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on the Uniformity of the Incident UV-C Dose Distribution to Strawberry

Passakorn KINGWASCHARAPONG', Yuki IIDA', Fumina TANAKA?
and Fumihiko TANAKA**

Laboratory of Postharvest Science, Division of Bioproduction Environmental Sciences,
Department of Agro—environmental Sciences, Faculty of Agriculture,
Kyushu University, Fukuoka 819-0395, Japan
(Received May 22, 2020 and accepted May 27, 2020)

This study aimed to evaluate and improve the uniformity of the UV-C dose distribution and microbial
inactivation on the surface of strawberries using computational fluid dynamics (CFD) simulation technique.
Eight different UV-C configuration models were designed. The pattern of UV-C lamps and their covers
affected the intensity of UV-C, whereas adding reflectors into the model resulted in better uniformity of the
UV-C dose. Model H (lamps and theirs covers placed at the corners of the chamber and 4 reflectors added
between the lamps) provided the best uniformity of the incident UV-C dose. Longer treatment time (6
min) enhanced the inhibition of Pewicillium digitatum. Therefore, simulation using CFD techniques may
be a promising method to predicting UV-C irradiation parameters.

Keywords: Inactivation, Modelling, Penicillium digitatum, Ultraviolet— C configurations, Ultraviolet— C
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INTRODUCTION

Nowadays, many technologies are used in the food
industry to provide more diverse industrial food prod-
ucts and more competitive and efficient processes
(Barbosa Canovas et al., 2011). Although all technolo-
gies are increasingly being used, and not only conven-
tional technologies but also immerging technologies,
non—uniformity within processes is still being encoun-
tered (Knoerzer et al., 2011, Lu et al., 2010). Non-—uni-
formity in treatment processes is an important concern
due to its direct relation with food quality (Tanaka et al.,
2016). Food safety issues can occur when microorgan-
isms (especially foodborne pathogens) are not com-
pletely inactivated, as well as quality issues (Pan et al.,
2018). Pu and Sun (2017) pointed out that non-uni-
formity in hot air drying and microwave drying treat-
ments could influence the color of mango fruit and
shorten its shelf-life.

Among new physical technologies, one of the most
popular methods used in the food industry is ultraviolet—
C (UV-0) irradiation (wavelength 100-280nm)
(Gutiérrez et al., 2018). The benefits of using UV-C
treatment in food processing lines center on it being
cheap, non-toxic, ecofriendly, and easy incorporate with
other methods (Trivittayasil et al., 2016). Nevertheless,
UV-C still has some limitations because it is difficult to
achieve a uniform irradiation dose over complicated sur-
faces.

Recently, computational fluid dynamics (CFD) has
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been applied as a numerical method and algorithm in
food processing for analyzing problems involving non—
uniformity of fluid flows, irradiation, etc. (Tanaka et al.,
2016, Park and Yoon, 2018, Ambaw et al., 2013, Zhao et
al., 2016). CFD techniques have been applied in many
industries including heating (drying, cooking, steriliza-
tion, chilling) (Carlescu et al., 2017), mass transfer
(transpiration or dissolution) (Hou et al., 2018), phase
change (freezing, melting, or boiling) (Kumarasamy et
al., 2016), chemical reactions (combustion or rusting),
and mechanical movement (impellers, pistons, fans or
rudders) (Park and Yoon, 2018). However, there have
been few reports using CFD modeling for predicting
radiation intensity in terms of post-harvest quality.
Trivittayasil et al. (2016) showed that a 4-lamp model
with a horizontal distance of 300 mm between the lamps
gave the most uniform dose distribution, with a mean
radiation intensity of 2.00 W/m®. They also validated the
model theoretically using a geometrical approach.
Tanaka et al. (2016) developed a three-dimensional irra-
diation model based on a discrete ordinates (DO)
method to evaluate UV-C dose distribution on the sur-
face of strawberries. They found that four lamps
installed parallel to the direction of movement provided
a uniform dose distribution. However, since Tanaka et
al. (2016) and Trivittayasil et al. (2016) carried out their
simulation based on an ideal model and discussed how to
improve the uniformity of UV-C dose distribution on the
surface of strawberries, the application of their findings
has been limited. In this work we developed an actual
simulation model (size, shape, position of lamp, etc.)
based on a real shape and performance of UV-C treat-
ment, because it is necessary to conduct research based
on an actual model using CFD techniques in order to
generate information that can be applied in the food
industry. Furthermore, CF'D application can reduce the
research time for users as well as experimentation costs.
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The objectives of this study were to: 1) create a UV-C
treatment model including a conveyor system based on
an actual machine (size, shape, and operation setting)
using CFD techniques, 2) design the optimal conditions
using simulation techniques for surface decontamination
of strawberry.

