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ARTICLE INFO ABSTRACT

Keywords: This study presents experimental investigation and thermal analysis of solar air heater having
Solar air heater rectangular roughness on the absorber plate. The solar air heater used for the experiment was
Thermal efficiency locally fabricated. The maximum intensity of solar radiation, ambient and solar air heater tem-

Heat transfer coefficient
Rectangular rib
Comptational fluid dynamics

perature were 827.87 W/m?, 33.77 and 112.0°C respectively during the day time period of
9:00-18:00 h operation. The calculated thermal efficiency value ranged between 14.0 to 56.5%.
The simulated minimum and maximum temperature of the solar air heater were 21 and 127 °C
respectively, which were in reasonable agreement with experiment result of 20 and 112 °C. Thus,
the solar air heater was considered capable of handling processes such as drying of various
agricultural products, water heating etc. with temperature control mechanism.

1. Introduction

Importance of energy in our daily life cannot be over-emphasised considering its usefulness in food processing, preservation,
lighting, heating, cooking etc. [1,2]. Renewable energy source has become viable alternative means through which dependable
energy could be accessed. Harnessing the abundant potentials in the freely given renewable energy sources such as solar energy has
become necessary considering the increase in the cost of fossil fuel, rapid depletion of the world's fossil fuel reserves and also the
erratic nature of power supplies in developing counties like Nigeria. The simplest and most efficient method to utilise this freely given
energy source is to transform solar radiation into thermal energy for heating application using collectors, Sonalkar et al. [3]. Solar
energy has been adjudged the most viable and reliable of all other renewable sources in the world because it is clean and abundant,
Panwar, [4]. Heating can be done by solar thermal energy using different configurations. There are three types of solar collectors
namely: flat plate, evacuated tube, and parabolic trough. Among the three, flat plate collectors are the most common for low
temperature applications (323-343 K) [5]. The major areas of application of solar air heater include drying of agricultural products,
space heating, curing of industrial products and seasoning of timber, architecture heated, HD desalination [6-9]. Introduction of the
rib roughness have been carried out in the cooling channels of gas turbine blades and solar air heater in order to enhance heat
transfer, Karwa et al. [10]. Incorporation of different configurations of rib roughness in the form of fine wires on the absorber plate is
one of the important and effective design modifications proposed to improve the thermohydraulic performance, Yadav and Bhagoria
[11] (Table 1). Several innovative studies have been reported on the design, experimental study and CFD based thermal investigation
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Nomenclature Tmp weighted mean value of plate temperature, K
UL overall heat loss by the collector, W/K
A. solar collector area of heat transfer, m? u, v, w velocities in X, Y and Z direction, m/s
Cpa specific heat capacity of air kJ/kgK X,y,z distance along X, Y and Z axis
D hydraulic diameter, mm X,Y,Z coordinate axis
f friction factor
Fr collector heat removal factor Greek symbols
G mass velocity of the air through the duct, m/s
h coefficient of heat transfer W/m?/K a thermal diffusivity, m/s
H height of the duct, mm 0 density of air, kg/m>
I incident insolation, W/m?> u viscosity, kg/ms
L Length of the collector, m n efficiency, %
Mg mass flow rate of air, kg/s
Nu Nusselt number Subscripts
P pressure, N/m?
dp pressure drop across the length of the duct N/m?> a air
Qg heat gained by air, W bm bulk mean
Qu heat gained by the collector, W c collector
Re Reynolds number g gained
T temperature, K L loss
T, ambient air temperature, K mp weighted mean value
Thm bulk mean air temperature, K R heat removal
Ta ambient air temperature, K
Table 1
Thermophysical properties of air, absorber plate(aluminium) and glass [7,14].
Properties Air Aluminium Glass
Density (kg/m®) 1.1925 2719 2500
Specific heat (J kg~' K 1) 1006.2 871 670
Thermal conductivity k (Wm~™* K ~%) 0.0242 202.4 744.3

Viscosity (Nm~?) 17894 x 10~ % - -

Fig. 1. Pictorial view of the solar air heater. 1. Glass cover 2.Wooden frame 3.Temperature sensor 4. Solar air heater stand.

and analysis of solar air heater having groove or rib roughness ([3,7,10-20]).
In this study, experimental investigation and thermal analysis of a rectangular-sectioned solar air heater having rib roughness
incorporated with heat conducting copper chrome pipes were carried out.

