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Receiver tube heat transfer analysis of a CCP collector designed based on

branched fractals geometry
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Abstract: For the development of systems related to renewable energy and specifically for thermo-solar energy, it is essential
to study and analyze the different thermal phenomena of heat transfer, in search of the best conditions that allow strengthening
the designs. Phenomena such as radiation, convection, and conduction are highly studied, from the field of materials to the
field of infrastructure, finding day to day optimal solutions that guarantee a great use of the solar resource available on the
earth's surface. This study presented the results of heat transfer analysis on a receiver pipe in a CCP; designed using the
theory of branched fractal geometry to improve the heat transfer associated with concentrating solar capture systems. A fractal
structure as a branch or arboreal fractal type network, influenced thermal and electrical parameters, as electrical resistance,
thermal resistance, and convective heat transfer, so increasing the level branch heat transfer can be enhancement along of the
pipe. The use of renewable energies in agriculture benefits the industrial processes that require a continuous power system,
due to climatic conditions and geographical location is not a guarantee in food production fields, which reason solar capture

systems contribute to food dehydration processes, water heating, refrigeration, and energy production.
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1 Introduction

The human being has always considered nature and its
phenomena as sources of inspiration for the development and
problem solution in different knowledge areas!). One of the most
attractive natural mechanisms for science and engineering is the
heat and mass transfer, whereby different structures found in
biological systems can be replicated and improved to make
artificial systems much more efficient!?.

Within the biological structures with large heat/mass transport
propertiest®*, and great superiority in heat conduction are branched
networks®™. These geometries are typically found in trees, leaves,
rays, neuronal dendrites, terrestrial fractures, and in the respiratory
systems of mammalian animalst®!.

However, these geometries cannot be described by classical
Euclidean laws, due to their highly irregular property with small
arbitrary  scales!”. Another of the great properties that
characterize fractal structures is self-similarity and the fractal
dimension; the latter is usually adopted to quantitatively study the
irregularities of fractal surfaces, its value has to vary from 2 to 3
depending on the roughness of the surface!®!.

Within the most known areas of knowledge with applications
of fractal structures, are the economy and finance through the study
of market behavior™: hydrodynamics, with porous fractal
structures in  fluids™, geoscience, in the study of the
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morphological surfaces of rocks or Earth®™. In basic and
applied sciences such as physics™! and medicine™; in turn, there
are multiple developments in the field of engineering, related to
materials!*®!, image processing™’*®!, communications and signals®,
the study of environmental conditions'®, among others.

Some works have been developed concerning the present work
subject, Xu et al.?*?3 developed the modeling of heat transport
properties in branched fractal type networks based on the laws of
scale in electrical conductivity, heat conduction and heat transfer
by convection for both laminar and turbulent flow.

Similarly, Luo et al.”® developed the heat transfer study by
convection of a network based on the arboreal fractal branch.
Through the model of convective heat transfer for laminar flow, it
was concluded that the transfer rate increases with the increase of
the pressure drop, the diameter of the branch and the difference in
temperature; and on the other hand decreases with increasing the
length of the structure.

The analysis of the receiver tube heat transfer on a parabolic
cylindrical solar capture system based on a design under the
branched fractal geometry is the objective of this work. In this
work, the concentrator was designed by Euclidean parabolic
geometry and the receiver tube by branched fractal geometry,
seeking to improve the heat transfer phenomena such as radiation,
convection, and conduction present in a CCP system.

2 Methods

To carry out the analysis developed in this work, a solar
collector formed by a parabolic concentrator surface and a receiver
designed under the fractal branch geometry for heat transfer was
based on.  Therefore, the description of branched fractal
thermodynamics is described below.

The transfer of heat by radiation between two objects depends
strongly on four factors; the distance of separation between them,
the size, the relative form or orientation, and the material from
which they are made. Each of these elements must be taken into
account in the design stage of heat transfer systems.



