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Computational fluid dynamics and experimental analysis of direct

solar dryer for fish
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Abstract: Fish preservation is the most important post-harvest process in commercial fishery. The traditional methods of fish
preservation are inefficient and susceptible to contamination. Few existing solar fish dryers are not designed for optimal
drying performance. In this study, a direct solar dryer for fish was numerically modeled, fabricated and evaluated for
performance enhancement. The modeling was performed using Computational Fluid Dynamics code to simulate different
dimensions of the designed dryer at varying fan speeds. By applying desirability function method, (70x60x40) cm® drying
chamber with a plane of 25 cm away from the base for tray location gives optimal temperature and the best uniform air flow
distribution. The performance of the fabricated dryer using the numerical model results was experimentally evaluated during
the dry season and the wet season of the year without load. Maximum collector efficiency of 77.2% and temperature elevation
of 26.7°C was observed at natural convection (0 m s™' fan speed) for both seasons. Using root mean square error and mean

bias error, predictions were within acceptable limit (10%) and there were no significant differences between the experimental
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and numerically predicted values by statistical t-test (»<0.05) at fan speeds considered.
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1 Introduction

Solar energy is the most considerable energy source
in the world. The world receives 170 trillion (KW) solar
energy and 30% of this energy is reflected back to the
space, 47% is transformed to low temperature heat energy,
23% is used for evaporation/rainfall cycle in the Biosphere
and less than 0.5% is used in the kinetic energy of the
wind, waves and photosynthesis of plants (Ingle et al.,
2013). Nigeria lies within a high sunshine belt and the
country solar radiation is fairly distributed well. It varies
from about 12.6 MJ/m*-day (3.5 kWh m™-day) in the
costal latitudes to about 252 MJ m? day (7.0 kWh
m-day) in the far north (Irtwange, 1991).

Man has increasingly become dependent on natural

resources to satisfy his needs and some methods of
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utilizing solar energy have reached a stage of
development where they can compete economically with
methods of using conventional energy source (Arinze,
1983). Solar drying is a potential decentralized thermal
application of solar energy particularly in developing
countries (Sharma et al., 2009).

Drying reduces moisture, with a consequent weight
reduction, prolongs shelf life and preserves the nutritional
quality of the food. Fish farming is a fast growing
business in Nigeria with production rate increasing
annually. Fresh fish contains up to 80% of water and to
spoilage during storage, moisture content must be
reduced to 15% (Bala and Mondols, 2001).

Traditional methods of drying fish (open sun drying
and smoking) are not hygienic. The open drying process
usually leads to the deterioration of the products because
of many detriments, such as reduced quality due to wind,
wastage, rainfall, animal and anthropological impedance.
Smoking contributes to environmental degradation since
it uses biomass and also introduces cancer causing

substances in fish flesh since smoke contains poly
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aromatic hydrocarbons (PAH) which are carcinogenic
(Mustayen et al., 2014). Solar dryer is considered as a
cleaner and sustainable solution compared to traditional
drying approaches. Researchers have developed different
solar dryer to alleviate the problems associated with
traditional methods although without adequate modeling
of the dryer towards parameter optimization for optimal
drying performance.

A comprehensive review of the various designs and
details of construction and operational principles of
practical solar dryers was presented by Ekechukwu and
Norton (1999). A

classification of solar energy dryers were also evolved,

systematic approach for the
identifying two generic groups, namely passive or natural
circulation solar energy dryers and active or forced
convection. Mustayen et al. (2014) presented a review on
the performance study of different solar dryers. The paper
presents the state of various kinds of solar dryers that are
widely used today. The indirect, direct, and mixed mode
dryers that have shown potential in drying agricultural
products in the tropical and subtropical countries are
discussed. A cabinet drying system was constructed and
tested by Al-Juamily et al. (2007) and the results showed
that the most effective factor on the drying rate was the
drying air temperature inside the cabinet; effect of air
velocity was minimal and therefore there was no need for
high air velocity inside the cabinet. To design a cost
effective and compact solar dryer, a direct solar dryer
type was considered in this study. It will also give room
for the product to be dried to receive energy from both
collector and solar incident radiation.

