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ABSTRACT

A jet is formed from venting gases of lithium-ion batteries
(LIBs) during thermal runaway. Heat fluxes to surrounding sur-
faces from vented gases are calculated with simulations of an
impinging jet in a narrow gap. Heat transfer correlations for the
impinging jet are used as a point of reference. Three cases of
different gap sizes (H) and jet velocities (vj.) are investigated
and safety hazards are assessed. Local and global safety hazard
issues are addressed based on average heat flux, average temper-
ature, and average temperature rise in a cell. The Results show
that about 40% to about 70% of venting gases energy can leave
the module gap where it can be transferred to other modules or
combust at the end of the gap if suitable conditions are satis-
fied. This work shows that multiple vents are needed to increase
the temperatures of the other modules’ cells to go into thermal
runaway. This work is a preliminary assessment for future anal-
ysis that will consider heat transfer to the adjacent modules from
multiple venting events.

1 Introduction

Due to their special characteristics such as the high energy
density and capacity [1, 2], lithium-ion batteries (LIBs) are the
prime choice for different vital applications. Grid-scale energy
storage systems (ESSs) are one such deployment where as of
2018 more than 90% of all ESSs in the United States utilize
LIBs [2]. However, major incidents such as fires and explosions
are hazards related to different LIB applications [3,4]. Such
events are associated with the failure of the batteries or during
thermal runaway. Under extreme conditions, such as overheat-
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ing, mechanical and electrical abuse, or due to manufacturing de-
fects [5—7], LIBs undergo uncontrolled reactions leading to ther-
mal runaway. In EESs, thermal runaway incidents have resulted
in serious injuries [8, 9] and significant financial losses [10],
where three possible mechanisms of explosion in LIB ESSs have
been presented in [11].

During thermal runaway heat and gas are produced and re-
leased due to the reaction of the volatile and flammable elec-
trolyte with the electrodes materials [12]. The venting rate of
these gases changes with the cell materials and other parame-
ters [13], as well as the cell temperature. Also, cell cathode
chemistry effects on thermal runaway were investigated by Ref.
[14]. More about basic LIB operating principles, cell reactions,
components and design, thermal runaway mechanisms, and more
can be found in Refs. [4,15].

The estimated vent gas heat transfer-related characteristics
identified in Ref. [16] are employed in this work to achieve
the goal of this effort of estimating vent gas heat transfer in
LIBs-ESSs. Qatramez et al. [16] used LIMITR (Lithium-ion
Modeling with 1-D Thermal Runaway), an open-source software
model developed at Sandia National Laboratories, to estimate the
vented gas characteristics such as venting time, Reynolds num-
ber, and composition by emulating LIB thermal propagation at
the module level [17, 18] and experiments on 5 Ah pouch cells
performed in Ref. [19], the dimensions of these cells are 75.5
mm x64.5 mm x9 mm [19]. Refs. [16, 19] showed that thermal
runaway initiated by an external heat source takes longer time to
start than a propagation-induced thermal runaway, while failure
due to propagation has a longer venting time.

Though various experimental and numerical investigations
[20—24] have undertaken the study of the conduction-dominated
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thermal runaway propagation, the convection propagation via
vent gas and its mechanics are less understood and merits further
investigation. Vented gases exit the battery at relatively high tem-
peratures and can transport heat from one part of an ESS to an-
other where heating can lead to module-to-module thermal run-
away propagation. Due to this, vented gases are a global hazard
and can lead to serious safety issues in ESSs.

To achieve the goal of investigating convection propagation
in ESSs computational fluid dynamics (CFD) simulations were
used to calculate the heat transfer from the vented gasses as well
as the impinging jet correlation. Four cases are studied to assess
the safety hazards associated with venting gases in ESSs mod-
ules.

