminum plate of dimensions 124 x 62 x 5 mm, which was subsequently
mounted at the bottom face of the beam. The intermediate distance between sensors was equal to 15.0
mm, with the middle sensor being located exactly and the receiver mid-width. The plate was able to
slide along the beam length allowing the measurement of the transversal profile at different
longitudinal locations. A rectangular tinted glass was placed on the plate to serve as filter, while the
collimator had a narrow slit with width of 8 mm midway along its length.

The signal of the photodiodes can be measured either as voltage or current. However current output
is linearly proportional to the incident light power per unit area and hence is selected as output signal.
The concentration ratio values were calculated by dividing the output of the photodiodes under
concentrated sunlight by the output of a photodiode placed at the upper surface of the device and
therefore measuring the direct, one-sun irradiation, as shown in Fig. 5.13.
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Fig. 5.13 Schematic of the device used for measuring the incident radiation on the system receiver.

Prior to the concentration measurements, the linearity and signal uniformity of the sensors were
tested. The photodiodes were left under direct sunlight without filters so that high values of the output
signal can be obtained. As depicted in Fig. 5.14a, the photodiode response remains linear in a wider
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irradiation range than the expected operating range and thus the output values can be directly used to
determine the local concentration ratio.

In addition the device was assessed under natural radiation with the filters on, in order to verify that
all the sensors produce the same output current and that there is no significant systematic error in the
measurement due to e.g. misalignment of the sensors or partial blockage due to the collimator. An
overcast day was selected for the testing so that the sensor resolution and response time in rapid
variations of the irradiation intensity can also be examined. The sensor output for the device
configuration used for the measurement of the transversal distribution is depicted in Fig. 5.14b for a
time interval with sunlight fluctuations. It is evident that the signals of all photodiodes follow the same
trend and considerable light fluctuations can be captured. The signals of the sensors showed general
agreement with the maximum discrepancy detected in both the transversal and longitudinal-
measurement configurations (not shown for brevity) being approximately equal to 8%. This value
(8%) will be used as the experimental uncertainty in the values of the concentration ratio presented in
paragraph 5.7.3.
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Fig 5.14 (a) Sensor response for increasing values of solar irradiation. (b) Photodiodes signals (transversal-
measurement configuration) for fluctuating solar radiation.

5.7.3 Irradiation flux distribution

Ray-tracing simulations and measurements were conducted to elucidate the transversal and
longitudinal irradiation distributions on the receiver active area. The receiver was treated as a perfect
absorber (a=1.0) in the simulations, while the total reflectivity of the concentrator was selected equal
to 95 % (p=0.95, 0=0.05). Numerical tests were conducted to confirm that the produced results are
independent of the number of rays simulated. For this reason, Two benchmark cases were selected, for
high (pspec=p=0.95) and low (pspec=0.50, p=0.95) optical quality of the reflector, respectively. The
number of simulated rays was gradually increased from 0.5-10° to 6-10° and the variation in the values
of maximum and average concentration ratio CR on the receiver, as well as in the width of the solar
band were monitored. The overall emitted irradiation flux was maintained equal to 1.0 kW/m? in all
cases. Table 5.1 summarizes the variation of the quantities in question for the two cases considered
and increasing number of rays. As can be seen from the values of Table 5.1, the only quantity that
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exhibits some discrepancy with the number of rays is the maximum concentration ratio. It was decided
to produce the results using 2-10° rays, in order to obtain high accuracy and smooth irradiation
profiles, as the simulation time was approximately four minutes on an eight-core CPU.

Table 5.1 Effect of the number of simulated rays on the produced irradiation profiles.

Pepec=0.95 Pepec=0.50
Rays ('106) CRmax CRave Whand [mm] CRmax CRave Whand [mm]
0.5 1134 225 62 62.2 14.2 123
1 1126 225 62 61.8 14.3 123
2 1125 225 62 61.7 14.3 123
4 1124 225 62 61.7 14.3 123

Fig. 5.15 depicts the irradiation distribution on the receiver for concentrators of different optical
quality with three values (0.95, 0.75, 0.50) being considered for the specular reflectance pgec. The
transversal profile shown in Fig. 5.15a exhibits a normal distribution for fully specular reflection
(pspec=0.95). As the percentage of specular reflection decreases, i.e. the concentrator optical quality
decreases, on the one hand, the peak value of irradiation flux achieved decreases and, on the other
hand, the form of the transversal distribution deviates from the normal distribution. The solar band
becomes wider and the profile exhibits plateaus of low concentration values at a distance spanning
approximately between 20mm and 50mm from the receiver mid-with. The form of the flux
longitudinal profile, depicted in Fig. 5.15b, remains qualitatively unaltered regardless of the value of
specular reflectivity. However, as can be clearly seen the concentration achieved at the focal line is
approximately reduced by half as the specular reflectivity reduces from 0.95 to 0.50, in accordance to
the peak value of the transversal profile. The receiver intercept factor decreases in a linear manner
with specular reflectivity (Fig. 5.15¢) meaning that a significant portion of the incoming sunlight on
the collector aperture completely misses the receiver in the cases of non-specular reflectance and
hence the CPVT system performance is degraded.
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Fig. 5.15 (a) Transversal and (b) longitudinal profiles of the irradiation distribution for concentrators of different
optical quality. (c) Receiver intercept factor vs. specular reflectance (total reflectance equal to 95%).

It was made clear from Fig. 5.15a that the transversal irradiation distribution exhibits a clearly
discernible peak at the receiver mid-width, regardless of the optical quality of the concentrator.
However, the irradiation measurements revealed a different transversal profile with two regions of
high irradiation intensity located on either side of the receiver centerline, while the irradiation at the
location where maximum irradiation was expected (receiver mid-width), actually exhibited low
concentration values. The fact that the profile exhibited (relative) symmetry led to the conclusion that
the characteristic, dual-peak distribution did not occur due to tracking error but due to manufacturing
flaws. It was postulated that the shape of the parabola was distorted in the sense that the parabola apex
was not in reality a single point but instead a straight section, denoted as S in Fig. 5.16, resulting in the
presence of two focal points. This assumption can be supported by the procedure followed for the
construction of the parabolic frame, as the metallic ribs that realize the parabolic shape were
manufactured as two symmetrical parts that were subsequently welded on the frame main shaft. The
thickness of the welding joints, which are visible at the inset of Fig. 5.16, is small yet inevitably
displaces the symmetrical ribs and distorts the shape of the parabola. Ray-tracing simulations were
conducted to illustrate the effect of the distorted parabolic shape on the irradiation profile on the
receiver. As was already mentioned, the displacement of the ribs must be small and thus values
between 10.0 mm and 40.0 mm were considered as length for the segment S.
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Fig. 5.16 Distorted form of the parabola due to manufacturing imperfections.

Fig 5.17 presents the solar bands incident on the receiver for increasingly distorted parabolic
concentrators. It can be observed that two illuminated regions on either side of a dark region appear
for values of the S segment length equal or larger than 20mm. As the distorting length increases the
two peaks shift away from the receiver center-line and the middle dark area becomes more extended.
In addition, the maximum irradiation intensity is significantly decreased for S=20.0 compared to that
for S=10.0 mm. It is therefore made evident that small errors in the shape of the parabola can have a
remarkable effect on the reflected radiation distribution.
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Fig. 5.17 Solar bands incident on the receiver for different lengths of the S segment (pspec=0.95).

The “twin-peak” profiles are clearly evident also in Fig. 5.18 for S >20.0mm. Even though the
profile maintains a single peak for S=10.0, the maximum concentration is reduced compared to a
perfect parabola. An additional observation, which applies for all two-peak cases regardless of the
value of specular reflectivity, is that the maximum flux value obtained remains constant and
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unaffected by the length of the segment S. By comparing Fig. 5.18 to Fig. 5.15a, it is made clear that
the maximum concentration achieved by a pseudo-parabolic shape having two focal points is
approximately half of that achieved by a geometrically ideal parabola. It must also be mentioned that
the profiles for each value of S exhibit a similar qualitative form for the three values of specular
reflectance considered. Besides, the receiver intercept factor variation with specular reflectivity
remains unaffected by the shape distortion, for the values of S considered, and coincides with the
variation regarding the precise parabolic shape, depicted in Fig. 5.15c.

Special attention must be given to Fig. 5.18c, where the concentration values measured across the
receiver width at three locations along the receiver active length (Z=0.125, 0.250, 0.375 m) are also
presented. As can be seen, the experimental points lie between the predicted profiles for S=30.0 mm
and S=40.0 mm, however they do clearly follow the same trend with alternating regions of low and
high concentration. The asymmetry that can be discerned at the points at X=+15.0 mm could be either
due to error in the location of the sensor or actual displacement of the rib as it is not guaranteed that
the parabolic frame is perfectly symmetrical. It must be pointed out that small errors, in the order of 1
mm, associated with the sensor location can have a significant impact on the measured irradiation, as
the flux intensity exhibits rapid changes within a small length of 60.0 mm. Besides, the measurements
at the three longitudinal positions do not coincide, indicating that the parabolic frame is imperfect in a
three-dimensional sense.

The error in the receiver vertical displacement relative to the exact focal line can also have a
considerable effect on the flux distribution. The profile depicted with a red line in Fig. 5.18c
corresponds to a displacement error of 0.73% (f=685 mm) in the receiver position and a concentrator
with distortion S=30.0 mm. It is evident that the profile is noticeably different form the respective case
with no displacement error. The profile is in fair agreement with the experiment al measurements and
it is regarded as the best approximation of the flux profile on the receiver. It must be highlighted that
the complete elimination of displacement error could not be achieved, as the measuring device was
placed on the focal line manually and thus the receiver vertical adjustment was associated with a
certain error. In addition to that, it is possible that the aperture of the sensor was slightly offset from
the bottom surface of the device, which was taken as reference for the adjustment of the receiver,
hence adding to the displacement error.
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Fig. 5.18 Transversal profiles of the irradiation distribution for “distorted” concentrators of different optical
quality: (8) pspec=95%, (D) pspec=75%, (C) Pspec=50%.

Fig. 5.19 presents the longitudinal flux profiles for concentrators of different quality and distortion.
The length of the segment S has no effect on the qualitative form of the longitudinal profiles but only
affects the flux intensity. The profiles for S>20.0 mm correspond to the transversal locations on the
receiver, where peak concentration is obtained. The experimental values of the flux intensity measured
along the receiver active length are also included in Fig. 5.19b. The experimental values were
obtained by gradually rotating the main axis of the parabolic frame by a few degrees about the position
of sunlight normal incidence, while constantly recording the concentration values. The profiles
comprising the highest recorded values were identified as the two irradiation peaks evident in Fig.
5.18. The length-wise distribution of the flux intensity clearly reveals that the parabolic frame is
imperfect in a three-dimensional manner, as the concentration varies along the receiver length. The
experimental values regarding the first peak are in good agreement with the ray-tracing prediction for
Pspec=0.50, S=30.0 mm and £=685.0 mm, which, as was also mentioned for the transversal profile,
appears to be the most reliable approximation of the actual distribution. On the other hand, the
measured flux values corresponding to the second peak are lower than the predicted ones. This
discrepancy, which is also evident in Fig. 5.18c, could be attributed to increased slope error associated
only with the one of the two symmetrical ribs that tends to widen the specific solar band. The slope
error could be a result of imprecise manufacturing of the specific rib, but it is far more plausible to
assume that the error occurs due to the uneven thickness of the welding joints that bond the aluminum
sheet that realizes the parabola onto the ribs. Given that these joints are distributed along all the ribs
and, in addition, there are several of them along the length of each rib, they are identified as the main
cause of the three-dimensional distortion of the parabolic surface.
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Fig. 5.19 Longitudinal profiles of the irradiation distribution for “distorted” concentrators of different optical
quality: (8) pspec=95%, (D) pspec=50%.

5.8 Solar-cell module

The main concern in manufacturing solar cells for concentrating applications is the increased
current density due to the concentrated sunlight, as was discussed in paragraph 2.4. For this reason
custom solar cells were developed by Narec Ltd. that specializes in the design of concentrating cells.
The cells were manufactured by monocrystalline silicon wafers of thickness equal to 150 um and the
most profound difference in their design, compared to conventional cells, is the much higher finger
density, as depicted in Fig. 5.20. Two cell designs were considered having widths of 40.0mm
(“narrow” cells) and 60.0mm (“wide” cells), respectively, in order to examine the effect on electrical
performance of the mismatch between the solar band and the cell widths. The cell busbars, where the
current is collected, have a width of 2.0 mm and the cell length is equal to 48.2mm for both designs.
The basic dimensions of the solar cells are shown in Fig. 5.20a.

Ten cells were interconnected in series to fabricate a PV module and therefore the output voltage
of the module is the sum of the individual cell voltages, while the same current flows through all the
cells and therefore partial shading of the module can have a significant effect on the electrical
performance. 2.0 mm wide tin-coated copper ribbons were used for the interconnection of the cells.
Each module comprises a front cover made of low-iron glass, so that light reflection is limited, the PV
laminate (EVA and solar cells) and a back aluminum substrate. The cells were thermally bonded to the
substrate using a thermally conductive, yet electrically insulating, adhesive tape (k=0.6W/mK). The
power produced by the module is received through metallic terminals located at the side of the
module. The layout and basic dimensions of the PV modules are depicted in Fig. 5.20b, while their
basic performance characteristics are summarized in Table 5.2. Wires (Olflex SOLAR XLS) of
relatively large cross section were soldered on the terminals, capable of delivering the current of high
amperage to the load with minimal losses and without overheating.
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Fig. 5.20 Layout and dimensions: (a) of the two cell designs, (b) of the manufactured modules.

Table 5.2 Efficiency parameters of the PV modules for one-sun illumination.
Rs [Q] R[]  Voc[V]I Isc[Al  Vwmee[V]  Iwer[A] FF
Module 1 (narrow cells) 0.700 230.3 6.157 0.549 5.423 0.498 0.799
Module 2 (narrow cells) 0.698 306.7 6.137 0.552 5.380 0.513 0.814

Module 3 (wide cells) 0.486 212.6 6.123 0.851 5.284 0.771 0.782
Module 4 (wide cells) 0.609 226.5 6.099 0.827 5.225 0.748 0.775
5.9 Receiver

The receiver of the system, i.e. the solar-cell module bonded to the heat sink, was housed in an
aluminum container (Fig. 5.21) for protection against the environmental conditions, along with the
required tubing, wiring and temperature sensors. It must be noted that the PV module substrate is of
the same material as the heat sink, in order to ensure a common thermal expansion coefficient, which
is desirable for the integrity of the thermal bond. The back and sides of the receiver were heavily
insulated using Armaflex (k=0.037 W/mK), which can withstand temperatures up to 105°C, to prevent
heat losses. The insulation thickness was 5.0cm at the receiver back surface and 0.5cm at the receiver
side surfaces. Flexible tubes were fitted to the cylindrical ends of the manifold that connected the heat
sink to the hydraulic circuit of the test rig, while the wires that connected the PV module to the
external load were also secured at the upper part of the container. The container was sealed with the
use of two rectangular covers, which also bear characteristic metallic profiles in the form of “fingers”
to secure the PV module into the proper position. The covers were bolted to the main body of the
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container, while Mylar tape was placed at their bottom surfaces to reflect concentrated sunlight.
Silicone able to withstand high temperature was used to seal the small gaps between the PV module
and the edges of the container.

Container
Thermal Insulation

Cover

Manifold .., Wiring and
= i tubing

Heat Sink

PV module
Clamps for securing
the PV module

Fig. 5.21 “Exploded” view of the system receiver.
5.10 Thermally conductive adhesive materials

Achieving a good thermal bond between the heat sink and the heat source is of vital importance for
effective cooling. The most common practice employed in the electronics industry is the use of solder
Thermal Interface Materials (TIMs). However, the use of soldering materials is not feasible in the
present case as they require heating to temperatures in the range of 120-250°C [5.28], a process that
would certainly damage the solar-cell module. Consequently, only chemical adhesive materials with
appropriate mechanical properties and high thermal conductivity were considered for bonding the
module to the heat sink with two main categories of products being commercially available, namely
adhesive tapes and adhesive resins. Increased thermal conductivity in these materials is achieved by
filling the adhesive with conductive materials such as graphite, copper, aluminum, zinc oxide,
aluminum nitride, diamond and silver powders [5.29].

An extensive market overview was conducted to specify the most suitable adhesive materials
having the material thermal conductivity and curing temperature as main criteria but also taking into
account the cost and the required lead time. The adhesives with the most attractive characteristics are
summarized in Table 5.3. It must be noted that a practical problem associated with the procurement of
conductive adhesives is the high lead time that can reach up, e.g., to 14 weeks for the Henkel Hysol
product, due to the short shelf life of the materials that forces the manufactures to produce them “upon
request”.
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Table 5.3 Suitable adhesive materials considered for bonding the PV module to the heat sink. All prices and
guantities reported are for minimum orders.

Product Desciption k [W/mK] Hardness Quantity Price
AAVID ThermalBond 2 component epoxy 1.34 86 20 pcs of 25 gr 15.9 €/pc
Cast Coat CC3-450 2 component epoxy 454 "resilient”  1.34 kg/0.17 kg H7 126.6 €
EPO-TEK T7109-19 2 component epoxy 1.30 41 85 g kit 271.6 €
EPO-TEK T905BN-4 2 component epoxy 1.78 79 85 g kit 2934 €
EPOXIES 50-3100R 2 component epoxy 2.16 90 1.34 kg/0.44 kg Cat 74$
EPOXIES 50-3150RFR 2 component epoxy 2.16 90 1.34 kg/0.44 kg Cat 73%
Master Bond EP21AN 2 component epoxy 3.17 85 130gr/130gr 750%
Henkel Hysol 9497 2 component epoxy 1.40 83 10 pcs of 50mL 14.85 €/pc
Saint Gobain C675 Thermal Tape 2.00 - 122mroll 2762 €
AIT CB7208-A Thermal Tape 3.60 40 6"X6"(in.) sheets  40.3%/sheet
Chomerics T412 Thermal Tape 1.40 - 100m roll ~3000€

Finally, two products were procured, namely the epoxy resin and the tape with the highest thermal
conductivity values, based on the information reported by the manufacturers. The basic properties of
the two materials are stated in Table 5.4. As revealed by the values of Table 5.4, an attractive feature
of the epoxy resin is that it has a coefficient of thermal expansion similar to aluminum (=22). In
addition, the epoxy offers a much stronger bond, as can be ducted by comparing the values of the
tensile strength. Regarding the material texture, the epoxy becomes rigid after curing, while the tape
maintains a flexible form. The thermal resistance imposed by each material is evaluated in the next
paragraph.

Table 5.4 Properties of the procured adhesive materials

AIT CB7208-A Cast Coat CC3-450
. Aluminum nitride Aluminum filled two-
Description filled film adhesive component epoxy resin
ponent epoxy res
State Solid Fluid
Density [kg/m’] 2200 1785
Viscosity [Pa s] - 6.5-7.0
Thermal conductivity [W/mK] 3.60 4.54
Tensile strength [MPa] 0.42 61
Coefficient of thermal expansion (10°%/K) 110 28
Maximum operation temperature [K] 423 468

5.10.1 Thermal resistance of the adhesive materials

A simple test device was set up, in order to evaluate the conductive thermal resistance induced by
the adhesive material. Two sets of aluminum plates were bonded together using the epoxy and the
resin in each case. The overall dimensions of the plates were 0.5 m x 0.06 m x 0.003 m. The plates
were clamped on a rod-resistor heater (see paragraph 4.8.1.1) and placed in a heavily insulated
container. Provided that heat losses to the environment are made negligible, heat transfer to the
bonded plates can be considered one-dimensional. Thus, the temperature of each plate is expected to
increase in a linear manner and the system can reach a pseudo-steady state, where the temperature
difference between the plates is maintained constant. By measuring this temperature difference A7 eas
and the heat input Q, the overall thermal resistance of the joint can be calculated as follows:
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t t
Rth — ATmeas — pl + tadh + pl (56)

Q kal AHTR kadhAHTR kal AHTR

where t, and t,q, are the plate and adhesive thicknesses, respectively. In order to measure the plate
temperature, three holes of diameter 1mm were drilled at the side-face of each plate, along the plate
length, and type T thermocouples were inserted approximately 20mm inside the plate. The holes were
drilled approximately at the plate mid-thickness and the distance between the measuring point and the
plate edge was roughly taken equal to t,=1mm. Each test commenced with the plates at room
temperature and the container sealed. A heat input was specified and the resistors were turned on and
values of the plate temperatures and the heat rate were recorded every 5 seconds.

Tests for each adhesive were conducted for two heat-rate values, 400W and 650W, in order to verify
the independence of the measured thermal resistance.

Fig. 5.22a depicts the temperature rise with time for a set of plates bonded using the epoxy resin. It
is evident that temperature increases in a linear manner and thus the assumption of one-dimensional
heat transfer is justified. A similar heating pattern was observed for the plates bonded using the
thermal tape. In addition, it can be noticed that the curves have the same gradient after t=300s. Fig.
5.22b presents the thermal resistance values measured for the two adhesive materials. The
measurement uncertainty associated with the thermal resistance values was calculated according to the
procedure discussed in paragraph 6.1.3 and is primarily influenced by the uncertainty in the
temperature measurement, which is equal to 0.5 K for the employed thermocouples. Regarding the
epoxy resin, the repeatability of the measurements was very good and the obtained values of the
thermal resistance were found to be constant for different heat rates. However, the measured thermal
resistance is approximately an order of magnitude higher than the theoretical value (Rth,theory:1.05-10'3)
calculated using the thermal conductivity as stated by the manufacturer. Common causes for the
deterioration of the thermal bond are the adherence of the material on the metallic surfaces, the
existence of voids and air pockets, the pressure on the joint and the effect of humidity on the material
properties.

The thermal resistance values in regard to the thermal tape were measured in the range 4.11-107°-
3.0-10° K/W with the theoretical value being equal to 1.30-10°. Measurement repeatability could not
be obtained, as the values obtained after the first measurement were negligibly small. A visual check
after the end of the measurements revealed that the tape had been heavily compressed due to the
thermal cycling in conjunction with mechanical clamping and excess material was clearly visible
beyond the edges of the plates Nevertheless, in the actual application the tape will not be under
pressure and the operating temperature will be lower (up to 70° C). Hence, it is presumed that the
initial value obtained, equal to 3.0-10° K/W is representative of the actual thermal resistance imposed
by the tape. It must be noted that a heating test was conducted for the epoxy resin as well to examine
its behavior to temperatures up to its operating limit. For temperatures up to 120°C, the resin
maintained its rigidity, no cracks appeared and the plates remained perfectly bonded. Furthermore, no
deviation from the values of the thermal resistance shown in Fig. 5.22b was detected.
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Fig. 5.22 Results of the adhesive thermal-resistance evaluation: (a) Evolution of the plates temperature with
time. (b) Measured values of the adhesives thermal resistances.
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Chapter 6 Experimental evaluation of the CPVT system

6.1 Experimental rig and instrumentation

The electrical and thermal performance of the CPVT system was evaluated in an outdoor testing rig
specially developed for this purpose. The experimental setup comprised the electrical and hydraulic
circuits, as well as the necessary instrumentation for the measurement of the quantities needed for the
characterization of the system overall performance. The test rig constituents as well as the
instrumentation employed for the measurement of the quantities of interest, as depicted in Fig. 6.1, are
presented in the following sections. It must be reminded that the hydraulic circuit used for the
assessment of the CPVT system performance was also used for the evaluation of the cooling devices
and has been described in detail in paragraph 4.8.1.1.

CPVT system
Pt 100 (Ttin , Trow)

TC type T (Tw)
Tracking pyranometer (Gior)
Electrical load (Vpv, Ipv)
Photodiodes for tracking (lph)

Cup anemometer (V)

Power supply
Pumps in the WCU
Fans and pumps in the CU

Shaded pyranometer (Gq)

Ambient thermometer
Pt 100 sensor
Blower for feeding fresh air
Flow meter (Vio)

Inlet Temperature adjustment (Tin)
Flow rate regulation

" Water conditioning unit (WCU)

Cooling unit (CU)

Air/Water Heat exchanger

Fig. 6.1 Layout of the test rig developed for the evaluation of the system.
6.1.1 Direct (beam) solar radiation

Direct radiation G, was calculated as the subtraction of the diffuse radiation G4 from the total
radiation G, For this purpose, two Kipp & Zonen pyranometers of “secondary-standard” accuracy
according to the ISO 9060 standard [6.1] were used. One instrument was mounted on the collector
frame and tracked the movement of the sun in order to measure the total radiation perpendicularly
incident on the collector, while the second was mounted on a static pillar beside the collector and was
properly shaded using an appropriate ring manufactured by Kipp & Zonen, so as to detect only the
diffuse part of the solar radiation. The uncertainty in the measurement of both instruments was
estimated through a calibration procedure performed in the laboratory.
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6.1.2 Ambient temperature

A properly shaded four-wire Pt100 temperature sensor manufactured by Thies Klima was used for
the measurement of ambient temperature. The sensor was mounted on a probe approximately 1.0 m
from the ground and constantly fed with fresh air by a blower. The measurement uncertainty is 0.054K
in the temperature range 278-353K.

6.1.3 Wind velocity

A cup anemometer manufactured by Thies Klima was used for the measurement of the wind
velocity. The instrument was mounted adjacent to the collector, approximately 1.5m from the ground.
The instrument accuracy is equal to +2% of the measured value in the range 0.3-40m/s.

6.1.4 Volumetric flow rate

Water flow rate in the hydraulic circuit was measured with a ring piston flow meter manufactured by
Aqua Metro. The instrument accuracy is equal to £2% of the measured value for flow rates in the
range 60-1500L/h.

