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ABSTRACT 
 
This paper presents a methodology for simulating thermal response of multi-cell Li-Ion battery packs using a 
multi-resolution approach. Numerical simulations using traditional CFD methods has become commonplace in 
virtual prototyping and design of thermo-flow systems. However, execution of detailed, fully resolved simulations 
to calculate the fluid and thermal fields in domains with complex internal structure such as the multi-cell Li-ion 
battery pack, is a very resource-intensive process in terms of domain gridding, computational capacity, and lack 
of ability to change internal configurations without having to re-do the entire flow domain. To sidestep these 
difficulties we partitioned the batterry pack into three basic components: inflow and outflow manifolds connected 
by individual cells. Thermal-flow behavior in the manifolds was simulated using CFD. The cells were represented 
by reduced models designed to predict the coolant flow rates between the manifolds and the maximum cell  
temperatures. The effectiveness and validity of the multi-resolution analysis approach was evaluated through 
comparisons to fully gridded 3D CFD simulations. The latter were performed for a battery consisting of 144 cells 
resulting in nearly 4 million computational cells. In contrast, multi-resolution simulations involved nearly 74000 
cells and 423 reduced models of individual cells. Results indicate that hybrid simulations can significantly 
accelerate the analysis of cooling characteristics of Li-ion batteries. Heat removal predicted by multi-resolution 
analysis was within 4% of full-scale CFD predictions, and total coolant mass flow was within 2%, at 1/20th the 
computational cost. In practical terms this translates to an overnight simulation compared to one that would take 
nearly a month on a single processor machine. 
 
 
INTRODUCTION 
 
In hybrid systems propulsion systems that are currently being developed, cooling of electrical components and 
batteries are of particular interest. Components such as Li-Ion battery packs currently under consideration have 
set thermal tolerance limits, and effective cooling is of paramount importance to the overall vehicle operating 
integrity. Prototyping of strategies to determine optimal cooling options can be a resource intensive process that 
currently can be done most efficiently through simulation, followed by laboratory testing. 
 
 
Present-day CFD tools have found increasing applications in research and designs of commercial vehicles; these 
have been used for analyses of complex subsystems such as underhood engine compartments, passenger cabin 
climate and external vehicle aerodynamics. A number of commercially available CFD codes such as CFD-
ACE+[1], Fluent and StarCD have been used for thermal prototyping purposes. Execution of detailed, fully 
resolved simulations to calculate the fluid and thermal fields in complex components, however, can be a very 
resource-intensive process in terms of manpower, computational capacity (processor speed and memory) and job 
complexity. Use of these tools for thermal design prototyping is limited due to (i) long turnaround times; (ii) 
difficulty in changing the geometrical configurations for design optimization; and (iii) lack of ability to change 
component configurations in complex systems without having to re-do the entire flow domain. 
 
 
Systems with internal structures such as the Li-Ion battery pack containing arrays of individual cells embedded in 
an enclosure is one example of a complex system, the conventional modeling of which can be very challanging. 
In order to resolve the internal flow and thermal fields adequately, and satisfying grid smoothness requirements 
needed by standard CFD codes can result in computational domains consisting of several million computational 
cells and requiring days or weeks of execution time. The multi-resolution approach sidesteps these difficulties by 
partitioning a complex system into interacting sub-components which are represented by reduced models of 
varying levels of fidelity. Since the reduce models require fewer computational cells to represent a component of 
interest, considerable savings in execution time can be achieved, depending on formulation of the reduced 
models. The multi-resolution simulation concept has been applied to the analysis of the 144-cell Li-Ion 



regenerative battery being developed under the CHPS Program. The general geometry shown in Figure 1 is 
based on a design considered by SAIC [2].  
 

 
Figure 1. Schematic of a Li-Ion Battery Pack Layout. 

