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Abstract - The drying industry has been growing considerably due to the great demand to have non-perishable food. Convective
drying is one of the most popular equipment on drying industry (food, chemical, pharmaceutical, etc.). One of the drawbacks of this
equipment when it is used for convective drying, is the non-uniformity in the final product quality. This study presents the development
of a mathematical model trough Computational Fluids Dynamics (CFD). The drying chamber of a heat pump dryer is assessed from a
drying air velocity and temperature profiles perspective. The model was developed solving different transport phenomena related
equations. The established procedure was set up with the aim of evaluating the distribution of drying air velocity and temperature on
the drying chamber to define the need of redesigning it. The profile results of the air velocity and the temperature show that, in fact
there is a need to redesign the chamber. Only trays 2, 3, and 4 are the ones that could achieve the drying of the products. The proposed
solution is to implement air distributors or to modify the tray positioning to make the distribution of the drying air and temperature
homegeneous.
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1. Introduction

The large demands of the drying industry, push constantly the development of new technologies and equipment. In the
last decades, considerable efforts have been devoted to understanding the changes that occur in the drying operations,
aiming to develop different ways to prevent undesirable quality losses [1]. Drying not only has applications in the food
area, on the contrary, it expands to industries such as (bio)chemical pharmaceutical and agricultural sectors [2]. Among the
equipment available in the drying industry, the heat pump dryer is the most used, which has a potential for heat recovery
and a relatively high energy efficiency [3]. In heat pump dryers, sensible and latent heat of evaporated water is recovered
and recycled by reheating the dehumidified air [4]. Currently, the use of drying processes has facilitated the use of new
products, due to the easy incorporation of dry products into prepared dishes, snacks, bakery and pastry products, among
others [5].

A good prediction of convective drying processes can be an important tool for the improvement of processes and
minimization of problems such as high energy consumption, excessive load and wear on equipment and low vyields [5],
taking this into account, and considering that it depends on many factors, such as the speed of air, temperature and
humidity of the air, level of turbulence, uniform air flow, etc. Keeping these factors, under the right conditions is the most
challenging task at pilot and industrial scale [6]. Temperature and air velocity are the two factors that must be taken into
account since they are difficult to measure due to a large number of sensors that must be placed in the chamber. The result
of the drying process depends of the location of the material in the dryer, since the drying rate depends on the air flow in
the drying chamber [7]. The use of a computer simulation of the mathematical model of the operation will allow to control
the dynamics of the drying process, allowing the optimization of dryer performance from the perspective of energy
consumption, efficiency and product quality, saving with the simulation both time and money [8].
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The mathematical models in the drying process have been studied under different conditions and configurations (i.e.
porous media and shrinkage) in diverse investigations being the majority of these an approximation in two dimensions.
This has provided a great compression of the drying phenomenon, but the air flow in a convective dryer is usually
turbulent and in three dimensions. Therefore, it is of great interest to perform an analysis of the process of turbulent flow
and air distribution in a fully three-dimensional way, which implies a load not negligible on both computational and in the
features and scope of the model [5]. A complete model of the drying process must take into consideration the interaction
between heat-and-mass transfer within the material to be dried and the transfer to the drying air flow [9], several studies
have been carried out in these aspects and their combinations, both at the simulation of models and at experimental levels
performed by Carlescu et al. [10], Villegas et al. [11], Lemus-Mondaca et al. [5] ([12]), Han et al. [13], Gémez & Ochoa
[14], Ozgen [15], Mohan [6], Lamnatou [9] among many others.

The aim of this study was to use a three-dimensional Computational Fluid Dynamics (CFD) model of a convective
drying chamber of a heat pump dryer for the analysis of the behavior of the air flow in the chamber geometry and its effect
on the temperature distribution during the convective drying process.

2. Methodology
2.1. CFD Modelling

CFD is an increasing tool to study and evaluate heat transfer in different systems and processes. CFD has the ability of
changing the operation conditions in a useful and uncomplicated way than in an experimental facility. It is capable of
changing flow rates that lead to different conditions in the processes or systems. The model can result in changes in the
geometry to improve the system or process, in this case the heat and mass transfer in the convective dry chamber of a heat
pump dryer. The CFD simulations are developed in the commercial software called STAR-CCM+ v12.02 (Siemens,
Germany).

The geometrical domain is crucial thanks to the importance of being the computational domain in which the
simulation is going to be developed. The experimental facility to be represented is shown in Fig. 1. The geometry is
designed using Autodesk Inventor® v2017 and transformed into a CAD model.

0.76 m

0.25 m \
[ |
HE:
w
111 ;j
!%II
0.06 m
N
1.03m

(a)

Fig. 1: Dimensions of the convective drying chamber (a) Lateral view and (b) Diagonal view.

