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Abstract: The accurate assessment of parameters such as burn degree, volume, and depth is
a prerequisite for the effective treatment of patients. However, as an unsteady heat transfer
process, the temperature of the burn damage volume changes over time, and it is difficult
to accurately calculate the integral value of the damage, which is used to assess the burn
degree. Therefore, it is impossible to accurately determine the location and volume of
damage at all burn degrees. In this study, the C language is used to program a user-defined
function of the burn damage integral formula, and the coupled numerical simulation
method is used to calculate the heat transfer and damage in a high-temperature water
burn process. Then, the temperature and burn damage integral value of each point can be
determined to accurately assess and distinguish the burn degree in real time, and estimate
the position distribution, volume size, and transient change trend of each burn degree.
Under the working conditions selected in this paper, the heat source mainly affects the
epidermis and dermis directly below, and has less influence on the area above, which is in
convective heat transfer. The damage integral value is very sensitive to temperature, and the
highest damage integral value caused by 373 K is two and four orders of magnitude higher
than that of 363 K and 353 K, respectively. The increase in the heat source temperature
caused the volume of a third-degree burn to increase rapidly in the early stage of injury, but
the volume of second-degree and first-degree burns did not change much. After heating
at 373 K for 15 s and delaying the action for 45 s, the volume of first-, second-, and third-
degree burns accounted for 0.4, 2.9, and 1.9%, respectively, and the total volume of damage
accounted for only 5.2% of the total volume.

Keywords: burn degree; transient defined function; numerical simulation; heat transfer;
transient variation characteristics

1. Introduction

There are an estimated 11 million patients with burns requiring medical treatment each
year [1]. Every year, more than 265,000 people worldwide die of burn injuries and nearly
10% of child deaths are burn-related [2,3]. Millions more worldwide suffer from burn-
related diseases, especially disability and disfigurement, which have negative psychological,
social, and economic consequences for survivors and their families. The median total cost
per burn patient was EUR 26,540 within the first three months of injury [4]. Furthermore,
burns are more prevalent in people of low socioeconomic status. Survivors will be poorer
than they were pre-injury according to a survey [5]. Due to the negative effects of burn
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injury, pathophysiology, biothermal theoretical studies, and the development of novel
therapeutic drugs have attracted significant attention from medical experts and researchers
in recent years.

Since the introduction of the Pennes bioheat transfer equation (PBTE), it has been
differentiated between the bioheat transfer problem and the heat transfer problem of
engineering materials on a fundamental level [6]. The PBTE is widely used due to its
straightforward calculation, but it usually deviates somewhat from the actual situation.
Diller et al. made an outstanding contribution using the PBTE to demonstrate that post-
burn cooling is not a thermal effect only, but also largely relies on biological effects [7]. In
parallel with the development of theoretical studies, animal experiments on burns are being
conducted at present. Rat models of burn injuries began to be used in 1946 [8]. Since then,
pig [9-11], mouse [12-14], and rabbit [15-18] models have been developed to study the
molecular biology, cell biology, and pathophysiology of burns. The PBTE and animal burn
injury models contribute to promote an in-depth understanding of burn injuries, leading to
significant advances in the treatment of burns, such as keratinocytes and stem cells [19,20],
wound coverage, and transplantation [21-24].