 
In the actual configuration the individual cells are arranged in a 12x12 block. Each Li-Ion cell has a central axial 
hole for cooling airflow. In addition additional cooling is provided through interstitial flow between the cells. The 
dimensions of the cells were taken as: outer diameter 54 mm, inner diameter 15 mm and length 206 mm. For 
simulations purposes, the cells were assumed to be stacked at a constant centerline-to-centerline pitch of 57.4 
mm in the cross-sectional plane. The cells generate waste heat during the charging/discharging cycle, the former 
being removed using cooling air. The cooling air is supplied through a bottom plenum as shown. This air rises up 
through the central holes and interstitial passages between the cells. It is collected in a plenum on top of the cells 
and is returned to a heat exchanger where it exchanges the waste heat with a cooling water circuit. 
 
 
MULTI-RESOLUTION APPROACH 
 
The general multi-resolution battery layout is shown in Figures 2. The pack was divided into three major parts as 
indicated in Figure 2a: the two plenum chambers for cooling air supply and return, and battery cells surrounded by 
the interstitial flow passages in the cells and containing central holes. Flow passages in the cells and the 
surroundings connect the upper and lower chambers. Flow in the chambers was simulated using standard CFD. 
Flow through the cells (and the heat generated therein) was calculated using reduced models based on Artificial 
Neural Networks (ANNs). The chambers are somewhat difficult to simulate because of the size, flow structure and 
potential complexities in the form of flow re-circulation regions. The flow in the cells themselves is much simpler, 
and amenable to representation using ANNs. Moreover, since the battery pack contains a large number of cells 
use of fully resolved CFD solutions for all the cells makes the overall problem very large and computationally 
expensive. With ANNs replacing the individual cells, CFD solution is needed only in the plenum chambers with 
considerably simpler computational grid volumes. 
 

 
(a) Domain partitioning 

 
(b) Three kinds of typical cells 

1. mid cell: a cell in the 
middle, surrounded by 4 
neighbors; 

2. side cell: a cell next to a 
side wall, with 3 neighbors; 

3. corner cell: cell next to a 
corner, with 2 neighbors 

 
 

(c) Cell type based on position 

Figure 2. Schematic of the Multi-Resolution Solution Approach for the Battery Pack 
 
Although flow-thermal response of the calls will depend on their position inside the pack, using symmetry 
arguments three typical cell positions were identified as indicated in Figure 2b,c. By repeated use of these cells in 
proper locations, the entire battery pack assembly was obtained. 



Physical Representation of the Cell Using ANN  Mode ls  
ANN models characterized three main effects that the cells have on the overall thermal response of interest: 

1) Heating of the solid portion of the cell due to waste heat generation; 
2) Generation of cooling air flow in the central hole and in the interstitial spaces between the cells due to a 

pressure between the lower and upper plenum chambers; and, 
3) Transfer of waste heat in the cell to the cooling air flow by conduction, and onto the cooling air flow. 

 
 
Representing these three processes using a single reduced model is possible but cumbersome. For simplicity, the 
functionality of each cell was represented by three models with the following functions: 

1) Prediction of the mass flow rate going through the cell (axial hole as well as interstitial space) and flowing 
into one plenum, given the pressure differential across the cell (locally across the manifolds); 

2) Prediction of the mass flow rate going through the cell (axial hole as well as interstitial space) and flowing 
out of the other plenum, given the pressure differential across the cell; and 

3) Prediction of the maximum battery temperature and the exhaust gas temperature, given the cooling air 
mass flow, battery volume heat generation, and inlet cooling air temperature 

 
 
Multi-Resolution Simulations  
Flow in the battery pack is pressure driven and is calculated by a CFD solver by imposing a pressure difference 
between the battery inlet and outlet shown in Figure 2a. The ANNs connect the lower and upper plenums by 
suitably calculating and adjusting the CFD boundary conditions (indicated by the arrows) during runtime. To form 
the battery pack assembly, appropriate boundary surfaces on the upper and lower plenum chambers were divided 
into smaller boundary patches, each representing a connection between an individual Li-Ion cell and the plenum. 
The size of the patches corresponds to the area surrounding each cell. The input to ANNs as well as ANN output 
is averaged over the patch surface. Assuming the thermal fields are not modified in the lower manifold since the 
air flows out of it, coupling between manifolds is done in the following way: 

1. Using average pressure differences between the boundaries of the lower and upper manifold patches, the 
first two ANNs calculate the corresponding mass flux at the patch boundaries and transmit this 
information to the CFD solver. Since the newly imposed mass fluxes will alter the pressure distributions in 
the CFD domains, exchange and updating of boundary information takes place continuously during the 
course of the simulation.  

