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ABSTRACT 

 

THERMO-MECHANICAL SOLUTIONS IN ELECTRONIC PACKAGING: 

FIRST TO SYSTEM LEVEL 

 

 

 

Aalok Trivedi, M.S.  

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Dereje Agonafer  

 Since the advent of the transistor and integrated circuit, the performance of electronic 

equipment has increased significantly while footprint of systems at all levels continues to 

decrease. Recently, the number of transistors on a high end microprocessor has exceeded a 

billion. All of the above has necessitated considerable improvement in cooling technology and 

associated reliability. In this era of high heat fluxes, air cooling still remains the primary cooling 

solution mainly due to its cost and ease of installation and operation. The primary goal of a good 

thermal design is to ensure that the chip can function at its rated frequency or speed while 

maintaining the junction temperature within the specified limit. With the focus on good thermal 

design, mechanical reliability related issues due to the weight of the heat sink on stresses 

induced on different components of the package also needs to be considered. With all this 

thermo-mechanical design going into at the first and the second level of the electronics design, 

leads to a system level problem. Owing to time-to-market requirements, CFD analysis allows to 

complete thermal optimization long before the product test can be made available bringing 
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about financial benefits and timely engineering support during product development. In this 

study, the development of a heat sink tester, analysis of effect of weight of heat sink assembly 

on mechanical reliability of WB-PBGA package, followed by a system level thermal solution for 

a telecommunication cabinet is presented. 

 Part-1 of the thesis focuses on a component level problem, “Experimental and 

Computational Characterization of a Heat Sink Tester”. Use of heat sinks as a thermal solution 

is well documented in the literature. Previous work exists where uncertainty in heat transfer 

coefficient for the heat sink tester is calculated by detailed uncertainty analysis based on Monte-

Carlo simulations [7]. In this study, the objective is to characterize a heat sink tester 

experimentally and computationally to see how these results correlate. Experimental 

characterization for commercially available heat sinks is done according to JEDEC JESD 16.1 

[23] standards and is compared against the vendor specifications and computational results. To 

obtain computational results, a CFD tool IcepakTM is used to carry out the thermal analysis. The 

results thus obtained from experimental characterization, computational analysis and vendor 

specifications are used for benchmarking the heat sink tester. 

Part-2 of the thesis addresses a package level mechanical reliability issue, “Effect of 

Weight of Heat Sink Assembly on Mechanical Reliability of a WB-PBGA package”. In this study, 

a stress analysis of described package is carried out to study the effect of weight of heat sink 

assembly on the mechanical reliability of the package. A three dimensional finite element model 

of WB-PBGA package and Printed Wiring Board (PWB) is solved numerically to predict the 

stresses induced and assess their impact on the mechanical integrity on different components 

of the package, which is accomplished by using a commercial analysis tool ANSYSTM. Die and 

C4 interconnect stresses are examined to evaluate package reliability. Stresses induced within 

the die and C4 interconnect are examined for different heat sink materials and variation of force 

developed by different heat sink attachments such as clip-on and screw-on types. Finally 
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recommendations are made regarding choice of heat sink material and clip force for overall heat 

sink assembly design.  

 Finally, part-3 of this study presents thermal solution to a system level problem, 

“Compact Modeling of a Telecommunication Cabinet”. The objective of this study is to present 

an overview of techniques to minimize the computational time for complex designs such as heat 

exchangers used in telecommunication cabinets. The discussion herein presents the concepts 

which lead to developing a compact model of the heat exchanger, reducing the mesh count and 

thereby the computation time, without compromising the acceptability of the results. Compact 

modeling, selective meshing, and replacing sub-components with simplified equivalent models 

all help reduce the overall model size. The model thus developed is compared to a benchmark 

case without the compact model. Given that the validity of compact models is not generalized, it 

is expected that this methodology can address this particular class of problems in 

telecommunications systems. The CFD code FLOTHERMTM by Flomerics is used to carry out 

the analysis. 
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CHAPTER 1 

INTRODUCTION 

1.1 What is Electronic Packaging? 

Electronic packaging is a link that interconnects the IC’s and other electronic 

components into a system, providing a structurally and environmentally protected enclosure for 

electronic circuits enabling the transfer of signals and the diffusion of heat. In other words, it 

performs three basic functions:  

1. Provide electrical connection  

2. Thermal management and 

3. Form a structural and environmental protective enclosure for semiconductor devices 

and electronic components  

It encompasses the semiconductor devices, interconnects, cooling and mounting mechanisms, 

along with facilitating production and assembly processes needed to create electronic products. 

Often times, it is the packaging and assembly strategy that decides the weight, size, durability, 

performance, and cost of the product. Increasing the electronic packaging technology 

determines the productivity and competitiveness of the electronics industry. Electronic 

components can be roughly characterized into active and passive components. Active 

components consume power in delivering functionality within a system, while passive provide 

connection, mechanical support, filtering, noise reduction, and other functions which are critical 

to the performance of active devices.  

 

1.2 Why Electronic Packaging? 

Electronic products are now integral parts of our personal and professional lives. They 

enable us in communication, access of information, management of offices and homes, 
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transportation, manufacturability and entertainment. The technologies, referred to in the context 

of electronic products, are microelectronics for processing information, optical and magnetic 

storage for storing information, photonic and wireless communications for transferring 

information, micro-machined micro-sized motors to serve in medical electronics, batteries for 

supplying the power, device and integrated systems packaging to end up with integrated and 

highly functional products [1]. In other words, the electronic or microsystems packaging has a 

big chunk of share in the markets as depicted in figure 1.1, representing the current and future 

trend for electronic packaging: 

 Computer and Business equipment 

 Military and Aerospace 

 Automotive industry 

 Communications 

 Industrial and Medical 

 Consumer 

 

Figure 1.1 Electronic packaging market [4] 
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1.3 Packaging Levels 

To develop a thermo-mechanical design for a specified electronic product, it is 

important to know the different packaging levels. The packaging hierarchy is divided into three 

structural levels: 

 First level package: Chips into single-chip modules (SCM) or multichip modules (MCM) 

 Second level package: Components (SCMs, MCMs, connectors, etc.) on a printed circuit 

board (PCB) 

 Third level package: PCB assemblies, cables, power supplies, cooling systems, and 

peripherals into a frame or a box 

 

Figure 1.2 Packaging hierarchy [1] 

The chip or integrated circuit (IC) device is separated from its wafer and packaged on a 

carrier as a single-chip package (SCP) or a multichip package or module (MCP or MCM). The 

package is then assembled onto a larger PCB usually referred to as a card or a board. The card 
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assembly is mounted on a back plane which may carry many adapter cards that provide 

different functions and may act as interfaces to the world outside the computer box. So with 

these discrete structural levels in electronic packaging, it is very important to focus on the level 

of the package which is worked on. Moreover, based on the level of the package to be 

addressed, there are varied thermo-mechanical solution techniques that could be implemented 

for the optimal and reliable working of the electronic product [2]. Different structural hierarchical 

levels in electronic packaging are shown in figure 1.2. 

 

1.4 Power Trends in Electronics 

In 1965, Gordon Moore published a prophetic article stating, the number of transistors 

that can be inexpensively placed on an integrated circuit is increasing exponentially, doubling 

approximately every 18 months, figure 1.3. The trend has continued for more than half a century 

and is not expected to stop for another decade at least and perhaps much longer [38]. 

 

Figure 1.3 Moore’s law [1] 
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Hence, since the advent of the transistor and integrated circuit, the performance of 

electronic equipment has increased significantly while footprints of systems at all levels continue 

to decrease. Moreover, NEMI 2000 reports say that the chip power is going to be 300 Watts by 

year 2012. Figure 1.4 depicts the power per product footprint for all levels of packaging covering 

most of the applications of electronic packages. Owing to the increasing high power trend, it is 

becoming a challenge to manage the thermal loading without compromising the efficiency and 

power capabilities of the electronic packages. 

 
 

Figure 1.4 Power density chart [3] 

Presented in figure 1.5 and 1.6 are, the power trends for the chip power and chip heat 

flux respectively. The chip power and heat flux have increased and are going to increase for 

days to come. With continuous trend towards increase in power, efficient thermal management 

with mechanical reliability are the challenges limiting the technological development in 

electronic packaging industry. 
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Figure 1.5 Chip power dissipation chart [6] 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.6 Chip heat flux chart [6] 

 
1.5 Thermal Management 

Decreasing the temperature of a component increases its performance as well as 

reliability. In addition to lowering the junction temperatures within a component, it is sometimes 

also important to reduce the temperature variation between components that are electronically 

connected in order to obtain optimum performance. Thermal considerations become an 

important part of electronic equipment because of increased heat flux. Thermal management of 

electronic components may employ different heat transfer modes simultaneously and acting at 

different levels: 
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1.5.1 First Level Package Cooling     

 The chip package, which houses and protects the chip, forms the bottom of the 

packaging hierarchy or first level. Thermal packaging at this level is primarily concerned with 

conducting heat from the chip to the package surface and then into the printed wiring board. At 

this packaging level, reduction of the thermal resistance between the silicon die and the outer 

surface of the package is the most effective way to lower the chip temperature. The reduction of 

thermal resistance can be brought about by using die-attach adhesives with diamond, silver, or 

another high conductivity filler material, thermal greases, and so-called phase change materials, 

which soften at the operating temperature to better conform to the surface of the chip or 

different available forms of heat spreaders. The cooling can be brought about by active cooling 

techniques like air jet impingement and dielectric liquid, heat sinks and immersion in a dielectric 

liquid are the respective examples of the cooling techniques [1]. 

