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ABSTRACT

In this paper ANSYS workbench was used to optimize the performance of hybrid solar biomass
dryer for drying shelled maize in order to find the optimal operating input variables when the air
temperature within the drying chamber set within the permissible range at reasonably high flow
velocity. Hybrid Solar dryer with biomass as a source of fuel for auxiliary heating during absence or
low solar insolation is a feasible option for small scale maize farmers [1]. At times high
temperatures are induced in this dryer which may result in grain fissures and breakage during
milling, thus reducing the grain quality. Optimization results indicate that in order to keep the air
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temperature within drying chamber to permissible range [2], the air velocity at collector inlet and
biomass heat exchanger outlet should be improved to 3 m/s and 2.8 m/s respectively while the
capacity of the biomass heat exchanger should also be enhanced to provide hot air at 85°C. It be
concluded from the study that HSBD is suitable for drying maize as well as other agricultural
products since continuous interrupted drying can be achieved. The capability of the dryer to
maintain uniform temperature and air flow within the drying chamber enable high quality dried

products within a short duration.

Keywords: Optimization; shelled maize; hybrid solar biomass dryer; ANSYS design exploration;

simulation.
ABBREVIATIONS
CFD : Computational Fluid Dynamics
G/ : Galvanized Iron sheet
HSBD : Hybrid Solar Biomass Dryer
uv : Ultra Violet
KIRDI :Kenya Industrial Research  and
Development Institute
DOE : Design of Experiments
SYMBOLS
k : Turbulence kinetic energy per unit mass
[m?/s?]
: Turbulence dissipation rate [m2/s3]
: Time [s]
: Temperature [K]
: Velocity [m/s]

: Thermal conductivity [W/mK]
: Dynamic viscosity [kg/m/s]
: Mass density [kg/m3]

®

. Reynolds number
: Characteristic length [m]

1. INTRODUCTION

U R ST ST T B

Maize is the most important staple food for the
majority of Kenyan population and it is usually
harvested at high moisture content that needs to
be reduced to recommended value to prevent
mould growth as well as other microbial attacks
so that it can be stored for a long time [3]. In
addition proper drying of maize can minimize
post-harvest losses and quality deterioration in
terms of nutritional value, flavour, texture and
aflatoxins contamination hence preserving of
maize available for consumption and sale. In
Kenya, drying of maize is accomplished mainly
through open-sun drying or mechanized dryers,
with limited application of solar dryers. Open-sun
drying is the oldest, most inexpensive and
extensively used option by majority of Kenyans
especially in rural areas where 98% of the
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households grow maize [4]. This method though
less expensive but is labour intensive, unreliable,
time consuming, leads to non-uniform drying,
requires considerably large drying fields and too
unhygienic making grains more susceptible to
deterioration due to pest infestation and fungal
contamination [5].

Some medium and large scale farmers employ
the use of mechanical conventional dryers which
are very faster and give a better quality product,
but are expensive and require significant amount
of energy, resulting to high operational cost for
drying [5]. Hence, the application of solar dryers
seems to address open sun-drying
disadvantages, though it has not been adopted
by maijority of Kenyan [5]. This method is eco-
friendly and viable to small and medium scale
farmers [5]. One of the substantial drawbacks of
solar dryers is the dependency on weather and
can only operate well during the day when there
is adequate solar insolation [5]. Since maize is
hygroscopic just like other grains, it should be
dried continuously to a desired moisture content
in order to prevent moisture re-absorption and
internal cracks which develop as a result of
thermal stresses arising from alternate heating
and cooling.

Solar hybrid dryer incorporated with biomass
stove heat exchanger system as an auxiliary
heating source to complement solar energy
during low insolation is a feasible option
especially for small scale farmers [1]. Maize
farmers suffer from high drying cost due to high
energy demand and also inhomogeneous drying
due to low air flow rate within the drying chamber
[1]. At times high temperatures are induced in the
dryer which may result in grain fissures and
breakage during milling, thus reducing the grain
quality. Local saturation of the drying air may
also occur in the drying chamber before the
desired moisture content of the maize is attained
and this may result to condensation in the drying
chamber.



Therefore there is a need to model and
optimize the drying chamber and the drying
process of the HSBD by predicting the air flow
distribution, temperature profile and relative
humidity in the dryer in order to improve its
overall performance in drying of maize at
minimum cost.