However, the specific treatment strategy for burns depends on the depth, location,
and burn degree. The temperature, location, action time of the heat source, and cooling
time all have a significant effect on these burn parameters [25-27]. Since most burn
experiments can only be performed on animals, and there is a certain difference between
them and human burns, the burn degree is difficult to determine quantitatively. With
the development of computer-aided technology, more and more numerical simulation
methods are being used in burn research. Ng and Chua performed numerical modeling
and a parametric sensitivity analysis of post-burn skin prediction [28-30]. John et al.
studied the extent and depth of burn injury by numerical calculation and graded the injury
with values [31]. Dai et al. modified the Pennes model and developed a mathematical
model to assess radiation heating-induced skin burn injury [32]. Ng et al. studied heat
transfer processes during burns and provided temperature distributions and the extent of
burn injury [33,34]. Jiang et al. developed a one-dimensional multilayer model to predict
the effects of thermal physical properties and geometrical dimensions on the transient
temperature and damage function distributions [35]. Mohamad et al. used COMSOL
Multiphysics® software v5.6 to evaluate the effect of heat flux distribution and internal heat
generation on the thermal damage in multilayer tissue during thermotherapy. However, the
distribution accuracy of the burn degree needs to be further improved [36]. Kashcooli et al.
developed a model including a counter-current multilevel vessel network and a three-
dimensional (3D) triple-layered skin structure, and used it to investigate the effects of
different parameters on temperature distribution [37]. Lee et al. numerically calculated
the heat transfer in a unit of 3D skin tissue with an embedded vascular system of actual
histological structure and obtained the tissue temperature and blood temperatures in
artery and vein vessels [38]. Wang et al. studied the effects of fractal vascular trees on
tissue temperature and intracellular ice formation during combined cancer therapy with
cryosurgery and hyperthermia using a 3D numerical simulation model. They used the
thermal and cryo damage functions together with the injury caused by intracellular ice
formation to evaluate the killing effect [39]. Shirkavand et al. used numerical simulation
to study the effects of blood perfusion and body metabolism on the temperature profile
of the human forearm in hyperthermia conditions [40]. Muddassir et al. developed a
3D physics-based numerical model of laser-skin interactions to predict the temperature
distribution and thermal damage [41]. A multi-segmented human bioheat model was
developed by Wu et al. to study the heat transfer process of the human body in extremely
cold environments [42]. Dinda et al. developed a MATLAB-based numerical model to
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evaluate the temperature data in an anisotropic medium like human skin [43]. Log has
performed a lot of numerical simulation work on skin burns, including direct burn by hot
rice porridge spills, burn by hot coffee under clothes, and flame exposure of pre-cooled
skin [44-46]. Many other scholars have also performed numerical calculations of heat
transfer and the burn damage integral value ()) in the process of skin burns [47-50].
However, most of the existing research described above focuses on the heat transfer during
the burn process, and the calculation accuracy of the burn damage integral value () is
somewhat lacking, and there is no research on the real-time changes in the burn degree,
location, volume, and other parameters during the burn process. The reason is that in the
heat transfer process of burns, the temperature of each grid in the calculation area may
be different from other grids and may change over time. When the number of grids is
particularly large, it is difficult to accurately monitor and calculate the temperature and
burn damage integral value of each grid cell.

In the existing literature, most of the studies can give the temperature distribution of
the burn area, but almost none of them can give the regional distribution of burn grades and
their dynamic changes over time. In this study, to accurately determine the location and
volume of damage at all burn degrees, the C language is used to program a user-defined
function of the damage integral formula, and the coupling numerical simulation method is
used to calculate the heat transfer and damage in a high-temperature water burn process.
Subsequently, the temperature and burn damage integral value Q) of each point can be
obtained to accurately assess and distinguish the burn degree in real time, and predict the
position distribution, volume size, and transient change trend of each burn. The results
of this study can be applied to the clinical diagnosis of burns and quickly and accurately
assess the burn degree, depth, volume, and other parameters based on the burn process,
thus providing a reliable basis for the next step of successful treatment. If the UDF used
in this paper is not used, it is difficult to accurately monitor the temperature change of
each grid in the calculation area with a large number of grids or a working condition with
complex heat transfer, and it is even more difficult to accurately calculate the burn integral
value and divide the burn grades.

2. Numerical Description

According to previous studies, the burn degree can be calculated and assessed by the
damage integral formula. However, the integral value is very sensitive to temperature, and
a skin burn is an unsteady heat transfer process; thus, it is difficult to analytically calculate
the integral value of the damage. As a result, there are few studies that can provide the
change law of the integral value of skin damage in the process of burn injury, let alone the
transient variation characteristics of parameters such as the position and volume of the
burn damage at all levels. In this study, the C language is used to program a user-defined
function of the damage integral formula, and the coupling numerical simulation method
is used to calculate the heat transfer and damage during a high-temperature water burn
process. Then, the temperature and burn damage integral value () of each point can be
obtained to accurately assess and distinguish burn degrees in real time, and predict the
position distribution, volume size, and transient change trend of each burn degree. The
technology roadmap used for the calculations in this study is shown in Figure 1.
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Figure 1. Technology roadmap used for the calculations in this study.