1.5.2 Second Level Package Cooling     

 The printed wiring board (PWB), which provides the means for chip-to-chip 

communication, constitutes the second level. Heat removal at this level occurs both by 

conduction in the printed wiring board and by convection to the ambient air. Use of thick, high 

conductivity printed wiring boards with heat sinks or heat pipes on the back side could be ways 

to take away heat from the board. Most of the times in network equipments, heat is taken away 

from the printed wiring board by having internal air flow loops created by fans or blowers [1]. 

1.5.3 Third or System Level Package Cooling     

 The back-plane or motherboard, which interconnects the printed wiring boards, is 

termed as the third or system level. Thermal management at this level generally involves the 

use of active thermal control measures, such as air handling systems, refrigeration systems, 

heat pipes, heat exchangers and pumps. Depending on the application to be served, it might be 

possible to cool the module and/or rack by relying on the natural circulation of the heated air [1]. 

 



 

8 
 

1.6 Mechanical Integrity of the Package 

Recent leaps in the electronic packaging has necessitated considerable improvement 

in cooling technology and associated reliability. Heat sinks play an important role in cooling 

technology by providing an increased surface area to dissipate heat. Increasing the surface 

area implies added weight exerted on the package which is a function of density of material 

used, with the options of Copper, Aluminum and Graphite considered in this study. Stresses 

induced in the package for all these combinations needs to be investigated. The package 

should be designed in such a way that the stress in any component should not exceed the 

permissible limits of that material and moreover, the thermo-mechanical and cyclic loading 

reliability should also be acceptable. All these factors are to be considered while selecting the 

cooling mechanism and finalizing the design for the package.  

 

1.7 Computational Fluid Dynamics in Electronic Packaging 

CFD tools like FLOTHERMTM and IcepakTM allows engineers to model electronic 

system designs and perform heat transfer and fluid flow simulations that can increase a 

product’s quality and significantly reduce its time-to-market. These tools provide complete 

thermal management system that can be used to solve component-level, board-level, or 

system-level problems. It provides design engineers with the ability to test conceptual designs 

under operating conditions that might be impractical to duplicate with a physical model, and 

obtain data at locations that might otherwise be inaccessible for monitoring [26].  

On similar lines, when it comes to structural and reliability related issues, ANSYS 

Workbench platform provides an environment that offers an efficient and intuitive interface to 

simulate the physical problem and perform the required analysis. It is a tool having thermal, 

mechanical and fatigue problem solving capabilities amongst others, hence can provide thermo-

mechanical solutions in electronic packaging. Optimization is another feature which allows a 
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control on a variable by systematically choosing the values for other variables from within an 

allowed set [27].  
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CHAPTER 2 

INTRODUCTION 

2.1 Background 

Developments in the semiconductor industry, along with consumer demand for 

cheaper, lighter, high-density information processing tools, have in effect revolutionized the 

entire electronic packaging infrastructure. The result of this demand has been the rapid 

development of high-density, high-function, semiconductor devices with ever increasing 

functionality packaged into smaller and smaller devices. The increased power dissipation of 

today’s integrated circuits has made the knowledge of junction to ambient thermal resistance, 

more important to those who manufacture and use these devices than ever before. The junction 

to ambient thermal resistance, Rth, is a measure of the temperature rise of the die’s active 

surface (junction) above the temperature of the ambient coolant fluid, per unit power 

dissipations, and is given by, 

( )
P

TT
R aj

th

−
=      (2.1) 

where, Tj, Ta, and P, are the chip junction temperature, the ambient coolant fluid temperature, 

and the chip power dissipation, respectively. 

This junction to ambient thermal resistance, Rja, is composed of three primary thermal 

resistances in series, and can be expressed as, 

sapsjpja RRRR ++=     (2.2) 

where Rjp, Rps, Rsa are the thermal resistances between the junction to package, 

package to sink, and sink to ambient, respectively. Figure 2.1 shows schematic of a 
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microprocessor chip that is cooled with a heat sink, which is attached to the chip via a thermal 

interface. In such a configuration, the junction to package thermal resistance, Rjp, represents the 

chip conduction resistance, and one dimensional spreading due to the non-uniform heat flux, 

respectively. The package to sink thermal resistance, Rps, takes into account the impedance to 

heat flow due to presence of the thermal interface material that resides between the top of the 

chip package and the bottom of the heat sink. The sink to ambient thermal resistance, Rsa, 

includes the conduction from the heat sink base and fins, the convective heat transfer between 

the finned surface and the coolant flowing through the passages, as well as the sensible 

temperature rise in the coolant fluid as it carries the heat away. Thus, the challenge is to 

accurately measure the performance of a high performance cold plate or a heat sink, when its 

performance is comparable (or better) in magnitude to that of the thermal interface that is used 

to attach it to a heater surface. This study is experimental validation of heat sink tester, 

designed previously in [7, 8].   

 

Figure 2.1 Chip cooling with a heat sink 

 

2.2 Thermal Management 

Heat sinks have been an integral part of electronic systems for almost 40 years now. 

Several modifications in base geometry, fin geometry and materials have been made during the 

course of years to achieve lower thermal resistance and higher heat transfer coefficient. Initially, 
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the focus was on enhancing the heat transfer area by increasing the number of fins, thereby 

increasing the size of the heat sink. This approach can have two drawbacks:   

1. Pressure drop and hence pumping power increase across the heat sink  

2. Weight of the heat sink increases 

Due to the low thermal conductivity and low specific heat of air, several investigators came to 

conclusion that air cooling is not good enough for high power chips [5].  

However, placing a fan directly above heat sink enhances the heat transfer coefficient 

significantly [14]. On the same lines, heat sinks are extensively used in desktop and laptop 

cooling applications. Despite drawbacks in deploying air cooling techniques, this technology is 

here to stay at least for low powered devices. Khan et. al [16] has analyzed the role of fin 

geometry in heat sink performance. They concluded that the square pin fin heat sink was worst 

as far as heat transfer and drag force, and in terms of total entropy generation rate. Rectangular 

and elliptical pin fin outperformed all other fin geometries in terms of total entropy generation 

rates. Bar-Cohen and Iyengar [17, 18] established geometric constraints that are encountered in 

today’s heat sinks, optimized the fin geometry to increase the heat transfer coefficient by 

minimizing weight and pressure drop based on a least energy and least-material methodology. 

Moreover on printed wiring boards, in order to cool the critical components, heat sinks of 

various kinds are by far the most common heat management option deployed. So still there is a 

lot of research going on optimizing the heat sink design to fulfill the purpose of thermal 

management keeping in mind the other constraints. 

 

2.3 Research Overview 

Summarizing the air cooling technology, alongside having constraints of low heat 

transfer coefficients compared to liquid and direct cooling technologies, increased size and 

weight constraints, this technology has an edge and is here to stay owing to its low cost, 

simplicity, and ease in installation and maintenance. There is a need to develop a reference 



 

14 
 

methodology to characterize the heat sinks, so that consistency is maintained between vendor 

specifications and customer requirements. An effort has been made in that regards, to 

benchmark a heat sink tester which could be used to characterize various heat sinks with 

acceptable dimensional and material properties compatible to the tester. 

Heat sinks tested here are provided by Alpha Novatech Inc. and Aavid Thermalloy Inc. 

[34, 35]. In many instances, it is directly assumed that the base temperature of heat sink is 

constant. In reality however, temperature and hence heat flux distribution across the base is not 

uniform. According to the computational and uncertainty analysis done in [7, 8] a huge amount 

of error is introduced in measuring heat flux and heat transfer coefficient due to the errors in 

temperature measurement. To an extension of the previous work, several commercially 

available heat sinks are characterized and validated against vendor specifications and 

computational results. 
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CHAPTER 3 

COMPUTATIONAL MODEL 

3.1 Computational Model Description 

The heat source used in this study is a custom made heat sink tester that was 

designed to have a uniform heat flux distribution at the base of the heat sink. A unique approach 

of heater block and heater coupon was used. The advantage of this type of arrangement is that 

with the heater block remaining the same, coupons of different materials and different cross-

sections can be used. 10 x 10 mm (100 mm2) and 20 x 20 mm (400 mm2) are the different sizes 

and corresponding cross-section of heater coupons used for characterization. Thus, various 

different heat sinks or cold plates can be tested. The computational modeling was strongly 

validated by an uncertainty analysis using Monte Carlo simulations and it was found that error 

involved in heat transfer coefficient was within 10% of the simulation result, with assumed errors 

in concerned parameters [7]. Figure 3.1 depicts the solid model of heater coupon and heater 

block followed by an exploded view of the assembly.          

