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Abstract

Agricultural produce spoilage from microbial activity is a major course of concern. One of the means to reduce microbial activity is to reduce the
amount of moisture content in crops. This is most often achieve by sun drying or using cabinet dryer. However due to varied drying temperature
and moisture contents of crop this research have developed and tested a high and low temperature cabinet suitable for drying crops with high and
low moisture contents requiring different air temperature in order to retain the nutritional value of agricultural produce. The drying rate for the
respective produce are 0.08875, 0.02,0.1275, 0.025, 0.07 and 0.07 kg/h for tomatoes, pepper, onions, bitter-leaf, fish and plantain respectively, with
the high temperature chamber experiencing higher drying rates than the low temperature chamber due its higher temperature. The maximum
recorded temperature in the high and low chamber are 69 °C and 52 °C, 60 °C and 45 °C, 75 °C and 55 °C respectively for day 1, day 2 and day 3 of
testing. Peak high-chamber efficiency was 49% and consistently exceeded the low-chamber peak of 35%. This demonstrates that the developed
high and low temperature cabinet dryer is both functional and efficient for multi-crop drying application.
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1. Introduction

Over the years, post-harvest agricultural produce losses has
been a consistent challenge to farmers who toil day and night to
feed the astronomical increase in world population [1]. As a way
out, farmers resort to drying to increase the shelf life of their pro-
duce while also retaining their nutritional value [2]. However,
open sun drying remains the norm, despite its inefficiency and as-
sociated contamination due to rodent attack and other contami-
nants inherent in atmospheric air and variability of atmospheric
weather conditions [3, 4, 5]. Cabinet dryers leverage on these
demerits of open sun drying by providing an enclosed structure
to shield the produce from rodents, insects and other contami-
nants present in the air. The cabinet dryers draw their energy ei-
ther from combustion of biomass or natural gas, solar energy and
via electrical heating elements, or a combination of both, usually
termed hybrid, with varying degrees of effectiveness and relative
cost of operation [6]. Biomass energy, derived from agricultural
residues such as rice husks and wood, provides a sustainable and
cost-effective fuel source [7]. The current developed cabinet dryer
has a high and low temperature chamber particularly suited for
drying agricultural produce with high and low moisture content
that are particularly susceptible to drying temperatures, with air
circulation enhancement via a forced through blower and an ex-
tractor fan.

Onoroh et al. [3] developed a single cabinet dryer for drying
of multiple agricultural produce using biomass as energy source.
The drying air is indirectly heated in a heat exchanger and effi-
ciency of 45% was achieved while drying tomatoes, okra, and bitter
leaves. Murugan et al. [4] carried out an overview of industrial and
small-scale dryers using biomass with emphasis on economic and
sustainability aspects. They identified poor air circulation as a ma-
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jor cause of uneven drying and recommended structural improve-
ments and better airflow with a view to improving performance of
cabinet dryers. Mahajan et al. [8] designed and analysed a turmeric
solar-biomass dryer incorporating solar absorber, biomass burner,
blower, drying cabinet, and exhaust heat exchanger. The perfor-
mance of the dryer was simulated using ANSYS Fluent yielding tem-
perature distribution range of 60-65 °C at an airflow velocity of
2 m/s. Kumara et al. [5] developed a dual-heat dryer combining
biomass and solar energy. Their dryer achieved a drying air tem-
perature in the range of 40 °C and 110 °C while drying drumsticks,
bitter gourd, papaya, mango, lemon grass, and mushroom with nat-
ural convective airflow.

Sinon et al. [9] conducted an experimental study of a dryer suit-
able for drying fruits and vegetables. Test results showed that the
dryer has an efficiency of 10.76%, while combusting biomass con-
nected to a water-air heat exchanger reducing the moisture con-
tent from 93.8% to 12% in sixteen hours of operation. Akowuah
et al. [10] investigated the effect of drying temperature on ker-
nel damage and viability of maize, and evaluated the impact of
drying temperatures on a solar-biomass dryer. The moisture con-
tent of maize was reduced from 22.8% to a desirable value of 12.8%
with drying air temperatures ranging from 44.4 °C to 52.8 °C, with
the goal of reducing stress cracking. Ezurike et al. [11] designed
and performed a numerical analysis on a semi-automated biomass-
powered multipurpose dryer with temperature control sensor pre-
determined at 67 °C. The peak moisture removal rate of the sample
was 0.0066 kg/h, while the sample attained 40% moisture concen-
tration of its initial value; 90% mass content removal of the initial
mass of the sample was achieved at the end, with a simulation time
of 240 s during testing.