6.1.5 Fluid temperature

Two four-wire Pt100 temperature sensors were used for the measurement of the fluid temperature
at the inlet and the outlet of the collector. The sensors are of accuracy 1/10 DIN according to the DIN
EN 60751 standard [6.2] and were properly calibrated so that the uncertainty in the fluid inlet and
outlet temperature is equal to 0.054K for the entire range of testing temperatures. Each sensor was
housed in an appropriate fitting, which allows the insertion of the probe opposite to the main flow and
enables fluid mixing, so that accurate measurements are ensured (Figure 6.2).
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Fig. 6.2 Housing of the sensors used for measuring the cooling fluid inlet-outlet temperature.
6.1.6 Solid temperature

The temperature at the solid substrate of the PV modules and the heat sinks was measured with the
use of type T (copper-constantan) thermocouples manufactured by OMEGA with a measurement
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uncertainty of 0.5K. As the thermocouple measurement is dependent on the temperature of its
junction, special care was given to establish that the same conditions occur at the junctions of all
sensors ensuring by this way the accuracy of the temperature measurements. The thermocouples were
connected in a separate wire terminal in such a manner as to reduce the length of the terminal, as
depicted in Fig. 6.3, and their signal was transferred to the data logger through copper wires. A Pt100
sensor was bonded on the terminal to measure the reference (junction) temperature T, The absolute
value of the solid material temperature was finally measured as:

TTC = Tref + (Tprobe_Tref ) (61)

where Ty IS the temperature at the thermocouple tip, which has a diameter approximately equal to
0.9 mm, i.e. the temperature at the solid material. The terminal along with the reference sensor was
placed in a heavily insulated and shaded container, in order to maintain a constant temperature.
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Fig. 6.3 Wire terminal connection for the thermocouples.
6.1.7 Glass temperature

A portable thermal camera manufactured by FLIR was used to visualize the temperature field on
the glass cover of the PV model. The camera has an accuracy of 2°C for measured temperatures in the
range -20°C to 250°C and it allows for a correction of the recorded values according to the emissivity
of the material being measured. The thermal images taken had a resolution of 320x240 pixels and
were processed using an appropriate software (FLIR Tools), in order to export the minimum and
maximum temperature values in ASCII format.

6.1.8 Photovoltaic module voltage and current
A variable resistor (0-6€2) capable of dissipating up to 200W to the environment was used as

electric load, in order to operate the solar cell model at the point of maximum power production. The
voltage across the module was directly measured by the data logger through additional copper wires
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soldered to the module leads, so as to avoid any voltage drop in the high current cables. The produced
current was converted to voltage through a 1 mQ shunt resistor and consequently measured by the data
logger. Since both quantities were directly measured by the data logger, the uncertainty in their values
is considered to be negligible in comparison to uncertainty associated with the other measured
quantities used for the determination of the system total efficiency.

6.1.9 Data taking procedure

The cables carrying the signal of the various instruments were concentrated at a terminal-block
board mounted at the base of the supporting frame. The signals were consequently carried to an
Agilent 34901A data logger through a multicore copper wire. Measured values were being processed
and stored to a computer using the Agilent VEE software [6.3]. Data were logged and stored in a file
every five seconds.

6.2 Experimental uncertainty analysis

An uncertainty analysis based on propagation of errors, as described in [6.4, 6.5], has been
conducted in order to determine the resulting uncertainty of the calculated quantities due to the error
associated with the direct measurement of primary quantities. Considering that a result R is calculated
from a set of measured quantities x;, R = R(xl,x2 ,x3,...,xi); then the uncertainty in the calculated

value is equal to:

2772
Uy = ;[{%}w& (6.2)

where U, is the uncertainty associated with the measurement of the values xi. Eq. (6.2) is valid

regardless of whether the measurement uncertainty is given in absolute or relative values. The
uncertainty in the values of the measured quantities required for the system characterization are given
for a confidence level equal to 95% and summarized in Table 6.1. It must be noted that, in the cases
where only the instrument accuracy acc was available the typical uncertainty of the measurement was

calculated as u, = a% [6.5]. The uncertainty for a confidence level of 95% considering uniform

error distribution is then equal to:

acc

J3

U, =1.645 (6.3)

In addition, it must be pointed out that the error in the electrical signals directly measured by the data
logger was considered negligible, while the uncertainty in the measurements of the solar radiation, the
volumetric flow rate and the fluid temperature presented in Table 6.1 have been determined by
calibration procedures performed in the laboratory.
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Table 6.1 Uncertainty in measured quantities.

Measured quantity Uncertainty U

Vair [M/S] 1.90%
Tams [K] 0.054
Giot [WIM?] 1.41%
Gg [WIm?] 1.41%
Vot [M¥/s] 1.76%
T:[K] 0.054 K
TwlK] 0.5K
Ty [K] 1.9K
Vo [V] -
lov [A] -
W [m] 0.025%
L [m] 0.1%

The uncertainty associated with quantities deriving from the directly measured ones was calculated by
making use of EqQ. (6.2) and are presented in Table 6.2. The uncertainty in the values of the thermal
gain Qu, the thermal efficiency ny, and the total efficiency n.: Were calculated for the three different
water flow-rates (20.0-30.0-40.0 mL/s) considered for the evaluation of the CPVT system.

Table 6.2 Uncertainty in calculated quantities." The uncertainty in the calculated values is dependent on the
coolant flow rate. The values correspond to flow rates equal to 20, 30 and 40 mL/s, respectively.

Calculated quantity Uncertainty U
Aa [7] 0.10%
Gp [W/m?] 1.99%
Qun [W] 2.29%-2.90%-3.46%
Pel [W] -
Nen[] 3.04%-3.52%-4.00%"
Nel ['] 2.05%
Moot [ 3.64%-4.06-4.48%"

6.3 CPVT system performance

The performance of the integrated CPVT system was assessed for three variations of the system
receiver comprising different PV module-heat sink combinations aiming at clearly illustrating the
influence of the receiver component performance characteristics on the overall efficiency and possibly
designate the most attractive configuration. The efficiency measurements presented in the following
paragraphs were performed in the summer and autumn period of 2014 at latitude of 38°. The direct
beam radiation, wind velocity and ambient temperature varied within the ranges 760-970 W/m? 0-2
m/s and 288-308K for all the testing sequences. It is essential to note that although the system
electrical and thermal output are of different “energy value”, their behavior is interdependent and,
hence, they are treated as equal for the estimation of the total amount of incoming sunlight that is
utilized by the system.
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6.3.1 System electrical performance
6.3.1.1 Efficiency of the PV modules

An initial stage for the assessment of the modules electrical performance was to determine the
current-voltage (V) curves that characterize their operation under concentrated sunlight. For a
specified flow rate of the cooling fluid, the system was allowed to reach steady-state conditions and
then the value of the external load was gradually varied between its minimum and maximum values,
SO as to cover the entire operating range of the modules. Fig. 6.4 presents the experimental points
obtained for two PV modules assembled with narrow (Fig. 6.4a) and wide (Fig. 6.4b) cells,
respectively. The IV curves for one-sun irradiation as resulted from a flash-tester measurement (at T
=25°C) are also included in the figures for comparison. It can be observed that the modules regardless
of the cell design obtained an open circuit voltage Voc approximately equal to 6.2V. However, the
module with the wide (60.0mm) cells produced a short circuit current lsc approximately equal to 12A,
considerably higher compared to the approximately 9A produced by the module comprising narrow
(40.0mm) cells. The enhanced electrical output of the wide-cell module should be primarily attributed
to its larger active area.
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Fig. 6.4 IV Curves measured for (a) the narrow-cell module (Module 2) and (b) the wide-cell module (Module
3).

The maximum electrical output that can be extracted from the PV module is equal to Pe=Vypepluee,
where Vypp and lypp are the voltage and current produced by the module when operating at the
maximum power point. Consequently the system electrical efficiency can be defined as:

_ Ve L uee

Na = AaG (64)

where Gy, is the direct irradiation and A, is the reflector active aperture. Fig. 6.5 presents the variation
of electrical efficiency of the three solar-cell modules examined with the substrate temperature. The
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presented experimental points, albeit recorded during various testing sequences of the integrated
CPVT system, can be compared in a straightforward manner as they are reduced to similar conditions

through the variable (TPV _T% . An initial observation is that the maximum electrical efficiency is
b

in the order of 7.0% and is achieved by a wide-cell module (Module 3-Fig. 6.5b). On the contrary, the
maximum efficiency achieved by the narrow-cell module is lower and approximately equal to 5.0%
(Fig. 6.5a). The discrepancy in the efficiency of the two module designs is primarily attributed to the
extent of their active area, as the width of the solar band is even wider than the 60mm-wide cells and
thus the irradiation spillage outside the cell active area is significant especially for the narrow, 40mm-
wide cells. Besides, the significant irradiation non-uniformity is the reason for the low efficiency of all
the PV modules as, besides the significant irradiation spillage, the cells are primarily illuminated in the
regions close to the busbar, while the bulk material at cell mid-width receives irradiation of much
lower intensity (see Fig. 5.18). It is necessary to point out that the efficiency of Module 4 that
comprises wide cells is lower by 2% absolute than the one obtained by the identical Module 3. The
decline in the performance of Module 4 occurred on grounds of improper connection to the electrical
load, as was identified after the testing completion and not on the module manufacturing quality.
However, the overall system efficiency could be reliably evaluated, as will be shown in the next
paragraph, due to the interdepending nature of the system electrical and thermal output. Hence, the
experimental data obtained were reckoned as useful for the characterization of the overall system
performance.

The narrow-cell modules exhibited a strong sensitivity to sun-tracking, as a minor misalignment
between the system aperture and the normal irradiation lead to considerably lower electrical efficiency
and this behavior partially obscured the effect of operating temperature on the efficiency. This
behavior was absent in the cases of the wide-cell modules, which maintained essentially constant
performance for minor tracking errors, and clearly exhibited a decreasing trend as a function of
operating temperature. The effect of operating temperature on the solar-cell performance is further
discussed in the next paragraph.
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Fig. 6.5 System electrical efficiency vs. normalized substrate temperature: (a) narrow-cell modules and (b) wide-
cell modules.
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6.3.1.2 Effect of temperature on PV module performance

The solar-cell modules were operated under concentrated sunlight without the presence of a heat
sink, in order to evaluate the deterioration in their performance due to the elevated temperature. The
resistive load was appropriately fixed so that the modules operated close to their maximum power
point. The produced electrical power, the module temperature along with the direct solar irradiation
and the ambient temperature were recorded at intervals of 3s, in order to keep the overall time period
of each testing sequence as short as possible and thus minimize any effect on the results of a possible
fluctuation of the environmental conditions or temporary loss of normal incidence. Two type-T
thermocouples symmetrically attached to the mid-width of the back substrate were used for the
measurement of the module temperature.

Fig. 6.6 shows the relative change in the module performance as a function of the temperature
difference to ambient. The results were taken on consecutive clear days under slightly different
environmental conditions and good repeatability of the measurements was achieved. As becomes
evident by Figs. 6.6a-b, the expected linear decrease in performance is verified. However, the rate of
decrease is steeper in the case of the “narrow” solar cells, which is a clear indication that the “wide”
cells are better suited for operation at elevated temperature.
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Fig. 6.6 Effect of temperature on the solar-cell module performance: (a) narrow cells, (b) wide cells.

The difference in the behavior of the two cell designs can be attributed to the series-resistance
value that characterizes each design. According to the values of Table 5.2, the series-resistance value
is higher for the narrow-cell module and by taking in mind that the series-resistance increases linearly
with temperature [6.6], the power dissipation within the module and thus the performance
deterioration is more profound for the narrow cells.

6.3.2 System overall performance
At the time being there is no official standard available for the performance characterization of

CPVT systems [6.7]. Especially regarding the system thermal performance, the quasi steady-state
method [6.8, 6.9], which applies for concentrating solar thermal collectors, was employed. According
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to the method, the system efficiency is determined for a set of prescribed operating conditions, while
requirements are also posed for the prevailing environmental conditions. The limits regarding the
prevailing environmental conditions, as well as the restrictions posed to the variation of various
quantities, in order for the experimental test to be considered valid are shown in Table 6.3. As stated
by the standards [6.8-6.10], 16 experimental points for four different values of the cooling fluid inlet
temperature suffice for the characterization of the system efficiency.

The flow rates selected for the measurement of the system thermal efficiency should represent
actual operating conditions, while the PV module should be operated at the maximum power point. In
addition, the CPVT system should be evaluated for inlet temperature values of the cooling fluid that
span the entire range of achievable operating conditions. The time interval required for obtaining an
experimental point must be in the order of 3-5 minutes and thus the rotating base of the CPVT system
allows the acquisition of a large number of experimental points in each testing sequence, as near-
normal incidence can be achieved throughout the entire daylight period, reducing this way the
evaluation time period.

Table 6.3 Requirements of the quasi steady-state method.
Absolute restrictions

V, <45 m/s
Gy >630 W/m?
Go,max-Gp,min >200 W/m?
0 ~0°

Restrictions in variance

Tin 1% or 0.2°C
Tf,out'Tf,in 4% or 0.40C
m C, 1%
Gy 4%
Ta 2°C

Provided that the system has reached steady-state operating conditions, the thermal efficiency can
be calculated as follows:

MC \T¢ oue — Tt
Ny = p( f out f,|n) (65)
AGy

where M, Tein, Troue are the specified coolant mass flow rate and temperature at the receiver inlet and
outlet, respectively. A linear model is commonly employed for the approximation of the system
thermal efficiency as follows:

T

G,

L (6.6)

Mw =1 —Y,

where 7, is the optical efficiency, namely the efficiency achieved by the system for negligible thermal
losses to the environment and Uy is the thermal-loss coefficient. The optical efficiency is correlated to
the receiver intercept factor and the properties of the reflector and the receiver materials as follows:
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1, = pray (6.7)

where p is the total reflectance of the reflective surface, 7 is the transmittance of the glass cover, a the
absorptance of the receiver active area and y is the intercept factor of the receiver. The system overall
efficiency was calculated by the simple summation of the respective thermal and electrical
efficiencies, namely 7w=#n+7e.

The system efficiency for the different receiver configurations considered (distinguished in
terms of cell-width and heat-sink type) is illustrated in Fig. 6.7 with the water volumetric flow rate
being equal to 30mL/s. An initial observation can be made that the system optical efficiency is in the
order of 50%, which implies that half of the radiation incident on the system aperture is lost due to the
system optical quality. As was discussed in paragraph 5.7.3, the intercept factor of the receiver was
estimated equal to 0.57 and thus the additional 7% of irradiation lost must be attributed to the
transmittance-absorptance product za of the PV module. It is interesting to notice that the optical
efficiency is approximately 2% higher in the systems employing PV modules with 60mm-wide cells
(Figs. 6.7a-b). The enhanced optical efficiency is justified considering that the cell material, which has
an anti-reflective coating, occupies a larger module area in the case of wide cells, while a portion of
that area is substituted by reflective anodized aluminum in the narrow-cell modules. The comparison
of Figs. 6.7a-b also reveals that the receiver employing the worse performing wide-cell module
(Module 4-Fig. 6.7b) achieves higher thermal performance compared to the receiver corresponding to
Fig. 6.7a due to the additional power available to be extracted as heat.

It is also made evident by Fig. 6.7 that the system thermal efficiency exhibits a weak dependence
on the operating temperature, i.e. heat losses are relatively insignificant and the heat-loss coefficient
U, lies in the range 0.5-1.1 W/m’K. This is due to the compact receiver configuration and the use of
heavy insulation, which lead to minimal convection, radiation and conduction losses. It must be noted
that the receiver configuration employing the narrow-cell module and the VW cooling device (Fig.
6.7c) was insulated using expanded polystyrene (k=0.033 W/mK), which seems to be a more
appropriate material in comparison to Armaflex that was used for the other configurations. This is
made evident by the heat-loss coefficient of the specific configuration (Uy~0.5 W/m?’K), whose value
is approximately half of the respective one obtained by the other configurations. Nevertheless, the heat
loss coefficients achieved by the CPVT system are significantly lower to those characterizing the
thermal performance of flat-plate collectors, as will be illustrated in a subsequent paragraph.

A finding of significant importance that derives from the comparison of Figs. 6.7a-c is that the
system achieves similar overall performance regardless of the employed cooling system (FW or VW
device). It is rational to expect that heat spreading is significant within the receiver material layers
with high thermal conductivity (aluminum substrates) as the irradiation non-uniformity on the receiver
surface and the varying quality of the thermal bonding between the module and the heat sink should
create a fully three-dimensional temperature field within each layer. Thus, it is plausible to claim that
heat losses are designated by the average heat-sink temperature. As was discussed in paragraph 4.9.3,
the values of the thermal resistance based on the average wall temperature were found to be
approximately equal for the two cooling devices (see Fig. 4.25), a fact that gives grounds for the
respective similar thermal performance of the CPVT system variations. Therefore, the VW heat-sink
design appears to be a more attractive choice for incorporation in large-scale systems, where the
system efficiency will be affected by parasitic pumping power, as it induces a much lower pressure
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drop penalty in comparison to the FW design. In addition, the VW configuration achieves a more
uniform cooling of the solar cells, which could also enhance the electrical production of large-scale
systems.
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Fig 6.7 Thermal and overall efficiency of the CPVT system for flow rate 30mL/s: (a) wide cells-FW heat sink,
(b) wide cells-VW heat sink, (c) narrow cells-VW heat sink.

Several distinct nominal values of the cooling fluid flow rate equal to 20, 30 and 40 mL/s were also
considered during the system experimental evaluation, in order to designate the flow-rate effect on the
overall efficiency. Fig. 6.8 depicts the experimental points obtained by the evaluation of three receiver
layouts for the three values of the water flow rate considered. As regards to the receiver configuration
employing the FW cooling device (Fig. 6.8a), increase of the fluid flow rate from 20.0 to 40.0 mL/s
retains the same optical efficiency yet leads to a decrease of the heat-loss coefficient (i.e. the slope of
the corresponding curve as results from a least-squares fitting of the experimental points) from 1.0 to
0.5 W/m’K. However, in the other configurations employing VW devices the heat-loss coefficient
remains relatively invariant to the water flow rate with values approximately equal to 1.0 W/m’K and
0.5 W/m’K for the receiver configurations referring to Figs. 6.8b and 6.8c, respectively. The low heat-
loss coefficient of the narrow cells-VW heat sink configuration (Figs. 6.8c), obtained regardless of the
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flow rate is a strong indication of the better thermal insulation provided by the expanded polystyrene
in comparison to Armaflex.

In any case, the discrepancy in the system overall efficiency caused by the variation of the water
flow rate, even for the receiver employing the FW device, is of comparable magnitude to the
experimental uncertainty and hence it is justifiable to deduce that, at least for systems of small overall
length, the system achieves a relatively constant efficiency regardless of the cooling fluid flow rate.
Increase of the cooling fluid flow rate lowers the convective thermal resistance of the heat sink.
However, the conductive resistances between the solid materials and especially that at the thermal
bond between the module and the heat sink probably have a more significant contribution to the
receiver overall thermal resistance and thus the effect of convective resistance cannot be clearly
illustrated. Furthermore, as will be shown in a subsequent paragraph, the magnitude of conduction
losses through the receiver insulation is negligible for the evaluated system and thus the system heat
losses are designated by convection and radiation losses from the front cover. In reference to the
CPVT prototype system, thermal losses from the front cover are inevitably small due to its limited
area (0.04 m?). Furthermore, apart from the cover temperature, the thermal losses depend on the
environmental conditions (ambient temperature and wind velocity). Especially the convective losses,
which depend on the wind velocity and magnitude, are expected to exhibit considerable fluctuations
between different testing sequences. On grounds of the aforementioned reasons, the effect of coolant
flow rate on the system efficiency cannot be clearly illustrated, although there is an indication that
increased flow rate tends to enhance the thermal performance of the system employing the FW heat
sink. The evaluation of a large-scale system under specified environmental conditions would produce
more illustrative results regarding the effect of the coolant flow rate on the system efficiency.
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Fig. 6.8 Effect of the water flow rate on the system efficiency: (a) wide cells-FW heat sink, (b) wide cells-VW
heat sink, (c) narrow cells-VW heat sink. Error bars have been omitted to enhance the figure clarity.

6.3.3 Incidence angle modifier (IAM)

In the case of single-axis tracking, which is typical for linear concentrating collectors, the
longitudinal angle of incidence and consequent cosine and end losses can have a significant effect on
the collector daily performance since normal-incidence conditions apply only in the time interval
around solar noon. The effect of non-perpendicular irradiation incidence on the system performance
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can be quantified using the Incidence Angle Modifier (IAM) K(@ong), Which defines how the
optical efficiency decreases with incidence angle, relative to the trough's normal incidence:

)=%6— (6.8)

0

K(6

long

glong

where n

is the collector thermal efficiency for normal incidence. It must be noted that the IAM

Oong-0
is only dependant on the longitudinal angle of incidence 6o, as the respective transversal angle Gians
is always equal to zero provided the sun movement is properly tracked. The performance of the CPVT
system was evaluated under non-perpendicular radiation incidence with the cooling fluid inlet
temperature being kept within 2.5 °C of the ambient temperature in order to minimize heat losses, as
dictated by the ASTM E905-87 standard [6.7].

Fig. 6.9 shows the variation of the IAM with the incidence angle 6.,y for three receiver layouts.
The best performing PV module (Module 3), showed the most significant decrease in the electrical
IAM for an incidence angle of 10° as depicted in Fig. 6.9a. The 1AM for the specified module
obtained a value close to 0.2, while the 1AM, of the other two modules obtained values in the range of
0.40-0.45 (Figs 6.9b-c). However, it was confirmed during the testing sequence that the electrical
efficiency of the PV modules exhibited an intense sensitivity on the incidence angle for low angle
values and the discrepancy in the IAMg, values detected between Fig. 6.9a and Figs. 6.9b-c could be
due to small errors in the receiver manual positioning as the proper incidence angle. For an incidence
angle of 30° the electrical output of the modules was nullified, although a part of the modules was still
illuminated, and thus it was clearly demonstrated that the use of bypass diodes in concentrating
photovoltaic applications is necessary.

The thermal efficiency of the system dropped only slightly for 6,,=10° as the IAMy, obtained
values in the range 0.85-0.95 depending on the receiver configuration. As the reflector length exceeds
the receiver active length by approximately 15.0 cm on each side, it compensates for a large part of
end losses and only a small part of the receiver remains unilluminated for 6,,,,=10° resulting to a small
decrease of the thermal efficiency as well. For 8,,,,=30° the thermal efficiency decreased to almost half
its value at normal incidence for all system variations. Besides, the IAM in reference to the overall
system efficiency exhibited an approximately linear decrease with incidence angle, down to a value in
the range of 0.45-0.50 depending on the receiver layout.
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Fig. 6.9 Incidence Angle Modifier (IAM) for the CPVT system: (a) wide cells-FW heat sink, (b) wide cells-VW
heat sink, (c) narrow cells-VW heat sink

6.4 Temperature distribution on the glass cover

The temperature distribution of the glass cover gives an indication of the heat transfer within the
various receiver materials. Furthermore, the system receiver primarily dissipates heat to the
surrounding through its front cover, as will be discussed in detail in the next paragraph. It is therefore
of interest to have an estimation of the temperature field that emerges on the glass cover under
concentrated illumination. As was stated in paragraph 6.1.7, contours plots of the cover temperature
field were captured with the use of a thermal camera. In order for the absolute temperature values in
the captured thermal images to be accurate, the emissivity of low-iron glass cover was set equal to
0.88.

Figs. 6.10a-b are actual photographs of the system receiver under solar concentration. A dark
region is clearly discernible at the central part of the modules, while regarding the wide-cell in
particular, alternating dark and bright regions are clearly visible across the cell width. The irradiation
pattern on the receiver active area, which is in compliance with the measurements presented in
paragraph 5.7.3, must certainly have an effect on the temperature distribution as well. It is also
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interesting to observe that the side walls of the receiver container are illuminated as well, revealing the
irradiation spillage beyond the receiver active area.

Figs. 6.10c-e depict thermal images of the system receiver for the various designs of the PV
module and the cooling system. An observation that applies to all the figures is that the temperature
distribution on the surface of the glass cover is considerably non-uniform. Two lines of elevated
temperature exist that correspond to the bright lines of Figs. 610a-b; however, there is a longitudinal
temperature distribution on the lines as well.

Sampling lines (Li1, Li2, Li3) were placed on the thermal images using a processing software
(FLIR Tools), with the objective to obtain a quantitative representation of the temperature distribution
in characteristic regions of the glass cover. The maximum and minimum temperature points are
depicted along each line (as red or blue triangles respectively) and, as can be seen, a substantial
temperature difference as much as 10K exists in the glass cover e.g. see Figs. 6.10d and 6.10e. In
addition, points of maximum and minimum temperature occur at different locations in each receiver
implying that the thermal bonding between the module and the heat sink is not uniform. The reason for
the existence of hotspots on the glass cover, apart from the local irradiation intensity, is the locally
poor quality of the thermal bond, i.e. the absence of conductive resin between the module and heat-
sink substrates due to the manual resin spreading. Besides, it must be reminded that the solar cells are
bonded onto the module substrate using a thermal adhesive tape and it is therefore plausible
imperfections also to exist in the thermal bond within the PV module, e.g. due to air pockets trapped
between the bonded surfaces, enabling thus the formation of hotspots.

Receiver container

PV cells
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Fig. 6.10 Photographs of the system receiver: (a) narrow (40mm) PV cells, (b) wide (60mm) PV cells. Thermal
images of the system receiver: (c) wide cells-FW heat sink, (d) wide cells-VW heat sink, (e) narrow cells-FW
heat sink, (e) narrow cells-VW heat sink.

6.5 Thermal losses

Heat is dissipated from the receiver of the CPVT system to the surroundings through three
mechanisms: convection and radiation through the glass cover and conduction through the insulation
of the receiver container, i.e. Qioxs=Qjossconvt Qlossrad + Qioss.cond- The quantification of the radiation and
conduction losses relies primarily on the glass cover and the heat sink temperatures, respectively,
whereas the characterization of the convective thermal losses constitutes a complex task, in the sense
that highly fluctuating environmental conditions such as the wind magnitude and orientation must be
estimated. Additionally, the proper flow and heat transfer conditions must be assigned depending on
the receiver operating temperature and relative position relative to the wind stream. An analytical
approach is presented in this paragraph that enables the calculation of the total amount of heat
dissipated from the receiver considering external fluid flow over a heated plate for the determination
of the convective thermal losses.