2 Methodology
2.1 Simulations

The simulations are based on the numerical solution to
the fully compressible, multi-specie formulations of the Navier-
Stokes, energy, and five species equations to account for the mass
transport of CO,, H,O, O,, and C,Hy. These species are the vent
gas components of the three reaction model used in LIMITR.
The scheme is based on a second-order accurate temporal and
spatial discretization procedure [25]. The solution in time is
integrated using an implicit dual-time formulation to eliminate
approximate factorization errors [26] and allow for grids with
high aspect ratios. The discretized inviscid and viscous oper-
ators are spatially integrated separately within a finite volume
scheme. The inviscid fluxes are obtained from an upwind flux-
vector splitting procedure using least-squared reconstruction of
the primitive variables on the cell faces and Roe’s approximate
Riemann solver [27] to determine the fluxes on the faces. The
divergence of the viscous fluxes is calculated using a Galerkin
procedure. No reactions among the species are calculated, and
no turbulence model is solved.

The equations are solved on a baseline two-dimensional un-
structured grid of a domain of 1m x 0.01 m in the streamwise
and transverse direction, respectively. The grid is meshed with
N = 112500 grid cells with Nx = 750 grid cells and Ny = 150
grid cells in the streamwise and transverse direction, respectively,
and is stretching in both directions. The grid is scaled in the verti-
cal direction when the gap size H is changed. Figure 1 shows the
domain parameters namely; H, L and W. A physical time step
(At) of 1 x 10~*s is employed, and the simulations are to reach
steady state. The flow condition in the channel are given with a
velocity u = 0 m/s , temperature 7., = 300 K, and pressure P, = 1
atm before the jet enters the channel. Fixed wall temperatures for
the cell, 7;, = 40 ° are imposed which is the operating tempera-
ture of the cell. The inflow boundary conditions are modeled by
imposing a constant velocity Ve, Ty = 800 °C which is in the
range of vent gas temperature and P, = 1 atm. The fluid is as-
sumed to be calorically perfect solved with viscosity and thermal
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FIGURE 1. Venting gap and simulation domain, showing venting
tear, gap height, gap length, and the boundary conditions. This figure
is not to scale.

2.2 Heat Transfer Correlation

To achieve this goal an impinging jet correlation is used to
calculate the heat transfer from the vented gasses. The results in
Ref. [28] show that the effect of confinement on wall heat trans-
fer coefficient is not significant for a jet-to-target distance greater
than 0.5 (H/D > 0.5), also jet-to- target distance has less effect
on stagnation region; since the significant effect was noticed for
H/D as low as 0.1. Behina er al. showed that stagnation corre-
lations of unconfined impinging jet Nusselt number Nu could be
used for confined cases where H/D > 0.5, knowing that, in gen-
eral, the average Nusselt number Nu decreases with confinement.
The correlation of unconfined impinging jet Nusselt number will
be applied for both regions: stagnation and wall jet. More inter-
ested readers are referred to [29,30]. The impinging jet Nu for a
single slot [31]

Nu 3.06
= €Je ey
P4 05/A,+H/W+2.78 ¢

1 H 1.33 —1
4Ar+( )2 +3.06) 7, 2)

m=0.695—| 7

where A, and Re are defined as

w Viet2W
Ar = ) ) Re./et = L )
X v

and Dj,= 2W is the hydraulic diameter. The validation con-
ditions of this correlation are [31]

300 < Re < 90000
2<H/W<10
0.025 <A, <0.125
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Newton’s cooling law can be used to calculate the average
heat flux (q”), q” = h(Tjes —T's), where T, and Ty are the jet and
surface temperatures, respectively. The convection heat transfer
coefficient (h) can be calculated from Nu = hD), /k [31], where
the k is the thermal conductivity. Knowing that all the properties
used for the correlation were for CO, at the mean temperature
(T = (T +T5) /2).

