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Experimental Quantification of
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Parameters in 18650 Format
Lithium lon Batteries

Lithium ion batteries have a well-documented tendency to fail energetically under vari-
ous abuse conditions. These conditions frequently result in decomposition of the electro-
chemical components within the battery resulting in gas generation and increased
internal pressure which can lead to an explosive case rupture. The 18650 format cell
incorporates a vent mechanism located within a crimped cap to relieve pressure and miti-
gate the risk of case rupture. Cell venting, however, introduces additional safety concerns
associated with the flow of flammable gases and liquid electrolyte into the environment.
Experiments to quantify key parameters are performed to elucidate the external dynamics
of battery venting. A first experiment measures the vent burst pressure. Burst vent caps
are then tested with a second experimental fixture to measure vent opening area and dis-
charge coefficient during choked-flow venting, which occurs during battery failure. Vent
opening area and discharge coefficient are calculated from stagnation temperature, stag-
nation pressure, and static pressure measurements along with compressible-isentropic
flow equations and conservation of mass. Commercially sourced vent caps are used with
repeated tests run to quantify repeatability and variability. Validation experiments con-
firmed accuracy of opening area and discharge coefficient measurement. Further, trials
conducted on vent caps from two sources demonstrate the potential for variation between
manufacturers. [DOI: 10.1115/1.4042962]

1 Introduction

Lithium ion batteries have the ability to fail energetically when
subjected to conditions outside of the intended usage environ-
ment. Battery failures are often associated with risks of flamma-
bility. Timelines of high profile battery failures show a persistent
and ongoing need to mitigate risks [1]. By understanding the fail-
ure process, risks can be better assessed, thus leading to improved
safety in all applications of lithium ion batteries.

Conditions which can lead to battery failures include over-
charge, over-discharge, high temperature, low temperature, over-
current, internal defects, mechanical loading (shock, crush, and
penetration), and age [2]. Abuse conditions generally initiate a
rise in temperature which drives exothermic reactions within the
cell. If these reactions become self-sustaining, the battery is said
to be in thermal runaway [3]. Experiments have shown that the
onset of thermal runaway generally occurs below 125 °C and con-
tinues to much higher temperatures depending on cell type and
abuse factors [4]. These conditions can become a safety concern
when the failure is not able to be contained within the cell and a
venting event occurs, or if thermal runaway propagates to adjacent
cells. The primary driver behind cell venting is the generation of
gases internal to the cell. Oxygen gas is generated at the cathode
of common cell chemistries including lithium—cobalt—oxide
(LCO), nickel—cobalt—aluminum (NCA), and nickel-manganese—
cobalt (NMC) [5]. Reactions within the electrolyte can lead to
generation of flammable gases including ethane, methane, and
others which increase pressure within the cell [3,6]. The combina-
tion of oxygen and flammable gases creates a scenario where
combustion is possible regardless of the atmospheric composition.

Abuse testing often includes evaluating the thermal runaway
process, chemical composition of vented material, or flammability
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risk of a given cell. The 18650 format cell, defined by its 18 mm
diameter and 65 mm length, is often used in laboratory scale
calorimetry where the relations between state of charge (SOC),
calorimeter pressure, peak temperature, and test duration are com-
pared. In general, experiments have shown increased calorimeter
pressures, peak temperature, and minimized test duration as SOC
is increased [7]. Calorimetry experiments have been used to sub-
ject cells to extreme conditions with failure modes such as “jelly
roll” ejection where the vent completely fails and the electro-
chemical components of the battery exit the case [8]. Cone calo-
rimetry tests on LCO 18650 cells have been used for sampling of
vented material throughout thermal abuse testing which showed
increased concentrations of vented carbon monoxide and carbon
dioxide for cells at higher initial SOC [9]. Imaging within cells
during thermal abuse testing has been achieved by real time x-ray
computed tomography scanning. When coupled with infrared
imaging of the surface of an 18650 cell, internal failure was noted
to correspond with a hot spot on the outside of the battery case
[10]. High-speed imaging has been combined with thermal and
chemical analysis to evaluate battery failures within a closely
packed arrangement [11]. Schlieren imaging has been used to
observe gas and liquid venting from lithium ion batteries under
thermal abuse and overcharge [12]. While significant experimen-
tal research has been performed on the science of battery failures,
methods to quantify the fluid dynamics of battery venting which
occurs in some cell failure scenarios have not yet been fully
developed.

Safety mechanisms are designed and fabricated into lithium ion
batteries to mitigate the potential for catastrophic failures at the
cell level as shown in Fig. 1. Current interrupt devices electrically
disconnect the electrochemical components of a battery from
external circuitry if conditions within the cell present high venting
failure risk [13]. Cylindrical batteries usually have a current inter-
rupt device which physically breaks an electrical connection when
significant pressure is applied to a diaphragm which renders the
battery permanently disconnected from external circuits [14].
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Fig. 1 A schematic representation of an 18650 format battery showing safety mechanisms
and views of a vent cap with an intact and open burst disk. The bottom-left image shows an
LG brand 18650 cell before disassembly. The internal surface of battery vent caps shows per-
forated plate designs from 18650 format cells made by LG, Panasonic, A123, and MTI. Mock
orifice plates made to mimic the maximum possible opening area for measurement validation

experiments.

