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ABSTRACT  

In the present work, we report an analysis of the thermal behavior of two suspended flat plate 

solar collectors for air heating in forced convection. The objective of this analysis is to determine 

the improvement in thermal efficiency of suspended flat plate solar collectors by applying a 

selective coating of nanostructured black nickel to the absorber plate in comparison to suspended 

corrugated plate solar collectors with matte black commercial coatings. In the first collector both 

the absorber plate and the lower plate are flat; and the upper side of the absorber plate is painted 

with a selective nanostructured black nickel coating of low emissivity. In the second collector 

both the absorber plate and the bottom plate are corrugated and perpendicular to each other; and 

the upper side of the absorber plate is painted with matte black commercial coating. Incident 

radiation and ambient temperature were measured in clear days over periods of 15 minutes on 

May 30, 2017 in Cunduacán Tabasco, Mexico. The thermal efficiency and temperature of the 

different components of the two collectors were calculated and compared at 15-minute intervals. 

The results show that efficiency was always greater in the first collector which varies from 73.5 

to 75.5 %, and in the second collector from 67.5 to 71.5%, showing a minimum difference 

between both collectors of 4 % at 13:15 hours and a maximum difference of 6 % at 9:15 15:45 

hours. This shows that the selective coating of nanostructured black nickel increases efficiency 

by reducing radiation losses. 

Keywords: Absorbing plate, black nickel, efficiency, selective coating. 
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NOMENCLATURE 

Ac   Collector area (m2) 

Cpa   Specific heat of the air (1000  

  J/kg K) 

Dh  Hydraulic diameter (m) 

hci   Heat transfer coefficient by  

  conduction through the lower 

  insulation (W/m2K) 

Hc   Average distance between the 

  absorber plate and the glass  

  cover (m) 

hc,uac   Convective heat transfer  

  coefficients between the glass 

  cover and the air in the  

  upper channel (W/m2 K) 

hc,lab  Convective heat transfer  

  coefficients between air in  

  the lower channel and the  

  bottom plate (W/m2 K)  

hc,uaa   Convective heat transfer  

  coefficients between air in  

  the upper channel and the  

  absorber plate (W/m2 K)  

hc,laa   Convective heat transfer  

  coefficients between air in  

  the lower channel and the  

  absorber plate (W/m2 K) 

hcw   Convective heat transfer  

  coefficients between glass  

  cover and the wind (W/m2 K) 

Hg   Distance between the   

  absorber plate and lower  

  plate (m) 

hr,cs   Coefficient of heat transfer   

  by radiation between the  

  glass cover and the sky  

  (W/m2 K) 

hr,ac   Coefficient of heat transfer  

  by radiation between the  

  absorber plate and the glass  

  cover (W/m2 K) 

hr,ab   Coefficient of heat transfer  

  by radiation between the  

  absorber plate and the lower  

  plate 

I  Incident solar radiation on the 

  glass cover (W/m2) 

ki   Thermal conductivity of the  

  insulation (W/m K) 

ma   Mass flow of air on the upper 

  and lower channel (kg/s) 

Nuuaa  Nusselt Number between the  

  absorber plate and the air in  

  the upper channel 

Nulaa  Nusselt number between the  

  absorber plate and the air in  

  the lower channel 

Nuuac  Nusselt number between the  

  glass cover and the air in the  

  upper channel 

Nulab  Nusselt number between the  

  base plate and the air in the  

  lower channel 

Qua   Useful energy gained in the  

  air of the upper channel  

  (W/m2) 

Qla   Useful energy gained in the  

  air of the lower channel  

  (W/m2) 

Re   Reynolds number 

S  Solar radiation absorbed by  

  the absorber plate (W/m2) 

Tam  Room temperature (K) 
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Tc    Temperature in the glass  

  cover (K) 

Ts   Temperature of the sky (K) 

Tua   Average temperature in the  

  air of the upper channel (K) 

Tla   Average temperature in the  

  air of the lower channel (K) 

Tuai   Air inlet temperature in the  

  upper channel (K) 

Tuao   Air outlet temperature in the  

  upper channel (K) 

