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Abstract: Heat treatment has been applied in previous studies to treat diseased plants and trees
affected by heat-sensitive pathogens. Huanglongbing (HLB) is a heat-sensitive pathogen and the
optimal temperature–time for treating HLB-affected citrus trees was estimated to be 54 ◦C for 60 to
120 s from indoor experimental studies. However, utilizing this method in orchards is difficult due
to technical difficulties to effectively apply heat. Recently, a mobile thermotherapy system (MTS)
was developed to in-field treat HLB-affected trees. This mobile device includes a canopy cover that
covers the diseased tree and a system to supply steam under the cover to treat the tree. It was proven
that the temperature inside the canopy cover can reach the desired one (i.e., 54 ◦C) to kill bacteria.
However, for HLB, the heat should penetrate the tree’s phloem where the bacteria live. Therefore,
measuring the heat penetration inside the tree is very critical to evaluate the performance of the MTS.
In this study, a heat transfer model was developed to simulate the heat penetration inside the tree
and predict the temperature in the phloem of the diseased tree during the in-field heat treatment.
The simulation results were compared with in-field experimental measurements. The heat transfer
model was developed by a comparative analysis of the experimental data using the ANSYS software.
Results showed that the temperature in the phloem was 10–40% lower than the temperature near the
surface of the bark. Simulation results were consistent with experimental results, with an average
relative error of less than 5%.

Keywords: simulation; computational modelling; phloem; huanglongbing; citrus greening; thermotherapy

1. Introduction

Chemical, biological, or physical treatments may be used to treat pests and plant
diseases. Heat treatment is a type of physical treatment [1]. Heat can be used to treat
some diseased plants by an optimal combination of time–temperature treatment [2]. When
dealing with propagation materials or other perishable plant parts, thermotherapy can
show a range of effectiveness depending on the pathogen, the method of delivery, and
the part of the plant being treated [3]. The citrus industry has been devastated by a
disease originally named citrus greening but now referred to as Huanglongbing (HLB)
disease. It is caused by Candidatus Liberibacter asiaticus (CLas), which is a phloem-limited
and fastidious bacterium [4]. Evidence that thermotherapy can control Huanglongbing
was first documented in China, where phenotypic symptoms of HLB were eliminated
in budwood and seedlings after the material was exposed to moist, hot air of 49–50 ◦C
for 50–60 min [5,6]. HLB-affected citrus trees treated with heat displayed significantly
improved vigorous growth [3]. Drastic decreases in survivability were observed under
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various conditions of elevated temperature–time combinations of treatment and after
analyzing the results, the optimal temperature–time combination was found for trees being
heat-treated between one and four times at 54 ◦C for 90 s [7].

However, research has not focused on the heat distribution inside the diseased tree
and under the bark (where most of the bacteria live) during the heat treatment process [8].
Heat treatment has long been applied to the harvested wood of many tree species. The
main reason for applying heat is to kill pests that might exist inside the tree stump, as well
as reducing moisture content and improving dimensional stability [9]. It has been shown
that the fungal resistance of the heat-treated wood increases significantly [10] and the
mechanical strength decreases [11]. Recent efforts on the thermotherapy of wood resulted
in the development of various treatment processes [12–14]. The time and temperature
combination of the heat treatments varies depending upon the sample size, species, the
desired mechanical properties, the moisture content of the sample, dimensional stability of
the final product, and resistance to biological attack [15,16]. Various temperatures were
investigated to evaluate the possibility of utilizing heat therapy to eradicate bacterial
infections in potted plants that can be maintained as disease-free plants for years [17],
in addition to other factors: time, virus type level of infection, plant ages and species,
as well as the virus–host combination [18–20]. It has been proven that heat treatment
can be used effectively to remove several pathogenic organisms if the pathogen area
temperature reaches the desired temperature to kill the pathogen [21]. The benefits of
uniform distribution of airflow in a crop production system have been illustrated in
different studies [22,23].

