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Panasonic NCR18650B (LiNiy3Coy.15Alp 9502)
lithium-ion power cell (LIPC) and its performance
after exposure to excess direct current are consid-
ered in this paper. The basic fire hazard indicators
(element ignition temperature, flame temperature,
element heating time, etc.) were experimentally
established and mathematically confirmed for the
examined LIPC.

According to the results of experimental stud-
ies, the time of occurrence of an irreversible ther-
mochemical reaction in a lithium-ion power cell was
determined depending on the different DC current
strengths. Additionally, the critical temperature of
the onset of an irreversible thermochemical reaction
and the total combustion temperature of the element
have been established. The application of the Joule-
Lenz and Fourier laws allowed for a mathemati-
cal notation of the dependence (influence) of DC
strength over time and the heating of the element to
a critical temperature.

The heating time of Panasonic NCR18650B LIPC
(LiNiy 3Coy.15Aly.9503) to a critical temperature of
100-150 °C under the influence of excess current
was experimentally established and mathematical-
ly confirmed.

The determined critical indicators of the element
(temperature, time, etc.) make it possible to further
devise a number of necessary regulatory documents
that will allow them to be certified, tested, and, in
general, to better understand the dangers that they
may pose. A mathematical model was built, which,
taking into account the geometrical parameters of
the element, makes it possible to calculate the onset
of the critical temperature of such elements with
excellent geometric parameters without conducting
experimental studies

Keywords: fire hazard, lithium-ion power cell,
excess current, burning temperature
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1. Introduction

The price of petroleum products increases every year and
it is generally expected that the price of oil will rise rapidly
long before its reserves are exhausted. This is due to the fact
that oil reserves will begin to decline, and its production will
become a much more costly and complex process [1]. Given
the global dependence on oil as an energy source, as well as the
indisputable fact that oil is a limited resource, the world is facing
a serious energy crisis. From year to year, various international
organizations emphasize the need to change the general concept
of energy supply in general and, in particular, the transportation
sector. Such measures are aimed at reducing countries’” depen-
dence on suppliers of petroleum products and will significantly
affect climate change associated with a constant increase in
greenhouse gas emissions.

Lithium-ion power cells (LIPCs) are recognized as one of
the best solutions of today in the concept of alternative ener-
gy sources [2]. In particular, they are an almost indispensable
power cell capable of replacing traditional vehicles running on
internal combustion engines. Modern alternatives to transport
can be electric and hybrid cars, which gradually occupy leading
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positions in the world, electric scooters, hoverboards, electric
bikes, etc. [3].

Despite the significant advantages of using LIPCs, there are
increasing cases of self-ignition of LIPCs during their charging
or even for no reason. Reports from various research organiza-
tions and scientific institutions suggest that the nature of the
ignition of LIPCs, their extinguishing, and, especially, the caus-
es of ignition are a complex and, at the same time, completely
unexplored process. However, due to the rapid development of
technologies and the variety of LIPCs, the relevance of some sci-
entific research reported not so long ago is lost every year. That
is why the study of new models of LIPCs, their characteristics,
in particular fire hazards, under various working conditions, is a
relevant scientific task. The solution to such problems will make
it possible to further understand the scope and conditions of the
possible use of certain LIPCs in everyday life, production, etc.

2. Literature review and problem statement

Most LIPCs are safe and reliable products. However, at
the same time, LIPCs are quite unstable when they are in




harsh and incorrect operating conditions, in particular, use
over the regular period, electrical overload, overcharging,
overheating, mechanical damage of various types [4]. Numer-
ous studies [5, 6] show that even one LIPC can be a powerful
source of thermal radiation and contribute to the spread of
combustion. In fact, the main factor in the occurrence of burn-
ing LIPC is the occurrence of a short circuit in it, which can be
caused by various factors [6]. The main causes of a short circuit
can be direct mechanical damage (piercing of the element), de-
formation of the LIPC housing, and exposure to excessive cur-
rents. In particular, there are a number of standards [7], which
regulate the procedure for conducting experimental studies
to determine the critical indicators of LIPCs, subject to the
influence of various critical factors of operation, before their
widespread use. However, the constant process of improving
the chemical composition of LIPCs, geometric dimensions
requires additional research in this area [8]. Given that one
of the reasons for the ignition of LIPC may be the supply of
excessive current to it, which causes a critical increase in tem-
perature and combustion, this issue remains relevant.

A significant amount of scientific research focused on
determining the behavior of LIPC during the passage of
excess currents through it, followed by the determination of
temperature indicators and the construction of mathematical
models of heating processes and the course of a thermochemi-
cal reaction. Thus, it is necessary to consider the main results
from some of the most relevant scientific papers.

For example, in [9], a prismatic LIPC was considered and
the effect of excess voltage on it was investigated. It has been
established that the rate of heating of the surface of the element
does not increase in proportion to the speed of the applied
current. Also, during the study, the rate of destruction of the
cathode and anode was established depending on the increase
in the temperature of LIPS. Similar research objectives were
set in [10] where the authors considered the prismatic LiFePOy
LIPC with a capacity of 20 Am/h, used in modern electric cars.
The study established the temperature indices of LIPC with
excess current, the authors built a mathematical model of the
process under study with the subsequent development of a 3D
model for the distribution of temperature indicators during the
charging of the element. The reported scientific findings are a
thorough addition to the already existing results, but they do
not shed light on the problem of ensuring fire safety of cylindri-
cal LIPCs. First of all, this is due to the fact that the processes
of heating prismatic and cylindrical LIPCs are described by
different models of heat exchange processes.

