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temperature gradient relative to double tab cooling. The 2D heat transfer within
the cell from combining tab cooling with radial cooling initiates the formation of
complex multidirectional temperature gradients within the cell [as seen in
Figures 10(c) and 10(e)]. Given that the temperature gradients are not completely axial, it
is expected that such a gradient will induce an increased ageing rate relative to if the
same magnitude of gradient were completely axial (Hunt et al., 2016).

Compared to the 18650 cell, the increased aspect ratio of the 32113 cell (cell diameter
divided by height) increases the effectiveness of tab cooling relative to radial cooling.
Radial cooling with liquid can further reduce the hot spot temperature of the cell,
however, the temperature gradient through the cell becomes increasingly problematic
when subject to higher rates of heat generation. At the HEV limit, liquid radial cooling
limits T, to below 45°C, however, AT« reaches 16°C leading to potentially severe
conditions within the cell due to accelerated electrochemical related ageing effects
(Fleckenstein et al., 2011).

Radial cooling with liquid may therefore be an inappropriate choice for all vehicle
cases on the cell-level, as lower heat generation conditions where A7},,x remains below
the 5°C threshold could be satisfied with air cooling, whereas high heat generation
conditions become limited by the value of AT, which is governed by the thermal
resistance within the cell and not the choice of heat transfer medium or exterior cooling
intensity. Recommendations for the design of such systems as presented in Zhao et al.
(2015) may therefore be misleading, particularly as their thermal modelling does not
account for the thermal anisotropy present within the cell thus underestimating the
magnitude of in-cell temperature gradients. Pack level considerations may, however,
dictate the requirements of the heat transfer medium as other factors such as fan power
and/or temperature rise of the bulk head transfer medium along the length of the cooling
channel may become governing factors depending on the overall pack design strategy.
Further discussion on the pack-level considerations for the thermal management strategy
is out of the scope of this paper.

The thermal contours through the cell for the PHEV limit heat generation case and
liquid cooled heat transfer medium are displayed in Figure 10. Cooling all surfaces of the
cell with an equal % value of 750 W.m 2. K" at each surface results in the formation of a
hot spot at the core of the cell. For sole radial cooling, the hot spot occurs along the axial
length at the cell core. One advantage of bottom tab cooling is that the cell hot spot forms
at the top tab, therefore temperature monitoring sensors can be placed at the more
accessible top portion of the outer radial surface rather than at the core with radial
cooling. This has the potential to improve the reliability of the battery management
system as estimations of the core temperature are not required.

4.3  Transient thermal analysis

In this section, the full transient electrical loading profile is input into the thermal model
to track the transient temperature evolution of both simulated cells subject to their
respective electrical loading conditions. The transient analysis captures all of the thermal
data, rather than using simplified heat generation averages and considers the duration of
the cycle under its full usage duration.
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4.3.1 Transient EV thermal analysis
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Thermal results for the EV vehicle model subject to four loops of the US06 cycle
together with a 40 minute 1C charge (from 20% to 87% SOC) are shown in Figure 11.

The volumetric average temperature evolution of the cell (7,,,) is also shown.

Owing to the small time averaged cell heat generation rate across the US06 cycle of
0.0778 W, as a result of the large pack size (81 kWh), there is a small thermal effect on
the cell. There is little fluctuation from the steady-state analysis using the time averaged
heat generation rate owing to the low cell C-rates. In both instances, a basic radial air

cooling approach is still sufficient to limit AT}, to below 1.5°C.

Figure 11

EV transient thermal model results for 18650 type cell subject to radial air cooling
boundary condition (a) Tyyx €volution (b) ATy, evolution (c) T, evolution

(see online version for colours)
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4.3.2 Transient PHEV thermal analysis

Transient thermal results for the PHEV electrical loading conditions can be viewed in
Figure 12 for the Artemis rural road cycle and Figure 13 for the WLTP Class 3 cycle.
Each drive cycle is looped back to back three times to provide full quasi steady state
temperature profiles. Moderate forced convection of air with 50 W.m2.K ™', as with the
steady state analysis, again provides almost identical temperature performance as singular
tab cooling with liquid at 750 W.m2K™'. This implies that the thermal resistance
component for heat transport through the 18650 cell material in the axial direction is
similar to that in the radial direction.

