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ARTICLE INFO ABSTRACT
Keywords: Drying is a universal method applied for food preservation. To date, several models have been
Drying kinetics developed to evaluate drying kinetics. In this study, lychee was dried employing a hot air dryer,
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Relative humidity
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Moisture ratio

and the drying kinetics was evaluated by comparing the Newtonian model, Henderson and Pabis
model, Page model, and Logarithmic model. However, temperature and relative humidity, the
key driving forces for drying kinetics, are not considered by these models. Thus, an integrated
drying model, as a function of temperature and relative humidity, was developed to predict the
hot air-drying kinetics and mass transfer phenomena of lychee followed by the calibration and
validation of the model with independent experimental datasets. The model validation consisted
of Nash- Sutcliffe model coefficient (E), coefficient of determination (R?) and index of agreement
(d) and all of them were found close to 1 indicating perfect model fit. Besides, the developed
model was applied for process optimization and scenario analysis. The drying rate constant was
found as a function of temperature and relative humidity that was high at high temperature and
low relative humidity. Interestingly, temperature showed a higher effect on the drying rate
constant compared to relative humidity. Overall, the present study will open a new window to
developing further drying model of lychee to optimize quality its quality parameters.

1. Introduction

Fruits and vegetables are highly susceptible to deterioration after post-harvest operations. Researchers, nowadays, are foraging for
applying cutting-edge technologies to increase the shelf life of these fresh produces. Among all the emerging technologies, drying is
predominantly used to increase shelf-life and improve product quality. Apart from food preservation, drying lessens the product weight
which alleviates handling, packaging, and transportation costs [1-3]. As a result, the engineering features of drying are a crucial factor.

Although novel drying techniques such as., ultrasound-assisted drying, infrared drying, freeze drying, microwave drying, vacuum
drying, refractance window dehydration, high electric field drying, and super steam drying are evolved in food industries [4,5],
conventional drying like-hot air drying is still extensively preferred because of the simplicity of equipment, ease of operation,
diversified form of energy utilization, mass production, and the degree of familiarity [6,7]. However, hot air drying is a complex
phenomenon where simultaneous heat and mass transfer occur with or without a chemical reaction. This phenomenon might influence
the overall drying process as well as food quality. Numerous drying models had been developed over time to design new drying
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systems, optimize the drying process, improve the product quality, and describe the entire drying behavior. Thus, it is salient to
comprehend the fundamentals of mathematical modeling of drying kinetics, model parameters, and drying conditions [8-11].

Thin-layer drying is predominantly performed to determine the drying kinetics of fruits and vegetables, for instance, apple pomace
[12], plum [13], tomato [14], carrot [15], mango [16] etc. In this drying process, the food material gets direct contact with hot air
having different process conditions-time, temperature, relative humidity, and air velocity. These drying factors predominantly in-
fluence dried product quality and energy consumption [17]. Due to the presence of different drying factors, it is difficult to generalize a
single drying model that can describe the drying kinetics of all fresh commodities. Thus, a key tool for characterizing the drying of
certain fruits and vegetables is choosing an appropriate drying model that can evaluate all significant process parameters. Previous
research [18-20] predicted the drying time of fruits and vegetables using commonly drying models including the Newtonian model,
Henderson and Pabis model, Page model, and Logarithmic model; also compared here to evaluate the lychee drying kinetics. All of
them used only to evaluate the kinetic rate constants without considering temperature and relative humidity as the state function - the
major drawback of applying these models for the identification of real scenarios and inside mechanism of the process. Therefore, in this
study, a new model was proposed with considering temperature and relative humidity as state variables. At first the Newtonian model,
Henderson and Pabis model, Page model, and Logarithmic model were evaluated to find out the variation of kinetic rate constant with
changing temperature and relative humidity. To overcome the limitation of the change of model kinetic parameters with temperature
and relative humidity, an integrated model was developed taking lychee as a drying material. The experimental data sets were used to
calibrate and validate the developed integrated model. In the end, the model was used for scenario analysis to find out the suitable
process drying condition for lychee.