Additional scientific contribution to research was made
by the authors of work [11]. The researchers, similar to pa-
per [10], looked at a prismatic-type LIPC with a total capacity
of 35 Am/h (LiMnyO,) and investigated the distribution of
the internal heating temperature, provided that excess currents
were supplied to such LIPC. The conditions of different am-
bient temperatures of 30 and 60 °C were taken into account.
The results of experimental studies made it possible to build a
mathematical model for warming up such LIPCs using various
methods and approaches. The works considered a high-capac-
ity LIPC and, in their calculations, took into account excess
currents of low power in the range of 1-5 A, which did not
significantly affect their fire danger. The resulting mathematical
models were calculated to determine only the parameters of the
heating of the element to 80 °C, which does not significantly
affect the onset of intense combustion of the element. Thus, in
the cited works, the question of determining the fire hazard in-
dicators of cylindrical 18650-format LIPCs remains unresolved.

In contrast to earlier studies reported in [12—15], there is a
similar goal and task of research, however, already on cylindrical
LIPCs. In particular, in work [12], the authors determined the
value of radial thermal conductivity for 18650- and 26650-type
LIPCs during their heating caused by electric current. It was
experimentally found that the radial thermal conductivity of
18650 and 26650 LIPCs was derived from transient thermal
measurements and is 0.43+0.07 and 0.2£0.04 W/m™! K!, re-
spectively. To obtain the specified values, the influence of differ-
ent solid layers of LIPC (cathode, anode, and separator), as well
as the interface between these layers, was taken into account.

In general, mathematical modeling of the process of heating
LIPCs is a rather topical issue, which defies the only correct
solution since it may involve the use of a variety of mathe-
matical approaches and options for describing the process. In
particular, in [13], a mathematical model of thermal heating
of cylindrical 26650-format LIPCs (LiFePOy) was developed.
The mathematical model uses a polynomial approximation to
estimate the radial temperature distribution in the middle of the
LIPC under normal operating conditions. The adequacy and
effectiveness of the proposed approach are verified on the basis
of experimental data. The scientific result of work [13] aimed at
determining the temperature distribution in a cylindrical LIPC
does not in any way consider this element as a source of poten-
tial fire danger. The obtained results of mathematical modeling
describe the process of heating an element under normal operat-
ing conditions, which makes it impossible to estimate the effect
of excess currents at the time of the beginning of the occurrence
of an irreversible thermochemical reaction in the element.

Considering LIPC as an element of a full-fledged battery
of electric cars, the authors of [14] set the task to build a
mathematical model for predicting the trend of heating a full-
fledged battery. The paper considers cylindrical 18650-format
LIPC (LiNiCoMnO,, 2500 mAh). The resulting simplified
mathematical model of battery heating made it possible to esti-
mate the necessary parameters of the battery cooling system. Us-
ing the derived mathematical model, the best refrigerant of the
three considered was experimentally established: air, dielectric
oil, and perfluorinated polyester. Experimental results showed
that the use of perfluorinated polyester allows one to keep the
temperature of the battery within 48 °C, which is the best indica-
tor compared to other substances. The results of the experiment
also showed that under the estimated conditions, an air-cooling
system requires between 100 and 1700 times more energy than
other methods to maintain the same average temperature.

The results reported in [15] relate to the effect of discharge
current on the process of thermal heating of 18650-format
LIPC(CGR18650CG, manufactured by Panasonic, Japan) with
the Li(Nig33C0033Mn033)O9 cathode and graphite anode. In
experimental studies, an external heat source with a power of
20 W and discharge currents from 1 to 6 A were used to sim-
ulate thermal load conditions under real working conditions.
The results showed that the key parameters in assessing the
process of occurrence of a thermochemical thermal reaction
(weight loss, initial temperature indicators, etc.) are ultimately
determined by the capacity of LIPC, and the discharge current
is hardly of key importance. However, discharge currents can
produce additional energy to speed up the process of thermal
heating of an element. Compared to a battery in an open circuit
of electric current, the start time of the thermochemical reaction
of the element decreased by 7.4 % compared to LIPCs at a dis-
charge of 6 A. To quantify the effect of the discharge current, the
total heat generation by the discharge current was calculated.
The results show that when the battery is discharged at 6 A, a



heat of 1.6 k] is released, which could heat the element to 34 °C.
The cited study simulates the process of LIPC failure under
a working condition, which is expected to help the safe use of
LIPCs and increase the reliability of the control system of the
battery of an electric car.

Although the above papers consider cylindrical 18650-for-
mat LIPCs, their scientific results do not reveal the prereq-
uisites for the occurrence of combustion of such elements
due to the influence of high-force direct current (10-30 A).
Moreover, in [14, 15], elements with a cathode are consid-
ered, which in its chemical composition is different from
LiNiggCoq.15Alp050, and such differences can have a signifi-
cant impact on the final temperature indicators of combustion
of the element, the time of the beginning of the occurrence of
a thermochemical reaction. It should be noted separately that
in work [15] either low-power currents (1-6 A) or a separate
source of external heating were used as the initial source of
element heating.

The scientific result of works [9-15] is the determi-
nation of temperature indicators of LIPCs, which do not
significantly affect the onset of combustion of the element.
In [9-15], the behavior of the Panasonic NCR18650B LIPC
(LiNipgCoq.15Al9.0502) under the influence of excess DC
above 10 A was not considered.

One of the most common LIPCs used in electric cars is
the Panasonic NCR18650B (LiNijgCoq.15Alp0502), in partic-
ular its direct application in well-known Tesla electric cars.
The use of this LIPC as an element of batteries of electric
cars gives grounds to carry out scientific research in order to
determine the critical factors and parameters that will affect
the fire hazard during their operation.