From the review, several works have investigated biomass cabi-
net dryers; however, little emphasis has been placed on efficient air
circulation that guarantees effective moisture removal and even
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drying, and on the different temperature requirements of specific
crops. Thus, this research has effectively developed and tested a
high and low temperature cabinet dryer suitable for drying a wide
variety of crops of varying degrees of moisture content, with a
combination of forced-through and drawn-out air, with biomass as
thermal energy source and solar energy as electrical energy source,
with an integrated indirect heat exchanger.

2. Materials and methods

The agro-dryer is constructed as a two-chamber drying system,
comprising a high-temperature and low-temperature zone, fabri-
cated using angle bar for structural integrity lined with mild steel
sheet. It includes a detachable charcoal-fuelled combustion cham-
ber integral with a heat exchanger. To facilitate forced convection,
a 24 V DC-powered blower circulates ambient air through the heat
exchanger and into the dryer after indirect heating by the combus-
tion of biomass. A 24 V extractor fan on top of the low tempera-
ture chamber facilitates evacuation of moisture-laden air from the
dryer; both the fan and blower are powered using solar energy via
photovoltaic panels and storage batteries. The drying chambers
house perforated mesh trays arranged in tiers (Tray 1, Tray 2, and
Tray 3), enabling uniform distribution of heated air and efficient
contact with the crop surfaces. Figure 1 shows the schematic of
the dryer. The high temperature chamber ensures quick removal
of moisture from high moisture content products while the low
temperature chamber is used for heat-sensitive products and en-
sures slow evaporation of moisture without degrading their nutri-
ents. The design has been made in this way so that the dryer can
be used to dry both high and low moisture content products with-
out nutrient degradation while using the same source of energy,
thereby increasing the efficiency of the dryer and reducing energy
consumption.

Figure 1: Dryer components and assembly

Dryer Components and Assembly. Part list: 1. Extractor fans, 2. Dryer
doors, 3. Detachable connecting pipe, 4. Heat exchanger, 5. Blower, 6. Com-
bustion chamber, 7. Combustion chamber stand, 8. Dryer stand, 9. Drying
trays, 10. High chamber, 11. Air plenum, 12. Low chamber.

2.1. Blower and extractor selection

The heat energy required to dry agricultural products is directly
linked to the thermal capacity of the air stream used in the drying
chambers. This energy is supplied by the combustion of biomass in
a high-efficiency combustion chamber. The drying air supplied by
the blower absorbs thermal energy as it passes through the heat ex-
changer, resulting in a temperature increase. The energy balance
governing this heat transfer is expressed as Equation (1) [12, 13]:

my LHV = mgco(Th — T2) X e (1)

where m,, is the mass of biomass (kg); LHV is the lower heating
value of biomass (kJ/kg); m. is the mass flow rate of drying air

(kg/s); ca is the specific heat capacity of air (kJ/kgK); T is the heat
exchanger inlet temperature (K); T% is the heat exchanger exit tem-
perature (K); n. is the thermal efficiency of the combustion. The
mass flow rate of drying air is determined using Equation (2) [14]:

ma:QXpa (2)

where Q is the blower flow rate (m*/s) and p, is the air density at
drying conditions (kg/m®). Table 1 gives the specification of the
selected blower based on its static pressure and flow rate.

Table 1: Blower specification.

Parameter Value

Maker Lawrence Brown
Model RG133-46/24-200
Voltage 24V DC

Power 40W

Flow rate 0.05286 m®/s
Static pressure  154.4Pa

For ease of drying air circulation and to overcome pressure loss
in the dryer, two extractor fans are installed on top of the low tem-
perature chamber, ensuring facilitation of the removal of moisture-
laden air from the chamber. The specification of the deployed ex-
tractor fans is given in Table 2. These fans were chosen for their
low power consumption and matching flow rate to the blower.

Table 2: Specification of extractor fan.