Optimization is a process of choosing the optimal
input parameters so as to achieve the desired
performance of the system in an automated
manner, this is evaluated by means of output
parameters. There are several choices to
examine the system performance using a certain
output parameter such as maximize its value,
minimize its value, or seeking target value.

Solar drying systems must be properly designed
to meet particular drying requirements of specific
products and to give satisfactory performance
with respect to requirements.

To attain good quality dried maize, the air
temperature in the drying chamber should be
within the permissible range. Performance
optimization procedure was therefore conducted
to find the optimal operating input variables when
the air temperature within the drying chamber
was set within permissible range at high flow
velocity. Mutai et al. [5] considered 50°C as the
permissible air temperature for drying maize
while Prakash and Kumar [6] noted that the
maximum drying temperature for maize grain is
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60°C, therefore this is what was considered as
the permissible range for optimization.

2. MATERIALS AND METHODS

Simulation was performed using ANSYS CFX in
three dimensions in order to present factual and
elaborate airflow inside the dryer [1]. Design
exploration algorithm within ANSYS Workbench
was used for optimization process, this was done
by considering the permissible temperature for
drying maize given by different researchers as
the objective function. The dryer was simulated
without considering the trays and products to be
dried [1].

2.1 Description of Hybrid Solar Biomass
Dryer

The main components of the developed HSBD
are; solar collector, drying chamber and biomass
stove heat exchanger system all constructed and
assembled as one single unit as shown in Fig. 1

(1.

The main components of the dryer was designed
to be assembled and disassembled with ease
especially when relocating from one place to
another, the dryer is fitted with lockable caster
wheels for ease of mobility. The roof of the dryer
was made in triangular shape and covered with
UV treated plastic sheet. The absorber plate was
painted black to easily absorb solar radiation,

Flue gas exhonst

H=at axchanger unt

Ambient air inlet

Fig. 1. Picture of assembled HSBD
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convert it into heat energy and then releases it to
heat the surrounding air. The main structural
frame of the dryer was constructed using mild
steel square hollow section and angle iron with
the bottom part made of wooden material to act
as insulation. The internal part of the dryer
including the bottom/ floor were covered with
alluminium painted galvanized sheet to reflect
energy incident on it. The design capacity of the
dryer is 90 kg (Wet basis) of maize per batch.
The drying chamber has six removable drying
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trays made of galvanized mesh a lined with
plastic mesh and then fitted to alluminium angle
line frame as shown in Fig. 2 [2], The dimensions
of the tray are 1 m by 0.6 m and are fixed
horizontally at about 150 mm above absorber
plate to permit smooth flow of drying air on top
and beneath the product, hence eliminate the
need of turning the product during drying as
shown in Fig. 3. The dryer was designed to allow
for loading and unloading of the product by lifting
up the UV treated sheet cover as in Fig. 4 [3].

Fig. 2. Tray details

Fig. 3. Drying trays arrangement in HSBD

UV transparent cover
sheet lifted upto atcess

Fig. 4. Loading and unloading of products in HSBD

53



A biomass stove heat exchanger system was
incorporated to the solar dryer to reduce its
dependency on solar radiation by providing hot
air to the drying chamber during low solar
insolation or when the dryer is operated beyond
sunshine hours, thus making it a hybrid dryer.
The heat exchanger used was a cross flow type
with flue gas from the stove passing through a
duct with eight fins to enhance heat transfer
between the flue gas and the air and then exits
through the chimney located on the opposite side
of the drying chamber. The air inlet to the heat
exchanger is located at the bottom part of the
shell to allow drying air to meet the flue gas duct
at 90°. Wind cyclone was also fitted at the end of
the drying chamber to facilitate the airflow within
the dryer. The wind cyclone stack was painted
black to improve the temperature of the air
flowing through it to avoid condensation as the
air exits the dryer [5]. The heat exchanger was
designed to heat air to a temperature of 70°C
which is slightly above the maximum permissible
drying temperature for grains. A rectangular duct
made of galvanized sheet and fitted with eight
equi-spaced fins at the top and bottom to provide
the required heat transfer area for the heat
exchanger.