2.1. Physical Model

Accurate measurement of the grid node temperature is the premise of calculating the burn
damage integral value (). To obtain accurate numerical calculation results, the establishment of a
physical model and grid system is very important. A 3D cylinder with a diameter of 20 mm and
a height of 12.1 mm (the sum of the thickness of the epidermis, dermis, and subcutaneous tissue)
was used as the research object. The shape of the heat source was simplified as a disk with a
diameter of 10 mm applied on the top. The 3D model can be simplified into a two-dimensional
axisymmetric model using the axisymmetric relationship, as depicted in Figure 2, which shows
the muscle tissue under the three layers of skin together, although it is not the calculation area
in this study. Also indicated in this figure are the six points for subsequent calculation and
monitoring. The height direction is located at the center of each layer of skin, and the radial
direction is located just below the center of the circle and at the border. According to the law of
heat transfer, when the heat source is applied, the heat is transferred in the downward and lower
right direction, and the skin in the atmospheric environment loses heat to the environment. The
schematic diagrams of these two types of heat transfer are also shown in Figure 2. Since this
numerical model needs to accurately calculate the burn damage integral value (2 of each grid
node, the calculation area is finely divided into grids, and individual areas are encrypted. The
schematic diagram of the grid in some areas is also shown in Figure 2. To ensure the accuracy
of the calculation results, several grid division methods were used for grid independence
verification, and it was found that the calculation data tended to be stable when the total
number of grids reached about 250,000, so this grid system was used in subsequent calculations.

D1 % Dermis q, D2

St Subcutaneous ] dy * S2

Muscle

Figure 2. Schematic diagrams of the computational regions and the grid system (The red line indicates
the heating source in the 2D model).

2.2. Governing Equation

In human tissue, both blood perfusion and metabolism generate heat transfer, and the
general 3D heat transfer governing equation in the cylindrical coordinate system can be
expressed as follows:

oT 10 oT 0, oT

A 7) + Qb + Qmet (1)

d(pscsT) 1
o g)"‘r*z%( s%)‘f‘&( saZ

J
ot 7 §(Asr
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where ps, cs, and Ag are the density, specific heat of skin tissue, and thermal conductiv-
ity of tissue, respectively. Qp and Q. are the heat generated by blood perfusion and
metabolism, respectively. The blood perfusion heat transport Q, can be calculated by the
following equation:

Qp = wpppcy(Ty — T) )

where wy, py, ¢, and Ty, are the blood perfusion rate, density, specific heat of blood, and
temperature of blood, respectively.

Since the heat exchange effect caused by blood perfusion is very weak and generally
ignored in other studies, this heat exchange effect is not considered in this study. The
temperature of the heat source used in the calculation model is relatively high, and since
the heat transfer to the inside of the human tissue is much higher than the heat generated
by metabolism, Q.+ could also be ignored in this model.

Besides the heat transfer to the inside of the tissue, this calculation model also includes
the natural convection heat dissipation between the skin surface and the external atmo-
spheric environment. When the heat source with a radius of ry4 is active for a time 1,5, only
the area outside the heat source is in convective heat exchange, and when the heat source is
withdrawn, the entire skin surface is in convective heat exchange. Therefore, for the skin
surface at z = 0, the heat transfer equation can be expressed as follows:

<
d(AsT) _W(T—T) 0<T< Ty andr > 1p4
0z T>Tsandr >0

3)

where I is the natural convection heat transfer coefficient and T is the ambient temperature
of the atmosphere.