2. Materials and methods
2.1. Thermal analysis of the solar air heater
The main concern of the thermal performance of a solar air heater is the heat transfer process within it. The design details in this

study had been previously presented in the earlier report of Komolafe and Waheed [21].
The energy gained by the collector can be calculated using the relation, Gatea, 2010 [22]:
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I

Fig. 2. Arrangement of the heat conducting copper pipes along the ribs. 1. Heated air outlet 2. Black coated aluminium plate 3.Copper pipes 4.
Wooden box.

Fig. 3. The 3-D computational domain of the solar air heater.
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Fig. 4. The meshed solar air heater.

Qu= atlA. — UA(L - T) (€Y

where A, is the solar collector area (m?), I the incident insolation (W/m?), U the overall heat loss by the collector (W/K), «.the Solar
absorptance, T transmittance of absorber plate, T. the collector temperature (K), and T, the ambient air temperature (K).
The heat gained, Sevik, 2013 [23], is given by air:

Qg = macpa(Tc - 7:1) (2)

where 71, is mass flow rate of air through the dryer per unit time (kg/s) and Cp, the specific heat capacity of air (kJ/kg K)
The coefficient of heat transfer between the air and the heated plate is expressed as Karwa et al. [10]:

Q

h=— <
{Ac(Tmp - ’Ibm)} (3)

where A. = LB is the collector area of heat transfer, T,,, and T;,, are weighted mean value of plate temperature and bulk mean air
temperature. (%

The Nusselts number and Reynolds number to provide required information on heat transfer quality are given as:
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Fig. 5. Variation of solar radiation and temperature of the ambient, and solar collector with time.

¢ Coll. Temp. O Amb. Temp. X Amb.Hum.
DAY TIME NIGHT TIME
. 120 r 120
3 “ :
§ 100 o %0, x X X x X X X y [ 100 @
o 134 %s E =
% 80 é OO x X X F8 ®
[ o < X r P
° C o
T 60 4 x ° - F60 =
= o [ =
= X X L
T 40 4 L 40 £
g ooéé&nuéoo o R b
< £
§ 20 0 © ogowgogogoooeowooooooo ofg 2
0 rrrrrrrrrrrr1rr1r1roT rrrrrrrrrrrrrrrrr T rrrr 11 1rorT I— 0
9 1011121314151617181920212223 0 1 2 3 4 5 6 7 8
Time (hr)
Fig. 6. Variation of humidity and temperature of the ambient, and collector with time.
hD
NU = —
k @
and
Re = 6D
4 )

where D = 4BH/{2(W + H)} is the hydraulic diameter, G = m/(BH) which is the mass velocity of the air through the duct.
The friction factor (f) can be obtained from the measured value of pressure drop dp across the length of the duct using the
expression, Karwa et al. [10]:

f= 2(6p)pD
4LG? 6)
The collector heat removal factor (Fg) is Alta et al. [24]:
Fo = mana(Tc - 7:1) — %
T Afad - U (T - T)] Qu @

The collector efficiency (n) is expressed as Montero et al. [25]:
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Fig. 7. Variation of Nusselt number with Reynolds number.
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Fig. 8. Plot of heat transfer coefficient against Reynolds number.

ma Cpa(Tc - T;J)
IA, (8)

2.2. Computational fluid dynamics approach

Computational fluid dynamics method were used to investigate the interactive motion of large number of individual particles
inside the fluid domain, Vyas [14]. It entails numerical solution of the governing equations (non-linear partial differential equation)
of continuity, momentum, energy and species. These three dimensional governing equations are summarised as follows.