The duct was placed inside mild steel shell of
length 1.22 m, width: 0.6 m and height: 0.16 m.
Collector side was provided with three sliding
doors which can be adjusted to regulate the
amount of air entering the dryer. The doors were
fitted with wire mesh to prevent insects and flies
from entering the dryer [7].
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2.2 Simulation and Optimization of HSBD

Optimization was conducted using ANSYS which
is a commercial CFD software [1]. First
simulation of the flow within the HSBD was
performed using ANSYS CFX which is one of the

most widely used commercial codes for
engineering fluid flow due to its accuracy,
robustness and convenience [8]. Design
Exploration algorithm  within the ANSYS

Workbench was then used to obtain the optimal
drying air temperature and velocity within the
HSBD for drying maize. Optimization procedure
used is shown in Fig. 5.

2.3 Simulation Procedure
2.3.1 Geometry creation

The geometry of the HSBD was developed using
pro engineer modelling software with the
dimensions taken from experimental setup and
then exported to ANSYS Design Modeler which
is specifically designed for the creation and
preparation of geometry for simulation. The
geometry of the HSBD was divided into two
regions i.e. flow in the drying chamber and
that in the collector area to enable analysis of
each region to be carried out independently as
shown in Fig. 6. Each region was considered
as a fluid domain and then interfaced together
using an option of domain interface during
simulation. The complete model was then
exported to the ANSYS ICEM for mesh
generation [1].
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Fig. 5. Optimization flow chart
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Collector region

Drver region
<X

1.000

Fig. 6. 3D geometry of HSBD
2.3.2 Mesh generation

Mesh or grid development was done in ANSYS
ICEM. In order to capture both the thermal and
velocity boundary layers the entire model was
discretized using three- dimensional unstructured
hexahedral mesh elements which are accurate
and involve less computation effort as indicated
in Fig. 7. The mesh density was increased in the
region around the wall edges and in the outlet air
ducts (turbo ventilator stalk) where large
gradients exist. The mesh size was decided after
carrying out a preliminary grid independency
analysis with different mesh resolutions to ensure
that the numerical results were independent of
the mesh density. The mesh in the regions near
walls, edges and at the turbo ventilator stack
were refined [1].

1.000

Fig. 7. Mesh from the geometry on ANSYS
ICEM CFD
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2.3.3 Simulation set up

The numerical simulation of flow inside the
HSBD was done on basis of following basic
assumptions:

= Problem is considered 3D and steady state
Constant fluid properties
Flow is assumed to be turbulent
Ambient  temperature is
constant
Incompressible fluid flow
The walls were assumed to be smooth
hence any disturbances in flow due to
roughness of the surface were neglected.

considered

The simulation was done at steady state
condition and the physical time scale setting was
used in order to achieve this condition. Physical
Timescale provide sufficient relaxation of the
equation non-linearity so that a converged steady
state solution is obtained. The properties of the
two domains were assumed to be the same and
are as specified in Table 1. Both domains were
connected using general connection interface
between fluid and fluid domain without any wall.
The working fluid was assumed to be an |deal
gas at 25°C with reference pressure of 1 atm.
The characteristics of the working fluid are
shown in Table 2 [1]. The flow characteristics
inside the HSBD were predicted by calculating
the Reynolds number using the following
equation:

Where: Rf , P , u, L and H are Reynolds
number, density of air at 70°C (Kg/m®), Velocity
(m/s), Characteristic length (m) and Dynamic
viscosity (Kg/ms). Calculation predicted that the
flow was turbulent since the Reynolds number

was 582786. Therefore a K —¢€ turbulence
model was added in the simulation. The solver
control parameters were specified in the form of
solution scheme and convergence criteria. High
resolution differencing scheme was selected for
the simulation since it produces more accurate
results compared to upwind and central
difference scheme. Room Mean Square residual
type was used as the convergence criteria with
residual target of 1.0e”® for mass and momentum
equations and 1.0e® for energy conservation
equation [1].
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Table 1. Domain properties

Properties Domains ( Dryer and collector)
Domain type Fluid

Domain motion Stationary

Material Air assumed as an ideal gas at 25°C
Buoyancy model Non-buoyant

Pressure Reference pressure 1[atm]

Heat transfer model

Thermal energy

Turbulence model k—¢& model
Thermal radiation model Monte-Carlo
Spectral model Gray

Table 2. Air properties

Properties Value

Molar mass 28.96 Kg/Kmol
Specific heat capacity 1004 J/KgK
Dynamic viscosity 1.83 x 1e Kg/ms
Thermal conductivity 0.0261 W/mK
Refractive index 1 ]
Density 1.185 Kg/m®
Absorption coefficient 0.01/m

Scattering coefficient 0

2.3.4 Boundary conditions

conditions, in particular at surfaces bounding of
the domain as shown in Fig. 8. The set-up of

The numerical solution of governing conservation  boundary conditions were defined as described
[9,10] involves the use of specific boundary in this section:

Wall (UV cover sheet)
No slip and smooth

Heat transfer co-efficient 5.7W /m* /| K
Outside Temp. 26°C
Monte Carlo model-Radiation flux 1400 W / m?

