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ABSTRACT

In order to increase the efficiency of solar air collectors, a new variant with a protrusion is proposed in this study,
and its performances are analyzed from two points of view, namely, in terms of optics and thermodynamics
aspects. By comparing and analyzing the light paths of the protrusion and the dimple, it can be concluded that
when sunlight shines on the dimple, it is reflected and absorbed multiple times, whereas for the sunlight shining
on the protrusion, there is no secondary reflection or absorption of light. When the lighting area and the proper-
ties of the surfaces are the same, the absorption rate of the dimple is 10.3 percentage points higher than that of the
protrusion. In the range of Reynolds number from 3000 to 11000, numerical simulations about the effects of the
relative height (e/Dh = 0.033–0.1) and relative spacing (p/e = 4.5–8.5) of protrusions on air heat transfer and flow
resistance show that, in terms of comprehensive evaluation coefficient (PF), the best relative height is 0.085, when
the relative spacing is 5. A correlation of Nu and f with Re, e/Dh and p/e is obtained by linear regression of the
results, in order to provide a useful reference for the design and optimization of this kind of solar air collector.
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1 Introduction

With the lack of energy sources and the deterioration of the environment, People are increasingly
concerned about the application of renewable energy. Solar energy is favored as the cheap and clean
energy. Solar air collector is one of the most convenient and simple applications for utilizing solar energy.
It is widely used in heating, industrial drying and other fields [1].

In the research of common plate heat exchangers, the heat transfer enhancement technology of convex
cell plates first appeared in the former Soviet Union in the 1980s. The structure can exchange for a greater
enhanced heat transfer effect at the cost of less resistance [2–4], it is used to strengthen heat transfer inside the
tube, rotating channel and plate heat exchanger. Brij et al. [5] analyzed and summarized multiple methods to
improve the heat transfer characteristics of solar air collectors with flat plates. Adding a convex cell structure
on the absorber plate is one of the effective methods to strengthen heat exchange between the absorber plate
and air. For example, Sang et al. [6], Wu et al. [7], Yu et al. [8] and Jiang [9] studied the convex cells of the
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spherical crown structure on the plate. Liu et al. [10] and Zhang et al. [11] studied the heat transfer
performance of similar convex cell plates such as ellipsoid or embedded spherical concave structures.

The structure of the absorber plate of the solar air collector is similar to the plate of the heat exchanger.
Therefore, many scholars have discussed the heat transfer properties of absorber plates with convex cells and
pit structures. Saini et al. [12] and Kishor et al. [13] researched the heat transfer intensify effect of the heat
collecting plates with square pits by experiment. Bhushan et al. [14] experimentally investigated the heat
transfer enhancement effect of spherical crown convex cell plates in diamond arrangement. Yadav et al.
[15] and Zeynep [16] explored the heat transfer enhancement effect when the spherical crown convex
cells are arranged in a circular arc. Muneesh et al. [17] studied the heat transfer enhancement effect of
convex cells in arc arrangement. They all obtained the correlation of Nusselt number, resistance
coefficient and corresponding geometric parameters under specific structure and arrangement. Kumar
et al. [18] projected and manufactured a combination of concave and convex roughness elements on the
absorption plate. Aman et al. [19] reviewed the geometric structures of concave and protruding roughness
used in SAHs catheters, as well as the correlations between Nu and f. Navneet et al. [20] used micro
shapes of different shapes and pits on absorption plates for solar air heaters (SAH) to improve heat
transfer. Zhu et al. [21] proposed the numerical simulation and experimental results of a micro heat pipe
array flat solar collector. Seyfi et al. [22] presented a comparison of flexible aluminum foil tube solar air
collectors and conventional flat plate collectors. Subhash et al. [23] studied the improvement of the
thermal performance of solar air heaters by using a louvered fins collector. And the primary pattern and
the performance comparisons of the solar air collector system are shown in Table 1.