2. Materials and methods
2.1. Collection and preservation of food samples

Lychee (Litchi chinensis) was taken as the model food sample to examine the drying behavior. It is a seasonal fruit that grows during
June and July. In this study, ripened lychees (China-3 variety) were collected from a local market which is very close to lychee garden
in July 2018. The fleshes were cut into small pieces of approximately same size. The weight of the pieces was 7-8 g and stored them at
—4 °C in plastic Ziplock bag.

2.2. Drying operation

7-8 g of frozen lychee flesh was dried using a dryer (Model: VS-8111H-150) with 1 m/s air velocity maintaining constant tem-
perature, relative humidity and same air flow direction in each experiment at thin layer drying process. The relative humidity varied
from 50% to 70% and the temperature was from 40 °C to 70 °C. The weight losses were measured in every hour in dry basis and drying
rates were calculated from the weight loss of the lychee sample. For each drying condition, three replications were performed to
analyze the data set. The study was carried out throughout the year while ensuring similar initial condition in each experiment and no
other cofactor effect the drying behavior.

2.3. Evaluation of model parameters of existing models

The Newtonian model, Henderson and Pabis model, Page model, and Logarithmic model were evolved to describe the drying
behavior of lychee in this study to evaluate the model outcomes with varying temperature and relative humidity. The kinetics ex-
pressions of these models were related to the moisture ratio listed in Table 1.

2.4. Development of integrated drying model

The drying rate equation was developed based on simple mass balance considering that all the weight losses was due to water
evaporation; the drying rate was proportional to the free moisture content that was defined by the difference between equilibrium
moisture content and moisture content (M, — M).

Table 1

Kinetic expressions of available model widely used for fruits and vegetables.
Model Expression Reference
Newtonian MR = exp (-K t) [21]
Henderson and Pabis MR =aexp (-Kt) [22]
Page MR = aexp (-K t) [23]
Logarithmic MR =aexp (-Kt) +¢ [24]

M- M,

Here, MR= Moisture Ratio = v (M = Moisture content after time t; M, = Initial moisture content;

- M,
M, = Equilibrium moisture content).
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In this drying rate expression, equilibrium moisture content (M,) and K were dependent on temperature and relative humidity.
Assuming the carbs of lychee behaved as like as organic polymer, the equilibrium moisture content (M,) was defined as a function of
temperature (T), and relative humidity (h) as showed in Eq. (2) [25].

21,2
:1800( kh ki kh + 2k, k,k*h ) @

M, =—r +
W\l — kh 1 +kkh+ k kKk*h?

where M, was equilibrium moisture content (percent, dry mass basis), h was the relative humidity (fractional) and W, k, k; and ko were
constants that were also function of temperature according to Egs. (3)-(6) [25].

W =x, +y.T + zT2 3
k:x—',—yT—zT2 (C)]
k| = x,+ y,T - 2T )
ko =x,+y,T- zsz (6)

T was the temperature in degrees Fahrenheit.

Drying rate constant (K) also dependents on temperature and humidity. In this study relative humidity (h) was used as the state
function of drying process. High relative humidity negatively affects the drying rate. According to boundary condition, the drying rate
was maximum while h = 0 and rate became zero while h = 1; reasonable considered the drying rate constant as the function of (1-h)
and its applicability depends on the relative humidity power coefficient (y) as described in power-model [26] for absolute humidity.
Considering relative humidity as the state function, modified power-model equation was developed for determination of drying rate
constant (K) (Eq. (7)).

K=o T (1-n) )

Here,

¢ = ouP

U = air velocity in m/s

T = temperature at F

h = relative humidity of air (fraction)

0, o, p and y are constants.