3 Results And Discussion

Four cases were studied in this work: case 1: vy, = 58.5
m/s and H = 0.01 m, case 2: vy, = 58.5 m/s and H = 0.02 m,
case 3: vy =7.0m/s and H = 0.01 m, and case 4: vj,, = 7.0 m/s
and H = 0.02 m. All cases have the same W of 9mm which is the
same as the cell thickness. In this section, time-averaged velocity
(u) and temperature (T') profiles of each case are investigated to
study the effects of H and vj,, on the flow evolution especially the
formation of channel flow. Heat fluxes are calculated for the four
cases using simulations and correlations. After that, an analytical
analysis for heat flux in the gap is derived to assess the hazards
associated with these gases in EESs.

3.1 Mesh and Time Step Independence study

Before going through the simulation results, the sensitivity
study of mesh and time step (Ar) is presented here before dis-
cussing the results. Figure 2 shows the time-averaged velocity
() and time-averaged temperature 7 profiles at five different lo-
cations based on for four cases derived from Case 1. Case 1b
with the number of grid points in each direction half (Nx/2 x
Ny/2) and nominal time step, case 1¢ where the grid is unchanged
but an increased time step of 10Az is used, and case 1d where the
grid is unchanged but the time step is one-tenth the nominal time
step. Figures 2(a)-(e) show that the u is relatively less sensi-
tive to the decrease in the number of grid points. As the flow
developed downstream, the profiles show signs of convergence.
On the other hand, the larger time step shows large discrepan-
cies between the nominal time step and the one-tenth time step
case. Relatively, little differences exist between the small time
step and the nominal time step cases. It should be noted that the
one-tenth time step case is only averaged over a fraction of the
time the nominal case is averaged. Figures 2(f)-(j) show similar
convergence to the velocity. For the case of Az of 173, T profiles
do match with other cases.

3.2 Flow Evolution

The effects of H and vy, are studied by looking at the % and
T profiles at different locations along the simulated domain. Fig.
3 shows the % and T profiles at different x = 0.6, 0.7, 0.8, 0.9 and
1.0 m for the four cases, respectively.

Figure 3 shows that as flow goes through the channel both;
u and T decrease. However, the temperature is still high enough
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FIGURE 2. The time-averaged velocity () and time-averaged tem-
perature T profiles at (a) and (f) x = 0.6, (b) and (g) x = 0.7, (c) and (h)
x=0.8, (d) and (i) x = 0.9, and (c) and (j) x = 1.0 m for four cases: case
1, case 1(b), case 1(c), and case 1(d), respectively.

to cause serious thermal hazards to other cells and modules in
the ESSs. For case 1, this temperature at the end of the gap (x =
1 m) is about 800 K as shown in Fig. 3(a). Figure 3(a) and
Figure 3(b) show that increasing H has direct effect on T and u
where they decrease as H increases, since increasing H increases
the residence time for the flowing gases which slows the gases
velocity and allow them to cool more. Figure 3(c) and Figure
3(d) show that as vy,; decreases T decreases significantly, where
VJer has more effect on T than H for these ranges of H and vy,
where slower vy, results in much longer residence time for the
gas to flow through the channel.

Such small gas sizes may not be enough to create a
flammable mixture, but this high temperature can be enough to
cause fire at the end of the channel where there is enough air to
combust with the vent gas. As it shown in Fig. 3(a) and Fig. 3(d)
and for same H, lower gap size is associated with high velocity
at the end of the channel which enhanced the mixing with air
there and increases the possibility of a wall fire over the module
or rack casing.

The # and T profiles suggest that higher gap sizes are safer
regarding the hazard of wall fire. However, a very high gap size
may contain enough air to create a combustible mixture in the
venting gap. These profiles also suggest smaller batteries with
sizes to be stored in modules; since batteries with small sizes
vent less amount of gas which is directly related to vy,;.

The jet is nearly hydraulically fully developed for all cases
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FIGURE 3. The time-averaged velocity (i) and time-averaged tem-
perature T profiles at x = 0.6, 0.7, 0.8, 0.9 and 1.0 m at ¢t = 2.5 s for (a)
case 1, (b) case 2, (c) case 3, and (d) case 4, respectively.

as the u profiles show in Fig. 3. The jet in case 2, case 3 and case
4 have not yet converted to thermally fully developed flow as it
is shown in Fig. 3(b)-(d), while case 1 is nearly thermally fully
developed at about x = 0.9 m.