Inlet 1:
Vell=1.8m/'s

11 26°c

Wall (absorber plate)
No slip and smooth

TemP_ Setat 70°C

-
-

e Outlet:
Gauge pressure =0

Inlet 2:
Vel 2=1.8m/s

Temp 2=70 OC

Other walls:
No slip, smooth and adiabatic

Fig. 8. Set up of boundary conditions
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The first inlet was through the ambient air inlet
indicated in Fig. 1 (collector chamber), the
average velocity of 1.8 m/s obtained
experimentally was used as the inlet velocity with
a turbulent intensity of 5% (recommended if no
information on inlet turbulence is available). The
direction of flow was set normal to inlet while and
air entering at ambient temperature of 26°C [1].

The second inlet is through the heat exchanger
to the drying chamber, the average velocity of
1.8 m/s also obtained experimentally was used
as the inlet velocity with a turbulent intensity of
5% (recommended if no information on inlet
turbulence is available) [1]. The direction of flow
was set normal to the inlet, and the biomass heat
exchanger system was constructed to provide
drying air at 70°C to the drying chamber [1].

The dryer outlet was set to a gauge pressure of 0
Pa while the flow regimes at both inlet and outlet
boundaries was specified as subsonic.

No slip and smooth wall boundary conditions
were assumed at the walls since the velocity
near the walls were set at zero equal to that of
the wall (i.e. wall is stationary). The temperature
at the walls was set out considering the
measured experimental values and applying a
boundary condition of Dirichlet type. At the UV
sheet walls, heat transfer co-efficient of 5.7
W/m?/K [11] and outside temperature of 26°C
were used. Monte Carlo technique was used to
model solar radiation with directional radiation
flux of 1400 W/m?. At absorber plate the
temperature was set at 70°C and this value was
from the experimental data [1]. The other walls
were treated with the default boundary conditions
of no slip, with smooth and adiabatic walls due to
insulation. For the necessary turbulent quantities
at boundaries, the CFX default boundary
conditions for turbulence model were employed.
The models constants were assumed as the
default values considered in the CFX code.

2.4 Optimization Procedure

The optimization is a process of choosing the
optimal input parameters so as to achieve the
desired performance of the system in an
automated manner, this is evaluated by means of
output parameters. There are several choices to
examine the system performance using a certain
output parameter such as maximize its value,
minimize its value, or seeking target value.
Design Exploration algorithm within the ANSYS
Workbench was used for optimization process.
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Solar drying systems must be properly designed
to meet particular drying requirements of specific
products and to give satisfactory performance
with respect to the requirements.

In order to achieve high quality dried maize, the
air temperature in the drying chamber should be
within the permissible range. Therefore to
optimize the performance of the HSBD for drying
maize, the following operating input variables
were considered,;

Inlet air temperature and velocity from the
biomass heat exchanger system (i.e.
T,=Temp 2 and V=Vel 2)

Inlet air velocity from the solar collector
side (i.e. u=Vel 1)

Performance  optimization procedure was
therefore conducted to find the optimal operating
input variables when the air temperature within
the drying chamber was set within permissible
range at high flow velocity. Tonui et al. [5]
considered 50°C as the permissible air
temperature for drying maize while Garg and
Prakash [12] noted that the maximum drying
temperature for maize grain is 60°C, therefore
this is what was considered as the permissible
range for optimization. Since the drying air
temperature distributed in the drying chamber
was observed to be uniform [13], a point was
chosen at the center on a plane within which
drying trays are fitted and the air temperature set
to permissible value of 50°C with the upper
bound value set to maximum drying temperature
of 60°C [1]. For the purpose of finding the set
permissible value and maximum air velocity of
the object function subjected to constraints as
shown in Table 3, response surface optimization
model was initiated and linked together with the
CFX process as shown in Fig. 9.

The response surface optimization was done in
three steps as shown in Fig. 10.