 

                            (a)                                                            (b)  

Figure 3.1 Heat sink tester arrangement (a) Heat sink tester layout (b) Exploded view of the 
assembly 
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3.2 Icepak Modeling 

IcepakTM a commercial code is used to compare and validate the experimental studies. 

Figure 3.2 shows the Icepak model for the heat sink tester apparatus. A macro in Icepak 

(JEDEC enclosure) is used to simulate a numerical wind tunnel to replicate actual testing 

conditions as shown in figure 3.3. The cold plate tester is positioned in center of the enclosure. 

Heat transfer coefficient of 1 W/m2K is applied on the heat sink tester to take into consideration 

the losses. Same cfm of 18 to 24 range is used in computational experiments, as it was done 

while experimental characterization. 

H eat S ink

Heater B lock  

H eater Coupon

 

Figure 3.2 Icepak model of the heat sink tester apparatus 

 

Figure 3.3 Computational model for the heat sink tester setup 
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Three heat sinks that were tested on an air flow bench were also studied 

computationally. A heat transfer coefficient of 1 W/m2K is applied on the blocks for modeling of 

losses. The temperature difference between base of heat sink and ambient temperature divided 

by the power applied is taken as the thermal resistance of heat sink. Figure 3.4 shows the 

temperature contour across the heat sink. The contours are taken at mid-plane in the z 

direction. 

 

 

Figure 3.4 Temperature contours taken at the center of Z-plane 

 

3.3 Meshing 

Figure 3.5 shows hexahedral meshing used to mesh the model. The model is meshed 

heavily in solder and thermocouple areas and a relatively coarse mesh is used in the cabinet 

and other areas.  
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Figure 3.5 Model mesh (Hexahedral mesh) 

Figure 3.6 shows the grid independence. The temperature of one of the heaters is 

monitored; the number of elements is changed from 70,000 to 750,000. The percentage 

variation in temperature is observed to be within 1%, hence the model can be considered to be 

grid independent. 

 

Figure 3.6 Grid sensitivity analysis 

 

 

 

 

 

 



 

19 
 

CHAPTER 4 

EXPERIMENTAL VALIDATION 

4.1 Airflow Chamber Configuration 

 The air flow chamber used for the experimental testing comprised of different 

components and sections as shown in figure 4.1. The air flow chamber facilitates computing: 

 System resistance 

 Fan performance curves 

 Thermal resistance 

 

 
  

Figure 4.1 Schematic of an air flow bench [37] 

Air flow bench comprised of a blower with capability of producing flows in both the 

directions at ~10-4000 cfm. It has three tubes connected to pressure transducers for static and 

differential pressure measurement. The pressure transducers are connected to a Data 

Acquisition Centre (DAC) and ultimately to LabVIEW for data analysis and measurement [29]. 

The pressure transducer situated on the side of the airflow plenum allowed measurement of the 

static pressure drop across the test section while the second pressure transducer measured 

pressure drop across the nozzle section and gave airflow in cubic feet per minute (cfm). By 
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selecting an appropriate nozzle or combination of nozzles in the nozzle section, desired flow 

rate can be generated as per requirement. Air flow rate can be adjusted by changing the 

rotational speed of the counter blower. 

 

4.2 Test Setup 

The heat sink tester assembly comprised of the heater block where nine cartridge 

heaters were used, and a heater coupon that uniformly spreads heat at the base of the heat 

sink. The coupon has flux meter arrangement as shown in figure 4.2. Holes are drilled at a fixed 

distance of 1 mm starting from top of the coupon stub. Thermocouples are inserted in these 

holes to obtain the temperature. Six temperature values obtained are plotted against position of 

thermocouples starting from the base of heat sink. The Y intercept of curve drawn through these 

points gives the temperature of the base of heat sink. Various heat sinks were tested to confirm 

reliability of the heat sink tester and ensure repeatability. 

 

Figure 4.2 Experimental setup 

 

4.3 Experimental Test Procedure 

With the setup discussed, following is the procedure that was followed to carry out the 

experiment: 
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 Total power across all the nine heaters was 28 W. 

 Heat sink tester assembly other than the heat sink area was insulated in order to 

minimize the heat transfer losses. 

 At all the interfaces; heaters and heater block, heater block and heater coupon, heater 

coupon and thermocouple and heater coupon and heat sink, a thermal interface 

material (Silicone compound K = 3.7 W/m oK) was applied to minimize the interface 

thermal resistance. 

 The system was pressurized, or in other words made leak proof to avoid any air 

leakage during the test to minimize losses. 

 Nozzle section was setup up with nozzles that could provide the required flow rate. 

  After powering up the cartridge heaters and turning on the counter blower at the 

required flow rate, sufficient time was given to the system so that the steady state was 

achieved.   

 At this point, the pressure and temperature readings were taken, and temperature 

readings were extrapolated to obtain the temperature at the base of the heat sink. 

This experimental procedure was repeated throughout the experimental investigation to 

ensure both accurate and reliable data. This data was then compared to the data obtained from 

the vendor data and CFD analysis.  

 

4.4 Commercial Heat Sinks Tested 

Three heat sinks were tested on the air flow bench. The results were compared with 

the uncertainty analysis and computational results, thus validating the accuracy of the heat sink 

tester. The heat sinks tested in this study are shown in figure 4.3.  

 

 



 

22 
 

                                        

           (a)                            (b)                                          (c)  

Figure 4.3 Heat sinks tested [34, 35], (a) 11-P351-03, (b) P52120SB-45B and (c) PAL 6030 

 
4.5 Calculations 

The data that was collected during the experiment using LabVIEW, was for the 

differential pressure (Pn), static pressure, and temperature at the base of the heat sink (Tb). The 

ambient air temperature (Ta) reading was obtained from a gauge connected to the air flow 

bench. The values for current and voltage were obtained from the variable voltmeter.  

The calculation of thermal resistance of the heat sink was computed from the 

formulation: 

        bT  = aT  + ( P  ×  thR )              (4.1)                                                   

Where power generated by the cartridge heater is given by 

        P  = V ×  I                (4.2)                                                                                       

The airflow rate generated by the airflow bench is given by, 

         Q  = ( VA× ) ×  60                                    (4.3)                                                                                         

where   V  = 2
2

r
gPn                                (4.4) 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

5.1 Area Effect on Heat Transfer 

To understand the effect of area on the heat distribution pattern, heater coupons with 

100 mm2 and 400 mm2 area were characterized using CFD tool Icepak.   

 
 

 
 
 
 
 
 
 
 
 
 
                             (a)                                                                   (b)  

 
 
 
 
 
 
 
 
 
 
 
 
 
                                  (c)                                                 (d)                              

Figure 5.1 Area effect on heat distribution (a) 400 mm2 heater coupon (b) 100 mm2 heater 
coupon (c) 400 mm2 heater coupon temp contours (d) 100 mm2 heater coupon temp contours       
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As can be seen from temperature contours shown in figure 5.1, 400 mm2 area heater 

coupon has got more uniform heat distribution with lower maximum temperature value, 

attributed to higher heat transfer area. Heater coupon with 100 mm2 area has a disadvantage of 

higher heat loss for the same heater coupon height at the cost of heat distribution. Hence, this 

data should be used to bring about the right trade-off while selecting the heat sink tester so an 

optimum design is obtained with maximum possible accuracy. 

Figure 5.2 depicts the temperature contours for 100 mm2 area heater coupon looking 

from the top at various heights from the top. Greater the height of the coupon from the bottom, it 

allows more time for uniform heat distribution and better accuracy. But the height of the coupon 

comes at the cost of heat loss, so again an optimized height should be designed to bring about 

the right balance between the heat loss and accuracy due to better heat distribution.  

  

  

 

 

 

 

 

         (a)            (b)            (c)  

Figure 5.2 400 mm2 heater coupon heat flux distribution at different heights (a) Bottom (b) 
Middle (c) Top 

 
5.2 Experimental Results 

 A series of heat sinks were tested on an air flow bench. The heat sinks were 

tested with different flow bypass areas and varied range of cfm to have a good idea about the 

thermal resistance. Initially readings were taken in conditions that were described by the vendor 

and with an off the shelf heat source mainly for benchmarking purposes. It is observed that the 
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thermal resistance curve suggested by vendor and the curve obtained are in good agreement 

(within 10 %).  