Parameter Value

Maker Delta Electronics, INC
Model FFB0924EHE

Voltage 24V DC

Power 12W

Flow rate 0.052m*/s

Static pressure 166 Pa

2.2. Heat exchanger design

The heat exchanger serves as the critical interface for indirect
thermal energy transfer from the combustion chamber to the dry-
ing chamber, enabling clean, food-safe heating without introduc-
ing combustion gases. Its role is to capture and transmit heat from
hot flue gases to the airflow that circulates through the drying sys-
tem, ensuring consistent and efficient moisture removal. Figure 2
shows the internal geometry of the heat exchanger.

Figure 2: Drawing of the heat exchanger.
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Table 3: Agricultural products drying parameters [15, 16, 17, 18, 19, 20, 21].

Dryer Chamber Crop MC; (%) MCs (%) T(C) t(hr) m, (kg/kg) Q(k))
High-Temperature =~ Tomatoes 85-95 6-10 45-65  15-20 0.84 1898
Onions 80-86 7-14 35-45 6-8 0.79 1785
Fish 65-75 10-15 45-60  6-10 0.68 1602
Low-Temperature  Pepper 65-75 8-12 35-50 5-7 0.65 1469
Bitter-leaf ~ 80-90 5-12 35-50 4-6 0.80 1808
Plantain 55-70 10-15 55-70 6-10 0.54 1220

MC; and MC ¢ stand for initial and final moisture content (%).

The exchanger was fabricated using mild steel plate, chosen for
its high thermal conductivity and structural stability. It features
four vertical plates, each acting as a single pass, resulting in 5
parallel air passes within the heat exchanger, making the design
more compact, resulting in increased contact surface area and im-
proved heat transfer. An outer shell encloses the drying air, which
is heated via conduction and convection. The basis of the design
is the need to reduce the surface area of flow, thereby increasing
the air velocity and turbulence, ensuring improvement in the over-
all heat transfer coefficient leading to enhanced thermal efficiency.
During steady operation, the bottom plate of the heat exchanger
remains at a quasi-fixed temperature due to continuous combus-
tion of biomass beneath it. This constant high-temperature inter-
face drives heat into the internal air volume through the exchanger
walls. Each hot surface facing the airflow provides a path for heat
transfer to the air. The rate of heat absorbed by the air can be de-
termined from Equation (3) [12]:

Q = UAoAnm (3)

where U is the overall heat transfer coefficient (W/m?K); A, is the
surface area of flow (m?); AT}, is the log-mean temperature dif-
ference (K). The log-mean temperature difference is obtained using
Equation (4):

(T-T)—(T'-T)
n(7=7)

where T is the heat exchanger bottom plate temperature (K).

ATy, = (4)

2.3. High and low moisture content agricultural products

The efficiency and design parameters of the high and low agro-
dryer are determined based on the moisture content, drying tem-
perature, and required airflow rates of selected agricultural prod-
ucts. High-moisture crops, such as tomatoes (Lycopersicon esculen-
tum), onions (Allium cepa) and herring fish (Clupea harengus), re-
quire higher drying temperatures to facilitate moisture removal
[11]. In contrast, low-moisture crops, including bitter-leaf (Ver-
nonia amygdalina), plantain (Musa paradisiaca), and pepper (Cap-
sicum spp.), require gentler drying conditions to preserve quality
and prevent excessive dehydration [3]. The high and low moisture
content crops used for testing are depicted in Figure 3.

Table 3 details their initial and final moisture contents, drying
temperature, drying time, dehydration per kg, and the quantity of
heat energy required per fresh product.

(e) Bitter-leaf (f) Plantain

(d) Pepper

Figure 3: Experimental agricultural crops. Top row: high moisture crops .
Bottom row: low moisture crops.

The products are grouped into chamber-specific drying pairs.
High moisture content crops are placed in the high-temperature
chamber while low moisture content crops are placed in the low-
temperature chamber. The combined heat requirement repre-
sents the total energy needed per drying cycle for both chambers
operating simultaneously. The pairing of these agricultural prod-
ucts is as shown in Table 4.

Table 4: Pair of crops in the chamber during drying.