2.3. Burn Model

In order to accurately determine the degree of burns, Henriques developed a mathe-
matical model for calculating the burn damage integral value () based on the Arrhenius
equation, which can be used to determine the degree of burns according to different integral
values. The mathematical equation is expressed as follows [44]:

(4)

o [ J7 Pexp(—4F)at T >31015K
0 T < 310.15K

where P is the pre-exponential frequency factor, AE is the activation energy, and R is
the molar gas constant. The values of these parameters will be given later. From the
damage integral calculation formula, it can be seen that no damage occurs when the tissue
temperature is lower than 316 K, and when the temperature exceeds this value, the burn
damage integral value () is not only related to temperature, but also related to the action
time. However, since the burn process involves unsteady heat transfer, and the temperature
of the damaged part is constantly changing, it is difficult to obtain this value analytically.
Therefore, this study embeds the damage integral function Equation (3) into the ANSYS
FLUENT 2020R1 as a user-defined function with the help of C language programming,
simultaneously calculates the heat transfer equation and burn damage integral value ()
for each grid node, and obtains the change law of temperature and burn damage integral
value ) at each point of each layer, which is used to accurately judge and distinguish the
burn degree during the burn process in real time. Although Equation (4) has appeared
in many studies, it is difficult to apply it to numerical simulation calculations. This is
because in the heat transfer process, the temperature of each grid in the calculation area
may be different from other grids and may change over time. When the number of grids is
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particularly large, it is difficult to accurately monitor and calculate the temperature and
burn damage integral value of each grid cell. This article uses UDF programming to achieve
this function more easily. Numerical calculations can be performed for each tiny grid, so the
burn damage integral value () can be accurately determined for each grid point. According
to the literature, when the burn damage integral value () is in the range of 0.53~1, the
tissue corresponds to a first-degree burn; when () is in the range of 1~10,000, the tissue
corresponds to a second-degree burn; and when () is higher than 10000, it corresponds to a
third-degree burn.

2.4. Parameter Determination and Boundary Conditions

The physical parameters of skin tissue are very important to the numerical calculation.
The data selected for the model in this study are basically consistent with those reported in
the literature, which are shown in Table 1.

Table 1. Physical parameters of each layer of skin tissue.

Physical Parameters Epidermis Dermis Subcutaneous
Density ps, kg/m3 1200 1200 1000
Specific heat cs, ] / (kg-K) 3600 3600 2500
Thermal conductivity A5, W/(m-K) 0.22 0.4 0.2
Thickness d, mm 0.1 2 10

This study also includes the calculation of the damage integral function and the
solution of the convective heat transfer. The relevant parameters used are shown in Table 2.

Table 2. Other parameters used in the numerical model.

Parameters Symbol Unit Value
Pre-exponential frequency factor P s7! 3.1 x 10%
Activation energy AE J-mol~1! 6.28 x 108
Molar gas constant R J-mol 1K1 8314
Convection transfer rate h W-m~1.K! 10
Ambient temperature Teo K 293.15
Radius of heat source Ths mm 5
Radius of physical model Tpm mm 10
Thickness of physical model Zpm mm 12.1

The model calculation process in this study is an unsteady process, and the initial
body temperature is set at a constant temperature of 310.15 K. Thus, the initial condition is
as follows:

T; = 310.15K (5)

For z = 0, that is, the boundary conditions of the skin surface, refer to Equation (3);
other boundaries are adiabatic conditions, which can be expressed as a mathematical
formula, as follows:

oT _ _

W—O r—O&ngg—zpm

I — r=1pn&0 <z < —z (6)
o - pm =% = pm

a0 2= —Zpu&0 <7 < 1y

2.5. Description of Working Conditions

According to the damage integral formula, the damage integral value () changes
drastically at high temperatures. To capture the transient change law of the process, this
study uses hot water at 353, 363, and 373 K as a constant-temperature heat source, and an
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action time of 5, 10, and 15 s, respectively. Therefore, there are nine combined working
conditions in total, as shown in Table 3.

Table 3. Working conditions and parameters.