3. The aim and objectives of the study

The aim of this study is to determine the patterns
of fire hazard formation of Panasonic NCR18650B LIPC
(LiNiggCog 15Al00502) under conditions of excess current.
The obtained results of the study in practice, in the future,
will provide an opportunity to carry out a reliable assessment
of the causes and conditions of occurrence of fires caused by
LIPCs of similar format and chemical composition.

To achieve the set aim, the following tasks have been solved:

— to conduct an experimental study to determine the time
of heating of LIPCs at different current strengths until the
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occurrence of an irreversible thermochemical reaction and to
establish the temperature indicators of its beginning;

— to build a mathematical model of the heating process
of a cylindrical LIPC, taking into account its geometrical
parameters and current-voltage characteristics of the current
that caused the combustion of the element.

4. The study materials and methods

The object of research in this work is the Panason-
ic NCR18650B LIPC (LiNi()‘gCO(HsAl()‘()sOQ), pl"OdllCCd in
Japan. It is assumed that in the process of experimental
research, direct current will be supplied to the LIPC, which
will definitely affect the fire hazard of the element. Since it is
the direct current that is used during the charging of LIPC,
it will be appropriate to plan subsequent studies using this
particular type of current.

In the work, we planned to carry out research at the em-
pirical and theoretical levels. It was accepted that a number
of experimental studies to determine the patterns of current
exposure to fire hazard of LIPCs will not critically take into
account the effect of ambient temperature on the potential
result. During the mathematical modeling of the process of
heating LIPCs to critical temperature indicators, the basics
of the theory of heat transfer in multilayer continuous cylin-
drical bodies were used in the presence of an internal heat
source. In this case, the heat source to be considered is the
heat that is released during the flow of electric current into
the LIPC.

After analyzing previous studies and determining the
main parameters and characteristics necessary for control
and fixation during experimental studies, the following
version of the laboratory installation for the experiment was
proposed, Fig. 1.

As a power source, a powerful Tesla transformer (produced
in the PRC) was chosen, capable of supplying direct current
with a stepwise increase in current strength from 15 to 200 A.
In order to determine the exact current-voltage characteristics
of the current, during the study, a voltmeter and the ammeter
“Tense” (produced in Turkey) of direct current were connected
to the laboratory installation. The specified devices are capable
of determining the corresponding current parameters with an
error of 2 % and have a measurement range of 1-300 V and
0910 A, respectively.
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Fig. 1. Schematic of the laboratory bench for experimental research to determine the critical indicators of Panasonic
NCR18650B LIPC under the influence of excess currents



The battery charge level will be achieved using the uni-
versal charger LiitoKala: Lii-PD4 (produced in the PRC),
which allows for “smart” charging of LIPC, taking into account
its parameters, chemical composition, and specification. After
charging is complete, the device displays on the digital display
all the main indicators of the LIPC (available voltage, capacity).
For the reliability of the obtained data, voltage control will be
repeatedly carried out using the Digital 266FT digital multi-
meter (produced in PRC), the error of which is 0.8 % when
measuring DC up to 1000 V.

To determine the temperature indicators of LIPC, the ther-
mocouples chromel-alumel were used with the ability to register
temperature indicators from —50 to 1200 °C. The acquisition of
readings from thermocouples and their further processing will
be provided by a secondary device-regulator-meter PVI-111
(Ukraine), which can simultaneously read and transmit infor-
mation to a personal computer (PC) from 8 thermocouples. All
temperature indicators will be recorded in real time on a PC
to build graphic dependences, which will further facilitate the
processing of research results. Directly during the experiment,
thermocouples were fixed on both sides of the LIPC (on the “~”
and “+” elements) while another thermocouple registered the
ambient temperature.

According to previous studies [7], it is confirmed that
the most fire hazardous are batteries that have a charge de-
gree of more than 50 %. That is why in experimental studies
only LIPCs with a charge degree of 100 % and a voltage of
4.2 volts were considered. Previously, each LIPC was sol-
dered with electrical contacts for the convenience of their
connection from a direct current source.

During the experiment, the current strength on the
transformer unit changed in increments of 10 A, thus, a total
of three types of loads, 20, 30, and 40 A, were applied. To
ensure the determination of the reliability of the obtained
research results and to reduce measurement error, each stage
of the research was repeated 3—5 times.
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3. The results of studies for determining the fire hazard
associated with Panasonic NCR18650B exposed to the
action of excess current

5. 1. Experimental studies to determine the critical
indicators of Panasonic NCR18650B

The first results of experimental studies showed and
confirmed the reliability of the structure of cylindrical 18650
LIPC due to the presence in the structure of the element of
special protection against internal overheating of the ele-
ment [16]. After applying current (17 A) to the LIPC, the
internal temperature of the element increased to 80—104 °C.
Due to the increase in the internal temperature of the el-
ement and the formation of excess gases, the LIPC safety
valve (located on the “+” contact) is triggered, which breaks
the electric circle, Fig. 2.

An interesting fact is that the temperature between the
poles differs by 23 °C. This discrepancy confirms the fact
that during the heating of the element, combustion products
are formed, accumulating precisely near the safety valve. It is
also worth noting that during the study, only 15 % of LIPC
samples that participated in the study triggered protection.
Further detailed analysis of LIPCs, in which the protection
did not work, showed that due to minor corrosion of the
elements, the emergency valve of LTPCs, which works as pro-
tection, was jammed. Thus, it can be argued that the presence
of protection does not guarantee 100 % safety of LIPC if the
internal temperature rises since improper storage conditions
or other factors can affect the safety of the element and be
the cause of fires [17]. To continue conducting experimen-
tal research in each LIPC where protection was triggered,
manipulations were artificially carried out to restore its
functioning.