Thermal Resistance Vs Flow Rate for P52120SB-45B
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Figure 5.3 Thermal resistance curve for P2120SB-45B heat sink 

Thermal Resistance Vs Flow Rate for PAL 6030
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Figure 5.4 Thermal resistance curve for PAL 6030 heat sink 

Figure 5.3 and 5.4 shows the thermal resistance vs. flow rate curve for P52120SB-45B 

and PAL 6030 heat sinks respectively. These were tested under the conditions that were 

described by the vendor. It is verified that the arrangement gives results under acceptable limits. 

The same heat sinks were tested with the designed heat sink tester. It is observed from 

comparisons that the thermal resistance curve presented the exact same trend but the values 

were significantly different. Difference in magnitude was expected as we were using a source of 

different cross-sectional area. Moreover, the temperature readings were flickering. This was 



 

26 
 

mainly due to the limitation on the accuracy with which the thermocouple can measure the 

temperature. The thermal interface material was applied to the spherical tip of T-type 

thermocouple and was tested again, and it was found that the readings became less flickering 

and ultimately brought the error down. Once it was assured that the methodology used was 

correct, other heat sinks were tested using the 400 mm2 heater coupon.  

 

5.3 Computational & Experimental Results Validation 

 

Figure 5.5 Thermal resistance comparison for PAL 6030 heat sink 

 

Figure 5.6 Thermal resistance comparison for 11-P351-03 heat sink  
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Figure 5.7 Thermal resistance comparison for P52120SB-45B heat sink 

Figures 5.5, 5.6 and 5.7 show the thermal resistance plots of PAL 6030, 11-3P51-03 

and P52120SB-45B heat sinks taken at same CFM range. Heat sink P52120SB-45B was also 

tested using 100mm2 heater coupon to check the effect of area on the thermal resistance. The 

results obtained verified the importance of spreading resistance as the thermal resistance value 

jumped significantly from 0.75 to 1.1 (oC/W), as shown in figure 5.8. 
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Figure 5.8 Thermal resistance comparison for different heater coupon areas 

 

5.4 Inferences 

The difference in thermal resistance can be considered associated with the spreading 

resistance across the heater coupon and heat sink. The cartridge heaters were applied a layer 
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of Silicone paste to avoid heat loss. The thermocouples were inserted fully into the flux meter 

type arrangement still there was a possibility that there can be some heat loss there too. The 

temperature obtained after extrapolation was compared with the readings taken by placing 

thermocouples directly on the top. They were in agreement and hence one dimensional heat 

flow was confirmed.  

Comparing the computational (0.93oC/W) and experimental (0.84oC/W) thermal 

resistances for PAL 6030 heat sink, it was observed that there was a 10% difference. This 

difference in thermal resistance can be attributed to the heat losses.  
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CHAPTER 6 

CONCLUSION 

 An attempt has been made to study thermal resistance of heat sinks using a 

custom designed heat sink tester. The heat sink tester was designed to provide uniform heat 

flux at the base of the heat sink. The computational design was done in IcepakTM . The 

uncertainty analysis was done by incorporating box-muller equation in Monte-Carlo simulations 

[7]. The experimental study validated this uncertainty analysis and computational model. 

The difference in thermal resistance depends a lot on size of heat source and heat flux 

distribution at the base of the heat sink. The thermal resistance value of PAL 6030 heat sink 

was found to be 0.84 oC/W by experimental study and 0.93 oC/W by computational study which 

corresponds to 9.6% error using a 400 mm2 heater coupon. The difference in computational and 

experimental thermal resistances was because of the difference in assumed thermal resistance 

of interface material (in computational model) was different than the actual one. This could be 

because of non-uniform thickness of interface and non-uniform thermal conductivity. Also there 

can be some loss of heat due to conduction and natural convection through insulation. So 

summarizing, the heat sink tester developed provides a good reference for validating various 

commercially available heat sinks depending on geometric compatibilities. 

Future work needs to be done to develop and establish an experimental setup and 

procedure, to characterize heat management devices for manufacturing flaws like porosities, 

impurities, fan failures and likes. This procedure needs to be quick in order that the 

characterization can be done in very short times for permissible number of tests. 
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PART-2  
 
 

EFFECT OF WEIGHT OF HEATSINK ASSEMBLY ON MECHANICAL RELIABILITY OF A 
WIRE BONDED PLASTIC BALL GRID ARRAY PACKAGE 
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CHAPTER 7 

INTRODUCTION 

7.1 Background 

 Plastic Ball Grid Arrays (PBGA) is one of the most popular packaging alternatives for 

high I/O devices in the industry and has more or less replaced traditional plastic quad flat packs 

(PQFPs). With no leads to bend, PBGA has greatly reduced co-planarity problems and thus has 

minimized handling issues. Also during reflow the C4 interconnect are self-centering, reducing 

placement problems during surface mounts. The larger ball pitch (1.25 mm) gives the package 

good strength and improves the yield. From the thermal and electrical performance perspective, 

PBGA has got an edge over QFPs and PQFPs. Owing to all the advantages, they find a wide 

range of applications in computers, automotive electronic systems, wireless infrastructure, etc. 

Drastic downsizing and increased performance of packages imposes higher heat 

dissipation problems and asks for more efficient heat sinks. Depending on the thermal load 

applied by the package and the cooling requirement, there are different types of heat sinks 

available with various materials, design and accessories. Primary objective of the heat sink is to 

absorb heat from the processor and dissipate it to the atmosphere by conduction, convection 

and radiation. Clip-on type, screw-on type and adhesive bonding [10] are means by which heat 

sink can be mounted on to the package. The material of the heat sink, its size, accessories, and 

the mounting mechanisms corresponds to the load applied by the heat sink on to the package. 

Also, with increased performance of the package, the weight of the heat sink also increases. 
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In this study a stress analysis of WB-PBGA was carried out to study the effect of weight 

of heat sink assembly on the mechanical reliability of the package. While doing so, a three 

dimensional finite element model (FEM) of WB-PBGA and printed wiring board (PWB) was 

solved numerically to predict the stresses induced and assess their impact on the mechanical 

integrity of the die and package as a whole, due to the weight of the heat sink assembly.  

  Die and C4 interconnect stresses have also been examined to evaluate package 

reliability. Stresses induced within the die and C4 interconnect are examined for different heat 

sink materials. In addition, the variation of force developed by heat sink clip and screw (screw-

on type mounting) has been examined. The modeling utilizes a solid model for geometry 

creation and a finite element commercial program for simulation. 

 

7.2 Research Overview 

Previous work has been done to study the effect of adhesively bonded heat sink and 

the effect of the weight of the heat sink on the mechanical reliability of a two-layer wire bonded 

plastic ball grid array (WB-PBGA) package [10, 11]. Heat sink with its weight and mounting 

mechanism apply pressure and thereby stresses on the package. There are two types of heat 

sink mounting techniques discussed here and their respective stress fields. Clip-on and screw-

on type are the two methods by which heat sink can be mounted on to the package. In clip-on 

type, a clip is placed on two of the sides of the heat sink. The clip, with its two ends fixed along 

with the help of hooks from the package, applies a load to the center of the device. For the 

screw-on type there is only one clip which is fixed in the center with the help of screws on two 

ends. So basically owing to the difference in the arrangement, stresses induced by the two 

techniques are different and were analyzed. Figure 7.1 shows the trend of the thermal 

resistance vs. the heat sink weight. 



 

 33

 

Figure 7.1 Thermal resistance vs. weight of thermal management device 

 

7.3 Package Description 

A schematic diagram of WB-PBGA model whereby stress analysis was carried out is 

shown in figure 7.2. Dimensions of different components of the package are tabulated in table 2. 

A silicon die is placed over a substrate with the help of a die attach material. The die is further 

encapsulated by an Epoxy Molding Compound (EMC). EMC absorbs stresses acting on the die 

and also insulates the die from atmospheric effects forming a protective covering around the 

die. C4 interconnect provides connection between the bottom surface of the substrate and the 

Printed Wiring Board (PWB).   

 

 

Figure 7.2: Package schematic [9] 
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 C4 interconnect forms a full array with a pitch of 1.25 mm totaling 391. To maintain a 

junction temperature of a package below a specified limit, a heat sink is mounted on top of the 

EMC with the help of one of the heat sink mounting techniques discussed. Substrate considered 

for the package is as shown in figure 7.3, is made up of five layers which include two layers of 

solder mask, two layers of substrate copper layer and one BT composite layer. PWB used in 

this analysis is modeled according to the Joint Electron Device Engineering Council (JEDEC) 

standards [23]. It is made up of one signal layer, three power layers (IS2P) with upper and lower 

trace layers, thick internal power planes and thick core layers as shown in the figure 7.4. The 

thickness of different layers of substrate and PWB is shown in figure 7.3 and figure 7.4, 

respectively.   