MATERIAL AND METHODS

The CFD simulation process consisted of 4 main
steps including creating geometry, mesh, set up bound-
ary conditions, and obtaining post—calculation results
(Trivittayasil et al., 2015). In this study we developed
eight different model configurations to improve the uni-
formity associated with UV-C irradiation, as described
below.

Geometry

The geometry of a strawberry was obtained using a
3D laser scanner (Next Engine, USA). Generally, the
different configuration models of UV-C treatment sys-
tems lead to difference in the uniformity of UV-C inten-
sity inside the treatment chamber. The advantage of
uniform UV-C irradiation throughout the process is
gained through uniform product quality.

All models (A, B, C, D, E, F, G, and H) were created

A

0.00

based on the actual geometry of a UV-C treatment sys-
tem by using ANSYS Workbench 18.1 (ANSYS Inc.,
USA). The chamber sizes of all models (A, B, C, D, E, F,
G, and H) were designed with width 400 mm, height
500 mm, and depth 1000 mm (Fig. 1A).

For Models A, B, and C, these models consisted of
8 UV-C lamps obtained from Panasonic (GL 30, specifi-
cation 13.4W, length 893 mm), which were placed in
4 pairs (2 lamps per pair). Each pair of lamps was cov-
ered with a lamp cover. Three pairs of lamps with a
cover were placed at the top of the conveyor chamber at
a distance of 97mm from the sample (9 strawberries
placed in a tray), and one pairs of lamps and cover were
placed at the bottom of the chamber. The distance
between the bottom lamps in Models A, B, and C and the
sample were 50, 30, and 10 mm, respectively (Fig. 2A,
2B and 2C). The simulated nine strawberries placed in a
low—density polyethylene (LLDPE) tray (B9, Yurikago,
Oshiri Sangyo Co. Ltd.) used as the sample. The UV-C
transmittance of LLDPE is 0.76. This sample was con-
sidered as being on a conveyor, with further details in
the simulation section.

For Models D and E, these were adapted from Model
A and included adding 2 reflectors (65 mm X 873 mm) to
these models. For Model D, the reflectors were placed
at the top (left and right side) of the conveyor chamber

ANSYS

R18.1
Academic

Y

500.00 (rmm) A o

250.00

Fig. 1. The selected 3D model (A) meshing of 3D (B) model of UV-C conveyor configuration.
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at a distance of 47 mm from the sample (Fig. 2D). For
Model E, the reflectors were placed at the bottom (left
and right side) of the conveyor chamber also at 47 mm
from the sample (Fig. 2E).

For Models F and G, the position of the 4 pairs of
lamps and their covers were rearranged. In Model F,
2 lamps and their covers were placed at the top, bottom,
left, and right sides of the conveyor chamber, with the
distances between the lamps (top, bottom, left and
right) and the sample set as 97, 50, 50, and 50 mm,
respectively (Fig. 2F). In Model G, 2lamps and their
covers were each placed at the corners of the conveyor
chamber, in which the radius of the lamp and distances
from the sample are shown in Fig. 2G.

For Model H, this model adapted Model G by adding

4 reflectors placed between the lamps, as shown in Fig.
2H.

Meshing

The geometries were then imported into ANSYS
Meshing, which is a component of the ANSYS
Workbench software (ANSYS Inc., USA) to create a vol-
ume mesh. The default automatic meshing method (Fig.
1B) was employed in accordance with the results of our
previous study (Trivittayasil et al., 2016). Creating the
most appropriate mesh can be used to achieve good sim-
ulation results. The resulting numbers of mesh elements
were 2 782 472, 2 748 038, 2 728 720, 2 953 637, 2 936
568, 2 776 842, 3 015 620, and 3 020 345 for Models A, B,
C, D, E, F, G, and H, respectively. In order to simulate
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Fig. 2. UV-C conveyor configuration models.
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continuous UV-C treatment, the models were set to
have a movement character using a sliding mesh tech-
nique, which was reported in accordance with the previ-
ous report Tanaka et al. (2016). Briefly, the model was
divided to three cell zones, designated as: top, middle,
and bottom, as shown in Fig. 1. The top and bottom
zones of the models included the UV-C lamps with cov-
ers. The middle cell zone included the LLDPE tray with
nine strawberries. These three cell zones of the model
were used to simulate the movement characteristics of
the conveyor. Mesh interface techniques were used for
the boundary of each cell zone. Accordingly, the geome-
try of the middle zone was complicated, because it was
fixed to be a stationary zone and the other zones (top
and bottom) were created as moving zones. In the non—
steady simulation, all the computational domains, set as
stationary, were set in one inertial reference frame. The
motion of the boundary zones was described using pro-
files related to the time—dependent position of the mov-
ing objects.

