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Abstract: In the present case study, a moisture diffusion model is developed to simulate the drying
kinetics of Lavandula x allardii leaves for non-stationary convective drying regimes. Increasing temper-
ature profiles are applied over the drying duration and the influence of temperature advancing rates
on the moisture removal and the drying rate is investigated. The model assumes a one-dimensional
moisture transfer under transient conditions, which occurs from the leaf center to the surface by
liquid diffusion due to the concentration gradient developed by the surface water evaporation caused
by the difference of water vapor partial pressure between the drying medium and the leaf surface.
A numerical solution of Fick’s 2nd law is obtained by an in-house code using the finite volume
method, including shrinkage and a variable temperature-dependent effective moisture diffusion
coefficient. The numerical results have been validated against experimental data for selected cases
using statistical indices and the predicted dehydration curves presented a good agreement for the
higher temperature advancing rates. The examined modeling approach was found stable and can
output, in a computationally efficient way, the temporal changes of moisture and drying rate. Thus,
the present model could be used for engineering applications involving the design, optimization and
development of drying equipment and drying schedules for the examined type of non-stationary
drying patterns.

Keywords: convective drying; Lavandula x allardii leaves; diffusion model; drying rate

1. Introduction

Lavender is an important aromatic plant for essential oil production used by a series of
industries for different applications. Lavandula x allardii is a hybrid of the lavender Lamiaceae
family and is commonly found around the Mediterranean area. Fresh raw plant material is
vulnerable to spoilage due to the growth of mold, yeast and bacteria leading to unwanted
chemical reactions; thus, drying is required to remove the water and reduce the water
activity for storing safely the products until further processing. Good knowledge and a
proper design are required for drying processes, since drying temperature, airflow velocity,
relative humidity and product positioning among rest parameters have a significant impact
on product quality, cost and energy consumption.

Convective drying is a drying method applied widely on most agricultural products
due to the cost-effectiveness and the scalability to different applications. Hot air gets
in contact with the product surface where the existing surface water is evaporated and
transferred to the airstream. In the vast majority of cases, convective drying is performed
under constant operating drying conditions providing a better control over the drying
process duration with a simpler implementation. However, non-stationary drying schemes
involving drying parameter alterations over time or different kinds of intermittency may
lead to improved output in terms of product quality and energy saving [1]. Such drying
regimes are reported for medical and aromatic plants of peppermint (Mentha piperita L.)
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by Metin Ozguven et al. [2] and lemon balm (Melissa officinalis L.) by Cuervo-Andrade
et al. [3] and Tarhan and Ertugrul [4].

Accurate modeling of drying processes is required for designing and optimizing the
drying facilities as well as the drying regimes applied on each product. Most drying
models found in literature can be classified as empirical or semi-empirical approaches that
correlate moisture changes with time and are valid for a limited operation range, since
different model coefficients are needed for each combination of drying conditions. In
contrast, diffusion-based models derived from fundamental laws, are able to explain the
physical phenomena occurring during drying [5,6]. The complexity of the previous models
may vary based on the assumptions made regarding the mechanisms of simultaneous mass
and heat transport in the product’s interior and the external conditions applied on the
domain boundaries of product and drying air. These models are reported to be successfully
implemented on various herbs such as tea, yerba mate and tobacco leaves [7–9].

The moisture transport inside the product during the drying process can be modeled
by liquid diffusion, assuming it is the predominant transfer mechanism [10]. In this case the
Fick’s second law for mass transfer can be applied and use numerical techniques such as
the finite difference method (FDM), the finite volume method (FVM) or the finite element
method (FEM) to approximate the solution of the governing partial differential equations
(PDE) over the product domain. FVM discretization is preferred for moisture transport
and liquid diffusion problems [11] and is used to obtain a set of algebraic equations.
Depending on the product geometry, simplifications can be made on dimensions preferring
the most simplifying approach that outputs satisfactory results compared with the actual
experimental data, when examining rectangular, cylindrical or spherical pieces, slabs or
slices of foods or fruits, using each time the most appropriate coordinate system. Success
and accuracy of previous methods are reported to be obtained by models involving variable
transport and thermophysical material properties, including domain shrinkage effects that
should not be neglected [12–15].