 

 

 

 

 

                                             

 

Figure 7.3 Layers of substrate [9] 

           

          Figure 7.4 Layers of printed wiring board [9] 

Solder Mask 

Cu Layer (0.36mm) 

BT Resin (0.15mm) 

Cu Layer (0.36mm) 

Solder Mask (0.07mm) 
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CHAPTER 8 

COMPUTATIONAL MODEL 

8.1 Modeling Methodology 

 Geometry of the package is created as different parts and assembled using 

Pro/Engineer wildfire 3.0. This Pro/E assembly file is imported into ANSYS Workbench ™ 10.0 

to carry out further stress analysis [27, 28]. Figure 8.1 shows a quarter model of the package, 

heat sink not modeled.   

 

Figure 8.1 Quarter model of the package 

 

Figure 8.2 Quarter model with symmetry planes 
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Densities for different materials of the heat sink are as tabulated in table 1. Dimensions 

and material properties of the package components in terms of Young’s Modulus and Poisson’s 

ratio are tabulated in table 2 and table 3 respectively.   

 
Table 8.1: Heat sink material densities [31] 

 

 

 

 

 

Table 8.2: Package dimensions [9] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material of heat sink Density (kg/m3) 

Copper (Cu) 8.2 x 103 

Aluminum (Al) 2.7 x 103 

Graphite (Gr) 2.1 x 103 

Component Dimensions (mm) 

Die 10 X 10 X 0.3 

Die Attach Material 10 X 10 X 0.05 

Mold compound 25 X 25 X 1.15 

Substrate overall 25 X 25 X Total 

Thickness 

C4 interconnect Pitch = 1.25 (Full array) 

C4 Diameter, D= 0.76 

height= 0.28 

PWB overall 100 X 100 X 1.57 

Adhesive material 25 X 25 X 0.15 

Heat sink 70 X 90  X 35 
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Table 8.3: Material properties [9, 31] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 shows the quarter model of the package with the applied symmetry planes. 

Displacement on the symmetry side has been fixed in all directions i.e. x, y, z = 0 along entire 

symmetry planes. Material properties as given in table 3 have been assigned to the respective 

components. Young’s Modulus and Poisson’s ratio are the only material properties considered 

while doing this analysis. Heat sink material density is used to calculate pressure exerted by the 

heat sink on to the package using following expressions: 

Mass of heat sink,     Vm ×= ρ  (8.1) 

Corresponding force, amF ×=            (8.2) 

Component Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Die  162.7 0.278 

Die Attach Material 5 0.3 

Molding Compound 15.78 0.25 

Substrate 113.7 0.33 

PWB 13.37 0.11 

Solder Mask 4.13 0.2 

C4 Interconnects 19.71 0.35 

Adhesive 25 0.33 

PWB Solder mask 4.13 0.2 

T1/B1 BT composite 24 0.39 

PWB copper layer 113.7 0.33 
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Equivalent pressure,  
A
FP =                         (8.3) 

 

8.2 Heat Sink Assembly 

 When analyzing the reliability of the package, we need to consider all forces acting on 

it. This study specifically concentrates on two forces, first the force due to the weight of the heat 

sink and secondly, force due to the heat sink mounting technique used. The weight of the heat 

sink will vary with the type of heat sink material used which would ultimately be a function of the 

density of the heat sink material. Copper, Aluminum and Graphite are the heat sink materials 

considered here. The heat sink mounting techniques are: 

1. clip-on type and  

2. screw-on type   

Both these mechanisms apply force on the heat sink in a different manner which is explained in 

the following sections. 

8.2.1 Heat Sink Weight     

  Heat sink weight is one of the important factors which lead to stresses in the package. 

Further, weight applied by the heat sink is a direct function of the density of the heat sink 

material. Here Cu, Al and Gr are the materials used for the heat sink. All of these materials have 

their own merits and demerits based on their thermal capabilities and weight factor. Depending 

on the application, thermal performance, and stress limitations one needs to select the optimum 

configuration.   

 

Figure 8.3 Pressure applied due to heat sink weight 
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For calculating the force applied by the heat sink, the density of the heat sink material for a 

given heat sink volume was considered. The pressure was found out using the adhesive top 

area as shown in figure 8.3. 

8.2.2 Heat Sink Mounting Techniques 

 8.2.2.1 Clip-on Type 

One of the methods used to mount a heat sink on top of the package is with the help of 

clip attachments. There are two clips total, one on each side of the heat sink as shown in figure 

8.4. The two ends of the clip have hooks, which apply pressure on the sides of the heat sink 

with the help of a cam like central attachment. It has been found that the clip force applied is of 

the order of 2-5 lbf [33]. Clips retain the heat sink assembly in the socket by exerting a force on 

the heat sink and the socket. 

 

Figure 8.4 Clip-on type heat sink [9] 

 

The clip force, in turn, aids in forcing the grease to fill the many microscopic peaks and 

valleys on the heat sink and package surface, thereby reducing the interface thermal resistance. 

However, it has been determined that increasing the clip force beyond 5 lbf does not 

significantly increase the thermal performance of varied interfaces in the package. So in this 

analysis, a clip force of 2 to 5 lbf is considered, and the effects are analyzed on different 

components of a package. During analysis in ANSYS and while applying the boundary 
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conditions, an area equivalent to clip dimensions was considered on the sides of the heat sink. 

The corresponding pressure values as given by equation 9 were used as shown in figure 8.4. 

 8.2.2.2 Screw-on Type 

For this case, only one clip [32] is used as compared to two clips in the clip on type 

arrangement. Moreover, here the clip is placed right in the center of the package with the help 

of screws on the ends of the clips. A cam like attachment in the center of the clip applies force 

on the heat sink, which is then transferred to the package. To calculate the force applied by the 

clip in this case, cantilever theory is used. Considering one screw to be tightened completely on 

one end and the central cam like attachment just touching the heat sink surface, there would be 

some deflection towards the second screw side.  

 

 

Figure 8.5 Screw-on type heat sink [9] 

To overcome this deflection, force needs to be applied to offset. In the process of making the 

deflection zero, there would be some reaction force acting at the center, which would be the 

force applied by the arrangement. The deflection-force relationship used to determine reaction 

is:                               

EI
PL3

=δ                                                (8.4)                                    

 The area where the force would be applicable is again considered equal to clip 

dimensions. The point to be noted here is, the clip in this type of arrangement is in the center of 
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the package as shown in figure 8.5. So, from the available force and area a corresponding 

pressure is calculated, which is then used for the analysis. 

 

8.3 Meshing 

When the FEM is created it generated 284,966 nodes and 51,125 elements. With this 

large number of elements and nodes the analysis would take a lot of CPU time (60 min), so a 

quarter model has been created by imposing symmetry conditions decreasing the number of 

nodes and elements to 91,418 and 17,141, respectively reducing the CPU time to 15 minutes. 

Contact / target elements between components are created automatically within the ANSYS 

Workbench using bonded contact type as a default option. Quarter model of the package with 

the mesh is as shown in figure 8.6. 

 

 
Figure 8.6 FEM of the given package (Quarter model) 
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CHAPTER 9 

RESULTS AND DISCUSSIONS 

The stresses with different heat sink materials and the two mounting techniques were 

examined, and are discussed in the following sections. Figure 9.1 shows the equivalent stress 

distribution for the given package. As discussed earlier, a quarter model has been used owing 

to the advantage a symmetric model had to offer and figure 9.2 (a) shows the symmetry planes 

and the location of center of the die. The same convention is used in all the analysis plots. 

 

Figure 9.1 Equivalent stress for the given package 

 

Figure 9.2 shows the effect of different clip forces on stresses induced in the die. The 

heat sink used is Cu with clip force varying from 2 to 5 lbf. It can be seen that stresses are 

maximum at the edges of the die corresponding to where the pressure is applied on the sides of 

heat sink by the clip attachment. Moreover, by increasing the clip force, the stress distribution is 

moving towards the center of the package. 
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    (a)                                                                                      (b)  
  

                                

              (c)                                                                                  (d)  

Figure 9.2 Die stress for Cu heat sink due to clip-on type attachment (a) 2 lbf clip force, (b) 3 lbf 
clip force, (c) 4 lbf clip force, (d) 5 lbf clip force 

             

 Figure 9.3 shows the effect of screw force corresponding to clip deflection for Cu heat 

sink. As can be seen, the stresses are concentrated more towards the central part of the 

package. Moreover with increase in screw force, the stress distribution is moving towards the 

central part of the package. 

