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Abstract
Today, the development of food systems and agricultural goods is often the largest contrib-

utor to national economies and plays a key role in achieving sustainable development goals. 
Meanwhile, food and nutrition are essential to citizens’ health, and food preservation specialists 
are systematically working toward progress in creating a more sustainable system. Saffron is a 
highly valuable spice extracted from the flower’s stigma. Drying is a crucial process in saffron 
production, as it helps preserve the spice’s flavor, aroma, and color. Proper storage helps maintain 
the quality of saffron over a long period. In this study, the Computational Fluid Dynamics (CFD) 
method was used to model the saffron experimental Fluidized bed dryer. The behavior of the fluid 
within the dryer was examined utilizing the computational fluid dynamics and the turbulent flow 
ε-k as a turbulence model using the Fluent software. The device was simulated at three different 
air temperatures—60, 65, and 70 oC—and three different air speeds: 1.5, 52.5, and 5.3 m/s. Re-
sults of analysis of the coefficient of variance of inlet air temperature and dryer air velocity on 
humidity with Mean square humidity (20.96) demonstrated that better results are attained when 
the dryer’s air speed is lowered and its input air temperature is raised, or vice versa. Thus, if a 
dryer is manufactured, it needs to be able to change both the speed and the temperature to reach 
10% humidity (wetness-based).
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Introduction
Crocus sativus L. is a perennial herbaceous 
plant belonging to the Iridaceae family, cul-
tivated in various regions across the globe. 
Countries such as France, Italy, Spain, 
Greece, and Turkey are recognized for their 
saffron production. Significant producers also 
include Iran, Azerbaijan, as well as large na-
tions like India and China. This plant typical-

ly grows to a height of approximately 10–25 
cm and is primarily propagated from a corm, 
a bulbous tuberous structure that regener-
ates annually. The flower features six tepals, 
three stamens, and a style that ends in three 
red-branched stigmas. The spice known as 
“saffron” is derived from the dried stigmas 
of Crocus sativus L. and is among the most 
esteemed agricultural products, utilized in 
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culinary applications to enhance flavor, color, 
and aroma in various dishes (Alsanie et al., 
2022). Saffron possesses several medicinal 
properties including aphrodisiac, antispas-
modic, antimicrobial, antibacterial, antifun-
gal, antiseptic, and anti-inflammatory (Sid-
dique et al, 2020). Saffron plays a pivotal role 
in maintaining the homeostatic balance and 
regulating the gut microbiome, thereby con-
tributing to gut health (Singh et al., 2023).
The saffron spice is derived from the dried 
stigmas of the Crocus sativus flower. Its pri-
mary applications are in culinary practices, 
where it is esteemed for its ability to impart 
color, flavor, and fragrance to various tradi-
tional dishes(Bagur et al., 2017).
Yield loss can result from various factors, 
including poor soil fertility, lack of reliable 
irrigation, unavailability of high-quality 
corms for propagation, rodent infestation, 
and diseases. Additional factors include in-
adequate post-harvest management, insuffi-
cient marketing facilities, adulteration, and 
the adverse effects of climate change (Car-
done et al., 2020).
The post-harvest drying process represents 
an important step in developing saffron with 
specific morphological, physical, and chem-
ical characteristics (Masi et al., 2016). The 
reduction in the commercial quality of saf-
fron can be attributed to improper harvest-
ing methods, inadequate drying processing, 
exposure to direct sunlight, improper stor-
age, and adulteration (Farag et al., 2020). 
Saffron is extracted from Crocus sativus L. 
The stigmas are dried and used as a natural 
coloring agent or flavoring in cooking (Sar-
farazi et al., 2019). In addition to coloring 
food, it acts as an antioxidant (Kosar et al., 