In accordance with the research plan, a number of exper-
imental studies were subsequently conducted, the results of
which are given in Table 1.

Triggering element
protection

g1 91 101 111 121 131 141 151

Duration, s.

—Positive contact

—Negative contact

Ambient temperature

Fig. 2. Dependence of the protection response time on the Panasonic NCR18650B and the temperature distribution of the
element at its different poles and a visual representation of the scheme of operation of the element safety valve



The nature of LIPC ignition during experimental studies
and the appearance of samples after the research are shown
in Fig. 3.

In order to display the results of the study better visually,
we graphically show the results obtained on the example of a
series of experiments with a current of 30 A.

When analyzing Fig. 4, it should be noted that in the
range of 100—-150 °C, an irreversible thermochemical reac-
tion begins in LIPC. The occurrence of irreversible thermo-
chemical processes causes the onset of intense combustion
with an average flame temperature of 900-910 °C while the
temperature of the element itself reaches 780-790 °C. The
time of the onset of a thermochemical reaction is quite vari-
able and, under the condition of a current of 17, 30, 40 A, is
117, 40, and 36 seconds, respectively.

In order to determine the dependence of the time of
occurrence of an irreversible thermochemical reaction in
LIPC more accurately depending on the current strength,
a mathematical model of the investigated process was
built.

Fig. 3. Results of experimental studies to determine the
critical indicators of Panasonic NCR18650B exposed to
excess currents: a — the direct process of conducting
experimental research; b — Panasonic NCR18650B after
experimental research
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Table 1

Results of experimental studies to determine the critical
indicators of LIPCs exposed to excess currents

No. | Time, s Tempeora- Note
ture, °C
17A*
1 117 400-420 | It threw up the middle (no burning)**
2 92 780788 Burning brightly
3 115 360-367 It threw up one side (no burning)**
4 170 | 773-795 Burning brightly
5 86 786-790 Burning brightly
6 126 | 793-810 Burning brightly
Mean value, s 117
30A
1 40 400-420 It threw up the middle (no burning)**
2 51 It threw up the middle (no burning)**
3 60 286790 Burn%ng br%ghtly
4 69 Burning brightly
5 53 360-367 | It threw up the middle (no burning)**
6 | 38 | 786-790 Burning brightly
7 m 900-910 Burning (tore the case, flame on the
thermocouple)
Mean value, s 50
40A
1 31 430-450 Non-intensive burning
2 42 780-790 Burning brightly
3 24 360-367 | It threw up the middle (no burning)**
4 38 370-397 | It threw up the middle (no burning)**
5 39 786-790 Burning brightly
6 30 806-820 Burning brightly
7 50 850-860 Burning brightly
Mean value, s 36

Note: * — the minimum value of the current that could be generated by the
main power supply unit, taking into account the obtained ammeter indica-
tors; ** — the wording “threw up the middle” means that the inner winding of
the LIPC did not burn in the body of the element, and, under the influence
of excessive internal pressure, flew out of the hull at a distance of up to 2 m

Element blast without subsequent burning,
the mean heating temperature 360-400 'C

301 351 401 451 501 551 601

Duration, s.

Fig. 4. Determination of critical indicators of Panasonic NCR18650B under the condition of a current of 30 A



3. 2. Mathematical modeling of Panasonic NCR18650B
heating process caused by excess current

The process of heating the LIPC housing by connecting it
to a source of electrical energy can be formulated as a math-
ematical model.

As is known from the Joule-Lenz law, when a current
passes through a conductor, heat is released. In the theory of
thermal conductivity, such heat generation is called an inter-
nal heat source. To this end, in order to simulate the process
of heating LIPC due to the passage of electric current, it is
necessary to find a solution to the differential equation of
thermal conductivity with an internal heat source:

pat(m 1a( atrr)

T?’k

To determine the intensity of the internal heat source ¢,
that will be released due to the passage of electric current, we
use the Joule-Lenz law:

J+qyy re[O,rn], 1>0. (1)

Q=I"Rx, 2
and applying Ohm’s law to it, we obtain:
Q=1Ut 3)

On the other hand, in the middle of the volume of LIPC, the
following amount of heat is released by the internal source ¢,

Q=qgVt (4)

By comparing equalities (3) and (4), we derive an equali-
ty to determine the intensity of the internal source:

IUt=qV1=¢q,= L

o
Before turning on the electric current source, LIPC had a
constant temperature, which means that the initial condition
must be added to equation (1):
t=(r,0)=t,=20 °C. 5)
It was assumed that the heat transfer between the me-
dium and the surface of the LIPC hull occurs according to

the Newton-Richman heat transfer law, that is, the boundary
conditions of the third kind are met:

2
—xa—i(m) — a(t(r, 1)-20). (6)

Given that LIPC is a solid body, the symmetry condition
must also be added to equation (1):

at
> —(0,7)=0, (N
where (7, T) is the temperature, °C; » — radius, m; T — time, s;
¢ — specific heat capacity of the material, J /(kg-°C); p — density
of the material, kg/m?; A — thermal conductivity of the material,
W /(m-°C); a — heat transfer coefficient, W /(m?> °C).

The solution to the problem is studied in detail and de-
scribed in [18, 19].