Figure 12 PHEV thermal model results for 18650 type cell for three loops of Artemis rural road
cycle (a) Tax evolution (b) AT, evolution (c) T, evolution (see online version
for colours)
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Figure 12 and Figure 13 highlight that the peaks in AT,,,x during the transient cycle are
higher than that predicted by the steady state analysis using the time averaged heat
generation value. This is a result of the higher C-rates experienced during the cycle when
compared to that in the EV case as seen in Figure 6. However, AT ,,, does not exceed
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5°C for all cooling options considered. Radial air cooling may therefore be the most
appropriate choice for large sized PHEV applications on the cell level given the
reductions in complexity and cost with using air relative to a liquid design (Wang et al.,
2016).

Double tab cooling is the only option that offers a significant reduction in cell
temperature gradient, together with effectively limiting the amplitude of peak
temperature transients.

Figure 13  PHEV thermal model results for 18650 type cell for three loops of WLTP class 3

cycle (a) Tax €volution (b) AT, evolution (c) 7, evolution (see online version
for colours)
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Transient thermal results for the HEV case subject to four loops of the US06 cycle are
shown in Figure 14. Radial cooling with air and singular tab cooling with liquid both lead
to severe thermal conditions for the cell, with AT, and T, exceeding 15°C and 50°C
respectively during the 4th loop of the US06 HEV cycle. Combining a liquid radial
cooling mechanism together with singular tab cooling offers a large reduction in both the
value of Tx and T, by more than 10°C at ¢t = 1970 s. However, this strategy still fails to
limit the peak value of AT}, to below 15°C which remains highly transient. The greatest
dampening effect on the value of AT}, is again observed with liquid double tab cooling,
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enabling the peak value to remain below 5°C. Relative to the steady state analysis, the
transient analysis results in similar peak temperature of within 4°C for all cooling
strategies when compared to the HEV limit in Figure 9.

Figure 14 HEYV thermal model results for 32113 type cell for four loops of the US06 cycle
(@) Tinax €volution (b) A T, evolution (c) 7., evolution (see online version
for colours)
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5 Cell thermal conductivity sensitivity analysis

The case study thermal analysis uses effective values for the cell anisotropic thermal
conductivity obtained from (Shah et al., 2016; Drake et al., 2014) that includes the effects
of thermal contact resistance between cell layers. Given that these values are not
measured for either the 18650 type or 32113 type cells considered in this particular
thermal analysis, a sensitivity study is performed to investigate the effect of thermal
conductivity on cell thermal performance for radial and tab cooling.

Vertiz et al. (2014) report a low end value of 0.175 W.m "K' for the perpendicular
thermal conductivity in a ‘dry’ pouch cell. Without electrolyte, the thermal contact
resistance present between layers is higher since the gap thermal conductance is lowered
from the presence low conductivity air/gases within the voids formed from contact of the
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material asperities. For a cell saturated with electrolyte, the measured thermal
conductivity from Vertiz et al. (2014) increased to 0.284 W.m'.K', further highlighting
the importance of the electrolyte in increasing the thermal conductivity. Drake et al.
(2014) report a lower value (experimental) of 0.15 W.m "K' for a 26,650 cylindrical cell
and is one of the lowest values reported in literature. This value is therefore chosen to
represent a potential lower bound for the perpendicular thermal conductivity in the
sensitivity study. Values as high as 0.4 W.m "K' have been reported by Fleckenstein
et al. (2011) for the effective perpendicular thermal conductivity of the cell spiral roll
material in a 32113 cell, but this neglects the presence of the outer casing and electrolyte
contact layer. A value of 0.50 W.m "K' is chosen as the upper bound in the sensitivity
analysis to see the effect of such a high perpendicular thermal conductivity for the cell.