2. The remaining ANN uses the calculated mass flux, air temperature from the lower plenum boundary 
patch, specified battery heat generation and specified simulation (physical) time step as input, to compute 
the exhaust air temperature. This temperature is then transmitted to the boundary patch on the upper 
plenum chamber and used as a new boundary condition in further calculations 

 
The overall dynamics of the interaction between the plenum chambers and cell flow is complex. The flow entering 
into individual cells is a function of the pressure differential that each cell experiences. The pressure distribution in 
the lower and upper chamber in turn depends on the location of the cell. The effects of outer pressures specified 
at the manifold boundaries are distributed over the internal boundary patches (one per ANN cell model). Pressure 
drops between the corresponding patches are used to predict and impose flows at these patches, thereby altering 
the local pressure fields. The pressures at the inner boundaries are therefore not anchored, and they adjust 
themselves automatically during the course of the calculations. During the course of this adjustment, the ANN-
predicted mass flow and therefore the temperatures fluctuate until equilibrium is reached, i.e. until mass 
conservation is satisfied identically. These fluctuations occur every time the computed fields are updated; that is, 
at every iteration during a time step calculation. The fluctuations also depend on the time-step magnitude: large 
steps induce large variations and small steps lead to inefficient calculations. In all the simulations we used 30 
iterations per time step, the latter being the same for both hybrid and full CFD runs. To reduce the overall 
computation time, the time step size was ramped up during the course of the simulation, maintaining smaller 
values during the highly transient phase and increasing it as the flow tends to steady state. In order to smooth the 
induced mass flow perturbation even further, we relaxed the updated mass flow boundary conditions by a 
constant relaxation factor, typically less than 0.1. 
 
 
Reduced Model Design  
The ANNs were trained using data from fully resolved CFD simulations for selected flow/thermal conditions 
around each of the three cell types. In each case we have included the cell-to-cell gap that exists in the battery 
pack, which allows the use of a domain that is square in cross section. Neglecting the effects of thermal cross-talk 



the boundary between any two neighboring cells can be treated as a symmetry condition. ANN-based reduced 
models were trained to predict mass flow rates and cell and exhaust temperatures under a wide range of 
operating conditions. Training was accomplished using data generated by detailed CFD simulations on resolved 
grids for each of the cell configurations discussed above.  The first two ANN types for predicting mass flow rates 
were trained using pressure differentials in the range 4-70 Pa in order to achieve mass flow rates of at least 350 
CFM anticipated for the assembly. These ANNs were trained using data from steady state flow simulations. The 
third ANN type used for prediction of time variation of local air temperature exhausting from the cell into the upper 
manifold, as well as the maximum cell temperature, was trained for a range of cell waste heat generation rates 
(cell power), cooling air-flow rates and cooling air inlet temperatures. The ranges for these parameters were 
selected based on the ranges anticipated during cell operation: 

1) Cell heat generation: 4 W, 9W and 15.5 W per cell 
2) Cooling air-flow rate: 2 CFM, 6 CFM and 20 CFM per cell 
3) Inlet air temperatures: 296K, 310K and 323K 

 
 
A variable time-step was used to optimize the time needed for calculations. Initial time-step was small to capture 
the rapid transient; the time-step was increased with increasing physical time, when the changes in the 
temperatures became smaller. All of the transient calculations were performed for a physical time of 5000 
seconds, at which the battery temperature achieved near-steady values. In all the simulations the working fluid 
was air and the flow was assumed to be compressible, to account for possible density changes due to 
temperature. The flow in the battery was assumed turbulent, and was treated with the k-e model of turbulence 
with wall functions. Flow was induced by specifying a 30Pa constant pressure drop across the inlet/outlet 
boundaries. The cell material was treated as a conducting solid with a specified volume heat generation rate. For 
the simulations here, the volume rate was set to 15.5 W per cell, which translates to approximately 35600 W/m3. 
All CFD simulations were performed using CFD-ACE+ (CFDRC 2003). 
 
