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U ovom radu izvrSena je implementacija proracuna efikasnosti solarnih prijemnika u automatsko generisanje
solarnih prijemnika koris¢enjem naprednih CAD alata. Koriséen je matematicki model koji je razvijen od strane autora
prilikom prethodnih istrazivanja. U okviru ovog istrazivanja napravljen je algoritam za generisanje i proracun solarnih
prijemnika koji je odgovarajuc¢ za geometrijske karakteristike absorbera sa cevima kruznog poprecnog preseka, ab-
sorbera sa cevima pravougaonog poprecnog preseka i absorbera sa cevima kvadratnog poprecnog preseka. Rezultati-
ma ovog istrazivanja predstavljen je znacaj primene upotrebe naprednih CAD alata u projektovanju solarnih prijemni-
ka. Upotreba ovih resenjaa vodi ka znacajnom skracenju vremena proracuna i projektovanja solarnih prijemnika. Pri-
Mena ovakvog pristupa je vrlo lako moguca i u prakticne svrhe.
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In this paper, the implementation of the solar collectors efficiency calculation in the automatic generation of so-
lar collectors was carried out using advanced CAD tools. The mathematical model, developed by the authors in previ-
ous research, was used. Within this research an algorithm for generating and calculating solar collectors has been
developed that is suitable for the geometrical characteristics of the: absorber with circular cross-sectional pipes, ab-
sorber with rectangular cross-sectional pipes and absorbers with square cross-section pipes. The results of this re-
search show the importance of using advanced CAD tools in the design of solar collectors. The use of these solutions
leads to a significant reduction in the design of solar collectors. The application of this approach is very easy for prac-
tical purposes.

Key words: solar collectors; efficiency; parametric generating; advanced CAD tools.

1 Introduction

Efficiency of the solar energy usage always presents an attractive research topic. The usage of solar radiation en-
ergy is done through its transformation into various types of energy: heat, electric, or chemical. Due to cost effective-
ness of solar radiation exploitation solar collectors for water heating are the most widespread. Solar collectors are di-
vides which by absorbing solar rays convert radiation energy into heat energy of the fluid which circulates through the
collector. Depending on the desired work fluid temperature there are two types of solar collectors: flat solar collectors
which can achieve a temperature of over 100°C, and focusing solar collectors which can achieve temperatures of over
3000°C.

Design and technology development of flat solar collectors, done in order to increase their efficiency, decrease
design time, decrease price of production, and other unwanted effects are a current research topic. These effects can be
achieved through automation of solar collector calculation and design, which is the topic of this paper.

Farhat et al. [1] optimized solar collectors in order to increase their performances. Their research covered a large
number of parameters: absorber area, gross dimensions, pipe diameters, input and output temperatures, temperature
losses, and many others. Authors in paper [2] concluded how to choose optimal performance in order to increase effi-
ciency of solar collectors. In paper [3] Vargas et al. have maximized the performance of a solar collector according to
their use in realistic weather conditions. Authors of paper [4] have optimized solar collectors from a thermos-ecological
standpoint. Optimization of collector type according to climate conditions was done by authors in paper [5]. Paper [6]
gave the authors research on optimal performances of collectors from an interior parts standpoint for collectors with
square cells set in a honeycomb formation. This research included an analogy with natural solutions as an alternative in
solar collector development.

This paper presents an approach of connecting solar collector calculation and CAD modeling. Design is directed
towards geometrical values with a large number of variables, which are significant in efficiency calculation. The math-
ematical model is created for various absorber pipes cross-sections in the authors previous research, [7].

2 Mathematical model used for parametric modeling and calculation

For the development of the mathematical model pipes with a circular, rectangular and square cross-section were
considered. Independent mathematical models were developed for these cross-sections, where for all cases as a goal
function the efficiency factor for flat solar panels F’ was taken into consideration.
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In order to make a comparison between using collectors of various cross-sections, the following factors were
considered: 1) inner area of the cross-section through which the fluid flows must be equal for all pipes regardless of
cross-section shape, 2) total heat loss coefficient UL must be the same, 3) absorber plate thickness & must be the same,
4) wall thickness t must be the same, 5) distance between collector pipes Wr must be the same.