In order to solve the problem (1), (4) to (6) on heating
the LIPC structure, a direct method for studying heat transfer

processes using the idea of a boundary transition was used. The
idea is to remove a cylinder of a sufficiently small radius from
the middle of the structure and consider the mixed thermal
conductivity problem in a multilayer hollow LIPC.

To this end, it is necessary to find a solution to the differ-
ential equation of thermal conductivity in a multilayer hol-
low structure with a boundary condition of the third kind (5)
and a zero boundary condition of the second kind (6).

The solution to this problem was found using the reduc-
tion method

t(r,r)=u(r,1:)+v(r,r),
where one of the functions u(r, T) or v(r, T) is chosen in a spe-
cial way, and the other is already defined unambiguously [19].

In [18], it is established that in any layer of LIPC, the
function u(r, T) is found from the formula

u,(r,7)=(1,0)-B,(r,r)- B(r,

B (rr ~ZB 1) Z +JB (r,5)-q,(s)ds,
P

r)~P+

where Py is the initial vector, which is calculated from the
formula

P,=(P+QB(7,.1)) -(F—QgB(rn,rk)-Zk).

Here P, Q, T'(t) — matrices and vector-function of bound-
ary conditions; B; — Cauchy matrix of the corresponding sys-
tem of differential equations, to which the problem is reduced
to determine the function u(r, t); Z; — vector-function of the
intensity of internal heat sources.
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where f;, and yj, correspond to Fourier expansion coefficients,
wy, are eigenvalues, Ry(7,w;) are the corresponding eigenfunc-
tions [19].



To find the solution to the original problem of heating
LIPC, the idea of a boundary transition by directing the
radius of the removed cylinder to zero was used. It is estab-
lished [18] that with this approach all the corresponding
functions have no features in zero, which means that the
solutions to the original problem are limited throughout the
entire structure.

Thus, based on the proposed mathematical model, it is
possible to investigate the process of heating LIPC caused
by excess current.

After performing the relevant mathematical calcula-
tions, taking into account the previously covered results
of experimental studies [20,21], a number of calculations
were performed to determine the heating time of LIPC to a
temperature of 100—150 °C for a current of 10 A, 17 A, 30 A,
and 40 A at a voltage of 28 V. The results are shown in Fig. 5.
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The value of the relative error § of the occurrence of
critical indicators of LIPC exposed to excess currents is de-
termined from the formula

§= Tn—Te
T
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where T, is the average value of the critical time determined
by the calculation method (data from Fig. 5); t,is the average
value of the critical time determined experimentally (data
from Table 1).

The results of determining the relative error during the
flow of current of 17 A, 30 A, and 40 A are given in Table 2.

Given the above (Table 2), it is clear that the results
obtained using the proposed mathematical model are in con-
vergence with those obtained experimentally.
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Table 2

Comparative analysis of experimental and theoretical
studies to determine the critical heating time of Panasonic
NCR18650B under the condition of current and relative error
of the obtained values

Current | Average experimen- | Average calculated | Relative
intensity, A | tal value of time t,, s | value of time t,,, s | error 8, %
17 117 102 14.71
30 50 57.5 13.04
40 36 42.5 15.29

Further mathematical modeling of the LIPC heating pro-
cess showed that the time before the start of the increase in the
temperature of LIPC to critical temperatures of 100—150 °C
decreases with an increase in the current strength from 50 A.
However, it then approaches a constant value within 5-10 sec-
onds, which is a completely obvious result for the correspond-
ing parameters of LIPCs.

6. Discussion of results of studying the effect of excess
current on Panasonic NCR18650B (LiNig sCog.15Alp.0502 )

The final analysis of the results of experimental studies to de-
termine the behavior characteristics of Panasonic NCR18650B
LIPC under the condition of exposure to an increased current,
shows that, first of all, each element behaves differently. All
series of experimental studies confirm that the temperature
indicators, the nature of combustion or destruction of LIPC are
different from each other. However, due to the large number of
conducted experimental studies, it is possible to single out and
determine the averaged indicators. Another confirmation of this
can be the derived mathematical model of the process of LIPC
heating, which takes into account the current-voltage charac-
teristics and geometric parameters of the element.

The general results of our experiments showed that in the
end, after a certain period, exposed to the action of different cur-
rent strengths, the LIPC ignited, burned intensively with the
release of a significant number of sparks and flames for 2—3 sec-
onds, Fig. 3. However, previous studies [6] did not sufficiently
describe the process of the thermochemical reaction of LIPs due
to the action of excess current. In particular, according to the
results of research, it was established that in most cases there
was a burnout of the inner shell of the element and a simulta-
neous “separation” of the surface element of the positive pole of
the LIPC. In some cases, there was a rupture of the body of the
LIPC and its subsequent combustion. However, in about 20 %
of cases, LIPCs literally exploded without further combustion
or with slight burning. It is also worth noting that there was
a significant deformation of the battery housing, Fig. 3, which
indicates a significant increase in pressure.

Our experimental studies, carried out to determine the
fire hazard indicators of Panasonic NCR18650B, revealed the
fact that the standard protection of such a LIPC may fail in
the event of corrosion of the element. As a result of corrosion
caused by violation of the rules of storage or operation of LIPC,
deformation of the safety valve occurs, Fig. 2. This fact makes
it impossible to disconnect the electric circuit in the event of
an increase in the internal pressure of the element and leads to
intensive burning of LIPCs. In particular, it was confirmed [16]
that the standard protection of cylindrical LIPCs works in the
range of 80—100 °C. However, it was established that the tem-
perature indicators of the onset of an irreversible thermochem-

ical reaction are somewhat different from those already known
(90-130 °C) [6] and can vary between 100-150 °C, Fig. 4.