2.4.1 Design of experiments (DOE)

The first step for response surface optimization
was to create design of experiments (DOE). In
order to create a response surface, the value of
the function was calculated at different
combinations of the input parameters. DOE
technique locates the sampling points in the
design space by exploring the space for random
input parameters in order to obtain the required
information with minimum sampling points.
Central composite design method was used to
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select and create these design points based on
the range given for the three input parameters to
achieve optimized drying conditions for the
HSBD to dry maize as in Table 4. The input
parameter ranges shown in Table 4 was from
experimental values ranging from minimum to
maximum. The variation in the velocity was as a
result of fluctuation of the ambient wind while that
of temperature was due to heating value of the

biomass material utilized as fuel to biomass
stove [14]. Fifteen Design Points were randomly
created and one of the points used to generate
test sample after which the optimizer was
updated to generate output (average
temperature and velocity) values of the other
points automatically. The design point generated
depends on the number of input parameters
[13].

Table 3. Objective and constraints of the optimization study

B c | D E F G
|7 N Chjective Corstraint
2 Type | Target Troe LowerBound | Upper Beund
| 3 | SeskP7 = 3BK;PT <= 333K | P7-Temp | seekTarget = 323 | values <= Upper bound =] 333
[T 4 | Mavimize Ps | P&-ve | Mavamize j | Mo Consraint =i |
i Resis ¥
»T [p Pramsies
Fhud Fiow (CRX)
! W
[pd Pasrameter et

- B

 ® feserse St Ootimistin |

2 T poesgn of Excpasiemssnis g

2 51 mesoresSurfse e

F gl Ophimization 4

Ritenpiaens Surface Ol stion
Fig. 9. ANSYS optimization entire workflow
DﬂiFROf [ Response surface | |O'p'um.|.zat:on lCmdidatepoim
experiments - : = validation
|| (kriging algorithm) | | (Screening) | |

Fig. 10. ANSYS response surface optimization steps
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Table 4. Input parameters and range

Input parameters

Minimum range

Maximum range

Velocity inlet 1 (m/s) 15
Air temperature inlet 2 (K) 309
Velocity inlet 2 (m/s) 1.5

2
378
2

2.4.2 Response surface

In this step, a Kriging Algorithm was employed to
form a response surface from the generated
values in the DOE table because of the ability of
its internal error estimator to improve response
surface quality by generating refinement points
and adding them to the areas of the response
surface that mostly require improvement, it also
offers an auto refinement option which
automatically and iteratively updates the
refinement points during the update of the
Response Surface [13]. The predicted response
surface was used to get the value of the output
variables to any combination of the input
parameters without the need to perform a
complete simulation.

2.4.3 Optimization

In this step a screening method was employed to
obtain the optimal input parameters that
achieved the desired performance of the HSBD
using a comparative study by checking the
output parameters seeking target value [13]. It
uses the properties of the input as well the output
parameters, and uses the Decision Support
Process on a sample set generated by the
Shifted Hamersley technique to rank and report
the candidate designs of which the best is
chosen. The best candidate point was chosen by
considering the number of gold stars or red
crosses displayed next to each goal-driven
parameter which shows how well the parameter
satisfies the stated goal with three red crosses
indicating worst points while three gold stars
indicate the best candidate point [13]. The
maximum possible number of candidates to be
generated and displayed by the algorithm was
set at default, which is three, from which the best
candidate was chosen. Since interpolation was
used to find the response surfaces, it was
important to validate the candidate points. This
was done by calculating the exact values of the
state functions and the optimization parameter at
the candidate points and checking whether they
fall within an acceptable range.

3. RESULTS AND DISCUSSION

As mentioned in section 2.4, the main goal of the
study was to optimize the performance of the
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HSBD for drying maize by varying the input
operating variables to obtain permissible drying
air temperature at reasonably high velocity in the
drying chamber.

3.1 Design of Experiments

Table 5 shows DOE with the generated output
values from the created fifteen design points. It
can be seen in Table 4 that the generated design
points for the three input parameters (i.e. vel1,
temp2 and vel2) are distributed between their
minimum and maximum values. Column 5 and 6
of the table shows the estimated and predicted
output parameter response data of any input
parameters after performing the analysis.

3.2 Fitting the Response Surface

Fig. 11 represents results of variation of
simulated temperature against actual
temperature observed from the design points.