The equation for the efficiency factor of the solar collector F’ for collectors with circular cross-section pipes is
taken from [7]:
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Variables are: Cp, conductivity of the connection between the circular pipe and absorber (W/mK), Di, inner di-

ameter of circular pipe (m), Do, outer diameter of circular pipe (m), F, standard rib efficiency (-), F'’, solar collector
efficiency factor (-), Hs, heat conductivity coefficient in the ribs(W/m? K), Uy, total heat loss coefficient (W/m? K) and
Wy, rib width (m).

The equation for solar collector rib efficiency factor F for collectors with circular cross-section pipes is taken

from [7]:
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Equation (2) uses the variable M which is defined as:
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Variables are: K, heat conductivity of absorber plate (W/mK), 8, absorber plate thickness (m).
The cross-section of the collector rib with circular pipes is shown in figure 1.
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Figure 1 —Cross-section of circular pipe rib

A similar equation is used for determining the solar collector rib efficiency factor for pipes with rectangular
cross-section:
1
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Variables are: W;, inner width of rectangular pipe (m),W,, outer width of rectangular pipe (m).
The equation for solar collector rib efficiency factor F for collectors with rectangular cross-section pipes is taken
from [7]:
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Variable M, for the collector with rectangular pipes is also calculated using equation (3). The cross-section of the
collector rib with rectangular pipes is shown in figure 2.
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Figure2 — Cross-section of ribs with rectangular pipe

Ratio of inner pipe width W; and inner height H; is 1,5: 1. This ratio is frequent in cross-sections of rectangular
pipes which are used for collectors.
A similar equation is used for determining the efficiency factor of solar collectors with square cross-section

pipes:
1
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Variables are: Bj, inner side of the pipe with a square cross-section (m), Bo, outer side of the pipe (m).
The equation for the efficiency factor of the solar collector with a square pipe cross-section F is as follows:
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The cross-section of the collector rib with square pipes is shown in figure 3.
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Figure 3 — Cross-section of square shaped pipe rib

3 Parametric modeling and efficiency calculation of solar collectors

The parametric modeling of the solar collector was done with the software package Autodesk Inventor. A tech-
nique of top-down assembly modeling was used to make the communication easier between parts of the assembly. All
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parameters of the solar collector are defined in the assembly file and connected to the individual parts of the collector.
The method of defining the parameters in the assembly is given in Figure 4.