The temperature indicators of LIPCs confirmed that the
average temperature of the element during combustion caused
by overheating due to the action of excess current is in the
range of 750—810 °C (Table 1). However, the flame temperature
at the initial stage of combustion can reach more than 900 °C
(Table 1). Despite the different chemical composition of LIPCs,
such temperature indicators are reported in other studies [22],
which once again confirms the reliability of the results obtained

The mathematically obtained time indicators of the heat-
ing rate of the inner shell of the LIPC clearly confirm the
results of the experiments. The relative error of the average
value of the time of the onset of combustion due to the action
of increased current between experimental and mathematical
calculations is 13—15 % (Table 2).

The experimental and mathematical results of research on
determining the behavior of Panasonic NCR18650B LIPC
under the condition of the action of an increased current
on it fully determine its main indicators of fire hazard. The
resulting mathematical model of LIPC heating, taking into
account its main parameters, is a thorough addition to the
already existing scientific studies involving similar LIPCs.

The proposed mathematical model of LIPC heating can
also be used for other cylindrical LIPCs. However, it is nec-
essary to take into account such parameters as internal resis-
tance, geometric dimensions of the element, and the area of its
internal cross-section. Given the chemical composition of the
cathode of Panasonic NCR18650B (LiNigCoy.15Al00502),
our results of experimental and analytical studies will be
relevant only for LIPCs with a similar chemical composition.

Further scientific research may be aimed at establishing
additional factors that may have an impact on the occurrence
of combustion of such LIPCs. In particular, it is necessary
to consider the behavior of Panasonic NCR18650B in the
case of its direct mechanical damage (piercing of the hull)
or deformation of the hull under the influence of an external
source. Similar scientific studies are implied by a number of
international standards [7], which precondition the issue of
certification of LIPCs and determination of their fire hazard.

7. Conclusions

1. Due to the action of excess direct current on LIPC,
it was experimentally found that the average start time of
heating an element to a critical temperature of 100—150 °C is
117 seconds (at 17 A), 50 (at 30 A), 36 (at 40 A). The tem-
perature of the element during combustion caused by excess
current is 810 °C, and the flame temperature reaches 900 °C.

2. The derived mathematical model using the Joule-Lenz
and Newton-Richman law, showing a discrepancy of 13—15 %
of the experimental values, confirmed its adequacy. Thus, in the
future, it makes it possible to calculate the heating time of the
element at different current parameters and element sizes with-
out the need for experimental research.
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Panasonic NCR18650B (LiNiggCoqg.15Al0,0502) lithium-ion pow-
er cell (LIPC) and its performance after exposure to excess direct
current are considered in this paper. The basic fire hazard indicators
(element ignition temperature, flame temperature, element heating
time, etc.) were experimentally established and mathematically con-
firmed for the examined LIPC.

According to the results of experimental studies, the time of oc-
currence of an irreversible thermochemical reaction in a lithium-ion
power cell was determined depending on the different DC current
strengths. Additionally, the critical temperature of the onset of an
irreversible thermochemical reaction and the total combustion tem-
perature of the element have been established. The application of the
Joule-Lenz and Fourier laws allowed for a mathematical notation of
the dependence (influence) of DC strength over time and the heat-
ing of the element to a critical temperature.

The heating time of Panasonic NCR18650B LIPC
(LiNigsCoq.15Al0,0502) to a critical temperature of 100—150 °C un-
der the influence of excess current was experimentally established
and mathematically confirmed.

The determined critical indicators of the element (temperature,
time, etc.) make it possible to further devise a number of necessary
regulatory documents that will allow them to be certified, tested,
and, in general, to better understand the dangers that they may pose.
A mathematical model was built, which, taking into account the
geometrical parameters of the element, makes it possible to calculate
the onset of the critical temperature of such elements with excellent
geometric parameters without conducting experimental studies.