Tlai   Air inlet temperature in the  

  lower channel (K) 

Tlao   Air outlet temperature in the  

  lower channel (K) 

Ta   Temperature in the absorber  

  plate (K) 

Tb   Temperature in the lower  

  plate (K) 

Ūa   Average speed of the air in  

  the upper and lower channel  

  (m/s) 

Vw   Ambient air speed (m/s) 

W  Collector width (m) 

αc   Absorptivity of the cover 

αa   Absorptivity of the absorber  

  plate 

Δi   Average insulation thickness  

  (m) 

ϵc   Emissivity of glass cover 

ϵa   Emissivity of the absorber  

  plate 

ϵb   Emissivity of the lower plate 

ka  Thermal conductivity of the  

  air 

σ   Boltzmann Constant   

  (5.67x10-8 W/m2 K) 

ρa  Air density 

𝜏𝑐  Transmissivity of the glass  

  cover 

μa  Dynamic viscosity of the air 

1. INTRODUCTION 

Solar energy is the most abundant clean and 

renewable energy source on earth, and the 

simplest and most efficient way of using it is 

to convert it into thermal energy using solar 

collectors [1]. A solar collector is a special 

type of heat exchanger that transforms 

radiant solar energy into heat [2] and 

consists of a surface that absorbs incident 

solar radiation transmitting it in the form of 

heat to a working fluid. One of its 

applications is air heating for processes that 

do not require a considerably high 

temperature. Among these processes it can 

be mentioned solar drying of different 

agricultural products and heating of rooms. 

The most important parameter for the 

evaluation of solar collectors is thermal 

efficiency which depends on dimensional 

parameters, air circulation velocity, physical 

design and prevailing environmental 

conditions. The thermal efficiency can be 

increased with the design of the collector 

configuration by using an absorber plate 

with fins, a V-corrugated absorber plate, a 

corrugated absorber plate or a suspended 

absorber plate of double step, with the 

incorporation of materials with the capacity 

to store energy in the absorber plate, and 

applying a coating to the absorber plate [1, 

3, 4, 5, 6, 7, 8, 9, 10]. Sebaii et al. [5] 

theoretical and experimentally investigated 
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two double-pass solar collectors: flat plate 

and V-plate collectors; they found that V-

plate solar collectors are 11-14% more 

efficient than flat plate solar collectors. 

In solar thermal applications, a coating must 

have a high absorption capacity but a low 

emissivity to retain trapped thermal energy. 

Spectrally selective coatings are a potential 

alternative in absorber surfaces in low 

temperature applications as they allow 

incoming solar radiation to pass through 

them and block the emissivity of longer 

wavelength thermal radiation [11]. In this 

regard W. Gao et al. [9] conducted an 

analytical and experimental study to 

investigate the effects of selective coatings 

on the efficiency of two types of single pass 

solar collectors with absorber and lower 

corrugated plates perpendicular to each 

other and compared it with the efficiency of 

a collector in which both the absorber plate 

and the lower plate are flat. They found that 

without selective coating the corrugated 

plate collectors are about 10% more efficient 

than the flat plate collector and between 2 

and 6% when selective coating is applied. 

In the present work, we report an analysis of 

the thermal behavior of two suspended plate 

solar collectors for air heating in forced 

convection. The aim of this analysis is to 

determine the thermal efficiency of 

suspended flat plate solar collectors by 

applying to the absorber plate a selective 

coating of nanostructured black nickel 

developed by F. Tzec et al. [12] in 

comparison to suspended corrugated plates 

with matte black commercial coating. In the 

first collector both the absorber plate and the 

lower plate are flat; and the upper side of the 

absorber plate is painted with a selective 

nanostructured black nickel coating of low 

emissivity. In the second collector both the 

absorber plate and the bottom plate are 

corrugated and perpendicular to each other; 

and the upper side of the absorber plate is 

painted with matte black commercial 

coating. The analysis was based on the 

studies made by J. Duffie and Beckman [2] 

which obtained a set of linear equations by 

means of an energy balance in the cover, the 

plates and the air. The system of equations 

was solved by an iterative method using a 

computer program elaborated in MATLAB 

considering the radiation as a constant over 

periods of 15 minutes. Incident radiation and 

ambient temperature were measured in clear 

days on May, 2017 in Cunduacán Tabasco, 

Mexico. 