Because the HLB bacteria live inside the tree, knowledge is needed of how heat
distributes inside a live tree and what factors influence the efficiency of heat distribu-
tion [8]. Previous researchers have solved the 3D equations for both coupled heat and
mass conservation equations for heartwood, which has made the study of transient heat
and mass transfer during the high thermotherapy of wood easier [24], but there have not
been any simulations to evaluate the heat and mass conservation in the live tree. The work
reported here develops a computational model to simulate the heat transfer inside the tree
to predict the temperature in the phloem where the HLB bacteria live. The model was
validated by in-field experiments and was used to evaluate the performance of a mobile
thermotherapy system.

2. Materials and Methods

A mobile thermotherapy system (MTS) for treating HLB-affected trees was developed
and utilized in the Southwest Research and Education Center of the University of Florida [4].
The performance of the MTS has been evaluated in citrus orchards using thermocouples
and by measuring the survival ratio of surrogate bacteria [4,8]. The MTS covers the targeted
tree with a retractable canopy cover and steam generated by a steamer (Sioux Corporation,
Model #SF-11-3800 Beresford, SD, USA) is injected to the canopy cover. The schematic
diagram of the MTS is shown in Figure 1. Eight nozzles for injecting steam were positioned
to control the fluid flow direction and velocity, thereby evenly distributing the heat inside
the canopy cover. The steam nozzles on the closed cover are near the soil surface as the
steam flows upward. Steam injection was stopped when the temperature inside the canopy
cover reached the targeted temperature of 54 ◦C, and the canopy cover stayed closed for
another 90 s to complete the treatment process (Figure 2). This optimal combination of
temperature–time as 54 ◦C for 90 s was found by Czarnecka et al. (2018) for treating the
bacterial pathogen L. asiaticus which causes citrus greening [7].
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diameters (Table 1) were considered as the heat transfer samples to measure the heat pen-
etration inside them. The diameters of the tree trunk and branches were measured with a 
digital caliper (NEIKO, Grace Marketing, Kaneohe, HI, USA). The tree was subjected to 
heat treatment four times. To take measurements of heat penetration, five categories of 
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hole was created through the tree texture and the depth of the hole was measured by the 
depth-measuring blade of the caliper. The depth of the hole was equal to the difference of 
each cross-section diameter and bark thickness (e.g., according to Table 1, the depth of the 
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Figure 1. Schematic diagram of mobile thermotherapy system for heat-treating huanglongbing
(HLB)-affected trees in the field [4].
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Figure 2. Heat treatment process of treating HLB-affected tree in the field [4].

2.1. Experimental Procedure

To evaluate the efficiency of the MTS for in-field treatment of HLB-affected trees, a six-
year-old HLB-affected Hamlin sweet orange tree was selected randomly in Immokalee,
Florida, USA (26.4608◦ N, 81.4359◦ W). The tree trunk and branches with different diame-
ters (Table 1) were considered as the heat transfer samples to measure the heat penetration
inside them. The diameters of the tree trunk and branches were measured with a digital
caliper (NEIKO, Grace Marketing, Kaneohe, HI, USA). The tree was subjected to heat
treatment four times. To take measurements of heat penetration, five categories of diameter
(Very small, Small, Medium, Large, and Very large) were chosen between the smallest and
largest diameters in five different places of the targeted tree as experimental samples (Table 1).

Table 1. Sample properties.

Sample Diameter (mm) Bark Thickness (mm)

Very small 5.07 0.57
Small 14.70 0.64

Medium 1 25.19 1.04
Large 51.75 1.75

Very large 72.03 1.82
1 Medium sample was chosen for simulation and comparing with the experimental results.

The average bark thickness of a branch around each cross-section was measured.
A hole was created through the tree texture and the depth of the hole was measured by the
depth-measuring blade of the caliper. The depth of the hole was equal to the difference of
each cross-section diameter and bark thickness (e.g., according to Table 1, the depth of the
hole for medium diameter was 24.15 mm because 25.19 − 1.04 = 24.15 mm). For measuring
the temperature during in-field treatments, the temperature of each experimental sample
was measured with two K-type thermocouples (±0.2 ◦C). One thermocouple was placed
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inside the hole, under the bark (in the phloem), and the other was attached outside of
the tree, as shown in Figures 3 and 4. When the hole was large, the gap was filled by
pieces of branches to create a similar texture and prevent air filling the gap and affecting
thermal properties (Figure 4a,b). The hole was sealed with moldable glue (Figure 4c). The
second thermocouple was installed outside the bark, close to the thermocouple inside
the hole (Figure 4d). Thermocouples were connected to an Omega RXL12SD 12-channel
temperature recorder (Omega Engineering, Stamford, CT, USA) that stored data from each
thermocouple into an SD card at a logging frequency of 1 Hz.
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(b) filling the gap; (c) dealing the hole; and (d) installing thermocouple on the surface.