The Reynolds number that characterizes the flow is defined in terms of the plate active length
Lpiacive, @ccording to the following expression:

U,iqL
ReL: wind =plate (69)
\

air

where v, is the air kinematic viscosity. In reference to forced convection conditions, the Nussselt
number can be obtained from the following correlations for laminar and turbulent flow, respectively
[6.11]:

NUFrc jam = 0.664 Rel’? Pri/ (laminar flow, Re, <5-10°) (6.10)

Nue urb = (0.037 Re;/*— 871)|:’I‘1/3 (turbulent flow, 5-10°<Re, <10°) (6.11)
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where the Prandtl number for air has a nominal value of 0.71 for the temperature range considered.
Considering that even for a temperature difference of 5.0 K between the glass cover and the ambient,
the Grashof number obtains a value in the order of 10°, the effect of natural convection on heat transfer
is non-negligible. The Nusselt number for purely natural convection conditions can be approximated
for a wide range of the Rayleigh number (10"<Ra<10") values by the following relation [6.12]:

Nu,. = 0.56Ra"* (6.12)

L3
where Ra=GrPr is the Rayleigh number based on the Grashof number Gr = g,B(Tgl —Ta) P'va% :

Given that a correlation for mixed convection over a flat surface for these conditions is not available in
the literature, the Nusselt number for mixed convection conditions can be estimated with adequate
accuracy [6.13, 6.14] from the respective values for pure forced (FC) and natural convection (NC), as
follows:

Nuy,e = Nui. + Nujc (6.13)

where the value of n=3 has been proposed in the literature [6.13]. Fig. 6.11 shows the overall Nusselt
number for mixed convection based on the assumption that the wind direction coincides with the
system main axis (0,i,¢=0°) and thus the entire plate length is considered as active. Two system (plate)
lengths have been considered, equal to 0.53m, which is the length of the actual module, and 5.3m,
respectively, to clearly demonstrate the effect of the flow conditions on heat transfer. The heat transfer
between the cover and the wind stream is forced-convection dominated, as the values of the overall
Nusselt number exhibit a weak dependency on the cover temperature and are primarily influence by
the wind velocity magnitude. The Nusselt number values for the 5.3m long system (Fig. 6.11b) are
significantly higher as the flow transitions to turbulence at a certain location over the plate.
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Fig. 6.11 Overall Nusselt for external flow over the glass cover considering mixed convection conditions: (a)
laminar (short system) and (b) turbulent flow (long system), as a function of glass temperature and at different
wind speeds.
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The respective heat transfer coefficient calculated in terms of the previously formulated Nusselt

number correlations is hgyyeq = Nuyc Kair , Where kg, is the air thermal conductivity.

pl,active

L

Consequently, the thermal losses from the glass cover due to convection are calculated as:
Qloss,conv = hconv,ext Agl (Tgl _Ta) (614)

where Ay is the glass cover area and 'rg, is the average glass temperature. It should be mentioned that

in typical CPVT applications the glass cover temperature is not expected to be uniform and hence the
use of the average wall temperature is a convention. However, as reported by Coventry [6.15], the use
of the average cover temperature introduces a minor error less than 2% in the calculation of the

thermal losses.
The radiative losses from the cover are calculated as gray-body radiation:

Qloss,rad = @gIAgI (-ITg‘I‘ _Ta4) (615)

where ¢ is the Stefan-Boltzmann constant and ¢ is the emissivity of the glass cover. Finally, the
receiver conduction losses through the container insulation are calculated by the following relation:

t.
ins 6.16
I(ins'A‘ ( )

Qloss,cond = i(-rhs _Ta)’ where Rth,ins =

th,ins hs,ext
and tins, Kins are the thickness and thermal conductivity of the container insulation; Apsexq IS the total
external area of the heat sink facing the insulation material.

The thermal losses from the system receiver are presented in Figs. 6.12a-b for system length of
0.53m and 5.3m, respectively. Regarding the 0.53m-long system, as depicted in Fig. 6.12a, the
radiative losses are approximately of the same order of magnitude as the convection losses for wind
velocity equal to 1.0 m/s and glass temperatures up to 340K and slightly higher for further elevated
temperatures. For higher wind velocities, losses due to convection are clearly the dominating heat-loss
mechanism. On the contrary, for a 5.3m-long system (Fig. 6.12b) the radiative losses are comparable
to the convective losses for wind velocity equal to 3.0 m and convective losses dominate only for very
high wind velocities. The conduction losses are rendered almost negligible regardless of the system
length on account of the small heat-sink outer area and the large insulation thickness. Fig. 6.12 also
elucidates the fact that the thermal losses for a 0.53m-long system operating under conditions similar
to that of the experimental evaluation (T<330K, Uwing=0-2 m/s) obtain very low values, which are in
fact in the same order as the experimental uncertainty, a fact that was also established during the
experimental evaluation of the prototype system.

The operating temperature of a typical linear CPVT system primarily oriented for domestic hot
water or space heating is expected to lie in the range 340-360K, while the system should be located
appropriately or protected by the wind loads so that, in general, it will not face wind streams of
velocity larger than 3 m/s. The aforementioned requirement is easily satisfied in locations with
climatological conditions similar to Athens [6.16]. For a 5.3m-long system with the geometrical and
performance parameters of the experimentally evaluated prototype, the combined nominal electrical
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and thermal output is expected to be approximately equal to 4.5kW, considering m=0.5 and
G,=850W/m*. The percentage of thermal-losses would be less than 6% of the useful output for the
specified system and it is hence clearly demonstrated that heat losses have a minor influence on the
operation of the CPVT system.
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Fig. 6.12 The various components of the thermal losses of the CPVT system: (a) 0.53m-long system, (b) 5.3m-
long system, vs. glass cover temperature.

The results presented in Fig. 6.12 were calculated with the postulate that the wind direction is
aligned with the system main axis. However this is a seldom case, as, firstly, the system receiver is not
static and secondly the wind direction is highly fluctuating. The convective thermal losses have been
calculated for various angles of the wind direction in reference to the system receiver. The wind-
stream angle relative to the receiver is defined as illustrated in Fig. 6.13, with 0,,;,¢ equal to 0° and 90°
indicating flow parallel and normal to the receiver, respectively. It is important to clarify that the wind
direction was considered to lie in the same plane as the receiver bottom surface and thus any effect of
possible flow impingement on heat transfer has not been taken into account. Furthermore, possible
flow separation from the module leading edge and emergence of secondary flow has also been
neglected in the theoretical calculations.

\ ewind=90°

ewind_—» Lpl,active
ewind'—'oo K X

Fig. 6.13 Definition of the wind direction for the calculation of the receiver heat losses.
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The average Nusselt number values under various wind angles for external flow over a 5.3m-long
receiver are presented in Fig. 6.14a. It must be noted that the values were calculated using once again
EQs. (6.9-6.13); however the active plate length L.« Varied for each case corresponding to a different
wind direction. It is evident that the Nusselt number values decrease with the wind angle, owing to the
decrease of the plate active length and consequently of the Reynolds number. Besides, the effect of
natural convection becomes negligible as the wind angle increases, owing to the strong dependence of
the Grashof number on the plate active length. The respective convective thermal losses from the glass
cover are presented in Fig. 6.14b, as calculated by Eq. (6.14). As can be seen, the higher losses values
are obtained for a wind direction 0,,;,;=80°, meaning that the worst case in terms of thermal losses
occurs when the wind-stream is normal to the system longitudinal axis. This result may seem
contradicting to Fig. 6.14a, where it is shown that the lowest values of the Nusselt number are
obtained for 0,,,;=80°. Yet it must be taken into account that for large angles of the wind direction the
plate active length also decreases significantly (see Fig. 6.13) and consequently the convective heat
transfer coefficient henyex Used for the calculation of the thermal losses (see EqQ. (6.14)) increases,
leading to increased losses as well.
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Fig. 6.14 (a) Overall Nusselt number for external flow and (b) convection losses from the glass cover for various
wind directions (5.3m system).

Various empirical correlations have been proposed for the calculation of the external convection
coefficient between solar collectors and wind currents [6.17]. Especially regarding PVT systems, the
following empirical correlation has been employed for the calculation of the glass cover convection
losses [6.18, 6.19].

Neypeq = 2.8+3.0-U (6.17)

conv,ext wind
where Uying IS the wind velocity magnitude. Eq. (6.17) was derived for external parallel flow over a
heated plate and is valid for wind velocities up to 5.0m/s [6.20, 6.21]. Fig. 6.15 presents the
convective heat losses from the glass cover, as calculated using the analytical and empirical

expressions for the heat transfer coefficient, respectively. The analytical and empirical predictions for
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the convective thermal losses of the 0.53m-long system (Fig. 6.15a) are in agreement for wind
velocity equal to 1.0 m/s. However, for higher wind velocities a discrepancy exists between the
empirical and analytical predictions, which becomes significant for wind velocity equal to 5.0 m/s. In
respect to the 5.3m-long system (Fig. 6.15b), the values of convective losses produced by the
empirical correlation are systematically larger than the analytically produced ones for parallel flow. In
fact, the empirical predictions are in relative agreement with the analytical values produced
considering a wind angle of 20°. It should be beared in mind that the empirical heat transfer coefficient
EqQ. (6.17) has been derived from fitting of experimental data and thus it includes the effect of possible
flow separation. In conclusion, the general assessment can be made that the calculation of the
individual convective thermal losses from the receiver bears a considerable degree of uncertainty and
consequently the most suitable procedure to provide accurate results in reference to heat losses would
be the experimental evaluation of a CPVT system of considerable length under properly monitored (or
controlled) environmental conditions.
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Fig. 6.15 Convective thermal losses from the glass cover as calculated using analytical or empirical correlations:
(a) 0.53m-long system, (b) 5.3m-long system.

6.6 Heat transfer at the thermal bond

The proper thermal bonding between the PV module and the heat sink constitutes the major
technical issue associated with concentrating photovoltaic thermal applications. Poor bonding quality
leads to increased solar-cell module temperature, higher thermal losses and consequently decreased
electrical and thermal system performance. Besides, elevated module temperature is the main cause
for the degradation of its materials, especially of the silicon cells and the thermal tape, and, in general,
increases the possibility of a material failure and decreases the life cycle of the application. It has also
been reported by Coventry [6.15] that thorough examination of adhesive materials and fastening
techniques are required in order to improve the overall performance of a CPVT system.

As was reported in paragraph 5.10, the use of a thermal tape (AIT CB7208-A) was also
considered for the bonding of the heat sink onto the module. During the indoor evaluation of the
adhesive materials, the thermal tape achieved lower thermal resistance values in comparison to the
epoxy resin (see paragraph 5.10.1) and for this reason an initial receiver configuration was assembled
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using the thermal tape as bonding material. However, it was established during the testing of the
integrated system that the temperature difference between the PV module and the heat sink obtained
high values beyond 30K at a very early stage of the testing sequence and certainly before steady-state
operating conditions were reached. Therefore the evaluation of the specific receiver configuration had
to be called off, in order to prevent the rupture of the solar cells due to the extreme thermal fatigue It is
essential to mention that no clamping configuration was used to fasten the heat sink on the module and
this could explain the performance deterioration of the thermal tape. The solid texture of the tape in
conjunction with the low pressure at the joint probably allowed the formation of numerous air pockets
between the two aluminum substrates leading to poor heat transfer. The epoxy resin was, therefore,
used for thermal bonding in all the subsequently assembled receiver configurations.

Fig. 6.16 presents the temperature difference A7=Tpy-Ts between the PVV-module substrate and the
heat -sink solid wall as a function of the thermal power removed by the fluid (Qy) and it is thus
indicative of the thermal resistance imposed by the epoxy resin. Each temperature is derived as an
average from the readings of three thermocouples mounted on the backside of the module substrate,
whereas three more of them were mounted at the backside of the heat sink (Fig. 6.16a). It must be
noted that the thermocouples had to be mounted on the receiver backside, as they could not be inserted
in the holes originally drilled in the heat-sink substrate especially for that purpose (see Fig. 4.11). The
reason was that those holes had been blocked by the epoxy resin during the adhesion of the heat sink
on the PV module. In any case the temperatures occurring at the backside are certainly lower than the
respective at the heat-sink substrate and thus the use of the specific temperature difference constitutes
a conservative approach. As illustrated in Fig. 6.16b, the temperature difference between the module
and the heat sink is in the order of 5-7K depending on the system receiver variation. It is essential to
point out that each experimental point depicted in Fig. 6.16b corresponds to a different value of the
water flow rate (20, 30 and 40 mL/s, respectively). Regarding the receiver configurations that employ
the VW heat sink, the temperature difference appears insensitive to the cooling fluid flow rate. With
respect to the receiver integrated with the FW cooling device, a small discrepancy can be detected in
the temperature difference for flow rates equal to 20 and 40 mL/s, which could be attributed to a more
significant effect in comparison to the VW configurations of the elevated flow velocity on the
convective thermal resistance of the heat sink. However the discrepancy is in the order of experimental
uncertainty and it is thus unsafe to draw a solid conclusion. In any case the quality of the bond has a
non-negligible effect on heat transfer as revealed by the fact that the two configurations both
employing VW exhibit a discrepancy of 1.0 K in the temperature difference values. In fact, the
temperature difference is lower for the narrow PV-VW heat sink configuration, although the heat rate
is slightly higher.

It can be therefore deduced that the epoxy resin is suitable as a thermal-bonding material; however
further investigation is required to further reduce the temperature difference at the bond, which, albeit
it is not of great magnitude for the evaluated CPVT system, it is still much higher that the theoretically
predicted one considering the resin thermal conductivity. The thermal resistance at the bond could be
reduced if uniform resin thickness without voids is assured and, in addition, if the pressure at the joint
is increased by mechanically clamping the heat sink on the PV module.
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Fig 6.16 (a) Locations of the thermocouples on the PV module and the heat sink. (b) Temperature difference
between the PV-module substrate and the heat sink as a function of the heat removed by the module.

6.7 Comparison to flat-plate solar thermal collectors

As the greater part of the system output is in the form of thermal power, it is of importance to
examine its thermal performance characteristics in comparison to those of conventional solar thermal
collectors. For this reason, the prototype CPVT system has been compared in terms of thermal
performance to two state-of-the-art flat-plate solar thermal collectors that are commercially available
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in the Greek market. The main design and operating characteristics of the two flat-plate collectors are
presented in Table 6.4. It must be noted that both collectors employ a selective coating that greatly
reduces the absorber emissivity ¢, to a value approximately equal to 0.1, but bear different tubing
layouts, which are commonly referred to as “harp” and “meander”, respectively.

The performance data of the flat-plate collectors were obtained by the Solar and other Energy
Systems Laboratory of NCSR Demokritos through the experimental procedure dictated by the
EN12975-2:2006 Standard [6.22], which is similar to the procedure followed for the evaluation of the
CPVT system. The cooling fluid flow rate differs between the collectors as the standard dictates that
the imposed flow rate should be calculated according to the relation V,,, =0.02- A, where A, is the
aperture area of the collector.

Table 6.4 Main characteristics of the commercial flat-plate collectors used for comparison.

Type Meander

A, [m7] 231 2.57
Vo [mL/s 46.14 51.27
g, 0.10 0.10

Fig. 6.17 presents the comparative results for the flat-plate and concentrating configurations. The
efficiency curves referring to the CPVT system variations were obtained from the experimental points
for water volumetric flow rate equal to 40 mL/s, while the PV module operated at the maximum power
point in all cases. However, the electrical output of the CPVT system has been excluded from the
comparative evaluation. Additionally, in order to obtain a straightforward comparison between the
different types of solar applications, the efficiency points regarding the CPVT system were reduced to
the fluid mean temperature T_f and the total irradiation intensity Gy As regards the reduction of the

radiation values, the assumption was made that for a sunny day the diffuse radiation is 10% of the total
solar radiation. The optical efficiency of a plat-plate collector relies solely on the optical properties of
the cover and the absorber, i.e. on the product 7o of the cover transmissivity and the plate absorptivity;
hence, the considered flat-plate collectors achieve high optical efficiencies in the order of 0.8. In
contrast, the concentrating system achieves a lower optical efficiency in the order of 0.4, as the
integration of a concentrating optical device is accompanied by increased optical losses due to the
imperfections in the shape of the concentrator and the reflectivity of the reflector material (see Eq.
6.7). However, the major advantage of the concentrating system in terms of thermal performance
compared to the flat-plate devices is the very low heat-loss coefficient Uy achieved, as confirmed by
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comparing the slope of the respective sets of curves. In fact, this value lies in the range 0.29-0.93
W/m?K for the CPVT system, depending on the heat-sink configuration and the insulation of the
receiver, whereas the respective values for the flat plate collectors are in the order of 4.69-4.91
W/m?K.

Therefore, the general conclusion that can be drawn is that the present CPVT system, although a
prototype application, compares well in terms of performance, especially if the electrical output is also
taken into account, to well established, commercial products. The only major drawback of the system
is the low optical efficiency, which is exclusively due to the moderate receiver intercept factor.
Modern precision manufacturing allows for values of a parabolic trough optical efficiency as high as
0.70-0.75. Such values would render the CPVT system more efficient than flat plate collectors,
especially for higher operating temperatures.
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Fig 6.17 Comparison of the system thermal performance (steady-state efficiency) of the CPVT system against
state-of-the-art commercial flat-plate collectors (Flat Plate 1: meander type, Flat Plate 2: harp type).
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Chapter { Dynamic simulation and optimization of the CPVT system

7.1 Introduction

Analytical models have been widely used and proven adequate for the prediction of the
performance and the daily or annual yield of conventional PVT systems using sheet and tube
absorbers, similar to those encountered in flat plate solar thermal collectors. A simple steady-state
theoretical model for a flat PVT system that provides low grade heat to an industrial process was
proposed by Hazi et al. [7.1]. Amrizal et al. [7.2] predicted the dynamic thermal behavior of a PVT
system through linear regression based on constant coefficients that can be specified by measuring the
steady-state system efficiency. The simplified approach used in the study assumes the PVT system as
a “lumped” component that can be described through averaged quantities. Three steady-state (1-D, 2-
D and 3-D) analytical models and a three-dimensional dynamic model were comparatively evaluated
by Zondag et al. [7.3] for the prediction of the daily and annual yield of a flat PVT system. The
predictions of all models were found in good agreement to measurements regarding the system steady-
state efficiency. In addition, it was proved that even the 1-D steady model was adequate for the
prediction of the system daily and annual yield. Chow [7.4] developed an explicit analytical model
representing a flat plate PVT system. The system receiving plate was divided into segments and the
thermal balance was formulated for each segment. The analytical model was used to predict the
system response to rapid variations of the operating parameters (irradiation and flow rate).

Theoretical models have also been developed in order to investigate novel flat PVT system layouts
and to designate the effect of the system materials on their performance. A flat PVT system using a
polycarbonate absorbing plate consisting of parallel channels and thermal storage was modeled by
Cristofari et al. [7.5]. The effect of heat capacity was taken into account in the thermal balance
equations and the system daily and annual efficiency and yield were calculated. Abu Bakar et al. [7.6]
modeled a flat PVT system with fluid (air-water streams) using a two-dimensional steady-state model.
Water flows in a serpentine tube enclosed in a rectangular duct, where the air stream flows. The top
surface of the duct serves as the system absorber, where the cells are bonded. The focus of the study
was on the effect of the two fluid flow rates on the system thermal and electrical efficiency. Da Silva
and Fernandes [7.7] performed a sensitivity analysis using a dynamic one-dimensional model and
pointed out that the PV module emmitance has the most considerable effect on the thermal losses of a
flat PVT system, in comparison to other structural and operating parameters. The placement of the
absorber in vacuum and the removal of the cell encapsulation material were proposed in order to
mitigate thermal losses and it was found that an increase of 8% in the system thermal efficiency could
be achieved. The daily trend of the imposed external thermal load was also found to affect the system
thermal efficiency. The daily performance of a flat PVT system that also incorporates a layer of PCM
material was simulated by Malvi et al. [7.8] using a dynamic one-dimensional model. The focus of the
investigation was to determine the influence of the operating conditions and the PCM characteristics
on the system performance.
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There is a number of studies in the literature that discuss the formulation of analytical models
representing concentrating photovoltaic/thermal systems. However, the majority of them do not take
transient effects into account. An early study by O’Leary and Clements [7.9] illustrates the
formulation of an analytical model of a parabolic trough CPVT system. Transient effects were
neglected, as the model was intended for the determination of the optimal coolant flow-rate that
maximizes the system net electrical output. A similar study for a compound parabolic concentrator
PVT system was conducted by Hedayatizadeh et al. [7.10] who discuss the influence of the
environmental conditions and operating parameters on the system overall efficiency. Helmers et al.
[7.11] formulated a theoretical model to predict the influence of operating parameters on the efficiency
of a point-focus CPVT system. The investigation was focused on the effect of the concentration ratio
and cell operating temperature. Their results showed that under high concentration (CR>300), the rate
of thermal and electrical losses decreases and a system overall efficiency of 75% can be achieved.

Calise et al. [7.12] developed an analytical steady-state model for a parabolic trough CPVT system
with triple-junction cells bonded to a receiver of triangular cross-section and a circular passage where
the cooling fluid flows. The receiver was segmented and the mass and energy balances were
formulated for each segment. A parametric analysis regarding the variation of system energetic and
exergetic efficiency with the system length and the coolant flow rate, respectively, was conducted. It
was shown that increase of both parameters leads to increased efficiencies. However, it must be noted
that the effect of the parasitic pumping power on the overall efficiency was neglected. In a subsequent
study Calise et al. [7.13] included their model of the linear CPVT system into an integrated tri-
generation system. The additional system components namely the storage tank and the desiccant air-
conditioning unit utilized the thermal output of the CPVT system, while a natural gas boiler served as
auxiliary heat input. Researchers from the same group also integrated their developed model to a tri-
generation system that uses an absorption chiller to meet cooling loads [7.14]. The investigation
illustrated the system capability to cover the annual electricity, heating and cooling demands of a
university hospital. In a separate study, Calise et al. [7.15] also evaluated the annual performance of a
tri-generation system similar to that presented in [7.14], with the exception of incorporating a point
focus dish CPVT system. A parametric analysis taking the overall CPVT system area as a design
parameter was also conducted.

Buonomano et al. [7.16] used a one-dimensional algebraic model to predict the performance of a
solar dish CPVT system introduced by Kribus [7.17]. Steady state conditions were considered and the
system of equations comprising the model was further simplified by neglecting some of the material
layers in the receiver. The authors provided predictions for the system thermal and electrical efficiency
and, in addition, illustrated the effect of the main geometrical parameters and operating conditions on
the system efficiency. A Fresnel lens linear CPVT system that employs high efficiency triple-junction
cells with thermal energy storage was modeled by Kerzmann and Schaufer [7.18]. A rectangular duct
was considered as the cooling device for the PV module. The thermal balance equations were
formulated for each segment of the linear receiver assuming steady-state conditions and the system
daily and annual yield were predicted. Renno and Petito [7.19] evaluated the performance of a solar
tri-generation system that comprises a point-focus dish CPVT system with a remote duct receiver, a
storage tank and a absorption heat pump, in order to meet the electrical, thermal and cooling loads
respectively. A one-dimensional model, assuming steady-state operation of all the devices was
formulated, and the system yield for two site locations was predicted, by also taking into account the
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number of solar cells and the concentration ratio as parameters. In a further study, Renno [7.20]
optimized the system reported in [7.19] by coupling the concentration ratio to the system overall area
and the working fluid outlet temperature through a fuzzy logic technique. The goal of the optimization
procedure was to determine the concentration ratio for which the system occupies a specified overall
area and is able to meet the imposed thermal (or cooling) loads.

Few studies have been found, where the effect of heat capacitance has been included in the thermal
balance equations and thus the models can predict the transient behavior of the CPVT system as well.
Helmers and Kramer [7.21] formulated a quasi-dynamic theoretical model that can predict the thermal
and electrical output of a CPVT system by making use of linear regression based on constant
coefficients in a procedure similar to that described in [7.2]. A transient model was developed by
Coventry [7.22], whereby the formulated set of energy balance differential equations was solved
analytically instead of being iteratively approximated. The model was used for the prediction of the
annual output of a system coupled to thermal storage. In addition, the effect of basic design
parameters, such as the insulation thickness and the conductivity of the thermal interface material, on
the annual efficiency was examined. Kosmadakis et al. [7.23] simulated the performance of a linear
trough CPVT system which also served as a prime mover for an organic Rankine cycle in order to
produce additional electricity.

The scope of the present chapter is to illustrate the influence of the various components geometrical
layout, materials and parameters of operation on the CPVT system long-term performance by means
of a dynamic theoretical model. The model was employed to conduct a parametric analysis, where the
system daily or annual yield was determined for different values of the geometrical and operational
parameters. The receiver was divided in segments, so that the temperature distribution at the various
material layers along its length can be obtained and consequently the thermal losses and the system
electrical performance can be accurately predicted.

