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Abstract: This study investigated the simultaneous effects of
cutting geometry (plain slices of 2 and 4 mm, latticed slices of 2
and 4 mm, and cubes), temperature (85, 95, 105 °C), and vacuum
pressure (55, 80, 100 kPa) on drying kinetics, energy consumption,
and quality attributes of apples in a microwave-vacuum dryer.
Samples were dried at a constant power of 3 W/g, and the
evaluated indices included drying time, specific energy, color
change, brightness, and rehydration ratio. Results indicated that
the 2mm latticed geometry, by creating vapor escape routes and
increasing the surface to volume ratio, significantly reduced the
drying time to 95 minutes and increased the rehydration ratio to

4.5. Increasing temperature and pressure accelerated the drying
rate and reduced specific energy consumption by up to 56%,
without any significant loss in color quality . Two-way analysis of
variance revealed that the independent effects of geometry and
process conditions on all indices were significant, but their
interaction effect was not significant. The optimal conditions were
determined as the 2-mm latticed slice at 105 °C and 100 kPa,
which provided the best trade-off between drying rate, energy
efficiency, and final product quality for industrial applications.
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I. INTRODUCTION

Apple is one of the most' widely consumed fruits
worldwide; however, its high moisture content makes it highly
susceptible to microbial spoilage and quality deterioration
during storage [1], [2]. Drying is“an-effective preservation
method that extends shelf life .and reduces transportation and
storage costs [3]. Conventional hot-air drying is commonly
used in the food industry;.but it often requires long processing
times and may adversely-affect product quality, including color,
texture, and nutritional value [4], [5].

Microwave-vacuum drying has emerged as a promising
alternative because it combines volumetric microwave heating
with reduced-pressure conditions, resulting in shorter drying
times, lower energy consumption, and improved product
quality [6]-[9]. The efficiency of this process depends on
several factors, including temperature, vacuum pressure, and
product geometry, which directly influence heat and mass
transfer mechanisms [10], [11].

Although numerous studies have investigated.the effects of
drying conditions, limited information is available.regarding
the combined influence of cutting geometry and’ operating
parameters on drying Kinetics, energy consumption, and quality
attributes of apples during microwave-vacuum drying.
Therefore, this study aimed to evaluate the effects of cutting
type, temperature, and vacuum pressure on drying behavior,
energy efficiency, and quality characteristics of dried apples
and to determine the optimum processing conditions.

Il. MATERIALS AND METHODS

Fresh green apples (Mashhad variety) at full ripeness,
weighing 180-220 g each with a 5 cm average slice diameter,
were procured from a local market. Initial moisture content was
approximately 85% (wet basis). Apples were washed, manually
peeled, and immersed in 0.5% citric acid for 5 minutes to
preventenzymatic browning, then rinsed and surface-dried.

Five cutting geometries were prepared: plain slices (2 and 4
mm thick), latticed slices (2 and 4 mm thick with seven
symmetrical 3-mm diameter holes in a honeycomb
arrangement), and 10 -mm cubes. The latticed design increased
the surface-to-volume ratio by approximately 10% while
removing only 2.5% of tissue volume.

Drying experiments were conducted in a custom-built
microwave-vacuum system consisting of a stainless-steel
chamber, a 2.45 GHz magnetron, an oil vacuum pump with
ejector, a solenoid valve, and temperature/pressure sensors.
Samples were placed in a single layer on Teflon mesh baskets.
Microwave power was fixed at 3 W/g based on initial sample
weight. Three process conditions were evaluated: 85°C ,55 kPa,

95°C/80 kPa, and 105°C,100 kPa. Drying continued until
final moisture reached below 5% , confirmed by weight change
of less than 0.01 g over 5 minutes. Sample weight, temperature,
and pressure were monitored and recorded every 5 minutes.

Moisture content (M, dry basis) and moisture ratio (MR)
were calculated using:
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where W; is sample weight at time t, W, is final dry weight,
and M, and M, are moisture contents at time t and initially. The
Page model was fitted to drying data:
MR = exp(—kt™) 3

Color parameters (L*, a*, b*) were measured to determine
total color change:

AE = /((AL)2 + (Aa)? + (AD)?) O]

Rehydration ratio (RR) was obtained by soaking dried
samples in distilled water:

Wrehydrated - Wdry
Wdry

RR = 5)

Specific energy consumption was calculated from total
energy input divided by removed moisture mass. All
experiments were replicated three times, and two-way ANOVA
with Duncan's multiple-range was used for statistical analysis.

