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ABSTRACT

The mathematical model for temperature regime thermal analysis evaluation of convective heat dryer has been done.
Control volume analysis was adopted in this work while taking note of all the feasible heat transfer mechanisms around
the system. Mathematical expressions for the energy, exergy, entropy generation as well as destroyed exergy were
derived using the control volume. The consumed energy, exergy, entropy generation and exergy destruction of the dryer
were computed. The system temperature gradually increased from its initial room temperature of 270°C to 720°C at
approximately 2700 secs. The temperature thereafter dropped and stabilized to about 670°C at 4600 secs while the
element dried gradually. The moisture removal curve followed the same trend as that of the temperature with gradual
variation from 0.5 to 13.2g/mol. The peak energy from the system is approximately 958J against the useful exergy of 443J
which shows that 46.24% of the expended energy was actually useful for the drying purpose and about 10.23% was lost.
The energy and exergy efficiencies were also computed and results showed that the efficiencies are functions of
temperature just like other influencing parameters which has to be technically controlled. Peak energy efficiency of
approximately 54.6% was recorded in the dryer with the peak exergy efficiency of 23.4%. The dryer also yielded a better

dried product as compared with the traditional means of drying.
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INTRODUCTION

Drying is one of the ancient physical methods of food
preservation and other products of organic origin. Its
essential purpose is to minimize the moisture content of
materials. Predominantly, it is used for preserving food
materials like fruits, vegetables, and other products with
high degree of moisture (> 80%), as well as others which are
considered to be highly perishable (Moses, Alagusundaram,
and Tiwari 2014). It involves several approaches, which is
a function of both the available means and the predominant
atmospheric conditions of a particular geographical
location. In some tropical countries, sun drying constitutes
an economical and reliable means of preserving agricultural
products. According to Hashim et al (Hashim, Daniel, and
Rahaman 2014), sun drying involves spreading of wet
material under the sun on desirable flat surfaces, hanging
wet material on buildings or drying in bundles placed
in stalks. Although open-air sun drying remains a cheap
processing technique, its limitations include the control
of the drying process and parameters, fluctuating weather
conditions, big space need, pest invasion, combining with
dust and other external particles. In view to minimize high
level of post-harvest losses and the challenges of sun drying,

other means of dehydration such as solar drying, microwave
drying, freeze drying, etc., are used. More than 85% of
commercial dryers use convective heat transfer process
with either hot air or combustion gases as the working
fluid (Moses, Alagusundaram, and Tiwari 2014) which
implies that drying is an energy demanding preservative
process, hence, it usually accounts for approximately 12-
20% of energy used during processing process (Schliinder
2007), (Asiyanbi-Hammed 2016). In this research work, the
problem of environmental pollution and carbon monoxide
emission witness during drying with firewood, spontaneous
burning of the drying sample witnessed with conventional
oven is solved while exploiting gradual drying food crops
with economic benefit and energy savings. This work
aids the evaluation of the temporal behaviour of different
samples during drying with respect to their thermo-physical
properties which have not been addressed numerically by
previous works we consulted.

PHYSICS OF DRYING BIO-PRODUCTS

The main characteristics of this method of preservation is
the reduction in the moisture activities in the material thus
lowering the product volume, restraining the production of
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micro-organisms, and minimizing deterioration reactions,
thus increasing the product shelf life, efficiency of storage
and packaging. Drying is widely used to reduce bulk
handling and to guarantee food security during the off-
season. The use of dryers can minimize waste of agricultural
products and produce better quality of dried product when
compared to the local means of drying such as sun or shade
drying, this was observed by Doymaz (E. Doymaz 2014)
after investigating the outcome of pretreatment using citric
acidic mixture with drying temperatures of 40°C, 50°C,
60°C and 70°C on mushroom slices. It was shown that
temperature and pretreatment have reasonable influence
on moisture extraction from mushroom. However, drying
process sometimes results in the quality reduction of dried
products because of high drying temperature as well as
the required drying duration. Heat sensitive bio-active
constituents for instance, the Overall Phenolic Content
(OPC), vitamin C constituent of fruits may be reduced during
drying (Edziri et al. 2011). Despite this challenge, dried
foods are gaining momentum especially with the growing
resistance to the chemical preservation of foods and also
for the growing demand for a wider variety of dried foods
providing considerable convenience to the consumers.
The importance of sustaining the standard measures of
the dried agricultural products with considerable retention
of bio-active constituents after drying process cannot be
overemphasized (Xia 2013). Generally, different drying
means will generate varied quality of dried products. For
instance, fluidized bed is a short time drying method but
it is capable of producing better quality of mushrooms
as compared to microwave drying. Vacuum drying is
another good substitute because it could help retain the
quality of fruits although it requires a longer drying time
when compared to microwave drying. Hence drying using
microwave produced a degree of undesirable result with
short drying duration than the earlier mentioned methods
(Chin, S. K., Siew, E. S. and Soon 2015). Higher values
of moisture content and temperature for a given product
results in a lower value of heat of vaporization. Ekechukwu
and Norton (Ekechukwu and Norton 1999) presented the
changes of the latent heat of vaporization for some grains
with their corresponding moisture content and temperature
change during drying.