Figure 15  Perpendicular thermal conductivity sensitivity study for the 32113 cell subject
to HEV current profile with radial cooling (50 W.m™2.K™") (see online version
for colours)

65 30
—kr=015W.m"' K" —kr=015W.m" K"
60— = 0.25 W K" 25| —kr=025 Wm™ K’
55 kr=0.50 W.m ™" K"’ kr=0.50 W.m" K"
— 20
— 50
& &
8 45 »—é 15
= 40
< ot
35+
30} 5
25 : : , : : 0 . . . . .
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
t[s] t[s]
(a) (b)
S5 1 -1
——kr=015W.m" K
50— kr=025 w.m™K!
kr=0.50 W.m" K,
451
o
o
40
&
'_
35¢
30r
25 . . . . ,
0 500 1000 1500 2000 2500

tIsl
(©

The results for the perpendicular thermal conductivity sensitivity study can be viewed in
Figure 15, which is conducted for the HEV case study with radial only cooling at
50 W.m 2K, As seen, increasing the perpendicular thermal conductivity results in a
marked reduction in AT, together with an overall decrease in 7,,,. This is attributed to
the lower thermal resistance through the cell material as the cell thermal conductivity is
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increased. Specifically, increasing the thermal conductivity from 0.15 W.m K™ by
66.7% to 0.25 W.m 'K results in the peak temperature gradient decreasing from
26.49°C to 17.89°C (32.5% decrease). Given these results, effort should thus be made to
ensure that the cell internals are sufficiently saturated with fluid electrolyte to maximise
the perpendicular thermal conductivity if a radial cooling strategy is sought for. However,
given that AT, still approaches circa 10°C during the 4th cycle of the US06, with T},
approaching 49°C, the choice of radial cooling with the upper limit for perpendicular
thermal conductivity remains vastly inferior to double tab cooling.

Table 4 Physical properties of common battery materials
Material Thermal conductivity (W m™ . K™) Thickness (um)
Graphite electrode 1.04 140
LiCoO, electrode 1.58 116
Al foil 238.0 20
Cu foil 398.0 14
Separator 0.3344 35
Liquid electrolyte (contact layer) 0.60 500
S.S. AISI-304 (metallic housing) 14.6 700

Source: Chen et al. (2005)

For the axial thermal conductivity sensitivity analysis, a deviation of 10 W.m 'K
around the value of 30 W.m "K' reported by Drake et al. is specified. This range is
considered based on the reported values for the axial thermal conductivity
(28.9 W.m ' .K'-35.1 W.m".K™) for lithium-ion cells by Bazinski et al. (2016).

The effects of substituting the conventional graphite anodes of lithium-ion cells to
axially orientated carbon nanotubes (CNT) with an axial thermal conductivity of
300 W.m K" as mentioned in Sievers et al. (2010) is also investigated. Chen et al.
(2005) report the general thermal conductivity properties and thickness of the individual
material layers used in lithium-ion batteries, which are summarised in Table 4. The
theoretical calculation for the effective axial thermal conductivity of the battery cell is
given by Ye et al. (2014) and Chen et al. (2005):

Likz,i
= —% T A3)

where k,; is the axial thermal conductivity of material layer ‘1’ [W.m'.K'] and L; the
thickness of battery material layer ‘i’ [m].

Using this value in replace of 1.04 W.m'.K™' for conventional graphite anodes in
Table 4 together with equation (3), the theoretical effective cell axial thermal
conductivity with CNT is calculated as 162 W.m K"

Figure 16 displays the effect of cell axial thermal conductivity on the thermal
performance of the HEV cell subject to bottom tab cooling (750 W.m2K™"). From
20 W.m K" to 30 W.m "K' the peak cell temperature gradient along the course of the
transient analysis is reduced from 21.81°C to 15.81°C (27.5% decrease). Further
increasing the thermal conductivity from 30 W.m "K' to 40 W.m ' K" offers a lower

k-
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percentage reduction in AT, of 21.8%. With the CNT and singular tab cooling, the
maximum temperature gradient through the cell is 3.4°C, less than for the case of double
tab cooling. Therefore, provided that issues with CNT for use as anodes in lithium ion-
cells can be overcome (Kang et al., 2015), it has the potential to be a particularly
attractive thermal management strategy when coupled with tab cooling.