Additional safety mechanisms include positive temperature coeffi-
cient elements which increase electrical resistance at elevated
temperatures. The phenomena of separator shutdown can also act
as a passive safety element to protect against high internal cell
temperatures [15]. The final safety mechanism within most cylin-
drical batteries is a burst disk designed to open prior to case
rupture.

While extensive work has described the relative risks of differ-
ent cell chemistries and how broadly different batteries respond to
abuse, a detailed analysis of how individual features in the con-
struction of the ubiquitous 18650 format battery relate to battery
failure characteristics has not yet been performed. Constraints
have been applied when analyzing battery venting including a
stated burst pressure of 3448kPa [16]. This has been further
applied to model the venting process from 18650 cells using isen-
tropic flow equations and an initially choked flow [17]. However,
expanding the level to which venting parameters are quantified
will assist the evaluation of battery failures regardless of abuse
condition or cell chemistry.

Experimental methods and test fixtures have been developed
and applied here to characterize the venting process of 18650 for-
mat lithium ion batteries. Specifically, burst pressure, opening
area, and discharge coefficient are quantified. These parameters
affect the external fluid dynamics and duration of a venting failure
which are directly related to safety risks including flammability.
Vent caps, separated from live batteries, are tested to allow pre-
cise control of experiments with air rather than a volatile gas and
liquid electrolyte spray.

2 Vent Cap Burst Experiment

2.1 Burst Measurement Fixture Design and Fabrication.
A test fixture was constructed for direct pressurization of intact
vent caps with compressed air. To achieve this, the holding mech-
anism shown in Fig. 2 was designed and fabricated. The vent cap
is held securely between a high pressure fitting and a hollow lock
set screw. Laser cut silicone gaskets on either side of the vent cap
seal the fixture. Commercial off-the-shelf pipe fittings were used
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to construct the vent cap holding fixture without needing compli-
cated fabrication.

Air is supplied via a 11.5 mm inner diameter tube which is con-
nected to the fixture with a stainless steel Swagelok® tube fitting.
The air supply was directed through a ball valve to the main fix-
ture body which was used to stop the flow of air after the vent
opened. This main fixture body was constructed from pipe fittings
which allow for a pressure measurement port. A straight-threaded
section was used around the vent cap to allow for variability in
thickness. Silicone gaskets sealed between the upstream com-
pressed air and vent cap. A hollow lock set screw was used to
compress the gaskets and vent cap, and the 12.7 mm hexagon used

(@)

Thread coupler ~ Vent cap Pressure transducer port

Ball valve

Hollow lock Gaskets
(red)

3/8 NPT to 7/8-14 adapter
set screw

Fig. 2 The vent cap holding mechanism used for burst pres-
sure tests is shown: (a) as an annotated cutaway schematic of
the design and (b) as installed
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for tightening the set screw allowed for an airflow channel once
the vent cap bursts.

The vent cap holding fixture was mounted to an acrylic plate
which is supported by four posts on an optical table. A length of
high-pressure rated nylon tubing connects the vent cap holder to
the compressed air supply which is regulated between 0 MPa and
3.45MPa. The pressure regulator was operated manually by
increasing the pressure to failure during testing. A dial type pres-
sure gauge was used on the outlet of the regulator to confirm the
reading from the pressure transducer installed on the vent cap
holder. A compressed air cylinder was used as the high pressure
gas source for vent testing. While there is little discussion in the
literature of burst pressures for battery vents and no clearly stand-
ardized testing procedure for this parameter, the burst pressure
test fixture designed here provided a simple and direct approach.

2.2 Procedure and Sample Data Analysis. Trials were
begun by confirming a zero pressure reading and initiating data
recording in LabVIEW by the test operator from a control room.
The dial on the pressure control regulator was slowly and consis-
tently turned manually by the operator in the test chamber to
increase output pressure. A computer monitor allowed monitoring
of a real-time pressure plot. The plot was monitored as pressure
was increased to ensure that no erratic or rapid pressure changes
occur, so the test could be considered to have been operated in a
quasi-static manner. Pressure was increased manually until the
vent cap opened. At this moment, the operator stopped adjusting
the pressure regulator and immediately closed the ball valve to
stop the flow of air. Figure 3 shows the pressure recorded during a
single trial. The average time duration of a burst test was 25s, and
there was no trend between burst pressure and time duration.
Dynamic gas effects and rate dependence of material properties
are assumed to be insignificant in this experiment.

3 Choked Orifice Testing Apparatus

3.1 System Overview. Battery venting involves transient,
pressure-driven, multiphase fluid flow through an orifice into the
atmosphere. The multiphase flow is further complicated by
ongoing decomposition reactions of the liquid electrolyte resulting
in gas production, and ultimately difficult to quantify material
properties. The intricate and unique geometry of the vent caps
also adds to the complexity of opening area and discharge coeffi-
cient measurements.

The choked orifice testing apparatus (COTA) has been designed
and fabricated to mimic the venting of gas through an 18650 size
vent cap, but with simplifications made to allow for precise

2.5

o

-
3

Pressure (MPa)

0.5

0 L L L I L L I
0 5 10 15 20 25 30 35

Time (s)

Fig. 3 Annotated pressure trace taken from an MTI vent cap
test showing the: (a) beginning of pressurization, (b) vent burst,
(c) flow momentarily choking, and (d) the ball valve being
closed by the operator to stop airflow and finish the experiment
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quantification of the flow. The test uses a large volume of dry air
with well-known properties to allow for longer test times and bet-
ter data acquisition. Removing the multiphase aspect of the flow
removes the viscous effects and gas-liquid interaction which
would limit flow rate and discharge coefficient. As such, the flow
rates seen here will be an upper limit to the vent performance to
be expected in live cell testing. The relative amounts gas and lig-
uid vented from cells is a complicated function of cell chemistry,
design, and abuse condition. Further, values of gas flow rate deter-
mined here describe relative performance between tests and vent
designs, but vented decomposition products will have different
ratios of specific heat () based on cell chemistry.