2017) and possesses medicinal properties. 
The name “saffron” is derived from the 
Arabic word “         ” (zaʿfarān), meaning 
“yellow,” or the Persian word “         ” (zaʿ-
farān), which translates to “golden flowers.” 
The Greeks referred to it as “krokos” (Sha-
hi et al., 2016). Historically, the cultivation 
and use of saffron have spanned over 3,500 
years across various cultures, continents, 
and civilizations (Zhao et al., 2019). It is 
believed that the origin of this practice is 
in the Eastern Mediterranean, from where 
the cultivation of this plant spread to other 
parts of the ancient world. Many species of 
Crocus originate from Crete and the islands 
of the Aegean Sea, which can be considered 
the birthplace of saffron. Saffron is one of 
the most traditional spices and even appears 
in the frescoes of the Palace of Minoan in 
Crete. Today, the spice known as “red gold” 
or “soft gold” (Mzabri et al., 2019; Rocchi 
et al., 2018).
Saffron, a costly agricultural crop, is essen-
tial to the national exports. Without Iran, the 
world’s annual output of this commodity is 
just 180 tons, but when it is produced there, 
it exceeds 200 tons. Iran has not yet estab-
lished a place for itself in the export of this 
item, though. Drying is one of the oldest and 
most common methods for preventing the 
spoilage of harvested products and allows 
for longer storage. Since ancient times, hu-
mans have paid attention to drying agricul-
tural and food products.
Various methods have been used for drying. 
Choosing the type of dryer is one of the most 
important challenges. The drying process is 
one of the most energy-intensive process-
es in various industries. Implementing this 
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process with high thermal efficiency while 
maintaining the quality of the material being 
dried is of significant importance. This pro-
cess is one of the most practical operational 
units used in a wide range of industrial ap-
plications, from food to pharmaceuticals. It 
requires a significant amount of energy, pri-
marily due to the high latent heat of vapor-
ization of water and the relatively low ther-
mal efficiency of dryers. Improving thermal 
efficiency in the drying process is of great 
importance due to the high cost of energy 
and environmental issues. Therefore, find-
ing methods to conserve energy consump-
tion is of paramount importance. Among the 
various types of dryers, fluidized bed dryers 
hold a special significance and importance. 
The main advantages of this type of dryer 
include excellent mass and heat transfer 
conditions due to good contact between the 
particles and the drying gas, uniform mix-
ing of materials within the drying chamber, 
uniform temperature and moisture distri-
bution within the bed, high drying capaci-
ty, rapid operation, and low cost (Mazidi et 
al., 2019; Masters, 1985; Keey, 1992; Mu-
jumdar, 1995; Sarreshtehdari et al., 2014; 
Bahu, 1991). The development of modern 
dryers allows for not only the acceleration 
of drying operations but also the minimi-
zation of waste and energy consumption to 
the lowest possible level (Kelikanlou et al., 
2018). Using fluidized bed dryers allows for 
the uniform drying of agricultural products 
in a shorter time compared to conventional 
dryers. In fluidized bed dryers, products are 
lifted slightly above their fixed bed due to 
air pressure, allowing for better moisture ex-
change with the surrounding air. As a result, 