Figure 16  Axial thermal conductivity sensitivity stud%f for 32113 cell subject to HEV current
profile with bottom tab cooling (750 W.m 2.K ") (see online version for colours)
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6 Recommendation for further work

Given the limitations of conventional cooling strategies (radial and tab cooling) in
thermally managing the cell under high heat generation conditions, additional thermal
study should seek to incorporate heat transfer mechanisms that can directly enhance the
heat transport through the internal of the cell. Such mechanisms may avoid the need for
double tab cooling which can overcomplicate the design of the pack-level thermal
management strategy given that cooling must be applied at both ends of the cell.
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Further, additional experiments should be conducted to determine both the effective
axial and perpendicular components of the cell thermal conductivity to add to the
literature pool of values that includes the presence of contact resistances between layers.
These resistances must be captured to avoid underestimating the magnitude of the formed
cell temperature gradients and hot spot.

7 Conclusions

Results from the steady state thermal analysis indicate that radial cooling 18650 type
energy cells with either air or liquid is effective in limiting the cell temperature gradient
to below 5°C when subject to constant heat generation rates of up to 1.1 W. This value
covers the range of time average heat generation values considered for the aggressive EV
and PHEV duty cycles, whereby the limiting value for a realistic aggressive application
was identified as 0.53 W for the Artemis rural road PHEV cycle.

Singular tab cooling with liquid results in a similar thermal performance as radial
cooling with air, with the difference that the cell hot spot is moved from the core of the
cell towards the opposite tab that is not cooled. Combining air cooling at the tabs in
addition to at the radial surface offers little benefit within the steady state limit of PHEV
time averaged heat generation and therefore does not justify the additional complexity
involved with targeting cooling at multiple cell surfaces. For battery packs designed with
a liquid heat transfer medium, singular tab cooling is expected to be the preferred choice
provided that the convective heat transfer rate is with the region of 750 W.m 2K, given
the more preferable direction of the thermal gradient that is expected to reduce the overall
cell ageing rate.

For 32113 type power cells, radial and singular tab cooling can limit the maximum
cell temperature gradient to below 5°C up to a steady heat generation of 1.8 W and
2.1 W respectively. This is far below the limit for the time averaged value of 6.3 W
across four loops of the US06 HEV cycle. In order to avoid excessive cell degradation
rates under these conditions, double tab cooling with a liquid heat transfer medium is
required.

Comparison between the steady state thermal results using the time averaged cycle
heat generation rates and full transient thermal model did not identify any appreciable
differences that would alter the choice of cooling strategy, provided the transient model
reaches a quasi-steady state (e.g., by looping the drive cycle of interest multiple times).
The difference between the two models becomes larger during cycles with greater
fluctuations in the C-rate (e.g., for the HEV and PHEV cases) where transient
temperature spikes are larger. However, the steady state model is within 4°C of the
highest peak transient temperature predicted for all cooling cases and analysed electrical
loading conditions. The steady sate thermal charts contained within this paper, therefore,
provide useful initial design guidelines for facilitating the cylindrical cell-level thermal
management choice for a given characteristic time averaged drive cycle heat generation
rate.
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Nomenclature
Symbol Meaning Unit
z Axial position [m]
L Cell length [m]
r Radial position [m]
R; Mandrel radius [m]
R, Cell radius [m]
hy Convective heat transfer coefficient across top tab [W.m?2K™"]
ho Convective heat transfer coefficient across bottom tab [W.m2.K"]
h, Convective heat transfer coefficient across outer radial surface [W.m2.K"]
p Material density [kg.m ]
C, Material heat capacity [Tkg' K™
q" Cell volumetric heat generation [W.m™]
t Time [s]
k. Perpendicular thermal conductivity [(Wm 'K
k. Axial thermal conductivity [W.m K]
T Temperature K]
socC Cell state of charge [%]
/ Cell current [A]
R, Overpotential/internal resistance of cell [Q]
Ve Volume of the cell bulk material
Tnax Maximum temperature of bulk cell material K]
AT ax Maximum temperature gradient through bulk cell material K]
Tove Volume averaged temperature of bulk cell material K]
Pp Propulsion power (Pp) [W]
Cy Vehicle drag coefficient [-]
L; Thickness of battery material layer ‘i’ [m]
ki Axial thermal conductivity of material layer ‘i’ [m]
Ve Cell voltage [V]
- Number of cells in battery pack [-]
Ceelr Nominal cell capacity [Ah]
Epack Nominal pack energy [kWh]




