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Summary

There is an interest in the application of chemical and biocontrol treatments after harvest 
in the cool room, instead of the commonly used fungicide treatment method by spraying 
of fruits on the orchard trees and drenching. In this study, a computational fluid dynamics 
(CFD) model of spray application in cool rooms was used to analyse the suitability of spray 
systems for postharvest treatments of fruits that are stacked in bins. A two-phase flow model, 
which consists of one disperse phase (spray droplets) and one continuous phase (air), was 
used. The model was compared to experimental results of deposition in a loaded cold storage 
room. The model was applied to study the effect of nozzle characteristics, nozzle position 
and stacking pattern. The study showed that the deposition of spray droplets containing 
biological control organism inside a fully loaded room was far from uniform. Most of the 
droplets were deposited on the outer surfaces of the stack with limited dispersion in the 
interior of the stack. The model was applied to develop a better spraying procedure and 
recommend a spraying system that works at single bin level, uses forced airflow to deposit 
droplets more uniformly inside the bin.
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Introduction

Decay of horticultural products is mainly caused by fungal growth (Amiri & Bompeix, 2005; 
Bertolini et al., 1995; Morales et al., 2007; Tripathi et al., 2008). Proper treatment of the produce 
with fungicides is one of the methods that are used to suppress the fungal growth. Commonly the 
fungicide is applied preharvest in the orchard before the product is harvested. Such preharvest 
application of fungicide on the orchard trees requires a relatively large amount of fungicide that 
could adversely affect the environment and the production cost. 
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Postharvest treatment that targets only the harvested product have claimed to be cheaper and 
more environmentally friendly (Berrie, 1993). The commonly used postharvest treatment method 
is to apply fungicides using dipping or drenching of the fruit in a fungicide solution while grading 
the fruit. Such a treatment method is highly vulnerable to cross contamination of fungal diseases 
between individual fruits and it is a challenge to discard the remaining contaminated fungicide 
solution (Moggia et al., 2003; Bertolini et al., 1995; Sugar & Basile, 2008). 
An emerging postharvest application of horticultural products is to treat fruits and tubers inside 

commercial storage rooms for applying fungicides and biological control organisms (BCO). Such 
systems are reported to be cheaper, safer and more environmentally friendly than the conventional 
treatment systems that are normally done outside the storage rooms. The most important challenge 
of these systems is maintaining the required level and uniformity of deposition on the fruit.
The objective of this study was to assess the performance of fungicide spraying systems in cold 

storage rooms using CFD model. The model was validated using experimental results and it was 
applied to identify better spraying procedure.  

Materials and Methods

Cold storage room and spraying system
The study was based on an experimental cold storage room of PCFruit (Sint-Truiden, Belgium). 

The room was loaded with 120 plastic bins of apple, size 120 cm × 120 cm × 74 cm. The dimensions 
and the injection position of the spraying nozzle are given in Fig. 1. The cooler of the storage room 
is located on the other side of the door and the room air is circulated by using six fans. In this study 
the spray system Swingtec Fontan Starlet ULV 92 (Swingtec GmbH, Isny, Germany) was used for 
spraying BCO solution  from the door side. The D10, D50 and D90 values of the BCO spray were 
17.7, 30.4 and 49.1 µm, respectively.  More details about the droplet size distribution and velocity 
produced by this system can be found in Ambaw et al. (2017). 
The model was further applied to analyse dispersion in two commercial storage rooms ‘(room 1’ 

and ‘room 2’). ’room 1’ and ‘room 2’ had a total volume of 183.5 m3 and 434 m3, and capacity of 
90 and 230 bins, respectively. The stacking patterns are given in Fig. 2. There was a gap of 10 cm 
and 50 cm between the wall and the stack while the gap between the stacks was 97 cm and 10 cm 
in ’Room 1’ and ‘Room 2’, respectively.  The cooler of ‘room 1’ was located on the opposite side 
of the door and the room air was circulated by using three fans with a total capacity of 9780 m3 h-1. 
The coolers of ‘room 2’ were located at the door side of the room and the room air was circulated 
by using five fans with a total capacity of 40000 m3 h-1.

Fig. 1. Details of the storage room loaded with 120 bins that shows the stacking pattern and location of the 
BCO spray nozzle. 
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The model was also used to compare the performance of single bin treatment before placing the 
bins in the store relative to the treatment of fully loaded room. In this application, a vertical flow 
setup was considered that pulled air through a single bin from top to bottom with spray nozzles 
on the top. 

Fig. 2. Room design and stacking pattern of cold storage ‘room 1’ and ‘room 2’.

Model formulation
The CFD model was developed using a Eulerian-Lagragian particle tracking method. The droplet 

phase was considered as dispersed phase and the air phase was taken as continuous phase (Ambaw et 
al., 2017; Delele et al., 2012). Reynolds-Averaged Navier Stokes equations with the SST turbulence 
model were used to calculate the airflow. The droplet dispersion and deposition was modelled by 
using Lagrangian particle tracking. 
The loaded plastic bins were treated as porous media; the permeability and pressure loss coefficient 

were defined according to previous analysis of airflow resistance of the bins. The measured droplet 
size and flowrate was applied as model input data. Two fan flowrates (14364 to 26460 m3 h-1) were 
measured and used in the model. Droplets that collide with the room surfaces (floor, wall and roof), 
were assumed to be trapped. Furthermore, based on the result of an explicit model of dispersion in 
bins (Ambaw et al., 2017), it was clear that almost all the particles that entered a loaded bin through 
the vented slots deposited within that bin. The cooler with fan was modelled as a separate domain 
and the circulation fans were modelled using the appropriate momentum source that was capable 
of producing the measured flowrate at the exit of the cooler. The room temperature was adjusted to 
1°C. Due to the relatively low storage temperature, the evaporation of the droplet was neglected.  
The simulation in this study was conducted using Ansys CFX 17 (ANSYS Inc., Pennsylvania, 

USA). A tetrahedral hybrid mesh of over 8 million elements was used. The model tracked 500,000 
sample droplets in each room. All the governing equations were discretized using second order 
upwind scheme. Prior to the injection of the particles, a steady state solution of the airflow was 
performed. The tracking of the droplet was using transient simulation, with a time step of 10 s. The 
calculation was done using 64-bit, Intel® Core™ i7-4790 CPU, 3.60 GHz, 32 Gb RAM, Windows 
7 Professional computer. CPU time of the simulation was more than 17 h. 

