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*Much of the following information is derived through extrapolation.  The empirical data should be the basis and guidelines in which are followed, using the extrapolated data as reference only.
MBARI Requirements
Cell Data
Cell:



AGM ICR36550HC Li-ion Cell

Rated Capacity:

6.0Ah

Nominal Voltage:

3.7V

Discharge Temp. Range:
-40°C - +70°C

Charge Temp. Range:

0°C - +50°C

Battery Data
Quantity of Cells:

216

Parallel:


27

Series:



8

Capacity:


162Ah

Voltage:


29.6V

Discharge Data
Max. Battery Power:

300W

Average battery Power:
250W

Max. Current:


10.14 Amps
Average Current:

8.45 Amps

Max. Current/Cell:

0.38 Amps

Average Current/Cell:

0.32 Amps

Battery C Rate:

C/15.8

Cell C Rate:


C/15.8

Charge Data
Current:


40 Amps
Battery C Rate:

C/4.05

Cell C Rate:


C/4.05
1.0 Test Procedure
To simulate the actual battery it is desired to use a cell that is fully insulated for the worst case scenario.  From this the need for forced convection or natural convection will be determined.  Any radiation and conduction will be neglected due to such small magnitudes that would lead to diminutive changes in the final results.

The test consists of one AGM ICR36550HC Li-ion Cell embedded into five layers of 0.57 inch insulation foam with an R Value of 3 (.112 W/m.K).  Two thermocouples are placed on the outside of the cell (one in the test chamber, one on the outside of the test chamber) to acquire ambient temperatures, one thermocouple is placed between the outside of the insulation foam and the outer surface of the cell to observe the change in temperature, and one thermocouple is positioned on the outside surface of the cell.  The minimum distance from surface of cell to outside surface of insulation foam is 0.71 inches.
[image: image1.jpg]



Figure 1 – Embedded cell with thermocouple on outside of cell and thermocouple between the foam insulation.
2.0 Discharge

The cell is discharged at a C/10 (0.6 Amps) rate.  This rate is higher than the actual rate that of what MBARI is going to use, therefore the results will be conservative in nature.  The discharge cycle is terminated once the cell reaches 2.5 Volts (minimum voltage cutoff limit specified from AGM).  On discharge the cell cycles between states of being exothermic to endothermic.  The following are the voltages at which the cell exemplified either being endothermic or exothermic: 4.130 to 3.819 volts the cell is endothermic, 3.818 to 3.738 volts the cell is exothermic, 3.737 to 3.714 Volts the cell is endothermic, and 3.714 to 2.5 Volts the cell is exothermic.  As seen, at 3.714 Volts the cell goes through a cycle that is endothermic, adiabatic, and finally exothermic.  On the discharge cycle the cell experiences a maximum change in temperature of 3.415ºC.  The ambient temperature is 20.551ºC.

2.1.0  Change in Temperature

The following graph is the calculated change in temperature for C/2 (3.0 Amps), C/5 (1.2 Amps), and C/10 (0.6 Amps) and has been plotted.  From this we can determine an estimate of the change in temperature for the maximum discharge that MBARI is going to be subjected to.
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It is determined that the change in temperature for C/15.8 (.38 Amps) will be ~ 0.864ºC.  This is only an estimate extrapolated from the graph.
3.0  Charge
The cell is charged at a C/4 (1.5 Amps) rate.  This rate is slightly higher than that of what MBARI is going to use, therefore the results will be minutely conservative in nature.  The charge cycle begins after the cell reaches ambient temperature.  The termination of the charge cycle is executed once the cell reaches 4.200 Volts and .300 Amps.  On the charge cycle the cell demonstrates a state of being exothermic.  During charge the maximum change in temperature that the cell experiences is 5.969ºC.  The ambient temperature is 21.507ºC.
3.1.0  Change in Temperature
The following graph is the calculated change in temperature for C/2 (3.0 Amps) and C/4 (1.5 Amps).  From this we can determine an estimate of the change in temperature for the maximum discharge that MBARI is going to be subjected to.
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It is determined that the heat generation for C/4.05 (~1.48 Amps) will be ~ 5.84ºC.  This is only an estimate extrapolated from the graph.
4.0  Calculated Overall Heat Generation

For calculating heat generation, energy discharged and energy charged need to be examined.  It is required to put in more energy than what is going to be extracted out of the cell.  With that being said the calculated heat generation is determined by the following formulas:  
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4.1.0  Heat Generation - Discharge

Being conservative, this value is then assumed to be loss due to heat.  The value that we received from a discharge of C/10 (0.6 Amps) and a charge of C/4 (1.5 Amps) is:
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From extrapolation, the magnitude of heat generation is significantly lower than the above value for a discharge of C/15.8 (~0.38 Amps) and a charge of C/4.05 (~1.48 Amps).
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The following graph is the calculated heat generation for rates of C/2 (3.0 Amps), C/5 (1.2 Amps), and C/10 (0.6 Amps) have been plotted.  From this we can determine an estimate of the heat generation for the maximum discharge that MBARI is going to be subjected to.
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It is determined that the heat generation for C/15.8 (~0.38 Amps) discharge will be ~0.044 Watts.  This is only an estimate extrapolated from the graph.

4.1.1  Heat Generation –Charge

Being conservative, this value is then assumed to be loss due to heat.  The value that we received from a discharge of C/10 (0.6 Amps) and a charge of C/4 (1.5 Amps) is:
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From extrapolation, the magnitude of heat generation is significantly lower than the above value for a discharge of C/15.8 (~0.38 Amps) and a charge of C/4.05 (~1.48 Amps).
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The following graph is the calculated heat generation for charge rates of C/2 (3.0 Amps) and C/4 (1.5 Amps).  From this we can determine an estimate of the heat generation for the maximum charge that MBARI is going to be subjected to.
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It is determined that the heat generation for C/4 (1.5 Amps) charge will be ~0.157 Watts.  This is only an estimate extrapolated from the graph.

5.0  Conclusion

From the analysis of the graphs and calculated heat generation, it is determined that the overall heat generation in the charge cycle exceeds the heat generated in the discharge cycle.  It is also determined that the charge cycle experiences much higher changes in temperature than the discharge cycle.  This relationship is contributed to both the discharge cycle having a much lower C Rate and the discharge cycle fluctuating from being exothermic to endothermic, alleviating some of the induced temperature increases that it gains.  From observing the cells, it is determined that there will be no need for forced convection.  The means of heat transfer will be through natural convection.
The extrapolated data should be used only as reference to observe trends associated with the cells.  It is recommended that the empirical data should be the basis and guidelines for the design of the battery.  This thermal analysis does not include heat generation from electronics or other possible heat sources.
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