Numerical techniques have been used to numerically
model the behavior of some kinds of dryers (Kituu et al.,
2010, Hossain et al., 2009, Sadodin and Kashani 2010,
Maia et al., 2012, Adeniyi et al., 2012) but with the need
for optimization of solar dryer geometry and performance
prediction at various operating condition before actual
production of the prototype. The specific objective of this
paper is to numerically simulate a direct solar dryer at
different dimension for performance optimization, design,

fabricate and carry out performance evaluation.
2 Materials and methods

2.1 Geometric considerations

Several response variables describing the quality
characteristics and efficiency of the systems were to be
optimized. Some of these variables are to be maximized
and some are to be minimized. In many cases, these
responses are competing, i.e., improving one response
may have an opposite effect on another one, which further
complicates the situation. In this study, the parameters
considered were the height, the length, the breath of the
dryer and the fan speed. It was recommended that a
constant exchange of air and a roomy drying chamber
should be attained in solar food dryer design with least
height of 40 cm, thus the design should be made spacious
(Alamu et al., 2010). In this study, a breath of 60 cm was
used throughout the simulation and four different lengths
(55 cm, 60 cm, 65 cm, and 70 cm) were considered to
determine the optimum height that will ensure optimal
performance of the dryer. Four different heights (40 cm,
45 cm, 50 cm and 55 cm) of the front side of the dryer were
investigated in this study while the height of the back side
depended on the angle of inclination of the glass and the
height of the front side. According to Fagbenle (1991),
the optimum angle of inclination for glass for sites in
Nigeria with latitudes 8.5° N or less was (latitude angle
+10°). Hence, the suitable angle of inclination for the
glass is 17.48° (10° +7.48°).

These parameters were combined together as shown
in Table 1. In order to determine the optimum position for
the tray, the simulation of the dryer was performed
without considering the tray and the product to be dried.
The maximum air velocity to be used was determined
using Equation (1) and (2). Inlet opening which will serve
as air inlet was made the dimension of 12V, 0.2A DC fan
(80 cmx2.5 cmx80 cm), capable of delivering 0.021 m’s™
of air, and which could induce forced convective in the
dryer whenever necessary. Outlet opening was made
300 cmx5 cm. It is suggested for hot climate passive solar
dryers, a gap 5 cm should be created as air vent (Alamu et
al., 2010).

M
= ()
(AW, x n)
My=MaxVs (2)

where, M, denotes the mass of air to remove moisture
(kg); My is quantity of water to be removed (kg); AWcp is

change in humidity ratio between heated and equilibrium
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point (kg/kg dry air); My is volumetric flow rate; V is
specific volume of the drying air and n is the pickup

value (0.2 considered appropriate for fish from literature).

Table 1 Dimension formulated (I xbxh) cm?

1l 12 13 ]4

hi (55%60x40)  (60x60x40)  (55%60x40)  (60x60x40)
h2 (55%60x45)  (60x60x45)  (55%60x45)  (60x60x45)
h3 (55%60x50)  (60x60x50)  (55%60x50)  (60x60x50)
hd  (55%60x55)  (60x60x55)  (55x60x55)  (60x60x55)

2.2 Governing equations

For all flow, CFD solves conservation equations for
mass and momentum. For flows involving heat transfer or
compressibility, an additional equation for energy
conservation is solved. These equations can be written

respectively, as follows:

a—p+V-(pv):Sm 3)
ot

LYW=V +V-@ g @)

o(ph) OP
—————+V-(pvh)=V-()VT)+V-(v-1)+
LY =V VDAY e
v-S +S;

For the turbulence modeling, k-epsilon model which
is generally used for such calculations due to stability and
precision of numerical results in literature was chosen for
the numerical calculation. It assumes conservation of
turbulence kinetic energy, k& and its corresponding

dissipation rate ¢ through the following relations.