Keywords: fire hazard, lithium-ion power cell, excess current,
burning temperature.
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COCHH, 1110 BpaskeHa BCUXaHHAM. /l0BezieHO, 1110 B IIpolieci yCUXaHHs IePEeBUHY 3HIDKYETDC 1 IIOPUCTICTD, a BIITIIOBI/THO 1 Mexka MIITHOCTI 3aJIe5KHO
Bill CTYTIEHs ypakeHHsI TPHOOM. A came TIPH TUIOTIT TIOTTKOKEHHs B Mexkax 30—50 % Meska MiIlHOCTI 3HIDKY€EThes oHas 1,3 pasu, a mpu ypakeHHi
rpubom mwiomi B Meskax 80+100 % aepeBrHa cTae M SIKIIO0, GLIBII IIACTHYHOIO, TIPU [IbOMY MeKa MilHOCTI 3HIKy€eThest B 1,1 pasu. Ha ocHOBi
OJIepIKaHIX Pe3yJIbTaTiB (hi3MKO-XIMIYHUX JOCi/UKeHb BUsABIEeH] po3OixkHocTi B [Y-criekTpax, 10 BKasdyoTh Ha CTPYKTYPHI 3MiHU B CKJIaJI0BUX
KOMITOHEHTIB epeBru. CIIocTepiracThCs 3HUKEHHS ab0 BIJICYTHICTb iHTEHCHBHOCTEIl CMYT IOIJIMHAHHS OJHMX (DYHKIIOHAJIBHUX TPYI Ta
sIBIEHHST 200 inTencudikarist inmmx. 3pasku AepeBUHN MPH BU3HAYEHHI BUINOI TETUIOTH 3TOPSHIS MOKA3YIOTh PI3HUINO Y 3HAYEHHSIX, 110
HOSICHIOETCS CTPYKTYPHUMIE 3MIHAMU Y KOMIIOHEHTAX JIePEBUHN, BUKIUKAHUX Oi0JIOrTYHIMHE IpoiiecaMit. JlaHi TepMOTrPaBIMETPUYHOTO aHATIZY
BKa3yI0Th Ha TOBHE BUTOPSTHHS CYXOCTI{THOI IePEBUHI COCHI. AJI€ TSI IEPEBUHN 13 HeOCTA0MEHNX YCUXAHHSM J€PEBOCTAHIB, KOKCOBUIT 3AJTHIIOK
BUTOPSE [TPU BUILIi TeMIIepaTypi. YpaskeHa MiKpoopraHisMamu JiepeBrHa 3 CHHBOIO MrMEHTAIIIEI0 Ma€e CyTTEBI BIAMIHHOCTI B 06J1aCTi HArpiBaHHSA
400+700 °C. XapakTtep BUTOPSHHST KOKCOBOTO JO3BOJISIE 3pOOHTH TIPUITYIIEHHS OO PI3HOTO 3a SKICHUM i KiJIBKICHUM CKJIQZIoM KOKCOBOTO
SUINIIKY, KUl YTBOPIOETHCA 3aB/AKU CTPYKTYPHHM 3MiHaMm. [IpakTiyna IiHHICTD MoOJIATa€ y TOMY, IO OTPHMAaHi Pe3yJITaTH BH3HAUEHHS
BJTACTHBOCTEH Ta CTPYKTYPH CYXOCTI{THOI IePeBIHH, YMOKJIMBIIOIOTH BCTAHOBUTH YMOBH €KCILTyaTarfii BUPoOiB i Gy/iBebHIX KOHCTPYKITIL.
KmoyoBi ciioBa: iepeBrHa COCHM, CYXOCTiiIHA JilepeBrHa, MeKa MIITHOCT, 3MiHA CTPYKTYPH JePEBUHH, YPAXKEHHS MiKPOOpraHisMaMu.
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EMIIIPUYHA KYMYJISITUBHA ®YHKIIISI PO3IIO/LTY XAPAKTEPHOI O3HAKH TA30BOTO CEPE/IOBHIIIA
IIPU 3ATOPSIHHSX (c. 60-66)

B. B. Ilocnenos, B. A. Auaponos, €. O. Puoka, 0. C. Besyria, O. L. JIsmescoka, T. 0. Byrenko, E. A. [lapmodau, C. B. I'puniko,
1. I1. Kosuncska, I0. O. Beramos

OO6'€KTOM JIOCJIUKCHHST € IMHAMIKA XaPAKTEPHOI O3HAKM MPUPOLICHHS CTaHy ra30BOTO CEPEIOBUIIA B IIPUMIIICHHI TIPU MOSBI TEILIOBOIO
[pKepesia oskeski. [IpemveToM mocstiuken st € Bl eMIipiIIHoi KyMyJIITUBHOI (DYHKITT PO3MOiTy ANHAMIKN XapaKTepPHOI O3HAKH TIPUPOIIEHHST
CTaHy Ta30BOT0 CEPEIOBUIIA 3a BiJICYTHOCTI Ta TIOSBI TEIIOBOTO JUKEPeJia MOKeKi B IPUMIIIEHHI. Y SIKOCTI XapaKTepHOI 03HaKU 0OPAHO HMOBIPHICTH
HEepPeKYPeHTHOCTI MPUPOIeHb BEeKTOPY CTaHiB Ta30BOTO CepefoBHINA. Pe3ysbraTi HOCTIUKeHHs JI03BOJISIOTH ONEepPaTUBHO BUSABIATH TEIIOBI
JpKepesia ToKeKi y HeBU3HaueHUX ymoBaX. OOIPYHTOBAHO METOIUKY MOCJI/UKEHHs eMINPUYHOI KYyMYJISITUBHOI (DYHKIIi POSIOALTY AMHAMIKY
MMOBIPHOCTI HEPEeKyPEHTHOCTI MPUPOIIEHb BEKTOPA CTaHy Ta30BOTO cepesioBuiia. MeToanka BKIIOYa€ BUKOHAHHS CEMU TOC/IIIOBHUX TIPOIETYD
i JI03BOJISIE IOCTH/KYBATU 3a3Haueny (DYHKITIO /7T IOBIIbHUX iHTepBaiax vyacy. JlocmipkeHo eMIipuuHy KyMyJISATUBHY (DYHKITIO PO3IOILIY /IS
IBOX (hiKCOBAHNX IHTEPBAIIB Yacy PiBHOI TPHBATIOCTI /0 i TMCJIST OSIBY TECTOBHX TEIUIOBHUX [PKEPEJT TIOKeXKi y abopaTtopHiit kamepi. Beranosiero,
110 0COGIMBOCTI eMITIPUYHIX KYMYJIATHBHUX (DYHKITI{T PO3IOALTY AMHAMIKY fIMOBIPHOCTI HEPEKYPEHTHOCTI TIPUPOIIEHD BEKTOPA CTAHY Ta30BOT0O
CEPEIOBHINA JI03BOJIAIOTH 3/IiFICHIOBATH PAHHE BHSIBIICHHS TOXKesKi. [0JI0BHOIO 03HAKOIO BUSIBJICHHS € 3HIKEHHsT (DiKCOBAHNX 3HAUCHb €MITiPUYHOT
KyMyJSITUBHOI (DyHKITIT po3mozity. /[yt TeCTOBUX TeTIOBUX JiKepest (DikcoBaHi 3HAUEHHST eMITIPUYHOI KyMYJIATUBHOI (DYHKITT PO3MOALTY JIesKaTh
B miarmasoni 0,15-0,44. [lani iiMoBipHOCTI 0GYMOBITIOIOTHCS PI3HOIO MIBU/IKICTIO 3aiiMAaHHS TECTOBUX TEIUIOBUX JUKEPeJL. Pe3ysisrat 0ci/KeHb
CBIYATH PO MOKJIUBICTH BUKOPUCTAHHS BUSIBJICHUX OCOONMBOCTEH eMITIPUYHUX KyMYyJATUBHUX (DYHKIH PO3HOIITY AMHAMIKM HMOBIpHOCTI
HEPEeKYPEHTHOCTI HPUPOIIEHb BEKTOPA CTaHY TA30BOTO CEPE/IOBHUIIA /Il PAHHBOTO BHSIBJICHHS 3arOPSIHb.