Pair High Chamber Low Chamber Q (kJ)
Pair 1:
Tomato + Pepper Tomato Pepper 3367
Pair 2:
Onion + Bitter-leaf  Onion Bitter-leaf 3593
Pair 3:
Fish + Plantain Fish Plantain 2822

The final moisture content of each crop is determined using the
wet basis as expressed in Equation (5) [18, 22]:
w

— %100
Wy + Wy

MC = ()
where w,, is the mass of water removed during drying (kg) and wq
is the final mass of the dried crop after drying (kg). The mass of wa-
ter to be evaporated from any agricultural product is determined
using Equation (6) [23, 24, 25]:

MC; — MCy

M =960 — MCy

(6)
where m; is the initial mass of the crop before drying (kg); MC; is
the initial moisture content (%); MC ¢ is the final moisture content
(%).
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Drying is a coupled heat and mass transfer process, where mois-
ture migrates from the interior of a solid to its surface and is then
removed by an air stream. In this system, the transfer of internal
moisture is governed by Fick’s Second Law of Diffusion, while exter-
nal moisture removal is driven by thermal convection and airflow.

The rate at which moisture diffuses through the crop matrix is
quantified by the effective moisture diffusivity, which captures the
collective effect of molecular diffusion, capillary flow, and vapour
diffusion. This parameter is highly temperature-dependent and
varies with the physical structure, moisture content, and compo-
sition of the material being dried.

The diffusivity is governed by Equation (7) [20, 26, 27]:

F,L?
t

Degs = ()
where F, is the Fourier number for diffusion; L is the half-
thickness of the crop (m); ¢ is the drying time (s). The Fourier num-
ber is estimated using Equation (8):

F, = —0.212 — 0.010142 4 In(MR) (8)

where MR is the moisture ratio. According to Gumus and Banigo
[20] and Owusu-Sekyere et al. [14], the moisture ratio is estimated
using Equation (9):

MG,

MR = MC;

©)
where MC; is the moisture content at any given time.

2.4, Performance evaluation of the dryer

To analyse the high and low temperature agro-dryer perfor-
mance, temperature probes are placed at critical points to measure
air temperature changes during the drying process as shown in Fig-
ure 4. The arrows in the figure represent the drying flow path while
the numbers represent temperature probe positions.

2
|
4
£
|
1 3

Burmer

Figure 4: Temperature probe positions in the dryer.

The efficiency of the high-temperature chamber assesses how
effectively the thermal energy supplied from the biomass burner
is utilised to raise the drying air temperature. The high chamber
efficiency is computed using Equation (10) [4, 12]:

T -T

=-2"-3 10
T (10)

nNH

where T3 is the high chamber temperature (K).

SOLAR RATMATION

| ||

PANEL

CHARGE
CONTROLLER

I I B

BATTERY | BATTERY 2

BLOWEREXTRACTOR
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(a) Component circuit diagram

Extractor Fans

Heat Exchanger
Charge Controller

Batteries
Blower

Combustion Chamber

(e) TM 902C Temperature
meter

(g) SM206-Solar
ture meter meter

(f) MTM-380SD Tempera- power

(h) RH300 Psychrometer

Figure 5: Test Rig

Since the low-temperature chamber receives preheated air from
the high chamber, its performance depends on residual heat. The
efficiency is therefore defined relative to the temperature drop be-
tween the outlet and inlet of the high chamber using Equation (11)
[28]:

Ty —Ts

= 11
T (11)

no
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where T} is the low chamber temperature (K) and T is the exhaust
air temperature (K).

The burner efficiency measures how effectively the combustion
of charcoal transfers energy to the drying air. It is calculated using
Equation (12) [4, 12]:

mana (Tl — Tz) (12)
mp LHV
The overall efficiency reflects the system’s total heat utilisation
from combustion through both chambers. It can be expressed as a
product of the three stage efficiencies as in Equation (13) [4]:

B =

Mo =1NH X NL X 1B (13)
A model of the high and low temperature agro-dryer was de-
veloped and tested. The experimental phase involved three dry-
ing tests; each focused on a unique pair of perishable agricultural
products. These combinations were carefully chosen to represent
a range of moisture contents and temperature sensitivity. Each
test ran for eight hours from 9:00 am to 5:00 pm on separate days.
The chamber selection for each crop was based on preliminary lit-
erature findings about their optimal drying conditions, with heat-
sensitive crops placed in the low chamber and more thermally re-
silient crops in the high chamber. To evaluate the dryer’s perfor-
mance, temperature probes were placed at critical positions in the
dryer, while also measuring the mass of the produce over a time
interval of one hour. The drying air temperatures were monitored
using K-type thermocouples connected to two digital thermocou-
ple meters TM-902C and MSD380SD. A digital RH300 psychrometer
and solar power meter SM 206 were used to monitor the ambient
conditions. The blower and extraction fans are connected to two
storage batteries in series, which are in turn continuously charged
using two SPV200M solar panels in series and via BSC6048 charge
controller.
Figure 5 shows a diagrammatic electrical circuit connection of
the components of the dryer and the test rig.

