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Abstract 

 The objective of the current work is to introduce the 

concept of boundary-condition-independent (BCI) reduced-

order modeling (ROM) for complex electronic packages by 

the POD-Galerkin methodology.  Detailed models of complex 

electronic packages are used within system-level models in 

Computational Fluid Dynamics (CFD)-based heat transfer 

analysis. At times, these package-level models are 

complicated, and their simulation tends to consume large 

amounts of computational resources.  This problem is 

compounded further if multiple instances of these models are 

used within the system. If a package-level model that reduces 

computational resources (reduced-order model), and provides 

results in many different flow situations (boundary-condition-

independent model) can be deployed, it will accelerate the 

design and analysis of the end products that make use of these 

components. This work focuses on how the Proper Orthogonal 

Decomposition (POD)-Galerkin methodology can be used 

with the Finite Volume (FV) method to generate reduced-

order models that are boundary-condition-independent.  This 

method is successfully used in the present study to generate 

boundary-condition-independent reduced-order models for 1D 

and 2D objects. Successful implementation of the method is 

also shown on 2D objects made of multiple materials and 

multiple heat generating sources. Also, the final BCI ROM in 

each case is found to work extremely well (errors less than 

1%) even for boundary conditions outside the range in which 

it was generated, making it a truly boundary-condition-

independent model.   
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1. Introduction 

Network-based Compact Thermal Models (CTMs) were 

introduced by the DELPHI (DEvelopment of Libraries of 

PHysical models for an Integrated design environment) 

project [1, 2] for accurate package characterization and to 

replace computationally intensive detailed CFD package-level 

models. This project created a revolution in the field of model 

development for thermal analysis of electronic packages.  To 

overcome the limitations of the DELPHI method, such as 

inability in modeling packages with multiple heat sources and 

inability in predicting tangential gradients in temperature, 

alternate approaches [3, 4, 5] have been proposed. These 

approaches cannot be directly interfaced with CFD software 

that is currently used in the electronics cooling industry. The 

present work addresses this issue by demonstrating the use of 

the POD-Galerkin methodology for developing BCI ROMs. 

 Shapiro [6] suggested the application of POD to develop 

reduced-order models of complex electronic systems.  He has 

employed a “reduce-and-interconnect” in his work [6, 7], 

where reduced-order models for components are generated 

independently, and then connected using a frequency-response 

approach.  Further application of POD-Galerkin approach in 

the area of electronics cooling can also be found in the work 

of Rambo [8].  However, a review of the literature shows 

limited application of POD along with commercial software 

for heat transfer analysis.    On this front, most of the work [9, 

10] involves integration with the Finite Element Method 

(FEM) as it is commonly used for heat conduction analysis.  

Also, FEM-based commercial software allows easy access to 

the mass and stiffness matrices which are used for generating 

the reduced-order model.  Currently, software used in the 

electronics cooling industry is based on FV solvers.  

Therefore, it is important to identify methods that can be 

easily implemented in the existing codes with minimal 

modifications or by the addition of user-defined subroutines.  

The work by Astrid [11] addresses the issue of integrating the 

POD-Galerkin methodology with FV method, and hence, 

forms the basis for the proposed methodology.  The present 

work identifies POD-Galerkin as a viable technique to 

generate boundary-condition independent reduced-order 

models for complex packages.  

2. POD-Galerkin Methodology 

Introduction to reduced-order modeling using POD-

Galerkin methodology is available in the work of Ghia [12] 

and Shirooni [13] where this method is employed to generate 

reduced-order models of turbulent flow in an axisymmetric 

combustor.  Also, detailed introductions are available in the 

work of Rambo [8], Astrid [11] and Atwell [15].  

POD is a statistical method of examining the 

characteristics of a particular data set. Projection of the 

governing equations onto a subspace, that defines the 
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characteristics of the data, creates the reduced-order model.  