Symmetry planes Center of die 
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(a)                                                                           (b)  

                      

                  (c)                                                                                     (d)  

Figure 9.3 Die stress for Cu heat sink due to screw-on type attachment, corresponding to clip 
deflection of (a) 5mm, (b) 4 mm, (c) 3 mm, (d) 2 mm 

 
The magnitude of stress induced in die due to screw-on type arrangement is quite high 

as compared to that induced by clip-on type arrangement. Figure 9.4 shows the maximum 

stress on C4 interconnect with clip-on and screw-on type arrangements. Again owing to the 

arrangement, C4 interconnect stresses in clip-on type are more concentrated towards the 

periphery and towards the central part for screw-on type. Also the magnitude of stress in clip-on 

type is quite high as compared to screw-on type. So based on the limiting stresses for die or C4 

interconnect, choice of mounting technique can be made. 
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                        (a)                                                                                     (b)  

Figure 9.4 C4 interconnect stresses for Cu heat sink (a) 5 lbf clip force (b) Screw force 
corresponding to 5mm clip deflection 
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Figure 9.5 Effect of weight of heat sink on package stresses for clip type attachment 

Figure 9.5 shows the stresses induced in different components of the package with 

different heat sink materials at a given pressure system for clip-on type arrangement. As can be 

seen, the weight of the heat sink is an important factor which leads to stresses in the package. 

Cu with the maximum density induces maximum stress values whereas Al and Gr being less 

dense induce lower stresses. C4 interconnect is the package component where maximum 

stresses are produced for clip-on type arrangement. 

Symmetry planes Center of 
package 



 

 46

 

Stress values

0

1

2

3

St
re

ss
 (M

P
a)

Cu
Al
Gr

Cu 2.66 1.33 1.47 0.96

Al 2.38 1.05 1.33 0.91

Gr 2.11 1.03 1.31 0.91

Die
(Principal)

C4
(Von Mises)

Adhesive
(Von Mises)

EMC
(Von Mises)

 

Figure 9.6 Effect of weight of heat sink on package stresses for screw-on type arrangement 

 

Figure 9.6 shows the stresses induced in different components of the package with 

different heat sink materials at a given pressure system for screw-on type arrangement. Here 

again the weight of the heat sink plays a major role in determining the stress on the package 

assembly. However, for this case, the die is the package component where the maximum 

stresses are induced. 
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Figure 9.7 Effect of clip force (lbf) on package stresses 

            Figure 9.7 shows effect of clip force on stresses induced in different 

components of the package. Obviously with an increase in clip force the stresses induced 

increases but as discussed, an increase in clip force beyond a certain value does not add much 
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to the performance of the package. Also, there is a limit to the stress each package component 

can withstand depending on its material properties. Based on the analysis done, clip force to be 

applied can be determined with respect to the limiting stresses on the package. 
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Figure 9.8 Effect of screw force corresponding to clip deflection (mm) on package stresses 

            Figure 9.8 shows effect of screw force on stresses induced on components of 

the package. Here with an increase in screw force, stresses induced in the package 

components also increases. A compromise between screw force and stresses allowable needs 

to be determined. Also, it can be seen that absolute magnitude of stresses induced in this type 

of arrangement are a lot less than the clip-on type arrangement. 

 

 

Figure 9.9 Effect of heat sink mounting attachment on Die and C4 interconnect stresses 
induced for a given heat sink 
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           Figure 9.9 essentially implies that clip-on type arrangement leads to high 

stresses on C4 interconnect, whereas screw-on type has high stress fields on the die. 

Moreover, the overall magnitude of stress is high in clip-on type arrangement as compared to 

screw-on type arrangement. So based on the application, choice can be made for the most 

effective heat sink mounting mechanism. Figure 9.9 shows the relationship between the applied 

weight from the heat sink on the surface area of the die vs. the associated stress on the die’s 

balls. Figure 9.10 reveals that for equivalent weight of different materials, the associated stress 

on the die is identical. 

 

 

Figure 9.10 Die stress vs. weight applied by the heat sink 
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CHAPTER 10 

SUMMARY AND CONCLUSION 

A 3D finite element stress analysis of WB-PBGA package is carried out to study the 

effect of the weight of a heat sink and heat sink mounting techniques on mechanical reliability of 

the package. Here emphasis was given to stresses induced with different heat sink mounting 

techniques. The result showed high stresses in C4 interconnect for clip-on type arrangement 

and high die stresses for screw-on type arrangement with the absolute values of induced 

stresses being maximum for clip-on cases. Based on this results a decision can be made on the 

type of heat sink mounting technique to be used for a given package. Also, the analysis 

reflected that stresses induced in die and C4 interconnect are towards the periphery of the 

package for clip-on type arrangement and are towards the central part of the package for screw-

on type arrangement. Probable reason for this nature could be pressure concentration on the 

periphery for clip-on type and in the central part for screw-on type. Moreover the stress contours 

showed that stresses are more spread out for clip-on type as compared to screw-on type 

arrangement. 

The effect of the weight of different materials of heat sink was also analyzed. As was 

expected Cu being fairly heavier compared to Al and Gr induced more stresses on the package. 

But again Cu with high thermal conductivity gives better thermal performance as compared to Al 

and Gr. So keeping in mind weight of heat sink and the thermal performance required, an 

optimum choice has to be made. This again can be combined with type of heat mounting 

technique to be used depending on the package.   

 Further investigation needs to be carried out taking into consideration the heat sink 

assembly, limiting permissible stresses for package components, and thermal performance 
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required from the package. Also, this all can be combined with thermal cyclic loading on the 

package and thereby study their reliability issues.  Moreover, the objective of this study was to 

investigate the effect of weight of heat sink and heat sink mounting mechanism on mechanical 

reliability of considered package.  However, some arbitrary heat sink and thereby heat sink 

weight was considered, instead the analysis needs to be investigated to an industry problem 

with realistic weight and force values. 
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COMPACT MODELING OF A TELECOMMUNICATION CABINET 
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CHAPTER 11 

INTRODUCTION 

11.1 Introduction 

CommScope integrated cabinets provide environmentally secure enclosures for all 

types of electronic equipment. The cabinets optimize equipment density, heat transfer and 

dissipation, power reserve, environmental protection and ease of installation [30]. These types 

of enclosures, with their multiple equipment configurations, demand thermal performance tests 

and analysis. 

CFD allows quick and robust analysis for multiple test configurations and design of 

experiments. Without a computational approach, time-consuming prototype testing must be 

performed. Moreover, the permutations of equipment configurations can quickly grow, leading to 

an extended cycle of prototype builds, testing, and test configuring. With the ever increasing 

time-to-market requirements, testing a large enclosure with multiple configurations can be 

accelerated through simulation. Such simulations are very effective for studying design 

alternatives and exploring viable what-if scenarios. To ensure reliability and accuracy of the 

simulation model, high levels of detail are necessary in the regions of critical components. At 

the same time, non-critical areas can have reduced detail and lower mesh counts, if modeled 

properly. 

 

11.2 Research Overview 

Computational Fluid Dynamics (CFD) is widely used in the telecommunication industry 

to validate experimental data and obtain both qualitative and quantitative results during the 
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upstream and downstream of the product development. The objective of this research is to 

present an overview of techniques to minimize the computational time for complex designs such 

as a heat exchanger used in telecommunication cabinets. The discussion herein presents the 

concepts which lead to developing a compact model of the heat exchanger, reducing the mesh 

count and thereby the computation time, without compromising the acceptability of the results. 

The model can be further simplified by identifying the components significantly affecting the 

physics of the problem and eliminating components that will not adversely affect either the fluid 

mechanics or heat transfer, further reducing the mesh density. Compact modeling, selective 

meshing, and replacing sub-components with simplified equivalent models all help reduce the 

overall model size. The model thus developed is compared to a benchmark case without the 

compact model. Given that the validity of compact models is not generalized, it is expected that 

this methodology can address this particular class of problems in telecommunications systems. 

The CFD code FLOTHERMTM by Flomerics is used to carry out the analysis. 

 

11.3 Cabinet Description 

The CommScope cabinet considered here is amongst the mid-size cabinets of the 

CommScope Integrated Cabinets product line. The cabinet dimensions measures 

approximately 25 inches wide, 48 inches high and 18 inches deep. The equipment inside the 

cabinet is a function of application to be served. The cabinet discussed in this study consists of 

the customer telecommunications, DC-DC rectifier shelf, HX and inner/outer loop fan trays. The 

customer shelf itself consists of 12 circuit cards, all of which dissipate heat into the system. The 

shelf has thermostatically-controlled fans to enhance air flow and enable the internal fan tray to 

provide the desired cooling. Similarly, the DC-DC rectifier has four rectifier modules, each 

rectifier module having complex electronic circuitry and two fans for cooling. The customer shelf 

and DC-DC rectifier dissipate the majority of heat in the cabinet. 