7.2 Formulation of the dynamic model

The simulation of the CPVT system transient performance was based on energy balances
performed on every layer of the system receiver. The model was formulated under the main
assumptions of negligible gravitational terms and negligible losses due to end effects. The latter
assumption is legitimate, as in reference to configurations with relatively small overall length, the
present system could be manufactured as two-axes tracking incorporating a rotational base, whereas
longer systems could extend the reflector beyond the receiver active length to prevent the occurrence
of end losses. For example, in the extreme case where the system operates at an incidence angle of
62.4°, which occurs at 8am on the summer solstice, an extension of the reflector by 1.3m (for a focal
length of 0.69m) beyond the receiver would make the end-loss effects negligible. It is feasible from a
manufacturing standpoint for a system having a typical row length e.g. of 10-15m, to incorporate
additional reflectors of 2-3m. The effect of non-uniform irradiation distribution on the PV modules
surface was taken into account through a constant factor F,,;, whose value is properly set so that the
predictions are in agreement with the experimental measurements. Seven material layers were
considered and the resulting network of thermal resistances that represents the receiver is depicted in
Fig. 7.1. For each node i of the thermal network, i.e. for each material of the receiver, the formulated
thermal-balance equation takes the general form:
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MiCi%ZZQin _ZQout (71)

J

where M and C are the material mass and specific heat, respectively. Transient effects are taken into
account through the term on the left-hand side of Eq. (7.1), which corresponds to the heat capacitance
of the material. Heat flows Q are correlated to the temperatures of consecutive nodes through the
relation:

Q — i+1 (72)

I:\)th,i—iJrl

where Ry,i.i+1 IS the thermal resistance between consecutive nodes. Each node of the thermal system is
placed at the mid-thickness of the material layer and thus the thermal resistance between nodes is
treated as half the sum of the thermal resistances of consecutive layers:

Ri + Ri+1
2

Ri—i+1 = (7.3)
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Fig. 7.1 Schematic layout of the CPVT system and thermal network used for the formulation of the energy
balances.
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By applying Egs. (7.1)-(7.2) on each node of the thermal network, the following set of equations is
derived:

= Glass cover of the PV module

dT, T, —Ty
M gICgI T = le _Qloss L — (74)

RgI—PV
where Qg is the heat absorbed by the glass cover, which is equal to:
le = agIGbAanopt (75)

with ag being the glass absorptivity. Qs IS the heat dissipated to ambient through external convection
and radiation:

Tgl _Ta
n (7.6)

Qloss -

loss

As depicted in the thermal network of Fig. 7.1, the overall external thermal resistance Rq results by
the connection in parallel of the thermal resistances due to convection and radiation:

t__1 +:L (7.7)
R R

loss conv,ext

R

rad

The heat transfer coefficients required for the calculation of Reonvex and Ry.g, respectively, are
calculated as follows:

NU e - Kair
hc:onv,ext = % (78)
oe (T4 -T¢
hrad,ext = 9|( 2 : ) (79)
Tgl _Ta

where the values of the Nusselt number Nuyc used in Eq. (7.8) correspond to external air flow under
mixed convection conditions and were calculated using Egs. (6.9)-6.13.

= PV laminate

dT, T, -Toy  Toy =T
MPvvad—tPZQirr—Pel+ a BN W (7.10)

I:agI—PV RPV —tape

where Qj is the radiation flux incident on the surface of the solar cells:
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Qirr = (1_ a'gl xz-glacell )ef-f GbAanopt (711)
and Py is the electrical power produced by the module:

I:)el = ﬂel Qirr (712)
The degradation in the cell efficiency due to elevated operating temperature was calculated using Eq.
(2.9) with the values of the temperature coefficient  for each cell design, as were determined by the

experimental evaluation (see paragraph 6.3.2).

=  Adhesive tape (bonding the cells to the module substrate)

OTpe Tov ~Tpe Teape—T
MtapeCtape dtape __Pv tape  tape s1, (713)
t RPV—tape Rtap&sl
= PV module substrate S;
T, Tape—Ta T,-T._.
Mslcsl d s1 _ _tap 1 s resin (714)
dt Rtap&sl Rsl—resin

= Adhesive resin (bonding the PV module to the heat sink)

M resincresin dTresin _ Tsl _Tresin _ Tresin -T 52 (715)
dt R R

sl-resin resin—s2

= Heat sink substrate S,

deZ _ Tresin _Tsz Ts2 _Tf
MSZCSZ dt - R - R +R (716)

resin—s2 conv cond

=  Cooling fluid

M;C;

de _ TsZ _Tf
dt - R + Rcon

~C (T ~Tr.) (7.47)
conv %
The conductive thermal resistances of the solid materials appearing in the thermal balances were
calculated using Eg. 3.33, while the convective thermal resistance was calculated using Eq. 3.35. The

heat capacitance term appearing on the left-hand side of each layer was approximated using finite
differences:
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ar, T -1

” T (7.18)
where the subscript i corresponds to each node of the thermal resistance network, i.e to the various
material layers that comprise the receiver and to the cooling fluid.

A special note must be made for the calculation of the convective thermal resistance Reony, &S it is
dependent on the flow conditions and the geometry of the heat sink. Especially in the case of the VW
heat sink configuration, the heat transfer coefficient- required for the determination of the convective
thermal resistance- can vary significantly between consecutive sections. Besides, the heat-sink wall
temperature distribution has a non-monotonical distribution, as was shown in paragraph 4.9. In order
to more accurately predict the temperature distribution of the various material layers and consequently
the receiver thermal and electrical losses, the receiver of the system was discretized along its
longitudinal axis in a number of N equal-length elements and the system of equations (7.4), (7.10),
(7.13)-(7.17) was iteratively solved for each segment j, j=1,N (Fig 7.2). Each segment corresponding
to a solid material was considered to have a uniform temperature T;. On the contrary, a linear
temperature distribution was considered for the cooling-fluid layer, with the fluid outlet temperature of
each segment imposed as inlet temperature for the next segment, i.e., Ti=T;(Z) for this layer. Global
quantities corresponding to the entire receiver length, e.g. the thermal and electrical output, were
calculated for each time-step by integrating the elemental output produced by each segment.
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Fig. 7.2 Segmentation of the material layers comprising the receiver, allowing for variations in the flow direction
to be included in the thermal-network model.

The variation of the cooling fluid thermophysical properties with temperature was introduced in the
model using the correlations for thermal conductivity ks, density ps and viscosity pr of water available
in [7.24]. Finally, the cooling fluid pressure drop required for the determination of the parasitic
pumping power was calculated using Egs. (4.5)-(4.11). A single calculation was performed for the
entire heat sink length using the thermophysical properties based at the coolant average temperature.
Egs. (7.4), (7.10), (7.13)-(7.17) constitute a system of seven equations with seven unknowns, namely
the temperature T; at each layer of the receiver. The system of algebraic equations was iteratively
solved using the Gauss-Seidel method. The main model outputs comprise the system energetic (Egs.
6.4 and 6.5) and exergetic efficiency (see Eqg. 7.31 in paragraph 7.5) along with the associated
losses, as well as the system electrical and thermal yield for a specified time period, i.e. the time
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integrals of the system electrical and thermal power produced by the system, respectively (see
Appendices A3, A4). The temperature distributions at the materials of the receiver are also predicted
by the model.

7.3 Validation of the theoretical model

As a first step, the theoretical results produced by the transient model were compared against
experimental data available from the evaluation of the prototype CPVT system. In order to ensure that
the model can accurately predict the transient behavior of the system, the measured system response
time, i.e. the time period required for the system to reach steady state once exposed to constant
irradiation of high intensity, was compared to that produced by the model for the same environmental
conditions. Besides, the predictions produced by the model in regard to the system electrical and
thermal efficiency were compared against experimental data. Two receiver configurations were taken
into consideration having different heat-sink and PV-module designs. The input parameters required
by the model are summarized in Table 7.1.

Table 7.1 Input values required by the theoretical model for the validation case.

Model Input Symbol Values
Environmental data Go, Vair, Ta, 0 TMY file!
System aperture area A, 1.0m?
Receiver active length Lrec 0.5m
Receive active width (Narrow/Wide cells) Wiee 0.04m/0.06m
Number of heat sink sections (FW/VW) Neec 1/3
Channel width (FW/VW) Wen 0.56mm/5.24-2.12-0.56mm
Wall thickness (FW/VW) W,y 0.69mm/1.00mm
Channel height (FW/VW) Hen 3.50mm/10.60mm
Heat-sink substrate thickness (FW/VW) tsub 2.6mm/1.7mm
Resin thickness tresin 152.4pum
Resin thermal conductivity Kresin 0.43 W/mK
Absorptance of front glass ag| 0.05
Emmitance of front glass &gl 0.88
Transmittance of front glass and EVA Teff 0.92/0.90
Concentrator optical efficiency MNopt 0.57

PV module reference efficiency Nov,ref 0.138 K

PV module temperature coefficient (wide/narrow cells) B 0.00461/0.00603
Irradiation uniformity factor (Narrow cells) Funi 0.85
Cooling fluid volumetric flow rate Voot 30/40 mL/s
Cooling fluid inlet temperature Ttin 285K-315K
Simulation time step dt 10s
Simulation total time time 300-400s
Residual set for convergence Res 10"

Fig. 7.3 depicts the evolution of the fluid, heat sink and PV-module maximum temperatures with
time, as predicted by the theoretical model. The respective outlet fluid temperature evolution as
measured during the system experimental evaluation is also presented for comparison. The system is

7.8



Chapter 7. Simulation and optimization of the CPVT system

exposed to concentrated sunlight at t=0. As can be seen the model can accurately predict the system
thermal-response time and the fluid temperature rise trend in both receiver variations considered. It is
interesting to notice that both configurations obtain steady-state operation in a relatively short time
period approximately equal to 150s.
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Fig. 7.3 Thermal response of the CPVT system: (a) FW-Module 1 (wide) configuration, (b) VW-Module 1
(narrow) configuration.

The maximum FW heat-sink temperature (Fig 7.3a) is higher than the fluid outlet temperature by
approximately 1.0 K. The respective temperature difference in regard to the VW configuration is
approximately equal to 6.0 K (Fig. 7.3b). It must be reminded that the maximum VW heat-sink
temperature occurs at the first section of the device. Nevertheless, the temperature difference between
PV module maximum and the fluid outlet temperatures is considerably higher equal to approximately
9.0 K and 14.0 K for the FW and VW devices respectively. It can be therefore deduced that the
conductive resistance posed by the solid materials of the receiver has a far more considerable effect on
the receiver overall thermal resistance compare to the thermal resistance of the cooling devices.

A further validation study was conducted to verify the accuracy of the model under steady-state
conditions as well. The steady-state efficiencies of the two system-receiver configurations considered
above, which were measured according to the procedure discussed in paragraphs 6.3-6.4, were
compared against the theoretically predicted ones for the same environmental and operating
conditions. Fig. 7.4 presents the calculated and measured system thermal and electrical efficiencies for
two receiver configurations under a wide range of operating conditions. It is evident that the system
steady-state operation can be accurately predicted by the model and the small influence of the
operating temperature on the system efficiency is clearly captured. It has therefore been proven that
the model can accurately predict both the system transient and steady-state operation and hence it can
be used to predict the long-term performance of the system, which will be presented in the following
paragraphs.
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Fig. 7.4 Steady-state efficiency of the CPVT system: (a) FW-Module 3 configuration (\‘/tot =30 mL/s), (b) VW-
Module 2 configuration ( V,,, =40 mL/s).

Finally, it is interesting to illustrate that the expected form of the temperature distribution at the
cooling-devices substrate can be produced by the analytical model. The bottom wall and fluid
temperature distributions for the two cooling configurations employed are presented in Fig. 7.5 for
steady-state conditions. In reference to the actual system with aperture area of 1.0 m? (Fig. 7.5a), the
stepwise temperature reduction regarding the VW configuration is predicted with the point of
maximum wall temperature located at the end of the first section. Regardless of the cooling device
employed, the wall temperature at the heat-sink outlet is slightly higher than the fluid outlet
temperature.
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Fig. 7.5 Longitudinal temperature distribution under steady-state conditions (T;=298 K, T,=283 K, Uying=2 M/s,
Gy=850 W/m?): (a) 1.0 m* system, (b) 10.0 m® system.

The longitudinal temperature distribution of a similar system with greater length and respective
aperture area equal to 10m? is depicted in Fig. 7.5b. Once again, the temperature distributions over the
entire FW heat-sink length and for the most part of the VW heat-sink length closely follow the
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respective distribution in the fluid, indicating the small thermal resistance of the devices. In regard to
the VW cooling configuration, it is evident that although the wall temperature distribution still exhibits
a stepwise trend, its maximum value is located at the heat sink outlet. The steep increase in the
distribution gradient discernible in Fig. 7.5b at approximately Z=1.3 m occurs because in that location
the flow reaches full development and thus the correlations applied for the calculation of the heat
transfer coefficient switch from those referring to developing flow to those referring to fully-
developed flow, respectively.

7.4 Prediction of the system long-term performance

Apart from evaluating the system performance on an annual basis, three time periods in different
seasons of the year, namely 1%-4™ of March, 21%-24" of June and 1°-4™ of December, have been
selected in order to illustrate the effect of variable environmental conditions on the system efficiency
and output. Fig. 7.6 presents the prevailing environmental conditions for the time periods in question.
The climatological data (wind velocity uyine, ambient temperature T,, insolation Gp) were provided by
a Meteonorm [7.25] TMY (Typical Meteorological Year) file for Athens, Greece. The wind velocity
values depicted in Fig. 7.6, were reduced at a height of 2.0 m above ground using the respective
available values at a height of 10.0 m, according to the relation:

2 17
uwind,2m = uwind,lOm (/10)l (719)
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Fig. 7.6 Climatological data for the evaluation periods considered. Direct solar radiation and wind velocity: (a)
1-4 March, (b) 21-24 June, (c) 1-4 December. (d) Wind velocity for the three time periods.

A CPVT system with the manufacturing and operating characteristics of the manufactured
prototype, yet with larger aperture area equal to 10m?, so that the effect of the thermal losses can be
elucidated, has been selected as a “base-case system”. The specific system, the characteristics of
which are summarized in Table 7.2, will be considered as a reference in the following results, in order
to highlight the effect of the various parameters examined on the energetic and exergetic system
output and efficiency. It must be noted that the module employing the wide (60.0 mm) cells has been
considered for the long term performance, as it was proven to exhibit superior performance during the
experimental evaluation.

Table 7.2 Technical specifications and operating parameters of the base-case system.

Model Input Values
System aperture area A, [m’] 10.0m’
Receiver active length Ly [M] 5.0
Receive active width Wi, [M] 0.06
Heat sink design: FW (W¢,-Wy,-Her) [mm] 0.56-0.69-3.5
Resin thickness tyesn [um] 152.4
Resin thermal conductivity Kiesin [W/mK] 0.43
Absorptance of front glass ag 0.05
Emmitance of front glass &g 0.88
Transmittance of front glass and EVA e [-] 0.92
Concentrator optical efficiency #op: [-] 0.57
PV module reference efficiency 7oy ret [-] 0.138
PV module temperature coefficient 3 [-] 0.00461
Cooling fluid volumetric flow rate V,,, [mL/s] 30.0
Cooling fluid inlet temperature Ts;, [K] 298.0

As an initial step, it must be examined whether the performance of the base-case system varies
considerably depending on the incorporated cooling device. For this reason, the influence of the
cooling-device design on the system efficiency is presented in Fig. 7.7a. It is evident that the effect of
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the heat-sink configurations on the efficiency of the base-case system is negligible. The system
electrical efficiency for the case where the FW cooling device is employed is higher by up to 1.2%
compared to the respective for the VW device, whereas the thermal efficiency remains approximately
equal regardless of the incorporated device. According to the formulation of the theoretical model, the
elemental electrical power and thermal losses are calculated for each segment of the receiver and thus
the respective overall quantities are dependent on the average wall temperature. As was proven in
paragraph 4.9.3, the thermal resistance based on the average wall temperature is nearly identical for
the two configurations and thus the similar overall system performance is justified. Consequently, it is
adequate to analyze the performance of the base-case system considering only the FW heat sink as
cooling device. It is essential to point out that the effect of temperature non-uniformity on the
electrical efficiency could not be predicted by the present model as there are no performance data
available from the manufacturer of the actual PV modules with regard to operation at non-uniform
temperature.
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Fig. 7.7 Performance characteristics of the base-case system in March: (a) efficiency, (b) power production, and
(c) maximum fluid and PV-module temperatures.
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The power output of the base-case system is depicted in Fig. 7.7b. As can be seen, the major
percentage of the irradiation incident on the receiver is exploited either as electrical or thermal power,
with the thermal losses representing less than 3% of the thermal output. For the environmental
conditions corresponding to the time period in March, the base-case system can produce up to 3.5 kW
of thermal power and 0.5 kW of net electrical power.

Fig. 7.7c illustrates the daily variation of the fluid outlet and the PV-module maximum
temperatures, respectively. It can be observed that the system can produce heat at a temperature level
of approximately 328.0 K, with the PV-module maximum temperature being higher by as much as 7.5
K. As also revealed by Fig.7.7c, the temperature difference between the PV module and the fluid
remains constant even when the system aperture area is increased to 20.0 m? as the system length is
actually increased while the heat flux on the receiver remains constant. For completeness purposes, it
should be stated that the water within the receiver is considered to be stagnant when there is no solar
irradiation and hence it is cooled only due to thermal losses to the environment, as can be seen in Fig.
7.7c.

It was demonstrated during the experimental evaluation of the prototype CPVT system (paragraph
6.3) that the influence of the water volumetric flow rate on the system efficiency could not be
elucidated, as the difference in the system performance was in the order of the experimental
uncertainty. The dynamic model has been therefore utilized to illustrate the specific effect on the
efficiency of the base-case system, which has a ten-fold larger aperture area than the prototype system.
The time period in June was considered for the simulations so that the environmental conditions are
similar to the actual ones prevailing during the experimental evaluation.

Fig. 7.8 reveals that the value of the water volumetric flow rate has only a minor effect on the
system energetic efficiency for both the cases of the FW (Fig. 7.8a) and VW (Fig. 7.8b)
configurations. An increase of the flow rate from 20.0 to 40.0 mL/s leads to an increase of the
electrical and thermal efficiencies by approximately 6% and less than 2%, respectively. As was stated
in paragraph 6.4, the thermal losses from the system receiver are of small magnitude and,
additionally, the conductive thermal resistance posed by the solid materials has a more significant
contribution on the receiver overall thermal resistance compared to the heat-sink convective
resistance. It must also be mentioned that even for a system with an overall length of 5.0m, such as the
base-case system, the effect of the parasitic pumping power on the system efficiency is negligible;
however this cannot be considered a general remark, as linear CPVT systems of larger scale can have
overall lengths of several meters.
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Fig. 7.8 Effect of the water volumetric flow rate on the system energetic efficiency. The results refer to the base-
case system in June employing: (a) the FW and (b) VW devices, respectively.

Moreover, it is of interest to examine the effect of the water inlet temperature on the system
efficiency, as the CPVT system is most likely intended to be coupled with heat storage, e.g. in a
domestic hot-water system, and thus to be fed with water of elevated temperature from the storage
tank during its daily operation. It is evident from Fig. 7.9, referring to the base-case system, that water
entering the system with an elevated temperature has a considerable detrimental effect on both the
system thermal and total efficiency. In fact, the decrease is slightly more substantial in the case of total
efficiency (black line) compared to the thermal efficiency (red line), as the increased receiver
temperature leads to increased thermal losses and, in addition, to reduced electrical production due to
the elevated PV-module temperature. For example, for increase of the water inlet temperature from
298.0 K to 338.0 K and referring to the environmental conditions corresponding to December (Fig.
7.9b) the total efficiency decreases by approximately 10% relative to the total, while the thermal
efficiency decreases by approximately 8%.The relative deterioration in the system efficiency caused
by the increased water inlet temperature is also influenced by the environmental conditions, as the
effect is stronger at time periods with low or fluctuating solar irradiation values, e.g. as is evident for
the curves corresponding to the 4" of March (Fig. 7.9a) and the 4™ of December (Fig. 7.9b).
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Fig. 7.9 Effect of the water inlet temperature on the efficiency of the base-case system: (a) March, (b) December.
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As has been already mentioned, the effect of the parasitic pumping power on the efficiency of the
base-case system is negligible considering the geometrical parameters of the manufactured cooling
devices. The channel geometrical parameters were decreased to smaller dimensions to examine
whether the thermal performance of the devices can be further enhanced without inducing a severe
pressure drop penalty, hence leading to increased overall system efficiency. A water volumetric flow
rate of 40.0 mL/s has been considered for all cases, which constitutes a worst-case scenario in terms of
pumping power. As shown in Fig. 7.10a referring to the FW configuration, reducing the channel width
and fin thickness from 500 um to 100 um has a negative impact on the system net efficiency, as the
net total efficiency decreases by approximately 10%. It must be noted that channel aspect ratio was
kept equal to six in all cases. It can also be easily deduced that the deterioration of the device
hydrodynamic performance due to increased friction losses exceeds by far the thermal performance
enhancement, as heat losses were of small magnitude in the first place.

Regarding the VW configuration (Fig. 7.10b) reducing the width of the first-section channel W, 1
from 5.24 mm to 3.40 mm, leads to a reduction of the third-section channel width identical to that
considered for the FW device, i.e. from approximately 500um to 100um. The fin thickness was
maintained equal to 1.00 mm for all cases, while the channel aspect ratio in the first heat-sink section
was kept equal to two. The effect of the reduction of channel dimensions is still unfavorable yet far
more moderate in comparison to the FW configuration as the net efficiency decreases by
approximately 1.5%. It is therefore made evident for both designs that there is no need to add heat
transfer surfaces as the potential benefit due to enhanced thermal performance is exceed by far by the
negative impact of increased pumping power.
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Fig. 7.10 Effect of the heat-sink geometry on the efficiency of the base-case system (December time period): (a)
FW configuration (W¢,=W,,=W), (b) VW configuration (W,,=1.0 mm).

The type of tracking mechanism can also have a significant influence on the system annual output.
As was stated in paragraph 7.2 end-losses are not taken into consideration in the present simulations
and thus cosine losses contribute to the optical losses that are inevitable in the case of single-axis
tracking systems. The annual output of the base-case CPVT system for single (both for East-West and
North-South orientations) and two-axis tracking is presented in Fig. 7.11a , where it can be observed
that the total energy output of the two-axis tracking system is 90.5% and 67.5% higher compared to

7.16



Chapter 7. Simulation and optimization of the CPVT system

the single-axis tracking system with North-South and East-West orientations, respectively. For the
geographic latitude of Athens, the East-West orientation is preferable for single-axis tracking as cosine
losses vanish at solar noon, whereas for the North-South orientation cosine losses obtain their
maximum value at solar noon.

The monthly distribution of the thermal and electrical energy produced by the base-case system
during a typical meteorological year in Athens is presented in Figs. 7.11b and 7.11c, respectively. As
expected the two-axis tracking system produces its maximum output in July, where the monthly
insolation is maximum as well. In regard to single-axis tracking, the system with East-West orientation
outperforms the respective with North-South orientation in the months with high insolation (May to
August) and hence increased system thermal (Fig. 7.11b) and electrical (Fig. 7.11c) output, which
results to a higher annual output as well. The North-South oriented system is more effective in the
autumn and winter months (October to February) and thus a general strategy for single-axis tracking
system located at the latitude of Athens could be recommended, where the system orientation switches
from North-South to East-West in March and vice-versa in September.
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Fig.7.11 Monthly distribution of the base-case system output: (a) total energy, (b) thermal energy and (c)
electrical energy.

7.5 System optimization

The objective of the following paragraph is to designate the value range of operating parameters,
for which the system attains the most effective performance from a second-law of thermodynamics
point of view. The latter allows for a straightforward comparison between thermal and electrical
output. In addition, the influence of the performance characteristics of key sub-components on the
system exergetic performance will also be elucidated. A parametric study is conducted to determine
the factors that can lead to increase of the system net exergetic efficiency on a daily and annual basis
having as reference the exergetic efficiency of the base-case system (see Table 7.2).

7.5.1 Exergy analysis

Exergy analysis allows for a straightforward evaluation of a system performance as, in essence, the
system is compared to an ideal (reversible) heat engine and the factors that contribute to the deviation
of the system from ideal operation are pointed out. The exergetic system efficiency has been widely
used for the evaluation of PVT and concentrating solar thermal applications, as well as for the
optimization of their design and operation [7.26-7.32]. In a conventional energy analysis, it is assumed
that the heat gain of the cooling fluid can be completely converted to useful work. However, this
assumption is invalid as there is an upper limit to the conversion of heat to useful work, known as the
Carnot efficiency and thus exergy, i.e. the maximum useful work that can be produced until a
thermodynamic system reaches thermal equilibrium with a reference environment is defined as:

. TC
EXyy = Qu (1— T—J (7.20)

h
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where Qy, is the available thermal energy, Ty is the temperature at which the heat is available and T, is
the dead-state temperature where the useful work that can be produced is equal to zero. The general
exergy balance of a thermodynamic system with inbound ( Ex;,) and outbound exergy flows (Ex,,,)
can be written as:

Z E.Xin - Z E.Xout = Z E.Xdest (721)

where Exdest is the destroyed exergy within the system. Exergy is destroyed when a process involves a
temperature change or fluid friction within a duct. The term is also referred to as system

irreversibility Exdest = 1| . The exergy destruction is proportional to the entropy increase of the system

[7.33]:

S, =+ (Ex, —E ) (7.22)
gen _T_ Xin — EXout :

C

In the case of solar applications, the inbound stream of exergy or exergy fuel is the solar irradiation,
which according to Petela [7.34] is:

E’xsunc;bA{l—ﬂ T, +1( LF ] J (7.23)

3T, 3\T

sun

where Tq, is the sun temperature equal to 4350 K [7.35]. Eq. (7.23) provides the maximum work that
can be produced from an isotropic blackbody radiation at Ty, [7.36]. The useful exergy streams that
comprise the outbound exergy stream are the extracted heat and electrical power:

EX, =Qt{1—TTa} (7.24)

f,o

Ex, =P, (7.25)

As can be directly inferred from Eq. (7.25), the exergy flow associated with photovoltaic electricity is
equal to the produced electrical power [7.28, 7.29, 7.35]. The destroyed exergy rate or system
irreversibility comprises four terms due to the optical losses, the temperature difference between the
receiver and the sun temperature, the thermal losses and the coolant pressure drop respectively:

4
: 4T, 1T,
EXopt,Ioss = GbAa(l_noptxl_Taeff { _ETsun +§(Tsunj } (726)
EXAT CPVT-sun — GbAaTa i _i (727)
' Tpv Tsun
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: T
Exth,loss = ch,lossL:l' - T_aJ (728)

pv

EX pump = Poump (7.29)
The Petela factor was used for the calculation of the exergy flow associated with optical losses, as Eq.
(7.26) refers to conversion of solar irradiation to useful work. Furthermore, the term referring to the
temperature difference between the receiver and the sun surface, Eq. (7.27), exists, as the heat
available at the temperature of the sun surface, which is considered as the “hot reservoir”, could be
ideally converted to useful work without having to transition to a lower temperature level T, a
process accompanied by exergy loss [7.27]. By combining Egs. (7.23)-(7.29) and Eq. (7.21) the
exergy flow balance for the CPVT system takes the following form:

4
4T 1( T T
GAll-— 2+ 2| [=Q,|1-=2 |+P, -
bAﬁ[ 3Tsun 3(Tsunj J ch( Tf,o} °

4
4 Ta 1 Ta 1 Ta Ta
- GbAa(l_ noptxl_ T o {1_ g -I-sun + g(-l-sun j J - Gb ArefITa [T_pv - ﬂ] - ch,loss(l_ T_glj - I:)pump

SN— _

| (7.30)

where [ is the destroyed exergy or system irreversibility. Finally, the exergetic efficiency of the
integrated system is defined as the useful, net exergy flows to the sun input exergy:

Ex,, + Ex, — Ex
Ex

sun

m = e (7.31)

An additional quantity which has been used for the optimization of solar applications [7.32, 7.37, 7.38]
is the entropy generation number, which quantifies the system irreversibility and is defined as:

TaSgen
b

where the entropy generation rate Sgen can be calculated by Eq. (7.22). It is obvious that the system
optimal operation is achieved when the entropy generation number is minimized.