Parameters i
Parameter Name Consumed by Unit/Type Equation Nominal Value |DrivingRue | Tol. Model Value Key gmort Parai| Comment
2 |user Parameters | -
wf mm 100 mm 100.000000 O 100.000000 u | | Fin width, Wf
Wik arular_mil i 197352.524138 (@} 197352524138 I r Tube a6 Section el
Dic arcular_mil ;?Zj:}-z“imz" 197352.524138 fe) 197352524138 |~ " Tube qoss-section area
Bodl reular_mil :ﬁzjz,z Save0zy, 197352524138 (@) 197352.524138 | i Tube arten: section area |
. |
Wi mm 10 mm 10.000000 O 10.000000 r ] | Tube inside width, Wi
L mm 25mm 25.000000 [@) 25.000000 - | Tube nside height, Hi
Di mm 20 mm 20.000000 [@) 20.000000 T r Tube mnside diameter, Di
Cl mm 10 mm 10.000000 (@) 10.000000 - L | Tube inside dimension, 8 ‘
At mm 2mm 2.000000 (@) 2.000000 - Ll Tube wall thickness, t
delta mm 1mm 1.000000 O 1.000000 u O | Absorber plate thickness, &
N o oul 0,000000 LinkingParams () 0.000000 r - Number of fins, Nf
AL mm 1600 mm 1600.000000 (@) 1600.000000 | | | Solar collector length, L
B mm 800 mm 800.000000 (@) 800.000000 | ] | Solar collector width, B
[ ul Sul 5.000000 (@) 5.000000 = Cl | Overal heat loss coefficient, Ul
A u 3004 300.000000 (@ 300000000 | r Heat transfer coefficent n the condiits, Hfi
k u 400u 400.000000 (@) 400.000000 | C Thermal conductivity of the absorber plate, k
Do mm 24mm 24.000000 F_Crrcular [@) 24.000000 Ll u | Tube outside diameter, Do
-{Wo mm 14mm 14000000  |F Rectangular |0 14.000000 = L Tube outside width, Wo
Bo mm 14mm 14.000000 F_Square (@) 14.000000 r = Tube outside dimension, Bo
Forim1 u 0.969850810441781 ul 0.969851 F_Circular O 0.969851 r Ll | Solar collector efficnecy factor, F'
{F_r1 u 0.994026458598188 ul 0.934026 F_Grrcular O 0.994026 i L Rib efficency factor, F
Forim2 u 0.962929981924237 0.962930 F_Rectangular () 0.962930 r (i | Solar collector efficinecy factor, '
{Fprim3 ul 0.953948201260087 ul 0.953948 F_Square (@] 0.953948 L L Solar collector efficnecy factor, F'
-{F_r2 ul 0.992366398222544 Ul 0.992366 F_Rectangular | 0.992366 L L] | Rib efficency factor, F
Fr3 ul 0.992366398222544 ul 0.992366 F_Square (@) 0.992366 rC o | Rib efficency factor, F
PpeSelector Text | Square Ppe ] C | Pipe Selecton todl
7] [ Addmumenc |v Purge Unused Reset Tolerance [ <<less
S Tmernes. J
7 Link V] Immediate Update + /A OE Done.
J

Figure 4 — Automation and calculation parameters definition

When defining the parameters, all the parameters that define the assembly and all the parameters that define the
individual parts of the assembly are made in one single table. Parameters for collector efficiency calculation are also
made. All mutually dependent parameters are also related with mathematical relations. After defining the parameters,
the parts of the solar collector assembly are made: box, absorber with different types of pipes and cover glass.

When creating all individual parts, parameters that have the same name as the parameters in the assembly file are
made. This action was necessary to make a script for linking part parameters with the parameters of the assembly.

The most difficult to create the CAD model of this assembly is certainly an absorber. Absorber had to be per-
formed using three separate files. Each separate file is an absorber with pipes of the previously described cross sections.

After creating part files and naming the parameters as previously named in the assembly, connecting of parts pa-
rameters the assembly file is conducted. This step is done in the i-logic environment. Connection of part parameters and
assembly parameters is performed by creating a script for equalizing the parameters. Script is created by the Add rule
command. Figure 5 shows the code layout for linking part parameters with previously created assembly parameters.
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Figure 5 - Rule for parameters linking

With this approach, a general model of solar collector is created. Finding the desired dimensions of the collector
is possible by changing the value of the independent parameters in the dialogue from Figure 4. However, in order to
accelerate this process, a form was created for controlling the independent parameters of the solar collector generating
and efficiency calculation. The advantage of introducing the form is that it cannot make mistakes in entering input data.
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When changing the data in the dialogue from Figure 3, one of the dependent parameters can be modified and thus the
parameterization concept can be distorted. Three different tabs for independent elements of solar collectors with differ-
ent types of absorber were made during the design of the form. The data entry form is shown in Figure 6.