The application of POD to obtain a reduced-order model for 

the transient heat equation is discussed in detail by Astrid 

[11], and is summarized here in the following steps: 

Step 1:  A complete relevant data set is constructed.  This 

is achieved by constructing a matrix composed of “snapshots” 

of the solution over time. For example, the matrix of 

snapshots, Tsnap, for the 1D transient heat equation is shown 

below: 

 

   

(1) 

 

 

  

For the 2D case, the same structure as that of “Tsnap” 

matrix is used.   

Step 2: The covariance matrix is calculated as  

 T

snapsnap TT
No

C
1

=           (2) 

  where ‘No’ is the number of  time steps. 

Step 3:  Singular-Value-Decomposition of C is performed 

to identify the eigenvalues and their corresponding 

eigenvectors. 

Step 4:  Few of the largest eigenvalues and their 

corresponding eigenvectors ( iφ ) are selected and arranged in 

a matrix.  This matrix forms the POD basis ( Φ ), which is the 

required subspace. 

Step 5: The governing equation is formulated in the 

discrete form. For the 1D case, the equation is:  
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Equation 3 is discretized by the fully implicit method for 

reasons of stability; the method is unconditionally stable.   The 

discretized form is as below: 

( ) ( ) )(0
tuBtTAttAT +=∆+        (4) 

Coefficients of the unknown solution are grouped together in 

the “A” matrix and those of the known temperatures are 

grouped in the “A0” matrix.  Sources or information on the 

boundary conditions is stored in the “B” matrix.  Coefficient 

matrices hold information on the geometry and material 

properties.  The ‘A’ matrix is a sparse matrix consisting of 

three diagonals for the 1D case and five diagonals for the 2D 

case. 

Step 6:  Governing equation in the discrete form is now 

projected onto the subspace, Φ, by Galerkin projection.  The 

Galerkin projection yields: 

( ) )()(0
tuBtaAttaA

TTT Φ+ΦΦ=∆+ΦΦ        (5) 

Equation 5 is the reduced-order model of the heat 

equation.  

Step 7:  The solution is now represented by  

( ) )()(,
1

xtatxT
n

i

ii∑
=

= φ           (6) 

where ia s are the POD coefficients, and iφ s are the 

orthonormal POD basis vectors. The reduced-order model 

governs the evolution of the POD coefficients. The POD 

coefficients are determined by solving the following equation.  

),()( txTta
T

ii φ=            (7) 

The number of POD coefficients is of the order of the 

number of the chosen POD basis vectors.  Thus, computation 

of the solution T on a number of grid points is now reduced to 

computing the evolution of a few POD coefficients.  This 

provides a reduction in the amount of calculation, while the 

accuracy of the calculated solution variable is maintained at a 

high level because the iφ s contain maximum information on 

the heat transfer process in the 1D or 2D object.     

Step 8: The important contribution of the current work is 

to show that a BCI ROM can be obtained for complex objects 

using the above methodology. It is possible to obtain such a 

model by applying the principle of superposition of select 

boundary conditions. By appending solutions of different 

types of boundary conditions, the snapshot matrix is 

constructed.   

The snapshot matrix for a BCI ROM is of the form: 

 

[ ]
BCnBCBCsnap TTTT ...............21=     (8) 

where BCT is a solution matrix of size P x Q,  P is the 

number of grid points and Q is the number of time steps.  

Since transient solutions capture a majority of the 

characteristics of the object, transient solutions of select 

boundary conditions are used in the construction of the 

snapshot matrix.  The absolute necessity of using transient 

solutions for snapshots was also determined during the course 

of this research. Also, since the method is based on the 

behavior of solutions, non-linearity in material properties can 

also be captured and modeled. 

3. Error Analysis 

In order to understand performance of the BCI ROM, it is 

necessary to determine all the relevant errors.  The BCI ROM 

that is generated can have two main types of errors.   

The first type of error results from using inappropriate 

boundary conditions to generate the snapshot matrix.  Once 

the reduced-order model is generated, if it does not produce an 

accurate solution even with reasonable number of POD basis 

vectors, then the error lies in the construction of the snapshot 

matrix.  On increasing the number of POD basis vectors, the 

error will not decrease in magnitude; instead it reaches a 

plateau.  If this happens, the error is reduced by modifying the 

snapshot matrix with appropriate solutions for the snapshot 

matrix.  