Working Conditions Water Temperature, K Action Time, s
Casel 353 5
Case2 353 10
Case3 353 15
Case4 363 5
Caseb 363 10
Caseb 363 15
Case?7 373 5
Case8 373 10
Case9 373 15

3. Numerical Results and Discussion
3.1. Validation Using Published Data

In order to accurately calculate the real-time damage integral value (2 of each element
node in the numerical model, the C programming language was used in this study to
program the damage integral function, which was then loaded into the numerical calcula-
tion model in the form of a user-defined function. Th accuracy of the model established
in this study was verified by numerically calculating the physical model developed by
Log [44—46] to obtain the temperature and damage integral characteristics, which were
compared with the data in the literature; the results shown in Figure 3 revealed that the
numerical calculation model established in this study can not only predict the temperature
change more accurately, but also calculate the damage integral value () more accurately.
Because our calculation model takes into account the heat dissipation at non-heat sources,
the temperature and burn integral values at the same monitoring location should be lower
to match the actual working conditions. Therefore, it is reasonable to assume that the
numerical calculation model established in this paper can be applied to the study of heat
transfer and burn injury characteristics in subsequent simulation studies.

60 T T T T T T T T T T
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6 40 - = 1.0
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2 Temperature obtained by Torgrim Log Q
= 30|
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g .

# 20 e Damage integral calculated by current model 5

Figure 3. Comparison of numerical model calculation data to literature data.

3.2. Effect of the Heat Source on the Temperature Distribution

The temperature profile curve of each point in each case can be obtained after per-

forming temperature monitoring on the six points selected in the calculation area. Since
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there were many cases, working conditions 1, 5, and 9 were selected as representatives.
The temperature profile curves of each point under the three working conditions, shown in
Figure 4, and the calculation data of each case revealed that the temperature change trend

of the same point is basically the same in different cases.

375 T T T T T T T T T T
Case-1 J
370 | P-El |
365 —P-E2
—P-D1
360 ——P-D27]
355 —— P-S1 1
350
=4
5345
<
3 340
£
£ 335 ¢
j
330
325
320
315
310 .
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
(a)
375 I I I I Case's | I o

—

0 5 10 15 20 25 30 35 40 45 50 55 6C
Time (s)
(b)
7 ' ' ' Case-9 ' " —PEI
370
365
360 H
355
—_
2350 |t
L
5345
<
D 340
o
£ 335
=
330
325
320
315
310 i
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
(©
Figure 4. Temperature profile curves of each monitoring point. (a) Case 1; (b) case 5; (c) case 9.
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El and D1 directly below the heat source are greatly affected by the external heat
source, while the temperature changes at the other four points are small in each case. This
is due to the close proximity of points E1 and D1 to the heat source, which facilitates heat
transfer. According to the law of the temperature profile curve, the closer to the heat source,
the higher the heat transfer efficiency. The temperature of point E1 reaches more than 95%
of the heat source temperature within 1 s of the activation of the heat source. When the
heat source is no longer active, the temperature of E1 reaches its highest point, and then
drops rapidly due to natural heat dissipation. The point D1 is farther away from the heat
source than E1, the temperature profile rate is significantly lower than that at E1 due to the
heat transfer resistance, and the peak temperature is also much lower than that at E1. The
peak time point lags behind that at E1 and appears within 2.5~4.5 s after the heat source
is no longer active. Although point S1 is directly below the heat source, heat is difficult
to transfer to this point and the temperature profiles slow due to the hindrance of the
three-layer thermal resistance. The other three points are located 5 mm away from the heat
source in the horizontal direction, and are in a state of natural convection heat dissipation
directly above, so these three points are less affected by the heat source. However, as can
also be seen, the temperature profile rate at the three points is inversely proportional to the
length of the heat transfer path.

Thus, as the temperature profile at individual points cannot represent the influence of
the heat source on each layer of skin, the average temperature of the epidermis, dermis, and
subcutaneous tissue were monitored separately and the changes in the average temperature
of each layer in nine cases are shown in Figure 5. The average temperature of both the
epidermis and dermis showed a rapid rise under the action of the heat source, and gradually
decreased after the heat source was no longer active. The highest temperatures reached
by both occurred in case 9, with the highest values of 343.7 and 328.5 K, respectively. The
subcutaneous tissue is insulated by the epidermis and dermis, and was less affected by the
heat source, with a maximum temperature of only 313.3 K.