In the recent years, dryers whether for use in homes or
in industries have replaced the traditional method of drying
agricultural products because with them drying conditions
are controlled for example temperature, moisture content, the
drying time, etc. Thus, the final product quality is improved.
However, drying should be carried out as economically as
possible. A Survey carried out on post-harvest food losses in
many Agro-based towns and rural areas in Nigeria showed
that approximately 20 — 30% of all grain crops, 30 — 50 % of
tuber and root crop as well as a higher percentage of fruits
and vegetables are wasted with a great amount observed
during storage (Omolola, Jideani, and Kapila 2015). The
assumption is that most of these products were lost as a
result of inadequate preservation techniques. Considering

the prevailing inconsistency in food supply throughout the
world, cost- effective and hygienic means of preservation
is needful to guarantee food security. Numerous means of
food and moist material preservation had been recorded
in literature with drying reported to be one of the oldest
method (Mustayen, Mekhilef, and Saidur 2014). Drying is
a process in which moisture is removed from a wet material
by applying suitable energy source mostly in the form of
heat. The mechanism of drying is an intricate phenomenon
consisting convective transport of heat and mass within
the material of interest. Drying is useful in chemical,
agricultural, biotechnology, pharmaceutical, pulp and paper,
mineral processing, and wood processing industries. The
aims of drying are to increase the period of storage, to reduce
packaging requirements and to minimize the transportation
weight (I. Doymaz 2011). Any designed dryer at a stipulated
time is expected to: remove moisture from any product to
be dried, produce desired product quality with facilities that
satisfy and/or promote environmental sustainability and
safety as well as having durable size and being cost effective.

Heat transfer during drying takes place either by one
or combination of any two or these three major ways,
which are conduction (solids), convection (liquids and
gases), and radiation (Kumar, Sarkar, and Sharma 2012),
(Sacilik, Keskin, and Elicin 2006). Heat transfer method for
a particular application depends on the type of system and
the required conditions; heat usually moves from a location
of higher thermal potential to a location of lower thermal
potential.

To the best of our knowledge and in the literature
review conducted, no work has been done whatsoever on
convective heat dryer incorporating sensor to monitor/
control the drying temperatures. This work is also necessary
to preserve the quality of the dried agricultural product with
optimal retention of bio-active constituents during drying to
minimize product degradation and to retain product quality
after drying.

METHODOLOGY

Although, the entire selection process and design of a dryer
for a particular purpose is influenced by the motive of
obtaining a favourable product quality as well as economical
process. But considering several commercial dryers in use
most dried products (i.e. vegetables and cereals) are made
with convective hot air dryers because it is economical and
simple. Even though there are other water or liquid extraction
processes in existence such as supercritical removal of
liquid from gels, centrifugation, filtration, settling, etc. With
these processes, water is extracted by mechanical processes
although a significant quantity of liquid is present in the
solid material. Four heating bulbs rated 200W each were
used in the drying given total power of 800W with total
energy loss of approximately 10.9% (Ikwuagwu et al. 2020)
from the bulbs. The system design is shown in Figure 1.



FIGURE 1. The schematic diagram of the convective dryer design

ANALYSIS OF CONVECTIVE HOT AIR DRYER

The above subject matter requires a comprehensive review
of heat and mass transfer, thermodynamics and other relative
transport theories for analyzing the system.