At constant air velocity, ¢ = 0UP = Constant

2.5. Sensitivity analysis, model calibration and validation

A relative sensitivity analysis of outcome variable towards kinetics parameters was performed to identify the most sensitive pa-
rameters that have significant effect on model outcome. The sensitivity analysis was evaluated by following the method described by
Mozumder et al. [27] to select the model parameters that had to be estimated. The model calibration was conducted according to
Mozumder et al. [27] to estimate the most sensitive parameters to determine the drying rate constant and equilibrium moisture content

Table 2

Experimental conditions for datasets that used for model calibration and validation.
Temperature (°C) Relative humidity (%) Applied for

Calibration Validation

40 50 X
40 60 X
40 70 X
50 50 X
50 60 X
50 70 X
60 50 X
60 60 X
60 70 X
70 50 X
70 60 X
70 70 X
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using independent experimental datasets. The parameter estimation was conducted through the analysis of degree of freedom and
development of number of independent equations from experimental datasets. With other independent data sets, the model predictions
were compared to illustrate the accuracy of the model through the Nash-Sutcliffe model coefficient (E), coefficient of determination
(R?) and index of agreement (d) that determined the validation of the developed model and increased its application potentiality [28].
MATLAB version R2012b was used to perform sensitivity analysis, model calibration, validation and statistical analysis. The detailed
condition of experiments to develop the datasets used for model calibration and validation were listed in Table 2.

3. Result and discussion
3.1. Experimental evaluation of lychee drying and drying rate

3.1.1. Effect of temperature on drying

Lychee drying behavior was examined with varying temperatures of 40-70 °C and a constant 50% relative humidity summarized in
Fig. 1. Fig. 1a showed the change of moisture content over time while Fig. 1b showed the moisture ratio. The drying rate was high at
high temperatures and low at low temperatures, such as 66% of moisture was removed within 1 h while it was dried at 70 °C but at
40 °C it was only 35%. Drying time: the time required to reach equilibrium moisture content was reduced from 8 h to 5 h with
increasing drying temperature from 40 °C to 70 °C (Fig. 1a). The rate of evaporation was increased with increasing temperature,
responsible for a high drying rate at high temperatures. Improvement of drying temperature can enhance the mass transfer rate and
shorten the drying time [29-32]. Vega et al. [33] found that the drying time was reduced by 9 to 6 h due to an increase in temperature
from 50 to 60 °C. Decreasing the moisture ratio over time showed almost similar behavior to decreasing moisture content (Fig. 1b). The
M, was decreased from 0.53 g/g DM to 0.29 g/g DM with an increasing temperature of 40 °C to 70 °C. Saturation vapor pressure, as
well as humidity ratio (g water/g dry air), was increased with increasing temperature, responsible for decreasing M, with increasing
temperature. Similar behavior was also observed for drying of other food samples such as, garlic [34], red chili [35], green bean [36],
kiwis [37], pumpkin [38], figs [39], black pepper [40].

3.1.2. Effect of relative humidity on drying

Subsequently, the lychee was dried at different relative humidity; 50-70%, and at a constant temperature of 50 °C. The findings
expressed as moisture content and moisture ratio were shown in Fig. 2. The drying rate was higher at lower relative humidity and lower
at high relative humidity, such as 57% moisture was removed within 1 h at 50% relative humidity but at 70% relative humidity it was
only 21%. Drying time: the time required to reach equilibrium moisture content was increased from 4 h to 6 h with increasing relative
humidity from 50% to 70% (Fig. 2a) and M, was increased from 0.42 g/g DM to 0.59 g/g DM respectively. High relative humidity
reduced the driving force of evaporation which decreased the drying rate with increasing relative humidity [41]. found an almost
similar result in the drying of fresh udon: M, (dry basis) was 0.2, 0.25, and 0.3 g/g DM for 60, 70, and 80% relative humidity
respectively [42]. also carried out similar type of study on onion and found the reduction of drying time by 10 h with increasing
relative humidity from 10% to 80-90%, at 50 °C temperature. Moreover, the increase of relative humidity from 32 to 68% at 20 °C, the
drying time increased from 1.2 h to 7.3 h for blue grass seed [43]. Acceleration of driving force for mass transfer; water from liquid
phase to vapor phase was responsible to increase the drying rate at low relative humidity.

3.2. Evaluation of model parameters of existing models as a function of temperature and relative humidity
Four different models; the Newtonian model, Henderson and Pabis model, Page model, and Logarithmic model were used to

describe the drying kinetics of lychee. These models were evaluated in this study to find out the effect of temperature and relative
humidity on the model parameters. Table 3 shows the effect of drying conditions on these model characterization parameters.