The second type of error results from insufficient number 

of POD basis vectors.  The number of POD basis vectors is 

determined by analyzing the spectrum of eigenvalues and 

selecting the ones which are of order 0.1 and higher. The 

following heuristic approach cannot be used as a hard rule for 

judging the number of POD basis vectors for the BCI ROM.   























=

)__,int__(...)_,int__(

.....

.....

.....

)__,1(...)_,1(

stepstimeNospogridNoTinitialtimespogridNoT

stepstimeNoTinitialtimeT

Tsnap



 

Raghupathy, BCI ROM using POD-Galerkin Methodology… 
 

25th IEEE SEMI-THERM Symposium 

  

 1
11

≈∑∑
==

N

i

N

n

i

i λλ          (9)  

where  λ  is the eigenvalue, n is the selected number of 

eigenvalues and N is the total number of eigenvalues.  

Equation (9) does not show how close to 1 should the ratio be. 

 The smaller eigenvalues hold information like temperature 

gradient in corners, variations in the initial time step, etc. 

Error plots and the obtained solution are used as guidelines to 

select the right number of POD basis vectors.  By increasing 

the number of POD basis vectors, the amount of error 

continues to decrease.  This decrease in error occurs only 

when the right snapshot matrix is used for developing the BCI 

ROM.  An important observation about the errors obtained 

from the application of the current methodology is that the 

error is always unidirectional. The BCI ROM always under-

predicts the solution when compared to the solution obtained 

by CFD.  Thus, if the generated reduced-order model has a 

fixed level of error, a highly accurate final solution can be 

predicted by addition of this error to the obtained solution.   

Errors are analyzed at the initial and final time step by the 

following relation 

( )))(max()(max( tTtTabsError PODCFDtimestep −=               (9) 

For a complete perspective over all timesteps, time-

averaged error is used and is computed as 

( )( )∑
=

− −=
N

t

iPODCFDaveragedtime tTtTabs
N

Error
1

))(max()(max(
1         (10) 

where N is the number of time steps. Both these errors are 

analyzed in order to understand the performance of the BCI 

ROM.   

4. Results and Discussion 

4.1. 1D Object 

The methodology and results for the 1D has been 

discussed in detail in an earlier work [17].  A BCI ROM was 

generated for a rod with a single heat source at its center, and 

asymmetric boundary conditions on its ends.  The time-

averaged error in all cases was found to be less than 1˚C 

(range of 0˚C to 100˚C).  Also, computation of 400 equations 

was reduced to calculation of 12 equations. 

   

Cases (TBC) Left  Right 

1 Ins 0˚C 

2 Ins 80˚C 

3 Ins Ins 

4 0˚C Ins 

5 80˚C Ins 

Validation Case 0˚C 0˚C 

Validation Case -20˚C 200˚C 

Table 1: Boundary conditions forming the snapshot matrix for 

the generation of the POD basis vectors for the BCI ROM of 

the 1D case. 

 

Five snapshots were sufficient to generate a BCI ROM of 

the heat conduction process in a rod.  With a final set of 12 

POD basis vectors, heat conduction in a rod with a single heat 

source can be simulated for any type of boundary condition on 

its extremities. It was expected that, based on the type of 

solutions used in the construction of the snapshot matrix, a 

BCI ROM can be obtained with 9 snapshots for the 2D case, 

and 13 snapshots for the 3D case. The cases were based on: 

two snapshots applying extreme boundary conditions for each 

side, and a single snapshot with insulated boundary condition 

on all sides. Another important result was establishing the 

validity of the BCI ROM for boundary conditions outside the 

range of temperatures used for generating the BCI ROM. The 

methodology and results obtained for the 1D case requires 

further investigation before it can be used for complex 

packages.  The sections that follow present the result of this 

investigation for simple and complex 2D objects.     