During the analysis, it was assumed that the drying
chamber is perfectly insulated, the heat loss through the vent
is negligible, the temperature change between the air at exit
and inlet is assumed to be constant and air is assumed to be
isotropic.
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FIGURE 2. Control volume of the drying element

ANALYTICAL ASSUMPTIONS ON THE CONVECTIVE HEAT DRYER

The above subject matter requires a comprehensive review

of heat and mass transfer, thermodynamics and other relative

transport theories for analyzing the system; the following

assumptions were made:

1. The drying chamber is perfectly insulated.

2. The heat loss through the vent is negligible.

3. The temperature change between the air at exit and inlet
is assumed to be in transient behaviour.

4. The sliced drying element is assumed to be isotropic.

5. The pressure and density variation in the sliced drying
element are infinitesimally small.

Applying the Cartesian coordinate energy equation on
the control volume element on the assumption that drying
elements are in rectangular shape, we have that:
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% (pCpT)(S‘xé'yé‘z = q,0y6z — (qx +—== 6x) 6yoz +
qy6x6z — (qy + —6y) 6x6z + qz6y6x (qz (1)
22 57) Syox + (Eyy — Ei)6x8ysz — USKSy(T, — T,)

where ¢, q, and g, are the heat fluxes across the control
surfaces in the x, y and z direction respectively. £’ and £”
and the inflow and outflow electrical energy components.

= (T, — T) represent the total temperature change
between the element surface and the surrounding air. U is
the net convective heat transfer coefficient which have been
experimentally determined by Ikwuagwu et al (Ikwuagwu
et al. 2020). The supposed convective heat loss is reversed
back to the system (as it can’t leave the system) since the
drying chamber is closed and perfectly insulated, it was
hence fused with the heat generation term. Simplifying Eqn
1 gives

% (pC,T)6x8y5z = ——6x6 85z — y 6x5y52 -

2 5x8y Sz + [(Eyy — Esp) — T“)]5 5ysz

Dividing through by 6x6ydz gives

a(pCpT) _ Aqy aqy aqz

ot T Tax "oy s T AEa ()

oT aT aT
But qx = _kxa; qy = _kya; q. = _kza_z

Substituting these into Eqn. 2 gives

aT 0%T 02T 0%T
pCp T an > + kya_yZ+ kZa > + AEel (3)
Where A, = +[(Ey — Ejp) -2
Dividing 3 by PCp gives
or _ [0°T 0T 0°T| AEy W
at 6x2 6y 022 pC,

Since the sliced drying elements are very small, the thermal
conductivity remains the same in all directions and at all
points within the slice. Hence, we can assume the element
to be an isotropic and homogenous medium. So, kK =k =k

= kand p% = a. Therefore, the thermal diffusivity a remain
P

the same everywhere within the sliced element.
Considering the control volume in Figure 2, the

temperature variation can be assumed to be in one direction

(z-direction), making the problem to be a /-D transient

problem. Therefore, Eqn. 4 becomes

aT %1

Pyl F-l_ D 4)

From Eqn. 5, @, is the electrical transient temperature
coefficient and % is the temperature gradient across the
element. can be define as

6=T-T,
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_ 9T, 9% _ 9T df _ drT,
From Eqn. (*),%6 -9, 99 97, db ;. Therefore, Eqn.
at  at’ az2 9z2’ dz
5 becomes
36 _ a 0 o
o6 _ ,2° 6
at + @ Cdz ( )

Eqn. 5 can be solved numerically by discretization to get
the temporal temperature variation of the sliced element and
the moisture drop of the element during the drying process.
Considering the control volume discretization in Figure
3, the sliced element of thickness Hm is subdivided into n
times of Az each.

Convective heg: loss Ra d'atl‘.;c—.bea‘. loss

=
M
I

-1 — -

. £l
Conduction heat flow

FIGURE 3. Discretized elemental control volume

Taking the temporal notation to be k£ and the space notation
to be i, the central reference node of the CV is taking as i,
moving upward from the central node is given as i+/, i+2,
......... n, moving downward from the central node is given

asi-1,i-2,....... 1. Eqn. 5 can be discretized as:
T/ — T Tf, —2TF + T, K
At - (Az)? ] +90 @)
Simplifying Eqn. 7 gives
alt
T} — T} = W(Tiﬁl —2TF+TE,) + okAc (8)
Tkt = TK(1 - 2Fo) + Fo(TK, + TK,) + oAt )

Eqn. 9 gives the temporal temperature variation within
the intermediate nodes of the elemental volume due to
conduction heat flow, where Fo is the mesh Fourier number

: alt
1ven as .
& (Az)?