=o—Temperature 40 degree C
== Temperature 50 degree C
=#—Temperature 70 degree C

Moisture content (g/g DM)
38} W ES W ()} ~
Moisture Ratio

0 2 4 6 8
Drying time (h) Drying time (h)

(a) (b)

Fig. 1. Effect of temperature on lychee drying at constant relative humidity (50%) (a) moisture content and (b) moisture ration over drying period.
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Fig. 2. Effect of relative humidity on lychee drying at fixed 50 °C temperature. (a) Moisture content and (b) moisture ratio over drying period.

3.2.1. Newtonian model

One of the simplest models that describe the moisture ratio over the drying time period and widely used to predict the drying
behavior of foods and agricultural products is the Newtonian model (Table 1). It is also known as the Lewis model or the Exponential
model, a single exponential model due to its response behavior. The only parameter that determined the drying behavior through the
Newtonian model is the drying rate constant (K). It was calculated for lychee drying for every experiments with varying temperature
and relative humidity (Table 3) and found K was increased with increasing temperature and decreased with increasing relative hu-
midity. A study, conducted by Ref. [44], showed similar behavior for seaweed drying process. Applying the Newtonian model, Hossain
et al. [45] concluded that drying rate constant was a function of temperature and relative humidity. Changing of drying rate constants
with temperature and relative humidity made it difficult to predict the drying scenario with changing these parameters.

3.2.2. Henderson and Pabis model

The Henderson and Pabis model (Table 1) is derived from Fick’s second law of diffusion. In this model, the model parameter a
represents the shape of the materials (dimensionless) and K is the drying constant (1/s) that were estimated from the experimental
datasets with varying temperature and relative humidity and shown in Table 3. Like the Newtonian model drying rate constant (K) was
increased with increasing temperature and decreased with increasing relative humidity. The parameter value of a, as it is related to the
shape of the materials did not have any relation with change of temperature and relative humidity (Table 3) [44]. used uniform shaped
materials and found there was no effect of temperature and relative humidity on a. But [18] showed that both a and K were the
function of temperature and humidity.

3.2.3. Page model

The Page model is an empirical modification of the Newton model aiming to shift the application potential of the model from ideal
situation to real situation. The errors corresponding to the Newton model in the practical scenario were considerably reduced by the
addition of a dimensionless empirical model constant (n) (Table 1) which is commonly used in semi-theoretical thin-layer models.
According to the literature [1,46,47], the page model can accurately describe the drying behavior of numerous fruits and vegetables.

Page model was also evaluated in this study for the drying of lychee with variation of temperature and relative humidity. The
parameter values are listed in Table 3. The rate constant (K) was increased and decreased with increasing temperature and relative
humidity respectively but there was no significant effect of temperature and relative humidity on model constant n. The behavior was
also confirmed by Ref. [44] through examining the effect of drying air temperature and humidity on drying kinetics of seaweed.

3.2.4. Logarithmic model
The logarithmic model was developed through the modification of Henderson and Pabis model; the addition of an empirical term
(c) aims to overcome the limitation of Henderson and Pabis model (Table 1). The main aim was to improve application potential

Table 3
Model characterization parameters.
Temperature (°C) Relative humidity (%) Newtonian Model Henderson and Pabis Model Page Model Logarithmic Model
40 50 K =0.7431 K =0.8817 a = 1.9782 K =0.4971 n = 1.1501 K = 0.3537 a = 1.1518
c=-15x10""
50 K =1.1107 K =1.1776 a = 1.2696 K =0.9074 n = 1.1400 K=1.1411 a = 1.3361
¢=370x10"°
70 k =1.6152 K =1.7482 a = 1.4905 K =1.0420 n = 1.3746 K =2.0340 a = 3.7779
c=-864x107°
50 60 K = 0.8469 K =0.9581 a = 1.6033 K =0.6076 n = 1.1744 K =0.6404 a = 1.3478
c=-4.46 x 1072
70 K =0.6014 K =0.6732 a = 1.39333 K =0.3442 n = 1.4670 K = 0.5024 a = 1.4233

c=-7.46 x 1072
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through data fitting. In this model, c was the dimensionless additional empirical constant. This model gave good prediction perfor-
mance for grain drying and showed the best fit in predicting the drying kinetics of stone apples [1]. However, in this study, it was found
that the model parameters (K, a, ¢) varied with temperature and relative humidity (Table 3).