2. THEORETICAL ANALYSIS 

The schematic configuration of the proposed 

solar collectors of suspended plate in forced 

convection is shown in Figures. 1 ad 2. The 

suspended plate divides the collector in a 

dual channel that allows air to flow through 

both sides of the absorber plate increasing 

the surface area of heat transfer and 

therefore its efficiency. Both collectors are 1 

m long, 0.7 m wide, 0.04 m of spacing in the 

upper and lower channel, a transparent glass 

cover 0.003 m thick, an absorbent steel sheet 

0.0005 m thick, a polyurethane panel coated 

with galvanized steel 0.0381 m thick as an 
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insulation on the sides and bottom of the 

collector. It is considered that the collectors 

operate in turbulent regime. 

 

Figure 1: Flat plate solar collector with selective coating 

 

Figure 2: Wavy plate solar collector with black matte commercial coating 
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Considerations under which the analysis was 

performed. 

 There is an insignificant drop in the 

temperature of the glass cover, the 

absorber plate and the bottom plate. 

 There is a one-dimensional heat flow 

through the insulation that is 

perpendicular to the airflow. 

 The sky can be considered as a black 

body for long wavelength radiation 

at an equivalent temperature of the 

sky. 

 Losses through the cover are air at 

room temperature. 

 Dust, dirt and shading of the 

absorption plate are insignificant. 

 The thermal inertia of the 

components of the collector is 

insignificant. 

 The operating temperatures of the 

components are assumed uniform. 

 For a short collector, the air 

temperature varies linearly in the 

direction of the flow. 

 Air channels are assumed to be free 

of leaks. 

 Thermal losses through the lower 

insulation of the collector are mainly 

due to conduction through insulation; 

those caused by wind and thermal 

radiation of the insulation are 

assumed to be negligible. 

 The surface of the absorber plate and 

the glass cover are the same. 

The analysis of the solar collector was based 

on the studies carried out by Duffie and 

Beckman [2]. Considering that for a short 

collector the temperatures of the walls 

surrounding the air are uniform and the air 

temperatures vary linearly along the 

collectors [4], the average air temperatures 

in the upper and lower channel can be 

expressed as: 

 

𝑇𝑢𝑎 = (𝑇𝑢𝑎𝑖 + 𝑇𝑢𝑎𝑜)/2 (Eq. 

1) 

 
𝑇𝑙𝑎 = (𝑇𝑙𝑎𝑖 + 𝑇𝑙𝑎𝑜)/2 (Eq. 

2) 

 

The equations of the energy balance for the 

glass cover, the absorber plate and the 

bottom plate are given by equations, 

respectively: 

 

𝛼𝑐𝐼 + ℎ𝑐,𝑢𝑎𝑐(𝑇𝑢𝑎 − 𝑇𝑐)

+ ℎ𝑟,𝑎𝑐(𝑇𝑎 − 𝑇𝑐)

= ℎ𝑐𝑤(𝑇𝑐 − 𝑇𝑎𝑚)
+ ℎ𝑟,𝑐𝑠(𝑇𝑐 − 𝑇𝑠) 

(Eq. 
3) 

 

𝜏𝑐𝛼𝑎𝐼 = ℎ𝑐,𝑢𝑎𝑎(𝑇𝑎 − 𝑇𝑢𝑎)

+ ℎ𝑟,𝑎𝑐(𝑇𝑎 − 𝑇𝑐)

+ ℎ𝑟,𝑎𝑏(𝑇𝑎 − 𝑇𝑏)

+ ℎ𝑐,𝑙𝑎𝑎(𝑇𝑎 − 𝑇𝑙𝑎) 

(Eq. 

4) 

 

ℎ𝑟,𝑎𝑏(𝑇𝑎 − 𝑇𝑏) + ℎ𝑐,𝑙𝑎𝑏(𝑇𝑙𝑎 − 𝑇𝑏)

= ℎ𝑐𝑖(𝑇𝑏 − 𝑇𝑎𝑚) 
(Eq. 