September, 2020

Palacios A, etal. Receiver tube heat transfer analysis of a CCP collector designed based on branched fractals geometry ~ Vol. 13 No.5 57

2.1 Branched fractal geometry

Considering that the fractal geometry is more successful in
describing the natural forms and phenomena, than classical or
Euclidean geometry, it was decided to use the fractal geometry as a
basis of the design of a more efficient heat transfer system within a
macro-solar collection system.

The branched fractal geometry, inspired by the natural
structure of the trees, consists of the symmetrical branch in once
iteration, where the dimensions will depend on the geometric
scaling defined by the fractal dimensions. The parameters of the
branched structure are length, diameter, and width for some cases,
for these applications both the length and the diameter of the
branch were considered. The structure based on the branched
fractal geometry is shown in Figure 1.

| L

Figure 1 Branched fractal structure

Each branching level is defined by k, and the number of
branches in once iteration is defined by n, so that the total number
of branches N in the entire network is obtained from Equation (1),
for the total number of tree levels m.

(1 m+1)
N=Y" Ny= - @)
The scale factor for both length Y, (m) and diameter g, (m) is
fixed for all iterations, so that the length Ly.; (m) and diameter dy.;
(m) of the iteration depends on the values obtained by the last
iteration, Ly, dy are calculated with Equation (2):

Lk+1 ﬁk — dk+1 (2)
k

The scaling factors Y and P« are related to the number of
branches from the fractal dimension distributed both for length D),

and for diameter Dy, as described in Equation (3):
n :Y—DI :ﬂfDd (3)
Once the scaling factors are defined, the total volume of the
network V (m®) is obtained, from the number of total branches in
each iteration and the own volume of the branches generated in that
current iteration. Equation (4) expresses the volume of the
network in terms of the number of branches, the diameter of the

branch, and its length.

d 2
V= Zk oNka Zk onk”(?kj Lk (4)

Similarly, from Equation (5), it is possible to obtain the
volume of the network from the scaling factors and the parameters
of the last branch of the tree.

v Vn(l(nYﬁ)j )
1-(nY £%)

where, V,, is the volume of the terminal branch of the network.
Another key parameter for the analysis in the area of the branch in
each iteration k (m?), defined in Equation (6).

7d?

; ®)
By the law between electrical conductivity and network
volume, the electrical resistance Ry (€2) of a single tube is expressed

in Equation (7), where p is the resistivity of the material.
R, =Pt _ 4Pk @)

A 7dyg
The electrical resistance R (Q2) for the entire branched network
can be defined as the sum of the resistance of each element (branch)
of the iteration divided by the total number of branches for that
same iteration, Equation (8).

m 4ka
R= Zk =0 N Zk=0 ﬂ.nkdkz (8)

Once the electrical resistance of the network R is obtained, it is
possible to obtain the effective resistance R from the relationship
shown in Equation (9).

A =

Ry = 9

r

where, L. is the equivalent length that depends on the length
scaling and the value of the last branch, m, as shown in Equation
(10).
m Ly x[L—Y (™

The value A, corresponds to the equivalent transversal area
that relates the volume of the network and the equivalent length, as
shown in Equation (11).
Vo _xdf n"[A-Y HA-(nY 5] an
L 4 Q- ") (nyp) ™)

For the inverse relationship between the effective resistivity of
the network R and the effective electrical conductivity (EEC) o,
the latter is obtained as in Equation (12). The ¢ value corresponds
to the electrical conductivity of the material, S/m.

1 1-Y ™ T 1 (ny g2t 1-ng? Y
Ce=—=0
Ref l_Y—l 1_(nYﬂ2)—(m+1) 1—(nﬂ2 /Y)m+1

(12)

In cases where a fractal dimension of diameter equivalent to
Dg¢=2 is defined and therefore the scaling factor is equal to p=n"*?,
the effective electrical conductivity of the network reaches its
maximum value in the electrical conductivity of the material
defined for the fractal arrangement, this is due to the use of the
function of volume and area preservation in the fractal filling
system from one generation to another.
2.2 Conduction heat transfer

The total thermal resistance of the network R, (W/m=3K),
solved by thermal-electric analogy is shown in Equation (13).