2.2. Numerical Model and Simulation

ANSYS 19.2 software (ANSYS Inc., Canonsburg, PA, USA) was used to develop
a computational model for heat transfer. It was assumed that the tree anatomy was
symmetrical, the central ply of each experimental sample was insulated equally from heat
and moisture, the dimensional changes are infinitesimally small, and chemical reactions
associated with water loss in the samples were not taken into account. Moreover, it was
assumed there was no degradation or heat generation inside the sample during the heat
treatment process. The sample properties were considered as the heartwood of the tree
and are listed in Table 2.

Heat diffusion equations were used to simulate the heat penetration throughout the
cross-section of a tree to estimate the temperature inside the phloem under the bark during
the heat treatment. The general equation of heat flux was written according to Fourier’s
law; Equation (1):

q = −λ
∂T
∂n

n (1)
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where q is the heat flux vector (W), λ is the thermal conductivity (W/(m·K)), T is the
temperature (◦C), and n is the normal direction of the isotherm level at one point in the
direction of the temperature gradient.

In addition, the 3D heat conduction differential equation was considered based on
energy conservation and Fourier’s laws; Equation (2):

ρc
∂T
∂t

=
∂

∂x

(
λx

∂T
∂x

)
+

∂

∂y

(
λy

∂T
∂y

)
+

∂

∂z

(
λz

∂T
∂z

)
(2)

where ρ is the density (kg/m3), c is the special heat capacity (J/(kg·K)), and t is time (s).
The initial temperature of the sample wall was considered as the environment temperature
on the day that the experiments were conducted. An initial uniform temperature of 28
◦C was used for the simulations. Representative equations considered as follows for the
definition of boundary conditions; Equations (3) and (4):

∂T(x, t)
∂x

∣∣∣∣
x=0

= 0 (3)

h
[

T(x, t)− Tf

]
= −λ

∂T(x, t)
∂x

∣∣∣∣
x= 1

2 δ

(4)

where h is the convective heat transfer coefficient (W/(m2·K)), Tf is the environmental
temperature, and ∂ is the diameter of the sample (m).

Table 2. Sample properties for treatment [25].

Parameter (Unit) Value

Density (kg/m3) 7 × 102

Transversal thermal conductivity (W/(m·K)) 17 × 10−2

Convective heat transfer coefficient (W/(m2·K)) [26] 158 × 10−1

Specific heat capacity (J/kg·K)) 2310
Initial temperature (◦C) 28

3. Results and Discussion
3.1. Experimental Results

The tree with the thermocouples at each of the five categories of diameter (Very
small, Small, Medium, Large, and Very large) was subjected to heat treatment four times.
Although all repetitions showed a similar trend on increasing temperature, steam injection
started at a different point in each experiment and using average values for further analysis
would not be accurate. One of the repetitions was randomly chosen as a representative case
study for further analysis and simulation. According to experimental results, temperature
variation curves inside the phloem and the outside bark surface of the tree were shown in
Figure 5. The results are in agreement with the experimental results that were observed
and presented in a previous study [4]. A statistical test of the difference between the
temperature at the outside bark surface and the phloem resulted in a p-value of 0.004. As
expected, the temperature in the phloem could not reach the surface temperature because
of the thermal resistance of the bark.

Figure 6 shows the maximum and minimum difference of the temperature inside
the phloem and on the surface of the tree for five sample categories (from the moment of
starting to inject steam to ending the treatment by opening the canopy cover). The mean
and standard deviation of temperature difference for all experiments are shown in Table 3.
As the diameter increases, the thickness of the bark increases, and hence a thicker heat
isolation layer is generated; the thickness of the cortex is higher with a longer column of
cells. Therefore, the physical properties and topology of the bark reduce the heat transfer.
Moreover, the tree bark surface is not smooth, and there is some area in which air is trapped
and which decreases the level of heat transfer [27].
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Table 3. The mean and standard deviation of temperature differences for each sample category.