It can be observed from Fig. 11 that the points
tend to lie along the diagonal line indicating that
the simulated temperature of the drying chamber
correctly fits the actual points of the design of
experiments.  Coefficient of determination
presented a value of R? =1 indicating that there
was a good fit between the simulated and actual
temperature of the design point [13].

Fig. 12 represents results of variation of
simulated velocity against actual velocity
observed from the design points.

It can be seen from 12 that the points tend to lie
along the diagonal line indicating that the
simulated velocity of the drying chamber
correctly fits the actual points of the design of
experiments.  Coefficient of determination
presented a value of R? =1 indicating that there
was a perfect agreement between the simulated
and actual velocity of the design point [13].

3.3 Response Surfaces

Fig. 13 represents results of three dimensional
contour response chart for the variation of
temperature in the drying chamber (Temp) with
respect to inlet velocity from collector side (Vel1)



and inlet air temperature from the biomass heat
exchanger (Temp2). It displays a selected input
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on the X axis, a selected input on the Y axis, and
a selected output on the Z axis.

Table 5. Design of experiments (Central composite design)

Name P1-Vell P2-Temp2 P5-Vel2 P6-Vel P7-Temp
(m/s) (K) (m/s) (m/s) (K)
1 1.75 343.5 1.75 2.2998 319.18
2 0.5 343.5 1.75 1.218 335.25
3 3 343.5 1.75 3.3162 313.15
4 1.75 309 1.75 2.3016 306.68
5 1.75 378 1.75 2.2971 330.04
6 1.75 343.5 0.5 1.7068 309.61
7 1.75 343.5 3 2.8139 326.87
8 0.73371 315.45 0.73371 0.98518 310.89
9 2.7663 315.45 0.73371 2.6418 305.17
10 0.73371 371.55 0.73371 0.98331 329.14
11 2.7663 371.55 0.73371 2.6339 311.1
12 0.73371 315.45 2.7663 1.8602 315.44
13 2.7663 315.45 2.7663 3.6041 308.54
14 0.73371 371.55 2.7663 1.8454 3541
15 2.7663 371.55 2.7663 3.6006 327.75
355 F

*:‘: 345

%135 o

g &

= s o~

Eals . a

(] .”-'

305 +% ; ! ; .
305 315 325 335 345 355

Actual Temperature (K)

Fig. 11. Variation of simulated temperature against actual temperature
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Fig. 12. Variation of simulated velocity against actual velocity
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It can be noted from Fig. 13 that the air
temperature in the drying chamber increases
with the increases of air temperature from
biomass heat exchanger but decreases as the air
velocity from collector side is increased.
Therefore, high air temperature within the drying
chamber can be attained by keeping the air
velocity at collector inlet low [1].

Fig. 14 represents results of three dimensional
contour response chart for the variation of
temperature in the drying chamber (Temp) with

Response Chart for P7 - Temp

[¥] dwz)-fd

[

]

=
I

210 -
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respect to inlet air velocity from collector side
(Vel1) and inlet air velocity from the biomass
heat exchanger (Vel2).

It can be noted from Fig. 14 that the air
temperature in the drying chamber increases
with the increases of air velocity from biomass
heat exchanger but decreases as the air velocity
from collector side is increased. This implies that
air velocity from the collector inlet must be kept
low in order to maintain high temperature in the
drying chamber.

FY - Tenp
350
45
=10

=35

Fig. 13

Fig. 14. Variation of temp with respect to Vel1 and Vel2
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Fig. 15 represents results of three dimensional
contour response chart for the variation of
temperature in the drying chamber (Temp) with
respect to inlet air temperature (temp2) and inlet
air velocity from the biomass heat exchanger
(Vel2).

From Fig. 15, it can be seen that air temperature
in the drying chamber increases with the
increases of both air velocity and air temperature
from biomass heat exchanger. This implies that
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both air velocity and air temperature from the
biomass heat exchanger must be kept high in
order to maintain high temperature in the drying
chamber.

Fig. 16 represents results of three dimensional
contour response chart for the variation of drying
air velocity within the drying chamber (Vel) with
respect to air velocity from collector inlet (Vel1)
and air temperature from biomass heat
exchanger (Temp2) [1].
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From Fig. 16, it can be seen that drying air
velocity within the drying chamber increases
linearly with air velocities at collector inlet, but it
is not affected by air temperature from heat
exchanger [1]. This implies that high air velocity
can be achieved by keeping the air velocity at
collector inlet high.