" Solar Collector Generator and Efficiency Calculator WL [ [65]] soler Collector Generator and Efficiency Calculator M. [&5]] [ solar Collector Generator and Efficiency Calculator MU T |
~ General input parameters ~ General input parameters A General input parameters
Select the pipe cross-section Circular Pipe i Select the pipe cross-section Rectangular Pipe b Select the pipe cross-section Square Pipe v
Overal heat loss coefficient, Ul [W/mA2K] Overall heat loss coefficient, Ul [W/mA2€] Overall heat loss coefficent, Ul [W/mA2K]
su sd su
Heat transfer coeffcentin the conduits, HF [W/m 2Kl Heat transfer coeffcent n the conduits, HF [W/m~2]i Heat ransfer coefficent n the conduits, HF [W/m" 2]
300ul 300 ul 300ul
Thermal conductvity of the absorber plate, k [/mk] Thermal conductiity of the absorber plate, k [W/mk] Thermal conductivity of the absorber plate, k (/]
w004 w0ul 0u
Solar collector length, L Solar collector length, L Solar collector length, L
1600 mm 1605 mm 1600 mm
Solar colctor width, B Solar colector width, B Solar colector width, B
800 mm 800 mm 800 mm
Number of fins, Nf Number of fis, NF Number of fins, NF
ou ou od
Circular Pipes | Rectangular Pipes | Square Pipes Circular Pipes | Rectangular Pipes | Square Pipes Circular Pipes | Rectangular Pipes | iSquare Pipes:
D Wo ) Bo
[— ]
Circular = Rectangular 0 Square
pipe pipe vipe
Absorber Absorber Absorber
o e 4 plte 4 e
T I ] T | ] H . . ]
¥ Wil2 1 LL [ Wi2
Tube inside diameter, Di Tube inside width, Wi Tube nside dmension, B
20mm 10 mm 10 mm
Tube outside diameter, Do Tube inside height, Hi Tube outside dimension, Bo
24mm 25mm 14mm
Tube wall thickness, t Tube outsice width, Wo Tube wal tidness, t
2mm 14mm 2mm
Fin width, W Tube wal thickness, t Fin width, WF
100 mm 2mm 100 mm
Absorber plate thidness, & Fin width, WF Absorber plate thickness, §
1mm 100 mm 1mm
A Efficency calulation Absorber plate thickness, & A Efficency calaulation
Solar colector effinecy factor, F = Solar colector efficnecy factor,
0.969850810441781 ul e 0.953948201260087 ul
Rb efficency factor, F Solar collector efficnecy factor, F' Rib efficency factor, F
0.594026458598188 ul 0.962929981924237 Ul 0.992366398222544ul
Rib efficency factor, F
0.992366398222544 ul
Export CAD model to STP file Export CAD model to STP file Export CAD model to STP file
Done Done Done
a) b) c)

Figure 6 — Communication form: a) for solar collector with circular pipes; b) for solar collector with rectangular
pipes; c) for solar collector with square pipes

The first tab refers to a collector with round tubes of the absorber, while the second and third tabs relate to reser-
voirs with rectangular and square tubes of the absorber. The common input sizes for all three types of collectors are:
dimensions, heat conductivity coefficient in the ribs, total heat loss coefficient and thermal conductivity of the absorber
plate.

4 Results

Three examples with the same general input parameters were taken to test this parameter model and collector ef-
ficiency was calculated. The cross-sectional dimensions are calculated so that all three examples have the same cross-
sectional area. In this way, it is possible to make a comparative analysis of the efficiency of all three types of collectors.
The input data for the test cases is given in Table 1.

Table 1. Input values for a test example

Parameter name Des. Value Parameter name Des. Value
Heat conductivity coefficient in the ribs (W/m? K) Hs 300 Fin width, (mm) Wi 100
Total heat loss coefficient (W/m? K) UL 5 Inside pipe diameter, (mm) D; 20
Heat conductivity of absorber plate (W/mK) k 400 Inside pipe width, (mm) Wi 8
Solar collector length, (mm) L 2044 Inside pipe height, (mm) H; 39,25
Solar collector width, (mm) B 1050 Inside pipe dimension, (mm) Bi 17,72

For the input parameters, the data from the literature [1] were used, while the standard dimensions of the solar
collectors were adopted. The results obtained by the calculation from the input Form shown in Figure 6 are shown in
Table 2.
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Table 2. Efficiency from algorithm calculation

Absorber cross-section profile, F’, solar collector | F, standard rib
efficiency factor efficiency
Circular 0,969 0,994
Rectangular 0,901 0,994
Square 0,972 0,993

Figure 7 shows the generated CAD model, which is derived from the input parameters entered in communication
form. The model shown corresponds to a solar collector with an absorber with square cross-section pipes.