INITIAL AND BOUNDARY CONDITIONS

Initially, the temperature and the corresponding moisture
concentration of the elemental piece is respectively given as
T, and C,. Considering the lower boundary of the elemental
slice, the slice is resting on a perforated pan which is
thermally serving as an insulator when compared to the heat
transfer rate on the surface of the slice. The radiative and
convective heat loss on the bottom surface can be assumed
to be zero since it is infinitesimally small when compared to
that on the upper surface. Hence,

o =0=pC, A%‘;—f—kA——AEelA bei

o

oT Az aT

E}FH pCALE — kAL — AE,AZ — h.AdT, -
h, AdT, beii

k+1_ mk k_mk

pC,,A%(%) = kA (“A—TZ) + AE, A% (10)
Where A = §x6y.
T <T1k—T2k) B

= 2| )t e (11
Simplifying Eqn. 11 gives

2aAt

T1k+1 -y = (A )2 (T1 Tzk)+ ok clAt (12)
Tkt = TK + 2Fo(T} — TF) + ¢kAt (13)
Tk+t = TF(1— 2Fo0) + 2FoT¥ + @¥ At (14)

Eqn.
node

14 gives the temporal temperature variation within
1 of the elemental volume due to conduction heat
flow. Considering the upper surface of the elemental
slice, convective and radiative heat losses are taking
place even though it is within the drying chamber but the
drying chamber is thermally interacting with the ambient.
Therefore, the energy balance on the node can be given as

CAE Tk+1_Tr}:c1 A Tk N
P At &

2 R A(TE - —Tk)

(15)
AEy A~

TX) + h, A(TK
Where 4, and /& are the convection and radiation heat
transfer respectively, TX is the temporal ambient temperature
and T is the temporal drying chamber surface temperature.
Simplifying Eqn. 15 further,

2kAt AE, At
T = Ty = —— s (TH =T ) + —=
pCyp(Az) pCy (16)
2h At 2h, At
+——(Tk —T}) + ———(Tk - T}
pc,,Az( ) pCpAz (T )
Tkt = Tk | + 2Fo(T¥ — Tk ,) + 0% At + 2FoBi (TX — (17

TX) + 2F0Bi, (T — T)

Where Bi and Bi, are the radiative and convective Biot
number associated with the respective radiation and
convection heat transfer on the surface node.

Eqn. 17 can further be simplified as:

Tk+1 = Tk (1 —2Fo0) + T¥[2Fo(1 — Bi, — Bi,)] +
@ At + 2FoBi T + 2FoBi, Tk (18)
Eqn. 18 gives the temporal temperature variation on the last
node (node n) of the elemental volume due to conduction
heat flow. Eqn. 9, Eqn. 14 and Eqn. 18 can be combined
to get the net temporal temperature variation within the
elemental slice glven as T"“ Bi and Bi_in Eqn. 18 are
given as =

Slnce the drylng chamber is perfectly insulated,
the increase in internal energy per unit mass of the yam
is equivalent to the thermal energy requirement for the
evaporation of unit mass of moisture content within the
drying element. Hence,

hcAs(Tk+1 - Ta) = mhfgw = h‘DAS(Cik+1 - Ca)hfgw (19)



h, is the mass transfer coefficient, 4 is the heat/mass
transfer surface area, m is the moisture evaporation rate,
hsg, is the latent heat of vaporization of the moisture and
CF** is the temporal surface moisture concentration and C,
is the drying chamber moisture concentration. But if there is
high temperature in the drying chamber during the heating
process such that the temporal moisture concentration of the
element behaves like an ideal gas within the chamber and it
is strictly a function of the temporal temperature variation
and the pressure assumed to be constant, the moisture
concentration can be related to the temperature change
within the dryer. Hence,

Mip;

k+1 —
Ci - Ry Tk+1

(20)

But in real case where assumption leading to Eqn. 20 is
not applicable, the heat transfer can be related to the mass
transfer energy required. From Eqn. 19, the moisture
evaporation rate is evaluated as

_ heAs(TH4 - 15) (1)
hfgw

The temporal moisture concentration difference can as well

be evaluated from Eqn. 19 as

cit _ ¢, = el Ta) (22)
‘ @ hphgg,,
From Eqn. 19,
N\
= pCy () " = pCy(Le)s (23)

Where Le is Lewis number given by (g) Substituting Eqn.
23 into Eqn. 22 yields

Ck =, + pcp(Le)z/s(Tk’:_‘Ta) 24)

gw

If is assumed to be zero (infinitesimally low moisture
concentration),

k+1_
cl+t =pCp(Le)2/3(Th—Ta)