' 1_ (nﬁz /Y)m+l
R = = _— 13
DI nm{ Y (13)
Assuming that the entire fractal network is part of a single tube,

the effective thermal conductivity (ETC) J,, is obtained in Equation
(14), where 4 is the thermal conductivity of the material, W/(K m).

[ e T vyt Y 1-ngty
4_{ 1=y }(1—(“52)(mﬂ)J(l—(nﬂZ/Y)m”] (1)

As EEC, the ETC reaches its maximum value equal to the
thermal conductivity of the material, under the condition of
preservation of area and volume.

(10)

A=
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2.3 Convection heat transfer

For this analysis, it was considered that the Nusselt number
remains constant for each branch level of the network. The
system consists of a fully developed fluid with a constant heat flux
in a uniform cross-section, which produces a temperature variation
AT, between the surface of the wall and the inner surface.

The convective heat transfer rate of the entire branched
network Q is the sum of each of the transfer rates in once iteration.
In Equation (15), the convective heat is described.

Q=1 NihSAT (15)
where, hy is the corresponding convective coefficient for each
iteration, this will be incremented in each branch according to the
scaling factor p, as illustrated in Equation (16).

hk+1 _ dk :i (16)
he dea B

From the relationships presented between the convective
coefficient and the scaling in the diameter distribution, it is possible
to define hy as in Equation (17).

he =hg"™* 17)

On the other hand [S,], corresponds to the area of heat transfer
at the level k of the branch, which can be defined as in Equation
(18) for the proposed structure.

Sy = -dy - Ly (18)

The total heat transfer area of the network S, it is possible to
obtain from the sum of the areas S, described above and the
branches number in each iteration [N,], as described in Equation
(19).

S=> 1 NS =D n'rdiL, (19)
Finally, the coefficient of effective convective heat transfer hy
in the entire network is related in Equation (20).
Q
m—gﬁ— (20)
The results obtained in this work are presented below, based on
the analysis previously described in this section.

3 Analysis of results

For this analysis, a fixed number of branches was defined in
each iteration n=2; for a fractal dimension in length D;=3 and the
fractal dimension in diameter Dy=2, this is because of the function
of preserving volume and area in the fractal space-filling system

. 1
generates a scaling factor a= —3

3.1 Modeling results

The input parameters of the system are defined in Table 1.
The material defined for this fractal structure is copper due to its
high thermal properties.

Table 1 Fractal structure initial parameters

Parameter Value
n 2
Dy 2
Dy 2
Y 0.7071
Vi 0.7071
m 4
Lo/m 0.0050
do/m 0.0050

The branched fractal structure obtained with the parameters
defined above is shown in Figure 2.
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Figure 2 Branched fractal structure diagram

Due to the interest of this work of receiver tube heat transfer,
the branched fractal structure obtained until the circular geometry
of the tube was replicated, as illustrated in Figure 3.

0.010 |
= 0.005 |
.
g O
B~
-0.005 |
-0.010 |
-0.015 -0.010 -0.005 0 0.005 0.010 0.015
X (Length) /m
Figure 3  Branched fractal structure in the receiver tube

The results of the electric and thermal transfer according to the
approaches described in the previous section are shown in Table 2.

Table 2 Thermal parameters obtained

Parameter Value
vim® 2.7594x10°7
R/Q'm 1.23105x10°°
Ref/Qm? 1.72x10°®
clQ 5.81395x107
JelWmtK? 372.1
S/m? 0.000393
het/W m 2 Kt 11.8591

The convective coefficients h, of each of the branches in the
fractal structure are shown in Table 3.

Table 3 Network convection coefficients

k hi Coefficient/W m2 K™
0 ho 5.2742
1 h, 7.4588
2 h, 10.5483
3 hs 14.9176
4 hs 21.0966

As expected, the convective coefficient increases in once
iteration to the branches of higher level, in a scaling factor g.
After obtaining the main structure together with its associated
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thermal, and electrical properties, an analysis was carried out where
parameters such as the size of the fractal network m, the type of
tube material and the fluid velocity v; were taken as independent
variables. Through this, it was possible to demonstrate the effects
on the thermal and electrical parameters of the network.

