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ABSTRACT 
 
This paper describes a general multi-resolution approach with distributed computing for simulation of complex 
systems. Although the approach can be used for rapid analysis of a wide class of complex physical systems, current 
focus of this work is on thermal design and management of heat generated in vehicles by multiple electronics 
packages in close proximity. The complexities (geometric and physics-related) of such systems can make fully-
resolved simulations impractical due to complicated gridding and very slow execution times. Moreover, a single 
software package may not have all the capabilities required for complete vehicle thermal analysis. The distributed 
multi-resolution approach sidesteps these difficulties by: a) partitioning a complex system into interacting sub-
components that can be represented by reduced models of varying levels of fidelity; and b) using several codes in 
coupled parallel execution, each performing a set of specific computational tasks and exchanging information in real 
time. To evaluate the approach, numerical simulations were performed on model problems related to propulsion and 
thermal management applications. Effectiveness of the multi-resolution approach was evaluated through 
comparisons to fully gridded 2D and 3D CFD simulations. Results indicate that distributed multi-resolution 
simulations can significantly accelerate the analysis of flow-thermal processes in complex systems. Moreover, the 
approach allows coupling of different codes with different functionalities to obtain integrated results not possible with 
any one individual code.  
 
 
INTRODUCTION 
 
Many other physical systems can be of sufficiently complexity (both geometric and physics-related) to make fully-
resolved simulations impractical due to complicated gridding and very slow execution times. Moreover, a single 
software package may not have all the capabilities required for complete vehicle thermal analysis. Modern army 
vehicles with conventional and hybrid power systems that contain multiple heat-generating power electronics 
modules is one example of such systems. 
  
 
Distributed multi-resolution approach sidesteps these difficulties by: a) partitioning a complex system into interacting 
sub-components that can be represented by reduced models of varying levels of fidelity; and b) using several codes 
in coupled parallel or parallel/series execution, each performing a set of specific computational tasks and exchanging 
information in real time. For generality, information exchange takes place with the aid of a simulation environment 
that allows inclusion of additional system component models and legacy codes with minimal code modifications. 
Such a computing approach is also known as grid, or co-simulation. Several examples discussed in this paper show 
the advantages of this approach for analysis of complex systems. 
 
 
Availability of efficient, rapid prototyping software is especially important in design of thermal management strategies 
in modern vehicles with conventional and hybrid power systems, sensor/control modules, and electric propulsion 
units. These electronic systems are not only significant sources of heat, but may also operate in harsh thermal-
mechanical conditions (e.g., in the engine compartment). Other electronics modules associated with 
prognostics/diagnostics of vehicle systems and cabin environment management, can also add sizeable thermal 
loads to the vehicle thermal environment. Such thermal loads can also adversely affect the vehicle thermal 
signatures. Analysis of the electronic package internals, determining their placement, and predictions of system-level 
thermal performance is a complex multi-physics problem. Investigation of different cooling strategies during the 



design phase can be very expensive and time-intensive. Use of full-scale CFD solvers and three-dimensional (3D) 
simulation tools is largely impractical for system-level analyses during design optimization and parametric changes, 
primarily due to: (1) difficulties in system-level 3D grid generation; and (2) long times of execution on complex grids. 
There is a clear need therefore, for design and analysis tools that will enable rapid system-level thermal-fluidic 
analyses, with the capability for resolved simulations in parts of the system (i.e., selective focusing).   
 
 
MULTI-RESOLUTION ANALYSIS  
 
Multi-resolution analysis partitions a complex continuous system into components where each component is 
represented by a separate model. For generality it is desirable that the models are encapsulated in stand-alone 
codes, interacting with each other through suitably defined boundary or volume conditions. This approach allows 
simulation of a large class of dynamic system to different levels of accuracy since it allows coupling of models 
defined on 1D, 2D or 3D domains. Although system partitioning is by necessity problem specific, the possibility of 
using separate codes to simulate the dynamics of different components gives this form of multi-resolution approach a 
large degree of latitude in how the systems are partitioned.  Some specific examples are given in this paper. Multi-
resolution analysis can be carried out on different levels and with different requirements as indicated below: 
 

1. Fully-resolved: full 3D analysis performed on the vehicle-package system using standard CFD.  

2. Mixed-resolution: combination of full 2D or 3D detailed/meshed model and reduced-order representations of 
components within the system.  