Set up boundary condition

The simulation was carried out using Fluent
18.1 software (ANSYS Inc., USA), employing a DO radia-
tion model with theta and phi divisions of 10 X 10 and
theta and phi pixels of 3 X 3 to solve the radiative trans-
fer equation in the computational domain. The actual
intensity of UV-C lamp was 94.66 W/m* measured by a
UV-C light meter (UVC-254, ASONE CO., Japan).

For completeness of the mathematical description, a
set of boundary conditions was defined on the physical
surfaces and domain walls, and important parameters
are indicated in Table 1. To minimize the effect of ther-
mal radiation from temperature differences between the
sample and the lamps, which have power being applied
to them, the temperature of the fluid was reduced to
10 K in accordance with Trivittayasil et al. (2016).

Determination of optimum calculated step
Model C was selected to assess the effect of the cal-
culation step and UV-C intensity distribution on the sur-

face of strawberries. The geometry, meshing, and set up
boundary condition of Model C was created as described
previously. The different calculation steps of Model C
were set and named as Model C, Model C-1, and Model
C-2 for 0.1, 0.5, and 1 s, respectively, as shown in Table
2. The model that showed less time—consuming calcula-
tion steps (less number of calculation steps means more
time consuming) with the lowest CV was chosen to fur-
ther study as defined by equation (1) described in the
next section.

Determination of uniformity of irradiation models

The geometries of Models A, B, C, D, E, F, G, and H
were created. These geometries were meshed and
divided into cell zones as described previously. The opti-
mum irradiation time and calculated step selected from
the previous section were used. In all models, the irradi-
ation time for calculating the step of the UV-C conveyor
configuration models was fixed at 1s. The total number
of movement steps (or total irradiation time) was set at
6s. The movement speed of the conveyor was fixed at
0.1795m/s. The total irradiated UV-C dose distribution
was estimated by accumulating the incident UV-C dose
on the surface of strawberries.

To determine the optimum model that showed the
best irradiation uniformity, the coefficient of variation
(CV) was employed. CV is a normalized index of disper-
sion of a probability distribution and it can be defined as
follows:

cv=2 1
o e
where 0 is the standard deviation and x is the mean
intensity of surface incident radiation (W/m?).
The model that showed the best uniformity of irradi-
ation with the lowest CV value was selected for further
study.

Determination of inactivation model of P. digi-
tatum
Microbial inactivation on the surface of strawberries

Table 1. The physical surfaces and domain walls parameters

Name Types Internal emissivity Radiation Diffuse fraction = Temperature
Opening wall Pressure—outlet - - - 10K
Cover Wall 0.35 Opaque 0.5 -
Lamp Wall 0.89 Semi-transparent 1 10K
Strawberry Wall 0.95 Opaque 0.5 -
Film wall 1 Semi-transparent 0 -
Table 2. The calculation step parameters and CV
Model C Model C-1 Model C-2
Calculation time for each steps (s) 1 0.5 0.1
Total step 6 12 60
Total irradiation time (s) (1x6)=6 (0.5x12)=6 (0.1x60)=6
cv 0.465 0.461 0.459
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treated with UV-C irradiation was evaluated in accord-
ance with a previous study Tanaka et al. (2016). The
inactivation kinetic model with a radiation transfer
model was used in this study. P digitatum is a common
microorganism that causes postharvest fungal disease
(Tanaka et al., 2016, Olmedo et al., 2017, Garcia—Martin
et al., 2018). The first kinetic model for inactivation of
P digitatum was applied to our study because this
model has been proven to be a fitted model for predict-
ing the survival curve during UV-C treatment (Tanaka et
al., 2016, Trivittayasil et al., 2016)

where S is the survival rate, [ is the irradiation intensity
of UV-C (kW/m*), t is the treatment time (s), and k is
the modified inactivation rate constant (11.98 m*kJ)
(Trivittayasil et al., 2015)

RESULTS AND DISCUSSION

Effect of the calculated step on the incident radi-
ation dose of UV-C treatment

The contours of the incident radiation dose during
UV-C treatment of Model C, Model C-1, and Model C-2
are shown in Fig. 3A. The red area represents high

1
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Fig. 3. The contours of the incident radiation dose during UV-C treatment (A) and the incident radiation dose

during UV-C treatment (B).
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Fig. 4. The incident radiation dose during UV-C treatment of all models.