the product dries rapidly and uniformly in a 
short period (Boorker et al., 2006).
A key contributing factor is the careless and 
unregulated drying of saffron stigma. One 
of the key processes in producing this prod-
uct is drying the saffron. Saffron quality will 
significantly decline if the drying process is 
done incorrectly (Azghandi, 2014). 
In another method, a one-meter-high metal 
frame is used, which has three to four tiers 
spaced twenty centimeters apart and made of 
mesh, making it portable. By placing a heat-
er (heat source) next to the frame and using 
a ceiling or tabletop fan on a low speed, saf-
fron is dried quickly (Taslemi et al., 2006). 
On the other hand, due to the problems aris-
ing from synthetic packaging on the envi-
ronment, there is increasing attention to bi-
odegradable food packaging (Maghsoudlou 
and Razavi, 2016).
The research indicates that incorrect drying 
of saffron stigmas is the primary cause of 
quality degradation, hence the drying step 
of the saffron production cycle is regarded 
as very important (Brooker et al., 2001).
There is usually one drying phase in in-
dustrial operations. Materials can be dried 
using a variety of techniques, each with 
unique properties (Mowla and Hatamipour, 
2002). Fluidized bed dryers are common-
ly employed in the drying of several foods 
because of their high rate of heat and mass 
transfer, rapid drying speed, and thermal ef-
ficiency. The chemical, metallurgical, and 
pharmaceutical sectors have several uses for 
fluidized bed dryers (Bialobrzewski et al., 
2008). 
The conventional procedure involves re-
moving the stigma from the flower and plac-
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ing it in a clean, dry, warm chamber away 
from the sun to dry gradually over two to 
five days. The quality of saffron increases 
with a shorter drying period. This process 
may lead to the development and prolifer-
ation of microbes, a rise in pollution, and a 
decrease in coloring power because of the 
prolonged drying period’s effect on enzyme 
activity. 
Another solution involves the use of four 
one-meter-tall metal bases made of move-
able net material and has floors (three to 
four floors) spaced twenty centimeters apart. 
They swiftly dry saffron by utilizing a desk-
top or ceiling fan and putting a heater (heat 
source) near the stool with high heat (Tasli-
mi et al., 2015). 
In an alternative framework, the effective-
ness of this method relies on the formation 
of ice crystals within the stigma tissue. This 
process employs a freeze dryer. Initially, the 
product is subjected to a temperature of -18 
ºC for a duration of 20 hours, followed by 
exposure to a temperature of -13 ºC and a 
pressure of 15 sigma mm Hg, which approx-
imates a vacuum, for a period of 12 hours.
The fast rate of cooling and low temperature 
in the macroscopic stage cause ice crystals 
to grow in extremely tiny shapes, prevent-
ing tissue injury during freezing and subli-
mation. Subsequently, subjecting it to a tem-
perature and pressure that is closer to zero, 
which causes ice crystals to sublimate, the 
majority of the water in the sample’s tissue 
is eliminated. Compared to the conventional 
approach (shade-sun), the saffron generated 
by this process contains more picrocrocin 
(taste) and safranal (fragrance), but the stig-
ma is fresher and tends to be orange. Com-

pared to the conventional approach, this 
method of drying saffron yields a reduced 
amount of crocin (Atefi et al., 2014). 
An apparatus was constructed and the elec-
tric method of drying saffron was employed 
for the first time in a study conducted in 
Afghanistan. Using this apparatus, saffron 
can be dried in less than an hour and the hu-
midity can be precisely controlled (12 to 14 
percent). One drawback of this method is 
the device’s limited capacity, which entirely 
overshadows its industrial use (Mazloumi et 
al., 2017). 
Infrared dryers were employed in a different 
design. By producing heat inside the prod-
uct and concentrating it in areas with higher 
moisture content, an infrared light induces 
the moisture to move from those areas to-
ward the outer layers of the product by rais-
ing the vapor pressure. Thus, it appears that 
the problems related to the drying of the saf-
fron’s surface layer will be lessened when 
using this method of drying saffron. It is an-
ticipated that this will shorten the drying pe-
riod and lessen pulverization and breakage 
brought on by tensile stress. According to 
early research, the amount of time needed to 
dry materials using infrared radiation reduc-
es as the intensity of the radiation increases. 
However, biological materials break when 
exposed to infrared radiation for an extend-
ed time (Mazloumi et al., 2017). 
The current study aims to model the fluid-
ized bed drier and assess its effectiveness at 
various drying temperatures, speeds, and pe-
riods to obtain the desired moisture content 
of 10% saffron (based on moisture).

Materials and methods
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The schematic of the experimental device 
is presented in Figure 1. The drier cylinder 
chamber, which was duplicated in this re-
search, represented the most significant el-
ement of the apparatus under investigation. 
The cylindrical configuration of the dryer 
was utilized as the geometry for the cham-
ber, and both the geometry and network 
were developed using Gambit software. 
where v and ρ represent the speed and den-
sity of the fluid, respectively. The conserva-
tion of momentum is as follows:

                                                                 (2)       
where          ,       and   indicate the gravity 
field force, stress tensor and static pressure, 
respectively. The stress tensor is defined as 
follows:
Using Fluent software, the dryer cylin-
der was simulated to achieve the required 
humidity of 10% (based on moisture) af-
ter being designed using Gambit software.  