 
RESULTS 
 
Thermal response simulations were performed for both 9-cell and 144-cell battery configurations. Both full CFD 
and multi-resolution simulations were performed for comparison. Due to space limitations we do not show the 
details of 9-cell simulations. We do note however that except for the regions in the immediate vicinity of the cells 
the temperature distributions in the both chambers were essentially smooth as indicated in Figure 3.   
 

  

Figure 3. Temperature Fields At The Boundaries Of CFD And Hybrid Simulations 
 
Local results show that in all the cases the multi-resolution model to some degree over-predicts the internal cell 
temperatures in the range of 4-6 0C. The degree over-prediction depends of cell location: generally the side cells 
appear to be within 4 0C while the central cell is within 6 0C. In relative terms, all the hybrid simulation predictions 
of maximum cell temperature were within 2% of those generated by full CFD. Finally, for this case the multi-
resolution predictions of average induced mass flow rate and the enthalpy convected out of the system were 
within 3% of CFD predictions.  
 
 



144-Cell Pack  
We report details of the simulations for the full 144-cell pack. The full grid for CFD simulations was generated by 
duplicating the 9-cell domain by a factor of 4 on each side, essentially increasing the footprint by a factor of 16. 
Whereas in the 9-cell geometry the center battery cell was 1 cell away from the wall, here the domain center was 
6 cells away from the walls. This significantly increased the number of degrees of freedom available to the flowing 
coolant, as the simulations subsequently confirmed. The new grid consisted of nearly 3.88e6 cells making 
simulations on a single processor impractical. Parallel simulations were therefore performed on 2 and 10 
processor (2p, 10p) clusters (for comparison) and timed. Execution times were approximately 27min/(timestep) 
and 7min/(time step respectively). On a single processor machine we estimate the execution time to be 
60min/(timestep) or approximately for every timestep, 1e-4s/cell. In contrast, the 9-cell case contained 1.32e5 cells 
with execution times of approximately 3.4min/step or 1.5 e-3s/cell for every timestep 
 
 
Computational Grid and Execution Speedup Times For Multi-Resolution Approach  
The multi-resolution model contained approximately 8.1e4 cells in the manifold domains in which the CFD 
simulations were executed. The simulation used a total of 432 ANN-models of battery cells that connected the 
lower and upper manifolds. The execution times were approximately 2.6min/step or 1.9 e-3 s/cell for every 
timestep. In contrast, the 9-cell case contained approximately 8.1e3 cells with execution times of approximately 
8.5s/step or 1e-3s/cell for every timestep. Timing simulations were made for execution on a quad core 2.33GHz 
machine. Comparing the execution times for the previous 9-cell and current 144-cell cases we have the following 
speedup ratios when using the reduced model approach: 
 

Execution Speedup Using Reduced Models 
9-cell 144-cell 

timeCFD/timeANN = 24 timeCFD/timeANN = 23 
 
The speedup is significant in that it makes possible rapid execution of a series of prototyping simulations predict 
the general behavior of the battery design before fine tuning the design with detailed, time consuming simulations. 
 
 
Detailed Results  
Because of the much higher number of degrees of freedom associated with the 144 cell geometry, the flow and 
thermal fields in this case appeared qualitatively different than for the 9-cell simulations. Figure 4 shows predicted 
temperature fields in the upper an lower manifolds, close to the boundaries. It is seen that the full CFD simulation 
predicts much more complex temperature distribution than does the hybrid simulation: formation of two symmetric 
hotspots in the battery domain. Moreover the hotspots reach down to the lower manifold indicating insufficient 
local flow reversal. 
 