The mass conservation (i.e. continuity) equation:

du dv dw
ox dy 0z 9

The momentum equations with constant properties are:
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Fig. 10. Variation of thermal efficiency with time.
2 2 2
Sudu o o, (Pu Fu ou
ax dy 4z ox ox?  gy* 72 (10)
dv dv dv op v
Ut Ve + W | = -2 — =
p( ax oy 6z) 3y “(ax2 3 622) an
ow ow ow dp oow  w  w
U=+ Vo 4w | = - e
p( ax dy az) oz #(5x2 oy 9z? ) (12)
The energy equation with constant properties is
2 2 2
pOT O 3T\ __ (eT  eT  eT
ax dy 4z ax? = oy? 9z 13)

2.3. Experimental set up

The solar air heater pictorially shown in Fig. 1 consists mainly of top-open wooden box, (2100 x 1100 x 120) mm made from
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20 mm thick plywood, a 2000 x 1000 mm black painted aluminium sheet having rectangular rib roughness on which air inlet copper
pipes were attached as shown in Fig. 2, 50 mm thick rock wool insulation to prevent heat loss in the box and 2000 x 1000 X 4 mm
glass. The no load experiments were conducted at the Teaching and Research Farm, Landmark University, Omu Aran, Nigeria on
latitude 8° 8'N, longitude 5° 5’ E under natural convection mode from 9:00 h to 18:00 h in order to determine the thermal profile of
the solar air heater. Temperature was measured at different locations within the air heater using sensors DS18B20 capable of
measuring temperature from —55 to +125 °C ( = 0.5 °C accuracy). The sensors were connected to a data logger made up of Atmel
ATmega 328P type micro-controller which acts as the brain of the system, SD Card Module for mounting the memory card, a real time
clock module for taking note of time and date of the day and a power bank unit which is powered by a 4400 mA H. It was configured
and programmed to take readings at interval of thirty minutes (30 min). Data of other vital parameters such as ambient air, relative
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Fig. 11. Temperature profile along the length of the solar air heater.
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humidity and solar radiation etc. were collected from the Campbell Scientific Ltd. manufactured weather station (Data logger Model
No: 18728) positioned few metres from the solar air heater.

2.4. Solution technique

The governing equation in their steady, incompressible and three dimensional states were solved after appropriate definition of
computational domain, mesh generation, boundary condition using commercial CFD software ANSYS FLUENT 14.5 which is based on
finite volume method. The inlet parameters from the experimental studies were used as input data for simulation. The output
parameter from the simulation studies were compared with the estimated output parameters for different set of conditions. The
overall dimension of the 3-D computational domain (Fig. 3) of the developed solar air heater used for CFD analysis was (2100 x 1100
x 120) mm. Generation of mesh (Fig. 4) without the fluid carrying pipes was carried out by rectangular elements after the definition
of the computational domain. The second order upwind scheme was used for discretization of the governing equations, Patankar [26]
and Renormalization-group (RNG) k-¢ model was engaged to simulate the flow of heat.

3. Results and discussion

Fig. 5 shows the variation of the solar radiation and temperature of the ambient, and collector with time. It is clearly evident from
the figure that the two temperatures and the solar radiation increased with time while from the afternoon towards evening, they
decreased. The temperature profile follows the same pattern with the solar radiation profile. The measure maximum ambient and
collector temperatures were 33.77 and 112.0 °C (385 K) respectively. The solar radiation attained its peak value of 827.87 W/m? at
12: 00 h. At 18:00 h, it was observed that the intensity of solar radiation and the temperatures had reduced to 222.55 W/m? and
33.0°C (306 K) respectively. During the night time (between 17:00h and 8:00h the following morning), the intensity of solar
radiation ranged between 0 and 25.97 W/m?, and temperatures between 21.5 and 33.8 °C. The maximum collector temperature
obtained proved that the solar air heater will be capable of supplying the needed heat for industrial operations such as drying, space
heating etc if infiltration losses are minimised while connecting with other units of a system.