Taking into account that the saffron flower, 
petal, and stigma have maximum speeds of 
1.5, 2.5, and 3.5 m/s, respectively (Nemati, 
et al., 2020), the stigma, petal, and blossom 
speeds of saffron are considered while de-
termining the speed of the air entering the 
dryer (Table 1).
The equations governing the problem are as 
follows. Conservation of mass equation or 
continuity equation: 
                                                    (1)

                                                    (3)
where μ and I express the dynamic viscos-
ity and the unit tensor, and the second part 
on the right side of the equation represents 
the impact of volume expansion. The energy 
equation is as follows:

                                                           (4)
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The effective conductivity is denoted
by            and is equal to               , where 
the turbulence model defines      , the tur-
bulent flow conductivity. J’s dispersion flow 
is denoted by    . Equation 4’s right-hand 
side represents the energy transfer result-
ing from conduction, species diffusion, and 
viscous dissipation, respectively. The heat 
from chemical reactions and heat from other 
sources are included in     . Since there was 
no heat source in this study,      was 0. Equa-
tion 5 will yield: 

                                                      (5)

where the enthalpy  for an ideal gas is as fol-
lows:
                                                     (6)

where the enthalpy  for an ideal gas is as fol-
lows:
                                                     (7)

         is 273 degrees Kelvin. The         model 
was selected as the turbulence model. The 
transfer equations for k and ε are as follows:

 
                                                       (8)
and

                                                          (9)

where

In the equations mentioned above, the kinet-

ic energy produced by turbulence as a result 
of the mean velocity gradient is expressed as     

The buoyancy force produces kinetic energy 
turbulence, or      
The contribution of variable expansion in 
compressible turbulence to the total dissipa-
tion rate is denoted by        . The fixed values              
          1.9 and            1.44   serve as a founda-
tion for verifying that the implemented mod-
el is appropriate for the standard flow. In this 
study, the source terms       and       were 
regarded as zero. The constant        indicates 
the extent to which the buoyancy force in-
fluences    
                                                     (10)
where     and     represent the airflow ve-
locity component in the direction parallel 
to the gravity vector and the flow velocity 
component in the direction perpendicular to 
the gravity vector, respectively.
An essential tool for thermal system design 
and optimization is thermodynamic analy-
sis. The amount of energy used in the fluid-
ization chamber of the wet material drier is 
directly correlated with the energy consump-
tion ratio, which is the percentage of energy 
used compared to the usable energy provid-
ed by the heater. As a result, the objective 
function for system optimization was the en-
ergy consumption ratio, which is a suitable 
dimensionless expression. The first rule of 
thermodynamics was used to compute ener-
gy consumption (Tasirin et al., 2007): 

where          and          indicate the inlet 
and outlet air enthalpy of the dryer, and the 
air mass flow         was calculated as be-
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low (Ceylan et al., 2007, Aghbashlo  et al., 
2008):

where      is the air speed and        indicate 
the dryer chamber surface area. In addition, 
the enthalpy of drying air can be calculated 
as below (Corzo et al., 2008):

where       and         express the dryer tempera-
ture and ambient temperature.          , which 
is the specific heat of inlet and outlet air, was 
calculated as follows (Corzo et al., 2008):

To convert the relative humidity to air hu-
midity ratio, this equation can be applied 
(Aghbashlo, 2008):

where           and       express the relative hu-
midity of the air, atmospheric pressure, and 
saturation pressure, respectively. 
The humidity ratio of the outlet air was cal-
culated as follows (Akpinar, 2004):

where        represents the saffron weight 
(Corzo et al., 2008).

Results and discussion:
Figure 2 displays the problem’s geometry 
as well as the simulation’s meshing. Saffron 
flowers are arranged haphazardly through-
out the bed’s height (Figure 2). 
The most crucial factor that can be observed 
at any location inside the dryer chamber to 
determine energy consumption at those loca-
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tions is temperature, as shown by equations 
14 and 16. The dryer chamber’s temperature 
contours at various intervals are depicted in 
Figure 3. Heat transfer from the air to the 
saffron flowers causes the air temperature 
at the top of the dryer’s cylindrical chamber 
to be lower than the air temperature at the 
chamber’s bottom. The cylinder’s overall 
temperature was nearly equal to the air inlet 
temperature at the end of the operation since 
all simulations were run until stable circum-
stances were reached. 
The height of the dryer chamber was split 
into many levels (Figure 4) to provide a 
more precise analysis of the temperature 
distribution along the cylinder. The tempera-
ture was then calculated in each layer. The 