The present study aims to develop a diffusion-based model to examine the moisture
content and the rates of moisture removal of Lavandula x allardii, subjected to non-stationary
drying regimes that involve a linear advancing pattern of drying temperature with different
rates of temperature increment. For this purpose, a one-dimensional transient model is
formulated, assuming that moisture travels from the leaf center to the surfaces by liquid
diffusion symmetrically since airstream is parallel to the leaves that are arranged as a
thin layer. The finite volume method is used to solve Fick’s second law PDE assuming a
variable temperature-dependent moisture diffusion coefficient and a linear reduction of
leaf thickness during drying duration.

2. Materials and Methods
2.1. Materials, Drying Experiments and Equipment

The leaf samples of Lavandula x allardii hybrid were harvested from the University of
West Attica (37◦58.73544′, 023◦40.42014′), located in Athens, Greece. Inflorescences and
stems were removed, and healthy leaves were spread on a tray as a thin layer, placed
parallel with the flow. The initial moisture content of samples in wet basis was 61.0%
and it was determined by the oven method [16]. The drying regimes were investigated,
regarding the application of a linear increase of drying temperature starting from 40 ◦C
and eventually reaching 60 ◦C after a different duration that is defined by the temperature
advancing rate (TAR), expressed as ◦C/h. Temperature profiles were shaped using the VK
981(RH) TWIN Smart Curing control by regulating a heat resistance for the discontinuous
heat provision to the airstream. Experiments were performed for temperature advancing
rates of 2–4 ◦C/h at a 2 m/s airflow velocity, using a laboratory-scale convective dryer
(Figure 1) of Vencon Varsos S.A (model MNLB118). The Reynolds number per unit length
was ranged from 5.3× 104 to 1.8× 105. Approximately 100 g of lavender leaves were placed
to the dryer’s perforated tray, having their surface parallel with the airflow. The fresh
leaves were arranged as a thin-layer with a thickness equal to the leaves’ average thickness
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(L = 0.477 ± 0.044 mm) and were held by a plastic-fiber net, allowing both sides to be in
contact with the hot air. Experimental moisture content was used to validate the diffusion
model’s output and was computed by Equation (1), using the weight measurements
obtained by the Kern PLS 1200-3A electronic balance.

X =
(wt−wd)

wd
(1)

where X is the moisture content in dry basis (kgwater/kgdry product), wt is the leaves’ mass
at any time (kg) and wd is the dry matter weight of leaves (kg).

Figure 1. Laboratory-scale convective dyer and three-perforated tray drying chamber.

2.2. Formulation of One-Dimensional Diffusion Model

Lavender leaves were considered as thin slabs where water transport occurs from the
leaves’ center to the upper and the lower surface due to the potential gradient caused by
the different moisture concentrations. The water is evaporated on the leaf surfaces and
the moisture is transferred to the airstream. The governing equation describing moisture
movement is given by the Fick’s second law for mass conservation, which is presented in
one-dimensional, transient form:

∂ρsX
∂t

=
∂

∂z

(
ρsDe f f

∂X
∂z

)
(2)

where z ∈ [0, L/2] is the spatial coordinate, L is the leaf thickness, t is the drying time, ρs is
the density of solid product (kg/m3) and Deff is the effective moisture diffusivity (m2/s).