Table 1: Main types of baffles and performance comparison [24–27]

Types of
baffles

Diagram Advantage

Generate the
second flow

Improve the
heat transfer

Increase the heat
absorbing

Transverse
ribs

× √ ×

Inclined ribs √ √ ×

Inclined ribs
with gap

√ √ ×

(Continued)
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Table 1 (continued)

Types of
baffles

Diagram Advantage

Generate the
second flow

Improve the
heat transfer

Increase the heat
absorbing

Wire mesh
roughness

× √ √

V-shape ribs √ √ ×

Discrete v-
shape ribs

√ √ ×

Chamfered
ribs

× √ ×

Arc shape
ribs

× × ×

Discrete w-
shape
roughness

√ √ ×

Combination
of groove and
chamfering

× √ ×

Delta-wing
ribs

× √ ×

(Continued)
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At present, the research on the absorption plate of solar air collectors mainly focuses on the spherical
crown structure and only on the aspect of thermal performance. There is little research on the optical
performance of hemispherical convex cell collectors. However, the research of this research group shows
that the hemispherical structure can make the sunlight reflect and absorb multiple times in the dimple
[28], which can effectively improve the sunlight absorption rate compared with the spherical crown
structure. Therefore, the performance of solar air collectors with hemispherical dimples on the absorber
plate is studied from two points of view, namely, in terms of optics and thermodynamics aspects in this
paper, which can provide a reference for subsequent engineering applications.

2 Model and Solution

CFD software package was used to simulate the flow of the absorber plate with hemispherical protrusion
artificial roughness. In order to ensure better grid quality, the hexahedral grid is used to divide the computing
domain, the boundary layer grid is appropriately encrypted, and the grid independence is checked. The solar
air collector consists of air channels with a size of 1950 mm × 950 mm × 50 mm. The protrusion on the
absorber is hemispherical, and the back of the protrusion is dimple which is shined by solar radiation.
Because the flow channel between the absorber plate and the bottom plate is periodic change, the
periodic model is used to simulate the model, and the height of the flow channel in the model is kept
constant, and the geometry model and material object are shown in Fig. 1.

Due to the computational domain being relatively rules, the hexahedral grid is used to mesh the
computational domain and the boundary layer is properly encrypted in order to ensure a better quality of
the grid. Grid partitioning is shown in Fig. 2a. Wall face adopts the enhanced wall function method, the
border of both sides is the symmetry plane, the surface of the absorber plate having the protrusion is a
constant heat flux and the inflow and outflow surface is periodic boundary conditions. The details of the
boundary conditions are shown in Fig. 2b.

In general, the larger the number of grids in the model, the more accurate the simulation calculation
results. However, an excessive number of grids will increase the computational workload. Therefore, an
independent assessment of the number of grids is conducted to find the optimal number of grids that can
not only ensure accuracy but also reduce computational complexity. The following is an investigation of
the changes in Nu and f of the convex cell collector plate surface under different mesh numbers in the
model, as shown in Fig. 3. When the number of grids is around 100000, increasing the number of grids
results in almost no changes in the Nu and f of the convex cell collector plate. Therefore, a grid quantity
of 100000 can meet the calculation accuracy requirements, and 100000 is selected as the grid quantity for
subsequent simulation.

Table 1 (continued)

Types of
baffles

Diagram Advantage

Generate the
second flow

Improve the
heat transfer

Increase the heat
absorbing

The proposed
model
(current
study)

√ √ √
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Figure 1: Geometry model and material object

Figure 2: Mesh and boundary conditions
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Figure 3: Grid independence assessment
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The internal flow of the collector is approximated as pipeline flow. Due to turbulent internal flow,
turbulence model selects Realizable k-ε. Due to the dominance of convective heat transfer, the radiation
heat transfer is not considered in the simulation. Due to the low internal air flow rate, it can be regarded
as an incompressible fluid, but the temperature change is significant, resulting in a change in density.
Therefore, the Boussinesq hypothesis is adopted. Pressure interpolation scheme is second order, the
discretization format for the convection term is second-order upwind, while the discretization format for
the diffusion term is first-order upwind, using the Simple algorithm [29] and energy equation residual
value is decreased to 1 � 10−6 and the rest of the residual value is decreased to 1 � 10−5, and the
averaged Nusselt numbers of the absorber plate surface is unchanged with iteration. Due to the 45° angle
between the placement of the collector and the water level, the influence of buoyancy should be taken
into account when calculating. The boundary conditions and physical properties of the inlet and outlet,
collector plate, surrounding maintenance structure, and glass cover plate are shown in Table 2.

The optical path of protrusion and dimple is simulated by TracePro optical simulation software. The size
of protrusion and dimple is the same, which the section diameter is 10 mm, so as to ensure the same
daylighting area, surface properties and light source settings.