For a range of fractal size, comprised between 2 to 10 levels of
branching, the structure obtained for a uniform tube with m=10 is
illustrated in Figure 4.
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Figure 4 Network branched m=10

The electrical resistance of the entire network for each
branching level is shown in Figure 5. Is evident that the network
resistance behaves exponentially increasing as the branching level
increases of the network; the maximum value reached for m=10
was 5.037>10"° Q-m, increasing by 51.27% to resistance for m=2.
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Figure 5 Electrical resistance to the variation of branching levels

Furthermore, the convective heat transfer presented a linear
increasing behavior due to the variation of branching levels, as
evidenced in Figure 6. The minimum value obtained for m=2,
was Q=899 W whereas the maximum value of heat transfer
obtained was Q=2.36x10° W s, for m=10.
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Figure 6 Convective heat transfer with respect to branching levels

Similarly, the area of heat transfer increased linearly as
expected due to the variation of branches, the results are presented
in Figure 7.
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Figure 7 Heat transfer area with respect to branching levels

Finally, a decreasing exponential behavior of the effective
convective coefficient before the variation of the ramifications was
evidenced. An approximate variation of 28.17% was obtained
between the maximum and minimum value of the coefficient. The
graph of the behavior of this parameter is shown in Figure 8.
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Figure 8 Effective convective coefficients with respect to
branching levels

For different materials in terms of electrical resistivity, the
analysis of the effective electrical resistance was carried out as
shown in Figure 9. This parameter is highly increased for
materials such as silver, steel, and iron; because they have greater
resistance in their electrical properties than the other materials
analyzed.

b

Effective network electrical resistance/Q

Platinum Copper Aluminum Brass  Iron  Steel  Silver
Material

Figure 9 Effective electrical resistance of the network for
different materials
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Similarly, it was possible to analyze the effective electrical
conductivity of the network, where the highest conductivity was
obtained for materials such as platinum and copper, while the lower
conductivity was obtained in materials such as iron, steel, and
silver Figure 10.

Effective electrical conductivity/S-m!

Similarly, a behavior for convective heat was obtained by varying

the velocity of fluid, the results are visualized in Figure 13.

2200
2000
1800
1600
1400
1200
1000

800

Total convective heat transfer rate/W

600 L L L s s
1.0 1.5 2.0 2.5 3.0 35

Fluid velocity/m-s’

Figure 13 Convective heat before the variation of v;

3.2 CFD simulation results

After analyzing the thermal transfer phenomena of the fractal

Platinum Copper Aluminum Brass  Iron  Steel  Silver
Material
Figure 10 Electrical conductivity of the network for different
materials

branched network, we proceeded to define the physical parameters
of the solar collector that would allow us to comply with the
requirements of the receiver tube that contains the branched fractal
geometry. The physical parameters of both the concentrator and

Finally, the effective thermal conductivity of the network,

related in Figure 11, was obtained. From this, it is possible to
visualize that the highest thermal conductivity is reached with

the receiver are described in Table 4.
Table 4 Collector system parameters

silver, aluminum, and copper.

450 107

400 |
350
300
250
200 |
150

100 |

Parameter Value Description

Le/m 3 Concentrator length
fim 0.875 Focal distance
Dy./mm 25.4 Receiver diameter
Lrc/m 3 Receiver length
Diyc/mm 9.52 Receiver internal diameter
Fe 43.8 Concentration Factor

Considering the parameters presented above, the system was
simulated through finite elements in the Solid Works program with
the Flow Simulation tool. The branched network designed for the
thermal analysis of this inside the receiver tube is shown in Figure
14 and Figure 15.

Effective thermal conductivity/W-mK'!