The initial and boundary conditions of the present model, describe the domain to
be initialized with uniform moisture (Xin) before drying process starts and set the mass
transfer at leaf surfaces considering a Robin boundary condition. The current problem is
treated as symmetrical since moisture travels from leaf central layers towards the two leaf
surfaces, thus an additional boundary condition is added. The previous can be summarized
in the following equations:

X(z, t = 0) = Xin (3)

∂X
∂z

∣∣∣∣
z=0

= 0 (4)

∂X
∂z

∣∣∣∣
z=L/2

= − hm

ρsDe f f
(Cair − CL/2) (5)
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CL/2 = aw
pvsTL/2

Rv TL/2
(6)

where hm is the mass transfer coefficient (m/s), C is the water vapor concentration (kg/m3),
aw is the water activity, pvs is the saturated water vapor pressure, TL/2 is the temperature at
leaf’s center and Rv = 461.52 J/kg/K is the specific gas constant of water vapor.

The previous PDE can be solved numerically by FVM as described by Patankar [17]
and Versteeg and Malalasekera [11] in MATLAB. The one-dimensional domain of a single
lavender leaf is illustrated in Figure 2. For a random P node and the nearby east (E) and
west (W) nodes, the following discretization equation can be applied, using a fully implicit
scheme and piecewise linear profile space discretization:

αPXP = αEXE + αW XW + Su∆z + α0
PX0

P (7)

αP = αE + αW + α0
P − Sp∆z (8)

α0
P =

ρs∆z
∆t

; αE =

(
ρsDe f f

)
E

∆z
; αW =

(
ρsDe f f

)
W

∆z
(9)

where Su and Sp are the constant and coefficient parts of the source term, respectively.

Figure 2. One-dimensional computational domain of a single lavender leaf.

The system of the algebraic equations derived by each node can be solved with the
Thomas algorithm, which is a computationally inexpensive direct method that can be
applied to tridiagonal matrices. For the space and time discretization, a preliminary sensi-
tivity analysis was performed using different node number (N) and timestep combinations,
concluding that a spatial discretization of 500 nodes and timesteps lesser than 10 s were
not significantly improving the accuracy of the numerical results.

Transport and thermophysical properties of air and lavender leaves, implemented in
model, were either found in literature, or were experimentally obtained. The saturated
water vapor pressure as a function of temperature [18] is given by:

pvs = exp
[

A
T
+ B + CT + DT2 + ET3 + F ln(T)

]
(10)

where A = −5.8·103, B = +1.391, C = −4.864·10−2, D = +4.176·10−5, E = −1.445·10−8

and F = +6.545.
The mass transfer coefficient (hm), Equation (11), was derived by the Chilton and

Colburn analogy [19,20]. The convective heat transfer coefficient (h), Equation (12), was
obtained by the Nusselt–Reynolds–Prandtl correlation that applies for turbulent flow over
flat plates [21].

hm = h(Dva Le1/3/kair) (11)

Nu = 0.032Pr0.43Re0.8 (12)
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h = Nu kair/x; Pr = Cp,air µ x/kair; Le = aair/Dva; Re = ρairU∞x/µ (13)

where Pr, Nu, Re and Le are the Prandtl, Nusselt, Reynolds and Lewis numbers, respectively,
µ is the air viscosity (Pa·s), x is the distance along the leaf surface (m), U∞ is the airflow
velocity (m/s), Dva is the water vapor diffusivity (m2/s), aair is the thermal diffusivity of
air (m2/s).

Water activity (aw) of lavender leaves was related with the experimentally determined
equilibrium moisture content of samples that were placed in closed containers using salt
solutions of KOH, NaCl, NaBr, Mg(NO3)2 and KCl with water activities ranging from
7.4% to 83.6% at 30 ◦C. The adsorption data was fit to the Chen model [22] (Equation (14))
by non-linear regression, using SPSS Statistics software [23]. The model coefficients were
estimated to be k1 = 441.63, k2 = 444.78, k3 = 5.18·10−3 with R2 = 0.796.

a_w = exp[k_1− k_2 ” ” exp(−k_3 M)] (14)

where M is the moisture content in wet basis (kgwater/kgproduct).
The moisture diffusivity was calculated using the experimental moisture ratio data and

the slope method, as described in Tzempelikos et al. [24], treating the leaf as a flat plate on
which the one-dimensional mass-diffusion equation was applied [25]. An Arrhenius type
equation is used to express the effective diffusion coefficient dependence with temperature,
using the following expression:

De f f = D0 exp
(
−Ea

RT

)
(15)

where D0 is the pre-exponential factor of the Arrhenius equation (m2/s), Ea is the activation
energy (kJ/mol), T is the absolute temperature (K) and R is the gas constant (kJ/mol/K).