Since the COTA has a pressure rating lower than the vent burst
pressure, the vent caps used for testing with the COTA have all
been previously tested on the aforementioned burst pressure mea-
surement test fixture. The design of the vents is such that they will
remain open after the initial burst test. This allows for retesting
with the COTA to determine the opening area and discharge
coefficient.

Figure 4 shows annotated images of the COTA and its individ-
ual components including the battery vent cap holder, an accumu-
lator tank, pressure regulators, inlet and outlet valves, a
compressed air cylinder, and instrumentation.

3.2 Nozzle Design of the Battery Vent Cap Holder. The
battery vent cap holder within the COTA is designed to securely
hold vent caps once removed from a battery and create an airtight
seal with the upstream source of pressurized air. The vent cap
holder can be seen installed in the test setup in Figs. 4(a) and 4(b).
The hollow lock set screws and silicone gaskets from the burst
pressure test fixture are also used in the COTA for sealing while
allowing unobstructed gas flow. A short length of tubing connects
the battery cap fixture to the outlet valve and accumulator tank.

The center of the battery vent cap holder is machined to a pre-
cisely known cross-sectional area. A small sensing orifice with a
diameter of 1.4 mm has been drilled into this known area for mea-
surement of static pressure throughout testing which is used in cal-
culations to determine the opening area of each vent cap. The
sensing orifice leads to a pressure transducer which is mounted
directly into the body of the vent cap holder. The cross-sectional
area at the sensing orifice of 40.0mm? was designed to be larger
than the maximum possible opening area of a battery vent cap,
based on a survey of the perforated plates on the internal side of
vent caps from cells of interest. Additionally, care has been taken
to select all fittings with sufficiently large cross-sectional areas
between the accumulator tank and vent cap, to ensure that the
venting flow will choke at the vent cap rather than anywhere else
within the system. Further details of the design of the COTA are
available in Ref. [18].

The internal flow between the accumulator tank and vent cap
can be represented as an isentropic, one-dimensional nozzle as
shown in Fig. 4. This assumption is made because the flow is
clearly within the compressible regime and the entire length of the
accelerated flow is approximately eight diameters thus minimizing
frictional losses. The cross section decreases as the flow is accel-
erated from the tank to the exit plane at the opening of the battery
vent cap. Sudden changes are prevented by allowing tapered tran-
sitions between different sections of the holder. By designing the
vent cap holder as a converging nozzle, with the vent opening at
the exit plane, opening area can be calculated when the physical
state of the air and geometry of the flow channel are known at
another point upstream within the nozzle.

3.3 Measurements and Data Acquisition. Temperature and
pressure are recorded and monitored simultaneously with a
National Instruments (Austin, TX) cDAQ data acquisition system
controlled by a LabVIEW program written for this specific test.
Similar to the burst pressure measurement testing, a 12 Vpc power
supply is used to power both 0kPa—345kPa pressure transducers.
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The 4 mA-20 mA current output is converted to a voltage mea-
surement within the range of the NI 9205 analog card by meas-
uring the voltage drop over a nominally 470 Q resistor.
Temperature is measured directly by a NI 9212 card with internal
cold junction compensation, and the thermocouple lines have
been shielded to minimize signal noise caused by nearby equip-
ment. Data acquisition rates for the temperature and pressure
measurements are 100 Hz and 1 kHz, respectively.

Manufacturer calibrations are used for temperature and pressure
measurements as all instrumentation was purchased new for these
experiments. An additional exposed junction, K-type thermocou-
ple probe is used to measure room temperature throughout testing
and is confirmed against an Extech SD700 portable weather sta-
tion. Wika brand A10 pressure transducers are provided with fac-
tory calibration results with 7Pa precision, and linearity is
confirmed. A linear fit to this calibration data is used to calculate
gauge pressure from the transducer’s output current. The resist-
ance of the nominal 470 Q resistors used to convert between cur-
rent output and an analog voltage measurement are measured with
a Fluke 115 multimeter to 0.1 Q resolution. Additional analog dial
pressure gauges are installed on the COTA for test operator confir-
mation that measurements are accurate during testing.

3.4 Venting Parameter Calculation Methodologies. The
opening area of the vent cap is inferred via the measured relation-
ship between static and stagnation pressures during testing while
the flow is choked. Within the test setup, three distinct locations
are considered: stagnation within the tank (0), the known cross
section in the vent cap holder (1), and the opening in the battery
vent itself (e).

Making the assumptions that the flow within the system is isen-
tropic and the air behaves as an ideal gas, the Mach number (M)
of the flow through the vent cap holder can be calculated via the
isentropic flow relation

P() ’y—l ) Tl
—=|14+—M 1
Py <+ 2 ! )

Here, 7 is the ratio of constant pressure to constant volume spe-
cific heats for the air [19,20]. Once Mach number is determined at
a known cross-sectional area, it can be used to calculate the area
at which the flow is choked (A*), which is the vent area
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By inspection of the experimental setup, the sonic location (A*) is
clearly the opening area (A,).