%+V-(pvk)=v-ﬁ,u+&)Vk}+Pk—pe (6)

Oy

%Jrv-(pvg):vﬂwg‘—jw}%(gla —C.,pe)
(7

2.3 Numerical procedure
The model equation were solved using a finite volume
computational fluid dynamics code ANSYS FLUENT.
The CFD code has an add-on package for solar load
model which has requirement for latitude and longitude
of the location. The solar dryer model was created using
design modeler (Autodesk Inventor 15) because of its
flexibility and then exported to ANSYS design modeler

interface. The mesh size was decided by checking the

orthogonal quality and skewness after carrying out a

preliminary grid independency analysis with different
mesh resolutions based on computational cost. Figure 1
showed the typical generated mesh. The Monte-Carlo ray
tracing methodology in Li et al. (2011), with solar load
model available in FLUENT were used and the position
of the sun related to experimental conditions was
determined with solar calculator available in FLUENT.
The global solar position of the sun was computed based
on the latitude (7.48° N) and longitude (4.57° E) of the

research location.

Glass

Outles

Walls

250.00 500.00 750.00

1000.00 mm
1

Figure I Meshing using ANSYS FLUENT

2.4 Boundary condition and solution Set-up

Four inlet velocities 0 (natural convective), 1.5, 2.5,
and 3.5 m s were used. The direction of flow was set
normal to inlet and it was assumed that the air was at
ambient temperature. The glass thickness and the
transmissivity were set to 4 mm and 0.9 mm, respectively.
The wall was selected to be galvanized steel and opaque,
the thickness was 1 mm, and it participated in solar ray
tracing with absorptivity of 0.9. The details of the
materials properties used are given in Table 2. The
thermal condition selected was mixed since the heat
transfer within the dryer will be by convection and
radiation (surface to surface). A default gauge pressure of
0 Pa was used at the outlet of the dryer. Pressure-Implicit
with Splitting of Operators (PISO) algorithm which is
highly recommended for all transient flow calculations
was adopted. In this study, the default criterion of
convergence of variables associated with the momentum,
heat transfer and turbulence was achieved with 107
and at a point the solution no longer changes with
more iterations, monitoring the representative flow
variables through iterations shows that the residuals has

stagnated.
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Table 2 Materials properties | 2
no | X, — X,
Materials/properties Air Glass Steel RMSE (%) = _Zi_l {I—ZWJ ©)
n X,

Density (kg m™) 1225 2600 8030 e
Specific heat (J kg K 1005 840 502 lo—n x,—x

pecficheat (ke 1)~ MBE (%)=~ J—Tme (10)
Thermal conductivity (W m " K™) 0.024 1.1 16.27 n -1y

Viscosity (kg m™ s™) 2.8e-05 -- -

2.5 Description of experimental solar dryer and
experimental setup

Numerically obtained parameters (from geometry
optimization simulation) were used for the design of the
solar dryer. Figure 2 showed the designed dryer after
simulation. The experimental dryer was made from
locally available materials (such as galvanized sheet,
glass sheet, fiber glass and wood). The drying chamber
was double walled insulated with fiber glass of 5 cm thick
(from design calculation using Equation (8)) to prevent
energy losses. 12V DC fan was attached to the dryer to
induce force convection and was connected to air speed
regulator which was connected to 12V DC battery. The
inner wall was painted black for enhanced absorption and
emission of solar energy. The experimental dryer was
mounted on a wooden frame. No load was conducted on
the dryer during the dry and wet season of the year. The
test was carried out mainly to measure the collector
efficiency, ambient temperature (7)), temperature above
the tray (73,), temperature below the tray (735), outlet
temperature (73), ambient relative humidity and relative
humidity in the dryer for both dry and wet season. The
experimental set up arrangement was shown in Figure 3.
On each day, air temperature and relative humidity were
measured between 8:00 am and 5:00 pm, at two hours
intervals.
_ KA, -T,)

X

where, K (W m™ K) is thermal conductivity of the fiber

o ®)

glass; X (m) is the thickness of the lagging and A (m?) is
the cross sectional area.
2.6 Model validation

To wvalidate the developed model, simulated and
actual data were compared using graphical method. The
model predictions were evaluated on the basis of root
mean square error (RMSE) and mean bias error (MBE)
using Equation (9) & (10). They are frequently used as a
measure of the difference between values predicted by a

model and the values actually observed.

true
Other tool used to test the existence of significant
difference between actual and simulated data is statistical

t-test analysis at 95% confidence:

t= . (=) . (11)
(n,—1s: +(ny—l)syi+i
n,+n,—1 n, n,

If |f| <t,2, No significant different.

where, x and yp are the mean value of the actual and

simulated data, respectively; n, n,, n, are number of
measurement; sy, s, are standard deviation and x;, X are

the predicted and experimental values, respectively.