Experiment
A simulation validation experiment was conducted on the simulated room (Fig. 1) by spraying a 

BCO solution. The BCO that used was Boni Protect (9 g L-1) (Nufarm B.V., Nederland) combined 

 



142

with the additive Calcium-D-Gluconate (10 g L-1). In this experiment, the spraying system Swingtec 
Fontan Starlet (Swingtec GmbH, Isny, Germany) with the nozzle ULV 92 was used. For the 120 
bins, 20 L of the product was applied. It was done in four intervals, 5 L per interval with a flowrate 
of 86.2 mL min-1. Each application took 58 min. In order to improve the distribution of the droplets, 
there was a gap of 1 h between each application interval. During the application, the ventilation 
was continuously running. The recovery of the BCO was done 1 day after the application and the 
evaluation of the colonies was conducted after 2 days of incubation. The position of the bins where 
the analysis was conducted are shown in Fig. 3.

Fig. 3. The bins where the BCO deposition experiment was conducted, shown from 1–26 in blue 
colour.

Results 

Predicted airflow and spray droplet dispersion profiles are given in Fig. 4. The predicted results 
are compared to experimental values in Fig. 5. The results were in each case normalized with the 
maximum value. Then the model was applied to investigate the effect of airflow, room design, 
nozzle position and numberof which the results are given in Figs 6–8.

Fig. 4. Predicted room airflow (left) and BCO droplet track (right) profiles in the experimental cold storage 
room. 

 

	



143

Fig. 5. Measured and predicted deposition of BCO droplets on the bins normalized with the maximum 
deposition in the experimental cold storage room. Bin numbering is given in Fig. 3. 

Fig. 6. Predicted BCO particle tracks during injection from the door side using a single nozzle for alternative 
room designs: ‘room 1’ (left) and ‘room 2’ (right) with the standard stacking patterns; colour shows droplet 
diameter.

Discussion

The deposition of BCO inside a loaded large scale cold storage room was not homogeneous. The 
highest spray deposition was observed in the bins that are located in front of the spray nozzles 
(Fig. 4). There was relatively low penetration of the BCO droplets to the bins that are located at 
interior and backside of the room. Both the prediction and the experimental results showed that the 
deposition of BCO droplets on the front bins was about 1000 times higher than the deposition on 
the interior and left, right and back side bins (Fig. 5). There was also a relatively low deposition 
of BCO droplets on the left- and right-side bins. A relatively good qualitative agreement between 
the predicted and measured results was observed. It is clear from the log scale plot of the results, 
the model over predicted the relative deposition of the droplets on the front and backside bins, 
and under predicted the deposition on the interior bins. The deposition of droplets in the bins were 
far from uniform and shows the difficulty of such application of BCO droplets inside loaded cold 
storage room.  
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Fig. 7. Predicted BCO particle tracks during injection at the exit of the circulation fan using two (left) and 
three (right) nozzles for ‘room 1’ with the standard stacking pattern (10 cm gap between wall and stack and 
97 cm gap between stacks); colour shows droplet diameter.

Fig. 8. Predicted BCO particle tracks during injection at the exit of the circulation fan using three nozzles 
for ‘room 2’; (left) standard stacking pattern (50 cm gap between wall and stack and 10 cm gap between 
stacks), (right) modified stacking pattern (uniform gap of 26 cm between the stacks and the wall); colour 
shows droplet diameter.

Increasing the fan flowrate from 14364 to 26460 m3 h-1 did not change the airflow profile of the 
room, but increased the penetration of the BCO droplets to the interior bins. The results also showed 
that the position of the nozzle should take into account the room design (particularly the relative 
position of the nozzle to the circulation fan). If the nozzle and the fan are positioned at the same 
side (room 2), it is impossible to achieve a proper spraying, because the droplets are directed to 
the cooler before reaching the stack (Fig. 6). In the cooler, the droplets are more likely to deposit 
on the cooling coils. There was a better distribution and penetration of the droplets by placing the 
spraying nozzles at the exit side of the fan (compare Fig. 5 to Fig. 7). The uniformity of droplet 
distribution increased with number of nozzles. For ‘room 1’ and ‘room 2’, three nozzles gave a 
better distribution of the droplets than one or two nozzles. The stacking pattern of the bins was 
the other factor that affects the distribution of the droplets. Stacking the bins with more uniform 
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air gaps improves the uniformity of the circulation airflow and BCO droplet distributions (Fig. 8). 
Air gaps that are relatively large should be avoided, the circulating air flows preferentially through 
such large gaps taking the spray around rather than through the bins. 
The challenge in non-uniform distribution of BCO droplets inside fully loaded bins could be to 

some extent solved by implementing an air suction system in the room (Ambaw et al., 2017) or 
by applying the BCO at single bin level before room loading (Fig. 9).  Single bin BCO application 
improved the uniformity of deposition and penetration of the droplets inside the interior bin. 

Fig. 9.  BCO droplet distribution in a single bin treatment system; left (front view), right (side view).
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