resents low exposure to UV-C irradiation. The result
was that the overexposed area was mostly found on the
top sides of the strawberries exposed to UV-C irradia-
tion. The irradiation dose frequency distribution of all
samples is shown in Fig. 3B. The results indicated that
no difference was observed in irradiation dose in all
models. The highest CV was observed in Model C-2 fol-
lowed by Model C-1 and Model C (Table 2). Because
the size of the calculation step was finer, the CV value
tended to decrease, resulting in these models showing
greater accuracy and closer to the real situation.
However, even though small calculation steps provided
more accurate solutions than larger calculation steps,
the small size calculation steps required a long time to
process. Thus, because the CV value of Model C was
intimately related to Models C-1 and C-2, it was
selected for further study. This meant that we could
obtain the same calculation result for predicting the inci-
dent radiation dose of UV-C at the surface of strawber-
ries irrespective of which model was used.

FEvaluation of the simulation effect of UV-C con-
veyor models on the uniform irradiation distribu-
tion at 6 s treatment time

Understanding of the UV light intensity distribution
in a treatment chamber is of great importance in terms
of the application of the right conditions that can maxi-
mize the inactivation efficiency (Hakguder Taze and
Unluturk, 2018). The uniform irradiation distribution
results of the simulation are presented in Fig. 4. The dif-
ferent histograms of each model can be categorized visu-
ally. A narrow distribution range is desired because it
contributes to reducing the risk of overexposure and
underexposure. Table 3 shows the maximum, minimum,
mean, and CV of the accumulated incident UV-C dose
distributions of all models. The results of the evaluation
were as follows:

The patterns of lamps and their covers played an
important role in the uniformity of UV-C distribution.
The mean UV-C intensities of all models were found in
range of 64.25-79.27J/m*  The highest mean UV-C

Table 3. UV-C intensity and % inactivation of Penicillium digitatum of model A, B and C at 6 s treatment

time
Model UV-C intensity (kJ/m?) ov % Inactivation

Maximum Minimum Mean Maximum Minimum Mean
Model A 162.56 4.77 71.99 0.50 85.87 5.56 57.72
Model B 150.61 4.70 66.48 0.51 83.55 5.47 54.86
Model C 163.45 3.30 79.26 0.47 85.90 3.88 61.32
Model D 165.79 6.31 75.70 0.48 86.28 7.29 59.63
Model E 162.66 6.45 72.67 0.49 85.76 7.44 58.14
Model F 153.45 19.66 68.57 0.32 84.10 20.99 56.03
Model G 116.11 26.73 64.25 0.26 75.13 27.40 53.69
Model H 131.79 37.14 79.27 0.24 79.39 35.92 61.32
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intensity with the lowest CV was observed in Model H. It
was postulated that because the configuration of Model
H comprising lamps and covers that were placed at the
corners of the chamber with reflectors placed between
these lamps, resulting in this model providing a better
UV-C distribution than other models. The lowest UV-C
intensity was observed in Model G, which had almost the
same configuration as Model H, but Model G had no
reflectors. It was noted that the presence or absence
reflectors in the chamber had a direct effect on UV-C
distribution. The results were confirmed in Model A and
Model D, in which the reflectors present in Model D pro-
vided better UV-C distribution than in Model A.
Moreover, the position of the reflectors in the chamber
showed a significant impact on UV-C uniformity, which
was observed in Models D and E. Reflectors located at
the top of chamber produced more pronounced uniform-
ity than those located at the bottom of the chamber.
The gap between the bottom lamps and sample tended
to affect the uniformity. The small gap in Model C pro-
vided the more uniformity than in Models A and B.
Thus, several factors were involved in UV-C distribution
when each model was created.

FEvaluation uniformity of irradiation and % inac-
tivation of P. digitatum in the simulation system
In this analysis, we studied the effect of treatment
times (6 s, 1 min, and 6 min) of all Models to inactivate P.
digitatum in the simulation system. Generally, a three—