5) 

 

The equations of the energy balance for the 

air in the upper and lower channel are, 

respectively: 

 

ℎ𝑐,𝑢𝑎𝑎(𝑇𝑎 − 𝑇𝑢𝑎)

=
2𝐶𝑝𝑎𝑚𝑎(𝑇𝑢𝑎 − 𝑇𝑢𝑎𝑖)

𝐴𝑐
+ ℎ𝑐,𝑢𝑎𝑐(𝑇𝑢𝑎 − 𝑇𝑐) 

(Eq. 

6) 

 



International Journal of Engineering Technology and Scientific Innovation 

ISSN: 2456-1851 

Volume:03, Issue:01 "January-February 2018" 

 

www.ijetsi.org                            Copyright © IJETSI 2018, All right reserved Page 75 

 

ℎ𝑐,𝑙𝑎𝑎(𝑇𝑎 − 𝑇𝑙𝑎) =
2𝐶𝑝𝑎𝑚𝑎(𝑇𝑙𝑎 − 𝑇𝑙𝑎𝑖)

𝐴𝑐
+ ℎ𝑐,𝑙𝑎𝑏(𝑇𝑙𝑎 − 𝑇𝑏) 

 

(Eq. 

7) 

 

 

By rearranging the above equations, we 

obtain the following equations 

  

 

According to W. Gao et al. [9] the 

instantaneous efficiency of a solar collector 

is: 

 

𝜂 =
𝑄𝑢𝑎 +𝑄𝑙𝑎

𝐼𝐴𝑐
=
𝑐𝑝𝑎𝑚𝑎

𝐼𝐴𝑐
[(𝑇𝑢𝑎𝑜

− 𝑇𝑢𝑎𝑖)
+ (𝑇𝑙𝑎𝑜 − 𝑇𝑙𝑎𝑖)] 

(Eq. 

13) 

 

 

And total efficiency of the collector 

according Dote  et al. [1] is: 

 

𝜂𝑡 =
∑(𝑄𝑢𝑎 +𝑄𝑙𝑎)

𝐴𝑐 ∑𝐼
 

(Eq. 

14) 

 

 

The following relationships were used [3, 

13, 14, 15] to calculate the coefficients of 

heat transfer by radiation, the heat transfer 

by convection from the glass cover to wind, 

the sky temperature and the heat transfer 

coefficient by conduction through the lower 

insulation: 

 

ℎ𝑐𝑤 = 2.8 + 3.3 𝑤 (Eq. 

15) 

 
𝑉𝑤 = 1.5𝑚/𝑠 (Eq. 

16) 

 
ℎ𝑟,𝑐𝑠 = 𝜎𝜖𝑐(𝑇𝑐 − 𝑇𝑠)(𝑇𝑐

2

+ 𝑇𝑠
2)

(𝑇𝑐 − 𝑇𝑠)

(𝑇𝑐 − 𝑇𝑎𝑚)
 

(Eq. 

17) 

 
𝑇𝑠 = 0.0552𝑇𝑎𝑚

1.5 (Eq. 

18) 

 

ℎ𝑟,𝑎𝑐 =
𝜎(𝑇𝑎

2 + 𝑇𝑐
2)(𝑇𝑎 + 𝑇𝑐)

1
𝜖𝑎

+
1
𝜖𝑐
− 1

 
(Eq. 

19) 

 

ℎ𝑟,𝑎𝑏 =
𝜎(𝑇𝑎

2 + 𝑇𝑏
2)(𝑇𝑎 + 𝑇𝑏)

1
𝜖𝑎

+
1
𝜖𝑏
− 1

 
(Eq. 

20) 

 

ℎ𝑐𝑖 =
𝑘𝑖
∆𝑖

 
(Eq. 

21) 

 

 

The convective heat transfer coefficients 

were calculated with: 

 

ℎ𝑐,𝑢𝑎𝑎 = ℎ𝑐,𝑢𝑎𝑐 = ℎ𝑐,𝑙𝑎𝑎 = ℎ𝑐,𝑙𝑎𝑏

= 𝑁𝑢
𝑘

𝐷ℎ
 

(Eq. 