In all tests, the stagnation pressure is initially enough to create
a choked flow condition where the flow is sonic within the vent
cap because P> 1.89 P, [19]. Once stagnation pressure drops
significantly and the flow is unchoked, Egs. (1) and (2) can still be
used with the additional assumption that the flow exits the system
through the vent cap with static pressure equal to atmospheric
pressure.

The discharge coefficient describes the efficiency of mass flow
through a given obstruction compared to the maximum possible
mass flow rate. The need for this parameter arises as analytical
calculations often ignore viscous losses and turbulence for sim-
plicity, but these effects become significant when the flow is con-
centrated through a relatively small orifice or other obstruction. In
general, relationships which are informed by experimental data
accurately calculate discharge coefficient as a function of geome-
try and pressure, but these equations are specific to unique flow
configurations [21]. Discharge coefficient varies between zero and
one and can be simply defined as the ratio between actual (#,)
and theoretical mass flow (#1,) rates.

The theoretical mass flow rate through a choked orifice is calcu-
lated by assuming isentropic flow as

P

Py y— 1\
VRT," W(HT) @)

Mass flow rate is approximated from conservation of mass for an
Ideal Gas for the venting process

V d (P
g = ——— [ — 4
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This method allows for a simple approximation of the actual mass
flow rate from the system with the known tank volume and gas
constant along with the already measured stagnation temperature
and pressure. Of note, the discharge coefficient measurements
taken here describe the entire vent cap which itself has constric-
tions at the perforated plate and openings within the positive elec-
trical terminal.

m; =

3.5 Testing Procedure and Example Dataset. After the vent
cap is installed within its holder, the accumulator tank is pressur-
ized to 276kPa which is monitored within LabVIEW. Data
recording is stopped once stagnation pressure reaches 6.8 kPa.
Figure 5 shows a sample dataset from a system calibration trial.
Stagnation pressure is initially at 276 kPa and drops immediately

f: 1-D Nozzle

Measure: P,

7/8-14 tapped

Battery cap

Hollow-lock set
screws (black)
Sealing gaskets

EessssssmsEmn

N Calculate: A,

Measure: P,
Known: A,

3/8 NPT tapped

Measure:
P,and T,

Fig. 4 Annotated views of the COTA showing the: (a) overall test setup, (b) battery vent cap holder with static pressure trans-
ducer and outlet valve, (c) the inlet valve and pressure regulator, and (d) the stagnation property measurement locations on
the far end of the accumulator tank from the view in (a). (€) An annotated cutaway model of the vent cap holder compared to a
(f) schematic representation of the vent cap holder as a one-dimensional nozzle with varying cross section. Horizontal blue
lines show the relative locations of the vent cap and static pressure measurement between the model and schematic.
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when the outlet valve is opened while static pressure jumps up to
the appropriate value for the given opening area. The ratio of the
absolute static pressure to stagnation pressure (P/Pg) is constant
while stagnation pressure is above 76 kPa (gauge) as is expected
because the flow is choked.

3.6 Experimental Validation With Known Orifices. A
series of orifice plates were fabricated for validation of the open-
ing area calculation methodology. These plates were installed and
tested as direct substitutes for the battery vent cap in the COTA.
Twenty circular orifices ranging in area from 3.16mm> to
37.4mm? were tested. Each circular validation orifice is sized to
correspond with a number or letter gauge drill bit.

Four mock vent orifices seen in Fig. 1 were created representing
the intricate geometry and maximum opening area of commer-
cially available vent caps manufactured by LG, Panasonic, A123,
and MTI cap. This was done by mimicking the cutouts in the per-
forated plate on the interior side of the vent cap. While the actual
cross-sectional area of the vent opening is likely smaller than this,
the perforated plate is a clear upper limit to the opening area.

Individual trials with each of the circular orifices show strong
agreement between physically measured and experimentally cal-
culated opening areas throughout the range of possible vent cap
opening areas. The results of this validation series are presented in
Fig. 6 which demonstrates a clear correlation between actual and
calculated opening areas. This validation series shows no signifi-
cant skew or bias throughout the range of potentially measurable
opening areas. The first third of circular orifices had an average
4.3% difference between calculated and actual area while the last
third had an average 3.6% difference indicative of the increased
difficulty of measuring opening area when the pressure ratio P,/P
approaches unity. The orifices designed to mimic the battery vent
caps show similar agreement.

Additional test orifices were fabricated to match some of the
experiments by Kayser and Shambaugh who reported extensive
experimental results including discharge coefficient in choked
flow conditions [22]. Straight bore “S1” and “S2” orifices were
turned from aluminum stock with interior diameters of 1.13 mm
and 1.41 mm, respectively, and both orifices have a thickness of
3.17mm. The drilled holes are left with sharp edges as done by
Kayser and Shambaugh [22].