7.5.2 Effect of the system parameters on overall performance

Since the CPVT system under evaluation is a prototype device employing a number of custom-
made components it is necessary to point out the characteristics of the system constituents that have to
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be improved, in order to enhance the system overall performance. Besides, it is of importance to
determine the system operating conditions, e.g. cooling fluid flow rate and temperature for which
optimal performance is achieved and to identify the environmental conditions that are favorable to the
system efficient operation. The net exergetic efficiency is reckoned as a suitable quantity to highlight
the significance of the operating conditions and the various key-components characteristics on the
system overall performance, since it allows the straightforward treatment of the produced thermal and
electrical power, which are appropriately reduced to exergy streams of equal “value”.

Fig. 7.12 depicts the variation in the system exergetic efficiency caused by the increase of the water
volumetric flow rate. As was shown in paragraph 7.3 (see Fig. 7.8), the energetic efficiency of the
system is relatively independent of the volumetric flow rate value. However the water flow rate
appears to have a considerable effect in regard to the system exergetic efficiency, and, in fact, increase
of the volumetric flow rate leads to decrease of the overall exergetic efficiency. Although a higher
volumetric flow rate tends to decrease the PV module operating temperature and thus increase its
efficiency, it also leads to reduced fluid temperature at the outlet of the system T;,. According to EqQ.
(7.24), the exergy stream associated with thermal power, apart from the heat output, is also depended
on the temperature at which the heat is delivered and hence a lower fluid outlet temperature decreases
exergetic efficiency. It is interesting to notice that the system exergetic efficiency is higher in the
winter period due to the lower ambient temperature values, which allow for a greater temperature
difference between the fluid at the system outlet and the system dead-state. Decrease of the water
volumetric flow rate from 40.0 mL/s to 20.0 mL/s can lead to an increase of the system exergetic
efficiency up to approximately 20% for a day with high insolation and low ambient temperature.
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Fig. 7.12 Effect of water volumetric flow rate on the system exergetic efficiency in regard to the base-case
system: (a) June, (b) December

Likewise, as was shown in Fig. 7.9, increasing the temperature of the water entering the system has
an adverse effect on the system energy efficiency. On the contrary, increased water inlet temperature
enhances the system exergetic performance regardless of the environmental conditions, as illustrated
in Fig. 7.13. The enhanced exergetic performance despite the increased system operating temperature
constitutes proof that, from a second-law analysis point of view, it is beneficial to provide heat at
elevated temperature despite the fact that the latter is associated with increased thermal losses and
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decreases of the system electric efficiency as well. Nevertheless, this conclusion is not of general
validity and can only be applied to systems having performance characteristics similar to the
developed prototype CPVT system, where the thermal output considerably exceeds the electrical
output. As shown in Fig. 7.13b, increasing the fluid inlet temperature from 298.0 K to 338.0 K causes
an increase of approximately 25% on the system exergetic efficiency that can be achieved in
December.

In general the results produced by the dynamic model referring to the base-case system have
established that the exergetic efficiency achieved is relatively low and lies in the range 9.0-15.5%
depending on the operating and environmental conditions. It was proven during the system
experimental evaluation that the system main output is in the form of thermal power. However, as has
been already discussed the exergy stream associated with the thermal output is dependent on the
temperature level of the delivered heat. Since the intrinsic orientation of the application is the
production of relatively low-temperature heat, in the range of 333-363 K, the useful thermal exergy
stream is considerably decreased. On the contrary the electrical exergy stream is directly associated
with the produced power (see Eq. 7.25) and hence it is essential to increase the system electrical
output in order to achieve high performance from an exergetic point of view.
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Fig. 7.13 Effect of fluid inlet temperature on the system exergetic efficiency in regard to the base-case system:
(@) March, (b) December.

Depending on application for which the CPVT system is intended, the extent of the aperture area
must be properly sized and it is therefore of engineering interest to analyze the performance of
different-scale systems. The system aperture area is considered to increase by adding parabolic-trough
modules of the same geometrical characteristics, i.e. the system length is increased while the
concentration ratio is maintained the same. The exergetic performance of systems having different
aperture areas is shown in Fig. 7.14. It becomes evident that increasing the system aperture has a
beneficial effect on exergetic efficiency, with the effect being relatively independent of the
environmental conditions. The temperature level at which heat is delivered appears to be a more
significant factor, in terms of exergetic performance, compared to the effect of thermal losses. Even
though heat losses also increase as the system aperture and consequently the heat-sink length increase,
the influence of the fluid outlet temperature on the second right-hand term of Eq. 7.24 results to an
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increased thermal exergy stream. As depicted in Fig. 7.14, the maximum exergetic efficiency obtained
for a 20m’ system is achieved in December and is approximately equal to 15%.
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Fig. 7.14 Effect of the system aperture on the system exergetic efficiency in regard to the base-case system: (a)
June, (b) December.

It was established during the system experimental evaluation that the optical losses have the most
significant contribution on the reduction of the overall efficiency. Fig. 7.15 elucidates the influence
that a higher optical quality of the parabolic trough would have on the exergetic efficiency. Higher
system optical quality leads to augmented irradiation on the system receiver and influences both the
useful thermal and electrical exergy streams in a beneficial manner. The system can reach exergetic
efficiencies up to 18% and 21% in the summer (Fig. 7.15a) and winter (Fig. 7.15b) periods,
respectively, for an optical efficiency of 85%. These values are significantly larger compared to the
12% achieved by a system with the optical quality of the manufactured prototype (see Fig. 7.13b). It is
easily perceivable that increased optical quality is of vital importance for the efficient performance of
a CPVT system.
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Fig. 7.15 Effect of optical efficiency on the system exergetic efficiency in regard to the base-case system: (a)
June, (b) December.
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The relatively low efficiency of the solar-cell modules (n,=13.8%) has been identified as a weak
point of the prototype system. Fig. 7.16 presents the influence of the module electrical efficiency on
the system exergetic efficiency. Increasing the portion of irradiation converted directly to electricity by
the solar cells will certainly reduce the excess heat available for extraction and this effect will also be
propagated on the respective exergy stream. It can be observed that a 5% absolute increase of the
electrical efficiency leads to an increase of the exergetic efficiency approximately equal to 2%,
regardless of the environmental conditions. The graphs of Fig. 7.16 include an additional curve that
corresponds to a system with high, yet certainly achievable, optical and (reference) electrical
efficiencies, equal to 75% and 25%, respectively. As can be seen, the system is able to reach exergetic
efficiencies up to 24% for low values of the ambient temperature, i.e. in March (Fig. 7.16a) and
December (Fig. 7.16c). By comparing Figs. 7.15b and 7.16c, it can be deduced that, for a day with
high insolation in the winter, incorporating high-efficiency cells to a precisely manufactured CPVT
system increases the exergy efficiency from 17.5% to 23%. The general conclusion can be drawn that
achieving high manufacturing and materials quality in reference to the key components of a CPVT
system, such as the PV modules and the optical device, can cause an approximately two-fold increase
of its exergetic efficiency (see Fig. 7.13 for comparison to the base-case system).
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Fig. 7.16 Effect of the PV module efficiency on the system exergetic efficiency in regard to the base-case
system: (a) March, (b) June and (c) December.
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As has already been stated in paragraph 5.10, the thermal bonding between the PV module and
the heat sink is a crucial technical issue concerning CPVT system technology. Apart from the absolute
thermal conductivity value of the adhesive material, the thermal bonding could be considerably
hindered by the formation of air pockets due to imperfect smearing of the adhesive material on the
bonded surfaces. Fig. 7.17 elucidates the effect of the quality of the thermal bonding on the operation
of the base-case system. A value of 0.043 W/mK has also been considered for the effective thermal
conductivity of the resin, in order to approximate the case of poor thermal bonding and extensive
effect of air pockets on heat transfer. As illustrated in Fig. 7.17a, poor thermal bonding (Kesin=0.043
WImK) increases the maximum PV module temperature to values up to 373.0 K for environmental
conditions referring to the winter time period, more than 40.0 K higher than the values obtained for a
conductivity of 4.3 W/mK, a value achieved by commercial thermally conductive resins. The value of
0.43 WI/mK, namely the effective thermal conductivity as achieved by the bonding procedure
discussed in paragraph 5.10.1, inflicts only a moderately increased thermal resistance compared to
the lower limit that can be achieved with commercial resins, as the PV module obtains values as high
as 336.0 K, approximately 3.0 K higher than in the case of conductivity equal to 4.3 W/mK. The
system exergetic efficiency is decreased by approximately 12.5% for a decrease of the bond active
thermal conductivity from 4.3 W/mK to 0.043 W/mK, as revealed by Fig. 7.17b.The deterioration in
the exergetic efficiency is relatively moderate, as the system output is mainly in the form of thermal
power and the magnitude of thermal losses is small due to the general characteristics of the system.
Although the system exergetic efficiency is not significantly influenced by the quality of the thermal
bond, the cells structural integrity is certainly degraded by the intense thermal cycling leading to
increased possibility of failure and reduced life cycle. It is also interesting to notice that increasing the
effective thermal conductivity of the bond further, e.g. to a value of 43.0 W/mK, as depicted in Fig.
7.17Db, has no effect on the exergetic efficiency as the thermal resistance due to the resin is minimized
and the overall exergetic losses are dominated by the thermal resistances posed by the other materials
comprising the receiver.
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Fig. 7.17 Effect of the resin thermal conductivity on the base-case system operation: (a) maximum temperature
of the PV module and (b) system exergetic efficiency in December.
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For completeness purposes and in accordance with the discussion concerning Fig. 7.10, the effect
of the heat-sink geometrical parameters on the system exergetic efficiency is presented in Fig. 7.18.
The detrimental effect of decreasing the channel dimensions on the exergetic performance of both
configurations is evident, with the effect being more pronounced in the case of the FW device (Fig.
7.18a). Besides, for the case of channel width equal to 100 um, it can be clearly seen that the exergetic
efficiency exhibits an intense oscillation due to the fluctuation and subsequent decrease of the solar
irradiation during the fourth day of December simulated (see Fig. 7.6¢c). Especially in the case
corresponding to channel width of 100 um. Furthermore, it can be observed in Fig. 7.18a that at
periods of transient operation the exergetic efficiency is negative, as the pumping power exergy stream
is larger than the sum of the useful electrical and thermal exergy streams. It can be therefore concluded
that the optimization procedure followed has been proven reliable as the designed and manufactured
cooling devices exhibit superior thermal and hydrodynamic performance.
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Fig. 7.18 Effect of the heat-sink geometrical parameters (channel width) on the system exergetic efficiency
(base-case system in December): (a) FW configuration, (b) VW configuration.

The monthly distribution of the base-case system exergy output is shown in Fig. 7.19a and allows
the specification of the time periods were the system achieves its most effective performance. An
initial observation is that the electrical exergy exceeds the respective thermal throughout the year and
obtains maximum values in the summer months, 2.5 times higher compared to the respective thermal
exergy (in July and August). It is interesting to notice that the peak electrical exergy is delivered by
the system in July, whereas the maximum thermal exergy is obtained in May. This variation in regard
to the two useful exergy streams occurs on grounds that the electrical exergy is primarily depended on
the irradiation intensity, whereas thermal exergy is significantly influenced by the ratio of the fluid
outlet to the ambient temperature and hence the combination of these two factors in the spring and
autumn tend to enhance the thermal exergy produced by the system and render it comparable to that
produced during the summer months.

Fig 7.19b illustrates the monthly exergy output of the “high-quality” system for a water volumetric
flow rate of 20.0 mL/s. The annual produced thermal and electrical exergy by the “high-quality”
system are approximately 1.9 and 2.6 times higher in comparison to the respective of the base-case
system. In the case of the “high-quality” system the peak electrical exergy efficiency is still achieved
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in July, however, in contrast to the base case system, the respective thermal exergy is achieved in
June. In general, it can be deduced that the thermal exergy output of the “high-quality” system is
slightly less sensitive to the ratio of the outlet fluid to ambient temperature and for this reason it
achieves higher values during the summer months, unlike the base-case system. Moreover, the
electricity to thermal exergy ratio is larger in the “high-quality” system due to the increased efficiency
of the solar-cell modules.
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Fig. 7.19 Monthly exergy output of the CPVT system: (a) base-case system (b) “high-quality” system (1¢p=0.75,
ne=0.25) with water volumetric flow rate \'/tot =20.0 mL/s

The high-quality system is also comparatively evaluated against the base-case system in terms of
destroyed exergy rate and entropy generation, so that the main causes of system irreversibility can be
identified. Fig. 7.20 illustrates the main exergy destruction mechanisms for the two system variations
in question under variable environmental conditions. It is clearly demonstrated that the main cause of
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system irreversibility are the optical losses, as approximately half of the available solar irradiation
exergy is destroyed in the optical device. On the contrary, the exergy destroyed due to the system
thermal losses is two orders of magnitude lower, indicating thus the high system thermal performance.
The destroyed exergy rate closely follows the trend of the solar irradiation intensity and the system
output (see Figs. 7.6-7.7b) and consequently it is maximized in time periods with high insolation. As
also revealed by Fig. 7.20, increasing the system optical efficiency reduces the respective exergy
destruction rate by approximately 53% regardless of the environmental conditions. However, as
depicted by the curves in red color of Fig. 7.20 the destroyed exergy stream that corresponds to the
thermal losses in fact increased in the high quality system. This variation is justified as the solar
irradiation incident on the receiver and therefore the additional heat available for extraction are
producing higher temperature gradients in the receiver materials and increased thermal losses.
Apparently, the benefit due to the decreased exergy destruction in the optical device exceeds by far the
negligible increase in the exergy destruction stream referring to the thermal losses.
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The system entropy generation rate is presented in Fig. 7.21 in the form of either absolute values or
dimensionless entropy generation number Ns. In all cases the entropy generation rate is lower for the
“high-quality” system, where the exergy destruction due to optical losses and poor electrical
performance is considerably reduced. However, it can be seen that the entropy generation rate closely
follows the trend of the solar irradiation intensity and consequently of the system output (see Figs. 7.6-
7.7b). The entropy generation number N (Eq. 7.32) appears as a more appropriate quantity for the
clarification of the system irreversibilities, as it is independent of the solar irradiation intensity and
obtains comparable values regardless of the environmental conditions. As can be observed, the
entropy generation number for the base-case system lies in the range 0.80-0.82 for all the time periods
considered. In regard to the “high-quality” system, the same quantity is reduced to values in the range
0.69-0.72. 1t is also interesting to notice that the entropy generation number, which in general exhibits
a flatter profile during the day, obtains its minimum daily value when the value of the absolute entropy
generation rate is maximized, i.e. when the system output is maximized. The entropy generation
number decrease is steeper for the high-quality system. It becomes therefore evident that the
minimization of the entropy generation number indicates the time period of the day where the system
obtains its most effective operation and coincides with the maximization of the exergetic efficiency 7.
Hence, it is recommended as a suitable index for CPVT applications.
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7.6 Concluding remarks

The prediction of the CPVT system long-term energetic and exergetic performance was performed
in this chapter using a dynamic theoretical model. The simulations clearly demonstrated the
applicability of the manufactured cooling devices to large-scale CPVT systems, as the thermal losses
were found to be of small magnitude in reference to systems oriented towards the domestic sector.
Additionally, the parasitic pumping power had a negligible effect on the system efficiency for the
heat-sink geometrical parameters considered.

The analysis of the system exergetic performance revealed that, for the performance characteristics
of the prototype system, namely substantially higher thermal than electrical output, it is beneficial to
operate the system using low flow rate and elevated fluid inlet temperature, in order to ensure that heat
is delivered at a high temperature level and thus the exergetic efficiency is increased. The basic
constituents characteristics identified to have a significant effect on the system exergetic performance
are the solar-cell module efficiency and the optical quality of the parabolic trough, with the optical
losses being clearly established as the primary source of exergy destruction. Increasing the
aforementioned system quality characteristics to higher yet achievable values, e.g. no,=0.75 and
ne=0.25, can lead to a two-fold increase of the exergetic efficiency. Finally, an interesting general
remark that can be made is that the cooling fluid flow rate and inlet temperature can be utilized as free
parameters to adjust the system thermal and electrical output, as the latter two quantities are of
interdependent nature, based on the respective thermal and electrical loads required by a specific
application.
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Chapter 8 Conclusions and recommendations for future work

8.1 Conclusions

The concept of concentrating photovoltaics (CPV) accounts for a promising technology in the
field of sustainable-energy applications, as it involves the replacement of semiconductor material by
inexpensive reflector material, which can lead to significant cost reduction of the specific technology.
The vast majority of technologically mature applications, some of which have reached the stage of
commercial production, account for high-concentration (CR>1000), large-scale CPV systems that
utilize refractive optics and triple-junction solar cells of high efficiency. Nevertheless, none of these
applications incorporates an active cooling system to exploit excess heat. In general, concentrating
photovoltaic/thermal systems have not yet reached commercialization as vital technical challenges
have not been effectively addressed and there are still reliability issues associated with the specific
technology. Especially in regard to mid-range (10<CR<100) concentrating applications that are
primarily intended toward the domestic and commercial sectors, only few full-scale integrated
installations are known as of today world-wide. During the literature survey performed in the
framework of the present dissertation, a lack of innovative designs has been verified regarding devices
incorporated for cooling the solar-cell modules, as more elaborate layouts besides simple cylindrical or
rectangular ducts have not been considered. The basic objective of the present thesis was to illustrate
the design procedure and to highlight all the technical challenges associated with the development of a
novel, linear-focus concentrating photovoltaic/thermal system with special attention being given to the
design and performance characterization of the active cooling system.

Various types of plate-fin and tube-on-plate heat-sink configurations were considered as devices
potentially suitable for the cooling of the solar cells and were numerically investigated. Microchannel
heats sinks demonstrated superior thermal performance compared to the other configurations, whereby
the implementation of stepwise-varying channels also proved to be an efficient, passive heat transfer
enhancement technique, leading to the disruption of the thermal boundary layer development and the
inducement of longitudinal vortices. Furthermore, the heat-sink configurations with varying channel
width were found to exhibit increased temperature uniformity of the heated substrate than those with
straight channels. After a comparative evaluation, the straight and variable width microchannels were
deemed as the most prominent geometrical layouts and were selected for fabrication of suitable
specimens to be used for the experimental evaluation.

In addition, a multi-objective optimization methodology was formulated to determine the
geometrical parameters of the selected plate-fin heat sinks that lead to optimal hydrodynamic and
thermal performance. It was also demonstrated that the use of a genetic algorithm in conjunction with
surrogate models representative of the device performance can significantly accelerate the
optimization procedure. The manufacturing of the optimal designs was realized using conventional
machining procedures, which posed a technical challenge in terms of manufacturing feasibility and
precision. The manufactured cooling devices were very compact as the overall device thickness was
equal to 6.0 mm and 10.6 mm for the FW and VW configurations respectively, for an active (heat-
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transfer) area equal to 500.0 mm x 60.0 mm. A manifold system has also been designed and
manufactured, allowing for the uniform fluid distribution to the heat-sink channels, while inducing
minimal pressure drop. The experimental evaluation of the cooling devices was performed on a test rig
specifically developed for this purpose and the quality of the respective designs was verified. It was
furthermore established that the thermal resistance and the induced pressure drop by the heat sinks can
be predicted by three-dimensional computational fluid dynamics (CFD) and heat transfer numerical
models using the “unit-cell” approach to define a computational domain.

The design and manufacturing procedure of the integrated CPVT system has been discussed in
detail and the various technical challenges associated with the realization of its sub-components were
thoroughly elucidated. In reference to practical aspects of the system development, the experience
gained indicates that prior to manufacturing it is essential to confirm whether the parabolic frame has
the required rigidity to withstand wind-loads and, in addition, whether the reflective sheets have
proper optical properties that remain unaffected by the environmental conditions. Besides, the
materials used for the assembly of the PV modules (EVA, cells and thermal tape) must allow for
operation up to 350-360 K and the solar cell modules must be rigid in order to allow a good thermal
bond to the heat sink. It is of vital importance to give special attention during the system design to the
manageable and reliable assembly of the various constituents, in order to ensure that the system can
achieve long-term, unimpeded operation. This involves, among others, the proper sealing of the heat
sink and connection to the manifold system, as well as the and proper thermal bonding to prevent fluid
leakage and system overheating, respectively. A critical issue for the performance of the system is the
quality of the thermal bonding between the solar cells and the heat sink.

The optical quality of the parabolic trough is the most significant loss mechanism in the prototype
system, which is a common trend for concentrated solar power applications in the temperature range
below 373 K. Consequently, manufacturing precision must be achieved in regard to the trough shape
so that the highest possible receiver intercept factor could be ensured, as well as illumination
uniformity on the receiver active surface. The experimental evaluation of the prototype CPVT system
showed that there is considerable margin for improvement in regard to its electrical efficiency, which
is considerably affected by the irradiation non-uniformity on the PV-module surface. The PV module
employing wide cells (60.0 mm) were found to be insensitive to minor fluctuations of the concentrated
irradiation caused by errors in the sun tracking, while the opposite was true for the modules employing
narrow cells, as their efficiency showed a considerable deterioration for small misalignment of the
receiver in respect to normal incidence.

The thermal efficiency of the prototype was found to be outstanding as the excess heat from the
receiver is almost fully exploited and thermal losses were proven to be of minor significance due to
the low values of thermal resistance and the compactness of the heat-sink configurations. Overall, the
high performance of the novel cooling devices has been confirmed, as both thermal losses and
parasitic pumping power were insignificant for the prototype system. It can be furthermore deduced
that the cooling devices are capable of managing even higher heat fluxes and hence are suitable for
systems of high concentration such as dish systems with “densely-packed” solar cells at the receiver.
In regard to the thermal losses, the main mechanism accountable is convection from the receiver glass
cover, especially for high wind velocities.

From an exergetic point of view, for a CPVT system where the thermal output considerably
surpasses the respective electrical, it is beneficial to operate it in relatively high temperatures or low
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flow rates. The system was found suitable to produce heat at the temperature levels required by
applications such as domestic water heating, space heating, solar cooling using desiccant
dehumidifiers and desalination with the method of membrane distillation. In regard to the prototype
system, it was found that exergy is primarily destroyed in the form of optical losses. A parametric
analysis conducted revealed that the exergetic efficiency of the CPVT system is primarily influenced
by the optical efficiency of the parabolic trough, while also further know-how is required regarding the
manufacturing of the PV modules, as increase of their electrical efficiency also has a substantial effect
on exergetic performance.

In conclusion, it could be said that the research activities performed in the framework of the
dissertation lie in two main axes, i.e. the design and evaluation of cooling devices and the
development of the integrated CPVT application. The main findings of the thesis are summarized
through the following points referring to the aforementioned groups of activities:

Cooling devices

» The addition of heat-transfer surfaces in the geometrical layout of a plate-fin heat sink enhances
thermal performance yet induces considerable cooling-fluid pressure drop.

= The incitement of secondary flow due to the geometrical layout and/or the prevailing flow
conditions has a beneficial effect on the thermal performance of a cooling device.

» The introduction of stepwise-decreasing channel width along the flow direction in a plate-fin heat
sink increases the temperature uniformity and significantly decreases the induced pressure drop
with a minor increase of the thermal resistance, owing to the beneficial action of longitudinal
vortices.

= |t is feasible to manufacture heat sinks of considerable length (L=0.5 m) with microchannels of
constant and stepwise-varying width using conventional machining techniques. In fact, the
machining of microchannels having very high aspect ratio (AR~19) was proven to be feasible.

= Suitable design and multi-objective optimization of the cooling-device geometrical layout can
result to a device of high thermal performance with minor pressure loss penalty.

= The decoupling of the heat-sink optimization procedure from the physical model through the use of
surrogate functions significantly simplified the entire process.

» The manufactured FW device exhibits exceptional thermal performance, as, for negligible heat
losses, the maximum solid wall temperature is slightly higher than the fluid outlet temperature.

» The manufactured three-section VW device maintains relatively constant maximum wall
temperature regardless of the coolant flow rate in the range 20.0-40.0 mL/s. Even though the
maxim wall temperature exceeds the respective value of the FW device, the thermal resistance of
the two devices based on the average wall temperature obtains similar values for the range of water
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flow rates considered. Nevertheless, the induced fluid pressure drop by the VW device is an order
of magnitude smaller compared to that of the FW device.

Integrated CPVT system

All the technical challenges associated with the development of a CPVT were properly addressed
and a full-scale prototype system was successfully manufactured and experimentally evaluated.
The system demonstrated reliable operation for the entire evaluation time period.

The optical analysis showed that the irradiation flux distribution on the receiver exhibits a profile
with two peaks. The experimentally obtained irradiation distribution was verified through ray-
tracing simulations performed considering a parabolic trough of slightly distorted shape.