4.2. 2D Object with a Single Heat Source 

 Transient conduction is modeled in a copper 2D plate 

with thermal conductivity k= 385 W/m2 K, density ρ = 8930 

kg/m3 and specific heat capacity cp = 385 J/kg K-1. The 

problem configuration is shown in Fig. 1. Number of grid 

points in the x-direction is 40 and 50 in the y-direction.  A 

heat-generating point source is located at the center of the 

copper plate. Conduction in the plate is simulated until steady 

state is reached. Time step size of ∆t = 10 sec is used, and the 

simulation is performed for 2000 seconds (steady state is 

reached by this time).  

  

 

 

 

 

 

 

 

 

 

 

Figure 1: Problem configuration for the 2D case with a single 

point heat-generating source 

 

Boundary Cases 
(TBC) Top Right Bottom Left 

1 0˚C Ins Ins Ins 

2 100˚C Ins Ins Ins 

3 Ins 0˚C Ins Ins 

4 Ins 100˚C Ins Ins 

5 Ins Ins 0˚C Ins 

6 Ins Ins 100˚C Ins 

7 Ins Ins Ins 0˚C 

8 Ins Ins Ins 100 

9 Ins Ins Ins Ins 

Table 2: Boundary conditions forming the snapshot matrix for 

the generation of the POD basis vectors for the BCI ROM of 

the 2D case  

H = 0.5 m 

L = 0.4 m 

 

T_Left  

T_Top 

T_Right  

T_Bottom  

•  
Source 
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Boundary Validation 
cases Top Right South Left 

1 0˚C 0˚C 0˚C 0˚C 

2 10˚C 30˚C 5˚C 80˚C 

Table 3: Validation cases for verifying the boundary-

condition-independence of the reduced-order model 

 

 Based on the conclusions of the 1D case, the snapshot 

matrix for the 2D object was constructed using the cases in 

Table 2. Solution for the nine cases is obtained by applying 

the respective boundary condition to each of the four sides. 

These solutions are then arranged in the form of the snapshot 

matrix shown in Eq. (8). Two validation cases, shown in Table 

3 are used to prove that the BCI ROM developed can be used 

to predict solutions for boundary conditions that were not a 

part of the generating set. 

 

Validation Case 1: A boundary condition of 0˚C is applied on 

all four sides.   The reduced-order model is generated with 

70 POD basis vectors. The errors at both early (t = 10s) and 

final (t = 2000s) timesteps are analyzed.  The error at t=10s is 

in the order of 1e-7˚C.  The distribution of error in the final 

time step is shown in Fig. 2.  Here it has grown to a maximum 

of 2.5˚C. The time-averaged maximum error is 1.39˚C (for a 

range of 0˚C to 100˚C). Also, the maximum error is observed 

to occur near the boundary.    

 

 
Figure 2: Errors at the final time step over the 2D grid for 

Validation Case 1 
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(a) Detailed CFD Model solution 
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(b) POD solution 

Figure 3: Comparison of solution at steady state for validation 

case 2 

  

Validation Case 2:  Second set of boundary conditions shown 

in Table 3 are applied on the respective sides.  These values 

are arbitrary in nature.   Temperatures are chosen in such a 

way that none of them are equal to the values used in 

generating the reduced-order model. Also, these temperatures 

offer strong and weak gradients from the source in the 

respective directions. It is observed from Figs 3a and 3b that 

the POD solution at steady state is noticeably different from 

the CFD solution.  The time-averaged maximum error is 

14.6˚C (for a range of 0˚C to 100˚C).   The maximum error 

during t = 10s is 18˚C and 14˚C at t = 2000s. These can be 

seen in Figs. 4a and 4b.   

 
(a) Initial timestep error 

 
(b) Final timestep error 

Figure 4: Errors at various time steps over the 2D grid for 

Validation Case 2 
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The high value of errors shows that the BCI ROM is not 

capturing the dynamics of the transient heat flow in the desired 

way.   

Since this error does not reduce by increasing the number 

of POD basis vectors, and the maximum error appears close to 

the boundaries in both validation cases, the fundamental 

snapshot matrix from which the POD basis is generated has to 

be revised.  The maximum error near the boundary indicates 

that the BCI ROM is not able to capture strong gradients 

occurring near boundaries.  Therefore in order to capture these 

gradients, the snapshot matrix is modified to include solutions 

of cases 10 through 13, shown in Table 4.   