temperature variations related to time and 
screen location are depicted in Figure 5. The 
temperature of the first plate on the dryer 
chamber floor is the same as the temperature 
of the inlet air in the first time, as shown in 
Figure 5. As the height of the plate increased 
along the drying chamber, the temperature 
of the plates reduced until it reached the 
same level as the surrounding air at the top 
of the chamber. Gradually, the temperature 
of the top plates rose above the surrounding 
air and eventually reached a stable condition 
at the end of the operation, with the lower 
plates’ temperature matching that of the inlet 
air. 
The weight of the material divided by the 
chamber’s cross-sectional area represented 
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the pressure drop of the bed under minimal 
fluidization circumstances. In other words, 
the weight of the materials is balanced by 
the frictional force between them and the air. 
The fluidized bed around the saffron flower 
in Figure 5 illustrates how the air viscosity 
caused the boundary layer at the flower’s up-
per surface to thicken before it split from the 
plate. When the boundary layer separated, 
it produced turbulent vortices where energy 
was lost and the material was subjected to an 
upward drag force. The combined force ex-

erted on the material is the result of airflow 
drag on mud surfaces and viscous drag. Fig-
ure (5. a) depicts turbulent vortices above 
a saffron flower, as well as the air velocity 
and viscous drag vectors around it in a fluid-
ized bed. Figure (5. b) displays the contour 
of pressure. The graphic illustrates how the 
formation of vortices causes a pressure drop 
along the saffron height.
Given that the objective of this research is 
to achieve the optimal humidity for drying 
saffron and that the humidity standard is 
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10% (wetness-based) (national standard of 
saffron - Iranian standard number 259), the 
analysis of variance based on Table 2 re-
vealed that the simple and double recipro-
cal effects in this study exhibit high signifi-
cance. Consequently, based on the variables 
of inlet air temperature and drying air speed, 
and based on the comparison of the average 
of the three effects, 10% was obtained in six 
humidity situations (Fig. 7).
In contrast to conventional drying methods, 
this method eliminates the potential for mi-
croorganisms to grow and proliferate, which 
might lead to increased pollution and a re-
duction in coloring power due to enzyme 
activity throughout the extended drying pe-
riod. Additionally, saffron dried using this 
process has greater coloration and scent than 
the saffron frozen method due to its higher 
concentration of crocin. 
Unlike electric dryers, fluidized bed dryers 
allow for more exact control over the hu-

midity level and have industrial usage. Fur-
thermore, there are no issues with saffron 
stigmas breaking in these dryers as opposed 
to infrared dryers because infrared radiation 
does not expose biological materials to it 
over an extended period.
Results of analysis of the coefficient of vari-
ance of inlet air temperature and dryer air 
velocity on humidity with Mean square hu-
midity (20.96) demonstrated that better re-
sults are attained when the dryer’s air speed 
is lowered and the input air temperature is 
raised, or vice versa (Table 2). 
The results of this study are consistent with 
the findings of Dandan Chen et al. (2020), 
who examined the effects of different drying 
methods on the appearance, microstructure, 
bioactive compounds, and aromatic com-
pounds of saffron. They also align with the 
research by Tersa et al. (2021), which inves-
tigated the relationship between drying con-
ditions and the formation of volatile com-
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pounds in saffron.

Conclusion
According to the findings, 10% humidity 
is achieved if the dryer air speed and inlet 
air temperature are as indicated in Table 3, 
demonstrating that better results are attained 
when the dryer air speed and inlet air tem-
perature are greater or lower, respectively. 
Thus, if the dryer is manufactured, it needs 
to be able to change its speed and tempera-
ture to reach 10% humidity. 

Analyzing the findings of the simulation 
showed that this method can predict the phe-
nomenon of moisture reduction in saffron 
during the drying process using a fluidized 
bed dryer. 
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