Figure 4 shows the contours of # and T for v;,, = 58.5 m/s
and H = 0.01 m simulation. The contours in Fig. 4 agree with
the # and T of Fig. 3(a) where the flow is approaching being
fully developed at distance between x = 0.8 m and x = 0.9 m. It
is important to mention that the contours show the need for a tur-
bulence model to account for the mixing in the region between
the impingement point and about 0.1 m from it. Also, when av-
eraged over about 2 s of simulation time, the T profile at the wall
is about 0.6% higher on the right side of the domain than the left.
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FIGURE 4. The contours of (a) average velocity () and (b) average
temperature (T), respectively for case 1 (vje, = 58.5 m/s and H = 0.01
m) at t = 2.5 s. Note that the scale aspect ratio (L/H = 100).

3.3 Heat Flux Estimation

The heat fluxes were calculated at the top wall from the gas
jet. For simulations, ¢ were calculated from —k(dT /dy) where
k is the mixture thermal conductivity at the wall temperature. lo-
cal Nusselt number (Nu) was determine as (—dT /dy)/((Tje —
T;)/W) in Ref. [32]. In our case, —dT /dy and Nu were com-
puted from T, the time-averaged velocity, values of the simula-
tions. The impinging jet correlation and Newton’s cooling law
were used as a point of reference of the simulations results to
calculate Nu and q”. q” and Nu values along the right side of the
gap are shown in Fig. 5.

The correlation results were discussed and compared in the
valid region between the vertical lines shown in Fig. 5. It is
important to mention that for case 1 and case 3, the gap size to
jet width (H/W = 1.1) is below the lower limit of the correlation
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FIGURE 5. (a) Average heat flux (qﬂ) at the top wall for all case cal-
culated from the simulations and impinging jet correlation, (b) Average
Nusselt number (Nu). The vertical dashed lines are the valid x limits for
the correlation.

conditions, but they were chosen to match as close as possible
the gap size of the battery modules.

From Fig. 5 and in the valid x region, we see clearly that
the correlation estimates higher q" and Nu than the simulations
for each corresponding case, so they many be used for safety de-
sign in that region. However, they are not recommended at the
impinging point above the jet exit. The correlation and Simu-
lations, as it is expected, show that low vy, is associated with
lower heat fluxes.

In the correlation valid region and for the correlation and
simulation, the H effect on q” and Nu is not as clear as the v,
effect where H = 0.02 cm cases result in higher heat fluxes at the
beginning then decreases to be about equal to the lower H as it
is shown from the correlation, where from the simulations there
are fluctuations as shown in Fig. 5. However, lower H cases are
associated with higher heat flux peaks at that region. We note
that below the H/W limit, there is little change in the Nusselt
number within the valid x limits, whereas within the valid H/W
limits the correlation is more sensitive to H.

For the simulations, the results show that for the small gap
size more heat transferred to other modules from the wall, this
high heat flux can be due to the poor mixing between the fluid
parts in this small gap so more heat is concentrated at impinging
point. Fig. 5 also shows another peak within about 10 cm from
the impinging point. For safety design purposes, relatively high
gaps are suggested up to a limit that does not satisfy the lower
flammability limit. T and # profiles in Fig. 3 as well as heat flux

values from Fig. 5 show that low H and high vy, are associated
with more safety issues in terms of creating the atmosphere of
wall file at the end of the space due to higher temperature and
velocity, as well as the possible heat transfer to an upper module
at the venting location and with small distance from it.

From simulation and after about 20 to about 40 cm from
the impinging point, case 2 (the high H case) shows higher heat
fluxes than case 1 (the low H case). After that cases with low
H shows slightly higher heat flux values. It is worth mentioning
that it is important to use a turbulent model to emulate the mixing
effect in the region within about 20 cm from the impinging point
which will be the focus of future work. Also, these heat fluxes
estimated by the simulations and from correlation are the highest
possible fluxes that can be transferred from these gasses since a
constant Ty is used as a boundary condition in the simulations,
and constant Ty and T, are used in Newton’s cooling low with
the correlation to estimate these heat fluxes. This is sometimes
referred to as the “cold wall” heat flux.