In Fig. 6, the relative humidity was plotted over the time. The ambient and collector temperatures were also plotted over time to
reveal the effects on the relative humidity. As depicted, the temperatures increased with the time from the morning hour towards
noon and decreased towards night time while the relative humidity decreased with time towards noontime and increased towards
night time. The minimum and maximum ambient relative humidity values of 33.8 and 99.99% were measured at 16:00 h and 3:00 h
(the following morning).

Fig. 7 depicts the plot of Nusselt number with Reynolds number. It can be seen from the figure that the Nusselt number increased
from 22.94 to 145.5 with the increase in the Reynolds number from 4711.6 to 6004.63. This may be attributed to the increase in
turbulent intensity caused by increase in turbulent kinetic energy and the rate of dissipation, Yadav and Bhagoria [12]. Also, this
occurred due to vigorous mixing of primary and secondary flows, reattachment and vortex shedding between the ribs, Sharma and
Kalamkar [27]. Similar trends were reported by [11,15,17,18] for solar air heater having square-sectioned transverse rib, transverse
rectangular ribs, V-shaped ribs and ribbed triangular duct on the absorber plate respectively.

The plot of heat transfer coefficient against Reynolds number is reported in Fig. 8. Similar to the profile presented in Fig. 7, the
heat transfer coefficient increased with the increase in Reynolds number. The maximum heat transfer coefficient and Reynolds
number were 13.95 W/m?K and 6004.63 respectively.

The variation of friction factor with Reynolds number is presented in Fig. 9. It can be seen from the two parameters that the
friction factor decreased with the increase in Reynolds number. This trend simply interprets that the higher the friction factor the
lower the Reynolds number. This may be attributed to suppression of laminar sublayer for fully developed turbulent flow in the duct,
Vyas [14].

Fig. 10 shows the variation of the thermal efficiency with time. The values of the thermal efficiency ranged from 14.0 to 56.5%
and averagely 33%. This average thermal efficiency obtained in this study was in reasonable agreement with 30.6, 35 and 41%
reported by [21,28,29]. The maximum thermal efficiency obtained was higher than 20.3, 29.8 and 35.1% reported by [30] for three
configurations of flat plate collector. The mass flow rate varied between 0.032 and 0.056 kg/s. It is evident from the figure that the
collector efficiency decreased as the intensity of the solar insolation increases. Also, this is in congruent with the result of study on
hybrid solar drying system by [28,29] that at low solar insolation, the thermal efficiency of the collector increased.

Figs. 11 and 12 display the temperature profiles of the solar air heater and inner wall temperature distribution on the absorber
plate. It can be observed that the increase in the solar air heater temperature from the inlet to the top was in the range of 21-127 °C
(294.7-400 K). The temperature distribution on the absorber plate were almost homogenous. This could be the resultant effect of
insulating material which helped to reduce infiltration losses through the walls of the air heater. Comparison between the simulated
and experimental (temperature profiles) results revealed that they were in reasonable agreement with each other.

4. Conclusion

A solar air heater with rectangular sectioned rib roughness on the black coated absorber plate was experimentally and nu-
merically investigated for thermal analysis under Omu Aran climate, Nigeria. On the sectioned ribs were heat conducting copper
chrome pipes through air enters and exits the heater. Temperature at different locations within the air heater was measured using
sensors DS18B20 connected to a data logger. For thermal analysis, the governing equations (Continuity, momentum, energy and
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cies) were numerically solved for a three-dimensional solar air heater using Finite Volume Method with the aid of ANSYS, a

Computational Fluid Dynamic software.

The following were the major results drawn from the study:

. The maximum intensity of solar radiation, ambient and solar air heater temperature were 827.87 W/m?, 33.77 and 112.0°C

respectively during the day time period of 9:00-18:00 h operation.

. The minimum and maximum ambient relative humidity value of 33.8 and 99.99% were measured at 16:00 and 3:00 h morning

hour.

. The calculated thermal efficiency value ranged between 14.0 to 56.5%
. The simulated minimum and maximum temperature of the solar air heater were 21 and 127 °C respectively, which were in

reasonable agreement with experimental result of 20 and 112 °C.
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