 
Figure 5. Comparison of Overall Temperature Distributions in the Manifolds  

 
 
The likely reason why such flow inhomogeneities are not seen in multi-resolution simulations appears to be due to 
the details in the coupling of the upper and lower manifolds. The full CFD grid accounts for the solid structure of 



each cell in the battery and thus the air enters the upper manifold in jets issuing through the central core of each 
cell, and through the interstitial spaces between the cells. This produces a very non-uniform entrance velocity field 
that can be prone to generation of instabilities leading to formation of local recirculation. The multi-resolution 
model however, does not account for the solid part and thus the entering flow is uniformly distributed across the 
individual boundary patches that connect the two domains through the reduced models. The resulting flow field is 
much more homogenous, and therefore much less liable to develop local instabilities. The jetting action induced 
by solid cells can easily be incorporated into the hybrid-ANN model at the cost of adding more computational cells 
to model the solid entrance blockage effects. Doing so however would increase the computational time, reducing 
the advantages of hybrid computations. 
 
 
Despite these limitations, multi-resolution model predictions of local maximum cell temperatures are very 
reasonable, as seen in Figures 6 and 7. Figure 6 shows the predicted evolution of cell temperatures along the 
edge of the pack, passing through the hot spot. Maximum error in predicted temperature is at the hotspot as 
expected, where the multi-resolution simulation under-predicts full CFD by up to 23K. Away from the hotspot the 
temperature differences (under-predictions) decrease substantially to approximately 2K 
 

 
Figure 6. Comparison of Maximum Cell Temperature Predictions along the Lower Sample Line at the 

Indicated Locations. 
 
 
Figure 7 shows the temperature differences along the symmetry line across the domain. Along this line the 
sample points are as far as far away from the hotspot as they can be, and temperature differences were in the 
range 2-9 K. Except for the back edge of the domain (last sample point along the line) where the hotspot effects 
still persist, maximum temperature differences are all less than 5K. Generally, away from the back edge, the 
multi-resolution simulation slightly over-predicts the maximum temperature.  
 
 
 



 
Figure 7. Comparison of Maximum Cell Temperature Predictions along the Symmetry Sample Line at the 

Indicated Locations. 
 
 
Figure 8 shows predictions of the outlet mass flow and the enthalpy convected away from the domain. We include 
additional results for multi-resolution simulations performed with smaller time steps. 
 

 
Figure 8. Comparison of Average Mass Flow and Enthalpy Flow Predictions. 

 
The results in Figure 8 were plotted on expanded scales for clarity. For this reason the errors between full CFD 
and reduced ANN models results appear significant. However numerical comparisons of the actual errors show 
very small actual discrepancies between the two predictions. For large timesteps, the same for both CFD and 
ANN simulations, errors in the overall predicted coolant mass flow rates and convected enthalpy (coolant heating) 



were on the order of 2% and 4%, respectively. When the hybrid-ANN simulations were repeated used smaller 
timesteps, the error for the two predictions decreased to 1%. 
 
 
SUMMARY AND CONCLUSIONS 
 
A novel multi-resolution computing approach for modeling of complex system was described and applied to the 
modeling of the Li-Ion battery pack. For this case, the method consists of eliminating the gridded domains related 
to the individual cells and replacing them with reduced models of the cells.  Computational savings using this 
hybrid approach can be substantial: for this particular case, full-scale prototyping simulations to obtain general 
performance characteristics of Li-Ion batteries were performed at better than 1/20th the computational cost of full 
CFD simulations. In practical terms, such hybrid computations allow investigation of many more battery layouts 
during a prototyping cycle at a fraction of the cost associated on pure CFD-based analysis. 
 
 
Because of reduction in fidelity, simulations with reduced models cannot be expected to capture all the details of 
thermo-flow fields in the systems of interest. In the present case, full CFD analysis showed development of local 
recirculation zones that led to formation of hot spots. Away from the hotspots however, predictions of local cell 
temperatures using the hybrid formulation were remarkably close to those generated by the much more 
expensive full CFD simulations, in the range 2-9 K. Moreover prediction of average quantities such as the total 
mass flow rate and convected enthalpy were within 4% of full CFD  
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