Platinum Copper Aluminum Brass Iron  Steel  Silver
Material

Figure 11  Network thermal conductivity for different materials
For a variable fluid velocity 1 m/s and 3.5 m/s, the effective
convective heat transfer coefficient obtained has a linear increasing
behavior as opposed to the behavior obtained with the variation of
the branching levels. The graph of Figure 12 shows what was
described above.
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Figure 12 Effective convective coefficient with respect to v
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Figure 14 Branched network designed in Matlab

Figure 15 Branched network designed in Solid Works
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The interior of the receiver tube contains an internal tube where Table 5 Simulation results
the different fractal branches are found, as illustrated in Figure 16. Parameter Minimum value  Maximum value
Density (Fluid)/kg m™ 0.78 1.43
Density (Solid)/kg m® 8960.00 8960.00
Pressure/Pa 101324.79 179179.58
Temperature/K 293.20 557.63
Temperature (Fluid)/K 293.20 557.59
Temperature (Solid)/K 388.81 557.63
Velocity/m s 0 28.403
Velocity (X)/m s -0.055 0.055
Velocity (Y)/m s7* -0.081 0.057
Velocity (Z)/m s —28.403 0.035
Mach number 0 0.07
Figure 16 Cylindrical receiver Velocity RRF/m s 0 28.403
As shown in Figure 17, the fractal structure is located inside Velocity RRF (X)/m s -0.055 0.055
the cylindrical receiver, so it is in contact with both the internal and Velocity RRF (Y)/m s -0.081 0.057
the external tube of the receiver. Velocity RRF (2)/m s —28.403 0.035
Vorticity/s™ 0.02 7648.20
24.4 mm Relative pressure/Pa -0.21 77854.58
Shear stress/Pa 5.64e-007 2.36
I Heat flux/W m2 2237.330 1593103.72
Heat transfer coefficient/W m2 K ! 1.645e—005 92911
Overheat above melting temperature/K —967.389 —798.574
Surface heat flux/W m2 —2259.588 22189.963
Surface heat flux (Convective)/W m 2 —1.08e+007 7080279.39
The heat transfer inside the tube with the fractal structure is
presented in Figure 19. Was possible to observe that the internal
Figure 17 Fractal structure inside the receiver surface of the receiver, specifically in the fractal structure together
The conformal CCP solar capture system by the branched with the internal walls, reaches the maximum temperature of
receiver and the parabolic concentrator is presented in Figure 18. 557626 K.
Temperature/K

Y ﬁ l 557.626
1 z‘/k-.\'
Min=293.199 K
Max=557.626 K
/ Iteration=97 I
IZ93.199

Figure 19 Internal temperature distribution

Figure 18  CCP system The airflow and its temperature inside the internal receiver are
The results obtained during the simulation are shown below in shown next to the temperature of the surface of the branched fractal
Table 5. structure in Figure 20.
l::;:: 557133 Iteration = 32
49856 {

Temperature /K

Temperature (Fluid)/K

Figure 20 Inside fluid trajectory of the receiver
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The temperature distribution on the surface of the branched
fractal structure is visualized in Figure 21. The heat is transferred
from the inside to the outside of the network, in higher-level
branches higher temperature is reached, the temperature delta
between the inside and outside of the fractal network is 20.15 K.

Temperature (solid)/K
Surface Plot 1: contours
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Figure 21 Temperature distribution in the fractal structure
4 Conclusions

The branching levels number of an arboreal fractal type
network highly influences parameters such as electrical resistance,
thermal resistance, and convective heat transfer; which grow
exponentially or linearly to a greater number of branches in the
Network; unlike these, the convective coefficient decreases
exponentially with the increase in the size of the fractal structure.

Depending on the material, the electrical and thermal
resistance is superior for materials such as iron, steel and silver;
while the electrical conductivity is low for these and high for
platinum, copper and aluminum. Due to the above and at costs,
the material selected for the fractal structure of the receiver tube
was copper, with which maximum temperatures of 557 626 K were
obtained in the upper levels of the network and an approximate
temperature of 535 K in the lower levels.

The heat transfer from the fractal structure to the receiver tube
was evidenced by finite element simulation, with which the heat
distributions from the inside to the outside of the tube showed a
temperature delta of 20.50 K; while the temperature delta between
the solid and the fluid reached was 0.04 K; with a maximum fluid
temperature of 557.59 K; therefore branched fractal structures
improve heat transfer between conductive surfaces.
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