Fig. 17 represents results of three dimensional
contour response chart for the variation of drying
air velocity within the drying chamber (Vel) with
respect to air velocity from collector inlet (Vel1)
and air velocity from biomass heat exchanger
(Vel2) [1].

From Fig. 17, it can be seen that drying air
velocity within the drying chamber varies linearly
with air velocities at collector inlet and heat
exchanger outlet and increases with the increase
of the two input parameters [1]. This implies that
when high velocity is required in the drying
chamber then both the inlet air velocities from
collector and biomass heat exchanger must be
kept high.

Fig. 18 represents results of three dimensional
contour response chart for the variation of drying
air velocity within the drying chamber (Vel) with
respect to air temperature Temp2) and air
velocity from biomass heat exchanger (Vel2) [1].

From Fig. 18, it can be seen that drying air
velocity within the drying chamber is influenced
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by air velocity from heat exchanger only [1]. This
implies that when high velocity is required in the
drying chamber then air velocity from the
biomass heat exchanger must be kept high.

Since drying air temperature from the heat
exchanger does not affect the drying air velocity
within the drying chamber [5], it can be
concluded from Figs. 13-18 that when high air
velocity is required in the drying chamber then all
the input velocities must be kept high.

Fig. 19 shows the results of local sensitivity of
drying air velocity within the drying chamber to
the input parameters (i.e. air velocity from
collector inlet, air velocity and temperature from
biomass heat exchanger) [1].

It is evident from Fig. 19 that drying air velocity
within the drying chamber is mostly influenced by
air velocity at the collector inlet since it provides
the main airflow in the dryer, and moderately
influenced by air velocity at the heat exchanger
outlet while air temperature at the heat
exchanger outlet has no effect on the drying
chamber air velocity [1].

Fig. 20 shows the results of local sensitivity of air
temperature in the drying chamber to the input
parameters (i.e. air velocity from collector inlet,
air velocity and temperature from biomass heat
exchanger).
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It can be observed from Fig. 19 that air
temperature in the drying chamber is influenced
by all the input parameters either positively or
negatively. Any increase in air velocity and
temperature at the heat exchanger outlet
increases the air temperature in the drying
chamber, while an increase of the air velocity at
inlet reduced the air temperature in the drying
chamber.

Therefore, it can be concluded from Figs. 19-20
that to improve the air temperature in the drying
chamber without interfering with air velocity in the

chamber, the air temperature of the biomass
heat exchanger need to be increased. Increase
in air velocity at the biomass heat exchanger
outlet increases both drying air temperature and
velocity within the drying chamber, so the air
velocity at biomass heat exchanger should be
kept high [5]. Any increases of the air velocity at
collector inlet both increases air velocity and
reduces air temperature in the drying chamber
and this may require closer examination to find
the right trade-off between the permissible drying
air temperature and reasonable air velocity in the
drying chamber.
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3.4 Goal Driven Optimization

Table 6 shows the best 3 candidate points
generated by screening optimization method as
explained in section 2.4.3, each candidate point
was displayed along with its input and output
values. It can be seen from the Table 6 that both
candidate point 1 and 2 present the best points
since they display three gold star for both output
target temperature and air velocity within the
drying chamber. On the other hand, candidate
point 3 present slightly higher output air velocity
and a weaker output target temperature than
candidate points 1 and 2. Therefore candidate
point 1 is considered the best choice compared
to the two since its output temperature value is
much closer to the target value and also its
output velocity value is kept sufficiently high. For
best drying efficiency and maintaining grain
quality, the air flow rate must be kept high to be
able to carry away moisture from the product to
exhaust port before it condenses within the dryer.

Candidate point 1 was then verified by creating
and updating design points using the input
parameter values. The deviation of the verified
from unverified candidate point 1 was very small
indicating that the response surface obtained is
very accurate and require no refinement or
adjustment. The verified candidate point 1 is
placed below the row containing candidate point
1 as shown in Table 6.

Fig. 21 shows the tradeoff plot between drying air
temperature and velocity within the drying
chamber corresponding to the dominant Pareto
fronts [5]. Dominant Pareto points are points
when considered inferior in regard to other points
and does not offer the best solutions for any
optimization objective.