Air outlet

Transparent glass

Drying tray

All dimensions in mm
Figure 2 Experimental Dryer

Glass cover
Air

Solar insolation

Ll

Thermocouple 1 (Ambient)
Thermocouple 2 (Glass)
Thermocouple 3 (Above tray)
Thermocouple 4 (Below tray)
Thermocouple 5 (Outlet)
Anemometer

m Hydrometer

m e ® o0 0

Tray

;-&— Data logger

Figure 3 Experimental Set up
2.7 Collector efficiency

Collector efficiency is defined as the ratio of heat

received by the drying air to the insolation upon the
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absorber surface and was calculated using Equation (12).

vxpxc xVt
N =——"——— (12)

A x1,
where, 4. is the collector area (mz); 1. incident radiation
(W/m?); ¢, is the specific heat capacity (kJ kg! K™); vis
the volumetric flow rate of air (m3 s'l); p is the density

(kgm™)and Vr is the change in time (s).
3 Result and Discussion

3.1 General observation
The numerical simulation results that combines the

effect of varied geometrical dimensions and fan speeds

on the dominant temperature in the dryer were shown in
Figure 4. The drying chamber with dimension (70x60x
40) em® had the highest dominant temperature of 56.5°C
at 0 m s (natural convection), 53.5°C at 1.5 ms™, 52.5°C
at 25 m s and 51°C at 3.5 m s while the drying
chamber with dimension (55x60x55) ¢cm® had the lowest
dominant temperature of 51.5°C at 0 m/s, 50.2°C at
1.5ms",474°C at2.5ms" and 46.4°C at 3.5 ms™. This
result showed that the optimal length was 70 cm and the

optimal height was 40 cm at breath 60 cm.
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Figure 4 Effect of fan speed on dominant temperature of
considered dimensions

3.2 Effect of varied fan speed on dominant temperature

The dominant temperature in the dryer decreased with
the increase in the fan speed for all the dimensions, and
the dominant temperature at 0 m s™' fan speed was the
highest value compared to other fan speeds. This
indicated that sucking in of air by the fan reduced the
temperature in the chamber, and led to convective cooling
inside the dryer. The result also showed that the
temperature of the dryer could be regulated by controlling

the fan speed. When the dominant temperature inside the

dryer was high and to avoid cooking, compensation could
be achieved by increasing the speed of the fan and this
would reduce the temperature. Tropical species of fish
can generally withstand temperatures 35-50°C before
protein were denatured and cooking starts (Bala and
Mondols, 2001). To ensure only drying and to avoid
cooking of the fish, the drying air temperature was
needed to be mentained around this temperature range.
3.3 Effect of change in length on the dominant
temperature

In Figure 5, it was observed generally that the
dominant temperature increased with the increase in
length of the dryer due to the increase in exposed surface
area to the sun ray. Drying chamber with dimension
(55%60x40) cm’, (60x60x40) cm’, (65x60x40) cm® and
(70x60x40) cm® had the highest dominant temperature in
all fan speeds compared to other dimension of the same
category in length. The figure also indicated 70 cm as
optimal length.