3. Results and discussion

3.1. Drying of Tomatoes, Pepper, Onions, Bitter-leaf, Fish,
Plantain

The high and low agro-dryer was tested using tomatoes and pep-
per in the high and low chambers respectively on 5 August 2025,
termed day 1. Onions and bitter-leaf in the high and low chambers
were experimented respectively on 8 August 2025, termed day 2.
Testing for fish and plantain in the high and low chambers respec-
tively was on 20 August 2025, termed day 3. The entire test spanned
eight hours between 9 am to 5 pm. Figure 6 shows the before and
after drying of the respective agricultural products.

Figure 6: Dried crops after eight hours.

As drying progressed, visible shrinkage and moisture loss were
observed in the crops. The crops became significantly reduced in
size with the passage of time. Table 5 details the moisture content
of the dried crops after eight hours of drying obtained using Equa-
tion (5).

Table 5: Moisture content after drying.

Crop Moisture Content (%)
Tomatoes 16
Pepper 6
Onions 21
Bitter-leaf 8
Herring Fish 11
Plantain 14

The outcome of the experimental testing confirms that the
biomass high and low temperature cabinet dryer is suitable for
the dehydration of high and low moisture content agricultural pro-
duce and demonstrates the efficacy of the dryer in handling diverse
produce.

3.2. Energy transfer in heat exchanger

The thermal energy absorbed by the drying air in the heat ex-
changer is as shown in Figure 7 for the three test days. The fluc-
tuations in the heat transfer are due to the uneven combustion
of the biomass in the combustion chamber, varying between 4.3-
4.55 kW, reflecting the sensitivity of the logarithmic mean temper-
ature difference to fluctuations in inlet and outlet temperatures,
even when the plate temperature remained constant at 800 °C. No-
tably, the difference between the thermal energy across the three
days was within +0.1 kW, indicating that the system maintained a
relatively stable thermal performance under varying atmospheric
conditions. The predicted values of heat transfer rate align well
with theoretical expectations for forced convection over flat sur-
faces at comparable operating conditions, similar to studies by
Ndukwu et al. [29] and Muritala et al. [15]. The slight variations
across days are consistent with the experimental inlet and out-
let air temperatures. The relatively narrow range of heat transfer
rates further validates that the system was not strongly influenced
by ambient fluctuations, but rather by the imposed boundary con-
dition of plate temperature, as expected for controlled drying ex-
periments.

Heat Transfer Rate /kW

9 10 11 12 13 14 15 16 17
Time of Day /hr

Figure 7: Thermal energy absorbed by the drying air in the heat ex-
changer.

3.3. Temperature variation during the course of drying

Figure 8 illustrates the inlet dry and wet temperature; heat ex-
changer air exit temperature; high and low chamber temperature;
and exit dry and wet air temperature of the dryer during the dry-
ing of day 1, day 2 and day 3 respectively, from 9:00 am to 5:00 pm.



6 F. Onoroh et al.

100

x ' % A|nlet Wet Bulb
ok KT u |nlet Dry Bulb
= = Heat Exchanger
60< ** . * % |*High Chamber
* ** x
% e R AT I L + |*Low Chamber
40 * % o N * o o ;* + |¢Outlet Wet Bulb
* Xk 0%000o2¢%0° d ®Outlet Dry Bulb
ﬂ.ﬁx'."x”""nnn 'nn"'-n AR
mby LA AAL LpnT UMyl LS aa
2OOOOOOOOOOOOOOOOOOOOOOOOOO
ONTONTONTONTONTONTONTONTO

OO OO T NN T LOLOLOWO OO

80 x xF
X

*
x * x
““‘t *¥ Xxypx x

Temperature /°C

Time of the Day

(a) Day 1
100
| A nlet Wet Bulb
80 x oy * ®Inlet Dry Bulb
* «*. _ “Fusx®  liHeat Exchanger
60 xk ¥ L ak *High Chamber
* *Low Chamber
40 ,x:**:*** *:********** Outlet Wet Bulb
4 r* ! ©OQutlet Dry Bulb
iGitgeRazienyedengngiifss
'coococoocococoocoocooccococoo
SATONTONTONTONTONTONTONTD