The temperature changes of each point of each layer are illustrated more intuitively
in Figure 6, which shows the temperature field distribution of the working conditions at
different times. For comparison purposes, cases 3, 6, and 9, with a heat source action time
of 15 s and a heat source temperature of 353, 363, and 373 K, respectively, were selected
as representative cases. At the same heat source temperature, the area of the affected
region, whose temperature profiles significantly increase with action time, and the rate of
downward heat transfer are higher than those to the right. The reason for this phenomenon
is that the skin surface on the right side dissipates heat to the environment and is far away
from the heat source. When the heat source turns into natural convection heat dissipation,
the skin temperature first drops rapidly, and then the temperature of other regions also
shows a downward trend. At the same action time, the higher the temperature of the heat
source, the faster the heating rate of the skin and the larger the affected area; in particular,
the epidermis, which is closest to the heat source, is affected the fastest and most directly.
The distribution law of the temperature field shown in Figure 6 is also consistent with the
temperature change trend shown in Figures 4 and 5.
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Figure 6. Temperature field distribution under cases 3, 6, and 9 at different times.

3.3. Effect of the Heat Source on the Damage Integral Distribution

Since the skin burn is not only affected by the temperature, but is also closely related
to the action time, it is necessary to calculate and analyze the damage integral value (). The
monitoring of the damage integral value () was also performed on the six points selected in
the calculation area, and it was found that the points S1, E2, D2, and 52 had not reached the
initial temperature of damage in each case and the damage integral value was always zero.
Therefore, it is only necessary to plot the burn damage integral values of at points E1 and
D1 in each case, as shown in Figure 7. Due to the large value, the logarithmic scale is used.
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Figure 7. The change law of burn damage integral value with time in each case. (a) Damage integral
value at E1; (b) damage integral value at point D1.

The plots in Figure 7 reveal that the burn damage integral value is very sensitive
to temperature and point E1 is most affected as it is close to the heat source. When the
heat source is 373 K, the highest burn damage integral value can reach 1011, which is
two and four orders of magnitude higher than that of the heat source at 363 K and 373 K,
respectively. Point D1 is less affected by the heat source than point E1, and the highest
burn damage integral value is only about 6000, which is seven orders of magnitude lower
than the highest value at point E1, and the gap is very large. A comparison of the burn
damage integral values at point E1 in various cases revealed that when the temperature is
high, the burn damage integral value rises rapidly in a short period of time. For example,
the comparison between case 7 and case 6 revealed that the burn damage integral value
generated by the heat source temperature of 373 K for 5 s on point E1 was much higher
than that of the heat source at 363 K for 15 s. In the case of relatively low temperature, the
damage integral is not only affected by the temperature, but also by the action time. For
example, the comparison between case 8 and case 6 showed that the damage integral value
generated by the heat source temperature of 373 K for 10 s on point D1 was slightly lower
than that of the heat source at 363 K for 15 s.

The plots in Figure 7 also show that although the burn damage integral value is greatly
affected by temperature, the burn damage integral value of individual points cannot
represent the effect of the heat source on each layer of skin. Therefore, the average burn
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damage integral values of the epidermis, dermis, and subcutaneous tissue were monitored
separately, and the changes in the average burn damage integral values of each layer in
nine cases are shown in Figure 8. The epidermis and dermis were severely affected as
they were closer to the heat source, and the average burn damage integral value increased
with the increase in the action time, and the value remained unchanged after the heat
source was no longer active. An increase in the temperature of the heat source can cause
a rapid increase in the average burn damage integral value, and the increase is inversely
proportional to the depth. The subcutaneous tissue was affected by heat transfer lag and
the average value showed a rising trend with the increase in the heat source temperature
and time. However, despite this rising trend, the highest average burn damage integral
value of the subcutaneous tissue was only about 0.1, which did not reach the level of burns.
For the dermis and epidermis, the lowest average burn damage integral value exceeded
102 and 105, respectively, and the burn damage reached second- and third-degree burns.
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Figure 8. The change law of the average burn damage integral value of each layer over time.
(a) Average burn damage integral value of the epidermis; (b) average burn damage integral value of
the dermis; and (c) average burn damage integral value of subcutaneous tissue.