The irradiation distribution on the receiver active surface has a significant effect on the electrical
performance of the system, as the central part of the solar cells is poorly illuminated.

The prototype CPVT system achieves an overall efficiency of approximately 50% with the thermal
and electrical efficiencies of 43-44% and 5-7%, respectively. Hence, the main output of the system
is in the form of thermal power. The performance of the system has been found to be independent
of the water flow rate in the range of 20.0-40.0 mL/s.

The design of the cooling system was found to be of high effectiveness as its incorporation in the
CPVT system results to negligible thermal losses and parasitic pumping power; however there is
margin for improvement in reference to its manufacturing precision.

The quality of the thermal bond between the PV module and the heat sink was found to be
satisfactory as the temperature difference between the PV-module and heat-sink substrates was
found not to be significant. The use of thermally conductive epoxy resins instead of adhesive tapes
is recommended for large bonding areas.

The prevailing heat-loss mechanism from the system receiver is heat convection through the front
glass cover, while conduction losses through the insulation are negligible.

A comparative analysis demonstrated that the CPVT achieves a significantly lower heat transfer
coefficient compared to state-of-the-art commercial flat-plate solar thermal collectors.

For the performance characteristics of the prototype CPVT system where the main output is in the
form of thermal power, it is suggested in terms of exergetic performance the system to operate at
high temperatures. The effect of producing heat at high temperature exceeds by far the negative
effect of increased heat losses and lower electrical efficiency on the system exergetic efficiency.

The exergetic efficiency of the CPVT system is primarily influenced by the optical quality of the
parabolic trough and the electrical efficiency of the PV module. Increasing these two factors to
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achievable values, e.g. n,,=0.75 and 1n¢=0.25, can yield a two-fold increase of the system exergetic
efficiency.

= Technical challenges must still be overcome to enhance the system overall efficiency with the
major ones being the precise manufacturing of the parabolic trough and the reliable assembly of
concentrating-cell module.

8.2 Publications
Several of the subjects investigated in the present dissertation and the main conclusions drawn

have resulted in the following list of publications in acclaimed peer-reviewed journals in the fields of

energy and heat transfer and in the proceedings of relevant conferences:

Journal Publications

[1] I.LK. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Experimental and numerical
evaluation of an elongated plate-fin heat sink with three sections of stepwise varying channel
width, Int. J. Heat Mass Transfer 84 (2015) 16-34.

[2] I.LK. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, The flow and temperature
fields in cooling devices with embedded serpentine tubes, Num. Heat Transfer, Part A: Appl. 66
(2014), 349-378.

[3] I.K. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Effect of secondary flows due
to buoyancy and contraction on heat transfer in a two-section plate-fin heat sink, Int. J. Heat Mass
Transfer 61 (2013), 583-597.

[4] I.K. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Three-dimensional flow effects
on forced-convection heat transfer in a channel with stepwise-varying width, Int. J. Therm. Sci. 67
(2013) 177-191.

[5] I.LK. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Design optimization of a micro
heat sink for Concentrating Photovoltaic/Thermal (CPVT) Systems using a genetic algorithm,
Appl. Therm. Eng. 59 (2013) 733-744.

[6] I.K. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Design and experimental
evaluation of a parabolic-trough Concentrating Photovoltaic/ Thermal (CPVT) system, Ren.
Energy, Under Review.
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Participation in conferences

[1] I.LK. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Design and Optimization of a
Micro Heat Sink for Concentrating Photovoltaic/Thermal Systems, 3 Micro and Nano Flows
Conference, 2011, Thessaloniki, Greece.

[2] I.LK. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, A novel two-section cooling
device employing jets in cross-flow, Proceedings of the 9th Hellenic Conference on Fluid Flow
Phenomena, 2014, Athens, Greece.

[3] I.K. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Design and evaluation of linear
concentrating photovoltaic/thermal system (in Greek), Proceedings of the 10" Hellenic Conference
on Renewable Energy Sources, 2014, Thessaloniki, Greece.

[4] 1.K. Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles, Flow and conjugate heat
transfer in heat exchanging devices employing tubes with 180deg bends (in Greek), Proceedings of
the 8th Hellenic Conference on Fluid Flow Phenomena, 2012, VVolos, Greece.

8.3 Novelty of the work

As has already been stated, the research activities performed focus on two main subjects: the
characterization of novel cooling devices and the development of a prototype CPVT system.
Innovative findings have been established in reference to both research topics and valuable technical
experience has been gained, which can be valuable to other research fields apart from renewable-
energy applications such as electronics cooling. The main points of novelty attributed to the present
work can be summarized as follows:

Cooling devices

Novel cooling configurations have been proposed and thoroughly evaluated in respect to their
pertinence to CPVT systems. By this way a useful data set has been created that enables the
appropriate selection of cooling devices for a wide range of concentrating solar applications based on
a range of well-established criteria. Insight has been gained on the flow phenomena that lead to heat-
transfer enhancement and the mechanisms that lead to their onset have been identified. The secondary-
flow effect on heat transfer in particular was thoroughly studied, providing significant contributions to
the relevant fluid-mechanics bibliography. Such phenomena were studied both in configurations with
rectangular channel geometry and flow contraction as well as in curved tubes. In the former case, the
inducement of secondary flows was due to bluff body effects, whereas in the latter due to centrifugal
forces. The embedded curved (serpentine-type) tube configuration was in fact examined for the first
time in conjunction with conjugate heat transfer effects. The experience gained can be used as
guideline for the design of the geometrical layout of novel devices that utilize passive (geometrical)
heat-transfer enhancement techniques.
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In addition, a fast and robust optimization procedure for the geometrical optimization of plate fin
heat sinks has been developed. Optimal heat sink configurations of novel layout suitable for CPVT
systems have been manufactured. To the author’s knowledge, this is the first time that the
manufacturing and experimental evaluation of heat sinks of considerable length employing channels of
such high aspect ratio is reported in the literature. It must be pointed out that the configuration
designed and manufactured in the course of the present dissertation, employing three sections of
channels with stepwise-varying channels exhibits the unique characteristic of maintaining constant
maximum wall temperature for a wide range of cooling fluid flow rates, while also it attaining higher
temperature uniformity than straight-microchannel heat sinks do.

Integrated CPVT system

An efficient and reliable CPVT system prototype has been developed and all the technical
challenges associated with the sizing and manufacturing of all system components have been
effectively addressed, along with the proper selection of materials, hence leading to the gain of
valuable know-how. To the author’s knowledge the specific prototype is the only functional
demonstration in Greece and one of the few such worldwide. The operation of the prototype
demonstrated that high thermal and electrical output can be produced for a very limited receiver area.

Special attention has been given to the evaluation of the parabolic-trough optical quality and errors
associated with the parabolic shape precision have been illustrated. A custom-made, low-cost device
has been developed to measure the irradiation distribution on the receiver active surface. The overall
analysis demonstrated the proper manufacturing procedure that must be followed in order to ensure
high optical quality of the trough. Furthermore, the technical issue of bonding the heat sink and the PV
modules has been successfully met and proper adhesive materials have been proposed. The system
thermal and electrical performance have been experimentally evaluated and the key characteristics of
the constituents that influence the overall prototype efficiency have been identified so that the CPVT
system can be further improved and even reach standards of commercial production. Finally, a
computational algorithm capable of predicting the system long-term performance has been developed.
The predictive tool elucidated the performance characteristics of the system constituents that must be
improved, in order to increase the system exergetic efficiency in a decisive manner.

8.4 Recommendations for future work

The present dissertation highlights all the aspects of the design, manufacturing and operation of a
concentrating photovoltaic/thermal system. Hence it can stand as a solid groundwork for further
investigations associated with the system constituents, aiming at the improvement of their individual
performance which could result to a more efficient integrated system as well. Based on the gained
experience, the following research topics are regarded as being of importance for obtaining furhter
valuable know-how on CPVT applications and are proposed for future investigation:
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» Further investigation of cooling configurations

Additional heat-sink designs that offer possible heat transfer enhancement such as stacked
microchannels, linear vortex generators, and metal foams would constitute interesting subjects
for further investigation. In addition, the replacement of pure water with nanoparticle suspensions
as cooling fluids could also be examined as an alternative technique to enhance heat transfer.
Another novel concept that has been recently introduced is the incorporation of thermoelectric (TE)
modules that can utilize waster heat and offer additional electrical production. The use of a
TE module in tandem to a heat sink can further increase the electrical output of a CPVT
system.

» Improvement of the integrated CPVT system

It is essential to ensure the effective and reliable CPVT system operation if commercial production
is considered as a future step. First of all the design and implementation of a tracking system is
necessary so that the system can achieve stand-alone operation. Additionally, the scale-up of the
system should be pursued along with the coupling to a properly-sized thermal storage. In respect to the
system overall quality, novel PV modules could be tested employing I11-V high efficiency cells, e.g.
GaAs or CIGS cells, in order to enhance electrical performance. A suitable technique should also be
developed that enables the bonding of the solar cells directly onto the heat sink as this would lead to
reduction of the overall heat sink thermal resistance. Additional aspects in regard to the manufacturing
of the system such as machining precision and cost reduction should be addressed to reach
commercialization

= Design and evaluation of point-focus CPVT systems

The technical experience gained can be applied to the design and development of point-focus
CPVT systems. Point-focus systems achieve high concentration ratios (CR=1000) that allow the use of
triple-junction PV modules of much smaller dimensions in comparison to those applicable to linear-
focus systems. Consequently, compact heat-sink designs are also required and the miniaturization of
the investigated design concepts constitutes an interesting research topic.

» Modeling of the CPVT system

The developed code capable of simulating the system performance can be further extended so as
to include additional heat-sink configurations. In addition, the code could be implemented within the
simulation software for energy systems TRNSYS as a new component. The integration in TRNSYS
allows the evaluation the novel CPVT component in conjunction with built-in components
corresponding, e.g. to thermal storage, desiccant dehumidifiers or absorption chillers and desalination
units. By this way the applicability of coupling CPVT systems to the respective applications can be
clearly elucidated. In addition, strategies for the operation of the CPVT system, e.g. regulation of the
water flow rate and temperature, can be proposed based on the thermal and electrical loads that must
met. It is worth considering making the component available as open-source, as this way it could
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become useful to a large number of engineers and researchers worldwide dealing with concentrated
solar power applications.
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Appendix Al
Numerical schemes used by the ANSYS CFX package

ANSYS CFX is a general purpose CFD software able to simulate various types of flows such as
steady or transient laminar and turbulent flows, single or multi-phase, and compressible or
incompressible [Al]. The simulations performed at Chapter 3 were treated as steady state and
incompressible. CFX uses an element-based finite volume method, which requires the discretization of
the computational domain using a mesh. All solution variables and fluid properties are stored at the
mesh vertices, which are referred as nodes. A control volume is created by lines that join the centers of
the mesh elements with the centers of the elements edges and in essence surrounds each node (Fig.

A.l).
Control volume \\

Element center

Element

Fig. A.1 Definition of the control volume.

According to the finite-volume method, the conservation equations for mass, momentum and
temperature are integrated over each control volume. The Gauss’ divergence theorem is applied to
convert the volume integrals to surface integrals. Surface integrals are discretized at the integration
points ip located at the center of each surface segment within an element (see Fig. A.2) and are
consequently distributed to the adjacent control volumes.

nl

integration point

element center

n3

Fig. A.2 Mesh element
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It is therefore essential to approximate the solution field at the integration points. For this reason,
finite-element shape functions are used by the software as follows:

Nnodes
9= z Nid (A1)

i=1

where N; is the shape function for node i and ¢; is the value of a variable ¢ at node i. The summation is
over all nodes of an element. The shape functions used in ANSYS CFX are linear in terms of
parametric coordinates.

The advection term of the conservative equations requires values at the integration point of a
variable ¢ to be approximated in terms of the nodal values of ¢. The advection scheme implemented in
CFX has the following form [A2]:

¢|p = ¢up +pVg- A (A2)

where ¢, is the value at the upwind node and r is the vector from the upwind node to the integration
point. The high-resolution scheme, a second-order accurate discretization scheme was employed for
the determination of the coefficient 5. The spatial derivatives for all the diffusion terms are evaluated
using shape functions in accordance to the finite-element approach, e.g. for a derivative at the
integration point:

o¢

ip

ON
=25

ip n

The pressure gradient term in the momentum equations is also evaluated using shape functions. CFX
uses a co-located grid layout such that the control volumes are identical for all transport equations.
The discretization of the mass flow through a surface of the control volume was performed using a
discretization scheme proposed by Rhie and Chow [A3] in order to ensure pressure-velocity coupling.

A coupled solver is used by CFX in which all the hydrodynamic equations are solved as a single
system, instead of a segregated solver, in order to accelerate the solution procedure. This solution
approach uses a fully implicit discretization of the equations. The discrete system of linearized
equations is solved using a Multigrid Incomplete Lower Upper factorization technique.

References
[A1] ANSYS Inc., ANSYS CFX Introduction, Release 13.0, Canonsburg, PA 2010.
[A2] ANSYS Inc., ANSYS CFX-Solver Theory Guide, Release 13.0, Canonsburg, PA 2010.

[A3] C.M. Rhie, W.L. Chow, Numerical study of the turbulent flow past an airfoil with trailing edge separation,
AIAAJ. 21 (1983) 1525-1532.
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Appendix A2

Catalogue of the CPVT system components and materials —
Cost breakdown

The custom-made system sub-components and the materials procured to realize the prototype
CPVT system are listed in Table B.1. The cost associated with each constituent is also included in the
table. It can be easily deduced by the values of Table B.1 that the cost of the integrated system is
primarily designated by the high manufacturing cost of the main system metallic sub-components, as
well as the cost of the custom-made PV module.

The elevated cost associated with the novel metallic items is attributed to the relatively limited
know-how of the Greek industry in this area, regarding both the precise manufacturing of metallic
structures of complex shape as well as micro-fabrication. Novel technical challenges had to be
addressed by the industries, which collaborated in the present project, inevitably accompanied by
extensive preparation for the setup of their CNC machines and time-consuming machining procedures
consequently leading to elevated cost. The cost of the PV module was primarily determined by the
additional charges for the design optimization of the solar cells for operation under concentrated
sunlight. Additionally, by the specialized nature of the services provided by NAREC Ltd, given that
there is a limited number of companies worldwide that develop silicon-based concentrating PV cells
especially in low quantities. Besides, the cost of the consumable materials, e.g. insulation or epoxy
resin, is also higher than expected due to the small order placed in each case, since limited quantities
were required for the demonstration project.

Table B.1 Inventory of the prototype CPVT system sub-components, materials and cost breakdown.

Component Manufacturer Cost Comments
Custom-made manufacturing of two frames.
Parabolic frame MEVACO SA 1200 € The cost refers to a 2.0 m® frame, with

active area of 1.0 m’. ,
Commercial product. 65 €/m” for an order

Reflector sheets ALANOD GmbH 130 € 5
of 15.0 m".
Heat sink Petrekas Ltd 300 € Custom-made manufacturing. _The price
accounts for an order of four devices.
Nozzles Petrekas Ltd 500 € Custom-made manufacturmg. 250 €/nozzle
for an order of eight nozzles.
Custom-made assembly. The price accounts
PV modules NAREC Ltd 1438 € for an order of four PV modules.
H Z
Insulation Armacell SA s¢ gfo;ngn;rzmal product. 50 €/m“ for an order
Adhesive resin Cast Coat Inc. - Commercial product. 126.60 €/1.33kg pack.
Commercial product. 1 €/ m for an order of
Wiring Lapp Gruppe GmbH 6€ 50.0 m°.

Considering an active aperture area of 1.0 m? and an overall efficiency of 50% for the CPVT
system, the cost per produced power becomes approximately equal to 7.2 €/W. As a reference, the cost
per produced power regarding concentrating solar power applications is reported to be in the range
3.0-7.5 €/W. However these values primarily refer to large-scale solar plants, where additional costs,
e.g. the cost of the turbine and the generator for production of electric power, also apply. Thus, the
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lower value of 3.0 €/ should be deemed as representative for relatively small-scale configurations
comprising concentrating solar collectors. The respective cost for concentrating photovoltaic systems
is estimated approximately equal to 3.0 €. Both figures are significantly lower compared to that of
the prototype CPVT system, however they refer to commercial products manufactured in production
lines of high capacity especially developed for that purpose.

In any case, the newly acquired know-how in reference to the design and manufacturing of the
CPVT system allows for a great margin in cost reduction, especially if a more extended production is
considered. The cost associated with the custom-made metallic parts, as reported by the technical
managers of the collaborating industries, can be reduced to 200 €/m’ regarding the parabolic frame
and to 380 € for an integrated heat sink-manifold configuration, considering a higher-volume
production, e.g. of 100 items. As shown in Table B.1, the most significant cost constituent is that
associated to the PV module. However, the cost is primarily designated by the consulting for the
module design and optimization. It was stated by NAREC Ltd that for significant orders, e.g. in the
range of 1000 cells, of a specified cell design, the cell cost can be reduced to as much as 15 €/cell. A
PV module also comprises a low-iron glass front cover, conductive adhesive tape and an aluminum
substrate. The values of low-iron glass can reach 35 €/m? for orders in the range of 50m?. The cost for
the adhesive tape could be estimated equal to 7 €/m for large orders (200 m of tape), whereas the cost
for the aluminum substrate can be considered negligible.

By taking into account all the cost data mentioned above the overall cost for a PV module per m? of
CPVT system active area, provided that out-sourcing for the assembly is not required, is estimated
approximately equal to 155 €. The cost associated with the receiver insulation (Armaflex) is
approximately 8 €/m? for orders of quantities greater than 10 m?% The costs for all the system
consituents considering the reduced values for large-scale production are shown in Table B.2. The
cost of the adhesive resin and the wiring can be considered negligible. Consequently, an estimation for
the relative overall cost of a CPVT system having an active area of 1.0m? yields a value approximately
equal to 1.75 €/W. It must be noted that additional cost constituents such as the cost of the converter
required in order to allow for the produced electric power to be delivered to the grid or the cost
associated with the preparation of the area for mounting the system have not been taken into account
in the present analysis. In any case, it is evident that the cost per unit of produced power by the CPVT
system, although it merely an initial rough estimation referring to a prototype device, is not prohibitive
compared to other concentrated solar power applications and hence a feasibility study on the system
commercial viability should be pursued.

Table B.2 Cost breakdown per m? of active area for “large-scale” production of the CPVT system.

Component Cost
Parabolic frame 300 €
Reflector sheets 40 €

Heat sink 180 €
Nozzles 200 €
PV modules 155 €
Insulation 0.8€
Adhesive resin -
Wiring -
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Appendix A3

Dynamic simulation of the CPVT system —
Algorithm description

As was discussed in Chapter 7, a FORTRAN code was developed for the simulation and exergetic
optimization of the prototype CPVT system. The flow chart of the calculations performed by the code
Is presented in Fig. C.1. It essential to point out that heat conduction within the layers of solid
materials of the receiver is considered to occur only in the direction perpendicular to the receiver
active surface, whereas heat convection within the heat sink is considered to occur along the
longitudinal direction as well. Thus, the code is able to predict the temperature distribution of the
receiver materials, instead of a representative average temperature value.

The code takes as inputs the various geometrical parameters of the CPVT system sub-components,
as well as the main performance specifications of key components such as the PV module. The
environmental conditions are provided in a separate TMY input file. The code allows the selection of a
single or dual axis tracking system employing either a FW or VW cooling device. The number of
sections for the VW device can also be specified. The thermal resistance of the selected device and the
pressure drop induced to the cooling fluid are calculated using separate sub-routines (sub-routines
Reonv @and Dp as shown in the flow chart).

The algorithm calculates all the quantities required for the performance characterization of the
CPVT system. More specifically, in reference to the energetic characterization, the quantities
calculated are the thermal and electrical power production, the optical and heat losses from the system
receiver, the parasitic pumping power, the gross and net system energetic efficiency and finally the
accumulated thermal and electrical energy yield for the evaluated time period. Besides, in regard to the
system exergetic characterization, the outputs of the algorithm comprise the useful exergy streams and
the destroyed exergy, as well as the exergetic efficiency. In addition, the entropy generation rate in
absolute and relative form is also calculated.
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Set the characteristics of the PV module
Set the system optical properties

i

Calculate the thermal resistance of each layer R; =

Set the thickness of the receiver material layers KA
Set the geometry of the heat sink
| Time march: DO k=1t |
/ Read environmental conditions and incidence angle for time step: Gy, T,, U, 0 /

Separate the receiver in segments: DO j=I Neegn

Calculate the axial position of each segment: AXDIR

Calculate main energy balance for segment: Qieem Qgpscem Quossssegm Pebssegms Qiscem
Calculate basic flow parameters for each segment: Re, Waxial, L, Liy

Calculate the convective thermal resistance: R oy, === CALL subroutine R oy

Calculate temperature in each segment Ty of the receiver by iteratively solving the thermal network: DO i=ITER

AT>10"
Check temperature residual
AT <10
iml
Calculate global quantities: Q; = ZQ,_W,m
Negm
<
Check axial position on the receiver z<Las
7=Las
/ Print temperature distributions for each timestep: T=T; ccpu(2) /
| Calculate pressure drop Ap and pumping power P, 4—|CALL subroutine Ap | |

| Calculate system energetic and exergetic efficiency: Mg, Mo, N, M |

/ Print system performance and efficiency for each timestep: Qu, Pet, Quosss EXuny EXet, EXdest My Nely Mot Nt /

t < tsimulation

Check timestep

t=tsimulation

| Calculate system yield and average efficiency for the entire simulated time: 7, Ey, Eq |

| Print yield and average efficiency: 7, Eq, Eq |

Fig. C.1 Flow chart of the FORTRAN code developed for the dynamic simulation of the CPVT system.



Appendix A4

Dynamic simulation of the CPVT system —
FORTRAN source code

The FORTRAN code developed for the simulation of the CPVT system performance is the following:

program transient_1D_CPVT
!

1

IThe program calculates the overall efficiency and the produced energy of a CPVT system.

IThe inputs of the program are the environmental conditions, as well as the system operating parameters
I(reflector area, flow rate, PV efficiency, system total length. In addition, the geometrical
Icharacteristics of the active cooling device must be selected (DES1=FW or DES2=VW).

IThe produced outputs comprise the Temperatures at each layer of the receiver, the system Efficiency
!(thermal, electrical, total, energetic and exergetic) and the heat losses and parasitic (pump) losses

IMPLICIT NONE
1

integer i,ih_ext,j,j1,j2,k,11,12,13,14
integer ITRACK,N_segm,N_FW,DES,NSEC,ITER
1

INTEGER N_VW(10)
!

integer dt,t,time_tot

]

DOUBLE PRECISION dvisc_w,density_w,k_w,k_air,dvisc_air
DOUBLE PRECISION Wch_VW(10),Dh_VW(10),RE_VW(10),a_VW(10),axial_vel_VW(10),L_star_VW(10),L_thdevfl_VW(10)
1

IThe additional spots will be filled in case of additional sections
!

!

!

double precision Aa,Acont_segm

1

aouble precision Lhs,Whs,Wgl_eva,Wpv,L_SEC,L_segm,AXDIR

1

double precision beta_air,Pr_air,Gr_air,Ra_air,Re_L,Nu_FC_air,Nu_NC_air,Nu_MC_air
1

aouble precision sigma,u_wind,e_gl,h_ext,hrad_segm

Eiouble precision V_dot,m_dot,Ta,Tref,theta

1

double precision Gdir_track,Gdir,Qgl,Qgl_segm,Qirr,Qirr_segm,Qloss_therm,Qloss_cond_segm,Qloss_therm_segm,Qth,Qth_segm,&
&Pel,Pel_segm,DP_tot FW,DP_tot VW,Ppump
1

double precision Energy_el,Energy_th, Energy_irr,Energy_pump
!

double precision Cgl,Cpv,Ct1,Ct2,Cal

1

aouble precision Cpw,Pr

!

double precision
dens_gl,dens_pv,dens_t1,dens_t2,dens_al,Vol_gl_segm,Vol_pv_segm,Vol_t1_segm,Vol_t2_segm,Vol_s1_segm,Vol_s2,Vol_s2_SEC,Vol_s
2_segm,&
&Vol_wl_segm,Vol_w2,Vol_w2_SEC,Vol_w2_segm,m_gl_segm,m_pv_segm,m_t1_segm,m_t2_segm,m_s1_segm,m_s2_segm,m_w_seg
m,M_pv_mod,M_resin,M_hs,M_fluid,M_tot

1

double precision t_ins,t_gl_eva,t_pv,t_tlt al_anot t2,t al,k_ins,k_gl_eva,k_pv,k_t1,k _al_ano,k_t2,k_al
]

double precision
Rrad_segm,Rconv_ext_segm,RIloss_cond_segm,Rloss_segm,R_gl_eva_segm,R_pv_segm,R_t1_segm,R_al_ano_segm,R_t2_segm,R_al_seg
m,&

&Rconv_int_segm,Rcal_segm

!

double precision Rgl_pv,Rpv_t1,Rtl_s1,Rsl_t2,Rt2_s2

!
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double precision eta_opt,eta_trans_eff,eta_abs_gl.eta_el_ref,eta_el_segm,eta_el_sys,beta,eta_th,eta_tot_gr.eta_tot_net,

eta_|_ave,eta_l_ave net

!

double precision
Tsun,Ex_sun,Ex_th,Ex_el,Ex_pump,Ex_dest_opt,Ex_dest_th,Ex_dest_th_segm,Ex_dest_DT_sun,Ex_dest DT_sun_segm,S_gen,Ns,eta_ex_
net

]

aouble precision RE_FW,axial_vel_FW

1

aouble precision Wech_FW,Ww_FW,a_FW,Hch_FW,Dh_FW
1

aouble precision L_thdevfl,L_star

Ejouble precision Wch_VW_1,Ww_VW,a_VW_1,Hch_ VW

1

double precision Tf_mean,Tf_in, Tf_out

1

!