Leaf temperature in this case was considered to be equal with the drying air tempera-
ture at any time due to the low leaf mass (<1 g) and thickness (L = 0.477 mm) that leads
to a limited ability to store heat, resulting in a rapid increase or decrease of temperature.
The activation energy and the pre-exponential factor of the Arrhenius equation of lavender
leaves were calculated to 63.28 kJ/mol and 7.22·10−2 m2/s, respectively.

Leaf thickness shrinkage was also accounted for by an empirical relation that was
derived by measurements of multiple leaves before and after the drying process. A linear
relationship was found as most appropriate and linear regression was used to correlate
the thickness shrinking ratio (L/L0) and the moisture ratio (MR), with R2 = 0.815. The leaf
thickness was updated for each timestep, according to Equation (16).

L/Lin = 0.624 + 0.376·MR (16)

MR =
Xt

Xin
(17)

where L is the leaf thickness at any time, Lin is the initial leaf thickness, Xt is the moisture
content in dry basis at any drying time and Xin is the initial moisture content in dry basis
of lavender leaves.

The goodness of fit between the measured and the computed moisture ratio was eval-
uated by three statistical indices, including the coefficient of determination (R2) (Equation
(18)), the root mean square error (RMSE) (Equation (19)) and the sum of squared errors
(SSE) (Equation (20)).

R2 = 1− ∑N
i=1(MRm,i −MRc,i)

2

∑N
i=1(MRm,av −MRc,i)

2 (18)

RMSE =

√
∑N

i=1(MRm,i −MRc,i)
2

N
(19)
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SSE =
N

∑
i=1

(MRm,i −MRc,i)
2 (20)

where N is the number of measured data, MRc,i is the model-computed moisture ratio,
MRm,i is the experimentally measured moisture ratio and MRm,av is the average value of
the measured moisture ratio.

3. Results and Discussion

Modeling the temporal evolution of moisture for different drying conditions is vital
for the drying process control, production management and product safety, since early
stopping of drying may lead to microbial growth and spoilage, whereas overdrying could
deteriorate the product quality. Accurate models and predictions of the duration needed for
each product to reach a safe moisture content is required to avoid extra costs related with
increased energy consumption and product waste. For this reason, the model is validated
against experimental measurements and the drying kinetic curves along with the drying
rates are evaluated below.

The drying characteristics of lavender leaves were experimentally assessed in a
laboratory-scale dryer, for TAR = 2–4 ◦C/h in the temperature range of 40–60 ◦C and
2 m/s airflow velocity. The experimental and the numerical output for the temporal evolu-
tion of moisture ratio for the investigated situations is shown in Figure 3a; the influence
of various temperature advancing rates on the moisture ratio versus time is shown in
Figure 3b.

Figure 3. (a) Measured and computed moisture ratio (MR) of lavender, (b) Computed MR for TAR = 0.5–6 ◦C/h with a
0.5 ◦C/h step at 2 m/s.

The moisture content is decreasing exponentially under a different rate for the investi-
gated cases. Higher temperature advancing rates are noticed to result in increased moisture
removal at respective drying times. Higher drying temperatures levels are applied in a
shorter period of time for the greater temperature increasing rates; thus, a reduced overall
drying time is associated with higher temperature advancing rates. This observation is
explained by the increased moisture diffusivity coefficient values that are associated with
the increased product temperature, as indicated by Equation (15), which depends on the
drying temperature applied by each drying regime. Increasing the temperature advancing
rate from 2 to 4 ◦C/h, a decrease of the total drying time is estimated to be 24%. The
moisture removal is continued until an equilibrium is achieved between the surface of
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lavender leaves and the air’s vapor partial pressure. Drying duration was approximately
6.7 h for TAR = 2 ◦C/h, 5.7 h for TAR = 3 ◦C/h and 4.9 h for TAR = 4 ◦C/h.