Diameter Category Mean (◦C) Standard Deviation (◦C)

Very small 1.14 0.64
Small 6.52 1.53

Medium 8.35 1.67
Large 9.50 2.23

Very large 11.73 2.15
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3.2. Simulation Results

To further study the heat penetration inside a tree, the “Medium” diameter category
was selected as a representative case study for simulation analysis and evaluation as all
samples in different categories showed a similar response, as verified by Ghatrehsamani
et al. [4,8]. The ANSYS 19.2 (ANSYS Inc., Canonsburg, PA, USA) software is commonly
used for finite element analysis, including to simulate heat and temperature distributions.
In this study, the solutions of the presented heat diffusion equations were obtained using
ANSYS and the parameters presented in Table 2. The temperature distribution through a
sample cross-section is shown in Figure 7.
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Table 4 presents the temperature distribution at some points (in the bark and phloem)
to compare the simulation and experimental results. Figure 8 shows the temperature on
the surface of the branch and inside the phloem at a specific time. Figure 9 compares
the simulation and experimental results. Overall, the predicted values are similar to the
experimental results (measured temperature).
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Table 4. Comparison of experiment and simulation results during heat treatment.

Time (s)

Average Temperature

Experimental Results Simulation Results
◦C ◦K ◦C ◦K

0
Inside 24.3 297.4 Inside 25.3 298.4

Outside 34.2 307.3 Outside 28.0 311.1

29
Inside 24.4 297.5 Inside 30.8 304.0

Outside 34.8 307.9 Outside 34.8 307.9

48
Inside 24.8 297.9 Inside 33.1 306.2

Outside 39.0 312.1 Outside 38.7 311.9

57
Inside 37.2 310.3 Inside 35.3 308.5

Outside 43.3 316.4 Outside 42.4 315.5

96
Inside 39.9 313.05 Inside 40.3 313.5

Outside 54.3 327.45 Outside 53.8 326.9

159
Inside 39.4 312.1 Inside 40.5 313.6

Outside 54.9 328.0 Outside 53.9 327.0

209
Inside 41.2 314.3 Inside 42.0 315.1

Outside 54.9 328.1 Outside 53.2 326.3

260
Inside 39.9 315.0 Inside 40.3 313.4

Outside 53.5 326.6 Outside 54.0 327.1

310
Inside 37.2 310.3 Inside 36.7 309.8

Outside 43.3 316.4 Outside 41.0 314.1
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Under the tested conditions, the developed computational conduction model pre-
dicted accurately the temperature distribution, on the bark surface and inside the phloem,
during the heat treatment, with an error of 1–4% (Figure 8 and Table 4).
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4. Conclusions

A heat transfer computational model was developed to study the heat transfer and
distribution inside a citrus tree’s trunk and branches during heat treatments. Understand-
ing this process might be useful in coping with a disease like HLB which is caused by
a heat-sensitive pathogen. The ANSYS software was used to model the heat diffusion
equations and to measure the heat penetration inside the tree to the phloem where the
HLB bacteria live. Overall, the simulation results were consistent with the experimental
data, with an error of about 1–4%. This model was used to evaluate the performance of a
mobile thermotherapy system for the in-field treatment of HLB-affected citrus trees. It can
also be utilized to significantly reduce costly and time-consuming experiments in order
to determine the optimal time and temperature combinations to effectively kill specific
bacteria during heat treatments. Furthermore, the proposed method can be used to monitor
the temperature distribution not only inside the tree canopy branches, but also inside
different parts of a tree (e.g., tree trunk), as well as on other types of plants. This approach
can potentially help in designing and developing better and more efficient heat treatment
systems to control different kinds of pests and diseases.
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Abbreviations

HLM Huanglongbing
MTS Mobile Thermotherapy System
q Heat flux vector (W)
T Temperature (◦C)
Tf Environmental temperature
∆T Temperature difference between the surface and inside the phloem
λ Thermal conductivity (W/(m·K))
p Density kg/m3

t Time (s)
∂ Diameter of the sample (m)
c Special heat capacity (J/kg·K))
h Convective heat transfer coefficient (W/(m2·K))
n Normal direction of the isotherm level at one point in the direction of the temperature gradient
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