In order to illustrate the changes in the integral value of the burn damage at each point
of each layer more intuitively, Figure 9 shows the distribution of burn damage integral
values in different cases at different times. For comparison purposes, cases 2, 5, and 8§,
with a heat source action time of 10 s and a heat source temperature of 363 K and 373 K,
respectively, were selected as representatives. At the same heat source temperature, the area
of damage gradually expands with time. Unlike the tendency of the upper skin temperature
to drop immediately after the heat source is no longer active, the area of the damaged
region will continue to expand for a period of time even after the heat source is no longer
active. The reason for this is that the skin damage is irreversible. Even if the temperature of
the upper layer drops, it will not cause a drop in the burn damage integral value of the area.
However, the lower layer is still affected by heat transfer and will not immediately cool
down to a safe temperature; thus, tissue damage will continue to occur for a period of time
after the heat source is no longer active, until the temperature of the entire area drops below
the safe temperature. In the same action time, the higher the heat source temperature, the
larger the skin damage area, and the burn damage integral value increases sharply with the
increase in the heat source temperature. This trend is also consistent with the temperature
field distribution law shown in Figure 6.
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Figure 9. Distribution of damage integral values under cases 2, 5, and 8 at different times.
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3.4. Effect of the Heat Source on the Burn Degree

Although Figure 9 shows the damage integral values of each layer under the action
of different heat sources for different times, it is difficult to directly monitor the real-time
burn degree of the skin because some values are very large under the condition of high
temperature. To more clearly distinguish the real-time skin burn degree, the temperature
of the heat source was selected to be 363 K and 373 K, respectively. The division of the
burn degree area when the action time is 15 s, shown in Figure 9, reveals that at the same
action time, the total damage area increases with the increase in heat source temperature,
and this trend is consistent with the distribution law of the burn damage integral value
shown in Figure 10. It should be emphasized that the area of the most severe third-degree
burn damage increased the fastest, while the second-degree and first-degree damage areas
increased at a slower rate. In particular, the area of the first-degree damage not only grew
very slowly, but its own area was also very small compared with the areas of the third-
degree and second-degree damage. Thus, it can be inferred from these findings that when
the heat source temperature is high, the areas of the third-degree and second-degree burn
damage are relatively large, while the area of the first-degree damage is small, that is, the
damage is more serious.

:Third—degree Bumn ‘Third—degme Bumn ‘Third—degree Burn

%Second-degree Burn Qecond—degree Burn Qecond—degree Burn
First-degree Burn First-degree Burn First-degree Burn
No Burn No Burn No Burn
0 5 (mm) 0 5 (mm) 0 5 (mm)
—
Case3-15s Case6-15 s Case9-15 s

Figure 10. Regional division of each burn degree in three cases.