OO OO T v ANANNMMOT T LOLOLOWO OO

*
* ‘t‘t‘t‘vtt**
* *

Temperature /°C

Time of the Day
(b) Day 2
100 -

. *
80- X Fx ¥k ox A ﬁ% ¥
* *

7 * x %% 3% *
60 ~ * *
* x * ®

* * **
40%x **x KX x s K a *
$ ®

* F 3 A A A -

shtfsafedtitfangegacgoteg
OO0 OOOOOOOOOOOOOOOOOOOO
ONTONTONTONTONTONTONTONTO

OO OO T ANANNMMO T T LOLOLOWO OO

Outlet Wet Bulb
©Qutlet Dry Bulb

Temperature /°C

Time of the Day

(c) Day 3

Figure 8: Temperature variation vs time in the dryer

The heat exchanger air exit temperature, peaking at 87 °C, 85 °C
and 85 °C for day 1, day 2 and day 3 respectively, confirms its role
as the system’s thermal core. A consistent thermal gradient was
observed between the high and low chambers, with average peaks
of 69 °C and 52 °C, 60 °C and 45 °C, 75 °C and 55 °C respectively
for day 1, day 2 and day 3, indicating effective heat transfer and
controlled stratification. The inlet wet bulb temperature remained
lower than the outlet, indicating the capacity of the air to absorb
moisture from the agricultural product, with the higher outlet wet
bulb indicating the increase in humidity of the air because of the
moisture absorbed from the produce. These temperature gradi-
ents are indicative of energy utilisation in the dryer. Similar pro-
files align with the findings of Schmid et al. [7], Chantasiriwan [6],
and Donoso-Garcia et al. [30].

3.4, Mass and moisture loss of agricultural products

Figure 9 shows the total weight and dehydration that occurred
during drying. As expected, the weight of the produce declined
with each passage of time and expectedly the amount of moisture
evaporated increases with time. The obtained dehydration per pro-
duce are 0.71, 0.16, 1.02, 0.2, 0.56 and 0.56 kg for tomatoes, pep-
per, onions, bitter-leaf, fish and plantain respectively. Ezurike et
al. [11], Krokida et al. [31], and Schmid et al. [7] reported similar
drying behaviour in their work. The drying rate for the respective
produce are 0.08875, 0.02, 0.1275, 0.025, 0.07 and 0.07 kg/h for toma-
toes, pepper, onions, bitter-leaf, fish and plantain respectively.
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Figure 9: Total weight and dehydration vs time
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3.5. Effective moisture diffusivity

Figure 10 shows how the effective moisture diffusivity of the
crop samples varies against time of day. At the start of drying,
all crops showed relatively high diffusivity values, which then de-
creased gradually over time. This occurred because water near
the surface was removed quickly at the beginning, while moisture
trapped inside the material moved more slowly as drying contin-
ued. Fish had the highest diffusivity because of its high moisture
content and porous structure. Tomato and onion followed moder-
ate patterns, while pepper and vegetables showed lower diffusivity
due to their denser tissues. Plantain showed a smoother and more
stable decline across the drying period. Overall, the trend shows
that moisture diffusivity decreases with time as drying progresses.
The computed values in the order of 107'° m?/s are typical for
agricultural products. Similar patterns were reported by Zeng et al.
[26], who observed that diffusivity increases with temperature and
decreases with thickness during tea-leaf drying, and by Younis et al.
[27], who found that garlic slices under infrared drying also showed
decreasing diffusivity over time. The similarity in both value range
and drying behaviour confirms that the results in this research are
realistic and consistent with previous findings.

0-10

x1

Lo

Effective Diffusivity /m>/s

Time of Day /hr

Figure 10: Moisture diffusivity vs time for the crop samples.

3.6. Drying efficiency

Figure 11 presents the temporal variation of drying efficiency
across the high chamber, low chamber, and overall system for
day 1, day 2 and day 3 with respect to time respectively. The peak
efficiency for the high and low chamber for day 1 are 45% and 35%,
for day 2 50% and 47%, and for day 3 45% and 35%, representing
energy utilisation absorbed by the drying air leaving the combus-
tion heat exchanger. The overall efficiencies for day 1, day 2 and
day 3 are 12%, 15% and 12% respectively. Validation of this effi-
ciency trend aligns with findings reported by Donoso-Garcia et al.
[30] and Murugan et al. [4], who observed similar high-chamber
stability and delayed peak efficiency in lower or auxiliary drying
chambers of hybrid solar dryers. Moreover, Reyes et al. [32] also
documented higher efficiency phases aligning with optimal drying
rate windows.