25
faw ( )
At the surface of the element, both heat, mass and momentum
transfer are simultaneously taking place within the chamber
in a turbulence manner. This requires correlation using
Chilton-Colburn j-factor which implies that

G
Ju=Jp = 7 (26)
Eqn. 26 can also be referred to as heat, mass and momentum
transfer analogy, while Cr is the skin friction factor, for the
case of flow over a flat plate (like this case), it is given as
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_ 1288

Cr = —; (for laminar case) (27)
Re;'?
Cr = 2’:27_‘; (for turbulent case) (28)
h, 2 hp 2
= 3./ = —25c/3
Ju G, Pr7/3; jp > Sc

For flow over a flat plate, the heat transfer coefficient is
given as a correlation:

=y 2

h. = 0.037Re, "°pvC,,Pr /3 (29)

h, = SG(TS + Tn)(Tsz + Trg) (30)

Similarly, the mass diffusion coefficient 4, is given by
1l

hy = 0.037 v Re, /55cs G1)

Where p is the air density, v is the air velocity, Cp’a is the
specific heat capacity of air. The Reynold number, Re,,
Prandtl number Pr and Schmidt number Sc are respectively
given as:

vl C v
pT;Pr= p'a'u;Sc= —

Re, = P )

Where u is the air absolute viscosity, v is the kinematic
viscosity of air, L is the heat flow surface length.

For the thermal properties of the drying element
(Dioscorea dumetorum specifically), Oluwamukomi and
Akinsola (Oluwamukomi and Akinsola 2015) worked on
the thermal and physicochemical properties of some starchy
foods. Oke et al (Oke, Ogunlakin, and Philip 2009) through
their studies modelled the thermophysical properties of
yam like thermal conductivity (k), density (p) specific
heat capacity (Cp) and thermal diffusivity (a) as purely
temperature dependent variables.

k = 0.164 + 0.001T + 7.676 « 10~7T3 (32)
p = 1100.49 + 4.107T + 0.004T2 — 0.004T?3 (33)
C, = 2750.89 + 2.693T — 2.925T2 — 0.0697T" (34)
a=— (35)

pCp

The energy consumed by the dryer in drying any particular
amount of element can be calculated as

Econ = mpr(Tk+1 - ini) (36)

Where Tj,; is the initial temperature of the element, T*** is
the final temperature of the element, C is the specific heat
capacity of the element while m, is the mass of the element
dried.
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The anergy generation by the system can as well be
calculated as

Dgen = ToAS 37)

Where AS is the change in entropy of the element and can
be evaluated on assumption of negligible pressure change as

a8 = my [cyin (2) + Rin (5—)]

ini Pini

(3%)

The pressure term in Eqn. 38 (?) is neglected as

ini

infinitesimal pressure change is observed. From Eqn. 36, 37
and 38, the useful exergy of the system can be evaluated as

Tk+1

Econ Z(P‘rliyl;‘;j [(Tk+1 - Tini) —Taln (Tm) - TaR/ (39)
Cpln Pini

The input energy to the system is the electrical energy used
in the heating/drying process which is given by

Ei =1V x to, (40)

Where is the total drying time (sec). The input exergy of the
system can as well be given as

B = B (1- 12) (1)

If Eqn. 36 is divided by Eqn. 40, the energy efficiency of the
system can be gotten and the exergy efficiency of the system
can be evaluated when Eqn. 39 is divided by Eqn. 41.

Ecan

(42)
(43)

n, =

RESULTS AND DISCUSSION

The modelled equations were solved with Scilab using
numerical approach for data computation. From Oke et al
(Oke, Ogunlakin, and Philip 2009), the thermal properties of
the tested species as a function of the element temperature
were also computed using Eqn. 32 to 35. Where Eqn. 35
can be computed from Eqn. 32, 33 and 34. The temporal
thermophysical properties were used in solving Eqn. 9,
14, 18, 21, 25, 36, 37, 38, 39 and 41 for the computation
of the temporal temperature, surface moisture evaporation
rate, moisture content, consumed energy, anergy generation/
exergy destruction, entropy change and useful exergy of the
system respectively. The energy and exergy efficiencies of
the system were as well computed from Eqn. 42 and 43.