The cabinet has two fan assemblies: 
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1. Bay fan tray (Inner loop, 2 fans) 

2. HX fan tray (Outer loop, 2 fans) 

The bay fan tray creates the inner loop air flow, i.e. pulls in internal air from the bottom 

of the customer shelf and exhausts the hot air to the intake of the HX. The air enters the inner 

loop of the HX from the top and after it has undergone cooling, the HX exhaust air is rejected to 

shelf inlet. On the outer loop side, the HX fans pull ambient air from the bottom side of the HX 

and the flow is from bottom to top. While air is flowing through both the respective loops, heat 

transfer takes place following the counter-flow HX principle and thus cooling the inner loop air. 

The warmer outer loop air is exhausted to the atmosphere. This cycle continues and the cooling 

medium (air in this case) never mixes. 

 

              

Figure 11.1 CAD model of the CommScope cabinet [CommScopeTM] 

Other then the above mentioned equipment, the cabinet includes a splice chamber, and 

batteries. Heater strips are used to simulate solar load. Figure 11.1 depicts a CAD model of 

various modules and their respective positions within the cabinet. So with this mix of 

components in the system, and all the modules constituting the system, it is imperative to 

attempt to reduce the complexity of the computational model and corresponding computational 

time without overly affecting the accuracy.  

Bay Fan Tray 

Customer Shelf 

DC-DC 
Converter Shelf 

Heat Exchanger

HX Fan Tray

Customer Shelf 
Fan Tray 
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CHAPTER 12 

COMPUTATIONAL MODELING 

12.1 Modeling Methodology 

Given the size of the cabinet and the complexity of the equipment, a system level 

analysis would require a fairly coarse mesh to keep the grid cells within computationally 

manageable levels. The model meshing can be coarsened to reduce solution time, however, 

coarse meshing can compromise model accuracy. In order to reliably reduce mesh counts and 

solution time, a modeling methodology depicted in figure 12.1 is employed resulting in a system 

level compact model as practiced in FLOTHERM. As depicted in figure 12.1, detailed models of 

modules used in the system level model are picked one by one. Our objective here is to capture 

the thermal and fluid flow data for each module, which can be accomplished in two ways as 

discussed in the following. 

12.1.1 Computational Analysis  

In this method, a CFD tool such as FLOTHERM is used to collect the air flow and heat 

transfer data. The detailed model of each module is created and the corresponding fluid and 

thermal data is computed in FLOTHERM using a simulated wind tunnel. This technique is 

frequently used as a method for flow and heat transfer characterization of thermal systems [13]. 

Flow corresponding to actual conditions is applied to capture the pressure drop, flow rate, and 

temperature values across the module. The detailed module is simplified inside the same 

simulated FLOTHERM enclosure until we get data similar to one achieved with a detailed 

model. A compact model thus obtained, can be used in the development of a system level 

model. 
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Figure 12.1 Modeling methodology [25] 

12.1.2 Experimental Analysis 

Actual thermal components are physically tested in a wind tunnel to determine pressure 

drop and temperature values across the system. The data collected this way is more reliable 

and more precisely matches with actual working conditions. Once we have the P-Q and thermal 

resistance curves, these values can be added to the corresponding compact model of the given 

component inside the system level model. 

 

12.2 Heat Exchanger Modeling 

Outdoor telecommunications cabinets can have one or more heat exchangers. For the 

case discussed, the cabinet has one counter-flow HX with dimensions of 15 inches width, 35 

inches height and 6 inches depth. In the detailed model of the HX, there are 75 vertical fins with 

corresponding top & bottom horizontal fins and similarly front & back vertical fins, to ensure 

separation of air flow between the loops. Due to this complex geometry, a HX unit of this type, 
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when modeled in detail, will contribute significantly to increasing the mesh density. The 

objective here is to develop a compact model of the HX and compare and validate it against the 

detailed model. 

 

                                       

                              (a)                                                                          (b) 

Figure 12.2 Isometric view of HX towards the inner loop side (a) Detailed HX model (b) 
Compact HX model 

 
In order to develop a compact model of the HX, the HX core needs simplification. To 

accomplish this, the HX casing and inner-outer loop intake-exhaust vents are kept as is, but the 

core is modified. The HX core is replaced by a volume flow resistance and a volume source 

resistance to simulate fluid flow and thermal boundary conditions respectively. To account for 

the resistance offered by the spacers that separate each fin, a volume flow resistance is 

assigned. As can be seen in figure 12.2, the detailed model of the HX has fins whereas the 

compact model has volumetric resistances. Thermal and fluid flow boundary conditions are 

simulated as discussed. 
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Figure 12.3 Wire frame view of the counter flow HX 

  

12.3 Customer Shelf Assembly 

Customer shelf is modeled using a similar approach as used to model the HX. 

Customer shelf contains 12 circuit cards that dissipate heat. Based on the maximum power 

requirements for each card, a lumped volumetric source resistance with the cumulative power is 

used to simulate the heat load. The power values for the customer shelf and DC-DC converter 

shelf are as tabulated in table 4. 

For the air flow resistance, data collected from lab testing is used and is input to the 

volumetric flow resistance macro. Another option is to model a detailed customer shelf and test 

in a wind tunnel created in FLOTHERM to capture flow, pressure and temperature values, these 

values will be used in creating a compact model of the shelf. However, the former test data 

method was used to develop a compact model for customer shelf. 

 

12.4 Air Movers 

Forced convection is used in order to maintain temperature below the allowable vendor 

specified temperature limits for electronic modules. To accomplish this, there are three fan trays 

placed inside the enclosure: 
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1. Bay fan tray (2 fans) 

2. HX fan tray (2 fans) 

3. Customer shelf fan tray (4 fans) 

A fan macro available in FLOTHERM is used to simulate and give input fan 

parameters. Input fan parameters required to simulate a fan are: dimensions, location, system 

(P-Q) curve, swirl speed and the fan power. In order to capture the data precisely, there are 

options available to specify fan facets to simulate air flow as closely as possible. Also, fans can 

be specified as axial, rectangular, linear and non-linear fans. 

 

12.5 Other Modules 

The remaining components used in the CommScope cabinet were modeled using a 

similar approach. A detailed model was first created to capture pressure, flow, and temperature 

characteristics. To ensure accuracy, lab test data was input into the FLOTHERM model. A 

compact model for each module was then created and used in constructing the system level 

model. 

 

12.6 System Level Enclosure Model 

As mentioned, a system level telecommunication cabinet model was constructed using 

each individual compact module discussed above. The modules were located as per the design 

and configuration to be analyzed. Openings and vents for air intake/exhaust were modeled 

using the corresponding free area ratio wherever applicable. All the vents and enclosure walls 

were created using collapsed features in order to minimize the mesh count. Also, if required we 

can simulate solar loading using heater strips with power values specified per Telcordia 

standards [24]. However, in this study the analysis was configured without solar load, as shown 

in figure 12.4.   
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Figure 12.4 FLOTHERM model of the CommScope cabinet [CommScopeTM] 

The system level telecommunication enclosure consists of: 

• Customer shelf 

• Heat exchanger 

• DC-DC converter shelf 

• Bay fan tray 

• HX fan tray 

• Splice chamber 

• Battery compartment 

                                        

Figure 12.5: Isometric view of the cabinet, solid and wireframe [CommScopeTM] 
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12.7 Meshing 

Meshing is the most critical step to create an efficient model. A dense or fine model or 

in other words, one with small element sizes and a high mesh count, would obviously be the 

most accurate but will result in a higher computation time. It is best to have an optimized mesh 

that allows for accurate results and minimal computation time. 

As a first step, identify the critical components affecting the air flow and thermal 

performance within the cabinet. Such critical components can be fans, blowers, heat sources, 

abrupt resistance to heat and fluid flow, and likes. With an option of localized meshing, the 

mesh around these components can be refined to get reliable data. The mesh in less critical 

areas of the system is left in a more coarse state. This approach is used to create a compact 

model for the cabinet having 234,246 cells, versus 431,646 cells for an unoptimized model. The 

reduction in grid cells for the compact model is about 40 % which will significantly reduce 

computation time. 
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CHAPTER 13 

BOUNDARY CONDITIONS 

13.1 Thermal Boundary Condition 

 This can be accomplished in two ways: 

13.1.1 Surface Exchange Factor Method 

Previous work exists where this method was employed to come up with a HX compact 

model [12]. A single surface is used to transfer the heat from the hotter internal loop to 

comparatively cooler external loop. With discrete internal and external loops, the air flow path 

still remains closed for internal loop and open for external loop. In order to simulate the heat 

transfer equivalent to an actual HX, a heat transfer coefficient is applied to this heat exchange 

surface. This value can be any random large number and is modified until correct values are 

obtained at the internal/external loop, intake/exhaust locations. Moreover for a 3D exchange 

surface, we can also vary the thermal conductivity of the plate until the desired values are 

achieved. For the case where both the values are altered, i.e. heat transfer coefficient and 

thermal conductivity, they should be varied until compact model simulates the actual HX. An 

isometric wireframe view of the HX with the heat exchange surface is shown in figure 13.1. 
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Figure 13.1 Isometric view of HX compact model used in Surface Exchange Factor Method with 
divider surface 

 
13.1.1 Volume Resistance Method 

In this method, the HX core is replaced by a volume source resistance occupying the 

same volume. “Volume source” is an in-built macro available within FLOTHERM. Once 

specified, the macro allows us to specify the amount of heat absorbed/rejected (W). This 

basically means, irrespective of the air temperature entering the HX, it would absorb/reject heat 

corresponding to the value specified by the following formulation:   

q  = 
•

m  Cp TΔ                                    (13.1)                                            

The HX air inlet/outlet temperatures are controlled by the cooling capacity specified for the HX. 