570
5651

56.0

A (55=60=40)
E (60+60=40)
I (65=60=40)
M (T0=60=40)

Dominant temperature ( °C)

54.5

A E i M

Dimension (cm)

Figure 5 Dominant air temperatures with length
3.4 Effect of change in height on the dominant
temperature

In Figure 6, the dominant temperature in the drying

chamber decreased with the increase in the height of the
dryer. The distance of the glass from the tray appeared to
be another way the temperature can be regulated in a
direct solar dryer or around the product to be dried. In
high temperate regions, the distance of the glass from the
tray could be increased to avoid over heating of the
product. Drying chamber with dimension (70x60x
40) em’, (70x60x45) cm’, (70x60x50) cm’ and (70x60x
55) cm’ had the highest dominant temperature in all fan
speeds compared to other dimension of the same category
in height and the figure indicates 40 cm as the optimal
height.
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Based on this analysis, drying chamber with
dimension (70x60x40) cm’ was selected as optimal
drying chamber dimension since it had the highest
dominant temperature.

STr
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P (T0=60%55)
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M N 8] P
Dimension (cm)

Figure 6 Dominant air temperature with height
Figure 7-10

contours for the dimension (70x60x40) cm’ at different

showed the obtained temperature

fan speed. The temperature contours showed that air near
the glass had the highest temperature as the result of the
participation of the glass in solar ray tracing algorithm
while other parts were adiabatic walls and the closeness
of the upper part of the dryer to the glass exposed to solar
radiation. The simulation results also indicated that the
heat convection and conduction received by the glass and
absorber walls, respectively maintains the drying
chamber at high temperature. The low temperature at the
air inlet revealed the convective cooling effect of the
incoming ambient air to the drying chamber.

For the purpose of even drying, optimal position
where the temperature was more uniform for the drying
tray inside drying chamber was observed. For this to be
achieved, temperature profile of drying chamber at
3.5 m s was selected as the reference profile since
3.5 m s was the maximum speed considered in this
experiment and six horizontal planes at 20 cm, 22.5 cm,
25 cm, 27.5 cm, 30 cm and 32.5 cm away from the base
was selected. Horizontal plane at 25 cm away from the
base was selected as a better position for the tray owing
to even drying, temperature uniformity and prevention of
product considered from over heating. Figure 11 showed
the temperature contour at the plane selected while Figure
12 showed the air velocity at the plane. It was observed
that the air velocity was higher at wall opposite the air
inlet and at the center of the plane and this could be due

to the position of the wall, air recirculation and effect of

drying air density variation in the drying chamber. It was
important to check the velocity profile in order to
understand the air movement at that position which will
have influence on the drying rate of the product. Hence,
the drying chamber dimension of (70x60x40) cm® with
the drying tray located at 25 cm away from the base was
selected as the optimal dimension for drying and the
design parameters obtained from this CFD simulation

form the basis of fabrication condition.
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Figure 12 Velocity contour at 25 cm away from the base

3.5 No load test experimental results

Figure 13 and 14 showed the variation of solar
radiation, air temperature and relative humidity,
respectively with time under no load during the dry
season at different fan speed, while Figure 15 and 16
showed the variation of solar radiation, air temperature
and relative humidity with time, respectively under no
load during the wet season. Generally for both season, the
air temperature above the tray was observed to be higher

than the air temperature below the tray which was in

agreement with the simulation result. The variation in
ambient and drying chamber temperature was dependent
on the change in solar radiation. The drying chamber and
ambient relative humidity decreased with the increase in
temperature with ambient relative humidity having the
highest values for all readings. It was observed that the
humidity varied throughout the day, generally high in the
morning. However, the rate of convective heat loss to the
surroundings increased as the air-flow rate increased.
During the dry season test, as the solar radiation
decreased the ambient temperature was still high till late
in the evening due to the cloudiness of the area which
trapped the heat wave. In all the speeds considered, the
blown out air temperature values still show drying
capacity of the air. The pattern of temperature distribution
was compared for three locations in the dryer (below tray,
above tray and outlet). Temperatures at these three
locations varied within narrow band. In addition,
differed

significantly from the ambient air temperature. The air

temperatures at each of the locations
temperatures inside the dryer were high at 0 m s fan
speed (natural convection) and this was in agreement with
the simulation result. These values obtained showed that
the designed solar dryer has the capacity of heating air to
6°C-35°C above ambient temperature depending on the
value of intensity of solar radiation and would be efficient
for drying of fish at different fan speed during the dry
season. The optimal drying air temperature achieved in
this study was 60.6°C and those of Bala and Mondol
(2001), Omitoyin et al. (2010) and Oparaku and Ojike
(2013) were 52°C, 48°C and 48.5°C, respectively.