Z

Figure 7 — Generated solar collector CAD model

5 Conclusion

In this paper an algorithm for automatic generation of CAD models and calculation of efficiency of solar collec-
tors is presented. Collectors with three different types of absorbers are considered: absorber with circular pipes, absorb-
er with rectangular pipes and square pipes absorber. Before the algorithm was made, a mathematical model for all three
types of absorbers was defined.

From Table 2 it can be concluded that the efficiency of individual ribs of all three types of collectors is similar,
while the values for total efficiency are slightly different. The highest efficiency for the given input parameters is with a
square tube collector. In relation to it, the circular tube collector has an insignificantly lower efficiency of about 0.2%.
The rectangular pipe collector has the lowest efficiency of all three types of collectors, and it is smaller by 7.5% of the
collector with square pipes collector. As in practice, the most acceptable solution with circular pipes is the most com-
monly used.

Further research of this problem would require taking into account all types of materials used in the making of
solar collectors. In order to achieve an optimal solution to this problem it is necessary to use multi-criteria optimization,
with experimental verification of results.

6 Acknowledgment

This paper is a result of TR33015 project of the Ministry of education, science and technological development,
in Serbia. The project is called " Research and development of a Serbian zero-net energy house We would like to thank
the Ministry of education, science and technological development on their financial support during this research.

7 References

[1] Farahat, S. Sarhaddi, F. Ajam H., Exergetic optimization of flat-plate solar collectors, Renewable Energy,
(2009), Vol. 34, pp. 1169-1174.

[2] MessaoudBadache, StéphaneHallé, Daniel Rousse, A full 3* factorial experimental design for efficiency optimi-
zation of an unglazed transpired solar collector prototype, Solar Energy, Volume 86, Issue 9, September 2012, Pag-
es 2802-2810, ISSN 0038-092X.

[3] J.V.C. Vargas, J.C. Ordonez, E. Dilay, J.A.R. Parise, Modeling, simulation and optimization of a solar collector
driven water heating and absorption cooling plant, Solar Energy, Volume 83, Issue 8, August 2009, Pages 1232-
1244, ISSN 0038-092X

54 ¢ 49" INTERNATIONAL HVAC&R CONGRESS AND EXHIBITION



[4] J. Szargut, W. Stanek, Thermo-ecological optimization of a solar collector, Energy, VVolume 32, Issue 4, April
2007, Pages 584-590, ISSN 0360-5442

[5] I. Luminosu, L. Fara, Determination of the optimal operation mode of a flat solar collector by exergetic analysis
and numerical simulation, Energy, Volume 30, Issue 5, April 2005, Pages 731-747, ISSN 0360-5442

[6] A.A. Ghoneim, Performance optimization of solar collector equipped with different arrangements of square-celled
honeycomb, International Journal of Thermal Sciences, Volume 44, Issue 1, January 2005, Pages 95-105, ISSN
1290-0729

[7] M. Mateji¢, M. Boji¢, N. Kosti¢, N. Petrovi¢, N. Marjanovi¢, M. Blagojevi¢c, ODREDIVANIJE
GEOMETRIJSKIH PARAMETARA ZA OPTIMALNO ISKORISCENJE PRIJEMNIKA SUNCEVE ENERGIJE,
Klimatizacija, grejanje i hladjenje, KGH, Vol.44, No.3, Septembar 2015 pp. 25 - 29, ISSN 0350-1426

49. MEDUNARODNI KONGRES | 1ZL0ZBA 0 KGH ¢ 55