3 Data Reduction

In an effort to research the heat transfer, resistance and comprehensive performance between
hemispherical protrusion absorber plate and air, the heat transfer Nu, the friction factor f and the
comprehensive performance parameters PF of hemispherical protrusion absorber plate are compared with
those of ordinary flat plate.

The Nusselt number Nu is defined as:

Nu ¼ al
k

(1)

The friction factor f is defined as:

f ¼ Dp

4 1=Dhð Þð1=2ÞPairU2
¼ 1

2
DP

Dh

PairU2
(2)

Table 2: Boundary conditions and physical parameters

Project Boundary conditions Physical properties

Inlet air Temperature 288 K Boussinesq hypothesis

Inlet velocity 0.5 m/s

Absorber plate Exit –

Heat flux density 765 W/m2

Transparent cover plate Mixed boundary conditions ρ = 2500 kg/m3

hf = 20 W/(m2·K) CP = 800 J/(kg·K)

tf = 15°C λ = 0.077 W/(m·K)

Other wall surfaces Heat insulation –
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The comprehensive performance parameters PF is defined as:

PF ¼ Nu=Nus

f =f sð Þ1=3
(3)

where α is the heat transfer coefficient, l is the characteristic length (take 2 times of the height of the runner), λ
is the thermal conductivity of air, DP=L is the pressure drop per unit length, Dh is equivalent diameter, ρair is
the air density, U is the average flow velocity, Nus is the Nusselt number of the flat plate
(Nus ¼ 0:023Re0:8Pr0:4), fs is the resistance coefficient of the flat plate (fs ¼ 0:085Re�0:25), PF is the
comprehensive coefficient.

According to the GB 26976-2011 requests, the parameter range covered in this study is as follows:

(1) The Reynolds number is between 3000 and 11000.

(2) The relative roughness height is 0.033 to 0.1.

(3) The relative roughness pitch is 4.5 to 8.5.

4 Results and Discussions

The optical path simulation results of dimple and protrusion are shown in Fig. 4, and the comparison of
absorption rate results is shown in Fig. 5. It can be seen that red represents incident light and blue represents
reflected light. When the sunlight shines on the dimple, the maximum intensity is 8.9316e+007, the average
intensity is 7.445e+006, the total flux is 543.2 w and the incident rays is 1035, so the light is reflected and
absorbed for many times, While sunlight shines on protrusion, the maximum intensity is 2.5138e+007, the
average intensity is 4.7572e+006, the total flux is 472 w and the incident rays is 590, the light does not
undergo secondary reflection and absorption. It is assumed that the absorptivity of surface properties is
0.80, while the actual absorptivity of dimple is 0.903, which is increased by 10.3 percentage points. The
actual absorptivity of protrusion is still 0.80, that is, light is not reflected and absorbed many times.

The optical path simulation results of the hemispherical and spherical cap dimple are shown in Fig. 6,
and the comparison of absorption rate results is shown in Fig. 7. It can be seen that when the sunlight shines
on the hemispherical dimple, more light is reflected and absorbed multiple times than on the spherical crown.
When the absorptivity of the same daylighting area and the set surface attribute is 0.80, the actual absorptivity
of the hemisphere is 0.926, which is 2 percentage points higher than that of the spherical crown, while the
actual absorptivity of the spherical crown is 0.906. In other words, the reflection and absorption effect of the
hemisphere is better than that of the spherical crown. From optical analysis, the absorption rate of
hemispherical dimple is the highest. It is recommended to use hemispherical dimple to ensure maximum
absorption of solar radiation.

(a) Dimple (b) Protrusion 

Figure 4: Light path shining on dimple/protrusion
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Figure 5: Radiation flux distribution on dimple and protrusion

Figure 6: Schematic diagram of light path on hemispherical and spherical cap dimple

Figure 7: Radiation flux distribution on hemispherical and spherical cap dimple
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The flow channel of air flowing through dimple and protrusion is simulated and analyzed by fluent
simulation software. The sizes of dimple and protrusion and the simulation parameters are the same. The
simulation results are shown in Fig. 8. It can be seen from the figure that the protrusion can destroy
the bounding layer of the fluid flow and enhance thermal transmission between the absorber plate and the
fluid, when the fluid flows through the protrusion. When the fluid flows through the dimple, the fluid
forms a dead zone at the bottom of the dimple, which leads to the local temperature rise and the heat
transfer efficiency decrease. From the above analysis, it can been drawn such a conclusion that facing the
sun is hemispherical dimples to maximize the absorption of solar radiation; The protrusions in contact
with the air can destroy the boundary layer of air flow and improve the heat transfer efficiency.