In Fig. 21 the design points represented by the
red colour indicated the worst set of samples
generated while the data points marked as blue
blocks are considered as the best Pareto points

Table 6. Candidate points of the optimization study

P1-Vel1 P2-Temp2 P5-Vel2 P7-Temp P6-Vel
(m/s) (K) (m/s) (K) (m/s)
Candidate Point 1 29738 359.64 2.8206 _ o
7 71323.83 " 3.7888
Candidate Point 1 (verified)  2.9738 359.64 2.8206 _
1 71323.06 3.798
Candidate Point 2 2.8838 351.55 2.8069 .
©321.56 3.7066
Candidate Point 3 2.9963 337 2.9132
316.4 3.8486
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within the design space. The Pareto optimum
points were picked out from the first sample set
generated and then genetic algorithm was
performed until a good set of likely points were
generated [15].

The results of the best candidate points and their
reference design points are shown in Table 6
[15].

Fig. 22 shows the tradeoff plot between air
temperature and velocity in the drying chamber
corresponding to the non-dominant Pareto fronts.
Non-dominant Pareto points are points that offer
best solutions for any optimization objective.
These points are achieved by reducing slider in
the properties view to reduce the fronts,
consequently reducing the points. The points that
are removed first are considered inferior and less
adequate to the stated goal. It provides a choice
of possible non-dominated solutions from which
to choose from.

It can be seen from Fig. 22 that several points
are located on the vertical line corresponding to
drying air temperature of 323 K which was the
main objective target.

3.5 Feasible Design

The values given for candidate point 1
considered to be the best amongst the three may
not represent input parameter values that can be
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achieved. The values of the input parameters
were then rounded off to a more acceptable
values that realistically represent manufacturing
capabilities by considering the influence each
value has on the air velocity and temperature of
the drying chamber based on the sensitivity
curves. The rounded off input values provided
better output values compared to the response
surface provided by candidate point 1 as
indicated in Table 7.

Full simulation of the model with the updated
optimized input values was done to check the
accuracy of the prediction. The air velocity and
temperature in the drying chamber for un-
optimized and optimized models were compared
along the line shown in Fig. 23.

Fig. 24 shows comparison of air temperatures in
drying chamber between the base and optimized
model. It was observed from Fig. 24 that the air
temperature was improved from 46°C to 50°C
indicating that the air temperature in the drying
chamber has been improved to attain permissible
temperature for drying maize. There was a high
temperature observed at a distance of 0.5 m
from the heat exchanger inlet to the drying
chamber as a result of hot air entering drying
chamber from the biomass heat exchanger [1].
The temperature of air then came down after
mixing with the air from the collector outlet and
the mixture attaining a uniform value.
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Fig. 21. Tradeoff plot between air temperature and velocity in the drying chamber for the
dominant Pareto fronts
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Table 7. Rounded off input values

Name P1-Vel1 P2-Temp2 P5-Vel2 P6-Vel P7-Temp
(m/s) (K) (m/s) (m/s) (K)
Response Point 1.75 343.5 1.75 2.2998 319.18
Response Point 1 2.9738 359.64 2.8206 3.7888 323.83
(candidate point 1)
Response point 2 3 358 2.8 3.8011 323.13
(rounded off Values)
ANDTO
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Fig. 23. Line along the drying chamber where air temperature and velocity were taken
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Fig. 25. Air velocity comparison before and after optimization along the drying chamber

Fig. 25 shows comparison of air velocity before
and after optimization along the length of drying
chamber.

It was observed from Fig. 25 that the velocity of
the air within the drying chamber was slightly
increased from 2.37 m/s to 3.82 m/s indicating an
improvement of the drying rate [1]. Uniform
velocity was noted throughout the drying
chamber but there was a significant rise in
velocity noted near the exhaust stack due to
reduced flow cross section area.

4. CONCLUSION

It can be concluded from the study that Hybrid
solar dryers have demonstrated success in
drying almost all of the farm produce. Solar
biomass hybrid dryers incorporate biomass
stove- heat exchanger system to supplement
solar radiation and allow continuous interrupted

drying, hence improves the drying rate and
preserves the quality of dried product [1]. Due to
consistent airflow and Temperature distribution
within the drying chamber, it can be reasoned
that dried maize with uniform moisture content
can be achieved with this dryer. Optimization
results of the HSBD indicated that the air
temperature within the drying chamber was
increased from 46°C to 50°C and velocity from
2.37 m/s to 3.82 m/s.
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