Discharge coefficient was calculated throughout the choked
duration of the test and compared to the data reported by Kayser
and Shambaugh [22]. Discharge coefficient is plotted against the
stagnation pressure normalized by atmospheric pressure, and
the datasets are compared in Fig. 7. This testing demonstrates that
the discharge coefficient measurements with the COTA contain
similar trends to previous experiments. Specifically, discharge
coefficient is constant when Py/P,, is between 2.25 and 3.50 and
discharge coefficient increases with opening area. The values
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Fig. 5 Example dataset from validation testing on the COTA
with a mock MTI orifice
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Fig. 6 Comparison between physically measured and calcu-
lated opening areas from the COTA validation series. Orifices
with circular and more complex geometries can be measured
accurately with this experiment and calculation methodology.
Experimentally determined opening areas had an uncertainty
smaller than the symbol size on the plot.

measured with the COTA are, on average, 7.0% higher than
Kayser and Shambaugh’s data for the S1 orifice and 14% higher
for S2. The discharge coefficient values reported by Kayser and
Shambaugh used a direct measurement of the actual flow rate
through the orifices with two calibrated thermal mass flowmeters.
As shown in Eq. (4), the actual flow rate in the discharge coeffi-
cient calculations presented here is simply an approximation tied
to the Ideal Gas Law. The difference between the magnitude of
the experimental discharge coefficient and the value from litera-
ture is attributed to the uncertainty within the mass flow rate cal-
culations further discussed in Sec. 4.4.1.

4 Experimental Results and Data Analysis

4.1 Burst Pressure Measurements. A main test series of 50
commercially sourced vent caps from MTI and another set of four
vents removed from live LG HE2 batteries were tested for burst
pressure, opening area, and discharge coefficient. The size of the
MTT test series allows for evaluation of the statistical distribution
of vent cap burst and venting parameters. LG tests have not been
exhaustively performed due to the complexities of the disassem-
bly of live batteries.
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Fig. 7 Discharge coefficient versus normalized stagnation
pressure for testing with S1 and S2 orifices

JUNE 2019, Vol. 141 / 061403-5

Downloaded From: https://fluidsengineering.asmedigitalcollection.asme.org on 05/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



After performing the 50 MTI tests, statistical properties were
calculated and a reported in Table 1. The dataset closely followed
a normal distribution. Additionally, the minimum and maximum
values for burst pressure are roughly the same distance from the
mean.

The LG tests had burst pressure statistics listed in Table 1. This
limited trial set has significantly lower burst pressures than the
MTI caps. All LG burst pressures are lower than the minimum
burst pressure from the MTI series.

4.2 Additional Observations From Vent Cap Burst Trials.
After some of the trials, the burst disk would become entirely
detached within the vent cap. In all cases, the positive electrical
terminal of the battery blocks the burst disk from being launched
out of the test apparatus as a projectile. Specifically, 15 of the 50,
or 30%, of the MTI vent caps showed complete disk detachment
while no LG cell had a full detachment.

Once segregated into vent caps with burst disks remaining
attached or becoming detached after testing, Fig. 8 shows two
trends. The attached vent caps remained close to the normal distri-
bution. While the detached burst disks had a similar mean burst
pressure (2.177 MPa detached, 2.150 MPa attached). The trials
with detached burst disks showed a skew biased toward higher
burst pressures.

In testing both the MTI and the LG vent caps, an audible
response from the vent cap was noticed at approximately 1 MPa.
The sound was sufficiently loud to be heard while wearing hearing
protection, and both test operators described it as a “tick” or a
small “pop.” A test was performed with an MTI vent cap where
pressure was increased as normal, but when the audible response
from the vent cap was heard, the pressure regulator setting was
held constant and pressure was released manually. Upon removal
from the test fixture, the electrical connection between the perfo-
rated plate and the burst disk was observed to be broken as indi-
cated by two small holes near the foil tab. As such, the audible
response from the vent caps during burst pressure testing is the
instant when the current interrupt devices breaks and the battery
would fail electrically as an open-loop.

As shown in Fig. 9, a Photron SA-X2 high speed digital camera
imaged an MTI vent cap opening at a frame rate of 100 kHz, and
second trial with a new vent cap was performed using high-speed
schlieren imaging at 40 kHz. Testing showed that there was a sin-
gle initial opening location which then spread circumferentially
around nearly the entire scored burst disk. The complete opening
of the vent cap was observed to occur before 90 us. This opening
pattern is similarly represented in the schlieren image set where
venting is initially seen near the top of the vent cap (within the
field of view) and eventually establishing the bottom jet as the
entire cap opens. At later time scales when the burst disk has been
completely ruptured, venting appears even across all openings in
the positive terminal of the vent cap. Further details are available
in Ref. [18].

4.3 Opening Area Measurements. All 50 MTI vent caps
used in the burst test series were retested with the COTA to mea-
sure opening area. Statistical properties of the opening area data-
set from these tests are shown in Table 2. Prior to testing, the
assumed maximum possible opening area of a vent cap would be
the cross-sectional area of the perforated plate on the interior side
of the burst disk, but comparison between this assumed maximum

Table 1 Statistical properties of burst pressures
MTI LG
Mean 2.158 MPa 1.906 MPa
Minimum 1.971 MPa 1.829 MPa
Maximum 2.364 MPa 1.961 MPa
Standard deviation 0.081 MPa 0.060 MPa

061403-6 / Vol. 141, JUNE 2019

of 24.98 mm? and the mean from the experimental dataset shows
that the opening of the burst disk was consistently, significantly
smaller.