The heat transfer characteristics of the hemispherical protrusions are discussed in Figs. 9 and 10. It can
be seen that the vortex area generated by the fluid flowing through the hemispherical protrusions is larger
than that generated by the fluid flowing through the spherical cap. When the fluid traverses the
protrusions, the anterior is the low temperature area, and the back side is the high temperature area,
mainly because the front side directly collides with the fluid head-on, so the heat transfer is more
sufficient, while in the back side there is a vortex, and the flow velocity decreases, resulting in the
temperature increase. On the whole, the temperature of the hemispherical protrusions surface is lower
than that of the spherical cap, indicating that the heat transfer of the fluid flowing through the
hemispherical protrusions is more sufficient.

Table 3 is the comparison for performance parameters of air flowing through hemispherical protrusion
and spherical cap, which have the same section size but different shape. It can be seen from the table that at

Figure 8: Streamline simulation on dimple and protrusion
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the same Re, the Nu of fluid flowing through hemispherical protrusion is larger than that of spherical cap, and
the corresponding pressure drop and resistance coefficient are also larger. When the Re is less than 7000, PF
is greater than 1. When the Re is greater than 9000, PF is less than 1. Considering the high absorptivity, the
hemispherical protrusions are used.

Figure 9: Comparison of streamline and temperature distribution

Figure 10: Temperature distribution on protrusion surface

Table 3: Comparison for performance parameters of the different shape

Re Shape Nu △P f PF

3000 Hemispherical 23.68 0.09 0.0330 1.069

Spherical 20.26 0.07 0.0253

5000 Hemispherical 38.92 0.23 0.0312 1.048

Spherical 34.27 0.19 0.0245

7000 Hemispherical 51.12 0.44 0.0299 1.023

Spherical 46.39 0.35 0.0239
(Continued)

10 FDMP, 2024



Fig. 11 shows the streamline and temperature distribution of the symmetry plane at different relative
heights when the relative spacing is 5. It can be seen from the figure that the hemispherical protrusion has
a disturbance effect on the air flowing through, especially on the windward front side and the leeward
side. As the hemispherical protrusion larger, the flow disturbance intensity in the channel becomes larger,
so the heat transfer effect is better.

Fig. 12 shows the temperature distribution on the surface when Re = 11000 and e/D = 0.066~0.1. It can
be seen from the figure that when e/D = 0.1, the temperature directly behind the hemispherical protrusion is
higher than that of e/D = 0.083. As the hemispherical protrusion becomes larger (the relative height becomes
larger), the transverse pressure perpendicular to the flow direction is not enough to make the mainstream on
both sides of the hemispherical protrusion converge, so that the flow dead zone area directly behind the
protrusion expands, resulting in the heat transfer weakening.

So as to comprehensively assess effectiveness of hemispherical protrusion on heat transfer, the
comprehensive performance parameters PF is investigated, as shown in Fig. 13. It can be seen that the
PF first enlarges and then reduces with the enhancement of Reynolds number, but in different Re regions,
the position of PF extremum is also different, and with the increase of Re, the extremum point shifts to
the right. Considering the Re in the range of 3000–10000, when p/e is 5, the best relative height is 0.083.

Fig. 14 shows the temperature distribution of different p/e when e/D = 0.067. It can be seen that a
hemispherical protrusion has a certain range of disturbance, at the same Re and e/D. When p/e is small,
the disturbance areas of adjacent protrusion overlap. In addition, if the adjacent protrusions are too close,
the flow dead zone between protrusions is easy to form, so the heat transfer effect is poor. However,
when the p/e is larger than the effective disturbance range of the protrusion, there is a region where the

Table 3 (continued)

Re Shape Nu △P f PF

9000 Hemispherical 59.27 0.68 0.0279 0.992

Spherical 55.91 0.56 0.0229

11000 Hemispherical 65.32 0.95 0.0260 0.977

Spherical 63.05 0.80 0.0218

Figure 11: Streamlines and temperature distribution on the symmetry plane (Re =7000)
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heat transfer is not enhanced, which also weakens the heat transfer enhancement effect to a certain extent.
Therefore, when the p/e ratio of protrusion is right, there is no dead zone and overlap, the heat transfer
effect is the best.