22) 

 

where    

𝐷ℎ = 2𝑊𝐻𝑔/(𝑊 +𝐻𝑔) (Eq. 

23) 

 

For the first collector, the Nusselt numbers 

were calculated by the relationship given by 

[4]: 
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𝑁𝑢𝑢𝑎𝑎
= 𝑁𝑢𝑙𝑎𝑎 = 𝑁𝑢𝑢𝑎𝑐 = 𝑁𝑢𝑙𝑎𝑏
= 0.0158𝑅𝑒0.8 

(Eq. 

24) 

 

 

And the  Reynolds number was calculated 

with:  

 

𝑅𝑒 =
2𝜌𝑎Ū𝑎𝐻𝑐

µ𝑎
                                     (Eq. 25) 

 

For the second collector, in the case of the 

cover, the Nusselt numbers were calculated 

in a similar way as in the first collector. For 

the absorber and lower plate, the Nusselt 

numbers were calculated by the relationship 

given in [9]: 

 

𝑁𝑢𝑢𝑎𝑎 = 𝑁𝑢𝑙𝑎𝑎 = 𝑁𝑢𝑙𝑎𝑏 = 0.0743𝑅𝑒0.76 (Eq. 26) 

 

For this case Reynolds number was 

calculated with: 

 

𝑅𝑒 =
𝜌𝑎Ū𝑎𝐷ℎ

µ𝑎
       (Eq. 27) 

 

For a temperature in the range of 

280<T<470 K, the density, thermal 

conductivity and dynamic viscosity of the 

air in the upper and lower channels were 

determined by the following empirical 

relationships [16]: 

𝜌𝑎 = 3.9147 − 0.016082𝑇 + 2.9013𝑥10−5𝑇2 −

1.9407𝑥10−8𝑇3                                              (Eq. 28) 

𝑘𝑎 = (0.0015215 + 0.097459𝑇 −

3.3322𝑥10−5𝑇2)𝑥10−3                                  (Eq. 29) 

𝜇𝑎 = (1.6157 + 0.06523𝑇 −

3.0297𝑥10−5𝑇2)𝑥10−6                         

                                                                        (Eq. 30) 

 

Where for the upper channel T = Tua and for 

the lower channel T = Tla 

3. RESULTS AND DISCUSSION 

Since some heat transfer coefficients are 

functions of temperature, the system of 

previous equations was solved by an iterative 

method using a computer program developed 

in MATLAB language, considering constant 

the radiation in periods of 15 minutes. The 

method consisted in assuming initial values 

for Tc, Tua, Ta, Tla and Tb equal to the ambient 

temperature to calculate the initial heat 

transfer coefficients, which are then used to 

estimate the new temperatures, and if all these 

new temperatures are higher than 0.01% of 

their respective initially assumed values then 

these new values will be used for the next 

iteration, and the process is repeated until all 

new temperature values obtained are within ± 

0.01% of their respective previous values. 

Considering that according to Ong [4], for a 

short collector, the temperatures of the walls 

surrounding the air are uniform and the air 

temperatures vary linearly along the collector; 

the collector was divided into 10 short 

collectors of equal length and width, then the 

system was solved for the first collector. The 

next collector was added at the end of the first 

collector by considering the average initial 

temperatures of the walls equal to the average 

temperatures of the walls of the first collector, 

and the air inlet temperatures of the second 

collector equal to the air outlet temperatures 

of the first collector. First collector, and so on, 
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to consider the 10 collectors. Through this 

process, the temperatures of the components 

of the collector were obtained for the first 15 

minutes. The temperatures obtained in the 

first 15 minutes of iteration in the glass cover, 

the absorber plate, the bottom plate and the 

ambient temperature measured in the next 15 

minutes, were the inlet temperatures for the 

following 15 minutes and so, successively. It 

was considered a slope of the collector of 18° 

(latitude of Cunduacán, Tabasco) and oriented 

directly towards the south. The solar radiation 

data at a slope equal to that of the collector 

and the ambient temperature measured every 

15 minutes, corresponding to the day 26 May 

2017 from 8:30 to 16:00 hours, are shown in 

Figures. 3 and 4. 