The LG tests had opening area measurements listed in Table 2.
All tests showed opening areas smaller than the maximum open-
ing area as represented by openings of the perforated plate which
were 12.71 mm?,

In both the LG and MTTI vent caps, the actual opening areas of
the battery vents were much smaller than the openings in the per-
forated plate. The different manufacturers had vent caps with sig-
nificantly different perforated plates, but the opening areas were
fairly similar, even though manufacturers have different designs
for the perforated plate within the battery. This would indicate
that the feature which choked the flow was the opening around the
circumference of the burst disk and the openings in the positive
terminal which are very similar between cells.

4.4 Discharge Coefficient Calculations

4.4.1 Uncertainty Analysis. Uncertainty analysis has been
performed to evaluate the precision of discharge coefficient calcu-
lations. To do this, uncertainties in the accumulator tank volume
(AV), stagnation pressure (AP), stagnation temperature (AT)),
and opening area (AA*) were propagated through calculation
uncertainty of the actual and theoretical mass flow rates as Asi,
(Eq. (5)) and Ami, (Eq. (6)), respectively. Values for the gas con-
stant and ratio of specific heats for air are assumed to be precisely
known scalars within each mass flow rate equation. Error propaga-
tion equations for mass flow rate follow the standard form for
propagating error through equations with parameters that are mul-
tiplied and raised to numerical exponents [23]

2
N T RGO

AP\2  [05AT)\>  [AA+\’
= (3) (V20 ()

Since stagnation property values vary throughout testing, the
uncertainty in both mass flow rates changes throughout the test.
However, constant values for their uncertainties are used through-
out. The uncertainty in the static and stagnation pressure measure-
ments is chosen to be equal to the standard deviation of the noise
band when measuring a constant pressure stored within the tank.
This was calculated at 139 Pa when taking measurements at a rate
of 1kHz over the span of a few seconds. The uncertainty of the
stagnation temperature measurement is the reported accuracy of
the thermocouple by the manufacturer at 2 K [24].

Both accumulator tank volume and vent cap opening area have
constant value and uncertainty during each individual test. The

20 T T
I Attached
[ Detached
15 - .
g
o 10~ B
o
5 -
o mm e
1.9t02.0 2.0to2.1 21t02.2 221023 2.3t024

Bin range (MPa)

Fig. 8 Histogram of MTI burst pressures from vent caps with
attached and detached disks
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Fig. 9 (a)—(e) High-speed images of burst disk opening (highlighted in red) around the disk circumference compared to (f)—(j)
similarly sequenced high-speed schlieren images showing initially uneven venting: (a) t=0us, (b) t=20us, (c) t=40us,
(d) t=60pus, (e) t=80pus, () t=0us, (g) t=20.8 us, (h) t=41.7 us, (i) t=62.5 us, and (j) t=83.3 us

accumulator tank volume of 74.3L was measured by filling the
tank completely with water and then measuring the volume of the
water with an uncertainty of 0.4 L.

To calculate the uncertainty of an opening area measurement,
static and stagnation pressure uncertainties were propagated
through Egs. (1) and (2). Since these equations are algebraically
complicated, uncertainty was propagated using the general form
of a parameter being a function of multiple other parameters

[ (om, > (oM, :

i OA* 2 (oA 2
AT = \/(8M1 AM) * <8A1AA1) ®

Equations (7) and (8) describe how Mach number uncertainty
(AM,) was first calculated from static and stagnation pressure and
then propagated with uncertainty in the known cross-sectional
area (AA)) to calculate uncertainty in choked opening area (AA¥).
Uncenaintg in the known cross-sectional area was calculated to
be 0.6 mm~. This is equivalent to diameter variation of 0.03 mm
as this was the degree of measurement on the digital calipers used
to confirm the diameter of the drilled cross section.

4.4.2 Determination of Stagnation Pressure Range for Valid
Discharge Coefficient Measurement. Discharge coefficient values
are reported as a function of normalized stagnation pressure in
Fig. 10. The time scale of experiments is determined by the size
of the accumulator tank, which is continually decreasing in stag-
nation pressure as the test occurs. Because the stagnation pressure
decreases monotonically, the pressure axis is proportional to time
if read in a right to left manner. Since the actual mass flow rate

Table 2 Statistical properties of opening area measurements

MTI LG
Mean 8.967 mm?* 7.025 mm?
Minimum 7.845 mm?® 6.111 mm®
Maximum 9.773 mm? 7.887 mm”
Standard deviation 0.379 mm?> 0.769 mm”>

Journal of Fluids Engineering

i R G2

can never be greater than the actual mass flow, discharge coeffi-
cient values greater than one are not physically possible. The

Mass flow rate (g/s)
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Fig. 10 (a) Bounded actual and theoretical mass flow rates for
MTI Trial 22 showing the valid measurement range and (b) the
subsequent discharge coefficient calculation plotted with
upper and lower bounds
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discharge coefficients are calculated to be greater than 1 at the
beginning of the tests, which is assumed to be due to pressure and
temperature measurement errors at the beginning of tests associ-
ated with time response and hysteresis in these highly transient
measurements. As shown in Fig. 5, pressure measurements
decrease more quickly at the beginning of each trial.