3. System-level: assembly of reduced-order models of components for rapid generation of results for the entire 
vehicle-package system.   

4. Interface with legacy codes: each code performs a different analysis task. For example, one code can 
generate vehicle surface heat flux data (due to internal heating) that another code will use to compute vehicle 
surface cooling and thermal signature.  

5. Selective focusing: using reduced-order models (with increased resolution) on specific 
components/assemblies, while using regular reduced-order models for the remaining components. This 
feature allows fast analyses of parametric changes in the ‘focused’ portions, and is extremely useful for rapid 
thermal prototyping, signature management, and optimization. 

 
  
Simulation Environment   
Code-to-code communications are brokered by a general simulation environment [1] as indicated in Figure 1. 
 

 
a) Schematic of environment used for 

scheduling of data exchange  

 
 

b) Component models (Slave Plant) exchange data 
with sub-environments (Master Controller) through 
API (Application Programming Interfaces). APIs are 
codelets that can be appended to any stand-alone 
component code. In addition to selected reduced 
models, the APIs have been integrated into the 

following CFD and thermal analysis codes: CFD-
ACE+, OVERFLOW, VULCAN, MuSES. 

Figure 1. Environment and Components for Code-to-Code Communications 
 

The basic environment function is to schedule data transfer between the different codes that comprise the system of 
interest. The codes do not communicate directly, but only through the environment. The latter also contains 
transformer functions that can be used for data scaling and rescaling, and can act as a repository for additional 
component models. This environment structure allows an arbitrary number of codes to be connected in an arbitrary 
fashion, and exchange an arbitrary amount and type of data. Data exchange is executed using the CORBA 



communications protocol allowing platform-to-platform data exchange over a computer network. The environment 
executes the following specific functions: 
 

1) Data reception and reception scheduling (using APIs); 
2) Data distribution and sequencing to proper models; 
3) Data pre-processing (mainly appropriate scaling operations); 
4) Data processing (if internal reduced models are used in simulations); 
5) Data post-processing (appropriate output rescaling);  
6) Data transmission and transmission scheduling (using APIs). 

 
Data is exchanged at a rate specified by the user. Any data can be exchanged (pressure, temperature, etc.) from 
any point in the computational domain. The user is responsible for providing the software front-ends that will extract 
(impose) the required data from (to) the code of interest and supply the data to the APIs for transmission (or 
reception). When component models use implicit solvers, information is typically passed every several iterations to 
make the simulation tightly coupled. During the multi-component, multi-resolution simulation, the environment 
ensures that the executions of each code and data exchange are properly synchronized. 
 
 
DEMONSTRATION EXAMPLES 
 
Combustor-Nozzle System  
This case illustrates one of the more challenging instances of code-to-code communications in the context of multi-
resolution simulations. The object is to model the dynamics of an evolving reacting flow field in a combustor-rocket 
system.  A schematic of the computational domain together with the boundary conditions, domain partitioning 
scheme and results are shown in Figure 2. A combustible mixture of methane and oxygen is injected on the left 
boundary of the combustor (Inlet boundary). Heat is added to ignite the mixture, and the resultant pressurized 
products expand through the nozzle. 2-D geometry was used for this problem, with a centerline symmetry plane. All 
the simulations were performed using a multi-physics flow solver, CFD-ACE+ [3]. 
 

 
             a) Mach number contours                                           b) Development of temperature  
                       at steady state                                                                    field with time 