3.4 Heat Transfer Analysis And Hazard Assessment
in The Venting Gap

In this part, we are conducting an analysis of the energy
flows for all cases based on the average temperature of the flow
and the heat flux to the top and bottom surfaces. Tracking the
energy of the flow helps in evaluating the possible hazards as-
sociated with the outflow gasses that may leave the module and
move to other parts.

For steady flow conditions, the mass flux per length of the jet
m’ into the two-dimensional channel gap is VjpW. Away from
jet exit, the flow goes in two opposite directions down along the
channel, so m’ in each direction is m’ /2.

The thermal energy flow per unit length (m/hT(x)/ 2) from
the flowing gases in one direction of a 2-D channel can be found
by integrating the average temperature 7 across the gap height

y=H —
- / Py, )T (y,x)dy 3)

where hy(y) is the specific enthalpy of the gas, and u(y,x) and
T (y,x) are the time-averaged axial velocities and temperatures at
certain x location. ¢, is the gas mixture specific heat at Teqn,
D is the mixture density calculated at average temperature 7 and
average pressure P at certain x location.

q'Top and q};mmm are the cumulative heat transferred per unit

length calculated at the top and bottom surfaces, respectively as:

’ X=Xy
CITap = CITop dx
x=0.5 4
’ X=X " ( )
4Bottom = / 9Bottom dx
x=0.5+W
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FIGURE 6. The sum of q/TDp + q/Bmmm +Z hzr(*) over the total vented
energy per length = 0.5W Vj,; pje; € Ty that vented gases contain for:
(a)case 1: V=58.5m/s, H=1cm, (b)case3: V=7.0m/s, H=1cm,
(c)case 2: V=585m/s, H=2cm, (d)case 4: V=70m/s, H=2
cm.

The sum of these quantities defined in Eq. 3 and Eq. 4
should equal half of the total vented energy per length ¢, =
0.5W Vyer pjer €p Tjer that vented gases contain. These quantities
in Egs. 3 and Egs. 4 are shown in Fig. 6 normalized by ¢7,, for
the four cases along the right half of the channel from x = 0.5
m to 1.0 m by W increments, where pj,; is the density at jet exit
conditions. Case 1 compared with 3, and case 2 compared with
4 show the effect of V},; on the heat transfer in the channel. The
total loss to both surfaces with respect to the total vent gasses
energy increases as the velocity decreases, where about 60% of
the total heat is transferred to the upper and lower modules be-
fore the gasses leave the module assuming no heat transfers to
the adjacent cells and that all gasses do leave the module at the
gap end. Comparing the cases, increasing vy, and H decreases
the difference between q/Top JG7or A0 Ggorom/d7er- This figure
shows that there is a significant amount of energy (about 40% to
about 70%) leaves the gap/module, this energy can be transferred
to other parts of an ESS or can cause a wall fire at the exit if other
conditions are satisfied such as lower flammability limit. Finally,
a little increase above 1 at the impingement point are shown in
the figure which can be due to the high temperature gradients at
that region as well as using constant k for the mixture for post-
processing the heat fluxes.

To complete the picture, Figure 7 shows the average temper-
ature rise of each 9 mm cell in contact with the top and the bottom
walls resulting from the heat fluxes on the walls that is indicative
of the amount of energy deposited into that cell (AT..;;) for the
four cases. Each point of x in Fig. 7 represents the each cell
center location. AT, is calculated as
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FIGURE 7. The average temperature rise of the cells in contact with
the top and the bottom walls (AT.;;) along the channel for: (a) case 1:
V=585m/s, H=1cm, (b)case 3: V= 7.0m/s, H =1 cm, (c) case
2:V=585m/s,H=2cm, (d)case4: V= 7.0m/s, H=2cm.