To define the region where the calculated discharge coefficient
values are valid, the range of stagnation pressure values has been
limited to where the largest possible actual flow rate is equal to or
less than the minimum possible theoretical flow rate, accounting
for the calculated uncertainties of both parameters. Expressed
mathematically, the calculations are deemed valid when

— A, > 1, + Ay 9

Graphically, the valid measurement range for a representative
MTI cap was calculated to be left of the dashed line in Fig. 10(a)
where the bottom of the theoretical mass flow rate uncertainty
band met the top of the actual mass flow rate uncertainty band.
Additionally, the uncertainties in mass flow rate which led to
minimum and maximum possible flow rates can be used to define
upper and lower bounds for discharge coefficient. Figure 10(b)
shows how calculated discharge coefficient values from a com-
plete test dataset for a representative MTI trial were restricted to a
valid measurement range. If measurement errors were reduced
and the valid measurement range expanded, it is expected that the
discharge coefficient approaches unity at higher stagnation pres-
sures. At lower stagnation pressures, discharge coefficient is
expected to decrease, but the mostly linear trend seen within the
measurement range here would likely not be sustained.

4.4.3 Relationship Between Discharge Coefficient and Nor-
malized Stagnation Pressure. To evaluate how discharge coeffi-
cient is related to stagnation pressure for the entire MTI testing
series, the valid measurement range for each of the 50 trials was
combined into a single dataset. The data were smoothed by calcu-
lating the mean discharge coefficient from raw data points within
100 equal sized pressure windows. This is shown in Fig. 11.

4.4.4 Statistical Distribution. For statistical evaluation of the
discharge coefficient distribution, a constant normalized stagna-
tion pressure of 2.6 was chosen for comparison between individ-
ual tests. This value was in the middle the measurement range of
all MTI vent cap datasets. The mean discharge coefficient at this
normalized stagnation pressure was 0.850 for the MTI vent
caps, and statistical data are listed in Table 3. The uncertainty in
the discharge coefficient at this value, being the difference
Cimax — Camin» 18 0.073 (+0.037) at this normalized stagnation
pressure. Table 3 lists the calculated statistical properties. The

)

o
©
a

4
©

Discharge coefficient (C P
o
o o
o] o

0.75 P=a Calculated

Uncertainty bounds

data collected indicate that the discharge coefficient values were
normally distributed.

Discharge coefficient for the LG vent caps was also calculated
at a normalized stagnation pressure. Statistical properties are
shown in Table 3. These values for discharge coefficient were
consistently lower than the MTI vent caps.

4.5 Combined Burst Pressure, Opening Area, and Dis-
charge Coefficient Results. As each vent cap was labeled and
tracked throughout data analysis, vent mechanism parameters can
thus be compared with each other between burst pressure mea-
surement and COTA testing. Comparison between burst pressure,
opening area, and discharge coefficients for the MTI vent cap test
series shows slight or no correlation between these properties.
Opening area and burst pressure did not appear to show a strong
correlation.

In Figs. 12(a) and 12(b), discharge coefficients recorded at a
normalized stagnation pressure of 2.6 showed slightly decreasing
trends with increasing opening area and discharge coefficient,
respectively. The trends are highlighted by the plotted linear
regressions. While increases in opening area generally correlate to
increased discharge coefficient, as seen in the circular orifice vali-
dation testing, more complicated orifices generally have smaller
discharge coefficients. This is due to the fact that these geometries
are more dissimilar to the quasi one-dimensional isentropic flow
scenario used as the theoretical mass flow rate. Thus, the trend in
Fig. 12(a) can be interpreted as showing that vent caps with larger
opening areas tended to have less ideal flow conditions which had
a greater effect on the discharge coefficient than the increase in
opening area. However, while discharge coefficient may be
decreased at larger opening areas, this simply states that the effi-
ciency of the fluid flow is further from ideal. Actual mass flow
rate can be solved from the definition of discharge coefficient and
Eq. (3) parametrically assuming stagnation pressures and dis-
charge coefficients are known.

Actual mass flow rate at a normalized stagnation pressure of
2.6 was plotted versus opening area in Fig. 13, and shows that the
mass flow rate still increases proportionally to opening area. The
effect of decreased discharge coefficient values at higher opening
areas is negligible in the mass flow rate as a whole.

4.6 Simple Model of Battery Venting Parameters. From
the measurements of burst pressure, opening area, and discharge
coefficient, a simple model can be evaluated to begin description
of the fluid dynamics of battery venting. The equations in Sec. 3.4
can be rewritten to attain the differential equation

pas

1)2 2

The initial condition is Po(t =0) = Ppyus- This equation is valid
under choked flow conditions only. Solving this equation would
be trivial under a constant discharge coefficient, but this parameter
was demonstrated to vary with stagnation pressure in Fig. 11. As
such, the equation was solved numerically with a fourth-order
Runge—Kutta differential equation solver within MATLAB. The
mean discharge coefficient profile versus pressure is approximated
as a constant value of C,=0.75 below a normalized stagnation

dpP, PO\/RTO

o —Cy-———A" \/_(1 + (10)

Table 3 Statistical properties of discharge coefficients at Py/
Pam = 2.6

L L L 1
22 23 24 25 26 27 28 29 3 31 32
Normalized stagnation pressure (PO/Patm)