The BCI ROM is constructed from 70 POD basis vectors 

obtained from the revised snapshot matrix.  This model is used 

to predict solution for the two validation cases.  Performance 

of the BCI ROM with different number of POD basis vectors 

is shown in Table 5 for both validation cases.  The errors 

during the initial and steady state timesteps reduced 

considerably when higher numbers of POD basis vectors are 

used.  The trend in error shows that the snapshot matrix 

constructed from cases presented in Table 4 is indeed the right 

one. 
 

Boundary Cases 
(TBC) Top Right Bottom Left 

1 0˚C Ins Ins Ins 

2 100˚C Ins Ins Ins 

3 Ins 0˚C Ins Ins 

4 Ins 100˚C Ins Ins 

5 Ins Ins 0˚C Ins 

6 Ins Ins 100˚C Ins 

7 Ins Ins Ins 0˚C 

8 Ins Ins Ins 100˚C 

9 Ins Ins Ins Ins 

10 100˚C 0˚C 0˚C 0˚C 

11 0˚C 100˚C 0˚C 0˚C 

12 0˚C 0˚C 100˚C 0˚C 

13 0˚C 0˚C 0˚C 100˚C 

Table 4: Boundary conditions forming the revised snapshot 

matrix for the generation of the POD basis vectors for the BCI 

ROM of the 2D case. 

 

 

No. of POD Basis vectors Validation 
case 

Max Error 
(˚C) 70 50 25 

Initial 0.035 0.350 7.000 

Steady-State 0.006 0.025 0.600 1 

Time-averaged  0.007 0.054 0.747 

Initial 0.030 0.800 8.000 

Steady-State 0.018 0.045 1.100 2 

Time-averaged  0.017 0.059 1.006 

Table 5: Errors from the BCI ROM generated using the 

revised snapshot matrix 

  

 Although the error from a BCI ROM constructed from 50 

POD basis vectors is less than 1˚C, the BCI ROM constructed 

from 70 POD basis vectors is used because of the expectation 

that, with strong gradients in unknown boundary conditions, 

this model will be able to perform better than one constructed 

using 50 POD basis vectors.  Figure 5 shows the POD solution 

for validation case 2 generated with a BCI ROM constructed 

using 70 POD basis vectors of the revised snapshot matrix.  In 

comparison with Figs. 3a and 3b, it can be seen that the 

present solution provides excellent agreement with the 

solution of the detailed CFD model.  In comparison with Fig. 

4a, error distribution in Fig. 6 shows a uniform distribution of 

a low level of error across the 2D object.   

 Confidence in the boundary-condition-independence of the 

reduced-order model can only be obtained by employing the 

reduced-order model for multiple arbitrary boundary 

conditions.  Instead of performing an arbitrary analysis, 

Taguchi’s Design of Experiments (DOE) [18] approach is 

employed.  The Orthogonal Array method uses pair-wise 

combinations of the independent variables.  
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Figure 5: POD Solution from BCI ROM constructed with 70 

POD basis vectors of the revised snapshot matrix 

 
Figure 6: Error distribution at the initial time step for 

Validation Case 2 obtained from BCI ROM constructed with 

70 POD basis vectors of the revised snapshot matrix 

 

The minimum number of experiments to be conducted is given 

by the following relationship 

   No. of Experiments = ∑
=

−+
M

i

iL
1

)1(1    (11) 
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where  M = No. of independent variables 

  L = Level of values the variable can take  

    

Expt. 
No. 

Top 
(˚C) 

Right 
(˚C) 

Bottom 
(˚C) 

Left  
(˚C) 

1 25 25 25 25 

2 25 50 50 50 

3 25 75 75 75 

4 50 75 25 50 

5 50 25 50 50 

6 50 50 75 25 

7 75 50 25 75 

8 75 75 50 25 

9 75 25 75 50 

Table 6: L9 Orthogonal Array for verifying boundary-

condition-independence of the reduced-order model 

 

The ‘L’ factor is defined by boundary conditions imposed 

on the reduced-order model. In this case, the L9 Orthogonal 

Array is used for defining the experiments.  The number of 

factors (4) corresponds to the number of sides.  Levels are the 

temperatures that are applied to the sides.  Three temperature 

levels, namely, 25˚C, 50˚C and 75˚C are used.  None of the 

temperatures used for generating the reduced-order model are 

used.  Table 6 shows the experiments used for validation of 

the reduced-order model.  In all cases, the BCI ROM 

generated from 70 POD basis vectors of the revised snapshot 

matrix is used. 