—a— T —a— Solar radiation
—ir— T2a —— T3
Oms’' 15ms’ 25ms’ 35ms’

1000
900

Temperature (°C)
Solar radiation (W/m®)

Figure 13 Variation of air temperature and solar radiation with

time during the dry season
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Figure 16 Variation of humidity with relative time during the dry

season

During the wet season at 0 m s™', high solar radiation
and air temperatures were recorded as like the dry season
while at 1.5 m s the values recorded were low but at
25ms" and 3.5 ms" fan speed, the solar radiation and

air temperatures were very low and their respective

relative humidity were high due to the rainfall on the days
of investigation. The high humid air in the drying
chamber could also be as the result of ambient humid air
sucked in. These values obtained showed that the
efficiency of the dryer would be lower for fish drying
during wet season.
3.6 Collector efficiency

Figure 17 and 18 showed the variation of the efficiency
of the collector and temperature elevation with time for
dry and wet season, respectively. The collector efficiencies
at 0 m/s fan speed were found to be higher when compared
with other fan speeds as the result of high temperature
elevation. This showed that, sucking in of ambient air by
the fan reduces the temperature elevation in the dryer as
the result of convective heat loss but during drying process,
the air flow will enhance the drying rate by convective loss
of moist air. Maximum collector efficiency of 77.2% and
temperature elevation of 26.7°C was observed at 0 m s
fan speed compared to other fan speeds for both season.
Average collector efficiency and average temperature
elevation at fan speeds considered were higher in the dry
season than the wet season.
3.7 Model validation

To validate the model, the simulated air temperatures
were compared with the experimental values. Figure 19
and 20 showed a typical comparison between CFD and
experimental drying air temperature on hourly basis.
Predicted values showed plausible behavior and the
agreement between the predicted and observed values
were good. The model predictions were evaluated on the
basis of RMSE and MBE. The values obtained indicate
that the model at 0, 1.5, 2.5 and 3.5 ms™ fan speed could
predict small fluctuation RMSE 4.6%, 7.3%, 6.3% and
5.7%, respectively, and under predict the temperature
with a very small mean bias —1.6 %, —1.4%, —1.63% and
—2.23%, respectively during the dry season while during
the wet season the model at 0, 1.5, 2.5 and 3.5 m s™ fan
speed could predict small fluctuation RMSE 5.81%, 6.5%,
7.11% and 5.98%, respectively and under predict at 0 and
1.5 m s’ with a very small bias -0.88% and —1.1%,
respectively while at 2.5 and 3.5 m s over predict with a
very small bias 0.39 % and 1.4 %, respectively. Finally,
there were no significant differences between the

experimental and predicted drying air temperature by
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statistical t-test (p<0.05) at fan speeds considered. Thus,
the model predictions were reasonably good. Furthermore,

predictions are within acceptable limit, 10% (Janjai et. al.,

2008).
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Figure 20 Comparison between CFD and experimental air

Air temperature values obtained by CFD were used to

calculate CFD collector efficiency using Equation (12).

Figure 21

collector efficiency calculated from experimental values
and CFD. There were no significant differences between

the collector efficiency calculated from experimental

values and
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and 22 showed the comparison between the

CFD by statistical t-test (p<0.05).
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4 Conclusions

Different dimensions of a direct solar dryer have been
considered and simulated at different fan speeds. The
CFD approach helped to predict the performance of the
dryer and could be used for further work on solar dryer.
The numerical results obtained gave information on the
possible performance of the dryer and has proven the
dryer to be a viable alternative to open sun drying method
and useful technology for fish preservation to increase
shelf life. The predicted temperature and collector
efficiency were validated with measured data and found
to agree well with the measured data and within
acceptable limit. From the result obtained, not very long
exposure to solar radiation will be required to achieve
temperatures high enough for fish drying when using this
dryer. This implies that the dryer will be applicable in

regions of fewer hours of sun shine.
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