3.7. Solar irradiation variation

Figure 12 illustrates the pattern of solar radiation incident on the
photovoltaic panel generating continuous electrical energy stored
in the battery bank used to operate the blower and extractor fans
throughout the drying period for day 1, day 2, and day 3 respec-
tively. The solar irradiation data were monitored using the SM206
Solar Power Meter shown in Figure 5. The peak solar radiations
are 600 W/m?, 1180 W/m? and 400 W/m? for day 1, day 2 and day 3
respectively. The irregular dips observed likely result from tran-
sient cloud cover or atmospheric attenuation, as expected. These
solar irradiation values incident on the photovoltaic panel gener-
ate electricity that is continuously stored in batteries that power
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Figure 11: Efficiency vs time of the dryer

the blower and extractor fans responsible for the circulation of
drying air in the high and low agro-dryer. These solar profiles are
consistent with the diurnal trend reported by Otieno et al. [33], Ku-
mara et al. [5], Ndirangu et al. [34] and Ezurike et al. [11] in similar
tropical environments, where solar insolation drives peak drying
activity around noon.
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Figure 12: Solar irradiation vs time of day.

4. Conclusion

This research has developed and presented a performance eval-
uation of a biomass-powered high and low temperature dryer
through the experimental drying of tomatoes, peppers, onions,
bitter-leaf, fish and plantain. The system operated for eight hours
between the hours of 9:00 am and 5:00 pm on 5, 8 and 20 Au-
gust 2025. The primary objective was to assess the dryer’s thermal
efficiency, operational stability, and suitability for drying agricul-
tural produce under variable environmental conditions. The dry-
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ing rate for the respective produce are 0.08875, 0.02, 0.1275, 0.025,
0.07 and 0.07 kg/h for tomatoes, pepper, onions, bitter-leaf, fish
and plantain respectively, with the high chambers experiencing
higher drying rates than the low chambers due to their higher tem-
peratures. Temperatures varied significantly in the course of the
drying due to the irregular combustion of the biomass; the maxi-
mum recorded temperature in the high and low chamber are 69 °C
and 52 °C, 60 °C and 45 °C, 75 °C and 55 °C respectively for day 1,
day 2 and day 3. Analysis of the drying chambers revealed no-
ticeable variations in thermal efficiency as expected. Peak high-
chamber efficiency was 49% and consistently exceeded the low-
chamber peak of 35%, while overall system efficiency peaked at
15%. These efficiency values are a function of the quantum amount
of energy absorbed by the drying air in the combustion cham-
ber. Results showed that the diffusivity of each of the crop sam-
ples decreased steadily with time, indicating that surface water
evaporated quickly early in the process, while bound water re-
moval dominated later. Average diffusivity values ranged between
1.57 x 1071% m?/s for bitter-leaf and 4.88 x 1071° m?/s for fish,
with tomato, onion, pepper, and plantain falling within this inter-
val. This demonstrates that the developed biomass high and low
cabinet dryer is both functional and efficient for multi-crop drying
applications under tropical sunlight conditions.

Nomenclature
A, surface area of flow (m?)
Ca specific heat of air (J/kgK)
Dt diffusivity (m?/s)
F, Fourier number for diffusion
L half-thickness of the crop (m)
LHV lower heating value of biomass (kJ/kg)
Ma mass of air (kg)
mp mass of biomass (kg)
m; initial mass of product before drying (kg)
My mass of water evaporated per kg of product
MR moisture ratio

MC; initial moisture content (%)
MC;  final moisture content (%)
MC, moisture content at any given time (%)

Q blower flow rate (m*/s) or drying thermal energy (J)
t drying time (s)

Ty heat exchanger inlet temperature (K)

T heat exchanger exit temperature (K)

T3 high chamber temperature (K)

Ty low chamber temperature (K)

Ts exhaust air temperature (K)

U overall heat transfer coefficient (W/m?*K)
Wq final mass of dried crop after drying (kg)
Wy mass of water removed during drying (kg)
Pa air density at drying conditions (kg/m?)
ATy, log-mean temperature difference (K)

Me thermal efficiency of combustion

N high chamber efficiency

L low chamber efficiency

Mo overall efficiency
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