TEMPERATURE AND CONCENTRATION PROFILE

Figure 4 shows the temporal temperature profile and
moisture concentration removal against the drying time
of the element. It can be observed from the graph that
the temperature gradually increased from the normal
room temperature of 27°C at zero secs time to 72°C at
approximately 2700 secs (45 mins) as the peak temperature.
The temperature thereafter dropped to 67°C due to thermal
and microscopic particulate agitation of the drying element.
During this period, the chemical and intermolecular bonds
of the drying element and their contained water get loose
and break away which always demand much thermal
energy and then drops the thermal profile of the system.
The thermal profile therefore stabilized at 67°C at 4600 secs
(approximately 1 hour, 17 mins) as the agitation decreases
and the element was gradually dried due to this temperature
control measure because there was no further increase in
temperature of the element. In a similar manner from Figure
4, the moisture removal curve followed the same trend as
the temperature profile and remain nearly constant at the
same time temperature remain constant (i.e. from 0.5 to
13.2 g/mol). Since the drying chamber is well insulated, the
space can easily be saturated with the evaporating moisture
at constant temperature

Temporal temperature profile and moisture concentration removal against drying time
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FIGURE 4. Temperature and concentration profile

The moisture concentration removal amount and
the surface evaporation rate were also plotted against
the drying time to compare them. With the temperature
control (moisture concentration removal as a function of
temporal temperature), similar trend is applicable in surface
evaporation rate as in the case of moisture concentration
removal. The surface evaporation rate gradually increased
from nearly 0.001 g/s to 0.0142 g/s. The rate of the surface
evaporation is slightly more than the moisture concentration
removal just after 900 secs (15 mins) even though they
maintain the same rate from the onset of the drying till
that period. Meanwhile, the difference between the two
parameters became higher at nearly the peak temperature
time and maintain the amplitude after the temperature
remain constant.
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FIGURE 5. Evaporation rate and concentration profile

CONSUMED ENERGY AND EXERGY

The energy and exergy consumed within the system in
addition to the convective heat lost in the system were
plotted against the drying time in Fig 6 just like the other
parameters. From the graph, the convection heat loss in the
system is relatively low due to the drying chamber heat loss
preventive measures. The useful exergy of the system can
be seen to be more than the convective heat loss though less
than the energy consumed in the system. This justified the
reason for the insulation of the dryer and the second law
definition of exergy of a system. This will result to efficient
drying system though the entropy generation minimization
will further make the system more efficient. The peak energy
computed from the system is approximately 958 J against
the useful exergy which is about 443 J. The peak of both
parameters occurred nearly at the same time with that of the
temperature. This implies that temperature control all other
drying parameters in the system since the air flow within
the drying chamber is very low. Comparing the energy
consumed and the useful exergy of the system at the peak
level from Figure 6, it can be observed that about 46.24%
of the expended energy was actually useful for the drying
purpose and about 10.23% were lost due to convective heat
loss. This also implies that much energy was lost through
exergy loss accompanying heat and energy generation (i.e.
exergy destruction).

\sumad, Exergy consumed & Convective haat loss against diying time

......

Enargy consumed, Exergy consumed & Convective heat loss i)
2
g
I

o 1 ooo 2000 3 ooo 4000 5 000 =000 7 ooo =000

Drying Time (S=c)

FIGURE 6. Energy and exergy consumed with the convective heat
loss during the drying
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ENTROPY GENERATION RATE IN THE SYSTEM

Figure 7 shows the plot of the entropy generation and the
consumed exergy of the system. It can be observed that
higher entropy is generated than the exergy utilized in
the system due to the irreversibility in the dryer. As the
drying time increases, the difference between the exergy
and entropy generation rate increases even after the point
of constant temperature. This justified the fact that even at
constant temperature (in this case of temperature-controlled
dryer), irreversibility like element bond breaking results to
further entropy generation.

Entropy generation & Exergy consumed against drying time

Drying peri

FIGURE 7. Entropy generation and exergy consumed during the
drying

EFFICIENCIES OF THE SYSTEM

The consumed system energy and exergy efficiencies were
plotted against the drying time of the element in Figure 8.
Both efficiencies were observed to follow the same trend
as the expended energy and exergy. Peak energy efficiency
of approximately 54.6% was recorded in the dryer with
the peak exergy efficiency of 23.4%. The peak of both
efficiencies occurred nearly at the same time.