The overall analysis of these four established models revealed that the drying rate constant K in all the models depended on drying
temperature and relative humidity, as it increased with the increase of temperature and decrease of relative humidity. On the other
hand, the remaining model constants (n, a, ¢) were not followed any specific pattern like the rate constant K. Similar observation was
also found by a number of researchers [44-47]. However [18], showed both a and K were function of temperature and humidity.

3.3. Integrated drying model

To determine the drying rate as a function of temperature and relative humidity, an integrated model was proposed. In this in-
tegrated model drying rate equation (Eq. 1) was developed from the mass balance of drying equation and found it was almost like the
Newtonian model. The M, and the drying rate constant were calculated using Hailwood-Horrobin equation (Eq. 2) and modified
power-model equation (Eq. 7), both were a function of temperature and relative humidity.

3.3.1. Model calibration

Several experiments were conducted (Table 2) on lychee drying with the variation of temperature and relative humidity to find out
unknown model parameter values through model calibration. According to modified power-law equation (Eq. 7) the drying rate
constant was a function of temperature and relative humidity. These equations were solved through the analysis of degree of freedom
and number of independent equations. By solving Eq. (7) at constant relative humidity and variable temperature, it was found that o« =
2.838 and ¢ = 1.58825 x 10~ and at constant temperature and variable relative humidity, the y = 0.7181. Using these parameter
values, the drying rate constants were calculated using eq. (7) based on temperature and relative humidity.

In Hailwood-Horrobin equations (Eq. 2-6) generally used to find out the M. as a function of temperature and relative humidity,
involved several parameters. To overcome the bias error through the estimation of a large number of parameters, a relative sensitivity
analysis was conducted (Table 4) and highly sensitive parameters were chosen while the relative sensitivity was higher than 4 or lower
than —4. According to Table 4, W and k were found highly sensitive parameters and hence need to estimate them. W and k were related
to six parameters (Xo, Yo, Zo, X, y and z) that were estimated through the analysis of degree of freedom and number of independent
equations. The estimated parameters based on experimental datasets are listed in Table 5. Other six parameters (x; = 6.34, y; = 7.75 x
1074, 23 = — 9.35 x 107>, x5 = 1.09, yo = 2.84 x 1072 and z, = - 9.04 x 107°), related to k, and k, were taken from literature [25].
Using estimated parameter values, W and k would be determined as a function of temperature as per Eq. (8) and (9) and k,and k,were
determined according to the description of [25] (Eqgs. (10) and (11)).

W = 10.023-0.0613 T + 0.0011 T? )
k = 6.5284-0.0005 T — 8.0 x 1077 T? 9
k, =634 +775%x 1074 T-935 x 1075 T2 (10)
k, = 1.09 + 2.84 x 1072 T - 9.04 x 107> T2 11)

In order to calculate equilibrium moisture content (M), first W, k, k; and ky were calculated based on temperature (T) using Egs. (8)—
(11) and then M, using Eq. (2) according to relative humidity (h).

3.3.2. Model validation

The developed model was subjected to validation on different experimental datasets that differ in temperature and relative hu-
midity (Table 2). A visual comparison of the model prediction and the experimental observations (Fig. 3) is used for validation
alongside the determination of Nash-Sutcliffe model efficiency coefficient (E), coefficient of determination (R?), index of agreement (d)
for moisture content of lychee (Table 6). The value of E, R? and d were close to 1 in all cases ensured the validity of the model as well as
the applicability of the model with changing the temperature and relative humidity.