log reduction (99.9%) is recognized as the target for
mold inactivation in the treatment of fruits (Trivittayasil
et al., 2016). With a 6 s treatments with UV-C (Table 3),
all models showed a % inactivation mean of 53.69-
61.32%. This evidence indicated insufficient treatment
times, because the % inactivation of P digitatum did
not reach a three-log reduction (99.9%). Thus, it was
expected that an increase in the treatment time as
needed in order to achieve the three log reduction in %
inactivation rate for all models. After increasing the
treatment time from 6s to 1 min (Table 4), the average
% inactivation showed satisfactory values (99.9%),
which coincided with the increasing UV-C intensity in all
models. The results were in accordance with Hakguder
Taze and Unluturk (2018), who reported that UV dose
values changed from 0 to 48.45kJ/m* when treatment
times increased from 0 and 25 min. The highest value of
the minimum % inactivation was found in Model H. It
might be postulated that depending on their configura-
tions, specific models could provide higher intensity dis-
tributions than other models. Normally, the adequate
radiation dose in order to maintain quality and ensure
microorganism safety for strawberry is between 0.5 to
4.0kJ/m* (Tanaka et al., 2016). Liu et al. (2018) found
that the total phenolics, phenolic acids, and flavonoids
contents were more pronounced when mature—green
tomato fruit were irradiated with UV-C at 4 kJ/m* and
stored in the dark at 13°C and 95% RH. Ortiz Araque et
al. (2018) revealed that strawberry pre-storage UV-C

Table 4. UV-C intensity and % inactivation of Penicillium digitatum of model A-H at 1 min treatment time

UV-C intensity (kJ/m?)

% Inactivation

Vodel Maximum Minimum Mean o Maximum Minimum Mean
Model A 1.63 0.05 0.72 0.05 100.00 43.52 99.98
Model B 1.51 0.05 0.66 0.05 100.00 43.03 99.96
Model C 1.63 0.03 0.79 0.04 100.00 32.66 99.99
Model D 1.66 0.06 0.76 0.04 100.00 53.08 99.99
Model E 1.63 0.06 0.73 0.04 100.00 53.86 99.98
Model I 1.53 0.20 0.69 0.03 100.00 90.52 99.97
Model G 1.16 0.27 0.64 0.02 100.00 95.93 99.95
Model H 1.32 0.37 0.79 0.02 100.00 98.83 99.99

Table 5. UV-C intensity and % inactivation of Penicillium digitatum of model A—H at 6 min treatment time

UV-C intensity (kJ/m?)

% Inactivation

Model Maximum Minimum Mean o Maximum Minimum Mean
Model A 9.75 0.29 4.31 0.01 100.00 96.75 100.00
Model B 9.04 0.28 3.98 0.01 100.00 96.58 100.00
Model C 9.81 0.20 4.76 0.01 100.00 90.67 100.00
Model D 9.95 0.38 4.54 0.01 100.00 98.93 100.00
Model E 9.76 0.39 4.36 0.01 100.00 100.00 100.00
Model F 9.21 1.18 4.11 0.01 100.00 100.00 100.00
Model G 6.97 1.60 3.85 0.00 100.00 100.00 100.00
Model H 7.91 2.23 4.76 0.00 100.00 100.00 100.00
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treatments at doses ranging from 0.2 to 4.2kJ/m’
reduced decay. It was noteworthy that the average
UV-C intensity with a 1 min treatment time in all models
was 0.64-0.79 kJ/m*, which was in the recommended
range. However, all of models with 1 min treatment time
provided an unsatisfactory minimum % inactivation
value (<99.9% reduction). Thus, a 6 min treatment time
was employed to improve the effectiveness of UV-C
treatment (Table 5). Focusing on higher treatment time
(6 min), 100% inactivation was shown in all models, in
which the average UV intensity in all models (3.85—
4.76kJ/m*) was in the recommended range.
Nevertheless, even increasing to a higher treatment
time, different UV-C intensities still appeared because of
the different configurations in the models. Tanaka et al.
(2016) reported that, the model with four lamps
installed in parallel to the direction of movement pro-
vided uniform dose distribution. This result suggested
that the enhanced UV-C treatment time had an effect to
inactivate P dzgitatum. Additionally, Model H should be
recommended for use in further studies to obtain higher
efficiency in P digitatum inhibition.

CONCLUSION

UV-C radiation intensity distributions on the surface
of strawberries were predicted using a variety of config-
urations, and the survival ratio of P digitatum was esti-
mated based on the irradiation intensity distribution gov-
erned by the UV-C model. The addition of reflectors to
the model provided better uniformity. The best configu-
ration model providing the most uniform irradiation
intensity distribution with the lowest CV included lamps
and theirs cover located in the corners of the chamber
and reflectors placed between the lamps. Adjustment of
the calculation step to be finer had a negligible effect on
the simulation processing time. Based on treatment
time, increasing treatment to 1 and 6 min resulted in
increased % inactivation of P dzgitatum, which reached
a 3log reduction. Thus, the use of CFD techniques was
an effective for modeling and simulating UV-C dose dis-
tribution.
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