Figure 2. Simulation of a Combustion Wave in a Combustor System 
 
For the multi-code calculations, the treatment of the data exchange between the combustor exit and nozzle inlet 
boundaries is of critical importance to ensure that all of the flow physics are satisfied. Moreover, boundary data 



exchange must conform to the code solution methodology (for example linking pressure-based codes such as CFD-
ACE+ with characteristics-based codes such as VULCAN) and boundary treatment for smooth code execution 
without divergence. In particular boundary variables were checked and adjusted to ensure that all the fluxes (mass, 
momentum, species, energy) were conserved. The following boundary data was exchanged: 
 

1) Boundary average pressure values transferred from the nozzle inlet to combustor exit, 
2) Boundary average values of velocities, mass flux, species mass fractions, stagnation enthalpy and pressure 

passed from combustor exit boundary to nozzle inlet boundary. 
 
The results show that at steady state there are only slight differences between full and multi-resolution results. In 
particular, variations of the Mach number along the centerline are nearly identical. (We note that the apparent 
variation of Mach number across the 1D nozzle domain is an artifact of the graphics plotting package)   
 
 
Vehicle Cab with Internal Electronics  
This case illustrates multi-resolution simulation of flow-thermal fields evolving in a vehicle cab with embedded heat 
generating electronics modules. A related problem of simulating flow-thermal processes in a Li-Ion battery is 
discussed in reference [2], this meeting. A simplified vehicle cab geometry containing internal electronics packages 
is shown in Figure 3a. Although only one package is shown here, our analyses were performed using three such 
boxes distributed across the internal volume. Two different electronics package configurations were used in this 
work: (a) a simple box-in-box model, and (b) a more complex model of a desktop computer.  
 
 
The system was partitioned into a vehicle cab interior interacting with reduced models of the electronics packages. 
Partitioning of a complex system is usually problem-specific, and involves the following general considerations:  

1) Mesh density in the electronics boxes versus mesh density in the surrounding environment. Typically, the 
former will be higher because of the small dimensions of the electronics components. Replacing the package 
domains with equivalent reduced models can lead to substantial reduction of computational cells in the 
domain, and acceleration of simulation execution times. 

2) Types of design changes to be made to the system. If the changes only require modifying the placement of 
the packages within the vehicle, then exchanging the packages for reduced models can offer substantial 
savings related to whole domain gridding and re-gridding effort. If layout changes are required within the 
package itself then the latter can be represented by a collection of interacting reduced models.    

 

 
a) System schematic and partitioning 

 
b) Comparison of full and reduced model 

predictions of package wall heat flux 
Figure 3. Vehicle Cab with Internal Heat Sources from Electronics Packages 

 
In this simulation, flow-thermal fields in the cab interior were obtained from full CFD simulations using the CFD-ACE+ 
code, subject to wall heat fluxes at the electronic package boundaries as specified by the package models. Figure 3b 
shows comparison of CFD and model-based wall heat flux predictions for one of the six box walls for different 
external temperatures. Below we report results for the simple package. 
 
Comparison between Fully Resolved and Multi-Resolution Simulations 
In order to validate the multi-resolution analysis, and to determine the advantage of using our approach over fully 
resolved CFD simulations, we performed a direct comparison between two simulations:  



1) Fully-resolved 3D CFD-thermal analysis of the vehicle containing three electronics packages (simple box-in-
box configuration) internally, and 

2) Multi-resolution CFD-ANN analysis of the same thermal system. 
 
Figure 4 shows a snapshot of the predicted temperature fields at a central cross-sectional plane for the two 
simulations. It is seen that the fields are nearly identical. 
 

 
a) Fully-resolved CFD simulation 

 
b) Multi-resolution simulation 

Figure 4. Comparison between fully-resolved and multi-resolution thermal simulations, using the 
simple box-in-box package.  