The distribution of burn degrees in the three cases at the same heat source action time
is shown in Figure 10, but it is impossible to compare the change in each burn degree over
time. In order to simply and intuitively display the temperature distribution and burn
grade distribution, the previous pictures all use two-dimensional images. However, the
calculation model we selected is a three-dimensional model, so when we calculate the
proportion of each burn grade in the subsequent calculation, we use volume proportion
for data analysis. The ratios of the volume of the three burn degrees to the total volume
over time in the respective cases, shown in Figure 11, indicate that in the respective cases,
the damage volume of each burn degree increases with time and the increase rate shows
a downward trend, but the damage volume of the third-degree burn basically does not
change after 20 s. This is because the temperature required to cause the third-degree burn
is relatively high, and it is difficult to continue to expand the volume of the third-degree
burn after the heat source is no longer active. Thus, it can be inferred that the size of the
second-degree and first-degree burns will gradually stabilize with the extension of time.
The skin damage caused by the increase in the heat source temperature is mainly reflected
in the rapid increase in the volume of the third-degree burn in the early stage of injury,
but has little effect on the volume of second-degree and first-degree burns. Although the
increase in the heat source temperature will aggravate the expansion of the burn volume
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of all degrees, the ratio of burn to total volume is still relatively small. For example, the
volume proportions of the first-, second- and third-degree damage volume in 60 s were 0.4,
2.9 and 1.9%, respectively, and the sum of the total burn volume proportions was only 5.2%.
Together with Figures 10 and 11, various specific parameters such as the position, depth,
and volume of various burn degrees caused in different cases can be accurately predicted,
providing a scientific basis for precise treatment.
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Figure 11. The proportion of the damage volume of each burn degree changes with time in three cases.

4. Conclusions

In this study, the C programming language was used to program a user defined
function of the burn damage integral formula, and the coupling numerical simulation
method was used to calculate the heat transfer and the burn damage integral value in a
high-temperature water burn process. Then, the temperature and damage integral value at
each point could be obtained to accurately assess and distinguish the burn degree in real
time, and predict the position distribution, volume size, and transient change trend of each
burn degree. It was determined that the heat source mainly affected the epidermis and
dermis directly below, and had less effect on the area above, which is in convective heat
transfer. After being heated by hot water at 373 K for 1 s, the temperature at the center of
the epidermis was close to 363 K, and the temperature profile at the boundary of the same
depth did not exceed 3 °C, even if it was heated for 15 s. Due to the heat transfer delay at
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the center of the dermis, the temperature reached a peak value of 343 K in about 3.5 s after
the heat source was no longer active. Under the protection of the epidermis and dermis,
the average temperature profile of the subcutaneous tissue was also less than 3 K. The burn
damage integral value was very sensitive to temperature, and the highest burn damage
integral value caused by 373 K was two and four orders of magnitude higher than that
caused by 363 and 353 K, respectively. The total volume of skin damage increases with the
increase in the heat source temperature and the prolongation of the action time. The skin
damage caused by the increase in the heat source temperature was mainly reflected in the
rapid increase in the volume of the third-degree burn in the early stage of injury, but had
little effect on the volume of the second- and first-degree burns. After the heat source was no
longer active, the volume of the third-, second- and first-degree burns gradually stabilized.
Although some damaged volume had a large increase, the total volume accounted for only
a small proportion. After heating at 373 K for 15 s and continuing to delay the action for
45 s, the volume of first-, second-, and third-degree burns accounted for 0.4, 2.9, and 1.9%,
respectively, and the total volume of damage accounted for only 5.2% of the total volume.
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Nomenclature

Cp Specific heat of blood (J - kg*1 K
Cs Specific heat of skin tissue (J - kg{1 K1

dq Thickness of epidermis (mm)

Dy Monitoring location point D;

dy Thickness of dermis (mm)

Dy Monitoring location point Dy

ds Thickness of subcutaneous tissue(mm)
Eq Monitoring location point E;

E; Monitoring location point E

h Convection transfer rate (W - m~2 - K1)
P Pre-exponential frequency factor (s~1)

Qp Blood perfusion heat (W - m~3)
Qmet Metabolism heat (W - m—3)

Ths Radius of heat source (mm)

Tpm Radius of physical model (mm)

R Molar gas constant (] - mol 1. K1
Sq Monitoring location point Sq

Sy Monitoring location point Sy
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Ty Blood temperature (K)

T Ambient temperature of the atmosphere (K)
Zpm Thickness of physical model (mm)

AE Apparent activation energy (J - mol 1)

] The burn damage integral value

Ob Density of blood (kg - m~3)

Os Density of skin tissue (kg - m~3)

Tiys Duration of heat source (s)

wy Blood perfusion rate (m3.s71)

As Thermal conductivity of skin tissue (W - m-1.K1)
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