The presented model is capable of predicting with reasonable accuracy the moisture
ratio. The results of the statistical analysis are shown in Table 1. A good fit is noticed for
the 4 ◦C/h temperature advancing rate case during the entire drying duration, in contrast
with the rest experimentally examined cases where a slight divergence can be observed
for MR < 0.4 as shown in Figure 3a. Thus, the examined modeling approach could be
used to approximate the moisture evolution of the non-stationary drying using linearly
advancing temperature schemes, and estimate the overall drying duration required for the
process design.

Table 1. Statistical analysis results of the moisture diffusion model.

Temperature Advancing
Rate (◦C/h)

Statistical Parameter

R2 RMSE SSE

2 0.922 0.073 0.431
3 0.958 0.056 0.226
4 0.995 0.021 0.027

The drying rate of lavender leaves for the investigated type of non-stationary drying
schemes is presented in Figure 4. There is no constant drying rate period as the experi-
mentally determined drying rate shows that the drying process occurs within the falling
rate period, thus, the liquid diffusion is the dominant mechanism governing the water
migration in the interior of leaves for the whole drying duration [26,27]. The difference in
the concentration of vapor partial pressure between the air and the lavender leaves is the
driving force for the moisture transfer via liquid diffusion, which is governed by internal
resistance [28]. This potential difference diminishes with time, as the vapor pressure inside
leaves and air approach to an equilibrium, resulting in a decrease of the drying rate. Higher
temperature advancing rates have a larger impact on drying rate at the initial and the final
drying stages, leading to a decrease of the drying time as shown in Figure 4a.

The influence of temperature advancing rates on the drying rates, as determined
numerically is presented in Figure 4c,d. Lower temperature advancing rates exhibit a
smooth drying rate curve, similar to the conventional convective drying at a constant
temperature. For increased values of temperature advancing rates a different pattern is
observed, including a sharp drop of the drying rate at initial stages, followed by a less
steep change of moisture removal rate and then a second reducing drying rate period is
obtained that remains until the end of the drying process. This drying rate behavior is
visible by the drying curves of Figure 4a, explaining the different slope of each drying
curve in the approximate range of 0.66–2 h and 3–4 h and the range of the corresponding
moisture ratios, caused by the different temperature level applied by each drying regime
for the same drying duration. In general, increased temperature advancing rates are
responsible for inducing enhanced heat transfer to leaves, resulting in increased drying
rates and shorter drying duration. Similar results are presented by drying kinetic studies
and reviews [10,29–32], noting the lack of constant-rate intervals and a comparable trend
between the applied drying temperature levels and the calculated drying rates.
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Figure 4. Measured and computed drying rate (DR) of lavender versus time (a,c) and moisture ratio (MR) (b,d) at 2 m/s.

4. Conclusions

A moisture diffusion model was developed to analyze the drying kinetics of Lavandula
x allardii leaves subjected to non-stationary drying regimes of temperature increasing
profiles. The moisture transport was modelled by liquid diffusion, using an effective
moisture diffusion coefficient derived by experimental data, accounting its dependence
on temperature. A mixed boundary condition was applied at leaf surfaces, including
the effects of leaf thickness shrinkage on a one-dimensional domain for the solution of
Fick’s second law, using the finite volume method. The drying rate and the moisture
ratio were successfully predicted by a custom code developed and the numerical output
was compared with experimental case studies. The presented modeling approach was
stable and computationally efficient, estimating the drying kinetics of the examined non-
stationary drying patterns more accurately for the higher temperature advancing rates.
Thus, the present model can be further exploited for the improvement of the design and
the development of drying equipment and drying schedules.
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