 
 
Simulation Time Comparison 
Table I below reports the simulation statistics; as expected multi-resolution simulation is considerably faster than full 
CFD. We note that the two simulations were run on two different computers with different CPU speeds since for 
historical reasons, different aspects of the code developments were performed on different machines. Timing results 
are scaled with respect to the 1.8 GHz PC. 
 

Table I. Simulation Statistics for Full and Multi-Resolution Simulations 
 Full 3D CFD Simulation Coupled CFD-ANN Simulation 

Simulation Time (seconds) 834 383 
Computer Specifications 1.8 GHz CPU 3.4 GHz CPU 

Total Number of Mesh Cells 37,484 31,325 
Percentage of Mesh Cells 

Contained in the Electronics Package  
16.43% (Replaced by reduced model) 

 
 
In the present case, the simple box-in-box package model replaced only 16.43% of the domain cells (cells contained 
inside the package) by reduced models and accelerated the simulations by more than a factor of 2.  We note 
however that this demonstration case contains only three electronics packages. Realistic vehicle designs can contain 
tens of complex electronics packages, and in such cases, the advantage of this multi-resolution approach for thermal 
analysis and design will be more significant. For example, multi-resolution analysis of a Li-Ion battery pack resulted 
in acceleration of code execution by more than a factor of 20 [2]. 
 
 
Note on Generation of Reduced-Order Models 
Reduced models used in this simulation were based on Artificial Neural Networks (ANNs) trained on data generated 
using full scale CFD simulations. For the purposes of this discussion ANNs can be considered as universal 
approximators capable of approximating any function to an arbitrary degree of accuracy. ANNs contain a number of 
internal parameters that can be automatically adjusted during an iterative so-called “training” process, so that a fully 
trained ANN can predict desired outputs for a range set of inputs. In this sense an ANN can be viewed as a complex 
mapping function that maps inputs into outputs. In principle, the number of inputs and outputs can be arbitrary. Used 
as a reduced model in the current demonstration, an ANN was trained to predict wall heat flux on a simple 
electronics package for different temperatures in the surroundings. 



ANN training is data driven and requires a series of accurate input-output data pairs that span the temperature 
(input) and wall flux (output) ranges of interest. With reference to figure 3a, the simple electronics package was 
assumed to have a constant power (heat) source set at 1.5 W.  The outer boundaries of the package consist of six 
walls, each of which has an applied constant temperature value.  A constant airflow (0.2 m/s) is applied through the 
inlet and outlets to mimic the effect of a cooling fan. Based on the constant internal box heat source, constant air 
flow, and variably set outer box wall temperatures, the heat flux value for each external box wall was determined 
along with the resulting temperature of the internal box through 3D CFD simulations. 
 
 
Utilizing this setup, we allowed each of the external box wall temperature values to be set at one of three values: 
288, 298, 308 K (15, 25, 35 ºC).  To take into account every possible combination of external wall temperatures, a 
total of 729 (=36) simulation setups were solved by a high-resolution CFD solver.  A snapshot of the temperature field 
for one representative simulation is shown in Figure 5a. The resulting heat flux for each wall and internal box 
temperature was therefore determined for each possible external wall temperature combination. The training data 
was generated utlizing simulation scripting techniques and C++ post-processing of the simulation results.  All the 
input/output data were subsequently combined into a single file for ANN training.    
 
 
ANN Training for Simple Box-in-Box Model: A single ANN was trained using 729 input/output pairs denoting six input 
wall temperatures, six output wall heat fluxes and an output monitor point temperature. After some experimentation, 
the final network topology was specified as 6-40-40-7, that is six inputs, two hidden layers of 40 neurons each and 
seven outputs. The net was trained off-line using the scaled conjugate gradient algorithm [4]. Training convergence 
history is shown in Figure 5b. The figure shows that the training error has decreased by approximately three orders 
of magnitude after 1.5×105 iteration steps. Total ANN training time was approximately one hour. The predictive 
capablity of the trained reduced madel as previously shown in Figure 3b was excellent.  
 