Energy & Exergy efficiencies against drying time
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FIGURE 8. Energy and exergy efficiencies of the system

VALIDATION OF THE MODELS

The validation of the models was done by matching of the
results gotten from the model with those of the experimental
results of the same dryer after the design and construction
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by Ikwuagwu et al (Ikwuagwu et al. 2020). Figure 9 shows
the prototype after different stages of the dryer design and
fabrication at Mechanical Engineering workshop, University
of Nigeria, Nsukka.

FIGURE 9. Final dryer prototype

Figure 10 also shows the experimental testing of the dryer.
Different sliced pieces of Trifoliate yam were dried in the
fabricated dryer at different temperatures to test the dryer
functionality and efficiency.

FIGURE 10. Drying of Trifoliate Yam

The yams were cut to dimensions of 50 mm by 30 mm
by 5 mm as used in the model of this particular study. The
sliced yams were put on top of perforated rectangular pan
and placed over four 200W filament bulbs as can be seen in
Figure 10.

Figure 11 shows the plot of the experimental data of the
evaporation rate against time at 70°C. Comparing the plot
of Figure 11 with that of Figure 5 and Figure 4, it can be
observed that the data from the model conformed to that of
the experimental result. The experimental results also show
that 70°C temperature is the best mild drying temperature
of the yam due to their thermo-physical properties which is
also in line with the model result in Figure 4.

The graph of Rd (Kg/s) against Time (Sec) at 70°C
0.000035

o 1000 2000 3000 4000 5000 6000

Time (Sec)

FIGURE 11. Graph of evaporation rate against time (sec) at 70°C

CONCLUSIONS

The mathematical model for the thermal analysis for
temperature regime evaluation of convective heat dryer
has been done. The consumed energy, exergy, entropy
generation, exergy destruction and efficiencies of the dryer
had been computed as well. The performance of the dryer
has been examined by drying Dioscorea dumetorum with
gradual temperature variation and the results obtained show
that:

1. The drying time and other thermal parametric influence
of the dryer is a function of the dryer’s operating
temperature.

2. The dryer’s efficiency was also computed and
results showed that the efficiencies are functions of
temperature. It also yielded better products as compared
with the traditional means of drying.

3. The required power for the dryer is as small as 800 W
(four 200 W filament bulbs), hence a portable generator
of 900 W or 1 kW can be used to power the system to
account for energy transmission losses.

4. The numerically modelled dryer was not location-
specific as it can be applied anywhere with the
consideration of the location ambient temperature in
the model, hence any agricultural product can be dried
in it provided the drying temperature is specified, and
this implies making relevant modifications if needed.

From the results, it can be observed that the optimal
performance with optimum efficiency of the dryer can be
achieved around temperature of between 65°C to 72°C
if technically maintained through gradual heating. The
moisture content of yam is usually between 56 — 78%, hence
a high moisture content of 75% was used for the analysis.
By implication, an agricultural product of high moisture
content can be dried in the dryer provided it is set on a
desired temperature as the controlling parameter.
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Nomenclature
q. heat fluxes across the control surfaces in the ~ W/m?
x direction

E’,  Inflow rate volumetric electrical energy W/m?

E”,  Outflow rate volumetric electrical energy W/m?
T, Surface temperature of the drying sample °C
T Surface temperature of the drying sample °‘C
a Thermal diffusivity m?/s
Cp Specific heat capacity J/kgK
p density kg/m?
k Thermal conductivity W/mK
At Change in time sec
T Temperature of the drying sample °C
A Area m?
h, Convection heat transfer coefficient W/m?K

; Radiation heat transfer coefficient W/m?K

Bi, Convection heat transfer Biot number

Bi, Convection heat transfer Biot number

Fo Fourier number

Le Lewis number

h, Convective mass transfer coefficient m/s
u Absolute viscocity Kg/s.m
v Kinematic viscocity m*/s
% Air velocity m/s
o Stefan-Boltzmann constant

Re Rhenold number
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Nomenclature contn’d

Nomenclature contn’d

Prandt] number

Schmidt number

latent heat of vaporization of the moisture
moisture evaporation rate

internal transient heat generation coefficient

Temperature difference
skin friction factor
Initial moisture concentration

Chilton-Colburn j-factor for mass transfer

J/kg
Kg/s
T/s

Kg/s

Jy Chilton-Colburn j-factor for heat transfer
L heat transfer surface length
Subscripts and superscripts

k temporal notation

i space notation

n space notation for the last node

K surface

a air
or convective, radiative