2000 4000 6000 8000 10000 12000

0.9

1.0

1.1

1.2

1.3

1.4

1.5
P/e=5

P
F

Re

 e/D=0.033
 e/D=0.05
 e/D=0.067
 e/D=0.083
 e/D=0.1
 smooth

Figure 13: Variation of PF for different values of e/D

Figure 14: Temperature distributions on protrusion surface (Re = 5000, e/D = 0.067)

Figure 12: Temperature distributions on protrusion surface (Re = 11000, p/e = 5)
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The influence of relative spacing (p/e) on the comprehensive coefficient PF is shown in Fig. 15. It can be
seen that when 5000 < Re < 9000 and the relative spacing (p/e) is equal to 5.5, the PF is the largest. Under the
same p/e and e/D conditions, PF grows first and then reduces slightly with the enhancement of Reynolds
number. This is because the dead zone of flow decreases and the heat transfer effect increases obviously
with the increase of Reynolds number. However, with the increase of Reynolds number, the dead zone
does not decrease obviously, but the resistance increases greatly, the PF increases first and then decreases.

Fig. 16 is the comparison of simulated to experimental results. It can be seen from the figure that the
experimental test results are basically consistent with the numerical simulation results, and the maximum
relative error between the numerical simulation results of air outlet temperature and the experimental test
results is 10.6%. Therefore, the model can well forecast the function of the air collector.

5 Correlations for Nusselt Number and Friction Factor

For the convenience of research, the numerical simulation results are nonlinear regressed to obtain the
correlation between Nu and f on Re, p/e and e/D. The functional relationships for Nu and f can therefore be
written as:

Nu ¼ fn Re;
p

e
;
e

D

� �
(4)

f ¼ fn Re;
p

e
;
e

D

� �
(5)

Plot all data points of Nu according to Reynolds number, Nusselt number and Reynolds number are
nearly linear relationship. From regression analysis it was found that the average slope of all the lines is
−0.0653, and the regression analysis of fitting these data points can be expressed as:

Nu ¼ A0 Reð Þ�0:0653 (6)

All the data are brought in and the formula is as follows:

Nu ¼ 314:3164Re�0:0653 e

D

� ��0:4361 lnReþ4:2907 p

e

� ��0:12861 lnReþ0:9950
(7)

A like program has been built to develop f, and the final relevant form of f is as follows:

f ¼ 7:5625Re�0:3182 e

D

� ��0:1519 lnReþ2:0566 p

e

� ��0:1258 lnReþ0:5247
(8)
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Figure 15: Variation of PF for different values of p/e
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In an effort to analyze the particularity of the correlation, the correlation and analog values are drawn in
Fig. 17. It can be seen that the relative error of the Nusselt number predicted by the correlation is basically
within 12% (the maximum is 11.3%), and the prediction error of the resistance coefficient predicted by the
correlation is also basically within 12% (the maximum is 11.2%), so these two correlations can well predict
the Nusselt number and resistance coefficient.
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Figure 16: Comparison of simulated to experimental results of outlet temperature with time

Figure 17: Plot of predicted data vs. numerical data of Nu and f
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6 Economic Analysis

The cost of the collectors used in the experiment is approximately 800 yuan per unit. If the molds are
used for mass production, the cost will definitely be reduced. The application of solar air collectors in
engineering can save energy, reduce carbon emissions, and have other advantages, which are relatively
economical and applicable.

7 Conclusions

The performance of hemispherical protrusion solar collectors is analyzed and studied from two aspects
optics and thermodynamics. Through the comparative analysis of the light path and fluid flow of protrusion
and dimples, it is concluded that the absorption rate of the hemispherical dimple is 10.3 percentage points
higher than that of the protrusion. When the fluid flows through the protrusion, the heat transfer between
the fluid and the protrusion can be enhanced, while the fluid flows through the dimple, the fluid forms a
dead zone at the bottom of the dimple, resulting in the increase in local temperature and the decrease of
heat exchange efficiency. Based on the analysis of its light path and flow, it can be concluded that the
side facing the sun is the hemispherical dimples, which can maximize the absorption of solar radiation,
while the side in contact with air is hemispherical protrusions, which can destroy the boundary layer of
air flow and enhance heat transfer.

The effects of the relative height and spacing of hemispherical protrusion on the enhanced heat transfer
and resistance characteristics are studied, and the correlations are obtained by nonlinear regression.
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