Several studies have already been conducted to find out the effect of operating parameters on drying behavior [10,24,30,48,49].
However, most of them determined the kinetic rate constant based on operating parameters without considering equilibrium moisture
content as a function of temperature and relative humidity. Equilibrium moisture content is one of the prime factors to determine the

Table 4

Relative sensitivity of the parameters related to Hailwood-Horrobin equation.
Temperature (°C) Relative humidity (%) w k k, k,
40 50 4.76 —4.42 —0.51 -0.79
50 50 4.77 —4.47 —0.52 -0.79
60 50 4.72 —4.55 —0.55 —0.81
70 50 4.76 —4.67 —0.59 —0.83
50 60 4.79 —-5.41 -0.37 —0.65
50 70 4.70 —7.08 —0.26 —0.51
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Table 5
Estimated parameters related to Hailwood-Horrobin equations (Eq. 3,4).
Parameters related to W Estimated value Parameters related to k Estimated value
Xo 10.023 X 6.5284
Yo ~0.0613 y ~0.0005
2o 0.0011 z 8.0 x 1077
7 .
7 . —_ =—50% RH, Simulated
- =40 degree C, Simulated =6 ® 50% RH, Experimenta
S ® 40 degree C, Experimental a ——60% RH, Simulated
[a] — 50 degree C, Slmulgted %ﬁ 5 | W A 60% RH, Experimenta
o0 5 ® 50 degree C, Experimental = 0 ;
= 70 degree C, Simulated = Y 70% RH, Simulated
- — , 4 A 0 i
E4 A 70 degree C, Experimental = " 70%RH, Experimenta
= S 3
83 2
: 1
0 0 T T T !
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)
(a) (b)

Fig. 3. Model validation through the determination of moisture content (dry basis) of lychee over drying period. Comparison between the simu-

lation outcome and experimental observations with (a) varying temperature at a constant relative humidity (50%) and (b) varying relative humidity
(RH) and at a constant temperature (50 °C).

drying rate as well as overall drying behavior. The function of equilibrium moisture content was calculated in this model through
Hailwood-Horrobin equations. According to this model, the M, depends on relative humidity and drying air temperature.

The drying rate constant (K) is the most important characteristic within the drying model, from which the process efficiency as well
as application suitability would be determined. The rate constant depends on several process variables, mainly temperature and
humidity. In this study, K was determined based on drying temperature and relative humidity using modified power-model and
described the lychee drying process perfectly. However, in this study laboratory scale dryer (Model: VS-8111H-150) was used which
had a better control of temperature and humidity. For an industrial scale drying equipment where a small variation of temperature and
humidity would be observed, the model needs to adopt with the uncertainty of these parameter values for that equipment.

3.4. Evaluation of drying rate constant using integrated drying model

The validated model was applied to evaluate the drying rate constant with altering temperature and relative humidity. The model
was simulated with varying temperatures from 0 to 100 °C and relative humidity from 0 to 80%. The simulation outcome, shown in
Fig. 4, indicated the effect of the drying rate constant as the function of air temperature and relative humidity. In all cases, the
estimated a, ¢, and y were used, indicating that the numerical values of the drying rate constant would be applicable for lychee drying
and for a similar type of drying apparatus used in this study. It was revealed that the drying rate constant was increased exponentially
with increasing temperature and decreasing relative humidity. Such as the drying rate constant was increased by 9 times (from 0.34/h
to 2.8/h) with increasing temperature from 30 °C to 81 °C but decreasing relative humidity from 80% to 37.7% increased the rate
constant by 2 times. Most of the literature working on the determination of drying rate got a similar approach [23,39,41,50,51]. The
drying rate constant was found to be 1.83/h for lychee drying at 60 °C and 10% relative humidity, and [44] found the rate constant
2.37/h for the same condition but for seaweed drying.

In a drying operation, heat must be applied to raise the temperature of the incoming air, warm up the material being handled, heat
up and evaporate the water from the material, and hence increase the drying rate. Least drying-air humidity accelerates the drying

Table 6

Nash-Sutcliffe model efficiency coefficient (E), coefficient of determination (R?), index of agreement (d) for moisture content of lychee for proposed
model using estimated parameter values.