The sign of the heat capacity value, negative or positive, indicates heat absorption and rejection 

respectively. 

Loop divider  
surface 
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Figure 13.2 Isometric view of HX compact model used in Volume Resistance Method 

This method has an advantage over the previous one, as there are fewer variables. In 

the surface exchange factor method, heat transfer coefficient and thermal conductivity are 

adjusted until the compact model matches the detailed HX model. In this method, the only 

variable to adjust is HX cooling capacity. Cooling capacity is typically provided in the HX 

specification, or can be found from modeling the HX in a simulated wind tunnel to obtain flow 

and thermal performance numbers. This direct approach has an advantage over the surface 

exchange method and can be used to create a compact model of the HX and other modules in 

the cabinet.  

 

13.2 Fluid Flow Boundary Condition 

To account for the fluid flow resistance across the HX or in other words the system 

resistance offered by the HX, the volumetric fluid flow resistance macro available in 

FLOTHERM is used. This is accomplished by using a planar or volumetric fluid flow resistance. 

A volumetric resistance is used in this case. To account for the resistance, values need to be 

specified for free area ratio and the loss coefficient. In this case, the loss coefficient is computed 

from the following formulation: 

 
2

2vp ××
=

ρζ
  (13.2) 
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Loss coefficient (ζ) is a function of the air flow rate (Q) and the fluid (air) density and 

has units of length-1. The linear velocity (v) can be determined from the known flow rate value 

(Q) and the cross section across which the flow takes place. The loss coefficient value thus 

determined enable protection of fluid flow resistance and generate pressure drop and flow rate 

in the system accordingly.  

 

13.3 Thermal Load 

Based on the application to be served, the electronic equipment used inside the 

telecom cabinet is different. As discussed in earlier sections, a lumped volumetric power source 

is used to simulate the heat/thermal load. For the cabinet configuration considered, the power 

values are a tabulated in table 4. 

Table 13.1: Electronic equipment power values 

Sr. No. Equipment Power (W) 

1) Customer Shelf 200 

2) DC-DC Converter Shelf (η = 82 %) 36 
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CHAPTER 14 

RESULTS AND DISCUSSIONS 

The objective here is to examine the correlation between the results obtained by the 

detailed and the compact model data. Moreover, there is also a master check available, to cross 

check with the lab testing data. Monitor points as shown in figure 14.1 are located in both the 

models at approximately the same locations where the thermocouples were placed during the 

lab testing.  

 

Figure 14.1 Monitor point locations inside the cabinet 

Figure 14.2 shows temperature contours for detailed and compact models taken approximately 

at half the width of the cabinet where the hottest cards are located. It is evident that the compact 

and detailed models have both good qualitative and quantitative agreement.   
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                               (a)                                                         (b) 

Figure 14.2 Temperature contour plots at midpoint of the customer shelf width (a) Detailed 
model (b) Compact model 

 
Figure 14.3 shows the vector plots for the cabinet with both detailed and compact 

models of the HX. Observing the compact HX plot closely, we can see that we do not need the 

outer loop fan tray anymore. Basically, the heat capacity specified to the volume source 

resistance takes care of the HX heat transfer. There is no flow across the outer loop, but still the 

inner loop intake and exhaust temperatures will have the temperature values corresponding to 

the detailed model data. 

                               

                     (a)                                                                  (b) 

Figure 14.3 Vector plots at midpoint of customer shelf width (a) Detailed model (b) Compact 
model 
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Comparison from table 5 and figure 14.2 shows very good agreement between compact 

model, detailed model, and lab test data. The variation in temperature for the configuration 

considered is within ± 1 oC. For all the simulations included in the DOE, variability is less than 

10 % which is highly acceptable. Thus with the level of confidence achieved, the same 

methodology can be implemented for future models. 

Table 14.1: Computational, detailed and compact model results comparison to lab data 

HX Temp (C) 

Cabinet 

Avg. 

Board  

Inlet 

 Inner 

Loop  

Inlet 

 Inner 

Loop 

Exhaust 

Outer 

Loop 

Inlet 

Outer 

Loop  

Exhaust 

Avg.  

Therm-

ostat 

Flow 

Rate 

(cfm) 

Test Data 28.8 32 28.4 24.3 28.6 27.1 N.A. 

FLOTHERM 

Detailed HX 
29.2 31.7 28.4 24 27.8 27.2 104 

FLOTHERM 

Compact HX 
29.2 32 29.4 N.A. N.A. 27.3 103 

Max. Diff.. 0.4 0.3 1 0.3 0.8 0.2 1 

 

 

Figure 14.4 Results comparison for computational, detailed and compact models to lab results 
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Table 14.2: Mesh count and computation time comparison 

Cabinet 
HX 

Detailed 

HX 

Compact 
Reduction 

Mesh Count 431,646 234,246 45 % 

Computation 

time (min) 
120 44 63 % 

 

FLOTHERM version 7.2 on a system with a 3 GHz processor having 2 GB of RAM is 

used to perform the CFD analysis. It is clearly evident from results tabulated in table 6, that 

compact modeling can provide significant computation time savings. Moreover our data 

comparison in the previous sections shows that the time savings does not come at the expense 

of model accuracy. In this case, lab data was available to verify results, but in most situations 

getting this data implies added cost due to prototype building, testing, test resources and added 

time. So once a level of confidence is achieved with the CFD tool skipping the testing phase 

could be considered. This would significantly reduce time-to-market along with reducing cost 

incurred due to actually having to perform tests in the labs. 
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CHAPTER 15 

CONCLUSION 

The results of the CFD analysis are in very good agreement with lab tests, which 

increases confidence in the CFD tool for future analysis. With the model available, it is possible 

to quickly investigate multiple configurations including customer specific requirements. The 

most important advantage the CFD tool brings is faster time to market and reduced product 

development costs. 

Finally, the tool is very effective for extreme temperature condition testing. CFD 

analysis is performed in lieu of expensive and time consuming lab testing at test temperatures 

of -40 oC to 46 oC. Other test cases such as high thermal densities and fan failures can also be 

quickly and effectively tested via simulation, but are beyond the scope of this paper. 

Summarizing, CFD analysis indeed is a very powerful tool which could bring about financial 

benefits and timely engineering support during product development in a telecommunication 

industry environment. A BKM is suggested for help in the development of compact models for 

telecommunication cabinets. 
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CHAPTER 16 

BEST KNOWN PRACTICES FOR COMPACT MODELING 

BKM basically is a technique or methodology that, through experience and research, 

has proven to reliably lead to a desired result. Based on experience gained while creating the 

compact model for the CommScope telecommunication cabinet, following recommendations are 

provided for future work: 

1) Collect all available data for use in the compact model, which can be: 

 Experimental/Lab data 

 Data collected by simulating a detailed model 

 Vendor specifications wherever available 

2) Identify components in the given problem which can be simplified and where compact 

modeling approach can be implemented. 

3) While setting up the model initially, it is advisable to have coarse mesh and as a final 

set-up is approached, the mesh should be refined at critical locations. 

4) Care should be taken not to have a fine mesh where physics of the problem is not 

affected or at locations of least interest. 

5) Mesh should be refined locally to capture: 

 Temperature profiles for critical modules 

 Flow patterns 

 Locations where abrupt flow or heat flux changes abruptly 

6) It is always a good idea to validate the compact model against a detailed model or most 

preferably with lab data. 
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APPENDIX A 
 
 

ACRONYMS 
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PWB  Printed Wiring Board 
 
C4   Controlled Collapsed Chip Carrier 
 
HS  Heat Sink 
            
EMC  Epoxy Molding Compound 
 
PBGA  Plastic Ball Grid Array Package 
 
PQFP  Plastic Quad Flat Packs 
 
CFD  Computational Fluid Dynamics 
 
DC  Direct Current 
 
cfm  Cubic feet per minute 
 
CPU   Central Processing Unit 
 
DOE  Design of Experiments 
 
HX  Heat Exchanger 
 
BKM  Best Known Methods 
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