KmouoBi ciioBa: razoBe cepeioBullle, IMHAMIKA TPUPOIIEHD CTAHIB, TETJIOBI JZKepeJia MOKesKi, eMITipIYHa KyMYyJIITHBHA (DYHKITiST PO3ITO/ILTY.
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EKCIIEPUMEHTAJIbHA OIIHKA BILIMBY HAZJIUIITKOBOI'O EJIEKTPUYHOI'O CTPYMY HA IIOKEKHY
HEBE3IEKY JITIA-IOHHOTO EJJEMEHTA YKUBJIEHHS (c. 67-75)

O. B. JIazapenxo, T. I'. Bepeskancokuii, B. I. Ilocnoaitak, O. 0. ITagen

Byno posrsiryto sitiii-ionnuii enement skusienns (JITEJK) Panasonic NCR18650B (LiNi0.8C00.15A10.0502) Ta iioro moBe/iiHKy BHa-
CJII0K /i1 HA HBOTO HAJUIMHIKOBOIO TOCTIiHOTO cTpyMy. EKcriepumenTaibHo Gy/I0 BCTAHOBJIEHO Ta MATEMATHYHO MiTBEP/ZKEHO OCHOBHI M0Ke-
JKOHEOE3IeuHi TOKA3HUKH (TEMIIEpaTypy TOPIHHS eJIEMEHTY, TeMIIepaTypy MoIyM’sl, 4ac HarpiBaHHs eJIeMeHTa, ToIo) npeactasaeHoro JITEXK.

3a pesysbrataMu eKcriepruMeHTaIbHIX A0CTIAKeHb OY/I0 BUSHAYEHO Yac HACTAaHHsT HE3BOPOTHOI TePMOXIMIYHOI peakIlii B JiTili-ioHHOMY
eJIEMEHTI JKUBJIEHHS 3aJI€KHO BiJl PI3HOI CHIM TTOCTIHHOTO cTpyMy. /0/1aTKOBO, BCTAHOBJIEHO KPUTUYHY TEMIIEPATYPY MOYATKy HE3BOPOTHOI
TEPMOXIMIUHOT peakIlii Ta 3arajibHy TeMIlepaTypy TOpiHHS ejieMeHTy. 3actocyBanHs 3akoHiB J[xkoyisi-Jlenna ta Myp’e pano smory spiiicHuTn
MaTeMaTHYHUHN OMUC 3aJIeKHOCTI (BIJIMBY ) CHUJIN TTIOCTIHHOTO CTPYMY B Uaci Ta HarpiBaHHS eJleMeHTa /10 KpUTHYHOI TeMIepaTypH.

ExcriepuMeHTaIbHO BCTAaHOBJIEHO Ta MaTeMaTHYHO HiATBepKero yac narpisy JITEJK Panasonic NCR18650B (LiNi0.8C00.15A10.0502)
1o kpurnasoi temmeparypu 100—150 °C 3a yMOBH BIUIMBY HaUIMIIIKOBOTO CTPYMY. BeTanosiieHo, 1o cepe/niii yac mouarky ropinms JITEX
npu 17, 30, 40 A cranosuts 103, 58, 43 cexyH 1 BianosijaHo.

BeranoBiieHHI KpUTHYHI TIOKa3HUKH €JIEMEHTY (TeMIIeparypa, 4ac, TOI0) JAl0Th MOKJIMBICTD B MOAAIBIIOMY 3/IHCHUTA PO3POOKY HU3-
KM HEeOOXIZIHMX PEryJIiolounuX JOKYMEHTIB, 110 HaIaiyTh 3MOTY 3/IiHCHIOBATH IX cepTuikalliio, anpobaliio Ta 3arajoM Kpaiie 3po3yMiTi
HeGe3neKu, IKi BOHU MOXKYTh npeactas/stn. OTprMaHa MaTeMaTH4yHa MOJIE/Ib, SIKa, BPAXOBYIOUM I€OMETPHYHI MApaMeTPH €JIEMEHTY, A€
MOJKJIMBICTD 3IHCHUTH PO3PaXyHOK HACTAHHS KPUTHYHOI TEMIIEPATYPH MOMIOHIX €TeMEHTIB 3 BiIMIHHIIMI T€OMETPHYHUMI TTapaMeTpaMu
6e3 MPOBE/ICHHSI EKCIIEPUMEHTATBHIX J0C/UKEHD.

KinouoBi cioBa: moskeskna Hebesmeka, JiTii-ioHHIH eJIeMeHT JKIUBJIEHHsI, HA/IUITKOBII CTPYM, TeMIIepaTypa TOPiHHSI.
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