DOUBLE PRECISION
Tgl_segm(200),Tpv_segm(200),Ttl_segm(200),Ts1_segm(200),Tt2_segm(200),Thw_segm(200),Tf_mean_segm(200),&
&Tgl_segm_prev(200),Tpv_segm_prev(200),Ttl_segm_prev(200),Ts1_segm_prev(200),Tt2_segm prev(200),&
&Thw_segm_prev(200),Tf_mean_segm_prev(200),Tf_max_segm(200),Tf _in_segm(200)

1

DOUBLE PRECISION Qloss_therm_segm_EX(200)
1

double precision Tf0, Thw0,Tpv0,RES, Tf_max_prevsegm,Tf_mean_segm_rout
!

1
Vit

1#1/0#

Vit

1

open(1,FILE="meteo_data.txt")
open(2,FILE='"CPVT_eff.txt")
open(3,FILE='PV_Temperature.txt')
open(4,FILE="Heat-sink_Temperature.txt')
open(5,FILE="Fluid_Temperature.txt')
open(6,FILE='"CPVT_exergy_eff.txt")
open(7,FILE='Overall_Yield.txt")
open(8,FILE='"Convergence_check.txt')
open(9,FILE='"Mass_check.txt')

write(2,'(2X,A15,6 X,A4,6 X,A4,6 X,A4,6X,A3,7x,A5,5X,A10,3X,A6,4X,A10,4X,A10,3X,A12,3X,A12)" )&
&'t','Gdir','Qgl',;Qirr','Pel',Ppump’,'Qlos_therm','Qth','eta_th','eta_el_sys','eta_tot_gr','eta_tot_net'
!

write(3,*) 'PV temperature distribution’

write(4,*) 'Heat-sink temperature distribution'

write(5,*) 'Fluid temperature distribution’

!

write(6,'(2X,A20,8X,A6,6 X,A11,8X,A14,7X,A10,7x,A5,5X,A5,3X,A10,4X,A54X,A2))&
&'t'Ex_sun',Ex_dest_opt',Ex_dest_DT_sun','Ex_dest_th',/Ex_th'Ex_el'/'eta_ex_net','S_gen','Ns'
1

write(7,'(A15,4X,A9,4X,A9,4X,A11,4X,A9,4x,A13)') 'Energy_irr','Energy_el'/Energy_th'/Energy_pump','eta_I_ave''eta_|_ave_net'
!

write(9,'(A8,8X,A7,8X,A4,8X,A7,8X,A5)") 'M_pv_mod','M_resin','M_hs','M_fluid','M_tot'

1

IALL UNITS IN SI

!

VG I e R I e i ey

ISystem tracking mode 1-axis=1, 2-axis=2

o

!

ITRACK=2

!

I*xxx**|E N-S orientation provide METEONORM file with solar AZIMUT H angleg*#*#*#*#****
Ixxxx%|E E-W orientation provide METEONORM file with solar ALTITUDE angles**#*#****
IrexkRx|E 2-axis tracking provide METEONORM file with all solar angles equal to zero******
!

!

Velpedfistiafi il i il

Heat sink design FW=1, VW=2

VHHHHHHHHHHHHHHHHAHRHH A

!

!

DES=2

!
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!

e e D
INumber of SECTIONS for VW design
e e D

!

!

IF (DES .EQ. 1) THEN

NSEC=1

ELSE

!

R
I#SPECIFY NUMBER OF SECTIONS
R

!

NSEC=3

!

ENDIF

!

VHEHHEHHEEH T R T I T
I#SPECIFY METHOD OF CALCULATION FOR THE CALCULATION OF THE EXTERNAL HEAT TRANSFER COEFFICIENT
L R
!

lih_ext=1 -> analytical, ih_ext=2 empirical

!

ih_ext=1

!

!

!

VR it s s L R
INumber of SEGMENTS for the receiver
VR it s s L R
1

10bviously the receiver can be treated as a whole if N_segm=1
!

N_segm=100

!

!
write(3,*) ‘Number of Segments ',N_segm
write(4,*) 'Number of Segments ',N_segm
write(5,*) 'Number of Segments ',N_segm
1

VHHHHHHHHHHE T T
Total TIME of the simulation

[ETRTR TR TR TR IR TR TRTRT IR TR IR TR TR TR TR TR TR TR TRTRTR TR TRIRTNT]
SHHHHHHA R A

!

1

time_tot=342001

!
e
INumber of ITERATIONS for solving the thermal network system
Vedfdfidfi il dh gl il st dhi il
!

!

ITER=100

!

!

e e

IPhysical constants

s

1

I1Stefan-Boltzmann constant
1

éigma=5.67e-8
1

!
e e L
IThermal properties

FRTRTRTRTRIRIRTRTRTRTRIRTRIRTRTRTNTHTON]
SHHHHHHA T

!
Idensity of SOLID materials [kg/m3]
1

dens_gl=2600.0
dens_pv=2330.0
dens_t1=2200.0
dens_t2=2200.0
dens_al=2700.0



!

Ithermal conductivity of SOLID materials [W/mK]
!

!

k_air=0.02605

k_gl_eva=0.915

k_pv=149.0

k_t1=0.6

k_al_ano=210.0

!
e
ISPECIFY EPOXY OR RESIN
e
!

k_t2=0.43

1

k_al=237.0

!

k_ins=0.037

!

1

I1Specific heat of ALL materials (considered constant for water) [j/kg]

1
Cgl=750.0
Cpv=760.0
Cal=900.0
Cpw=4179.25
1

iSpecific heat of the ADHESIVES (Aluminum nitride specific heat 740 J/kgK)
1

Ct1=1500.0

!

e e e S e e e S e e
ISPECIFY EPOXY OR RESIN

[ETE TR TR IR TR IR TR T RN I TR TN TN TN IR TNTNIET]
SHHHHAH R A A

!
Ct2=1500.0
!

[ETETRTETR TR I TR NI TRTR TR TR TNTIT)
SHHHHHHAH R T

1PV characteristics
V]
1

IReference evaluation temperature of PV efficiency
1

Tref=298.0
1

1PV temperature coefficient (narrow cells:0.00603, wide cells:0.00461)

beta=0.00461
1

IPV efficiency at Tref
1

eta_el_ref=0.138

!

!

VIR I I T
IParameters of operation
R N
!

Volumetric flow rate in [m3/s]
11t is defined when the TIME MARCH loop commences
!

!

Ifluid inlet temperature

!

Tf_in=298.0

!

1 et
SHHHHHH A A

10ptical properties of the system
Vit il il i
1

loptical efficiency of reflector
]

eta_opt=0.57
!
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IEmittance of front glass

!

e_gl=0.88

!

IAbsorptance of front glass+EVA
1

éta_abs_gl =0.05
1

ITransmittance-absorptance of front glass+EVA and PV cells (0.90 for narrow cells, 0.92 for wide cells)

!

eta_trans_eff=0.92

!

!

!

!

Vdfidfisi it i sl i g e
1System Geometrical Parameters
VHEHHE I R R
!

1

IAperture area of the system in [m2]

!

Aa=10.0

!

1

Icontact area between different materials (equal to the heat sink surface)

1
!

Wgl_eva=0.08

Wpv=0.06

Whs=0.061

Lhs=5.0

L_SEC=Lhs/NSEC

Acont_segm=Whs*Lhs/N_segm

1

|

R

IFW Heat Sink Geometrical parameters
VHHHHHHHHHHHEHHHHHHAHE A

1

|

Wch_FW=0.00056

Ww_FW=0.00069

a_FW=Ww_FW/Wch_FW
N_FW=((Whs-a_FW*Wch_FW)/((a_FW+1)*Wch_FW))
Hch_FW=0.0035
Dh_FW=2*Wch_FW=*Hch_FW/(Wch_FW+Hch_FW)
1

1

i#########################################################################
VW Heat Sink Geometrical parameters (only of the first section required)
VHHHHHHHHHHHHHHHHH AR

1

1

Weh_VW_1=0.00524

Ww_VW=0.001
a_VW_1=Ww_VW/Wch_VW 1
Hch_VW=0.0106

1

!

DO 11=1,NSEC

IF (I1 .EQ. 1) THEN

Weh_VW(1)=Wech_VW_1

ELSEIF (11 .GT. 1) THEN

Weh_ VW(I1)=0.5*Wch_ VW(I1-1)-0.5*Ww_VW
ENDIF

ENDDO

1

1

DO 12=1,NSEC
Dh_VW(I2)=2*Wch_VW(12)*Hch_VW/(Wch_VW(I2)+Hch VW)
a_VW(I12)=Ww_VW/Wch_VW(I2)

N_VW(12)=FLOOR(((Whs-a_VW(I2)*Wch_VW(12))/((a_VW(I2)+1)*Wch_VW(12))))

ENDDO
!
!

All



1
VR
Ithickness of each material
VR
1

!

t_gl_eva=0.0045

t_pv=0.0002

t t1=0.00013

t_al_ano=0.0015

1

t 2=0.0001524
1

IFW or VW design

!

IF (DES .EQ. 1) THEN
t_al=0.0023

ELSEIF (DES .EQ. 2) THEN
t_al=0.0017

ENDIF

!

!

t_ins=0.05

!

!

e e
IMass of SOLID materials
o
!

!

!
Vol_gl_segm=2*Wgl_eva*t_gl_eva*Lhs/N_segm
]

Vol_pv_segm:va*t_pv* Lhs/N_segm
iW_t1:va

{/ol_tl_segm=va*t_tl* Lhs/N_segm

1

iW_tZ:th

1

Vol_tZ_segm:th*t_tZ* Lhs/N_segm

1

in I_eva=Ws1

1

i/ol_s 1 segm=Wgl_eva*t_al_ano*Lhs/N_segm

st e e e e
'Volume of the ENTIRE heat sink (FINS and top cover (t=2mil) included) DEPENDING ON THE DESIGN
Vg P P g P g e g g s B g B g g g g L g (I g (g B s g

!
IF (DES .EQ. 1) THEN
!

Vol_s2_segm=6*(Whs*(t_al+0.002)*Lhs+(N_FW+1)*Ww_FW*Hch_FW=*Lhs)/N_segm
1

ELSE
Vol_s2=0.0
DO 14=1,NSEC
1
Vol_s2_SEC=N_VW(I4)*Ww_VW*Hch_VW*L_SEC
1
Vol_s2=Vol_s2+Vol_s2_SEC
ENDDO
1

Vol_s2_segm=3*(Vol_s2+Whs*(t_al+0.002)*Lhs)/N_segm
1

ENDIF

!

!

!

L A R e R N
Volume of water inside each heat sink design
e
!

!

A2



Vol_wl_segm=15*N_FW*Wch_FW*Hch_FW*Lhs/N_segm
!

!

Vol_w2=0.0

!

DO 14=1,NSEC

!
Vol_w2_SEC=N_VW(l4)*Wch_VW(I4)*Hch_VW*L_SEC
!

Vol_w2=Vol_w2+Vol_w2_SEC

ENDDO

!

Vol_w2_segm=2*Vol_w2/N_segm

!

!

Values only for mass check
M_pv_mod=Vol_gl_segm*N_segm*dens_gl+Vol_pv_segm*N_segm=*dens_pv+Vol_t1_segm*N_segm*dens_t1+Vol_s1 segm*N_segm*de
ns_al

M_resin=Vol_t2_segm*N_segm*dens_t2

M_hs=Vol_s2_segm*N_segm*dens_al

1

IF (DES .EQ. 1) THEN

!

M_fluid=Vol_w1_segm*N_segm*997
1

ELSE

!
M_fluid=Vol_w2_segm*N_segm*997
1

ENDIF
1

M_tot:M_pv_mod+M_resin+M_hs+ M_fluid

!

write(9,'(F4.2,8X,F5.3,8X,F4.2,8X,F5.3,8X,F5.2)") M_pv_mod,M_resin,M_hs,M_fluid,M_tot
1

m_gl_segm=dens_gl*Vol_gl_segm
m_pv_segm=dens_pv*Vol_pv_segm
m_t1_segm=dens_t1*Vol_tl_segm
m_t2_segm=dens_t2*Vol_t2_segm
m_s1_segm=dens_al*Vol_s1_segm

1

Im_s2 calculated according to Vol_s2, which was calculated above
!

m_s2_segm=dens_al*Vol_s2_segm

!

!

Im_s2 and m_w are modified according to the heat sink design

!

!

1

VHHHHHHHHHH A
linternal thermal resistance of the SOLID MATERIALS
T T T T T T T R R v
!

!

IConductive thermal resistance of each material

!

!

R_gl_eva_segm=t_gl_eva/(k_gl_eva*Acont_segm)

1

R_pv_segm=t_pv/(k_pv*Acont_segm)
R_t1_segm=t_t1/(k_t1*Acont_segm)
R_al_ano_segm=t_al_ano/(k_al_ano*Acont_segm)
R_t2_segm=t_t2/(k_t2*Acont_segm)
R_al_segm=t_al/(k_al*Acont_segm)

1

1

!

IThermal resistances between nodes (each node in the middle of the thickness of each material)
1

Rgl_pv=0.5*R_gl_eva_segm+0.5*R_pv_segm

Rpv_t1=0.5*R_pv_segm+0.5*R_t1_segm

Rtl s1=0.5*R_t1_segm+0.5*R_al_ano_segm

Rs1_t2=0.5*R_al_ano_segm+0.5*R_t2_segm

Rt2_s2=0.5*R_t2_segm+0.5*R_al_segm
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1

1

!
VT T
!Initialization
VHHHHHHHHHHEHHE
1

ITemperature distribution for t=0.0
!

Tgl_segm_prev=Tf_in
Tpv_segm_prev=Tf_in
Ttl_segm prev=Tf_in
Tt2_segm prev=Tf_in

Ts1 segm_prev=Tf_in
Thw_segm_prev=Tf_in
Tf_mean_segm_prev=Tf_in
!

!

Energy yield for t=0.0

1

Energy_irr=0.0
Energy_el=0.0
Energy_th=0.0
Energy_pump=0.0
1

!
*Marching in time*
!

!

!

ITimestep

!

dt=3600

!

!

DO k=1,time_tot,dt
1

1

!

ITime

1

t=k

1

|
VR
I#Environmental conditions#
VHEHHE I R
1

1

IMeteorological Data: Solar Radiation, wind velocity, Ambient Temperature, Incidence angle
1

IWatch the number of columns of the METEO FILE
1

read(1,*) Gdir_track,u_wind,Ta,theta
!

IF (ITRACK .EQ. 1) THEN
Gdir=Gdir_track*cos(theta)
ELSEIF (ITRACK .EQ. 2) THEN

Gdir=Gdir_track
ENDIF
1
1
1
VHHHHHHH
IVOLUMETRIC FLOW RATE#
VR
1

P+ CAUTION****The fluid (within the system) cools faster if it is considered to be stagnant at night, i.e. when Gdir=0 -> Vdot=0
1

IF (Gdir .EQ. 0.0) THEN

V_dot=0.0

ELSE

V_dot=40.0e-6

ENDIF
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VHHHEHHHHHE AR A R
IGLOBAL quantities (for the entire receiver)

VR R T T
1

1

1

IHeat absorbed in glass+EVA
1

le_segm=eta_abs_gI*Gdi r*Aa*eta_opt/N_segm
!

!
VHRHHHHHHHHHHEHHHH
#Irradiation on PV array#

s e R e R e T
1

Qi rr_segm=Gdir*Aa*eta_opt*eta_trans_eff*(1-eta_abs_gl)/N_segm
!

!

IINITIALIZATION for DO LOOP "Segmentation of the receiver"
1

1

1

AXDIR=0.0

Qloss_therm_segm=0.0

Pel_segm=0.0

Qth_segm=0.0

!

'INITIALIZATION OF GLOBAL QUANTITIES
!

Qgl=0.0

Qirr=0.0

Qloss_therm=0.0

Pel=0.0

Qth=0.0

!

!

!
I*SEGMENTATION OF THE RECEIVER*
!
!
!
!
DO j=1,N_segm
1

Write(* *) **time**' t,***SEG MENT*** j
!

!
L_segm=Lhs/N_segm
1

IThe temperatures are caloulated at the MIDDLE of the segment

!
!
AXDIR=L_segm*0.5+(j-1)*L_segm
!
!
1

ITf_in_segment is explicit and equal to the maximum fluid temperature of the previous segment

IF (j .EQ. 1) THEN
Tf_in_segm(j)=Tf_in

ELSEIF (j .GT. 1) THEN
!
1

ISEE LINE 838: Tf_out(j)=Tf_in(j+1)
!
Tf_in_segm(j)=Tf_max_prevsegm
1

ENDIF

A.15



HINITIALIZATION (using the segment values of the previous timestep)
1
!

IF (J .EQ. 1) THEN
Tgl_segm(j)=Tf_in+0.6
Tpv_segm(j)=Tf_in+0.5
Ttl_segm(j)=Tf_in+0.4
Tt2_segm(j)=Tf_in+0.3
Tsl segm(j)=Tf_in+0.2
Thw_segm(j)=Tf_in+0.1
Tf_mean_segm(j)=Tf_in

]

ELSE

Tgl_segm(j)=Tgl_segm_prev(j)

Tpv_segm(j)=Tpv_segm_prev(j)

Ttl_segm(j)=Ttl_segm_prev(j)

Tt2_segm(j)=Tt2_segm_prev(j)

Ts1_segm(j)=Ts1_segm_prev(j)

Thw_segm(j)=Thw_segm_prev(j)

Tf_mean_segm(j)=Tf_mean_segm_prev(j)

]

ENDIF
!

*ITERATIVE SOLUTION FOR EACH SEGMENT AND EACH TIME STEP*
!
!

DO i=1,ITER
!
ISubscript i does not appear anywhere. It counts the iterations for the finite differences
!
!
Values of the previous iteration stored in order to calculate the residual
!
Tpv0=Tpv_segm(j)
Thw0=Thw_segm(j)
TfO=Tf_mean_segm(j)
!

IElectrical efficiency
!

! CAUTION The system is considered to operate using BYPASS DIODES and thus each segment can produce

different current
|

éta_el_segm=eta_eI_ref*(l-beta*(Tpv_segm(j)-Tref))
!

!

IElectrical yield

1

!

Pel_segm=eta_el_segm*Qirr_segm

VHHHHHHAHHHHHAHHHHH A
!Loss thermal resistance
VR
1

IConvection to ambient
1

i***AnaIyticaI correlation***
1

iKi nematic viscosity

1

dvisc_air=15.575¢-6

]

iThermaI expansion coef.
]

Beta_air=3.269-3

]

iPrandtI number for air
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!
Pr_air=0.712
]

IGrashof number for air
1

Gr_air=9.81*beta_air

!

IRayleigh number for air
1

Ra_air=Gr_air*Pr_air
]
]

IRaynolds number for external flow
1

Re_L=u_wind*Whs/dvisc_air
1
]

ILaminar or turbulent flow for forced convection
1

IF (Re_L .LT. 5.0¢5) THEN
Nu_FC_air=0.664*Re_L**(1.0/2.0)*Pr_air**(1.0/3.0)

1

ELSE
Nu_FC_air=(0.037*Re_L**(4/5)-871)*Pr_air**(L.0/3.0)
I

ENDIF
1

INusselt for natural convection
I

Nu_NC_air=0.56*Ra_air**(1.0/4.0)
!
1

INusselt for mixed convection (see respective chapter in Kakac handbook)
1

Nu_MC_air=(Nu_FC_air**3+Nu_NC_air**3)**(1/3)
!

!
IF (ih_ext .EQ. 1) THEN
]

h_ext:Nu_MC_air*k_air/th

]

iELSE

]

.!***Empirical correlation***

]

. h_ext=2.8+3.0*u_wind
1

ENDIF
1

IRadiation to ambient-The ambient temperature is used instead of the sky temperature as the receiver faces downwards
1

hrad_segm:si gma*e_gl*(Tgl_segm(j)**4-Ta**4)/(Tgl_segm(j)-Ta)
!

!
Rconv_ext_segm=1/(h_ext*Acont_segm)
1

Rrad_segm=1/(hrad_segm*Acont_segm)

!
Rloss_segm=(Rrad_segm*Rconv_ext_segm)/(Rrad_segm+Rconv_ext_segm)
1

1
Rloss_cond_segm=t_ins/(k_ins*Acont_segm)
]

!
Qloss_cond_segm=(Thw_segm(j)-Ta)/Rloss_cond_segm
!
!
***TOTAL Thermal losses based on glass temperature (look at the calculation of the term Rloss_segm***
!
Qloss_therm_segm=(Tgl_segm(j)-Ta)/Rloss_segm+Qloss_cond_segm
!
]

10nly for the calculation of the Exergy losses after the thermal network is solved
]

Qloss_therm_segm_EX(j)=Qloss_therm_segm
!
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!
Irxxxsksdx*Thermal balance: must be verified in each timestep***##*x

Qth_segm=Qirr_segm-Qgl_segm-Pel_segm-Qloss_therm_segm-Qloss_cond_segm
1

ICalculation of BASIC FLOW QUANTITIES for the heat sink designs*
!
1

IPrandtl number for water
1

-Pr:Cpw"dvisc_w(Tf_mean_segm(j))/k_w(Tf_mean_segm(j))
1

IF (DES .EQ. 1) THEN
!

VB

IFW Design#

Veodfedfinibiniiins

!

!

axial_vel_FW=V_dot/(N_FW*Hch_FW*Wch_FW)

!

!
Re_FW=axial_vel_FW*Dh_FW/(dvisc_w(Tf_mean_segm(j))/density_w(Tf_mean_segm(j)))
!

!

IThermal entrance length for channel flow [Handbook of Single Phase Convective Heat Transfer p. 3.51]
!

!

L_star=0.0004*(Wch_FW/Hch_FW)**2-0.0101*(Wch_FW/Hch_FW)+0.0756

!
!
1
|
L_thdevfl=L_star*Re_FW*Pr*Dh_FW

!
!
ELSEIF (DES .EQ. 2) THEN
!
1

Vit

VW Design#

Vodfedfiibinifins

!

DO I13=1,NSEC

!

!
axial_vel_VW(I3)=V_dot/(N_VW(I3)*Hch_VW*Wch_VW(I3))
!

!
Re_VW(I3)=axial_vel_VW(I3)*Dh_VW(I3)/(dvisc_w(Tf_mean_segm(j))/density_w(Tf_mean_segm(j)))
!

!

IThermal entrance length for channel flow [Handbook of Single Phase Convective Heat Transfer p. 3.51]
!

!

L_star_VW(13)=0.0004*(Wch_VW(I3)/Hch_VW)**2-0.0101*(Wch_VW(I3)/Hch_VW)+0.0756

_thdevfl_VW(I3)=L_star_VW(I3)*Re_VW(I3)*Pr<Dh_VW(I3)

ENDDO

NDIF

- -m—m-"— - T T

iThe same mass flow rate through all the segments
!

m_dot=density_w(Tf_mean_segm(j))*V_dot

1
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VA T
ICONVECTIVE and CALORIC Thermal resistances#

Tf_mean_segm_rout=Tf_mean_segm(j)
IF (DES .EQ. 1) THEN

CALL
Thermal_resistance_FW(m_dot,Cpw,k_al,L_segm,Tf_mean_segm_rout,Wch_FW,Hch_FW,Ww_FW,Dh_FW,N_FW,L_thdevfl,&
&AXDIR,Rconv_int_segm,Rcal_segm)
I
ELSEIF (DES .EQ. 2) THEN
CALL
Thermal_resistance_VW(m_dot,Cpw,k_al,N_VW,Wch_VW Ww_VW,Hch_VW,Dh_VW,L_SEC,AXDIR,Tf_mean_segm_rout,L_segm,&
&L_thdevfl_VW,Rconv_int_segm,Rcal_segm)
ENDIF
1

IF (DES .EQ. 1) THEN
m_w_segm=density_w(Tf_mean_segm(j))*VVol_wl_segm
ELSEIF (DES .EQ. 2) THEN
m_w_segm=density_w(Tf_mean_segm(j))*Vol_w2_segm
ENDIF

]

VIR g s e B R R

HTHERMAL NETWORK CALCULATIONS

VIR g s e B R R

!

IGAUSS-SEIDEL Method

!

!

Tgl_segm(j)=(m_gl_segm*Cgl*Rgl_pv*Tgl_segm_prev(j)+(Qgl_segm-
Qloss_therm_segm+Tpv_segm(j)/Rgl_pv)*dt*Rgl_pv)/(dt+m_gl_segm*Cgl*Rgl_pv)

!

!

Tpv_segm(j)=(m_pv_segm*Cpv*Rgl_pv*Rpv_t1*Tpv_segm_prev(j)+(Qth_segm+Tgl_segm(j)/Rgl_pv+Ttl_segm(j)/Rpv_t1)*dt
*Rgl_pv*Rpv_t1)/&

&(m_pv_segm*Cpv*Rgl_pv*Rpv_t1+Rpv_tl1*dt+Rgl_pv*dt)

!

!
Ttl_segm(j)=(m_t1_segm*Ct1*Rpv_t1*Rtl_s1*Ttl_segm prev(j)+(Tpv_segm(j)/Rpv_t1+Tsl_segm(j)/Rtl_sl)*dt*Rpv_t1*Rtl

_sl)l&

&(m_t1_segm*Ct1*Rpv_t1*Rtl_sl+Rpv_t1*dt+Rtl_sl*dt)

!

!

Ts1_segm(j)=(m_s1_segm*Cal*Rt1_s1*Rsl_t2*Tsl_segm_prev(j)+(Ttl_segm(j)/Rt1l_s1+Tt2_segm(j)/Rsl_t2)*dt*Rtl_s1*Rsl
_12)/&

&(m_s1_segm*Cal*Rtl_s1*Rsl_t2+Rtl_s1*dt+Rsl_t2*dt)

!

1

Tt2_segm(j)=(m_t2_segm*Ct2*Rsl_t2*Rt2_s2*Tt2_segm_prev(j)+(Tsl_segm(j)/Rsl_t2+Tbw_segm(j)/Rt2_s2)*dt*Rs1_t2*Rt2
_S2)I&

&(m_t2_segm*Ct2*Rsl_t2*Rt2_s2+Rsl_t2*dt+Rt2_s2*dt)
!