The results obtained every 15 minutes by 

solving the system of equations for both 

collectors are shown in Figures. 3, 5-10 for a 

mass flow of 0.09 kg/s. Figure 3, shows the 

useful heat calculated for the two solar 

collectors where it is observed that it is 

slightly larger in the first collector and 

follows the trend of solar radiation, increasing 

gradually until reaching a peak value and then 

decreasing as the solar radiation decreases. 

The instantaneous efficiency calculated for 

the different intensities of solar radiation with 

equation 13 is shown in Figure 5. The 

efficiency for the first collector varied in the 

range of 73.50 to 75.50 %, and for the second 

collector in the range of 67.5 to 71.5 % (Fig. 

5). The efficiency was higher in the first 

collector, with a minimum difference of 4 % 

about 13:15 hours and a maximum of 6.0 % 

about 9:15 and 15:45 between both collectors. 

The total efficiency calculated with equation 

(14) was 74.5 % for the first collector, and 

70.1 % for the second collector. This shows 

that the selective coating of nanostructured 

black nickel increases efficiency by reducing 

radiation losses. However, the use of a 

selective coating raises the cost of the 

collector, a cost-benefit analysis being 

necessary.
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Figure 3: Solar radiation and useful heat variation on May 26th 2017 
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Figure 4: Ambient temperature variation on May 26th 2017 
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Figure 5: Efficiencies variation 
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Figure 6: Glass cover temperature variation 
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Figure 7: Absorbing plate temperature variation 
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Figure 8: Bottom plate temperature variation 
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Figure 9: Upper channel air out temperature variation 
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Figure 10: Botton channel air out temperature variation 
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The temperature variations in the different 

components of both collectors are shown in 

Figures. 6-10. In the same way as useful 

heat and efficiency, temperatures follow a 

behavior similar to solar radiation. In both 

collectors, the lower temperatures are 

present in the cover (Fig. 6), and the higher 

temperatures in the absorber plate (Fig. 7). 

This is due to the low absorptivity of the 

cover and the high absorptivity of the plate 

absorber. In Figure 6 it is observed that in 

the second collector cover the temperatures 

are higher due to the higher emissivity of the 

absorber plate, consequently, in the absorber 

plate of the first collector the temperatures 

are higher as can be seen in Figure 7. In the 

lower plate (Fig. 8), temperatures are higher 

in the first collector, since the temperatures 

of the absorber plate in this collector are 

higher, and in both collectors the emissivity 

in the lower side of the absorber plate were 

considered equal causing a greater flow of 

energy by radiation to the bottom plate in 

first collector. The variation of the air 

temperature at the outlet in upper channel in 

both collectors is shown in Figure 9 and in 

the lower channel in Figure 10. It can be 

seen that in both the upper and lower 

channels, the temperatures are slightly 

different in both collectors as in the case of 

the useful heat. This confirm that the low 

emissivity selective coating on the absorber 

plate of the first collector increases the 

efficiency by reducing radiation losses. In 

the upper channel the temperature is slightly 

higher for the second collector while in the 

lower channel the temperature is slightly 

higher in the first collector, in both cases, 

according to the calculations by 

approximately 0.23 K on average. 

4. CONCLUSION 

By means of an energy balance two solar 

collectors of different shape in the absorber 

plate and different coatings were analyzed. 

The results show a total efficiency of 74.5 % 

for the first collector and 70.1 % for the 

second, demonstrating that the selective 

coating of nanostructured black nickel 

improves the efficiency of the flat plate solar 

collector by reducing radiation losses. 

However, the use of selective coatings 

increases the cost of the collector, requiring 

a prior cost-benefit analysis. The variation in 

temperatures, useful heat and efficiency 

were in accordance with the trend of the 

solar radiation, reinforcing the correct 

execution of the model to evaluate the 

performance of the analyzed solar collectors. 
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