Table 7 shows the comparison of the solutions predicted 

by the BCI ROM against the solutions of the detailed CFD 

model. The maximum error occurs at lower time steps and is 

in the order of 0.1 deg C (over a range of 0 to 100˚C).  

Subjecting the BCI ROM to such an experiment provides 

confidence in the boundary-condition-independence of the 

reduced-order model. 

 

Max Error (˚C) 

Expt. 
No. 

Initial  
Steady-

State 
Time 

Averaged  

1 0.045 0.003 0.004 

2 0.060 0.012 0.016 

3 0.090 0.025 0.029 

4 0.100 0.016 0.020 

5 0.070 0.012 0.015 

6 0.090 0.016 0.020 

7 0.100 0.020 0.024 

8 0.120 0.020 0.025 

9 0.090 0.020 0.025 

Table 7: Errors from the BCI ROM for the experiments 

conducted within the temperature range used for generating 

the reduced-order model 

 

In Table 6, the three levels of temperature (25˚C, 50˚C and 

75˚C) used lie within 0 and 100 deg C (extreme values used 

while generating the ROM). Table 7 showed that the reduced-

order model can indeed be used in an environment that 

imposes any temperature between 0 and 100 deg C on any 

side of the 2D object.  The nature of reduced-order model 

generated using POD is such that it captures the characteristics 

of the data and does not confine itself to any particular 

boundary condition.  The premise that such a reduced-order 

model should be able to provide accurate results for any 

boundary condition, even for those that lie outside its 

generating range, was valid for the 1D case [17].  This is 

tested again with the 2D object using the DoE approach.  

Experiments used for testing of this premise are shown in 

Table 8.   

For the experiments in Table 8, the relatively low errors 

presented in Table 9 show that the reduced-order model 

generated using the POD-Galerkin method is truly boundary-

condition-independent. Although the BCI ROM was generated 

with insulated cases in its snapshot matrix, it failed to 

accurately predict certain combinations of insulated and fixed-

temperature boundary conditions.  By increasing the number 

of POD basis vectors, those combinations of insulated and 

fixed-temperature boundary conditions could be predicted 

with errors of approximately 10%.   

 

Expt. 
No. 

Top 
(˚C) 

Right 
(˚C) 

Bottom 
(˚C) 

Left  
(˚C) 

1 -200 -200 -200 -200 

2 -200 250 250 250 

3 -200 400 400 400 

4 250 400 -200 250 

5 250 -200 250 250 

6 250 250 400 -200 

7 400 250 -200 400 

8 400 400 250 -200 

9 400 -200 400 250 

Table 8: L9 Orthogonal Array for verifying truly boundary-

condition-independent nature of the reduced-order model 

 

Max Error (˚C) 

Expt. 
No. 

Initial  
Steady-

State 
Time 

Averaged  

1 0.300 0.160 0.150 

2 0.250 0.080 0.083 

3 0.400 0.160 0.016 

4 0.500 0.100 0.113 

5 0.220 0.080 0.086 

6 0.450 0.100 0.116 

7 0.400 0.120 0.138 

8 0.600 0.120 0.145 

9 0.450 0.040 0.062 

Table 9: Errors from the BCI ROM for the experiments 

conducted outside the temperature range used for generating 

the reduced-order model 
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4.3. Complex 2D Object 

The concept of BCI ROM is now extended to an object 

with increased complexity.  A reduced-order model is 

generated for the 2D object shown in Fig. 7. The object has 

the same dimensions as earlier but now it is constructed from 

two different materials.  Lower half of the 2D plate is made of 

copper (k =385 W/m2K, ρ= 8930 kg/m3 and cp =385 J/kgK-1) 

while the upper half is made of aluminum (k =201 W/m2K, ρ 

= 2710 kg/m3, cp =913 J/kgK-1).    The object also has two 

heat-generating point sources (S1 and S2) of equal strength 

located asymmetrically.  This arrangement of more than one 

material and multiple sources makes this a complex 2D object. 