/
eell Lvent Lcell (5)
Mecel] CPcell

ATcell =

where q;ell is the energy deposited over the cell width, the
tvent 18 the venting time associated to each vy, Leey is the length
of the cell surface for the 5 Ah cell perpendicular to the 2-D
simulation domain which is 75.5 mm, where the cell dimensions
are 75.5 mm x64.5 mm X9 mm [19], m,; is the 5 Ah cell mass
of 90.2 g [19], and c¢p,.; is the estimated specific heat of the cell
used in the simulations of 778.0 J/kg/K. t,e,; is calculated from
the mass conservation of the vent gas for each vy, as tyen =
Volume as | (Vvent * (Aceir), Where Volume,q, is the total vent gas
volume of about 10 liters, and A.,;; is the cell area perpendicular
to the 2-D simulation domain. This concession must be made for
mass and energy conservation when extrapolating from the 2-D
approximation to the 3-D cell geometry.

Calculating AT..; helps in identifying the possibility of
these cells going into thermal runaway since thermal runaway
occurs at certain temperature around 150 °C to 200 °C. In gen-
eral, Figure 7 shows an increase of temperatures that do not lead
to a critical temperature where thermal runaway starts. However,
these AT,.;; values are calculated for short venting times and one
cell venting, so these AT,,;; values can be significant for longer
venting times and more than one failing cell. So, these values of
AT, are indicative of the total energy deposited into adjacent
cells from the venting of a single cell at a given x distance away.
It is also important to mention that the AT,,;; are calculated as-
suming a uniform distribution of the heat from the vent gas along
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the cell contact area. However, the localized heat from a venting
jet can lead to more significant cell temperature rise. This is a
first step for future analysis that will consider heat transfer to the
adjacent modules from multiple venting events, since the anal-
ysis shows that one cell is not enough to cause propagation to
another module. Ultimately, it takes multiple cells failing se-
quentially, and this analysis is the stepping stone to solving that
problem.

For the four cases in Fig. 7, the cells near the impingement
point experience higher AT,,;;, especially the cell just above the
jet exit. As shown in this figure the cases of lower V,,,; are asso-
ciated with higher AT,,;;, and that is because of their higher #,¢,,
(see Eq. 5). Generally, the lower H cases show slightly higher
AT, values. In general and for all cases, AT, for both top
and bottom cells become almost equal at about 20 cm from the
impingement point where AT,,;; values are low.

This effort shows that the total heat transfer is more sensitive
to the venting velocity. From observations, cell venting times are
typically in the order of 5 to 20 s depending on the cause of the
failure, and this duration in combination with the tear size can
have a large influence on velocity. However, the tear size and
its location are sources of uncertainty. The two different venting
velocities included here can be associated with two different tear
sizes.

In summary, local and global effects are associated with vent
gas heat transfer. Such hazards can compromise the safety of an
ESS which can lead to partial or full damage of a rack in ther-
mal runaway, so serious efforts should be taken to focus on vent
gas hazards, especially convective thermal runaway propagation
along with conduction thermal runaway propagation.

4 Conclusions

The safety of ESSs is compromised by LIBs vent gas. These
gasses form impinging jet during thermal runaway where heat
can be transferred to other parts of an ESS by the vent gas. This
study shows about 30% to 60% of the vented thermal energy
is transferred to modules adjacent to gaps; the remaining ther-
mal energy can leave the module gap where possible wall fires
can occur along the ESS rack wall. Heat transfer at the wall of
the module casing was calculated from CFD simulations and im-
pinging jet correlation for four different cases. Results suggest
designing the modules with a relatively high gap reduces the di-
rect heat transferred to the upper module. This work shows that
multiple and sequential failures of cells are needed to increase
the temperatures of the cells in other modules to go into thermal
runaway. For future work, a turbulence model will be added to
investigate the effect of mixing in the impinging region, also the
effect of other gap and slot sizes will be studied.
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