I11. RESULTS AND DISCUSSION

Drying kinetics demonstrated that the 2 mm. latticed geometry
consistently exhibited superior performance compared with all
other cutting geometries throughout the experiments. Under the
highest process conditions of 105°C and 100 kPa, the 2 mm
latticed samples reached the desired moisture level within only

95 min, whereas the cubic samples required 155 min under
the same operating conditions. This remarkable improvement
can be attributed to the unique structural eharacteristics of the
latticed geometry, which provided a larger effective surface
area for moisture removal and facilitated the formation of
multiple vapor escape ‘channels. The presence of seven
uniformly distributed holes significantly reduced internal mass
transfer resistance and promoted rapid moisture migration from
the interior to the surface of the samples. In addition, increasing
the drying temperature from 85°C to 105°C and raising the
pressure from 55 kPa to 100 kPa accelerated the drying process
for all geometries and shortened the required drying time by
approximately 30 to 40 percent as a result of improved heat and
mass transfer rates.

Specific energy consumption followed a trend similar to that
observed for drying time. The 2 mm latticed samples showed
the lowest energy requirement of 2.8 kWh, while the cubic
samples consumed 4.6 kWh under identical drying conditions.
Therefore, optimizing the cutting geometry alone resulted in an
energy saving of approximately 56 percent. Quality analysis
further demonstrated that the 2 mm latticed geometry provided

the best preservation of product appearance and structural
integrity. These samples maintained the highest brightness
value of 74 and exhibited the lowest total color change of 3.5.
In contrast, the cubic geometry showed the poorest color
retention with a brightness value of 68 and a total color change
of 5.2, which can be attributed to the prolonged exposure of the
samples to thermal conditions during drying.

The rehydration ratio was also strongly affected by sample
geometry. The highest value of 4.5 was obtained for the 2 mm
latticed samples, whereas the cubic samples exhibited the
lowest value of 2.6, indicating a greater degree-of structural
collapse and reduced porosity. Statistical evaluation using
analysis of variance confirmed that both cutting geometry and
process conditions had significant effects on_all investigated
responses at the five percent significance level, whereas the
interaction between these factors was not statistically
significant.
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Fig. 3. Drying curves for a 2 mm simple slab geometry under different
temperature—pressure conditions
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Fig. 4. Drying curves for the 2 mm lattice geometry
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Fig . 5. Drying curves for the cubic geometry
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Fig. 6. Comparison of energy consumption during apple drying for
five different geometries under three temperature-pressure conditions.
The data indicate that the 2 mm lattice geometry at 105°C exhibits the

lowest energy consumption, requiring only 2.8 kWh
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Fig.7. Color parameters of dried apple samples with different
geometries
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Fig.8. Rehydration capacity of dried apple sam&s with different
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1VV.Conclusion

This study experimentally investigated the simultaneous
effects of cutting geometry, temperature, and vacuum pressure
on drying kinetics, energy consumption, and quality attributes
of apples during microwave vacuum drying. The 2 mm latticed
geometry consistently outperformed all other shapes, achieving
the shortest drying time 95 min, lowest energy consumption 2.8
kWh, best color retention AE = 3.5, L* = 74, and highest
rehydration ratio RR = 4.5 at 105°C and 100 kPa. Increasing
temperature and pressure significantly accelerated drying and
reduced specific energy consumption by up to 56% without

compromising final product quality. Statistical analysis
confirmed that both geometry and process conditions
independently influenced all responses, with no significant
interaction between them. The optimal industrial conditions
were identified as 2mm latticed slices dried at 105°C and 100
kPa, offering a 39% reduction in cycle time, 56% energy
savings, and 80% improvement in rehydration capacity
compared to cubic samples. These findings provide practical
guidelines for producing high quality dried apples with
enhanced energy efficiency and reduced production costs in
industrial microwave vacuum drying systems.
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