!
Thw_segm(j)=(m_s2_segm*Cal*Rt2_s2*(Rconv_int_segm+0.5*R_al_segm)*Thw_segm_prev(j)+(Tt2_segm(j)/Rt2_s2+&
&Tf_mean_segm(j)/(Rconv_int_segm+0.5*R_al_segm))*dt*Rt2_s2*(Rconv_int_segm+0.5*R_al_segm))&
&/(m_s2_segm*Cal*Rt2_s2*(Rconv_int_segm+0.5*R_al_segm)+Rt2_s2*dt+(Rconv_int_segm+0.5*R_al_segm)*dt)

!

]

]

!

Tf_mean_segm(j)=(m_w_segm*Cpw*(Rconv_int_segm+0.5*R_al_segm)*Tf_mean_segm_prev(j)+&
&(Thw_segm(j)/(Rconv_int_segm+0.5*R_al_segm)+2*m_dot*Cpw*Tf_in_segm(j))*dt*(Rconv_int_segm+0.5*R_al_segm))&
&/(m_w_segm*Cpw*(Rconv_int_segm+0.5*R_al_segm)+dt+dt*(Rconv_int_segm+0.5*R_al_segm)*2*m_dot*Cpw)

]

!
!
RES=sqrt((Tf_mean_segm(j)-Tf0)**2+(Thw_segm(j)-Tbw0)**2+(Tpv_segm(j)-Tpv0)**2)
!
write(8,*) 't\t, AXDIR ,AXDIR,'RES',RES
I
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IF (RES .LT. 1.0e-4) GOTO 105
!

IENDDO for THERMAL NETWORK CALCULATIONS
1

ENDDO
1

ICalculation of maximum segment fluid temperature using Rcal (Rcal is not in the subroutine for thermal resistance)

ILinear interpolation to determine the segment maximum temperature
1

iOS Tf_max_segm(j)=2*Tf_mean_segm(j)-Tf_in_segm(j)
!

IMaximum fluid temperature of the segment to be used as input temperature for the next segment.

!
Tf_max_prevsegm=Tf_max_segm(j)

!

!

VA

ITHERMAL Losses

VI

1

Qgl=Qgl+Qgl_segm

!

Qirr=Qirr+Qirr_segm

!
Qloss_therm=Qloss_therm+Qloss_therm_segm
!

!

| e e e e e e e e e
1Useful PRODUCED POWER
VR T
!

!

1

Pel=Pel+Pel_segm
1

ch:ch+ch_segm
!

!
IENDDO for RECEIVER SEGMENTATION
!

ENDDO
!
1

IOUTPUT FOR THE TEMPERATURE DISTRIBUTION
|

Write(3|'(l6, 3X)',advance="no") t
write(4,'(16, 3X)',advance='no") t
write(5,'(16, 3X)',advance='no") t
1

DO j1=1,N_segm

write(3,'(F6.2, 3X)',advance='no") Tpv_segm(j1)
write(4,'(F6.2, 3X)',advance='no") Tbw_segm(j1)
write(5,'(F6.2, 3X)',advance="no") Tf_mean_segm(j1)
ENDDO

1

write(3,'(A1,1X)",advance="yes") "'
write(4,'(Al1,1X)'advance="yes") '
write(5,'(A1,1X)',advance="yes') "'

1

1

ITo be used ONLY in the pressure drop calculations
1

:rf_mean=0.5*(Tf_max_segm(N_segm) +Tf_in)
1

!

Vedprifoilicf i il il it
IPARASITICS - Pumping power#
VHEHHEHEHHI T I
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!

IF (Gdir .EQ. 0.0) THEN
Ppump=0.0
ENDIF

IF ((Gdir .GT. 0.0) .AND. (DES .EQ. 1)) THEN

CALL Pressure_drop_FW(Whs,Lhs,Wch_FW,Hch_FW,Dh_FW,N_FW,axial_vel_FW,Re_FW,Tf_mean,DP_tot_FW)

write(**) 'FW', DP_tot_FW

Ppump=V_dot*DP_tot FW

ELSEIF ((Gdir .GT. 0.0) .AND. (DES .EQ. 2)) THEN

CALL Pressure_drop_VW(NSEC,N_VW,Whs,L_SEC,Wch_VW,Hch_VW,Dh_VW axial_vel_VW,Re_VW,Tf_mean,DP_tot_VW)
Ppump=V_dot*DP_tot_ VW

write(**) 'VW', DP_tot_VW

ENDIF

VR A R
IEFFICIENCIES

VR A R
|

IFIRST LAW
1

IF (Gdir .EQ. 0.0) THEN
!

eta_th=0.0

eta_el_sys=0.0

!

ELSE

!
eta_th=m_dot*cpw*(Tf_max_segm(N_segm)-Tf_in)/(Gdir*Aa)
1

eta_el_sys=Pel/(Gdir*Aa)
!

ENDIF

!
eta_tot_gr=eta_th+eta_el_sys
!

IF (Gdir .EQ. 0.0) THEN

1

eta_tot_net=0.0
!

ELSE

1

éta_tot_net:eta_th+(PeI-Ppu mp)/(Gdir*Aa)
1

ENDIF
1

ISECOND LAW

!

ISun apparent temperature
!

Tsun=4350.0

1

:I'f_out:Tf_max_segm(N_segm)

!

!
Ex_sun=Gdir*Aa*(1.0-(4.0/3.0)*(Ta/Tsun)+(1.0/3.0)*(Ta/Tsun)**4)
1

Ex_th=Qth*(1-(Ta/Tf_out))
!

Ex_el=pel

!

!

!

IExergy destruction and entropy generation

!

1

Ex_dest_opt=(Gdir*Aa*(1-eta_opt*eta_trans_eff))*(1.0-(4.0/3.0)* (Ta/Tsun)+(1.0/3.0)*(Ta/Tsun)**4)
!

1

iINITIALIZATION for EXERGY LOSSES
1

iEx_dest_DT_sun:0.0
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Ex_dest_th=0.0
!
]

ICalculation of Exergy Losses due to TEMPERATURE
1

DO j2=1,N_segm
]

Ex_dest_ DT_sun_segm=Qirr_segm*Ta*((1/Tpv_segm(j2))-(1/Tsun))

!

Ex_dest_DT_sun=Ex_dest_DT_sun+Ex_dest_DT_sun_segm

!

1

1
Ex_dest_th_segm=Qloss_therm_segm_Ex(j2)*(1.0-(Ta/Tpv_segm(j2)))
1

iEx_dest_th=Ex_dest_th+Ex_dest_th_segm
!

ENDDO

1

iEx_pu mp=Ppump

1
;S_gen=(1.0lTa)*(Ex_sun-(Ex_th+Ex_eI))
%Entropy generation number

iF (Gdir .EQ. 0.0) THEN

Ns=0.0

eta_ex_net=0.0

!

ELSE

!
Ns=Ta*S_gen/(Gdir*Aa)
!

eta_ex_net=(Ex_th+Ex_el-Ex_pump)/Ex_sun
]

ENDIF

!

write(2,'(120,6 X,F6.1,4X,F6.2,5X,F7.2,5X,F6.1,6 X,F7.2,8 X,F6.2,8X,F7.2,7X,F5.3,6 X,F6.4,10X,F5.3,10X,F5.3)') &
&t,Gdir,Qgl,Qirr,Pel Ppump,Qloss_therm,Qth.eta_th, eta_el_sys, eta_tot_gr,eta_tot_net

!

!

write(6,'(120,6 X,F6.1,8X,F8.2,10X,F8.2,6 X,F6.2,8X,F8.2,6 X,F8.2,8 X,F5.3,8 X,F6.2,8 X,F6.3)") &
&t,Ex_sun,Ex_dest_opt,Ex_dest_DT_sun,Ex_dest_th,Ex_th,Ex_el.eta_ex_net,S_gen,Ns

1

!

!

IA DO LOORP is not required. The array spots are substituted one by one
!

Tgl_segm_prev=Tgl_segm
Tpv_segm_prev=Tpv_segm
Ttl_segm_prev=Ttl_segm

Tsl_segm prev=Tsl_segm
Tt2_segm_prev=Tt2_segm
Tbw_segm_prev=Tbw_segm
Tf_mean_segm_prev=Tf_mean_segm

!

!

IOVERALL YIELD and losses

!

Energy_irr=Energy_irr+Gdir*Aa*dt
Energy_el=Energy_el+Pel*dt
Energy_th=Energy_th+Qth*dt
Energy_pump=Energy_pump+Ppump*dt
!

IENDDO for TIME MARCH
1

iENDDO
!
1

I0verall averaged energetic efficiency for the entire simulated time
]

eta_|l_ave=(Energy_el+Energy_th)/Energy_irr
eta_|_ave_net=(Energy_el+Energy_th-Energy_pump)/Energy_irr
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!

!

IWrite overall yield

write(7,'(F20.2,4X,F20.2,4X,F20.2,4X,F20.3,4X,F5.3,4X,F5.3,4X)") Energy_irr,Energy_el,Energy_th,Energy_pump,eta_I_ave eta_|_ave_net
!

1

stop

end

1

1

1

!

SUBROUTINE
Thermal_resistance_FW(m_dot,Cpw,k_al,L_segm,Tf_mean_segm_rout,Wch_FW,Hch_FW,Ww_FW,Dh_FW,N_FW,L_thdevfl,&
&AXDIR,Rconv_int_segm,Rcal_segm)
1

IMPLICIT NONE

1

INTEGER N_FW

DOUBLE PRECISION k_w

DOUBLE PRECISION m_dot,Cpw,k_al,Wch_FW,Ww_FW,Hch_FW,Dh_FW,Tf_mean_segm_rout,Rconv_int_segm,Rcal_segm
DOUBLE PRECISION L_thdevfl,L_segm,AXDIR

DOUBLE PRECISION Nu,HTC_FW,m_fin,FIN_eff

1

1

INusselt number according to whether the segment lies in the developing or the fully developed flow region
1

IF (AXDIR.LT.L_thdevfl) THEN
1

VI R I

ITHERMALLY DEVELOPING Flow Region

VHEHH T T R T

!

!

INu: linear interpolation of the mean values from Shah (thermally developing flow)

!

!

Nu=-9.3716*(Wch_FW/Hch_FW)**3+20.891* (Wch_FW/Hch_FW)**2-15.737*(Wch_FW/Hch_FW)+9.5012
!

!
ELSEIF (AXDIR.GE.L_thdevfl) THEN
1

R R R

IFully developed Flow Region#

VHHHHH T

1

1
Nu=8.235*(1.0-2.0421*(Wch_FW/Hch_FW)+3.0853*(Wch_FW/Hch_FW)**2-2.4765*(Wch_FW/Hch_FW)**3+&
&1.0578*(Wch_FW/Hch_FW)**4-0.1861* (Wch_FW/Hch_FW)**5)

1

1

ENDIF

!

!

!

IHeat Transfer Coefficient

1

!

ITakes the temperature of the current segment j
!
HTC_FW=Nu*k_w(Tf_mean_segm_rout)/Dh_FW
1

Ifin correction factor
1

m_fin=sqrt(2*HTC_FW/(k_al*Ww_FW))
!

!
FIN_eff=tanh(m_fin*Hch_FW)/(m_fin*Hch_FW)
1

Isee Eq. (4) LEE & QU IEEE (2006)

!
ITw_out_step=T_in_step+(q_dot*W_hex*L_step)/(dens_w*cp*Qt)+q_dot*(a+1)*Wch/(h_c*(Wch+2*FIN_eff*Hch))
!

!

!
IConvective thermal resistance [LIU & GARIMELLA]
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!
Rconv_int_segm=1.0/(N_FW*HTC_FW*L_segm*(2*FIN_eff*Hch_FW+Wch_FW))
!

!

ICaloric thermal resistance

!

IF (m_dot .EQ. 0.0) THEN
Rcal_segm=1e6

ELSE
Rcal_segm=1.0/(m_dot*Cpw)
ENDIF

!

!

!

return

end
!

éUBROUTINE Thermal_resistance_VW(m_dot,Cpw,k_al,N_VW,Wch_VW,Ww_VW,Hch_VW,Dh_VW,&

&L _SEC,AXDIR,Tf _mean_segm rout,L_segm,L_thdevfl_VW,Rconv_int_segm,Rcal_segm)
1

IMPLICIT NONE

!

INTEGER N_VW(10)

INTEGER POS,SECTION

DOUBLE PRECISION kK_w

DOUBLE PRECISION Wch_VW(10),Dh_VW(10),L_thdevfl_VW(L0)

DOUBLE PRECISION m_dot,Cpw,k_al,L_segm,L_SEC,AXDIR,Hch_VW,Ww_VW,Tf_mean_segm_rout,Rconv_int_segm,Rcal_segm

DOUBLE PRECISION Nu_VW,HTC_VW,m_fin_VW, FIN_eff VW AXDIR_LOCAL
!

!
lldentify SECTION where the SEGMENT j lies
1

POS=FLOOR(AXDIR/L_SEC)

11f 1<POS<2 the segment lies in the 2nd heat-sink section and so on...
1

SECTION=POS+1

!

1

IAxial direction in Local Coordinates in EACH SECTION
[

AXDIR_LOCAL=AXDIR-POS*L_SEC

1

!

!

!

IF (AXDIR_LOCAL .LT. L_thdevfl_VW(SECTION)) THEN
!

1

VI HHIH T T R R T

ITHERMALLY DEVELOPING Flow Region

VBRI g i s e L L L L

!

!

INu: linear interpolation of the mean values from Shah (thermally developing flow)
!

!

Nu_VW=-9.3716*(Wch_VW(SECT ION)/Hch_VW)**3+20.891*(Wch_VW(SECTION)/Hch_VW)**2-
15.737*(Wch_VW(SECT ION)/Hch_VW)+9.5012

!

!
!
ELSEIF (AXDIR_LOCAL .GE. L_thdevfl_VW(SECTION)) THEN
!

IFully developed Flow Region
L
!

!
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Nu_VW=8.235%(1.0-2.0421*(Wch_VW(SECTION)/Hch_VW)+3.0853* (Wch_VW(SECTION)/Hch_VW)**2-
2.4765%(Wch_VW(SECT ION)/Hch_VW)**3+&

&1.0578*(Wch_VW(SECTION)/Hch_VW)**4-0.1861* (Wch_VW(SECTION)/Hch_VW)**5)

!

!
ENDIF
!
!
!
1

IHeat transfer coefficient
1

ITakes the temperature of the current segment j

!
HTC_VW=Nu_VW=*k_w(Tf_mean_segm_rout)/Dh_VW(SECTION)
!

1

Ifin correction factor

1

m_fin_VW=sqrt(2*HTC_VWI(k_al*Ww_VW))
!

!

FIN_eff_VW=tanh(m_fin_VW#*Hch_VW)/(m_fin_VW*Hch_VW)

!

!

!

IConvective thermal resistance [LIU & GARIMELLA]

!

!
Rconv_int_segm=1.0/(N_VW(SECTION)*HTC_VW*L_segm*(2*FIN_eff_VW*Hch_VW+Wch_VW(SECTION)))
!

1

1

ICaloric thermal resistance
!

IF (m_dot .EQ. 0.0) THEN
Rcal_segm=1e6

ELSE
Rcal_segm=1.0/(m_dot*Cpw)
ENDIF

!

return

end
!

IThe subroutines for pressure drop make a SINGLE calculation (based on the fluid mean properties)*
1
!
1

SUBROUTINE Pressure_drop_FW(Whs,Lhs,Wch_FW,Hch_FW,Dh_FW,N_FW axial_vel FW,Re_FW,Tf_mean,DP_tot FW)
1

IMPLICIT NONE

!

!

INTEGER N_FW

DOUBLE PRECISION density_w -

DOUBLE PRECISION Whs,Lhs,Hch_FW,Wch_FW,Dh_FW,axial_vel_FW,Re_FW,Tf mean,DP_tot FW
DOUBLE PRECISION fRe_FD,K_00,C,f_app_Re,L_plus,L_devfl,L_FD,DP_contr_FW,DP_exp_FW,DP_FW_devfl,DP_FW_FD
DOUBLE PRECISION K_in_contr,K_out_exp,A2_core,Al_chamb

!

!

VHHHHHHHHHEH R R R

IMANIFOLD Inlet-Outlet (Contraction-Expansion)#

VHHHHHHHHHE R R R

!

!

ICorrelations and Constants from BLEVINS pp.77-78

!

!

K_in_contr=0.931

A2_core=Wch_FW*Hch_FW*N_FW
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Al_chamb=Whs*Hch_FW
]

K_out_exp=1-(A2_core/Al_chamb)**2
!

!
DP_contr_FW=(1-(A2_core/Al_chamb)**2+K_in_contr)*density_w(Tf_mean)*axial_vel_FW**2
!

!
DP_exp_FW=((A2_core/Al_chamb)**2-1+K_out_exp)*density_w(Tf_mean)*axial_vel_FW**2
!

1

1

!
L A O
IChannel Occupied Region
Vedfdfislisfi il i fl
!

1

IHydrodynamic entrance length for channel flow
1

L_plus=(0.06+0.07*(Wch_FW/Hch_FW)-0.04*(Wch_FW/Hch_FW)**2)
1

L_devfl=L_plus*Re_FW*Dh_FW

!

!

'Fanning friction factor for fully developed flow

!

!
fRe_FD=24*(1.0-1.355*(Wch_FW/Hch_FW)+1.947*(Wch_FW/Hch_FW)**2-1.701*(Wch_FW/Hch_FW)**3+0.956*&
&(Wch_FW/Hch_FW)**4-0.254*(Wch_FW/Hch_FW)**5)

!

!

IApparent friction factor for developing flow

!

!

!
K_00=0.674+1.2501*(Wch_FW/Hch_FW)-0.3417*(Wch_FW/Hch_FW)**2-0.8358*(Wch_FW/Hch_FW)**3
!

!
C=(0.1811+4.3488*(Wch_FW/Hch_FW)-1.6027*(Wch_FW/Hch_FW)**2)*10%*(-4.0)
!

!
f_app_Re=(3.44*L_plus**(-0.5)+(K_oo/(4*L_plus)+fRe_FD-3.44*L_plus**(-0.5))/(1.0+C*L_plus**(-2.0)))

VHEHHFEHEHHIEH I ]

IDeveloping Flow Region

| T

!

!
DP_FW._devfl=(2*(f_app_Re/Re_FW)*L_devfl*density_w(Tf_mean)*axial_vel_FW**2)/Dh_FW
1

1

VHIHHE T T R
IFully developed Flow Region
L
1

L_FD=Lhs-L_devfl
1

1
DP_FW_fd=(2*(fRe_FD/Re_FW)*L_fd*density_w(Tf_mean)*axial_vel FW**2)/Dh_FW
!

!

ITOTAL Pressure Drop
!

!
DP_tot_FW=DP_contr_FW+DP_FW_devfl+DP_FW_fd+DP_exp_FW
1

!

return

end

!

!

!
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SUBROUTINE
Pressure_drop_VW(NSEC,N_VW,Whs,L_SEC,Wch_VW,Hch_VW,Dh_VW,axial_vel_VW,Re_VW,Tf_mean,DP_tot_VW)
1

IMPLICIT NONE

!

!

INTEGER kk,m,NSEC
INTEGER N_VW(10)

DOUBLE PRECISION density_w

DOUBLE PRECISION Wch_VW(10),Dh_VW(10),axial_vel_VW(10),Re_VW(10)

DOUBLE PRECISION Whs,L_SEC,Hch VW, Tf mean,DP_tot_ VW

DOUBLE PRECISION

fRe_FD_VW,K_oo_VW,C_VW.f app_Re_VW,L_plus_VW,L_devfl_VW,L_FD_VW,DP_contr_VW,DP_inner_contr_VW,DP_step_contr,
&

&DP_exp_VW,DP_VW._devfl,DP_VW_FD,DP_VW_sec,DP_VW_chan

DOUBLE PRECISION

K_in_contr_VW,K _out_exp_VW,K_step_contr,A2_core_in_VW,A2_core_out_VW,Al chamb_VW,A2_step,Al_step

VG P )
IMANIFOLD Inlet-Outlet (Contraction-Expansion)
VG P )

!

!

ICorrelations and Constants from BLEVINS pp.77-78

!

!

K_in_contr_VW=1.281
A2_core_in_VW=Wch_VW(1)*Hch_VW*N_VW(1)
A2_core_out_VW=Wch_VW(NSEC)*Hch_VW*N_VW(NSEC)
Al _chamb_VW=Whs*Hch_VW

!
K_out_exp_VW=(1-A2_core_out_VW/A1l_chamb_VW)**2
!

!
DP_contr_VW=(1-(A2_core_in_VW/A1_chamb_VW)**2+K_in_contr_VW)*density_w(Tf_mean)*axial_vel_VW(1)**2
!

!
DP_exp_VW=((A2_core_out_VW/A1_chamb_VW)**2-1+K_out_exp_VW)*density_w(Tf_mean)*axial_vel_VW(NSEC)**2
!

!

!

IPressure drop due to contraction in consecutive sections
!

IBlevins pp. 45 & 76

!

K_step_contr=1.281
DP_inner_contr_VW=0.0
!

!

DO kk=1,(NSEC-1)

1

A2_step=N_VW(Kk+1)*Wch_VW(kk+1)*Hch VW
AL_step=N_VW(kk)*Wch_VW(KK)*Hch VW
!

!
DP_step_contr=(1-(A2_step/Al_step)**2+K_step_contr)*0.5*density_w(Tf_mean)*axial_vel_VW(kk+1)**2
DP_inner_contr_VW=DP_inner_contr_VW+DP_step_contr

!

ENDDO

!

L A O

IChannel Occupied Region
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lnitialization

!
DP_VW_chan=0.0
!

!

DO m=1,NSEC

!

!

!

!

IHydrodynamic entrance length for channel flow
1

L_plus_VW=(0.06+0.07*(Wech_VW(m)/Hch_VW)-0.04*(Wch_ VW(m)/Hch VW)**2)
1

L_devfl_VW=L_plus_VW*Re_VW(m)*Dh_VW(m)

1

!

IFanning friction factor for fully developed flow

!

!
fRe_FD_VW=24*(1.0-1.355*(Wch_VW(m)/Hch_VW)+1.947*(Wch_VW(m)/Hch_VW)**2-1.701*(Wch_VW(m)/Hch_VW)**3+0.956*&
&(Wch_VW(m)/Hch_VW)**4-0.254*(Wch_VW(m)/Hch_VW)**5)

!

!

IApparent friction factor for developing flow

!

!

!
K_oo_VW=0.674+1.2501*(Wch_VW(m)/Hch_VW)-0.3417*(Wch_VW(m)/Hch_VW)**2-0.8358*(Wch_VW(m)/Hch_VW)**3
!

!

C_VW=(0.1811+4.3488*(Wch_VW(m)/Hch_VW)-1.6027*(Wch_VW(m)/Hch_VW)**2)*10**(-4.0)

!

!
f_app_Re_VW=(3.44*L_plus_VW**(-0.5)+(K_oo_VWI/(4*L_plus_VW)+fRe_FD_VW-3.44*L_plus_VW**(-
0.5))/(1.0+C_VW=*L_plus_VW**(-2.0)))

!

!

!

R
IDeveloping Flow Region

!

IFor EACH SECTION

!

!

DP_VW_devfl=(2*(f_app_Re_VW/Re_VW(m))*L_devfl_VW*density w(Tf_mean)*axial_vel_VW(m)**2)/Dh_VW(m)
!

!

| T
IFully developed Flow Region
VHHHHHHHHHHHEHHHHAAHHEHH A
!

!

IFor EACH SECTION

!

!

L_FD_VW=L_SEC-L devfl_VW

!

1

!
DP_VW_fd=(2*(fRe_FD_VW/Re_VW(m))*L_FD_VW=*density_w(Tf_mean)*axial_vel_VW(m)**2)/Dh_VW(m)
!

1

1

IPressure drop induced in each SECTION
!

!
DP_VW._sec=DP_VW._devfl+DP_VW_fd
!

1

IPressure drop induced in the ENT IRE channel occupied region
!

!

DP_VW_chan=DP_VW_chan+DP_VW_sec
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!

ENDDO

!

!
DP_tot_VW=DP_contr_VW+DP_inner_contr_VW+DP_VW_chan+DP_exp_VW
!

!

return

end
!

DOUBLE PRECISION FUNCTION dvisc_w(TK)

!

VHEHHE I R

ICalculates dynamic viscosity as a function of temperature

R A
double precision TK,EXPFACT

1

!

EXPFACT=247.8/((TK-273.0)+133.15)

dvisc_w=2.414D-05*10**EXPFACT

return
end
!
!
DOUBLE PRECISION FUNCTION density_w(TK)
1
VR T T R
ICalculates the fluid density as a function of temperature
VHHHEHHHHHEHEE R R HHH R
1
double precision TK,DNUMER,DDENOM
double precision CN(0:5),CD(0:1)

!
DATA CN/999.8396, 18.224944, -0.00792221, -55.44846E-06, &
& 149.7562E-09,393.2952E-12 /
DATA CD/ 1, 18.159725E-03 /

! Water (Gebhart et al., p. 946)

DNUMER=CN(0)+CN(L)*(TK-273.15)+CN(2)*(TK-273.15)**2+CN(3)*(T K-273.15)**3+CN(4)*(T K-273.15)**4+CN(5)*(T K-
273.15)**5

DDENOM=CD(0)+CD(1)*(TK-273.15)

1

aensity_szN UMER/(DDENOM+1.0D-16)
1

!

!

return

end

!

!

!

DOUBLE PRECISION FUNCTION k_w(TK)

!

Vil e i e e B e s R S e e
ICalculates the thermal conductivity as a function of temperature#

L e R L A R R S S R
1

double precision TK
1

! Water (Gebhart et al., p.946)
1

k_w=-0.92247+2.8395*(TK/273.15)-1.8007*(TK/273.15)**2+0.522577*(TK/273.15)**3-0.07344*(TK/273.15)**4
!

return

end
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