Temperature (°C) Relative humidity (%) E R? d
40 50 0.99 0.99 0.99
50 0.99 0.99 0.99
70 0.97 0.97 0.99
50 60 0.98 0.99 0.99
70 0.96 0.97 0.99
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Fig. 4. Lychee drying rate constant with varying temperature and relative humidity.

rates: at a constant dry-bulb temperature, any increase in humidity reduces its capacity for holding additional water vapor, the rate of
evaporation, and the drying rate. The severity of these negative impacts decreases at temperature rises, but they are most noticeable at
low air temperatures and when the moisture content is close to saturation.

3.5. Evaluation of drying period using integrated drying model

Simulations were conducted to determine the M. and drying period with the variation of temperature and relative humidity. The
M, was increased with increasing relative humidity and decreased with increasing temperature (Fig. 5a). Such as increasing relative
humidity from 40% to 60% at 30 °C, equilibrium moisture content was increased from 33.2 % (dry basis) to 78.8 % (dry basis) but at
50 °C it was increased from 23.3 % (dry basis) to 54.3 % (dry basis). Overall, a 20% increase in relative humidity increased 2.35-fold of
equilibrium moisture content. At a constant temperature, decreasing relative humidity decreased the equilibrium moisture; increased
the drying rate. Increasing temperature from 40 °C to 75 °C at 50% relative humidity, the M, was decreased from 52.2% to 26.5%.

The drying rate constant was increased with decreasing the relative humidity. The combination of the amount of water evaporated
and the drying rate, the drying period of lychee drying was decreased with decreasing relative humidity. The drying time decreased
from 52 h to 11 h by decreasing the relative humidity from 90% to 40% at a temperature of 40 °C. The relative humidity, below 40%,
did not have a significant effect on the drying period (Fig. 5b) [44,50]. found a decrease in drying time below 40% relative humidity
using vegetables and seaweed respectively in a low temperature and humidity chamber. The air velocity was the reason that was
constant in this study was the cause of faster drying at constant relative humidity [52,53]. Increasing temperature decreased the M, as
well as increased the drying rate, the overall effect was decreased of drying time (Fig. 5¢). As the ambient temperature of Bangladesh
was around 30 °C, the drying rate is very low below 30 °C and it would take a very long time that might not be feasible an economic and
food quality point of view.

A study was conducted to dry riesling, cab franc, and concord at different temperature and constant humidity, where decreasing
equilibrium moisture content and drying time was found with increasing operation temperature [54]. A similar observation was also
found by a number of literatures [41,52,53,55].

4. Conclusion

Increasing drying temperature increased the drying rate constant and decreased the equilibrium moisture content enhancing the
overall drying rate. Relative humidity decreased the drying rate by decreasing the drying rate constantly.

A drying model was developed that was integrated with the determination of drying rate constant and equilibrium moisture content
as a function of temperature and relative humidity. The developed model was calibrated and validated with independent experimental
datasets that differ in temperature and relative humidity. Both drying rate constant and equilibrium moisture content were dependent
on temperature and relative humidity.

Overall, a 20% increase in relative humidity increased 2.35-fold of equilibrium moisture content but increasing temperature from
40 °C to 75 °C decreased the equilibrium moisture content of lychee by 2-fold. Decreasing relative humidity from 90% to 40%,
decreased the drying time by 4.65-5.83 times lower and increasing temperature from 40 °C to 80 °C decreased the drying time by 4.42
times lower. Toward this end, the suitable way to gain desired moisture content in a shorter period is to decrease relative humidity with
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Fig. 5. (a) effect of temperature and relative humidity on equilibrium moisture content, (b) effect of relative humidity on drying time and (c) effect
of temperature on drying time.

a moderate increment of drying temperature. However, temperature showed a higher effect on the drying rate constant compared to
relative humidity. The drying rate constant was high at high temperatures and low relative humidity. In terms of food preservation, the
equilibrium moisture content must be low to evade microbial contamination, and it would be attainable at low relative humidity and
high temperature. Increasing temperature and reduction of relative humidity exponentially decreased the drying time which would
exponentially decrease the process operating cost. Since the quality of dried food is commensurate with drying conditions, future
studies will address the suitable drying conditions of lychee to retain the highest quality.
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