Grid generation is an important step for the validation of the research project. There are several mesh arrangements
depending on the modelled system, in this case it is used polyhedral-type mesh. This type gives each cell a large number of
immediate neighbouring cells of which the software can obtain information and linear shapes functions, resulting in a
better approximation of the gradients, lower skewness angles and a more accurate flux calculation when compared to a
tetrahedral mesh [16]. Another benefit of using a polyhedral-type mesh over other types for this particular application is
that polyhedral cells allow to easily and gradually control grid size changes (for coarsening or refining certain regions of
the system) to avoid the sudden size changes that can result when using some trimmed hexahedral cell [16].
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The specification of the boundary and initial conditions of the system is a significant step in the pre-processing stage
in CFD. The inlet and outlet of the spatial discretization are modelled as velocity inlet and flow split outlet, respectively.
The remaining of the discretization is modelled as a wall condition.

An important step is the physical model selection. In this case it is modelled as a transient system with a flow
regimen turbulence that is exemplified with the k-&£ model. This model allows to decompose the instantaneous variables in
the Navier-Stokes (NS) equations into their mean and their fluctuations [17]. The additional models that are used are: gas,
segregated flow, and gravity. It is important to mention that the air temperature and velocity modelled as 313.15 K and 1
m/s, respectively.

To validate the CFD model the simulations must be transient as specified before. The necessary parameters specified
in the model are time step, inner iterations per time step and maximum physical time. The most important parameter is the
time step, because, if it is not correctly calculated, diverse problems can appear. One of these problems is convergence,
which presents when the time step is larger than the velocity magnitude. This causes that intermediate points are not
solved, producing that the next points have no previous solution and the CFD solver assuming those solutions that lead to
divergence. The CFL (Courant — Friedrichs — Lewy) condition is used to avoid the divergence problem. The recommended
CFL values are below 0.1 to capture accurately the interface.

The main results that are obtained from the simulations are: temperature and velocity profiles.

3. Results and Discussion

The results of the velocity profile can be seen in Fig. 2. It can be observed that distribution of the air does not present
in a uniform manner. The velocity is optimum for the heat transfer by convection only in trays 2, 3, and 4 from top to
bottom, also a stagnation occurring in the bottom and top of the chamber is observed. This leads to reconsider the tray
positioning and the implementation of air distributors such as dampers and diffusers. In addition, it can be observed that
the chamber has two recirculation areas, one at the bottom (below tray 4) and one at the top, near the exit of the air. This
can be an advantage if the distribution of the air is improved as it is mentioned above.
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Fig. 2: Velocity profile in the drying chamber.

Temperature distribution is observed in Fig. 3 at different times of the solution. It shows that the temperature profile is
not as uniform as expected. As well as in the velocity profile, only trays 2, 3, and 4 (from top to bottom) are receiving the
required amount of temperature that is needed to make the convective drying chamber successful. Another observation is
the fact that the temperature starts to stabilize. In the very first seconds the chamber will have the highest temperature in all
of its domain, while in a later time the effective area decreases in a small proportion and the temperature starts to be
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uniform in the top of the chamber and at the bottom where is not useful, especially on trays 5 and 6 where drying will be
less efficient, leading to an uneven or poor product quality.
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Fig. 3: Temperature distribution at different times. (a) 10.087 s; (b) 26.46 s; () 44.59 s.

Air temperature and velocity are plotted in Fig. 4. According to this, there is a relationship between these two factors
that supports the behavior observed on Fig. 2 and Fig. 3, if stagnation of air increase (decrease velocity) temperature drops
resulting in a poor drying as is observed in top and lower regions on Fig. 2 and Fig. 3. This implies uneven guality products
or even worst, increase production time to reprocess or keep drying the product.
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Fig. 4: Velocity vs. temperature in the drying chamber.

Air distribution is a characteristic that must be assessed in order to improve drying and achieve a uniform distribution.
This has been done by researchers, such as Mathioulakis et al. [18] , who assessed the relationship between air velocity and
weight loss on drying and agree with observations made in this study. As well as the work made by Amanlou & Zomorodia
they proposed different designs to improve drying process. One of the observations made in their work is that low air

velocity and poor air distribution implies a poor design and ergo a bad or longer operation which is seen in the results of
this study.

4. Conclusion

To understand the convective drying process, a CFD simulation was implemented using a transient system model with
the k-& model for turbulence and the CFL criterion. This is a very useful and powerful tool to achieve the desired
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assessment allowing to identify the temperature and air profiles in the convective drying chamber. The results of the air
distribution show that there are two specific areas of low air velocity that tends to create recirculation. They are located at
the air exit and the other one at the bottom of the chamber that results in a poor drying. Besides this, the temperature
profile shows only a homogeneous drying in half of the trays, reducing drying efficiency drastically, especially for the
bottom ones. The need of air distributers or dampers are necessary to deliver and improve the convective chamber.
Simulation by the means of CFD demonstrated to be a trustworthy optimization tool in order to avoid unnecessary and
expensive experiments to improve the design, and can be used in a subsequent research to predict the drying time if it is
implemented a thin film model.
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