The changes in material properties and the addition of sources 

are reflected in the co-efficient matrices ‘A’, ‘A0’ and ‘B’ of 

Eq. (4).  

The BCI ROM for the above object is obtained using 70 

POD basis vectors generated from the snapshot matrix 

constructed according to Table 4.  This BCI ROM is tested for 

boundary conditions within the range used for generating the 

reduced-order model as well as those outside that range.  The 

experiments are discussed in Table 6 and Table 8.   

 

 

 

    

 

 

 

 

 

 

 

 

 

Figure 7: Problem configuration for the 2D case with multiple 

materials and multiple heat-generating sources 

 

Max Error (˚C) 

Expt. 
No. 

Initial  
Steady-

State 
Time 

Averaged  

1 0.040 0.001 0.579 

2 0.080 0.080 0.052 

3 0.120 0.120 0.103 

4 0.090 0.090 0.069 

5 0.080 0.080 0.051 

6 0.110 0.110 0.069 

7 0.120 0.120 0.085 

8 0.140 0.140 0.086 

9 0.100 0.100 0.085 

Table 10: Errors from the BCI ROM for the experiments 

conducted within the temperature range used for generating 

the reduced-order model 

 

 

Max Error (˚C) 

Expt. 
No. 

Initial  
Steady-

State 
Time 

Averaged  

1 0.250 0.350 0.606 

2 0.140 0.350 0.311 

3 0.250 0.600 0.615 

4 0.180 0.550 0.411 

5 0.160 0.550 0.306 

6 0.180 0.700 0.412 

7 0.200 0.700 0.511 

8 0.220 0.900 0.515 

9 0.250 0.600 0.506 

Table 11: Errors from the BCI ROM for the experiments 

conducted outside the temperature range used for generating 

the reduced-order model 

 

Errors corresponding to the experiments in Table 6 are 

presented in Table 10, and errors corresponding to 

experiments in Table 8 are shown in Table 11.  It can be seen 

that the errors in all cases are less than 1˚C (over a range of -

200˚C to 400˚C).  Figures 8a and 8b show good agreement 

between the results from the detailed CFD model and the BCI 

ROM.  The maximum error, of the order of 0.1˚C, between the 

solutions from the detailed and reduced-order model still 

occurs only during the final time step.   
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(a) Detailed CFD Model solution 
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(b) POD Solution 

Figure 8: Comparison of solutions from detailed CFD model 

and BCI ROM for boundary conditions of Expt. 8 in Table 9 
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5. Conclusions 

The usage of POD-Galerkin methodology to generate BCI 

ROMs has been successfully demonstrated for both 1D and 

complex 2D objects. Major advantages of this methodology 

are as follows:  

• It is possible to predict the complete characteristics of the 

system with a high level of accuracy.  Difference between 

the detailed CFD model and the BCI ROM was always 

maintained less than 1˚C over a range of -200˚C to 400˚C 

for the complex 2D object. 

• It is possible to obtain large reduction in computational 

resources and time consumed. This was shown by reducing 

the computation of 2000 equations to 70 while preserving 

a high level of accuracy for the complex 2D object. 

• The methodology is capable of generating reduced-order 

models for any complex electronic package with multiple 

heat-generating sources. 

• The methodology is capable of accurately predicting 

solutions over a wide range of boundary conditions 

because of the truly boundary-condition independent 

nature of the obtained reduced-order model. 

• The methodology is capable of reliable and accurate 

prediction of transient solutions 

• Also, the methodology, by its nature, is capable of 

modeling the non-linear characteristics of complex 

electronic packages   

Future efforts will concentrate on extending this 

methodology to 3D objects and also on interfacing the 

methodology with existing commercial codes through user-

defined functions or macros.   
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