Fig. 11 Binned and averaged values for discharge coefficient
calculations from all 50 MTI vent cap tests showing the distribu-
tion of potential discharge coefficient values within the valid
stagnation pressure range
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MTI LG
Mean 0.850 0.814
Minimum 0.788 0.801
Maximum 0.903 0.832
Standard deviation 0.024 0.014
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Fig. 12 Comparing discharge coefficient to: (a) opening area and (b)
burst pressure from testing series of 50 MTI vent caps

pressure of Po/Pyu, =2.2 and C,;=0.95 above Py/P,u, = 3.2 with
a linearly varying section in the middle. The volume of the pres-
sure reservoir within the battery was 1.52cm® [25]. Last, venting
calculations are made with y = 1.4 representing air and a constant
stagnation temperature of 293 K. Figure 14 shows the results of
this model as battery stagnation pressure and the corresponding
mass flow rate versus time under various scenarios where individ-
ual vent parameters are varied by two standard deviations as
reported in Tables 1-3.
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Fig. 13 Actual mass flow rate versus opening area for testing
series of 50 MTI vent caps
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Variation of individual parameters shows significant variation in
battery pressure and flow rate throughout the venting process. Ini-
tially, burst pressure dominates the variation in battery pressure
while burst pressure and opening area show similar importance to
mass flow rate. In later time, as the flow approaches being un-
choked, discharge coefficient variation becomes significant while
the effects of different burst pressure decrease. Additionally, when
using parameters presented in the recent modeling work of Coman
et al. [17] for burst pressure (3.448 MPa) and opening area
(12.4mm?) along with a discharge coefficient of unity for isen-
tropic flow, there is a significant discrepancy in pressure and mass
flow rate within the first millisecond of venting when compared the
scenarios based on measurements taken here. Burst pressure and
opening area differences create the overwhelming majority of this
discrepancy. While more complicated modeling is certainly possi-
ble, this approach demonstrates the basic effects of the parameters
measured in this study and their importance within the body of lit-
erature. The calculated parameters here provide a boundary condi-
tion for the flow as time progresses beyond venting onset.

5 Conclusions

Experimental methods of measuring burst pressure, opening
area, and discharge coefficient were developed for use on 18650
format lithium ion battery vents. The approach presented here
allows quantification of discharge coefficient at relatively high
flow rates without an in-line flow meter. The two test series con-
ducted demonstrate that the vent parameters follow a normal dis-
tribution and can vary between manufacturers.

The mean burst pressure values of 2.158 MPa and 1.906 MPa
for the MTI and LG cells, respectively, are significantly lower

JUNE 2019, Vol. 141 / 061403-9

Downloaded From: https://fluidsengineering.asmedigitalcollection.asme.org on 05/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



3.5

. Mean vent parameters
3+t Opening area + 20
Burst pressure + 20

B Discharge coefficient + 2o
25 - : Coman, 2016

Battery stagnation pressure (MPa)

0 0.5 1 1.5 2 2.5
Time (ms)

100
90
80
70
60
50
40
30
20
10

Mass flow rate (g/s)

0 0.5 1 1.5 2 25
Time (ms)

Fig. 14 Model predictions for pressure and mass flow rate versus time for gas venting from

an 18650 cell

than the 3.448 MPa mentioned in the literature [16]. This indicates
that venting occurs earlier than expected which may provide addi-
tional safety considerations. Venting gas flow chokes in the region
of the vent cap around the circumference of the burst disk which
is limited by the openings in the positive terminal. This opening
has similar geometry between manufacturers, and average MTI
and LG opening areas were accordingly comparable. While open-
ing areas between different manufacturers are unrelated to perfo-
rated plate geometry, these differences in internal flow paths can
manifest as different discharge coefficient values. On a vent-by-
vent basis, discharge coefficient decreases with both increased
opening area and burst pressure. However, actual mass flow rate
still increased linearly with opening area. As such, the observed
variability in opening area is the dominant parameter in venting
flow rate differences between cells.

High-speed imaging showed a tendency of the burst disks to
open from one single point with the opening progressing in both
directions around the scored circle. This opening tendency can
help describe the asymmetric venting seen initially in previous
high speed schlieren imaging of battery failures [12].

Measurement of burst pressure, opening area, and discharge
coefficient is an advancement in the understanding of battery fail-
ures and allows the external fluid dynamics of 18650 format lith-
ium ion battery failures to be accurately characterized in
analytical and computational models. These three parameters pro-
vide the necessary initial and boundary conditions to the flow
which provides a more clear scientific understanding in all studies
pertaining to venting failures of batteries and, broadly, any form
of transient venting from a finite volume pressure reservoir. The
simplified model of battery pressure as a function of time after
venting onset presented here serves to highlight the importance of
each individual parameter’s effect on transient venting. These
data may be applied to past research where battery venting under
thermal runaway was modeled but the values of these vent param-
eters were estimated by necessity [17]. Regardless of the specific
abuse conditions which lead to a venting failure, the additional
ability to describe how venting will occur within its surroundings
will assist in the assessment of battery related hazards.
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Nomenclature

A* = sonic cross-sectional area
A, = opening area
A = area at known cross section
C, = discharge coefficient
m = mass flow rate
M = Mach number at known cross section
m, = actual mass flow rate
m; = theoretical mass flow rate
P,m = atmospheric pressure
P, = stagnation pressure (absolute)
P, = pressure at known cross section (absolute)
R = specific gas constant
T, = stagnation temperature
V = accumulator tank volume
AA* = uncertainty in A*
AM | = uncertainty in M,
Am, = uncertainty in i,
Ar1, = uncertainty in s,
AP, = uncertainty in Py
AP = uncertainty in P
ATy = uncertainty in T
AV = uncertainty in V/
y = ratio of specific heats
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