 
a) Sample temperature distribution 

 
b) ANN training error convergence plot 

Figure 5. CFD Data Generation and ANN Training Characteristics for a Simple Box-in-Box Package 
Representation 

 
 
Legacy Code Coupling With Mixed Boundary Conditions  
This last demonstration case illustrates the coupling of legacy codes with different computational capabilities, 
executing different computational tasks. System geometry and partitioning are shown in Figure 6.  
 

 
         a) Radiating sphere at set temperature                            b) Empty box with 

Inside an initially insulated box                         convection and radiation B.C. 
Figure 6. Schematic of the Overall System Geometry and Linking of Codes for Thermal Signature Analysis 



The model geometry consists of a heated sphere embedded inside of a box with convective and radiation cooling 
boundary conditions. The motivation is to couple codes that can perform internal heat transfer simulations with codes 
that can use the resultant wall heating to calculate external thermal signatures. For this case, simulations on both 
domains were performed by the MuSES [5] code. Boundary data were exchanged at every iteration during the 
coupled calculation. Prediction of hot-spot formation on one of the external walls is shown in Figure 7. 
 

 
a) Model 1 with coupling to 

Model 2: Tmax = 79.6oC 

 
b) Model 2 with coupling to 

Model 1: Tmax = 79.6oC 

 
c) Full solution of single box with 

sphere: Tmax = 79.6oC 
Figure 7. Comparison of Hot Spot Predictions for Full and Partitioned System 

 
 
SUMMARY AND CONCLUSIONS    
 
Simulation-based prototyping of complex systems can be very challenging in terms of domain grid complexity, 
density and the associated long simulation times. A practical alternative is to partition such systems into interacting 
component models of desired resolution and fidelity and couple the execution of these models into an integrated 
computational scheme. The resultant multi-resolution simulations can provide an optimum balance between desired 
accuracy, simulation times, and computational resources . Moreover, interchanging component models of different 
resolution allows one to selectively focus-in on the details of their operation, in the context of whole-system 
dynamics. This approach is of particular importance in the virtual, simulation-based prototyping of thermal 
management strategies for complex electronics packages embedded in (much larger) vehicle systems for which the 
use of full CFD analysis is impractical. 
 
For generality of application, data exchange between component models and scheduling of their execution is 
brokered by a separate simulation environment with which the individual codes communicate. This indirect data 
exchange allows addition of an arbitrary number of components to the system of interest with no modifications to the 
overall computational scheme. Integration of additional legacy codes requires addition of appropriate APIs to the 
latter, which can be done with minimal code modification using user routines. However care must be taken that 
correct data is extracted from the code data structures and made available to the APIs for transmission/reception 
to/from other codes. Using a simulation environment to broker information transfer allows coupling of different codes 
with different functionalities to obtain integrated results not possible with any one individual code. 
 
 
Three demonstration cases were presented to illustrate the capabilities of the multi-resolution simulation approach:  

1) Reacting flow in a combustor-nozzle system coupling CFD domains of different dimensionality; 
2) Vehicle cab model with embedded electronics packages coupling CFD with reduced model simulations; and, 
3) Internal-external simulations coupling codes of different functionalities with applications to analysis of 

thermal signatures. 
4) (A fourth example can be found in a related poster “Multi-resolution Prototyping of Li-Ion Batteries). 

 
 
Results generated using the multi-resolution approach compared very well to those generated using full scale 
simulations, at a considerable savings in execution times. Acceleration is due to lower number of computational cells 
resulting from replacement of fully gridded system components by equivalent reduced models. Execution of even 
complex reduced models can be timed in terms of milliseconds; in comparison to their gridded equivalents, the 
computational time spent in execution of such models is therefore essentially insignificant.  For modern vehicles with 



multiple heat generating electronics packages, the multi-resolution approach can thus be the enabling methodology 
for performing system-level thermal management prototyping simulations. 
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